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THE ANALYSIS OF IMAGES OF A CIRCULAR SOURCE
IN N-POINT GRAVITATIONAL LENSES

Bronza S.D.!, Svyrydova Ju.V.2, Kotvytska L.A.?

! Department of Further Mathematics, Ukrainian State University of Railway Transport,
Kharkiv, Ukraine, bronza.sem@gmail.com

? Faculty of Construction, Ukrainian State University of Railway Transport,

Kharkiv, Ukraine, julietca@meta.ua

3 Department of Low-Temperature Physics,

V. N. Karazin Kharkiv National University,
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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.

ABCTPAKT. B tenepimHiif yac B o0macti 06poOKu
KOMI'IOTepHOI iH(OpMaIllii, CoCTepiraloTbCs TPYAHOLI.
ITpu 06pob1i acTpoi3MIHUX EKCIIEPUMEHTAIBHUX JaHUX,
TPYIHOIII TIOB'sI3aHi 3 OJHOTO OOKY 3 BEIMKOIO KUIBKICTIO
iH(popMartii, sika moTpedye oOpoOKH, a 3 IHIIOTO GOKY 3
TEXHIYHUMH MOXIIMBOCTSMH KOMI'FOTEpiB. 3aCTOCYBaHHS
AQHANITHYHUX METOMIB NIO3BOJISIE 3HAYHO CKOPOTHTH Yac
00po0Oku iHopmarii. [HhopMarlis, sika BBOAUTHCS, 3aITH-
CY€ThCSI B QHANITHYHOMY BHIIIAII, OUTBII 3pydHOMY IS
00po0Oku. IH(popmaris oOpobisteTses aHamiTuHO (Kot-
vytskiy & Bronza, 2016), a He Meromamm Ty Ray

Tracing. [esxi pe3yapTaTd BAANOCS OTPUMATH CTPOTO
AQHAJIITHYHO, 1 BOHU HE MOTPEOYIOTh MOAAIBINIO] KOMII'IO-
TepHoi 00pooku (Kotvytskiy et al., 2016).

MerToro maHOi poOOTH € aHANITUYHE TOCITIKCHHS 30-
OpakeHb B N-TOYKOBHX I'paBITAIliTHAX JIiH3aX HIITXOM:

— pemyKmil IOCHTI[KeHb MOBUIFHOTO DKepesia 10 BH-
BYCHHS KPYTOBOTO JDKEPEa;

— penyKiii JoCTiKeHb KPyroBoro Jxepena B N- TOU-
KOBiH TpaBiTamiiHi{ JiH31 7O HOTO AOCHIIKEHHS B JIiH31
[IBapimmasaa Ta iHITMX MATO-TOYKOBUX JIiH3aX;

— QHAJNITUYHOTO JOCTI/PKEHHS KPYroBOT'O JDKEpena B
min3i Bapmummipaa i iHIIUX MaJIo - TOYKOBHUX TpaBiTa-
MIHHUX JTIH3aX;

— mociikeHHs Micid JiH3u [lIBaprimmnbaa, B MHOXKH-
Hi N - TOUKOBUX TpaBiTaliHHUX JiH3.

Metomgamu anreOpaigHOi reomeTpii, anredpaidHol To-
IIOJIOTIT Ta TEOMETPUYHOT Teopii PYHKIIH MU MiArOTyBaIN
3a7a4qy 3HaXO/PKEHHS 300paXKeHb JOBUIBHUX JKepeln B N-
TOYKOBUX TPaBITAlIHHUX JiH33aX 10 KOMITIOTEPHOTO MO-
JIETIOBaHHA. AHAITHYHO IOCTIIKEeHI 300paKeHHSI KPYyTo-
Boro mkepena B JiH3i llIBaprmunpaa i AeIKHX 1HIIHX
MaJo-TOYKOBUX TpaBiTauifHux iiH3axX. llokaszano, 1mo
JOCTIKeHHS 300paykeHb OYIb-IKHUX 1HIINX JKEpeNl KOM-
61HaTOPHO 3BOIUTHCA 0 IIHOTO BUIAIKY.

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

1. Introduction

Let R)z( and R; be vector spaces. It is known, (Kot-

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

L:(R}\A)—> R;, ()

were A = {li|i: 1,2,...,N} - set of radius - vectors Z

point masses. The mapping L can be written in the coor-
dinate form (Weinberg, 2008):
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by :xl_zmiW—Z

i=1

N
—X —Zm

i=1

were X=(x,x2), »=(v1.32), f =(4;.5;), and m, nor-
malized, dimensionless point masses satisfying the rela-
tion Zmi =1. We add the vector spaces R, and R, to

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

xz -b;
+(xy=b; )

radius. The resulting affine spaces R} and R, are called

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

R)2( (we will leave the same notation behind the contin-

ued mapping), i.e.

L'":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 Iens,
(Weinberg, 2008), (Schneider et al., 1999), which is deter-
mined by the condition N =1, ¢, =0, b, =0 ,and m=1.

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 R, . 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 domainG,

which conformally maps the G to the unit circle |z| <1.In

addition, if ais a certain point of the G domain, then the
function{ = f(z) is uniquely determined by the condi-

tions: f(a)=0, f'(a)>0.

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 y,, y, variables, or as a
=0(@), =00 ;

— 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.

parametric curve y,

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 Oy of this circle. We say that

the source of S is small, if its diameter d s 1s signifi-

cantly less than the unitd; <<1, and deleted (located far

away) if the module |Os|of the radius-vector Oy is sig-

nificantly greater than one, i.e. ‘és‘ >>1. 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 ), such that
10 ]>104]:

— each point S}, with |Og| = o, tends to its image in
Sl 5

— restriction of the mapping L to S, is a bijection of

SltOS.

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 (a,,b,) € R} and & =4/x] +x; . Let
6 — 0. Where we have:

X

+0(5). 4)

N
X, =y m————— =x, —
! ; " (n=a) +Hx-b) ! x]z +x22
A similar relation holds for the right side of the second
equation of system (2).
For system (2), with 6 — o0, we have:

N X
y =x m X —4a; y =x — 1
=X - 2 T o o 1 =N B 2
R R O s X + X,
' )
=
. X
X, —b; _ 2
Yy =X = m; 2 2 Yy =X =
2 2 o1 ! (3 =a; )" +(x,=b;) X]Z +x§

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 y; +y; — o,

then:
1 4 Vi
x=—| y £ I+ ———|>x = ,
Z(yl "y yf+yfj 1 {0

thus, the abscissa | tends to abscissa S . The same is

(6)

true for ordinates.
The proof is complete.

Proof of Theorem 1.
We show that the points of the S, (the remote compo-
nent of the image of the source of the S in the Schwarz-
schild lens) tend to their images, if |Os| —> 9. For the
Schwarzschild

\/(xl—yl)2+(x2—y2)2 =1/yx/+x; =1/5. In addition,

lens we have:

from and therefore

\/(xl_y1)2+(x2_y2)2 =1/6§ 0.

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

|OS|—>oo =>r—>o,

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

one of which belongs to the remote image S|, and the

second is in the unit circle. Considering the lemma, we
have: the assertions of Theorem 1 are true.
source in the

4. Images of a circular

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. 1f g,,g, is the coordinates of one of the

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

-1 -1
~gi(el+e}) - (ef+ed)

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 (a,0), and its boundary oD, :

n=t
Y2 :i\/f:z ~(t,—a)’ '

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

(7

2
(xl2 +x3 —1) —2ax; (xl2 +x3 —1)-&-(512 &) +x3)=0 (8)
We turn in (8) to the polar coordinates, we have:

(r2—1)2—2a(r2—1)rcos¢+(a2—gz)r2 =0. 9)
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We research the equation (8) and (9), for which we aresin
consider special cases: a
Da=0; 1D |a|=z; 1D |a|<z; V) |a]> . S= [ (=r)r+r)e. an
Case I). 0

From (9) we have: the image of the disk D, under the

mapping L is the ring kg . The ring is formed by cir-
cles:

n=(Vevare)a, n=(era-z)i2. Q0

The radii of the circles are reciprocal, i.e. ; =1/7, .

Case I1).

If |a| =¢ = a=z=¢ . Consider the case of a=¢. We
substitute a = ¢ into (8). We have: the equation is divided
into two:

x12+x§=1, (xl—(s)2+x§=1+62 (11)

Equations (11) are equations of circles. Therefore, the

image of the D, ={(y1,y2)|y12 +y; Ssz} disk, when

displaying L :R; - Rf(, will be two circular wells. The

wells are formed by circles (11), are conjugate and have
the following areas:

(12)

S, =%+8—(1+82)arcctg8,

n
S, = >t ne’ +&—(1+&)arcctge

(13)

Similarly, we consider the case of a=—¢ .

Case I1I). |a| <g.

The value of the polar radius 7 > 0. From (9) we have:
if a<é& we have two ovals, which are one in the other
and are the boundary of a doubly connected domain ho-
meomorphisms to the K| ring.

Internal and external ovals:

1 ]
r, :E(acosgo$\/gz —a’sin’ @ +

) (14)
2
+\/(acosgo—\/.92 —a’sin’ qo) +4j
The area of this K| is
S=[r.=r)r,+r)dp. (15)

0

CaseIV). |a| >e€.

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 £* —a’sin” @ > 0. Where do we get:

—aresin > < p< arcsin=-, 7 —arcsin -5 < o<1 +arcsin-—- (16)
g g i g
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:

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 (a,0).

Phases and parameters by which they are defined:

1
a<eg —2—; phase «-6»:

phase «7»: a=&——:
& 2¢
1
phase «SmE——<a<-l4+¢&; phase «4d»:

2¢
a =—1+¢ ; phase «-3»: —1+& <a <—¢ ; phase «-2»:
a=—¢&; phase «-1» —-g<a<0; phase «0» a=0;
phase 0<a<eg; phase @»:
Bme<a<l—g; phase «d»: a=1-¢;

«I»: a=¢; phase

phase «5»:

1 1
l-e<a<——¢; phase «6b»: @ =——¢&; phase
2¢ 2¢

1
«I». a>——¢.
2¢

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 0D, is given by

parametric equations. Then the borders of the images are
described by the equation:

N 2
-4
X, — E m-——-———-—a| +
( ! — ! (xl_at)2+(x2_bi)2 j
i=

. (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 OY], that is y, =0. Bi-

nary symmetric gravitational lens with masses

my=1/2, my=1/2 . For any real y,, there are always

three real solutions that are determined by the equation

X} =yt (b +1)x]+b y, =0. (19)

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

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

lutions X = (o, +y1-b% )

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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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 outflow. 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 flow, 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 flow 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 field of
the system. Because of this, the the system expands
with acceleration. = The dark energy domination
increases with time and introduces to the expansion
flow 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.

ABCTPAKT. JIokagbHuii MJAWHENb 3€JbJOBAYL, —
JMBOBUMIpDHA CUCTEMA, SKa yTBOpeHa 15 HalOmKaInMu
M0 HAC TiraHTCHLKUMH rajaktukamu. [IBi 3 Hwux,
YUymansknii Ilagx 1 ranakruka B AHIpowesi,
pyxaroThbcda Ha3ycTpid oanna ogaomy B Micuesiit I'pymi
TQJIAKTUK, TOMI fAK IHII TaJaKTHUKU 3HAXOMATHC
HaBKOJO TPynu Ha Biacranax g0 10 Mmnc Bim it
OapuieHTpa i PyXalThCsd TeTh Bif Hel, yTBODIOWUYH
MicreBuit TOTiK po3biramng. Mwn cnmpaeMocs Ha
CBiKi maHi cmocTepekeHb KOCMIYHOTO KeJIecKoma
Xab6s 7 juig MiCHeBUX TIIMaHTCHKUX TlaJlaKTHK 1 IX
YHUCEIFHUX 1 MEHIUX 33 PO3MipaMu KOMTIAHLHOHIB,

O  BUBYEHHS CYyYacHOI JWHAMIYHOI CTPYKTYpH
MOTOKY po3biranns i TeHjeHiil #ioro esosromii. Mu
OyayeEMO TAaKOXK YUHCEIbHY MOJETb 337349l HeKiTbKOX
TeJ, $KA BIATBOPIOE CIIOCTEPEXKYBAHY KHHEMATUKY
i nmuHAMIKYy TOTOKY B TPHWIYINEHHI, IO CHCTEMa SK
1iJie 3aHypeHa B yHiBepcasbHUil (hoH TeMHOI eHeprii.
Y miif Mozem pyX Tea MOTOKY YIPABISETHCS CHJIOO
X B3aEMHOIO TSXKiHHA 1 CHJIOIO BiJIITOBXYBaHHSH,
K& CTBOPIOETHCH TEMHOIO eHeprien. Bcraxosieno,
IO CHJIA, BIAIITOBXYBAHHS JOMIHY€ B CHJIOBOMY TIOJI
cucreMu. 3 1€l TPUIWHU POIIMUPEHHS CHCTEMU
BiZOyBaeThCd 3 TIPUCKOPEHHSIM. HominyBanus
TEMHOI eHepril MOCUJIIOETHCI 3 YACOM 1 aCUMITOTUYHO
[IPUBHOCUTH B CHCTEMY JIHIAIHY 3aJI€2KHICTh IITBUIKOCTI
Bl Bigcrani 3 ynisepcaabuum koediuienrom (nocrifinol
Xab6aa), M0 3a1eKaTh TIABKU Bif MIIBHOCTI T€MHOL
eHeprii.

Karouosi TaJIAKTUKH, TPYyOU TaJaKTHK,
KiHEMATHUKA i JUHAMIKA MaJaKTHK, TEMHA €Hepris.

cJioBa:

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 flattened 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 (L.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 10** 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 A, as in the currently
standard ACDM 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 effects (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 Hy = 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 effects 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 x 10'2 solar masses (we give here rounded numbers,
the exact figures 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 x 10! 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 x 10'3 solar masses, but with
an error of 2 x 103 solar masses, the largest error in
the data. The major gross parameter of the ZLP is its
total mass Mo = 8 x 103 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 pp = ¢?A/(87G), 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 pp = 0.7 x 10%° g/cm?.
The dynamical effects of dark energy in the model are
described by relations that come from General Rela-
tivity with Einstein non-zero cosmological constant A
and the currently standard ACDM cosmology (see for
detailes Chernin, 2001; Byrd et al., 2012). As macro-
scopic medium, dark energy is characterized by the
equation of state

(1)

where pp 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 effective gravitating den-
sity is determined by both density and pressure of any

medium:
pers = pa+3pac’. (2)

For dark energy, the effective density, perr =
—2pp < 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 ppqss = p + p/c? for any fluid. The
value ppqss 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 affected neither by the external gravity of
matter nor by its own anti-gravity.

In the ZLP, the local dynamical effects 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 differences 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
field approximation, Einstein’s law of anti-gravitation
states that any body in the Universe is affected by the
repulsive force, which is proportional to the dark en-
ergy density pp and to the distance R of the body from
the origin of the adopted reference frame:

pA = 7pA627

Fp =87 /3GpAR. (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

where Hy = (87/3Gpp)"Y/? = 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 specified at the present moment of cosmic time
t = to = 13.7 Myr. These are the observed positions
of the flow 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 (glant 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
flow. As it may be seen from the data above, the first
limitation is well satisfied for the observed present-day
state of the flow; it is clearly satisfied as well in the fu-
ture states of the system. The second limitation comes
from the first 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 flaw 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 effect
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= Hj R 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 ¢ > to. The dark energy anti-gravity
becomes stronger, while the mutual gravity of the
galaxies vanishes with the system expansion. These
findings 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 flows 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 effects
of the dark energy were insignificantly 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.

Acknowledgements. We are grateful to G.
Bisnovatyi-Kogan, G. Byrd, Yu. Efremov, M.
Pruzhinskaya, P. Teerikorpi, M. Valtonen and A.
Zasov for helpful discussions.

References

Byrd G.G., Chernin A.D., Teerikorpi P., Valtonen
M.J.: 2012 Paths to Dark Energy Berlin/Boston De
Gruyter

Chernin A.D.: 2001, Phys.-Usp., 44, 1099.

Chernin A.D.,; Emelyanov N.V., Karachentsev 1.D.:
2015, MNRAS, 449, 2069.

Karachentsev 1.D.; Makarov D.I. Kaisina E.I.: 2013,
AJ, 145, 101.

Karachentsev I.D., Kudrya Yu.N.: 2014, AJ, 148, 50.

Karachentsev I.D., Kaisina E.I., Makarov D.I.: 2014,
AJ, 147, 13.

Perlmutter S. et al.: 1999, ApJ, 517, 565.

Riess A.G. et al.: 1998, AJ, 116, 1009.

Zeldovich Ya.B.: 1970, A&A, 5, 84.



Odessa Astronomical Publications, vol. 31 (2018)

15

DOI: http://dx.doi.org/10.18524/1810-4215.2018.31.144461

ON THE CONFIGURATION SPACE OF A SPHERICALLY
SYMMETRIC SYSTEM OF GRAVITATIONAL AND
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ABSTRACT. We study some classical and quantum
aspects of the configuration space for a spherically-
symmetric (SS) system of gravitational and electro-
magnetic fields. Note that this fields configurations,
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 flat 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 configuration
wave function is constructed. Thus, we obtain a model
of a charged BH with a continuous spectrum of masses
and charge.

Keywords: spherical-symmetric  configurations,
minisuperspace, Hamilton operator, mass and charge
operators, compatibility condition

ABCTPAKT. JlocmimKyrOThcss ekl  KIACHYHi
i  KBaHTOBI ACHEeKTHU dizukn i reomerpii
MIHICYTIepIIpocTopy ChepUIHO-CUMETPUIHOI CHCTEMHI
rpaBiTamniffHOro  Ta  €JEeKTPOMArHiTHOrO  IIOJIiB.
Bimgmaammo, 1m0 Taki kgacuuHi  KOHMIryparii,
AKi € CTaIliOHApDHUMH 3 TOYKH 30Dy 3O0BHINTHBOTO

crocTepiratda, MaiTh MEeBHI 00JacTi IPOCTOpy-dacy
(TTY9) 3 auuamivanm moseninkoo (T-obmacri).  Ile
O3HAYAE, IO B IIUX 00JIACTIX ICHYE €BOJIOIIA reOMeTpil
IIY B waci, gka BignoBimae, K 3a KJIACU4HI, Tak
i 3a KBAHTOBO-MEXaHidHI BJIACTUBOCTI MOIEJI. 3i
cragmapTHOol mii  OyayeTbcs [id  Ajs  3a3HadeHOl
cucremu mosiB B T-obsacTi, BBOAATLCS IOBHA MAaca
i 3apsanm cucremu, ski 30epiraroTbesi.  3a JOTOMOTY
raMiJIbTOHOBOI B’s3i, 3 OTPUMAHOI CKOPOYEHOI il

BUKJIIOYAETHCA  HEJAWHAMIYHA  CTYIiHb  BiJIBHOCTI.
Ile npwm3BomuTe g0 mii B KoHDIryparifinomy
upocropi (minicynepupocropi).  Buaasierbcs, 1o

PIBHSIHHSA TEOMEe3WYHUX B MiHICYNEepIPOCTOpi pasoM
3 B’S3310 EeKBIBAJIGHTHI piBHAHHAM EifHmITeiiHa,.
Tomy, kacuuHWil eTam  JOCTIIKEHHS  PillleHHs
piBusnb Eitamreiina 3BOAWTHCS A0  OCTIIXKEHHA

PO3B’sA3KiB PiBHSIHHS Eitamreiina-Lavinbrona-
Axobi B MiHICYTIEPTIPOCTOPI. Buasagerbesa, 1o
MIHICYyIEPIPOCTOP € TJIOCKUM, TOMY PO3B’si3KaM

piBusanb Eiftmmreitna BiANOBiae MydOK MNpPIMHUX B
MiHICYIEpIpPOCTOpi. IX meperwH 3i CBIT/IOBUM KOHYCOM
MiHICYIIEPIIPOCTOPY BIANIOBLIAIOTH TOPU30HTAM TTOIH
B IIY zapamkenoi Y. Tlepermn mmx mnpsaMux
y MOy4YKy BiANOBimae IEHTPAJBHI CHHTYJIAPHOCTI
ITY. Pozrasyg  KBaHTOBUX — acleKTiB  CHUCTEMU
dopMaNTbHO 3BOOUTHCA 1O KBAHTYBAHHA BiIBLHOI
YAaCTUHKU B  TPUBUMIPHOMY  IICEBJ/IOEBKJILJOBOMY
MiHiCyIIepIIpoCTOPi. BukopucroByiodun  yMOBYy
cymicHocTi piBHsiHb JleBiTTa i mpobseMu Ha BaACHI
3HaYeHHs KBAHTOBHUX OIMEpATOPIB Mach 1 3apsamy,
OyayeThCs XBUIbOBA DYHKIISA CHEPUIHO-CUMETPUIHOT
KoH(DIryparii rpaBiTamifiHoro i eJeKTPOMAarHiTHOTO
TOJIiB. TakuM 4YUHOM, MH OTPUMYEMO MOJIEID
3apsIZKEHOT YOPHOI Tipw i3 Oe3MepepBHUM CIEKTPOM
Mac i 3apany.

Kimrouosi cJIoBa: chepUIHO-CHMEeTPHUTHI
KoH(DIryparii, KoudirypamiiiHmii MIpocTip, omepaTrop
laminbrona, omeparopm wMacu 1 3apsmy, yMOBa
CyMiCHOCTI
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1. Introduction

It is known that the classical and quantum aspects
of the behavior of the gravitational field 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 difficulties (Anderson 2015, Giulini 2009). There-
fore, reduced models are widely used, among which
spherically symmetric (SS) configurations 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 field of the black hole (BH) was developed in
work of Kuchaf 1994, the case of the electromagnetic
and gravitational fields configuration 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
fields SS configurations 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 configurations with diagonal S-
T metrics. The model is based on the observation that
the classical SS configurations of the electromagnetic
and gravitational fields, 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 configuration of the gravitational
and electromagnetic fields

Consider the SS space-time M4 with the metric
ds® = Judatdr” = Yapdxtda® — R?do? . (1)

Here do? = df* + sin?0da®, R = R(z%), Yo =
Yab(2*) — 2D metric tensor, \/—g = /—yR?sin 6, rae
g =det g ], v = det |yap|, v =0,1,2,3; a,b=0,1.
The action for a system of gravitational and electro-
magnetic fields has the form

1 ct
5= _167rc/ (/{

where (YR is the scalar curvature, F,, = A, . — A,
is the electromagnetic field tensor, A, = {A,,0,0} is
vector potential.

@R + F‘“’FW> V—gdtz, (2)

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

®3)

The surfaces R(r,z2%) = const, for which (VR)? = 0,
divide M™ into

(VR)> =7"R R

R-regions M}(;) c M®, when((VR)? <0 and
T-regions Mj(fl) c M¥, when((VR)? > 0.

In the R-region the surface R(r,z°) = const are time-
like, and in the T-region is spacelike. Using the gener-
alized Birkhoff theorem, in the R-region we can choose
a coordinate system in which v,, and R depend only on
the space-like coordinate r. Similarly, in the T-region,
there exists an system in which 7,4, and R depend on
the time-like coordinate x°.

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

ds2 = h=Y(Ndx")? — h(dx')? — R?do?

— Re~ (Nda)® — ER~1(dz")? — R%do?.  (4)

I (£ &
= | Lrde® = | -0 Z 4+ 2N 0
ST / Tdm / 2% {N + H }dl‘ s (5)

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

4

c
T= _Eg,OR,O + R%¢0°. (6)
Here Ry = OR/02° &o = 0¢/02°. In the R-region,
the action Sk has a similar form, the evolutionary co-
ordinate ¥ is space-like here.

From the Lagrangian Lr the primary constraint
Py = 9L/ON =0 and momenta P; = 0L/0q* follow:

Al Al l .
— Pp=——— P,=—R?%.
R aane o= yfte- (@)

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

oL L l 4

0Ly _OLr _ L [ % <1 _ .
ON ON  2c K

So the Hamiltonian function H = Pgé—i—PRR—k P¢¢3—L

leads to the Hamiltonian constraint in the T-region

Nec 4k 1
H="" {_&ngR + ﬁpj —,f} ~0, (9)

where 1 = cl/\/k.
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

R? c
QN R,¢0) = ~=do=7Fs. (10)
N l
Total mass function taking into account the contribu-

tion of the electromagnetic field is (see Gladush 2017)

2 2

Mtot = iR (]. + "YabRﬂ,R,b) + ﬁ 9

o (11)

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

1 . R3q'52
R+<£R2+”64 )] (12)

2

T %

N2

1 [i2c? 4k 1
Mt = = | — R+ —EP2 + < P3| . 13
tot 212{,{ +c4£5+R4 (13)
We also write out the Poisson brackets of dynamic
quantities:

2K

{Ha Mtot} = 12c4

PcH ~0,

3. The configuration space of the SS system
of gravitational and electromagnet fields 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 configuration space.
Indeed, (8) implies N = vxT/c?. Substituting this
expression into (5) we get

Sm:/qude:u/\/‘fde:,u/dQ, (14)

where

4
c

dQ? = T(da)? = ——d¢dR + R*d¢* > 0 (15)
K

is the metric minisuperspace R. We see that Sg is the

action for a geodesic in the configuration space. The

geodesic equations derived from this, together with the

equation for N, are equivalent to the original Einstein

equations. Definitions of the momenta (7) can now be

rewritten in the standard form

dg®

P, = ,U/Qabi

daQ’ (16)

as momenta of the particle with mass p and 3-velocity
dq®/dQY = {d¢/dQ, dR/dQY, d¢/d2}, moving along the
geodesic in a minisuperspace.

{H,Q} = {Mo1,Q} = 0.

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

2
_ e Y
5—64 <c7' T c7'+:c> , (17)
¢ = Y , R=cr+ux,
cT+x
leading metrics (15) to Lorentz form
d0? = —c2dr? + da® + dy?. (18)

Substituting P: = 05/0¢, Pr = 0S/0R, Py = 0S/0¢
into the Hamiltonian constraint (9), we arrive at the
Einstein-Hamilton-Jacobi (EHJ) equation

40505 1 (0S\T_ P o
A 9¢OR  R2\0¢) Kk
His solution is
l 1268 [ kQ?
S = ECM + P& — 74/€2P5 <C4R + R) . (20)

We define the BH mass by the equation M,y = m.

Then
Pe= £l |
¢ ¢ 2I<E€0

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

(21)

o) =\ 2L 1) = e TP(Tm, ),
26m T’ 2km T
(22)
where in the T-region R = ¢T" and
26m  KQ?
Fr(T,m,Q)=—-1+ ST o (23)
For the metric function in (4) we find
C2£Q CQ&O
= Fr(T, =— F
h 2%m T( , M, q) ) h By R(R7 m, q) (24)
for the T- and R-regions, respectively, and
Fr(R,m,q) = —Fr(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 configura-
tion space. The region of admissible motions corre-
sponding to a solution in a T-region is determined by
the conditions £ > 0, R > 0 or
=P 22—y >0, R=cr+z>0, (25)
which correspond to the upper interior of the cone
0? = 0 in coordinates {c7,z,y} (see fig. 1). In these
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Figure 1: Mini-superspace SS configuration of grav-
itational and electromagnetic fields in coordinates

{er, z,y}.

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

CT(R)Z%{(l—%g)R+G}>
.’L‘(R):%[(1+RLQ)R*G},

y= %Q7 RgZZHm azfoc

c2 K

(26)

4

The evolution of the system in configuration
space, for given M and (@, can be represented
as motion along a straight of the family (26),
starting outside the cone Q2 = 0 on the line
cr(0) = a/2,2(0) = —a/2,y = /& /RyQ, (central
singularity). Further, the straight intersects the cone
0? = 0 with R = R; (inner horizon), comes upon
inside the cone, crosses it with R = Ry (outer horizon)
and leaves to infinity of the minisuperspace. The
motion inside the cone Q2 = 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+/k,
the corresponding straight of the family (26) touches
the cone Q2 = 0 at the point R = Ry = mk. For
superextremal charges |Q| > my/k these straights lie
outside the cone Q2 = 0.

4. Quantization of a spherically symmetric
configuration of the gravitational and electro-
magnetic fields

The quantum states of the field configuration un-
der consideration are determined by the wave function
U(R, &, ¢) on the minisuperspace with the coordinates
{R, &, ¢}. The corresponding momentum operators in
this representation have the form:

- 0]
P, = —ih—.

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

— a2

. o
P——inZ
orR' ¢

5 (27)

N Nc (4rh? 02 r? 9? 22
H‘m{&wag_mw?_}’ (28)
. 1 (122 4kh% 0 .0  h% 02

M=3z (nR 75&555 B RW) (29)
A C - ch 0

For the Hermitian operator of the total mass, in the
configuration space we use the following ordering of
the operators: ngﬁg. The following commutation re-
lations hold

PSRN 2kh% 0 . PN A s

HN| =~ 2 ~0, [7,Q] = [Q.11] =o0.
[ 12¢* 0¢ @ @
States with a certain total mass and charge correspond
to eigenfunctions and eigenvalues of the operators of

total mass and charge:

MY, =m%¥,,, QU,=q¥,. (31)
They reduce to the following equations
c2l? 4kh? 0 .0  h% O?
— R-——— = — — VU, =22m7,,.
{ K o 0t e R8¢2} "
(32)
0 iql
—VU,=—VU,.
a¢ q ch q (33)

From the last equation we obtain W, = Ae!dl/cno,
The general wave functions of the DeWitt equation
HU =0 and the charge operator, also as general wave
functions of the operators total mass and charge, can
be represented in the form

U =) (&R) VMo G — 4 (&, R) NI/ M

The functions ¥ and 1, satisfy the equations
40? .
OROE
P a0 0 g
K ct 96706 R 2
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,

02q212 1 6612
Kkh? RQ) v = /{27121/}’

} Ym = 2ml2wm .
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which leads to a wave function of a configuration in a
state with given mass m and charge ¢ for a T-region:

l )
\113;,7(1 =CJy <ZQCT hFT(T,m, q)) el(ql/ch)¢ , (34)
pl

where Jj is the Bessel function of the first kind of zero
order. The functions Fr(T,m,q) > 0is defined in (23).
Note that h and T are positive independent values here.
For the classical Reissner-Nordstrom solution, the vari-
ables h and R = ¢T enter the initial metric (4), at that
in the T-region, the value of h depends on T, according
o (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 configuration space in all cases oc-
curs within the direction d2*> > 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 hFp(T,m,q) - —hFr(R,m,q):

l )
\Ili’q = OJO <I2R —hFR(R’ m, q)> el((ll/ch)¢ ) (35)
pl

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 Fgr(R,m,q),
according to (24). The wave function (35) can be
formally obtained based on the metric (4) and the
Lagrangian of the configuration Ly in the R-region,
where the evolutionary parameter 20 is spacelike.
Therefore, the solution (35) can be considered an
analytic continuation of the solution (34) through the
horizons Fr(R,m,q) = Fr(T,m,q) = 0. Note that
the coefficient N is not included in the wave func-
tion W, q(h,T,¢), which determines the probability
amplitude of the configuration {h,T,®;m,q}, that
is, the points {h,T, ¢} 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 configuration space of the
SS system of electromagnetic and gravitational fields
is flat, therefore to solutions of the Einstein equations
there correspond straight lines in minisuperspace with
the metrics(18). This greatly simplifies the differential-
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
fixing the calibration, for an arbitrary lapse function.

We note also that the used differential equations
determines only the local structure of the space, while
the global structure needs to be redefine. 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
differential-geometric and algebraic (group) structures
are introduced on the space-time, configuration 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 configuration or
phase space leading to the finite 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 configuration of electromagnetic and grav-
itational fields, taking into account the cosmological
constant, and the construction of the wave function
of a quantum system. By the generalized Birkhoff
theorem, for this configuration we can introduce the
R- and T-regions, which simplifies the description of
the dynamical system. Proceeding from the standard
classical Einstein-Hilbert action, a Lagrangian of the
fields configuration 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 configuration 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 flat. In addition to the
standard horizons inherent in a charged black hole,
space-time has an additional cosmological horizon.
In the configuration 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 defined 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.

AHOTAIIY. B gawiit poGori po3risigaeTbes 3a-
Jada BHBYEHHS reoMeTpil MiHicymneprpocTopy Ta Mo-
r'0 3B’gI30K 13 BiJMIOBiITHOI0 M€OMETPIEI0 IPOCTOPY-TIaCy
cepuaHO-CHMETPUIHOI KOHMIrypariii esreKTpomMarti-
THOTO Ta TPABITAIIITHOTO MOJIiB 3 YPaXyBaHHAM KOCMO-
JIOTI9HOI cTajol Ta moOym0Ba XBUJIHOBOI (DyHKINT Bis-
MOBiTHOT KBAHTOBOI CUCTEMHU. 3 y3arajlbHEHOI TeOpeMu
Bipkrodda Bunmmusae, mo 17159 TaHOI CHCTEMH MOXKHA,
susnauutu R- ta T-obsacri, mo cupomrye omnwuc ju-
HaMivHOI cuctemu. Buxomsdum 3i cTaHZapTHOI KJIACH-
qnoi ail Eitamrreiina-TinbbepTa, OyayeThcs JlarpaHKi-
an koHdiryparmil nosiB s chepuIHO-CHMETPUIHOTO
npocropy-dacy. Jlarpamkian cucTeMu € BHPOIKEHUM
Ta MICTUTb HEJIMHAMIYHY CTYHiHb BiJIBHOCTI IO IIPHU-
3BOANTEL J0 B’si3i. Bukmiouaroum B’s3h, MOXKHA Tepe-
WTH 10 OMKUCY AWHAMIYHOL CCTeMHU B KOHMITypaIiitHo-
My 1pocTopi (Mminicyneprpocropi). Posrispaiorses mo-
JaTKoBi izwuHi BemmauHu, 1o 36aepiraroTbes: MOBHA
Maca i 3apsa cucremu. Bigzaadnmo, 1m0 reomerpisa mi-
HICYIIepIIpPoOCTOpy € KOH(MOpMHO-ILTacKo. KpiMm cram-
JAPTHUX TOPU30HTIB, BJIACTUBUX 3APSAIKEHUM TOPHUM
JipaMm, TPOCTip-dac Ma€ AOJATKOBUU KOCMOJOTIYHMIT
ropusoHT. B KoudirypamniitHomy mpoctopi HafimpocTimnri
iHBapiaHTU TEH30pa KPUBUHH TaKi K CKaJIAPHA KPH-
BHUHA, KBaJpaT Tea3opa Pidi, inBapiant Kpeumana, mo-
PIBHIOIOTH HYJIIO, B TOW YaC K HEHYJIbOBI KOMIIOHEHTH
Ter3opa Pidi i TeH30pa KpuBuHN PO30IrarOTHCA HA AHA-
JIO31 KOCMOJIOTI9HOTO TOPHU30HTA.

B pamkax xaHOHIYHOI KBAHTOBOI T'paBiTariil 3 mMare-
pianbHUME [KepenaMu, (pizudHi cTaHM 3HAXOAATHCA
MMIJIIXOM PO3B’sI3aHHs TaMiJIbTOHOBOI B’st3i B omiepaTop-
Hilt opMi 11T XBUIBOBOI (DYHKINT CHCTEMU, BU3HAYE-
HOI Ha MiHICYTIepIpoCTOpi, 3 YpaxyBaHHAM JOTATKOBUX
BeUYnH, 10 30epiraroTbesa. PopMaabHe KBAHTYBAHHSA
B R-obnacri npu npoMy MOXKHA PO3IVIAAATH SK aHAJIII-
TUYHE IPO/IOBKEHHs po3B’sa3KiB i3 T-obmacri. B obpa-
HOMY TiIXO/i, BpaXyBaHHS OMEPATOPIB Macw i 3apsmy
MPU3BOIUTD IO HEMEPEPBHOTO CIIEKTPY MACH i 3apsy.
Kirro4uoBi cJjioBa: 3apsKeHi 4OpHi Aipu, KOCMOJIOLi-
9HA CTaja, MacoBa i 3apsitoBa GyHKIsI, ['amisibToHOBA
B’$13b, KBAHTYBAHHSI, OITEPATOPY MACH 1 3apsiy.
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1. Introduction

The study of the canonical formalism of general rel-
ativity shows that all dynamic information about the
gravitational field is contained in constraints. After
replacing momenta Pj; = 65/67;; they lead to the
Einstein-Hamilton-Jacobi equations (EHJ) for action
functional S:

08 68

G —2 22 ~RG) —
K 0%ij 6Vki 4l ’

where Gy = (1/2) () Y2 (varvii + vavie — Yigye) is
supermetric of configuration space and conditions of
invariance (85/0v;5).; = 0.

When quantized, in accordance with the Dirac ap-
proach, constraints become conditions on the state vec-
tor (Dirac, 1979; Gitman, 1986). After replacement
f’ij = —4/67y;; momenta constraints leads to the rela-
tions of invariance of the state vector: (6/6v;;¥),; = 0.
In this case, the Hamiltonian constraint leads to the

Wheeler-DeWitt equation

00 ope gy =
{Gukl 57 v VIR } W) =0.
(See, for example, Schulz 2014 and references therein.)

We see that both classical and quantum aspects of
the behavior of a gravitational field 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-
ficulties. Therefore, reduced models are widely used,
among which spherically symmetric configurations 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 configurations of
the electromagnetic and gravitational fields 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 configurations with diagonal space-time
metrics. We are based on the observation that the
considered configurations 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 A

The action for the gravitational and electromagnetic
fields with cosmological constant in space-time V) has

the form

1 3
S < (R 424
Stor — M( (R®+28) + (1)

K

1
+ FWFW> V—g@ds.
C

For a spherically symmetric configuration, the electro-
magnetic field tensor and the interval have the forms

Fro=Ay, —Auy = Fap = Apa — Aaps (2)

ds* = h (2% ) (dx0)2 — g (2°r)dr® — R?* (2%, r) do”,

(3)
where do? = df? + sin #da? 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

3 RR
/W (;\/gh {1 + 771 (InRh), — AR? - (4)

1 - * R
p Lo Aon) R o
2¢ Vgh

Here X o = 0X/92°, X 1 = 0X/0r denote the deriva-
tives with respect to z° and z'. Information on
the structure of space is contained in the quantity
(VR)” = g®’R ,R, (see Berezin, 2003). The surface
R (2% r) = R, = const for which (VR)® = 0 di-
vides V* into two T- and two R-regions. Moreover,
(VR)? > 0 in the T-region, and (VR)® < 0 in the R-
region. Using the generalized Birkhoff 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 z°. Then the metrics in the R- and
T-regions take the form:

ds% = h(r) (dm0)2 —g(r)dr* — R*(r) do?,

S =

(5)
dsy = h (z°) (de)Q —g(2°) dr* — R? (2°) do?®. (6)
In this case, the action (4) is divided in the sum

S = Sgr+Sr, where Si and St are the actions defined

in the R and T regions respectively. The Lagrangians
corresponding to them have the form

xr A5 R

Lp = 7
R 2¢ /gh ¢
3
+ = /gh [1 —AR? + % (mm)i] :
A2 R2
Ly = 2RZLO 8)

2¢ gh
3
- XS h {1 AR % (ng)’O] .
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Here xr and x g - constants, obtained by integration
of the action over coordinate z° in R-region and co-
ordinate r in T-region. Since the Lagrangian is de-
fined up to a constant factor, we further assume that
Xr = X7 = 1 (meter).

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

¢r = —Ao, §r = —Rh, Nr =+gh,
¢T:A17 ST:Rga NT:\/gih (9)

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

uniform form:
R .U,
N2 '

where s = ¢3/k, a - is the evolutionary parameter,
which in each of the regions takes the form o = 29 =
ct or o = 7 respectively. From the Lagrange-Euler
equation for variable N in (10) it follows that OL/ON =
0. It means that N is Lagrange multiplier and there is
the constraint applied to system:

F2R

L =
2cN

(1 — AR? + (10)

¢2
~ 2cN2

§ala

R
falle)

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

+ (1 — AR? + (11)

L= 5\/(1 — AR?)(—R €0 + iizaﬁ?a), (12)
S = s/ \/(1 — AR?)(—dRd¢ + f—jd&). (13)

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

2
dQ® = (1 — AR?)(—dRd¢ + %dqs?). (14)
It appears that minisuperspace is conformally flat,
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 (¢t +x = 1/v/A).
This can be seen by following transition to new vari-
ables:

2
e=%(er-2-25), (15)
R=cr +x, o= #
In these variables metric (14) takes form:
dQ? = (1 — Aler + 2))(—c2dr?® — dz? — dy?).  (16)

Introducing generalized momenta as P; = 6‘97% where

L is lagrangian (10), we define Hamiltonian of the sys-
tem:

H=PQ,-L=
N (—APrP: + 5P, — s*(1 — AR?)) =

(17)
oL
~N35§-
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):
R2
Q=
Vgh
The total mass of the configuration has the form
(Gladush, 2012):

A R% R?
M:8R<1_R2+ ;0_ 71>+
c 3 g

Q2
2¢2R’

. (19)

In new variables these functions have following form:

AN

Q=cPy, M= % (R - (20)

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

aS oS aS
A an’ Pd) = 3.
0¢ OR 0¢
This leads to the Einstein-Hamilton-Jacobi equation
and equations for total mass and charge of the system:

P = P = (21)

2
49808 + 55 (%) +s%(1— AR?) =0,

<R AR+ %5 (32) )—m. (23)

This equations have following solution:

q 52 A q>

B cqb—i—pgf 4pe <R 3R +2 R)
Here it is taken into account that from the canoni-
cal equations for momenta P and Py it follows, that
they are integrals of motion. In particular, cPy = ¢
- charge of the system. Calculating derivatives 9.5/9q
and 05/0pe and equating them to constant, we find
trajectories:

(22)

aS s
Coe — & 3¢

(24)

s? A 2

= R—- R+ — = 25

$=b- 4( 3 +2R>¢ chfR()

From mass function we find out that pe = ’;ESOC. Fi-

nally, we get:

_ A g > _ séo ¢
5—50< om C<R‘3R +R)> =\ md R

(26)
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Performing reverse transformation to (9), we obtain []W’Q} =0, [H7Q} =0, [H,]W} =~ H~O0.

following metric coefficients: sc 0¢ (31)

2mcé 2me ¢ A 4
hp = D80 (p  ZMe 2R, (2
n s ( SR el 3  (27)
N2 N?
gr = Ja hT - 7T7
hr gr
2mcéo 2me ¢ A 4
= 1— _a
9T s ( SR seR? 3 R

Assuming Np = Ny = 1,&y = s/2mc, we obtain classi-
cal result for ReissnersH“NordstromshH“de Sitter met-
rics. Solution (26) can be written in terms of minisu-
perspace variables (¢, z,y) in parametric form:

CT:%((l*%ﬂ)Rﬁ*CLﬁ*Rag%RS), (28)
x:%((l—FRi)R—a—RL%R?’),
y= 1/
Here a = scfy, Ry = 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 fields 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 configurations.

3. Quantum description of CBH with A

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

9
oq'’

7 ~

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

1= 2 (402525 + 155 25 + 5°(1 = AR2) ) ,(30)
s A p3 ) R 9°
P(R-SR -G Seh) - fnde

Q = fihca%.

M

In order for the total mass operator to be Hermitian,
we use the following ordering of the operators: pe&pe.
Obtained operators have following commutators:

By (31) we can require that the wave function of the
system satisfy following system of equations:

HU =0,
MU =mU, (32)
QU = qU.

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

_ 2mc q? A
W(E, R, ¢) = C <\/£R [_1 pame_ 4y 3R3D |

Since system (32) has a solution for any values of m
and ¢, 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 A = 0. Counsidered 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 differential-geometric and group structures
on the space-time, configuration or phase spaces, it is
impossible to obtain a discrete spectrum. The reason
for this is that the above differential equations deter-
mine only the local structure of the space, whereas
the global structure needs to be defined. 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 fixed points of
N-point gravitational lenses. We use complex form of
lens mapping to study fixed 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
specified by analytical function (deflection function).
We studied necessary and sufficient conditions for the
existence of deflection function and proved some the-
orems. Deflection function is analytical, rational, its
zeroes are fixed points of lens mapping and their num-
ber is from 1 to N-1, poles of deflection 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 fixed 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 find
all fixed point of lens mapping. On the basis of the
above, we conclude that one-point gravitational lens
has no fixed points, 2-point lens has only 1 fixed
point, 3-point lens has 1 or 2 fixed points. Also we
present expressions to calculate fixed points in 2-point
and 3-point gravitational lenses. We present some
examples of parametrization of point masses and
distribution of fixed points for this parametrization.

Keywords: gravitational lensing: lens mapping, fixed
points, deflection function; complex analysis.

AHHOTAIIISA. B poGoti moC/iiKyoTcss HepyXoMi
Touku B N-TOYKOBHUX TpaBitarmifinnx minzax. Jmsa ix
JIOCJTPKEeHHsT OyJla BUKOPUCTAaHa KOMILIEKCHa (opma

JiH30BOrO Bimobpaxkenns. KowmrmrekcHa gopMma Mae
mepeBary HaJ, KOODIWHATHOIO: B KOODPAWHATHOMY
Burisifi N-TOUKOoBa TpaBiTalliiiHa JIiH3a OIMUCYETHCS
CUCTEMOIO 3 JIBYX PiBHSHB, a B KOMILIEKCHOMY BUTJISIITI
JIOCUTH OJIHOTO PIBHAHHS. e piBHAHHS JETKO
IEPETBOPUTHCS B TOJIHOMIaJIbHE, SKe 3py4YHe JIJId
B pobori minzoBe BimobpazkeHHst
NpEJICTABICHO Y  BUIVIsAAI  JHiHIHOT — KoMOiHartl
JBYX BijioOpakeHb: KOMILJIEKCHO-aHAJITUIHOTO 1
TOTOXKHOTO. Anajnitnune BinoOpaskeHHS — 3aJa€
dyukIisg BiaxuaeHHH. Mu BuBumim mHeoOximHi i
JoCTaTHI yMOBM icHyBaHHs (QYHKIN BiIXuaeHHsS
i JoBem JiesiKi TEOpeMH. QyHKITSA BiIXUIEHH:
aHAJITUYHA, pAaI[lOHAJIBHA, 11 HYJI € HEPYXOMUMH
TOYKAMHM JIIH30BOI'O BiJOOpaXKeHHsI, IX YUCJIO JIEXKUTh
B mpoMmikKy Bix 1 mo N-1, 11 mosfoca € KoopamHATAMEI
TOYKOBHUX Mac, BCI IOJIIOCA IIPOCTI, JIUIIKU B ITOJIFOCAX
piBHi BetmunHaM 6€3pO3MipHUX MacC B HUX.

