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SINGULARITIES AND THEIR CROSSINGIN GRAVITY
AND COSMOLOGY

A. Yu. Kamenshchik

Department of Physicsand Astronomy �Augusto Righi�, University of Bologna,
National Istitute for NuclearPhysics,Bologna, Italy, kamenshchik@bo.infn.it

ABSTRACT. We discussthe problem of singularity
crossing in isotropic and anisotropic universes. First,
we consider the so called soft or sudden singularities
and, in particular the Big Brake singularity. This
singularity was discovered in a particular tachyon
cosmological model and it was also shown that this
kind of singularity arisesin a very simple model, where
matter is representedby the anti-Chaplygin gas. At
the encounter with the Big Brake singularity
the universe has a �nite scale factor, a vanishing
expansion velocity and an in�nite deceleration. The
Christo�el symbols also vanish the geodesics are
regular and the universe easily can cross such a
singularity. Adding to the anti-Chaplygin gas or
to the tachyon matter some amount of dust we see
that the Big Brake singularity is substituted by a
more general soft singularity, its crossing implies a
certain transformation of the properties of matter.
The crossingof the Big Bang � Big Crunch singularity
is more counter-intuitive. However, we describeit for
both Friedmann universe and Bianchi-I universe using
the �eld reparametrization of the variables present
in models (a scalar �eld and the metric). Then we
consider the Wheeler-DeWitt equation and show
that the probability for the universe to �nd itself at
the soft singularity is di�erent from zero, while the
encounter with the Big Bang � Big Crunch singularity
is suppressed.We analyze the possibility to construct
Fock spacesof quantum particles at the vicinity of
di�erent cosmological singularities and see when it
is possible and when it is not possible. Finally, we
present some attempts to develop general approach
to the connection between the �eld reparametrization
and the elimination of singularities.
Keywords : gravitation; cosmology;singularities.

À˝˛ÒÀÖIß. ÌŁ îÆªîâîðþ„ìî ïðîÆºåìó ïåðåòŁíó
æŁíªóºÿðíîæòi â içîòðîïíŁı òà àíiçîòðîïíŁı
âæåæâiòàı. Ñïî÷àòŒó ìŁ ðîçªºÿíåìî òàŒ çâàíi
ì’ÿŒi àÆî ðàïòîâi æŁíªóºÿðíîæòi òà, çîŒðåìà,
æŁíªóºÿðíiæòü ´åºŁŒîªî à̂ºüìà. Öÿ æŁíªóºÿðíiæòü
Æóºà âŁÿâºåíà â ïåâíiØ òàıiîííiØ Œîæìîºîªi÷íiØ
ìîäåºi, i Æóºî òàŒîæ ïîŒàçàíî, øî öåØ òŁï

æŁíªóºÿðíîæòi âŁíŁŒà„ â äóæå ïðîæòiØ ìîäåºi, äå
ìàòåðiÿ ïðåäæòàâºåíà àíòŁ÷àïºŁªiíæüŒŁì ªàçîì.
ˇðŁ çiòŒíåííi ç æŁíªóºÿðíiæòþ ´åºŁŒîªî à̂ºüìà
´æåæâiò ìà„ æŒií÷åííŁØ ìàæłòàÆíŁØ Œîåôiöi„íò,
çíŁŒàþ÷ó łâŁäŒiæòü ðîçłŁðåííÿ òà íåæŒií÷åííå
óïîâiºüíåííÿ. ÑŁìâîºŁ ˚ðiæòîôôåºÿ òàŒîæ
çíŁŒàþòü, ªåîäåçŁ÷íi „ ðåªóºÿðíŁìŁ, i ´æåæâiò ìîæå
ºåªŒî ïåðåòíóòŁ òàŒó æŁíªóºÿðíiæòü. ˜îäàþ÷Ł
äî àíòŁ÷àïºŁªiíæüŒîªî ªàçó àÆî òàıiîííî¤ ìàòåði¤
ïåâíó ŒiºüŒiæòü ïŁºó, ìŁ Æà÷Łìî, øî æŁíªóºÿðíiæòü
´åºŁŒîªî à̂ºüìà çàìiíþ„òüæÿ Æiºüł çàªàºüíîþ
ì’ÿŒîþ æŁíªóºÿðíiæòþ, ¤¤ ïåðåòŁí ïåðåäÆà÷à„ ïåâíó
òðàíæôîðìàöiþ âºàæòŁâîæòåØ ìàòåði¤. ˇåðåòŁí
æŁíªóºÿðíîæòi ´åºŁŒîªî ´ŁÆóıó � ´åºŁŒîªî
ÑòŁæíåííÿ „ Æiºüł Œîíòðiíòó¤òŁâíŁì. ˛äíàŒ,
ìŁ îïŁæó„ìî öå ÿŒ äºÿ ´æåæâiòó Ôðiäìàíà,
òàŒ i äºÿ ´æåæâiòó `’ÿíŒi-I, âŁŒîðŁæòîâóþ÷Ł
ðåïàðàìåòðŁçàöiþ ïîºÿ çìiííŁı, ïðŁæóòíiı ó
ìîäåºÿı (æŒàºÿðíå ïîºå òà ìåòðŁŒà). ˇîòiì ìŁ
ðîçªºÿäà„ìî ðiâíÿííÿ Óiºåðà-˜åâiòòà i ïîŒàçó„ìî,
øî Øìîâiðíiæòü òîªî, øî ´æåæâiò îïŁíŁòüæÿ â
ì’ÿŒiØ æŁíªóºÿðíîæòi, âiäðiçíÿ„òüæÿ âiä íóºÿ,
òîäi ÿŒ çóæòði÷ iç æŁíªóºÿðíiæòþ ´åºŁŒîªî
âŁÆóıó � ´åºŁŒîªî æòŁæíåííÿ âŁŒºþ÷à„òüæÿ. ÌŁ
àíàºiçó„ìî ìîæºŁâiæòü ïîÆóäîâŁ ïðîæòîðiâ ÔîŒà
ŒâàíòîâŁı ÷àæòŁíîŒ ïîÆºŁçó ðiçíŁı Œîæìîºîªi÷íŁı
æŁíªóºÿðíîæòåØ òà Æà÷Łìî, ŒîºŁ öå ìîæºŁâî,
à ŒîºŁ íi. ˝àðåłòi, ìŁ ïðåäæòàâºÿ„ìî äåÿŒi
æïðîÆŁ ðîçðîÆŁòŁ çàªàºüíŁØ ïiäıiä äî çâ’ÿçŒó
ìiæ ðåïàðàìåòðŁçàöi„þ ïîºÿ òà óæóíåííÿì
æŁíªóºÿðíîæòåØ.
˚ºþ÷îâi æºîâà : ªðàâiòàöiÿ; Œîæìîºîªiÿ;
æŁíªóºÿðíiæòü.

1. Introduction

Appearance of singularities is one of the most impor-
tant phenomena in General Relativity and in its gen-
eralizations and modi�cations. The singularities were
�rst discovered in such simple geometries as those of
Friedmann and Schwarzschild and later their general
character was established in (Penrose, 1965; Hawk-
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ing, 1966; Gorini et al., 2004). The investigation of
the oscillatory approach to the cosmological singular-
ity (Belinsky, Khalatnikov & Lifshitz, 1970) known also
as Mixmaster universe (Misner, 1969) has opened the
way to the birth of a new branches of the mathemati-
cal physics � chaotic cosmology (Khalatnikov, Lifshitz,
Khanin et al., 1985) and its relation tohyperbolic Kac-
Moody algebras (Damour, Henneaux & Nicolai, 2003).

While some researchers try to exclude cosmological
singularities and singularities hidden inside black
holes, constructing some involved models, the idea
that the singularities are not a drawback of the
General Relativity but is natural and fundamental
feature becomes more popular during new millennium.
Remarkably this idea was advocated by Misner
(Misner, 1969a) as early as in 1969. Let us give some
direct citations from his enchanting paper.
�I prefer a more optimistic viewpoint (�Nature and
Einstein are subtle but tolerant�) which views the
initial singularity in cosmological theory not as a proof
of our ignorance, but as a source from which we can
derive much valuable understanding of cosmology.�
�Thus, while I presume that relativity, like other
physical theories, will be improved from time to time,
I do not see that these changes need bear directly on
the problem of cosmological singularity.�
�We should stretch our minds, �nd some more ac-
ceptable set of words to describe the mathematical
situation, now identi�ed as �singular�, and then pro-
ceed to incorporate this singularity into our physical
thinking until observational di�culties force revision
on us.�
�The concept of a true initial singularity (as distinct
from an indescribable early era at extravagant but
�nite high densities and temperatures) can be a
positive and useful element in cosmological theory.
The Universe is meaningfully in�nitely old because
in�nitely many things have happened since the begin-
ning.�

Inspired by this spirit of treatment of the singular-
ities as something natural, one can try to study the
opportunity to cross them. In this paper, based on my
talk at the XXV Gamov International Astronomical
Conference, I shall review di�erent aspects of the singu-
larity crossing in gravity and cosmology. The structure
of the paper is the following: the second section is de-
voted to the description of the so called soft or sudden
singularities; in the third section we treat the more tra-
ditional Big Bang � Big Crunch singularity; the fourth
section is devoted to quantum cosmology; in the �fth
section we discuss what happens with quantum parti-
cles at the singularity crossing; in the sixth section we
describe attempts to develop a general approach to the
description of the singularity crossing; the last section
contains conclusive remarks.

2. The Big Brake cosmological singularity,
more general soft singularities and their cross-
ing

We start this section with the consideration of a very
particular toy model (Gorini, Kamenshchik, Moschella
et al., 2004). A �at Friedmann universe with the metric

ds2 = dt2 � a2(t)dl2

is driven by the so called tachyon �eld (Sen 2002) with
the Lagrange density

L = � V (T )
p

1 � _T2:

The energy density is

� =
V (T )

p
1 � _T2

;

the pressure is

p = � V (T )
p

1 � _T2:

The Friedmann equation has the following form:

H 2 �
_a2

a2 = �:

The equation of motion for the tachyon �eld is

�T
1 � _T2

+ 3H _T +
V;T

V
= 0 :

In our model the potential is

V (T ) =
�

sin2
h

3
2

p
� (1 + k) T

i

�

s

1 � (1 + k) cos2
�

3
2

p
� (1 + k) T

�
;

where k and � > 0 are the parameters of the model.
The casek > 0 is more interesting. Indeed, in this
case some trajectories (cosmological evolutions) �nish
in an in�nite de Sitter expansion. In other trajectories
the tachyon �eld transforms into a pseudotachyon �eld
with the Lagrange density, energy density and positive
pressure (Gorini et al., 2004):

L = W (T )
p

_T2 � 1;

� =
W (T )

p
_T2 � 1

;

p = W (T )
p

_T2 � 1;

W (T ) =
�

sin2
h

3
2

p
� (1 + k) T

i

�

s

(1 + k) cos2
�

3
2

p
� (1 + k) T � 1

�
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What happens to the Universe after the transformation
of the tachyon into the pseudotachyon ? It encounters
the Big Brake cosmological singularity.

The Big Brake cosmological singularity has the fol-
lowing characteristics:

t ! tBB < 1 ;

a(t ! tBB ) ! aBB < 1 ;

_a(t ! tBB ) ! 0;

�a(t ! tBB ) ! �1 ;

R(t ! tBB ) ! + 1 ;

� (t ! tBB ) ! 0;

p(t ! tBB ) ! + 1 :

If _a(tBB ) 6= 0it is a more general soft singularity.
At the Big Brake singularity the equations for

geodesics are regular, because the Christo�el symbols
are regular (moreover, they are equal to zero). We can
ask ourselves if it is possible to cross the Big Brake sin-
gularity (Gorini et al., 2004). Let us study the regime
of approaching to the Big Brake. On analyzing the
equations of motion we �nd that on approaching the
Big Brake singularity the tachyon �eld behaves as

T = TBB +
�

4
3W (TBB )

� 1=3

(tBB � t)1=3:

Its time derivative s � _T behaves as

s = �
�

4
81W (TBB )

� 1=3

(tBB � t) � 2=3;

the cosmological radius is

a = aBB �
3
4

aBB

�
9W 2(TBB )

2

� 1=3

(tBB � t)4=3;

its time derivative is

_a = aBB

�
9W 2(TBB )

2

� 1=3

(tBB � t)1=3;

and the Hubble variable is

H =
�

9W 2(TBB )
2

� 1=3

(tBB � t)1=3:

All these expressions can be continued into the region
where t > t BB , which amounts to crossing the Big
Brake singularity. Only the expression for s is singular

at t = tBB but this singularity is integrable and not
dangerous.

Once reaching the Big Brake, it is impossible for the
system to stay there because of the in�nite decelera-
tion, which eventually leads to a decrease of the scale
factor. This is because after the Big Brake crossing the
time derivative of the cosmological radius and Hubble
variable change their signs. The expansion is then fol-
lowed by a contraction, culminating in the Big Crunch
singularity.

One of the simplest cosmological models revealing a
Big Brake singularity is the model based on the anti-
Chaplygin gas with an equation of state

p =
A
�

; A > 0:

Such an equation of state arises in the theory of wiggly
strings (Carter, 1989; Vilenkin, 1990). Here

� (a) =
r

B
a6 � A:

At a = a� =
� B

A

� 1=6 the universe encounters the Big
Brake singularity.

What happens in a universe �lled with an anti-
Chaplygin gas and dust (Keresztes et al., 2013; Gorini
et al., 2004)? The energy density and the pressure are

� (a) =
r

B
a6 � A +

M
a3 ; p(a) =

A
q

B
a6 � A

:

Due to the dust component, the Hubble parameter has
a non-zero value at the encounter with the singularity,
therefore the dust implies further expansion. However,
with continued expansion however, the energy density
and the pressure of the anti-Chaplygin gas would be-
come ill-de�ned. The abrupt transition from the ex-
pansion to the contraction of the universe does not look
natural. One can try to change the equation of state of
the anti-Chaplygin gas on passing the soft singularity.
There is some analogy between the transition from an
expansion to a contraction of a universe and the per-
fectly elastic bounce of a ball from a wall in classical
mechanics. There is also an abrupt change of the direc-
tion of the velocity (momentum). However, we know
that in reality the velocity is changed continuously due
to the deformation of the ball and of the wall. The
pressure of the anti-Chaplygin gas

p =
A

q
B
a6 � A

tends to + 1 when the universe approaches the soft sin-
gularity. Requiring the expansion to continue into the
region a > a S , while changing minimally the equation
of state, we assume

p =
A

q
j B

a6 � A j
;
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p =
A

q
A � B

a6

; for a > a S :

This implies the energy density

� = �
r

A �
B
a6 :

The anti-Chaplygin gas transforms itself into Chap-
lygin gas with negative energy density. The pressure
remains positive, expansion continues. The spacetime
geometry remains continuous. The expansion stops at
a = a0, where

M
a3

0
�

s

A �
B
a6

0
= 0 :

Then the contraction of the universe begins. At the
moment when the energy density of the Chaplygin gas
becomes equal to zero (again a soft singularity), the
Chaplygin gas transforms itself into the anti-Chaplygin
gas and the contraction continues culminating in an en-
counter with the Big Crunch singularity. Analogous ef-
fects arise in the model with the tachyon �eld and dust.
The Lagrangian of the Born-Infeld like �eld changes its
form.

We conclude this section by mentioning that the
soft (sudden) cosmological singularities were �rstly
studied in (Barrow, Galloway & Tipler 1986). The
conditions of the singularity crossing were studied in
(Fernandez-Jambrina & Lazkoz 2004). Interesting
tachyon cosmological models were suggested in (Fein-
stein 2002) and (Padmanabhan 2002).

3. Big Bang � Big Crunch singularity crossing

The idea that the Big Bang � Big Crunch singularity
can be crossed appears very counterintuitive (Gorini et
al., 2004). Some approaches to the description of this
crossing were elaborated during the last two decades
(Bars et al., 2012; Wetterich, 2014; Dominis Prester,
2016). There is an analogy with the horizon which
arises due to a certain choice of the spacetime coor-
dinates: the singularity arises because of some choice
of the �eld parametrization. On choosing some conve-
nient �eld parametrization one can provide a matching
between the characteristics of the universe before and
after the singularity crossing. One can trace an anal-
ogy to the Kruskal coordinates for the Schwarzschild
metric. On choosing appropriate combinations of the
�eld variables we can describe the passage through the
Big Bang � Big Crunch singularity, but this does not
mean that the presence of such a singularity is not es-
sential. Indeed, extended objects cannot survive this
passage.

Let us consider a �at Friedmann universe �lled
with a conformally coupled scalar �eld (Kamenshchik,
Pozdeeva, Tronconi et al., 2016).

S =
Z

d4x
p

� g
�
U(� )R �

1
2

g�� � ;� � ;� + V (� )
�

;

U(� ) = U0 �
1
12

� 2:

Let us apply the conformal transformation of the met-
ric

g�� =
U1

U
~g�� :

A new scalar �eld � is

d�
d�

=
p

U1(U + 3U02)
U

) � =
Z p

U1(U + 3U02)
U

d�:

� =
p

3U1 ln
� p

12U0 + �
p

12U0 � �

�

� =
p

12U0 tanh
�

�
p

12U1

�
:

The action then becomes the action for a minimally
coupled scalar �eld:

S =
Z

d4x
p

� ~g
�
U1R(~g) �

1
2

~g�� � ;� � ;� + W (� )
�

;

W (� ) =
U2

1 V (� (� ))
U2(� (� ))

:

This is called the transformation from the Jordan frame
to the Einstein frame.

In a �at Friedmann universe

ds2 = N 2d� 2 � a2dl2;

d~s2 = ~N 2d� 2 � ~a2dl2:

~N =
r

U
U1

N; ~a =
r

U
U1

a; t =
Z r

U1

U
d~t;

where t and ~t are the cosmic time parameters in the
Jordan and the Einstein frames.

a = ~a
r

U1

U0
cosh

�
�

p
12U1

�
:

In the vicinity of the singularity in the Einstein frame:

~a � ~t
1
3 ! 0; when ~t ! 0:

However, in the Jordan frame one has

a � ~t
1
3

�
~t

1
3 + ~t � 1

3

�
! const 6= 0:
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Meanwhile, the scalar �eld � crosses the value�
p

12U0
and the coupling function U changes its sign. Thus,
the evolution in the Jordan frame is regular, and we
can use this fact to describe the crossing of the Big
Bang � Big Crunch singularity in the Einstein frame.
If one considers the expansion of the universe from the
Big Bang with normal gravity driven by the standard
scalar �eld, the continuation backward in time shows
that it was preceded by the contraction towards a Big
Crunch singularity in the antigravity regime, driven by
a phantom scalar �eld with a negative kinetic term.

The possibility of a change of sign of the e�ective
gravitational constant in the model with a conformably
coupled scalar �eld was analyzed in (Starobinsky, 1981;
Gorini et al., 2004). It was shown that in a homo-
geneous and isotropic universe, one can indeed cross
the point where the e�ective gravitational constant
changes sign. However, the presence of anisotropies
changes the situation: these anisotropies grow indef-
initely when this constant is equal to zero. To de-
scribe the Big Bang � Big Crunch singularity crossing
in anisotropic universes it is necessary to use another
methods. We have done it for the Bianchi-I universe
(Kamenshchik, Pozdeeva, Tronconi et al 2017, Kamen-
shchik, Pozdeeva, Starobinsky et al., 2018). The idea
was the following. Introducing the new �radial� vari-
able

r � a3=2

and treating the scalar �eld as an angular variable, we
obtain an e�ective Lagrangian

L =
1
2

_r 2 �
1
2

r 2 _� 2;

or, in Cartesian coordinates

L =
1
2

_x2 �
1
2

_y2:

Solving the equations of motion one can describe the
singularity crossing. Introduction of the anisotropy
factors for the Bianchi-I model is reduced to the modi-
�cation of the kinetic term for the massless scalar �eld.

4. Quantum cosmology and singularities

Speaking about quantum cosmology and singulari-
ties people mean two di�erent approaches. One can
consider a modi�cation of the Friedmann equation,
taking into account the quantum corrections to the ef-
fective action of the theory:

_a2

a2 +
k
a2 = � matter + � quantum corrections :

One can hope that these correction change the dynam-
ics of the universe evolution, implying an appearance of

some kind of bounce and avoing an encounter with the
singularity. Another approach is based on the study of
the Wheeler-DeWitt equation and the prospective of
vanishing of the quantum state of the universe at the
singular con�gurations of the geometry (DeWitt 1967):

	(geometry + matter) geometry is singular = 0 :

The wave function of the Universe 	 satis�es the
Wheeler-DeWitt equation

Ĥ 	 = 0 ;

where Ĥ is the so called super-Hamiltonian. There are
two major questions, concerning this equation. It looks
like the very notion of time disappears here. Then, it
is not clear how the notion of the probability can be
determined. There is rather a vast literature devoted
to treatment of these problems (see e.g. (Barvinsky
1993)). The general recipe for their treatment can be
formulated as follows: a time can be de�ned as a cer-
tain function of geometrical variables. After that the
wavefunction describing matter variables satis�es an
e�ective Schr�odinger equation. The singularity is as-
sociated with such values of the matter variables when
this singularity arises in the classical theory. Our anal-
ysis of some simple models tells that the probability
of the arising of soft singularities is not suppressed by
the wave function of the universe (Kamenshchik, Kiefer
& Sandhofer 2007, Kamenshchik and Manti 2012, Ka-
menshchik, Kiefer & Kwidzinski 2016). At the same
time the probability of Big Bang � Big Crunch singu-
larity tends to zero. The suppression of the Big Bang
� Big Crunch singularity follows from the requirement
of the normalizability of the wave function of the Uni-
verse (Barvinsky & Kamenshchik 1990). Indeed, we
require that

Z
d� �	( � )	( � ) < 1 ;

where � is a scalar �eld, driving the evolution of the
universe. When j� j ! 1 , the probability density �		
should tend to zero rapidly. If j� j ! 1 corresponds
to Big Bang � Big Crunch singularity, when this
singularity is suppressed.

5. Particles, �elds and singularities

We can ask ourselves what happens with particles
(in quantum �eld theoretical sense) when the universe
passes through the cosmological singularity (Galkina
& Kamenshchik 2020). We consider only particles con-
nected with a scalar �eld. The scalar �eld in the �at
Friedmann universe satis�es the Klein-Gordon equa-
tion:

� � + V 0(� ) = 0 ;
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where � is the D’Alambert operator. One can consider
a spatially homogeneous solution of this equation� 0,
depending only on time t as a classical background. A
small deviation from this background solution can be
represented as a sum of Fourier harmonics satisfying
linearized equations

�� (~k; t ) + 3
_a
a

_� (~k; t ) +
~k2

a2 � (~k; (t))

+ V 00(� 0(t)) � (~k; (t)) = 0 :

The corresponding quantized �eld is

�̂ (~x; t) =
Z

d3~k(â(~k)u(k; t )ei ~k �~x + â+ (~k)u� (k; t )e� i ~k �~x );

where the creation and the annihilation operators sat-
isfy the standard commutation relations:

[â(~k); â+ (~k0)] = � (~k � ~k0):

The basis functions should be normalized so that the
canonical commutation relations between the �eld �
and its canonically conjugate momentumP̂ were sat-
is�ed

[�̂ (~x; t); P̂ (~y; t0)] = i� (~x � ~y):

u(k; t ) _u� (k; t ) � u� (k; t ) _u(k; t ) =
i

(2� )3a3(t)
:

The linearized Klein-Gordon equation has two inde-
pendent solutions. To de�ne a particle it is necessary
to have two independent non-singular solutions. It is
a non-trivial requirement in the situations when a sin-
gularity or other kind of irregularity of the spacetime
geometry occurs. It is convenient also to construct ex-
plicitly the vacuum state for quantum particles as a
Gaussian function of the corresponding variable. Let
us introduce an operator

f̂ (~k; t ) = (2 � )3(â(~k)u(k; t ) + â+ (� ~k)u� (k; t )) :

Its canonically conjugate momentum is

p̂(~k; t ) = a3(t)(2� )3(â(~k) _u(k; t ) + â+ (� ~k) _u� (k; t )) :

We can express the annihilation operator as

â(~k) = i p̂(~k; t )u� (k; t ) � ia3(t) f̂ (~k; t ) _u+ (k; t ):

Representing the operatorsf̂ and p̂ as

f̂ ! f; p̂ ! � i
d
df

;

one can write down the equation for the corresponding
vacuum state in the following form:

�
u� d

df
� ia3 _u� f

�
	 0(f ) = 0 :

Its solution is

	 0(f ) =
1

p
ju(k; t )j

exp
�

ia3(t) _u� (k; t )f 2

2u� (k; t )

�
:

In the case of the Big Bang � Big Crunch singularity,
one of the basis functions in the vicinity of the
singularity becomes singular and it is impossible to
construct a Fock space. In the case of the Big Rip
singularity, when in �nite interval of time the universe
achieves an in�nite volume and in�nite time derivative
of the scale factor, the Fock space can be constructed
for a spectator scalar �eld, but it does not exist for
the phantom scalar �eld driving the expansion. In the
case of the model with tachyon �eld, presented above,
we have considered three situations. First of them is
the non-singular transformation of the tachyon into
pseudo-tachyon. In this case both the basis functions
are regular and hence the operators of creation and
annihilation are well de�ned. However, at the moment
of the transformation the dispersion of the Gaussian
wave function of the vacuum becomes in�nite and then
becomes �nite again. In the vicinity of the Big Brake
singularity it is impossible to de�ne a Fock vacuum.
However, if we add to the universe dust, the character
of the soft singularity is slightly changed and then the
presence of the Fock vacuum is restored.

6. Covariant approach to singularities

We have already told that the crossing of the Big
Bang � Big Crunch singularities looks rather coun-
terintuitive. However, it can be sometimes described
by using the reparametrization of �elds, including the
metric. One can say that to do this, it is necessary to
resort to one of two ideas, or a combination thereof.
One of these ideas is to employ a reparameterization
of the �eld variables which makes the singular geomet-
rical invariant non-singular. Another idea is to �nd
such a parameterization of the �elds, including, natu-
rally, the metric, that gives enough information to de-
scribe consistently the crossing of the singularity even
if some of the curvature invariants diverge. The ap-
plication of these ideas looks in a way as a craftsman
work. Our goal was to develop a general formalism to
distinguish �dangerous� and �non-dangerous� singular-
ities, considering the �eld variable space of the model
under consideration. In other words, we try to under-
stand when the spacetime singularities can be removed
by a reparametrization of the �eld variables (Casadio,
Kamenshchik & Kuntz, 2021; Casadio, Kamenshchik &
Kuntz, 2022; Kuntz, Casadio & Kamenshchik, 2022).

