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T-SOLUTIONS OF THE 5D KALUZA-KLEIN MODEL

M.S. Dmytriiev1, V.D. Gladush2
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ABSTRACT. We consider spherically-symmetric
solution of the 5D Kaluza-Klein theory, which metric
coe�cients depend on time only. When we construct
the appropriate 4+1 splitting of the �ve-dimensional
space and then perform the conformal transformation
we get the cosmological model with hypercylinder
topology. There are scalar and electromagnetic �elds
with contact interaction. Besides this, these �elds
correspond to the inner region of the black hole
in the appropriate choice of integration constants.
Using 2+2+1 splitting technics and reduction we
get the lagrangian of the model. After that we build
the canonical formalism of the theory, which admits
constraints. These are Hamilton, momentum and
Gauss secondary constraints. Momentum constraint is
satis�ed trivially in the homogeneous case. From the
Hamilton constraint we obtain the Einstein-Hamilton-
Jacobi equation. 5D metric components arise from
the solutions of this equation. Main puprpose of this
work is to investigate properties of this metric. It
turns out that the con�gurations with removable and
unremovable electric �eld are possible to exist in this
case [Gladush et al., 2015]. Removable electric �eld
can be eliminated with 5D coordinate transformation.
Time dependence of the spacetime metric conformal
factor is researched. This conformal factor corresponds
to the size of the Universe in cosmological model.
It turns out that such model describes gravitational
collapse of the Universe in the distant future. However,
depending on the integration constants signs, there
can present some relatively small initial in�ation.

Keywords : �ve-dimensional space-time: Kaluza-
Klein model; time-dependent solution: black hole
model, cosmological model. ÀÍÎÒÀÖIß. Áóäó¹òüñÿ
i äîñëiäæó¹òüñÿ ñôåðè÷íî-ñèìåòðè÷íèé ðîçâ'ÿçîê
ï'ÿòèâèìiðíî¨ òåîði¨ Êàëóöè-Êëåéíà, ìåòðè÷íi
êîåôiöi¹íòè ÿêî¨ çàëåæàòü òiëüêè âiä ÷àñó. Ïðè íà-
ëåæíîìó 4+1- ðîçùåïëåíi ï'ÿòèâèìiðíîãî ïðîñòîðó
òà êîíôîðìíîìó âiäîáðàæåííi, âîíè âiäïîâiäàþòü
êîñìîëîãi÷íié ìîäåëi ç ãiïåðöèëiíäðè÷íîþ òîïî-
ëîãi¹þ çi ñêàëÿðíèì òà åëåêòðîìàãíiòíèì ïîëÿìè,
ùî âçà¹ìîäiþòü ìiæ ñîáîþ êîíòàêòíèì ÷èíîì. Ç

iíøîãî áîêó, ïðè âiäïîâiäíîìó âèáîði ñòàëèõ iíòå-
ãðóâàííÿ, âîíè âiäïîâiäàþòü âíóòðiøíié ÷àñòèíi
÷îðíî¨ äiðè ï'ÿòèâèìiðíî¨ òåîði¨. Çà äîïîìîãîþ
òåõíiêè 2+2+1-ðîçùåïëåííÿ ïðîñòîðó i âñiõ ñóïó-
òíiõ âåëè÷èí òà âiäïîâiäíî¨ ðåäóêöi¨ îòðèìó¹òüñÿ
ëàãðàíæiàí ìîäåëi. Íà îñíîâi îäåðæàíîãî ëàãðàí-
æiàíó áóäó¹òüñÿ êàíîíi÷íèé ôîðìàëiçì òåîði¨, ùî
ìiñòèòü ìíîæíèêè Ëàãðàíæà. Öèì ìíîæíèêàì
âiäïîâiäàþòü âòîðèííi ãàìiëüòîíîâà, iìïóëüñíà òà
ãàóñîâà â'ÿçi. Ó îäíîðiäíîìó âèïàäêó iìïóëüñíà
â'ÿçü âèêîíó¹òüñÿ òîòîæíî, à ç ãàìiëüòîíîâî¨ âè-
ïëèâà¹ ðiâíÿííÿ Åéíøòåéíà-Ãàìiëüòîíà-ßêîái. Iç
ðîçâ'ÿçêiâ öüîãî ðiâíÿííÿ îòðèìó¹ìî êîìïîíåíòè
ìåòðèêè ï'ÿòèâèìiðíîãî ïðîñòîðó. Îñíîâíèé çìiñò
öi¹¨ ðîáîòè ïîëÿãà¹ ó âèâ÷åííi öi¹¨ ìåòðèêè. Âèÿâ-
ëÿ¹òüñÿ, ùî ó âèïàäêó, ùî ðîçãëÿäà¹òüñÿ, ìîæëèâi
ðîçâ'ÿçêè ç óñóâíèì i íå óñóâíèì åëåêòðè÷íèì
ïîëåì [Gladush et al., 2015]. Ó ïåðøîìó âèïàäêó,
çà äîïîìîãîþ âiäïîâiäíîãî ï'ÿòèâèìiðíîãî êîîðäè-
íàòíîãî ïåðåòâîðåííÿ åëåêòðè÷íå ïîëå ìîæå áóòè
óñóíóòî. Äîñëiäæó¹òüñÿ ÷àñîâà çàëåæíiñòü êîí-
ôîðìíîãî ìíîæíèêà ïðîñòîðîâî-÷àñîâî¨ ìåòðèêè,
ÿêèé îïèñó¹ ðîçìið Âñåñâiòó ó êîñìîëîãi÷íié ìîäåëi.
Âèÿâëÿ¹òüñÿ, ùî òàêà ìîäåëü îïèñó¹ ãðàâiòàöiéíèé
êîëàïñ Âñåñâiòó ó âiääàëåíîìó ìàéáóòíüîìó. Âòiì,
çàëåæíî âiä çíàêó ñòàëèõ iíòåãðóâàííÿ, ó öié êî-
ñìîëîãi÷íié ìîäåëi ìîæå áóòè ïðèñóòí¹ ïî÷àòêîâå
ïîðiâíÿíî íåçíà÷íå ðîçøèðåííÿ.

Êëþ÷îâi ñëîâà : ï'ÿòèâèìiðíèé ïðîñòið-÷àñ: òåîðiÿ
Êàëóöè-Êëåéíà; Ò-ðîçâ'ÿçîê: ìîäåëü ÷îðíî¨ äiðè,
êîñìîëîãi÷íà ìîäåëü.

Used conventions:Greek indices� , � , � etc. run from
0 to 3, latin indices from the beginning of alphabet
a, b, c etc. get values0 and 1. Latin indices from the
middle of alphabet i , j , k etc. get values2 and 3.

1. Introduction

In the Kaluza-Klein theory, we start from the 5D
space metrics and Einstein-Hilbert action for 5D gravi-
tational �eld (  � 4D scalar �eld, A � � potential of the
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electromagnetic �eld):

ds(5)2 = g�� dx� dx� � e2 (dz + A � dx� )2 (1)

S =
Z p

� g(5) R (5) dzd4x (2)

Here R (5) and
p

� g(5) are the scalar curvature and
metrics determinant for the 5D manifold, respectively.
The last one consists of ordinary 4D space-time and
the �fth dimension (which is parametrized by z coordi-
nate). It is also assumed in the Kaluza-Klein theory
that there is a Killing vector along this �fth dimensi-
on. Because of this assumption, geometrical quantiti-
es in our model do not depend onz as soon as such
dependence does not have physical manifestation in the
theory. From these facts after certain transformations
(2) has the following form (F �� is an electromagnetic
strength tensor):

S = � l
Z �

~R (4) +
3
2

�
~r  

� 2
+

1
4

e F �� F ��
� p

� ~gd4x

~R (4) = ~R (4) [~g�� ] g�� = e�  ~g��

(3)

In present article we research the spherically-
symmetric solutions of the 5D Kaluza-Klein model,
which depends on time only. Such solutions can
represent the inner region of the black hole with scalar
�eld or a cosmological model, if the event horizon of
that �eld con�guration does not exist.

We are going to work out the �eld model solutions
using Hamilton-Jacobi method and to demonstrate
usefulness of that methods for analysis of the
homogeneous �eld con�gurations. Solution of the same
problem can be found in [Hongya Liu et al., 1993], but,
contrary to our treatment, that result was obtained
through Einstein equations.

2. Initial treatment

In the spherically-symmetric case 4D spacetime
metrics in ADM-parametrisation writes:

g�� dx� dx� = e�  
h
N 2dt2 � e� (dr + N r dt)2 � e� d� 2

i

d� 2 = d� 2 + sin 2 �d� 2

(4)

Here � ,  and � are the dynamical variables of
the model, N and N r are the Lagrange multipliers.
EM �eld potential has only 2 non-zero components,
namely A1, which is a dynamical variable, and A0 �
Lagrange multiplier. Therefore, Hamilton function of
the model depends on the variables� , � ,  , A1 and
their conjugate momentums P� , P� , P , PEM . Using
(3) and (4), in the spherically-symmetric case we obtain
from canonical approach this set of constraints:

H ? � 0 H r � 0 @r PEM � 0 (5)

These equalities manifest that action S does not
depend on time reparametrizaions and di�eomor�sms
of the r and z coordinates, respectively. Because of
the �eld con�guration homogeneity, second and thi-
rd constraints are satis�ed automatically. Particularly,
from the third constraint we have that PEM = Q(t),
where Q is an electric charge located in the spatial
coordinate origin. Therefore, we have only one equation
in our model, namely the Hamilton constraint H ? � 0:

H ? = P2
� � 2P� P� +

1
3

P2
 + Q2e� � 3 � 4� 2e� + � = 0

� =

2�Z

0

d�

�Z

0

sin �d�

r 2Z

r 1

dr

z2Z

z1

dz = 4 � � z� r

(6)

As we can see,H ? does not contain A1, so the
corresponding momentum is conserved �Q = const.

3. Einstein-Hamilton-Jacobi equation

3.1. Equation

Let us introduce a new set of generalized coordinates
in our model:

! = � � 3 � = � + � � =  (7)

New canonically conjugate momentums:

P� = P! + P� P� = P� P = � 3P! + P� (8)

Using (7) and (8) we simplify the expression for Hami-
lton constraint. Substituting momentums with deri-
vatives of the action S with respect to the appropriate
conjugate coordinates, we get:

�
@S
@!

� 2

�
�

@S
@�

� 2

+
1
3

�
3

@S
@!

�
@S
@�

� 2

+ Q2e! � 4� 2e� = 0

(9)
We have obtained the Einstein-Hamilton-Jacobi
equation for our �eld con�guration. Here is a soluti-
on of this equation:

S = QA1 +
C2

4
! + C2� + s�

Z
d�

q
C2

1 � 4� 2e� +

+
1
2

s!

Z
d!

r

C2
1 �

1
12

C2
2 � Q2e!

C1 and C2 denote integration constants,s! and s� are
the sign constants � choosing them be equal to1 or � 1
we can get all 4 families of solutions for (9). As it menti-
oned in Hamilton-Jacobi method, now we di�erentiate
S with respect to C1, C2 and Q:

@S
@C1

= � 1
@S
@C2

= � 2
@S
@Q

= � Q

Odessa Astronomical Publications,vol. 32 (2019) 7



8 Odessa Astronomical Publications,vol. 32 (2019)

Here � 1, � 2 and � Q are some constants.

� 1 = s� C1

Z
d�

p
C2

1 � 4� 2e�
+

C1

2
s!

Z
F (! )d!

� 2 =
1
4

! + � �
1
24

s! C2

Z
F (! )d!

� Q = A1 �
1
2

s!

Z
QF (! )e! d! (10)

F (! ) function denotes:

F (! ) =

 r

C2
1 �

1
12

C2
2 � Q2e!

! � 1

Constants � 1, � 2 and � Q describes the initial conditi-
ons, that are values of �eld variables at certain t0. As
t0 we can use the event horizon coordinate (see next
section) of the �eld con�guration, or just extremum
point of the R(t) function.

3.2. Time-dependent solution

Solving (10) with respect to ! , � , � and A1 we
obtain expressions for three �eld variables as functions
of the fourth one and the integration constants. Parti-
cularly, � , � and A1 can be expressed as functions of! .
However, it is convenient for further treatment to work
out the �eld potentials as functions of time variable t.
Due to the model reparametrization invariance, time
coordinate can be chosen arbitrarily. We introduce t
variable in the following way:

t =
Z

F (! )d! (11)

We emphasize that time dependency could be chosen
di�erently, that is using momentum de�nitions in the
Lagrange and Hamilton-Jacobi approaches, e. g.:

P� =
@L

@_�
=

@S
@�

The left part of this equation contains velocities and
multiplier N (t), but the right part consists only of
coordinates. ChosingN (t) and solving this di�erential
equation we obtain time dependency.

Using (7), we write down components of the space-
time metrics, EM �eld strength and scalar �eld as
functions of time (Q 6= 0 ):

N =
�e � e

� �  
2

d�
dt

C2
4 + 1

2F ( � � 3 ) s! + s�

p
C2

1 � 4� 2e� + �
(12)

e� �  =

�
C2

1 � 1
12 C2

2

�

Q2 �
exp

�
2� 2 + s!

1
12 C2t

�

cosh
�

t
2

q
C2

1 � 1
12 C2

2

� (13)

e� �  = R2 =
Q2C2

1

4� 2
�
C2

1 � 1
12 C2

2

� �
exp

�
� 4� 2 � s!

1
6 C2t

�

cosh2 �
� 1 + s� s!

1
4 jC1j t

�

(14)

Fig. 1: Qualitative time dependency of the conformal
factor e�  (s! = 1 )

F01 =
dA1

dt
=

C2
1 � 1

12 C2
2

� 2s! Q
cosh� 2

 
t
2

r

C2
1 �

1
12

C2
2

!

(15)

 = � 2 + s!
1
24

C2t +
1
2

ln

"

cosh

 
t
2

r

C2
1 �

1
12

C2
2

!#

(16)
Here we chose Lagrange multiplierN r be equal to zero.
As the �eld con�guration is homogeneous such choice
does not a�ect solutions listed above.

4. Solution properties

4.1. Event horizon

By de�nition, event horizon is an isotropic surface of
the scale factorR:

(r R)2
�
�
�
t = t g

= 0

Here t = tg denotes event horizon coordinate. Besides
this, we require that scalar �eld  is equal to zero on
the horizon (black hole does not have scalar "hairs").
From the following equalities, we obtain the event hori-
zon coordinate tg and integration constants condition
under which �eld con�guration has such horizon:

1
N 2

�
dR
dt

� 2�
�
�
t = t g

= 0  (t = tg) = 0 (17)

From the �rst equality we have this complex of equati-
ons with respect to tg:

2

6
6
6
4

C2

4
+

1
2
s!

r

C2
1 �

1
12

C2
2 � Q2e� �  e� 2 +

+ s�

p
C2

1 � 4� 2e� + �
�
�
�
t = t g

= 0

tanh
�
� 1 + s� s!

1
4 jC1j tg

�
= � s�

1
3

C2
jC1 j

(18)

The �rst equation is transcendental, while the second
immediately writes:

tg = �
4� 1s� s!

jC1j
+ s� s!

4
jC1j

arcth
�

� s�
1
3

C2

jC1j

�
(19)



Putting (19) to the second equation in (17) (using
expression for in (16)) we get the event horizon exi-
stence condition for integration constants.

Having (19) and initial data  (t = tg) = 0 we get
rid of � 1 and � 2 in the expressions for event horizon
radius Rg and scalar �eld:

Rg =
QC1

2�
q

C2
1 � 1

12 C2
2

cosh
�

t g

2

q
C2

1 � 1
12 C2

2

�

cosh
h
arcth

�
� s�

1
3

C2
jC1 j

�i (20)

 (t) = s!
1
24

C2 (t � tg) +
1
2

ln
cosh

�
t
2

q
C2

1 � 1
12 C2

2

�

cosh
�

t g

2

q
C2

1 � 1
12 C2

2

�

(21)

4.2. Singularities of the spacetime geometry

In order to investigate geometrical singularities in
present con�guration we calculate the Kretchman
invariant K (t) for the obtained spacetime metrics (12)-
(14). Singularities of this invariant as function of time
(let us denote them asts) point to the geometrical si-
ngularities. By de�nition:

K (t) = R (4)
���� R (4) ����

It is quite complicated to get it in the direct calculation
from spacetime metrics components. Because of this,
we apply the 2+2 splitting technique to this issue. Fi-
rstly, let us represent spacetime manifold as a tensor
product R2 
 S2, where the �rst multiplier (we denote
it as M ( I ) ) is a two-dimensional manifold with time
and radial coordinates, and the second one (which is
denoted as M ( II ) ) is a two-dimensional sphere with
radius R(t). Secondly, we write tensor quantities in the
vector basis adapted for splitting. According to this,
Kretchman invariant can be written as follows:

K (t) = R (4)
abdeR (4) abde + 2R (4)

aibj R (4) aibj + R (4)
ikjl R (4) ikjl

Using 2+2 splitting, we get:

R (4)
abde = R ( I ) f

bed gaf R (4)
aibj =

1
R

(R;a );b � ij

R (4)
ikjl = �R ( II )m

jlk � im �
(r R)2

R2 (� kl � ij � � jl � ik )

HereR ( I ) f
bed and R ( II )m

jlk are components of the Riemann
tensors ofM ( I ) and M ( II ) , respectively. Covariant deri-
vatives (R;a );b are calculated using metrics onM ( I ) .
Finally, we have:

K (t) =
4

R4

h
1 + ( r R)2 + ( r R)4

i
+

+
4

R2 (R;a );b (R;d );e gad gbe + R ( I )2 (t) (22)

Exact expression for the (22) as a function of time
is quite long, so we do not show it here. As follows
from our analysis, (22) diverges while two conditions
are satis�ed � when R(t) or N (t) become equal to zero.
From (12)-(16) we have that the �rst condition is full�-
lled when ts ! 1 . It means that point t ! 1 is a
singularity of the black hole. Indeed, scale factor in
that point is equal to zero � R(t ! 1 ) = 0 . So there
is a gravitational collapse to the singularity in in�ni-
tely distant future for observer in the selected reference
frame. In other words, it is geometrically impossible to
build a two-dimensional sphere with non-zero radius
and volume in such space.

The second condition is full�lled if ts satis�es the
following equation:

� s!
1
8

C2 � s� s!
1
2

jC1j tanh
�

� 1 + s� s!
1
4

jC1j ts

�
+

+
1
4

r

C2
1 �

1
12

C2
2 tanh

 
ts

2

r

C2
1 �

1
12

C2
2

!

= 0

(23)

Conclusion

As it was shown in the analysis above, homogeneous
�eld con�guration in the 5D Kaluza-Klein model
represents charged black hole with the scalar �eld
inside, or the cosmological model, if event horizon is
absent. It follows from the time dependencies of the
conformal factor e�  ( t ) (which are shown on �g. 1)
that such model describes gravitational collapse of a
homogeneous universe whenC2 � 0 and sequential
in�ation and collapse when C2 < 0.

Solution (12)-(16) contains integration constants
C1 and C2, which have the following physical
sense. If our �eld con�guration has event horizon,
these constants are functions of the central mass,
electric and scalar charges of the black hole. Exact
view of these functions is a subject for further research.
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CLASSICAL DESCRIPTIONS OF THE GEOMETRODYNAMICS
OF CHARGED BLACK HOLES
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ABSTRACT. Analytical aspects of the classical ge-
ometrodynamics of charged black holes are considered.
The classical model of the charged BHs is the spher-
ically symmetric con�guration of the electromagnetic
and gravitational �elds in GR. The feature of such
dynamic systems is that, in addition to the Killing
vector, they admit two motion integrals: the total
mass M and the charge Q of the con�guration. Using
these conservation laws, as well as the Hamiltonian
constraint, the momenta as functions of con�guration
variables are found. In addition, the integrability
conditions for the momenta as functional derivatives
of the action are satis�ed. This allows us to calculate
the functional of action, which is a solution of the
Einstein-Hamilton-Jacobi equation. Variations of
action functional with respect to the mass M and
charge Q lead to the solution of the Einstein equations
in the con�guration space.

Keywords : electromagnetic and gravitational �elds,
geometrodynamics, constraints, con�guration space,
Einstein-Hamilton-Jacobi equation.

ÀÍÎÒÀÖIß. Ðîçãëÿíóòî àíàëiòè÷íi àñïåêòè
êëàñè÷íî¨ ãåîìåòðîäèíàìiêè äëÿ ñôåðè÷íî-
ñèìåòðè÷íî¨ (CC) êîíôiãóðàöi¨ åëåêòðîìàãíiòíîãî
i ãðàâiòàöiéíîãî ïîëiâ ÇÒÂ. Îñîáëèâiñòþ öèõ
êîíôiãóðàöié ¹ òå, ùî âîíè äîïóñêàþòü äâà
iíòåãðàëà ðóõó � çàãàëüíó ìàñó i çàðÿä. Äiÿ
Åéíøòåéíà-Ãiëüáåðòà äëÿ êîíôiãóðàöi¨ ïiñëÿ
âèìiðíî¨ ðåäóêöi¨ çà äîïîìîãîþ ïåðåòâîðåííÿ
Ëåæàíäðà çâîäèòüñÿ äî ãàìiëüòîíîâî¨ äi¨.
Âèêîðèñòîâóþ÷è çàêîíè çáåðåæåííÿ ìàñè i çàðÿäó,
à òàêîæ ãàìiëüòîíîâó â'ÿç, çíàéäåíi iìïóëüñè
ÿê ôóíêöi¨ çìiííèõ êîíôiãóðàöi¨. Êðiì òîãî,
âèêîíóþòüñÿ óìîâè iíòåãðîâàíîñòi iìïóëüñiâ ÿê
ôóíêöiîíàëüíèõ ïîõiäíèõ äi¨. Öå äîçâîëÿ¹ íàì
îòðèìàòè ôóíêöiîíàë äi¨ ÿê ðîçâ¹'ÿçîê ðiâíÿííÿ
Åéíøòåéíà-Ãàìiëüòîíà-ßêîái â ôóíêöiîíàëüíèõ
ïîõiäíèõ. Âàðiàöi¨ ôóíêöiîíàëó äi¨ ùîäî ìàñè M i
çàðÿäó Q êîíôiãóðàöi¨ ïðèçâîäÿòü äî òðà¹êòîðiÿõ
ðóõó â êîíôiãóðàöiéíîìó ïðîñòîðû.

Êëþ÷îâi ñëîâà: åëåêòðîìàãíiòíå i ãðàâiòàöiéíå
ïîëÿ, ãåîìåòðîäèíàìiêà, â'ÿçè, êîíôiãóðàöiéíèé
ïðîñòið, ðiâíÿííÿ Åéíøòåéíà-Ãàìiëüòîíà-ßêîái.

1. Introduction

As is known, the space-time metric M 4 for a
spherically symmetric (SS) con�guration of the elec-
tromagnetic and gravitational �elds in GR (as well
as with the cosmological constant) admits the Killing
vector. Therefore, in the R-region, when choosing
Killing time, the �elds do not have dynamic degrees
of freedom. Therefore, to study the questions of
quantization, in [Gladush 2016, 2018], we limited
ourselves to considering the T-region, where these
�elds have a dynamic meaning. The limited nature of
this direction dictates us to consider a more general,
geometrodynamics approach to the SS con�guration of
electromagnetic and gravitational �elds [Kuchar 1994,
Louko 1996, Makela 1998]. In this approach, a 3 +
1-splitting of M 4 into a one-parameter family of space-
like hypersurfaces is constructed. The corresponding
parameter labeling the hypersurfaces determines the
time coordinate of a normal reference frame and
describes the evolution of geometric quantities de�ned
on these hypersurfaces. This introduces the dynamics
of objects de�ned on these hypersurfaces inM 4.

2. The basic dynamic values
of the con�guration

We start from the general Arnowitt-Deser-Misner SS
line element.

ds2 = N 2 �
dx0� 2

� L 2 �
dr + N r dx0� 2

� R2d� 2 ; (1)

where x0 = ct and d� 2 = d� 2 + sin 2 �d� 2. In this
formula the lapse N and the shift N r , as well as the
quantities L and R, which are considered as the dynam-
ical variables of the spacetime geometry, are assumed
to be functions of the time coordinate x0 = ct and the
radial coordinate r only. The electromagnetic potential
is taken to be described by the SS one-form

A = A0dx0 + A r dr = 'dx 0 + �dr ; (2)

where A0 = '
�
x0; r

�
and A r = �

�
x0; r

�
. For the
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Einstein-Maxwell theory the action is

S = � 1
16�c

R
M (4)

�
c4

�
(4) R + F �� F��

� p
� gd4x (3)

+ (boundary terms) ,

where g = � N 2L 2R4 sin2 � is the determinant of the
metric (1), (4) R is the Ricci scalar, andF�� = A �;� �
A �;� is the electromagnetic �eld tensor. Inserting the
SS �elds (1) and (2) and integrating over the angles�
and � we obtain, up to boundary terms, the action

S =
Z

Ld2x ; (4)

L =
1
N

T +
c3

2�
NU : (5)

Here L the Lagrangian of system, T and U are the
kinetic and potential parts of system:

T = � c3

2� [2R (L ; 0 � (LN r ); r )

+ L (R;0 � N r R;r )] (R;0 � N r R;r ) (6)

+ 1
2c

R 2

L E 2 ;

U = L �
1
L

R2
r + 2

R
L 2 Rr L r � 2

R
L

Rrr ; (7)

where
E = F0r = � Fr 0 = � ; 0 � ' ;r :

We give the constraints that arise from the Lagrangian
(5). First we write down the primary constraints

PN =
@L

@N;0
= 0 ; PN r =

@L
@Nr

;0
= 0 ;

P' =
@L

@';0
= 0 :

Next, we write down the secondary constraints, are
the Hamiltonian, momentum (di�eomorphism) and
Gaussian ones, respectively

@L
@N = � 1

N 2 T + c3

2� U =

� 1
N 2

n
� c3

2� 2R (L ; 0 � (LN r ); r ) (R;0 � N r R;r )

� c3

2� L (R;0 � N r R;r )2 + 1
2c

R 2

L E 2
o

(8)

+ c3

2�

�
L � 1

L R2
r + 2 R

L 2 Rr L r � 2R
L Rrr

�
= 0 ;

� L
�N r =

c3

�
R
N

��
L ; 0 �

V
N

(N r L); r

�
R;r (9)

� L
�

R;0r � N r R;rr �
N ;r

N
R;0

��
= 0 ;

� L
�'

=
1
c

@
@r

�
R2

NL
E

�
= 0 : (10)

The last constraint has the solution

R2

NL
E = Q : (11)

It follows from here that

E = � ; 0 � ' ;r = NL
Q
R2 : (12)

This determines the electric �eld strength E of the
chargeQ.

The canonical momenta, which are conjugate to the
variables L; R and � are

PR = @L
@R; 0

= � c3

�N [L (R0 � N r Rr )

+ R(L ; 0 � (LN r ); r )] ; (13)

PL =
@L

@L;0
= �

c3

�
R
N

(R0 � N r Rr ) ; (14)

P� =
@L

@�;0
=

R2

cNL
E =

Q
c

: (15)

A Legendre transformation, up to surface terms,
leads to the Hamiltonian action

S� [L; R; �; P L ; PR ; P� ; N; N r ; ' ]

=
R

dx0
R

dr (PR R;0 + PL L ;0 + P� � ; 0 (16)

� NH � N r H r � 'H ' ) :

where

H = �
@L
@N

=
�
c3

�
L

2R2 P2
L �

1
R

PR PL

�
+

cL
2R2 P2

�

�
c3

�

�
L
2

�
1

2L
R2

;r +
R
L 2 R;r L ;r �

R
L

R;rr

�
= 0 ; (17)

H r = �
� L

�N r = L (PL ); r � PR Rr = 0 ; (18)

H ' = �
� L
�'

= �
@
@r

P� = 0 : (19)

Here the Hamiltonian, di�eomorphism and Gauss law
constraints, which are expressed through momenta

3. The mass function and momenta of �eld
con�guration

The Einstein equations for the con�guration under
consideration lead to the conservation laws of charge
Q (11) and the total mass function M (Gladush 2012).

M tot =
c2

2�
R

�
1 + ( r R)2�

+
Q2

2c2R
: (20)

For metric (1), the mass function is de�ned as follows

M tot =
c2

2�
R

�
1 +

1
N 2 (R;0 � N r R;r )2 �

1
L 2 R2

;r

�

+
R3

2c2N 2

E 2

L 2 = m = const ; (21)
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or, by the formulae (13,14,15) one gets M in terms of
momenta

M tot =
c2

2�

"

R +
� �

c3

� 2 (PL )2

R
�

R
L 2 R2

;r

#

(22)

+
P2

�

2R
= m :

Using the mass function and the Hamiltonian con-
straint (17), one can �nd the momenta PL and PR on
the CS, which allows one to construct the action of the
system as a solution of the Einstein-Hamilton-Jacobi
equation (EHJ). Indeed, taking into account (15), from
(22) we �nd PL as a function of massm, chargeQ, and
con�guration variables of the system

PL =
c3

�
R

p
Ftot ; (23)

where

Ftot =
R2

;r

L 2 + F ; (24)

F = � 1 +
2�m
c2R

�
�Q 2

c4R2 : (25)

If one substitutes this expression forPL into Eq. (17),
we get the momentumPR

PR =
c3

�
p

Ftot

" �
R
L

R; r

�

;r
+

� �m
c2R

� 1
�

L

#

: (26)

It is easy to check on that the momentum constraint
(18) for the momenta (23), (26), i.e., the condition
for the invariance of the action functional, is satis�ed
identically.

4. The action and the system trajectories in
the con�guration space

The EHJ equation for the action S[L; R; � ; Q; m; r ]
can be obtained by substituting the functional deriva-
tives

PL =
�S
�L

; PR =
�S
�R

; P� =
�S
��

=
Q
c

(27)

into constraint (17).
However, we will �nd the action in a simpler way.

The last equation in (27) gives

S[L; R; � ; Q; m; r ] = S0[L; R ; Q; m; r ] +
Z

Q
c

�dr ;

(28)
where S0[L; R ; Q; m; r ] is a functional independent of
� , and moreover,

PL =
�S 0

�L
; PR =

�S 0

�R
: (29)

The expression forPL does not contain the derivatives
of L , therefore, following (Louis-Martinez 1994), the
�rst equation in (29) is directly integrated:

S0[L; R ; Q; m; r ] (30)

= c3

�

R
LRdr

np
Ftot � R ;r

2L ln L
p

F tot + R ;r

L
p

F tot � R ;r

o

+ G (R; M; Q ; r )

or

S0[L; R ; Q; m; r ]S (31)

= c3

�

R
LRdr

np
Ftot � R ;r

L arcth R ;r

L
p

F tot

o

+ G (R; M; Q ; r ) ;

where G (R; M; Q ; r ) is a functional independent ofL .
Using the second equation in (29), from (30) we obtain

PR =
�S 0

�R
= PR +

�S
�R

G (R; m; Q; r ) : (32)

This implies that G (R; m; Q; r ) = G (m; Q; r ) is a func-
tional independent ofR. Here we indirectly checked the
integrability conditions of functional equations (29)

As a result, we come to the action functional in the
CS

S[L; R; � ; Q; m; r ] (33)

= c3

�

R
LRdr

np
Ftot � R ;r

2L ln L
p

F tot + R ;r

L
p

F tot � R ;r

o

+
R Q

c �dr +
R

drg (m; Q; r ) ;

as a solution of the EHJ equation. Hereg(M; Q ; r ) is
an arbitrary function of M; Q and r .

The system trajectories in the CS or the solution of
Einstein equations follow from the relations

�S
�m

= c
L
F

p
Ftot � cf (r ) = 0 ; (34)

�S
�Q

= � L
Q

p
Ftot

cRF
+

1
c

� �
1
c

� (0) = 0 ; (35)

where the following notation is introduced

f (r ) = �
@g(m; Q; r )

c@m
; (36)

� (0) = � c
@g(m; Q; r )

@Q
: (37)

Hence it can be seen, that

L =

r

F f 2 (r ) �
R2

;r

F
; (38)

� = � (0) + f (r )
Q
R

: (39)

The obtained relations determine the dependence of
the dynamic variables L and � on the coordinate r ,
the variable R(r ) and its derivative with respect to r .
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From here we �nd the space-time metric M 4 and the
potential of the electromagnetic �eld

ds2 = N 2
�
dx0

� 2
� (40)

�
�
F f 2(r ) � F � 1R2

;r

� �
dr + N r dx0

� 2
� R2d� 2 ;

A = 'dx 0 +
�

� (0) + f (r )
Q
R

�
dr : (41)

The lapseN and the shift N r can be found by passing
to the Reissner-Nordstrom solution in the T-region
or by using the corresponding time recovery procedure.

5. Minisuperspace metric

From relation (8) we have N =
p

2� T =c3U). There-
fore, the action (4) can be rewritten as follows

S =
Z

dx0
Z

dr
�

1
N

T +
c3

2�
NU

�

= 2
Z

dx0
Z

dr

r
c3

2�
T U (42)

or, taking into account (6), in the form

S =

r
2c3

�

Z
dr

Z
D 
 (43)

Here we introduce the Lie di�erentials by the formulas

DL = ( L ; 0 � (LN r ); r ) dx0 (44)

= dL � (LN r ); r dx0 ;

DR = ( R;0 � N r R;r ) dx0 (45)

= dR � N r R;r dx0 ;

D� = ( � ; 0 � ' ;r :) dx0 = d� � ' ;r :dx0 : (46)

Then, the action S can be rewritten as

S =

r
2c3

�

Z
dr

Z
D 
 ; (47)

where D 
 2 is the supermetric CS

D
 2 = Ud
 2
0 =

= 1
2c U

h
� c4

�

�
2RDLDR + LDR 2

�
+ R 2

L D� 2
i
:(48)

In the simplest case of curvature coordinates in the
T-region, whenR = cT(x0), and all spatial derivatives
disappear, we haveU = L and the action takes the
form

S� = (49)

= c3

�

R
dr

Rp
� (2RdR + LdR) LdL + �

c4 R2 d� 2:

Using the �eld transformation

L 2 =
1

c� + x

�
c� � x �

y2

c� + x

�
; (50)

� =
c2
p

�
y

c� + x
; (51)

R =
p

�
c2 (c� + x) ; (52)

supermetric of D 
 2 is reduced to the Lorentz form, i.e.
CS is �at

d
 2 = L 
 2
0 = � c2d~� 2 + d~x2 + dy2 ; (53)

It follows that minisupermetrics admits the motions
group O(1; 2). Note that the supermetric kinetic part

d
 2
0 = T

�
dx0

� 2

= 1
2c

h
� c4

� 2RDLDR + LDR 2 + R 2

L D� 2
i

; (54)

is conformally �at.

6. Conclusions

It is to be noted that the inequality Ftot = R2
;r =L2 +

F > F > 0 in equation (23) determines the classically
admissible region. Its boundary is given by the equa-
tion roots Ftot = 0 . On the other hand, the T-region
of Reissner-Nordstrom space-time is speci�ed by the
condition F > 0, while the horizon is determined by
the equation F = 0 . It is easy to see that theT-region
is contained in a classically admissible region.

It is also interesting to note that the complete inte-
grability of the considered system is preserved when
the cosmological constant is added. The complete
integrability of the system is due to the fact that the
considered �eld con�guration in the SS case does not
have local degrees of freedom. However, the inclusion
of a scalar �eld in the con�guration completely
destroys the picture. In this case, the mass function is
not conserved, and the corresponding equations in the
general case cannot be analytically solved. Physically,
this is due to the fact that spherical symmetry allows
scalar �eld waves. In this case, the con�guration turns
out to be a dynamic system with an in�nite number
of freedom degrees.
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ABSTRACT. Glueball and oddball resonances lying
on the pomeron/odderon trajectories (Chew-Frautchi
plot) with threshold and asymptotic behaviour re-
quired by analyticity and unitarity are predicted.
While the parameters of meson and baryon trajecto-
ries can be determined both from the scattering data
and from the particles spectra, this is not so for the
pomeron (and odderon) trajectory, known only from
�ts to scattering data only.

The main idea in our approach is in use of a non-
linear complex Regge trajectory for the pomeron satis-
fying the requirements of the analytic S-matrix theory
yet �tting the data. The crucial task, on which glueball
(and oddball) predictions are based is the correct �t of
the pomeron (and odderon) trajectory to the data.

The basic sub-process is pomeron-pomeron scatter-
ing, producing glueballs lying on the direct-channel
pomeron trajectory. Glueball â �towers�, called
reggeized Breit-Wigner resonances, lie on this trajec-
tory. Crucial for the identi�cation of these states is
knowledge of the non-linear complex trajectory, inter-
polating between negative and positive values of its
argument. Its parameters are found trom to the scat-
tering data. While the real part of the trajectory is
almost linear, the recovery of the imaginary part, de-
termining the widths of predicted glueballs, is an im-
portant ingredient in our approach.

Oddballs, resonances made of three gluons have the
same right of existence as glueballs made of two gluons.
Oddballs are expected to lie on the odderon trajectory
exactly in the same way as glueballs lie on the pomeron
trajectory.

The trajectory introduced in this paper can be ap-
plied also to studies or ordinary meson and baryon
spectra (Chew-Frautchi plot).

The parameters of the pomeron and odderon tra-
jectories are �tted to the data on high-energy elastic
proton-proton scattering. The �tted trajectories are
extrapolated to the resonance region to predict masses
and widths of glueballs and oddballs. Appended by
unitary symmetry, the Chew-Frautchi plot remains a

powerful tool to classify hadrons. The proposed tra-
jectory opens a new avenue of research in hadron spec-
troscopy (Chew-Frautchi plot), applicable both to or-
dinary mesons and baryons as well as to glueballs lying
on the pomeron and odderon trajectories.

Keywords : Regge trajectories, resonances,
pomeron, odderon, glueball, meson, baryon.

ÀÍÎÒÀÖIß. Ïåðåäáà÷åíî ðåçîíàíñè ãëþáîëiâ
òà îäáîëiâ, ùî ëåæàòü íà òðàåêòîði¨ ïîìåðîíà
(îääåðîíà, ãðàôiê ×þ-Ôðàó÷i) ç ïîðîãîì òà
àñèìïòîòè÷íîþ ïîâåäiíêîþ, ùî çàäîâiëüíÿþòü
âèìîãàì àíàëiòè÷íiñòi òà óíiòàðíiñòi. Â òîé ÷àñ,
ÿê ïàðàìåòðû ìåçîííèõ òà áàðiîííèõ òðàåêîòîðié
ìîæíà âèæíà÷èòè ÿê ç äàíèõ ïðî ðîçñiÿííÿ,
òàê i çi ñïåêòðà ÷àñíèíîê, öå íåìîæëèâî äëÿ
òðàåêòîðié ïîìåðîíà (òà îääåðîíà), ïðî ÿêi ìè
ìà¹ìî iíôîðìàöiþ ëèøå ç äàíèõ ïðî ðîçñiÿííÿ.

Îñíîâíîþ íàøåþ iäå¹þ ¹ çàñòîñóâàíÿ íåëiíiéíèõ
êîìïëåêñíèõ òðàåêòîðié Ðåäæå, ùî çàäîâiëüÿþòü
âèìîãàì àíàëiòè÷íî¨ òåîði¨ S� ìàòðèöi i ïðè
öüîìó îïèñóþòü äàíi. Êðèòè÷íèì ¹ çãîäà ç
åêñïåðèìåíòàüíèìè äàíèìè.

Áàçîâèì ¹ ïiä-ïðîöåñ ðîçñiÿííÿ ïîìåðîíiâ ç
ïðîäóêóâàíÿì ãëþáîëiâ, ùî ëåæàòü íà òðàåêîòði¨
ïîìåðîíà â ïðÿìîìó êàíàëi. Ñòîâï÷èêè ãëþáîëiâ,
ÿêi ìè íàçèâà¹ìî ðåäæåçîâàííèìè ðåçîíàíñàìè
Áðåéòà-Âiãíåðà, ëåæàòü íà öié òðàåêòîði¨.
Êðèòè÷íèì äëÿ iäåíòèôiêàöi¨ öèõ ñòàíiâ ¹ çíàííÿ
íåëiíiéíîþ êîìïåêñíî¨ òðàåêòîði¨, ÿêà iíòåðïîëþ¹
ìiæ íåãàòèâíèìè òà ïîçèòèâíèìè çíà÷åííÿìè
àðãóìåíòà. Â òîé ÷àñ, ÿê ðåàëüíà ÷àñòèíà
òðàåêòîði¨ ìàéæå ëiíiéíà, çíàõîäæåííÿ ¨¨ óÿâíî¨
÷àñòèíè, ÿêà äà¹ âèçíà÷à¹ øèðèíè ãëþáîëiâ, ¹
âàæëèâîþ îðèãiíàëüíîþ ÷àñòèíîþ íàøîãî ïiäõîäó.

Îäáîëè - ðåçîíàíñè, ÿêi ñêëàäàþòüñÿ ç òðüîõ
ãëþîíiâ, ìàþòü òàêå ñàìå ïðàâî íà iñíóâàííÿ,
ÿê i ãëþáîëè, ùî ñêëàäàþòüñÿ ç äâîõ ãëþáîëiâ.
Ìè ïðîãíîçó¹ìî, ùî îäáîëè ëåæàòü íà òðàåêîòði¨
îäåðîíà òàê ñàìî, ÿê ãëþáîëè - íà òðàåêòîði¨
ïîìåðîíà.
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Òðàåêîòîði¨ çàïðîïîíîâàíi â äàíié ðîáîòi ìîæíà
çàñòîñóâàòè òàêîæ äî äîñëiäæåííÿ ñïåêòðiâ
çâè÷àéíèõ ìåçîíiâ òà áàðiîíiâ.

Ïàðàìåòðè òðàåêòîði¨ ïîìåðîíà òà îääåðîíà
ïðèâ'ÿçàíi äî äàíèõ âèñîêîåíåðãåòè÷íîãî ïðóæíîãî
ïðîòîí-ïðîòîííîãî ðîçñiþâàííÿ. Ïiäiãíàíi
òðà¹êòîði¨ åêñòðàïîëüîâàíi â îáëàñòü ðåçîíàíñiâ
äëÿ ïåðåäáà÷åííÿ ìàñ i øèðèí ãëþáîëiâ òà îäáîëiâ.
Ðàçîì ç óíiòàðíîþ ñèìåòði¹þ, ãðàôiê ×þ-Ôðàó÷i ¹
ïîòóæíèì iíñòðóìåíòîì ó êëàñèôiêàöi¨ àäðîíiâ.

Êëþ÷îâi ñëîâà : Òðàåêòîði¨ Ðåäæå, ðåçîíàíñè,
ïîìåðîí, îääåðîí, ãëþáîë, ìåçîí, áàðiîí.

1. Introduction

Regge trajectories� (t) connect the scattering region,
t < 0 with particle spectroscopy, t > 0. In this way
they realize crossing symmetry and anticipate duality:
dynamics of two kinematically disconnected regions are
interrelated. The behaviour of trajectories both in the
scattering and particle region is close to linear. This
observation, combined with the properties of dual mod-
els and hadron strings resulted in a prejudice of the
linearity of Regge trajectories. Appended by unitary
symmetry, the Chew-Frautchi plot remains a powerful
tool to classify hadrons.

Unitarity imposes (Barut et al., 1962) a severe con-
straint on the threshold behavior of the trajectories:

= � (t)t ! t 0 � (t � t0) � ( t 0 )+1 =2; (1)

while asymptotically the trajectories are constrained
by (Bugrij et al., 1973)

�
�
�
�
�

� (t)
p

t ln t

�
�
�
�
�
t !1

� const: (2)

The above asymptotic constrain can be still lowered to
a logarithm by imposing (Jenkovszky, 1987 and earlier
references) wide-angle power behaviour for the ampli-
tude. While the parameters of meson and baryon tra-
jectories can be determined both from the scattering
data and from the particles spectra, this is not true
for the pomeron (and odderon) trajectory, known only
from �ts to scattering data only (negative values of
its argument). An obvious task is to extrapolate the
pomeron trajectory from negative to positive values to
predict glueball states at J = 2 ; 4; ::: non has been
found. Given the nearly linear form of the pomeron
trajectory, known from the �ts to the (exponential)
di�raction cone, little room is left for variations in the
region of particles (t > 0.)

We continue the lines of research initiated in (Fiore
et al., 2016) and (Fiore et al., 2018) in which an an-
alytic pomeron trajectory was used to calculate the
pomeron-pomeron cross section in central exclusive

production measurable in proton proton scattering.
The basic idea in that approach is in the use of a non-
linear complex Regge trajectory for the pomeron sat-
isfying the requirements of the analytic S-matrix the-
ory and �tting the data. Fits imply high-energy elas-
tic proton-proton and/or proton-antiproton scattering
(with the odderon in mind!).

The basic sub-process is pomeron-pomeron scatter-
ing, producing glueballs lying on the direct-channel
pomeron trajectory, with a triple pomeron vertex.
Glueball â‚»towersâ‚�ê, i.e. excited glueball states,
called reggeized Breit-Wigner resonances, lie on this
trajectory. Crucial for the identi�cation of these states
is knowledge of the nonlinear complex trajectory,
interpolating between negative and to positive values
of its argument. Its parameters are �tted to the
scattering data. While the real part of the trajectory
is almost linear, the recovery of the imaginary part,
determining the widths of predicted glueballs, is a
highly non-trivial problem.

2. Simple analytic Regge trajectory

What is the simplest ansatz for a Regge trajectory
satisfying the following constrains: a) threshold behav-
ior imposed by unitarity, Eq. (1), b) asymptotic behav-
ior constrained by Eq. (2), c) yet compatible with the
nearly linear behavior in the resonance region (Chew-
Frautchi plot)? Attempts and explicit examples can
be found in a number of papers, see e.g. (Fiore et al.,
2016 and 2018) and (Szanyi., 2017) and earlier refer-
ences therein.

The trajectory:

� (t) =
1 + � + � 1t

1 + � 2
� p

t0 � t �
p

t0)
: (3)

wheret0 = 4m2
� for pomeron andt0 = 9m2

� for odderon
and �; � 1; � 2 are adjustable parameters, to be �tted to
scattering (t < 0) data with the obvious constrains:
� (0) � 1:08 and � 0(0) � 0:3 (in case of the pomeron
trajectory). Trajectory Eq. (3) has square-root asymp-
totic behavior, in accord with the requirements of the
analytic S-matrix theory.

With the parameters �tted in the scattering region,
we continue trajectory Eq. (3) to positive values of t.
When approaching the branch cut at t = t0 one has to
chose the right Riemann sheet, Fort > t 0 trajectory
Eq. (3) may be rewritten as

� (t) =
1 + � + � 1t

1 � � 2(i
p

t � t0 +
p

t0)
; (4)

with the sign "minus" in front of � 2, according to the
de�nition of the physical sheet.

For t >> t 0; j� (t)j ! � 1
� 2

p
jtj. For t > t 0 (on the

upper edge of the cut),Im� > 0:
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The intercept is � (0) = 1 + � and the slope at t = 0
is

� 0(0) = � 1 + � 2
1 + �
2
p

t0
: (5)

To anticipate subsequent �ts and discussions, note
that the presence of the light threshold t0 = 4m2

�
(required by unitarity and the observed "break" in
the data) results in the increasing, compared with the
"standard" value of about 0:25 GeV� 2, slope.

The crucial task, on which glueball (and oddball)
predictions are based is the correct �t of the pomeron
(and odderon) trajectory to the data. Credibility of
such predictions depend on the reliability of these �ts.
The most direct and reliable ways to �t the pomeron
(and odderon) trajectory are those to high-energy elas-
tic nucleon scattering, of which the LHC data on
proton-proton scattering, dominated by pomeron ex-
change are the best. The contribution of secondary
trajectories here is negligible.

The situation, however is not that simple. The
smooth, nearly exponential small-jt j part of the cone
(jt j � 0:3 before the dip) at the LHC is too short to
�t the trajectory and provide its reliable interpolation
to large positive values, where glueball are expected.
Fits in this limited interval are under control and the
small deviation from and exponential of the cone,
can be parametrized by a pomeron (and odderon)
exchange within the simple Donnachie-Landsho�
model (Donnachie et al., 2002), see next Section,
where the resulting trajectory inherits the curvature,
called "break" seen both at the ISR and LHC near
t � � 0:1 GeV2.

3. Glueballs and Oddballs

3.1. Pomeron/odderon trajectories in Central
Exclusive Production

Central exclusive di�ractive (CED) production con-
tinues to attract the attention of both theorists and
experimentalists, seee.g. Refs.(Fiore et al.,2018, Ew-
erz et al., 2019) and references therein. This interest
is triggered by LHC's high energies, where even the
sub-energies at equal partition are su�cient to neglect
the contribution from secondary Regge trajectories and
consequently CED can be considered as a gluon factory
producing exotic particles such as glueballs.

In single-di�raction dissociation or single dissocia-
tion (SD) one of the incoming protons dissociates, in
double-di�raction dissociation or double dissociation
(DD) both protons dissociate, and in central di�rac-
tion (CD) or double-Pomeron exchange (DPE) neither

proton dissociates. These processes are listed below,

SD pp ! p� p

or pp ! pp�

DD pp ! p� p�

CD (DPE) pp ! pXp;

where p� represents a di�ractively dissociated pro-
ton and X denotes a central system, consisting of
meson/glueball resonances. Schematic diagrams are
shown in Fig. 1.

1 2 3
f(t)

f(t)

f(t)

��(t) ��(t)��(t)S

M2

M1

4 5 6

S
��(t2)

��(t1)

s2

s1
M3 M5

M4 M6

M7

M8

Figure 1: Regge-pole factorization.

The basic sub-process is pomeron-pomeron scatter-
ing, producing glueballs lying on the direct-channel
pomeron trajectory, with a triple pomeron vertex.
Glueball â‚»towersâ‚�ê, i.e. excited glueball states,
called reggeized Breit-Wigner resonances, lie on this
trajectory. Crucial for the identi�cation of these states
is knowledge of the non-linear complex trajectory, in-
terpolating between negative and positive values of its
argument. Its parameters are �tted to the scattering
data. While the real part of the trajectory is almost
linear, the recovery of the imaginary part, determining
the widths of predicted glueballs, is a highly non-trivial
problem.

In the present paper, by introducing a new model of
the Regge trajectories, both for the pomeron and odd-
eron, we continue studies along the lines of Ref. (Fiore
et al., 2016 and 2018) . We �rst �t the parameters
of those trajectories to high-energy elastic scattering
data then extrapolate the �tted new trajectories to
the particle region to predict the masses and widths
of the glueballs and oddballs lying respectively on the
pomeron and odderon trajectories.

3.2. Scattering amplitude, cross sections, resonances

In (Fiore et al., 2018) the resonances contribution to
pomeron-pomeron (PP) cross section was calculated
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from the imaginary part of the amplitude by use of the
optical theorem

� P P
t (M 2) = =m A(M 2; t = 0) = (6)

= a
X

i = f;P

X

J

[f i (0)]J +2 =m � i (M 2)
(J � < e � i (M 2))2 + ( =m � i (M 2))2 ;

(7)
In this Section we concentrate on the pomeron. In

this case Eq. (7) reduces to

� P P
t (M 2) = a

X

J

kJ +2 =m � (M 2)
(J � < e � (M 2))2 + ( =m � (M 2))2 ;

(8)
where k = f i (0), and, for simplicity here we setk = 1 .

We start by comparing the resulting glueball spectra
in two ways: �rst we plot the real and imaginary parts
of the trajectory (Chew-Frautchi plot) and calculate
the resonances' widths by using the relation (see: e.g.
Eq. (18) in R.Fiore et al. 0404021)

�( s = M 2) =
2= � (s)
j� 0(s)j

; (9)

where � 0(s) = dRe� (
p

s)=d
p

s.

3.3. Regge-pole �ts to high-energy elastic scattering
data

High-energy elastic proton-proton and proton-
antiproton scattering, including ISR and LHC energies
was successfully �tted with non-linear pomeron trajec-
tories in a number of paper, see (Jenkovszky et al.,
2018) and references therein. Since here we are inter-
ested in the parametrization of the pomeron (and odd-
eron) trajectories, dominating the LHC energy region,
we concentrate on the LHC data, where secondary tra-
jectories can be completely ignored in the near forward
direction.

While at lower energies, e.g. at the ISR, the di�rac-
tion cone shows almost perfect exponential behavior
corresponding to a linear pomeron trajectory in a wide
span of 0 < � t < 1:3 GeV2, violated only by the
"break" near t � � 0:1 GeV2, at the LCH it is almost
immediately followed by another structure, namely by
the dip at t � � 0:6 GeV2. The dynamic of the dip
(di�raction minimum) has been treated fully and suc-
cessfully (Szanyi, Bence et al, 2019), however those
details are irrelevant to the behavior of the pomeron
trajectory in the resonance (positive s) region and
expected glueballs there, that depend largely on the
imaginary part of the trajectory and basically on the
threshold singularity in Eq. (3).

In Fig. 2 we show a �t to the low- jt j elastic proton-
proton di�erential cross section data (The TOTEM col-
laboration, 2018) at 13 TeV with a simple model:

AP (s; t) = aP ebP t e� i�� P ( t )=2(s=s0P ) � P ( t ) ; (10)
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Figure 2: pp di�erential cross section at 13 TeV �tted
to the model: Eq. (10) and trajectory Eq. (3)
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Figure 3: Normalized pp di�erential cross section at
13 TeV �tted to the model Eq. (10) with trajectory
Eq. (3)

where � P (t) is given by Eq. (3) (changing variables to
variable t). We used the norm:

d�
dt

=
�
s2 jAP (s; t)j2: (11)

Fig. 3 shows the normalized form of the di�erential
cross section (used by TOTEM (The TOTEM col-
laboration, 2018)) illustrating the low- jt j "break" phe-
nomenon (Jenkovszky et al., 2018) related to the non-
linear square root term in the pomeron trajectory.
However, it should be also noted that the "break" may
result from the two-pion threshold both in the trajec-
tory and the non-exponential residue, as discussed in
(Jenkovszky et al., 2018).

Fits with the SP model is quite simple. However,
they are not sensitive to the odderon and thus are not
suitable to predict oddballs. A more advanced, DP
model was considered in (Szanyi et al., 2019) with the
result shown in the �gure below.
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3.4. Glueball and Oddball spectroscopy

The non-linear trajectory can be applied to glue-
balls and oddballs (Szanyi et al., 2019). The real and
imaginary part of the pomeron trajectory obtained by
the SP (simple model of scattering amplitude) and DP
(double-pole model) �ts to high energy elastic scatter-
ing data are shown in Fig. 4 and Fig. 5. Fig. 4 shows
also the predicted glueballs (with their widths) lying on
the on the pomeron trajectory. The slope of trajectory
is shown in Fig. 6.

The predicted pomeron component of the PP total
cross section with the calculated ratios of neighboring
resonances' widths both SP and DP case are shown in
Fig. 7.

Table 1: Fitted parameters of the pomeron and odd-
eron trajectories, see (Szanyi et al., 2019).

Pomeron
a 1:08009� 0:00005

b [GeV� 2] 0:2980� 0:0021
c [GeV� 1] 0:02467� 0:00128

Table 2: Fitted parameters of the pomeron and odd-
eron trajectories in the DP model, (Szanyi et al., 2019).

Pomeron Odderon
a 1:04592� 0:00005 1:6131� 0:0020

b [GeV� 2] 0:3042� 0:0009 0:1987� 0:0010
c [GeV� 1] 0:05880� 0:00046 0:08483� 0:00155
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Figure 4: Real part of the pomeron trajectory Eq. (3)
both for the SP and DP models as functions oft. The
widths of resonances (glueballs) are shown as horizon-
tal error bars.

Oddballs, resonances made of three gluons have the
same right of existence as glueballs made of two gluons.
Oddballs are expected to lie on the odderon trajectory
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Figure 5: Imaginary part of the pomeron trajectory
Eq. (3) both for SP and DP models as functions oft.
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Figure 7: The pomeron component in PP total cross
section for two di�erent amplitude models.

exactly in the same way as glueballs lie on the pomeron
trajectory.

The real part of the odderon trajectory are shown
in Figs. 8. The predicted oddballs (with their widths)
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lying on the on the odderon trajectory are also shown.

4. Mesons and baryons

The trajectory introduced in this paper can be ap-
plied also to studies or ordinary meson and baryon
spectra (Chew-Frautchi plot). Figs 12 and 13. The
theoretical (calculated using non-linear trajectory) and
experimental widths are shown as red and green lines,
respectively. Note that the mesons and baryon`s widths
data is available, which is opposite to the pomeron case,
which allows making more precise �ts.

Data about mesons and baryons were taken fromM.
Tanabashi et al. (Particle Data Group), Phys. Rev. D
98, 030001 (2018) and 2019 update.

Table 3: Values of the parameters of the meson and
baryon trajectories, calculated from corresponding �ts.

� � mesons � � baryons
a 0:466118� 0:001389 0:167111� 0:116851
b 0:880401� 0:002208 0:858974� 0:057756
c 0:017517� 0:000869 0:027311� 0:004087

5. Conclusions

Trajectory as Eq. (3) opens a new avenue in hadron
spectroscopy (Chew-Frautchi plot), applicable both to
ordinary mesons and baryons as well as to glueballs
lying on the pomeron and odderon trajectories. Work
in this direction is in progress. Appended by unitary
symmetry, the Chew-Frautchi plot will remains a
powerful tool in hadron spectroscopy.
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ABSTRACT. We present the results of applying
deep convolutional neural network to the images of
redshift-limited ( z < 0:1) sample of � 300 000 galaxies
from the SDSS DR9. We aimed to classify galaxies into
the two classes: Elliptical and Spiral. To create the
training sample, we used a set of� 6 000 galaxies from
our previous work with visually inspected morphologi-
cal types, and also added 80 000 well-con�rmed galaxies
from Galaxy Zoo 2 dataset, that were also classi�ed
visually. With a given sample of � 86 000 galaxies, we
used the deep neural network, namely Xception, to
provide a classi�cation of g-r-i composite images (25
arcsec in each axis in size) of galaxies. Keeping in the
mind a relatively small training dataset, we provided
the data augmentation (horizontal and vertical �ips,
random shifts on � 10pixels, and rotations within 180
degrees), that was randomly applied to the images
during learning. The data augmentation is a key
technique within our algorithm to display the variative
nature of the observed galaxies, and avoid over�tting
problem. We compared our classi�cation result with
the Support Vector Machine (SVM) classi�cation
performed on the SDSS photometric data (absolute
magnitudes, colour indices, inverse concentration index,
ratios of semiaxes, etc.), and proposed a method
to learn the bene�ts from both approaches (Deep
Learning and photometric classi�cation). We show the
common mistakes of both algorithms, and propose to
stack these two approaches to block these mistakes,
with a main goal to increase the overall classi�cation
quality of SDSS galaxies.

Keywords : galaxies, morphological classi�cation,
machine learning.

� E-mail: vld.khramtsov@gmail.com

ÀÍÎÒÀÖIß. Â öié ðîáîòi ìè ïðåäñòàâëÿ¹ìî
ðåçóëüòàòè çàñòîñóâàííÿ çãîðòêîâî¨ íåéðîííî¨
ìåðåæi äî çîáðàæåíü ãàëàêòèê âèáiðêè, ÿêà
îáìåæåíà ïî ÷åðâîíîìó çìiùåííþ ( z < 0:1).
Âèáiðêà ìiñòèòü � 300 000 çîáðàæåíü ãàëàêòèê ç
öèôðîâîãî îãëÿäó SDSSDR9. Ìè ìàëè íà ìåòi
êëàñèôiêóâàòè ãàëàêòèêè íà äâà êëàñè: Åëiïòè÷íi
òà Ñïiðàëüíi. Òðåíóâàëüíà âèáiðêà ìiñòèòü � 6 000
çîáðàæåíü ãàëàêòèê ç íàøèõ ïîïåðåäíiõ ðîáiò,
äå âiçóàëüíî áóëî âèçíà÷åíî ìîðôîëîãi÷íèé òèï
êîæíî¨ ãàëàêòèêè. Äî òðåíóâàëüíî¨ âèáiðêè ìè
äîäàëè 80 000 çîáðàæåíü ãàëàêòèê ç âèáiðêè äàíèõ
GalaxyZoo2, ùî òàêîæ áóëè êëàñèôiêîâàíi âiçóàëüíî.
Íà îñíîâi äàíèõ òðåíóâàëüíî¨ âèáiðêè ãàëàêòèê
� 86 000 ìè çàñòîñóâàëè çãîðòêîâó íåéðîííó ìåðåæó,
à ñàìå Xception, ùîá çðîáèòè ìîðôîëîãi÷íó
êëàñèôiêàöiþ ãàëàêòèê âèêîðèñòîâóþ÷è g-r-i
ñêëàäåíi çîáðàæåííÿ ãàëàêòèê (ðîçìiðîì 25 íà
25 êóòîâèõ ñåêóíä). Äëÿ íàâ÷àííÿ ìîäåëåé
ìè âèêîðèñòîâó¹ìî âiäíîñíî ìàëåíüêó âèáiðêó
çîáðàæåíü, ùî íàêëàäà¹ îáìåæåííÿ íà îöiíêó
ÿêîñòi ìîäåëåé, òà ¨õ ïîäàëüøó åêñïëóàòàöiþ. Äëÿ
ïîêðàùåííÿ ðåçóëüòàòiâ ìè âèêîðèñòàëè äåêiëüêà
âiäîìèõ ïðèéîìiâ (ãîðèçîíòàëüíi òà âåðòèêàëüíi
ïåðåâîðîòè, âèïàäêîâi çñóâè íà � 10ïiêñåëiâ
òà îáåðòàííÿ â ìåæàõ 180 ãðàäóñiâ), ÿêi áóëè
âèïàäêîâèì ÷èíîì çàñòîñîâàíi äî çîáðàæåíü
ãàëàêòèê ïiä ÷àñ íàâ÷àííÿ. Çáiëüøåííÿ êiëüêîñòi
äàíèõ ¹ êëþ÷îâîþ òåõíiêîþ â íàøîìó àëãîðèòìi äëÿ
âiäîáðàæåííÿ âàðiàòèâíî¨ ïðèðîäè ñïîñòåðåæóâàíèõ
ãàëàêòèê òà óíèêíåííÿ ïðîáëåìè ïåðåíàâ÷àííÿ
ìîäåëi. Ìè ïîðiâíÿëè îòðèìàíi ðåçóëüòàòè
êëàñèôiêàöi¨ ç ðåçóëüòàòàìè íàøî¨ ïîïåðåäíüî¨
ðîáîòè, äå âèêîðèñòîâóâàëèñü ôîòîìåòðè÷íi äàííi
(àáñîëþòíi çîðÿíi âåëè÷èíè, ïîêàçíèêè êîëüîðó,
çâîðîòíié iíäåêñ êîíöåíòðàöi¨, ñïiââiäíîøåííÿ
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Figure 1: Probability distribution for validation sam-
ple of 6 000 galaxies, classi�ed visually and with DL.
Probabilities for Ellipticals ( E) ( left ) and for Spirals
(S) ( right ) of being E- and S- types, respectively.

ïiâîñåé òà ií.) òà ìåòîä îïîðíèõ âåêòîðiâ. Â
ðåçóëüòàòi, ìè çàïðîïîíóâàëè ìåòîä äëÿ âèâ÷åííÿ
ïåðåâàã ç îáîõ ïiäõîäiâ (ãëèáîêå íàâ÷àííÿ òà
ôîòîìåòðè÷íà êëàñèôiêàöiÿ). Ìè ïîêàçó¹ìî
çàãàëüíi ïîìèëêè îáîõ àëãîðèòìiâ i ïðîïîíó¹ìî
ñêëàñòè öi äâà ïiäõîäè äëÿ óíèêíåííÿ ïîìèëîê
ç ìåòîþ ïiäâèùèòè òî÷íiñòü ìîðôîëîãi÷íî¨
êëàñèôiêàöi¨ ãàëàêòèê SDSS.

Êëþ÷îâi ñëîâà: ìîðôîëîãi÷íà êëàñèôiêâöiÿ
ãàëàêòèê, ìàøèííå íàâ÷àííÿ.

1. Introduction

Morphological classi�cation of galaxies can provide
insights into the processes that form the evolution of
Universe. The modern wide-�eld surveys (like the SDSS
[Blanton et al. 2017]) include � 105 of resolved galax-
ies and require the machine learning application. Deep
Learning (DL) methods (namely, Convolutional Neural
Networks) mimics visual inspection of images by expert
but with a much higher speed-performance. In this
study we used Deep Convolutional Neural Network to
classify 300 000 galaxies (z < 0:1) from the SDSS DR9
[Ahn et al. 2012, Dobrycheva et al. 2017] and com-
pared it with photometric classi�cation approach
[Dobrycheva et al. (2018), Dobrycheva et al. (2015)].
We note that binary classi�cation (Elliptical and Spiral
galaxies) is a primary method for searching gravitational
lenses [Sergeyev et al. 2018, Khramtsov et al. 2019]
and locating gravitational waves' host galaxies
[Dalya et al. 2018] as well as important for Zone of
Avoidance identi�cation [Vavilova et al. 2018].

2. Data and methods

We used the data from crowd-source Galaxy Zoo 2
project [Willett et al. 2013 ] providing positional
cross-matching of this catalogue with inference sample

[Dobrycheva 2013] and obtained 170 000 common
sources. Then, we selected reliable classi�cation with
using �ags (from Galaxy Zoo 2 catalogue) for the Ellip-
tical ( t01_smooth_or_features_a01_smooth_flag )
and Spiral (t01_smooth_or_features_a02_features-
_or_disk_flag ) galaxies, that returned 15 264
Ellipticals and 64 441 Spirals. Besides this training
sample we used a list of 6 163 visually inspected
galaxies (4 148 Ellipticals and 2 015 Spirals) as a
validation sample. We applied the Deep Convolutional
Neural Network called Xception [Chollet 2016] that
gives the state-of-art performance in classifying images.
We trained the Xception network on 2=3 of training
sample from Galaxy Zoo data and validated the results
on remaining 1=3 fraction and on visually inspected
galaxies. The distribution of �nal probabilities for
visually inspected 6 000 galaxies is shown in Fig.1.

3. Results

We compare the obtained probabilities returned by
our Deep Learning (DL) model with the corresponding
probabilities obtained by Support Vector Machine
(SVM, [Vapnik 1979]) method. One can see in Fig.1,
that our DL model performed well on Spirals, when
some Ellipticals from visually inspected sample �owed
to the class of Spiral galaxies (p > 0:5). We inspected
the galaxies, which have rival probabilities (i.e., were
classi�ed di�erently with two methods, see Fig.2, top).
Galaxies classi�ed with DL as Ellipticals and as Spirals
with SVM look like smooth rounded sources, but in
most of cases, they are the starforming galaxies (as we
directly checked with SDSS spectra) despite the lacking
of resolved spiral structure on their images. This result
indicates that DL method can classify rounded sources
as Ellipticals but it can not catch the spectral energy
distribution properties of galaxies more clearly than
SVM, trained on photometric features of galaxies.
Also, the galaxies classi�ed as Spirals with DL and
as Ellipticals with SVM, are, mostly, the edge-on or
face-on Spirals. This con�rms that SVM method could
not deal with such galaxy images and one should
include the additional information (e.g., semi-axis
ration) in classi�cation [ Vasylenko et al. 2019]. The
total amount of di�erently classi�ed galaxies is 60 000.
So, an overall classi�cation of galaxies with DL is
satisfactory (Fig.2, bottom) and can be joined with
SVM classi�cation to obtain more con�dent result. We
propose to use the Stacking algorithm, when some
meta-classi�er learns to select sources with using
probabilities returned by some basic classi�ers as input
features. We expect that this method will improve the
�nal classi�cation adopting the best from both methods.