Mu 3acrocysanu Tteopemy laycca-Jlioka i mgoBenu,
mo BCi HEPYXOMi TOYKM JIH30BOrO BiOOparKeHHS
HaJIeXKaTh MiHIMAJLHOMY BUILYKJIOMY OaraToKyTHUKY.
Bepmuramun MiHIMAJIBHOTO BUIIYKJIOIO OAraTOKyTHUKA
€ TOYKHU, B JIKAX 3HAXOIATHCS Oe3pO3MipHI TOYKOBI
macu. JloBenm TeopeMy, 3a JOIMOMOIOIO SIKOI MOXKHA
3HAMTH BCI HEPYXOMi TOYKM JIIH30BOI'O Bi0OparKeHHsI.
Ha mincraBi Bume oTpuMaHuxX pe3yJabTaTiB, MU
3po0MJIM  BHCHOBOK, IO B OJHOTOYKOBIH JriH3i
HEPYXOMHX TOYOK HEMAa€, B JIBYXTOYKOBIN JIH3I €
TiJIBKU OJJHA HEPYXOMa TOYKa, B TPBbOXTOYKOBIi JIiH3i
MoxKe OyTm onHa abo JBI Hepyxomi TOoUkHM. Takoxk
B pobOTi TpuBeIEHI BUPaXKEHHsI s OOYUCIEHHS
HEPYXOMHUX TOYOK B OJIHOTOYKOBIH 1 JIBYXTOYKOBIM
rpaBiTamiitaux Jin3ax. HaBemeni mesaxi mpukiamn
[MapaMeTPUYHOIO 3aBJIAHHS TOYKOBUX MAacC 1 PO3MOILITY
HEPYXOMUX TOYOK.

JTOCJIi >KEeHHSI.

KurouoBi ciioBa: rpasiTariiiine JIiH3yBaHHS: JIH30BE
BiTOOparkeHHst, HEPYXOMi TOUKH, PYHKITIS BiIXMICHHST;
KOMIIJIEKCHUI aHaJIi3.
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1. Introduction

Gravitational lensing is a phenomenon of deflection
of light ray in a gravity field (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 fixed points. In physical terms, fixed
point of gravitational lens is a point in a picture plane
that has such property: if we place source in fixed
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):

-

j=i- Zmﬂ f :

-1,

(1)

where m,, are dimensionless masses whose position in
the plane of the lens is determined by the normalized
radius-vectors l,,. It is plain, that ) m, = 1.

We denote the set of radius-vectors Z:L as A =
{li]i = 1,2,..., N}. Vector equation (1) specifies single-
valued mapping

L: (RX\A) = RY, (2)

from vector space R% to vector space R3.

We introduce Cartesian coordinates, that transforms
R3% and R spaces into coordinate planes. Coordinate
planes R and R% are source plane and image plane
respectively. Source plane R?. and image plane R% are
often united and called picture plane in astrophysical
literature.

Mapping (2) can be described by system of equa-
tions:

— _ . X1 —0n
yl - ('T:l z::1 i (Il—an,)12+(12—b,,)2)

’ (3)

— ) —by,
y2 B (x2 a nz::I i (mlia"w)%ﬁ’(xZ*bn)Q)

where (an,b,) are coordinates of point C,, of radius-
vector 1, in plane R%.

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 offered in
(Kotvytskiy&Bronza, 2016).

A point of single-valued mapping L is fixed, if each
of point coordinates is invariant of L.

We need to substitute y; = x1 and ys = x5 and into
system of equations (3) and solve it to find fixed points.

N
J«l an
nzl i (z1— an) +(z2— bn) =0
N (4)
> m; 23 —bn =0

= @1—an) +(w2—bn)?

Mapping L is surjective. Inverse mapping

%(\A) )

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

' (L (Ao)). (6)

of fixed points of

LR (R

Ay e L™

In this paper we study the set =
mapping L.

We set the mapping L in complex form for effective
application of mathematical tool.

3. Complexification of lens mapping L

Let define mapping (3) in complex form. We intro-
duce complex structure for R% and R} , that trans-
forms them into complex planes C, and C¢ respec-
tively.

We introduce new complex variables z and ¢ . Let

(7)

Rez =z, Imz =29,Re( = y1,Im{ = ys.

New variables related to old ones as

_ 2tz — ¢
{ o _ zzz and u CEE ’ (8)

275 Y2 =3

Now system (3) can be written as
al 1
(=z— Z My = ) (9)
_ - An
n=1

where 25:1 my, =1land A, = a,+ib,;n=1,2,...,N.
We introduce function w = ZN /T and call

it deflection function. Function is complex conJugated
to w and defined:

N
1
w= E My ————
el z— Ay

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

1 M ==

(10)
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We have: Theorem 4.4. Deflection function w can be written
in form: 9 ()
C=z2z—-w((Z)=2z—w(2). (11) Qw = z 15
=Gt (15)
Or: N m
_ where z) = _(z— A",
(=7z—w(z). (12) Q)= Ilaaa | ) »
1 P (z
Thus, N-point lens can be described not only by the b)w (16)

system of equation (3) but also by the single equation

(9). Mapping (2) can be written as
L: ((Cx\A) — (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 ( =((z) and w =w(2).

Statement 4.1. Function ¢ = ¢ (2) is not an analytic
function.
Proof. Derivative of ( = ( (2)

o¢ 0
—=—(z2—-w((Z)=1-——#0
5% — 55 ¢ W) =%
is not identity equal zero, therefore ( is not analytic
function.

Statement 4.2. Deflection function w = w (z) is an
analytic function.

Proof. Derivative of w = w (2)
w0 [ 1 !
= (Smen) - X

is identity equal zero, therefore w in an analytic func-
tion.
Statement 4.5. Deflection function w = w (z) is:

A(z)
B(z)’

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

B (z) are polynomials;

e the denominator is a degree deg B (z) = N, the
numerator is a degree deg A (z) = N — 1;

e leading coefficients of A (z) and B (z) are equal 1.

Proof. We reduce the sum to common denominator

w =

N
(14)

1
My ——.
Z_An

n

Denominator of deflection function B(z) =
Hﬁ;l (z — A,) is a degree deg B (z) = N leading coef-
ficient equals 1. Numerator A (z) = Zf:le my 2N 14
is a degree deg A (z) = N — 1, leading coefficient of
A (2z) equals Zf:lzl my, = 1.

T degP(z) P(2)
where P (z) is polynomial;

N
Proof. a) w= Y mu,—— =
n=1 "

N
= Z (mn(% (hl (Z — An))) =

n=1

- é 4 (In(2— A,)"™) =

d X m 1 Q'(2)
— 4 (ML Ge-a0™)) = £ mQe) = G2
We note, that function @ (z) is not a polynomial.

Proof. b)w = g((j)) =4 (nQ(2) =

= % (hl (Hr]:]:1 (2 — A"

Assume without loss of generality, that numbers m,,
are rational.

Let m,, = Z—:, where p, and ¢, are natural numbers
and coprime integers.

We substitute that into equation and transform it.
Whence, we have:

_ d 1 N Bupy
w—% (hln (anl (z—Ay)m )),

where h = Hgil Gn. Let s, = z—"h. Numbers s,, are
natural numbers.
After transformation (17) we have:

w = dilz (}lllnP(z)) - diz (;11”2))

N
where P (z) = [] (z — A,)°" is polynomial. But then

n=1

(17)

1P

“wp 19

_11P (2
 hh P(2)’
As well, leading coefficients of A (z) and B (z) are equal
1 and leading coefficient of P’ (2) equal deg P (z). We
have: h = deg P (z), i.e. we have (16). QED.

Remark 1 (to theorem 4.4). Polynomials P (z) and

N

H (Z - An)a

n=1

~—

w

(19)

P’ (z) have the same roots as B(z) =

but with different multiplicity.
Remark 2 (to theorem 4.4). Then since function w
is complex conjugate to w, we obviously have:

(PR _ 1P _

o= (i) “ire - @
(PO 1P

~h P(z) hP(
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Function w, 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 8 (to theorem 4.4). Polynomials P (z) and

P’ (z) are not coprime. Fraction S;T(ZZ))

can be reduced.
Polynomials P (z) and P’ (z) are coprime, if and only
if m, = %,n =1,2,...,N.

Theorem 4.6. Poles of function w are A, 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
finite points into complex plane equal one. At infinity
equal minus one.

Proof. Obviously.

5. Fixed points of a lens mapping

Theorem 5.1.(About quantity) By ng denote a quan-
tity of a fixed points of mapping L : (Cx\A) — Cy,
thenng:1<nyg <N —1.

Proof. Fixed points of function ¢ = 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 deg P’ (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’ (2) can have multiple zeroes. The number of differ-
ent zeroes of polynomial P’ (z) is from 1 to N — 1.

We have the theorem about distribution of a fixed
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 coefficients, all zeros of P’ belong
to the convex hull of the set of zeros of P.

By theorem 5.1, fixed points of mapping L are zeroes
of the function w. By theorem 4.5 we have representa-
tion (16).

N
Since P(z) = [] (z— 4,)°", roots of P’(z),are
1

in the convex polygon that consists of set
{A,}, because of Gauss-Lucas theorem (Pra-
solov,2014;Davydov,1964).

Theorem 5.3. (of finding fixed points and its num-
ber) Fixed points of mapping L for N > 2 are roots
of:

_ P(z2)
ged (P (2), P (2)

H (z) (21)
their number nyg = deg H (z), and estimation ng : 1 <
ng < N — 1 is achieved.

Proof. The polynomial P (z) is divided by the poly-
nomial ged (P (z), P’ (2)). Therefore B (z) is a polyno-
mial. Polynomial ged (P (2), P’ (z)) has only multiple

roots. Multiplicity of roots of ged (P (z), P’ (2)) is one
less then multiplicity of P (z). Hence all roots of poly-
nomial H (z) are different and ng = deg H (2).

2-point gravitational lens has one fixed point.

In general situation the number of fixed points is
ng = N —1.

For N > 2, we have only one fixed 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.

S

Figure 1: 3-point lens with m; =1 —s,m2 = 3,

5. A1 =142 =i, A3 = —i

ms3 =

-1.0

Figure 2: 3-point lens with m; = 1 — s,me =
0.495s,m3 = 0.505s, A1 =1, A =i, A3 = —i
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For 2-point lens we have deflection function

miq meo

Z—A1+Z—A2

w =

where A; and A, are coordinates of point masses and
mq + meo = 1.

With m; = s,ms =1 — s and s € [0, 1] we have
Zst = Al + (A2 — Al)s

For 3-point lens we have deflection function

mq + mo + ms
Z—Al Z—Ag Z—A3

w =

where Ay, Ay, A3 are coordinates of point masses and
mi + ms +mg = 1.
We have an equation for fixed points

Figure 3: 3-point lens with m; =1 —s,my = %,mg =
%7141 =1,A; =i, A3 =—1i 22 + Ay Asmq + A1 Asmeo + A1 Asms—
L - (A2m1 + A3m1 + A1m2 + A37TL2 + A1m3 + Agmg) z=0
10]-
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ABSTRACT. The results of the detailed analysis
of the 2D distribution of galaxies in 28 rich galaxy
clusters with significant 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 significant part of
concentrated galaxy clusters having different kinds
of peculiarities, namely crossing and divaricating
filaments 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

ABCTPAKT. Mwu 1peacTaBisieMo  pPe3yJbTaTH
JIeTAJIbHOTO  aHasizy 2D posmoainy rajlakTuk Y
28 6GaraTMx CKyIYeHHAX TaJaKTHK 31 3HAYYIIOI0
kouuenrpaniero 10 neurpy (C-tum). Cnocrepenoio
OCHOBOIO JIsi Aochiigzkenns 0y "Karajor ckymndeHb
Ta Tpyn TrajakTuk', crTBopeHuii Ha 6a3i Crucky
ramakTuk Mroucrepckoro Yepsonoro Ornsmny Heba.
Y "Karamo3i ckymueHb Ta rpyn rajgaktuk" e 460
CKyI9eHb, y oy akux 3Haxomutbcss 100 Ta OGiibime

TaJIAKTHK. Broockonanena cxema Mopdoaoriaaoi
kiaacu@ikamii  CKym4eHb  aJAaKTHK, BPaXoBYE€
KOHTIEHTPAIII0 10 TIEHTPY CKYMYeHHsd, HaABHICTH

y cKymuenni BumiaeHol cmyru—mupokoi (F-tum) abo
By3bkOl (L-tun). Poub HajisickpaBiiux ragakTuk

TAaKOXK TPUIMAETHCA IO YBaru. Binnosigno no
[OMEPEIHBOTO  PO3IoAlly Ha  kKoHierTpoBani €,
mpomikai [ ma poscigai O ckymuenHs, HabIp

KOHIIEHTPOBAHUX CKYITYeHb € HAWMEHIITHM.

Ilin wac mocmimKeHHS A KOXKHOTO CKYITIYE€HHS
6imo mobymoBamo fioro Mamy |y OPOeKIii  Ha
KapTUHY IUIOMIWHY Vy iJealbHUX KOOPAWHATAX Ta
TPOAHANII30BAHO  Bapialili  TOBEPXHEBOI  T'yCTUHU
rajakTuk. KpiM HasgBHOCTI CTATUCTUYIHO 3HAUYIIWNX
CTAHIAPTHUX OCOOIMBOCTEN , siku y MOPQOJIOTIUHIM
cxeMi BIJIMOBLIAIOTH THUMAM 3 BUJIJIEHOIO CMYTOIO,
Oys10 3HaiiTeHo TAKOXK IHIN 3HAYYIN HTEKYJIsPHOCTI.
CKylIYeHHsl MaJIaKTUK 3 BEJIUMKOK KOHLEHTPALIEH 10
TIEHTPY, BIAMOBIMHO 10 CYYaCHWX YABJIEHL, TTOBUHHI
6ytu BipianizoBanumu crpykrypamu. llincrpykrypu
B IBOMY THIY CKYIYEHb, CKOPWII 3a BCe, € Caabo
BUPaXKEHUMU. IIpore ™Mu BuABWINM, IO Cepem
CKYIU€eHb, IO JOCILIZKYBaaucs, noaa 40
lajmakTukm:
Mopooris, meKyISTPHOCTI.

Kurouosi cJioBa: CKYTTYICHHA:

1. Introduction

Distribution of galaxies both in the space and on
the celestial sphere reflected the primordial adiabatic
fluctuations 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),
Tllustris 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 different numerical simulations
(from Springel et al., 2005 to, for example, Cui et al.,
2018) described arising the knots, filaments, 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 different 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 defined 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 Loépez-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 — flat, and no symbol if no indica-
tion of flatness is present) and the role of bright cluster
members, namely ¢D or BG if the bright cluster’s mem-
bers (BCMs) role is significant. Other peculiarities are
noted as P. The special kinds of regular peculiarities,
such as X-type (crossed bands) and Y-type (divaricate
filaments) 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) confirmed in simulations (for example,
Vogelsberger et al., 2014; Artale et al., 2017) the galaxy
clusters evolve form open to concentrated types. We
suppose the influence 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 classification 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 difference 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 field is obtained from Miinster 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 find 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 field 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 filaments,
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 confirm 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
shec 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

Al 28 6 15 12 1 ) 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.
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Figure 2: The map of galaxy cluster PF 0380-4555 with
curved strip. The galaxies in the filamentary 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 filamentary substructure requires sepa-
rate study.

12 clusters having preferential bands were attributed
as CF or CL types and 2 clusters were determined as
Cl-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 different 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 significant 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 confirmed the result Panko & Flin (2014)
which was not find 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 filamen-
tary substructures corresponds to Binggeli (1982) effect
(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 different
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
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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.

CrorozHi HEHTPOHHA MaTepis Ta HEWTPOHHI 31PKHU BKe
ICTOTHO BKOPCHWIHCS B SACPHIA (i3I i actpodisuii, i
JIOTIYHO iX PO3MIISAATH 3 TOYKH 30pY XIMIYHHX BJIACTHUBO-
CTei 1 IPUHIIMITIB 3aTajIbHOT XiMii.

Po3risiHyTO CTBOpPEHHS HEHTPOHHOI PEYOBHUHU HA JO-
JTATOK JI0 TpaBiTalliiHOI HEHTPOHi3allii, IO IHIIUM MEXaHi-
3MaM, TaKHM SIK KOHJICHCAllisl yIbTPaX0JIOJHUX HEHTPOHIB
(YXH) i HeHWTpoHi3amii uepe3 KpUTHYHE 301TbIICHHS
aToMHOro Homepa B llepiogmuHiil cucTemi eleMeHTIB
(IIC). CriiixicTh HEHTPOHHOI PEUOBHHHU 3aTBEPIKYETHCS
BXKE Ha MIKpPOPIBHI 3aBIsSKH B3aeMoii Tamma, a He TUTBKA
Ha MaKpOPiBHI, 3yMOBJICHOTO TPaBITAI[IHHOIO B3aEMOJIEIO,
SIK TI€ 3apa3 PO3TIBIIAETHCS B aCTPOQI3HIIi.

Crin 3a3HaunTH, mo I'. T'amoB Bmepie po3moBiB Mpo
KOHJIeHcamii XonomHux He#tpoHiB (1946). Pimko 3ramy-
€TBCS IS 171es1, SIKa 3 YacoM 3HalIIlIa 3aCTOCYBaHHS B TEO-
pii HeittpoHHuX 3ipok. 'amoB B 1937-38 pp. [1okazas, mo
IIPU CTUCHEHHI HEWTPOHHOTO Ta3y BHHUKAE HOBHUH
Ha/IIIIBHUHM CTaH PEYOBHHH.

HefitpoHHa pedoBHHa — IIe Ay)K€ KOHKpeTHa (hi3uuHa
peanbHicTh, 10 BUMarae 3akoHHoro wicis B IIC i BH-
BUCHHS HE TUTbKHM (I3UYHHX, & W XIMIYHHX 1, MOXKIIHBO,
HaBiTh B HAHOMMKUYOMy MailOyTHROMY iHXKEHEPHHUX 1 TeX-
HIYHUX BIACTHUBOCTEH. MU TakKoXX pO3TIATAEMO MOXKIIH-
BiCTh «xiMiuHOI» B3aeMonii YXH 3 MonekynamMu peqyoBHH
3 HETTApPHUM YHCIIOM €JICKTPOHIB.

[Ipononyerbes posmmputy I1C 3a Mexi KIacHYHUX Xi-
MIYHUX PEYOBHUH 1 OXONMHUTH HabaraTo MmupIIe KOJIo Mare-
pii y BcecBiti, 3acHoBaHMit Ha 3a0yTux igesx 1.1. Menae-
neeBa. bimpmr toro, [IC mounHaeThCs 3 HEWTpoHA 1 HOTO
i30TOmIB (MiHEHTPOH, TETPAHEUTPOHOB 1 T. II.) 1 3aKiHUY-
€TbCS HEUTPOHHOIO 30PSHOI0 PEYOBUHOIO.

Kiro4uoBi cioBa: HEHTpOH, HEHTPOHHI 3ipKH, HEHTPOHHA
peUOBHHA, TEpioNYHA CHUCTEMa EJIEMEHTIB, HEHTPOHi3a-
ist, B3aeMomis Tamma, koHaencamis Y XH.

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,Z2) + e (A Z-1)+v, €))
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 Z
= 137. The development of the quantum theory shifted the
finite element beyond Z> 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 (Z> 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 Z = 137. Introducing the finite dimensions of the
nuclear, 1. 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 Z>Zc, a bare nucleus Z spontaneously
emits positrons. An atom with a filled K shell, with an
increase in the charge of the nucleus Z>Zc (with increas-
ing Z, the internal electronic levels continue to drop, and
the size of the nuclei grow) directly passes to the critical
state Z = 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
L.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 = ax’ + bx + ¢, where a = 0.004982, b = 1.122, ¢ = -
1.003 for Mathcad and a = 0.005, b = 1.126, ¢ = -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. Weizsicker 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 Weizsidcker formula. Carl Friedrich von
Weizsicker obtained the semi-empirical equation for the
binding energy:

Ep=aA—BAY*—yZ* A P—g(N-2)Y/A+5A™, )
Where, a = 15,75 MeV; B = 17,8 MeV; y = 0,71 MeV; § =
22 MeV; 6 = + 34 MeV for even-even , 6 = 0 MeV for
odd, & = -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
Weizsicker'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, p’-decay). It is neces-
sary to consider in more detail the f- 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 B-electron in a neutron matter becomes

smaller than the size of the matter), p~ — 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 B-nuclear forces Tamm
(e-exchange of nucleons), and not just its modification by
Hideki Yukawa (m-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
Weizsiacker equation for the neutron matter, which de-
scribes the main factors of its stability and the real exis-
tence in the Universe:

Ep= 0 A-BAY*+1A+AA], (3)
Where, o = 15.75 MeV; f = 17.8 MeV; 1 — Tamm - inter-
action; A — the gravitational interaction.The parameters of
equation 3 (1, A, t, 1) need to be clarified in the course of
further research in this area.

It’s namely Tamm interaction, due to nuclear f —
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
Tamme-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>
10° = 10°. 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 B 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 10* cm™,
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-field
model with 2 canonical kinetic terms (one with the
“4+” sign for quintessence and one with the “” sign
for phantom) and a potential U(¢,§) in Lagrangian
— is one of the most popular scalar field 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 flat, homogeneous and isotropic Universe
with Friedmann-Robertson-Walker metric of 4-space
we derive the equations of motion for the fields. We
discuss in detail the reconstruction of the scalar fields
potential U(¢,£). Such a reconstruction cannot be
done unambiguously, so we consider 3 simplest forms
of U(¢,£): the product of ®(¢) and Z(£), the sum of
®(¢) and E() and the sum of ¢(¢) and Z(€) to the xth
power. The second additional assumption that should
be made is about the dependence of either kinetic
term X4 or X¢ 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
fields ¢ and £ on the scale factor a and obtain the
analytical expressions for a(¢) and a(§) then we can
find the potentials U(¢, &) 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 define
the potential U(¢, &) are suitable for multicomponent
cosmological models and all parametrizations of the
dark energy equation of state.

Keywords: Cosmology: dark energy.

ABCTPAKT. /Ins psiay nmapamMeTpusariiii piBHIHHS
CTaHy TEMHOI eHeprii, 0 3MIHIOETbCA 3 YacoM,
HA JEeAKOMY YE€PBOHOMY 3MIIllEHHI € MOXJIUBUM
mepexin Bif KBiHTeceHril g0 ¢aHTOMa ab0 HABIAKU.
KginTomM — 2-mosboBa MOJENh 3 2 KAHOHIYHUMU

KiHeTuunuMu uiaenamu (oamH 31 3HakoMm “+7 s
kBinrecennii ta oxuu 3i 3nakom 7 mug danroma)
ra morennian U(¢p,£) B snarpamxkiani — € OJHIEO
3 HAUMOMyJSIPHIMUX CKAJSIPHO-TIOIBOBUX MOJIEeH,
0 JO3BOJIAIOTE TaKy MOBeOiHKY. Mwu mpomoHyeMo
y3araJbHEHHS KBIHTOMa, IO BKJIIOYAE TaXiOHHUN
KIHeTUIHUA WIeH Topdan 3 KiaacuaamM. JIas Takol
MOJIEJII MM OTPHUMYEMO BUDPA3U JJId I'YCTUHH €Hepril
Ta TUCKY TeMHOI eHeprii. /s TPOCTOPOBO TIIOCKOTO
omHOpimHOTO i30oTpomHOTO BeecBiTy 3 METPUKOIO
4-rpocTOpy Opinmana-Pobeprcomna- Yokepa MU
BUBOIMMO DiBHAHHS PyXy Iuig moiaiB. Mwu meranbHO
0OrOBOPIOEMO PEKOHCTPYKIIIO MOTEHINATY CKAISAPHIX
monis U(¢p,£). Taka peKOHCTPYKIig He MoxKe OyTh
3po0JieHa OIHO3HAYHO, OTYKEe, MH pPO3IJIAIaEMO 3
uaitnpocrimi dopmu U(g, £): nobyrok P(¢) ta E(E),
cyma D(@) ta E(§) Ta cyma (@) Ta =(§) y cremeni
k. Jlpyre momarTKOBe MPHUIYIEHHS, AKEe HEOOXimTHO
3pOOUTH, CTOCYETHCS 3AJIEKHOCTI KiHETUIHOIO TI€HA
X4 abo X¢ Bin MacmTabHOTO MHOYKHWKA a. JLy1s KOYKHOI
3 KoMOiHAIIN IWX 2 OpUOYIIEHh MH OTPHUMYEMO
PEKOHCTpPYHOBaHI TOTEHIIaIW B  MapaMeTPUIHIN
¢dopmi. B Tux BuIaIKax, KOIM MOXKJINBO OOEPHYTH
3aJI€2KHOCTI 10J1iB ¢ Ta & Big MaciuTabHOrO MHOXKHHKA,
a Ta oTpuMaTH aHamiTHuHi Bupasu mis a(d) Ta a(§),
MH MOKeMo 3HaiiTu mnoreHmiamm U(¢,&) B saBHii
dopmi. 3 OTpUMAHWX SIBHUX BUPA3iB OYEBUIHO, IO
BOHM HE MiAXOIATH JJIsi MPAKTUYHOTO BUKOPUCTAHHS
Ay HaraTOKOMIIOHEHTHUX KOCMOJIOTIYHUX —MOgeseit
3  peasicTHYHUMH  [apaAMETPHU3AIISIMU  PIBHAHHSA
CTaHy TeMHOI eHeprii, IO mepexoadaTh dYepe3 —1.
3 immoro OOKy, MmapaMeTpWdHl 3aJeKHOCTI, IO
BusHavaorh noreniian U(p,€), € nupumarHumu s
0araTOKOMIIOHEHTHHX KOCMOJIOIIYHUX MOJeJel Ta BCIX
napaMerpusaliiii piBHAHHSA CTaHY TE€MHOI eHeprii.

KurtouoBi caoBa: KocMosioris: TeMHA eHepris.

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 field is the most popular alternative to
A. Tts 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) (WMAPS5), 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 field, as it was shown for the first
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 (Deffayet 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 field model allowing for
w = —1 crossing is quintom proposed by Feng B. et al.
(2005). It is the 2-field model with 2 canonical kinetic
terms — one with the “4” sign for quintessence and one
with the “” sign for phantom — and a potential U (¢, §)
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-field
model of dark energy with classical and tachyonic
kinetic terms.

2. 2-field model with classical and tachyonic
kinetic terms

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

ds? = gizdz'da? = a*(n)(dn? — Sapdzdz?) (1)

(here i,7 = 0,1,2,3, a, 8 = 1,2,3, a is the scale fac-
tor, 7 is the conformal time and ¢ = 1). The Universe
is filled with relativistic (radiation, neutrinos), non-
relativistic (baryons, dark matter) matter and dark en-
ergy. The latter is modeled by 2 scalar fields with the
Lagrangian:

L= —X,—U(4,)/1— 2X, (2)

where
¢2
*(/5 i
62
*f i€
are the kinetic terms. This Lagranglan is classical

(Klein-Gordon) with respect to the field ¢ which cor-
responds to phantom and tachyon (Dirac-Born-Infeld)

with respect to the field & which corresponds to
quintessence.

The energy density and pressure for such a model
are as follows:

__x, 4 U8
Pde = X¢+ m? (3)
Pae = —Xgp —U(9,8)/1 —2X¢. (4)

The dark energy equation of state (EoS) parameter is
defined as w(a) = pye/pde-

For the metric (1) the Lagrangian (2) yields the fol-
lowing equations of motion:

. . oU 2 £ B
¢+2aH¢—8—¢ 1= 25 =0, (5)
£+2aHE — 3CLH§§2
ou -2
< ¢¢£ a? g)(122)0. (6)

Here a dot denotes the derivative with respect to n and
H = a/a is the Hubble parameter.

From (3)-(4) it is clear that reconstruction of the
potential U(¢,&) cannot be done unambiguously and
requires additional assumptions. First of all, we should
choose a form of U(¢, £). We restrict our consideration
to 3 simplest ansatzes from Andrianov et al. (2008):

o U(e,€) = 2(¢)E(S),
o U(¢,€) = 0(¢) + E(¢) and
o U(e,€) = [2(¢) + E()]"; £ = const.

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

Ula) = ifmm (7)
X4(a) = —%1*12%;“’ (8)
and for X, = B(a):
U(a) = v/ —=(pw + B)(p + B), 9)
Xela) = 2T R 425 (10)

2 p+ 3

Dependences of the fields ¢ and £ on the scale factor a
are determined from X¢ = « and (8):

£(a) = j—l‘;\/ﬁ, (11)

11 —2a+w
11—«

¢(a) =
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or Xy = f and (10):

sa)== [ 235, (13)
1p(1+w) +28
p+B8

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

§(a) =

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-field models in e.g. Sergijenko & Novosyad-
lyj (2008), Novosyadlyj & Sergijenko (2009)). For
U(p,€) = ®(¢)2(§), X¢ = a the potential is recon-
structed as:

U(¢7§)=exp{i/d¢ li\/_(l—a)(lp—2a+w)

w— 2& +
1—2a+w

&

1
w)(l—1-2a) (
+3aH(1 - w))] (a()) F / e [

1-2a4+w Ww—2&
l—-a 1—w 1-—w
+3aH (2 — 4a + w))] (a(€))},

for U(¢,&) = (9)=(€), Xy = B it is as follows:

X
(1-— l-—«a

o5 (7

2c

&

Cex Coo|1 V2B 18
U(,€) = p{j:/dgb [apw—i—/é’ (3 H+26>]
/d£ 1 /(p(1+w) +2B)(p+ B)
pw+ 3
< p(i — 3aH (1 4+ w)?) + 28
p(1+w)+2p
aH(l—w)p—GaHﬁ—B
+3 P )1 (a(f))}~
For U(¢,&) = (¢) + E(§), Xe = o we get:

U(qﬁ,«f):i/daﬁ [;\/—mp
><< W= 24 + a +3aH(1—w))}(a(¢))

1—-2a+w 1—«
1
de | —
:F/ﬁlm p(

1o &

2

[ 20 1—w
1-2al1—«

l—«a

X1720¢+w w — 2¢
1—w 1—w

(2 = 4a +w))] (a(E)),

+ 3aH

while for U(¢,€) = ®(¢) + Z(€), Xy = B:
U(.6) =+ [ ds [f 2 (Gant
+35 )1 + [ a [ga e
<(o+ ) ("(“’ DA 2
LqeH (1= w;p+—56aHﬁ - 5)1 (a(©).
In the case of U($,€) = [®(¢) + Z())", r =

const, X¢ = a the potential reads:

U0, = oy (= [ 404
1 -a)iTR(1 - 20)%

><(1—w)1

_1
2

—(1—2a+w)p*
i
+1% +3aH(1 - >)] (a()) T /d£ [i\@
1 <
T

w— 2¢
1—2a+w

1—w
l—ap
20

x(1 = 2a)7%~ -
—

1—2a+w
X
1—w
x(a(€))}

and U(¢,§) =
yields:

+3aH(2 — 4o + w))}

[@(6) + E(Q)]", & = const, Xy = B

U6, =+ & [ao[Lvasio+ 0%

< (—(pw + B)) (3 He il

)
qt/dﬁ[;a

35 ) | @)
x(=(pw+ B)) %! <p<

p(1+w) +2B(p+ )5

W — 3aH(1 4+ w)?) + 26
p(l4+w)+2p

)1 (a(ﬁ))}

It is clear that for the multicomponent cosmological
models with realistic parametrizations of the dark
energy EoS crossing —1 (CPL, WMAPS5) these ex-
pressions are not suitable for practical use since even
for a = const or B = const the integrals cannot be
solved analytically. Thus, to reconstruct the potentials
for certain values of cosmological parameters and

aH(1 —w)p—6aHB — 3

p+pB

+3
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dependences w(a) and a(a) or f(a) we have to use the
parametric dependences (7), (11), (12) or (9), (13),
(14) which define the potential U(, ).

4. Conclusion

In the reconstruction of potential of the proposed
2-field model of dark energy with classical and tachy-
onic kinetic terms there are 2 ambiguities requiring
additional assumptions: about the form of U(g,¢)
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 ¢ = 0 and £ = 0. For 3 ansatzes for the form of
U(4,€) 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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ABSTRACT. Components of large-scale structure
(LSS) of Universe includes galaxy clusters, walls, fil-
aments, groups and field 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 filament 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 difference of this dependence of cubic root.

The main type of cosmic surrounding for a galaxy
is defined 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 difference 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 filament
detection.

Keywords: large-scale structure of Universe, galaxies,
filaments.

ABCTPAKT. KomnoHeHnTn  BeJIMKOMACIITAOHOL
crpykrypu Bceecsiry (BMC) BKIIOYAIOTH CKYITYEHHS
raJakTuK, Crinu, ¢QiTaMenTn, Tpynr i TaJakKTHKH
[IOJI4. IIuranua 1po mnpPOCTOPOBE PO3TAIYBAHHS
BCIX TMX KOMIIOHEHT 3aJUNIAEThCS  BIAKPUTUM
He3BAKAIOYN HA BEJIHKY KIIbKICTh CYYaCHHX METOJMIB
ananizy BMC. ¥V mawiit pobori Mu BBOAMMO HOBWMIA
HeNEepepBHUN CTPYKTYpHHII T1apaMerp pO3MOALTY
raJlakTUK JJis BU3Ha4deHHs Tuiy oroudenus y BMC.
Busznavennsa mapameTpy Iojigra€ |y  ITOPiBHSHHI
pamiaTbHOTO POBTOIINY TATaKTUK HABKOIO 3aTaHOL
TOYKU 3 OmHOpimHUM po3moxiioM. [lpu obuwncienui
CTPYKTYPHOTO TIapaMeTpa JJjisd OOpaHol TrajlakTUKH
BHUKOPHUCTOBYETHCA PO3MOILT TUCTYl HAKOMMAKYINX 10
el rajakTuk. Take uwmcimo 6yno BuOpaHe OCKLIbKH
GIIBINICTD CKYMYeHb MICTATH A0 THUCAYl TaJaKTHK.
[liciss BuueprmamHs THCAYI HAKOMMKYNX —TAJATHK
MOXKJIVBE CKyT9eHHs a00 (isamMeHT Mae 3aKiHIMTHCH
i Mu mepelimemo no inmux enementis BMC. Mu
[IPUILYCKAEMO, 110 Y BUIIAJIKY OIHOPITHOTO PO3IOILITY
KUIBKICTh TajlakTHK (a TakoX TX TOBHA CBITHICTB)
Ma€ 3POCTATH MPONOpPIiHHO Kydy Bimcrani. OTxke,
obepHeHa 3aJIeXKHICTh Bimcrami rajgakTukm Big 11
TIOPSIKOBOTO HOMepa Ma€ 6yTu 6mr3bKa 10 KyOidHOro
xopens. HoBuit cTpyKTypHU mapaMeTp BBOIUTHCS sIK
iHTerpaa BijixuJieHHs L€l 3ajiexkHOCTi Bij KybGiduHOro
KOPEHsI.

Tun BerIMKOMACIITAOHOTO OTOYEHHS
BU3HAYAETHCS BEJIMIMHOI 1 3HAKOM CTPYKTYPHOTO
rapamMerpa. ARu0 rajakTUKa 3HAXOAUTHCH Yy
CKYTTUeHHI, BiICTaHl CyCimHIX raJlakTuK OyIyTh MEHII,
HIXK 33 YCEPETHEHOIO 3aJeXKHICTIO 3 KyOIYHUM KOpEeHeM.
IIpu nomaBaHHi PI3HUIB TBOX 3AJEKHOCTEN JIJI8 TUC Y1
TaJaKTHK OTPHUMYETHCA  BiJ €MHHH  CTPYKTYpPHHUH
mapamMerp. ARmo K rajsakTUKa 3HAXOIUTHCA Y
BOiAl, Bimcrani cycigpix ramakTUK OyAyTh OihI
3a KyOiuHWI KOpiHB 3 HOMepa. Y IhOMY BHIAIKY
CTPYKTYpHUIT mapamerp Oyae NOJaTHUM.

TraJIaKTUKU

HoBuit mapamerp OyB OO4YHCICHHUN I/9 PO3IMOILILY
1o HeDy rasakruk SDSS Ha Bigcranax sig 50 go 150
Mnk. AHajiz oTpUMaHUX 3HAYEHB JO3BOJISIE 3POOUTH
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BUCHOBOK TIPO Te, IO TAKWH MapaMerp Moxke OyTu
BUKODUCTAHUN [y po3mauientsi komnonentis BMC i
BHUSBIICHHA MiXKTaJaKTHIHNX (imaMeHTiB.

KorouoBi cjioBa:  BenukoMaciitabHa CTPYKTYpa
Bcecsity, ranaktuku, ¢piiaMmenTn.

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
find the distribution of dark matter in galaxy clusters
by pecular velocities or gravitational lensing (Kaiser,
1993; Parnovsky, 2004). There are different 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 filaments and
filaments which has clusters, groups and field 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 first 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 first power of distance, nearby
LSS should be considered as one-dimensional, i.e. fil-
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 find 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 profile 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 filaments. For example, in
graphite-like spatial grate each cluster is the point of
connection of 4 voids, 6 walls and 4 filaments. 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 find 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 different 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 effects at such large distances. In
this extreme case of many cells between two uniquely
bright galaxies we can fill 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
Galaxy near the cluster center
Galaxy in the periphery of cluster
Galaxy in a group
Galaxy in a pair or triplet
Field galaxy in the filament
Isolated galaxy in the wall
. 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 filaments. Groups and clus-
ters may appear in the filaments according to necklace
model. The largest clusters tends to be found at the
intersection of filaments. 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 field. 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 filament with our structural parameter.
According to inconsistency of different methods for fil-
ament detection from observational data, the locations
and forms of certain real filaments seems to be doubt-
ful. Structural parameter, introduced in the present
work, is the next attempt to distinguish filaments from
visible galaxy distribution.

3. Wall. Although filaments may not so obvious,
there are well defined 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 field 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.

® NS oW

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 effect 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 difference 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 find 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 differ-
ence of galaxy angular distance (in radians) from cubic
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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 filament, 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 different 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 effects
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
filament detection.

4. Conclusion

We developed a new method for LSS description
by the distribution galaxy positions. New structural
parameter can be used for defining 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 defined by
the positions of distant extragalactic sources — frames.
Unlike equatorial system ICRF has no shortcomings
of the coordinates identification 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. different types of the active galaxy nuclei (AGN).
Active galaxy nuclei are characterized by processes
with significant.  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
identified 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.

ABCTPAKT. 3saxkawouu Ha 3pOCTAOYl BUMOIH
JO TOYHOCTI BUMIPIOBAHHSA KOOPJWHAT, HAIPUKIHII
XX cromirra Mixuaapoguuii AcTpoHOMIYHMIL COMO3
3alpoBaiuB HOBYy acrpomerpuuny cucremy ICRF
(International Celestial Reference Frame). s

KBa3iiHepIliaibHa CHUCTEMA KOOPJIWHAT Ma€ IIEHTP B
6apunenTpi Consganol cucremu Ta i1 Bici BUBHAYAIOTHCA
TTOJIOYKEHHSIM BiIJAJIEHUX TO3araJIAKTUIHUX JIKEPETT
- ¢dpeiivie. Ha BinMiny Bim eKBaTOpiaJbHOI CHCTEMH,
ICRF mnoz6aBnena HenosikiB BU3HAYEHHS KOODIMHAT,
MO TMOBs3aHI 3 TPEINEci€lo, BJIACHUM PYXOM 3ipoK
Ta inmmMmu dakropamu. [lozarajgakTuvHi gKepesa
cucremu ICRF sBisitors cobot0, SIK MPABUIIO, KBA3APH,
pamiorasakTuK, 61a3apu i ceiipepTiBChbKI TaIakTHKH,
TOOTO Pi3HI THIN AKTUBHUX sjep FaJakTHK. AKTHBHI
anpa ranaktuk (AT xapakTepusyorbes nporecamu
3 3HAYHAMHU IMBUAKUMHU pyxamu. Taki mporecu 4acto
CYIIPOBO/RKYIOTHCH BUHHUKHEHHSIM DEHTTE€HIBCHKOIO
BUMpPOMiHeHHsi. MeTow maHOi poOOTH € BUBYEHHS
peHTreHiBcbKOro pumpominoBanus axepen [CRF
Ta 0CODJMBOCTI X MOXKJIMBOIO BJIACHOTO PYXY.
Cepen 295 BuszHauenux omnopHuX dpeiMiB cucrtemu
Mu 3HafmLIm 54 PEHTreHiBCBKHX JIKepesa, dKi
crocrepirasuca  KocMigHow —obcepBaropieio  XMM-
Newton Ta BCTAHOBUIAH, IO IMBUAKY MIiHJIUBICTH
crekTpy Matorh Omazapu 2E 2673 (W Com) rta 2E
1802, mo m03BOsgE 3pOOUTH BUCHOBOK TIPO y2Ke
AKTHBHI TIPOIECH B IEHTPl JKepena. 3 OIgay Ha
mpoBedeHHsT Oi/bII TIOBHOIO aHAJI3y MU BBaXKaEMO,
MO MOXKYTh 3HANTHCS CBiTONTBA BJACHUX DPYXiB B
ix cmexkrpax. bBasyounch Ha TOOYIOBAHUX KPHUBUX
OMCKYy Ta CIEKTPaX MOXKHA, 3a3HAYUTH, IO OKPIM
BUINEHABEIEHNX AKTUBHUX 7€ TagakTukK 52 06’eKTu
HE JIEMOHCTPYIOTH 3MIHHOCTI. Mwp npwmitiin - 70
BUCHOBKY, III0 B PAMKaX PO3POOKU Ta BUKOPUCTAHHS
cucremu ICRF HeoOxinHo npuainsaTu ocobiauBy yBary
Oa3apam. BinbmmmicTh pEHTTEeHIBHCKUX [IZKepesa B
omopHUX (ppeiiMax CUCTEMH € CTAOLITHbHUMH.

ICRF, cucrema

aKTHBHI,

KarouoBi cioBa:
KOOPIHMHAT, TAJAKTHKU:
BUIIPOMIHEHHSH: TaJaKTHKH.

OIIOPHUX
PEHTTEeHIBChKE

1. Introduction

ICRF is a frame of reference defined 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 effect
is that we can only observe the movement of a projec-
tion on area perpendicular to the field of vision. The
effect 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 microarcsec!. 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 influenced 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. Identification and analysis of X-ray ICRF
sources

Initial phase of our work was to find ICRF sources
in 3XMM-DR4 catalog. Current version of ICRF
(ICRF2) composed by 3414 sources® and 3XMM-DR4
catalog contains 372728 individual sources. Using X-
ray and optical galaxies from cross-identification 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 flux of 52 objects during the whole observation
does not exceed the half of rms scatter. The example

Lhttp://hpiers.obspm.fr/icrs-pc/, 'TCRF2’ chapter
2http:/ /rorf.usno.navy.mil/ICRF2/
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Figure 1: Light curve of 0J287. Example of stable
X-ray source.
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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.
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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. | J005748.84+-302108 | Galaxy TAU 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 TAU 0150-0725 0.017
7. J022239.6+430207 | BL Lac 3C 66A 0.340
8. | J023838.94+-163659 | BL Lac 2E 618 0.940
9. J024008.1-230915 Quasar 2E 638 2.225
10. | J024457.64622806 | Seyfert 1 2E 653 0.044
11. | JO31155.2-765150 | BL Lac 2K 746 0.223
12. | J031301.94+412001 | Seyfert 1 QSO B0309+411 | 0.136
13. | J040748.4-121136 Seyfert 1 2F 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. | J085448.84-200630 | BL Lac 0J 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. | J105829.64+-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. | J121923.24-054929 | LINER NGC 4261 0.007
28. | J122006.84-291650 | LINER NGC 4278 0.002
29. | J122131.64+281358 | BL Lac 2E 2673 0.102
30. | J122222.54+041315 | Quasar 4C 04.42 0.965
31. | J122906.64+-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 2K 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 1508.74+-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 TAU 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 2F 4479 3.268
50. | J213032.84-050217 | Quasar TAU 2130+0502 | 0.990
51. | J215155.5-302753 | Quasar QSO B2149-307 | 2.344
52. | J220314.94-314538 | BL Lac 4C 31.63 0.295
53. | J225357.7+160853 | Quasar 3C 454.3 0.859
54. | J235509.4+495008 | Seyfert 2 TAU 2355+4950 0.237

49
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Table 2: Spectral properties of ICRF BL Lacs. Normalisation unit is 10 %cm =25 keV !

Object ng,10%em=2 | Normalisation | PhotonIndex | x?/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
0J287 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 4009 | 1.73 / 196
3C273 (Reeves, 2000; Donato, 2001) 1.79 £ 0.2 1.55 £ 0.02 0.857 / 1093
2E2979 0432 £1.28 | 745+ 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

2F 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 flares 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 fit two-parametric power law model
of X-ray continuum with hydrogen absorption at low
energies. The results of spectral fitting 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 fitted 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 significant motion.

Unfolded Spectrum
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Figure 4: Spectrum of 2E 2979.
sorbed source.
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Spectrum of 4C 01.28. Example of absorbed
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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 defined
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 defined 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 filaments. Voids
occupy the rest of cosmic volume. The search of any
dependencities in filament 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 acoustic 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 fluctuations with uniform distribution. Accord-
ing to Zeldovich theory, low-dimensional anisotropies
should increase, that corresponds to appearance of fil-
aments in 2D case. Thus we generated a net of fila-
ments between clusters with certain length limits. Real
galaxy distribution was simulated by random changing
galaxy positions in filaments 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,
filaments.