Our hypothesis was the following: when the geom-
etry of the space of the �eld variables is non-singular,
one can describe the singularity crossing. The �eld
spaceS was developed in order to treat on the same
(geometrical) footing both changes of coordinates in
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the spacetime M and �eld rede�nitions in the func-
tional approach to quantum �eld theory (Vilkovisky,
1984; DeWitt, 1987).

This approach requires introducing a local metricG
in �eld space S and computing the associated geomet-
ric scalars by de�ning a covariant derivative which is
compatible with G. G is actually determined by the
kinetic part of the action and its dimension depends
on the �eld content of the latter. After some cum-
bersome calculations in the functional space, we have
shown that the Kretschmann scalar

K = R ABCD R ABCD

is �nite in every theory of pure gravity

K =
n
8

�
n3

4
+

3n2

4
� 1

�
;

where n is the spacetime dimension. It can be inter-
preted as a statement that all the singularities in empty
universe can be crossed.

We have considered also another hypothesis con-
nected to quantum e�ective action and to the homo-
topy group. Let us introduce the functional

 [’ ] = ei �[ ’ ];

where �[ ’ ] is the e�ective action. We shall call  [’ ] the
functional order parameter because plays the analo-
gous role to the order parameter in the theory of phase
transitions in ordered media or cosmology.

The �eld space M can be thought of as the ordered
medium itself, whereas functional singularities corre-
spond to topological defects.

The functional order parameter  de�nes the map

 : M ! S1;

from the �eld space to the unit circle, the latter
playing the role of the order parameter space. The
singularities can be characterized by the fundamental
group (�rst homotopy group). If this group is trivial
the singularity can be removed. We have checked on
the example of some simple systems with removable
singularity that the corresponding homotopy group is
indeed trivial.

7. Conclusions

In this paper we have tried to present some ar-
guments and results telling that the appearance
of the singularities in the cosmological and other
gravitational systems is not drawback of models or
theories but is instead their distinguishing feature.
Thus, to our mind rather than avoid singularities, it
is better to study how their presence in�uences the
non-singular quantities (just like in quantum �eld

theory). Further details and references can be found in
the review papers (Gorini et al., 2004; Kamenshchik,
2013; Kamenshchik, 2018; Kamenshchik, 2024).
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USING CLUSTER CARTOGRAPHY 2D+ FOR DETECTING
SUBSTRUCTURESIN THE 3D GALAXY CLUSTERS
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Odesa,Ukraine, panko.elena@gmail.com
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ABSTRACT. In our detailed study of the inner
structure of PF galaxy clusters, we found di�erent
kinds of substructures in these objects. Most of the
detected substructures are quite common. In additi-
on to the classical �lamentary features described by
Rood and coauthors’ papers,we include complexcross-
shaped substructures and short dense chains of galaxies
as regular. We supposethat regular substructures are
connectedwith the Large-ScaleStructure of the Uni-
verse elements, which form the parent cluster node.
Our previous studies were basedon the list of galaxi-
es of the Muenster Red Sky Survey, which has no
redshifts. It allowed us to study only the 2D distributi-
on of galaxies inside the cluster. Modern data, such
as the Sloan Digital Sky Survey, the VIMOS Public
Extragalactic Redshift Survey, the Euclid Wide Survey,
and others, give us the opportunity for 3D studies of
theseobjects.

We improved the base online versi-
on of the �Cluster Cartography 2D� tool
(https://clustercartography.github.io/ ) into the
�Cluster Cartography 2D+� tool. It allows to apply
the algorithms developed for 2D version to the
detection of regular substructures on a statistically
signi�cant level for the 3D distribution of galaxies in
the rectangular projections. We tested this opportuni-
ty on arti�cial galaxy clusters with di�erent kinds of
substructures. We have shown that using 2D projecti-
ons allows us to detect the 3D regular substructures,
and to restore their real shapesand directions.
Keywords : Universe, LSC: galaxy clusters:
morphology: inner structure, substructures; data
analysis.

À˝˛ÒÀÖ I ß. ´ íàłŁı ïîïåðåäí iı ðîÆîòàı, øî
ïðŁæâÿ÷åí i äåòàºüíîìó äîæº iäæåííþ âíóòð iłíüî¤
ÆóäîâŁ æŒóï÷åíü ªàºàŒòŁŒ Œàòàºîªó PF, ÆóºŁ âŁÿâ-
ºåí i ð içí i âŁäŁ ï iäæòðóŒòóð ó öŁı îÆ’„Œòàı. ` iºü-
ł iæòü âŁÿâºåíŁı ï iäæòðóŒòóð çóæòð i÷àþòüæÿ äîæŁòü
÷àæòî. ˝à äîäàòîŒ äî ŒºàæŁ÷íŁı ô iºàìåíòàðíŁı îæî-

ÆºŁâîæòåØ, øî ÆóºŁ îïŁæàí i øå ó æòàòòÿı —óäà òà
æïiâàâòîð iâ, ìŁ âŒºþ÷à„ìî äî ðåªóºÿðíŁı ï iäæòðó-
Œòóð æŒºàäí i ıðåæòîïîä iÆíi óòâîðåííÿ òà ŒîðîòŒ i
ø iºüí i ºàíöþæŒŁ ªàºàŒòŁŒ. ÒàŒŁ ï iäæòðóŒòóðŁ,
æŒîðiłå çà âæå, ïîâ’ÿçàí i ç åºåìåíòàìŁ ´åºŁŒîìàæ-
łòàÆíî¤ ÑòðóŒòóðŁ ´æåæâ iòó, øî ôîðìþòü âóçîº, â
ÿŒîìó âŁíŁŒà„ æŒóï÷åííÿ ªàºàŒòŁŒ. ˝àłå äîæº iäæå-
ííÿ Æàçóâàºîæÿ íà æïŁæŒóªàºàŒòŁŒ ÌþíæòåðæüŒîªî
îªºÿäó ÷åðâîíîªî íåÆà (Muenster Red Sky Survey),
ÿŒŁØäîçâîºÿ„ íàì âŁâ÷àòŁ ºŁłå 2D ðîçïîä iº ªàºà-
ŒòŁŒâæåðåäŁí i æŒóï÷åííÿ. Ñó÷àæí i äàí i, òàŒi ÿŒ
Sloan Digital Sky Survey, VIMOS Public
Extragalactic Redshift Survey, Euclid Wide Survey òà
iíł i, äàþòü ìîæºŁâiæòü 3D äîæº iäæåíü äºÿ öŁı
îÆ’„Œòiâ.

ÌŁ âäîæŒîíàºŁºŁ Æàçîâó îíºàØí-
âåðæ iþ ïðîªðàìŁ Cluster Cartography
(https://clustercartography.github.io ) äî 2D ð iâíÿ
Cluster Cartography 2D+. Öå äîçâîºÿ„ çàæòîæîâóâà-
òŁ àºªîðŁòìŁ, ÿŒi Æóºî ðîçðîÆºåíî òà ïðîòåæòîâàíî
ó 2D âåðæ i¤, äî âŁÿâºåííÿ ðåªóºÿðíŁı æóÆæòðóŒòóð
íà æòàòŁæòŁ÷íî çíà÷óøîìó ð iâí i äºÿ 3D ðîçïîä iºó
ªàºàŒòŁŒ ó ïðÿìîŒóòíŁı ïðîåŒö iÿı. ÌŁ
ïåðåâ iðŁºŁ ö i ìîæºŁâîæò i íà łòó÷íŁı æŒóï÷åí-
íÿı ªàºàŒòŁŒ ç ð içíŁìŁ âŁäàìŁ æóÆæòðóŒòóð. ÌŁ
ïîŒàçàºŁ, øî âŁŒîðŁæòàííÿ 2D ïðîåŒö iØ äîçâîºÿ„
íàì âŁÿâºÿòŁ 3D ðåªóºÿðí i ï iäæòðóŒòóðŁ òà
â iäíîâºþâàòŁ ¤ı ðåàºüí i ôîðìŁ òà îð i„íòàö i¤.

˚ºþ÷îâ i æºîâà : ´æåæâiò, ´åºŁŒîìàæłòàÆíà æòðó
Œòóðà: æŒóï÷åííÿ ªàºàŒòŁŒ: ìîðôîºîª iÿ: âíóòð iłíÿ
Æóäîâà, æóÆæòðóŒòóðŁ; àíàº iç äàíŁı.

1. Introduction

The elements of the Large Scale Structure of the
Universe (LSS) evolve in interaction with its surround-
ings. The co-evolution of LSS elements was established
in the base theoretical works like Silk (1968), Peebles
(1969), Peebles & Yu (1970), Zeldovich (1970), and
most recently. The initial 
uctuations of the den-
sity and Hubble 
ow produce the di�erent variants
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of expansion/contraction: 3D contraction gives spher-
ical or ellipsoidal structures, 2D leads to �laments,
and the walls are formed due to 1D contraction. Ac-
cording to modern scenarios, the evolution of the ele-
ments of LSS occurs in interaction with its surround-
ings. This co-evolution of LSS elements was established
in the base theoretical works like Silk (1968), Peebles
(1969), Peebles & Yu (1970), Zeldovich (1970), and
most recently. The initial 
uctuations of the density
and Hubble 
ow produce the di�erent variants of ex-
pansion/contraction: 3D contraction gives spherical or
ellipsoidal structures, 2D leads to �laments, and the
walls are formed due to 1D contraction. The numer-
ical simulations from the �rst (Klypin & Shandarin,
1983) to the latest (Springel et al., 2005, Vogelsberger
et al., 2014, Artale et al., 2017, Cui et al., 2018, To-
moaki et al., 2021) showed that the multi-speed ex-
pansion leads to the arising Cosmic web nodes in the
crossing �laments and walls, and the largest LSS ele-
ments, such as galaxy clusters or superclusters, occur
in the nodes of the cosmic web. It corresponds to the
results of the observations (Wen et al., 2009, Dietrich
et al., 2012, Parekh et al., 2020). Tracing the cosmic
web in the densest nodes allows us to detail the con-
straints of the cosmological models. The number of
�laments connected to a given node is attributed as
the node connectivity or multiplicity. Theory and sim-
ulations show that connectivity and multiplicity can be
expected to increase with node mass or environmental
density (Arag�on-Calvo et al., 2010, Codis et al., 2018,
Gouin et al., 2021; Kraljic et al., 2022, Malavasi et
al., 2023). In observations, connectivity multiplicity in
relation to its mass, dynamical status, and galaxy pop-
ulation was explored at galaxy cluster scales in Sarron
et al. (2019), Darragh Ford et al., (2019), Lee et al.
(2019). Probably, the node’s connectivity at galaxy
cluster scales must manifest inside the cluster as corre-
sponding substructures at the same stage of evolution
according to Struble & Rood (1987).

Our previous research was directed to the study of
substructures in galaxy clusters in �elds with di�er-
ent densities, from the richest regions (Panko et al.,
2021) to isolated galaxy clusters (Panko et al., 2022).
In all cases, we detected the di�erent kinds of regu-
lar substructures, such as linear ones from wide bands
to thin �laments, crosses and semi-crosses, and short
dense curve stripes in the 2D distribution of galaxies
for PF galaxy clusters (Panko & Flin, 2006). Our ap-
proach was described in Panko (2025), and Yemelyanov
& Panko (2021) papers. We detected substructures in
the clusters, which are probably footprints of the �la-
ments connected to the parent cluster node.

\Cluster Cartography 2D" tool, CC 2D further,
https://clustercartography.github.io/ is used to study
substructures on galaxy clusters for 2D input data.
The improved \Cluster Cartography 2D+" tool, on
the same web page, allows us to detect substructures

in 3D data. In the paper, we discussed the perspec-
tives of the improved tool for the 3D study of galaxy
clusters, using a simulated distribution of galaxies
in the cluster. In the future, the CC 2D+ tool can
be used for modern data of the Sloan Digital Sky
Survey (SDSS, York et al., 2000),, the VIMOS Public
Extragalactic Redshift Survey (VIPERS, Scodeggio et
al., 2018), or the Euclid Wide Survey (EWS, Euclid
Collaboration: Scaramella et al., 2022).

2. \Cluster Cartography 2D+"

Web version of CC 2D tool contains functions for
processing data, calculating statistics, and plotting
maps, histograms, and graphics, which are built us-
ing di�erent parameters, such as the radii and widths
of the rings in determining the degree of the concentra-
tion to the center, the widths of the bands in determin-
ing of the degree of the concentration in the linear sub-
structures, the presence of the Binggeli e�ect (Binggeli,
1982) both for all galaxies and separated substructures,
etc. (Yemelyanov & Panko, 2021). We can search for
the position of the greatest density of galaxies in the
cluster �eld, detect the regular linear and cross-type
substructures, study the rope of the brightest galaxies,
and analyze the shape of the members of the cluster
based on the algorithms described in Panko (2025) pa-
per. We can also create a list of galaxies forming the
regular substructures.

The di�erence in the CC 2D+ input �le is the 3rd co-
ordinate placed in the last column. All the capabilities
of the CC 2D+ version was retained and can be used
for various projections of 3D data. The RA and Dec
data correspond to the X and Y coordinate axes, and
the distance or redshift z corresponds to the Z axis. If
we have no distance or need to analyze the 2D data,
the last column is not considered.

In the CC 2D+, the RA and Dec coordinates of
galaxies are shown as the projection of one from our
test cluster onto the celestial sphere (Fig. 1a). The
2D+ tool allows us to create the 3D color map of
the cluster, where the color of the symbol illustrates
the galaxy distance from the cluster center. CC
2D+ gives the possibility to rotate the cluster and to
create cluster maps in the other projections XZ and
YZ, where Z is the distance/redshift of the galaxy
(Fig. 1b, c). Thus, we can study the 3D distribution
of galaxies in three rectangular projections: RA and
Dec, RA and z, Dec. and z. The ability to rotate the
cluster to an arbitrary angle also allows us to �nd
the best orientation for visibility of the substructure.
It is illustrated in Fig. 2. The initial view of the
cluster is shown in Fig. 2a, while the turned cluster in
Fig. 2b shows all linear elements of the compound cross.
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Figure 1: Arti�cial open cluster with 3D compound cross-type substructure in the di�erent projections: a) for
RA and Dec. axes,b) for RA and z axes, andc)for Dec. and z axes, arrow points to 2 stripes of the cross
combined in Dec� z projection

Figure 2: The 3D map of the arti�cial cluster with compound cross: a) initial view, b) turned map, all
components of the compound cross are clearly seen,c) radial LightHouseBeam diagram �r the turned map

3. 3D substructures search discussion

For testing the CC 2D+ tool, we create a set of ar-
ti�cial galaxy clusters with di�erent morphologies and
substructure’ types. We constructed the next types of
distribution of galaxies:

� the cluster open type as a base element for the
next steps;

� the cluster with the spherical or ellipsoidal core;

� the open cluster with the wall;

� the open cluster with the single �lament;

� the open cluster having a compound 3D substruc-
ture cross-type.

All simulated features were constructed based on an
open cluster with additional elements. The distribu-
tions of the galaxies in a thin wall or �laments were
constructed using the Box - Miller transformation.

Obviously, the degree of concentration of galaxies
toward the cluster center does not depend on the pro-
jection. Nevertheless, such clusters we must consider
in the three projections for the estimation of the real
core shape and orientation.

The �lament inside the cluster looks like linear sub-
structure in all projections, except for the case of spe-
cial orientation: when the �lament directs along the
line of sight, it will be seen as a concentration towards
the cluster center, and we obtain the false morpholog-
ical classi�cation as \Concentrated cluster". If the an-
gle between the linear substructure and the line of sight
is small, we detect it as a dense short chain. They are
rare special cases. However, we must take into account
these.

Another rare special case is the wall-type substruc-
ture, which is seen as a �lament. But, in some pro-
jections, we can lose such a substructure in the back-
ground of other cluster members. The 2D+ tool allows
us to rotate the 3D cluster map. It gives the possibility
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of con�dent detection for all �laments and walls with
visual control.

The last test arti�cial cluster with the compound
cross connecting 4 di�erent �laments, is shown in Fig. 1
in all projections. The some cross elements can be lost
in projections, as in Fig 1c. The initial 3D color map
of the test cluster is shown in Fig. 2a. It’s like to RA{
Dec. projection map (Fig. 1a). The optimal view of the
substructure is shown in Fig. 2b, and the corresponding
radial LightHouseBeam diagram is present in Fig. 2c.
The diagram was created on the 2D projection of the
rotated cluster. This diagram is the visualization of
LightHouseBeam analysis, which shows all linear ele-
ments of the compound cross.

The reliability of the real substructures identi�cation
is con�rmed by both the observed distribution of bright
galaxies in the cluster and the alignment of galaxies rel-
ative to substructures in accordance with the work of
Joachimi et al. (2015). For the PF clusters we have the
2D position and orientations for galaxies from Muen-
ster Red sky Survey (Ungrue at al., 2003) Unfortu-
nately, in 3D we have no space alignment of galaxies,
even if we have the distances. So, in the 3D case, we
can con�rm the reliability of the substructure only by
the brightest galaxies’ positions.

The observational data for our further research
can be selected in the NASA/IPAC Extragalactic
Database (https://www.ipac.caltech.edu/project/ned,
https://ned.ipac.caltech.edu/), where some PF Galaxy
Clusters (Panko & Flin, 2006) are present too.

4. Conclusion

We created the \Cluster Cartography 2D+" tool,
which allows the detection of regular substructures in
3D data for galaxy clusters. All types of substructures,
such as planes, �laments, and complex crosses, can be
detected in three projections: RA and Dec., RA and
z, and Dec. and z, using corresponding well-tested
algorithms. In the CC 2D+ tool, we can also create
3D maps and turn them for an arbitrary angle for
the best visibility of the substructure. The CC 2D+
tool is advisable for estimating the central core shape
and orientation, too. We plan to create the Spherical
Density Chart (3D analog of the Polar Density Chart
in LightHouseBeam analysis) and use our tool to
study the galaxy clusters in modern 3D data.
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ABSTRACT. The Unistellar eVscope 2 represents a
new generation of compact astronomical instruments
that combine portability, automation, and digital
networking to empower both professional and citizen
astronomers. This study evaluates the telescope’s
technical performance, educational potential, and
scienti�c applications, particularly in exoplanet
transit photometry. Based on the comparison of our
observational data obtained within the Unistellar
global network and professional OGLE data, we
showed the great possibility of this approach. Our
results demonstrate that high-quality light curves can
be produced even under sub-optimal conditions, and
compact digital telescopes can play an essential role
in expanding observational coverage and in training
the next generation of astronomers. The Unistellar
network model, combining technological innovation,
social participation, and data integrity, stands as
a powerful example of how future astronomy will
operate at the intersection of professional and citizen
science.
Keywords : exoplanets: observations: photometry:
transits; citizen astronomy: Unistellar.

À˝˛ÒÀÖIß. ÒåºåæŒîïŁ Unistellar ïðåäæòàâºÿþòü
íîâå ïîŒîºiííÿ ŒîìïàŒòíŁı àæòðîíîìi÷íŁı ïðŁºà-
äiâ, ÿŒi ïî„äíóþòü ïîðòàòŁâíiæòü, àâòîìàòŁçàöiþ
òà öŁôðîâi ìåðåæi, òà ðîçłŁðþþòü ìîæºŁâîæòi ÿŒ
ïðîôåæiØíŁı, òàŒ i öŁâiºüíŁı àæòðîíîìiâ. ˝àłå äî-
æºiäæåííÿ îöiíþ„ òåıíi÷íi ìîæºŁâîæòi òåºåæŒîïó
Unistellar eVscope2,Øîªî îæâiòíiØ ïîòåíöiàº òà íàó-
Œîâå çàæòîæóâàííÿ, çîŒðåìà ó ôîòîìåòði¤ òðàíçŁòiâ
åŒçîïºàíåò. ˝à îæíîâi ïîðiâíÿííÿ íàłŁı æïîæòåðå-
æåíü, îòðŁìàíŁı ó æïiâïðàöi ç ªºîÆàºüíîþ ìåðåæåþ
Unistellar, òà ïðîôåæiØíŁı äàíŁı ïðî„Œòó OGLE, ìŁ

ïðîäåìîíæòðóâàºŁ âåºŁŒŁØ ïîòåíö iàº òàŒîªî ï iäıî-
äó. ÌŁ ïîŒàçàºŁ, øî æïîæòåðåæí i äàí i, ÿŒi îòðŁ-
ìóþòü ïðŁ âçà„ìîä i¤ ó æïiºüíîò i Unistellar Global
Network, íàâ iòü çà íåíàØŒðàøŁı óìîâ, äîçâîºÿþòü
ÆóäóâàòŁ âŁæîŒîÿŒiæíi ŒðŁâ i ÆºŁæŒóïðŁ çì iíàı ïî
òîŒó â iä çîð i íà ð iâí i 1�2%, òîìó ŒîìïàŒòí i öŁôðî-
â i òåºåæŒîïŁ ìîæóòü â iä iªðàâàòŁ âàæºŁâó ðîºü â
îòðŁìàíí i ÿŒiæíŁı æïîæòåðåæíŁı äàíŁı, ó
íàâ÷àíí i í àæòóïíîªî ïîŒîº iííÿ àæòðîíîì iâ
ï iäâŁøåíí iíòåðåæó äî àæòðîíîì i¤òà ðîçłŁðåíí i Œî-
ºà íåïðîôåæ iØíŁı æïîæòåð iªà÷ iâ. ÌŁ ï iäòâåðäŁºŁ
åôåŒòŁâí iæòü eVscope2 ÿŒ iíæòðóìåíòà äºÿ
íàóŒîâŁı äîæº iäæåíü, îæâiòí iı ïðî„Œò iâ òà
ì iæíàðîäíî¤ æïiâïðàö i.

˛Œð iì îæíîâíŁı æïîæòåðåæíŁı ìîæºŁâîæòåØ, Uni-
stellar eVscope2äåìîíæòðó„ ïåðåı iä äî ìîäåº i ðîç-
ïîä iºåíî¤ æïîæòåðåæíî¤ åŒîæŁæòåìŁ, ó ìåæàı ÿŒî¤
òŁæÿ÷ i ìàºŁı iíæòðóìåíò iâ ŒîºåŒòŁâíî æòâîðþþòü
íàóŒîâî ö iíí i ðåçóºüòàòŁ, øî æºóæàòü Æàçîþ äºÿ
ïðîôåæ iØíŁı äîæº iäæåíü. ˇî„äíàííÿ æïîæòåðåæåíü
ó ðåæŁì i ðåàºüíîªî ÷àæó, àâòîìàòŁ÷íîªî
ðîçï içíàâàííÿ ïîä iØ i iíòåªðàö i¤ ç íàóŒîâŁìŁ
ÆàçàìŁ äàíŁı ðîÆŁòü òàŒi iíæòðóìåíòŁ ïîòóæíŁì
ðåæóðæîì íå ºŁłå äºÿ äîæº iäæåíü òðàíçŁò iâ åŒ-
çîïºàíåò, àºå Ø äºÿ Æiºüł łŁðîŒîªî Œðóªó çàäà÷,
òaŒŁı, ÿŒ àæòðîíîì i÷íŁØ ìîí iòîðŁíª çì iííŁı ç ið,
òåðì iíîâ i æïîæòåðåæåííÿ íåæïîä iâ àíŁı àæòðîíîì i-
÷íŁı ÿâŁø, æïiºüí i íàóŒîâ i æïîæòåðåæí i Œàìïàí i¤
òîøî. ˜åìîŒðàòŁçóþ÷Ł äîæòóï äî íåÆà, òåºåæŒîïŁ
òà æïiºüíîòà Unistellar æïðŁÿþòü íàóŒîâ iØ
ªðàìîòíîæò i, äîçâîºÿþ÷Ł íàâ iòü àìàòîðà i æòó-
äåíòàì Æðàò ó÷àæò ªºîÆàºüíŁ äîæº iäíŁöüŒŁı
iíi ö iàòŁâàı. ÒàŒŁì ÷Łíîì, â ií æòŁìóºþ„
ì iæïîŒîº iííó æïiâïðàöþ Ø ôîðìóâàííÿ íîâî¤
ìîäåº i íàóŒîâîªî ŒîºåŒòŁâó � æŁíåðª i¤ ì iæ íàóŒîâ-
öÿìŁ, îæâiòÿíàìŁ òà åíòóç iàæòàìŁ, æïðÿìîâàíî¤ íà
ðîçâŁòîŒ æó÷àæíî¤ ŒóºüòóðŁ íàóŒŁ.
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—åçóºüòàòŁ íàłîªî äîæºiäæåííÿ ïîŒàçóþòü, øî
ŒîìïàŒòí i ìàºîàïåðòóðí i öŁôðîâ i òåºåæŒîïŁ ìî-
æóòü â iä iªðàâàòŁ çíà÷óøó ðîºü ó ôîðìóâàíí i
ìàØÆóòíüîªî ïîŒîº iííÿ àæòðîíîì iâ i äîæº iäíŁŒ iâ.
Ìåðåæà Unistellar, ÿŒà ïî„äíó„ òåıíîºîª i÷í i iííîâà-
ö i¤, æîö iàºüíó ó÷àæòü i öŁâ iºüíó íàóŒó, äåìîíæòðó„
ðåàºüíŁØ ïðŁŒºàä òîªî, ÿŒ ìàØÆóòíÿ àæòðîíîì iÿ
ôóíŒö iîíóâàòŁìå íà ìåæ i ïðîôåæ iØíî¤ òà àìàòîð-
æüŒî¤ä iÿºüíîæò i.
˚ºþ÷îâi æºîâà : åŒçîïºàíåòŁ: æïîæòåðåæåííÿ: ôî
òîìåòð iÿ: òðàíçŁòŁ; öŁâ iºüíà àæòðîíîì iÿ: Unistellar.

1. Introduction

The modern approach to observational astronomy
allows for obtaining signi�cant results using small tele-
scopes. Many tasks require a large number of individ-
ual measurements of magnitudes by standard meth-
ods. The Unistellar program and community are a
great example of productive collaboration between pro-
fessionals and citizen science in the direction of exo-
planet transits observations, in particular (Bonney et
al., 2014).

The search for exoplanets is one of the most dy-
namic areas of modern astrophysics, o�ering insights
into planetary formation, orbital dynamics, and habit-
ability beyond the Solar System. Among the observa-
tional methods, transit photometry - the measurement
of periodic dips in stellar brightness as a planet passes
in front of its host star has proven exceptionally pro-
ductive (Winn & Fabrycky, 2015). The most interest
light curves allowed detecting compound transits, like
as VLT observations of the light curve of TRAPPIST-1
during the triple transit of 11 December 2015 (Gillon
et al., 2016), Kepler observations of the Kepler-1625b
super-Jupiter and it’s Neptune-sized exomoon, orbit-
ing of the planet (Teachey & Kippin, 2018), and exotic
light curve BD+05 4868 Ab, which arose due to disin-
tegration of the exoplanet (Hon et al., 2025). In the all
cases the dept of the transit is on the level of 0:05� 0:12
form common 
ux.