22 Odessa Astronomical Publications,vol. 32 (2019)



Figure 2: (Top �gure) Representative galaxy sample with rival probabilities; top row: Ellipticals with DL, Spirals
with SVM; bottom row: Ellipticals with SVM, Spirals with DL. (Bottom �gure) Representative galaxy sample
with reliable DL classi�cation; top row: Ellipticals; bottom row: Spirals.
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ABSTRACT. In this paper, we study the distribu-
tion of images from a point source inN - point gravi-
tational lenses.

It is well known that in a Schwarzschild lens (N =
1) from a point source, there are always two images.
Moreover, one of them is always inside the Einstein
ring, and the second outside it. It follows that:

a) the image plane is divided into two areas;
b) in each area there is always only one image;
c) the source plane, with the exception of the

caustic point (origin), is uniquely mapped onto each of
the two areas of the image plane.

In our study, we describe an algorithm that allows
us to determine the single-valued regions in a 2-point
gravitational lens and demonstrate it using an exam-
ple of a binary symmetric lens in which the distance
between the point masses is 1. We have shown that
in this case the full prototype of the caustic divides
the image plane into eight simply connected areas that
have the following properties:

a) if the point source is inside the caustic, then it
has �ve images in �ve (internal) areas;

b) if the point source is outside the caustic, then
it has three images in three (external) areas;

c) in each area there can be no more than one
image;

d) if the image of a point source is located in
one of the �ve internal areas, then the remaining four
also have images, while none of the three external areas
have images of the source;

e) if the image of the source is located in one of
the three external areas, then its images also exist in
the remaining two, while none of the �ve internal areas
contains a prototype of this source;

f) a caustic is a continuous, piecewise smooth,
closed Jordan curve that has a �nite number of singular
points; each smooth, open part of the caustic, the ends
of which are singular points (the caustic arc) has four
inverse images, of which only one belongs to the critical
set, the caustic arcs are positively oriented (when going

around, the interior of the caustic remains to the left;
g) the boundaries of the regions consist of arcs

(closure of the image of arcs) with a hereditary orien-
tation; all eight regions are divided into the following
two classes: four regions in which the orientation of the
boundary coincides with the orientation on the caustic
and four regions in which the orientation of the bound-
ary is opposite to the orientation on the caustic.

Keywords : gravitational lensing: lens mapping,
single-valued regions, image distribution.

ÀÍÎÒÀÖIß. Â äàíié ðîáîòi ìè äîñëiäæó¹ìî
ðîçïîäië çîáðàæåíü òî÷êîâîãî äæåðåëà â N
òî÷êîâèõ ãðàâiòàöiéíèõ ëiíçàõ.

Äîáðå âiäîìî, ùî â ëiíçi Øâàðöøèëüäà ( N =
1) âiä òî÷êîâîãî äæåðåëà çàâæäè iñíó¹ äâà
çîáðàæåííÿ. Ïðè÷îìó îäíî ç íèõ çàâæäè
çíàõîäèòüñÿ âñåðåäèíi êiëüöÿ Åéíøòåéíà, à iíøå
çîâíi íüîãî. Çâiäñè ñëiäó¹ ùî:

a) ïëîùèíà çîáðàæåíü ðîçáèâà¹òüñÿ íà äâi
îáëàñòi;

b) â êîæíié îáëàñòi çàâæäè çíàõîäèòüñÿ ëèøå
îäíå çîáðàæåííÿ;

c) ïëîàùèíà äæåðåëà, çà âèêëþ÷åííÿì òî÷êè
êàóñòèêè (ïî÷àòêà êîîðäèíàò), îäíîçíà÷íî
âiäîáðàæó¹òüñÿ íà êîæíó iç äâóõ îáëàñòåé ïëîñêîñòi
çîáðàæåíü.

Â ðîáîòi îïèñàíèé àëãîðèòì, ÿêèé äîçâîëÿ¹
âiçíà÷èòè îáëàñòi îäíîçíà÷íîñòi â 2-õ òî÷êîâié
ãðàâiòàöiéíié ëiíçi. Ìè äåìîíñòðó¹ìî éîãî íà
ïðèêëàäi áiíàðíî¨ ñèìåòðè÷íî¨ ëiíçè â ÿêié âiäñòàíü
ìiæ òî÷êîâèìè ìàñàìè äîðiâíþ¹ 1. Ìè ïîêàçàëè,
ùî â òàêîìó âèïàäêó ïîâíèé ïðîîáðàç êàóñòèêè
ðîçáèâà¹ ïëîùèíó çîáðàæåíü íà âiñiì îäíîçâ'ÿçíèõ
îáëàñòåé. Öi îáëàñòi âîëîäiþòü íàñòóïíèìè
âëàñòèâîñòÿìè:

a) ÿêùî òî÷êîâå äæåðåëî çíàõîäèòüñÿ âñåðåäèíi
êàóñòèêè, òî âîíî ìà¹ ï'ÿòü çîáðàæåíü â ï'ÿòè
(âíóòðiøíiõ) îáëàñòÿõ;

b) ÿêùî òî÷êîâå äæåðåëî çíàõîäèòüñÿ çîâíi
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êàóñòèêè, òî âîíî ìà¹ òðè çîáðàæåííÿ â òðüîõ
(çîâíiøíiõ) îáëàñòÿõ;

ñ) â êîæíié îáëàñòi ìîæå çíàõîäèòèñÿ íå áiëüøå
îäíîãî çîáðàæåííÿ;

d) ÿêùî çîáðàæåííÿ òî÷êîâîãî äæåðåëà
çíàõîäèòüñÿ â îäíié iç ï'ÿòè âíóòðiøíiõ îáëàñòåé,
òî â ÷îòèðüîõ îáëàñòÿõ, ùî çàëèøèëèñÿ, òàêîæ
çíàõîäÿòüñÿ çîáðàæåííÿ, ïðè÷îìó â æîäíié iç òðüîõ
çîâíiøíiõ îáëàñòåé íåìà¹ çîáðàæåíü äæåðåëà;

e) ÿêùî çîáðàæåííÿ äæåðåëà çíàõîäèòüñÿ â îäíié
iç òðüîõ çîâíiøíiõ îáëàñòåé, òî â äâóõ îáëàñòÿõ,
ùî çàëèøèëèñÿ, òàêîæ iñíóþòü éîãî çîáðàæåííÿ,
ïðè÷îìó íi â îäíié iç ï'ÿòè âíóòðiøíiõ îáëàñòåé
íåìà¹ ïðîîáðàçó äàíîãî äæåðåëà;

f) êàóñòèêà ¹ íåïåðåðâíà, êóñî÷íî-ãëàäêà,
çàìêíóòà æîðäàíîâà êðèâà, ùî ìà¹ êiíöåâå
÷èñëî îñîáëèâèõ òî÷îê; êîæíà ãëàäêà âiäêðèòà
÷àñòèíà êàóñòèêè, êiíöi ÿêî¨ - îñîáëèâi òî÷êè (äóãà
êàóñòèêè) ìà¹ ÷îòèðè ïðîîáðàçè, iç ÿêèõ ëèøå
îäèí íàëåæèòü êðèòè÷íié ìíîæèíi, äóãè êàóñòèêè
çîði¹íòîâàíi ïîçèòèâíî ( ïðè îáõîäi âíóòðiøíiñòü
êàóñòèêè çàëèøàå¹òüñÿ çëiâà);

g) ãðàíèöi îáëàñòåé ñêëàäàþòüñÿ iç äóã
(çàìèêàþ÷è çîáðàæåííÿ äóã) ç ñïàäêîâîþ
îði¹íòàöi¹þ; óñi âiñiì îáëàñòåé äiëÿòüñÿ íà íàñòóïíi
äâà êëàñè: ÷îòèðè îáëàñòi, â ÿêèõ îði¹íòàöiÿ
ãðàíèöi ñïiâïàäà¹ ç îði¹íòàöi¹þ íà êàóñòèöi,
òà ÷îòèðè îáëàñòi, â ÿêèõ îði¹íòàöiÿ ãðàíèöi
ïðîòèëåæíà äî îði¹íòàöi¨ íà êàóñòèöi.

Êëþ÷îâi ñëîâà : ãðàâiòàöiéíå ëiíçóâàííÿ, ëiíçîâå
âiäîáðàæåííÿ, îáëàñòi îäíîçíà÷íîñòi, ðîçïîäië
çîáðàæåíü.

1. Introduction

Gravitational lensing e�ects (Bliokh&Minakov,
1989; Zakharov, 1997; Schneider, 1999) are becoming
more and more essential, when di�erent astrophysical
objects (Gaudi et al. 2008; Han et al. 2013; Gould et
al. 2014) and even the whole Universe is studied. From
the one hand, it is connected with a development of
technologies and engineering solutions. On the other
hand, mathematical models development (Bronza &
Kotvytskiy, 2017; Kotvytskiy, Bronza & Shablenko,
2017; Kotvytskiy & Bronza, 2016) allows us to do more
profound conclusions based on already received obser-
vation data. In this study, we show how lens plane can
be split into a several areas, where in every area there
is the only one point source image. We call the areas
as a single-valued region and we study their properties.

2. General approach

System of equations that describesN -point gravita-
tional lens is:

8
>><

>>:

y1 = x1 �
NP

n =1
mn

x 1 � an
(x 1 � an )2 +( x 2 � bn )2

y2 = x2 �
NP

n =1
mn

x 2 � an
(x 1 � an )2 +( x 2 � bn )2

; (1)

where y1; y2 - dimensionless coordinates of point
source,x1; x2 - dimensionless image positions,(an ; bn )
- coordinates of point massesmn : Dimensionless point
masses are normalized:

NX

n =1

mn = 1 : (2)

Equation (1) gives a single-valued mappingL

L : (R2
X nA) ! R2

Y (3)

of lens planeR2
X , where points with point masses are

deleted, to source planeR2
Y .

We introduce new complex variablesz è �

z = x1 + x2i; � = y1 + y2i: (4)

Then system of equations (1) becomes (Kotvytskiy&
Shablenko&Bronza, 2018):

� = z �
NX

n =1

mn
1

z � An
; (5)

where An = an + ibn are coordinates of point masses
in complex form, Equation (5) speci�es mapping

L : (CznA) ! C� (6)

of complex planeCz (with deleted points) to complex
plane C� .

Mapping Jacobian (5) is given by following equation

J = J (L ) =
@(�; � )
@(z; �z)

: (7)

Then equation
J = 0 (8)

de�nes the critical set � of mapping (5). Set image�
is a causticK . The caustic is speci�ed by mapping

K = L(�) : (9)

Thus pre-image of the caustic is an image of critical
set.

We build complete pre-image of the caustic in lens
plane to de�ne single-valued regions (Balk, Petrov &
Poluchin, 1976). Inverse mapping of (6) is de�ned by
set

Q = L � 1(K ) = L � 1(L (�)) ; (10)

This is the complete pre-image of caustic. Mapping
L � 1 is not single-valued, hence setsQ and � do not
coincide.
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Figure 1: Critical curve of binary symmetrical lens
with a = 0 :5

3. Binary lens

We demonstrate the algorithm, described in previ-
ous paragraph, for symmetrical binary lens with equal
masses. Then from (2), we have:

m1 = m2 = 1=2: (11)

Assume without loss of generality, that point masses
are located on real axis with distancea from origin, i.e.

A1 = a; A2 = � a: (12)

In this case, equation (5) is given by:

� = z �
�z

z2 � a2
; (13)

which de�nes mapping (6). Then Jacobian (7) is given
by

J = 1 �

�
a2 + z2

� �
a2 + �z2

�

(a2 � z2)2 (a2 � �z2)2 : (14)

It follows from (8) that critical set � is de�ned by
equation:

1 =

�
a2 + z2

� �
a2 + �z2

�

(a2 � z2)2 (a2 � �z2)2 : (15)

It is known (Dank & Heyrovsky 2015), that critical
set, de�ned by equation (15), is split on a few classes
depending on parametera. When

a < 1=(2
p

2); (16)

critical curve consists of three closed Jordan curve - the
two of them are inside the third. When

a = 1=(2
p

2) (17)

critical set is represented as a closed curve with two
self-crossing. When

1=(2
p

2) < a < 1; (18)

Figure 2: Caustic of symmetrical binary lens with a =
0:5

Figure 3: Caustic of symmetrical binary lens with ori-
entation

there is a closed Jordan curve. With

a > 1; (19)

there are two closed Jordan curves, the one is outside
the second.

We con�ne the study with case (18). We chose pa-
rameter a = 0 :5. The form of the critical curve is on
Fig. 1. Caustic is the image of critical set (9). Thus,
critical curve showed on Fig. 1 corresponds to caustic
showed on Fig. 2.

For the following analysis we depict each arc of caus-
tic with di�erent style and give them number (arcs'
orientation correspond to orientation that is accepted
in complex analysis (see Fig. 3)).

Arc's orientation of complete caustic pre-image is in-
duced by caustic orientation. Note, that caustic pre-
image (i.e. critical curve) in complete pre-image has
opposite to critical curve orientation (Fig. 4).

It is necessary to build complete caustic pre-image
according to (10) to de�ne single-valued regions , as
it was noted previously. In our case, we have curve
(Fig. 5).

Complete caustic pre-image split lens plane into8
two-dimensional regions. In order to de�ne internal
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Figure 4: Critical curve of symmetrical binary lens
with orientation

Figure 5: Complete caustic pre-image of symmetrical
binary lens with orientation

and external regions on lens plane, we set three point
sources on source plane, that is shown in form of tri-
angle, square and star (Fig. 6).

Sources are located out of the caustic, on the caus-
tic and inside the caustic respectively on Fig. 7. The
caustic orientation is not shown on Fig. 7.

It is known, that source located inside the caustic
has �ve images, on the caustic - four images, and out
of the caustic - three images (Fig. 7).

It is known from the theory of functions of several
complex variables, that an image of any of the �ve
internal regions is interior of the caustic, when the
mapping is L . And an image of any of the three
exterior regions - caustic exterior. Moreover, restric-
tion of mapping L on the regions is homomorphism.
Thus, eight regions are single-valued regions. Conse-
quently, if we have �ve images, these images are in
interior regions, and then there are no images in three
exterior regions. Orientation, that is de�ned on the
caustic, induces orientation on lens plane of each of
eight regions. Boundary of four regions are oriented
positively, and another four - negatively (Fig 8).

Figure 6: Caustic of symmetrical binary lens with three
point sources

Figure 7: Distribution of caustic images and three
point sources in symmetrical binary gravitational lens

Figure 8: Division of complete caustic pre-image on
positively (grey) and negatively (white) oriented re-
gions
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SOME COROLLARY FACTS OF THE N-POINT
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ABSTRACT. In the theory of the N-point gravita-
tional lens equation, two groups of problems can be dis-
tinguished. These are the so-called primal and inverse
problems. Primal problems include problems of image
de�nition in a speci�ed lens for a speci�ed source. In-
verse problems include problems of determining a lens,
source, or multiple images from one or more speci�ed
images. Inverse problem have an important applica-
tions.

We studied the equation of the N-point gravitational
lens in a complex form. These studies became the basis
for the solution of the inverse problem in the following
formulation. N-point gravitational lens has speci�ed.
It is necessary to determine all other images from one
of the images of a point source in N-point gravitational
lens. Determine the necessary and su�cient conditions
under which this problem has solutions.

The algebraic formulation of the problem has the
following form. The equation (of N-point gravitational
lens) has speci�ed. It is necessary to solve the problem
of solutions uni�cation (to express unequivocally all of
the equation solutions through one parameter).

To solve the inverse problem, we used methods of al-
gebraic geometry and function theory. Branches equa-
tions of any algebraic function admit unequivocal pa-
rameterization by Puiseux series. The solutions of
the N-point gravitational lens equation are algebraic
functions de�ned by a certain irreducible polynomial.
That polynomial has unequivocally de�ned by the N-
point gravitational lens equation. Thus, the polyno-
mial roots also admits parameterization by Puiseux se-
ries.

In simple cases, for lenses with a small number of
point masses, the solution can be obtained in a sim-
pler form. In particular, for the Schwarzschild lens
and binary lens, the inverse problem has a solution in
radicals.

Keywords : gravitational lens, source image, inverse

problem, complex analysis.

ÀÍÎÒÀÖIß. Ñåðåä áåçëi÷i ïðîáëåì i çàäà÷,
ÿêi ðîçãëÿäàþòü â òåîði¨ ðiâíÿííÿ N-òî÷êîâèõ
ãðàâiòàöiéíèõ ëiíç, ìîæíà âèäiëèòè äâi ãðóïè
çàäà÷. Öå, òàê çâàíi, ïðÿìi i çâîðîòíi çàäà÷i.
Äî ïðÿìèõ çàäà÷ âiäíîñÿòü çàäà÷i âèçíà÷åííÿ
çîáðàæåíü â çàäàíié ëiíçi äëÿ çàäàíîãî äæåðåëà.
Äî çâîðîòíèõ � âèçíà÷åííÿ ëiíçè, äæåðåëà àáî
áåçëi÷i çîáðàæåíü ïî îäíîìó àáî äåêiëüêîì çàäàíèì
çîáðàæåííÿì. Çâîðîòíà çàäà÷à ìà¹ âàæëèâå
ïðèêëàäíå çàñòîñóâàííÿ.

Ìè äîñëiäæóâàëè ðiâíÿííÿ N-òî÷êîâî¨
ãðàâiòàöiéíî¨ ëiíçè â êîìïëåêñíîìó âèãëÿäi.
Öi äîñëiäæåííÿ ñòàëè îñíîâîþ äëÿ ðîçâ'ÿçàííÿ
îáåðíåíî¨ çàäà÷i â íàñòóïíié ïîñòàíîâöi: çàäàíà N
� òî÷êîâà ãðàâiòàöiéíà ëiíçà, íåîáõiäíî, ïî îäíîìó
iç çîáðàæåíü â íié òî÷êîâîãî äæåðåëà âèçíà÷èòè
âñi iíøi çîáðàæåííÿ öüîãî äæåðåëà. Âèçíà÷èòè
íåîáõiäíi i äîñòàòíi óìîâè, ïðè ÿêèõ öÿ çàäà÷à ìà¹
ðîçâ'ÿçîê.

Â àëãåáðà¨÷íié ôîðìóëþâàííi çàäà÷à ìà¹ âèãëÿä.
Çàäàíî ðiâíÿííÿ N-òî÷êîâî¨ ãðàâiòàöiéíî¨ ëiíçè.
Íåîáõiäíî ðîçâ'ÿçàòè çàäà÷ó óíiôîðìiçàöii êîðåíiâ
(îäíîçíà÷íî âèðàçèòè óñi êîðåíi ðiâíÿííÿ ÷åðåç
îäèí ïàðàìåòð).

Äëÿ ðîçâ'ÿçàííÿ îáåðíåíî¨ çàäà÷i, ìè
âèêîðèñòîâóâàëè ìåòîäè àëãåáðà¨÷íî¨ ãåîìåòði¨
i òåîði¨ ôóíêöié. Ðiâíÿííÿ ãiëîê áóäü-ÿêî¨
àëãåáðà¨÷íî¨ ôóíêöi¨ äîïóñêàþòü îäíîçíà÷íó
ïàðàìåòðèçàöiþ ðÿäàìè Áþðìàíà�Ëàãðàíæà.
Êîðåíi ðiâíÿííÿ N-òî÷êîâî¨ ãðàâiòàöiéíî¨ ëiíçè ¹
àëãåáðà¨÷íèìè ôóíêöiÿìè âèçíà÷åíèìè íåçâåäåíèì
ìíîãî÷ëåíîì. Öåé ìíîãî÷ëåí îäíîçíà÷íî
âèçíà÷à¹òüñÿ ðiâíÿííÿì N-òî÷êîâî¨ ãðàâiòàöiéíî¨
ëiíçè. Îòæå, êîðåíi öüîãî ìíîãî÷ëåíà, òàêîæ
äîïóñêàþòü ïàðàìåòðèçàöiþ ðÿäàìè Áþðìàíà�
Ëàãðàíæà.

Ó ïðîñòèõ âèïàäêàõ, äëÿ ëiíç ç ìàëèì ÷èñëîì
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òî÷êîâèõ ìàñ, ðîçâ'ÿçîê ìîæå áóòè îòðèìàíèé
â áiëüø ïðîñòîìó âèãëÿäi. Çîêðåìà, äëÿ ëiíçè
Øâàðöøèëüäà i áiíàðíî¨ ëiíçè çâîðîòíà çàäà÷à ìà¹
ðîçâ'ÿçîê â ðàäèêàëàõ.

Êëþ÷îâi ñëîâà: ãðàâiòàöiéíi ëiíçè, çîáðàæåííÿ
äæåðåëà, îáåðíåíà çàäà÷à êîìïëåêñíèé àíàëiç.

1. Introduction

By methods of algebraic geometry we studied the
equation of N-point gravitational lens. This has led us
to a special case solution of one of the inverse problems.
Expressly, N-point gravitational lens is speci�ed and
the coordinates of one of the image of the point source
in it are known. It is necessary to determine the co-
ordinates of all other images. Formulate the necessary
and su�cient conditions under which this problem has
solutions.

The algebraic formulation of the problem has the
following form. The equation (of N-point gravitational
lens) has speci�ed. It is necessary to solve the problem
of solutions uni�cation (to express unequivocally all of
the equation solutions through one parameter).

In this paper, we used methods of algebraic geome-
try and function theory. The solutions of the equation
N-point gravitational lens possible to parameterize by
Puiseux series.

For lenses with a small number of point masses,
the solution can be obtained in a simpler form. In
particular, for the Schwarzschild lens and binary lens,
the inverse problem has a solution in radicals.

2. N-point gravitational lens equation in
complex form

N-point gravitational lens equation can be written
in complex form:

� = z � w(z); (1)

wherein

w =
NX

n =1

mn
1

(z � An )
;

NX

n =1

mn = 1 ; (2)

where mn - normalized point masses included in the
lens, An � their complex coordinates [Kotvytskiy, SH-
ablenko, Bronza, 2018; Witt, 1990]. In [Dank, Hey-
rovsk�y, 2015], it has also proved that:

w =
1

degP(z)
P0(z)
P(z)

; (3)

where P(z) =
NY

n =1

(z � An )m n .

Using equation (1), new proofs have been obtained
of previously known theorems about images of a point
source in the N-point gravitational lens:

- about single extended image (Einstein ring)
[Kotvytskiy et al, 2017];

- about in�mum of a number of point source images
in the N-point gravitational lens [Dank & Heyrovsk�y,
2015];

- about supremum of a number of point source im-
ages in the N-point gravitational lens [Osmayev &
Matvienko, 2018].

Using equation (1), a new, previously unknown,
result has also been obtained. The problem of
unequivocal parameterization of image coordinates
has been solved. Algorithms that admit to express
unequivocal the coordinate of any image through the
same parameter have been designed. In particular,
the coordinate of one of the images might be used as
a parameter.

3.Solution of the problem of image coordi-
nates parameterization

For the Schwarzschild lens, a theorem holds.
Theorem 1. Let z be the complex coordinate of

one of the images in the Schwarzschild lens, then the
coordinate of the second image is� 1

z .
Proof. Images in a Schwarzschild lens with coordi-

nates z and � 1
z are images of the same source as

� (z) = � (�
1
z

) (4)

Indeed, equation (1) for the Schwarzschild lens in
complex form has the form:

� = z �
1
z

; (5)

if mass of the lens is located at the origin of the
coordinates.

Substitute in equation (5) � 1
z , we have:

� (�
1
z

) = �
1
z

�
1

(� 1
z )

= �
1
z

�
1

(� 1
z )

=

= �
1
z

+ z = � (z) =) � (z) = � (�
1
z

):

Therefore, relation (4) holds.
The theorem is proved.
Each point source, which located not at the origin

of the coordinates, has exactly two point images in
the Schwarzschild lens. Therefore, the problem of im-
age coordinates parameterization for the Schwarzschild
lens is solved.

Corollary to Theorem 1. Let g1; g2 the a�ne
coordinates of one of the images in the Schwarzschild
lens, then the a�ne coordinates of the second image

� g1(g2
1 + g2

2); � g2(g2
1 + g2

2) � 1:
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Proof. Let z = g1 + g2i , then

Re(�
1
z

) = � g1(g2
1 + g2

2); Im( �
1
z

) = � g2(g2
1 + g2

2);

The corollary is proved.
For polynomials P(z) in one variable overz the �eld

of complex numbers, the following theorem holds.
Theorem 2. Let P(z) the polynomial over the �eld

of complex numbers and2 � degP(z) � 5, then, the
problems of parameterization of roots of the polyno-
mial P(z) are solvable in radicals.

Proof. Polynomial remainder theorem implies that
the di�erence P(z) � P(t) is divided exactly by the
binomial (z � t). Then

Q(z; t) =
P(z) � P(t)

z � t
; (6)

is a polynomial in two variables. The degree of the
polynomial Q(z; t) for each of the variables

degz (Q(z; t)) = deg t (Q(z; t)) = n � 1; (7)

where n = deg P(z).
If n � 5, then the polynomial Q(z; t), as a polyno-

mial from the variable z, over the �eld of rational func-
tions from t, has the degreedegz (Q(z; t)) � 4. There-
fore, each of itsn � 1 roots can be expressed in radicals
through its coe�cients. Since the coe�cients of the
polynomial Q(z; t) are rational functions of t, its roots
are unequivocally expressed in terms oft. The variable
t will be considered as a parameter.

Thus, the problem of parameterization of the roots
of a polynomial Q(z; t) is solvable in radicals.

We have an expression forn � 1 roots of polynomial
P(z) through t. We will put the remaining root of
polynomial P(z) equal to t.

The theorem is proved.
Remark of the theorem 2. Let the polynomial

P(z) meet the conditions of theorem 2, thenn � 1
roots of polynomial P(z) can be expressed in terms of
the remaining root. Indeed, let have t equal to one of
the roots of the polynomial.

Example to theorem 2. Let the equation be spec-
i�ed

z3 + az2 + bz+ c = 0 (8)

It is necessary to express two rootsz1; z2 of equation
(8) by the third z3.

Solution. Denote the polynomial standing in the
left side of equation (8) by P3(z), i.e.

P3(z) = z3 + az2 + bz+ c: (9)

The di�erence P3(z) � P3(t) is divided exactly by the
binomial (z � t):

P3(z) � P3(t) = z3 + az2 + bz+ c�

� (t3 + at2 + bt + c) =

= z3 � t3 + a(z2 � t2) + b(z � t) = (10)

= ( z � t)(z2 + zt + t2 + az + at + b)

If z the root of a polynomial P3(z), then from (10)

z2 + zt + t2 + az + at + b = 0 (11)

Equation (11) as regard to the variable is the
quadratic equation:

z2 + ( t + a)z + t2 + at + b = 0 (12)

The roots of equation (12) are equal to:

z1;2 =
t + a �

p
(t + a)2 � 4(t2 + at + b)

2
:

With the z3 = t we have:

z1;2 =
z3 + a �

p
� 4z2

3 � 2az3 � 4b+ a2

2
:

The roots of equation (8) z1; z2 are expressed by the
third root z3.

In the general case, for the N-point gravitational lens
we have:

From equation (1), we have:

� = z �
NX

n =1

mn

z � An
: (13)

We proceed to the complex conjugation in both parts
of the equation (13):

� = z �
NX

n =1

mn

z � An
: (14)

Substitute the variable z from equation (14 to (13),
we have:

� = z �
NX

n =1

mn

z �
P N

n =1
m n

z� A n
+ � � An

: (15)

Equation (15) is brought into polynomial form and
all summands are transferred to the left side of the
equation. Denote the left side of the obtained equation
by F (z; �; � ).

Compute the expression

Q(z; t) =
F (z; �; � ) � F (t; �; � )

z � t
=

F (z) � F (t)
z � t

: (16)

The following theorem holds.
Theorem 3. The expressionF (z) � F ( t )

z� t is a polyno-
mial in two variables z and t.

Proof. The validity of the theorem follows from
polynomial remainder theorem. The residue from di-
viding the polynomial F (z) by the di�erence (z � t)
is equal to F (t). And from the corollary of polyno-
mial remainder theorem. The number t is the root
of the polynomial F (z) if and only if the expression
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F (z) � F (t) is divided without residue by the binomial
(z � t). The theorem is proved.

Polynomial Q(z; t) will be termed a di�erence poly-
nomial for polynomial F (z). Polynomial Q(z; t) as
regard to the variable z has the degree [Kotvytskiy,
Bronza, Shablenko, 2017]:

degz Q(z; t) = degz F (z; �; � ) � 1 � (17)

� N 2 + 1 � 1 = N 2

The Z polynomial, actually, is reduced. Polynomial
is presented in the form of a product of irreducible
factors [Bronza & Kotvytskiy, 2017; Bronza, 2016], if
it is reduced.

The problem of root parameterization of a polyno-
mial Q(z; t) may be solved by using Puiseux series.
For this purpose, there is a geometric method known
as �Newton's Diagram�, see [Chebotarev, 1948].

4. Solution of inverse problem for binary
symmetric lens

Let S2 = S2(� a; a) is a binary symmetrical lens with
massesm1 = m2 = 0 :5, which located at the � a and
a points on the real axis. The lens equation has the
form:

� = z �
z

z2 � a2
: (18)

Exclude from equation (18) and equation of complex-
conjugate to it z, all summands are transferred to the
left side and factorized, we have:

(z � � )[( �
2

� a2)(z2 � a2)2 + 2 � (z2 � a2)z+ (19)

z2] � (� (z2 � a2) + z)(z2 � a2) = 0 :

Denote the left side of equation (19) byF (z; �; � ).
Compute the polynomial by the formula (16).

Q = ( � a2 + �
2
)z4 + [( � a2 + �

2
)t+

+ ( a2� + � � � �
2
)]z3 + [( � a2 + �

2
)t2+

+ ( a2� + � � � �
2
)t + (2 a4 � 2� � � 2a2�

2
)]z2+

+ [( � a2 + �
2
)t3 + ( a2� + � � � �

2
)t2+ (20)

+ (2 a4 � 2� �
2

� 2a2�
2
)t + ( � 2a4� + 2a2� �

2
� � )]z+

+ ( � a2 + �
2
)t4 + ( a2� + � � � �

2
)t3+

+ (2 a4 � 2� �
2

� 2a2�
2
)t2+

+ ( � 2a4� + 2a2� �
2

� � )t + ( � a6 + a4�
2

+ a2 + 2a2� � )

Polynomial Q(z; t) as regard to the variable z has
the fourth power degree. Its coe�cients are polynomi-
als in the variable t. Q(z; t) roots may be expressed
in radicals from its coe�cients. Since, as the coe�-
cients Q(z; t), there are polynomials in the variable t,
we have: z1;2;3;4 = z(t). Among other things, since the
polynomial F (z; �; � ) has another rootz5 = t, we have:

z1;2;3;4 = z(z5): (21)

The formula (21) proved the possibility to express
all roots of the polynomial Q(z; t) by one parametert.

Thus, the inverse problem for a binary lens is solv-
able in radicals.

In particular, if a point source is located on the real
axis, the lens has three images on the real axis, at
the points with coordinates zi ; i = 1 ; 2; 3, the relation
holds:

z2;3 =
z1 � z1

p
1 + 4(z2

1 � a2)(z2
1 � a2 + 1)

4(z2
1 � a2)

: (22)

In total, a source in the binary symmetrical lens
may have either 3 or 5 images. For any realZ source
is located on the real axis, it also has either3 or 5
images. Both cases are realized.
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ABSTRACT. We propose detailed scheme that is
describing the morphology of linear substructures in
galaxy clusters. Our base morphological scheme di-
vides galaxy clusters using numerical criteria according
the parameters: concentration to the cluster center, the
presence of linear substructure, orientation of images
of galaxies, the role of brightest cluster members, the
shape of galaxies.

Our analysis of 2D distribution of galaxies based on
study more than 500 galaxy clusters. We show the
linear substructures are regular peculiarity in galaxy
clusters. Our approach allows to divide �lamentary
and edge-on wall substructures and to select galaxy
clusters with possible peculiarities in hot gas and/or
DM distribution.

Keywords : Galaxies: clusters: morphology.

ÀÍÎÒÀÖIß. Ìîðôîëîãiÿ ñêóï÷åíü ãàëàêòèê
¹ îäíèì ç íàéâàæëèâiøèõ êëþ÷iâ äî
ðîçóìiííÿ åâîëþöiéíèõ ïðîöåñiâ ôîðìóâàííÿ
âåëèêîìàñøòàáíî¨ ñòðóêòóði Âñåñâiòó òà
âèâ÷åííÿ ¨¨ iíøèõ ôiçè÷íèõ êîìïîíåíòiâ.
Ðåçóëüòàòè ÷èñëåííèõ êîìï'þòåðíèõ ñèìóëÿöié
äîçâîëÿþòü ñòâåðäæóâàòè, ùî ôiëàìåíòàðíi
ñóáñòðóêòóðè ó ñêóï÷åííi íå ¹ âèïàäêîâèìè,
âîíè âiäîáðàæàþòü ðîçïîäië íàéìàñèâíiøîãî
ç éîãî êîìïîíåíòiâ - òåìíî¨ ìàòåði¨. Ïðè
öüîìó, ðîçòàøóâàííÿ ãàëàêòèê ó ñêóï÷åííi ¹
íàéäîñòóïíiøiì iíäèêàòîðîì ðîçïîäiëó íå òiëüêè
òåìíî¨ ìàòåði¨, à é ãàðÿ÷îãî ãàçó, à òàêîæ âîíî
ìîæå âêàçóâàòè íà âçà¹ìîäiþ ç iíøèì ñêóï÷åííÿì.
Îði¹íòàöi¨ ãàëàêòèê ó ñóáñòðóêòóðàõ òàêîæ
íå ¹ âèïàäêîâèìè: â îäíîìiðíèõ îñîáëèâîñòÿõ
ãàëàêòèêè âèðiâíþþòüñÿ âäîâæ ñìóãè íàéáiëüøî¨
ãóñòèíè, â äâîìiðíèõ -äèñêîâi ãàëàêòèêè
âèðiâíþþòüñÿ äî ïåðïåíäèêóëÿðó íå¨.

Ðîçïîäië ãàëàêòèê ó ñêóï÷åííi çðó÷íî îïèñóâàòè
ÿê éîãî ìîðôîëîãi÷íèé òèï. Ìîðôîëîãi÷íà ñõåìà,
ÿêó ó 2013 ðîöi çàïðîïîíîâàíî Ïàíüêî, ñïèðà¹òüñÿ
íà äåêiëüêà êëàñè÷íèõ ñõåì ìîðôîëîãi÷íî¨
êëàñèôiêàöi¨ ðiçíèõ àâòîðiâ òà îñíîâàíà íà
÷èñåëüíèõ êðèòåðiÿõ. Ñõåìó ðåàëiçîâàíî ó
ïàêåòi ïðîãðàì ¾The Cluster Cartography¿. Öå

äîçâîëÿ¹ ïðîâîäèòè àíàëiç øâèäêî òà îá'¹êòèâíî.
Âñi ñêóï÷åííÿ, ÿêi âèâ÷àëèñÿ, ¹ â êàòàëîçi Ïàíüêî
òà Ôëiíà ¾The Catalogue of Galaxy Clusters and
Groups¿ (2006); iíôîðìàöiþ ïðî ãàëàêòèêè êîæíîãî
ñêóï÷åííÿ âçÿòî ç êàòàëîãó ãàëàêòèê Ìþíñòåðñêîãî
×åðâîíîãî Îãëÿäó Íåáà (Óíãðó÷å òà ií., 2003).

Ìè ïðåäñòàâëÿ¹ìî ðåçóëüòàò àíàëiçó
îñîáëèâîñòåé ëiíiéíèõ ñóáñòðóêòóð â 254
áàãàòèõ ñêóï÷åííÿõ áåç îçíàê êîíöåíòðàöi¨ äî
öåíòðó ñêóï÷åííÿ, 178 ñêóï÷åííÿõ ç ïîìiðíîþ
êîíöåíòðàöi¹þ äî öåíòðó, 28 ñêóï÷åííÿõ ç âèñîêîþ
êîíöåíòðàöi¹þ äî öåíòðó òà 112 ñêóï÷åííÿõ,
ÿêi ðîçòàøîâàíi â îáëàñòÿõ íàéáiëüøî¨ ãóñòèíè
ãàëàêòèê. Ó âñiõ âèïàäêàõ äîëÿ ñêóï÷åíü, â
ÿêèõ ïðèñóòíi ëiíiéíi ñóáñòðóêòóðè, ñêëàäà¹
ïðèáëèçíî 50%, ùî ñïiâïàäà¹ ç ðåçóëüòàòàìè
êîìï'þòåðíèõ ñèìóëÿöié òà äà¹ ìîæëèâiñòü
ââàæàòè òàêi ñóáñòðóêòóðè ðåãóëÿðíèìè.

Â ðîáîòè çàïðîïîíîâàíî äåòàëüíó êëàñèôiêàöiþ
ñêóï÷åíü ãàëàêòèê ç ëiíiéíèìè ñóáñòðóêòóðàìè.
Íîâèé ïiäõiä äà¹ ìîæëèâiñòü âèäiëèòè ñåðåä òàêèõ
ñêóï÷åíü òàêi, ùî ìàþòü äiéñíî ëiíiéíi îñîáëèâîñòi
àáî âiäïîâiäàþòü âèïàäêó ðîçòàøóâàííÿ äâîìiðíî¨
ñóáñòðóêòóðè âäîâæ ïðîìiíþ çîðó.

Êëþ÷îâi ñëîâà: ãàëàêòèêè, ñêóï÷åííÿ ãàëàêòèê,
ìîðôîëîãiÿ.

1. Introduction

The morphology of galaxy clusters is the accessible
key to understanding the evolution of the Universe as
well as to distribution of DM. Distribution of galaxies
both in the space and on the celestial sphere re�ected
the primordial adiabatic �uctuations in beginning mo-
ments of Universe, as it shown in big number of works
from Silk (1968), Peebles & Yu (1970), Sunyaew &
Zeldovich (1970). The results of di�erent numerical
simulations from well quoted Millennium Simulation
(Springel et al., 2005) to Illustris Project (Vogelsberger
et al., 2014; Artale et al., 2017) or Cui et al. (2018)
show galaxy clusters as evolved elements of large scale
structure of the Universe. Galaxy fraction is small-
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est part in cluster mass, nevertheless galaxies were and
remain the con�dent optical markers of structure of
clusters. The connection between distributions of main
components of galaxy clusters � DM, hot gas and galax-
ies � was established by Dietrich et al. (2012) for A222
and A223 clusters. Their galaxies form linear substruc-
ture which duplicate the hot gas bridge and DM arch
between the interacted clusters. The another case �
collided galaxy clusters show di�erent distribution of
intercluster galaxies, hot gas and DM (Markevitch et
al., 2004, Pearce at al.,2017).

The distribution of galaxies can be described as their
morphology. Based on classical approaches, including
both famous Bautz � Morgan (1970), Rood � Sas-
try (1971) systems and less popular L�opez-Cruz &
Gaztanaga (2001) and L�opez-Cruz (2003)ones, Panko
(2013) proposed improved and integrated scheme of
morphological classi�cation for 2D distribution of
galaxies on the celestial sphere. According to the
Panko scheme, galaxy clusters have types correspond-
ing to cluster �concentration� (from C � compact, to
I � intermediate, and O � open), ��atness signs� ( L �
line or F � �at, and no symbol if no indication of �at-
ness is present) and the role of bright galaxies (cD or
BG, if the bright cluster members role is signi�cant).
Other peculiarities are noted asP. �Flatness signs� can
correspond to �lamentary substructure or preferential
plane in cluster. The designations can be combined,
for example CF cD or ILP .

The Cluster Cartography set (hereafter CC) was cre-
ated for simpli�cation of the galaxy clusters classi�ca-
tion (Panko & Emelyanov, 2015). As a result, it was
established the linear substructures present as pecu-
liarities in about 50% of rich galaxy clusters. We can
assume the linear substructures are regular peculiari-
ties in galaxy clusters.

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

2. Observational base and the method of
analysis

The main base of our research is the list of galaxies
of M�unster Red Sky Survey (Ungrihe el., 2003, here-
after MRSS). It's a result of scanning of 217 plates
of Southern Sky Atlas R (ESO) by PDS2020GM plus .
The classi�cation of objects into stars, galaxies, and
perturbed objects was done by an automatic proce-
dure with a posterior visual check of the automatic
classi�cation, which considerably diminished the num-
ber of objects erroneously classi�ed as galaxies. Ex-
ternal calibration of the photographic magnitudes was
carried out by means of CCD sequences obtained with

three telescopes in Chile and South Africa. The cat-
alogue of galaxies MRSS is complete to a magnitude
limit of r F = 18m :3. Each form more than 5 mil-
lions of MRSS galaxies have equatorial coordinates,r F

magnitude, axes and position angle of best-�t ellipse
and some another parameters. Unfortunately, MRSS
is last photographic catalogue and their galaxies have
not redshifts.

About 1.2 millions of galaxies are in the limit of
MRSS complexness. This short list was the observa-
tional base of �The Catalogue of Galaxy Clusters and
Groups� (Panko & Flin, 2006, hereafter PF catalogue)
which was created for statistical study of galaxy clus-
ters properties. PF galaxy clusters having 100 and
more galaxies in cluster �eld we consider as rich ones.

For each PF galaxy cluster we have the list of galax-
ies in cluster �eld and each galaxy have full information
from MRSS. In our research the data for each galaxy in
the cluster are transformed to CC format. Real sizes of
galaxies are so small for using in CC mapping. So, the
symbols corresponded to galaxies are calculated from
magnitudes and ellipticity as:

m0 = 3 � 20:6(18 :5� m ) + 6 (1)

2a =
m0

4
p

1 � 2E + E 2
; 2b =

(m0)2

2a
(2)

were 2a and 2b are sizes of major and minor axes of
symbol; ellipticity E = 1 � b

a . The equations (2) trans-
form the circle to ellipse with the same area and con-
nect symbol axes with galaxy magnitude.

The coe�cients in the equation 1 were determined
for MRSS galaxies and can be changed in case of using
another input data. For CC standard map size � 4000�
4000arcsec � the symbol sizes calculated according to
the equation 1 are optimal for visual control.

Last modi�cation of CC set allows to exclude the
central part of cluster in estimation of the degree of
concentration to the main band. The degree can be
noted as 5, 7, 9, 11, where numerals corresponds the
band width relative to cluster diameter ( 1=5, 1=7, 1=9,
1=11). So we can replace marksF and L to L5...L11
(Fig. 1).

The distribution of densities in the bands is calcu-
lates taking to account both the square of each band
and full number of galaxies in the cluster.

3. The results and discussion

In our previous study we analyzed the2D the dis-
tribution of galaxies in the galaxy clusters on the ce-
lestial sphere using CC set according to the improved
scheme of morphological classi�cation (Panko, 2013,
Panko, 2015). We studied 254 rich open (Panko &
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Figure 1: From left to right: maps and distribution of density of galaxies in bands for L5, L9 and L11 subtypes.
In case PF 0368-4570,O-type, the central region was excluded.

Figure 2: Orientation of galaxies in densest band in PF 2234-5249 cluster. From left to right: map, distribution
of density of galaxies in the bands, corresponded toL5 subtype and distribution of cosines of acute angles
between the direction ofL5-line and all galaxies inside the central (main) band.

Emelyanov, 2017, Panko et al., 2018), 178 rich inter-
mediate (Panko et al., in preparation ) and 28 rich con-
centrated galaxy clusters (Panko et al., 2018), as well
as 112 ones placed in richest regions of southern sky
(Panko et al., in preparation ). Our experience allows
us to simplify and to specify the detailed classi�ca-
tion of linear substructures as L5:::L11. Connection
between hot gas distribution and linear substructure

for our input data was found by Tugay et al. (2016)
for PF 2187-1958 cluster. In this case the overdense
strip has the same direction as major axis of the elon-
gated X-ray halo. The same situation was observed
by Mann & Ebeling (2012) in evolved galaxy clusters
MACS J0416.1-2403 A2744, A2813, MACS J0358.8-
2955; L type according Panko, (2013) morphological
scheme orL9 - L11 according to present paper.
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As one can see on Fig. 1, linear substructures are sta-
tistically signi�cant, however, the orientation of galax-
ies in di�erent clusters note the possible presence in
cluster �lamentary substructures as well as wall-like
ones. For �lamentary substructures major axes of
galaxies in the projection to the celestial sphere are
alignment to the direction of the densest band, as it
clearly seen in Fig. 2 (PF 2234-5249,L5 subtype). In
the right panel the distribution of cosines of acute an-
gles between the direction ofL5-line and all galaxies in-
side the central band points to statistically signi�cant
prevalence for small angles (values of cosine from 0.9
to 1.0). The �lamentary substructure in the PF 2234-
5249 cluster is curbed, it is seen both in the map and
in the histogram on central panel. Trend to alignment
of major axes one can note for values of cosine from
0.4. Scatter of cosines in 0.1 to 0.4 bins is connected
with small ellipticities of images of galaxies. In this
case we have big errors for position angle values. This
case corresponds to Joachimi et al.(2015) in full: in3D
simulation elliptical galaxies tend to align their major
axes with the �lament direction, while disc galaxies
tend to align their spin perpendicular to the �lament
direction. For both cases we have the alignment of
images of galaxies to to the �lament direction.

Another case, described in Joachimi et al.(2015)
paper too, is described the galaxy alignments at the
surface of a void (wall). Elliptical galaxies tend to
align their major axes perpendicular to the radius
vector from the center of the void, while disc galaxies
tend to align their spin along this direction. We found
this case in our data set too. In Fig. 1, left panel,
we see di�erent orientations of galaxies in densest
band in PF 0320-2704,L5 subtype. We can assume in
PF 0320-2704 we see edge-on wall.

4. Conclusion

We have constructed the scheme for detailed
description of �lamentary substructures in galaxy
clusters. Our multifactorial analysis the morphology
of clusters allows to divide galaxy clusters having the
linear substructures for subtypes, described them in
details. Linear substructures are regular substructures
in galaxy clusters. Our approach allows to select
galaxy clusters with possible peculiarities in hot
gas and/or DM distribution. We have possibility to
divide �lamentary and edge-on wall substructures also.
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ABSTRACT. We give a brief overview of the
existing nuclear data base, and describe the structure
of the International Nuclear Data Centres Network.
Because the amount of experimental data in nuclear
physics is extremely large, the note aims to show the
way to modern methods of acquaintance with the char-
acteristics of arrays of nuclei through the nuclear data
banks accessible through the Web-technologies. In
particular, the note describes the methods to extract
information on the nuclei and nuclear reactions in
nuclear data banks. The data include information on
the masses and energies of the nuclei of the separation
energy of nucleons and clusters, the spectra of states
of nuclei, their spin, parity, isospin, charge and mass
radii and densities, information about the shape of
the nuclei, the cross sections of nuclear reactions, the
decay of unstable nuclei. On the completeness and
accuracy of the data depends on radiation and nuclear
safety, and environmental acceptability of nuclear
installations. Creating a nuclear databases in Belarus
will monitor the quality of nuclear data supplied to
consumers, and ensure that systems of constants,
used in technical projects, the current international
standards.

Keywords : nuclear data centre, nuclear power.

ÀÍÎÒÀÖIß. Äà¹òüñÿ êîðîòêèé îãëÿä iñíóþ÷èõ
áàç ÿäåðíèõ äàíèõ òà ìiæíàðîäíî¨ ìåðåæi öåíòðiâ
ÿäåðíèõ äàíèõ. Îñêiëüêè îáñÿã åêñïåðèìåíòàëüíèõ
äàíèõ ïî ôiçèöi ÿäðà íàäçâè÷àéíî âåëèêèé, â
ðîáîòi íàâîäÿòüñÿ ñó÷àñíi ìåòîäè îçíàéîìëåííÿ ç
ìàñèâàìè õàðàêòåðèñòèê ÿäåð ÷åðåç áàíêè ÿäåðíèõ
äàíèõ. Çîêðåìà, îïèñàíi ìåòîäè âèëó÷åííÿ
iíôîðìàöi¨ ïðî ÿäðà i ÿäåðíi ðåàêöi¨ ÷åðåç
áàíêè ÿäåðíèõ äàíèõ. Äàíi âêëþ÷àþòü â ñåáå
iíôîðìàöiþ ïðî ìàñè i åíåðãi¨ çâ'ÿçêó ÿäåð,
ïðî åíåðãi¨ âiääiëåííÿ íóêëîíiâ i êëàñòåðiâ,

ñïåêòðàõ ñòàíiâ ÿäåð, ¨õ ñïèíàõ, ïàðíîñòi,
içîñïiíàì, çàðÿäîâèõ i ìàñîâèõ ðàäióñàõ i ùiëüíîñòi,
iíôîðìàöiþ ïðî ôîðìó ÿäåð, ïåðåòèíàõ ÿäåðíèõ
ðåàêöié, ðîçïàäè íåñòàáiëüíèõ ÿäåð. Âiä ïîâíîòè
i òî÷íîñòi öèõ äàíèõ çàëåæàòü ðàäiàöiéíà i
ÿäåðíà áåçïåêà, à òàêîæ åêîëîãi÷íà ïðèéíÿòíiñòü
ÿäåðíèõ óñòàíîâîê. Ñòâîðåííÿ áàçè ÿäåðíèõ
äàíèõ â Áiëîðóñi äîçâîëèòü êîíòðîëþâàòè ÿêiñòü
ÿäåðíèõ äàíèõ, ùî ïîñòàâëÿþòüñÿ ñïîæèâà÷àì,
i çàáåçïå÷èòè âiäïîâiäíiñòü ñèñòåì êîíñòàíò,
ÿêi çàêëàäàþòüñÿ â òåõíi÷íi ïðîåêòè, ñó÷àñíèì
ìiæíàðîäíèì ñòàíäàðòàì. Íà îñíîâi iíôîðìàöi¨,
ùî ìiñòÿòüñÿ â áàçàõ ÿäåðíèõ äàíèõ, îöiíþ¹òüñÿ
ðàäiàöiéíå íàâàíòàæåííÿ íà êîðïóñè ðåàêòîðiâ
ÀÅÑ i iíøi âóçëè â ïðîöåñi ¨õ åêñïëóàòàöi¨.
Öå äîçâîëÿ¹ êîíòðîëþâàòè ïðîöåñ áåçïå÷íî¨
åêñïëóàòàöi¨ êîðïóñiâ àòîìíèõ ðåàêòîðiâ i
îöiíþâàòè ìîæëèâiñòü ïðîäîâæåííÿ ðåñóðñó
åêñïëóàòàöi¨, ÿêùî ïåðåâèùó¹ ìåæi ðåãëàìåíòíîãî
òåðìiíó. Ðåçóëüòàòè äîñëiäæåíü, îòðèìàíi â
ïðåäñòàâëåíié ðîáîòi, áóëè ÷àñòêîâî âèêîðèñòàíi
ïðè âèçíà÷åííi òà óòî÷íåííi êîëà çàâäàíü, ùî
âèðiøóþòüñÿ ïðè âèêîíàííi ñïiëüíèõ ÍÄÐ â ðàìêàõ
Äîãîâîðó ïðî íàóêîâî-òåõíi÷íîìó ñïiâðîáiòíèöòâî
ìiæ Iíñòèòóòîì ÿäåðíèõ äîñëiäæåíü ÍÀÍ Óêðà¨íè
(ì. Êè¨â), ÄÍÓ ¾Îá'¹äíàíèé iíñòèòóò åíåðãåòè÷íèõ
i ÿäåðíèõ äîñëiäæåíü � Ñîñíè¿ ÍÀÍ Áiëîðóñi
(ÎIÅßÄ � Ñîñíè) i ÓÎ ¾Ãîìåëüñüêèé äåðæàâíèé
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1. Introduction. Nuclear Data Types and
Data Centers

1.1. What is nuclear data?

Nuclear data are quantitative results of scienti�c in-
vestigations of the nuclear properties of matter. They
describe properties of atomic nuclei and the fundamen-
tal physical relationships governing their interactions,
thereby characterizing the physical processes under-
lying all nuclear technologies. Examples of nuclear
data include cross sections, half-lives, decay modes and
decay radiation properties, and 
 -rays from radionu-
clides. The scope of the data collections includes all
85 natural elements with 290 stable isotopes and more
than 2500radionuclides.

The applications of nuclear data include all areas
of nuclear science and technology, covering energy
applications (�ssion reactor design; nuclear fuel cycles;
nuclear safety; reactor monitoring and �uence determi-
nation; waste disposal and transmutation; accelerator
driven systems; fusion device design and plasma pro-
cessing technologies) as well as non-energy applications
(cancer radiotherapy; production of radioisotopes for
medical and industrial applications; personnel dosime-
try and radiation safety; nuclear safeguards; waste
disposal and transmutation; environmental monitoring
and clean-up; materials analysis and process control;
radiation damage studies; detection of concealed
explosives and illegal drugs; exploration for oil and
other minerals) and basic research (e.g. nuclear
astrophysics) and education. For details of the review
of nuclear data for applications and original references,
see Tsytrinov A.V., Pankov A.A., Serenkova I.A.: 2015.

1.2. The role of the IAEA Nuclear Data Section

The Nuclear Data Section (NDS) of the International
Atomic Energy Agency (IAEA) carries out the IAEA
activities concerning development and dissemination of
nuclear and atomic data for applications. In addition,
the NDS is involved in technology transfer activities to
assist scientists in developing countries.

The main tasks of the data center include compila-
tion of new data in the databases EXFOR and CINDA
(in cooperation with other participating data centers,
see below), collection and maintenance of general-
purpose and specialized evaluated data libraries, on-
line and o�-line nuclear data services with particular
emphasis on the needs of developing countries, and co-
ordination of nuclear data center networks.

Nuclear data development is conducted mainly
through Co-ordinated Research Projects (CRPs). In
such projects, which usually result in the production of
a new (or signi�cant upgrade of an existing) database,
typically 4-10 scienti�c groups from di�erent countries

work together under IAEA contracts or agreements
over a period of 3-4 years.

Technology transfer to developing countries is car-
ried out in two ways: through Technical Co-operation
projects, such as the recent �Latin American Mirror
Server Project� providing online nuclear data service
to Latin American countries with insu�cient Internet
connection to the NDS, by installing a mirror server
in Brazil, or the installation of a �mini data center�
on a workstation in Ghana; and through nuclear data
workshops such as those held at ICTP Trieste.

The Atomic and Molecular Data Unit of the NDS
keeps databases for fusion energy and other plasma
research and other applications, such as ALADDIN
(numerical data) and AMBDAS (bibliographic data),
and issues specialized publications (e.g. CIAMDA).
The databases are kept on a separate server. The
remainder of this lecture deals only with the nuclear
data services of NDS.

1.3. Nuclear data types

Nuclear data are commonly categorized in two main
groups: nuclear reaction data, describing the interac-
tions of various projectiles such as neutrons, protons or
photons with target nuclei, and nuclear structure and
decay data, describing nuclear levels, half-lives and ra-
dioactive decay radiations. For evaluated data (both
numeric) or bibliographic.

Bibliographic data : References with some descrip-
tion of the contents, but no numerical data. Examples
are CINDA (Computer Index of Neutron Data) and
NSR (Nuclear Science References).

Experimental data : Results of individual mea-
surements as reported by the authors. The most im-
portant example is EXFOR/CSISRS, the library for
experimental nuclear reaction data.

Evaluated data libraries contain recommended
data based on all data available from experiments
and/or theory, arrived at after critical analysis of ex-
perimental data and their uncertainties, inter- and ex-
trapolation, and/or nuclear model calculations. They
are stored in strictly de�ned formats such as ENDF-6
(the international format for evaluated nuclear reaction
data) or ENSDF (the format of the Evaluated Nuclear
Structure data File). The main cross section libraries
in ENDF format usually also contain the relevant decay
data needed in the main applications.

Nuclear reaction data include cross sections, an-
gular and energy distributions of secondary particles,
resonance parameters, and related quantities. For
neutron-induced reactions up to 20 MeV, the libraries
are very complete; the coverage for higher energies is
less complete but improving. Experimental data are
found in EXFOR, the related bibliography in CINDA;
several evaluated data libraries exist up to 20 MeV or
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higher. For charged-particle induced and photonuclear
reactions, selected experimental data are compiled in
EXFOR and only few evaluations exist. Heavy-ion
data are partly compiled in EXFOR.

Nuclear Structure and decay data: Half-lives,
decay schemes, nuclear level properties, energies and
intensities of 
 -rays and emitted particles, atomic
masses. The major database is ENSDF, related
bibliographic data are contained in NSR. There are
many other nuclear structure and decay data libraries,
mostly derived from or related to ENSDF; some
of these are listed in Section 2 below, others - not
available from NDS - include the Table of Isotopes,
the Isotope Explorer, a computer program for viewing
ENSDF and for interactive access to nuclear structure
and decay data, and NUBASE, a library of nuclear
and decay properties.

1.4. Nuclear data center networks

Both the collection and the distribution of nuclear
data are organised on a world-wide scale. Two inter-
national networks are coordinated by the IAEA: the
Network of Nuclear Reaction Data Centers and the
Nuclear Structure and Decay Data Network. The data
centers participating in these networks are involved
in the various stages of data preparation between
measurement and application (i.e. compilation, review
and/or evaluation, processing, distribution). Special-
ized data centers cooperate with the major centers
in the various data center functions (in particular
data compilation and evaluation). The sharing of
work on a world-wide basis in the various areas of
work, including data distribution, is de�ned partly
geographically and partly by data types (scope) and is
coordinated by the IAEA Nuclear Data Section.

2. Overview of Data Libraries at IAEA

The IAEA Nuclear Data Section holds a total of
about 100 nuclear data libraries, representing an enor-
mous economic and scienti�c value. All libraries and
the related documentation are available free of charge
to scientists in IAEA member states. An overview is
given in the document Index of Nuclear Data Libraries
available from the IAEA Nuclear Data Section. Brief
documentations of contents and/or format for most
libraries are published in the IAEA-NDS- report series.

2.1. General purpose libraries

Nuclear Wallet Cards : Basic properties of ground
and meta-stable states, available as a pocket booklet
(from US-NNDC) and online.

NUDAT : User-friendly extract of most important

data (for applications) from ENSDF, plus thermal
neutron data (cross sections and resonance integrals).
Available online.

MIRD : �Medical Internal Radiation Dose�: Based
on ENSDF, data processed with code �RADLST�. Ta-
bles with intensities, energies and dose of all produced
radiations, including X-rays, Auger electrons, etc., and
decay scheme plots, for the selected nuclide. Available
online.

ENSDF : (Evaluated Nuclear Structure Data File)
is the �master library� for structure and decay data,
resulting from a continuous international evaluation ef-
fort coordinated by the IAEA. The master �le is main-
tained by the US-NNDC. It contains evaluated experi-
mental data for most known nuclides in the mass range
1 - 277. The evaluations are done for mass chains (e.g.
A=235) and are published in the journal Nuclear Data
Sheets. Available online.

NSR : (Nuclear Science References): Bibliographic
database for low and intermediate energy nuclear
physics. This is the main bibliography for structure
and decay data and for non-neutron reaction data and
covers the literature from 1910 to present. It is pub-
lished regularly in the journal Nuclear Data Sheets
Available online.

CINDA : (Computer Index of Neutron Data): Bib-
liography of neutron data literature, covering also in-
o�cial publications and computer �les. Includes also
(
 ,11), (
 ,f) and spontaneous �ssion data. References
describing the same experiment are listed together. An
extension of the database to include charged-particle
induced and all photonu- clear reactions is under prepa-
ration. Available online, as a book in several volumes,
and on CD-ROM

EXFOR : Experimental nuclear reaction data, com-
piled continuously by the network of nuclear reaction
data centers coordinated by NDS. Contains neutron,
charged-particle induced and photonuclear data, in-
cluding integral and all types of di�erential cross sec-
tions, resonance parameters, polarization data, �ssion
product yields, and many related data types. The li-
brary contains both numerical data tables and a struc-
tured abstract with experimental and bibliographic in-
formation. The neutron data in EXFOR are linked to
the CINDA bibliography. The data can be retrieved
in several formats, including computational format for
further processing, and graphs. The main usage of
EXFOR is for evaluators (the EXFOR database is the
starting point for all cross section evaluations), for ap-
plied users if no evaluation is available, and for re-
searchers measuring or calculating cross section data.
Available online and on CD-ROM.

Evaluated cross section data libraries in
ENDF-6 format: the major �general purpose� evalu-
ated libraries ENDF-B/VI (USA), BROND-2 (Rus-
sia), JEF-2 (Europe), JENDL-3 (Japan), CENDL-2
(China) are available online (�ENDF� database) and
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on CD-ROM. All of these libraries cover the neutron
energy range from 10� 5 eV to 20 MeV, with some
evaluations extending to higher energies (partly up to
1 GeV) and including also some charged-particle in-
duced reactions. Output is available in several formats
including plots, and software packages (Pre-Processing
and Utility codes) are available for data treatment.
Online comparisons of evaluated and experimental
cross sections can be done using the package ZVView.

2.2. Specialized evaluated cross section libraries

FENDL-2 : Comprehensive cross section library for
fusion and other applications, resulting from a world-
wide e�ort including extensive testing, coordinated by
IAEA consists of several sublibraries for transport cal-
culations, activation, fusion reactions, etc. Available
online.

IAEA Photonuclear Data Library : Evaluated
photonuclear cross sections for164 isotopes for ener-
gies up to 140 MeV (most isotopes), up to about 25
MeV for the others; for shielding, medical and other
applications. Available online.

Charged Particle Cross Section Database for
Medical Radioisotope Production for diagnostics and
monitor reactions: Production cross sections for
 -
emitters and positron emitters, for incident protons
through a-particles up to about 30 MeV. Available on-
line.

RNAL (Reference Neutron Activation Library):
Evaluated cross sections for 255 neutron-induced re-
actions leading to radioactive products, for activation
analysis and various other applications. The evalua-
tions were extracted from various regional and national
projects.

NGATLAS : Atlas of neutron capture cross sections
for 739 targets from 10� 5 eV to 20 MeV. Available as
a handbook (plots only) or online.

RRDF-98 Neutron cross sections for 22 dosimetry
reactions. Available online.

MENDL-2 and MENDL-2P Activation cross sec-
tions for 505 stable and unstable targets between A1
and Po for incident neutrons up to 100 MeV and in-
cident protons up to 200 MeV, for transmutation and
other applications. Available by FTP.

WIND and WIND-2 Cross sections for U, Np,
and Pu isotopes for waste incineration, including neu-
tron cross sections up to 100 MeV, proton cross sections
for U238, and neutron activation data for Pu239 up to
2 GeV.

Minsk Actinides Library Evaluated neutron
cross sections for Th232, U, Np, Pu, Am and Cm
isotopes.

2.3. Other special libraries

RIPL-2 A database of input parameters for nuclear
model calculations of nuclear reaction data, available
online.

NMF-90 Neutron Metrology File: Integrated
database for neutron spectrum adjustment (unfolding)
calculations. Available online.

XG Standards (X-ray and 
 -ray standards for de-
tector calibration): This database contains for selected
nuclides their half-lives and the energies and emission
probabilities of 
 -rays and X-rays suitable for detec-
tor and e�ciency calibration. A new version will be
released soon, see NDS web page.

EPDL9T (Evaluated Photon Data Library): Pho-
ton interaction data from 1 eV to 100 GeV from
Lawrence Livermore National Laboratory.

SGNucDat (Nuclear Data for Safeguards): A PC
database (also available as a handbook) containing
nuclear data needed for the development and applica-
tion of nuclear material accounting techniques.

2.4. Computer programs

The following computer code packages are available
free of charge from NDS.

EMPIRE-II : system of codes for nuclear reaction
calculations (Version 2.18);

ENDF Utility Codes ( Release 6.13 );
ENDF Preprocessing Codes (PREPRO 2015 );
ENDVER : ENDF Veri�cation support package;
ENSDF analysis and utility programs;
ZVVIEW package for interactive plotting of nu-

clear data.
Other computer codes for the processing of nuclear

data have to be requested from the NEA Nuclear Data
Bank, Issy-les-Moulineaux near Paris, France.

3. Data Access and Services

Various data distribution media are o�ered by NDS,
including WWW, CD- ROM and hardcopies in order
to serve the diverse needs of users from both developing
and fully industrialized counties. A nuclear data �mir-
ror server� has been established at IPEN in Brazil to
improve on-line access for Latin America by providing
WWW, FTP and Telnet access to the IAEA nuclear
data services.

WWW : �Nuclear Data Services� web-
site of the IAEA can be accessed through
http://www-nds.iaea.org (IAEA Vienna) or
http://www-nds.ipen.br/ (Brazil mirror server).
Contains links to most data libraries, electronic doc-
uments, nuclear data programs, general information,
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and much more. Some data are available also by FTP
and/or a Telnet-based on-line retrieval system.

Handbooks : A number of nuclear data handbooks
have been produced by NDS (some of them are priced
IAEA publications), including hardcopy versions of the
CINDA bibliography of neutron data, and a Handbook
on Nuclear Data for Safeguards; normally, the results
of a Co-ordinated Research Project on nuclear data are
published within the IAEA-TECDOC series.

Reports : NDS publishes informal reports in the
INDC series, containing meeting summaries, unpub-
lished nuclear data works from member states, and
translations from Russian literature; most recent re-
ports are available electronically on the NDS website.

Nuclear Data Newsletter is published biannually,
and serves as the primary medium for current aware-
ness of new nuclear data available from NDS; available
in hardcopy and from the web.

Custom retrievals and other mail ser-
vices can be requested by informal e-mail to
services@iaeand.iaea.org.

4. Creation of a nuclear data center at Gomel
State Technical University (GSTU)

The activity on the development of Scienti�c,
Methodological and Information Basis for Nuclear and
Technological Calculations had been started in 2013 in
the framework of joint Project of Ukrainian Nuclear
Data Center (UkrNDC) at the Institute for Nuclear
Research of NAS (Ukraine) and Laboratory for Physi-
cal Studies at the GSTU (Gomel, Belarus). The name
of the Project was "Accumulation, Processing, System-
atization and Analyses of Information in the Nuclear
Power as the basis to found the Information Nuclear
Data Center".

Fourteen Webpages of the Nuclear Data Information
Center (in Russian and English) at GSTU were devel-
oped and performed by Dr. O.O. Grizay. In most
cases, the Russian and English versions of the pages
are identical, with the exception of the �MANUAL�
pages. The main Webpage is depicted in Fig. 1.

5. Concluding Remarks

The primary aims of the IAEA Nuclear Data Sec-
tion are to encourage the development and organize
the assembly of a wide range of atomic and nuclear
databases, and ensure improvements in technical
performance by providing ready access to users in
Member States. To make the service more user-
friendly and, at the same time, extend the retrieval
possibilities, development of a combined nuclear reac-
tion database is under way, using advanced database
software, with which the EXFOR, CINDA and ENDF

Figure 1: Main Webpage (in English) of the Nuclear
Data Information Center at the GSTU.

libraries will look like one database to the user.
Further improvements under way include increased
distribution of databases through the Internet and the
creation of additional regional copies of the �Nuclear
Data Services� Websites. Creating a nuclear databases
in Belarus, in particular in GSTU (Gomel) in closed
collaboration with Ukrainian experts is also discussed.
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ABSTRACT. Population studies of the extragalac-
tic objects are a major part of the universe large-scale
structure study. Apart from radio, infrared, and
visible wavelength bands, observations and further
identi�cation of extragalactic objects such as galaxies,
quasars, blazers, liners, and active star burst regions
are also conducted in the X-ray and gamma bands. In
this paper we make identi�cation and cross-correlate
of the infrared and X-ray observational data, build
a distribution of a selected sample sources by types
and attempted to analyze types of the extragalactic
objects at distances up to z = 0.1 using observational
data of relevant space observatories.