ABCTPAKT. Benmukomacimrabua CTPYKTypa
Bceecsity BKIIOYWaE CKymYIeHHs TaJakTHK, M0 3’€IHAHI
dinamenramu. Boiionm 3aifiMmaiors pemTy KOCMitTHOIO
npocropy. llomyku 3akoHOMIpHOCTEH Y CTPYKTYpi

dinaMeHTiB MOXYTh JAaTH BIANOBIAI HA MHTAHHS
MO0 NOXOMKEHHs CTPYKTyp y DBcecsiti. Ie
MOXKJIMBO  3aBAAKH  YHCEHBHUM  MOJIEJTIOBAHHIAM
Bceecsity Bim iioro HapoOmKeHHd MO0 Cy9acHOCTI i
HABIIAKH. ®opMy  BETMKOMACINITAOHUX CTPYKTYP
MTOSICHIOIOTHCA v amiabaruuniii Teopii 3enpaosuda. B
it Teopii TpUBUMIDHUI PO3MOMINT TAJTAKTUK YTBOPIOE
cykymHicTh TOHKMX '"MmuwmHIiB", 1m0 dopMyroThCa
3 TEPBHHHOTO Tapgyoro rasy Mg i€ rpasitarnii
Y KOCMOJIOTIYHHME Tepioj, JAOMIHYBaHHSA aKyCTHUYHUX
octimdAtiit. s onncy BeIMKOMACIITAOHUX CTPYKYTYP
Oyau  BUKOHAHI  OaraTOYWCIEHHI  KOMIT IOTEPHI
CUMYTATTT 3 BUKODPUCTAHHAM KOCMOJIOTITHIX
TIAPOANHAMIYHUX Teopiil. Y  naniit  pobori mMm
[IPOIIOHYEMO AJIBTEPHATUBHUN METON, MOJETIOBAHHS

posmoaiiy Marepii, 1moO Ja€ pPe3yJbTAT JJOCHATH
OMU3BKUIl 10  PeasIbHOTO. Bye 3momenboBanwmii
JBOBUMIDHUI PO3MIOI TaJlaKTUK 10 HEDy Ha

OCHOBi BHUNAJIKOBHUX PO3MOJLIIN CKYOUYeHb 1 OKPEMUX
TaJakTUK. DBWKOPUCTAHO NPHUIYIIEHH:A OPO Te, IO
Marepis 30MpaeThCs y CKYIYEeHHd [0 [EPBUHHUX
daykryamiii  TYCTHHW, [0 MAalTh PIBHOMIDHWMIA
PO3IOJIi. BigmosinHo gm0 Teoil  3eanmoBuda,
AHI30TPOMiS CTPYKTYP HUXKYOI PO3MIPHOCTI MOBHHHA

3pocTaTH, IO BiANMOBiTAaE yTBOpeHHIO diTaMeHTiB
y [OBOBHMipHOMY BHIAAKy. 1oMy y maniii pobori
MPOTIOHYETHCST  TEHEPYBAaHHS  Mepexi  dirameHTiB

MiXK CKYIMYEHHSIMH 3 BH3HAYEHUMH OOMEKEHHSIMU
JOBXKHUHU. Peanpuuit pozmomini  rajmaktuk OyB
3MO/IETbOBAHWI BUIIAIKOBUMU 3MIIIEHHAME TTOJI0XKEHb
raJakTuk y ¢izaMenTax i ckymdenHax. Pagiaabmi
PO3LOALIN FAJIAKTUK y CKYITYEHHAX OyJiu 3reHEPOBaHi 3
BPaxXyBaHHSAM OTOYEHHS; TOJATKOBO OyB 3reHepOBaHUi
OJHOPITHUI PO3MOJLT 130JIbOBAHUX TaJakTUK. Hoea
MOZETb Oyna y3romKeHa 3 PO3MOMIIOM TaJaKTUK
SDSS  muigaxom MOpIBHAHHS —yTOBOI  JABOTOYKOBOL
KOpendiiinol  pyHKIi. ITapamerpu BHITAIKOBUX
posnomiie Oysnv BW3HAYEHI A8 BUOAAKY PIBHOCTI
HAXWJIy KOPEJATiHHOT (DYHKITT MOIEl 1 CIOCTEPEIKHUX
TaHUX.

KirouoBi cJioBa:  BenukoMaciuTabHa CTPYKTYpa
Bcecsiry, ranaktuku, dimamenT.
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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 filaments if the dis-
tance between them lies in some definite 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 filaments pointing to
this cluster. We find 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 fluctuations. They grow fastest and become
interconnected by filaments. If there are a region with
a number of fluctuations 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 fluctuations
that form isolated galaxies. So we can divide galaxies
by three groups: galaxies in clusters, galaxies in
filaments and isolated galaxies. If we will exclude from
real volume observed clusters and isolated galaxies,
only filament galaxies will remain.This gives us general
picture of structure and interconnection of different
elements of large-scale structure.

3. Realisation of new method

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

1. 71 and ro — minimal and maximal distances for
filament construction. Filament is constructed if dis-
tance between cluster is less then ro and larger then 7.

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

A
n=5 (1)
ro = 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 1 and rs.

2. We change the quantity of galaxies in a cluster —
n. Initial value of n is given by formula

P

"= 7000

3)

where z is number of filaments that are connected to a
cluster. This value was multiplied by factor B close to
unity.

3. I — number of field galaxies including isolated.

4. F — number of galaxies in filament. This value is
proportional to mass of filament.

5. D — radius of cluster. The distance of galaxy
from cluter center was calculated as tangent of random
number from 0 to m/2 multiplied to radius coefficient
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 filaments.
There are some tendency towards the accumulation
and void formation as we can see from this picture
of random points distribtuion. At first we simulated
distribution according to initial conditions which re-
flect 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 coefficients.

see from this graph, result is quite rough and does not
reflect 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 fields depending on the mass of
filaments (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).

_ 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 « and normalisation factor. In Table 1, there are
demonstrated different values of power indicator and
rate of normalization, that was obtained by changing
several parameters in our model. If mass of filament,
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 effect 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
different parameters or even some algorithm details.
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Table 2: Changed parameters.

. N Parameter change a Normalization
Table 1: Approximation parameters. N 20% 19490 9.304
Sample SDSS M1 M2 (—40% ) M3 (-45% ) N +20% ~1.2532 9.559
« -1.4963 -1.2747 -1.4743 —1.5228 A —20% ~1.2115 9.54
Norm 11.15 11.48 10.93 11.24 A +20% ~1.1892 8.835
F - 5 3 2.75 F —20% ~1.2756 9.548
I - 32400 19440 17820 F +20% ~1.2274 9.371
D - 2 1.2 1.1 B —-20% -1.275 9.763
B +20% -1.1761 9.064
4. Results and conclusions D —20% ~1.2964 9.722
D +20% -1.2137 9.247
I-2 —1.284 72
We had simulated the matter distribution that 0% 817 9.123
. . . I +20% -1.244 9.366
in result gives results close to observed. This two
dimensional visualisation in its general features is
similar to real structure of filaments, galaxy clusters References

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.
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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

ABCTPAKT. AHami3yroTbCsi CydacHi YSBJICHHS IIpO
ycrpiit Beecity mo mipi Bimnanenss Big Conmsa. CoHsSuHA
cHucTeMa IPEe/ICTABIICHA SIK Ps/IoBa IUIaHeTHa cuctema. Jlami
XapakTepu3yrThes okoy COHI: Big HAHOMMKUIUX 3ip 1 iX
CKyMueHb 10 ycTporo MicueBoi 3opsiHOi cuctemu (M3C —
nosicy I'ynna). AHaiizyeTbes TinoTesa o0 NPHUITYIIECHHS,
110 32 CTPYKTYPOIO 1 acTpodi3uuyunMu mokasuukamu M3C
CXO0’a Ha MaJICHbKY TaIaKTUKY, SKa Haragaye 00’ exT XomKa
B cripanbHii ramaktaii NGC 6946.

Bynosa I'amaktuku, Hamoi 30psHOi cucteMu, miarpymnu
AHZpOMEIN aHAN3YIOThCS 3 TOYKH 30py CKJIaJIOBHX
gactiH MicneBoi rpymu ramaktuk (MIT). [Npupinserses
yBara ix acTpoi3MYHAM 1 KIHEMATHYHUM BIACTHBOCTSIM.
3a mexamu MI'T ananizyeThes ix 6e3mocepeHe OTOYCHHS
Ta OUTBII KpymHa CTpyKTypa — MicneBe HanckymueHHS
(MH), no sxoi BoHa HalmekuTh. Jlami pO3MIIAHAETHCS
rinepckymdaenHs Jlaniakes, B sikomy mictaTbes MH 1 Horo
OKONMH.  XapaKTepu3ylThCS  CYCiTM  TiNEepPCKYMYCHHS
Jlaniakes: rinepckymaenss [lepces-Pu6 1 MicrieBuit Boiin.

AHaTI3yIOTECS TPOSBU IIPOCTOPOBO-YACOBOIO YCTPOIO
Bceecsity Ta iforo xomipkoBa cTpykrypa. OOMipKOBYETHCS
obmacte BceecBity, oOMexeHa xaOOMBCEKUM pajaiycoM i il
BJIACTHUBOCTI. POOMTBCA BHCHOBOK, III0 OCHOBHHUMH
CKJIAZIOBUMH cepell 00’€lHaHb 30PSHUX CHCTEM pi3HOI
iepapxii ciijg BBaKaTH TPYIH, HAJACKYIMYCHHS Ta
TiEePCKYITIeHHS, OCKUTEKH TPOTIIAIAETHCS 3aKOHOMIPHICTB,
3a SKOIO, SIK MPABHJIO, OUTBII BHIIUKA piBEHb 00’ €IHAHHS
raJakTUK BKJIIOYA€ HA JBa TOPAOKH Oinmblie 00’€KTiB

HIDKYOT JaHKW. 3a Takoi Kiacudikamii, MATpymd Ta
CKYNUCHHS TaJakTHK € TIPOMDKHUMH  €JIEMEHTaMH
KpynHOMacITabHoOI iepapxii 00’ € JHaHb TaJaKTHK.

OcTtarounuii TEMEpilHIi  Yac
BCTAHOBJICHO TNOBHY «aApecy», € HaXOJUTHCS 3eMIISTHUH
y Bcecsiti. HacTymHo0 HE3BiIaHOIO CTPYKTYpOIO CBITY
MoOke OyTH JHIIe Micie Hamoro BcecBiTy cepen iHIIIX
BCECBITIB, SAKIIIO BOHH iCHYIOTb.

BHUCHOBOK:! Ha

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 wvalidity 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 18°.
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
20™-21% 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
Mo) 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 pe) 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 € 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 18° 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
(maximum 6 km s”). 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™ [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 Rgec =15 kpc. The visible ring (with the radius
Rsc= 8 kpc) is embedded into the inner (old) halo (Rgc =
9 kpc), which is one of the constituents of the spherical
component. The bulge (Rsc = 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 (Rge = 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 70°
[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 50° [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 30° while spheroid
dwarf satellites are inclined at an angle of 80° [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'. 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 Mpc), namely the
Sculptor group (at a distance d = 2.8 Mpc), 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™). 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’
relative to the Local Supercluster and at a velocity of 620
km s 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 Mpc™ towards
its nucleus; 48 km s™ Mpc™ towards its polar axis and 62
km s’ Mpc' 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.
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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:

a) ~ 100 groups form a supercluster;

0) ~ 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 1-10° cm™ and temperatures ranging from 30-100
K. We estimated the energy input into thermodynamic
temperatures of the ejecta components. Additional heating
and y-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 E, = 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 y-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 y-quanta with energies
close to their own values - E, = 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 y-quanta with the recoil energies of nuclei -
E,, binding energies of K-electrons of different atoms - Ej,
and energies of incident positrons Ep. 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
y-lines I (0.511)/T (1.022). We report the estimated contri-
bution of various elements to the profiles of the indicated
y-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.

ABCTPAKT. B naniif poGOTi po3ristHyTO pajiariiHi i
TEPMOAWHAMIYHI BIACTUBOCTI XOIIOJHHUX PO3PiIKEHUX
arperartiB, sKi MICTATh HEOJHOPIAHO PO3MOIiNEHI ra3 i
ITWJI, 10 3a3HAIOTh IHTEHCHUBHOTO NMPOXOKEHHS MOTOKIB
no3utpoHiB 3 eHeprismu 0.011-3.6 MeB. Posrnsanyruii ras
nepebyBae B HeOyIsIpHOMY cTaHi 3i miinbHicTio 1-10° cm™
i Temmeparyporo 30-100K. Otpumano eHepreTHIHHUN
BHECOK y TEpMOJIMHAMIYHY TEMIIEpaTypy KOMIIOHEHTIB
000110HOK. BpaxoBaHo eHepreTHYHuil BHECOK y J10JaTKO-
Be HATpiBaHHS 1 CBITIHHA B Y-00JacTi CHEKTPY yCix
KOMITOHCHTIB BHIIPOMIHIOBaHHS OOOJIOHOK. BusHadeHo
cTpykTypy mnons umpomiHioBaHHs S(E,r) 1 ¢ynHkmito
po3moxiny enekTpoHiB 3a mBunkoctsmu F(E,r) B 3amex-
HOCTI BiJf eHepriii KBaHTIB abo eynekTpoHiB. OOGOJIOHKY
SN 1987A po3rasHyTO SK iAeaJbHUNA OO'€KT BIUIMBY
MO3UTPOHIB Ha HeOyisipHEe cepenoBuine. OKpeMo pPo3TIsi-
HYTO B3a€MO/Iii MMO3UTPOHIB 3 MIJIOM, aTOMAaMHU 1 MOJIEKY-
mamMH. XapaKTepHUMHU HaCHliJKaMH PyXy IO3UTPOHIB Y
TBEpAUX YacTKax € 30iNbIIeHHS iX aMOpPQHOCTI, HArpiB i
IBYX(OTOHHA aHITUISAMLIA 3 BUITPHIMH €JICKTPOHAMH TBEP-
TOTiILHUX YTBOPEHb eHepriero keantis E, = 0,511 MeV,
BHACTIJIOK YOr0 BHHHUKAa€ XapaKTepHE Ha/UIMIIKOBE CBi-
TiHHS MY — aCTPOHOMIYHHX CHIIIKATIB i Tpadiry. loHi-
3aniifHi BTpaTH eHeprii MBUAKUX MO3UTPOHIB IO CyTI HE
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MIPU3BOIATH JI0 MOCJITOBHUX NpolieciB yrBopeHHs K-L-M
BaKaHCill, KaCKaJHUX IEpexoJiB 1 mepeaadi 3aJUIIKOBOI
e”eprii Oxe-eNeKTpoOHaM, a BUKJIMKAIOTh HArpiB mury. Y
IIbOMY BHITIAJIKy €HEprisl BiJ KacKaJHUX IEPEXOJiB y TBe-
pAiif gacTmi OLTBIIOI0 MipOIO TOB’s3aHA 3 BUTpAaTaMH Ha
3MiHY KPHIITAJICBOI CTPYKTYPH i OyOYIOTH 7Y-KBAaHTH BiJ
aHirimamii mosutpona 3 K-L-emextponamu. Emepriro,
BUTpayeHy caMe Ha HarpiB HIULYy, OLIHEHO SIK ITOJIOBHHA
eHeprii N-M-K kackaniB. ¥ 1pOMy BHIIAQIKy 3HaHjeHA
CyTTEBA CKJIQ/I0Ba Y €HeproOasaHC MUIOBUX YacTOK 000-
JIOHOK, SIKa TIEPEBUIYE OI[IHKK M0 YHCTUM pajialliiHuUM
BTpaTaM YacTOK y pedoBHHI. B HeOymsapHili aTOMHO-
MOJIEKYJISIPHIA T1a3Mi OOOJIOHKW HAJHOBOI EHEpris, sKa
yTBOpeHa mNo3uTpoHOM K-BakaHCIi mepepo3momiIieThes
MDK KacKaJHHMH repexomamu i Ojke-eleKTpOHaMH, a
omHO(OTOHHA AaHITIMALiSA TO3UTpOHIB 3 K-enmexTpoHaMu
aTOMIB 1 MOJIEKYJI IPOAYKYE XapaKTepHi Y-KBAaHTHU 3 €Hep-
risiIMHM 3Ha4€Hb OJIM3BKO Ey ~ 1,022 MeB. B po6ori, mig
4ac OCHI/PKEHHS! 0IHO(MOTOHHOI aHIrIsLii TTO3UTPOHIB 3
K-enexTpoHamMu BHSBIICHO 3B’SI30K €HEPriil yTBOPEHHX Y-
KBAHTIB 3 €HeprisiMu Bignadi saep E,, eHepriaMu 3B’g3Ka
enekTpoHiB 3 K-o0omoHoK — Ej, pi3HHX aToMiB 1 eHepri-
SMH TO3MTPOHIB — Ej,. OOYHCIIEH] NEPETHHM B3a€MOMIIM
MIO3UTPOHIB 3 aTOMaMH PO3IIITHYTHX MOJIOJUX OOOJIOHOK
HAJHOBHX 1 OTpUMaHi MacIITabM aTOMHHUX €IEeKTPOHHHX
CTPYKTYD, III0 3aJIy4€HO y 10 B3aeMoio. BusHaueHo, mo
JUIS aTOMIB 3aJi3HOTO MiKy MEPEeTHHH B3a€MOJIN MO3UT-
POHIB 3 aTOMaMHu 3pOCTa€e Ha 4 MOPAAKU 1 YTBOPIOE B3ae-
MOJii TO3UTPOHIB 3 0000HOK K-L-eJeKTpoHiB HAHOIIbII
BiporigHumu. JloBeneHO, 0 MO3UTPOHHA CIIEKTPOCKOITIS
PEUOBMHH y BUTJISAAI HOTO XapaKTepHOTO pajiamiiHoro
BIITYKY PO3KPUBAE IS acTPOQi3UKHA HOBI MOKIHBOCTI Y
JIOCIHI/PKCHHI MOJIOAMX 3aJIMIIKIB HAQJHOBHX Ta aKTHBHHUX
saep TajakTHK. 30KpeMa, y BiJHOLIEHHI iHTEHCHBHOCTI
aHirimianx  y-mimiit  1(0,511)/1(1,022) BusaBnsgeTbes
MOXJIMBUM HE3aJIe)KHE BU3HAUCHHS BiJHOLIEHHS MHJIOBOL
Macy JI0 MacH Ta30BO-MOJIEKYJISIPHOI CKIIazoBoi. 3pobie-
HO BHCHOBKH 3 IIPUBOJY BKIany y npodiii 3a3Ha4eHUX Y-
JiHIA, SKi BUKINKaHO Pi3HUMH enleMeHTamu. llokazaHo,
110 I1e¥ BHECOK HE MOB’S[3aHUH 3 BIACHUMHU JHHAMIYHUMHU
pyxamMu 000JIOHOK HaJHOBUX. Buie3zazHaueHa oOcTaBHHA
€ 0COOJIMBO BAXKIIMBOIO MPH JOCHTIKEHH] banmxka akTuB-
HUX siJiep TalakTHK, ne (i3n4Hi yMOBH BBa)KarOTHCS CTa-
LiOHAPHUMH Ha BITHOCHO BEJIIMKHUX MacITadax

Karouosi ciosa: Hanmvosi Il Tumy, pamioakTwBHI eie-
MEHTH, [TO3UTPOHA CIIEKTPOCKOIIis Ta3y Ta MY 3aJIUIIKIB
HaHOBHUX.

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(3¢Cal)/I(39Cal) was re-

ported in the afore-mentioned papers. 3¢Call is a final
S o agms 85 40 0N gy
product of radioactive decay chain 35Ti — 37Sc — 3;Ca

while 33Cal 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 07" 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 10* cm™ while in
the inter-clump medium it is close to the interstellar value
of 1 cm™. 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 - 33Ti. The total amount of this isotope derived
from the measurements of the radiation component of the
products of a series of radioactive transformations

4T = 445c 3 #4Ca is 107 kg (Grebenev ef al., 2012).
With the half-life of 85 years, the standardised number of
positrons within the bulk of the ejecta is 10°'. Prior to
their annihilation, positrons in the clumps undergo 10°
collisions on average. In the H/He of the outer part of the
ejecta, this number averages 10* — 10° collisions. It means
that over last 28 years after the hydrogen recombination
the radioactive decay of 53T has been a significant source
of excitation of atoms and molecules. This paper focuses
on the study of y-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 y-quanta each with the energy E, = 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 y-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 y-line profiles in astrophysical systems of a
given type have been understudied; however, the im-
proved accuracy of y-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 44Ti isotope atom is
captured while another one is shed as an Auger electron
following the positron emission of the unstable isotope
44Sc. 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



Odessa Astronomical Publications, vol. 31 (2018)

65

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 53T radioactive
transformations which are valuable for further calculations
of estimates in compliance with the radioactive decay law.

_0.698t
N = Nye ™ = Nye /2,

)

where Ty, is the half-life of 33Ti ; N 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,

0.698
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Taking into account the total amount of the titanium
isotope 33Ti, which has been estimated from the observa-
tions by Grebenev et al. (2012) and is 10°” kg, it may be
deduced that at the current epoch on average one to three
decays fall on each 1 cm’. 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 10*
particles per 1 cm’® or 10* cm™. In the outer H/He envelope
in front of the clumps, the density reaches 10* cm™. 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 10° collisions with heavy at-
oms and up to 10* 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 n(v)
should be correlated with the coefficient of thermal energy
(heat) absorption k(v) and intensity of thermal radiation
I(n,v):

nw) = kWI(n,v). 3

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:

n(v) =0,5k(w)I(n,v). @)

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 nebulac. 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 eclements. 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:

p(My, 1) = p(My,t0) (£)

T(M,,0) = T(Mo 1) (£) )

where M, = 20Mg, y = 1.25 — 1.30. The temperature
T(M,t) and density (M,,t) of the ejecta depends on the
distance from the explosion site » and timescale of the
process ¢. 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 55T 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 10°', which
is equivalent to one positron per 1 cm’. The volume of the
ejecta expands with time while the number of positrons
per 1 cm’ 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 y-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 y-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:

Pe(7)

Pie (1,0) = s ©)
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where Toye = Taps + Tsear, © = Tscat/fext.

Assuming that € is the emission per unit volume of a
clump and adopting equations (18) and (19), Varosi &
Dwek (1998) derived formulae of the intensity I,,,;(t, 8)
and total emerging flux F,,;(t), which will be convenient
for further calculations:

Loy (7,0) = piK(l - e_ZTCOS(e))s
1 1 1 2
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For the ejecta clumps with different composition the to-
tal emerging flux F,,;(t) 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 ef 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) =~ a 3% 10™°m < a < 0.25-
107%m 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 F,,,;(7):
FU () = 4nmak (1) By(Ta) (10)
In this formula, m, is the mass of the silicate dust in an
ejecta clump; k(A4) is the absorption coefficient for a given
type of astronomical silicates; B;(T,;) is the Planck func-
tion for particles with the temperature T,;. 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 — 10>’ 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 y-quantum with the energy of
the order of 1.0-2.79 MeV. Annihilation of positrons with
free electrons yields two y-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 y-ray spectroscopic measurements. The improved
resolution of the y-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 y-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
v-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
43Ti 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:

ol = 0,25 p(E,+), (11)
__ emh (e 2B 4
(p(Ee+) - Do+ (Eg++me) (mg 3 me 3
_ E ++2me 1nEe++pe+) (12)
Do+ Me ’

where E,+,p,+ are the energy and momentum of an inci-
dent positron, respectively; m, is the mass of a core elec-
tron; Z is the atomic number of the core electron; g, 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:

_ +
Ty = no+Ax,

(13)

where n is the gas density; Ax is the thickness of the ab-
sorbing layer. In order to derive the y-ray spectra of young
supernova remnants and active galactic nuclei, as well as
to perform their mapping, the obtained values 7, should
be plugged in formulae (8) u (9). The dependence of the
cross-section O'e++ 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 cm’. 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) Lga E,(MeV) | E, (MeV)
IH | 1.0081 13.602 | -26.8551 | 1.026533 | 0.000564
2H | 2.01410178 | 13.602 | -26.8551 | 1.026629 | 0.000467
3He | 3.01602932 | 24.586 | -25.6339 | 1.026818 | 0.000267
4He | 4.00260325 | 24.587 | -25.634 1.026873 | 0.000213
SLi | 6.01512280 | 64.40 -25.2194 | 1.026932 | 0.000114
7Li | 7.01600456 | 64.40 -25.2194 | 1.026912 | 0.000134
7Be | 7.01692983 | 123,6 -24.9133 | 1.026908 | 7.84E-05
2Be | 9.01218224 | 123,6 -24.9133 | 1.026908 | 7.84E-05
2c | 12.0 296 -24.4648 | 1.026767 | 4.74E-05
13C | 13.0033548 | 296 -24.4648 | 1.026783 | 3.1E-05
N | 14.0030740 | 403 -24.2843 | 1.021399 | 0.005308
1SN | 15.0001089 | 403 -24.2843 | 1.025435 | 0.001272
0 | 15.9949146 | 538 -24.1397 | 1.025731 | 0.000841
170 | 16.9991317 | 538 -24.1397 | 1.026539 | 3.34E-05
{E,, +2mec®* =E, +E, + E, (14)
B,=B+P,

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 P? = 2mE, we obtain a
set of equations which is more convenient for the calcula-
tions:

E, +2m,c* =E, + E, + E}

{ZmeE,,J = (E—Cy)z +2 IETYJ MCOSCZ +2myuE,

Here E,, E}, are the incident positron energy and binding
energy of a K-electron of the target atom, respectively; m,
is the electron (positron) mass; E), is the sought value of
the energy of the y-quantum emitted upon annihilation; E,,
is the recoil energy of the nucleus. In the second equation
of the set of equations (14), o is the emission angle be-
tween the atom and y-quantum upon the annihilation of a
positron and a K-electron. In the investigated positron
low-energy limit, the angles o range from 0 to m/2 rad.
Then, the mean value of cos a = 1/2.

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

{ E,+2=E,+E, +E,
2E, = E,* + |E,|\[2m,E,, + 2m,E,

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

(15)

(16)

{ E,+2=E,+E,+E,
.(17)
2E, = E,* + 2|E,|{2m,E, + 2m,E,

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

AE} + BE} + CE} + DE, +E =0 (18)

Here A=1;B =2m,; C =4[(m2 —m,(E, +2 -

E,) — 4E,|; D = 8m, (E,, —2m,(E, +2 - Eb)); E=

4-[Ep - mn(Ep +2- Eb)]z; m,, is the mass of the nucle-
us or its isotope; E, 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 E, and E,
were adopted from the studies by Woosley (1991) and
Popov et al. (2014). The obtained results allow not only
comparing B, and E,, 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 y-lines in the spectrum
of the nebular ejecta.

4. The presence of a correlation between the energies of
y-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 y-
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 E,, and the energy of the emit-
ted y - quantum E, given the energy of the incident posi-
tron of 0.01MeV. The given values E, 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 H, 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 H, 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  33Ti  via a series of transformations
85y 6h . X .
49Ti — 31Sc — 3¢Ca 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 y-quanta each with the energy of 0.511 MeV.

3. If the positron energy E, is close to the binding en-
ergy Ep of the atomic K-electron, the annihilation occurs
with the emission of a single photon upon which the nu-
cleus gains the recoil energy E,,. 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 E,, and E,, 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 y-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 y-
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 & > 55° 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 My 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 K. 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),, effective temperature T, distance
from the Sun in kpc, absolute magnitude My bolometric
magnitude, were obtained for newly discovered carbon
stars. The accuracy of distances is small and mainly de-
pends on dispersion of My in LMC and reaches 30%.

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

ABCTPAKT. Ilomyk HoBux cnabkux Byrenesux (C)
30pb B IonspHiit obnacti &> 55° OyB JOCATHYTHIA ILIs-
XOM OTPHUMAHHS CIIEKTPIB 3 00'€KTHBHOIO MPU3MOIO B 00-
JIacTi Bi3yaJbHOTO i ONMXKHBOTO iH(pauepBOHOTO BHIPO-
MiHIOBaHHS B fAiama3oHi 550-900 HM Ha 300pakeHHSIX
[133-kamepu Teneckona IlIminra Actpodizuunoi obcep-
BaTopii YHiBepcutery JlaTBii B Banmone, siki Oynu otpu-
MaHi 3 TpaBHa 2006 poxy mo uepseHs 2015 poky. ITo3nmii
30pb 3 KoipopoBuMH iHAeKcamu (J — K) > 1,3 Oynu Bizi-
OpaHi, BUKOPHUCTOBYIOUH IBO-MIKPOXBHIILOBHH iH(]pauep-
BOHHI 0030p Bchoro HeOa (2MASS) ans BHABICHHS I10-
TEHUIHHUX KaHIUIATIB BYIJICIIEBUX 30Db.

Hamr ormsim oOMmexenuit sickpaBicTio B cucteMi J < 10
mag. [IpuBenena ineHTU}IKAIISA CITOCTePSIKYBAHUX JTiHIN 1
MOJICKYIIDHUX CMYT y BKa3aHiil oOmacti cmektpy. [Jano

MOPIBHAHHS CIEKTPIiB 30pb CIeKTpaidbHUX KiaciB M, C i
Zr HU3BKOI PO3AUTBHOI 34aTHOCTI.

Byno BusBneno 24 HOBI ByIvIelesi 30pi. BukopucToByroun
O30T a0COMIOTHUX BEJIMYHMH BYIJICLIEBUX 30pb Y Bemukiii
MaremranoBiit Xmapi (LMC), Oyna orinena My a7t 3HOB
BimkpuTuX C-30pb. JIOCHIKYIOTECS Pi3HI CHIEKTpalibHI Tpa-
JIEHTH BYIVICLIEBHX 30Pb 3 BIIOMHMH C(EKTUBHHMH TEMIIC-
parypamy, OTpPUMaHMMH IHIIMMH METOJAaMHM, BHSBICHUN
KOPEIIIHHAH 3B'130K MiXK Te 1 CIICKTpabHUM TpalieHTOM
[757 — 685]. Tounicth Bu3HaUCHHS e()CKTUBHOI TeMIepary-
PY, BUKOPHCTOBYIOUH 3HAHICHY KOpEIIIito, ckiamgae + 350
K. Mix30psHe MOIIMHAHHA PO3PAaXOBYBAJIOCS IO HOYEPBO-
HIHHIO, sIKE 3aro3u4eHe 3 iH(ppayepBOHOrO OISy MUJICBUX
xmap l'anaxktvku. /[ 3HOB BUSBICHHMX BYIVICLEBHX 30pb
Oyl OTpUMAaHI TakKi XapaKTePUCTHKH, K JIHCHUI iHIEKC
konbopy (J — K)o, edexruBna temneparypa Ty, BiACTaHb Bif
Comist B kpc, abconmoTHa CBiTHICTE M, O0JOMETpHYHA Be-
ymunHa. TouHICTh BifcTaHeH MaJjieHbKa i B OCHOBHOMY 3aJie-
xwuTh Bin mucnepcii My B LMC i nocsrae 30%.

KiarouoBi cioBa: Mex3opsHa  Marepis, ONMKHIN
iH(ppadepBOHMIA [iama30H, BYIVICNEBI 3ipKH, aOCOIIOTHA
30psiHA BEJIMYMHA, BiICTaHb

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 p). 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 & > 60o0. 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
02 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 A v =+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 C, 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 y and
y' system bands of the titan oxide (TiO), forming a very
specific pattern of isolated bands. In addition at the red
side of singlet §, & 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 y
system Av = -1 band.

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

Band Awv v, v” | A (nm)
Call, Call blend 852
Call 866
Nal 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) |71
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
C, Swan band b.h. -1 (0,1) | 564
O, atmospheric | A band 765
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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 18"11™36" +56°52' 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.

0.4

6000 1000 8000 9000



72

Odessa Astronomical Publications, vol. 31 (2018)

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 Ty (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 Ay and (J — K), can be calcu-
lated from interstellar reddening. Ay = 0.302E(B—V ) and
(J - K)y=(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)y color indices. Correlation bet-ween (J — K), color indices
and absolute magnitude My 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+51gr+Ak +10:0,

where r in kpc.

The distances r are evaluated taking absolute magni-
tudes from relation between My and (J — K), given by
Mauron (2008) using calculated (J — K), for discovered
carbon stars. Results of obtained characteristics are col-
lected in Table 2.

2.3. Bolometric magnitudes

Bolometric magnitudes are derived by equation:
My = My + BC

Correlation between bolometric correction between
BC and (J — K), is presented in paper by Gullieuszik et al.
(2012). He showed that BC is weakly depends on colour
index (J — K), for late type C stars. This correction is used
for the acquisition of the My,

4. Conclusion

24 new carbon stars (numbered as BIC) have been
found at declinations greater than 55°. 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

04 .
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Figure 2: Relation between effective temperatures (Ber-
geat et al. 2001) and spectrophotometric gradient [757 —
685] obtained from low resolution spectra.
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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 | o (2000) § (2000) Kk |- K)O EB-V) | M Lrgpe | T | M
BIC 14 00133630 | +6527102 | 6.54 | 1.61 178 | -8.02 | 639 | 2230 | -5.02
BIC 1 00362738 | +654014.1 | 659 | 1.35 189 | 765 | 547 | 2300 | -4.75
BIC 15 010028.67 | +661639,8 | 591 | 1.38 179 | 770 | 412 | 1920: | -4.80
BIC 2 013348.57 | +7026235 | 6.61 | 1.72 052 | -8.14 | 828 | 2260 | -5.14
BIC 3 03182928 | +653820.9 | 6.63 | 1.29 1.09 | -7.54 | 586 | 2410 | -4.64
BIC 4 040949.55 | +664155.1 | 5.80 | 1.78 0.61 | -8.16 | 568 | 2410 | -5.16
BIC 5 21052223 | +7801162 | 6.12 | 3.47 048 | 755 | 5.06 | 2560 | -3.75
BIC 6 21354271 | +683907.1 | 491 | 3.35 091 | 759 | 279 | 2170 | -3.79
BIC 7 21414953 | +663409.9 | 7.74 | 1.02 046 | 671 | 727 | 3630 | -4.01
BIC 8 21444647 | +6627108 | 671 | 1.30 0.69 | -7.56 | 649 | 2970 | -4.66
BIC 9 21530485 | +6502102 | 5.68 | 1.94 072 | 814 | 525 | 2170 | -4.94
BIC 10 21541343 | +683511.4 | 6.76 | 1.63 031 | 805 | 878 | 3020 | -5.05
BIC 11 221138.04 | +782812.6 | 8.07 | 2.22 036 | -8.02 | 157 | 3070 | -4.82
BIC 12 230801.05 | +801016.7 | 7.66 | 2.38 0.13 | 790 | 13.1 | 2560 | -4.70
BIC 16 233958.74 | +632054.7 | 651 | 1.40 126 | 775 | 2.0 | 1840: | -4.85
BIC 12 23574223 | +690134.0 | 531 | 2.93 099 | 797 | 40 | 2200 | -4.97
BIC 17 205607,40 | +564156,8 | 7.96 | 2.16 0.08 | -8.04 | 157 | 2230 | -4.84
BIC 18 20571047 | +542811,0 | 4.09 | 2.03 217 | 809 | 20 | 1969 | -4.89
BIC 19 205814,90 | +552342,6 | 539 | 1.80 006 | -816 | 51 | 2197 | -5.06
BIC 20 205820,97 | +555808,9 | 9.16 | 1.19 006 | 733 | 197 | 3168 | 453
BIC 21 21010827 | +552140,7 | 7.87 | 1.08 021 | 694 | 89 | 2197 | 4.14
BIC 22 232939,07 | +650337,9 | 6.49 | 3.31 006 | 761 | 65 | 1994 | 471
BIC 23 23414294 | +6242023 | 725 | 1.72 003 | 814 | 119 | 2263 | -5.24
BIC 24 234226,63 | +6244013 | 571 | 1.84 180 | 816 | 46 | 2298 | -5.26

magnitude of C stars which we calculated using My 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:

dr |

a=i\¢dM)+(

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%.

dr z

dr )
dE(B-V)

Tx ) T
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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 (A4080.437 A and
14093.155 A), 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

PE®EPAT. VYV miii pobOTI MU TPENCTAaBISIEMO HOBI
crocrepexHi gaHi gt raguifo (72). Hf e BaximBmMm
CNICMCHTOM, SKHH  3HAXOAWUTHCS MDK — HaIermiMu
pimko3eMenbHIMU eNeMeHTaMu (Hanpukian, La, Z = 57) Ta
eJIeMEeHTaMH TpeThoro MKy r-miporecy (Os, Ir, Pt, Z = 76-78).
lapniii — me HavBaxuwmii (Z = 72) CTIMKAN €JIEMEHT,
MPE/ICTABICHAN 10HI30BAHUMH JIHIIMH 3 HU3BKHM ITOTCHITI-
anoM 30ymkeHHS (<1:5 eV) y chmekTpax XOJOJHUX 3ip
(Lawler et al., 2007). Lleii eneMeHT BaKIMBHIA SIK CTIHKHI
€TAJIOHHUH eNeMEHT I HyKJICOKOCMOXPOHOMETPIi, a TAKOXK
BUBUCHHS JDKEpea HOro BHTOTOBJICHHS Ta 30aradeHHs
eNIEeMCHTaMH 3aXBaTy HEHTPOHIB TaJaKTHYHOTO TUCKY. Mu
npoBe aHami3 crektpiB 126 FGK- xapmukis (—1.0 < [Fe/H]
< +0.3). 3opi B Hami{ BHOIpI HAICKATH O MACTPYKTYP

mucka [amaktuki. CIOCTEPE)XEHHS MPOBOIAMINCS 33 JI0TIO-
moroto Teneckorna 1,93 m Ha ObcepBaropii Bepxuroro I1po-
Bancy (OHP, ®paniiist), OCHAIIEHHOTO CIICIBHUMH CIICK-
tporpadamu ELODIE ta SOPHIE. Pe3ympratn 6a3yrorscs
Ha aHaJI31 CIIeKTpiB, Mo MaroTh THHOBHH S / N ~ 100-300 Ta
posaineHy 3aatHICTE 42 000 (ELODIE) i 75 000 (SOPHIE).
BMict ragmito Oyno OTpHMAaHO IIDIIXOM CITiIBCTABJICHHS
CIIOCTEPEKYBAHUX T CHHTCTUYHHX CIEKTPIB B 00JIACTi TBOX
niniit HE 1T (14080.437 A ta A4093.155 A), 3 BuKopucTas-
HsaM HabmwxeHHs JlokanpHoi TepmomuHaMiuHOi PiBHOBaru
(JITP). Ortpumanuii BMIiCT TadHII0O 3MEHIIYETHCS 31
301IBIIEHHSIM METATIIYHOCTI /11 000X JUCKIB 1 Ma€ BEMKHUN
PO3KHZ Ha BCIX METalivHOCTAX. IIpencraBieHo 3alexHICTh
Hammx 3HadeHb BMicty Hf Bim MeramiurocTi Ta iX
MOPIBHAHHS 3 JaHUMH IHIIMX aBTOpiB. BoHa Bimmoimae
TUTOBIl TIOBEMIHII CIIEMEHTIB, IO YTBOPIOIOTBCA B
Tporiecax 3axXOIUICHHS HEUTPOHiB. Po3risimaroTees pkepena
30araueHHs Hf ranakriasaoro aucka.

KarouoBi cioBa: 30pi: BMICT — 30pi: M3HIA THO —
rajakThka: JWCK — TajJlaKTHKa: CBOJIOLIS — BMICT,
HYKJICOCHHTE3

1. Atmospheric parameters

The effective temperatures T.g, the surface gravities
log g, the microturbulent velocity Vi, and metallicities of
the studied stars were determined earlier in our paper
(Mishenina et al., 2013). Effective temperatures T 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 V, 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: A 4080.44 and A 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.
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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.
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Figure 3(a,b): Abundance comparisons of log e(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.
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Figure 4(a,b): Abundance comparisons of log &(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 1-
(rapid) processes to the Hf abundance, we compare La u
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 supernovaec (at the pre-
supernova phase, during and after the supernova explosion),
the rp-process in neutrino-driven winds, the high-entropy
wind (HEW), the vp-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 la. 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), vp-process (massive stars)
or several more exotic processes.

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

ABCTPAKT. HaBeneHO KOPOTKHUil OIS HYKJICOCHHTE-
3y MOJIIOIEHYMY Ta PYTEHII0 Ta METOIB BHU3HAYEHHS iX
BMICTY Y 30psiX, III0 HaJIeXKaTh [0 PI3HUX CYOCTPYKTYp (T10-
myssiniif) [anaktuky. Byiau po3risiHyTi HaCTYIHI pKeperna
BupoOHHITBAa MO, Ru: 3ipKk# aCHMITTOTUYHO] T'JIKK TiraHTiB
(AGB) pizHoi Macu (OCHOBHHH S-TIPOIIEC), MacHBHI 3ipKH

(cmabkmii s-mporiec), HeMTPUHO-IHAYKOBaHI BITpH 3 sapa-
komanicy cynepHoBoi CCSNe (crmaOkuii r-mporiec), 37MHUTTS
HEWTPOHHUX 31pOK (OCHOBHHMIA r-miporiec). byio posnsHyTo
JIEK1ITbKa MiCIb YTBOPEHHS p-snep: HagHoBi tumy 1 i la (Ha
¢a3i 10 HaOHOBOI, miJ Yac i micis BHOYXY HaTHOBOI), Ip-
mporec B HEHTPUHO-KEpOBaHMX  BITpaX, BHCOKO-
enrponiiiamii  Bitep (HEW), vp-mpomec; BcepenmHi
HaJKpUTUYHOTO aKkpewiiHoro mucky (SSAD), y He-
akpermi CO 6inux kapiukiB cy6-YaHapacekapoBUxX mac, a
TaKoXX y MOJIEJI BYIJICLEBOro AediarpanTa ajis HaJHOBUX
tuny la. Mu TakoxX akUEHTyeMO yBary Ha JAEAKHX
JIOJIATKOBHX IIPOLIECaX, TAKUX SIK i-IIPOLIEC B aKPETYIOUHX 3
BEIIMKOI0 IIBUAKICTIO  Oimux kapmukax (RAWDs), B
serkoMy nepBuHHOMY mporieci LEPP, a Takox B iHIIOMY
KaHaii (OpMyBaHHs, a caMe MPOLEC] 3apPKEHOI YaCTHHKI
(r-process). Po3risiHyTO BHECOK y COHSYHHMIA BMICT
€JIEMEHTIB 3aXOIUICHHSI HEMTPOHIB Ta MOJEII TaJIaKTHIHOT
ximigHoi eBomonii (GCE) s eneMeHTiB n-3aXOIIeHHS.

IpencraBneni cmocrepexenHs Mo i Ru B 0imHuX Ha
MeTanu 30psAxX, B 0apieBUX 30psX, B KYJIbOBHX CKYITYEH-
HSX, B METCOPUTHIN pedOBHHU (JOCOHSIUYHI 3epHA), a Ta-
KOX IpeACTaBJICHI HOBM BH3HAa4YeHHA BMicTy Mo i Ru B
rajJakTHYHOMY AucKy. IIpoaHami3yBaBuIn Hamii JaHHI A1
30pb C TPUOJM3HO COHSYHOK METAIIYHICTIO, MH
3'sICyBali, IO iCHYIOTH Pi3HI JpKepena, M0 CHPUSIOTHh
301JIBIICHHIO KiIBKOCTI Mo 1 Ru, i1 1110 OCHOBHMI BHECOK
s-mporieca 'y BMicT Mo i Ru € MeHIIIM, HiX y eIeMEHTIB
nepeBaxkHo s-mporeca (Y, Zr Ta Ba).

[MopiBHIotoun moeeninky Mo i Ru y mmpokomy miama-
3oHi [Fe/H] 3 monensmu GCE, MoxHa 0OaYUTH, IO T€O-
PETUYHUH ONKC rajlaKTUYHOI MOBeIiHKH Mo He € rocTart-
HiM, 1 MU 3ITKHYJIHCS 3 HEIOCTaTHIM BUPOOHHUIITBOM MO-
Ni0OeHy B JDKepenax i B mpolecax, ki BAKOPUCTOBYIOTh-
csa npu ctBoperHi GCE. [lomaTkoBUMH mKeperaMu Mo-
xyTb OytH p-miporiec (SN Ia Ta / a6o SN II), vp-mporuec
(mMacuBHi 30pi) a60 1€ KiTbKa €eK30THYHHX MPOLECIB.

KirouoBi cioBa: 3ipku: BMiCT — 3ipKu: mi3Hi# Tum — ["a-
JIAKTHKA: TUCK — ['ajakTHKa: eBOMIOLs

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 ef al., 1999, Gallino et al., 1998). Most neu-
trons are provided by the *C(a,n)'®0 reaction in the radia-
tive C-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 **Ne(o,n)*’Mg 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 *Ne(o,n)*’Mg 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 ef 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, (**** Mo and °* °8 Ru) and also
lanthanum "** La and '"* 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 (y, n) reactions are followed by (y,p) and/or (y,
o) 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 v_e and bar
v_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 **Mo, and **Ru.

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 Supernovaec 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 ****Mo and ****Ru, that cannot be explained by other
astrophysical sites; vp-process (Frohlich ef 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 **’Mo and depletion of Mo
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 “’Mo
and *’Mo (C6té et al., 2018). With regard to the produc-
tion of p-isotope production, e.g. the p-isotope “*Mo in
CCSNe of 27 M, | they are made, up to production factors
of =30 (Wanajo ef 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 **Ru, signifi-

cant contributions to those of *Ru (s40%) and **Mo
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(327%), and relatively minor contributions to that of **Mo

(514%). The production of **Mo and **Mo is observed in
slightly neutron-rich conditions in 11 and 17 M simula-
tions, “***Ru can only be produced efficiently via the vp-
process and heavily depends on the presence of very pro-
ton-rich material in the ejecta (Eichler ef al., 2018). SNla
have been suggested as a site for the production of p-
nuclides for the abundance ratios **Mo/**Mo (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 **Mo, Travaglio e al,
2015), but the CCSNe contribute less than 10% of the
solar p- nuclide abundances, with only a few exceptions,
including **Mo may either still be completely or only
partially produced in CCSNe, but in other sites such as
neutrino winds or a-rich freeze out (Travaglio ef 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 “C(a, 1n)'°O reaction, which
burns radiatively during the inter-pulse in a thin layer of
the He intershell, the so-called *C pocket (Straniero ef al.,
1995). The formation of the "*C 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 ef al., 2009, Bisterzo et al., 2014). So, Arland-
ini et al. (1999) using the stellar (n, y) 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 1-
rich stars (Mashonkina & Christlieb, 2014; Roederer et
al.,, 2014). The authors have employed the chemical evo-
lution code by Ferrini ef 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 C-pocket structure on the s-process distribu-
tion and an additional weak s-process contribution from
fast-rotating massive stars (Bisterzo ef 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 ef 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).
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Figure 1: A comparison of our data and other authors for
Mo abundances with GCE computations of Prantzos ef 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 ef 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
a-process or a vp-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 a- /vp-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 ef 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 A/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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a-clements, 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 ef 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 A 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 A and Ru I lines 4080, 4584, and 4757
A 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), vp-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 ef 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.
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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 ef 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 ef 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), vp-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 AA. 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 AA). 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 IT — stars: individual: HD 6268

ABCTPAKT. binxi mMeranamu 30pi ['anakTuku HaioTh
3MOTY CIIOCTEpiraTd JIETKi €JNeMEHTH Ta eJIeMEHTH
HEHUTPOHHOT'O 3aXBaTy, IO BUPOOJCHI IXHIMH 30pSIMH-
TIoTIepeTHIKaMH, 1 4epe3 iX BMICT BUBECTH XapaKTepUCTHU-
kn panHHboi [amaktuku. 3opi 3 gedinuroM MeTamiB
([Fe/H]<-2) moOKa3yloTh IOMITHY pPi3HOMaHITHICTh
XIMI9HOTO CKJIaaty, 1ie cTocyeThes ik CNO-eneMeHTiB, Tak
1 GMEMEHTIB 3ai3HOTO MKy Ta n-3axBary. /leranpHe BUB-
YEeHHS BMICTY €JIEMEHTIB y IIUX 30PsIX JO3BOJIE TIEpeBips-
TH (TecTyBaTH) MOJIEJNi 30PSHOI €BOJIOLII, HyKJICOCHHTE-
3y, OJHOPITHOCTI (CTYMHiHb 3MIIIyBaHHSA) MDK30PSHOI pe-
YOBHWHHM TOIIO NMPHU HU3BKIM MeTamiuHOCTi B ["anakTwiri.