While large professional surveys such as Kepler,
TESS, and PLATO dominate the �eld, smaller instru-
ments increasingly contribute through citizen-science
initiatives. The Unistellar eVscope 2, with its inte-
grated sensor, automated pointing, and mobile-app
control, demonstrates how distributed telescope net-
works can enhance temporal coverage and community
engagement in real research.

2. Instrument Speci�cations and Methodol-
ogy

The Unistellar eVscope 2 is a compact digital re
ec-
tor telescope with the following base parameters:

� Mirror diameter: 114 mm;

� Focal length: 450mm (f=4);

� optical tube length 549 mm;

� Sensor: Sony IMX347, 7.7 MP;

� Limiting magnitude 18 :2m ;

� Field of view: 34:2 � 45:6arcmin ;

� Scale 1:3300=pix;

� Weight: � 9kg;

� Motorized ALT-AZ mount;

� Slew speeds max 4� =s;

� Control: Smartphone application;

� Capabilities: battery autonomy � 9 h, storage 64
GB, automatic alignment, live stacking, and tran-
sit photometry.

Observations were performed through the Unistellar
citizen-science network, which connects professional as-
tronomers, educators, and amateurs worldwide. Uni-
form optical properties of the Unistellar telescope fam-
ily provide a consistent combination of the network ob-
servations; it was studied in Perrocheau et al. (2022),
Graykowski et al. (2023), Peluso et al. (2023), and
Sgro et al. (2023).

Each participant of the Unistellar community
contributes calibrated photometric data that can
be merged and cross-validated with professional
databases. The observer can process the individual
frames (in the �ts format) and obtain the light curve
by himself. However, the best results are obtained in
the centralized standard analysis, which includes the
comparison with model systems also.

Our test frames, obtained before the transit obser-
vations, showed that the limiting magnitude for our
Unistellar eVscope 2, is 16m . It agrees with the limit-
ing magnitude in the base parameters, because 18:2m

value was obtained in countryside mode with longer
exposure. Nevertheless, for our tasks 16m is su�cient:
in the frames received at altitudes of more 45� , we de-
tected weaker stars con�dently. The main part of the
program stars have magnitudes at level 12� 14m , so
using Unistellar is valid.

Anastasia Pechko was a leading observer of our team.
We obtained transit light curves for 2 con�rmed ex-
oplanets: TOI-2046b, created in 2020, and TrES-3b
(TOI-2126.01), created in 2007; transit light for 2 can-
didate planets: TOI-7343.01 TOI, created in April of
2025, and TOI-7425.01 created in May 2025-05-01.

The information about our objects from the TOI
list was obtained from the NASA Exoplanet Archive
(Street et al., 2024). For all transits, we determined the
mid-transit time, the duration and depth of the transit,
and the duration of the magnitude decrease/increase.
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Figure 1: Transition light curve for TOI-7425.01 with
the weakening of 
ux on the level 0:82%. The upper
panel with relative 
ux: individual data are shown as
grey dots with corresponded error bars, weighted aver-
age points are shown as squares and the synthetic light
curve is a solid line. The bottom panel residual 
ux:
the average value is zero. The legend is shown on the
right

In all four transits, the parent star magnitudes were
about 12m , the individual error for current magnitude
was at the level about 0.007 of the relative 
ux, and
the depths of the transit were from 0.82% to 1.97% of
the full 
ux. The accuracy of the transit’s time frames
is on the level of 2% and is in good agreement with the
TOI forecast. The transit light curve with the least
weakening of 
ux for our observations (0.82%) is pre-
sented in Fig. 1.

15th on August 2025, Anastasia Pechko and our team
conducted exoplanet transit observations, later com-
bined in the Unistellar Community with independent
data from another observer. The combined light curve
was generated through weighted averaging, which e�ec-
tively reduced noise and increased the signal-to-noise
ratio. It is shown in Fig. 2. The comparison of data
from two geographical locations con�rmed consistency
within measurement uncertainties. The improvement
in curve smoothness demonstrates the power of col-
laborative photometry, where multiple observers con-
tribute to a single scienti�cally robust data set.

The combined light curve shows a 
ux decrease of
about 1 � 1:5%, typical for hot Jupiter type planets,
and a duration close to two hours. The agreement
between independently reduced data sets veri�es the
reliability of the Unistellar calibration pipeline and
emphasizes the e�ciency of data stacking and noise
reduction. Even under moderate light pollution, the
resulting signal-to-noise ratio was su�cient to clearly
detect the ingress and egress phases.

Figure 2: Transition light curve for TOI-2046b, re-
duced by 2 di�erent observers. The legend as in Fig. 1

Figure 3: Transition light curve for OGLE-TR-1061

3. The comparison with OGLE transits and
discussion

In our observation we obtained the typical values of
the transit light curve parameters. The OGLE data
base (https://ogledb.astrouw.edu.pl/ ) contains higher
quality photometry data for di�erent variables. One
section in the OGLE contains 99 transiting planet can-
didates in the Galactic bulge (Mr�oz et al., 2023), with
the probability ranging from 0.80 to 1.00. We select 4
transit light curves for comparison with our results.
The typical OGLE transit for OGLE-TR-1061b is
present in Fig. 3, from https://ogledb.astrouw.edu.pl/ .

We see the transit depth at about the 1% level, but
the scatter of individual points is practically the same
as in our observations. We can also point out that
the data in Fig. 3 were collected over 10 years. So, our
one-night data gives comparable results with long-time
observations. More, the OGLE data were obtained us-
ing a fully automated 1.3m Warsaw University Tele-
scope Las Campanas Observatory, Chile. It’s an excel-
lent place for photometry, and the excellent equipment;
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however, due to modern methods of data reduction, we
have the results on eVscope 2 practically on the same
level. So, the obtained results con�rm that compact
automated telescopes can achieve scienti�cally valuable
photometric precision even under light-polluted urban
conditions.

Over the past decade, small-aperture telescopes
have become e�ective tools for observing transits.
Wide Angle Search for Planets, WASP program is two
successful robotic observatories. The base equipment
of the WASP program is lenses with an aperture
of 111mm (Pollacco et al., 2016). The Unistellar
telescopes, having practically the same aperture, can
provide wide support for professional observations.
Examples of the successful work of the eVscope are
observations of the comets 12P/Pons-Brooks and
C/2023 A3 (Tsuchinshan-ATLAS) 11, when their
magnitudes were greater than 16m (Graykowski et al.,
2024).

4. Conclusion

The quality of the Unistellar eVscope 2 and modern
methods of data reduction allow us to use this telescope
and analogs as an e�ective tool for research, outreach,
and international collaboration. The hundreds of Unis-
tellar users, distributed across all continents, excluding
Antarctica, open new possibilities for:

� Long-term exoplanet monitoring, including
transit-timing-variation (TTV) analysis and
orbital re�nement.

� Asteroid occultation studies, contributing to the
characterization of small Solar System bodies.

� Rapid follow-up of transient phenomena such as
supernovae and comets.

� Educational engagement, allowing students and
teachers to participate in authentic scienti�c re-
search.

� Citizen science integration, supplying complemen-
tary datasets to major space missions (TESS, Ke-
pler, PLATO).

We showed the Unistellar eVscope 2 provides reliable
exoplanet light curves, validating its use in scienti�c
and educational contexts. Collaborative data merging
within the Unistellar community signi�cantly improves
measurement accuracy and minimizes systematic er-
rors. The study demonstrates that citizen science
networks can meaningfully contribute to professional
astrophysical research.
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latitude of b = +36 :4� and exhibits a noticeable metal
de�ciency, which con�dently places it among the old
stellar population, likely belonging to the thick disk
or Galactic halo. Its bolometric luminosity, estimated
as log(L=L � ) = 4 :0, along with Te� ’ 6000 K, places
LN Hya close to the post-AGB evolutionary track with
a core massM core � 0:6M � in the models of Miller
Bertolami (2016), consistent with other similar post-
AGB objects (e.g., Klochkova, Panchuk 2012).

The optical spectrum of LN Hya corresponds to an
F-type luminous supergiant (F3 ia). It shows typical
characteristics of low-mass, post-AGB �high-latitude
supergiants�. One notable feature is the H� line pro�le,
which usually displays emission components superim-
posed on a broad absorption. Among post-AGB stars,
the H� line is commonly observed to exhibit a double-
peaked emission pro�le, a hallmark of a rotating cir-
cumstellar structure. In some systems, the emission
arises in material gravitationally bound to the primary
star and situated outside its orbit. It likely forms in
a circumbinary disk and varies with the orbital phase
(e.g., Nurmakhametova et al. 2025). In other cases, the
H� pro�le appears as a deep absorption core partially
�lled in by emission wings. Such pro�les are commonly
interpreted as evidence of a long-lived reservoir of the
circumstellar gas distributed in a rotating disk or an
extended envelope (e.g., Klochkova, Panchuk 2012).

Post-AGB binaries with long-lived circumbinary
dusty disks form a well-studied class: their SEDs show
stable near-IR excesses from compact Keplerian disks,
now resolved interferometrically and modeled as dust-
sublimation�truncated rims (De Ruyter et al. 2006;
Hillen et al. 2017; Kluska et al. 2019). Their orbital
periods span� 102� 103 days and frequently retain sig-
ni�cant eccentricities, likely sustained or re-excited by
disk�binary interactions (Dermine et al. 2013; Oomen
et al. 2018). In this context, LN Hya’s RV period, H �
phenomenology, and other spectral properties place it
among the disk-bearing post-AGB binaries, where bi-
narity, mass loss, and disk dynamics are coupled.

Luck et al. (1983) found the following fundamen-
tal parameters of LN Hya: Te� ’ 6000K, a surface
gravity of logg = 0 :4 - 0:8 and a signi�cantly reduced
metallicity of [Fe/H] = �1.2, accompanied by a nitro-
gen overabundance of [N/Fe] = +0.5.

Despite previous observations, LN Hya remains an
object of a considerable interest due to its atmospheric
instability, variable emission characteristics, and un-
usual chemical abundance patterns, characterized by
a signi�cant depletion of refractory elements (e.g., Fe,
Ca, Ti) and an enhancement of nitrogen ([Fe/H] � �
1.2, [N/Fe] � +0.5). Such selective abundance anoma-
lies are typical of post-AGB binaries with circumbinary
disks, where refractory elements condense into dust
grains while volatile species are re-accreted onto the
stellar atmosphere. Previous investigations of LN Hya
were hampered by the scarcity of high-resolution, ho-

mogeneous spectroscopic material and the absence of
a long-term RV monitoring.

Revealing the binary nature of LN Hya is crucial
for understanding the origin of its circumstellar mat-
ter, the mass-loss mechanisms, and the role of binarity
in the post-AGB evolution. In this context, our new
multi-year spectroscopic campaign provides the �rst
opportunity to derive a coherent orbital solution and
directly test the binary hypothesis.

The primary aim of this work is to perform a high-
resolution spectroscopic and photometric analysis of
LN Hya, focusing on the temporal behavior of key
spectral lines, particularly H� , as well as RV variations
that may re�ect atmospheric pulsations or dynamical
instabilities. In addition, we aim to derive the orbital
parameters of the system by analyzing long-term RV
data, with the goal of verifying the possible binary
nature of LN Hya and detecting a potential secondary
component. Photometric observations will also be
used to study brightness variations and light curve
morphology, o�ering further insights into the physical
processes governing the evolution and variability of
this post-AGB object.

2. Observations

Spectroscopic monitoring was carried out with the
0.81 m telescope at the Three College Observatory us-
ing the �echelle spectrograph eShel (Shelyak Instru-
ments1) between 19 May 2021 and 2 June 2025. In
total, 73 spectra were obtained. Because the target
remains low at the site (latitude +35 � 560), typical to-
tal integrations were 1-2 hours, composed of individual
25�40�minute exposures.

The data reduction did not include overscan
removal or dark-frame subtraction. Dark frames
were used only to identify and map detector pixels
that show abnormal responses, producing arti�cial
narrow emission-like features. These �bad� pixels were
recorded into a mask and corrected during the initial
processing using the �xpix task in the ccdproc package,
which proved to be more e�cient and stable than
traditional dark subtraction. The remaining steps of
the procedure comprised scattered-light suppression,
order tracing and optimal extraction, wavelength
calibration with ThAr-lamp spectra, heliocentric cor-
rection, and continuum normalization with masking
of strong spectral features. Flat-�eld frames were not
applied because the detector’s pixel-to-pixel sensitivity
variations are � 1:5%, and the �at-�eld lamp does
not illuminate the full extracted spectral range. The
typical accuracy of the wavelength solution is on the
order of a few102 m s� 1 (� 300 m s� 1).

1https://shelyak.com
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3. Methods

RVs were measured by cross-correlation in the spec-
tral window � = 5046� 5163 �A, which is rich in nar-
row metallic lines and minimally a�ected by emission
or telluric contamination. Before computing the CCF ,
residual outliers were removed, the continuum was nor-
malized, and problematic segments were masked. The
cross-correlation peak was �tted with a Gaussian; the
centroid yields the RV, while the width and contrast
provide the internal uncertainty. To account for ex-
cess scatter beyond the formal errors, we introduced
an additive jitter term, � j , as a free parameter in the
Markov-Chain Monte Carlo (MCMC) analysis. This
approach provides a robust, fully Bayesian estimation
of the orbital parameters, properly propagating non-
Gaussian uncertainties and correlations between pa-
rameters such asP , e, and K 1. This method yields
posterior probability distributions rather than single
best-�t values, allowing realistic credible intervals for
each element of the orbit. This term, typically 0:4�
0:8 km s� 1, absorbs additional astrophysical or instru-
mental variability. A systematic error �oor of the same
order was also adopted to re�ect instrumental stability.
The RV zero point was monitored via stable spectral
regions and inter-night consistency checks.

As a reference template for cross-correlation, we used
our spectrum of LN Hya obtained on 2021/05/19 (see
Fig. 1), which has a S/N ratio of � 200 in the con-
tinuum of the chosen region. The orbital RV for the
template spectrum was determined by cross-correlating
the mentioned spectral region with that of a constant
RV star � Persei (RVhel = � 2:1 km s� 1) obtained with
the same equipment. This way the RV scale was trans-
lated into the heliocentric frame (see Fig. 2).

RVs were analysed with a reproducible analysis
pipeline implemented in Python. First, we deter-
mined the period from the RV time series using the
Lomb�Scargle algorithm, which is appropriate for un-
even sampling and highlights the dominant periodic-
ity. Next, we modelled the RV curve with a single-
lined Keplerian pro�le and inferred the orbital elements
by Bayesian Markov-chain Monte Carlo sampling us-
ing the a�ne-invariant ensemble sampler implemented
in the emceepackage (Foreman-Mackey et al., 2013).

We used weakly informative priors, initialized
chains near the periodogram solution, discarded
burn-in, and checked convergence with standard
diagnostics. Final values for the period, systemic
velocity, semi-amplitude, eccentricity, and argument
of periastron are reported as posterior medians with
16th�84th percentile credible intervals. The work�ow
follows our previously published RV+MCMC analyses
and is implemented in Python. This method was
also employed in Vaidman et al. (2025a) and in
Nurmakhametova et al. (2025); see also Vaidman et
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Figure 1: Part of the TCO spectrum of LN Hya in the
wavelength range 5046�5163�A obtained on 2021/05/19
and used as a template for cross-correlation.
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Figure 2: RV measurements in the heliocentric frame
as a function of HJD. The inset shows the periodogram,
indicating a detected period of 148.5 days.

al. (2025b) for methodological details.

4. Results

The LS periodogram (inset in Fig. 2) shows a sin-
gle dominant peak at a period of 148:5 days with a
very low false-alarm probability; weaker aliases are neg-
ligible. Folding the RVs on this period produces a
phase-coherent curve with minimal scatter, consistent
with the modulation seen in the long-term photome-
try. This establishes the characteristic timescale of the
system and underpins the orbital solution reported be-
low. The phase-folded RV curve (Fig. 3) for the �rst
time demonstrates that LN Hya is a spectroscopic bi-
nary. The smooth line approximating the data points
is the best-�tting single-lined Keplerian (SB1) model,
computed from the MCMC posterior-median orbital
elements listed in Table 1.

The phase�coherent RV curve establishes a well-
constrained single�lined spectroscopic orbit for
LN Hya (Table 1). The solution indicates a moderate
eccentricity with a well�constrained argument of pe-
riastron, a stable systemic velocity across all seasons,
and a precisely measured semi�amplitude of the visible
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Figure 3: Radial velocity of LN Hya in the 10 latest
orbital cycles (� 1,500 days). RVs were measured in the
TCO spectra by cross-correlation in a spectral range�
= 5046�5163 �A. The colour scale indicates the year of
observation.

Table 1: Orbital parameters of LN Hya.
No. Parameter Value
1 P (days) 148:63 � 0:09
2 T0 (HJD) 2459291:31� 1:83
3 e 0:19 � 0:02
4 ! (degrees) 106:85 � 0:23
5 
 (km s� 1) � 24:29 � 0:34
6 K 1 (km s� 1) 14:979� 0:44
7 f (m) (M � ) 0:049� 0:004
8 N 73

Notes. (1) Orbital period; (2) periastron epoch for the elliptical
orbit and time of superior conjunction (at 
 RV) for the circular
orbit; (3) eccentricity; (4) argument of the periastron; (5) sys-
temic RV; (6) semi-amplitude of the RV variation of the visible
component; (7) mass function; (8) number of spectra used in the
orbit calculation.

component. This is the �rst self�consistent orbital
solution for LN Hya solely based on a homogeneous
RV data set. It determines the system’s dynamical
timescale and geometry for subsequent analysis.

5. Conclusions and Discussion

We present the �rst self-consistent spectroscopic or-
bit for LN Hya based solely on medium-resolution RVs.
Our homogeneous data set and uniform Bayesian anal-
ysis yield a stable, repeatable single-lined solution; the
derived elements are internally consistent and robust,
�xing the system’s dynamical timescale and geometry
for the �rst time. The � 148.5 days period inferred
from the RV curve is too long for a classical pulsat-
ing Cepheid at the star’s temperature and luminosity,
favouring the orbital interpretation. The variability
can plausibly arise from geometric and atmospheric ef-
fects within the binary (e.g., shallow eclipses and/or
phase-dependent heating of the visible component).

A phase-coherent orbit enables: (i) mass-function
limits on the unseen component and a pathway to

dynamical masses once the inclination is constrained;
(ii) predictive ephemeris to phase-tag follow-up spec-
troscopy and interferometry; (iii) separation of or-
bital signals from low-amplitude atmospheric pulsa-
tions; and (iv) phase-dependent modelling of circumbi-
nary gas and dust within a self-consistent geometry.

Future directions. We will (i) extend and densify
the RV monitoring to re�ne the orbital elements and
mass function, especially near periastron; (ii) obtain
higher-resolution spectra to search for weak features
of the secondary and to improve line-pro�le modelling;
and (iii) constrain the inclination via long-baseline
(spectro-)interferometry and v sin i constraints to
enable dynamical masses. These steps will deliver
a more accurate orbital solution and provide deeper
insights into the origin of the system.

Funding. This research was funded by the Science
Committee of the Ministry of Science and Higher Ed-
ucation of the Republic of Kazakhstan (Grant No.
AP23484898).

Acknowledgements. This research has made use
of the SIMBAD database, operated at CDS, Stras-
bourg, France; SAO/NASA ADS, ASAS, and Gaia
data products. This paper is based on observations
obtained at the 0.81 m telescope of the Three College
Observatory (North Carolina, USA). A.M. and S.D.
acknowledge technical support from Dan Gray (Side-
real Technology Company), Joshua Haislip (University
of North Carolina Chapel Hill), and Mike Shelton
(University of North Carolina Greensboro), as well as
funding from the UNCG College of Arts and Sciences
and Department of Physics and Astronomy.

References

Arkhipova V.P., Ikonnikova N.P., Noskova R.I., Komis-
sarova G.V.: 2001,Astron. Lett., 27, 156�168.

Dermine T., Izzard R.G., Jorissen A., Van Winckel
H.: 2013,Astron. Astrophys., 551, A50.

Foreman-Mackey D., Hogg D.W., Lang D., Goodman
J.: 2013,Publ. Astron. Soc. Pac., 125, 306.

Henson G.D., Deskins W.R.: 2009,ASP Conf. Ser.,
412, 229.

Herwig F.: 2005,Annu. Rev. Astron. Astrophys., 43,
435�479.

Hillen M., Van Winckel H., Menu J., Manick R.,
Debosscher J., Min M., de Wit W.-J., Verhoelst
T., Kamath D., Waters L.B.F.M.: 2017, Astron.
Astrophys., 599, A41.

Klochkova V.G., Panchuk V.E.: 2012, Astron. Rep.,
56, 104�115.

Kluska J., Van Winckel H., Hillen M., et al.: 2019,
Astron. Astrophys., 631, A108.

Luck R.E., Lambert D.L., Bond H.E.: 1983, Publ.
Astron. Soc. Pac., 95, 413�421.

Odesa Astronomical Publications, vol. 38 (2025) 39



Miller Bertolami M.M.: 2016, Astron. Astrophys.,
588, A25.

Nurmakhametova S.T., Vaidman N.L., Mirosh-
nichenko A.S., Khokhlov A.A., Agishev A.T.,
Yermekbayev B.S., Danford S., Aarnio A.N.:
2025,Galaxies, 13, 26.

Oomen G.-M., Van Winckel H., Pols O., Nelemans
G., Escorza A., Manick R., Kamath D., Waelkens
C.: 2018,Astron. Astrophys., 620, A85.

De Ruyter S., Van Winckel H., Maas T., Lloyd Evans
T., Waters L.B.F.M., Dejonghe H.: 2006, Astron.
Astrophys., 448, 641�653.

Vaidman N.L., Miroshnichenko A.S., Zharikov S.V.,
Khokhlov S.A., Agishev A.T., Yermekbayev B.S.:
2025a,Galaxies, 13, 3, 47.

Vaidman N.L., Nurmakhametova S.T., Mirosh-
nichenko A.S., Khokhlov S.A., Agishev A.T.,
Khokhlov A.A., Ashimov Y.K., Yermekbayev B.S.:
2025b,Galaxies, 13, 5, 101.

Van Winckel H.: 2003, Annu. Rev. Astron. Astro-
phys., 41, 391�427.

  
40 Odesa Astronomical Publications, vol. 38 (2025)



mailto:aynura.hasanova@shao.science.az












http://www.gazinur.com/DECH-software.html




http://www.gazinur.com/DECH-software.html
http://www.gazinur.com/DECH-software.html
https://doi.org/10.1134/S0038094624601750


THE FEATURES OF FI SGE PHOTOMETRIC VARIABILITY
ON TRANSITING EXOPLANET SURVEY SATELLITE

OBSERVATIONS

https://doi.org/10.18524/1810-4215.2025.38.343165 

  
50 Odesa Astronomical Publications, vol. 38 (2025)

L. E. Keir1;2, E. A. Panko2, M. Yu. Pyatnytskyy 3,
1 Vihorlat Astronomical Observatory, Humenne,Slovakia,

partneroae@gmail.com
2 OdesaI. I. Mechnikov National University, Odesa,Ukraine,

panko.elena@gmail.com
3 Private Observatory �Osokorky�, Kyiv, Ukraine,

mpyat2@gmail.com

ABSTRACT. We present the result of the analysis
of the FI Sge individual light curves constructed on
Transiting Exoplanet Survey Satellite (TESS) obser-
vations. FI Sgethe RR Lyrae pulsating variable star
with bicyclicity e�ects and possibleBlazhko e�ect. In
the present study, we analyzed 3603photometric data
obtained by the Transiting Exoplanet Survey Satellite
(TESS) in the special TESS IR bandpasswith a time
resolution of about 10 minutes. The observationscov-
ered a 27-day interval (BJD 2459769:90 � 2459796:12)
with a small gap of about a day. The full data set
contains 52 minima and 51 maxima of the seasonal
light curve. We supposethat for this data set, the
analysis of the light curve shapesin minima provides
more reliable results. We studied the variations of
the minima’ shapesof the individual light curves at
common and for the separatea�nity groups. The last
one allowed us to detect not only classicalbicyclicity,
but also secondarybicyclicity for FI Sge. This result
was obtained at �rst and it is atypical behavior of
light curves for pulsating variable stars.

Keywords : pulsating stars: RR Lyr type: light
curves; Blazhko e�ect; bicyclicity; data analysis

À˝˛ÒÀÖIß. ÌŁ ïðåäæòàâºÿ„ìî ðåçóºüòàò
àíàºiçó iíäŁâiäóàºüíŁı ŒðŁâŁı ÆºŁæŒóFI Sge,
ïîÆóäîâàíŁı íà îæíîâi æïîæòåðåæåíü Transiting
Exoplanet Survey Satellite (TESS). FI Sge �
ïóºüæóþ÷à çìiííà çîðÿ òŁïó RR ¸iðŁ ç âŁÿâºåíîþ
ÆiöŁŒºi÷íiæòþ òà ØìîâiðíŁì åôåŒòîì `ºàæŒà. Ó
öüîìó äîæºiäæåííi ìŁ ïðîàíàºiçóâàºŁ 3603 ôîòî-
ìåòðŁ÷íŁı òî÷îŒ, îòðŁìàíŁı æóïóòíŁŒîì TESS â
iíôðà÷åðâîíiØ ôîòîìåòðŁ÷íiØ æìóçi TESS ç ÷à-
æîâîþ ðîçäiºüíîþ çäàòíiæòþ ÆºŁçüŒî 10 ıâŁºŁí.
Ñïîæòåðåæåííÿ îıîïºþâàºŁ 27-äåííŁØ iíòåðâàº
(BJD 2459769:90 � 2459796:12) ç ïåðåðâîþ ó
æïîæòåðåæåííÿı ÆºŁçüŒî äîÆŁ. ˇîâíŁØ íàÆið

äàíŁı ìiæòŁòü 52 ìiíiìóìŁ òà 51 ìàŒæŁìóì æåçîííî¤
ŒðŁâî¤ ÆºŁæŒó.ÌŁ ââàæà„ìî, øî äºÿ öüîªî
íàÆîðó äàíŁı àíàºiç ôîðìŁ ŒðŁâî¤ ÆºŁæŒóâ
ìiíiìóìàı äà„ Æiºüł íàäiØíi òà çíà÷óøi
ðåçóºüòàòŁ. ÌŁ ïðîàíàºiçóâàºŁ âàðiàöi¤ ôîðì
ìiíiìóìiâ îŒðåìŁı ŒðŁâŁı ÆºŁæŒóäºÿ ïîâíîªî
íàÆîðó äàíŁı òà äºÿ îŒðåìŁı ªðóï
æïîðiäíåíîæòi. ˛æòàííiØ ïiäıiä äîçâîºŁâ íàì
âŁÿâŁòŁ äºÿ FI Sge íå òiºüŒŁ ŒºàæŁ÷íó
ÆiöŁŒºi÷íiæòü, àºå Ø âòîðŁííó ÆiöŁŒºi÷íiæòü. ÖåØ
ðåçóºüòàò Æóâ îòðŁìàíŁØ âïåðłå, i âií „ íåòŁïîâîþ
ïîâåäiíŒîþ ŒðŁâŁı ÆºŁæŒóäºÿ ïóºüæóþ÷Łı çìiííŁı
çið.

