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THE ANALYSIS OF IMAGES OF A CIRCULAR SOURCE  
IN N-POINT GRAVITATIONAL LENSES 
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ABSTRACT. Currently, in the field of computer 
processing, there are difficulties. When processing 
astrophysical experimental data, the difficulties are 
connected, on the one hand, with a large amount of 
information that requires processing, and, on the other 
hand, with the technical capabilities of computers. The use 
of analytical methods can significantly reduce information 
processing time. The information that is entered is 
recorded in an analytical form, more convenient for 
processing. Information is processed analytically (Kotvyt-
skiy & Bronza, 2016), and not by methods of the Ray 
Tracing type. Some results were obtained strictly analyti-
cally, and they do not need further computer processing 
(Kotvytskiy et al., 2016). The goal of this paper is to 
analyze images in N-point gravitational lenses by: 

– reduction of research of an arbitrary source to the 
study of a circular source; 

– reduction of research of a circular source in an N-
point gravitational line to its study in the Schwarzschild 
lens and other few-point lenses; 

– analytical study of a circular source in the 
Schwarzschild lens and other few-point gravity lenses; 

– research of the place of the Schwarzschild lens, in the 
set of N - point gravitational lenses. 

Using the methods of algebraic geometry, algebraic to-
pology and the theory of functions, we have prepared a 
problem for computer modeling: finding images of arbi-
trary sources in an N-point gravitational lens. We re-
searched the images of a circular source in the 
Schwarzschild lens and proved that the study of images of 
any other sources is combinatorial reduced to this case. 

АБСТРАКТ. В теперішній час в області обробки 
комп'ютерної інформації, спостерігаються труднощі. 
При обробці астрофізичних експериментальних даних, 
труднощі пов'язані з одного боку з великою кількістю 
інформації, яка потребує обробки, а з іншого боку з 
технічними можливостями комп'ютерів. Застосування 
аналітичних методів дозволяє значно скоротити час 
обробки інформації. Інформація, яка вводиться, запи-
сується в аналітичному вигляді, більш зручному для 
обробки. Інформація обробляється аналітично (Kot-
vytskiy & Bronza, 2016), а не методами типу Ray 

Tracing. Деякі результати вдалося отримати строго 
аналітично, і вони не потребують подальшої комп'ю-
терної обробки (Kotvytskiy et al., 2016). 

Метою даної роботи є аналітичне дослідження зо-
бражень в N-точкових гравітаційних лінзах шляхом: 

– редукції досліджень довільного джерела до ви-
вчення кругового джерела; 

– редукції досліджень кругового джерела в N- точ-
ковій гравітаційній лінзі до його дослідження в лінзі 
Шварцшильда та інших мало-точкових лінзах; 

– аналітичного дослідження кругового джерела в 
лінзі Шварцшильда і інших мало - точкових гравіта-
ційних лінзах; 

– дослідження місця лінзи Шварцшильда, в множи-
ні N - точкових гравітаційних лінз. 

Методами алгебраїчної геометрії, алгебраїчної то-
пології та геометричної теорії функцій ми підготували 
задачу знаходження зображень довільних джерел в N- 
точкових гравітаційних лінзах до комп'ютерного мо-
делювання. Аналітично досліджені зображення круго-
вого джерела в лінзі Шварцшильда і деяких інших 
мало-точкових гравітаційних лінзах. Показано, що 
дослідження зображень будь-яких інших джерел ком-
бінаторно зводиться до цього випадку. 

Keywords: Gravitational lens, algebraic geometry, phases 
of images. 

 
1. Introduction 
 
Let 2

XR  and 2
YR  be vector spaces. It is known, (Kot-

vytskiy & Bronza, 2017), (Kotvytskiy et al., 2017) that 
N  - point gravitational lens sets a single-valued mapping  

2 2: ( \ )X YL R R  ,                    (1) 

were  1, 2,...,il i N    - set of radius - vectors il


 
point masses. The mapping L  can be written in the coor-
dinate form (Weinberg, 2008):  
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were  21 x,xx  ,  21 y,yy  ,  iii b,al 


, and im  nor-
malized, dimensionless point masses satisfying  the rela-
tion 1 im . We add the vector spaces 2

XR  and 2
YR  to 

affine ones. We will define orthonormal bases in them. 
For the unit of rationing, we take the Einstein-Chvolson 
radius. The resulting affine spaces 2

XR  and 2
YR  are called 

the lens plane and the source plane, respectively. For some 
researches, they are combined and called the picture 
plane. The mapping 1L  inverse to (1) is, in general, mul-
tivalued (Kotvytskiy, et al., 2017), (Kotvytskiy, et al., 
2017). It can, naturally, be continued from  2 \XR   to all 

2
XR  (we will leave the same notation behind the contin-

ued mapping), i.e. 

1 2 2: Y XL R R                                (3) 

Some authors call this mapping as a lens mapping, see, for 
example, (Schneider et al., 1999). A special case of the N – 
point gravitational lens is the Schwarzschild lens, 
(Weinberg, 2008), (Schneider et al., 1999), which is deter-
mined by the condition 1 11, 0, 0N a b   , and 1m  . 

From the algebraic point of view, system (2) is a sys-
tem of two rational equations, which are given over the 
field of real numbers.  System (2) can also be considered 
over the field of complex numbers.  If the coordinates of 
the source are fixed, the set of real solutions of the system 
is the set of its images in the lens. 
     In this note, system (2) is researched by methods of 
algebraic geometry, mathematical analysis and the theory 
of functions. This allows us to obtain analytical expres-
sions for describing sources and images and to construct 
efficient algorithms for solving problems using computer 
algebra methods. In some cases, it is possible to accurately 
obtain an analytical solution. 
 

2.  Description of sources by the analytical method 
 

     In this article, we assume that the source is flat and 
located in the plane 2

YR . Sources can be classified accord-
ing to various criteria, for example: physical, homogene-
ous and non-homogeneous; topological, on: 
      – zero-dimensional, consisting of a finite number of 
points; 
    – one-dimensional, consisting of a finite number of 
lines; 
    – two-dimensional, consisting of a finite number of 
two-dimensional regions; 

– combined. 
   Due to the physical nature of the problem, we restrict 
ourselves to considering sources with a finite number of 
connected components, and we assume that any compo-

nent or: 
– point; 
– arc piecewise smooth curve; 
– of course – a connected domain, the boundary of 

which consists of a finite number of arcs of smooth 
curves. 

From the definition of mapping (1) by the system of 
equations (2), it follows that the source image is the union 
of the images of its connected components. It can also be 
assumed that the boundary of each connected component 
(a multiply connected domain) consists of a finite set of 
closed Jordan curves. From here follows: the image of a 
multiply-connected region can be represented as a finite 
combination of simply-connected regions. This combina-
torial problem is effectively solvable in the framework of 
algebraic topology. The reduction of research of an arbi-
trary source to the study of a circular source provides  

Riemann's theorem. For any simply connected domain 
G  (the boundary of the region has at least two points), 
there is analytic function ( )f z   in the domain G , 

which conformally maps the G  to the unit circle 1z  . In 
addition, if a is a certain point of the G  domain, then the 
function ( )f z   is uniquely determined by the condi-
tions: ( ) 0, ( ) 0f a f a  . 

Thus, at the first stage, it suffices to study the image of 
a point, a Jordan curve and a circle. 

Note also that the trajectory of a point source, also, can 
be considered as the union of Jordan curves. When con-
sidering inhomogeneous sources, the functions by which 
they are given can be approximated by step functions 
given by level lines. Due to the physical nature of the 
problem, each level line can also be considered as a Jor-
dan curve, or their union. 
     To set: 
     – point source is enough to set the coordinates of the 
point; 
     – an extended one-dimensional source, it suffices to 
specify a Jordan curve (for our purposes, for example, as 
an irreducible polynomial in two 1y , 2y  variables, or as a 
parametric curve 1 1 2 2( ), ( )y y t y y t  ; 

– an extended two-dimensional source, set, its bounda-
ries, as Jordan curves, and the region itself, as a system of 
inequalities relative to its boundaries. 

 
3. Asymptotic behaviour of a mapping 
 
The direct task of the theory of gravitational lensing is 

the task of constructing images from a given source. 
We make some assumptions regarding the source. We 

will assume that the source is homogeneous, flat and has a 
clear boundary. In topological terms, a source is a con-
nected, finitely connected domain whose boundary is rec-
tifiable, or in general, is an algebraic set (Lavrentiev & 
Shabat, 1973), (Gurvits & Kurant, 1968). The image of an 
S  source in a lens, in topological terms, is an open set, 
generally speaking, consisting of several connected com-
ponents.  

We define some concepts necessary for further presen-
tation. 
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The diameter of the S  source is called the diameter of 
the minimum circle to which it belongs, and the center of 
the source S  is the center SO of this circle. We say that 

the source of S  is small, if its diameter Sd  is signifi-
cantly less than the unit 1Sd  , and deleted (located far 

away) if the module SO


of the radius-vector SO


 is sig-

nificantly greater than one, i.e. 1SO 


. Similarly, we 

define the concept: the diameter and canter of the con-
nected components of the image, and the remote image. 

Occurs 
Theorem 1. Let the source S  and its images be viewed 

in the picture plane. If the source is small and deleted, 
then its image has: 

– remote component of connectivity 1S , such that  

1S SO O ; 

– each point 1S , with SO  , tends to its image in 

1S ; 

– restriction of the mapping L  to 1S  is a bijection of 

1S  to S . 
 First we prove the lemma  
Lemma 2. The remote image of a remote point source 

in N -point gravitational lens tends to its remote image in 
the Schwarzschild lens. 

Proof. Let points   2,i i Xa b R  and 2 2
1 2x x   . Let 

  . Where we have: 

   
 1

2 2
1 2

1
1 1 2 2

1 1 2

i

i i

N
x a

i x a x b
i

xx m x o
x x



  


   
 .     (4) 

A similar relation holds for the right side of the second 
equation of system (2). 

For system (2), with   , we have: 

   

   

1
2 2

1 2

2
2 2

1 2

1
1 1 2 21 1

1 1 2

2
2 22 2 2 2

1 1 2

  

i

i i

i

i i

N
x a

i x a x b
i
N

x b
i x a x b

i

xy xy x m
x x

xy xy x m
x x



  




  


    
  

 

 
 




   (5) 

Thus, when the image is removed from the origin of coor-
dinates in an N -point lens, it differs little from the images 
in the Schwarzschild lens. 

But for the Schwarzschild lens, it is known that the 
points of the remote source are close to the points of the 
remote component of the image. Indeed, if 2 2

1 2y y  , 
then:  

1
1 1 12 2

1 2

1 41
02
y

x y y x
y y

  
         

,         (6) 

thus, the abscissa 1S  tends to abscissa S . The same is 
true for ordinates. 

The proof is complete.  

Proof of Theorem 1. 
We show that the points of the 1S  (the remote compo-

nent of the image of the source of the S  in the Schwarz-

schild lens) tend to their images, if SO  . For the 
Schwarzschild lens we have:  

   2 2 2 2
1 1 2 2 1 21/ 1/x y x y x x       . 

 
In addition, 

from SO r   , and therefore 

   2 2
1 1 2 2 1/ 0x y x y      . 

The restriction of the mapping L  to 1S  is a bijection 

of 1S  to S . Indeed, a point from S  has two pre-images, 

one of which belongs to the remote image 1S , and the 
second is in the unit circle. Considering the lemma, we 
have: the assertions of Theorem 1 are true. 

 
4. Images of a circular source in the  

Schwarzschild lens 
 
The Riemann theorem and Theorem 1 show the need to 

investigate images of a point and circular source in the 
Schwarzschild lens. 

It is known that each point source located not at the 
origin of coordinates has two points (further conjugate) 
images in the Schwarzschild lens, one of which is in the 
unit circle and the other outside it. 

Occurs 
Theorem 2. If 1 2g ,g  is the coordinates of one of the 

conjugate images in the Schwarzschild lens, then the co-
ordinates of the second image are 

   1 12 2 2 2
1 1 2 2 1 2g g g , g g g

 
    . 

Proof. Let's substitute the coordinates of each of the 
images into the lens equation. Both images have the same 
source. 

The theorem is proved. 
Corollary of Theorem 2. Let the source be small, sim-

ply connected, and not containing the origin. Then, in the 
Schwarzschild lens, it has two images. The points of the 
images are conjugate and their coordinates satisfy Theo-
rem 2. We will call such images conjugate. 

 Let us turn to the study of images of a circular source. 
Let the source be a disk ( )D D a  of radius   with the 
canter at the point ( ,0)a , and its boundary D : 

1

2 2
2 1

  
( )

y t

y t a




   
.                   (7) 

We substitute (7) into the system of equations that de-
scribes the Schwarzschild lens and exclude t . We have: 

   2 2 2 2 2 2
1 2 1 1 2 1

2 2 2
21 12 ( )( ) 0ax x x x xax x        (8) 

We turn in (8) to the polar coordinates, we have: 

   22 222 21 1 co ( ) 0s2a ar r r r     .  (9) 
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We research the equation (8) and (9), for which we 
consider special cases: 

 I) 0a  ;  II) a  ;  III) a  ;  IV) a  . 
Case I).  
From (9) we have: the image of the disk D  under the 

mapping 1L   is the ring k . The ring is formed by cir-
cles:  

   2 2
1 24 / 2, 4 / 2r r         .  (10) 

The radii of the circles are reciprocal, i.e. 1 21 /r r . 
Case II).  
If a a     . Consider the case of a  . We 

substitute a   into (8). We have: the equation is divided 
into two: 

2 2
1 2 1xx   , 2

2
2

1
2( 1) xx                (11) 

Equations (11) are equations of circles. Therefore, the 
image of the  2 2 2

1 2 1 2( , )D y y y y     disk, when 

displaying 1 2 2: Y XL R R  , will be two circular wells. The 
wells are formed by circles (11), are conjugate and have 
the following areas: 

2(1 )
2IS arcctg       ,    (12) 

2 2(1 )
2IIS arcctg               (13) 

Similarly, we consider the case of a   . 
Case III). a  . 
The value of the polar radius 0r  . From (9) we have:  

if a   we have two ovals, which are one in the other 
and are the boundary of a doubly connected domain ho-
meomorphisms to the 1K  ring. 

Internal and external ovals: 


 

2 2 2

2
2 2 2

1 cos sin
2

cos sin 4

r a a

a a

  

  

  


    



 
,          (14) 

The area of this 1K  is 

0

( )( )S r r r r d


      .                (15) 

Case IV). a  . 
If a  , then we have: two closed, disjoint, conjugate 

curves (ovals) . The curves are one outside the other and 
are the boundaries of simply connected regions. Each of 
the areas is homeomorphism to a disk. Curves are defined 
if 2 2 2sin 0a   . Where do we get:  

arcsin arcsin
a a
 

   , arcsin arcsin
a a
 

      .  (16) 

The ovals in the right and left half-planes are given for 
constraints (16) by the equation (14). 

The far (near) arc of the right oval is associated with 
the far (near) arc of the left oval. The area of the area 
bounded by the right oval: 

arcsin

0

( )( )
a

S r r r r d



      .             (17) 

 
5. Classification of circular images source in the 

Schwarzschild lens  
 
Without loss of generality, we can assume that the cen-

ter of the circular source is on the x-axis, and the radius of 
the source is small. 

For images of a circular source, a classification theo-
rem holds in the Schwarzschild lens. 

Theorem 3. Images of a circular source in the 
Schwarzschild lens belong to only one of the sets defined 
below (we will call the sets phases, the circular source and 
the image of the circular source will be depicted in the 
picture plane). 

Let the radius of the circular source  , and the canter 
is at point ( ,0)a . 

 Phases and parameters by which they are defined: 

phase «-7»: 
1

2
a 


  ; phase «-6»: 

1
2

a 


  ; 

phase «-5»:
1 1

2
a 


     ; phase «-4»: 

1a    ; phase «-3»: 1 a     ; phase «-2»: 
a   ;  phase «-1»: 0a   ;  phase «0»: 0a  ; 
phase «1»: 0 a   ; phase «2»: a  ; phase 
«3»: 1a    ; phase «4»: 1a   ;  phase «5»: 

11
2

a 


    ; phase «6»: 
1

2
a 


  ; phase 

«7»: 
1

2
a 


  .  

Corollary 1, Theorem 3. The classification of phases, 
in Theorem 3, is linear, has 15 phases, including 7 point 
and 8 intervals. The phases are symmetrical with respect 
to the central phase - the Einstein ring. Each of the phases 
is completely determined by the values of two parameters: 
the coordinates of the canter of the circular source, and its 
radius. Parameters are phase invariants. 

Corollary 2, Theorem 3. Any small simply connected 
source containing the origin has a Schwarzschild lens,  a 
single doubly connected image that contains a unit circle. 
The points of the image outside and inside the unit circle 
are conjugate and their coordinates satisfy  Theorem 2. 

 
6. Research of images in a N  – point gravitational 

lens 
 
The Schwarzschild Lens holds a special place in the set 

of point gravitational lenses:  
–  the point source has a long image - the Einstein ring; 
–  to it reduce other H-point gravitational lenses. 
For a sufficiently complete study it is necessary to 

study the typical representatives of the set N –  point grav-
itational lenses: binary, 3-ary, etc. Also interesting are 
lenses with symmetries. The equation for specifying im-
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ages of a circular source in an N-point gravitational lens, 
generally follows from (2) and (7). 

Let the source be a disk ( )D D a   of radius   
centered at point ( , )a b  and its boundary D  is given by 
parametric equations. Then the borders of the images are 
described by the equation: 

   

   

1
2 2

1 2

2
2 2

1 2

2

1
1

2
2

2
1

i

i i

i i

i i

N
x a

i x a x b
i

N
x a b

i x a x b
i

x m a

x m b 



  




  


 
   

 

 
    
 




.  (18) 

Equation (18) is sufficient for computer modeling of 
images in small - point lenses. Thus, for the direct prob-
lem there is a constructive, quasi-analytical solution. For 
special cases, it is possible to solve the direct problem 
analytically. 

Example. 
Let the point source is on axis 1OY , that is 2 0y  . Bi-

nary symmetric gravitational lens with masses 

1 21/ 2, 1/ 2m m  . For any real 1y , there are always 
three real solutions that are determined by the equation 

 

 3 2 2
11 1

2
1 1 1 0x x b xy yb     .          (19) 

In addition, with some ratios of parameters two more 
solutions can be implemented. For example, if 1 0y   and 

1b  , then we have the following, additional, pair of so-

lutions  20, 1 bx   


. 

 

7. Conclusion 
 
In this paper, in the proof of the theorems, topological 

methods and the Riemann theorem on conformal equiva-
lence of simply connected domains were used. It was 
proved that the study of images of any sources combinato-
rial reduces to the study of images of a circular source. It 
has been analytically proven that the Schwarzschild lens is 
a “limit” lens in the family of N-point gravitational lenses. 
The features of the Schwarzschild lens as a limiting lens are 
investigated, the classification of its images is proposed. 
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ZELDOVICH LOCAL PANCAKE:

DARK ENERGY DOMINATION

A. D. Chernin 1, I. D. Karachentsev2, N. V. Emelyanov1
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Arthur.Cherninl@gmail.com,
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ABSTRACT. Zeldovich Local Pancake is a two-
dimensional system of 15 giant galaxies nearest to
us. Two of the galaxies, the Milky Way and the
Andromeda Galaxy, move to each other in the Local
Group, while the rest of the galaxies are located
around the group at the distances up to 10 Mpc
from the group barycenter and move away from it
forming a local expansion out�ow. We use recent
Hubble Space Telescope data on local giants and their
numerous fainter companions to study the dynamical
structure and evolutionary trends of the expanding
system. N-body computer model, which reproduces
the observed kinematics of the �ow, is constructed
under the assumption that the system as a whole is
embedded in the universal dark energy background.
In the model, the motions of the �ow bodies are
controlled by their mutual attraction force and the
repulsion force produced by the dark energy. It is
found that the repulsion dominates the force �eld of
the system. Because of this, the the system expands
with acceleration. The dark energy domination
increases with time and introduces to the expansion
�ow an asymptotically linear velocity-distance relation
with the universal time-rate (the Hubble constant)
that depends on the dark energy density only.

Key words: galaxies: groups: general, galaxies:
kinematics and dynamics, dark energy.

ÀÁÑÒÐÀÊÒ. Ëîêàëüíèé ìëèíåöü Çåëüäîâè÷à �
äâîâèìiðíà ñèñòåìà, ÿêà óòâîðåíà 15 íàéáëèæ÷èìè
äî íàñ ãiãàíòñüêèìè ãàëàêòèêàìè. Äâi ç íèõ,
×óìàöüêèé Øëÿõ i ãàëàêòèêà â Àíäðîìåäi,
ðóõàþòüñÿ íàçóñòði÷ îäèí îäíîìó â Ìiñöåâié Ãðóïi
ãàëàêòèê, òîäi ÿê iíøi ãàëàêòèêè çíàõîäÿòüñÿ
íàâêîëî ãðóïè íà âiäñòàíÿõ äî 10 Ìïñ âiä ¨¨
áàðèöåíòðà i ðóõàþòüñÿ ãåòü âiä íå¨, óòâîðþþ÷è
ìiñöåâèé ïîòiê ðîçáiãàííÿ. Ìè ñïèðà¹ìîñÿ íà
ñâiæi äàíi ñïîñòåðåæåíü êîñìi÷íîãî êåëåñêîïà �
Õàááë � äëÿ ìiñöåâèõ ãiãàíòñüêèõ ãàëàêòèê i ¨õ
÷èñåëüíèõ i ìåíøèõ çà ðîçìiðàìè êîìïàíüéîíiâ,

äëÿ âèâ÷åííÿ ñó÷àñíî¨ äèíàìi÷íî¨ ñòðóêòóðè
ïîòîêó ðîçáiãàííÿ i òåíäåíöié éîãî åâîëþöi¨. Ìè
áóäó¹ìî òàêîæ ÷èñåëüíó ìîäåëü çàäà÷i äåêiëüêîõ
òåë, ÿêà âiäòâîðþ¹ ñïîñòåðåæóâàíó êèíåìàòèêó
i äèíàìiêó ïîòîêó â ïðèïóùåííi, ùî ñèñòåìà ÿê
öiëå çàíóðåíà â óíiâåðñàëüíèé ôîí òåìíî¨ åíåðãi¨.
Ó öié ìîäåëi ðóõ òåë ïîòîêó óïðàâëÿ¹òüñÿ ñèëîþ
¨õ âçà¹ìíîãî òÿæiííÿ i ñèëîþ âiäøòîâõóâàííÿ,
ÿêà ñòâîðþ¹òüñÿ òåìíîþ åíåðãi¹þ. Âñòàíîâëåíî,
ùî ñèëà âiäøòîâõóâàííÿ äîìiíó¹ â ñèëîâîìó ïîëi
ñèñòåìè. Ç öi¹¨ ïðè÷èíè ðîçøèðåííÿ ñèñòåìè
âiäáóâà¹òüñÿ ç ïðèñêîðåííÿì. Äîìiíóâàííÿ
òåìíî¨ åíåðãi¨ ïîñèëþ¹òüñÿ ç ÷àñîì i àñèìïòîòè÷íî
ïðèâíîñèòü â ñèñòåìó ëiíiéíó çàëåæíiñòü øâèäêîñòi
âiä âiäñòàíi ç óíiâåðñàëüíèì êîåôiöi¹íòîì (ïîñòiéíî¨
Õàááëà), ùî çàëåæàòü òiëüêè âiä ùiëüíîñòi òåìíî¨
åíåðãi¨.

Êëþ÷îâi ñëîâà: ãàëàêòèêè, ãðóïè ãàëàêòèê,
êiíåìàòèêà i äèíàìiêà ãàëàêòèê, òåìíà åíåðãiÿ.

1. Introduction

A half century ago, the notion of cosmic pancakes
was introduced by Ya. B. Zeldovich in his famous the-
ory of galaxy formation (Zeldovich, 1970). Initially,
pancakes were considered as �attened clouds of proto-
galactic gas produced by gravitational instability in the
early Universe. Now the pancake concept is treated in
a wider context with not only gasdynamical processes,
but also motions of two-dimensional (2D) cosmic N-
body systems which is applicable to nonlinear stages
of gravitational instability (Chernin et al., 2015 and
references therein). It is important that such 2D sys-
tems are really observed in the Cosmic Web on the spa-
tial scales from several to hundreds megaparsec (Mpc).
The nearest to the Milky Way 2D system is the N-body
ensemble of 15 giant galaxies observed at distances up
to 10 Mpc from the barycentre of the Local Group.
Following the suggestion by one of us (I.K.), we refer
to this system as Zeldovich Local Pancake (ZLP). The
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ZLP galaxies and their numerous fainter companions
have recently been observed (Karachentsev & Kudrya,
2013; Karachentsev et al., 2013, 2014) with the Hub-
ble Space Telescope (HST). Two of the local giants of
the ensemble, which are the Milky Way and the An-
dromeda Nebula, are moving towards each other inside
the Local Group, while a dozen others are moving away
from the group with radial velocities from 100 to 900
km/s. Each of the ZLP members contributes more or
less equally to the system's total matter mass which is
estimated as 1014 solar masses.

The physics behind the observed properties of the
systems is also enriched now compared to the original
pancake dynamics: it includes both gravity of mat-
ter and anti-gravity produced by universal dark en-
ergy. All the cosmic systems and the Cosmic Web as
a whole are embedded in the dark energy background.
We adopt that the dark energy is represented by Ein-
stein's cosmological constant Λ, as in the currently
standard ΛCDM cosmology. The constant is positive,
which implies that the dark energy produces a repul-
sive force of anti-gravity. The cosmic repulsion acts
not only on the global cosmological distances where
it was originally discovered in observations (Riess et
al., 1998; Perlmutter et al., 1999), but actually every-
where in space. We will use the works on the local
dark energy e�ects (Chernin, 2001) to show below that
in the volume of the observed Local Group (R1 Mpc),
the dark energy anti-gravity is weaker than the grav-
ity produced by the matter mass of the group; but
the anti-gravity repulsion (described in the reference
frame of the group barycentre) dominates at distances
> 13 Mpc from group's barycentre. The anti-gravity
domination makes the ZLP expand with acceleration.
Because of this, the ZLP is cooling with time and its
time-rate (�the Hubble constant�) H(t) tends to the
current cosmological value H0 = 70km/(sMpc).

We describe the motions of the ZLP giants with the
use of the N-body computer model in combination
with the HST data (Karachentsev et al., 2013, 2014;
Karachentsev, Kaisina & Makarov, 2014). The anti-
gravity of dark energy e�ects at the present epoch, as
well as in the future, are in the focus of our discussion
here. We do not discuss, however, the origin and
early evolution of the ZLP in its past. The observed
present-day velocities and distances of the giants are
used as initial conditions in our model.

2. ZLP: Basic HST data

The observation data on the local giant galaxies and
their companions are presented in the recently pub-
lished Updated Nearby Galaxy Catalogue (UNGC) by
Karachentsev et al. (2013); see also Karachentsev &
Kudrya (2014) and Karachentsev et al. (2014). The
catalogue contains systematic and homogeneous data

on coordinates, distances, radial velocities and other
basic physical parameters of about 800 galaxies at dis-
tances up to 10 Mpc. More than 300 UNGC galaxies
at these distances have been observed with the HST
for about 330 HST orbits. The unique resolution avail-
able in the HST observations allowed us to use the Tip
of the Red Giant Branch (TRGB) method for precise
measurements of distances to more than 300 nearby
galaxies with an accuracy from 10 to 30 per cent. Pre-
cise data on the radial velocities of the galaxies have
also been compiled in the UNGC.

According to Karachentsev et al. (2013, 2014), there
are 15 nearby giant galaxies at distances up to 10 Mpc:
they are the Milky Way and the Andromeda Nebula
(gravitationally bound in the Local Group), and galax-
ies M81, NGC 5128, IC342, NGC 253, NGC 4736, NGC
5236, NGC 6946, M101, NGC 4258, NGC 4594, NGC
3115, NGC 3627 and NGC 3368. Each of the giants of
the ZLP is actually the main galaxy of a group (similar
to the Local Group), which includes the galaxy itself
and its extended dark matter halo together with com-
panion galaxies therein. The mass M of the system is
the total orbital mass of the group. The UNGC data
are used to estimate the masses of the groups via mo-
tions of their 351 less-massive companions (Karachent-
sev & Kudrya, 2014). The distance R of a giant and its
radial velocity V are calculated relative to the barycen-
tre of the Local Group.

The nearest to the Local Group is M81 galaxy with
a distance of 3.6 Mpc. Its recession velocity (relative
to the Local Group barycentre) is about 100 km/s,
the lowest in the ZLP. The mass of the galaxy is
5 × 1012 solar masses (we give here rounded numbers,
the exact �gures with error bars may be found in the
paper by Karachentsev & Kudrya, 2014). The most
distant from us is the galaxy NGC 3368 at 10.4 Mpc
with the radial velocity 740 km/s which is the second
largest velocity in the ZLP. Its mass is 2 × 1013 solar
masses, which is the second largest mass in the ZLP.
The most massive galaxy is probably NGC 4594 at
9.3 Mpc; its mass is 3 × 1013 solar masses, but with
an error of 2 × 1013 solar masses, the largest error in
the data. The major gross parameter of the ZLP is its
total mass Mtot = 8 × 1013 solar masses, which is the
sum of the matter (dark matter and baryons) masses
of the ZLP member. 2014).

3. ZLP: N-body model

The structure and evolution of the ZLP may be stud-
ied with a computer model which treats it as a two-
dimensional (2D) gravitational N-body system embed-
ded in the dark energy background. This is a non-
relativistic isolated conservative system of point-like
masses interacting with each other via Newton's mu-
tual gravity and undergoing Einstein's anti-gravity pro-
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duced by the universal - dark energy background. Dark
energy is considered as continuous medium with the
density ρΛ = c2Λ/(8πG), which is positive and con-
stant in space and time in any reference frame (here
G is the Newtonian gravitational constant and c is the
speed of light). The currently adopted value of the uni-
versal dark energy density is ρΛ = 0.7 × 1029 g/cm3.
The dynamical e�ects of dark energy in the model are
described by relations that come from General Rela-
tivity with Einstein non-zero cosmological constant Λ
and the currently standard ΛCDM cosmology (see for
detailes Chernin, 2001; Byrd et al., 2012). As macro-
scopic medium, dark energy is characterized by the
equation of state

pΛ = −ρΛc2, (1)

where pΛ is the dark energy pressure. Dark energy
cannot serve as a reference frame, and it is co-moving
to any like trivial emptiness.
In General Relativity, the e�ective gravitating den-

sity is determined by both density and pressure of any
medium:

ρeff = ρΛ + 3pΛc
2. (2)

For dark energy, the e�ective density, ρeff =
−2ρΛ < 0, is negative, and because of this dark en-
ergy produces the repulsion, or anti-gravity. General
Relativity indicates also that the passive gravitational
density is the sum ρpass = ρ+ p/c2 for any �uid. The
value ρpass is zero for dark energy. According to the
equivalence principle, the passive gravitational mass is
equal to the inertial density. Thus, the inertial den-
sity of dark energy is also zero. This implies that dark
energy is a�ected neither by the external gravity of
matter nor by its own anti-gravity.
In the ZLP, the local dynamical e�ects of dark en-

ergy are treated in terms of Newtonian mechanics; this
is possible because the velocities of the local galax-
ies are small compared to the speed of light, and the
spatial di�erences in both gravity and anti-gravity po-
tentials are much smaller (in absolute value) compared
to the speed of light squared. According to this weak
�eld approximation, Einstein's law of anti-gravitation
states that any body in the Universe is a�ected by the
repulsive force, which is proportional to the dark en-
ergy density ρΛ and to the distance R of the body from
the origin of the adopted reference frame:

FΛ = 8π/3GρΛR. (3)

This force acts along the direction from the origin,
and it gives the force per unit mass of the body (i.e. ac-
celeration) in the projection on the body radius-vector.
This relation can be rewritten in the form

FΛ = H2
ΛΛR, (4)

where HΛ = (8π/3GρΛ)1/2 = 61km/(sMpc) is the cos-
mic universal Hubble constant, which is valid on both

global and local spatial scales everywhere in space and
at any moment of time.
The equations of motion for the ZLP bodies are

based on the relations (3) and (4) with the initial con-
ditions speci�ed at the present moment of cosmic time
t = t0 = 13.7 Myr. These are the observed positions
of the �ow bodies and their measured radial veloci-
ties recalculated to the barycentre of the Local Group.
The model has strong limitations: (i) it is valid only
when and where the distances between the system bod-
ies (giant galaxies with their dark matter haloes) are
large enough compared to the sizes of the bodies; (ii) it
does not describe the origin and early evolution of the
�ow. As it may be seen from the data above, the �rst
limitation is well satis�ed for the observed present-day
state of the �ow; it is clearly satis�ed as well in the fu-
ture states of the system. The second limitation comes
from the �rst one and also from the account of com-
plex physical processes responsible for the formation
and evolution of the local systems in their early his-
tory. Observations provide us with the radial velocities
of the galaxies, but say nothing about their tangential
(transverse) velocities. This is an obvious �aw in any
dynamical model of extragalactic astronomy where the
full velocity vector is needed for correct formulation
of initial conditions. Fortunately, the coordinate ori-
gin of our model is located close to the barycentre of
the ZLP, so that most measured velocities are actu-
ally radial. Having this in mind, we assume that the
transversal velocities are zero in the initial conditions
for the model.
The numerical integration of equations of motions

for the ZLP bodies are made with the use of the stan-
dard computer method with the automatic choice of
the integration step.The result reproduces the motions
of the ZLP bodies from the Local Group barycentre as
functions of time from t = 13 Gyr to t = 25 Gyr. The
major features of the state and evolution of the system
are proving to be as follows:
1) the ZLP bodies are moving away from the initial

position, so that the system as a whole is expanding
with time;
2) the recession velocities of the ZLP bodies are

growing with time, which indicates that the expansion
of the system proceeds with acceleration;
3) the accelerating expansion means that the dark

energy anti-gravity is stronger than the mutual gravity
attraction of the ZLP bodies;
4) the domination of the dark energy anti-gravity in

the ZLP dynamics is similar to the cosmological e�ect
of the global accelerating expansion at the present-day
state of the whole Universe.
5) with their growth with time, the ZLP trajectories

converge to the straight line V = HΛR going from the
coordinate origin in the (V to R) phase space;
6) accordingly, the mean radial velocity dispersion

decreases in ZLP with the trajectories growth, and the
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system becomes increasingly regular and �cold�.
As we may see now, the dark energy domination

is the major factor of the ZLP state and dynamical
evolution at t > t0. The dark energy anti-gravity
becomes stronger, while the mutual gravity of the
galaxies vanishes with the system expansion. These
�ndings have become possible due to a recent combi-
nation of the HST observational data (Karachentsev
et al., 2013, 2014; Karachentsev & Kudrya, 2014) with
a computer model for the ZLP.

4. Conclusions

The ZLP and some other known local expanding sys-
tems and �ows are observed at advanced stages of their
evolution when they have already reached a certain de-
gree of regularity. At these stages, the anti-gravity
domination became the key factor of the system evolu-
tion. Earlier in the cosmic times, the dynamical e�ects
of the dark energy were insigni�cantly weak and the
cosmic structures of various spatial scales formed due
to gravitational collapse driven mostly by dark mat-
ter. These evolutionary stages were studied by Zel-
dovich in 1970. It would be interesting to study also
the transition epoch when the dark energy anti-gravity
becomes strong enough to terminate collapse. That
kind of gravity vs. anti-gravity interplay may be one
of the important aspects of general theory of cosmic
structure formation.
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ABSTRACT. We study some classical and quantum
aspects of the con�guration space for a spherically-
symmetric (SS) system of gravitational and electro-
magnetic �elds. Note that this �elds con�gurations,
which are stationary respect to external observer, have
regions of space-time (S-T) with dynamic behavior.
This means that in these regions there exists an
evolution of the S-T geometry in time, which is
responsible for both classical and quantum mechanical
properties of the model. From the standard action,
we construct the reduced action and conserved total
mass and charge. In view of a Hamiltonian constraint
the non-dynamic degree of freedom from the action
is excluded. This leads to the action in the minisu-
perspace. Therefore, the classical investigation stage
of the Einstein equations solutions reduces to the
study of solutions of the Einstein-Hamilton-Jacobi
equation in the minisuperspace. It turns out that
minisuperspace is �at therefore solutions of the
Einstein equations correspond to a pencil of lines in
the minisuperspace. Their intersections with the light
cone of the minisuperspace correspond to the event
horizons in the S-T of the charged BH. The consider-
ation of the quantum aspects is formally reduced to
the quantization of a particle in a three-dimensional
pseudo-Euclidean space. Using the compatibility
condition of the DeWitt and the eigenvalue equations
for the operators of mass and charge the con�guration
wave function is constructed. Thus, we obtain a model
of a charged BH with a continuous spectrum of masses
and charge.

Keywords: spherical-symmetric con�gurations,
minisuperspace, Hamilton operator, mass and charge
operators, compatibility condition

ÀÁÑÒÐÀÊÒ. Äîñëiäæóþòüñÿ äåÿêi êëàñè÷íi
i êâàíòîâi àñïåêòè ôiçèêè i ãåîìåòði¨
ìiíiñóïåðïðîñòîðó ñôåðè÷íî-ñèìåòðè÷íî¨ ñèñòåìè
ãðàâiòàöiéíîãî òà åëåêòðîìàãíiòíîãî ïîëiâ.
Âiäçíà÷èìî, ùî òàêi êëàñè÷íi êîíôiãóðàöi¨,
ÿêi ¹ ñòàöiîíàðíèìè ç òî÷êè çîðó çîâíiøíüîãî

ñïîñòåðiãà÷à, ìàþòü ïåâíi îáëàñòi ïðîñòîðó-÷àñó
(Ï×) ç äèíàìi÷íèì ïîâåäiíêîþ (Ò-îáëàñòi). Öå
îçíà÷à¹, ùî â öèõ îáëàñòÿõ iñíó¹ åâîëþöiÿ ãåîìåòði¨
Ï× â ÷àñi, ÿêà âiäïîâiäà¹, ÿê çà êëàñè÷íi, òàê
i çà êâàíòîâî-ìåõàíi÷íi âëàñòèâîñòi ìîäåëi. Çi
ñòàíäàðòíî¨ äi¨ áóäó¹òüñÿ äiÿ äëÿ çàçíà÷åíî¨
ñèñòåìè ïîëiâ â Ò-îáëàñòi, ââîäÿòüñÿ ïîâíà ìàñà
i çàðÿä ñèñòåìè, ÿêi çáåðiãàþòüñÿ. Çà äîïîìîãó
ãàìiëüòîíîâî¨ â'ÿçi, ç îòðèìàíî¨ ñêîðî÷åíî¨ äi¨
âèêëþ÷à¹òüñÿ íåäèíàìi÷íà ñòóïiíü âiëüíîñòi.
Öå ïðèçâîäèòü äî äi¨ â êîíôiãóðàöiéíîìó
ïðîñòîði (ìiíiñóïåðïðîñòîði). Âèÿâëÿ¹òüñÿ, ùî
ðiâíÿííÿ ãåîäåçè÷íèõ â ìiíiñóïåðïðîñòîði ðàçîì
ç â'ÿççþ åêâiâàëåíòíi ðiâíÿííÿì Åéíøòåéíà.
Òîìó, êëàñè÷íèé åòàï äîñëiäæåííÿ ðiøåííÿ
ðiâíÿíü Åéíøòåéíà çâîäèòüñÿ äî äîñëiäæåííÿ
ðîçâ'ÿçêiâ ðiâíÿííÿ Åéíøòåéíà-Ãàìiëüòîíà-
ßêîái â ìiíiñóïåðïðîñòîði. Âèÿâëÿ¹òüñÿ, ùî
ìiíiñóïåðïðîñòîð ¹ ïëîñêèì, òîìó ðîçâ'ÿçêàì
ðiâíÿíü Åéíøòåéíà âiäïîâiäà¹ ïó÷îê ïðÿìèõ â
ìiíiñóïåðïðîñòîði. �õ ïåðåòèí çi ñâiòëîâèì êîíóñîì
ìiíiñóïåðïðîñòîðó âiäïîâiäàþòü ãîðèçîíòàì ïîäié
â Ï× çàðÿäæåíî¨ ×Ä. Ïåðåòèí öèõ ïðÿìèõ
ó ïó÷êó âiäïîâiäà¹ öåíòðàëüíié ñèíãóëÿðíîñòi
Ï×. Ðîçãëÿä êâàíòîâèõ àñïåêòiâ ñèñòåìè
ôîðìàëüíî çâîäèòüñÿ äî êâàíòóâàííÿ âiëüíî¨
÷àñòèíêè â òðèâèìiðíîìó ïñåâäîåâêëiäîâîìó
ìiíiñóïåðïðîñòîði. Âèêîðèñòîâóþ÷è óìîâó
ñóìiñíîñòi ðiâíÿíü Äåâiòòà i ïðîáëåìè íà âëàñíi
çíà÷åííÿ êâàíòîâèõ îïåðàòîðiâ ìàñè i çàðÿäó,
áóäó¹òüñÿ õâèëüîâà ôóíêöiÿ ñôåðè÷íî-ñèìåòðè÷íî¨
êîíôiãóðàöi¨ ãðàâiòàöiéíîãî i åëåêòðîìàãíiòíîãî
ïîëiâ. Òàêèì ÷èíîì, ìè îòðèìó¹ìî ìîäåëü
çàðÿäæåíî¨ ÷îðíî¨ äiðè iç áåçïåðåðâíèì ñïåêòðîì
ìàñ i çàðÿäó.

Êëþ÷îâi ñëîâà: ñôåðè÷íî-ñèìåòðè÷íi
êîíôiãóðàöi¨, êîíôiãóðàöiéíèé ïðîñòið, îïåðàòîð
Ãàìiëüòîíà, îïåðàòîðè ìàñè i çàðÿäó, óìîâà
ñóìiñíîñòi
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1. Introduction

It is known that the classical and quantum aspects
of the behavior of the gravitational �eld is determined
by a superspace metric so that superspace is the ac-
tion arena of classical and quantum geometrodynamics.
By studying the superspace geometry we can obtain
important information about the classical and quan-
tum manifestations of the dynamical system under con-
sideration. However, the study of superspace in the
general case meets with insurmountable mathemati-
cal di�culties (Anderson 2015, Giulini 2009). There-
fore, reduced models are widely used, among which
spherically symmetric (SS) con�gurations are popular
and simplest models used for studying the problems of
quantum gravity in a simpler setting. The general ge-
ometrodynamics approach to studying of the SS grav-
itational �eld of the black hole (BH) was developed in
work of Kucha�r 1994, the case of the electromagnetic
and gravitational �elds con�guration of the charged
BH, was considered by Louko et al. 1996 and Naka-
mura et al. 1993.
The present work is devoted to studying of the min-

isuperspace of the electromagnetic and gravitational
�elds SS con�gurations and the search for a correspon-
dence between space-time and the minisuperspace,
with the subsequent transition to quantization. We
consider the class of SS con�gurations with diagonal S-
T metrics. The model is based on the observation that
the classical SS con�gurations of the electromagnetic
and gravitational �elds, which are stationary from the
point of view of an external observer, have certain
S-T regions (T-regions) with dynamic behavior. This
means that in these regions there is an evolution of
the S-T geometry over time, which is responsible for
the quantum mechanical properties of the considered
charged BH model.

2. Classical description of the spherically-

symmetric con�guration of the gravitational

and electromagnetic �elds

Consider the SS space-time M (4) with the metric

ds2 = gµνdx
µdxν = γabdx

adxb −R2dσ2 . (1)

Here dσ2 = dθ2 + sin2 θdα2 , R = R(xa), γab =
γab(x

a) � 2D metric tensor,
√
−g =

√
−γR2 sin θ, ãäå

g = det |gµν |, γ = det |γab|, µ, ν = 0, 1, 2, 3 ; a, b = 0, 1.
The action for a system of gravitational and electro-
magnetic �elds has the form

S = − 1

16πc

∫ (
c4

κ
(4)R+ FµνFµν

)√
−gd4x , (2)

where (4)R is the scalar curvature, Fµν = Aν,µ −Aµ,ν

is the electromagnetic �eld tensor, Aµ = {Aa, 0, 0} is
vector potential.

Note that information about the structure of SS
space is contained in the square of the gradient (see
Berezin 2003)

(∇R)2 = γabR,aR,b . (3)

The surfaces R(r, x0) = const, for which (∇R)2 = 0,
divide M (4) into

R-regions M (4)
R ⊂M (4), when((∇R)2 < 0 and

T-regions M (4)
T ⊂M (4), when((∇R)2 > 0 .

In the R-region the surface R(r, x0) = const are time-
like, and in the T-region is spacelike. Using the gener-
alized Birkho� theorem, in the R-region we can choose
a coordinate system in which γab and R depend only on
the space-like coordinate r. Similarly, in the T-region,
there exists an system in which γab and R depend on
the time-like coordinate x0.
In work of Gladush (2017) it is shown that the metric

(1) and action (2) in the T-region can be presented in
the form

ds2T = h−1(Ndx0)2 − h(dx1)2 −R2dσ2

= Rξ−1
(
Ndx0

)2 − ξR−1(dx1)2 −R2dσ2 . (4)

ST =

∫
LT dx

0 =

∫
l

2c

{
T

N
+
c4

κ
N

}
dx0 , (5)

where LT is the Lagrange function of the reduced sys-
tem with a kinetic term

T = −c
4

κ
ξ,0R,0 +R2ϕ,0

2 . (6)

Here R,0 = ∂R/∂x0, ξ,0 = ∂ξ/∂x0. In the R-region,
the action SR has a similar form, the evolutionary co-
ordinate x0 is space-like here.
From the Lagrangian LT the primary constraint

PN = ∂L/∂Ṅ = 0 and momenta Pi = ∂L/∂q̇i follow:

Pξ = − c3l

2κN
Ṙ , PR = − c3l

2κN
ξ̇ , Pϕ =

l

cN
R2ϕ̇ . (7)

From the Lagrange-Euler equation we obtain the sec-
ondary constraint

δLT

δN
=
∂LT

∂N
=

l

2c

{
− T

N2
+
c4

κ

}
= 0 . (8)

So the Hamiltonian function H = Pξ ξ̇+PRṘ+Pϕϕ̇−L
leads to the Hamiltonian constraint in the T-region

H =
Nc

2l

{
−4κ

c4
PξPR +

1

R2
P 2
ϕ − µ2

}
∼ 0 , (9)

where µ = cl/
√
κ.

In addition the system has the following conserved
values:
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Charge function is equal to the charge inside the region
of radius R

Q(N,R, ϕ,0) =
R2

N
ϕ,0 =

c

l
Pϕ . (10)

Total mass function taking into account the contribu-
tion of the electromagnetic �eld is (see Gladush 2017)

Mtot =
c2

2κ
R
(
1 + γabR,aR,b

)
+

Q2

2c2R
, (11)

In the considered variables, as well as through mo-
menta, it has the form

Mtot =
c2

2κ

[
R+

1

N2

(
ξṘ2 +

κR3ϕ̇2

c4

)]
, (12)

Mtot =
1

2l2

[
l2c2

κ
R+

4κ

c4
ξP 2

ξ +
1

R
P 2
ϕ

]
. (13)

We also write out the Poisson brackets of dynamic
quantities:

{H,Mtot} =
2κ

l2c4
PξH ∼ 0 , {H,Q} = {Mtot, Q} = 0 .

3. The con�guration space of the SS system

of gravitational and electromagnet �elds and

its geometry

The factor N can be excluded from the action (5),
while the original variational principle is transformed
into a variational principle in the con�guration space.
Indeed, (8) implies N =

√
κT/c2. Substituting this

expression into (5) we get

SR =

∫
LRdx

0 = µ

∫ √
Tdx0 = µ

∫
dΩ , (14)

where

dΩ2 = T(dx0)2 = −c
4

κ
dξdR+R2dϕ2 > 0 (15)

is the metric minisuperspace R. We see that SR is the
action for a geodesic in the con�guration space. The
geodesic equations derived from this, together with the
equation for N, are equivalent to the original Einstein
equations. De�nitions of the momenta (7) can now be
rewritten in the standard form

Pa = µΩab
dqa

dΩ
, (16)

as momenta of the particle with mass µ and 3-velocity
dqa/dΩ = {dξ/dΩ, dR/dΩ, dϕ/dΩ}, moving along the
geodesic in a minisuperspace.

It turns out that the minisuperspace with the metric
(15) is �at. Therefore, there are transformations of
�eld functions, for example,

ξ =
κ

c4

(
cτ − x− y2

cτ + x

)
, (17)

ϕ =
y

cτ + x
, R = cτ + x ,

leading metrics (15) to Lorentz form

dΩ2 = −c2dτ2 + dx2 + dy2 . (18)

Substituting Pξ = ∂S/∂ξ, PR = ∂S/∂R, Pϕ = ∂S/∂ϕ
into the Hamiltonian constraint (9), we arrive at the
Einstein-Hamilton-Jacobi (EHJ) equation

−4κ

c4
∂S

∂ξ

∂S

∂R
+

1

R2

(
∂S

∂ϕ

)2

=
l2c2

κ
. (19)

His solution is

S =
l

c
Qϕ+ Pξξ −

l2c6

4κ2Pξ

(
κQ2

c4R
+R

)
. (20)

We de�ne the BH mass by the equation Mtot = m.
Then

Pξ = ±lc2
√

m

2κξ0
. (21)

As a result, the trajectories equations in the minisu-
perspace take the form

ϕ(T ) =

√
ξ0

2κm

Q

T
, ξ(T ) =

c3

2κm
ξ0TFT (T,m,Q) ,

(22)
where in the T-region R = cT and

FT (T,m,Q) = −1 +
2κm

c3T
− κQ2

c6R2
. (23)

For the metric function in (4) we �nd

h =
c2ξ0
2κm

FT (T,m, q) , h = − c2ξ0
2κm

FR(R,m, q) (24)

for the T- and R-regions, respectively, and
FR(R,m, q) = −FT (T = R/c,m, q). These ex-
pressions lead to standard representations of the
Reissner-Nordstrom metric. in the T- and R-regions.
Consider the trajectories structure in the con�gura-

tion space. The region of admissible motions corre-
sponding to a solution in a T-region is determined by
the conditions ξ > 0, R > 0 or

−Ω2 = c2τ2 − x2 − y2 > 0 , R = cτ + x > 0 , (25)

which correspond to the upper interior of the cone
Ω2 = 0 in coordinates {cτ, x, y} (see �g. 1). In these
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Figure 1: Mini-superspace SS con�guration of grav-
itational and electromagnetic �elds in coordinates
{cτ, x, y}.

coordinates, solutions (22) are described by straight
lines:

cτ(R) = 1
2

[(
1 − a

Rg

)
R+ a

]
,

x(R) = 1
2

[(
1 + a

Rg

)
R− a

]
, (26)

y =
√

ξ0
Rg
Q, Rg = 2κm

c2 , a = ξ0c
4

κ

The evolution of the system in con�guration
space, for given M and Q, can be represented
as motion along a straight of the family (26),
starting outside the cone Ω2 = 0 on the line
cτ(0) = a/2, x(0) = −a/2, y =

√
ξ0/RgQ , (central

singularity). Further, the straight intersects the cone
Ω2 = 0 with R = R1 (inner horizon), comes upon
inside the cone, crosses it with R = R2 (outer horizon)
and leaves to in�nity of the minisuperspace. The
motion inside the cone Ω2 = 0 of the minisuperspace
corresponds to the solution for the T-region of the
S-T, to the motion outside the cone corresponds to
the solution for the R-regions of the S-T (see Fig.
1). For an extremely charged BH, when |Q| = m

√
κ,

the corresponding straight of the family (26) touches
the cone Ω2 = 0 at the point R1 = R2 = mκ. For
superextremal charges |Q| > m

√
κ these straights lie

outside the cone Ω2 = 0.

4. Quantization of a spherically symmetric

con�guration of the gravitational and electro-

magnetic �elds

The quantum states of the �eld con�guration un-
der consideration are determined by the wave function
Ψ(R, ξ, ϕ) on the minisuperspace with the coordinates
{R, ξ, ϕ}. The corresponding momentum operators in
this representation have the form:

P̂R = −i~ ∂

∂R
, P̂ξ = −i~ ∂

∂ξ
, P̂ϕ = −i~ ∂

∂ϕ
. (27)

The classical Hamiltonian, the total mass and charge
functions lead to operators

Ĥ =
Nc

2l

{
4κ~2

c4
∂2

∂R∂ξ
− ~2

R2

∂2

∂ϕ2
− c2l2

κ

}
, (28)

M̂ =
1

2l2

(
l2c2

κ
R− 4κ~2

c4
∂

∂ξ
ξ
∂

∂ξ
− ~2

R

∂2

∂ϕ2

)
. (29)

Q̂ =
c

l
P̂ϕ = −i c~

l

∂

∂ϕ
. (30)

For the Hermitian operator of the total mass, in the
con�guration space we use the following ordering of
the operators: P̂ξξP̂ξ. The following commutation re-
lations hold[
Ĥ, M̂

]
= −2κ~2

l2c4
∂

∂ξ
Ĥ ∼ 0 ,

[
Ĥ, Q̂

]
=
[
Q̂, M̂

]
= 0 .

States with a certain total mass and charge correspond
to eigenfunctions and eigenvalues of the operators of
total mass and charge:

M̂Ψm = mΨm , Q̂Ψq = qΨq . (31)

They reduce to the following equations{
c2l2

κ
R− 4κ~2

c4
∂

∂ξ
ξ
∂

∂ξ
− ~2

R

∂2

∂ϕ2

}
Ψm = 2l2mΨm .

(32)
∂

∂ϕ
Ψq =

iql

c~
Ψq . (33)

From the last equation we obtain Ψq = Aei(ql/c~)ϕ.
The general wave functions of the DeWitt equation
ĤΨ = 0 and the charge operator, also as general wave
functions of the operators total mass and charge, can
be represented in the form

Ψ = ψ (ξ,R) ei(ql/c~)ϕ , Ψm = ψm (ξ,R) ei(ql/c~)ϕ .

The functions ψ and ψm satisfy the equations(
4∂2

∂R∂ξ
+
c2q2l2

κ~2
1

R2

)
ψ =

c6l2

κ2~2
ψ ,

{
l2c2

κ
R− 4κ~2

c4
∂

∂ξ
ξ
∂

∂ξ
+

1

R

q2l2

c2

}
ψm = 2ml2ψm .

Using the compatibility condition for the DeWitt and
eigenvalues equations for the mass operator, we con-
struct a regular solution of this system on the horizon,
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which leads to a wave function of a con�guration in a
state with given mass m and charge q for a T-region:

ΨT
m,q = CJ0

(
lc

l2pl
T
√
hFT (T,m, q)

)
ei(ql/c~)ϕ , (34)

where J0 is the Bessel function of the �rst kind of zero
order. The functions FT (T,m, q) > 0 is de�ned in (23).
Note that h and T are positive independent values here.
For the classical Reissner-Nordstrom solution, the vari-
ables h and R = cT enter the initial metric (4), at that
in the T-region, the value of h depends on T , according
to (24). We note that for the metric mini-superspace
(15), signature conditions are not violated in both the
T- and R-regions of the S-T. At that the evolution
of the system in con�guration space in all cases oc-
curs within the direction dΩ2 > 0. Therefore quan-
tum equations constructed in a minisuperspace are per-
formed independently of the type of the region of the
S-T. Thus, the wave function of the system in the R-
region has the form similar (34) and can be written out
by formally replacing hFT (T,m, q) → −hFR(R,m, q):

ΨR
m,q = CJ0

(
l

l2pl
R
√
−hFR(R,m, q)

)
ei(ql/c~)ϕ . (35)

Here R > 0 and h < 0. Since FR(R,m, q) > 0,
then the value under the radical is positive. In
the classical case, the value of h is determined by
the value of R through the function FR(R,m, q),
according to (24). The wave function (35) can be
formally obtained based on the metric (4) and the
Lagrangian of the con�guration LR in the R-region,
where the evolutionary parameter x0 is spacelike.
Therefore, the solution (35) can be considered an
analytic continuation of the solution (34) through the
horizons FR(R,m, q) = FT (T,m, q) = 0. Note that
the coe�cient N is not included in the wave func-
tion Ψm,q(h, T, ϕ), which determines the probability
amplitude of the con�guration {h, T, ϕ;m, q}, that
is, the points {h, T, ϕ} of a minisuperspace, for given
observables m, q. The mass and charge spectra of the
BH in this approach are continuous.

4. Discussion and conclusions

As it has been shown, the con�guration space of the
SS system of electromagnetic and gravitational �elds
is �at, therefore to solutions of the Einstein equations
there correspond straight lines in minisuperspace with
the metrics(18). This greatly simpli�es the di�erential-
geometric structure of EHJ equations solutions. In ad-
dition, metric functions can be expressed in terms of
the natural invariant parameter corresponding to the
geodesic in the minisuperspace. As a result, classical
solutions for S-T metrics can be constructed without
�xing the calibration, for an arbitrary lapse function.

We note also that the used di�erential equations
determines only the local structure of the space, while
the global structure needs to be rede�ne. Thus, the
question of the mass spectrum is not solved at local
approach, since the nature of the spectrum depends
on the global properties of the geometry of the S-T
and superspace, their structure as a whole, as well
as the structure of the phase space of the system.
Therefore, to obtain a discrete spectrum, additional
di�erential-geometric and algebraic (group) structures
are introduced on the space-time, con�guration or
phase spaces (see, for example, Barvinsky et al. 2001,
Das et al. 2003 and references therein). As a rule, a
discrete spectrum occurs in the presence of a potential
well or compact geometry of the con�guration or
phase space leading to the �nite motions.
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ABSTRACT. In the present paper, we study the
geometry of a mini-superspace and its relation to the
corresponding space-time geometry of a spherically
symmetric con�guration of electromagnetic and grav-
itational �elds, taking into account the cosmological
constant, and the construction of the wave function
of a quantum system. By the generalized Birkho�
theorem, for this con�guration we can introduce the
R- and T-regions, which simpli�es the description of
the dynamical system. Proceeding from the standard
classical Einstein-Hilbert action, a Lagrangian of the
�elds con�guration is constructed for a spherically
symmetric space-time. The Lagrangian of the system
is degenerate and contains a non-dynamic degree of
freedom, which leads to a constraint. After eliminating
the constraints, we proceed to the description of the
dynamic system in the con�guration space (minisu-
perspace). We consider additional conserved physical
quantities: the total mass and the charge of the sys-
tem. We note that the geometry of the minisuperspace
turns out to be conformally �at. In addition to the
standard horizons inherent in a charged black hole,
space-time has an additional cosmological horizon.
In the con�guration space the simplest invariants of
the curvature tensor: the scalar curvature, the square
of the Ricci tensor, the Kretschmann invariant, are
vanish, while the components of the Ricci tensor and
the curvature tensor diverge on the minisuperspace
analogue of the cosmological horizon.
Within the framework of canonical quantum gravity
with material sources, physical states are found by
solving the Hamiltonian constraint in the operator
form for the wave function of the system de�ned on
the minisuperspace, taking into account conserved
additional quantities. Formal quantization in the
R-region can be regarded as an analytic continuation
of solutions from the T-region. In this approach,
taking into account the mass and charge operators
leads to a continuous spectra of mass and charge.

Keywords: charged black holes, cosmological
constant, mass and charge function, Hamiltonian
constraint, quantization, mass and charge operators.

АНОТАЦIЯ. В данiй роботi розглядається за-
дача вивчення геометрiї мiнiсуперпростору та йо-
го зв’язок iз вiдповiдною геометрiєю простору-часу
сферично-симетричної конфiгурацiї електромагнi-
тного та гравiтацiйного полiв з урахуванням космо-
логiчної сталої та побудова хвильової функцiї вiд-
повiдної квантової системи. З узагальненої теореми
Бiркгоффа випливає, що для даної системи можна
визначити R- та Т-областi, що спрощує опис ди-
намiчної системи. Виходячи зi стандартної класи-
чної дiї Ейнштейна-Гiльберта, будується лагранжi-
ан конфiгурацiї полiв для сферично-симетричного
простору-часу. Лагранжiан системи є виродженим
та мiстить нединамiчну ступiнь вiльностi що при-
зводить до в’язi. Виключаючи в’язь, можна пере-
йти до опису динамiчної системи в конфiгурацiйно-
му просторi (мiнiсуперпросторi). Розглядаються до-
датковi фiзичнi величини, що збаерiгаються: повна
маса i заряд системи. Вiдзначимо, що геометрiя мi-
нiсуперпростору є конформно-пласкою. Крiм стан-
дартних горизонтiв, властивих зарядженим чорним
дiрам, простiр-час має додатковий космологiчний
горизонт. В конфiгурацiйному просторi найпростiшi
iнварiанти тензора кривини такi як скалярна кри-
вина, квадрат тензора Рiчi, iнварiант Кречмана, до-
рiвнюють нулю, в той час як ненульовi компоненти
тензора Рiчi i тензора кривини розбiгаються на ана-
лозi космологiчного горизонта.
В рамках канонiчної квантової гравiтацiї з мате-

рiальними джерелами, фiзичнi стани знаходяться
шляхом розв’язання гамiльтонової в’язi в оператор-
нiй формi для хвильової функцiї системи, визначе-
ної на мiнiсуперпросторi, з урахуванням додаткових
величин, що зберiгаються. Формальне квантування
в R-областi при цьому можна розглядати як аналi-
тичне продовження розв’язкiв iз Т-областi. В обра-
ному пiдходi, врахування операторiв маси i заряду
призводить до неперервного спектру маси i заряду.

Ключовi слова: зарядженi чорнi дiри, космологi-
чна стала, масова i зарядова функцiя, Гамiльтонова
в’язь, квантування, оператори маси i заряду.
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1. Introduction

The study of the canonical formalism of general rel-
ativity shows that all dynamic information about the
gravitational �eld is contained in constraints. After
replacing momenta Pij = δS/δγij they lead to the
Einstein-Hamilton-Jacobi equations (EHJ) for action
functional S:

Gijkl
δS

δγij

δS

δγkl
−√

γR(3) = 0 ,

where Gijkl = (1/2)(γ)−1/2 (γikγjl + γilγjk − γijγkl) is
supermetric of con�guration space and conditions of
invariance (δS/δγij);j = 0.
When quantized, in accordance with the Dirac ap-

proach, constraints become conditions on the state vec-
tor (Dirac, 1979; Gitman, 1986). After replacement
P̂ij = −iδ/δγij momenta constraints leads to the rela-
tions of invariance of the state vector: (δ/δγijΨ);j = 0 .
In this case, the Hamiltonian constraint leads to the
Wheeler-DeWitt equation

(See, for example, Schulz 2014 and references therein.)
We see that both classical and quantum aspects of

the behavior of a gravitational �eld are determined
by the metric of superspace so that superspace is an
arena of action classical and quantum geometrodynam-
ics. Studying the geometry of a general superspace,
one can obtain important information about the clas-
sical and quantum manifestations of the dynamical sys-
tem under consideration. However, the study of super-
space in general is faced with great mathematical dif-
�culties. Therefore, reduced models are widely used,
among which spherically symmetric con�gurations are
popular and simplest models used to study the prob-
lems of quantum gravity.
The work is devoted to the study of the minisu-

perspace of spherically-symmetric con�gurations of
the electromagnetic and gravitational �elds with a
cosmological constant and the search for a correspon-
dence between the space-time and minisuperspace
phenomena, and their quantization. Here we consider
the class of con�gurations with diagonal space-time
metrics. We are based on the observation that the
considered con�gurations that are stationary from the
point of view of the external observer, there are certain
regions of the space-time with dynamic behavior. This
means that in these regions there is an evolution of the
space-time geometry in time, which is responsible for
the quantum mechanical properties of the considered
black hole model (Nakamura, 1993; Gladush, 2016).

2. Classic description of CBH with Λ

the form

Stot = − 1

16π

∫
V (4)

(
c3

κ

(
R(4) + 2Λ

)
+ (1)

+
1

c
FµνF

µν

)√
−g(4)d4x.

For a spherically symmetric con�guration, the electro-
magnetic �eld tensor and the interval have the forms

Fµν = Aν,µ −Aµ,ν → Fab = Ab,a −Aa,b, (2)

ds2 = h
(
x0, r

) (
dx0
)2 − g

(
x0, r

)
dr2 −R2

(
x0, r

)
dσ2,
(3)

where dσ2 = dθ2 + sin θdα2 is the angular part of the
metric; a, b = 0, 1. After integrating over the angles
and discarding the surface term, the action (1) can be
reduced to the form

S =

∫
V 2

(
c3

2κ

√
gh

[
1 +

RR,1

g
(lnRh),1 − ΛR2 − (4)

− RR,0

h
(ln(gR)),0

]
+

1

2c

(A1,0 −A0,1)
2
R2

√
gh

)
dx2.

Here X,0 ≡ ∂X/∂x0, X,1 ≡ ∂X/∂r denote the deriva-
tives with respect to x0 and x1. Information on
the structure of space is contained in the quantity
(∇R)

2
= gabR,aR,b (see Berezin, 2003). The surface

R
(
x0, r

)
= Rg = const for which (∇R)

2
= 0 di-

vides V 4 into two T- and two R-regions. Moreover,
(∇R)

2
> 0 in the T-region, and (∇R)

2
< 0 in the R-

region. Using the generalized Birkho� theorem, we can
choose a coordinate system in the R-region in which
h, g and R depend only on the spacelike coordinate
r. Similarly, in the T-region there exists a coordinate
system in which h, g and R depend only on the time-
like coordinate x0. Then the metrics in the R- and
T-regions take the form:

ds2R = h (r)
(
dx0
)2 − g (r) dr2 −R2 (r) dσ2, (5)

ds2T = h
(
x0
) (
dx0
)2 − g

(
x0
)
dr2 −R2

(
x0
)
dσ2. (6)

In this case, the action (4) is divided in the sum
S = SR +ST , where SR and ST are the actions de�ned
in the R and T regions respectively. The Lagrangians
corresponding to them have the form

LR =
χT

2c

A2
0,1R

2

√
gh

+ (7)

+
χT c

3

κ

√
gh

[
1 − ΛR2 +

RR,1

g
(lnRh),1

]
,

LT =
χR

2c

A2
1,0R

2

√
gh

+ (8)

+
χRc

3

κ

√
gh

[
1 − ΛR2 − RR,0

h
(lnRg),0

]
.

{︂
𝐺𝑖𝑗𝑘𝑙

𝛿

𝛿𝛾𝑖𝑗

𝛿

𝛿𝛾𝑘𝑙
−√

𝛾𝑅(3)

}︂
|Ψ⟩ = 0 .

The action for the gravitational and electromagnetic
�elds with cosmological constant in space-time V (4) has
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Here χT and χR - constants, obtained by integration
of the action over coordinate x0 in R-region and co-
ordinate r in T-region. Since the Lagrangian is de-
�ned up to a constant factor, we further assume that
χR = χT = 1 (meter).

It is convenient to introduce new variables in the R-
and T- regions:

ϕR = −A0, ξR = −Rh, NR =
√
gh ,

ϕT = A1, ξT = Rg, NT =
√
gh . (9)

In these variables, the Lagrangians (7) and (8) take a
uniform form:

L =
F 2
,αR

2

2cN
+ sN

(
1 − ΛR2 +

R,αUα

N2

)
. (10)

where s = c3/κ, α - is the evolutionary parameter,
which in each of the regions takes the form α = x0 =
ct or α = r respectively. From the Lagrange-Euler
equation for variableN in (10) it follows that ∂L/∂N =
0. It means that N is Lagrange multiplier and there is
the constraint applied to system:

−
ϕ2,αR

2

2cN2
+
s

2

(
1 − ΛR2 +

ξ,αR,α

N2

)
= 0. (11)

Expressing N from (11) and substituting it in (10), we
obtain new Lagrangian and action of the system:

L = s

√
(1 − ΛR2)(−R,αξ,α +

R2

sc
ϕ2,α), (12)

S = s

∫ √
(1 − ΛR2)(−dRdξ +

R2

sc
dϕ2). (13)

Thus, the action (13) for the system is an action for
geodesic in a minisuperspace with a metric

dΩ2 = (1 − ΛR2)(−dRdξ +
R2

sc
dϕ2). (14)

It appears that minisuperspace is conformally �at,
which leads to the fact, that the scalar curvature, the
square of the Ricci tensor, the Kretschmann invariant,
are vanish, while the components of the Ricci tensor
and the curvature tensor diverge on the minisuperspace
analogue of the cosmological horizon (cτ +x = 1/

√
Λ).

This can be seen by following transition to new vari-
ables:

ξ = 1
sc

(
cτ − x− y2

cτ+x

)
, (15)

R = cτ + x, ϕ = y
cτ+x .

In these variables metric (14) takes form:

dΩ2 = (1 − Λ(cτ + x))(−c2dτ2 − dx2 − dy2). (16)

Introducing generalized momenta as Pi = ∂L
∂Qi

,α
where

L is lagrangian (10), we de�ne Hamiltonian of the sys-
tem:

H = PiQ
i
,α − L = (17)

= N
2s

(
−4PRPξ + sc

R2Pϕ − s2(1 − ΛR2)
)

= −N ∂L
∂N .

Thus, we obtain Hamilton constraint: H = 0. There-
fore, for further consideration, it's expediently to in-
troduce additional physical quantities - the mass and
charge of the system. In the classical case, the charge is
determined by the charge function as follows (Gladush,
2017):

Q =
R2

√
gh

(A0,1 −A1,0). (18)

The total mass of the con�guration has the form
(Gladush, 2012):

M =
s

c
R

(
1 − Λ

3
R2 +

R2
,0

h
−
R2

,1

g

)
+

Q2

2c2R
. (19)

In new variables these functions have following form:

Q = cPϕ, M =
s

2c

(
R− Λ

3
R3 +

4ξP 2
ξ

s2

)
+
P 2
ϕ

2R
. (20)

In order to obtain classical solution, we substitute fol-
lowing relations in Hamilton constraint (17) and mass
and charge functions:

Pξ =
∂S

∂ξ
, PR =

∂S

∂R
, Pϕ =

∂S

∂ϕ
, (21)

This leads to the Einstein-Hamilton-Jacobi equation
and equations for total mass and charge of the system:

−4∂S
∂ξ

∂S
∂R + sc

R2

(
∂S
∂ϕ

)2
+ s2(1 − ΛR2) = 0, (22)

c∂S∂ϕ = q, s
2c

(
R− Λ

3R
3 + 4ξ

s2

(
∂S
∂ξ

)2)
= m. (23)

This equations have following solution:

S =
q

c
ϕ+ pξξ −

s2

4pξ

(
R− Λ

3
R3 +

q2

2cR

)
. (24)

Here it is taken into account that from the canoni-
cal equations for momenta Pξ and Pϕ it follows, that
they are integrals of motion. In particular, cPϕ = q
- charge of the system. Calculating derivatives ∂S/∂q
and ∂S/∂pξ and equating them to constant, we �nd
trajectories:

ξ = ξ0 −
s2

4p2ξ

(
R− Λ

3
R3 +

q2

2cR

)
, ϕ =

sq

2cpξR
. (25)

From mass function we �nd out that pξ =
√

msc
2ξ0

. Fi-

nally, we get:

ξ = ξ0

(
1 − s

2mc

(
R− Λ

3
R3 +

q2

scR

))
, ϕ =

√
sξ0

2mc3
q

R
.

(26)
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Performing reverse transformation to (9), we obtain
following metric coe�cients:

hR =
2mcξ0
s

(
1 − 2mc

sR
+

q2

scR2
− Λ

3
R3

)
, (27)

gR =
N2

R

hR
; hT =

N2
T

gT
,

gT = −2mcξ0
s

(
1 − 2mc

sR
+

q2

scR2
− Λ

3
R3

)
.

Assuming NR = NT = 1, ξ0 = s/2mc, we obtain classi-
cal result for Reissnerâ��Nordstromâ��de Sitter met-
rics. Solution (26) can be written in terms of minisu-
perspace variables (cτ, x, y) in parametric form:

cτ = 1
2

((
1 − a

Rg

)
R+ a+ a

Rg

Λ
3R

3
)
, (28)

x = 1
2

((
1 + a

Rg

)
R− a− a

Rg

Λ
3R

3
)
,

y =
√

ξ0
Rg
q.

Here a = scξ0, Rg = 2mc/s. The curves that are
described by (28) are third-order curves. Their
intersection with the light cone in the minisuperspace
correspond to the event horizons in space-time,
while the interior of the cone corresponds to the
T-regions. Further, after second intersection with
a conus, they move outside the light cone of the
miniscuperspace, which corresponds to the spatial
evolution of �elds in the outer R-region. Then they
are returning again to the T-region. For extremal and
superextremal charged black holes, the corresponding
curves are tangent to or pass by the cone, respec-
tively. All this points us to the connection between
the geometry of the minisuperspace and the geome-
try of spherically-symmetric space-time con�gurations.

3. Quantum description of CBH with Λ

In order to build quantum description of the sys-
tem, we proceed form functions of physical quantities
to their operators. De�ning coordinates and momenta
operators as

q̂i = qi, p̂i = −i~ ∂

∂qi
, (29)

we obtain following Hamilton, mass and charge opera-
tors:

Ĥ = −N
2s

(
4~2 ∂2

∂ξ∂R + ~2 sc
R2

∂2

∂ϕ2 + s2(1 − ΛR2)
)
,(30)

M̂ = s
c

(
R− Λ

3R
3 − 4~2

s2
∂
∂ξ ξ

∂
∂ξ

)
− ~2

2R
∂2

∂ϕ2 ,

Q̂ = −i~c ∂
∂ϕ .

In order for the total mass operator to be Hermitian,
we use the following ordering of the operators: pξξpξ.

Obtained operators have following commutators:

[
M̂, Q̂

]
= 0,

[
Ĥ, Q̂

]
= 0,

[
Ĥ, M̂

]
=

~2

sc

∂

∂ξ
Ĥ ∼ 0.

(31)
By (31) we can require that the wave function of the

system satisfy following system of equations:
ĤΨ = 0,

M̂Ψ = mΨ,

Q̂Ψ = qΨ.

(32)

Jointly solving (32), we obtain wave function of the
system, which is regular on horizons:

Ψ(ξ,R, ϕ) = CJ0

(√
ξR

[
−1 +

2mc

sR
− q2

scR2
+

Λ

3
R3

])
.

(33)
Since system (32) has a solution for any values of m
and q, the mass and the charge spectra of black hole
are continuous.

4. Conclusion

Obtained result is consistent with the previous
result of one of the authors (Gladush, 2016; Gladush,
2017) and turns into it at Λ = 0. Considered approach
leads to continuous spectra of mass and charge, what is
coincides with results of other authors (Kuchar, 1994;
Louko, 1996; Nakamura, 1993). Also quantization
was carried out in uniform way, for R- and T-regions
simultaneously. Since quantization has physical
sense only in T-regions, the results obtained for the
R-regions can be considered an analytical continuation
of the T-regions solutions. Without the imposition of
additional di�erential-geometric and group structures
on the space-time, con�guration or phase spaces, it is
impossible to obtain a discrete spectrum. The reason
for this is that the above di�erential equations deter-
mine only the local structure of the space, whereas
the global structure needs to be de�ned. Thus, the
question of the mass and charge spectra is not solved
by a local approach, since the properties of the spectra
depend on the global properties of the space-time and
minisuperspace geometry, and the structure of the
phase space of the considered system.
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ABSTRACT. In this paper, we study �xed points of
N-point gravitational lenses. We use complex form of
lens mapping to study �xed points. Complex form has
an advantage over coordinate one because we can de-
scribe N-point gravitational lens by system of two equa-
tion in coordinate form and we can describe it by one
equation in complex form. We can easily transform the
equation, which describe N-point gravitational lens,
into polynomial equation that is convenient to use for
our research. In our work, we present lens mapping
as a linear combination of two mapping: complex an-
alytical and identity mapping. Analytical mapping is
speci�ed by analytical function (de�ection function).
We studied necessary and su�cient conditions for the
existence of de�ection function and proved some the-
orems. De�ection function is analytical, rational, its
zeroes are �xed points of lens mapping and their num-
ber is from 1 to N-1, poles of de�ection function are
coordinates of point masses, all poles are simple, the
residues at the poles are equal to the value of point
masses.

We used Gauss-Lucas theorem and proved that
all �xed points of lens mapping are in the convex
polygon. Vertices of the polygon consist of point
masses. We proved theorem that can be used to �nd
all �xed point of lens mapping. On the basis of the
above, we conclude that one-point gravitational lens
has no �xed points, 2-point lens has only 1 �xed
point, 3-point lens has 1 or 2 �xed points. Also we
present expressions to calculate �xed points in 2-point
and 3-point gravitational lenses. We present some
examples of parametrization of point masses and
distribution of �xed points for this parametrization.

Keywords: gravitational lensing: lens mapping, �xed
points, de�ection function; complex analysis.

АННОТАЦIЯ. В роботi дослiджуются нерухомi
точки в N-точкових гравiтацiйних лiнзах. Для їх
дослiдження була використана комплексна форма

виглядi N-точкова гравiтацiйна лiнза описується
системою з двух рiвнянь, а в комплексному виглядi
досить одного рiвняння. Це рiвняння легко
перетвориться в полiномiальне, яке зручне для
дослiдження. В роботi лiнзове вiдображення
представлено у виглядi лiнiйної комбiнацiї
двух вiдображень: комплексно-аналiтичного i
тотожного. Аналiтичне вiдображення задає
функцiя вiдхилення. Ми вивчили необхiднi i
достатнi умови iснування функцiї вiдхилення
i довели деякi теореми. Функцiя вiдхилення:
аналiтична, рацiональна, її нулi є нерухомими
точками лiнзового вiдображення, їх число лежить
в промiжку вiд 1 до N-1, її полюса є координатами
точкових мас, всi полюса простi, лишки в полюсах
рiвнi величинам безрозмiрних мас в них.
Ми застосували теорему Гаусса-Люка i довели,
що всi нерухомi точки лiнзового вiдображення
належать мiнiмальному випуклому багатокутнику.
Вершинами мiнiмального випуклого багатокутника
є точки, в яких знаходяться безрозмiрнi точковi
маси. Довели теорему, за допомогою якої можна
знайти всi нерухомi точки лiнзового вiдображення.
На пiдставi вище отриманих результатiв, ми
зробили висновок, що в одноточковiй лiнзi
нерухомих точок немає, в двухточковiй лiнзi є
тiльки одна нерухома точка, в трьохточковiй лiнзi
може бути одна або двi нерухомi точки. Також
в роботi приведенi вираження для обчислення
нерухомих точок в одноточковiй i двухточковiй
гравiтацiйних лiнзах. Наведенi деякi приклади
параметричного завдання точкових мас i розподiлу
нерухомих точок.
Ключовi слова: гравiтацiйне лiнзування: лiнзове
вiдображення, нерухомi точки, функцiя вiдхилення;
комплексний аналiз.

лiнзового вiдображення. Комплексна форма має
перевагу над координатною: в координатному
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1. Introduction

Gravitational lensing is a phenomenon of de�ection
of light ray in a gravity �eld (Bliokh&Minakov,1989;
Zakharov,1997;Schneider,1999). With gravitational
lensing, star systems and planets in star systems can
be found. Recently, astronomers have observed a large
number of gravitational lenses. In addition to one-
point lenses, lenses with more than two components
were also detected. In this paper, we show that such
objects can have �xed points. In physical terms, �xed
point of gravitational lens is a point in a picture plane
that has such property: if we place source in �xed
point, one of images is in this point.

2. General information and formulation of

the problem

An N-point gravitational lens can be described
by means of the following equation (Zakharov,1997;
Schneider,1999):

y⃗ = x⃗−
∑
n

mn
x⃗− l⃗n∣∣∣x⃗− l⃗n

∣∣∣2 , (1)

where mn are dimensionless masses whose position in
the plane of the lens is determined by the normalized
radius-vectors l⃗n. It is plain, that

∑
nmn = 1.

We denote the set of radius-vectors l⃗n as Λ =
{li|i = 1, 2, ..., N}. Vector equation (1) speci�es single-
valued mapping

L :
(
R2

X\Λ
)
→ R2

Y , (2)

from vector space R2
X to vector space R2

Y .
We introduce Cartesian coordinates, that transforms

R2
X and R2

Y spaces into coordinate planes. Coordinate
planes R2

Y and R2
X are source plane and image plane

respectively. Source plane R2
Y and image plane R2

X are
often united and called picture plane in astrophysical
literature.
Mapping (2) can be described by system of equa-

tions: 
y1 = (x1 −

N∑
n=1

mi
x1−an

(x1−an)
2+(x2−bn)

2 )

y2 = (x2 −
N∑

n=1
mi

x2−bn
(x1−an)

2+(x2−bn)
2 )

, (3)

where (an, bn) are coordinates of point Cn of radius-

vector l⃗n in plane R2
X .

Analytical research of (3) was in (Kotvyt-
skiy&Bronza&Vovk, 2016; Bronza&Kotvytskiy, 2017;
Kotvytskiy&Bronza&Shablenko, 2017), and quasian-
alytical method of image construction was o�ered in
(Kotvytskiy&Bronza, 2016).

A point of single-valued mapping L is �xed, if each
of point coordinates is invariant of L.
We need to substitute y1 = x1 and y2 = x2 and into

system of equations (3) and solve it to �nd �xed points.
N∑

n=1
mi

x1−an

(x1−an)
2+(x2−bn)

2 = 0

N∑
n=1

mi
x2−bn

(x1−an)
2+(x2−bn)

2 = 0

(4)

Mapping L is surjective. Inverse mapping

L−1 : R2
Y →

(
R2

X\Λ
)
, (5)

is multivalued. If A0 - is a �xed point of single-valued
mapping L, then image of its image, when the mapping
is reversed, is not coincide with it, but includes it.

A0 ∈ L−1 (L (A0)) . (6)

In this paper we study the set Ξ of �xed points of
mapping L.
We set the mapping L in complex form for e�ective

application of mathematical tool.

3. Complexi�cation of lens mapping L

Let de�ne mapping (3) in complex form. We intro-
duce complex structure for R2

X and R2
Y , that trans-

forms them into complex planes Cz and Cζ respec-
tively.
We introduce new complex variables z and ζ . Let

Re z = x1, Im z = x2,Re ζ = y1, Im ζ = y2. (7)

New variables related to old ones as{
x1 = z+z

2

x2 = z−z
2

and

{
y1 = ζ+ζ

2

y2 = ζ−ζ
2

, (8)

Now system (3) can be written as

ζ = z −
N∑

n=1

mn
1

z −An

, (9)

where
∑N

n=1mn = 1 and An = an+ibn; n = 1, 2, ..., N .

We introduce function ω =
∑N

n=1mn
1

z−An
and call

it de�ection function. Function is complex conjugated
to ω and de�ned:

w =

N∑
n=1

mn
1

z −An
(10)

Functions ω and w contain all the information about N-
point gravitational lens. Except that it is convenient
to use function w, rather than ω, for application of
methods of geometric function theory.
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We have:

ζ = z − w (z) = z − w (z). (11)

Or:

ζ = z − w (z) . (12)

Thus, N-point lens can be described not only by the
system of equation (3) but also by the single equation
(9). Mapping (2) can be written as

L : (CX\Λ) → CY , (13)

mapping of complex plane CX into complex plane CY .
We can obtain equation (12) in another way. We

can use equation (1) (Witt, 1990).

4. Some properties of ζ = ζ (z) and w = w (z) .

Statement 4.1. Function ζ = ζ (z) is not an analytic
function.
Proof. Derivative of ζ = ζ (z)

∂ζ

∂z
=

∂

∂z
(z − w (z)) = 1 − ∂w

∂z
̸= 0

is not identity equal zero, therefore ζ is not analytic
function.
Statement 4.2. De�ection function w = w (z) is an

analytic function.
Proof. Derivative of w = w (z)

∂w

∂z
=

∂

∂z

(
N∑

n=1

mn
1

z −An

)
=

N∑
n=1

mn
∂

∂z

1

z −An
≡ 0

is identity equal zero, therefore w in an analytic func-
tion.
Statement 4.3. De�ection function w = w (z) is:

• rational function, i.e. w = A(z)
B(z) , where A (z) and

B (z) are polynomials;

• the denominator is a degree degB (z) = N , the
numerator is a degree degA (z) = N − 1;

• leading coe�cients of A (z) and B (z) are equal 1.

Proof. We reduce the sum to common denominator

w =
N∑

n=1

mn
1

z −An
. (14)

Denominator of de�ection function B (z) =∏N
n=1 (z −An) is a degree degB (z) = N leading coef-

�cient equals 1. Numerator A (z) =
∑N

n=1mnz
N−1+...

is a degree degA (z) = N − 1, leading coe�cient of

A (z) equals
∑N

n=1mn = 1.

Theorem 4.4. De�ection function w can be written
in form:

a)w =
Q′ (z)

Q (z)
, (15)

where Q (z) =
∏N

n=1 (z −An)
mn ;

b)w =
1

degP (z)

P ′ (z)

P (z)
, (16)

where P (z) is polynomial;

Proof. a) w =
N∑

n=1
mn

1
z−An

=

=
N∑

n=1

(
mn

d
dz (ln (z −An))

)
=

=
N∑

n=1

d
dz (ln (z −An)

mn) =

= d
dz

(
ln

(
N∏

n=1
(z −An)

mn

))
= d

dz (lnQ (z)) = Q′(z)
Q(z) .

We note, that function Q (z) is not a polynomial.

Proof. b)w = Q′(z)
Q(z) = d

dz (lnQ (z)) =

= d
dz

(
ln
(∏N

n=1 (z −An)
mn

))
.

Assume without loss of generality, that numbers mn

are rational.
Let mn = pn

qn
, where pn and qn are natural numbers

and coprime integers.
We substitute that into equation and transform it.

Whence, we have:

w =
d

dz

(
1

h
ln

(∏N

n=1
(z −An)

pn
qn

h

))
, (17)

where h =
∏N

n=1 qn. Let sn = pn

qn
h. Numbers sn are

natural numbers.
After transformation (17) we have:

w =
d

dz

(
1

h
lnP (z)

)
=

d

dz

(
1

h
P (z)

)
=

1

h

P ′

P
, (18)

where P (z) =
N∏

n=1
(z −An)

sn is polynomial. But then

w =
1

h

1

h

P ′ (z)

P (z)
. (19)

As well, leading coe�cients of A (z) and B (z) are equal
1 and leading coe�cient of P ′ (z) equal degP (z). We
have: h = degP (z), i.e. we have (16). QED.
Remark 1 (to theorem 4.4). Polynomials P (z) and

P ′ (z) have the same roots as B (z) =
N∏

n=1
(z −An),

but with di�erent multiplicity.
Remark 2 (to theorem 4.4). Then since function ω

is complex conjugate to w, we obviously have:

ω = w =

(
1

h

P ′ (z)

P (z)

)
=

1

h

P (z)

P (z)
= (20)

=
1

h

(
P (z)

)′
P (z)

=
1

h

P
′
(z)

P (z)
.
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Function ω, exactly as w, can be expressed in form of
ratio of two polynomials. Numerator of the ratio is a
derivative of denominator up to an unessential constant
multiplier.
Remark 3 (to theorem 4.4). Polynomials P (z) and

P ′ (z) are not coprime. Fraction P ′(z)
P (z) can be reduced.

Polynomials P (z) and P ′ (z) are coprime, if and only
if mn = 1

N , n = 1, 2, ..., N .
Theorem 4.6. Poles of function w are An points,

which are coordinates of masses. All poles are simple.
For any poles are always true: pole residue equal nor-
malized mass at that point. The sum of residues at
�nite points into complex plane equal one. At in�nity
equal minus one.
Proof. Obviously.

5. Fixed points of a lens mapping

Theorem 5.1.(About quantity) By n0 denote a quan-
tity of a �xed points of mapping L : (CX\Λ) → CY ,
then n0 : 1 ≤ n0 ≤ N − 1.
Proof. Fixed points of function ζ = z − w (z) are

roots of equation z = z − w (z), i.e. w (z) = 0. We
have w (z) = 0, if we complex conjugate it.
Therefore, we have degP ′ (z) = N − 1 from the rep-

resentation (16). Hence, the number of zeroes of func-
tion w with regard to multiplicity is N−1. Polynomial
P ′ (z) can have multiple zeroes. The number of di�er-
ent zeroes of polynomial P ′ (z) is from 1 to N − 1.
We have the theorem about distribution of a �xed

points of mapping L.
Theorem (main) 5.2. (About distribution) Fixed

points of mapping L are in the convex polygon that
consists of point masses.
Proof. We use Gauss-Lucas theorem: if P is a poly-

nomial with complex coe�cients, all zeros of P ′ belong
to the convex hull of the set of zeros of P .
By theorem 5.1, �xed points of mapping L are zeroes

of the function w. By theorem 4.5 we have representa-
tion (16).

Since P (z) =
N∏

n=1
(z −An)

sn , roots of P ′ (z),are

in the convex polygon that consists of set
{An}, because of Gauss-Lucas theorem (Pra-
solov,2014;Davydov,1964).
Theorem 5.3. (of �nding �xed points and its num-

ber) Fixed points of mapping L for N ≥ 2 are roots
of:

H (z) =
P (z)

gcd (P (z) , P ′ (z))
, (21)

their number n0 = degH (z) , and estimation n0 : 1 ≤
n0 ≤ N − 1 is achieved.
Proof. The polynomial P (z) is divided by the poly-

nomial gcd (P (z) , P ′ (z)). Therefore B (z) is a polyno-
mial. Polynomial gcd (P (z) , P ′ (z)) has only multiple

roots. Multiplicity of roots of gcd (P (z) , P ′ (z)) is one
less then multiplicity of P (z). Hence all roots of poly-
nomial H (z) are di�erent and n0 = degH (z).
2-point gravitational lens has one �xed point.
In general situation the number of �xed points is

n0 = N − 1.
For N > 2, we have only one �xed point, if and only

if all point masses are equal and located at the vortexes
of regular polygon.
Remark 4 (to theorem 5.3). Fixed points are missing

from point gravitational lens.

m1

m2

m3

-1.0 -0.5 0.5 1.0

-1.0

-0.5

0.5

1.0

Figure 1: 3-point lens with m1 = 1 − s,m2 = s
2 ,m3 =

s
2 , A1 = 1, A2 = i, A3 = −i
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Figure 2: 3-point lens with m1 = 1 − s,m2 =
0.495s,m3 = 0.505s,A1 = 1, A2 = i, A3 = −i
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Figure 3: 3-point lens with m1 = 1− s,m2 = 2s
3 ,m3 =

s
3 , A1 = 1, A2 = i, A3 = −i
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Figure 4: 3-point lens with m1 = 1 − s,m2 = s
2 ,m3 =

s
2 , A1 = −1, A2 = 0, A3 = 1

6. Examples

For 1-point lens we have de�ection function

w =

N∑
n=1

mn

z −An
=

m1

z −A1
,

where m1 = 1 and A1 = 0.

For 2-point lens we have de�ection function

w =
m1

z −A1
+

m2

z −A2

where A1 and A2 are coordinates of point masses and
m1 +m2 = 1.

With m1 = s,m2 = 1 − s and s ∈ [0, 1] we have

zst = A1 + (A2 −A1) s

For 3-point lens we have de�ection function

w =
m1

z −A1
+

m2

z −A2
+

m3

z −A3

where A1, A2, A3 are coordinates of point masses and
m1 +m2 +m3 = 1.
We have an equation for �xed points

z2 +A2A3m1 +A1A3m2 +A1A2m3−
− (A2m1 +A3m1 +A1m2 +A3m2 +A1m3 +A2m3) z = 0
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ABSTRACT. The results of the detailed analysis
of the 2D distribution of galaxies in 28 rich galaxy
clusters with signi�cant concentration to the cluster
center are present. The analysis was executed in these
directions: the detection of regular substructures
and peculiarities in the galaxy distribution. The
role of brightest cluster members was taken into
account too. The input data were selected from �The
Catalogue of Galaxy Clusters and Groups� and list of
galaxies of Muenster Red Sky Survey. Concentrated
galaxy clusters are evolved, virialized structures.
Substructures in this type of clusters must be feeble
marked. Nevertheless we detected signi�cant part of
concentrated galaxy clusters having di�erent kinds
of peculiarities, namely crossing and divaricating
�laments or X and Y-type peculiarities, as well as
curved strips and short dense chains. 2 clusters
having extremely density of galaxies were attributed
as superconcentrated/compact type.

Key words: Galaxies: clusters: morphology, pecu-
liarities

ÀÁÑÒÐÀÊÒ. Ìè ïðåäñòàâëÿ¹ìî ðåçóëüòàòè
äåòàëüíîãî àíàëiçó 2D ðîçïîäiëó ãàëàêòèê ó
28 áàãàòèõ ñêóï÷åííÿõ ãàëàêòèê çi çíà÷óùîþ
êîíöåíòðàöi¹þ äî öåíòðó (Ñ-òèï). Ñïîñòåðåæíîþ
îñíîâîþ äëÿ äîñëiäæåííÿ áóâ "Êàòàëîã ñêóï÷åíü
òà ãðóï ãàëàêòèê", ñòâîðåíèé íà áàçi Ñïèñêó
ãàëàêòèê Ìþíñòåðñêîãî ×åðâîíîãî Îãëÿäó Íåáà.
Ó "Êàòàëîçi ñêóï÷åíü òà ãðóï ãàëàêòèê" ¹ 460
ñêóï÷åíü, ó ïîëi ÿêèõ çíàõîäèòüñÿ 100 òà áiëüøå
ãàëàêòèê. Âäîñêîíàëåíà ñõåìà ìîðôîëîãi÷íî¨
êëàñèôiêàöi¨ ñêóï÷åíü ãàëàêòèê, âðàõîâó¹
êîíöåíòðàöiþ äî öåíòðó ñêóï÷åííÿ, íàÿâíiñòü
ó ñêóï÷åííi âèäiëåíî¨ ñìóãè �øèðîêî¨ (F-òèï) àáî
âóçüêî¨ (L-òèï). Ðîëü íàéÿñêðàâiøèõ ãàëàêòèê
òàêîæ ïðèéìà¹òüñÿ äî óâàãè. Âiäïîâiäíî äî
ïîïåðåäíüîãî ðîçïîäiëó íà êîíöåíòðîâàíi Ñ,
ïðîìiæíi I òà ðîçñiÿíi Î ñêóï÷åííÿ, íàáið

êîíöåíòðîâàíèõ ñêóï÷åíü ¹ íàéìåíøèì.

Ïiä ÷àñ äîñëiäæåííÿ äëÿ êîæíîãî ñêóï÷åííÿ
áiëî ïîáóäîâàíî éîãî ìàïó ó ïðîåêöi¨ íà
êàðòèíó ïëîùèíó ó iäåàëüíèõ êîîðäèíàòàõ òà
ïðîàíàëiçîâàíî âàðiàöi¨ ïîâåðõíåâî¨ ãóñòèíè
ãàëàêòèê. Êðiì íàÿâíîñòi ñòàòèñòè÷íî çíà÷óùèõ
ñòàíäàðòíèõ îñîáëèâîñòåé , ÿêè ó ìîðôîëîãi÷íié
ñõåìi âiäïîâiäàþòü òèïàì ç âèäiëåíîþ ñìóãîþ,
áóëî çíàéäåíî òàêîæ iíøi çíà÷óùi ïåêóëÿðíîñòi.
Ñêóï÷åííÿ ãàëàêòèê ç âåëèêîþ êîíöåíòðàöi¹þ äî
öåíòðó, âiäïîâiäíî äî ñó÷àñíèõ óÿâëåíü, ïîâèííi
áóòè âiðiàëiçîâàíèìè ñòðóêòóðàìè. Ïiäñòðóêòóðè
â öüîìó òèïó ñêóï÷åíü, ñêîðèø çà âñå, ¹ ñëàáî
âèðàæåíèìè. Ïðîòå ìè âèÿâèëè, ùî ñåðåä
ñêóï÷åíü, ùî äîñëiäæóâàëèñÿ, ïîíàä 40

Êëþ÷îâi ñëîâà: Ãàëàêòèêè: ñêóï÷åííÿ:
ìîðôîëîãiÿ, ïåêóëÿðíîñòi.

1. Introduction

Distribution of galaxies both in the space and on
the celestial sphere re�ected the primordial adiabatic
�uctuations in beginning moments of Universe, as it
shown in big number of works from Silk (1968), Pee-
bles & Yu (1970), Sunyaew & Zeldovich (1970) to well
quoted Millennium Simulation (Springel et al., 2005),
Illustris Project (Vogelsberger et al., 2014; Artale et
al., 2017). The galaxy clusters are the essential com-
ponent of large-scale structure of Universe in the chain
galaxies ⇒ galaxy groups ⇒ galaxy clusters ⇒ galaxy
superclusters. From the other hand, galaxy clusters
are the special component of large-scale structure be-
cause time of virialization of biggest ones is only one
order less than age of Universe. Taking into consid-
eration the results of di�erent numerical simulations
(from Springel et al., 2005 to, for example, Cui et al.,
2018) described arising the knots, �laments, sheets and
voids, the galaxy clusters are evolving and colliding ob-
jects. The evidences of collisions of galaxy clusters are
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detected and analyzed. The collided and interacted
galaxy clusters show di�erent distribution of interclus-
ter galaxies, hot gas and DM (Markevitch et al., 2004,
Pearce at al., 2017).

The evolution of non-collided galaxy clusters is de-
termined mainly own gravitation. For this case the
signs of cluster evolution can be de�ned according their
morphological type. Evidently, galaxy population is
not main component in a clusters, however galaxy frac-
tion is seen in optic, and the presence or absence the
peculiarities in distribution of galaxies inside the clus-
ter can be easyly detected.

Proposed by Panko (2013) classical schemes sum-
marizes the classical approach (Abell, 1958; Zwicky et
al., 1961 � 1968, Bautz & Morgan, 1970; Rood & Sas-
try, 1971 and L�opez-Cruz, 2003). The improved types
correspond to concentration to the center (C � com-
pact, I � intermediate, and O � open), preferential line
presence (L � line, F � �at, and no symbol if no indica-
tion of �atness is present) and the role of bright cluster
members, namely cD or BG if the bright cluster's mem-
bers (BCMs) role is signi�cant. Other peculiarities are
noted as P. The special kinds of regular peculiarities,
such as X-type (crossed bands) and Y-type (divaricate
�laments) with corresponding positions and orienta-
tions of the BCMs; curved strips and short chains were
detected in open rich clusters (Panko & Emelyanov,
2017; Panko et al., 2018).

According to idea Rood & Sastry (1971) and Struble
& Rood (1982) con�rmed in simulations (for example,
Vogelsberger et al., 2014; Artale et al., 2017) the galaxy
clusters evolve form open to concentrated types. We
suppose the in�uence of neighbours becomes apparent
as regular peculiarities.

The paper is organized in the standard manner.
Section 2 contains the description of the observational
data and the cluster mapping, section 3 presents
the characters of substructures, distribution clusters
according to subtypes and its analysis, and section 4
conclusions and analysis is given at the end.

2. Observational Data and Mapping

The present study is the part of common analysis of
properties of rich galaxy clusters selected from �A Cat-
alogue of Galaxy Clusters and Groups� (Panko & Flin,
2006, hereafter PF). The PF Catalogue contains 460
galaxy clusters with richness 100 and more. Accord-
ing previous classi�cation the set contains 28 concen-
trated, 178 intermediate and 254 open galaxy clusters.
The last subset was analyzed by Panko & Emelyanov
(2017). The 178 intermediate clusters were studied by
Zabolotnii et al. (in preparation). The di�erence be-
tween O-type and other ones was established by Panko
et al. (2016) on subset of rich PF galaxy clusters coin-
ciding to ACO objects (Abell, Corwin & Olowin, 1989).

The information about individual galaxies in the
cluster �eld is obtained from M�unster Red Sky Sur-
vey Galaxy Catalogue (Ungrue et al., 2003). For de-
termination of morphological type we used improved
program �The Cluster Cartography set� (Panko &
Emelyanov, 2015, hereafter CC). The CC allows to con-
struct cluster map in rectangular coordinates in arc-
seconds recalculated from standard equatorial. The
symbols on the map illustrate the galaxy shape and
orientation in the projection on the celestial sphere,
but size of symbol corresponds to galaxy magnitude;
calculation bases on MRSS data. Additional brightest
galaxies can be marked by darker shades of gray.
CC allows us to �nd the overdense regions as

circles on case of C - and I -types of clusters or as
belts/strips for L and F clusters. In the last case
the clusters �eld is divided to N bands. N can
be 3, 5, 7, 9 or 11 and the width of each band is
1/N part of diameter of cluster. The numbers of
galaxies in the bands are recalculated to weighted
densities of galaxies (Panko & Emelyanov, 2015). It
allows to describe overdense features as L11 or L9 for
L-cluster and F7 or F5 for F -clusters (the numeral
part corresponds N ). For C and I types the central
part of cluster was excluded from overdense features
search. The crossing bands, divaricate �laments,
curved strips and short chains inside the cluster can be
detected according to weighted densities in the sectors.

4. The Subtypes and Peculiarities in Con-

centration Galaxy Clusters

Our detailed analysis of the distribution of galaxies
in concentrated galaxy clusters allows to con�rm attri-
bution to C-type without signs of the preferential band
only for 15 clusters.

Table 1: The distribution C-type PF galaxy clusters
by subtypes

Type N cD BG P PX PY P P
shc crv

C 12 4 5 4 2 1 1
CF 9 1 5 5 2 2 1
CL 3 1 2 1 1
SC 2
CI 2 1 1 1 1 1
All 28 6 15 12 1 5 4 2

These 2 clusters show a special level of overdensity
and can be described as compact or superconcentrated
(SC-type). The example of SC-type cluster is shown
in Fig 1, left panel. SC-type clusters have no peculiar-
ities. At the same time in SC-type clusters we found
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Figure 1: The map of galaxy cluster PF 2149-4829 SC-type and clusters with Y-type peculiarities: PF 0285-2494
and PF 2086-5271 with 2 centers of concentration. Axes labels are given in arcseconds.

Figure 2: The map of galaxy cluster PF 0380-4555 with
curved strip. The galaxies in the �lamentary substruc-
ture are shown as light grey symbols, brightest galaxy
is black one.

extremely big part of galaxies with small ellipticities.

2 C-type clusters from 12 have Y-type substructures
underscore the positions of BCMs (Fig 1, central and
right panels). For another 2 C-type clusters we found
short chain (shc) and curved strip (crv) peculiarities.
The curved strip in PF 0380-4555 is shows in Fig. 2.
The founded �lamentary substructure requires sepa-
rate study.

12 clusters having preferential bands were attributed
as CF or CL types and 2 clusters were determined as
CI-type. The distribution of galaxy clusters of our data
subset is shown in Table 1.

The part of galaxies with big and small ellipticities
(as way to estimation E/S ratio) is di�erent in normal
and peculiar clusters. At the same time, peculiar
clusters have essential part of galaxies with big el-
lipticity and a small part of E galaxies correspondingly.

4. Discussion and conclusions

From the previous study the morphology of galaxy
clusters (Panko et al., 2016) based on 247 Rich PF
Galaxy Clusters we established the special role of con-
centrated galaxy clusters - Regular ones according to
Abell (1958) and Compact in Zwicky et al. (1968)
schemes. The alignment of the brightest galaxy ac-
cording to parent cluster is statistically signi�cant in
C-type clusters. Nevertheless we found the presence
of overdense belt in about 40% clusters in our data
set. For these clusters alignment of brightest galaxy
as well as positions and orientations for 2 or 3 BCMs
corresponds to direction of found belt.

The X-type (crossed belts) peculiarity was detected
only in 1 case in contrary to Y-type discovered in 5
clusters. The E/S ratio points out the dependence of
Hubble mix from interactions between galaxies in sub-
structures. It con�rmed the result Panko & Flin (2014)
which was not �nd the hard connection E/S ratio with
basic morphology types. In Panko & Flin (2014) paper
the presence of peculiarities was not considered.

The orientation of low mass galaxies in �lamen-
tary substructures corresponds to Binggeli (1982) e�ect
(Fig. 2), in contrary to high-mass galaxies (Fig. 1, right
pane). High-mass galaxies tend to alignment crosswise
to overdense strip direction.

We studied the morphological characters of 28 con-
centrated galaxy clusters. We obtained the list of
galaxy clusters with regular substructures of di�erent
kinds. We showed the signs of interactions and/or
evolution in concentrated galaxy clusters are present.
We detected the special types of regular substructures
namely curved and short strips in the concentrated
galaxy clusters. We detected the alignment of galaxies
in regular substructures according to preferential di-
rection or direction to neighbours. We found the vari-
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ations of E/S ratio for galaxies in cluster is connected
with presence of peculiarities and can be explained by
interactions between galaxies in substructures.
Acknowledgements. This research has made use of

NASA's Astrophysics Data System.
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ABSTRACT. Today, the neutron matter and neutron 
stars are already substantially rooted in the nuclear phys-
ics and astrophysics, and it is logical to have their consid-
eration of them in terms of chemical properties and prin-
ciples of general chemistry. The formation of a neutron 
substance, in addition to gravitational neutronization, is 
considered, other mechanisms, such as the condensation 
of ultracold neutrons (UCN) and neutronization due to a 
critical increase in the atomic number in the Periodic sys-
tem of elements (PS). The stability of the neutron sub-
stance is substantiated already at the micro level due to 
Tamm interaction and not only at the macro level due to 
the gravitational interaction, as it is now considered in 
astrophysics. A neutron substance is a very concrete 
physical reality, urgently demanding its rightful place in 
the PS and studying not only physical, but also chemical, 
and possibly even in the near future, engineering and 
technical properties. We also consider the possibility of a 
"chemical" interaction of UCN with molecules of sub-
stances with an odd number of electrons. It is proposed to 
extend the PS beyond the limits of classical chemical sub-
stances and to cover a much wider range of matter in the 
universe, based on the forgotten ideas of D.I. Mendeleev. 
Moreover, PS begins with  neutron and its isotopes (di-
neutron, tetraneutrone, etc.) and ends  the neutron stellar 
substance. 
Keywords: neutron, neutron stars, neutron substance, pe-
riodic system of elements, neutronization, Tamm interac-
tion, condensation of UCN. 

  
Сьогодні нейтронна матерія та нейтронні зірки вже 

істотно вкоренилися в ядерній фізиці і астрофізиці, і 
логічно їх розглядати з точки зору хімічних властиво-
стей і принципів загальної хімії. 

Розглянуто створення нейтронної речовини на до-
даток до гравітаційної нейтронізаціі, по іншим механі-
змам, таким як конденсація ультрахолодних нейтронів 
(УХН) і нейтронізаціі через критичне збільшення 
атомного номера в  Періодичній системі елементів 
(ПС). Стійкість нейтронної речовини затверджується 
вже на мікрорівні завдяки взаємодії Тамма, а не тільки 
на макрорівні, зумовленого гравітаційною взаємодією, 
як це зараз розглядається в астрофізиці. 

Слід зазначити, що Г. Гамов вперше розповів про 
конденсації холодних нейтронів (1946). Рідко згаду-
ється ця ідея, яка з часом знайшла застосування в тео-
рії нейтронних зірок. Гамов в 1937-38 рр. Показав, що 
при стисненні нейтронного газу виникає новий 
надщільний стан речовини.  

Нейтронна речовина – це дуже конкретна фізична 
реальність, що вимагає законного місця в ПС і ви-
вчення не тільки фізичних, а й хімічних і, можливо, 
навіть в найближчому майбутньому інженерних і тех-
нічних властивостей. Ми також розглядаємо можли-
вість «хімічної» взаємодії УХН з молекулами речовин 
з непарним числом електронів.  

Пропонується розширити ПС за межі класичних хі-
мічних речовин і охопити набагато ширше коло мате-
рії у Всесвіті, заснований на забутих ідеях Д.І. Менде-
лєєва. Більш того, ПС починається з нейтрона і його 
ізотопів (дінейтрон, тетранейтронов і т. д.) і закінчу-
ється нейтронною зоряною речовиною. 
Ключові слова: нейтрон, нейтронні зірки, нейтронна 
речовина, періодична система елементів, нейтроніза-
ція, взаємодія Тамма, конденсація УХН. 
 

1. Introduction 
 
Neutron matter, from the point of view of General 

Chemistry, can be formally attributed to chemically sim-
ple (i.e., it can not be decomposed further into simpler by 
chemical means), then inevitably the question arises about 
the Element, it corresponds to, and its place in the Peri-
odic System (PS). Based on the logic of the Periodic Law 
(PL) – (atomic number =electric charge) – atomic number 
of neutron matter will correspond to zero, which brings to 
mind the Dmitri Ivanovich Mendeleev's idea of the zero 
group and period. D.I.Mendeleyev assumed existence 
before the hydrogen elements X and Y. Element X (Men-
deleev calls it "Newtonium") got its place in the periodic 
system – in the zero period of the zero group, as the light-
est analog of inert gases. In addition, Mendeleev allowed 
the existence of  one more element lighter than hydrogen 
– the element Y, "Koroniya"(Mendeleev, 1905; Ryazant-
sev et al., 2014) . It should be noted that even after D.I. 
Mendeleev's question about "zero" elements was repeat-
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edly raised by many authors both in the past and in the 
present centuries, however, for brevity we mention only 
the very first and famous: for example, Ernest Rutherford 
in 1920 ( Ryazantsev et al., 2014; Kikoin, 1991) and An-
dreas von Antropoff in 1926 (before the discovery of the 
neutron itself) as a designation for a hypothetical element 
with an atomic number zero, which he placed at the be-
ginning of the periodic table (Antropoff ,1926). A. Antro-
pov also proposed the term "Neutronium" for the first 
time, although at that time this term was understood only 
by the yet not discovered, but already expected neutron. 
At the present time, both the dineutron, tetraneutrone, and 
octaneutron can claim this place in the PS, the information 
about which has already appeared in the press (Marques et 
al.,2012; Aleksandrov et al.,2005) and which can formally 
be considered as neutron isotopes. It’s  not difficult to see 
that the very substance of neutron stars, which in 1937 
predicted L. D. Landau and discovered in 1968 by as-
tronomers from Cambridge, can be considered from the 
point of view of the isotopy of the element Neutronium. 

 
2. Neutronization 

Thus, the zero position in the PS corresponds to the no-
tion of it as a "singular point" in which to unite the mi-
cro- and mega-worlds, about the unity of which many 
philosophers and outstanding natural scientists have re-
peatedly spoken. The process of transformation of ordi-
nary matter into neutrons under the influence of gravita-
tional forces in the process of the evolution of certain stars 
was called Neutronization. The reaction of electron cap-
ture by atomic nuclei (A, Z) (A is the mass number, Z is 
the order number of the element) has the form: 

(A,Z) + e- (A,Z-1)+,  (1) 

The energy threshold of the reaction is large, therefore, 
only at high material densities, characteristic of the final 
stages of the evolution of some stars, the electron energy 
may exceed the critical value of the Neutronization 
threshold. Gravitational neutronization is widely described 
and discussed in detail, but other mechanisms for the for-
mation of neutron matter are possible, for example, con-
densation of ultracold neutrons (UCN) and neutronization 
due to a critical increase in the atomic number of the ele-
ments in the PS. First we turn to the consideration of neu-
tronization due to a critical increase in the ordinal number 
of the elements in the PS. In general, the question of the 
"ultimate element" was repeatedly raised by different au-
thors and has its interesting "intrigue". The final element 
was initially assumed to be from the "drip" model of the 
nucleus with Z slightly more than 100, then it was shifted 
to the "mysterious" number of 137, passionate admirers of 
many well-known physicists and among them Richard 
Feynman, through which 137 elements even got the unof-
ficial name "Feynmanium ". It was believed that this ele-
ment is "finite" because of the uncritical use of the Bohr 
model of the atom for superheavy elements, when the 
light velocities for the orbital electrons were obtained at Ζ 
= 137. The development of the quantum theory shifted the 
finite element beyond Ζ> 170. Let’s consider this question 

in more detail. The problem of the stability of superheavy 
atoms was described by Zeldovich Ya. B. and Popov V. S. 
back in 1971. The question of the electronic structure of 
an atom in a supercritical nuclear charge (Ζ> 170) is of 
great fundamental interest. In 1928, Paul Dirac showed  
that in the Coulomb field of a point charge Ze the solution 
of the relativistic equation for an electron becomes singu-
lar for Ζ = 137. Introducing the finite dimensions of the 
nuclear, I. Ya. Pomeranchuk and Ya. A. Smorodinsky  in 
1945 showed that an accurate calculation leads to a critical 
charge (Zc = 170). In the work of S. S. Gerstein and Ya. 
B. Zeldovich  in 1969, it was assumed that, with a super-
critical charge Ζ>Zc, a bare nucleus Ζ spontaneously 
emits positrons. An atom with a filled K shell, with an 
increase in the charge of the nucleus Ζ>Zc (with increas-
ing Ζ, the internal electronic levels continue to drop, and 
the size of the nuclei grow) directly passes to the critical 
state Ζ = Zc, not emitting positrons, but by trapping the 
electrons by the nucleus. The authors also consider the 
possible contribution of the phenomenon of vacuum po-
larization and the production of pairs of particles and anti-
particles in the field of critical nuclei. 

 However, we can not but make a few critical remarks: 

1. With the unconditional heuristic value of the article 
by Zeldovich and Popov, they did not go any further – 
they did not make a direct conclusion about the almost 
complete neutronization of supercritical nuclei, although 
they laid the groundwork for this. 

2. Their conclusion (the 4th conclusion on p. 410 ) that 
the properties of the outer shells of an atom (which deter-
mine, in particular, Mendeleev's periodicity of chemical 
properties) naturally continue to the supercritical region-is 
questionable. 

3. They underestimated the role of vacuum polariza-
tion. Although there were papers (Panchapakesan, 1971), 
which state that the vacuum polarization grows unbound-
edly at ZZc. This contradicted their conclusions, how-
ever, in our opinion, this is closer to the truth and this 
leads to the inevitable and almost complete neutronization 
of supercritical nuclei. 

Of the modern works specifying the value of the quan-
tity Zc, we can indicate the work "New method for solv-
ing the problem Z> 137 "and determining the energy lev-
els of hydrogen-like atoms" V.P.Neznamov and 
I.I.Safronov in "Advances in Physical Sciences" in 2014. 

The gradual neutronization of the element nuclei is ob-
served long before the critical value of Zc are reached, the 
average index of the ratio of the number of neutrons and 
protons in the nuclei of chemical elements is steadily in-
creasing already in all periods of the PS. 
 

     3. Proton-neutron diagram 
 
 Qualitatively, the growth of the neutronization degree 

of nuclei can be well observed by extrapolating the course 
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of the curve on a proton-neutron diagram if from the 
whole set of known elements and their isotopes choose 
stable and long-lived ones.                

It’s clear that for quantitative conclusions from the ex-
trapolation of the diagram, it is necessary to carry out a 
thorough statistical analysis of the curve for the depend-
ence p – n  for a very wide range of nuclides. What is the 
nature of the mathematical dependence of p – n? It can be 
assumed that if in the limit a neutron substance is practi-
cally only a set of neutrons, then one should expect a hy-
perbolic dependence and an asymptotic tendency of the 
curve to some limit, if there always remains a definite, 
albeit decreasing, fraction of the protons in the neutron 
matter, then we should expect a parabolic or exponential 
dependence. 

The statistical processing was carried out  by Mathcad 
and ORIGIN programs: both methods yielded the same 
result. The proton-neutron diagram for stable and long-
lived isotopes is best described by a quadratic polynomial: 
y = ax2 + bx + c, where a = 0.004982, b = 1.122, c = -
1.003 for Mathcad and a = 0.005, b = 1.126, c = -1.0034 
by ORIGIN. Thus, the dependence of p – n best corre-
sponds to a quadratic parabola, rather than to a hyperbola 
and an exponential, as one would expect from a "drip" 
nuclear model on the one hand, and on the other, indicates 
that there is always a residual in the neutron matter frac-
tion of protons. 

 
4.  Weizsäcker formula 
 
Additional information can be obtained from the de-

pendence of the specific binding energy of nucleons in the 
atomic nucleus on their atomic mass A , which is well 
described by the Weizsäcker formula. Carl Friedrich von 
Weizsäcker obtained the semi-empirical equation for the 
binding energy: 

ЕB=αА–βA2/3−γZ2A-1/3−ξ(N−Z)2/A+δA-3/4,  (2) 

Where, α = 15,75 MeV; β = 17,8 MeV; γ = 0,71 MeV; ξ = 
22 MeV; δ = + 34 MeV for even-even , δ = 0 MeV for 
odd, δ = -34Mev for odd-odd, A – atomic weight. 

It can be seen  that with increasing A, the Coulomb en-
ergy of repulsion of protons makes the largest contribution 
to the decrease in the binding energy, while the contribu-
tion of the surface energy decreases, and the energy of 
symmetry is not decisive. Let's try to continue 
Weizsäcker's dependence on supercritical nuclei. 