Masomerastiyna 30ps HD 6268 3 [Fe/H] 6musbko -2,5 i
MaJMM BMICTOM BYTJIEIf0 Oyiia BUOpaHOa I HAIIIOTO J0-
ciipkenss. CrekTpanbHUM Matepian OyB OTpHMaHHH 3
emene-cnektporpagom HRS, sxmit  posmimenuii Ha
[MiBgenHo-Appukancekomy Bemukomy Teneckomi (SALT)
B pexuMi cepemHpol po3mimbHOi 3matHocti (R ~ 31000-
41000) 3 BHCOKMM CHiBBiTHOIICHHsM cHrHa/myMm (S/N
ommpko 100-200) y miamazoni Bim 3900 mo 8700 AA.
3opsuai mapamerpu Ta BMicT 30 XiMIYHHX €JIEMEHTIB B
atmochepi HD 6268 Oy Bu3HauCHI B HAOIMIKCHHI JIOKa-
JIbHOL TEePMOIMHAMIYHOT piBHOBaru (JITP),
BUKOPHCTOBYIOUH Mojeii armochepu Kypyma ta Kacremti
(2003), exBiBanentHi mmpuan EW miHiii Ta kom WIDH9
Kypyua. Bmict C, Na, Mg, K, Ba, La, Ce, Pr, Sm, Eu,
OTPUMaHO  METOJOM  CHHTETHYHOTO  CIIEKTpY 3
ypaxyBaHHsIM HanroHkoi ctpykrypu (HFS) s minii Eu 10
4129 A. BMICT BYIJICIF0 BH3HAYaBCS 32 MOJICKYJSIPHIM
CHHTE30M IIpUCTOCYBaHHs npodinei B paitoni CH (4300-
4330 A). Jnsa Bmicty Na, Mg, K, Ba Mu BUKOpHCTOBYBaIA
BUIIpaBJICHHS (KOPEKIIii) 3a paxyHOK BigxuieHs Big JITP.

3 OoTpUMaHMX PE3yJbTaTiB OyJO BHUSBJICHO, IO BMICTH
Byrnemio C i ta azotry N TiATBEpKYIOTh, IO 3MIHU iX
BMICTY BiAOYyIHCA NUIIXOM KaHOHIYHOTO JOJAaTKOBOTO
3MilllyBaHHs, 3amporoHoBaHoro Jlenucenkopum 1 IliH-
conreo (2008); HasBHiCTH cmiBBigHOmEHHS Na-O mifg
CYMHIBOM, Ha BiJIMiHy BiJ cmiBBimHOmEHHS Na-Si, o0
Moxe Oytu. Bimnomenus Al-Mg, Al-Na cmiBmamaroTs 3
JTAaHUMH, OTPUMAHUMH JUIS TIraHTIB FaJJAKTHYHOTO TIOJISA 3
[C/Fe] <-0.5 (Roederer et al., 2014).

HD 6268 € 30pero, sika IeMOHCTpYe 30ara4eHHsT OCHO-
BHUM r-TIPOIIECOM BiIOBITHO JIO PO3IOMALTY BMICTY eie-
MEHTIB 3 aTOMHHM HOMEPOM B ii aTMocdepi.

KirouoBi cjoBa: 3ipku: BMICT XIMIYHHX €JIE€MEHTIB —
3ipku: atMocepu — 3ipku: Hacenenns 11 — 3ipku: iHauBi-
nyanbeHi: HD 6268



Odessa Astronomical Publications, vol. 31 (2018)

85

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: o = 01 03 18; 6 = —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 AA. 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 T 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 T value based on the independence
of the iron abundance determined from a given line on the
lower-level potential E,,, 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 V, was determined from the condi-
tion of independence of the iron abundance determined
from a given line on its equivalent width EW (Fig. 2).
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Table 1. Parameter’s comparison with those obtained in
different papers

Tetr logg | [Fe/H] | Vt, reference
km/s
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 Wuetal., 2015

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: T.y =
4700 K; log g=1.3; V,=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 Ty and
[Fe/H] obtained by different authors. However, noticeable
discrepancies can be observed for the gravity log g and
turbulent velocity V..

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 ef 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 1II 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 1I ionization balance, we adopted our estimated
surface gravity log g (as well as T.y) 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).
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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 T.y 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 A 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 AA).

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 T 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 (0Teff = +100 K; 6log g =+0.2; 3Vt =+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 ef 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.



Odessa Astronomical Publications, vol. 31 (2018)

Relative Flux

I 1 1 I !
4306 4308 4310 4312 4314 4316

lambda, A
Figure 4: Observed (doted line) and calculated (solid
lines) spectra in the region of CH lines
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Figure 6: [El/Fe] vs. Atomic Number. Our determination
marked as black circles, those of Burris ef al. (2001) as
small circles and Roederer ef 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

87

Elem our Roederer et al., McWilliam et al.,
2014 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 ef 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 '*C 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 CMEDP 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/Lo > 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 j = 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 ef 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).

[C/H)

log (L/Tg)
Figure 7: The carbon abundance vs. log L/L; the figure
corresponds to Figure 2 in Denissenkov&Pinsonneault (2008)
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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_jand 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
etal.,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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ABSTRACT. In the present work we have computed
and have compared the on- and off- 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 (107!0 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 (107 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
specific viscosity and on contrary have the high spe-
cific angular momentum. In ON-states the disk have
to contrary to OFF-states the high specific viscosity
and low specific 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.

ABCTPAKT. B upeacraBneniit  poborti
BUKOHAJIN OOYMCIEeHHS Ta TMOPIBHIHHA BKJIIOYEHUX
Ta BHUKJ/JIIOYEHWX CTAHIB 3 HHU3BKOI Ta BHCOKOIO
MMBUJAKOCTAMHA  aKperii B JIHCKY. TlopiBusiHHS

MU

MOKA3yIOTh, 10 Y BUTAJKY HA3bKOI IIBUIKOCT akperri
B gucky (10710 Comsunmx mac ma Ppik) YacoBwif
iHTepBAN BKIIOYEHOrO CTAHYy € JIy’Ke KOPOTKHM,

6mm3pko  0.2+0.4 mpereciitHoro mepiomy, TOAl K
Y BHIIQJIKy BHUCOKOI IIBUJIKOCTI akKpenii B JUCKY
(107° Comsurmx Mac Ha piK) 9acoBWi iHTepBam
BKJIIOUYEHOI'O CTaHy BiIHOCHO JOBHINE, OJIM3bKO

0.7+-0.9 mpeneciitnoro nepiomny. ITe moxa3sye, 110
y BHOaAKy OLIBII TycTOro MIUCKY BKJIOYEHI CTaHU
BIJIHOCHO JIOBIIL 3aBJISKH BUCOKI IIBUJIKOCTI aKperii
B JIHCKY. Takuit pe3yabTar € OPUPOAHIM s
kiaacuanoro wMikpoksazapa (CYG X-1), y skoro
BKJIFOUEHI CTaHW BiJITOBIIAIOTH BUCOKIH ITBUIKOCTI
akperii B JUCKY. st TOpIBHAHHA MM MOMKEMO
TAKOXK BiI3HAYUTH, 110 YACOBI IHTEPBAIN BUKJIIOYEHUX
CTaHIB B TMPEACTABIEHUX OOYUCIEHHSAX CKJIAIAIOTH
1.3 + 1.5 npemneciiitnnx nepionis. OOYHCTIEHHST TAKOXK
TTOKAa3yI0Th, IO V BHUKJIIOYEHWX CTaHAX aKperiiHuii
JUCK MA€ HU3bKY IMUTOMY B’43KICTb B TPOTHIEXKHICTH
BHCOKOMY THMTOMOMY KYTOBOMY MOMEHTY. v
BKJIIOYEHMX CTAHAX JIUCK MAaE€ B I[POTUJIEKHICTH
BUKJ/IIOUEHUX CTaHIB BUCOKY NHWTOMY B’SI3KiCTH Ta,
HU3LKWH TUTOMUE KyToBUiT MoMeHT. lle moka3ye, 110
Yy BUKJIIOYEHUX CTAaHAX MUCK IIBUIKO 00EPTAETHCI 3
HU3BKOIO B’A3KIiCTIO. Y BKJIIOYEHUX CTAHAX CHUTYAIlid
€ npormiexuoro. Taka wacoBa mMOBeIiHKA JUCKY
BUKOHYEThCS SK JIJIT BUCOKWX, TaK 1 I HU3BKUX
mBUAKOCTEH akperii B aucky. (QOYMCIIEHHST TaKOXK
TIOKa3yI0Th, 10 yV BUIMAJAKY BKJIOUEHUX CTAHIB paiyc
JUCKY CTAHOBHUTDH YK€ HEBEJWKY BEIUYNHY, DJIU3BKO
0.08 opbitagpHUX PO3MiJEHb, TOMI K y BHUIAIKY
BUKJIIOYEHUX CTAHIB PAJLyC AUCKY BiTHOCHO OLIBITIHI
Ta ckaangae Beauuunny Omuzbko 0.25 opbitampHUX
pO31ieHb. 3asiBJ€HE BUINE MOKA3YE, IO TUCK JIyKe
TPAHCHOPMYETHCS ITi T, TaC TEPEXOIY MiK BKIIOUCHUMN

Ta BUKJIIOYUEHIMH CTAHAMH.
Kuaro4doBi 30pi; moABiftHI 30pi;

MEeTOJ/U: YUCJOBUN; TiapoauHaMiKa.

cJioBa: J2KEeTH,
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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 107! solar mass per year) and high
mass accretion rate (order of 1072 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-flow
boundary conditions allowing to a gas to flow freely
via the calculation area boundaries; to calculate mass
flow 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 specific viscosity and the average volume
disk specific angular momentum will be given in units
of VoA, where Vj 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 - 10'° em ™3, the
average volume number density in a disk is order of
2.0 - 10'? em™3, the mass accretion rate and mass
transfer rate via one-point are equal to 2.5 - 10710
solar mass per year for low mass accretion rate case;
the number density in one-point is equal to 3.0 - 10"
em ™3, the average volume number density in a disk is
order of 2.0 - 10'® em ™3, the mass accretion rate and
mass transfer rate via one-point are equal to 2.5-107°
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 figures 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 specific viscosity and the
averaged volume disk specific angular momentum for
low mass accretion rate case. As it is led from these
figures, the disk have the high specific viscosity and
low specific angular momentum over ON-states and on
contrary, the disk have the low specific viscosity and
high specific 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 figures 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 3: The disk average volume specific viscosity

versus time for low mass accretion rate.

(about of 0.35) and is rotating very rapidly.
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 specific
viscosity. The main conclusion of the present research
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Figure 4: The disk average volume specific angular mo-
mentum versus time for low mass accretion rate.

Figure 5: The cross-section of the disk by disk-plane
for on-state.

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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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 HK L in 2013-2014 previously
reported by Schniille 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 H K L 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].

Key words: Galsxies — active galaxies: individual:
NGC 4151

ABCTPAKT. [lana poGoTa € IPOIOBKEHHSIM Cepil HaIlIuX
JIOCHIKEHb Kopelsil iHppayepBOHOi 1 ONTHYHOT 3MIHHOCTI
B NGC4151, a takosx 3miHHOCTI BemunH IYU-3ammi3HioBaHHs 1
X 3aJIKHOCTI BiJ JOBKHHU XBHI. Y IUX poboTax Oyio
3Hal/IeHO, 1110 BeJIMYMHA 3alli3HIoBaHH y (uIbTpi K pi3Ha B
PI3HHMX CTaHax aKTUBHOIO spa, a TAKOX ILIO BiJHOIICHHS
BEJIMYMH 3aITi3HIOBaHb y QimbTpax L i K 3HAYHO MIHSETECS B
Mexkax 1-3. JloxmagHuil iCTOpUYHAN O i 0OTOBOPEHHS
OTPHUMAHUX PE3YJbTATIB MPEICTABICHI B HALINX MOIEPEIHIX
myOmikamisix. Y fmaHii  poOOTI MH  Ha  IIOBHIIIOMY
HarJIA0BOMY Martepial, 3acTOCOBYIOUM [IBa HE3AJICXKHI
METO/IM aHaJl3y, MiATBEpAWIH BiHOCHY He3aIeKHICTh Y-
3aITi3HIOBAHb BiJl TOBKUHW XBHII poTsrom 2010-2015 pp.

Jocnimkeno kopensmiro Mix inppauepsornm (JHKL) i
ontnyHuM (B) moTokamu 3MiHHOTO simpa ceiidepTiBChKOi
ranaktukd NGC 4151, BUKOpPHCTOBYIOYM Hamli JaHi
(uacTkoBO oIyOIiKOBaHI), a TAKOXK OIyOiKOBaHi AaHi [1,
2, 3, 4] 3a 2010-2015 pp. 3Haiineni 3ami3HIOBaHHS
3miaHOCTI TMOoTOKy B HKL momo ontwyamx Bapiamiid
30irafoTbcsi B MeKax TOYHOCTI BHMIPIOBaHb 1 piBHI
npubnu3Ho 37+£3 nmHAM. Mu HE MiITBEpIAMIN 3HAYHE
3MmeHmeHHs 3amizHeHHs i HKL B 2013-2014 pp., sike
BusiBrim [lIayne 1 iv. [4], ae MOMITHIHN, IO KOMIIOHEHT
3 KOPOTKUM 3aIli3HEHHIM B J mocuimscs.

Mu o0OroBoproeMO Hamli pe3yJbTaTH B paMKax
CTaHIApTHOI Mojenmi, JAe¢ 3MiHHAa iH(PAYCPBOHOTO
BUNIPOMIHIOBaHHS  NOB’s3aHa TOJIOBHMM  YHHOM 3
TEIJIOBUM  TIEPEBUIPOMIHEHHSIM  KOPOTKOXBUIJIHOBOTO
BUIPOMIHIOBAHHS MWJIOBHMH XMapaMH, OJIU3bKHMH JI0
3MIHHOTO HEHTPAIBHOTO JDKepena. ICHye TakoX IEeBHHI
BHECOK B [Y-eMicito BiJ aKKpeLiifHOTO AWCKa, IPUIOMY
el BHECOK 3OUTBIIYETHCS 13 3MEHIICHHAM JOBXHHU
xBuimi. 3MinHicTE B J 1 K BigOyBaerscsi HE 30BciM
CHHXPOHHO, IO, MOXKJIMBO, HOBSI3aHO 3 Pi3HUM BHECKOM
BHITPOMIHIOBaHHS aKKPEIIMHOTO IUCKa B NUX (iIbTpax.
BincytHicte 3MiH [Y-3ami3HeHHS 3 JOBXKHHOK XBUII
(HKL) MoxHa MOSCHUTH THM, IO IIWIOBI XMapH
npotsirom 2010-2015 pp. Oynu jokanizoBaHi naji, HiX
panmiyc oOmacti MoxumBoi  cyOusimanii. BigHocha
He3anexHicTh [Y-3ami3HeHHs Bill TOBKUHH XBHJII TaKOXK
Y3TOJDKYETBCS 3 MOJIEIUIIO MTOPOKHHUHHOTO OiKOHIYHOTO
BUTOKY TmIoBHX xMap [5]. CTBOpeHHS caMOy3TOIKEHOT
Mozeni [Y-BumpomiHIOBaHHA MOONM3Y AaKTUBHOTO sfpa
BHUXOJIUTH 33 PAMKH JIaHOI CTaTTi.

Key words: Galsxies — active galaxies: individual:
NGC 4151

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.
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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 Syl to Sy2 [14, 15, 16]. It then returned,
after a while, to being a Syl [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 JH K L 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 JH K L 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 : hitp : //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 Schniille 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 Schniille 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 SAT (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 Schniille 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
JHK L bands occurred almost synchronously, without
any noticeable differences or shifts. There are fewer

points in the L band, since Schniille 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 Schniille 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 Schniille 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 JHK L 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 Schniille 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.

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.

5. Conclussion

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 A the oscilla-
tor strengths log gr were adopted from the latest version of
the VALD database dated 2016 (Kupka ef 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.

ABCTPAKT. HaBeneno pe3ynbTaTu BU3HAUCHHS BMic-
Ty MonibaeHy B 13 30psax cmekTpanbHux knaciB G, K,
poscisaux ckymderb NGC 2477 ta NGC 2506. Bwmict
MOJIIOICHY BH3HAYAETHCS 32 MOACIAMH aTMochepu Kac-
tesuti 1 Kypyn (2004) Ta MoaudikoBaHUM KOJOM CIEKT-
panpaOoro cuntesy STARSP LTE. Jlns BukopucToByBa-
Hux JiHid Mo 1 5506 ta 5533 A cunu ocumnstopis log g
Oynu B3sTI 3 ocTaHHBOI Bepcii (2016) 6a3u manmx VALD
(Kynka ma in., 1999). Criektpu BHCOKOI po3aijbHOT 31aT-
HOCTi OyNmM OTPUMAaHi 3a BHKOpHCTaHHA Teieckormy VLT
€Bpomnelicpkoi miBaenHoi oocepsaTopii (ESO, Humi).

AtmochepHi TapamMeTpu AOCHIIKyBaHHUX 3ip Oymu
OTpUMaHI HaMHU paHimie. Mu BUSBIIN 3aJISKHICTh BEJIH-
YHHU BMICTY MOJiOmeHy Bix MeramuyHocTi [Fe/H] y rira-
HTiB ckymueHb NGC 2506 ta NGC 2477. JIns 3ip ckym-
geHHsd NGC 2506 My oTpuMaii Masli HaJUIUIIKH BMICTY
MOMIOZICHY BiJl COHSYHOTO 3HAYECHHS 1 JEM0 OUIbIN st
Jpyroro pociiukyBanoro ckymaeHHs - NGC 2477. Heo0-
X1JTHO TOTATKOBO AOCIIpKyBaTH BMicT Mo B Garateox PC
JUT OTPUMAHHS O1bII HAIHHUX BHUCHOBKIB.

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 A thereby covering the 47606840 A
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 Rse age, vV,
cluster L (deg) | b, (deg) (kpc) | (Gyr) | (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 T,4; gravity factor log g.
microturbulent velocity V,; metallicity [Fe/H] and radial
velocity V,.

55058 55063 55088 58073 55078

Figure 1: An example of the observed and synthetic spec-
tra in the region near the Mo 1 5506.493 A line for the star
5271 in the NGC 2506 cluster.
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Figure 2: An example of the observed and synthetic spec-
tra in the region near the Mo 1 5533.031 A line for the star
5271 in the NGC 2506 cluster.

Table 2: Basic data and atmospheric parameters of the investigated stars

Star | RA(2000.0), | Dec(2000.0), v, B-V, | Ty | log v, v,
number (deg) (deg) (mag) | (mag) (K) g | (km/s) | [Fe/H] (km/s)
NGC 2477
4027 | 118.087917 | —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 | 118.040417 | —38.598306 | 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 | 117.955000 | —38.535694 | 12.252 | 1.193 | 4966 | 2.8 1.2 0.19 9.30+0.14
7273 | 117.947917 | —38.543389 | 12.39 | 1.174 | 4985 | 2.8 1.2 0.2 8.77+0.51
8216 | 118.064 583 | —38.457306 | 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 | —022] 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 119.982917 | —10.805944 | 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 ¢ and metallicities [Fe/H] (Mishenina et al.,
2015) for 13 giants in NGC 2477 and NGC 2506.

0.10

0.00

-0.10

-0.20

[Mo/Fe]
0.20

4 4 NGC 2500

A
A

NGC 2477

NGC 2477
Star number [Fe/H] +c | [Mo/H] | *o
4027 0.1 0.12 | -0.12 | o0.14
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] +c | [Mo/H] | *o
1112 -0.22 0.1 -0.12 1 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 A the oscillator strengths
log gswere 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 A and
5533.031 A 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 A and 5532.870 A, 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 o and metallicities [Fe/H] (Mishenina et al,
2015) for 13 giants in NGC 2477 and NGC 2506.

-0.30 ° .’.
-0.40 L]

-0.50
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

[FeH]

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 B 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.

ABCTPAKT. V namiit poboti Oyno mociifkeHO IBi
3MiHHi 30pi: AH Tau ta ZZ Cas. Bonu € 3atemMHIOBaHO-
moBiHUMHE 30psmu THIB W Benukoi Bemmenumi ta B
Jlipn. Iepiox MiX 3aTeMHEHHSAMH IUX 3ip 3MIHIOETBCS 3

gacoM. [IpuanHOIO MOCTIHHUX 3MiH Iepiony Moxke OyTH
MepeTiKaHHs PEYOBUHU (HOTIK PEYOBUHM) MiX 30pSIMHU. Y
Z7Z Cas 3MiHM mepiofy € UUKITYHUMH. ToMy MH
NPUIYCKa€MO, M0 BOHH MOXYTb OYyTH BHKIHKaHi
HasIBHICTIO TIIOTETHYHOTO TPETHOI'O KOMIIOHEHTa (Mayoi
30pi abo Bemukoi ruraHeTn). Y AH Tau muximiyai 3MiHK
nepiomy HaKJIaJalThCS Ha MOCTINHI (mepion
3MeHIyeTses). OTKe MU NPUITYCKAaEMO, IO NPHUCYTHI H
MepeTiKaHHs PEYOBUHHU, I TPeTii KOMIIOHEHT. MU TakoxX
MIPUITYCKAEMO, IO TPeTi KOMIIOHEHTH He OepyTh ydacTi B
3aTEMHEHHSIX, aje 3aBOsSKH CBOIH CHIII TSDKIHHS BOHM
3MYIIYIOTh BUAWUMI TiCHI HOJBilHI CHCTEMH HaOIMKaTHUCS
abo Bigmamarucs Bix cmooctepirada. lle mosicHeHHS
Ha3UBA€ThCA €(EKTOM 3aTPUMKH CBITJIOBOTO CHUTHAIY
(LTE). VY 3araspHOMYy BHIIaZKy opOiTa TpeThOro
KOMITOHEHTA HE € KOJIOM, a EJINCOM 1 HaXMJIeHa BiTHOCHO
NPOMEHIO  30py  cHocTepirada.  BukopucrtoByoum
cnenianbHu rpadik, skuii HasuBaeThCs KpuBoro O-C, Mu
OIIIHIOEMO TaKi TTapamMeTpu OpOITH TPETHOTO KOMIIOHEHTA,
SIK BEJIMKY IBBICh, €KCIICHTPHUCHUTET, KYTH OpI€HTAIll Ta
nepiox obGepTaHHA TpeThoro xommoHeHTa. Kpusa O-C —

ue rpadik, KU  MOKasye, SAK  PI3HULA MK
CIIOCTEpe)XKyBaHMM 1  PO3paXxOBaHUM  MOMEHTAMHU
MiHIMaJBHOI ~ SICKPaBOCTI 3MIHIOETBCA IIPOTATOM

TPUBAJIOTO TPOMDKKY dYacy (K TpaBWio, L€ KiJbKa
JIecSITWIiTh). JIs IhbOTO MM CTBOPWJIM KOMII'TOTEpPHY
nporpamy Uit MOJETIOBAHHS, BHKOPHUCTOBYIOUHM MOBY
nporpamyBanHs Python. KpiMm Toro, mm moxemo
O0YHMCIUTA TOXHOKM TapaMmeTpiB  OpOITH  TPEThOTO
KOMIIOHCHTa 1 HaBiTh OIIIHUTH Horo macy. Maca Tperix
KOMITOHEHTIB B M@XaX IOXHOOK pO3paxyHKiB ITOKa3ye, 110
TpeTi KOMIIOHEHTH, HaleBHO, € 3opsAMU. Bcei i
po3paxyHku Oynu 3poOJieHi 3 BHKOPHCTAHHSAM YCix
HasBHHUX JaHUX 3 MbKHapoaHoi 6a3u nanux BRNO (Brno
Regional Network for Observers) Ta MOMEHTIB MiHIMYMIB,
SKI MM PO3paxyBajii 3 BUKOPHCTAHHSIM CIOCTEPEKEHb 3
6asu manux AAVSO (American Association of Variable
Stars Observers). Lli pe3ynbTaTit HaBOAATHCS y TaOIUIIIX
Ta Ha rpadikax.

Key words: general: O-C curve, phase curve, § 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
“Astrolnformatics” (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).

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 727 Cas
Taylor (1941);
. Frieboes-Conde &
fgﬁﬁf;f ; Herczeg, (1971);
Kreiner & Tremko,
(1991).
Spectral Struve (1947);
observations ) Taylor (1941).
Xiang etal. (2015); Frieboes-Conde &
Presence ) Herczeg (1971);
of a third Yang ctal (2010); Kreiner & Tremko
Zasche et al (2008); )
component | v oral 2004). | (1915
Liao & Qian (2009).
Presence
of a 4" - Liao & Qian (2009).
component
Xiang et al. (2015);
Yang et al (2010);
Mass Zasche et al (2008);
transfer/ Lee et al (2004); -
loss Yulan Yang &
Qingyao Liu
(2002).
Xiang et al. (2015);
Parameters | El-Sadek et al (2009); Struve (1947);
of the | Yang et al (2010); Liao & Qian (2009)
system Byboth et al (2004); ’
Liu et al (1991).

Parameter AH Tau 77 Cas
RA 03"47™11.98° | 00"33™30.38°
DEC 25°06'59.5" 62°30'40.2"
Type of EW/KW EB
variability
Initial
epoch (ID) 31062.5081 33437.5
Period 0.3326754 1.243527
(days)

Spectral Glp B3
type
M,, Mg 1.04 7.6
M,, Mo 0.52 532

. Xiang et al. Liao & Qian
Article (2015) (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:

e cyclic period changes (they correspond to possible
presence of the third component);

e 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:

e semi-major axis (a);
e eccentricity (e);
e three angles of inclination (argument of the pericenter

(Q), inclination (i) and longitude of pericenter (®)):

e orbital period (T);
e moment of the pericenter transit (to).

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, Mor¢, 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:

a
At = Esini <(cosE —e)sinw +

+sinEcosw\/1—eZ) (D

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:

a
At=at2+ﬁt+y+zsini-
-((cosE —e)sinw +

+sinEcosw\/1—ez)

Here o, B and vy 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 m radians or
180 degrees, as the average of the least and the largest
possible. Eccentricity was set as 0.1. Coefficients a, B, y
and t, 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).

(2)

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:
T.=Ty+P-E 3)
The third summand appears in the case of parabolic trend
presence:

T.=To+P-E+P -E*=Ty+P-E+P-P-E* (4)

Here P is a period; E is a cycle number; T, is a moment of

minima, which we set as the zero point and called the

initial epoch; P’ = P - P is the rate of the period changes

(days per cycle).

We used coefficients of approximation (a, 3,y) for

correction.

e Coefficient o is the error of the value of the initial
epoch;

o Coefficient B is the error of the value of a period;

o Coefficient y is the quadratic addition, which describes
the rate of the period changes (see section “Rate of the
mass transfer”).
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Such correction was done for the stellar system AH Tau.
The corrected ephemerid is:

T, = (31062.7754+0.010) + (0.33266942+0.00000014)
-E + (—9.28+0.15) - 1011 - E2

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:

2
cAt 2w 3

M3 :% T'(M1+M2+M3)
Here:

e G is the gravitational constant;

o T is the orbital period of the third body (and the period
of O-C changes);

o M, M,, M;are the masses of the components;

e s the speed of light;

e Atis semi-amplitude of O-C cyclic changes.

)

After several iterations we got mass of the third component.
In addition, we estimated errors of calculations using
formula (6):

M(LL)J_‘*[___

M; 3M At?  9|M?  MZ T?

Here:

e M=M,+M,+ M; — total mass of a triple system
(visible components and a third one);

e 0y, — error of semi-amplitude of O-C cyclic changes;

e oy, and gy, — errors of masses (they were not provided
in the articles, so for both stars we estimated them as
5% of the masses);

e gr —error of a period of cyclic changes.

More details about calculation of minimal mass of the

third component are provided in Tvardovskyi, Marsakova
& Andronov (2017).

(6)

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):

1P MM, 1P MM,
T3P OL M) 3P M) )
In this formula: M is a rate of the mass transfer, M;, M, are
masses of the components in a close binary system, P is a
period of variability, P is a derivative of the period with the
time, P' = 2y is the derivative of the period with cycle
number (Andronov, 1991). To obtain M 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).
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 0.37Mg , 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 Mg  (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 27 Cas
o 10" days™ 0 -
B 10”7 0 -
Y days 0 -
sini 10° km 2000 2000
e 1 0.1 0.1
degrees 180 180
t0 JD-240000, 10° days 5000 0
T 10° days 20000 7000
Trend parabolic none
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Table 4. Corrected values of orbital elements of researched stars.
Parameter Units of AH Tau 77 Cas
measurement
o 10"* days™ 27614 -164 -
B 107 178+4 - -
y 10~ days 266210 - -
sini 10° km 440+5 426 624+4
e 1 0.330+0.014 0.52 0.582+0.005
® degrees 112.84£3.0 164.4 192.9+0.2
to JD_2340000’ 12.204+0.0.20) 45.452 2.2840.08
10° days
T 10° days 15.53%0.09 12.93 6.79+0.01
G days 0.00544 - 0.00312
. Dong Joo Lee| ., .
Source This research 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)
. 3.8-10™ [Dong Joo Lee 0.24 [Dong Joo Lee et
+0.7)-107 +
AH Tau (6.3£0.7)-10 et al (2004)] 0.37+0.02 al (2004)]
5.00 [Liao & Qian
Source This article Other authors This article Other authors
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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 16 and 2¢ intervals.

Table 6: Obtained moments of minima using the time series observations from the AAVSO database

Observer . BJD of the Degree of
code Filter minimum Error polynomial
ZZ Cas
BM Vis. 56620.57802 | 0.00014 8
SAH \% 57279.65393 | 0.00016 8
SNE \% 57330.63960 | 0.00023 8
SAH \Y 57611.67947 | 0.00027 8
SAH \% 58367.74877 | 0.00042 8
AH Tau

DKS \% 54399.89762 | 0.00011 8
DKS \% 54402.72580 | 0.00009 8
DKS \Y 54402.89155 | 0.00008 8
DKS \% 54429.67196 | 0.00011 8
GKA \% 54475.58074 | 0.00009 6
GKA \% 54429.83824 | 0.00009 8
GKA \% 54512.67332 | 0.00015 8
GKA \Y 54736.89537 | 0.00008 8
GKA A% 54829.54492 | 0.00013 8
WAB \% 54830.54276 | 0.00008 8
WAB \% 54837.52885 | 0.00009 8
WAB \% 54848.67374 | 0.00014 8
WAB \% 54399.89762 | 0.00011 8
WAB A% 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

Astronomical Observatory, Odessa National University,

Odessa, Ukraine,

ABSTRACT. In the Astronomical observatory of
the Odesa National University traditionally study
variable stars of different 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 reflector 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.

ABCTPAKT. B Acrpounomiuniii  obcepraropii
Opecbkoro HarionanbHoro yHiBepcuTery TpajauliitHo
BUBYAIOThL 3MiHHI 30pi PI3HUX THUIB: MYJLCYIOUI,
moaBiiiHi, HeperyasapHi Ta  iHII. Tnaxom
GbOTOMETPUYHNUX CIIOCTEPEXKEHD MOYKHA BCTAHOBUTH
THII 3MIHHOI 30pi, Iepiod 3MiHU OJIHCKY, CIIEKTPaIbHUM
KJIac, OIIHUTH TEMIEPaTypy IMOBEPXHI. Jnsa
CIIOCTEepeXkeHb 3MiHHUX 3ip Oysia BuOpaHa miISHKA
3opsinoro meba 3 gaBoma 3opavmu Y Vul ta RY
Vul ma sBimcrami ne OGimbmie 15 KyTOBHX XBHJIMH
(kyroBuil po3mip onuoro Kaapy). Hus uwmx 3ip Gyio
oTpuMano Oinbine HiXK 5900 ekcroswutiiit mpoTsarom 56

udovich222Qukr.net

HOUell BIOPOJOBXK CcHOCTepekHUX ce3oHiB 2011-2017
POKiB. Jlns BCix crmocrepexkenb Oynaum OTpUMaHi
kpuBi Ommcky.  Pesymprarm gna 3minaoi 30pi Y
Vul (tun RR Lyr) onyGuikoBani okpemo, a B Iiiii
myOmikalii MU MPUBOIUMO PE3YABTATH CIOCTEPEIKEHD
6mucky mns 30pi RY Vul.  3opa RY Vul srinao
3arambuoro  Karasmory 3minnux  3ip (3K33) e
aminnoo tuny RR Lyr, ane il nepion Ta mouarkoBa
ernoxa HeBigoMi. IITo6 Bu3HAYMUTH IIi TapaMerpn
Oynn  mpoBeneHi  (pOTOMETPUUHI  CIIOCTEPEXKEHHS
smianol 3opi RY Vul wa acrponomiuniit crammii
6imst Omect TIPOTArOM  JIEKIABKOX —CE30HIB. Bci
CIIOCTEpEKeHHs Oy/iM MPOBEIEH] 33 TOMOMOrow 48-cM
reneckona-pedierropa A3T-3, ocumamenoro 133
¢dhoToOMETPOM 3 OXOJOMKEHAM ejgeMeHToM llenpr’e
Ta  crabljaizaniero TeMiieparypu. Kpusi 6uiucky
Oynu orpumMani Ta mpoanasizoBaHi B cmyrax V i R.
O06pobka 30psHMX 300paxkeHb OyJa BUKOHAHA 34
nonomororo nporpamu MUNIPACK (Motl, 2009-17).
B uwi#t nporpami gma kamibpysamug 3opanux 1133
KaJIpiB BUKOPHUCTOBYIOTHCs 300DaKeHH: TEMHOBOIO
KaJpy Ta TIJIOCKOTO ToNisA.  Bugaewioch, IO Kpubi
OUCKY 30pl TOBHICTIO HEPEryJIspHI OPOTATOM BCiX
pokKiB cmocrepexkenb. IIpuBomaThbca Kpusi Osucky,
9acTOTHHUIl aHajai3 (QOTOMETPUYHUX CIIOCTEPEIKEHbD.
Bucnosok: 3minny 30pio RY Vul meobxinxo Bimnectn
JO THTTY «HEeperyasapHi 3MiHHI 30pi».

KarouoBi cooBa: 3opi: ocumrdamii — 3o0pi; 3MidHi:
3opi: ingmBigyassao: RY Vul.

1. Introduction

RY Vul (AN 1907.0025, GSC 2126.00973),
(CKJQOO0.0 = 19}1’047”’33.83; 0.72000.0 = +24O46/25.0//)
according GCVS is RR Lyr variable. The variability
of the star was found by Parenago (1934). The finding
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 finding chart RY Vul with the com-
parison and check stars marked.

but remained constant at 11.60™ 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.""10
(APASS, 2010), check=UCAC4 1125-11251433). The
48 cm reflector AZT-3 with the f/4.5 Newtonian fo-
cus and CCD photometer with chip Sony ICX429ALL
(600x800 pixels), equipped with V and R filters, Peltier
cooler were used (Udovichenko, 2012). The hermetic
housing and thermoelectric (Peltier) cooler provide a
temperature difference between the sensor CCD and
the environment of about -40°C, 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 flat field corrections
and determination of the instrumental magnitude
and precision. The finding 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.
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Figure 2: The differences 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 difference magnitudes comparatively of variable-
comparison star (V-C), and comparison-check star (C-
Check). These differences 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
significant 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 eff = 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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* Frequency (1/d)

Freque1ncy (dy

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 cluster A—F'V 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 Tog for
four stars determined spectroscopically give cause for
doubts about the GAIA DR 18 parallaxes accuracy.
The comparison between their My and distances with
the those from Pecaut & Mamajek (2013) calibrations
shows significant differences for the objects with par-
allaxes less than 8 mas. The differences 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.

ABCTPAKT. Mu wmHagaemMo pe3yabTaTw aHAJIiZy
CIEeKTPIB JIeB’daTH 3ip crerpaibHoro kmacy A — FV 3
tak 3Banoro "ckymuenns [oasgpuoi", mo Gyam orumari
ma mpora3i 2016-2018 pokis. Pagianpri mBuakocti
Ta Bijcrani, Mo orpuMani no mapanakcax GATA
DR 18 ansa 1mwmx 3ip JI03BOJSAIOTH HAM BCTAHOBUTH
iX HaJeXKHICTH 0 CKyIm4eHHs 3a 30yiayBaru ix
Kinemaruvany 3D-momens. Ane ominku Teg , 1o
OTPUMAHI CIIEKTPOCKOIIYHO JIJIs1 YOTHPHOX 3P HAJAIOTH
MPUYHHY JJIsI CYMHIBY Y TOYHOCTI 3Ha4Y€EHb aPaJIaKCiB
GAIA DR 18. Ilopipusanug 3 ix My Ta BigcransMmu 3
momibHUME, B3ITUME 3 KasiOposok Pecaut & Mamajek
(2013) nmoka3syoTh 3HauHl PO36iKHOCTL 15 06’€KTIB 3
napanakcamu menbire Hixk 8 mac Ili posbixkmocti y
BiJICTaHSAX 3POCTAIOTH €KCIIOHEHIIITHO 31 3MEHbBITIEHHAM
mapasakcy. 1li ¢aktum BUKpHBAIOTHL HEHAMINHHICTH
oninok mapasiakcie GAIA DR 18 menbmre ik 10 mac.

Mu ominnmm Bigctanb 10 [Homspuoi B y 104.2 mapceka.
Key words: Open clusters: Stars: radial velocities;

GATA parallaxes; Cepheids and main-sequence stars:

effective temperatures; distances; Cepheids: o 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 7.2924+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 Ry. Such a
parallax measurement is close to 13249 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 field stars in the Polaris region belong to a
poorly-populated star cluster. Most of these stars have
parallaxes that correspond to a distance of 994+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 Ep_y = 0.02
mag (Turner 2009). Usenko & Klochkova (2008) deter-
mined spectroscopically Tog = 6900+£50 K for Polaris
B and assuming an F'3V main-sequence star radius of
1.4 R derived its My = +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 significant 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 effective 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 0.81 m telescope of the Three College Observatory
(TCO), located in central North Carolina, USA. They
were obtained with an échelle spectrograph manufac-
tured by Shelyak Instruments' 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 échelle 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 effective 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 (H,, Hg) 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 effective temperatures (in-
trinsic colors), we can compare our values of (B — V)
and T.g with the ones calculated by Pecaut & Ma-
majek (2013) for a specific spectral type. This paper
allows us to move from (B — V') and Teg 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)g
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,
defined taking into account the color-excess Ep_y =

Thttp://www.shelyak.com
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Figure 1: (O-C) distances - GATA DR2 parallaxes re-
lationship for the Polaris cluster stars. Open circles
— calculated with Fp_y and Ay according to the in-
trinsic color-indices from Pecaut & Mamajek (2013),
filled circles — calculated with Ep_y = 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 difference in distance
estimates varies from 11 to 45 pc. This indicates that
the color-excesses for most of the cluster stars need to
be refined.

For four stars from the list, there are estimates of
Test , determined spectroscopically: HD 5914 - Teff =
8800+50 K (Usenko et al., 2008) and Polaris B - Ty =
6900+50 K (Usenko & Klochkova, 2008) from hydro-
gen line profiles; HD 209556 - T, = 6301+ 17 K and
HD 163988 - Tog — 6369420 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 difference between the radii determined
from the spectroscopic estimates of Teg and the values
of Pecaut & Mamajek (2013) for this spectral type is
approximately~0.1 Rg. In this case, the difference in
the value of Teg 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,kms *
RV (met) | NL H, Hp | Reference
HD 5914 6.46 0.10 A3V | +0.14£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 FOV | +3.1£2.4 57 -1.9 | +3.0 1
-5.7£4.1 88 - -
HD 16335 7.84 0.36 FOV | -22.842.9 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 Fov -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 | -12.24+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, effective temperatures, absolute magnitudes, distances, and radii are
determined using data from Pecaut & Mamajek (2013).

Star B-V SpT (B — V)o Ep_v Ay Ay (T) Tew My d d (T) R R(TCH )
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 FOV 0.300 0.000 0.020 0.068 7220 | 2.51 | 1159 | 113.3 | 1.79 -
HD 16335 0.36 FOV 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 FOV 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

Ay (T) and d (T) - reddening and distance from Ep_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 7 (mac) My d (pc) My | d (pc)
HD 5914 9.7893+0.0418 | 1.37+0.01 | 101.1£0.4 | 1.55 93.5
HD 66368 8.17'40.55 1.624+0.15 | 120.94+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 | 215.14+2.5 | 1.11 118.5
HD 224991 | 6.8234+0.0305 1.9740.03 | 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 | 2.874+0.01 | 135.7+0.6 | 2.99 104.2
HD 14369 10.8196+0.0291 | 3.224+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 | 275.84+2.5 | 3.40 83.8

[1] - value from van Leeuven (2007)
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DEC,°

Figure 2: Polaris cluster 3D view by distance (bottom)
and RV (top).

tionships of (O-C) in distances - GAIA DR2 parallaxes
for two different 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 GATA 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 GATA 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 GATA
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
Tett -

4. The distances determined from GAIA DR2 paral-
Ixes show significant differences - 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 differences 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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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), vsini,
Terr, logg, and [Fe/H] were determined using model
fitting. We have derived the color-excesses, redden-
ings, and intrinsic colors for these stars to determine
their true Teg and logg 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 My 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] =
—0.140.04 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 deficit
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.

ABCTPAKT. IPE3EHTYEMO
CITEKTPOCKOITI THUX doToMeTpidHIX
15 o6’ekriB poscigaoro ckymaenas NGO
medeimoro V. Cen. OxkpiMm 1medeinm MU JOCTIIHINR
omva  G-maariramT, aBa K-riramtm, worupu B-
riraHTd Ta CciM 3ip TOJOBHOI MOCTiTOBHOCTI. 3a

Mu

Ta

pe3yabrarn
AOCJIimiB
5662 3

JOTIOMOII0  MoAedabHOro ¢irTinry Oyam oTpuMani
ouinku pasianbhux wmsuakocreit (RV), vsini, Teg,
log g, Ta [Fe/H]. Mu pozpaxysasiu HaJJIUIIKH KOJIbODPY,
TIOYEPBOHIHAA Ta CHPaBXKHI KOJBOPHU g WX 3ip,
mob 3Hafitm iX cmpaBxkHi Teg Ta logg maasxoMm
TIOPiBHEHHsT 3 MOIeIaMHu aTMmocdep, OCOOMUBO i
rapgaaux 3ip, ta abcomorai maruitygau. Oninkun RV
Ta mapasiakc/Bincranb 3 karamory GATA DR2 2018
JUIS 1UX 3ip JI03BOJISIIOTH BUSBUATH 1X HAJEXKHICTH
J10 cKymdeHHs Ta 30yayBarn iforo kinemarmuni 3D-
vozeni. i mapanakcu Ta MouepBOHIHHS JAIOTH OMIHKH
Bigcraneii y mexkax 700-850 mc, Toxi sik dhoromerpiuni
My pmasagum omiakm y 550-660 mc. JIsa o6’ektu 3
HAIIIOrO CIUCKY BUSBUJIUCA HE WIEHAMM CKYIJYeHHS,
Ta IMe 7Ba - OIS MeXK CKYMYeHHsl. YCi WIEHH MaioTh
[Fe/H]= —0.1£0.04 dex. 3opi rosoBHOT HOCTITOBHOCTI
ta B-rirantu mators Bmict C, N, Ta Na 6ausbkum 1o
COHSYHOI'O, TOJIl 4K XOJIOAHI HAJriraHTH Ta TiraHTH
MTOKA3YIOTh MedilmiT BYIJIE0, HAIIUIIOK A30Ty, Ta
MaJIeHbKUI HAJUINOK, ab0 COHSIHWI BMICT HATPIO.
YV ckymdenni Oynm Bimkpuri gBa Garatux siTiem

K-riranra - HD 127733 1a 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 1I3m, 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, BB — V) =
0.31, V-My = 9.80, d = 790+5 pc, [Fe/H] = —0.03,
and an age near 7.9x107 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 different 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) fiber-fed, white-
pupil, échelle 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 échelle context in MIDAS. Also, the
feros package developed for échelle data reduction from
the Fiber-fed Extended Range Optical Spectrograph
(FEROS) was used. Both FEROS and HRS provide
very similar échelle 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 fitting 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 kms™' (Mermilliod et
al., 2008) and —20.89 kms™' (GAIA DR2, 2018) for
HD 127427; —21.02 kms™' (Mermillod et al., 2008),
and —21.31 kms™* (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
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Figure 1: Relation between the rotation velocity and
Tegfor the NGC 5662 open clusters’ objects. Open
circles show the main sequence stars, filled five-point
stars show K-supergiants, open five-point stars show
FG-supergiants, and six-point stars show B-giants.

different spectral types, masses, and evolutionary sta-
tus, we have used different methods to determine their
atmosphere parameters. First, for the Teg, logg, and
[Fe/H| determination, as mentioned above, model fit-
ting was performed. Next, the T, gestimates were veri-
fied using the Gray (1992) calibrations for color-indices.
A final 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 Tt and
logg 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 Ter (Kovtyukh, 2007), a Fe
ionization balance to derive log g, and the absence of an
Fe abundance dependence upon the equivalent width
to derive V;. It is obvious that we needed correct
(U — B)o and (B — V) not only for Te and logg,
but also My 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
Test determination for all stars as a whole, although
there are discrepancies for some cool stars. The same
can be said about the logg determinations.

Figure 1 represents a relation between the rotational
velocity and Teg. It shows that all main-sequence
stars as well as cool giants and supergiants found the



Odessa Astronomical Publications, vol. 31 (2018) 119

Table 1: General data for the observed objects in NGC 5662 and derived RVs.