˚ºþ÷îâi æºîâà : ïóºüæóþ÷i çîði: RR Lyr òŁï:
ŒðŁâi ÆºŁæŒó;åôåŒò `ºàæŒà; ÆiöŁŒºi÷íiæòü; àíàºiç
äàíŁı.

1. Introduction

The poorly studied pulsating variable of the
RR Lyrae type FI Sge (RA 2000:0 = 20h 13m 16:2s,
Dec2000:0 = +17 � 3003700, RRab, magnitude in the lim-
its of 13:2 � 14:3m (p), Sp = A2) in a long dense series
of observations shows atypical brightness variations for
this type of star. The variability of the star was discov-
ered in 1936 by Ho�meister (1936) from photographic
plates of the Sonnenberg Observatory. According to
GCVS 5 (and GCVS 4), the initial pulsation epoch
and period of the star are: E = 2428333:441d and
P = 0 :5047545d (Samus et al., 2017). Nevertheless,
some other values of the pulsating period were pub-
lished. Mainz (2017), based on her own observations,
which were carried out over 5 nights in April 2017, de-
termined the period value to be 0.50477d. She also an-
alyzed the (O� C) variations of the times of maxima us-
ing available literature sources (Richter, 1961, Wils et
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al., 2006, and Agerer & Hubscher, 2002), and suggested
that the period changed after the epoch of 2452000 J.D.
As a result, the phase light curves with the new period
value, constructed using the NSVS and ASAS data, dif-
fer from each other in amplitude and phase. The phase
shift from the initial epoch of the phase light curve ac-
cording to the NSVS data was 0.15 of the variability
period. Skarka and Cagas observed FI Sge without a
�lter over 14 nights in August, September, and October
of 2017 (Skarka & Cagas, 2017). Based on these obser-
vations, they found evidence of the Blazhko e�ect for
FI Sge with a period of 22.4 days, in contrast to Mainz,
who did not detect this e�ect (Mainz, 2017). More, in
the list of 242 known Galactic �eld stars exhibiting the
Blazhko e�ect FI Sge does not present (Skarka, 2013).

In the Gaia DR2 (Gaia Collaboration, 2018) the pe-
riod for FI Sge, corresponding to the fundamental pul-
sation mode, is noted as0:50479709d. Keir (2023) de-
termined pulsation period as 0:50500d, based on the
long-term dense series of observations, which contained
total data of 55 nights of the observation seasons of
2013, 2014, and 2018. These data also allowed detec-
tion of the bicyclicity e�ect for FI Sge(Keir, 2023, Keir
& Udovichenko, 2024). So, FI Sge is a star RRab type
with bicyclicity and possible Blazhko e�ect.

The bicyclicity phenomenon in RR Lyr stars with
the Blazhko e�ect was discovered in 2010 from Kepler
observations and described by Smolec (2016). For the
stars showing the bicyclicity e�ect, two consecutive
pulsation cycles have di�erent amplitudes of the
light-curve maxima and di�erent modulations of these
maxima. Nevertheless, the di�erence in the amplitude
of successive maxima alone cannot be a determining
feature of this phenomenon. With di�erent modu-
lation dynamics in adjacent cycles, a situation may
arise in which the observation period coincides with
the moment when the amplitudes of consecutive
maxima will di�er slightly. In this case, the e�ect of
bicyclicity will be smoothed out. We believe that the
phenomenon of bicyclicity is determined precisely by
the di�erence between two adjacent pulsation cycles.
Namely, bicyclicity manifests itself in di�erences in
the amplitude and shape of both minima and max-
ima, as well as in the dynamics of these di�erences.
Taking into consideration all these di�erences, the
phenomenon of bicyclicity cannot be explained by
oscillations with two di�erent periods or two di�erent
pulsation modes.

2. Observational data

Our observational data set contains 3603 individ-
ual photometric data obtained by the Transiting Exo-
planet Survey Satellite (TESS) in the 600 � 1000nm
photometric bandpass. The red end of the bandpass
represents the red limit of TESS detector sensitiv-

Figure 1: TESS observation data for FI Sge. They are
shown: a) 10 phase light curves of FI Sge, constructed
with a variability period of 0:504748d, and b) the same
data constructed with a period of 0:50500d

ity, and the width of 400nm was the largest practical
choice for the cosmic IR observations. This bandpass is
centered on the traditional I C band but is much wider.
It is comparable to the union of the RC , I C , and z
bands (Ricker et al., 2015). The observations span a
27-day interval (BJD 2459769:90 � 2459796:12) with a
small gap over a day. The full data set contains 52 min-
ima and 51 maxima of the seasonal light curve. The
brightness of the star varied from12:829m to 13:616m .

If we represent the observation data in a dot plot,
we can’t detect the relationships between individual
light curves (Fig. 1a, for example). In the classical
dots’ representation, we lose the opportunity to trace
the dynamics of the light curve changes from cycle
to cycle. We assume all points are important and
re�ect the individual characteristics of individual
pulsation cycles. In a dot plot, we perceive the scatter
of observational data points as variations in the light
curves due to observational errors. Using the line-dot
plots, we can trace to a change in the shape of light
curves in the individual cycles. The result we obtained
by applying the O � C minimum method to determine
the variability period is shown in Fig. 1a. We see
scattered data de�ning some mean curve.

However, for pulsating stars, modulation of the
brightness amplitude without modulation of the period
contradicts the theory of these stars’ pulsations. Using
O � C technique to determine the variability period
of FI Sge, we obtain a false value for the variability
period. Using the period determined for this star by
another method (Keir, 2023), we obtain phase curves
in which modulation of the brightness amplitude is
accompanied by modulation of the pulsation period.
Lower brightness maxima correspond to shorter
pulsation periods. Maxima with a larger brightness
amplitude correspond to longer pulsation periods
(Fig. 1b).
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Figure 2: Di�erence in shapes of 5 sequential light
curves’ minima. Cycle number 1 is shown as red and
others are shown as black:a) cycles 1 and 2,b) cycles
1 and 3, c) cycles 1 and 4,d) cycles 1 and 5

3. Light curves analysis and discussion

We approximated the light curves’ maxima and
minima by sixth-degree polynomials and determined
phases and amplitudes of the maxima and minima
(Fig. 2a,b). The amplitude of adjacent maxima changes
only slightly over this time ( 0:01 � 0:02m ). The TESS
telescope’s time resolution is 10 minutes, so the max-
ima are recorded by 3 or 4 points only. Given that the
shape of this star’s light curve changes during pulsa-
tions, we suppose that maxima approximating do not
provide a very reliable result in this case. Therefore,
we investigated the dynamics of changes in the light
curve shapes at minima in all pulsation cycles.

We smoothed the observational data with a three-
point moving average and constructed 2D a�nity di-
agrams. In these diagrams, we horizontally plotted
two light curves with two minima in the each diagram,
namely: 1+2, 1+3, 1+4, 1+5. Vertically, we took all
the minima in order: 1, 2, 3, ...52. We obtained an
a�nity matrix consisting of 208 diagrams. The �rst
row of this matrix is shown in Fig. 2. The �gure shows
that the plots with adjacent minima (1+2, 2+3...) and
minima separated by 2 (1+4, 2+5...) coincide with
each other much worse than the plots with minima
separated by 1 (1+3, 2+4...) and by 3 (1+5, 2+6...).
Other rows of the a�nity matrix show a similar co-
incidence. Therefore, we divided all the graphs with
minima into two groups: odd (1, 3, 5,... 51) and even
(2, 4, 6, ... 52). This division re�ects that the shapes of
the minima of adjacent pulsation cycles are di�erent.
Thus, the pulsation cycles are di�erent. This behavior
of pulsation cycles is characteristic of the phenomenon
of bicyclicity.

We also compared similar a�nity diagrams with

Figure 3: The BJD moments are shown:a) for minima
for all cycles, b) for maxima for all cycles. The same
diagrams: c) for the minima in the a�nity groups, d)
the maxima in the a�nity groups, and the approxima-
tion for di�erent a�nity groups, are present as color
lines

minima at intervals of 1 and 3 cycles, that is, 1+3,
2+4..., and 1+5, 2+6... The similarity of the diagrams
at intervals of 3 cycles was better. Therefore, we fur-
ther divided the odd and even minima into two groups.
All odd ones at intervals of 1, 5, 9, 13,... 49 and 3, 7,
11, 15,... 51. All even ones at intervals of 2, 6, 10, ... 50
and 4, 8, 12, 16, ... 52. Thus, we obtained four groups
of the most similar light curve minimum plots. This re-
peated division of minima characterizes a phenomenon
that we conventionally call secondary bicyclicity. Next,
we divided all the minima and corresponding maxima
into four groups, accordingly to the above. In Fig. 3,
we compare the BJD times of minima and maxima for
all cycles (Fig. 3 a,b) and separately for a�nity groups,
approximating their points with fourth-degree polyno-
mials (Fig. 3c,d).

From (Fig. 3c,d), it is clearly seen that graphs
are divided according to the times of the minima
and maxima. The times of the maxima are grouped
according to the cycles’ a�nity: 1 � 3 and 2 � 4.
The times of the maxima are grouped according to the
cycles’ a�nity: 1 � 2 and 3 � 4. This division of the
graphs of the moments of minima suggests that several
processes overlap at the moments of minimum, and
pulsations and minima for stars of this type are not an
unambiguous criterion of their pulsation activity. The
best marker for sorting a light curve by a�nity group
and secondary bicyclicity is its shape at the minimum.
We suggest that this phenomenon still requires further
study and analysis.

4. Conclusion

1. Our analysis of the FI Sgelight curves’ shape in
minima indicated that, despite low pulsation ac-
tivity at the dates of observations,bicyclicity and
secondarybicyclicity were detected.

2. Dividing minima into a�nity groups allows for
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analysis of changes in stellar activity dynamics
within each minima group separately.

3. Dividing minima into a�nity groups allows trac-
ing the bicyclicity and secondary bicyclicity ef-
fects.

4. In the star FI Sge, at certain time intervals, a de-
crease in the amplitude of maximum brightness is
observed, accompanied by a decrease in the am-
plitude of minimum brightness, which is atypical
for pulsating variable stars.

5. For pulsating stars with amplitude modulation, it
is not recommended to determine the variability
period using the O � C minimum method. This
can lead to a false determination of the variability
period.
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ABSTRACT. We present the results of observations
of the H� and H� lines in spectrum of Herbig Ae star
HD 31648. Sevenspectra from the Be Stars Spectra
Database, with a spectral resolution of R � 11,000,
wereused,along with three spectraobtained using the
2-m telescopeat the Shamakhi Astrophysical Obser-
vatory with the Shamakhi Fiber Echelle Spectrograph
(R � 28,000). In the spectra at our disposal, the H�
line is predominantly observed as a P Cyg III type
pro�le, characterized by a line intensity ratio of Ib/Ir
� 1 and in two casesit was observedas a classicalP
Cyg type pro�le � a red-shifted emission peak with
blue-shifted absorption. There is no correlation in
the changesin the intensity of the blue (Ib) and red
(Ir) components. The blue component undergoesthe
greatest changes,and variability is also present in the
intensity of the red emissionpeak. The H� line pro�le
in the central part shows a P Cyg � type structure
with wide photospheric wings. The red emission
component of the H� line shows strong variability,
which correlated with the red emission component
of the H� line. In general, variability in the pro�les
of the H� and H� lines occur synchronously. In the
work, a comparative analysis of the behavior of the
H� and H� lines is carried out using similar data from
published data.
Keywords : pre-main sequence� stars: variables:
Herbig Ae/Be: individual: HD31648.

À˝˛ÒÀÖIß. ÌŁ ïðåäæòàâºÿ„ìî ðåçóºüòàòŁ
æïîæòåðåæåíü ºiíiØ H� òà H� ó æïåŒòði çîði òŁïó
Ae ÕåðÆiªà � HD 31648. ˜ºÿ äîæºiäæåííÿ Æóºî
âŁŒîðŁæòàíî æiì æïåŒòðiâ iç ÆàçŁ äàíŁı Be Stars
Spectra Database çi æïåŒòðàºüíîþ ðîçäiºüíîþ
çäàòíiæòþ R � 11 000, à òàŒîæ òðŁ æïåŒòðŁ,
îòðŁìàíi íà 2-ìåòðîâîìó òåºåæŒîïi ØàìàıŁíæüŒî¤
àæòðîôiçŁ÷íî¤ îÆæåðâàòîði¤ ç âŁŒîðŁæòàííÿì
ØàìàıŁíæüŒîªî âîºîŒîííîªî åłeºü-æïåŒòðîªðàôà
(R � 28 000). Ó íàÿâíŁı æïåŒòðàı ºiíiÿ H�
ïåðåâàæíî æïîæòåðiªà„òüæÿ ÿŒ ïðîôiºü òŁïó P
Cyg III, øî ıàðàŒòåðŁçó„òüæÿ æïiââiäíîłåííÿì

iíòåíæŁâíîæòåØ æŁíüîªî òà ÷åðâîíîªî Œîìïîíåíòiâ
Ib/Ir � 1, à â äâîı âŁïàäŒàı çàôiŒæîâàíî ŒºàæŁ÷íŁØ
ïðîôiºü òŁïó P Cyg � ÷åðâîíîçìiøåíŁØ åìiæiØíŁØ
ïiŒ iç æŁíüîçìiøåíŁì ïîªºŁíàííÿì. ˚îðåºÿöi¤ ìiæ
çìiíàìŁ iíòåíæŁâíîæòåØ æŁíüîªî (Ib) i ÷åðâîíîªî
(Ir) Œîìïîíåíòiâ íå æïîæòåðiªà„òüæÿ. ˝àØÆiºüłŁı
çìií çàçíà„ æŁíiØŒîìïîíåíò, ïðîòå âàðiàöi¤ òàŒîæ
ïðŁæóòíi â iíòåíæŁâíîæòi ÷åðâîíîªî åìiæiØíîªî ïiŒó.
ˇðîôiºü ºiíi¤ H� ó öåíòðàºüíiØ ÷àæòŁíi ïîŒàçó„
æòðóŒòóðó òŁïó P Cyg iç łŁðîŒŁìŁ ôîòîæôåðíŁìŁ
ŒðŁºàìŁ. ×åðâîíŁØ åìiæiØíŁØ Œîìïîíåíò ºiíi¤
H� äåìîíæòðó„ çíà÷íó çìiííiæòü, øî Œîðåºþ„ çi
çìiíàìŁ ÷åðâîíîªî åìiæiØíîªî Œîìïîíåíòà ºiíi¤
H� . ˙àªàºîì çìiííiæòü ïðîôiºiâ ºiíiØ H� i H�
ïðîÿâºÿ„òüæÿ æŁíıðîííî. Ó ðîÆîòi ïðîâåäåíî
ïîðiâíÿºüíŁØ àíàºiç ïîâåäiíŒŁ ºiíiØ H� i H� iç
âŁŒîðŁæòàííÿì àíàºîªi÷íŁı îïóÆºiŒîâàíŁı äàíŁı.
˚ºþ÷îâi æºîâà : çîði äî ªîºîâíî¤ ïîæºiäîâíîæòi �
çìiííi çîði äî ªîºîâíî¤ ïîæºiäîâíîæòi �
Herbig Ae/Be � îŒðåìà çîðÿ: HD 31648.

1. Introduction

The formation of stars and planetary systems is one
of the primary research topics in modern astrophysics.
Studies of young stars with small (stars T Tauri type)
and intermediate (stars Ae/Be Herbig type) masses
connected with early stages of stellar evolution are
among the priority areas of astrophysics. At the be-
ginning of the 21st century, considerable progress took
place in the study of the physical processes of the in-
teraction of a star and an accretion disk, also in the
numerical simulation of various variants of the forma-
tion of a stellar wind and star accretion of matter.

Comparison of the observed characteristics of young
stars with model calculations requires su�ciently long-
term spectral observations, which make it possible to
estimate the characteristic time of accretion and wind
variability.

According to modern astrophysical concepts, the
physics of the observed particularities of young stars
type Ae/Be Herbig, in general, is determined by the

https://doi.org/10.18524/1810-4215.2025.38.341537  
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results of the interaction between the young star and
the surrounding circumstellar medium.

The goal of this message: based on the spectral data
of the young star type Herbig Ae HD31648, to study
the observed peculiarities of the star’s emission in the
regimes of accretion and stellar wind.

HD 31648 (MWC480) is an isolated Herbig Ae star in
the Taurus-Auriga star-forming region, spectral class
of the star is A2-A3e, one of the brightest (V �
7m .6) stars of this type in the northern sky. The star
HD31648 belongs to the group of photometrically quiet
young stars with signs of matter out�ow in the spec-
trum. Its age is estimated 2,5�7 million years, star
mass M� = (1.65 - 2.2) M � , luminosity L � = (11.2
- 32.4) L� , R� = 1.67 R� , Tef f = 8250 - 8710 K
(Augereau et al., 2001; Montesinos et al., 2009).

The star HD31648 has been studied in detail
spectroscopically in the optical range mainly in the
following works: Beskrovnaya and Pogodin, 2004;
Kozlova, Grinin and Chuntonov, 2003; Kozlova,
Alekseev and Shakhovskoi, 2007; Mendigutia, Eiroa,
Montesinos et al., 2011; Mendigutia, Brittain, Eiroa
et al., 2013; Tambovtseva et al., 2016.

2. Observations and data reduction

Sevenspectra from the Be Stars Spectra Database,
with a spectral resolution of R � 11,000, were used,
along with four spectra were carried out at the
Cassegrainfocusof the 2-m telescopeof the Shamakhi
Astrophysical Observatory, on �ber echelle spectro-
graph (ShAFES) with the spectral resolution of R =
28,000. During the period December2019 � January
2020on every four nights, 2 spectraof the studied star,
also2 spectraof a hot, rapidly rotating a standard star
A2 � And as a standard for removetelluric lines in the
spectrum of HD31648(Mikailov, Musaev,Alekberov et
al., 2020).

The reduction of echelle spectra was carried out
according to the standard technique using the recent
version of the DECH 30 program developed by
Galazutdinov (1992).

3. Results of observations

Emission H� and H� lines in the spectrum of the
star HD31648 are formed in the su�ciently extended
circumstellar shell and show pro�les of type P Cyg,
which are direct indicators of mass ejection.

In the spectrums at our disposal, the radial velocities
of the H� and H� line components were measured, and
their pro�les were constructed (Fig. 1).

As it is known, the results of the interaction of a star
with its circumstellar matter show itself in the form of
an out�ow (stellar wind) or star accretion of matter

(accretion).
It should be noted that in terms of observational

astrophysics, spectral signs of stellar wind and star ac-
cretion of matter are shown in the so-called P Cyg and
inverse P Cyg pro�les, respectively, in certain diagnos-
tic lines.

As can be seen from Fig. 1 the H� line is predom-
inantly observed as a P Cyg III type pro�le, charac-
terized by a line intensity ratio of Ib/Ir � 1 and in
two cases it was observed as a classical P Cyg type
pro�le � a red-shifted emission peak with blue-shifted
absorption.

There is no correlation in the changes in the inten-
sity of the blue (Ib) and red (Ir) components. The
blue component undergoes the greatest changes, and
variability is also present in the intensity of the red
emission peak.

The H� line pro�le in the central part shows a P Cyg
type structure with wide photospheric wings. The red
emission component of the H� line shows strong vari-
ability, which correlated with the red emission com-
ponent of the H� line. In general, variability in the
pro�les of the H � and H� lines occur synchronously.
In the work, a comparative analysis of the behavior of
the H� and H� lines is carried out using similar data
from published data([Beskrovnaya and Pogodin, 2004,
Tambovtseva et al., 2016).

When processing echelle spectra of early spectral
type stars, in particular Herbig Ae/Be stars, one of the
main di�culties is the determination of the continuum
level, due to the broad wings of the hydrogen lines.
We constructed a continuum for orders containing the
H� and H� lines by interpolating the continua of two
adjacent orders. After this procedure, the continuum
shape was re�ned using the spectrum of the standard
star obtained under the same conditions. Fig. 2 shows
the pro�les of the H � and H� lines in the spectrum of
HD 31648 and the standard star� And (sp. A2). As a
result, we obtained a close match of the outer part of
the wings of the photospheric pro�les of H� and H� in
the spectra of HD 31648 and the standard star� And.

The pro�les of the H � and H� lines in the spectrum
of the star HD 31648 presented in Fig. 1 according to
our data in appearance are generally consistent with
similar data published in the works (Beskrovnaya and
Pogodin, 2004, Tambovtseva et al., 2016).

4. Conclusions

We present preliminary results of observations of
the H� and H� lines in the spectrum of the Herbig Ae
star HD 31648.
� In the spectra at our disposal, the H� line is
predominantly observed as a P Cyg III type pro�le,
characterized by a line intensity ratio of Ib/Ir � 1 and
in two cases it was observed as a classical P Cyg type
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Figure 1: Pro�les of the H � and H� lines in the spectrum of HD 31648
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Figure 2: Pro�les of the H � and H� lines in the spec-
trum of HD 31648 and the standard star � And (sp.
A2)

pro�le � a red-shifted emission peak with blue-shifted
absorption.

� There is no correlation in the changes in intensity of
the blue (Ib) and red (Ir) components.
� The blue component undergoes the greatest changes,
and variability is also present in the intensity of the
red emission peak.
� The H� line pro�le in the central part shows a P
Cyg-type structure with wide photospheric wings.
� The red emission component of the H� line shows
strong variability, which correlated with the red
emission component of the H� line.
� In general, variability in the pro�les of the H �
and H� lines occur synchronously. In the work, a
comparative analysis of the behavior of the H� and H�
lines is carried out using similar data from published
data.
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Figure 2: Phase-folded surrogate Gaia RV and light curves of HP Draconis from Milone et al. (2005). Left, from the 
top: Asiago RV curves, Hipparcos (HP), and Tycho light and color curves (VT, BT, and (B-V)T. Right: blow-up of the HP 

light curve primary and secondary minima and model curve.  Note the sparse coverage in the minima of the HP  curve 
(and the large scatter in the Tycho curves ) that whan used alone limit the accuracy as well as the precision of the radii 
and luminosities. 
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Figure 3: Phase-folded RV and light curves of HP Dra from Milone et al. (2010). Top: Asiago RV data represented b y 
squares, CORAVEL data by triangles, and Elodie data by circles. Star 1 data have filled symbols; star 2 data have open 
symbols. Star 1 is the hotter and slightly more massive component. The discrepant point on the Star 1 RV curve just 
after secondary minimum received zero weight in the analysis. The curves of the final fitting are shown. Bottom: B 
(left) and V (right) full, primary minima, and secondary minima light curves of HP Dra and the fitted curves of the 
adopted model. Note the completeness of coverage. See Figure 2 for the HP  minima fittings. 
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Near-infrared Atmospheric Windows and IRWG Passband Profiles 

 
Figure 9: The simulated spectral transmission of a mid-latitude, summer atmosphere at a site elevation of 300 m, 
computed with MODTRAN software.  Superimposed on this are the profiles for the near-infrared IRWG passbands iZ, 
iJ, iH, and iK.  Note that the passbands fit comfortably into the atmospheric windows but are not defined by their 
opaque edges even at this low elevation site.   
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ABSTRACT. We present a new spectroscopic study
of HR 4049, a post-AGB star in a binary system,
based on �echelle spectra obtained between 2019/03/19
and 2025/04/08 with the 0.81 m telescope of the
Three College Observatory (North Carolina, USA)
at a resolution of R � 12;000. A cross-correlation
analysis of 83 spectra in the 4760�4780�A range
yielded the following orbital parameters: period
P = 428:47 � 0:01 days, eccentricity e = 0 :29 � 0:01,
argument of periastron ! = 242:3� � 0:3� , epoch of
periastron T0 = 2 ;458;383:2 � 0:6, systemic radial ve-
locity 
 = � 30:12 � 0:09 km s� 1, and semi-amplitude
K 1 = 15:52 � 0:13 km s� 1. Using the Gaia DR3
parallax (d = 1397+176

� 168 pc) and the average maximum
brightness (mv = 5 :35 mag), the luminosity was esti-
mated as log(L=L � ) = 4 :22 � 0:12, consistent with an
initial mass of 3-4 M � . The mass function combined
with likely orbital inclinations implies current masses
of � 0:75 M � for the primary and 0:70� 0:82 M � for
the secondary. These results con�rm the long-term or-
bital stability of HR 4049 and provide new constraints
on the properties of post-AGB binaries.
Keywords : spectroscopy; binary stars; emission-line
stars; post-AGB stars; circumstellar matter.