Because of the process of almost complete neutroniza-
tion and growth of sizes for supercritical nuclei, the con-
tribution of the surface energy will be leveled, and the 
Coulomb repulsion will cease to increase when supercriti-
cality is reached, which will result in the stabilization of 
the neutron substance and reduce the probability of its 
decay by some mechanism (fission, β+-decay). It is neces-
sary to consider in more detail the β-- decay, which, it 
would seem, should be dominant with such "overloading"  
by neutrons. 

However, the paradox of neutron matter leads to the 
fact that starting from a certain critical mass and size 
(when the path of β-electron in a neutron matter becomes 

smaller than the size of the matter), β- – decay from the 
destabilizing factor becomes a significant factor of stabil-
ity. There is always some residual content of the proton 
matter in the neutron matter, and beta-electron emitted by 
decayed neutron is not able to leave the neutron matter of 
sufficient size (larger than the path of beta-electron in it). 

 
5. Tamm interaction 
  
The emitted electron is absorbed by the remaining pro-

tons, which in turn are converted into neutrons, thus the dy-
namic equilibrium of the system is maintained. In fact, it 
corresponds to the theory of Tamm (1975), which he put 
forward in his time (1934) to explain the mechanism of nu-
clear forces for ordinary nuclei. It should be noted that his 
theory was not satisfactory for ordinary atoms (Tamm appre-
ciated his "unsuccessful" theory of nuclear forces more than 
his Nobel work on Cherenkov radiation), but it can be real-
ized for the neutron matter of appropriate scale (200-300 and 
more femtometers), giving it additional stability. 

In strongly interacting systems, there are many virtual 
particles and all kinds of interactions that are allowed by 
considerations of invariance are realized. So, in our view, 
the "age-old" theory of exchange β-nuclear forces Tamm 
(e-exchange of nucleons), and not just its modification by 
Hideki Yukawa (π-exchange of nucleons), still awaits its 
recognition (because besides the meson cloud around the 
nucleon there are certainly other particles) and "domi-
nates" in the neutron matter of the Universe, ensuring its 
stability and wide space distribution. 

An initial study of this problem was given by Frederick 
Hund in 1936 in the first microscopic description of the 
equation of state of nuclear matter in beta equilibrium in 
the article "The substance at very high pressures and tem-
peratures"  only if Tamm has virtual electrons, Hund real-
izes a beta-equilibrium of completely real particles, but 
most importantly, both mechanisms contribute to the sta-
bility of supercritical nuclear matter, and in strongly inter-
acting systems there is no fundamental difference between 
virtual and real particles. 

Another factor of additional stability of the neutron 
matter during the significant increase of its mass (up to a 
macro scale) will be the ever-increasing contribution to 
the gravitational interaction. Thus, we obtain a modified 
Weizsäcker equation for the neutron matter, which de-
scribes the main factors of its stability and the real exis-
tence in the Universe: 

ЕB= αА–βA2/3+τAt+λAl,   (3) 

Where, α = 15.75 MeV; β = 17.8 MeV; τ – Tamm – inter-
action; λ – the gravitational interaction.The parameters of 
equation 3 (τ, λ, t, l) need to be clarified in the course of 
further research in this area. 

It’s namely Tamm interaction, due to nuclear β – 
force, confers resistance to neutron substance already 
on the micro-level, not just at the macro-level due to 
the gravitational interaction, as it is now considered to 
be in astrophysics! 

The existence, in addition to the forces of Yukawa, of 
Tamm-interaction for a neutron substance, allows one to 
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expect a technology for its production in terrestrial labora-
tory conditions, which, based on nuclear dimensions, can 
be called Femtotechnology. One of the directions of fem-
totechnology can be the study of collisions of nuclei of 
heavy elements, which in sum give a compound nucleus 
falling into the supercritical region, i.e. Zc > 170-175, 
which, apart from fission, can be stabilized by the produc-
tion of various pairs of particles and antiparticles in the 
field of supercritical nuclei, and in the case of electron-
positron pairs, the electrons will be absorbed by the super-
critical nucleus and positrons emit as the charge of the 
nucleus decreases to critical values of Zc. A detailed study 
of such systems will become possible after the implemen-
tation of the NICA Project (NICA, English Nuclotron-
based Ion Collider facility) in Russia. 

 The possibility of the existence of superdense neutron 
nuclei was considered in the work of A. B. Migdal's "The-
ory of finite Fermi systems and properties of atomic nuclei" 
in the section: "Application of TC FS in nuclear physics" 
(1983). Migdal believed: "... neutron nuclei can be stable 
with respect to beta decay and fission, with Z << N and N> 
103 – 105. Such nuclei could be observed in cosmic rays in 
the form of large fragments." Thus, A.B. Migdal proposed 
that neutron cores be searched for exotic tracks in photo-
graphic emulsions after exposure to cosmic rays. 

 
6. Ultracold neutrons 
 
From the Cosmos we will go down to Earth and once 

again we will see where it’s possible to find a neutron 
substance here? Usually we are dealing with neutron ra-
diation of various energies, but not with neutron matter. 
This was until 1968, when an experiment was conducted 
at the Laboratory of Neutron Physics under the guidance 
of the member of the USSR Academy of Sciences, Fyodor 
Lvovich Shapiro (1976; Ignatovich , 1996], in which the 
phenomenon of retention in vessels of very slow neutrons, 
predicted by academician Ya. B. Zeldovich. The behavior 
of neutrons held in vacuumed vessels is reminiscent of the 
behavior of a highly rarefied gas in the vessel. Such neu-
trons are called ultracold (UCN). The retention of UCN in 
the vessels attracts researchers the opportunity (longer 
than a single neutron flight through the experimental vol-
ume) to observe longer this elementary particle in the ex-
perimental setup, which gives a significant increase in the 
sensitivity and accuracy of experiments on the interaction 
of neutrons with fields and matter. For example, the use of 
UCN has made it possible to significantly omit the limit of 
the existence of the electric dipole moment of a neutron, 
necessary for testing the law of conservation of time par-
ity, to more accurately measure the lifetime of a free neu-
tron to β decay. The most important feature of UCN is that 
they behave not as radiation, but as a substance and work 
with them as with a substance similar to a discharged inert 
gas. Moreover, one can study both physical and chemical 
properties. Physical properties are already being studied, 
but the question of the chemistry of UCN seems to be that 
the question is not even raised; by default somehow it 
seems obvious that they should be similar to inert gases. 

It’s look like the truth, but now we already know that 
inert gases, albeit with difficulty, enter into chemical reac-
tions and form, albeit not stable, but chemical compounds. 

Can this happen with UCN? If one assumes that Chemis-
try is only the interaction of the electron shells of atoms, 
as many believe, a categorical negative answer follows. 
But if under Chemistry is understood, more generally, the 
ability of micro (nano, pico or even femto) – objects to 
interact and form relatively stable compounds, then why 
not? Yes, neutrons do not have electric charge and free 
electrons, so that all ideas about possible classical chemi-
cal bonds (ionic, covalent, etc.) immediately disappear. 
But, neutrons have exactly a magnetic moment and per-
haps an electric dipole moment, can not this serve the abil-
ity to interact with other objects and form, even if not sta-
ble, yet observable connections? For example, the interac-
tion of a neutron with molecules of substances with an 
odd number of electrons is entirely possible (Serebrov et 
al., 2011; Ryazantsev et al., 2016). The development of 
new UCN sources is actively carried out worldwide, some 
of them are based on the use of solid deuterium at a tem-
perature of 4.5 K (LANL, USA, PSI, Switzerland), and 
others on the accumulation of UCN in superfluid helium 
(KEK-RCNP-TRIUMF, Japan-Canada, ILL, France) 
(Serebrov et al., 2011). Similar work is being intensively 
carried out in Russia: The neutron laboratory at the Joint 
Institute for Nuclear Research (Dubna), the Petersburg 
Nuclear Physics Institute (PNPI), in Gatchina, is working 
on the creation of a high-intensity UCN source. With its 
help, they hope to obtain data that will provide answers to 
the most important questions of modern physics. 

The projected source will make it possible to obtain a 
flux of ultracold neutrons (UCN) with a density of 104 cm-3, 
which is many times greater than the maximum density 
now reached (Serebrov et al., 2011). This problem – ob-
taining intensive UCN fluxes – is now considered one of 
the priority in neutron physics. An increasing and larger 
increase in the density of ultracold neutrons inevitably 
leads to the formulation of the question of their possible 
condensation and the production of a condensed neutron 
substance in laboratory conditions similar to the cosmic 
one. It should be noted that G.A.Gamow first spoke about 
the condensation of cold neutrons (1946). Rarely mention 
this idea, which over time has found application in the 
theory of neutron stars. Gamow in 1937–38 showed that 
when a neutron gas is compressed, a new superdense state 
of matter arises. Gamow's key hypothesis: "We can an-
ticipate that neutrons forming this comparatively cold 
cloud were gradually coagulating into larger and larger 
neutral complexes …" 

Not so long ago a decisive breakthrough was made to a 
new area: a radically new kind of matter, the so-called 
Bose condensates of the atoms of matter, was created. 

Are condensate neutrons possible? Condensates, 
density and strength of which will be comparable to 
the density and strength of atomic nuclei. In other 
words, how close are we today to the point of creation 
of a cosmic neutron substance in the laboratory? 

The Nobel Prize in Physics in 2001 was awarded to re-
searchers Eric A. Cornell, Wolfgang Ketterle and Carl E. 
Wieman for obtaining and investigating the properties of 
the fifth state of matter – the Bose-Einstein condensate, 
they were able to get the first Bose condensate (Cornell et 
al., 2001). This could be done with the help of methods 
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developed recently for the supercooling of particles by 
laser beams and a magnetic field. 

 The Bose condensate of atoms was obtained in a form 
convenient for research and laboratory analysis. Soon re-
ports of the receipt of Bose condensates of various atoms 
showered from everywhere. The activity of scientists was 
also greatly facilitated by the fact that the facilities for 
obtaining Bose condensates turned out to be relatively 
inexpensive – experiments were in full swing in many 
countries. Soon, methods were also found for obtaining 
Bose condensates of particles of half-integer spin, fer-
mions, whose class includes neutrons. In them, the parti-
cles are connected in pairs, then gathering in a Bose con-
densate. In many respects, neutrons are close to the light-
est atoms. For example, the mass of a neutron is practi-
cally equal to the mass of a hydrogen atom, the Bose con-
densate of which was obtained by Ketterle in 1997. 

 But, in contrast to atomic Bose condensates, to natural 
compression of which under Bose condensation an elec-
tronic barrier is an irresistible obstacle, nothing can pre-
vent the compression of the neutron Bose condensate. In 
such a condensate, UCN gas forms pairs with opposite 
spins, when the critical density and temperature are 
reached, will in itself shrink to near nuclear density when 
nuclear forces enter into the matter, forming a stable state-
a condensed neutron matter. 

 
7. Conclusions 

 
Thus, the neutron matter in our time is a very concrete 

physical reality, urgently demanding its rightful place in 
the PS and studying not only physical, but also chemical, 
and possibly even in the near future, engineering and 
technical properties! A neutron substance, or rather an 
element corresponding to it, begins (zero period) and ends 
(supercritical atoms) of the PS elements. The neutron sub-
stance is given stability already at the micro level due to 
Tamm-interaction, and not only at the macro level due to 
the gravitational interaction, as is now believed in astro-
physics. The possibility of neutronization is shown not 
only because of the gravitational interaction, but also in 
other mechanisms (supercritical increase in the atomic 
number of the elements and UCN condensation), so there 
is a fundamental possibility of obtaining a neutron sub-
stance even under terrestrial conditions. Neutron matter is 
a necessary link connecting the microcosm with the 
macro- and megaworld, from a free neutron to neutron 
stars and black holes. The neutron substance is consis-
tent with the original concept of the Periodic Law and 
the system put forward by Dmitri Ivanovich Men-
deleev (Mendeleev, 1905; Ryazantsev et al., 2014, 2016, 
2017, 2018). 
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ABSTRACT. For some parametrizations of the
dark energy equation of state that varies in time
there is transition from quintessence to phantom or
vice versa at a certain redshift. Quintom � the 2-�eld
model with 2 canonical kinetic terms (one with the
�+� sign for quintessence and one with the �-� sign
for phantom) and a potential U(ϕ, ξ) in Lagrangian
� is one of the most popular scalar �eld models
allowing for such behavior. We generalize quintom
to include the tachyonic kinetic term along with
the classical one. For such a model we obtain the
expressions for energy density and pressure. For the
spatially �at, homogeneous and isotropic Universe
with Friedmann-Robertson-Walker metric of 4-space
we derive the equations of motion for the �elds. We
discuss in detail the reconstruction of the scalar �elds
potential U(ϕ, ξ). Such a reconstruction cannot be
done unambiguously, so we consider 3 simplest forms
of U(ϕ, ξ): the product of Φ(ϕ) and Ξ(ξ), the sum of
Φ(ϕ) and Ξ(ξ) and the sum of Φ(ϕ) and Ξ(ξ) to the κth
power. The second additional assumption that should
be made is about the dependence of either kinetic
term Xϕ or Xξ on the scale factor a. For each case we
obtain the reconstructed potentials in the parametric
form. If it is possible to invert dependences of the
�elds ϕ and ξ on the scale factor a and obtain the
analytical expressions for a(ϕ) and a(ξ) then we can
�nd the potentials U(ϕ, ξ) in explicit form. From the
obtained explicit expressions it is clear that they are
not suitable for practical use for the multicomponent
cosmological models with realistic parametrizations of
the dark energy equation of state crossing −1. On the
other hand, the parametric dependences which de�ne
the potential U(ϕ, ξ) are suitable for multicomponent
cosmological models and all parametrizations of the
dark energy equation of state.

Keywords: Cosmology: dark energy.

ÀÁÑÒÐÀÊÒ. Äëÿ ðÿäó ïàðàìåòðèçàöié ðiâíÿííÿ
ñòàíó òåìíî¨ åíåðãi¨, ùî çìiíþ¹òüñÿ ç ÷àñîì,
íà äåÿêîìó ÷åðâîíîìó çìiùåííi ¹ ìîæëèâèì
ïåðåõiä âiä êâiíòåñåíöi¨ äî ôàíòîìà àáî íàâïàêè.
Êâiíòîì � 2-ïîëüîâà ìîäåëü ç 2 êàíîíi÷íèìè

êiíåòè÷íèìè ÷ëåíàìè (îäèí çi çíàêîì �+� äëÿ
êâiíòåñåíöi¨ òà îäèí çi çíàêîì �-� äëÿ ôàíòîìà)
òà ïîòåíöiàë U(ϕ, ξ) â ëàãðàíæiàíi � ¹ îäíi¹þ
ç íàéïîïóëÿðíiøèõ ñêàëÿðíî-ïîëüîâèõ ìîäåëåé,
ùî äîçâîëÿþòü òàêó ïîâåäiíêó. Ìè ïðîïîíó¹ìî
óçàãàëüíåííÿ êâiíòîìà, ùî âêëþ÷à¹ òàõiîííèé
êiíåòè÷íèé ÷ëåí ïîðÿä ç êëàñè÷íèì. Äëÿ òàêî¨
ìîäåëi ìè îòðèìó¹ìî âèðàçè äëÿ ãóñòèíè åíåðãi¨
òà òèñêó òåìíî¨ åíåðãi¨. Äëÿ ïðîñòîðîâî ïëîñêîãî
îäíîðiäíîãî içîòðîïíîãî Âñåñâiòó ç ìåòðèêîþ
4-ïðîñòîðó Ôðiäìàíà-Ðîáåðòñîíà-Óîêåðà ìè
âèâîäèìî ðiâíÿííÿ ðóõó äëÿ ïîëiâ. Ìè äåòàëüíî
îáãîâîðþ¹ìî ðåêîíñòðóêöiþ ïîòåíöiàëó ñêàëÿðíèõ
ïîëiâ U(ϕ, ξ). Òàêà ðåêîíñòðóêöiÿ íå ìîæå áóòè
çðîáëåíà îäíîçíà÷íî, îòæå, ìè ðîçãëÿäà¹ìî 3
íàéïðîñòiøi ôîðìè U(ϕ, ξ): äîáóòîê Φ(ϕ) òà Ξ(ξ),
ñóìà Φ(ϕ) òà Ξ(ξ) òà ñóìà Φ(ϕ) òà Ξ(ξ) ó ñòåïåíi
κ. Äðóãå äîäàòêîâå ïðèïóùåííÿ, ÿêå íåîáõiäíî
çðîáèòè, ñòîñó¹òüñÿ çàëåæíîñòi êiíåòè÷íîãî ÷ëåíà
Xϕ àáîXξ âiä ìàñøòàáíîãî ìíîæíèêà a. Äëÿ êîæíî¨
ç êîìáiíàöié öèõ 2 ïðèïóùåíü ìè îòðèìó¹ìî
ðåêîíñòðóéîâàíi ïîòåíöiàëè â ïàðàìåòðè÷íié
ôîðìi. Â òèõ âèïàäêàõ, êîëè ìîæëèâî îáåðíóòè
çàëåæíîñòi ïîëiâ ϕ òà ξ âiä ìàñøòàáíîãî ìíîæíèêà
a òà îòðèìàòè àíàëiòè÷íi âèðàçè äëÿ a(ϕ) òà a(ξ),
ìè ìîæåìî çíàéòè ïîòåíöiàëè U(ϕ, ξ) â ÿâíié
ôîðìi. Ç îòðèìàíèõ ÿâíèõ âèðàçiâ î÷åâèäíî, ùî
âîíè íå ïiäõîäÿòü äëÿ ïðàêòè÷íîãî âèêîðèñòàííÿ
äëÿ áàãàòîêîìïîíåíòíèõ êîñìîëîãi÷íèõ ìîäåëåé
ç ðåàëiñòè÷íèìè ïàðàìåòðèçàöiÿìè ðiâíÿííÿ
ñòàíó òåìíî¨ åíåðãi¨, ùî ïåðåõîäÿòü ÷åðåç −1.
Ç iíøîãî áîêó, ïàðàìåòðè÷íi çàëåæíîñòi, ùî
âèçíà÷àþòü ïîòåíöiàë U(ϕ, ξ), ¹ ïðèäàòíèìè äëÿ
áàãàòîêîìïîíåíòíèõ êîñìîëîãi÷íèõ ìîäåëåé òà âñiõ
ïàðàìåòðèçàöié ðiâíÿííÿ ñòàíó òåìíî¨ åíåðãi¨.

Êëþ÷îâi ñëîâà: Êîñìîëîãiÿ: òåìíà åíåðãiÿ.

1. Introduction

20 years ago the accelerated expansion of the Uni-
verse was discovered. The cosmological constant in Ein-
stein equations (equation of state parameter w = −1)
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is the simplest explanation of it. The dark energy in
form of a scalar �eld is the most popular alternative to
Λ. Its equation of state parameter can either be con-
stant or vary in time. Dark energy with w > −1 is
called quintessence, with w < −1 � phantom. For sev-
eral widely used parametrizations of w(z), e.g. Cheval-
lier & Polarski (2001) and Linder (2003) (CPL), Ko-
matsu et al. (2009) (WMAP5), at a certain redshift
there is transition from quintessence to phantom or
vice versa. Such behavior is forbidden for a single min-
imally coupled scalar �eld, as it was shown for the �rst
time by Vikman A. (2005) (see also Easson D.A. &
Vikman A. (2016)). However, crossing of the phantom
divide is possible in the cases of kinetic gravity braid-
ing (De�ayet C. et al. (2010)), sound speed vanishing in
phantom domain (Creminelli P. et al. (2009)) or non-
minimal couplings (Amendola L. (2000), Pettorino V.
& Baccigalupi C. (2008)).
The most popular scalar �eld model allowing for

w = −1 crossing is quintom proposed by Feng B. et al.
(2005). It is the 2-�eld model with 2 canonical kinetic
terms � one with the �+� sign for quintessence and one
with the �-� sign for phantom � and a potential U(ϕ, ξ)
in Lagrangian.
Quintom can be generalized to include a non-

canonical kinetic term. The simplest physically
motivated Lagrangian with the non-canonical kinetic
term is the tachyon one. So, we propose the 2-�eld
model of dark energy with classical and tachyonic
kinetic terms.

2. 2-�eld model with classical and tachyonic

kinetic terms

We consider the spatially �at, homogeneous and
isotropic Universe with Friedmann-Robertson-Walker
(FRW) metric of 4-space

ds2 = gijdx
idxj = a2(η)(dη2 − δαβdx

αdxβ) (1)

(here i, j = 0, 1, 2, 3, α, β = 1, 2, 3, a is the scale fac-
tor, η is the conformal time and c = 1). The Universe
is �lled with relativistic (radiation, neutrinos), non-
relativistic (baryons, dark matter) matter and dark en-
ergy. The latter is modeled by 2 scalar �elds with the
Lagrangian:

L = −Xϕ − U(ϕ, ξ)
√

1 − 2Xξ, (2)

where

Xϕ =
1

2
ϕ,iϕ

,i =
ϕ̇2

2
,

Xξ =
1

2
ξ,iξ

,i =
ξ̇2

2

are the kinetic terms. This Lagrangian is classical
(Klein-Gordon) with respect to the �eld ϕ which cor-
responds to phantom and tachyon (Dirac-Born-Infeld)

with respect to the �eld ξ which corresponds to
quintessence.
The energy density and pressure for such a model

are as follows:

ρde = −Xϕ +
U(ϕ, ξ)√
1 − 2Xξ

, (3)

pde = −Xϕ − U(ϕ, ξ)
√

1 − 2Xξ. (4)

The dark energy equation of state (EoS) parameter is
de�ned as w(a) = pde/ρde.
For the metric (1) the Lagrangian (2) yields the fol-

lowing equations of motion:

ϕ̈+ 2aHϕ̇− ∂U

∂ϕ
a2

√
1 − ξ̇2

a2
= 0, (5)

ξ̈ + 2aHξ̇ − 3aHξ̇
ξ̇2

a2

+
1

U

(
∂U

∂ϕ
ϕ̇ξ̇ + a2

∂U

∂ξ

)(
1 − ξ̇2

a2

)
= 0. (6)

Here a dot denotes the derivative with respect to η and
H ≡ ȧ/a is the Hubble parameter.
From (3)-(4) it is clear that reconstruction of the

potential U(ϕ, ξ) cannot be done unambiguously and
requires additional assumptions. First of all, we should
choose a form of U(ϕ, ξ). We restrict our consideration
to 3 simplest ansatzes from Andrianov et al. (2008):

• U(ϕ, ξ) = Φ(ϕ)Ξ(ξ),

• U(ϕ, ξ) = Φ(ϕ) + Ξ(ξ) and

• U(ϕ, ξ) = [Φ(ϕ) + Ξ(ξ)]κ, κ = const.

Secondly, we should assume either Xϕ or Xξ to be a
known function of the scale factor. Then for Xξ = α(a)
we get:

U(a) =
1

2

1 − w

1 − α

√
1 − 2αρ, (7)

Xϕ(a) = −1

2

1 − 2α+ w

1 − α
ρ (8)

and for Xϕ = β(a):

U(a) =
√

−(ρw + β)(ρ+ β), (9)

Xξ(a) =
1

2

ρ(1 + w) + 2β

ρ+ β
. (10)

Dependences of the �elds ϕ and ξ on the scale factor a
are determined from Xξ = α and (8):

ξ(a) = ±
∫

da

aH

√
2α, (11)

ϕ(a) = ±
∫

da

aH

√
−1

2

1 − 2α+ w

1 − α
ρ (12)
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or Xϕ = β and (10):

ϕ(a) = ±
∫

da

aH

√
2β, (13)

ξ(a) = ±
∫

da

aH

√
1

2

ρ(1 + w) + 2β

ρ+ β
. (14)

These expressions together with either (7) or (9)
de�ne U(ϕ) in the parametric form. This allows us
to reconstruct the potential even if the integrals in
(11)-(14) cannot be solved analytically.

3. Reconstructed potentials in an explicit

form

If it is possible to invert the analytical dependences
(11)-(12) or (13)-(14) then we can obtain the ex-
plicit expressions for potentials (as it has been done
for single-�eld models in e.g. Sergijenko & Novosyad-
lyj (2008), Novosyadlyj & Sergijenko (2009)). For
U(ϕ, ξ) = Φ(ϕ)Ξ(ξ), Xξ = α the potential is recon-
structed as:

U(ϕ, ξ) = exp

{
±
∫
dϕ

[
1

a

√
− (1 − α)(1 − 2α+ w)

ρ

× 1

(1 − w)(1 − 1 − 2α)

(
ẇ − 2α̇

1 − 2α+ w
+

α̇

1 − α

+3aH(1 − w))] (a(ϕ)) ∓
∫
dξ

[
1

a

√
2α

1 − 2α

(
1

2

α̇

α

+
α̇

1 − α

1 − 2α+ w

1 − w
+
ẇ − 2α̇

1 − w
+3aH(2 − 4α+ w))] (a(ξ))} ,

for U(ϕ, ξ) = Φ(ϕ)Ξ(ξ), Xϕ = β it is as follows:

U(ϕ, ξ) = exp

{
±
∫
dϕ

[
1

a

√
2β

ρw + β

(
3aH +

1

2

β̇

β

)]

×(a(ϕ)) ±
∫
dξ

[
1

2a

√
(ρ(1 + w) + 2β)(ρ+ β)

ρw + β

×

(
ρ(ẇ − 3aH(1 + w)2) + 2β̇

ρ(1 + w) + 2β

+3
aH(1 − w)ρ− 6aHβ − β̇

ρ+ β

)]
(a(ξ))

}
.

For U(ϕ, ξ) = Φ(ϕ) + Ξ(ξ), Xξ = α we get:

U(ϕ, ξ) = ±
∫
dϕ

[
1

2a

√
− 1 − 2α+ w

(1 − α)(1 − 2α)
ρ

×
(

ẇ − 2α̇

1 − 2α+ w
+

α̇

1 − α
+ 3aH(1 − w)

)]
(a(ϕ))

∓
∫
dξ

[
1

2a

√
2α

1 − 2α

1 − w

1 − α
ρ

(
1

2

α̇

α
+

α̇

1 − α

×1 − 2α+ w

1 − w
+
ẇ − 2α̇

1 − w
+ 3aH

×(2 − 4α+ w))] (a(ξ)),

while for U(ϕ, ξ) = Φ(ϕ) + Ξ(ξ), Xϕ = β:

U(ϕ, ξ) = ±
∫
dϕ

[
1

a

√
2β

√
− ρ+ β

ρw + β
(3aH

+
1

2

β̇

β

)]
(a(ϕ)) ±

∫
dξ

[
1

2a

√
−ρ(1 + w) + 2β

ρw + β

×(ρ+ β)

(
ρ(ẇ − 3aH(1 + w)2) + 2β̇

ρ(1 + w) + 2β

+3
aH(1 − w)ρ− 6aHβ − β̇

ρ+ β

)]
(a(ξ)).

In the case of U(ϕ, ξ) = [Φ(ϕ) + Ξ(ξ)]κ, κ =
const, Xξ = α the potential reads:

U(ϕ, ξ) =
1

(2κ)κ

{
±
∫
dϕ

[
1

a

√
−(1 − 2α+ w)ρ

1
κ− 1

2

×(1 − w)
1−κ
κ (1 − α)

1
2−

1
κ (1 − 2α)

1
2κ−1

(
ẇ − 2α̇

1 − 2α+ w

+
α̇

1 − α
+ 3aH(1 − w)

)]
(a(ϕ)) ∓

∫
dξ

[
1

a

√
2α

×(1 − 2α)
1
2κ−1

(
1 − w

1 − α
ρ

) 1
κ
(

1

2

α̇

α
+

α̇

1 − α

×1 − 2α+ w

1 − w
+
ẇ − 2α̇

1 − w
+ 3aH(2 − 4α+ w)

)]
×(a(ξ))}

and U(ϕ, ξ) = [Φ(ϕ) + Ξ(ξ)]κ, κ = const, Xϕ = β
yields:

U(ϕ, ξ) =
1

κκ

{
±
∫
dϕ

[
1

a

√
2β(ρ+ β)

1
2κ

×(−(ρw + β))
1
2κ−1

(
3aH +

1

2

β̇

β

)]
(a(ϕ))

∓
∫
dξ

[
1

2a

√
ρ(1 + w) + 2β(ρ+ β)

κ+1
2κ

×(−(ρw + β))
1
2κ−1

(
ρ(ẇ − 3aH(1 + w)2) + 2β̇

ρ(1 + w) + 2β

+3
aH(1 − w)ρ− 6aHβ − β̇

ρ+ β

)]
(a(ξ))

}
.

It is clear that for the multicomponent cosmological
models with realistic parametrizations of the dark
energy EoS crossing −1 (CPL, WMAP5) these ex-
pressions are not suitable for practical use since even
for α = const or β = const the integrals cannot be
solved analytically. Thus, to reconstruct the potentials
for certain values of cosmological parameters and
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dependences w(a) and α(a) or β(a) we have to use the
parametric dependences (7), (11), (12) or (9), (13),
(14) which de�ne the potential U(ϕ, ξ).

4. Conclusion

In the reconstruction of potential of the proposed
2-�eld model of dark energy with classical and tachy-
onic kinetic terms there are 2 ambiguities requiring
additional assumptions: about the form of U(ϕ, ξ)
and about the dependence of a kinetic term on the
scale factor. The third ambiguity � a sign in front of
the integrals in (11)-(14) � is less important since the
potentials with �+� and �-� are symmetric with respect
to ϕ = 0 and ξ = 0. For 3 ansatzes for the form of
U(ϕ, ξ) we obtained the reconstructed potentials in
explicit form and in parametric one that is suitable
for multicomponent cosmological models and all
parametrizations of the dark energy equation of state.
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NUMERICAL ESTIMATOR FOR LARGE-SCALE COSMIC

STRUCTURES
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ABSTRACT. Components of large-scale structure
(LSS) of Universe includes galaxy clusters, walls, �l-
aments, groups and �eld galaxies. The question of
spatial organization of all these components remains
open despite of a number of recently developed meth-
ods of LSS analysis. In this paper we introduce new
continuous structural parameter of galaxy distribution
for the determinig of the type of LSS surrounding. This
parameter is based on comparison of the radial distri-
bution of galaxies around the certain point with the
uniform one. Our method for structure parameter cal-
culation is based on the distribution of 1000 closets
galaxies to the selected one. Such number was selected
because most galaxy clusters contains up to 1000 galax-
ies. When we exceed 1000th closest galaxy we will leave
possible cluster or �lament and will pass to another
type of LSS. We suppose that in uniform distribution
of galaxies their number should increase as third power
a distance, similar to luminosity. Therefore the inverse
dependence of galaxy distance from number should be
cubic root. New structural parameter was introduced
as the di�erence of this dependence of cubic root.

The main type of cosmic surrounding for a galaxy
is de�ned by the value and the sign of such structural
parameter. If a galaxy lie in a cluster the distances of
nearby galaxies will be less than cubic root. We inte-
grated distance di�erence for all 1000 galaxies and get
negative stuctural parameter in this case. If a galaxy
lie in a void, the distances of surrounding galaxies will
be larger than cubic root. In such case the structural
parameter will be positive.

New parameter was calculated for sky distribution
of SDSS galaxies at distances from 50 to 150 Mpc.
Analysing obtained values, we come to conclusion
that our structural parameter can be used for the
division of LSS components and extragalactic �lament
detection.

Keywords: large-scale structure of Universe, galaxies,
�laments.

ÀÁÑÒÐÀÊÒ. Êîìïîíåíòè âåëèêîìàñøòàáíî¨
ñòðóêòóðè Âñåñâiòó (ÂÌÑ) âêëþ÷àþòü ñêóï÷åííÿ
ãàëàêòèê, ñòiíè, ôiëàìåíòè, ãðóïè i ãàëàêòèêè
ïîëÿ. Ïèòàííÿ ïðî ïðîñòîðîâå ðîçòàøóâàííÿ
âñiõ öèõ êîìïîíåíò çàëèøà¹òüñÿ âiäêðèòèì
íåçâàæàþ÷è íà âåëèêó êiëüêiñòü ñó÷àñíèõ ìåòîäiâ
àíàëiçó ÂÌÑ. Ó äàíié ðîáîòi ìè ââîäèìî íîâèé
íåïåðåðâíèé ñòðóêòóðíèé ïàðàìåòð ðîçïîäiëó
ãàëàêòèê äëÿ âèçíà÷åííÿ òèïó îòî÷åííÿ ó ÂÌÑ.
Âèçíà÷åííÿ ïàðàìåòðó ïîëÿãà¹ ó ïîðiâíÿííi
ðàäiàëüíîãî ðîçïîäiëó ãàëàêòèê íàâêîëî çàäàíî¨
òî÷êè ç îäíîðiäíèì ðîçïîäiëîì. Ïðè îá÷èñëåííi
ñòðóêòóðíîãî ïàðàìåòðà äëÿ îáðàíî¨ ãàëàêòèêè
âèêîðèñòîâó¹òüñÿ ðîçïîäië òèñÿ÷i íàéáëèæ÷èõ äî
íå¨ ãàëàêòèê. Òàêå ÷èñëî áóëî âèáðàíå îñêiëüêè
áiëüøiñòü ñêóï÷åíü ìiñòÿòü äî òèñÿ÷i ãàëàêòèê.
Ïiñëÿ âè÷åðïàííÿ òèñÿ÷i íàéáëèæ÷èõ ãàëàòèê
ìîæëèâå ñêóï÷åííÿ àáî ôiëàìåíò ìà¹ çàêií÷èòèñÿ
i ìè ïåðåéäåìî äî iíøèõ åëåìåíòiâ ÂÌÑ. Ìè
ïðèïóñêà¹ìî, ùî ó âèïàäêó îäíîðiäíîãî ðîçïîäiëó
êiëüêiñòü ãàëàêòèê (à òàêîæ ¨õ ïîâíà ñâiòíiñòü)
ìà¹ çðîñòàòè ïðîïîðöiéíî êóáó âiäñòàíi. Îòæå,
îáåðíåíà çàëåæíiñòü âiäñòàíi ãàëàêòèêè âiä ¨¨
ïîðÿäêîâîãî íîìåðà ìà¹ áóòè áëèçüêà äî êóái÷íîãî
êîðåíÿ. Íîâèé ñòðóêòóðíèé ïàðàìåòð ââîäèòüñÿ ÿê
iíòåãðàë âiäõèëåííÿ öi¹¨ çàëåæíîñòi âiä êóái÷íîãî
êîðåíÿ.

Òèï âåëèêîìàñøòàáíîãî îòî÷åííÿ ãàëàêòèêè
âèçíà÷à¹òüñÿ âåëè÷èíîþ i çíàêîì ñòðóêòóðíîãî
ïàðàìåòðà. ßêùî ãàëàêòèêà çíàõîäèòüñÿ ó
ñêóï÷åííi, âiäñòàíi ñóñiäíiõ ãàëàêòèê áóäóòü ìåíøi,
íiæ çà óñåðåäíåíîþ çàëåæíiñòþ ç êóái÷íèì êîðåíåì.
Ïðè äîäàâàííi ðiçíèöü äâîõ çàëåæíîñòåé äëÿ òèñÿ÷i
ãàëàêòèê îòðèìó¹òüñÿ âiä'¹ìíèé ñòðóêòóðíèé
ïàðàìåòð. ßêùî æ ãàëàêòèêà çíàõîäèòüñÿ ó
âîéäi, âiäñòàíi ñóñiäíiõ ãàëàêòèê áóäóòü áiëüøi
çà êóái÷íèé êîðiíü ç íîìåðà. Ó öüîìó âèïàäêó
ñòðóêòóðíèé ïàðàìåòð áóäå äîäàòíèì.

Íîâèé ïàðàìåòð áóâ îá÷èñëåíèé äëÿ ðîçïîäiëó
ïî íåáó ãàëàêòèê SDSS íà âiäñòàíÿõ âiä 50 äî 150
Ìïê. Àíàëiç îòðèìàíèõ çíà÷åíü äîçâîëÿ¹ çðîáèòè
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âèñíîâîê ïðî òå, ùî òàêèé ïàðàìåòð ìîæå áóòè
âèêîðèñòàíèé äëÿ ðîçäiëåííÿ êîìïîíåíòiâ ÂÌÑ i
âèÿâëåííÿ ìiæãàëàêòè÷íèõ ôiëàìåíòiâ.

Êëþ÷îâi ñëîâà: âåëèêîìàñøòàáíà ñòðóêòóðà
Âñåñâiòó, ãàëàêòèêè, ôiëàìåíòè.

1. Introduction

Large-scale structure (LSS) of Universe is complex
but mostly covered from direct optical observations.
Galaxies are the only type of light emitting sources at
cosmological scale, but they posess minor part of total
mass of matter. In some special cases it is possible to
�nd the distribution of dark matter in galaxy clusters
by pecular velocities or gravitational lensing (Kaiser,
1993; Parnovsky, 2004). There are di�erent views
on distribution of LSS elements. Results of analysis
of observations and simulations are controversal.
The most common view on LSS is to consider voids
bordered by walls, walls consisting from �laments and
�laments which has clusters, groups and �eld galaxies.
In this work we propose a method for numerical
evaluating the type of LSS element for any point
of extragalactic space based on the coordinates of
nearby galaxies. The method was tested with modern
catalogs of isolated galaxies (Karachentseva, 2010;
Karachentsev, 2011).

2. Types of LSS elements and methods of

their description

In the �rst case of uniform distribution of galaxies in
space we will consider the luminosity of galaxies as the
main observable parameter. For physical analysis of
LSS evolution the mass is more important, but it can
be evaluated correct for very little part of galaxies. The
study of mass/luminosity ratio is wide and complex di-
rection of extragalactic astronomy (Girardy, 2000) but
in this work we will explain LSS only by the distribu-
tion of visible light of galaxies. Moreover, in the current
paper we will assume that all galaxies has the same lu-
minosity and hence the large-scale cosmic structures
will be analysed only by galaxy positions and density.
If all galaxies are indentical and little enough, their to-
tal number and luminosity will increase as the third
power of radial distance. Such uniform distribution
should be teseted for observable Universe at the scales
much less and larger than 100 Mpc, the main scale of
cosmic web. If the number of galaxies around the cho-
sen point grow as the �rst power of distance, nearby
LSS should be considered as one-dimensional, i.e. �l-
ament. If luminosity increase as squared radius, such
region will be called a wall.

To determine the morphological type of local LSS we
build the cumulative luminosity function (CLF) for the

chosen point. As it was mentioned before, we count
only the number of galaxies but not magnitudes and
M/L relation for CLF estimation. An excess or de-
pression could be found for CLF at lower scales. If
there is an excess we can say that chosen point (or
central galaxy) lies in cluster. If there is a depression,
then the galaxy should be located in the void. Now we
introduce the large-scale structural parameter as nor-
malized depression at cumulative luminosity function.
It should have largest values for isolated galaxies and
low (negative) values for cluster galaxies. The main
cases of possible usage of structural parameter are the
following.
1. One LSS element in uniform matter distribution.

We can �nd its type by local power index of CLF and
the value of the structural parameter. The shape of
CLS is important for detailes description of current
structure. For example, it is possible to detect galaxy
cluster and to select appropriate radial pro�le of dark
matter distribution for it. For detailed description of
each LSS element a number of numerical structural pa-
rameters are needed, but even two parameters can not
be calculated for real data of galaxy observations.
2. Complex system of LSS elements repeating peri-

odically in the space. Suppose that void has radius R
and walls are thin. Then we should not build CLF for
distances larger than 2R. We can expect large number
of observale galaxies at this range for the Local Uni-
verse. By the CLF shape it is possible to describe LSS
in details. But in the ultimate worst case there could
be no galaxies at all. Such opposite situations lead to
the following issues. Is was supposed above that all
galaxies are similar. But if we will consider the bright-
est galaxies (for periodic LSS), each of them will be the
central galaxy of a cluster at the intersection of some
number of voids, walls and �laments. For example, in
graphite-like spatial grate each cluster is the point of
connection of 4 voids, 6 walls and 4 �laments. The
number of mentioned brightest galaxies should be pro-
portional to the number of voids. For the current state
of observational astronomy it is easy to �nd a distance
at which even one observed galaxy per void or cluster
can not be guaranteed. This distance is a limit of any
assumption of uniform distribution of galaxy positions
and luminosities.
3. Discrete distribution of di�erent single galaxies

behind the mentioned limit. That galaxies are very
bright and tends to have random distribution. Is it
possible calculate their structural parameters and put
them to some place in LSS? Consider a galaxy, its near-
est neighbour and the luminosiites of these two. It is
important to measure the minimal distance between
galaxies in the units of void radius. This parameter can
be used for the description of distant Universe unstead
of CLF shape. The brightest galaxies in the Universe
will appead once per many LSS cells. Very probably
they will be beamed AGNs and this is only one from a
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number of selection e�ects at such large distances. In
this extreme case of many cells between two uniquely
bright galaxies we can �ll space between them with
normal distribution of faint galaxies with some upper
luminosity limit. It will be some kind of model of dis-
tant galaxy distribution with apriori parameters. In
the rest part of a paper we will consider parameters of
galaxy distribution from much closer region.

In this paper we describe LSS by special structural
parameter anticorrelated with density contrast of dark
matter mass and galaxy luminosity. Consider a list of
cosmic structures in the order of increasing isolation.

1. Central galaxy of a cluster

2. Galaxy near the cluster center

3. Galaxy in the periphery of cluster

4. Galaxy in a group

5. Galaxy in a pair or triplet

6. Field galaxy in the �lament

7. Isolated galaxy in the wall

8. Isolated galaxy in the void

We suppose here that LSS consist from cells with
walls at the borders and voids inside the cells. Walls
themselves consist from �laments. Groups and clus-
ters may appear in the �laments according to necklace
model. The largest clusters tends to be found at the
intersection of �laments. In this work we will consider
the following LSS elements:

1. Cluster. Galaxy is counted as galaxy in cluster if
it can pass cluster diameter at Hubble time. Galaxies
in cluster are tied by common gravity �eld. So groups,
triplets, pairs and interacting galaxies are considered
as clusters. Cluster is compact overdensity in spatial
galaxy distribution. It can be surrounded by ellipsoid
with some limit ellipticity.

2. Filament. It is one-dimensional galaxy overden-
sity. Filament can be curved but we can not describe
the shape of �lament with our structural parameter.
According to inconsistency of di�erent methods for �l-
ament detection from observational data, the locations
and forms of certain real �laments seems to be doubt-
ful. Structural parameter, introduced in the present
work, is the next attempt to distinguish �laments from
visible galaxy distribution.

3. Wall. Although �laments may not so obvious,
there are well de�ned underdensities in the Universe
i.e. voids. The volume between voids is much larger
than the volume of clusters. This volume is generally
referenced as walls. It is natural to consider the walls
as two-dimensional overdensities.

4. Voids should contain isolated and �eld galaxies
but not clusters and groups. There is a problem to
locate the border between void and wall. For example,
in the case of two nearby maximums in the distribution
of structural parameter, then they should be assigned
as voids and the space between them should include
the wall.

These elements describe a medium in which the
structural parameter is calculated. Its value increases
from cluster to void. The method of normalization of
our structural parameter is the following. To reduce
the e�ect of peculiar velocities in redshift space, we
take a sample of galaxies in 100 Mpc redshift span
and don't use their distances at the next stages. This
corresponds to suggestion that all galaxies of our
sample lie in a single layer of LSS. Hence all galaxies
are placed on celestial sphere with the radius equal
to unity. Then the normalized distances were found
from one selected galaxy to another N=1000 nearby
galaxies. Such distances (R) are measured in angular
units i.e. radians. The averaged angular distance
of nearby galaxies is an extra value for local LSS
description. The value of the structural parameter
is an integrated di�erence of cubic root function
from R(N) dependence. So this value is the excess
of average angular distance above uniform distribution.

3. Distribution of structural parameter for

real galaxies

To estimate optimal distance range for CLF and
structural parameter calculation we found the follow-
ing bounds. Hyperleda extragalactic database contains
18619 galaxies within v3k=3500 km/s that corresponds
Local Supecluster. We illustrate the completeness of
current observational data with D/L relation, where D
is average distance between nearst observable galaxies
and L=100 Mpc - the size of cosmic web cell. At z=0.2
(6 layers of superclusters) the ratio D/L=0.2 and at
z=1 D/L=4. There are 3 layers and 180 voids at low
redshift (z<0.1) with 1000 galaxies per void. According
such relations we concluded that the method of CLF
analysis is correct at distances up to 1000 Mpc.

In this work we selected from HyperLeda database
redshift region from 3000 to 10000 km/s that corre-
sponds to Coma supercluster position. It is the most
appropriate sample of galaxies for LSS study (Tugay,
2012; Tugay, 2014).

We �nd three main types of R(N) dependences.

1. Cluster-like galaxy surrounding. The most galax-
ies has distances less than cubic root and structural
parameter is negative. An example of such dependence
is shown in a Fig. 1.

2. Void-like surrounding. The most galaxies has dis-
tances larger than cubic root and structural parameter
is positive (Fig. 2).

3. Intermediate case in which N(R) dependence in-
tersect cubic root one or more times (Fig. 3). In such
case structural parameter may lie in wide range of pos-
itive and negative values. The distribution of number
of intersections from structural parameter is shown at
Fig. 4. The value of structural parameter is the di�er-
ence of galaxy angular distance (in radians) from cubic
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Figure 1: Cumulative luminosity function for a galaxy
in cluster-like surrounding.

Figure 2: CLF for a galaxy in void-like surrounding.

Figure 3: The intersection of uniform relation by CLF
should be referred as wall or �lament.

Figure 4: Distribution of number of intersections from
structural parameter.

Figure 5: Sky distribution of HyperLeda galaxies with
lowest value of structural parameters.

Figure 6: Regions with possible �laments.
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Figure 7: Void candidates according to largest values
of structural parameter.

root function averaged for one thousand nearby galax-
ies. To distinguish void-like regions we selected the val-
ues of structural parameter less than -0.03. Negative
values from -0.03 to 0 were considered as corresponding
to �lament, wall or group regions.
Galaxies in void-like surrounding has much larger

distances to neighbours. We analysed the distances to
1000th closest galaxy as secondary structural parame-
ter (SSP). To estimate how CLF characterise isolated
galaxies, SSP was also calculated for 2MASS selected
isolated galaxy catalog 2MIG (Karachentseva, 2010).
Results are presented in Table 1. SSP is systemati-
cally larger for 2MIG galaxies.

Table 1: Secondary structural parameter for Hyper-
Leda and 2MIG galaxies measured in centiradians (34
arcmin). SSP is angular distance to 1000th nearest
galaxy. HL-2MIG is HyperLeda sample without 3227
galaxies with largest SSP. Only minor part of these
galaxies are 2MIG members.
Sample HyperLeda 2MIG HL-2MIG
Num. of galaxies 89904 3227 86677
Minimal SP 1.1 4.5 1.1
Average SP 11.1496 16.8932 10.9358
Error of avg.SP 0.0161 0.1171 0.0159
Scatter 4.8 6.7 5.0
Maximal SP 38.1 38.1 22.4

Sky distributions of galaxies with di�erent values of
structural parameter are presented at Fig 5-7. These
distributions leads to the following conclusions.
1. Structural parameter is smoothe continous value.

Largest clusters, such as Coma at Fig. 7, can not be
detected with it.
2. Cluster-like regions represents systematical e�ects

of Hyperleda sky coverage and has minor correlation
with real clusters.
3. The most clear picture of cosmic web can be

seen only in the zone of SDSS coverage (120<RA<240
deg, 0<DEC<60 deg), where observational data are
the most dense and uniform. Regions of intermediate
values of structural parameter could be used for
�lament detection.

4. Conclusion

We developed a new method for LSS description
by the distribution galaxy positions. New structural
parameter can be used for de�ning LSS elements at
distances up to 1000 Mpc.
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ABSTRACT. Considering increasing requirements
to the coordinates measurement precision by the end
of XX century International Astronomical Union com-
menced implementation of the new astrometric system
ICRF (International Celestial Reference Frame). This
quasi-inertial reference frame system centered in the
barycenter of the Solar System and has axes de�ned by
the positions of distant extragalactic sources � frames.
Unlike equatorial system ICRF has no shortcomings
of the coordinates identi�cation due to the Earth axis
precession, stellar proper motions and other factors.
Extragalactic frames of the ICRF system are mostly
quasars, radio galaxies, blazars and Seyfert galaxies
i.e. di�erent types of the active galaxy nuclei (AGN).
Active galaxy nuclei are characterized by processes
with signi�cant. Such processes quite often are
followed by X-ray emission generation. The purpose
of this work is to consider X-ray emission of ICRF
sources and features of their possible proper motions.
Among 295 selected reference frames of the system we
identi�ed 54 X-ray sources which were observed by
space observatory XMM Newton and noticed rapid
variability of the blazars 2E 2673 (W Com) and 2E
1802 which enables to conclude that they have some
very active processes in the sources centers. With
regards to the future more detailed analysis we beleive
that evidences of the objects proper motion could
be found in their spectra. Based on the constructed
luminosity and spectral graphs we could conclude that
apart from above mentioned AGNs rest 52 objects
do not show veriability and special attention should
be paid to blazars within ICRF system development
and use. Major part of the X-ray sources between the
reference frames are stable.

Keywords: ICRF, reference systems, galaxies: active,
X-rays: galaxies.

ÀÁÑÒÐÀÊÒ. Çâàæàþ÷è íà çðîñòàþ÷i âèìîãè
äî òî÷íîñòi âèìiðþâàííÿ êîîðäèíàò, íàïðèêiíöi
XX ñòîëiòòÿ Ìiæíàðîäíèé Àñòðîíîìi÷íèé ñîþç
çàïðîâàäèâ íîâó àñòðîìåòðè÷íó ñèñòåìó ICRF
(International Celestial Reference Frame). Öÿ

êâàçiiíåðöiàëüíà ñèñòåìà êîîðäèíàò ìà¹ öåíòð â
áàðèöåíòði Ñîíÿ÷íî¨ ñèñòåìè òà ¨¨ âiñi âèçíà÷àþòüñÿ
ïîëîæåííÿì âiääàëåíèõ ïîçàãàëàêòè÷íèõ äæåðåë
- ôðåéìiâ. Íà âiäìiíó âiä åêâàòîðiàëüíî¨ ñèñòåìè,
ICRF ïîçáàâëåíà íåäîëiêiâ âèçíà÷åííÿ êîîðäèíàò,
ùî ïîâÿçàíi ç ïðåöåñi¹þ, âëàñíèì ðóõîì çiðîê
òà iíøèìè ôàêòîðàìè. Ïîçàãàëàêòè÷íi äæåðåëà
ñèñòåìè ICRF ÿâëÿþòü ñîáîþ, ÿê ïðàâèëî, êâàçàðè,
ðàäiîãàëàêòèêè, áëàçàðè i ñåéôåðòiâñüêi ãàëàêòèêè,
òîáòî ðiçíi òèïè àêòèâíèõ ÿäåð ãàëàêòèê. Àêòèâíi
ÿäðà ãàëàêòèê (ÀßÃ) õàðàêòåðèçóþòüñÿ ïðîöåñàìè
ç çíà÷íèìè øâèäêèìè ðóõàìè. Òàêi ïðîöåñè ÷àñòî
ñóïðîâîäæóþòüñÿ âèíèêíåííÿì ðåíòãåíiâñüêîãî
âèïðîìiíåííÿ. Ìåòîþ äàíî¨ ðîáîòè ¹ âèâ÷åííÿ
ðåíòãåíiâñüêîãî âèïðîìiíþâàííÿ äæåðåë ICRF
òà îñîáëèâîñòi ¨õ ìîæëèâîãî âëàñíîãî ðóõó.
Ñåðåä 295 âèçíà÷åíèõ îïîðíèõ ôðåéìiâ ñèñòåìè
ìè çíàéøëè 54 ðåíòãåíiâñüêèõ äæåðåëà, ÿêi
ñïîñòåðiãàëèñÿ êîñìi÷íîþ îáñåðâàòîði¹þ XMM-
Newton òà âñòàíîâèëè, ùî øâèäêó ìiíëèâiñòü
ñïåêòðó ìàþòü áëàçàðè 2E 2673 (W Com) òà 2E
1802, ùî äîçâîëÿ¹ çðîáèòè âèñíîâîê ïðî äóæå
àêòèâíi ïðîöåñè â öåíòði äæåðåë. Ç îãëÿäó íà
ïðîâåäåííÿ áiëüø ïîâíîãî àíàëiçó ìè ââàæà¹ìî,
ùî ìîæóòü çíàéòèñÿ ñâiäîöòâà âëàñíèõ ðóõiâ â
¨õ ñïåêòðàõ. Áàçóþ÷èñü íà ïîáóäîâàíèõ êðèâèõ
áëèñêó òà ñïåêòðàõ ìîæíà çàçíà÷èòè, ùî îêðiì
âèùåíàâåäåíèõ àêòèâíèõ ÿäåð ãàëàêòèê 52 îá'¹êòè
íå äåìîíñòðóþòü çìiííîñòi. Ìè ïðèéøëè äî
âèñíîâêó, ùî â ðàìêàõ ðîçðîáêè òà âèêîðèñòàííÿ
ñèñòåìè ICRF íåîáõiäíî ïðèäiëÿòè îñîáëèâó óâàãó
áëàçàðàì. Áiëüøiñòü ðåíòãåíiâüñêèõ äæåðåë â
îïîðíèõ ôðåéìàõ ñèñòåìè ¹ ñòàáiëüíèìè.

Êëþ÷îâi ñëîâà: ICRF, ñèñòåìà îïîðíèõ
êîîðäèíàò, ãàëàêòèêè: àêòèâíi, ðåíòãåíiâñüêå
âèïðîìiíåííÿ: ãàëàêòèêè.

1. Introduction

ICRF is a frame of reference de�ned by the posi-
tions of extragalactic sources. The most appropriate
extragalactic sources should be very luminous so it is
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obvious that many of them are active galactic nuclei
(AGNs). They always has some active processes and
rapid motion in the center.
Active galactic nuclei are complex phenomena. At

the heart of an AGN there is a relativistic accretion
disk around the spinning supermassive black hole. In
the center of the galaxy the emissions of relativistic
particles occurs as narrow and uniform brightness jets.
Curious that, their observation may indicate that the
center of image is moving with speed over the speed of
light (Schneider, 2006). The explanation of this e�ect
is that we can only observe the movement of a projec-
tion on area perpendicular to the �eld of vision. The
e�ect of "superluminal" expansion is observed in jets
moving toward the observer at a small angle to the line
of sight. Blazars has the smallest value of this angle
among other types of AGNs, so we considered to check
spectra for available BL Lacs in ICRF to identify pos-
sible motion.
The accuracy of ICRF is 40 microarcsec1. AGN

with typical redshift z=1 may have relativistic radiojet
with knots passing through this angle in few years.
Such relativistic motion in the AGNs could be detected
by astrometric methods in the nearest future. Some
signs of these processes can be checked in X-ray band.
X-ray emission is generated in the very center of AGN
and is in�uenced by the fastest motion of the matter.
The aim of this work is to consider X-ray emission of
ICRF sources and to look for signs of their possible
proper motion. For this purpose we used 3XMM-DR4
catalog (Rosen et al., 2015) of X-ray sources based
on observational data from modern space observatory
XMM-Newton. We checked light curves of all X-ray
ICRF sources and made certain conclusions about
their stability.

2. Identi�cation and analysis of X-ray ICRF

sources

Initial phase of our work was to �nd ICRF sources
in 3XMM-DR4 catalog. Current version of ICRF
(ICRF2) composed by 3414 sources2 and 3XMM-DR4
catalog contains 372728 individual sources. Using X-
ray and optical galaxies from cross-identi�cation sam-
ple (Tugay, 2012) we found that 54 of ICRF sources
are listed in the 3XMM-DR4 catalog. 33 sources of
the sample have only one XMM observation and the
rest 21 sources have two observations each. General
parameters of these sources are presented in the Ta-
ble 1 below. We reviewed X-ray light curves of
these sources using LEDAS database and found that
most of them are constant. The deviation of mean
X-ray �ux of 52 objects during the whole observation
does not exceed the half of rms scatter. The example

1http://hpiers.obspm.fr/icrs-pc/, 'ICRF2' chapter
2http://rorf.usno.navy.mil/ICRF2/

Figure 1: Light curve of OJ287. Example of stable
X-ray source.

Figure 2: Light curve of 2E 1802 from MOS1 camera.
The time at Fig. 2 and 3 is measured in seconds from
01.01.1998.

Figure 3: Light curve of W Com from PN camera.

of constant X-ray light curve is presented at Fig. 1.
However, we found X-ray variability of 2E 1802 and
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Table 1: List of X-ray ICRF sources.

N XMM ID SIMBAD type Name z
1. J001031.0+105829 Seyfert 1 Mrk 1501 0.090
2. J003824.8+413706 Quasar 5C 3.50 1.353
3. J005748.8+302108 Galaxy IAU 0057+3021 0.016
4. J012642.7+255901 Quasar 4C 25.05 2.358
5. J014922.3+055553 Quasar QSO B0146+056 2.347
6. J015002.6-072548 Seyfert 2 IAU 0150-0725 0.017
7. J022239.6+430207 BL Lac 3C 66A 0.340
8. J023838.9+163659 BL Lac 2E 618 0.940
9. J024008.1-230915 Quasar 2E 638 2.225
10. J024457.6+622806 Seyfert 1 2E 653 0.044
11. J031155.2-765150 BL Lac 2E 746 0.223
12. J031301.9+412001 Seyfert 1 QSO B0309+411 0.136
13. J040748.4-121136 Seyfert 1 2E 938 0.572
14. J044017.1-433308 Quasar 2E 1127 2.852
15. J052257.9-362730 BL Lac 2E 1263 0.055
16. J053056.4+133155 Quasar 2E 1289 2.070
17. J053954.2-283955 Quasar 2E 1496 3.103
18. J072153.4+712036 BL Lac 2E 1802 0.300
19. J084124.3+705342 Quasar 4C 71.0 2.172
20. J085448.8+200630 BL Lac OJ 287 0.306
21. J095456.8+174331 Quasar QSO B0952+179 1.475
22. J095524.7+690113 Super Nova SN 1993J 0.0001
23. J104117.1+061016 Quasar 2E 2303 1.270
24. J105829.6+013358 BL Lac 4C 01.28 0.185
25. J112027.8+142054 LINER 4C 14.41 0.362
26. J113007.0-144927 Quasar 2E 2471 1.189
27. J121923.2+054929 LINER NGC 4261 0.007
28. J122006.8+291650 LINER NGC 4278 0.002
29. J122131.6+281358 BL Lac 2E 2673 0.102
30. J122222.5+041315 Quasar 4C 04.42 0.965
31. J122906.6+020308 BL Lac 3C 273 0.173
32. J123959.4-113722 LINER M 104 0.003
33. J124646.8-254749 Quasar QSO B1244-25 0.638
34. J125359.5-405930 Quasar QSO B1251-407 4.464
35. J125611.1-054721 Quasar 3C 279 0.536
36. J130533.0-103319 Seyfert 1 2E 2966 0.278
37. J131028.6+322043 BL Lac 2E 2979 0.997
38. J132527.6-430108 Seyfert 2 CENTAURUS A 0.001
39. J132616.5+315409 Radio Galaxy 4C 32.44 0.370
40. J140700.3+282714 BL Lac Mrk 668 0.076
41. J140856.4-075226 Quasar QSO B1406-076 1.493
42. J143023.7+420436 Quasar 7C 1428+4218 4.705
43. J151002.9+570243 Quasar 1E 1508.7+5714 3.880
44. J160913.3+264129 Radio Galaxy PKS 1607+268 0.473
45. J165352.2+394536 BL Lac Mrk 501 0.033
46. J170934.3-172853 Quasar IAU 1709-1728 0.560
47. J184208.9+794617 Seyfert 1 2E 4136 0.056
48. J201114.2-064403 Radio Galaxy PKS 2008-068 0.547
49. J212912.1-153841 Quasar 2E 4479 3.268
50. J213032.8+050217 Quasar IAU 2130+0502 0.990
51. J215155.5-302753 Quasar QSO B2149-307 2.344
52. J220314.9+314538 BL Lac 4C 31.63 0.295
53. J225357.7+160853 Quasar 3C 454.3 0.859
54. J235509.4+495008 Seyfert 2 IAU 2355+4950 0.237
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Table 2: Spectral properties of ICRF BL Lacs. Normalisation unit is 10−5cm−2s−1keV −1

Object nH , 1020cm−2 Normalisation PhotonIndex χ2/d.o.f.
3C66A 7.47 ± 0.49 66.2 ± 2.9 2.5 ± 0.04 1.0698 / 173
2E618 (Grandi, 2006) 1.34 ± 0.03 1.55 ± 0.02 0.857 / 109
2E1263 (Winter, 2010; Cusumano, 2010) 6 ± 1 2.14 ± 0.01 3.65 / 336
2E1802 (Baumgartner, 2012) 3.81 ± 0.42 2.7 ± 0.01 9.22 / 89
OJ287 20 ± 4 44.6 ± 1.1 1.75 ± 0.01 3.046 / 324
4C01.28 1.89 ± 0.23 55.8 ± 1.5 1.814 ± 0.018 1.0073 / 305
2E2673 (Piconcelli, 2002) 0.64 ± 0.37 1.32 ± 0.09 1.73 / 196
3C273 (Reeves, 2000; Donato, 2001) 1.79 ± 0.2 1.55 ± 0.02 0.857 / 1093
2E2979 0.432 ± 1.28 74.5 ± 1.3 1.668 ± 0.011 1.0655 / 399
Mrk668 <0.01 2.2 ± 0.66 0.98 ± 0.13 2.905 / 8
Mrk501 2.70 ± 0.07 991 ± 40 2.49 ± 0.06 1.7800 / 316

2E 2673 (W Com) blazars during XMM observations
dated 04.04.2004 and 22.06.2002 respectively (Fig. 2-
3). Such variability can not be explained by soft proton
solar �ares which were observed for a number of other
ICRF sources. So these two blazars are typical exam-
ples of the most active galactic nuclei with rapid and
powerful processes in the center. Other blazars may
also have variability out of XMM observation time. We
analyzed spectra of all blazars from our sample to check
any possible special features and to reveal some ad-
ditional unusual objects. We applied standard XMM
SAS software to �t two-parametric power law model
of X-ray continuum with hydrogen absorption at low
energies. The results of spectral �tting are given in
the Table 2 and some examples of spectra are shown
on Figs. 4-6. All blazar spectra have a good approx-
imation by our simple model. We assume that if the
spectrum of any blazar is not �tted by such simple
model then there is a reason to expect some complex
structure of the source and possible variability. Oth-
erwise, we consider the blazar as a typical source and
appropriate for ICRF usage.

Spectral parameters are constant in all available
XMM observations. So we have found out that X-ray
spectra makes no reasons to expect any image motion
of these sources in the nearest future. We conclude
that current state of spectral analysis doesn't allow to
predict a correlation between the spectra parameters
and variability.

3. Results and conclusions

In the result of our analysis of light curves and spec-
tral characteristics of ICRF blazars in X-ray band we
found rapid variability for 2E 2673 (W Com) and 2E
1802 but no special features in the spectra.

Assuming that the variability of a source in any band
should be connected with possible motion of the source
(and the center of its image) we might predict that
stable source should not have signi�cant motion.

Figure 4: Spectrum of 2E 2979. Example of unab-
sorbed source.

Figure 5: Spectrum of 4C 01.28. Example of absorbed
source.
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Figure 6: Spectrum of Mrk 668. Example of faint
source.

So we conclude (for the moment) that the most of
ICRF sources are stable and appropriate as de�ned
sources for astrometric reference systems. Keeping in
mind all possible extreme physical processes related to
active galactic nuclei, the issue of possible image mo-
tion of ICRF sources remains persistent. W Com and
2E 1802 should still be considered as 'suspicious' ICRF
sources. Their X-ray variability reveals fast processes
in the very center of AGN that could cause detection
of the image shift in the future. Future radiotelescopic
studies of astrometric de�ned sources should review
more thoroughly not only these two objects but any
blazars, since the luminosity variability or even a mo-
tion could be detected.
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ABSTRACT. Large-scale structure of Universe in-
cludes galaxy clusters connected by �laments. Voids
occupy the rest of cosmic volume. The search of any
dependencities in �lament structure can give answer to
more general questions about origin of structures in the
Universe. This becomes possible because, according to
current picture of Universe, one could simulate the evo-
lution of Universe until its very beginning or vice versa.
One of the theories which describe the shape of large-
scale structures is adiabatic Zeldovich theory. This the-
ory explain three-dimensional galaxy distribution as a
set of thin pancakes which were formed from hot pri-
mordial gas under own gravitational pressure in the
cosmological period of acîustic oscillations. Accord-
ing to cosmological hydrodynamical theories a number
of computer simulations of LSS were performed to de-
scribe its properties. In this work we consider alter-
native variant of simulating the distribution of mat-
ter that is very similar to real. We simulated two-
dimensional galaxy distribution on the sky using ran-
dom distributions of clusters and single galaxies. The
main assumption was that matter clusterised to initial
density �uctuations with uniform distribution. Accord-
ing to Zeldovich theory, low-dimensional anisotropies
should increase, that corresponds to appearance of �l-
aments in 2D case. Thus we generated a net of �la-
ments between clusters with certain length limits. Real
galaxy distribution was simulated by random changing
galaxy positions in �laments and clusters. We gener-
ated radial distributions of galaxies in clusters taking
into account the surrounding and add uniform distri-
bution of isolated galaxies in voids. Our model has
been coordinated with SDSS galaxy distribution with
using two-point angular correlation function. Param-
eters of random distributions were found for the case
of equality of correlation function slope for the model
and for observational data.

Keywords: large-scale structure of Universe, galaxies,
�laments.

ÀÁÑÒÐÀÊÒ. Âåëèêîìàñøòàáíà ñòðóêòóðà
Âñåñâiòó âêëþ÷à¹ ñêóï÷åííÿ ãàëàêòèê, ùî ç'¹äíàíi
ôiëàìåíòàìè. Âîéäè çàéìàþòü ðåøòó êîñìi÷íîãî
ïðîñòîðó. Ïîøóêè çàêîíîìiðíîñòåé ó ñòðóêòóði

ôiëàìåíòiâ ìîæóòü äàòè âiäïîâiäi íà ïèòàííÿ
ùîäî ïîõîäæåííÿ ñòðóêòóð ó Âñåñâiòi. Öå
ìîæëèâî çàâäÿêè ÷èñåíüíèì ìîäåëþâàííÿì
Âñåñâiòó âiä éîãî íàðîäæåííÿ äî ñó÷àñíîñòi i
íàâïàêè. Ôîðìè âåëèêîìàñøòàáíèõ ñòðóêòóð
ïîÿñíþþòüñÿ ó àäiàáàòè÷íié òåîði¨ Çåëüäîâè÷à. Â
öié òåîði¨ òðèâèìiðíèé ðîçïîäië ãàëàêòèê óòâîðþ¹
ñóêóïíiñòü òîíêèõ "ìëèíöiâ", ùî ôîðìóþòüñÿ
ç ïåðâèííîãî ãàðÿ÷îãî ãàçó ïiä äi¹þ ãðàâiòàöi¨
ó êîñìîëîãi÷íèé ïåðiîä äîìiíóâàííÿ àêóñòè÷íèõ
îñöèëÿöié. Äëÿ îïèñó âåëèêîìàñøòàáíèõ ñòðóêóòóð
áóëè âèêîíàíi áàãàòî÷èñëåííi êîìï'þòåðíi
ñèìóëÿöi¨ ç âèêîðèñòàííÿì êîñìîëîãi÷íèõ
ãiäðîäèíàìi÷íèõ òåîðié. Ó äàíié ðîáîòi ìè
ïðîïîíó¹ìî àëüòåðíàòèâíèé ìåòîä ìîäåëþâàííÿ
ðîçïîäiëó ìàòåði¨, ùî äà¹ ðåçóëüòàò äîñèòü
áëèçüêèé äî ðåàëüíîãî. Áóâ çìîäåëüîâàíèé
äâîâèìiðíèé ðîçïîäië ãàëàêòèê ïî íåáó íà
îñíîâi âèïàäêîâèõ ðîçïîäiëié ñêóï÷åíü i îêðåìèõ
ãàëàêòèê. Âèêîðèñòàíî ïðèïóùåííÿ ïðî òå, ùî
ìàòåðiÿ çáèðà¹òüñÿ ó ñêóï÷åííÿ äî ïåðâèííèõ
ôëóêòóàöié ãóñòèíè, ùî ìàþòü ðiâíîìiðíèé
ðîçïîäië. Âiäïîâiäíî äî òåîi¨ Çåëüäîâè÷à,
àíiçîòðîïiÿ ñòðóêòóð íèæ÷î¨ ðîçìiðíîñòi ïîâèííà
çðîñòàòè, ùî âiäïîâiäà¹ óòâîðåííþ ôiëàìåíòiâ
ó äâîâèìiðíîìó âèïàäêó. Òîìó ó äàíié ðîáîòi
ïðîïîíó¹òüñÿ ãåíåðóâàííÿ ìåðåæi ôiëàìåíòiâ
ìiæ ñêóï÷åííÿìè ç âèçíà÷åíèìè îáìåæåííÿìè
äîâæèíè. Ðåàëüíèé ðîçïîäië ãàëàêòèê áóâ
çìîäåëüîâàíèé âèïàäêîâèìè çìiùåííÿìè ïîëîæåíü
ãàëàêòèê ó ôiëàìåíòàõ i ñêóï÷åííÿõ. Ðàäiàëüíi
ðîçïîäiëè ãàëàêòèê ó ñêóï÷åííÿõ áóëè çãåíåðîâàíi ç
âðàõóâàííÿì îòî÷åííÿ; äîäàòêîâî áóâ çãåíåðîâàíèé
îäíîðiäíèé ðîçïîäië içîëüîâàíèõ ãàëàêòèê. Íîâà
ìîäåëü áóëà óçãîäæåíà ç ðîçïîäiëîì ãàëàêòèê
SDSS øëÿõîì ïîðiâíÿííÿ óòîâî¨ äâîòî÷êîâî¨
êîðåëÿöiéíî¨ ôóíêöi¨. Ïàðàìåòðè âèïàäêîâèõ
ðîçïîäiëiâ áóëè âèçíà÷åíi äëÿ âèïàäêó ðiâíîñòi
íàõèëó êîðåëÿöiéíî¨ ôóíêöi¨ ìîäåëi i ñïîñòåðåæíèõ
äàíèõ.

Êëþ÷îâi ñëîâà: âåëèêîìàñøòàáíà ñòðóêòóðà
Âñåñâiòó, ãàëàêòèêè, ôiëàìåíòè.
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1. Introduction

Large-scale structure of Universe represents clusters
of galaxies divided by large voids. In general it
appears as needles-like structure. Non-Hubble galaxy
velocities lead to distortion of galaxy distribution
in redshift space. A handy way to study LSS is to
consider 2D concentric layers (Tugay, 2012. Thickness
of the layer is 100 Mpc that are responsible for one
galaxy supercluster. In this work we performed
two-dimensional simulation of large-scale structure of
Universe in one 100 Mpc-thick layer corresponding
to single supercluster. A combination of random
functions was selected and implemented to simulate
SDSS-like galaxy distribution. Resulting distribution
was tested with two-point angular correlation function.

2. Description of new method of LSS simula-

tion

We started with random uniform distribution of points
which are considered as galaxy groups or clusters. The
points were connected with straight �laments if the dis-
tance between them lies in some de�nite range. Then
we generated spherical distribution of galaxies in each
cluster. The number of galaxies in cluster was selected
as power function of number of �laments pointing to
this cluster. We �nd that isolated galaxies are not gen-
erated by this method so we generated additional ran-
dom distribution of galaxies in all volume.

Physical argumentation of our method is the fol-
lowing. Starting points simulate the largest initial
density �uctuations. They grow fastest and become
interconnected by �laments. If there are a region with
a number of �uctuations with many connections that
means that it is large overdensity and there should be
larger number of galaxies (Doroshkevich, 1980; Kim,
2009). Also there should be small density �uctuations
that form isolated galaxies. So we can divide galaxies
by three groups: galaxies in clusters, galaxies in
�laments and isolated galaxies. If we will exclude from
real volume observed clusters and isolated galaxies,
only �lament galaxies will remain.This gives us general
picture of structure and interconnection of di�erent
elements of large-scale structure.

3. Realisation of new method

We chose a layer with a thickness of 100 Mpc and
�lled it with galaxy clusters, �laments and isolated
galaxies. Galaxies in clusters and �laments hold a
Gaussian distribution. The resulting model has the
following parameters.

1. r1 and r2 � minimal and maximal distances for
�lament construction. Filament is constructed if dis-
tance between cluster is less then r2 and larger then r1.

This parameters were selected proportional to average
distance r between clusters. Initial bounding distances
were selected as following:

r1 =
Ar

2
(1)

r2 = 2Ar (2)

where A is additional multiplicational factor that was
changed from 1 to 0.8 and 1.2. So we used parameter
A to set the values of r1 and r2.
2. We change the quantity of galaxies in a cluster �

n. Initial value of n is given by formula

n =
z5

1000
(3)

where z is number of �laments that are connected to a
cluster. This value was multiplied by factor B close to
unity.
3. I � number of �eld galaxies including isolated.
4. F � number of galaxies in �lament. This value is

proportional to mass of �lament.
5. D � radius of cluster. The distance of galaxy

from cluter center was calculated as tangent of random
number from 0 to π/2 multiplied to radius coe�cient
D. So the half of cluster galaxies lie at the distance no
more then D from center. Our initial value for D was
1.4 degrees.
6. N � total number of clusters.

Figure 1: Hexagonal point grid or other simple distri-
bution.

Fig. 1 demonstrate random distribution of points,
which coordinates depends on distance between this
points and are connected with straight �laments.
There are some tendency towards the accumulation
and void formation as we can see from this picture
of random points distribtuion. At �rst we simulated
distribution according to initial conditions which re-
�ect cellular structure of Universe. Results obtained
by such way are demonstrated at Fig. 1. As we can
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Figure 2: Real distribution of galaxies.

Figure 3: Our model of galaxy distribution.

Figure 4: Model with reduced coe�cients.

see from this graph, result is quite rough and does not
re�ect real picture of situation. The second stage of
work was the attempt to simulate large-scale structure
of Universe with the help of random distribution of
single galaxies.

We used the distribution of galaxies modeled us-
ing Gaussian random �elds depending on the mass of
�laments (the number of galaxies present there) and

Figure 5: Enlarged part of distribution.

boundary distances between them, with addition of iso-
lated galaxies. The resulting distribution is presented
on Fig. 2.
Fig. 3 represent observable distribution of galaxies

based on the SDSS sampling for radial velocity range
from 4000 to 11000 km/s. Comparing it with Fig. 2
one can see unquestioning similarity,that can be esti-
mated quantitatively, by calculating the angular two-
point correlation function. We used Landy-Szalay esti-
mator (4) for calculate correlation between SDSS and
our models (Vargas-Megana, 2012).

ξ =
DD − 2DR+RR

RR
(4)

DD is the number of pair of galaxies in certain
angular range in the considered sample, RR is the
same value for randimised sample and DR is the
number of pairs of one real galaxy and one point from
randomised sample. We approximate the correlation
function by power law with two parameters: power
index α and normalisation factor. In Table 1, there are
demonstrated di�erent values of power indicator and
rate of normalization, that was obtained by changing
several parameters in our model. If mass of �lament,
isolated galaxies quantity and radius of cluster are
reduced by 40%, we got power indicator similar to
SDSS survey. Fig. 4 demonstrate how this reduced
model looks like. Visualization e�ect is responsible for
such unlikely appearance, Fig. 5 shows enlarged part
of this picture with the following coordinate ranges:
14<x<15.5 and 45<y<55. X coordinate corresponds
to right ascension in hours and Y corresponds to
declination in degree for obvious comparison with
SDSS galaxy distribution. It should be noted that the
simulation of other observational samples, including
SDSS galaxies at larger distances, should apply
di�erent parameters or even some algorithm details.
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Table 1: Approximation parameters.

Sample SDSS M1 M2 (�40% ) M3 (�45% )
α �1.4963 �1.2747 �1.4743 �1.5228
Norm 11.15 11.48 10.93 11.24
F � 5 3 2.75
I � 32400 19440 17820
D � 2 1.2 1.1

4. Results and conclusions

We had simulated the matter distribution that
in result gives results close to observed. This two
dimensional visualisation in its general features is
similar to real structure of �laments, galaxy clusters
and voids. We compared our model with SDSS catalog
by angular two-point correlation function. Changing
initial conditions led our distribution to quantitive
similarity with SDSS observable data.

Table 2: Changed parameters.

Parameter change α Normalization
N �20% �1.2420 9.304
N +20% �1.2532 9.559
A �20% �1.2115 9.54
A +20% �1.1892 8.835
F �20% �1.2756 9.548
F +20% �1.2274 9.371
B �20% �1.275 9.763
B +20% �1.1761 9.064
D �20% �1.2964 9.722
D +20% �1.2137 9.247
I �20% �1.2847 9.723
I +20% �1.244 9.366
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ABSTRACT. The modern understanding of the structure 

of the Universe is discussed. The Solar System is viewed as 
an ordinary planetary system. The neighbourhood of the 
Sun is specified starting with the nearest stars and nearby 
clusters and working outward through the Local system of 
stars, in particular, Gould’s belt. The subgroups of the 
Milky Way, our stellar system, and Andromeda are 
examined as components of the Local Group of galaxies. 
Special attention is paid to their astrophysical, kinematic 
and dynamic properties. A larger agglomeration of galaxies, 
called the Local Supercluster, which contains the Local 
Group and its immediate neighbourhood is analysed. And 
finally, the Laniakea hypercluster to which the Local 
Supercluster and its environment belong is described along 
with its neighbours, namely the Perseus-Pisces hypercluster 
and the Local Void.  

Keywords: Universe structure; hierarchy; star clusters; 
galaxy clusters; hyperclusters 

АБСТРАКТ. Аналізуються сучасні уявлення про 
устрій Всесвіту по мірі віддалення від Сонця. Сонячна 
система представлена як рядова планетна система. Далі 
характеризуються околи Сонця: від найближчих зір і їх 
скупчень до устрою Місцевої зоряної системи (МЗС – 
поясу Гулда). Аналізується гіпотеза щодо припущення, 
що за структурою і астрофізичними показниками МЗС 
схожа на маленьку галактику, яка нагадує об’єкт Ходжа 
в спіральній галактиці NGC 6946. 

Будова Галактики, Нашої зоряної системи, підгрупи 
Андромеди аналізуються з точки зору складових 
частин Місцевої групи галактик (МГГ). Приділяється 
увага їх астрофізичним і кінематичним властивостям. 
За межами МГГ аналізується їх безпосереднє оточення 
та більш крупна структура – Місцеве Надскупчення 
(МН), до якої вона належить. Далі розглядається 
гіперскупчення Ланіакея, в якому містяться МН і його 
околи. Характеризуються сусіди гіперскупчення 
Ланіакея: гіперскупчення Персея-Риб і Місцевий войд.  

Аналізуються прояви просторово-часового устрою 
Всесвіту та його коміркова структура. Обмірковується 
область Всесвіту, обмежена хабблівським радіусом і її 
властивості. Робиться висновок, що основними 
складовими серед об’єднань зоряних систем різної 
ієрархії слід вважати групи, надскупчення та 
гіперскупчення, оскільки проглядається закономірність, 
за якою, як правило, більш вищий рівень об’єднання 
галактик включає на два порядки більше об’єктів 

нижчої ланки. За такої класифікації, підгрупи та 
скупчення галактик є проміжними елементами 
крупномасштабної ієрархії об’єднань галактик.  

Остаточний висновок: на теперішній час 
встановлено повну «адресу», де находиться землянин 
у Всесвіті. Наступною незвіданою структурою світу 
може бути лише місце нашого Всесвіту серед інших 
всесвітів, якщо вони існують. 

 

1. Hypotheses and evidence of a hierarchical 
structure of the Universe 

The picture of the universe formed in the early days of 
telescopic astronomy was restricted to the structure of the 
Solar System. At that time, there was just conjecture about 
the stellar origin of the Milky Way and philosophic 
speculations about the presence of planets orbiting stars 
like those orbiting the Sun [3]. The discovery of the laws 
of motion and gravity by Isaac Newton definitely 
established the validity of heliocentric model of the 
Universe [31]. Systematic telescopic observations initiated 
accumulation of data on the universe beyond the Solar 
System and scientific substantiation of the suggested 
hypotheses about its structure. 

1.1. First scientific hypotheses 

The analysis of the accumulated telescopic 
astronomical observations allowed making first 
hypotheses about hierarchical structure of the Universe in 
the middle of the eighteenth century. In 1750, Thomas 
Wright proposed a new concept of the Universe consisting 
of hierarchically arranged systems with one of the 
components being the disc-shaped Milky Way [44]. In 
1755, Immanuel Kant also came to the conclusion that the 
Solar System formed from gaseous cosmic matter was a 
constituent part of the Milky Way [21]. In 1771, Johann 
Lambert hypothesised that our Solar System was a 
member of one of those larger intermediate stellar systems 
which constitute the Milky Way [24].  

Validation of the suggested hypotheses required further 
telescopic observations of celestial bodies. Such surveys 
of the structure of the Universe were pioneered by 
William Herschel. He found clumping of nebulae and 
resolved the richest of them in the constellation Coma 
Berenices [11] incorporated into a rather narrow region 
extending through the constellations Virgo, Ursa Major 
and Andromeda. Since the middle of the twentieth century 
this region has been identified as a part of the Local 
Supercluster. In 1785, based on the results of careful 
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observations and calculations of stellar parameters, 
Herschel presented the first model of the Galaxy shaped as 
a flattened disc in the first-order approximation [12]. 
Herschel’s Catalogue of One Thousand New Nebulae and 
Clusters of Stars [13] published in 1786 gave an impetus 
to systematic survey of star clusters. 

1.2. First findings of surveys of the arrangement of 
stellar systems 

Increasing diameters of telescope mirrors, usage of 
clock drives to compensate for the celestial sphere 
rotation, introduction of spectral analysis and its 
implementation into observational astronomy in the 
nineteenth hundreds enabled to initiate systematic studies 
of the stellar systems, such as multiple star systems and 
star clusters, discovered by that time. Determination of the 
orbital period of the double star Castor by Herschel in 
1803 resulted in the establishment of its physical duplicity 
and allowed application of Kepler’s third law to its 
investigation [14]. The discovery of the Doppler effect in 
1842 marked the start of its implementation in 
astronomical observations. In particular, it enabled the 
detection of spectroscopic binaries (Edward Pickering, 
1890; [33]). There were a total of about 10 thousand of 
double and multiple stars comprised of three to sixteen 
components found at that time. The complied catalogues 
of double and multiple stars laid the foundation of their 
systematic investigation. 

The discovery of the first spiral structure in the stellar 
system Messier 51 (M51) made by William Parsons in 
1845 with a six-foot (72 inch) reflecting telescope, which 
was the largest in the world back then, marked the 
beginning of surveys of the structure of such stellar 
systems. By the late nineteenth century, spirality was 
detected in at least 10 “stellar nebulae”; the existence of 
elliptical, lenticular and annular structures was also 
reported [29]. In 1847, John Herschel found out that the 
brightest stars were concentrated in a narrow region on the 
celestial sphere; later on, in 1879, having studied that 
pattern Benjamin Gould established that the ring was 
inclined to the plane of the Milky Way at an angle of 18о. 
That finding refuted the arrangement of the Milky Way 
systematised by the Herschels in the early nineteenth 
century. Estimates of distances of the investigated stars 
were needed to evaluate the significance of that discovery. 
The studies aimed at the stellar parallax determination 
initiated by Friedrich Struve in 1835 and Friedriech Bessel 
in 1840 were confined to the immediate solar vicinity. 
Innovative approach which could allow the estimation of 
distances of open star clusters and nebulae, as well as 
determination of the dimensions of the Galaxy, were 
required.  

1.3. Investigation and systematisation of data in the 
20th-21st centuries 

The accumulation of data on the stellar distances, as 
well as the demand for introduction of the concept of 
luminosity as a measure of intrinsic brightness of stars 
irrelevant to their distances, actuated Einar Hertzsprung to 
introduce the concept of absolute magnitude in 1905 and 
enabled him to establish its dependence on the star’s 
colour [15, 16]. Later on, in 1910-1913, Henry Russel 

independently elaborated that idea and inferred a 
relationship between the stars’ spectra and absolute 
magnitudes [34-36]. The plotted relationship was called 
the Hertzsprung-Russel diagram, and since then it is of 
great importance for studying stellar systems. 

The detection of the correlation between the luminosity 
and period of Cepheids in the Small Magellanic Cloud by 
Henrietta Leavitt in 1908-1912 [26, 27] contributed to the 
determination of distances to the remotest stellar systems. It 
enabled Harlow Shapley to deduce the dimensions of the 
Galaxy from the distribution of globular clusters on the 
celestial sphere relative to the Milky Way and from the 
presence of RR Lyrae variable stars in the relevant clusters 
[38]. It turned out that all discovered star clusters and nebulae 
could be split into two groups, namely those within and those 
beyond the Galaxy. Further analysis of extragalactic nebulae 
revealed that they consisted of stars, and that there was a 
correlation between their redshifts and distances (Edwin 
Hubble, 1929; [18-20]). Thus, a real reference framework 
needed for the determination of the scales of the Universe 
and its three-dimensional structure became available. 

The analysis of spatial arrangement of galaxies made it 
possible to establish their inhomogeneous distribution in 
the universe over a given range of scales. They combine 
into certain structures which tend to have a common 
feature – namely, that larger structures consist of those 
which are smaller and contain fewer galaxies. As a result, 
galaxy groupings were classified based on different levels 
of hierarchy from groups and clusters of galaxies to 
galaxy superclusters. In the second half of the twentieth 
century, it became clear that such hierarchical structures 
are confined to hyperclusters which along with galaxy 
superclusters constitute the cellular space-time structure of 
the Universe. As regards the distribution of galaxies and 
different levels of their arrangement, the concept of 
homogeneous spatial distribution of galaxies can only be 
employed for cosmological distances. 

 
2. Distinctive features of the Solar System and its 

immediate neighbourhood 
 
There is no clear definition of the immediate solar 

neighbourhood to date. A sphere centred on the Sun thus 
ruling out the existence of any star clusters within itself 
may be chosen as such a region. In this case, such a region 
should be limited to the radius of about 20 pc. 

2.1. Solar System 

Our planetary system is one of the lowest ranked in the 
hierarchy of multiple systems with only single stars and 
substars ranked lower. It contains a central main-sequence 
star, eight planets, two asteroid belts and possibly a cloud 
of comets. Planets in the Solar System reflect the existing 
planet classification [47] – namely, that inner planets are 
referred to as silicate and metal planets while giants are 
equally split into hydrogen-helium and ice planets. Dwarf 
planets are more similar to silicate ones; they are present 
in the main asteroid belt and seen among moons of giant 
planets. Among moons of giants and Kuiper belt 
components there are icy and silicate-ice dwarfs. The total 
number of dwarf planets known so far is 92 [48]. It is 
supposed that our Solar System is surrounded by a cloud 
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of comets whose outer edge is likely to be at one quarter 
of the distance of the nearest triple-star system Alpha 
Centauri. 

2.2. Multiple stars and planetary systems nearest to the 
Sun 

As far as within the boundaries of the nearest five 
stellar systems their significant diversity manifests itself. 
The triple-star system Alpha Centauri, which is at the 
distance d = 1.30-1.34 pc from the Sun, includes two 
solar-like G and K components and a red dwarf (d = 1.30 
pc) with a silicate planet slightly larger than Earth (≈ 1.3 
М) that lies in the habitable zone of Proxima Centauri. 
Barnard’s Star (d = 1.83 pc) is an individual red dwarf for 
which the presence of planetary system was claimed 
earlier [40-42]. However, this claim has never been lent 
credence with up-to-date exoplanet search methods [7]. 
Both components of the binary system Luhman 16 (d = 
2.02 pc) are L-type dwarfs, i.e. substars. Wolf 359 (d = 
2.39 pc) is a single M-type dwarf. It should be noted that 
there is one more object in the investigated region, namely 
WISE 0855–0714 (d = 2.20 pc), which is formally not 
reckoned as a stellar system as its mass is below the 
brown-dwarf limit [47]. This is grounds for classifying 
this Y-dwarf as a rogue planet, i.e. single planet with no 
central star. All the above listed dwarfs are main-sequence 
stars. Sirius B (d = 2.20 pc) is the closest white dwarf to 
the Sun while Arcturus (d = 11.24 pc) is the nearest red 
giant. Epsilon Eridani is the closest planetary system to 
the Sun (d = 3.32 pc) with two belts of asteroids (debris 
discs); its structure is similar to that of the Solar System, 
though ε Eridani is 10 times younger.  

Meanwhile, planetary systems formed longer ago also 
resemble the Solar System. For instance, within 10 pc 
there are about 70 planets found around 23 stars, including 
the Solar System. Among those planetary systems, there 
are planets of different types, in particular, Jupiter-like 
planets account for 20 per cent, ice giants – 20 per cent, 
and Earth-sized planets, including super-Earths, comprise 
60 per cent. Such distribution is the same as that in the 
Solar System. 

 
3. Local system of stars 
 
The immediate solar neighbourhood is a part of the 

Local system of stars, the central region of which is called 
Gould’s belt. Today, the Local system is associated with a 
region twice (or even four times) as large as the Gould 
belt distinguished earlier. 

3.1. Star clusters and associations nearest to the Sun 

Five of seven bright stars in the constellation Ursa 
Major, namely Alioth, Mizar, Merak, Megrez and Phecda, 
are associated with the closest stellar moving group (also 
known as Collinder 285) which is at d ≈ 25 pc from the 
Sun. The total number of stars in the Ursa Major 
association is about 100; its diameter is 7 pc. The 
estimated age of this stellar association is 400 Myr. 

The Pleiades are the second nearest star cluster (d = 
135 pc). It includes about a thousand stars and substars 
(which account for 25 per cent of the total population) 
within 110' (4 pc). Its age is estimated to be 100 Myr. This 

star cluster is close to the centre of Gould’s belt whose 
distinctive spatial feature is the presence of the so-called 
doughnut-shaped ring with stellar associations along its 
outline. These stellar associations contain main-sequence 
stars, giants, bright giants and supergiants. There is 
extensive ongoing star formation in these regions. 

The Scorpius–Centaurus association is the nearest OB 
association to the Sun. It consists of three subgroups, 
namely Upper Scorpius, Upper Centaurus-Lupus and 
Lower Centaurus-Crux. The mean distances to these 
subgroups range from 380 pc to 470 pc. Each subgroup 
has a diameter of about 90 pc; the total number of 
components in this stellar association is ~ 5,000; its 
estimated age is 11-15 Myr. It is this stellar association to 
which Antares, the most massive red supergiant, belongs. 

The nearest active star-forming region is associated 
with the Orion Nebula (d ≈ 410 pc) which is 10 pc in 
diameter. Apart from young stars, a protoplanetary disc 
and several substars have been found there. 

3.2. General description of the Local system of stars 

The Local system of stars is 8 pc away from the 
galactic centre. Its inner region is associated with the 
Gould belt whose radius is ≈ 500 pc. There are about 15 
nebulae, more than 20 stellar associations and a few tens 
of star clusters in that region. 

The astrometrically determined radius of the Local 
system can be traced out to 1 kpc [1]. The mass of this 
region is 20 million solar masses [32]; it includes several 
hundred of star clusters and a few tens of stellar 
associations comprised of more than 500 OBA type stars 
and T Tauri stars [2]. The Local system disc of a thickness 
less than 380 pc is inclined to the galactic plane at an 
angle of 18о towards the centre of the Galaxy and North 
Galactic Pole. There are two stellar populations detected 
in the Local system – namely, the old population with age 
of about 600 Myr and the second population which is of 
an order of magnitude younger. A spike-like formation 
consisting of ≈ 4,500 young stars has been found in the 
outskirts; it can be traced out to 2 kpc [30]. The Local 
system rotates differentially at the velocity of 31 km s-1 
(maximum 6 km s-1). The Sun was also gravitationally 
bound to the Local system 100 Myr ago when moving at a 
distance of about 100 pc from its centre at an orbital 
velocity of 4 km s-1 [32]. 

How should we classify the Local system? As is seen 
from its afore-mentioned features, the Local system has 
got all the properties of a small galaxy such as, for 
instance, the Hodge complex in the spiral galaxy NGC 
6946 [9, 17, 25]. 

 
4. The Milky Way subgroup 
  
The galactic disc immersed in the spherical component 

wherein satellite galaxies are clustered is called our stellar 
system [45] or the Milky Way subgroup (sometimes 
family). 

4.1. Our Galaxy  

The Milky Way consists of a flattened structure and 
constituents of the spherical and intermediate components 
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[45]. The flattened structural component of the Galaxy 
includes the thick and thin discs within the galactocentric 
radius RGC = 15 kpc. The visible ring (with the radius 
RGC = 8 kpc) is embedded into the inner (old) halo (RGC = 
9 kpc), which is one of the constituents of the spherical 
component. The bulge (RGC = 3 kpc), 2 pc thick, is 
considered as an intermediate structural component with a 
bar-shaped structure while its very centre contains a black 
hole with a mass equivalent to 4 million Suns. Two major 
stellar arms, each with one loose spiral spur, extend from 
the central bulge outwards. The next constituent of the 
spherical component is the young halo (RGC = 9–20 kpc); 
moving outwards it is followed by the outer halo (RGC = 
20–120 kpc) and the outskirts (RGC = 120–254 kpc) 
confined to the orbit of the remotest satellite galaxy Leo I 
[45, 47]. The Local system, which contains the Solar 
System, resides between the Carina-Sagittarius and 
Perseus Arms. Sometimes this location is related to the 
Orion spur. 

4.2. The Milky Way’s satellite galaxies 

There are 15 known smaller companion galaxies of the 
Milky Way concentrated in three belts. In the inner belt, 
there are three satellite galaxies which are highly 
susceptible to the gravitational tidal interaction with the 
Milky Way. All these companions lie within the young 
halo [45, 47]. The second belt with satellites is associated 
with the Magellanic Stream. It contains seven satellite 
galaxies, including the Large and Small Magellanic 
Clouds, within 90 pc from the centre of the Galaxy. These 
companions are projected as an elongated ellipse outline 
on the celestial sphere. They are clustered mainly towards 
the plane inclined to the galactic equator at an angle of 70о 
[28, 43]. Five satellite galaxies are found in the third belt 
beyond the central 90 kpc; they are also concentrated 
towards the plane inclined to the galactic equator at an 
angle of 50о [46]. There is also an object with no detected 
emission having a mass equivalent to that of the Large and 
Small Magellanic Clouds found in the galactic equator 
plane 90 pc away from the galactic centre [4, 5]. The 
origin of this object has not been clarified so far. 

 
5. Local Group of galaxies  
 
Our stellar system is a member of the Local Group of 

galaxies which is also home to the Andromeda subgroup. 
Galaxies which do not belong to any of these subgroups 
are reckoned as those in the outskirts of the Local Group. 
There are 50 galaxies in the Local Group known so far. 

5.1. The Andromeda subgroup 

The internal structure of the Andromeda Galaxy (also 
known as Messier 31) resembles that of the Milky Way. 
However, since its luminous mass is half as much again as 
that of the Milky Way, the estimated number of its 
constituents (i.e. stars, star clusters, stellar associations and 
smaller companion galaxies) is greater. The mass of its 
central black hole is 15 times that of the Milky Way. The 
Andromeda nebula is an unbarred spiral galaxy. It has less 
dark matter than the Galaxy, though considering its presence 
these two subgroups are of the same mass which is 
corroborated by similar plateaux in their rotation curves [10].  

As of today, there are 18 satellite galaxies known in the 
Messier 31 subgroup, the most distant of which (LGC III 
and And VI) are 280 kpc away from its centre thus 
constraining the scale of this subgroup.  

Satellite galaxies are concentrated towards two planes 
inclined to the equator of M31. Most of them are inclined 
to the galactic plane at an angle of 30о while spheroid 
dwarf satellites are inclined at an angle of 80о [47]. Unlike 
our stellar system, wherein the largest satellite galaxies, 
namely the Large and Small Magellanic Clouds, are 
located relatively close to the Milky Way, in the 
Andromeda subgroup the most massive satellites (M33 
and IC 10) reside in the outer reaches (225 kpc and 250 
kpc away from the centre of M31, respectively). 

5.2. Galaxies in the Local Group outskirts 

Fourteen galaxies do not belong to any of the 
subgroups of the Local Group, and 17 more galaxies are 
potentially to be classified likewise [47]. Their distances 
from the Sun range from 400 kpc to 1,360 kpc. Most 
galaxies in the outskirts of the Local Group are irregular 
with seven of ten irregulars being barred ones (IB type). 
Two galaxies in the constellations Cetus and Tucana are 
classified as elliptical; another two galaxies (in Hydra and 
Antlia) are contiguous and interact with each other. The 
Sagittarius Dwarf Irregular Galaxy (SagDIG) is the most 
distant from the Sun. 

5.3. Kinematics of the Local Group galaxies 

Hubble’s law does not hold within the Local Group. 
The Milky Way and M31 subgroups are approaching each 
other at a radial speed of about 120 km s-1. However, as 
far as beyond the Local Group Hubble’s law starts being 
applicable. A rather plausible explanation of such 
behaviour of the law is that the subgroup dimensions are 
governed by the balance between the forces of attractive 
and repulsion (dark energy) [6]. It means that attraction 
dominates within subgroups while repulsion prevails 
beyond their boundaries. Therefore, it would be more 
reasonable to interpret Hubble’s law with respect to the 
recession of galaxy subgroups rather than that of galaxies. 

 
6. Local Supercluster 
 
Based on the analysis of 1,250 galaxies from the 

Harvard Survey of Galaxies Brighter than the Thirteenth 
Magnitude (Shapley & Ames, 1932; [37]), Gerard de 
Vaucouleurs [8] deduced the existence of the next level of 
the hierarchical structure, namely the Local Supercluster, 
comprising the Local Group. In fact, it was a re-discovery 
of what William Herschel had noticed more than 150 
years earlier [11] since the richest portion of clumping 
which he had detected (with no photo available!) in Coma 
Berenices turned out to be a constituent part of the 
supercluster discovered later by de Vaucouleurs. 

6.1. The Local Group surroundings 

There are five groups of galaxies in the immediate 
surroundings of the Local Group (< 5 Мpc), namely the 
Sculptor group (at a distance d = 2.8 Мpc), IC 342/Maffei 
(d = 3.1 Mpc), M81 (d = 3.7 Mpc), M94/Canes Venatici I 
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(d = 4.0 Mpc) and Centaurus A/NGC 5128 (d = 4.3 Mpc) 
groups [47]. Thus, the Sculptore group of galaxies is the 
closest to the Local Group. Five of these six groups of 
galaxies (along with the Local Group) have two subgroups 
each [47]; these subgroups are well-defined with 
pronounced dominant galaxies, and at least one dominant 
galaxy in each pair of subgroups is spiral. In general, the 
largest of these dominant galaxies are smaller than the 
Milky Way. The Andromeda galaxy is the largest in this 
region while the Milky Way is the fourth in size. The 
discussed region comprises about 200 galaxies (a quarter 
of which belong to the Local Group); it is a component of 
the Local volume which contains more than 630 galaxies 
detected within 10 Mpc from the Local Group [22, 23]. 

6.2. Structure and kinematics of the Local Supercluster  

The Local Supercluster encompasses more than 30 
thousand galaxies, classified into about 100 groups and 
clusters of galaxies [47]. About 60 per cent of galaxies 
belonging to the Local supercluster are concentrated in a 
narrow disc of 50 Mpc in diameter and 3 Mpc thick 
(which is twice the diameter of the Local Group). Almost 
98 per cent of all the galaxies are members of 11 galactic 
clouds; they are well-separated and constitute 5 per cent of 
the Virgo supercluster volume.  

The central region of the Local Supercluster comprises 
three galaxy clusters, the closest of which (d = 16 Mpc) is 
found in the constellation Virgo. Virgo A (M87) galaxy is an 
cD galaxy dominant in this region. The diameter of the Virgo 
cluster is 5 Mpc; its spatial number density is an order of 
magnitude higher than that observed in the groups of galaxies 
(500 galaxies Mpc-3). There are about 200 galaxies with high 
and moderate luminosities observed in this cluster, and two 
thirds of them are spiral galaxies. A total of ≈ 2000 galaxies 
are expected to be detected in this region. 

The Local Group moves at a speed of 300 km s-1 
relative to the Local Supercluster and at a velocity of 620 
km s-1 with respect to the cosmic microwave background 
[47]. Employing the composite velocity vector allowed 
the detection of the so-called “Great Attractor” [39] 
estimated to be a much more massive structure as 
compared to the Local Supercluster. It has emerged that in 
the Local Universe such massive agglomerations have an 
impact on the local value of the Hubble parameter; hence, 
the local velocity field is characterised by the following 
values of the Hubble tensor depending on the directions 
towards the Local Supercluster: 81 km s-1 Mpc-1 towards 
its nucleus; 48 km s-1 Mpc-1 towards its polar axis and 62 
km s-1 Mpc-1 towards the plane perpendicular to the 
direction towards the Local Supercluster [22, 23]. 

 
7. Large-scale structure of the Universe 
 
Superclusters of galaxies assemble into larger 

structures which are referred to as hyperclusters. These 
enormous hyperclusters, in their turn, aggregate into the 
large-scale three-dimensional cosmic web of thickness 
reckoned by its constituent superclusters of galaxies. Such 
a complex arrangement is referred to as the cellular 

structure of the Universe while the formed vast spaces are 
called the voids.  

7.1. The Laniakea hypercluster and Local Void 

As it has turned out, both the Local Supercluster and 
the Great Attractor are members of the Laniakea 
hypercluster (the name “laniakea” means “immense 
heaven” in Hawaiian). This aggregation stretches out over 
160 Mpc, encompasses ~ 100 thousand galaxies and 
consists of about 100 superclusters of galaxies (including 
the Local Supercluster). Laniakea neighbours another 
huge grouping, namely the Perseus-Pisces hypercluster; 
they are separated from each other by the Local Void, 
which is the nearest vast empty region of space with the 
cross-section extent of more than 45 Mpc. This void 
comprises three separate sectors separated by “filament 
bridges” and lies adjacent to the Local Group (at d = 23 
Mpc from Earth); one of its boundaries is delineated by 
the Local Sheet which is a galaxy filament containing the 
Local Group. 

7.2. Cellular structure of the Universe within the 
Hubble length 

The cellular structure of the Universe becomes apparent 
on the scales of an order of billions of light-years. It is 
possible to distinguish large-scale filaments comprised of 
super- and hyperclusters of galaxies spaced by voids. Such 
an arrangement is also typical for larger scales, for which 
another specific rule holds: the more distant an object is, the 
earlier in its evolution the object can be surveyed. The most 
distant structures tend to show main features of the early 
Universe. Features of galaxies and large-scale structures 
into which they combine differ from those observed at 
noticeably shorter distances. This is the manifestation of the 
space-time structure of the Universe. 

In compliance with Hubble’s law, the increase in the 
velocity of the observed objects is limited by relativity to 
the speed of light. Substituting the speed of light for the 
recessional velocity in the equation for Hubble’s law 
yields the Hubble distance to the objects currently 
receding at the speed of light. This distance is referred to 
as the radius of the Hubble sphere (or the Hubble length). 
Any objects beyond the Hubble length cannot be seen by 
observed from Earth. On the other hand, any quant of light 
of out universe cannot get outside the Hubble sphere. It 
means that for an external observer our universe appears 
to be as a black hole. Is there such an external observer? 
Nobody knows. Certain cosmologists allow for the 
existence of wormholes where the mouth of each is a 
black hole; if this were true, it would be a chance to 
survey other universes since theoretically a photon could 
traverse from one universe to other ones through such 
wormholes. And perhaps, if a spatial resolution of an 
interferometer with an extremely large database sufficient 
to clearly resolve the Schwarzschild radius of 
supermassive black holes (for which such radius should be 
immense) is reached one day, these black holes will serve 
as peculiar windows through which we will be able to take 
a look at other universes. 

 

60 Odessa Astronomical Publications, vol. 31 (2018)



8. Conclusions 
 

As can be seen from the brief analysis of the observed 
stellar systems and their groupings of different levels of 
complexity, their general hierarchy is quite evident with 
simple systems being included into larger structures.  

There are three levels of the stellar system hierarchy: 
1) multiple stars and planetary systems; 
2) star clusters and associations; 
3) galaxies. 

On a larger scale, galaxies combine into  
1) groups; 
2) clusters; 
3) superclusters; 
4) hyperclusters. 

For the latter, the following pattern of arrangement is 
assumed: 

а) ~ 100 groups form a supercluster; 
б) ~ 100 superclusters form a hypercluster. 

Therefore, subgroups and clusters of galaxies are 
intermediate structural components of a large-scale 
hierarchy of the assembly of galaxies. 

So far, for us, Earth’s inhabitants, the full address has 
been established according to our location in the Universe 
– namely, that from the residence in the Solar System in 
our Galaxy to the Laniakea hypercluster beyond which the 
large-scale space-time cosmic web only exists. The next 
aspect of the universe structure to be explored is the 
position of our Universe among other universes if they 
exist… 
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ABSTRACT. This paper discusses radiative and ther-

modynamic properties of cold rarefied aggregates of non-
uniformly distributed gas and dust through which high 
fluxes of positrons with energies of 0.011-3.6 MeV pass. 
The investigated gas is in the form of a nebula with densi-
ties of 1-108 cm-3 and temperatures ranging from 30-100 
K. We estimated the energy input into thermodynamic 
temperatures of the ejecta components. Additional heating 
and γ-ray luminosity of all the components of the exam-
ined ejecta were factored in. The structure of the radiation 
field S(E,r) and electron velocity distribution function 
F(E,r) were determined depending on the energies of 
quanta and electrons, respectively. The ejecta of SN 
1987A was considered as an ideal object to investigate the 
positron impact on the nebula. The interaction of positrons 
with solids, atoms and molecules was examined separate-
ly. Traveling of positrons in solids typically results in their 
enhanced amorphous state, heating and annihilation with 
free electrons of solid-state grains with emission of two 
photons each of the energy Εஓ = 0.511	MeV. Consequent-
ly, a characteristic excessive luminescence of dust parti-
cles, namely astronomical silicates and graphite, occurs. 
In fact, the energy loss of fast positrons due to ionisation 
leads to consecutive creation of K-L-M vacancies, which 
is followed by cascade transitions with the transfer of the 
remaining energy to the Auger electrons rather than to 
surrounding atoms which make up a solid. In this case, in 
a solid particle, the energy released in cascade transitions 
is either used to change the lattice structure or converted 
into γ-quanta emission upon the annihilation of positrons 
and K-L electrons. The estimated energy used to heat a 
solid particle itself makes up a half of the energy released 
in the downward M-L-K cascades, which is indicative of a 
significant contribution to the energy balance of the ejecta 
dust. This contribution exceeds the energy estimates from 
the net radiation loss of particles in the matter. In the neb-
ular atomic-molecular plasma of the supernova ejecta, the 
conservation of energy dictates that the energy lost to 
create a K-vacancy is allocated to the subsequent cascade 
transitions and the Auger electrons while the one-photon 
annihilation of positrons and K-electrons of atoms and 
molecules yields characteristic γ-quanta with energies 
close to their own values - Εஓ ≈ 1.022	MeV. The study of 
annihilation of positrons and K-electrons with emission of 
a single photon revealed a relationship between the energy 
of the emitted γ-quanta with the recoil energies of nuclei -  
E୬, binding energies of K-electrons of different atoms - Eୠ 
and energies of incident positrons  E୮. The cross-sections 

for interactions of positrons and atoms in the investigated 
young supernova remnants were calculated and scaling of 
electron arrangements of the atoms involved in those 
interactions was performed. We pointed out that for the 
iron-peak atoms the cross-section for the positron-atom 
interaction increases by four orders of magnitude, thus 
making the interaction between positrons and electrons in 
the K-L shells the most probable. It is shown that in astro-
physics the positron annihilation spectroscopy of matter 
yielding a characteristic radiative response has opened up 
new opportunities for studying young supernova remnants 
and active galactic nuclei. In particular, it is now possible 
to independently determine the mass ratio of dust and gas-
molecular components by the strength ratio of annihilation 
γ-lines I (0.511)/I (1.022). We report the estimated contri-
bution of various elements to the profiles of the indicated 
γ-lines and conclude that it is not related to the proper 
dynamic motions of the supernova remnants. This is a 
crucial factor in the study of bulges in active galactic 
nuclei wherein the physical conditions are assumed to be 
steady-state in relatively large scales.  

Keywords: II type SN remnants, radioactive elements, 
positron spectroscopy of remnants dust and gas. 

АБСТРАКТ. В даній роботі розглянуто радіаційні і 
термодинамічні властивості холодних розріджених 
агрегатів, які містять неоднорідно розподілені газ і 
пил, що зазнають інтенсивного проходження потоків 
позитронів з енергіями 0.011-3.6 МеВ. Розглянутий газ 
перебуває в небулярному стані зі  щільністю 1-108 cm-3 
і температурою 30-100К. Отримано енергетичний 
внесок у термодинамічну температуру компонентів 
оболонок. Враховано енергетичний внесок у  додатко-
ве нагрівання і  світіння в  γ-області спектру  усіх  
компонентів випромінювання оболонок. Визначено 
структуру поля випромінювання S(E,r) і функцію 
розподілу електронів за швидкостями F(E,r) в залеж-
ності від  енергій квантів або електронів. Оболонку 
SN 1987A розглянуто як ідеальний об'єкт впливу  
позитронів на небулярне середовище. Окремо розгля-
нуто взаємодії позитронів з пилом, атомами і молеку-
лами. Характерними наслідками руху позитронів у 
твердих частках є збільшення їх аморфності, нагрів і 
двухфотонна анігіляція з вільними електронами твер-
дотільних утворень енергією квантів  ߃ఊ =  ,ܸ݁ܯ	0,511
внаслідок чого виникає характерне надлишкове сві-
тіння пилу – астрономічних силікатів і графіту. Іоні-
заційні втрати енергії швидких позитронів по суті  не  
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призводять до послідовних процесів утворення K-L-M 
вакансій, каскадних переходів і передачі залишкової 
енергії Оже-електронам, а викликають нагрів пилу. У 
цьому випадку енергія від каскадних переходів у тве-
рдій частці більшою мірою пов’язана з витратами на 
зміну кришталевої структури і будують  γ-кванти від 
анігіляції позитрона з К-L-електронами. Енергію, 
витрачену саме на нагрів пилу, оцінено як половина 
енергії N-M-K каскадів. У цьому випадку знайдена 
суттєва складова у енергобаланс пилових часток обо-
лонок, яка перевищує оцінки по чистим радіаційним 
втратам часток у речовині. В небулярній атомно-
молекулярній плазмі оболонки наднової енергія, яка 
утворена позитроном К-вакансії перерозподіляється 
між каскадними переходами і Оже-електронами, а 
однофотонна анігіляція позитронів з К-електронами 
атомів і молекул продукує характерні γ-кванти з енер-
гіями значень близько ߃ఊ ≈ 1,022	MeВ.  В роботі, під 
час дослідження однофотонної анігіляції позитронів з 
К-електронами виявлено зв’язок енергій утворених γ-
квантів з енергіями віддачі ядер ܧ௡, енергіями зв’язка  
електронів з К-оболонок – ܧ௕  різних атомів  і  енергі-
ями позитронів – ܧ௣. Обчислені перетини взаємодій 
позитронів з атомами розглянутих молодих оболонок 
наднових і отримані масштаби атомних електронних 
структур, що залучено у цю взаємодію. Визначено, що 
для атомів залізного піку перетини взаємодій позит-
ронів з атомами зростає на 4 порядки і утворює взає-
модії позитронів з оболонок K-L-електронів найбільш 
вірогідними. Доведено, що позитронна спектроскопія 
речовини у вигляді його характерного радіаційного 
відгуку розкриває для астрофізики нові можливості у 
дослідженні молодих залишків наднових та активних 
ядер галактик. Зокрема, у відношенні інтенсивності 
анігіляційних γ-ліній I(0,511)/I(1,022) виявляється 
можливим незалежне визначення відношення пилової 
маси до маси газово-молекулярної складової. Зробле-
но висновки з приводу вкладу у профілі зазначених γ-
ліній, які викликано різними елементами. Показано, 
що цей внесок не пов’язаний з власними динамічними 
рухами оболонок наднових. Вищезазначена обставина 
є особливо важливою при дослідженні Балджа актив-
них ядер галактик, де фізичні умови вважаються ста-
ціонарними на відносно великих масштабах 

Ключовi слова:  Наднові ІІ типу, радіоактивні еле-
менти, позитрона спектроскопія газу та пилу залишків    
наднових. 

 

1. Introduction 
 
The motion of fast particle streams through matter has 

always been used for studying of media. In the age of the 
first experiments of Ernest Rutherford and his apprentices, 
it had been already evident that the quantum structure of 
matter reacted differently to such particles. In those exper-
iments, the motion of fragments of radioactive nuclei after 
their decay could trigger different energy responses for 
one and the same matter, depending on its phase state. For 
solids and even for liquids, the loss of energy results in the 
least radiative response. After a fragment resulted from 

the decay creates a vacant K-L-M energy level in an atom 
in a solid phase, the energy conserved in this transition to 
the excited state is re-allocated between consecutive cas-
cades and change of the lattice structure of the solid. In 
addition, the stronger the interatomic bond in a solid is, 
the more efficient the latter route is. For a perfect dia-
mond-lattice the radioactive emission results in the change 
of its spectral properties (i.e. colour, absorption coeffi-
cient, conductivity, Young’s modulus, etc.). This is why 
dust particles in young supernova remnants change their 
optical and structural properties even during relatively 
short observations. A decrease in Young’s modulus is 
indicative of their amorphisation, as well as accelerated 
disintegration and sputtering of these particles in the inter-
stellar medium. Liquids behave similarly to solids, with 
the only exception being that the released energy is con-
verted predominantly into emission and dissociation of 
molecules which leads to an effective increase in the tem-
perature of the liquid. In astrophysics, the nebulae have 
never been observed as liquid gas-and-dust aggregates. 
Therefore, it is more reasonable to focus on studying the 
radiative properties of gas and dust being traversed by 
positrons. The presence of strong fluxes of hard radiation 
in the interstellar gas, supernova remnants and upper at-
mosphere of some stars results in qualitatively new effects 
and appearance of spectra of these media. In such media, 
as a result of vacant K energy levels created due to posi-
tron traveling, atoms undergo consecutive cascade transi-
tions with the transfer of the remaining energy to the Au-
ger electrons. In some cases, hard radiation produced in 
supernova remnants passes through very cold (30-80 K) 
gas and dust of the nebula. In these circumstances, we 
have got dual-mode source functions S(E,r) and electron 
velocity distribution functions F(E,r) depending on the 
energies E of photons and electrons, respectively, as well 
as on the current position r in the Type II SN 1987A rem-
nant (Jerkstrand et al., 2001; Doikov & Andrievskii, 2017; 
Doikov et al., 2018). The low probability of recombina-
tion of the excited atoms and molecules, along with the 
given specific values S(E,r) and f(E,r), indicates that the 
excited state of atoms of the supernova ejecta due to their 
ionisation is being maintained. As a consequence, the 
lifespans of a certain portion of atomic ions are long and 
comparable with the typical half-lives of radioactive ele-
ments injecting respective fast particles. A new method of 
distinguishing between isotopes using the ratio of inte-
grated strengths of their lines I( CaIଶ଴

ସସ )/I( CaIଶ଴
ସ଴ ) was re-

ported in the afore-mentioned papers. CaIIଶ଴
ସସ  is a final 

product of radioactive decay chain Ti
଼ହ	୷
ሱ⎯ሮ Scଶଵ

ସସ ଺	୦
ሱሮ Caଶ଴

ସସ
ଶଶ
ସସ  

while CaIଶ଴
ସ଴  is the end-product of synthesis in the progeni-

tor star. Line profiles of neutral and ionised atoms are well 
studied for both isotopes. Spectroscopic response to the 
positron fluxes in the ejecta of SN 1987A was observed 
with the Hubble Space Telescope on 07th of January, 
1995, eight years after the supernova explosion. Optical 
transitions in the neutral and ionised calcium atoms were 
observed among others (Jerkstrand et al., 2011). Over 
several years of the infrared studies of this supernova, it 
has become evident that its ejecta consist of fragments 
(clumps) in which heavy elements that comprised the 
progenitor core before the explosion are concentrated 
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(Doikov et al., 2018). These clumps contain dust particles 
which produce mid- and far-IR emission spectra typical 
for astronomical silicates. Graphite and other carbon-
containing particles are less abundant and may have 
formed in the clumps originated from the C/O region of 
the progenitor star (Woosley et al., 1991).  