Object V | Sp.type RV,kms™! vsini, kms™'
V Cen 6.930 | F5 Ib-11 —23.5040.50" 10.440.1
HD 127427 7.744 | G8 II-III —21.86+0.02 0.0£0.0
HD 127866 8.287 | BT III —22.25+0.14 79.6+0.3
CPD —56°6337 10.659 | A1V —58.16+£0.21 150.4+0.5
HD 127817 9.157 | AOV —18.57£0.09 50.040.2
HD 127753 7.043 | K5 III —22.53+0.03 6.9£0.1
HD 127835 9.375 | B8V —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 | B9V —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 | —10.621+0.06 40.0+0.1
HD 127733 8.599 | K2/3 III +7.354+0.03 6.0+0.1
HD 127199 (Turner 1) | 10.620 | B5/7 III —27.84+0.09 42.340.2
Turner 3 12.030 —46.99+0.17 111.0+0.4

1 - Phase 0.7575 according to GCVS (1985)

Table 2: Observed colors, color-excesses, intrinsic colors, reddenings, and extinctions for the NGC 5662 objects.

Star B-V UB | (B-V)o | Es—v | (U-B)o | Eu—B | Av Vo 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.

Tes logg Vi
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 fitting;
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. Parallazes, 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
79045 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 confirmed
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 My
for two cool giants and supergiant. The results for the
stellar radii differ slightly for the main-sequence stars
(except for Turner 1 and Turner 3), but for K-giants
these discrepancies are significant.

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
definitely non-members and Turner 1 and Turner 3
are the clusters’ background stars.

3.8 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 fitting 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 deficit 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 deficit 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 7 (mac) My d(pc) | R (Ro) Myv d (pc) | R (Ro)
V Cen 1.340£0.045 | —3.60+0.08 740+27 | 50.2+£1.9 | —3.24 628 43"
HD 127427 1.24440.039 | —2.86£0.08 796427 | 52.6+1.8 | —2.852 787 52
HD 127866 1.271+0.054 | —2.06+0.08 780128 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 704423 | 87.64+2.1 | —2.00° 385 51
—4.27° | 1096 146
HD 127835 1.256£0.042 | —0.86£0.05 77617 2.56+0.1 | —0.30 594 1.9
HD 127900 1.207+0.038 | —1.6140.08 828+30 3.7£0.2 | —1.20 676 3.1
CPD —56°6341 1.258+0.041 | +0.124+0.08 802+29 2.2+0.1 | +0.56 658 1.8
CPD —55°6072 2.573+0.345 | +2.49+0.28 38646 2.0£0.3 | +1.37 646 3.3
CPD —56°6344 1.133+0.088 | +0.93+0.16 87518 2.8+£0.2 | +1.68 619 2.1
HD 127818 4.910+0.034 | +2.3240.01 20141 2.6+0.0 | +3.26 131 1.7
HD 127733 1.14340.040 | —2.98+0.05 863420 | 62.6+1.5 | +0.80° 149 11
—2.30° 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 0.8324+0.042 | +0.724+0.10 | 1197454 2.7£0.1 | 42.07 622 14
1 - Phase 0.7575 according to GCVS (1985)
2 - My according to Claria et al. (1991)
3 - My 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 log A(Li) = 1.27 dex and
log A(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 confidently members of NGC 5662.

2. The fitting method used to determine radial and
rotational velocities of the cluster stars yields re-

sults with an accuracy of 0.5 kms™!

in RV

and

0.7 kms~! for vsini.

3. We have revised color-excesses and reddenings for

these objects, and it allowed us to refine their in-
trinsic colors, especially for the hot stars.

4. The atmosphere parameters of the hot stars were

determined initially by fitting and finally refined
using the atmosphere models based on the intrin-
sic colors. A good agreement is found for Tog 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 final re-
sults differ significantly from those derived by fit-
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 My lie in a range of 550-660 pc and are
problematic for the cool supergiant and giants.

7. The radii determined from our T.g and the dis-
tances found by the two methods differ slightly for
the hot stars and significantly 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 fitting differ
significantly 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 deficit
of C and an overabundance of N. This fact in-
dicates that the FGK-type objects have already
passed through the "first dredge-up" stage. The
sodium content is determined only for two main-
sequence stars, and it is close to the solar one.

HD 127753
1.04
0.8
x
=
ic
g
= 0.6
]
©
o
044 log A(Li) = 0.72 ¢
synth - thin black line
observ - solid black line Lil
0.2

T T T T T T T T 1
6702 6703 6704 6705 6706 6707 6708 6709 6710 6711
MA

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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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 — Kg 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 K y-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 different. 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
V5ot derived from the PMA proper motions is 205.2 +
0.5 km s~! while the values derived from the Gaia DR2
data are noticeably higher: Vo (2D Gaia DR2)
217.8 £0.3 km s~ ! and V,ot(2D Gaia DR2) = 218.6 £
0.3 km s! The Kj,-term is negative and equal
to —0.80 £ 0.03mas yr~—! when using 3D Gaia DR2
data while it diminishes significantly 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.

ABCTPAKT. Buropucrosywoun miarpamy Mg -
(G — Kg) 3 7.2 minbiionis o6’ekrie Gaia DR2 3
BIIOMUMH MPOMEHEBUMH MIBUIKOCTAME OyJia BHUILTEHA
nimpubipka 19,600 wmosoaumx riraHTIB  9€PBOHOTO
3rymieHHs 3 Bigcranamum g0 1200 mk. nasg Toro,
o0 BUTIPABUTH aHi 33 MOYEPBOHIHHSA 1 MOTJIMHAHHS,
BUKOPUCTOBYBAJIACs TPWBUMIDHA KapTa IMOIVIMHAHD
lonuyapoBa. 3rifHO 3 TEOPETUYHUMH PO3PAXYHKAMHU
ZKipapai, ni 3ipku MaoTh Macu He Mmenire 2-2.5Mq, a
3HAYHUThH 1X BiKM He NEPEBUINIYIOTH 2 MiTbIPiB POKiB.
Jas uiel nigeubipku 3ipok 3a 2D (3 BUKOPUCTAHHSM
riabku BaacHux pyxiB) i 3D (Bnacul pyxm miroc
npomenesi mBugxocri) manumu Gaia DR2; a rakox
3a BJACHMMH pyxaMm kKaragory PMA 6yau orpumasxi
kinemarn4ani mapamerpu  Mmogesni  OropomnikoBa-
Minna, a TakoxK mapaMeTp PO3NTUPEHHS-CTUCHEHHS

B rajaktudHol miaomunu (x,y) - Kyy, 1 KOOpAHHATH
amekca Conng Lo, Bg. Byno Busineno, mo 3nadenns
JesKUX mapaMmerpiB mozeni, orpumanux 3a 2D i 3D
mamnmu  Gaia DR2, mowmirao pizpisagiorbes Mix
cobor0. Tax, HaOpUKIa[d, 3HAUEHHA I[apaMerpa
Ml+2, OTPUMAHOTO MIJITXOM CILJTBHOTO PIMMEHHS TPHOX
piBasgah  Momeni  OropommikoBa-Misna — meTomom
HaiiMeHmMX KBagparis, ma 0.2Mca r ! Memre,
HIXXK 3HA4YEHHs, fAKe OyJI0 OTPUMAaHE 33 IOMOMOTOI0
CIILIBHOTO PillIeHHs PIBHSAHDb TIJIBKH JIJIsl BJACHUX PYXiB
Gaia DR2. Buganenus 3 Bubipku 3ipoK 3 BiacTaHaMu
0-500 mx pobuTh PE3YABTATH OIJIBIT Y3TOIKEHUMHU.
s miasubipku 500-1200 nk mapamerpu ws i ]ng,
orpumani 3a mammmu Gaia DR2, siamosigno pisai
—2.54 4+ 0.04mcx ' i 3.22 £ 0.04mcx v ', Tomi sx
3a JaHuMu Karagory PMA ix 3HadyeHHsI CTAHOBISTH
—2.59 £+ 0.06mcx r~! i 2.83 £ 0.08mcx r—!. B
pe3yabTaTi 3HaYeHHS JIHIAHOI MBUIKOCTI 00epTaHHS
lamakTtuku Ha Bigcrani Conng Ve, ske 0yio
OTpUMaHO 3a BjacHUMU pyxamu PMA, craHoBuThb
205.2 £ 0.5 kM ¢!, Toml sk 3HAMEHHs, OTpPHMAaHEe
3a naammu Gaia DR2, Ha 13 kM ¢! Bume: Vi
(Gaia DR2) = 218.2 4+ 0.3 &M ¢ !. 3a gamnum
3D Gaia DR2 napamerp K, € HeraruBHuM i piBHEM
—0.80 £+ 0.03 mca L. Moro Benmuuna 1o MOTYJTIO
3HAYHO 3MEHINYETHhCA B Pa3i BUKOPHUCTAHHS BJIACHUX
pyxie Gaia DR2 i PMA, i B Mexkax 30 € HE3HAUYIIOIO.
SnadyenHs KOMMIOHeHTH mBUAKOCTI COHIE y310BXK
ralakTuaHol oci ¥, Vi), BIIHOCHO IIEHTPOIna, 3ipOK Mae
suavenns 11.59 + 0.30 kv ¢~ 3a mammvu PMA i
13.0 & 0.20 km ¢! 3a nanumu Gaia DR2. Ileit daxr
€ HempsIMUM CBiJYEeHHSAM TOTO, IO 3ipKW 3 HAaIIol
BUOIPKU MifiCHO MaioTh BIKM He Olibire 2 MiJbapib
pokis (Gontcharov, 2012b).

Kirouosi Acrpomerpuyni  KaTajoru,
Kinemaruka [amakTuku, BJIACHI pyXu 31pOK, IPOMEHEB]
MBUIKOCTI 3ipoK, miarpama lepmmmpysra-Paccena.

cJIioBa:
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1. Introduction

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 effective temperatures
Teg 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 differ from each
other by kinematics, ages, metallicity, a-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 > Myes ~ 2 — 2.5 Mg in the stage of central helium
burning (CHeB). The main difference 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 — 2.5Mg 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 field. 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~! while the RV precision varies
from 0.3 km s™! at Grys < 8 and 1.8 km s~ ! at
Gryvs = 11.75. Systematic RV errors are expected
to be from less than 0.1 km s™! at Grys < 9 to
0.5 km s7t at Grys = 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—* .

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, Kg 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~—! 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
74600 pc. It is organized as follows. At every point of
space with galactic coordinates z,y, z (or I, b,7) values
of E(J — Kg), E(B-V), Ry and Ay are provided. The
resolution of the map is 50 x 50 x 50 pc. To compute
extinction and reddening at a given point (z*,y*, z*)
the trilinear interpolation formula 1 was used.

fl@™y",27) ~

a [ [y z1)(v2 —2%)(y2 — Yy ) (22 — 27) +
(21,91, 22) (02 —27)(y2 — 4" ) (2" — 21) +
[z, y2,20) (w2 — 27)(y" —y1)(z2 — 27) +
f(x1,y2,22) (w2 — ") (" — 1) (2" — 21) +
fxa,y1,21) (2" —21)(y2 — y") (22 — 27) +
[ (2o, 91, 22) (2" —21)(y2 —y") (2" —21) +
f(z2,y2,20) (2" —21)(y" — 1) (22 — 27) +
f(z2,y2, 22) (2" — 1) (y" —y1)(2" — 21) | (1)
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where

1

T m )Wz — ) (2 — 2)

YRCG can be identified using the colour-magnitude
diagram in the Mg — (G — Kg) coordinates. The red
clump region in the CMD for stars with low extinc-
tion E(J — Kg) < 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 — Kg) = (0.6,1.9) with semiaxes
(AMg, A(G — Kg)) = (0.5,0.13). All bed quality ob-
jects with 0 /@ > 0.2 were removed from the sample.
As aresult 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 — Kg, so we have found empirical relation
between E(J — Kg) and E(G — Kg):

E(G — Kg) = —904.2E(J — Kg)* + 271.5E(J — Kg)?
—121E(J - Kg)?* + 1.1E(J — Kg) (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 (I = 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 (I = 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 field the Ogorodnikov-
Milne model (OMM) was used (Ogorodnikov, 1965).

V=Vo+Qxr+Mxr (3)

The OMM model contains 12 kinematic parameters:

Xo,Ys,Zs are the Solar motion components rel-
ative to the centroid; wi,ws,ws, are components of
the rigid-body rotation vector Q; My, M5, My are
components of the tensor M ¥ characterizing velocities
of deformations in the (x,y), (x,2) and (y,z) Galactic
planes; M, M, M5 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

16 18 20 22 26

1.4 2.4
G-K
Figure 1: Zoom of the CMD Mg — (G — Ks). YRCG

are inside the ellipse.

nu cosb = Xg/rsinl — Yy /rcosl — wy sinbcosl—
— wosinbsinl + w3 cosb —i—MlE cos b cos 2] —
— M sinbsinl + M5 sinbcosl —
— 0.5 M cosbsin2l + 0.5 M cosbsin2l  (4)
nuy, = Xe/rcoslsinb + Yg/rsinlsinb — Zg /rcosb+
4+ wisinl —wycosl — 0.5M1J5 sin2bsin 2] —
— M cos2bcosl + M cos 2bsinl —
— 0.5 M, sin 2bcos?l — 0.5 M., sin 2bsin®l +
+ 0.5 M sin 2b
V./r = — Xg/rcoslcosb — Yy /rsinl cosb —
— Zg/rsinb + Mk sin2bcos + M sin 2bsin [+
+ M, cos®bsin 2 + M cos?bcos?l +

+ M;g cos?bsin?l + Mgg sin’b

()

(6)

Where n = 4.74 is the conversion factor from
mas yr~! to kms 'kpc~!, u, iy are proper motions
in mas yr=! , V,. are radial velocities in km s~! .

When proper motions only are used, one of diago-
nal elements of the deformation matrix M remains
undetermined. Therefore, only differences My, =
M — My, and M3y = M35 — M, can be derived sug-
gesting that M., — 0. Values of the Kyy-term char-
acterizing contraction-expansion of the stellar sam-
ple in the z,y Galactic plane were derived as well:
K = 0.5(M; + M,). In the case of usage of proper
motions only the K-term can be evaluated using the
following equation: K = 0.5(Mj; — 2 Mj;). The M},
and w3 parameters are analogues of the Oort constants
A and B from the simplified Oort-Lindblad kinematic
model. The linear rotation velocity of the Galaxy Vot
at the Solar distance Rg can be derived from combina-
tion of these two parameters by the following relation:
Viet = (M5 — ws3)nRe. The value of Ry is assumed
to be equal to 8.0+0.2 kpc (Vallée, 2017).

In addition, the Solar apex coordinates L), Bg 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~! 9.83+0.13 9.324+0.17 9.80+0.19 | 10.89+0.15 10.83%£0.19 11.6240.26
Yo km s~! 11.64+0.13 11.71+£0.18 10.6£0.21 | 12.63+0.15 13.40+0.22 11.5940.30
Zo km s~! 7.80+0.13  7.72£0.15  7.66+0.17 | 7.294+0.15  7.26£0.16  7.46+0.21
w1 mas ylff1 0.37+0.10 0.44+0.11 0.50+0.13 0.09+0.08 0.05+0.09 0.12+0.12
wo mas yr~! | -0.73£0.10 -0.72+0.11  -0.924+0.13 | -0.554+0.08 -0.45+£0.09 -0.68+0.12
w3 mas yr—! | -2.5440.10 -2.58+0.06 -2.624+0.07 | -2.5540.04 -2.53+£0.04 -2.59+0.06
M2+3 mas ylff1 -0.26+£0.10 -0.354+0.13  -0.434+0.15 | 0.03+£0.08 0.10£0.10  -0.02+0.14
M mas yr—! | -0.554£0.10 -0.55+0.13 -0.954+0.15 | -0.414+0.08 -0.27£0.10 -0.67+0.13
M, mas yr—! | 3.2440.06  3.044£0.09  2.70+£0.10 | 3.2240.04  3.2240.06  2.8340.08
M (M;,) masyr— | -1.86£0.09 -2.1940.24 -2.05+0.19 | -1.76+0.06 -2.0040.11 -2.1140.16
JWJQ mas yr—! 0.1940.08 - - 0.16+0.16 - -
M35 (M)  mas yr—! | -0.06+0.08 -0.63+0.23 -0.82+0.27 | -0.23+0.14 -0.68+0.17 -2.11+0.23
Viot km s~! 219.14+0.4 213.1+0.5 201.654+0.6 | 218.6+0.3 217.840.3 205.240.5
K mas yr—! | -0.84+£0.05 -0.094£0.04 -0.024+0.04 | -0.804+0.03 -0.3240.14 -0.14+0.27
Lo degree 49.84+3.8 51.54+0.1 47.0+0.2 49.3+4.6 51.01+0.1 44.940.3
Be degree 27.1+1.6 27.3+0.1 27.1+0.1 23.6+1.8 22.940.1 24.5+0.1
-2
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Figure 2: The w3, M5, Vo OMM parameters and K,,-term derived from the 3D (filled circles), 2D Gaia DR2
(open circles) and PMA (filled 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 ws pa-
rameter derived from 3D and 2D Gaia DR2 data are
very close while values of the M, parameter have dif-
ference M(3D) — M5 (2D) = 0.2 mas yr~! leading
to difference between values of linear Galactic rota-
tion velocity: Vie(3D) = 219.140.4 mas yr—! versus
Vot (3D) = 213.1+0.5 mas yr~!. Proximity of the ws
values in 3D and 2D cases can be explained by the fact
that rotational components of the OMM w1, ws, w3
do not have projections onto radial direction. How-
ever, there are small differences of order of 0.02-
0.06 mas yr—! caused by redistribution of the OMM
parameter values when using the LSM.

It is well known that the stellar velocity field in the
Solar neighborhood can be disturbed by influence 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 K, -term, it has a negative values when
using radial velocities: K = —0.84 4 0.05mas yr~! and
—0.80 & 0.03mas yr—! for 0-1200 pc and 500-1200 pc
stellar subsamples respectively. It means that the stel-
lar subsample contracts. The K, ,-term becomes in-
significant within 30 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 difference between val-
ues of the M, parameter derived from the Gaia DR2
and PMA data leading to a lower estimation of Vi
205.240.5 km s~! from the PMA proper motions ver-
sus 217.840.3 km s~! from the Gaia DR2 proper mo-
tions. Values of the K, term derived from the PMA
data is insignificant within 3o.

The mean age of the YRCG subsample can be
estimated from values of the Solar motion compo-
nent along the y Galactic axis Yg. According to
Gontcharov (2012b), the older stars the higher Yg

It can be seen from our calculations that values of

the Y, parameter vary from 10.640.21km s~ ! to
13.4040.22km s~! 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 Lg vary from
44°.9 £ 0°.3 to 51°.5 £ 0°.1 depending on data used.
Values of the By are sistematically shifted when using
different 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 field 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 field within 500 pc
around the Sun is probably disturbed by influence 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 V.o derived from the PMA data for
the 500-1200 pc subsample is lower by 13.4km s~ ! and
12.6km s~! than values derived from the 3D and 2D
Gaia DR data respectively. V.o (PMA) = 205.2 £
0.5 km s~ | Vot (2D Gaia DR2) = 217.840.3 kms™! |
Viot (2D Gaia DR2) = 218.6 £ 0.3 km s7! .

The K,,-term is negative and equal to —0.80 &
0.03mas yr~! 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.

ABCTPAKT. JlexkamerpoBuii pagioreneckon YPAH-4,
o po3ramoBaHuii B cem Masku Opecbkoi o0nacTi, €

€JIEMEHTOM CUCTEMHU pamioTeIecKOmiB YPAH
(Ykpaincekuii  pagioinrepdepomerp Akaznemii Hayk).
Panioreneckon BHUKOPHCTOBYETbCS II0  HACTYNHHUX

HAyYKOBHX MpOTpaMax: IPOBEIACHHSA BUMIpIB y CKJIafi
Iarepdepomerpa 3 [Tonan Benukoro bazoro (PIIBB), mms
BUBUCHHA  KYTOBOi  CTPYKTYpH paniokepen;
JOCTIDKCHHS HECTAaI[lOHApHOCTI IIOTOKIB KOCMIYHHX
pamiojxepesn 1 BHUBYGHHSA  BIUIMBY CEpEIOBHINA Ha
XapaKTEePUCTUKHU MPUHHATUX CUTHAIIIB.

PT YPAH-4 mpamoe Ha dactorax 10-30 MIT] i
CKIIaJIa€TbCsl 3 aHTEHH U amnapaTypHOTO KOMILIEKCY.
AHTeHa TellecKoma — Iie eIeKTPUYHO KepoBaHa (pazoBaHa
pemritka 3 128 TypHikeTHHX BiOparopiB. Bona Buminse
IBI JIHINHI CKJIAI0BI CUTHAIIB W HAIiJIeHA MOXJIUBICTIO
3MiHH TIOJIOKCHHS J[iarpaMH CIPSIMOBAHOCTI B IPOCTOPI
(2048 muCKpeTHHX TIOJNIOKEHB TpoMeHs). ['eomerpmuHi
po3mipu 1 — 238 merpiB (Hampsmok 3axig-Cxinm) i 28
MeTpiB (HampsaMok IliBnens-IliBHid). Po3mipu miarpamu
CHOPSAMOBAHOCTI B MOJIYJIIMHOMY peXuMi HpuioMy
curHanmy Ha vactoti 25 MIT[ cranoButh 2.7 x 22
rpanyca. Y pexumi PIIBb intepdepomerpa peanizyerbes
IIPOCTOPOBA PO3AUIBHA 31aTHICTh OIU3BKO 2 CeKyH[ AYTH.
Amnapatypauii kommuiekc PT mperncraBmenuii  aBoma
BAIAMH MOIYJSAIIHHUX pamgioMeTpiB, SKi HTO3BOJISIOTH
BAMIPIOBATH MIUTHHOCTI TOTOKIB  PamioKeper, i
amaparypolo, sika npusHauena st PCAb Bumipis.

PoGounit miamazoH dactor, y sikoMy mparroe PT YPAH-4,
Ma€ BHCOKHHA piBeHb pamio3aBaa. Y poOOTi daroThes
BU3HAYCHHS 3aBajiaM, JiI0YMM Y JIEKaMETPOBOMY Jiala3oHi.
Posrnmsanmarotecs  Metomu GopotsOM 3 HuMH. OgHHM 3
MeTo/1iB OOpPOTHOM 3 3aBajjaMu € poOOTa PaioTeNeCKONy Ha
JIO3BOJICHHX 1 IOPUAMYHO 3aXHMIICHUX BiJ 3aBaj 4acTOTaXx,
TIepeNiK SIKAX HaBEJIEHO B CTaTTi. ¥ POOOTI PO3IILIIAIOTHCS
IIUTaHHS, TIOB'A3aHi 3 OPTraHi3aIli€l0 HABKOJIO PaiOTeIeCKOna
oxopoHHOI 30HU. Ha Ti Teputopii moBrHHA OyTH y3aKOHEHA
Y BiIBEACHNX POOOUYMX CMyrax MaKCHMAIbHO IIPUITyCTHMA
NOTYXHICTh  JJI  ICHYIOUHX TIOpyd  HepelaBaIbHUX
pamio3aco0iB i TPOMHCIOBUX O0'€KTIB, IO 3aBAXKAIOTh.
OpnHOYacHO 13 MM, HOBHMHHa OyTH OpraHi3oBaHa CIIy)x0a
KOHTPOJIO 32 Pajio CIEKTPOM. Y pPOOOTI PO3TIILAAETHCS
po3po0sieHniT 1 BHUTOTOBIEHWH TIEPEHOCHMI IEJICHraTop.
HaBonsaTecst HOro XapakTepUCTHKH, JalOTHCS PEKOMEHAITT 3
JOr0 BUKOPUCTAHHSIM.

KuouoBi cioBa: pamioTeneckon, paaio3aBalid, CMyra
4acTOT, HEJICHIaTop.
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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 the
becomes ineffective. Temporal filtering can be applied to

interference, inscribing technique

combat impulse broadband interference.

Central Frequency of the Bandwidth 25 MHz

Time

Fregency in Bandwidth

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.

Freguency, MHz
193 1955 198 200203

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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ABSTRACT. The relationship the intensity of the pro-
ton flux /, 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 V¢, 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 /, with the integral flux fF,,dt of
microwave bursts and the CME velocity V¢ is observed,
where the correlation coefficient » between the investi-
gated parameters is 0.80 and 0.72, respectively. Earlier,
the author reported on a strong connection between the
integral flux [F, At of the microwave bursts and the CME
velocity Ve, where the correlation coefficient 7 between
the investigated quantities is about 0.80. The strong con-
nection between the intensity of the proton flux /, and the
integral flux JF,,dt of microwave bursts and the speed of
the CME, as well as the strong connection between the
integral flux |F At of the microwave bursts and the CME
velocity Veue, 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 /, and the parameter of type II
burst V7, which characterizes the shock front displacement
velocity. Moreover, the relationship between the intensity
of the proton flux /, and the parameter V;; depends to a
large extent on the frequency f; 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 £,. The maximum cor-
relation between the proton flux /, and parameter V; is
observed for protons with an energy £,>30 MeV and for
the upper frequency f> in the range 25-60 MHz.

ABCTPAKT. HocnimkeHo 3B'I30K iHTEHCHBHOCTI TO-
TOKY NPOTOHIB /, COHIUHMX KocMiyHuX npomeHiB (CKII)
¢ mapaMeTpaMy KOHTHHYaJIFHUX paniociuieckiB IV tumy,
31 MIBUIIKICTIO KOpOHANBHUX BUKHIIB Macu (KBM) Ve, a
TaKoXX 3 MapaMeTpaMH MOBITBHO Apeidyrounx pamiocn-
neckiB [l Tumy. IlopiBHANBHUEN aHai3 MOKa3aB, IO JJIS
MEePEeBAKHOL OLIBIIIOCTI MIPOTOHHUX noaii
CIIOCTEPIraeThCsl CHIBHUM 3B'A30K IHTCHCHBHOCTI MOTOKY
OPOTOHIB [, 3  IHTErpalbHUM  IIOTOKOM JF,,dt
MIKpOXBHJILOBUX CIUIECKIB 1 mBUAKICTIO KBM Vi, ne
KoeQillieHT  Kopemsamii 7  MDK  JOCHIDKYBAaHHMU
napameTpamu gopiBaioe 0.80 i 0.72, BiamosimgHo. Panimre
aBTOPOM TMOBITOMIISUTOCS TIPO CHJIBHUH 3B'S30K  MiXk
iHTErpaTbHIM TOTOKOM |F At MIKPOXBUITbOBUX CILIECKIB i
mBuakictio KBM Ve, Ae koedimieHT Kopemsmii » Mix
nmocimkyBaHnumu BenmauHamu =~ 0.80. HasBHICTH cHITB-

HOTo 3B'I3KYy IHTEHCHBHOCTi MOTOKY TNpPOTOHiB [, 3
iHTErpaTbHIM TOTOKOM |F At MIKPOXBUITLOBHX CILIECKIB i
mBuakicTio KBM, a TakoX CHJIBHOTO 3B'S3KYy Mixk
inTerpanbHuM moTOKOM |F, At MIKPOXBUIILOBHX CILIECKIB i
mBuAKICTIO KBM Viyp CBITYUTH TPO CHOUTBHICTH MOXO/I-
xenHs CKII i KBM mixn 9ac mpoTOHHUX crHajnaxis. Y
JaHiii poOOTi TaKOXK MOKA3aHO, 1110 iICHY€E CUIILHUH 3B'SI30K
MK 1HTEHCHUBHICTIO NOTOKY IPOTOHIB [, i ImapamMeTpoM
cruteckiB Il tumy Vy;, sikuit XapakTepu3ye OIBUAKICTB 3CY-
BY ¢poHTY ymapHOi xBuiai. [Ipmdomy, 3B'S30K MiK
iHTEHCUBHICTIO MOTOKY NpPOTOHIB [, 1 mapametpom Vj
3HAYHOI0 MIpOI0 3aJIXKHUTH Bill YaCTOTH f; MaKCHMyMY
pamiocmeckiB Il Tumy Ha Apyriii rapMOHILi B TaHUA MO-
MEHT 4acy ! i Bim eHeprii nmpoToHiB £, MakcumainbHa
KOpEJALis MiX IIOTOKOM HPOTOHiB I, i mapamerpom Vi
CIIOCTEPIracThCs JUIA IPOTOHIB 3 eHepriero £,>30 MeB i
JUIsl BEpXHBOT YacTOTH f; B AianasoHi 25-60 MI'.

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 (u-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 u-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
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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 11
bursts and the intensity of the proton flux /, 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 11
showed that there is a sufficiently strong connection be-
tween the proton flux and the relative distance b = (f>-f7)/f;
between the first and second harmonics at a given time ¢,
where the correlation coefficient » 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 7 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 7, 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 /, with proton energy
E,>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 u-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 u-bursts at a
frequency of 8800 MHz and the intensity of the proton
flux 7, with an energy E,>30 MeV is shown. For such
events the correlation coefﬁc1ent r between |Fdt and I, =
0.80. At the same time, the relationship between the 1r1ten-
sity of the proton flux 7, 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

133
10000 E, =30 MeV
3—.-— - : '."
E & 1000f e ™t
;S T . "h,
EF L e
i 100 e B .‘:- .
E E 10 ¥ Lt'!"‘:.';o ’
sz aia i
1—: * * .y ':A.{ 3.}
+ ] ** ! !
1000 10000 100000
JF,dt, 10-22-W-m2-Hz min.
N=147, »=0.80
. 0,80F
= 0,78k
5o~
= T2 0,70F
2z
5 = 0.65F E,> 30 MeV
8 _5_ 0,60
=" 0,55
E T b)
L_,:' I:I’EI:Il 1 1 1
0 5000 10000 15000
Frequency f. MH=z
0,80F
5 Fo7sk
:E :H
3
22 nFor f =8800 MHz
S &
ERSN N o)
,*-:(l 1 1 1 1 1
= 0 20 40 GO 80 100

E, MeV

The energv of protons

Figure 1 : The connection between the proton flux /, and
the integral flux [Fdt of the continuum radio bursts

protons £, see Fig. 1 c¢). The relationship between 7, and
the 1ntegral 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 1,
and [Fdt is observed for the subrelativistic protons w1th
energy E,> 30 MeV and the integral flux of u-bursts, see
Fig. 1 c).
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Figure 2 : The connection between the proton flux /, and
the parameter V;; of radio bursts of type II

3. Relationship between the intensity of the proton
flux I, SCR and the parameters of radio bursts of type
IT in the range 25-180 MHz

The relationship between the intensity of the proton
flux 7, 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/).

log,, f,, =a-\Jt, +b. (1)

This dependence allows us to estimate the rate of fre-
quency drift sufficiently accurately for 95% of type 11
bursts in the range 25-180 MHz, for which the correlation
coefficient r between the observed and calculated values
of the frequency > = 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 /, and the relative distance be-
tween the harmonics of the type II burst at a given instant
t, where the correlation coefficient 7 between the investi-
gated values of =~ 0.70, while the relationship between I,
and the drift velocyte turned out to be low (7=0.40).
However, it was noted that if when calculating the fre-
quency drift velocity ¥ (2), take into account the fre-
quency distance between the harmonics of the type II
burst at a given time ¢, then the relationship between /, and
parameter Vj; increases sharply.

frmh

v, =220
i ¢

2

where f; and /> are the frequencies of the maximum of the
type II burst at a given time ¢ at the first and second har-
monics, respectively. Time ¢ 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
1, and the parameter V;; for protons with an energy £, > 30
MeV and an upper frequency f> = 40 MHz. In Fig. 2 b)
shows the dependence of the correlation coefficient be-
tween I, and V7, depending on the upper frequency f5, and
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in Fig. 2 c), depending on the energy of the protons £,. In
Fig. 2 b) and c) it is seen that the maximum correlation
between the proton flux /, and the parameter V;; is ob-
served for the upper frequency /> in the range 25-60 MHz
and for protons with the energy E,> 30-100 MeV. In Fig.
3 shows the relationship the intensity of the proton flux
I, with the parameter V; (a thin line) and the integral
ﬂux [Fdt of microwave bursts (a bold line) as a function of
the proton energy E,. In Fig. 3), it is seen that the rela-
tionship of /, with the parameter V; and with the integral
flux [Fdt of microwave bursts is approximately the same
for protons with an energy E,> 30 MeV. However, the
relationship of 1, with the parameter V;; decreases sharp-
ly for protons wrth an energy £, <30 MeV, while the rela-
tionship /, with the microwave flux det remains strong
enough for protons with an energy £, <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 7, and the velocity of coronal mass ejections Veye

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 Vi and the integral flux of
the continuum microwave bursts fFﬂdt. 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/UNIVERSAIL /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 /, and the velocity of the CME V. In
Fig. 4 a) shows the relationship between /, with the proton
energy £,> 30 MeV and the velocity of the CME, where
the correlation coefficient » between the investigated
quantities is =~ 0.72. In Fig. 4 b) shows the dependence of
the correlation coefficient » between [Fdt and Ve (thin
line), as well as between [Fdt and 1, (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 1, and Ve (thin line), and also between 1, and
the 1ntegral flux of microwave bursts fF dt at 8800 MHZ
(bold line) from the energy of protons E,. It is noteworthy
that the connection between Vi and 1 with JF dt as a
function of frequency f'is very similar (see Fig. 4 b)) The
same tendency is seen in Fig. 4¢), where it is seen that the
behavior of the relationship of the 7, with V¢ and with
IF dt as a function of the proton energy E, is also very

similar. However, the relationship of I, with Veyg is
somewhat lower than 7, with [F,dt.

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 /, and the inte-
gral flux of microwave bursts J F dt was conﬁrmed Also
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in this paper, arguments are given indicating the presence
of a strong connection between the proton flux /, and the
frequency drift velocity V; = (f; -f;) /t, calculated with
allowance for the frequency distance between the first and
second harmonics of the type II burst at a given time ¢. It
is shown that the relationship between the proton flux /7,
and the parameter V;; depends to a large extent on the fre-
quency of the maximum of the type II burst at the second
harmonic f; at a given time ¢ and on the proton energy E,,.
The maximum correlation between /, and V; is observed
for protons with an energy £,> 30-100 MeV and in a nar-
row frequency range of values for the upper frequency f>
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 /,
and the velocity of the CME, as previously reported
(Grechnev et al., 2015).
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ALGORITHMS OF MULTI FREQUENCY RADIOMETRY IN THE
CONDITIONS OF BROADBAND INTERFERENCE

V.V. Orlov, O.A. Lytvynenko, V.V. Galanin
URAN-4 Observatory of IRA NASU, Odessa, Ukraine, uran4@te.net.ua

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.

ABCTPAKT. Po3BuTok nH(pPOBHX TEXHONOTIA IS
0araTo4acTOTHOTO MPUIOMY CHTHAIIB Y HU3bKOYACTOT-
HOMY Jiana3oHi CTBOPIOE MEPeIyMOBH Ul 3aCTOCYBaHHS
ONTUMAIILHUX  aNroOpuTMiB  (OpMYBaHHS  JiarpaMu

cnpsimoBanocTi ([IC) B peanbHOMY uaci 6e3 3MiHHM amnep-
TypH aHTCHHU Pai0TeNIECKOTIa.

v npeAcTaBiIeHIiH  poOoTi
JOCHIKYETHCS MOJIeTIb  CHCTEMH Ha OCHOBI
MYJIBTHILTIKATHBHOT 00poOKHu (MO). Cucrema
CKJIaAa€ThCs 13 OBOX AHTEHHHX pEIINTOK, CUTHATH 3
BUXOJIIB SIKUX, IPOXOJISITh Yepe3 BY3bKOCMYTOBI (QiIbTpH
npuiitManbHUX TpucTpoiB. [licas  ¢inpTpamii  BoHH
mignaroteess MO # BaroBoMy mijcymoByBaHHIO. Jlami
PO3TIISIAETHCS ATOPUTM (POPMYBaHHS BY3bKOTO MPOMEHS
niarpamu CIIPSIMOBAHOCTI 6araTo4acTOTHOTO
pamioiHTepdepoMeTpa Ha OCHOBI BiIOMOTO METOAY Iij-
CYMOBYBaHHSI ~ KOCHMHYCOil. 3MicT HOTO TOJsATae B
MiZICYMOBYBaHHI Pe3yJIbTaTiB MYyJIbTHILTIKATHBHOT 00p00-
KM CHTHAJIB 3 BUXOJIB JEKiJIHKOX MPOCTOPOBO PO3HECE-
HUX JIBOKaHaJIbHUX 0a3 pi3zHOro macmtady. Y po6oTi,
BuKopHcTOBYI0our MO, NpONOHY€ETHCS METO]] 3MEHIIICHHS
mupuHU rojoBHoro nentoctka JIC Ha oxmHii 6a3i 3a paxy-
HOK IPUHOMY CHUTHAJIIB Ha JEKLIBKOX dacTtorax. [lomans-
i PO3BUTOK METOAY MOB's3aHuil 3 omTuMizamiero JIC
y OararouactoTHiii MO, IO MPHBOAXUTE A0 MOXIHUBOCTI
3HIKCHHS PIBHS OIYHHX TETIOCTKIB 32 paXYHOK 3Baxy-
BaHHS CUTHATIB 3 BUXOAiB kaHamiB MO. J{ns miei meTH,
JUIL CyMH HETapHUX KOCHHYCOiJ HEOOXiTHO BU3HAYMTH
BaroBi KoeilieHTH, Mo 3a0e3MeyyloTh MiHIMAJIBHUH ce-
PEIHBOKBAIPATUYHUN piBEHb OIYHHUX TETIOCTKIB Y
3amaHii 30HI 3HMKeHHS piBHA JIC. Y pesynbrati MO 006-
poOKu OIEPKYEMO 3MEHIIEHHS aMIUTITyx Oi4HHX
MEJTIOCTKIB TpH He3HayHoMy 30imbmieHHi mupuHu JC
AHTEHOI cUCTeMHU. Y POOOTI PO3TIANAETHCS TaK CaMo aj-
TOPUTM 3MEHIICHHS HIMPOKOCMYTroBHX 3aBaja. CuHTE3
NTOPUTMY ONTHMI3allii 3BOJAUTHCS IO HEOOXiTHOCTI BH-
3HAYCHHS BaroBWX KOCQIIIEHTIB 1 4acTOT, m[o 3abe3me-
9YIOTh MIHIMaIbHUHA CEepeIHhOKBAPATUUYHUN pIBEHBb
6iuyanx nemoctkiB JIC y 3anmaHiii 30HI 3HIDKCHHS, IIpH
oOMexeHOMYy Jiama3oHi po3Hocy 4dacToT. IlepepaxoBaHi
METOIH MPOTOHYEThCS BUKOPUCTATH B PagioacTPOHOMII
JUTSI TIOJITIIIEHHS IKOCT1 MPOBEACHUX JTOCIIIKCHb.

pO3IIISLAAETHCS 51

Kro4oBi cjioBa: aHTEeHHA pelIiTka, MylIbTHILTIKATUBHA
00poOKa, onTHMI3allis, AlarpaMa CIpsSIMOBOBAHOCTI.

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 10200 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 AP, AP;, the

signals from whose outputs pass through are @y;, @y
narrow-band filters / =1,..,L of receivers tuned to @) fre-

quencies, then subjected to MP and weighted summation
with coefficients g;.

0, — _
o= Retii &>
Ap D,, N
2 : 29
0,
= RtV e
D, | —= o

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 [ frequency
channel of two omnidirectional antennas can be repre-
sented as

U, @O =Uexpf(a+i,)+@,} =Uexpj(at+@, +y;)}
Uy (@) =Uexp (@) (¢ —1)) +@, } =Uexpf(ar+@, ) 1.(1)

Where 1o — the delay time of arrival of the wave front

along the aperture of MP, the size of which
d=2A/2=nv/w is matched with the wavelength 4,

main (first) carrier frequency @ = @,, speed of wave
propagation v, W, =, =7r(w,/®)cosep - the
phase of spatial delay of the wave front arrival at the fre-
quency @, , ¢ — the angle of the wave front arrival rela-

tive to the normal of AP base , ¢g— the initial phase. It is
[ =1,..,L, the ampli-

tude, phase and mutual frequency distortions are elimi-
nated to the accuracy of power leveling in frequency chan-

nels P=2F =<U”*U2l>, [=1,..,L , where < >

are the averaging symbols of the process over time.

assumed that in filters @y;, Dy,

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 Uj;,U,; from the out-

puts of a pair of filters tuned to odd / =2i—1 frequencies
are subjected to MP

U= Zi, g Rel U;,ZI—I y=U Zi, 8y O (2 —Dy}.

The output signal, taking into account the AP of the
same sub-arrays Y(w), determines the AP of multiplica-

tive processing D(y)

Ui =U2Y2 )Y cost@l -y} =U2Y2@)Dy) (2)

It is easy to show that when using odd frequencies and
equal weights ( g;=1), the AP MP is determined by the

relation (Gradstein, 1971)

D) = Zlel cos{(2l -y} =0,5sin(2Ly)/sin(y) (3)

The level of maximum side lobes of AP (3) is -6.6 dB,
while for linear N =4L -clemental 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 g; 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(y)
U, =U Y1), cos{Ql Dy} =UY*(y)Dy) . (4)
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Imagine the normalized signal at the output of the
L - frequency MP in the form

y=U_|U*=G"X , (5)

6blX

where X' ={cos@,cos2,..,cos(2L—1)¢} — the

vector of signals of the angular direction ¢ from the out-
puts of MP, Gl = {g1.82.--.g} - the vector of weight-
ing coefficients. Then the function H minimized by the

vector, with the signal ST ={L1,..,I}, with the angular
position in the maximum of the AP (¢ = 0), is determined
by the expression

o 2
H =min | y*(p)dg,

Where z — the side lobe suppression zone,
ze[Krn/2L, n/2], K — the coefficient of expansion

npu G'S=L (6

maxim AP.
In the matrix form (6) has the form (7)

H=infG'R,G, 7

GTS=L

where Ryy - the correlation matrix of the input signal
with the elements

7 =L cos[ (2 ~T)p]cos[(2/ ~glde =

05 sinKz(i+j-1)/L I sinKr(i—j-1)/L %) (8)
_ i+j—1 i—j-1
mz-zwn-%, i=j

To find the vector G, the method of indeterminate
Lagrange multipliers « is used and an auxiliary function

(Burakov, 1976) B =0,5G! RyyG+a(STG-1L) is in-
XX

troduced. After equating the derivative to zero dB/dG =
0, the solution of the resulting equation is

G=RuSSTRAS L. 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 @ = @, 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 @, , taking into account (1) and (2), have the form
N , .
Uy(0)=2, Uexp{jlo,(t+,G=D]+py} =
N . .
= z,':1U exp{j(ot+@, +(i-Dy,)} =
_Usin(Ny, /2)
sin(y, /2)
Usin(Ny, /2)
sin(y, /2)

exp{j(@f+@y +(N-Dy,/2)

U,@)= expij(ot+¢, —(N-1y,/2),

where v, =wt, = w(w,/w)sing — the phase of the
spatial delay of the arrival of the wave front at the fre-
quency @,;, @ - the angle of the arrival of the wave front

relative to the normal to the array, taking values in the
interval [—7/2,7/2].

Then the output signal after summing the frequency chan-
nel responses is determined

U, = Re{UUU;’,} =

6blX

. 2
_r St sin(Ny, / 2) YR (10)
248 (—Sm(% 2 | costv(V-D3

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
y=U, U =Y ex(9)=G"X.

where the elements X of the vector signals from the
L outputs of the MP are determined by the expression
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_ (sin(Nﬁ(co, /2w)sin@)

sin(r(e, / 20)sin @) J cos{(N -1 (e, / w)sing}-

Then the function A minimized by the vectors G,€2 , with

the signal S T - {L,1,..,1} , with the angular position at the
peak of the AP (@ = 0), is determined by the expression

— 1 2 Tg _
H=min[y*(@)dp,  npu G'S=L (12)

where the minimization of the functional is carried out
along two vectors G,{) of variables, z — the side-lobe

suppression zone, z €[@,@,], Q' ={w,,...,0,} -
selected frequencies containing wideband interference. If
the set of M frequencies €2 is predetermined and its size
M = L 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 M > L 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 ((p1 ,(pz) 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

((Pla(Pz)~ On Fig. 3 shows the APs of the 64-element

antenna sub-arrays, N = 64, for two frequency channels
with frequency detuning @, / @, = 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.

rpag

W
I [ S !

4 8 12 16 pax
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 @, / @,= 1.1, 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.

ABCTPAKT. Po3rastHyTO €BOJIOMNi0 (HOPMHU TENFOCTKU
pamioramaktuk FRI i FRII TumiB 3 Touku 30py 3MiHE KOH(-
rypaii BEeIMKOMACIITaOHOI CTPYKTYPH MAarHITHOTO TOJSA, i
TIEPCHECEHHS CHeprii y BUrILI TypOyineHTHIX MI'[I XBUITh.
JocmimkeHo B3aemomiro 1 TpaHC(hOpMAII0 XBHIB, POJb
MI'/] XBIJIb Ta BUXOPIB B IpOIIECcaX 3MIITyBaHHS CEPETOBHIIL
1 B IOCHJICHHI CepeHBOTO MarHitHOro moss. [IpoanarizoBa-
HO TIepeHeceHHsI e- KocMivHnX npomeHiB (e-KI1) manux ene-
priif, BiAnoBiTampHUX 3a pagioBuipoMiHioBaHHSA B MI 11 mia-
na3oHi (peectpoBane Ha Teneckomax YTP-2 i I'YPT), na
npukiani mkepen Jlebige A 1 M87. IlokazaHo, 110 3a mepe-
Hecennst e-KII, TolloBHUM YHHOM, BiJIIOBIAIOTH MPOIECH
muysii KIT za MI'J] TypOyneHTHOCTI, i 3aXOIJIeHH KOCMi-
YHUX HPOMEHIB KBa3iperysipHUM MOCT-KETOBUM ITOTOKOM
BCEPEIMHI METFOCTKH. B ONMDKHIA OKOJHIN TOPSYOI TUIIMH
FRII pamioramakTUKe KOCMi4HI MPOMEHI BHHOCSTBCS PETY-
JSIPHOIO TEUi€l0 Pa3oM 3 ITOCT-JPKETOBUM ITIOTOKOM IIBHIIIE,
HiK mudy3iiHIM MexaHi3MOM. PerymsipHe mepeHeceHHS i
miudy3is Ha BUXpPOBiH TypOYIEHTHOCTI MaluX MacIITadiB
BU3HA4aIOTh notmmpeHHs e-KJI Manux eHepriii nuine y BHY-
TPIIIHIM YaCTHHI METIOCTOK pajiio TalaKTHUKK; B TOH e Jac,
SK au¢y3ifiHe MOIMPEHHS MPOMEHIB, IO BiIOyBaeThCA 3a
paxyHoK po3citoBaHHS Ha MI'J] XBUIIAX, € JOMIHYIOUUM Me-
xaHi3MoM riepeHeceHHs1 KJI B 30BHIIIHIX ITapax IEIFOCTOK
panioranmaktuk. B FRI pagioramakTukax mepeBaxxHo JOMiHye
neperecerHs e-KII 3 teuiero. Enexrponni KIT mamix eHep-
rid MU YHAYIOTH MOBUIBHIIIE 32 €HEpriliHiI e-KOCMIYHI Ipo-

MEHi, 1 BOHH MIUIBHIIIE TPWISTAIOTh IO JIiHI MarHiTHOTO
TOJIST; B pe3yibTati 9oro, MI'TI- BUIPOMiHIOBAaHHS, IO CIIO-
CTepiraeThes, MiAKPECTUTh BC1 OCOOMMBOCTI TETIOCTKH, SIKi
BUHUKAIOTh TIPH NIepeOyI0Bi MAarHITHOTO MOJIS, 1 peTebHIIIIe
MIPOMAJTIOE CTPYKTYPY MEPETHLOTO KPato METIOCTOK B pajIio-
raJlakTUKax 000X THIIIB.