Data from a leading X-ray space observatory
XMM-Newton were used to compile the largest
catalog of X-ray sources. Current version of XMM
SSC (Serendipitous Source Catalog) contains more
than half a million sources. In our previous works
we selected and analyzed a sample of 5021 X-ray
galaxies observed by XMM-Newton. Identi�cation
and classi�cation of these sources is essential next
step of the study. In this study we used infrared
apparent magnitudes from WISE catalog of AGN
candidates. In 2010 space telescope WISE performed
full sky survey in four infrared bands and detected
747 million sources. WISE catalog of AGN candidates
amounts 4 million of possible extragalactic sources.
We built infrared color-color diagram for our sample
of X-ray galaxies and assessed their types using
WISE telescope data. In this study we also analyzed
large scale structure of the universe (distances up to
z=0.1). This analysis revealed Coma galaxy cluster
and SDSS Sloan Great Wall. In the further studies
we are planning to investigate the distribution of
di�erent types of X-ray galaxies within the large-scale
structures of the Universe.

Keywords : AGN, XMM-Newton, WISE, X-ray,
infrared survey.

ÀÍÎÒÀÖIß. Äîñëiäæåííÿ ñêëàäó i ïðèðîäè
ïîçàãàëàêòè÷íèõ îá'¹êòiâ ¹ âàæëèâîþ ÷àñòèíîþ
äîñëiäæåíü âåëèêîìàñøòàáíî¨ ñòðóêòóðè âñåñâiòó.

Îêðiì ðàäiî-, iíôðà÷åðâîíîãî äiàïàçîíó òà
âèäèìîãî âèïðîìiíåííÿ, ñïîñòåðåæåííÿ òà
ïîäàëüøå îòîòîæíåííÿ ïîçàãàëàêòè÷íèõ îá'¹êòiâ,
òàêèõ ÿê ñêóï÷åííÿ ãàëàêòèê, êâàçàðè, áëàçàðè,
ëàéíåðè òà îáëàñòi ç àêòèâíèì çîðåóòâîðåííÿì
âåäóòüñÿ â ðåíòãåíiâñüêîìó òà ãàìà-äiàïàçîíàõ. Â
öié ðîáîòi ìè ïðîâåëè îòîòîæíåííÿ òà ïåðåõðåñíó
êîðåëÿöiþ ñïîñòåðåæíèõ äàíèõ iíôðà÷åðâîíîãî òà
ðåíòãåíiâñüêèõ äiàïàçîíiâ òà ïîáóäóâàëè ðîçïîäië
â âèáiðöi öèõ äæåðåë çà òèïîì. Ïðîàíàëiçîâàíî
âìiñò ïîçàãàëàêòè÷íèõ îá'¹êòiâ ðiçíèõ òèïiâ
íà âiäñòàíÿõ äî z=0.1 âèêîðèñòîâóþ÷è äàíi
âiäïîâiäíèõ êîñìi÷íèõ îáñåðâàòîðié.

Äëÿ ñêëàäàííÿ íàéáiëüøèõ êàòàëîãiâ
ðåíòãåíiâñüêèõ äæåðåë âèêîðèñòîâóþòüñÿ äàíi
ïðîâiäíî¨ ðåíòãåíiâñüêî¨ êîñìi÷íî¨ îáñåðâàòîði¨
XMM-Newton. Ïîòî÷íà âåðñiÿ êàòàëîãó XMM
SSC (Serendipitous Source Catalog) ìiñòèòü ïîíàä
ïiâìiëüéîíà äæåðåë. Ó íàøèõ ïîïåðåäíiõ ðîáîòàõ
ìè âiäiáðàëè òà ïðîàíàëiçóâàëè äàíi 5021 ãàëàêòèêè
â ðåíòãåíiâñüêîìó äiàïàçîíi, ÿêi ñïîñòåðiãàëèñü
XMM-Newton. Iäåíòèôiêàöiÿ òà êëàñèôiêàöiÿ
öèõ äæåðåë ¹ âàæëèâèì íàñòóïíèì êðîêîì
äîñëiäæåííÿ. Ó öüîìó äîñëiäæåííi ìè âèêîðèñòàëè
iíôðà÷åðâîíi çîáðàæåííÿ iíôðà÷åðâîíî¨ êîñìi÷íî¨
îáñåðâàòîði¨ WISE ç êàòàëîãó êàíäèäàòiâ ó
àêòèâíi ÿäðà ãàëàêòèê. Ó 2010 ðîöi êîñìi÷íèé
òåëåñêîï WISE çäiéñíèâ îãëÿä âñüîãî ïîâíîãî
íåáà ó ÷îòèðüîõ iíôðà÷åðâîíèõ äiàïàçîíàõ òà
âèÿâèâ 747 ìiëüéîíiâ äæåðåë. Êàòàëîã WISE
êàíäèäàòiâ ó àêòèâíi ÿäðà ãàëàêòèê ñòàíîâèòü 4
ìiëüéîíè ìîæëèâèõ ïîçàãàëàêòè÷íèõ äæåðåë. Ìè
ïîáóäóâàëè iíôðà÷åðâîíó êîëüîðîâó äiàãðàìó äëÿ
íàøî¨ âèáiðêè ðåíòãåíiâñüêèõ ãàëàêòèê òà îöiíèëè
¨õ òèïè, âèêîðèñòîâóþ÷è äàíi òåëåñêîïà WISE. Â
öié ðîáîòi ìè òàêîæ äîñëiäèëè âåëèêîìàñøòàáíó
ñòðóêòóðó Âñåñâiòó (íà âiäñòàíÿõ äî z=0.1). Öåé
àíàëiç âèÿâèâ ñêóï÷åííÿ ãàëàêòèê êëàñòåð Coma
òà Âåëèêó ñòiíó Ñëîàíà (Sloan Great Wall). Ó
ïîäàëüøèõ äîñëiäæåííÿõ ìè ïëàíó¹ìî äîñëiäèòè
ðîçïîäië ðiçíèõ òèïiâ ðåíòãåíiâñüêèõ ãàëàêòèê ó
âåëèêîìàñøòàáíèõ ñòðóêòóðàõ Âñåñâiòó.
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Êëþ÷îâi ñëîâà: Àêòèâíi ÿäðà ãàëàêòèê, XMM-
Newton, WISE, ðåíòãåíiâñüêå âèïðîìiíþâàííÿ,
iíôðà÷åðâîíi îãëÿäè.

1. Introduction

Multiwavelength observations have a great impor-
tance for extragalactic astronomy. Many manifesta-
tions of the galactic activity could be detected in X-
ray and infrared bands. In this respect the most
vast database of X-ray sources is contained in XMM-
Newton Serendipitous Source Catalogue (XMM-SSC).
Current version of XMM-SSc, 3XMM-DR8 comprises
more than 500 thousand sources (Rosen et al., 2016).
We compiled a sample of extragalactic sources by pre-
vious version of XMM-SSC - 2XMM (Watson et al.,
2009). Our sample, herein Xgal, contains 5021 entries
(Tugay, 2014). HyperLeda database1 (Makarov et al.,
2014) was used for identi�cation extragalactic X-ray
sources and further Xgal compilation. Classi�cation of
Xgal sources is the next objective of our study. Most of
X-ray emitting galaxies are more likely to have AGNs
(Tugay & Vasylenko, 2011), but this statement should
be veri�ed.

For the purpose of this study we used data from the
sky survey performed by Wide-�eld Infrared Survey
Explorer (WISE). This space observatory registered
more than 747 million infrared emission sources. The
WISE telescope has a 40-centimeter-diameter aperture.
Its' four working wavelength bands are 3.4, 4.6, 12 and
22 microns. The main astronomical sources irradiating
in such bands are the following:

W1 band (3.4 micrometers) � stars and galaxies;
W2 band (4.6 micrometers) � thermal radiation from

the internal heat sources of sub-stellar objects like
brown dwarfs;

W3 band (12 micrometers) � thermal radiation of
asteroids;

W4 band (22 micrometers) � dust in star-forming
regions.

The �rst three band are often used to build color
diagrams for classi�cation of WISE sources. Distri-
bution of the di�erent cosmic objects by types and
their IR colors is presented on Fig. 12 (Cutri et al.,
2013). The purpose of the current work was to identify
Xgal sources in WISE catalog and classify them using
established infrared colors.

2. Sample Studies

One of the study objectives was to perform cross
identi�cation between WISE all sky observations

1http://leda.univ-lyon1.fr
2http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/

index.html

Figure 1: IR wave bands and objects types observed
by Wide-�eld Infrared Survey Explorer (Cutri et al.,
2013)

(Cutri et al., 2013; 747.634.026 sources) and X-
ray sources observation using already compiled cat-
alogues: XMM-Newton Serendipitous Source Cat-
alogue 2XMMi-DR3 (262.902 sources); HyperLeda
(2.777.804 galaxies) and Xgal (Tugay, 2012; 5.021
sources). Some previously obtained multiwavelength
cross-correlation results based on data from WISE,
3XMM, and FIRST/NVSS for 2529 sources are given
in paper of Mingo et al. (2016). In our study we
selected the most bright X-ray galaxies with a �ux
FX > 10� 13mW=m2. Classi�cation of these objects
was performed using SIMBAD Astronomical Database.

Initially we assumed that Xgal objects should be in

Figure 2: WISE color diagram for AGN candidates
from (Assef et al., 2018) found in Xgal sample.
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WISE AGN catalog (Assef et al., 2018), since as it was
mentioned above, most of X-ray galaxies are AGNs.
Our results are given below on Fig. 2. We identi-
�ed 267 sources with W1-W2>0.5 that corresponds to
QSO region on WISE color diagram (Fig. 1). WISE
AGN catalog was compiled using mentioned selection
criterion and contains approximately 4 million infrared
AGN candidates.

Then we performed cross correlation of Xgal with a
whole AllWISE catalog (Cutri et al., 2013) and found 4
thousands matching objects that roughly corresponds
to the number of X-ray WISE sources in (Mingo et
al., 2016). We have split SIMBAD types into three
groups: ellipticals, spirals and AGNs. Distribution of
bright Xgal sources of these three types was plotted
on Fig. 3. On this chart it is possible to distinguish
quasars (color index W1-W2>0.5) and galaxies (color
index W1-W2<0.5) which could be divided into ellip-
tical and spiral types. Elliptical galaxies emit X-rays
from cluster or group halo. Spiral galaxies may have
X-ray emission from star formation regions (Tugay &
Vasylenko, 2011). Such galaxies are not numerous in
our sample. Moreover, the following two comments
could be made here. First, in MIXR sample (Mingo et
al., 2016) there is a division for spiral and star-forming
galaxies. We can not make such a di�erence in our
sample. Second, a subset of the galaxies that we mark
as 'spirals' has an incorrect position on a color dia-
gram. The explanation to this could be that some of
the galaxies classi�ed in SIMBAD as spirals are in fact
Seyfert galaxies and they occupy the upper part of the
plot on Fig. 3. Lower part of the 'spirals' chart in-
dicates that there should be an X-ray halos envelope
around these galaxies.

We have also analysed radial distribution of the
bright X-ray galaxies in Sloan Digital Sky Survey
region. In case of uniform distribution, the number
of galaxies should increase as a cubic function of the
distance. And vice versa, radial velocity of a galaxy
V3K is expected to be increased as cubic root function
of galaxy order number in the list sorted by velocity
value. Any major deviations from uniform spatial
distribution of galaxies should lead to divergence of
V3K (N ) relation from cubic root. Such deviations
becomes the most visible in our sample after replacing
V3K (N ) by V3K =1:007N (N ) (Fig. 4; power-law base
factor equal to 1.007 was selected empirically). The
main trend of such a function for the main part
of the sample is a horizontal line approximation.
Additional increase of this function corresponds to
larger distances between galaxies, e.g. voids. The dec-
lination on the graph corresponds to dense large-scale
structures (LSS) in galaxy distribution. Coma galaxy
cluster and Sloan Great Wall were revealed in this
distribution. Behind Sloan Great Wall the number of
X-ray galaxies becomes insigni�cant that makes LSS
detection impossible and causes rapid growth of plot

Figure 3: The MIXR sample: AGN activity versus star
formation. IR color diagram for 573 X-ray galaxies
with FX > 10� 13mW=s=m2. Balls � elliptical galaxies,
galaxies in groups and clusters. Triangles � spiral and
star-forming galaxies. Dots � AGN's : QSO's, Seyferts,
LINERS

Figure 4: Large-scale structures in radial distribution
of X-ray galaxies

on Fig. 4 for largest N.

3. Conclusion

Elliptical and clustered X-ray galaxies has a clear
stand out position on the infrared color-color diagram.
Main source of their X-ray emission should be ex-
plained as interstellar and intergalactic gas. Quasars
also could be distinguished with WISE magnitudes.
Main source of X-ray emission AGNs is accretion disc
around central black hole. Star-forming galaxies has
neither clear region at color diagram nor signi�cant
representation among X-bright galaxies. Some LSS
elements could be resolved in radial distribution of
X-ray galaxies. Such studies could be developed and
combined with other methods of LSS analysis (Tugay,
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VERIFICATION OF MACHINE LEARNING METHODS FOR
BINARY MORPHOLOGICAL CLASSIFICATION OF GALAXIES

FROM SDSS

ABSTRACT. We present a study on the veri�ca-
tion of Machine Learning methods to be applied for
binary morphological classi�cation of galaxies. With
this aim we used the sample of 60 561 galaxies from the
SDSS DR9 survey with a redshift of0:02 < z < 0:06 and
absolute magnitudes of� 24m < M r < � 19:4m . We
applied the following classi�cation methods using own
code in Python to predict correctly the morphology of
Late and Early galaxies: Naive Bayes, Random Forest,
Support Vector Machines, Logistic Regression, and k-
Nearest Neighbor algorithm. To study the classi�er, we
used absolute magnitudesM u ; M g; M r ; M i ; M z , color
indices M u � M r ; M g � M i ; M u � M g; M r � M z , and
inverse concentration index to the centerR50=R90.

We compared these new results with previous one
made with the KNIME Analytics Platform 3.5.3. It
turned out that Random Forest and Support Vector
Machine Classi�ers provide a highest accuracy, as
in the previous study, but with help our code in
Python we increased an accuracy from 92.9 % of
correctly classi�ed (96% � E and 84% � L) to 94,6%
(96,9% � E and 89,7 % � L). The accuracy of the
remaining methods also grew by 88% to 93%. So,
using these classi�ers and the data on color indices,
absolute magnitudes, inverse concentration index of
galaxies with visual morphological types, we were able
to classify 60 561 galaxies from the SDSS DR9 with
unknown morphological types and found 22 301E and
38 260L types among them.

Key words : galaxies, morphological classi�cation,
machine learning.

ÀÍÎÒÀÖIß. Ïîäàíî äîñëiäæåííÿ ùîäî
âåðèôiêàöi¨ ìåòîäiâ ìàøèííîãî íàâ÷àííÿ,
ùî çàñòîñîâàíi äëÿ àâòîìàòè÷íî¨ áiíàðíî¨
ìîðôîëîãi÷íî¨ êëàñèôiêàöi¨ ãàëàêòèê. Ç öi¹þ

ìåòîþ ìè âèêîðèñòàëè âèáiðêó 60 561 ãàëàêòèê
ç öèôðîâîãî îãëÿäó SDSS DR9 iç ÷åðâîíèìè
çìiùåííÿìè 0; 02 < z < 0; 06 òà àáñîëþòíèìè
çîðÿíèìè âåëè÷èíàìè � 24m < M r < � 19; 4m . Ìè
çàñòîñóâàëè òàêi ìåòîäè ìàøèííîãî íàâ÷àííÿ,
âèêîðèñòîâóþ÷è âëàñíèé êîä íàïèñàíèé íà
Python, ùîá ïðàâèëüíî âèçíà÷èòè ìîðôîëîãiþ
ðàííiõ i ïiçíiõ òèïiâ ãàëàêòèê: íà¨âíèé Áàé¹ñ,
âèïàäêîâèé ëiñ, ìåòîä îïîðíèõ âåêòîðiâ, ëîãiñòè÷íó
ðåãðåñiþ, k-íàéáëèæ÷ èõ ñóñiäiâ. Äëÿ òðåíóâàííÿ
êëàñèôiêàòîðà ìè âèêîðèñòîâóâàëè àáñîëþòíi
çîðÿíi âåëè÷èíè M u ; M g; M r ; M i ; M z , ïîêàçíèêè
êîëüîðó M u � M r ; M g � M i ; M u � M g; M r � M z òà
çâîðîòíié iíäåêñ êîíöåíòðàöi¨ êîëüîðó äî öåíòðó
R50=R90.

Ìè ïîðiâíÿëè öi ðåçóëüòàòè ç íàøèìè ïîïåðåäíiìè,
ÿêi áóëè çðîáëåíi çà äîïîìîãîþ ïðîãðàìíîãî
çàáåçïå÷åííÿ KNIME Analytics 3.5.3. Âèÿâèëîñÿ,
ùî ìåòîä Random Forest i Support Vector Machine
òàêîæ çàáåçïå÷óþòü íàéáiëüøó òî÷íiñòü, àëå çà
äîïîìîãîþ íàøîãî êîäó íà Python ìè ïiäâèùèëè
òî÷íiñòü ç 92,9 % ïðàâèëüíî êëàñèôiêîâàíèõ (96 %
- E i 84 % - L) äî 94,6 % (96,9 % - E i 89,7 % - L).
Òî÷íiñòü ðåøòè ìåòîäiâ òàêîæ çðîñëà íà 88 % äî
93 %. Îòæå, òðåíóþ÷è öi êëàñèôiêàòîðè íà äàíèõ
ïðî ïîêàçíèêè êîëüîðó, àáñîëþòíi çîðÿíi âåëè÷èíè,
çâîðîòíié iíäåêñ êîíöåíòðàöi¨ êîëüîðó äî öåíòðó
ãàëàêòèê, ìè çìîãëè âèçíà÷èòè ìîðôîëîãi÷íi òèïè
âèáiðêè 60 561 ãàëàêòèê ç öèôðîâîãî îãëÿäó íåáà
SDSS DR9 i îòðèìàëè 22 301 E ðàííiõ i 38 260 L
ïiçíiõ òèïiâ ãàëàêòèê.

Êëþ÷îâi ñëîâà : ìîðôîëîãi÷íà êëàñèôiêâöiÿ
ãàëàêòèê, ìàøèííå íàâ÷àííÿ

M. Yu. Vasylenko1;2, D. V. Dobrycheva1;3, I. B. Vavilova1, O. V. Melnyk1, A. A. Elyiv 1

1 Main Astronomical Observatory of the National Academy of Sciences of Ukraine,
27 Akademika Zabolotnoho Str., 03143, Kyiv, Ukraine,vasmax@mao.kiev.ua

2 Institute of Physics of the National Academy of Sciences of Ukraine,
46, Nauka avenu, 03028, Kyiv, Ukraine

3 Bogolyubov Institute for Theoretical Physics of the National Academy of Sciences
of Ukraine,b 14-b Metrolohichna Str., 03143, Kiyv, Ukraine

DOI:http://dx.doi.org/10.18524/1810-4215.2019.32.182538 

46 Odessa Astronomical Publications,vol. 32 (2019)



1. Introduction

As a result of the fast development of new technolo-
gies for the ground-based and space-born telescopes
the volume of digital data about space objects
(including the extragalactic ones) has grown rapidly
in recent decades. The massive volume of data and
more and more increasing computing power facilities
change the way in how science and technology are
managed. This opens up and get challenges into further
research in each �eld, hence, instigating the search
for new approaches to process this huge astroinfor-
mation resource (see, for example, [Zaane (1999),
Srivastava et al. (2012), Ivezic et al. (2014),
Al-Jarrah et al. (2015), Vavilova (2016)]).

Due to the new astronomical observational surveys,
their data collection is available online in the form of
big science databases in all ranges of the electromag-
netic spectrum: Fermi-GLAST [Acero et al. (2015)]
in gamma, ROSAT [Voges et al. (2000)] and XMM-
Newton [Rosen et al. (2016), Pierre et al. (2016)]
in X-ray, GALEX [ Lee et al. (2011)] in ultravi-
olet, WISE [Wright et al. (2010) ] and 2MASS
[Skrutskie et al. (2006)] in infrared, Extragalactic
Radio Continuum Surveys [Norris et al. (2017)] or
Discrete Radio Source Surveys [Braude et al. (2002)],
zCOSMOS � deep sky survey [Scoville et al. (2007)],
deep surveys with the Hubble Space Telescope, and
SDSS � Sloan Digital Sky Survey [Gunn et al. (1998)]
in optical ranges as well as other surveys.

Since 2000, the Sloan Digital Sky Survey (SDSS)
collected the more data that had been amassed in
the entire history of astronomy [Blanton et al. (2017)].
Now, its archive contains of about 170 terabytes of
information. In this context, the astronomers, who are
directly involved in the SDSS, identi�ed the problem
of the automated morphological galaxy classi�cation
as one of the extremely actual task. Machine learning
methods (MLM) are able to uncover hidden relations
between observed data (e.g., galaxy parameters and
images) and physical properties of galaxies. First of
all, we mention several works related to the morpho-
logical classi�cation of galaxies from the SDSS such
as [Andrae et al. (2010), Dobrycheva et al. (2017),
Dobrycheva et al. (2018), Dominguez et al. (2018),
Barchi et al. (2019)] as well as to the visual classi�ca-
tion, ZOO project, such as [Banerji et al. (2010)], or
for radio galaxies with AGNs [Zhixian et al. (2018)].

For the �rst time we have introduced and applied
the high-order 3D Voronoi tessellation method for the
identi�cation of low-populated galaxy systems from
a volume-limited SDSS DR5 to estimate environment
e�ects [Vavilova et al. (2005), Elyiv et al. (2009)] and
binary morphological content [Vavilova et al. (2009)]
of 6 786 galaxies with3000km=s < VLG < 9500km=s
containing in these systems.

After enlarging the sample to 317 018 galaxies with

these radial velocities from the SDSS DR9, we ap-
plied multi-parametric diagram and visual inspection
to get the automated galaxy morphological classi-
�cation. Namely, as for the photometry parame-
ters diagrams we used a well-known fact that galaxy
morphological type is correlated with the color in-
dices, luminosity, de Vaucouleurs radius, inverse con-
centration index etc. [Karachentseva et al. (1994),
Dobrycheva et al. (2012), Melnyk et al. (2012)]. We
plotted the diagrams of color indices g � i and one
of the aforementioned parameters and discovered that
these parameters may be used for galaxy classi�cation
into three classes: E � elliptical and lenticular, S �
spirals Sa-Scd types, andL � late spirals Sd-Sdm and
irregulars types. The accuracy is 98 % forE , 88 % for
S, and 57 % for L types. The combinations of color
indices g � i and inverse concentration indexR50=R90;
color indicesg � i and absolute magnitudeM r gave the
best result: 143 263E type, 112 578S type, 61 177L
type [Dobrycheva et al. (2017)].

Not enough classi�cation accuracy forL type galaxies,
we undergone the di�erent MLM for providing a binary
automated morphological classi�cation. Why is binary
one, because we decided compoundS and L in one class
of the Late type galaxiesL. We tested di�erent MLM
for the SDSS DR9 samples of 317 018 galaxies atz < 0:1
using KNIME Analytic Platform and found that the
Random Forest provides the highest accuracy, namely
91 % of galaxy types are classi�ed correctly: 96 % Early
(E ) and 80 % Late (L) types [Dobrycheva et al. (2017)].

To improve accuracy of the results we developed own
code for the automated morphological classi�cation of
galaxies and apply it to the sample of 60 561 galaxies
from the SDSS DR9 at0:02 < z < 0:06. Results of this
study are presented in this paper.

2. Galaxy sample from SDSS DR9

We used the sample of 60 561 galaxies from SDSS DR9
with the absolute magnitudes � 24m < M r < � 19:4m

at 0:02 < z < 0:06. As we said above the color indices,
inverse concentration index R50=R90, and absolute
magnitude are the good parameters for training MLM
[Dobrycheva et al. (2015)][Dobrycheva et al. (2017)].
The absolute magnitude was obtained by the formula:

M r = mr � 5 � lg(DL ) � 25� K r (z) � extr ;

where mr - visual stellar magnitude in r band, DL

- distance luminosity, extr - the Galactic absorption
in r , K r (z) - k-correction in r band according to
[Chilingarian et al. (2010), Chilingarian et al. (2012)].
The color indices were obtained as:

M g � M i = ( mg � mi ) � (extg � ext i ) � (K g(z) � K i (z)) ;

where mg and mi � visual stellar magnitude in g
and i band; extg and ext i � the Galactic absorption
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Figure 1: Distribution of galaxies by redshifts in the
training sample (line - late type, pillars - early type
galaxy)

in g and i band; K g(z) and K i (z) � k-correction
in g and i band, respectively. Following the SDSS
recommendation we involved limits mr < 17:7 by
visual magnitude in r -band to avoid typical statistical
errors in spectroscopic �ux.

3. Training galaxy sample

A training galaxy sample contains of 6 163 galaxies at
0:02 < z < 0:1 with the absolute magnitudes � 24m <
M r < � 19:4m from the SDSS DR9 (Fig. 1).

It was composed of several samples with certain mor-
phological types of galaxies from our previous work and
is based on the SDSS DR9. We split galaxies visually
on two classes asE (including E, S0, S0a types) and
L (from Sa to Irr types), which were selected randomly
with di�erent redshifts and luminosity. We collected 1)
training sample, which contain 764 galaxies described
by [Dobrycheva et al. (2018)], and 2) 5000 galaxies de-
scribed by [Dobrycheva et al. (2015)]. After the beta
run of machine learning for the unknown morphological
types, we have done visual inspection of the randomly
selecting galaxies and 3) added these galaxies to the
training sample.

Additionally, we used an automatic regression method
of discarding galaxies that strongly deviate from the
mean value. We re-de�ned the mean of the magnitude
in each �lter and its scatter after each discard and
then limited arti�cially this permissible deviation
for the average. Thus, we got a sample of 6 163 galaxies.

4. Veri�cation of Machine Learning methods
for morphological classi�cation

Logistic Regression is a statistical model that uses

Figure 2: Training galaxy sample. Dependence of pre-
diction accuracy for Logistic Regression Classi�er on
the "C" parameter

Figure 3: Training galaxy sample. Dependence of pre-
diction accuracy for Support Vector Machine Classi�er
on the "C" parameter

a logistic function to model the probability of a binary
dependence of an object class on its features. The
corresponding probability for each class may vary from 0
to 1 depending on the features [Tolles et al. (2016)]. A
function that converts a logical factor into a probability
is a logistic function. This can be extended to more
than two classes. The model itself simply models the
likelihood of output in terms of enter data and does not
perform statistical classi�cation (it is not a classi�er). It
includes the quantizer function and works by selecting
the cuto� value and classifying the input as more likely
than the cuto� as one class, below as another.

Support-Vector Machines (SVMs) are controlled
learning models that analyze data used for classi�ca-
tion and regression analysis. Given a set of classi�ed
training cutters, the SVM learning algorithm builds
a model that determines the class of objects by their
parameters [Smola et al. (2004)]. The SVM model is a
representation of the points of the hyperspace objects so
that the samples of the individual classes are separated
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Figure 4: Training galaxy sample. Dependence of pre-
diction accuracy for k-Nearest Neighbors Classi�er on
parameter "neighbors"

Figure 5: Training galaxy sample. Dependence of pre-
diction accuracy for Random Forest Classi�er on pa-
rameter "max_depth"

by a clear gap, which wide is maximized as possible.
Then, the new objects are displayed in the same space
and assumed to belong to the category based on the
side of the gap to which they fall. This method has
such disadvantages: it is used only for problems with
two classes, it is impossible to calibrate the probability
of getting to a certain class, the model parameters are
di�cult to interpret.

By default, Logistic Regression and SVC use L2 con-
troller. For these methods, the �C� parameter deter-
mines the degree of regulation, where a higher degree
of �C� corresponds to a lesser regulation. When �C�
values height Logistic Regression and SVM trying to �t
the models to the initial data as accurately as possible,
then �C� is low models trying to look for a vector of
coe�cients closely to zero. Therefore, at low �C� values,
the algorithm tries to �t the most data points, while
at low �C� values it increases the contribution of each
individual point. The accuracy dependencies of the �C�
parameter for Logistic Regression and SVM are shown

in Figures 2 and 3, respectively.
k-Nearest Neighbors (k-NN) is a simple non-

parametric method used for classi�cation. The object
is classi�ed by multiple votes of its neighbors, and the
object is assigned to the class most common among
its closest neighbors, where k-number of neighbors. If
k = 1 , then the object is simply assigned to the class
of one nearest neighbor in the parameter space for the
selected metric. Neighbors are drawn from the training
dataset [Burkov et al. (2019)]. The accuracy dependen-
cies of the number of neighbors for k-Nearest Neighbors
is shown in Figure 4. A feature of the k-NN algorithm
is related to its sensitivity to the local data structure.
Advantages of this method: simple implementation,
adaptation to the desired task by choosing a metric,
interpret-ability. The disadvantages include: poor per-
formance in tasks with many objects in the training
sample; di�culties in �nding the right weight and de-
termining what features are required for classi�cation;
dependence on the selected metric.

Naive Bayes classi�ers is a family of simple prob-
ability classi�ers based on the application of Bayes'
theorem with strong "naive" assumptions about inde-
pendence between traits. This determines a certain
statistical distribution of parameters for each of the
classes [Soria et al. (2011)]. The probability of falling
into a class depends on the ratio of the statistical density
of the distribution of classes at a point for the selected
model by independent parameters.The advantages of
the method are as follows: high speed of work, easy
interpret-ability of the results of the algorithm. The
relatively low quality of classi�cation and the inability
to take into account the dependence of the classi�ca-
tion result on a combination of features are the main
disadvantages of this method. We used this method as
a reference.

Random Forest is an ensemble classi�cation and
regression method that works by constructing a large
number of decision trees and averaging the result of
predicting individual trees. This helps to reduce the
risk of over�ting. Tree models - where the target
variable can take a discrete set of class values, are called
classi�cation trees [Burkov et al. (2019)]. In these
trees, the leaves represent classes, and the branches
represent the set of features that lead to these classes.
In branching nodes there is a logical operator. The goal
is to create a model that predicts the value of the target
variable with the highest precision based on multiple
input variables by calibrating the tree shape. Tree
construction is recursive until the subset in the node
has all the characteristics of the target variable, or when
splitting the accuracy of the prediction will not remain
constant. The accuracy dependencies of the maximum
depth of the tree for Random Forest Classi�er applied
to the tra ining sample is shown in Figure 5. The
main advantage of the method is the high productivity
of training and forecasting; such decision trees can
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be easily visualized and interpreted. The disadvan-
tage is related to the method's propensity for retraining.

6. Results and Conclusion

Using own code in Scikit Learn Python1 to predict
correctly the galaxy morphology (Late and Early types)
we veri�ed several Machine Learning methods for bi-
nary morphological classi�cation of galaxies. With this
aim we used the sample of 60 561 galaxies from the
SDSS DR9 survey with a redshift of0:02 < z < 0:06
and absolute magnitudes of� 24m < M r < � 19:4m .
Among the machine learning methods were as fol-
lows: Naive Bayes, Random Forest, Support Vector
Machines, Logistic Regression, and k-Nearest Neigh-
bor algorithm. To study the classi�er, we used ab-
solute magnitudesM u ; M g; M r ; M i ; M z , color indices
M u � M r ; M g � M i ; M u � M g; M r � M z , and inverse
concentration index to the center R50=R90.

Prediction accuracy was evaluated for each of these
methods for training galaxy sample (see, Figures) and
reaches the following values:

Naive Bayes Classi�er � 0.886 (E � 0.920, L � 0.818)
� 0.01;

k-Nearest Neighbors Classi�er � 0.945 (E � 0.9389,
L � 0.958) � 0.006;

Logistic Regression Classi�er � 0.949 (E � 0.968, L �
0.911) � 0.006;

Random Forest Classi�er � 0.9545 (E � 0.967, L �
0.928) � 0.003;

Support Vector Machine Classi�er � 0.964 (E � 0.961,
L � 0.969) � 0.006.

All the above mentioned classi�ers include the K-Fold
Cross Validation method.

We compared these new results with previous one,
which were made using the KNIME Analytics Platform
3.5.3 ([Dobrycheva et al. (2017)]). It turned out that
the method of Random Forest and Support Vector
Machine provide a highest accuracy (as in the previous
study for the Random Forest Method), but with help
of our code in Python we increased an accuracy from
92.9 % of correctly classi�ed (96% � E and 84% � L)
to 94,6% (96,9% � E and 89,7 % � L). The accuracy of
the remaining methods also grew by 88% to 93% (see,
Figure 6, where the images of the correct classi�cation
are presented).

So, using the Random Forest and Support Vector
Machine Classi�ers, and the data on color indices, abso-
lute magnitudes, inverse concentration index of galax-
ies with visual morphological types, we were able to
classify 60 561 galaxies from the SDSS DR9 with un-
known morphological types and found 22 301E and
38 260L types among them. At the same time, the
results of applying the Deep convolutional neural net-

1https://scikit-learn.org/

Figure 6: Images of galaxies from SDSS with the cor-
rectly classi�ed morphology. Top: Early type (Ellipti-
cals). Bottom: Late type (Spirals).

work (DL) to the images of redshift-limited ( z < 0:1)
sample of � 300 000 galaxies from the SDSS DR9 by
[Khramtsov et al. (2019)] with the same aim of binary
morphological classi�cation has been shown, for exam-
ple, that DL method can classify rounded sources as
Ellipticals but it can not catch the spectral energy dis-
tribution properties of galaxies more clearly than SVM,
trained on the photometric features of galaxies.

The problem points arise when we have cases of the
face-on and edge-on galaxies (Figure 7). The most of
these galaxies are miss-classi�ed as Ellipticals (early
type). The good case is that methods allow us to recover
gravitational lenses (point-like sources, arcs) and the
most of such miss-classi�cations are also among Ellipti-
cals. So, we have overestimated number of Ellipticals
and underestimated number of Spirals (about of 10 %).
But this problem can be decided, when we will form
training samples through several steps (pre-training,
�ne-tuning, and classi�cation). The step of �ne-tuning
should include the limitations on the axes-ratio for
Ellipticals, additional photometry parameters for the
face-on galaxies, as well as trainings with images and
spectral features of galaxies. Results of this approach
as well as a conception of the automated morphological
classi�cation of a big data sample of galaxies with a
wider redshift range will be given in other papers.

The Machine learning methods are an indispensable
assistant in solving morphological classi�cation since
their �rst application to decide this problem with the
ANN-algorithm [ Storrie-Lombardi et al. (1992)]. They
are also e�ective for reconstruction of Zone of Avoid-
ance, distance modulus for local galaxies, gravita-
tional lenses search, where the authors have own ex-
perience ([Vavilova et al. (2018)], [Elyiv et al. (2019)],
[Sergeyev et al. (2018)], respectively).
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Figure 7: Images of galaxies from SDSS with the miss-
classi�ed morphology. Top and Left Bottom: Late types
(Spirals), which are classi�ed as Early type (Ellipticals).
Right Bottom: gravitational lens classi�ed as Early
type galaxy (Ellipticals).
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DIFFUSE INTERSTELLAR BAND 6202�A AS AN INDICATOR
OF ORGANIC MATTER IN COSMOS: CEPHEID SPECTRA
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ABSTRACT. We have described the method of
investigation of the di�use interstellar band (DIB) at
6202 �A. This DIB is seen in the spectra of cepheid
stars, and it is blended with two stellar lines of Ce II
(6201.773 �A) and Ni I (6204.6 �A). After removal
of the blending lines of ionized cerium and neutral
nickel, we can determine the equivalent widths (EW)
of the DIB. This procedure can be applied for the
sample of cepheids (with well known distances), which
enables one to construct the map of the organic matter
distribution in the Galactic disc and use these values
to investigate the E(B�V)�DIB EW relation. The
relation found from Cepheids matches that found in B
stars. This relation can help to �nd the reddening for
newly discovered Cepheids without extensive photo-
metric data, and thus determine their distances. The
relation between E(B�V) and the DIB EW does not
yield precise reddening values. It is not a substitute
for better photometric or spectroscopic methods. At
best, it is indicative, but it provides some information
that may not be otherwise available.

Keywords : Classical cepheids; ISM lines and
bands, ISM molecules, ISM structure

ÀÍÎÒÀÖIß. Âiäîìî, ùî äîñèòü çíà÷íà ÷àñòèíà
ðå÷îâèíè Ãàëàêòèêè (ïðèáëèçíî 20% çà ìàñîþ)
âõîäèòü äî ñêëàäó ìiæçîðÿíîãî ñåðåäîâèùà
(ãàçîïèëîâà êîìïîíåíòà). Ìiæçîðÿíå ñåðåäîâèùå �
îñíîâà âíóòðiøíüîãî âçà¹ìîçâ'ÿçêó ñèñòåì êîæíî¨
ãàëàêòèêè. Ñàìå â íüîìó âiäáóâàþòüñÿ ïðîöåñè
çîðåóòâîðåííÿ, îáìiíó ðå÷îâèíîþ i åíåðãi¹þ ìiæ
òóìàííîñòÿìè (ùî ¹ íåâiä'¹ìíîþ ÷àñòèíîþ òà
ïðîÿâîì ìiæçîðÿíîãî ñåðåäîâèùà), ñèñòåìàìè
íîâèõ çið òà ïðîòîçîðÿìè, ÷îðíèìè äiðàìè. Òîìó
äîñëiäæåííÿ ôiçèêè òà âèçíà÷åííÿ õiìi÷íîãî ñêëàäó
ìiæçîðÿíîãî ñåðåäîâèùà ïðîòÿãîì áàãàòüîõ ðîêiâ

çàéìà¹ âàæëèâå ìiñöå â òåîðåòè÷íié àñòðîôiçèöi
òà êîñìîëîãi¨. Îñîáëèâèé iíòåðåñ ïðåäñòàâëÿ¹,
çîêðåìà â ðàìêàõ ñó÷àñíî¨ êîñìîõiìi¨, äîñëiäæåííÿ
ìiæçîðÿíîãî ñåðåäîâèùà íà ìîëåêóëÿðíîìó ðiâíi.
Îòîòîæíåííÿ ìiæçîðÿíèõ ìîëåêóë ìîæå âiäïîâiñòè
íà áàãàòî ïèòàíü êîñìîãîíi¨ i òåîði¨ çîðåóòâîðåííÿ.
Îäíà ç îñîáëèâîñòåé ìiæçîðÿíîãî ñåðåäîâèùà
ïîëÿãà¹ â çíà÷íié íåîäíîðiäíîñòi ðå÷îâèíè. Ìè
îïèñóåìî ìåòîä äîñëiäæåííÿ äèôóçíî¨ ìiæçîðÿíî¨
ñìóãè (ÄÌÑ) íà äîâæèíi õâèëi 6202 �A. Öÿ ÄÌÑ
ñïîñòåðiãà¹òüñÿ â ñïåêòðàõ êëàñè÷íèõ öåôå¨ä,
i âîíà áëåíäó¹òüñÿ ç äâîìà çîðÿíèìè ëiíiÿìè
� Ce II (6201.773 �A) i Ni I (6204.6 �A). Áóëè
çàñòîñîâàíi ðîçðàõóíêè ñèíòåòè÷íîãî ñïåêòðó
çîði ó ìåæàõ ÄÌÑ ç íàñòóïíèì âèëó÷åííÿì öèõ
çîðÿíèõ ëiíié ç ïðîôiëþ ñìóãè. Öÿ ìåòîäèêà
äà¹ ìîæëèâiñòü çíàéòè iñòèííi ïðîôiëi ÄÌÑ
òà âèçíà÷èòè ¨õíi åêâiâàëåíòíi øèðèíè (EW).
Öþ ïðîöåäóðó ìîæíà çàñòîñóâàòè äëÿ öåôå¨ä
(äëÿ ÿêèõ âiäñòàíi äîáðå âiäîìi), ïîáóäóâàòè
êàðòó ðîçïîâñþäæåííÿ îðãàíi÷íî¨ ðå÷îâèíè â
ãàëàêòè÷íîìó äèñêó òà âèêîðèñòàòè öi çíà÷åííÿ
äëÿ äîñëiäæåííÿ âiäíîøåííÿ E(B�V) EW(DIB). Öå
âiäíîøåííÿ ìîæå äîïîìîãòè çíàéòè ïî÷åðâîíiííÿ
äëÿ íåùîäàâíî âiäêðèòèõ öåôå¨äè, äëÿ ÿêèõ ùå
íåìà¹ äîñòàòíiõ ôîòîìåòðè÷íèõ äàíèõ. Ïiñëÿ
îòðèìàííÿ âèñîêîòî÷íèõ iíäèâiäóàëüíèõ çíà÷åíü
íàäëèøêiâ êîëüîðó äëÿ óñiõ ïðîãðàìíèõ çið áóäå
âñòàíîâëåíî ðàäiàëüíó òà äîâãîòíó çàëåæíiñòü
åêñòèíêöi¨ ìiæçîðÿíîãî ãàçó ó ïëîùèíi Ãàëàêòèêè
òà îòðèìàòè iíôîðìàöiþ ïðî iñíóâàííÿ ëîêàëüíèõ
íåîäíîðiäíîñòåé ãóñòèíè ìiæçîðÿíîãî ãàçó. Òóò
ìîâà éäå ïðî íåïåðåðâíå ïîãëèíàííÿ ïèëîâîþ
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1. Introduction

Di�use interstellar bands (DIBs) are quite broad ab-
sorptions which can be found in the spectra of the dif-
ferent astronomical objects. In visual and near IR re-
gion there are about 500 DIBs.These bands are ob-
served when the light of the star is absorbed when
it crosses translucent clouds. The origin of the DIBs
(i.e. their carriers) is still a mystery. There have been
a number of theories advanced regarding the nature
of interstellar absorbing material resulting in the phe-
nomenon of DIBs in stellar spectra. No exact nidenti�-
cation of the central wavelengths of DIBs are available
at present, but there are strong belief that they are
caused by complex molecular absorption. At present
the widely accepted hyphotesis about DIBs carriers
supposes that polycyclic aromatic hydrocarbons can
produce observed absorptions in the stellar spectra.
Nevertheless, Cox (2011) and Salama et al. (2014)
doubted this hyphotesis. Another way to explain the
appearance of DIBs may be to consider the absorption
capacity of and/or bucky ball carbon structures.

Many works were devoted to a comprehensive obser-
vational study of DIB, their �ne structure, in partic-
ular. In particular, it was found that The equivalent
widths of the DIBs vary within a wide range, and in
some cases correlate with the reddening along the line-
of-sight. The wavelength of a DIB in the photospheric
rest frame of the background source varies due to the
system velocity of the background source.

As a rule, DIBs were studied in the spectra of hot
O�B stars because their visual region is less crowded
with spectral lines and the continuum is smooth. High
resolution spectra of such stars a�ord an excellent
possibility to study the �ne structure of DIBs. Unfor-
tunately, the distances of O�B stars can be determined
with low accuracy. Therefore, if we are interested in
study the spatial distribution of the DIBs absorption
in our Galaxy, then we must understand that such
spatial distribution can be burdened with distance
inaccuracy. It would be a good opportunity to use
for this purpose spectra of the stars whose distances
are know with a high precision, the cepheid spectra,
for instance. Cepheids are the stars of F�G spectral
class, and their visual region is full of the stellar
spectral lines. With a high probability any DIB pro�le
in their spectra is spoiled with stellar lines. This
is a problem that prevents the direct determination
the DIB characteristics, like its equivalent width, in
particular. Kashuba et al. (2015) and Kashuba et al.
(2016) described a method that allows to clean 6613
�A DIB blended pro�le. In this paper we describe
similar procedure which allows to re�ne 6202�A DIB
pro�le.

2. Method

The di�use interstellar band at the wavelength 6202
�A was selected as an object of the study. In the
cepheid spectra, in most cases this DIB is superim-
posed on two stellar absorption lines, namely ionised
cerium(6201.773�A) and neutral nickel (6204.6 �A) lines.
In contrast to weak line of cerium, the neutral nickel
line is quite strong. A correct measurement of the
equivalent width of the DIB at 6202 �A is not feasible
unless the blending lines of stellar origin are removed.
As it was stated in Introduction Kashuba et al. (2016)
developed a method that enables performing such a
procedure. Similar to that method our approach con-
cerning the DIB 6202 �A consists the following steps.

1. We checked accuracy of the oscillator strengths of
two blending lines: Ce II (6201.773�A) and Ni I (6204.6
�A). This is necessary in order to calculate synthetic
spectrum of the background star in vicinity of 6202
�A DIB. Preliminary values of loggf for the lines were
taken from the Vienna Atomic Line Database (VALD)
(http://vald.astro.uu.se/). Initial values of the oscilla-
tor strengths for the considered lines were �1.949 and
�1.079 respectively. Then the oscillator strengths for
these two lines were updated using the solar spectrum
of Kurucz et al (1984) and the cerium and nickel abun-
dances in the Sun from Grevesse et al. (1996). The
resulting values are loggf = � 1:550 for the cerium
line and loggf = � 1:155 for the nickel line. The best
�ts for pro�les of these lines in the solar spectrum are
shown in Fig. 1.

2. The synthetic spectrum for a particular star is
generated using its atmosphere model, which is calcu-
lated using previously known such parameters as e�ec-
tive temperature, surface gravity, microturbulent ve-
locity and metallicity.

3. Then the observed spectrum is divided into syn-
thetic spectrum, and this procedure gives us a DIB
pro�le free of stellar spectral lines.

4. Finally, the equivalent width of the cleaned DIB
pro�le is determined by direct integration.

3. Atmospheric parameters and synthetic
spectra

The atmospheric parameters (e�ective temperature
Te� , surface gravity logg, microturbulent velocity Vt

and [Fe/H]) of the program stars were used to cal-
culate the fragments of synthetic spectra of cepheids
containing the 6202 �A DIB. We used stellar atmo-
sphere models �rst applied for analysis in Kashuba et
al. (2016). In synthetic spectrum calculations in the
6202 �A DIB vicinity we used cerium abundance de-
rived from Ce II line 6043.37�A , and nickel abundance
derived from Ni I 6176.81 �A line. Both lines are situ-
ated close to the DIB region, they are not blended with
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Figure 1: Observed (circles) and synthetic (thin line)
spectra of the Sun in vicinity of the 6202�A DIB.

other species, and produce reliable abundances of the
corresponding elements (their oscillator strengths were
calibrated using the solar spectrum). In Fig. 2 we show
observed and synthetic spectra in the 6202�A DIB re-
gion for one program star: BV Cas (Te� = 5551 K,
log g = 1 :99, V t = 3 :29 km s� 1, [Fe/H] = +0.02).

Figure 2: Observed (circles) and synthetic (thin line)
spectra of BV Cas in vicinity of the 6202 �A DIB (wide
absorption).

The result of applying step 3 (see previous section)
is shown for BV Cas in Fig. 3.

Measured equivalent width of the 6202�A DIB in
BV Cas is 0.1006�A.

Conclusion

We described method which enables one to clean
the 6202 �A di�use interstellar band from the stellar
blending lines of ionezed cerium (6201.773�A) and
neutral nickel (6204.6 �A). This procedure gives a
possibility to measure pure DIB equivalent width. In
turn, this characteristic can be traced as a function
of interstellar reddening caused by the absorption of
light by dust particles. We plan to apply described
procedure for the sample of cepheid spectra previously
analyzed by Kashuba et al. (2016) with the aim of the

Figure 3: Normalized fragment of the spectrum of BV
Cas.

6613�A DIB study.
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ABSTRACT. In this paper, we determine the causes
of correlations between the observed logarithmic lu-
minosity logL of galaxies with active nuclei (AGN)
with particular attention to BL Lac type objects. The
properties of 
ux variations of these galaxies in 
 -rays
(logL
 ) and in optics (logLO ) are associated with the
combined action of cosmic rays (CR), and also with
hard radiation around the entire perimeter of AGN.
The necessity of using positron spectroscopy in such
objects is found. The importance of high-precision
measurements of 1.022 MeV line arising from the anni-
hilation of positrons with K-electrons of multielectron
atoms in the interstellar medium of disk component
of the studied galaxies is emphasized. The relation-
ship between the single-photon positron annihilation
and the Doppler line broadening of the same atoms
in optics is investigated in AGN. We found that indi-
rect evidence of the presence of a su�cient number of
positrons and their annihilation are the cascade chan-
nels observed in the form of �-resonance. According
to the available data from the AGN's catalogs the cal-
ibration of their luminosity in other spectral regions is
proposed.

Key words : active galactic nuclei, cosmic rays,
inter stellar medium.

1. Introduction

The shells of supernovae and the active nuclei of
galaxies exibit a signi�cant �eld of hard radiation. The
production of high-energy quanta and particles inside
the young supernova shells is based on the intense ra-
dioactive decay of unstable isotopes with protons ex-
cess. Such a process is accompanied by the formation of
positrons and 
 -quanta. This is usual for � -processes.
In the active nuclei of galaxies the charged high-energy
particles are formed. Their movement along the mag-
netic power tubes ensures their delivery to the vast pe-
ripheral regions of AGN, providing them the su�cient
energy to form their optically bright regions. The sizes
of these regions can be as big as several kiloparsec in
some galaxies.

Here after we are going to consider the relationship
between the intensity of hard radiation and the optical
luminosity produced by active nuclei of galaxies. Quite
often, this luminosity noticeably exceeds the total lu-
minosity of all stars in this galaxy. The calculations of
the transport of various charged particles in the plane
and halo of these galaxies (Moskalenko & Strong, 1998)
and the associated processes of photo-ionization bal-
ance (Osterbrock & Ferland, 2005) allowed the quali-
tative estimates of the sources of excitation of optical
transitions of atoms and molecules both for the plane
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and for the halo of these galaxies. According to the
results presented by Osterbrock & Ferland (2005) and
Osterbrock (1989) the above mentioned mechanisms
are not su�cient to produce the observed optical lumi-
nosities.

In this work, on the basis of taking into account the
atomic photoelectric e�ect, previously obtained stan-
dard values of the source function of such mediaS(E)
and the electron energy distribution f (E ) (Doikov et
al., 2018) we analyzed the reasons of excitation of the
electronic structure of atoms and molecules. Basing on
the results obtained by Doikov (2019) for scattering by
dust particles with sizes of 10� 20 nm it was concluded
that the di�use nature of interstellar dust scattering
is an additional factor to increase the AGN's optical
luminosity. The combined e�ect of ionization losses
in gas-dust aggregates, over the entire AGN volume
and, as a result, the formation of a radiation �eld with
source function S(E), is caused by the formation of
cascade electron's transitions to the K-level. This phe-
nomenon leads to the fact that the contribution to the
excitation of optical transitions of the radiation �eld
and of Auger electrons becomes comparable both in
the absolute values of energy and also in its intensity.

After each event of a K-vacancy formation caused
by an atomic photoelectric e�ect, several Auger elec-
trons are thrown out by each of the atoms and each of
them excitates, in particular, the optical transitions.
In this case, the energy transfer coe�cient of hard ra-
diation is maximal. Thus, the determination of optical
luminosity requires the information on the relationship
between the total kinetic energy of hard radiation and
particles and the total energy emitted in the optical
range. Here after we are trying to solve this problem
in several main steps.

In Section 2, the selection of objects from Fermi
satellite catalogs { the so-called standard AGNs { is
carried out. In this paper, attention is paid to the
observed properties of BL Lac type of AGN. The hard
radiation 
uxes from such objects are slightly distorted
by the inverse Compton e�ect and can be used to esti-
mate the optical luminosity.

Section 3 uses the results of previous section to �nd
the induced radiation �eld S(E) and the Auger electron
distribution function f (E ).

In Section 4 we estimate the optical luminosity of
AGN and the spectroscopic properties of gas-dust con-
glomerates associated with the presence of hard radia-
tion, especially in their peripheral regions.

In Conclusion section the general spectroscopic crite-
ria for observations of important spectral lines of light
elements in AGN are proposed.

The Discussion section compares the proposed
methods for studying the AGN optical spectra and
their relationship with the 
 -spectra.

2. The relationship between the AGN lumi-
nosity in hard and optical ranges

Numerous satellite and ground-based observations of
galaxies with AGN have made possible the creation of
catalogs where the energy 
uxes in the gamma, x-ray,
and optical ranges are collected. In particular, it is pos-
sible to investigate the correlations of the energy 
uxes
observed in B �lter, with those at 1 keV and 1 GeV.
It is important because the indicated energies are in
the spectral ranges where the main energy is released
in AGN center (1 GeV) and further transformed in the
AGN's outer regions (1 keV and B-�lter). The pres-
ence of synchrotron radiation energy in the indicated
intervals is con�rmed by the strong polarization and
the additive structure of obseved 
ux.

Synchrotron radiation polarization measurements
relate exclusively to the AGN's central part. The sen-
sitivity of these observations is limited by the near-
central regions of AGN, in which the density of gas and
dust is much higher than in the outer regions. Due to
the randomness of the structure of gas-dust conglom-
erates, the depolarization of radiation proceeds rather
quickly at scales of several parsec within the galactic
disks. Thus, the catalog data used for integrated 
ows
at the indicated spectral intervals can be considered to
be nonpolarized without the loss of generality.

The second important parameter is the observed
galaxies absolute luminosity at the indicated energies.
The fact is that in order to determine the redistribution
of energy between
 -quanta, protons, � -particles and
the lepton component, it is necessary to solve the rel-
ativistic kinetic equation using the observed values of
energy 
uxes and the cross sections of reaction between
the mentioned particles and quanta. The variable pa-
rameters in this case are the total energy 
ux and the

ux of 
 -quanta. Both these 
uxes are determined by
satellite observations.

A complete catalog of objects with the morphology
of interest to us is several hundred. The homogeneous
selection of BL Lac type objects is dozens of galax-
ies. It is su�cient for statistical sampling. To achieve
the thermolization of a fully ionized hydrogen-helium
plasma in the incident substance, in order to be able to
�x the observed 
 -quanta energies, the extremely high
values of the substance density and temperature are
necessary. These high values are unacceptable for the
stable functioning of accretion disks around massive
formations in the AGN's center.

One of the possible mechanisms to accelerate the
charged particles is their acceleration due to the large
di�erence of the electric �eld potentials (Blandford,
1977). An essential feature of this scenario is the pos-
sibility of the formation of a spark discharge with the
emerging current of electrons and positrons parallel to
the electric �eld. One electron (or positron) acceler-
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ated by this potential di�erence is capable of achieving
high enough energy to form
 -radiation due to the so-
called photon comptonization.

These photons, initially emitted tangentially to the
electric �eld lines, can, after passing through the gap
of the central part of the accretion disk, collide with
a signi�cant perpendicular component of the magnetic
�eld and create an electron-positron pair. The pair
should be accelerated and it can be the �rst step of
cascade.

The physical system presumably adjusts its param-
eters to �nd su�cient number of charged particles for
current creation. The next step can be the transforma-
tion of this current to jet. The existence of su�ciently
intense cross-sectional electric and magnetic �elds and
the resulting acceleration mechanisms allows us to con-
clude that high-energy 
 -quanta are formed in jets af-
ter the acceleration of mainly protons, � -particles, and
the lepton component. The use of relativistic kinetic
equation at this stage allows the calculation of collision
cross sections as it was proposed by Dermer (1986) and
Gould (1982).

The overview of existing observations shows that
AGNs 
ux has a signi�cant, dense and energetically
important part in 
 -rays with 1 GeV energies. Given
the density of particles and quanta at the base of the
jets, it should be expected that the inverse Compton
e�ect is the main mechanism to transfer the energy of
accelerated particles to quanta.

It means that the energy of particles is lost mainly
due to the inverse Compton e�ect and inhibitory losses,
while the energy of 
 -quanta in this case increases un-
limitedly (Gould, 1975). Let us limit our consideration
by the jet base only. In this case the maximum energy
of charged particles accelerated 
ow is in the region of
several GeV. At these energies, we have a discontinu-
ity in the spectral distribution of the marked type of
galaxies due to �-resonance. The probability of col-
lisions of leptons with 
 -quanta is signi�cantly higher
than for collisions with protons and � -particles.

Nevertheless, it is important to determine the coef-
�cient of energy transfer from leptons to low-energy

 -quanta and protons. Assuming that upon transition
from the inner, thermolysed part of the accretion disk
to the jet, the protons and leptons have an upper limit
of kinetic energy no more than a few MeV (with a pos-
sible scattering of the order of megavolts).

Let us consider the collision cross sections for reac-
tions between the accelerated leptons and the
 -quanta
(inverse Compton e�ect) as well as between the accel-
erated leptons and the protons (taking into account
the bremsstruhlung loss). The second type of declela-
ration is attributed to the lepton-hadron model of the
interaction of protons and � -particles with relativistic
lepton.

Both types of interactions are well known in cosmic
ray physics and are well studied experimentally. As-

suming that in a jet the maximun of electrons energy
distribution shifts toward higher energies with the in-
creasing distance from the center, we determine the
e�ect of the lepton current on the energy characterit-
ics of protons and quanta. The collision of a high-
energy lepton with a photon inside the jet is given by
the Klein-Nishina formula. For the kinetic energy of
the electron E = 
mc 2 and the photon energyh� ac-
cording to (Lang, 1974) we have:
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In the energy range of interest to us, the frequency
of the radiation � 0 emitted as a result of the in-
verse Compton e�ect is represented by the relation
� 0 = 
mc 2=h. The parameter q is represented by the
relation: q = 
h�= (mc2). � T = 6 :65 � 10� 25cm2 is the
Thomson scattering cross section.

The presence of relativistic electrons and a magnetic
�eld at the jet's base leads to the synchrotron self-
compton e�ect and results in a rapid energy increase
of the 
 -quants of the �eld from 6 MeV to 1 GeV.
Such an e�ect leads to the fact that the energies of rel-
ativistic electrons and quanta are equalized. As early
as the 1950s, the rathe rhigh accuracy experiments on
the scattering of fast electrons by nucleons, and the
elastic character of interactions for energies less than
2-3 GeV was noticed.

Therefore, the fraction of the energy transferred from
the fast electron to the proton is determined by the dif-
ferential cross sectiond�=d 
 M of the Mott scattering,
multiplied by a function that depends on the charge
distribution inside the proton - F (q) (called the form
factor) and the spins of the interacting particles.
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[F (q)]2;

d�
d
 M

=
Z 2e4cos2

�
�
2

�

4E 2sin 4
�

�
2

� (2)

In the interval of the energies under consideration, in-
stead of the scattering angle� , the Breit scattering
angle - � B is used according to the formula:

ctg2 � b

2
= ctg2 �

2
�

1
1 + �

; � =
� q2

4M 2 (3)

In high-energy physics, the quantity � q2 has the di-
mension (GeV)2. In the present problem � q2 �
3(GeV)2. And the q value itself can be interpreted as
the transmitted momentum. The value of the trans-
mitted impulse, expressed in terms of the value of the
incident impulse p0 in the Rosenblatt formula, is ex-
pressed by the ratio:

q =
2p0sin

�
�
2

�

�
1 +

� 2E 0
M

�
sin 2

�
�
2

�� 1=2
(4)
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The various mechanisms of protons and� -particles ac-
celeration that occur in the AGN's central part provide
such an acceleration of cosmic rays that their energy is
su�cient to be detected by modern satellites. During
the quiet phase intervals the AGN center should pro-
duce a CR luminosity of the order of 1044 � 1046 erg=s.

This energy is redistributed between the lepton and
hadron components. For the occurrence of spallation
reactions in the peripheral regions of AGN, a signi�-
cant part of hadrons with energies of 3 or more GeV
is necessary. The relative contents of� -particles and
protons in the AGN's center are proportional to the
average ratio of helium to hydrogen. If all particles
start from energies of several MeV and accelerate to
2-3 GeV, then during the motion from AGN through
the galactic halo due to pair collisions with relativistic
electrons, the momentum represented by formula (4) is
transmitted to protons and � -particles.

After the transition from accretion disk to jet, the
electrons become relativistic. But it is necessary to
point that the momentum transfer coe�cient of the
protons and � -particles acceleration by relativistic lep-
tons is small. Each proton should experience a mini-
mum of three thousand collisions with such electrons
on the scales of the order of 1 kpc. Let us estimate
the reality of such a process analyzing the properties
of observed jets in AGNs of BL Lac type objects.

The scattering of electrons by protons at low energies
is Coulomb, purely elastic. For the �rst estimates, we
take into account that the characteristic interaction ra-
dius is comparable with the De-Broglie wavelength� D .
Then the minimum impact angle at which the scatter-
ing occurs is � min = 2=� D � 2. Then the di�erential
scattering cross section takes the form:

� � (� ) =
2�
� 4 ln

4
� 2

min
=

2�
� 4 ln

2
(� D )2� 4 (5)

Collision frequency� = N�� (� ). Here � is the speed of
the relativistic electron relative to the proton, N is the
concentration of protons. The actual number of atoms
in a single magnetic tube with a length L of 1 kpc is
NL = 1021 � 1026 particles=cm2. During the move-
ment along such tubes, the number of collisions of rel-
ativistic electrons with the proton component reaches
108 � 1013 events, which is enough to accelerate protons
and � -particles to GeV.

Then we can say that the particle drift along the
magnetic force tubes occurs in such a way that the
energy distribution function of the leptons is shifted
toward several MeV, and the maximum of the pro-
ton and � -particle energy distribution { towards GeV.
Upon reaching the galactic disk, all protons with en-
ergies above 3-5 GeV begin to participate in inelastic
scattering by hydrogen atoms, causing, among other
things also the �-resonance, according to the scheme

with well known cross sections:
8
<

:

p+H ! � + + � � � ; � + ! � + + � � � ; � + ! e+ + � � �
p+H ! � � + � � � ; � � ! � � + � � � ; � � ! e� + � � �
p+H ! � 0 + � � � ; � 0 ! 2


(6)
It should be noted here that positrons are formed with
a 50% probability (end of the �rst series of cascades),
25% end of the second series of cascades. And, �nally,
with 25% neutral pions - � 0 are created (Doikov et al.,
2019a; Gusev et al. 2000).
 -quanta from such decays
have an energy of 67.5 GeV. By varying the thickness
of the galactic disk and the density of gas-dust con-
glomerates, we conclude that all protons, even with
the cascades cross sections of 10� 26 cm2, participate
in the �-resonance with hydrogen atoms of the inter-
stellar medium in galactic disk with AGN.

The given observational results show one of the
reasons for the correlation between luminosity in the

 - and optical spectral ranges. In other words,
logL
 =logLb � const. The �nal products of such trans-
formations, namely � e+ , e� and the 
 -quanta with en-
ergy of 67.5 MeV are mixed with fast electrons drifting
along the magnetic tubes.

Cascade transitions to K-vacancies in atoms (includ-
ing the atoms in molecules) caused by ionization losses
in the atoms of the galactic disk cause the luminos-
ity of AGN's peripheral regions. In addition to quanta
formed by cascade transitions, Auger electrons are in-
jected into the medium, carrying away half the en-
ergy stored in the K-vacancy. For media with a given
chemical composition, in the previous work, the energy
distribution functions of Auger electrons { F (E) and
the source functionS(E) were obtained (Doikov et al.,
2018).

It follows from the calculations that half of the en-
ergy of K-vacancies is emitted by atoms in the form of
soft X-ray and hard UV radiation, and the rest is car-
ried away by Auger electrons, which excite the upper
atomic and molecular shells.

These mechanisms are responsible for the lumines-
cence of both central and peripheral regions of AGN.
The conversion e�ciency to high-energy radiation from
high-energy protons and � -particles is 1%. The e�-
ciency reaches 40% for secondary and primary electrons
and positrons,.

The correlation between the measured 
uxes at 1
GeV energies and optical radiation, taken from the BL
Lac type AGN catalog data (Fan et al., (2016) and
given in Table 1, shows a stable, directly proportional
correlation. An analysis of the spectroscopic properties
of gas-dust conglomerates taking place in a medium
penetrated by these cosmic rays was carried out by
Doikov et al. (2018; 2019a,b). The comparability of X-
ray 
uxes from the AGN center and its periphery was
found. It was not expected as the mentioned 
uxes are
the result of independent physical mechanisms.
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Leptons, unlike hadrons in a jet, in the energy in-
terval under consideration lose additional energy on
synchrotron bremsstrahlung radiation (Gould, 1975).
In this case, the observed results of
 -quanta 
ux mea-
surements can be used to make preliminary estimate
of the charged particles 
ux at the jet base, and also
the X-ray (at 1 KeV) and optical (B-�lter) 
uxes. It
allows estimation the spectroscopic response due to the
energy transport to the AGN's peripheral regions.

Table 1 shows the observed data for AGN type BL
Lac objects and our calculations for these objects. The
�rst seven columns are taken from Fan et al. (2016).
These are the designation, the redshift, the type, and
the logatithms of 
uxes in four spectral regions, namely
in radio, optical, x-ray, and 
 -ray. The last four
columns are the results of our calculations and will be
explained in more details in Section 4 of this paper.

The total number of BL Lac type galaxies exceeds six
hundred objects. Consider, for example, the luminosity
of the second galaxy in Table 1, namelyJ 0008:0+4713.
Logarithm of the total luminosity expressed in erg=sec
is logL
 = 44:87. Assuming that this luminosity is
caused mainly by protons,� -particles, and leptons, we
can estimate the energy and 
uxes of these particles
(H ) at the jet base using the following formula:

H = L 
 = h� 
 � 6:25� 1061:87 particles=sec:

As the average size (R) of AGN is 400 parsec, the value
of peripheral 
ux can be written as:

Hp = H = (4pR2) � 1:5 � 1020 particles=cm2 � sec:

Thus, we have the upper boundary of the proton 
ux
(not con�rmed by observations). It is more realistic to
use the mechanisms that occur in jets as a result of tak-
ing into account collisions of leptons (e� and e+ ) with
protons and � -particles proposed by Dermer (1986).

From the point of view of the relativistic kinetic the-
ory, only the inner part of the accretion disk can be
considered to be the optically thin relativistic proton
plasma. In the remaining disk parts, the medium is a
two-component, proton { electron plasma. Under such
conditions, only the quanta with energies of not more
than several MeV can be formed. It is the contribution
to 1 keV 
ux.

Bremsstrahlung manifests itself at the energies not
exceeding tens of MeV (Gould, 1975). The formation
of non-nuclear 
 -quanta with several GeV energies re-
quires the presence of strongly accelerated particles in
the AGN's center, mamely at the jet base, the su�-
ciently high probability of collision of accelerated par-
ticles with lower-energy quanta, and also the signi�cant
magnetic �eld gradients.

The recent AGN observations from the Pamella and
Fermi satellites found the quanta and particles of su-
perhigh (TeV) energies. It was shown that such an en-
ergy increase is possible only due to the inverse Comp-
ton e�ect between high-energy particles and quanta.

Note that the ratio of the concentration of photons,
electrons and protons in the central region of AGN
should di�er from the concentration of protons and
electrons by at least eight orders of magnitude.

Note that the choice of objects in Table 1 and the
determination of the quantitative parameters of cosmic
ray 
uxes are required by the need of su�ciently strong
magnetic �elds and the intense 
uxes in optics and 
 -
bands of the spectrum.