À˝˛ÒÀÖIß. ÌŁ ïðåäæòàâºÿ„ìî íîâå
æïåŒòðîæŒîïi÷íå äîæºiäæåííÿ HR 4049, çîði ï i-
æºÿ AGB ó ïîäâiØíiØ æŁæòåìi, íà îæíîâi �echelle-
æïåŒòðiâ, îòðŁìàíŁı ó 2019/03/19 � 2025/04/08 ðð.
çà äîïîìîªîþ òåºåæŒîïà äiàìåòðîì 0.81 ì
˛Ææåðâàòîði¤ Òðüîı ˚îºåäæiâ (ˇiâíi÷íà ˚àðîºiíà,
ÑØÀ) ç ðîçäiºüíîþ çäàòíiæòþ R � 12 000. ˚ðîæ-
ŒîðåºÿöiØíŁØ àíàºiç 83 æïåŒòðiâ ó äiàïàçîíi 4760�
4780 �A äîçâîºŁâ âŁçíà÷ŁòŁ îðÆiòàºüíi ïàðàìåòðŁ:
ïåðiîä P = 428;47 � 0;01 äîÆŁ, åŒæöåíòðŁæŁòåò e =
0;29 � 0;01, àðªóìåíò

ïåðiàæòðà ! = 242:3� � 0:3� , åïîıà ïåðiàæòðà
T0 = 2 ;458;383:2 � 0:6, æŁæòåìíà łâŁäŒiæòü

 = � 30:12 � 0:09 Œì æ� 1 òà íàïiâàìïºiòóäà
K 1 = 15:52 � 0:13 Œì æ� 1. ´ŁŒîðŁæòîâóþ÷Ł
ïàðàºàŒæ Gaia DR3 ( d = 1397+176

� 168 ) òà æåðåäíþ
ìàŒæŁìàºüíó çîðÿíó âåºŁ÷Łíó (mv = 5;35 mag),
æâiòíiæòü îöiíåíî ÿŒ log(L=L � ) = 4;22 � 0;12,
øî âiäïîâiäà„ ïî÷àòŒîâiØ ìàæi 3�4 M � . Ìàæîâà
ôóíŒöiÿ ó ïî„äíàííi ç âiðîªiäíŁìŁ íàıŁºàìŁ îðÆiòŁ
âŒàçó„ íà æó÷àæíi ìàæŁ � 0:75 M � äºÿ ïåðâŁííî¤
ŒîìïîíåíòŁ òà 0;70� 0;82 M � äºÿ âòîðŁííî¤.
˛òðŁìàíi ðåçóºüòàòŁ ïiäòâåðäæóþòü äîâªîòðŁâàºó
îðÆiòàºüíó æòàÆiºüíiæòü HR 4049 òà âæòàíîâºþþòü
íîâi îÆìåæåííÿ íà âºàæòŁâîæòi ïîæò-AGB ïîäâiØíŁı
æŁæòåì.
˚ºþ÷îâi æºîâà : æïåŒòðîæŒîïiÿ; ïîäâiØíi çîði; çîði
ç åìiæiØíŁìŁ ºiíiÿìŁ; çîði ï iæºÿ AGB ; íàâŒîºîçîðÿ-
íà ðå÷îâŁíà.

1. Introduction

Post-AGB stars are an intermediate evolutionary
stage of low� and intermediate�mass stars (� 0.8�
8 M� ) after the Asymptotic Giant Branch (AGB)
phase and before becoming Planetary Nebulae (PN).
At this stage, the star has lost most of its outer enve-
lope due to strong stellar winds, leaving behind a hot
core surrounded by an expanding circumstellar shell of
gas and dust.

This phase is very short in astrophysical terms (103�
105 years) which makes post-AGB stars rare. Their
luminosities are typically around 103� 104 L � , with ef-
fective temperatures (Te� ) ranging from about 3000 K
to over 100,000 K as they evolve towards higher tem-
peratures (Miller Bertolami 2016).

https://doi.org/10.18524/1810-4215.2025.38.343164 
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One of the most remarkable post-AGB objects is
HR 4049 (HD 89353, AG Ant), a spectroscopic binary
in Antlia. Its high Te� � 7500K (Bakker et al. 1998),
complicates abundance work because metal lines are
weak. HR 4049 shows an extreme iron underabun-
dance, [Fe/H]= � 4:8dex (Van Winckel et al. 1995),
together with a strong infrared excess and a UV de�cit
attributable to dust from past mass loss (Andrews,
L�epine 2013). Selective depletion is common among
post-AGB binaries with circumbinary disks; HR 4049
is among the most extreme cases. As a result, its opti-
cal spectrum contains very few measurable metal lines.

Spectroscopic monitoring revealed radial velocity
(RV) variations with a 429�430 day period (Bakker et
al. 1998), con�rming its binarity with a faint compan-
ion (Andrews, L�epine 2013). The companion is likely
an M�type main-sequence star with Te� � 3500 K,
R � 0:6R� and the compact orbit hasa sin i � 0:6 AU
(Bakker et al. 1998).

The system also hosts a stable circumbinary disk
with a bright ring (Andrych et al. 2023). The double-
peaked H� pro�le follows the orbital phase, suggesting
accretion activity (Gorlova et al. 2012), while star�disk
interactions may cause severe photospheric depletion of
volatile elements (Oomen et al. 2019).

The aim of this study was to re�ne the orbital
parameters of HR 4049 using new RV data and test
for possible long-term changes. We recalculatedP ,

 , ! , e, K , and T0, thereby improving constraints on
the orbital architecture and fundamental properties of
this post-AGB binary.

2. Observations, Data Reduction and Analy-
sis

We obtained 83 spectra of HR 4049 between
2019/03/19 and 2025/04/08 with the 0.81 m telescope
at the Three College Observatory (North Carolina,
USA), equipped with an �echelle spectrograph manufac-
tured by Shelyak Instruments 1 and an ATIK-460EX
detector. The setup providesR � 12;000 over 3800-
7900�A, with S/N ratios in the continuum up to � 300
for typical combined exposure times of� 1 hour in the
4500-5500�A range. Wavelength calibration using 800-
1000 ThAr lines yields an RV precision of� 300 m s� 1.
Spectra were reduced with standard IRAF �echelle rou-
tines (bias subtraction, �at-�elding, optimal extrac-
tion, and continuum normalization).

To achieve the main objectives of this study, we ap-
plied several complementary methods. To measure RV
values, we applied the cross-correlation method imple-
mented in the IRAF/RVSAO 2.0 package, using one
high-S/N spectrum as a template and focusing on the
C I multiplet in the 4760�4780 �A region.

1https://shelyak.com

Periodogram analysis of the RV data was then per-
formed with the Lomb�Scargle (LS) algorithm (Scar-
gle 1982), which is well suited for unevenly sampled
observations and allowed us to identify the dominant
periodicity of the system.

Subsequently, we modeled the RV curve with our
Python pipeline (NumPy, Pandas, Matplotlib, SciPy)
and performed Bayesian inference using the a�ne-
invariant ensemble sampler emcee (Foreman-Mackey
et al. 2013). The RV+MCMC code is documented in
Vaidman et al. (2025) and has already been applied
in Nurmakhametova et al. (2025) and in Vaidman et
al. (2025); we follow the same work�ow here to obtain
the most probable orbital elements�period, systemic
velocity, semi-amplitude, eccentricity, and argument
of periastron�with robust uncertainties.

3. Results

In the 4760�4780 �A region, the spectra of HR 4049
clearly show the neutral�carbon multiplet (top panel of
Fig. 1). HR 4049 is strongly depleted in refractory ele-
ments, so its optical spectrum contains comparatively
few clean metal lines; many wavelength ranges are ei-
ther line�poor or a�ected by blends and circumstellar
features. The chosen window, however, contains sev-
eral relatively strong, well�isolated C i lines with sta-
ble, symmetric pro�les and minimal telluric contamina-
tion. The phase�resolved cross�correlation map (bot-
tom panel of Fig. 1) demonstrates coherent Doppler
shifts of these lines with orbital phase, con�rming that
this set is well suited to precise RV measurements and
a subsequent orbital analysis.
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Figure 1: Top panel: Spectrum of HR 4049 in the
4760�4780�A region. Bottom panel: Phase-resolved
cross-correlation map.

Table 1 compares the orbital parameters of HR 4049
obtained in this work with previous studies. Our anal-
ysis con�rms the overall consistency of the system’s
orbital characteristics with earlier results, while pro-
viding an improved precision. Small di�erences in sys-
temic velocity are most likely related to the choice of
template spectrum and reference frame. The re�ned
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parameters strengthen the evidence for the long-term
stability of the binary system.

Table 1: Comparison of orbital parameters.
Bakker et
al. (1998)

Oomen et
al. (2019)

This work

P 430:7 � 0:3 430:6 � 0:1 428:47� 0:01
T0 46 746:6� 2:4 47 176:6� 3:8 58 383:2� 0:6
e 0:30 � 0:01 0:30 � 0:01 0:29 � 0:01
! 237:2 � 2:3 236:5 � 3:5 242:3 � 0:3

 � 32:1 � 0:1 � 31:9 � 0:2 � 30:1 � 0:1*
K 1 15:96 � 0:19 16:6 � 0:2 15:52 � 0:13
f (m) 0:16 � 0:01 0:18 � 0:01 0:15 � 0:01
N 60 86 83

Notes. (1) Orbital period (days); (2) periastron epoch for the
elliptical orbit and time of superior conjunction (at 
 RV) for
the circular orbit (HJD -2,400,000); (3) eccentricity; (4) argu-
ment of periastron (degrees); (5) systemic RV (km s � 1 ); (6)
semi-amplitude of the RV variations of the visible component
(km s � 1 ); (7) mass function (M � ); (8) number of spectra used
in the orbit calculation.

* The value is obtained from the RV template, with the sys-

temic velocity determined relative to the template spectrum and

reported in the heliocentric frame.

To determine the orbital period from our irregularly
sampled velocities, we computed LS periodogram as a
�rst-order approach. For improved accuracy, we also
included archival spectra from Bakker et al. (1998),
which complement our recent observations and help to
extend the temporal baseline of RV measurements. As
shown in Fig. 2, the resulting LS spectrum displays a
dominant peak at P = 428:47 d. We therefore adopt
this period as the starting point for the orbital analy-
sis. With P �xed at this value, we then �t a Keplerian
model with free parametersK , e, ! , T0, and the sys-
temic velocity 
 , ensuring a consistent solution across
all available datasets.
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Figure 2: Lomb�Scargle periodogram. The red dot
marks the global maximum at P = 428:47 � 0:01 d.

Fig. 3 compares this model to the RV time series.
The �t reproduces both the amplitudes and the ev-

ident asymmetry of the RV curve, indicating a non-
zero eccentricity. In this work�ow, the LS periodogram
serves to identify the fundamental timescale under un-
even sampling, while the subsequent Keplerian �t ac-
counts for the non-sinusoidal shape of eccentric orbits
and yields physically interpretable parameters.
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Figure 3: Radial velocities as a function of time, plot-
ted asJD � 2;450;000(black points with 1� error bars),
together with the best-�tting Keplerian model (red
curve).

To illustrate the coherence of the solution, Fig. 4
shows the phase-folded velocities at the same period
together with the best-�tting Keplerian model. The
residuals, normalized by their formal uncertainties,
scatter symmetrically about zero with no visible struc-
ture, supporting the adequacy of the single-orbit de-
scription and the robustness of the adopted period.

Figure 4: Radial velocity variations of HR 4049 as a
function of orbital phase. Top panel: Black points
show the observed heliocentric RVs; the red curve
represents the best-�tting Keplerian model. Bottom
panel: Normalised residuals(O � C)=� ; the orange
dashed line marks zero. The plot shows allN = 83
measurements; the eccentric Keplerian �t yields a re-
duced � 2

� = 1 :69.

We estimated the luminosity of HR 4049 at its maxi-
mum optical brightness using the observed visual mag-
nitude mV = 5 :35 mag (Waelkens et al. 1991; Rufener
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& Bartholdi 1982; Lake 1965). For the distance, we
adopted the Gaia DR3 value d = 1397+176

� 168 pc as de-
termined by Bailer-Jones et al. (2021, Vizier cata-
logue I/352), providing a reliable geometric basis for
our estimates. To convert the apparent magnitude to
bolometric luminosity, we applied a bolometric correc-
tion of BCV = 0 :02, appropriate for an e�ective tem-
perature of Te� = 7500 K according to the calibration
of Pecaut & Mamajek (2013).

Assuming a modest interstellar reddening of
E (B � V ) < 0:07, we obtained log(L=L � ) = 4 :13,
whereas adopting a slightly higher color excess of
E (B � V ) = 0 :20 yields log(L=L � ) = 4 :30 (Green et al.
2019). These values de�ne the plausible luminosity
range, and for the subsequent discussion we adopt the
mean estimatelog(L=L � ) = 4 :22 � 0:12, which agrees,
within the quoted uncertainties, with previous deter-
minations reported by Oudmaijer et al. (2022).

When placed on the Hertzsprung�Russell (HR) dia-
gram (Fig. 5), HR 4049 occupies a position along the
post�AGB evolutionary tracks corresponding to pro-
genitors of approximately 3� 4 M � . This location is
consistent with the phase of nearly constant luminos-
ity and gradually increasing e�ective temperature that
characterizes the �nal stages of post�AGB evolution,
supporting the classi�cation of HR 4049 as a well�
advanced post�AGB object.
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Figure 5: HR diagram of post-AGB tracks for initial
masses 1�4M � at Z = 0 :02 (Miller Bertolami 2016).
The color bar shows the present stellar (core) mass.
The black symbol marks HR 4049.

The mass function derived from our orbital solution
(Table 1) provides a valuable quantitative constraint
on the possible masses of both stellar components and
thus serves as an important diagnostic of the system’s
nature. For representative orbital inclinations in the
range i = 60 � � 75� (Dominik et al. 2003; Oomen et al.
2018), the resulting mass of the primary component is
estimated asM 1 � 0:75M � , a value that agrees very
well with theoretical expectations for evolved post�
AGB remnants. In particular, according to the post�
AGB evolutionary calculations of Bl�ocker (1995), stars

with initial main�sequence masses between3 � 5M �
are expected to leave the AGB phase with core masses
in the range 0:605� 0:889M � . The mass we infer for
the primary thus falls comfortably within this theo-
retical interval, further strengthening the internal con-
sistency and physical plausibility of our orbital solu-
tion. The inferred M 2 � 0:70� 0:82M � is di�cult to
reconcile with a late-M dwarf; this range is more con-
sistent with either an early-K main-sequence star or a
compact white dwarf. The corresponding mass of the
unseen secondary component therefore remains com-
patible with both possibilities. It should be empha-
sized that this range is still strongly dependent on the
adopted inclination, and the steep sensitivity of M 2 to
i clearly illustrates how delicate and model�dependent
mass determinations can be for single�lined spectro-
scopic binaries with unresolved companions (Fig. 6).
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Figure 6: Mass of the secondary componentM 2 as a
function of the orbital inclination i . The solid blue
line shows the best-�t solution for the mass function
f (M ) = 0 :15, with the shaded region representing the
uncertainty ( � 0:01). The dashed horizontal line marks
the assumed primary massM 1 = 0 :75 � 0:05M � . Red
dashed vertical lines highlight the solutions at i = 60 �

and i = 75 � .

4. Conclusions

We carried out a spectroscopic analysis of the post-
AGB binary HR 4049 using 83 �echelle spectra obtained
between 2019 and 2025. The RV measurements of
the C I multiplet lines allowed us to re�ne the orbital
parameters, which are consistent with previous deter-
minations but now have improved precision. Placing
HR 4049 on the HR diagram con�rms that it follows
post-AGB evolutionary tracks for progenitors of 3-4
M � , while the derived mass function constrains the
present-day component masses to� 0.75 M� for the
primary and 0.70�0.82 M � for the secondary. These
results con�rm the system’s long-term orbital stability
and provide important constraints for understanding
post-AGB binaries with circumbinary disks.

Despite this progress, several open problems remain.
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The origin of the extreme iron de�ciency in HR 4049
is still unclear and likely linked to complex depletion
and re-accretion processes in the circumbinary en-
vironment. Moreover, as HR 4049 is in a rare and
short-lived evolutionary phase, a follow-up spectro-
scopic and photometric monitoring will be essential
to trace its variability, chemical composition, and
dynamical evolution. Future monitoring of HR 4049
will be crucial for tracing possible secular variations
in orbital and spectral properties.
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ORBITAL SPECTRAL VARIABILITIES IN SYMBIOTIC STAR
AG PEGASI
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ABSTRACT. The results of the study of orbital
spectral variability due to binary nature of the sym-
biotic star AG Peqasi are presented. We used high-
resolution spectra(R = 28,000)taken by 2-m telescope
of the Shamakhi Astrophysical Observatory during
2016�2019, and medium-resolution amateurs' spectra
(R = 9,000�11,000) taken from the Astronomical Ring
for Accessto Spectroscopy(ARAS) databaseobtained
during 2020�2024. The system's orbital period is ap-
proximately 815days, and its spectral changesare cor-
related with this period. In this paper we present the
radial velocity curve of the cold component(M3III), as
well as the emission lines H� , H� , and the HeII lines
� 4686 �A and � 5412 �A formed around the hot compo-
nent of the AG Peg system, constructed according to
our measurements.We determined the mass function
of the cool component, f1 � 0.023M � .

Keywords : symbiotic star, binary star,
spectroscopy, radial velocity.

ÀÍÎÒÀÖIß. Ïðåäñòàâëåíî ðåçóëüòàòè äîñëiäæåííÿ
îðáiòàëüíî¨ ñïåêòðàëüíî¨ çìiííîñòi, çóìîâëåíî¨
ïîäâiéíîþ ïðèðîäîþ ñèìáiîòè÷íî¨ çîði AG Pe-
gasi. Âíàñëiäîê âçà¹ìîäi¨ ãàðÿ÷îãî áiëîãî êàðëèêà
òà õîëîäíîãî ãiãàíòà ñïîñòåðiãàþòüñÿ ïåðiîäè÷íi
çìiíè ïðîìåíåâèõ øâèäêîñòåé ÿê àáñîðáöiéíèõ
ëiíié õîëîäíîãî ãiãàíòà, òàê i åìiñiéíèõ ëiíié, ùî
ôîðìóþòüñÿ ïîáëèçó ãàðÿ÷îãî êîìïîíåíòà.

Ó äàíîìó äîñëiäæåííi âèêîðèñòàíî äâà íàáîðè
ñïåêòðàëüíèõ ñïîñòåðåæåíü. Ïåðøèé íàáið �
16 ñïåêòðiâ, îòðèìàíèõ ó ôîêóñi Êàññåãðåíà 2-
ìåòðîâîãî òåëåñêîïà Øàìàõèíñüêî¨ àñòðîôiçè÷íî¨
îáñåðâàòîði¨ iìåíi Í. Òóñi íà âîëîêîííîìó åøeëü-
ñïåêòðîãðàôi (ShAFES) ç ðîçäiëüíîþ çäàòíiñòþ R
= 28 000 ó 2016�2019 ðîêàõ. Äðóãèé íàáið � 25
ñïåêòðiâ, çàïîçè÷åíèõ iç áàçè äàíèõ ARAS Spec-
tral Database, îòðèìàíèõ ó 2020�2024 ðîêàõ iç
ðîçäiëüíîþ çäàòíiñòþ 9 000�11 000.

Îðáiòàëüíèé ïåðiîä ñèñòåìè ñòàíîâèòü ïðèáëèçíî
814 äiá, i ñïåêòðàëüíi çìiíè ñèñòåìè AG
Peg êîðåëþþòü iç öèì ïåðiîäîì. Ó ðîáîòi
ïðåäñòàâëåíî êðèâó ïðîìåíåâèõ øâèäêîñòåé
õîëîäíîãî êîìïîíåíòà (çîði ñïåêòðàëüíîãî êëàñó

M3III), à òàêîæ ëiíi¨ âèïðîìiíþâàííÿ H� , H� i
HeII � 4686 �A òà � 5412 �A, ùî ôîðìóþòüñÿ íàâêîëî
ãàðÿ÷îãî êîìïîíåíòà ñèñòåìè AG Peg, ïîáóäîâàíi çà
ðåçóëüòàòàìè íàøèõ âèìiðþâàíü. Ìàñîâà ôóíêöiÿ
õîëîäíîãî êîìïîíåíòà ñèìáiîòè÷íî¨ ñèñòåìè AG Pe-
gasi áóëà îöiíåíà çà êðèâîþ øâèäêîñòåé ÷åðâîíîãî
ãiãàíòà: f1 � 0,023M� .

Ïîáóäîâàíî êðèâó ïðîìåíåâèõ øâèäêîñòåé i
âèçíà÷åíî îðáiòàëüíi åëåìåíòè äëÿ çîði êëàñó M
ó ñèñòåìi AG Peg: ìàêñèìàëüíi òà ìiíiìàëüíi
çíà÷åííÿ îðáiòàëüíèõ øâèäêîñòåé çîði M3III �
� (max) = -10,72 êì/ñ, � (min) = -23,65 êì/ñ;
øâèäêiñòü öåíòðà ìàñ ñèñòåìè (
 -øâèäêiñòü): V 
 �
-17 êì/ñ; øâèäêîñòi â ïåðèöåíòði òà àïîöåíòði:
� p = 6,65 êì/ñ, � a = 6,28 êì/ñ. Åêñöåíòðèñèòåò
îðáiòè: e � 0,027. a1sin i = 7,2�107 km � 0,48 a.u. �
103R� .

Êëþ÷îâi ñëîâà : ñèìáiîòè÷íà çîðÿ, ïîäâiéíà
ñèñòåìà, ñïåêòðîñêîïiÿ, ïðîìåíåâà øâèäêiñòü.

1. Introduction

Symbiotic stars are the most interesting, because
they host the white dwarf (WD), which may be progen-
itors to Type Ia supernova explosions (Munari U. 1994;
Bo� F.R et al. 1994). The symbiotic system consists
of two completely di�erent types of stars that inter-
act: A cold red giant (RG in some cases yellow) and
hot compact star, most frequently a WD. By studying
symbiotic stars, we simultaneously study 3 di�erent
types of space objects:

1. Red giant
2. White dwarf and accretion disk
3. Star environment gas and dust nebula.
In systems of this type, a powerful �ow of matter

occurs through the stellar wind from a cold star, and
an accretion disk is formed around a hot compact star.
Symbiotic stars can re�ect a transitional stage in the
evolution of several types of double systems with a
powerful �ow of matter from a large-mass star to a
small-mass star (Munari, 1994; Bo� et al., 1994).

The system AG Peg (HD 207757) is the oldest known
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symbiotic nova (Boyarchuk, 1967). The symbiotic star
AG Peg is a binary system that consists of a more mas-
sive M3 III RG and a less massive hot WD surrounded
by nebulous gas.

a) massive RG star: spectral type MIII, mass � 2.6
M � , radius � 85R � , luminosity � 1100 L � , e�. tem-
perature � 3650 K.

b) dwarf (WD) star: mass � 0.65 M � , radius � 0.06
R� , luminosity � (1180-2400) L � , e�. temperature �
(95000-168000) K. (Kenyon et al., 1993; Fekel et al.,
1985; Skopal, 2005; Sion et al., 2019; Skopal et al.,
2017; Murset & Schmid, 1999).

The orbital period of AG Peg, according to published
data, is (812-818) days (Kenyon et al., 1993; Fekel et
al., 2000; Fernie, 1985).

Based on the AAVSO data for the period 1954-2022,
a periodicity in the star's bright changes was identi�ed,
with a period of about 815 days. (Mikailov et al., 2023).

The recent major outburst occurred in 2015, which
is the second major one since the �rst major nova out-
burst in 1850 (see: Kenyon et al., 2001; Ramsay et
al., 2016; Tomov et al., 2016; Skopal et al., 2017).
The analysis of the observations carried out in di�er-
ent spectral regions during the past years, model of this
system � a stage of colliding winds. For the �rst time
this model was proposed by Penston & Allen (1985) on
the basis of three IUE high resolution spectra. Since
the cool giant also loses mass through a stellar wind, it
was concluded that the two winds probably interact. A
model of winds in collision was proposed also by Tomov
N.A. (1993b) on the basis of pro�les, �uxes and radial
velocities, derived from homogeneous high dispersion
spectral observations in the visual during two consec-
utive orbital cycles (Tomov & Tomov, 1992; Tomov,
1993a).

The star AG Peg belongs to the subclass of sym-
biotic novae. Only eight nova-like symbiotic stars
are currently known. During an outburst, the visible
brightness of these stars reaches a very high value,
and they maintain their brightness at such an elevated
state for tens, sometimes hundreds of years. Powerful
shock waves generated during �ares heat the sur-
rounding plasma to temperatures of (107-108) K and
these regions become sources of emission lines with
di�erent degrees of ionization. In the spectrum of
the star AG Peg, along with coronal lines FeX, FeXI,
[NiXV], forbidden lines [NII], [OII] and Balmer lines
of hydrogen are observed.

2. Observations and data reduction

Two sets of spectroscopicobservationswere used in
the present study. The �rst set 16 spectrum were car-
ried out at the Cassegrainfocusof the 2-m telescopeof
the Shamakhi Astrophysical Observatory named after
N.Tusi, on �ber echellespectrograph (ShAFES) with

the spectral resolution of R = 28000, in 2016-2019 years
(Mikailov et. al., 2020), the second set 25 spectrum
borrowed from the ARAS Spectral Database, obtained
in 2020�2024 with spectral resolutions of 9000�11000
(https://aras-database.github.io/database/). The
reduction of echelle spectra was carried out according
to the standard technique using the new version of
the DECH 30 program developed by Galazutdinov
(Galazutdinov, 1992).

3. Results of observations

Due to the orbital motion of the hot WD and the RG,
periodic variations in the radial velocities of the ab-
sorption lines of the RG and the emission lines formed
around the WD are observed. The system's orbital pe-
riod is approximately 815 days (Mikailov et al., 2023),
and its spectral changes are correlated with this pe-
riod. In this paper we present the radial velocity curve
of the cold component (M3III), as well as the emission
lines H� , H� , and the HeII lines � 4686�A and � 5412�A
formed around the hot component of the AG Peg sys-
tem, constructed according to our measurements. The
mass function of the cold component of the symbi-
otic AG Pegasi system was estimated from the velocity
curve of the red giant.

Fig. 2 shows the radial velocity curve of the cool
component of the star AG Peg constructed on the basis
of the average values of the measured absorption lines
of the star M3III.

The measured heliocentric radial velocities of more
than thirty pure (unblended) absorption lines of met-
als (FeI, CaI, CrI, TiI) in the length range of �� 5000-
8000�A were used.

The results of determining the spectral parameters
of RG are presented in Table 1. This table also con-
tains similar data from other authors. Since the spec-
tral lines of only one component of the star AG Peg
are observed, we cannot determine the masses of both
components but can only estimate the mass function
and a1sini.

Figures 3-5 shows the radial-velocity curves for emis-
sion lines: HeII � 4686 �A, � 5412 �A; HI H � and H� as
well as forbidden lines 4363[OIII], 5721 [FeVII] in spec-
trum of the star AG Pegasi compared to the M star.

In Fig. 5, when constructing the radial velocity
curves of forbidden lines, the radial velocity values were
used: at half maximum intensity - FWHM (Full Width
at Half Maximum) and at the level of maximum inten-
sity and were designated as, for example, [OIII]1/2 and
[OIII]peak.

The change in the radial velocities of the HeII emis-
sion lines occurs in antiphase with the changes in the
radial velocities of the absorption lines of the cold gi-
ant (Fig. 3). Apparently, the He II emission lines are
formed in the close vicinity of the hot component.
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Table 1: Spectral orbital parameters for RG star
maximum of orbital velocity -10.72 km/s
minimum of orbital velocity -23.65 km/s

velocity at periastron 6.65 km/s
velocity at apastron 6.28 km/s
orbital eccentricity � 0.027

semi amplituda of the velocity change (K) 6.46 km/s
a1sini = 1.376�104K1P�(1 � e 2)1=2 � 7.2�107 km

mass function: f1= 1.038�10� 7 K1
3�P(1 � e 2)3=2 0.023 M�

Figure 1: Based on the AAVSO data for the period 1954-2022, periodicity in the star's brightness changes was
identi�ed, with a period of about 815 days (Mikailov et al., 2023).