The mere fact of the optical emission spectra from the 
ejecta clumps is indicative of the presence of astronomical 
silicates therein. The inter-clump medium, as well as the 
frontal regions of the remnant, is rich in hydrogen and 
helium which together comprise 70% of the supernova 
ejecta matter. The density of hydrogen and helium in the 
clumps in the inner part of the ejecta is 104 cm-3 while in 
the inter-clump medium it is close to the interstellar value 
of  1 cm-3.  The presence of clumps in the interior of the 
ejecta is associated with their inertness. Major portion of 
hydrogen and helium (90% of their total abundance) is 
concentrated in front of these clumps, i.e. in the outer part 
of the ejecta. According to Varosi & Dwek (1999), the 
minimum number of clumps in the ejecta with the ele-
mental distribution as specified above may be set to 100. 
Such distribution of the ejecta fragments, i.e. clumps, was 
suggested on the basis of high-precision measurements of 
the IR emission from the dust concentrated in those 
clumps. Thus, there is a problem set out to solve, which is 
to semi-empirically determine the spectroscopic response 
within the clumps containing the radioactive isotope of 
titanium - ܶ݅ଶଶ

ସସ . The total amount of this isotope derived 
from the measurements of the radiation component of the 
products of a series of radioactive transformations 
ܶ݅

଼ହ	௬
ሱ⎯ሮ ܵܿଶଵ

ସସ ଺	௛
ሱሮ ଶ଴ܽܥ

ସସ
		ଶଶ
ସସ  is 1027 kg (Grebenev et al., 2012). 

With the half-life of 85 years, the standardised number of 
positrons within the bulk of the ejecta is 1051. Prior to 
their annihilation, positrons in the clumps undergo 103 

collisions on average. In the H/He of the outer part of the 
ejecta, this number averages 104 – 105 collisions. It means 
that over last 28 years after the hydrogen recombination 
the radioactive decay of ܶ݅ଶଶ

ସସ  has been a significant source 
of excitation of atoms and molecules. This paper focuses 
on the study of γ-emission spectra resulted from the posi-
tron annihilation in the gas and dust components of young 
supernova remnants. There are qualitative physical differ-
ences in the positron interaction with solid dust fraction 
and individual atoms and molecules. When a positron 
moving through matter is slowing down and losing energy 
by ionisation, it will decelerate until its energy is down to 
the thermal energy of free or atomic loosely-bound elec-
trons in the solid. As a result, the positron and an electron 
form a pair which further annihilate with the emission of 
two γ-quanta each with the energy ܧఊ = 0,511MeV. An-
other mode of electromagnetic interaction between posi-
trons and bound K-electrons results in the annihilation 
with emission of a single photon. This process will be 
discussed below in section 2 which proves its relevance to 
the study of young supernova remnants after the hydrogen 
recombination. The dependence of the cross-section for 
the one-photon annihilation on the energies of incident 
positrons and main characteristics of atoms and their nu-
clei will be considered separately in the same section. In 
this case, given the preliminary determined De Broglie 
wavelengths for positrons, it is possible to identify the 

atomic energy levels in which positrons enter into annihi-
lation interactions with electrons. Average thermodynamic 
quantities of supernova remnants, unlike those of the 
active galactic nuclei, change with time as described in 
sub-section 1.2. Time-varying chemical composition due 
to radioactive decay is another specific feature of such 
physical systems. Positron annihilation spectroscopy, 
combined with the findings reported by Doikov et al. 
(2018), allows obtaining information about the chemical 
evolution of supernova remnants using γ-lines produced 
by different elements. The kinetic energy of recoiling 
nuclei released upon the investigated single-photon anni-
hilation will be derived in the same section. We suggest 
considering the relationship between the calculated kinetic 
energy and characteristics of the recoiling nuclei spectral 
lines, including their Doppler broadening. These aspects 
have been discussed in more detail in Doikov et al. 
(2018). The γ-line profiles in astrophysical systems of a 
given type have been understudied; however, the im-
proved accuracy of γ-detectors along with the results ob-
tained in this research make it possible to adopt them for 
the quantitative study of diffuse nebulae which include 
supernova remnants. 

 
2. Positron annihilation spectroscopy of young su-

pernova remnants. Energy loss of positrons due to 
ionisation without annihilation in the nebular gas. 

 
The main reason for the luminescence of cold gas and 

dust in young supernova remnants is the ionisation by 
positrons moving in the matter. Positrons diffuse the ejec-
ta and trigger the luminescence emission throughout its 
entire volume which can be observed in different spectral 
regions at the current epoch. Let us consider such super-
nova remnant as a closed system with an attached moving 
reference frame. The law of total charge conservation for 
the ejecta should imply the equal number of positrons 
produced and annihilated per unit time. Otherwise, the 
condition of zero net charge of all ions, electrons and 
positrons is not met. In the afore-mentioned radioactive 
decay series, one 1s electron of the  ܶ݅ଶଶ

ସସ  isotope atom is 
captured while another one is shed as an Auger electron 
following the positron emission of the unstable isotope 
ܵܿଶଵ

ସସ . As noted in Doikov et al. (2017), in the supernova 
remnants positrons are more likely to annihilate with 
atomic K-electrons rather than with free thermal electrons. 
This statement has been corroborated by the International 
Gamma-Ray Astrophysics Laboratory (INTEGRAL) 
observations (Grebenev et al., 2012). The energy loss of 
positrons due to ionisation adds new cascade transitions to 
the detailed static balance equation; and the Auger effect 
is factored in in the Saha ionization equation factors. As a 
result, the supernova remnant is supplemented with the 
radiation field of hard photons and high-energy Auger 
electrons. These emergent quanta of hard radiation and 
especially the ejected Auger electrons proceed to excite 
the surrounding atoms of metals and give rise to copious 
number of transitions thereby filling the supernova ejecta 
with the diffusive radiation. The respective transitions 
triggered in such a manner were observed in optical and 
IR regions with the Hubble Space Telescope in January, 
1995. At the current epoch, this physical system is at the 
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nebular phase. It means that quanta and electrons have 
energies which are sufficiently high to excite atoms and 
molecules within the entire volume of the ejecta. Since 
radioactive decay serves as an extra source of energy, we 
consider certain elementary steps of the ܶ݅ଶଶ

ସସ  radioactive 
transformations which are valuable for further calculations 
of estimates in compliance with the radioactive decay law. 

ܰ = ଴ܰ݁ିఒ௧ = ଴ܰ݁
ିబ.లవఴ೹భ/మ

௧
,  (1) 

where ଵܶ/ଶ  is the half-life of ܶ݅ଶଶ
ସସ  ; ଴ܰ is the initial num-

ber of atoms of this radioactive isotope. It is more efficient 
to use the rate of decay, i.e. the activity of the radioactive 
isotope, expressed as A, which is the number of decays 
per second and equal to the time derivative of N. In other 
words,  

ܣ = ௗே
ௗ௧
= − ଴ܰ

଴.଺ଽ଼
ఁభ/మ

݁
ିబ.లవఴ೹భ/మ

௧
.                 (2)  

Taking into account the total amount of the titanium 
isotope ܶ݅ଶଶ

ସସ , which has been estimated from the observa-
tions by Grebenev et al. (2012) and is 1027 kg, it may be 
deduced that at the current epoch on average one to three 
decays fall on each 1 cm3. It means that every second one 
to three positrons is ejected. The density of matter in the 
regions where the clumps are located is of the order of 104 
particles per 1 cm3 or 104 cm-3. In the outer H/He envelope 
in front of the clumps, the density reaches 108 cm-3. When 
an ejected positron just starts traveling, its maximum 
energy is of the order of 3.6 MeV; then, it loses 0.1% of 
its energy in each collision with the ejecta atoms. The 
kinetic energy loss of such a positron by ionisation is due 
to its annihilation with predominantly K-electrons, result-
ing in the creation of the respective core hole and transi-
tion of the atom to a highly excited state.  

Prior to annihilation with a bound atomic electron, a 
positron undergoes at least 103 collisions with heavy at-
oms and up to 104 collisions with light atoms. In other 
words, in the SN 1987A remnant at the current nebular 
phase, positrons are promoting transitions to the excited 
states throughout the entire ejecta, rather than just within 
clumps wherefrom they have been ejected (Doikov et al., 
2018). Let us calculate the specific energy of such colli-
sional excitation by positrons. To this end, the chemical 
composition of the supernova ejecta should be specified. 
Having defined the elemental distribution of the matter in 
the ejecta clumps, we can calculate the initial rates of the 
elementary processes required to comply with the basic 
laws of conservation. First of all, we should take into 
account the Kirchhoff's law which states that in thermo-
dynamic equilibrium the emissivity of matter is equal to 
its absorptivity. The thermal radiation coefficient (ߥ)ߟ 
should be correlated with the coefficient of thermal energy 
(heat) absorption  ݇(ߥ) and intensity of thermal radiation 
,݊)߇  :(ߥ

(ߥ)ߟ = ,݊)߇(ߥ)݇  (3)            .(ߥ

This formula does not require factoring in the dissipa-
tion of energy of incident positrons due to its minor con-
tribution to the kinetic energy dissipation coefficient as 
compared to the reduction of energy due to positron scat-

tering (or deflection). According to the preliminary esti-
mates reported by Kaastra & Mewe (1993) upon the re-
sults of quantum-mechanical computations, for the iron-
group elements about a half of the energy conserved upon 
the creation of a K-L vacancy is spent on triggering a 
cascade of radiative transitions while the rest is converted 
into the kinetic energy of the Auger electrons. In this case, 
equation (3) may be written as follows: 

(ߥ)ߟ = ,݊)߇(ߥ)݇	0,5  (4)   .(ߥ

The energy carried away by the Auger electrons should 
be then reduced by the total ionisation potential of all prin-
cipal energy levels which these electrons occupied before 
the ejection. (Figures 1-3 in Doikov et al. (2018) illustrate 
the results of precise calculations of kinematic and radiative 
properties of the ejecta for different regions of the SN 
1987A remnant, given its clumpiness as postulated by 
Woosley et al. (1988). The spectroscopy of nebulae is fea-
sible if there is a central compact source of radiation or if 
the nebula itself contain any sources of excitation of radia-
tion components (gas, molecules and dust). Among various 
codes used to simulate conditions in planetary nebulae, the 
most popular is the Cloudy code developed by Ferland 
(1998) and its modifications by Melech (2015). Note that 
the incoming flux of hard radiation from the central source 
to the planetary nebula does not affect the charge neutrality 
of the medium. Hard radiation promotes both light elements 
and metals to multiple excited states. In other words, one 
hard UV quantum when hitting, for instance, an iron atom, 
promotes several low-lying excited states. Subsequently, 
the de-excitation of the atom occurs via numerous allowed 
transitions through intermediate excited states. The nebula 
eventually luminesces producing a characteristic emission 
spectrum. The progress in examining spectra of planetary 
nebulae made it possible to accurately specify their physical 
properties and distinguish the CNO (carbon-nitrogen-
oxygen) ions sensitive to the electron density and tempera-
ture, as well as to other important characteristics of the 
nebula. In particular, the fluxes and spectra produced by the 
central source can be adequately separated from the sec-
ondary, the so-called diffuse components of the spectra of 
planetary nebulae. When the sources of excitation are pre-
sent in the ejecta being diffusively distributed therein, it 
seems feasible to study it using the Osterbrock-Lucy equa-
tions (formulae 8-12 here below). Employment of these 
formulae requires determination of the cross-sections for 
absorption, dissipation and emission in the nebular gas of 
the ejecta, as well as densities of atoms of different chemi-
cal elements and geometric parameters of the clumpy struc-
ture of the ejecta.  

Earlier mentioned cascade transitions in atoms 
throughout the ejecta are constrained on their characteris-
tics by the selection rules. Basically, there is only one 
allowed electron transition to the K shell (2p-1s) in the 
CNO elements. In the iron-peak elements after Sc, two 
electron transitions are allowed (3d-2p and 2p-1s). In 
other atoms, if the vacancy–filling transition is forbidden, 
the vacant energy level can only be filled by the recombi-
nation through allowed intermediate transitions (e.g. 
through f-levels) rather than via cascade transitions. At the 
current epoch, the primary radiation field is formed with-
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out significant conversion of the short-wave quanta emis-
sion to optical one, with the only exception being the 
intrinsic IR-emission of the ejecta dust particles, which are 
astronomical silicates. According to the findings by 
Doikov et al. (2018), the presence of the graphite dust in 
the SN 1987A debris should have resulted in blocking out 
the optical radiation, though, in fact, it was recorded dur-
ing the Hubble Space Telescope observations in 2005, in 
the eighth year after the supernova explosion. 

 
3. Young supernova remnants. Gas dynamics in the 

supernova ejecta. 
 
Today, the most extensively studied supernova remnant 

is SNR 1987A. As all supernova remnants, it has already 
passed the stage of free expansion after the supernova 
explosion 31 year ago, and is reckoned to be in the form 
of a nebula. Due to exponential relationship between the 
key thermodynamic and kinematic parameters of the su-
pernova ejecta, the gas-dynamic structure of intense ex-
plosions during the adiabatic phase of its expansion makes 
it possible to describe the remnant by the similarity and 
dimensional methods. In so doing, given a sufficient set of 
observations, the power-law indices in the equations of 
gas dynamics for the spherically expanding ejecta can be 
determined semi-empirically and written as the following 
simple expressions: 

௥ܯ)ߩ                       , (ݐ = ,଴ܯ)ߩ (଴ݐ ቀ
௧
௧బ
ቁ
ିଷ

, 

௥ܯ)ܶ , (ݐ = ,଴ܯ)ܶ (଴ݐ ቀ
௧
௧బ
ቁ
ିଷ(ଵିఊ)

              (5) 

where ܯ଴ = ,⨀ܯ20 ߛ = 1.25 − 1.30. The temperature 
௥ܯ) and density (ݐ௥ܯ)ܶ ,  of the ejecta depends on the (ݐ
distance from the explosion site r and timescale of the 
process t. With the knowledge of the law of variations in 
the mean thermodynamic values it became possible to 
calculate the amount of dust resulted from the ejecta ex-
pansion. According to various estimates, the mass of the 
dust reaches one solar mass. Assuming the clumpy stric-
ture of the supernova ejecta, it may be deduced that astro-
nomical silicates and graphite dust were formed in differ-
ent regions of the ejecta at different times (within one to 
two years after the explosion as per observations). The 
presence of the dust particles, which radiate via lumines-
cence being exposed to the emission from the shock 
fronts, made it possible to study the interstellar medium at 
the front of the forward shock, as well as the supernova 
ejecta undergoing shock cooling described by formulae 
(5), over two decades after the explosion. However, re-
duced X-ray emission from the forward shock, which has 
been observed since 2015, should have resulted in the 
disappearance of the intrinsic emission of the dust; 
though, in fact, the X-ray emission has decreased to a 
lesser extent than predicted by the calculations of the dust 
energy balance. The self-emission of gas and dust in the 
ejecta observed over last 20 years has called for the pres-
ence of extra sources of energy, to which, earlier in the 
introduction, we have attributed the radioactive transfor-
mations of the ܶ݅ଶଶ

ସସ  isotope. Thus, for the supernova ejecta 

we can postulate the presence of a nebula with inner 
sources of energy. Observations in recent years have also 
shown that the supernova ejecta are clumpy. Dust and 
heavy elements, which are the supernova nucleosynthesis 
products, are concentrated in the ejecta clumps. The num-
ber of such clumps is of the order of 100. The clumps are 
surrounded by hydrogen and helium; these elements being 
concentrated mainly in the outer regions of the ejecta 
make a significant fraction of its total mass.  

The mean relative abundances of chemical elements in 
this study were estimated from the pair of equations (5). 
The total number of positrons in the ejecta is 1051, which 
is equivalent to one positron per 1 cm3. The volume of the 
ejecta expands with time while the number of positrons 
per 1 cm3 of the ejecta decreases; in any case, it results in 
the reduction in the emissivity within the entire bulk of the 
ejecta. The total luminosity of the ejecta may be taken as a 
constant value, which is valuable for the observations at 
short wavelengths, including the γ-rays. Another im-
portant aspect is that the shape of the remnant is not of 
significance for the integrated observations of sufficiently 
distant young supernova remnants. In this case, the rem-
nant is considered to be spherically symmetric. It is also 
important for mapping the supernova ejecta. 

 
4. Radiative transfer in the ejecta 
 
A specific feature of the Type II supernova remnants is 

the distribution of emitters within the entire bulk of the 
ejecta clumps. In this case, the motion of radiative fluxes 
is diffusive and isotropic rather than directed. This prob-
lem has been first considered for the active galactic nuclei. 
The excited state of atoms, molecules and dust resulting in 
their own radiation within large volumes of gas-and-dust 
aggregates was associated with the ejection of high-energy 
particles, i.e. cosmic rays, and exposure to hard X-rays 
and γ-rays. A solution to the equation of radiative transfer 
for volumetrically distributed emitters, i.e. dust particles, 
was proposed in the monograph by Osterbrock (1989). 
Later, Lucy et al (1991) modified the relations obtained by 
Osterbrock in order to simultaneously factor in the absorp-
tion and dissipation of the volumetrically emitted quanta. 
The resulting relations, which are important for our study, 
bear the name the Osterbrock-Lucy equations: 

     ௘࣪௦௖
௨௡௜௙(߬, ߱) ≡ ௉೐(ఛ)

ଵିఠ[ଵି௉೐(ఛ)]
,   (6) 

௘ܲ(߬) =
ଷ
ସగ
ቂ1 − ଵ

ଶఛయ
+ ቀଵ

ఛ
+ ଵ

ଶఛమ
ቁ ݁ିଶఛቃ         (7) 

where   ߬௘௫௧ = ߬௔௕௦ + ߬௦௖௔௧, ߱ = ߬௦௖௔௧ ߬௘௫௧ൗ .      
Assuming that ε is the emission per unit volume of a 

clump and adopting equations (18) and (19), Varosi & 
Dwek (1998) derived formulae of the intensity ܫ௢௨௧(߬,  (ߠ
and total emerging flux ܨ௢௨௧(߬), which will be convenient 
for further calculations: 

,߬)௢௨௧ܫ (ߠ =
ఌ
ఘ఑
(1 − ݁ିଶఛ ୡ୭ୱ(ఏ)),  (8) 

(߬)௢௨௧ܨ =
గఌ
ఘ఑
ቀ1 − ଵ

ଶఛయ
+ ቀଵ

ఛ
+ ଵ

ଶఛమ
ቁ ݁ିଶఛቁ   (9) 

For the ejecta clumps with different composition the to-
tal emerging flux ܨ௢௨௧(߬) depends on the ratio between 
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the scattering, absorption and emission coefficients. The 
structure of the radiation field of clumps containing no 
dust was described by Doikov et al. (2018). In particular, 
the source function S(E,r) was defined. The presence of a 
substantial amount of the graphite dust in the ejecta should 
have noticeably suppressed the short-wavelength portion 
of the source function S(E,r) that could have made the 
production of the remnant atomic spectra, de facto ob-
served in 1995, impossible. The graphite dust contributes 
to the emission from the shock fronts of SN 1987A 
whereas the silicate dust emission fits better to explain the 
spectroscopic features of the ejecta. The particle-size 
distribution function n(a) 	≈ ܽିଷ,ହ; 	10ିଽ݉ < ܽ < 0.25 ∙
10ି଺݉ is typical for the silicate dust. When interpreting 
the spectroscopic data on the interstellar medium and 
supernova remnants, we consider the so-called astronomi-
cal silicates. Apart from their intrinsic emission, these 
particles scatter the short-wavelength component of S(E,r) 
and let the optical and partially IR emission through. 
When calculating monochromatic optical depth of a clump 
for a given S(E,r), we can add the expression for the 
emerging flux produced exclusively by astronomical sili-
cates to formula (21) for the total emerging flux ܨ௢௨௧(߬): 
(ߣ)ఒ௦௜௟ܨ = )ఒ߀(ߣ)ௗ݇݉ߨ4 ௗܶ)   (10) 
In this formula, ݉ௗ is the mass of the silicate dust in an 

ejecta clump; ݇(ߣ) is the absorption coefficient for a given 
type of astronomical silicates; ߀ఒ( ௗܶ) is the Planck func-
tion for particles with the temperature ௗܶ. Unlike active 
galactic nuclei wherein particles which promote excita-
tion, as well as quanta, widely range in their energies, the 
SN 1987A ejecta contain positrons serving as an excita-
tion source with energies constrained by the nuclear 
transmutation laws which can reach 3.6 MeV. As men-
tioned earlier, the satellite observations provided a rather 
accurate estimate of the amount of the titanium radioac-
tive isotope in the SN 1987A ejecta – 1027 kg. It means 
that the energetic activity of the radioactive titanium is 
strictly determined at a given instant of time. The spectro-
scopic response of cold gas and dust in the ejecta, through 
which the fluxes of positrons pass, is no different from the 
analogous spectroscopic response to the flux of electrons. 
The differences appear at low intrinsic energies of posi-
trons, i.e. at the stage of positron annihilation. Since the 
density of matter of the ejecta at the nebular phase is ex-
ceptionally low, it may be postulated that the probability 
of annihilation of positrons and free electrons within this 
nebula is low. The electron density is orders of magnitude 
lower than the atomic one. Hence, the annihilation of a 
positron with a bound atomic electron would be more 
probable. Low-energy positrons within the ejecta clumps 
annihilate mainly with K-L electrons of atoms. As will be 
shown below, upon such annihilation event, following the 
laws of conservation of energy and momentum, the atom 
is allowed to emit a single γ-quantum with the energy of 
the order of 1.0-2.79 MeV. Annihilation of positrons with 
free electrons yields two γ-quanta each with the energy of 
0.511 MeV. It is the positron annihilation with bound 
electrons resulting in the emission of a 1.022 MeV quan-
tum that has been detected by the INTEGRAL observa-
tions. It is problematic to suppose that there is a stable 
production of a certain amount of primary electrons with 

the given narrow range of energies similar to that one of 
positrons in the absence of a compact relativistic source in 
the supernova remnant. Therefore, young supernova rem-
nants may be considered as unique objects with respect of 
their γ-ray spectroscopic measurements. The improved 
resolution of the γ-spectra of young supernova remnants 
allows considering the problem of differentiation of these 
spectra by the chemical composition. The optical thick-
ness of matter factoring in the energy distribution of quan-
ta in the γ-ray region of the ejecta spectrum will be de-
rived in the next section.  

 
5. Determination of the SN composition by the posi-

tron annihilation spectroscopy methods. Annihilation 
γ-lines. 

 
The determination of the field of positron velocities 

(kinetic energies) in the ejecta, as well as the elemental 
electronic arrangement, enables us to set the problem of 
their identification. The radioactive transformation of the 
ܶ݅ଶଶ

ସସ  yields positrons with low Lorenz factor. In this case, 
the problem on the interaction and further annihilation of a 
positron with a K-electron of the target atom can be 
solved in the boundary approximation of low energies 
(Doikov et al., 2018; Mikhaylov et al., 1998; Anshu et al. 
2010). To this end, first, it is necessary to calculate the 
cross-section for the single-photon annihilation of a posi-
tron with an atomic K-electron by the following formula: 

௘శߪ
ା =  (11)   ,(௘శ߃)ସ߮ߙ଴ܼହߪ

(௘శ߃)߮                 =
ସ௠೙

య

௣೐శ(ா೐శା௠೐)
൬
ா೐శ
మ

௠೐
మ +

ଶ
ଷ

ா೐శ
௠೐

+ ସ
ଷ
−

																																							−	
ா೐శାଶ௠೐

௣೐శ
ln

ா೐శା௣೐శ
௠೐

൰,   (12) 

where ߃௘శ , -௘శ are the energy and momentum of an inci݌
dent positron, respectively; ݉௘ is the mass of a core elec-
tron; Z is the atomic number of the core electron; ߪ଴ is the 
cross-section of dissipation of the electron energy. Fur-
ther, the monochromatic optical depth of the investigated 
gas-and-dust medium should be expressed as follows: 

τஓ = nσୣశ
ା Δx,                              (13) 

where n is the gas density; ݔ߂ is the thickness of the ab-
sorbing layer. In order to derive the γ-ray spectra of young 
supernova remnants and active galactic nuclei, as well as 
to perform their mapping, the obtained values ߬ఊ should 
be plugged in formulae (8) и (9).  The dependence of the 
cross-section ߪ௘శ

ା  on the nucleus charge (expressed in 
relativistic units and equal to the atomic number of the 
chemical element Z) is illustrated in Table 1. The units of 
measurement for the cross-section are cm2. The cross-
section for the light elements is comparable to the mean 
geometric cross-section of the K-shells of the target at-
oms. However, for the iron-peak elements the probability 
of positron annihilation with an L-electron is 10%. 

Next, we should take into account that when a positron 
slows down to the K-electron velocity, the single-photon 
annihilation with a K-electron occurs. In this case, the set 
of equations of conservation of energy and momentum 
can be written as follows: 
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Table 1: Dynamic characteristics of the elements relevant 
to the employment of positron annihilation spectroscopy 
methods for the one-photon annihilation of positrons and 
K-electrons in young supernova remnants 

El-nt At. Wgt Eb(eV) Lgߪ௘శ
ା  ௡ (MeV)ܧ ఊ(MeV)ܧ 

ଵଵܪ  1.0081 13.602 -26.8551 1.026533 0.000564 
ଵଶܪ  2.01410178 13.602 -26.8551 1.026629 0.000467 

ଶ݁ܪ 
ଷ  3.01602932 24.586 -25.6339 1.026818 0.000267 
ଶ݁ܪ
ସ  4.00260325 24.587 -25.634 1.026873 0.000213 
ଷ݅ܮ
଺  6.01512280 64.40 -25.2194 1.026932 0.000114 
ଷ݅ܮ
଻  7.01600456 64.40 -25.2194 1.026912 0.000134 
ସ݁ܤ
଻  7.01692983 123,6 -24.9133 1.026908 7.84E-05 
ସ݁ܤ
ଽ  9.01218224 123,6 -24.9133 1.026908 7.84E-05 
଺ଵଶܥ  12.0 296 -24.4648 1.026767 4.74E-05 
଺ଵଷܥ  13.0033548 296 -24.4648 1.026783 3.1E-05 
଻ଵସߋ  14.0030740 403 -24.2843 1.021399 0.005308 
଻ଵହߋ  15.0001089 403 -24.2843 1.025435 0.001272 
଼ܱଵ଺  15.9949146 538 -24.1397 1.025731 0.000841 
଼ܱଵ଻  16.9991317 538 -24.1397 1.026539 3.34E-05 

 

ቊ
௣߃ + 2݉௘ܿଶ = ఊܧ + ௡ܧ + ௕ܧ

௣ܲ = ఊܲ + ௡ܲ
.                        (14) 

Alternatively, by squaring the second equation (the 
equation of conservation of momentum) and replacing the 
momentum moduli with the appropriate values of energy 
and mass from  the expression ܲଶ =  we obtain a  ,ܧ2݉
set of equations which is more convenient for the calcula-
tions:  

൝
௣߃ + 2݉௘ܿଶ = ఊܧ + ௡ܧ + ௕ܧ

2݉௘ܧ௣ = ቀாം
௖
ቁ
૛
+ 2 ቔாം

௖
ቕඥ2݉௡ܧ௡ܿߙݏ݋ + 2݉௡ܧ௡

 (15) 

Here ߃௣, ߃௕  are the incident positron energy and binding 
energy of a K-electron of the target atom, respectively; ݉௘ 
is the electron (positron) mass; ܧఊ is the sought value of 
the energy of the γ-quantum emitted upon annihilation; ܧ௡ 
is the recoil energy of the nucleus. In the second equation 
of the set of equations (14), α is the emission angle be-
tween the atom and γ-quantum upon the annihilation of a 
positron and a K-electron. In the investigated positron 
low-energy limit, the angles α range from 0 to π/2 rad. 
Then, the mean value of cos α = 1/2.    

The cross-sections for the annihilation of positrons and 
К – electrons are the greatest when their kinetic energies 
are equal to ߃௕ . The numerical solution to the set of equa-
tions (11) is four pair of values for the recoil momentum 
of the nucleus ௡ܲ and frequancies ߥఊ	 of the emergent γ-
quanta. The equation presented below was derived with 
adoption of the Hartree atomic unit system Hartree (1957). 
The electron or positron rest energy E = mec2 =1 was 
chosen as a unit of energy. The other physical quantities 
expressed in relativistic units are defined by the sequence 
of relations ħ=c=me=1. Finally, we will solve the follow-
ing set of equations: 

ቊ
௣߃ + 2 = ఊܧ + ௡ܧ + ௕ܧ

௣ܧ2 = ఊ૛ܧ + උܧఊඏඥ2݉௡ܧ௡ + 2݉௡ܧ௡
.  (16)   

In case of positron deflection (scattering) at small angles 
≈  the previous set of equations shall be re-written ,݀ܽݎ	0
as follows: 

ቊ
௣߃ + 2 = ఊܧ + ௡ܧ + ௕ܧ

௣ܧ2 = ఊ૛ܧ + 2උܧఊඏඥ2݉௡ܧ௡ + 2݉௡ܧ௡
.  (17)   

The solution for this set of equations will be expressed as 
follows: 

ఊସܧܣ + ఊଷܧܤ + ఊଶܧܥ + ఊܧܦ + ܧ = 0  (18) 

Here ܣ = 1; ܤ = 2݉௡; ܥ	 = 4ൣ(݉௡
ଶ −݉௡൫ܧ௣ + 2 −

௕൯ܧ − ;௣൧ܧ4 ܦ	 = 8݉௡ ቀܧ௣ − 2݉௡൫ܧ௣ + 2 − ௕൯ቁܧ ; ܧ	 =

௣ܧ4ൣ −݉௡൫ܧ௣ + 2 − ௕൯൧ܧ
ଶ; ݉௡ is the mass of the nucle-

us or its isotope; ܧ௡ is the recoil energy of the given nu-
cleus. Table 1 presents these values expressed in relativ-
istic non-system units. In Table 1, the chemical elements 
produced in the supernova explosion and present in the 
SNR 1987A, as well as the respective values ܧ௡ and ߃ఊ 
were adopted from the studies by Woosley (1991) and 
Popov et al. (2014). The obtained results allow not only 
comparing ௡ܲ and ߃ఊ for the target atoms, but also detect-
ing any correlation between the recoil momentum of nu-
clei and the associated Doppler broadening of their emis-
sion lines in the spectra of young supernova remnants and 
active galactic nuclei.  

 
6. Summary and discussion of the findings 
 
The following characteristic features of the radiative 

response described by Doikov et al. (2018) appear in the 
media exposed to the positron fluxes:   

1. The presence of a characteristic non-thermal radia-
tion field with its source function. 

2. Non-thermal dual-mode electron energy distribution 
function associated with the injection of the Auger elec-
trons into the medium. 

3. The presence of characteristic γ-lines in the spectrum 
of the nebular ejecta. 

4. The presence of a correlation between the energies of 
γ-quanta, binding energies of nuclei and their recoil ener-
gies upon the single-photon annihilation of K-electrons in 
the respective atoms and incident positrons. 

5. The calculations by formulae (16) have yielded γ-
quanta energies which are not consistent with the results 
of experiments in the one-photon annihilation and physi-
cal properties of the interacting quantum systems predict-
ed by the Feynman diagrams; hence, their adoption in 
solving the indicated problems is not reasonable.  

6. The calculations by formulae (17) are important for 
the description of young supernova remnants and active 
galactic nuclei as they show the relationship between the 
recoil energy of the nucleus ܧ௡ and the energy of the emit-
ted γ - quantum ߃ఊ given the energy of the incident posi-
tron of 0.01MeV. The given values ߃ఊ are physically 
significant. 

 
7. Molecular spectra 
 
Active radio observations of young supernova remnants 

have been carried out for a long time, which allowed col-
lecting extensive observational data. Potter et al. (2015) 
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reported data on the strengthening of the fluxes of radio 
emission from the  Нଶ molecule generated in the superno-
va ejecta. Generation of such fluxes requires the fulfilment 
of two conditions, such as sufficiently high amount of 
molecular hydrogen and the presence of an efficient 
source of energy. The first condition was met just after a 
three-year period of recombination of atomic hydrogen. 
With regard to the sources of excitation, the mapping of 
the images has shown that a source of hydrogen excitation 
is located in the supernova ejecta. As mentioned above, 
either positrons or the Auger electrons may serve as such 
a source. Non-optical photons are likely to destroy mole-
cules. The Auger electrons or positrons should have ener-
gies of the order of 100 eV to be able to excite the mo-
lecular hydrogen lines. The probability of the presence of 
positrons with such energies is low since as early as at 
such energies they efficiently annihilate with bound atom-
ic electrons. In contrast, according to the functions of the 
electron energy distribution in the supernova ejecta F(E,r) 
reported by Doikov et al. (2018), the likelihood of the 
presence of the Auger electrons with such energies is 
high. In these functions, E is the energy of electrons, and r 
is the current position of the examined unit volume of the 
ejecta relative to the explosion site. The increased emis-
sion flux from the Н2 molecule confirms a substantial 
increase in the density (and proportion) of the Auger elec-
trons with the indicated energies.    

 
8. Conclusions 
 
The presence of positron fluxes in the gas-and-dust ag-

gregates of supernova remnants allows detecting their 
luminosity across various spectral bands.  

1. The decay of proton-rich nuclei of the radioactive 
isotope  ܶ݅ଶଶ

ସସ   via a series of transformations 
ܶ݅

଼ହ	௬
ሱ⎯ሮ ܵܿଶଵ

ସସ ଺	௛
ሱሮ ଶ଴ܽܥ

ସସ
		ଶଶ
ସସ  is a source of positrons in the 

supernova ejecta. The energy loss of positrons due to 
ionisation results in the creation of vacant K energy levels 
in atoms, followed by cascade transitions and ejecting of 
the Auger electrons. The hard UV and soft X-ray radiation 
field is formed; this radiation promotes further excitation 
of atoms and molecules. 

2. Positron annihilation in the ejecta dust particles 
yields two γ-quanta each with the energy of 0.511 MeV. 

3. If the positron energy ܧ௣  is close to the binding en-
ergy ܧ௕  of the atomic K-electron, the annihilation occurs 
with the emission of a single photon upon which the nu-
cleus gains the recoil energy ܧ௡. The data given in Table 1 
enable to estimate the kinetic energy of atoms gained in 
the annihilation events.   

4. The Doppler broadening is expected for the spectral 
lines of atoms involved in both radioactive decay and 
annihilation processes. 

5. The cross-sections for annihilation with the emission 
of a single photon for various atoms of astrophysical rele-
vance were obtained. From the preliminary determined 
cross-sections and De Broglie wavelengths for positrons, 
we have deduced which atomic electrons enter into anni-
hilation with positrons. 

6. The author suggests considering the established cor-
relation between ܧ௡ and ߃ఊ  to be a basis for the determi-

nation of the chemical composition of the target superno-
va remnants and active galactic nuclei. 

7. Using accurate positions of the γ-lines, it is feasible 
to specify the velocity range for positrons which contrib-
ute to these lines.   

In summary, this study has shown the relationship be-
tween manifestations of the positron motion in the γ- 
region of the spectrum and the appropriate characteristics 
of the radiation field in cold gas-and-dust aggregates. 
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ABSTRACT. A search for new faint carbon (C) stars in 
the Polar region δ > 55o has been accomplished by obtain-
ing objective prism spectra in the visual and near infrared 
550 -- 900 nm on images of CCD camera of Baldone 
Schmidt telescope of Astrophysical observatory of Uni-
versity of Latvia obtained from May 2006 till June 2015. 
The positions of stars   having color indices (J – K) > 1.3 
mag were selected in Two Micron All Sky Infrared Survey  
– 2MASS to pick out potential carbon stars. 

Our survey is limited in brightness by J < 10 mag. Iden-
tification of observed lines and molecular bands in men-
tioned region are given. The comparison of low resolution 
spectra of M, C and Zr-type stars are given. 

24 new carbon stars were found. Using distribution of 
absolute magnitudes of carbon stars in Large Magellanic 
Cloud (LMC) was evaluated the Mk for newly discovered 
C stars.  Various spectral gradients of carbon stars with 
known effective temperatures obtained by other methods 
are studied, and a correlation is found between Teff and 
the spectral gradient [757 – 685]. The accuracy of effec-
tive temperature is ± 350 К. The interstellar absorption 
was calculated from reddening, which is   taken from in-
frared full-sky dust maps. Such characteristics as true 
color index (J – K)0,  effective temperature Teff, distance 
from the Sun in kpc, absolute magnitude Mk, bolometric 
magnitude, were obtained for newly discovered carbon 
stars. The accuracy of distances is small and mainly de-
pends on dispersion of Mk in LMC and reaches 30%. 

Keywords: circumstellar mater, near infrared, carbon 
stars, absolute magnitude, distance  

 
АБСТРАКТ. Пошук нових слабких вуглецевих (С) 

зорь в Полярній області  δ> 55o був досягнутий шля-
хом отримання спектрів з об'єктивною призмою в об-
ласті візуального і ближнього інфрачервоного випро-
мінювання в діапазоні 550-900 нм на зображеннях 
ПЗЗ-камери телескопа Шмідта Астрофізичної обсер-
ваторії Університету Латвії в Балдоне, які були отри-
мані з травня 2006 року по червень 2015 року. Позиції 
зорь з кольоровими індексами (J – K) > 1,3 були віді-
брані, використовуючи дво-мікрохвильовий інфрачер-
воний обзор всього неба (2MASS) для виявлення по-
тенційних кандидатів вуглецевих зорь. 

Наш огляд обмежений яскравістю в системі  J < 10 
mag. Приведена ідентифікація спостережуваних ліній і 
молекулярних смуг у вказаній області спектру. Дано 

порівняння спектрів зорь спектральних класів M, C і 
Zr низької роздільної здатності. 

Було виявлено 24 нові вуглецеві зорі. Використовуючи 
розподіл абсолютних величин вуглецевих зорь у Великій 
Магеллановій Хмарі (LMC), була оцінена Mk для знов 
відкритих С-зорь. Досліджуються різні спектральні гра-
дієнти вуглецевих зорь з відомими ефективними темпе-
ратурами, отриманими іншими методами,  виявлений 
кореляційний зв'язок між Teff і спектральним градієнтом 
[757 – 685]. Точність визначення ефективної температу-
ри, використовуючи знайдену кореляцію, складає ± 350 
К. Міжзоряне поглинання розраховувалося по почерво-
нінню, яке запозичене з інфрачервоного огляду пилевих 
хмар Галактики. Для знов виявлених вуглецевих зорь 
були отримані такі характеристики, як дійсний індекс 
кольору (J – K)0, ефективна температура Teff, відстань від 
Сонця в kpc, абсолютна світність  Mk, болометрична ве-
личина. Точність відстаней маленька і в основному зале-
жить від дисперсії Mk в LMC і досягає 30%. 

Ключові слова: межзоряна матерія, ближній 
інфрачервоний діапазон, вуглецеві зірки, абсолютна 
зоряна величина, відстань 

 

1. Introduction 
 
Carbon stars (C) – one of the reddest stars in the sky – 

since the fifties of the previous century attract great atten-
tion of astronomers. Considerable efforts have been de-
voted to discover distant and faint carbon stars in the Gal-
axy. Carbon stars are interesting not only from the stellar 
evolution point of view, but as it has been revealed in the 
first summarizing studies they also delineate the spiral 
structure of the Galaxy. The results of searches do-nen till 
now are summed up in the General Catalogue of Cool Car-
bon Stars (CGCS) (Alksnis et al., 2001) contain-ing 6991 
entries. Most of the findings have been made using objec-
tive prism spectra recorded on photographic plates in the 
visual spectral region with wide field tele-scopes. The dis-
tinguishing indication of C stars is the presence of the Swan 
band system of the C2 in the spectra. However, the search 
could be done more efficiently in the near infrared region 
where the radiation maximum of carbon stars is localized 
and fainter objects come in reach.  The pioneering investi-
gation in this direc-tion has been made by Nassau & Velghe 
(1964) who reached the wavelength of 880 nm.   
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A new perspective in the carbon stars spectrophotome-
try at low resolution opens by using CCD's – they have 
more sensitivity than photoplates, giving possibilities of 
quantitative measurement of spectral details and reaching 
further in the infrared region. However, a serious draw-
back is a reduction of the available field area. Searching 
for new carbon stars may overcome this obstacle using the 
2MASS catalogue by Skrutskie et al. (2006) containing J, 
H, and K magnitudes for thousands of very faint red stars.  

Comparing the catalogued carbon stars in CGCS with 
2MASS survey shows that (except few infrared objects) 
they are mostly objects brighter than J = 8.5 mag. Our in-
tention is to encompass fainter objects. We take objec-tive 
prism spectra with the CCD camera of all northern sky 
2MASS objects brighter than J = 10 mag with (J – K) > 1.5 
mag, to check which of them may be new cool carbon stars. 
The limit on (J – K) is chosen, to exclude prevalent numer-
ous early M–type stars. As it is shown in article by Dzervi-
tis and Eglitis (2005), where color index distribution of 
known carbon stars has been analyzed, approximately this J 
– K value is the boundary in which cool carbon stars come 
in light. In some regions of the sky the bound on (J – K) is 
reduced to 1.3 mag to check the previous statement. A range 
of 550 nm – 900 nm, where carbon stars are brighter than in 
blue, has been used for the search. 
 

2. Observations 
 
Observations were made with Schmidt system tele-scope 

(240 x 120 x 80 cm) of Baldone Astrophysical ob-servatory 
with a four degrees objective prism and CCD ST – 10XME 
(2184 x 1472 pixels; size of pixel is 6,8 x 6,8 μ). The spectral 
range extends from 550 to 900 nm with a spectral resolution 
of about 500 and maximum sensitivity of the system at 650 
nm. Observations were made from May 2006 till June 2015. 
At first we chose high declina-tion fields which are rarely 
populated by stars. Observa-tion fields are chosen to the 
north from δ > 60o. Observa-tion list contains more than 
2000 stars from 2MASS with indices (J – K) greater than 1.3 
mag and with J magnitude mainly brighter than 10 mag. 

 

2.1. Spectral features of the late stars in 550 nm – 900 nm 
 
Due to a low atmospheric temperature of cool red stars 

their objective prism spectra main details are molecular 
bands originated from transitions from the lowest electron 
levels of molecules. Discrimination among the three spec-
tral types of cool giant stars – M, S and C is based on the 
fact that the main discriminating molecular bands in their 
spectra in each case belong to different molecular species 
and thus are located at different wavelengths. Hence, a 
characteristic spectral pattern is formed.   

Bands seen in carbon star spectra mainly belong to the 
CN molecule red system excepting the earth atmospheric 
O2 A band (approximately at 765 nm) which unlike M and 
S types happens to lay outside from stellar molecular 
bands and is therefore distinctly seen as an isolated spec-
tral feature. Visible band sets of the red CN system origi-
nated from transitions between vibration levels with quan-
tum number difference ∆ ν = +2, +3, +4, where in each set 
+3, +4 the reddest overlapping bands are evident with 
heads as indicated in Table 1. The first column of table 

contains absorbing molecule and band system designation, 
the second – quantum number difference, the third – band 
head assignment and then subsequently wavelength of 
correspon-ding band head follows. 

In total the late C star spectrum consists of symmetric 
pattern with atmospheric O2 band in the centre enclosed 
by two band sets of CN molecules. From the red side 
spectra is shortened by abrupt termination of very strong 
CN (0.1) band head at 914 nm and from the blue side it is 
usually depressed by C2 of Swan band head (0,1)  at 564 
nm. From atomic lines only Na I doublet in the blue part 
and Ca II triplet in the red part sometimes are seen as faint 
details in spectra of C stars.         

Spectra of M-type stars are dominated by triplet γ and 
γ' system bands of the titan oxide (TiO), forming a very 
specific pattern of isolated bands. In addition at the red 
side of singlet δ, ε bands are also visible. Late M-type 
spectra involve bands of the vanadium oxide molecule but 
they overlap with TiO bands and can't be seen as separate 
details. Just O2 atmospheric A band coincides with TiO γ 
system Δν = -1 band. 

 
Table 1: Atomic lines and molecular bands seen in low 
resolution carbon star spectra 
 

Band Δ\ν ν’, ν’’ λ (nm) 
CaII, CaII blend  852 
CaII   866 
NaI doublet blend  589 
CN red system b.h. +2  (2,0) 790 
CN red system b.h. +2 (3,1) 809 
CN red system b.h. +2 (4,2) 830 
CN red system b.h. +3 (3,0) 694 
CN red system b.h. +3 (4,1) 711 
CN red system b.h. +3 (5,2) 728 
CN red system b.h. +3 (6,3) 745 
CN red system b.h. +4 (5,1) 635 
CN red system b.h. +4 (6,2) 649 
CN red system b.h. +4 (7,3) 665 
C2

 
Swan band b.h. -1 (0,1) 564 

O2
 
atmospheric A band  765 

 
 

  
Figure 1: Comparing the spectra of C–type star BL Ori (at 
the bottom; axis of intensity shifted by -0.1), M–type star 
M3III 18h11m36s +56o52' 38" (2000) (at the top; axis of 
intensity shifted by +0.3) and S–type star CCS 
1053=V530 Lyr (in the middle). The left panel present 
objective prism spectra of same stars obtained in Baldone. 
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S star spectra are similar to M type. The difference lies 
in some spectral details – bands originated between two 
lowest level transition of zirconium oxide at 649 nm  and 
at 585 nm, and  lanthanum oxide band at 788 nm. Other 
LaO band at 737 nm overlaps with atmospheric A band. 

Examples of all three type of stars are presented in Fig. 1. 
 
3. Some characteristics of discovered carbon stars 
 
2.1. Effective temperatures 
 
Bergeat et al. (2001} gives the new effective tempera-

ture scale for late carbon stars which statistically is in a 
good agreement with the sample of directly determined 
temperature values from the observed angular diameters 
and with temperature estimates from the infrared flux 
method. Since the study is broad and covers 390 C stars, it 
was possible to check whether the effective temperature 
scale is used in the case of low resolution. At Baldone 
observatory it is possible to observe 191 carbon stars of 
Bergeat et al.  (2001) list. Other Bergeat’s stars were situ-
ated in the sky too low to be seen in Baldone.  

Spectra was normalized to the most intensive point of 
spectrum (usually 783 nm) to make a comparison of the 
spectrophotometric gradients of various stars. 

Spectrophotometric gradients: [685 – 575], [757 – 685], 
[775 – 685], [775 – 885]  were correlated with the effective 
temperatures from Bergeat’s list). Only gradient [757 – 685] 
shows the correlation with Teff  (see Fig. 2). and is con-
firmed for 191 bright carbon stars. It reveals possibility to 
classify carbon stars by temperature indices and to detect 
effective temperatures of stars with accuracy  350 K at 
spectral resolution 500.  

 
2.2. Interstellar absorption 
 
Magnitudes and colour indices have been corrected for 

interstellar extinction and reddening. 
The interstellar absorption Ak and (J – K)0

 
can be calcu-

lated from interstellar reddening.  Ak = 0.302E(B−V ) and  
(J – K)0

 
= (J – K) – 0.405E(B −V), where E(B – V) is 

taken from infrared full-sky dust maps obtained by 
Schlafly and Finkbeiner (2011) . 

 
2.3. Distances 
 
Our chosen absolute magnitudes of carbon stars are based 

on the investigations of C stars in LMC. Mauron (2008) 
showed that absolute magnitude of late carbon stars vary in a 
small range of magnitude from -8.1 to -7.4 depending on (J – 
K)0

 
color indices. Correlation bet-ween (J – K)0

 
color indices 

and absolute magnitude Mk in LMC were used in this paper 
to obtain this value for discovered C stars. 

The distance r was calculated from the equation: 

Mk – mk + 5lgr + Ak  + 10 = 0, 

where r in kpc.  
The distances r are evaluated taking absolute magni-

tudes from relation between Mk and (J – K)0
 
given by 

Mauron (2008) using calculated (J – K)0
 
for discovered 

carbon stars. Results of obtained characteristics are col-
lected in Table 2. 

2.3. Bolometric magnitudes 
 
Bolometric magnitudes are derived by equation: 

Mbol = Mk + BC 

 Correlation between bolometric correction between 
BC and (J – K)0

 
is presented in paper by Gullieuszik et al. 

(2012). He showed that BC is weakly depends on colour 
index (J – K)0 for late type C stars. This correction is used 
for the acquisition of the Mbol.  

 
4. Conclusion 
 
24 new carbon stars (numbered as BIC) have been 

found at declinations greater than 55o. Carbon stars dis-
covered in Baldone have temperatures in range between 
1840 K and 3630 K. Distances till them are between 2.8 
kpc and 7.9 kpc. According to distances and galactic lati-
tudes they are located in Orion and Perseus arms. Three of 
stars BIC 7, BIC 11 and BIC 13 are located 13.3 kpc, 13.2 
kpc and 16.1 kpc away, much further away than the outer 
arm of Galaxy. If we assume that the metallicity in our 
Galaxy and the Sgr subgalaxy is similar, then the absolute 

 
  

 
Figure 2: Relation between effective temperatures (Ber-
geat et al. 2001) and spectrophotometric gradient [757 – 
685] obtained from low resolution spectra. 

 

 
Figure 3: Spectra of discovered carbon star BIC 15 (at the 
bottom) and BIC 16 (at the top; gradient axis shifted by +0.1) 
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Table 2: Characteristics of carbon stars discovered in Baldone 
 

Designation α (2000) δ (2000) K (J – K)
0
 E(B – V) M

k
 r (kps) T

eff
 M

bol
 

BIC 14 001336.30 +652710.2 6.54 1.61 1.78 -8.02 6.39 2230 -5.02 

BIC 1 003627.38 +654014.1 6.59 1.35 1.89 -7.65 5.47 2300 -4.75 

BIC 15 010028.67 +661639,.8 5.91 1.38 1.79 -7.70 4.12 1920: -4.80 

BIC 2 013348.57 +702623.5 6.61 1.72 0.52 -8.14 8.28 2260 -5.14 

BIC 3 031829.28 +653820.9 6.63 1.29 1.09 -7.54 5.86 2410 -4.64 

BIC 4 040949.55 +664155.1 5.80 1.78 0.61 -8.16 5.68 2410 -5.16 

BIC 5 210522.23 +780116.2 6.12 3.47 0.48 -7.55 5.06 2560 -3.75 

BIC 6 213542.71 +683907.1 4.91 3.35 0.91 -7.59 2.79 2170 -3.79 

BIC 7 214149.53 +663409.9 7.74 1.02 0.46 -6.71 7.27 3630 -4.01 

BIC 8 214446.47 +662710.8 6.71 1.30 0.69 -7.56 6.49 2970 -4.66 

BIC 9 215304.85 +650210.2 5.68 1.94 0.72 -8.14 5.25 2170 -4.94 

BIC 10 215413.43 +683511.4 6.76 1.63 0.31 -8.05 8.78 3020 -5.05 

BIC 11 221138.04 +782812.6 8.07 2.22 0.36 -8.02 15.7 3070 -4.82 

BIC 12 230801.05 +801016.7 7.66 2.38 0.13 -7.90 13.1 2560 -4.70 

BIC 16 233958.74 +632054.7 6.51 1.40 1.26 -7.75 2.0 1840: -4.85 

BIC 12 235742.23 +690134.0 5.31 2.93 0.99 -7.97 4.0 2200 -4.97 

BIC 17 205607,40 +564156,8 7.96 2.16 0.08 -8.04 15.7 2230 -4.84 

BIC 18 205710,47 +542811,0 4.09 2.03 2.17 -8.09 2.0 1969 -4.89 

BIC 19 205814,90 +552342,6 5.39 1.80 0.06 -8.16 5.1 2197 -5.06 

BIC 20 205820,97 +555808,9 9.16 1.19 0.06 -7.33 19.7 3168 4.53 

BIC 21 210108,27 +552140,7 7.87 1.08 0.21 -6.94 8.9 2197 4.14 

BIC 22 232939,07 +650337,9 6.49 3.31 0.06 -7.61 6.5 1994 -4.71 

BIC 23 234142,94 +624202,3 7.25 1.72 0.03 -8.14 11.9 2263 -5.24 

BIC 24 234226,63 +624401,3 5.71 1.84 1.80 -8.16 4.6 2298 -5.26 

 
 
magnitude of C stars which we calculated using Mk distri-
bution LMC should be reduced by 0.5 mag (Mauron 
2008). Than distances which are given in Table 2 should 
be redused by 20 percent for nearer C stars and by 26 per-
cent for further C stars. 

Two of discovered stars BIC 15, BIC 16 (Fig. 3), BIC 
18 and BIC 22 have largest gradients and accordingly 
lowest temperatures. Whereas C stars BIC 7, BIC 10, BIC 
11 and BIC 20 have smallest gradients and highest tem-
peratures. 

The errors for distances mainly depend on error of 
evaluation of absolute magnitude and can be obtained by 
equation: 

σ=± √( d r
d M

)
2

+ ( d r
d K

)
2

+ ( d r
d E (B− V )

)
2

 
As follow from Mauron (2008) paper the everage error 

of absolute magnitude is close to ± 0.4 mag. It means that 
error of distances are close to 30%. 

Odessa Astronomical Publications, vol. 31 (2018) 73



Its important is checking of our methodology compar-
ing to distances obtained with other methods. For example 
using relation between absolute magnitudes and period of 
light variability or using GAIA parallax measurements. 

Future investigations are associated with increasing of 
accuracy of absolute magnitude determination. 
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ABSTRACT. In this work we present new observa-

tional data for hafnium (72). Hf is an important element 
that is between the lightest rare-earth elements (e.g., La, Z 
= 57) with elements of the third r-process peak (Os, Ir, Pt, 
Z =76-78). Hafnium is the heaviest (Z = 72) stable ele-
ment represented by low-excitation (<1:5 eV) ionized 
lines in the spectra of the cool stars (Lawler et al., 2007). 
This element is important as a stable reference element for 
nucleocosmochronometry, and also to study of the sources 
of its production and enrichment with n (neutron)-capture 
elements of Galactic disc. We provide the analysis of the 
spectra of 126  FGK dwarfs in metallicity  range  from 
−1.0 < [Fe/H] < +0.3 that were taken from our starting 
sample of 276 stars (Mishenina et al. 2013). The observed 
stars belong to the substructures of the Galaxy disc. The 
observations were conducted using the 1.93 m telescope at 
Observatoire de Haute-Provence (OHP, France) equipped 
with the echelle type spectrographs ELODIE and 
SOPHIE.  The results are based on analyses of spectra that 
have a typical S/N ~ 100-300 and a resolution of 42 000 
(ELODIE) and 75 000(SOPHIE). The hafnium abundance 
was derived by comparing the observed and synthetic 
spectra in the region of two Hf II line (λ4080.437 Å and 
λ4093.155 Å), making use of the LTE approximation. The 
obtained hafnium abundance decrease with increasing 
metallicity in both discs, and have a big scatter at all met-
allicities. The dependence of our Hf abundance  on metal-
licity and their comparison with those of  other authors is 
presented. It corresponds to typical behavior of the ele-
ments behind the iron peak, the elements formed in the 
processes of neutron capture. The sources of the Hf en-
richment of Galactic disc are considered. 

Keywords: stars: abundances – stars: late-type – Galaxy: 
disc – Galaxy:  evolution – abundances, nucleosynthesis 

 
РЕФЕРАТ. У цій роботі ми представляємо нові 

спостережні дані для гафнію (72). Hf є важливим  
елементом, який знаходиться  між найлегшими 
рідкоземельними елементами (наприклад, La, Z = 57) та 
елементами третього піку r-процесу (Os, Ir, Pt, Z = 76-78). 
Гафній – це найважчий (Z = 72) стійкий елемент, 
представлений іонізованими лініями з низьким потенці-
алом збудження (<1:5 eV) у спектрах холодних зір 
(Lawler et al., 2007). Цей елемент важливий як стійкий 
еталонний елемент для нуклеокосмохронометрії, а також 
вивчення джерел його виготовлення та збагачення 
елементами захвату нейтронів  галактичного диску. Ми 
провели аналіз спектрів 126 FGK- карликів (−1.0 < [Fe/H] 
< +0.3). Зорі в нашій вибірці належать до підструктур 

диска Галактики. Спостереження проводилися за допо-
могою телескопа 1,93 м на Обсерваторії Верхнього Про-
вансу  (OHP, Франція), оснащенного ешельними спек-
трографами ELODIE та SOPHIE. Результати базуються 
на аналізі спектрів, що мають типовий S / N ~ 100-300 та 
роздільну здатність 42 000 (ELODIE) і 75 000 (SOPHIE). 
Вміст гафнію було отримано шляхом співставлення 
спостережуваних та синтетичних спектрів в області двох 
ліній Hf II (λ4080.437 Å та λ4093.155 Å), з використан-
ням наближення Локальної Термодинамічної Рівноваги 
(ЛТР). Отриманий вміст гафнію зменшується зі 
збільшенням металічності для обох дисків і має великий 
розкид на всіх металічностях. Представлено залежність 
наших значень вмісту  Hf від металічності та їх 
порівняння з даними інших авторів. Вона відповідає 
типовій поведінці елементів, що утворюються в 
процесах захоплення нейтронів. Розглядаються джерела 
збагачення Hf галактичного диска. 

Ключові слова: зорі: вміст – зорі: пізній тип – 
галактика: диск – галактика: еволюція – вміст, 
нуклеосинтез 

 
1. Atmospheric parameters 
   
 The effective temperatures Teff, the surface gravities 

log g, the microturbulent velocity Vt, and metallicities of 
the studied stars were determined earlier in our paper 
(Mishenina et al., 2013). Effective temperatures Teff were 
estimated by the line depth ratio method (Kovtyukh et al., 
2003).  Surface gravities log g was determined by two 
methods:  parallaxes and ionization balance of iron. 

The microturbulent velocity Vt was derived considering 
that the iron abundance log A(Fe) obtained from the given 
Fe I line is not correlated with the EW of that line. 

The metallicity [Fe/H] accepted as the iron abundance 
obtained from Fe I lines.  

 
2. Abundances 
 
In the solar spectrum we found two Hf II lines to be 

good abundance indicators: λ 4080.44 and  λ 4093.15. The 
log gf source was the Vienna Atomic Line Database 
(VALD, Kupka et al., 1999). Determination of the Hf  
abundances was made by new version of STARSP LTE 
spectral synthesis  code (Tsymbal, 1996). We used lines, 
which are weak and do not require to take into account the 
hyperfine or isotopic structure. The examples of compari-
son of synthetic and observed spectra for Hf II are shown 
in Fig. 1(a,b).  
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Figure 1(a,b): Comparison of synthetic and observed spec-
tra in the region of Hf II lines. Dotted line: observations; 
solid black lines  marked the spectra calculated for the re-
sulted abundances. The dashed line shows the synthetic 
spectra without taken into account the contribution from Hf. 
 

 

 
Figure 2(a,b): a) Dependences of [Hf/Fe] on [Fe/H] for the 
stars of the thick disk (filled symbol), of the thin disk 
(open circle), the Hercules stream (open triangles), and 
unclassified stars (square), b) comparison with those of 
other authors. 

 

 
Figure 3(a,b): Abundance comparisons of log ε(Hf/Eu) vs. 
[Fe /H] and [Eu/H].   The dotted lines define the range of 
the solar system r-process only, the dashed line is the total 
solar system ratio (see in details, Laweler et al. 2007) and 
the solid line is the mean ratio of the stars in our sample. 

 
Figure 4(a,b): Abundance comparisons of log ε(La/Eu) vs. 
[Fe/H] and [Eu/H]. the notation is the same as in Fig. 3. 
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3. Results  
 
We have determined the abundance of hafnium for 126 

stars. As can be seen from Fig. 2a, the hafnium abundance 
decrease with increasing metallicity in both discs.  The de-
pendence of our Hf abundances on metallicity and their 
comparison with those of other authors (Lawler et al., 2007; 
Roederer et al., 2014) are presented in Fig. 2b. This is the 
typical behavior of the elements behind the iron peak, the 
elements formed in the processes of neutron capture. 

To estimate the contribution of the s- (slow), and r- 
(rapid) processes to the Hf abundance, we compare La и 
Hf, which are predominantly an s-process element in solar 
system, with  the element Eu (Fig. 3,4), having the pre-
vailing contributions of the r- processes. The dotted lines 
define the range of the solar system r-process only values 
based on the published deconvolution of the solar system 
abundances (Simmerer et al., 2004), and the dashed line is 
the total solar system ratio based on the stellar value for 
the r-process (see in details Laweler et al., 2007).  

 
4. Conclusions 
 
We obtained the hafnium abundance for 126 FGK 

dwarfs belonging to different Galactic substructures. The 
behavior of Hf abundance with metallicity like as other 

elements of n-capture. The observed stellar abundance 
ratios of Hf/Eu and La/Eu are coincident with previous 
estimates of the solar system s-, r-processes. The compari-
son of Hf abundance with those of La (s-element) and Eu 
(r-element) support that Hf is s-element. 
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ABSTRACT. We present a brief overview of the mo-

lybdenum and ruthenium present-day nucleosynthesis cal-
culations  and abundance determinations in stars belonging 
to different substructures (populations) in the Galaxy. The 
following sources of Mo, Ru production were considered: 
the Asymptotic Giant Branch (AGB) stars of different 
masses (main s-process), massive stars (weak s-process), 
neutrino-induced winds from the core-collapse supernova 
CCSNe (weak r-process), merging of neutron stars (main r-
process). Many production sites of the p-nuclei have been 
proposed: the Type II and Ia supernovae (at the pre-
supernova phase, during and after the supernova explosion), 
the rp-process in neutrino-driven  winds,  the high-entropy 
wind (HEW),  the νp-process; inside in a supercritical ac-
cretion disk (SSAD),  in the He-accreting CO white dwarfs 
of sub-Chandrasekhar mass, and in the carbon deflagration 
model for Type Ia. We also emphasize on some additional 
processes such as  the i- process in rapidly accreting white 
dwarfs (RAWDs),  the lighter element primary process 
LEPP  as well as  another formation channel, namely the 
charged-particle process (r- process). The contribution to 
the solar abundance of neutron capture elements  and the 
Galactic Chemical Evolution (GCE)  models for n-capture 
elements  were considered.   

The Mo and Ru observations in metal-poor stars, Ba 
stars, globular clusters, meteoritic matter (presolar grains)  
as well as our new Mo and Ru determinations in Galactic 
disc are presented.  Having analysed our date in the near 
solar metallicities we found out that there are different 
sources contributing to the Mo and Ru abundances, and 
that the main s-process contribution to the Mo and Ru 
abundances is lower than to the predominant s-element 
(Y, Zr and Ba) solar abundances.  

By comparing the behavior of Mo and Ru in the wide 
range of [Fe/H] with GCE models one can see that the 
theoretical description of the galactic behavior of Mo  not 
depicts sufficient  and we are faced with the underproduc-
tion of molybdenum in the sources and in  processes that 
used at the GCE creation.  Additional sources may be the 
p-process (SN Ia and/or SN II), νp-process (massive stars) 
or several more exotic processes.   

Keywords: stars: abundances – stars: late-type – Galaxy: 
disc – Galaxy: evolution 
 

АБСТРАКТ. Наведено короткий огляд нуклеосинте-
зу молібденуму та рутенію та методів визначення їх 
вмісту у зорях, що належать до різних субструктур (по-
пуляцій) Галактики. Були розглянуті наступні джерела 
виробництва Mo, Ru: зірки асимптотичної гілки гігантів 
(AGB) різної маси (основний s-процес), масивні зірки 

(слабкий s-процес), нейтрино-індуковані вітри з ядра-
колапсу супернової CCSNe (слабкий r-процес), злиття 
нейтронних зірок (основний r-процес). Було розлянуто 
декілька місць утворення р-ядер: наднові типу II і Ia (на 
фазі до наднової, під час і після вибуху наднової), rp-
процес в нейтрино-керованих вітрах, високо-
ентропійний вітер (HEW), νp-процес; всередині  
надкритичного аккреційного диску (SSAD), у Не-
акрециї  СО білих карликів суб-Чандрасекарових мас, а 
також у моделі вуглецевого дефлагранта для наднових 
типу Ia. Ми також акцентуємо увагу на деяких 
додаткових процесах, таких як i-процес в акретуючих з 
великою швидкістю  білих карликах (RAWDs), в 
легкому первинному процесі LEPP, а також в іншому 
каналі формування, а саме процесі зарядженої частинки 
(r-process). Розглянуто внесок у сонячний вміст 
елементів захоплення нейтронів та моделі галактичної 
хімічної еволюції (GCE) для елементів n-захоплення. 

Представлені спостереження Мо і Ru в бідних на 
метали зорях, в барієвих зорях, в кульових скупчен-
нях, в метеоритній речовини (досонячні зерна), а та-
кож представлені нови визначення вмісту Mo і Ru в 
галактичному диску. Проаналізувавши наші данні для 
зорь с приблизно сонячною металічністю, ми 
з'ясували, що існують різні джерела, що сприяють 
збільшенню кількості Мо і Ru, і що основний внесок 
s-процеса  у вміст Мо і Ru  є меншим, ніж у елементів 
переважно s-процеса (Y, Zr та Ba). 

Порівнюючи поведінку Мо і Ru у широкому діапа-
зоні [Fe/H] з моделями GCE, можна побачити, що тео-
ретичний опис галактичної поведінки Mo не є достат-
нім, і ми зіткнулися з недостатнім виробництвом мо-
лібдену в джерелах і в процесах, які використовують-
ся при створенні GCE. Додатковими джерелами мо-
жуть бути р-процес (SN Ia та / або SN II), νp-процес 
(масивні зорі) або ще кілька екзотичних процесів. 

Ключові слова: зірки: вміст – зірки: пізній тип – Га-
лактика: диск – Галактика: еволюція 

 
1. Introduction 
 
The study of the enrichment of different substructures of 

the Galaxy with various elements is essential and crucial for 
understanding of the evolution of the Galaxy, especially  its 
chemical evolution and  structure, and may be a good test 
system for the processes and sources of nucleosynthesis. 
The Mo and Ru abundance allows the verification  of mod-
ern calculations of nucleosynthesis and model Galactic evo-
lution since underabundance of these elements remains an 
enigma and open issue of nucleosynthesis.  
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2. Mo and Ru nucleosynthesis  
 
The nucleosynthesis of molybdenum and ruthenium has 

a long, rich history. Mo and Ru are the light trans-Fe ele-
ments produced in different processes, including the slow, 
rapid and intermediate neutron capture processes (respec-
tively, the s- (main, weak, strong), r- (main, weak), and i- 
processes) and the proton capture process (the p-process) 
which, in turn, take place in various nucleosynthesis 
events  in stars of different types. 

Kappeler et al. (1989) proposed that the main compo-
nent of the s-process is responsible for production of ele-
ments between Sr and Pb (included Mo and Ru). At the 
near-solar  metallicity,  asymptotic giant branch (AGB) 
stars  produce  the main components of the s-process  
(e.g., Busso et al., 1999, Gallino et al., 1998).  Most neu-
trons are provided by the 13C(α,n)16O reaction in the radia-
tive 13C-pocket formed right after the third dredged-up 
event TDU (Straniero et al., 2003), with a relevant contri-
bution from the partial activation of the 22Ne(α,n)25Mg in 
the convective thermal pulse (Serminato et al.,2009).  

In massive stars,  the weak s-process yields  most of the 
s-process isotopes between iron and strontium. Neutrons 
are provided by the 22Ne(α,n)25Mg reaction, which is acti-
vated at the end of the convective He-burning core and in 
the subsequent convective C-burning shell (e.g. Rauscher 
et al., 2002,  Pignatati et al., 2010), in fast-rotating mas-
sive stars (e.g. Frischknecht et al., 2012, 2016,  Choplin  
et al., 2018). 

The origin of the r-process elements (with A>56) has 
not been clearly defined yet, nor has it been studied or 
discussed. Several sources of these elements have been 
proposed so far:  

1) the neutrino-induced winds from the CCSNe 
(Woosley et al., 1994, Hoffman et al., 1997, Wanajo et al 
, 2001, Arcones&Montes 2011 etc ), or electron-capture 
supernovae (ECSNe) collapsing on O-Mg-Ne cores 
(Wanajo et al.. 2011),  representing a weak r-process; 

2) the enriched neutron matter resulted from  merging 
of neutron stars (Freiburghaus et al., 1999, Goriely et al., 
2011 etc) and\or neutron-star/black hole mergers (Surman 
et al., 2008), a main r-process;  

3) polar jets from rotating MHD CCSNe (Nishimura et 
al., 2006 etc). 

Some additional sources of r-process have also been  
proposed, including the neutron-rich high entropy winds 
(HEW)( Farouqi et al., 2009),  the lighter element primary 
process LEPP (Travaglio et al., 2004),   or another forma-
tion channel namely  the charged-particle process de-
scribed in Qian & Wasserburg (2008).  

However,  the underproduction of light isotopes of mo-
lybdenum and ruthenium, (92,94 Mo and 96, 98 Ru) and also 
lanthanum 138 La and 115 Sn, in the process of proton cap-
ture, which takes place in massive supernovae (Woosley 
et al., 1978) is a stumbling block indeed. The (classical) p-
process is identified with explosive Ne/O-burning in outer 
zones of the progenitor star. It is initiated by the passage 
of the supernova shock wave and acts via photodisintegra-
tion reactions which produces neighboring (proton-rich) 
isotopes from pre-existing heavy nuclei (Thielemann et 
al., 2011). Many production sites of the p-nuclei have 
been proposed, though to date it is not clear what type of 

the p-processes in supernovae is responsible for their nu-
cleosynthesis. In the  Type II supernovae,  it may be the  
oxygen/neon layers of highly evolved massive stars during 
their presupernova phase (Arnould 1976,  Rayet et al., 
1995). The p-nuclei are synthesized by the photodisinte-
gration of s-nuclei (s-process seeds) produced in the layers 
during the core He -burning in the progenitor.  Photodisin-
tegration (γ, n) reactions are followed by (γ,p) and/or (γ, 
α)  reactions ;  and also during their supernova explosion 
(Woosley & Howard 1978). 

Neutrino processes have been invoked to explain the 
abundant production of such p-nuclei (Woosley et al.. 
1990; Goriely et al., 2001), in particular the neutrino-
driven winds originating from a nascent neutron star 
shortly after supernova (SN II and SN Ia) explosion 
(Hoffman et al., 1994, 1996); They  included ν_e and bar 
ν_e capture reactions on free nucleons and heavy nuclei 
during the freeze out from nuclear statistical equilibrium 
NSE.  As a result, the problem shifts to that one of moder-
ate production of some long-sought p-process nuclei, in-
cluding 92Mo, and 96Ru. 

In the Type Ia supernova, the  p-nuclei are produced 
during explosion (Howard, Meyer, & Woosley 1991); 
inside in a supercritical accretion disk (SSAD) (Fuijimoto 
et al., 2003) , and He-accreting CO white dwarfs of sub-
Chandrasekhar mass (Goriely et al,. 2002).  The carbon 
deflagration model for Type Ia supernovae predicts that 
Mo and Ru isotopes are enhanced and  the authors deduce 
that the SNe I contribution to the solar system content of 
p-nuclei could be larger than that of SNe II (Kusakabe et 
al,. 2011)   etc.  

A notable breakthrough in solving this problem oc-
curred when  Farouqi et al. (2009) proposed co-production 
of light p-, s- and r-process isotopes in the high-entropy 
wind (HEW) of Type II Supernovae and  Wanajo (2006) 
has studied the rp-process in neutrino-driven  winds.  
Comparing of the obtained yields to the solar composi-
tions proposes that the neutrino-driven winds can poten-
tially be the origin of light p-nuclei up to A~110, includ-
ing 92,94Mo and 96,98Ru, that cannot be explained by other 
astrophysical sites; νp-process  (Frohlich et al., 2006), is 
related to the innermost ejecta, the neutrino wind expelled 
from the hot proto-neutron star after core collapse and the 
supernova explosion, when strong neutrino fluxes create 
proton-rich ejecta.  

Recently, the researchers have found out that in the He-
shell of CCSNe (15, 20 and 25 M


), some supernova 

models show excesses of 95,97Mo and depletion of 96Mo 
relative to solar values (the weak s-process, Pignatari et 
al., 2018). The i- process in rapidly accreting white dwarfs 
(RAWDs) have been proposed as contributors to the GCE, 
as they produces efficiently the Mo stable isotopes 95Mo 
and 97Mo (Côté et al., 2018).  With regard to the produc-
tion of p-isotope production, e.g.  the p-isotope 92Mo in 
ССSNe  of 27 M

 , they are made, up to production factors 
of ≈30 (Wanajo et al., 2018),  and in the neutrino-driven 
winds associated with over a wide range of neutron- and 
proton-rich conditions (Bliss et al., 2018). The authors 
have found out that proton-rich winds may be predomi-
nant contributors to the solar abundance of 98Ru, signifi-
cant contributions to those of 96Ru (≲40%) and 92Mo 
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(≲27%), and relatively minor contributions to that of 94Mo 
(≲14%).  The production of 92Mo and 94Mo is observed in 
slightly neutron-rich conditions in 11 and 17 M

   simula-
tions, 96,98Ru can only be produced efficiently via the νp-
process  and heavily depends on the presence of very pro-
ton-rich material in the ejecta (Eichler et al., 2018).  SNIa 
have been suggested as a site for the production of p-
nuclides  for the abundance ratios 92Mo/94Mo (Travaglio et 
al., 2015, Nishimura et al., 2018). SNIa  are responsible 
for at least 50% of the p-nuclei abundances in the solar 
system (with the exception of 94Mo, Travaglio et al., 
2015),  but the  CCSNe contribute less than 10% of the 
solar p- nuclide abundances, with only a few exceptions, 
including  92Mo may either still be completely or only 
partially produced in CCSNe, but  in other sites such as 
neutrino winds or α-rich freeze out (Travaglio et al.,2018). 

 
3. Solar abundance and Galactic evolution models 
 
AGB stars with low initial mass are mainly responsible 

for the nucleosynthesis of solar s-isotopes with A > 90 
(Busso et al., 1999).  The main neutron source of low-
mass AGB models is the 13C(α, n)16O reaction, which 
burns radiatively during the inter-pulse in a thin layer of 
the He intershell, the so-called 13C pocket (Straniero et al., 
1995). The formation of the 13C pocket calls for an un-
known mixing mechanism that allows partial mixing of a 
few protons from the convective envelope into the top 
layers of the radiative He- and C-rich intershell.  The solar 
s-process abundances must account for the complex 
chemical evolution of the Galaxy, which includes AGB 
yields of various masses and metallicities.  A number of 
papers are devoted to an estimate of the contribution to the 
solar abundance of neutron capture elements (Kapeller et 
al., 1989, Arlandini et al., 1999, Travaglio et al., 2004,  
Serminato et al., 2009, Bisterzo et al., 2014).  So,  Arland-
ini et al. (1999)  using the stellar (n, γ) cross sections of 
neutron magic nuclei at N =  82, provide significantly 
better agreement between the solar abundance distribution 
of s-nuclei and the predictions of models for low-mass 
AGB stars.  

Since enrichment with any element at solar metallic-
ities is not a single event, the application of models of 
galactic evolution allows us to take into account the vari-
ous sources of enrichment and accumulation of an element 
with time.  For example, Serminato et al. (2009) or Bis-
terzo et al. (2014)  considered   Y, Zr, Ba, La, Eu abun-
dance with r-, s- process yields   as the s-process (pure 
AGB s-process production including s-process contribu-
tion from massive stars) and the r-process (for elements 
heavier than Ba). The solar r- process contribution is de-
rived by subtracting the s fractions from the solar abun-
dances (the so-called r-process residuals method), and 
then the r-contribution to a primary process occurring in 
SNII with a limited range of progenitor masses, M = 8–10 
M


 (Travaglio et al., 1999). For Sr, Y,  Zr was derive an r- 

fraction of 10% from observations of very metal-poor r-
rich stars (Mashonkina & Christlieb, 2014; Roederer et 
al., 2014).  The authors have employed the chemical evo-
lution code by Ferrini et al. (1992) and used the yields 
from Travaglio et al. (1999, 2001, 2004) with a grid of 

AGB yields (Chieffi et al., 1998). The solar s-process 
abundances have been analyzed in the framework of a 
Galactic Chemical Evolution (GCE) model with the im-
pact of the 13C-pocket structure on the s-process distribu-
tion and an additional weak s-process contribution from 
fast-rotating massive stars (Bisterzo et al., 2017). Recently 
Prantzos et al. (2018) have examined the different con-
tributing sources: i) LIM (low and intermediate mass 
AGB) stars, rotating massive stars plus their fiduciary r-
process (the baseline model, orange continuous curve); ii) 
LIM stars, non-rotating massive stars and r-process (green 
dashed curve); iii) LIM stars plus rotating massive stars 
without the r-process contribution (orange dashed curve); 
iv) LIM stars and non-rotating massive stars without r-
process contribution (gray dashed curve, Fig. 1). 

The authors noted, that globally, the computed [X/Fe] 
vs. [Fe/H] evolution for the s-elements agrees with those 
obtained in previous studies (Travaglio et al., 2004; Bis-
terzo et al. , 2017) for metallicities typical of the disk 
([Fe/H]≥ −1.0). The weak s-process in rotating massive 
stars plays a key role in the evolution of the s-elements at 
low metallicity (Prantzos et al., 2018). 

 
4. Mo and Ru observations  
 
Observations of Mo and Ru abundances have been per-

formed in stars of different types : Ba stars (Allen & Porto 
de Mello, 2007), metal-poor stars (Hill et al., 2002, Sne-
den et al., 2003; Ivans et al., 2006; Honda et al., 2006; 
Mashonkina et al., 2010; Siqueira Mello et al., 2013, 
2014, Peterson 2011, 2013, Hansen et al., 2014,  Roederer 
et al., 2014, Aoki et al., 2017, Sakari et al., 2018, Spite et 
al., 2018 etc); globular clusters (Yong et al., 2008, Lai et 
al., 2011, Roederer et al., 2011,  Thygesen et al., 2014). In 
meteoritic matter  (presolar grains) the different anomalies 
of Mo,  Ru isotopes are found from presolar nano-
diamonds (Xe-HL component, e.g., Lewis et al.,1987), in 
single SiC-X grains (e.g., Pellin et al., 2006, Pignatari et 
al., 2016) and SiC AB grains (Savina et al., 2003). 

 
 
 

 
Figure 1: A comparison of our data and other authors for 
Mo abundances with GCE computations of Prantzos et al., 
2018. The notations are at the panel. 
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4.1. Mo and Ru in metal-poor stars 
 
The extreme overabundance of Mo and Ru with respect 

to iron in two metal-poor stars (HD 94028, HD 160617) 
were detected by Ruth Peterson (2011).  The author sug-
gested that the low-entropy regime of a high-entropy wind 
(HEW) above the neutron star formed in a Type II super-
nova (e.g., Farouqi et al., 2009) produced Mo and Ru in 
these two moderately metal-poor ([Fe/H]  ~ –1.5) turn off 
(TO) stars, implying that only a few distinct nucleosynthe-
sis events produced the light trans-Fe elements. The 
analysis the other elements (e.g. Sr, Y, Zr, and Pd) has 
shown that Mo and Ru are enhanced in similar manner, by 
an average factor of four, but Zr and Pd are always less 
overabundant. This substantiates that only the low-entropy 
regime of HEW predicts the sizable overproduction of just 
these elements.  

At that, the lower [Mo/Fe] values previously obtained 
for giants, using the same Mo I lines, remain puzzle. In 
particular, the giants of  GCs demonstrate the smaller val-
ues of Mo excess. The difference might equally well result 
from a dependence of low-entropy regime HEW produc-
tion on metallicity, or on the field halo versus globular-
cluster environment.  Later Peterson (2013) found the Mo, 
Ru overabundance for 26 stars with moderate [Fe/H] and 
now,  since high molybdenum and ruthenium abundances 
are typical of moderately metal-poor TO stars, exception-
ally few nucleosynthesis events are not required to inter-
pret the high values that Peterson (2011) found for HD  
94028 ([Mo/Fe] = 1.0, [Ru/Fe] = 0.7) and HD 160617 
([Mo/Fe] = 0.8, [Ru/Fe] = 0.6).  

Hansen et al. (2014) have investigated the Mo and Ru 
abundances in  71 galactic metal-poor field stars,  dwarfs 
and giants at  −0.63  > [Fe/H] >  −3.16. The authors de-
tected a wide spread  in the Mo and Ru abundances,  and  
have confirmed earlier discovered of Mo enhanced at stars 
around [Fe/H] = −1.5, and they added 15 stars, both 
dwarfs and giants, with small excess  (<0.3 dex) of Mo 
and Ru abundances to iron,  as well as more than 15 stars 
with  Mo and Ru enhanced (>0.5dex) to the  known stellar 
sample at that time. Why such a difference has been ob-
served,  taking into account that the ISM on this metallic-
ity is sufficiently well mixed? This question is still open.  
Hansen et al. (2014) compared the behaviour of the Mo 
and Ru abundances with that of Sr, Zr, Pd, Ag, Ba and Eu, 
for which the production sources were well known.  To 
extract the similarity in formation processes, absolute (log 
A) abundances of Mo and Ru were compared to those of 
other trace elements. If the two compared elements were 
produced in the same process, the ratio was expected to be 
1:1; in other words, the fitted line should have a slope of 
1.0.  For instance, the authors reported that the ratio be-
tween Mo and Sr close to 1:1 at lower metallicity could 
indicate that the weak s-process yields occurred in stars 
with the metallicities below [Fe/H] = −1.83. As can be 
seen from Table (Arlandini et al., 1999), 15% of Sr is cre-
ated by a process that is different from the weak s-process. 
It is no the weak r-process (Ag, 79 %), but it could be a 
sort of lighter element primary process (LEPP), such as an 
α-process or a νp-process (Frohlich et al.,2006) or  the 
charged-particle process described in Qian & Wasserburg 
(2008).  At higher [Fe/H] the slope clearly deviates from 

unity (1.29), and the uncertainty (star-to-star scatter) is 
large that could indicate that there are several formation 
processes creating Mo at higher [Fe/H]. One option would 
be the p-process or the earlier mentioned α- /νp-process, 
which would explain the correlation between Mo and Ru 
at higher [Fe/H] since their lightest isotopes are created by 
a p-process.  As a result,  the authors  have deduced that 
Mo is a highly convolved  (composite) element that re-
ceives  contributions from both the s-process and  the p-
process and less from the main and weak r-processes,  
whereas Ru is mainly  formed by the weak r-process as is 
silver, for stars within the investigated range  of  [Fe/H].  
There are a several production  processes, in addition to 
high entropy wind  as mentioned in Peterson (2011, 2013),  
namely the p-process,  and the slow (s-), and  rapid (r-) 
neutron-capture processes.  

 
4.2. Mo and Ro in presolar grains  
 
Hansen et al. (2014) analyzed the meteoritic enrich-

ment as  presolar grains trace the nucleosynthetic origin of 
Mo and Ru.  The absolute elemental stellar abundances 
were compared to the relative isotopic abundances of 
presolar grains extracted from meteorites. The comparison 
with the elemental abundances in presolar grains showed 
that the r-/s-process ratios from the presolar grains 
matched the total elemental chemical composition derived 
from metal-poor halo stars with [Fe/H] around −1.5 to 
−1.1 dex. This may be indicative of the fact that both 
grains and stars with metallicities around [Fe/H] = −1.5 
and above are equally (well) mixed and hence do not sup-
port a heterogeneous presolar nebula. An inhomogeneous 
interstellar medium (ISM) should only be expected at 
lower metallicities. The stellar data, combined with the 
abundance ratios of presolar grains, may indicate that the 
AGB yields are less efficiently mixed into stars than into 
presolar grains.  

Travaglio et al. (2018)  showed, however, a non-solar 
pattern for presolar grains, likely carrying the signature of 
not well-mixed ejecta from single  CCSNe. On the other 
hand, terrestrial and meteoritic p abundances have to be 
derived from GCE models, integrating the production of 
different sites over the history of the Galaxy. The solar 
composition might also not be representative of the aver-
age galactic composition as calculated in GCE models. 

Despite the extensive set of observational data for 
metal-poor stars, solar abundances and presolar grains, 
there is no sufficient number of observations for the disc 
stars. 

 
4.3. Mo and Ru in disc stars 
 
In our first study, performed by Komarov&Mishenina 

(1989), the Mo and Ru abundance determinations were car-
ried out in the atmosphere of K giant stars using the spectral 
synthesis methods and 5.6 Å/mm photographic spectra ob-
tained with the 6-meter telescope at the SAO of AS of the 
USSR. Those Mo and Ru abundances coincided with the 
solar data within the errors. The next study by Gopka et al. 
(1991) was focused on the abundances of the r- and s-process 
elements in the atmospheres of K-giants. Since then, we have 
studied the enrichment of the thin and thick disc stars, in the 
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α-elements, n-capture elements and Mn (Mishenina et al., 
2004; 2013a; 2015b), as well as open cluster stars (Mishenina 
et al., 2013b; 2015a), and performed comparison of the re-
sults with a number of the Galactic Chemical Evolution 
simulations (Mishenina et al., 2017).  

The present study focuses on the Mo and Ru enrichment 
of the Galactic disc. The spectra of  more than 200 stars have 
been obtained using the 1.93 m telescope at Observatoire de 
Haute-Provence (OHP, France) equipped with the echelle 
type spectrographs ELODIE (R = 42000 ) and SOPHIE (R = 
75000) for the wavelengths range 4400 – 6800 Å and signal 
to noise S/N more than 100 . The atmospheric parameters 
were determined earlier using homogeneous methods for all 
the target stars (Mishenina et al., 2004; 2013). The abun-
dances were determined in the LTE approximation using the 
models by Castelli & Kurucz (2004) and the modified 
STARSP LTE spectral synthesis code (Tsymbal, 1996). The 
Mo I lines 5506, 5533 Å and Ru I lines 4080, 4584, and 4757 
Å are used in our investigation.   

In order to find possible sources of contribution to the 
Mo and Ru abundances, we established correlations of our 
estimated abundances of Mo and Ru with those of  Y, Zr, 
Ba, Sm, Eu (Mishenina et al., 2013) and Sr (still under 
preparation) and compared them with the known data on 
the AGB s-process contribution to the solar abundance. In 
particular, we have compared the correlations between our 
determinations of the Ru and Mo abundances, these are 
0.48±0.06 (thin disc) and 0.76±0.14 (thick disc) with those 
reported by Hansen et al. (2014) for two groups of low and 
high metallicity stars: ~ 0.87±0.12 and 1.03±0.08, respec-
tively. While our estimates for the thick disk are consistent 
with those of Hansen et al. (2014) within the reported er-
rors, the values for the thin disc are indicative of remarka-
bly different sources of enrichment in thin disc stars, though 
they supported a general conclusion by Hansen about dif-
ferent sources for these two elements. Upon analysis of the 
correlation between different elements at the near-solar 
metallicities, we have found out that it is different sources 
which contribute to Mo and Ru. In particular, the contribu-
tion of the main s-process to the Mo and Ru abundances is 
lower than that to the predominant s-element (Y, Zr and Ba) 
solar abundance; some additional sources may be contribute 
as the weak s-process (massive rotation stars),   p-process 
(SN Ia and/or SN II), νp-process (massive stars) or several 
more exotic processes. 

 
5. Results and discussions. Comparison of the 

chemical evolution pattern. 
 
Observational data on the Mo and Ru abundances in 

many stars within the wide range of metallicity, including 
our new data, are presented in Fig. 1 and 2. We have com-
pared the ratios [Mo/Fe] vs. [Fe/H] only with the calcula-
tions from Prantzos et al. (2018; Fig.1) since those for Ru 
are missing.   

As can be seen from Fig. 1, the nucleosynthesis sources 
suggested and used in this model (AGB and fast-rotation 
massive stars) do not describe well the observational ten-
dency. This allows deducing that many sources listed in 
the section on nucleosynthesis may contribute to the en-
richment in Mo and Ru, and this should be taken into ac-
count. 

 
Figure 2: A [Ru/Fe] vs. [Fe/H]. The notation is at the panel. 
 

However, we have noted that very metal-poor stars 
([Fe/H] < –2.5) demonstrate a very large scatter in the 
abundances of neutron-capture elements, including mo-
lybdenum (e.g., Roederer et al., 2014; 331 stars were in-
vestigated). At the same time, Aoki et al. (2017) who 
studied the stars with similar metallicities ([Fe/H] < –2.5) 
to determine the effect of a weak r-process, have shown 
that their target stars do not exhibit appreciable overabun-
dance of molybdenum or ruthenium (< 0.25dex).  

The observed scatter pattern for strontium and barium at 
low [Fe/H] was analysed by Cescutti et al. (2013) with re-
gard to the stochastic models of galactic evolution taking 
into account contributions of fast rotating stars to the en-
richment. Their model (combining contributions from an r-
process and an s-process in fast-rotating massive stars) is 
able to reproduce the observed scatter in the [Sr/Ba] ratio at 
[Fe/H] < −2.5. With higher metallicities, the stochasticity of 
the star formation fades away due to increasing number of 
exploding and enriching stars, which results in the decrease 
in the predicted scatter. Perhaps, stochastic models should 
also be used to explain the spread of molybdenum abun-
dances at very low metallicities. 

  
6. Conclusion 
 
We presented a brief overview of the current state of 

the Mo and Ru nucleosynthesis, including the s-process 
contribution to the solar abundances. 

We reviewed the Mo and Ru observations in stars of 
different types performed earlier. 

For the first time, we carried out observations of Mo 
and Ru in the galactic disc.  

Having analysed the correlation between different ele-
ments at the near solar metallicities, we found out that the 
sources of contribution to Mo and Ru are different; we 
also detected that the main s-process contribution to the 
Mo and Ru abundances was lower than the predominant s-
contribution to the abundances of other elements (Y, Zr 
and Ba).   

The comparison of the behaviour of Mo in the Galaxy 
with the GCE predictions (Prantzos et al., 2018) revealed 
underproduction of Mo in the adopted sources (AGB stars 
and fast rotation massive stars); thus, some alternative 
sources of the Mo enrichment should be factored in, such 
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as the p-process (SN Ia and/or II), νp-process (massive 
stars) or several other exotic processes. 
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ABSTRACT. Metal-poor stars in the Galaxy enable 

observations of the light and neutron-capture (n-capture) 
elements produced by their progenitors and deduction of 
the characteristics of the early Galaxy from the elemental 
abundances in these stars. Stars with deficiency of metals 
([Fe/H] < –2) vary significantly in their chemical compo-
sition, in particular, in their content of CNO elements, as 
well as the iron-peak and n-capture elements. A detailed 
study of the elemental abundances in these stars makes it 
possible to test experimental models of stellar evolution, 
nucleosynthesis, homogeneity (the degree of mixing) of 
interstellar matter, etc., at low metallicity in the Galaxy. 

The metal-poor star HD 6268  with   [Fe/H] close   to –
2.5 and low carbon abundance was selected as a target one 
for this study. The spectral material was collected using 
the Southern African Large Telescope (SALT) fibre-fed 
echelle-spectrograph HRS in the medium resolution mode 
(R~31000-41000) with a high S/N ratio near 100-200 
within the range from 3900 to 8700 ÅÅ. The atmospheric 
stellar parameters and abundances of 30 chemical ele-
ments in the metal-poor star HD 6268 were determined 
under the LTE approximation using the atmosphere mod-
els by Kurucz & Castelli (2003), as well as the equivalent 
widths EWs and WIDH9 code developed by Kurucz. The 
abundances of C, Na, Mg, K, Ba, La, Ce,  Pr, Sm and Eu 
were obtained by the synthetic spectrum method factoring 
in the hyperfine structure (HFS) for the Eu II line 4129 A. 
The carbon abundance was determined by the molecular 
synthesis fitting in the region of CH (4300-4330 ÅÅ). For 
the abundances of Na, Mg, K and Ba, we applied the 
NLTE corrections. 

As a result, we found out that the abundances of C and 
N confirm their changes associated with canonical extra 
mixing proposed by Denissenkov & Pinsonneault (2008). 
The Na-O correlation is open to question unlike the Na-Si 
correlation which is likely to exist. The Al-Mg and Al-Na 
correlations are consistent with the data obtained for the 
field giants with [C/Fe] < –0.5 (Roederer et al., 2014).  

According to the distribution of elements depending on 
their atomic numbers in the atmosphere of HD 6268, it is 
a metal-poor main r-process enriched star. 

Keywords: stars: abundances – stars: atmospheres – stars: 
Population II  – stars: individual: HD 6268 
 

АБСТРАКТ. Бідні металами зорі Галактики дають 
змогу спостерігати легкі елементи та елементи 
нейтронного захвату, що вироблені їхніми зорями-
попередниками, і через їх вміст вивести характеристи-
ки ранньої Галактики. Зорі з дефіцитом металів 
([Fe/H]<–2) показують помітну різноманітність 
хімічного складу, це стосується як CNO-елементів, так 
і елементів залізного піку та n-захвату. Детальне вив-
чення вмісту елементів у цих зорях дозволяє перевіря-
ти (тестувати) моделі зоряної еволюції, нуклеосинте-
зу, однорідності (ступінь змішування) міжзоряної ре-
човини тощо при низькій металічності в Галактиці. 

Малометаллічна зоря HD 6268 з [Fe/H] близько -2,5 і 
малим вмістом вуглецю була вибраноа для нашого до-
слідження. Спектральний матеріал був отриманий з 
ешеле-спектрографом HRS, який  розміщений на 
Південно-Африканському Великому Телескопі (SALT) 
в режимі середньої роздільної здатності (R ~ 31000-
41000) з високим співвідношенням сигнал/шум (S/N 
близько 100-200) у діапазоні від 3900 до 8700 АА. 
Зоряні параметри та вміст 30 хімічних елементів в 
атмосфері HD 6268 були визначені в наближенні лока-
льної термодинамічної рівноваги (ЛТР), 
використовуючи моделі атмосфери Куруца та Кастеллі 
(2003), еквівалентні ширини EW ліній та код WIDH9 
Куруча. Вміст C, Na, Mg, K, Ba, La, Ce, Pr, Sm, Eu, 
отримано методом синтетичного спектру з 
урахуванням надтонкої структури (HFS) для лінії Eu II 
4129 A. Вміст вуглецю визначався за молекулярним 
синтезом пристосування профілей в районі СН (4300-
4330 А). Для вмісту Na, Mg, K, Ba ми використовували 
виправлення (корекції) за рахунок відхилень від ЛТР. 

З отриманих результатів було виявлено, що вмісти 
вуглецю C і та азоту N підтверджують, що зміни їх 
вмісту відбулися шляхом канонічного додаткового 
змішування, запропонованого Денисенковим і Пін-
соннео (2008); наявність співвідношення Na-O під 
сумнівом, на відміну від співвідношення Na-Si, що 
може бути. Відношення Al-Mg, Al-Na співпадають з 
даними, отриманими для гігантів галактичного поля з  
[C/Fe] <–0.5 (Roederer et al., 2014). 

HD 6268 є зорею, яка демонструє збагачення осно-
вним r-процесом  відповідно до розподілу вмісту еле-
ментів  з атомним номером в її атмосфері. 

Ключові слова: зірки: вміст хімічних елементів – 
зірки: атмосфери – зірки: Населення II – зірки: індиві-
дуальні: HD 6268 
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1. Introduction 
 
Metal-poor stars in the Galaxy enable us to observe 

CNO elements, as well as the alpha-, iron-peak and neu-
tron-capture (n-capture) elements, produced by their pro-
genitors and deduce the evolution and features of the early 
Galaxy from the abundances in these stars.  

Besides, the stars in the advanced stages of their evolu-
tion (e.g. giants, AGB stars, etc.) allow us studying pecu-
liarities of stellar evolution at low metallicity. Stars with 
deficiency of metals ([Fe/H] < –2) vary significantly in 
their chemical composition, in particular, in their content 
of CNO and n-capture elements (e.g., McWilliam et 
al.,1995; Burris et al., 2000; Sneden et al., 2003; Honda et 
al., 2006; Frebel et al., 2008; Roederer et al., 2014, etc.). 
While the carbon deficiency and excess of nitrogen de-
tected in giants has been traditionally interpreted within 
the framework of their own evolution, a lot of attention 
has been paid recently to the stars enriched in carbon, such 
as carbon-enhanced metal-poor stars (CEMP).  

The star HD 6268 does not exhibit any excess of carbon; 
the contrary is the case as it is a giant with underabundant 
carbon and overabundant nitrogen having [Fe/H] of about –
2.5 (see, e.g., McWilliam et al, 1995; Roedeter et al., 2014), 
which is likely due to the mixing processes within the star, 
as well as due to different mechanisms of matter transfer 
over the course of its evolution.  

In this regard, it is very important to analyse the chemi-
cal composition and, in particular, the correlation of CNO 
elements with Na, Mg and Al, whose abundances change as 
a result of nuclear reactions and hydrogen burning in the 
advanced cycles (e.g., Gratton et al., 2000; Spite et al., 
2006). Stellar models predict that as a low mass star evolves 
up the red-giant branch (RGB), the outer convective enve-
lope expands inward and penetrates into the CN-cycle proc-
essed inner regions. The ensuing mixing episode, called the 
first dredge-up, is expected to alter the abundance of light 
elements on the star’s surface (Iben, 1964).  

The first dredge up is expected to be less efficient in 
metal-poor stars (VandenBerg & Smith, 1988; Charbon-
nel, 1994): the C and N abundances change insignifi-
cantly, and the 12C/13C ratio is expected to remain > 30. 
The theoretical studies (e.g., Charbonnel, 1994; 1995) 
have demonstrated that some further mixing is possible in 
the latest phases of the RGB: in fact, after the end of the 
dredge-up phase is reached, the convective envelope be-
gins to recede, leaving behind a chemical discontinuity; 
the corresponding change in molecular weight prevents 
further mixing. 

In this study, we have investigated the atmospheric pa-
rameters and elemental abundances in HD 6268 aiming at 
clarifying its status on the basis of accurate determination 
of its chemical composition.  

 
2. Observations and spectrum processing, radial ve-

locities 
 
The main characteristics of HD 6268 (HIP 4933) were 

taken from the SIMBAD database, in particular: Equato-
rial coordinates: α = 01 03 18; δ = –27 52 49 (2000) 
(GAIA DR2); Galactic coordinates: 229.57; –87.26 
(2000). 

Stellar magnitudes: B = 9.725; V = 9.046 (Zacharias et 
al., 2012; UCAC4); distance = 705.9156 pc (GAIA DR2); 
parallax (mas): 1.4166 [0.0440] (GAIA DR2); radial ve-
locity (RV) in km/s = 39.52 [0.15] (GAIA DR2). 

The spectral material for the target star was collected in 
2017 with the 11-metre Southern African Large Telescope 
(SALT) fibre-fed echelle-spectrograph HRS. The spectra 
were obtained in the medium resolution mode (R~31000-
41000) with a high S/N ratio near 100-200 within the 
range from 3900 to 8700 ÅÅ. All the data were processed 
using the software package developed by the authors 
based on the standard system of astronomical data reduc-
tion MIDAS. Further spectra processing, such as the con-
tinuum establishment, line depth and equivalent width 
(EW) measurements, etc., was conducted using the 
DECH30 software package by G.A. Galazutdinov (2007).   

 
3. Determination of parameters 
 
We used spectroscopic methods for determination of 

the stellar parameters of HD6268, because we found out a 
contradiction in the photometric data, in particular, the 
stellar magnitude V obtained earlier in the Johnson system 
(V = 8.16) differed from the latest value V = 9.046 given 
in the SIMBAD database (Zacharias et al., UCAC4). Nev-
ertheless, in the first approximation, in order to determine 
the effective temperature Teff of the target star, we used 
the photometric data (V = 8.16 and B–V = 0.813) and 
photometric calibration given in McWilliam et al. (1995). 
Then, we refined the Teff value based on the independence 
of the iron abundance determined from a given line on the 
lower-level potential Elow of that line (Fig. 1).  To deter-
mine the gravity log g, we employed the iron ionisation 
balance technique for the Fe I and Fe II abundances.  The 
microturbulent velocity Vt was determined from the condi-
tion of independence of the iron abundance determined 
from a given line on its equivalent width EW (Fig. 2).  

  

 
Figure 1: The dependence of log A(Fe I) on Elow 

 

 
Figure 2: The dependence of log A(FeI) on EW 
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Table 1. Parameter’s comparison with those obtained in 
different papers 

 
The metallicity [Fe/H] was adopted as the iron abun-

dance determined from the Fe I lines. The selection of the 
parameters was performed using an iterative procedure. 
Finally, the following parameters were adopted: Teff = 
4700 K; log g = 1.3; Vt = 2.1 km/s.   

Table 1 presents the results of the comparison of our 
data with the findings of other researchers. As can be seen 
in Table 1, there is a good agreement between Teff and 
[Fe/H] obtained by different authors. However, noticeable 
discrepancies can be observed for the gravity log g and 
turbulent velocity Vt.  

Our determinations corroborate with the mean values 
of the parameters within the errors: <Teff> = 4710 ± 65 
K; <log g> = 1.12 ±0.30; <[Fe/H]> = –2.56 ± 0.18; <Vt> 
= 2.04 ±0.53 km/s.  

It should be noted that for the metallicities close to that 
one of the target star, the deviations from the Local Ther-
modynamic Equilibrium (LTE) may influence the stellar 
parameters and iron abundance (see, e.g., Lind et al., 2012). 
However, Roederer et al. (2014) have investigated metal-
poor stars and found out that the Fe II abundance deter-
mined by the LTE calculations is close to its estimates un-
der non-LTE approximations within 0.02 dex. The obtained 
results enabled Roederer et al. (2014) to adopt the iron 
abundance derived from the Fe II lines as an indicator of 
metallicity [Fe/H]. The effect of the non-LTE deviations on 
the iron abundance determination from the Fe I lines is 
stronger, but it does not exceed 0.2 dex as reported by dif-
ferent authors (e.g., Thévenin & Idiart, 1999; Asplund, 
2005). Our estimates of the iron abundance obtained from 
the Fe I and Fe II lines are almost similar, hence our deci-
sion to take the Fe I abundance as [Fe/H] does not contrib-
ute significantly to the error in determination of the parame-
ters and iron abundance. To verify our log g determined by 
the Fe I/Fe II ionization balance, we adopted our estimated 
surface gravity log g (as well as Teff) in the theoretical 
isochrones in the Y2 grid (Demarque et al., 2004) for the 
relevant metallicity ([Fe/H] = –2.5). As can be seen, there is 
an agreement between our log g and the position in the cor-
responding theoretical track, which corroborates our gravity 
determination and allow us assuming the age of the target 
star to be 12 Gyr (Fig. 3).  

 
Figure 3: Position of HD 6258 on the theoretical 
isochrones of the Y2 grid (Demarque et al. 2004) 

 
 
 
4. Abundance determination 
 
For HD 6268, the abundances of the investigated ele-

ments were determined under the LTE approximation with 
the atmosphere models by Kurucz & Castelli (2003). The 
stellar model was selected by means of a standard interpo-
lation for Teff and log g. Elemental abundances were de-
termined using the equivalent widths EWs and WIDH9 
code by Kurucz. The latest version of the modified 
STARSP code (Tsymbal, 1996) and VALD line list 
(Kupka et al., 1999) were employed for the LTE determi-
nation of the abundances of C, Na, Mg, K, Ba, La, Ce, Pr, 
Sm and Eu. The Eu abundance was calculated from the Eu 
II line 4129 Å factoring in the HFS (Ivans et al., 2006). 
The carbon abundance was determined using the molecu-
lar synthesis fitting in the region of CH (4300-4330 ÅÅ).   

For the Na, Mg, K and Ba abundances we used the 
NLTE corrections computed by Sergei Korotin: the NLTE 
correction for the employed Ba lines at [Fe/H] close to -2 
was about 0.1 dex (Korotin et al., 2015); and the NLTE 
departures for Na, Mg and Al at [Fe/H]~-2.0 varied from 
0.03 to 0.2 dex depending on Teff and log g (Andrievsky et 
al., 2010); for D lines Na~0.5 dex.  

The spectrum synthesis fitting of the C and Ba lines to 
the observed profiles for  star is shown in Figs. 4,5. 

To determine the systematic errors in the abundance es-
timates due to uncertainties in the atmospheric parameter 
determinations, we have derived the elemental abundances 
for the target star from several models with modified pa-
rameters (δTeff = ±100 K; δlog g = ±0.2; δVt = ±0.1). The 
total uncertainty due to the parameter and EW errors for 
the Fe I and Fe II are 0.11 and 0.12, respectively. The de-
termination accuracy for other elements varies from 0.10 
to 0.18 dex.  

We compared our abundance determinations with those 
obtained by other authors (Burris et al., 2001; Roederer et 
al., 2014). The elemental abundances [El/Fe] as a function 
of the relevant atomic numbers for HD 6268 are depicted 
in Fig. 6. 

 
 

Teff log g [Fe/H] Vt, 
km/s 

reference 

4700  1.3  –2.56  2.1  our  
4818  0.84  –2.40  1.5  Gratton,  1989   
4670  0.75  –2.58  2.73  McWilliam et al., 

1995  
4700  1.6  –2.36  1.3  Pilachowski et al., 

1996  
4800  0.84  –2.56  2.5  Francois,  1996   
4700  1.6  –2.36  1.6  Burris et al. , 2000  
4740  1.20  –2.32  -  Cenarro et al. ,  2007  
4696  1.2  –2.74  -  Yong et al., 2013  
4570  0.70  –2.89  1.85  Roederer et al., 2014  
4696  1.2  –2.74  2.75  Placco et al., 2014  
4726  1.14  –2.63  2.05  Wu et al.,  2015  
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Figure 4: Observed (doted line) and calculated (solid 
lines) spectra in the region of CH lines 
 

 
Figure 5: Observed (dashed line) and calculated (solid 
line) spectra in the region of Ba I line 5853 Å 
 

 

 
Figure 6: [El/Fe] vs. Atomic Number. Our determination 
marked as black circles, those of Burris et al. (2001) as 
small circles and Roederer et al. (2014) as open circles 

 
 
 5. Results and discussions 
 
The study of HD 6258 star is important in two aspects: 

from the point of view of the advanced stages of stellar 
evolution of metal-deficient stars, and in the context of 
galactic chemical evolution.  

 
5.1. Stellar evolutionary effects (on CNO, Na, Mg,  Al)  
 
Stars in the advanced stages of their evolution exhibit 

variations in the abundances of certain chemical elements.  

Table 2: CNO, Na, Mg, Al, and Si abundances 
 

Elem  our Roederer et al.,  
2014 

McWilliam et al.,  
1996 

[C/Fe] –0.87 –0.91 –0.68 
[O/Fe] 0.69 0.66 – 
Na/Fe] 0.12 - 0.22  (LTE) 
[Mg/Fe] 0.49 0.56 0.44 
[Al/Fe] –0.54 –0.36 +0.48 
[Si/Fe] 0.40 - 0.50 

 
 
In case of stars of the giant branch, a change in the abun-
dances of Li, CNO, Na, Mg and Al may be expected, which 
is the subject of many years research in the giants of globu-
lar clusters. Table 2 presents the abundances of the listed 
elements obtained in our study, as well as those reported in 
McWilliam et al. (1996) and Roederer et al. (2014).  

The abundances are in good agreement with the only ex-
ception being the aluminium abundance, though it may be 
due to a misprint in the paper by McWilliam et al. (1996). 

Gratton et al. (2000) carried out a detailed analysis of 
mixing along the red-giant branch in 62 field stars within 
the metallicity range of −2 ≤ [Fe/H] ≤− 1. The abundances 
of light elements in lower-RGB stars (i.e. stars brighter 
than those with the first dredge-up luminosity and fainter 
than the RGB bump) are in agreement with the predictions 
made using classical evolutionary models. A second 
dredge-up, which is a distinct mixing episode, occurs in 
most (perhaps in all) low mass metal-poor stars just after 
the RGB bump. In the field stars, this second mixing epi-
sode only reaches regions of incomplete CNO burning: it 
causes a depletion of the surface 12C by about a factor of 
2.5 with a corresponding increase in the N abundance by 
about a factor of 4. However, any O-Na anti-correlation 
which is typically found in the globular cluster stars is 
observed in the field stars.  

Spite et al. (2006) performed an LTE analysis of 32 ex-
treme metal-poor (EMP) giants in order to understand the 
CNO abundance variations found in some, but not all 
EMP field giants, considering mixing beyond the first 
dredge-up in the standard stellar models. They found out a 
C–N anti-correlation that corroborated the hypothesis that 
the surface abundances could be modified by the CNO 
processed material from the inner regions.  

Our findings, in particular, the carbon underabundance 
and nitrogen overabundance, may be consistent with the 
stellar evolution calculations and associated with canoni-
cal extra mixing (e.g., Denissenkov & Pinsonneault, 2008; 
for the CMEP stars). In the mentioned paper, Fig. 5 illus-
trated variations in the surface C and N abundances (black 
curve) due to canonical extra mixing with the depth rmix 
=  0:045 Rsol and rate Dmix = 0:04K in the RGB model 
with M = 0:83 Msol and Z =  0:0001. Earlier, Denis-
senkov & VandenBerg (2003) have shown that at least the 
extra mixing depth does not seem to depend strongly on 
metallicity. Therefore, they have suggested calling this 
universal non-convective mixing process “canonical extra 
mixing”. They also hypothesised that some of the upper 
RGB stars (of GCs) may experience “enhanced extra mix-
ing”, which is much faster (by a factor of ~100) and to a 
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some extent deeper than canonical extra mixing. However, 
the proposed process of enhanced extra mixing leads to 
the depletion of oxygen and may also contribute to the O-
Na and Mg-Al anti-correlations observed in some globular 
cluster red giants. The turbulent diffusion or/and rotation-
induced meridional circulation may be an alternative 
mechanism of extra mixing in the upper RGB stars. In this 
case, enhanced extra mixing requires rotational velocities 
to be ~10 times as high as those which are sufficient for 
canonical extra mixing to occur.  

The value log L/L


 = 2.71 for HD 6268 was calculated 
via the classical formula: 

Log L/L


 = log M*/M


 + 4logTeff*/Teff


 – log g*/g
 , 

were Teff


= 5780 K, log g


 = 4.44 and assuming   a stel-
lar mass M* = 0.85M

.. 
Figs. 7 and 8 illustrate the computations by Denis-

senkov & Pinsonneault (2008) for canonical extra mixing 
at log L/Lʘ > 2.2 (these figures correspond to black curves 
in Figures 2 and 5 in the cited paper). If we compare our 
values of [C/H] = –3.43 and log L/L


 = 2.71 with the pre-

diction reported in the afore-mentioned study, we can see 
that our star is located in the black curve which corre-
sponds to canonical extra mixing for non-C-enhanced 
extremely metal-poor stars (Fig. 7). 

If we adopt [N/Fe] = 0.8 (Roederer et al., 2014) and 
[C/Fe] = –0.87 (our determination), these values are close 
to the black curve which shows variations in the surface C 
and N abundances due to canonical extra mixing (Fig. 8). 
The C and N abundances, as well as the luminosity of HD 
6268, corroborate the presence of canonical extra mixing 
(Denissenkov & Pinsonneault, 2008) in this star. 

We compared our data with those reported by Roederer 
et al. (2014) for the field giants with [C/Fe] < –0.5 for 
different relationships, such as [Na/Fe] vs. [O/Fe], [Na/Fe] 
vs. [Al/Fe], [Al/Fe] vs. [Mg/Fe] and [Na/Fe] vs.[Si/Fe].  
Our determinations fall into the area of the listed relations 
plotted using the values from Roederer et al. (2014); how-
ever, no clear correlations between these data can be seen, 
with the only exception being the Al – Mg anti-correlation 
and to a smaller extent the Na-Al anti-correlation. It 
should be noted that our data are in good agreement with 
the respective dependencies (the Na-O correlations and Al 
-Mg, Na-Al, Si anti-correlations) reported in Marino et al. 
(2015) for the globular cluster NGC 5286. Unfortunately, 
the number of observations is not sufficient to enable us to 
draw more reliable conclusions. 

 
5.2. Galactic enrichment 
 
The obtained pattern of the abundances of elements de-

pending on their atomic numbers (for the elements with 
AN > 50, the abundance increases with increasing atomic 
number) is in agreement with the results obtained by Sne-
den et al. (2003) for the star CS 22892-052 exhibiting a 
scaled solar system r-process abundance (as stars with the 
main r-process); meanwhile, it is not consistent with the 
findings for HD 122563 (Honda et al., 2006) wherein an 
excess of light neutron-capture elements is observed with-
out an enhancement of heavy elements (as stars with the 
weak r-process). 

 
Figure 7: The carbon abundance vs. log L/L


; the figure 

corresponds to Figure 2 in Denissenkov&Pinsonneault (2008) 
 

 
Figure 8: [N/Fe] vs. [C/Fe];the figure correspond to Figure 
5 in  Denissenkov&Pinsonneault (2008). The black curve 
depicts variations in the surface C and N abundances as-
sociated with canonical extra mixing with the depth rmix  
0.045 Rsun and rate Dmix  = 0.04K in the RGB model 
with M = 0.83 M

 and Z  = 0.0001. 
 
 
6. Conclusion 
 

• The C and N abundances confirm their changes due 
to canonical extra mixing (Denissenkov & Pinson-
neault, 2008). 

• The Na-O correlation is open to question unlike the 
Na-Si correlation which is likely to exist.  

• The correlations between Al – Mg and Al – Na con-
firm the data obtained for the field giants (Roederer 
et al., 2014). 

• According to the distribution of elements depending 
on their atomic numbers, HD 6268 is a metal-poor 
main r-process enriched star. 
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THE DEPENDENCE OF ON- AND OFF-STATE GENERATIONS

IN CLASSICAL MICROQUASARS FROM THE DISK DENSITY.
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V.V.Nazarenko

Astronomical Observatory, Odessa National University,

Shevchenko Park, Odessa, 65014, Ukraine, nazaret@te.net.ua

ABSTRACT. In the present work we have computed
and have compared the on- and o�- generations in low
and high mass accretion rate accretion disks. The com-
parison shows that in the case of low mass accretion
rate in disk (10−10 solar mass per year) the ON-state
time interval is very short, order of 0.2 ÷ 0.4 of preces-
sion period; in the case of high mass accretion rate in
disk (10−9 solar mass per year) the ON-state time in-
terval is relatively long, order of 0.7 ÷ 0.9 of precession
period. This shows that in the case more dense disk
ON-states are relatively very long time interval because
of high mass accretion rate in disk. This result is nat-
ural for classical microquasar (CYG X-1) in which the
on-states are corresponding high mass accretion rates.
For comparison we may also write that the time inter-
vals of OFF-states in the present calculations are order
of 1.3 ÷ 1.5 of precession periods. The calculations also
show that in OFF-states the accretion disk have the low
speci�c viscosity and on contrary have the high spe-
ci�c angular momentum. In ON-states the disk have
to contrary to OFF-states the high speci�c viscosity
and low speci�c angular momentum. It shows that in
OFF-states the disk is very rapidly rotating with low
viscosity. In ON-states the situation is on contrary.
Such the disk time-behaviour is true for both low and
high mass accretion rate. The calculations also show
that in ON-states the disk radius is very small, order
of 0.08 of the orbital separations and on contrary in
OFF-states the disk radius is relatively large, order of
0.25 of the orbital separations. The stated above shows
that the disk is strong transformed from ON- to OFF-
states.

Keywords: Stars: binaries - stars: jets - methods:
numerical - hydrodynamics.