The motion of cosmic rays with relativistic energies
in local magnetic �elds leads to the appearance of
synchrotron radio emission. Therefore, we will be
limited to galaxies of the LB and IB type in the
classi�cation considered by Fan et al. (2016). For LB
type of BL Lac objects we have the maximum spectral
distribution for the frequencies log� p < 14, and for IB
type { in the interval 14 < log� p < 15.

3. Induced continuous emissions (theory)

Thus, in the the BL Lac type galaxies with AGN we
have a two-component plasma at the jet base. The �rst
component are relativistic electrons with energy reach-
ing several GeV and the second are non-relativistic pro-
tons and � -particles with energies of the order of sev-
eral MeV. Considering this physical system, we can as-
sume that both components are in di�erent equilibrium
states. The acceleration of protons and� -particles
(with energies of several MeV) by relativistic electrons
(several GeV energies) is associated with momentum
transfer from relativistic electrons minus losses due to
synchrotron, bremsstrahlung, backward Compton scat-
tering and ionization losses.

In the interval of logarithms of Lorentz factors � 1 �
log
 � 3 related to the physical system under con-
sideration, the cross sections for ionization losses are
prevailing at the jet base where log
 = 1. Here the
electrons also achieve relativistic velocities. Then, in
a halo of a BL Lac galaxy type galaxy with AGN, in-
side the corresponding magnetic tube, we can note the
comparable values of cross sections for bremsstrahlung
radiation losses due to the collision of relativistic elec-
trons with protons and � -particles and the cross sec-
tions describing synchrotron radiation inside magnetic
tubes.

Within the framework of a given physical system,
protons and � -particles can be considered to be practi-
cally motionless. Then the rate of energy exchange be-
tween fast electrons and protons or� -particles is (Der-
mer, 1986; Gould, 1982):

due

dt
= �

dup;�

dt
= �

4�e 4

c
� (7)

�
np;�

M p;�

�
ln

4�kT e

! p;�
+ ( � 
 e)

�
�

Te � Tp;�

Te
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Table 1: BL Lac type objects: observed 
uxes and relative remaining part 
uxes calculated for 1 kpc distance.
Object Z Type Observed 
uxes Calculated 
uxes for 1 kpc distance

L R L 0 L x L 
 E( � H ) E( � He ) E( � d ) E( � f )
1 KeV 1 GeV

1 2 3 4 5 6 7 8 9 10 11
J0001.2-0748 IB 42.36 45.39 45.23 0.55 0.55 0.98 0.55
J0008.0+4713 0.280 IB 41.18 45.54 43.51 44.87 0.19 0.19 0.62 0.19
J0008.6-2340 0.147 IB 40.38 44.97 43.72 43.08 0 0 0 0
J0009.1+0630 LB 42.43 45.04 45.14 0.46 0.46 0.89 0.46
J0013.2-3954 LB 42.74 44.42 45.21 0.53 0.53 0.96 0.53
J0013.9-1853 0.095 IB 39.90 43.72 42.88 0 0 0 0
J0014.0-5025 HB 45.38 44.64 0.70 0.70 1.13 0.70
J0018.4+2947 0.100 HB 40.00 43.54 42.84 0.0 0.0 0 0
J0018.9-8152 HB 45.37 45.16 0.69 0.69 1.12 0.69
J0019.4+2021 LB 43.04 44.42 44.91 0.23 0.23 0.66 0.23
J0021.6-2553 LB 41.88 45.06 45.14 0.46 0.46 0.89 0.46
J0022.1-1855 IB 41.39 45.60 44.56 45.13 0 0 0.31 0
0022.1-5141 HB 45.51 45.14 0.83 0.83 1.26 0.83
J0022.5+0608 LB 42.57 44.64 45.68 0.99 0.99 1.43 0.99

where ! p;� are the plasma frequencies of protons and
� -particles. The corresponding relaxation time will be:

� e;p (� e;� ) = ue=
due

dt
(8)

The acceleration time of protons and � -particles is
three orders of magnitude longer than the character-
istic times of electron-electron collisions. Therefore,
there are always high-energy electrons in a jet capable
to transmit the momentum to protons and � -particles.
Thus, having the collision frequency of relativistic elec-
trons with slow protons and � -particles, we can obtain
the value of the transferred energy:
8
><

>:

dE r
dx � 16

3 N i Z 2 e2

hc

�
e2

mc 2

� 2
E � ln (
 ) ! > ! S

dE r
dx � 16

3 N i Z 2 e2

hc

�
e2

mc 2

� 2
E � ln

�
1:4

Z 1= 2
hc

2�e 2

�
! < ! S

(9)
Substituting in the �rst equation of the system Z = 1,
N i = 1 cm� 3 and the tabular data of the constants,
we obtain the simple relation comfortable for further
calculations:

dEr

dx
= 0 :305� 10� 26E � ln (
 ) (10)

For small values of the Lorentz factor 
 -electrons can
still be considered as non-relativistic (E � 6 MeV ),
and the momentum transfer can occur mainly due to
collisions. Then:

dE r
dx = 4 �NZ e2

m� 2 � ln [
�

4�
 2 m� 2

h!

�
�

�
�
c

� 2
]

� 0:393� 10� 27 � ln [
�

4�
 2 m� 2

h!

�
�

�
�
c

� 2
] J/cm

(11)
Formulas (10) and (11) allow us to draw the following
conclusions:

1. Elastic collisions of relativistic electrons with pro-
tons and � -particles lead to the energy losses due to
bremsstrahlung and to the transfer of a part of the
pulse (not more than 0.01% per collision) to accelerate
these particles. The cross sections for such scattering
do not exceed the thomson value� r .

2. The collisions of nonrelativistic electrons with
protons and � -particles occur in such a way that energy
losses due to collisions exceed radiation losses. Formula
(10) gives the correct result for the loss of electron en-
ergy up to the values of several MeV. The accelerations
of protons and � -particles are the most e�ective in this
case. As the electron energies increase, the transfer of
mechanical energy to protons and� -particles becomes
less e�cient.

3. For acceleration of protons and� -particles to the
energies of the order of 2-3 GeV at least 108 collisions
with fast electrons are required.

4. The optical luminosity of AGN

In this section, we determine the optical luminos-
ity of AGN from the observed data, namely using the
columns with L x and L 
 in Table 1. The study of cos-
mic rays formed in the centers of galaxies woth various
morphologies using the PAMELA satellite led to the
conclusion that AGN form the particle 
ows with en-
ergies comparable to those generated by
 -ray 
uxes.
Take, for example, galaxy J0001.2-0748 of type IB with
a luminosity near L x = 1045 erg=secat a quantum en-
ergy of 1 GeV. This value of luminosity and the pres-
ence of magnetic �elds with intensities from hundreds
gauss in the AGN's center to 10� 4 gauss in the periph-
ery of the magnetic tubes the particles with energies
up to several GeV will be held .

Taking the average size of the AGN's luminous
disk of the order of 0.4-1 kpc, we obtain an area of
1:44 � 1042 cm2. For the indicated values of L 
 , the
number of particles and quanta with an energy of 1
GeV is 1048 charged particles and quanta. The total
luminosity of the center of our Galaxy is six orders of
magnitude lower, providing on average 1 particle per
1 cm2. Therefore, for galaxy J0001.2-0748, the up-
per limit of the surface 
ux of protons, � -particles and
electrons of the order of 104 particles=cm2 can be con-
sidered to be acceptable.
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Let us try to �nd the energy distribution of these
particles. The electrons have energies no higher than a
few MeV. Protons and � -particles { no higner than 2-3
GeV. The fractional parts of electrons and protons are
equal; the part of � -particles are 10 times lower than
that of protons. The thickness of the galactic disk in
the region of AGN is 200-300 parsecs, which gives a
thickness of absorbing media for these particles equal
to 1021 cm. The number of collisions of high-energy
protons and � -particles within the speci�ed disk thick-
ness is: N = N i Ng � � L � 1 � 6 for protons and 0.1 -
0.6 for � -particles. That is, all protons and � -particles
entering the disk component experienced the transfor-
mations described by equation (6) corresponding to the
channels of the �-resonance transformation.

According to Gusev et al. (2000), the energy trans-
fer coe�cient of the initial energy in the equation (6)
is 1%. It means that the �nal energy amount is of the
order of several tens of MeV. The main mechanism of
energy loss for leptons in (6) are the ionization loss, the
positron annihilation, and the decay of photo-pions, as
it is indicated in the third channel of (6). Ionization
losses at given initial energies are caused by the for-
mation of K-vacancies in all chemical elements or by
ionization of hydrogen and helium.

The e�ciency of energy transfer for the �nal prod-
ucts of equation (6) into radiation is 10-30%, depend-
ing on the chemical element in which the K-vacancy
is formed. In hydrogen and helium the recombination,
which depends on the concentration of ions and ther-
mal electrons, plays a large role, but the cascades in-
stantly appear in the remaining elements, which con-
tribute to the excitation of optical transitions. Auger
electrons are formed simultaneously with cascades and
lead to the same e�ect.

Summing up the results of the previous work
(Doikov, 2019a,b) and the calculations in this article,
we can show the main results in Table 1, where the re-
minder of the 
uxes at the distance of 1 kpc from the
center of galaxy with AGN are shown in columns from
8 to 11.

The columns 8 and 9 show relative part of 
ux re-
maining after the absorption by only the hydrogen and
only the helium. Column 10 takes into account the
absorption by dust component, namely the caron and
silicon dust. The last column is the part of the 
ux
remaining after the absorption by all components, tab-
ulated in columns 8-10. The zero values in coluns 8-11
indicate the full absorption of radiation at the distance
1 kpc from the center. Columns 8 and 9 are similar
because the results of multiplications the concentra-
tion and the cross sections for hydrogen and helium
are equal.

Let us note than hydrogen and helium absorption
manifests itself only in the optical component of AGN
spectrum. It produces the di�use scattering of quanta,
and also the bremsstrahlung and ionizing radiation for

individual recombination lines.
It is necessary to comment on the results of the

AGN's luminosity calculations taking into account the
presence of a dust component. In this case, columns
eight and nine take into account the cascade transitions
in elements such as Mg, Si, and O of the constituent
dust. According to Doikov (2019), even in the near
surface layers of dust, with a depth of 10-15 nm the
above atoms form cascade transitions, with the forma-
tion of X-ray quanta. The same atoms participate in
the circulation of matter of gas-dust complexes in the
form of molecules and free atoms.

Of particular interest for the interpretation of radi-
ation in x-rays are Mg and Si because their cascades
2p � 1s, 3d � 2p generate x-ray quanta after �lling a
K-vacancy near 1 KeV. Small dust particles scatter x-
ray radiation with a wavelength close to 1-10 nm. The
probability of the formation of such quanta depends on
the chemical composition of the medium.

The same can be said about C, N, O elements. The
mentioned process of �lling K-vacancies was studied by
Doikov et al. (2018). It was found the di�use �lling of
the peripheral regions of AGN with quanta of similar
origin in the range from 100 eV to 10 KeV. In this case,
the observation of x-ray 
ux at 1 KeV can characterize
the presence of such elements as Ne, Na, Mg. But their
low contents are of little use for such an analysis. The
exception is Mg. Note that all elements other elements
are at least six orders of magnitude less abundant.

Therefore the signi�cant 
uxes of quanta with an
energy of 1 KeV are created mainly by the central
part of AGN localized by the jet base, and the di�use
component is formed by the entire volume of AGN.
Formed in the AGN's peripheral parts UV and soft
X-rays are responsible for the formation of high-power
optical luminescence caused by secondary radiation
and Auger electrons. The cross sections for the
excitation of optical transitions under the in
uence
of a steady radiation �eld are at least �ve orders
of magnitude larger than the photo-cross sections
considered when K-vacancies are formed.

5. Discussion

The appearance of multichannel observations of
AGN luminosities in various spectral regions made it
possible to analyze the energy interaction of the AGN
center with its periphery. At the same time, it was con-
cluded that energy is transmitted in the form of cosmic
rays and hard radiation in the form of quanta. In par-
ticular, the importance of �-resonance is determined.

The coe�cient of transformation of the initial en-
ergy of these sources into the optical radiation is de-
termined. It is correlated with the 
 -range luminos-
ity. One of the consequences of the interaction of high-
energy protons with hydrogen atoms of the interstellar
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medium is the formation of intense 
ux of secondary
positrons.

As a result, the annihilation of secondary positrons
with K-electrons gives rise to their single-photon an-
nihilation with a 
 -ray energy of 1.022 MeV and two-
photon annihilation with an energy of 0.511 MeV. The
intensity of the 
 -lines produced by the annihilation of
positrons is a unique diagnostic spectroscopic tool for
AGN's studying (Doikov et al., 2019).

The most important are the determination of the

uxes of protons and � -particles with energies of
2-3 GeV and to the measurement of the Doppler
broadening for optical lines of atoms involved in the
annihilation of positrons with K-electrons.

6. Conclusion

The increasing amount of observations of galaxies
with AGNs in various spectral ranges has expanded
the range of problems to be solved and the possibil-
ity of unifying them according to measured data. In
particular, the correlation between the energy 
uxes
in the 
 -, x-ray and optical spectral regions becomes
visible. Of particular interest is the correlation of the
logarithms of luminosity in the 
 - and optical parts of
the spectrum.

As our previous calculations showed, the forma-
tion of the AGN luminescence in the form of a 
 -
spectrum is associated with physical processes near a
compact relativistic object, often interpreted as a mas-
sive black hole. Here, a powerful 
ux of cosmic rays is
formed simultaneously, mainly in the form of electrons,
positrons, protons and � -particles.

In the present work, it was shown that the reason of
the correlation between the L 
 and L B luminosities
is the transport of cosmic rays kinetic energy along the
magnetic force tubes. These cosmic rays were formed
together with 
 -quanta and propagated to AGN's pe-
ripheral regions.

Cosmic rays are limited in energy by the upper limit
of 3-5 GeV since at higher energies the cosmic rays
leave AGN unhindered.

We also estimated the percentage of cosmic rays en-
ergy converted into radiation as a result of ionization
losses and other types of interaction of cosmic rays

uxes with gas-dust aggregates of the AGN periphery.

It amounts to about 0.5% - 0.1% depending on the
boundary conditions and the chemical composition of
gas-dust conglomerates. Given the remoteness and lim-
ited information on AGN, these types of correlations
allow us to estimate the expected intensity in the op-
tical spectrum from the measured luminosity in the

 -range.

The relativistic electrons formed at the jet's base
quickly lose their kinetic energy in collisions with both
protons and � -particles and, when entering the periph-

eral region, are mixed with Auger electrons.
The heavy component of cosmic rays forms �-

resonance in collisions with hydrogen in gas-dust
conglomerates according to the schemes shown by the
equation (6). The �nal products of all three channels
of the indicated circuit e�ciently transmit energy and
participate in the formation of the optical radiation
�eld.
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ABSTRACT. Objects with the B[e] phenomenon
exhibit permitted and forbidden emission lines due
to the presence of circumstellar ionized gas and
large infrared excesses due to processing of the
stellar radiation by circumstellar dust. There are
�ve groups of stars that show this phenomenon
(pre-main-sequence Herbig Ae/Be stars, symbiotic
systems, proto-planetary nebulae, some supergiant,
and FS CMa type objects). The latter group is the
most recently discovered and the least explored. The
leading hypothesis about the group nature implies
that they are mostly intermediate-mass binary sys-
tems, whose circumstellar medium was created during
a strong mass-transfer phase due to a Roche lobe
over�ow of the more massive star in the system. We
have been conducting a large program of spectroscopic
and photometric observations of many objects and
candidates to this group. The current report is
devoted to the preliminary results of our ongoing
study of two objects with similar underlying early
B-type stars, FS CMa (the group prototype) and MO
Cam. The objects show di�erent emission-line pro�les
and infrared excesses which are most likely due to
di�erent tilt angles of their non-spherical envelopes
with respect to the line of sight. Variability of spectral
lines is discussed here.

Key words : Stars: emission-line, Be - Stars: evolu-

tion - Stars: circumstellar matter - Stars: binaries:
general.

ÀÍÎÒÀÖIß Îá'¹êòè ç ôåíîìåíîì B[e]
äåìîíñòðóþòü äîçâîëåíi òà çàáîðîíåíi åìiñiéíi ëiíi¨
çàâäÿêè ïðèñóòíîñòi íàâêîëîçîðÿîãî iîíiçîâàíîãî
ãàçó òà âåëèêîãî iíôðà÷åðâîíîãî íàäëèøêó
çàâäÿêè ïåðåâèïðîìiíþâàííþ íàâêîëîçîðÿíèì
ïèëîì. Iñíóþòü ï'ÿòü ãðóï çið, ÿêi ïîêàçóþòü
öåé ôåíîìåí (ïåðåä-ÃÏ Ae/Be çîði òèïó Ãåðáiãà,
ñiìáiîòè÷íi ñèñòåìè, ïðîòîïëàíåòàðíi òóìàííîñòi,
äåÿêi íàäãiãàíòè òà îá'¹êòè òèïó FS CMa). Îñòàííÿ
ãðóïà ¹ çîâñiì íåäàâíî âiäêðèòîþ òà íàéìåíø
äîñëiäæåííîþ. Ãîëîâíà ãiïîòåçà ùîäî ïðèðîäè
öi¹¨ ãðóïè ïîëÿãà¹ â òîìó, ùî âîíè ó áiëüøîñòi
¹ ïîäâiéíèìè ñèñòåìàìè ïðîìiæíèõ ìàñ, ÷è¹
íàâêîëîçîðÿíå ñåðåäîâèùå ñòâîðþ¹òüñÿ íà ïðîòÿçi
ôàçè ñèëüíîãî ïåðåíîñó ìàñè çàâäÿêè ïåðåòiêàííþ
ó ïîðîæíèíó Ðîøà ðå÷îâèíè ç áiëüø ìàñèâíî¨
çîði ó ñèñòåìi. Ìè ìà¹ìî âèêîíàòè âåëèêó
ïðîãðàìó ñïåêòðîñêîïi÷íèõ òà ôîòîìåòðè÷íèõ
ñïîñòåðåæåíü áàãàòüîõ îá'¹êòiâ òà êàíäèäàòiâ äî
öi¹¨ ãðóïè. Öå ïîâiäîìëåííÿ ïðèñâÿ÷åíî ïîïåðåäíiì
ðåçóëüòàòàì íàøîãî iíòåíñèâíîãî âèâ÷åííÿ äâîõ
î'á¹êòiâ çi ñõîæèìè ãîëîâíèìè ðàííiìè çîðÿìè
Â-òèïó, � FS CMa (ïðîòîòèï ãðóïè) òà MO Cam.
Öi îá'¹êòè ïîêàçóþòü ðiçíi ïðîôiëi åìiñiéíèõ
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ëiíié òà iíôðà÷åðâîíîãî íàäëèøêó, àëå ÿêi ¹
íàéáiëüø ñõîæèìè çàâäÿêè ðiçíèì êóòàì íàõèëó ¨õ
íåñôåðè÷íèõ îáîëîíîê äî ëèíi¨ ñïîñòåðåæåííÿ. Â
ðîáîòi îáãîâîðåíî çìiííiñòü ñïåêòðàëüíèõ ëiíié öèõ
îá'¹êòiâ.

Êëþ÷îâi ñëîâà: B[e]-çîði, åâîëþöiÿ B[e]-çið,
îáîëîíêè B[e]-çîðü, ïîäâiéíi çîði.

1. Introduction

The B[e] phenomenon is the presence of line emis-
sion (e.g., H i and Fe ii ) and large IR excesses
due to dust in the spectra of B�type stars (Allen &
Swings 1976). It is found in �ve stellar groups (Lamers
et al. 1998): pre-main-sequence stars, symbiotic bina-
ries, compact Proto-Planetary Nebulae, some super-
giants, and FS CMa objects. Classi�cation and deter-
mination of fundamental parameters of many objects
with the B [e] phenomenon is di�cult due veiling of
stellar features by circumstellar material.

The group of FS CMa objects was de�ned with
the following criteria (Miroshnichenko 2007). Obser-
vational: A hot star continuum with emission lines of
H i, Fe i, O i, [Fe ii ], [O i], Ca ii ; a large IR excess
peaking at � = 10 � 30� m and sharply decreasing at
longer wavelengths; location outside star-forming re-
gions; and a secondary companion (if revealed) typi-
cally either fainter and cooler or degenerate. Physical:
Hot star has a spectral type between O9 and A2 and
a luminosity range log L/L � between� 2.0 and � 4.5.

Most FS CMa objects show very strong emission-line
spectra inconsistent with mass�loss from single stars.
Our studies show that they are not pre-main-sequence
stars or proto-planetary nebulae due to lack of cold
circumstellar dust. They are thought to be binary
systems after a strong mass-transfer stage, when large
amounts of gas and dust were formed in the circum-
stellar envelope. However, only � 30% of the � 70
group members and candidates have been con�rmed
to be binary systems mostly due to a lack of data.

2. Observations

Optical spectroscopic observations of the group
prototype FS CMa and MO Cam were obtained with
�echelle spectrographs (resolving powerR � 12000�
65000) at the following telescopes: 3.6 m Canada�
France�Hawaii Telescope (CFHT, USA), 2.7 m Harlan
J. Smith telescope (McDonald Observatory, USA),
2.1 m telescope of the Observatorio Astron�omico Na-
cional San Pedro Martir (Mexico), 11.4� 9.8 m South
African Large Telescope, 2 m Himalayan Chandra
Telescope (HCT, India), and 0.81 m telescope of the
Three College Observatory (USA, FS CMa only).
Photometric observations were obtained with a 1 m

telescope of the Tien-Shan Astronomical Observatory
(Kazakhstan) in BV R �lters in 2014�2016. We have
also collectedV �band light curves from the ASAS SN
all-sky survey (Kochanek et al. 2017) for both objects.
The latter are shown in Fig. 1 (left panel).

3. The objects description

FS CMa. A peculiar spectrum of FS CMa was dis-
covered over 120 years ago (Pickering et al. 1898) and
classi�ed as that of a Be star (Merill et al. 1925). Later
a large IR excess due to radiation of circumstellar
dust was found, and it became a prototype of objects
with the B[e] phenomenon (Allen & Swings 1976).
It was also considered a Herbig Ae/Be star (e.g.,
Sitko et al. 1995), but it belongs to no star forming
region. Miroshnichenko (2007) included it in the B[e]
subgroup of FS CMa objects, which are thought to be
post mass-transfer binary systems. Its binarity has
been suspected from spectro-astrometric data (Baines
et al. 2006) but uncon�rmed by other techniques.
FS CMa shows long-term brightness variations, which
are large in the visual range (V=6.9�8.8 mag, Mirosh-
nichenko 1998) and much smaller in the near-IR.

MO Cam. The H� emission in the spectrum of
MO Cam (also known as AS 78) was discovered by
Merill & Burwell (1933). Its large IR excess was
identi�ed in the IRAS data by Dong & Hu (1991).
Initial study was done by Miroshnichenko et al. (2000),
who detected brightness variations of� V � 0:3 mag
and P Cygni type Balmer line pro�les, found the
object's spectral type to be B3, and spectroscopically
estimated its distance to be� 2.9 kpc from the Sun.

4. Results

FS CMa shows fast brightness and line pro�le vari-
ations on a timescale of several days. Blue peaks of
double-peaked emission-line pro�les vary stronger than
red peaks indicating an active mass loss from the B�
type star. Small emission peaks near the centers of the
Balmer lines may arise in the material near the center
of mass of the binary (Fig. 1, right panel). Absorption
lines of Hei have variable positions, which may be due
to a variable contribution from the circumstellar disk.

Line pro�le and brightness variations of MO Cam
are not as fast and not as strong as in FS CMa.
Absorption components of the P Cyg type pro�les in
Balmer lines vary in shapes, indicating changes in the
velocity of the circumstellar material in front of the
B�type star (Fig. 1, right panel).
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5. Conclusions

Both photometric and spectroscopic data show that
FS CMa is a highly variable object, while variations of
MO Cam are much smaller (Fig. 1, left panel). Bright-
ness variations of both objects contain no periodic
component. There is no clear evidence for secondary
companions in the properties of both objects, but the
properties are very unusual for single stars. FS CMa
may undergo a strong mass transfer phase, while
MO Cam might have already �nished this phase. A
more frequent monitoring at timescales of days to
weeks may help understanding the reasons for the
objects' variability. Spectroscopic distances to both
objects are consistent GAIA parallaxes (0.62� 0.02
kpc for FS CMa and 3.0� 0.3 kpc for MO Cam, GAIA
DR2, 2018).
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Figure 1: Left panel. V �band light curves of FS CMa
and MO Cam from the ASAS SN survey in 2012�2018
(Kochanek et al. 2017). Right panel. H� line vari-
ations in the objects' spectra. Only high-resolution
data from CFHT, McDonald Observatory, and HCT
are shown. Intensity normalized to the local contin-
uum is plotted against heliocentric radial velocity.
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ABSTRACT. We examined 12 planet-hosting stars 
based on homogeneous spectral data (obtained with the 
SOPHIE echelle spectrograph with R = 75,000 at the OHP, 
France) and using uniform techniques for determination of 
parameters and abundances of a series of elements (Li, C, 
Na, Mg, Al, S, Si, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni,  Zn, 
Y, Zr, Ba, La, Ce, Pr, Nd, Sm and Eu).  

For our set of stars with detected massive planets, we 
have found [Fe/H] ranging from --0.3 to 0.4 dex. There is 
the only star for which the lithium content has been 
reliably shown to be lower than predicted values. Average 
C/O ratio (0.52�“0.08) is slightly lower than the solar one 
(0.54), and C/O ratios tend to correlate with the planetary 
mass. Magnesium follows the trend in Galactic chemical 
evolution exhibiting a dependence on the planetary mass. 
Manganese and barium are both slightly overabundant. 

Keywords: stars: abundances �± stars: atmospheres �± stars: 
planetary systems �± techniques: spectroscopic 

�:�G�H�L�:�P�1�Y. �F�b�� �^�h�k�e�•�^�b�e�b�� ������ �a�•�j�� �a�� �i�e�Z�g�_�l�Z�f�b����
�k�i�b�j�Z�x�q�b�k�v�� �g�Z�� �h�^�g�h�j�•�^�g�•�� �k�i�_�d�l�j�Z�e�v�g�•�� �^�Z�g�•�� ���h�l�j�b�f�Z�g�•��
�g�Z�� �_�r�_�e�v���k�i�_�d�l�j�h�]�j�Z�n�• �6�2�3�+�,�(�� �a �j�h�a�^�•�e�v�g�h�x��
�a�^�Z�l�g�•�k�l�x���5�� � �� ������ �������� �\���H�[�k�_�j�\�Z�l�h�j�•�€�� �H�l�� �I�j�h�\�Z�g�k, 
�N�j�Z�g�p�•�y���� �l�Z���\�b�d�h�j�b�k�l�h�\�m�x�q�b���}�^�b�g�•�� �f�_�l�h�^�b�d�b��
�\�b�a�g�Z�q�_�g�g�y���i�Z�j�Z�f�_�l�j�•�\���c �\�f�•�k�l�m���j�y�^�m���_�e�_�f�_�g�l�•�\�����/�L�����&����
Na, Mg, Al , S, Si, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, 
Zn, Y, Zr, Ba, La, Ce, Pr, Nd, Sm �l�Z Eu). 
�<�Z�`�e�b�\�m�� �j�h�e�v�� �\�•�^�•�]�j�Z�}�� �\�b�\�q�_�g�g�y�� �o�•�f�•�q�g�h�]�h�� �k�d�e�Z�^�m��
�f�Z�l�_�j�b�g�k�v�d�b�o���a�•�j�h�d�����y�d�•���\ �o�•�f�•�q�g�h�f�m���k�d�e�Z�^�•���Z�l�f�h�k�n�_�j�b��
�f �h�`�m�l�v�� �g�_�k�l�b�� �©�\�•�^�[�b�l�d�b�ª�� �i�j�b�k�m�l�g�h�k�l�•�� �i�e�Z�g�_�l�Z�j�g�b�o��
�k�b�k�l�_�f���� �Z�� �k�i�•�\�\�•�^�g�h�r�_�g�g�y�� �_�e�_�f�_�g�l�•�\�� �}�� �\�Z�`�e�b�\�b�f�b�� �^�e�y��
�\�b�\�q�_�g�g�y���m�l�\�h�j�_�g�g�y���i�e�Z�g�_�l���j�•�a�g�b�o���f�Z�k�� 
�G�Z�r�•�� �^�h�k�e�•�^�`�m�\�Z�g�•�� �a�•�j�d�b�� �a�� �f�Z�k�b�\�g�b�f�b�� �i�e�Z�g�_�l�Z�f�b��
�f�Z�x�l�v�� �j�•�a�g�m�� �f�_�l�Z�e�•�q�g�•�k�l�v��-0.3 <[Fe/H] <0.������ �H�l�`�_����
�k�m�i�_�j�f�_�l�Z�e�•�q�g�•�k�l�v�� �g�_�� �f�h�`�_�� �[�m�l�b�� �g�Z�^�•�c�g�b�f�� �d�j�b�l�_�j�•�}�f��
�g�Z�y�\�g�h�k�l�•���i�e�Z�g�_�l�����J�•�a�g�b�c���\�f�•�k�l���e�•�l�•�x���\���g�Z�r�b�o���p�•�e�v�h�\�b�o��
�a�•�j�d�Z�o�� �\�•�^�i�h�\�•�^�Z�}�� �_�\�h�e�x�p�•�c�g�b�f�� �a�f�•�g�Z�f���� �E�b�r�_�� �h�^�g�Z��
�a�•�j�d�Z�� ���+�'�������������� �\�•�d�� ��.���� �=�j���� �i�h�d�Z�a�m�}�� �\�b�k�g�Z�`�_�g�g�y�� �e�•�l�•�x��
�i�h�j�•�\�g�y�g�h�� �a�� �i�j�h�]�g�h�a�h�f�� �_�\�h�e�x�p�•�€���� �G�Z�r�•�� �k�_�j�_�^�g�•��
�a�g�Z�q�_�g�g�y�� �>�&���2�@�� � ��-0.������ �“�� ��.07 �c C/O = 0.������ �“�� ��.������ �g�_��
�i�•�^�l�j�b�f�m�x�l�v���a�[�Z�]�Z�q�_�g�g�y���\�m�]�e�_�p�_�f���\���g�Z�r�h�f�m���a�h�j�y�g�h�f�m��
�a�j�Z�a�d�m���� �Z�e�_�� �p�_�� �m�a�]�h�^�`�m�}�l�v�k�y�� �a�� �j�_�a�m�e�v�l�Z�l�Z�f�b����
�h�l�j�b�f�Z�g�b�f�b�� �6�X�D�U�H�]-Anders �l�Z�� �•�g���� ���������������� �F�b��
�k�i�h�k�l�_�j�•�]�Z�}�f�h�� �g�_�\�_�e�b�d�b�c�� �l�j�_�g�^�� �&���2�� �a�� �f�_�l�Z�e�•�q�g�•�k�l�x���c 
�f�Z�k�h�x���i�e�Z�g�_�l�b�����K�_�j�_�^�g�y���\�_�e�b�q�b�g�Z�����>�0�J���6�L�@�!��pl = -0.05 
�“�� ���������� �g�b�`�q�_�� �k�h�g�y�q�g�h�€�� �\�_�e�b�q�b�g�b�� �>�0�J���6�L�@ �V = 0.0, 
�k�i�h�k�l�_�j�•�]�Z�}�l�v�k�y�� �l�j�_�g�^�� �a�Z�e�_�`�g�h�k�l�•�� �>�0�J���6�L�@�� �\�•�^�� �f�Z�k�b��
�i�e�Z�g�_�l�b���� �F�Z�j�]�Z�g�_�p�v���l�Z �[�Z�j�•�c�� �\�b�y�\�e�y�x�l�v�� �^�_�y�d�b�c��

�g�Z�^�e�b�r�h�d�� �\�f�•�k�l�m���� �@�h�^�g�Z�� �a�� �^�h�k�e�•�^�`�m�\�Z�g�b�o�� �a�•�j�h�d�� �g�_��
�i�j�h�^�_�f�h�g�k�l�j�m�\�Z�e�Z�� �`�h�^�g�b�o�� �a�g�Z�q�g�b�o�� �g�Z�o�b�e�•�\��
���a�Z�e�_�`�g�h�k�l�_�c���� �\�•�^�g�h�k�g�h�]�h�� �\�f�•�k�l�m�� �\�h�]�g�_�l�j�b�\�d�b�o��
�_�e�_�f�_�g�l�•�\���^�h���e�_�l�d�b�o���\�•�^���l�_�f�i�_�j�Z�l�m�j�b �d�h�g�^�_�g�k�Z�p�•�€���7cond. 

�D�e�x�q�h�\�•�� �k�e�h�\�Z���� �a�•�j�d�b���� �\�f�•�k�l���± �a�•�j�d�b���� �Z�l�f�h�k�n�_�j�b���± 
�a�•�j�d�b�����i�e�Z�g�_�l�Z�j�g�•���k�b�k�l�_�f�b��- �f�_�l�h�^�b�����k�i�_�d�l�j�h�k�d�h�i�•�q�g�•. 
 

1. Introdu ction 

The study of stars with planetary systems is a rapidly 
developing branch of astrophysics. Most exoplanets were 
discovered by spectrometric measurements of the radial 
velocity of stars and planetary transits. Studying the 
chemical composition of parent stars plays an important 
role as chemical imprints in their atmospheric abundances 
may be used as indicators of the presence of planetary 
systems while elemental ratios are essential to study 
formation of planets of different masses. 

The first studies revealed a relationship between 
metallicity [Fe/H] and the presence of planets (e.g. 
Gonzales 1997; Udry & Santos 2007 and references 
therein), and subsequently it was shown that such a 
relationship could be observed in the stars with massive 
planets like Jupiter (e.g. Israelian & Mayor 2001; Fischer 
& Valenti 2005; Sousa et al. 2008). Later, suggestions 
were made to detect exoplanets in metal-poor stars (Sousa 
et al. 2008; Adibekyan et al. 2012b, a; 2015). Lithium  
(Li 7) deficiency has been associated with the presence of 
planets (Gonzalez & Laws 2000; Gonzales et al. 2008, 
2010; Israelian et al. 2004, 2009; Delgado Mena et al. 
2014; Figueira et al. 2014; Mishenina et al. 2015, etc.) 
while an excess of lithium isotopes Li6 has been deemed 
to indicate the presence of massive planets (e.g. Israelian 
et al. 2001 Montalban & Rebolo 2002). Delgado Mena et 
al. (2015) reported lower lithium content in the host stars of 
massive planets (-0.14) as compared to the stars without 
detected planets. However, the rotational velocities vsini of 
stars with hot Jupiters tend to be higher on average than 
those of single stars suggesting that rotationally induced 
mixing (rather than the presence of planets) might be 
responsible for greater lithium depletion. A strong 
correlation between the lithium content and age was 
observed, which could be due to stellar evolution (Baumann 
et al. 2010; Carlos et al. 2016).  

The carbon to oxygen ratios C/O in planet-hosting stars 
can provide key information about the protoplanetary discs 
in which the relevant planets are formed (Kuchner & 
Seager 2005). There are noticeable discrepancies in the 
estimates of C and O abundances in various studies to date. 
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For instance, Petigura & Marcy (2011) reported that planet-
bearing systems were enriched in carbon with C/O>=1.00; 
however, a number of other studies (e.g. Nissen et al. 2013, 
2014) did not support the existence of carbon-rich planets 
with the C/O values not exceeding 0.8. Teske et al. (2014) 
found that the mean C/O ratio for their sample of transiting 
exoplanet host star was 0.54 (C/O�V = 0.54) as compared to 
the previously measured C/O averages for the host stars of 
~0.65-0.75. Later, �6�X�i�U�H�]-�$�Q�G�U�p�V��et al. (2016, 2017) 
showed that the linear relationship between [N/Fe] and 
[Fe/H] was due to the metal-rich nature of planet-hosting 
stars, i.e. due to Galactic chemical evolution. They also 
found two different sloped trends for [C/Fe] with [Fe/H] > 0 
and [Fe/H] < 0, and a flat distribution of the [C/Fe] ratio for 
all planetary masses. Recently, Pavlenko et al. (2019) have 
reported that metal-rich dwarfs with planets are richer in 
carbon with <[C/O]> = 0.05 �“ 0.05.  

The magnesium to silicon ratio [Mg/Si] is higher for 
the stars with low-mass planets (Adibekyan et al. 2015); 
the correction for the NLTE effects (Adibekyan et al. 
2017) has resulted in a small difference, and high [Mg/Si] 
ratios in the stars hosting Super-Earth/Neptune-mass 
planets are likely to be associated with their formation. 
The correlation between C/O and Mg/Si is crucial to the 
determination of mineralogy of planetary companions 
(�6�X�i�U�H�]-�$�Q�G�U�p�V��et al. 2018, HARPS sample). The authors 
obtained C/O < 0.8 for their entire sample of planets. 
Among stars with high-mass companions, 0.8 > C/O > 0.4 
was reported for 86% of stars and C/O < 0.4 for 14%. 
Mg/Si is 1 < Mg/Si < 2 for all the stars with low-mass 
planets and 85% of those with high-mass companions, and 
Mg/Si < 1 for the remaining 15% of the last ones. There 
were no planet-hosting stars with Mg/Si > 2. For planet-
hosting stars with low-mass companions, C/O and Mg/Si 
were similar to the solar ones, whereas C/O was lower for 
the stars with high-mass companions.  

A correlation between the abundance differences and 
condensation temperature Tcond may also be indicative of 
the presence of Earth-like planets. Melendez et al. (2009) 
revealed that the Sun exhibited a depletion of refractory 
elements relative to the volatile ones as compared to the 
solar twins. The finding was associated with the formation 
of planetary systems like our own one, in particular with 
the existence of terrestrial planets (Melendez et al. 2009). 
Further, it was shown that similar relationships might 
reflect a wide diversity of exoplanetary systems observed 
so far, as well as a variety of scenarios which could occur 
for the matter in circumstellar discs (Spina et al. 2016), 
and that the obtained dependence of the abundance 
differences on Tcond was correlated with the age and birth 
�S�O�D�F�H�� �L�Q�� �W�K�H�� �*�D�O�D�[�\�� ���*�R�Q�]�i�O�H�]�� �+�H�U�Q�i�Q�G�H�]��et al. 2013; 
Adibekyan et al. 2014, 2015; Nissen 2015) being not 
related to the presence of planets.  

The manganese abundance differences for the stars 
with and without planets were determined: [Mn/Fe]  ratios 
of planet-hosting stars were higher (Kang et al. 2011). As 
regards the neutron-capture elements: low barium 
content was found in planet-hosting stars (Mishenina et al. 
2015); and Delgado Mena et al. (2018) reported Ba, Sr, 
Ce and Zr underabundances in the stars with planets, with 
the only �V�W�D�W�L�V�W�L�F�D�O�O�\�� �V�L�J�Q�L�I�L�F�D�Q�W�� �����1���� �X�Q�G�H�U�D�E�X�Q�G�D�Q�F�H�� �R�I��
0.03 dex being observed for Ba in low-mass planet hosts. 

This study is aimed at independent assessment of the 
relationship between the presence of massive planets and 
specific features of chemical composition of parent stars. 

 
2. Observational data  

We used the stellar spectra from the OHP archive 
(Moultaka et al. 2004) of the echelle-type spectrograph 
SOPHIE (Perrushot et al. 2011) obtained at R = 75,000 in 
the wavelength range 4,400 �± 6�����������c���D�Q�G���V�L�J�Q�D�O-to-noise 
ratio (S/N) better than 80. The spectra processing was 
performed using the DECH20 software package 
developed by G.A. Galazutdinov (2007), 
http://gazinur.com/DECH-software.html. 

Planet-hosting stars with detected massive planets (with 
the planetary masses Mpl greater than the mass of Jupiter 
M_J), as well as stellar and planetary characteristics, were 
adopted from the following sources: Moutou et al. (2014) 
for HD13908; Herbrar et al. (2016) for HD143105, 
HD35859, HD220842, HD12484, HD141399, HIP65407 
and HD109384; Diaz et al. (2016) for HD191806 and 
HD221586; Santos et al. (2016) for HD219828 and Rey et 
al. (2017) for HD17674 and HD290213.  

3. Determination of parameters and chemical 
compositions 

The effective temperatures Teff were derived by the 
calibration of the line-depth ratios for spectral-line pairs 
with different low-level excitation potentials (Kovtyukh et 
al. 2003), under the condition of independence of the Fe 
content along the Fe I lines on the low-level potential of 
the relevant line. The surface gravities log g were 
computed by the ionisation balance; the microturbulent 
velocity Vt was determined by factoring out the 
correlation between the abundances and equivalent widths 
of the Fe I lines. We used the Fe I lines to derive [Fe/H].  

The elemental abundances were determined using 
Castelli & Kurucz (LTE) models. The Kurucz WIDTH9 
code was used for the LTE determination of Na, Mg, Al, 
S, Si, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Y, Zr, Ba, 
La, Ce, Pr, Nd and Sm abundances. The modified latest 
version of STARSP (Tsymbal, 1996) was employed for 
the LTE determination of Li , C, O and Eu abundances.  
The total uncertainty due to parameter and EW errors for 
the Fe I and Fe II lines are 0.06 and 0.08, respectively. 
The determination accuracy varies from 0.06 to 0.12 dex 
for different elements.  

The comparison of the synthetic and observed spectra for 
the CI �����������c��line for HD 17674 is presented in Fig. 1. 

 

Figure 1: The observed (asterisks) and calculated (solid 
line) spectra in the region of the C I line for HD 17674. 
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Figure 2: Li abundance vs. Teff 

 
Figure 3: [C/O] vs. [Fe/H] 

 
Figure 4: [C/O] vs. planetary mass Mpl 

 

 

4. Results and discussion 

As follows from the Introduction, there are some 
potential chemical indicators of the presence of planets of 
different masses ([Fe/H], Li abundance, C/O, Mg/Si etc).   

Metallicity [Fe/H].  Our target stars with massive 
planets differ in metallicity -0.3 < [Fe/H] < 0.4. Therefore, 
the supermetallicity cannot be the only reliable criterion of 
the presence of planets.  

Li abundance. Fig.2 illustrates the correlation between 
the Li abundance log A(Li) and Teff.  The evolutionary 
tracks taken from Baraffe et al. (2017) are marked with 
dash-dotted lines for different ages.   

As can be seen in Fig.2, different Li abundances in our 
target stars correspond to the evolutionary changes. Only 
one star (HD13908) with the age of 2.9 Gyr exhibits the 
Li  depletion as compared to the evolution  predictions. 
The star HD13105 (with log A(Li) = 1.16 and rotational 
velocity vsin i = 8.1 km/sec) enables to suppose that 
rotationally induced mixing rather than the presence of 
planets might be responsible for greater depletion of Li as  

 
Figure 5: Mg/Si vs. [Fe/H] 

 
Figure 6: [Mg/Si] vs. planetary mass Mpl 

 
Figure 7: Relationship between the relative elemental 
abundances and Tcond for the star HD13908. 
 

 
suggested by Delgado Mena et al. (2015). The separately 
considered low estimates of the lithium abundance with 
no thorough analysis of the potential causes of its 
depletion cannot be reckoned as a reliable criterion of the 
presence of massive planets either. 

C/O and [C/O] ratios. Figs. 3 and 4 show [C/O] vs. 
[Fe/H] and C/O vs. Mpl. Our average values [C/O] = -0.03 
�“0.07 and C/O = 0.52 �“0.06 do not support carbon 
enrichment in our target sample of stars, though they are 
consistent with the results obtained with HARPS 
spectrograph by Suarez-Anders et al.( 2018): 0.8 > C/O > 
0.4 for 86% of high-mass companions and C/O < 0.4 for 
the remaining 14%. However, we observe a slight trend of 
C/O with metallicity and planetary mass. 

[Mg/Si] ratio .  The observed trend of [Mg/Si] with 
metallicity (Fig. 5) can be due to the Galactic evolution; 
the average <[Mg/Si]>pl = -0.05 �“0.09 is lower than the 
solar value of [Mg/Si] �V  = 0.0. We can also see the scatter 
of [Mg/Si] in the region of several Jupiter masses, as well 
as correlation between [Mg/Si] and Mpl with lower values 
corresponding to greater masses (Fig. 6). 

68 Odessa Astronomical Publications,vol. 32 (2019)



Relative abundance of refractory elements to 
volatile ones. For all our target stars, we plotted the 
relationship between the relative abundance of refractory 
elements to volatile ones and condensation temperature 
Tcond (Fig. 7).   

For none of the stars did we find any significant sloped 
trends (correlations).  

[Mn/Fe]. [Mn/Fe] ratios in planet-hosting stars are 
higher (Kang et al. 2011). Our average value is 
<[Mn/Fe]> =  0.10 �“ 0.06.   

Neutron-capture elements: with low Ba in the stars 
hosting low-mass planets (-0.03, Delgado Mena et al. 
2015), we obtained <[Ba/Fe]> = 0.09 �“ 0.16 for the stars 
with massive planets. 

5. Conclusions 

For the target set of stars with massive planets, we have 
found metallicit ies ranging from -0.3 to 0.4; there is the 
only star in the sample for which the lithium content has 
been reliably shown to be lower as compared to the stellar 
evolution predictions; the average <C/O> ratio = 
0.52�“0.08 is slightly lower than the solar one (0.54) while 
C/O ratios tend to be dependent on the planetary mass; 
magnesium follows the trend in Galactic chemical 
evolution exhibiting a dependence on the planetary mass.   

Our determinations of the C/O and Mg/Si ratios are in 
good agreement with the results �R�I�� �6�X�i�U�H�]-�$�Q�G�U�p�V��et al. 
(2018). Manganese and barium are slightly 
overabundant. For none of the studied stars did we find 
any significant correlation (sloped trends) between the 
relative abundances of refractory elements to volatile 
ones and condensation temperatures Tcond. In summary, 
we cannot reliably single out one or another criterion. A 
larger sample of stars is required to ensure the 
determination and further application of statistically 
significant criteria. 
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THE ON- AND OFF-STATE GENERATIONS IN THE CASE OF
THE THICK ACCRETION DISK AND UNDEFINED

PRECESSION PERIOD. 3-D NUMERICAL
HYDRODYNAMICAL SIMULATIONS IN ACCRETION DISK IN

MICROQUASAR CYG X-1

V.V. Nazarenko
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ABSTRACT. In the present work we have com-
puted the thick accretion disk (the accretion disk with
radiation pressure) for the case of unde�ned precession
over very long time (more than 14 precession periods).
The calculations show that in this case the origin of
the ON-states and OFF-states are strong irregular
in time. The calculations also show that the jet's
launches are taking place very suddenly over 7� 20
minutes of the orbital time. The jet's launches over
OFF-states occurs discrete as it is observed in real
microquasars.

ÀÍÎÒÀÖIß. Â ïðåäñòàâëåíié ðîáîòi ìè
âèêîíàëè îá÷èñëåííÿ òîâñòîãî àêðåöiéíîãî
äèñêó (àêðåöiéíîãî äèñêó ç ðàäiàòèâíèì òèñêîì)
äëÿ âèïàäêó íåâèçíà÷åíî¨ ïðåöåñi¨ ïðîòÿãîì
äîâãîãî ÷àñó (áiëüøå ÷îòèðíàäöÿòè ïðåöåñiéíèõ
ïåðiîäiâ). Îá÷èñëåííÿ ïîêàçàëè, ùî â öüîìó
âèïàäêó ãåíåðàöiÿ âèêëþ÷åíèõ òà âêëþ÷åíèõ
ñòàíiâ ¹ äóæå iððåãóëÿðíèìè ç ÷àñîì. Ðåçóëüòàòè
ðîçðàõóíêiâ òàêîæ ïîêàçàëè, ùî çàïóñê äæåò
âèíèêà¹ ðàïòîâî ïðîòÿãîì ñåìè � äâàäöÿòè
õâèëèí îðáiòàëüíîãî ÷àñó. Çàïóñê äæåò ïðîòÿãîì
âèêëþ÷åíèõ ñòàíiâ â íàøèõ îá÷èñëåííÿõ âèíèêà¹
äèñêðåòíî, ùî âiäïîâiäà¹ ñïîñòåðåæåííÿì â
ðåàëüíèõ ìiêðîêâàçàðàõ.

Keywords : Stars: binaries - stars: jets - methods:
numerical - hydrodynamics.

1. Introduction

In the present research we have continued to
simulate the ON- and OFF-states generations on the
base of microquasar Cyg X-1 by the methods of 3-D
numerical hydrodynamics (Nazarenko & Nazarenko,
2014, 2015, 2016, 2017; Nazarenko V.V., 2018). The
present work is devoted to the thick accretion rates

simulations on the base of classical microquasar Cyg
X-1. The goal of the present research is to compute
the donor's wind, one-point-stream formation, its
motion in Roche lobe of accretor, the thick accretion
disk formation and it's slaved precession for a irregular
precession period. To calculate the thick accretion
disk we will use in the calculations the computations
of the z-direction radiation pressure in the disk volume.

2. The numerical algorithm

The description of the numerical algorithm in use in
details is given in our previous works (Nazarenko &
Nazarenko, 2014, 2015, 2016, 2017; Nazarenko V.V.,
2018). Shortly, this algorithm is as follows: to re-
solve the non-stationary Euler's hydrodynamical equa-
tions we have used the astrophysical variant of "large-
particles" code by Belotserkovsky and Davydov (Be-
lotserkovskii O.M., Davydov Yu.M., 1982); to simulate
one-point-stream we use the donor's atmosphere model
that in turn is constructed on the base Kurucz's grid
(Kurucz R.L., 1979) with the donor's parameters; we
use the free-�ow boundary conditions allowing to a gas
to �ow freely via the calculation area boundaries; to
calculate mass �ow real temperature we use the radia-
tion cooling explicitly (Cox D. P., Daltabuit E., 1971).
In the present calculation we use the rectangular co-
ordinate system centred on the donor's centre. We
have adopted the donor's mass to be equal to 40 solar
mass and the accretor's mass to be equal to 10 solar
mass. The precession period in the present simulations
is about of 8 orbital periods. Hereafter all the distances
will be given in units of the orbital separations; the av-
erage volume disk speci�c viscosity and the average
volume disk speci�c angular momentum will be given
in units of V0A, where V0 is the orbital speed and A -
the orbital separation; the time are given in the unit

DOI:http://dx.doi.org/10.18524/1810-4215.2019.32.182111 

70 Odessa Astronomical Publications,vol. 32 (2019)



such that 2 � is equal to orbital period.
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Figure 1: The central disk's temperature over the or-
bital plane versus time.
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Figure 2: The central disk's temperature below the
orbital plane versus time.

To calculate the radiation pressure in disk we will
use the radiation model in the approach of the opti-
cally thin layers and we will use the following formula
of radiation pressure: FRAD = � H/C , where � is
coe�cient of Thomson scattering, H is the radiation
�ux which is calculated in terms of thermodynamical
equilibrium, C is the light speed.

We denote the X,Y and Z-coordinate of the accretor-
1 as X ACC 1 , YACC 1 and ZACC 1. The time evolution
of these values are de�ned by the relations:

ZA 19 = 0:15 ZB 19 = 0:15 ZC19 = 0:15
TET222=TET222+DT/8.0 where DT is time step,

given in units described above; the number 8.0 is the

quantity of the orbital periods in the one precession
period. TET 222INIT = -14.846, since we start the
precession motion on time 0.00 and before the preces-
sion starting we must form accretion disk and to make
it in stationary state.

ZA 199 = ZA 19� (cos(TET 222=ZA221))ZAA 2221 ,
Yacc1 = ZA 199� (sin(TET 222=ZA21))ZAA 19,
ZB 199 = ZB 19� (cos(TET 222=ZB221))ZBB 2221 ,
Zacc1 = ZB 199� (cos(TET 222=ZB21))ZBB 19,
ZC199 = ZC19� (cos(TET 222=ZC221))ZCC 2221 ,
X acc1 = 1 :0 � ZC199� (cos(TET 222=ZC21))ZCC 19,
In the formulas written above the values ZA19,

ZB19, ZC19, ZA21, ZB21, ZC21, ZAA19, ZBB19,
ZCC19, ZA221, ZB221, ZC221, ZAA2221, ZBB2221,
ZCC2221 are the parameters. These parameters are
in the present calculations equal correspondingly to
the following magnitudes: 0.15, 0.15, 0.15, 4.50, 2.89,
5.19, 1.0, 1.0, 1.0, 99999999.0, 99999999.0, 99999999.0,
0.0, 0.0, 0.0.

3. The results

We have begin our simulations with the start of
the precession motion and have continued it over 14
precession periods to show our on-o� state model on
relatively long time scale. The key parameters in the
present calculations are the central disk's temperature
over and below orbital plane. We show the time
dependencies of these parameters in Fig.1 and Fig.2.
As it is led from these �gures the o�-states are arising
every 5 precession periods and the beginning and end
of these states occurs very rapidly over 7� 20 minutes
of orbital plane. The time intervals of o�-states are
about of one precession period. Thus, it means, that
the jet's launches take place practically very suddenly
in respect to the o�-state durations. The comparison
both Fig.1 and Fig.2 pictures shows that they are
practically identical to a each other. It means that in
the present simulations two armed jets are simulated.
To show the OFF-state structure in more details we
show time dependence of central disk's temperature
on the vicinity of 7 � 8 precession period (see Fig.3).
As it is led from this �gure the OFF-state structure
is consisting of the partial pics and this result is in
good accordance with observation (Fender et al. 2003,
2004) The time dependencies of jet's velocities in the
disk's centrE over and below orbital plane are showing
in Fig.4 and Fig.5. As it is led from these �gures the
jet's launches are beginning suddenly and velocities
in o�-states are reaches 2000� 2500 km per second.
Such the relatively small jet's velocity is explained by
the circumstance that jet's launches in our calculations
occurs on the highness of 5000 shvarchild radius in-
stead of real 50 ones. The details of the jet's launches
on the 7 � 8 precession period is seen in Fig.6. From

Odessa Astronomical Publications,vol. 32 (2019) 71



7,0 7,5 8,0 8,5 9,0

0

20

40

60

80

100

120

140

ON

ON

OFF

OFF

OFF

 T
EM

PE
R

AT
U

R
E

TIME

Figure 3: The central disk's temperature over the or-
bital plane versus time in details for the OFF-state on
7 � 8 precession periods.
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Figure 4: The central disk's temperature over the or-
bital plane versus time.
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Figure 5: The central disk's velocity below the orbital
plane versus time.
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Figure 6: The central disk's velocity over the orbital
plane versus time in details for the OFF-state on 7�
8 precession periods.
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Figure 7: The mass accretion rate versus time.
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Figure 8: The mass transfer rate versus time.
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these �gure it is good seen that the jet launches over
o�-state is in the view of the partial picks also as the
central disk's part temperature structure. The mass
accretion rate near the disk centre time dependence
is shown in Fig 7. As it is led from these �gure this
value is anticorellated with temperature in the disk's
centre. The time dependence of mass transfer rate
via one-point is shown in Fig.8. These �gure shows
the strong variations of this value with time (here
we must point out that the position of the point via
which we have calculated the mass transfer rate in
the present research was �xed in space and time and
was corresponding toX acc1 = 1 :0 ). Namely these
variations explains the o�- and on-states generation in
the present research. Indeed, over high mass transfer
rate value the density in the disk centre is high and
the radiation cooling results in the low temperature in
the disk's centre. On contrary, over low mass transfer
rate the density in the disk's centre is strong decreased
and radiation cooling is not a�ective in this case. It
results in instantaneously heating the space near the
disk centre and jets are launching in this moment.
The one-point mass transfer rate varieties are in turn
resulting from a precession motion. Such the mecha-
nism of o�- and on-states generation is working in the
present research. To illustrate the vertical structure
of the thick accretion disk we show this structure
in Fig.9 in which the z-x plane cross-section of the
calculation area is plotted. In this �gure we may see
the donor (the number 1), one-point stream (L 1), the
jets (the number 2), the donor's wind (wind), the thick
accretion disk (the number 3) and the funnel along
the disk rotation axis (the number 4). To illustrate
the accretor-1 motion in the present precession model
we show this motion in Fig. 10.

4. Summary and conclusions

The present calculations show that in the case of
unde�ned precession period jointly with the variable
binary separation (on time scale of precession periods)
the generation of o�- and on-states begins to be not ev-
ery precession period and o�-states are arising approxi-
mately every 5 precession periods. The jet launches oc-
cur very rapidly over 7 � 20 minutes of orbital plane.
This is very short time scale since the o�-state time
interval is about of 1 precession period. As it is led
from the present research the o�-on-states generations
are explained by the precession motion of the disk.
The explanation of the jet origination that is work-
ing in the present research is very convenient for the
radiation-driven jets and it is in bade agreement with
the magnetically-driven jets.

Finally we may conclude that our jet launch model
are in very good accordance with the observations
(Mirabel & Rodriquez, 1999; Stirling et al., 2001;
Fender et al., 2003, 2004; Migliari & Fender, 2006)
through the following points:

1. The �rst is that jet launch in our model is occur
practically instantaneously about of 7 � 20 minutes of
orbital plane.

2. The second is the anticorrelation between mass
accretion rate and the central disk's temperature.

3. The third is the jet time structure that is in the
view of the partial pics not connected with a each other.

References

Belotserkovskii O.M., Davydov Yu.M.: 1982, �The
large particles code in gas dynamics�, Moscow:
Nauka, 391.

Cox D.P., Daltabuit E.: 1971, ApJ, 167, 113.
Fender R.P., Gallo E., Jonker P.: 2003,MNRAS, 343,

L99.
Fender R.P., Belloni T., Gallo E.: 2004, MNRAS, 355,

1105.
Kurucz, R.L.: 1979, ApJ.Suppl.Ser., 40, 1.
Mirabel L.F. & Rodriquez L.F.: 1999, Ann. Rev.

Astron. Astrophys., 37, 409.
Migliari S. & Fender P.: 2006, MNRAS, 366, 79.
Nazarenko V.V., Nazarenko S.V.: 2014,Odessa Astron.

Publ., 27, 137.
Nazarenko V.V., Nazarenko S.V.: 2015,Odessa Astron.

Publ., 28, 171.
Nazarenko V.V., Nazarenko S.V.: 2016,Odessa Astron.

Publ., 29, 82.
Nazarenko V.V., Nazarenko S.V.: 2017,Odessa Astron.

Publ., 30, 113.
Nazarenko V.V.: 2018,Odessa Astron. Publ., 31, 90.
Stirling A.M. et al.: 2001, MNRAS, 327, 1273.

74 Odessa Astronomical Publications,vol. 32 (2019)



DISCOVERY OF MORE CHANGING LOOK EVENTS
IN NGC 1566

V. L. Oknyansky1, H. Winkler2, S. S. Tsygankov3;4, V. M. Lipunov 1,
E. S. Gorbovskoy1, F. van Wyk2, D. A. H. Buckley5, N. V. Tyurina 1

1 M. V. Lomonosov Moscow State University, Sternberg Astronomical Institute,
Moscow, Russia,oknyan@mail.ru

2 Dept. Physics, University of Johannesburg, South Africa
3 Department of Physics and Astronomy, University of Turku, Finland
4 Space Research Institute of the Russian Academy of Sciences, Moscow, Russia
5 The South African Astronomical Observatory, South Africa

ABSTRACT. We summarize a study of optical,
UV and X-ray light curves of the nearby changing
look active galactic nucleus in the galaxy NGC 1566
obtained with the Neil Gehrels Swift Observatoryand
the MASTER Global Robotic Network over the period
2007-2019. We also report on optical spectroscopy
using the South African Astronomical Observatory
1.9-m telescope between Aug. 2018 and Mar. 2019. A
substantial increase in X-ray �ux by 1.5 orders of mag-
nitude was observed following the brightening in the
UV and optical bands during the �rst half of 2018 year.
After a maximum was reached at the beginning of
July 2018, the �uxes in all bands decreased with some
�uctuations. The most remarkable re-brightenings in
of the light curve following the decline from the bright
phase were observed at MJD range 58440-58494 and
58603-58654. The amplitude of the �ux variability
is strongest in the X-ray band and decreases with
increasing wavelength. Low-resolution spectra (Aug
2018) reveal a dramatic strengthening of the broad
emission as well as high-ionization [FeX]6374 lines.
These lines were not detected so strongly in the past
published spectra. The change in the type of the opti-
cal spectrum was accompanied by a signi�cant change
in the X-ray spectrum. For the last optical spectra (31
Nov. 2018 � 28 Mar. 2019) we see dramatic changes
compared to 2 Aug 2018, accompanied by the fading
of broad emission lines and high-ionization [FeX]6374
line. E�ectively, two changing look (CL) cases were
observed for this object: changing to Sy1.2 type and
then returning to the low state as Sy 1.8�Sy1.9 type.
Some possible explanations of the observed dramatic
changes are discussed.

ÀÍÎÒÀÖIß. Ìè íàâîäèìî i îáãîâîðþ¹ìî
çâåäåíi îïòè÷íi, ÓÔ òà ðåíòãåíiâñüêi êðèâi áëèñêó
íàéáëèæ÷îãî àêòèâíîãî ãàëàêòè÷íîãî ÿäðà, ÿêèé
çìiíþ¹ òèï, â ãàëàêòèöi NGC 1566, ÿêi îòðèìàíi çà

äîïîìîãîþ Îáñåðâàòîði¨ Swift i Ãëîáàëüíî¨ ìåðåæi
àâòîìàòèçîâàíèõ òåëåñêîïiâ MASTER çà ïåðiîä
2007-2019 ðð. Ìè òàêîæ ïðåäñòàâëÿ¹ìî ðåçóëüòàòè
îïòè÷íî¨ ñïåêòðîñêîïi¨, îòðèìàíî¨ íà 1.9-ì
òåëåñêîïi Ïiâäåííî-Àôðèêàíñüêî¨ Àñòðîíîìi÷íî¨
îáñåðâàòîði¨ â ïåðiîä ç ñåðïíÿ 2018 ðîêó ïî áåðåçåíü
2019 ðîêó. Áóëî âèÿâëåíî çíà÷íå çáiëüøåííÿ, íà
1,5 ïîðÿäêà, ðåíòãåíiâñüêîãî ïîòîêó, à òàêîæ
ÿñêðàâîñòi â ÓÔ i îïòè÷íîìó äiàïàçîíàõ â ïåðøié
ïîëîâèíi 2018 ð. Ïiñëÿ äîñÿãíåííÿ ìàêñèìóìó íà
ïî÷àòêó ëèïíÿ 2018 ð., ïîòîêè íà âñiõ äîâæèíàõ
õâèëü çìåíøèëèñÿ ç äåÿêèìè êîëèâàííÿìè.
Íàéáiëüø ïîìiòíi ïîâòîðíi ñïàëàõè â êðèâié áëèñêó
ïiñëÿ ìàêñèìóìó ñïîñòåðiãàëèñÿ â iíòåðâàëàõ MJD
58440-58494 i 58603-58654. Àìïëiòóäà çìiííîñòi
ïîòîêó áóëà íàéáiëüøà â ðåíòãåíiâñüêîìó äiàïàçîíi
i çìåíøóâàëàñÿ çi çáiëüøåííÿì äîâæèíè õâèëi.
Ñïåêòðè íèçüêî¨ ðîçäiëüíî¨ çäàòíîñòi (ñåðïåíü
2018 ã.) äåìîíñòðóþòü äðàìàòè÷íå ïîñèëåííÿ
øèðîêèõ êîìïîíåíòiâ åìiñiéíèõ ëiíié, à òàêîæ ëiíié
âèñîêî¨ iîíiçàöi¨ [FeX] (íàïðèêëàä, 6374 �A). Öi ëiíi¨
íiêîëè íå ñïîñòåðiãàëèñÿ òàêèìè iíòåíñèâíèìè â
ìèíóëîìó â îïóáëiêîâàíèõ ñïåêòðàõ. Çìiíà òèïó
îïòè÷íîãî ñïåêòðó ñóïðîâîäæóâàëàñÿ çíà÷íîþ
çìiíîþ ðåíòãåíiâñüêîãî ñïåêòðà. Çà îñòàííiìè
îïòè÷íèì ñïåêòðàìè (31 ëèñòîïàäà 2018 ð - 28
áåðåçíÿ 2019 ð.) ìè áà÷èìî äðàìàòè÷íi çìiíè â
ïîðiâíÿííi ç 2 ñåðïíÿ 2018 ð., ÿêi ñóïðîâîäæóþòüñÿ
çíà÷íèì îñëàáëåííÿì øèðîêèõ åìiñiéíèõ ëiíié,
à òàêîæ ëiíi¨ âèñîêî¨ iîíiçàöi¨ [FeX] 6374 �A. Ïî
ñóòi, äëÿ öüîãî îá'¹êòà ñïîñòåðiãàëèñÿ äâà âèïàäêè
çìiíè òèïó (CL): ïåðåõiä â òèï Sy1.2, à ïîòiì
ïîâåðíåííÿ â íèçüêèé ñòàí ç òèïîì Sy 1.8 -
Sy1.9. Îáãîâîðþþòüñÿ äåÿêi ìîæëèâi ïîÿñíåííÿ
ñïîñòåðåæóâàíèõ äðàìàòè÷íèõ çìií.

Key words : Galsxies � active galaxies: individual:
NGC 1566.
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1. Introduction

The NGC 1566 was discovered at 1826 by James
Dunlop and has long history of investigations (see e.g.
references at da Silva et al., 2017; Oknyansky et al.,
2019; Parker et al., 2019). The broad nuclear emission
lines characteristic of the Seyfert phenomenon in this
object were discovered in 1956 (de Vaucouleurs G. &
de Vaucouleurs A., 1961; de Vaucouleurs, 1973) and
con�rmed in 1962 (Shobbrook, 1966). The NGC 1566
nucleus was later classi�ed as type 1. It is one of the
brightest (V � 10m :0 but VAGN � 13m :0 in 5 arc-
sec radius aperture) and nearest galaxies with AGN
in the South Hemisphere. This object is also nearest
Changing Look (CL) AGN (Oknyansky et al., 2019).
The nucleus of NGC 1566 has a low brightness rela-
tive to the host galaxy (V � 13m :0) and CL events
there were probably discovered just because it is so
close. The Changing Look active galactic nuclei (CL
AGNs) are objects which undergo dramatic variabil-
ity of the emission line pro�les and classi�cation type,
which can change from type 1 (showing both broad
and narrow lines) to type 1.9 (where the broad lines
almost disappear) or vice versa within a short time in-
terval (typically a few months). The dramatical spec-
tral variations in NGC 1566 had been reported �rstly
by Pastoriza and Gerola (1970) after comparison of the
spectrum obtained in 1969 with some of the earliest
spectroscopic investigations, in 1956 (de Vaucouleurs
G. & de Vaucouleurs A., 1961), in 1962 (Shobbrook,
1966) where broad H� line was much more intensive.
That was done soon after discovery of variability of
AGNs in continuum (Fitch et al., 1967) and variabil-
ity of emission lines was not too unexpectable. The
object had several dramatic changes of its spectrum
during the past tens of years (da Silva et al., 2017) but
was not identi�ed as a CL AGN until the 2018 event
(Oknyansky et al., 2018; Oknyansky et al., 2019) since
this designation only came into common use in the past
decade.

NGC 1566 is a galaxy with a very well-studied
variable active nucleus, but most intensive multiwave
photometic observations were done during past year
after discovery of a new reawakening (Kuin et al.,
2018; Ferrigno et al., 2018; Grupe et al., 2018a; Parker
et al., 2019; Cutri et al., 2018) and new CL phase
(Oknyansky et al., 2018; Oknyansky et al., 2019 and
references there). A substantial increase of X-ray �ux
by 1.5 orders of magnitude was observed following
the brightening in the UV and optical bands during
the last year. After a maximum was reached at the
beginning of July 2018 the �uxes in all bands decreased
with some �uctuations. The amplitude of the �ux
variability is strongest in the X-ray band and decreases
with increasing wavelength. Low resolution spectra
(obtained near maximal level of state Oknyansky et al.