The behavior of the HI H� , H� and 5721 [FeVII]
lines is similar to the HeII lines (Fig. 4-5). The change
in radial velocities of the forbidden lines 4363[OIII] dif-
fers from these lines (Fig. 5). Apparently, this line is
formed by a gas �ow from a hot component near a cold
component.

Based on the radial velocities and intensities of the
He II emission lines and the hydrogen Balmer lines in
the spectrum of AG Pegasi, one can determine the
regions where these lines are formed. The line half-
widths allow us to estimate the distances of these re-
gions from the hot component (the white dwarf). The
width of a spectral line re�ects the maximum velocity
of the gas emitting it. Assuming that the gas is grav-
itationally bound to the white dwarf and moves in a
Keplerian orbit, its velocity is given by

v = (GM/r) 1=2

where G is the gravitational constant, M is the mass
of the white dwarf, and r is the distance of the line-

formation region from the white dwarf.
Hence,

r = GM/v 2

The velocity v is inferred from the measured line width.
Two width parameters are commonly used:

a) FWHM (Full Width at Half Maximum):
gives the characteristic velocity of the gas.

b) HWZI (Half Width at Zero Intensity):
the line wings trace the fastest (innermost) gas, so

vmax � HWZI
r � GM/v 2

max

Thus, comparing the widths of H� , He II 4686, and [O
III] lines makes it possible to reconstruct the structure
of the circumstellar environment and estimate the
distances to di�erent emitting regions.
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Figure 2: Radial velocity curve for the M3 III
star in AG Peg (Mikailov et al., 2023). Orbital
phases were calculated based on the ephemeris Min
(Vis)=JD2439050 + 814.99E (Mikailov Kh.M. et al.,
2023).

Figure 3: Radial-velocity curves for emission lines HeII
� 4686�A and � 5412�A compared to the M star.

Figure 4: Radial-velocity curves for emission lines HI
H� and H� compared to the M star.

Figure 5: Radial-velocity curves for the M3 III star and
the forbidden lines 4363[OIII] and 5721 [FeVII]
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4. Conclusions

Radial velocity curve was constructed, and orbital
elements were determined for the M Star in AG Pegasi:

� Maximum and minimum values of orbital velocities
of the star M3III � (max) = -10.72 km/s, � (min) = -
23.65 km/s

� Velocity of the center of mass of the system (
 -
velocity) V 
 � -17 km/s

� Velocity at periastron and at apastron � a = 6.28
km/s, � p = 6.65 km/s

� Orbital eccentricity, e � 0.027.; Period of the sys-
tem: P � 815 d.

� a1sini = 7.2�107 km � 0.48 a.u. � 103R� . Mass
function: f1=0.023 M�

� The results of comparative behavior of absorption
and emission lines in the spectrum of the symbiotic
system AG Pegasi are presented.

References

Bo� F.R. et al.: 1994,A&A, 184, 5707.
Boyarchuk A.A.: 1967,Soviet Astronomy, 11, 8.
Fekel F.C., JoyseR.R., Hinkle K.H.: 2000, Astron.J. ,

119, 3, 1375.
Fernie, J.D.: 1985,PASP, 97, 653.
Galazutdinov G.A.: 1992,Preprint SAO, 92.

Kenyon S.J., Mikolayewska J., Mikolayewska M. et al.:
1993,Astron.J. , 106, 1573.

Kenyon S.J., et al.: 2001,AJ, 122, 349.
Mikailov Kh.M, Musaev F.A., Alekberov I.A. et al.:

2020,Kinem. and Phys. of Cel. Bod., 36, 22.
Mikailov et al.: 2023, Modern problems of physics,

mathematics and astronomy. Conf. Nakhchivan
State University

Munari U.: 1994, MnSAIm, 65, 157.
Murset U., Schmid H.M.: 1999, A&Ap, 137, 473.
Penston M.V., Allen D.A.: 1985, MNRAS, 212, 939.
Ramsay G., Sokoloski J.L., Luna G.J. M. et al.: 2016,

MNRAS, 461,4 , 3599.
Sion E.M.m Godon P., Mikolayewska J. et al.: 2019,

Astrophys. J., 1, 874.
Skopal A.: 2005,A&Ap, 440, 3 , 995.
Skopal A., Shugarov S.Y., Sekeras M. et al.: 2017,

A&Ap, 604, A48.
Tomov N.A., Tomova M.T.: 1992, Izv. Krym. Astro-

phys. Obs., 86, 19.
Tomov N.A.: 1993a, Izv. Krym. Astrophys. Obs., 88,

11.
Tomov N.A.: 1993b, Izv. Krym. Astrophys. Obs., 88,

22.
Tomov T., Stoyanov K.A., Zamanov R.K.: 2016,

MNRAS, 462, 4 , 4435.

Odesa Astronomical Publications, vol. 38 (2025) 95



OPTICAL SPECTROSCOPYOF SYMBIOTIC STAR EG And.
H� ORBITAL VARIABILITIES
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ABSTRACT. This paper includes the results of
the studies of the orbital variability of the emis-
sion and absorption components of the H� line of
the eclipsing symbiotic system EG And. We used
medium-resolution amateurs about 30 spectra (R =
9,000-11,000)taken from the Astronomical Ring for
Access to Spectroscopy (ARAS) database obtained
during 2020-2025. Radial velocity curves of the
cool component were derived from the mean of the
measuredradial velocities of selectedabsorption lines
forming in the atmosphere of a M-type red giant.
The system's orbital period is approximately 483.3
days (Kenyon & Garcia, 2016). It is assumed that
the emission lines, and in particular the H� line,
are formed in the vicinity of a hot white dwarf. We
have established that the intensity of the emission
component of the H� line has the greatest value at
an orbital phase of about 0.5 (corresponding to the
eclipsing of the cold primary component by the white
dwarf) and the lowest at about 0.1 (the red giant
eclipsesthe hot secondarycomponent and the region
of formation of strong emissionlines), and an average
at about a phaseof 0.8.

Keywords : symbiotic star, binary star, spectroscopy,
line pro�le, radial velocity curve.

ÀÍÎÒÀÖIß. Ó äàíié ðîáîòi ïðåäñòàâëåíî
ðåçóëüòàòè äîñëiäæåíü îðáiòàëüíî¨ çìiííîñòi
åìiñiéíèõ òà àáñîðáöiéíèõ êîìïîíåíòiâ ëiíi¨ H�
ó çàòåìíåíié ñèìáiîòè÷íié ñèñòåìi EG And. Äëÿ
äîñëiäæåííÿ áóëî âèêîðèñòàíî áëèçüêî 30 ñïåêòðiâ
iç áàçè äàíèõ ARAS Spectral Database. Öi ñïåêòðè,
îòðèìàíi â ïåðiîä ç 2010 ïî 2025 ðîêè, ìàþòü
ñïåêòðàëüíó ðîçäiëüíó çäàòíiñòü 9 000�11 000.Êðèâi
ïðîìåíåâèõ øâèäêîñòåé õîëîäíîãî êîìïîíåíòà
ïîáóäîâàíî íà îñíîâi ñåðåäíiõ çíà÷åíü âèìiðÿíèõ
ïðîìåíåâèõ øâèäêîñòåé îêðåìèõ àáñîðáöiéíèõ
ëiíié, ùî ôîðìóþòüñÿ â àòìîñôåði ÷åðâîíîãî
ãiãàíòà ñïåêòðàëüíîãî òèïó M. Îðáiòàëüíèé
ïåðiîä ñèñòåìè ñòàíîâèòü ïðèáëèçíî 483,3 äîáè.
Ïåðåäáà÷à¹òüñÿ, ùî åìiñiéíi ëiíi¨, çîêðåìà

ëiíiÿ H� , ôîðìóþòüñÿ ïîáëèçó ãàðÿ÷îãî áiëîãî
êàðëèêà. Âñòàíîâëåíî, ùî iíòåíñèâíiñòü åìiñiéíîãî
êîìïîíåíòà ëiíi¨ H� äîñÿãà¹ íàéáiëüøîãî çíà÷åííÿ
ïðè îðáiòàëüíié ôàçi áëèçüêî 0,5 (ùî âiäïîâiäà¹
çàòåìíåííþ õîëîäíîãî ïåðâèííîãî êîìïîíåíòà
áiëèì êàðëèêîì), ìiíiìàëüíîãî � ïðè ôàçi áëèçüêî
0,1 (êîëè ÷åðâîíèé ãiãàíò çàòåìíþ¹ ãàðÿ÷èé
âòîðèííèé êîìïîíåíò i îáëàñòü ôîðìóâàííÿ
ñèëüíèõ åìiñiéíèõ ëiíié), òà ñåðåäíüîãî � ïðè ôàçi
áëèçüêî 0,8.

Êëþ÷îâi ñëîâà : ñèìáiîòè÷íà çîðÿ, ïîäâiéíà çîðÿ,
ñïåêòðîñêîïiÿ, ïðîôiëü ëiíi¨, êðèâà ïðîìåíåâèõ
øâèäêîñòåé.

1. Introduction

A symbiotic star is a special type of binary star sys-
tem in which two vastly di�erent kinds of stars coexist
and interact in a way that resembles biological symbio-
sis. The term was introduced in 1941 by Paul Merrill,
who borrowed the word from biology, where �symbio-
sis� describes the living together of di�erent organisms
as a single unit. In astronomy, the analogy applies
because the two stars, though extremely di�erent in
physical properties, are bound together gravitationally
and share material and energy in a complex, interde-
pendent relationship.

A typical symbiotic system consists of:
A cool red giant (RG) � a large, luminous star in

the late stage of its evolution. In some cases, instead
of a red giant, a yellow giant is present. These stars
have exhausted hydrogen in their cores, expanded enor-
mously, and have cool outer atmospheres. They lose
mass through a slow but dense stellar wind driven
by the RG radiation and/or pulsations, ejecting vast
amounts of gas and dust into surrounding space.

A hot compact companion � a white dwarf � the
dense, Earth-sized remnant of a Sun-like star. The
white dwarf has an extremely high surface tempera-
ture, often exceeding 100,000 K, and strong ultraviolet
radiation. It can pull in matter from the red giant

https://doi.org/10.18524/1810-4215.2025.38.341538
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through an accretion disk, a rotating structure of cap-
tured gas spiraling toward the white dwarf.

The entire system is embedded in a cloud of ionized
gas and dust, formed from the red giant's stellar wind.
This nebula glows because the intense radiation from
the hot white dwarf ionizes the gas.

The interaction is dynamic: the red giant continu-
ously loses material, and part of this gas �ows toward
the white dwarf, either directly or via an accretion disk.
The gravitational capture of this material can trigger
bursts of activity, such as nova-like outbursts, when
the accumulated matter on the white dwarf's surface
undergoes thermonuclear burning.

Studying symbiotic stars is scienti�cally valuable be-
cause each system is essentially a natural laboratory
containing:

A red giant, representing the late stage of stellar evo-
lution for Sun-like stars.

A white dwarf and accretion processes, illustrating
mass transfer and disk physics.

A circumstellar nebula, providing insights into gas
dynamics, ionization, and dust formation in binary en-
vironments. Because of their complexity, symbiotic
stars are important for understanding binary star evo-
lution, stellar winds, nova eruptions, and the chemi-
cal enrichment of the interstellar medium. They also
help astronomers study how matter behave under ex-
treme temperatures, densities, and radiation �elds � all
within a single, gravitationally bound cosmic partner-
ship (e.g., Kenyon,1986; Mikolajewska, 1997).

EG And (HD 4174) is a low excitation eclipsing sym-
biotic star with no recorded outbursts. The binary
system consists of a white dwarf that ionizes part of
the neutral wind from the red giant. The presence of
both ionized and neutral regions in this binary, along
with its high orbital inclination, is favorable for ob-
serving variations in the parameters of spectral line
pro�les depending on the orbital motion of the system.
This facilitates determining, and � over time, as high-
precision observational data accumulate � re�ning the
orbital elements of the EG And binary system (Munari,
1993).

The optical spectrum of EG And exhibits optical
emission lines of HI, [OIII], and [NeIII] superimposed
on the absorption spectrum of an M-type star. Pho-
tometric and spectroscopic observations of EG And
have revealed orbital periods of 481�483 days (Skopal
et al., 1991; Munari, 1993; Fekel et al., 2000; Kenyon
& Garcia, 2016). At optical minimum, the red giant
eclipses the hot secondary component and the strong
emission lines. Using optical and infrared absorption
lines, the orbital parameters of the EG And binary
have been reliably determined. Nevertheless, to this
day, the question of whether the optical variability
is caused by ellipsoidal changes, by illumination of
the red giant's photosphere, by the stellar wind,
or by colliding with winds from the primary and

Table 1: . Radial velocities [km/s] of absorption lines
formed in the atmosphere of the red giant in the sym-
biotic EG And system, based on our 29 spectra. Phase
calculated using the ephemeris data in Section 2.

Date JD2450000+ Phase Rv abs
01.09.2010 5440.5808 0.81538 -100.88233
12.02.2011 5605.2755 0.15615 -89.67833
09.08.2012 6148.5650 0.28028 -89.09367
22.08.2013 6529.5689 0.06241 -88.80767
21.08.2015 7256.434 0.57258 -99.29667
08.10.2015 7304.381 0.67178 -101.23733
27.09.2015 7293.392 0.64905 -100.47033
01.10.2015 7297.428 0.6574 -103.35867
23.07.2016 7592.501 0.26794 -88.15867
06.08.2016 7607.492 0.29895 -89.214
09.09.2016 7641.412 0.36914 -91.663
03.10.2016 7665.359 0.41869 -95.97233
02.09.2017 7999.441 0.10994 -88.96067
19.09.2017 8016.352 0.14493 -89.77867
25.10.2017 8052.413 0.21954 -88.11467
15.11.2018 8437.545 0.01642 -90.06667
22.01.2020 8871.263 0.91383 -94.82133
18.09.2020 9111.336 0.41057 -96.139
22.10.2020 9145.321 0.48089 -99.01733
03.11.2020 9157.343 0.50576 -96.92733
28.12.2022 9942.404 0.13014 -87.427
04.10.2023 10222.313 0.7093 -102.83333
13.11.2023 10262.3252 0.79209 -100.626
17.11.2023 10282.7 0.80046 -98.83167
14.12.2023 10293.3 0.85618 -96.81633
17.01.2024 10327.3328 0.9266 -93.772
28.02.2024 10369.392 0.01362 -92.774
04.12.2024 10649.262 0.5927 -100.44567
03.02.2025 10710.338 0.71908 -102.10133

secondary components remains a subject of discussion
(Shagatova, Skopal, Sekeras et.al., 2019).

2. Observations and data reduction

About 30 spectra from the ARAS Spectral Database
were used in this research. These spectra were
obtained between the year 2010 to 2025 have
spectral resolutions of 9000 - 11000 (https://aras-
database.github.io/database/).

The reduction of echelle spectra was carried
out according to the standard technique using the
new version of the DECH 30 program developed
by Galazutdinov (http://www.gazinur.com/DECH-
software.html).

3. Results of observations

The spectral observation data are presented in ta-
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Figure 1: Radial velocity curve for the M star in EG And.

ble1. Radial velocity curves of the cool component were
derived from the mean of the measured radial velocities
of selected absorption lines forming in the atmosphere
of a M-type red giant (table1, Fig.1). For calculation
of the orbital phases of EG And we adopt an ephemeris
of (Kenyon & Garcia, 2016):

JD spectros. conj.=2450213.508 +483.3� E
Moment of zero phase = moment of inferior conjunc-

tion of the giant ( spectroscopic conjunction, i.e. when
the giant is in front of the white dwarf)

Velocity of the center of mass of the system (
 -
velocity): V 
 � -95 km/s.

Based on the available spectra, the pro�les of the
H� line in the spectrum of the star EG And were con-
structed. In order to study the possible dependence of
the H� line emission intensity on the orbital phase of
the EG And system, the pro�les were grouped accord-
ing to phase.

It is assumed that the emission lines, and in partic-
ular the H� line, are formed in the vicinity of the hot
white dwarf. It has been established that the intensity
of the emission component of the H� line reaches its
maximum value at an orbital phase of about 0.5.

This phase corresponds to the moment when the
white dwarf eclipses the cool primary component of
the system, creating the most favorable conditions for
observing the enhanced radiation.

The lowest intensity of the line is observed at a
phase of about 0.1, when the red giant obscures the hot

Figure 2: Pro�les of the H� line around the superior
conjunction of the red giant in EG And (orbital phase
0.5).

secondary component together with the region where
strong emission lines are formed. At this moment,
a signi�cant part of the radiation is blocked by the
giant's envelope, and the lines weaken noticeably. The
average intensity of the line is recorded at approxi-
mately phase 0.8, re�ecting an intermediate state of
the system, when neither of the components com-
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Figure 3: Pro�les of the H� line around the orbital
phase 0.8 of the symbiotic system EG And.

pletely covers the key emission-forming regions. Thus,
variations in the intensity of the H � line are closely
related to the orbital geometry and the interaction
processes of the components in the symbiotic system,
con�rming that its source is the hot white dwarf
and the surrounding gaseous material. (Figs.2�4).
In �g. 2-4, the vertical dotted line at the gamma
velocity demonstrates the variation radial velocity of
the absorption component in the H� line pro�le. The
solid horizontal line corresponds to the continuous
spectrum level. The behavior of the H� line in the
spectrum of the symbiotic star EG And in di�erent
eclipse phases is in good qualitative agreement with
similar pro�les in the work (Shagatova et al., 2019).

4. Conclusions

This paper includes the results of the studies of the
orbital variability of the emission and absorption com-
ponents of the H� line of the eclipsing symbiotic system
EG And:

1. Radial velocity curves of the cool component were
derived from the mean of the measured radial velocities
of selected absorption lines forming in the atmosphere
of an M-type red giant. The system's orbital period is
approximately 483.3 days.

Figure 4: Pro�les of the H� line around the inferior
conjunction of the red giant in symbiotic system EG
And (orbital phase 0).

2. We have established that the intensity of the
emission component of the H� line has the greatest
value at an orbital phase of about 0.5 (corresponding
to the eclipsing of the cold primary component by
the white dwarf) and the lowest at about 0.1 (the red
giant eclipses the hot secondary component and the
region of formation of strong emission lines), and an
average at about a phase of 0.8.
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ABSTRACT.  The fundamental parameters �±��effective 
temperatures (Teff) and surface gravities (g) �±��have been 
determined for of A-type stars: HD 6364 (A5/7III), HD 
6365 (A3III/IV), HD 6492 (A9V), HD 6723 (A8V), HD 
25093 (A7II/III), HD 123798 (A8/9V), HD 129175 
(A6V), HD 129433 (A0IV), HD 129660 (A7V), and HD 
209124 (A0III-IV).

In order to determine the chemical composition of stars 
using the model or synthetic spectrum method, it is essen-
tial to know their fundamental parameters �± effective tem-
peratures (Teff) and surface gravity (g). Teff �D�Q�G���O�R�J�×�J���D�U�H���W�K�H
basic parameters of stellar atmosphere models �± determin-
ing these parameters is necessary to compute stellar atmos-
phere models. On the other hand, by knowing the effective 
temperature (Teff) and surface gravity (g), it is possible to 
calculate the evolutionary parameters of stars �± their masses 
(M), luminosities (L), radii (R), and ages (t). Thus, the ac-
curate determination of the chemical composition of stars 
through the model or synthetic spectrum method depends 
on the precision of the Teff �D�Q�G���O�R�J�×�J���S�D�U�D�P�H�W�H�U�V��

The effective temperatures (Teff) and surface gravities 
���O�R�J�×�J���� �R�I�� �V�W�D�U�V�� �Z�H�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �X�V�L�Q�J�� �S�K�R�W�R�P�H�W�U�L�F�� �P�H�Wh-
od. The method employed is based on comparing ob-
served and theoretical values of the photometric indices 
[c�v�@�����4�����D�Q�G���������7�K�L�V���P�H�W�K�R�G���L�V���D���V�L�P�S�O�H���D�Q�G���D�F�F�X�U�D�W�H���P�H�Wh-
od. The Q index in the UBV photometric system is 
defined as Q = (U �± B) �� 0.72(B �± V), while the [c�v] index 
in the uvby photometric system is defined as [c�v] = c�v ��0.2 
(b �� y). These indices are free from the effects of 
absorption in the interstellar medium.

The following values of Teff �D�Q�G���O�R�J�×�J���Z�H�U�H���R�E�W�D�L�Q�H�G���I�R�U
the studied stars: HD 6364: Teff  � �� ������������ �.���� �O�R�J�×�J��� �� ����������
HD 6365: Teff  � �� ������������ �.���� �O�R�J�×�J�� � �� ������������ �+�'�� ������������ �7eff = 
������������ �.���� �O�R�J�×�J�� � �� ������������ �+�'�� ������������ �7eff �  � � � �� �� �� �� �� � � .� �� � �O�R�J�×�J� � �  
4.00; HD 25093: Teff � ���������������.�����O�R�J�×�J��� ���������������+�'����������������
Teff � �� ������������ �.���� �O�R�J�×�J�� � �� ������������ �+�'�� �����������������7eff = 8,220 K, 
�O�R�J�×�J��� ���������������+�'�������������������7eff � ���������������.�����O�R�J�×�J��= 4.00; HD 
129660: Teff � �� ������������ �.���� �O�R�J�×�J�� � �� ������������ �+�'�� ���������������� �7eff = 
�������������.�����O�R�J�×�J��� ������������

Keywords: A-type stars, fundamental parameters. 

�:�G�H�L�:�P�1�Y�� �>�e�y�� �a�•�j�� �l�b�i�m�� �$�� �\�b�a�g�Z�q�_�g�h�� �n�m�g�^�Z�f�_�g��
�l�Z�e�v�g�•�� �i�Z�j�Z�f�_�l�j�b�� �± �_�n�_�d�l�b�\�g�•�� �l�_�f�i�_�j�Z�l�m�j�b�� ���7eff� �� � � l� Z
�i�h�\�_�j�o�g�_�\�•�� �]�j�Z�\�•�l�Z�p�•�€�� ���J������ �+�'�� ���������� ���$�������,�,�,������

HD 6365 (A3III/IV), HD 6492 (A9V), HD 6723 (A8V),
HD 25093 (A7II/III), HD 123798 (A8/9V), HD 129175
���$���9������ �+�'�� �������������� ���$���,�9������ �+�'�� �������������� ���$���9���� �l�Z�� �+�'
209124 (A0III-�,�9������ �>�e�y�� �\�b�a�g�Z�q�_�g�g�y�� �o�•�f�•�q�g�h�]�h�� �k�d�e�Z�^�m
�a�•�j�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �f�h�^�_�e�v�g�h�]�h�� �f�_�l�h�^�m�� �Z�[�h�� �f�_�l�h�^�m�� �k�b�g��
�l�_�l�b�q�g�h�]�h���k�i�_�d�l�j�m���\�Z�`�e�b�\�h���a�g�Z�l�b���€�o�g�•���n�m�g�^�Z�f�_�g�l�Z�e�v�g�•
�i�Z�j�Z�f�_�l�j�b���± �_�n�_�d�l�b�\�g�•���l�_�f�i�_�j�Z�l�m�j�b�����7eff�����l�Z���i�h�\�_�j�o�g�_��
�\�m�� �]�j�Z�\�•�l�Z�p�•�x�� ���J���� Teff � l� Z� � � O� R� J � J� � � }� � � h� k� g� h� \� g� b� f� b� � � i� Z� j� Z� f� _� l� �
�j�Z�f�b�� �f�h�^�_�e�_�c�� �a�h�j�y�g�b�o�� �Z�l�f�h�k�n�_�j�� �± �\�b�a�g�Z�q�_�g�g�y�� �p�b�o
�i�Z�j�Z�f�_�l�j�•�\�� �g�_�h�[�o�•�^�g�_�� �^�e�y�� �h�[�q�b�k�e�_�g�g�y�� �f�h�^�_�e�_�c�� �a�h�j�y��
�g�b�o�� �Z�l�f�h�k�n�_�j�� �A�� �•�g�r�h�]�h�� �[�h�d�m���� �a�g�Z�x�q�b�� �_�n�_�d�l�b�\�g�m�� �l�_�f��
� i� _� j� Z� l� m� j� m� � � �� 7eff���� �l�Z�� �i�h�\�_�j�o�g�_�\�m�� �]�j�Z�\�•�l�Z�p�•�x�� ���J������ �f�h�`�g�Z
�j�h�a�j�Z�o�m�\�Z�l�b���_�\�h�e�x�p�•�c�g�•���i�Z�j�Z�f�_�l�j�b���a�•�j���± �€�o�g�•���f�Z�k�b�����0����
�k�\�•�l�g�h�k�l�•�����/������� j�Z�^�•�m�k�b�����5����� l�Z���\�•�d�����W���� �L�Z�d�b�f���q�b�g�h�f�����l�h�q��
�g�_�� �\�b�a�g�Z�q�_�g�g�y�� �o�•�f�•�q�g�h�]�h�� �k�d�e�Z�^�m���a�•�j�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �f�h��
�^�_�e�v�g�h�]�h�� �Z�[�h�� �k�b�g�l�_�l�b�q�g�h�]�h�� �k�i�_�d�l�j�Z�e�v�g�h�]�h�� �f�_�l�h�^�m�� �a�Z��
�e�_�`�b�l�v���\�•�^���l�h�q�g�h�k�l�•���i�Z�j�Z�f�_�l�j�•�\���7eff �l�Z���O�R�J �J�����?�n�_�d�l�b�\�g�•
�l�_�f�i�_�j�Z�l�m�j�b�� ���7eff���� �l�Z�� �i�h�\�_�j�o�g�_�\�•�� �]�j�Z�\�•�l�Z�p�•�€�� ���O�R�J �J���� �a�•�j
�[�m�e�b���\�b�a�g�Z�q�_�g�•���a�Z���^�h�i�h�f�h�]�h�x���n�h�l�h�f�_�l�j�b�q�g�h�]�h���f�_�l�h�^�m��
�<�b�d�h�j�b�k�l�Z�g�b�c�� �f�_�l�h�^�� �[�Z�a�m�}�l�v�k�y�� �g�Z�� �i�h�j�•�\�g�y�g�g�•�� �k�i�h�k�l�_��
�j�_�`�m�\�Z�g�b�o�� �l�Z�� �l�_�h�j�_�l�b�q�g�b�o�� �a�g�Z�q�_�g�v�� �n�h�l�h�f�_�l�j�b�q�g�b�o
�•�g�^�_�d�k�•�\�� �>�F�v�@��� � �4� � � l�Z� � � �� � �P�_�c� � � f�_� l�h�^� � � }� � � i� j�h�k� l�b� f� � � l�Z� � � l�h�q�g�b� f� �
�1�g�^�_�d�k�� �4�� �m�� �n�h�l�h�f�_�l�j�b�q�g�•�c�� �k�b�k�l�_�f�•�� �8�%�9�� �\�b�a�g�Z�q�Z�}�l�v�k�y
�y�d���4��� �����8 �± B) �� 0,72(B �± �9�������l�h�^�•���y�d���•�g�^�_�d�k���>�F�v�@���m���n�h�l�h��
�f�_�l�j�b�q�g�•�c���k�b�k�l�_�f�•���X�Y�E�\���\�b�a�g�Z�q�Z�}�l�v�k�y���y�d���>�F�v] = c�v ��0,2(b
�� y). �P�•�� �•�g�^�_�d�k�b�� �g�_�� �a�Z�e�_�`�Z�l�v�� �\�•�^�� �\�i�e�b�\�m�� �i�h�]�e�b���g�Z�g�g�y�� �\
�f�•�`�a�h�j�y�g�h�f�m���k�_�j�_�^�h�\�b�s�•�����>�e�y���^�h�k�e�•�^�`�m�\�Z�g�b�o�a�•�j���[�m�e�h
�h�l�j�b�f�Z�g�h���l�Z�d�•���a�g�Z�q�_�g�g�y���7eff �l�Z���O�R�J���J����HD 6364: Teff  = 7
610 K, log�×g = 4,25; HD 6365: Teff  = 7 880 K, log�×g = 4,35;
HD 6492: Teff = 7 390 K, log�×g = 3,70; HD 6723: Teff = 7
380 K, log�×g = 4,00; HD 25093: Teff = 7 780 K, log�×g =
4,10; HD 123798: Teff = 7 090 K, log�×g = 3,65; HD 129175:
Teff = 8 220 K, log�×g = 4,35; HD 129433: Teff = 9 960 K,
log�×g = 4,00; HD 129660: Teff = 7 710 K, log�×g = 3,65; HD
209124: Teff = 9 820 K, log�×g = 3,80.