ÀÁÑÒÐÀÊÒ. Â ïðåäñòàâëåíié ðîáîòi ìè
âèêîíàëè îá÷èñëåííÿ òà ïîðiâíÿííÿ âêëþ÷åíèõ
òà âèêëþ÷åíèõ ñòàíiâ ç íèçüêîþ òà âèñîêîþ
øâèäêîñòÿìè àêðåöi¨ â äèñêó. Ïîðiâíÿííÿ

ïîêàçóþòü, ùî ó âèïàäêó íèçüêî¨ øâèäêîñòi àêðåöi¨
â äèñêó (10−10 Ñîíÿ÷íèõ ìàñ íà ðiê) ÷àñîâèé
iíòåðâàë âêëþ÷åíîãî ñòàíó ¹ äóæå êîðîòêèì,
áëèçüêî 0.2÷0.4 ïðåöåñiéíîãî ïåðiîäó, òîäi ÿê
ó âèïàäêó âèñîêî¨ øâèäêîñòi àêðåöi¨ â äèñêó
(10−9 Ñîíÿ÷íèõ ìàñ íà ðiê) ÷àñîâèé iíòåðâàë
âêëþ÷åíîãî ñòàíó âiäíîñíî äîâøèé, áëèçüêî
0.7÷0.9 ïðåöåñiéíîãî ïåðiîäó. Öå ïîêàçó¹, ùî
ó âèïàäêó áiëüø ãóñòîãî äèñêó âêëþ÷åíi ñòàíè
âiäíîñíî äîâøi çàâäÿêè âèñîêié øâèäêîñòi àêðåöi¨
â äèñêó. Òàêèé ðåçóëüòàò ¹ ïðèðîäíiì äëÿ
êëàñè÷íîãî ìiêðîêâàçàðà (CYG X-1), ó ÿêîãî
âêëþ÷åíi ñòàíè âiäïîâiäàþòü âèñîêié øâèäêîñòi
àêðåöi¨ â äèñêó. Äëÿ ïîðiâíÿííÿ ìè ìîæåìî
òàêîæ âiäçíà÷èòè, ùî ÷àñîâi iíòåðâàëè âèêëþ÷åíèõ
ñòàíiâ â ïðåäñòàâëåíèõ îá÷èñëåííÿõ ñêëàäàþòü
1.3 ÷ 1.5 ïðåöåñiéíèõ ïåðiîäiâ. Îá÷èñëåííÿ òàêîæ
ïîêàçóþòü, ùî ó âèêëþ÷åíèõ ñòàíàõ àêðåöiéíèé
äèñê ìà¹ íèçüêó ïèòîìó â'ÿçêiñòü â ïðîòèëåæíiñòü
âèñîêîìó ïèòîìîìó êóòîâîìó ìîìåíòó. Ó
âêëþ÷åíèõ ñòàíàõ äèñê ìà¹ â ïðîòèëåæíiñòü
âèêëþ÷åíèõ ñòàíiâ âèñîêó ïèòîìó â'ÿçêiñòü òà
íèçüêèé ïèòîìèé êóòîâèé ìîìåíò. Öå ïîêàçó¹, ùî
ó âèêëþ÷åíèõ ñòàíàõ äèñê øâèäêî îáåðòà¹òüñÿ ç
íèçüêîþ â'ÿçêiñòþ. Ó âêëþ÷åíèõ ñòàíàõ ñèòóàöiÿ
¹ ïðîòèëåæíîþ. Òàêà ÷àñîâà ïîâåäiíêà äèñêó
âèêîíó¹òüñÿ ÿê äëÿ âèñîêèõ, òàê i äëÿ íèçüêèõ
øâèäêîñòåé àêðåöi¨ â äèñêó. Îá÷èñëåííÿ òàêîæ
ïîêàçóþòü, ùî ó âèïàäêó âêëþ÷åíèõ ñòàíiâ ðàäióñ
äèñêó ñòàíîâèòü äóæå íåâåëèêó âåëè÷èíó, áëèçüêî
0.08 îðáiòàëüíèõ ðîçäiëåíü, òîäi ÿê ó âèïàäêó
âèêëþ÷åíèõ ñòàíiâ ðàäióñ äèñêó âiäíîñíî áiëüøèé
òà ñêëàäà¹ âåëè÷èíó áëèçüêî 0.25 îðáiòàëüíèõ
ðîçäiëåíü. Çàÿâëåíå âèùå ïîêàçó¹, ùî äèñê äóæå
òðàíñôîðìó¹òüñÿ ïiä ÷àñ ïåðåõîäó ìiæ âêëþ÷åíèìè
òà âèêëþ÷åíèìè ñòàíàìè.

Êëþ÷îâi ñëîâà: çîði; ïîäâiéíi çîði; äæåòè;
ìåòîäè: ÷èñëîâèé; ãiäðîäèíàìiêà.
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1. Introduction

In the present research we have continued to simu-
late the ON- and OFF-states generations on the base of
microquasar Cyg X-1 by the methods of 3-D numerical
hydrodynamics (Nazarenko & Nazarenko, 2014, 2015,
2016, 2017). The present work is devoted to low and
high mass accretion rates (low and high mass transfer
rates via one-point respectively) in accretion disk
simulations on the base of classical microquasar Cyg
X-1. The goal of the present research is to compute the
donor's wind, one-point-stream formation, its motion
in Roche lobe of accretor, accretion disk formation and
it's slaved precession for two cases: low accretion rate
in disk (order of 10−10 solar mass per year) and high
mass accretion rate (order of 10−9 solar mass per year).

2. The numerical algorithm

The description of the numerical algorithm in use
in details is given in our previous works (Nazarenko
& Nazarenko, 2014, 2015, 2016, 2017). Shortly, this
algorithm is as follows: to resolve the non-stationary
Euler's hydrodynamical equations we have used
the astrophysical variant of "large-particles" code
by Belotserkovsky and Davydov (Belotserkovskii &
Davydov, 1982); to simulate one-point-stream we
use the donor's atmosphere model that in turn is
constructed on the base Kurucz's grid (Kurucz, 1979)
with the donor's parameters; we use the free-�ow
boundary conditions allowing to a gas to �ow freely
via the calculation area boundaries; to calculate mass
�ow real temperature we use the radiation cooling
explicitly (Cox & Daltabuit, 1971). In the present
calculation we use the rectangular coordinate system
centred on the donor's centre. We have adopted the
donor's mass to be equal to 40 solar mass and the
accretor's mass to be equal to 10 solar mass. The
precession period in the present simulations is about
of 4 orbital periods. Hereafter all the distances will be
given in units of the orbital separations; the average
volume disk speci�c viscosity and the average volume
disk speci�c angular momentum will be given in units
of V0A, where V0 is the orbital speed and A � the
orbital separation.

3. The results

Before a starting precession we run our simulations
over 5 precession periods to show a stationary state
in disk over long time. The precession starting is on
time equal to zero. After a precession starting we run
our simulation over 5 ÷ 6 precession periods. This
time interval is containing two ON-states and two

OFF-states. The essential parameters of a disk before
a starting of precession are as follows: the number
density in one-point is equal to 3.0 · 1010 cm−3, the
average volume number density in a disk is order of
2.0 · 1012 cm−3, the mass accretion rate and mass
transfer rate via one-point are equal to 2.5 · 10−10

solar mass per year for low mass accretion rate case;
the number density in one-point is equal to 3.0 · 1011

cm−3, the average volume number density in a disk is
order of 2.0 · 1013 cm−3, the mass accretion rate and
mass transfer rate via one-point are equal to 2.5 · 10−9

solar mass per year for high mass accretion rate
case. The key parameter in our present simulations
is the time behaviour of the disk mass accretion
rate. This behaviour is showing for low and high
mass accretion rate cases in Fig. 1 and Fig. 2. As
it is seen from these �gures ON-states are about of
2,0 and 5,0 precession periods and OFF-states are
in the time intervals from 0 to 2 and from 2 to 4
precession periods. The comparison of both Fig.1
and Fig. 2 shows that in the low mass accretion rate
case the time intervals of ON-states are more short
relatively the high mass accretion rate case. It show
that Fig. 1 more corresponds to observational data
of Cyg X-1 (Lachowicz et al., 2006). To illustrate
the present computations in more details we are
plotted in Fig. 3 and Fig. 4 the time dependencies of
the averaged volume disk speci�c viscosity and the
averaged volume disk speci�c angular momentum for
low mass accretion rate case. As it is led from these
�gures, the disk have the high speci�c viscosity and
low speci�c angular momentum over ON-states and on
contrary, the disk have the low speci�c viscosity and
high speci�c angular momentum over OFF-states. By
the other words, the disk is very rapidly rotating with
small viscosity over OFF-states and the situation is
contrary over ON-states. To show the geometrical disk
structure over ON- and OFF-states we are plotted
the cross-sections of the calculation area by the disk
plane and by the z-x plane for ON- state (Fig. 5 and
Fig. 6) and for OFF-state (Fig. 7 and Fig. 8) for
high mass accretion rate case. In these Figures the
numbers 1 and 2 are marking the disk and the vicinity
of one-point and one-point-stream respectively. As it
is easy seen from these �gures in the case of ON-state
the disk have very small radius (by the other words
is very compact), is very dense and is having the very
power and dense one-point-stream. In the case of
OFF-state the disk is very large with the radius of 0.35
approximately, is having relatively small density and
is having the very small size in the vertical direction.

4. Summary and conclusions

The present calculations show that over OFf-state
our numerical disk model have relatively large radius
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Figure 1: The mass accretion rate versus time for low
mass accretion rate.
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Figure 2: The mass accretion rate versus time for high
mass accretion rate.
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Figure 3: The disk average volume speci�c viscosity
versus time for low mass accretion rate.

(about of 0.35) and is rotating very rapidly. On
contrary over On-state the disk is very dense, have
the very dense one-point stream, have the very small
radius (about of 0.09) and have also the high speci�c
viscosity. The main conclusion of the present research
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Figure 4: The disk average volume speci�c angular mo-
mentum versus time for low mass accretion rate.
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Figure 5: The cross-section of the disk by disk-plane
for on-state.
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Figure 6: The cross-section of the disk by the z-x plane
for on-state.

is that the low accretion rate case is in the very good
accordance with observational data of Cyg X-1 (X-ray
observations - Lachowicz et al., 2006).
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Figure 7: The cross-section of the disk by disk-plane
for o�-state.

0.2 0.4 0.6 0.8 1 1.2

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

X

Y

0.2 0.4 0.6 0.8 1 1.2

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

X

Z

1 2 
DONOR

WIND 

WIND 

OFF−STATE
TIME=5,99

1 

Figure 8: The cross-section of the disk by the z-x plane
for o�-state.
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ABSTRACT. We present results of a study of
the correlation between the infrared (JHKL) and
optical (B) fluxes of the nucleus of the Seyfert galaxy
NGC 4151 for the years 2010–2015 using our own data
(partially published) in combination with published
data [1, 2, 3, 4]. We find similar lags for each of the
HKL passbands relative to the optical of 37 ± 3
days. The lags are the same to within the accuracy
of measurement. We do not confirm a significant
decrease in the lag for HKL in 2013–2014 previously
reported by Schnülle et al. [4], but we find that the lag
of the short-lag component of J increased. We discuss
our results within the framework of the standard
model, where the variable infrared radiation is mainly
due to the thermal re-emission of short-wave radiation
by dust clouds close to a variable central source. There
is also some contribution to the IR emission from the
accretion disk, and this contribution increases with
decreasing wavelength. The variability in J and K
is not entirely simultaneous, which may be due to
the differing contributions of the radiation from the
accretion disk in these bands. The absence of strong
wavelength-dependent changes in infrared lag across
the HKL passbands can be explained by having the
dust clouds during 2010–2015 be located beyond the
sublimation radius. The relative wavelength indepen-
dence of the infrared lags is also consistent with the
hollow bi-conical outflow model of Oknyansky et al. [5].

1. Introduction

The nucleus of NGC 4151 is one of the most studied
active galactic nuclei (AGNs), due to its brightness
and significant variability at all frequencies, with the
exception of radio frequencies. It has been intensively
studied since the discovery of variability in 1967 [6].
The historical optical light curves from photographic
plates dating back to 1906 [7, 8, 9, 10] and subsequent
photoelectric observations (in particular observations
by V. M. Lyutyi) are among the longest for any AGN.

Key words: Galsxies – active galaxies: individual:
NGC 4151

АБСТРАКТ. Дана робота є продовженням серії наших 
досліджень кореляції інфрачервоної і оптичної змінності 
в NGC4151, а також змінності величин ІЧ-запізнювання і 
їх залежності від довжини хвилі. У цих роботах було 
знайдено, що величина запізнювання у фільтрі K різна в 
різних станах активного ядра, а також що відношення 
величин запізнювань у фільтрах  L і K значно міняється в 
межах 1-3.  Докладний історичний огляд і обговорення 
отриманих результатів представлені в наших попередніх 
публікаціях. У даній роботі ми на повнішому 
наглядовому матеріалі, застосовуючи два незалежні 
методи аналізу, підтвердили відносну незалежність ІЧ-
запізнювань від довжини хвилі протягом 2010-2015 рр. 

Досліджено кореляцію мiж iнфрачервоним (JHKL) i 
оптичним (B) потоками змiнного ядра сейфертівськoї 
галактики NGC 4151, використовуючи нашi данi 
(частково опублiкованi), а також опублiкованi данi [1, 
2, 3, 4] за 2010–2015 рр. Знайденi запiзнювання 
змiнностi потоку в HKL щодо оптичних варiацiй 
збiгаються в межах точності вимiрювань i рiвнi 
приблизно 37±3 дням. Ми не пiдтвердили значне 
зменшення запiзнення для HKL в 2013–2014 рр., яке 
виявили Шнулле i iн. [4], але помiтили, що компонент 
з коротким запiзненням в J посилився. 

Ми обговорюємо нашi результати в рамках 
стандартноi моделi, де змiнна iнфрачервоного 
випромiнювання пов’язана головним чином з 
тепловим перевипромiненням короткохвильового 
випромiнювання пиловими хмарами, близькими до 
змiнного центрального джерела. Iснує також певний 
внесок в IЧ-емiсiю вiд аккрецiйного диска, причому 
цей внесок збiльшується iз зменшенням довжини 
хвилi. Змiннiсть в J i K вiдбувається не зовсiм 
синхронно,  що, можливо, повязано з рiзним внеском 
випромiнювання аккрецiйного диска в цих фiльтрах. 
Вiдсутнiсть змiн IЧ запiзнення з  довжиною хвилi 
(HKL) можна пояснити тим, що пиловi хмари 
протягом 2010–2015 рр. були локалiзованi далi, нiж 
радiус областi можливої сублiмацiї. Вiдносна 
незалежнiсть IЧ запiзнення вiд довжини хвилi також 
узгоджується з моделлю порожнинного бiконiчного 
витоку пилових хмар [5]. Створення самоузгодженої 
моделі ІЧ-випромінювання поблизу активного ядра 
виходить за рамки даної статті.  

Key words: Galsxies – active galaxies: individual:
NGC 4151
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There are a number of IR and optical photoelectric
observations dating back before 1967 (see references
in [11, 12, 9]). The variability of NGC 4151 was
discovered back in 1958 from photoelectric obser-
vations, but these results were published only 10
years later [13], when the variability of the object
was already established. NGC 4151, had changed its
type from Sy1 to Sy2 [14, 15, 16]. It then returned,
after a while, to being a Sy1 [17]. That was one of
the first discovered so-colled "changing look" cases
with AGNs. At present, several dozen such cases
of "changing-look" AGNs (CL AGNs) have been
recognized, which allows us to conclude that this is
not just a one-time phenomenon, but is relatively
common. Obviously, the orientation of the object
cannot change so quickly and thus CL AGNs are a
serious problem for the simple orientation-unification
model (e.g. [18]). The unification model is based
on the concept of the existence of a so-called "dusty
torus", which, for viewing angles far from the axis
of symmetry, obscures the broad line region (BLR)
from the observer. The IR radiation of AGNs is
dominated by thermal emission of dust heated by
radiation from the inner regions of the accretion disc
– emission that is energetically dominated by the
extreme UV. The shape and structure of the torus
is uncertain. Although it is commonly depicted in
cartoons as being like a doughnut. Spatially-resolution
IR observations of a number of AGNs show that dust
clouds predominantly emitting in the mid-IR and
far-IR range are not concentrated in the plane of the
galaxy or of the accretion disc, as expected, but in
polar regions [19, 20, 21, 22]. The main method for
studying the unresolved structure of the emission from
warm dust is reverberation mapping using IR and
optical (UV) variability data. NGC 4151 was the first
AGN for which such a lag was assumed on the basis
of a visual analysis of light curves [23]. This lag was
interpreted as a consequence of the spatial remoteness
of the dust heated by the variable radiation from
the central source. The lag was later measured using
the standard cross-correlation analysis of series of
observations [11, 24]. The first measurement of the lag
in variability in the K band with respect to the optical
in NGC 4151 gave a lag of about 18 days [11]. The lag
was longer, about 26 days, for the L band from the
same data Oknyansky2001. The IR lag for NGC 4151
varies with the level of luminosity of the central
source, but with a delay of some years [25, 26]. The
change in the lag can occur as a result of sublimation
and dust recovery processes with changes in the level
of the UV radiation of the nucleus. At present, such
studies have been carried out for several dozen AGNs.
Of great interest is the study of the dependence of the
magnitude of the lag on the wavelength in the infrared
range. For NGC 4151, in our first IR reverberation
papers [24, 27, 28] it was noted that the lag in the

longer-wavelength L band was significantly greater
than the lag in the shorter wavelength K band.
After the outburst of the nucleus in 1996, the IR lag
significantly increased and, interestingly, the lags in
the K and L bands were identical to within the limits
of measurement accuracy [29]. In our more recent
papers [30, 31] we again found that the lags in all IR
bands of JHKL were the same to within the accuracy
of the measurements. Our analysis of the published
photometric data for a number of other AGNs has
shown that this relative independence of lags with
IR wavelength is more the rule than the exception
[30, 31]. We suggested that a significant increase in
IR lag with wavelength can be observed during a
period of significant growth of the luminosity of the
central source, when dust sublimation occurs and the
lag value increases. Because of the delay of several
years in changes of the size of the lags, an increase in
the magnitude of infrared lags with a wavelength can
be observed after a few years after a major outburst.
A straight-forward explanation would be that the
dust clouds are located beyond the region of possible
dust sublimation at the current luminosity level.
Obviously, for most objects this situation is realized,
when a major outburst occurred in the past and not
in the time interval being studied. The possibility of
determining cosmological constants based on the lag
of infrared variability was first mentioned by [32] and
was independently proposed and first implemented
by [33, 27]. In recent publications of [34, 35, 36, 37],
this method is considered in detail and practically
applied (see also the discussion in [31]). Our discovery
of the relative independence of the infrared lag from
the wavelength for most AGNs is important in the
practical application of this method, since it reduces
the problem of a change in lag because of the shift in
the rest-frame wavelengths of AGNs as a function of
the redshift (for small z ≤ 0.2). The application of
this method to determine the distance to NGC 4151
has shown that this AGN is located at a significantly
larger distance than previously thought [35]. The
present paper is a continuation of our study of the
lags of the IR passbands with respect to the optical
in NGC 4151. We present results based on new mon-
itoring in the JHKL bands combined with optical
photoelectric and CCD photometry for the period
2010–2015. For a detailed review of the research and
a description of the observational methods and data
analysis the reader is referred to [30]. In addition
to our own observations we make use of IR and
optical data published of [4]. The combination of
the data sets helps to make the light curves more
complete and hence gives a more reliable determi-
nation of the infrared lags. Lags are determined for
the time series using our MCCF code as discussed
in previous papers in this series. We also use the
JAVELIN - Monte Carlo Markov Chain method of [38].
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2. Observational data

The method of IR observations in JHKL bands has
been described in detail in our previous papers (see, for
example, [39]). In the present study, we use our obser-
vations only for the 2010–2015 interval. Observations
up to 2011 have been published in tabular form in
Taranova and Shenavrin (2013), and observations up
to 2015 are available on-line in an open access archive
at http : http : //www.sai.msu.ru/basa/inf.html.
We have already analyzed data from 2008–2013 in an
earlier papers [30, 31]. Similarly we add here our new
observations for 2013–2015, and also combined them
with the published IR and optical data of Schnülle et
al. [3, 4]. Most of the infrared observations have an
accuracy of not worse than 1–2%. Compared to our
earlier papers, the accuracy of our IR measurements
improved during the interval being studied because of
a number of upgrades of the equipment. In rare cases,
the measurement errors were greater, but for further
analysis we use only measurements with errors of no
worse than 7%. In total, for the period 2010–2015, the
average numbers of measurements per night in the J ,
H , K and L bands were 66, 54, 54, 66 respectively.
Our data in JHK bands were supplemented by
measurements of Schnülle et al. for 29 dates for
2010-2014. We reduced their data to our system. The
method of optical photoelectric observations remained
the same as that used by V.M. Lyutyi up to 2008 (see
[24], but additional CCD measurements were used
from a 60-cm telescope at the Southern Station of
the SAI (see description in [40]). Since there are no
U band CCD measurements, we used the data in the
band B to construct a composite optical light curve.
The CCD observations were reduced to a system of
photoelectric measurements with a 27 arcsec aperture.
As in our previous papers (see [5, 30, 31]) B-band
data were supplemented with published CCD B-band
measurements of Roberts and Rumstey [1] and 17
nights from Guo et al.[2]. In addition, we used 29
nights of optical measurements of Schnülle et al. [3, 4]
in the red z band (29 dates) which were also reduced
to our system B. Thus, all optical and infrared data
are combined into one system. The formal accuracy
of photoelectric measurements is generally not worse
than 1–2%, but systematic differences between the
measurements obtained on different instruments are
possible. According to our estimates, these errors
do not exceed 10% in the combined B-band light
curve constructed for the 197 dates of the B value.
The combined light curves NGC 4151 for 2010–2015
for JHKL and B are presented in Fig.1. As it can
be seen in Fig.1, variations in the brightness in the
JHKL bands occurred almost synchronously, without
any noticeable differences or shifts. There are fewer

points in the L band, since Schnülle et al. have no
observations in this band. In the changes there are
rapid variations (with a characteristic time of tens
of days) and a long-term trend (with a characteristic
time of several years or more) with a maximum at
the beginning of the time period. The optical light
curve also exhibits rapid and slow changes with
the same characteristic times, and the slow trend
is more noticeable than in the IR light curves. In
addition, rapid changes of a small amplitude with a
characteristic time on the order of several days are
noticeable in the optical variability.

3. Methodology of cross-correlation analysis

Cross-correlation analysis of astronomical time series
presents difficulties because the time series are often
unevenly sampled. To analyze the series, we applied
our MCCF code, which is an upgrade of the method
of Gaskell and Sparke [41]. The methodology of our
analysis has not changed, and is described in detail in
previous papers (see e.g. [30, 31, 42]). In the MCCF
method, we strive to introduce a minimum number of
arbitrary parameters, and also significantly reduce the
contribution made by interpolation errors. A detailed
discussion of other methods of cross-correlation anal-
ysis of non-uniform series, and their comparison with
the MCCF method, was carried out in our previous
papers [30, 31, 42].

We also carried out an analysis of the time series
using the JAVELIN Monte Carlo Markov chain code
of Zu et al. [43, 38]. Further details and links can
be found in [42]. The JAVELIN method is not a very
common method of cross-correlation analysis. In this
method, the light curves are simulated 10,000 times on
the basis of assumptions about the properties of the
AGN variability which is assumed to be a damped ran-
dom walk (see [44], and then lags are found for each
pair of these simulated light curves. A histogram is
constructed of the lags thus found, which is used to
find the optimal lag and its error (see, for example,
[45, 43, 38]. Of course, this method has similar prob-
lems as any method using interpolation and extrap-
olation of the time series. Nevertheless, this method
has been used recently in some studies and it usually
yields similar results as other methods. We decided to
use this method as an additional check of our results
given by the MCCF method, and without any changes
in the author’s code.

To estimate the errors in the lags derived by the
MCCF, we applied the same Monte Carlo procedure
as before [24, 30, 31]. Our estimates of the errors in
the lags gave a value of about 3 days. The histograms
obtained in the JAVELIN method can be used to
estimate the optimal lags (JAVELIN) and their
mean–square errors (see details, e.g., [45, 38]).
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Figure 1: Combined light curves in IR bands JHKL and optical B in 2010–2015. In IR light curves: filled
circles - our data, open circles - data of Schnülle et al. ([3, 4]). In the light curve B: the points are our Crimean
photoelectric and CCD measurements, the triangles are the reduced data of Roberts and Rumstey [1], the
crosses are the reduced dots by Guo et al. [2], and the open circles are the reduced data of Schnülle et al.
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Figure 2: Cross-correlation functions for K (solid line),
H (dashed lines), J (points) and B in the interval
2010–2015. The vertical dashed line indicates zero lag.

4. Cross-correlation of light curves

We have got cross-correlation functions of MCCF
for the combined light curve in B and the variability
in the JHKL bands in the periods 2010–2015 and for
2013-2014 (Fig.2). Also we have made reverberation
mapping with the JAVELIN method for the same
data (not shown). Both methods give approximately
the same results. For all IR pathbands most probable
delay relative to B was found 37 ± 3 days. The
magnitude of the lag of the variability at K relative to
the optical remained almost the same as we found for
the interval 2008–2013. Also, as in our earlier paper,
the lag, within a measurement accuracy of ± 3 days
is practically independent of the wavelength. But at
the same time, the form of cross-correlation functions
in the region near zero lag is noticeably different.
One can notice that the secondary maximum and
its significance fall as one goes to increasingly longer
wavelength bands from J to L. For J , this maxi-
mum is about 4-6 days. This maximum is possibly
associated with the variability of the accretion disc in
the infrared. The delay for K and L (which are less
depend for the AD radiation) were found about the
same (see Fig.3). Our analysis did not confirm the
result of Schnülle et al. [4] that there was decrease in
the lag in 2012-2014 interval for the bands K and H ,
but for the band J the lag became noticeably smaller.

5. Conclussion

Figure 3: Cross-correlation functions for L (dashed
lines), K (solid line) and B in the interval 2010–2015.
The vertical dashed line indicates zero lag.

This paper is a continuation of our series of stud-
ies on the correlation between infrared and optical
variability in NGC 4151, as well as the variability
of the IR lag values and their dependence on the
wavelength [11, 24, 29, 25, 30, 31]. In these studies
we found that the delay in the K band is different in
different activity states of the AGN, and also that the
ratio of the lag values in the bands L and K varies
considerably in the range 1-3. The results obtained in
these studies were independently partially confirmed
in other investigations [46, 26, 3, 47]. A detailed
historical review and discussion of the obtained results
was carried out in a our previous paper [30]. In the
present paper, using more complete observational
material and using two independent methods of
analysis, we confirmed the relative independence of
infrared lags from the wavelength during 2010–2015.
Taking into account our past investigations we can
say that the IR time delays relative to the optical
variations were wavelengths independent at list during
past decade.
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ABSTRACT. This paper presents the results of determi-

nation of the molybdenum abundances in 13 G, K type stars 
in the open clusters NGC 2477 and NGC 2506. The abun-
dances of molybdenum were determined using stellar at-
mosphere models by Castelli & Kurucz (2004), as well as a 
modified STARSP LTE spectral synthesis code (Tsymbal, 
1996). For the used Mo I lines 5506 and 5533 Å the oscilla-
tor strengths log gf were adopted from the latest version of 
the VALD database dated 2016 (Kupka et al., 1999). The 
high resolution spectra were obtained with a VLT telescope 
at the European Southern observatory (ESO, Chile).  

We used atmospheric parameters of the investigated 
stars which we had obtained earlier. We have found out 
that the molybdenum abundances depend on metallicity 
[Fe/H] in giants of NGC 2506 and NGC 2477. For the 
stars in NGC 2506, molybdenum is slightly overabundant 
as compared to the solar abundance; such an overabun-
dance is slightly higher in the stars of the second investi-
gated cluster NGC 2477. Further investigation of the Mo 
abundance in larger number of open clusters is required to 
draw reliable conclusions. 

Keywords: stars: abundances – stars: late-type – Galaxy: 
disc – Galaxy: evolution. 

 
АБСТРАКТ. Наведено результати визначення вміс-

ту молібдену в 13 зорях спектральних класів G, K, 
розсіяних скупчень NGC 2477 та NGC 2506. Вміст 
молібдену визначається за моделями атмосфери Кас-
теллі і Куруц (2004) та модифікованим кодом спект-
рального синтезу STARSP LTE. Для використовува-
них ліній Mo I 5506 та 5533 Å сили осциляторів log gf 
були взяті з останньої версії (2016) бази даних VALD 
(Купка та iн., 1999). Спектри високої роздільної здат-
ності були отримані за використання телескопу VLT 
Європейської південної обсерваторії (ESO, Чилі). 

Атмосферні параметри досліджуваних зір були 
отримані нами раніше. Ми виявили залежність вели-
чини вмісту молібдену від металичності [Fe/H] у гіга-
нтів скупчень NGC 2506 та NGC 2477. Для зір скуп-
чення NGC 2506 ми отримали малі надлишки вмісту 
молібдену від сонячного значення і дещо більші для 
другого досліджуваного скупчення - NGC 2477. Необ-
хідно додатково досліджувати вміст Мо в багатьох РС 
для отримання більш надійних  висновків. 

 
 

1. Introduction 
 
Stellar clusters are groups of loosely gravitationally 

bound stars which were formed from one and the same 
gas-and-dust cloud and have similar kinematics and 
chemical composition. 

Open clusters (OC) belong to the plane of the Galactic 
disc. The age of OCs vary from few Myr to several Gyr. 
The stellar density in OCs is lower than in globular clus-
ters (GCs) and is decreasing towards the cluster centre. 
The metallicity [Fe/H] of the OC stars is close to that of 
the Sun and may differ by a factor of 5. For older clusters, 
[Fe/H] decreases with increasing distance from the centre 
of the Galaxy, and on average, it is lower than metallic-
ities of the clusters formed later. 

This paper presents the molybdenum abundances esti-
mated for two open clusters, namely NGC 2477 and NGC 
2506. The target stars in this study are the G and K type 
red giants.  

It is known that molybdenum is produced in several di-
fferent processes, such as slow neutron-capture (s-
process), rapid neutron-capture (r-process) and proton-
capture (p-process) processes. 

Mo is a highly convolved element that receives contribu-
tions from both the s-process and the p-process and less from 
the main and weak r-processes (see, e.g. Hansen et al., 2014).  

The study of molybdenum is of interest for several rea-
sons: there is limited number of determinations of the mo-
lybdenum abundance in the open cluster stars; and virtu-
ally, there have been no observations of the field stars 
with the solar metallicities. At the same time, an important 
feature of molybdenum is that current model calculations 
of nucleosynthesis do not describe its contribution to the 
relevant solar abundance. The data which we obtained 
make it possible to investigate the ways of production of 
molybdenum and its enrichment in both individual com-
ponents of the Galaxy and the entire Galaxy itself. 

 
2. Observation data. Basic parameters of the inves-

tigated clusters and constituent stars 
 
The spectra used in this study had been obtained earlier 

by G. Carraro with the multi-object fibre-fed FLAMES 
facility mounted at the VLT/UT2 telescope at the Paranal 
Observatory operated by the European Southern Observa-
tory (ESO) in Chile. Either two or three exposures (depend-
ing on the cluster; Table 1) were taken with the red arm of 
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the UVES high-resolution cross-dispersed echelle spectro-
graph. The UVES spectrograph was set up at the central 
wavelength 5800 Å thereby covering the 4760–6840 Å 
wavelength range and providing a resolution R=47000. 

The following basic parameters of the investigated 
clusters are listed in Table 1: Galactic coordinates (for 
J2000.0); Galactocentric distance RGC and age. More 
detailed information on the data sources can be found in 
(Mishenina et al., 2015). 

 
 
Table 1: Basic parameters of the investigated clusters 

 
Name of 
cluster l, (deg) b, (deg) RGC, 

(kpc) 
age, 

(Gyr) 
V, 

(mag) 
NGC 
2477 253.563 − 

05.838 8.9 0.6 +5,8 

NGC 
2506 230.564 9.935 10.9 1.9 +7,6 

 
 
As can be seen in Table 1, the cluster NGC 2506 is 

older and more distant from the Galactic centre than the 
NGC 2477 cluster. 

Earlier, we have determined the atmospheric parame-
ters and chemical abundances of the stars in the clusters 
NGC 2477 and NGC 2506 (Mishenina et al., 2015). 

The following basic and atmospheric parameters are 
given in Table 2: the ICRS coordinates; photometric data 
(V, B–V); effective temperatures Teff; gravity factor log g; 
microturbulent velocity Vt; metallicity [Fe/H] and radial 
velocity Vr. 

 

 
 

Figure 1: An example of the observed and synthetic spec-
tra in the region near the Mo I 5506.493 Å line for the star 
5271 in the NGC 2506 cluster. 

 
 

Figure 2: An example of the observed and synthetic spec-
tra in the region near the Mo I 5533.031 Å line for the star 
5271 in the NGC 2506 cluster.  

 
Table 2: Basic data and atmospheric parameters of the investigated stars 

 
Star 

number 
RA(2000.0), 

(deg) 
Dec(2000.0), 

(deg) 
V,  

(mag) 
B − V, 
(mag) 

Teff, 
(K) 

log 
g 

Vt,           
(km/s) [Fe/H] 

Vr,               
(km/s) 

NGC 2477 

4027 118.087 917 − 38.577 194 12.153 1.198 4966 2.7 1.4 0.1 7.03 ± 0.13 

4221 118.152 083 − 38.631 750 12.27 1.171 4975 2.8 1.2 0.19 8.80 ± 0.23 

5043 118.040 417 − 38.598 306 12.165 1.17 5001 2.8 1.2 0.08 13.22 ± 0.27 

5076 118.061 667 − 38.629 194 12.41 1.22 4954 2.7 1.2 0.18 9.22 ± 0.33 

7266 117.955 000 − 38.535 694 12.252 1.193 4966 2.8 1.2 0.19 9.30 ± 0.14 

7273 117.947 917 − 38.543 389 12.39 1.174 4985 2.8 1.2 0.2 8.77 ± 0.51 

8216 118.064 583 − 38.457 306 12.334 1.272 4945 2.7 1.2 0.14 3.99 ± 0.50 
NGC 2506 

1112 120.013 750 − 10.762 250 12.961 0.958 4969 2.6 1.2 − 0.22 83.99 ± 0.27 

1229 120.030 833 − 10.740 722 13.118 1.011 4728 2.4 1 − 0.22 82.54 ± 0.58 

2109 120.029 583 − 10.779 000 13.146 0.89 5040 2.6 0.9 − 0.22 89.31 ± 0.05 

2380 120.038 750 − 10.818 806 13.187 0.927 4992 2.6 1 − 0.19 83.64 ± 0.53 

3231 119.982 917 − 10.805 944 13.105 0.952 4974 2.6 1.2 − 0.22 84.36 ± 0.51 

5271 120.028 750 − 10.752 000 13.204 0.923 4993 2.6 1.1 − 0.24 83.52 ± 0.15 
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Table 3: The resulting Mo abundance determinations, rms 
deviations σ and metallicities [Fe/H] (Mishenina et al., 
2015)  for 13 giants in NGC 2477 and NGC 2506. 

 
NGC 2477 

Star number [Fe/H] ±σ [Mo/H] ±σ 

4027 0.1 0.12 -0.12 0.14 

4221 0.19 0.09 -0.19 0.06 

5043 0.08 0.12 -0.23 0.14 

5076 0.18 0.12 -0.14 0.12 

7266 0.19 0.12 -0.08 0.08 

7273 0.2 0.1 -0.11 0.07 

8216 0.14 0.12 -0.24 0.06 

NGC 2506 

Star number [Fe/H]  ±σ [Mo/H] ±σ 

1112 -0.22 0.1 -0.12 0.19 

1229 -0.22 0.11 -0.4 0.12 

2109 -0.21 0.17 -0.09 0.07 

2380 -0.19 0.13 -0.23 0.35 

5271 -0.22 0.13 -0.22 0.09 

3231 -0.24 0.12 -0.11 0.11 
 
 
3. Analysis of the abundance determinations and the 

results obtained 
 
The molybdenum abundances were determined for 13 

giants in two OCs using stellar atmosphere models by 
Castelli & Kurucz (2004), as well as a modified STARSP 
LTE spectral synthesis code (Tsymbal, 1996). For the 
used Mo I lines 5506 and 5533 Å the oscillator strengths 
log gf were adopted from the latest version of the VALD 
database dated 2016 (Kupka et al., 1999). 

The processing of observed spectra (continuum defini-
tion, smoothing at three points etc.) was carried out using 
the DECH20 software package (Galazutdinov, 1992). 

The examples of fitting the calculated spectra to the ob-
served spectra of the star 5271 in the NGC 2506 cluster 
are shown in Figs. 1 and 2. 

As can be seen from Figs. 1 and 2, the molybdenum 
line is in the wing of the iron line at 5506.493 Å and 
5533.031 Å lines, respectively, i.e. it is blended by the 
iron line. This means that correct determination of the 
molybdenum abundance requires fitting the synthetic 
spectrum to the observed spectrum at the regions near the 
Fe lines 5506.440 Å and 5532.870 Å, respectively; hence, 
we carried out such a fitting in this study.  

Table 3 summarizes the resulting determinations of the 
molybdenum abundance, the root-mean-square (rms) de-
viations σ and metallicities [Fe/H] (Mishenina et al., 
2015) for 13 giants in NGC 2477 and NGC 2506. 

 

 
Figure 3: The dependence of the molybdenum abundance 
on the metallicity [Fe/H] for all stars in the OCs NGC 
2506 and NGC 2477.  

 
 
The dependence of the molybdenum abundance on the 

metallicity [Fe/H] in the investigated stars in NGC 2506 
and NGC 2477 is shown in Fig. 3. 

To determine the ratio between the Mo abundance and 
the solar [Mo/Fe], the following data of the Fe and Mo 
abundances in the solar atmosphere were adopted from the 
study (Asplund  et al., 2009): Mo = 1.88, Fe = 7.50. 

 
4. Conclusions 
 
The molybdenum abundances in NGC 2477 and NGC 

2506 are close to the solar ones. 
For the stars in NGC 2506, molybdenum is slightly 

overabundant as compared to its solar abundance; such an 
overabundance is slightly higher in the stars of the second 
investigated cluster NGC 2477. 

In future in order to provide a detailed picture of the 
enrichment of open clusters in molybdenum, we are to 
determine the molybdenum abundances for a larger num-
ber of clusters and compare these data with those reported 
in the literature. 
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ABSTRACT. In our research, we investigated two 

variable stars: AH Tau and ZZ Cas. They are eclipsing binary 
stars of W Ursae Majories and  Lyrae types. The period 
between eclipses of these stars changes with time. The reason 
for steady changes of the period could be the mass transfer 
(the flow of matter) between components of these stellar 
systems. For ZZ Cas the changes of the period are cyclic. 
That is why we assume the cyclic changes could be caused 
by the presence of the hypothetical third component (either a 
small star or a large planet). The cyclic changes of the period 
for AH Tau superimpose on steady ones (the period 
decrease). Thus we assume the third component and mass 
transfer are present. We also assume that the third 
components do not take part in the eclipses. However, due to 
their gravity, they make the visible close binary systems 
rotate and become closer or further to an observer. This 
explanation is called Light-Time Effect (LTE). Generally, an 
orbit of a third component is not a circle, but an ellipse and it 
is inclined relatively to the observer’s line of sight. Using 
special plot called O-C curve we estimated the parameters of 
a third component’s orbit such as a semi-major axis, an 
eccentricity, angles of orientation and a period of a third 
component’s rotation. The O-C curve is the plot which shows 
how the difference between an observed and calculated 
moment of minimal brightness changes during a long period 
of time (usually it is several decades). To do this we created a 
modeling computer program using the computer language 
Python. In addition, we can calculate errors of third 
component’s orbit parameters and even estimate its mass. 
The values of masses of the third components within errors 
of calculations show that the third components are probably 
stars. All these calculations were made using all available 
data from international database BRNO (Brno Regional 
Network for Observers). Moreover, we used moments of 
minima which we calculated as the result of observation 
processing from AAVSO database (American Association of 
Variable Stars Observers). These results are provided in the 
tables and plots. 

АБСТРАКТ. У нашій роботі було досліджено дві 
змінні зорі: AH Tau та ZZ Cas. Вони є затемнювано-
подвійними зорями типів W Великої Ведмедиці та β 
Ліри. Період між затемненнями цих зір змінюється з 

часом. Причиною постійних змін періоду може бути 
перетікання речовини (потік речовини) між зорями. У 
ZZ Cas зміни періоду є циклічними. Тому ми 
припускаємо, що вони можуть бути викликані 
наявністю гіпотетичного третього компонента (малої 
зорі або великої планети). У AH Tau циклічні зміни 
періоду накладаються на постійні (період 
зменшується). Отже ми припускаємо, що присутні й 
перетікання речовини, й третій компонент. Ми також 
припускаємо, що треті компоненти не беруть участі в 
затемненнях, але завдяки своїй силі тяжіння вони 
змушують видимі тісні подвійні системи наближатися 
або віддалятися від спостерігача. Це пояснення 
називається ефектом затримки світлового сигналу 
(LTE). У загальному випадку орбіта третього 
компонента не є колом, а еліпсом і нахилена відносно 
променю зору спостерігача. Використовуючи 
спеціальний графік, який називається кривою О-С, ми 
оцінюємо такі параметри орбіти третього компонента, 
як велику піввісь, ексцентриситет, кути орієнтації та 
період обертання третього компонента. Крива О-С – 
це графік, який показує, як різниця між 
спостережуваним і розрахованим моментами 
мінімальної яскравості змінюється протягом 
тривалого проміжку часу (як правило, це кілька 
десятиліть). Для цього ми створили комп'ютерну 
програму для моделювання, використовуючи мову 
програмування Python. Крім того, ми можемо 
обчислити похибки параметрів орбіти третього 
компонента і навіть оцінити його масу. Маса третіх 
компонентів в межах похибок розрахунків показує, що 
треті компоненти, напевно, є зорями. Всі ці 
розрахунки були зроблені з використанням усіх 
наявних даних з міжнародної бази даних BRNO (Brno 
Regional Network for Observers) та моментів мінімумів, 
які ми розрахували з використанням спостережень з 
бази даних AAVSO (American Association of Variable 
Stars Observers). Ці результати наводяться у таблицях 
та на графіках. 

Key words: general: O-C curve, phase curve, β Lyrae 
type, W Ursae Majoris type, ephemerid, eclipsing 
binaries, semi-detached system; individual: AH Tau, ZZ 
Cas. 
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1. Introduction 
 
For this research, we chose two eclipsing variable stars 

with period changes that are cyclic, but not sinusoidal: AH 
Tau and ZZ Cas. The analysis for the several eclipsing 
variables with cyclic period changes we discussed in our 
previous papers (Tvardovskyi; Marsakova & Andronov 
(2017) and Tvardovskyi & Marsakova (2015)). The main 
observational parameters of the variables were taken from 
General Catalogue of Variable Stars (GCVS) and listed in 
Table 1. Some fundamental parameters were published in 
articles Xiang et al. (2015) and Liao & Qian (2009). 
Geometrical and physical parameters of the stellar systems 
were computed there. In the current article we compare 
parameters of the third components such as masses and 
orbital elements with ones published in the previous 
articles of other researchers. 

Moreover, there is some additional information about 
these stars as the result of previous researches made by 
other astronomers. For both stellar systems, the presence 
of the third components was suspected by other authors, 
but for ZZ Cas even presence of the forth component was 
supposed. Mass transfer/loss was supposed for AH Tau. 
For both stars, geometrical and physical parameters were 
computed. 

This study was carried out in a frame of the projects 
“Inter-Longitude Astronomy” (Andronov et al., 2017) and 
“AstroInformatics” (Vavilova et al., 2017) projects. 

 
 
 

Table 1: Observational parameters provided in General 
Catalogue of Variable Stars (GCVS, Samus et al., 2018) 
and by Xiang et al. (2015) and Liao & Qian (2009). 

 
Parameter AH Tau ZZ Cas 

RA 03h47m11.98s 00h33m30.38s 
DEC 25°06'59.5'' 62°30'40.2'' 
Type of 
variability EW/KW EB 

Initial 
epoch (JD) 31062.5081 33437.5 

Period 
(days) 0.3326754 1.243527 

Spectral 
type G1p B3 

M1, M⨀ 1.04 7.6 

M2, M⨀ 0.52 5.32 

Article Xiang et al. 
(2015) 

Liao & Qian 
(2009) 

 

Table 2: Articles of other authors where different types of 
results were provided. The first column identifies the 
types of information, which is necessary for the current 
research. Next two columns are the lists of references for 
articles where these kinds of calculations were published. 

 
 AH Tau ZZ Cas 

Ephemerid 
correction - 

Taylor (1941); 
Frieboes-Conde & 
Herczeg, (1971); 
Kreiner & Tremko, 
(1991). 

Spectral 
observations - Struve (1947);  

Taylor (1941). 

Presence 
of a third 
component 

Xiang et al.  (2015);  
Yang et al (2010);  
Zasche et al (2008);  
Lee et al (2004). 

Frieboes-Conde & 
Herczeg (1971); 
Kreiner & Tremko 
(1991); 
Liao & Qian (2009). 

Presence 
of a 4th 
component 

- Liao & Qian (2009). 

Mass 
transfer/ 
loss 

Xiang et al. (2015); 
Yang et al (2010); 
Zasche et al (2008); 
Lee et al (2004); 
Yulan Yang & 
Qingyao Liu 
(2002). 

- 

Parameters 
of the 
system 

Xiang et al. (2015); 
El-Sadek et al (2009); 
Yang et al (2010); 
Byboth et al (2004); 
Liu et al (1991). 

Struve (1947); 
Liao & Qian (2009). 

 
 
2. O-C analysis 
 
To build O-C curves we used observations from 

different sources. Most of them were taken from Brno 
Regional Network of Observers (BRNO). In addition, we 
computed moments of minima for all available data from 
American Association of Variable Stars Observers 
database (AAVSO) using the software MAVKA (Andrych 
et al., 2017). For all available moments of minima, we 
calculated the values of O−C and built the O−C curve. In 
our research, we investigated stellar systems, which have 
one of two different types of O-C curves: 
 cyclic period changes (they correspond to possible 

presence of the third component); 
 superposition of cyclic period changes and parabolic 

trend (they correspond to both presence of the third 
component and mass transfer). 

More details about possible explanations of different types 
of period changes are provided in Tvardovskyi, 
Marsakova & Andronov (2017) and Tvardovskyi & 
Marsakova (2015). 
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3. Orbital elements of the third body 
 
In both stars we detected that cyclic period changes on 

O-C curve are similar to sinusoidal, but they have clear 
asymmetry. We suppose that this asymmetry is caused by 
the elliptical shape and inclination of the third bodies’ 
orbits. We assume that the visible components of the 
stellar systems are close to each other and the third one 
has a lot wider elliptical orbit. Each orbit we can describe 
by its seven parameters, such as: 
 semi-major axis (a); 
 eccentricity (e); 
 three angles of inclination (argument of the pericenter 

(Ω), inclination (i) and longitude of pericenter (ω)): 
 orbital period (Τ); 
 moment of the pericenter transit (t0). 

We decided to calculate these parameters and create a 
model O-C curve in the case of the presence of the third 
body in the system. To make the calculations we wrote a 
computer program on the computer language Python 3.5. 
This program uses the Levenberg-Marquard algorithm 
(Marquardt, 1963, Moré, 1977), which represents the least 
squares method for the non-linear model. This algorithm 
builds the model O-C curve for initial parameters (this is 
our own function), then corrects them and repeats the 
procedure until the squares of the differences will be as 
little as possible. 

Using the Kepler’s equation and formulas of the 
coordinate system turn, we can easily write the equation 
which describes the shape of O-C curve for different 
orbital elements: 

As we can see from this formula, we cannot calculate all 
the orbital elements. Particularly, we cannot compute the 
argument of the pericenter or the major semi-axis and 
inclinational angle separately. We can calculate only the 
projection of the semi-major axis on the line of sight. 
Moreover, AH Tau has a superposition of a parabolic 
trend and cyclic period changes. For this star, we modified 
Eq. (1) to consider the parabolic trend: 

 
Here α, β and γ are the coefficients of the parabolic trend. 

Before making calculations, our program needs the list 
of initial values of the parameters (Table 4). We estimated 
the amplitude and period of the O-C cyclic changes ‘by 
eye’. We set the argument of the pericenter as π radians or 
180 degrees, as the average of the least and the largest 
possible. Eccentricity was set as 0.1. Coefficients α, β, γ 
and t0 are set as equal to zero. 

After calculations, the program returns the list of 
corrected elements with their errors (Table 2) and the 
picture (Fig. 2-5). 

This is the table with parameters of the binary system 
orbit about the common barycenter. However, most of 
them will be the same for the third component’s orbit. 
These ones are eccentricity, pericenter argument, initial 
moment of minima and rotation period. Semi-major axis 
of the third body’s orbit will be the same number times 
bigger than one in the binary system, than relation of the 
masses of the binary system and of the third component. 

 
4. Taking into consideration the weights 

 
In the investigated systems, we detected some 

systematic deviations between model O-C and 
observations. Some of them are caused by the large scatter 
of old visual observations. It happens if we assume that all 
observations have the same “importance” for 
approximation. Thus, we decided to analyze which types 
of observations exist on O-C curves. There are 4 main 
types of observations: visual (“vis”), photometric (“ccd”), 
photoelectric (“pe”) and ones which were made using 
photographic plates (“pg”, that are similar to visual 
observations). 

Using this information, we created the system of 
weights. Weight of the point is a multiplier of the 
deviation between observations and model value of O-C 
for this point in the sum of the squares of deviations. It 
allows to take in consideration different accuracies of the 
minimum brightness determination. The better is the 
accuracy of the O-C value determination – the larger is the 
weight of the point. For “vis” and “pg” observations we 
set the weight equal to 1. For all other types of 
observations (“ccd”, “pe”) we set the weight equal to 10. 
This ratio (1 to 10) is equivalent to difference by one order 
in the accuracies of moments of minimal brightness 
determination according to the number of significant 
digits given in BRNO database. The visual observations 
were provided there with 3 digits after comma, and the 
photometric ones – with 4 digits, that corresponds the 
difference in accuracy of 10 times. 

 
5. Ephemerid correction 

 
Ephemerid is the special formula for calculation the 

moment of minima: 

The third summand appears in the case of parabolic trend 
presence: 

Here P is a period; E is a cycle number; T0 is a moment of 
minima, which we set as the zero point and called the 
initial epoch;  is the rate of the period changes 
(days per cycle). 
We used coefficients of approximation () for 
correction. 
 Coefficient  is the error of the value of the initial 

epoch; 
 Coefficient  is the error of the value of a period; 
 Coefficient  is the quadratic addition, which describes 

the rate of the period changes (see section “Rate of the 
mass transfer”). 

 ∆푡 =
푎

푐
sin 푖 (cos 퐸 − 푒) sin 휔 +

+ sin 퐸 cos 휔 1 − 푒            (1) 

∆푡 = 훼푡 + 훽푡 + 훾 +
푎

푐
sin 푖 ∙ 

∙ (cos 퐸 − 푒) sin 휔 +

+ sin 퐸 cos 휔 1 − 푒            (2) 

                   

푇 = 푇 + 푃 ∙ 퐸 + 푃 ∙ 퐸 = 푇 + 푃 ∙ 퐸 + 푃̇ ∙ 푃 ∙ 퐸       (4) 
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Such correction was done for the stellar system AH Tau. 
The corrected ephemerid is: 

 
 

6. Masses of the third bodies 
 
To estimate the masses of the third components, we 

suppose that in both researched systems the distance 
between the third component and two visible ones is much 
larger than the distance between visible components. In 
this case we used third Kepler law and the formula for the 
barycenter position. We derived the minimal possible 
mass of the third component after simplifications: 

Here: 
 G is the gravitational constant; 
 T is the orbital period of the third body (and the period 

of O-C changes); 
 M1 , M2 , M3 are the masses of the components; 
 c is the speed of light;  
 Δt is semi-amplitude of O-C cyclic changes. 

More details about calculation of minimal mass of the 
third component are provided in Tvardovskyi, Marsakova 
& Andronov (2017). 

 
7. Rate of the mass transfer 
 
If a star has a parabolic O−C curve or a cyclic one with 

parabolic trend, its period changes steadily. As the result 
of the O−C analysis, we detected that AH Tau has steady  

period changes, which we interpreted as the mass transfer 
from one of the components to another. To calculate the 
rate of the mass transfer, we used the formula (Andronov, 
1991): 

Classical monographs on study of eclipsing binaries are 
e.g. by Tsesevich (1973) and Hofmeister et al. (1980). 

 
8. Conclusions and discussions 
 
We studied two eclipsing binary stars with period changes: 

AH Tau and ZZ Cas. For both of these stars we calculated 
minimal possible mass of the third components. The mass of 

the third component for AH Tau equals to , that 
corresponds to the parameters of an M-type star.  

Our value is approximately 50% larger than value 
obtained by Dong Joo Lee et al (2004). For ZZ Cas the 
third component was supposed for the first time. 

According to its mass of about 3.9  (that is 20% 
smaller than the value published in Liao   & Qian (2009)) 
the third component is rather a B-type star. Unfortunately, 
errors in these two articles were not published, so it is 
hard to say whose results are correct. For both stars we 
calculated parameters of the third bodies orbits. For AH 
Tau they are generally close to the ones published in Lee 
et al (2004). However, there are some deviations, 
especially in the value of the longitude of pericenter. In 
addition, we calculated the rate of the mass transfer for 
AH Tau. The similar calculation was done in Lee et al 
(2004). Nevertheless, there is 17 times difference between 
our and their results. Such a huge deviation could be 
explained by a small amount of observations and shorter 
time interval that is crucial for the accurate calculations. 

Acknowledgments: We sincerely thank the AAVSO 
(Kavka, 2018) and BRNO associations of variable stars 
observers for their work that has made this research 
possible. 

 
Table 3: Initial values of orbital elements of researched stars. 

 

Parameter Units of measurement I Boo ZZ Cas 
α 10-12 days-1 0 - 
β 10-7 0 - 
γ days 0 - 

 106 km 2000 2000 
e 1 0.1 0.1 
ω degrees 180 180 
t0 JD-240000, 103 days 5000 0 
T 103 days 20000 7000 

Trend parabolic none 

푀 =
푐훥푡

√퐺

2휋

푇
∙ (푀 + 푀 + 푀 )         (5) 

 

푇 = (31062.77540.010) + (0.332669420.00000014)
∙ 퐸 + (−9.280.15) ∙ 10 ∙ 퐸  

After several iterations we got mass of the third component. 

In addition, we estimated errors of calculations using 

formula (6): 

휎푀 =
1

푀
−

2

3푀
∙

휎

Δ푡
+

4

9

휎

푀
+

휎

푀
+

휎

푇
      (6) 

Here: 

 푀 = 푀 + 푀 + 푀  – total mass of a triple system 

(visible components and a third one); 

 휎  – error of semi-amplitude of O-C cyclic changes; 

 휎  and 휎  – errors of masses (they were not provided 

in the articles, so for both stars we estimated them as 

5% of the masses); 

 휎  – error of a period of cyclic changes. 

푀̇ =
1

3
 

푃̇

푃
 

푀 푀

(푀 − 푀 )
=  

1

3

푃′

푃

푀 푀

(푀 − 푀 )
        (7) 

In this formula: 푀̇ is a rate of the mass transfer, 푀 , 푀  are 

masses of the components in a close binary system, 푃 is a 

period of variability, 푃  ̇ is a derivative of the period with the 

time, 푃 = 2훾 is the derivative of the period with cycle 

number (Andronov, 1991). To obtain 푀̇ in the standard units 

used in astronomy (solar masses per year) we must multiply 

it by the average quantity of days in the year (365.25). 

0.37푀⨀

푀⨀ 
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Table 4. Corrected values of orbital elements of researched stars. 
 

Parameter Units of 
measurement AH Tau ZZ Cas 

α 10-12 days-1 -2764 -164 - 
β 10-7 1784 - - 
γ 10-3 days -26610 - - 

 106 km 4405 426 6244 
e 1 0.3300.014 0.52 0.5820.005 
ω degrees 112.83.0 164.4 192.90.2 

t0 
JD-240000, 

103 days 12.2040.0.20 45.452 2.280.08 

T 103 days 15.530.09 12.93 6.790.01 
 days 0.00544 - 0.00312 

Source This research Dong Joo Lee 
et al, 2004 This research 

 
 
 
 
 
 
 
 

Table 5. Minimal possible masses of the third components and rate of the mass transfer. 
 

 Rate of the mass transfer (Solar masses per year) Minimal mass of the third component (Solar 
masses) 

AH Tau (6.30.7)10-7 3.810-8 [Dong Joo Lee 
et al (2004)] 0.370.02 0.24 [Dong Joo Lee et 

al (2004)] 
ZZ Cas - - 3.900.22 5.00 [Liao & Qian 

(2009)] 
Source This article Other authors This article Other authors 

 
 
 
 
 
 
 
 
 

 
Figure 1: O-C curve of AH Tau with subtracted parabolic trend 
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Figure  2-5: Plots of approximation of O-C curve by model of the elliptical orbit and deviations between observational 
data and model O-C curve. In the second column, the dots are observations, the solid green line is the model O-C for 
corrected values of the orbital elements, red and blue lines correspond to 1σ and 2σ intervals. 
 
 
Table 6: Obtained moments of minima using the time series observations from the AAVSO database 

 
Observer 

code Filter BJD of the 
minimum Error Degree of 

polynomial 
ZZ Cas 

BM Vis. 56620.57802 0.00014 8 
SAH V 57279.65393 0.00016 8 
SNE V 57330.63960 0.00023 8 
SAH V 57611.67947 0.00027 8 
SAH V 58367.74877 0.00042 8 

AH Tau 
DKS V 54399.89762 0.00011 8 
DKS V 54402.72580 0.00009 8 
DKS V 54402.89155 0.00008 8 
DKS V 54429.67196 0.00011 8 
GKA V 54475.58074 0.00009 6 
GKA V 54429.83824 0.00009 8 
GKA V 54512.67332 0.00015 8 
GKA V 54736.89537 0.00008 8 
GKA V 54829.54492 0.00013 8 
WAB V 54830.54276 0.00008 8 
WAB V 54837.52885 0.00009 8 
WAB V 54848.67374 0.00014 8 
WAB V 54399.89762 0.00011 8 
WAB V 54402.72580 0.00009 8 
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ON THE IRREGULAR VARIATIONS IN

THE LIGHT CURVES OF RY Vul

S.N.Udovichenko, L.E.Keir
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ABSTRACT. In the Astronomical observatory of
the Odesa National University traditionally study
variable stars of di�erent types: pulsating, double,
irregular et al. By photometric observations it is
possible to set the type of variable star, period of
the brightness changes, spectral class, to estimate
the temperature of surface. For observations variable
stars there was the chosen area of star sky from by
two stars Y Vul and RY Vul in the distance not more
than 15 angular minutes (angular size of one frame).
For these stars was got more than 5900 images during
56 nights during observant seasons 2011-2017. For all
observations were got the curves of light variations.
Results are for variable star Y Vul (type RR Lyr)
published separately, and in this publication we bring
results over of observation for star RY Vul. The star
RY Vul according General Catalogue of Variable Star
(GCVS) is RR Lyr variable, but period and initial
epoch are unknown. To determine these parameters
the photometric observations during several seasons
in 2011-2017 of the variable star RY Vul on the
Astronomical station near Odessa have been carried
out. The 48-cm telescope re�ector AZT-3 equipped
with CCD photometer was used. The light curves
in V and R band were obtained and analyzed. It
turned out that the light curves of the star is fully
irregular. Therefore, the variable star RY Vul should
be attribute to type "irregular variables".

Keywords: Stars: oscillations � stars; variables:
stars: individual: RY Vul.

ÀÁÑÒÐÀÊÒ. Â Àñòðîíîìi÷íié îáñåðâàòîði¨
Îäåñüêîãî Íàöiîíàëüíîãî óíiâåðñèòåòó òðàäèöiéíî
âèâ÷àþòü çìiííi çîði ðiçíèõ òèïiâ: ïóëüñóþ÷i,
ïîäâiéíi, íåðåãóëÿðíi òà iíøi. Øëÿõîì
ôîòîìåòðè÷íèõ ñïîñòåðåæåíü ìîæíà âñòàíîâèòè
òèï çìiííî¨ çîði, ïåðiîä çìiíè áëèñêó, ñïåêòðàëüíèé
êëàñ, îöiíèòè òåìïåðàòóðó ïîâåðõíi. Äëÿ
ñïîñòåðåæåíü çìiííèõ çið áóëà âèáðàíà äiëÿíêà
çîðÿíîãî íåáà ç äâîìà çîðÿìè Y Vul òà RY
Vul íà âiäñòàíi íå áiëüøå 15 êóòîâèõ õâèëèí
(êóòîâèé ðîçìið îäíîãî êàäðó). Äëÿ öèõ çið áóëî
îòðèìàíî áiëüøå íiæ 5900 åêñïîçèöié ïðîòÿãîì 56

íî÷åé âïðîäîâæ ñïîñòåðåæíèõ ñåçîíiâ 2011-2017
ðîêiâ. Äëÿ âñiõ ñïîñòåðåæåíü áóëè îòðèìàíi
êðèâi áëèñêó. Ðåçóëüòàòè äëÿ çìiííî¨ çîði Y
Vul (òèï RR Lyr) îïóáëiêîâàíi îêðåìî, à â öié
ïóáëiêàöi¨ ìè ïðèâîäèìî ðåçóëüòàòè ñïîñòåðåæåíü
áëèñêó äëÿ çîði RY Vul. Çîðÿ RY Vul çãiäíî
Çàãàëüíîãî Êàòàëîãó Çìiííèõ Çið (ÇÊÇÇ) ¹
çìiííîþ òèïó RR Lyr, àëå ¨¨ ïåðiîä òà ïî÷àòêîâà
åïîõà íåâiäîìi. Ùîá âèçíà÷èòè öi ïàðàìåòðè
áóëè ïðîâåäåíi ôîòîìåòðè÷íi ñïîñòåðåæåííÿ
çìiííî¨ çîði RY Vul íà àñòðîíîìi÷íié ñòàíöi¨
áiëÿ Îäåñè ïðîòÿãîì äåêiëüêîõ ñåçîíiâ. Âñi
ñïîñòåðåæåííÿ áóëè ïðîâåäåíi çà äîïîìîãîþ 48-ñì
òåëåñêîïà-ðåôëåêòîðà ÀÇÒ-3, îñíàùåíîãî ÏÇÇ
ôîòîìåòðîì ç îõîëîäæåíÿì åëåìåíòîì Ïåëüò'¹
òà ñòàáiëiçàöi¹þ òåìïåðàòóðè. Êðèâi áëèñêó
áóëè îòðèìàíi òà ïðîàíàëiçîâàíi â ñìóãàõ V i R.
Îáðîáêà çîðÿíèõ çîáðàæåíü áóëà âèêîíàíà çà
äîïîìîãîþ ïðîãðàìè MUNIPACK (Motl, 2009-17).
Â öié ïðîãðàìi äëÿ êàëiáðóâàííÿ çîðÿíèõ ÏÇÇ
êàäðiâ âèêîðèñòîâóþòüñÿ çîáðàæåííÿ òåìíîâîãî
êàäðó òà ïëîñêîãî ïîëÿ. Âèÿâèëîñü, ùî êðèâi
áëèñêó çîði ïîâíiñòþ íåðåãóëÿðíi ïðîòÿãîì âñiõ
ðîêiâ ñïîñòåðåæåíü. Ïðèâîäÿòüñÿ êðèâi áëèñêó,
÷àñòîòíèé àíàëiç ôîòîìåòðè÷íèõ ñïîñòåðåæåíü.
Âèñíîâîê: çìiííó çîðþ RY Vul íåîáõiäíî âiäíåñòè
äî òèïó ¾íåðåãóëÿðíi çìiííi çîði¿.

Êëþ÷îâi ñëîâà: Çîði: îñöèëÿöi¨ � çîði; çìiííi:
çîði: iíäèâiäóàëüíî: RY Vul.

1. Introduction

RY Vul (AN 1907.0025, GSC 2126.00973),
(αJ2000.0 = 19h04m33.8s; δJ2000.0 = +24◦46

′
25.0

′′
)

according GCVS is RR Lyr variable. The variability
of the star was found by Parenago (1934). The �nding
chart for this star was published by Tsesevich and
Kazanasmas, (1971). The star has been poorly investi-
gated, only Steinbach H.M. reported that RY Vul was
observed in August-September 2009 in 4 nights with a
total amount of nearly 10 hours in Johnson V-Band.
During that time the star showed no variability at all
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Figure 1: The �nding chart RY Vul with the com-
parison and check stars marked.

but remained constant at 11.60m in accordance with
the value mentioned in the GSC. He drawn a conclu-
sion that RY Vul obviously is not a variable star and
should be discarded from the GCVS (Steinbach, 2010).

2. Observations

To study this phenomenon, we have to realize as
much as possible observations of this star. The pho-
tometric CCD observations of RY Vul in Astronomical
station near Odessa in observation season 2011, 2012,
2014, 2017 years have been carried out.

Two stars were chosen as comparison and check
stars (comp=UCAC4 1125-11260150, Vcomp=13.m10
(APASS, 2010), check=UCAC4 1125-11251433). The
48 cm re�ector AZT-3 with the f/4.5 Newtonian fo-
cus and CCD photometer with chip Sony ICX429ALL
(600x800 pixels), equipped with V and R �lters, Peltier
cooler were used (Udovichenko, 2012). The hermetic
housing and thermoelectric (Peltier) cooler provide a
temperature di�erence between the sensor CCD and
the environment of about -40oC, and the temperature
was supported by a constant. The exposure time for
variable and comparison stars for the most part were
chosen to exclude a saturation of frame. More then
5900 CCD frames were gathered during 56 nights.

The standard reductions of the CCD frames were
carried out using the MUNIPACK (Motl, 2009-17)
software. The procedures for the aperture photometry
is composed of the dark-level and �at �eld corrections
and determination of the instrumental magnitude
and precision. The �nding chart with comparison
and check stars are shown in Fig. 1. The errors on
individual data points vary between 0.005 mag to
0.015 mag.

Figure 2: The di�erences V-C and C-Check vs HJD for
the several nights observations.

3. Analysis of data

For all our observations of RY Vul were determined
the di�erence magnitudes comparatively of variable-
comparison star (V-C), and comparison-check star (C-
Check). These di�erences for several nights are pre-
sented in Fig. 2.

These curves testify and show, that light of a star
from night by the night changes nonperiodic, irreg-
ularity. Also the frequency analyses were performed
using a package of computer programs with single-
frequency and multiple-frequency techniques by using
utilize Fourier as well as multiple-least-squares algo-
rithms (program Period04, Lenz and Breger, 2004).
The frequency analyses for our observations and ASAS
data (Pojmanski G., 2002) have not shown some the
signi�cant periods (Fig. 3). It is not considered the al-
liance peaks connected with periodicity of observations
(multiple one days).

From catalogs XPM(Fedorov), NOMAD the star RY
Vul has B-V = 1.2-1.44, T e� = 3831.8K (Gaia) and
concerns to late spectral classes K-M (VizieR, 2018).

Thus, the variable star RY Vul should not be
discarded from the GCVS catalogue and should be
ranked as type ISB: Rapid irregular variables

of the intermediate and late spectral types F-M.
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Figure 3: The Fourier amplitude spectrum for our ob-
servations (top) and ASAS data (bottom).
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ABSTRACT. We present the results of an analysis of
the spectra of nine so called Polaris clusterA−FV stars
obtained during 2016-2018. Radial velocities (RV) and
GAIA DR 18 parallaxes-distances for these stars allow
us to determine their membership in the cluster and
to construct its 3D kinematic model. However Teff for
four stars determined spectroscopically give cause for
doubts about the GAIA DR 18 parallaxes accuracy.
The comparison between their MV and distances with
the those from Pecaut & Mamajek (2013) calibrations
shows signi�cant di�erences for the objects with par-
allaxes less than 8 mas. The di�erences in distances
increase exponentially with decreasing parallax. These
facts indicate an unreliability of the GAIA DR2 parallx
measurements of less than 10 mas. We estimated the
distance to Polaris B to be 104.2 pc.

ÀÁÑÒÐÀÊÒ. Ìè íàäà¹ìî ðåçóëüòàòè àíàëiçó
ñïåêòðiâ äåâ'ÿòè çið ñïåòðàëüíîãî êëàñó A − FV ç
òàê çâàíîãî "ñêóï÷åííÿ Ïîëÿðíî¨", ùî áóëè îòèìàíi
íà ïðîòÿçi 2016-2018 ðîêiâ. Ðàäiàëüíi øâèäêîñòi
òà âiäñòàíi, ùî îòðèìàíi ïî ïàðàëàêñàõ GAIA
DR 18 äëÿ öèõ çið äîçâîëÿþòü íàì âñòàíîâèòè
¨õ íàëåæíiñòü äî ñêóï÷åííÿ çà çáóäóâàòè ¨õ
êiíåìàòè÷íó 3D-ìîäåëü. Àëå îöiíêè Teff , ùî
îòðèìàíi ñïåêòðîñêîïi÷íî äëÿ ÷îòèðüîõ çið íàäàþòü
ïðè÷èíó äëÿ ñóìíiâó ó òî÷íîñòi çíà÷åíü ïàðàëàêñiâ
GAIA DR 18. Ïîðiâíÿííÿ ç ¨õ MV òà âiäñòàíÿìè ç
ïîäiáíèìè, âçÿòèìè ç êàëiáðîâîê Pecaut & Mamajek
(2013) ïîêàçóþòü çíà÷íi ðîçáiæíîñòi äëÿ îá'¹êòiâ ç
ïàðàëàêñàìè ìåíüøå íiæ 8 mac Öi ðîçáiæíîñòi ó
âiäñòàíÿõ çðîñòàþòü åêñïîíåíöiéíî çi çìåíüøåííÿì
ïàðàëàêñó. Öi ôàêòè âèêðèâàþòü íåíàäiéíiñòü
îöiíîê ïàðàëàêñiâ GAIA DR 18 ìåíüøå íiæ 10 mac.

Ìè îöiíèëè âiäñòàíü äî Ïîëÿðíî¨ Â ó 104.2 ïàðñåêà.

Key words: Open clusters: Stars: radial velocities;
GAIA parallaxes; Cepheids and main-sequence stars:
e�ective temperatures; distances; Cepheids: α UMi

1. Introduction

In a recent paper of Engle et al. (2018) the authors
determined the distance to the Polaris AB system of
137.1±0.53 pc based on an estimate of the GAIA DR2
parallax for Polaris B of 7.292±0.03 mas. This distance
assumes the Cepheid's radius near 47�50 R⊙, although
the �canonical" P −R (period versus radius) relation-
ship (Gieren et al. 1998) gives nearly 33 R⊙. Such a
parallax measurement is close to 132±9 ps determined
by HIPPARCOS (ESA 1997). It is known that the
HIPPARCOS parallax data for Cepheids have been re-
peatedly questioned, and the GAIA project was aimed
at resolving these doubts. On the other hand, based on
HIPPARCOS photometric data Turner (2009) estab-
lished that �eld stars in the Polaris region belong to a
poorly-populated star cluster. Most of these stars have
parallaxes that correspond to a distance of 99±2 pc. A
colour-magnitude diagramme for possible Polaris clus-
ter stars constructed from 2MASS data suggests a dis-
tance of 106±7 pc for a colour-excess of EB−V = 0.02
mag (Turner 2009). Usenko & Klochkova (2008) deter-
mined spectroscopically Teff = 6900±50 K for Polaris
B and assuming an F3V main-sequence star radius of
1.4 R⊙ derived its MV = +3.30 mag and a distance of
109.5 pc. This result is an ideal agreement with 110
pc derived by Kamper (1996) using astrometric meth-
ods. Such a signi�cant discrepancy in the estimates
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and the radius of Polaris create grounds for a spec-
ulation about its evolutionary status and pulsational
mode. In addition, Polaris is the nearest Cepheid to
the Sun and determining the exact distance to it and
its radius, respectively, is an important step in estab-
lishing the ”P − L” relationship for Cepheids.

To resolve this problem we performed spectroscopic
observations of the Polaris cluster main-sequence stars
in order to determine their RV (to establish their
membership in the cluster) and e�ective temperatures
(to determine the radii and distances from known
spectral types). These objects were taken from Turner
et al. (2005). In addition to our RV measurements,
combination with their GAIA DR2 parallaxes makes
it possible to construct a kinematic 3D cluster model.

2. Observations

Nine spectra were taken during 2016 � 2018 with
the 0.81m telescope of the Three College Observatory
(TCO), located in central North Carolina, USA. They
were obtained with an �echelle spectrograph manufac-
tured by Shelyak Instruments1 in a spectral range from
4250 to 7800 �A with a spectral resolving power of R ∼
12000 and no gaps between the spectral orders. The
data were reduced using the �echelle package in IRAF.

The DECH30 package (Galazutdinov, 2007) was
used to measure the line depths and radial velocities
using spectra in FITS format. Lines depths were used
to determine the e�ective temperature (a method
based on the spectroscopic criteria � Kovtyukh, 2007).
Objects, their magnitudes, color-indices, and derived
RVs for each spectrum are given in Table 1. V , B − V
and spectral types are taken from SIMBAD database,
RV were measured using the metals (RV (met)) and
hydrogen (Hα, Hβ) absorptional lines.

3. Results and Analysis

Since the investigated objects are A-F main sequence
stars, the radii and luminosities of which show an al-
most linear relation on the e�ective temperatures (in-
trinsic colors), we can compare our values of (B − V )
and Teff with the ones calculated by Pecaut & Ma-
majek (2013) for a speci�c spectral type. This paper
allows us to move from (B−V ) and Teff to the radii of
the stars, and hence to the distances to them. In Ta-
ble 2 we represent the (B − V ) estimates from Turner
et al. (2005). For the intrinsic color-indices (B − V )0
we used the (B − V ) data for from Pecaut & Mama-
jek (2013). This way the color-excesses and reddenings
were determined for each star. In addition, in Table 2
we included the reddening and distance for each object,
de�ned taking into account the color-excess EB−V =

1http://www.shelyak.com

Figure 1: (O-C) distances - GAIA DR2 parallaxes re-
lationship for the Polaris cluster stars. Open circles
� calculated with EB−V and AV according to the in-
trinsic color-indices from Pecaut & Mamajek (2013),
�lled circles � calculated with EB−V = 0.04 according
to Turner (2009).

0.04 from Turner (2009). As can be seen from Table
2, for 6 stars from the list the di�erence in distance
estimates varies from 11 to 45 pc. This indicates that
the color-excesses for most of the cluster stars need to
be re�ned.

For four stars from the list, there are estimates of
Teff , determined spectroscopically: HD 5914 - Te� =
8800±50 K (Usenko et al., 2008) and Polaris B - Teff =
6900±50 K (Usenko & Klochkova, 2008) from hydro-
gen line pro�les; HD 209556 - Teff = 6301± 17 K and
HD 163988 - Teff = 6369±20 K from the ratio of the
metal absorption line depths (Kovtyukh, 2007). Unfor-
tunately, the latter method works only for stars of the
spectral types later than F4 V. Nevertheless, according
to Table 2, the di�erence between the radii determined
from the spectroscopic estimates of Teff and the values
of Pecaut & Mamajek (2013) for this spectral type is
approximately∼0.1 R⊙. In this case, the di�erence in
the value of Teff of 250 K gives an error in the distance
is about 5.4 pc. Thus, the data from Pecaut & Mama-
jek (2013) can be used for calibration of the distances
to the cluster stars.

Table 3 shows the GAIA DR2 parallaxes (except for
HD 66368) for stars from the list and the absolute mag-
nitudes and distances determined from them, as well
as the data according to Pecaut & Mamajek (2013) for
comparison. As can be seen from this Table, the small-
est discrepancies in distances are found for the stars
with parallaxes larger 8 mas. Figure 1 shows the rela-
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Table 1: Polaris cluster objects. Observational list and RV.
Object V B − V SpT RV, km s−1

RV (met) NL Hα Hβ Reference

HD 5914 6.46 0.10 A3V +0.1±3.3 110 +1.7 -2.1
HD 66368 7.13 0.14 A0V -7.9±2.8 86 -4.4 -2.0
HD 11696 8.13 0.27 A3V +8.3±0.6 56 -5.0 -
HD 224687 6.74 0.06 A0V -16.3±2.1 30 -13.6 -8.4
HD 224991 7.84 0.30 F0V +3.1±2.4 57 -1.9 +3.0 1

-5.7±4.1 88 - -
HD 16335 7.84 0.36 F0V -22.8±2.9 57 -30.1 -28.4 1

-31.6±3.2 104 - -
Polaris B 8.20 0.57 F3V -18.9±3.6 63 -16.6 - 2
HD 14369 8.11 0.35 F0V -8.5±2.1 157 -7.8 -6.4
HD 209556 8.37 0.45 F5V -8.7±2.4 51 -13.5 -14.4
HD 163988 8.11 0.47 F5V -12.2±2.2 33 -1.0 -4.8

NL - number of lines
[1] - two groups of absorption lines of metals, probably a spectroscopic binary star.
[2] - RV data according to Usenko & Klochkova (2008).

Table 2: Intrinsic colors, reddenings, e�ective temperatures, absolute magnitudes, distances, and radii are
determined using data from Pecaut & Mamajek (2013).
Star B − V SpT (B − V )0 EB−V AV AV (T) Teff MV d d (T) R R(Teff )

HD 5914 0.10 A3V 0.090 0.010 0.057 0.067 8550 1.55 93.5 93.0 2.01 1.90
HD 66368 0.14 A0V 0.000 0.140 0.585 0.067 9700 1.11 120.5 153.0 2.09 -
HD 11696 0.27 A3V 0.090 0.180 0.609 0.067 8550 1.55 157.8 202.5 2.01 -
HD 224687 0.06 A0V 0.000 0.060 0.272 0.067 9700 1.11 118.5 130.2 2.09 -
HD 224991 0.30 F0V 0.300 0.000 0.020 0.068 7220 2.51 115.9 113.3 1.79 -
HD 16335 0.36 F0V 0.294 0.066 0.288 0.068 7220 2.51 102.4 113.3 1.79 -
Polaris B 0.57 F3V 0.389 0.181 0.570 0.067 6720 2.99 104.2 128.4 1.60 1.52
HD 14369 0.35 F0V 0.294 0.056 0.404 0.068 7220 2.51 108.9 127.2 1.79 -
HD 209556 0.45 F5V 0.438 0.012 0.101 0.067 6510 3.40 94.2 95.6 1.46 1.57
HD 163988 0.47 F5V 0.438 0.032 0.124 0.067 6510 3.40 83.8 85.2 1.46 1.53

AV (T) and d (T) - reddening and distance from EB−V = 0.04 (Turner, 2009)

Table 3: Comparison between absolute magnitudes and distances determined using GAIA DR2 parallaxes and
Pecaut & Mamajek (2013) data.

PLX (GAIA DR2) P & M

Object π (mac) MV d (pc) MV d (pc)

HD 5914 9.7893±0.0418 1.37±0.01 101.1±0.4 1.55 93.5
HD 66368 8.171±0.55 1.62±0.15 120.9±8.0 1.11 120.5
HD 11696 6.0574±0.0319 2.02±0.01 163.5±1.1 1.55 157.8
HD 224687 4.6108±0.0363 0.02±0.03 215.1±2.5 1.11 118.5
HD 224991 6.8234±0.0305 1.97±0.03 145.3±2.0 2.51 115.9
HD 16335 6.8055±0.0259 1.97±0.01 145.3±0.6 2.51 102.4
Polaris B 7.2920±0.0280 2.87±0.01 135.7±0.6 2.99 104.2
HD 14369 10.8196±0.0291 3.22±0.01 91.7±0.4 2.51 108.9
HD 209556 11.3687±0.0869 3.60±0.02 87.2±0.2 3.40 94.2
HD 163988 3.5955±0.0321 0.85±0.02 275.8±2.5 3.40 83.8

[1] - value from van Leeuven (2007)
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Figure 2: Polaris cluster 3D view by distance (bottom)
and RV (top).

tionships of (O-C) in distances - GAIA DR2 parallaxes
for two di�erent cases of estimates of the color-excess of
cluster stars. To construct this relationship calculated
distances (C) were derived using data from Pecaut &
Mamajek (2013), while the observed (O) ones came
from the GAIA DR2 parallaxes. As can be seen from
the Figure, both dependences are close to one another
and are of exponential character, indicating that the er-
rors in the distance determination to the cluster stars
increase with decreasing parallaxes. This fact means
that the GAIA DR2 parallaxes of less than 8 mas are
unreliable. This is especially true for the assessment
of Polaris B which is used to calibrate the distance for
the Cepheid Polaris.
Nevertheless as seen from Figure 2, a 3D view of the

Polaris cluster composed from our RV measurements
and GAIA DR2 distances show the membership of our
objects to the cluster.

4. Summary

1. According to RV values all these stars belong to
the same moving group.

2. The distances of these stars determined from
Pecaut & Mamajek (2013) calibrations and GAIA
DR2 parallaxes indicate that these objects belong
to the same cluster.

3. This fact is also evidenced by the distances deter-
minated for four stars (HD 5914, Polaris B, HD
163988, HD 209556) by means of their radii and
Teff .

4. The distances determined from GAIA DR2 paral-
lxes show signi�cant di�erences - the smaller the
parallax, the greater the distance to the star.

5. (O-C) - Parallax relation, there O, - distance in
Pecaut & Mamajek (2013) calibration, and C - on
parallxes, has an exponential character.

6. The greatest di�erences between O and C begin
after parallax estimates in 8 mas.

7. These facts indicate the unreability of the esti-
mates of GAIA DR2 parallxes of less than 10 mas.

8. Estimating the distance to Polar B in 137 pc
should be revised. Its realistic value within the
bounds of 100-110 pc (Usenko & Klochkona,
2008; Turner, 2009).
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SPECTROSCOPIC INVESTIGATIONS OF GALACTIC

CLUSTERS WITH ASSOCIATED CEPHEID VARIABLES.

II. NGC 5662 AND V CEN

ABSTRACT. We present the results of a spectro-
scopic and photometric investigation of 15 objects
from the open cluster NGC 5662, which contains the
Cepheid V Cen. Besides the Cepheid, we studied one
G-supergiant, two K-giants, four B-giants, and seven
main sequence stars. Radial velocities (RV), v sin i,
Teff , log g, and [Fe/H] were determined using model
�tting. We have derived the color-excesses, redden-
ings, and intrinsic colors for these stars to determine
their true Teff and log g from comparison to the atmo-
sphere models, especially for hot stars, and to deter-
mine their absolute magnitudes. RV and GAIA DR2
2018 parallax/distance values for these stars allowed
us to determine their membership in the cluster and
to construct it 3D kinematic models. These parallaxes
and reddenings led to the distances in a range of 700�
875 pc, while photometric MV gave the distances of
550�660 pc. Two objects from our list were found to
be non-members of the cluster, and two other objects
to be background stars. All members have [Fe/H] =
−0.1±0.04 dex. The main sequence stars and B-giants
have abundances of C, N, and Na close to the solar one,
while the cool supergiants and giants show a de�cit
of carbon, an overabundance of nitrogen, and a small
overabundance or close to the solar sodium content.
Two Li-rich K-giants, HD 127733 and HD 127753, were
discovered in the cluster.

ÀÁÑÒÐÀÊÒ. Ìè ïðåçåíòó¹ìî ðåçóëüòàòè
ñïåêòðîñêîïi÷íèõ òà ôîòîìåòði÷íèõ äîñëiäiâ
15 îá'¹êòiâ ðîçñiÿíîãî ñêóï÷åííÿ NGC 5662 ç
öåôå¨äîþ V Cen. Îêðiì öåôå¨äè ìè äîñëiäèëè
îäèí G-íàäãiãàíò, äâà Ê-ãiãàíòè, ÷îòèðè Â-
ãiãàíòè òà ñiì çið ãîëîâíî¨ ïîñëiäîâíîñòi. Çà

äîïîìîãþ ìîäåëüíîãî ôiòòiíãó áóëè îòðèìàíi
îöiíêè ðàäiàëüíèõ øâèäêîñòåé (RV), v sin i, Teff ,
log g, òà [Fe/H]. Ìè ðîçðàõóâàëè íàäëèøêè êîëüîðó,
ïî÷åðâîíiííÿ òà ñïðàâæíi êîëüîðè äëÿ öèõ çið,
ùîá çíàéòè ¨õ ñïðàâæíi Teff òà log g øëëÿõîì
ïîðiâíåííÿ ç ìîäåëÿìè àòìîñôåð, îñîáëèâî äëÿ
ãàðÿ÷èõ çið, òà àáñîëþòíi ìàãíiòóäè. Îöiíêè RV
òà ïàðàëàêñ/âiäñòàíü ç êàòàëîãó GAIA DR2 2018
äëÿ öèõ çið äîçâîëÿþòü âèÿâèòè ¨õ íàëåæíiñòü
äî ñêóï÷åííÿ òà çáóäóâàòè éîãî êiíåìàòè÷íi 3D-
ìîäåëi. Öi ïàðàëàêñè òà ïî÷åðâîíiííÿ äàþòü îöiíêè
âiäñòàíåé ó ìåæàõ 700-850 ïñ, òîäi ÿê ôîòîìåòði÷íi
MV äàâàëè îöiíêè ó 550�660 ïñ. Äâà îá'¹êòè ç
íàøîãî ñïèñêó âèÿâèëèñÿ íå ÷ëåíàìè ñêóï÷åííÿ,
òà ùå äâà - áiëÿ ìåæ ñêóï÷åííÿ. Óñi ÷ëåíè ìàþòü
[Fe/H]= −0.1±0.04 dex. Çîði ãîëîâíî¨ ïîñëiäîâíîñòi
òà Â-ãiãàíòè ìàþòü âìiñò C, N, òà Na áëèçüêèì äî
ñîíÿ÷íîãî, òîäi ÿê õîëîäíi íàäãiãàíòè òà ãiãàíòè
ïîêàçóþòü äåôiöiò âóãëåöþ, íàäëèøîê àçîòó, òà
ìàëåíüêèé íàäëèøîê, àáî ñîíÿ÷íèé âìiñò íàòðiþ.
Ó ñêóï÷åííi áóëè âiäêðèòi äâà áàãàòèõ ëiòi¹ì
Ê-ãiãàíòà - HD 127733 òà HD 127753.

Key words: Open clusters: radial velocities; Stars:
abundance; GAIA parallaxes; Cepheids; Lithium gi-
ants; individual: NGC 5662, V Cen, HD 127733, HD
127753.

1. Introduction

The open cluster NGC 5662 belongs to the Cen-
taurus section of the Milky Way. Being the Trumpler
class II3m, it consists of a central grouping in the
northern part and a southern one with the Cepheid V
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Cen and a loose concentration of B- and A-type stars
(Turner, 1982). According to Claria et al. (1991), the
earliest spectral type stars in it is B7, E(B − V ) =
0.31, V−MV = 9.80, d = 790±5 pc, [Fe/H] = −0.03,
and an age near 7.9×107 yr. Kharchenko et al. (2016)
give a [Fe/H] = 0.03 for this cluster. NGC 5662 has
not been carefully studied spectroscopically except for
V Cen. Therefore, the main goals of our investigation
are as follows: 1) to measure the radial and rotational
velocities of the cluster's stars, 2) to determine the
atmosphere parameters, metallicities, CNO, and Na
abundances and compare the abundances between the
objects of di�erent spectral types, and 3) to determine
the distances using GAIA DR2 parallaxes and RV
data and to construct a 3D cluster's kinematic model.

2. Observations

All observations were taken using the 11m SALT
(Southern African Large Telescope) equipped with
HRS (High Resolution Spectrograph). HRS is a dual-
beam (3700-5500 & 5500-8900 �A) �ber-fed, white-
pupil, �echelle spectrograph, which uses VHP gratings
as cross dispersers. We obtained one spectrum for
each object using the medium mode with the spec-
tral resolving power R = 40000, an average S/N of
over 100, which it is enough to reach our observational
goals. These spectra will be used to derive the atmo-
sphere parameters and chemical abundances for some
elements of the open cluster members. The data were
reduced using the �echelle context in MIDAS. Also, the
feros package developed for �echelle data reduction from
the Fiber-fed Extended Range Optical Spectrograph
(FEROS) was used. Both FEROS and HRS provide
very similar �echelle data.
We used the DECH30 package (Galazutdinov, 2007)

designed to use the spectra in FITS format to measure
the line depths and their equivalent widths. The radial
and rotational velocities were measured by �tting of
the observed spectrum with a model from Coelho
(2014). The object IDs, their magnitudes, spectral
types, and measured radial and rotational velocities
for each spectrum are given in Table 1. It should be
noted that our results are consistent with those from
other sources: RV = −21.74 km s−1 (Mermilliod et
al., 2008) and −20.89 km s−1 (GAIA DR2, 2018) for
HD 127427; −21.02 km s−1 (Mermillod et al., 2008),
and −21.31 km s−1 (GAIA DR2 2018) for HD 127753,
respectively.

3. Results and Analysis

3.1. Color-indices, color-excesses, reddenings, and
atmosphere parameters

Since the objects of NGC 5662 from our list have

Figure 1: Relation between the rotation velocity and
Teff for the NGC 5662 open clusters' objects. Open
circles show the main sequence stars, �lled �ve-point
stars show K-supergiants, open �ve-point stars show
FG-supergiants, and six-point stars show B-giants.

di�erent spectral types, masses, and evolutionary sta-
tus, we have used di�erent methods to determine their
atmosphere parameters. First, for the Teff , log g, and
[Fe/H] determination, as mentioned above, model �t-
ting was performed. Next, the Teffestimates were veri-
�ed using the Gray (1992) calibrations for color-indices.
A �nal determination of the atmosphere parameters
was performed in the following way. We have used the
U − B and B − V intrinsic color-indices for luminos-
ity types and metallicity based on the Kurucz (1993)
models from Bessel et al. (1998) to determine Teff and
log g for the B- and A-type stars. For more evolved
stars of FGK spectral types with a large number of
narrow metallic absorption lines we have used the lines
depth relation to derive Teff (Kovtyukh, 2007), a Fe
ionization balance to derive log g, and the absence of an
Fe abundance dependence upon the equivalent width
to derive Vt. It is obvious that we needed correct
(U − B)0 and (B − V )0 not only for Teff and log g,
but also MV data for our stars distance and radius
determination. Therefore in Table 2 we show color-
excess, intrinsic color, reddening, and extinction data
that we have determined. As seen from Table 2, the
majority of stars have close values of the color-excesses
and reddenings, except for HD 127818 and HD 127733.
Table 3 presents the results of the atmosphere param-
eters determination. As seen from this Table, the best
agreement is achieved between all the methods of the
Teff determination for all stars as a whole, although
there are discrepancies for some cool stars. The same
can be said about the log g determinations.

Figure 1 represents a relation between the rotational
velocity and Teff . It shows that all main-sequence
stars as well as cool giants and supergiants found the
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Table 1: General data for the observed objects in NGC 5662 and derived RVs.
Object V Sp.type RV, km s−1 v sin i, km s−1

V Cen 6.930 F5 Ib-II −23.50±0.501 10.4±0.1
HD 127427 7.744 G8 II-III −21.86±0.02 0.0±0.0
HD 127866 8.287 B7 III −22.25±0.14 79.6±0.3
CPD −56◦6337 10.659 A1 V −58.16±0.21 150.4±0.5
HD 127817 9.157 A0 V −18.57±0.09 50.0±0.2
HD 127753 7.043 K5 III −22.53±0.03 6.9±0.1
HD 127835 9.375 B8 V −15.37±0.12 143.8±0.4
HD 127900 8.817 B8 II-III −20.82±0.10 81.2±0.2
CPD −56◦6341 10.787 B9 V −14.97±0.22 218.7±0.7
CPD −55◦6072 11.296 −37.55±0.08 74.2±0.2
CPD −56◦6344 11.347 −24.83±0.15 83.5±0.2
HD 127818 9.485 F6/8 IV-V −10.62±0.06 40.0±0.1
HD 127733 8.599 K2/3 III +7.35±0.03 6.0±0.1
HD 127199 (Turner 1) 10.620 B5/7 III −27.84±0.09 42.3±0.2
Turner 3 12.030 −46.99±0.17 111.0±0.4

1 - Phase 0.P 575 according to GCVS (1985)

Table 2: Observed colors, color-excesses, intrinsic colors, reddenings, and extinctions for the NGC 5662 objects.
Star B-V U-B (B-V)0 EB−V (U-B)0 EU−B AV V0 R

V Cen 0.91 0.60 0.60 0.31 0.36 0.24 1.18 5.75 3.80
HD 127427 1.45 1.30 1.04 0.45 1.03 0.37 1.11 6.39 3.00
HD 127866 0.16 −0.24 −0.12 0.28 −0.45 0.22 0.92 7.45 2.97
CPD −56◦6337 0.25 −0.02 −0.08 0.33 −0.26 0.22 0.99 9.68 3.00
HD 127817 0.20 −0.25 −0.14 0.54 −0.49 0.24 0.99 8.13 2.99
HD 127753 1.86 2.04 1.33 0.60 1.75 0.27 1.11 5.23 3.00
HD 127835 0.13 −0.29 −0.13 0.26 −0.48 0.20 0.81 8.60 3.00
HD 127900 0.14 −0.26 −0.14 0.28 −0.46 0.20 0.87 7.98 3.00
CPD −56◦6341 0.33 0.10 −0.06 0.40 −0.18 0.27 1.14 9.61 3.80
CPD −55◦6072 0.57 0.24 0.29 0.29 - - 0.88 10.42 3.00
CPD −56◦6344 0.42 0.26 0.19 0.24 0.01 0.21 0.71 10.64 3.02
HD 127818 0.57 0.16 0.36 0.22 - - 0.65 8.84 3.02
HD 127733 1.70 1.85 1.29 0.47 1.56 - 1.94 7.20 3.46
HD 127199 (Turner 1) 0.26 0.06 −0.07 0.34 −0.18 0.24 0.96 9.61 3.10
Turner 3 0.61 0.29 0.38 0.35 0.05 0.24 0.99 11.00 3.20

Table 3: Atmosphere parameters for the NGC 5662 objects.
Teff log g Vt

Star Gray Fit Phot AMod Adopted Fit Phot AMod Adopted

V Cen 5824 5596 5596 0.70 1.80 1.80 3.10
HD 127427 4771 4937 4610 4620 2.24 1.40 1.40 2.00
HD 127866 13537 12912 12891 12891 3.57 3.22 3.22 3.80
CPD −56◦6337 11863 11712 12000 12000 4.22 4.25 4.25 2.70
HD 127817 14607 14000 14230 14230 3.89 3.90 3.90 3.50
HD 127753 4229 4134 3840 3840 1.27 0.40 0.40 2.20
HD 127835 14049 13347 13400 13400 3.75 3.75 3.75 3.80
HD 127900 14049 13000 13000 13000 3.74 3.50 3.50 3.50
CPD −56◦6341 11205 14416 11300 11300 4.33 4.30 4.30 3.50
CPD −55◦6072 6994 7000 7000 3.48 3.48
CPD −56◦6344 7534 8415 8375 8375 4.35 4.00 4.00 5.50
HD 127818 6704 6600 6355 6355 3.92 3.40 3.40 2.00
HD 127733 4296 4472 4350 4350 2.75 2.00 2.00 1.80
HD 127199 (Turner 1) 11521 14000 10467 10467 4.13 4.10 4.10 2.50
Turner 3 7040 9556 9050 9050 3.30 4.00 4.00 3.50

Gray - according to Gray (1992); Fit - using �tting;
Phot - from photometry; AMod - using atmosphere models.
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Figure 2: A 3D view of the NGC 5663 cluster by dis-
tance and radial velocities.

clear dependence, while blue giants form a separate
region.

3.2. Parallaxes, absolute magnitudes, distances, and
radii

Table 4 contains the GAIA DR2 parallaxes for our
stars as well as absolute magnitudes and distances de-
termined from them, and next to compare, - data from
photometric observations. As can be seen from the
Table, the parallax-based distances for 12 objects lie
in a range of 700�875 pc, and they are close to the
790±5 pc value from Claria et al. (1991). According

to these authors, CPD −55◦6072 and HD 127818 are
non-members of the cluster, and this fact is con�rmed
in this Table. Similar to V Cen, HD 127199 (Turner 1)
and Turner 3 are located in the cluster's background.
However the distance to the Cepheid is close to the av-
erage one for the cluster, while the hot stars are much
more distant. At the same time, the distance problem
for Turner 1 and Turner 3 is eliminated by using the
distances of 550�660 pc derived from the absolute mag-
nitudes, although there are still uncertainties with MV

for two cool giants and supergiant. The results for the
stellar radii di�er slightly for the main-sequence stars
(except for Turner 1 and Turner 3), but for K�giants
these discrepancies are signi�cant.
Figure 2 represents kinematic 3D models of NGC

5662. The majority of our list stars are the cluster
members, while CPD −55◦6072 and HD 127818 are
de�nitely non-members and Turner 1 and Turner 3
are the clusters' background stars.

3.3 Chemical abundances

When the atmospheric parameters were derived,
we used the VALD oscillator strengths (Kupka et
al., 1999) and LTE model atmospheres from Castelli
& Kurucz (2004) for determination of the element
abundances. Table 5 presents the iron content, which
was determined using �tting of the entire spectrum
to a model spectrum and the atmosphere models
method, and abundances for the �key"-elements of
yellow supergiants stellar evolution - carbon, nitrogen,
oxygen, and sodium. It shows that the [Fe/H] abun-
dances determined using atmosphere models lie in a
range from −0.1 to +0.04 dex for all the stars (except
for HD 127818) that is in good agreement with the
results from Claria et al. (1991) and Kharchenko et al.
(2016). The carbon abundance is close to than of the
Sun or a little higher for the main-sequence stars and
hot giants and shows a moderate de�cit for the cool
giants and supergiants, except for HD 127753 with
the lowest value. The nitrogen abundance is close to
solar one or little higher for the main-sequence and
hot giant stars except for HD 127818, but all the cool
giants and supergiants have a typical overabundance.
The oxygen content varies from a small de�cit to the
solar one. A very interesting situation is seen with
sodium: a noticeable overabundance has only HD
127733, while the Cepheid and other cool stars as well
as two main-sequence stars have a content close to the
solar, again except for HD 127818.

3.4 Lithium rich giants

Two K-giants, HD 127733 and HD 127753, were
found as the lithium-rich stars. Using the synth
approximation with the atmosphere parameters
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Table 4: Comparison between absolute magnitudes, distances, and radii determined using GAIA DR2 parallaxes
and photometric data.

PLX (GAIA DR2) Photometry

Object π (mac) Mv d (pc) R (R⊙) Mv d (pc) R (R⊙)

V Cen 1.340±0.045 −3.60±0.08 740±27 50.2±1.9 −3.24 628 431

HD 127427 1.244±0.039 −2.86±0.08 796±27 52.6±1.8 −2.852 787 52
HD 127866 1.271±0.054 −2.06±0.08 780±28 4.7±0.1 −1.70 652 4.0
CPD −56◦6337 1.334±0.046 +0.37±0.05 738±17 1.8±0.0 +0.85 581 1.4
HD 127817 1.231±0.042 −1.33±0.07 809±26 2.7±0.1 −0.85 637 2.2
HD 127753 1.402±0.044 −3.28±0.07 704±23 87.6±2.1 −2.003 385 51

−4.272 1096 146
HD 127835 1.256±0.042 −0.86±0.05 776±17 2.5±0.1 −0.30 594 1.9
HD 127900 1.207±0.038 −1.61±0.08 828±30 3.7±0.2 −1.20 676 3.1
CPD −56◦6341 1.258±0.041 +0.12±0.08 802±29 2.2±0.1 +0.56 658 1.8
CPD −55◦6072 2.573±0.345 +2.49±0.28 386±46 2.0±0.3 +1.37 646 3.3
CPD −56◦6344 1.133±0.088 +0.93±0.16 875±8 2.8±0.2 +1.68 619 2.1
HD 127818 4.910±0.034 +2.32±0.01 201±1 2.6±0.0 +3.26 131 1.7
HD 127733 1.143±0.040 −2.98±0.05 863±20 62.6±1.5 +0.803 149 11

−2.302 619 46
HD 127199 (Turner 1) 1.077±0.042 −0.16±0.10 920±41 2.7±0.1 +0.95 552 1.8
Turner 3 0.832±0.042 +0.72±0.10 1197±54 2.7±0.1 +2.07 622 1.4

1 - Phase 0.P 575 according to GCVS (1985)

2 - MV according to Claria et al. (1991)

3 - MV according to FitzGerald et al. (1979)

Table 5: Chemical abundances for NGC 5662 objects
[Fe/H] [C/H] [N/H] [O/H] [Na/H]

Object Fit AtMod

V Cen −0.24 −0.04 −0.30 0.37 −0.10 0.10
HD 127427 −0.11 −0.06 −0.43 0.56 −0.27 −0.02
HD 127866 −0.33 −0.05 0.18 0.05 −0.39 −
CPD −56◦6337 −0.63 −0.03 − − −0.31 −
HD 127817 −0.36 −0.05 0.22 −0.12 −0.26 −
HD 127753 −0.27 0.04 −0.93 0.73 −0.52 −0.09
HD 127835 −0.28 0.00 0.02 −0.12 −.26 0.00
HD 127900 −0.50 −0.07 − 0.22 −0.03 −
CPD −56◦6341 −0.17 −0.03 − − 0.08 −
CPD −55◦6072 −0.28 − − − − −
CPD −56◦6344 −0.18 −0.10 − −0.12 −0.36 0.00
HD 127818 −0.20 −0.12 −0.43 −0.30 0.03 0.17
HD 127733 −0.20 −0.02 −0.16 0.18 −0.01 0.42
HD 127199 (Turner 1) −0.18 0.03 0.02 0.15 0.00 −
Turner 3 −0.41 −0.04 − − −0.27 −

from Table 3, we obtained logA(Li) = 1.27 dex and
logA(Li) = 0.72 dex, respectively (see Figures 3 and 4).

4. Summary

1. According to the derived RV, color-indices, and
distances only 13 of the 15 objects we investigated
are con�dently members of NGC 5662.

2. The �tting method used to determine radial and
rotational velocities of the cluster stars yields re-
sults with an accuracy of 0.5 km s−1 in RV and

0.7 km s−1 for v sin i.

3. We have revised color-excesses and reddenings for
these objects, and it allowed us to re�ne their in-
trinsic colors, especially for the hot stars.

4. The atmosphere parameters of the hot stars were
determined initially by �tting and �nally re�ned
using the atmosphere models based on the intrin-
sic colors. A good agreement is found for Teff and
log g determined by both methods.

5. The atmosphere parameters of the cool super-
giants and giants were determined exclusively by
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Figure 3: Li sc I 6707 �A absorption line in the atmo-
sphere of HD 127733 and its approximation by synth.

the method of atmosphere models. Their �nal re-
sults di�er signi�cantly from those derived by �t-
ting.

6. The distances of the most cluster stars determined
from the GAIA DR2 2018 parallaxes lie in a range
of 700�875 pc that roughly correspond to the mean
cluster distance determined by Claria et al. (1991)
using photometry, 790±5 pc, with problematic re-
sults for Turner 1 and Turner 3. However, the
distances found using the visual absolute magni-
tudes MV lie in a range of 550�660 pc and are
problematic for the cool supergiant and giants.

7. The radii determined from our Teff and the dis-
tances found by the two methods di�er slightly for
the hot stars and signi�cantly for the cool giants.

8. According to kinematic 3D cluster models, 11
objects are the cluster members, Turner 1 and
Turner 3 are cluster background stars, and CPD
−55◦6072 and HD 127818 are non-members of the
cluster.

9. The [Fe/H] estimates determined by �tting di�er
signi�cantly from those determined using atmo-
sphere models.

10. All the cluster members have [Fe/H] from −0.1
to +0.03 dex that is close to the photometrically
estimated ones.

11. The contents of carbon and nitrogen in the hot
stars turned out to be close to the solar one, while
for the cool supergiants and giants there is a de�cit
of C and an overabundance of N. This fact in-
dicates that the FGK-type objects have already
passed through the "�rst dredge-up" stage. The
sodium content is determined only for two main-
sequence stars, and it is close to the solar one.
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HD 127753

Figure 4: Li I 6707 �A absorption line in HD 127753
atmosphere and its approximation by synth.

The cool supergiants and giants have either a near-
solar content or a small overabundance.

12. Two K-giants from the cluster are lithium-rich
stars.

13. Distances to NGC 5662 objects should be further
revised.
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KINEMATICS OF THE MILKY WAY FROM

VELOCITIES OF YOUNG RED CLUMP GIANTS

USING THE PMA AND GAIA DR2 DATA
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Kharkiv, Ukraine, velichko.anna.b@gmail.com

ABSTRACT. Subsample of 19,600 young red clump
giants with distances up to 1200 pc was selected from
7.2 mln Gaia DR2 data with radial velocities using the
MG vs. G − KS diagram. Ages of these stars do not ex-
ceed 2 bln years. For this stellar subsample kinematic
parameters of the Ogorodnikov-Milne model as well as
the Kxy-term, Solar apex coordinates L⊙,B⊙ were de-
rived from the 3D and 2D Gaia DR2 data as well as
from the PMA proper motions. It was found that val-
ues of the OMM parameters derived from the 3D and
2D Gaia DR2 data are di�erent. Removing stars with
heliocentric distances 0-500 pc make the results con-
sistent. For the 500-1200 pc stellar subsample value of
the rotation velocity of the Galaxy at the Solar distance
Vrot derived from the PMA proper motions is 205.2 ±
0.5 km s−1 while the values derived from the Gaia DR2
data are noticeably higher: Vrot(2D Gaia DR2) =
217.8 ± 0.3 km s−1 and Vrot(2D Gaia DR2) = 218.6 ±
0.3 km s−1 . The Kxy-term is negative and equal
to −0.80 ± 0.03mas yr−1 when using 3D Gaia DR2
data while it diminishes signi�cantly in case of usage
of Gaia DR2 and PMA proper motions.

Keywords: Astrometric catalogues, Galactic kine-
matics, stellar proper motions, stellar radial velocities,
Hertzsprung-Russel diagram.

ÀÁÑÒÐÀÊÒ. Âèêîðèñòîâóþ÷è äiàãðàìó MG -
(G − KS) ç 7.2 ìiëüéîíiâ îá'¹êòiâ Gaia DR2 ç
âiäîìèìè ïðîìåíåâèìè øâèäêîñòÿìè áóëà âèäiëåíà
ïiäâèáiðêà 19,600 ìîëîäèõ ãiãàíòiâ ÷åðâîíîãî
çãóùåííÿ ç âiäñòàíÿìè äî 1200 ïê. Äëÿ òîãî,
ùîá âèïðàâèòè äàíi çà ïî÷åðâîíiííÿ i ïîãëèíàííÿ,
âèêîðèñòîâóâàëàñÿ òðèâèìiðíà êàðòà ïîãëèíàíü
Ãîí÷àðîâà. Çãiäíî ç òåîðåòè÷íèìè ðîçðàõóíêàìè
Æiðàðäi, öi çiðêè ìàþòü ìàñè íå ìåíøå 2-2.5M⊙, à
çíà÷èòü ¨õ âiêè íå ïåðåâèùóþòü 2 ìiëüÿðäiâ ðîêiâ.
Äëÿ öi¹¨ ïiäâèáiðêè çiðîê çà 2D (ç âèêîðèñòàííÿì
òiëüêè âëàñíèõ ðóõiâ) i 3D (âëàñíi ðóõè ïëþñ
ïðîìåíåâi øâèäêîñòi) äàíèìè Gaia DR2, à òàêîæ
çà âëàñíèìè ðóõàì êàòàëîãó PMA áóëè îòðèìàíi
êiíåìàòè÷íi ïàðàìåòðè ìîäåëi Îãîðîäíiêîâà-
Ìiëíà, à òàêîæ ïàðàìåòð ðîçøèðåííÿ-ñòèñíåííÿ

â ãàëàêòè÷íî¨ ïëîùèíè (x, y) - Kxy, i êîîðäèíàòè
àïåêñà Ñîíöÿ L⊙,B⊙. Áóëî âèÿâëåíî, ùî çíà÷åííÿ
äåÿêèõ ïàðàìåòðiâ ìîäåëi, îòðèìàíèõ çà 2D i 3D
äàíèìè Gaia DR2, ïîìiòíî ðiçðiçíÿþòüñÿ ìiæ
ñîáîþ. Òàê, íàïðèêëàä, çíà÷åííÿ ïàðàìåòðà
M+

12, îòðèìàíîãî øëÿõîì ñïiëüíîãî ðiøåííÿ òðüîõ
ðiâíÿíü ìîäåëi Îãîðîäíiêîâà-Ìiëíà ìåòîäîì
íàéìåíøèõ êâàäðàòiâ, íà 0.2ìñä ã−1 ìåíøå,
íiæ çíà÷åííÿ, ÿêå áóëî îòðèìàíå çà äîïîìîãîþ
ñïiëüíîãî ðiøåííÿ ðiâíÿíü òiëüêè äëÿ âëàñíèõ ðóõiâ
Gaia DR2. Âèäàëåííÿ ç âèáiðêè çiðîê ç âiäñòàíÿìè
0-500 ïê ðîáèòü ðåçóëüòàòè áiëüø óçãîäæåíèìè.
Äëÿ ïiäâèáiðêè 500-1200 ïê ïàðàìåòðè ω3 i M+

12,
îòðèìàíi çà äàíèìè Gaia DR2, âiäïîâiäíî ðiâíi
−2.54 ± 0.04ìñä ã−1 i 3.22 ± 0.04ìñä ã−1, òîäi ÿê
çà äàíèìè êàòàëîãó PMA ¨õ çíà÷åííÿ ñòàíîâëÿòü
−2.59 ± 0.06ìñä ã−1 i 2.83 ± 0.08ìñä ã−1. Â
ðåçóëüòàòi çíà÷åííÿ ëiíiéíî¨ øâèäêîñòi îáåðòàííÿ
Ãàëàêòèêè íà âiäñòàíi Ñîíöÿ Vrot, ÿêå áóëî
îòðèìàíî çà âëàñíèìè ðóõàìè PMA, ñòàíîâèòü
205.2 ± 0.5 êì ñ−1, òîäi ÿê çíà÷åííÿ, îòðèìàíå
çà äàíèìè Gaia DR2, íà 13 êì ñ−1 âèùå: Vrot

(Gaia DR2) = 218.2 ± 0.3 êì ñ−1. Çà äàíèìè
3D Gaia DR2 ïàðàìåòð Kxy ¹ íåãàòèâíèì i ðiâíèì
−0.80 ± 0.03 ìñä ã−1. Éîãî âåëè÷èíà ïî ìîäóëþ
çíà÷íî çìåíøó¹òüñÿ â ðàçi âèêîðèñòàííÿ âëàñíèõ
ðóõiâ Gaia DR2 i PMA, i â ìåæàõ 3σ ¹ íåçíà÷óùîþ.
Çíà÷åííÿ êîìïîíåíòè øâèäêîñòi Ñîíöÿ óçäîâæ
ãàëàêòè÷íî¨ îñi y, V⊙, âiäíîñíî öåíòðî¨äà çiðîê ìà¹
çíà÷åííÿ 11.59 ± 0.30 êì ñ−1 çà äàíèìè PMA i
13.0 ± 0.20 êì ñ−1 çà äàíèìè Gaia DR2. Öåé ôàêò
¹ íåïðÿìèì ñâiä÷åííÿì òîãî, ùî çiðêè ç íàøî¨
âèáiðêè äiéñíî ìàþòü âiêè íå áiëüøå 2 ìiëüÿðäiâ
ðîêiâ (Gontcharov, 2012b).

Êëþ÷îâi ñëîâà: Àñòðîìåòðè÷íi êàòàëîãè,
êiíåìàòèêà Ãàëàêòèêè, âëàñíi ðóõè çiðîê, ïðîìåíåâi
øâèäêîñòi çiðîê, äiàãðàìà Ãåðöøïðóíãà-Ðàññåëà.
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On April 25, 2018 the second release of the Gaia mis-
sion (Gaia DR2) has came out (Gaia collaboration et

al., 2016; Gaia collaboration et al., 2018b). Based on
22 month observational time baseline, it provides coor-
dinates, proper motions and parallaxes for more than
1.3 bln stars distributed uniformly through the celes-
tial sphere. Among them, there is a ∼7.2 mln stellar
subsample with magnitudes G<15 for which median
radial velocities (RV) were provided as well. This sub-
sample includes stars that have e�ective temperatures
Teff within the range 3550-6900 K corresponding to
FGK spectral types. These data give us a full informa-
tion about how do stars move in the space.
It is well known that the Galaxy has a complex struc-

ture: there are at least four components such as thin,
thick disks, halo and buldge. They di�er from each
other by kinematics, ages, metallicity, α-element abun-
dances, and maybe some others. In this study we select
stars with ages do not exceeding 2 bln years and there-
fore belonging to the Galactic thin disk. Stellar ages
of the Gaia DR2 RV subsample used are not known
but we have took advantage of the known property
of the secondary clump of red giants in the colour-
magnitude diagram (CMD). Since the works by Girardi
et al.(1998) and Girardi (1999), the clump of stars lo-
cated in the slightly bluer and fainter part of the CMD
than the ordinary (main) clump of red giants is rec-
ognized as being formed by stars with initial masses
M ≥MHef ∼ 2− 2.5M⊙ in the stage of central helium
burning (CHeB). The main di�erence between giants
belonging to the main and secondary clumps is that
in the latter case stars reach the CHeB stage skipping
the electron-degenerate core phase after the central hy-
drogen exhaustion, i.e. helium ignition begins under
non-degenerate conditions (Girardi, 1999). Lifetimes
of stars with masses M > 2 − 2.5M⊙ do not exceed
2 Gyr. Therefore, following Gontcharov (2012) we re-
fer red giants belonging to the secondary clump to as
young red clump giants (YRCG).
The paper is organized as follows. Section 2 presents

description of some properties of input data used for
analysis of the stellar velocity �eld. In section 3 the
procedure of selection of the young red clump giants
is given. Details of usage of the Ogorodnikov-Milne
model are presented in section 4. Kinematic analysis
and conclusions are given in sections 5 and 6 respec-
tively.

2. Input data

For kinematic analysis the Gaia DR2 RV and PMA
catalogues data were used. As was noticed in Intro-
duction, the Gaia DR2 RV subsample contains only
FGK-type stars. Positions and parallaxes of these
stars were derived with typical uncertainty 0.02 -
0.04 mas. Their proper motions are evaluated to be

better than 0.07 mas yr−1 while the RV precision varies
from 0.3 km s−1 at GRVS < 8 and 1.8 km s−1 at
GRVS = 11.75. Systematic RV errors are expected
to be from less than 0.1 km s−1 at GRVS < 9 to
0.5 km s−1 at GRVS = 11.75. According to Gaia col-
laboration et al. (2018b), the second realisation of
the Gaia celestial reference frame (Gaia-CRF2) at the
faint end (G ∼ 19) is aligned with the ICRF to about
0.02 mas at epoch J2015.5 and non-rotating with re-
spect to the ICRF to within 0.02 mas yr−1 .

The PMA (Proper Motion Absolute) catalogue was
derived in the laboratory of astrometry of Institute
of astronomy of V.N. Karazin Kharkiv national
university (Akhmetov et al., 2017) from combination
of Gaia DR1 and 2MASS catalogues. It contains
positions, proper motions, and G, J,H,KS photometry
for more than 420 mln objects covered the whole
celestial sphere including the Galactic plane. From
this stellar sample ∼6.9 mln stars that are common
with the Gaia DR2 RV subsample were selected.
Typical uncertainty of stellar positions is 10 mas.
Proper motions are estimated to have errors of the
order of 2-5 mas yr−1 at 10 < G < 17. The zero-point
of the proper motions was established using 1.6 mln
extragalactic sources. It has been shown (Akhmetov
et al., 2017) that the PMA coordinate axes are
non-rotating with respect to extragalactic sources
from the LQAC3 and ICRF catalogues.

3. Selection of young red clump giants

All YRCG are in the Galactic plane. Therefore it
is necessary to take into account interstellar extinc-
tion. To do this, the Gontcharov's 3D extinction map
(Gontcharov, 2017) was used. This map is limited
by distance to 1200 pc and by Galactic coordinate
Z±600 pc. It is organized as follows. At every point of
space with galactic coordinates x, y, z (or l, b, r) values
of E(J − KS), E(B-V), RV and AV are provided. The
resolution of the map is 50 × 50 × 50 pc. To compute
extinction and reddening at a given point (x∗, y∗, z∗)
the trilinear interpolation formula 1 was used.

f(x∗, y∗, z∗) ≃
a [ f (x1, y1, z1)(x2 − x∗)(y2 − y∗)(z2 − z∗) +

+ f (x1, y1, z2)(x2 − x∗)(y2 − y∗)(z∗ − z1) +

+ f (x1, y2, z1)(x2 − x∗)(y∗ − y1)(z2 − z∗) +

+ f (x1, y2, z2)(x2 − x∗)(y∗ − y1)(z∗ − z1) +

+ f (x2, y1, z1)(x∗ − x1)(y2 − y∗)(z2 − z∗) +

+ f (x2, y1, z2)(x∗ − x1)(y2 − y∗)(z∗ − z1) +

+ f (x2, y2, z1)(x∗ − x1)(y∗ − y1)(z2 − z∗) +

+ f (x2, y2, z2)(x∗ − x1)(y∗ − y1)(z∗ − z1) ] (1)

1. Introduction
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where

a =
1

(x2 − x1)(y2 − y1)(z2 − z1)

YRCG can be identi�ed using the colour-magnitude
diagram in the MG − (G − KS) coordinates. The red
clump region in the CMD for stars with low extinc-
tion E(J − KS) < 0.05 is shown in Fig. 1. It can
be seen that there is a weak concentration of stars
inside the ellipse shown by black solid line. These
are the YRCG. We suggested that a star belongs
to the secondary clump if it falls inside the ellipse
centered at (MG,G − KS) = (0.6,1.9) with semiaxes
(∆MG,∆(G − KS)) = (0.5,0.13). All bed quality ob-
jects with σϖ/ϖ > 0.2 were removed from the sample.
As a result 19,600 YRCG with distances up to 1200 pc
and Z±600 pc were selected.

The Gontcharov's map does not provide reddening
for colour G−KS, so we have found empirical relation
between E(J − KS) and E(G − KS):

E(G − KS) = −904.2 E(J − KS)4 + 271.5 E(J − KS)3

− 12.1 E(J − KS)2 + 1.1 E(J − KS) (2)

4. Usage of the Ogorodnikov-Milne model

All calculations were made in the rectangular helio-
centric Galactic coordinate system the main plane of
which coincides with the Galactic plane. The x axis is
directed towards the Galactic centre (l = 0◦, b = 0◦),
hereafter it will be referred to as the x or 1 axis. The y
or 2 axis is directed towards direction of Galactic rota-
tion (l = 90◦, b = 0◦) while z axis towards the direction
parallel to one from centre of the Galaxy to its North
pole (b = 0◦).