(2019)) reveal a dramatic strengthening of the broad
emission as well as high ionisation [FeX]6374�A lines.
These lines were not detected so strongly in the past
published spectra. The change in the type of the
optical spectrum was accompanied by a signi�cant
change in the X-ray spectrum. All these facts give
opportunity to classify NGC 1566 as CL (Oknyansky
et al., 2018; Oknyansky et al., 2019). Following
monitoring with Swift reveiled re-brightening of the
object in December 2018 (Grupe et al., 2018b) and
at the end of May 2019 (Grupe et al., 2019), however
these outbursts were not so bright as in July 2018.
Such re-brightenings after most dramatical outbursts
probably are typical propety of the some part of CL
AGNs since were noted in several other ones of them
(Oknyansky et al., 2017; Oknyansky et al., 2018;
Katebi et al., 2018).

2. Observational data and results

We summarize a study of optical, UV and X-ray light
curves of the nearby changing look active galactic nu-
cleus in the galaxy NGC 1566 obtained with the Neil
Gehrels Swift Observatory and the MASTER Global
Robotic Network over the period 2007-2019. The
light curves for 2007-2018 are presented by Oknyansky
(2019) and those for the years 2018-2019 are shown in
Fig. 1. It can be seen there that all variations in the op-
tical, UV and X-ray are well correlated. We also report
on optical spectroscopy using the South African As-
tronomical Observatory 1.9-m telescope between Aug
2018 (Oknyansky et al., 2018; Oknyansky et al., 2019)
and Mar 2019. A substantial increase in X-ray �ux
by 1.5 orders of magnitude was observed following the
brightening in the UV and optical bands during the
�rst half of 2018 (Ducci et al., 2018; Kuin et al., 2018;
Ferrigno et al., 2018; Grupe et al., 2018a; Oknyansky et
al., 2018; Oknyansky et al., 2019; Parker et al., 2019).
The amplitude of the �ux variability is strongest in the
X-ray band and decreases with increasing wavelength.
After a maximum was reached at the beginning of July
2018, the �uxes in all bands decreased with some �uc-
tuations. The most remarkable re-brightening in the
light curve following the decline from the bright phase
was observed at MJD range 58440-58494 (Event 1) and
58603-58654 (Event 2). Event 1 and Event 2 are indi-
cated in Fig. 1 (see also Grupe et al., 2018b; Grupe
et al., 2019). The amplitudes of the re-brightening in
UV and optical bands are signi�cantly higher for Event
1 than for Event 2. That is di�erent from the X-ray
variations for which �uxes in the maxima were about
the same. This di�erence is well seen at Fig. 1. If
we take into account the host galaxy contamination
in the aperture used then the relative decreases from
the maximum in July 2018 to minimum in June 2019
in the di�erent UV/Opt bands were about the same
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Figure 1: Multi-wavelength observations of NGC 1566
shown for 2018-2019 only.Top Panel: The Swift/XRT
0.5�10 keV X-ray �ux (in erg cm � 2 s� 1) � (�lled cir-
cles). Bottom Panel: The large open circles are MAS-
TER un�ltered optical photometry of NGC 1566 re-
duced to theV system while the points areV ASAS-SN
(nightly means) reduced to the Swift V system. The
�led circles are MASTER BV photometry. The open
boxes areUV W1 and UBV data obtained by Swift.

(�9 times).
Low-resolution spectra (2 Aug 2018) (see Fig. 2)

reveal a dramatic strengthening of the broad emission
as well as high-ionization [FeX]6374�Alines. These lines
were not detected so strongly in the past published
spectra. The change in the type of the optical spec-
trum (Oknyansky et al., 2018; Oknyansky et al., 2019)

was accompanied by a signi�cant change in the X-ray
spectrum. For the last spectra (30 Nov 2018 � 28 Mar
2019) we see dramatic changes compared to Aug 2018,
accompanied by the fading of the broad emission lines.
E�ectively, two changing look cases were observed by
us for this object during the past year.

3. Conclusion

NGC 1566 is one of the typical examples of a CL
AGN, since it demonstrates dramatical variability of
broad emission lines, UV continuum, high ionisation
lines like [FeVII] and [FeX], and also recurrent bright-
ening and dimming events. NGC 1566 is one of the
clearest illustrations of Seyfert spectra ranging from
type 1.2 to type 1.9 AGNs at di�erent epochs. The
object is nearest the AGN and CL AGN and so it
o�ers one of the best opportunities for studying this
phenomenon. The light curves from X-ray to opti-
cal bands presented here show very good correlations
over a long time interval. This result is mostly in
agreement with a scenario where the variability across
several wavebands (spanning X-rays�UV/Optical) is
driven by variable illumination of the accretion disc by
soft X-rays (see the same conclusions for another CL
object, NGC2617 (Shappee et al., 2014; Oknyansky et
al., 2017)). We have shown, using spectroscopy (1.9
m SAAO) and multi-wavelength photometry (MAS-
TER, Swift Ultraviolet/Optical and XRT Telescopes),
that NGC 1566 recently experienced a dramatic out-
burst in all wavelengths, including a considerable
strengthening of broad permitted and high ionisation
[FeX]6374�A lines, as well as substantial changes in the
shape of the optical and X-ray continua (Oknyansky et
al., 2019). After a maximum was reached at the begin-
ning of July 2018, the �uxes in all bands dramatically
decreased with some �uctuations. The strength of the
broad permitted, high ionisation [FeX]6374�Alines and
UV continuum dramatically decreased (end of March
2019) and the object can then be classi�ed as Sy1.8�
Sy1.9. So we witnessed a second CL case in NGC1566.

Despite the successes of the simple orientation-based
AGN uni�cation scheme, there are signi�cant problems
that cannot be explained solely by di�erent orienta-
tions. A major challenge to the simple model is the
existence of CL AGNs. Orientation obviously cannot
change on the time-scale of the observed type changes,
and hence some other explanation is needed. What
must happen to make such a dramatic changes pos-
sible? An alternative explanation is that transitions
from type 1 to type Sy2 AGNs or vice versa are con-
nected with some dramatic variability of the ionizing
radiation, such as temporarily switching on or switch-
ing o� their engine (Lyuty et al., 1984; Penston et al.,
1984; Runnoe et al., 2016; Katebi et al., 2019). More
references on the possible explanations for the CL phe-

Odessa Astronomical Publications,vol. 32 (2019) 77



28.03.2019

02.08.2018

09.01.2019

F
lu

x

Rest wavelengths

Figure 2: The isolated nuclear (low resolution) nonstellar spectra (solid line) in NGC 1566 obtained by subtrac-
tion of the host galaxy spectrum (thin line) from the original spectrum. (See details in the text). The spectra
for 2 Aug 2018 and 9 Jan 2019 are shifted up10� 14ergcm� 2A � 1 for good seeing

nomenon can be found in discussions by MacLeod et
al. (2019) and Ruan et al. (2019).
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USING CONSUMER-GRADE DSLR CAMERA AND SMALL
TELESCOPE TO FIND NEW VARIABLE STARS

M.Yu. Pyatnytskyy

Private Observatory �Osokorky�, Kyiv, Ukraine, mpyat2@gmail.com
American Association of Variable Star Observers (AAVSO), observer code PMAK

ABSTRACT. Twenty-seven new variable stars were
found in DSLR images captured from October 2017
to June 2019. All images were taken using unmod-
i�ed Canon EOS 600D DSLR attached to a Sky-
watcher 150/750 Newtonian on a motorized equato-
rial mount. The variables were registered in The In-
ternational Variable Star Index (VSX, AAVSO) as
PMAK V1 .. PMAK V27 respectively. Most of them
(twelve) were classi�ed as semiregular variables of dif-
ferent subtypes, nine as eclipsing binaries (EA, EW,
and EB), three rotating RS Canum Venaticorum-type
stars, one rotating ellipsoidal variable (ELL), one Delta
Scuti-type pulsating variable, and one as a possible
nova-like (NL) star.

The setup and methodology used by the author al-
lowed discovering of variables having a wide range of
maximum brightness (from 8:m 9 to 14:m 4 in V band for
stars described in the current work), variability range
up to � 0:m 1 and less, and quite di�erent periods of vari-
ability, from hours to hundreds of days. Although all
those variables were detected using images taken by the
author, detailed analysis and classi�cation of stars re-
quired the involvement of additional data sources (au-
tomated sky surveys).

ÀÁÑÒÐÀÊÒ. Äâàäöÿòü ñiì íîâèõ çìiííèõ çið
áóëî çíàéäåíî íà çîáðàæåííÿõ, îòðèìàíèõ çà
äîïîìîãîþ öèôðîâî¨ äçåðêàëüíî¨ êàìåðè çà ïåðiîä
ç æîâòíÿ 2017 ïî ÷åðâåíü 2019. Âñi çîáðàæåííÿ
áóëè îòðèìàíi çà äîïîìîãîþ íåìîäèôiêîâàíî¨
êàìåðè Canon EOS 600D, ïiä'¹äíàíî¨ äî òåëåñêîïó-
ðåôëåêòîðà Skywatcher 150/750. Òåëåñêîï áóâ
âñòàíîâëåíèé íà ìîòîðèçîâàíîìó åêâàòîðèàëüíîìó
ìîíòóâàííi. Çíàéäåíi çìiííi áóëè çàðå¹ñòðîâàíi ó
International Variable Star Index (VSX, AAVSO) ÿê
PMAK V1 .. PMAK V27, âiäïîâiäíî. Áiëüøiñòü ç íèõ
(äâàíàäöÿòü) áóëè êëàñèôiêîâàíi ÿê íàïiâïðàâèëüíi
çìiííi ðiçíèõ ïiäòèïiâ, äåâ'ÿòü ÿê çàòåìíþâàíi
ïîäâiéíi (òèïiâ EA, EW òà EB), òðè ÿê çîði òèïó
RS CVn, îäíà åëiïñî¨äàëüíà ïîäâiéíà òèïó ELL,
îäíà ìàëîàìïëiòóäíà ïóëüñóþ÷à çìiííà òèïó DSCT
òà îäíà ìîæëèâà íîâîïîäiáíà (NL) çîðÿ.

Âñi çãàäàíi çîði áóëè âèÿâëåíi íà çíiìêàõ,
çðîáëåíèõ àâòîðîì, äëÿ äåòàëüíîãî ïîäàëüøîãî

àíàëiçó òà êëàñèôiêàöi¨ áóëè çàëó÷åíi äîäàòêîâi
äæåðåëà äàíèõ (àâòîìàòèçîâàíi îãëÿäè íåáà).

Âèêîðèñòàíà àâòîðîì ñèñòåìà ç öèôðîâî¨
äçåðêàëüíî¨ êàìåðè òà íåâåëèêîãî òåëåñêîïó ìà¹
÷óòëèâiñòü, ÿêà äîçâîëÿ¹ åôåêòèâíî âèÿâëÿòè
çìiííi ç øèðîêèì äiàïàçîíîì ÿñêðàâîñòåé ó
ìàêñèìóìi (âiä 8.9 äî 14.4 çîðÿíî¨ âåëè÷èíè ó
ôiëüòði V äëÿ çiðîê, ùî îïèñàíi ó äàíié ðîáîòi)
òà äiàïàçîíîì çìií äî � 0.1 çîðÿíî¨ âåëè÷èíè òà
íàâiòü ìåíøèì ó âèïàäêó ÿñêðàâèõ çið (ç çîðÿíîþ
âåëè÷èíîþ áiëÿ 11 .. 12 ó ôiëüòði V àáî ìåíøîþ).

Ñåðåä çìiííèõ çið, ÿêi áóëè çíàéäåíi ïðîòÿãîì
äàíîãî äîñëiäæåííÿ, êiëüêà ÿñêðàâiøi çà 10 çîðÿíó
âåëè÷èíó ó ìàêñèìóìi. Öå ìîæå ñâiä÷èòè, ùî iñíó¹
áàãàòî íåâiäîìèõ ÿñêðàâèõ çìiííèõ, ÿêi íå îõîïëåíi
àâòîìàòè÷íèìè îãëÿäàìè (òàêi ÿñêðàâi çìiííi
ìîæóòü ñòàíîâèòè ïðîáëåìó äëÿ àâòîìàòè÷íèõ
îãëÿäiâ, ÿêi íàöiëåíi íà áiëüø òüìÿíi îá'¹êòè).

Äîâãi ñåði¨ çîáðàæåíü, îòðèìàíèõ çà ïåðiîä,
áiëüøèé çà ðiê, äîçâîëÿþòü âèÿâëÿòè çìiííi ç
øèðîêèì äiàïàçîíîì õàðàêòåðíî¨ òðèâàëîñòi çìií,
âiä ãîäèí äî ñîòåíü äíiâ.

Keywords : variable stars, aperture photometry,
DSLR.

1. Introduction

Aperture photometry with a Digital Single Lens Re-
�ex (DSLR) camera is a popular method among am-
ateur astronomers for the estimation of stellar bright-
ness (Hoot, 2007; Kloppenborg et al., 2012; Pieri, 2012;
Zhang et al., 2015; Blackford et al, 2016). Despite that
consumer-grade DSLR cameras use Bayer matrix with
non-photometric color �lters, after proper calibration
they can be used for the precise aperture photometry
(Kloppenborg et al., 2012; Pieri, 2012; Blackford et al,
2016). In the current work, the author demonstrates
that the accuracy of photometry with a modest DSLR
camera and a small 150mm Newtonian makes us pos-
sible to discover new variable stars having a relatively
small range of variability (from several tenths of mag-
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nitude to <0 :m 1) in a light-polluted suburban area.
Although most of the variables listed in catalogs

(see, for example, probably the most comprehensive
catalog of known variables: The International Variable
Star Index (VSX) (Watson et al., 2006)) are discov-
ered by automated sky surveys (such as ASAS-SN
(Kochanek et al., 2017), SuperWASP (Butters et al.,
2010), NSVS (Wo�zniak et al., 2004), ZTF (Masci et
al., 2019), etc.), in many cases the stars, discovered
by individual astronomers (both professional and
amateur) or small groups of them are better described
and properly classi�ed. Results of a search for the new
variables in sequences of DSLR images are presented
in the current work.

2. Data acquisition and processing

A setup used by the author consists of 150mm f/5
Newtonian on tracking equatorial mount. Canon EOS
600D DSLR was attached to the telescope instead of an
eyepiece to get images at the prime focus. The �eld of
view of the setup was 1.7o� 1.1o. All observations have
been carried out in a suburban area of Kyiv (Ukraine).
Image acquisition was carried out following the proce-
dure described by Blackford et al. (2016). Calibration
frames (bias-, dark- and �at- frames) were taken at the
end of each observing session with the same ISO lev-
el, the same exposure was used for dark frames as for
the science images. Exposure of 30 seconds was used in
most cases.

Raw images from the camera were transformed in-
to FITS format, then were calibrated with master bias,
dark and �at frames. As far as the camera uses a three-
color Bayer matrix, channel separation was used to
produce sets of images in green, blue and red �lters
in FITS format. To increase the signal-to-noise ratio
(SNR), several individual images (usually 5) were av-
eraged (stacked) to produce an image with better SNR,
this also diminishes the e�ect of atmospheric scintilla-
tions. Before averaging, the star alignment procedure
was applied to individual images. Measures for �nal
light curves were made on those stacked images, how-
ever, for the initial search, all images taken during an
observing session (night) were aligned and stacked to-
gether. So the initial search for new variables was done
on a set of such nightly-averaged images.

Transforming from camera raw images to FITS,
preparation of master bias, dark and �at frames, chan-
nel separation, and image stacking were done using
a set of utilities created by the author (Pyatnytskyy,
2018); calibration of science images and star align-
ments before stacking were done using IRIS software
(Buil, 2010). The search for the variables was done with
MuniWin/C-MuniPack software (Hroch, 2014).

A series of images (green channel only) correspond to
di�erent observing nights (one averaged image for each

night) was analyzed by the �Find Variables� module of
MuniWin package. To make a search more e�cient,
cropped parts of the full �eld of view were used. Mu-
niWin makes aperture photometry for all stars in the
analyzed �eld of view for the series of images producing
�Standard Deviation of the Magnitude vs. Magnitude�
plot. �Outlying� points in that plot may correspond to
variable stars.

Each �suspected� star (having a big standard devia-
tion of magnitude across the sequence) was checked
for existence in the VSX and catalogs covered by
the VizieR Catalogue Service (VizieR). If the variable
turned out to be a new one, aperture photometry for
the suspected star was done on short stacks (5� 30s), a
light curve was built and a period (if exists) was esti-
mated. For long periodic and semiregular variables the
measures were averaged by sessions (nights), for short-
period stars individual measures were used. The aper-
ture photometry was done with AstroImageJ software
(Collins et al., 2017), an ensemble approach (several
comparison stars) was used.

As far as DSLR uses Bayer matrix with non-standard
�lters, data had to be transformed (as far as it is pos-
sible) into a standard photometric system (this is es-
pecially important in case of ensemble photometry be-
cause color indices of the stars in the ensemble are dif-
ferent). Magnitudes of the target star measured rel-
ative to each comparison star in the ensemble were
transformed from ones obtained for Bayer matrix �lters
to values corresponding to the Johnson V �lter using
a synthetic V-�lter methodology (VSF) (Pieri, 2012).
In this methodology a �corrected� sygnal of camera's
green �lter is used:

Gc = G + aR � bB (1)

where Gc is the corrected signal of the green �lter, R,
B are signals of the red and blue �lters, respective-
ly. Coe�cients a and b were selected to minimize the
di�erence between Jonhson V �lter output Vj and cor-
rected signal of the green channel using the ensemble
of stars with known brightness:

Vj = k(Gj + aRj � bBj ) (2)

Here k is a scaling factor. Author of VSF methodol-
ogy states that it generally gives better precision for
red stars than the standard transformation technique
(Pieri, 2012).

Calibration of the author's setup (�nding transfor-
mation coe�cients) was done using M67 standard �eld
provided by the AAVSO (American Association of
Variable Stars Observers). To make a solution of the
system of equations (2) more robust, the author used a
simpli�ed approach proposed by Pieri (2019) in which
a assumed to be equal tob.

The resulting magnitude for each light curve point
was an average of those transformed values obtained
relative to all comparison stars in the ensemble.
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For better estimation of the period and other star's
characteristics data from ASAS-SN (Kochanek et al.,
2017), SuperWASP (Butters et al., 2010), and APASS
(Henden et al., 2018) surveys were used together with
data obtained by the author for further analysis. In
some cases, when the author's data had poor quali-
ty (for faint stars or stars at the margin of a �eld of
view where star's image was severely distorted by opti-
cal aberrations) only data from the mentioned surveys
were used. In such cases, original images were used to
detect a fact of variability itself only.

A period search for periodic and semiregular vari-
ables was performed with VStar software. If a star was
proven to be a new (previously unregistered) variable,
it was sent for registration to the VSX.

2. Results

Using data collected from October 2017 to June
2019, 27 new variables have been found in �ve
star�elds. They were registered in the VSX as
PMAK V1 .. PMAK V27 respectively. The characteris-
tics of the variables are summarised in Table 1. Most
of the new variables (16) were found in a single �eld in
Cygnus around an object 2MASS J21313973+3529220
(this is a known variable indexed as Romanov V4 in the
VSX) which was the main observation target in this
�eld. There were more than 60 observation nights for
this �eld from October 2017 to December 2018. Such
a relatively long series of images allowed us to discover
periodic and semiregular variables having a wide peri-
od range, from hours to hundreds of days.

All of the new-found variables have relatively small
variability range (less tnan one magnitude), three of
them have a range less than 0:m 1 in V band (see Ta-
ble 1). This proves the good sensitivity of the setup and
accuracy of the method. It is interesting to note that
several of the stars are brighter than 10m in maximum
which makes them problematic targets for some au-
tomatic surveys (for example, ASAS-SN nominal sat-
uration limit is between 10th and 11th magnitude in
V-band (Kochanek et al., 2017)). It may indicate that
there are many bright unknown variables to search for.

Additionally, photometry in Johnson V and Johnson
B bands were measured for some of the new variables
(as noted before, only V-band data calculated using
VSF approach were used for period analysis). For two-
band photometry, standard transformation (see Black-
ford et al., 2016; Kloppenborg et al., 2012; Henden &
Kaitchuck, 1982) from Bayer green and blue channel
was used based on transformation coe�cients obtained
from observations of M67 standard �eld provided by
the AAVSO. Examples of light curves are shown in
Fig. 1. It is seen that the author's data (PMAK) for V
band are in a good agreement with ASAS-SN V band
which con�rms the reliability of measurements.

Fig. 1: Upper pane: Folded light curves of PMAK V1.
Epoch (2458119.913 HJD) di�ers from those speci�ed
in the VSX by half of the period. Lower pane: Folded
light curves of PMAK V16: a variable with the smallest
range (0:m 07 in V band) for which light curves with au-
thor's data are available. The period has been re�ned.

3. Conclusion

Setup of a small (150mm f/5 in the current case)
telescope equipped with DSLR camera has su�cient
sensitivity which allows one to e�ectively detect new
variables having brightness up to� 14m in V band and
variability range up to � 0:m 1 or even less for bright
stars (of about 11m .. 12m and brighter).

Among the stars found during the current research,
several are brighter than 10m in maximum. This is ev-
idence that there exist many unknown bright variables
which are worth searching for.

Long series of frames taken over a period of more
than a year allows ones to detect variables with a wide
range of characteristic duration of changes, from hours
to hundreds of days.
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Table 1: New variables found in DSLR images collected from October 2017 to June 2019 (data from the VSX)
VSX name Catalog designation Coordinates J2000 Type Period (d) Epoch (HJD) Range (V) D2

PMAK V1 2MASS J21303361+353129021:30:33.62+35:31:29.0 EW 0.40280 2458119.712 13.10 - 13.38
PMAK V2 2MASS J21300019+353728221:30:00.18+35:37:28.2 SRB 44.9 2458124 13.5 - 14.0
PMAK V3 2MASS J21300722+355955021:30:07.23+35:59:55.1 SRS 26.3 2458159 12.8 - 13.4
PMAK V4 2MASS J21321559+350721321:32:15.59+35:07:21.3 SRB 43.5 2457741 12.6 - 13.1
PMAK V5 TYC 2712-1327-1 21:30:17.88+35:10:25.4 EA 4.7392 2458119.23 13.15 - 13.6: 10
PMAK V6 2MASS J21282963+351137521:28:29.63+35:11:37.5 RS 44.69 2457187.75 11.96 - 12.25
PMAK V7 TYC 2712-183-1 21:28:43.22+35:33:39.0 SRB 49.3 2458161 10.9 - 11.4
PMAK V8 TYC 3196-2125-1 21:41:45.58+44:05:49.4 SR 126.9 2458176 11.26 - 11.63
PMAK V9 BD+34 4421 21:27:51.02+35:34:20.9 SRD 36.4 2455827 8.9 - 9.3
PMAK V10 2MASS J21335644+351852521:33:56.44+35:18:52.5 RS 13.214 2458234 14.4 - 14.9
PMAK V11 2MASS J21345319+354201621:34:53.19+35:42:01.4 EW 0.4011496 2457139.898 14.10 - 14.65
PMAK V12 2MASS J21314096+354220921:31:40.97+35:42:20.9 SRB 30.27 2457755 14.1 - 14.6
PMAK V13 2MASS J21283912+350239021:28:39.12+35:02:39.1 EW 0.556504 2457554.65 13.16 - 13.34
PMAK V14 1 2MASS J21341089+352028521:34:10.89+35:20:28.5 EA 1.095355 2457139.792 14.3 - 14.9: 18
PMAK V15 BD+63 173 01:20:20.51+64:01:30.3 SRB 33.4 2457725 9.7 - 10.15
PMAK V16 TYC 4034-1138-1 01:24 21.07+63:16:02.7 ELL 0.50991 2457204.34 10.86 - 10.93
PMAK V17 2MASS J21400903+441003721:40:09:04+44:10:03.8 SRS 27.6 2457749 12.84 - 13.17
PMAK V18 2MASS J21430699+430256821:43:07.00+43:02:56.8 EA 3.50965 2457729.45 12.67 - 12.9 8
PMAK V19 2MASS J13353214+731713813:35:32.15+73:17:13.7 RS 12.86 2457278 13.11 - 13.52
PMAK V20 2MASS J21444177+435621421:44:41.79+43:56:21.4 SRS 24 2457740 12.76 - 13.12
PMAK V21 2MASS J20335348+595650620:33:53.49+59:56:50.7DSCT 0.143553 2457266.455 12.62 - 12.65
PMAK V22 2MASS J21315159+354923821:31:51.59+35:49:23.8 EA 14.492 2457216.5 13.12 - 13.27 9
PMAK V23 1 2MASS J01153742+632804801:15:37.41+63:28:04.8 EB 0.693731 2457777.855 14.28 - 15.08
PMAK V24 BD+34 4443 21:31:06.42+35:24:19.6 SRS 19.57 2455840.5 9.68 - 9.88
PMAK V25 TYC 2712-846-1 21:34:11.36+34:56:04.1 SRD 279 2457745 11.63 - 11.76
PMAK V26 TYC 3583-1129-1 20:56:16.68+50:15:52.2 EA 3.94548 2457105.65 11.94 - 12.03 7
PMAK V27 2MASS J13275559+732453013:27:55.60+73:24:52.9 NL: � � 12.81 - 13.05
1 Co-discoverers: B. Sesar et al., 2017
2 Primary eclipse duration for EA-type binaries as a fraction of the width of one complete eclipse cycle in %
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LITHIUM-RICH CLASSICAL CEPHEID V1033 CYG:
EVOLUTIONARY STATUS
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ABSTRACT. We investigate evolutional status of
cepheid V1033 Cyg in this work, its period of light
variation consists 4d:94 and the star is a real candidate
on �rst crossing of instability stripe (IS) (as well as
� of UMi). At �rst crossing of instability stripe, that
lasts all close 1000 years, cepheids demonstrate the
rapid increase of period, sometimes is a presence of
strong line of lithium 6707 �A. Such objects knows only
four in our Galaxy, one of them - V1033 Cyg. During
included in a instability stripe amplitude of pulsations
headily grows from a zero to some permanent size, and
on leaving from (IS) - again falls to a zero. For veri�ca-
tion this phenomenon in the Astronomical observatory
of Odesa National University (Ukraine) on the 48-cm
telescope AZT-3, equipped by CCD photometer with
the optical sensor Sony ICX429ALL, a 1864 measuring
of light V1033 Cyg were done in the �lter of V and
713 in the �lter R, that are partly presented in the
Table. 1 and Fig. 2, and fully accessible to address
http://cdsarc.ustrasbg.fr/viz-bin/cat. Considerable
change of amplitude it is not got by us. The position
of cepheid is certain by us in the (IS) - it appeared that
star is near her center. In this phase evolutional to
development and it must not be observed considerable
change of amplitude (color index). The light curves,
e�ective temperature and luminosity of V1033 Cyg
are consistent with fundamental mode pulsation for a
classical Cepheid on the center of the instability strip.

ÀÍÎÒÀÖIß. Ó äàíié ðîáîòi ìè äîñëiäæó¹ìî
åâîëþöiéíèé ñòàòóñ öåôå¨äè V1033 Cyg, ïåðiîä
çìiíè áëèñêó ÿêî¨ ñòàíîâèòü 4d:94, i ÿêà ¹
ðåàëüíèì êàíäèäàòîì íà ïåðøå ïåðåòèíàííÿ
ñìóãè íåñòàáiëüíîñòi (ÿê i � UMi). Ïðè ïåðøîìó
ïåðåòèíó ñìóãè íåñòàáiëüíîñòi (ÑÍ), ÿêèé òðèâà¹
âñüîãî áëèçüêî 1000 ðîêiâ, öåôå¨äè äåìîíñòðóþòü
øâèäêå çðîñòàííÿ ïåðiîäó, iíêîëè � íàÿâíiñòü
ñèëüíî¨ ëiíi¨ ëiòiÿ 6707 �A. Òàêèõ îá'¹êòiâ âiäîìî
ëèøå 4 ó íàøié Ãàëàêòèöi, îäíà ç íèõ � V1033 Cyg.
Ïiä ÷àñ âõîäó ó ñìóãó íåñòàáiëüíîñòi àìïëiòóäà
ïóëüñàöié ñòðiìêî çðîñòà¹ âiä íóëÿ äî ÿêî¨ñü ñòàëî¨
âåëè÷èíè, à ïðè âèõîäi çi ÑÍ � çíîâó ïàäà¹ äî
íóëÿ. Äëÿ ïåðåâiðêè öüîãî ÿâèùà â Àñòðîíîìi÷íié

îáñåðâàòîði¨ Îäåñüêîãî íàöiîíàëüíîãî óíiâåðñèòåòó
(Óêðà¨íà) íà 48-ñì òåëåñêîïi ÀÇÒ-3, îñíàùåíîìó
ôîòîìåòðîì ç ÏÇÇ-ìàòðèöåþ Sony ICX429ALL,
áóëè çðîáëåíi 1864 âèìiðþâàííÿ áëèñêó V1033 Cyg
â ôiëüòði V, i 713 âèìiðþâàíü ó ôiëüòði R, ÿêi
÷àñòêîâî íàâåäåíi â òàáë. 1 òà íà ðèñ. 2, à ïîâíiñòþ
äîñòóïíi çà àäðåñîþ http://cdsarc.ustrasbg.fr/viz-
bin/cat. Çíà÷íî¨ çìiíè àìïëiòóäè íàìè íå îòðèìàíî.
Íàìè âèçíà÷åíî ïîëîæåííÿ öåôå¨äè ó ñìóçi
íåñòàáiëüíîñòi � âèÿâèëîñÿ ùî âîíà çíàõîäèòüñÿ
áiëÿ ¨¨ öåíòðó. Ó öié ôàçi åâîëþöiéíîãî ðîçâèòêó i
íå ïîâèííî ñïîñòåðiãàòèñÿ çíà÷íî¨ çìiíè àìïëiòóäè
(ïîêàçíèêiâ êîëüîðó). Êðèâi áëèñêó, åôåêòèâíà
òåìïåðàòóðà i ñâiòíiñòü V1033 Cyg âiäïîâiäàþòü
ñòàäi¨ ôóíäàìåíòàëüíèõ ïóëüñàöié êëàñè÷íèõ
öåôå¨ä ó öåíòði ñìóãè íåñòàáiëüíîñòi.

Keywords : Stars: variables: Cepheids � V1033 Cyg

1. Introduction

V1033 Cyg (GSC 2674.03107), (� J 2000:0 =
20h 05m 20:66s; � J 2000:0 = +32 � 39

0
32:5

00
) is the clas-

sical cepheid variable star (GCVS) with amplitude
14:m 4 � 15:m :5 (pg) and period 4:d937512 (Samus' et
al., 2011).

The variability of the star was found by Miller
(1965), using the moments of brightness on 88 pho-
tographic plates, it has de�ned elements of light
variation and has noted, that the period of cepheid
quickly changes. The star was thoroughly investigated
by L. Berdnikov (1987, 1992), L. Berdnikov et al.
(2019), as the cepheid that crosses the instability strip
for the �rst time. It was reported as a Cepheid with
Li over-abundance by Luck & Lambert (2011).

2. Observations

The photometric CCD observations of V1033 Cyg
were obtained at the Astronomical station near Odesa
during the observation seasons in 2013-15 years, in
V �lter, later on, in 2017 year the observations were
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performed in V and R �lters. We were using the
48 cm re�ector AZT-3 of Astronomical observatory
of Odesa National University, equipped with CCD
photometer and Peltier cooler (Sony optical sensor
ICX429ALL, � 600x800 pixels) in the f/4.5 Newtonian
focus (Udovichenko, 2012).

The datasets consists of 1864 V-band and 713 R-
band data points obtained from over 60 nights of ob-
servations. Two stars were chosen as comparison and
check stars as close as possible in B-V color to vari-
able. Comparison star is USNO-A 1200-14402731,
Bcomp = 14:m 285, Vcomp = 13:m 399 (APASS, 2010),
Rcomp = 12:m 800 (NOMAD, 2005); check star is
USNO-A 1200-14401158).

The standard reduction of the CCD frames
were carried out by using the MUNIPACK (Motl,
http://sourceforge.net/projects/c-munipack) soft-
ware. The procedures for an aperture photometry is
composed of the dark-level and �at-�eld corrections,
determination of the instrumental magnitudes and
precision. The photometry was transformed to the
standard VRc Johnson-Cousins system by means of
the di�erential photometry method (Benson 1998).
The transformation coe�cient was determined from
observations of standard stars (Udovichenko 2012).
The �nding chart with market-out variable, compari-
son and check stars is shown in Fig. 1. The errors in
individual data points vary from 0 m .005 to 0m .02.

Figure 1: The �nding chart V1033 Cyg with the com-
parison and check stars marked.

3. Results

Period. Using only the photoelectric moments of
maximum from paper by Berdnikov et al (2019),
current quadratic light elements of V1033 Cyg are
obtained:

MaxHJD = 2452701.6164+4.9494727 E +
+0.14237 10� 5 E2,

the phases calculated for these elements are given
in Table 1. The phase curve V1033 Cyg from our ob-
servations and quadratic light elements is presented in
Fig. 2.
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Figure 2: The phase curve in V-band and V-R color
variations V1033 Cyg with quadratic light elements.

The O�C diagram covering more than 100 years in-
dicates a rapid increase of the period of 18.2 s/yr, in
agreement with a �rst crossing of the instability strip
for this star (Berdnikov et al. 2019).

Amplitude. The Fourier decomposition was applied
to Berdnikov's photoelectric and our CCD observations
of V1033 Cyg. For the V-amplitude obtained values
AV = 0.724 mag (Berdnikov) and AV =0.718 mag (our
observations). Thus, there are no rapid evolutionary
changes in the amplitude of V1033 Cyg.

Temperature. Using the Te� vs (B�V) calibrations
from the papers by Kovtyukh (2007) and Kovtyukh et
al (2008), e�ective temperatures (Te� ) for the Cepheid
were obtained, its are shown in Fig. 3. The aver-
age e�ective temperature for V1033 Cyg is<T e� > =
5864� 45 K (phases = 0.288 and 0.846).

Hertzsprung-Russell diagram. The absolute mag-
nitude MV =�3.13 is found using the "absolute
magnitude�pulsational period" relation of Gieren et al.
(1998). The loci of V1033 Cyg on the H-R diagram are
shown in Fig. 4. Evolutionary tracks from Salasnich
et al (2000) for Z=0.019 and [� /Fe]=0 are shown for
reference. These models do not develop long blue loops
for stars with 2�5 M � , and hence they do not cross the
instability strip. On the other hand, stars with 5�7
M � do show blue loops that cross the lower part of the
cepheid instability strip.

In Figure 4 also shown the location of yellow
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Table 1: V1033 Cyg. Observational list.
JDhel phase V V � R JDhel phase V V � R JDhel phase V V � R

2450000+ mag mag 2450000+ mag mag 2450000+ mag mag
8335.4033 0.887 12.960 1.019 8341.3018 0.079 12.662 0.936 8365.3242 0.929 12.751 0.968
8335.4219 0.891 12.943 1.022 8342.3057 0.281 12.962 1.054 8365.4268 0.949 12.660 0.929
8335.4395 0.895 12.923 1.014 8342.3271 0.285 12.964 1.059 8366.2520 0.116 12.726 0.967
8335.4580 0.899 12.902 1.010 8343.2939 0.481 13.159 1.099 8374.2744 0.736 13.295 1.118
8335.4766 0.902 12.880 1.006 8343.3164 0.485 13.164 1.096 8375.2354 0.930 12.746 0.957
8335.4941 0.906 12.861 0.999 8344.3057 0.685 13.273 1.112 8379.2949 0.750 13.296 1.105
8335.5137 0.910 12.839 0.993 8344.3281 0.690 13.276 1.111 8380.3623 0.965 12.608 0.896
8335.5332 0.914 12.826 0.991 8345.2754 0.881 12.990 1.020 8381.4365 0.182 12.805 0.974
8335.5527 0.918 12.798 0.977 8345.2939 0.885 12.976 1.019 8382.4619 0.389 13.051 1.067
8336.4141 0.092 12.687 0.951 8345.3115 0.888 12.963 1.016 8383.5078 0.600 13.225 1.104
8336.4287 0.095 12.685 0.947 8346.2979 0.087 12.669 0.939 8390.4492 0.002 12.581 0.906
8336.4424 0.097 12.695 0.949 8346.3193 0.092 12.679 0.956 8397.3916 0.404 13.087 1.072
8337.3340 0.278 12.930 1.045 8347.2793 0.286 12.947 1.030 8398.3965 0.606 13.260 1.109
8337.3525 0.281 12.957 1.048 8347.2930 0.288 12.950 1.040 8399.3877 0.807 13.238 1.091
8337.3701 0.285 12.953 1.035 8348.4072 0.513 13.207 1.098 8400.3916 0.009 12.601 0.921
8339.3428 0.683 13.280 1.138 8351.3438 0.106 12.690 0.945 8401.4004 0.213 12.845 1.019
8339.3604 0.686 13.282 1.140 8351.3623 0.110 12.697 0.944 8402.3809 0.411 13.092 1.072
8339.3760 0.690 13.284 1.136 8362.2725 0.313 12.966 1.045 8403.3799 0.613 13.240 1.122
8340.3037 0.877 13.026 1.021 8363.3115 0.523 13.189 1.108 8404.3818 0.815 13.226 1.087
8340.3213 0.881 13.008 1.025 8364.3105 0.724 13.295 1.126 8405.3955 0.020 12.606 0.932
8341.2842 0.075 12.662 0.937 8365.2510 0.914 12.811 0.961
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Figure 3: Variation of Te� of V1033 Cyg with phase.

supergiants and classical Cepheids in the H-R diagram
(Kovtyukh et al 2010). First, we �nd that the Z =
0.019 tracks do a good job of predicting the positions
of the blue loops and yellow supergiants forMV > � 5.
The most luminous yellow supergiants in our sample
haveMV � � 8, consistent with the evolutionary tracks.
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Figure 4: The H-R diagram constructed using our pa-
rameters. Classical Cepheids are plotted as open cir-
cles, supergiants as �lled squares. Lines indicate evolu-
tionary tracks by Salasnich et al (2000) for 15, 10, 7, 5,
4, and 3 M� (top to bottom) for z=0.019 and [ � /Fe]=0.
Dashed lines indicate IS for classical Cepheids. V1033
Cyg is shown as asteric.
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Conclusion

Our own analysis of V1033 Cyg, covering more than
100 years indicates a rapid increase of the period of
18.19� 0.08 s/yr, in agreement with a �rst crossing of
the instability strip for this star (this paper and Berd-
nikov et al 2019).

It was found that the V-amplitude does not change
rapidly. This is naturally explained by the position of
the star in the center of the instability strip.

The results are consistent with fundamental mode
pulsation in V1033 Cyg, as well as with a �rst crossing
of the instability strip.
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ABSTRACT. We present the results of an analysis
of 20 spectra of� UMi (Polaris) obtained in September
2018 � January 2019 using 0.81 m telescope of the
Three College Observatory (TCO), North Carolina,
USA. Frequency analysis displays an increase of the
pulsational period up to 3.68 min in comparison to
the August - December 2017 - January - May 2018
observational sets, and it come to 3.973216 days. The
systemic velocity (
 � velocity) is equal to � 11.75
km s� 1. The radial velocity amplitude rose to 3.50
km s� 1 and actually returned to the previous values
of 3.43, 3.31, and 3.81km s� 1 , respectively, found
from the August - December 2016, January - March
2017 and August - December 2017 sets. The radial
velocity's amplitude growth tendency still remains.
The averageTe� = 6051� 22 K shows a growth toward
the value found from the 2005 � 2007 observational
sets and probably has a tendency toward theTe�

growth. The joint TCO and Hermes radial velocity
measurements during the last four years show the
changes of Polaris' pulsational amplitude.

Key words : Stars: radial velocities; Cepheids:
e�ective temperatures; Cepheids: pulsational periods;
Cepheids: � UMi

ÀÍÎÒÀÖIß. Ìè ïðåçåíòó¹ìî ðåçóëüòàòè àíàëiçó
20 ñïåêòðiâ � UMi (Ïîëÿðíî¨), ÿêi áóëè îòðèìàíi íà
ïðîòÿçi âåðåñíÿ - ãðóäíÿ 2018 òà ñi÷íÿ 2019 ðîêiâ
çà äîïîìîãîþ 0.81 m òåëåñêîïó Îáñåðâàòîði¨ Òðüîõ
Êîëëåäæiâ (Three Colledge Observatory, TCO) øòàò
Ïiâíi÷íà Êàðîëiíà, ÑØÀ. ×àñòîòíèé àíàëiç âèÿâèâ
çðiñò ïåðiîäà ïóëüñàöi¨ íà 3.68 õâ ó ïîðiâíÿííi ç
ñïîñòåðåæíèìè ñåòàìè ñåðïíÿ - ãðóäíÿ 2017 òà
ñi÷íÿ - òðàâíÿ 2018 ðîêiâ òà ðiâíèé 3.973216 äíiâ.
Øâèäêiñòü ñèñòåìè, àáî ( 
 � velocity) âèÿâèëàñÿ

ðiâíîþ � 11.75 km s� 1. Àìïëiòóäà ðàäiàëüíî¨
øâèäêîñòi äîñÿãëà 3.50 km s� 1, òà ïîâåðíóëàñÿ
ïðèáëèçíî íà ðiâåíü ïîïåðåäíiõ îöiíîê ó 3.43, 3.31,
and 3.81 km s� 1 , âiäïîâiäíî, ÿêi áóëè âñòàíîâëåíi
äëÿ ñåòiâ ñåðïíÿ - ãðóäíÿ 2016, ñi÷íÿ - áåðåçíÿ
2017 òà ñåðïíÿ - ãðóäíÿ 2017 ðîêiâ. Òåíäåíöiÿ
çðîñòàííÿ àìïëiòóäè ðàäiàëüíî¨ øâèäêîñòi âñå ùå
çáåðåãà¹òüñÿ. Ñåðåäíÿ Tef f = 6051� 22 K, òà âîíà
ïîêàçó¹ çðiñò äî ðåçóëüòàòiâ ñåòiâ 2005 � 2007 ðîêiâ,
òà, âiðîãiäíî, ìà¹ òåíäåíöiþ äî çðîñòàííÿ. Ñóìiñíi
îöiíêè ðàäiàëüíèõ øâèäêîñòåé, îòðèìàíèõ íà TCO
òà Hermes çà îñòàííi ÷îòèðè ðîêè ïîêàçóþòü çìiíè
ïóëüñàöiéíî¨ àìïëiòóäè Ïîëÿðíî¨.

Êëþ÷îâi ñëîâà : Çîði: ðàäiàëüíi øâèäêîñòi;
öåôå¨äè: åôåêòèâíi òåìïåðàòóðè; öåôå¨äè:
ïóëüñàöiéíi ïåðiîäè; öåôå¨äè: � UMi

1. Introduction

In our previous papers (Usenko et al. 2016, 2017,
2018) we found that the pulsational period and radial
velocity amplitude of Polaris had increased in 2015�
2018.

The former was up 8.6 minutes in comparison to the
data from 2007, and the latter became 4.16km s� 1

(twice the one of the 2007 data). The average Tef f

= 6017 K is close to the value determined from the
2001�2004 set. During August � December 2016 (37
spectra) and January � March 2017 (12 spectra) the
pulsation period decreased by 17.3 min in comparison
with the 2015 data. The radial velocity amplitude
decreased to 3.43km s� 1 in 2016 and to 3.31 km s� 1

in the beginning of 2017. The averageTe� was 6021
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Table 1: Observational data of � UMi during September - December 2018 and January 2019
Date HJD T ef f � Phase RV (km s � 1 )

YY/MM/DD 2450000+ K K Metals � NL H � H � H 

180906 8368.5931 6058 21 0.934 -14.49 1.70 176 -14.45 -14.84 -14.67
181019 8411.4928 6057 20 0.731 -11.50 1.77 159 -12.23 -9.93 -8.58
181021 8413.5843 6055 19 0.258 -11.68 1.68 189 -12.23 -8.92 -10.96
181024 8416.5683 6073 23 0.009 -13.01 1.61 173 -13.42 -7.80 -11.84
181029 8421.6551 5984 18 0.289 -11.19 1.78 166 -11.20 -7.53 -10.24
181030 8422.6439 5969 21 0.538 -9.95 1.86 157 -9.47 -4.03 -8.90
181116 8439.6274 6038 22 0.812 -12.35 1.69 147 -12.07 -9.87 -11.31
181117 8440.6117 6086 21 0.060 -13.20 1.91 155 -13.40 -10.75 -12.20
181119 8442.6074 6050 21 0.562 -10.69 1.86 163 -10.18 -6.94 -8.58
181120 8443.6292 6117 23 0.819 -12.37 1.60 153 -13.25 -8.88 -11.26
181205 8458.6511 6074 21 0.600 -10.72 1.48 158 -11.30 -8.21 -8.81
181216 8469.5308 6007 21 0.338 -11.29 1.47 159 -10.92 -8.52 -9.70
181217 8470.5557 6083 25 0.596 -10.63 1.59 164 -10.74 -6.97 -9.46
181222 8475.5715 6095 24 0.859 -13.30 1.20 161 -14.05 -9.15 -11.57
181224 8477.5626 5948 20 0.360 -11.40 1.34 159 -10.33 -8.56 -9.44
181226 8479.5699 6102 22 0.865 -13.09 1.45 170 -13.39 -10.70 -12.34
190105 8489.5582 6041 20 0.379 -11.07 1.51 164 -10.38 -7.44 -9.77
190115 8499.5614 6090 22 0.897 -11.85 1.37 160 -11.89 -8.81 -10.80
190125 8509.5801 6050 22 0.418 -10.21 1.46 171 -10.12 -7.02 -8.83
190130 8514.6088 6042 27 0.684 -11.03 1.63 170 -11.47 -9.57 -9.53

Figure 1: The e�ective temperature and radial velocity
variations of Polaris folded with its pulsational period
for the September � December 2018 and January 2019
set.

K with amplitudes of 54 K and 70 K, respectively.
Instead during August�December 2017 (29 spectra)
and January�May 2018 (38 spectra) the pulsational
period increased to 3.d970662 but was still less than
3.d979872 observed in 2015. The mean radial velocity
amplitudes in these sets were 3.81km s� 1 and 2.80
km s� 1 respectively, i.e. a new amplitude decrease
was obvious. The average values ofTe� were found
to be 6017 K and 6039 K, respectively, but the
Te� amplitude has increased despite the decrease
in the radial velocity amplitude. Therefore we have
to continue our investigation to study this unusual
behavior of Polaris.

2. Observations and frequency analysis

Sixteen spectra were taken in September�December
2018 and four in January 2019 with the 0.81 m tele-
scope of the Three College Observatory (TCO), located
in central North Carolina, USA. They were obtained
with an �echelle spectrograph manufactured by Shelyak
Instruments1 in a spectral range from 4250 to 7800�A
with a spectral resolving power ofR � 12000 and no
gaps between the spectral orders. The data were re-
duced using the�echelle package in IRAF.

DECH30 package (Galazutdinov 2007) allows to
measure the line depths and radial velocities using
spectra in FITS format. Lines depths were used to
determine the e�ective temperature (a method based
on the spectroscopic criteria, Kovtyukh 2007). The de-
rived values of Tef f and radial velocity for each spec-
trum are given in Table 1.

In the next step, we used the PERIOD04 program
(Lenz & Breger 2005), which employs the Fourier and
Fast Fourier Transform analysis and minimizes the
residuals of sinusoidal �ts to the data.

A Fourier amplitude spectrum was obtained over
a frequency range of 0�1 d� 1 with a resolution of
0.00002 d� 1. The highest amplitude corresponds to a
frequency of 0.251685� 0.000255 d� 1 or 3.973216�
0.004 days, respectively. This period is larger by 3.68
minutes compared to that of 3.970662 days determined
from the August � December 2017 and January � May
2018 observational set. The systemic velocity (
 �
velocity) is equal to � 11.75 km s� 1.

The following ephemeris has been computed based
on the radial velocity values:

RVmin = HJD 2458440:3736 + 3:973216� E (1)

Figure 1 represents phase curves of the Polaris radial
velocity (lower panel) and e�ective temperature (upper
panel) variations during our observational set.

1http://www.shelyak.com
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Figure 2: Variations of the mean e�ective temperature
of Polaris during the last 75 years. Open circles show
values from the (B � V ) vs. Te� relationship by Gray
(1992), �lled circles show values from the line depth
ratios (Kovyukh 2007).

As seen in Figure 1, in case of the data approxima-
tions by sinusoidal curves, the mean amplitudes of the
radial velocity curves are 3.50 km s� 1, and it is some-
what lager compared to the January � May 2018 result
(A RV = 2.80 km s� 1 ). However, it is comparable with
our previous results (August - December 2016, January
- March 2017 and August - December 2017 with ARV

= 3.43, 3.31, and 3.81km s� 1 , respectively).
The e�ective temperature variations show remark-

able changes � their mean and maximum values have
increased in comparison to those from previous sets
with the average value of 6051� 22 K. This value is close
to the result derived from the 2005�2007 sets (Usenko
et al. 2018), and probably has a tendency toward the
Te� growth. Figure 2 shows the variations of the mean
Te� of Polaris during the last 75 years, while Figure 3
demonstrates the radial velocity amplitude variations
in the last � 125 years. As seen in Figure 3, the ampli-
tude growth tendency still remains.

It would be interesting to compare our TCO 2015 �
2019 radial velocity measurements with those obtained
by Anderson (2019) taken with the Hermes spectro-
graph. As seen in Figure 4, there is a good agreement
between the TCO and Hermes data, therefore we can
observe their positional relationship and changes of
the pulsational amplitude during the last four years.

3. Summary

1. As seen from the results of our observations, the
pulsational period of Polaris shows an increase by
3.68 minutes in comparison with the data obtained
during the August - December 2017 and January
- May 2018 observational set.
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Figure 3: Radial velocity amplitude variations of Po-
laris over the last � 125 years.
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Figure 4: Radial velocity variations of Polaris over the
last ten years. Red squares - TCO data, black squares
- Hermes data.

2. The mean amplitude of the radial velocity during
this observational set 3.50 km s� 1 has returned to
that of the previous sets of August - December
2016, January - March 2017 and August - Decem-
ber 2017. Nevertheless the pulsational amplitude
growth tendency still remains.

3. The mean e�ective temperature of Polaris for this
data set was found to be 6051� 22 K. This value is
close to those determined for the 2005�2007 sets
(Usenko et al. 2018 ).

4. All the TCO radial velocity measurements during
2015 � 2019 have a good agreement with those
measured fromHermesdata. The joint data show
the changes of Polaris' pulsational amplitude.
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ABSTRACT. We present the results of a spectro-
scopic and photometric investigation of 20 objects
from the open cluster Collinder 394, which contains
the Cepheid BB Sgr. Besides the Cepheid, we studied
tree K-giants, four B-giants, and twelve B-A-F main
sequence stars. Radial velocities (RV),v sin i, Te� ,
log g, were determined using spectroscopic model
�tting and atmosphere models. We have derived the
color-excesses, reddenings, and intrinsic colors for
these stars using their Te� and log g from compar-
ison to the atmosphere models, especially for hot
stars. Proper motions, RV and GAIA DR2 2018
parallax/distance values for these stars allowed us
to determine their membership in the cluster and
absolute magnitudes. We found that seven stars
do not belong to the cluster. The parallaxes and
reddenings of 13 con�dently cluster members led to
the distances in a range of 630�800 pc, although
the majority of them (8 objects) are located at a
mean distance of 657.7� 66.7 pc, and 5 objects with
the Cepheid could probably belong to the cluster's
corona. All the members have [Fe/H] near 0.1 dex.
The main sequence B-star No. 76 (HD 174307) has a

low rotational velocity projection, and this fact allows
us to determine its chemical composition to compare
with that of the Cepheid BB Sgr. Its CNO and
Na abundances are close to the solar one, while the
Cepheid show a de�cit of carbon, an overabundance of
nitrogen, nearly solar oxygen, and an overabundance
of sodium. Three foreground K-giants have di�erent C
abundances (from a de�cit to the solar), and Na (from
the solar to an overabundance) as well as a solar-like
O content. The foreground F7-8 V star No. 75 (CPD
� 20� 7218) was revealed to be a Li-rich star, while the
A7 V star No. 69 (BD � 20� 5290) has an anomalous
de�cit of CNO with overabundances of some� , r- and
s-process elements.

Key words : Open clusters: radial velocities; Stars:
abundance; GAIA parallaxes; Cepheids; B - giants;
K-giants; individual: Collinder 394

ÀÍÎÒÀÖIß. Ìè ïðåçåíòó¹ìî ðåçóëüòàòè
ñïåêòðîñêîïi÷íèõ òà ôîòîìåòði÷íèõ äîñëiäiâ
20 îá'¹êòiâ ç ðîçñiÿíîãî ñêóï÷åííÿ Collinder 394,
ÿêå âìiùó¹ öåôå¨äó BB Sgr. Îêðiì öåôå¨äè, ìè
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äîñëiäèëè òðè Ê-ãiãàíòà, ÷îòèðè Â-ãiãàíòà òà
äâàíàäöàòü B-A-F çið. Ðàäiàëüíi øâèäêîñòi (RV),
v sin i, Te� , log gîòðèìàíi ç âèêîðèñòàííÿì ìåòîäiâ
ñïåêòðîñêîïi÷íîãî ôiòòiíãó òà ìîäåëåé àòìîñôåð.
Ìè âèâåëè íàäëèøêè êîëüîðiâ, ïî÷åðâîíiííÿ òà
ñïðàâæíi êîëüîðè öiõ çið, âèêîðèñòîâóþ÷è ¨õ Te� òà
log gøëÿõîì ïîðiâíþâàííÿ ç ìîäåëÿìè àòìîñôåð,
îñîáëèâî äëÿ ãîðÿ÷èõ çið. Âëàñíi ðóõè, RV òà
ïàðàëàêñè/âiäñòàíi ç GAIA DR2 2018 äëÿ öiõ çið
äîçâîëèëè âñòàíîâèòè ¨õ ÷ëåíñòâî ó ñêóï÷åííi
òà àáñîëþòíi ìàãíiòóäè. Âñòàíîâëåíî, ùî ñiì
çið íå íàëåæàòü äî ñêóï÷åííÿ. Ïàðàëàêñè òà
ïî÷åðâîíiííÿ 13 ñïðàâæíiõ ÷ëåíiâ ñêóï÷åííÿ äàþòü
âiäñòàíi âiä 630 äî 800 ïñ, õî÷à áiëüøèñòü ç íèõ
(8 îá'¹êòiâ) çíàõîäÿòüñÿ íà ñåðåäíüî¨ âiäñòàíi ó
657.7� 66.7, òà ï'ÿòü ç öåôå¨äîþ ìîæëèâî, íàëåæàòü
äî êîðîíè ñêóï÷åííÿ. Óñi ÷ëåíè ìàþòü [Fe/H]
áiëÿ 0.1 dex. Â-çîðÿ ÃÏ No. 76 (HD 174307)
ìà¹ ìàëå çíà÷åííÿ ïðî¹êöi¨ øâèäêîñòi îáåðòó, òà
öå äîçâîëèëî âñòàíîâèòè ¨¨ õiìi÷íèé ñêëàä äëÿ
ïîðiâíÿííÿ ç BB Sgr. ˆ¨ âìiñò CNO òà Na áëèçüêèé
äî ñîíÿ÷íîãî, òîäi ÿê öåôå¨äà ìà¹ äåôiöiò âóãëåöþ,
íàäëèøîê àçîòó, ñîíÿ÷íèé êèñåíü òà íàäëèøîê
íàòðiþ. Òðè Ê-ãiãàíòè ïåðåä ñêóï÷åííÿì ìàþòü
ðiçíèé âìiñò âóãëåöþ (âiä äåôiöiòó äî ñîíÿ÷íîãî)
òà íàòðiþ (âiä ñîí÷íîãî äî íàäëèøêó), òà ñîíÿ÷íèé
êèñåíü. Çîðÿ No. 75 (CPD � 20� 7218) (F7-8 V), ÿêà
òåæ ¹ ïåðåä ñêóï÷åííÿì, âèÿâèëàñü ç íàäëèøêîì
Li, òîäi ÿê çîðÿ No. 69 (BD � 20� 5290) (A7 V) ìà¹
àíîìàëüíèé äåôiöiò CNO ç íàäëèøêîì äåÿêèõ
åëåìåíòiâ � , r- òà s- ïðîöåñiâ.

Êëþ÷îâi ñëîâà: Ðîçñiÿíi ñêóï÷åííÿ, ïðîìåíåâi
øâèäêîñòi, õiìi÷íèé ñêëàä çið, ïàðàëàêñè GAIA,
öåôå¨äè, Â-ãiãàíòè, Ê-ãiãàíòè, ñêóï÷åííÿ Collinder
394.

1. Introduction

The open cluster Collinder 394 is part of a dou-
ble cluster with Collinder 393 (NGC 6716) (Turner &
Prederos 1985). Being a loose grouping ofB - and A-
type stars, it contains a 6.d64 Cepheid BB Sgr as a
possible member of its corona. According to Turner
& Prederos (1985), the earliest spectral type stars in it
are B8,E ( B � V ) = 0.25� 0.01, V0 - MV = 9.04� 0.08,d
= 643� 25 pc, and an age near 6� 107 yr. Collinder 394
has not been carefully studied spectroscopically except
for BB Sgr. Therefore, the main goals of our inves-
tigation are as follows: 1) to measure the radial and
rotational velocities of the cluster's stars, 2) to deter-
mine the atmospheric parameters, metallicities, CNO
and Na abundances and compare the abundances of
the objects of di�erent spectral types, and 3) to de-
termine the distances using GAIA DR2 parallaxes and
RV data, and to check thier membership in the cluster.

2. Observations

Our observations were taken at the 11 m SALT
(Southern African Large Telescope) equipped with
HRS (High Resolution Spectrograph). HRS is a dual-
beam (3700-5500 & 5500-8900�A) �ber-fed, white-
pupil, �echelle spectrograph, which uses VHP gratings
as cross dispersers. We obtained one spectrum for
each object using the medium mode with the spec-
tral resolving power R = 40000, an average S/N of
over 100, which it is enough to reach our observational
goals. These spectra will be used to derive the atmo-
sphere parameters and chemical abundances for some
elements of the open cluster members. The data were
reduced using the�echelle context in MIDAS . Also, the
feros package developed for �echelle data reduction from
the Fiber-fed Extended Range Optical Spectrograph
(FEROS) was used. Both FEROS and HRS provide
very similar �echelle data.

We used the DECH30 package (Galazutdinov
2007) designed to use the spectra in FITS format
to measure the line depths and their equivalent
widths. The radial and rotational velocities were mea-
sured by �tting of the observed spectra with models
from Coelho (2014). The object IDs, magnitudes,
spectral types, proper motions, parallaxes from the
GAIA DR18 catalogue, measured radial and rota-
tional velocities for each spectrum are given in Table 1.

3. Results and Analysis

3.1. Radial and rotational velocities, proper motions
and parallaxes

As seen in Table 1, judging from proper motion, ra-
dial velocity and parallax measurements, seven objects
are evident foreground or background stars. It should
be noted that our results are consistent with those from
other sources: RV = 12.0 km s� 1 (Wilson & Joy 1950)
for HD 124403; and < RV> = 11.35 km s� 1 (Lloyd-
Evans 1968) for BB Sgr, respectively. According to
Conrad et al. (2017), the cluster's mean radial veloc-
ity is � 1.9� 6.5 km s� 1, and the majority of con�dent
cluster members have close radial velocities.

As seen in Table 1, the Cepheid BB Sgr, three K-
giants Nos. 21, 72, 74 and the F7 V star No. 75 have
low v sin i, while hot main-sequence (hereafter MS)
stars are fast-rotating objects. It is very surprisingly
to detect the MS B-star No. 76 with a low radial
velocity projection.

3.2. Color-indices, color-excesses, reddenings, and
atmosphic parameters

Turner & Prederos (1985) determined color-excesses,
reddenings, and intrinsic colors for the cluster's ob-
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jects using UBV RI color-indices. To improve these
parameters, we have used their atmospheric parame-
ters Te� and log g, determined with the model �tting
method. Next, these estimates were performed for
the (U-B) 0 and (B-V) 0 determinations for the hot B-
and A-type stars using the Kurucz (1993) models from
Bessel et al. (1998). For more evolved stars ofFGK
spectral types with a large number of narrow metallic
absorption lines we have used the lines depth relation
to derive Te� (Kovtyukh 2007), and a Fe ionization
balance to derivelog g. These estimates give an oppor-
tunity to determine corresponding (U-B) 0 and (B-V) 0

values for FGK -stars.
The described above results allowed us to deter-

mine the color-excesses, reddenings, and interstellar
extinction. All these data are given in Table 2. At
that we have used (U-B) and (B-V) color-indices from
Turner & Prederos (1985). As seen from this table, the
majority of hot stars have close reddening values in a
range of 0.m 56 - 0.m 88, except for the Be star No. 24
(HD 174652) and stars, which probably belong to the
cluster's corona: HD 174403, Nos. 70 and 76, and BB
Sgr (0.m 97 - 1.m 19). Our EB � V values demonstrate an
excellent agreement with photometrically determined
ones from Turner & Prederos (1985) Table 1, except
for the star No. 30. The foreground and background
objects have very di�erent parameters. Figure 1 rep-
resents aTe� - MV diagram for the con�dent members
of Collinder 394. As seen from the diagram, object No.
76 with a low rotation velocity projection is located in
the middle of the cluster's MS, while the object No.
61 is located near the �turn-o�� point. HD 174403,
an eclipsing binary (Turner & Prederos 1983), was
found at the horizontal branch. Its main component
with a mass of 6 M� could be a �rst-crossing Cepheid
instability strip object.

3.3. Absolute magnitudes and distances

Table 3 contains the absolute magnitudes of the
Collinder 394 objects derived from photometry by
Turner & Prederos (1985) and those derived by us
using the GAIA DR2 parallaxes and our Te� and AV

data. As can be seen from the Table 3, the parallax-
based MV only for 8 objects determined as the con�-
dent cluster's members agree with those from Turner
& Prederos (1985). Figure 2 represents a variable-
extinction diagram for the cluster con�dent members
only. We have obtained the mean distance modulus
(V 0 - MV ) = 9.09� 0.21 with the reddening law slope R
= A V /E B � V = 3.34� 0.02. Turner & Prederos (1985)
estimated R = 3.1� 0.3. Our estimate of (V0 - MV )
gives a distance of d = 657.7� 66.7 pc, and with this
value it turns out that Collinder 394 is located about
15 pc further away compared to the value from Turner
& Prederos (1985). Four objects (Nos. 12, 27, 63, and
76) located at 760�824 pc could belong to the corona,

similar to BB Sgr, which has MV = � 3.m 59� 0.07 and
d = 801� 26.4 pc, respectively.

Other objects from the list turned out to be either
foreground or background stars � all three K-giants,
and three MS A- and F- type stars.

Figure 1: Te� - MV diagram for the Collinder 394 con-
�dent members. Open circles show the MS stars, �lled
circles show the B-giants.

3.4. Chemical abundances

When the atmospheric parameters were derived, we
used the VALD oscillator strengths (Kupka et al. 1999)
and LTE model atmospheres from Castelli & Kurucz
(2004) for determination of the element abundances.
For that we have worked with stars with relatively low
rotational velocity projections: BB Sgr, Nos. 21, 69,
72, 74, 75, and 76. As seen, only two of these ob-
jects are true cluster members, therefore the rest are
foreground and background ones, respectively. Never-
theless the chemical abundances of each object from
our list are of interest. Tables 4 and 5 present the re-
sults of our investigations. Since these objects have
di�erent evolutionary stages, we will discuss every star
separately.

BB Sgr The Cepheid has a solar-like iron content,
a carbon de�cit, an overabundance of nitrogen and
sodium, and a nearly solar oxygen abundance, i.e.
typical for a yellow supergiant after the �rst dredge-up
stage. All other elements have nearly solar abun-
dances. Therefore, our results are close to those of
Usenko et al. (2013) and Luck et al. (2006).
76 (HD 174307) This MS B-star, which is considered
to be a Cepheid progenitor, demonstrates a solar
CNO, Na, Fe, and other elements abundances with
small overabundances of neon, argon, and sulphur,
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Table 1: General data for the observed objects in Collinder 394 and derived RVs.
Object V Sp.type � � � � RV, km s � 1 PLX (GAIA) Membership

BB Sgr 1 6.93 G0 Ib + 0.392 � 5.078 + 17.11 � 0.04 1.2485 � 0.0411 m
HD 174403 7.51 B8 II-III � 1.477 � 5.987 + 18.76 � 0.43 1.5011 � 0.0529 m
2 (HD 174723) 8.88 B8 � 1.468 � 5.838 + 9.51 � 0.23 1.3703 � 0.0622 m
3 (CPD � 20 � 7272 ) 11.19 B9? � 65.800 + 6.600 + 30.24 � 0.12 nm
6 (HD 174706) 10.30 B7-B8 II � 1.329 � 5.268 + 3.57 � 0.24 1.5783 � 0.0708 m
12 (HD 174685) 9.52 B8 V � 1.967 � 6.206 + 9.35 � 0.25 1.2743 � 0.0716 m
21 (CPD � 20 � 7255 ) 10.45 K0 III? + 1.662 � 12.445 � 2.72 � 0.02 2.2489 � 0.0673 fg
22 (HD 174651) 8.47 B8 IV � 2.256 � 6.227 + 5.76 � 0.19 1.4318 � 0.0777 m
24 (HD 174652) 9.06 B9e � 1.417 � 6.317 � 0.78 � 1.10 1.3518 � 0.0612 m
27 (CPD � 20 � 5300 ) 10.34 B7-B8? � 1.310 � 5.728 + 4.84 � 0.24 1.2135 � 0.0546 m
30 (CPD � 20 � 7248 ) 11.56 AV � 2.052 � 5.579 � 4.40 � 0.09 1.5077 � 0.0487 m
35 (CPD � 20 � 7240 ) 11.25 AV � 0.909 � 5.493 + 11.45 � 0.31 1.3115 � 0.0473 m
61 (HD 174594) 8.30 B5 III � 1.732 � 6.284 + 8.77 � 0.18 1.4439 � 0.0578 m
63 (HD 174538) 10.37 B9 III � 4.300 � 6.800 + 10.99 � 0.13 1.2839 � 0.0503 m
69 (BD � 20 � 5290 ) 10.87 A7 V? � 0.115 � 9.890 � 44.24 � 0.04 2.4470 � 0.0439 fg
70 (GSC 06289�03051) 12.25 A2 V � 1.772 � 4.033 + 27.50 � 0.32 0.8821 � 0.0373 bg
72 (GSC 06289�03067) 11.59 K1 III? � 4.921 � 11.509 � 46.78 � 0.04 1.0858 � 0.0457 fg
74 (HD 174402) 9.27 K1/2 III? � 25.509 � 43.853 � 7.61 � 0.02 3.7919 � 0.0453 fg
75 (CPD � 20 � 7218 ) 11.11 F7-8 V? + 9.694 � 4.597 � 22.94 � 0.04 4.7670 � 0.0357 fg
76 (HD 174307) 10.36 B8/9 II � 1.289 � 6.078 + 17.00 � 0.05 1.3155 � 0.0349 m

1 - Phase 0. P 624 according to Usenko et al. (2013); m - member; nm - non-member; fg - foreground object; bg - background object.