�D�e�x�q�h�\�•���k�e�h�\�Z�� �a�h�j�•���l�b�i�m���$�����n�m�g�^�Z�f�_�g�l�Z�e�v�g�•���i�Z�j�Z�f�_�l�j�b.
 

1. Introduction 
 
The determination of the chemical composition of stellar 

atmospheres is one of the key issues in astrophysics. 
Recently, the chemical composition of supergiant star 
atmospheres  has  attracted the  attention  of astrophysicists.  

https://doi.org/10.18524/1810-4215.2025.38.340282 
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Table 1: Observational values of photometric quantities of stars 

�‹  Names of stars Spectral 
class 

b-y c1 [c1] �� U-B B-V Q 

1 HD 6364 A5/7III 0.169 0.730 0.696 2.772 0.047 0.291 -0.1625 
2 HD 6365 A3III/IV 0.150 0.826 0.796 2.804 0.046 0.256 -0.1383 
3 HD 6492 A9V 0.165 0.855 0.822 2.751 0.096 0.283 -0.1078 
4 HD 6723 A8V 0.184 0.766 0.729 2.746 0.023 0.294 -0.1887 
5 HD 25093 A7II/III 0.290 0.822 0.764 2.795 0.270 0.450 -0.054 
6 HD 123798  A8/9V 0.205 0.661 0.620 2.712 0.020 0.300 -0.196 
7 HD 129175  A6V 0.170 0.910 0.876 2.842 0.100 0.245 -0.0764 
8 HD 129433  A0IV 0.011 1.054 1.052 2.833 -0.05 -0.002 -0.0506 
9 HD 129660  A7V 0.172 0.983 0.949 2.790 0.160 0.272 -0.0358 

10 HD 209124 A0III/IV 0.025 1.141 1.136 2.820 -0.020 0.030 -0.0416 
 

 
 

This is because, during the evolutionary process, variations 
occur in the abundances of certain elements in the 
atmospheres of A-, F-, G-, and K-type supergiant stars. In 
particular, an excess of the nitrogen element and a 
deficiency of the carbon element are observed. 

In giant and supergiant stars of spectral classes A, F, G, 
and K, a deep convective mixing process takes place. As a 
result, the products of thermonuclear reactions from the cores 
of such stars are transferred to their atmospheres. Therefore, 
the observational determination of the chemical composition 
of stellar atmospheres is crucial for verifying the predictions 
of modern theories of stellar chemical evolution. 

We have studied the atmospheres of many A, F, and G 
spectral class stars, including supergiant stars (Lyubimkov 
& Samedov, 1985, 1987, 1990; Samedov, 2019; Samedov 
et al., 2023, 2024). The first step in studying the chemical 
composition of stars is determining the effective tempera-
ture (Teff) and surface gravity (g). Teff and g are the basic 
parameters of stellar atmosphere models. The accuracy of 
determining the chemical composition depends on the 
�F�R�P�S�X�W�D�W�L�R�Q�D�O�� �S�U�H�F�L�V�L�R�Q�� �R�I�� �W�K�H�� �V�W�D�U�¶�V�� �D�W�P�R�V�S�K�H�U�L�F�� �P�R�G�H�O����
Furthermore, by knowing the effective temperature (Teff) 
and surface gravity (g) parameters, the evolutionary char-
acteristics of stars �± such as their masses, luminosities, 
radii, and ages can be determined. Accurate determination 
of the effective temperature (Teff) and surface gravity (g) 
is one of the important problems in astrophysics. 

 
2. Determination of effective temperatures (Teff) and 

surface gravity (g) 
 
In this work, the main atmospheric parameters �± effec-

tive temperatures (Teff) and surface gravity (g) of the A-
type stars HD 6364 (A5/7III), HD 6365 (A3III/IV), HD 
6492 (A9V), HD 6723 (A8V), HD 25093 (A7II/III), HD 
123798 (A8/9V), HD 129175 (A6V), HD 129433 (A0IV), 
HD 129660 (A7V), and HD 209124 (A0III-IV) have been 
determined. The effective temperatures (Teff) and surface 
gravity (g) of the examined stars were determined based 
on the comparison of observed and theoretically calculat-
ed values of [c1�@���� �4���� �D�Q�G�� ���� �T�X�D�Q�W�L�W�L�H�V���� �7�K�L�V�� �P�H�W�K�R�G�� �L�V�� �D��
simple and accurate method. The application of this meth-
od allows for the determination of the effective tempera-
tures (Teff) and surface gravity (g) of a large number of 

stars. The method was proposed by L.S. Lyubimkov 
(Lyubimkov et al., 2010). 

The Q index in the UBV photometric system is defined 
as Q = (U �± B) �± 0.72(B �± V), while the [c1] index in the 
uvby photometric system is defined as [c1] = c1 �± 0.2(b �± 
y). �7�K�H�� ���� �L�Q�G�H�[�� �L�V�� �U�H�O�D�W�H�G�� �W�R�� �D�E�V�R�U�S�W�L�R�Q�� �L�Q�� �W�K�H�� �+���� �O�L�Q�H���� �L�W��
measures the intensity of this line relative to the surround-
ing continuum in the spectrum. These indices are free 
from the effects of absorption in the interstellar medium. 
The observed values of c1, b �± y, U �± B, B �± �9���� �D�Q�G�� ����
quantities were taken from the Hauck, B. & Mermilliod 
catalog (Hauck and Mermilliod 1998). Theoretical values 
for c1, b �± y, U �± B, and B �± V were calculated by 
(Castelli  et al., 2003�������Z�K�L�O�H���W�K�H���W�K�H�R�U�H�W�L�F�D�O���Y�D�O�X�H���R�I���W�K�H������
quantity was calculated by Castelli F. and Kurucz R.L. 
(Castelli & Kurucz, 2006). The observed values of the 
photometric quantities for the studied stars are shown in 
Table 1. 

The theoretical calculated values of the [c���@���� �4���� �D�Q�G�� ����
quantities are overlaid with the observed measured values, 
and based on each quantity, pairs of Teff and log g are de-
termined. The determined Teff and log g pairs are plotted 
on the log g �F���7eff diagram, and lines are drawn in the log 
�J���F���7eff �S�O�D�Q�H���E�D�V�H�G���R�Q���W�K�H���>�F�@�����4�����D�Q�G�������L�Q�G�L�F�H�V�����7�K�H���Ln-
tersection point of these lines determines Teff and log g 
(Figure 1).  

The effective temperature (Teff) and surface gravity (log 
g) we determined are given in Table 2. 

For the star HD 6364, other authors have determined Teff = 
7433 K, log g = 3.9 (Steinmetz et al., 2020), and Teff = 7400 
K (Paunzen, 2024); for HD 6365, Teff = 7861 K (Paunzen, 
2015); for HD 6492, Teff = 7183 K (Masana, Jordi & Ribas, 
2006); for HD 25093, Teff = 7800 K (Paunzen, 2024); for HD 
123798, Teff = 6908 K (Deacon, Henning & Kossakowski, 
2019), Teff = 7047 K (Nascimbeni et al., 2016), and Teff = 
7112 K (Bai et al., 2020); for HD 129175, Teff = 8200 K 
(Kharchenko et al., 2007) and Teff = 8040 K (Brown et al., 
2021); for HD 129433, Teff = 9709 K, lo gg = 3.64 (Shokry et 
al., 2018) and Teff = 9817 K (Zorec and Royer, 2012); and for 
HD 129660, Teff = 7800 K Tkachenko, Johnston & Aerts, 
2024). 
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Table 2: Atmospheric parameters of stars (Teff, log g) 

�‹  Names of 
stars 

Spectral class Teff, K log g 

1 HD 6364 A5/7III 7610 K 4.25 
2 HD 6365 A3III/IV 7880 K 4.35 
3 HD 6492 A9V 7390 K 3.70 
4 HD 6723 A8V 7380 K 4.00 
5 HD 25093 A7II/III 7780 K 4.10 
6 HD 123798 A8/9V 7090 K 3.65 
7 HD 129175 A6V 8220 K 4.35 
8 HD 129433 A0IV 9960 K 4.00 
9 HD 129660 A7V 7710 K 3.65 

10 HD 209124 A0III/IV 9820 K 3.80 
 
 
The differences between the effective temperatures 

(Teff�����D�Q�G���V�X�U�I�D�F�H���J�U�D�Y�L�W�L�H�V�����O�R�J�×�J�����G�H�W�H�U�P�L�Q�H�G���L�Q���W�K�L�V���V�W�X�G�\��
and those reported by other authors are as follows: for the 
�V�W�D�U�� �+�'�� ������������ �¨�7eff � �� �������� �.�� ���P�H�D�Q�� �Y�D�O�X�H���� �D�Q�G�� �¨�O�R�J�×�J�� � ��
�������������I�R�U���+�'���������������¨�7eff � ���������.�����I�R�U���+�'���������������¨�7eff = 207 
�.�����I�R�U���+�'�����������������¨�7eff � ���������.�����I�R�U���+�'�����������������¨�7eff = 68 
�.�� ���P�H�D�Q�� �Y�D�O�X�H������ �I�R�U�� �+�'�� ���������������� �¨�7eff = 100 K (mean 
value������ �I�R�U�� �+�'�� ���������������� �¨�7eff = 197 K (mean value) and 
�¨�O�R�J�×�J��� ���������������D�Q�G���I�R�U���+�'�������������������¨�7eff = 90 K. 

The fundamental parameters of the stars were 
determined by various methods: spectral analysis and 
infrared photometry in Steinmetz et al. (2020); 
comparison of observed and theoretical values of the b 
photometric index in Paunzen (2015); spectral energy 
distribution fitting and infrared photometry in Masana, 
Jordi & Ribas (2006); Balmer jump in Shokry et al. 
(2018); broadband photometry in Nascimbeni et al. 
(2016); empirical or theoretical color�±temperature 
relations in Deacon, Henning & Kossakowski (2019); 
photometric indices in Bai et al. (2020) and Tkachenko, 
Johnston & Aerts (2024); photometric and spectral indices 
in Kharchenko et al. (2007) and Brown et al. (2021); and 
hydrogen Balmer line profiles in Zorec and Royer (2012). 

 
3. Conclusion 
 
Based on the comparison of the observed and theoretically 

calculated values of the [c1�@���� �4���� �D�Q�G�� ���� �T�X�D�Q�W�L�W�L�H�V���� �W�K�H�� �P�D�L�Q��
atmospheric parameters�±effective temperatures (Teff) and 
surface gravity (log g) �± of the A spectral class stars HD 6364 
(A5/7III), HD 6365 (A3III/IV), HD 6492 (A9V), HD 6723 
(A8V), HD 25093 (A7II/III), HD 123798 (A8/9V), HD 
129175 (A6V), HD 129433 (A0IV), HD 129660 (A7V), and 
HD 209124 (A0III-IV) have been determined. 

 
 
 
 
 
 
 
 
 

The following values of Teff �D�Q�G���O�R�J�×�J���Z�H�U�H���R�E�W�D�L�Q�H�G���I�R�U��
the studied stars: HD 6364: Teff � �� ���������� �.���� �O�R�J�×�J�� � �� ������������
HD 6365: Teff � �� ���������� �.���� �O�R�J�×�J�� � �� ������������HD 6492: Teff = 
���������� �.���� �O�R�J�×�J�� � �� ������������HD 6723: Teff � �� ���������� �.���� �O�R�J�×�J�� � ��
4.00; HD 25093: Teff � �������������.�����O�R�J�×�J��� ��������������HD 123798: 
Teff � �� ���������� �.���� �O�R�J�×�J�� � �� ������������HD 129175: Teff = 8220 K, 
�O�R�J�×�J��� ��������������HD 129433: Teff � �������������.�����O�R�J�×�J��� ��������������HD 
129660: Teff � �� ���������� �.���� �O�R�J�×�J�� � �� ������������HD 209124: Teff = 
�����������.�����O�R�J�×�J��� ������������ 
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ABSTRACT. We presenta three-dimensionalmodel
of the positions of 20 stars in the �eld of the Cepheid
� UMi (Polaris) � 18 main sequencestars (spectral
types A0�G0 V), the K-giant HD 6319 (K2 III) and
Polaris itself (F8 Ib) � which was created using the
3D calculator Desmos3D, basedon the calculated U,
V and W components of the full velocity vector of
the stars in the Galactic coordinate system. In this
paper, stellar radial velocity estimates from Usenko
et al. (2023) were used. Two versions of the U, V,
and W components were calculated based on Gaia
DR3 parallaxes and photometric parallaxes. The
resulting 3D image showed that, in both scenarios,
15 main-sequencestars, a K-giant, and Polaris form
a noticeable clamp, while three stars (HD 14718,HD
90162, and HD 11696) are located outside of it. HD
14718 and HD 90162 belong to the thick disk, while
HD 11696 is a remnant of a possible open cluster
in Polaris's �eld. The K-giant HD 6319 is located
inside the clamp and quite close to the Cepheid, and
it is quite possible that this clamp is part of the
main component of the probable open cluster Polaris,
dissolved in the �eld of the Cepheid. Using a 3D
calculator to construct a spatial image of stars may
serve as a good tool for studying the structure and
dynamics of open clusters in the future.
Key words : open clusters: stars: U, V, W com-
ponents; GAIA parallaxes; photometric parallaxes;
Cepheids, K-giants, main-sequence stars;
Cepheids: � UMi; individual stars: HD 6319, HD
14718,HD 90162,HD11696.

ÀÍÎÒÀÖIß. Ìè ïðåäñòàâëÿ¹ìî òðèâèìiðíó
ìîäåëü ïîëîæåíü 20 çið ó ïîëi öåôå¨äè � UMi

(Ïîëÿðíà çîðÿ) � 18 çið ãîëîâíî¨ ïîñëiäîâíîñòi
(ñïåêòðàëüíi òèïè A0�G0 V), K-ãiãàíòà HD 6319
(K2 III) òà ñàìî¨ Ïîëÿðíî¨ çîði (F8 Ib) � ÿêà
áóëà ñòâîðåíà çà äîïîìîãîþ 3D-êàëüêóëÿòîðà
Desmos 3D, íà îñíîâi ðîçðàõîâàíèõ U-, V- òà
W-êîìïîíåíò ïîâíîãî âåêòîðà øâèäêîñòi çið ó
Ãàëàêòè÷íié ñèñòåìi êîîðäèíàò. Ó öié ñòàòòi áóëè
âèêîðèñòàíi îöiíêè ðàäiàëüíî¨ øâèäêîñòi çiðîê ç
Óñåíêà òà ií. (2023). Áóëî ðîçðàõîâàíî äâi âåðñi¨
êîìïîíåíòiâ U, V òà W � íà îñíîâi ïàðàëàêñó
Gaia DR3 òà ôîòîìåòðè÷íîãî ïàðàëàêñó. Îòðèìàíå
3D-çîáðàæåííÿ ïîêàçàëî, ùî â îáîõ ñöåíàðiÿõ 15
çið ãîëîâíî¨ ïîñëiäîâíîñòi, K-ãiãàíò i Ïîëÿðíà çîðÿ
óòâîðþþòü ïîìiòíèé êëàìï, òîäi ÿê òðè çiðêè
(HD 14718, HD 90162 òà HD 11696) ðîçòàøîâàíi
ïîçà íèì. HD 14718 òà HD 90162 íàëåæàòü äî
òîâñòîãî äèñêà, òîäi ÿê HD 11696 ¹ çàëèøêîì
ìîæëèâîãî ðîçñiÿíîãî ñêóï÷åííÿ â ïîëi Ïîëÿðíî¨
çîði. K-ãiãàíò HD 6319 ðîçòàøîâàíèé âñåðåäèíi
êëàìïó òà äîñèòü áëèçüêî äî öåôå¨äè, i öiëêîì
ìîæëèâî, ùî öåé êëàìï ¹ ÷àñòèíîþ îñíîâíîãî
êîìïîíåíòà éìîâiðíîãî ðîçñiÿíîãî ñêóï÷åííÿ
íàâêîëî Ïîëÿðíî¨ çîði, ðîç÷èíåíîãî â ïîëi öåôå¨äè.
Âèêîðèñòàííÿ 3D-êàëüêóëÿòîðà äëÿ ïîáóäîâè
ïðîñòîðîâîãî çîáðàæåííÿ çið ìîæå ñëóæèòè
ãàðíèì iíñòðóìåíòîì äëÿ âèâ÷åííÿ ñòðóêòóðè òà
äèíàìiêè ðîçñiÿíèõ ñêóï÷åíü ó ìàéáóòíüîìó.

Êëþ÷îâi ñëîâà : çîði ðîçñiÿíèõ ñêóï÷åíü, U-, V- òà
W-êîìïîíåíòè, GAIA ïàðàëàêñè, ôîòîìåòðè÷í �•
ïàðàëàêñè, öåôå¨äè, K-ãiãàíòè, çîði ãîëîâíî¨
ïîñëiäîâíîñòi, öåôå¨äè � UMi, îêðåì i çiðêè: HD
6319,HD 14718,HD 90162,HD11696.
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1. Introduction

In our previous study (Usenko et al. 2023), we
examined 18 main-sequence stars (spectral types from
A0 V to G0 V located in the �eld of the Polaris
Cepheid to con�rm that these objects could be mem-
bers of an open star cluster. Based on the analysis of
their proper motions, radial velocities and parallaxes,
it was shown that 15 stars belong to the same moving
group, one star belongs to another group, and two
more stars belong to the thick disk. For greater clarity,
we decided to calculate the U, V, and W components
of the total velocity vector for each of the 18 +1 stars
(data for HD 6319, K2 III, were added), as well as
Polaris (F8 Ib). These calculated components allow us
to construct a 3D image and examine the positions of
these stars in space relative to the Polaris Cepheid.

2. Objects and U, V, W calculations

Table 1 summarizes the U, V, W data for the 20
targets - Cepheid � UMi (Polaris), K�giant HD 6319
and 18 main-sequence objects taken from Usenko et al.
(2023). U, V, W are the components of the full velocity
vector of a celestial object in the Galactic coordinate
system. U is the velocity component directed along
the X-axis, V is along the Y-axis, and W is along the
Z-axis, where they represent the radial and tangential
velocities of the star relative to the local coordinate sys-
tem. Strictly speaking, U (radial velocity) is the pro-
jection of velocity directed along the line of sight. The
sign of "U" depends on the direction of the star's mo-
tion: positive if it is moving away from us, and negative
if it is approaching. V (local velocity): the component
of the star's velocity directed in the galactic coordinate
system along the "Y" axis or along the galactic plane
axis. W (vertical velocity): the velocity component of
the star is directed perpendicular to the galactic plane,
along the "Z" axis.

The Galactic components U, V, W were calculated
according to the technique described in Johnson &
Soderblom (1987) which uses a right-handed coor-
dinate system for them so that they are positive in
the directions of the Galactic center, the Galactic
rotation and the North Galactic Pole. Using a
right-handed system allows the same matrix to be
used to transform both coordinates and velocities.
Matrix systems allow for the calculation of these
components and their uncertainties. Calculating these
components requires such parameters as the star's
equatorial and galactic coordinates, its proper motion,
parallax, and radial velocity. Radial velocities were
determined from spectra obtained at TCO (Usenko
et al. 2023), and two types of parallaxes were used:
from the Gaia DR3 catalog or photometric ones
from Turner (see the spreadsheet Turner's ZAMS.xls

at https://ap.smu.ca/ � turner/A5500.html). The
remaining parameters were selected from the SIMBAD
database. Calculations were performed using a pro-
gram written in Python. The calculated values of U,
V and W in Table 1 are given in two versions because
of the noticeable di�erence in the parallax estimates
between Gaia DR3 (2022) and Turner's photometric
data (see Usenko et al. 2023).

Figure 1: Polaris �eld stars. View along the X (U)
axis, directed away from the observer. Symbols are
described in Chapter 3.

Figure 2: Polaris �eld stars. View along the X (U)
axis, directed toward the observer.
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Table 1: UVW data for Polaris �eld stars

Star GAIA DR3 PARALLAXES PHOTOMETRIC PARALLAXES
U � V � W � U � V � W �

km s � 1 km s � 1 km s � 1 km s � 1 km s � 1 km s� 1 km s � 1 km s � 1 km s � 1 km s � 1 km s � 1 km s � 1

Polaris -13.38 138.81 -24.76 165.12 -12.48 54.87 -20.07 9.48 -30.02 11.15 -11.06 3.70
HD 6319 -31.02 0.01 -24.61 0.01 -19.36 0.00 -27.29 1.92 -23.82 2.76 -18.80 0.92
HD 5914 -36.77 0.97 -26.80 2.24 -20.35 0.79 -29.32 1.95 -23.02 4.56 -18.16 1.60
HD 10772 -49.83 1.04 -23.26 2.28 -1.78 0.69 -33.95 0.75 -13.02 1.64 -3.19 0.50
HD 11696 -61.90 0.02 -23.78 0.03 -18.42 0.01 -51.40 0.72 -17.69 1 .61 19.72 0.56
HD 14369 -7.71 0.01 4.33 0.03 -32.56 0.01 -7.45 1.03 3.26 2.29 -31.70 0.85
HD 14718 74.46 1.01 1.14 2.10 -61.53 0.92 51.00 0.72 -17.86 1.60 -49.52 0.57
HD 16335 19.22 0.07 -10.33 0.13 -17.15 0.05 14.01 2.32 -17.46 4.79 -18.66 1.53
HD 66368 -6.12 4.77 -4.64 10.26 -18.60 4.35 -6.46 1.92 -6.13 4.12 -16.45 1.75
HD 90162 -18.28 0.01 -31.49 0.01 -25.63 0.00 14.94 4.07 -58.00 8.79 -43.60 4.03
HD 163988 -24.43 0.09 -11.91 0.23 -12.94 0.09 -15.70 1.77 -3.91 4.84 -7.21 1.92
HD 203317 -31.94 0.70 -19.83 2.00 -19.60 0.66 -25.00 0.89 -16.99 2.53 -16.98 0.83
HD 209556 -23.32 0.21 -18.03 0.56 -7.88 0.19 -19.05 1.23 -19.07 3.36 3.36 1.08
HD 224687 -34.17 0.98 -33.30 2.39 -22.48 0.67 -17.44 0.69 -24.65 1.74 -17.97 0.49
HD 224991 -24.80 0.04 -8.15 0.09 -1.99 0.03 -17.10 4.38 -12.65 10.93 -6.63 3.18
Polaris B -23.04 0.03 -38.02 0.06 -14.04 0.02 -18.51 2.17 -31.27 5.01 -13.54 1.82
BD +86 44 -5.04 0.03 -18.52 0.06 -18.96 0.02 -2.66 1.87 -18.28 3.86 -16.46 1.29
BD +87 16 -29.13 0.10 -23.88 0.24 -13.73 0.08 -25.06 0.43 -21.33 0.96 -13.17 0.34
BD +87 26 -35.07 0.07 -24.55 0.15 -10.60 0.05 -27.92 1.24 -20.27 2.60 -10.36 0.91
BD +88 75 -35.11 0.11 -23.36 0.25 -21.54 0.12 -28.54 0.41 -20.64 0.96 -19.36 0.43

Figure 3: Polaris �eld stars. View along the Y (V)
axis, directed away from the observer.

3. 3D image of Polaris �eld stars using U, V,
W coordinates

To create a 3D image of 20 stars from the Polaris
�eld, we used a 3D calculator from Desmos Studio1.
This calculator not only allows you to position the ob-
jects along three coordinates but also view them from
di�erent angles by rotating the resulting graph along
the three coordinate axes. As mentioned earlier, the
U, V, and W data were positioned along the calcula-
tor's X, Y, and Z axes, respectively. The resulting 3D
images of the stars from Table 1 are presented here as

1https://www.desmos.com/3d

Figure 4: Polaris �eld stars. View along the Y (V)
axis, directed toward the observer.

2D graphics (Figures 1-8), showing how our stars ap-
pear from di�erent viewing angles. The large red and
blue symbols correspond to the coordinates of Polaris
for the Hipparcos - Gaia DR3 parallax and photomet-
ric parallax, respectively. Similarly, the medium-sized
symbols in orange and dark blue represent the giant
HD 6319, while the small symbols of the same colors
represent the remaining 18 main sequence stars.

As can be seen from the �gures, the overwhelming
majority of stars from both groups, despite the
di�erences in coordinates associated with parallax
estimates, form a kind of clamp together with Polaris.
The exception, as already mentioned by Usenko et
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Figure 5: Polaris �eld stars. View along the Z (W)
axis, directed away from the observer.