To analyse the stellar velocity �eld the Ogorodnikov-
Milne model (OMM) was used (Ogorodnikov, 1965).

V = V0 + Ω× r + M+ × r (3)

The OMM model contains 12 kinematic parameters:

X⊙, Y⊙, Z⊙ are the Solar motion components rel-
ative to the centroid; ω1, ω2, ω3, are components of
the rigid-body rotation vector Ω; M+

12,M
+
13,M

+
23 are

components of the tensor M+ characterizing velocities
of deformations in the (x,y), (x,z) and (y,z) Galactic
planes; M+

11,M
+
22,M

+
33 are components of the tensor

M+ responsible for velocities of contraction-expansion
of the stellar sample used.

Projecting the equation 3 onto the unit vectors of the
Galactic coordinate system yields the following system
of equations

1.4 1.6 1.8 2.0 2.2 2.4 2.6
G−KS

−2

0

2

4

M
G

Figure 1: Zoom of the CMD MG − (G − KS). YRCG
are inside the ellipse.

η µl cos b = X⊙/r sin l − Y⊙/r cos l − ω1 sin b cos l−
− ω2 sin b sin l + ω3 cos b +M+

12 cos b cos 2l−
− M+

13 sin b sin l +M+
23 sin b cos l−

− 0.5M+
11cos b sin 2l + 0.5M+

22 cos b sin 2l (4)

η µb = X⊙/r cos l sin b+ Y⊙/r sin l sin b − Z⊙/r cos b+

+ ω1 sin l − ω2 cos l − 0.5M+
12 sin 2b sin 2l −

− M+
13 cos 2b cos l + M+

23 cos 2b sin l−
− 0.5M+

11 sin 2b cos2l − 0.5M+
22 sin 2b sin2l+

+ 0.5M+
33 sin 2b (5)

Vr/r = −X⊙/r cos lcos b− Y⊙/r sin l cos b−
− Z⊙/r sin b+M+

13 sin 2b cos l +M+
23 sin 2b sin l+

+ M+
12 cos2b sin 2l +M+

11 cos2b cos2l+

+ M+
22 cos2b sin2l +M+

33 sin2b (6)

Where η = 4.74 is the conversion factor from
mas yr−1 to kms−1kpc−1, µl, µb are proper motions
in mas yr−1 , Vr are radial velocities in km s−1 .
When proper motions only are used, one of diago-

nal elements of the deformation matrix M+ remains
undetermined. Therefore, only di�erences M∗

11 =
M+

11 −M+
22 and M

∗
33 = M+

33 −M+
22 can be derived sug-

gesting that M+
22 = 0. Values of the Kxy-term char-

acterizing contraction-expansion of the stellar sam-
ple in the x, y Galactic plane were derived as well:
K = 0.5(M+

11 + M+
22). In the case of usage of proper

motions only the K-term can be evaluated using the
following equation: K = 0.5(M∗

11 − 2M∗
33). The M+

12

and ω3 parameters are analogues of the Oort constants
A and B from the simpli�ed Oort-Lindblad kinematic
model. The linear rotation velocity of the Galaxy Vrot

at the Solar distance R⊙ can be derived from combina-
tion of these two parameters by the following relation:
Vrot = (M+

12 − ω3) ηR⊙. The value of R⊙ is assumed
to be equal to 8.0±0.2 kpc (Vallée, 2017).
In addition, the Solar apex coordinates L⊙,B⊙ were

estimated.
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Table 1: The OMM kinematic parameters derived in this work.
0-1200 pc 500-1200 pc

Parameter Unit Gaia, 3D Gaia, 2D PMA, 2D Gaia, 3D Gaia, 2D PMA, 2D
X⊙ km s−1 9.83±0.13 9.32±0.17 9.89±0.19 10.89±0.15 10.83±0.19 11.62±0.26
Y⊙ km s−1 11.64±0.13 11.71±0.18 10.6±0.21 12.63±0.15 13.40±0.22 11.59±0.30
Z⊙ km s−1 7.80±0.13 7.72±0.15 7.66±0.17 7.29±0.15 7.26±0.16 7.46±0.21
ω1 mas yr−1 0.37±0.10 0.44±0.11 0.50±0.13 0.09±0.08 0.05±0.09 0.12±0.12
ω2 mas yr−1 -0.73±0.10 -0.72±0.11 -0.92±0.13 -0.55±0.08 -0.45±0.09 -0.68±0.12
ω3 mas yr−1 -2.54±0.10 -2.58±0.06 -2.62±0.07 -2.55±0.04 -2.53±0.04 -2.59±0.06
M+

23 mas yr−1 -0.26±0.10 -0.35±0.13 -0.43±0.15 0.03±0.08 0.10±0.10 -0.02±0.14
M+

13 mas yr−1 -0.55±0.10 -0.55±0.13 -0.95±0.15 -0.41±0.08 -0.27±0.10 -0.67±0.13
M+

12 mas yr−1 3.24±0.06 3.04±0.09 2.70±0.10 3.22±0.04 3.22±0.06 2.83±0.08
M+

11(M∗
11) mas yr−1 -1.86±0.09 -2.19±0.24 -2.05±0.19 -1.76±0.06 -2.00±0.11 -2.11±0.16

M+
22 mas yr−1 0.19±0.08 - - 0.16±0.16 - -

M+
33(M∗

33) mas yr−1 -0.06±0.08 -0.63±0.23 -0.82±0.27 -0.23±0.14 -0.68±0.17 -2.11±0.23
Vrot km s−1 219.1±0.4 213.1±0.5 201.65±0.6 218.6±0.3 217.8±0.3 205.2±0.5
K mas yr−1 -0.84±0.05 -0.09±0.04 -0.02±0.04 -0.80±0.03 -0.32±0.14 -0.14±0.27
L⊙ degree 49.8±3.8 51.5±0.1 47.0±0.2 49.3±4.6 51.0±0.1 44.9±0.3
B⊙ degree 27.1±1.6 27.3±0.1 27.1±0.1 23.6±1.8 22.9±0.1 24.5±0.1
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Figure 2: The ω3,M
+
12, Vrot OMM parameters and Kxy-term derived from the 3D (�lled circles), 2D Gaia DR2

(open circles) and PMA (�lled squares) data for the 500-1200 pc YRCG subsample.
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5. Kinematic analysis

All calculations were performed for the YRCG sub-
sample described in section 3. The OMM equations
4, 5, 6 were solved by the least square method (LSR)
using the Gaia DR2 RV data. This case we refer to as
3D one, because both proper motions and radial veloc-
ities were used. For comparison, the OMM parameters
were derived from the Gaia DR2 proper motions only,
i.e. by joint solving the equations 4, 5 (2D case). The
results are given in columns 2, 3 of Table 1 as well
as in Fig. 2. It can be seen that values of the ω3 pa-
rameter derived from 3D and 2D Gaia DR2 data are
very close while values of the M+

12 parameter have dif-
ference M+

12(3D) − M+
12(2D) = 0.2 mas yr−1 leading

to di�erence between values of linear Galactic rota-
tion velocity: Vrot(3D) = 219.1±0.4 mas yr−1 versus
Vrot(3D) = 213.1±0.5 mas yr−1 . Proximity of the ω3

values in 3D and 2D cases can be explained by the fact
that rotational components of the OMM ω1, ω2, ω3

do not have projections onto radial direction. How-
ever, there are small di�erences of order of 0.02-
0.06mas yr−1 caused by redistribution of the OMM
parameter values when using the LSM.
It is well known that the stellar velocity �eld in the

Solar neighborhood can be disturbed by in�uence of
the Gould Belt stars the characteristic radius of which
is estimated to be ∼500 pc. We removed stars with
distances up to 500 pc from the YRCG subsample re-
sulting in 15,600 stars within a distance range 500 -
1200 pc. The OMM parameters were recalculated for
the second YRCG subsample using the 3D and 2D
Gaia DR2 data. The results are shown in columns 5,6
of Table 1. It can be seen that values of the OMM pa-
rameters derived from the 3D and 2D Gaia DR2 data
have become much more consistent. So, one can make
a conclusion that a probable cause of the discrepancy
between 3D and 2D calculations can be peculiarities of
motions of the Gould Belt stars.
As for the Kxy-term, it has a negative values when

using radial velocities: K = −0.84± 0.05mas yr−1 and
−0.80 ± 0.03mas yr−1 for 0-1200 pc and 500-1200 pc
stellar subsamples respectively. It means that the stel-
lar subsample contracts. The Kxy-term becomes in-
signi�cant within 3σ when using proper motions only.
In columns 4 and 7 of Table 1 values of the OMM

parameters derived from the PMA proper motions are
presented. Note a quite large di�erence between val-
ues of the M+

12 parameter derived from the Gaia DR2
and PMA data leading to a lower estimation of Vrot

:

205.2±0.5 km s−1 from the PMA proper motions ver-
sus 217.8±0.3 km s−1 from the Gaia DR2 proper mo-
tions. Values of the Kxy term derived from the PMA
data is insigni�cant within 3σ.
The mean age of the YRCG subsample can be

estimated from values of the Solar motion compo-
nent along the y Galactic axis Y⊙. According to
Gontcharov (2012b), the older stars the higher Y⊙

.

It can be seen from our calculations that values of

the Y⊙ parameter vary from 10.6±0.21km s−1 to
13.40±0.22km s−1 depending on data used. This fact
means that ages of stars belonging to the selected
YRCG subsample do not exceed 2 bln years, as we
expected.
Values of the Solar apex coordinate L⊙ vary from

44◦.9 ± 0◦.3 to 51◦.5 ± 0◦.1 depending on data used.
Values of the B⊙ are sistematically shifted when using
di�erent stellar subsamples. B⊙ in average is equal to
27◦.2 for the 0-1200 pc stellar subsample while 23◦.7
for the 500-1200 pc one.

6. Conclusions

Kinematic analisys of the stellar velocity �eld of the
YRCG with distances up to 1200 pc using the OMM
was caried out. The kinematic parameters from the
3D, 2D Gaia DR2 and PMA data were derived. It was
concluded that the stellar velocity �eld within 500 pc
around the Sun is probably disturbed by in�uence of
the Gould Belt stars. When removing stars with dis-
tances 0-500 pc from the YRCG subsample the results
derived from the 3D and 2D Gaia DR2 data become
consistent.
Value of the rotation velocity of the Galaxy at the

Solar distance Vrot derived from the PMA data for
the 500-1200 pc subsample is lower by 13.4km s−1 and
12.6km s−1 than values derived from the 3D and 2D
Gaia DR data respectively. Vrot(PMA) = 205.2 ±
0.5 km s−1 , Vrot(2D Gaia DR2) = 217.8±0.3 km s−1 ,
Vrot(2D Gaia DR2) = 218.6 ± 0.3 km s−1 .
The Kxy-term is negative and equal to −0.80 ±

0.03mas yr−1 when using 3D Gaia DR2 data while it
diminishes in case of usage of Gaia DR2 and PMA
proper motions.
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 ABSTRACT. The URAN-4 decameter radio telescope, 
which is located in the village of Mayaki of the Odessa 
region, is an element of system of the URAN radio 
telescopes (Ukrainian Radiointerferometer of the Academy 
of Sciences). The radio telescope is used according to the 
following scientific programs: measurements in the 
composition of the Interferometer with the Super Large Base 
(VLBI), to study the angular structure of discrete radio 
sources; the study of the nonstationarity of the flux of cosmic 
radio sources and the study of the influence of the space   
environment on the characteristics of the received signals. 
 RT URAN-4 operates at frequencies of 10-30 MHz 
and consists of an antenna and an equipment complex. A 
telescope antenna is an electrically controlled phased array 
of 128 turnstile vibrators. It identifies two linear signal 
components and is endowed with the possibility of 
changing the position of the antenna pattern in space 
(2048 discrete positions of the beam). The geometric 
dimensions of the array 238 meters (West-East direction) 
and 28 meters (North-South direction). The size of the 
antenna pattern in the modulation mode of signal 
reception at a frequency of 25 MHz is 2.7 x 22 degrees. In 
the VLBI interferometer mode, a resolution of about 2 
seconds of arc is realized. The instrumental complex of 
the RT URAN-4 is represented by two types of 
modulation radiometers, which make it possible to 
measure the flux densities of radio sources and apparatus 
intended for VLBB measurements. 
 The working frequency range in which RT URAN-4 
operates has a high level of radio interference. The work 
gives definitions of interference acting in the decameter 
range. Considered methods of dealing with them. One of 
the methods to combat interference is the work of the 
radio telescope on the frequencies permitted and legally 
protected from interference, the list of which is given in 
the article. The paper deals with issues related to the 
organization of the security zone around the radio 
telescope. On its territory, the maximum allowable power 
for existing nearby transmitting radio facilities and 
interfering industrial facilities should be legitimized, in 
the designated working lanes. At the same time, a 
monitoring service for the radio spectrum should be 
organized. The paper deals with the developed and 
manufactured portable direction finder. Its characteristics 
are given, recommendations on its use are given. 

Keywords: radio telescope, interference, frequency band, 
radiometer, direction finder. 

 AБСТРАКТ. Декаметровий радіотелескоп УРАН-4, 
що розташований в селі Маяки Одеської області,  є 
елементом системи радіотелескопів УРАН 
(Український радіоінтерферометр Академії наук). 
Радіотелескоп  використовується по наступних 
наукових програмах: проведення вимірів у складі  
Інтерферометра з Понад Великою Базою  (РПВБ),  для 
вивчення кутової структури  радiоджерел; 
дослідження нестаціонарності потоків космічних 
радiоджерел і вивчення  впливу середовища на 
характеристики прийнятих сигналів.  

 РТ УРАН-4 працює на частотах 10-30 МГЦ і 
складається з антени й апаратурного комплексу. 
Антена телескопа – це електрично керована фазована 
решітка з 128 турнікетних вібраторів. Вона виділяє  
дві  лінійні складові сигналів  й  наділена можливістю 
зміни положення діаграми спрямованості в просторі 
(2048 дискретних положень променя). Геометричні 
розміри її – 238 метрів (напрямок Захід-Схід) і 28 
метрів (напрямок Південь-Північ). Розміри діаграми 
спрямованості в модуляційному режимі прийому 
сигналу  на частоті 25 МГЦ становить 2.7 х 22 
градуса. У режимі РПВБ інтерферометра реалізується 
просторова роздільна здатність близько 2 секунд дуги. 
Апаратурний комплекс РТ представлений двома 
видами модуляційних радіометрів, які дозволяють 
вимірювати щільності потоків радіоджерел,  і 
апаратурою, яка призначена для РСДБ вимірів.  

 Робочий діапазон частот, у якому працює РТ УРАН-4, 
має високий рівень радіозавад.  У роботі даються 
визначення завадам, діючим у декаметровому діапазоні.  
Розглядаються  методи боротьби з ними. Одним з 
методів боротьби з завадами є робота радіотелескопу на 
дозволених і юридично захищених від завад частотах, 
перелік яких наведено в статті. У роботі розглядаються 
питання, пов'язані з організацією навколо радіотелескопа 
охоронної зони. На її території повинна  бути узаконена 
у відведених робочих смугах максимально припустима 
потужність для існуючих поруч передавальних 
радіозасобів і промислових об'єктів, що заважають. 
Одночасно із цим, повинна бути організована служба 
контролю  за радіо спектром. У роботі розглядається 
розроблений і виготовлений переносний пеленгатор. 
Наводяться його характеристики, даються рекомендації з 
його використанням. 

Ключові слова: радіотелескоп, радіозавади, смуга 
частот, пеленгатор. 
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 1. Introduction 
 
 Radiotelescopesarehighlysensitiveinstruments and 
therefore the requirements for the cleanliness of the 
spectrum, in the range in which they operate, are 
extremely important. The URAN-4 decameter radio 
telescope, which is located in the village of Mayaki of the 
Odessa region, is an element of system of the URAN radio 
telescopes  (Ukrainian Radiointerferometer of the 
Academy of Sciences).Its main purpose is to work in the 
mode of the very  large base interferometer  (VLBI). The 
RT URAN-4 is used for the following scientific programs: 
VLBI measurements with the UTR-2 radio telescope to 
study the angular structure of galactic and extragalactic 
radio sources; studying the nonstationarity of cosmic radio 
sources; study of the influence of the space environment 
on the characteristics of received signals; improvement of 
methods for receiving and processing signals. 
  The place for the RT URAN-4 was chosen after lot of  
research based on the following considerations. The place 
was located on the edge of the village, with developed 
engineering networks, and the lack of industrial facilities 
and, as a result, the absence of industrial interference. 
Studies of the radio band showed that there are no 
transmitters of considerable power in the radius of 
propagation of a direct wave and the range is relatively 
free from various kinds of interference of artificial origin. 
The radio telescope began its work in 1985. 
 Unfortunately, since then, the interference environment 
has changed dramatically, and the fight against 
interference has become more urgent. 
 
 2. Radio telescope URAN-4 

 
 The URAN-4 radio telescope (Galanin, 1989) consists 
of an antenna and a measuring complex and operates at 
frequencies of 10-30 MHz.The antenna is an electrically 
controlled phased array of 128 turnstile vibrators. It is 
endowed with the ability to separate the two linear 
components of the signal and change the position of the 
antenna pattern (AP) in space. In the North-South 
direction, 16 beam positions were implemented, and in the 
West-East direction, 128 (a total of 2048 individual beam 
positions) were implemented. The geometrical dimensions 
of the array are 238 meters (West-East direction) and 28 
meters (North-South direction). The dimensions of the AP 
in the modulation mode of receiving a signal with a 
frequency of 25 MHz are 2.7 x 22 degrees. In the VLBI 
interferometer mode, a resolution of about 2 seconds of 
arc is implemented. The maximum value of the directivity 
of the antenna at a frequency of 25 MHz is 618. The 
efficiency at the same frequency is 0.1. 
 The measuring complex includes Dicke radiometers, 
which allow measuring the flux densities of radio sources 
and apparatus intended for VLBI measurements. During 
the operation of the RT URAN-4, the measuring complex 
has undergone several modifications. Initially, narrow-
band reseivers with a bandwidth of up to 20 kHz were 
used. Currently, the band has increased from 250 kHz to a 
single MHz. The expansion of the bandwidth of the 
receiving equipment, has led to an increase in the 
sensitivity of the radio telescope. At the same time, digital 

registration and digital signal processing allowed the use 
of various methods of filtering interference. In spite of 
this, a significant deterioration of the interference 
invironment in recent years in some cases reduces the 
effectiveness of conducting observations 
  
 3. The Decameter  Interference 
  
  World Administrative Radiocommunication 
Conference,(VAKR-79) held in 1979, gave the definition 
of harmful interference. Harmful is considered to be 
interference, which increases the noise temperature of the 
radio telescope by more than 10%. 
 The  Interference of decameter range can be divided 
into two groups: remote and local. 
The remote sources of interference include broadcasting 
radio stations, communication systems and radar, 
ionospheric stations. In this case, ionospheric propagation 
of the interference occurs. 
 Ways to deal with them: conducting observations at 
night, when the possible maximum applicable frequencies 
are below the operating frequency of the radio telescope; 
use of narrow antenna pattern with narrow side lobes; 
frequency, temporal and spatial filtering of interference;  
the dynamic range of signal amplification systems 
increase; the allocation and use for radioastoronomic 
studies of legally protected frequency bands defined by 
the International Telecommunication Union. 
 Of the above methods of dealing with interference, 
which are widely reported in the literature, let us dwell on 
the latter. Already during the formation of radio astronomy, 
much attention was paid to the allocation of frequencies for 
radio telescopes. So, frequencies: 2.5, 5, 10, 15, 20, 25, 37, 
73, 79 MHz for low-frequency radio astronomy 
observations were recommended by the Radio Frequency 
Body of the International Telecommunication Union, 
Geneva, Switzerland. (Kraus, 1973). In 1979, the World 
Administrative Conference on Radiocommunication 
allocated a number of legally protected bands for low-
frequency radio astronomy: 13.360-13.410 MHz, 25.550-
25.570 MHz, 37.5-38.25 MHz, 73.0-74.6 MHz. Allocated 
bands have different legal protection statuses. The 
prerequisite for protection is the registration of transmitters 
and radio telescopes at the State Telecommunications 
Inspection and the International Registry (Dubinsky, 1985).  
 The local sources of interference include industrial and 
domestic interference, including corona discharges on high-
voltage power lines, special process equipment, switching 
power supplies, and high-power fluorescent lighting 
devices. Most of the interference from local sources have a 
broadband spectrum, which significantly complicates the 
fight against them. Therefore, the main method of dealing 
with local interference is to identify and solve the problem 
by organizational and administrative methods.  
 To implement this approach, an important task is to 
establish a radio telescope security zone (Dolan, 1973). On 
its territory, the maximum permissible radiation power of 
transmitting radio equipment, industrial and household 
object should be legalized, in the designated working bands. 
At the same time, a radio  monitoring service should be 
organized on the radio telescope, the task of which would 
be to detect interference and determine their location. 
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4. The effect of interference on the operation of a 
radio telescope 
 

Radiometers of URAN radio telescopes are formed 
according to the interferometer with a small base. The 
elements of the interferometer are the two halves of the 
antenna array of the radio telescope, the signals from the 
halves of the arrays go to the two channels of the 
radiometer and are subsequently multiplied. This scheme 
allows you to suppress galactic noise, the intensity of 
which exceeds the signal intensity of most discrete cosmic 
sources in the decameter range. This scheme allows the 
use of correlation and modulation radiometers. Regular 
for RT URAN-4 are modulation radiometers. 

Radio interference penetrating the reception path of the 
RT URAN-4 and affecting the operation of the 
modulation radiometer can be divided into three groups: 

1. Narrow-band continuous interference. 
2. Narrowband impulse interference; 
3. Broadband interference.  

An example of three types of interference is shown in  
Fig. 1. The recording of the spectra was made at RT URAN-
4 using an SDR receiver with a bandwidth of 1 MHz. 
 Narrowband continuous interference leads to a zero 
offset when recording a cosmic source. In the case of 
moderate intensity of interference, this effect is eliminated 
by digital data processing, by frequency filtering of 
interference. Offset of the zero level is not always possible 
to detect in the output signal of the radiometer. In 
particular, it is possible to use the tracking mode of a 
cosmic source, in which the source completely crosses the 
fixed antenna pattern. In this case, it is possible to apply 
the technique of inscribing the antenna pattern, which 
excludes measurement error associated with the offset of 
the zero recording level (if the interference power during 
this time remains constant). 
 Narrow-band impulse interference leads to emissions 
of the output signal of the radiometer (note that if the 
pause between pulses is less than the constant integration 
of the radiometer, then the interference is perceived as 
continuous). Frequency and temporal filtering can be used 
to combat such interference. Broadband interference is not 
amenable to frequency filtering. Continuous broadband 
interference leads to a zero offset of the cosmic recording. 
When the above conditions are met, to reduce the 
measurement errorpossible to use the technique of 
inscribing the antenna pattern. With the fluctuating power 
of broadband interference, the inscribing technique 
becomes ineffective. Temporal filtering can be applied to 
combat impulse broadband interference. 
 
 

 
Figure 1: The signal spectrum containing three types of 
interference. The upper panel is the power spectrum in the 
time interval of 6 minutes. The bottom panel is a dynamic 
spectrum on the same time interval. 1 – continuous 
narrowband interference, 2 – pulsed narrowband 
interference,  3 – wideband pulsating interference. 
 
 
 5. Direction Finder 

 
To interference combat, a portable direction finder was 

designed and manufactured with a working range of 10–30 
MHz. The device consists of a tunable loop antenna with 
dimensions less than 0.1 wavelength, a whip antenna, antenna 
switch and receiver, covering the entire decameter range. 
 The development of a loop antenna was carried out in 
two stages. Initially, using a computer program, a future 
loop antenna  was designed. Fig. 2 shows its calculated 
antenna pattern. Then several experimental samples were 
made, one of which was adopted as a worker. For field 
tests, a portable transmitter was used, with which the 
shape of the beam antenna pattern was checked. 
  
 

 
Figure 2: The calculated antenna pattern of the direction 
finder antenna 
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Figure 3: The reflection coefficients of the antenna 
direction finder, measured at frequencies of 10-38 MHz 
 
 

The characteristics of the loop antenna of the made 
direction finder are measured. Fig. 3 shows the reflection 
coefficients of the loop antenna, measured at frequencies 
from 10 to 38 MHz. The calculated antenna efficiency at 
10 and 38 MHz was  0.6 and 0.96 respectively. 

Work with the direction finder includes two modes. 
The operator using a whip antenna scans the specified 
frequency band. Upon detecting interference, the operator 
switches the receiver to a loop antenna, adjusts it to the 
receiving frequency. To determine the location of the 
source of interference, it is necessary to take several 
bearings and plot them on the map of the study area.  

 6. Conclusion 
 

 The characteristics of the URAN-4 radio telescope are 
given. An analysis of interference affecting the radio 
telescope was carried out. Made their classification. The 
main software and hardware methods of dealing with this 
interference are considered. It is noted that not all 
interference that occurs can be eliminated in this way. 
This especially applies to local interference, as a rule, 
occupying a wide frequency band. In this case, there are 
two ways: the use of legally protected frequencies and the 
organization of the radio telescope protection zone, which 
determines the permissible economic activity, in terms of 
radio emission levels. For the protection zone to function, 
the service of monitoring the radio spectrum and 
identifying sources of interference is necessary. A 
portable decameter direction finder has been designed and 
manufactured for solving these tasks. 
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RADIO  BURSTS AND CME  
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ABSTRACT. The relationship  the intensity of the pro-
ton flux Ip of solar cosmic rays (SCR) with the parameters 
of continual radio bursts of the IV type, with the speed of 
coronal mass ejections (CME) of VCME, as well as with the 
parameters of slowly drifting radio bursts of type II is in-
vestigated. Comparative analysis showed that for the vast 
majority of proton events a strong correlation of the inten-
sity of the proton flux Ip with the integral flux ∫Fμdt of 
microwave bursts and the CME velocity VCME is observed, 
where the correlation coefficient r between the investi-
gated parameters is 0.80 and 0.72, respectively. Earlier, 
the author reported on a strong connection between the  
integral flux ∫Fμdt  of the microwave bursts  and the CME 
velocity VCME, where the correlation coefficient r between 
the investigated quantities is about 0.80. The strong con-
nection between the intensity of the proton flux Ip and the 
integral flux ∫Fμdt of microwave bursts and the speed of 
the CME, as well as the strong connection between the  
integral flux ∫Fμdt of the microwave bursts and the CME 
velocity VCME, attests about the common origin of SCRs 
and CMEs during proton flares. In this paper it is also 
shown that there is a strong relationship between the in-
tensity of the proton flux Ip and the parameter of type II 
burst VII, which characterizes the shock front displacement 
velocity. Moreover, the relationship between the intensity 
of the proton flux Ip and the parameter VII depends to a 
large extent on the frequency f2 of the maximum of the 
type II radio burst on the second harmonic at a given time 
t and on the energy of the protons Ep. The maximum cor-
relation between the proton flux Ip and parameter VII is 
observed for protons with an energy Ep>30 MeV and for 
the upper frequency f2 in the range 25-60 MHz. 

АБСТРАКТ. Досліджено зв'язок інтенсивності по-
току протонів Ip сонячних космічних променів (СКП) 
c параметрами континуальних радіосплесків IV типу, 
зі швидкістю корональних викидів маси (КВМ) VCME, а 
також з параметрами повільно дрейфуючих радіосп-
лесків II типу. Порівняльний аналіз показав, що для 
переважної більшості протонних подій 
спостерігається сильний зв'язок інтенсивності потоку 
протонів Ip з інтегральним потоком ∫Fμdt 
мікрохвильових сплесків і швидкістю КВМ VCME, де 
коефіцієнт кореляції r між досліджуваними 
параметрами дорівнює 0.80 і 0.72, відповідно. Раніше 
автором повідомлялося про сильний зв'язок між 
інтегральним потоком ∫Fμdt мікрохвильових сплесків і 
швидкістю КВМ VCME, де коефіцієнт кореляції r між 
досліджуваними величинами ≈ 0.80. Наявність силь-

ного зв'язку інтенсивності потоку протонів Ip з 
інтегральним потоком ∫Fμdt мікрохвильових сплесків і 
швидкістю КВМ, а також сильного зв'язку між 
інтегральним потоком ∫Fμdt мікрохвильових сплесків і 
швидкістю КВМ VCME свідчить про спільність поход-
ження СКП і КВМ під час протонних спалахів. У 
даній роботі також показано, що існує сильний зв'язок 
між інтенсивністю потоку протонів Ip і параметром 
сплесків II типу VII, який характеризує швидкість зсу-
ву фронту ударної хвилі. Причому, зв'язок між 
інтенсивністю потоку протонів Ip і параметром VII 
значною мірою залежить від частоти f2 максимуму 
радіосплесків II типу на другій гармоніці в даний мо-
мент часу t і від енергії протонів Ep. Максимальна 
кореляція між потоком протонів Ip і параметром VII 
спостерігається для протонів з енергією Ep>30 МеВ і 
для верхньої частоти f2 в діапазоні 25-60 МГц. 

Keywords: Proton flux, coronal mass ejections, radio 
bursts.  
 

 
1. Introduction 
 
The fundamentals of short-term prognosis methods for 

the flux of solar cosmic ray protons (SCR) were laid in the 
works of a number of authors. In the work (Chertok, 
1982) it was shown that the parameters of microwave ra-
dio bursts (μ-bursts) can be used to judge the total number 
of accelerated particles and their energy spectrum. It was 
also shown that by the parameters of meter bursts one can 
judge the conditions for the exit of accelerated particles 
into interplanetary space. The presence of a sufficiently 
powerful  meter component indicates favorable exit condi-
tions, the absence on the  unfavorable exit conditions 
(Akinian et al., 1977). (Melnikov et al., 1986) showed that 
the presence of a strong coupling between the flow of  
subrelativistic electrons  of the SCR and the integral flux 
of μ-bursts indicates that the SCR electrons and the elec-
trons generating the radio burst are accelerated in a single  
process. On the basis of this, statistical models connecting 
proton and electron fluxes with parameters of microwave 
bursts were obtained (Melnikov et al., 1991). 

 In this paper, the emphasis is on investigating the con-
nection between the SCR proton flux and the parameters 
of radio bursts of type II and comparing the results with 
what is obtained from the parameters of microwave bursts. 
Earlier in the works (Tsap & Isaeva, 2011; 2012; 2013) 
some questions were considered regarding the relation of 

132 Odessa Astronomical Publications, vol. 31 (2018)

DOI: http://dx.doi.org/10.18524/1810-4215.2018.31.144541 



the SCR proton flux with the parameters of type II radio 
bursts. In the course of studies of the connection between 
the speed of the frequency drift of meter-decameter type II 
bursts and the intensity of the proton flux Ip of different 
energies, two families of events were discovered. This 
involves the generation of shock waves both in the region 
of flare energy release and by moving coronal mass ejec-
tion (CME) (Isaeva & Tsap, 2011). In the works (Isaeva & 
Tsap, 2011; Tsap & Isaeva, 2012; 2013), the results of the 
investigation of the efficiency of the acceleration of SCR 
by coronal and interplanetary shock waves are given, and 
arguments are also presented in favor of a two-step accel-
eration of protons. A comparative analysis showed that 
acceleration of protons by coronal shock waves is more 
effective than interplanetary shock waves, and that the 
main acceleration of protons occurs in the flare region and 
additional  by the shock waves. A study of the fine spec-
tral structure of the meter-decameter radio bursts of type II 
showed that there is a sufficiently strong connection be-
tween the proton flux and the relative distance b = (f2-f1)/f1 
between the first and second harmonics at a given time t, 
where the correlation coefficient r between the  parame-
ters  ≈ 0.70, while the connection between the drift veloc-
ity and the proton flux turned out to be weak, and the cor-
relation coefficient r between the proton flux and the drift 
velocity does not exceed ≈0.40 (Tsap & Isaeva, 2013). 

 
2. Relationship between the intensity of the proton 

flux Ip SCR  and the integral flux ∫Fdt of radio bursts 
in the range 245-15400 MHz 

 
    For the analysis, the original records of the radio emis-
sion of the Sun were used at 8 fixed frequencies of 245, 
410, 610, 1415, 2695, 4995, 8800 and 15400 MHz 
(https://www.ngdc.noaa.gov/stp/space-weather/solar-data 
/solar-features/solar-radio/rstn-1-second/), original re-
cordings of the proton flux intensity Ip with proton energy 
Ep>0.8-100 MeV (https://satdat.ngdc.noaa.gov/sem/goes/ 
data/new_avg/), as well as a list of proton events 
(ftp://ftp.swpc.noaa.gov/pub/indices/SPE.txt). The inves-
tigated sample contains 147 proton events for the period 
from 06-02-1986 to 14-10-2014. Protonic events were 
selected according to generally accepted criteria for pro-
tonity. It is known that for events having a U or W type of 
a frequency radio spectrum with maxima in the meter and 
centimeter wavelength bands and with a minimum in the 
decimeter band, the best correlation between the parame-
ters of μ-bursts and the intensity of the flux of the subrela-
tivistic electrons and protons SCR  is observed. Confirma-
tion of this fact can be seen in Fig. 1 a), where the connec-
tion between the integral flux of continual μ-bursts at a 
frequency of 8800 MHz and the intensity of the proton 
flux Ip with an energy Ep>30 MeV is shown. For such 
events, the сorrelation coefficient r between ∫Fdt and Ip ≈ 
0.80. At the same time, the relationship between the inten-
sity of the proton flux Ip and the integral flux of the con-
tinual radio bursts depends to a large extent on the fre-
quency f of the radio burst (see Fig. 1 b) and the energy of 
the  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 : The connection between the proton flux Ip and 
the integral flux ∫Fdt of the continuum radio bursts 
 
 
 
protons Ep, see Fig. 1 c). The relationship between Ip and 
the integral flux of radio bursts ∫Fdt sharply decreases in 
the decimeter range and is practically absent in the meter 
range, see Fig. 1 b). The strongest connection between Ip 
and ∫Fdt is observed for the subrelativistic protons with 
energy Ep> 30 MeV and the integral flux of μ-bursts, see 
Fig. 1 c). 
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Figure 2 : The connection between the proton flux Ip and 
the parameter VII of radio bursts of type II 

 

3. Relationship between the intensity of the proton 
flux Ip SCR and the parameters of radio bursts of type 
II in the range 25-180 MHz 

 
The relationship between the intensity of the proton 

flux Ip  of SCR and the parameters of radio bursts of type 
II in the range 25-180 MHz is studied. The sample under 
study contains 98 proton events for the period from 24-11-
2000 to 20-12-2014. For the analysis, original records of 
dynamic spectra in the range 25-180 MHz from the solar 
radio spectrograph (SRS) were used (http://www.ngdc. 
noaa.gov/stp/space-weather/solar-data/solar-features 
/solar-radio/rstn-spectral/). 

 
Figure 3 : Dependence of the correlation coefficient r be-
tween Ip and VII (a thin line) and between Ip and the inte-
gral flux of microwave bursts  ∫Fdt  (a bold line) on the 
proton energy Ep 

 
 
In this paper, a new regression model was used to ap-

proximate the harmonics of the type II burst (1), where fi,j 
- the frequency of the maximum of the type II burst on the 
given harmonic at a given time ti, i - the count number, 
and  j - the number of the harmonic, a and b - a coeffi-
cients of linear regression. 

10 ,log i j if a t b   .   (1)  

This dependence allows us to estimate the rate of fre-
quency drift sufficiently accurately for 95% of type II 
bursts in the range 25-180 MHz, for which the correlation 
coefficient r between the observed and calculated values 
of the frequency r> = 0.98. The zero point of time for all 
events corresponded to the beginning of the first harmonic 
at a frequency of 180 MHz. 

Earlier in the work (Tsap & Isaeva, 2013) it was 
pointed out that there is a sufficiently strong connection 
between the proton flux Ip and the relative distance  be-
tween the harmonics of the type II burst at a given instant 
t, where the correlation coefficient r between the investi-
gated values of ≈ 0.70, while the relationship between Ip 
and the  drift velocyte turned out to be low (r≈0.40). 
However, it was noted that if when calculating the fre-
quency drift velocity VII (2), take into account the fre-
quency distance between the harmonics of the type II 
burst at a given time t, then the relationship between Ip and 
parameter VII increases sharply. 

2 1
II

f fV
t


 ,   (2) 

where f1 and f2 are the frequencies of the maximum of the 
type II burst at a given time t at the first and second har-
monics, respectively. Time t is measured from the begin-
ning of the second harmonic at a frequency of 180 MHz. 
In Fig. 2 a) shows the relationship between the proton flux 
Ip and the parameter VII for protons with an energy Ep > 30 
MeV and an upper frequency f2 = 40 MHz. In Fig. 2 b) 
shows the dependence of the correlation coefficient be-
tween Ip and VII, depending on the upper frequency f2, and 
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in Fig. 2 c), depending on the energy of the protons Ep. In 
Fig. 2 b) and c) it is seen that the maximum correlation 
between the proton flux Ip and the parameter VII  is ob-
served for the upper frequency f2 in the range 25-60 MHz 
and for protons with the energy Ep> 30-100 MeV. In Fig. 
3  shows the relationship   the intensity of the proton flux 
Ip with  the parameter VII  (a thin line) and   the integral 
flux ∫Fdt of microwave bursts (a bold line) as a function of 
the proton energy  Ep. In Fig. 3), it is seen that the rela-
tionship of Ip with the parameter VII and with the integral 
flux ∫Fdt of microwave bursts is approximately the same 
for protons with an energy Ep> 30 MeV. However, the  
relationship of  Ip with the parameter VII  decreases sharp-
ly for protons with an energy Ep <30 MeV, while the  rela-
tionship Ip with the microwave flux ∫Fdt remains strong 
enough for protons with an energy Ep <30 MeV. It follows 
that the contribution of shock waves to proton acceleration 
is much higher for high-energy protons. 
 
     4. Relationship between the intensity of the proton 
flux Ip and the velocity of coronal mass ejections VCME 

 
Almost all proton events are accompanied by coronal 

mass ejections (CME). Earlier in the work (Isaeva & Tsap, 
2017) it was shown that there is a strong relationship be-
tween the   speed of the CME  VCME  and the integral flux of 
the  continuum microwave bursts  ∫Fμdt. Moreover, the 
connection between the speed of the CME and the integral 
flux of the continual radio bursts of the IV type weakens 
with a decrease in the frequency of the burst of the IV type 
and is practically absent already in the meter-decameter 
range. The presence of a high correlation between the speed 
of the CME and the integral flux of microwave bursts dur-
ing proton events indicates the flare origin of the CME. 
Such CMEs are formed in the region of flare energy release 
and are associated with the   exit of high-energy particles 
into the interplanetary space. And so these CMEs have the 
strongest influence on space weather. 

The sample studied contains 177 coronal mass ejec-
tions (CME) associated with proton events for the period 
from 04-11-1997 to 26-01-2015. For the analysis, tabular 
data of the CME velocity (https://cdaw.gsfc.nasa.gov 
/CME_list/UNIVERSAL/text _ver/univ_all.txt) was used. 
A comparative analysis showed that there is a fairly strong 
relationship  between the intensity of the flux of the subre-
lativistic protons Ip and the velocity of the CME VCME. In 
Fig. 4 a) shows the relationship between Ip with the proton 
energy Ep> 30 MeV and the velocity of the CME, where 
the correlation coefficient r between the investigated 
quantities is ≈ 0.72. In Fig. 4 b) shows the dependence of 
the correlation coefficient r between ∫Fdt and VCME (thin 
line), as well as between ∫Fdt and Ip (bold line) from  the 
frequency f of the continual radio burst type IV. In Fig. 4 
c) shows the dependence of the correlation coefficient 
between Ip and VCME  (thin line), and also between Ip and 
the integral flux of microwave bursts ∫Fμdt at 8800 MHz 
(bold line) from  the energy of protons Ep. It is noteworthy 
that the connection between VCME and Ip with ∫Fμdt as a 
function of frequency f is very similar (see Fig. 4 b)). The 
same tendency is seen in Fig. 4c), where it is seen that the 
behavior  of  the relationship of the Ip with VCME  and with 
∫Fμdt as a function of the proton energy Ep is also very 

similar. However, the relationship of Ip with VCME is 
somewhat lower than Ip with ∫Fμdt. 

 
5. Conclusion 
 
In this paper, on the basis of a new independent sample 

of proton events, the presence of a strong coupling be-
tween the intensity of the proton flux SCR Ip and the inte-
gral flux of microwave bursts  ∫Fμdt  was confirmed.  Also 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 : The relationship between the proton flux and 
the CME 
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 in this paper, arguments are given indicating the presence 
of a strong connection between the proton flux Ip and the 
frequency drift velocity VII = (f2 -f1) /t, calculated with 
allowance for the frequency distance between the first and 
second harmonics of the type II burst at a given time t. It 
is shown that the relationship between the proton flux Ip 
and the parameter VII depends to a large extent on the fre-
quency of the maximum of the type II burst at the second 
harmonic f2 at a given time t and on the proton energy Ep. 
The maximum correlation between Ip and VII is observed 
for protons with an energy Ep> 30-100 MeV and in a nar-
row frequency range of values for the upper frequency f2 
from 25 to 60 MHz. Also, for a large sample of CMEs 
associated with proton events, it is confirmed that there is 
a sufficiently strong connection between the proton flux Ip 
and the velocity of the CME, as previously reported 
(Grechnev et al., 2015). 
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 ABSTRACT. The development of digital technologies 
for multi-frequency signal reception in the low-frequency 
range creates the prerequisites for the application of opti-
mal algorithms for real-time beamforming without chang-
ing the aperture of the radio telescope antenna. 
 In the present paper, a model of the system based on 
multiplicative processing (MP) is considered and investi-
gated. The system consists of two antenna arrays, the sig-
nals from the outputs of which pass through the narrow-
band filters of receiving devices. After filtration, they un-
dergo MP and weighted summation. Next, we consider an 
algorithm for the formation of a narrow beam of the an-
tenna pattern (AP) of a multi-frequency radio interferome-
ter based on the well-known cosinusoid summation me-
thod. Its meaning lies in summing up the results of multi-
plicative processing of signals from the outputs of several 
spatially separated different scales bases.  In work, using 
MP, a method is proposed for reducing the width of the 
main lobe of AP on one base by receiving signals at sev-
eral frequencies. The further development of the method is 
associated with the optimization of the AP in multi-
frequency MP, which leads to the possibility of lowering 
the side-lobe levels by weighing the signals from the out-
puts of the MP channels. For this purpose, for the sum of 
odd cosine waves, it is necessary to determine the weight-
ing factors that ensure the minimum root-mean-square 
level of side lobes in a given zone of AP suppression. As a 
result of MP processing, we obtain a decrease in the am-
plitudes of side lobes with an insignificant increase in the 
width of the antenna pattern of the antenna system. In 
work the algorithm of suppression of broadband hin-
drances is also considered. The synthesis of the optimiza-
tion algorithm is reduced to the need to determine the 
weighting coefficients and frequencies that provide the 
minimum rms level of the side lobes of the AP in a given 
zone of suppression, with a limited range of frequency 
separation. These methods are proposed to use in radio 
astronomy to improve the quality of research. 

 Keywords: antenna array, multiplicative processing, 
optimization, antenna pattern. 

 
 

 AБСТРАКТ. Розвиток цифрових технологій для 
багаточастотного прийому сигналів у низькочастот-
ному діапазоні  створює передумови для застосування 
оптимальних алгоритмів формування діаграми 

спрямованості (ДС)  в реальному часі без зміни апер-
тури  антени радіотелескопа. 
 У  представленій роботі розглядається  й 
досліджується  модель системи  на основі 
мультиплікативної обробки (МО). Система 
складається  із двох антенних решіток, сигнали  з 
виходів яких, проходять через  вузькосмугові  фільтри 
приймальних пристроїв. Після фільтрації вони 
піддаються МО й ваговому підсумовуванню. Далі 
розглядається алгоритм формування вузького променя  
діаграми спрямованості  багаточастотного 
радіоінтерферометра  на основі відомого методу під-
сумовування  косинусоїд.  Зміст його полягає в 
підсумовуванні результатів мультиплікативної оброб-
ки  сигналів з виходів декількох просторово рознесе-
них  двоканальних баз різного масштабу. У роботі,  
використовуючи  МО, пропонується метод зменшення 
ширини головного пелюстка ДС на одній базі за раху-
нок прийому сигналів на декількох частотах. Подаль-
ший розвиток  методу пов'язаний  з  оптимізацією ДС 
у багаточастотній МО,  що приводить до можливості 
зниження рівня бічних пелюстків за рахунок  зважу-
вання сигналів з виходів каналів МО. Для цієї мети, 
для суми непарних косинусоїд необхідно визначити 
вагові коефіцієнти, що забезпечують мінімальний се-
редньоквадратичний рівень бічних пелюстків у 
заданій зоні зниження рівня ДС. У результаті МО об-
робки  одержуємо зменшення амплітуд бічних 
пелюстків при незначному збільшенні  ширини ДС 
антеної системи.  У роботі розглядається так само ал-
горитм зменшення широкосмугових завад.  Синтез 
алгоритму оптимізації зводиться до необхідності ви-
значення вагових коефіцієнтів і частот,  що забезпе-
чують мінімальний середньоквадратичний рівень 
бічних пелюстків ДС у заданій зоні зниження,  при 
обмеженому  діапазоні розносу частот. Перераховані 
методи пропонується використати в радіоастрономії 
для поліпшення якості проведених досліджень.  

 Ключові слова: антенна решітка, мультиплікативна 
обробка, оптимізація, діаграма спрямовованості.   
 
 1. Introduction 

 
 Striving for the effective use of decameter wavelengths 
in radio astronomy leads to the need to improve hardware 
and algorithmic tools to: increase the samplel signal size, 
increase noise immunity, and improve the quality of the 
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antenna pattern (AP) of the antenna with limited aperture 
sizes (Men, 1997 ), (Konovalenko, 2016). An effective 
way to increase the sample size is to use the properties of 
the broadband signal, due to which sample accumulation 
can be performed at several frequencies (Men, 2000), 
(Shaw, 1965). In this case, it is necessary to take into ac-
count the dependence of the AP shape on the carrier fre-
quency, especially the width of the main lobe and side 
lobes. The development of digital technologies for multi-
frequency signal reception in the range of 10–200 MHz 
also creates prerequisites for the application of optimal AP 
formation algorithms in real time without changing the 
aperture of the radio telescope (RT). 
 This article proposes algorithms for optimizing AP due 
to signal processing at several frequencies. A system of 
radiometry based on multiplicative multi-frequency signal 
processing is being modeled, the possibilities of minimiz-
ing the level of side lobes of AP are being investigated.  
 
 2. Model of the system under study 

 
 The system under study based on multiplicative signal 
processing  (fig.1) consists of 2 sub-arrays 21, APAP , the 
signals from whose outputs pass through are lФ1 , lФ2  

narrow-band filters Ll ,..,1  of receivers tuned to l fre-
quencies, then subjected to MP and weighted summation 
with coefficients lg . 

 

 
 
Figure 1: Radiometry system with multi-frequency proces-
sing 

 
 The model of a monochromatic point source of a signal 
from the outputs of a pair of filters of the l frequency 
channel of two omnidirectional antennas can be repre-
sented as  

 
)}(exp{})((exp{)( 0001 llllll tjUttjUtU    

)}(exp{})((exp{)( 0002 llllll tjUttjUtU   ,(1) 

Where  0t  – the delay time of arrival of the wave front 
along the aperture of MP, the size of which 

 /2/ vd   is matched with the wavelength  , 
main (first) carrier frequency 1  , speed of wave 

propagation v ,  cos)/(0 lll t   – the 
phase of spatial delay of the wave front arrival at the fre-
quency l ,   – the angle of the wave front arrival rela-

tive to the normal of AP base , 0 –  the initial phase. It is 
assumed that  in filters lФ1 , LlФ l ,..,1,2  , the ampli-
tude, phase and mutual frequency distortions are elimi-
nated to the accuracy of power leveling in frequency chan-
nels LlUUPP lll ,..,1,* 21  , where < > 
are the averaging symbols of the process over time.  
 
 3. Algorithm for the formation of a narrow beam  
AP multifrequency radiointerferometer 

 
 A known method of forming a narrow beam receiving 
antenna is the method of summing up cosinusoids (Deni-
sov, 2002), which consists in summing the results of mul-
tiplicative processing of signals from the outputs of sev-
eral spatially separated two-channel bases of different 
scale. 
 A method is proposed for reducing the width of the 
main lobe of the AP on one base by receiving signals at 
several frequencies. The signals ll UU 21 ,  from the out-
puts of a pair of filters tuned to odd 12  il  frequencies 
are subjected to MP 
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 The output signal, taking into account the AP of the 
same sub-arrays )(Y ,  determines the AP of multiplica-
tive processing )(D  

)()(})12cos{()( 22
1

22  DYUlYUU L
lвых      (2) 

  It is easy to show that when using odd frequencies and 
equal weights ( lg =1), the AP MP is determined by the 
relation (Gradstein, 1971) 

)sin(/)2sin(5,0})12cos{()( 1  LlD L
l    (3) 

 The level of maximum side lobes of AP (3) is -6.6 dB, 
while for linear LN 4 -elemental AP with the same 
beam width is -13.2 dB. The difference between them is 
explained by the fact that (3) determines the AP of the MP 
in power, and the AP of the linear AR has a similar form 
in amplitude.  
 
 4. Optimization of AP of multi-frequency MP 

 
 A further decrease in the level of side lobes of the AP 
MP, it is possible to carry out by weighing the signals 
from the outputs of the MP channels. For the sum of odd 
cosinusoids, it is proposed to perform optimization in the 
following formulation: it is necessary to determine the 
weighting coefficients lg  that ensure the minimum root-
mean-square level of side lobes in a given zone of AP 
suppression. 
 The output signal with regard to (1) and (2) for odd 
frequencies, taking into account the AP of the same sub-
arrays )(Y , determines the AP of multiplicative proces-
sing )(D  

)()(})12cos{()( 22
1

22  DYUlYUU L

lвых  
, (4)   
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Imagine the normalized signal at the output of the  
L - frequency MP in the form 

  XGUUy T
вых  2/  ,     (5) 

where  {cos ,cos 2 ,.., cos(2 1) }TX L     –  the 
vector of signals of the angular direction  from the out-

puts of MP,  },..,,{ 21 L
T gggG  - the vector of weight-

ing coefficients. Then the function H minimized by the 
vector, with the signal }1,..,1,1{TS , with the angular 
position in the maximum of the AP ( = 0), is determined 
by the expression 

LSGприdyH T

zG
  ,)(min 2    (6) 

Where z  – the side lobe suppression zone, 
]2/,2/[  LKz , K  – the coefficient of expansion 

maxim AP. 
In the matrix form (6) has the form (7) 
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where XXR - the correlation matrix of the input signal 
with the elements 
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 To find the vector G , the method of indeterminate 
Lagrange multipliers  is used and an auxiliary function 

(Burakov, 1976) )(5,0 LGSGRGB T
XX

T    is in-
troduced. After equating the derivative to zero dGdB / = 
0, the solution of the resulting equation is 

LS)RSSRG XX
T

XX
111 (  .      (9) 

 On Fig. 2 shows the antenna pattern consisting of two 
dipoles ( line 1), the same antenna, but using MP with the 
same weights (line 2) and the same antenna, but with op-
timized weighting coefficients (line 3). 
 
 

 
 

Figure 2: Optimization of the antenna pattern  

 Analysis of AP MP with weight processing (9) showed 
that with a given widening of the main lobe K = 1.1, the 
level of the maximum side lobe is -11.2 dB, and for the 
zone of moderate expansion of the main lobe ( K <2.5) the 
level of the maximum side lobe decreases up to -21 dB. 
 
 5. Algorithm for suppressing broadband interfe-
rence 

 
 The possibilities of lowering the side lobes of the AP 
in a narrow frequency separation range (as compared with 
the previous algorithm), with a deviation from the refer-
ence frequency 1   in the range (1 ... 1.5)  are in-
vestigated. The reduction of the root-mean-square level of 
side lobes of the antenna array antenna pattern can be car-
ried out in a given region, if in the whole region the max-
imum of the antenna directive gain is provided. 
 The optimization algorithm is synthesized in the fol-
lowing formulation: it is necessary to determine the 
weighting coefficients and frequencies that ensure the 
minimum of the root-mean-square level of side lobes of 
the AP in a given suppression zone, with a limited fre-
quency separation range. 
 The output signals of the adjacent equidistant N -
element sub-arrays 1 and 2 at an arbitrary carrier fre-
quency l , taking into account (1) and (2), have the form 
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where  sin)/(0 lll t   –  the phase of the 
spatial delay of the arrival of the wave front at the fre-
quency l ,   - the angle of the arrival of the wave front 
relative to the normal to the array, taking values in the 
interval [ 2/,2/  ].  
Then the output signal after summing the frequency chan-
nel responses is determined 
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Similar to the method of the previous optimization of the 
AP, we represent the normalized signal (10), as a function 
of the angle   of arrival of the wave, at the output L -
frequency MP as 

XGxgUUy TL

l llвых   1
2 )(/  ,      (11) 

where the elements X of the vector signals from the 
L outputs of the MP are determined by the expression 
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Then the function H minimized by the vectors ,G , with 

the signal }1,..,1,1{TS , with the angular position at the 
peak of the AP ( = 0), is determined by the expression 

LSGприdyH T
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,
  (12) 

where the minimization of the functional is carried out 
along two vectors ,G  of variables, z – the side-lobe 

suppression zone, ],[ 21 z , },...,{ 1 L
T   – 

selected frequencies containing wideband interference. If 
the set of M frequencies  is predetermined and its size 

LM  coincides with the size of the vector G , then the 
optimization problem is solved by the previous method. If 
it is necessary to select L individual channels of multi-
channel reception from the full set of all LM  frequen-
cies, optimization (11) is carried out for each combination 
of the M   and L then, after going through all the combi-
nations, the global minimum is determined. Reduction of 
computational operations can be achieved using a priori 
information about the number of interference and the zone 
of possible interference directions. There is a known theo-
rem (Shirman, 1974) that for the complete suppression of 
M point-like interference,   additional M frequency chan-
nels of  are sufficient. From this it follows that to suppress 
1 point interference, 1 additional frequency channel is 
sufficient. In this case, the choice of the frequency at 
which the amplitude of the side lobe is equal and opposite 
in the direction of interference of the main and additional 
frequency channels is the simplest. The suppression ad-
justment is implemented by a single multiplier. 
 The zone of possible interference suppression is deter-
mined by the objectives. If it is necessary to suppress the 
signal of an interfering space radio source that falls into 
the side lobe of the AP, then the range of angular direc-
tions  1 2,   is known. In this case, only individual side 
lobes corresponding to the interfering radio source are 
minimized. If it is necessary to compensate for interfer-
ence from terrestrial radio stations (RFI2010, 2010), then 
side lobes are minimized in a given zone of large angles 
 1 2,  . On Fig. 3 shows the APs of the 64-element 
antenna sub-arrays, N = 64, for two frequency channels 
with frequency detuning 12 /  = 1.1. The analysis of 
dependences showed that for two-frequency processing 
with an angular separation of radio sources of more than 
1.4 degrees, side lobes may already have different signs in 
the frequency channels. 
 In radio astronomical signal processing systems, vari-
ous methods of adaptation to changes in the parameters of 
the ionosphere and to disturbing radio sources began to be 
introduced (Barnbaum, 1998), 
(Afroimovich, 2008). The proposed approach allows ad-
aptation by selecting frequencies and already with two-
frequency processing L = 2, forming zeros in the direc-
tion of the interfering radio source. 

 
Figure 3:  AP of two frequency channels 

 
 Figure 4: The side lobes of the AP at the same frequency 
 and with averaging over the frequency range 
 
  
In practice, to reduce the level of side lobes of the AP, a 
quasi-optimal algorithm is often used, which consists in 
averaging (10) in the frequency range from to with con-
stant weighting coefficients. In Fig. 4 shows the fragments 
of the side lobes of the AP at the initial frequency (line 1) 
and when averaged in a uniform grid of the frequency 
range 1/L = 1.1, L= 100 (line 2). 
 It is easy to see that the efficiency of the averaging 
method is insignificant for angles less than 4 degrees and 
significantly increases with large angular detuning of the 
studied and interfering radio sources. 
 

6. Conclusion 
 

 The proposed approach expands radiometry capabili-
ties in relation to radio astronomy in the formation of AP 
due by time processing in frequency channels. Open the 
way to adapt to interference without the use of auxiliary 
antennas. Computational methods of adaptive processing 
are realizable in real time, taking into account the rotation 
of the Earth, scanning the beam and the angular location 
of interfering cosmic sources. 
 In general, the choice of frequency grid and weighted 
multi-frequency signal processing provide a reduction in 
the width of the main beam of the beam with limited an-
tenna aperture sizes, an increase in the signal-to-noise 
ratio, as well as a decrease in side lobe level and interfer-
ence effects. 
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ABSTRACT. There is considered the evolution of the 
shape for the radio galaxy lobes of FRI and FRII types from 
the point of view on changing the configuration of large-scale 
structure of magnetic field, and energy transport in the turbu-
lent MHD waves. There have been studied the interaction 
and transformation of waves in the active regions of the 
lobes, and so studied the role of MHD waves and vortexes in 
media-mixing processes and in the amplification of the aver-
age magnetic field. The transport of low-energy e-cosmic 
rays (e-CRs) responsible for the radio emission in the MHz 
band (recorded at the UTR-2 and GURT telescopes) is ana-
lyzed for the sources like to the Cygnus A and M87. It is 
shown that the transport of e-CRs mainly corresponds to the 
diffusion of CRs on MHD and turbulence scatter, and the 
entrainment of CRs by quasi-regular post-jet flows inside to 
the lobe. So, the MHz radio emission that observed empha-
sizes the peculiarities in the lobe which arising when the 
magnetic field is in reorganization. 

АБСТРАКТ. Розглянуто еволюцію форми пелюстки 
радіогалактик FRI і FRII типів з точки зору зміни конфі-
гурації великомасштабної структури магнітного поля, і 
перенесення енергії у вигляді турбулентних МГД хвиль. 
Досліджено взаємодію і трансформацію хвиль; роль 
МГД хвиль та вихорів в процесах змішування середовищ 
і в посиленні середнього магнітного поля. Проаналізова-
но перенесення е- космічних променів (е-КП) малих ене-
ргій, відповідальних за радіовипромінювання в МГц діа-
пазоні (реєстроване на телескопах УТР-2 і ГУРТ), на 
прикладі джерел Лебідь А і М87. Показано, що за пере-
несення е-КП, головним чином, відповідають процеси 
дифузії КП на МГД турбулентності, і захоплення космі-
чних променів квазірегулярним пост-джетовим потоком 
всередині пелюстки. В ближній околиці горячої плями 
FRII радіогалактики космічні промені виносяться регу-
лярною течією разом з пост-джетовим потоком швидше, 
ніж дифузійним механізмом. Регулярне перенесення і 
дифузія на вихровій турбулентності малих масштабів 
визначають поширення е-КЛ малих енергій лише у вну-
трішній частині пелюсток радіо галактики; в той же час, 
як дифузійне поширення променів, що відбувається за 
рахунок розсіювання на МГД хвилях, є домінуючим ме-
ханізмом перенесення КЛ в зовнішніх шарах пелюсток 
радіогалактик. В FRI радіогалактиках переважно домінує 
перенесення е-КП з течією. Електронні КП малих енер-
гій дифундують повільніше за енергійні е-космічні про-

мені, і вони щільніше прилягають до ліній магнітного 
поля; в результаті чого, МГц- випромінювання, що спо-
стерігається, підкреслить всі особливості пелюстки, які 
виникають при перебудові магнітного поля, і ретельніше 
промалює структуру переднього краю пелюсток в радіо-
галактиках обох типів. 
Key words:  radio galaxy, lobes, FRII, Cygnus A, FRI, M87, 
cosmic rays, magnetic field, MHD turbulence, transport of 
CRs, diffusion. 

 
1. Introduction 
 
The model of radio galaxy (RG) as the Jet-Lobe struc-

ture is formed at the second part of the 20th century (see 
Begelman, et al., 1984), and then it was developed in 
much works, such as Kino, et al. (2004), Canvin J.R., et. 
al. (2005), Mathews, Guo (2011, 2012), Guidetti et al., 
(2011), and others. It was shown that the magnetic fields 
in the RG lobes are approximately in equipartition with 
the cosmic-ray pressure, so that from the radio observa-
tions of synchrotron radiation it is possible to estimate the 
magnetic field strengths. A more detailed analysis (Pudritz 
et al., 2012), based on wide-ranging RG observations, has 
now shown that, for most lobes, the magnetic pressure is 
much less than the plasma pressure, while the magnetic 
pressure is approximately comparable to the pressure of 
the thermal and relativistic plasma only inside the jet. 
Thus, the condition of smallness of the magnetic field 
inside the lobe indicates that the law of freezing of the 
magnetic field in the plasma of the lobe should be inter-
preted as the entrainment of magnetic fields together with 
the heat plasma streams, and the thermal medium of the 
lobe is in the processes of constant mixing the intra cluster 
matter with the substance of post-jet flow. 

The evolution of the lobe is accompanied by a number 
of physical processes. Jet and post-jet streams entrain 
magnetic fields into the lobe. In the boundary of flow lay-
ers, the Kelvin-Helmholtz instability is excited, which 
converts the energy of the flows into the energy of MHD 
and eddy (vortex) turbulence, and they, in turn, accom-
pany the processes of amplification of the large-scale qua-
si regular (average) magnetic field in the jet and in the 
lobe. The relativistic jet is effectively supported by vis-
cous forces, and by quasi regular magnetic fields that fro-
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zen in the jet. In the lobes, there are also processes of mix-
ing media, and accelerating the comic rays on shock gaps 
of jet and post-jet streams. The presence of e-CRs is de-
tected in observations at the form of synchrotron (radio) 
and inverse Compton (X-ray) radiations. 

In this paper, based on the HD-approximations, the 
formation of the jet-lobe structure and the structure of 
quasi regular magnetic fields in FRI-FRII radio galaxies 
are considered. Furthermore, MHD waves are "superim-
posed" on these lobe structures, and vortex perturbations 
that participate in mixing processes of the post-jet flow 
media with CRs and ICM. Finally, we consider the trans-
port of CRs in the RG-lobes with the characteristic pa-
rameters of media in both Cygnus A (FRII type) and M87 
(FRI type) radio galaxies, taking into account the propaga-
tion of CRs in diffuse-scattering by magnetic field fluctua-
tions from MHD and eddy turbulence, and its quasi regu-
lar flows with the matter. Conclusions are made about the 
features of the shape of the lobes visible in the MHz radio 
band, and about the correlation of the visible shape of the 
lobe with the physical processes of mentioned above.  

 
2. Magnetic fields and flow structure in the RG-lobe  
 
The quasi-regular magnetic field of the lobe consists of 

two components: a poloidal Bp-magnetic field, elongated 
along the post-jet streams of matter, and a toroidal Bφ-
magnetic field, wrapping the jet and amplified by the dif-
fusion currents. So, the poloidal component of the field is 
formed under the influence of dynamic flows in the lobe 
of radio galaxies, and the toroidal field is formed by the 
diffusion currents associated with the advance of relativis-
tic plasma with cosmic rays into the lobe. 

In the case of FRII-lobes, the Bp-component of the field 
is formed under the influence of the Hill vortex (Tsvyk, 
2015) dynamically sweeping up the ICM, adjacent to the 
wind-flow from the viscous post-jet relativistic plasma 
"blown" out from the hot spot (HS: the point where the jet 
is “reflected” in a collision with ICM). This Hill vortex 
accompanies the formation of a cavity in the FRII lobes, 
with a large content of rarefied relativistic plasma and 
CRs coming from the post-jet substance. The structure of 
the Jet - HS - Hill vortex is a consequence of the steady 
advancement of a powerful subrelativistic flow which has 
the high viscous within the rarefied jet-channel medium 
(/ρ =1030 cm2/s, see Table 1). So, the Bp-magnetic field 
lines follow along the jet flow, then they follow along the 
vortex lines flow near the HS, and they go away the lobe 
near the lobe surface and bow shock. 

At the same time, a lobe-tail is formed in the FRI-RGs, 
they are the less powerful than FRII-RG sources, which 
show a viscous dissipation of a jet and a post-jet flow, 
supported by strong Bφ magnetic fields. Here: /ρ = 1025 
cm2/s (see Table 1). The evolution of this viscous jet can 
be described within the framework of a simple hydrody-
namic model (see, for example: Landau, Lifshitz, 1986); 
and only consider the magnetic fields as a small addition 
to the medium pressure. At the same time, it is the mag-
netic fields that effectively trap the CRs inside the RG-
lobes, and the transport of the CRs, as well as their distri-

bution, are closely related to the structure of the large-
scale magnetic fields in the lobe. 

 
3. MHD waves in RG lobes and diffusion of media 
 
The quasi-regularly magnetic fields of the lobes change 

dynamically and are strongly perturbed by large-scale 
MHD waves (Alfvén and fast magneto-sonic, with wave-
lengths of w ~ (0.01…0.1) rHS > 1 kpc), and small-scale 
vortex perturbations (mix_vx ~ cs min(ii, ia) ~ 0.1-3 pc), 
accompanying the mixing of post-jet plasma and ICM 
(with small part of atoms, ρa < 10-4 ρICM). Vortex perturba-
tions dissipate when they interacting with relativistic par-
ticles from post-jet plasma, and their intensity is maxi-
mum in the inner part of the lobe (Bvx/B0 ~ 0.1-0.3), where 
the rate of dissipation of the perturbations is balanced with 
the rate of their build-up in the processes of diffusion mix-
ing of media. So, the intensity of the MHD waves is maxi-
mal in the vicinity of the hot spot, and at the shock front 
layers (Bw/B0 ~ 0.3), and they decreases with distance 
from these places, both inside and outside the lobe (up to 
Bw/B0 ~ 0.003); while, outside the lobe, the magnetic 
fields again become chaotic (Bvx/B0 ~ 0.7). 

Inside the lobe of the RG, the characteristics of the 
MHD waves also change. Thus, according to the MHD 
concepts (Akhiezer, 1974), the Alfven waves (Bw,A ~ 0.3 
B0) accompanying the jet flow (with Doppler shifted ve-
locity, vg_A ~ cA + uj0 ~ cA+ c/3) effectively propagate near 
the jet, and weakly damped in FRII-RG. These waves are 
accompanied by a rapid energy transfer along the FRII-jet 
along with the flux of relativistic low-density ρjet plasma 
(with a large content of the electron-positron component). 
They also participate in focusing the wave energy inside 
the jet channel when the phase matching conditions for 
wave perturbations (B0

2/ρjet = const) are fulfilled in it, and 
ensure the formation of a bow shock front in the head of 
the jet. Reflection of A-waves on fluctuations in the den-
sity of the jet flow forms a flux of fast MS waves (Bw MS ~ 
0.1 B0), diverging from the jet inside the lobe. 

In FRI-radio galaxies A-waves dissipate faster than fast 
MS waves (see table 1); and the dissipation of A-waves is 
stronger because of the phase-spreading mechanism in the 
propagation of waves in an inhomogeneous medium. 
Thus, in low-power FRI-radio galaxies, the jet accompa-
nies a stream of fast MS waves: with MS-waves, Bw MS ~ 
0.2 B0, that propagating along the jet at the velocity of  
vg MS ~ cs + cA + uj0. 

Inside the lobe, there is a constant mixing of media on 
pc-scales, mix_Vx. The vortex perturbations, excited in 
these processes, determine the diffusion of the matter of 
the post-jet flow and the CRs to come they on the periph-
ery of the lobe; and the mixing-diffusion of the ICM to 
come it inside the lobe, with a diffusion coefficient: 
Ddiff_th_Vx~mix,Vx cs~1030cm2/s. 

At the same time, the ICM is pushed out the lobe under 
the pressure of the post-jet substance, which is accompa-
nied in FRII-lobes by the blowing out of the post-jet rela-
tivistic plasma from the HS, and the formation the dy-
namic Hill in the head-end of the jet, which first pushes 
out the ICM medium from the lobe-bubble, and then dif-
fusively returns it to the inside of the lobe. 
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Table 1: The model of the parameters of FRII-radio galaxy (Cygnus A) and FRI-radio galaxy (M87) recovered under 
the assumption of the Jet-HS-Lobe structure with viscous fluxes. The main parameters of the sources give by Mathews, 
Guo (2012, 2011); the other parameters (see right part of table) are calculated by model approximation, according to 
this paper, Tsvyk (2015) and Toptygin (2007). 

 
Main  

parameters 
 

 
Cygnus A 

 
M 87 

Model 
parameters 

 
Cygnus A 

 
M87 

Jet-lobe power: 
Ljet , erg/s 

 
~ 5 1046 

 
~ 1045 

Sound velocity, 
<cs>/c 

 
0.0012 

 
0.0017 

Lobe density: 
<ρ>/mp, cm-3 

 
0.02 

 
0.04 

Alfven velocity, 
<cA>/c 

 
0.001 

 
0.00013 

Magnetic field, 
B, mkG 

 
300..20 

 
15..5 

Collision time, 
ii, Myr 

 
0.1..1 

 
3..10 

Lobe presser, 
<P>, dyne/cm2 

 
<10-8 

 
<10-9 

Collision time, 
ia,  kyr 

 
10..100 

 
0.1..1 

HS position, 
rHS, kpc 

 
70 

 
13 

Kinematic. visc., 
<K/>, cm2/s 

 
1026 

 
1024 

Lobe length, 
RLobe, kpc 

 
110 

 
90..120 

Magnetic visc., 
<B/>, cm2/s 

 
1017 

 
1016 

HS velocity, 
uHS/c 

 
0.01 

 
<0.1 cs/c 

Viscosity in HS, 
K HS/, cm2/s 

 
1030 

 
1028 

Bow shock or 
flow velocity, 
u tail (Bow shock)/c 

 
25 cs,ext/c 

 
~ cs/c 

Dumping length, 
λ dump A, kpc 

 
10..100 

 
0.1 

RG age, 
tage, Myr 

 
10 

 
30 

Dumping length, 
λ dump MS, kpc 

 
1..3 

 
1 

 
 
4. The transport of the e-CR in the RG-lobes. The 

features of MHz-radio emission 
 
The evolution of the post-jet flow and the transport of 

e-CRs in the lobes were considered using the toy-model of 
radio galaxies: the FRII type, like of Cygnus A (see the 
characteristic parameters inside the lobe at Mathews, Guo 
(2011) and Table 1), and the FRI type, like of the M87 
(see characteristic parameters inside the lobe at Mathews, 
Guo (2012) and Table 1). 

It was assumed in the model that e-CRs are produced 
from the jet-HS at these distances from AGNs: rHS = 70 
kpc (for Cygnus A) and 13 kpc (for M87) (see Table 1). 
Next, we considered: the regular transport of the e-CRs 
together with the fluxes of post-jet plasma (which deter-
mines the characteristic “radiation” age of the e-CRs, 

flowHSage urrt /
 ; and diffusion transport of CR 

due to their scattering by small-scale vortex and large-
scale MHD turbulences. In FRII radio galaxies, the post-
jet stream is controlled by a dynamic Hill vortex, spinning 
at a transonic velocity near the HS ( aget ~ 0..10 Myr); 
and in FRI-RG there is an inertial advance of the post-jet 
flow from the HS with subsonic speed in the form of a 
viscous expanding jet-tail ( aget ~ 0..30 Myr). 

The diffusion transport of the e-CRs at each given mo-
ment can be characterized by  = E/(me c2), the diffusion-
path length for the CRs of a given energy. In these cases, 
the diffusion of CRs in scattering by small-scale vortex 
turbulence is characterized by a coefficient that not varies 
from CR energy (Ddiff_CR_Vx ~ Ddiff_th_Vx), and the coefficient 

for CR-diffusion on MHD fluctuations of the magnetic field 
depends on the CRs energy as (Toptygin, 1986): 

 
  ),(3/,..)(~,..)( ||||_  BBfctcD BeMHDdiff  ; 

3/1

3/2

02
0|| )/(~,..)(  gB

gB
wBe R

R
LBB 










  , 

MSdumpAdumpL ,,0 ~   =   2
0

31)( AAMK c 
2

0
31

2
1 )(   MSSMK c  , 

 
here )( 0BRgB  is gyro radius of low energy e-CR at =2, 
L0 is correlation length of the MHD fluctuations, that is 
proportional to the wave-dumping lengths (at waves fre-
quency of 15

00 10~~  yrMSA  ). 
The Figures 1 and 2 show the maps of the characteristic 

diffusion transport lengths for the FRII RG (Cygnus A) 
and the FRI RG (M87): (a) - for the post-jet flow matter; 
and (b)- for the e-CRs with energies of  =30..300 (it cor-
responds to the synchrotron radio emission in the MHz 
band with a magnetic field strength of ~ 5..20 mkG). It 
was believed that the post-jet relativistic plasma is trans-
ported from the jet due to the quasiregular flow, and the 
diffusion by eddy turbulence: 

  agesageVxreldiffregDiffpj tctD  )1..1.0(~ 2/1
__,_ , 

and the e-CRs are transported due to the quasiregular 
flow, and the diffusion by eddy turbulence and MHD 
waves: 
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                                     (a)                                                                                    (b) 
Figure 1: The maps of the characteristic matter transport lengths for the FRII radio galaxy (like Cygnus A):  
(a) – for the post-jet matter; and (b) – for the e-CRs with energies of  =30 (it corresponds to the synchrotron radio 
emission in the MHz band with a magnetic field strength of  20 mkG). 
 
 
 
 
 

 
                                    (a)                                                                                    (b) 
Figure 2: The maps of the characteristic matter transport lengths for the FRI radio galaxy (like M87): (a) – for the post-
jet matter; and (b) – for the e-CRs with energies of  =300 (it corresponds to the synchrotron radio emission in the MHz 
band with a magnetic field strength of ~ 5 mkG). 
 
 

Odessa Astronomical Publications, vol. 31 (2018) 145



  2/1
__,_ )(~ ageVxdiffMHDdiffDiffCR tDD  ; 

  ,__, ~ DiffCRregpjCR  . 
 
It can be seen from the calculations (Fig. 1) that in FRII 

RG the transport of CRs is mainly determined by the dif-
fusion of CRs, with vortex turbulence responsible for the 
transfer within the lobe, and MHD waves in the outer lay-
ers of the lobe. So: regDiffpj ,_  = (1-7) kpc; ,_ DiffCR   = 
(0.1-10) kpc. Only in the near vicinity of HS RG carried 
out a regular flow along with the post-jet stream a little 
faster than the diffusion mechanism. 

Then, in FRI-radio galaxies (Fig. 2), the diffusion 
mechanism carries the CRs more slowly than the regular 
flow: regDiffpj ,_  ~ regpj _ = (1-10) kpc; ,_ DiffCR =(1-3) 
kpc. Although, in the anterior part of the post-jet lobe-tail, 
the diffusion of CRs at  ~ 300 by MHD turbulence over-
laps its regular floating of the lobe, and becomes the diffu-
sion as the determining mechanism in the CR-transport. 

 

5. Conclusions 
 
Thus, it was shown that regular transport and diffusion 

on small-scale eddy turbulence determine the propagation 
of low-energy e-CR only in the inner part of the RG lobes; 
while the diffusion propagation due to scattering by MHD 
waves is the dominant mechanism for the transfer of CR 
in the outer layers of the RG-lobes. In this case, the radio 
emission of CRs in the MHz band will emphasize the fea-
tures of the structure of the magnetic field in the lobes, 
outlining the areas of locking the CR of low energies, so 
that observations of the UTR-2 and GURT can monitor 
the tuning of the quasiregular magnetic field of the lobe, 
revealing the regions of brightness of the MHz radio emis-
sion in the lobes of the radio galaxy. 
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ABSTRACT. In this paper, we consider a new ap-

proximation of the integrated energy spectrum of protons 
of solar cosmic rays (SCR) in the range Ep> 1-100 MeV. 
The sample studied contains 342 proton events for the 
period from 03-02-1986 to 23-07-2016. This sample is 
complete, since it contains very weak and superimposed 
proton events. The superimposed events were separated 
and identified according to the criteria of protonity. Out of 
342 proton events, 164 events were identified and proc-
essed by the author independently. For the analysis, origi-
nal records of the intensity of the proton flux with energy 
Ep> 1-100 MeV from the spacecraft GOES series were 
used. As the parameter characterizing the intensity of the 
proton flux, the maximum intensity of the proton flux Ip in 
each energy channel during the proton event was chosen. 
The intensity of the proton flux Ip was calculated from the 
preflare level. In the case of superposition of proton 
events, the intensity of the proton flux Ip was calculated 
from the level of the preceding event. Also, when process-
ing original records of proton events, emissions associated 
with technical interference and with the  of interplanetary 
shock waves  were eliminated. Comparative analysis 
showed that all events can be conditionally divided into 5 
types according to the form of the energy spectrum of 
protons. It is known that for most proton events, the en-
ergy spectrum of SCR protons is described quite accu-
rately by two power-law models. However, there remains 
a large number of events for which the energy spectrum of 
protons can not be approximated accurately by two 
power-law models. In connection with this, another de-
pendence was used in this work, which allows us to ap-
proximate the energy spectrum of the protons for all 
events quite accurately. 

АБСТРАКТ. У даній статті розглядається нова ап-
роксимація інтегрального енергетичного спектра про-
тонів сонячних космічних променів (СКП) в діапазоні 
Ep > 1-100 MeВ. Досліджувана вибірка містить 342 
протонних подій за період з 03-02-1986 по 23-07-2016 
року. Дана вибірка є повною, оскільки містить дуже 
слабкі і накладені протонні події. Накладені події по-
ділялися і ототожнювалися відповідно до критеріїв 
протонності. З 342 протонних подій 164 події були 
ототожнені і оброблені автором самостійно. Для ана-
лізу були використані оригінальні записи інтенсивно-
сті потоку протонів з енергією Ep > 1-100 МеВ з кос-
мічних апаратів серії GOES. Як параметр, що характе-
ризує інтенсивність потоку протонів, було вибрано 
максимальне значення інтенсивності потоку протонів 

Ip в кожному енергетичному каналі під час протонної 
події. При цьому інтенсивність потоку протонів Ip об-
числювалася від рівня перед спалахом. У разі накла-
дення протонних подій інтенсивність потоку протонів 
Ip обчислювалася від рівня попередньої події. Також 
при обробки оригінальних записів протонних подій 
виключалися викиди, пов'язані з технічними перешко-
дами і з накладенням міжпланетних ударних хвиль.  

Порівняльний аналіз показав, що всі події можна 
розділити умовно на 5 типів за формою енергетичного 
спектру протонів. Відомо, що для більшості протон-
них подій енергетичний спектр протонів СКП досить 
точно описується двоступеневими моделями. Однак 
залишається велика кількість подій, для яких енерге-
тичний спектр протонів неможливо точно апроксиму-
вати двоступеневими моделями. У зв'язку з цим в цій 
роботі була використана інша залежність, що дозволяє 
досить точно апроксимувати енергетичний спектр 
протонів для всіх подій. 

Keywords: Proton events, energy spectrum of protons,  
intensity of the proton flux.  
 

 
1. Introduction 
 
The spectrum of solar cosmic rays (SCR) for most solar 

proton events can overlap 4-5 orders of magnitude in en-
ergy from 1 MeV to ≥ 10-100 GeV. The difference in in-
tensities at the edges of the spectrum, due to the large 
steepness of the spectrum in the high-energy region, can 
reach 6-8 orders of magnitude (Miroshnichenko, 2000). 
And this creates certain difficulties in the approximation 
and interpretation of the observed energy spectra of proton 
events.  In narrow energy intervals, SCR researchers most 
often use power-law and exponential functions to approxi-
mate the energy spectrum of SCR protons. Sometimes a 
more complex representation of the spectra is used in the 
form of a combination of a power-law and exponential 
function with a cutoff of the energy spectrum (Akin`ian et 
al., 1983; Ellison et al., 1985), and also a spectrum repre-
sentation by two power-law functions with a inflection  
point at a certain energy (Band et al., 1993; Mewaldt et al., 
2005; 2006; 2012). The variety of models for approximat-
ing the SCR spectra indicates that the formation of a spec-
trum taking into account the conditions at the source and 
taking into account transport effects in interplanetary space 
can not be accurately described by simple relations. 
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In this connection, attempts are being made to empiri-
cally represent the spectrum from the observed values of 
the proton flux over a wide energy range. In reality, it is 
very difficult to obtain the true spectrum of accelerated 
protons in the source (Miroshnichenko, 2014; 2018). The 
influence of propagation effects of accelerated protons in 
interplanetary space leads to a large variety of spectra in 
form and intensity.     

 
2. Initial data and methods for processing proton 

events  
 
For the analysis, we used the original records of the in-

tensity of the proton flux Ip with the energy Ep in the range 
Ep>0.8-100 MeV from data from  apparatuses of the 
GOES series (https://satdat.ngdc.noaa.gov/sem/goes 
/data/new_avg/), and also a list of solar proton events 
(SPE). The sample studied contains 342 proton events for 
the period from 03-02-1986 to 23-07-2016. This sample is 
complete, since it contains almost all events registered for 
the specified period, including very weak events and su-
perimposed events, which were separated and identified 
by the author independently. In this connection, errors 
associated with the separation and identification of proton 
events are possible. In this sample of 342 SEP 164 events 
were identified by the author, and the remaining events 
are present in the SEP directory (ftp://ftp.swpc.noaa. 
gov/pub/indices/SPE.txt). For all these events, an attempt 
was made to find a single empirical dependence of the 
proton flux intensity Ip on the proton energy Ep>0.8-100 
MeV. To this end, original records of the intensity of the 
proton flux Ip with the energy Ep in the range Ep>0.8-100 
MeV for all 342 proton events were processed. As a pa-
rameter characterizing the proton flux, the maximum in-
tensity of the proton flux Ip of a given energy was chosen 
during the proton event. The value of the Ip parameter was 
calculated from the preflare level. In the case of superpo-
sition of proton events, the value of Ip was calculated from 
the level of the previous proton event. Emissions associ-
ated with interference and with the imposition of shock 
waves were also eliminated.  

 
3. Types of integral energy spectra of protons SCR 

in the range Ep>1-100 MeV and their approximation  
 
After calculating the maximum values of the proton 

flux Ip, the observed integral energy spectra of protons for 
all proton events were constructed and analyzed in each 
energy channel. A comparative analysis showed that all 
proton events can be conditionally divided according to 
the form of the observed energy spectrum into 5 character-
istic types, see Fig. 1 (left). The observed values of the 
intensity of the proton flux in Fig. 1 (on the left) are indi-
cated by black badges, the fine black line shows the calcu-
lated values of Ip calculated using the regression model 
(1), where a, b, c and d are the coefficients of the regres-
sion model (1). The coefficients of the regression model 
were calculated using the method of least squares. This 
functional (1) contains three functions (2-4) and allows us 
to estimate the intensity of the proton flux Ip with the 

 
 

 
Figure 1: Types of spectra and their approximations 

 
 

 
Figure 2: Histogram of  the distribution of events with this 
type of spectrum 
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energy Ep in the range Ep>0.8-100 MeV quite accurately. 
This functional is obtained exclusively empirically and 
this is its main drawback, since it is impossible to estimate 
the real contribution of these or those mechanisms to the 
acceleration of SCR protons. But nevertheless, this func-
tional allows us to estimate the contribution of a parame-
ters (2-4) in the functional (1) to the observed intensity of 
the proton flux Ip. In Fig. 1 (right) shows the contribution 
of each parameter to the intensity of the proton flux. For 
convenience, the values of the logarithms Ep and Ip, re-
spectively, are plotted along the X and Y axes. In Fig. 1 
(right) shows that for events having different characteristic 
types of spectra, a different contribution of the parameters 
(2-4) in the functional (1) to the intensity of the proton 
flux is observed. 

Thus, in Fig. 1 b) (right), it is clear that the main con-
tribution to the proton flux Ip comes from processes that 
are described by a power-law function (2) (a thick line), 
while the contribution of the remaining parameters is in-
significant. For events with the characteristic type of the 
spectrum in Fig. 1 c) (on the right), on the contrary, the 
main contribution is made by processes described by ex-
ponential functions, denoted by a dashed (3) and thin solid 
line (4). While the contribution from the power-law func-
tion (2) is insignificant and constant. For events having a 
combined type of spectrum, see Fig. 1 d) and e) (right), 
the processes described by the three parameters (2-4) con-
tribute to the observed proton flux. In Fig. 2 shows a his-
togram of the distribution of the number of events with a 
given type of energy spectrum of protons SCR. The X-
axis shows the type of the spectrum. On the histogram, 
events having the type of the spectrum d) and e) in Fig. 2 
are summed. Figure 2 shows that more than half of all 
proton events have the type of spectrum shown in Fig. 1c). 

Convinced that the regression model (1) gives a fairly 
good approximation of the SCR proton flux for 5 events 
with the characteristic types of observed spectra, proton 
fluxes for all 342 proton events were calculated. In Fig. 3 
shows the scattering diagrams between the observed and 
calculated values of the proton flux with energy in the 
range Ep>5-100 MeV. The X and Y axes show the calcu-
lated and observed values of the proton flux Ip, respec-
tively. Figure 3 shows that the regression model (1) gives 
a fairly good approximation for all 342 proton events. 

 
4. Comparison and discussion of the results 
 

It was noted above that the functional (1) is purely empiri-
cal and does not allow us to estimate the real contribution 
of these or other mechanisms (processes) to the accelera-
tion of SCR protons. Therefore, it is advisable to compare 

the calculated values of the intensity of the proton flux 
with the help of the functional (1) and standard function-
als, which predict the models of the proton acceleration of  
SCR. For comparison, a functional containing the power-
law and exponential function (5) was chosen.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3: Diagrams of scattering between observed 
and calculated values of Ip 
 

 
Figure 4: Diagrams of scattering between observed 
and calculated values of Ip 
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Figure 5: A comparison of the dependences of Lg Ip on Lg 
Ep in the range Ep>1-1000 MeV obtained with the help of 
the functionals (1)  and  (5) 

 
In Fig. 4 a) and b) are diagrams of the scattering be-

tween the observed and calculated values of the proton 
flux with energy Ep>100 MeV, calculated with the help of  
the functionals (1) and (5). In Fig. 4b), it is seen that for 
the values of the proton flux calculated with the help of 
the functional (5), there are quite large deviations between 
the calculated and observed values of the intensity of the 
proton flux, while for the values of the proton flux calcu-
lated with the help of the functional (1), the calculated and 
observed values of the proton flux practically coincide. 

It is known that the behavior of the limiting integral 
empirical spectrum (Mirishnichenko et al., 1994; 1996; 
2013;) and the limiting physical spectrum (Struminsky, 
2015) of SCR protons significantly differs  at  the spectral  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6:  The relationship  Ip and parameter 10d with the 
integral flux of microwave bursts ∫Fμdt 

 
 

 
edges in the region of low energies and in the region of 
relativistic energies. In this connection, the behavior of the 
functionals (1) and (5) for protons with energy in the 
range Ep>1-1000 MeV was investigated. Comparative 
analysis showed that for protons with energies in the range 
Ep>1-100 MeV, both functional give a fairly good agree-
ment between the calculated values of Ip for the 5 charac-
teristic types of the spectrum, see Fig. 5 (left). However, 
for protons with energies Ep>100-1000 MeV, considerable 
deviations are observed between the calculated values of 
the proton flux calculated with the help of the functionals 
(1) (black bold line) and (5) (gray thin line), see Fig. 5 
(right). In this figure, for proton events with characteristic 
types of the spectrum a), b) and d), the calculated values 
of the proton flux Ip increase with increasing proton en-
ergy Ep (thin gray line), which is unrealistic. The same 
situation is observed for the calculated proton fluxes with 
the help of the functional (1) for events having the charac-
teristic type of the spectrum in Fig. 5 (e) (left). However, 
for the vast majority of proton events, the functional (1)  
predicts more or less real values of the computed proton 
fluxes with an energy Ep>100-1000 MeV. It should be 
noted that both functional (1) and (5) give a fairly good 
agreement between the calculated values of the intensity 
of the proton flux with energy in the range Ep>1-1000 
MeV for events having the characteristic type of the spec-
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trum in Fig. 5 (c). As noted above, events with this type of 
spectrum account for more than 50% of the total number 
of proton events.  
 
    5. Relationship between the observed and calculated 
values of the intensity of the proton flux  Ip with the 
integral flux ∫Fμdt of microwave bursts 
 
     Also, the connection between the parameters in the func-
tional (1) and the integral flux ∫Fμdt of microwave bursts at 
a frequency of 8800 MHz was investigated. The investi-
gated sample contains 195 proton events for the period 
from 06-02-1986 to 20-12-2014. Comparative analysis 
showed that there is a sufficiently strong connection be-
tween the integral flux ∫Fμdt of microwave  bursts and the 
parameter 10d in the functional (1), where the correlation 
coefficient r between the investigated quantities is about 
0.70 (see  Fig. 6 a)). At the same time, the connection be-
tween ∫Fμdt and the observed intensity of the proton flux Ip 
(Ep> 30 MeV) is much worse (r≈0.49), see Fig. 6 b). Recall 
that the parameter 10d in the functional (1) characterizes the 
initial (total) number of accelerated protons with Ep> 1-100 
MeV. The presence of a strong connection between the 
integral flux ∫Fμdt of microwave bursts and the parameter 
10d agrees with the previously obtained results in the work 
(Chertok, 1982), which states that the parameters of micro-
wave bursts can be used to estimate the total number of 
accelerated particles and their energy spectrum. 
     The presence of a sufficiently strong connection be-
tween ∫Fμdt and the parameter 10d, indicates that the main 
acceleration of protons occurs in the flare region. In Fig. 6 
b) there are significant deviations of the observed values 
of the intensity of the proton flux Ip relative to the values 
of the integral fluxes ∫Fμdt of microwave bursts. Signifi-
cantly overestimated observed values of the intensity of 
the proton flux Ip can probably be explained by the addi-
tional acceleration of protons by shock waves, and signifi-
cantly underestimated values can be explained by the ef-
fects of propagation of accelerated protons in the solar 
corona and in interplanetary space. 
    

6. Conclusion 
 

The results obtained are preliminary, since the final con-
clusion regarding the accuracy of the approximation of the 
observed energy spectra of the SCR protons with the help 
of the functional (1) can be made only after careful studies 
have been carried out between the calculated and observed 
values of the proton flux with energy Ep>100-1000 MeV. 
Which is supposed to be done in the next work. 
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ABSTRACT. In this study we present the old and new 
observational data concerning the problem of extreme 
magnetic fields (  5 kG) in the Sun's atmosphere. We 
emphasize that the upper limit of the intensity of the 
magnetic field in the solar atmosphere is unknown to date. 
Severny (1957) heuristically suggested that the magnetic 
fields in the sunspots could reach 50 kG. As for the 
observational data, at least three arguments in favor of the 
magnetic fields of the order of 104 G can be specified: 
(1) the dependence of the measured magnetic field on the 
factor geff2 of magnetosensitive lines (Gopasyuk et al., 
1973; Lozitsky, 1980), (2) local extremums in splitting of 
bisectors in the profiles I ± V for lines with different 
Lande factors (Lozitsky, 1980; 2015) and (3) the reliable 
splitting of emission peaks in Fe I lines with very low 
Lande factors, about 0.01, in the spectra of powerful solar 
flares (Lozitsky, 1993; 1998). Theoretically, superstrong 
fields should have gigantic magnetic pressure and can 
exist only with a specific topology of field lines, 
apparently of a force-free type (Soloviev and Lozitsky, 
1986). To further develop this problem, we are analyzing 
new observational data obtained with the NIRIS 
spectropolarimeter of the largest GST solar telescope of 
the Big Bear Solar Observatory (BBSO). Our observations 
relate to the active region NOAA 12673, which was the 
most flare-productive in the 24th cycle. Stokes-metric 
measurements are made in the FeI 15648.5 Å line with a 
signal-to-noise ratio of about 10-4. In this active region, 
superstrong magnetic field of 5.57 kG was discovered 
recently by Wang et al. (2018). An additional study of 
about 70 different places in this active region suggested 
that there were two types of places that can be 
conventionally called "typical" and "peculiar". In "typical" 
areas, the magnitude of the magnetic field in general is the 
greater, the less the intensity in the spectral continuum, 
and the maximum field  here does not exceed 4 kG. All 
"peculiar" places correspond to positions with the highest 
intensity in the spectral continuum, and the magnetic field 
strength is here in the range of 3.0-5.7 kG. Notice, such 
strong magnetic fields were firstly discovered outside the 
sunspot umbra. The orientation of the magnetic field 
vector in "peculiar" places is close to the transversal, 
which is also atypical for "typical" regions and can reflect 
strong twisting of field lines. 

Keywords: Sun, solar activity, sunspots, solar flares, 
magnetic fields, spectral lines, the Zeeman effect, 
superstrong mаgnetic fields. 
 

АБСТРАКТ. У цьому дослідженні ми 
представляємо старі й нові спостережні дані, що 
стосуються проблеми екстремально сильних 
магнітних полів (  5 кГс) в атмосфері Сонця. Ми 
наголошуємо, що верхня межа напруженості 
магнітного поля в атмосфері Сонця є на сьогодні  
невідомою. Северний (1957) припускав еврестично, 
що магнітні поля у сонячних плямах можуть досягати 
50 кГс. Щодо спостережних даних, то можна вказати 
принаймні три аргументи на користь магнітних полів 
рівня 104 Гс: (1) залежність виміряного магнітного 
поля від фактора geff2 магніточутливих ліній 
(Gopasyuk et al., 1973; Lozitsky, 1980), (2) локальні 
екстремуми розщеплення бісекторів у профілях I ± V 
для ліній з різними факторами Ланде (Lozitsky, 1980; 
2015) і (3) достовірне розщеплення емісійних піків в 
лініях Fe I з дуже низькими факторами Ланде, близько 
0.01, у спектрах потужних сонячних спалахів  
(Lozitsky, 1993; 1998). Теоретично, надсильні поля 
повинні мати гігантський магнітний тиск і можуть 
існувати лише при специфічній топології силових 
ліній, очевидно, безсилового типу (Soloviev and 
Lozitsky, 1986). Для подальшої розробки цієї 
проблеми ми аналізуємо нові спостережні дані, 
отримані на спектрополяриметрі NIRIS найбільшого 
на сьогодні сонячного телескопа GST обсерваторії Біг 
Бер (BBSO). Наші спостереження стосуються активної 
області NOAA 12673, яка була найбільш спалахово-
продуктивною у 24-му циклі. Стокс-метричні 
вимірювання виконані в лінії FeI 15648.5 Å при 
відношенні сигнал/шум близько 10–4. Саме в цій 
області були недавно виявлені магнітні поля з 
напруженістю 5.57 кГс (Wand et al., 2018). Додаткове 
дослідження приблизно 70 різних місць цієї активної 
області показало, що в ній існували ділянки двох 
типів, які умовно можна назвати «типовими» і 
«специфічними». В «типових» ділянках величина 
магнітного поля в цілому тим більша, чим менша 
інтенсивність в континуумі, причому максимальне 
поле тут не перевищує 4 кГс. Всі «специфічні» 
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ділянки відповідали місцям з найбільшою 
інтенсивністю у спектральному континуумі, причому 
напруженість магнітного поля тут в межах 3.0-5.7 кГс. 
Слід зауважити, що такі сильні магнітні поля були 
вперше виявлені за межами тіней сонячних плям. 
Орієнтація вектора магнітного поля в «специфічних» 
ділянках близька до трансверсальної, що також 
нетипово для «типових» ділянок і може вказувати на 
сильне скручування силових ліній.   

Ключові слова: Сонце, сонячна активність, сонячні 
плями, сонячні спалахи, магнітні поля, спектральні 
лінії, ефект Зеємана, надсильні магнітні поля.  

 
 
1. Introduction 
 
The upper limit of the magnetic field strength in the 

solar atmosphere is unknown at present. The predominant 
point of view is that the strongest fields can be found in 
the darkest parts of the umbra of largest sunspots. 
According to observations, the field strength in the umbra 
is, on average, 2100–2900 G, reaching at times 3500–
4000 G (Solanki, 2003; Lozitska, 2010). Earliest 
measurements by Baranovsky and Petrova (1957), and 
Steshenko (1968) showed that the field strength in sunspot 
may reach 4900 G and 5350 G, respectively. The record 
field of 6100 G in a sunspot umbra was reported by 
Livingston et al (2006).  

As far as sunspot penumbra is concerned, Van Noort et 
al. (2013) found very strong fields (B = 7-7.5 kG) in 
places with significant plasma downflows of 20 km / s.  

We note that while Livingston et al. (2006) directly 
measured Zeeman splitting in various spectral lines with 
large Lande factors, Van Noort et al. (2013) analyzed full 
Stokes vector spectropolarimetry using an indirect Fourier 
technique to probe smallest spatial scales. It is also worth 
noting that when magnetic fields reach 7–8 kG and the 
Doppler velocities reach 20 km / s, the Fe I 6301.5 and 
6302.5 Å lines used in Van Noort et al. (2013) should be 
considered as mutually blended. This, of course, complicates 
diagnostics of very strong fields ( Lozitsky, 2016).  

Perhaps, extremely strong magnetic fields can exist in 
spatially unresolved structures with very small filling factor 
f ( f << 1). In this case, they may manifest themselves as a 
very weak Zeeman effects in the spectrum. Lozitsky (2016, 
2017) found evidence of presence of 8-kG fields in the 
sunspot umbra. The filling factor there is thought to be 0.2–
0.3 here, and relative Doppler velocities associated with 
upflowing plasma (excluding Evershed’s flows)  range 
from –1.7 to –3.1 km / s. 

Solar flares are interesting and violent processes in 
solar active regions where the strongest fields could exist 
as well. Each flare is a grandiose explosion occurring in a 
wide range of heights in the solar atmosphere, with a 
sharp increase in temperature, gas pressure and ionization 
of plasma. Hot pressurized flaring plasma outside 
magnetic flux tubes may press on walls of these tubes thus 
increasing magnetic strength inside the tubes. In addition, 
increased of plasma ionization leads to amplification of 
electric currents and to magnetic field intensification, if 
the structure of underlying magnetic field is force-free. 

There were suggestions that magnetic fields with 
strength of tens of kilogauss may also exist on the Sun. 
Thus, Severny (1957) supposed the 50 kG fields in small-
scale spatially unresolved magnetic elements of sunspots, 
which are averaged out when they are measured with 
insufficient spatial resolution.  

Bruce (1966) suggested that during a flare extended  
wings of Hα line ( till 8 Å) could intensify due to Zeeman 
effect in 10–100 kG fields. Really, this is one of possible 
interpretation: a some account to the line-profile 
broadening should give also temperature, turbulent 
velocity and electric fields. For these effects separation, 
the full Stokes parameters I, Q, U and V of polarized light 
are needed. On the other hand, if the magnetic field is 
tangled at sub-telescopical scales (for instance, in a form 
of mixed polarity structures) the Stokes diagnostics can 
not be applied since we can have essential broadening of 
Stokes I profile but practically zero polarization at various 
distances from line center. 

With the advances in solar instrumentation there is 
renewed interest in superstrong magnetic fields on the Sun 
as evidence by the most recent publications (Wang et al., 
2018, Takenori et al., 2017). 

The objective of our work is twofold, namely, we 
would like to review previous studies devoted to the 
problem of superstrong field, as well as to present new 
relevant results. Here we present main arguments in favor 
of the existence of especially strong magnetic fields. 
 
 

2. First Argument: Dependence of Measurements on 
the g2 Factor 

 
In 1973, an important observational result was 

obtained, which may be considered as an indirect 
indication of the existence of extremely strong magnetic 
fields outside sunspots and flares. Gopasyuk et al. (1973) 
found an unexpected dependence of relative observed 
field Ri = В║(λi)/В║(6103) on magnetic sensitivity factor 
g2 using magnetographic data obtained in 13 spectral 
lines λi (Fig. 1). The data were obtained with the solar 
magnetograph of Crimea Astrophysical observatory. 
Longitudinal magnetic fields, В║ , were measured in range 
В║  100-200 G using Stokes V parameter. In this field 
range, the weak field approximation is applicable, when 
В║  V / g2. Due to this reason, measured fields should 
not be dependent on g2 factor, assuming that the solar 
magnetic fields are really weak. Contrary to the above 
reasoning, a remarkable dependence was found: Ri values 
were nearly the same for the lines with high magnetic 
sensitivity, while these values display a rapid grown for 
the lines with decreasing g2 factor.  

Similar dependence was also observed by Lozitsky (1978) 
using Stokes I data recorded by the Crimea spectrograph in 
areas of two weak solar flares, where the measured magnetic 
field was stronger,  1000 G (triangles in Fig. 1). The 
magnetic field were estimated by observed Stokes I intensity 
gradient, dr /d , measured for about ten Fe I lines and 
compared with theoretical expectations derived from Unno 
(1956) theory. One can see from Fig. 1 that Stokes V and I 
measurements are in excellent agreement, which seemingly 
rules out the instrumental nature of the above mentioned 
effects and suggests that it has an solar origin. 
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Figure 1: Observed dependence of the relative observed 
field Ri = В║(λi)/В║(6103) on the magnetic sensitivity 
factor g2 as derived from Stokes V (filled dots) and 
Stokes I (triangles) parameters. 

 
 
Lozitsky (1980) further showed that such dependence 

may arise in case that the underlying magnetic field is 
two-component consisting of a relatively weak 
background field and spatially unresolved magnetic 
elements with strong fields of order of 8-10 kG, 
depending on the spectral line half-width and Doppler 
velocities present in these assumed sub-telescopic 
structures. In this case, the filling factor, f , of such 
structures should be proportional to magnitude of the 
background field Bback. 
 
 

3. Second Argument: Local Extrema in the Splitting 
of Bisectors 

 
Lozitsky (1980) reported another deviation from the 

weak field approximation found for sub-kilogauss, 
 600 G, non-sunspot magnetic fields. The observed data  
were obtained with the Echelle spectrograph installed on 
the Horizontal Solar Telescope (HST) of the Astronomical 
Observatory of Taras Shevchenko National University of 
Kyiv (Lozitsky, 2016). It was found that the measured 
splitting, (Н)obs, of I  V profiles changes with the 
distance,  , from the center of spectral lines with a small 
Lande factors (geff = 1–1.3) and a considerable half-widths 
( 1/2 = 0.2–0.3 Ǻ ). While some of the analyzed spectral 
lines exhibited an increase in the magnitude of splitting, 
other showed a decrease or even a non-monotonic 
dependence. To reduce influence of possible errors, the 
measurements were averaged over a solar region of about 
36 arc sec length. 

In weak-field approximation the value of (Н)obs (or 
splitting of bisectors, BS, of I  V profiles) should be the 
same at all distances,  , from the line center, while 
observations showed to the contrary.  

In Fig. 2 we plot BS as a function of /g2, which 
shows three distinct maxima. The reason for this is easy to 
understand, if  we recall that the Zeeman splitting  Н  is 
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Figure 2: Averaged bisector splitting BS vs. the 
normalized distance from the line center, 82.7 /g2, 
plotted for 9 narrow lines such as FeI 5250.2 (filled circles 
and solid line) and for 7 lines such as FeI 5233 (squares 
and stroke line). The Landé factors of these lines ranges 
from 1.0 to 3.0. The mean-square errors of measurements 
are indicated with the vertical intervals. (Lozitsky, 2015). 

 
 

proportional to the product g2B, where B is the magnetic 
field strength. Thus, when we take the ratio /g2 for any 
maximum in Fig. 2, we in fact fix the magnitude B of the 
magnetic field because B  H/g2. 

One can see from Fig. 2 that although the narrow 
spectral lines such as FeI 5250.2 and wider lines such as 
FeI 5233 exhibit certain discrepancy between the absolute 
values of the measured BS, the position of the maximums 
in the coordinates “BS − /g2” coincides well for lines 
of both types and corresponds to fields strength of 3–4, 7–
8 and  13 kG. This leads to an interesting conclusion that 
the intensity of the magnetic field in spatially unresolved 
structures may not only reach 104 G, but it may also 
acquire discrete values. It was latter shown that theoretical 
interpretation of such superstrong and “quantized” 
magnetic fields is possible within the framework of a 
linear force-free model (Soloviev and Lozitsky, 1986). 
This model is described by Bessel’s functions J0 and J1 of 
zero and first orders and has a multipolar periphery and 
the magnetic field up to ~104 G with discrete values near 
the tube axis. For a 104 G field, a large number of discrete 
layers with opposite magnetic polarity is required to be 
present inside one small-scale structure. 

Similar results were later obtained for solar flares as well 
(Lozitsky, 2015) and they are shown in Fig. 3. Here, the 
magnitude of splitting of bisectors of I  V profiles is shown 
at different distances from the center of Fe I 5233 Ǻ 
spectral line averaged over a number of solar flares, ranging 
from 3 to 12. The dots and solid lines represent observed 
flare data, and the dashed lines show the noise level in each 
case. Since both emission and absorption spectral 
contributions of strong fields are possible during  flares, as 
well as contributions from different magnetic polarities, the 
SDFLT values in Fig. 3 show the averaged standard 
deviation of the observed bisector splitting from the linear 
trend (regardless of the sign) on dependence “BS – ”. 
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Figure 3: Averaged standard deviation of observed 
bisector splitting observed during flares from the linear 
trend (SDFLT) calculated for Fe I 5233 Ǻ line. 
Dependencies for 6, 9 and 12 flares are shifted along the 
y-axis by 200, 400 and 600 G, respectively, for the sake of 
clarity. The dashed lines denote the expected error level. 

 
 

It can be seen that when averaging over the maximum 
number of flares, two distinct peaks appear at 80-100 and 
170-200 mǺ from the center. If we interpret this effect as 
an evidence of presence of weak Zeeman sigma 
components associated with spatially unresolved magnetic 
structures, then the corresponding magnetic field strengths 
will  approximately be 6 and 12 kG, i.e. close to the 7-8 and 
≈13 kG, estimates obtained earlier for non-flare regions. 

It is interesting to note that similar conclusions were 
made by Ulrich et al. (2009) using Fe I 5233 line 
measured in quiet Sun regions. They observed only one 
maximum at 80 mǺ (see Fig. 7 in Ulrich et al., 2009)). It 
is possible, the absence of the second maximum at 170-
200 mǺ in case of quiet regions reflects a simpler 
magnetic field structure, as compared to a flaring active 
region, with fewer types (modes) of flux tubes with 
different magnetic intensities. 

According to simulations (Lozitskii, 1986), the above 
interpretation of data shown in Figs. 2 and 3 is applicable 
only if the real half-widths of the spectral lines measured 
in locations of very strong fields are much smaller than 
those usually observed in quiet Sun regions. For example, 
for Fe I 5233 line it is necessary to assume that its width 
in places with an extremely strong field is reduced by 
approximately 6-7 times – from 300 mǺ to 40-50 mǺ. 
However, we will show later, that the width reduction 
occurs at least in places of bright emission of solar flares. 

 
 
4. Third Argument: Splitting of Emissive Peaks in 

Lines with Lande Factors about 0.01 
 
Lozitsky (1993, 1998) presented the most direct 

evidence for existence of superstrong magnetic fields in 
solar flares inferred from data collected using FeI lines with 
very low Lande factors (Lozitsky, 1993, 1998). The data  
were obtained with HST Echelle spectrograph. It was found 
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Figure 4: Comparison of I ± V profiles of FeI 5123.7, FeI 
5434.5 and FeI 5446.9 lines observed during a solar flare 
on 16 June 1989 (Lozitsky, 1998; 2003). Their empirically 
determined Lande factors are –0.013, –0.014 and 1.249, 
respectively. One can see not only a significant splitting of 
the emission peaks in the first two lines, but also that the 
sign of this splitting (i.e., the sign of the Stokes V 
parameter ) is opposite to the sign of similar effect in the 
third line, which has positive Lande factor. 
 
 
that Stokes I ± V profiles of some spectral lines, such as 
FeI 5F1

5F1 λ = 5123.723 Å and FeI 5F1
5D0 λ = 5434.527 Å, 

exhibit narrow and splitted emission peaks in their cores 
during flares. Both these lines have a zero theoretical 
Lande factors for LS coupling, however, their laboratory 
determined Lande factors, gLab , are exceptionally small, 
non-zero, gLab = –0.013 and –0.014, respectively (Landi 
Degl’Innocenti, 1982).  

The observed splitting of emission peaks in I ± V profiles 
was measured to be  ΔλV = 10–36 mÅ, whereas the splitting 
in I ± Q profiles was close to zero (ΔλQ ≤ 5 mÅ).  Taking 
into account that the non-flaring profiles did not display 
similar effects, it was assumed to be manifestation of the 
Zeeman effect in a field of B ≈ 26–94 kG.  

According to the data, other significant features of 
superstrong  magnetic fields in flares are as follows. The 
maximum value of the superstrong field (about 90 kG) 
was observed in the maximum phase of the flare, similar 
to the peak of kilo-gauss fields (1.1-1.5 kG) according to  
FeI 5247.1 and 5250.2 data which was observed  also in 
peak of a flare and not in its flash phase (Lozitska and 
Lozitsky, 1994).  

The observed width of the flare emission in FeI 5123.7 
and 5434.5 lines reached 30 mÅ suggesting that the actual 
width should only be 10-20 mÅ after the instrumental  
profile of the spectrograph is taken into account (Lozitsky 
et al., 1999). As can be seen from Fig. 4, the magnetic 
field inferred from a spectral line with Lande factor of 
1.25 was about 3 kG while the lines with Lande factor of 
0.01 produced estimates close to 90 kG. This means that 
the underlying magnetic field structure was 
multicomponent and included both 103 G and 104 G fields. 

To date, manifestation of superstrong magnetic fields 
have been detected in five powerful solar flares. However, 
it is not yet known whether these superstrong fields are 
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the prerogative of only powerful flares, or they may exist 
in other solar structures but their spectral manifestation is 
too weak to be detected with modern instrumentation. 
 

5. New Observational Data 
 
We studied in detail magnetic fields in an active region 

NOAA 12673, which was the most flare productive active 
region (AR) in the solar cycle No. 24. It produced four X-
class flares including the X9.3 flare on 2017 September 06 
and the X8.2 limb event on September 10. Wang et al 
(2018) detected extremely strong magnetic fields of 5.57 
kG in this AR, which is about 1300 G above what Zirin 
and Wang (1993) found in flare productive sunspots. 

Observations were carried out with the Goode Solar 
Telescope of Big Bear Solar Observatory (Cao et al., 
2010). The GST is the first of a new generation of large 
aperture solar telescopes that will culminate in the ATST 
and the EST with 4-m apertures. This telescope has an 
adaptive optics system and can reach the diffraction limit 
of angular resolution which is equal of 0.06" at 500 nm 
and 0.2" at 1565 nm. 

Stokes { I,Q,U,V } profiles of FeI 15648.5 Å line (geff = 
3.0) were obtained with the Near-InfraRed Imaging 
Spectro-polarimeter (NIRIS) on 6 September 2017, when 
the AR was located at angular distance of 34 deg from the 
disk center. This instrument has spectral resolution about 
0.1 Å and signal-to-noise ratio about 10−4.  Spectral line 
FeI 15648.5 forms about 200-300 km deeper than well-
known visible lines FeI 5250.2, 5247.1, 6301.5 and 
6302.5 Å (Khomenko and Collados, 2007) and one can 
expect that FeI 15648.5 line measurements represent such 
levels in atmosphere where magnetic fields can be 
particularly strong. 

In comparison with the previously published findings 
of Wang et al. (2018), we probed the magnetic field at 
about 70 locations in the AR, which include a large 
number of anomalous Stokes profiles originating in a non-
uniform magnetic field. In this study, we focus our 
attention only on the most simple effects that can be 
interpreted within the framework of the transfer theory in 
a homogeneous magnetic field. 

Due to the high magnetic sensitivity of the FeI 15648.5 
line and its relatively small spectral range, complete 
separation of the Zeeman  and  components could be 
observed only when the magnetic field exceeds 1500 G. In 
this case, the modulus of the magnetic field strength is 
measured, rather than its longitudinal component, as it is 
customary for magnetographic measurements. In most 
cases, full component separation was most clearly recorded 
in Stokes U profile, that is, in linear polarizations (Fig. 5). 

Comparison of the measured field strength to the 
continuum intensity near FeI 15648.5 Å line showed an 
important feature, namely, i.e., in the "magnetic field 
versus continuum intensity" diagram (Fig. 6), all 
measurements are divided into two clusters: consisting of 
typical and unusual dependencies. 

For typical dependencies, a well-known relationship 
between the magnetic field and intensity is observed, when 
the greater the magnitude of the magnetic field is, the lower 
the corresponding intensity in the continuum. The magnetic  
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Figure 5: Stokes U of FeI 15648.5 line observed with 
NIRIS in position # 6 in AR 12673 which corresponds to 
a light bridge between two umbra of a sunspot. Spectral 
distance between   components is equal here 3.7 Å (ΔλH 
= 1.85 Å) which corresponds to magnetic field of 5.4 kG. 
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Figure 6: Measured magnetic field B in AR 12673 versus 
intensity in spectral continuum. One can see that all places 
in this AR can be divided on two types: “typical” and 
“peculiar” (see the text). 

 
 
field here ranges from 1.5 to 3.9 kG, and it may be 
linearly approximated with decreasing intensity in the 
continuum. All the unusual locations displayed the highest 
continuum intensity, and the magnetic field there was 
found to be between 3.0 and 5.7 kG. 

As far as we know, this situation is marked for the first 
time. Usually the strongest magnetic fields are localized in 
the dark umbra of sunspots, and not in bright areas outside 
these spots. 

It is well known that the orientation of the magnetic 
field vector in the center of sunspot umbra is close to 
radial, i.e. it coincides with the vertical direction at a given 
location of the solar surface. It is therefore interesting to 
determine the orientation of the magnetic vector in these 
peculiar regions. In view of the large number of 
anomalous  Stokes  profiles that have been observed, more  
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Figure 7:  Estimates of the directional angle   between the 
magnetic field vector and the line of sight derived from 
formula (2). Vertical dashed lines show the calculated 
ratio of the depths of of  and  components 
corresponding to a certain angle of inclination of the field. 

 
 

reliable determinations of the orientation of the vector B 
can apparently be made along the profiles of the integral 
intensity, I. The FeI 15648.5 Å line is rather weak, and its 
central depth outside spots is about 0.3. In this case, the 
approximation of an optically thin line is applicable, 
which makes it possible to use the Seares  (1913) formula 

 
dπ/d = 0.5 sin2 / 0.25 ( 1 + cos2),            (1) 

 
where dπ and d  are depths of  and  components, 
respectively, and  is an directional angle between the 
magnetic field vector and the line of sight. If we denote 
dπ/d = k, then, we obtain that 

 
cos   = {(1 – k/2)/(1 + k/2)}1/2 .               (2) 

  
The directional angle,  , determined according to 

formula (2) are shown in Fig. 7. This includes only those 
cases where the  and  components are completely 
spectrally separated and do not affect the depth of the 
neighboring component of the Zeeman splitting. 

Figure 7 shows an interesting feature: all locations with 
strongest fields in the given AR exhibit the greatest 
directional angles,    . In particular, three cases with B = 
5.4 – 5.7 kG correspond to 67 <   < 79. 

The heliocentric angle,  , of the AR was approximately 
34 degrees. In this case, depending on the orientation of the 
field vector in the picture plane, the angles of the lines of 
force with respect to the vertical should be from   −   to   
+  .. Based on the data in Figure 7, we find that the actual 
angles to the vertical direction were between 33-45 degrees 
and 101-113 degrees.  

The large direction angle possibly indicates the 
extremely strong fields there were nearly horizontal, and 
not vertical, as in the sunspot umbra. A direct comparison 
of the obtained measurements of the magnetic field with 
heliograms in the molecular TiO line showed that all the 
strongest fields were localized in the bright bridges 
between the sunspot umbra. 

6. Discussion and Conclusion 
 
The Fe I 15648.5 Å line is attractive for measurements 

not only because it gives the magnetic field module at fields 
above 1.5 kG, but also because due to its high magnetic 
sensitivity it allows estimating the dispersion of the field 
strengths in magnetic elements. Really, Botygina et al. 
(2016) found that in quiet Sun regions outside sunspots the 
diameter of the smallest flux tubes is about 15-20 km. The 
spatial resolution of the GST NIRIS data is about 150 km, 
that is an order of magnitude less than required to resolve 
such elementary structures. Thus, it is likely that there is a 
hidden complex structure within the sampling pixel of 
NIRIS instrument. If the magnetic fields would 
significantly differ in intensity, we would observe diffuse  
components in the Zeeman effect. However, the observed 
blurring of these components, at all is negligible since the 
observed half-width is about 0.5 Å (Fig. 5), while the 
observed line width in quiet Sun region is much smaller and 
is about 0.3 Å. This indicates that the dispersion of the field 
intensity in neighboring sub-telescopic flux tubes 
comparison a single NIRIS pixel, is generally negligible.  