Table 2: Atmospheric parameters, rotational velocities, intrinsic colors, color-excesses, reddenings, and extinc-
tions for the Collinder 394 objects.

Star T eff log g v sin i (U-B) 0 (B-V) 0 E U � B E B � V A V R

BB Sgr 1 5332 � 6 1.30 � 0.05 10.8 � 0.1 0.61 0.87 0.30 0.28 1.00 3.57
HD 174403 13245 � 165 3.49 � 0.01 198.7 � 1.4 � 0.48 � 0.13 0.22 0.29 0.97 3.33
2 (HD 174723) 14500 � 10 4.00 � 0.01 137.9 � 0.4 � 0.54 � 0.14 0.15 0.25 0.84 3.32
3 (CPD � 20 � 7272 ) 10700 � 7 4.42 � 0.02 110.5 � 0.3 � 0.16 � 0.04 0.25 0.26 0.88 3.35
6 (HD 174706) 10752 � 10 4.32 � 0.02 132.8 � 1.3 � 0.17 � 0.05 0.20 0.26 0.87 3.35
12 (HD 174685) 14000 � 50 4.30 � 0.01 158.1 � 0.6 � 0.49 � 0.13 0.17 0.23 0.76 3.32
21 (CPD � 20 � 7255 ) 4825 � 13 3.00 � 0.02 0.0 � 0.0 0.78 1.03 0.10 0.13 0.47 3.65
22 (HD 174651) 14350 � 77 4.00 � 0.01 223.3 � 0.6 � 0.53 � 0.14 0.22 0.25 0.84 3.32
24 (HD 174652) 14000 � 200 3.62 � 0.50 237.3 � 20.3 � 0.53 � 0.14 0.23 0.30 1.01 3.35
27 (CPD � 20 � 5300 ) 12037 � 12 4.19 � 0.01 129.7 � 0.5 � 0.32 � 0.10 0.15 0.22 0.74 3.36
30 (CPD � 20 � 7248 ) 8375 � 2 4.17 � 0.01 59.1 � 0.3 0.08 0.13 0.12 0.19 0.63 3.36
35 (CPD � 20 � 7240 ) 8676 � 7 3.63 � 0.01 314.9 � 1.0 0.10 0.05 0.07 0.17 0.56 3.37
61 (HD 174594) 14418 � 19 3.78 � 0.01 155.7 � 0.6 � 0.55 � 0.15 0.17 0.26 0.84 3.29
63 (HD 174538) 11511 � 6 4.17 � 0.01 229.2 � 0.6 � 0.26 � 0.08 0.18 0.26 0.88 3.35
69 (BD � 20 � 5290 ) 7705 � 5 3.50 � 0.01 1.9 � 0.2 0.19 0.16 0.31 0.34 1.17 3.40
70 (GSC 06289�03051) 9698 � 15 3.81 � 0.02 272.4 � 1.3 � 0.40 � 0.02 0.65 0.35 1.19 3.36
72 (GSC 06289�03067) 4683 � 12 2.70 � 0.02 0.1 � 0.0 0.93 1.10 0.38 0.27 0.99 3.68
74 (HD 174402) 4575 � 19 3.10 � 0.02 7.9 � 0.1 0.98 1.12 0.11 0.13 0.48 3.68
75 (CPD � 20 � 7218 ) 6250 � 15 4.50 � 0.05 24.7 � 0.1 0.01 0.54 0.04 0.05 0.19 3.42
76 (HD 174307) 11313 � 13 3.87 � 0.01 0.5 � 0.1 � 0.25 � 0.09 0.19 0.35 1.17 3.35

1 - T eff , log g , (U-B) 0 and (B-V) 0 for the phase 0.624 according to Usenko et al. (2013)

Table 3: Comparison between absolute magnitudes and
distances, determined using GAIA DR2 parallaxes and
photometric data.

Object M V (T&P85) M V (GAIA) d (pc) (GAIA)
BB Sgr � 3.08 � 0.12 � 3.59 � 0.07 800.96 � 26.37
HD 174403 � 2.44 � 0.08 � 2.56 � 0.00 666.18 � 23.48
2 (HD 174723) � 1.03 � 0.05 � 1.36 � 0.10 729.77 � 33.13
3 (CPD � 20 � 7272 ) + 1.36 � 0.08 + 2.07 � 0.06 444.66 � 13.31
6 (HD 174706) + 0.44 � 0.08 + 0.42 � 0.10 633.59 � 28.42
12 (HD 174685) � 0.27 � 0.07 � 0.67 � 0.12 784.75 � 44.09
21 (CPD � 20 � 7255 ) - + 1.74 � 0.06 444.66 � 13.31
22 (HD 174651) � 1.35 � 0.08 � 1.58 � 0.11 698.42 � 37.90
24 (HD 174652) � 0.95 � 0.08 � 1.28 � 0.10 739.75 � 33.49
27 (CPD � 20 � 5300 ) + 0.62 � 0.08 + 0.02 � 0.10 824.06 � 37.08
30 (CPD � 20 � 7248 ) + 1.48 � 0.08 + 1.82 � 0.07 663.26 � 21.42
35 (CPD � 20 � 7240 ) + 1.58 � 0.08 + 1.58 � 0.08 762.49 � 27.50
61 (HD 174594) � 1.68 � 0.08 � 1.82 � 0.09 692.57 � 27.72
63 (HD 174538) + 0.51 � 0.08 + 0.16 � 0.08 778.88 � 30.51
69 (BD -20 5290) + 0.83 � 0.08 + 1.64 � 0.04 408.66 � 7.33
70 (GSC 06289�03051) + 2.23 � 0.08 + 0.79 � 0.09 1133.66 � 47.94
72 (GSC 06289�03067) - + 0.78 � 0.09 920.98 � 38.76
74 (HD 174402) - + 1.68 � 0.02 263.72 � 3.15
75 (CPD � 20 � 7218 ) - + 4.31 � 0.01 209.78 � 1.57
76 (HD 174307) + 0.22 � 0.08 � 0.38 � 0.05 760.17 � 20.17

and a de�cit of titanium.
69 (BD � 20� 5290) A MS A-star with a unique
substantial CNO de�cit, a de�cit of Mg, Al, Si, Ca,
Sc, Ti, a solar-like Fe, and an overabundance of r- and
s-process elements.
21 (CPD � 20� 7255) An early K-giant, whith an upper
estimate of lithium content log A(Li) < 0.4 dex. It has

a de�cit of carbon, a small de�cit of nitrogen and a
close to solar abundance of oxygen and sodium. The
rest of the elements show close to solar abundances
except for a small overabundance of some s-process
elements, an evident overabundance of K and Mn, and
a small de�cit of Rb.
72 (GSC 06289�03067) A colder K-giant has close to
solar C and O abundances, a small overabundance
of sodium and aluminum, the rest of the elements
have a close to solar abundances, except for small
overabundances of Si, S, Mn, and Eu.
74 (HD 174402) K-giant, that has solar abundances
of C, O, and Na. The rest of the elements have
abundances close to solar one, except for small over-
abundances of S, Sc, Sm, and Eu.
75 (CPD � 20� 7218) This F-type MS star is a lithium-
rich object (see Fig. 3) with log A(Li) = 2.95. CNO
and Na abundances are close to solar, but some
elements, such as K, V, Zr, Pr, Sm, Eu and Gd,
demonstrate evident overabundances.
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Table 4: Chemical abundances for Collinder 394 objects. Part 1.
BB Sgr 76 (HD 174307) 69 (BD � 20 � 5290 )

Element [El/H] � NL UAL13 LKA06 [El/H] � NL [El/H] � NL
C I � 0.22 0.21 13 � 0.21 � 0.06 � 1.18 0.13 9
C II 0.07 0.13 4
N I 0.46 0.24 4 - - 0.05 0.14 9 -1.45 0.18 6
O I 0.03 0.02 2 0.02 � 0.13 � 0.07 0.08 7 � 0.92 0.12 3
Ne I 0.23 0.12 5
Na I 0.26 0.10 2 � 0.04 0.04 2 � 0.02 0.19 3
Mg I 0.01 0.00 1 0.26 - � 0.02 0.12 3 � 0.51 0.04 2
Mg II � 0.05 0.15 7
Al I 0.25 0.12 5 0.45 0.15 � 0.24 0.15 5
Al II 0.07 0.14 5
Si I 0.17 0.11 16 0.25 0.14 � 0.24 0.18 14
Si II 0.18 0.33 2 0.21 � 0.02 0.15 15 0.18 0.21 2
S I 0.12 0.21 2 � 0.05 � 0.17 � 0.13 0.21 3
S II 0.25 0.17 15
K I � 0.04 0.00 1
Ar I 0.33 0.03 3
Ca I � 0.02 0.11 3 � 0.06 0.12 0.16 - 1 � 0.67 0.08 5
Ca II 0.02 0.33 2
Sc II � 0.07 0.18 2 � 0.16 0.08 � 0.17 0.21 3 � 0.62 0.29 3
Ti I � 0.02 0.12 26 0.03 0.22 0.76 0.56 9
Ti II � 0.05 0.15 4 0.14 � 0.54 0.13 10 � 0.52 0.12 3
V I � 0.28 0.03 6 0.14 � 0.10 0.91 0.05 2
V II � 0.26 0.02 2 � 0.09 0.13 0.00 1 � 0.10 0.00 1
Cr I � 0.12 0.14 16 0.12 0.09 � 0.21 0.19 7
Cr II 0.23 0.14 6 0.08 � 0.11 0.06 13 � 0.04 0.16 5
Mn I � 0.00 0.06 5 0.06 - � 0.24 0.17 4
Mn II 0.24 0.03 4
Fe I 0.06 0.09 185 0.07 0.08 � 0.02 0.11 10 � 0.02 0.08 117
Fe II 0.05 0.07 10 0.07 0.08 0.02 0.12 120 0.00 0.10 26
Co I � 0.10 0.10 7 � 0.06 0.15 0.87 0.08 2
Ni I � 0.08 0.10 43 0.11 0.00 0.17 0.09 25
Ni II � 0.01 0.15 3
Cu I 0.08 0.37 5 0.15 0.21 0.30 0.26 4
Zn I 0.72 0.11 3
Rb I � 0.13 0.00 1 - - 1.21 0.00 1
Sr II � 0.10 0.37 2
Y II 0.09 0.08 5 � 0.04 - 0.53 0.10 4
Zr II � 0.04 0.14 2 0.20 - 0.47 0.18 2
La II � 0.05 0.14 4 0.06 0.22 0.55 0.04 2
Ce II � 0.11 0.09 7 � 0.09 � 0.09 0.66 0.12 6
Pr II � 0.22 0.20 5 � 0.37 - 0.72 0.28 2
Nd II � 0.05 0.10 6 0.15 � 0.03 0.66 0.19 6
Sm II � 0.12 0.09 4 0.12 - 0.62 0.03 3
Eu II � 0.09 0.08 3 0.18 0.04 1.44 0.93 3
Gd II � 0.30 0.00 1 - - - - -

4. Summary

1. According to the derived RV, color-indices, and
parallaxes/distances only 13 of the 20 objects,
which we have investigated, are con�dently mem-
bers of Collinder 394.

2. An overwhelming majority of the con�dent clus-
ter members have high rotational velocity projec-
tions, except for star No. 76 (HD 174307) and the
Cepheid BB Sgr. Five foreground objects, three
K-giants and two MS stars, have lowv sin ivalues.

3. We have revised color-excesses and reddenings for
the objects that allowed us to re�ne their intrinsic
colors, especially for the hot stars.

4. Atmospheric parameters of the hot stars were de-
termined by �tting method, while parameters of
the Cepheid, giants, and MS stars were deter-
mined exclusively by the method of atmosphere
models.

5. The distances of the most cluster stars deter-
mined from the GAIA DR2 2018 parallaxes lie in
a range of 633�740 pc that roughly corresponds
to the mean cluster distance determined earlier by
Turner & Prederos (1985) using photometry. Four
MS stars and the Cepheid lie in a range of 760�824
pc, and they could belong to the cluster's corona.

6. Star No. 76 located in the middle of clusters' MS,
star No. 61 is located near the �turn-o�" point,
and HD 174403 is located at the horizontal branch.

7. The abundances of carbon, nitrogen, oxygen, and
sodium in the hot star No. 76 turned out to be
close to the solar ones, while there is a de�cit
of C and an overabundance of N and Na with a
solar-like O abundance for the cool variable super-
giant BB Sgr. This fact indicates that the Cepheid
have already passed through the "�rst dredge-up"
stage.

8. The foreground A-type MS star No. 69 has an
anomalous substantial de�cit of CNO elements
with a de�cit of some � - and an overabundance
of r- and s-process elements.

9. The foreground object an F7-8 MS star No. 75 is
a lithium-rich object.
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Table 5: Chemical abundances for Collinder 394 objects. Part 2.
21 (CPD � 20 � 7255 ) 72 (GSC 06289-03067) 74 (HD 174402) 75 (CPD � 20 � 7218 )

Element [El/H] � NL [El/H] � NL [El/H] � NL [El/H] � NL
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O I � 0.07 0.20 3 � 0.07 0.13 3 0.03 0.00 2 � 0.02 0.01 2
Na I � 0.05 0.13 2 0.23 0.03 2 � 0.12 0.15 3 � 0.09 0.08 2
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Galazutdinov G.A.: 2007, http://gazinur.com/DECH-
software.html.

Kovtuykh V.V.: 2007, MNRAS, 378, 617.
Kupka F., Piskunov N.E., Ryabchikova T.A., Stempels

H.S., Weiss W.W.: 1999,A&A , 138, 119.
Kurucz R.L.: 1993, CD-ROM No. 23 .

6704 6706 6708 6710

0.85

0.90

0.95

1.00

R
e

la
ti

v
e

 F
lu

x

lambda, A

Figure 3: Li I 6707�A absorption line in star 75 (CPD
� 20� 7218) atmosphere and its approximation by synth
(R = 40000, v sin i= 25 km s� 1); log A(Li) = 2.5
(dashed line) and 2.95 (solid line).

Lloyd-Evans, T.: 1968, MNRAS, 141, 109.
Turner D.G.& Prederos M.: 1983, IBVS, 2263, 1.
Turner D.G.& Prederos M.: 1985, AJ, 90, 1231.
Usenko I.A., Kniazev A.Yu., Berdnikov L.N., Kravtsov

V.V. & Fokin A.B.: 2013, Astr. Lett. , 39, 432.
Wilson R.E. & Joy A.: 1950, ApJ, 111, 221.

96 Odessa Astronomical Publications,vol. 32 (2019)



FADING OF THE CONTINUUM OF NOISE STORMS IN THE 
     

DECAMETER RANGE RELATED TO CME 

E.A. Isaeva    

 Institute of Radio astronomy of  NAS of  Ukraine,     

  
    ABSTRACT. In this paper, we studied the incompre-
hensible fading of a continuum of noise storms and type IV 
continual bursts in the decameter range, coinciding in time 
with coronal mass ejections (CMEs) for solar proton events 
(SPE). A comparative analysis showed that about 60% of 
the CMEs are accompanied by the fading of the continuum 
of noise storms and type IV continual bursts in the range of 
25-30 MHz. It is shown that the fading of the continuum of 
a noise storm associated with a CME is distinguished by 
the intensity and duration of fading, as well as the width of 
the fading band and the frequency at which the maximum 
fading depth is observed. Moreover, detailed studies have 
shown that, against the background of a general decline in 
the radiation flux, a fine temporal structure at adjacent fre-
quencies remains. This may indicate that the radiation is 
shielded by an external region in the path of radiation prop-
agation. It can be a cold and dense cloud of the CME itself 
or absorption in the ionosphere. Absorption at low frequen-
cies in the Earth's ionosphere is quite possible, since the x-
ray and ultraviolet radiation of the flare can cause addi-
tional short-term ionization. In this regard, studies have 
been conducted on the relationship of the fading of the con-
tinuum of noise storms with x-ray flares. A comparative 
analysis showed that there is a fairly strong relationship be-
tween the integral flux and the effective duration of x-ray 
flares with the integral flux and the effective duration of the 
decrease in the continuum of noise storms, respectively. 
Moreover, the relationship between the effective durations 
is slightly higher, where the correlation coefficient between 
the studied values �L�V���§���������������,�W���Z�D�V���D�O�V�R���V�K�R�Z�Q���W�K�D�W���V�K�R�U�W-
term impulse fading is associated with impulse x-ray flares, 
and long-term with gradual long-term x-ray flares. It was 
noted above that absorption can also occur in the body of 
the CME itself, therefore, the relationship between the pa-
rameters for lowering the continuum of noise storms at a 
given frequency and the speed of the CME was investi-
gated. A comparative analysis showed that there is a fairly 
strong relationship between the maximum fading depth and 
the CME speed, where the correlation coefficient between 
the studied values �L�V���§������������ 
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�i�h�\'�y�a�Z�g�• �a �D�<�F, �\�•�^�j�•�a�g�y�x�l�v�k�y �•�g�l�_�g�k�b�\�g�•�k�l�x �• �l�j�b��
�\�Z�e�•�k�l�x �a�Z�\�f�b�j�Z�g�g�y, �Z �l�Z�d�h�` �r�b�j�b�g�h�x �k�f�m�]�b �a�Z�\�f�b��
�j�Z�g�g�y �• �q�Z�k�l�h�l�h�x �g�Z �y�d�•�c �k�i�h�k�l�_�j�•�]�Z�}�l�v�k�y �f�Z�d�k�b�f�Z�e�v�g�Z 
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�e�h�^�g�Z���•���s�•�e�v�g�Z���o�f�Z�j�Z���k�Z�f�h�]�h���D�<�F���Z�[�h���`���i�h�]�e�b�g�Z�g�g�y���\��
�•�h�g�h�k�n�_�j�•�����I�h�]�e�b�g�Z�g�g�y���g�Z���g�b�a�v�d�b�o���q�Z�k�l�h�l�Z�o���\���•�h�g�h�k�n�_�j�•��
�A�_�f�e�•�� �p�•�e�d�h�f�� �f�h�`�e�b�\�h���� �l�Z�d�� �y�d�� �j�_�g�l�]�_�g�•�\�k�v�d�_�� �� �•�� �� �m�e�v��
�l�j�Z�n�•�h�e�_�l�h�\�_�� �\�b�i�j�h�f�•�g�x�\�Z�g�g�y�� �k�i�Z�e�Z�o�m�� �f�h�`�_�� �\�b�d�e�b��
�d�Z�l�b���^�h�^�Z�l�d�h�\�m���d�h�j�h�l�d�h�q�Z�k�g�m���•�h�g�•�a�Z�p�•�x�����M���a�\�
�y�a�d�m���a���p�b�f��
�[�m�e�b���i�j�h�\�_�^�_�g�•���^�h�k�e�•�^�`�_�g�g�y���a�\�
�y�a�d�m���a�Z�\�f�b�j�Z�g�g�y���d�h�g�l�b��
�g�m�m�f�m�� �r�m�f�h�\�b�o�� �� �[�m�j�� �a�� �j�_�g�l�]�_�g�•�\�k�v�d�b�f�b�� �k�i�Z�e�Z�o�Z�f�b����
�I�h�j�•�\�g�y�e�v�g�b�c���Z�g�Z�e�•�a���i�h�d�Z�a�Z�\�����s�h���•�k�g�m�}���^�h�k�b�l�v���k�b�e�v�g�b�c 
�a�\�
�y�a�h�d�� �•�g�l�_�]�j�Z�e�v�g�h�]�h�� �i�h�l�h�d�m�� �•�� �_�n�_�d�l�b�\�g�h�€�� �l�j�b�\�Z�e�h�k�l�•��
�j�_�g�l�]�_�g�•�\�k�v�d�b�o�� �k�i�Z�e�Z�o�•�\�� �a�� �•�g�l�_�]�j�Z�e�v�g�b�f�� �i�h�l�h�d�h�f�� �•��
�_�n�_�d�l�b�\�g�h�x  �l�j�b�\�Z�e�•�k�l�x���a�g�b�`�_�g�g�y���d�h�g�l�b�g�m�m�f�m���r�m�f�h��
�\�b�o�� �[�m�j���� �\�•�^�i�h�\�•�^�g�h���� �I�j�b�q�h�f�m���� �a�\�
�y�a�h�d�� �f�•�`�� �_�n�_�d�l�b�\��
�g�b�f�b�����^�e�b�l�_�e�v�g�h�k�l�y�f�b���l�j�h�o�b���\�b�s�_�����^�_���d�h�_�n�•�p�•�}�g�l���d�h�j�_��
�e�y�p�•�€�� �f�•�`�� �^�h�k�e�•�^�`�m�\�Z�g�b�f�b�� �� �\�_�e�b�q�b�g�Z�f�b�� �§�� ������������ �L�Z�d�h�`��
�[�m�e�h���i�h�d�Z�a�Z�g�h�����s�h���d�h�j�h�l�d�h�q�Z�k�g�•���•�f�i�m�e�v�k�g�•���a�Z�\�f�b�j�Z�g�g�y����
�i�h�\�
�y�a�Z�g�•���a���•�f�i�m�e�v�k�g�b�f�b���j�_�g�l�]�_�g�•�\�k�v�d�b�f�b���k�i�Z�e�Z�o�Z�f�b�����Z��
�l�j�b�\�Z�e�•�� �a�� �i�h�k�l�m�i�h�\�b�f�b�� �l�j�b�\�Z�e�b�f�b�� �j�_�g�l�]�_�g�•�\�k�v�d�b�f�b��
�k�i�Z�e�Z�o�Z�f�b���� �<�b�s�_�� �a�Z�a�g�Z�q�Z�e�h�k�y���� �s�h�� �i�h�]�e�b�g�Z�g�g�y�� �f�h�`�_����
�\�•�^�[�m�\�Z�l�b�k�y�� �•�� �\�� �l�•�e�•�� �k�Z�f�h�]�h�� �D�<�F���� �l�h�f�m�� �[�m�e�� �^�h�k�e�•�^�`�_�g��
�a�\�
�y�a�h�d���f�•�`���i�Z�j�Z�f�_�l�j�Z�f�b�����a�g�b�`�_�g�g�y���d�h�g�l�b�g�m�m�f�m���r�m�f�h��
�\�b�o���[�m�j���g�Z���^�Z�g�•�c���q�Z�k�l�h�l�•�����•���r�\�b�^�d�•�k�l�x���D�<�F�����I�h�j�•�\�g�y�e�v��
�g�b�c�� �� �Z�g�Z�e�•�a�� �i�h�d�Z�a�Z�\���� �s�h�� �•�k�g�m�}�� �^�h�k�b�l�v�� �k�b�e�v�g�b�c �a�\�
�y�a�h�d��
�f�•�`���f�Z�d�k�b�f�Z�e�v�g�h�x���]�e�b�[�b�g�h�x���a�Z�\�f�b�j�Z�g�g�y���•���r�\�b�^�d�•�k�l�x��
�D�<�F�����^�_���d�h�_�n�•�p�•�}�g�l���d�h�j�_�e�y�p�•�€���f�•�`���^�h�k�e�•�^�`�m�\�Z�g�b�f�b���\�_��
�e�b�q�b�g�Z�f�b���§������������  

Keywords:  speed of the CME, fading continuum of noise 
storms, integral  flux. 

 
1. Introduction  

 
    The interest in coronal mass ejections is due to their high 
geoeffectiveness. 
    Broadband studies in the radio range showed that most of 
the CME formation events are accompanied by sporadic phe-
nomena in the radio range (about 80% of the total number of 
cases). In 50% of cases, the phenomena in the radio band 
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preceding the registration of the CME are broadband. At the 
same time, it was shown that CMEs that are not accompanied 
by broadband phenomena in the radio range are ejections 
�Z�L�W�K���D���V�P�D�O�O���D�Q�J�X�O�D�U���Z�L�G�W�K���������ƒ���D�Q�G���D�Q���D�Y�H�U�D�J�H��ejections ve-
locity of not more than 700 km/s. 
    A generalization of the observational data in the radio 
range indicates that at the stage of CME formation in the me-
ter-decameter bands, an increase in the continuum of noise 
storms with characteristic quasiperiodic oscillations is ob-
served until the noise storms completely fade before the 
CME exit (Durasova et al., 1999, 2002). In the centimeter-
decimeter ranges, at the stage of the CME formation, an in-
crease in the microwave radiation intensity is observed, as 
well as powerful bursts of the GRF type with characteristic 
temporal fluctuations in the flux intensity with periods > 20 
minutes, and short-period fluctuations in the flux intensity 
are observed immediately before the CME output, for 10-15 
minutes with periods ranging from 6-22 seconds (Grechnev, 
2003; Fridman & Sheiner, 2008). 
    It should also be noted that there is a strong connection 
between CMEs and broadband continual type IV bursts. It 
was shown in (Isaeva & Tsap, 2017) that there is a strong 
relationship between the CME velocity and the integral flux 
of microwave bursts (��-bursts) for proton events. Moreo-
ver, the relationship between the speed of the CME and the 
integral flux of type IV continual bursts largely depends on 
the frequency of the continual radio burst. With a decrease 
in the frequency of radio emission of continual bursts, the 
relationship between the CME velocity and the integral flux 
of continual bursts sharply decreases and is practically ab-
sent already in the meter-decameter wavelength ranges. 
 
    2. Initial data and research results 
    
    The studied sample contains 112 solar proton events 
(SPE) for the period from 24-11-2000 to 23-07-2016 years, 
accompanied by CME. Of 112 CME �H�Y�H�Q�W�V���� ������ ���§�� ����������
were accompanied by the fading of a continuum of noise 
storms and type IV continual bursts in the decameter range 
at frequencies of 25-30 MHz. 
    For analysis, we used original recordings of the dynamic 
spectrums in the range of 25-180 MHz with Solar Radio 
Spectrograph (SRS) (http://www.ngdc.noaa.gov/stp/ space-
weather/solar-data/solar-features/solar-radio/rstn-spectral/), 
CME data (SOHO/LASCO CME CATALOG), list of proton 
events (ftp://ftp.swpc.noaa.gov/pub/indices/ SPE.txt), origi-
nal recordings of the x-ray radiation of the Sun in the range 
of 1-�����c���D�Q�G���W�K�H���L�Q�W�H�Q�V�L�W�\���R�I���W�K�H���S�U�R�W�R�Q���I�O�X�[��Ip with an energy 
of Ep >1-100 MeV according to GOES (https://sat-
dat.ngdc.noaa.gov/sem/goes/data/ new_avg/). 
    A comparative analysis showed that fading of noise 
storms is characterized by the frequency band width �¨�I, 
maximum intensity (depth) Fmax, duration d and frequency 
fmax at which the maximum fading depth is observed. For 
most events, fading noise storms are observed in a narrow 
frequency band �¨�I from 125 kHz to 2 MHz. For most 
events, the maximum intensity (depth) of fading Fmax is ob-
served in the frequency region fmax �§���������0�+�]�� In  Figures 1 
a) and b)  show examples of the attenuation of  the contin-
uum of noise storms and type IV continual bursts at fixed fre-
quencies  taken  from  the original recordings of the dynamic 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
spectrum from Solar Radio Spectrograph. The effect of fading 
noise storms is shown by black arrows. Above the figures, the 
date, time of registration and speed of the CME are indicated. 
It was noted above that for most events, the effect of fading 
noise storms is observed in a narrow frequency band �¨�I from 
125 kHz to 2 MHz. However, for some events, fading can be 
observed in the band 40-60 MHz, for example, as for the event 
04-11-2003 (see Figure  1 b). 
    It is interesting that, against the background of a general 
decrease in the flux, the fine temporal structure is preserved 
(it can be seen from a comparison with the fine temporal 
structure at neighboring frequencies in Figure 1). This may 
indicate that the radiation is shielded by an external region 
in the path of radiation propagation. It can be a cold and 
dense cloud of the CME itself or absorption in the iono-
�V�S�K�H�U�H�����$�E�V�R�U�S�W�L�R�Q���D�W���O�R�Z���I�U�H�T�X�H�Q�F�L�H�V���L�Q���W�K�H���(�D�U�W�K�¶�V���L�R�Q�R��
sphere is quite possible, since the x-ray and ultraviolet ra-
diation of flares can cause additional short-term ionization. 
In connection with these, studies were conducted of the re-
lationship between the parameters of fading noise storms at 
a frequency of 26.875 MHz and the parameters of x-ray 
bursts in the range of 1�±�����c�� 
    A comparative analysis that there is a fairly strong rela-
tionship between the integral flux of lowering the continuum 
of noise storms �œ�)�G�W and the integral flux of x-ray bursts �œ�)x-

 
Figure 1:  Examples of fading of a continuum of noise 
storms and continual bursts associated with a CME. 

 
Figure 2: The relationship between the parameters 
of the fading continuum of noise storms and the pa-
rameters of  x-ray bursts. 
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raydt (see Figure 2 a), as well as between the effective dura-
tion of the decrease in the continuum of noise storms 
�œ�)�G�W���)max and the effective duration of x-ray bursts �œ�)x-

raydt/Fmax,x-ray (see Figure 2 b). Moreover, the relationship be-
tween �œ�)�G�W���)max and Fx-raydt/Fmax,x-ray is much higher, where 
the correlation coefficient r between the studied values �L�V���§��
0.71. Additional studies have shown that there is a definite 
relationship between the duration of fading noise storms d 
and the duration of x-ray bursts and continual microwave 
bursts. It was also shown that short-term impulse fading is 
associated with impulse x-ray flares, and long-term with 
gradual long-term x-ray flares. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
It was noted above that absorption at low frequencies can 
also occur in the body of the CME itself. In this regard, 
studies have been conducted on the relationship between 
the parameters of fading noise storms and the speed of the  

CME VCME . A comparative analysis showed that the strong-
est relationship is observed between the CME speed VCME  

and the maximum fading intensity (depth) Fmax, where the 
correlation coefficient r between the studied values �L�V�� �§��
0.65  (see Figure 3 a). In this paper, we are talking about 
solar proton events, which, as you know, are often accom-
panied not only by proton fluxes, but also by coronal shock 
waves (CSW). A comparative analysis showed that there is 
a definite relationship between the fading intensity of noise 
storms Fmax and the velocity of coronal shock waves Vshock  
(see Figure 3 b), where the correlation coefficient r between 
the studied values �L�V�� �§�� ������������ �,�W�� �V�K�R�X�O�G�� �D�O�V�R�� �E�H�� �Q�R�W�H�G�� �W�K�D�W��

there is a fairly strong relationship between the fading depth 
of noise storms and the proton flux intensity Ip with an en-
ergy of Ep> 30 MeV (see Figure 3 c). 
 

3. Discussion of the results 
 

    It is known that for  thermal braking radiation in the 
CME body or in the ionosphere, the decrease in intensity 
should be broadband toward low frequencies. And in this 
case, for most events, the decline in intensity occurs in a 
narrow band, decreasing not only at higher frequencies, but 
also at lower frequencies. In this regard, this effect cannot 
be associated with absorption in the CME body or in the 
ionosphere. 
    A possible alternative explanation, according to V.F. 
Melnikov, there may be the following effect. Usually, 
short-term decreases in the intensity of meter radio emis-
sion in type IV bursts are associated with a breakdown of 
the cone instability, which is the cause of the continual co-
herent radiation. The failure is caused by the injection of a 
new portion of energetic electrons that fill the loss cone, 
i.e., lead to a sharp decrease in the transverse anisotropy of 
the electrons trapped in the magnetic trap. Perhaps this ef-
fect works in this case. But here, too, there is a certain prob-
lem associated with narrowband. Why is the fading band so 
narrow? Indeed, despite the fact that radio emission in type 
IV bursts is coherent, i.e., locally narrow-band, a broadband 
of meter-decameter radiation is generally observed. This is 
due to the large extent and longitudinal heterogeneity of the 
trap (magnetic loop). The way out of the contradiction can 
be this: the instability breaks down only in a relatively 
small quasihomogeneous part of the trap, while radiation 
continues to be generated in other parts of the trap. 

     Acknowledgments. The author thanks V.F. Melnikov 
for discussion and assistance in interpreting the results. 
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Figure 3: Relation of the intensity of the fading of 
the continuum of noise storms to the CME speed 
VCME, the shock wave velocity Vshock, and the proton 
flux intensity Ip. 
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ABSTRACT. This article is a continuation of the work 

published in (Orlov, 2018). A method of multi-frequency 
beamforming of a radio interferometer is proposed. The 
model diagram is presented, which consists of two antenna 
arrays, filters, receivers and a signal summing circuit. The 
model works as follows. The signals received by the 
antennas pass through the narrow-band filters of the 
receiving devices, which are tuned to certain frequencies, 
after which they are subjected to multiplicative processing 
and weighted summation with their coefficients.  

In this work, model the system of a radio 
interferometer based on multi-frequency signal 
processing, and study the possibilities of minimizing the 
level of side lobes of the antenna pattern (AP). It is shown 
that a decrease in the level of side lobes is possible due to 
the expansion of the frequency range or the application of 
signal processing from several clusters (antenna arrays), 
due to their summation in the interferometer circuit. For 
the case of three bases of the interferometer, consisting of 
the same antenna arrays, the total AP is calculated. In this 
case, a significant reduction of the side lobes to the level 
of the side lobes of a single antenna array is achieved. 
Further optimization of the radiation pattern can be 
carried out by choosing the frequency ranges of the 
interferometers and weights when summing the signals. 

The proposed method makes it possible to adapt the 
interferometer AP due to time processing in frequency 
channels. The choice of the frequency grid and weighted 
multi-frequency signal processing provide a decrease in 
the level of side lobes and increase the resolution of the 
instruments. The application of the proposed algorithms 
will reduce the confusion effect from closely spaced radio 
sources. The computational possibilities of weighted 
processing are realized in real time, taking into account 
the rotation of the Earth, scanning the AP and angular 
arrangement of radio sources. 

Keywords: antenna array, multiplicative processing, 
optimization, antenna pattern.  

 
A�G�H�L�:�P�1�Y���� �P�y�� �k�l�Z�l�l�y�� �}�� �i�j�h�^�h�\�`�_�g�g�y�f��

�h�i�m�[�e�•�d�h�\�Z�g�h�€ �j�h�[�h�l�b ���H�j�e�h�\���l�Z�� �•�g., 2018). �A�Z�i�j�h�i�h-
�g�h�\�Z�g�h�� �f�_�l�h�^���f�g�h�]�h�q�Z�k�l�h�l�g�h�]�h�� �n�h�j�f�m�\�Z�g�g�y�� �^�•�Z�]�j�Z�f�b��
�k�i�j�y�f�h�\�Z�g�h�k�l�•�� ���>C���� �j�Z�^�•�h�•�g�l�_�j�n�_�j�h�f�_�l�j�Z. 
�I�j�_�^�k�l�Z�\�e�_�g�Z���k�o�_�f�Z�� �f�h�^�_�e�•���� �y�d�Z�� �k�d�e�Z�^�Z�}�l�v�k�y�� �a�� �^�\�h�o��
�Z�g�l�_�g�g�b�o�� �j�_�r�•�l�h�d���� �n�•�e�v�l�j�•�\���� �i�j�b�c�f�Z�e�v�g�b�o�� �i�j�b�k�l�j�h�€�\�� �•��
�k�o�_�f�b�� �i�•�^�k�m�f�h�\�m�\�Z�g�g�y�� �k�b�]�g�Z�e�•�\���� �I�j�Z�p�x�}�� �f�h�^�_�e�v��
�g�Z�k�l�m�i�g�b�f�� �q�b�g�h�f���� �I�j�b�c�g�y�l�•�� �Z�g�l�_�g�Z�f�b�� �k�b�]�g�Z�e�b��
�i�j�h�o�h�^�y�l�v�� �q�_�j�_�a�� �\�m�a�v�d�h�k�f�m�]�h�\�•�� �n�•�e�v�l�j�b�� �i�j�b�c�f�Z�e�v�g�b�o��
�i�j�b�k�l�j�h�€�\���� �y�d�•�� �g�Z�e�Z�r�l�h�\�Z�g�•�� �g�Z�� �i�_�\�g�•�� �q�Z�k�l�h�l�b���� �i�•�k�e�y��

�q�h�]�h�� �i�•�^�^�Z�x�l�v�k�y�� �f�m�e�v�l�b�i�e�b�d�Z�l�b�\�g�h�c�� �h�[�j�h�[�p�•�� �•��
�\�Z�]�h�\�h�]�h���i�•�^�k�m�f�h�\�m�\�Z�g�g�y���a�•���k�\�h�€�f�b �d�h�_�n�•�p�•�}�g�l�Z�f�b�� 

�M�� �j�h�[�h�l�•�� �i�j�h�\�h�^�b�l�v�k�y�� �f�h�^�_�e�x�\�Z�g�g�y�� �k�b�k�l�_�f�b��
�j�Z�^�•�h�•�g�l�_�j�n�_�j�h�f�_�l�j�Z�� �g�Z�� �h�k�g�h�\�•�� �f�g�h�]�h�q�Z�k�l�h�l�g�h�c��
�h�[�j�h�[�d�b�� �k�b�]�g�Z�e�•�\���� �^�h�k�e�•�^�`�m�x�l�v�k�y�� �f�h�`�e�b�\�h�k�l�•��
�f�•�g�•�f�•�a�Z�p�•�€�� �j�•�\�g�y�� �[�•�q�g�b�o�� �i�_�e�x�k�l�di�\�� �>�K�� �I�h�d�Z�a�Z�g�h���� �s�h��
�a�f�_�g�r�_�g�g�y���j�•�\�g�y���[�•�q�g�b�o���i�_�e�x�k�l�h�d���f�h�`�e�b�\�h���a�Z���j�Z�o�m�g�h�d��
�j�h�a�r�b�j�_�g�g�y�� �^�•�Z�i�Z�a�h�g�m�� �q�Z�k�l�h�l�� �Z�[�h�� �a�Z�k�l�h�k�m�\�Z�g�g�y��
�h�[�j�h�[�d�b�� �k�b�]�g�Z�e�•�\�� �\�•�^�� �^�_�d�•�e�v�d�h�o�� �d�e�Z�k�l�_�j�•�\�� ���Z�g�l�_�g�g�b�o��
�j�_�r�•�l�h�d������ �a�Z�� �j�Z�o�m�g�h�d�� �€�o�� �i�•�^�k�m�f�h�\�m�\�Z�g�g�y�� �\�� �k�o�_�f�•��
�•�g�l�_�j�n�_�j�h�f�_�l�j�Z�� �>�e�y�� �\�b�i�Z�^�d�m�� �l�j�v�h�o�� �[�Z�a��
�•�g�l�_�j�n�_�j�h�f�_�l�j�Z���� �s�h�� �k�d�e�Z�^�Z�}�l�v�k�y�� �a�� �h�^�g�Z�d�h�\�b�o�� �Z�g�l�_�g�g�b�o��
�j�_�r�•�l�h�d���� �j�h�a�j�Z�o�h�\�Z�g�Z�� �k�m�f�Z�j�g�Z�� �>�K���� �<�� �p�v�h�f�m�� �\�b�i�Z�^�d�m����
�^�h�k�y�]�Z�}�l�v�k�y���a�g�Z�q�g�_���a�g�b�`�_�g�g�y���[�•�q�g�b�o���i�_�e�x�k�l�h�d���^�h���j�•�\�g�y��
�[�•�q�g�b�o�� �i�_�e�x�k�l�h�d�� �h�^�b�g�h�q�g�h�€�� �Z�g�l�_�g�h�x�� �j�_�r�•�l�d�b�� 
�I�h�^�Z�e�v�r�Z�� �h�i�l�b�f�•�a�Z�p�•�y�� �>C �f�h�`�_�� �a�^�•�c�k�g�x�\�Z�l�b�k�y��
�\�b�[�h�j�h�f�� �^�•�Z�i�Z�a�h�g�•�\�� �q�Z�k�l�h�l���•�g�l�_�j�n�_�j�h�f�_�l�j�•�\�� �•�� �\�Z�]�h�\�b�o��
�d�h�_�n�•�p�•�}�g�l�•�\���i�j�b���i�•�^�k�m�f�h�\�m�\�Z�g�g�•���k�b�]�g�Z�e�•�\�� 

�A�Z�i�j�h�i�h�g�h�\�Z�g�b�c�� �f�_�l�h�^�� �^�h�a�\�h�e�y�}�� �Z�^�Z�i�l�m�\�Z�l�b�� �>C 
�•�g�l�_�j�n�_�j�h�f�_�l�j�•�\�� �a�Z�� �j�Z�o�m�g�h�d�� �l�b�f�q�Z�k�h�\�h�€�� �h�[�j�h�[�d�b�� �\��
�q�Z�k�l�h�l�g�b�o�� �d�Z�g�Z�e�Z�o�� �<�b�[�•�j�� �k�•�l�d�b�� �q�Z�k�l�h�l�� �•�� �\�Z�]�h�\�Z��
�f�g�h�]�h�q�Z�k�l�h�l�g�Z �h�[�j�h�[�d�Z�� �k�b�]�g�Z�e�•�\�� �a�Z�[�_�a�i�_�q�m�x�l�v��
�a�g�b�`�_�g�g�y�� �j�•�\�g�y�� �[�•�q�g�b�o�� �i�_�e�x�k�l�h�d���� �i�•�^�\�b�s�_�g�g�y��
�j�h�a�^�•�e�v�g�h�€�� �a�^�Z�l�g�h�k�l�•�� �•�g�k�l�j�m�f�_�g�l�•�\�� �A�Z�k�l�h�k�m�\�Z�g�g�y��
�a�Z�i�j�h�i�h�g�h�\�Z�g�b�o�� �Z�e�]�h�j�b�l�f�•�\�� �^�h�a�\�h�e�b�l�v�� �a�f�_�g�r�b�l�b��
�_�n�_�d�l�� �k�i�e�m�l�m�\�Z�g�g�y�� �\�•�^�� �[�e�b�a�v�d�h�� �j�h�a�l�Z�r�h�\�Z�g�b�o��
�j�Z�^�•�h�^�`�_�j�_�e�� �H�[�q�b�k�e�x�\�Z�e�v�g�•�� �f�h�`�e�b�\�h�k�l�•�� �\�Z�]�h�\�•�c��
�h�[�j�h�[�d�b�� �f�h�`�m�l�v�� �[�m�l�b�� �j�_�Z�e�•�a�h�\�Z�g�•�� �\�� �j�_�Z�e�v�g�h�f�m�� �q�Z�k�•�� �a��
�m�j�Z�o�m�\�Z�g�g�y�f�� �h�[�_�j�l�Z�g�g�y�� �A�_�f�e�•���� �k�d�Z�g�m�\�Z�g�g�y�� �>C �• 
�d�m�l�h�\�h�]�h���j�h�a�l�Z�r�m�\�Z�g�g�y���j�Z�^�•�h�^�`�_�j�_�e�� 

�D�e�x�q�h�\�•�� �k�e�h�\�Z: �Z�g�l�_�g�g�Z�� �j�_�r�•�l�d�Z�� 
�j�Z�^�•�h�•�g�l�_�j�n�_�j�h�f�_�l�j�� �h�i�l�b�f�•�a�Z�p�•�y���� �^�•�Z�]�j�Z�f�Z��
�k�i�j�y�f�h�\�Z�g�h�k�l�•�� 

 
 
1. Introduction  
 
The development of the low-frequency range in radio 

astronomy is currently accompanied by a sharp increase in 
the number of new radio telescopes with large antenna arrays 
(LOFAR, LWA, GURT, NenuFAR, etc.). The purpose of 
these changes is to improving the quality of resolution when 
evaluating the parameters of space radio sources. 

The desire for the effective use of decameter and low-
frequency meter wavelength ranges in radio astronomy 
leads to the need to improve hardware and algorithmic 
means. These improvements are necessary for: increasing 
the sample size of the signal when evaluating the 
parameters of celestial bodies, increasing noise immunity, 
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as well as improving the quality of the antenna pattern 
(AP) with limited aperture sizes (Megn, 1997; 
Konovalenko, 2016). An effective way to increase the 
sample size of a signal is the property of the broadband 
signal, due to which, the accumulation of samples can be 
carried out at several frequencies (Megn, 2000; Shaw, 
1965; Shepelev et al., 2017; Shepelev et al., 2019). In this 
case, it is necessary to take into account the dependence 
of the shape of the AP on the carrier frequency, especially 
the width of the main and side lobes. The development of 
digital technology for multi-frequency signal reception in 
the range of 10-200 MHz also creates the prerequisites for 
the application of optimal algorithms for the formation of 
AP in real time without changing the apertures of the 
antennas of the radio interferometer. 

This article proposes algorithms for optimizing AP by 
processing signals at several frequencies. The system of a 
radio interferometer is simulated on the basis of multi-
frequency signal processing, explores the possibility of 
minimizing the level of the side lobes of the AP. 

 
2. The model of the studied system 
 
The system under study based on multiplicative signal 

processing (fig. 1) consists of 2 antenna arrays 21, APAP , 

the signals from whose outputs pass through are l�N1 , 

l�N2  narrow-band filters Ll ,..,1�  of receivers tuned to 

l�Z frequencies, then subjected to MP and weighted 

summation with coefficients lg . 
The model of a monochromatic point source of a 

signal from the outputs of a pair of filters of the 
l frequency channel of two omnidirectional antennas can 
be represented as  
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where 0t  �± the delay time of arrival of the wave front along 

the aperture of MP,  the  size of  which  �Z�S�O /2/ vd � �  is 
 
 
 

 
 

Figure 1: Radiometry system with multi-frequency 
processing 

matched with the wavelength �O, main (first) carrier 
frequency 1�Z�Z � , speed of wave propagation v , 

�M�Z�Z�S�Z�\ cos)/(0 lll t � �  �± the phase of spatial delay of 

the wave front arrival at the frequencyl�Z , �M �± the angle 
of the wave front arrival relative to the normal of AP base, 

0�M �± the initial phase. It is assumed that in fi lters l�N1 , 

Ll�N l ,..,1,2 � , the amplitude, phase and mutual 
frequency distortions are eliminated to the accuracy of 
power leveling in frequency channels 

1 2* , 1,..,l l lP P U U l L� � � , where < > are the 

averaging symbols of the process over time.  
In (Orlov, 2018), a method for optimizing the weight 

processing of this model for radiometry is considered and 
it is shown that the level of side lobes can be reduced by 
more than 15 dB with a slight expansion of the main lobe 
of the antenna pattern. 

 
3. Antenna pattern optimization of the multi-

frequency radio interferometer 
 

The possibilities of lowering the level of the side 
lobes of the AP are investigated. The frequency response 
is formed by summing the signals from the outputs of the 
frequency channels of the interferometer in the frequency 
separation range (narrow, compared with the previous 
algorithm), with a deviation from the reference frequency 
The frequency response is formed by summing the signals 
from the outputs of the frequency channels of the 
interferometer in the frequency separation range (narrow, 
compared with the previous algorithm), with a deviation 
from the reference frequency 1�Z�Z �  within (1 ... 1.5) �Z . 
The output signals of adjacent equidistant N �± element 
antenna arrays 1 and 2 at an arbitrary carrier frequency, 
taking into account (1), have the form 
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where is �M�Z�Z�S�Z�\ sin)/(0 lll t � �  - the phase of the 
spatial delay of the arrival of the wave front at a 
frequency l�Z , �M�± is the angle of arrival of the wave 
front relative to the normal to the AP, taking values in the 
interval [ 2/,2/ �S�S�� ]. Then the output signal after 
summing the responses of the frequency channels is 
determined 
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Figure 2: AP of the interferometer at one frequency and 
with averaging in the frequency range. 

 
 
The output signal of equidistant N-element antenna 

arrays 1 and 2 (spaced a distance wich is M times more 
than the size of each antenna array) at an arbitrary carrier 
frequency, taking into account (1) - (3), has the form  
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        (4)  

The formation of broadband AP is carried out by 
summing the signals from the outputs of the frequency 
channels (4), i.e. averaging over a frequency range from 

1�Z  to 2�Z  with weighted constants LGT /]1,..,1,1[� . 
Averaging is applied in the uniform grid of the frequency 
range 1/ �Z�ZL =1,1, L  =100.  

In Fig. 2 shows the radiation pattern of a radio 
interferometer consisting of two N = 16 elementary 
antenna arrays. The base between them is M = 100 times 
larger than the size of one antenna array.The dashed curve 
represent narrow-band AP at the same frequency, the full 
curve represent broadband AP. From the analysis of Fig. 
2 it follows that a decrease in the level of side lobes 
(compared with narrow-band AP) is observed as they 
move away from the main lobe. At the same time, within 
0.1 of the width of the main lobe of the antenna array 
(Fig. 3, expanded scale), the side lobes practically do not 
decrease - the first positive side lobe is -0.6 from the 
main. A decrease in their level is possible due to the 
expansion of the frequency range or the use of processing 
signals from several clusters (antenna arrays), for 
example, by summing these signals in an interferometer. 

For the case of three bases of interferometers with 
sizes M1 = 100; M2 = 125; M3 = 150 calculated the total 
DN. The calculation was carried out in accordance with 
(4) and taking into account the same antenna arrays. 
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Fig. 4 shows a fragment of the total AP. It shows a 
decrease in the side lobes to the level of the side lobes of 
a single antenna array used in the interferometer. Further 
optimization of the radiation pattern is carried out by 
choosing the frequency ranges of interferometers and 
weighting factors when summing the signals. 

 

Figure 3: AP of the interferometer at the same frequency and 
when averaging in the frequency range (expanded scale). 

 

 

Figure 4: The total AP when summing the signals from 
the outputs of 3 interferometers (expanded scale). 

 
4. Conclusion 
 
The proposed approach extends the capabilities of 

radio interferometry in the formation of AP due to 
temporary processing in frequency channels. Due to 
weighted processing, the resolution of interferometers is 
increased, the confusion effect is reduced when receiving 
signals from closely located radio sources. In general, the 
choice of the frequency grid and weighted multi-
frequency signal processing provide a decrease in the 
level of side lobes, increase the resolution, and also 
reduce the influence of interference. 

The computational capabilities of weighted processing 
are real-time, taking into account the rotation of the Earth, 
scanning the beam and the angular arrangement of radio 
sources�« The computational capabilities of weighted 
processing may be carry out at real-time, taking into 
account the rotation of the Earth, beam scanning and the 
angular arrangement of radio sources.  
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FREQUENCY DEPENDENCE OF THE IONOSPHERE 
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ABSTRACT. When signal from radio source propagates 
through irregularity layer in the ionosphere it has 
fluctuations of the amplitude (scintillations) which time 
spectrum has power form with index �Ù
L �u. It was shown 
that such form of the time spectrum of amplitude 
fluctuations caused by power form of the spatial spectrum 
of electron concentration ionosphere irregularity with index 
�L
L �Ù
E�s, i.e. �L
L �v. Based on theoretical preconditions 
for such form of the spatial spectrum the frequency 
dependence of scintillation index m (scintillation intensity 
characteristic) was obtained in form power function: �I �ß
�B�?�á, �J 
L �:�L
E�t�; �v�¤ , thus �J 
L �s�ä�w. Similar frequency 
dependence of the scintillation index was observed 
experimentally for case of weak scintillations (�I 
O�r�ä�w). In 
this work the frequency dependence of scintillation 
parameters was analyzed on long-term observations of 
power cosmic radio sources on radio telescope URAN-4 at 
20 and 25 MHz. The results were compared with results of 
earlier carried out investigations. 

Key words: radio sources: ionosphere scintillations, 
decameter range, frequency dependence. 

�:�G�H�L�:�P�1�Y. �I�j�b�� �i�j�h�o�h�^�`�_�g�g�•�� �k�b�]�g�Z�e�m�� �\�•�^��
�j�Z�^�•�h�^�`�_�j�_�e�Z�� �q�_�j�_�a�� �g�_�h�^�g�h�j�•�^�g�b�c�� �r�Z�j�� �\�� �•�h�g�h�k�n�_�j�•��
�\�b�g�b�d�Z�x�l�v�� �Z�f�i�e�•�l�m�^�g�•�� �n�e�m�d�l�m�Z�p�•�€�� �j�Z�^�•�h�k�b�]�g�Z�e�m��
���f�_�j�_�o�l�•�g�g�y�������q�Z�k�h�\�b�c���k�i�_�d�l�j���y�d�b�o���f�Z�}���k�l�_�i�_�g�_�\�m���n�h�j�f�m���a��
�•�g�^�_�d�k�h�f���. = 3. �;�m�e�h�� �i�h�d�Z�a�Z�g�h���� �s�h�� �l�Z�d�Z�� �n�h�j�f�Z�� �q�Z�k�h�\�h�]�h��
�k�i�_�d�l�j�m�� �Z�f�i�e�•�l�m�^�g�b�o�� �n�e�m�d�l�m�Z�p�•�c�� �\�b�i�e�b�\�Z�}�� �•�a�� �n�h�j�f�b��
�i�j�h�k�l�h�j�h�\�h�]�h�� �k�i�_�d�l�j�m�� �•�h�g�h�k�n�_�j�g�b�o�� �g�_�h�^�g�h�j�•�^�g�h�k�l�_�c��
�_�e�_�d�l�j�h�g�g�h�€���d�h�g�p�_�g�l�j�Z�p�•�€���a���•�g�^�_�d�k�h�f��p = �.+1, �l�h�[�l�h��p=4. 
�<�b�o�h�^�y�q�b�� �•�a�� �l�_�h�j�_�l�b�q�g�b�o�� �i�j�b�i�m�s�_�g�v�� �^�e�y�� �l�Z�d�h�€�� �n�h�j�f�b��
�i�j�h�k�l�h�j�h�\�h�]�h���k�i�_�d�l�j�m���[�m�e�Z���h�l�j�b�f�Z�g�Z���q�Z�k�l�h�l�g�Z���a�Z�e�_�`�g�•�k�l�v��
�•�g�^�_�d�k�m�� �f�_�j�_�o�l�•�g�v��m ���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�� �•�g�l�_�g�k�b�\�g�h�k�l�•��
�f�_�j�_�o�l�•�g�v���� �\�� �n�h�j�f�•�� �k�l�_�i�_�g�_�\�h�€�� �n�m�g�d�p�•�€�����I �ß �B�?�á,   
n = (p+2)/4���� �l�h�[�l�h��n=1.5. �I�h�^�•�[�g�Z�� �q�Z�k�l�h�l�g�Z�� �a�Z�e�_�`�g�•�k�l�v��
�•�g�^�_�d�k�m�� �f�_�j�_�o�l�•�g�v�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�� �k�i�h�k�l�_�j�•�]�Z�e�Z�k�v�� �m��
�\�b�i�Z�^�d�m�� �k�e�Z�[�d�b�o�� �f�_�j�_�o�l�•�g�v��(m<0.5). �<�� �p�•�c�� �i�j�Z�p�•��
�i�j�h�Z�g�Z�e�•�a�h�\�Z�g�Z���q�Z�k�l�h�l�g�Z���a�Z�e�_�`�g�•�k�l�v���i�Z�j�Z�f�_�l�j�•�\���f�_�j�_�o�l�•�g�v��
�i�h���^�h�\�]�h�l�j�b�\�Z�e�b�f���k�i�h�k�l�_�j�_�`�_�g�g�y�f���i�h�l�m�`�g�b�o���d�h�k�f�•�q�g�b�o��
�j�Z�^�•�h�^�`�_�j�_�e�� �����&���������� ���&���������� ���&���������� ���&�����������g�Z��
�j�Z�^�•�h�l�_�e�_�k�d�h�i�•���M�J�:�G-�����g�Z���q�Z�k�l�h�l�Z�o���������•���������F�=�p���a�������������i�h��
�����������j�•�d�����1�g�^�_�d�k�� �q�Z�k�l�h�l�g�h�€�� �a�Z�e�_�`�g�h�k�l�•�� �[�m�\�� �\�b�q�b�k�e�_�g�b�c���•�a��
�•�g�^�_�d�k�•�\���f�_�j�_�o�l�•�g�v�����h�l�j�b�f�Z�g�b�o���g�Z���^�\�h�o���q�Z�k�l�h�l�Z�o�����>�e�y���\�k�•�o��
�j�Z�^�•�h�^�`�_�j�_�e�� �•�g�^�_�d�k n �g�_�� �}�� �i�h�k�l�•�c�g�b�f���� �Z�� �a�Z�e�_�`�b�l�v�� �\�•�^��
�\�_�e�b�q�b�g�b�� �•�g�^�_�d�k�m�� �f�_�j�_�o�l�•�g�v���� �I�j�h�Z�g�Z�e�•�a�h�\�Z�g�•�� �k�_�j�_�^�g�•��
�a�g�Z�q�_�g�g�y�� �•�g�^�_�d�k�•�\�� �q�Z�k�l�h�l�g�h�€�� �a�Z�e�_�`�g�h�k�l�•���� �Z�� �l�Z�d�h�`��

�h�l�j�b�f�Z�g�b�o�� �•�a�� �g�b�o�� �k�i�_�d�l�j�Z�e�v�g�b�o�� �•�g�^�_�d�k�•�\��p �^�e�y�� ��-�o��
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�D�e�x�q�h�\�•�� �k�e�h�\�Z�����j�Z�^�•�h�^�`�_�j�_�e�h���� �•�h�g�h�k�n�_�j�g�•��
�f�_�j�_�o�l�•�g�g�y���� �^�_�d�Z�f�_�l�j�h�\�b�c�� �^�•�Z�i�Z�a�h�g�� �j�Z�^�•�h�o�\�b�e�v����
�q�Z�k�l�h�l�g�Z���a�Z�e�_�`�g�•�k�l�v 
 

1. Introduction  
 

When signal from cosmic radio source propagates in the 
inhomogeneous ionosphere it has fluctuations of intensity or 
scintillations. Scintillation effect can be characterized by 
scintillation index and time spectrum of fluctuations. 
Scintillation index defines as (Liu et al., 1986): �I 
L

¥�:�+�:�P�; 
F �Ã�+�Ä�;�6 �Ã�+�Ä�6�¤ , where �+ �± intensity of the received 
radio signal, angle brackets are the time averaging. Time 
spectrum of the intensity fluctuations has power shape with 
exponent���Ù
L �u and caused by the power form of the spatial 
spectrum of the ionosphere plasma irregularities �Ô�¿�Ç�Ð

�:�G�; �ß
�G�?�ã (�G �± wave number) with index (Yeh, 1982): 

�L
L �Ù
E�s.      (1) 
Scintillations on the medium irregularities can originate 

under the conditions of strong and weak wave scattering 
(Franke, 1987). If  �I 
N�s, then scintillations are strong, 
saturated and if �I �' �s, (usually �I 
O�r�á�w) then 
scintillations are weak. The single scattering of the radio 
signal occurs at weak scintillations and radio signal suffers 
multiple scattering in a case of the saturated scintillations. 
Data interpretation complicates by absence of the analytic 
decisions for strong scintillations, the approximate methods 
are use in this case. 

Ionosphere scintillations were observed in the range 
from 10 MHz up to 6 GHz (Wu, 1983). For weak 
scintillations the frequency dependence was obtained as 
(Liu et al., 1986): �I �ß �B�?�á. Thus scintillation effect is 
more significant as wave length of radio signal is larger.  
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Frequency dependence cannot be determinate in the case of 
saturated scintillations. Theoretical calculations associate 
spectral index �J with the spatial spectrum exponent  �L as 
(Liu et al., 1986): 

    �J 
L �:�L
E�t�;���v.     (2) 

In such case for power form of the spatial spectrum �J 
N
�s�á�w. In the present work the analysis of the ionosphere 
scintillation spectral indices calculated from scintillation 
indices obtained from observations of power radio sources 
at frequencies 20 and 25 MHz was carried out. 
 

2. Observation data 
 

Ionosphere scintillation parameters were obtained from 
observations of power cosmic radio sources �± 3C144, 3C274, 
3C405, 3C461 which were carried out on the radio telescope 
URAN-4 during 1998-2007 at  20 and 25 MHz. Observation 
method and processing technique were considered in the 
works (Derevyagin et al., 2005; Panishko   et al., 2019).  

Index �Ù  can be determined on the slant part of the time 
power spectrum received from observation. Index �J can be 
derived on the index �Ù from equation (1) and also index �J 
can be obtained from the scintillation index measured at 
two frequencies (equation (2)) as (Yeh et al., 1982): 

�J�:�B�5 �B�6�¤ �; 
L 
F�Ž�‘�‰�>�I �5�:�B�5�; �I �6�:�B�6�;�¤ �?�Ž�‘�‰�:�B�5 �B�6�;�¤�¤ ,    (3) 

where �B�5 
L �t�w���/�*�V, �B�6 
L �t�r���/�*�V, �I �5 and �I �6 �± 
scintillation indices on the corresponding frequencies. 

Thus number of 3529 values of the spectral index was 
obtained with using observation records of good quality 
(without radio interferences) and analysis of this data will 
be considered in the next section. 

  
3. Results and their discussion 

 
Histograms of the spectral indices calculated from 

equation (3) are presented on the Fig. 1a for 4-th radio 

sources. The negative part is remarkable in all pictures that 
mean the larger values of scintillation index at the higher 
frequency. Similar result was obtained in the work 
(Rashkovsky, 2004) on the observations of the ionosphere 
scintillations of radio source 3C405 at the decameter radio 
wave range and this do not agree with theoretical concepts. 

The dependence of spectral index �J from scintillation 
index �I  at frequency 25 MHz is shown on the Fig. 1b. Data 
for plots was obtained by meaning of index �J on scintillation 
index intervals with step 0.1 in limits from 0.01 up to 0.50 
(weak scintillations).  The dependence trend is emphasized 
by polynomial of the third order. From graphs you can see 
that the values of the spectral index do not stay constant and 
depend from scintillation index that coincide the case of the 
multiple radio wave scattering (Yeh et al, 1982). Also you 
can note that dependence for radio sources 3C405 and 3C461 
is more sloping than for 3C144 and 3C274. Most likely that 
connected with the high on which radio source observed 
because the first sources located higher than the second and 
respectively the conditions of the scintillation occurrence are 
different (Panishko et al., 2019). 

The mean values of the scintillation index and spectral 
index are presented in the Table 1. You can note that values 
of the index �J  and also ���L are consistant with theoretical 
values for case of the single radio wave scattering only for 
3C405 that was showed by results of the work 
(Rashkovsky, 2004). These values are remarkably larger 
for 3C144 and 3C461 and smaller for 3C274 than predicted 
by the theory. Estimations of the indices �L�5 and �L�6 obtained 
from the radio source records have less discrepancy with 
theoretical data however 3C274 also have the smaller 
values of the spectral index. 

 

 
 
 
 
 
 
 

4. Conclusions 
 
From the observations of 4-th power radio sources on 

RT URAN-4 at 20 and 25 MHz the values of the spectral 
index were obtained during 1998-2007. Frequency 
dependence differs for each source that means different 
conditions of scintillation occurrence. Interpretation of this 
data requires the attraction of many factors which influence 
on the results including multiple radio wave scattering and 
geometry of the scintillation effect. 
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Figure 1: Behavior of the spectral index: a �± 
histograms; b �± dependences of the scintillation index 
(25 MHz), solid line �± approximation by polynomial of 
the third order 

Table 1. Mean values of the scintillation parameters 
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JOVIAN DECAMETER RADIO EMISSION:
TO THE QUESTION ON THE SIZE OF SOURCES

N.O. Tsvyk

Institute of Radio Astronomy of NASU,
Kharkiv, Ukraine, natalitsv69@gmail.com

ABSTRACT. There are debated the questions on
size and properties of sources of Jupiter DAM radio
emission (JRE). The evolution and the parameters of
the sources in the DAM Io-B-storm of October 30,
2008, consisting of a large number of S-bursts, and
interspersed with L-bursts and N-bursts, are analyzed
in detail. It is shown that S-bursts in this storm
are most likely to occur in the northern hemisphere
of Jupiter at heights (0�0.2) Rj and at longitudes
� IIIs = (195�220)o (when Jupiter is deployed to the
observer CML = � III = 130�160o). The onset of the
Io-B-storm is associated with sources at high altitudes,
and over time the sources drop down to Jupiter (as
the observed S-burst frequencies increase with time).
The possibility of the appearance of L- and N-bursts
on the background of S-bursts is discussed. L-bursts
can arise from the southern hemisphere of Jupiter, at
a height of 0.2Rj . And N-bursts can most likely be
located in the northern hemisphere at � IIIs = 66o

at a height of 0.2Rj . Using the spectral data on the
JRE from 30.10.08, the sizes (thickness and length)
of �lament-like sources of JRE - electron beams were
determined, and the parameters of the MHD (Alfven)
waves that activating the JRE bursts. It is shown
that the L-radiation sources most likely appear to
be thin �laments elongated to magnetic �eld lines,
with a thickness of more then 10 km, and up to
2000 km in length. And the sources of S-radiation
look like links with �lament-like emissions less than 1
km thick (10�100 strands in a bundle) and up to 300
km in length �ying at a speed of (0.05�0.1) c away
from Jupiter . The observed A-wave velocities are
2�3 times slower than the A-wave velocity predicted
theoretically (about 0.001 c, in light velocity units).
Frequency (0.2�1 MHz) and temporal (up to 1 min)
di�raction modulation of "lanes" con�rms the size of
the S-sources less than 200 km. Conclusions are made
about the theoretical prerequisites for the appearance
of S-bursts with observed parameters. Estimates of
the radiation intensity of S-sources indicate an addi-
tional increase in the radiation of the source near the
generation region; this indicates a non-homogeneous
structure of the environment in the active regions

of the Jupiter magnetosphere. The thin transverse
structure of the S-sources can be explained by the
mechanism of plasmas �uctuations with periods of
� = � ea = 10 ms, and with the peculiarities of the
bunches of plasma clots that lead to electron leakage
and to the emission of plasma plaits. The observed
deceleration of the MHD wave velocities can be
explained by the in�uence of the Io � Jupiter �ow
tube.

Keywords : Jupiter, DAM radio emission, MHD
waves, source sizes.