Figure 6: Polaris �eld stars. View along the Z (W)
axis, directed toward the observer.

al. (2023), are three stars: HD 14718 and HD 90162,
which belong to the thick disk, as well as HD 11696,
which probably belongs to another group of stars in
the Polaris' �eld. However, it is obvious that these
three objects are located far from the clamp. It should
be noted that the K-giant HD 6319 is located quite
close to Polaris, and this fact may serve as evidence
that the Cepheid is surrounded by the remains of an
open cluster (Turner 2009).

Figure 7: Polaris �eld stars. View at 45 degrees to the
Z (W) axis from above.

Figure 8: Polaris �eld stars. View at 45 degrees to the
Z (W) axis from below.

4. Summary

1. For the �rst time, we applied a 3D calculator to
the three-dimensional U, V and Z coordinates of
20 stars in the Polaris �eld to clearly show their
locations in space.

2. Despite the di�erences in the parallax estimates
for these stars, 17 objects form a noticeable clamp
with Polaris, while three objects fall outside it.
Two outlier objects belong to the thick disk, and
one is a possible remnant of another cluster within
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Polaris's �eld.

3. The close proximity of the K-giant HD 6319 to
Polaris and its location within the clamp may be
evidence of the existence of the remains of one of
the open clusters in the Cepheid �eld.

4. Use of 3D calculators to produce spatial plots may
serve as a new tool to study the structure and
dynamics of open clusters in the future.
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Ðåçóëüòàòè çàêëàäàþòü îñíîâó äëÿ ðîçðîáêè
çàãàëüíîãî àëãîðèòìó îöiíêè éìîâiðíîñòi
çàõîïëåííÿ áóäü-ÿêîãî íàâêîëîçåìíîãî îá'¹êòà, à
òàêîæ äëÿ îöiíêè éîãî ïîòåíöiéíî¨ íåáåçïåêè àáî
íàóêîâî¨ öiííîñòi äëÿ ìàéáóòíiõ ìiñié ç ïîâåðíåííÿ
çðàçêiâ. Çàñòîñóâàííÿ öèõ ìåòîäiâ îáiöÿ¹
ïiäâèùèòè òî÷íiñòü ïðîãíîçiâ òðà¹êòîði¨ àñòåðî¨äiâ
òà ïiäòðèìàòè ïîòî÷íi iíiöiàòèâè ïëàíåòàðíî¨
îáîðîíè.
Êëþ÷îâi ñëîâà : òèì÷àñîâî çàõîïëåíi îá'¹êò è,
îðáiòàëüíà äèíàìiêà, iíòåãðàöiÿ N-òië, IAS15,
REBOUND.

1. Introduction

Small bodies temporarily captured by Earth (so-
called temporary satellites, TCOs � temporarily
captured objects) are of scienti�c interest both in
planetary dynamics and in applied problems � rang-
ing from developing detection methods to assessing
potential risks and mission planning. The analysis of
temporary capture phases provides unique data on the
interaction of a low-mass body with the multi-body
Earth�Moon�planet system and allows for evaluating
the contribution of individual bodies to changes
in orbit and energy. In this work, we reconstruct
the geocentric trajectory of asteroid 2024 PT5 and
analyze its energetic characteristics during the period
when the object behaved as a temporary satellite of
Earth. The main objectives of the study are: (I) to
determine the onset and termination of the capture
phase, (II) to investigate changes in orbital elements
and speci�c mechanical energy, and (III) to evaluate
the contribution of the Moon and other bodies to the
dynamics and energetics of the object.

2. Methodology

2.1. Data sources

Initial state vectors and orbital elements were obtained
from the JPL Horizons service (JPL/NASA).

2.2.Construction of the dynamical model

For numerical integration we used the open-source
N-body code REBOUND with the adaptive, high-
accuracy integrator IAS15 (the integrator tolerance in
this work was set to 10� 9). The model includes the
Sun, the major planets, the Moon, and the asteroid
itself. All initial vectors (positions and velocities)
were brought to a common epoch (the start of the
integration interval) and used as heliocentric input
conditions.

2.3.Integration period and output grid

Integration was performed over the interval 25
September 2024 � 30 November 2024 with an output
cadence of 1 day; all data were obtained at 00:00 UTC
for each date (resolution can be increased for local
events if required).

2.4.Energy calculations and capture criteria

Speci�c kinetic energy: T (km2/s2);
Speci�c potential energy relative to Earth: U (km 2/s2);
Speci�c total mechanical energy (geocentric): E=T-U;
Criteria for temporary capture:
Geocentric eccentricity e< 1.
Speci�c energy E < 0.
Both criteria were used in parallel to check for consis-
tency.

2.5.Sensitivity � assessment of the Moon's contribu-
tion

To evaluate the contribution of individual bodies, a
series of control integrations was performed: in each
experiment the mass of one body was set to zero
while the initial positions and velocities of all bodies
were preserved. Comparison of time series of orbital
elements and E(t) between the base model and the
variations allows isolating the in�uence of a speci�c
body. For further statistical analysis we computed the
di�erence series dE(t) and the correlation coe�cients
between distances r(t) and E(t).

2.6.Data processing and numerical details

All calculations were implemented in Python using
the numpy, pandas, matplotlib and scipy libraries.
Central-di�erence methods were applied for smoothing
and di�erentiating the energy time series.

3. Results

3.1.Main time boundaries and capture duration

Based on the analysis of E(t) and geocentric eccen-
tricity, it was determined that the transition into the
captured state occurred on 29 September 2024 (the mo-
ment when E crossed zero), and the end of the capture
phase took place on 25 November 2024. The duration
of the temporary satellite phase was approximately 57
days.

Table 1: E(t) e(t)
Date (UTC) E, km 2/s 2(� 2 � 10� 9) e (� 10� 9)

2024-09-28 0.01023 1.0361500465
2024-09-29 0.00456 1.0160313087
2024-09-30 -0.00092 0.9967642306
2024-10-01 -0.00619 0.9782629997

... ... ...
2024-11-24 -0.00903 0.9581747075
2024-11-25 -0.00365 0.9830847857
2024-11-26 0.00197 1.0091820203
2024-11-27 0.00782 1.0369552086

3.2.Orbital elements and trajectory

The time series of geocentric orbital elements shows
a decrease in eccentricity at the end of September,
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Figure 1: Complete geocentric orbit of asteroid 2024
PT5 for the interval 27 June 2024 � 31 January 2025.
(Left): projection of the orbit onto the X�Y plane with
the geocentric orbit of the Moon (dashed line) and
the position of the Earth (red dot) indicated. (Right):
three-dimensional view of the trajectory.

Figure 2: The speci�c energy of the asteroid and the
speci�c energy of the asteroid without accounting for
the in�uence of the Moon during the period from 2024-
09-25 to 2024-11-30.

followed by a return to higher absolute values toward
the end of November. The period during which e <
1 correlated with the interval E < 0. The trajectory
in geocentric coordinates has a horseshoe-like shape
during the capture phase.

3.3.Role of the Moon and other bodies

The analysis of the �without Moon� integration
series showed local deviations of dE(t) = 4.729� 10� 3

km2s2 compared to the base model. Correlation
analysis revealed a strong correlation between the
asteroid�Moon distance and energy variations; the
absolute value of the correlation coe�cient was approx-
imately 0.95, while for other bodies it was less than 0.1.

4. Discussion

The results indicate that short-term �uctuations in
the total mechanical energy of the asteroid relative to
Earth are mainly determined by local gravitational in-

Figure 3: The di�erence in energy (model without the
Moon minus model with the Moon).

Figure 4: Energy variation over time (with the Moon
and without the Moon).

�uences, among which the Moon plays the dominant
role. The weak contribution of other planets within
the considered interval is explained by their large dis-
tances and less favorable con�gurations for momentum
transfer to the asteroid. The results of the �mass=0�
test series con�rm that the local asymmetry of the E(t)
curve is caused by gravitational �impulses� from the
Moon during close approaches.

It is important to note the sources of error and lim-
itations:

Uncertainty in the asteroid's initial mass and inter-
nal parameters (in this work it was treated as a test
particle).

Errors in initial vectors (in�uence of observational
and interpolation errors from Horizons).
Neglect of minor non-gravitational e�ects (e.g.,
Yarkovsky), which are insigni�cant for short-term
evolution but may a�ect long-term behavior.

Proposed improvements for future studies include
re�ning GM values based on SPICE/NAIF data,
performing ensemble integrations to assess sensitivity
to initial condition uncertainties, and, if necessary,
accounting for non-gravitational forces for longer
integrations.

5. Conclusion

It was established that asteroid 2024 PT5 entered
a temporary capture state on 29 September 2024 and
remained in it for about 57 days, until 25 November
2024.

Analysis of the orbital elements and energy con�rms
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the phase transition: entry into the state with e < 1
and E < 0 at the end of September and exit from it at
the end of November.

The series of control integrations showed that the
Moon provides the most signi�cant contribution to lo-
cal deviations of the energy curve; the correlation be-
tween the asteroid�Moon distance and E was approxi-
mately 0.95.

The applied methodology (JPL Horizons ! RE-
BOUND (IAS15) ! series of mass-zero runs) is
e�ective for assessing the in�uence of individual
bodies on the orbit of a low-mass object and can be
used for further studies of other temporary satellites.
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ABSTRACT. Active space debris removal operations 
require a priori knowledge of the target objects’
rotation parameters, i.e., information on their rotation 
speed and current orientation in space. This can 
be achieved through appropriate observations designed 
to determine these parameters. Recording and 
subsequent analysis of light curves is the most common 
method for monitoring space objects’ rotation using 
optical means. This paper examines the results of 
long-term photometric observations of a large space 
debris object �²  the third stage of the SL-14 rocket 
(international COSPAR number 1987-074G, 
USSTRATCOM ID 18340). It shows how this 
resident space object’s (RSO) rotation speed around 
its center of mass repeatedly changed between 2006 
and 2025. To understand the cause of this behavior of 
RSO 18340, it is necessary to study the relationship 
between its different rotation speed states and the 
corresponding orientation of its rotation axis in inertial 
space. In paper, we consider the observed light curves 
of RSO 18340, recorded in 2024 at different 
observatories, analyze their structure and identify similar 
photometric patterns in different light curves. These 
photometric patterns are used to determine the spatial 
direction of the object’s rotation axis in two short (1–
3 days) time intervals in late February – early March 
2024. As a result of this analysis of the light 
curves, four estimates of the average direction of the 
rotation axis and its evolution over a two-week 
interval were obtained. Using two light curves 
obtained during flybys over different observing 
points on February 27, 2024, we obtained the current 
direction of the rotation axis in the �L�Q�H�U�W�L�D�O�� �F�R�R�U�G�L�Q�D�W�H
�V�\�V�W�H�P���� �5�$��� � � � �� ��ƒ���� � '�H�F�O����� � �-�����ƒ���� �$�Q�Gbased on six light 
curves obtained on March 9, 10 and 11, 2024, the 
following average coordinates were �G�H�W�H�U�P�L�Q�H�G���� �5�$
� �� �����ƒ���� �'�H�F�O���� � ��-�����ƒ���� �:�H�� �H�V�W�L�P�Dte the �L�Q�W�H�U�Q�D�O�� �H�U�U�R�U�� �R�I
� W� K� H� V� H� � � U� H� V� X� O� W� V� � � W� R� � � E� H� � � “(5–10)� ƒ� �� � � %� D� V� H� G� � � R� Qthese results, 
we hypothesize that there are no rapid shifts in the 
rotation axis of RSO 18340.
Keywords: space object; photometric observation; light 
curve; apparent period; photometric pattern; spin axis 
orientation.
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1. Introduction 
 
Orbital spacecraft play a vital role for modern 

civilization. However, as the number of objects in near-
Earth space grows, so too do the undesirable 
consequences associated with possible and even inevitable 
collisions. The growing number of space debris is of 
exclusive concern. Space debris is artificial objects in 
orbit that perform no useful function (inoperative 
spacecraft, spent rockets, fragments of destroyed 
spacecraft, etc.). To protect operational spacecraft and the 
space environment as a whole, several measures have 
been proposed to reduce the risk of collisions�² primarily, 
active debris removal (ADR). 

Such operations require a priori knowledge of the 
rotational parameters of the target bodies, that is, their 
rotational speed and current orientation in space. This can 
be ensured by appropriate observations designed to 
determine these parameters. In general, both for the mass 
removal of space debris from orbit and for accurately 
predicting its orbital motion, it is important to understand 
and consider the causes and mechanisms that cause 
changes in the rotation of space objects.  

Light curve recording is the most common method for 
analyzing the rotation of space objects using optical means. 
They can be used to determine the rotation states of space 
debris, including the rotation period (Silha, 2018; Hall, 
2014; Rachman, 2025) and the orientation of the rotation 
axis (Santoni, 2018; Zhao, 2020; Vananti, 2023; Kudak, 
2024). Of interest is the study of the evolutionary of both 
the rotation period and the spatial orientation of the rotation 
axis of a space debris objects. Many authors have noted the 
cyclic nature of the rotation period variations in different 
studied space debris objects (See, for example, Earl, 2017; 
Rachman, 2025). The main goal of these studies was to 
extract apparent periods and explain the observed rotation 
accelerations and decelerations by modeling the torques 
acting on the space debris. For example, tilted solar panels 
with different orientations and different reflectivities for the 
front and back sides experience torques caused by the 
pressure of solar rays. For example, Ojakangas & Hill 
(2011), Albuja (2015), Benson & Scheeres (2017), it was 
shown that solar radiation pressure and the YORP effect 
can lead to complex, tumbling rotations of asymmetric 
satellites. 

However, the causes of the acceleration and 
deceleration of the rotation of various inactive spacecraft 
and rocket bodies require further study. A better 
understanding of the relationship between different 
rotational speed states and the corresponding orientation 
of the satellite's spin axis is also needed. 

 
2. Variations in the rotation period of RSO 18340 
 
In this paper, we present the results of photometric 

observations and their analysis for a large space debris 
object, namely the 3rd stage of the SL-14 rocket body 
(R/B). This space debris object moves in a circular orbit at 
an altitude of approximately 1450 km above Earth with an 
�L�Q�F�O�L�Q�D�W�L�R�Q���R�I�����������ƒ�����7�K�H���$�V�W�U�R�Q�R�P�L�F�D�O���2�E�V�H�U�Yatory of the 

Odesa I. I. Mechnikov National University has been take 
photometric monitoring of large space debris bodies in 
low orbits for many years (Koshkin, 2021). The first 
observations of RSO 18340 were obtained in September 
2006. At the same time, the first estimates of the apparent 
rotation period of this space debris were made, which was 
approximately 135 seconds. However, observations 
obtained in May 2007 revealed that the period of its light 
curve decreased to approximately 68 seconds. This value 
was almost exactly half the duration of the period in the 
previous observation, and this gave some reason to 
consider it a harmonic of the main rotation period. It 
should be noted that the light curves of the RSO 18340 
exhibits two significant oscillations with similar 
amplitudes per rotation, between which secondary maxima 
are sometimes observed, either as a separate increase in 
brightness or as a hump on the descending or ascending 
branch of the main oscillation. This fact provides a strong 
argument in favor of an acceleration of the rotation of 
RSO 18340 over the expired eight months. Observations 
in July 2008 showed that the brightness oscillation period 
of this RSO was approximately 58 seconds. Subsequent 
observations yielded the following estimates of its rotation 
period: on October 8, 2009 and September 10, 2010, it 
was approximately 50 seconds, while on April 26, 2010, it 
was approximately 72 seconds. Figure 1 shows the light 
curves of RSO 18340 that we recorded on these dates.

Subsequent, unfortunately also not always regular, 
photometric observations have shown that this object 
continues to experience significant variations in its 
rotation velocity around its center of mass. Figure 2 shows 
our obtained rotation period values for the period 2006�±
2022. We see mostly slow, possibly cyclical, variations in 
the apparent rotation period of RSO 18340, ranging from 
30 to 158 seconds. The cycle length was likely 
approximately 2.5 years or more.

In 2020, an international campaign of photometric 
observations of rocket bodies (R/B) was launched, 
announced by the Inter-Agency Space Debris 
Coordination Committee (IADC). Its goal was to evaluate 
the potential of photometry to determine all possible 
rotation parameters of rocket bodies, given the availability 
of extensive data from various observatories. The 
observation program included eight R/Bs with orbital 
altitudes below 1000 km, i.e., located in the region of 
highest spatial density of space bodies. This region of 
altitude above Earth is primarily in need of active debris 
removal from orbit. However, RSO 18340 was also 
included in the observational program of this campaign, as 
it has an interesting history of rotational speed variations 
around its center of mass. The campaign lasted until mid-
2022. Approximately 80 light curves of RSO 18340 were 
obtained, which were very unevenly distributed over time. 
Figure 3 shows the distribution of these observations, 
obtained at four observatories. As can be seen, there are 
intervals when a group of observations were obtained on 
close dates. However, overall, there are significant gaps 
between the observations, which significantly reduces 
their value for some types of analysis.

  
114 Odesa Astronomical Publications, vol. 38 (2025)



  
 

 

         

      

Figure 1: Examples of light curves for RSO 18340. The x-axis represents time in hours (the x-axis scale is maintained). 
The red line with arrows indicates the light curve period corresponding to the apparent rotation period of the RSO. 

 
 
 
 

 

Figure 2: Variation in the apparent rotation period of RSO 18340 between 2006 and 2022. Odesa, KT-50 (Koshkin, 
2021). 

 
 
 
 

 

Figure 3: Time distribution of photometric observations of RSO 18340 obtained at four observatories during the IADC 
campaign in 2020�±2022. The horizontal axis represents the observation date, and the vertical axis represents the 
arbitrary value (for clarity, to evenly distribute all points along the Y coordinate). 
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Figure 4: Trend in the apparent rotation period of RSO 18340. The data were obtained as a result of an international 
campaign organized by the IADC in 2020-2022. 
 
 

 

Figure 5: Variation in the apparent rotation period of RSO 18340. Data for the period 2020-2022 were obtained from the 
IADC. Period values after July 6, 2022, were provided by ASI and AIUB (see Kumar, 2025) 

 
 
Nevertheless, these observations were analyzed for the 

possibility of estimating the apparent rotation period of 
RSO 18340. As a result, a nearly linear trend of increasing 
apparent rotation period of RSO 18340 from 55.6 seconds 
to 144.4 seconds was detected over the time period from 
September 2020 to early July 2022, with an average 
period increase rate of approximately 0.13 seconds/day. 
At this point, the campaign ended, and the operational 
exchange of observation data stopped. It seemed that RSO 
18340's rotation had entered a state of stable, gradual 
deceleration, as is often observed in other space debris 
objects. However, on February 1, 2024, in Odesa, we 
obtained another light curve of this RSO, and 
unexpectedly found that the observed rotation period was 
15.8 seconds. This represents a ninefold increase in the 
angular velocity (see Fig. 4). 

At the same time, it was discovered that, after the end 
of the campaign, colleagues from Switzerland (AIUB) and 
Italy (ASI) also obtained sporadic observations of this 
RSO. Based on their data (Kumar, 2025), it was 
concluded that in the second week of July 2022, the 
rotation velocity of RSO 18340 rapidly increased (the 
period decreased to 98.6 sec) and possibly remained at 
almost the same level until the end of November 2022. 
After this, a period of slow rotational velocity increase 
was observed until the end of February 2024, as shown in 
Fig. 5. Let us pay attention to the fact that the acceleration 
of rotation of RSO 18340 (see Fig. 2) observed from 

08.11.2012 to 20.02.2013 (the visible period decreased 
from 158 to 68 seconds) occurred in approximately 100 
days, while the acceleration in 2022-2024 apparently 
continued for 1.5 years. 

As a result, the cooperative observing campaign for 
photometry of RSO 18340 was restart from late February 
2024. It involved primarily two observing stations of the 
National Space Facilities Control and Test Center of 
Ukraine in Novosilki and Mukachevo, as well as the 
Astronomical Observatories of Odesa, Uzhgorod, and 
Lviv Universities. Some observations were also provided 
by the UK Space Agency (UKSA, Herstmonceux) and the 
Italian Space Agency (ASI, Scudo), and the Swiss 
company s2a systems subsequently joined the 
observations. Ultimately, it was established that, since the 
end of February 2024, the apparent rotation period of RSO 
18340 has been increasing monotonically, initially slowly 
at a rate of approximately 0.02 sec/day, then more rapidly 
at a rate of approximately 0.05 sec/day (Fig. 6). However, 
the rate of period increase never reached the level 
observed in 2020�±2022, remaining, on average, three 
times slower. 

We observed another nonlinear change in the apparent 
rotation period of RSO 18340 beginning on June 22, 
2025, when it decreased by 0.3 seconds over 
approximately three weeks and then continued to increase 
at a rate of approximately 0.072 seconds/day for several 
months (see Fig. 7). 
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Figure 6: Change in the apparent rotation period of RSO 18340 from February 1, 2024 to Juny 22, 2025. 

 

 

Figure 7: Variation in the apparent rotation period of RSO 18340 between April 9, 2025 and November 10, 2025. 
 
This unstable change in the rotation speed of RSO 18340 

raises questions about its possible cause. In (Kumar, 2025), 
the authors considered the possible cause to be the loss of 
residual fuel due to a mechanical failure of one of the R/B 
engine's nozzle valves during its spin-up period from July 
2022 to February 2024. Such a cause cannot be ruled out, 
but given the entire history of its rotation period variations, 
its effect must be very complex and repetitive. 

3. Orientation of the Rotation Axis of RSO 18340 

A comprehensive study of the nature of its rotation around 
the center of mass could be the solution to the problem of the 
complex, possibly cyclical, variations in the rotation period 
of RSO 18340. On the one hand, the slow deceleration of its 
rotation observed in recent years occurs at varying rates. This 
could support a change in the nature of its rotation and the 
position of its rotation axis within the body. On the other 
hand, the shape of its light curves generally appears to be 
consistent across seasons over many years. 

An attempt was made at the Sapienza University of Rome 
(Kumar, 2025) to determine the rotation parameters of RSO 
18340 by comparing the observed and synthetic light curves, 
using a physical and digital model (physical simulation + 
�³�G�L�J�L�W�D�O���W�Z�L�Q�´�������%�\���I�L�W�W�L�Q�J���P�R�G�H�O���O�L�J�K�W���F�X�U�Y�H�V���W�R���W�K�H���R�E�V�H�U�Y�H�G��
one, they obtained a complex motion, including rapid 
nutation and precession of the rotation axis of R/B 18340. 

We attempted to test an alternative hypothesis, which 
assumes a planar rotation of the RSO around a single axis 
within the body and a slow precession of the rotation axis in 
space. We used our previously proposed method for 
determining the spatial orientation of the rotation axis of an 
arbitrary-shaped RSO (Koshkin, 2024a and Koshkin, 
2024b). To do this, we examined 13 light curves of RSO 
18340 obtained from several observatories between 
February 27 and March 11, 2024 (10 light curves from the 
National Space Center, 1 from Lviv University, and 2 from 
Herstmonceux). Through expert comparison, we identified 
17 fragments (patterns) in these light curves that are similar 
to each other and distinct from the others. For the time of 
each pattern observation, the position of the phase angle 
bisector (PAB) vector was calculated. By grouping these 
data, the average position of the rotation axis in the inertial 
coordinate system was determined for each 1-2-day time 
interval (Fig. 8). We see a significant drift of the rotation 
axis in declination, while right ascension changed little. At 
the same time, the results based on observations over a 
�V�L�Q�J�O�H���Q�L�J�K�W���V�K�R�Z���D���V�F�D�W�W�H�U���R�I���D�S�S�U�R�[�L�P�D�W�H�O�\���“���ƒ���U�H�O�D�W�L�Y�H���W�R��
the solution based on a two-day observation interval, i.e., 
the averaged solution. This allows us to estimate the 
internal error of the individual pole solution as no more 
�W�K�D�Q���“(5-10)�ƒ�� In the orbital coordinate system, the rotation 
axis is offset from the ascending node by an average of 
122-127 degrees in right ascension. 
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Figure 8: The position of the rotation axis of RSO 18340 in 
the inertial coordinate system for four dates, calculated by 
selecting similar photometric patterns in light curves obtained 
at different observatories over short time intervals (1-3 days). 

 
In addition to searching for the optimal position of the 

rotation axis in space, this method allows us to 
simultaneously determine of the latitude of each 
photometric pattern in the coordinate system associated 
with rotation axis in the satellite body. This latitude is 
determined by the current latitude of the PAB vector in 
the inertial coordinate system. In this sense, we use the 
�W�H�U�P���³�O�D�W�L�W�X�G�H���R�I���W�K�H���S�K�R�W�R�P�H�W�U�L�F���S�D�W�W�H�U�Q���´���7�K�H���G�H�W�H�U�P�L�Q�H�G��
correspondence between the photometric pattern and 
latitude should remain constant for all satellite passes as 
long as the rotation axis maintains its position within the 
body (although it shifts in space). 

In Figure 9, fragments of the observed light curves 
(patterns) are superimposed on the PAB latitude plots for 
RSO 18340 at the exact times and latitudes calculated for 

the determined rotation axis position in space. We see the 
close equality of the latitudes of the similar patterns across 
different transits and for different observation sites, 
confirming the correctness of the determined rotation axis 
position in the corresponding time interval. 

 
4. Discussion and future work 
 
It appears that our estimates of the spatial position of 

RSO 18340's rotation axis may indicate a slow shift over 
an interval of approximately two weeks (February 27 �± 
March 11, 2024), i.e., the absence of rapid, significant 
oscillations. However, this conclusion remains 
insufficiently substantiated. Although we (together with 
colleagues) obtained numerous light curves for RSO 
18340 in 2024 and 2025, we have not yet been able to 
determine the rotation axis orientation and its evolution 
over significant timescales. This is because the technical 
challenge of creating a pipeline for comparing many light 
curves and identifying unique patterns across the entire 
dataset remains unresolved. The light curves of RSO 
18340 often exhibit very similar patterns over several 
rotations, making clustering them difficult. 

The successful solution to the problem of determining 
the rotation axis orientation of RSO 18340 using the pattern 
method in the two-week interval discussed above in 
February�±March 2024 was facilitated by the fact that the 
PAB trajectory during these RSO transits apparently 
approached the direction of the current rotation axis. This 
was manifested in a significant change in the amplitude of 
brightness variations during the considered RSO transits�²
from 0.5 to 3 magnitudes on average (see Fig. 10). This 
resulted in an increased diversity of observed pattern types 
and a significant distribution by latitude in the coordinate 
system related with the current rotation axis.

 

 

Figure 9: Graphs of the PAB latitude variation during different transits of RSO 18340 for different observing sites. The 
used by us patterns at the corresponding times and at the latitude calculated for the current rotation axis position are also 
shown. The top panel shows observations on February 27, 2024, obtained at Herstmonceux and Mukachevo. The 
bottom panel shows observations obtained on March 9 in Lviv and on March 11, 2024, at Novosilky. 
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