Let us summarize our findings. The modulus of the 
magnetic field vector was measured in several locations 
across AR NOAA 12673 – the most flare-producing 
sunspot group in the 24th cycle of solar activity. Unlike 
earlier studies that involved magnetographic 
measurements and inversion methods our measurements 
are the most direct and therefore reliable.  

We report that a case when extremely strong magnetic 
fields in the range 5.0-5.7 kG were concentrated not in the 
dark nuclei of sunspot, but in bright areas of an AR. 

Comparison of approximately 70 data points associated 
with various magnetic structures in the AR showed that 
there were two types of profiles. In typical areas, the 
magnetic field was within 1.5-3.9 kG and the more intense 
fields were associated with lower continuum intensity. In 
other, unusual locations, the intensity of the magnetic field 
was ranging from 3.0 to 5.7 kG, all of them were associated 
with nearly the same underlying continuum intensity. The 
orientation of the field vector in those unusual locations was 
determined to be close to transverse, which may indicate a 
strong twist of magnetic structures.   

Acknowledgements. VYu acknowledges support from 
AFOSR FA9550-15-1-0322 and NSF AST-1614457 
grants. BBSO operation is supported by NJIT and US 
NSF AGS-1821294. GST operation is partly supported by 
the Korea Astronomy and Space Science Institute (KASI), 
Seoul National University, and by strategic priority 
research program of CAS with Grant No. XDB09000000. 
This study was funded by Kyiv Taras Shevchenko 
National University project No. 16БФ023-01. 

 

References 
 

Baranovsky E.А., Petrova N.N.: 1957, Solnechnyje 
Dannyje, № 5, 118. 

Botygina O.O., Gordovskyy M.Yu., Lozitsky V.G.: 2016, 
Adv. Astron. Space Phys., 6, 20. 

Bruce C.E.R.: 1966, Observatory, 86, 82. 

Odessa Astronomical Publications, vol. 31 (2018) 157



Cao W., Gorceix N., Coulter R. et al.: 2010, Astron. 
Nachr., 331, 620.  

Gopasyuk S.I., Kotov V.A., Severny A.B. et al.: 1973, 
Solar Phys., 31, 307. 

Khomenko E.,  Collados M.: 2007, The Astrophys. J., 659, 
1726.   

Landi Degl’Innocenti E.L.: 1982, Solar Phys., 77, 285. 
Livingston, W., Harvey, J.W., Malanushenko O.V.: 2006,  

Solar Phys., 239, 41. 
Lozitska N., Lozitsky V.: 1994, Solar Phys.,151, 319. 
Lozitska N.I.: 2010, Kosm. Nauka i Tekhnologia, 16, 30. 
Lozitskii V.G.: 1986, Kinem. Fiz. Neb. Tel, 2, 28. 
Lozitsky V.G., Lozitska N.I., Gordovskyy M.Yu.: 1999, Bull. 

Taras Shevch. Nat. Univ. of Kyiv. Astronomy, 35, 17. 
Lozitsky V.G.: 1978, Solnechnyje Dannyje, № 8, 74. 
Lozitsky V.G.: 1980. Physica Solariterr., Potsdam. 14, 88. 
Lozitsky V.G.: 1993, Kinem. Phys. Celest. Bodies, 9, 18. 
Lozitsky V.G.: 1998, Kinem. Phys. Celest. Bodies, 14, 401. 
Lozitsky V.G.: 2003, DrSci Thesis, Kiev, 299p. 

Lozitsky V.G.: 2015, Adv. Space Res., 55, 958. 
Lozitsky V.G.: 2016, Adv. Space Res. 57, 398. 
Lozitsky V.G.: 2017, Adv. Space Res. 59, 1416. 
Seares F.H.: 1913, Astrophys. J. 38, 99. 
Severny A.B.: 1957, Astron. Zhurnal, 34, 684. 
Solanki S.: 2003, The Astron. Astrophys. Rev., 11, 153. 
Soloviev A.A., Lozitsky V.G.: 1986, Kinematika i Fizika 

Nebesn. Tel, 2, 80. 
Steshenko N.V.: 1967, Bull. Crimea Astrophys. Obs., 37, 21.  
Takenori Okamoto, Takashi Sakurai: 2017, arXiv: 

1712.08700v1[astro-ph.SR] 23 Dec 2017.  
Ulrich, R.K., Bertello, L., Boyden, J.E. et al.: 2009, Solar 

Phys. 255, 53. 
Unno W.: 1956, Publs. Astron. Soc. Japan, 8, 108. 
Van Noort M., Lagg A., Tiwari S.K. et al.: 2013, Astron. 

Astrophys. 557, id.A24, 14 pp. 
Wang Y., Yurchyshyn V., Lin C. et al.: 2018, Res. Notes 

of the American Astron. Society, 2, No. 1. 

158 Odessa Astronomical Publications, vol. 31 (2018)



PRELIMINARY RESULTS OF INTERFEROMETRIC OBSERVATIONS OF THE QUIET 
SUN AT THE FREQUENCIES 8 – 32 MHZ 

V.A. Shepelev 1, V. N. Melnik 1, R.V. Vashchishin 2 

1 Institute of Radio Astronomy, Kharkiv, Ukraine 
2 Gravimetrical Observatory of IGP, Poltava, Ukraine 

 
 

ABSTRACT. We studied a radio emission of the 
quiet Sun at decameter wavelengths to determine its angu-
lar dimensions. Observations were conducted using inter-
ferometers composed of antenna sections of the UTR-2 
radio telescope. A number of interferometers with base-
lines of 225 to 1400 m, oriented along the meridian, oper-
ated at two frequencies of 20 and 25 MHz with a band-
width 250 kHz. We used them to estimate a shape of a 
source brightness distribution. To measure the angular 
size of the Sun in a wide frequency band of 8-32 MHz 
another set of interferometers was used. It consisted of 
two pairs of the interferometers with the baselines of 225 
and 450 m elongated both along the parallel and the me-
ridian. They used digital wideband receivers operating at 
the frequencies of 8 to 32 MHz to record received signals. 
There was some sporadic solar activity during observa-
tional campaign in March-April 2015 that complicated 
determination of parameters of the quiet Sun radiation. A 
large number of radio frequency interference also noted. 
To mitigate their influence we applied а few data cleaning 
algorithms. The use of the algorithms in spectral strips 
with a low level of interferences in periods free from po-
werful sporadic solar radiation allowed us to make estima-
tion of the angular size of the quiet Sun in two orthogonal 
directions at some separate frequencies in the range of 20 
to 32 MHz. Calculation of the dimensions was performed 
in an assumption of Gaussian   radio brightness distribu-
tion of the source. Our estimates of the quiet Sun sizes 
agree well with the data of other authors. The simplicity 
and convenience of determining the angular size using the 
data obtained with two interferometers with different 
baselines are noted. Continuation such study will allow to 
extend the frequency range down to the lowest frequen-
cies where observations from the Earth’s surface are pos-
sible and give us a possibility to study how the angular 
size of the quiet Sun depend on a phase of solar activity. 
This study will allow us to construct a model of solar co-
rona at distances of 1.5-3 solar radii directly from the ra-
dio observations and to find out how the effective tem-
perature of the Sun changes with the frequency. 
Key words: quiet Sun, angular diameter, interferometer, 
decameter range. 

 
АБСТРАКТ. Проведено дослідження радіовипро-

мінювання спокійного Сонця на декаметрових хвилях 
з метою визначення його кутових розмірів. Спостере-
ження проводилися за допомогою інтерферометрів, 

що складались із секцій антени радіотелескопу УТР-2. 
Одна низка інтерферометрів з базами від 225 до 1400 
м, орієнтованими вздовж меридіана, працювала на 
двох частотах 20 і 25 МГц з шириною смуги 250 кГц. 
Вона використовувалася для оцінки форми розподілу 
яскравості джерела. Для вимірювання кутових розмі-
рів у широкому діапазоні частот застосовано іншу 
групу, що складалася з двох пар інтерферометрів з 
базами 225 і 450 м, розташованими як уздовж парале-
лі, так і вздовж меридіана. Для реєстрації випроміню-
вання в них використано цифрові широкосмугові при-
ймачі, що працюють в діапазоні частот від 8 до 32 
МГц. У спостереженнях, проведених в березні-квітні 
2015 року, спостерігалися прояви спорадичної актив-
ності, які ускладнювали визначення параметрів ви-
промінювання спокійного Сонця. Також зазначалася 
велика кількість радіозавад штучного походження. 
Для усунення їх впливу використовувалися кілька 
алгоритмів очищення даних. Застосування цих алго-
ритмів на ділянках спектра з малою кількістю завад в 
періоди, вільні від потужного спорадичного випромі-
нювання, дозволило зробити попередні оцінки куто-
вих розмірів спокійного Сонця в двох ортогональних 
напрямках на низці частот від 20 до 32 МГц. Визна-
чення розмірів проведено у наближенні гаусового 
розподілу радіояскравості джерела. Отримані оцінки 
розмірів спокійного Сонця добре збігаються з даними 
інших авторів. Відзначено простоту і зручність визна-
чення кутового розміру за даними двох інтерферомет-
рів з довільними базами. Продовження подібних до-
сліджень дозволить розширити частотний діапазон до 
найнижчих частот, на яких можливе проведення спо-
стережень з поверхні Землі, вивчити залежність куто-
вих розмірів спокійного Сонця від фази його активно-
сті. Це дозволить також побудувати модель корони на 
відстанях 1.5-3 радіусу Сонця безпосередньо з радіо-
спостережень, знайти, як змінюється з частотою ефек-
тивна температура Сонця. 

Ключові слова: спокійне Сонце, кутовий діаметр, 
інтерферометр, декаметровий діапазон. 

 
 
1. Introduction 
 
Radio emission of the quiet Sun was studied in a wide 

range of wavelengths, from millimeter to decameter ones. 
However, observations were not very frequent at the long 
wavelengths and only at some separate frequencies. One 
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of the reasons is that a flux density of the solar radio emis-
sion decrease with wavelength with spectral index α > 2 in 
decameter range and flux value become less than 1000 Jy. 
At the same time, the radio emission of the galactic back-
ground increases with wavelength and exceeds signifi-
cantly the radiation of the quiet Sun at decameter wave-
lengths. This requires using of antennas with a large effec-
tive area for the observations. It is of particular interest to 
determine how parameters of the quiet Sun depend on the 
wavelength, so these antennae and a backend facilities 
have to be sufficiently broadband. Besides, they must 
have a high dynamic range because of a significant level 
of RFI at the decameter wavelengths. The UTR-2 radio 
telescope (Braude et al., 1978) allows carrying out such 
investigations. Nowadays this radio telescope is equipped 
with broadband digital spectral polarimeters DSPZ (Zak-
harenko et al., 2016) with a capability to conduct observa-
tions at frequencies of 8 to 33 MHz simultaneously.  De-
termination of the solar size dependence on frequency is 
quite important for construction of models of physical 
processes underlying generation of the coronal radio emis-
sion. As it is well known angular sizes of radio Sun do not 
differ noticeably from its optical size down to short me-
ters. At the same time the first observations (Aubier et al., 
1971) showed that the size of the quiet Sun at frequencies 
of 29 and 36 MHz is noticeably larger than the optical one 
and increases with decreasing frequency. Some other ob-
servations were carried out from time to time and only at 
some separate frequencies not lower than 19 MHz. We 
present preliminary results of observations with the UTR-
2 radio telescope to determine angular sizes of the quiet 
Sun in the broadband range of the decameter wavelengths. 

 
2. Observations and results  
 
The angular size of a radio source can be determined 

by scanning with a beam of a radio telescope. In this case 
an output signal is a convolution of brightness distribution 
of the source with an antenna pattern. If the angular size 
of the source significantly exceeds a beam width, one can 
easily find the true size of the object from the width of an 
output response. In the case of comparable sizes it is nec-
essary to take into account the antenna smoothing, which 
increases the response width in comparison with the true 
size. For example, width of the UTR-2 radio telescope 
beam at 25 MHz equals 25′ and it is comparable with the 
angular diameter of the quiet Sun at this frequency, which 
is approximately equal to 1 as measured by Abranin and 
Bazelyan (1986). Unfortunately, the UTR-2 as well as 
other antenna arrays used in low-frequency radio astron-
omy has antenna pattern with appreciable level of side 
lobes. Moreover, correlation radiometers, which are used 
to eliminate an influence of the galactic background, result 
in alternating-sign view of the side lobes. Hence, two-
dimensional pattern of side lobes of such antenna is quite 
complicated and changes notably with beam orientation 
that complicates accounting of antenna smoothing. 

In the scanning method the size of the source are de-
termined by width of the antenna response. An alternative 
method is an interferometer one, according to which, an 
angular size of an object can be calculated based on am-
plitudes of response of interferometers with different base-

lines. The antenna of the UTR-2 radio telescope has T-
shape view and consists of two rectangular arrays oriented 
in the north-south and the east-west directions.  Each array 
consists of a number of sections with a distance between 
their centers 225 m. It allows forming a number of inter-
ferometers with different lengths and direction of their 
baselines.  Ability of such interferometers to measure the 
angular size are illustrated in Fig. 1, where the calculated 
dependence of normalized visibility function n on a 
length of the baseline L at 25 MHz is shown. Calculations 
were made for sources with different diameters with 
Gaussian radio brightness distribution, located at a decli-
nation of 22. It is obvious, that the interferometers with 
the baseline of 225 m formed by the nearest sections and 
also with the baselines of 450 and 675 m can be used to 
determine the angular diameter of the quiet Sun. 

Observations of the quiet Sun with such interferometers 
were made in May, 2014 (Melnik et al., 2018) with mul-
tichannel receivers (Rashkovsky et al., 2012), which are 
usually used in observations with the URAN interferome-
ter network (Megn et al., 1997). Experimental data (L) 
were close to calculated dependencies of a source with 
Gaussian brightness distribution  that allowed to deter-
mine the angular diameter of the Sun using values of a 
correlation coefficient 1 and 2, determined only at two 
baselines L1 and L2, according to expression: 
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Technique of the observations and calibrations of the 
interferometers for such measurements is described by 
Shepelev (2015). Basic restriction of the receiver used in 
the observations is an ability to operate only at two dis-
crete frequencies with a bandwidth 250 kHz that limits a 
range and sensitivity of the observations. 

To study the possibility of determining parameters of 
the quiet Sun radio emission in a wide frequencies range, 
we observe this radio source since 31 March to 5 April, 
2015. The DSPZ wideband spectral polarimeters operat-
ing  in the range 8–32 MHz were used as receivers.  Each 

  

 
Figure 1: Dependence of normalized visibility function on 
a baseline and an angular size of a source. Squares mark 
the baselines shaped by sections of the EW antenna, trian-
gles – by sections of the NS antenna 
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Figure 2: The experimental values of normalized visibility 
function versus a baseline length at frequency of 20 MHz 

 
receiver forms at its output a complex dynamic cross 
spectrum that is dependence of a covariance of two input 
signals on frequency and time. Four receivers were con-
nected to outputs of the sections of the north-south and 
east-west arrays of the UTR-2 radio telescope, forming 
two interferometers with the baselines of 225 and 450 m 
oriented along a meridian, and two similar interferome-
ters oriented along a parallel. This configuration of the 
equipment allows determining the angular size of the 
quiet Sun radiation in the equatorial and polar directions 
in the entire frequency range of the radio telescope using 
the visibility function, measured on two different base-
lines. To determine a shape of the dependence using ob-
servations on a larger number of baselines we applied 
two four-channel URAN's receivers with operation fre-
quencies 20 and 25 MHz connected to the sections of the 
north-south antenna. Observations with these interfer-
ometers showed that the experimental dependences (L) 
were close to the calculated responses from a source with 
a Gaussian brightness distribution (see Fig. 2)  and reaf-
firmed admissibility of applying a technique of determi-
nation of the size from responses of two broadband inter-
ferometers according to (1). 

Note that at the beginning of April a declination of the 
Sun is about 6, therefore projections of the interferome-
ter baselines are noticeably shorter than distances be-
tween the sections of the north-south antenna. For the 
same reason, the low position of the Sun, there was a 
significant amount of RFI in the observations. For illus-
tration in Fig.3 we presents dependence of the angular 
size of the Sun on frequency and time, calculated accord-
ing with (1) using data obtained during one day of the 
observation on April 4.  Raw output signals of the receiv-
ers used for these calculations were processed in no way. 
Obviously there are a large amount of interferences in the 
signal, especially at the lowest frequencies, that makes it 
possible to estimate only the tendency to increase a size 
with decreasing frequency. To obtain reliable results in 
such observations, it is necessary to develop algorithms 
for removal of RFI, for example, those used in URAN's 
receivers (Rashkovsky et al., 2012). This is especially 
true for the lowest part of the frequency range. 

To process these noisy data, we chose areas with a 
bandwidth  of  about  1 MHz and  with  duration  of  several  

 
Figure 3: Angular size of the quiet Sun versus frequency 
and time  
 
 

 
Figure 4: Dependence of angular sizes of the quiet Sun on 
frequency: a) equatorial diameter; b) polar diameter 

 
 

minutes with relatively low level of the interferences. In 
such a frequency bandwidth the size of the quiet Sun can be 
considered constant and within a few minutes a modulation 
of a signal by the antenna pattern is rather low. In this time-
frequency frame of the signal various methods of interfer-
ence mitigation such as median filtering, threshold limita-
tion, averaging were tested and their effect on a final result 
was evaluated. In our opinion, a combination of the median 
filter, which allows removing short in time or narrow fre-
quency interference, followed by the threshold limitation 
which removes more extended interference was the most 
effective. Such an algorithm had a significant amount of 
manual processing, consisting in the frame selection and 
threshold finding, however it allowed making preliminary 
estimates of the angular diameter of the Sun in the equato-
rial and the polar direction, presented in Fig. 4.   

In fig. 4a the dependence of the angular size of the quiet 
Sun on a frequency found with the east-west interferome-
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ters is shown. It represents the equatorial section of the 
source. In fig. 4b the same dependence for polar section is 
shown. Mean value of a ratio of the polar diameter to the 
equatorial one is ~ 0.75. For comparison, the results ob-
tained by Melnik et al. (2018) at frequencies of 20 and 25 
MHz are shown by triangular marks with error bars, and 
data of Abranin and Bazelian (1986) at 25 MHz, Sta-
nislavsky et al (2013) at 20 and 26 MHz, and Subramanian 
(2004) at 34.5 MHz are indicated by crosses. Our data at 
frequencies below 20 MHz obtained in these observations 
were not reliable enough, so they are not shown in Fig. 4. 

 
3. Conclusions 
 
Observations of radio emission of the quiet Sun with 

UTR-2 radio telescope in interferometric regime in the con-
tinuous frequency band of 8-32 MHz allowed obtaining the 
first preliminary results on solar sizes dependence on fre-
quency in the east-west and north-south directions. Due to 
many ionosphere and artificial interferences, reliable results 
were obtained for frequencies from 20 to 32 MHz. How-
ever, the technique of data processing needs significant 
improvement for obtaining reliable results in all decameter 
range from 8 to 32 MHz. Using different sections of UTR-2 
radio telescope as an interferometer showed good perspec-
tives in finding sizes of the Sun at low frequencies in differ-
ent periods of solar activity. This will allow to study some 
physical processes such as elementary processes of radia-
tion, refraction, scattering and radio waves propagation in 
the solar corona at heights 0.5–2.5 solar radii, which are in 
the base of radio emission of the quiet Sun. We hope also to 
determine the frequency dependence of brightness tempera-
ture of the Sun and answer the question if the radio emis-
sion of the Sun is blackbody or not. 
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ABSTRACT. On magnetic observatory "Odessa" since 

1948 measurements of a magnetic field of Earth.  At the 
same time measurements of three elements of a magnetic 
field are registered: horizontal component (H), vertical 
component (Z) and inducement (D). On the basis of these 
data the catalog of magnetic storms in the 21st century is 
made. In this release of the catalog during 2000-2009 date 
and time of the beginning and end of a storm, the storm 
duration, amplitude on three elements of a magnetic field 
are specified: H, Z, D, the characteristic of magnetic storms 
with the indication of the fissile periods. The magnetic 
station "Odessa" is located near a zone of a magnetic 
anomaly. For identification of reaction in the nature of the 
geomagnetic activity arising owing to existence of a 
magnetic anomaly comparison of geomagnetic disturbances 
at Odessa and Moscow was carried out. 

Keywords: Solar activity, magnetic storms, magnetic 
storm catalog, magnetic anomaly. 

 
АБСТРАКТ. На магнітній обсерваторії «Одеса» з 

1948 року ведуться вимірювання магнітного поля 
Землі.  При цьому реєструються вимірювання трьох 
елементів магнітного поля: горизонтальної складової 
(H), вертикальної складової (Z) і схилення (D). На 
підставі цих даних складено каталог магнітних бур в 
XXI столітті. У цьому випуску каталогу, за період 
2000-2009 роки, вказані дата і час початку і кінця бурі, 
тривалість бурі, амплітуда по трьох елементах 
магнітного поля: H, Z, D, характеристика магнітних 
бур із зазначенням активних періодів. 

Моніторинг потоків потужних галактичних і 
позагалактичних радіоджерел виконується на 
радіотелескопі “УРАН-4” Одеської обсерваторії 
Радіоастрономічного інституту НАН України з 1987 р. 
і до тепер. У програму моніторингу входять 
радіогалактики 3С274, 3С405 і залишки наднових 
3С144, 3С461. Спостереження радіоджерел 
проводилися окремими сеансами, в межах ± 2 години 
до і після часу їх кульмінації. Час проходження 
радіоджерел 3С144, 3С274, 3С405 через діаграму 

спрямованості становило 40 хвилин (для кожного 
часового кута), для 3С461 – 60 хвилин. Загальний час 
добового моніторингу перевищує 13 годин. Зміни 
потоків випромінювання радіоджерел на 
декаметрових хвилях визначаються станом іоносфери 
під впливом  космічної погоди. Цей каталог був 
складений, щоб визначити причини зміни потоку 
космічних радіоджерел за даними спостереження на 
радіотелескопі URAN-4 в Одеській обсерваторії 
Інституту радіоастрономії Національної академії наук 
України. 

Магнітна обсерваторія «Одеса» розташована 
поблизу зони магнітної аномалії. Для виявлення 
ефектів «відгуку» в прояві характеру геомагнітних 
бур, які виникають внаслідок наявності магнітної 
аномалії, було проведено порівняння геомагнітних 
збурень на магнітних обсерваторіях “Одеса” та 
“Москва” (ІЗМІРАН). Зокрема виявлено що загальна 
тривалість магнітних бур за період 2000-2009 роки в 
Одесі довше, ніж в Москві. В більшості випадків 
тривалість потужних магнітних бур в Одесі більше, 
ніж в Москві. 

Ключовi слова: сонячна активність, магнітні бурі, 
каталог магнітних бур, магнітна аномалія.  

 
 
 
The magnetic observatory «Odessa» was founded by 

the Novorossiysk Imperial University, in the territory of a 
botanical garden, at the beginning of the XX century. In 
1936 it was transferred to the village of Stepanovka (near 
Odessa) by the Odessa State University. After World War 
2th the station became to belong to the Institute of  
Geophysics. From 1948 to 2010, analog measurements of 
the Earth’s magnetic field were conducted at the «Odessa» 
Magnetic Observatory. At the same time measurements of 
three elements of a magnetic field are registered: 
horizontal component (H), vertical component (Z) and 
inclination (D) [1]. Figure 1 presents a monthly review of 
the state of the magnetic field in November 2003. 

 

      
DOI: http://dx.doi.org/10.18524/1810-4215.2018.31.146662 

Odessa Astronomical Publications, vol. 31 (2018) 163



 
 Figure 1: Review of the state of the magnetic field in November 2003 

 
On the basis of data of magnetic observatory «Odessa» 

the catalog the magnetic storms is made. This  issue of the 
catalog for 2000-2009 years include: date and time of the 
beginning and end of a storm, the storm duration, 
amplitude on three elements of a magnetic field are 
specified: H, Z, D, the characteristic of magnetic storms 
with the indication of the fissile periods.   

As an example, data for the period January-March 2003 
are presented at Table 1. The total number of  minor, 
moderate, strong and extreme storms shown in table 2 (for 
the period 2000-2009).  

This catalog was compiled to identify the causes of 
changes in the flux of cosmic radio sources in the decameter 
range according to monitoring observations at the URAN-4 
radio telescope at the Odessa Observatory of the Radio 
Astronomy Institute of the National Academy of Sciences of 
Ukraine, which have been conducted since 1987. 

The magnetic observatory "Odessa" is situated near the 
intensive magnetic anomaly.  The identification of the 
magnetic anomaly influence on geomagnetic activity 
comparison of characteristics  of magnetic storms at 
according to the magnetic observatorys "Odessa" and 
“Moscow” was carried out.  The total duration of all 
magnetic storms throughout the year in Odessa is more 
than in Moscow (IZMIRAN) (Figure 2). 

Table 3 provides information on the duration of 
individual magnetic storms in the magnetic observatories 
"Odessa" and IZMIRAN for 2001-2003. With a greater 
amplitude of magnetic field disturbance in the IZMIRAN 
magnetic observatory, the duration of magnetic storms in 
Odessa is longer. 

 

 
Figure 2:  The total annual duration of magnetic storms 
according to the magnetic observatorys "Odessa" and 
“Moscow”  (2000-2010). 

 
Conclusion  

On the basis of data of magnetic observatory «Odessa» 
the catalog the magnetic storms is made. This issue of the 
catalog for 2000-2009 years include: date and time of the 
beginning and end of a storm, the storm duration, 
amplitude on three elements of a magnetic field are 
specified: H, Z, D, the characteristic of magnetic storms. 

1.  The comparison duration of magnetic storms 
according to the magnetic observatory "Odessa" is longer 
than at “Moscow” (IZMIRAN). 

2.  It is planned to create a catalog of magnetic storms 
according to the Odessa station for the entire monitoring 
period of space radio sources at the RT URAN-4 in order 
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Table 1: Digital catalog of magnetic storms and their characteristics 

 

 

 

 

Active periods  
Beginning  End  Amplitude 

begin  end  
date  UT date  UT 

Duration, 

h 
Н D Z 

Storm 

class  
date  UT date  UT 

Comment  

03.01.2003 12:00 04.01.2003 0:00 36 95 94 36 minor           Minor  storm with the 

gradual beginning  
18.01.2003 6:00 20.01.2003 6:00 48 105 64 39 minor         Minor  storm with the 

gradual beginning  
20.01.2003 10:00 23.01.2003 4:00 66 98 68 38 minor         Minor  storm with the 

gradual beginning  
29.01.2003 9:00 30.01.2003 20:00 35 116 124 42 moderate         Moderate storm with the 

gradual beginning  
01.02.2003 15:00 05.02.2003 3:00 84 176 145 82 moderate 01.02.2003 18:00 03.02.2003 2:00 Moderate storm with the 

gradual beginning  
                  03.02.2003 12:00 04.02.2003 12:00   

08.02.2003 7:00 09.02.2003 3:00 20 75 70 26 minor 
        Minor  storm with the 

gradual beginning  
12.02.2003 8:00 13.02.2003 1:00 17 83 74 26 minor 

        Minor  storm with the 

gradual beginning  
13.02.2003 21:00 15.02.2003 21:00 48 80 105 35 minor 

14.02.2003 9:00 15.02.2003 18:00 Minor storm with the 

gradual beginning  
16.02.2003 6:00 17.02.2003 2:00 20 86 62 32 minor 

        Minor  storm with the 

gradual beginning  
26.02.2003 6:00 28.02.2003 1:00 43 106 114 48 moderate         Moderate storm with the 

gradual beginning  
28.02.2003 6:00 01.03.2003 3:00 21 93 85 42 minor           Minor  storm with the 

gradual beginning  
03.03.2003 15:00 05.03.2003 3:00 36 92 131 57 moderate         Moderate storm with the 

gradual beginning  
05.03.2003 9:00 07.03.2003 12:00 51 103 96 46 minor           Minor  storm with the 

gradual beginning  
20.03.2003 6:00 22.03.2003 2:00 44 119 101 50 moderate         Moderate storm with the 

gradual beginning  
22.03.2003 19:00 24.03.2003 2:00 31 106 85 32 minor         Minor storm with the 

gradual beginning  
28.03.2003 16:00 31.03.2001 3:00 59 98 124 81 moderate         Moderate storm with the 

gradual beginning  
31.03.2003 6:00 01.04.2003 4:00 22 127 111 62 moderate         Moderate storm with the 

gradual beginning  
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Table 2: Amount of magnetic storms in the catalog for 2000-2009 

 Storm class  2000  2001  2002  2003  2004  2005  2006  2007  2008  2009  
minor 25  31  39  38  31  30  32  34  28  11  

moderate  16  27  21  36  11  16  9  5  4  0  
strong  5  4  4  1  4  5  1  0  0  0  

extreme 3  6  2  2  2  4  0  0  0  0  
 
 
Table 3: The duration of the most intense magnetic storms according to the magnetic observatories "Odessa" and IZMIRAN 

 

 
to identify manifestations of geomagnetic disturbances 
during radio astronomical observations and their 
contribution to changes in radio source fluxes on 
decameter waves. 

3.  These studies will also be supplemented by a 
comparative analysis of the manifestation of magnetic 
storms of the magnetic anomaly zone in Odessa and data 
from other magnetic observatories in Ukraine. 
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2001 2002 2003 

Date Odessa Moscow Date Odessa Moscow Date Odessa  Moscow  

19.03.2001 38 40 10.01.2002 89 30 24.04.2003  108  41  

28.03.2001 35 28 17.04.2002 43 21 26.06.2003  102  41  

31.03.2001 70 9 19.04.2002 39 9 15.07.2003  52  2  

08.04.2001 35 24 11.05.2002 30 22 28.07.2003  157  40  

11.04.2001 29 18 23.05.2002 12 9 20.08.2003  116  56  

18.04.2001 34 10 01.08.2002 88 26 15.09.2003  127  56  

17.08.2001 36 8 01.10.2002 45 61 16.10.2003  91  40  

21.10.2001 48 4 03.10.2002 65 50 15.11.2003  94  2  

05.11.2001 62 40 02.11.2002 125 20 20.11.2003  43  9  
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ABSTRACT. A ground station of orbital tracking of 

low-orbit spacecrafts has been developed and tested in the 
RI "Mykolaiv Astronomical Observatory". The station 
uses the Doppler shift of frequencies of signals radiated by 
spacecraft radio beacons for their orbital tracking. The 
station consists of: 1) 10-section antenna with a circular 
directional diagram and the operating frequency band 400-
450 MHz, 2) electronic unit of connection of the antenna 
sections to a receiver, 3) the SDR-receiver used USB re-
ceiver of terrestrial digital TV and radio (“DVB-
T+DAB+FM”), 4) personal computer. Software of the 
station includes the free program HDSDR for SDR-
receiver control, as well as an antenna direction control 
program, a program for determining a frequency of a sig-
nal, emitted by satellite radio beacon and received by the 
station, and a program for clarifying elements of satellite's 
orbit using the measured values of the frequency. 

The NORAD ID of a satellite and a frequency of the 
signal emitted by its radio beacon should be set to clarify 
the satellite orbit. The antenna direction control program 
download current TLE (Two Line Elements) orbital ele-
ments of the satellite from the space-track.org site using 
the satellite’s ID. These elements are used by the program 
to calculate, as functions of time, the values of range, azi-
muth and elevation angle of the satellite relative to the 
station. The program determines then the moments of the 
connections of the necessary antenna sections to the re-
ceiver, and performs these connections in the automatic 
mode, which provides continuous tracking of the satellite 
during its passage in the zone of direct radio visibility of 
the station. Simultaneous recording of the received radio 
signal is performed by the HDSDR program in wav-files. 
The program of determining a frequency of satellite radio 
beacon signal analyzes the records and automatically de-
tects the radio beacon signal and determines its frequency. 
The initial orbital elements obtained from the space-track 
site are clarified according to the measured values of the 
frequency using the program developed by 
V.A.Yamnitsky. 

The report presents the results of the station test, which 
include an estimation of internal errors of the orbital ele-
ments determining of tracked satellites. 

A network of stations similar to the one considered in 
the report could be used to orbital tracking of low-orbit 
spacecrafts equipped with radio beacons.  

Keywords: Doppler’s effect, radio beacon, low orbit 
spacecraft.  

АБСТРАКТ. В НДІ «МАО» розроблена та протес-
тована  наземна станція орбітального супроводу низь-
ко орбітальних космічних апаратів. Для орбітального 
супроводу станція використовує допплерівський зсув 
частоти сигналів, які випромінюються радіомаяками 
космічних апаратів. До складу станції входить: 1) 10-
секційна антена з круговою діаграмою спрямованості 
в діапазоні частот 400-450 МГц, 2) електронний блок 
підключення секцій антени до приймача, 3) SDR-
приймач, створений з використанням USB-приймача 
наземного цифрового телебачення і радіо («DVB-
T+DAB+FM»), 4) персональний комп’ютер. Програм-
не забезпечення станції включає безкоштовну програ-
му HDSDR управління SDR-приймачем, програму 
управління діаграмою спрямованості антени, програ-
му визначення частоти сигналу, випроміненого радіо-
маяком супутника і прийнятого станцією, а також 
програму уточнення елементів орбіти супутника за 
виміряними значеннями частоти. 

Для уточнення орбіти необхідно задати ідентифіка-
тор NORAD супутника (ID) та частоту сигналу, випро-
мінюваного його радіомаяком. Знаючи ID програма 
управління діаграмою спрямованості антени заванта-
жує з сайту space-track.org поточні значення елементів 
орбіти супутника в TLE (Tow-Line Elements) форматі. 
Отримані елементи орбіти використовуються програ-
мою для обчислення змінювання у часі значень відстані 
до супутника, азимуту та кута місця супутника віднос-
но станції та визначення моментів часу підключення 
необхідних секцій антени до приймача. Програма ви-
конує ці підключення в автоматичному режимі, що за-
безпечує безперервний супровід супутника під час про-
ходження ним зони прямої видимості станції. Одночас-
но програмою HDSDR прийнятий радіосигнал запису-
ється в wav-файли. Програма визначення частоти сиг-
налу супутникового радіомаяка аналізує записи, авто-
матично виявляє сигнал радіомаяка та визначає його 
частоту. За допомогою програми, розробленої 
В.А.Ямніцьким, початкові значення елементів орбіти 
супутника, отримані з сайту space-track.org, уточню-
ються за виміряними значеннями частоти.  

В статті представлено результати тестування стан-
ції, які включають оцінку внутрішньої похибки визна-
чення орбіти контрольованого супутника. 

Мережа станцій, подібних розглянутій в статті, може 
бути використана для орбітального супроводу низько 
орбітальних супутників, обладнаних радіомаяками. 

Ключові слова: Допплеровський ефект, радіомаяк, 
низькоорбітальний космічний корабель. 
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1. Introduction 
 
The Doppler’s effect is widely used for objects position-

ing in the past and today. For example, the Doppler systems 
Transit (in the USA), Tsikada and Parus (in the former 
USSR) were the first global navigation satellite systems in 
the world. The Transit system operated in 1967-1991 and 
its best accuracy was 20 m (Transit (satellite), 2018). 

Another example is the Franco-American project   
ARGOS (ARGOS, 2018). It is a nowadays operating 
global satellite-based location and data collection system. 
The system is used to study and protect our planet’s envi-
ronment. Its purpose is locating any mobile objects (which 
named platforms) equipped with a compatible transmitter. 
The system uses the Doppler’s effect on a transmission 
frequency (401.650 MHz ± 30 kHz) to determine posi-
tions of the platforms. Herewith the exact value of a fre-
quency transmitted by the platform is an unknown value 
and is determined together with platform coordinates. The 
system consist of six polar orbit satellites at an attitude of 
859 km, nearly 60 ground receiving stations and two  
ARGOS processing centers (in the USA and France). The 
accuracy of the system is 250 m. 

Well known also the French radar-based space surveil-
lance system named GRAVES. It is an active Doppler 
radar which emits the CW (Continuous Wave) signal of 
750 kW power at the frequency of 143050 kHz and has 
the range of 2000 km (Graves (system), 2018). There is a 
possibility to receive the GRAVES signal reflected by 
satellites and the Moon using relatively simple equipment 
even in Ukraine (Bushuev et al., 2013). 

The Doppler station developed and tested in the RI 
“MAO” uses the passive radar principle and is intended to 
clarify orbits of low-orbit satellites by measuring the 
Doppler shift of frequencies of their radio beacons. Initial 
orbits of tracked satellites are taken from (SPACE-
TRACK.ORG, 2018). The station uses a compact high-
tech receiver of the megahertz frequency range that great-
ly simplifies and reduces the cost of its hardware. 

 
2. Doppler station hardware and software  
 
Block diagram of the station is shown in Fig. 1. As it 

follows from the figure, the station consists of the next 
equipment: 
– 10-sections omnidirectional antenna in the upper hemi-

sphere (S1, …, S10); 
– Antenna switches unit; 
– Software defined radio (SDR) that includes personal 

computer (PC) and receiver used microchip Realtek 
RTL2832U as a demodulator of radio frequency signals 
(RF) of terrestrial digital television and radio “DVB-
T+DAB+FM” (Digital Video Broadcasting-Terrestrial + 
Digital Audio Broadcasting + Frequency Modulation). 
The height of the antenna is 9 m. Each its section is a 

Yagi-Uda antenna with horizontal polarization. The sections 
from S1 to S8 have eight (S1 and S5) or seven dipoles. The 
direction of these sections changes from the north (S1) to the 
east through 45 degrees. The sections S9 and S10 have only 
one dipole each and orthogonal directions: the north-south 
and east-west, respectively. These two sections are used for 
observations satellites which pass right over the station. The 
frequency band of the antenna is 430-440 MHz. The appear-
ance of the antenna is shown in Fig. 2. 

 

 
Figure 1: The block diagram of the station 

 

 
Figure 2: The appearance of the antenna 
 

The antenna switches unit has a microcontroller, tran-
sistor switches and reed relays that directly connect the 
desired antenna section to the receiver. Herewith the 
RS232 interface is used to exchange data with the PC. It is 
made on the FT232 chip that allows one to connect the 
unit to the PC via USB. 

The “DVB-T+DAB+FM” receiver has the follow char-
acteristics: 
– 24-1766 MHz frequency band; 
– 0.22 μV sensitivity; 
– 50 dB dynamic range; 
– using USB as an interface with the PC and as a power 

supply. 
As the part of the SDR, the receiver provides analog-
digital converting and transmitting to the PC the stream of 
8-bit quadrature signals with sampling rate up to 3.2 MHz 
(GNSS-SDR, 2018). 

Station software driven by Windows consists of: 
– Drivers of the “DVB-T+DAB+FM” receiver with mi-

crochip RTL2832U; 
– Freeware program HDSDR (High Definition Software 

Defined Radio) is for control the receiver and for re-
cording received signals into wav-files (HDSDR, 2018); 

– Program SatTrack is for calculating current position of a 
tracking satellite using its TLE (Two Line Elements) or-
bital elements from (SPACE-TRACK.ORG, 2018) and 
for automatically switching the antenna sections accord-
ing to azimuth and elevation of the satellite; 

– Program SatDoppler is for automatically detecting the 
satellite track on the plane “frequency-time” and deter-
mining function F(t), where F – is a radio beacon fre-
quency at a moment t; 
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– Program WinMNK is for clarifying of TLE orbital ele-
ments using F(t). The program has been developed by 
V.A.Yamnitsky (Kozelkov, 2012). 

There are two stages to clarify orbit elements of the 
given satellite: real time and post processing. Next steps 
should be performed in real time: 
– Setting the NORAD ID of the given satellite and start 

tracking the satellite using SatTrack for switching an-
tenna sections; 

– Setting (using HDSDR) the receiver’s frequency that 
corresponds to the satellite radio beacon frequency; 

– Recording received signals in wav-files using HDSDR. 
Post processing includes: 

– Analyzing the wav-files and determining a function F(t) 
using SatDoppler; 

– Taking into account the measured function F(t) clarify-
ing of the satellite orbital elements using WinMNK. 

 
3. Doppler station testing results  
 
Figure 3 shows an HDSDR screenshot and illustrates 

satellites tracking. In order to improve the screenshot 
quality, its RGB colors were inverted and converted in 
grayscale. The screenshot contains so called "waterfall": 
amplitude distributions of spectral components of a signal 
received by the station during the given time interval. 

On the "waterfall" the amplitude of the signal in the 
time-frequency domain is displayed using the brightness 
and color of the corresponding points of the domain - the 
marks. The "waterfall" shown on Fig. 3 is obtained during a 
passage of the OSCAR-19 satellite on 19 July 2018. As Fig. 
3 shows, the signal duration is about 680 s and its frequency 
is in the range from 437118 kHz to 437099 kHz. The mid-
dle frequency of the given range is equal to fn = 437108.5 
kHz. Figure 3 also shows that fn may be seen as an ap-
proximate estimation of a true radio beacon frequency f0. 
But the OSCAR-19 radio beacon has the frequency that is 
equal to f0 = 437125 kHz (N2YO.COM, 2018). So, there is 
a difference between the frequency obtained HDSDR and 
the true radio beacon frequency which is equal to (fn – f0) = 
–16.5 kHz. This difference is due to the odds between the 
valid (fv) and nominal (fn) frequencies of a reference genera-
tor of the receiver. In this case, however, the ratio between 
fv and fn  does not  dependent  from frequency  value and  is  

 
 

 
Figure 3: The HDSDR screenshot obtained during the 
OSCAR-19 passage on 19 July 2018.  

 

determined for each receiver using a rubidium atomic refer-
ence generator. This ratio takes into account when the func-
tion F(t) is determined. 

Let fd = F(t) – f0 denote the frequency shift due to the 
Doppler effect. Let fdobs denote the measured value of fd 
and fdcalc – the calculated value of fd obtained using clari-
fied orbital elements. The measured (vobs) and calculated 
(vcalc) values of the radial component of the satellite veloc-
ity may be also obtained using the formula v = –fd ·c/f0, 
where c is speed of light.  

Figure 4 illustrates the orbit determination results on 
the example of CUTE-1 tracked at 20 June 2017. Values 
of fdobs (bold line) and fdcalc (thin line) as a function of time 
are shown in Fig. 4(a). In Fig. 4(b) a distribution of re-
siduals (vobs – vcalc) are shown as the function of amplitude 
of the received signal. The data shown in Fig. 4(a) and (b) 
are obtained using the same observation of CUTE-1.  
 
 

 

 
Figure 4: Orbit determination results on the example of 
CUTE-1 tracked at 20 June 2017. 

 
 

Table 1: The main information about low-orbit satellites 
have been tracked by the station 

Sat Name  NORAD 
ID  

f
0
,  MHz Num 

Tracking  
CUTE-1  27844  436.8375 9  

CUTE-1.7  28941  437.382 2  

KISEKI  33499  437.385 2  

ITU-pSat1  35935  437.325 2  

AAUSAT-4  41460  437.425 2  

SwissCube-1  35932  437.505 1  

PSat-A/B  40654  435.350 1  

Somp  39134  437.503 1  

Studsat1  35935  437.325 1  

Techsat*)  42829  435.959 1  

Oscar-19  20442  437.125 1  
*) The satellite has a laser ranging retroreflector. 
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The standard deviation of residuals (fdobs – fdcalc) for the 
fdobs and fdcalc values shown in Fig. 4(a) had been calcu-
lated and equal to 3.8 Hz. Figure 4(b) shows that there is a 
tendency of decreasing of absolute values of (vobs – vcalc) 
when signal amplitude increasing. 

Table 1 summarizes the main information about 11 
low-orbit satellites tracked by the station up to now. The 
following information is in the table: 
- Satellite’s name (Sat Name); 
- NORAD ID; 
- Frequency of satellite radio beacon (f0); 
- Number of performed tracking of satellite (Num Tracking). 
 

4. Conclusion 
 
The ground station of orbital tracking of low-orbit 

spacecrafts has been developed and tested in the RI 
"MAO". The station uses the Doppler shift of frequencies 
of signals radiated by spacecraft radio beacons for their 
orbital elements determinations. Eleven satellites with 
radio beacons have been tracked now. 

The following is proposed: 
– Searching satellites with radio beacons based on Internet 

data and next checking by the Doppler station; 
– Improvement station hardware and software to achieve 

full automation of the orbital tracking of satellites inde-
pendent of radio signal spectrum; 

– Comparison the Techsat orbit positions obtained by the 
station with corresponding the ILRS (International Laser 
Ranging Service) data. 
 
Acknowledgements. Valeriy Aronovych Yamnitsky 

gone. Authors mourn the loss. Rest in peace, dear teacher 
and colleague.  
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ABSTRACT. Network of passive correlation rang-
ing contains of five stations located in Ukraine and Latvia. 
It has been created at the initiative of the RI “Mykolaiv 
Astronomical Observatory” to have independent means to 
track the future Ukrainian geostationary satellite “Lybid”. 
Regular observations of the geostationary telecommunica-
tion satellite “Eutelsat-13B” has being carried out by the 
network since February 2015. A catalog of daily orbital 
elements of the tracked satellite has been created using the 
network observations. The analytical model SGP4/SDP4 
of satellite motion and a numerical model of integration of 
equations of satellite motion are used to determine the 
orbital elements. The numerical model takes into account 
the gravitational attraction of the Sun and Moon, and non-
spherical Earth. Software of the orbital elements determi-
nations has been developed by the RI “Astronomical Ob-
servatory” of the Mechnikov Odesa National University. 

Satellite positions calculated using orbital elements 
from the catalog were compared with ones obtained using 
the NORAD space-track.org site and optical observations 
performed by the Ukrainian Network of Optical Stations. 
The satellite position comparisons were carried out only 
for time intervals of unperturbed motion of the satellite. 
The free motion time intervals were determined using the 
algorithm that had been tested using satellite owner data 
about the moments of satellite maneuvers. Herewith val-
ues of right ascension and declination were compared. 
Regular (mean) and random (standard deviation) values of 
the residuals are given in the report.  

Keywords: geostationary satellite, passive correlation 
ranging, orbital elements.  

 

АБСТРАКТ. До складу мережі пасивного кореля-
ційного дистанціювання входять п’ять станцій розта-
шованих в Україні і в Латвії. Мережа була створена за 
ініціативою НДІ «Миколаївська астрономічна обсер-
ваторія» як незалежний засіб супроводу майбутнього 
українського геостаціонарного супутника «Либідь». 
Регулярні спостереження геостаціонарного телекому-
нікаційного супутника «Eutelsat-13B» проводяться 
мережею з лютого 2015 року. За результатами спосте-
режень створено каталог щодобових значень елемен-
тів орбіти супроводжуваного супутника. Елементи 
орбіти визначаються з використанням аналітичної 
моделі SGP4/SDP4 руху супутника та чисельної моде-
лі інтегрування рівнянь руху супутника. Чисельна мо-
дель враховує гравітаційне тяжіння Сонця і Місяця, а 
також несферичної Землі. Програмне забезпечення 
для визначення елементів орбіти було розроблено в 
НДІ «Астрономічна обсерваторія» Одеського націона-
льного університету імені І.І.Мечникова. 

Положення супутника, обчислені з використанням 
елементів орбіти з каталогу, порівнювалися з поло-
женнями, обчисленими з використанням елементів 
орбіти з сайту NORAD space-track.org, а також з по-
ложеннями, отриманими в результаті оптичних спо-
стережень, виконаних Українською мережею оптич-
них станцій. Порівняння положень супутника прово-
дилися тільки для інтервалів часу незбуреного руху 
супутника. Інтервали часу незбуреного руху визнача-
лися за алгоритмом, який був протестований з вико-
ристанням даних про час виконання маневрів, отри-
маних від власника супутника. При цьому порівнюва-
лися значення прямого сходження і схилення. В статті 
наводяться отримані регулярні (середнє) та випадкові 
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(середньоквадратична похибка) значення різниці по-
ложень супутника. 

Ключові слова: геостаціонарний супутник, пасивне 
супровід, елементи орбіти. 

 
1. Introduction 
 
The development of global satellite navigation and In-

ternet, capable of providing device synchronization and 
data transfer, regardless of the distance between them, has 
led to the development of a cheap, fully passive, spatially 
distributed radio engineering system (network) to deter-
mine the position of geostationary satellites. The basic 
principle of the operation of such a network is the use of 
correlation analysis to calculate Time Difference Of Arri-
val (TDOA) of signals emitted by satellites and received 
by spatially separated network stations. Such a passive 
correlation ranging (PaCoRa) system has been developed 
by the SES (Société Européenne des Satellites) in 2010-
2013 and is considered by the European Space Agency 
(ESA) as a highly accurate alternative to conventional 
radar used two-way ranging method (ESA, 2018). 

Network of passive correlation ranging (NetPCR) con-
sisted of two stations has been created and tested by the RI 
“MAO” in August 2011. Since February 2015 the 
NetPCR carries out regular observations of the geostation-
ary telecommunication satellite “Eutelsat-13B” first by 
four and then by five stations located in Ukraine and Lat-
via (Bushuev et al., 2016; Kaliuzhnyi et al., 2016). Single-
measurement error (1 sigma) of the TDOA has been ob-
tained and equal about ±8.7 ns for the all pairs of the sta-
tions. A catalog of daily satellite’s orbital elements has 
been created using the analytical model SGP4/SDP4 of 
satellite motion and a numerical model of integration of 
equations of satellite motion. The internal error of coordi-
nate determination of the tracked satellite has been ob-
tained in a local orbital frame (Package, 2018) and it does 
not exceed 225 m that approximately equal to the error of 
the PaCoRa system (Bushuev et al., 2017). Means and 
standard deviations of the residuals of Eutelsat-13B Carte-
sian coordinates obtained by the NetPCR and Eutelsat 
(owner of the satellite) in the ITRF are also given in 
(Bushuev et al., 2017). The numerical model as more ac-
curate has been used to calculate the coordinates. Here-
with the maximum absolute value of the means was less 
than 900 m and the maximum standard deviation was 
1280 m. These values were obtained for the time when 
Eutelsat-13B orbit was undisturbed. The significant dif-
ferences in coordinates may be due to the difference of 
satellite motion models used by Eutelsat and ourselves to 
calculate coordinates. 

 
2. Optical and radio observations comparison  
 
Optical observations of Eutelsat-13B have been per-

formed in 2015 and 2016 by an automatic telescope KT-
50 which is a part of a complex of mobile telescopes 
(MOBITEL) of the RI “MAO” (Shulga, 2010). MOBITEL 
is also a part of the Ukrainian Network of Optical Stations 
(UMOS, 2018).  

Right ascensions (αo) and declinations (δo) measured by 
the telescope are compared with αr and δr computed using 
daily orbital elements (the numerical model) from the 
NetPCR catalogue (Geostationary satellites, 2018). Here-
with an inertial coordinate system was EME2000 (Earth’s 
Mean Equator and Equinox) or J2000 and the space dy-
namic library OREKIT was used for astronomical compu-
tations (Orekit, 2018). Light-time correction was also tak-
en into account to compute αr and δr at the moment of 
optical measurements. 

Totally the 24 different sets of αo and δo were obtained 
but only 7 of them were taken into consideration. The 
reasons for the rejection of observations were as follows: 

– Maneuver could take place during the day of the ob-
servation; 

– Another satellite was observed in the same geosta-
tionary cell; 

– Sample size of measured values of αo and δo (N) was 
less than 4. 

Satellite Cartesian coordinates in the ITRF were com-
puted on the day ends (at 23:59 and 00:00) using orbit 
elements from the catalogue for three consecutive days: at 
a day of optical observations and at days before and after 
it. It is assumed that a maneuver may take place at the day 
if jumps of the coordinates on the ends were greater than 
200 m. The coordinate jump threshold (200 m) was de-
termined using information about Eutelsat-13B maneuvers 
which was obtained from the satellite owner (Bushuev et 
al., 2017). 

Another satellite (Eutelsat-13C or 13E instead of 13B) 
was observed if the residuals (Δ) between measured (αo 
and δo) and calculated (αc and δc) right ascensions and 
destinations were greater for Eutelsat-13B than for Eutel-
sat-13C or Eutelsat-13E. The NORAD data or TLE (Two 
Line Elements) orbital elements from the space-track.org 
site are used to calculate αc and δc. 

Average values (Mean) and standard deviations (SD) of 
the optic-radio residuals (Δαo = αo – αr and Δδo = δo – δr) 
are estimated for the 7 observations are shown in Table 1 
in arc seconds. 

 
 
Table 1: Means and standard deviations of the optic-radio 
residuals, arc seconds. 

Date N Mean 
of Δαo 

SD of 
Δαo 

Mean 
of Δδo 

SD of 
Δδo 

31.10.15 12 -10.0 2.3 -10.2 0.5 
20.05.16 18 -12.5 5.7 4.1 0.9 
09.06.16 15 -15.1 3.0 0.7 0.7 
30.06.16 12 -16.4 1.5 -2.8 0.7 
03.09.16 9 36.5 2.3 -7.2 0.3 
06.09.16 8 36.7 1.8 -6.7 0.4 
30.09.16 12 26.5 2.5 -11.1 0.2 
 

 
Table 1 shows that the mean (absolute value) and SD 

of Δα are less than 37” and 6”, respectively. The corre-
sponding values for Δδ are equal 12” and 1”. 
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Table 2: Mean and SD intervals of the optic-radio and radio-NORAD residuals, arc seconds 

Residuals Mean of Δα SD of Δα Mean of Δδ SD of Δδ 
Optic-radio -15.4 ÷ 36.7 1.5 ÷ 5.7 -11.1 ÷ 4.1 0.2 ÷ 0.9 
Radio-NORAD -11.4 ÷ -2.7 2.4 ÷ 4.5 -0.8 ÷ 0.4 1.0 ÷ 4.9 

 
 
3. Comparison radio observations with NORAD data 
 
The values of αr and δr are also compared with αc and 

δc computed using NORAD data from the space-track.org 
site for the 7 days from Table 1. The intervals of changing 
means and SD of the radio-NORAD residuals Δαc = αr – αc 
and Δδc = δr – δc are given in Table 2. The corresponding 
intervals for Δαo and Δδo are also shown in the table for 
comparison.  

Table 2 shows that the means of the residuals are less 
for the radio-NORAD residuals than the optic-radio ones. 
Herewith the standard deviations of the residuals are 
greater especially for δ. 

 
4. Conclusion 
 
Eutelsat13-B positions obtained by the network of pas-

sive correlation ranging and gathered in the catalogue 
were compared with optical measurements and with the 
data from the space-track.org site (the NORAD data). 

The comparisons were performed for 7 days in 2015 
and 2016 when Eutelsat-13B positions were measured by 
the optical telescope KT-50 MOBITEL (RI “MAO”) and 
the probability of satellite maneuver was minimum.  

The means and standard deviations of α and δ residuals 
(optic-radio) are in the next intervals (arc seconds): 

– Means of Δα: -15.4” ÷ +36.7”, SD of Δα: 1.5” ÷ 5.7”; 
– Means of Δδ: -11.1” ÷ +4.1”, SD of Δδ: 0.2” ÷ 0.9”; 
The regular components of the residuals (means) be-

tween the NetPCR and NORAD α and δ were less than the 
similar values for the optic and NetPCR measurements. 
Herewith the random components (SD) were greater espe-
cially for δ. 

The following is proposed to improve the NetPCR ac-
curacy: 

– Eliminate hardware errors (including inaccuracy of 
antennae phase centers positions); 

– Taking into account tropospheric delays and light-
time corrections during orbital elements computations 
using the numerical model of satellite motion. 

 
References 

 
Bushuev F., Kaliuzhnyi M., Sybiryakova Ye. et al.: 2016, 

Latvian Journal of Physics and Technical Sciences, 53, 
No. 5, 5. 

Bushuev F. Kaliuzhnyi V., Shulga O. et al.: 2017, in Pro-
ceedings of the 9th IAASS Conference Session 11: 
Space Traffic Control – I, Toulouse (France), 18-20 
October 2017, 213. 

ESA. BUSINESS APPLICATIONS. ARTES. PASSIVE 
CORRELATION RANGING (PACORA), [online]. 
Available at: https://artes.esa.int/projects/passive-
correlation-ranging-pacora [Accessed 10 October 2018]. 

Geostationary satellites. Radio interferometric network for 
tracking of geostationary telecommunication satellites, 
[online]. Available at: http://www.nao.nikolaev.ua/ 
index.php?catalog_id=459 [Accessed 10 October 2018]. 

Kaliuzhnyi M., Bushuev F., Shulga O. et al.: 2016, Odessa 
astronomical publications, 29, 203. 

Orekit. An accurate and efficient core layer for space 
flight dynamics applications, [online]. Available at: 
http://orekit.org/ [Accessed 10 October 2018] 

Package org.orekit.frames Class LocalOrbitalFrame, 
[online]. Available at: https://www.orekit.org/static/ 
apidocs/org/orekit/frames/LocalOrbitalFrame.html 
[Accessed 10 October 2018]. 

Shulga O., Kozyryev Y., Sybiryakova Y..: 2010, Proc. of 
Gaia follow-up network for Solar system objects 
workshop held at IMCCE-Paris observatory, Novem-
ber 29 – December 1, 2010, France, 97. 

UMOS. Ukraine Network of Optical Stations, [online]. 
Available at: http://umos.mao.kiev.ua/eng/ [Accessed 
10 October 2018]. 

 
 

 
 
 

 

 
 
 

 

Odessa Astronomical Publications, vol. 31 (2018) 173
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ABSTRACT. This paper discusses the existence of 
groups of meteorite-producing fireballs and ordinary 
chondrites in the Earth-crossing Jupiter-family comet-like 
(JFC) orbits. The similarity of the orbits of meteorite-
producing fireballs and those of meteorites in the groups 
was established by applying three criteria of orbital simi-
larity – namely, the DSH criterion introduced by South-
worth and Hawkins, the DDR criterion suggested by 
Drummond, and DN criterion reported by Jopek. We have 
detected six groups of meteorite-producing meteoroids 
and ordinary chondrites of L3.5-H5 types observed over 
the determined periods of increased fireball activity. Car-
rying out systematic and well-targeted observations, espe-
cially during the determined periods of increased fireball 
activity, enables to obtain reliable statistics from the col-
lected observational data on the meteorite-producing me-
teoroids in order to determine their orbits, as well as their 
physical characteristics. The six target groups in this 
study, which contain 89 meteorite-producing meteoroids 
and six ordinary chondrites, may be groups of dynami-
cally connected bodies. The genetic relationship between 
the investigated bodies within groups needs to be consid-
ered on the basis of the analysis of orbital evolution of the 
members of each group over the past several thousand 
years. The data on the mean heliocentric orbit of the group 
of meteorite-producing meteoroids enable us to link the 
group with its likely source, which may be either an aster-
oid, a family of asteroids or a comet, thereby making it 
possible to obtain information about the source itself. The 
search for potential parent bodies of the investigated 
groups of meteorite-producing fireballs and meteorites 
was carried out among new near-Earth asteroids. Conse-
quently, several asteroids were selected in each group with 
the following criteria of the similarity between the aster-
oid orbit and mean orbit of the respective group: DD ≤ 
0.06, DSH and DN ≤ 0.12. 
Keywords: group – fireball – meteorite – ordinary chon-
drite – orbit – comet – Jupiter family. 

АБСТРАКТ. У статті розглянуто існування груп ме-
теоритоутворюючих болідів і метеоритів із классу зви-
чайних хондритів на кометоподібних орбітах типу 
JFCs, які перетинають земну орбіту.  Близькість орбіт 
болідів і метеоритів в групах встановлювалася на 
основі трьох динамічних критеріїв близькості DSH-

критерію Саутворт і Хокінса, DD-критерію Друммонда 
і DN-критерію Йопека. Виявлено шість груп метеори-
тоутворюючих метеороїдів та метеоритів з классу зви-
чайних хондритів типу L3.5 – H5, що спостерігалися в 
знайдених періодах підвищення болідної активності. 

Проведення систематичних і цілеспрямованих спо-
стережень, особливо у зазначені інтервали часу 
підвищення болідної активності дозволяє отримати 
добре забезпечену статистику спостережних даних 
про метеоритоутворюючі метеороїди для визначення 
їх орбіт, а також їх фізичних характеристик. 
Досліджені групи, що включають 89 метеоритоутво-
рюючих метеороїдів та 6 метеоритів з классу звичай-
них хондритів типу L3.5 – H5, можуть бути групами 
динамічно пов'язаних небесних  тіл. Питання про ге-
нетичний зв'язок досліджених тіл в групі необхідно 
розглядати на основі аналізу еволюції орбіт членів 
групи на інтервалі в декілька тисяч років в минулому. 

Дані про середню геліоцентричної орбіті групи ме-
теоритоутворюючих болідів дозволяють зв'язати гру-
пу з її ймовірним джерелом – астероїдом, астероїдним 
сімейством або кометою, і таким чином отримати 
інформацію про джерело. Серед астероїдів проведено 
пошук можливих батьківських тіл досліджених груп 
метеоритоутворюючих болідів і метеоритів. В 
результаті відібрано по кілька астероїдів для кожної 
групи з критеріями близькості орбіти астероїда і 
середньої орбіти групи: DD ≤ 0.06, DSH і DN ≤ 0.12. 

Ключові слова: група – болід – метеорит – звичайний 
хондрит – орбіта – комета – сімейство Юпітера. 

 
 
1. Introduction 
 
The problem of asteroid and comet impact hazard 

(ACIH) has been becoming progressively more acute 
nowadays, especially considering the increasing number 
of nuclear power stations, chemical plants and hydroelec-
tric power station dams, as well as the expansion of 
densely populated areas, and addressing this problem re-
quires raising funds from different sources. To this end, 
national and international sky survey programmes em-
ploying various observation tools for the detection of po-
tentially hazardous space objects have been developed to 
work out countermeasures against the threat these objects 
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pose to our planet. Earlier, the Earth-crossing objects lar-
ger than 100 m were assumed to be potentially hazardous 
objects (PHO). However, this approach has been modified 
upon the Chelyabinsk meteor event took place on 15 Feb-
ruary, 2013, in Russia [1]; hence now even objects smaller 
in decametric size (>10 ÷ 20 m) should be considered 
hazardous, especially due to their numerousness in the 
near-Earth space. The surveillance of fireballs using vari-
ous observation tools enable to obtain more precise data 
on their atmospheric paths, orbits in the near-Earth space 
and coordinates of the predicted meteorite impact sites. 

The importance of meteorite studies is also justified by 
the fact that chondrites, which comprise the most numer-
ous group of meteorites, are similar in chemical composi-
tion to the Sun and represent the unprocessed primary 
matter from which the Solar System had emerged.  The 
estimated daily mass influx of extra-terrestrial material to 
the Earth is within the range from 100 to 1,000 tons. Rela-
tively large objects, i.e. meteorites, make up just about 1% 
of the above indicated total quantity. Three quarters of this 
quantity falls into the oceans while the majority of the 
remaining portion fall onto inaccessible or uninhabited 
and sparsely populated regions where meteorites are 
unlikely to be found. Most small meteorites, having fallen 
onto the ground, get lost among the terrestrial rocks. Ob-
taining data from fireball observations and finding meteor-
ites, i.e. extra-terrestrial samples, are of great scientific 
importance with regard to understanding their origin and 
search for their sources in the Solar System. 

 
2. Observations of meteorite-producing fireballs 

carried out by meteor stations and fireball networks 
  
Observations of meteors and fireballs have been per-

formed by meteor stations and fireball networks, which 
allow us to obtain data on the fireball passage through the 
atmosphere, its orbit in the near-Earth space, as well as 
coordinates of the meteorite impact site for sufficiently 
large bodies. With increasing statistics on the instrumen-
tally observed meteorites, it has become possible to sepa-
rate groups of meteorite-producing meteoroids from the 
sporadic meteoroid background in the near-Earth space. 

The existence of meteoroid groups consisting of bodies 
producing meteorites was discussed in [2, 3] on the basis 
of well-determined fireball orbits obtained in the Canadian 
Meteorite Observation and Recovery Project (MORP) and 
by the U.S. Prairie Meteorite Network. 

The current statistics on meteorite-producing sporadic 
bright fireballs and superbolides show that such events 
occur rather frequently – approximately once a week or 
fortnight [4]. Within the framework of the asteroid and 
comet impact hazard (ACIH) problem, it is crucial to car-
ry out systematic observations of meteorite-producing 
fireballs, for which the data on the periods of activity are 
needed. To identify such periods of fireball activity, the 
distribution of quantity N of the observed sporadic bright 
fireballs and meteorites with known fall dates along the 
solar longitude L throughout the year was investigated 
using meteor observation data published in catalogues and 
academic journals [5]. As a result, we plotted a bar chart 
of annual distribution of quantity N of sporadic fireballs 
and superbolides with asteroid and comet-like orbits, as 
well as meteorites with known fall dates, including those 
with instrumentally determined atmospheric trajectory and 
orbits, in the solar longitude L


 with a time step of 2°.  

The resulting bar chart is shown in Fig. 1 wherein arrows 
indicate the dates of instrumentally recorded sporadic 
fireballs, after which the falls of known meteorites, i.e. 
chondrites of L3.5-H5 types with Jupiter-family comet-
like orbits (namely Benešov, Neuschwanstein, Pribram, 
Park Forest, Košice and Mason Gully meteorites), took 
place. The obtained profile of annual activity of sporadic 
meteorite-producing fireballs and meteorites shows six 
major (1-6 Maj) and two minor (1-2 Min) periods of in-
creased fireball activity throughout the year. 

A potentially hazardous object in the Earth-crossing orbit 
can be detected while it is still in the near-Earth space and 
has not yet entered the Earth’s atmosphere. There are al-
ready several on-going projects, e.g. the ATLAS project, 
developed for the early detection and monitoring of the 
short-period objects (with an orbital period of less than 20 
years) approaching the Earth (with the perihelion distance 
q<1.3 AU), which can be either near-Earth Jupiter-family 
comets (NEJFCs) or  near-Earth asteroids well before  their   

 
 

 
Figure 1: A bar chart representing the annual distribution of the quantity N of meteorite-producing sporadic fireballs 
and meteorites in the solar longitude L


. 
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Figure 2: Meteorite and fireball orbits, as well as mean orbits of the six groups of meteorite-producing meteoroids, pro-
jected onto the ecliptic. 
 
 
(NEAs). It is likely that in the nearest future it will be fea-
sible to detect such objects as the Chelyabinsk meteorite 
entering the Earth’s atmosphere, as well as to predict the 
likelihood of their fall onto the Earth’s surface in the 
computationally predicted area. There have been two 
cases of the early detection of the objects approaching the 
Earth reported so far, whose fall was predicted well in 
advance, namely the Almahata Sitta meteorite (2008 TC3) 
[6] and the second object 2014 AA, which fell into the 
Atlantic ocean [7]. These cases have proved a clear need 
for systematic and well-targeted observations, especially 
during periods of increased fireball activity, in order to 
obtain reliable statistics on the meteoroids expected to 
produce meteorites which will enable to determine their 
orbits and physical characteristics. The collected observa-
tional statistic data will allow us to separate potential 
groups which may consist of potentially hazardous mete-
oroids based on the results of the analysis of orbital ele-
ments of the meteorite-producing meteoroids. 
 

3. The origin of groups of meteorite-producing me-
teoroids and their sources 

 
There are observational evidences of the existence of 

rubble-pile asteroids, such as Itokawa and NEA 1950 DA 
[8]. Many of such asteroids could be formed from colli-
sions between the Main-belt asteroids. According to their 
structure, rubble-pile asteroids are heterogeneous asteroids 
in the form of an aggregate of components held together 
by relatively weak gravity. Such asteroids can undergo 
tidal disruption during their close fly-bys around the plan-
et within the Roche limit [9]. There are several other 
mechanisms that may cause the disintegration of an aster-
oid body, such as gravitational perturbations of Jupiter and 
other Solar System planets; the Yarkovsky – O'Keefe – 
Radzievskii – Paddack (YORP) effect spin-up; thermal 
stress in the object may also result in its partial or com-
plete break-up into a host of fragments of different size – 
from decametric to metric sized ones and smaller. The 
resulting fragments form a group of asteroidal fragments, 
including meteorite-producing ones with identical helio-
centric orbits, which being evolving gradually move to the 
Earth-crossing orbits due to the resonance effect primarily 
with Jupiter. Another possible mechanism of the forma-
tion of asteroidal fragments may be the collision between 
the asteroid and another space body, i.e. large meteoroid 
or small asteroid. Disintegration of asteroids, as well as of 
comets [10], results in the formation of groups of frag-
ments, i.e. meteoroids of different size, in the near-Earth 
space in the orbits similar to those of their parent bodies. 

4. Groups of meteorite-producing fireballs and ordi-
nary chondrites in the Jupiter-family comet-like orbits 

 
This study is aimed to investigate the possibility of the 

existence of groups of meteorite-producing meteoroids 
with Jupiter-family comet-like orbits in the near-Earth 
space, as well as the correlation between such groups of 
meteoroids and six known ordinary chondrites of L3.5-H5 
type, which have been observed so far. The target groups 
of meteorite-producing meteoroids were named after the 
known meteorites comprising the respective groups. Sci-
entific publications and meteor catalogues were used to 
search for meteorite-producing fireballs with orbits similar 
to the Jupiter-family comet-like (JFC) orbits of the six 
chondrites. The similarity of meteorite-producing meteor-
oid orbits with those of the six ordinary chondrites was 
established by applying commonly used criteria of orbital 
similarity (D-criteria), such as the DSH criterion intro-
duced by Southworth and Hawkins [11], the DDR crite-
rion suggested by Drummond [12] and DN criterion re-
ported by Jopek et al. [13].  

We determined whether the meteorite-producing fire-
ball orbits are comet-like or not using the Tisserand pa-
rameter TJ calculated by formula (1): 

0.5

22cos (1 )j
j

j

a aT i e
a a

  
         

  ,     (1) 

 
where a and aJ are the semi-major axes of a fireball and 
Jupiter, respectively; e and i are the eccentricity and incli-
nation of the fireball orbit to the ecliptic, respectively. For 
the comet-like orbits the value of the Tisserand parameter 
was TJ < 3.1. Fig. 2 illustrates the orbits of meteorites and 
fireballs, as well as mean orbits of the six groups of mete-
orite-producing fireballs, projected onto the ecliptic. 

The following data on the mean radiants and orbits of 
the groups, as well as meteorites comprising the respective 
groups, are given in Table 1: the right ascension αR (°) 
and declination δR (°) of the radiant; out-of-atmosphere 
velocity V∞ (km/sec); perihelion distance q (AU); semi-
major axis a (AU); eccentricity e; orbital inclination i (°); 
argument of periapsis ω (°); and the longitude of the as-
cending node Ω (°). The values of DSH, DDR and DN 
criteria of the similarity between the meteorite orbit and 
mean orbit of the group are presented in the last three col-
umns of the table. 
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Table 1: Groups of meteorites and meteorite-producing fireballs with similar orbits (J2000.0)  

Name αR    
(o) 

δR  
(o) 

V∞ 
km/s 

q   
a.e. 

a    
a.e. e i  

 (o) 
ω    
(o) 

Ω  
  (o) Ddr Dsh DN 

Group of meteorite Benesov 
Mean 224.0 40.6 19.3 0.948 2.360 0.588 20.4 211.6 53.4 0.00 0.00 0.00 
Benesov 227.6 39.9 21.1 0.925 2.483 0.627 23.7 218.4 47.0 0.04 0.08 0.08 
(2000JF5)    0.911  2.065  0.559  13.8  216.8  58.1  0.060  0.162  0.160  
(2010JH3)    1.054  2.706  0.611  21.0  228.0  42.8  0.070  0.141  0.139  

Group of meteorite Neuschwanstein 
Mean 183.6 -6.9 19.9 0.798 2.430 0.665 4.5 240.2 21.0 0.00 0.00 0.00 
Neuschwanstein 192.3  19.5 21.0 0.793 2.401 0.671 11.4 241.2 16.8 0.04 0.13 0.10 
(2005 RW3) ?    0.749  2.105  0.644  2.70  219.6  48.9  0.051  0.108  0.106  
(2010 GE35)    0.850  2.226  0.618  5.41  233.1  34.3  0.054  0.103  0.103  

Group of meteorite Park Forest 
Mean 173.6 10.8 19.3 0.830 2.486 0.663 5.1 233.6 6.5 0.00 0.00 0.00 
Park Forest. 171.8 11.2 19.5 0.811 2.530 0.680 3.2 237.5 6.1 0.03 0.09 0.09 
(2011 CY46)    0.836  2.150  0.611  11.5  221.1  11.1  0.063  0.152  0.150  
(2013 EV108)    0.877  2.397  0.634  8.42  215.2  33.4  0.053  0.136  0.134  

Group of meteorite Pribram 
Mean 184.4 -4.5 19.8 0.795 2.495 0.664 3.8 238.3 25.9 0.00 0.00 0.00 
Pribram 192.3 17.5 20.9 0.790 2.401 0.671 10.5 241.8 17.8 0.06 0.13 0.13 
(2013 GT79)     0.842  2.213  0.619  1.57  224.6  44.4  0.053  0.097  0.096  
(2001OK153)    0.756  2.439  0.690  7.57  260.6    2.6  0.052  0.119  0.117  

Group of meteorite Mason Gully 
Mean 151.9 10.9 16.8 0.905 2.455 0.624 5.3 41.1 176.8 0.00 0.00 0.00 
Mason Gully 148.4 9.0 14.6 0.982 2.556 0.616 0.9 19.0 203.2 0.05 0.12 0.10 
(2009 FS)     0.929  2.447  0.620  4.73  44.2  173.7  0.014  0.026  0.026  
(2011 KK15)     0.948  2.436  0.611  1.25  342.8  230.7  0.042  0.105  0.101  

Group of meteorite Kosice 
Mean 113.0 23.1 17.0 0.884 2.564 0.652 3.4 219.9 327.3 0.00 0.00 0.00 
Kosice 114.3 29.0 15.0 0.957 2.710 0.647 2.0 204.2 340.1 0.04 0.08 0.06 
(2008 BE15)     0.848  2.504  0.662  2.52    64.7  122.5  0.040  0.108  0.106  
(2011 KG13)     0.876  2.298  0.619  2.56  121.4  71.2  0.049  0.109  0.108  

 
 
 

5. Physical characteristics of fireballs from the six me-
teorite-producing meteoroid groups 

 
One of the important physical characteristics of a mete-

oroid is its structural strength that counteracts the disrup-
tive effect of the aerodynamic pressure Pdyn of the incom-
ing atmospheric air flow during its plunging. The meteor-
oid disruption, which is usually accompanied by a bright 
flare, occurs when the aerodynamic pressure of the incom-
ing air flow exceeds the meteoroid’s threshold compres-
sive strength. The aerodynamic break-up pressure Pdyn, at 
which the meteoroid disintegration occurs, can be calcu-
lated by formula (2) [14]: 

2dynP a V    ,     (2) 
where ρa is the atmospheric density at the height Hmax of 
the maximum brightness where the break-up occurred; V 
is the fireball velocity at the disruption point; Г is the drag 
factor (Г=1). Adopting graph (1) from the study [15], the 
meteoroid bulk density ρm was calculated using the aero-
dynamic break-up pressure Pdyn. The resulting bulk den-

sity ρm of the meteoroids of the six groups are given in 
Table 2.  

The following causes may explain the observed differ-
ences between the bulk densities of fireballs calculated 
using the aerodynamic break-up pressure Pdyn and densi-
ties of meteorites δm resulted from the laboratory meas-
urements: 

1) When a fireball is plunging through the atmosphere, 
due to the atmospheric thermal effect (i.e. heating) the loss 
of volatile material occurs, which results in the fireball 
break-up into smaller, sturdier and denser fragments that 
are able to survive the fall through the Earth’s atmosphere 
and land on the surface as meteorites.  

2) The estimated fireball bulk densities ρm calculated 
using the aerodynamic break-up pressure Pdyn contain 
inaccuracies in the fireball height Hmax and velocity V 
measurements at the point of its breaking up into frag-
ments, as well as in the applied value of the drag factor Г. 
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Table 2: Bulk densities of meteoroids of the six meteorite-producing groups  

 Name of the group Bulk density ρm (kg/m3) 
Pribram meteorite group 900 ÷ 1750 
Benešov meteorite group 700 ÷ 1400 
Neuschwanstein meteorite group 1150÷ 2050 
Park Forest meteorite group 750 ÷ 1900 
Košice meteorite group 1050 ÷ 1250 
Mason Gully meteorite group 1050 ÷ 2000 

 
 
 
6. Results and conclusion 
 
We have detected six groups of meteorite-producing 

meteoroids and ordinary chondrites observed over the 
determined periods of increased fireball activity. The data 
on the mean heliocentric orbit of the group of meteorite-
producing meteoroids enables to link the group with its 
likely source, such as an asteroid, a family of asteroids or 
a comet, thereby making it possible to obtain information 
about the source itself. The obtained results in the context 
of the existence of groups of meteorite-producing meteor-
oids in the Jupiter-family comet-like Earth-crossing orbits 
indicate that large and strong fragments with comet-like 
orbits may overcome the disruptive effect of the Earth’s 
atmosphere and reach the surface as meteorites. The six 
target groups, which contain 89 meteorite-producing me-
teoroids and six meteorites, may be groups of dynamically 
connected bodies. These groups may still comprise mete-
orite-producing meteoroids which can fall onto the Earth’s 
surface as meteorites nowadays. It may serve as a good 
incentive for monitoring fireballs in these groups in the 
regions of their radiants over the determined periods of the 
fireballs activity. The investigation of the possibility of the 
existence of groups of meteorite-producing meteoroids 
and their sources is of practical value with regard to carry-
ing out monitoring aimed at detection of potentially haz-
ardous objects in the near-Earth orbits well before their 
entering the atmosphere.  

In summary, we can conclude that meteorite-producing 
groups in the Earth-crossing comet-like orbits may contain 
large meteorite-producing meteoroids. The detailed study 
of physical and structural properties of this component of 
interplanetary bodies provides very important information 
about the sources of meteorites and meteorite-producing 
meteoroids from which they originated. 
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ABSTRACT. The number of spacecraft and space de-
bris (SD) in orbit has become so great that there is a real 
threat to flight safety. The task of precision calculation of 
the upcoming positions of any space objects (SO) in orbit 
in order to predict dangerous mutual approaches and to 
solve practical tasks has become topical. For the develop-
ment of a modern orbit propagation model and the associ-
ated unified forecast of the evolution of orientation and 
rotation of an uncontrolled satellite, it is necessary to rely 
on long-term series of high-quality measurements and 
their analysis. At present, the direction of research on de-
termining the state of SO rotation around a center of mass 
has become more and more developed. In our work, we 
analyze the results of photometric observations of several 
large objects of space debris obtained at the Astronomical 
Observatory of Odessa University using the KT-50 tele-
scope during the last six years or more. The results of the 
evolution of the rotation rate and orientation of the 
Topex/Poseidon, Envisat, Oicets, Cosmos-2487 (Kondor-
E) and Sich-2 satellites are presented. 

Keywords: Space debris; Photometry; Period of 
rotation; Orientation of rotation axis. 

АБСТРАКТ. Кількість космічних апаратів (КА) і 
тіл космічного сміття (КС) на орбіті сьогодні стала 
настільки великою, що виникла реальна загроза без-
пеці польотів. Зробилась актуальною задача прецизій-
ного розрахунку майбутніх положень будь-яких кос-
мічних об'єктів (КО) на орбіті з метою прогнозування 
небезпечних взаємних зближень та для вирішення 
інших практичних завдань. Для розвитку сучасної 
моделі орбітального поширення і пов'язаного з ним 
прогнозу еволюції орієнтації та обертання неконтро-
льованого супутника необхідно спиратися на тривалі 
ряди високоякісних вимірювань та їхній аналіз. На 
початковому етапі освоєння космосу головним за-
вданням спостережень КА було вимірювання їхніх 
положень серед зірок з метою забезпечення прогнозу 
наступного циклу спостережень. Але коли кількість 
КА і тіл космічного брухту  на орбіті зросла настільки, 
що виникла реальна загроза безпеці польотів, актуалі-
зувалося завдання прецизійного розрахунку майбутніх 
положень будь-яких космічних об'єктів на орбіті з 
метою прогнозування небезпечних взаємних збли-
жень. На нинішньому етапі боротьби із засміченням 
навколоземного космосу і появи реальної технологіч-

ної можливості активного видалення КС з орбіти, зро-
сла роль фотометричних і інших некоординатних ви-
мірювань КО для вирішення завдання по визначенню 
параметрів власного обертання великих космічних тіл 
навколо центру маси. В даний час спостерігається по-
мітне зростання числа досліджень, що націлені на ви-
значення параметрів обертання КО. Це продемонстру-
вала і остання 7-ма Європейська конференція з космі-
чного брухту, що пройшла в квітні 2017 року. У даній 
роботі ми аналізуємо результати фотометричних спо-
стережень декількох великих об'єктів космічного 
брухту, що були отримані в Астрономічній обсервато-
рії Одеського національного університету ім. 
І.І.Мечникова з використанням телескопа КТ-50 про-
тягом останніх шести або більше років. Наведено ре-
зультати по еволюції швидкості обертання і орієнтації 
КА Topex/Poseidon, Envisat, Oicets, Cosmos-2487 
(Kondor-E) та Sich-2.   

Ключові слова: Космічний брухт (сміття); Фотомет-
рія; Період обертання; Орієнтація вісі обертання. 

 

1. Introduction 
 
As the number of tasks solved using spacecraft (SC) orbit-

ing the Earth and the corresponding increase in the number of 
existing and planned space constellation, as well as the qual-
ity and quantity of observations of these bodies improves, the 
objectives of the space awareness has change. At the first 
stage of space exploration, the main task of spacecraft obser-
vation was to measure their position on the stars background 
to ensure the prediction of the subsequent observation cycle. 
When the number of spacecraft and space debris (SD) in 
orbit became so large that there was a real threat to flight 
safety, the task of precise calculation of the upcoming posi-
tions of any space objects (SO) in orbit was actualized in 
order to predict of dangerous mutual approaches. At the pre-
sent stage of striving for clearing of near-Earth space and the 
emergence of a real technological possibility of active debris 
removal (ADR) out of orbit, the role of photometric and other 
non-coordinate measurements of SO has increased to solve 
the problem of determining the parameters of proper spin of 
large bodies in orbit. This data should be used both when 
planning ADR missions and to provide highly accurate pre-
diction of the movement and SO’s approaches, since the up-
per atmosphere drag significantly depends on the cross-
sectional area, i.e. on body orientation. 
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Currently, there is a noticeable increase in the number 
of researches aimed at determining the parameters of the 
SO’s spin. This was demonstrated by the last 7th Euro-
pean Conference on Space Debris, held in April 2017. 
Many reports were devoted to determining the orientation 
and monitoring the spacecraft rotation about center of 
mass, developing the optical observational networks, ana-
lyzing the situation in low-Earth orbits (LEO), of methods 
for reducing the risk of space flight and discuss of the 
ADR relevance. According to L.Anselmo and C.Pardini 
(Anselmo, 2017, see Fig. 1), for average solar activity 
level, for a spacecraft having the mass to area ratio equal 
85 kg/m2 and circular orbit with initial height of ~740 km, 
his lifetime is 100 years, and for another with initial height 
of 985 km – about 1000 years. 

Boer (2017) describes the international network 
TAROT, operating since 1999 under the authority of 
CNES. The network consists of 4 high-speed robotic opti-
cal telescopes, three of which are located in the southern 
hemisphere. The largest of them (Zadko 1m telescope) is 
located in Australia at the Gingin observatory and has a 
sensitivity of up to 20m in the R-band. Fiedler (2017) and 
colleagues described the first results of the SMARTnet 
network. This network, which is German-Swiss at the first 
stage, declares openness to membership with a free ex-
change of primary measurement results. The network con-
sists of two 20 cm and one 50 cm automated optical tele-
scopes located in Europe. It is planned to expand the net-
work points in Australia and South America. The Spanish 
Space Surveilance and Tracking System (S3T) is de-
scribed in the report of Gómez (2017). The system con-
sists of a national operating center and a set of ground-
based sensors, which include five optical telescopes (in-
cluding one active), as well one radar. The system began 
work in mid-2016, but the autonomous catalogue has al-
ready been created, based on observations from a network 
of sensors. In the Flohrer (2017) report outlined the ESA 
concept of development of SSA as consisting of three 
areas, including space surveilance and tracking (SST). At 
the same time, at this stage (2017-2020), the main initia-
tive is given to the national SST resources. 

In the work of Alives (2017) the automatic assessment 
of the orientation and rotation of the spacecraft based on 
ISAR-images (using the example of Envisat observations) 
by building chains of consecutive fitted images of model 
is considered. The work of Sommer (2017) and other 
German researchers is also devoted to the spin of Envisat. 
Based on the set of 19 ISAR-images, they clarify the kind 
of the change in the inertial spin rate of the satellite over 
time, covering the period from August 2011 to March 
2017. Silha (2017) analyzes the rotational motion and 
orientation of SD using simulations of various observation 
methods, including passive photometric measurements, 
SLR and radar images. In this paper, the ESA project 
"Debris Attitude Motion Measurements and Modeling" 
aimed at short-term (days) and long-term (months and 
years) prediction of the rotation of large SD objects as part 
of the ADR task is considered. Kirchner (2017) with col-
leagues who had previously developed a method for de-
termining the attitude of satellites equipped with a laser 
reflectors unit based on range (distance) measurements by 
a high-frequency laser, in the new work complement laser 

data too measurements of target brightness using a highly 
sensitive photometer. The targets used are Envisat, Oicets, 
as well as many inactive Glonass satellites. In particular, 
variations in the rotation period of the Glonass-41 over 
almost 3 years are noted. 

In the work of Šilha, Schildknecht (2017) the Data 
Base of light curves of almost 500 SOs obtained in AIUB 
for 10 years using the 1-m ZIMLAT telescope is pre-
sented. Rotational rates were estimated for 397 objects 
and the classification of light curves by their complexity 
was proposed, which are reflecting the state of body rota-
tion. The orientation and rotation of the SWISSCUBE 
CUBESAT small satellite is described in Pittet (2017). To 
obtain the data, satellite lightcurves are used, as well as 
satellite radio reception data and gyroscopes measure-
ments on board. Benson (2017) with colleagues analyzed 
the GSS light curves of GOES series. The data were ob-
tained at the Lowell Observatory in Flagstaff in 2016 us-
ing 1.8 m and 1.1 m optical telescopes. They try to explain 
the complex and non-periodic kind of the light curve by 
the presence of two fundamental periods for tumbling 
motion of satellite. One period corresponds to spin around 
either of the satellite’s extremal axes and the second pe-
riod to precession and nutation of that axis about the rota-
tional angular momentum vector.  

 
2. Equipment and method of observation 

 
3. Topex and Envisat spacecrafts rotation monitoring 
 
The photometric monitoring of space debris for several 

years allows detecting unexpected trends in the change of 
their rotation parameters. The analysis of the light curves 
makes it possible, first of all, to notice a change in the 
visible period of rotation of the body. In Figure 1 shows 
the change in the synodic (that is, not inertial, visible) 
rotation period of the Topex/Poseidon satellite (due to 
technical problem was decommissioned at the end of 
2005), obtained from our measurements during June 2009 
– June 2018. During this time span, the rotation period of 
the satellite decreased from 18.9 seconds to 10.3 seconds. 
This satellite orbits with an inclination of 66°, remaining 
at an altitude of about  1340 km above  the Earth's surface,  
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The KT-50 high-speed telescope (Shakun, 2016) is 

equipped with a GPS-receiver for accurate time measure-
ments and digital angle encoders on the telescope's axes. 
Location of telescope – longitude 30.755667, latitude 
46.477778, height 56 m. Alt-azimuth mount, D/F = 
500/2000; the receiver TV-CCD WAT 902H2 Sup, frame 
size of 768x576 pixels, FOV is 12x9 arcmin, resolution 
scale about 1 asec/px (Shakun, 2014). 

The mount allows track of LEO satellites in the altitude 
range of 350 ÷ 5000 km, in orbits with an inclination i> 
45°; the maximum tracking rate is ~4 deg/sec; the mean 
standard deviation of the astrometric measurements is ~1 
asec  (Shakun, 2014). The photometry is currently carried 
out without light filters (in integral light) with the time 
resolution of ΔT = 0.02 s; the limiting stellar magnitude 
value for TV-CCD mode on frequency equal of 25 fps is 
9-10m. Requires re-equipment of executive engines to 
automate tracking at high speeds. 



 
Figure 1: The change in the visible rotation period of the 
Topex/Poseidon satellite, obtained from photometric 
measurements using  the KT-50 telescope during 2009-
2018. In this cubic fit, the argument is counted from 01-
01-2014 in days. 
 
has an asymmetric shape because of one large solar panel. 
As shown in Kucharski (2017) in this case, the pressure of 
direct solar radiation leads to acceleration of satellite rota-
tion. At present, the rate of spin period change has slowed, 
but has not yet fallen to zero, that is, Topex continues to 
slowly accelerate its rotation, reducing time of full revolu-
tion as about a quarter of second per year, or 2.6%. Note 
that the rate of the decrease in the visible period is fluctu-
ating on different time scales. In particular, two fluctua-
tions are clearly observed during half a year. 

Another important characteristic of satellite rotation in 
orbit is the orientation of the vector of the spin axis in space 
(we assume that it coincides with the vector of angular 

momentum) and its movement with time. In the work of 
Kucharsky (2017) the orientation of the spin axis at 401 
positions during time was determined on the basis of data 
from Satellite Laser Ranging (SLR) of Topex over two 
years (June 2014 – June 2016). In Figure 2 shows the 
movement of the pole of rotation of Topex in the equatorial 
(left) and orbital (right) coordinate system, which is calcu-
lated according to the theory given in this work. We see that 
an oscillatory motion of the spin axis occurs near the orbital 
plane with an amplitude of about 12 degrees around a point 
close to the perigee of the Topex orbit. 

In order to test this solution for the orientation of the 
spin axis of Topex, we consider the light curves of this 
satellite, obtained at the same time in Odessa using  KT-
50 telescope. Figure 3 shows a fragment of the observed 
light curve of June 23, 2014 (below) and the correspond-
ing fragment of the theoretical light curve of the optical-
geometric model of Topex (above) calculated for the same 
conditions of lighting and observation and for the above 
indicated orientation of its spin axis in space. It is neces-
sary to state a good qualitative correspondence between 
the theoretical and the observed light curves during the 
five rotation cycles shown. This can be regarded as an 
independent confirmation of the spin axis solution ob-
tained on the basis of SLR data only. 

The synchronous basic (baseline) photometric meas-
urements of the Topex during a short time interval were 
obtained on July 28, 2014 in Odessa and in Kazan, MMT 
(see Fig. 4). The pattern of satellite brightness variation is

 

     
Figure 2: The Topex/Poseidon orientations of spin axes in equatorial coordinate system (left). The projection of the 
Topex spin axes on the XY-plane, which is perpendicular to the orbit perigee direction (right). 
 
 

 
Figure 3: Fragment of the observed light curve dated June 
23, 2014 (below) and the theoretical light curve of the 
Topex model (above) calculated for its rotation axis orien-
tation in space RA_rot = 174°, Decl_rot = -77°. 

 
Figure 4: Fragment of the Topex/Poseidon light curve dated 
July 28, 2014, observed simultaneously from two points. The 
solid black curve – Odessa, KT-50; red dotted curve – Kazan, 
MMT (Katkova, 2017; http://astroguard.ru/satellites). 
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Figure 5: Change in the visible period of Envisat rotation, obtained from the observed light curves, Odessa, KT-50. 
From April 2013 to May 2015, the rotation period increased with acceleration (Koshkin, 2016); from May 2015 to April 
2018 – it is increased with a slowdown. 

 

 
Figure 6: The change of the apparent rotation period of the Oicets satellite, obtained from the observed light curves, 
Odessa, KT-50. 

 
 

almost completely repeated on both light curves, but with 
a small but significative time shift, which is probably ex-
plained by the parallactic delay for spaced observation 
stations and depends on the direction and rotation speed of 
the satellite. 

In paper Koshkin (2016) on the basis of photometry in 
2013-2015, we estimated the rate of rotation period 
change of another large space debris object – the inactive 
European satellite Envisat orbiting on altitude of 760 km 
with inclination of 98°. This object also has a very asym-
metrical shape, but unlike the case described above, the 
Envisat's rotation period increases with time, that is, the 
satellite's rotation slows down. While (at the same time), 
according to measurements of the visible period of 2013-
2015, as well as according to estimates of the inertial pe-
riod, it was possible to conclude that the rotation period 
does not grow linearly, but with a slight “acceleration” 
(weak quadratic dependence on time). Pittet (2018) and 
colleagues during a similar interval of measurements us-
ing the technology of satellite laser range  (SLR) estimate 
the slowdown of the rotation period of Envisat. They have 
developed a method for determining the rotational motion 
of a satellite (the period and orientation of the rotation 
axis) during a single pass. 

In the more late work of Sommer (2017) based on their 
own data on the Envisat rotation period, obtained using a 
inverse synthetic aperture radar (ISAR) during the period 
2013-2017, and analyzing our and other available data of 
colleagues, they clarify the nature of the inertial period 
change of the satellite evaluating it as linear. A theoretical 
analysis of Envisat's long-term rotational motion and a 

comparison with estimates of its orientation and rotation 
period from observational data is given in Sagnières, 
2018. A distinct nutation of the satellite angular momen-
tum vector relative to the orbit normal is predicted, and its 
period evaluated of the order of several days. Over time, it 
is expected that the nutation of the rotation axis will be-
come more and faster simultaneously with a decrease of 
the angular velocity. Our new photometric measurements 
from June 2015 to April 2018 showed that in 2015 the 
nature of Envisat deceleration changed and in the last two 
years the growth of the rotation period almost stopped 
(Fig. 5). We also note that the scatter of the values of the 
visible period in 2017–2018 has increased markedly, 
which may indicate an increase in the nutation amplitude 
of the rotation axis in accordance with the Sagnières 
(2018) forecast. 

 
4. Different rotational behavior of LEO inactive 

spacecraft 
 
Other large objects of space debris demonstrate the 

complex nature of the change in rotational speed. In Fig-
ure 6 shows the change in the apparent spin period of the 
Oicets satellite, obtained according to photometry data on 
the KT-50 telescope from the end of 2013 to the middle of 
2018. This spacecraft is in an almost circular orbit with 
altitude of about 570 km and inclination of 98°, and has 
been inactive since September 2009. As you can see, sev-
eral intervals of acceleration and deceleration of the satel-
lite rotation were observed. The cyclicity was about 600-
640 days. 
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The photometric observations during almost 1000 days 
of the Russian spacecraft COSMOS-2487 (Kondor-E) 
show an almost linear increase in the visible rotation pe-
riod against time (Fig. 7). This spacecraft is in orbit with 
altitude of only 450 km and inclination of 74.7° and car-
ries a large SAR antenna measuring 6x7 square meters. 
Slow deceleration of rotation indicates the passive status 
of this spacecraft, although we do not know the official 
confirmation of this fact. 

The communication with the Ukrainian remote sensing 
satellite Sich-2 was discontinued on December 12, 2012 
due to battery failure. It remains in orbit at altitude of 690 
km and inclination of 98°. Photometric monitoring of this 
inactive satellite is conducted by us from April 2013 to 
July 2018. Figure 8 presents data on the change of the 
photometric visible rotation period of this spacecraft ob-
tained in Odessa and in Evpatoria (Ukrainian SSA Cen-
ter). A few months after the failure, at the beginning of 
April 2013, the satellite rotated with frequency of 4.4 
revolutions per minute (apparent rotation period was 13.6 
seconds), but over time the rotation speed grew rapidly. 
By the middle of August 2013, Sich-2 was rotating  with 
frequency of 9.2 revolutions per minute (P_app = 6.52 s). 

After that, there was a long period of slow growth of the 
rotational speed and in July 2018 the apparent period is 
3.64 seconds. 

This spacecraft has a symmetrical cube shape and four 
solar panels parallel to one face. Therefore, it can be as-
sumed that the rotation axis in the satellite body  coincides 
with the longitudinal axis of symmetry or with one of the 
normals to the side faces (Lopachenko, 2013). The light 
curve of this spacecraft usually shows a weak-specular 
reflection of light by the satellite planes. Figure 9 shows 
the Sich-2 light curve obtained on May 11, 2018 in 
Odessa. At beginning of the passage, acute but wide 
maxima of brightness are observed (see Figure10, the top 
composite curve is obtained by folde the first 10 cycles), 
at the end of the passage the phase angle has increased to 
120° and the maxima changed to rounded quasi-sinusoidal 
shape (Fig.10, the lower composite curve is obtained by 
folde the last 10 cycles of brightness fluctuations). 

But in both areas we see that two diametrically oppo-
site faces give a brighter shine and show the amplitude of 
the oscillation of about 4 ÷ 5 stellar magnitudes, while the 
intermediate ones are 2-4 times smaller than the ampli-
tude.  This  can  be  explained if it is assumed that brighter  

 
 
 

 
Figure 7: Change of the apparent rotation period of the COSMOS-2487 (Kondor-E) satellite, obtained from the ob-
served light curves, Odessa, KT-50. 

 
 

 
Figure 8: The change of the apparent rotation period of the Sich-2 satellite obtained from the observed light curves in 
Odessa on the KT-50 telescope and in Evpatoria, KOS “Sazhen” (AZT-28). 
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Figure 9: The light curve of the Sich-2 satellite dated May 11, 2018, obtained in Odessa using the KT-50 telescope. The 
oval marked the time interval when the specular reflection of light are observed. A fragment of the same light curve on 
a large scale is shown in the inset to demonstrate the mirror nature of the reflection of light during flashes. 
 
 

 
Figure 10: The convolution of the Sich-2 light curve dated 
May 11, 2018 with a period of 3.633 seconds. Two fragments 
of the folded light curve are shown. The upper composite 
curve includes the first 10 cycles of Sich-2 rotation; the lower 
composite curve includes the last 10 cycles. 

 
 

flashes of shine are formed with the participation of flat 
solar panels. In this case, the rotation axis in the satellite 
body is parallel to the plane of these panels (or makes a 
small angle, that is, not strictly perpendicular to one of the 
side faces). This kind of Sich-2 light curves have in most 
passages, when the maximum satellite brightness does not 
exceed about 4m. But in rare passages (approximately in a 
quarter of cases), bright specular flashes appear on the light 
curve, during which the brightness increases by 3-5 mag (to 
1m and even to -1 ÷ -2m). The like area is indicated on the 
light curve of May 11, 2018 (Figure 9) and on the insert we 
can clearly see the mirror nature of the flashes in this area 
of light curve. For such time intervals with bright specular 
flashes, we calculated the direction of the phase-angle bi-
sectors (PAB). All of them fall into a limited area in space: 
RA_bis = -3 ÷ 89°, Decl_bis = -41 ÷ + 15° (with a midpoint 
of RA_bis = 56°, Decl_bis = -14.3°). 

Taking into account the symmetry of the satellite shape 
and the fact that the angles between the actual normal to the 
orbit and the corresponding PAB remains on average close 
to 100°, it can be assumed that the rotation axis makes an 
angle close to 90° with the normal of the ‘reflecting’ planes. 
Then the vector of the Sich-2 rotation axis over the entire 
time interval considered may experience oscillations near 
the mean pole RA_rot = 56 °, Del_rot = 75.7 ° (Fig.11). 

 
Figure 11: The location of PAB directions on the celestial 
sphere (shown by diamondes. Calculated for the middle of 
intervals when are appear bright specular flashes of 
brightness) for 25 light curves of the Sich-2 obtained from 
16-05-2013 through 01-08-2018. Open circles indicate the 
estimated corresponding positions of the spacecraft rota-
tion axis for these passages. The crosses indicate the di-
rections of the normals to the plane of the satellite orbit 
during of these observations. 

 
 
Figure 12 shows a fragment of the same light curve of 

the Sich-2 spacecraft obtained on May 11, 2018 (the lower 
curve) and the theoretical light curve of the satellite's opti-
cal-geometric model (upper curve) is given for compari-
son. The theoretical curve was obtained under the same  
lighting  and  observation conditions as the real one, and 
the rotation axis in the model body is perpendicular to one 
of the side faces of the cube (parallel to the solar panel 
plane), and in the inertial equatorial coordinate system it  
is directed to the pole RA_rot = 56°, Decl_rot = 75.7°. 
Despite the imperfection of the parameters characterizing 
the light scattering by this model, nevertheless, for the 
indicated orientation of the rotation axis in space, a similar 
pattern of changes in the brightness of the real Sich-2 sat-
ellite and its model was obtained. In order to independ
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Figure 12: The fragment of the light curve of the Sich-2 spacecraft dated May 11, 2018, obtained in Odessa using the 
KT-50 telescope (below) and the theoretical light curve of the satellite model (above) calculated for the same conditions 
and orientation of its rotation axis in the equatorial system: RA_rot = 56°, Decl_rot = 75.7°. 

 
 

ently confirm the results of our analysis, it is advisable to 
obtain synchronous basis photometric observations of the 
Sich-2 satellite with a high measurement frequency and 
impeccable timing. 

 
5. Conclusion 
 
The development of a modern orbital propagation 

model and a closely related unified forecast of the evolu-
tion of attitude and rotation of an uncontrolled satellite 
should be based on long-term series of high-quality meas-
urements and their analysis. In our work, we analyze the 
results of photometric observations of several large ob-
jects of space debris obtained at the Astronomical Obser-
vatory of Odessa University using the KT-50 telescope 
over the past six years. Different conditions and factors of 
near-Earth space influence the rotation of these spacecraft 
around the center of mass in different ways. First of all, 
we can estimate the rotation speed of the satellites and its 
change over time. Some inactive satellites demonstrate a 
slowing down of rotation under the action of moments of 
gravitational forces, a magnetic field, and the pressure of 
sunlight and a rarefied upper atmosphere, while others, on 
the contrary, experience an acceleration of rotation at a 
certain time interval. Still others show the cyclical nature 
of these processes. 

The analysis of the geometric conditions in which the 
brightness of a satellite is measured (especially the presence 
of specular reflection of light by its surface) makes it possi-
ble in some cases to estimate the orientation of its axis of 
rotation in the inertial and orbital coordinate system. As a 
rule, at the first stage, this is the rough average position of 
the rotation axis in the body and in space; however, this 
allows you to continue the analysis of the available photo-
metric data by simulating and comparing the real and theo-
retical light curves of the satellite. This implies the impor-
tance of the adequacy of such optical-geometrical models to 
real prototypes in orbit. A preflight measurement of the 
main optical parameters and characteristics of the spacecraft 
is strongly required. It is also obvious that it is necessary to 
include in the model analysis the complex nature of the 
satellite rotation, including nutational motion with variable 
amplitude, which will make full use of the high information 
potential contained in high-frequency measurements of the 
brightness of artificial bodies in orbit. 
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ABSTRACT. Double station meteor observation using 
TV CCD unintensified techniques was started in 2013 in 
Nikolaev astronomical observatory (RI NAO). During 
observational campaign in 2013-2016 catalog containing 
1055 meteoroid orbits has been obtained. Registered me-
teoroid photometric masses (Kruchinenko, 2012) are be-
tween 10-7 and 10- 2 kg. Distribution of radiants, velocities and 
elements of heliocentric orbits with accent on meteoroids with 
low masses are analyzed in the work. Comparison with data 
from meteoroid orbit catalogs SonotaCo, EDMOND and NFC 
networks is also given. Two kinds of databases/catalogs are dis-
tinguished: “narrow field” and “wide field” depending on which 
type of camera system were used in observations. For analysis of 
the different catalogs only sporadic meteors were selected. 
Comparison of sporadic meteoroid radiants and orbital elements 
for different databases has shown that “narrow field” observa-
tions have next typical characteristics: 

1) more relative number of low-mass meteoroids (about 
30%) than large databases obtained by wide-angle obser-
vations; 

2) significant increasing of number of low-velocity (Vg 
< 20 km/s) meteors. 

Meteoroids with m < 0.01 g has some specific charac-
teristics different for wide- and narrow-angle observa-
tions: 

1) “narrow-field” databases have  more orbits with e < 
0.8 than “wide-field” ones; 

2) aphelion distances in “narrow-field” databases are 
mostly less than 4.6 au but inclination for such orbits 
mostly more than 75°, “wide-field” databases show only 
retrograde with aphelion distances Q > 4.6 predominantly; 

3) low-mass meteoroids in “wide-field” databases caused 
Apex contribution only, notable part of this objects from “nar-
row-field” data has radiants close to Antihelion source. 

Keywords: meteors, meteoroid orbits, video observation. 
 
АБСТРАКТ. У 2013 році в Миколаївській 

астрономічній обсерваторії (НДІ "МАО") розпочато 
базисні спостереження метеорів із застосуванням 
телевізійної ПЗЗ-техніки. В ході спостережної 
кампанії 2013-2016 рр. було отримано каталог, в яко-
му містяться 1055 орбіт метеороїдів. Зареєстровані  
фотометричні маси метеороїдів (Kruchinenko, 2012) 
знаходяться у діапазоні 10-7-10-2 кг. В роботі 
проаналізовано розподіл радіантів, швидкостей та 
елементів геліоцентричних орбіт з акцентом на 
метеорні тіла з малими масами. Також наведено 
порівняння з даними кталогів метеороїдних орбіт 

SonotaCo, EDMOND та NFC. Розрізняються два типи 
баз даних/каталогів: "малого поля" та "широкого по-
ля" в залежності від того, який тип оптичної системи 
використовувався в спостереженнях. Для аналізу 
різних каталогів були відібрані лише спорадичні ме-
теори. Порівняння спорадичних метеорних радіантів 
та елементів орбіт для різних баз даних показало, що 
спостереження "малого поля" мають наступні 
характерні ознаки: 

1) більш відносне число маломасивних метеороїдів 
(близько 30%), порівняно з великими базами даних, 
отриманими з ширококутних спостережень; 

2) істотне збільшення кількості метеорів з малою 
швидкістю (Vg < 20 км/с). 

Метеороїди з m < 0.01 г мають деякі характерні оз-
наки, що відрізняються також у випадках спостере-
жень різними оптичними системами: 

1) бази даних "малого поля" мають більше орбіт з e 
< 0.8, ніж дані "широкого поля"; 

2) афелійні відстані в даних "малого поля" в основ-
ному менші за 4.6 а.о., але нахили таких орбіт більші 
за 75°, дані ширококутних спостережень мають лише 
ретроградні орбіти з афелійними відстанями, що пере-
важно більші ніж 4.6 а.о.; 

3) маломасивні метеороїди в “ширококутних” даних 
зумовлені лише радіантами апексної групи, помітна 
частина таких же метеороїдів за даними спостережень 
малими полями зору мають радіанти близькі до групи 
протисонячного джерела (Antihelion source). 

Ключові слова: метеори, орбіти метеороїдів, 
телевізійні спостереження. 

 
 
1. Introduction 
 
Study of faint meteors caused by low mass (10-6-10-2 g) 

meteoroids does a significant refinement of small bodies 
distribution in Solar System (Koukal et al. 2015). Most 
part of information about these objects came from radar 
observation of meteors (Voloshchuk & Kasheev, 1981; 
Janches et al, 2003) and satellite researches (Carillo-
Sanchez et al., 2015). Another way of detecting small par-
ticles is using intensified CCD technique (Vitek et al., 
2016; Ohsawa et al., 2018). Recent works (Koukal et al., 
2015; Kulichenko et al., 2015, Kulichenko & Shulga, 
2017) have shown that unintensified TV CCD cameras 
with narrow fields of view (<10°) can also be used as effi-
cient instrument for faint meteors investigation. 
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2. Meteoroid orbital data from TV observations 
 
At the end of the twentieth century, there were just a 

few video systems around, which were operated occasion-
ally during major showers or exceptional events. With the 
availability of automated meteor detection software, not 
only the number of video observers steadily increased, but 
they also organized in observing networks to join forces in 
creating large meteor and meteoroid orbit databases. In 
this work some of the largest databases of these networks 
were used for comparing with results obtained in RI 
“MAO”.  

 
2.1. “Wide field” catalogs 
 
The largest databases obtained by both amateur and 

professional video meteor networks are SonotaCo (Japan) 
and EDMOND (Europe).  

SonotaCo started operation in August 2004 and by Janu-
ary 2008 had grown to 31 stations with more than 130 cam-
eras (Rentdel & Arlt, 2017). These cameras are almost exclu-
sively non-intensified monochrome video cameras with 
fields of view between 30° and 90° (f=(3.8-12) mm, f/0.8). 
Software for meteor detecting, processing and meteoroid 
orbit calculation is calling UFO Tool Suite developed by 
SonotaCo group. The orbital data are published every year on 
website (http://sonotaco.jp/doc/SNM/index.html). By the end 
of 2017 more than 220 000 orbits were obtained by the net-
work. 

EDMOND (European viDeo MeteOr Network Database) 
is a database of orbits based and computed from video me-
teor data – observed and analysed with UFO and other (e.g. 
MetRec) software. It is not another camera network but it is 
a result of cooperation of several European networks in-
cluding IMO and national observing groups from 14 coun-
tries (Rentdel & Arlt 2017). Fields of view of used cameras 
are between (40-90)°. UFO Orbit is main software for com-
putation meteoroid orbits. Database contains more than 322 
000 orbits for 2001-2016 and stored on website Me-
teorNews (https://www.meteornews.net). 

 
2.2. “Narrow field” catalogs 
 
NFC (Narrow Field Camera) network was created in 

2014 on the base of CEMeNt (Central European MEteor 
NeTwork) and uses cameras with fields of view 5.4°×6.8° 
(f=50 mm, f/1.0). Such system allows detecting fainter 
meteors than in networks described above. Software for 
observation and calculating orbits is UFO Tools (Koukal 
et al. 2015). Database stored on MeteorNews website con-
tains 1234 meteoroid orbits. 

In 2013-2016 in Research Institute “Mykolaiv astro-
nomical observatory” 1055 meteoroid orbits were ob-
tained by double station observation. Cameras have fields 
of view less than 5° (4 lens: f=85 mm, f/1.8, 2 lens: f=100 
mm, f/2.0). Observational system, method and results de-
scribed in works Kulichenko et al. (2015), Kulichenko & 
Shulga (2017). For more strict comparison catalog of or-
bital data was calculated in format of UFO Tools soft-
ware. 

3. Analysis  
 
To estimate the contribution of faint meteors in all da-

tabases the simplified model of meteoroid photometric 
mass m0 (Kruchinenko, 2012) was used: 
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whereas M – absolute magnitude of meteor, V0 – preat-
mospheric geocentric velocity, km/s, zR – zenithal distance 
of meteor radiant, radians. This parameter was used rather 
in statistical sense than as real meteoroid mass value. On 
Fig. 1, meteoroid photometric mass distributions are 
shown for all described databases.  Catalogs based on nar-
row field observations show shifts of their distributions 
maxima towards the lower masses. Relative contribution 
of faint meteors in these catalogs is about 30% (Table 1). 

For further analysis of the catalogs only sporadic mete-
ors were selected. Due to low population index of shower 
meteors (Rentdel & Arlt, 2017) their contribution to narrow 
field observations cannot be compared with large catalogs. 
Percentage of sporadic meteors is given in the table 1. 

Also group of sporadic meteoroids with photometric 
masses < 0.01 g were analyzed. 

On Fig. 2 (a, b) solar elongation and geocentric veloc-
ity distributions of sporadic meteors for all databases are 
shown. Comparing with large catalogs “narrow-field” 
catalogs have more meteors with Vg < 20 km/s which is 
one of the advantages of narrow-field camera systems 
(Koseki, 2018). This fact can be explain rather by obser-
vational conditions than by low-mass meteoroids contri-
bution (Fig. 2, c, d). One more typical maximum with Vg 
= 65 is so called Apex contribution km/s or meteors which 
observed in early morning observations when observer is 
located in the front of the Earth with respect to the Earth’s 
direction of movement (Drolshagen et al., 2014; Ku-
lichenko & Shulga, 2017). 

Solar elongation and geocentric velocity distributions 
of sporadic meteors with m < 0.01 g (Fig.2, c, d) show 
that low mass component of sporadic background in ED-
MOND and SonotaCo databeses entirely caused  by  Apex 

 

 
 
Figure 1: Meteoroid photometric mass distribution stan-
dardized by the total number of meteors (see table 1). 
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(a) (b) 

  
(c) (d) 

Figure 2: Solar elongation (a, c) and velocity (b, d) distributions of sporadic meteors (a, b) and sporadic meteors with  
m < 0.01 g (c, d) 

  
(a) (b) 

  
(c) (d) 

Figure 3: Perihelion distance (a), aphelion distance (b), eccentricity (c) and inclination (d) distributions for sporadic 
meteors with m < 0.01 g (c, d) 
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Table 1: Databases of meteoroid orbits obtained from video observations 
 

Network SonotaCo EDMOND NFC RI “MAO” 

Countries participants Japan Western and Cen-
tral Europe 

Czech Republic, 
Slovakia Ukraine 

Number of cameras (stations) >130 (30) (155) 6 (6) 6 (2) 

Camera systems (lens focal length 
and aperture, field of view) 

3.8–12 mm; 
f/0.8;  

30º–90º 
3–8 mm;  

f/0.8–f/1.4;  
40º–90º 

50 mm;  
f/1.0; 

6.8°x5.4° 
85-mm, 100-mm;  

f/1.8, f/2.0;  
3.2°x4.2°, 
2.7°x3.6° 

Number of orbits 2013-2016 89465 209702 1244 1055 

Meteoroid minimal mass, g ~ 10-2 ~ 10-2 ~ 10-4 ~ 10-4 
Average absolute magnitude -0.8 -1.2 3.0 1.9 

Limiting absolute magnitude 3.0 1.7 6.2 5.4 

Number of sporadic orbits 54673 (61.1%) 97810 (46.6%) 824 (65.5%) 737 (69.9%) 

Number of orbits with m < 0.01 g 5130 (7%) 750 (1%) 236 (34%) 203 (30%) 

Sporadic orbits with Q < 4.6 au 21791 (24%) 40581 (19%) 557 (44%) 568 (54%) 

Sporadic orbits with Q < 4.6 au 
and i < 75° 11770 (13%) 26529 (13%) 473 (38%) 349 (33%) 

Sporadic orbits with Q<4.6 au and 
m < 0.01 g  1696 (1.9%) 210 (0.1%) 117 (9.3%) 138 (13.1%) 

Sporadic orbits with Q < 4.6 au 
and i < 75° and m < 0.01 g  34 (0.04%) 7 (0.003%) 53 (4.2%) 27 (2.5%) 

 
 
 
contribution. In NFC and RI MAO databases most part of 
low mass meteoroids belongs to Apex group but also there 
are meteoroids close to Antihelion source of sporadic me-
teors (λ-λ0 = 180°). 

Potential parents of low mass meteoroids can be 
searched by comparison of the distributions of the orbital 
elements of low mass sporadic meteors with distributions 
of NEA, short and long periodic comets (Jaksova et al., 
2015). On Fig. 3 some of the orbital elements distributions 
for low mass meteoroids are shown. Comparing different 
databases it is clear that meteoroids from narrow-field 
catalogs have more relative numbers of low-eccentricity 
orbits (e < 0.8) which is typical for NEA and short peri-
odic comets. Q-critetion of C-A (cometary or asteroid type 
of orbit) classification (Williams & Jopek, 2013) (Fig. 3, 
b) shows that catalogs NFC and RI MAO contain about 
50% meteoroids with asteroid orbits but if the orbits with i 
> 75° are omitted it is clear that vast majority of meteor-
oids (Table 1) has cometary origin. As Williams & Jopek 
(2013) supposed such large influx of pseudo-asteroid or-
bits can be caused by Poynting-Robertson drag which 
decrease aphelion distances of comet type orbits espe-
cially for low-mass bodies. 

 
 

4. Conclusion 
 
Comparison of sporadic meteoroid radiants and orbital 

elements for different databases has shown that “narrow 
field” observations have next typical characteristics: 

1) more relative number of low-mass meteoroids (about 
30%) than large databases obtained by wide-angle obser-
vations; 

2) significant increasing of number of low-velocity (Vg 
< 20 km/s) meteors. 

Meteoroids with m < 0.01 g has some specific charac-
teristics different for wide- and narrow-angle observa-
tions: 

1) “narrow-field” databases have  more orbits with e < 
0.8 than “wide-field” ones; 

2) aphelion distances in “narrow-field” databases are 
mostly less than 4.6 au but inclination for such orbits 
mostly more than 75°, “wide-field” databases show only 
retrograde with aphelion distances Q > 4.6 predominantly; 

3) low-mass meteoroids in “wide-field” databases 
caused Apex contribution only, notable part of this objects 
from “narrow-field” data has radiants close to Antihelion 
source. 