Key words: radio galaxy, lobes, FRII, Cygnus A, FRI, M8&7,
cosmic rays, magnetic field, MHD turbulence, transport of
CRes, 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 B,-magnetic field, elongated
along the post-jet streams of matter, and a toroidal B,-
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 B,-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
(n/p =10*" cm?/s, see Table 1). So, the B,-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 B, magnetic fields. Here: n/p = 10%
cm’/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 4,, ~ (0.01...0.1) rys > 1 kpc), and small-scale
vortex perturbations (A v ~ ¢ min(z; 7,) ~ 0.1-3 pc),
accompanying the mixing of post-jet plasma and ICM
(with small part of atoms, p, < 10 picar). 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 (B,,/By ~ 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 (B,/By ~ 0.3), and they decreases with distance
from these places, both inside and outside the lobe (up to
B,/By ~ 0.003); while, outside the lobe, the magnetic
fields again become chaotic (B,,/By~ 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 (B,,4 ~ 0.3
By) accompanying the jet flow (with Doppler shifted ve-
locity, vy 4 ~ ¢4 + ujp ~ c4+ ¢/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 pj 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 (Boz/pje[ = 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 (B, ms ~
0.1 By), 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, By, ms ~
0.2 By, that propagating along the jet at the velocity of
Veus~ Cs T Cq T Uy

Inside the lobe, there is a constant mixing of media on
pe-scales, A, y. 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:
Dd;ﬁ"_th_VXN}“mix, vx Cs™~ 1 03ocm2/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 Model
parameters Cygnus A M 87 parameters Cygnus A M87
Jet-lobe power: Sound velocity,
Li , ergls ~510% ~ 10" <c>le 0.0012 0.0017
Lobe density: Alfven velocity,
<p>/m,, cm™ 0.02 0.04 <cpa>/c 0.001 0.00013
Magnetic field, Collision time,
B, mkG 300..20 15..5 Tji, Myr 0.1..1 3..10
Lobe presser, Collision time,
<P>, dyne/cm’ <10® <107 T, kyr 10..100 0.1..1
HS position, Kinematic. visc.,
rus, kpe 70 13 <nw/p>, cm?/s 10% 10*
Lobe length, Magnetic visc.,
R obe, kpe 110 90..120 <ne/p>, cm’/s 10" 10'¢
HS velocity, Viscosity in HS,
ugs/c 0.01 <0.1 c/c Nk ns/p, cm*/s 10%° 107
Bow shock or Dumping length,
flow velocity, 25 ¢ exdlc ~¢g/c A dqump A> KpC 10..100 0.1
U tail (Bow shock)/C
RG age, Dumping length,
Lages Myr 10 30 A dump M5, 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: ryg = 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,

At =|}7—I7HS|/ U, 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 (Atage~ 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 (Atage~ 0..30 Myr).

The diffusion transport of the e-CRs at each given mo-
ment can be characterized by y = E/(m, ), 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 (Day cr rx ~ D yx), and the coefficient

for CR-diffusion on MHD fluctuations of the magnetic field
depends on the CRs energy as (Toptygin, 1986):

Dy i (75-) ~ (AHBe(y"‘) : 0/3)' Jet(B),B,);

2/3

R 7/1/33

gB

| L
AHBe(yﬁ")N(Bw/BO) 2 R_O

gB

_ -1 3 -2
LO ~ /’Ldump,A + ﬂ'dump,MS - p(771< +nM) ’ CA a)AO +

3 i)
PN +1y) " e @yg s

here R, (B,) is gyro radius of low energy e-CR at y=2,

Ly is correlation length of the MHD fluctuations, that is
proportional to the wave-dumping lengths (at waves fre-
quency of @, ~ @,5, ~ 107 yr™).

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 y =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:
|

2
2 ipres ~Day et - Al )7 +(0.1..1)c, At
and the e-CRs are transported due to the quasiregular
flow, and the diffusion by eddy turbulence and MHD
waves:

age ’
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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 y =30 (it corresponds to the synchrotron radio
emission in the MHz band with a magnetic field strength of 20 mkG).
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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 y =300 (it corresponds to the synchrotron radio emission in the MHz
band with a magnetic field strength of ~ 5 mkG).
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1/2
/ICRfDiff,Z ~ ((DdiﬁgMHD +Ddiﬁ‘7Vx) ’ Atage) >

;LCR,Z ~ /lpjjeg + /ICRfDiff,Z :

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: A, 10, = (1-7) kpes A s

(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: ﬂ’pjﬁDiﬁf,reg ~;tpjjeg= (1-10) kpc; /ICRfmﬁf,z =(1-3)

kpc. Although, in the anterior part of the post-jet lobe-tail,
the diffusion of CRs at y ~ 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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OF PROTON SCR
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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 £,> 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
E,> 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 /, in
each energy channel during the proton event was chosen.
The intensity of the proton flux Z, was calculated from the
preflare level. In the case of superposition of proton
events, the intensity of the proton flux /, 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.

ABCTPAKT. VY gmaHiif cTaTTi pO3TIIAIacThCS HOBa aIl-
POKCHMaLisl IHTErpalbHOTO CHEPreTUYHOTO CIIEKTpa Mpo-
TOHIB COHSTYHUX KocMigHmX mpomeHiB (CKII) B miamas3oHi
E, > 1-100 MeB. [ocmimxysaHa BHOipka MICTUTh 342
MIPOTOHHUX Mozii 3a mepiox 3 03-02-1986 mo 23-07-2016
poky. Jlana BuUOipKa € MOBHOI, OCKIIBKU MICTHTH IYyXKe
cnabki 1 HakageHi npoToHHi noxii. Haknmaxeni momii mo-
JNITSUTACS 1 OTOTOXKHIOBAJIMCS BIAMOBITHO JO KPUTEPiiB
npotoHHOCTL. 3 342 mporoHHux noxii 164 moxii Oymu
OTOTOXHEHI 1 00poOIIeHI aBTOpOM caMmocTiidHO. [l aHa-
Ji3y OyJTM BHKOPHCTaHI OpUTiHATBHI 3alUCH iHTCHCHBHO-
CTi MOTOKY NMPOTOHiB 3 eHepriero £, > 1-100 MeB 3 koc-
Miunux amapartis cepii GOES. Sk mapamerp, mo xapakre-
pU3ye IHTEHCHBHICTh MOTOKY IPOTOHIB, OYyJO BHOpaHO
MaKCHUMaJlbHe 3HAYCHHS IHTCHCHBHOCTI MOTOKY MPOTOHIB

I, B KOKHOMY €HEPreTHYHOMY KaHajli IiJl 4ac IPOTOHHOI
noxii. Ilpy bOMY iIHTEHCHBHICTh MOTOKY NMPOTOHIB /, 00-
YUCIIIOBAJIACS BiJ PiBHA Mepeia cmanaxoM. Y pasi Hakia-
JICHHS TIPOTOHHUX MOJiil IHTEHCUBHICTh MOTOKY IIPOTOHIB
I, obumcimoBanacs Bil piBHA monepeaHboi noxii. Takox
mpu OOpOOKHM OpHUTiHAJIBHHUX 3alUCiB MPOTOHHHX MOJIN
BHKJIFOYAJIMCS BUKHIH, TIOB'S3aH] 3 TEXHIYHIAMH MEPEIIKO-
JIaMH 1 3 HAKJIAJCHHAM MDKIUTAHETHUX YAAPHUX XBUIIb.

[opiBHANEHUI aHali3 MOKa3aB, MO BCi MOJIT MOXKHA
PO3IUIUTH YMOBHO Ha 5 THHIB 3a (OPMOIO CHEPIEeTHYHOTO
CHEKTPY MPOTOHIB. Bimomo, mo s OiIbIIOCTi MPOTOH-
HUX monii eHepretuuHuii criektp mporoniB CKII mocuts
TOYHO ONHCYETHCS IBOCTYNEHEBUMH Mozensmu. OmHak
3aJIMIIAETHCS BEIMKA KUTBKICTh MOMIN, U SKUX eHepre-
TUYHUN CTIEKTP MPOTOHIB HEMOKJIMBO TOYHO alpOKCHMY-
BaTH JBOCTYTIEHEBUMH MOJCIAMHU. Y 3B'SI3KY 3 LIUM B Lii
po6oTi Oyna BUKOpUCTaHA 1HINA 3aJIEKHICTh, IO JO3BOJISE
JIOCUTh TOYHO AaIpPOKCHUMYBaTH EHEPIeTHYHHNA CIEKTP
MIPOTOHIB TSI BCIX MOIMN.

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 /, with the energy E), in the range
E,>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 /, on the proton energy £,>0.8-100
MeV. To this end, original records of the intensity of the
proton flux 7, with the energy E, in the range £,>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 /, of a given energy was chosen
during the proton event. The value of the /, parameter was
calculated from the preflare level. In the case of superpo-
sition of proton events, the value of /, 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 E,>1-100 MeV and their approximation

After calculating the maximum values of the proton
flux 1, 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 /, calculated using the regression model
(1), where a, b, ¢ 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 7, with the
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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.

energy E, in the range £,>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 /,. In Fig. 1 (right) shows the contribution
of each parameter to the intensity of the proton flux. For
convenience, the values of the logarithms £, and 1, 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 /, 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 ¢) (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 £,>5-100 MeV. The X and Y axes show the calcu-
lated and observed values of the proton flux I,, 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
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Figure 5: A comparison of the dependences of Lg /, on Lg
E, in the range E,>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 £,>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

integral flux of microwave bursts [F,dt

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 £,>1-1000 MeV was investigated. Comparative
analysis showed that for protons with energies in the range
E,>1-100 MeV, both functional give a fairly good agree-
ment between the calculated values of /, for the 5 charac-
teristic types of the spectrum, see Fig. 5 (left). However,
for protons with energies £,>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 /, increase with increasing proton en-
ergy E, (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 E£,>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 £,>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 I, with the
integral flux [F,dt of microwave bursts

Also, the connection between the parameters in the func-
tional (1) and the integral flux IF,,dt 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 fFﬂdt of microwave bursts and the
parameter 10% in the functional (1), where the correlation
coefficient » between the investigated quantities is about
0.70 (see Fig. 6 a)). At the same time, the connection be-
tween |F, At and the observed intensity of the proton flux 7,
(E,> 30 MeV) is much worse (7=0.49), see Fig. 6 b). Recall
that the parameter 10° in the functional (1) characterizes the
initial (total) number of accelerated protons with £,> 1-100
MeV. The presence of a strong connection between the
integral flux IF,,dt of microwave bursts and the parameter
10% 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 fFﬂdt and the parameter 10°, 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 /, relative to the values
of the integral fluxes JF#dt of microwave bursts. Signifi-
cantly overestimated observed values of the intensity of
the proton flux 7, 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 £,>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 <10* G can be specified:
(1) the dependence of the measured magnetic field on the
factor ged’ of magnetosensitive lines (Gopasyuk et al.,
1973; Lozitsky, 1980), (2) local extremums in splitting of
bisectors in the profiles 7 + V for lines with different
Lande factors (Lozitsky, 1980; 2015) and (3) the reliable
splitting of emission peaks in Fel 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 24™ cycle. Stokes-metric
measurements are made in the Fel 15648.5 A line with a
signal-to-noise ratio of about 10™. 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 magnetic fields.

ABCTPAKT. v LBOMY JIOCIII IKEHHI MH
MPECTaBIIEMO CTapi W HOBI CIIOCTEPEXKHI [aHi, IO
CTOCYIOTBCSL ~ NpOOJNEMH  eKCTpEeMalbHO  CHJIbHHX
MarHiTHEX moniB (=5 kI'c) B armocdepi Conmst. Mu
HarojolryemMo, IO BEpPXHS MeXa  HalpyKeHOCTi
MarHiTHoro moisi B armocdepi CoHLs € Ha ChOTOJHI
HeBigomoro. CeBepuuit (1957) mpumyckaB eBpECTHYHO,
10 MarHiTHI NOJIA Y COHSYHUX IUIIMAax MOXYTb JIOCSATaTH
50 kI'c. Hlomo cmocTepexHUX TaHUX, TO MOXHA BKa3aTH
MIpUHANMHI TPH apryMeHTH Ha KOPHUCTh MarHiTHUX IOJIB
pias <10* T'c: (1) 3aneXHiCTh BUMIPSHOTO MAarHiTHOrO
monst  Bim  (pakTopa gepd’ MArHITOUYTIMBHX  ITiHilH
(Gopasyuk et al., 1973; Lozitsky, 1980), (2) moxanbHi
EKCTPEeMyMH pO3ILeIIeHHs OicekropiB y npodimsax [ = V
Ut TiHi# 3 pisHEME QakTopamu Jlarme (Lozitsky, 1980;
2015) i (3) mocToBipHE PO3MICIUICHHS EMICIHHHX ITiKiB B
niHisx Fe I 3 myxe am3pkumu pakropamu Jlanme, 01M36K0
0.01, y cmekTpax TOTYXHHX COHSYHHX CIIajaxiB
(Lozitsky, 1993; 1998). TeopeTnyHO, HAACWIBHI TOJSA
MMOBHHHI MATH TiTaHTCHKUM MAarHITHHH THCK 1 MOXYTh
iCHyBaTW JHMIIE OpU CHeUUdiyHid TOMOJOTii CHIIOBUX

JiHiE, oyeBMgHO, Oe3cmioBoro tumy (Soloviev and
Lozitsky, 1986). J[lna mnomanpmoi po3poOku  Imiel
mpoOieMr MM aHajJi3yeMO HOBI CIIOCTEpEXKHi JaHi,

oTpumaHi Ha crekrponossipumerpi NIRIS Haiibinbmmoro
Ha choroHi conssyHoro teneckona GST obcepsaropii bir
Bep (BBSO). Hami crioctepeskeHHS CTOCYIOTHCS aKTHBHOL
obmacti NOAA 12673, sxa Oyna HalOimbII cIlalaXxoBO-
NPOXYKTUBHOIO y 24-my 1wmkii. CToKc-MeTpH4Hi
BUMipIOBaHHA BuKoHaHi B Jimii Fel 15648.5 A mpm
BiHOIICHHI CHTHAJ/IIYM OJHU3bKO 10* Came B wmiit
obmacti OynM HEJAaBHO BHSBICHI MAarHiTHI MOJuA 3
Hanpyxenictio 5.57 k['c (Wand et al., 2018). Jlonatkose
JOCTiKeHHs puOnn3Ho 70 pi3HHUX Micup i€l aKTHBHOI
objacTi mokaszano, 0 B HiM iCHyBalIM MIISHKH JIBOX
TUMIB, fAKi YMOBHO MOJKHa Ha3BaTH «THIIOBUMH» 1
«cneuudiuHuMuy. B «TUMOBHX» AUISHKaX BEIUYUHA
MardiTHOrO MOJsl B IJIOMY THUM Oiiblla, YMM MEHIIA
IHTEHCHUBHICTP B KOHTHHYYMi, NPHYOMY MaKcHMalbHe
mone TyT He mepeBumye 4 klc. Bcei «cnemmgpivni»
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UITHKHA BIAITOBITATH MICISIM 3 HaHO1JIBIIIOI0
IHTCHCUBHICTIO y CIIEKTPaJbHOMY KOHTHHYYMi, IPHYOMY
HaTpy>KEHICTh MarHITHOTO TOJA TYT B Mexax 3.0-5.7 x[c.
Crmig 3ayBaKWTH, IO TaKi CHJIbHI MAarHiTHI moyisi Oynu
BIIEpIIC BHSBJICHI 3a MEXaMH TIHEH COHAYHHX IUISM.
OpieHTanis BEKTOpa MarHiTHOTO IIOJISI B «CIICIA(IIHUX)
IUITHKaxX OJiM3bKa 1O TPaHCBEPCAIBHOI, IO TaKOX
HETUIIOBO ISl «THITOBHX» AUISHOK 1 MOKE BKa3yBaTH Ha
CUJIbHE CKpYYyBaHHS CHJIOBUX JiHIH.

Kuarwuogi ciaoBa: CoHIle, COHIYHA aKTHBHICTh, COHSUHI
IUIIMH, COHSYHI cClajaxy, MarHiTHI MOJIA, CIEKTpaibHi
niHil, eexT 3eeMaHa, HaACUIbHI MArHITHI MOJIS.

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 A 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—1.7to -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 Ha line ( till 8 A) 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 /, O, 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 [ 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 g4’ 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 R; = B)|(A)/B|(6103) on magnetic sensitivity factor
gA* using magnetographic data obtained in 13 spectral
lines A; (Fig. 1). The data were obtained with the solar
magnetograph of Crimea Astrophysical observatory.
Longitudinal magnetic fields, B|, were measured in range
|B|| < 100-200 G using Stokes V' parameter. In this field
range, the weak field approximation is applicable, when
By ~V/ g\%. Due to this reason, measured fields should
not be dependent on gA* factor, assuming that the solar
magnetic fields are really weak. Contrary to the above
reasoning, a remarkable dependence was found: R; values
were nearly the same for the lines with high magnetic
sensitivity, while these values display a rapid grown for
the lines with decreasing gA” factor.

Similar dependence was also observed by Lozitsky (1978)
using Stokes / 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 / intensity
gradient, dr; /dA, measured for about ten Fel lines and
compared with theoretical expectations derived from Unno
(1956) theory. One can see from Fig. 1 that Stokes ¥ and /
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 R; = B)(A)/B|(6103) on the magnetic sensitivity
factor g\’ as derived from Stokes V (filled dots) and
Stokes 7 (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, /', of such
structures should be proportional to magnitude of the
background field By,ck.

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, (AAg)eps, Of IV profiles changes with the
distance, A4, from the center of spectral lines with a small
Lande factors (g = 1-1.3) and a considerable half-widths
(AAi,=0.2-0.3 A). 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 (AAy)gs (or
splitting of bisectors, BS, of I+ V profiles) should be the
same at all distances, A1 , from the line center, while
observations showed to the contrary.

In Fig. 2 we plot BS as a function of AA/gA’, which
shows three distinct maxima. The reason for this is easy to
understand, if we recall that the Zeeman splitting AAy is

82.7 AMg)A*( mA)

Figure 2: Averaged bisector splitting BS vs. the
normalized distance from the line center, 82.7 AL/gA’,
plotted for 9 narrow lines such as Fel 5250.2 (filled circles
and solid line) and for 7 lines such as Fel 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 gA’B, where B is the magnetic
field strength. Thus, when we take the ratio AA/gA’ for any
maximum in Fig. 2, we in fact fix the magnitude B of the
magnetic field because B ~ Ady/gA’.

One can see from Fig. 2 that although the narrow
spectral lines such as Fel 5250.2 and wider lines such as
Fel 5233 exhibit certain discrepancy between the absolute
values of the measured BS, the position of the maximums
in the coordinates “BS — Al/gA”” 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 10* 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 J, and J; of
zero and first orders and has a multipolar periphery and
the magnetic field up to ~10* G with discrete values near
the tube axis. For a 10* 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 / + V' profiles is shown
at different distances from the center of Fel 5233 A
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 — AL”.
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Figure 3: Averaged standard deviation of observed
bisector splitting observed during flares from the linear
trend (SDFLT) calculated for Fel 5233 A 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 mA 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 Fel 5233 line
measured in quiet Sun regions. They observed only one
maximum at 80 mA (see Fig. 7 in Ulrich et al., 2009)). It
is possible, the absence of the second maximum at 170-
200 mA 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 mA to 40-50 mA.
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 Fel lines with
very low Lande factors (Lozitsky, 1993, 1998). The data
were obtained with HST Echelle spectrograph. It was found

1.0—
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Figure 4: Comparison of / + V profiles of Fel 5123.7, Fel
5434.5 and Fel 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 / + V profiles of some spectral lines, such as
Fel °F,°F) L = 5123.723 A and Fel °F,’Dy 1 = 5434.527 A,
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, gi,, , are exceptionally small,
non-zero, g, = —0.013 and —0.014, respectively (Landi
Degl’Innocenti, 1982).

The observed splitting of emission peaks in / + J profiles
was measured to be AL, = 10-36 mA, whereas the splitting
in I + Q profiles was close to zero (Aky < 5 mA). 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
Fel 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 Fel 5123.7
and 5434.5 lines reached 30 mA suggesting that the actual
width should only be 10-20 mA 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 wunderlying magnetic field structure  was
multicomponent and included both 10° G and 10* 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 Fel 15648.5 A line (g =
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 A and signal-to-noise ratio about 10™*. Spectral line
Fel 15648.5 forms about 200-300 km deeper than well-
known visible lines Fel 5250.2, 5247.1, 6301.5 and
6302.5 A (Khomenko and Collados, 2007) and one can
expect that Fel 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 Fel 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 Fel 15648.5 A 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 Fel 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 o components is equal here 3.7 A (4iy
= 1.85 A) which corresponds to magnetic field of 5.4 kG.

6.0
*
B ¢
5.0 *
Peculiar
N places of 4
AR 12673
40 -
]
~ - x
< *
m
3.0 Typical ® ®
dependence g °
B for sunspots g hd
L] (d
-
2.0
° ~Ne
N
T L ]
1.0
4000 6000 8000

Intensity in spectral continuum

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 y 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 m and o 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, /. The Fel 15648.5 A 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
d/d, = 0.5 sin’y/0.25 (1 + cos’y), (1)
where d, and d, are depths of m and ¢ components,
respectively, and y is an directional angle between the
magnetic field vector and the line of sight. If we denote
d./ds = k, then, we obtain that
cos y = {(1 —k2)I(1 + ki2)}"*. )

The directional angle, y , determined according to
formula (2) are shown in Fig. 7. This includes only those
cases where the m and o 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° <y <79°,

The heliocentric angle, 8, 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 y — 0 to y
+ 6 .. 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 1 15648.5 A 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 A (Fig. 5), while the
observed line width in quiet Sun region is much smaller and
is about 0.3 A. 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.
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PRELIMINARY RESULTS OF INTERFEROMETRIC OBSERVATIONS OF THE QUIET
SUN AT THE FREQUENCIES 8 — 32 MHZ

V.A. Shepelev ', V. N. Melnik ', R.V. Vashchishin *

!nstitute of Radio Astronomy, Kharkiv, Ukraine
? 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 a 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.

ABCTPAKT. IIpoBeneHO AOCHIIKEHHS pPaliOBHIIPO-
MIHIOBaHHS CHOKiifHOT0 COHIIA Ha AEKAMETPOBUX XBHIIAX
3 METOI0 BU3HAUCHHS HOT0 KyTOBUX po3MipiB. Croctepe-
JKCHHS TIPOBOAMIIMICS 32 JIOTIOMOTOI0 iHTepdepoMeTpiB,

0 CKJIAJANIUCh 13 CeKIliil aHTeHH pagioTeneckory Y TP-2.
Opna HU3Ka iHTEpdepomeTpiB 3 6a3zamu Bin 225 mo 1400
M, OpIEHTOBAaHMMH B3JIOBX MepHIiaHa, IpaloBajla Ha
nBox vactoTax 20 i 25 MI'ny 3 mmpunoto cmyru 250 k1.
BoHna BukopucTOBYBajacs JJs OIiHKA (GOPMHU PO3MOALTY
SICKpaBOCTi JpKepena. [[ns BUMipIOBaHHS KyTOBHX PO3Mi-
piB y IIMPOKOMY Jiama3oHi YacTOT 3aCTOCOBAHO IHIITY
IpyIy, MO CKIajaiacs 3 JBOX Map iHTephepoMeTpiB 3
6azamu 225 i 450 M, po3TalIOBaHUMU SIK Y3AOBXK Iapaie-
JIi, Tak i B3MOBXK Mepumiana. [ peectpaiii BUPpOMiHIO-
BaHHS B HUX BUKOPHCTaHO HU(POBI MIMPOKOCMYTOBI PH-
HMadi, IO MpPAaIoTh B Miama3oHi 9acTtoT Bix § mo 32
MTI'. ¥V cnocTepekeHHsSX, MPOBEICHUX B Oepe3Hi-KBiTHI
2015 poky, criocTepiranucst IposSBU CIIOPATUIHOI aKTHB-
HOCTI, fKi YCKJaJHIOBAJIM BH3HAYEHHS IapaMeTpiB BH-
nmpomiHioBaHHA crokiftHoro CoHms. Takoxx 3a3Havanacs
BeJIMKa KIJTBbKICTh padio3aBaj] IITYYHOTO ITOXOJKCHHS.
Jlist ycyHeHHsI 1X BIUIMBY BUKOPHCTOBYBAJIHMCS KiJIbKa
AITOPUTMIB OYMIICHHS NaHWUX. 3aCTOCYBaHHs LUX allro-
PUTMIB Ha TUISHKAX CHCKTpa 3 MaJOI0 KUTBKICTIO 3aBaj B
Mepio/id, BUTBHI BiJl MOTYKHOTO CIIOPAJUYHOTO BUIIPOMi-
HIOBaHHS, JTO3BOJIMJIO 3pOOMTH TOTIEpEIHi OLIHKH KyTO-
BUX PO3MipiB crokiiiHoro CoHI B IBOX OPTOTOHAJIBHHUX
HampsMKax Ha HH3Mi 9acToT Bifg 20 mo 32 MI'n. Busna-
YeHHS pO3MIpIB TPOBEACHO y HAONMKCHHI TayCOBOTO
pO3MOoMiTy pamiosckpaBocTi mkepena. OTpuMaHi OIHKH
po3MipiB criokiitHoro CoHIst 1oOpe 36iratoThCs 3 TaHUMU
IHIIUX aBTOPIB. Biq3HaueHO MpOCTOTY 1 3pyYHICTH BU3HA-
YeHHsI KyTOBOTO PO3MIpy 3a JIaHMMU JIBOX iHTepdepomer-
piB 3 moBinbHUMH 6a3amu. IIpomoBkeHHS MOAIOHHUX I0-
CJIJKEHB JT03BOJIUTH PO3LIMPUTH YACTOTHHUH JAiala3oH 10
HaWHIKYNX 9aCTOT, Ha SIKUX MOJKJIMBE TPOBEICHHS CIIO-
CTEPEXKEHb 3 MOBEPXHI 3eMJli, BUBUUTH 3aJISKHICTh KyTO-
BUX po3MipiB criokiitHoro CoHIs Bix (a3u Horo akTuBHO-
cti. Lle m03BOINTH TakoX MOOYAYyBaTH MOAENH KOPOHU Ha
Bigcranax 1.5-3 paxmiycy CoHIs 6e3mocepeHso 3 pajio-
CHOCTEPEKEHb, 3HANTH, SIK 3MIHIOETHCS 3 YACTOTOIO e(eK-
TuBHa TemnepaTtypa CoHIs.

KirouoBi cioBa: crokiitne CoHue, KyTOBHH AiaMeTp,
iHTepdepoOMeTp, ICKaMETPOBHIl TiamasoH.

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 o > 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 y, 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 y(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 y; and 7y,, determined only at two
baselines L; and L,, according to expression:

0= ZZ,ﬁln(Z) ln(}q /}/2) (1)
7 (L~ L)

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
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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 y (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
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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.

ABCTPAKT. Ha wmarniTHili obcepBaropii «Oxmeca» 3
1948 poxy BemyThCcs BUMIPIOBAHHS MArHITHOTO ITOJS
3emmi. [Ipm 1poMy peecTpyroThCs BUMIPIOBaHHS TPHOX
€JIEMEHTIB Mar"iTHOTO TOJIS: TOPU30HTAIBHOI CKIIAJ0BOi
(H), BeprukanpHoi ckmamoBoi (Z) i cxunenHa (D). Ha
MiJACTaBl MUX JAHUX CKIAJCHO KaTaJor MarHiTHUX Oyp B
XXI cromitri. Y 1mbOMy BHUIYCKY KaTajiory, 3a Tepiof
2000-2009 poku, BKa3aHi jaTa 1 yac MoyaTky i KiHIA Oypi,
TPUBAJICTh Oypi, amIIITyAa @O TPhOX EJIEeMEHTax
MarHiTHOTO ToJisi: H, Z, D, XapakrepucTuka MarHiTHHX
Oyp 13 3a3HAYCHHSAM aKTHBHUX IEPiOMiB.

MOHITOPHHT TOTOKIB TOTYXHHX TaJllaKTHYHUX 1
MO3arajakTHYHUX  pamiomKepen  BHKOHYETBCS — Ha
panioreneckomi  “YPAH-4” Opecekoi  oOcepBartopii

Panioactponomiunoro inctutyty HAH VYkpainu 3 1987 p.
i mo Temep. Y IporpaMy MOHITOPHHTY BXOJATH
panioramaktuku 3C274, 3C405 i 3anumkd HaJHOBHX
3C144, 3C461. CriocTepexeHHs paniomxepen
MIPOBOJIMIINCS OKPEMHUMH CEaHCaMHM, B MeXax + 2 TOIUHU
mo 1 micnd wacy ix KyaemiHamii. Yac mpoxouKeHHS
paniomkepen 3Cl144, 3C274, 3C405 uepe3 niarpamy

CHpAMOBAHOCTI CTaHOBWIO 40 XBWIMH (I KOXHOTO
yacoBoro kyta), nis 3C461 — 60 xBunuH. 3arajdpbHUN 9ac
000BOTO MOHITOPUHTY mepeBumtye 13 roauH. 3MiHH
MIOTOKIB BUINIPOMIHIOBaHHS pazmiomxepen Ha
JIeKaMeTPOBUX XBUJISIX BU3HAYAIOTHCSI CTAHOM 10HOC(EpH
mig BIUIMBOM — KocMmiwHOi moromwm. lleft karamor OyB
CKJIQJCHUH, MO0 BHM3HAYUTH NPUYUHHM 3MIHH HOTOKY
KOCMIYHUX DPaJioKeper 3a JaHHUMH CIIOCTEPEKCHHS Ha
panioreneckormi URAN-4 B Opecekili  oOGcepBartopii
IHcTUTYTY pamioactpoHoMii HamionanpHOT akameMii Hayk
VYkpainu.

MarnitHa  obcepBaTopis  «Opmeca»  po3TamioBaHa
nmoOau3y 30HU MAar”iTHoOi aHomaiii. [Insg BUSBICHHS
e(heKTiB «BIATYKy» B MpOSBI XapaKTepy TIeOMarHiTHHX
Oyp, sIKi BHUHUKAIOTh BHACIIJOK HAsSBHOCTI MarHiTHOL
aHomatii, OyJO TPOBEACHO TOPIBHAHHS TE€OMAarHITHUX
30ypeHb Ha MarHiTHHX oOcepBaropisx “Opmeca” Ta
“Mocksa” (I3BMIPAH). 3okpema BHSBICHO IO 3arajibHa
TPHUBANICTh MarHiTHUX Oyp 3a mepion 2000-2009 poxu B
Opneci nmoBmie, HDK B MockBi. B OiabIIOCTI BHITAAKIB
TPUBAJIICTD NMOTYXHHUX MarHiTHHX Oyp B Opeci Ourble,
Hi’k B MOCKBI.

Ki1r040Bi c10Ba: COHSYHA aKTUBHICTh, MAarHiTHI Oypi,
KaTaJIoT MarHiTHUX Oyp, MarHiTHa aHOMaJIisl.

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 eclements 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.
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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.
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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
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Active periods

Beginning End Duration, |Amplitude| Storm
begin end Comment
h class
date UT date UT H|D|Z date UT date UT
Minor storm with the
03.01.2003{12:00{04.01.2003( 0:00 36 95({94 {36 minor
gradual beginning
. Minor storm with the
18.01.2003( 6:00 [20.01.2003| 6:00 48 105| 64 |39 | Mmunor
gradual beginning
. Minor storm with the
20.01.2003{10:00{23.01.2003( 4:00 66 98| 68 (38| mMunor o
gradual beginning
Moderate storm with the
29.01.2003|9:00 {30.01.2003(20:00 35 116/124|42 |moderate o
gradual beginning
Moderate storm with the
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 o
gradual beginning
03.02.2003{12:00(04.02.2003|12:00
minor Minor storm with the
08.02.2003| 7:00 [09.02.2003( 3:00 20 75170 (26 o
gradual beginning
minor Minor storm with the
12.02.2003( 8:00 {13.02.2003| 1:00 17 83|74 (26
gradual beginning
minor Minor storm with the
13.02.2003(21:00(15.02.2003|21:00 48 80105(35 14.02.2003{9:00 {15.02.2003|18:00
gradual beginning
minor Minor storm with the
16.02.2003( 6:00 {17.02.2003| 2:00 20 86|62 (32
gradual beginning
Moderate storm with the
26.02.2003| 6:00 [28.02.2003( 1:00 43 106(114|48 |moderate
gradual beginning
Minor storm with the
28.02.2003| 6:00 [01.03.2003( 3:00 21 93 (85 (42| minor
gradual beginning
Moderate storm with the
03.03.2003{15:00(05.03.2003( 3:00 36 92 (131|57 |moderate
gradual beginning
Minor storm with the
05.03.2003| 9:00 [07.03.2003(12:00 51 103/ 96 [46| minor
gradual beginning
Moderate storm with the
20.03.2003| 6:00 [22.03.2003( 2:00 44 119/101|50 |moderate
gradual beginning
Minor storm with the
22.03.2003{19:00{24.03.2003( 2:00 31 106/ 85 |32| minor
gradual beginning
Moderate storm with the
28.03.2003{16:00(31.03.2001( 3:00 59 98 [124|81 [moderate o
gradual beginning
Moderate storm with the
31.03.2003| 6:00 [01.04.2003| 4:00 22 127|111|62 |moderate
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
strong 5 4 1
extreme 3 2 2 4 0

Table 3: The duration of the most intense magnetic storms according to the magnetic observatories "Odessa" and [IZMIRAN

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

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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DOPPLER STATION FOR ORBITAL TRACKING OF LOW-ORBIT
SPACECRAFTS BY THEIR RADIO BEACON SIGNALS
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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.

ABCTPAKT. B HJI «MAO» po3pobiieHa Ta mpoTec-
TOBaHAa Ha3eMHa CTaHIsl OpOiTaTbHOTO CYNPOBOLY HHU3b-
KO OpOiTanbHUX KOCMIYHMX amapartiB. [y opOGiTamsHOTO
CYNPOBOJY CTaHIlil BUKOPHUCTOBYE JOMILICPIBCHKUAN 3CYB
YacTOTH CHUTHANIB, SKi BUIIPOMIHIOIOTHCS pPallioMasKaMu
KocMiuHUX amapartiB. Jlo ckimany craHmii Bxoauts: 1) 10-
CeKIlifiHa aHTeHA 3 KPYTOBOIO JiarpaMo0 CIPSIMOBaHOCTI
B miama3zoHi gactoT 400-450 MI'w, 2) enekTpoHHHHA OJIOK
MIAKITIOYCHAS CEKIil aHTeHW mno mnpuitmada, 3) SDR-
mpuifMad, CTBOpeHu# 3 BHKopucTaHHAM USB-mnpuitmaua
HazeMHOro nu¢poBoro TtenedbayeHnHs i paxpio («DVB-
T+DAB+FMpy), 4) nepconansHuii komm 'totep. [Iporpam-
He 3a0e3MeUeHHs CTaHIlii BKJII0Yae OE3KOMTOBHY MpOoTpa-
My HDSDR ymnpasninas SDR-nmpuitmadgem, mporpamy
YIOPaBIiHHA AiarpaMoio CIPSMOBAHOCTI aHTEHH, MpPOTrpa-
My BH3HAYEHHS YaCTOTH CUTHAIY, BUIIPOMIHEHOTO Pajio-
MasKOM CYIyTHUKA 1 MPUAHATOTO CTaHINEI, a TaKOXK
IporpaMy YyTOYHCHHS CJIEMCHTIB OpOITH CYIyTHHKa 3a
BHUMIpSIHIMU 3HAYCHHSIMH 9aCTOTH.

Jns yrouneHHs opOiTH HEOOXITHO 3aIaTH iICHTU]IKA-
Top NORAD cynyrruka (ID) Ta yacToTy curnaiy, BHIIpO-
MiHIOBaHOTO Horo pamiomaskoMm. 3natoun ID mporpama
YIOpaBIiHHA JiarpaMo0 CHPSMOBAHOCTI aHTCHH 3aBaHTa-
XKye 3 caliTy space-track.org moTouHi 3HAYCHHS €JICMCHTIB
opOitu cynytauka B TLE (Tow-Line Elements) ¢dopmari.
OTpumMaHi el1eMeHTH OpOITH BHUKOPHUCTOBYIOTHCS IpoOrpa-
MOFO TSl OOYHCIICHHS 3MIHIOBaHHS Y Yaci 3HAUCHb BiJICTaHi
IO CYIyTHHKA, a3UMYTY Ta KyTa MICIIsI CYIyTHHAKA BiTHOC-
HO CTaHIlii Ta BU3HAYCHHS MOMCHTIB 4Yacy MiIKIFOUCHHS
HEOOXITHUX CeKIiil aHTeHH 10 mpuitMada. [Iporpama Bu-
KOHYE€ IIi MiAKITIOYCHHS B aBTOMAaTHIHOMY PEXKHMI, IO 3a-
Oearieuye Oe3nepepBHUIA CYIIPOBI CYIYyTHHKA i 9ac Tpo-
XOJDKEHHS HUM 30HU MPSIMOT BUAMMOCTI cTaHIii. OgHovac-
Ho nporpamoto HDSDR npuiiHsaTHii pagiocurHan 3amucy-
eTbcsi B wav-(aiinn. TIporpama BU3HAUCHHS YaCTOTH CHI-
HaJly CYINYTHHUKOBOTO DajiioMasika aHaji3ye 3aIliCH, aBToO-
MaTHYHO BUSBIISIE CHUTHAJI pajioMaska Ta BH3HA4Ya€ HOTO
4acToTy. 3a  JIOMOMOTOI  MpOorpamH,  po3pobieHol
B.ASIMHIIIBKEM, TTOYaTKOBI 3HAYEHHS EJIEMCHTIB OpOiTH
CyITyTHHKA, OTpUMaHi 3 caiiTy space-track.org, yTo4Hro-
FOThCS 32 BUMIPSTHIMU 3HAYCHHSIMHA YaCTOTH.

B crarTi npeacraBieHO pe3yNbTaTH TECTYBAaHHs CTaH-
11, SKi BKJIFOYAIOTH OI[IHKY BHYTPIITHH0OT MOXHOKH BH3HA-
YeHHsS OPOITH KOHTPOIILOBAHOTO CYITyTHHKA.

Meperka craHLil, TOAIOHIX PO3MIIAHYTIH B CTAaTTi, MOXKE
OyTH BUKOPHCTaHA A1 OpOITAIFHOTO CYNPOBOIY HHU3BKO
opOiTaTbHUX CYMYyTHHKIB, 00JaTHAHUX PaTiOMasiKaMH.

Kawuosi caoBa: JlonmiepoBcbkuii edekrt, pagiomask,
HU3BKOOPOITATFHUN KOCMIYHHI KOpabeb.



168

Odessa Astronomical Publications, vol. 31 (2018)

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
“MAQO?” 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.

YRF

Antenna
switches
{RF
DVB-T+DAB+FM
receiver
[USB
PC

HDSDR
SatTrack

SDR

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 pV 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(f), where F' — is a radio beacon fre-
quency at a moment ¢;
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— Program WinMNK is for clarifying of TLE orbital ele-
ments using F(f). 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(¢)
using SatDoppler;

— Taking into account the measured function F(¢) 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 f, = 437108.5
kHz. Figure 3 also shows that f, may be seen as an ap-
proximate estimation of a true radio beacon frequency f;.
But the OSCAR-19 radio beacon has the frequency that is
equal to fp = 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 (f, — f) =
—16.5 kHz. This difference is due to the odds between the
valid (f,) and nominal (f,) frequencies of a reference genera-
tor of the receiver. In this case, however, the ratio between
f,and f, does not dependent from frequency value and is

s, oo i Trio s | b s Tm | s T

Frequency, kHz
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(7) is determined.

Let f; = F(¢) — f) denote the frequency shift due to the
Doppler effect. Let f;,,, denote the measured value of f;
and f;... — the calculated value of f; obtained using clari-
fied orbital elements. The measured (v,,) and calculated
(Veare) values of the radial component of the satellite veloc-
ity may be also obtained using the formula v = —f; c/f;,
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 fy,5s (bold line) and f;;..;. (thin line) as a function of time
are shown in Fig. 4(a). In Fig. 4(b) a distribution of re-
siduals (Vops — Veare) 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.

< -15] '
%-30 %
S

45!

14:30:00 14:32:00 14:34:00
(a)

,;5 10 ;

Ié 0 = -

£ 0

e 10y 7.0

. 40 '
Received signal amplitude,pV
(b)
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 fo , MHz Num
ID Tracking
CUTE-1 27844 436.8375 9
CUTE-1.7 28941 437.382 2
KISEKI 33499 437.385 2
ITU-pSatl 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 (f;,45 — ficae) for the
Jaons and fy.q 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 (Vops — Vealc)
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 (f;);

- 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.

ABCTPAKT. [lo ckiagy Mepexi NMacMBHOTO KOpEs-
LIIfHOTO JUCTAaHILIIOBaHHS BXOMATH ITSITh CTAHIIH po3Ta-
moBaHUX B YKpaii i B JlaTBii. Mepeska Oyia cTBopeHa 3a
inimiatuBoro HJII «MwukonaiBchbka acTpoHOMiuHa obcep-
BaTOPIisH» K HE3aJNeKHHUM 3aci0 CympoBoy MalOyTHHOTO
YKpaiHCBKOTO TeOCTAaIllOHApPHOTO CYIyTHHKA «JInOiIb».
PerymnsapHi cnocTepeXeHHS IeoCTallioHAPHOTO TEIEKOMY-
HikauiiHoro cynyrtHuka «Eutelsat-13B» mpoBoasThcs
Mepexero 3 mortoro 2015 poky. 3a pe3yiabTaTaMu CroCTe-
PEKEHb CTBOPEHO KaTaJlor' II0J000BHX 3HAYCHb €JIEMEH-
TiB OpOITH CYNPOBOIKYBAHOTO CYIyTHUKA. EnemeHTH
OpOITH BHM3HAYAIOTHCS 3 BUKOPHCTAHHIM aHAJITHYHOL
mogeni SGP4/SDP4 pyxy cymyTHHKa Ta YnuceIbHOI MoJie-
JIi iHTerpyBaHHS PIBHSAHb PyXy CyNMyTHHKA. UncenbpHa MO-
JIeNTb BpaxoBye TpaiTaniiine Tsokiaag CoHs 1 Micsry, a
Takox HecepuuHoi 3emuti. Ilporpamue 3a0e3neuyeHHs
IUIsl BU3HAUEHHS eNeMEeHTIB opbith Oyno po3pobiieHO B
HAI «Actpornomiuna obcepBatopis» Onechkoro HamioHa-
nIpHOTO YHiBepcuTeTy imMeHi [.I.Meunukosa.

ITonoxeHHs: CymyTHUKaA, OOYHCIEHI 3 BUKOPUCTAHHSIM
€JIEMEHTIB OpOITH 3 KaTajory, MOPIBHIOBAJIHUCS 3 IOJO-
XKEHHSIMH, OOYHMCICHNMH 3 BHKODHCTaHHSIM €JIEMEHTIB
opbitu 3 caiity NORAD space-track.org, a Takox 3 1o-
JIO)KEHHSMH, OTPUMaHHMHU B PE3yJIbTaTi ONTHYHUX CIIO-
CTEpEXKEHb, BUKOHAHNUX YKPaiHCHKOIO MEPEXEI0 ONTHY-
HUX CTaHIiH. [IOpiBHAHHS NOJOXXEHb CYIIyTHHKAa HPOBO-
JUIINCS. TUIBKM JUIS 1HTEpBAJIiB Yacy HE30ypeHOro pyxy
CyNyTHHKA. [HTepBanyu yacy He30ypeHOro pyxy BH3Hada-
JUCS 32 aNTrOPUTMOM, SKHH OyB IPOTECTOBAaHUIl 3 BHUKO-
PHCTaHHSIM JaHUX PO Yac BUKOHAHHS MaHEBPIB, OTpPU-
MaHHUX BiJl BJIaCHHKA CYIyTHHKA. [IpH 11bOMY MOpiBHIOBA-
JIKCSl 3HAYSHHS TPSMOTO CXO/KEHHS 1 cxuiieHHs. B crarTi
HABOJITHCS OTPUMAaHI PEryJsipHi (CepelHe) Ta BUMAIKOBI
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(cepenHpokBazpaTHUHa MOXMOKA) 3HAUCHHS PI3HMIN TO-
JIO’)KEHb CYMyTHHKA.

Kiro4uoBi cioBa: reocTanioHapHHN CYIYTHHK, ITACHBHE
CYIIPOBIJI, €JIEMEHTH OpOITH.

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 “MAQO” (Shulga, 2010). MOBITEL
is also a part of the Ukrainian Network of Optical Stations
(UMOS, 2018).

Right ascensions (a,) and declinations (J,) measured by
the telescope are compared with a, and J, 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 o, and o, at the moment of
optical measurements.

Totally the 24 different sets of a, and J, 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 a, and J, (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 (A) between measured (a,
and J,) and calculated (a, and J,.) 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 a, and d..

Average values (Mean) and standard deviations (SD) of
the optic-radio residuals (A,, = a, — a, and A, = d, — J,)
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 SD of Mean SD of
of Aao Aao OfAzio A50

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 A, are less than 37” and 6, respectively. The corre-
sponding values for A; 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 A, SD of A, Mean of A; SD of A;
Optic-radio -15.4+36.7 1.5+5.7 -11.1 +4.1 02+0.9
Radio-NORAD | -11.4-+-2.7 24+45 -0.8 +0.4 1.0+4.9

3. Comparison radio observations with NORAD data

The values of a, and J, are also compared with o, and
0. 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 A,. = a,. — a.
and Ag. = 0, — 0. are given in Table 2. The corresponding
intervals for A,, and A;, 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 J.