ÀÍÎÒÀÖIß. Ðîçãëÿíóòî ïèòàííÿ ïðî
ðîçìiðè i âëàñòèâîñòi äæåðåë äåêàìåòðîâîãî
ðàäiîâèïðîìiíþâàííÿ Þïiòåðà (ÄÐÞ). Äåòàëüíî
ïðîàíàëiçîâàíî åâîëþöiþ i âèçíà÷åíî ïàðàìåòðè
äæåðåë â Iî-Â-áóði âiä 30 æîâòíÿ 2008 ð., ùî
ñêëàäà¹òüñÿ ç âåëèêîãî ÷èñëà S-ñïëåñêiâ, i
ïåðåìåæà¹òüñÿ ç L-ñïëåñêàìè i N-ñïëåñêàìè.
Ïîêàçàíî, ùî S-ñïëåñêè â öié áóði, øâèäøå çà
âñå, âèíèêàþòü â ïiâíi÷íié ïiâêóëi Þïiòåðà íà
âèñîòàõ (0�0.2)Rj i íà äîâãîòàõ � IIIs = (195�
220)o (êîëè Þïiòåð ïîâåðíóòèé äî ñïîñòåðiãà÷à
CML = � III = 130�160o). Ïî÷àòîê Iî-Â-áóði
ïîâ'ÿçàíèé ç äæåðåëàìè íà âåëèêèõ âèñîòàõ, i
ç ÷àñîì äæåðåëà îïóñêàþòüñÿ âíèç äî Þïiòåðà
(ïðèòîìó, ùî ñïîñòåðåæóâàíi ÷àñòîòè S-ñïëåñêiâ ç
÷àñîì ïiäâèùóþòüñÿ). Îáãîâîðþ¹òüñÿ ìîæëèâiñòü
ïîÿâè L- i N-ñïëåñêiâ íà ôîíi S-ñïëåñêiâ. Òàê,
L-ñïëåñêè ìîæóòü áóòè ïîâ'ÿçàíi ç äæåðåëàìè ç
ïiâäåííîi ïiâêóëi Þïiòåðà, íà âèñîòi (0�0.2) Rj . Ïðè
öüîìó, N-ñïëåñêè, øâèäøå çà âñå, ìîæóòü âèíèêàòü
â ïiâíi÷íié ïiâêóëi íà � IIIs = 66o i íà âèñîòi 0.2 Rj .
Âèêîðèñòîâóþ÷è ñïåêòðàëüíi äàíi ïî ÄÐÞ âiä
30.10.08, âèçíà÷åíî ðîçìiðè (òîâùèíà i äîâæèíà)
íèòêî-ïîäiáíèõ äæåðåë ÄÐÞ-ïó÷êiâ åëåêòðîíiâ,
i ïàðàìåòðè ÌÃÄ (àëüâåíiâñüêèõ) õâèëü, òèõ, ùî
àêòèâóþòü ñïëåñêè ÄÐÞ. Ïîêàçàíî, ùî äæåðåëà
L-âèïðîìiíþâàííÿ, øâèäøå çà âñå, âèãëÿäàþòü ÿê
òîíêi íèòêè, âèòÿãíóòi óçäîâæ ìàãíiòíîãî ïîëÿ,
òîâùèíîþ áiëüøå íiæ 10 êì, i äîâæèíîþ äî 2000
êì. À äæåðåëà S-âèïðîìiíþâàííÿ âèãëÿäàþòü ÿê
çâ'ÿçêè ç íèòêî-ïîäiáíèõ âèêèäiâ òîâùèíîþ ìåíøå
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1 êì (ïî 10�100 íèòîê â çâ'ÿçöi) i äîâæèíîþ äî 300
êì, ùî ëåòÿòü çi øâèäêiñòþ (0.05�0.1)ñ â ñòîðîíó
âiä Þïiòåðà. Ñïîñòåðåæóâàíi øâèäêîñòi À-õâèëü
â 2�3 ðàçè ïîâiëüíiøi âiä çíà÷åííÿ øâèäêîñòi
À-õâèëi, ïåðåäáà÷åíîi òåîðåòè÷íî (áëèçüêî 0.001
ñ, â îäèíèöÿõ øâèäêîñòåé ñâiòëà). ×àñòîòíà
(0.2�1 ÌÃö) i ÷àñîâà (äî 1 õâ.) äèôðàêöiéíà
ìîäóëÿöiÿ ÄÐÞ "äîðiæêàìè" ïiäòâåðäæó¹
ðîçìiðè S-äæåðåëà ìåíøå 200 êì. Çðîáëåíî
âèñíîâêè ïðî òåîðåòè÷íi ïåðåäóìîâè ïîÿâè S-
ñïëåñêiâ ÄÐÞ çi ñïîñòåðåæóâàíèìè ïàðàìåòðàìè.
Îöiíêè iíòåíñèâíîñòi âèïðîìiíþâàííÿ S-äæåðåë
âêàçó¹ íà äîäàòêîâå ïîñèëåííÿ âèïðîìiíþâàííÿ
äæåðåëà ïîáëèçó îáëàñòi ãåíåðàöii; öå ãîâîðèòü
ïðî íåîäíîðiäíó ñòðóêòóðó ñåðåäîâèùà â
àêòèâíèõ îáëàñòÿõ ìàãíiòîñôåðè Þïiòåðà. Òîíêà
ïîïåðå÷íà ñòðóêòóðà S-äæåðåë ìîæå áóòè ïîÿñíåíà
ìåõàíiçìîì ôëóêòóàöié ïëàçìè ç ïåðiîäàìè
� = � ea = 10 ìñ, i ç îñîáëèâîñòÿìè áóí÷iðîâêè
ïëàçìîâèõ çãóñòêiâ, ùî ïðèâîäÿòü äî âèòiêàííÿ
åëåêòðîíiâ i äî âèêèäiâ ïëàçìîâèõ äæãóòiâ.
Ñïîñòåðåæóâàíå óïîâiëüíåííÿ øâèäêîñòåé ÌÃÄ-
õâèëü ìîæíà ïîÿñíèòè âïëèâîì ïîòîêîâîi òðóáêè
Iî � Þïiòåð.

Êëþ÷îâi ñëîâà : Þïiòåð, äåêàìåòðîâå ðàäiî-
âèïðîìiíþâàííÿ, ÌÃÄ õâèëi, ðîçìiðè äæåðåë.

1. Introduction

Jupiter as one of the most powerful source of radio
emission in the solar system was discovered in 1955
(Burke and Franklin; see more: Ryabov and Gerasi-
mova, 1990). The Jupiter's radio emission (JRE) has a
maximum at DAM frequency range, and it consists of
the bright (up to 10 7 Jy) short S-bursts of millisecond
duration and the slight less brightly (up to 106 Jy) long
L-bursts of second duration. At the frequency range of
higher then 100 MHz, the continuous synchrotron ra-
diation is observed in the equatorial region of Jupiter
at heights of 2Rj . At the same height (2Rj ), in the
kHz frequency range there is observed the relatively
bright (up to 10 5 Jy) quasi-periodic 10-minute bursts,
the nature and shape of which are similar to III-type
solar bursts. And the same 10-minute frequency mod-
ulation is exhibit in all sources of DAM radiation that
connected with the Alfven wave modulation features.

We are interested here the main and �ne size-
structure of DAM Jupiter's radio emission sources on
the example of one of observed storms (the storm at
30.10.2008). It give us to �nd out on the mechanisms
of DAM JRE generation, the form of the radiation
source, and the speci�c features of the development of
the storm.

2. Properties and mechanisms of the DAM
Jovian radio emission

There was established that the radiation pattern
(RP) of JRE has the form of a hollow cone with a so-
lution of (60�90) o. In this regard, the observed sources
are usually located near the limb of Jupiter, and the
longitude of the source is shifted relative to the central
meridian of Jupiter by approximately the magnitude
of the RP (which introduces us ambiguity). In addi-
tion, Jupiter's DAM sources correlate with the phase-
position of the Io satellite (� I o), and prefer to ap-
pear at certain active longitudes (A, B, C, D sources).
Therefore, for Io-correlated storms, the position of the
source in longitude is uniquely determined as:

� IIIs = � III � � Io + 180o � � �;

where � � ' 20o is the source shift-advancing angle
(Ryabov & Gerasimova, 1990).

The sources of L-type exhibit predominantly longi-
tudinal correlation; and S-sources predominantly cor-
relate with the Io phase. The latitude of the sources of
DAM radiation can be determined only on the assump-
tion that the sources in the Io-dependent storms are at-
tached to the Io-Jupiter �ux tube and are located near
the northern or southern foot of the tube. In this case,
it is usually considered that DAM radiation is gener-
ated in the form of fast extraordinary X-waves, and
then in the Leblanc model (Leblanc, et al., 1993) the
right-polarized radio wave sources (A, B) are tied to
the northern Jupiter's hemisphere, and left-polarized
sources (C, D) are tied to the southern hemisphere.

The mechanism of Jupiter's DAM radiation can be
associated with one of the instabilities of electromag-
netic or plasma waves near the cyclotron frequency,
that developing (running) under the condition of res-
onance between waves and particles in a low-density
non-equilibrium plasma (! pe << ! be):

! � s! be � kkvk = 0 ;

wheres =0, -1, ... There is most often it is believed that
instability arises at the s = -1 resonance for fast ex-
traordinary X-modes, that give us the Maser cyclotron
radiation (MCR) which observed as L-bursts of JRE
(Wu, 1985, Melrose, 1986, others). And the generation
of S-bursts can occur due to both MCR instability (s
= -1) and the Cherenkov plasma instability (CR) at
resonance ofs = 0 from bunched fast electron beams
(see Zaitsev, et al., 1986; Boev, et al.,1991).

Moreover, there is necessary the generation of MCR
into an e�cient pumping of electrons with a cone ve-
locity distribution ( T? > T k ) and beam elongated.
Then the energy of nonequilibrium weakly relativistic
(
 � 1 > 0.001) electrons is pumped maserly into fast
extraordinary wave and into plasma waves with a radi-
ation pattern RP = (60-90) o to the magnetic �eld line
in the source.
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The Cherenkov radiation (CR) mechanism may be
even more e�ciently than the maser mechanism, and
it converts the energy of electron accelerated in elec-
tron beams into plasma Z-waves near the upper hybrid
frequency. However, these Z-waves not go away the
source; and there is required an additional conversion
of Z-waves into fast electromagnetic (X- or O-) modes,
which signi�cally reduces the e�ciency of Cherenkov
source. The CR pattern is also directed almost per-
pendicular to the source magnetic line (RP ' 80o);
and under di�erent conditions of wave transformation,
a large variation of S-burst shapes can occur (see Zait-
sev, et al., 1986; Boev, et al., 1993).

Jupiter and Io are binding by a �ux tube along a
magnetic �eld line. Io's electromotive force accelerates
and ionizates the electrons along the Io � Jupiter �ux
tube (IFT) and they elongated to magnetic �eld line in
a weakly ionized plasma. The MHD Alfven (A) waves
activate the processes of electron acceleration and the
formation of bunched ejection that are the sources of
S-bursts emissions.

The mechanism of acceleration of electrons may
turn to runaway e�ects in electric �elds in the region of
the Io�Jupiter �ux tube (see Boev et al., 2001). It was
shown that the electric �elds which induced by the Io
tube movement increase the value of runaway Dreiser
threshold. The maximum electric �elds corresponding
to A and B sources in the northern hemisphere
are reached at longitudes � IIIs = (100�150) o and
(170�250)o. Moreover, these electric �eld values
almost exceed the Dreiser threshold in the northern
hemisphere, and the electron beams can be generated
at all longitudes, which responded to the S-bursts
generation on this hemisphere. So, the southern
hemisphere of Jupiter it is able to accelerate electron
beams only in narrow selected areas; and the southern
hemisphere is more variability to L-bursts generation.

3. Sizes of the sources from spectral data

The source sizes were simple estimated by spectra
data of L- and S-bursts as size by burst duration (the
transverse source size by longitudes) and size by height
(by frequency data). The evolution of bursts in the
DAM Io-B-storm of 30.10.2008 (the observations of
Ryabov, et al., 2014) is analyzed in detail. It is con-
sisting with a large number of S-bursts, as well as them
alternating with L-bursts and N-bursts. The results of
the analysis are given in the Tables 1, 2.

The Table 1 show the data of burst set: UT is the
universal time of observed spectrum (the fragments of
2 MHz frequency width and by 1 s duration); � III is
Jupiter's central meridian longitude (CML) at this UT-
time moment; � IIIs is the longitude of source location
(when Io phase is� Io = 93�98o); F is the frequency
(in MHz) where bursts observed. � Ti is instantaneous

Table 1: Spectral data of storm at 30.10.2008 and
transverse sources size (� L i ) by time data

UT, � III � IIIs

hr:min
15:46 197 131
15:52 200 133
15:52(N) 66?
16:00 205 140
16:26 216 154
16:26(L) 154
UT, F, Burst � Fi , � Ti , � L i ,
hr:min MHz type MHz ms km
15:46 23 S, Io B 0.1..0.5 0.2..2 0.008
15:52 22 S, rain 0.2 2 -

16.8 S, Io B 0.3 1 0.007
15:52 16.4 N, 0.1 0.5 0.005

not Io?
16:00 27.5 S, Io B 0.3 5 0.03

22.5 S 0.4 6 0.035
19 S 0.6 7 0.04

16:26 31 S, Io B 0.2 10 0.06
27 S 0.2 12 0.08
24 S 0.3 17 0.1

16:26 18 L 0.6 > 1000 > 6

burst duration, and � L i is transverse source size, cor-
responded to� Ti .

The Table 2 continues the Table 1, and it show
the characteristics of the JRE sources obtained by fre-
quency spectral data. BMCR corresponds to the mag-
netic �eld of burst source by MCR model (when ob-
served frequencyF = 1.1 ! be(BMCR )=(2� ), consider-
ing the disperse wave condition).BCR corresponds to
the magnetic �eld in Cherenkov source model (when
(2�F )2 = ! be(BCR )2 + ! 2

pe ). The burst drift (see
Drift in Table 2, in MHz/s) corresponds the source ve-
locity of us, which is slightly relativistic (near 0.1c,
c = 3 � 1010 cm/s). The terms of hsN and hsS are the
height of source location (by MCR model) for northern
and southern hemisphere, respectively;� hi is length of
the source (in km, along magnetic line or to height di-
rection). If we assume that S-bursts occur the most
likely in the northern hemisphere of Jupiter, there is
S-source locate in this storm of the height (0�0.2)Rj

(by the frame of MCR model) and at longitudes � IIIs

= (195�220) o, when Jupiter is turned to the observer
at longitude CML = � III = (130�160)o.

The train of S-bursts are induced and modulated by
the Alfven (A) wave. This fact show the wide-lanes
modulation on spectrum data by 0.5�1 MHz width
and slow drifting, corresponding to A-wave lengths (see
� AS and � AN columns in table 2) and wave velocity
(cA ). According to the storm, S-bursts are inducted
by A-waves that go both away from Jupiter and to
the Jupiter, that propagating with velocity about cA
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Table 2: The characteristics of JRE-sources in the Io B storm at 30.10.2008 and heights�length (hs, � hi ) of
these sources by frequency spectral data, acording to northern (hsN ) and sourthen (hsS ) hemisphere (see the
text more). Source or Alfven wave velocities (us, cA ) are in units of light velocity c; heights of source are in
units of Rj

Time, Freq., BMCR BCR Drift, uS=c cA =c hsN , hsS , � AN � AS � hi ,
hr:min MHz MHz/s Rj Rj km km km
15:46 23 7.2 5.6 -22 0.08 -0.001 0.13 0.24 2100 4300 140
15:52 22 7.1 5.4 -21 0.08 0.0001 0.14 0.25 800 3570 140

16.8 5.4 4.3 -13.5 0.07 0.0006 0.21 0.34 2800 5700 280
15:52(N) 16.4 4.7 3.64 -5.1 0.03 0.0003 0.22 0.22 300 150
16:00 27.5 8.7 6.8 -30 0.09 0.0004 -0.02 0.16 710 1400 110

22.5 7.1 5.5 0.1 0.0005 0.12 0.24 1100 2100 180
19 6.1 4.8 -27 0.11 0.0007 0.16 0.3 1800 3500 320

16:26 31 10 7.8 -30 0.09 -0.0001 -0.02 0.15 710 1400 61
27 8.7 6.8 -30 0.09 -0.02 0.15 1100 2100 71
24 7.7 6 -30 0.1 -0.0001 0.04 0.22 1800 3500 180

16:26(L) 18 5.9 4.5 0.1? - 0.0002 0.1 0.35 1100 2100 50

=0.0005c, which is in 2�3 times slower than the A-
wave velocity predicted by plasma parameters "the-
oretically" (0.001c). These Alfven waves have� A �
1000 km, and the A-waves may change the direction
by re�ection on Jupiter by TA � 10 min (the table
2 indicate the change of A-wave direction, but we do
not obtained TA because of spectra fragmenting). The
start of Io-B-storm is associated with sources at higher
altitudes, and when time over, the sources drop down
to Jupiter as O4 (Acuna, 1975) magnetic �eld model
predicted, despite of observed S-bursts frequencies in-
crease with time.

There are observed L- and N-bursts simultaneously
with S-bursts in this storm. Thus, L-bursts can be as-
sociated with source from the other (southern) hemi-
sphere of Jupiter, against of S-bursts associate with
northern hemisphere. The other way, N-bursts may
likely arise outside the Io�Jupiter tube, and can be lo-
cated in the northern hemisphere at � IIIs = 65o and
at heights of 0.2Rj (at this longitudes).

On using the spectral data, there were determined
the sizes (thickness and length) of the �lamentous
sources of the JRE-electron-beams and the parameters
of the burst-activate MHD (Alfven) waves. It is shown
that the source of L-radiation the most likely looks like
as thin �laments elongated along a magnetic �eld with
a thickness of � L i ' 50 km and a length of higher
1000 km. The other way, S-radiation sources look like
as bunches of �lamentary outbursts (plasma clots) with
a thickness of� L i =(10�100)m (of 10�100 threads per
bunch), and a length of � hi = (100-300) km, �ying
away from Jupiter with speed (0.05�0.1)c.

The �ne structure of the DAM bursts in this storm
detects the di�raction modulation of the JRE within
the "lanes" by the frequency of (0.2�1 MHz) and by
time (up to Trep = 1 min). On using the Arkhipov
model (2003, 2007), it is possible to estimate the size

of the sources by the diameter of the �rst Fresnel
zone (d1 =

p
8�cD=! b0), and by the repetition

periods (Trep ) of scattering inhomogeneities (d2 = 2
�DT rep =Tj ), assuming that the scattering inhomo-
geneities are located of distance (D) in close Jupiter's
magnetosphere bounded by the Io torus (Tj is orbital
period of Jupiter). These estimates con�rm the size of
the S-source is less than 200 km.

4. Discussion and theoretical interpretations

There are made conclusions about the theoretical
prerequisites for the appearance of DAM JRE bursts
with observed parameters. We may estimate the power
intensity I est of the source of Jupiter's DAM radiation
by S-source volume (Vjs = � L i � h2

i ):

I est = 
 ! E is =(! b0Sjs )= (
=! b0)( 
m ec2Vjs )(0:1ne0)

Here 
 ! =10 � 4 ! b0 is radiation increment, 
 =1.004,
! b0 = 2 � � 20 MHz, ne0=106 cm� 3 is electron density,
E js is source energy,Sjs = 4 � (4a.u.)2� RP , we �nd for
S-source:I est = 2 � 105 Jy. This intensity is some lower
then observed ones, 106 Jy (see Ryabov, Gerasimova,
1990), and this fact pointed us about the additional
ampli�cation of the source radiation near the genera-
tion region. This suggests an inhomogeneous structure
of the medium in active S-bursts zone. The power of
L-radiation is easily to match with they sizes.

The sources of Jupiter's radio emission in all ranges
of radio waves are easily explained with runaway mech-
anism. The �ne transverse structure of the S-sources
may be explained by the mechanism of electron �uctua-
tions, with periods are considered with time scattering
of electron and atoms, � = � ea= 10 ms, and source
transverse size is compared to the length of emitted
waves (10 m). It is connected with the features of the
bunching of electron-plasma blobs that lead to electron
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runaway and to the emission of plasma bunches. Alter-
natively, for the L- sources we are:� = � i = 1 s (time
scattering of ion and atoms), and this is compared to
the time of forming of plasma blobs and thick current
treads. The observed reducing the A-wave velocities
in comparison with the "theoretical" ones can be ex-
plained by the in�uence of the Io � Jupiter �ow tube
and the re�ection events on the propagation of MHD
waves.

We use mainly in spectrum interpretation the MCR
model. There are need to study additionally the �ne
structure of all DAM sources with the UTR-2 and
GURT observation, as well as to study theoretically,
with attracting a possible Cherenkov mechanism for
the S- and N-bursts interpretations.
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ABSTRACT. The Ukrainian T-shape radio tele-
scope (UTR-2) has been used to carry out a multifre-
quency radio survey of a part of the northern sky with
coordinates of the declinations+10 � < Dec: < +29 � ,
and right assertions 0h < R:A: < 24h . The observa-
tions were performed at very low radio frequencies,
12.6, 14.7, 16.7 20 and 25 MHz. They were ful�lled
by scanning the sky due the Earth's rotation with the
�ve-beam pattern antenna at 11 �xed declinations.
The observations for six �ve-beam strips, that covered
the declinations ranges from +10 � to +19 � , the
so-called "a fast scanning mode" was used. In this
mode, the antenna positions were switched in the cycle
between the three selected strips at �xed declinations
every 40 seconds in the observational process. For the
remaining strips, both the fast scanning mode and the
usual observation mode at one �xed declination were
used. Each pattern pencil-beams are spaced apart by
23' in the meridian. The angular size of the beam is
about 1� at 12.6 MHz 0:5� at 25 MHz at the zenith.
The receivers' bandwidths are 10 kHz at frequencies
from 12.6 to 16.7 MHz and 40 kHz at the two highest
frequencies. A calibration of the output power was
performed with the aid of the etalon noise generator
for the each observation. These data surveyed were
obtained during the period from 1997 to 2013 only at
nighttime. The total number of observation amounted
to more than 700 nights. The statistics for each
point of the survey varied from 5 to 40 realizations.
The results of these observations are the brightness
temperature maps presented here at each mentioned
above frequencies of the decameter band. However,
it should be noted that there are shown "raw" maps
without rhe zero level and striping e�ect corrections.
These maps comprise emission from discrete and
extended radio sources, the Galaxy and extragalactic
background. The most intense radio emission on the
maps is observed from the Galactic Plane and the
North Polar Spur (NPS).

AÍÎÒÀÖIß. Ïðîâåäåíî áàãàòî÷àñòîòíèé
ðàäiî îãëÿä ÷àñòèíè Ïiâíi÷íî¨ íåáåñíî¨ ïiâêóëi
ç ñõèëåíü: +10 � < Dec: < +29 � , i ïðÿìèõ

ïiäíåñåíü: 0h < R:A: < 24h , ç âèêîðèñòàííÿì
Óêðà¨íñüêîãî Ò-ïîäiáíîãî ðàäiîòåëåñêîïó (ÓÒÐ-
2). Öå äðóãà ÷àñòèíà îãëÿäó íà ÓÒÐ-2, ïåðøà
÷àñòèíà ñòîñóâàëàñÿ îáëàñòi ïiâíi÷íîãî íåáà
ç êîîðäèíàòàìè: +29 � < Dec: < +55 � ,
0h < R:A: < 21h . Ñïîñòåðåæåííÿ çäiéñíåíi íà
äóæå íèçüêèõ ðàäiî÷àñòîòàõ, 12.6, 14.7, 16.7, 20 i
25 ÌÃö. Ïðîïóñêíà çäàòíiñòü ïðèéìà÷iâ ñòàíîâèòü
10 êÃö íà ÷àñòîòàõ âiä 12,6 äî 16,7 ÌÃö i 40 êÃö
íà äâîõ íàéâèùèõ ÷àñòîòàõ. Ñïîñòåðåæåííÿ áóëè
ðåàëiçîâàíi øëÿõîì ñêàíóâàííÿ íåáà çà ðàõóíîê
îáåðòàííÿ Çåìëi ï'ÿòèïðîìåíåâîþ äiàãðàìîþ
ñïðÿìîâàíîñòi (ÄÑ) àíòåíè íà 11 ôiêñîâàíèõ
ñõèëåííÿõ. Êîæåí ãîëêîïîäiáíèé ïðîìiíü ÄÑ
âiäñòî¨òü îäèí âiä äðóãîãî íà 23' â ìåðèäiàíi.
Êóòîâèé ðîçìið ïðîìåíÿ ñòàíîâèòü ïðèáëèçíî 1�

íà 12.6 ÌÃö i 0:5� íà 25 ÌÃö â çåíiòi. Äëÿ
øåñòè ñìóã, ÿêi îõîïëþâàëè ñõèëåííÿ âiä +10 �

äî +19 � , ñïîñòåðåæåííÿ âèêîíóâàëèñÿ, â òàê
çâàíîìó, ½ðåæèìi øâèäêîãî ñêàíóâàííÿ�. Ó öüîìó
ðåæèìi â ïðîöåñi ñïîñòåðåæåííÿ ïîëîæåííÿ àíòåíè
ïåðåìèêàëîñÿ â öèêëi, êîæíi 40 ñåêóíä ìiæ òðüîìà
âèáðàíèìè ñìóãàìè ç ôiêñîâàíèìè ñõèëåííÿìè.
Äëÿ ðåøòè ñìóã âèêîðèñòîâóâàëèñü ÿê ðåæèì
øâèäêîãî ñêàíóâàííÿ, òàê i çâè÷àéíèé ðåæèì -
ñïîñòåðåæåííÿ íà îäíîìó ôiêñîâàíîìó ñõèëåííi.
Êàëiáðóâàííÿ âèõiäíî¨ ïîòóæíîñòi âèêîíóâàëè äëÿ
êîæíîãî ñïîñòåðåæåííÿ çà äîïîìîãîþ åòàëîííîãî
ãåíåðàòîðà øóìó. Äàíi áóëè îòðèìàíi çà ïåðiîä ç
1997 ïî 2013 ðiê. Çàãàëüíà êiëüêiñòü ñïîñòåðåæåíü
ñòàíîâèëà ïîíàä 700 íî÷åé. Ñòàòèñòèêà äëÿ
êîæíî¨ òî÷êè îãëÿäó êîëèâàëàñÿ âiä 5 äî 40
ðåàëiçàöié. Ðåçóëüòàòîì öèõ ñïîñòåðåæåíü ¹
ïðåäñòàâëåíi òóò êàðòè òåìïåðàòóð ÿñêðàâîñòi
ðàäiîâèïðîìiíþâàííÿ íà êîæíié ç âèùåçãàäàíèõ
÷àñòîò äåêàìåòðîâîãî äiàïàçîíó. Îäíàê ñëiä
çàçíà÷èòè, ùî öå ¾ñèði¿ êàðòè, áåç ðåäóêöi¨
íóëüîâîãî ðiâíÿ i êîðèãóâàííÿ åôåêòó ñìóãàñòîñòi.
Äàíi êàðòè âìiùóþòü âèïðîìiíþâàííÿ ÿê âiä
òî÷êîâèõ, òàê i ïðîòÿæíèõ ðàäiîäæåðåë,à òàêîæ
ôîíó Ãàëàêòèêè i Ìåòàãàëàêòèêè. Íàéáiëüø
iíòåíñèâíå ðàäiîâèïðîìiíþâàííÿ ñïîñòåðiãà¹òüñÿ
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âiä Ãàëàêòè÷íîãî äèñêó i Ïiâíi÷íî¨ Ïîëÿðíî¨
Øïîðè.

Key words: Key words.Radio continuum: ISM,
surveys, Galaxy: Structure, decameter range.

1. Introduction

Surveys of the sky radio emission at di�erent
frequencies have been carried out for more than 70
years, the �rst map of the Galactic radio emission at
160 MHz was made by G.Reber (1944). There are
well-known maps of the all sky at frequencies 408 MHz
(Haslam at al., 1982), 1420 MHz ( Reich and Reich,
1982). Also a number of low-frequency surveys have
been carried out, including those at 10 MHz (Antonov,
1973; Caswell, 1976), at 22 MHz (Roger et al., 1999),
at 34.5 MHz (Dwarakanath and Udayashankar, 1990),
at 38 MHz (Milogradov-Turin and Smith, 1973), at 45
MHz (Alvarez et al., 1997; Maeda et al., 1999). In the
last years the LWA1 survey at nine frequencies from
35 to 80 MHz was presented by Dowell et al. (2017).
Despitethis, obtaining maps in a wide frequency range
with high resolution and sensitivity, especially at low
frequencies, remains an important task in modern ra-
dio astronomy. The such maps are necessary to study
spectral properties of the thermal and non-thermal
components of the continuous radio emission of the
Galaxy, to build a global model of sky radiation at
the entire radio frequency range, for example as in
(De Oliveira-Costa et al., 2008; Dowell et al., 2017).
In the work, we represent the maps of the decameter
waveband survey of the part of the Northern sky
with declinations +10 � < Dec: < +29 � , and right
ascensions0h < R:A: < 24h , which were carried out
with the UTR-2 radio telescope. Earlier we introduced
the maps of the sky in the declination range from
+29 � to +55 � and right ascensions0h < R:A: < 20h

(Vasilenko et al., 2006).

2. Observations and data processing

The UTR-2 radio telescope has been used to carry
out a multifrequency radio survey of the northern sky.
This is T-shaped telescope, it consists of two NS and
EW antenna arms, one of which, with dimensions
1880� 54 m2, is located along the meridian and the
other, with dimensions 900� 54 m2, along the parallel.
The e�ective area is approximately equal to 150 000
m2 at 25 MHz at the zenith. The directional pattern
represents a fan of �ve pencil beams at each frequency.
The beams separation (4 Dec:) is about 230 at the
zenith. The �rst side-lobe level in the meridian plane
is 13 dB. A detailed description of the UTR-2 can be
found in Braude et al. (1978).

Under the program of the survey, the observations

were carried out at frequencies of 12.6, 14.7, 16.7 20
and 25 MHz. These observations were performed with
a �ve-beam directional pattern, scanning the sky due
the Earth's rotation, at 11 �xed declinations in the
ranges from +10 � to +29 � . Each sky strips, covered
with �ve beams, was observed at four di�erent hour
angles (� 1h ; � 2h ). Since the sidelobes di�er at dif-
ferent hour angles, this helps us to reduce the confu-
sion errors. For six �ve-beam strips, in the declination
ranges from+10 � to +19 � , the so-called "fast scanning
mode" was used. In this mode, the antenna positions
were switched in the cycle between the three selected
strips at �xed declinations every 40 seconds in the ob-
servational process. This switching speed allows, due
to the Earth rotation, to move to the starting point
of the cycle spaced to half of the beam-width at 25
MHz. For the remaining strips, both the fast scanning
mode and the usual observation mode at one �xed dec-
lination were used. The angular resolution, receivers'
bandwidths of the corresponding frequency channels
are shown in Table 1.

Table 1: UTR-2 observational parameters for the
Northern sky survey

Frequency Bandwidth HPBW
(MHz) (kHz) (arcmin)
12.6 10 55� 67
14.7 10 47� 53
16.7 10 41� 46
20.0 40 34� 39
25.0 40 27� 31

At the beginning and end of each observation day,
a calibration of the output power was performed with
the aid of the etalon noise generator connected with
distributed ampli�ers placed in the �eld of the tele-
scope array. The method of observations and calibra-
tions of the continuum radio emission using the UTR-2
is described in detail by Krymkin (1978).

The presented data were obtained with observations
at the UTR-2 during from 1997 to 2013 only at night
time. The total number of observation amounted to
more than 700 nights. The statistics for each point of
the survey varied from 5 to 40 realizations.

For each frequency, the survey data processing con-
sisted of several stages.

1) Initial analysis of records and calibrations, where
data subject to the in�uence of narrow-band inter-
ference were excluded, and if the calibrations before
and after the observation session di�ered by more than
15%, then such a session was completely excluded from
processing.

2) Statistical processing of the data was carried out
separately to each observational strip, each hour an-
gle, and each series of observations; and included the
determination of the rms brightness temperatures and
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Figure 1: UTR-2 total brightness temperature map of the part of the Northern sky survey at 20 MHz.The
region covered:+10 � < Dec: < +29 � , and 0h < R:A: < 24h :
The map is divided into pats at a six hours at R.A..
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the �ltration of the temperature values by dispersions.
3) Separation of the background component from to-

tal the radio emission using an FIR �lter and its sub-
sequent analisis.

4) Correlation analysis of the brightness temperature
data arrays obtained for di�erent hour angles and series
of observations for every declination.

5) Comparison of the data for adjacent strips and
obtaining the �nal brightness temperature scans for the
observed region of the sky.

6) Mapping of the observed sky at the corresponding
frequencies using the software package Sky Continuum
Survey (Vasilenko et al., 2005).

3. Results

In this study, the maps of the radio emission
of the part northern sky survey at the decame-
ter wavelength are obtained. The region covered
+10 � < Dec: < +29 � and 0h < R:A: < 24h . The
survey was carried out at very low radio frequencies,
12.6, 14.7, 16.7 20 and 25 MHz, with the best angular
resolution and sensitivity ever achieved at these
frequencies. Note for comparison that the angular res-
olution in the nearest low-frequency survey carried out
at 22 MHz with the DRAO radio telescope 1:1� � 1:7�

at the zenith (Roger et al., 1999). However, it should
be noted that shown here is the "raw" maps without
reducing of the zero level and striping e�ect correc-
tions. To compare in detail ours' maps with another
we need to do it. But this is the task for the next
paper. The maps of brightness temperatures comprise
the Galactic and extragalactic background, a part of
the Galactic plane and the North Polar Spur, discrete
and extended sources. Figures 1 represent the map of
the total emission at 20 MHz in the equatorial coor-
dinates for the 2000 epoch. The superim brightness
temperatures are gray shaded and include isophotes.
Contours of brightness temperature are indicated with
a bar scale. The brightness temperatures are given in
thousands of Kelvins.

4. Conclusions

The maps of the Northern sky surveys at the
decameter wavelengths carried out in the lowest
frequency part of the spectrum open to the ground-
based observations are presented. They have the best
angular resolution ever achieved for these frequencies.
The presented maps are also of great importance for
the analysis of the distribution of galactic synchrotron
emission and morphology of the magnetic �eld in
our Galaxy. They can be combined with high fre-
quency data to study morphological changes of the
background structures. In addition, these maps are

useful for the estimation of the required e�ective areas
of radio telescopes to perform the various research
programs for very low frequencies in the north celestial
hemisphere.
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MULTI-WAVELENGTH OBSERVATIONS OF
A LARGE SOLAR FLARE
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ABSTRACT. We present the results of the multi-
wavelength study of the two-ribbon solar �are on July
19, 2000 in the active region NOAA 9087. The evo-
lution and morphological properties of the �are pro-
ductive active region have been analyzed. The active
region was growing rapidly and showed a complex mul-
tipolar magnetic �eld con�guration. It was large, pro-
ducing many events, including the �are under consid-
eration. The 3N/M6.4 two-ribbon �are was a promi-
nent, long duration event in the active region evolution.
According to Solar Geophysical Data (SGD) the �are
lasted 2.5 hours. The �are energy release took place in
many sites of the active region.

We used combination of data from space and ground
based observatories for study. The hard X-ray (HXR)
and soft X-ray (SXR) data were obtained at the
Yohkoh Telescopes (HXT and SXT) and Geostationary
Operational Environmental Satellite (GOES). The full-
disk magnetograms and EUV-images were provided
by the Solar and Heliospheric Observatory (SOHO)
Michelson Doppler Imager (MDI) and Extreme ultra-
violet Imaging Telescope (EIT). We used theH � �lter-
grams from the Meudon spectroheliograph and white
light images of Big Bear Solar Observatory (BBSO).

All the data show continuously evolving SXR, EUV
and H � features during the �are. The HXR and the
type III radio bursts were observed at the �are onset.
The �rst H � �are kernels and the surge, connected
with the �lament eruption, were initiated near a large
positive-polarity sunspot. The main bright kernels of
the �are occurred at the centre of the active region
near magnetic neutral line, after that the �are ribbons
appeared along it. It was found that HXR coronal
source was located along a magnetic polarity inversion
line of the active region. EUV loop structures indicate
the observational evidence of a magnetic reconnection
during the main phase of the �are.

ÀÍÎÒÀÖIß. Â ðîáîòi ïðåäñòàâëåíî ðåçóëüòàòè
áàãàòîõâèëüîâîãî äîñëiäæåííÿ äâîñòði÷êîâîãî
ñîíÿ÷íîãî ñïàëàõó 19 ëèïíÿ 2000 ðîêó â
àêòèâíié îáëàñòi NOAA 9087. Ïðîàíàëiçîâàíî
åâîëþöiþ òà ìîðôîëîãi÷íi âëàñòèâîñòi ñïàëàõîâî

àêòèâíî¨ îáëàñòi. Àêòèâíà îáëàñòü øâèäêî
çðîñòàëà i äåìîíñòðóâàëà ñêëàäíó áàãàòîïîëÿðíó
êîíôiãóðàöiþ ìàãíiòíîãî ïîëÿ. Âîíà áóëà âåëèêîþ,
ñïðè÷èíÿëà áàãàòî ïîäié, âêëþ÷íî çi ñïàëàõîì, ùî
âèâ÷à¹òüñÿ. Äâîñòði÷êîâèé ñïàëàõ 3N/M6.4 áóâ
âèçíà÷íîþ, òðèâàëîþ ïîäi¹þ â åâîëþöi¨ àêòèâíî¨
îáëàñòi. Çà äàíèìè Solar Geophysical Data (SGD),
ñïàëàõ òðèâàâ 2,5 ãîäèíè. Âèêèä åíåðãi¨ ñïàëàõó
âiäáóâàâñÿ ó áàãàòüîõ ìiñöÿõ àêòèâíî¨ îáëàñòi.

Äëÿ äîñëiäæåííÿ âèêîðèñòàíî ïî¹äíàííÿ äàíèõ
êîñìi÷íèõ òà íàçåìíèõ îáñåðâàòîðié. Äàíi äëÿ
æîðñòêîãî (HXR) òà ì'ÿêîãî (SXR) ðåíòãåíiâñüêîãî
âèïðîìiíþâàííÿ áóëè îòðèìàíi íà òåëåñêîïàõ
Yohkoh (HXT òà SXT) òà Geostationary Operational
Environmental Satellite (GOES). Ìàãíiòîãðàìè òà
EUV-çîáðàæåííÿ áóëè îòðèìàíi Solar and Helio-
spheric Observatory (SOHO) Michelson Doppler Im-
ager (MDI) òà Extreme Ultraviolet Telescope (EIT).
Áóëè âèêîðèñòàíi H � -ôiëüòðîãðàìè ç Meudon spec-
troheliograph òà çîáðàæåííÿ â áiëîìó ñâiòëi ç Big
Bear Solar Observatory (BBSO).

Óñi äàíi ïîêàçóþòü, ùî ïiä ÷àñ ñïàëàõó
âiäáóâàëèñÿ ïîñòiéíi çìiíè â ðiçíèõ äiàïàçîíàõ:
SXR, EUV òà H � . Íà ïî÷àòêó ñïàëàõó
ñïîñòåðiãàëèñÿ ñïëåñêè HXR òà ðàäiîñïëåñêè
III òèïó. Ïåðøi H � -ÿäðà ñïàëàõó òà õðîìîñôåðíèé
âèêèä ç'ÿâèëèñÿ áiëÿ âåëèêî¨ ñîíÿ÷íî¨ ïëÿìè ç
ïîçèòèâíîþ ïîëÿðíiñòþ. Îñíîâíi ÿñêðàâi ÿäðà
ñïàëàõó âèíèêëè â öåíòði àêòèâíî¨ îáëàñòi ïîáëèçó
ìàãíiòíî¨ íåéòðàëüíî¨ ëiíi¨, ïiñëÿ ÷îãî âçäîâæ íå¨
ç'ÿâèëèñÿ ñòði÷êè ñïàëàõó. Áóëî âñòàíîâëåíî, ùî
êîðîíàëüíå äæåðåëî HXR ðîçòàøîâàíå óçäîâæ
ëiíi¨ iíâåðñi¨ ìàãíiòíî¨ ïîëÿðíîñòi àêòèâíî¨ îáëàñòi.
Ñòðóêòóðè EUV-ïåòåëü âêàçóþòü íà ñïîñòåðåæíi
äîêàçè ìàãíiòíîãî ïåðåç'¹äíàííÿ ïiä ÷àñ ãîëîâíî¨
ôàçè ñïàëàõó.

Keywords : active regions, solar �ares, magnetic
reconnections, multi-wavelength observations.
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1. Introduction

Solar two-ribbon �ares are extremely powerful erup-
tions caused by magnetic reconnections. The magnetic
energy is converted into radiation, heat, particle accel-
eration, �uxes and waves. The development of two-
ribbon �ares has been studied on the base of multi-
wavelength observations in many works (eg, Ding et
al., 2003, Rovira et al., 2007, Kumar et al., 2010).
They are often accompanied by eruption of the �la-
ment lying along the neutral magnetic line (eg, Ding
et al., 2003). Surges are observed often simultaneously
with two-ribbon �ares. Kumar et al. (2010) reported
that the trigger of the M8.9/3B �are was the activation
of spiral-twisted structures. The emergence of a new
magnetic �ux, the movement of photospheric matter,
the shear and the vortex movements at the footpoints
of the loops can lead to magnetic reconnection, result-
ing in �ares (eg, Heyvaerts et al., 1977, Gorbachev et
al., 1988, Somov et al., 2002, Su et al., 2007).

We study an evolution and morphological properties
of the two-ribbon solar �are on July 19, 2000 in the
�are-productive active region NOAA 9087. We used
multi-wavelength data and analyzed the sequence of
�are images on �ltergrams in the H � line, magne-
tograms and extreme ultraviolet images.

2. Observational data

Space-born and ground based observations are used.
The hard X-ray (HXR) and soft X-ray (SXR) data
were obtained at the Yohkoh Telescopes (HXT and
SXT) and Geostationary Operational Environmental
Satellite (GOES). The full-disk magnetograms and
EUV-images were provided by the Solar and He-
liospheric Observatory (SOHO) Michelson Doppler
Imager (MDI) and Extreme ultraviolet Imaging Tele-
scope (EIT). H � -�ltergrams were obtained with the
Meudon spectroheliograph, radio data with Learmonth
Solar Radio Spectrograph, white light images in Big
Bear Solar Observatory (BBSO).

3. Active region NOAA 9087

Morphological properties of the active region (AR)
NOAA 9087 have been analyzed. The active region
emerged from the edge of the solar disk on July
15 and was visible on the disk until July 27, 2000.
AR developed rapidly, its structure changed. The
number of spots increased from day to day, new spots
appeared, while others disappeared. The shape of the
spots was complex and changed over time. The active
region showed a complex multipolar magnetic �eld
con�guration, which became more complicated as it
developed. Parasitic polarity regions were observed,

Figure 1: Di�erent wavelenght light curves ( H � inten-
sity, soft X-ray �ux, radio solar �ux) for �are on July
19, 2000.

which indicates the emergence of new magnetic
�uxes. The neutral magnetic line had a curved shape,
its length and shape changed in time. The region
produced many events, including the �ares. Flare
activity peaked on July 19, when the magnetic �eld
con�guration was � -
 -� . The most powerful 3N/M6.4
two-ribbon �are in the active region occurred on that
day. We analyzed the development of this �are in
present work.

4. Flare evolution

According to Solar Geophysical Data (SGD) the
3N/M6.4 two-ribbon �are occurred in the active re-
gion NOAA 9087 at 06:37 UT on 2000 July 19, peaked
at 07:23 UT and lasted 2.5 hours. Flare coordinates
are S18E10. The �are is a long duration event. SXR,
EUV and H � data show continuously evolving features
during the �are.

Hard X-ray and the type III radio bursts were ob-
served at the �are onset. Two bursts of the HXR in-
tensity and four radio bursts at 2.69 GHz were in the
initial phase (Table 1, Figure 1). Figure 1 shows dif-
ferent wavelength light curves. The �ux of soft X-ray
radiation slowly decreased in the main phase of the
�are. Flare peaks at the H � line are later than peaks
in radio emission and HXR. It indicates that magnetic
reconnections took place in corona at onset of the �are.

We used the observational data in theH � line ob-
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Figure 2: H � -images (Meudon) for di�erent phases of �are July 19, 2000 evolution

Table 1: Times (UT) of burst peaks in di�erent wave-
length ranges.

Max1 Max2 Max3 Max4

HXR 06:49:27 06:57:01
Radio 06:49 06:59 07:06 07:16
H � 06:50:33 07:01:11 07:07:34 07:18:12

tained using the spectroheliograph of the observatory
in Meudon for study. Filtergrams were obtained in
time steps from 30 seconds to 1 minute. We have an-
alyzed in detail the development of the �are in H � -
�ltergrams. Figure 2 shows the evolution of the �are
in the H � line. At the beginning of the �are two bright
kernels appeared in the region of a large spot, several
plages and �are kernels brightened at �rst peaks of
HXR and radio emission at 06:49 UT. New �are kernels
appeared at the middle part of the active region. The
�rst �are kernels near the large spot disappeared, large
post-�are loops appeared and chromospheric surge oc-
curred at this place (Fig. 2).

The position of the hard X-rays source at 06:57 UT

was obtained by Yohkoh HXT. The HXR contour im-
age was overlaid on the MDI magnetogram,H � , SOHO
195�A and SXT images (Fig. 3). Comparison between
the spatial distribution of the H � kernels and that of
the HXR source shows that HXR source was located
in the central part of active region above the magnetic
neutral line in the brightest kernel area. In most of the
area, the position of the source of hard X-rays coincides
with the place of the soft X-ray emission.

A new H � kernel appeared at the bottom of the ac-
tive region shortly before the �are maximum. Flare
kernels in the other part of the active region bright-
ened. Cold post-�are loops near large spot are visible
in 304 �A. The maximum brightness of all kernels was
at the main H � peak of the �are at 07:23 UT (Fig. 2).

A set of consecutive images of loops in the extreme
ultraviolet wavelength passband 195�Awas analyzed.
EUV loop structures show the observational evidence
of a new magnetic reconnection closer to the spot
during the main phase of the �are (Fig. 4). New �are
H � kernels appeared in the magnetic reconnection
area (Fig. 2).
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5. Conclusions

The evolution of the two-ribbon 3N/M6.4 �are on
19 July 2000 in the �are-productive solar active re-
gion NOAA 9087 analyzed on the base of the multi-
wavelength observations, combination of data from
space and ground-based observatories. All the data
show continuously evolving SXR, EUV and H � fea-
tures during the �are.

The active region was growing rapidly and showed
a complex multipolar magnetic �eld con�guration. It
was large and produced many eruptive events. The
3N/M6.4 �are was a prominent, long duration event in
the active region evolution. The �are energy release
took place in many sites of the active region.

HXR and type III radio bursts were observed at the
�are onset. The �rst H � �are kernels and the surge
were initiated near a large positive-polarity sunspot.
The main bright kernels of the �are occurred at the
centre of the active region near magnetic neutral line,
after that the �are ribbons appeared along it.

HXR coronal source was located above magnetic
neutral line of the active region in the brightest
H � kernels area. EUV loop structures show the
observational evidence of the magnetic reconnections
during the �are main phase.

Acknowledgements.We are grateful to the observer
teams of Meudon, Yohkoh and Learmonth Observato-
ries, GOES, BBSO and SOHO who have provided free
access to their results.
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Figure 4: EUV (195 �A) images at di�erent moments of the �are evolution show magnetic reconnections in
corona at main �are phase.
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APPROXIMATION OF THE INTEGRAL ENERGY SPECTRUM OF 
PROTONS OF SCR IN THE RANGE OF > 1-850 MEV 
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    ABSTRACT. This work is a continuation of the work 
(Isaeva E., 2018) in which a new approximation of the in-
tegral energy spectrum of solar cosmic ray (SCR) protons 
was presented in the range > 1-100 MeV. In this work, the 
comments and wishes of colleagues working in this field 
were taken into account. First, the comments were taken 
into account on the form of the functional for approximat-
ing the energy spectrum of protons, which must correspond 
in form to the functionals predicted by particle acceleration 
theories. Secondly, the previously obtained functional 
should be checked for high-energy protons with energies 
>1000 MeV. 
    For the analysis, we used original records of the intensity 
of the flux of SCR protons according to the data from 
GOES. The studied sample contains 349 solar proton 
events (SPE) for the period from 03-02-1986 to 12-02-2018 
years, accompanied by protons with energies in the range > 
1-850 MeV. Of 349 SPE, 53 were accompanied by high-
energy protons with energies > 850 MeV. 
    In this paper, we present the results of approximation of 
the integral energy spectrum of SCR protons with energies 
> 1-850 MeV using a functional containing power and ex-
ponential functions. A comparative analysis showed that 
this functional gives a very good approximation for SCR 
protons with energies in the range > 1-850 MeV. 

Keywords: Proton events, energy spectrum of protons,  in-
tensity of the proton flux. 
 
�:�G�H�L�:�P�1�Y�����>�Z�g�Z �j�h�[�h�l�Z �} �i�j�h�^�h�\�`�_�g�g�y�f �j�h�[�h�l�b  
(Isaeva E., 2018) �\ �y�d�•�c �[�m�e�e�Z �i�j�_�^�k�l�Z�\�e�_�g�Z �g�h�\�Z �Z�i�j�h�d��
�k�b�f�Z�p�•�y �•�g�l�_�]�j�Z�e�v�g�h�]�h �_�g�_�j�]�_�l�b�q�g�h�]�h �k�i�_�d�l�j�Z �i�j�h�l�h�g�•�\ 
�k�h�g�y�q�g�b�o �d�h�k�f�•�q�g�b�o �i�j�h�f�_�g�•�\ (�K�D�I) �\ �^�•�Z�i�Z�a�h�g�• > 1-
100 �F�_�<. �M�^�Z�g�•�c �j�h�[�h�l�• �[�m�e�b �\�j�Z�o�h�\�Z�g�• �a�Z�m�\�Z�`�_�g�g�y �l�Z 
�i�h�[�Z�`�Z�g�g�y �d�h�e�_�], �y�d�• �i�j�Z�p�x�x�l�v �\ �p�•�c �]�Z�e�m�a�•. �I�h-�i�_�j�r�_, 
�[�m�e�b �\�j�Z�o�h�\�Z�g�• �a�Z�m�\�Z�`�_�g�g�y �s�h �^�h���n�h�j�f�b���n�m�g�d�p�•�h�g�Z�e�m����
�^�e�y�� �Z�i�i�j�h�d�k�•�f�Z�p�•�•�� �_�g�_�j�]�_�l�b�q�g�h�]�h�� �k�i�_�d�l�j�Z�� �i�j�h�l�h�g�•�\����
�y�d�b�c�� �a�Z�� �n�h�j�f�h�x �i�h�\�b�g�_�g�� �\�•�^�i�h�\�•�^�Z�l�b�� �n�m�g�d�p�•�h�g�Z�e�Z�f����
�y�d�•�� �i�j�h�j�h�d�m�x�l�v�� �l�_�h�j�•�€�� �� �i�j�b�k�d�h�j�_�g�g�y�� �q�Z�k�l�b�g�h�d���� �I�h-
�^�j�m�]�_���� �j�Z�g�•�r�_�� �� �h�l�j�b�f�Z�g�b�c�� �� �n�m�g�d�p�•�h�g�Z�e�� �� �l�j�_�[�Z�� �i�_��
�j�_�\�•�j�b�l�b�� �� �^�e�y�� �\�b�k�h�d�h�_�g�_�j�]�•�q�g�b�o�� �� �i�j�h�l�h�g�•�\�� �� �a�� �_�g�_�j�]�•�}�x��
�!�����������F�_�<�� 
    �>�e�y�� �Z�g�Z�e�•�a�m�� �� �[�m�e�b�� �\�b�d�h�j�b�k�l�Z�g�•�� �� �h�j�b�]�•�g�Z�e�v�g�•�� �� �a�Z�i�b�k�b��
�•�g�l�_�g�k�b�\�g�h�k�l�•�� �� �i�h�l�h�d�m�� �i�j�h�l�h�g�•�\�� �� �K�D�I  �a�Z�� �^�Z�g�b�f�b�� �a��
GOES���� �>�h�k�e�•�^�`�m�\�Z�g�Z�� �� �\�b�[�•�j�d�Z�� �f�•�k�l�b�l�v�� �������� �k�h�g�y�q�g�b�o����
�i�j�h�l�h�g�g�b�o�����i�h�^�•�c�����K�I�I�����a�Z���i�_�j�•�h�^���a������-02-�����������i�h������-
02-2018 �j�h�d�b, �s�h �k�m�i�j�h�\�h�^�`�m�\�Z�e�b�k�y �i�j�h�l�h�g�Z�f�b�� �a��

�_�g�_�j�]�•�}�x���\���^�•�Z�i�Z�a�h�g�•���!����-���������F�_�<�����A�����������K�I�I�����������k�m�i�j�h��
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1. Introducti on 
 

    Currently, it is believed that SCR can be accelerated either 
in the region of flare energy release in the current sheets 
(Melnikov V. et al., 1986; 1991; Nidson A. et al., 2008; 
Chertok I. et al., 2009) or at the fronts shock waves that can be 
generated by both flares and coronal mass ejections (CMEs) 
(Reams D., 1999; Cliver E. et al., 2004). However, the paper 
(Tsap Yu. And Isaeva E., 2012) provides strong arguments in 
favor of the model of a two-stage acceleration mechanism pro-
posed half a century ago (Wild J. et al., 1963). 
    It is known that the shape of the energy spectrum of SCR 
protons is directly related to particle acceleration mecha-
nisms. In this regard, attempts are made to empirically rep-
resent the SCR spectrum based on observational data or on 
general physical considerations. In fact, obtaining the true 
spectrum of accelerated particles in the source is a very dif-
ficult task (Miroshnichenko L., 2014; 2018). Shock waves in 
the corona, and then the effects of the transfer of accelerated 
particles in an interplanetary magnetic field (IMF), associ-
ated with the dispersion of particles in velocity, strongly 
modify the observed spectrum. As a result, the spectrums of 
SPEs  in the �(�D�U�W�K�¶�V���R�U�E�L�W are distinguished by a wide variety 
of shapes and intensities. Only the spectrum of particles 
with an energy of Ep �•�� �������� �0�H�9�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� �F�R�U�U�H��
sponds to the spectrum of the source. 
    Figure 1 shows examples of typical integral energy spec-
trums of SCR protons with energies in the range Ep > 1-850 
MeV for six SPEs. 
    Figure 1 clearly shows the significant differences be-
tween the events, both in the form of their spectrum and in 
intensity. The spectrum have a clearly pronounced variable 
slope, and with increasing energy, the spectrum becomes 
steeper. An explanation for this behavior has not yet been 
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found. It can only be stated that the spectrum can be de-
scribed above the kink energy by a power-law function with 
exponential cutoff (Akin`ian et al., 1983; Ellison et al., 
1985). According to (Band et al., 1993; Mewaldt et al., 
2005; 2006; 2012), such spectrums are better described by 
a double power function. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 2. Initial data and methods for processing events  

    For the analysis, we used the original records of the inten-
sity of the proton flux Ip with the energy Ep in the range Ep>1-
850 MeV from data from  apparatuses of the GOES series 
(https://satdat.ngdc.noaa.gov/sem/goes /data/new_avg/), and 
also a list of solar proton events (SPE). The sample studied 
contains 349 proton events for the period from 03-02-1986 
to 12-02-2018 years. This sample is complete, since it con-
tains almost all events registered for the specified period, in-
cluding very weak events and superimposed events, which 
were separated and identified by the author independently. In 
this connection, errors associated with the separation and 
identification of proton events are possible. In this sample of 
349 SPE 168 events were identified by the author, and the 
remaining events are present in the SPE directory 
(ftp://ftp.swpc.noaa. gov/pub/indices/SPE.txt). For all these 
events, an attempt was made to find a single empirical de-
pendence of the proton flux intensity Ip on the proton energy 
Ep>1-850 MeV. To this end, original records of the intensity 
of the proton flux Ip with the energy Ep in the range Ep>1-
850 MeV for all 349 proton events were processed. As a pa-
rameter characterizing the proton flux, the maximum inten-
sity of the proton flux Ip of a given energy was chosen during 
the proton event. The value of the Ip parameter was calcu-
lated from the preflare level. In the case of superposition of 
proton events, the value of Ip was calculated from the level 
of the previous proton event. Emissions associated with in-
terference and with the imposition of shock waves were also 
eliminated.  

 
    3. Approximation of the integral energy spectrum of 
SCR protons in the range Ep> 1-850 MeV 
 
    In figure 1a) shows the characteristic types of energy 
spectrum for the SPEs accompanied by high-energy pro-
tons with an energy of Ep> 850 MeV. There are 53 such 
events in the studied sample. In figure 1a) the energy spec-
trum of protons are shown, the shape of which gradually 
changes from an almost rectilinear spectrum to a spectrum 
with a kink. 
    In this work, the approximation of the energy spectrum 
of SCR protons in the range Ep > 1-850 MeV was per-
formed using functional (1), which contains power and ex-
ponential functions, 

 

���+�ã���� 
L �s�r�× �®�' �ã
�?�Ô�®�A�:�?�Õ�I �f ���>�Ö�¾�Û

�-���. �;����       (1) 
         

where a, b, c and d are the linear regression coefficients that 
were found using the least squares method. In figure 1a) the 
black circles indicate the observed values of the proton flux 
intensity, and the thin solid black line shows the values cal-
culated using the functional (1). 
    It can be seen that the approximation of the spectrum us-
ing the functional (1) gives a very good approximation. 
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                       a)                                   b)  
Figure 1:  a) Integral energy spectrum of SCR pro-
tons.   b) The contribution of each parameter in func-
tional (1) in the formation of the integral energy spec-
trum of protons. 
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    In figure 1 b) the contribution of each parameter (2-5) in 
the functional (1) to the formation of the spectrum is shown. 
The X axis represents the decimal logarithms of the proton 
energy Ep, and the Y axis shows the logarithms of the pro-
ton flux intensity Ip. In figure 1 b) the gray horizontal line 
indicates the initial values of the proton flux intensity I0 (2), 
as well as the numerical values of the decimal logarithm I0. 
The red color indicates the contribution of the power func-
tion (3) to the formation of the spectrum, and the blue (4) 
and green (5) colors indicate the contribution from the ex-
ponential functions. 
    In  Figure 2 shows the scattering diagrams between the 
observed and calculated values of the proton flux intensity 
SCR Ip in the range Ep > 1-850 MeV. Of the 349 proton 
events, 249 were accompanied by protons with energies 
Ep> 100 MeV and 53 events were accompanied by protons 
with Ep > 850 MeV. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 

    4.  Conclusion 
 
    A new approximation of the observed energy spectrum 
of SCR protons in the range Ep > 1-850 MeV gives a fairly 
good approximation. Therefore, a comparison of the ob-
served proton spectrum with the spectrum predicted by 
SCR acceleration models can be more accurately estimated 
by the conditions in the acceleration source, as well as the 
contribution of transport effects in the interplanetary mag-
netic field, and the additional particle acceleration by coro-
nal and interplanetary shock waves. 
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Figure  2:  Diagrams of scattering between observed 
and calculated values of the proton flux intensity SCR.   
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    ABSTRACT. In this work, the relative distance be-
tween the harmonics of type II radio bursts and its rela-
tionship with the intensity of the proton flux with an ener-
gy > 30 MeV are studied. 
    The studied sample contains 112 solar proton events (SPE) 
for the period from 24-11-2000 to 20-12-2014 years, accom-
panied by type II radio bursts in the range of 25-180 MHz. 
    For analysis, we used the original recordings of the dy-
namic spectrum in the range of 25-180 MHz from the So-
lar Radio spectrograph (SRS), as well as the original re-
cordings of the proton flux intensity with an energy > 1-
100 MeV according to GOES data. 
    A comparative analysis showed that for the vast majori-
ty of solar proton events, the relative distance between the 
harmonics of a type II burst varies over time over a wide 
range. Moreover, each event is characterized by a gradual 
decrease in the relative distance to the minimum value 
with subsequent increase. 
    In this work, we also studied the relationship between 
the proton flux intensity of solar cosmic rays (SCR) and 
the relative distance between the harmonics of type II ra-
dio bursts at a given time. A comparative analysis showed 
that there is a fairly strong relationship between the proton 
flux intensity with an energy > 30 MeV and the frequency 
f1 at the fundamental harmonic, at which the minimum 
value of the relative distance between the harmonics of the 
type II burst is observed. It was shown that the lower the 
frequency f1 at the fundamental harmonic, the higher the 
intensity of the proton flux. 
Keywords:  Solar proton events, proton flux intensity, 
type II radio bursts, relative distance between harmonics. 
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    1. Introduction  
  

    To date, many indications have been received that type 
II radio bursts are generated at shock wave fronts 
(Zheleznyakov, 1970; Wild and Smerd, 1972; Nelson and 
Melrose, 1985). In this case, quite often, on the dynamic 
spectrum, one can observe splitting of the burst band into 
two parallel strips, which behave similarly in both intensi-
ty and drift velocity (Wild and Smerd, 1972; Nelson and 
Melrose, 1985; Mann, 1995, 1996 ; Zimovets et al., 2012; 
Vasanth et al., 2014). Some authors believe that the strips 
can merge (Mann, 1995, 1996), thereby believing it quite 
appropriate to characterize the distance between them at a 
given time ti by the relative band width �¨�I���Ii,1 = (f i,2 �±fi,1)/ 
fi,1, where fi,1 is the radiation frequency. 
    The observed band splitting is usually associated with 
the plasma mechanism of radio emission. If the ratio of 
the characteristic frequencies of the bands fi,2/fi,1 
approximately equal to 2, then they speak of two harmon-
ics (first and second) radiation generated by a source lo-
cated either in front of or behind the front of the shock 
wave. If the value fi,2/fi,1 differs significantly from the inte-
ger value and is noticeably less than 2, then this splitting 
is also associated with the plasma mechanism of radio 
emission. However, in this case, the generation occurs at 
one harmonic in front and behind the shock front (Smerd 
et al., 1974, 1975; Vrsnak et al., 2001, 2002; Zimovets, 
2012; Vasanth et al., 2014), where the plasma density and 
the generated frequency of electromagnetic waves have 
significantly different meanings. 
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2. Initial data and research results 
    
    The studied sample contains 112 solar proton events (SPE) 
for the period from 24-11-2000 to 20-12-2014 years, accom-
panied by bursts II in the range 25-180 MHz. For the analy-
sis, we used original records of the proton flux with an ener-
gy of Ep > 1-100 MeV according to the data from GOES 
(https://satdat.ngdc.noaa.gov/sem/goes/data/new_avg/),  orig-
inal recordings of the dynamic spectrum in the range of 25-
180 MHz with Solar Radio Spectrograph (SRS) 
(http://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-
features/solar-radio/rstn-spectral/), as well as a list of proton 
events (ftp://ftp.swpc.noaa. gov/pub/indices/ SPE.txt). 
    In figure 1a) shows an example of the dynamic spec-
trum of a type II radio burst associated with a proton burst 
on 31-05-2003 year. As can be seen, two bands can be 
distinguished corresponding to the main and second har-
monics. In this work, we used a new regression model 
(Isaeva and Tsap, 2017) to approximate the type II burst 
harmonics (1), where fi,j is the frequency of the maximum 
of type II burst at a given harmonic at a given time ti, i - 
reference number, j - harmonic number, aj and dj - linear 
regression coefficients. 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

   (1) 
 

                                  (2) 

 
    This model makes it possible to fairly accurately esti-
mate the frequency drift velocity for 95% of type II bursts 
in the range 25-180 MHz, for which the correlation coef-
ficient r between the observed and calculated frequency 
values r �• 0.98. For all events, the zero time moment t0 

 
a) 

 
b) 

Figure 1:  a) Dynamic spectrum of a type II burst as-
sociated with a proton event on  31-05- 2003 year. 
b) Change of the splitting bi over time ti. 
 

 
           a)                                                   

 
                                               b) 

 
         c) 

Figure 2:  a) Dependence of the relative distance bi 
on the frequency value fi,1 at the 1st harmonic. 
b) The relationship between the proton flux inten-
sity Ip and the relative distance bi,min. 
c) The relationship between the proton flux inten-
sity Ip and the frequency fi,1, min, at which the mini-
mum value of the relative distance bi,min between 
the harmonics of the type II burst is observed. 
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corresponded to the beginning of a type II burst at the first 
harmonic at a frequency of 180 MHz. 
    In Figure 1a) an approximation of the harmonics of a 
type II burst is shown by thin white lines along the har-
monics. The vertical arrow indicates the distance between 
harmonics in frequency �¨�I��� ���Ii,2 �± fi,1 at a given time ti. For 
112 type II bursts, the harmonic splitting width was stud-
ied, which was characterized by the relative distance bi 
between harmonics (2), where fi,1 and fi,2 are frequency 
values at 1 and 2 harmonics at a given time ti. 
    In Figure 1 b) shows a typical example of a change in the 
relative distance bi  over time ti for a type II radio burst of 
31-05-2003. A comparative analysis showed that over time, 
the width of the cleavage can vary over a wide range. It is 
shown that each event is characterized by a gradual de-
crease in the splitting width to the minimum value of bi,min 

with a subsequent increase. Moreover, for different events, 
the minimum value of the splitting bi,min is observed in dif-
ferent frequency ranges. In Figure 2 a) the dependence of 
the relative distance bi on the frequency fi,1  at the 1-st har-
monic is shown. In figure 2 a) it can be seen that for the 
event of  31-05-2003 year, the minimum splitting bi,min  
corresponds to a certain frequency fi,1,min at 1 harmonic. 
    Earlier in (Tsap Yu., Isaeva E., 2013), it was shown that 
there is a fairly strong relationship between the relative 
distance bi averaged over the entire time interval of a type 
II burst and the proton flux intensity Ip. Moreover, the 
relationship between bi and Ip is much higher for protons 
with energies > 30�±100 MeV, where the correlation coef-
ficient r �E�H�W�Z�H�H�Q���W�K�H���V�W�X�G�L�H�G���T�X�D�Q�W�L�W�L�H�V���L�V���§�����������±0.70. 
    In the present work, we also investigated the relation-
ship between the relative distance bi and the intensity of 
the proton flux Ip with an energy Ep > 30 MeV. 
    A comparative analysis showed that there is a fairly 
strong relationship between the proton flux intensity Ip and 
the minimum relative distance between the harmonics of 
the type II radio burst bi,min (see Figure 2b), where the corre-
lation coefficient r between Ip and bi,min is approximately 
0.63, which is in full agreement with the previously ob-
tained results in the work (Tsap Yu., Isaeva E., 2013). 
    Also in this work, we studied the relationship between 
the proton flux intensity Ip and the frequency fi,1,min at 
which the minimum splitting bi,min is observed. 
    A comparative analysis showed that the relationship 
between Ip and fi,1,min is much higher than between Ip and 
bi,min, where the correlation coefficient r between the stud-
�L�H�G���T�X�D�Q�W�L�W�L�H�V���L�V���§�������������D�Q�G�����§���������������U�H�V�S�H�F�W�L�Y�H�O�\�����V�H�H���)�Lg-
ure 2 b and 2 c). 
    It was shown that the lower the frequency fi,1,min at the 
fundamental harmonic, the higher the proton flux intensity 
Ip (see Figure 2 c), where the correlation coefficient r be-
�W�Z�H�H�Q���W�K�H���V�W�X�G�L�H�G���T�X�D�Q�W�L�W�L�H�V���L�V���§������������    
 

 
 
 
 

     
 
 
 
 

3. Conclusion 
 
    As follows from the obtained results, the often observed 
evolution of the splitting of bands of type II radio bursts can 
be associated with a change in the density jump in front and 
behind the shock front, which is determined by the charac-
teristics of both the shock wave and the environment. 
    The inhomogeneity of the source can also make a cer-
tain contribution, which leads to a stronger absorption of 
electromagnetic waves in the low-frequency or high-
frequency emission band at the first harmonic. 
    A sufficiently strong relationship between the intensity 
of the SCR proton flux and the frequency f1 at the first 
harmonic, at which the minimum value of the relative 
distance is observed, may be an additional parameter for 
diagnosing the flux of SCR protons. 
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ABSTRACT. We present in a concise statement the new 
results based on spectral-polarization measurements of 
magnetic fields in an extremely powerful proton solar 
flare on October 28, 2003 of X17.2 / 4B class. The 
observation material was obtained with Echelle 
spectrograph of HST AO KNU, which makes it possible 
to analyze the spectral manifestations of the Zeeman 
effect in very many lines of the visible region of the 
spectrum, including the photospheric and chromospheric 
lines. The I �“��V and V profiles of about ten FeI and FeII 
lines, as well as the H�.����H������H�������D�Q�G��H�/���O�L�Q�H�V���Z�H�U�H���V�W�X�G�L�H�G��
in a area of the seismic source of the flare, which was 
localized in the sunspot penumbra of S magnetic polarity. 
In this flare, we found an unprecedented Balmer 
�G�H�F�U�H�P�H�Q�W�� �R�I�� �L�Q�W�H�Q�V�L�W�L�H�V�� �R�I�� �+�.�� �D�Q�G�� �+���� �O�L�Q�H�V�� �Z�K�L�F�K��
corresponds to ratio I (H������ ����I (H�.���� � �� ������������ �,�Q�� �W�K�H�� �)�H�,��
5434.5 line with very low Lande factor (geff = �±0.014), a 
reliable splitting of emission peaks was found, which 
could indicate superstrong magnetic fields (about 50 kG) 
of N polarity. Indications for magnetic fields with 
�L�Q�W�H�Q�V�L�W�\�� �§�� ������ �N�*�� �R�I��S polarity were found too. These 
indications are based on the study of the Stokes V profile 
of FeII 5234.6 line. In this line, there were two positive 
and two negative peaks of profile V, indicating a two-
component structure of the magnetic field. According to 
the simulation data, the small-scale component with the 
above-mentioned superstrong magnetic field had a filling 
factor about 0.1 and had narrow (about twice) the half-
widths of the line profiles. The close contact of 
subtelescopic magnetic fields of different magnetic 
polarity, but of lower int�H�Q�V�L�W�\�� ���%�� �§�� ���� �N�*���� �Z�D�V�� �D�O�V�R��
indicated by the comparison of the half-widths of the FeI 
5247.1 and 5250.2 lines. In general, it can be concluded 
that the necessary conditions for the reconnection of 
magnetic lines were fulfilled even at the photospheric 
level, rather than in the corona or chromosphere, as 
suggested by theoretical models of solar flares.  