Low-mass meteoroids research needs more observa-
tional data and narrow-angle cameras are efficient and 
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relatively low-cost instrument for obtaining these kind of 
observations. 
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ABSTRACT. Since the launch of Sputnik 1, the num-

ber of objects in near-earth orbit has been constantly in-
creasing. The growth of number of these objects increases 
the risk of their collisions with existing satellites and ones 
which will be launched, that can be accompanied by their 
failure or even destruction. Most space agencies and many 
countries have their own space surveillance networks. 
These networks continually measure the positions of 
known objects, find new ones and predict their future po-
sitions. It is necessary to know the position of the objects 
with an accuracy of up to the characteristic size of the 
operating satellites (about 10 cm or more) to prevent colli-
sions. Today, this task can be solved only for a small 
number of reference satellites and only for the past. 

The calculation of the objects positions in near-Earth 
space requires the implementation of complex models of 
the Earth motion and a space object using many factors 
affecting the final result. Some of these factors, for exam-
ple, the atmospheric density and the attitude of the satel-
lite in the space, are not well predicted by modern models 
and require constant refinement from observations. 
Ukrainian Optical Facilities for Near-Earth Space Surveil-
lance Network (UMOS) is used to surveillance and study 
near-Earth space in Ukraine. 

There are many practical tasks that require knowledge 
of the positions of the space objects. The different soft-
ware solutions are being applied to solve them. All of 
them must implement motion models of near-Earth space 
objects, the Earth and the main bodies of the Solar System 
for their needs. Space dynamics libraries are developed to 
implement these models. Orekit is one of these libraries. 
The Kotlin Orbit Estimation Library (KOrbEstLib) is built 
on the features of Orekit and extends them. KOrbEstLib 
expands the set of input and output data types, implement-
ing the support of a number of Ukrainian and international 
data formats, in particular, the formats used in the UMOS 
network. In addition, KOrbEstLib offers an alternative 
implementation for estimating the parameters of the mo-
tion model of space objects in comparison with Orekit. 
This paper discusses a number of implementation features 
of the KOrbEstLib. 

Keywords: artificial satellite, optical observation, space 
dynamic software, orbit estimation, Orekit.  

 
АБСТРАКТ. З моменту запуску першого космічно-

го супутника кількість об'єктів на навколоземній орбі-
ті неухильно зростає. Збільшення кількості цих об'єк-
тів підвищує ризик їх зіткнень з діючими супутниками 
і тими, що тільки виводяться, це може супроводжува-
тися виходом їх з ладу або навіть руйнуванням. Для 

запобігання зіткнень необхідно знати положення всіх 
великих космічних об'єктів. Більшість космічних 
агентств і багато країн мають свої мережі спостере-
ження за космічним простором. Ці мережі постійно 
вимірюють положення відомих об'єктів, займаються 
пошуком нових і прогнозують їхнє майбутнє поло-
ження. Для запобігання зіткнень необхідно знати роз-
ташування об'єктів з точністю до характерних розмі-
рів діючих супутників (від 10 см до декількох метрів). 
На сьогоднішній день така задача може бути вирішена 
тільки для невеликої кількості еталонних супутників і 
тільки для минулого часу. 

Обчислення положень об'єктів в навколоземному 
просторі вимагає реалізації складних моделей руху 
Землі та космічного об'єкта з урахуванням великої 
кількості факторів, що впливають на кінцевий резуль-
тат. Ряд цих факторів, наприклад густина атмосфери і 
орієнтація супутника в просторі, недостатньо добре 
передбачаються сучасними моделями і вимагають 
постійного уточнення з спостережень. Українська ме-
режа оптичних станцій для дослідження навколозем-
ного простору (УМОС) використовується для цілей 
контролю та його вивчення. 

Існує безліч практичних завдань, що вимагають 
знання положення космічних об'єктів. Для їх вирі-
шення застосовуються різноманітні програмні рішен-
ня. Всі вони повинні для своїх потреб реалізовувати 
моделі руху навколоземних космічних об'єктів, Землі і 
основних тіл Сонячної системи. Для реалізації цих 
моделей розробляються бібліотеки для космічної ди-
намики. Однією з таких бібліотек є Orekit. Kotlin Orbit 
Estimation Library (KOrbEstLib) спирається на можли-
вості Orekit та розширює їх. KOrbEstLib впроваджує 
додатковий набір вхідних і вихідних типів даних, реа-
лізуючи підтримку ряду українських і міжнародних 
форматів даних, зокрема форматів прийнятих в мере-
жі УМОС. Крім цього, KOrbEstLib пропонує альтер-
нативну в порівнянні з Orekit реалізацію для оцінки 
параметрів моделі руху космічних об'єктів. У роботі 
розглядаються ряд особливостей реалізації бібліотеки 
Kotlin Orbit Estimation Library. 

Ключові слова: штучні спутники, оптичні спостережен-
ня, програмне забезпечення, визначення орбіт, Orekit. 

 
1. Introduction 
 
Since the launch of Sputnik 1 on October 4, 1957, the 

number of objects in near-earth orbit has been constantly 
increasing. The launch of artificial satellites of Earth and 
results of the destruction of objects in orbit is the main 
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sources of these objects. Only 8% of cataloged objects are 
active satellites and the rest are space debris (ESA, 2018). 
According the NASA forecast the number of the objects 
will grow on in the future (Liou et al., 2004; 2018; NASA, 
2006; 2014; Liou, 2010). Retrospective comparison of 
past forecast with the current object number shows that 
now the object number is growing faster than in optimistic 
forecasts (Radtke & Stoll, 2016). Thus the risk of colli-
sions of the operating objects with the space debris that 
can lead their breakdown will increase. The most famous 
collision occurred on February 10, 2009, when the non-
operational satellite Kosmos-2251 and the active satellite 
Iridium-33 collided. Today, an active satellite can avoid 
the collision only by performing a debris avoidance ma-
noeuvre. It is necessary to foresee possible collisions for 
this. Many space agencies and countries create and main-
tain surveillance space networks for this purpose. The 
responsibilities of these networks include cataloging of 
objects and predicting the object positions in orbits. 

The typical size of most of the currently operating sat-
ellites are in the range from 10 cm to 10 m for low orbits, 
and from 1 m to 10 m for high orbits (ESA, 2018). To 
predict a collision, it is necessary to be able to estimate the 
position of space objects (including space debris) in near-
Earth space with an accuracy up to the characteristic sizes 
of operating satellites over an interval of several days. We 
need to perform observations and obtain measurements of 
the position of the satellite for this. There are many differ-
ent methods to measure the position of a satellite. We usu-
ally need our own coordinate system in which measure-
ments are made for each method. Many effects that cause 
a distortion in measurement results are conveniently de-
scribed in their own coordinate systems. Simulation of 
satellite motion usually performed in one of the pseudo-
inertial geocentric coordinate systems. In addition to the 
explicitly required coordinate systems, it usually makes 
sense to introduce a number of intermediate coordinate 
systems. As one can see, the process of measuring and 
modeling of satellite motion requires the determination of 
many different coordinate systems. Thus, we need 
1. To provide the possibility of free determination of 

various coordinate systems and to provide transfor-
mations between them in accordance with modern 
recommendations for using Earth rotation information 
(for example IERS2010); 

2. To develop the satellite motion model that propagates 
the satellite position over a period of several days 
with an accuracy 1 m or better. 

3. To obtain a sufficient set of observations for estima-
tion of the parameters of the satellite's motion model 
with an accuracy better than 1 m. 

4. To develop algorithms for estimation of the model 
parameters based on the obtained observations with 
an accuracy better than 1 m. 

At the present time, there are no open observations and 
software solutions that satisfy all of the listed require-
ments. Items from the first to the second related to the 
forward problem of the calculating the satellite position in 
any moment of time when the parameters of the motion 
model are known. Items 3 to 4 are related to the inverse 
problem. It is well known that the forward problems are 
easier to solve than inverse ones. Nevertheless, finding 

free software that solves only items 1-2 without any addi-
tional restrictions is a difficult task. It is even more diffi-
cult to find well-documented software with a free com-
mercial use license. Many scientists develop their own 
software for this purpose or buy one. 

We chose the Orbit Extrapolation Kit (Orekit) (Mai-
sonobe et al., 2008), a low level space dynamics library 
written in Java. Orekit fully satisfies the requirements of 
item 1 and satisfies item 2 with a number of limitations. 
Orekit is open source software. It is distributed under the 
Apache License version 2.0, a well-known business-
friendly license. This means anybody can use it to build 
any application, free or not. 

Ukrainian Optical Facilities for Near-Earth Space Sur-
veillance Network (UMOS – Ukrainian acronym) is used 
for purposes of space surveillance in Ukraine (Shulga et 
al., 2015). It is a voluntary association of academic obser-
vatories mainly. This network has been operating since 
2011. It has obtained 14,401 tracks for 1,832 objects for 
all type of near-earth orbits from 2011 to 2017. This num-
ber of observations is certainly not enough to fulfill the 
requirements of paragraph 4. However, they are sufficient 
for the development and debugging of algorithms for es-
timating the parameters of the orbit of objects in near-
earth space using optical observations. 

 
2. Comparison of the implementation features of the 

measurements representation and optimization of or-
bit parameters in Orekit and KOrbEstLib 

 
The Kotlin Orbit Estimation Library (KOrbEstLib) 

aims to provide access to all observations of the UMOS 
network and provide algorithms for estimating the pa-
rameters of the Orekit satellites motion models based on 
the optical observations. Figure 1 illustrates the KO-
rbEstLib architecture. 

Orekit includes the ability to estimate the motion pa-
rameters of a space object based on observations begin-
ning from version 8.0. KOrbEstLib introduces an alterna-
tive way to estimate the parameters of the satellite motion 
model. 

In Orekit, any type of measurement is represented as an 
array of real numbers with an appropriate weight for each 
array element of measurement (tab. 1). A model estima-
tion is a real array with size equal to the size of measure-
ment array. The physical sense of array elements of esti-
mation and measurement is the same. The code of the 
residuals is hidden from a user and is implemented as the 
weighted differences of measurements and their estimates. 
Optimization of the motion model parameters is minimiz-
ing the squares of the residuals. In fact, Orekit implements 
the least squares method, where the realization form of 
measurements defines the optimization form of the pa-
rameters of the satellite motion model. This approach pro-
vides the right implementation of the least squares method 
in the case of non-correlated measurements. However, it 
will not be the optimal solution in the case of correlated 
measurements or if we have some a priori information 
about the motion model of a space object. 

KOrbEstLib offers a different measurement model. 
Each measurement type can have own form that describes 
measurement. The user can define this form by his prefere- 
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Figure 1: the architecture of the Kotlin Orbit Estimation Library. Blue is the KOrbEstLib components; brown is  
Orekit components; green is free libraries and JVM; pink is user capabilities to develop their own software using KO-
rbEstLib. 
 

 
Table 1: the comparison of the most important differences 
in the approaches for estimating the parameters of the 
motion model. 

Feature Orekit KOrbEstLib 
measurement public 

x1, x2, … , xn 
user defined 

weights public 
w1, w2, … , wn 
the same size that in 
the measurement 

user defined 

estimation x'1, x'2, … , x'n 
the same size that in 
the measurement 

user defined 

residuals private 
w1·(x1-x'1),  
w2·(x2-x'2),  
       …,  
wn·(xn-x'n) 
the same size that in 
the measurement 

required interface; 
user defined 

Optimized 
function 

private 
2

1,
i

i n
f r



   

ir  – residuals 

parameter 
user defined 

 
nce. The estimation type that corresponds to measurement 
type can have the form that describes estimation, not same 
with measurement form. The only one requirement that 
KOrbEstLib imposes is the ability to calculate the residu-
als between the measurement and its estimation. More-
over, this requirement is important only when we optimiz-
ing the model for an observations set consisted of several 
measurement types (for example, optical and radio obser-
vations). The free form of the optimize function allows 
defining the problems wider than least squares problem. 

In order to illustrate the difficulties that arise when the 
measurements implemented in the Orekit form, let us con-
sider ordinary angular measurements that obtained in opti-
cal observations. Usually, such measurements are represented 

 
Figure 2: the residuals between observations and estima-
tions in right ascension and declination. 

 
 

 in the form of angle coordinate pair ( – right ascension 
and  – declination) of an object in the star catalog frame. 
The residuals between the model and the measurements 
are represented as cos and  respectively. Already 
at this stage, we are enforced to correct the nonlinearity of 
right ascension via using the weighting factor cos. This 
approach has application limits. cos incorrectly de-
scribes the residuals in right ascension since nonlinear 
terms in  cannot be neglected in the polar regions. 
Since that the magnitude of residuals is usually very 
small, of the order of the arcseconds, such the polar region 
is small and the researchers simply avoid use measure-
ments in it. Figure 2 shows an example of the residuals in 
terms of cos и . Considering Figure 2, it is easy to 
make the following conclusion. Random errors for each of 
the coordinates measurements are approximately equal. 
But the cause of the observed systematic bias is difficult 
to determine immediately. 

One of the main features of satellites optical observa-
tions is related to the high mobility of satellites compared 
with stars. Important, this property is characteristic of sat-
ellites at all altitudes. If this is obvious for objects on low 
orbits, then for high objects it is necessary to take note the 
exposure time for the image. It reaches several seconds 
and the satellite displacement during this time is much 
larger than satellite size on the image. Hence such objects 
are highly mobile. Thus, regardless of the orbit type of a 

Java Virtual Machine (JVM) 
JDK 

Kotlin Standard 
Library  

Hipparchus: a mathematic Lib JFreeChart 

Orekit: Propagation & Astrometric  Extension SciPlot Lib 

Orekit: Orbit 
Estimation 

Model Observations: Position,  
Line of sight, User types 

Extension of Propaga-
tion Model 

User scripts, User programs, GUI; Any JVM language  

Read/write xlsx-
format Library 

Extension Math Lib 

Data providers from 
mea, cpf, sp3, mpc, 

xml, xlsx, etc. format  

KOrbEstLib: Orbit Estimation 
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near-Earth space object in optical measurements, there is a 
special direction along the visible direction of satellite 
motion. 

Figure 3 shows the same differences between meas-
urements and their estimates as in Figure 2, but already 
along and across the visible satellite track. Such represen-
tation of residuals becomes possible only after calculating 
the model satellite positions and velocities, and, therefore, 
does not agree with the representation form of measure-
ments in Orekit. It should be noted that Orekit allows de-
fining the similar measurement type if the measurement 
itself encapsulates the a priori information about the satel-
lite orbit. But this is not always achievable. KOrbEstLib 
does not impose any restrictions on the software imple-
mentation of the measurements and does not require the 
correspondences of the measurements and estimations 
implementation. Hence, there are no obstacles to imple-
ment measurements in the form of right ascension and 
declination and the minimize objective function in the 
least square problem in the form of the differences along 
and across the visible satellite track. Thus, the form of the 
measurement implementation in KOrbEstLib can be easily 
matched with the representation of the measurement re-
siduals along and across the trajectory. The residuals 
along and across the visible trajectory have another useful 
property, the nonlinear terms are small at any point of the 
celestial sphere, and all the residuals do not require re-
normalization from measurement to measurement. We do 
not need to avoid near-polar regions as in the case of the 
residuals in right ascension and declination. 

In Figure 3, we clearly see that the systematic differ-
ences between measurements and estimates are related 
with the direction along visible satellite track. Moreover, 
the random error of measurement is significantly larger in 
the direction along track than across it. In the overwhelm-
ing number of cases and in the example we are consider-
ing, this is due to the errors in the moment registration of 
measurement. Such errors are usually hardly revealed 
since they cannot be detected within the scheme of the 
measurements themselves. It is necessary to compare ob-
servations with a priori high-precision orbits that to reveal 
them, which is not always easy to perform at the site of 
observation. Physically correctly choice of directions of 
decomposition of residuals allow to introduce weights for 
measurements easily, and often more correctly. 

The values that describe the measurement can be im-
plemented in KOrbEstLib “measurement” class as private. 
The consequence of this is the possibility of implementati- 

 

 
Figure 3: the residuals between observations and estima-
tions in the along and across directions relatively the visi-
ble satellite track. 

on of immutable objects of measurement, that under cer-
tain conditions allows you to write more high-
performance code. 

 
3. Additional features for support input and output 

data formats in KOrbEstLib 
 
KOrbEstLib extends the set of ephemeris formats that 

supported Orekit by adding consolidated prediction format 
(CPF). KOrbEstLib allows you to combine several 
ephemeris with time gaps between them, which allows 
you just to make comparisons of observations and ephem-
eris for the large time intervals when there are difficulties 
with obtaining continuous ephemeris. 

KOrbEstLib supports reading observations from the 
minor planet center (MPC) format and reading and writing 
in the MEA format. The MEA format is used to exchange 
observations by members of the UMOS network. The 
MPC format was designed to represent astronomical ob-
servations, where the duration of exposure is usually in 
seconds, and the measurement accuracy of the observation 
time moment rarely exceeds 0.1 seconds. The MPC for-
mat does not allow to specify moments in time with an 
accuracy of more than 0.001 seconds. The measurement 
accuracy of the time moments should be not worse than 
0.0001 sec when measuring of the coordinates of low-
orbit objects with an accuracy of the order of 0.1 
arcseconds. The time moments of the measurements have 
to be aligned to the moments of the seconds beginning, to 
overcome complications in representing the time in the 
MPC format. The MEA-format avoids these complexities 
by allowing you to transfer moments with an accuracy of 
0.0001 sec and can be extended in a compatible way to 
support greater accuracy in the time presentation. 

KOrbEstLib supports the ability to describe models of 
satellite motion in the XML-format, which simplifies the 
writing of scripts for processing observations. The results 
of the calculation of the orbits or residuals can be saved in 
Excel files, which simplifies their further analysis. 

 
4. Conclusion 
 
KOrbEstLib extends the Orekit. All the features of the 

source library are available for use. 
KOrbEstLib is written in Kotlin language, which is 

very well compatible with the Java language. This makes 
it easy to use KOrbEstLib and Orekit everywhere and at 
the same time, where JVM compatible languages can be 
used. 

KOrbEstLib offers a more flexible model for the im-
plementing measurements and the objective functions, 
which makes it possible to expand the orbit optimization 
scenarios. KOrbEstLib was used to processing of real ob-
servations in paper Shakun L., 2017, where the general 
considerations from this article were applied in practice. 

KOrbEstLib supports international data exchange for-
mats and formats used in the UMOS network. It provides 
data conversion tools. These features make it quite simple 
to use KOrbEstLib and Orekit to analyze the observations 
of the UMOS network. 
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ABSTRACT. During the period from September 2011 
to February 2012, photometric observations of comet 
C/2009 P1 (Garradd) were performed on the 0.6-m tele-
scope MC AMED at the peak Terskol (North-Caucasus). 

The paper presents an analysis of photometric observa-
tions of Comet C/2009 P1 (Garradd) obtained for helio-
centric distances of 2.0-2.1 au before and 1.7-1.8 au after 
perihelion passage. The measurements of the comet were 
performed using a CCD camera SiTe003AB with narrow-
band comet filters BC (λ4450/67Å), GC(λ5260/56Å), 
RC(λ7128/58Å) and C2(λ5141/118Å), CN(λ3870/62Å) 
HB-set (Farnham T., 2000). Observation data were ob-
tained during 11 nights. 

According to the results of observations, the dust pro-
duction Afρ (A’Hearn M.F. et al., 1984) of comet, the gas 
production of comet for molecules C2, CN using the Hazer 
model (Haser L., 1957), dust-to-gas ratio and color were 
calculated.  

The obtained results showed that the physical parame-
ters of the comet are close to the average characteristics 
typical for dynamically new comets. 

.Key words: comet, photometry, dust production, gas pro-
duction, colour, dust-to-gas ratio. 

АБСТРАКТ. В період з вересня 2011 року по лютий 
2012 року були проведені фотометричні спостереження 
комети C/2009 P1 (Garradd) на 0,6-м телескопі Цейс-600 
на піку Терскол (Північний Кавказ). 

В статті представлені результати фотометричних до-
сліджень комети C/2009 P1 (Garradd), отриманих на ге-
ліоцентричних відстанях 2,0-2,1 а.о. до перигелію та на 
відстанях 1,7-1,8 а.о. після. Спостереження комети вико-
нані з використанням ПЗЗ-камери SiTe003AB, яка була 
споряджена інтерференційними кометними фільтрами 
набору HB: BC(λ4450/67 Å), GC (λ5260/56Å), 
RC(λ7128/58Å), C2 (λ5141/118Å) та CN (λ3870 / 62Å). 
Дані спостереження були отримані протягом 11 ночей. 

Отримані спостереження дозволили розрахувати 
пилопродукування Afρ комети для трьох смуг конти-
нууму, газопродукування молекул C2, CN комети, ви-
користовуючи модель Хазера, співвідношення пил-газ 
та колір пилу. 

Отримані результати показали, що фізичні параметри 
комети близькі до середніх значень, характерних для 
динамічно нових комет та добре узгоджуються з резуль-
татами, отриманими іншими дослідниками. 

 
 
Comet C/2009 P1 (Garradd) was discovered by Gordon 

J. Garradd (Siding Spring Observatory, Australia) in Au-
gust 2009 at a heliocentric distance of 8.7 au. The comet 
passed through perihelion on December 23, 2011 (r=1.55 
au) and was at closest approach to Earth on March 5, 2012 
(Δ=1.27 au). 

According to the orbit’s parameters, such as eccentricity 
e, orbit inclination, semimajor axis, the comet refers to 
long-periodic ones which came to us from the Oort’s cloud. 

Observations of the comet by numerous researchers dur-
ing 2011-2012 years showed high degree of CO abundance. 
Moreover, existence of main volatile components such as 
H2O, CO, CH4, C2H2, C2H6, HCN, NH3, H2CO, CH3OH 
(Mumma et.al. 2012) was established. High abundance of 
CO was confirmed by space observations produced by the 
Deep Impact spacecraft (Feaga et.al. 2012), and the Hubble 
space telescope (Feldman et.al. 2012). 

The comet C/2009 P1 Garradd was observed in the pe-
riod from 17 of September to 19 of September 2011 be-
fore passing through perihelion as well as from 13 of Feb-
ruary to 22 of February 2012 during ten nights. 

The observations were carried out using the 60 cm tele-
scope Zeiss-600 at the mountain observatory on PeakTer-
skol. As a radiation receiver the CCD camera Pixel-Vision 
Vienna was used. The camera was equipped by a narrow-
band filters HB-set in blue, green and red continuum spec-
trum ranges as well as CN and C2 emission lines. The re-
ceiver’s field of view was 11 by 11 minutes with resolu-
tion of 0.63 seconds per pixel. 

Reduction of images was carried out using standard 
method including bias and dark current subtracting, divid-
ing by flat field as well as cleaning the images from cos-
mic particle tracks. As photometric standards the stars 96 
Hercules and HD 120086 were used. Absolute fluxes in 
continuum ranges and emissions were derived using the 
method described in Farnharm’s work(Farnham T., 2000). 
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Figure 1: In the figure dependence of the Afp parameter on heliocentric distance is shown. Filled symbols are values 
before passing of perihelion while open symbols – after passing of perihelion in different continuum narrow band. 

Table 1: Result of photometric measurements of comet C/2009 P1 (Garradd). 
 

 

Date UT, h Airmass r, a.u. Δ, a.u. CN(3870/62Å) BC(4450/67Å) C2(5141/118Å) GC(5260/56Å) RC(7128/58Å) 

2011-09-07 19.5 1.245 2.111 1.456 11.34±0.03 11.74±0.02 9.84±0.04 10.34±0.03 10.13±0.04 

2011-09-08 19.8 1.330 2.102 1.464 10.50±0.02 11.55±0.02 10.53±0.04 10.49±0.02 10.14±0.03 

2011-09-13 21.4 2.352 2.059 1.509 9.78±0.10 11.59±0.12 10.35±0.13 10.40±0.06 10.12±0.04 

2011-09-14 21.2 2.276 2.051 1.518 9.63±0.12 11.36±0.11 10.44±0.08 10.34±0.10 10.13±0.11 

2011-09-18 19.7 1.652 2.018 1.559 9.69±0.03 11.24±0.03 9.60±0.04 10.36±0.02 10.08±0.02 

2011-09-19 19.9 1.774 2.010 1.570 9.75±0.05 11.29±0.03 9.74±0.02 10.31±0.06 10.15±0.06 

2012-02-13 23.9 1.429 1.708 1.387 ----//---- 11.07±0.02 9.84±0.03 10.35±0.02 9.64±0.09 

2012-02-20 2.5 1.053 1.744 1.329 10.03±0.07 11.20±0.05 10.40±0.03 10.39±0.03 9.75±0.06 

2012-02-21 2.4 1.052 1.750 1.320 9.96±0.06 11.17±0.04 10.42±0.03 10.39±0.03 9.74±0.06 

2012-02-22 2.2 1.059 1.757 1.313 10.14±0.07 11.13±0.06 ----//---- ----//---- ----//---- 
 

 
The results of the photometric measurements of comet are 

presented in the Table 1. The Table 1 contains date of obser-
vations, air mass, helio – and geo-centric distances of the 
comet, its magnitudes for different filters with errors. For 
aperture photometry of the comet 20” – aperture was used. 

 Analysis of flux of solar radiation dispersed by the 
comet gives an opportunity to evaluate such characteris-
tics of dust as dust production, colour, spectral gradient of 
reflectivity, gas-to-dust ratio. 

To evaluate the rate of dust production in the comet 
from flux of its radiation in continuum the Afp value is 
used. This value was introduced by A’Hearn et al. 
(A’Hearn M.F. et al., 1984) and is effective scattering 
cross-section of all particles falling into the field of view 
divided by projection of its field of view to the celestial 
sphere. The common equation present: 

 
Afρ = (4r2 * Δ2 * 100.4(m

sun-m
comet

))/ρ,                    (1) 
 

where the Afp itself is expressed in centimeters, Δ is geo-
centric distance expressed in centimeters as well, r is he-
liocentric distance, in astronomical units, ρ is the aperture 

radius used to integrate signal came from a comet and 
projected to the celestial sphere. The latter is expressed in 
centimeters. 

In the Figure 1 dependence of the Afp parameter on he-
liocentric distance is shown. Filled symbols are values 
before passing of perihelion while open symbols – after 
passing of perihelion. As can be seen, dust production 
increases with approaching to the Sun and decreases with 
receding from the Sun. Also growth of dust production 
with wavelength length is seen. The latter indicates that 
redder particles prevail in the comet which corresponds to 
bigger sizes particles. 

In the Table 2 results of calculations of dust production, 
gas-to-dust ratio and colours are presented. To character-
ize quantitatively the gas-to-dust ratio in comets ratio of 
flux measured in C2 band to flux measured in continuum 
WC2 = FC2/FBC is commonly used. In case of comets with 
strong continuum equivalent width of the C2 band is in a 
range up to 500 Å.   

Equivalent widths of the comet C/2009 P1 (Garradd) 
indicates that the comet refers to dust-reach ones. 
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Table 2: Dust production, colours and gas-to-dust ratio of comet C/2009 P1 (Garradd). 

 

Date UT, h Airmass r, a.u. Δ, a.u. Afρ(BC) Afρ(GC) Afρ(RC) BC-GC GC-RC BC-RC W(Fc2/Fbc) 

2011-09-07 19.5 1.245 2.111 1.456 1068.94 3849.64 4680.46 1.39 0.21 1.6 5.72 

2011-09-08 19.8 1.330 2.102 1.464 1266.43 3371.47 4622.53 1.06 0.34 1.41 2.55 

2011-09-13 21.4 2.352 2.059 1.509 1210.09 3608.29 4674.04 1.19 0.28 1.47 3.13 

2011-09-14 21.2 2.276 2.051 1.518 1488.75 3793.42 4631.38 1.02 0.22 1.23 2.33 

2011-09-18 19.7 1.652 2.018 1.559 1645.51 3707.8 4795.36 0.88 0.28 1.16 4.56 

2011-09-19 19.9 1.774 2.010 1.570 1576.07 3894.72 4501.23 0.98 0.16 1.14 4.18 

                

2012-02-13 23.9 1.429 1.708 1.387 1228.03 3397.75 4577.99 0.73 0.7 1.43 3.1 

2012-02-20 2.5 1.053 1.744 1.329 1095.67 3290.35 4140.68 0.8 0.64 1.44 2.09 

2012-02-21 2.4 1.052 1.750 1.320 1126.07 3307.97 4173.77 0.78 0.64 1.42 1.98 

2012-02-22 2.2 1.059 1.757 1.313 1164.11 -------- -------- -------- -------- ------- -------- 

 
Table 3: The gas production and column density of the comet C/2009 P1 (Garradd). 

 

Date r, a.u. Δ, a.u. 
C2(5141/118Å) CN(3870/62Å) 

lg(N), cm-2 lg(Q), mol/s lg(N), cm-2 lg(Q), mol/s 

2011-09-07 2.111 1.456 28.42 24.84 28.22 24.46 

2011-09-08 2.102 1.464 28.15 24.56 28.56 24.79 

2011-09-13 2.059 1.509 28.23 24.61 28.85 25.05 

2011-09-14 2.051 1.518 28.20 24.57 28.92 25.11 

2011-09-18 2.018 1.559 28.54 24.89 28.90 25.07 

2011-09-19 2.010 1.570 28.49 24.83 28.88 25.04 

           
2012-02-13 1.708 1.387 28.20 24.56 ----- ----- 

2012-02-20 1.744 1.329 27.96 24.56 28.50 24.72 

2012-02-21 1.750 1.320 27.94 24.35 28.53 24.76 

2012-02-22 1.757 1.313 ----- ----- 28.45 24.69  
 
In the Table 3 values of gas production and column 

density of the comet derived using the Haser model (Haser 
L., 1957) are presented. The derived values of gas mole-
cules production are typically for long-period comets and 
for dynamical new ones. 

 
Conclusions 
 
In this work the results of photometric observations of 

the comet C/2009 P1 (Garradd) before and after crossing 
of perihelion carried out from 17 of September 2011 to 22 
of February 2012 during ten nights are presented. 

Analysis of the photometric data has shown that the 
comet’s continuum is redder than the solar one, colour 
excess in average is from 0.2 to 0.5 magnitude for differ-
ent filters. As for steepness of spectral gradient of reflec-
tivity, during the whole period of observations its value 
was equal 10 percent per 1000 Å which is typical for ma-
jority of comets. 

Evaluations of Afp, characterizing degree of dust pro-
duction in the comet C/2009 P1 (Garradd), amounted from 
1000 to 5500 centimeters in narrow-band filters cutting 

continuum. According to evaluations of colour and dust 
production, the comet C/2009 P1 (Garradd) refers to dust-
reach comets. 

The values of gas molecules production derived are 
typical for long-period comets as well as for dynamical 
new ones. 

Dynamical new, long-period comet C/2009 P1 (Gar-
radd) refers to dust-reach comets. 
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ABSTRACT. FON project was expected a catalogue of 

stellar positions and B magnitude of Northern sky from 
combination six astronomical observatories of the former 
USSR were equipped with the same wide-angle astro-
graphs: Goloseevo (Ukraine), Zvenigorod, Zelenchuk (Rus-
sia), Abastumani (Georgia), Kitab (Uzbekistan) and Hi-
sorAO (Tajikistan). This paper has been presented the com-
parison results of three catalogues (FON-KIEV, FON-
KITAB and FON-DUSHANBE) were received as result of 
scanning and astrometric reduction of photographic plates 
in the coordinate system of Tycho-2 catalogue. The data of 
zero zone (from -2 to 2 degrees of declination) from the 
mentioned catalogues was used during the research. 

The number of common objects after cross-match of cata-
logues with a circular search window equals to 1.5 arc sec-
onds was more than 500 thousands. The estimation of ran-
dom accuracy of stars positions from the mentioned cata-
logues was performed by the Wielen method. Final disper-
sions were calculated for every sub-range of magnitudes. The 
stars with individual differences of position and magnitude 
that exceed three standard deviations were rejected.  

The data from catalogues РМА was used for estimation 
of the systematic errors. It is obvious that the internal esti-
mates of position accuracy of stars in the compared cata-
logues are low in one or all catalogues, and additional re-
search is required. Analysis of the behavior of the system-
atic differences and standard deviations of the stellar posi-
tions of these catalogues have shown that there are a big 
values reaching 1 arcsec only in small sky regions. How-
ever, the internal estimation of accuracy that presented in 
catalogues is well matched with the systematic differences 
and standard deviations in the other sky regions. 

Keywords: Astrometry, astrometry-catalogue, photo-
graphic plates, data analysis. 
 

АБСТРАКТ. Проект FON передбачав створення ка-
талогу положень та В зоряних величин північного 
неба шляхом об’єднання фотографічних спостережень 
отриманих на ширококутних астрографах 6 різних 
обсерваторій СРСР: Київ (Україна), Звенигород, Зеле-
нчеук (Росія), Абастумані (Грузія), Кітаб (Узбекестан) 

та Гіссар АО (Таджикістан). В роботі представлені 
основні результати порівняння трьох фотографічних 
каталогів (FON-KIEV, FON-KITAB та FON-
DUSHANBE), що отримані в результаті сканування та 
астрометричної редукції фотографічних пластинок в 
систему положень каталогу Tycho2. Для дослідження 
вище наведених каталогів були використані дані ну-
льової зони (від -2 до 2 градусів схилення). 

Кількість спільних об'єктів після проведення коор-
динатного ототожнення даних каталогів, з круговим 
вікном пошуку рівним 1,5 секунд дуги, становить бі-
льше ніж 500 тисяч. Оцінка випадкової точності пози-
цій зірок згаданих каталогів була виконана методом 
Вільєна. Остаточні оцінки випадкових похибок поло-
жень зірок були розраховані для кожного діапазону 
зоряних величин. Об’єкти з індивідуальними різниця-
ми положень, які перевищують три стандартні відхи-
лення, не використовувались в обчисленні. 

 Дані з каталогів РМА були використані для оцінки 
системних помилок. Очевидно, що внутрішні оцінки 
точності позицій зірок у порівнюваних каталогах є за-
ниженими в одному або всіх каталогах, і необхідні до-
даткові дослідження. Аналіз поведінки систематичних 
відмінностей та стандартних відхилень положень зірок 
цих каталогів показав, що є великі значення, що дося-
гають 1 секунди дуги, тільки в малих ділянках небесної 
сфери. Проте внутрішня оцінка точності, представлена 
в каталогах, добре узгоджується з систематичними від-
мінностями та стандартними відхиленнями для більшої 
частини досліджуваної небесної сфери. 

Ключові слова: астрометрія, астрометричні каталоги, 
фотопластинки, аналіз даних. 

 
 
1. Introduction 
 
In 1976, the researchers of MAO AS USSR have pro-

posed a FON project of photographic survey of the North-
ern sky. This project was aimed at clarifying and extend-
ing of the existing system of proper motions of stars to the 
region of weak stellar magnitudes. As a result, it was ex-
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pected to obtain a highly accurate uniform coordinate sys-
tem, which will be used for solving the modern problems 
of astrometry, celestial mechanics, astrophysics and other 
directions in the astronomy. 

One of the favorable factors in the development of the 
project was a fact that in the 70s of the last century many 
astronomical observatories of the former USSR were 
equipped with the same wide-angle astrographs of the Karl 
Zeiss (Jena) company with an aperture of 40 cm and a focal 
length of 2 or 3 meters. The following observatories took a 
place in the FON project: Goloseevo (Ukraine), Zvenig-
orod, Zelenchuk (Russia), Abastumani (Georgia), Kitab 
(Uzbekistan) and GisAO (Tajikistan). All of them were 
divided into four groups. The Northern sky was supposed to 
be photographed four times with overlapping. The observa-
tions were carried out with an exposure whose duration 
ensured usable for measuring images of stars up to 16-17 
magnitude. This work distribution among observatories 
gave an advantage to the FON project compared to the zone 
observations such as NPM and SPM. Namely, each star will 
be photographed at least four times by different telescopes 
from different places, which is very important for eliminat-
ing systematic errors in the future catalogue. 

Unfortunately, due to the well-known situation of the 90s 
of the last century, the observations and work on the FON 
project were terminated. However, with help of the efforts of 
institutes’ staff the photographic plates, records and files of 
the FON project have been kept in a good condition. A few 
years ago, in MAO NASU, the work on the FON project was 
restored by supporting of the Ukraine Virtual Observatory 
(Vavilova et al., 2012). The first catalogue, which was digi-
tized and processed is the FON-KIEV catalogue. The appro-
bation of technique for scanning and processing of the photo-
graphic plates was performed with this catalogue. Profes-
sional scanners and original scanning methods were used for 
scanning (Andruk et al., 2015). Processing of the received 
images was carried out by a unique algorithm developed by 
the MAO NASU researcher V. M. Andruk using the MI-
DAS/ROMAFOT environment (Andruk, 2016a; Andruk, 
2016b; Andruk, 2017). Astrometric reduction of all objects in 
the equatorial coordinate system (α, δ) of the Tycho-2 cata-
logue at the epoch of observation was done. Photometric 
reduction of instrumental values magnitude into the system 
of photoelectric B-magnitudes was done (Andruk et al., 
2015). The data of zero zone (from -2 to 2 degrees of declina-
tion) from the FON-KIEV, FON-KITAB and FON-
DUSHANBE catalogues was used in this research. 

 
2. Estimation of external accuracy of the star posi-

tions 
 
The method used for estimation of external accuracy of 

the star positions was described by Wielen in 1995 
(Wielen, 1995). It is very robust under condition of inde-
pendence of the compared data. In such case the disper-
sion of the differences of positions or photometry is equal 
to the sum of their dispersions because their correlation 
coefficient is zero. With three or more independent cata-
logues it is easy to estimate the external accuracy of each 
of them: 

2
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where D12, D13 and D23 are the dispersions of differences 
of positions or magnitudes for three compared catalogues. 

Before the calculation of dispersions one should test 
that the correct values are obtained. The possible source of 
the incorrectness is an assumption that the means of initial 
values are zero in the case when catalogues with system-
atic errors have some non-zero means. Therefore it is im-
portant to determine the behavior of the systematic differ-
ences. Fortunately, in most cases the systematic differ-
ences of researched values are some smooth functions that 
can be calculated and excluded. Finally, in our case the 
dispersions are calculated by iteration method for every 
small range of magnitude with rejection of the stars with 
individual difference less than 3 standard deviations. 

For analysis by mean of Wielen method the FON-
KIEV, FON-KITAB, FON-DUSHANBE catalogues have 
been used. We also used data from PMA and GaiaDR2 
(Gaia collaboration, 2018) catalogues for the comparison 
and cross-identification of objects. 

3. Catalogues 
 
3.1. FON-KIEV catalogue 
 
The FON-KIEV is a catalogue of star positions and B-

magnitudes of stars from the Northern Sky Survey project 
(from -4° to +90°), which was created by V. Andruk, L. 
Pakuliak, V. Golovnia, G. Ivanov, A. Yatsenko, S. Sha-
tokhina, O. Yizhakevych (Andruk et al., 2015; 2016a; 
2016b). It has been created under the motto of rational use 
of the resources accumulated in UkrVO JDA (Joint Digi-
tal Archive) in MAO NASU. The catalogue contains 19 
451 751 stars and galaxies with B = 16.5m for the epoch of 
1988.1 year. The coordinates of stars and galaxies were 
obtained in the Tycho-2 reference system, and B-value in 
the system of photoelectric standards. The internal accu-
racy of the catalogue for all objects is σαδ = 0.23" and σB = 
0.14m (for stars in the range of B = 7m - 14m errors are σαδ 
= 0.10" and σB = 0.07m). 

 
3.2. FON-KITAB catalogue 
 
The FON-KITAB is a catalogue of equatorial coordi-

nates and B-magnitudes of the Kitab’s part of the FON 
project, which was created by Q. Yuldoshev, Yu. Prot-
syuk, H. Relke, Sh. Ehgamberdiev, M. Muminov, V. An-
druk (Yuldoshev et al., 2018). 

The photographic plates of the FON project were ex-
posed on the double telescope DAZ (Double Zeiss Astro-
graph, D/F = 40/300, 69′′/mm) at the Kitab observatory of 
the Republic of Uzbekistan. The number of the photo-
graphic plates used for the catalogue is 1963. The cata-
logue contains near 13.4 million stars and galaxies in the 
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sky from 0◦ to -20◦ according to declination down to B = 
17.5m at the middle epoch of observation as 1985.0 year. 
The mean internal errors of the new catalogue for all ob-
jects are σαδ = 0.23′′ and σB = 0.15m (for the stars in the 
range of B = 5m − 14m the errors are σαδ = 0.085′′ and 
σB = 0.054m) (Yuldoshev et al., 2017a; 2017b). 

 

3.3. FON-DUSHANBE catalogue 
 
The FON-DUSHANBE is a small equatorial realization 

of the project "FON-DUSHANBE catalogue" created by 
A. Mullo-Abdolov, H. Relke, G. Kokhirova, Q. Yul-
doshev, Yu.Protsyuk, V. Andruk (Mullo-Abdolov et al., 
2017). 

Since May 2018 the process of the scanning and proc-
essing of photographic plates from the archive of Institute 
of Astrophysics Academy of Sciences of Tajikistan has 
begun. It is a matter of approximately 1560 photographic 
plates in the sky regions from -8° to +90° that were ex-
posed for the FON project in the Hissar observatory (Hi-
sAO) during 1985-1992 years. The size of the photo-
graphic plates is 8° x 8° or 30 x 30 cm, the size of the 
digitized images is 13000 x 13000 px. So far the first re-
sults of the processing of the 71 plates of zero zone and 
the 58 plates of 64, 68 and 72 zones were obtained. The 
errors in the definition of 29 equatorial coordinates and B-
magnitudes for the stars in the range of 5m - 17m are the 
following: σαδ = ±0.33" and σB = ±0.12m. The differences 
between the calculated positions and B-magnitudes and 
the reference one from the Tycho-2 catalogue are σαδ = 
±0.12" and σBT = ±0.19m respectively. The difference be-
tween the calculated and the photoelectric B-magnitudes 
equals to σB = ±0.15m. 

 

3.4. PMA catalogue 
 
The PMA catalogue (Akhmetov et al., 2017) contains 

about 421 million absolute proper motions of stars. It was 
derived from the combination of positions from Gaia DR1 
and 2MASS, with a mean difference of epochs of about 15 
years. Most of the systematic zonal errors inherent in the 
2MASS catalogue were eliminated before deriving the 
absolute proper motions. The absolute calibration proce-
dure was carried out using about 1.6 million positions of 
extragalactic sources. The mean formal error of the abso-
lute calibration is less than 0.35 mas/yr. The RMS error of 
proper motions depends on the stellar magnitude and 
ranges from 2-5 mas/yr for stars with 10 mag < G < 17 
mag to 5-10 mas/yr for faint ones. 

 

4. Cross-identification of objects 
 
In this paper the star magnitudes of all described cata-

logues were not used for cross-identification because of a 
significant difference in their band-pass, significant ran-
dom and systematic errors of photometry. The cross-
identification was carried out using only coordinates of 
objects. It should be noted that such cross-identification is 
usually named positional association and is not necessarily 
an exact identification. 

At the first step all positions of each object in PMA cat-
alogue was calculated to the means epoch of FON-KIEV, 
FON-KITAB, FON-DUSHANBE catalogues respectively.  

The second step of cross-identification was a simple 
cross-match: each object of the PMA catalogue was com-
pared with the object of the FON-KIEV, FON-KITAB, 
FON-DUSHANBE catalogues with circular window size 
of 1.5 arcsec by means of special software (Akhmetov et 
al., 2018). Then corresponded proper motion of PMA ob-
jects was compared with the objects from FON cata-
logues. This procedure was needed because of existing of 
large difference between the mean epoch of FON-KITAB 
(about 1983.7 year) and FON-KIEV or FON-
DUSHANBE (about 1990.4 year) and also the significant 
scatter of epochs in each catalogues in range 4-12 years. 
The base epoch we used is equal to 1990.37 year as a 
mean epoch of FON-KIEV. All data from FON-KITAB 
and FON-DUSHANBE were reduced to this epoch by 
means of proper motion of PMA catalogue. The next step 
of cross-identification was a search of the common objects 
for pairs FON-KIEV and FON-DUSHANBE. We used the 
following rule: if an angular distance is less than 1.0 
arcsec it is a common object. The results of this cross-
identification procedure of FON-KIEV and FON-
DUSHANBE catalogues we compared with stellar posi-
tion of FON-KITAB catalogue with circular window size 
of 1.0 arcsec. This cross-identification procedure made it 
possible to obtain lists of pairs of stars from all three cata-
logues. As a result of the FON-KIEV-DUSHANBE-
KITAB data more than 500 thousands common stars have 
been obtained in declination zone -2° to 2° and then in-
serted to database for analysis. The position difference 
between FONs catalogues produced mainly only by the 
difference between random and systematic errors of ob-
jects in catalogues. 

 
5. The estimation results of external accuracy and 

systematic errors data of catalogues 
 
For the quality analysis of stellar equatorial coordinates 

of FON project catalogues the different tests have been 
made. Some results of this investigation of the FON-
KIEV, FON-KITAB and FON-DUSHANBE catalogues 
are presented below. The comparison of the stellar posi-
tions of FON project catalogues is shown in figure 1. It 
represents the systematic differences of positions in the 
sense of FON-KIEV minus FON-DUSHANBE, FON-
KIEV minus FON-KITAB and FON-DUSHANBE minus 
FON-KITAB catalogues. 

The mean values of systematic differences of positions 
in right ascension are less than 15 mas in the both coordi-
nates and are increasing for faintest stars up to 50-75 mas 
for right ascension and up to 25-40 mas for declination. 
As showed in figure 1, the stars position of all FON pro-
ject catalogues are good agreement in magnitude range of 
Tycho-2 stars that were used for astrometric reduction. 
This behavior of differences in the stars positions is asso-
ciated with a significant brightness equation on photo-
graphic plates. Therefore, to eliminate the brightness 
equation, it is necessary to use during the reduction a ref-
erence catalogue, which covers the entire range of magni-
tudes. 
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Figure 1: The systematic differences of stellar position of 
FON project catalogues: KIEV-DUSHANBE (black dots), 
KIEV-KITAB (asterisks) and DUSHANBE-KITAB (open 
rectangle) depending on the B-magnitude of FON-KIEV. 

 
 
The estimations of external accuracy of stellar positions 

of FON project catalogues are some functions of stellar 
magnitude and equal to about 50 mas for brightest stars in 
the range of reference Tycho-2 stars for FON-KIEV and 
FON-KITAB data and about 120 mas for FON-
DUSHANBE data. After 12 stellar magnitudes we can see 
the significant increasing up to 250 mas for FON-KIEV 
and FON-KITAB data and up to 350 mas for FON-
DUSHANBE data (Figure 2). 

These external estimations of positional precision of 
FON project catalogues are in a very good agreement with 
their internal accuracy at the mean epoch of observation. 
The systematic differences of internal accuracy minus 
external estimations of positional precision as function of 
stellar magnitude are presented in the figure 3. The mean 
values of these systematic differences are not more than 
30 mas for brightest stars. 

From the figure 3 we can see clearly that the internal ac-
curacy of stellar position is systematically overestimated for 
the faintest stars of FON-KIEV and FON-DUSHANBE 
catalogues. On the other hand it is underestimated in this 
magnitude range for the stellar position of FON-KITAB 
catalogue.The noted facts should be taking into account in 
course that to creating of all catalogues of FON project the 
only data from plates of digitized astronegatives was used 
without any CCD-observations. For example, the positional 
precision of 2MASS (Skrutskie et al., 2006) stars catalogue 
obtained from CCD-observations with the same pixel reso-
lution is about 50-150 mas. 

 

 
Figure 2: The standard deviations of stellar position of 
FON project catalogues: KIEV (black dots), DUSHANBE 
(asterisks) and KITAB (open rectangle) obtained by 
Wielen method depending on the B-magnitude of KIEV 

 

 

 
Figure 3: The systematic differences of external estimations 
and internal accuracy of the positional precision as function 
of stellar magnitude of FON project catalogues: KIEV (black 
dots), KIEV-KITAB (asterisks) and DUSHANBE-KITAB 
(open rectangle) depending on the B-magnitude of KIEV 
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6. Conclusion 
 
The external accuracy of stars position of catalogues 

FON project are good agreement with their internal accu-
racy and equal from 50 and 350 mas for brightest and 
faintest stars correspondingly. 

Random error of the objects positions is within 50 to 
250 mas for the FON-KIEV and FON-KITAB catalogues, 
and in two times more for the positions in the FON-
DUSHANBE catalogue – within 150 to 400 mas. This is 
due to the quality of scanned material.  

The usage of high-precision reference catalogue in the 
whole range of magnitudes (for example, PMA or Gai-
aDR2) for the reduction will eliminate the brightness 
equation and improve the stars position both systemati-
cally and randomly.   

The research results of astrometric and photometric 
characteristics of the FON project catalogues allow mak-
ing the following conclusion. The positions and photomet-
ric measurements of objects in the FON project catalogues 
are obtained and they correspond to the accuracy for 
ground based photographic observations. The obtained 
observational data makes it possible to create a catalogue 
of positions and proper motions of the Northern Sky.  
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ABSTRACT. CCD observations of asteroids were ob-
tained in 2008 with the Baldone Schmidt telescope (aper-
ture/diameter/focal length = 80/120/240 cm) at the Bal-
done Astrophysical observatory (code 069) of the Institute 
of Astronomy of the University of Latvia. The methodol-
ogy of monitoring of asteroids and orbit calculations are 
described. In the Minor Planet Circulars and the Minor 
Planet Electronic Circulars 5434 astrometric positions of 
1488 asteroids were published. Among them, 76 asteroids 
of different type were newly discovered at Baldone Ob-
servatory. Twelve asteroids were named. 

 Baldone Schmidt telescope optical system was im-
proved by inserting an additional optical system in the 
telescope, forming a flat telescope focal surface that coin-
cides with the surface of the flat beam receiver. Two large 
(4096 x 4096 pixels) CCD cameras are now installed on 
the plate holder of the telescope. They cover two square 
degrees of the sky. 

The digitizing of the Baldone Schmidt archive began in 
2012. The processing results of 152 plates obtained in U, 
B, V, R bands in 1967-1996 were used to search for imag-
es of small bodies of the Solar system. Images were pro-
cessed using advanced complex LINUX / MIDAS / RO-
MAPHOT programs updated in the Main Observatory of 
National Academy of Sciences of Ukraine.  57 asteroids 
and 2 comets (31P/Schwassmann-Wachmann 2, C/1969 
T1 (Tago-Sato-Kosaka)) were identified on these plates. 
Overall 87 positions of asteroids of different types and 2 
positions of comets were measured. These objects cover 
magnitude range from 9.8 to 17.1. 

Keywords: Asteroids, Schmidt camera, plates archive 
 
АБСТРАКТ. ПЗЗ-спостереження астероїдів були 

отримані в 2008 році за допомогою телескопа системи 
Шмідта в Балдоне (діафрагма/діаметр/фокусна від-
стань = 80/120/240 см) на Астрофізичній обсерваторії  
Балдоне (код 069) Інституту астрономії Латвійського 
університету. Описано методологію моніторингу 
астероїдів та обчислень їх орбіт. В циркулярах "Малі 
планети" та в електронних циркулярах "Малі планети" 
опубліковано 5434 астрометричних позицій для 1488 
астероїдів. Серед них в обсерваторії Балдоне було 
відкрито 76 астероїдів різного типу. Дванадцять 
астероїдів отримали назви. 

 Оптична система телескопа Шмідта в Балдоне була 
вдосконалена введенням додаткової оптичної системи  
для створення плоскої фокальної поверхні, яка 

збігається з плоскою поверхнею приймача. Дві великі 
(4096x4096 пікселів) ПЗЗ-камери встановлені на 
тримачці телескопа. Вони покривають поле неба у два 
квадратні градуси. 

Оцифрування архіву телескопа Шмідта в Балдоне 
розпочалося в 2012 році. Результати обробки 152 фо-
топлатівок, отриманих в смугах U, B, V, R в 1967-1996 
роках, були використані для пошуку зображень малих 
тіл Сонячної системи. Зображення були оброблені за 
допомогою сучасних програм LINUX/MIDAS/ RO-
MAPHOT, вдосконалених в Головній астрономічній 
обсерваторії Національної академії наук України. На 
цих платівках було знайдено 57 астероїдів та 2 комети 
(31P/Schwassmann-Wachmann 2, C/1969 T1 (Tago-Sato-
Kosaka)). Всього було проміряно 87 позицій для 
астероїдів різних типів і 2 позиції комет. Ці об'єкти 
покривають  діапазон від 9,8 до 17,1 зоряної величини. 

Ключові слова: астероїди, камера Шмідта, архів 
фотоплатівок 

 
1. Introduction 
 
The surfaces of smallest planets and moons of the Solar 

system are covered with large number of craters created 
by asteroids. Every day, Earth is bombarded with more 
than 100 tons of dust and millimeter- sized particles from 
space. About once a year, a two meter sized asteroid hits 
Earth's atmosphere, often creating a bolide event as the 
friction of  Earth's atmosphere causes disintegration of it – 
sometimes explosively. Chelyabinsk type event takes part 
about every five years.  The largest impact during the last 
20-year interval was the recent daytime Chelyabinsk event 
(440,000 – 500,000 tons of TNT) recorded over central 
Russia on February 15, 2013. This small asteroid that ex-
ploded in the atmosphere near Chelyabinsk, Russia was 
about 16 meters in size before it hit the Earth. While that 
impact focused public attention on the potential hazards of 
NEO impacts with Earth, space scientists have long 
known that such events are just a part of Earth's geologic 
history. The larger trails of asteroid falls still can be found 
on the Earth, e.g. 4 000 year-old Kali crater in Estonia on 
Saaremaa island, 50 000 year old Arizona crater near 
Winslow in the USA, etc. Many of small impacts similar 
to Chelyabinsk are unknown because they happened in 
regions with no inhabitants – Siberia, Amazon jungles, 
oceans and deserts. The radar observations reveal that 
asteroids similar to Chelyabinsk event hit the Earth on 
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average every 5 years. With radar observations it is possi-
ble to detect small asteroids that are disintegrated in the 
Earth’s atmosphere (Planetary Science). Scientific as-
sessments of the risk, as well as the hazards posed by fu-
ture asteroid impacts with Earth vary. In an article pub-
lished in “Nature” Brown (2013) and his colleagues re-
ported that "telescopic surveys have only discovered about 
500 near-Earth asteroids that are 10-20 meters in diameter 
(comparable to the Chelyabinsk asteroid) of an estimated 
near-Earth asteroid population of around 20 million, im-
plying that a significant impactor population at these sizes 
could be present but not yet cataloged in the discovered 
near-Earth asteroid population". The importance of such 
research of asteroids is proved by the fact, that the largest 
known celestial threat to the Earth within the period after 
Christ was the 320 m large asteroid Apophis which was 
discovered only in June 2004. This fact and the yearly 
discoveries of a large number of new NEO type asteroids 
show how little attention has been given to the studies of 
the small bodies in the Solar system so far. The impor-
tance of the small body studies in the Solar system can be 
properly evaluated if we recall the volcanic eruption ef-
fects in Iceland, comparable to the effect caused by the 
fall of a small asteroid. The fall of an asteroid larger than 
50 m will be a disaster that can stop the progress in the 
world for several years, but the fall of a 300 m and larger 
body can terminate the development of civilization on the 
Earth for several decades, or even destroy the humanity at 
all. At the 5th meeting of the PECS Committee on 27th of 
May 2009 in Esrin (Italy), the total number of NEO and 
hazard asteroids, measures to 66 000 (Bobrinsky, 2009). 
Successful results were achieved on monitoring systems 
such as Pan-STARRS, Catalina Sky Survey, Mt. Lemmon 
Surway, Kitt Peak-Spacewatch, LINEAR, and some space 
missions such as WISE monitoring asteroids. Despite that, 
the current progress is not fast enough. Catalogue of NEO 
listed 17791 hazard objects on February 2018 (Minor 
Planet Center, 2018) or 27% of all hazard objects. NASA 
congress on 5th of March 2007 provided an assessment of 
the problem in Near-Earth Object Survey and Deflection 
Analysis of Alternatives. It concluded that only a wide 
ground base plus space sensor observations of Venus, like 
the orbit, can allow a more prompt solution of the prob-
lem, i.e. to discover the NEO asteroids in the nearest fu-
ture (Milani et al., 2013). 

Finally, the research of asteroids manages to draw vast 
attention of mass media, thus promoting an awareness of 
the importance of science, including astronomy, among 
public at large, young people in particular. From the other 
point of view the investigation of asteroids properties are 
important for development of evolution theory of the Solar 
system and classification of small objects in the Solar sys-
tem. From photometric study of light curves an additional 
information can be obtained about size, rotation period, 
structure of objects, existence of craters and ice fields on 
the surface, which is very important data for space missions 
and for fantastic ideas about mineral mining on asteroids. 
The spectral observations can give information about 
chemical composition of asteroids and comets. 

 

2. Asteroid obsevations 
 
The Baldone Schmidt system telescope was launched 

in 1966 at Riekstukalns observation site of the Institute of 
Astronomy, the University of Latvia (the Radio Astro-
physical observatory of Latvian Acad. Sci. until 2001) 
near Baldone. The diameter of the correction plate of the 
telescope is 800 mm, the diameter of the main mirror – 
1200 mm. The main mirror is mounted at a distance of 
4780 mm from the correction plate. The reflecting surface 
of the mirror was restored in 2005. The image, which co-
vers 4046’ of sky diameter, appears on the spherical sur-
face of the main focus with a bend radius of 2400 mm. 

The asteroid project of the Baldone Observatory (IAU 
code 069, longitude 24.4041 E, latitude 56.7734 N, alti-
tude 103 m) includes astrometric and photometric obser-
vations of asteroids and the newly discovered Near Earth 
Objects (NEOs), including their monitoring. Astrometric 
CCD observations of asteroids at the Baldone Observatory 
were started in January of 2008, using the Schmidt tele-
scope with a ST-10XME CCD camera (field of view 21’ × 
14’). The first three new asteroids were discovered in 
January of 2008 (2008AL86, 2008AU101 and 
2008AV101). Two exceptional objects have been discov-
ered: the Apollo-type NEO 2008OS9 (Cernis & Eglitis, 
2008), a Centaur-type asteroid 2009HW77 (Cernis & 
Eglitis, 2009) and two Trojan group asteroids (2011 QA50 
with a= 5.27 au and 2013 RO26 with a=5.12 au). The lim-
iting R magnitude for the Baldone Schmidt telescope is 
about 21 for unfiltered CCD images with an exposure time 
of about 8 minutes. All astrometric measurements and 
reductions were done using Astrometrica software (Raab, 
2003) and pipeline program SkySift (Holvercem, 2018). 
SkySift was intensely used for research in fields with high 
density of stars. Reference stars were selected from the 
catalogs USNO-A2.0, USNO-B1.0, UCAC-2 and UCAC-
4. Most of asteroids were discovered in the morning sky 
about 15-20 days before their opposition time at 150-160 
deg elongations. The sky survey has been done close to 
the ecliptic (mostly no more than 10 deg from the ecliptic 
line), taking three (or sometimes four) CCD images from 
the same field, with 20-30 min time spans between expo-
sures. The Baldone Schmidt telescope is very useful for 
searching new asteroids and doing follow-up astrometry 
of poorly observed NEOs and unusual objects. During 
2008-2013, 2117 CCD images (using 116 observing 
nights) for astrometry of asteroids and comets were ob-
tained by I. Eglitis. K. Cernis (Institute of Astronomy, 
Vilnius University) have processsed CCD images for new 
objects and measured positions of all asteroids appearing 
in the CCD frames. 3511 astrometric observations of 826 
asteroids, including at least 5 NEOs, were published in the 
Minor Planet Circulars (MPC) and Minor Planet Elec-
tronic Circulars (MPEC). But during 2016-2018, 12587 
CCD images (using 68 observing nights) for astrometry of 
asteroids and comets were obtained. 4395 astrometric ob-
servations of 1465 asteroids were published in the MPC. 
Till now, 2018 October, the credits for discovery of 34 
asteroids have been received by the Baldone Observatory 
from the Minor Planet Center. 12 of them have been 
named (see Table 1). Our contribution is about 0.012 % of 
all of the 55.7×106 observations of asteroids done during 
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this period in the world.The newly discovered (76) com-
pose a similar part, 0.015%, of all 523800 aster-oids dis-
covered. In this period a great numbers of aster-oids was 
discovered by the specialized projects: LONEOS, LIN-
EAR, Spacewatch, Catalina and Panstarrs. 

 
3. Badone Schmidt telescope optical system devel-

opment 
 
Schmidt telescopes are used to produce high quality 

large field star images, which in many ways outweigh all 
other telescopes with similar aperture diameters. These 
telescopes are no longer used in world, due to the techno-
logical transition to electronic sensors for the purpose of 
capturing the space images. Schmidt cameras have very 
strongly curved focal planes, thus requiring for detector to 
be correspondingly curved. When transitioning to a new 
type of image object acquisition – from photography to 
the use of video sensors, we encounter an unresolved 
problem, – how to match the curved large scale tele-
scope’s focal surface with the surface of a flat light imag-
ing sen-sor. 

The team of the Institute of the Astronomy has suc-
ceeded in designing a small optical circuitry that would 
improve the Baldone Schmidt optical system. Small lens 
combination is inserted in the telescope forming a flat 
telescope focal surface which coincides with the surface 
of the flat-beam receiver. This lens combination is posi-
tioned before two SBIG CCD cameras STX-16803. This 
optical system upgrade makes it possible to use the exist-
ing large-field flat-panel video sensors without loss of 
quality, at relatively low cost and without the expensive 
Schmidt telescope reconstruction. SBIG STX-16803 CCD 
camera has KAF-16803 4096x4096 pixels Monochrome 
Sensor with size 36 x 36 mm. The size of one pixel is 9 x 
9 micron. 

We have created Schmidt telescope with an upgraded 
optical system. To establish how they work together, basic 
technological components are integrated into the main 
focal plane of Baldone Schmidt telescope. There are two 
STX -16803 cameras that are positioned on cassette 
holder position. Both cameras cover two square degrees of 
the sky. 

 
3. Digitizing of Baldone Schmidt telescope archive 
 
The regular digitization and processing of photographic 

astroplates was started in Baldone observatory from 2013. 
The photos were digitized using Epson Expression 
10000XL and 11000XL commercial scanners with 1200 
dpi (or 2400 dpi) resolution. For processing purposes all 
images were transformed from TIFF format to the FITS 
format with an original program created at the Institute of 
Astronomy. Till this moment more than 18000 (from 
22000) direct photos have been digitized. Scans are stored 
on the server of the University of Latvia 

The digitizing of the UV-part of Baldone collection  
started in June 2016 with two EPSON EXPRESSION 
10000XL and three 11000XL flatbed scanners. Its photo-
metric and astrometric characteristics were previously 
tested, and the optimum mode of scanning was found 
(Protsyuk et al., 2014). Images were processed using ad-

vanced LINUX / MIDAS / ROMAPHOT programs (An-
druk, 2015). The software was developed and implement-
ed in Main Astronomical Observatory of the National 
Academy Science of Ukraine to process the digitized as-
tronomic photos as well as to obtain astrometric coordi-
nates and photometric magnitudes of stars and compact 
galaxies. 

In order to investigate variability of stars within time 
span from 1967 to 2005, many of the sky regions have 
been photographed tens and some of them even hundreds 
of times. 

In addition to the main tasks, digitized photos of star 
fields allows to carry out a massive search for images of 
small bodies of the solar system and to determine their 
coordinates. From the observations of earlier epoch it is 
possible to extract information about the locations of these 
bodies (Eglitis et al., 2016). 

 
4. Results 
 
During the sky survey of the ecliptic, 76 new asteroids 

were discovered in 2008–2018: 43 of them have multiple-
apparition orbits, 9 are one opposition objects from which 
7 have no orbit.  

The first successful observations with upgraded Bal-
done Schmidt telescope were made in August-September 
2017. The quality of the images is high. Four plates ob-
tained at different declinations (from 2 degrees till 60 de-
grees) with 60 sec exposures were measured. The results 
of diameter measurements of different magnitude stars de 
show that diameters of 17th magnitude stars do not exceed 
six pixels in the center and four pixels in corners of the 
images. 

The processing results of 152 observations of clusters 
and Pluto in UBVR bands from 1967 to 1996 were used 
for broad search for images of small bodies of the Solar 
sys-tem. As a result, 57 asteroids and 2 comets 
(31P/Schwassmann-Wachmann 2, C/1969 T1 (Tago-Sato-
Kosaka)) were identified on these plates. From them 87 
positions of asteroids and 2 positions of comets were re-
ceived. These objects cover a magnitude range of 9.8 to 
17.1. Their orbit types are: Main Belts, Apollo, Centaur, 
Trojan,  Hungarias and Mars-crosser. 

 
5. Conclusion 
 
The project, together with other observatories and 

space missions, will contribute to plan cataloging of NEO-
type and Earth-hazard objects of at least 90% till 2021. 
The project will complement observations of asteroid po-
sitions that are missing to accurately determine orbital 
elements. The research results will be sent to the Minor 
Planet Center, which operates at the Smithsonian Observa-
tory and are published in Minor Planet Circulars. The re-
sults of calculations of orbital elements were compiled in 
3 papers, which are included in the Web of Science data-
base. It is important to analyze the chemical composition 
of asteroids from the point of view of evolution and prac-
tical applications. The planned multicolor photometric and 
low-resolution spectral observations will allow classifica-
tion of asteroids – the division of C-type (carbonaceous), 
S-type (silicate) and M-type (metallic). The resulting light 
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curves will allow not only to determine the rotation period 
of small bodies, but also to design an asteroid model by 
shape. On the other hand, the rapid changes in light curves 
over the main change in the brightness make it possible to 
predict the existence of large deep craters on the surface 
(in the case of a sharp drop in brightness) or the areas of 
ice fields on the surface (in the case of rapid increase of 
brightness). All of these asteroid characteristics are impor-
tant for evaluating the albedo, modelling the form and 
detecting the sizes of objects. Asteroid rotation calcula-
tions are important for planning space missions for their 
direct exploration and also for mining them in the future. 

The efficiency of the new optical system is obvious. In 
August-September 2017 after improvement of the optical 
system, 21 new asteroids were discovered. In the previous 
years (2008 – 2015), using one small (10 x 15 mm) SBIG 
CCD ST-10XME, only 49 new asteroids were discovered 
(Cernis et al., 2015). In the Autumn 2018 seven new dis-
coveries were added. 

Asteroids with high accuracy of up to 16-17 magni-
tudes can be detected on the photographic plates of Bal-
done Observatory. Among those may be objects which are 
discovered much later than observed. The presence of the 
archive of all observations in time scale 1966-2002 will 
give the possibility to sort and analyze the asteroids of 
interest, including the bright Kuiper Belt objects. 

According to data analysis, the rms-error of measure-
ments of coordinates increases from 0.10 to 0.25 arcsec by 
increas-ing asteroid’s magnitude from 13 to 16. (Eglitis et 
al., 2016). 
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Table 1: Named asteroids  discovered in Baldone observa-
tory 
 

Number Label Name Named 
year 

Diame-
ter 

274084                      2008 
AU101 

Baldone 2011 1,5   

284984              2010 
GC158 

Ikaunieks   2012    1,5 

294664                          2008 
AL86 

Trakai 2012 3,5 

321324                    2009 
HJ68 

Vytautas 2012 3 

330836                           2009 
HW77 

Orius   2013 35   

343157                2009 
HH68 

Mindaugas   2013 3,5 

392142                    2009 
HV19 

Solheim 2014    3 

332530                    2008 
OS18 

Canders 2015   2 

352646                 2008 
OZ1 

Blumbahs   2015 1,5 

418220 2008 
CL177 

Kestutis 2016 1 

428694 2008 
OS9 

Saule 2016 0.7 

457743 2009 
HW20 

Balklavs 2017 1 
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ABSTRACT. The plate archive of the 1.2 m Baldone 
telescope (Latvia) has approximately 780 and 4660 
astronegatives exposed in 1967-1993 in the U (ZU21 + 
UG1 filter plates) and V (A600N + ZS17 filter films) 
closed to Johnson system U and V passbands. Digitization 
of astronegatives is carried out using the Epson 
Expression 10000XL scanner, the scanning mode is 1200 
or 2400 dpi, each field covers 19 square degrees of sky.  
The plates and films are scanned at the Baldone 
Observatory, processing of digitized scans is carried out 
by the observers in Baldone, at the Research Institute 
"Mykolaiv Astronomical Observatory" and at the Main 
Astronomical Observatory of the National Academy of 
Sciences of Ukraine. The Epson Expression 10000XL 
Scanner, along with the software developed, allows us to 
digitize and process the plates and receive coordinates and 
magnitudes of registered objects (with high, moderate and 
low brightness) with an internal error of no worse than 
0.05 seconds of arc and 0.03 magnitude. The astrometric 
and photometric reduction of digitized astronegatives is 
done in the Tycho-2 reference system and U, V 
photoelectric system. At this report, we present first 
results of reduction of more than 2000 astronegatives. 
Data of U and V magnitudes of stars and galaxies will be 
used as the photometric addition to the FON project, 
without, the long-term series of U, V observations have an 
independent value for studying the variability of stars. 
Also, many plates included open clusters and will be used 
for investigation of their population and photometric 
parallaxes.  

Keywords: scanning, processing of digitized plates, FON 
project, astrometry, photometry, data analysis 

 
АБСТРАКТ. Архів склотеки 1.2м телескопу в 

Балдоне (Латвія) нараховує близько 780 та 4660 
астронегативів, експонованих в 1967-1993 роках в U 
(платівки ZU21 + фільтр UG1) та V (плівки A600N + 
фільтр ZS17) смугах системи Джонсона. Оцифрування 
астронегативів здійснюється за допомогою сканера  
Epson Expression 10000XL, режим сканування — 1200 
або 2400 dpi, робоче поле — 19 кв. градусів. Платівки 
та плівки скануються в обсерваторії Балдоне, обробка 

оцифрованих сканів здійснюється співробітниками 
обсерваторії в Балдоне, в НДІ “Миколаївська 
астрономічна обсерваторія” та в Головній 
астрономічній обсерваторії НАН України. 
Планшетний сканер Epson Expression 10000XL разом з 
розробленим програмним забеспеченням дозволяє 
оцифровувати і обробляти платівки та отримувати 
координати та зоряні величини зареєстрованих 
об'єктів (високої, помірної та слабкої яскравості) з 
внутрішньою похибкою не гірше 0.05 секунди дуги та 
0.03 зоряної величини. Астрометрична та 
фотометрична редукція оцифрованих астронегативів  
здійснюється в системі опорного каталога Tycho-2 та 
U,V фотоелектричних вимірів зір відповідно. В цій 
роботі ми представляємо перші результати обробки 
для понад 2000 астронегативів. Дані про U та V 
величини зір і галактик будуть використані для 
фотометричного доповнення проекту ФОН, а 
багаторічні ряди U,V спостережень мають самостійне 
значення для дослідження змінності зір. Крім того, 
багато платівок включають розсіяні зоряні скупчення і 
будуть використані для дослідження їх населення та 
визначення фотометричних паралаксів. 

Ключові слова: сканування, обробка оцифрованих 
платівок, програма ФОН, астрометрія, фотометрія, 
аналіз даних 
 

1. Introduction 
 

Baldone Observatory of Institute of Astronomy of Latvian 
University has the photographic collection more than 
22000 plates obtained using 1.2 m Schmidt telescope. 
(Eglite et al, 2016; Eglitis et al,, 2017a). Photographic 
observation  began at the end of 1966 and lasted for 39 
years. Each image of Baldone Schmidt telescope covers 
about 19 square degree of the sky and contains from 10 to 
50 thousand images of celestial objects. Scale is 72 "/ mm. 
As a result, photographic observational archive of 
Baldone observatory has about 780 U-plates, 5000 B-
plates, 4600 V-films and more than 10000 R-plates 
(Eglitis et al, 2016a; 2016b). Regarding the astronegatives  
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Figure 1: The current state of U and V bands of plate 
archive digitizing and processing. 
 
 
exposed in the U (ZU21 plates + UG1 filter) and V 
(A600N films + ZS17 filters) Johnson system bands, the 
plate archive, respectively, has about 780 plates and 4660 
films, exposed in 1967-1993 (Figure 1). The astronegative 
U and V collections are scanned on an EPSON 
EXPRESSION 10000XL scanner with a spatial resolution 
of 1200 dpi with pixel size near 1.81".  

In figure 1 the sections of the starry sky exposed on the 
1.2m Schmidt telescope in Baldone in the U (upper part) 
and V (lower part) bands are presented. Blackened circles 
correspond to the processed scans of the plates. The 
astrometric and photometric  reduction of digitized 
astronegatives is done in the Tycho- 2 and U, V 
photoelectric system respectively. The first results of scan 
processing  show that limit of B and V magnitude on 
plates with 20 minute exposure is about 19 and 17 
magnitude respectively. 

Random errors of the scanner for the astronegatives of 
the Schmidt telescope were investigated in (Eglitis et al., 
2017b). Studies have shown that for rectangular 
coordinates, the errors of one determination of the values 
of coordinate differences are σxy = 0.021-0.027 px, the 
errors in the determination of instrumental stellar 
magnitudes do not exceed the values σm = 0.014 m-0.016m. 
Considering the scale factor (the value of which is close to 
two due to the scale and technical characteristics of 
scanning for astrometry and photoemulsion contrast), the 
practical errors for the system of equatorial coordinates 
and U-values will be twice as large. And the following 
conclusion was made: the Epson Expression 10000XL 
flatbed scanner together with the developed software 

allows digitizing and processing the plates and obtaining 
the characteristics of objects (with high, moderate and low 
brightness) with an internal error of no worse than 0.05 
arc seconds and 0.03 magnitude. For boundary faint 
objects (U = 16m-17m), our studies gave a result about 
two times worse. This conclusion concerns scan modes 
1200 dpi for astronegatives of 240x240 mm. 

 
2.  The photometric part of the project FON 
 
The plan for a photographic survey of the northern sky 

(FON in russian) was proposed in 1976 by the staff of the 
Main Astronomical Observatory of Academy of Sciences 
of USSR I.G. Kolchinsky and A.B. Onegina (Kolchinsky, 
1977; Pakuliak, 2016). Earlier, in 2016 within the 
framework of the UkrVO project (Vavilova, 2012; 
Vavilova, 2016; Vavilova, 2017) implemented the Kiev 
part of the FON project (Andruk, 2015; Andruk, 2016a; 
Andruk, 2016b) and in 2017 - the Kitab part of the FON 
project (Yuldoshev, 2017a; Yuldoshev, 2017b). Data of U 
and V magnitudes of stars and galaxies from Baldone 
archive will be used as the useful photometric addition to 
the FON project. 

The photometry of stars and galaxies for the U and V 
astroplates of the 1.2m telescope in Baldone is made on 
the basis of the principles implemented in processing the 
plates of the FON project (Andruk, 2017a) using 
photoelectric measurements of stars to construct the 
characteristic curves of plates (Relke, 2015). Future plans 
include the creation of a consolidated catalogue of the 
FON project (Andruk, 2017b), including U and V values 
based on the results of processing digitized plates of the 
1.2-m telescope in Baldone (Eglitis, 2016a; Eglitis, 
2016b). Regarding the accuracy of processing of digitized 
U plates, the studies gave the following result. The 
internal accuracy for all objects is σαδ = 0.28" and σU = 
0.20m (for stars in the interval U = 8 m -14 m, the errors are 
σαδ = 0.11" and σU = 0.09m) for equatorial coordinates and 
star magnitudes, respectively. The convergence of the 
coordinates with the Tycho-2 reference system is σαδ = 
0.06". The convergence with photoelectric stellar Upe 
values is σB = 0.13m. The results of processing 
photographic observations of the 1.2 m telescope in 
Baldone can be used to improve the photometric 
parameters of the summary FON catalogue, to study 
variable stars and open clusters. The coordinate part in the 
U band can also be used to refine the proper motions of 
stars. To use the coordinate part in the V band, it is 
necessary to carry out studies of films deformation during 
scanning and improve processing techniques. 
 

3. Conclusion 
 
Baldone Schmidt archive in some area of sky contain 

20 – 30 years regular observations, that will be a good 
source for investigation of variable stars of different type 
and for detection of proper motion of stars.  

The traditional field of research in Baldone observatory 
is an investigation of carbon stars. Some of this late 
objects are situated close to clusters. One of the unclear 
characteristics of C stars in the Milky Way galaxy is their 
absolute magnitude. Therefore Baldone archive contains 
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multicolour wide-field observations of open clusters 
which are near carbon stars. These digitized plates will be 
an exclusive source for investigation of their population 
and photometric parallaxes. 

At present, according to the accepted methodology (as 
part of the FON project), more than two thousand 
astronegatives exposed at the 1.2 m Schmidt telescope in 
Baldone in the U and V bands are being processed. The 
coordinates of stars and galaxies are reduced to the Tycho-
2 catalogue system, U and V values to the photoelectric 
standards system. Work on the processing of 
astronegatives continues. 
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ABSTRACT. The CoLiTec software is a large complex 

of processing modules that implements computational 
methods for the different purposes: brightness equaliza-
tion of CCD-frames; automated calibration of the frames 
by bias-frame, dark-frame, and flat-field for reducing the 
dynamic range of brightness of the image background; 
frames track & stack; automated rejection of the anomaly 
pixels; automated excluding of the objects with anomaly 
errors; determining the equatorial coordinates of the Solar 
System small bodies; accurate parameter’s estimation of 
objects in frames; star’s identification in the frames; as-
tronegative plate’s processing; ensemble differential pho-
tometry using comparison stars; determining the instru-
mental brightness of stars in CCD-frames; automated light 
curve creation; detection of very slow and very fast ob-
jects in series of CCD-frames; detection of objects with a 
near-zero apparent motion in series of CCD-frames. 

The described methods work with the different forms 
of object images (point, long) and during the different 
observational conditions (with daily telescope guidance 
and without it). These methods lead to the increasing of 
astrometry and photometry accuracy indicators as well as 
the quality indicators for detection of the Solar System 
small bodies in series of CCD-frames. 

The CoLiTec software is installed at several observato-
ries of the world. In total, it was used for about 700 000 
observations and discovery of more than 1560 asteroids, 
including five NEO, four comets (C/2011 X1 (Elenin), 
P/2011 NO1 (Elenin), C/2012 S1 (ISON), and P/2013 V3 
(Nevski)), 21 Trojan asteroids of Jupiter, and one Centaur. 

The paper deals with the CoLiTec software 1) to proc-
ess the different types of astroinformation, which can be 
fed on-line in different forms, for example, files stream 
and video stream, astroplates; 2) to decide the data saving 
problem at various servers and virtual observatories sites; 
3) to improve computational methods and algorithms for 
automated detection of Solar System small objects; 4) to 
improve the accuracy of astrometry/photometry reduction. 

Keywords: CCD, series of frames, observations, astrom-
etry, photometry, computational methods, CoLiTec.  

АБСТРАКТ. Програмне забезпечення CoLiTec – це 
потужний комплекс модулів обробки астрономічних 
даних, що реалізують обчислювальні методи вирівню-
вання яскравості ПЗЗ-кадрів; автоматичного калібру-
вання кадрів за допомогою bias, dark та flat кадрів для 
зменшення динамічного діапазону яскравості фону 
зображення; складання кадрів; автоматичного виявлен-
ня аномальних пікселів; автоматичного виключення 
вимірювань положення об'єктів з аномальними помил-
ками; точної оцінки положення об'єктів на кадрах; ви-
значення екваторіальних координат малих об’єктів 
Сонячної системи; ототожнення зірок на кадрах та у 
каталогах, що застосовуються; обробка астронегатив-
них платівок; високоточної фотометрії зір з викорис-
танням зір порівняння; визначення інструментальної 
яскравості зір на ПЗЗ-кадрах; автоматичної побудови 
кривих блиску зір; виявлення рухомих об’єктів з малою 
контрастністю зображень; виявлення дуже повільних і 
дуже швидких об'єктів на серії ПЗЗ-кадрів; виявлення 
об'єктів з близьконульовим видимим рухом. 

Обчислювальні методи працюють з різними формами 
зображень об'єктів (круговими, протяжними) і в різних 
умовах спостереження (з добовим веденням телескопа та 
без нього). Запропоновані та впроваджені методи 
призвели до покращення показників точності астрометрії 
та фотометрії, а також показників якості для виявлення 
малих тіл Сонячної системи на серії ПЗЗ-кадрів. 

Програмне забезпечення CoLiTec широко 
використовується у різних обсерваторіях світу. Всього 
було виконано близько 700 000 спостережень та 
відкрито більше 1560 астероїдів, у тому числі п'ять 
NEO, чотири комети (C/2011 X1 (Єленін), P/2011 NO1 
(Єленін), C/2012 S1 (ISON) і P/2013 V3 (Невський)), 
21 троянський астероїд Юпітера та один Кентавр. 

У роботі розглядаються окремі аспекти програмно-
го забезпечення CoLiTec, а саме 1) для обробки різних 
типів астроінформаційних даних; 2) для вирішення 
задачі збереження даних на різних серверах та сайтах 
віртуальних обсерваторій; 3) для вдосконалення об-
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числювальних методів та алгоритмів автоматичного 
виявлення малих об'єктів Сонячної системи;  
4) для покращення астрометричної і фотометричної 
точності даних зображень на серії ПЗЗ-кадрів. 

Ключовi слова: ПЗЗ, серія кадрів, спостереження, 
астрометрія, фотометрія, обчислювальні методи, CoLiTec. 

 

1. Introduction 
 
At the present time the fast technological progress pro-

vokes creation of a big amount of the scientific informa-
tion. There are a lot of different research fields in astron-
omy that use the high dimensional data sets for analysis. 
Some of them are as follows: variables stars, asteroids, 
comets, near-Earth objects, satellites and others.  

What can we do with such a big data amount? We 
should develop and propose the automated software, 
likely the CoLiTec (Collection Light Technology) soft-
ware, which is able to: 1) process this big amount of astro-
information; 2) discovery the new Solar System small 
objects in series of CCD-frames, including those that are 
the potential hazard near-Earth objects; 3) create the light 
curves of investigated variable stars, satellites, asteroids, 
etc. We have also the Data Mining problems with these 
big astronomical data sets. How can we solve them? We 
should develop the data pre-processing methods and data 
reduction models to simplify input data sets by reducing 
unnecessary information. 

In this paper we describe the CoLiTec software accentu-
ating on the following tasks: 1) to process the different 
types of astronomical information in automated mode, 
which can be fed on-line in various forms, for example, 
files stream and video stream, astroplates, 2) to decide the 
data saving problem at the different servers, virtual observa-
tories sites. All these data can be obtained from the net-
works of automated ground-based and space-born observa-
tion systems or from the old astronomical plate’s archives. 

Authors have developed new and improved already ex-
isted methods for the full frames processing, including 
intraframe processing (parameter’s estimation of all ob-
jects in the frames) and interframe processing such as 
parameters estimation of trajectories of all moving objects 
in the series of frames. 

 
2. CoLiTec software 
 
Software for automated processing of series of frames 

is necessary for the most effective astronomical observa-
tions. This possibility is provided by the CoLiTec soft-
ware, http://www.neoastrosoft.com (Savanevych et al., 
2012) that includes the following features: 

• Automatic detection of faint moving objects 
(SNR>2.5); 

• Working with a very wide field of view (up to 10 de-
grees²); 

• FrameSmooth software for brightness equalization; 
• Auto calibration and cosmetic correction; 
• Fully automatic robust algorithm of astrometric reduc-

tion; 
• Automatic rejection of the worst observations; 

• Detection of very slow and very fast objects (from 0.7 
to 40.0 pix./frame); 

• LookSky – processing results viewer with user-
friendly GUI; 

• Multi-threaded support for multi-cores systems and 
local network; 

• Processing pipeline managed by OLDAS (On-line 
Data Analysis System); 

• CoLiTec Control Center (3C) with processing moni-
toring and logging.  

These features allow effective using of CoLiTec soft-
ware at the different observatories in the world. 

The very brief sequence of the online processing is pre-
sented in Figure 1. 

Images that are saved from the input telescopic devices 
are processed by the CoLiTec software in different modes. 
As a result, we can get necessary data such as light curves 
and appropriate reports. The more detailed process work-
flow of CoLiTec software is presented in Figure 2. The 
data control during processing is performed with using of 
the improved method, which is based on the subject me-
diator according to the UML-diagram (see Figure 3). The 
main advantage of this approach is the scalability of both 
the input and output interfaces of program modules in 
CoLiTec software.  

The data mining is performed in OLDAS mode, which 
is especially significant. It allows us to conduct near real-
time data processing and to assign confirmation of the 
most interesting objects at the night of their preliminary 
discovery (see Figure 4). 

 
 

 
Figure 1: Brief sequence of the online processing by Co-
LiTec software 

 
 

 
Figure 2: CoLiTec software process workflow 

 

212 Odessa Astronomical Publications, vol. 31 (2018)



 
Figure 3: UML-diagram of the subject mediator 

 
 

 
Figure 4: UML-diagram of OLDAS: determining the 
program instance for moving/processing of data portion 

 

During the pre-processing step of CoLiTec software in 
OLDAS mode the all unsupported and corrupted frames 
will be rejected. The remaining useful information in the 
data set will be categorized into clusters with help of speci-
fied attributes. While processing pipeline starts receiving 
the classified FITS files, it identifies types of them (raw, 
master-frames, service raw frames – dark, flat, bias). And 
only after these actions the data is prepared for processing. 

 
3. Intraframe processing methods 
 
There are a lot of different types of telescope's aberra-

tion that can cause the corrupted astronomical data, for 
example, diffraction rays, motion blur, vignetting, flare 
light, coma and others.  

The data with some aberrations is unnecessary informa-
tion. So, the removing of it on the pre-processing stage 
allows increasing the quality of processing and reducing 
the execution time. 

Also the pre-processing stage includes analysis of the 
input data and can make the decision about its quality.  

    
                        a)                                          b) 

Figure 5: a) raw image with flash, b) processing result 
 

 
Figure 6: Selective signs for extended image of object 

 
 

Some aberrations can be removed by developed special 
mathematical methods for frames filtration, brightness 
equalization and background alignment. 

These methods allow processing the frames in the dif-
ferent frequency range. The real objects in frame are 
formed by high-frequency spectral components of the 
image. However, the frame background is the low-
frequency component. The subtraction of the low-
frequency background variations allows leaving the un-
changed high-frequency components of the image.  

The inverse median alignment is used in conjunction 
with calibration frames. It is especially important to use a 
master-dark frame. All master-frames are formed pixel by 
pixel. 10% of the largest and 10% of the smallest values 
of brightness of the each pixel is tentatively discarded 
(Dubovský et al., 2017).  

In contrast to the flat-calibration of frames, inverse me-
dian filter removes coarse-grained components that are 
caused by the illumination from the Moon, the Sun, and 
illuminations of anthropogenic origin (Figure 5). 

These methods lead to increasing of astrometry accu-
racy indicators and stars photometry quality as well as the 
quality indicators of asteroids and comets detection. 

Also the CoLiTec software contains the improved 
matched filter, which is used for extended images of ob-
jects for CCD-frames taken without the diurnal tracking. It 
allows reconstructing the real images of extended objects. 
It is very helpful for working with frames with images of 
satellites, or for a malfunction of the diurnal tracking. 

If all the objects in the frame are circular, and the ob-
ject under investigation has an extended image, the detec-
tion method is based on the selective signs such as the 
eccentricity and the inclination (Figure 6). 
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                        a)                                          b) 

Figure 7: a) positions of the brightest measurements in 
frame, b) uniform distribution of reference stars in frame 

 
CoLiTec software allows performing of the astrometric 

and photometric reduction and detecting moving objects 
such as comets, asteroids or satellites in real time with the 
visual confirmation of processing results. 

The full processing sequence of CoLiTec software in-
cludes intraframe and interframe processing stages. 

During the astrometric reduction the recognizing of 
pixels that are related only to the real object's signal is 
performed. Then software removes all unnecessary pixels 
from the input data set to reduce amount of the measure-
ments for processing. 

After the estimation of the object's position the soft-
ware starts the frames identification with the stellar cata-
logs (Akhmetov et al., 2017). This is a very difficult pro-
cedure because these catalogs contain more than billions 
objects with appropriate information about them including 
astrometric and photometric measurements. The main goal 
of this stage is to understand to what part of sky these 
frames are related. 

With help of the improved method for the related 
frames identification the accuracy of astrometric reduction 
was increased in the CoLiTec software. The main purpose 
of this method is the special rule (uniform distribution) for 
the selection of reference stars in the frame (Figure 7). 

Also, the accuracy of astrometric reduction as well as 
accuracy of moving objects detection was increased after 
using the newest stellar catalogs such as UCAC5 (Fedorov 
et al., 2018) and GAIA DR2 (Gaia Collaboration, 2016). 

The photometric reduction includes the estimation of 
object's apparent brightness after its signal’s amplitude. 
This stage is performed for all real objects in series of 
frames. 

 
4. Interframe processing methods 
 
Interframe processing is used to detect and estimate ob-

jects trajectories. The core of CoLiTec software consists 
of preliminary objects detection based on the accumula-
tion of statistics that is proportional to the signals energy 
along possible object motion paths. Such accumulation is 
performed by multivalued transformation of the objects 
coordinates that is equivalent to the Hough space-time 
transformation (Savanevych et al., 2012).  

CoLiTec software has abilities for detecting very slow, 
very fast objects, and objects with the near-zero apparent 
motion. Range of visible velocities of detected asteroids 
by CoLiTec software is from 0.7 to 40.0 pixels per frame. 
For example, the faster discovered NEO was K12C29D 

asteroid (40.0 pix./frame) as well as the slowest discov-
ered object was ISON C/2012 S1 comet (0.8 pix./frame). 

These possibilities are provided by the different com-
putational methods that developed by authors and imple-
mented in the CoLiTec software. One of them is a new 
iteration method for accurate estimation of asteroid coor-
dinates, which is based on the subpixel Gaussian model of 
a discrete object image (Savanevych et. al., 2015). This 
model of the object image takes into account a prior form 
of the object image and consequently it is adapted more 
easily to any forms of real image. The method operates by 
continuous parameters (asteroid coordinates) in a discrete 
observational space (the set of pixels potentials) of the 
CCD-frame.  

Full reliability of the detection of moving objects is re-
tained up to the lower limit of SNR equal to 3 units in case 
of a minimum series consisting of four frames, with no 
stars covering of asteroid (Savanevych et al., 2015). 

The detection of objects with the near-zero apparent 
motion is performed by the method, which is based on the 
significance verification of the speed factor of object 
(Khlamov et al., 2016). Fisher F-criterion is used as sig-
nificance criterion in this method. It allows detection of 
objects that have a shift between frames, which isn’t ex-
ceeded the object’s image size by 3 RMS (Savanevych et 
al., 2018). For example, at the time of discovery, the im-
age size of the comet C 2012 S1 (ISON) was five pixels 
and it has been shifted by three pixels for the four frames 
(Khlamov et al., 2017). The Centaur 2013 UL10 has been 
shifted by ten pixels with the image size of four pixels at 
the time of discovery. 

The another method, which implemented in CoLiTec 
software, is the method for determining equatorial coordi-
nates of celestial objects based on an assessment of their 
position in the digital frame (Pohorelov et al., 2016). Dif-
ferent reduction polynomial models (cubic and fifth-
power) were implemented in this method. Also it allows 
assessing the significance of the reduction model coeffi-
cients and determining the influence of the polynomial 
model power on the accuracy of object’s position assess-
ment. This method also takes into account the peculiarities 
of astronomical reduction in long-focus and short-focus 
optical systems. 

CoLiTec software equipped with the modern viewer of 
obtained results with a user-friendly GUI. LookSky runs 
independently of the main program and it can be used for 
independent review of CoLiTec processing results while 
the main program is processing data. 

Also the system for monitoring processing messages 
with a detailed logging of handling process is imple-
mented into CoLiTec software (Pohorelov et al., 2016). 
Enhanced control of input and output data is held at the 
each stage of processing. It allows detecting damaged data 
from the existed one. 

 
5. Conclusion 
 
The CoLiTec software is widely used in the different 

observatories in the world. It has been used in about       
700 000 observations, during which four comets C/2011 
X1 (Elenin), P/2011 NO1 (Elenin), C/2012 S1 (ISON) and 
P/2013 V3 (Nevski) out of seven discovered in the CIS 
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and the Baltic States over the past 20 years were identified 
using CoLiTec. In total, the CoLiTec software was used 
for discovery more than 1560 asteroids, including 5 NEO, 
21 Trojan asteroids of Jupiter and 1 Centaur (see, also, 
Savanevych et al., 2012, 2015, 2018; Khlamov et al., 
2016, 2017; Vavilova et al., 2012, 2017; Vavilova, 2016). 

In 2014, the CoLiTec software was recommended to all 
members of the Gaia-FUN-SSO network for analyzing 
observations as a tool for detecting faint moving objects 
on CCD-frames (https://gaiafunsso.imcce.fr). Now we are 
working on the implementation of CoLiTec software into 
the GOTO project tasks.  
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ABSTRACT. Main objective of the study is orbit 

refinement of Near-Earth Objects (NEOs) as part of the 
global task of asteroid-cometary hazard. We present the 
latest results of ongoing high-precision astrometric 
follow-up observations of NEOs using the Mykolaiv 
Observatory KT-50 telescope of Mobitel Complex that 
equipped Alta U9000 CCD camera. Main feature of the 
objects of this study is the fast moving in the field of view. 
That circumstance makes impossible to observe NEOs as 
point images and to obtain their precise coordinates by the 
classical methods of observation. We used modified 
Rotating-drift-scan CCD mode for obtaining NEOs 
images and classical mode – for obtaining fields with 
reference stars to carry out astrometric reductions. The 
combination of classical and modified observational 
modes allows us to recover objects having V < 17 with 
high astrometric precision. The comparative statistics of 
Mykolaiv observations of NEOs for the period 2015-2018 
and analysis of positional accuracy are presented. The 
results of the effect of new observational data on the 
residual differences (O-C) in both coordinates with respect 
to HORIZONS JPL ephemerides are shown on examples 
two potentially-hazard asteroids (2001KB67 and 
2017YE5) during their close approaching to Earth in 2018. 
It is shown that adding new observations can significantly 
improve the accuracy of determining the orbital elements 
of such objects. 

Keywords: CCD observations, asteroid-cometary hazard, 
NEOs (near-earth asteroids), PHAs (potentially hazard 
asteroids), ephemerids of small Solar system bodies. 

  
 АБСТРАКТ. Основною метою дослідження є 

уточнення орбіти об'єктів, що зближуються з Землею 
(АЗЗ) в рамках глобальної задачі астероїдно-кометної 
небезпеки. Ми представляємо останні результати 
алертних високоточних астрометричних спостережень 
АЗЗ, що отримані за допомогою телескопу КТ-50 
комплексу Мобітел Миколаївської обсерваторії, 
обладнаного ПЗЗ-камерою Alta U9000. Основна 
особливість об'єктів цього дослідження – це швидке 
переміщення в полі зору, що робить неможливим 
отримання точкових зображень та точних координат 
таких АЗЗ класичними методами спостереження. Ми 
використовували комбінований режим синхронного 
переносу заряду з поворотною платформою  для 
отримання зображень АЗЗ  та класичний режим  – для 
отримання полів з опорними  зірками для подальшого 
виконання астрометричних редукцій. Поєднання 

класичного та комбінованого режимів  спостережень 
дозволяє нам спостерігати об’єкти до 17 зоряної 
величини (у фільтрі V) з високою астрометричною 
точністю. Наведено порівняльну статистику 
Миколаївських спостережень АЗЗ за період 2015-2018 
рр. та аналіз позиційної точності. Результати впливу 
нових даних спостережень на остаточні  різниці (О-С) 
за обома координатами по відношенню до HORIZONS 
JPL ефемериди  показані на прикладах двох 
потенційно-небезпечних астероїдів (2001KB67 і 
2017YE5) під час їх зближення з  Землею у 2018 році. 
Показано, що додавання нових спостережень може 
значно підвищити точність визначення елементів 
орбіт таких об'єктів. 

Ключові слова: ПЗЗ-спостереження, астероїдно-
кометна небезпека, АЗЗ (астероїди, що зближуються з 
Землею), ПОА (потенційно-небезпечні астероїди) 
ефемериди руху малих тіл Сонячної системи. 

 
 
1. Introduction 
 
Ground-based optical position observations of the solar 

system bodies are the basis for creation of the motion theories, 
defining and clarifying of the orbits elements and dynamic 
parameters. Regular observations of near Earth objects (NEOs) 
are also one of the most important aspects of studying the 
problem of asteroid-cometary hazard and allow us to do 
refinement of the orbits, which makes it possible to predict a 
collision of a quite large body with the Earth in future and to 
take appropriate measures in advance. The maximum close 
approach period with the Earth is most favorable for the search 
of small-scale NEOs because at another time they have rather 
weak magnitudes and inaccessible to observations even at 
large telescopes. Much of them belong to the class of 
potentially-hazard asteroids (PHAs). Fig. 1 shows the 
distribution of the all known PHAs apparent magnitudes at 
discovery data (Asteroid list was taken from 
https://www.minorplanetcenter.net/iau/lists/PHAs.html at the 
beginning of 2018). Apparent magnitudes were calculated with 
on-line service HORIZONS JPL ephemeris 
(https://ssd.jpl.nasa.gov /horizons.cgi).  

The problem of asteroid-cometary hazard is one of the 
priority tasks around the world. NEOs can pose a threat to 
existing spacecraft, as well as to the population of the 
Earth as a whole. Nowadays, many scientific projects, 
which are allocated significant funding, are engaged in 
monitoring of known NEOs and the search for new ones. 
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Figure 1: NEOs apparent magnitude on discovery data 
 
 
The most active project in the field of the search and 

observations NEOs in the optical range are Pan-Starrs 
(Wainscoat et al., 2018) and Catalina sky survey (CSS) 
(Leonard et al., 2017). But despite the efforts being made 
in this direction, this task cannot be considered solved. 
Fig. 2 shows the histogram of the distribution of the NEOs 
versus the relative motion of approaching the Earth on the 
discovery date of these bodies. The range-rate ("delta-
dot") parameter from JPL’s HORIZONS ephemeris is 
used as relative motion. A positive "del-dot" means the 
NEO is moving away from the Earth, a negative "del-dot" 
means the NEO is moving toward the Earth. As you can 
see from Fig. 2 more than 40% of known NEOs were 
discovered after they had approached to a minimum 
distance to the Earth. This proves the importance of 
regular monitoring of the hazardous celestial objects on 
the approach way to the Earth. 

The observations of NEOs on the close distances from 
the Earth with classic methods is becomes complicated, 
since their apparent velocity in the field of view may be in 
the range of 0.2" to 120" per minute and even more. An 
original combined observation method, the main feature 
of which is the separate obtaining of images of reference 
stars by classical drift-scan mode and fast moving bodies 
with using Rotating-drift-scan CCD is realized in the 
Mykolaiv Observatory for the positional observations of 
celestial bodies with high apparent motions. Using 
Combined observation method allows to get all the images 
as a point, that in turn to determine the coordinates of the 
center of the image with maximum accuracy. 

 

  
 
Figure 2: NEOs relative motion on discovery data 

 
 
2. NEOs Asteroid Observations and Reductions  
 
The array of NEOs  CCD observations obtained on the 

telescope KT-50 of the Mobitel complex RI “MAO” was 
used to perform astrometric reductions by combine scheme 
with one of the modern astrometric catalogues (Maigurova 
et al., 2017). We used UCAC3, 4 catalogues previous to 
GAIA data release catalogues become available. Mobitel 
complex is operated for observations since 2011. The 
telescope KT-50 (F = 3000mm, D = 500mm) is equipped 
with Alta U9000 camera (3Kx3K, 12x12mkm, 42.5'x42.5' 
FOV, 0.83"/pixel) in photometric band OG-14 (near 
standard Rc band). Since 2017 telescope was equipped by 
standard V filter in Johnson system. The more detailed 
description of the complex is given in (Shulga et al., 2012). 
As mentioned above, images with reference stars and NEOs 
obtain separately. The time exposure for star images is 10 
sec. It depends from the expected stellar magnitude for 
NEOs images  and typically exposure time ranges from 60 
to 150 seconds. The processing of the stars images was 
carried out by the package "Astrometrica" 
(http://www.astrometrica.at) in automatic mode. The 
detailed description of the reduction pipeline is given in 
(Sibiryakova et al., 2015). Statistics of the NEOs Mykolaiv 
observations with MPC code 089 during 2015–2018 are 
shown in Table 1, where N1, N2 – number of obtained 
positions and asteroids, correspondingly; n1, n2 – number 
of the positions and asteroids for new objects, which were 
discovered in the current year. Table column “residuals” are 
given (O–C) differences with NEODyS-2 ephemeris 
(http://newton.dm.unipi.it/neodys/) and their RMS. 

 
Table 1: NEOs observations of the RI “MAO” (MPC code 089) 
 

Current year Residuals, mas Year N1 N2 
n1 n2 RA RMS DE RMS 

2015 742 50 286 21 16 323 74 368 
2016 172 19 39 6 -2 258 135 379 
2017 695 32 246 12 -20 214 71 258 
2018* 633 28 36 3 30 217 42 288 
All 2242 123 607 42 7 260 68 317 

*As of beginning of October 
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It should be noted that despite the fact that the technical 
capabilities and weather conditions of our observatory are 
much worse than those of large survey projects, for some 
objects our observations make up a significant proportion 
of all available observations. Usage the combined method 
gives us the opportunity to observe the approaching object 
among the first on the current orbit turn. Statistics of the 
selected PHAs is given in Table 2, where N, % mean 
number of Mykolaiv observations and their part from all 
MPC observations for these objects, Mag – mean apparent 
magnitude. As can be seen from the Table 2 some 
potentially hazard asteroids have only a few dozen 
observations and our share is over 10%. 

 
Table 2: Statistics of the selected PHAs 
 

Residuals ± RMS, mas NEO N % 
RA DE 

Mag 

1999KW4 78 20 45±148 116±138 14.0 
2015LG2 24 16 47±275 207±302 17.5 
2001KB67 46 14 155±115 146±212 15.2 
2017NS5 20 12 370±153 -93±271 16.2 
2017MB1 41 9 -190±193 -27±265 15.6 
2010NY65 32 7 23±198 213±211 16.8 
2017YE5 19 6 131±178 11±242 15.6 
2011UW158 52 6 -6±321 110±347 16.0 
2015DP155 38 6 -33±174 5±378 15.3 
2018EJ4 19 4 -2±138 176±225 15.6 

 
 
3. Accuracy Analysis  
 
As can seen from Table 1 during 2015–2018 we have 

obtained 2242 positions for 123 NEOs. This number is 
less than sum for column 2 because we observed some 
asteroids during several periods of visibility, which belong 
to different years. The duration of a series of frames of 
one object usually didn’t exceed 30 minutes, so the 
positions of the object in a series of frames were 
calculated with fixed set of reference stars on a small arc 
of the orbit. These circumstances make possible to use the 
mean square error (RMS) of the residual differences (O– 
C), where (O) is the position obtained from the 
observations, (C) – the ephemeris position at the time of 
observation, as an estimate of the intrinsic precision of our 
measured positions. Fig. 3 shows these errors in both right 
ascension and declination for a single observation plotted 
against apparent magnitude.  

As can be seen from Fig. 3 and Table 1, precisions of 
NEOs Mykolaiv observations is high enough for this kind 
of objects. The rotation-drift-scan CCD mode allows us to 
observe NEOs with large velocity, when they have 
maximum brightness. Part of our observations 2017 have 
index "h – high accuracy" according MPC statistics 
(http://www.minorplanetcenter.net/iau/special/residuals.txt). 

It is worth noting, that much of NEOs are potentially-
hazard objects that approach the Earth at a distance of less 
than 0.05 AU and have an absolute stellar magnitude of 
less than 22mag. A detailed analysis of the 2018 
observations for two of them is given below. 

 
 
Figure 3: RMS on right ascension (up) and on declination 
(down) versus asteroid apparent magnitude 

 
 

 
Figure 4: The mutual distribution of residual differences 
(O–C) in right ascension and declination 

 
 
The mutual distribution of residual differences (O–C) 

in right ascension and declination are shown in Fig. 4. 
Only 2% residuals exceed the value 1. 

 
3.1.  2001 KB67 (68347) 
 
Asteroid was discovered by LINEAR project on 2001, 

May 30. Close approach to Earth to 0.024 AU was at 
2018, May 29. There were 228 observations with not good 
accuracy obtained for 2001–2017 period before 2018 
observation campaign. The mean residuals differences (O- 
C)ra,de were (0.01±0.74) and (0.13±0.58). 309 positions 
were obtained by 24 observatories during 2018 visibility 
period. The mean residuals differences (O–C)ra,de for them 

are (-0.01±0.33) and (-0.02±0.33). 
The Table 3 gives results of comparison 2 series of the 

Mykolaiv observations (MPC code 089) with JPL 
ephemeris on date observation (1) and after adding new 
2018 observations (2). 
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3.2.  2017 YE5 
 
Asteroid 2017 YE5 was discovered on 2017, December 

and approached Earth within 0.04 au on 2018, June 21. 
The orbit of 2017 YE5 has a Tisserand parameter of 2.875, 
which is possibly point the object could be an extinct 
Jupiter-family comet. Only 95 observations were available 
until 2017 YE5 was approached Earth. Tab. 4 is shown 
values of the residuals differences (O–C) for the Mykolaiv 
observations (code 089) with JPL ephemeris, which 
calculated on June 21(1) and after this date (2), when new 
observations were added. 

 
 
Table 3: 2001 KB67 (O–C) differences (MPC code 089) 

 
(O-C) (1) (O-C) (2) Date 

2018.05 RA DE RA DE 
29.028813 3.08 0.99 0.67 -0.23 
29.031136 2.81 0.9 0.40 -0.33 
29.033463 2.74 1.27 0.34 0.04 
29.035789 2.71 1.04 0.30 -0.19 
Mean 2.83 1.05 0.43 -0.18 
RMS 0.17 0.16 0.17 0.16 
31.003218 -0.19 1.82 0.23 0.12 
31.005547 -0.31 1.71 0.12 0.00 
31.007874 -0.21 1.57 0.21 -0.14 
31.010201 -0.05 1.50 0.37 -0.20 
31.012539 0.10 1.59 0.53 -0.11 
31.014866 -0.10 1.57 0.34 -0.13 
31.017216 -0.08 1.69 0.36 -0.02 
31.019554 -0.10 1.59 0.34 -0.10 
Mean -0.12 1.63 0.31 -0.07 
RMS 0.12 0.10 0.13 0.10 

 
 
Total were received new 241 positions for 2017YE5, 

which made it possible to significantly improve the accuracy 
of the orbit and successfully conduct radar observations of 
this asteroid. The mean residuals differences (O–C)ra,de for 
them are (-0.08±0.39) and (-0.04±0.48). 

 
 
Table 4: 2017YE5 (O–C) differences (MPC code 089) 
 

(O-C) (1) (O-C) (2) Date 
2018.06 RA DE RA DE 
20.966624 -10.67 -7.23 -0.14 0.01 
20.971275 -10.57 -7.07 -0.04 0.17 
20.981830 -10.33 -7.52 0.20 -0.27 
20.987260 -10.43 -6.84 0.09 0.43 
20.989585 -10.29 -6.99 0.22 0.28 
Mean -10.43 -7.21 0.09 0.04 
RMS 0.15 0.31 0.15 0.31 

 

4. Conclusions 
 
In this paper, the results of ongoing observations of 

NEOs using the Mykolaiv Observatory KT-50 telescope 
of Mobitel Complex are presented. 2242 positions of 123 
NEOs were obtained during last 4 years. The using 
rotation -drift -scan CCD mode allows us to observe the 
fast moving asteroids with high accuracy. It was shown 
also that adding new observations can significantly 
improve the accuracy of determining the orbital elements 
of potentially hazard asteroids.  
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ABSTRACT. Main objective of the study is getting 

information about multiple and double stars that allow us 
to determine whether this pair is physically link system. 
Physically bounded star systems are source of unique 
information such as the ratio of the periods of pairs in one 
system, the relative orientation of the orbital planes, the 
distribution of components by mass which is extremely 
important for determining the parameters of star formation 
models and for testing stellar models evolution. The 
results of selected multiple star systems CCD 
observations, which were carried out at the KT-50 
telescope of the Research Institute “Mykolaiv 
Astronomical Observatory” during the 2016-2018 years 
are presented. The Washington catalog of double stars 
(WDS) was used for observational list. There were 
presented detailed study of 14 multiple star systems. 
Astrometric reductions of the CCD frames with multiple 
system components at the current epoch were performed 
using “Astrometrica” software with Gaia DR2 reference 
catalog. The combination of the CCD received data with 
other Strasbourg base catalogs allowed to determine the 
new values of stars proper motions. Parameters of mutual 
component configuration (position angle and separation) 
were also measured for the components of the multiple 
star systems using REDUC software. The measures 
standard errors were 0.05" for separations and 0.2° for 
position angles. Combination ground based original 
observations with accurate astrometric catalogs available 
due to Strasbourg astronomical Data Center allowed us  
obtain new knowledge about investigated objects. 

Keywords: Double and multiple stars, binary stars, 
CCD observations, astrometric positions, common proper 
motions   

 
АБСТРАКТ. Основною метою дослідження є 

отримання інформації про системи кратних та 
подвійних зірок, які дозволяють нам визначити, чи є 
вони фізично-зв'язаною системою. Кратні та подвійні 
системи зірок є джерелом унікальної інформації, такої 
як співвідношення періодів пар в одній системі, 
відносна орієнтація орбітальних площин, розподіл 
компонентів за масою та інш., що надзвичайно 
важливо для визначення параметрів моделей 
утворення та еволюції зірок. Представлені результати 
ПЗЗ спостережень вибраних кратних зоряних систем, 
що проводилися на телескопі КТ-50 НДІ 
"Миколаївська астрономічна обсерваторія" протягом 

2016-2018 років. У якості вхідного списку для 
спостережень використовувався Вашингтонський  
каталог подвійних зірок (WDS). Дана робота 
представляє  детальне дослідження 14 кратних 
зоряних систем. Астрометричні редукції  ПЗЗ – кадрів 
на момент спостережень, що містять компоненти 
досліджуваних  кратних  систем, були виконані за 
допомогою програми "Astrometrica" у системі 
опорного  каталогу GAIA DR2. Комбінація положень, 
що отримано з наших спостережень та положень з 
інших  каталогів із Страсбурзької бази даних 
дозволила визначити нові значення власних рухів 
компонентів цих зоряних систем. Параметри взаємної 
конфігурації компонентів (позиційний кут та кутове 
розділення) також були виміряні для компонентів 
вибраних зоряних систем за допомогою програми  
REDUC. Стандартні похибки вимірювань склали  
0.05" для кутового розділення та 0.2° для позиційного 
кута. Комбінація даних наших астрометричних 
спостережень з даними високоточних астрометричних 
каталогів, що є доступними через Страсбурзький 
астрономічний центр даних, дозволили нам отримати 
нові знання про досліджувані об'єкти. 

Ключові слова: подвійні та кратні зоряні системи, 
фізично зв’язані подвійні зорі, ПЗЗ-спостереження, 
астрометричні положення, власні рухи. 

  
1. Introduction 
 
The Washington Double Star Catalog (WDS) (Mason 

et al., 2001) lists 142,785 (on the summer 2018) of 
resolved stellar systems with two and more components. 
Number of WDS systems with more than 3 components is 
59%. Hierarchical systems with known orbits are of 
special interest objects. Compared  to  binaries,  
hierarchical  multiples  with  three  or more components 
contain additional information such as period ratios,  mass  
ratios,  and  relative  orbit  orientation. Study (Tokovinin 
et al., 2014) has shown that 46% of solar-type stars (F-G 
spectral type) in the vicinity of 67 pc from Sun are non-
single and the ratio of stellar systems with a multiplicity 
of 1: 2:3:4:5 is 54: 33: 8: 4: 1. However, a substantial 
fraction of the WDS entries are random combinations of 
background stars. Despite to almost any bright star has 
faint optical components in the WDS typically their 
secondary components are faint and often located in 
crowded regions of the sky. Proper motions are absent for 
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32% secondary component in WDS catalog, which makes 
it impossible to understand the true nature of these 
objects. The appearance Gaia DR2 catalog, that contains 
highly accurate positions, parallaxes, and proper-motions 
for more than 1 billion sources brighter than magnitude 
20.7 in the white-light photometric G band, significantly 
will improve the situation on this issue. At the same time, 
ground-based observations do not lose their value due to 
the specifics of these objects and space observations.  

 
2. Observations and Reductions  
 
The regular observations of binary and multiple stars at 

RI «MAO» have been carried out since 2013 at two 
telescopes: Axial Meridian Circle and KT-50 of Mobitel 
complex (Shulga A.V. et al., 2012; Bodryagin et al, 2015; 
Bodryagin et al, 2016; Bodryagin et al, 2017). For this 
study we used observations that obtained at KT-50 
telescope (Mobitel complex) during 2016 -2018. 14 
multiple systems were checked from WDS catalog. Some 
information about these systems is presented in Tab.1. 
The Tab.1 are given stellar magnitudes of primary 
component (Mag1) and magnitudes for faintest 
component (Mag 2), information about proper motions 
availability for primary (Pm1) and secondary (Pm2). If at 
least one of system component has no proper motion there 
is “-” in column Pm2. 
 
Table 1: Selected WDS systems 
 

WDS N Mag1 Mag2 
(min) 

Pm1 
 

Pm2 

09587+1058 3 7.5 11.7 + + 
10097+0310 3 8.5 12.0 + + 
11537+7345 4 7.2 16.5 + - 
12056+6848 6 7.5 12.7 + - 
12082+6030 4 10.5 15.2 + + 
12187+1148 3 9.5 11.8 + + 
12339+2603 3 11.5 14.1 + + 
12396+1956 3 8.5 15.2 + - 
12418+0953 5 7.0 14.4 + - 
12429-0215 3 9.2 13.8 + + 
12497+0111 4 8.2 14.0 + - 
12525+0712 4 9.6 15.1 + - 
12550+5810 3 8.6 9.8 + + 
17479+3417 4 6.6 13.3 + - 

 
2.1. Astrometric Reductions 
 
The CCD observations of fields with selected WDS 

systems were obtained in drift scan mode at near R 
photometric band (OC-14 filter) and at V band (Johnson 
system) starting from 2018. The numbers of the images 
for each objects is given in Tab.2. The astrometric 
reductions of observations were carried out by the 
package "Astrometrica" (http://www.astrometrica.at), 
version 4.11.1.442. Reference catalogs Gaia DR2 (Gaia 
Collaboration, 2018) and  UCAC4 (Zacharias N. et al., 
2013) were used for calculations of  equatorial coordinates 
of stars in the fields. The comparison of mutual 
distributions of residuals differences (O - C), with 

different catalogs are shown in Fig. 1. The differences (O–
C) are used in mean O – positions obtained from 
observations, C - catalog positions. 

As can be seen from Fig.1, the usage of GAIA DR2 
catalog as reference allows improving accuracy of 
obtained positions up to 20%. Mean errors in both right 
ascension and declination for a single observation depends 
from stellar magnitude and are in range (20 -30) mas for 
(12-15) mag, and up to 100 mas for 17 mag. 

 

 
 

Figure1: Distributions of residuals differences (O - C) in 
right ascension and declination (up – GAIA DR2 
reference catalog, down – UCAC4 reference catalog. 

 
2.2 Measurements 
 
The measurements of doubles were made with REDUC 

software (http://www.astrosurf.com/hfosaf/reduc). 
To determine frame orientation, we used previously 

obtained exact values of orientation angle and image 
inclination regarding the celestial equator from 
astrometric reductions. Position angles, separations, and 
their standard deviations were measured for each 
component of selected WDS systems. A more detailed 
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description of the processing procedure is given in 
(Bodryagin et al, 2016). The results of measurements of 
A, B mutual configuration (with exception of WDS 
11537+7345) are shown in Tab.2. (For WDS 11537+7345 
A and B component form a spectroscopic binary system 
and has separation only 0.5 ".) 

 
Table 2: Result of measurements of AB component for 
selected WDS systems 
 

WDS PA,deg RMS 
PA 

Sep 
 

RMS N 

09587+1058 347.73 0.09 49.08 0.11 16 
10097+0310 52.57 0.06 89.62 0.07 16 
11537+7345* 59.45 0.17 36.90 0.13 11 
12056+6848 166.80 0.50 10.20 0.11 10 
12082+6030 23.73 0.01 30.80 0.04 5 
12187+1148 239.89 0.36 9.53 0.08 10 
12339+2603 337.65 0.36 15.84 0.12 10 
12396+1956 148.22 0.07 413.99 0.11 5 
12418+0953 101.83 0.04 112.75 0.03 5 
12429-0215 92.42 0.11 53.77 0.11 10 
12497+0111 336.71 0.03 197.87 0.08 12 
12525+0712 87.39 0.20 32.66 0.06 10 
12550+5810 274.19 0.36 18.65 0.07 10 
17479+3417 348.44 0.20 30.34 0.08 4 

*Measurements for A, D component 
 

 
Mean RMS errors of the measurements for all pair 

components in the selected systems were 0.18° in 
positional angle and 0.1 in separation.  