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 a and J residuals
(optic-radio) are in the next intervals (arc seconds):

— Means of Aa: -15.4” ++36.7”, SD of Aa: 1.5 + 5.7,

— Means of Ad: -11.17 ++4.1”, SD of Ad: 0.2 +0.9”;

The regular components of the residuals (means) be-
tween the NetPCR and NORAD a and 6 were less than the
similar values for the optic and NetPCR measurements.
Herewith the random components (SD) were greater espe-
cially for 4.

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.
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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.

ABCTPAKT. V crarTi po3mIsiHyTO iCHYBaHHS IPYIl Me-
TEOPUTOYTBOPIOIOUNX OOJIMIIB 1 METCOPHTIB i3 KIACCY 3BH-
YalHUX XOHJAPWTIB Ha KOMETONOAIOHMX OpOiTax THUILY
JFCs, saKki mepeTHHaIOTh 3eMHY opOiTy. brnuspkicte opbiT
OomimiB 1 METeOpUTIB B TpyHax BCTAaHOBIIOBAIACS Ha
OCHOBI TpPHOX AWHAMIYHHMX KpuTepiiB Onm3pkocti DSH-

kputepito CaytBopT i Xokinca, DD-kpurepito Ipymmorna
i DN-kpuTepito Moreka. BUABICHO MICTh TPYN METEOPH-
TOYTBOPIOIOYMX METEOPOINiB Ta METEOPHUTIB 3 KJIAcCy 3BH-
qaiHUX XoHApHTiB TUmy L3.5 — HS5, mio crmoctepiramucs B
3HAMNICHUX TIepiofax MiABUIICHHS OOJiTHOT aKTUBHOCTI.
[IpoBeneHHs cucTeMaTHYHUX 1 HUIECTPSIMOBAHUX CIIO-
CTepe)XeHb, OCOONMBO Yy 3a3HA4eHi IHTEpBaJIM dYacy
MiABUIICHHST OO0JIITHOT AKTUBHOCTI JO3BOJIIE OTPUMATH
no0pe 3abe3nedeHy CTATHCTUKY CIIOCTEPEKHUX JaHHX
PO METEOPUTOYTBOPIOIOYI METEOPOINU Ul BH3HAYCHHS
ix opbir, a TakoX IX (I3UUYHUX XapaKTEPUCTHUK.
JocaimkeHi Tpymy, MO BKIOYAITE 89 METEOPUTOYTBO-
PIOIOUMX METEOpOiNiB Ta 6 METEOPHTIB 3 KJIacCcy 3BHYAN-
HUX XOHApUTIB TUmy L3.5 — HS, Moxyre Oytu rpynmamu
IUHAMIYHO TMOB's3aHUX HeOecHWX TuT. [IuTaHHA mMpo Te-
HETHYHHIA 3B'I30K JOCTIMHKCHHAX TUT B TPyl HEOOXiTHO
pO3TISIIATH Ha OCHOBI aHaJi3y €BOINIOLIi OpOIT WIeHIB
IPyNHX Ha iIHTepBali B AEKUIbKA THCAY POKIB B MUHYJIOMY.
Jani npo cepenHio reJioneHTpUdHOI opOiTi Tpynu Me-
TEOPUTOYTBOPIOIOYNX OOJiIIB O3BONAIOTH 3B'A3aTH IPY-
Ty 3 ii AMOBIpHHUM J[)KEPEIOM — aCTE€POiJJOM, aCTePOiTHUM
cimeiicTBoM ab0 KOMETOI0, i TaKMM YHHOM OTpHUMAaTu
indopmariro npo mkepeno. Cepen acTepoiliB MPOBEACHO
MOITYK MOXKJIMBHX OaTBKIBCHKHX TNl JOCIHIIKECHUX TPYII
METCOPUTOYTBOPIOIOYMX ~ OOMimiB 1 MeTeopuTiB. B
pe3ynbpTaTi BimiOpaHO MO KiNbKa acTepoimiB AN KOXKHOI
TPy 3 KpUTEpissMA ONU3BKOCTI OpOIiTH actepoima i
cepenHboi opditu rpymu: DD < 0.06, DSH i DN < 0.12.

KuiouoBi ciioBa: rpyma — 6011 — METEOPUT — 3BUYARHUI
XOHJIPUT — 0p0OiTa — KoMmeTa — cimeiicTBo IOmiTepa.

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-HS5 types with Jupiter-family comet-
like orbits (namely BeneSov, Neuschwanstein, Pribram,
Park Forest, KoSice 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
g<1.3 AU), which can be either near-Earth Jupiter-family
comets (NEJFCs) or near-Earth asteroids well before their

1 Maj 1 Min
49 ¢ —*

2 Maj 2 Min

124 Ne

10 Pr
MG PF Be

* 1 *

3 Maj 4 Maj 5 Maj

I

|
I

160

Solar longitude (°)

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
Lla-ey| .
a‘.

J

a.
T =—L+2cosix
J 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 T;< 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 aR (°)
and declination 6R (°) of the radiant; out-of-atmosphere
velocity Voo (km/sec); perihelion distance q (AU); semi-
major axis a (AU); eccentricity e; orbital inclination i (°);
argument of periapsis ® (°); and the longitude of the as-
cending node Q (°). 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)
OR or | Vo q a 1 o) Q

Name O | © [kms| ae | ae | S | O | © | Pdr| Db Dn
Group of meteorite Benesov

Mean 224.0 | 40.6 | 19.3 | 0948 | 2.360 | 0.588 | 20.4 | 211.6 53.4 0.00 | 0.00 | 0.00

Benesov 227.6 1399 | 21.1 | 0925 | 2.483 | 0.627 | 23.7 | 2184 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 | 199 | 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 | 343 0.054 | 0.103 | 0.103

Group of meteorite Park Forest

Mean 173.6 | 10.8 | 193 | 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 | 2152 | 334 0.053 | 0.136 | 0.134
Group of meteorite Pribram

Mean 1844 | 45| 19.8| 0.795| 2.495| 0.664 | 3.8 | 2383 | 259 0.00 | 0.00 | 0.00

Pribram 1923 | 17.5] 209 | 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 | 444 0.053 | 0.097 | 0.096

(20010K153) 0.756 | 2.439 | 0.690 | 7.57 | 260.6 2.6 0.052 | 0.119 | 0.117

Group of meteorite Mason Gully

Mean 1519 | 109 | 16.8 | 0.905| 2.455| 0.624 | 53 41.1 | 176.8 0.00 | 0.00 | 0.00

Mason Gully 1484 | 90| 146 | 0982 | 2.556 | 0.616 | 0.9 19.0 | 203.2 0.05 0.12 | 0.10

(2009 FS) 0.929 | 2.447 | 0.620 | 4.73 442 | 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 | 2199 | 3273 0.00 | 0.00 | 0.00

Kosice 1143 1 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 Pgy, 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 Py, at
which the meteoroid disintegration occurs, can be calcu-
lated by formula (2) [14]:

P =T-pa-V2, (2)
where pa 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; I is the drag
factor (I'=1). Adopting graph (1) from the study [15], the
meteoroid bulk density pm was calculated using the aero-
dynamic break-up pressure Pgay,. The resulting bulk den-

sity pm 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 dm 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 pm 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 I'.
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Table 2: Bulk densities of meteoroids of the six meteorite-producing groups

Name of the group Bulk density p,, (kg/m®)
Pribram meteorite group 900 + 1750
BeneSov meteorite group 700 + 1400
Neuschwanstein meteorite group 1150+ 2050
Park Forest meteorite group 750 + 1900
Kosice 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.

ABCTPAKT. Kinbkicte kocmiunmx amapatiB (KA) i
Tin kocmiyHoro cMitTs (KC) Ha opbiti ceoromHi crana
HACTUIBKU BEJIMKOIO, 110 BUHMKJA pealibHa 3arposa 0es-
Telli MOoJIbOTIB. 3po0uiIachk aKTyalbHOO 3a/1a4ya Mperu3ii-
HOTO PO3paxyHKy MaHOyTHIX MOJOKEHb OyIb-sKUX KOC-
MiunHux 00'extiB (KO) Ha opOiTi 3 METOIO NPOTHO3yBaHHA
HeOe3MEeYHNX B3a€MHUX 30JIMDKEHb Ta JUIS BUPILICHHS
IHIIMX TNPaKTHYHUX 3aBAaHb. JJIs1 PO3BHUTKY Cy4acHOI
MoJeni opOiTabHOTO TOMIMPEHHS 1 TOB'SI3aHOTO 3 HUM
MIPOTHO3Y E€BOIIOIII OpieHTamii Ta 0O0epTaHHS HEKOHTPO-
JIbOBAHOTO CYIyTHUKAa HEOOXiJHO CIMpATHCs Ha TPUBAJL
pSAAM BHCOKOSKICHMX BHMIpIOBaHb Ta ixHill anami3. Ha
MOYaTKOBOMY €Talli OCBOEHHS KOCMOCY TOJIOBHHM 3a-
BIaHHAM crocTepexkeHb KA Oyno BUMIipIOBaHHS iXHIX
MIOJIOKEHb CepeJT 3iPOK 3 METOI0 3a0e3MEeUYCHHs TPOTHO3Y
HACTYIMHOTO IHMKJIY CIOCTePEk,EeHb. AJie€ KOJH KiJIbKICTh
KA i Tin xocMigHOTO OpyXTy Ha OpOiTi 3pocia HaCTUIBKH,
10 BHHUKJIA peabHa 3arpo3a Oe3meli MOoNbOTiB, aKTyalli-
3yBaJIOCs 3aBJIaHHS MPEUN3IHHOTO PO3paxyHKy ManOyTHIX
MOJIOXKECHb OYAb-IKUX KOCMIYHHX OO'€KTiB Ha OpOiTi 3
METOI0 TPOTHO3yBaHHA HEOE3MEYHNX B3AaEMHHX 30JIH-
*eHb. Ha HuHIIIHBOMY eTami 0OpOTHOM i3 3aCMIYCHHSIM
HAaBKOJIO3EMHOTO KOCMOCY 1 IOSIBH peaIbHOi T€XHOJIOTIid-

HOT MOKIMBOCTI akTHUBHOTO BuAaneHHss KC 3 opoith, 3po-
cina poiab GOTOMETPUYHHX 1 1HIIMX HEKOOPAUHATHUX BH-
MiproBab KO it BUpIIIEHHS 3aBAAHHA 10 BU3HAYCHHIO
napameTpiB BIACHOTO 0OepTaHHS BEJIMKHX KOCMIUHUX Til
HaBKOJIO IIEHTPY MacH. B maHmii gac croctepiraersces 1mo-
MITHE 3POCTaHHS YUCIIA TOCIIKCHb, 110 HAIIJICHI HA BH-
3HaueHHs napametpiB obepranus KO. Lle npopemoHCTpy-
BaJla i ocTaHHA 7-Ma €Bponeilcbka KOH(PEepeHLis 3 KocMi-
YHOTO OpYyXTY, 0 mpoiinuia B kBiTHI 2017 poky. ¥V maHiit
poOOTI MU aHANI3yeEMO PE3YIbTATH (POTOMETPUIHUX CITO-
CTEpEeKeHb JIEKUTbKOX BETUKUX O00'€KTIB KOCMIYHOTO
OpyXTy, 10 Oynu oTpuMaHi B ACTPOHOMIUHIN oGcepBaTO-
pii  Onmecbkoro HalliOHAIBHOTO  YHIBEPCHTETY  iM.
[.I.MeunnkoBa 3 BUKopucTaHH;IM Teneckomna KT-50 mpo-
TATOM OCTaHHIX mecTH abo Oinbine pokiB. HaBeneno pe-
3yJIBTaTH 110 €BOJIOII] MBHUAKOCTI 00epTaHHs 1 opieHTaIil
KA Topex/Poseidon, Envisat, Oicets, Cosmos-2487
(Kondor-E) ta Sich-2.

Karouosi caoBa: KocMmivauii 6pyxT (cmitTs); DoTomer-
pis; Iepion obepranns; OpieHTaris Bici o0epTaHHs.

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.



180

Odessa Astronomical Publications, vol. 31 (2018)

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/m” 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 20™ 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 Gomez (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 Silha, 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

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 AT = 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.

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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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

RA of spin axis, deg

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
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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).
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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°.
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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.
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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 Sagniéres,
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 Sagniéres
(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 Figurel0, 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
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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.
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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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Light Curve of Sich-2, Odessa, KT-50, 11.05.2018
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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.
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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
Im 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 107 and 10" % 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 (V,
< 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 O > 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.

ABCTPAKT. VY 2013 poumi B MukonaiBchbKiit
acTpoHoMiuHii obcepsaropii (HAI "MAO") posmnouaro
0a3MCHI CHOCTEpE)KEHHS METEOpiB 13 3aCTOCYBaHHSIM
teneBizifiHoi II33-texHikm. B  xomi cmocrepexxHOi
kammanii 2013-2016 pp. Oyno oTpuMaHO KaTayoT, B SIKO-
My wMmictatecs 1055 opOiT MeteopoinmiB. 3apeecTpoBaHi
¢doromerpuyni mMacu mereopoiniB (Kruchinenko, 2012)
3HaxomsAThes y miamasomi 107-107 kr. B poGori
MPOAHATI30BaHO PO3MONUT paiaHTiB, IIBHIKOCTEH Ta
CJIIEMEHTIB TCNOUEHTPUYHAX OpOIT 3 aKIeHTOM Ha
METEOpHI Tila 3 MaJIMMH MacaMH. TakoXX HaBeIeHO
MOPIBHSAHHA 3 JaHUMHU KTaJIOTiB METEOpOiTHUX OpOiT

SonotaCo, EDMOND Ta NFC. Po3pi3HAIOTECS 1Ba THUIH
0a3 maHuX/Karajorie: "Manoro moys" Ta "IIHPOKOro MO-
75" B 3aJISKHOCTI Bil TOTO, SIKHH THUI ONTHYHOI CHCTEMH
BUKOPHCTOBYBABCSI B CIHOCTEpeXeHHsX. [l anamizy
pi3HUX KaTajoriB Oynu BifiOpaHi JHIe CHOpaiudHi Me-
TeopH. IIOpiBHAHHS CHOpPaJIUYHUX METEOPHUX PaIiaHTIiB
Ta eJIEMEHTIB opOiT /i pi3HUX 0a3 JaHUX IMTOKA3alo, L0
crocTepekeHHs  "Majoro mons"  MaroTh  HACTYIIHI
XapaKTepHi O3HAKU:

1) GinpI BiJHOCHE YKCIIO MAJOMAaCHUBHUX METEOPOINiB
(6mm3pko 30%), TMOPIBHAHO 3 BEIMKHMH 0a3aMu JaHUX,
OTPUMaHUMH 3 IIUPOKOKYTHHUX CIIOCTEPEKEHb;

2) icroTHe 30iNBIICHHS KUTBKOCTI METEOpIB 3 MAJIOO
HMIBHAKICTIO (Vg < 20 KkM/C).

Meteopoinu 3 m < 0.01 r MaroTh JesKi XapaKTepHi 03-
HakKW, IO BiAPI3HAIOTHCS TaKOX y BUIAJKax CIOCTEpe-
KEHb PI3HUMH ONTUYHUMHU CUCTEMaMHU:

1) 6a3m manux "manoro mossA" MaroTh OiibIIe OpOIT 3 e
< 0.8, HiX gaHi "IIMPOKOTo HoA";

2) ademiitni BigcTaHi B qaHUX "Majgoro moyisi" B OCHOB-
HOMY MeHII 3a 4.6 a.0., aJe HaXWIH TaKuX OpOiT OiIbIIi
3a 75°, maHi IHUPOKOKYTHHUX CIIOCTEPEKECHb MAIOTh JIMIIE
peTporpanHi opOiTH 3 apenifHIMH BiJICTAHAMH, IO TIepe-
Ba)kHO OLIbIII HIXK 4.6 a.0.;

3) MayOMacUBHI METEOPOIMU B “IIMPOKOKYTHHX  NAaHHX
3YMOBJICHI JIMIIC paJiaHTAMU AaleKCHOI TPYIH, MOMITHA
YaCTWHA TaKUX )K€ METEOPOINiB 3a JaHUMH CIOCTEpPEKECHb
MaJIUMH TIOJSIMU 30pY MAroTh PajiaHTH ONU3BKi 0 Tpynu
MPOTHCOHSYHOTO JuKepena (Antihelion source).

KiarouoBi ciaoBa: mMereopu,
TeNeBi3iiHI CrloCcTepeKEeHHS.

opbiTH  MeTeopoifiB,

1. Introduction

Study of faint meteors caused by low mass (10°-107 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, /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°x6.8°
(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: =85 mm, /1.8, 2 lens: =100
mm, {/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 m, (Kruchinenko, 2012) was used:

1.62:10°-2.5127"

my, =

VO4 ’ COS(ZR)

whereas M — absolute magnitude of meteor, V) — preat-
mospheric geocentric velocity, km/s, zz — 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 V, < 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, ¢, d). One more typical maximum with V,
= 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
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Figure 1: Meteoroid photometric mass distribution stan-
dardized by the total number of meteors (see table 1).
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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)
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Figure 3: Perihelion distance (a), aphelion distance (b), eccentricity (¢) 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”
. .. Western and Cen- | Czech Republic, .
Countries participants Japan tral Europe Slovakia Ukraine
Number of cameras (stations) >130 (30) (155) 6 (6) 6(2)
. ) . 85-mm, 100-mm;
Camera systems (lens focal length 3.8-12 mm, 3-8 mm; . >0 mm, /1.8, £/2.0;
and aperture, field of view) /0.8 7/0.8~671.4; f1.0; 3.2°x4.2°
’ 30°-90° 40°-90° 6.8°x5.4° o 2o
2.7°%3.6
Number of orbits 2013-2016 89465 209702 1244 1055
Meteoroid minimal mass, g ~ 107 ~ 107 ~10™ ~10™
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 | ;94 (|30, 26529 (13%) 473 (38%) 349 (33%)
and1<75
Sporadic orbits with Q<4.6 auand | - b5 | 9oy 210 (0.1%) 117 (9.3%) 138 (13.1%)
m<0.01lg
Sporadic orbits with Q < 4.6 au o o o o
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 (A-Ap = 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.

ABCTPAKT. 3 MoMeHTY 3aIycKy Hepiioro KOCMigHO-
IO CYIyTHHKA KiIBKIiCTh 00'€KTIB Ha HABKOJIO3EMHIil opOi-
Ti HEYXHWIBHO 3pocTae. 301IbIICHAS KUTBKOCTI X 00'€K-
TiB MiABUIIYE PU3UK iX 31TKHEHB 3 AIFOUUMH CYIIyTHUKaMU
1 TUMH, IO TUIBKH BUBOJSATHCS, 11€ MOXKE CYMPOBOKYBA-
THUCS BUXOJOM iX 3 Jaay abo HaBiTh pyiHYyBaHHAM. Jlist

3aro0iraHds 3iTKHEHb HEOOXIJTHO 3HATH ITOJOXKEHHS BCIX
BEIUKUX KOCMIYHUX 00'eKTiB. BiIbIIICTF KOCMIUYHUX
are’HTcTB 1 Oarato KpaiH MalTh CBOi MEpexi CrocTepe-
KEHHS 3a KOocMigyHMM mpocTopoM. Lli Mepexi moctiitHO
BHUMIPIOIOTh TOJIOXKEHHS BIAOMHUX O00'€KTiB, 3aiiMaroThCA
MOITYKOM HOBHUX 1 NPOTHO3YIOTH iXHE Mail0yTHE moJo-
skeHHs. g 3amo6iranHs 3iTKHEHb HEOOX1THO 3HATH PO3-
TalIyBaHHA O0'€KTIiB 3 TOYHICTIO JO XapaKTCPHHUX PO3Mi-
piB mirounx cymyTHHKIB (Big 10 cM 10 IEKiTBKOX METPIB).
Ha croropHinmHii qeHp Taka 3aada MOXe OyTH BUpIIICHA
TIJTBKH IJI1 HEBEIHUKOI KITBKOCTI €TaJOHHUX CYIYTHHKIB 1
TUTBKHU JUTI MUHYJIOTO Yacy.

OOuncieHHsS TOJNOXKEHb 00'€KTIB B HABKOJIO3EMHOMY
MPOCTOPiI BUMArae peamsallii CKIaJHUX MOJENeH pyxy
3emii Ta KOCMI4HOTO 00'€KTa 3 ypaxyBaHHSIM BEIIMKOI
KUTBKOCTI (paKTOPiB, 1[0 BIUIMBAIOTH Ha KiHILEBUIl pe3yib-
taT. Pan nux ¢axTopis, HaNMpUKIIaj IycTHHA aTMocdepH i
Opi€HTAIlil CYIMYTHHKa B MPOCTOpPi, HEJOCTaTHBO IOOpe
nepen0avyaoThcsd CydacHHMMH MOJETSIMH 1 BHMAararoTh
MIOCTIHHOTO YTOYHEHHS 3 CHOCTEPEXKeHb. Y KpaiHChbKa Me-
peka ONTHYHMX CTaHLIN AL DOCIIKEHHS HAaBKOJIO3EM-
Horo mpoctopy (YMOC) BUKOPHCTOBYETHCS JUIS IIiJIeH
KOHTPOJIIO TA HOTO BUBUCHHSI.

IcHye Oe3nmiu IpakTHYHHWX 3aBJaHb, LI0 BHMAararoTbh
3HaHHS TOJOXEHHSA KOCMiuHMX 00'ekTiB. [lng ix Bupi-
IICHHS 3aCTOCOBYIOTHCS PI3HOMAHITHI NMPOTrpaMHi pillleH-
Hs. Bci BOHM MOBUHHI 171 CBOiX MOTpeO peaizoByBaTH
MOJIeJi PyXy HABKOJIO3eMHHX KOCMIYHHMX 00'€KTiB, 3emi i
ocHoBHUX Tin ConstuHoi cucTemu. [ms peamizamii nux
Mojenel po3poONAIOThes Gi0IIOTEKH ISl KOCMIiYHOI -
Hamuku. OnHiero 3 Takux 6160aioTek € Orekit. Kotlin Orbit
Estimation Library (KOrbEstLib) cimpaeTbcst Ha MOKIIH-
Bocti Orekit Ta posmmupioe ix. KOrbEstLib BupoBamxkye
JOATKOBHH HaO0ip BXIMHUX 1 BUXiTHUX THUIIB JaHUX, pea-
JM3YIOUN MATPUMKY PNy YKPaiHCBKUX 1 MDKHApOIHUX
¢dopmaTiB naHuX, 30kpeMa GopMmariB NPUUHATHX B Mepe-
xi YMOC. Kpim 1mporo, KOrbEstLib npomonye anbrep-
HaTUBHY B mopiBHsAHHI 3 Orekit peamizamito IS OLIHKH
rmapaMeTpiB MoJeli pyxXy KOCMIUuHHX 00'ekTiB. Y poOoTi
PO3TIIAAAIOTECS PSI OCOONMMBOCTEN peaizallii 6i0mi0TeKn
Kotlin Orbit Estimation Library.

Kuro4oBi cioBa: mTy4HI CIYTHHUKH, ONTHYHI CIIOCTEPEKEH-
HsI, IporpaMHe 3a0e3MedeHHs, BU3HaueHHs opOiT, 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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User scripts, User programs, GUI; Any JVM language

—

Orekit: Orbit

KOrbEstLib: Orbit Estimation

Estimation

Data providers from
mea, cpf, sp3, mpc,
xml, xlsx, etc. format

Extension of Propaga-
tion Model

Line of sight, User types

Model Observations: Position, }

[ Orekit: Propagation & Astrometric ][ Extension Math Lib ] [ Extension SciPlot Lib
Hipparchus: a mathematic Lib [ JFreeChart } { Read/write xIsx- } Kotlin Standard
format Librarv Library
( JDK |
[ Java Virtual Machine (JVM) ]

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 user defined

X1, X2, vvv 5 Xp

weights public user defined
Wi, Wp, ..., Wy
the same size that in

the measurement

estimation X', X'9, oon, X'y user defined
the same size that in

the measurement

residuals private
wi(X-X'1),

Wy (X2-X"),

required interface;
user defined

.
Wn'(xn'x'n)

the same size that in
the measurement

Optimized
function

private

=

i=l,n

parameter
user defined

r, —residuals

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

20
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Figure 2: the residuals between observations and estima-

tions in right ascension and declination.

in the form of angle coordinate pair (o — right ascension
and 6 — declination) of an object in the star catalog frame.
The residuals between the model and the measurements
are represented as Ao-cosd and Ad respectively. Already
at this stage, we are enforced to correct the nonlinearity of
right ascension via using the weighting factor cosd. This
approach has application limits. Ac-cosd incorrectly de-
scribes the residuals in right ascension since nonlinear
terms in Ao 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 Aa-cosd u Ad. 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
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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-
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-40
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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 (14450/67A), GC(A5260/56A),
RC(A7128/58A) and C,(A5141/118A), CN(A3870/62A)
HB-set (Farnham T., 2000). Observation data were ob-
tained during 11 nights.

According to the results of observations, the dust pro-
duction Afp (A’Hearn M.F. et al., 1984) of comet, the gas
production of comet for molecules C,, 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.

ABCTPAKT. B nepion 3 Bepecust 2011 poky mo iroTHiA
2012 poky Oynu mpoBeneHi (POTOMETPUYHI CIIOCTEPEKESHHS
xometr C/2009 P1 (Garradd) na 0,6-m Temeckomi Llefic-600
Ha iky Tepckon (IliBriuamit KaBka3).

B crarTi npencrasieni pe3ynapraTtd (OTOMETPUYHUX JIO-
cimimpkens kometu C/2009 P1 (Garradd), orpumanux Ha re-
JoNeHTpuYHuX BiAcTansax 2,0-2,1 a.o. 1o mepurenito Ta Ha
Bincransax 1,7-1,8 a.o. micns. CrioctepeskeHHS KOMETH BUKO-
HaHi 3 BukopuctanusaMm [133-xkamepu SiTe003AB, sika Oyna
CrOpsi/PKEeHa 1HTepQEepeHIIHHUMH KOMETHUMHU (iibTpamMu
nabopy HB: BC(M4450/67 A), GC (A5260/56A),
RC(17128/58A), C, (A5141/118A) ta CN (13870 / 62A).
JaHi crioctepexeHHs Oyin oTpuMaHi nmpotsroM 11 Hoveit.

OTpuMaHi CHOCTEPEXEHHS [O3BOJIMIN PO3paxyBaTh
MIHJIONPOTYKYBaHHS Afp KOMETH Uil TPhOX CMYT KOHTH-
HyyMy, razonpoaykyBaHHas mMonekyn C,, CN xomeru, BH-
KOPHCTOBYIOUH MOJENb Xa3epa, CIiBBIAHOUICHHS ITHII-Ta3
Ta KOJIp MUITy.

OtpuMaHi pe3ysbTaTé IOKa3aiH, 10 (i3H4HI mapaMeTpu
KOMETH OJM3bKi J0 CepeiHiX 3HA4YeHb, XapaKTePHHX VIS
JMHAMIYHO HOBUX KOMET Ta J0Ope Y3TroKYIOThCS 3 Pe3yib-
TaTaMH, OTPUMaHUMH HIIIMH JIOCTi THUKAMH.

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
(4=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
H,0, CO, CH,4, C2H,, C,H¢, HCN, NH;, H,CO, CH;0H
(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 C, 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 1, a.u. A,au.  CN(3870/62A) BC(4450/67A)  Cx(5141/118A)  GC(5260/56A) RC(7128/58A)
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 2352 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 2276 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
2012-02-13 239 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 e [l-=me e //-==-

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 MLF. 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:

Afp = (@7 % N #1094 " el )/, (1)
where the Afp itself is expressed in centimeters, A is geo-
centric distance expressed in centimeters as well, 7 is he-
liocentric distance, in astronomical units, p 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 I 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 C, band to flux measured in continuum
WC, = Fcy/Fpc is commonly used. In case of comets with
strong continuum equivalent width of the C, band is in a
range up to 500 A.

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. A,au.  Afp(BC) Afp(GC) Afp(RC) BC-GC GC-RC BC-RC  W(Fc,/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 1.23 233
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 329035  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 22 1059 1757 1313 116411  cceee e e e e e

Table 3: The gas production and column density of the comet C/2009 P1 (Garradd).
Cy(5141/1184) CN(3870/62A)
Date naus o Aau g m2 lgQ)mols  lg(N), em2  1g(Q), mols
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 2456 - -
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 1313 - 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 A 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 PMA 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,
graphic plates, data analysis.

photo-

ABCTPAKT. IIpoekt FON mnependauaB cTBOpeHHS Ka-
TAJIOTY TIOJOKEHb Ta B 30psSHMX BEIWYHMH IiBHIYHOTO
Heba nuIIxoM 00’ eqHaHHS (OTOTpadiuHIX CHOCTEPEKECHB
OTpUMaHNX Ha IIMPOKOKYTHHX acTporpadax 6 pisHHX
obcepsaropiit CPCP: KuiB (Ykpaina), 3Beruropon, 3erne-
Hueyk (Pocis), Adactymani (I'pysis), Kirab (Y30ekectan)

ta Ticcap AO (Tamxwukictan). B poOoti mperncraieHi
OCHOBHI pPe3yJIbTaTH TOPIBHSAHHS TPhOX (oTorpadivyHux
karanoriB  (FON-KIEV, FON-KITAB Tta FON-
DUSHANBE), mo orpumani B pe3ynbTaTi CKaHyBaHHS Ta
aCTPOMETPHYHOI pemyKIii ¢oTrorpadiyHuX IIACTHUHOK B
cUCTEMY TOJIOKeHb KaTanmory Tycho2. /s mocmimkeHHs
BHUIIIC HABCICHUX KaTaJOTiB OyIM BHKOPHCTaHI JaHi HY-
JIBOBOT 30HU (BiJ -2 110 2 rpadyCiB CXMICHHS).

KinbkicTh cmimbHUX 00'€KTIB MICIsI MPOBEACHHS KOOP-
JMUHATHOTO OTOTOYKHEHHS JaHUX KaTaJOriB, 3 KPYrOBUM
BIKHOM TOIIYKY piBHUM 1,5 CeKyHA IyrH, CTaHOBUTH Oi-
npiie Hik 500 tucsda. OmiHKa BUMAAKOBOI TOYHOCTI MO3H-
il 3ipoK 3rajlaHuX KartajoriB OyjJa BUKOHAHA METOJOM
Binbena. OcraTouHi OMIHKM BHIIAIKOBUX IOXHOOK IT0JIO-
KCHb 3IpOK OyiH po3paxoBaHi AN KOXKHOTO Jialla3oHy
30pstHUX BenmdrH. O0’€KTH 3 1HIUBIAyaIbHUME Pi3HUIIS-
MU TIOJIOKEHbB, SIKi MEPEBUIIYIOTh TPH CTAHAAPTHI BiIXH-
JICHHS, HE BUKOPUCTOBYBAIUCH B OOYHCIICHHI.

HaHi 3 xatanoriB PMA Oymu BUKOPHCTaHI [UI OLiHKA
CHUCTeMHHUX TOMWIOK. O4YeBHIHO, 10 BHYTPINIHI OIIHKH
TOYHOCTI MO3HUIH 31pOK y MOPIBHIOBAHMX KaTaJjorax € 3a-
HIDKCHUMH B OJJHOMY a00 BCiX Karajnorax, i HeoOXifHi J10-
JIATKOB1 JOCIHI/PKEHHS. AHaJi3 MOBEAIHKH CUCTEMATHIHHUX
BiIMIHHOCTEH Ta CTaHJAPTHUX BiAXWJIEHb MMOJIOKEHB 31POK
IIMX KaTaJIoriB IOKa3aB, 10 € BEJIHKI 3HAYCHHS, IO JOCS-
ralTh | CeKyHIU IyTH, TUTBKH B MAIUX JITHKaX HEOSCHOT
c¢epu. [IpoTe BHYTPIIIHS OLiHKA TOYHOCTI, IIPEACTaBICHA
B Karayorax, 100pe y3roLKyeThCS 3 CHCTEMAaTUIHIMU Bifl-
MIHHOCTSIMH Ta CTaHAAPTHUMH BiIXHJICHHIMH IS O1T6IIOT
YaCTHHH JIOCIIIKyBaHOI HeOecHOI chepu.

Ki1ro4o0Bi c10Ba: actpoMeTpisi, acTpOMETPUYHI KaTaloTH,
(OTOIIACTUHKY, aHAI3 JaHHX.

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 (a, 6) 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:

D,+D.,—-D

o, = 12 13 23
2

D, +D,,—D
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2

_ D13+D23_D12
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where Dy,, D3 and D,; 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 = 16.5™ 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 6,5 = 0.23" and o =
0.14™ (for stars in the range of B = 7™ - 14™ errors are oy
=0.10" and 65 = 0.07™).

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 =
17.5™ at the middle epoch of observation as 1985.0 year.
The mean internal errors of the new catalogue for all ob-
jects are o4 = 0.23"” and og = 0.15™ (for the stars in the
range of B = 5™ — 14™ the errors are 6,5 = 0.085" and
o= 0.054™) (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 5™ - 17™ are the
following: 645 = £0.33" and o = +£0.12". The differences
between the calculated positions and B-magnitudes and
the reference one from the Tycho-2 catalogue are c,5 =
+0.12" and oy = £0.19™ respectively. The difference be-
tween the calculated and the photoelectric B-magnitudes
equals to og=+0.15".

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
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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

ABCTPAKT. II33-cniocTepexeHHsI acTepoimiB Oyau
orpumadi B 2008 porii 3a JOMOMOTOI0 TEJIEeCKONa CUCTEMU
IlImigra B bamnmone (miadparma/miamerp/dokycHa Bia-
cranp = 80/120/240 cm) Ha ActpodizuuHiii obcepBaropil
Banmone (xom 069) Incturyry actpoHowmii JlarBiiickkoro
yHiBepcuTeTy. OmNHCaHO METOMONOTII0  MOHITOPHHTY
acTepoiniB Ta obuucieHp iX opOiT. B mupkymsapax "Mauri
IUTaHeTH" Ta B CNEKTPOHHUX MUPKYIsIpax "Maii mraneTn"
omyOmikoBaHO 5434 acTpoMeTpUYHUX NO3HMid st 1488
acrepoiniB. Cepen HHMX B oOcepsaropii bammone Oymo
Bimkputo 76 acrepoimiB pizHoro Tumy. JlBaHAIIATH
acTepoiiB OTpUMaI Ha3BH.

Onrtuuna cucreMa teneckona llIminra B bangone Oyna
BJOCKOHAJICHA BBEIEHHSIM JOJATKOBOI ONTHYHOI CUCTEMHU
JUI  CTBOPEHHS IUIOCKOi (pOKaJIbHOI ITOBEpPXHI, fKa

30iraeThcs 3 IVIOCKOIO MOBEPXHEIO MpHiiMada. [IBi BemmKi
(4096x4096 mikceniB) II33-xkamepu BCTaHOBIEHI Ha
TpuMadLi TeJieckona. BoHn nokpuBaioTs mojie Heba y aBa
KBa/IpaTHi IpaxycH.

Oundpysanns apxiBy teneckona llminra B bammone
posnouanocs B 2012 pori. Pesynsrarn 00poOku 152 ¢o-
TOILIATIBOK, oTpuMaHuX B cmyrax U, B, V, R B 1967-1996
poKax, OyiIM BHKOPHCTaHI JUIS TMOIIYKY 300pa)KeHb MaliX
Tin ConstuHoi cuctemu. 300pakeHHs Oynu oOpoOieHi 3a
noromororo cydacuux nporpam LINUX/MIDAS/ RO-
MAPHOT, BmockonaneHux B [0NOBHIH acTpoHOMidHii
obcepsatopii HarionansHoi akamemii Hayk Ykpainu. Ha
KX TUTaTiBKax Oylo 3HaiieHo 57 acTepoifiB Ta 2 KOMETH
(31P/Schwassmann-Wachmann 2, C/1969 T1 (Tago-Sato-
Kosaka)). Bcporo Oynmo mpomipsHo 87 mo3mmiid s
acTepoimiB pi3HUX THIIB 1 2 mo3wmii koMeT. Lli o0'ektn
MMOKPUBAIOTH Jiana3oH Big 9,8 mo 17,1 30psHOI BeTHINHH.

KarouoBi cioBa: acrepoimm, kamepa Illmiara, apxis
(oTornIaTiBOK

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’ x
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 20080S9 (Cernis & Eglitis,
2008), a Centaur-type asteroid 2009HW77 (Cernis &
Eglitis, 2009) and two Trojan group asteroids (2011 QAS50
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 55.7x10° 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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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 +
UGI 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

ABCTPAKT. ApxiB ckmoreku 1.2M Teneckomy B
Banmone (JlatBis) HapaxoBye Omm3pko 780 Ta 4660
aCTPOHETaTUBIB, eKCIIOHOBaHUX B 1967-1993 poxax B U
(mmariBku ZU21 + ¢inetp UGL) ta V (tumiBku A600N +
¢uteTp ZS17) cmyrax cucremu Jxoncona. OnudpyBaHHs
ACTPOHETaTUBIB 3/IICHIOETECS 3a JIOTNIOMOTOI0 CKaHepa
Epson Expression 10000XL, pexxum ckanyBaHHs — 1200
a6o 2400 dpi, poboue mone — 19 kB. rpaaycis. [TnaTiBku
Ta TUTIBKK CKaHYIOTbCs B oOcepBatopii bangone, o6poOka

onM(pPOBaHUX CKaHIB 3IIACHIOETHCS CIIBPOOITHHKAMU

obcepBaropii B bammome, B HJI ‘“MukonaiBcpka
acTpoHOMiuHa  oOcepBaropis” Ta B [ oNOBHIH
acTPOHOMIYHIH obOcepBaTopii HAH YkpaiHu.

[Tmanmersuit ckanep Epson Expression 10000XL pa3zom 3
pO3pO0JIEHNM TPOTpaMHUM  3a0€CHeUeHHSIM JJO03BOJISE
oundpoByBaTH 1 0OpOONATH IUIATIBKM Ta OTPUMYBaTH
KOOpJMHATH Ta 30psSHI BEJIMYMHU 3apPEECTPOBAHUX
00'exTiB (BHCOKOI, TOMipHOI Ta ciabkoi sSCKpaBoOCTi) 3
BHYTPIIIHBOK MOXuOKor0 He ripme 0.05 cekyHam ayru ta
0.03 30psSHOI  BEJTUYMHU. AcTtpoMerpuyHa  Ta
(doToMeTpuYHa PEOYKINSA OMU(PPOBAHHX aCTPOHECTATHBIB
3IIMCHIOETBCS B cucTeMi onopHoro katanora Tycho-2 Ta
U,V ¢oroenexkTpuuHux BHUMIpIB 3ip BiAmoBigHO. B mii
poOOTI MU TpEACTaBISIEMO IEPIIi pe3yabTaTH OO0pOOKU
s monan 2000 actponerarusBiB. Jlani mpo U Ta V
BEIMYMHM 3ip 1 TalaKTHK OyAZyTh BHUKOPHCTaHI s
¢doromerpuynoro  jgomoBHeHHs Tnpoekty DOH, a
Oaratopiuni psau U,V crocTepexeHb MalOTh CaMOCTiHE
3HA4YCHHSA I OCTiKeHHA 3MiHHOCTi 3ip. Kpim Toro,
6araro IIaTiBOK BKJIIOYAIOTh PO3CisHI 30pSAHI CKYITYEHHS 1
OyIyTh BHKOpHCTaHI AJISI JOCHDKCHHS iX HAaceleHHS Ta
BU3HAYCHHS (POTOMETPUYHUX ITapaaKciB.

KirouoBi cioBa: ckaHyBaHHS, 00poOKa oHU(pPOBAHHUX
wiaTiBok, nporpama ®OH, actpomerpis, ¢oromerpis,
aHaJi3 JaHUX

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 + UGI 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 oy, = 0.021-0.027 px, the
errors in the determination of instrumental stellar
magnitudes do not exceed the values 6, = 0.014 ™-0.016™.
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 6,5 = 0.28" and oy =
0.20™ (for stars in the interval U= 8 ™ -14 ™, the errors are
645 = 0.11" and oy = 0.09m) for equatorial coordinates and
star magnitudes, respectively. The convergence of the
coordinates with the Tycho-2 reference system is o, =
0.06". The convergence with photoelectric stellar Uy,
values is og = 0.13™. 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 NOI1 (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.

ABCTPAKT. Ilporpamnue 3abe3neuennst CoLiTec — e
MOTYXXHUH KOMIIJIEKC MOXYJiB OOpOOKM acTpOHOMIYHHX
JTAHUX, IO peasi3yloTh OOYHCIIOBAJIbHI METOIU BUPIBHIO-
BaHHA scKpaBocTi [133-kanpiB; aBTOMaTHYHOrO KamiOpy-
BaHHs KajpiB 3a jonomororo bias, dark Ta flat xkaapis st
3MEHIIICHHSI JIMHaMIYHOTO liana3oHy sICKpaBoCTi (OHY
300pa)XeHHs; CKIAAaHH KaIpiB; aBTOMATUYHOTO BUSBIICH-
HS aHOMAJBHHX IIKCENiB; aBTOMATUYHOIO BHKIIIOUCHHS
BUMIPIOBaHb TIOJIOXKEHHS 00'€KTIB 3 aHOMAJIBHUMH TTOMUJI-
KaMH{; TOYHOI OLIHKM TOJIOXKEHHSI 00'€KTIB HA KaJpax; BU-
3HA4YCHHS €KBaTOPIaJbHUX KOOPIMHAT MalMX 00 €KTIiB
CoOHSYHOI cHCTeMH; OTOTOXKHEHHS 3IpOK Ha Kajapax Ta y
KaTajorax, 10 3aCTOCOBYIOThCS; 0OpOOKa acTpOHEraTHB-
HUX IUIaTiBOK; BHUCOKOTOYHOI (POTOMETpIi 3ip 3 BHKOpHC-
TaHHAM 3ip MOPIBHAHHSI;, BU3HAYEHHS 1HCTPYMEHTAIBHOL
sickpaBocTi 3ip Ha [133-kaapax; aBTOMaTH4HOI MOOYIOBU
KPHUBHX OJIUCKY 3ip; BUSBJICHHS PyXOMHX 00’€KTiB 3 MaJIOIO
KOHTPACTHICTIO 300pakeHb; BUSBJIICHHS JyXe TMOBUIBHUX 1
IIy’Ke IMBUAKAX 00'ekTiB Ha cepii [133-kanpiB; BUABICHHS
00'eKTiB 3 OIM3bKOHYIHFOBUM BUAUMHUM PYXOM.

OOGumcMoBaIBHI METOIH NPALIOIOTh 3 Pi3HUMH (GopMaMu
300pakeHb 00'€KTiB (KPyrOBHMH, MPOTSHKHUMH) 1 B PI3HUX
YMOBaX CIOCTEPEKEHHS (3 TOOOBUM BEICHHSIM TeJIeCKOIa Ta
0e3 HbOro). 3amporNOHOBaHI Ta BIPOBADKEHI METOIH
MIPU3BEIHN JI0 TIOKPAICHHS TTOKa3HUKIB TOYHOCTI aCTPOMETpii
Ta QOTOMETIi, a TAKOK MOKA3HHKIB SKOCTI JJIsI BUSBJICHHS
Manux T CoHsYHOT cucTeMHu Ha cepii [133-kapiB.

IIporpamue  3abesneuenns  CoLiTec — mmpoko
BHUKOPHCTOBYETHCS Y Pi3HUX 00cepBaTopisix cBity. Beroro
Oyno BukoHaHO Omm3pko 700 000 cmocTepexeHb Ta
BimkpuTo Oumpmre 1560 actepoinmiB, y TOMY YHCIHI IT'ATh
NEO, wotupu xometn (C/2011 X1 (Enenin), P/2011 NO1
(Emenin), C/2012 S1 (ISON) i P/2013 V3 (Heschkwuii)),
21 TpostHCEKHUH acTepoin FOmiTepa ta oqua Kenrasp.

Y po6oTi po3rIIAAa0TECS OKPEMi aCHEeKTH MTPOTrpaMHO-
ro 3abe3neueHHs CoLiTec, a came 1) st 06poOku pi3HUX
TUIMIB acTPOiH(POPMAIIHHUX AaHUX; 2) IS BHPILICHHS
3a1adi 30epekeHHs JaHUX Ha PI3HUX CepBepax Ta calTax
BipTyaJIbHUX 0OcepBaTopiii; 3) IUId BIOCKOHAJEHHS 00-
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YHUCIIOBAIBHUX METOJIB Ta AJITOPUTMIB aBTOMATHYHOTO
BUSBJICHHA  Majaux  00'ekTiB  COHSYHOI  CHUCTEMHU;
4) Ans TMOKpAaIIeHHS acTPOMETPUYHOI 1 (POTOMETPUIHOT
TOYHOCTI TaHUX 300paxxeHs Ha cepii [133-kanpis.

Knwuosi cnoBa: 133, cepia KagpiB, crnocTepexeHHs,
actpomerpis, poTomeTpisa, obuncatoBanbHi metoau, 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-
grees?);

* 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).

Light curves MPC report
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Figure 1: Brief sequence of the online processing by Co-
LiTec software
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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.

Image of object

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
(Dubovsky 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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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 UCACS (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 (200/KB67 and
2017YES) 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.