 
 
3. Results 
 
The astrometric positions on observational epoch  of all 

measurable components of the selected WDS systems 
were obtained from astrometric reductions. The results of 
cross-identification of the resulting array of star positions 
with the main modern catalogs, which can be an 
additional source of information about the components of 
selected systems, are presented in Tab. 3.  

 
Table 3: Results of Cross-ID Mobitel KT-50 data  with 
CDS data catalogs 

. 
Catalog N Mean Epoch 

Mobitel KT50 45 2017.19 
Gaia DR2 44 2015.50 
GSS 2.3 43 1996.20 
Pan-STARRS DR1 45 2010.17 
SDSS DR12 41 2003.86 
UCAC5 44 2001.77 
AC2000 33 1907.00 
 
The cross-ID procedure was made with using Vizier 

service by TOPCAT software (Taylor M. B., 2005). The 
usage of original positions on catalog observation epoch 
can find out stars with common proper motions and 

compare the shot-term measured Gaia DR2 proper 
motions with the long-term averaged. It should be noted 
the lock of the components in AC2000 catalog makes it 
impossible to obtain reliable differences with Gaia data.  

Below the more detailed study results for 2 WDS 
systems are presented with using positional information 
from different CDS catalogs and data about distances 
from Bailer-Jones et.al (2018). 

The table 4 provides estimates and confidence intervals 
of distances for the components of WDS 12056+6848 and 
WDS 12082+6030.  

 
Table 4: Distances for selected components from Bailer-
Jones et.al (2018) 

 
WDS D, pc , pc 

 12056+6848   
A 217.8 215.8-219.8 
B 209.0 207.9-210.0 
C 476.3 471.1-484.5 
D 426.2 421.2-431.2 
E 355.4 350.6-360.3 
F 469.6 464.1-475.3 

12082+6030   
A 789.7 773.1-789.7 
B 228.3 226.7-230.0 
C 232.9 231.3-234.5 
D 1064.1 1033.2-1096.8 

 
 
 
3.1 WDS 12056+6848 
  
This WDS system from the list of the objects studied 

has the largest (6) number of entries in the WDS catalog. 
«Notes» column information says that the A, B 
components form non-physical pair, as A and E 
components have physical link. KT-50 positions were 
added to the positions checked from different catalogues 
and long-term proper motions were calculated from linear 
interpolation function. As can be seen from Fig.2 only A, 
B components have common proper motions and can be 
physical pair. These data are in good agreement with Gaia 
DR2 proper motions and distances from Bailer-Jones et.al 
(2018). 

 
3.1 WDS 12082+6030 
  
There are 4 entries for this system in WDS catalog and 

in «Notes» column contains information that these pairs 
are non-physical. The Tab.4 distance data allow us to 
suggest that this is not true and the components B, C form 
a binary system. The positions of the B, C components 
obtained from KT-50 and CDS catalogs at different epoch 
are presented in Fig.3. The proper motions in right 
ascension and declination that calculated from these data 
are: -3/-14 mas/year for B and -2/-17 mas/year for C 
component. These values are in good agreement with 
GAIA DR2 (-2/-14mas/year and -1/-14mas/year) proper 
motions. All of the above point that component B and C 
likely physical pair. 
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Figure 2: Component positions of the WDS12056+6848 
on different catalog epochs, up – right ascension, down – 
declination.  

 
 
4. Conclusion  
 
Positional data obtained for physically connected 

components are valuable information for the catalog of 
orbital elements (Orb6) of binary and multiple stars. New 
observations of the components of multiple systems on the 
KT-50 telescope of the Mobitel RI ”MAO” complex are 
obtained. Astrometric reductions and measurements of the 
parameters of the mutual configuration of the selected 
WDS multiple systems are performed. Combination new 
original observations with accurate catalogs available at 
Strasbourg astronomical Data Center allows not only to 
obtain new knowledge about investigated objects but also 
to estimate the accuracy of so-called “instantaneous”  
parallaxes and proper motions from Gaia catalog. 

Observation data and analysis of the results will be sent 
to the coordinators of the WDS catalog database. We are 
also planning to continue use resources of MAO to future 
analysis and refinement of the results. 
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Figure3: Positions of the B, C WDS12082+6030 
component on different catalog epochs, up – right 
ascension, down – declination. 
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ABSTRACT. Since May 2018 the process of the scan-
ning and processing of photographic plates from the ar-
chive of the Institute of Astrophysics Academy of Sci-
ences of Tajikistan has begun. It is a matter of approxi-
mately 1560 photographic plates in the sky zones from -8 
to +90 degrees that were exposed for the FON project in 
the Hissar observatory (HisAO) during 1985-1992. The 
plates are digitized by using of the scanner Microtek 
ScanMaker 1000XL Plus with the resolution of 1200 dpi. 
The size of the photographic plates is 8°x8° or 30x30 cm, 
the size of the digitized images is 13000 x 13000 px. So 
far the first results of the processing of the 71 plates of 
zero zone and the 58 plates of 64, 68 and 72 zones were 
obtained. The errors in the definition of equatorial coordi-
nates and B-magnitudes for the stars in the range of 5m - 
17m are the following: σαδ = ±0.33" and σB = ±0.12m. The 
differences between the calculated positions and B-
magnitudes and the reference one from the Tycho2 cata-
logue are σαδ = ±0.12" and σBT = ±0.19m respectively. The 
difference between the calculated and the photoelectric B-
magnitudes equals σB = ±0.15m. In the realization of the 
“FON-Dushanbe catalogue” project five astronomical 
institutions are involved: Institute of Astrophysics of AS 
of Republic of Tajikistan; Walter Hohmann Observatory, 
Essen, Germany; Ulugh Beg Astronomical Institute UAS, 
Uzbekistan; Research Institute “Mykolaiv Astronomical 
Observatory”, Ukraine and Main Astronomical Observa-
tory NASU, Ukraine. 

Keywords: scanning, processing of digitized plates, FON 
project, astrometry, photometry, data analysis  

 
АБСТРАКТ. В травні 2018 року за програмою ФОН 

розпочато процес масового сканування та обробки 
фотографічних платівок із колекції Інституту 
астрофізики АН Республіки Таджикистан. За період 
1985-1992 рр. в зонах від -8º до +90º експоновано 
близько 1560 платівок розміром 8º × 8º. Платівки 
оцифровуються за допомогою сканера  Microtek 
ScanMaker 1000XL Plus, режим сканування — 1200 
dpi, розмір платівок – 30х30 см  або 13000х13000 px. 
Отримано перші результати із обробки 71 платівки 

нульової зони та 58 платівок 64, 68 і 72 зон. Для фо-
тометричного інтервалу В-зоряних величин від 5m до 
17m значення похибок визначення екваторіальних ко-
ординат  та В-зоряних величин такі:  σαδ = 0.33" и  σB = 
0.12m. Сходимість між обчисленими нами та опорни-
ми положеннями із каталогу Tycho2 є такою:  σαδ = 
0.12", σBT = 0.19m, а сходимість з фотоелектричними 
зоряними B-величинами дорівнює σB = 0.14m. В 
обробці платівок та створенні каталога ФОН-Душанбе 
приймають участь п'ять астрономічних закладів: 
Інститут астрофізики АН Республіки Таджикистан, 
Обсерваторія ім. Вальтера Хоманна в Ессені 
(Німеччина), Астрономічний інститут ім. Улугбека 
АН Республіки Узбекистан, НДІ “Миколаївська 
астрономічна обсерваторія (Україна) та Головна 
астрономічна обсерваторія НАН України. 

Ключові слова: сканування, обробка оцифрованих 
платівок, програма ФОН, астрометрія, фотометрія, 
аналіз даних 

 
 
1. Introduction 
 
The plan of the photographic survey of the Northern 

Sky (FON) was proposed in 1976 by the scientists of 
GAO of USSR G. Kolchinski and A.B. Onegina (Kolchin-
sky, 1977; Pakuliak, 2016). The idea of the project arose 
after the acquisition by several observatories of the USSR 
of identical wide-angle astrographs of the company Karl 
Zeiss (Jena) with the aperture of 40 cm and the focal 
lengths of 2 or 3 meters. The project FON was attended by 
six observatories: Main Astronomical observatory of 
Ukraine (Goloseevo), Zvenigorod observatory of Russia, 
Hissar observatory of Tadjikistan, Abastumani observa-
tory of Georgia, Zelenchuk observatory of Russia and 
Kitab observatory of Uzbekistan. The northern sky should 
be photographed four times with an overlaping. The His-
sar astronomical observatory (HisAO) of the Institute of 
Astrophysics of AS of Tajikistan also participated in the 
realisation of the project FON. Regular observations be-
gan in 1985 and lasted until 1992. Hamburg O.E., Relke 
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E.V., Tsygankova M.I., Mullo-Abdolov A. S., Kiselev 
N.N. took part in the observations. In total, 1578 photo-
graphic plates were exposed. The 1560 of which were 
suitable for the processing. Thanks to the support of the 
Academy of Sciences of RT the Institute acquired a pro-
fessional scanner, which allows the scanning of the photo-
plates whith the size of 30 x 30 cm (Mullo-Abdolov, 
2017, Rahimi, 2018). In 2017 the scanner was placed on a 
specially built platform. With the help of the scanner it is 
planned to digitize the photographic plates exposed for the 
project FON. The digitized images will be processed with 
the goal to create a FON-Dushanbe catalogue with exact 
positions and B-magnitudes of stars, galaxies and other 
objects. The task is solved together with colleagues from  
Walter Hohmann Observatory, Essen, Germany; Ulugh 
Beg Astronomical Institute UAS, Uzbekistan; Research 
Institute “Mykolaiv Astronomical Observatory”, Ukraine 
and Main Astronomical Observatory NASU, Ukraine. 
Earlier, in 2016, within the framework of the UkrVO pro-
ject (Vavilova, 2012; Vavilova, 2016; Vavilova, 2017) the 
Kiev part of the program FON was performed (Andruk, 
2015b; Andruk, 2016a; Andruk, 2016b) and in 2017 the 
Kitab part of the project FON was done (Yuldoshev, 
2017a; Yuldoshev, 2017b). For the future the creation of 
the common catalogue of the FON project is planed 
(Andruk, 2017b). This future FON-catalogue will contain 
also the U, V values, which will be obtained after process-
ing of digitized photographic plates of 1.2-m telescope in 
Baldone (Eglitis, 2016; Eglitis, 2017; Eglitis, 2018). 

 
2. First results of processing of the FON-Dushanbe 

zones 
 
In May 2018 the 71 photographic plates of zero zone 

and 58 plates of the 64, 68 and 72 zones were digitized 
and processed. The size of one plate is 8 degrees along the 
declination and 8xcosδ degrees along the right ascension.  
So the 90 plates are necessary for the full filling of zero 
zone with two overlapping. The filling of the sky by the 
stars of B = 10m magnitude for zero and near polar zones 
is showed in the Figure 1 in the form of sky maps. The 
sequence and principles of the processing of wide-angle 
digitized plates with the purpose of the obtaining of equa-
torial coordinates and visual B-magnitudes of registered 
objects were published in the following works (Andruk, 
2015a; Andruk, 2017a). 

 
2.1. Astrometry 
 
Astrometric reduction of the digitized photographic 

plates with the size of 8x8 degrees is carried out in two 
steps: the investigation of the systematic errors of the scan-
ner Δα and Δδ and then the reduction of rectangular coordi-
nates X, Y of all objects in the system of equatorial coordi-
nates α, δ of Tycho-2 catalogue. At the both steps of data 
processing the tangential coordinates ξ, η are calculated by 
the method of the smallest squares using the formula: 

 
 

 
Figure 1: Sky maps. The filling of the sky areas of zero 
(bottom) and near polar (top) zones of the FON-Dushanbe 
project with the stars of B = 10m magnitude 

 
 
 
 
 
 
 
 

ξi =  a1+a2Xifi+a3Yifi+ a4Rimi+a5fi + ∑blmXi
lYi

m,   
(l=0÷6, m=0÷6, l+m=n, n=1÷6) 

ηi =  с1+с2Xifi+с3Yifi+ с4Rimi +с5fi +  ∑dlmXi
lYi

m,  
 (l=0÷6, m=0÷6, l+m=n, n=1÷6) 

 
where i = 1,2,…N – number of stars from the TYCHO-2 
catalogue on the digitized plate; Xi, Yi и Ri – coordinates 
and distances of star images relative to the center of the 
plate; mi – instrumental photometric star values; fi –
diameters of star images; coefficients a2, a3, a4 and с2, с3, с4 
are responsible for the coma; coefficients a5, c5 – take into 
account the influence of the brightness  equation (these co-
efficients are calculated separately); the blm и dlm are the 
coefficients of the full polynomial of degree six (altogether 
27 members), which describe in a general case optical aber-
rations of the telescope  complicated by systematic errors of 
the scanner. The first results of the processing of 58 plates 
near polar zones and 71 plates of zero zone of the FON-
Dushanbe project are show in the Figure 2. 
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Figure 2: The trend of internal errors for equatorial coordi-
nates and B-magnitudes as well as the number of stars rela-
tive to the intervals of the B-magnitudes of the FON-
Dushanbe catalogue. The error information for the near polar 
(64, 68, 72) zones is presented on the upper panels a, b, c and 
d; for the zero zone - on the lower panels a', b', c' and d'. 

 
 
 
The coordinates of the stars and galaxies are obtained in 

the system of the Tycho-2 catalogue, the B-magnitudes – in 
the system of photoelectric standards. The mean observa-
tion epoch of the FON-Dushanbe catalogue is1990.5. The 
values of the internal errors of equatorial coordinates and B-
magnitudes of stars and galaxies are equal: σαδ =  0.33"-
0.36" and σB = 0.13m respectively.  The distribution of er-
rors of equatorial coordinates of the FON-Dushanbe cata-
logue relative to the reference Tycho-2 catalogue for near 
polar zones and zero zone are presented in the Figure 3. 

 

 
Figure 3: The distribution of mean squared errors of equa-
torial coordinates of the FON-Dushanbe catalogue relative 
to the reference Tycho-2 catalogue for the near polar 
zones  (panels a, b) and the zero zone (panels a', b'). 

 
 
2.2. Photometry 
 
The photoelectric Bpe values of stars from a specially 

created catalogue were used as photometric standards for 
the construction of characteristic curves for each digitized 
photographic plate (Relke, 2015; Andruk, 2017a). The 
errors of differences ΔВ between the calculated by us     
B-magnitudes and photoelectric Bpe values of stars for 
more than 2370 stars are equal to σB = 0.14m. The Figure 4 
illustrates the trend of differences ΔВ relative to photo-
electric values B and B-V. 

 
2.3. Comparison with other catalogues 
 
A separated independent study of astrometric and 

photometric properties of the zero zone for three cata-
logues of the FON project (FON-Kiev, FON-Kitab and 
FON-Dushanbe) were made by special method (Akhme-
tov, 2016) in the work, which was also presented on the 
Gamov conference 2018 and was published in the same 
conference proceeding (Akhmetov, 2018). 

 
3. Conclusion 
 
At the end of June 2018 about 150 photographic plates 

of zero (00) and polar (64, 68, 72 and 76) zones of the 
FON-Dushanbe photographic archive were digitized and 
processed. In parallel these digitized plates are used for 
the searching of asteroids and comets (Yizhakevych, 
2018; Shatokhina, 2017; Shatokhina, 2018). In the Astro-
physics Institute of the Academy of Sciences of Tajikistan 
the work on scanning of plates continues. By the end of 
2019 using the results of the processing of all digitized 
photographic plates (about 1560) it is planned to obtain 
the FON-Dushanbe catalogue. 
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Figure 4: The error distribution of photometry of the 
FON-Dushanbe catalogue relative to the reference system 
of the photoelectric B and B-V measurements of stars for 
the near polar zones (top panels a, b) and zero zone (pan-
els a', b'). 

 
Acknowledgements. The authors are thankful to aca-

demician Farhod Rahimi, the President of Academy of 
Sciences of the Republic of Tajikistan, for the supporting 
of the project “FON-Dushanbe catalogue”.  

 
 
References 

 
Akhmetov V.S.: 2016,  Odessa Astron. Publ., 29, 116. 
Akhmetov V.S. Khlamov S.V., Andruk V.M., Protsyuk 

Yu.I.: 2018,  Odessa Astron. Publ., 31, .  
 Andruk V.M., Pakuliak L.K., Golovnya V.V. et al.: 2015, 

arxiv.org/abs/1512.05535. 

Andruk V.M., Pakuliak L.K., Golovnia V.V. et al.: 2015, 
Odessa Astron. Publ., 28,  192. 

Andruk V.M., Golovnia V.V., Ivanov G.A. et al.: 2016, 
Kinem. Phys. Cel. Bodies, 32, N1, 38. 

Andruk V.M., Pakuliak L.K., Golovnia V.V. et al.: 2016, 
Kinem. Phys. Cel. Bodies, 32, N5, 260. 

Andruk V.M., Pakuliak L.K., Golovnia V.V. et al.: 2017, 
Scince and Innovation, 13a, 17. 

Andruk V., Yuldoshev Q., Eglitis I. et al.: 2017, Odessa 
Astron Publ., 30, 159. 

Eglitis I., Eglite M., Pakuliak L.K., Andruk V.M.: 2016, 
Odessa Astron Publ., 29, 126. 

Eglitis I., Andruk V.: 2017, Open Astronony, 26, 7. 
Eglitis I., Eglite V., Andruk V., Protsyuk Yu. et al: 2018, 

Odessa Astron Publ., 31, . 
Kolchinsky I.G., Onegina A.B.: 1977, Astrometry and 

Astrophysics, 33, 11. 
Mullo-Abdolov A., Kokhirova A., Relke H. et al.: 2017, 

Odessa Astron Publ., 30, 186. 
Pakuliak L.K., Andruk V.M., Golovnia V.V. et al.: 2016,  

Odessa Astron. Publ., 29, 132. 
Rahimi F., Mullo-Abdolov A.Sh., Kokhirova G.I. et al.: 

2018, Reports AS RT, 60, №2, 144. 
Relke E., Protsyuk Yu.I., Andruk V.M.:  2015, Odessa 

Astron. Publ., 28, 211. 
Shatokhina S.V., Kazantseva L.V., Yizhakevych O.M. et 

al.: 2017, Odessa Astron. Publ., 30, 198. 
Shatokhina S.V., Kazantseva L.V., Yizhakevych O.M., 

Andruk V.M.: 2018, Kinem. Phys. Cel. Bodies, 34, N5, 
70. 

Vavilova I.B., Pakulyak L.K., Shlyapnikov A.A. et al.: 
2012, Kinem. Phys. Cel. Bodies, 28, N4, 85. 

Vavilova I.B.: 2016,  Odessa Astron. Publ., 29, 109. 
Vavilova I.B., Yatskiv Ya.S., Pakuliak L.K.: 2017, IAUS, 

325, 361. 
Yizhakevych O.M., Mullo-Abdolov A.Sh., Relke H.V. et 

al.: 2018,  Odessa Astron. Publ., 31, .  
Yuldoshev Q.X., Muminov M.M., Ehgamberdiev Sh.A. 

et. al.: 2017, Odessa Astron Publ., 30, 205. 
Yuldoshev Q.X., Ehgamberdiev Sh.A., Muminov M.M. et 

al.: 2017, Kinem. Phys. Cel. Bodies, 33, N5, 250. 
 

Odessa Astronomical Publications, vol. 31 (2018) 227



ANALYSIS OF MASS CCD OBSERVATIONS TO IMPROVE THE 
ACCURACY OF ASTROMETRIC PROCESSING 

Yu. Protsyuk, O. Kovalchuk  

Research Institute: Mykolaiv Astronomical Observatory, Mykolaiv, Ukraine 
yuri@nao.nikolaev.ua 

 
 

ABSTRACT. In Research Institute: Mykolaiv 
Astronomical Observatory (RI MAO) regularly 
observations of fields with open clusters on the KT50 
telescope (D = 500 mm, F = 3000 mm) with an Alta 
U9000 CCD camera (3k×3k, FOV 42.6'×42.6') in drift 
scan mode are carried out. For this observation mode, we 
investigated the dependence of the differences between 
observed minus calculated (O–C) angular coordinates of 
reference stars in depending on X coordinate (direction 
perpendicular to the direction of charge transfer) in the 
CCD coordinate system. The data of observations of open 
clusters obtained in the RI MAO in 2011-2017 were used 
for the study. The data array used to obtain the distribution 
(O–C) for right ascension (RA) and declination (DEC), 
depending on X, contains 62 million single observations 
of stars. The processing of the original data was carried 
out using the Astrometrica program with the reference 
catalogue UCAC4. The distribution of the (O–C) value as 
a function of X according to RA and DEC was obtained 
by the method of least squares. For the solution is a 10th-
degree polynomial of X and a third degree from the 
integral intensity of the object in the image was used. The 
study showed the presence of significant (0.01-0.02)" 
systematic errors in the field of the matrix for bright stars 
(10-12)m. For faint stars, the amplitude of the constant part 
decreases significantly while maintaining the periodic 
component. Similar studies have also been carried out for 
a lot of CCD frames obtained from astronomical databases 
for other instruments. The results will be used to improve 
the accuracy of astrometric catalogues obtained with the 
KT50 telescope and to improve the accuracy of the proper 
motions of stars in the vicinity of open clusters. 

Keywords: Astrometry – Data analysis – Astronomical 
data bases – Catalogues.  
 

АБСТРАКТ. В науково-дослідному інституті 
"Миколаївська астрономічна обсерваторія" (НДІ МАО) 
проводяться регулярні спостереження площадок з роз-
сіяними скупченнями на телескопі KT50 (D = 500 мм, F 
= 3000 мм) з ПЗЗ камерою Alta U9000 (3к×3к, FOV 
42,6'×42,6') в режимі синхронного переносу заряду. Для 
цього режиму спостереження ми досліджували 
залежність різниці (О-С) кутових координат опорних 
зірок залежно від координати Х (напрямку, перпенди-
кулярного напрямку переносу заряду) в системі коор-
динат ПЗЗ матриці. Для дослідження використовува-
лись дані спостережень россіяних скупчень, отримані в 
НДІ МАО в 2011–2017 роках. Масив даних, який вико-

ристовувався для отримання розподілу (O–C) для пря-
мого піднесення (RA) та схилення (DEC), залежно від 
X, містить 62 мільйони одиничних спостережень зірок. 
Обробка вихідних даних здійснювалася за допомогою 
програми Astrometrica з опорним каталогом UCAC4. 
Розподіл значень (O–C) як функції X відповідно до RA 
та DEC був отриманий методом найменших квадратів. 
Для рішення використовувались поліноми 10-го ступе-
ня від X та третього ступеня від інтегральної 
інтенсивності об'єкта на зображенні. Дослідження по-
казало наявність значних (0,01-0,02)" систематичних 
помилок по полю матриці для яскравих зірок (10-12)m. 
Для слабких зірок амплітуда постійної частини значно 
зменшується при збереженні періодичної складової. 
Дослідження були також проведені для багатьох ПЗЗ-
кадрів, отриманих з астрономічних баз даних для інших 
інструментів. Результати роботи будуть використову-
ватися для підвищення точності астрометричних 
каталогів, отриманих за допомогою телескопа KT50, та 
для підвищення точності власних рухів зірок в 
розсіяних супченнях та їх околицях. 

Ключові слова: Астрометрія – Аналіз даних – 
Астрономічні бази даних – Каталоги. 
 

1. Introduction 
 
During the period from 2011 to 2017 at the KT-50 

telescope (D = 500 mm, F = 3000 mm) of the RI MAO 
(Shulga et al., 2012), equipped with a U-9000 CCD 
camera (3k×3k, FOV 42.6'×42.6') (Apogee, 2018), a 
regular observations of open star clusters was performed 
in the framework of several scientific topics (Protsyuk et 
al., 2014; 2017). The U-9000 camera was used in 
synchronous charge transfer (drift scan) mode. The 
orientation of the camera along the X-axis (row) coincides 
with the axis of declination on the celestial sphere, Y 
(column), respectively, with the axis of right ascension. 
For the entire period, about 62,000,000 single 
observations of stars up to 17th magnitude were obtained. 
Thus, for each line element (overall 3000 elements for the 
U-9000 camera), there is an array of more than 20,000 
stars (on average). Processing of observations up to the 
(O–C) was performed using the Astrometrica program 
(Raab, 2018) in the UCAC4 reference system (Zacharias 
et al., 2013). Thus, we have a fairly well-statistically 
provided material for analyzing the distribution of the 
values (O–C) as a function of X (the direction is 
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perpendicular to the direction of transfer of charge packets 
during the observation process). 

 
2. Investigations 

 
To study the behaviour of the value (O–C) depending 

on X, we made samples (O–C) for each X and intensity 
interval, and then we calculated the average value (O–C) 
for each specific X and the interval of stellar magnitudes. 
We performed the calculation in several iterations, 
discarding the samples with too large values (O – C) by 
the criterion of 3σ. Thus, we obtained the table values of 
the average value (О-С) for each X of the CCD matrix in 
a given interval of stellar magnitudes. For example, 
consider several graphs that display the resulting table 
data. In Fig. 1 shows a graph of the distribution of (O – C) 
values depending on declination for stars of the 12th 
stellar magnitude. As you can see (O–C) has a certain 
constant component at the level of 0.01 mas, and a 
variable reaching 0.02 mas at the peak, which is a very 
significant value. In Fig. 2 shows smoothed dependences 
for different stellar magnitudes, where dependence on 
intensity is clearly visible. For stars with 15m (O–C) 
values oscillate around zero, for 11m goes above 0.02 mas.  
 

 
Figure 1: The distribution of (O–C) of the declination 
from X for stars of the 12th magnitude 
 

 
Figure 2: Smoothed distributions of (O–C) of the 
declination from X, the stars from the 11th to 15th 
magnitude (from top to bottom) 

 
Figure 3: The distribution (O–C) of the declination from X 
for stars of 15m and fainter 
 

 

 
Figure 4: The distribution (O–C) of the right ascension 
from X for stars of 12m  

 
 
 
 
An interesting graph of the distribution (O–C) for low 

intensities (stars of 15m and fainter) is presented in Fig. 3. 
As you can see, the average value (O–C) is small, but 

on the graph, there is a certain amount of emissions 
reaching 0.05 mas and more. Such anomalous behaviour 
(O–C) is explained by the presence of CCD matrix 
defects, the most significant of them are visible on the 
images in the form of light or dark columns. Others are 
not visible with the eye, but if the image of the star gets on 
them in the process of observations, it adduce to a 
significant increase of coordinate errors.  

Similar data were obtained for (O–C) of right ascension 
and presented in Fig. 4 and 5. 

As can be seen from the graphs, the nature of the error 
behaviour is different than for the declination axis. This is 
explained by the mode of operation of the CCD camera, 
namely, the synchronous charge transfer which adduces to 
averaging errors across the field exactly on the axis of 
right ascension. Also, there are practically no abnormal 
jumps in the values of (O–C) on CCD defects; this is also 
the effect of synchronous charge transfer. 
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Figure 5: Smoothed distributions of (O – C) of the RA 
from X, the stars from the 11m to 15m (from top to bottom) 
 

 

 
Figure 6: Analytical dependence of distributions of (O–C) 
of the declination from X, the stars from the 11th to 15th 
magnitude (from top to bottom) 

 
 

 
 

Figure 7: Analytical dependence of distributions of (O–C) 
of the right ascension from X, the stars from the 11th to 
15th magnitude (from top to bottom) 

 
 

To construct an analytical dependence, we used the 
method of least squares, which is based on the 10th degree 
polynomial from the X, and the 3rd degree from the 
integral intensity. The coefficients of polynomial were 
calculated in three iterations and we discarding the 
samples with too large values (O–C) by the criterion of 
3σ. The result is in the form of graphs below. 

 
3. Conclusion 
 
As can be seen from the graphs obtained, the system of 

(O–C) has a significant value for objects with high 
intensity, namely for stars brighter than the 13th 
magnitude. Also, an abrupt increase of (O–C) values are 
observed for images gets on the CCD columns containing 
defects. 

Similar studies have also been carried out for a lot of 
CCD frames obtained from astronomical databases for 
other instruments (Protsyuk et al., 2015). They showed 
similar results for some telescopes. 

The results of the investigation will be used to improve 
the accuracy of astrometric catalogues obtained with the 
KT50 telescope and to improve the accuracy of the proper 
motions of stars in the vicinity of open clusters. 
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ABSTRACT. Observations of 20 open clusters at the 
Maidanak Observatory were performed using the Zeiss-
1000 telescope in the winter of 2018. As the light receiver, a 
CCD camera Apogee Alta U9000 (3K x 3K, FOV 
19.5'x19.5') was used. All observations were performed 
using BVRI light filters. The exposure time, depending on 
the filter was from 60 to 150 seconds. Due to the instability 
of the telescope, images of the stars are slightly elongated. 
For each observation night, calibration images were ob-
tained. Astrometric processing was carried out after filtering 
hot pixels. For testing purposes, we used two methods of 
reduction: by the Astrometrica program and the author's set 
of programs with primary processing in the MIDAS envi-
ronment. The reduction of 280 frames was performed using 
a polynomial of the third degree. As reference stars in dif-
ferent processing options, the Tycho2, UCAC4 and Gaia 
DR2 catalogs were used. Due to the small field and the 
small number of reference stars, the processing in Tycho2 
showed the worst result. The results obtained by author pro-
grams with reference catalogs UCAC4 and Gaia, showed 
good convergence. Integrated catalog of 18 thousand stars 
upto 18.5m was obtained. The accuracy of the catalog is 
σRA=0.011" and σDEC=0.013", the accuracy of single obser-
vation on RA (0.030 - 0.032)" and DEC (0.035 - 0.037)". At 
the same time, the accuracy of intraframe processing with 
the Gaia reference catalog turned out to be 2-3 times better 
than the analogous one with the UCAC4 catalog. The accu-
racy of processing elongated star images by the Astromet-
rica program is on the average 3-4 times worse than by the 
author's programs. Also a systematic dependence of the 
pixel scale on the using filter was found. Based on the re-
sults of the test photometric processing of NGC869 cluster a 
photometric estimate of the accuracy of the observations 
was obtained. The internal errors of one measurement of the 
stellar magnitude in the instrumental system bvr have the 
values σbvr = (0.03-0.05)m. After the reduction of instrumen-
tal stellar magnitudes to the Johnson BVR system, the errors 
of one measurement are σBVR = (0.05-0.08)m. The processing 
of observations showed the possibility of carrying out dif-
ferential observations on the telescope Zeiss-1000 with an 

accuracy of one observation, not worse than 0.04", and near 
0.02'' after improving telescope management. 

Keywords: Astrometry – Photometry – Open clusters – 
Data analysis – Catalogues   
 

АБСТРАКТ. Спостереження 20 розсіяних зоряних 
скупчень на Майданакській обсерваторії виконані на 
метровому телескопі Zeiss -1000 взимку 2018 року. Як 
приймач випромінювання використовувалася ПЗЗ ка-
мера Apogee Alta U9000 (3K x 3K, FOV 19,5'x19,5 '). Всі 
спостереження виконані з використанням світлових 
фільтрів BVRI в системі Бесселя. Тривалість експозиції 
в залежності від фільтра становила від 60 до 150 се-
кунд. Через нестабільність ведення телескопа зобра-
ження зірок трохи витягнуті. Для кожної спостережної 
ночі отримані калібрувальні зображення. Астрометри-
чна обробка проводилася після фільтрації гарячих пік-
селів за двома методиками: програмою Astrometrica і 
авторським набором програм з первинною обробкою в 
середовищі MIDAS. Редукція виконувалася з викорис-
танням полінома 3-го ступеня. В якості опорних зірок в 
різних варіантах обробки були використані каталоги 
Tycho2, UCAC4 і Gaia DR2. Через малий розмір поля і 
малу кількість опорних зірок обробка в Tycho2 показа-
ла найгірший результат. Результати, отримані авторсь-
кими програмами з опорними каталогами UCAC4 і 
Gaia, показали хорошу збіжність. Точність інтегрально-
го каталогу 18 тисяч зірок до 18.5m, отриманого з 280 
кадрів, склала по RA - 0.011" і DEC - 0.013". Точність 
одиничного спостереження склала по RA (0.030 - 
0.032)" і DEC (0.035 - 0.037)". При цьому точність вну-
трішньо кадрової обробки з опорним каталогом Gaia 
виявилася в 2-3 рази краще аналогічної з каталогом 
UCAC4. Точність обробки витягнутих зображень про-
грамою Astrometrica в середньому в 3-4 рази гірше, ніж 
авторськими програмами. Також в процесі обробки 
виявлена систематична залежність величини масштабу 
пікселя від застосовуваного світлофільтру. За результа-
тами тестової обробки спостережень від 21 січня 2018 р 
скупчення NGC869 отримана фотометрична оцінка 
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точності спостережень. Внутрішні помилки одного 
виміру зоряної величини в інструментальній системі 
bvr мають значення σbvr = (0.03-0.05)m. Після редукції 
інструментальних зоряних величин в систему BVR 
Джонсона помилки одного виміру рівні σBVR = (0.05-
0.08)m. Обробка спостережень показала можливість 
проводити диференціальні спостереження на телескопі 
Zeiss-1000 з точністю одного спостереження не гірше 
0.''04, а при поліпшенні ведення телескопа, то і 0.02''. 

Ключові слова: Астрометрія – Фотометрія – Розсіяні 
скупчення – Аналіз даних – Каталоги 
 

1. Introduction 
 
Observations of 20 open clusters (NGC869, NGC884, 

NGC957, NGC1039, NGC1245, NGC1444, NGC1496, 
NGC1528, NGC1545, NGC1907, NGC2099, NGC2168, 
NGC2281, NGC2331, NGC2335, NGC2420, NGC2632, 
NGC2682, Berkeley10, Berkeley67) at the Maidanak 
Observatory(http://www.academy.uz/en/site/slideview/20) 
were performed using the Zeiss-1000 telescope in the 
winter of 2018. As the light receiver, a CCD camera 
Apogee Alta U9000 was used. New CCD Camera was 
installed at 2017 after repairing of the telescope. Camera 
has 3K x 3K size with FOV 19.5'x19.5' and pixel size 12 x 
12 microns or 0.388"/pixel. All observations were 
performed using BVRI light filters with three exposures 
each. The exposure time, depending on the filter was from 
60 to 150 seconds with CCD chip temperature near -20ºC. 
Due to the instability of the telescope, images of the stars 
are slightly elongated. For each observation night, 
calibration images were obtained. Astrometric processing 
was carried out after filtering hot pixels. For testing 
purposes, we used two methods of reduction: by the 
Astrometrica program (Raab, 2018) and the author's set of 
programs with primary processing in the MIDAS 
environment (Andruk et al., 2005; 2017; Protsyuk et al., 
2014a, 2014b). This software was created to process images 
that are part of the Ukrainian Virtual Observatory 
(Vavilova et al., 2012; 2017).  

 

2. Astrometric investigations 
 

The reduction of 280 frames was performed using a 
polynomial of the third degree. As reference stars in 
different processing options, the Tycho2, UCAC4 
(Zacharias et al., 2013) and Gaia DR2 (Gaia 
Collaboration, 2018) catalogs were used. Due to the small 
field and the small number of reference stars, the 
processing in Tycho2 showed the worst result. The results 
obtained by author programs with reference catalogs 
UCAC4 and Gaia DR2, showed good convergence 
(Fig.1). Integrated catalog of 18 thousand stars upto 18.5m 
was obtained. The accuracy of the catalog is σRA=0.011" 
and σDEC=0.013", the accuracy of single observation on 
RA (0.030 - 0.032)" and DEC (0.035 – 0.037)" (Fig. 2). 
 

   

Figure 1: Scale values distribution for all CCD frames 
depending on the reference catalog Tycho2, UCAC4, Gaia  

 
Figure 2: Distribution of catalog accuracy from 
magnitude, reference catalog Gaia  
 

 At the same time, the accuracy of intraframe 
processing with the Gaia DR2 reference catalog turned out 
to be 2-3 times better than the analogous one with the 
UCAC4 catalog (Fig. 3). The accuracy of processing 
elongated star images by the Astrometrica program is on 
the average 3-4 times worse than by the author's programs 
(Table 1). Also a systematic dependence of the pixel scale 
on the using filter was found (Fig. 4). 
 

  

Figure 3: Distribution of RA/DEC accuracy in arcsec of 
intraframe processing with the reference catalogs UCAC4 
(left) and Gaia DR2 (right) 
 

  

Figure 4: Systematic dependence of the pixel scale on the 
using filters BVRI for the reference catalogs UCAC4 
(left) and Gaia DR2 (right) 
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Table 1: Comparison of the accuracy of single observation 
with different reductions 
 

Software Ref.cat N ref. 
stars 

N 
stars 

RA, 
mas 

DEC, 
mas 

Astrometrica UCAC4 15516 28293 96.7 164.9 
Author's UCAC4 12771 18288 31.2 37.0 
Author's Gaia 13295 18192 29.8 34.8 

 
Table 1 show the number of reference stars, number of 

stars in received catalogs and accuracy of single 
observation for this catalogs. Astrometrica finded more 
objects but overall accuracy worse. Despite the greater 
accuracy of intraframe processing with Gaia reference 
catalog (Fig. 3) we received approximate equality of the 
accuracy of the resulting catalogs for both reference 
catalogs. This is associated with the worsing of the final 
result due to the instability of the telescope from frame to 
frame and a rather large random error. 

 
3. Photometric investigations 

 
CCD observations of open clusters are made by 
consecutive exposures in each of the Johnson BVRI 
filters. The duration of one exposure are 60, 90, 120 and 
150 seconds for I, R, V and B filters respectively. The 
processing of raw CCD frames with B, V, R filters was 
made according to the method of processing digitized 
images of star fields, which is described by Andruk et 
al.(2005; 2017). The demonstration of the evaluation of 
the photometric accuracy of processing CCD frames is 
considered on the example of observations from January 
21, 2018 of the NGC 869 cluster. Figure 5 shows the 
distribution over the stellar magnitudes of the internal 
errors of a single measurement of the magnitude in the bvr 
instrumental system. The figure shows that the internal 
errors of one measurement of the magnitude in the bvr 
instrumental system have the values σbvr = (0.03-0.05)m.  
 

 

Figure 5: The distributions over the stellar magnitudes of 
the internal errors of a single measurement of the 
magnitude in the bvr instrumental system 

 

Also in the figure for each band b, v, r show the number 
of stars n on frames. The procedure for reducing the 
instrumental stellar b, v, r to the Johnson system B, V, R 
is shown in Fig. 6. For searching an functional connection 
of Johnson's B, V, and R values with instrumental 
photometric values of b, v, and r we used photoelectric 
measurements of stars from the Relke et al. (2015) 
catalog. After the reduction of instrumental stellar 
influences in the Johnson BVR system, the errors of one 
dimension are σBVR = (0.05-0.08)m. These results are 
presented in Fig. 7. 
 

 
Figure 6: Connection of instrumental stellar magnitudes 
bvr with a system of stellar magnitudes BVR Johnson 

 
Figure 7: The distributions over the stellar magnitudes of 
the internal errors of a single measurement of the stellar 
magnitude after reduction into the Johnson BVR system 
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4. Conclusion 
 
The processing of observations showed the possibility 

of carrying out differential observations on the telescope 
Zeiss-1000 with an accuracy of one observation, not 
worse than 0.04", and near 0.02'' after improving tele-
scope management. 

Photometric estimate of the accuracy of the observa-
tions was obtained. The internal errors of one measure-
ment of the stellar magnitude in the instrumental system 
bvr have the values σbvr = (0.03-0.05)m. After the reduc-
tion of instrumental stellar magnitudes to the Johnson 
BVR system, the errors of one measurement are σBVR = 
(0.05-0.08)m. 

Astrometric and photometric studies of CCD 
observation of clusters on Maidanak observatory continue. 
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ABSTRACT. Photographic observations of XX century 
contained numerous and varied information about all ob-
jects and events of the Universe fixed on the astronega-
tives. The original and interesting observations of small 
bodies of the Solar system in previous years can be se-
lected and used for various scientific tasks. Existing data-
bases and online services can help make such selection 
easily and quickly.  

The observations of chronologically earlier oppositions, 
photometric evaluation of brightness for long periods of 
time allow refining the orbits of asteroids and identifying 
various non-stationarities. 

Photographic observations of the Northern Sky Survey 
project (FON project) were used for global search for 
small bodies of Solar system. About 2,000 photographic 
plates of Kitab part of the FON project were made using 
Double Wide Angle Astrograph at the Kitab observatory 
(Uzbekistan) during 1981-1989. Early, using that digitized 
observations the catalogue of equatorial coordinates and 
stellar magnitudes for more than 13 million stars and gal-
axies up to B=17.5m was compiled. At present, we ana-
lyzed all processing results for the search of asteroids and 
compiled the catalogue of equatorial coordinates and stel-
lar magnitudes of them.  

As a result more than 4,500 asteroids and comets with 
visual magnitude from 7m.7 to 17m.5 were identified now. 
All positions of asteroids were compared with ephemeris. 
A preliminary analysis of O-C differences was carried out. 

New and interesting are that the moments of official 
discovery of some identified asteroids much later than 
their moments of Kitab's observation. In addition, some of 
them are the earliest observations of these asteroids in the 
world among all known observations. More than 915 ob-
servations of such asteroids have been found on the plates 
of Kitab part of the FON project.  

Keywords: catalogue, asteroids positions, FON project  
 

АБСТРАКТ. Фотографічні спостереження XX 
століття містять численну та різноманітну інформацію 
про всі об'єкти та події Всесвіту, зафіксовані на 
астронегативах. Оригінальні та цікаві спостереження 
малих тіл Сонячної системи в попередні роки можна 
вибрати та використовувати для різних наукових зав-
дань. Існуючі бази даних та онлайн-сервіси можуть 
допомогти зробити такий вибір легко і швидко. 

Спостереження хронологічно більш ранніх опози-
цій, фотометрична оцінка блиску протягом довгих 
періодів часу дозволяють уточнювати орбіти 
астероїдів і виявляти різні нестаціонарності. 

Фотографічні спостереження Фотографічного огля-
ду північного неба (проект ФОН) були використані 
для глобального пошуку малих тіл Сонячної системи. 
Близько 2000 фотографічних платівок Кітабської час-
тини проекту ФОН отримані за допомогою подвійного 
ширококутного астрографа обсерваторії Кітаб, Узбе-
кистан у період з 1981 по 1989 роки. Спочатку, вико-
ристовуючи ці оцифровані спостереження, був скла-
дений каталог екваторіальних координат і зоряних 
величин для більш ніж 13 млн зірок і галактик до 
B=17.5m. На даний час ми проаналізували усі резуль-
тати  з метою пошуку астероїдів та склали каталог їх 
екваторіальних координат та зоряних величин. 

В результаті було ідентифіковано більше 4500 зо-
бражень астероїдів і комет із візуальною зоряною ве-
личиною від 7m.7 до 17m.5. Всі положення астероїдів 
порівнювалися з ефемеридами. Проведено попередній 
аналіз різниць O-C. 

Новим і цікавим є те, що моменти спостереження 
деяких ідентифікованих астероїдів є значно ранішими, 
ніж моменти їх відкриття. Крім того, деякі з них є 
найпершими спостереженнями цих астероїдів у світі 
серед усіх відомих спостережень. Більше 915 спосте-
режень таких астероїдів були знайдені на платівках 
Кітабської частини проекту ФОН. 

Ключові слова: каталог, положення астероїдів, про-
ект ФОН 
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1. Introduction  
 
In the implementation of the Photographic Survey of 

the Northern Sky (the FON project) took part six observa-
tories: Main Astronomical Observatory of Ukraine (Go-
loseevo), Zvenigorod Observatory of Russia, Hissar Ob-
servatory of Tadjikistan, Abastumani Observatory of 
Georgia, Zelenchuk Observatory of Russia and Kitab Ob-
servatory of Uzbekistan. (Pakuliak et al., 2016; Andruk et 
al., 2017a) 

The Kyiv part of the project has been successfully 
completed. The final result of this part was the catalogue 
of positions and B-magnitudes for more than 19 million 
stars and galaxies with B < 16.m5 (Andruk et al, 2016b). 
In addition, a catalogue of 2293 positions of asteroids was 
compiled based on these observations (Shatokhina et al, 
2018).  

The Kitab part of the project finished by compilation of 
the catalogue of equatorial coordinates α, δ, and B-
magnitudes for more than 13 million stars and galaxies up 
to B ≤ 17.m5 for the epoch 1984.97 (Yuldoshev et al, 
2017). Similar to the previous one, now we used the proc-
essing results of digitized astronegatives for a global 
search for small bodies of the Solar system.  

The techniques of astroplate digitization and further 
processing and determination of coordinates and magni-
tudes of stars are described in the series of publications 
(Andruk et al., 2014; 2015; 2016a; 2016b; Protsyuk et al., 
2014a; 2014b). The results of the determination of Solar 
system bodies positions are described in others one (Ka-
zantseva et al., 2015; Yizhakevych et al., 2014; 2015; 2016; 
2017; Protsyuk et al., 2014a; 2014b; Eglitis et al., 2016a; 
2016b; Shatokhina et al., 2016; 2017; 2018). Notice, that 
digitizing of astroplates has been performed using Epson 
Expression 10000XL commercial scanner, with the resolu-
tion 1200 dpi. All scans of plates accumulated in Joint Digi-
tal Archive of Ukrainian Virtual Observatory (UkrVO). 
Standard images were processed using advanced software 
complex for MIDAS / ROMAFOT programs in LINUX 
environment. The software was developed and imple-
mented in MAO NASU to process the digitized astronomic 
negative plates as well as to obtain the final product in the 
form of a catalogue of positions and stellar magnitudes for 
all registered objects on the plates.  

The equatorial coordinates α, δ and stellar  
B-magnitudes of all objects on the plates were obtained in 
the reference system of Tycho-2 at the epoch of exposition 
of each plate. The photometry of stars for astroplates was 
made on the basis of the principles implemented in proc-
essing the plates of the FON project (Andruk et al., 
2017b) using photoelectric measurements of stars to con-
struct the characteristic curves of plates (Relke et al., 
2015). Photographic B-magnitudes of objects were cali-
brated with photoelectric standards (Andruk et al., 2016b). 

 
2. Results  
 
We analyzed the results of digital processing 1963 pho-

tographic plates of the Kitab part of the FON project. 
Generally, 4529 images of asteroids and 4 images of com-
ets with 8-17.5 magnitudes were found on these plates. 

The positions and magnitudes of identified asteroids and 
comets were compiled into a catalogue.  

The quantitative and qualitative characteristics of the 
received catalog are analyzed. Most of identified asteroids 
attributed to the Main Belt. Only several of them attrib-
uted to the Hilda and Mars crosser families, potentially 
dangerous and unnumbered ones. 

The Fig. 1 shows the distribution on equatorial coordi-
nates RA, DEC of all 4533 identified asteroids for all used 
plates. Notice, that the plates from Kitab part of the FON 
project cover the strip on celestial sphere from 0 to 24 
hours in right ascention and from -20º to +02º in declina-
tion. For a comparison, the similar distribution of 
asteroids coordinates identified from Kyiv part 
observations of the FON project shows on the Fig.1 too.  

Analogically the Fig.2 shows the distribution of  visual 
magnitudes for all identified asteroids for Kitab part and 
Kyiv part observations. Generally, in comparison with 
asteroids of the Kyiv part of the project, asteroids of the 
Kitab part are identified fainter ones up to 17.5 
magnitudes. The number of identified Kitabian asteroids 
is significantly greater compared to asteroids of the Kyiv 
part of the project. It was achieved by simultaneous 
exposure of each pair of  plates on two telescope tubes in 
Kitab. 
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Figure 1: Distribution of coordinates RA, DEC for 4533 
identified asteroids of the Kitab part (dark points) and for 
2293 asteroids in the Kyiv part (light points) of the FON 
project.  
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Figure 2: Distribution of visual magnitudes Mv (ephem-
eris) of asteroids from Kitab part observations (dark bars) 
and Kyiv part (light bars) of the FON project. 
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Figure 3: The scatter of individual values O-C for all as-
teroids in coordinate RA (from above) and coordinate 
DEC (bottom). 
 

All positions of asteroids were compared with the 
ephemeris JPL DE431 (http://ssd.jpl.nasa.gov/horizons). 
Identification of asteroids was performed using JPL re-
sources too. The values of O-C differences on both coor-
dinates for all asteroids are presented on Fig.3. The scatter 
of these values is greater in right ascension than in decli-
nation for asteroids with different magnitudes. But it in-
creases in both coordinates for asteroids fainter than 15 
magnitudes The possible reason for this may be the ab-
sence of faint reference stars in Tycho-2 catalogue or 
small exposures for reliable determination of positions of 
faint objects. 

The brightness of asteroids depends on its geocentric 
and heliocentric distances and from the angle of phase. In 
addition, all asteroids exhibit short-period fluctuations in 
brightness due to their own rotation with periods from 
several hours to one day, in most cases. Therefore, the 
obtained stellar B-magnitudes of asteroids contain the 
results of the influence of all these factors. The amplitude 
of short-period fluctuations in brightness for different as-
teroids is different and varies from a few hundredths of a 
stellar magnitude to two stellar magnitudes. For each as-
teroid we calculated the difference B-Mv, where Mv is the 
visual magnitude calculated by the ephemeris JPL (taking 
into account the geocentric and heliocentric distances of 
the asteroid and the phase angle functions). This differ-
ence includes the residual short-period variations in 
brightness. Fig. 4 presented a scatter of such differences 
B-Mv for all identified asteroids. 

The accuracy of determination of coordinates and  
B-values of asteroids was investigated for the selected 411 
pairs of observations performed on both telescope tubes 
simultaneously. The standard deviations σ from the mean 
values in both coordinates and the B values for all posi-
tions of asteroids from these pairs of observations are 
shown in Fig. 5. 
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Figure 4: The scatter of differences B-Mv for all asteroids. 
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Figure 5: The scatter of values of standard deviations σ in 
coordinates RA (dark points), DEC (light points) (from 
above) and B-values (bottom) for asteroids of various stel-
lar magnitudes.  
 

 
 
From the preliminary analysis of the catalog data, it 

was found that 915 asteroids positions have moments of 
observation preceding their discoveries. Besides, these 
observations from Kitab part of the FON project  are the 
earliest observations of corresponding asteroids in the 
world among all known observations (according to MPC 
data (http://www.minorplanetcenter.net/db_search)). As a 
rule, this is small faint asteroids discovered by CCD and 
satellites observations from 1990–2005. Most of them 
belong to such early oppositions of asteroids, which 
because of the lack of data are not involved in the 
calculation of ephemerides. Therefore, their differences in 
O-C values can be large. Such asteroids are difficult to 
identify. Some of these asteroids with O-C less than 2.5 
arcsec are included into a present catalog now. Another 
part of such asteroids with large O-C will be included 
after a critical analysis. The catalog will be presented on 
UkrVO web-page. 

The global search of observations of similar asteroids 
in the databases of the UkrVO (Vavilova et al., 2012; 
2016; 2017) followed by the processing of plates, will 
increase their number.  
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3. Conclusion  
 

Large photographic sky surveys can become a basis not 
only for creating a catalogues of stars and galaxies, but 
also for compiling a catalogue of the positions of small 
bodies of the Solar System. Digital processing of photo-
graphic plates allows to determine with high accuracy the 
coordinates and stellar magnitudes for all objects. 

From observations of Kitab part of the FON project 
more than 4,500 asteroids and comets with visual magni-
tudes from 7m.7 to 17m.5 were compiled into the cata-
logue. A significant part of asteroids from that catalog 
belongs to such early oppositions of asteroids, which be-
cause of the lack of observational data are not involved in 
the calculation of ephemerides.  

Using data from such catalogues of the positions and 
magnitudes of asteroids, the following tasks can be 
solved, such as refining ephemeris, studying changes in 
asteroid orbits over time, non-gravitational effects in the 
evolution of asteroid’s orbits, constructing asteroid light 
curves and phase dependencies. 

Intensive work on the creation of catalogues of stars 
and galaxies and small bodies of the Solar System based 
on digitized observations of Kiev and Kitab parts of the 
FON project were successfully carried out with the active 
support of UkrVO. 

 
References 

 
Andruk V.N., Golovnya V.V., Ivanov G.A. et al.: 2014, 

Odessa Astron. Publ., 27, N1, 53. 
Andruk V.N., Pakuliak L.K., Golovnya V.V. et al.: 2015, 

arXiv151205535. 
Andruk V.M. Golovnia V.V., Ivanov G.A et al.: 2016, 

Kinem. Phys. Cel. Bodies, 32, N1, 38. 
Andruk V.M., Pakuliak L.K., Golovnia V.V. et al.: 2016, 

Kinem. Phys. Cel. Bodies, 32, N5, 260.  
Andruk V., Yuldoshev Q., Eglitis I. et al.: 2017, Odessa 

Astron. Publ., 30, 159.  
Andruk V.M., Pakuliak L.K., Golovnia V.V. et al.: 2017, 

Scince and Innovation, 13a, 17. 

Eglitis I., Eglite M., Andruk V.M. et al.: 2016, Odessa 
Astron. Publ., 29, 126. 

Eglitis I., Eglite M., Andruk V.M.: 2016, Bull. T. 
Shevchenko Nat.Univ. Kyiv.Astron., 54, 21 (in Ukrainian) 

Eglitis I., Eglite M., Shatokhina S.V. et al.: 2016, Odessa 
Astron. Publ., 29, 123.  

Kazantseva L.V., Shatokhina S.V., Protsyuk Yu.I. et al.: 
2015, Kinem. Phys. Cel. Bodies, 31, N1, 37. 

Pakuliak L., Andruk V., Golovnia V. et al.: 2016, Odessa 
Astron. Publ., 29, 132. 

Protsyuk Yu.I., Andruk V.N., Muminov M.M. et al.: 
2014, Odessa Astron. Publ., 27, N1, 61.  

Protsyuk Yu.I. Andruk V.N., Kazantseva L.V.: 2014, 
Odessa Astron. Publ., 27, N1, 59. 

Relke E., Protsyuk Yu.I., Andruk V.M.: 2015, Odessa 
Astron. Publ., 28, 211. 

Shatokhina S., Kazantseva L., Kazantsev A.et al.: 2016, 
Odessa Astron. Publ., 29, 151. 

Shatokhina S.V., Andruk V.N., Golovnya V.V.: 2017, 
Bull. T. Shevchenko Nat.Univ. Kyiv.Astron., 55, 6 (in 
Ukrainian). 

Shatokhina S.V., Kazantseva L.V., Yizhakevych O.M. et 
al.: 2018, Kinem. Phys. Cel. Bodies, 34, N5, 70. 

Vavilova I.B., Pakulyak L.K., Shlyapnikov A.A. et al.: 
2012, Kinem. Phys. Cel. Bodies, 28, N4, 85. 

Vavilova I.B.: 2016, Odessa Astron. Publ., 29, 109. 
Vavilova I.B., Yatskiv Ya.S., Pakuliak L.K.: 2017, IAUS, 

325, 361. 
Yizhakevych O., Andruk V., Pakuliak L. et al.: 2014, 

Odessa Astron. Publ., 27, N1, 67. 
Yizhakevych O., Andruk V.M., Pakuliak L.K.: 2015, 

Odessa Astron. Publ., 28, N2.  
Yizhakevych O.M., Andruk V.M., Pakuliak L.K.: 2016, 

Odessa Astron. Publ., 29, 155. 
Yizhakevych O. M., Andruk V.M., Pakuliak L.K.: 2017, 

Kinem. Phys. Cel. Bodies, 33, N 3, 70. 
Yuldoshev Q.X., Ehgamberdiev Sh.A., Muminov M.M. et 

al.: 2017, Kinem. Phys. Cel. Bodies, 33, N5, 250. 
 
 

 

238 Odessa Astronomical Publications, vol. 31 (2018)



NEW APPROACH FOR ANALYSIS OF THE X-RAY DATA
IN CORES OF GALAXY CLUSTERS:

BINNING ON THE CONCENTRATION RINGS,
CONTOUR BINNING, AND WAVELET TRANSFORMS

I. B. Vavilova & Iu. V. Babyk

Main Astronomical Observatory of the National Academy of Sciences of Ukraine,
27 Zabolotnogo str., Kyiv 03143, Ukraine, irivav@mao.kiev.ua

ABSTRACT. We discuss mathematical methods
for analysis of the X-ray observational data to obtain
a distribution of the main physical parameters of
X-ray galaxy clusters. First of all, this is the binning
of galaxy cluster imagery on the concentration rings
around the central parts. It allows us to calculate
the integrated amount of pixels, which contain the
information on temperature and other parameters of
hot diffuse gas, cooling flows etc., as well as to detach
the central engine of galaxy cluster. The another
approach is the so-called “contour binning algorithm”,
which allows us to select contours on an adaptively
smoothed map in such a manner that the generated
bins closely fit the surface brightness. This method
is mostly informative when the spectral properties
follow surface brightness and/or their distribution
is not smooth. We compare these methods using
the Chandra observational data for A2029, A2107,
and A2151 galaxy clusters. We consider a wavelet
analysis likely the “Mexican Hat” as an additional
and important approach for the X-ray image pro-
cessing to determine not only the regions of cores in
clusters but also substructures occupied by galaxies
and ICM regions while processing their X-ray image
contour binning. We confirm that the detachment of
substructures should precede further research because
of the existence of subclustering imposes doubt in the
validity of the hydrostatic eqilibrium hypothesis of
the X-ray gas when the dynamical matter distribution
and the profiles of various physical parameters along
radii are considered. A combined application of these
three techniques can significantly complement our
understanding of the physical processes that occur in
X-ray galaxy clusters.
Key words: X-ray astronomy, contour binning algo-
rithm, wavelet analysis – galaxy clusters: individual:
A2029, A2107, A2151

Ми обговорюємо математичнi
методи аналiзу спостережних даних для одержання
розподiлу основних фiзичних параметрiв
рентгенiвських скупчень галактик. Перш за
все, це розбиття зображення скупчення галактик
на концентричнi кiльця навколо його центру.
Це дозволяє розрахувати iнтегровану кiлькiсть
пiкселiв, що мiстять iнформацiю про температуру
та iншi параметри гарячого дифузного газу,
потоки охолодження тощо, а також виокремити
центральну, найяскравiшу частину скупчення
галактик. Iнший пiдхiд - це так званий “алгоритм
контурного розбиття”, який дозволяє окреслити
контури на адаптивно згладженому зображеннi у
такий спосiб, що згенерованi областi вiдповiдають
поверхневiй яскравостi всього зображення
скупчення, i є найбiльш iнформативним, якщо
спектральнi властивостi узгоджуються з розподiлом
поверхневої яскравостi i/або цей розподiл не
є згладженим. Ми порiвнюємо цi методи з
використанням даних космiчної обсерваторiї
“Чандра” для скупчень галактик A2029, A2107
та A2151. Як додатковий i важливий пiдхiд
обробки зображень ми розглядаємо застосування
хвилькового аналiзу, типу перетворення
“Мексиканський капелюх”, щоб визначити не тiльки
центральну частину скупчення галактик, але й
пiдструктури, зайнятi галактиками або областями
мiжгалактичного середовища, пiд час обробки
їхнього контуру рентгенiвського зображення. Ми
пiдтверджуємо, що виокремлення пiдструктур має
передувати подальшому дослiдженню, оскiльки
їхня присутнiсть не дозволяє застосовувати гiпотезу
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гiдростатичної рiвноваги рентгенiвського газу при
розглядi розподiлу динамiчної матерiї та профiлiв
рiзних фiзичних параметрiв вздовж радiусу
скупчення галактик. Комбiноване застосування
цих трьох методик може суттєво доповнити наше
розумiння фiзичних процесiв, що вiдбуваються в
Х-скупченнях галактик.

Ключовi слова: рентгенiвська астрономiя,
алгоритм контурного розбиття, хвильковий аналiз
– скупчення галактик: A2029, A2107, A2151.

1. Introduction

The success of high-energy astrophysics is rapid and
mostly connected with space-born X-ray and gamma-
ray telescopes. For example, the first space-born ful-
ly imaging X-ray telescope Einstein was launched by
the NASA in 1978. This observatory with an angu-
lar resolution of 3-5 arcsec has resolved over 7000 X-
ray sources. Over the next 20 years, with the launch
of X-ray observatories of the third generation likely
Chandra and XMM − Newton, the sensitivity of X-
ray instruments have been increasing over 10 billion
times. This increasing will continue with forth genera-
tion of space telescopes such as XARM (Hitomi− II;
Toshiro et al., 2018).

In the X-ray astronomy the amount of light available
to compose an image is limited. This leads to what you
need to assume image processing routines for translat-
ing X-ray light, which is beyond human vision, into
imagery in a scientifically accurate way. There is no an
immediate answer of describing how the observatory
are able to see the X-ray photons. The most care in X-
ray astronomy is taken to portray X-ray objects truth-
fully. We note that our sky is not bright in X-ray light.
Thus, the X-ray observations with exposure time of
5000 seconds might provide less than a 1000 individual
X-ray photons for a celestial object in dependence on
its intensity. X-ray detectors are the photon-counting
instruments and the basic X-ray data usually comprise
lists of events and object’s properties. The basic data
file includes information about the time-tagged events,
each with a position (in detector and celestial coordi-
nates) and an energy. Thus, each event can be thought
of as occupying a position in a 4D space. The event
may have other attributes of interest, for example, the
pattern of pixels on CCDs from which the charge for
this event was accumulated. It is often possible to in-
crease signal-to-noise by selecting on these secondary
attributes. After filtering the events as required we
project them onto 1D or 2D subspaces and bin them
up to give images, energy spectra, or lightcurves. X-ray
data files are usually photon-limited and sometimes the
images, spectra, and lightcurves created from the event
lists may have a few or even no photons in many bins.

Each of described above binned datasets requires its

own calibration products. For example, an image anal-
ysis uses exposure maps, which accounts the mirror and
detector sensitivity across the field-of-view (taking in-
to account any changes in pointing direction), point
spread function (PSF) which accounts the probability
that a photon of given energy and position is registered
in a given image pixel. Energy spectral analysis uses re-
sponse matrices, which account the probability that a
photon of given energy is registered in a given channel.
And many others instrumental calibrations, including
a systematic error that affects the data analysis accu-
racy. If we have the misfortune to have a very high
signal-to-noise then this systematic error may domi-
nate. We cannot add the systematic to the statistical
uncertainties because the systematic uncertainties are
usually correlated.

It is significant to note that the data analysis tech-
niques developed in other wavebands may not transfer
to X-ray astronomy (see, for example, recent papers by
Konovalenko et al., 2016; Laporte et al., 2017; Mom-
mert et al., 2016; Poole et al., 2008; Savanevych et al.,
2015, 2018; as well as data analysis tool kits of the
ground-based and space-born projects in various spec-
tral ranges). Assuming both imaging and spectroscopic
data, we are able to select the required “events” corre-
sponding to a specific region of interested objects using
a “region filter”. From these events we are able to build
spectra and fit them in a spectral package such as, for
example, Xspec for X-ray data image analysis. Sim-
ple geometric shapes, such as annuli, boxes, sectors,
ellipses, etc. can be used to assign a region filter. As-
suming spherical symmetry and using annuli we can
account for projection in galaxy clusters. However, we
should note that the most extended sources are not
symmetric.

In this paper we provide a brief overview of the
Chandra X-ray data processing, including specific
challenges of X-ray image and spectra processing.
Here, we explore image and spectra processing tech-
niques of three galaxy clusters A2029, A2107, A2151
observed by the Chandra to study their morphological
diversity by different methods.

2. Sample
Our sample includes three galaxy clusters observed by
Chandra X-ray Observatory. The list of objects and
their coordinates, number of observations, exposure,
redshift, etc. are presented in Tab. 1. We select X-ray
observations with at least 10 ks exposure time to inves-
tigate different methods of X-ray image analysis. The
multiple observations for one object were combined.
The information for these selected objects was taken
from NED1, Simbad2, and HyperLEDA3 databases.

1https://ned.ipac.caltech.edu/
2http://simbad.u-strasbg.fr/
3Lyon-Meudon Extragalactic Database
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Рис. 1: The 0.5-7.0 keV X-ray image of galaxy cluster
A2029 splited on concentric annular regions.

Angular and luminosity distances were calculated
using redshifts and a ΛCDM cosmology with following
parameters: H0 = 70 km/s/Mpc, Ωm = 0.3, and ΩΛ

= 0.7. All the studied galaxy clusters were observed
with ACIS instrument using chips 3 and 7.

3. Data analysis
The Chandra data were reduced following our
previous analysis presented in papers by Babyk et
al., 2012a,b,c,d,e; Babyk & Vavilova, 2013, 2014a,b;
and Babyk et al., 2014, 2018a,b,c; Pulatova et al.,
2015; Vavilova et al., 2015. Here we summarize this
analysis briefly: we used CIAO v.4.1-4.8 software
packages with the latest calibration files; we applied
chandra_repro tool to extract the level-2 cleaned
event files; we also operated with wavdetect tool
to identify and delete point sources; the background
flares and time-dependent gains were removed as well.

3.1. Radial profiles
In this section we describe how we built the spatially
resolved radial profiles of X-ray data for these galaxy
clusters. Using the cleaned event files we constructed
the X-ray images in the 0.5-7.0 keV energy band. These
images were splited on concentric annular regions how
it is shown in Fig. 1. We note that there are two con-
ventional methods to split images on concentric rings.
In the first case, the X-ray image can be divided on the
annuli with the same number of X-ray counts/photons
in each annulus. In the second case, the X-ray images
can be divided with increased number of X-ray pho-
tons in each annuli starting from central annulus. This
latter case is used to decrease the accuracy of spectral
parameters obtained from the X-ray spectra of each an-

nular region. We note that both methods are generally
accepted for an accurate spectral analysis.

The next step is the extraction of the X-ray spec-
tra from each annuli. We used dmextract tool to get
the Chandra spectra and we also apply this tool to
obtain arf and rmf files. The spectra were extract-
ed from annuli, avoiding the point sources and other
asymmetric features. One of these spectra for galaxy
cluster A2029 within 0.4-7.0 keV energy range is shown
in Fig. 2 and was composed with a spectral software
package Xspec v.11-12. This package consists of differ-
ent models to describe thermal and non-thermal com-
ponents of X-ray spectra. In the case of galaxy clus-
ters, we have deals with thermal emission from the hot
diffuse plasma with a temperature of millions Kelvin.
Here we use phabs*apec model to fit each spectrum.
The apec model fits the thermal emission from the hot
atmosphere, while phabs models is component to ac-
count the photoelectric absorption and usually is fixed.
Here we use column densities given in the last column
of Tab. 1. These values were taken from Dickey & Lock-
man (1990). The apec model includes a few parame-
ters, both free and fixed. In our case we left the tem-
perature and metalicity as the free parameters, and the
column density and redshift as the fixed parameters.
The fitting was verified using two statistics applied in
Xspec, χ2 and Poisson statistics. Here we used χ2. The
result of such a fitting as well as the quality of fit are
given in Fig. 2. All the spectra were well fitted by the
above described model with an average χ2 around 1.

Рис. 2: The X-ray spectrum of annular region of galaxy
cluster A2029 fitted by thermal model within 0.4-7.0
keV energy range.

The best-fit temperatures and metalicities of all the
spectra are shown in Fig. 3 for all three galaxy clus-
ters. We note that these profiles were obtained from
the 2-dimensional images by projected spectra. These
spectra are the model dependent, producing unphysi-
cal and large uncertainties of temperature, metalicity,
density, and, as a result, gas and total mass profiles.
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Табл. 1: The list of galaxy clusters with their physical characteristics.
Name α δ ObsID Exposure z NH

J2000 J2000 ks 1020 cm−2

A2029 6.505 50.54 4977, 6101 78.9, 10.0 0.077 3.07
A2107 34.39 51.48 4960 36.0 0.041 4.53
A2151 31.58 44.52 4996 22.1 0.036 3.49

In this case, the deprojection, an approach to get “re-
al” physical parameters from the 3D-image, is required.
There are a few different techniques to do this.

Here we apply a Direct Spectral Deprojection
(DSDeproj) routine (see, Russell et al., 2008) to de-
project our projected spectra. DSDeproj is a model-
independent method, which assumes only spherical
symmetry. This approach works as follows. DSDeproj
takes projected spectra obtained from a series of an-
nuli and suitable backgrounds. Then, DSDeproj 1) sub-
tracts the equivalent background spectrum from each
spectra, 2) divides the count rate in each spectral ener-
gy bin by the volume, 3) scales the spectrum per unit
volume from the outer annular region by the volume
projected on to the neighbouring inner annular region,
4) subtracts this from the count rate in each spectral
energy bin of that annular region, 5) calculates a new
count rate per unit volume in each spectral energy bin
for this annular region, and 6) subtracts off the pro-
jected of each outer annulus from the inner annuli to
produce a number of deprojected spectra. Russell et
al. (2008) used a Monte Carlo approach, repeating 6000
times, to calculate the uncertainties in the count rate of
each spectral bin in each spectrum. They also assumed
Gaussian errors due to the binning of input foreground
cluster and background spectra with 200 counts per
spectral bin.

The resulting spectra can then be modeled in
Xspec to produce the deprojected temperature and
metalicity profiles. These profiles are presented in
Fig. 3 as the red points. We found that our deprojected
profiles are stable for any choice of radial binning.
Any instability is visible, when a particular radial
bin contains dramatically different hot gas properties,
for example, cold fronts or shocks. The deprojected
spectra produce smother profiles compared to those
produced by projected spectra.

3.2. Contour binning
Local instabilities or variations in the temperature and
metalicity profiles of galaxy cluster can be traced us-
ing the maps of their image created with different ap-
proaches. One of these approaches is called as a “con-
tour binning” and is an algorithm for binning X-ray
data using contours on an adaptively smoothed map.

The detailed description of contbin4 technique is pre-
sented by Sanders (2006). Here we summarize it briefly.

Physical characteristics (for example, temperature,
metalicity, and density) usually vary in the direction
of surface brightness varies. “Contour binning” routine
uses the surface brightness to identify bins that cover
areas of similar brightness. Such technique provides a
great opportunity to measure easily the significance of
individual spatial features. To apply this method we
firstly need to get an estimate of the surface brightness
in the image, avoiding of noise and counting statistics.
Simple Gaussian smoothing cannot define the small
brightness variations. Currently, there are a few meth-
ods to get an adaptively smoothed image using sur-
face brightness, namely asmooth (Ebeling et al., 2006),
csmooth (used in CIAO and based on asmooth), etc. To
smooth the image with a top-hat kernel is a simple
routine. The size of this kernel varies as a function of
position and contains a minimum signal-to-noise ratio.
It is also needed the color maps to apply the “contour
binning” method. Color maps show the ratio of counts
in two different bands. These maps are very useful in
X-ray analysis, because the trends in X-ray color map
follow physical parameter’s trends such as temperature
and metalicity. To generate the color maps the accu-
mulative smoothing described above can also be used.
All steps above as well as an adaptive smoothing rou-
tine is summarized in contbin. This algorithm works
in the following way. The algorithm adds neighbouring
pixels to a bin, starting at the highest flux pixel on
a smoothed image. The algorithm stops to add those
pixels when the signal-to-noise ratio exceeds an input
threshold. As a result, a new bin is then created.

We need then to extract spectra from those bins and
fit them to get the physical parameters. All the pro-
gramming codes to perform such fitting can be found
in the link presented above. In the case of our sample,
we performed all the steps described above and built
the galaxy cluster emission maps, which were grouped
into bins that closely follow their surface brightness.
The minimal signal-to-noise (S/N) ratio was selected
of 60 for temperature maps to get maps with a high
spatial resolution. This ratio corresponds to 3600 net

4C++ programming codes of the contbin
routine can be downloaded from https://www-
xray.ast.cam.ac.uk/papers/contbin/
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Рис. 3: The projected (black) and deprojected (red) temperature (top row) and metalicity (bottom row) profiles
of galaxy clusters A2029, A2107, A2151 .

counts. In case of the metalicity maps, we choose 80
(3600 net counts) as the S/N ratio since accurate met-
alicity measurements require more counts. The X-ray
spectra were extracted from each bin and were fit us-
ing the thermal model described above for the radial
projected and deprojected spectra. The resulting maps
(Fig. 4) are in agreement with radial profiles.

All the three temperature maps as well as the metal
abundance maps clearly demonstrate how is important
the count rate (statistics) and exposure time of X-ray
observations to build such a type of map. The total
exposure time of X-ray image of A2029 is about 90
ks, while for other clusters they are about 30 and 20
ks. As a result, the temperature and metalicity maps
of A2029 consist of bigger number of temperature and
metal abundance sectors (see top-left and top-bottom
plots in Fig. 4) as compared to those with less expo-
sure time (central and right plots in the same figure).
Bigger number of sectors helps to understand a spatial
distribution of different thermodynamic properties.
A2107 and A2151 galaxy clusters maps show narrow
temperature and metalicity distributions. However,
the temperature map of A2029 shows an evidence of

shock at the cluster core. Looking into this map, we
conclude that A2029 is a cooling flow cluster, showing
clear drop of temperature into the cluster center. We
see an obvious temperature jump between the pre-
and post-shock bins along the full shock front. The
central metal abundance of A2029 is about 1.0Z�
and decreases with radius until 0.3-0.4Z�. We assume
that a clear distribution of metalicity in the direction
south-west to north-east is seen towards the radio jet.
The obtained maps are consistent with recent work
of Hogan et al. (2017), where the similar distribution
of metalicity was obtained for A2151 galaxy cluster.
Hogan et al. (2017) argued that such distribution is a
result of cavity moves, namely, the X-ray cavities may
lift metals to larger radii during their rice inside the
cluster.

3.3. Wavelet analysis
The two-dimensional radial wavelet analysis is very in-
formative for detecting the substructures in the galaxy
cluster structure. One of this method, the Mexican Hat
as a basic platform for the programming code, was in-
troduced by Slezak et al. (1990), Escalera & Mazure
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Рис. 4: The temperature (top) and metalicity (bottom) maps of A2029, A2107, and A2151 galaxy clusters (from
left to right) obtained by contbin algorithm.

(1992) to detach galaxies in the cluster while analyzing
its imagery. The dominant condition that the imagery
field has covered the size of galaxy cluster (Escalera
et al., 1994; Flin % Vavilova, 1995, 1997; Vavilova &
Flin, 1997) was adopted for imageries in visible spec-
tral bands but this is an exact case for X-ray images
of clusters. The wavelet algorithms process the data
at different scales. In case of substructure search, the
task is to convolute the two-dimensional object distri-
bution (signal function s(r)) on a grid NxN pixels by
the analyzing wavelet F(r,a), where a denotes a scale of
the wavelet. This parameter determines the extent of
spreading the object distribution in the space of wavelet
coefficients WC and allows to make a further analysis
operating only with these coefficients. It is interesting
that the Mexican Hat has a radial shape but it’s able
to detect non-circular substructures (Vavilova, 1997).
Among the papers, where different platforms of wavelet
analysis were used for detection of subclustering, main-
ly in the Abell clusters, or for analysis of turbulent
processed in the ICM, we note as follows by Flin &
Vavilova, 1997; Gambera et al.; Bardelli et al., 1998;
Shao Zheng-yi & Zhao Jun-liang, 1999; Flin & Kry-

wult, 2006; Rostagni, 2012; Schwinn et al., 2018; Shi et
al., 2018. The algorithm of substructure detection can
be described briefly as follows:

1) determination of the center on the cluster’s image;
2) normalization of the data through linear trans-

formation into the range [-1, 1] yielding the radius of
analyzed field Rf=1;

3) search for scale of wavelet using the Mexican Hat
formula: F (r, a) = (2 − r2/a2)exp(−r2/a2), where a is
the wavelet’s scale, r is the distance between the center
and point (x, y), where the Mexican Hat is calculated;

4) analysis of superpositions of the Mexican Hats
on the NxN pixel grid, which substituted the distri-
bution of coordinates of galaxy cluster’s components
from which the X-ray radiation has been emitting;

5) the choice of wavelet scale a is due to condition
that the smallest scale a=0.01Rf can correspond to
the individual galaxies or the regions of intracluster
gas, while the scale a=0.25Rf could correspond to the
central part of cluster, especially in case of the rich
Abell clusters;

6) to verify results using, for example, the Monte-
Carlo simulations.
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So, we are able to detect the denser regions and
the smallest substructures in cluster’s components in
relation to their coordinates using the Mexican Hat as
the wavelet analysis approach. By other words, if the
standard methods and contour binning methods allow
us to construct profiles of the physical parameters with
radii, then the wavelet analysis likely the Mexican
Hat or a’true algorithm allow to select regions at the
smallest scales in the distribution of these parameters
and to get the coordinates of relevant components of
galaxy cluster.

4. Discussion and conclusions
The X-ray Chandra Observatory is an unprecedent-
ed telescope with high-quality imaging and spectra ca-
pabilities that provides an extraordinary window in-
to the high-energy Universe. Here we applied differ-
ent approaches to three galaxy clusters A2029, A2107,
and A2151 observed by Chandra to present the cur-
rent possibilities of the X-ray data analysis. Our clus-
ters have a component of cooler gas and/or complex
of different substractures in their cores. We built a
spatially resolved temperature and metalicity profiles
for both cases (projected and deprojected). We applied
DSDeproj routine to produce the deprojected spectra
of our sample.

We also applied the “contour binning” method
and showed that this method reliably creates the
bins, which follow the surface brightness. We applied
contbin algorithm to Chandra observations of these
galaxy clusters. contbin algorithm is an ideal, where
spectral changes are associated with changes in surface
brightness, as is often the case in X-ray astronomy. Us-
ing contbin algorithm it has been found many impor-
tant scientific results. For example, Fabian et al. (2005)
defined a complex structure of the Centaurus cluster,
Sanders et al. (2005) detected the non-thermal emission
of a high metal shell associated with a radio babble in
the Perseus cluster, Fabian et al. (2006) found an ev-
idence of temperature changes associated with shock
features, Vantyghem et al. (2014) found X-ray cavities
associated with an elliptical shock front.

The application of various wavelets transforms
is commonly used in astronomical tasks. Mostly
the wavelet analysis is applied for search of quasi-
periodicities or the characteristics timescales as com-
pare with traditional Fourier-based methods. For ex-
ample, Hovatta et al. (2008) confirmed the efficiency of
the Morlet wavelet transform for analysis of flux curves
of 80 active galactic nuclei (AGNs) in their time series
at high radio frequencies, when different time scales in
their activity were registered. We note that search for
such quasi-periodicities is important in relation to con-
straints on the masses of black holes in galactic X-ray
binaries. Another appropriate example of the informa-
tiveness of wavelets, namely the Continuous wavelet

transform and the Cross wavelet transform, has been
demonstrated by Espaillat et al. (2008) in their analy-
sis of AGN X-ray time variability data obtained with
the XMM-Newton and detection of a quasi-period for
3C 273. Because of this period affected the estima-
tion of the black hole mass (the estimate was lower
than that by reverbation-mapping methods), the au-
thors concluded that X-ray quasi periodicities would
be caused by a higher order oscillatory mode of the
accretion disk. Such approach could be useful while
the multi-wavelength properties from gamma to radio
spectral bands have to be considering in frame of AG-
N’s long-year monitoring programs (see, Breedt et al.,
2010; Volvach et al., 2011; Chesnok et al., 2009; Ryabov
et al., 2016; and others works) or for analysis of web
structure of the Universe (Einasto et al., 2011; Arnalte-
Mur et al., 2012).

Since the end of 1990ies the application of wavelet
transforms to the detachment of substructures in the
X-ray galaxy clusters has activated with the use of
the ROSAT and other space-born X-ray observatories
data (see, for, example, early works by Slezak et al.,
1994; Starck & Pierre, 1998) and has followed till now
(see, for example, Finoguenov et al.„ 2007; Bozkurt,
2009; Akamatsu et al., 2016). Such approach allows to
consider also the cores of cluster (mostly virialized)
as deeply as to the presence of cD galaxy as well
as to find small-scale inhomogeneities related to the
intracluster media and cooling flows. In our opinion,
the detachment of subclustering in X-ray galaxy
clusters should precede further research because of
its existence imposes doubt in the validity of the
hydrostatic equilibrium hypothesis of the X-ray gas
when the dynamical matter distribution and the
profiles of various physical parameters along radii are
considered. In respect to this, we described the algo-
rithm of applying the wavelet analysis based on the
Mexican Hat programming code, which is successfully
used to distinguish substructures in the distribution
of X-ray emission parameters while analyzing the
X-ray imagery of galaxy clusters. Its application
altogether with the standard methods of processing
the X-ray image and contour binning methods can
significantly complement our understanding of the
physical processes that occur in X-ray galaxy clusters.
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ABSTRACT. We have initiated the search of asteroids 

and comets on the basis of the processing digital images of 
plates obtained in the framework of FON project (the 
photographic survey of the northern hemisphere), Dushanbe 
section of the observational program. The result is the 
catalog of positions of the Solar System minor bodies. 
Observations were obtained in 1985-1992 at the Hissar 
Astronomical observatory of TajikINASTR (Institute of 
Astrophysics of the Academy of Sciences of Republic of 
Tajikistan) on the Zeiss-400 astrograph (Marsden’s code 
190, D/F=400/2000 mm).  The plate collection includes 
around 1570 negatives covered the northern hemisphere 
from – 8° to + 90°. The plate digitization has started in 
2017 after the commercial scanner Microtek ScanMaker 
1000XL Plus was provided. The scanner was previously 
tested for systematic errors and proved for suitability for 
digitizing photographic plates.  The joint research of MAO 
NAS of Ukraine and Hissar observatory on Dushanbe glass 
collection reduction has started in 2017.  The astrometric 
reduction of digitized plates is conducted using the software 
developed in MAO NAS of Ukraine running in the 
LINUX/MIDAS/ROMAPHOT complex. To the current 
moment, 10% of the collection (171 plates) has been 
processed. For each fixed object we obtain positions in the 
TYCHO2 reference system.  For stars in the magnitude 
range 5m-17m positional errors were estimated as ±0.36 
arcsec, and B-magnitudes’ errors were found  ± 0.12m. Stars 
and galaxies are not the only objects registered on the 
plates. During the observations, such objects as comets and 
asteroid could occasionally get on the picture.  Here, we 
present the first results of the search for such objects on the 
FON photographic plates.  The search and the evaluation of 
the convergence of minor bodies’ observed positions with 
the theoretic predictions are carried out online by jpl 
ephemerid service (https://ssd.jpl.nasa.gov/sbfind). 

Keywords: FON project, digital plate processing, 
astrometry of asteroids and comets.  

 

АБСТРАКТ. Робота присвячена пошуку та 
визначенню положень малих тіл Сонячної системи на 
базі спостережного матеріалу програми ФОН-Душанбе. 
У 1985-1992 роках Гіссарська Астрономічна 
обсерваторія Інституту астрофізики Академії наук 
Республіки Таджикістан приймала участь у проекті 
ФОН. За допомогою астрографа Ц-400 (Marsden’s code 
190, D/F=400/2000mm) будо отримано майже 1570 
фотографічних платівок зоряного неба в межах від – 8°  
до + 90° град. До опрацювання цих платівок впритул 
підійшли тільки у 2017 році, коли було придбано 
професійний сканер Microtek ScanMaker 1000XL Plus та 
виконано його дослідження. У цьому ж році 
започатковано спільну з ГАО НАН України роботу з 
подальшої редукції цих спостережень за допомогою 
комплексу програм в операційному середовищі 
LINUX/MIDAS/ROMAPHOT. Ці програми були 
спеціально розроблені та запроваджені для здійснення 
усього проекту ФОН. На даний момент опрацьовано 
близько 10% фотографічних спостережень, що були 
отримані у Гіссарській Астрономічній обсерваторії. 
Визначено екваторіальні координати всіх об’єктів на 
кожній з 171 пластинки по відношенню до опорної 
системи каталогу TYCHO2. Похибки екваторіальних 
координат σαδ становлять ±0.36 arcsec, а похибки  В-
величин  σB дорівнюють ± 0,12 mg в межах діапазону 
зоряних величин від от 5 mg до 17 mg. Астронегативи 
фотопластинок, отримані за програмою ФОН, 
зберігають в собі неоціненну інформацію про 
динамічний стан  Космосу у певний момент часу. У 
роботі досліджуються результати позапланових 
спостережень малих планет Сонячної системи (МП). 
Після обробки фотографічних пластинок за програмою 
ФОН-Душанбе розпочато роботу з ототожнення 
зображень астероїдів і комет (МП) на цих 
астронегативах. Пошук МП та оцінка узгодженості між 
спостережними та їх теоретичними положеннями 
здійснюється у режимі online за допомогою jpl-ефемерид  
інтернет-сервісу (https://ssd.jpl.nasa.gov/sbfind).  

Ключові слова: проект ФОН, опрацювання 
оцифрованих пластинок, астрометрія астероїдів та 
комет. 
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 1. Introduction  
 
The plan of the four-fold covering of the northern sky 

with the photographic plates of the set of the same wide-
angle astrographs was developed and firstly presented in 
70th of last century by scientists of MAO NAS of Ukraine 
I.G. Kolchinsky and A.B. Onegina. (Kolchinsky, 1977; 
Pakuliak, 2016). 6 observatories of the former USSR 
equipped with the same Carl Zeiss Jena astrographs 
(apertures 400 mm and phocal lengths 2000 or 3000 mm) 
were involved in the realization of this project. 
Observational periods and periods of plate processing for 
each observatory were different. Thus, in the framework of 
UkrVO project (Vavilova, 2012a; Vavilova, 2012b; 
Vavilova, 2014; Vavilova, 2016; Vavilova, 2017) the 
Golosiiv part of the FON program was completed (Andruk, 
2015;  Andruk, 2016a; Andruk, 2016b; Andruk, 2017a), in 
2017 г. the Kitab part of the FON program was presented 
(Yuldoshev, 2016; Andruk, 2017b; Yuldoshev, 2017a; 
Yuldoshev, 2017b). At the Hissar Astronomical 
observatory of TajAPHI (Institute of Astrophysics of the 
Academy of Sciences of Tajikistan), the efforts on the 
FON-Dushanbe photographic collection processing have 
been undertaken in 2017 (Mullo-Abdolov, 2017; Mullo-
Abdolov, 2018; Rahimi, 2018).  The total number of plates 
is around 1570. Years of observation cover 1985-1992. 
Plates were obtained on the Carl Zeiss Jena astrograph 
(Marsden’s code 190, D/F=400/2000 mm). Each plate was 
shot with two exposures of different duration with the shift 
between expositions by certain distance on both coordinates 
(Andruk, 2012). The short exposition was 40–60 sec, the 
second, the main, lasting 18–27 min. Linear dimensions of 
plates are 30х30 cm (13000 х 13000 pixels) covering the 
star field  8°х8°. Full descriptions of observational 
conditions for each plate from the original observational 
logs were compiled into digital logbook file. The 
processing of the observational material started after the 
commercial flat-bed scanner Microtek ScanMaker 1000XL 
Plus was provided in the TajAPHI. The tests of the scanner, 
performed on the test plates with the Pleiades cluster, 
showed that the scanner could provide the astrometric 
precision of σαδ = 0.13".  The astrometric reduction of 
digital images was carried out using the software  proposed 
and developed in MAO NAS of Ukraine. The whole 
process runs in LINUX/MIDAS/ROMAPHOT with 
TYCHO2 as reference  [Andruk, 2015]. The result of 
proceeding of a small part of FON glass collection (10%) 
has shown that stars in the range of magnitudes 5m … 17m 
have positional errors σαδ = 0.36 arcsec, errors of В-
magnitudes are σB = 0,12m. B-magnitudes were obtained in 
the reference system of photoelectric Bpe standards used for 
the restoration of characteristic curves of separate negatives. 
Reference stars with photoelectric magnitudes were taken 
from the catalog by [Relke, 2015]. The final aim of the 
whole collection treatment is the catalog of positions and 
magnitudes of all objects down to 17m registered on the 
plates. Occasionally, during the observations, some 
asteroids and comets passing by the observed area at the 
moment of the shooting were registered on the 
photographic plates. The identification of asteroids can be 
performed using internet-service (https://ssd.jpl.nasa.gov). 
From the service, we obtained the list of ephemeris 

positions of minor planets in observed sky area at the 
moment of observations UT±1min. 

  

2. The scheme of minor planet identification 
 
So, for the moment of observation, there are two files 

for each plate. One of them contains the results of 
digitized plate reduction. The next one includes ephemeris 
positions of asteroids and comets in the area of the 
processed plate. The comparison of data in two files gives 
the catalog of topocentric positions of all minor planets, 
got onto the photographic plate. The step-by-step process 
of the determination of astrometric positions of minor 
planets from the plates of FON-Dushanbe is as follows: 

1. On the first step, for the plate of interest we select 
the information of observational conditions from the 
digital log file, namely the moment of its exposure in the 
units of sidereal time “Mean Sidereal Time in the middle 
of a long exposure”. Then, the sidereal moment is 
transformed into the universal time  scale UT.  

2. On the web-page “Solar System Dynamics on-line 
Tools” of the service https://ssd.jpl.nasa.gov in the section 
“The small-body identification” we insert the main search 
parameters for minor planets: date/moment (UT± 1 min) 
of observation, location of the observer, coordinates of the 
plate center, and borders of the sky area covered with the 
plate taking into account the plate corners declinations.  

 The output contains the nominal list of ephemeris 
positions of all minor planets got into the outlined area. 

3. On the next step, the search script of the software 
compares data of two files in order to detect the intended 
asteroids and comets among the objects registered on the 
plate. The output file contains the comparison results of  
observed and theoretical values:  (О-С)α, (О-С)δ, (B-V)mg. 

4. The link “Web-Interface” in the  “JPL's HORIZONS 
System” allows deriving the improved ephemeris data for 
the moment of observation (UT ± 1sec). 

 

3. Discussion of the search results 
 
To the moment, 71 plates of the zero zone (α = 0h … 

24h, δ=0° ± 4°) and 100 plates of the circumpolar zone (δ= 
64° … 84°) have been processed. With the help of the jpl-
ephemeris (https://www.jpl.nasa.gov), 104 asteroids were 
identified on 42 plates,  and the list of 117 their 
topocentric positions was obtained. The comparison of 
these positions with the ephemeris data has shown that the 
essential part of minor planets' observations in the Hissar 
observatory has the significant discrepancies with the 
theory. Yet, the results of observations of the same objects 
at MAO NAS of Ukraine show the good agreement when 
comparing to the ephemerid (Shatokhina, 2017; 
Shatokhina, 2018a). The above-said technique is now 
applied for completion of the search of asteroids and 
comets in the photographic collection of FON-Kitab part 
of the project (Shatokhina, 2018b). Earlier, this technique 
was tested for the search of satellites of major planets of 
the Solar System (Yizhakevych, 2014; Yizhakevych, 
2015; Yizhakevych, 2016; Yizhakevych, 2017a; 
Yizhakevych, 2017b). 
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Table 1. Comparison of  asteroid search results on the plates in the declination  
 zone 00 obtained in Gissar observatory (190)  and MAO NAS of Ukraine (083) 

 
Name code Npl.       Date, UT OCal” OCdl” Bph Vmg B-V 

1 2 3 4 5 6 7 8 9 10 11 
24 190 1058 1989 09  1.885364 -2.25 -0.04 12.60 12.36 0.24 
24 190 1196 1992 04  7.797387 -0.60  0.56 11.17 10.96 0.21 
24 083 1504 1989 09 21.930227    -0.20 -0.27 12.54 11.95 0.59 
24 083 1515 1989 10 25.800329    -0.04  0.02 13.29 12.31 -0.98 

           
47 190 1058 1989 09 01.885364 2.25 -0.53 12.25 11.59 0.66 
47 083 821 1986 02 26.700712 0.66 -0.26 14.96 13.48 1.48 
47 083 822 1986 02 26.718141 0.28 -0.39 13.62 13.48 0.14 
47 083 1504 1989 09 21.930227 0.07 -0.06 11.26 11.08 0.18 
47 083 1510 1989 10 19.817000 -0.23  0.16 12.69 11.45 1.24 
47 083 1957 1992 02 26.951613 -0.50 -0.02 13.08 12.39 0.69 

           
1142 190 1058 1989 09  1.885364 -1.65 -0.70 15.91 15.23 0.68 
1142 083 1964 1992 02 28.845964 -0.12 0.76 16.19 15.21 0.98 

           
1381 190 1058 1989 09 01.885364 -3.15 -0.98 14.95 14.90 0.05 
1381 083 1510 1989 10 19.817000 -0.27 0.42 15.41 14.87 0.54 

           
1408 190 1281 1990 10 14.731300 -1.50 -0.64 15.73 15.49 0.24 
1408 083 1718 1990 10 11.842910 -0.03 -0.34 16.10 15.42 0.68 

           
1425 190 1423 1992 05 04.771185 -0.60 0.01 14.86 14.58 0.28 
1425 083 1735 1990 10 14.086536 -0.74 -1.20 17.00 15.94 1.06 
1425 083 1978 1992 04 23.920175  0.34 0.12 14.70 14.37 0.33 

           
1691 190 1281 1990 10 14.731300 -2.55 -0.80 15.48 15.06 0.42 
1691 083 1920 1992 01 08.929235 -0.60    0.15 15.24 14.84    0.40 

 
 
 
 
Below Table 1 shows results of comparing the 

observations of seven asteroids obtained at two 
observatories, Hissar observatory and MAO NAS of 
Ukraine. Columns in Table 1 contain the following data: 1 
– asteroid number, 2 – Marsden’s code, 3 – plate number, 
4-5-6 – year, month, day + UT in fractions of day, 7 – (О-
С)″ R.A., 8 – (О-С)″ Dec., 9 – photometric value Bph, 10 – 
visual magnitude Vmg, 11 – (Bph-V). The possible reason 
for discrepancies in observed and theoretical positions of 
minor planets could be the errors of moments’ registration 
in Hissar observatory, namely the underestimation of 
chronometer corrections. This is primarily evidenced by 
discrepancies in (О-С) on right ascension. For example, by 
the previous estimations, the error in the moment 
registration for the plate number 1058 containing the 
images of 5 minor planets could reach 4.5 min. 

 

4. Some conclusions 
 
Using the JPL-ephemerids and the search program of 

MAO NAS of Ukraine software for digital plate 
processing the identification of minor bodies was made 
for 171 plates of FON-Dushanbe plate collection. The 
research on asteroids and comets identification follows the 
original FON-Dushanbe project astrometric treatment of 
observations. The most effective is the zero declination 
zone where 117 topocentric positions for 104 asteroids 
were derived by the processing of 42 plates. For the 
determination of dynamic characteristics of minor planets 
besides positions, it is necessary to have the precise data 
of registration moment. In our case, additional efforts are 
required to resolve the problem with determining the exact 
moments of observations.  
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After completion of processing all the plates for the 
FON project, the number of plates with images of minor 
planets obtained during the same night may increase. 
Perhaps this will allow, if not to determine the time of 
exposure of the plate, then at least to estimate the 
magnitude of its error, which is important in the study of 
the dynamic processes in the Universe.  

Acknowledgements. The authors are thankful to 
academician Farhod Rahimi, the President of Academy of 
Sciences of the Republic of Tajikistan, for the supporting 
of the project “FON-Dushanbe catalogue”. 

 
Reference 

 
Andruk V.M., Ivanov G.A., Yatsenko A.I. et al.: 2012, 

BTSNU, 48, 11. 
Andruk V.M., Pakuliak L.K., Golovnia V.V. et al.: 2015, 

Odessa Astron. Publ., 28,  192. 
Andruk V.M., Golovnia V.V., Ivanov G.A. et al.: 2016, 

Kinem. Phys. Cel. Bodies, 32, N1, 38. 
Andruk V.M., Pakuliak L.K., Golovnia V.V. et al.: 2016, 

Kinem. Phys. Cel. Bodies, 32, N5, 260. 
Andruk V.M., Pakuliak L.K., Golovnia V.V. et al.: 2017, 

Scince and Innovation, 13a, 17. 
Andruk V., Yuldoshev Q., Eglitis I. et al.: 2017, Odessa 

Astron. Publ., 30, 159.  
Eglitis I., Eglite M., Shatokhina S.V. et al.: 2016, Odessa 

Astron. Publ., 29, 123. 
Kolchinsky I.G., Onegina A.B.: 1977, Astrometry and 

Astrophysics, 33, 11. 
Mullo-Abdolov A., Kokhirova A., Relke H. et al.: 2017, 

Odessa Astron Publ., 30, 186. 
Mullo-Abdolov A.,  Relke H., Kokhirova A. et al.: 2018, 

Odessa Astron Publ., 31, . 
Pakuliak L.K., Andruk V.M., Golovnia V.V. et al.: 2016,  

Odessa Astron. Publ., 29, 132. 

Rahimi F., Mullo-Abdolov A.Sh., Kokhirova G.I. et al.: 
RpAST, 2018, 61, N2, 144. 

Relke E., Protsyuk Yu.I., Andruk V.M.:  2015, Odessa 
Astron. Publ., 28, 211. 

Shatokhina S.V., Kazantseva L.V., Yizhakevych O.M. et 
al.: 2017, Odessa Astron. Publ., 30,198. 

Shatokhina S.V., Kazantseva L.V., Yizhakevych O.M. et 
al.: 2018, Kinem. Phys. Cel. Bodies, 34, N5, 70. 

Shatokhina S.V., Relke H., Yuldoshev Q. et al.: 2018, 
Odessa Astron. Publ., 31, . 

Vavilova I.B., Pakulyak L.K., Shlyapnikov A.A. et 
al.:2012, Kinem. Phys. Cel. Bodies, 28, N2, 85. 

Vavilova I.B., Pakuliak L.K., Protsyuk Yu.I. et al.:2012, 
Baltic Ast., 21, N3, 356. 

Vavilova, I.B., Golovnya, V.V., Andruk, V.M. et al.: 
2014., Odessa Astron. Publ., 27, 132. 

Vavilova I.B.: 2016, Odessa Astron. Publ., 29, 109. 
Vavilova I.B., Yatskiv Ya.S., Pakuliak L.K. et al.: 2017, 

IAUS, 325, 361. 
Yizhakevych O.M., Andruk V.M., Pakuliak L.K. et al.: 

2014, Odessa Astron Publ., 27, 67. 
Yizhakevych O.M., Andruk V.M., Pakuliak L.K. 2015, 

Odessa Astron Publ., 28, 213. 
Yizhakevych O.M., Andruk V.M., Pakuliak L.K. 2016, 

Odessa Astron Publ., 29, 155. 
Yizhakevych O.M., Andruk V.M., Pakuliak L.K. 2017, 

Odessa Astron Publ., 30, 201. 
Yizhakevych O.M., Andruk V.M., Pakuliak L.K. 2017, 

Kinem. Phys. Cel. Bodies, 33, N3, 142. 
Yuldoshev Q.X., Muminov M.M., Ehgamberdiev Sh.A. 

et. al.: 2016, Odessa Astron Publ., 29, 160. 
Yuldoshev Q.X., Muminov M.M., Ehgamberdiev Sh.A. 

et. al.: 2017, Odessa Astron Publ., 30, 205. 
Yuldoshev Q.X., Ehgamberdiev Sh.A., Muminov M.M. et 

al.: 2017, Kinem. Phys. Cel. Bodies, 33, N5, 250. 
  
 
 

250 Odessa Astronomical Publications, vol. 31 (2018)



 

THE FIRST RESULTS OF PROCESSING OBSERVATIONS OF  
SS BODIES FROM UBAI PHOTOGRAPHIC PLATE COLLECTION 

USING THE NEW TECHNIQUE 

O.M. Yizhakevych1, V.M. Andruk1, Q. Yuldoshev2, L.K. Pakuliak1, M.M. Muminov3 

 1Main Astronomical Observatory NASU, Kyiv,Ukraine, izhak@mao.kiev.ua 

 2Ulugh Beg Astronomical Institute UzAS,Tashkent, Uzbekistan, qudratillo@astrin.uz 

 3Andijan State University, Uzbekistan, Andijan, muminov1951@gmail.com 
 

 
ABSTRACT.  The paper presents the first results of 

processing of photographic observations of SS bodies 
based on materials from the collection of plates of the 
Ulugh Beg Astronomical Institute of the Academy of 
Sciences of the Republic of Uzbekistan (UBAI). The glass 
archive of the UBAI has about 15 thousand photographic 
plates with images of various space objects. In this paper, 
we discuss the first results of processing of major planets’ 
photographic observations in Uzbekistan using the  new 
technique. The observations were carried out on two 
astrographs – Tashkent normal astrograph (TNA, 
D/F=330/3438)  and Kitab Double Zeiss astrograph 
(DAZ,  D/F=400/3000) in 1895-2004.  Currently, in AI 
the work runs to streamline the archive and create  a 
database of observations in   a single xls-format. The 
number of photographic plates with images of major 
planets obtained on two telescopes is more than 300 
negatives. In 2017, together with MAO NAS of Ukraine, 
the processing of these photographic observations using 
the new methodology was started. By this time, in the 
framework of the UkrVO project (Vavilova, 2012a; 
Vavilova, 2012b; Vavilova, 2014; Vavilova, 2016; 
Vavilova, 2017) the method of reducing digitized plates 
was developed for the FON program.  The plate 
digitization is performed on the flat-bed 10000XL in 
1200dpi mode. Positions and photometric estimations in 
B-color of all registered on the plate objects are obtained 
using the software proposed and developed in MAO NAS 
of Ukraine running in the LINUX/MIDAS/ROMAPHOT 
complex.. The search for major planets and their satellites 
among the whole set of plate objects and the comparison 
of their observed and predicted positions is carried out 
online with the help of internet-service 
(http://lnfm1.sai.msu.ru/neb/nss/nssephmr.htm). Up to 
date, the small part of the plate collection was treated, 
namely 23 negatives with images of Uranus, Neptune, 
Pluto and Saturn’s satellites, obtained on the Kitab DAZ 
astrograph.  16 negatives with 19 exposures gave the best 
results with (О–С) in the range ±1.″5. In total, we 
obtained 47 astrometric positions of the objects of interest 
in the wide interval of brightness’s (8m ±16m). The internal 
positional accuracy of the catalog in the Tycho-2 

reference system is σαδ = 0.08″–0.13″, the photometric 
error of B-magnitudes is estimated as σB = 0.2m.  

Keywords: digital plate processing – astrometry of Major 
planets – satellites – catalogues.  

 
АБСТРАКТ. Архів склотеки Астрономічного інституту 

Академії Наук Республіки Узбекістан (UBAI) нараховує 
майже 15 тисяч фотопластинок із зображеннями різних 
об’єктів Космосу. В роботі йдеться про перші результати 
опрацювання спостережень Великих планет та їхніх 
супутників, зображення яких було отримано за 
допомогою двох астрографів – Ташкентського 
нормального астрографа (TNA) та Кітабського 
Подвійного астрографа Цейса (DAZ) в Узбекистані у 
подовж 1895-2004 років. На даний час в АІ виконуються 
роботи з упорядкування архіву платівок та створення 
Банка даних фотографічних спостережень у єдиному xls-
форматі. Кількість фотопластинок із зображеннями 
Великих Планет становить понад 300 негативів. У 2017 
році в АІ спільно з ГАО НАНУ розпочато опрацювання 
цих спостережень за новою методою. На той час, у рамках 
проекту УкрВО (Vavilova, 2012a; Vavilova, 2012b; 
Vavilova, 2014; Vavilova, 2016; Vavilova, 2017) був 
розроблений та запропонований метод редукції 
оцифрованих пластинок для програми ФОН. 
Оцифрування негативів здійснюється за допомогою 
планшетного сканера Epson Expression 10000XL. в режимі 
1200dpi. Подальша редукція оцифрованих платівок 
відбувається завдяки комплексу програм, спеціально 
розроблених в ГАО в операційному середовищі 
LINUX/MIDAS/ROMAFOT. За допомогою інтернет-сайта 
(http://lnfm1.sai.msu.ru/neb/nss/nssephmr.htm) в режимі 
online відшукуємо зображення Планет серед усіх 
об’єктів платівки та визначаємо розбіжності (О–С)″ між 
обчисленими та їх теоретичними положеннями. На 
даний момент опрацьовано невелику частку 
спостережного матеріалу (23 негатива) із зображеннями 
Урана. Нептуна, Плутона та супутників Сатурна, що 
були отримані на астрографі DAZ в Кітабі. Успішними 
виявилися 16 фотопластинок (19 знімків), для яких 
значення (О–С) не перевищує ±1.5″. Загалом, ми 
отримали 47 астрометричних положень Планет в 
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широкому діапазоні їх яскравості (8m  16m). Внутрішня 
точність редукції RMS по обох координатах 
знаходиться в межах σαδ = 0.08″  0.13″, а похибка 
визначення зоряної величини становить σB = 0.2m.  

Ключові слова: Опрацювання оцифрованих 
пластинок – астрометрія – великі планети – супутники 
– каталоги. 

  

1. Introduction 
 
The glass archive of UBAI  possesses a vast collection 

of photographic observations having been obtained since 
1895. The total number of direct plates with selected sky 
areas is 15 thousand. Observations on the Tashkent 
normal astrograph (TNA) were successfully performed 
until 1986. Later, the main observational activity was 
moved to the Kitab observational site. Here, in 1975 the 
Zeiss Double Wide-Angle astrograph DAZ (Yuldoshev, 
2016; Yuldoshev, 2017a; Yuldoshev, 2017b) was installed 
for the observations on the FON project (Photographic 
survey of the northern sky) (Kolchinskiy, 1977; Pakuliak, 
2016; Andruk, 2017b). Below, Table 1 gives the 
parameters of both telescopes. The archive of 
photographic plates got on DAZ in 2015 was moved from 
Kitab to Tashkent. Later, the works run to create the data 
bank of all observations in the single xls-format. In 2017, 
the photographic plate processing has been initiated 
together with MAO NAS of Ukraine. The archive of 
photographic plates got on DAZ in 2015 was moved from 
Kitab to Tashkent. Later, the works run to create the data 
bank of all observations in the single  xls-format. 
 
Table1. Parameters of TNA and DAZ  telescopes 
 

Parameter Ташкент, 
TNA Kitab, DAZ 

ID TAS033 TAS040A 
TAS040B 

Marsden’s 
Code 192 186 

Longitude 69°17.′0 66° 53.′0 
Latitude 41°19.′5 39° 08.′0 
Altitude 482 m 690 m 
Aperture 0.33 m 0.40 m 

Focal length 3.43 m 3 m 
Scale 60″/mm 69″/mm 
Field 2°÷2.5° 5.5°÷6.0° 

Glass plate 
size (max) 16x16cm 30x30cm 

 
 
In 2017, the photographic plate processing has been 

initiated together with MAO NAS of Ukraine.  The 
objects of interest were plates with images of major 
planets obtained in Uzbekistan on two telescopes. The 
renovation of the Institute building has temporarily 
complicated the access to the observational material. So, 
only 23 plates with Kitab DAZ observations were 
available and had been processed up to date. 

2. The procedure of major planets’ observation 
processing 

 
The plate digitization was made using flat-bed 

commercial scanner Epson Expression 10000XL in grey 
color range 16-bits with a spatial resolution 1200 dpi 
(Protsyuk, 2014; Eglitis, 2017). The flat-bed scanner 
accompanied with the proper software allows digitizing and 
processing of plates containing objects of any brightnesses. 
The astrometric reduction of digitized data was made using 
the software proposed and developed in MAO NAS of 
Ukraine for the FON project (Relke, 2015; Andruk, 2015; 
Andruk, 2016a; Andruk2016b; Andruk, 2017a). The total 
package runs in LINUX/MIDAS/ROMAFOT operational 
environment. The initial scripts of the package were 
modified to meet the requirements of SS bodies’ specific 
observations. In our case, the internal positional accuracy of 
the reduction lies in the range σαδ=0.10″, the accuracy of 
photometric estimations is better then σB = 0.2m. Table 2 
contains the results of processing 16 plates with  Neptune, 
Uranus and its satellite Oberon, Pluto, and five Saturn’s 
moons. The catalog of observed topocentric positions and 
the results of their comparison with theoretic data is given 
in Table 3. The observations which have the discrepancies 
with the theory more than ±2.5 arcsec were not included to 
the catalog. The plates required the more accurate moments 
of observations were excluded as well.  

 
3. Conclusions 
 
The first 47 topocentric positions of major planets and their 

satellites were obtained from DAZ observations. The 
processing of photographic observational data was made using 
algorithms of digital data reduction and the software developed 
in MAO NAS of Ukraine. Earlier, the same technique was 
tested and proved for the search for asteroids and satellites of 
major planets (Protsyuk, 2017; Shatokhina, 2016; Shatokhina, 
2017; Yizhakevych, 2014; Yizhakevych, 2015; Yizhakevych, 
2016; Yizhakevych, 2017a; Yizhakevych, 2017b). The 
comparison of observed positions of objects with those of 
online ephemeris data of IMCCE demonstrates the good 
agreement of the theory and observations. 

In the future, we plan to go on with the processing of 
photographic plates from UBAI  glass collection 
containing the images of Solar system bodies obtained in 
Uzbekistan on two astrographs. 
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Table 2. The statistical data of the reduction of SS bodies observations made in Kitab (DAZ): 

1 – object name; 2-years of observations; 3 – number of plates /number of observational nights; 
4 – number of positions, 5 – photographic stellar magnitude; 6,8,10 – standard deviation; 7,9 – (О–С) on right 
ascension and declination; 11, 12,13 – RMS – internal error of the reduction;  
14 –  number of reference stars from Tycho-2. 
 

RMS 
Obj Range 

N pl. 
/N 

nights 

N 
pos. Bph Sd  

Bph 
O-C 
R.A. 

Sd 
R.A. 

O-C 
 Del. 

Sd  
Del Bph R.A Del n 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 
SATURN’S MOONS 

S5 1983, 
1990 4/4 8 10.3 .44 -0.53 .77 +0.36 .56 .29 .08 .09 1277 

S6 
1983, 
1986, 
1990 

6/6 10 9.9 .19 +0.13 .59 -0.04 .36 .28 .09 .09 1194 

S7 1990 3/3 3 15.0 .20 -0.00 .35 -0.09 .14 .28 .07 .08 1725 
S8 1990 4/4 6 12.8 .20 +0.05 .22 -0.19 .31 .29 09 .10 1676 
S9 1990 1/1 1 16.6  +3.96  +1.04  .28 .06 .07 1675 

Σ 1983-
1990 6/6 27           

URANUS 
Ura-
nus 

1983, 
1985 3/3 6 7.5 1.34 -0.13 .57 -0.35 .34 .33 .13 .14 630 

U4 
1979, 
1983 
1985 

4/4 4 13.9 0.72 +0.13 .94 +0.44 .82 .30 .08 .08 729 

Σ 1979-
1985 7/7 10           

NEPTUNE 
Nep-
tune 

1983, 
1984 4/4 9 8.4 0.48 +0.05 .64 0.11 .45 .33 .13 .14 2245 

PLUTO 
Plu 
-to 1990 2/2 3 13.7 0.15 -0.19 .05 -0.25 .19 .29 .06 .07 527 

 
 
Table 3. The catalog of topocentric positions of major planets and their satellites from observations on DAZ astrograph in Kitab: 

1 – Date+UT in fractions of day; 2 –  Right Ascension (h,m,sec); 3 – Declination (degrees, min.,arcsec); 4 – exposure (min.);  
5 – photographic magnitude; 6,7 – (O-C) on Right Ascension and Declination (arcsec); 8 – number of plate. 

 
Date, UT RA DEC Exp. Bph (O-C) (O-C) NPl. 

1 2 3 4 5 6 7 8 
Y M Day h m s ° ' ″ min mag ″ ″  

NEPTUNE 
1983 09 11.656048 17 45 44.237 -22 10 49.307 15 8.7 1.06 0.10 17 
1984 06 21.762796 18 01 4.906 -22 13 29.341 2 8.6 0.22 0.64 1645 
1984 06 21.769491 18 01 4.904 -22 13 29.758 15 7.6 0.91 0.23 1645 
1984 06 21.775954 18 01 4.822 -22 13 30.408 2 8.6 0.37 -0.42 1645 
1984 06 24.795219 18 00 43.611 -22 13 32.322 2 8.8 -0.62 -0.10 1753 
1984 06 24.801625 18 00 43.592 -22 13 32.551 15 7.6 -0.22 -0.33 1753 
1984 06 24.814891 18 00 43.552 -22 13 31.947 2 8.7 0.59 0.29 1753 
1984 06 27.781188 18 00 22.902 -22 13 34.920 36 8.8 1.20 -0.28 1718 
1984 06 27.800493 18 00 22.762 -22 13 33.755 5 8.5 1.15 0.90 1718 

PLUTO 
1990 06 13.778986 15 10 36.276 -01 17 4.240 30 13.9 -0.23 -0.47 1822 
1990 07 17.722097 15 08 38.607 -01 25 31.984 21 13.6 -0.22 -0.14 1850 
1990 07 17.725559 15 08 38.613 -01 25 32.081 21 13.7 -0.13 -0.14 1850 
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U4 OBERON 
1979 07 14.693111 14 59 34.990 -16 41 24.500 15 13.5 -0.60 1.44 470 
1983 07 2.686363 16 16 37.989 -21 12 50.224 15 13.8 -0.52 -0.56 1529 
1985 09 5.651112 16 51 39.235 -22 32 55.360 15 15.0 0.12 0.38 1376 

URANUS 
1983 04 14.934433 16 28 57.093 -21 41 18.023 17 5.6 0.23 -0.60 1619 
1983 04 14.941162 16 28 56.967 -21 41 17.559  3 6.6 -0.98 -0.23 1619 
1983 07 2.686366 16 16 36.535 -21 13 28.697 15 9.0 0.40 -0.92 1529 
1985 09 5.641802 16 51 36.362 -22 33 9.358  2 7.5 0.43 -0.13 1376 
1985 09 5.644533 16 51 36.313 -22 33 9.422  2 7.5 -0.42 -0.18 1376 
1985 09 5.648381 16 51 36.323 -22 33 9.324 15 9.0 -0.44 -0.06 1376 

S5 RHEA 
1983 04 13.862186 14 03 3.460 -09 34 28.083 3 10.3 -0.20 0.14 1433 
1983 04 13.864896 14 03 3.422 -09 34 27.878 3 10.3 -0.27 0.15 1433 
1983 04 13.867666 14 03 3.376 -09 34 27.794 3 10.3 -0.44 0.04 1433 
1990 07 14.744142 19 35 42.985 -21 32 58.089 15 10.3 -0.24 0.31 1842 
1990 07 16.766385 19 34 53.635 -21 34 23.908 15 10.7 0.40 -0.24 1847 
1990 07 19.774135 19 34 6.618 -21 37 16.724 1 10.5 -0.75 0.22 1862 
1990 07 19.780367 19 34 6.362 -21 37 15.775 15 9.3 -2.26 1.60 1862 
1990 07 19.786600 19 34 6.326 -21 37 17.137 1 10.7 -0.46 0.68 1862 

S6 TITAN 
1983 04 13.862186 14 02 47.294 -09 34 22.163 3 9.9 0.07 -0.12 1433 
1983 04 13.864896 14 02 47.259 -09 34 21.608 3 9.9 0.16 0.13 1433 
1983 04 13.867666 14 02 47.177 -09 34 21.522 3 9.9 -0.44 -0.09 1433 
1986 06 29.724425 16 11 20.692 -19 05 53.813 1 9.7 1.58 -0.10 1425 
1990 07 14.744142 19 35 24.083 -21 32 47.862 15 9.8 0.07 -0.09 1842 
1990 07 15.732411 19 35 5.256 -21 33 6.876 15 9.8 -0.15 0.18 1844 
1990 07 16.766385 19 34 47.665 -21 33 31.633 15 9.8 0.16 -0.17 1847 
1990 07 19.774135 19 34 5.029 -21 35 39.340 1 9.8 -0.13 0.74 1862 
1990 07 19.780367 19 34 4.986 -21 35 41.142 15 9.9 0.51 -0.68 1862 
1990 07 19.786600 19 34 4.830 -21 35 40.987 1 10.4 -0.54 -0.15 1862 

S7 HYPERION 
1990 07 14.744142 19 35 24.110 -21 31 48.484 15 15.2 0.17 -0.22 1842 
1990 07 15.732411 19 35 8.372 -21 32 18.102 15 15.0 -0.41 0.06 1844 
1990 07 19.780367 19 34 10.289 -21 35 37.961 15 14.8 0.23 -0.09 1862 

S8 IAPETUS 
1990 07 14.744142 19 36 13.530 -21 33 20.375 15 12.7 -0.02 -0.18 1842 
1990 07 15.732411 19 35 55.746 -21 34 14.853 15 12.8 0.36 0.17 1844 
1990 07 16.766385 19 35 36.792 -21 35 12.787 15 12.7 -0.18 -0.76 1847 
1990 07 19.774135 19 34 40.299 -21 37 54.795 1 12.7 -0.04 -0.07 1862 
1990 07 19.780367 19 34 40.199 -21 37 55.180 15 12.9 0.28 -0.12 1862 
1990 07 19.786600 19 34 40.054 -21 37 55.598 1 13.2 -0.07 -0.21 1862 

S9 Phoebe 
1983 07 11.689238 16 15 30.593 -21 10 49.381 15 9.5 3.63 1.86 1614 
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