ABCTPAKT. OCHOBHOIO METOI0 IOCIIDKEHHSI €
YTOYHEHHS OpOITH 00'€KTIB, IO 30JMKYIOTHCS 3 3eMIIei0
(A33) B pamkax riao0aibHOI 3a7a4i acTEPOiTHO-KOMETHOL
HeOesmekn. MU TpeAcCTaBIsIEMO OCTaHHI pe3yiabTaTH
AJePTHUX BHCOKOTOYHUX aCTPOMETPHYHHX CIOCTEPEKEHB
A33, mo oTpumaHi 3a momomororo Teneckormy KT-50
KoMmIuiekcy  MoOitenr  MukomnaiBcbkoi — obcepBaropii,
obmamHanoro II33-kameporo Alta U9000. OcHoBHa
0COOJIMBICTG 00'€KTIB IIHOI0 JOCHIIKEHHSA — 1€ IIBUIKE
MEpEeMIlIeHHs] B TOJi 30py, IO pPOOUTH HEMOXKIUBUM
OTPMMaHHS TOYKOBHX 300pakeHb Ta TOYHUX KOOPIHMHAT
Takux A33 KJIaCHYHUMH METOJaMHU CIOCTepexeHHsI. Mu
BUKOPHCTOBYBAJIM KOMOIHOBAHUH pEXHUM CHHXPOHHOTO
MIEpPEeHOCy 3apsAy 3 IOBOPOTHOIO IUIATGOPMOIO  JJIs
OTpUMaHHs 300pakeHb A33 Ta KIACHUYHUN PEXXUM — IS
OTPUMAHHS IOJIiB 3 OTIOPHUMH 3ipKaMH IS ITOJANBIIOrO
BUKOHAHHA acCTpOMETpHYHMX penaykuid. IloeqHanHs

KJIACUYHOTO Ta KOMOIHOBAaHOTO PEXHMIB CIOCTEpPEKEHb
JI03BOJIsIE HaM croctepiratu o0’extn g0 17 3opsHOi
BenuuHA (y GinsTpi V) 3 BHCOKOIO aCTPOMETPUYHOIO
TOYHICTIO. Haseneno MOPIBHSUTBHY ~ CTaTHUCTHKY
MuxonaiBchkux crioctepexkeHb A33 3a mepion 2015-2018
pp- Ta aHai3 MO3HUIIIHOI TOYHOCTI. Pe3ynbraTé BILIHBY
HOBHX JaHUX CIIOCTEPEKeHb Ha octarouHi pizHuUILi (O-C)
3a 000Ma KoopanHaTaMu 1o BimHomeHH0 10 HORIZONS
JPL  edemepumn MMOKa3aHi Ha TpHUKIagax JBOX
MOTeHIIHO-HeOe3meuynux  actepoimie  (2001KB67 i
2017YES) mig vac ix 30mmwkenHs 3 3emuero y 2018 porri.
ITokazano, MO J0AaBaHHSI HOBUX CIOCTEPEKEHb MOXKE
3HAYHO TMIiABUINUTA TOYHICTh BHU3HAYEHHS €JIEMEHTIB
opOiT TakuX 00'€KTiB.

Kirouosi caoBa: II33-coctepexeHHs, acTepoinHo-
KoMeTHa Hebesmeka, A33 (acTepoiny, mo 30IIKYIOThCS 3
3emiero), IIOA (moTeHUiHO-HEOE3MEUHI acTepOinm)
edemepuan pyxy Manux Tij COHIIHOI CHCTEMHU.

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.




Odessa Astronomical Publications, vol. 31 (2018)

217

400

300

200

100

10 12 14 16 18 20 22 24
Apparent magnitude, mag

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.
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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; nl, 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)

Year N1 N2 Current year Residuals, mas

nl 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 Table2 some
potentially hazard asteroids have only a few dozen
observations and our share is over 10%.

Table 2: Statistics of the selected PHAs

NEO N | % | Residuals + RMS, mas | Mag
RA DE

1999KW4 78 | 20 | 45+148 116+138 14.0
2015LG2 24 | 16 | 47£275 2074302 17.5
2001KB67 46 | 14 | 155+115 146212 15.2
2017NS5 20 | 12 | 370+153 -93+271 16.2
2017MBI 41 19 -190£193 | -274265 15.6
2010NY65 32 |7 23+198 2134211 16.8
2017YES 19 16 131+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 14 -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 22™%2 A detailed analysis of the 2018
observations for two of them is given below.
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Figure 3: RMS on right ascension (up) and on declination
(down) versus asteroid apparent magnitude
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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)rade 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),, 4. 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).



Odessa Astronomical Publications, vol. 31 (2018)

219

3.2. 2017 YES

Asteroid 2017 YES5 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)

Date 0O-O (0-OC) (2
2018.05 RA DE | RA | DE
29.028813 | 3.08 0.99 | 0.67 | -0.23
29.031136 | 2.81 0.9 | 040 -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 2017YES,
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)y, . for
themare (-0.084+0.39)"” and (-0.04+0.48)".

Table 4: 2017YE5 (O—C) differences (MPC code 089)

Date (0-0) (1) (0-C) (2)
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 | 020 | -0.27
20.987260 | -10.43 | -6.84 | 0.09 | 0.43
20.989585 | -10.29 | -6.99 | 0.22 | 0.28
Mean 1043 | -7.21 [ 0.09 | 0.04
RMS 015 | 031 |015 | 031

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

ABCTPAKT. OcCHOBHOIO METOK JOCIIDKEHHSI €
OTpUMaHHS IHQOpMaLii TPO CHCTEMH KpaTHUX Ta
MOJBIMHUX 31POK, SIKi JO3BOJISIIOTH HAM BU3HAYHUTH, YH €
BOHH (Di3MYHO-3B'SI3aHOI0 cHCTeMOI0. KpaTHi Ta moaBikHI
CHCTEMH 3IpOK € DKepesIoM YHIKaJIbHOI iHdopMariii, Takoi
SK CHIBBIAHOIIEHHS TeEpiofiB map B OJHIM cucTeMi,
BiTHOCHA Opi€HTalis OpOITaJbHUX TIIJIOMIMH, PO3MOILI
KOMIIOHCHTIB 3a MacOK Ta IHII., IO HaJ3BUYAHHO
BOXJIMBO JUIS BH3HAUCHHA TMapaMmeTpiB  Mojeneit
YTBOPEHHS Ta eBOJIOI] 3ipok. IIpeacTaBieHi pe3ynpTatu
133 criocTepexens BUOpPAaHUX KPAaTHUX 30PSHHUX CHUCTEM,
mo mpoBomwimucas Ha  teneckomi  KT-50  HZI
"MuxonaiBcbka acTpOHOMIYHa obOcepBaropis” MPOTATOM

2016-2018 pokiB. Y sKoOCTI BXITHOTO CIHCKY IJIS

CIIOCTEPEeKEHb ~ BUKOPUCTOBYBAaBCS ~ BaIIMHITOHCHKHUI
Katajgor mopBiiiHmx 3ipok (WDS). Jlama pobora
NpenCTaBIIsie JeTalbHe IOCHiKeHHS 14 KpaTHUX

30psiHUX cucTeM. ActpoMmerpuyHi pexykuii [133 — kaapis
Ha MOMEHT CIOCTEpEeXEeHb, II0 MICTITh KOMIOHEHTH
JOCTIKYBaHUX KpaTHHUX CHCTeM, Oyl BUKOHaHI 3a
JIOTIOMOTOI0  Tiporpamu ~ "Astrometrica" y  cucrtemi
onopHoro katanory GAIA DR2. KomM0iHarisi mojg0xkeHb,
IO OTPMMAHO 3 HAIIMX CHOCTEPEXEHb Ta MOJOXKEHb 3
THITIX katanoriB i3 CrpacOyp3pkoi 0a3m JgaHUX
JIO3BOJIMJIa BU3HAYMTH HOBI 3HAYEHHS BJIACHUX PYXIB
KOMITOHEHTIB IUX 30psiHUX cucTeM. [lapameTpn B3aeMHOT
KOH(}Iryparii KOMIIOHCHTIB (MO3ULIHHUN KyT Ta KyTOBE
PO3MIJICHHS) TAaKOX OyJIW BUMIpPSHI UISI KOMIIOHCHTIB
BUOpPaHUX 30pPSHHUX CHCTEM 3a JOMOMOTIOK IPOTrpaMu
REDUC. CrangapTHi NOXHOKH BHUMIpIOBaHb CKJIAIN
0.05" mns kyroBoro po3auieHHs Ta 0.2° 11 MO3UIIHHOTO
kyta. KowmOiHamiss [gaHMX HamMX AacTPOMETPHYHHUX
CHOCTEPEKEHb 3 JaHUMU BUCOKOTOYHHUX aCTPOMETPHYHUX
KaTaJoriB, 1m0 € nocTymHUMH uepe3 CrpacOyp3pkuit
ACTPOHOMIUHHMH IIEHTP AAHMX, JTO3BOJIMIN HAaM OTPUMATH
HOBI 3HaHHS IPO AOCIIIIKYBaHi 00'€KTH.

Kuaro4oBi ciioBa: mo/BiiiHi Ta KpaTHI 30psSHI CHCTEMH,
¢iznuHO 3B’s3aHi moxBiiHI 30pi, II33-crocTepexenHs,
ACTPOMETPHYHI MOJIOKESHHS, BIACHI PyXH.

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.l.
The Tab.l are given stellar magnitudes of primary
component (Magl) and magnitudes for faintest
component (Mag 2), information about proper motions
availability for primary (Pml) 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 | Magl | Mag2 | Pml Pm2
(min)

09587+1058 | 3 1.5 11.7 + +
1009740310 | 3 8.5 12.0 + +
11537+7345 | 4 7.2 16.5 + -
12056+6848 | 6 1.5 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) ™, and up to 100 mas for 17 ™,
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Figurel: 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 1153747345
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 | Sep | RMS | N
PA

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 | 14822 | 0.07 | 41399 | 0.11 | 5
12418+0953 | 101.83 | 0.04 | 112.75| 0.03 | 5
12429-0215 9242 | 0.11 53.77 | 0.11 | 10
12497+0111 | 336.71 | 0.03 | 197.87 | 0.08 | 12
12525+0712 87.39 | 020 | 32.66 | 0.06 | 10
12550+5810 | 274.19 | 0.36 18.65 | 0.07 | 10
17479+3417 | 348.44 | 020 | 30.34 | 0.08 | 4

8
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
UCACS 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 A, pe
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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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 5™ -
17™ are the following: o5 = £0.33" and o5 = £0.12™. The
differences between the calculated positions and B-
magnitudes and the reference one from the Tycho2 cata-
logue are 6,5=+0.12" and ogr = +£0.19™ respectively. The
difference between the calculated and the photoelectric B-
magnitudes equals 6B = +0.15™. 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

ABCTPAKT. B tpaBni 2018 poky 3a nporpamoro ®OH
pO3IoYaTo Mpolec MacoBOTO CKaHYBAaHHS Ta OOpPOOKH
¢dororpadivamx mmaTiBOK i3 Kojekmii  [HcTHTYTY
actpodizuku AH PecnyOnikn Tamkukuctan. 3a mepion
1985-1992 pp. B 30Hax Big -8° 1m0 +90° eKCIIOHOBaHO
omu3pko 1560 mmatiBok posmipom 8° x 8°. IlmaTiBKu
OIU(POBYIOTBCSA 3a JOMOMOro cKaHepa  Microtek
ScanMaker 1000XL Plus, pexxum ckanyBanus — 1200
dpi, po3mip mratiBok — 30x30 cm abo 13000x13000 px.
OTtpumaHo Tepuri pe3yabTaTH i3 00poOku 71 TuIaTiBKU

HYJTBOBOT 30HH Ta 58 miartiBok 64, 68 i 72 30H. disa ¢o-
TOMETPHYHOTO iHTepBany B-30psHux BenumuuH Bix 5™ 10
17™ 3HaueHHs: NOXMOOK BU3HAYEHHS €KBATOPIalbHUX KO-
opauHaT Ta B-30psHUX BeMWYHH Taki: 6.5 = 0.33"u op=
0.12™. CxomumicTh MiXK OOUHMCICHUMH HAMH Ta ONOPHH-
MU TIOJOKEHHSAMH 13 KaTajory Tycho2 e Takoi: G4 =
0.12", ogr = 0.19™, a cxomumicTh 3 (HOTOENEKTPUUHUMH
30psHUMU  B-Benmuunamu gopiBuHioe o = 0.14™. B
00po011i maTiBok Ta cTBopeHHi karamora @OH-/{ymante
NpUIMalOTh ydYacTh II'ATh AaCTPOHOMIYHMX 3aKJIAIiB:
Incturyr actpodismkn AH PecmyOmiku TamKuKuCTaH,
ObcepBaropiss  iM. Bamsrepa Xomanmna B Ecceni
(HimeyunHa), ACTpOHOMIYHWI IHCTHTYT iM. YiIyroeka
AH Pecny6niku V30ekuctan, HJII ‘“MukonaiBcpka
acTpoHoMmiuHa oOcepBartopiss (Vkpaina) Ta [omoBHa
acTpoHoMiuHa obcepsaropis HAH Vkpainu.

KoarouoBi cioBa: ckanyBaHHs, oOpoOka ouudpoBaHux
mwiatiBok, mporpama @®OH, actpomerpis, doTomerpis,
aHaJIi3 JaHUX

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 8xcosd 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 = 10™ 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 Aa and Ad and then the reduction of rectangular coordi-
nates X, Y of all objects in the system of equatorial coordi-
nates o, & of Tycho-2 catalogue. At the both steps of data
processing the tangential coordinates & n are calculated by
the method of the smallest squares using the formula:

FON-DUSHANBE, B=09.5-10.5 mag

DEC_|||||||||||||||||||||||||_

720

68°

640

oh 5h 10h 15h 20h RA

DEC

L L 1
15h

P R R
20h RA

L P
oh sh 10h

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 = 10™ magnitude

& = ajtraXfitasYfi+ a,Rmi+adf; + Zblm)(i[yim,
(1=0+6, m=0+6, [+m=n, n=1+6)

ni= crreXfresYfi+ cRim;+eof + Yd XY,
(I=0+6, m=0~6, [+m=n, n=1+6)

where 1 = 1,2,...N — number of stars from the TYCHO-2
catalogue on the digitized plate; X;, Y; u R; — coordinates
and distances of star images relative to the center of the
plate; m; — instrumental photometric star values; f; —
diameters of star images; coefficients a,, a3, a4 and c,, c3, ¢4
are responsible for the coma; coefficients as, cs — take into
account the influence of the brightness equation (these co-
efficients are calculated separately); the by, u d, 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, ¢ and
d; for the zero zone - on the lower panels a', b', ¢' 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: cad = 0.33"-
0.36" and oB = 0.13™ 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.

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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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 (3kx3k, FOV 42.6'x42.6") 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 UCACA4. 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)™. 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.

ABCTPAKT. B  HaykoBO-IOCHiZHOMY  iHCTHTYTI
"MuxonaiBchka acTpoHomiuHa obcepparopis” (HAI MAO)
MIPOBOAATECS PETYISAPHI CIOCTEPEKEHHS IIIOIMAN0K 3 PO3-
cisHUMH cKymueHHAMH Ha Teneckorni KT50 (D = 500 mm, F
= 3000 mm) 3 II33 kameporo Alta U9000 (3xx3k, FOV
42,6'<42,6") B pe:KiMi CHHXPOHHOTO TIepeHOCY 3apsy. s
IbOTO PEXUMY CIIOCTEPEKEHHS MH  JOCIIJDKYBAJIN
sanexHicTh pisHULI (O-C) KyTOBHX KOOPIMHAT OMOPHHX
3IpOK 3aJIeXHO Bil KoopAuHATH X (HANpsIMKy, HEpIIeHIN-
KyJISIPHOTO HAamNpsIMKY IIEpEHOCY 3apsay) B CHCTEMi KOOp-
nuHat 1133 matpuri. s mociimKeHHsT BUKOPUCTOBYBA-
JIUCh JJaHI CIIOCTEPEeKEHb POCCITHUX CKYITYeHb, OTPUMaHI B
HIAI MAO B 20112017 poxax. MacuB qaHuX, SIKHI BUKO-

pHucToBYBaBcs A oTpuMaHHA posnoainy (O-C) ans nps-
moro minHeceHHA (RA) ta cxmnenns (DEC), 3anexHo Bix
X, MICTUTh 62 MiTBHOHHM OJUHUYHHX CIIOCTEPEKEHD 3iPOK.
O0poOka BUXITHUX JAHUX 3AIACHIOBANACS 32 JOMOMOTOIO
nporpamu Astrometrica 3 omopauM Karamorom UCACA4.
Posnonin 3Hagens (O—C) sk ¢pynkmii X BiamoBigHo 10 RA
ta DEC 0yB oTpuMaHuii MeTojoM HaliMEHIINX KBa/paTiB.
Jliist pilieHAsT BUKOPUCTOBYBATUCH TOiHOME 10-r0 cTytie-
Hi Bix X Ta TpPEThOrO CTYNCHA BiJ IHTETPAIBHOI
IHTEHCHBHOCTI 00'ekTa Ha 300pakeHHi. JlOCTiIKEeHHS I0-
kazano HasBHICTh 3HauHMX (0,01-0,02)" cucremaTuuHMX
MOMUIIOK T10 TOJIF0 MATPULi s sicKpaBuXx 3ipok (10-12)".
Jlnsa cnabkux 3ipoK aMILTITyAa MOCTIHHOI YaCTHHH 3HAYHO
3MEHIIYETHCS TpU 30€pe EeHHI NepioAndHOi CKIIaI0BOI.
Jlocnimkenns Oynu TakoX mpoBeneHi aus Oaratbox [133-
KaJpiB, OTPUMaHUX 3 aCTPOHOMIUHUX 0a3 JaHUX JUIS 1HIITHX
iHcTpyMeHTiB. PesympraTtéi poGoTH OyIyTh BHKOPHCTOBY-
BaTucs I8 TiJBHLICHHS TOYHOCTI ACTPOMETPHYHHUX
KaTaJIoTiB, OTPHMaHHX 3a JormoMororo tereckona KT50, ta
IUIA  TIIBUINCHHS TOYHOCTI BJACHHX pPYXiB 3ipOK B
PO3CISIHUX CYIMUYEHHSIX Ta IX OKOJIHUIISX.

KaruoBi caoBa: Actpomerpiss — AHami3 JaHUX —
ActpoHoMmiuHi 6a3u ganux — Karamnorn.

1. Introduction

During the period from 2011 to 2017 at the KT-50
telescope (D = 500 mm, F =3000 mm) of the Rl MAO
(Shulga et al.,, 2012), equipped with a U-9000 CCD
camera (3kx3k, FOV 42.6'x42.6") (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 36. Thus, we obtained the table values of
the average value (O-C) 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 15" (O-C)
values oscillate around zero, for 11™ goes above 0.02 mas.
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Figure 1: The distribution of (O—C) of the declination
from X for stars of the 12th magnitude
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Figure 2: Smoothed distributions of (O-C) of the
declination from X, the stars from the 11th to 15th
magnitude (from top to bottom)
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Figure 3: The distribution (O—C) of the declination from X
for stars of 15™ and fainter
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Figure 4: The distribution (O—C) of the right ascension
from X for stars of 12™

An interesting graph of the distribution (O—C) for low
intensities (stars of 15™ 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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0.041 57 ks 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

0.02 calculated in three iterations and we discarding the

-
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Figure 5: Smoothed distributions of (O — C) of the RA
from X, the stars from the 11™ to 15™ (from top to bottom)
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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)
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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)

samples with too large values (O—C) by the criterion of
3c. 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 18.5™ was obtained. The accuracy of the catalog is
ora=0.011" and opgc=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 clongated 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 oy, = (0.03-0.05)™. After the reduction of instrumen-
tal stellar magnitudes to the Johnson BVR system, the errors
of one measurement are gyg = (0.05-0.08)™. 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

ABCTPAKT. CnocrepesxxeHHst 20 pO3CISIHUX 30PSHHUX
CKymmueHb Ha MalimaHakchkiii obcepBaTopii BUKOHAHI Ha
MeTpoBoMy Tefeckomi Zeiss -1000 B3umky 2018 poxy. Sx
npuiiMad BHIIPOMIHIOBaHHS BHKOpHCTOByBasacs 1133 ka-
mepa Apogee Alta U9000 (3K x 3K, FOV 19,5'x19,5"). Bei
CIIOCTEPEKECHHSI BUKOHAHI 3 BHKOPHCTAHHAM CBITJIIOBHX
¢ineTpiB BVRI B cuctemi beccens. TpuBanicTh eKCIO3HITIT
B 3aJIC)KHOCTI Bif QimpTpa craHoBmima Bim 60 mo 150 ce-
KyHO. Yepe3 HecTaOUTBHICTH BENEHHs Telieckoma 300pa-
JKEHHS 31pOK TPOXH BHUTATHYTI. JJIs1 KOXKHOI CIIOCTEPEKHOT
HOYi OTPUMaHi KamiOpyBajbHI 300pakeHHA. ACTPOMETPH-
yHa 00poOKa MpOBOMIACS Micis (QUIbTpalii rapsyux miK-
CelliB 3a JBOMa METOAMKAaMH: NporpaMoro Astrometrica i
aBTOPCHKUM HaOOpPOM IIporpam 3 MEPBUHHOIO 0OPOOKOIO B
cepenosumi MIDAS. Pexykiiist BUKOHyBajiacs 3 BUKOPHC-
TaHHSM TOJIiHOMa 3-T0 CTymneHs. B sSKoCTi omopHUX 3ipoK B
pi3HEX BapiaHTax 0OpoOKHM OyTM BHKOpPHCTaHI KaTaJOTH
Tycho2, UCAC4 i Gaia DR2. Yepe3 manuii po3mip mouns i
Maly KUTBKICTh OHOPHUX 3ipok 00poOka B Tycho2 mokasa-
Ja Halripmuii pe3ynbTar. Pe3ynbraTn, oTpuMaHi aBTOpCh-
KAMU TporpamaMiu 3 omopHuMH Katamoramun UCAC4 i
Gaia, MoOKa3aiay X0opoIry 301KHICTb. TOUHICTb IHTErpaIbHO-
ro karasory 18 tucsu 3ipok mo 18.5", orpumanoro 3 280
Kajpis, ckiana mo RA - 0.011" i DEC - 0.013". Tounicts
OMHUYHOTO criocTepekeHHsa ckimana mo RA (0.030 -
0.032)" i DEC (0.035 - 0.037)". IIpu 11sOMy TOYHICTH BHY-
TPIIIHBO KaJapoBOI 0OpoOKHM 3 omopHMM KaTajorom Gaia
BUSBIJIacA B 2-3 pa3M Kpallle aHAJIOTIYHOI 3 KaTaJorom
UCACA4. Tounicte 00poOKH BHUTSATHYTHX 300pa’keHb IPO-
rpamoro Astrometrica B cepeIHROMY B 3-4 pasu ripIie, Hix
ABTOPCHKUMHK TIporpamMamMu. Takok B Tporeci 0OpoOKu
BUSIBJICHA CHCTEMATHYHA 3aJIeXKHICTh BEJIMUYMHN MaclTaly
MiKCeJIs BiJl 32CTOCOBYBAHOTO CBITJIOMUIBTPY. 3a pe3yibTa-
TaMH TeCTOBOi 00poOKu criocTepeskeHs Bix 21 ciunsa 2018 p
ckymaeHHI NGC869 orpumana ¢GoTOMETpHYHA OIiHKA
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TOYHOCTI CIOCTEpEKECHb. BHYTpINIHI MOMIIKH OJHOTO
BUMIpPY 30pSHOI BEIMYHHU B IHCTPYMEHTAJBHIH CHCTEMI
bvr MarTh 3HaueHHA Gy, = (0.03-0.05)". Ilicna penykuii
IHCTpYMEHTANBHUX 30pSHUX BEIUYMH B cucTteMy BVR
JI>KOHCOHA TTOMWJIKA OJHOTO BUMIpY piBHI ogyr = (0.05-
0.08)™. OOpobKa CHOCTEPEKEHb TOKA3ala MOKIUBICTH
MIPOBOJUTH JAUQepeHIriaabHi CIOCTEPEKESHHS Ha TEJIECKOT
Zeiss-1000 3 TOUHICTIO OAHOTO CIIOCTEPE)KCHHS HE TipIie
0."04, a mpu moutinIIeHH] BeneHHs Teneckomna, To 1 0.02".

Karouosi ciioBa: Actpomerpis — @oromerpis — PoscisHi
cKymueHHs — AHaui3 qanux — Karaixoru

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, Berkeleyl0O, 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 -20°C.
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 18.5™
was obtained. The accuracy of the catalog is ora=0.011"
and oppc=0.013", the accuracy of single observation on
RA (0.030 - 0.032)" and DEC (0.035 — 0.037)" (Fig. 2).
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Figure 1: Scale values distribution for all CCD frames
depending on the reference catalog Tycho2, UCAC4, Gaia
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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).
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Figure 3: Distribution of RA/DEC accuracy in arcsec of
intraframe processing with 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 | Nref. N RA, DEC,
stars stars | mas | mas

Astrometrica  UCAC4 | 15516 128293 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 oy,, = (0.03-0.05)™.
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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 ogyg = (0.05-0.08)". These results are
presented in Fig. 7.
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Figure 6: Connection of instrumental stellar magnitudes
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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 oy, = (0.03-0.05)". After the reduc-
tion of instrumental stellar magnitudes to the Johnson
BVR system, the errors of one measurement are Ggyr =
(0.05-0.08)™.

Astrometric and photometric studies of CCD
observation of clusters on Maidanak observatory continue.
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ABSTRACT. Photographic observations of XX century ABCTPAKT. ®ororpadiuni cmocrepexeHHs XX

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=17.5" 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 7.7 to 17™.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

CTOJITTS MICTSITh YHCIICHHY Ta PI3HOMaHITHY 1H(pOpMAIito
mpo Bci oO'exktm Ta mmoxii BceecBity, 3adikcoBaHi Ha
actpoHeraruBax. OpuUTiHaJbHI Ta IiKaBl CHOCTEPEKEHHS
Manux Til COHAYHOI CUCTEMH B TMOTIEPEIHI POKH MOYKHA
BUOpaTH Ta BUKOPUCTOBYBATHU JUIS Pi3HUX HAYKOBUX 3aB-
naHb. IcHyroui 0a3u JaHWX Ta OHJIAMH-CEPBICH MOXYTh
JIOTIOMOTTH 3pOOUTH TaKHi BUOIp JIETKO 1 IIBUIKO.

CroctepexeHHs] XpOHOJOTIYHO OiTBI paHHIX OIMO3HU-
uifi, goToMeTpuYHA OIiHKA ONHCKY MpPOTATOM IOBIHX
MEepioiB  4Yacy  JO3BOJSIOTH  YTOYHIOBAaTH  OpOiTH
acTepoiiB i BUABIATH Pi3HI HECTAIIOHAPHOCTI.

®dororpadivni cnoctepexxeHHs DororpadigHoro orus-
ny miBHiYHOTO Heba (mpoexkt ®OH) Oynm BUKOpHCTaHi
JUTsl TI00ANTBHOTO MOMIYKY MaiuX Til COHSAYHOI CHCTEMH.
bausbko 2000 dororpadiynnx mnariBok Kitadbepkoi wac-
TuHN npoekty @OH oTpumaHi 3a JOIOMOT0I0 MOJIBIHHOTO
IIMPOKOKYTHOTO acTporpada obcepraropii Kitab, Y36e-
kuctaH y nepiox 3 1981 mo 1989 poku. CrouaTky, BUKO-
pHUCTOBYIOYM 1ii ONU(POBaHi CIOCTEpEKEHHs, OyB CKia-
JIEHUH KaTaloT eKBAaTOpialbHUX KOOPAWHAT 1 30pSHHUX
BEJIMYUH Ui OimbIl HDK 13 MJIH 3ipOK 1 TaNakTHK OO
B=17.5". Ha pmanuit yac Mu MpOoaHaNi3yBaJld yCi pe3yib-
TaTd 3 METOIO TMOIIYKY acTepoiiB Ta CKJIAM KaTalor ix
€KBATOPIAJIbHUX KOOPJIUHAT Ta 30PSHUX BEJIHYHH.

B pesynpraTi Oyno imentudikorano 6imemre 4500 30-
OpakeHb acTepoiNiB i KOMET i3 Bi3yaJbHOIO 30pPSHOIO Be-
nmauHO Bix 7.7 1o 17™.5. Bei monoseHHs acTepoimis
nopiBHIOBaNKCS 3 ehemepuaamu. [IpoBeeHO MOnepeaHii
anami3 pizHuIp O-C.

HoBuM 1 mikaBuM € Te, III0 MOMEHTH CHOCTEpPEKEHHS
JIesIKUX 1IeHTU(]IKOBAaHUX aCTEPOINiB € 3HAUHO PaHIIIUMHU,
HDK MOMEHTH iX BimkpurTsa. Kpim Toro, meski 3 HHX €
HalIepIIuMH CIIOCTEPEKECHHAMH LHX acTepoiliB y CBITI
cepel yCiX BIIOMHX CIOCTepexeHb. bimbme 915 cmocte-
peXEHb TaKUX acTepoimiB Oynu 3HAHICHI Ha IUIATiBKaxX
Kitabcpkoi wactuam npoexty POH.

Kiro4uoBi cioBa: karajor, HOJOXEHHS acTepOimiB, Tpo-
ext DOH
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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."5 (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 o, 8, and B-
magnitudes for more than 13 million stars and galaxies up
to B < 17.™5 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 o, o 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 -20° to +02° 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.

70
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50

360 300 240 180 120 60 0
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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 ¢ 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.

: The scatter of differences B-Mv for all asteroids.
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Figure 5: The scatter of values of standard deviations ¢ 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 7.7 to 17".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.
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NEW APPROACH FOR ANALYSIS OF THE X-RAY DATA
IN CORES OF GALAXY CLUSTERS:
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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

ABCTPAKT. Mu 00roBOproeMo MaTeMaTUYHi
METO/IN aHAJII3y CIIOCTEPEXKHUX JAHUX JIJIsT OJePKAHHST
PO3IOJILITY OCHOBHHUX diznanux mapamMmeTpiB
PEHTreHIBCHKUX CKyIO4YeHb rajakTuk. llepmmr 3a
BCe, e PO3OUTTS 300paKeHHsI CKYITUYeHHS TaJaKTUK
HA KOHIIEHTPUYHI KijIbllsi HABKOJO WOTO IEHTPY.
Ile nos3BoJsiie po3paxyBaTu iHTErpoBaHy KLIBKICTH
MKCeTiB, MO MICTATH iH(MOPMAIHIO PO TeMIEepaTypy
Ta iHIOI TapaMeTpu Trapgdoro JAudgys3HOro rasy,
IIOTOKH OXOJIOJ?KEHHsI TOIIO, & TAaKOXK BHOKDPEMUTH
[EHTPaJIbHY, HAWsICKPABIILy YaCTUHY CKYyIYeHHSsI
raJJakTuK. [HIMui miaxin - 1me Tak 3BaHui “aJropuTMm
KOHTYPHOI'O PO30UTTs’, KWl JI03BOJISIE OKPECJIUTH
KOHTYDH HA AJANTHUBHO 3IVIQJZKEHOMY 300parkeHHi y
Takui Crocid, 1Mo 3reHepoBaHi 00JACTI BiAMOBIITAIOTH
IIOBEPXHEBIH SICKPaBOCTI BCBHOT'O 300parkKeHHs
CKyIYeHHsI, 1 € HaiiOlibin iH(pOpMATUBHUM, SKIIO
CIIEKTPAJIbHI BJIACTUBOCTI Y3TOZKYIOTHCS 3 PO3IOJILIIOM

HOBepXHeBOl sicKpaBocTi 1/abo 1eil posmogin He
€ 3rmamkennM. Mwu  mopiBHIOEMO T MeTOTH 3
BUKOPUCTAHHSAM  JIAHUX  KOCMIidYHOI  obcepBaTopil

‘“Qangapa” mist ckymdednb rajgaktuk A2029, A2107
ta A2151. 4k gomarkoBuit 1 BaxK/MBUI Iiaxin
00poOKHU 300pazkeHb MU PO3IVISIAEMO 3aCTOCYBaHHS
XBHUJIBKOBOI'O aHaJIizy, THILY [I€PETBOPEHHS
“MeKkcuKaHChKUM KalleIox ’, 00 BUSHAYUTH He TLIBKI
[IEHTPaJbHY YaCTUHY CKYIYeHHsI TaJlakKThK, aje i
MiICTPYKTYpH, 3aiHATI rajakTukaMu abo 00JIacTsMU
MIKTJIAKTUIHOTO CEPEJIOBUINA, I dYac OOpOOKHU
IXHBOTO KOHTYPY PEHTTEHIBCHKOro 300parkeHHsi. Mu
MiITBEPIKYEMO, IO BUOKPEMJIEHHS HiJACTPYKTYD Ma€
IepeJlyBaTi  IOJIAJIBIIIOMY  JIOC/IJIZKEHHIO, OCKIJIbKU
IXHSI IPUCY THICTH HE JI03BOJISIE 32CTOCOBYBATH TiIIOTE3Y
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riIPOCTATHYHOl PIBHOBAI'M PEHTIE€HIBCHKOI'O Ta3y NIpHU
PO3IJIsii PO3IOJILITY AUHAMIYHOI Marepil Ta mpodiiip
pizHux  izmuHUX TApaMeTpiB  B3J0BXK  paiycy
CKyIYeHHs TrajakTuk. KomOiHOBaHe 3acTOCyBaHHS
[IAX TPHOX METOAUK MOYKE CYTTEBO JOIIOBHUTH HAIIEe
po3yMinHg (PI3UIHUX TPOIECIB, IO BiIOYBAIOTHCS B
X-CKYITYEeHHSIX TaJIaKTHUK.

KuarodyoBi  cjoBa:  peHTreHiBcbKa — aCTPOHOMIs,
AJICOPUTM KOHTYPHOI'O PO30OUTTsI, XBUJILKOBUI aHAJII3
— ckymuenns rajaktuk: 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 X MM — 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 X ARM (Hitomi— I1;
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 NED!, Simbad?, and HyperLEDA? databases.

Thttps:/ /ned.ipac.caltech.edu/
2http:/ /simbad.u-strasbg.fr/
3Lyon-Meudon Extragalactic Database
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Puc. 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 ACDM cosmology with following
parameters: Hyp = 70 km/s/Mpec, Q,, = 0.3, and Q,
= 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, x? and Poisson statistics. Here we used x2. 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 x? around 1.
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Puc. 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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Taba. 1: The list of galaxy clusters with their physical characteristics.

Name @ 1) ObsID Exposure z Npg
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 contbin? 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 CIAD 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

the contbin
https://www-

ACH+ programming codes of
routine can be downloaded from
xray.ast.cam.ac.uk/papers/contbin/
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Puc. 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 1.0Zg
and decreases with radius until 0.3-0.4Z5. 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

10°
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Puc. 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 R¢=1;

3) search for scale of wavelet using the Mexican Hat
formula: F(r,a) = (2 — r%/a?)exp(—r?/a?), where a is
the wavelet’s scale, r is the distance between the center
and point (z, 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=0.01R; can correspond to
the individual galaxies or the regions of intracluster
gas, while the scale a=0.25R 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 C'handra 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 5"-17" positional errors were estimated as +0.36
arcsec, and B-magnitudes’ errors were found =+ 0.12™. 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
astrometry of asteroids and comets.

plate processing,

ABCTPAKT. Po6ota mpucBsueHa TOIIYKYy Ta
BU3HAYCHHIO TIOJIO’KeHb MaiMX Tl COHSYHOI CHCTEMH Ha
0azi crioctepexHoro Mmatepiany nporpamu @OH-/ymanbe.
Y 1985-1992  pokax Tliccapceka  AcTpoHOMIYHA
obcepBatopis IHcturyry actpodizuku Akazemil Hayk
PecrryOnikn  TamkukicTaH mpuiiMama y9acTb Yy TIPOCKTI
®OH. 3a monomororo actporpada 11-400 (Marsden’s code
190, D/F=400/2000mm) Oymo oTpumano Maibke 1570
¢oTorpadiuyHuX MIATIBOK 30psHOrO Heba B Mexax Binm — 8°
o + 90° rpan. o ompaifoBaHHS WX IUTATIBOK BIPHTYI
migidnm Tutkkd y 2017 porui, konmu Oyno mpuabaHo
npodeciiinuii ckanep Microtek ScanMaker 1000XL Plus ta
BHKOHAHO HOro JOCHI[DKCHHA. Y  IbOMY JK  POII
3amovatkoBano cmiibHy 3 TAO HAH Vkpainm poboty 3
MOJIATIBINIOT  PEMYKIlii IMX CHOCTEPEXKEHb 3a JOMOMOTOI0
KOMITIEKCY TpOoTrpaM B  OMNEpALlifiHOMY  CEpeIOBHILI
LINUX/MIDAS/ROMAPHOT. Ili mnporpamu  Oymu
CremiaIbHO PO3pO0JIeHI Ta 3ampoBa/KEHI YIS 3TIHCHEHHS
ycboro mpoekty @OH. Ha nanuit MOMEHT oOmnpanbOBaHO
ommseko 10% QoTorpadiyHuX CHOCTEPEkKEHb, IO Oyin
orpumani y [iccapcekiii ActpoHOMIUHIH 0OcepBaTopii.
Bu3HadueHO ekBaTopianbHI KOOpPAMHATH BCiX OO’€KTIB Ha
KOKHIA 3 17] IUIACTHHKK MO BiJHOMICHHIO JO OIOPHOI
cuctemu Karasory TYCHO2. IToxuOku exBaTopiaIbHUX
KOOpAMHAT GO, CTaHOBIATH +0.36 arcsec, a moxuOku B-
BEJIMYMH Op JOPiBHIOIOTE + 0,12 mg B Mexax aAiana3oHy
30pSHUX BEIMYMH Bil 0T 5 mg no 17 mg. AcTpoHeraTiBu
¢dororulacTMHOK,  oTpuMani  3a  nporpamoro  DOH,
30epiratoTh B cO0i  HEONIHCHHY iH(OpMAI0  Tpo
nuHaMigHEM ctaH  KocMocy y meBHHET MOMEHT dacy. Y
poOOTi  NOCHIDKYIOTBCS —~ pPE3YNIBTaTH  T03AIUIAHOBHUX
criocrepexxeHb Mamux Iwaner Comsrypoi cuctemu (MII).
[Ticast 06poOKku (oTorpadiyHUX IIACTHHOK 32 MPOrPAMOI0
@OOH-/lymanbe po3moyaro pobOTy 3  OTOTOXKHEHHS
300pakeHp  actepoimiB 1 komer (MII) Ha mmx
actponeraruBax. [lomryk MII Ta omiHKa Y3roKeHOCTI MiXK
CIIOCTEPEKHUMH Ta iX TEOPETUYHUMH IIOJOXKEHHAMHU
3IIHCHIOETBCSL Y pexuMi online 3a gonomororo jpl-edemepu
inTepHeT-cepaicy (https://ssd.jpl.nasa.gov/sbfind).

KiarouoBi caoBa: mpoektr @POH, ompamroBaHHS
omu(poBaHMX TUIACTHHOK, ACTPOMETpis acTepoimiB Ta
KOMET.
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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
70™ 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 1. 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 30x30 cm (13000 x 13000 pixels) covering the
star field 8°x8°. 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 o, = 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 5™ ... 17™
have positional errors o,; = 0.36 arcsec, errors of B-
magnitudes are og = 0,12". B-magnitudes were obtained in
the reference system of photoelectric By, 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 17™ 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: (O-C)a, (O-C)J, (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 (a = 0" ...
24" §=0° + 4°) and 100 plates of the circumpolar zone (5=
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” ocCdl” 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 225 |-0.53 12.25 11.59 | 0.66
47 083 821 | 1986 | 02 | 26.700712 0.66 | -0.26 1496 | 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 | 1145 | 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: /
— asteroid number, 2 — Marsden’s code, 3 — plate number,
4-5-6 — year, month, day + UT in fractions of day, 7 — (O-
C)" R.A., 8 — (0O-C)" Dec., 9 — photometric value Bph, /0 —
visual magnitude Vmg, 7/ — (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 (O-C) 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”.
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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 Al
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://Infm1.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 (O-C) in the range =£l1.”5. In total, we
obtained 47 astrometric positions of the objects of interest
in the wide interval of brightness’s (8™ £16™). The internal
positional accuracy of the catalog in the Tycho-2

reference system is 6,5 = 0.08"-0.13", the photometric
error of B-magnitudes is estimated as og = 0.2™.

Keywords: digital plate processing — astrometry of Major
planets — satellites — catalogues.

ABCTPAKT. ApxiB CKIOTEKH ACTPOHOMIYHOTO IHCTUTYTY
Axanemii Hayk PecrryOniku Y36exicran (UBAI) napaxoBye
Maibke 15 Trcsd QOTOIIACTHHOK 13 300paKeHHAMH Pi3HHX
00’extiB KocMmocy. B po0oTi #meTsest mpo mepii pe3yapTaTa
OTIPAIIOBAHHS CIIOCTEPEKEHh Benmknx IUaHeT Ta iXHIX

CYIyTHUKIB, 300pakKeHHS SKUX OyJ0 OTpHMMaHo 3a
JIOTIOMOTOI0 ~ 71BOX  actporpadiB  —  TamikeHTCHKOro
HopManibHoro — actporpada (TNA) Tta  Kitabckkoro

IomgiitHoro actporpada Ileiica (DAZ) B VY30ekucrani y
nozoBx 1895-2004 pokiB. Ha manmii yac B Al BUKOHYIOTBCS
poOOTH 3 YIOPSIIKYBaHHS apXiBy IDIATIBOK Ta CTBOPCHHS
Banka naHuX QoTOrpadiqHIX CIIOCTEPEKEHb Y €IHMHOMY Xls-
¢dopmari. KinmpkicTh  (QOTOIITIACTHHOK 13  300paKeHHAMU
Bemukux Ilmader cranosurs nonan 300 Herarusis. Y 2017
poui B Al cnimbro 3 TAO HAHY posmnouaro onpartoBanHs
IIMX CTIIOCTEPEXEHb 32 HOBOIO MeTozor0. Ha Toif yac, y pamkax
npoekty YkpBO (Vavilova, 2012a; Vavilova, 2012b;
Vavilova, 2014; Vavilova, 2016; Vavilova, 2017) 0ys
po3po0iieHHii  Ta  3ampOINOHOBAHWKM  METOJ  PEeayKIIii
omuppoBannx  IwiacTMHOK w11 mporpamu  DOH.
OmudpyBaHHS HETATUBIB 3AIHCHIOETBCS 32 JIOTIOMOTOIO
IutaHmeTHoro ckanepa Epson Expression 10000XL. B pexumi
1200dpi. Tlomamemia penykmiss OIM(POBAHUX —IUIATIBOK
BiIOYBA€THCST 3aBISIKA KOMIUIEKCY IIPOTrpaM, CHEIlABHO
pospoonernx B ['AO B omepamiiHOMy —cepeoOBHII
LINUX/MIDAS/ROMAFOT. 3a gomoMororo iHTepHeT-caiTa
(http://Infm 1 .sai.msu.ru/neb/nss/nssephmr.htm) B pesknmi
online Bimmykyemo 300paxenHs I[lmamer cepex ycix
00’€KTiB IJIAaTiBKU Ta BU3HauaeMo po3oixkuocTi (O—-C)" Mix
0o0YHCIICHUMH Ta iX TEOPETHYHHMHU IMoJoKeHHAMHu. Ha
JAHWUH ~ MOMEHT  ONpalbOBaHO  HEBEIHMKY  YacTKy
CIIOCTEPEKHOTO MaTepiany (23 HeraTua) i3 300paKeHHAMU
VYpana. Henryna, [Inmytona ta cymytHukiB CaTypHa, 110
Oymu otpumani Ha actporpadi DAZ B Kirtabi. Ycnimanmu
BusBIIHCA 16 ¢ortorumactuHOK (19 3HIMKIB), UIA SKHX
snayeHHs (O—C) He mepeBumimye =+1.5". 3aramom, Mmu
orpuMmanu 47 acTpOMETPUYHHX MoOJOXeHb Ilnaner B
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MPOKOMY Jianasoni ix sickpasocti (8™ + 16™). BayTpimuss
TouHicTh penykuii RMS mo o06ox KoopauHatax
3HAXOJUTHCA B Mekax oy,s = 0.08” + 0.13", a moxmOka
BU3HAUECHHS 30PAHOI BEJIMYMHK CTAHOBHTH G = 0.2™.

KiarouoBi  caoBa:  OmnpamfoBanHs — onn¢poBaHUX
IUIACTHHOK — aCTPOMETPisl — BEJIMKI ITAHETH — CYIMYTHUKH
— KaTaJIOTH.

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 Dboth 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 xIs-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 xIs-format.

Tablel. Parameters of TNA and DAZ telescopes

TamikeHT, .
Parameter TNA Kitab, DAZ
TAS040A
ID TAS033 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 343 m 3m
Scale 60"/mm 69"/mm
Field 2°+2.5° 5.5°+6.0°
Glass plate | 1 6em 30x30cm
size (max)

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 0,;=0.10", the accuracy of
photometric estimations is better then oz = 0.2™. 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 — (O—C) on right
ascension and declination; 11, 12,13 — RMS — internal error of the reduction;
14 — number of reference stars from Tycho-2.

N pl. RMS
. N sd OC| Sd| Oo-Cc| sd
Obj| Rangel /N | | BPRIpih | RA.| RA| Del| Del | Bph| RA| Der| O
nights
i 2 3 4 5 6 7 8 9 10| 11| 12] 13 14
SATURN’S MOONS
S5 1199’;% 4/4 8 | 103| 44| -053| 77| +036| 56| 29| 08| .09 1277
1983,
S6 | 1986,| 6/6 10 99| 19| +0.13| 59| -004| 36| 28| .09| 09| 1194
1990
S7 1 1990 | 33 150 20| -000| 35| -009| .14 | 28| 07| 08| 1725
S8 | 1990 | 4/4 6 | 128| 20| +0.05| 22| 019 31| 29| 09| .10 1676
SO 1990 | 11 1| 166 +3.96 +1.04 28 06| 07| 1675
1983-
X | jooo| 66 27
URANUS
Ura-| 19831 5 5 6 | 75 | 134 -013| 57| -035| 34| 33| 13| 14| 630
nus 1985
1979,
U4 | 1983 4/4 4| 139 072| +0.13| 94| +044| 82| 30| 08| 08| 729
1985
1979-
| o 717 10
NEPTUNE
Nep-| 1983,1 -, 4 9 84 | 048| +0.05| 64| 011 | 45| 33| 13| .14 | 2245
tune 1984
PLUTO
_1:(1)“ 1990 | 22 3 137 015] 019] 05| -025| 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.
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Date, UT RA DEC Exp. | By | (0-C), | (O-C)s | NPL
1 2 3 4 5 6 7 8
Y [ M] Day hlm] s °o | ] " 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 30 139 | -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 3 103 | -0.27 0.15 1433
1983 | 04 | 13.867666 | 14 | 03 | 3.376 | -09 | 34 | 27.794 3 103 | -0.44 0.04 1433
1990 | 07 | 14.744142 | 19 | 35 | 42985 | -21 |32 | 58.089 15 103 | -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 | 4986 | -21 | 35

41.142 15 9.9 0.51 -0.68 1862

1990 | 07 | 19.786600 | 19 | 34 | 4.830 | -21 | 35

40.987 1 104 | -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| 8372 | -21 |32

18.102 15 15.0 | -041 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

| 49381 | 15 | 95 | 363 | 186 | 1614
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