Keywords: Sun, solar activity, solar flares, magnetic 
fields, spectral lines, the Zeeman effect, superstrong 
m�Zgnetic fields, mixed-polarity magnetic fields, 
sunquakes. 

 

�:�G�H�L�:�P�1�Y�����F�b���i�j�_�^�k�l�Z�\�e�y�}�f�h���m���k�l�b�k�e�h�f�m���\�b�d�e�Z�^�•��
�g�h�\�•�� �j�_�a�m�e�v�l�Z�l�b�����y�d�•�� �[�Z�a�m�x�l�v�k�y�� �g�Z�� �k�i�_�d�l�j�Z�e�v�g�h-
�i�h�e�y�j�b�a�Z�p�•�c�g�b�o�� �\�b�f�•�j�x�\�Z�g�g�y�o �f�Z�]�g�•�l�g�b�o�� �i�h�e�•�\�� �m��
�\�b�g�y�l�d�h�\�h���i�h�l�m�`�g�h�f�m�� �i�j�h�l�h�g�g�h�f�m�� �k�h�g�y�q�g�h�f�m�� �k�i�Z�e�Z�o�m��
������ �`�h�\�l�g�y�� ���������� �j���� �[�Z�e�m��X17.2/4B. C�i�h�k�l�_�j�_�`�g�b�c��
�f�Z�l�_�j�•�Z�e���[�m�\�� �h�l�j�b�f�Z�g�b�c�� �g�Z�� �_�r�_�e�v�g�h�f�m�� �k�i�_�d�l�j�h�]�j�Z�n�•��
�=�K�L�� �:�H�� �D�G�M�����a�Z�\�^�y�d�b�� �q�h�f�m���}�� �f�h�`�e�b�\�•�k�l�v�� �Z�g�Z�e�•�a�m�\�Z�l�b��
�k�i�_�d�l�j�Z�e�v�g�•�� �i�j�h�y�\�b�� �_�n�_�d�l�m�� �A�_�}�f�Z�g�Z�� �m���^�m�`�_���[�Z�]�Z�l�v�h�o��
�e�•�g�•�y�o�� �\�b�^�b�f�h�€�� �h�[�e�Z�k�l�•�� �k�i�_�d�l�j�m���� �\�� �l�h�f�m�� �q�b�k�e�•���m��
�n�h�l�h�k�n�_�j�g�b�o�� �• �o�j�h�f�h�k�n�_�j�g�b�o �e�•�g�•�y�o. �;�m�e�h�� �\�b�\�q�_�g�h��
�i�j�h�n�•�e�•��I �“��V �• V  �[�e�b�a�v�d�h���^�_�k�y�l�b���e�•�g�•�c��FeI i FeII�����Z���l�Z�d�h�`��
�e�•�g�•�c��H�., H��, H�� i H�/ �\�� �h�[�e�Z�k�l�•�� �k�_�c�k�f�•�q�g�h�]�h�� �^�`�_�j�_�e�Z��
�k�i�Z�e�Z�o�m���� �y�d�_�� �e�h�d�Z�e�•�a�m�\�Z�e�h�k�v�� �\�� �h�[�e�Z�k�l�•�� �i�•�\�l�•�g�•�� �k�h�g�y�q�g�h�€��
�i�e�y�f�b��S �i�h�e�y�j�g�h�k�l�•�����M�� �p�v�h�f�m�� �k�i�Z�e�Z�o�m�� �f�b�� �\�b�y�\�b�e�b��
�[�_�a�i�j�_�p�_�^�_�g�l�g�b�c���[�Z�e�v�f�_�j�•�\�k�v�d�b�c���^�_�d�j�_�f�_�g�l�����i�j�b���y�d�h�f�m��
�^�e�y�� �•�g�l�_�g�k�b�\�g�h�k�l�_�c�� �\�� �e�•�g�•�y�o��H�. �• H�� �k�i�h�k�l�_�j�•�]�Z�e�h�k�v��
�\�•�^�g�h�r�_�g�g�y��I (H��) / I(H�.) = 1.68���� �M�� �e�•�g�•�€��FeI 5434.5 �a��
�^�m�`�_�� �g�b�a�v�d�b�f�� �n�Z�d�l�h�j�h�f�� �E�Z�g�^�_ (geff = �±0.014) �\�b�y�\�e�_�g�h��
�^�h�k�l�h�\�•�j�g�_�� �j�h�a�s�_�i�e�_�g�g�y�� �_�f�•�k�•�c�g�b�o�� �i�•�d�•�\���� �y�d�_�� �f�h�`�_��
�\�d�Z�a�m�\�Z�l�b�� �g�Z�� �f�Z�]�g�•�l�g�•�� �i�h�e�y���a 50 �d�=�k���� �s�h�� �f�Z�e�b��N 
�i�h�e�y�j�g�•�k�l�v. �;�m�e�b���l�Z�d�h�`���\�b�y�\�e�_�g�• �\�d�Z�a�•�\�d�b�� �g�Z�� �f�Z�]�g�•�l�g�•��
�i�h�e�y�� �a�� �g�Z�i�j�m�`�_�g�•�k�l�x�� �§�� ������ �d�=�k���� �s�h�� �f�Z�e�b�� S �i�h�e�y�j�g�•�k�l�v����
�P�•���\�d�Z�a�•�\�d�b���‰�j�m�g�l�m�x�l�v�k�y���g�Z���\�b�\�q�_�g�•���K�l�h�d�k�h�\�h�]�h���i�j�h�n�•�e�y��
V �e�•�g�•�€��FeII 5234.6. �M�� �p�•�c�� �e�•�g�•�€�� �k�i�h�k�l�_�j�•�]�Z�e�b�k�v �^�\�Z��
�i�h�a�b�l�b�\�g�b�o���•���^�\�Z���g�_�]�Z�l�b�\�g�b�o���i�•�d�b���i�j�h�n�•�e�y��V�����s�h���\�d�Z�a�m�}��
�g�Z �^�\�h�o�d�h�f�i�h�g�_�g�l�g�m���k�l�j�m�d�l�m�j�m���f�Z�]�g�•�l�g�h�]�h���i�h�e�y�����A�]�•�^�g�h��
�a�� �^�Z�g�b�f�b�� �f�h�^�_�e�x�\�Z�g�g�y���� �f�Z�e�h�f�Z�k�r�l�Z�[�g�Z  �d�h�f�i�h�g�_�g�l�Z�� �a��
�\�d�Z�a�Z�g�b�f�� �\�b�s�_�� �g�Z�^�k�b�e�v�g�b�f�� �f�Z�]�g�•�l�g�b�f�� �i�h�e�_�f�� �f�Z�}��
�n�Z�d�l�h�j�� �a�Z�i�h�\�g�_�g�g�y�� �������� �•�� �a�\�m�`�_�g�•�� �m�� ���� �j�Z�a�b�� �i�j�h�n�•�e�•��
�k�i�_�d�l�j�Z�e�v�g�b�o�� �e�•�g�•�c�����G�Z �l�•�k�g�b�c�� �d�h�g�l�Z�d�l��
�k�m�[�l�_�e�_�k�d�h�i�•�q�g�b�o�� �f�Z�]�g�•�l�g�b�o�� �i�h�e�•�\�� �j�•�a�g�h�€�� �f�Z�]�g�•�l�g�h�€��
�i�h�e�y�j�g�h�k�l�•�����Z�e�_���f�_�g�r�h�€���g�Z�i�j�m�`�_�g�h�k�l�•�����< �a �����d�=�k�����\�d�Z�a�m�} 
�l�Z�d�h�`�� �i�h�j�•�\�g�y�g�g�y�� �i�•�\�r�b�j�b�g�� �e�•�g�•�c��FeI 5247.1 �• 5250.2 �m��
�k�l�h�d�k�h�\�h�f�m�� �i�Z�j�Z�f�_�l�j�•���1���� �<�� �p�•�e�h�f�m���� �f�h�`�g�Z�� �a�j�h�[�b�l�b��
�\�b�k�g�h�\�h�d���� �s�h�� �\�� �h�[�e�Z�k�l�•�� �k�_�c�k�f�•�q�g�h�]�h�� �^�`�_�j�_�e�Z�� �k�i�Z�e�Z�o�m��
�\�b�d�h�g�m�\�Z�e�b�k�v�� �g�_�h�[�o�•�^�g�•�� �m�f�h�\�b�� �^�e�y�� �f�Z�]�g�•�l�g�h�]�h��
�i�_�j�_�k�i�h�e�m�q�_�g�g�y���k�b�e�h�\�b�o���e�•�g�•�c�� �g�Z�\�•�l�v�� �g�Z���n�h�l�h�k�n�_�j�g�h�f�m��
�j�•�\�g�•�����Z���g�_���\���d�h�j�h�g�•���Z�[�h���o�j�h�f�h�k�n�_�j�•�����y�d���p�_���i�j�b�i�m�k�d�Z�}�l�v�k�y��
�m���l�_�h�j�_�l�b�q�g�b�o���f�h�^�_�e�y�o���k�h�g�y�q�g�b�o���k�i�Z�e�Z�o�•�\�� 
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�k�i�Z�e�Z�o�b���� �f�Z�]�g�•�l�g�•�� �i�h�e�y���� �k�i�_�d�l�j�Z�e�v�g�•�� �e�•�g�•�€���� �_�n�_�d�l��
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1. Introduction 
 

     Helioseismic waves (sunquakes) are the least studied 
phenomenon that accompanies the energy release of solar 
flares. They are observed in the form of perturbations on 
the photospheric Dopplerograms of the Sun, which extend 
concentrically from some source of perturbation. Such 
�Z�D�Y�H�V���� �Z�H�U�H���R�E�V�H�U�Y�H�G���L�Q���§�����������R�I���V�R�O�D�U���I�O�D�U�H�V�����D�Q�G���V�R�P�H��
such flares had several such sources (Kosovichev, 2015). 
     Physically, these are acoustic waves that move not on 
the surface but in the bowels of the Sun (hence the name �± 
seismic). They reflected because of the temperature 
gradient and reach the surface at higher speeds. The 
velocity of seismic waves, visible on the surface, increases 
with the distance from the energy source. 
    Some their parameters are: typical lifetime is 1-3 min, 
impulse �a 1024 g cm / s, source localization is photos 
phere, (h �§ 30-100 km). Possible energy sources of 
sunquakes are electron or/and proton beams or electro-
magnetic forces. 

To elucidate the nature of the sunquakes, detailed 
observational data on the deep layers of the solar 
photosphere are needed, including, first of all, magnetic 
fields as one of the probable sources of energy of 
sunquakes. It is such data that can be obtained from the 
Echelle Zeeman spectrograms of solar flares. In this 
paper, we present preliminary results of an analysis of 
such spectrograms related to the location of a seismic 
source in a very powerful proton solar flare. 

 
 
2. Observations 
 
The extremely powerful proton solar flare on October 

28, 2003 of X17.2 / 4B class was observed with Echelle 
spectrograph of the horizontal solar telescope of the 
Astronomical Observatory of Taras Shevchenko National 
University of Kyiv (HST AO KNU). This instrument, the 
observational conditions and some other characteristics of 
the flare were described in detail by Lozitsky et al. (2018). 
Here we briefly recall that the main advantage of the 
instrument is that a very wide range of spectrum, from 
4000 to 6600 �c, can be observed simultaneously. Also 
simultaneously the spectra in orthogonal circular 
polarizations, i.e. combinations of Stokes parameters I + V 
and I �í V, are recorded. 

According to CORONAS, GOES, INTEGRAL, 
RHESSI, SOHO and TRACE data, the impulsive phase of 
the flare was from 11:06 to 11:16 UT and had a line-
broadening temperature of a few hundred thousand 
degrees (Schrijver et al, 2006). From the data of High 
Energy Neutron Detector (HEND) onboard of the Mars 
Odyssey Mission it follows that the total energy of non-
�W�K�H�U�P�D�O���H�O�H�F�W�U�R�Q�V���L�Q���W�K�H���I�O�D�V�K���S�K�D�V�H���Z�D�V���I�U�R�P�������î������32 to 6 
�î������33 erg (Nizamov et al, 2018). It is useful to recall that 
this flare was studied earlier by many authors, e.g. Kiener 
et al (2006), Mandrini et al (2006), Kosovichev (2006) 
and Zharkova & Zharkov (2007), Lozitsky (2009), etc. 

Between 9:33 UT and 11:22 UT, eighteen Zeeman 
spectrograms of this flare were obtained. The spectrogram 
for 11:06:30 UT corresponds to the peak phase of the 
flare, while the spectrogram for 11:14:10 UT corresponds 

to the post-peak phase. Below, we briefly analyze the 
observational data for both above-named moments. It 
should be noted that at the time of maximum (11:06:30 
UT), the entrance slit of the Echelle spectrograph was in 
�W�K�H�� �L�P�P�H�G�L�D�W�H�� �Y�L�F�L�Q�L�W�\�� ���§�� �������� �G�H�J�U�H�H�V���� �I�U�R�P�� �W�K�H�� �V�H�L�V�P�L�F��
source, which was located in the region of the sunspot 
penumbra of S polar polarity and had coordinates L = 
���������������D�Q�G���3��� ���í���������������.�R�V�R�Yichev (2006) and Zharkova 
and Zharkov (2007). At 11:14:10 UT, the entrance slit of 
the spectrograph was projected exactly on the location of 
the seismic source. 

 
 
3. Profiles of lines and magnetic fields 
 
According to our observations, the flare under study 

had an unprecedented Balmer decrement of intensities in 
H�.���D�Q�G��H�����O�L�Q�H�V�����Q�D�P�H�O�\��I (H����������I (H�.����� ���������������/�R�]�L�W�V�N�\��
et al., 2018). Typically, this ratio is less than unity; only 
four solar flares were observed, when this ratio was 
greater than unity. At the maximum of the flare, the 
emission in the H�� line exceeded the level of the nearest 
spectral continuum by about 3.2 times. Strong flare 
emissions were observed also in D3, D1, D2, MgI 5183.6, 
���������������D�Q�G�����������������c���O�L�Q�H�V�� 

Such well known lines as FeI 5250.2, 6302.5, 5247.1 
and 6301.5 had in the flare pure Fraunhofer profiles, 
without emission peaks at their cores. More strong lines 
FeI 5233 and �������������� �c��had weak and splitted emission 
peaks. Strong emission peaks were observed in FeI lines 
of 15th multiplet (Fig. 1). 

From Fig. 1 it follows that all three lines have similar 
character of splitting of emissive peaks in line cores. 
However, it should be noted that for the lines Fe I 5269.5 
�D�Q�G���)�H�� �,�� ���������������� �W�K�H�� �/�D�Q�G�p�� �I�D�F�W�R�U�V�� �D�U�H�� �S�R�V�L�W�L�Y�H�� �D�Q�G���H�T�X�D�O��
to 1.208 and 1.426, respectively (Zemanek and Stefanov, 1976). 
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Figure 1: Observed I �“ V profiles of the three FeI  lines of 15th 
multiplet in solar flare of 2003 October 28 for time 11:14 UT 
(post-peak phase). Position of FeI 5397.1 line is original, 
whereas other lines are artificially displaced on +0.4 and �±
 0.2 along vertical direction for better comparison. 
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�/�L�Q�H�� �������������� �K�D�V�� �D�� �Y�H�U�\�� �V�P�D�O�O�� �D�Q�G�� �Q�H�J�D�W�L�Y�H�� �/�D�Q�G�p�� �I�D�F�W�R�U����
namely -0.014 ���/�D�Q�G�L���'�H�J�O�¶�,�Q�Q�R�F�H�Q�W�L��������������. If we take this 
into account, as well as the actual value of the spectral 
splitting of the emission peaks in Fig. 1, then we obtain by 
these lines such magnetic fields: -1.1, -1.3 and 
approximately +50 kG, respectively (the �³+�  ́ sign 
corresponds to the N magnetic polarity). Thus, if the 
splitting of the emission peaks in the core of the 5434.5 line 
reflects really the Zeeman effect, we have an indication that 
in the region of the seismic source the magnetic fields 
differed by more than an order of magnitude and had 
different magnetic polarity. Such features of the magnetic 
field are noted inside an area on the Sun having an area of 
about 3 square mega-meters (Mm), i.e. corresponding to the 
spatial resolution of our observations. 

 
 
4. New data to problem of superstrong fields 
 
The question of the reality of magnetic fields of a level 

of �a50 kG is doubtful in connection with the fact that such 
fields must have a huge magnetic pressure that is 4-9 orders 
of magnitude higher than the external plasma pressure 
outside the corresponding structures (Lozitsky, 2015). We 
can expect that the magnetic field topology in areas of such 
superstrong fields is extremely peculiar for suppressing 
such huge difference of pressures even in a short time. 

It would seem that to verify the reality of such giant 
magnetic fields, it is enough to find the corresponding 
manifestations of the Zeeman effect in lines with large 
�/�D�Q�G�p�� �I�D�F�W�R�U�V���� �+�R�Z�H�Y�H�U���� �W�K�H�� �I�R�O�O�R�Z�L�Q�J�� �P�H�W�K�R�G�R�O�R�J�L�F�D�O��
problems arise here. 

 (1) Very large Zeeman splittings must correspond to 
very high magnetic field strengths. For example, for a Fe I 
5250.0 line with a Lande factor geff = 3, the Zeeman 
splitting should be 1.9 �c if the magnetic field is close to 
50 kG. But this line has the closest intense spectral blends 
at distances of 0.4 �c and beyond. It is clear that the 
corresponding spectral features (i.e. Zeeman's �1 
components) will overlap in the spectrum on blend lines 
where they are difficult to detect.  

(2) There are very few lines of metal in the solar 
spectrum with simple triplet splitting, which sometimes 
have emission peaks in solar flares. Namely on such peaks 
we can measure the magnetic field directly in the region 
of significant energy release, that is, in the actual solar 
flare, not under the flare. In the flare studied, such clear 
emission peaks are observed in the lines of the 15th 
multiplet of FeI, to which line 5434.5 also belongs. In this 
multiplet No. 15, the total number of spectral lines is 12, 
but only Fe I 5434.5 line is the Zeeman triplet. Its 
�F�O�H�D�Y�D�J�H�� �S�D�W�W�H�U�Q�� �L�V�� �Y�H�U�\�� �V�L�P�S�O�H���� �R�Q�O�\�� �W�Z�R�� �V�L�Q�J�O�H�� �1��
components with a relative intensity of 0.5, if we consider 
the magnetic field to be purely longitudinal (i.e., when the 
�F�H�Q�W�U�D�O�� �Œ�� �F�R�P�S�R�Q�H�Q�W�� �L�V�� �D�E�V�H�Q�W������ �$�O�O�� �R�W�K�H�U�� �O�L�Q�H�V�� �V�S�O�L�W��
�D�Q�R�P�D�O�R�X�V�O�\���� �W�K�D�W�� �L�V���� �W�K�H�� �L�Q�W�H�Q�V�L�W�L�H�V�� �R�I�� �H�D�F�K�� �=�H�H�P�D�Q�
�V�� �1��
component are distributed over some numbers of sub 
components with intensities of less than 0.5, which are, in 
addition, substantially spaced over long distances. As a 
result, the contrast of the observed pattern of anomalous 
splitting is significantly reduced for very strong fields and 

 

 
 

Figure 2: Stokes V profile of Fe I 5371.5 line averaged by 
five positions in the flare which correspond to about 5 
Mm on the Sun. 

 
 
in the case of photographical observations (as in our case) 
it could be critically small compared to instrumental noise. 

(3) Therefore, the advantage of using lines with very 
small Lande factors is that they concentrate the spectral 
contributions from very strong magnetic fields in two 
narrow intervals of the spectrum placed symmetrically 
relative to the center of the spectral magnetosensitive line 
if the relative Doppler velocities are close to zero. 
Obviously, this is also true for lines with anomalous 
splitting, because then all sub-components of the Zeeman 
splitting are concentrated also in virtually the same place 
in the spectrum.  

(4) Spectral lines with very small Lande factors are 
advantageous for the diagnosis of superstrong magnetic fields 
also because they give contrasting spectral manifestations 
even with a large magnetic field dispersion in spatially 
unresolved structures. Indeed, it would be unrealistic to 
assume that in such structures the magnetic field is always 
the same everywhere, that is, the lateral magnetic field profile 
is rectangular. It is known, for example, that in sunspots this 
profile is not rectangular but rather smooth, of a Gaussian 
type. But in a case of insufficient spatial resolution, sections 
with significantly different magnetic strengths fall 
simultaneously  into the input aperture. Such different 
strengths correspond to different Zeeman splittings in the 
spectrum. As a result, the observed sigma components will 
be very blurred, with weak contrast. This factor, as well as 
the above factors (1) �± (3), make the diagnosis of superstrong 
fields by lines with large Lande factors very inefficient, with 
low chances of success.  

Considering the remark of an unknown reviewer of our 
paper for an another journal, we still tried to find signs of 
the Zeeman effect in line Fe I 5371.493 in the studied 
flare (Fig. 2). 

This line has empirically determined and relatively 
large Lande factor (geff = 0.993) which allows to determine 
the magnetic field more exactly. Due to anomalous 
Zeeman splitting, each sigma components of this line 
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consist by five sub-components which have following 
splittings in units of normal splitting: 0.738, 0.993, 1.248, 
1.503 and 1.758 (Zemanek and Stefanov, 1976). Intensity 
of this components �H�T�X�D�O�� �������������� �������������� �������������� ������������ �•��
0.014, respectively. In case of Zeeman triplet and 
longitudinal magnetic field, intensity of single sigma 
component should be 0.5. This means that the most 
intensive Zeeman sub-component (0.738/0.214) is weaker 
in comparison with single sigma component of a Zeeman 
triplet in 2.34 times, in accordance with ratio 0.5/0.214. 
Obviously, this circumstance makes worse the conditions 
of observations of the characteristic features in the spectra.   

A detailed examination of the observed profiles of I �“��
V and V of Fe I 5371.493   line shows that one cannot 
really conclude that the above features exist. Regarding 
the Stokes profile V (Fig. 2), we can see something similar 
at distances of about -�������� �P�c�� �D�Q�G�� �� �������� �P�c���� �E�X�W�� �Z�H��
cannot trace the presence of weaker sub-components. 
These data relate to the same place in the flare where a 
clear splitting of emission peaks was observed by FeI 
5434.5 line (Fig. 1). Possible reasons for the absence of 
characteristic spectral manifestations in Fe I 5371.493   
line are significant magnetic field dispersion, small filling 
factor and  thermodynamic effects in volumes with very 
strong magnetic fields.  

It can be expected that the influence of the anomalous 
splitting and magnetic field dispersion will be less for 
weaker fields. Based on this assumption, profiles of the 
FeII 5234.6 line were studied in detail. This line has the 
effective Lande factor 0.869, its Lande factor for the lower 
level is 0.980, and for the upper one is 1.069, i.e. this line 
is not a Zeeman triplet (Zemanek and Stefanov, 1985). 
However, this line has a strong emission in the flare, 
which completely fills its Fraunhofer profile and reaches a 
level of 1.3 in units of the continuum level.  

It was found for the flare maximum (11:06 UT) that 
the Stokes parameter V of this line has two positive and 
two negative peaks (Fig. 3). This can be interpreted as a 
manifestation of the two-component structure of the 
magnetic field, in which the weaker secondary peaks 
belong to the small-scale component with strong fields 
having a small filling factor. As the simulation showed, in 
this case, the magnetic field strength in the small-scale 
component should be about 12 kG, and the filling factor of 
this component is about 0.1. Magnetic polarities in both 
components is S, i.e opposite regarding above-named field 
of �a50 kG. The spectral width of flare emission in strong 
small-scale component is about 2 times smaller than in a 
component with a large filling factor. As to magnetic field 
of 12 kG in the flare, earlier Lozitsky (2015) obtained a 
similar result using observations in FeI 5233 line. 

  
5. Semi-empirical model 
 
For building of a semi-empirical model of photospheric 

�O�D�\�H�U�V�� �R�I�� �W�K�H�� �I�O�D�U�H���� �Z�H�� �X�V�H�G�� �R�E�V�H�U�Y�D�W�L�R�Q�V�� �R�I�� �µ�Q�R�Q-�V�S�O�L�W�¶��
Fe I 5123.7, 5434.5 and 5576.1 �c�� �O�L�Q�H�V�� �D�Q�G a computer 
program which is an independent implementation of the 
algorithms in the PANDORA code published by Avrett & 
Loeser (1969). This program was created by 
E.A. Baranovsky (with the help by E. Malanushenko) and it 
allows to determine the magnetic field and  thermodynamical 
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Figure 3: Observed Stokes V profile of FeII 5234.6 line in 
the flare. Filled circles present observations, solid line �± 
data of simulation in frame of two-component model. 

 
 
 

conditions on both photospheric and chromospheric levels 
using non-LTE approximation. In principle, any other 
program could be used for this purpose, in particular SIR, 
which allows make the optimal accordance of 
observations and theory in authomatic regime, on a base 
of special algorithm. However, it is necessary take into 
account that SIR has two essential simplifies. Firstly, 
filling factor in this program is assumed as unchanged 
with hight in atmosphere. Secondly, simulations for 
chromospheric layers carry out in LTE approximation. 
Our experience with programs PANDORA and SIR shown 
that for photospheric layers both programs give identical 
results (Andriets et al., 2012). 

The semi-empirical model was built by trial and error. 
A large number of theoretical line profiles were calculated 
for various distributions with the height of the magnetic 
field and thermodynamic parameters and such altitude 
distributions were selected as the most likely that gave the 
best agreement of the simulations and observations. 

In the semi-empirical model, the magnetic field has a 
remarkable feature, namely, a very narrow and high peak 
of the magnetic field in the range of �±3.3 �d log�W5 �d �±2.5 
(Fig. 4) where �W5 is the optical thickness in the continuum 
at a wavelength of �O = 5000 �c. The geometrical thickness 
of this layer corresponds to 40-50 km. Here, the magnetic 
field reaches 9 T = 90 kG, which is about 2 times more 
than according to direct measurements of splitting of 
emissive peaks in FeI 5434.5 line (see Fig. 1 above).  

For log�W5 �t �±2.5, magnetic field is close to zero, which 
reflects the fact that there is no observed splitting in lines 
Fe I 5123.7 and Fe I 5576.1, which are formed, in  
general, lower than the line Fe I 5434.5. As for the 
temperature in the flare, Tflare, it is increased essentially 
(by about 500-1500 K) for all values of log�W5 �d �± 0.5, 
although the maximum difference between Tflare and Tquiet 
is observed precisely in the range of the maximum 
magnetic field. 
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Figure 4: The distribution of the magnetic field B and the 
temperature T with an optical thickness of �W5 in the flare. 
For a better comparison of these data, the magnetic field is 
presented in tesla (T), and the temperature �± in kilo-
quelvines (kK). Tflare and Tquiet are temperatures in the flare 
and quiet atmosphere. 

 
 
6. Conclusion and short discussion 

 
We found indications for very strong mixed-polarity 

magnetic fields in an exceptionally powerful solar flare of 
2003 October 28 of X17.2 / 4B class. These indications 
relate to area of the seismic source S2 / S3 according to 
Kosovichev (2006) and Zharkova and Zharkov ( 2007) in 
active region NOAA 0486. In this place, Fe I 5434.5 line 
with very low and empirically determined Lande factor 
(geff = �±0.014) has reliable splitting of emissive peaks in I 
�“��V profiles which can reflect existence of superstrong 
magnetic field (�a104 G) of opposite (N) polarity.  
However, we found no evidence of such very strong fields 
in another line of the same multiplet of iron, FeI 5371.5, 
which has geff = 0.993. Perhaps, this discrepancy is caused 
by the anomalous picture of the Zeeman splitting in 
second line and magnetic field dispersion in the 
corresponding spatially unresolved structures. A semi-
empirical flare model built using the algorithm PANDORA 
code shows that the extremely strong magnetic fields 
could be localized in a fairly narrow altitude range (40-50 
km) of the upper photosphere. Data on other photospheric 
lines indicate a close proximity of strong magnetic fields 
of opposite magnetic polarities which could create the 
necessary conditions for intensive reconnection of lines of 
force with a powerful energy release in the area of the 
seismic source.  

The present study reveals a significant new feature of 
the phenomenon of superstrong magnetic fields in flares, 
namely, their possible concentration in a very narrow 
altitude range (Fig. 4). That is, the corresponding 
structures can hardly be imagined as very thin and long 
magnetic tubes or ropes that stretch from under the 
photosphere to the temperature minimum zone. Most 
likely, these are small-scale magnetic balls, whirlwinds, or 
at least thin magnetic sheets that rise during the flare at 
speeds of 1-2 km s�±1. The latter, apparently, indicates their 

origin, i.e. they occur somewhere deep below the 
photosphere, where the gas and / or dynamic pressure is 
large enough to concentrate such a strong magnetic field. 
A theoretical MHD model of a magnetic vortex, in which 
very strong magnetic fields are possible, was proposed by 
�6�R�O�R�Y�¶�H�Y���������������� 
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SOLAR PLASMA DYNAMICS DURING THE FORMATION
AND DEVELOPMENT OF ELLERMAN BOMBS PAIR

M. N. Pasechnik

Main Astronomical Observatory, National Academy of Sciences of Ukraine,
Kyiv, Ukraine, rita@mao.kiev.ua

ABSTRACT. The results of the speci�c features
study of solar plasma dynamics in di�erent layers of
the active region (AR) of NOAA 11024 under the in-
�uence arisen and evolving two Ellerman bombs (EB-1
and EB-2) are presented. Spectral data with high spa-
tial and temporal resolution were obtained with the
French-Italian THEMIS solar telescope. We used spec-
tra were obtained in the H � -line and in the lines form-
ing within a wide range of photospheric heights: FeI
� � 630.15, 630.25, and 630.35 nm and TiI� 630.38
nm. EBs evolved in the region magnetic �ux that were
emerging at the time. Changes in the velocity and di-
rection of chromospheric and photospheric matter mo-
tion in the region of Ellerman bombs and in their im-
mediate vicinity at di�erent stages of EBs evolution
were determined and analyzed.

Temporal variations in the line-of-sight velocities
(Vlos) of the chromospheric matter at a level of theH �

core formation showed two periods in the velocity en-
hancement, containing several individual peaks. The
maximum Vlos was �9 and 8 km/s toward and from
the observer, respectively. Rapid upward and down-
ward plasma streams (where Vlos reaches �80 and 50
km/s, respectively) were sometimes observed.

It was found that up�ows were predominant at all
levels of the AR photosphere. At the same time, Vlos
decreased considerably in the region of EBs. Appar-
ently, the small-scale downward �ows induced by mag-
netic reconnections were superimposed onto the large-
scale upward motion of the new magnetic �ux plasma.
The line-of-sight velocity in the central part of EB-1
and EB-2 varied from �1 to 0 km/s and from �1 to 0.2
km/s in the upper photospheric layer and from �1.6
to �0.2 km/s and from �1.1 to 0.25 km/s in the lower
layer of the photosphere, respectively.

The studied features of temporary changes in the
line-of-sight velocities of the chromospheric and photo-
spheric matter during the formation and development
of Ellerman bombs indicate that they a�ect both the
photosphere and the lower chromosphere.

Keywords : Ellerman bombs, chromosphere, photo-
sphere, line-of-sight velocities.

ÀÍÎÒÀÖIß. Ïðåäñòàâëåíî ðåçóëüòàòè äîñëi-
äæåííÿ îñîáëèâîñòåé äèíàìiêè ñîíÿ÷íî¨ ïëàçìè â
ðiçíèõ øàðàõ àêòèâíî¨ îáëàñòi NOAA 11024 ïiä
âïëèâîì äâîõ áîìá Åëëåðìàíà (BE-1 òà BE-2), ÿêi
âèíèêëè i ðîçâèâàëèñÿ. Ñïåêòðàëüíi äàíi ç âèñîêîþ
ïðîñòîðîâîþ òà ÷àñîâîþ ðîçäiëüíîþ çäàòíiñòþ
áóëî îòðèìàíî çà äîïîìîãîþ ôðàíêî-iòàëiéñüêîãî
ñîíÿ÷íîãî òåëåñêîïà THEMIS. Ìè âèêîðèñòàëè
ñïåêòðè, ÿêi áóëî îòðèìàíî â ëiíi¨ H � òà â ëiíiÿõ,
ùî ôîðìóþòüñÿ â øèðîêîìó äiàïàçîíi ôîòîñôåðíèõ
âèñîò: FeI � 630.15, 630.25 i 630.35 íì òà TiI �
630.38 íì. Áîìáè Åëëåðìàíà ðîçâèâàëèñÿ â îáëàñòi
ìàãíiòíîãî ïîòîêó, ùî âèõîäèâ â òîé ÷àñ. Âèçíà÷åíî
òà ïðîàíàëiçîâàíî çìiíè øâèäêîñòi òà íàïðÿìêó
ðóõó õðîìîñôåðíî¨ òà ôîòîñôåðíî¨ ðå÷îâèíè â
îáëàñòi áîìá Åëëåðìàíà òà ¨õ íàéáëèæ÷èõ îêîëèöü
íà ðiçíèõ ñòàäiÿõ ðîçâèòêó ÂÅ.

×àñîâi çìiíè ïðîìåíåâî¨ øâèäêîñòi (Vlos)
õðîìîñôåðíî¨ ðå÷îâèíè íà ðiâíi ôîðìóâàííÿ
ÿäðà ëiíi¨ H � ìàëè äâà ïåðiîäè çáiëüøåííÿ
øâèäêîñòi, ÿêi ñêëàäàëèñÿ ç äåêiëüêîõ îêðåìèõ
ïiêiâ. Ìàêñèìàëüíà Vlos ñòàíîâèëà �9 òà 8 êì/ñ
ó íàïðÿìêó ñïîñòåðiãà÷à òà âiä íüîãî, âiäïîâiäíî.
Â äåÿêi ìîìåíòè ñïîñòåðåæåíü iñíóâàëè ïîòîêè
ïëàçìè âãîðó òà âíèç, äå Vlos ñÿãàëà �80 òà 50 êì/ñ,
âiäïîâiäíî.

Áóëî âñòàíîâëåíî, ùî íà âñiõ ðiâíÿõ ôîòîñôåðè
â àêòèâíî¨ îáëàñòi âiäáóâàâñÿ ïåðåâàæíî ïiäéîì
ðå÷îâèíè. Ó òîé æå ÷àñ ñïîñòåðiãàëîñÿ ïîìiòíå
çìåíøåííÿ Vlos â ìiñöÿõ ðîçòàøóâàííÿ BE.
Éìîâiðíî, äðiáíîìàñøòàáíi íèçõiäíi ïîòîêè,
âèêëèêàíi ìàãíiòíèìè ïåðåç'¹äíàííÿìè,
íàêëàäàëèñÿ íà âåëèêîìàñøòàáíèé âèñõiäíèé
ðóõ ïëàçìè íîâîãî ìàãíiòíîãî ïîòîêó. Ïðîìåíåâà
øâèäêiñòü â öåíòðàëüíié ÷àñòèíi BÅ-1 òà BÅ-2
çìiíþâàëàñÿ âiä �1 äî 0 êì/ñ i âiä �1 äî 0.2 êì/ñ
ó âåðõíüîìó øàði ôîòîñôåðè òà âiä �1.6 äî �0.2
êì/ñ i âiä �1,1 äî 0.25 êì/ñ ó íèæíüîìó øàði
ôîòîñôåðè, âiäïîâiäíî. Äîñëiäæåíi îñîáëèâîñòi
÷àñîâèõ çìií ïðîìåíåâèõ øâèäêîñòåé õðîìîñôåðíî¨
òà ôîòîñôåðíî¨ ðå÷îâèíè ïiä ÷àñ ôîðìóâàííÿ
òà ðîçâèòêó áîìá Åëëåðìàíà ñâiä÷àòü, ùî âîíè
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Figure 1: H � spectrum of the AR obtained at 9:42:45
UT. EB-1 and EB-2 are Ellerman bombs, L1 is the
analyzed area, and L2 is the AR section lies outside the
region of emerging magnetic �ux and without active
structures.

âïëèâàþòü ÿê íà ôîòîñôåðó, òàê i íà íèæíþ
õðîìîñôåðó.

Êëþ÷îâi ñëîâà: áîìáè Åëëåðìàíà, õðîìîñôåðà,
ôîòîñôåðà, ïðîìåíåâi øâèäêîñòi.

1. Introduction

Ellerman bombs (EBs), or moustaches, are a part of
solar activity. They are short-lived, small-scale bright
structures in the solar atmosphere. EBs connected
with a rapid local release of energy, magnetic �elds, and
speci�c plasma motions (Nelson et al. 2013). Ellerman
bombs can a�ect the complex dynamics of the upper
solar atmosphere. They mostly appear in the young de-
veloping active regions (ARs) with a complex magnetic
structure, in the regions of emerging magnetic �uxes,
and in the vicinity of sunspots. Although this interest-
ing phenomenon has been in the focus of many studies,
but in which layer of the solar atmosphere magnetic re-
connections triggering the formation of EBs occur still
remains unclear. Some authors have suggested that
Ellerman's bombs are a purely photospheric phenom-
ena (Vissers G. J. M. et al. 2013). It is assumed that
the magnetic-�eld energy in the process of EBs de-
velopment is spent largely on acceleration of plasma
�ows. Jets of matter originating at t he reconnection
site form, di�erently directed motion is observed. The
study of matter motion speci�c features at di�erent
levels of the solar atmosphere during EBs development
should help determine the height of their formation.

2. Observational data

The studied Ellerman bombs (EB-1 and EB-2)
emerged and evolved in active region NOAA 11024
(AR). Spectral data with high spatial (below 1 ar-
sec) and temporal (about 3 seconds) resolution were
conducted by E.V. Khomenko with the French-Italian

Figure 2: Temporal variations of the emission intensity
(I/Ic) in the wings of the H � line at the distances of 0.1
nm from its center in the long-wavelength (curves 1),
short-wavelength (curves 2) wings and also Fe-1, Fe-2
line-center intensity in the spectra of EBs central part.

THEMIS 90-cm vacuum solar telescope on July 4, 2009
(Kondrashova et al., 2013). During 20 minutes, from
09:30 UT to 09:50 UT, 400 spectra of the active region
NOAA 11024 were obtained. On the day of our ob-
servations AR was at an early stage of evolution, and
its activity was quickly growing. In our work we used
two spectral regions containing the chromospheric line
H � and four Fraunhofer lines forming within a wide
range of photospheric heights: two strong neutral iron
lines FeI �� 630.15, 630.25 nm and two weak lines FeI
� 630.35 nm and TiI � 630.38 nm. In the paper these
lines are denoted as Fe-1, Fe-2, Fe-3 and Ti. It should
be noted that two strong and two weak lines forming
in upper and lower photospheric layers,respectively.

Figure 1 shows one of theH � -spectra AR obtained
during our observations. The width of the spectrum
range containing the H � line was approximately 0.6
nm. The studied AR site is marked by an arrow L1
and L2 is the AR area without active structures, which
was also studied for comparison. Two extended bright
narrow emission bands are seen in the wings of the
H � line, while a central part of the line is occupied
by absorption. These bands are two Ellerman bombs
(EB-1 and EB-2) having developed for that time. It is
worth noting that the spectra of Ellerman bombs are
opposite to the spectra of �ares by appearance: in the
�ares, on the contrary, a strong emission in the center
of the H � line and not very extensive and rather weak
wings are observed.

EBs evolved in the region of the emerging magnetic
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Figure 3: Intensity variations along the spectrograph slit during our observations in the blue wing of theH �

line at distance 0.1 nm from its center (a), in the center of photospheric line FeI-1 (b) and line-of-sight velocity
determined from the shifts of the FeI-1 line core (c).

�ux (Valori et al., 2012). Interestingly, the beginning
of our observations coincided with the initial stage of
EB-2 evolution (Pasechnik, 2016).

3. Temporal EBs evolution

In our work, we used the Stokes I pro�les obtained
from the spectra with an interval corresponding to the
distance of 160 km on the solar surface (Pasechnik,
2016). It was found that the pro�les of researched
lines determined at di�erent stages of EBs evolution
were asymmetric with the emission excess in the long-
wavelength wing (Fig. 2). Figures 2 and 3 a, b show
changes in the intensity of the studied lines in the spec-
tra of Ellerman bombs during our observations. It is
seen that the brightness of EB-1 gradually decreased
while the brightness of EB-2 increased quite sharply.

All the time curves of brightness variation are shaped
like a series of peaks (Fig. 2). This indicates a pulsed
release of energy.

At all photospheric levels brightness variations were
of an oscillatory nature with an interval of 1�5 min
(Fig. 2 and Fig 3 b).

An increase in the core intensity of all the studied
photospheric lines was correlated spatially with an in-
crease in the wing intensity of the H � line (Fig. 3 a,
b).

Within the �rst 3 min of observations three peaks
(with 1-min intervals between them) are seen in
all EB-1 brightness curves (Fig. 2). Figure 3 a, b

illustrates that the excitation induced by consecutive
magnetic reconnections in the EB-1 region propagated
along a magnetic loop and initiated the formation of
EB-2, and then the two EBs evolved as a physically
connected pair. It should be noted that observations
showed that 50% of Ellerman bombs appear and
disappear in pairs and are likely the bases of compact
magnetic loops (Zachariadis et al., 1987).

4. Variations of Chromospheric and Pho-
tospheric Vlos in the studied AR site with
evolving EBs

Changes in the velocity and direction of chromo-
spheric and photospheric matter motion in the region
of Ellerman bombs and in their immediate vicinity at
di�erent stages of EBs evolution were determined and
analyzed (Pasechnik, 2019).

Temporal variations in the line-of-sight velocities of
the chromospheric material at a level of theH � core
formation showed two periods in the velocity enhance-
ment, containing several individual peaks. The max-
imum Vlos was �9 and 8 km/s toward and from the
observer, respectively. Figure 5 a shows that the peri-
ods of the velocity growth contained three individual
peaks.

It was found that up�ows were predominant at all
levels of the AR photosphere. While noticeable de-
crease of the line-of-sight velocity magnitudes was ob-
served at the EBs location (Fig. 4). Apparently, the
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Figure 4: Line-of-sight velocity variations along the
spectrograph slit at di�erent moments of observation
(Curves 1�5).

small-scale downward �ows induced by magnetic re-
connections were superimposed onto the large-scale up-
ward motion of plasma of the new magnetic �ux. The
shape of photospheric lines pro�les reinforces this con-
clusion. The pro�les of strong lines that formed in the
upper photosphere had a red asymmetry. The pro�les
of weak lines forming in the lower photosphere had sev-
eral components in the red wing.

All the Vlos time curves are similar to the brightness
variation curves in that they are shaped like a series of
peaks (Fig. 2 and Fig. 5 b). This suggests that the
energy release in Ellerman bombs was associated with
successive intermittent magnetic reconnections. Two
time periods ( 6 and 4 min) comprising several peaks
manifested themselves. The velocity of upward motion
of photospheric matter decreased considerably within
these intervals. The line-of sight velocity in the cen-
tral part of EB-1 and EB-2 varied from �1 to 0 km/s
and from �1 to 0.2 km/s in the upper photospheric
layer and from �1.6 to �0.2 km/s and from �1.1 to 0.25
km/s in the lower layer of the photosphere, respectively
(Pasechnik, 2019).

The Ellerman bombs were accompanied by small
chromospheric ejections (surges) with upward veloc-
ities of about 60 km/s and lasting for 0.5�1.5 min
(Pasechnik, 2016).

5. Conclusions

Based on the research, it can be concluded that as
a result of a new magnetic �ux emergence, an EB-1
was formed in the studied of the active region site. In
the EB-1 region pulsed energy was released due to suc-
cessive magnetic reconnections. Excitation propagated
from the EB-1 region along the magnetic loop and ini-
tiated the formation of EB-2, then they developed as
a physically coupled pair (Pasechnik, 2016, 2018).

The studied features of the temporal changes in
the line-of-sight velocity of chromospheric and photo-
spheric matter indicate that during the development
of EBs, multidirectional movement was observed - in

Figure 5: Temporal variations in the chromospheric
and photospheric line-of-sight velocity determined from
the core line shifts.

the lower chromosphere layer, where the core of the
H � line was formed, the matter moved upward, and
in the same time downward �ows reduced the velocity
of ascending plasma at the photosphere level. Such a
distribution of velocities could cause magnetic recon-
nections that occurred in the layer between the upper
photosphere and the lower chromosphere. (Pasechnik,
2019). It can be concluded that Ellerman bombs af-
fect both the photosphere and the lower chromosphere.
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ABSTRACT. The paper examines data on the effects of 

the lunar tidal wave in the Earth 's upper atmosphere on the 
observed flux of radio sources. Monitoring of the fluxes of 
powerful galactic and extragalactic radio sources is carried 
out at the URAN-4 radio telescope of the Odessa Observa-
tory of the Institute of Radio Astronomy of the NAS of 
Ukraine since 1987 till now. The monitoring program in-
cludes radio galaxies 3C274, 3C405 and supernova rem-
nants 3C144, 3C461. Changes of fluxes of radiation 
sources at decameter waves are determined by the condi-
tion of an ionosphere resulted due to space weather varia-
tion and tidal events.  When radio sources are observed 
through a tidal wave, a "plasma lens" effect is realized in 
the ionosphere. Depending on the position of the radio 
source relative to the tidal wave, the radiation wave front is 
sought. As a result, various effects are realized: strong fo-
cusing, intense flickering or "blurred" recording of the ra-
dio source.  According to the data of radiation monitoring 
of powerful radio sources, the dimensions and structure of 
the tidal wave zone in the upper atmosphere producing the 
effect of "plasma lensing" have been determined. The total 
size of this zone according to observations on frequent 20 
and 25 MHz is on the order of 30-60 angular degrees in 
right ascension and declination. 
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1. Introduction  

 
Tidal phenomena in the Earth 's atmosphere arise from the 

gravitational forces of the Moon and the Sun (gravitational 
tides) and from thermal heating by the Sun (thermal tides). 
Apart from the difference between the physical nature of 
gravitational and thermal tides, they have different periodic-
ity.  Gravitational tides have a half-day period and form two 
tidal waves - direct and reverse. Thermal tides have a daily 
period and are realized in the area of the terminator.     

Data from radio astronomy observations on the �©Uran-
4�ª radio telescope are the most effective method of inves-
tigating tidal waves occurring in the ionosphere.  

Since 1987 at the URAN-4 radio telescope the program 
of monitoring powerful galactic and out of galactic sources 
is carried out. The monitoring program includes radio gal-
axies 3C274, 3C405 and supernova remnants 3C144, 
3C461. Observations of these radio sources provide uni-
form 24-hour coverage over time and allow recording of 
the state of the ionosphere and the processes taking place in 
it by the given changes in the fluxes of radio sources and 
their flickering. Observations were conducted in analog re-
cording mode, since 1997 in digital. 
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2. Abnormal types of radio source records 

     The work deals with the occurrence of a wave based on 
the monitoring of radio sources in the digital recording 
mode, for the period 1998-2004. Radio source records were 
chosen as the data under study when they passed near the 
Moon. These data were characterized by three types of rec-
ords: presence of strong flickering of radio sources, strong 
compression or complete breakdown of recording of dia-
grams of direction of radio telescope. All these effects can 
be caused by the different race position of space radio 
sources relative to the maximum tidal wave in the iono-
sphere, which acts like a "plasma" lens, distorting the front 
of the wave coming from the radio source. For an example 
of this type of record, refer to Fig. 1-2.  
     The recorded abnormal records coincided with time of 
the close arrangement of the Moon and sources on right as-
cension (Fig.  3-5). During periods when observations were 
conducted 24 hours a day, the effects of a direct and reverse 
tidal wave were noted. 
     Detection of similar effects at on radio telescope "�M�J�:�G-
4" in decameter range is related to value of angular resolution 
of radio telescope able to register distortion of wave front of 
radio source radiation under influence of tidal wave in iono-
sphere. Abnormal records in the presence of focusing, defo-
cusing, and strong flickering phenomena can be interpreted 
as the effect of developing a "plasma lens" in the Earth 's ion-
osphere by the formed lunar tidal wave. Applying this inter-
pretation and taking into account the spatial realization of ab-
normal types of records, it is possible to estimate the dimen-
sions of the lunar tidal wave in the ionosphere, which was in 
the range of 30-60 angular degrees at right ascension.  

 

Figure 1: Sample 3C405 source record �± August  25, 1998 
(20-25 MHz ) 
 

 

Figure 2: Sample 3C144 source record - April 22, 1988 
(25MHz A -80m) 

      The use of the radio telescope"URAN-4" having a knife 
pattern, a decameter range of working frequencies and the 
possibility of long-term tracking of the space radio source 
demonstrated the possibility to implement a radio astron-
omy method of observing tidal phenomena in the upper at-
mosphere of the Earth by the method of transmitting the 
region of tidal disturbances in the ionosphere.  
 
 

 
Figure 3:  The position of abnormal radio 3C274 records 
varies depending on the distance between the Moon and the 
radio source by right ascension (1998-2004) 
  
 

 
Figure 4: The position of abnormal radio 3C405 records 
varies depending on the distance between the Moon and the 
radio source by right ascension (1998-2004)  
 
 

 
Figure 5: The position of abnormal radio 3C461 records 
varies depending on the distance between the Moon and the 
radio source by right ascension (1998-2004) 
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Due to the large number of observations of the approach 

of radio sources to the Moon, further detailed study of the 
effects of the "plasma lens" in the ionosphere as a result of 
the magnitude of tidal disturbance is possible. An important 
factor is the consideration of the position of the radio source 
relative to the maximum of the tidal wave, which will be 
carried out in next works. 
 

3. Conclusion 
 

�‡��The possibility of investigating the passage of tidal wave 
in the Earth 's ionosphere using the method of "transmis-
sion" by its space radio sources in the decameter wave 
range using the method of digital registration has been ex-
perimentally confirmed. 
�‡��The observed effects of severe flickering are associated 
with the passage of lunar tidal disturbance in the Earth 's 
ionosphere, containing direct and reverse tidal waves that 
act like a plasma lens, distorting the shape of the radio 
source record. 
�‡��Observational data show that the size of the tidal pertur-
bation is approximately 30-60 degrees in right ascension 
and declination from different sources. 
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ABSTRACT. It is shown that in 2016/17 the smoothed 
anomalies of air temperature in The European Territory of 
Russia repeated the course of the perigee distance, which 
varies along the sinusoid with a period of 206 days. 
Discovered the basic pattern perigee-syzygy tides: 206 
daily beating pressure anomalies for the new moons and 
full moons. Pressure anomalies in the full moon and new 
moon can be approximated by sinusoids with periods of 
envelope beating about 412 days and opposite phases. The 
range of oscillations in the antinodes reaches 40 MB, 
which in order of magnitude is quite comparable to the 
real SYNOPTIC fluctuations in atmospheric pressure. 

Keywords: lunisolar tides, lunar cycles, weather forecast, 

climate changes. 

�:�G�H�L�:�P�1�Y. �K�l�Z�l�l�y�� �i�j�b�k�\�y�q�_�g�Z�� �i�_�j�•�]�_�c�g�h-
�k�•�a�•�]�•�c�g�b�c�� �i�j�b�e�b�\�Z�f�� �\�� �Z�l�f�h�k�n�_�j�•���A�_�f�e�•, �y�d�•���y�k�d�j�Z�\�h��
�i�j�h�y�\�b�e�b�k�y �\�� �g�_�a�\�b�q�Z�c�g�h�f�m�� �j�h�a�\�b�l�d�m�� �i�h�]�h�^�g�b�o��
�i�j�h�p�_�k�•�\�� �g�Z�� �/�\�j�h�i�_�c�k�v�d�•�c�� �l�_�j�b�l�h�j�•�€�� �J�h�k�•�€�� ���/ �L�J���� �\��
�h�k�l�Z�g�g�•���l�j�b���j�h�d�b�����M���������� �j�h�p�•���f�b���\�i�_�j�r�_���i�h�f�•�l�b�e�b�����s�h��
�a�]�e�Z�^�`�_�g�•�� �Z�g�h�f�Z�e�•�€�� �l�_�f�i�_�j�Z�l�m�j�b���i�h�\�•�l�j�y�� �g�Z���/ �L�J��
�i�h�\�l�h�j�x�\�Z�e�b�� �o�•�^�� �i�_�j�•�]�_�c�g�h�€ �\�•�^�k�l�Z�g�•�� �F�•�k�y�p�y����
�I�h�d�Z�a�Z�g�h���� �s�h�� �^�h�^�Z�\�Z�g�g�y�� �q�Z�k�l�h�l�� �f�•�k�y�q�g�b�o��
�Z�g�h�f�Z�e�•�k�l�b�q�g�b�o �•�� �k�b�g�h�^�b�q�g�b�o �i�•�\�f�•�k�y�p�•�\�� �i�h�j�h�^�`�m�x�l�v��
�[�b�l�l�y�� �i�j�b�i�e�b�\�g�h�€�� �k�b�e�b�� �a�� �i�_�j�•�h�^�h�f�� �������� �^�•�[���� �P�_�c��
�i�j�b�e�b�\�g�b�c�� �p�b�d�e�� �\�i�e�b�\�Z�}�� �g�Z�� �j�h�a�\�b�l�h�d�� �k�b�g�h�i�l�b�q�g�b�o��
�i�j�h�p�_�k�•�\���� �g�Z�� �d�h�e�b�\�Z�g�g�y�� �Z�l�f�h�k�n�_�j�g�h�]�h�� �l�b�k�d�m����
�l�_�f�i�_�j�Z�l�m�j�b�� �•�� �i�h�]�h�^�b�� �g�Z���/ �L�J���� ������-�^�h�[�h�\�b�c�� �p�b�d�e��
�i�h�j�m�r�m�}�� �i�j�Z�\�b�e�v�g�b�c�� �k�_�a�h�g�g�b�c�� �o�•�^�� �i�h�]�h�^�b���� �i�j�b�\�h�^�y�q�b��
�^�h�� �a�g�Z�q�g�b�o�� �Z�g�h�f�Z�e�•�c�� �f�_�l�_�h�j�h�e�h�]�•�q�g�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d����
�<�k�l�Z�g�h�\�e�_�g�h���k�i�•�\�i�Z�^�•�g�g�y �\�b�i�Z�^�d�•�\�� �a�� �j�_�d�h�j�^�g�h�x��
�f�Z�d�k�b�f�Z�e�v�g�h�x�� �l�_�f�i�_�j�Z�l�m�j�h�x���a �f�Z�d�k�b�f�m�f�h�f 
�i�_�j�•�]�_�c�g�h�€ �\�•�^�k�l�Z�g�•�� �F�•�k�y�p�y���� �Z�� �\�b�i�Z�^�d�•�\�� �f�•�g�•�f�Z�e�v�g�h�€��
�l�_�f�i�_�j�Z�l�m�j�b���± �a �c�h�]�h�� �f�•�g�•�f�m�f�h�f���� �A�g�Z�c�^�_�g�Z�� �h�k�g�h�\�g�Z��
�a�Z�d�h�g�h�f�•�j�g�•�k�l�v�� �i�_�j�•�]�_�c�g�h-�k�•�a�•�]�•�c�g�b�o�� �i�j�b�i�e�b�\�•�\���� �[�b�l�l�y��
�Z�g�h�f�Z�e�•�c�� �l�b�k�d�m�� �^�e�y���f�h�e�h�^�h�]�h�� �l�Z�� �i�h�\�g�h�]�h�� �F�•�k�y�p�y. 
�:�g�h�f�Z�e�•�€�� �l�b�k�d�m�� �\�� �f�h�e�h�^�h�]�h �•�� �i�h�\�g�h�]�h���F�•�k�y�p�y�� �f�h�`�g�Z��
�Z�i�j�h�d�k�b�f�m�\�Z�l�b�� �k�b�g�m�k�h�€� �̂Z�f�b���� �y�d�• �h�]�b�g�Z�x�l�v �[�b�l�l�y���� �a��
�i�_�j�•�h�^�Z�f�b�� �[�e�b�a�v�d�h�� �������� �^�•�[�� �•�� �i�j�h�l�b�e�_�`�g�b�f�b�� �n�Z�a�Z�f�b����
�J�h�a�f�Z�o�� �d�h�e�b�\�Z�g�v�� �\�� �i�m�q�g�h�k�l�y�o�� �^�h�k�y�]�Z�}�� ������ �f�[�����p�x 
�\�_�e�b�q�b�g�m �p�•�e�d�h�f�� �f�h�`�g�Z�� �i�h�j�•�\�g�y�l�b�� �a�� �j�_�Z�e�v�g�b�f�b��
�k�b�g�h�i�l�b�q�g�b�f�b�� �d�h�e�b�\�Z�g�g�y�f�b�� �Z�l�f�h�k�n�_�j�g�h�]�h�� �l�b�k�d�m����
�I�h�d�Z�a�Z�g�h���� �s�h�� �d�h�j�_�e�y�p�•�y�� �i�_�j�•�]�_�c�g�h�€ �\�•�^�k�l�Z�g�•�� �F�•�k�y�p�y�� �a��
�Z�g�h�f�Z�e�•�y�f�b�� �l�_�f�i�_�j�Z�l�m�j�b�� �i�h�j�m�r�m�}�l�v�k�y�� �\�g�Z�k�e�•�^�h�d�� �l�h�]�h����
�s�h�� �F�•�k�y�p�v�� �[�m�\�Z�}�� �\�� �i�_�j�b�]�_�e�•�€�� �q�Z�k�l�•�r�_���� �g�•�`��
�\�•�^�[�m�\�Z�x�l�v�k�y�� �a�f�•�g�b�� �€�€�� �h�^�g�h�c�f�_�g�g�b�o�� �n�Z�a���� ������
�Z�g�h�f�Z�e�•�k�l�•�q�g�b�o �f�•�k�y�p�•�\�� ���������������� �^�h�[�b���� �l�j�b�\�Z�x�l�v��

�k�l�•�e�v�d�b�� �`���� �k�d�•�e�v�d�b�� ������ �k�b�g�h�^�b�q�g�b�o�� �f�•�k�y�p�•�\�� ����������������
�^�h�[�b������ �A�Z�� ������ �Z�g�h�f�Z�e�•�k�l�•�q�g�b�o �f�•�k�y�p�•�\�� �k�i�h�k�l�_�j�•�]�Z�x�l�v�k�y��
�^�\�•�� �a�f�•�g�b�� �i�_�j�•�]�_�c�g�h�€ �\�•�^�k�l�Z�g�•���± �\�•�^�� �������� �������� �^�h�� ��������������
�d�f���� �H�^�g�Z�� �a�f�•�g�Z�� �a�^�•�c�k�g�x�}�l�v�k�y�� �a�Z�� ���� �Z�g�h�f�Z�e�•�k�l�•�q�g�b�o 
�f�•�k�y�p�•�\�� �������������� �^�•�[������ �Z�� �^�j�m�]�Z���± �a�Z�� ���� �f�•�k�y�p�•�\�� �������������� �^�•�[������
�L�Z�d�Z�� �q�Z�k�l�h�l�g�Z�� �f�h�^�m�e�y�p�•�y�� �a�f�•�g�b�� �i�_�j�•�]�_�c�g�h�€ �\�•�^�k�l�Z�g�•��
�k�b�e�v�g�h�� �m�k�d�e�Z�^�g�x�}�� �k�b�g�o�j�h�g�•�a�Z�p�•�x�� �Z�l�f�h�k�n�_�j�g�b�o��
�i�j�h�p�_�k�•�\���a���f�•�k�y�q�g�h-�k�h�g�y�q�g�b�f�b���i�j�b�e�b�\�Z�f�b�� 

 

�D�e�x�q�h�\�•�� �k�e�h�\�Z: �f�•�k�y�q�g�h-�k�h�g�y�q�g�• �i�j�b�i�e�b�\�b���� �f�•�k�y�q�g�•��
�p�b�d�e�b�����i�j�h�]�g�h�a���i�h�]�h�^�b�����a�f�•�g�b���d�e�•�f�Z�l�m�� 

 
1. Introduction  
 
It is widely believed that global scale periodic 

�R�V�F�L�O�O�D�W�L�R�Q�V�� �R�I�� �W�K�H�� �(�D�U�W�K�¶�V�� �D�W�P�R�V�S�K�H�U�H�� �D�U�H�� �G�R�P�L�Qated by 
thermal tides, which are caused, first, by heating the 
atmosphere from the land and water surfaces directly 
absorbing solar radiation and, second, by absorbing solar 
radiation in the stratospheric ozone layer. Naturally, 
thermal tides have the solar daily frequency and its 
subharmonics (12, 8 hours, etc.). Gravitational tides 
caused by the attraction of the Moon and the Sun are 
generally thought of as negligible and having no effect on 
synoptic processes in the atmosphere (Chapman, Lindzen, 
1972; Volland, 1988). However, a monitoring of lunisolar 
tidal oscillations of the Earth's rotation rate has revealed 
that atmospheric processes tend to vary simultaneously 
with extrema of tidal oscillations of the Earth's rotation 
rate (Sidorenkov, 2015). Additionally, Sidorenkov (2009) 
has found that the spectrum of the angular momentum of 
the global atmosphere has lunar components with periods 
of a lunar year (355 days), half a lunar month (13.6 days), 
and a quarter of a lunar month (7 days). This is confirmed 
by a spectral analysis of long-term series of air 
temperature anomalies in Moscow that reveal lunar 
components with periods of 355, 206, 87, and 27 days 
(Sidorenkov, 2009).  

The 206-day lunar cycle in the evolution of weather 
processes over European Russia was first noted by the 
author in 2017. The spring of 2017 demonstrated an 
unusual dynamic for the weather processes over European 
Russia. More specifically, from the second week of 
February, the daytime air temperatures rose to thawing 
and, in the third week of February, the daily mean 
temperature became positive. On March 1, the absolute 
temperature maxima were broken in many cities of 
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European Russia. The temperature reached values typical 
for the middle of April and the existing snow cover 
thawed quickly. The ice on the Don, Oka, Dnieper, 
Western Dvina, and Volga rivers was broken extremely 
early. In the second week of April, the increase in 
temperature ceased and negative temperature anomalies 
persisted until the last days of April. Then a four-day 
summer-like heat wave was observed, which was 
followed (starting from May 4) by a temperature decrease 
to April values. In the third week of May, the temperature 
began to return to normal values. However, a cold wave of 
Arctic air swept the region on the first days of June. As a 
result, the temperature reduced to extremely low values. 
Night frosts were still observed in many areas of European 
Russia in June (i.e., extremely late in the season). 

 
2. Observations and their analysis 
 
The Hydrometeorological Center of the Russian 

Federation supports the MIDL database which stores the 
anomalies of daily mean temperature of about 2700 
Northern Hemisphere weather stations. These anomalies 
are computed according to Bagrov's technique (Bagrov, 
Loktionova, 1994). The daily mean temperature anomalies 
for each station were determined by applying a piecewise 
parabolic approximation (Gordin, 1994), that used the 
monthly means. Data from MIDL for several stations in 
European Russia were used in the present study.  

Figure 1 displays the anomalies of daily mean temperature 
in Moscow for 2016/2017. It shows that they exhibit large 
day-to-day fluctuations. Sidorenkov (2015) and Sidorenkov 
(2009 and 2016) show that intra-monthly (i.e. semi-monthly 
and quasi-weekly) temperature variations can linked to the 
lunisolar tides. Accordingly, daily temperature anomalies are 
smoothed by computing their 27-day moving averages. The 
smoothed data is displayed in Fig. 1 using a thick curve 
which mimics a sinusoidal wave with minima in  November 
2016, and May�±June 2017, and maxima in March and 
September 2017. 

The observed range in the temperature anomaly 
�R�V�F�L�O�O�D�W�L�R�Q�V���U�H�D�F�K�H�V�������ƒ��C, while the period (time interval 
between similar extrema) is about 204 days. This period is 
very close to the 206-day period obtained by Sidorenkov 
(2015) and Sidorenkov (2009 and 2016) from a computed 
periodogram of a 43-year time-series of temperature 
anomalies for Moscow. 

 Experience shows that the correlation length of the 
temperature anomalies for European Russia is more than 
1000 km. Therefore, the plotted temperature anomalies for 
Moscow, well characterize the smoothed variations in 
temperature anomalies over the entirety of European 
Russia. In addition, plots like Fig. 1 were constructed for 
Krasnodar, Rostov-on-Don, Kazan, and Samara weather 
stations. These plots showed similar variations in their 27-
day moving average temperature anomalies, differing only 
in the values and times of their daily fluctuations (Fig. 2).  
Finally, the temperature anomalies for all the stations cited 
follow the variations in the lunar perigee distance. 

2.1. Origin of the 206-day lunar cycle 

New and full moons are also known as syzygies. At 
times of syzygy, the Sun, Earth, and Moon are in a straight 
line. Accordingly, their tidal forces act to reinforce one 
another, so that the spring tides peak in strength. At  times 

 
Figure 1: Deviation of the lunar perigee distance from 
362464 km (diamonds) and the anomalies of daily mean 
air temperature in Moscow over 2016/2017 (the thin curve 
depicts daily mean values, and the thick curve shows 27-
day moving averages). 

 
Figure 2: The 27-day moving averages of temperature 
anomalies in Moscow (solid), Krasnodar (triangles), and 
Samara (crosses) in comparison with the lunar perigee 
distance (diamonds connected by the dashed curve). 

 
 
of quadrature (the first or third quarter phases), when the 
�D�Q�J�O�H���E�H�W�Z�H�H�Q���W�K�H���0�R�R�Q���D�Q�G���W�K�H���6�X�Q���L�V�������ƒ�����W�K�H���W�L�G�H�V���D�U�H 
at minimum strength (i.e. neap tides). If the lunar orbit 
were a circle, the strength of the spring and neap tides 
would not change over time. However, the lunar orbit is 
elliptical. The point of the Moon's orbit closest to the 
Earth is the perigee, while the farthest point is the apogee. 
A line drawn through the perigee and apogee is called the 
line of apsides (line-of-apse). Naturally, the tidal force of 
the Moon experienced by the Earth is a maximum at 
perigee and a minimum at apogee. 

The perigee end of the line-of-apse of the lunar orbit 
continuously moves from west to east over the celestial 
sphere, returning to nearly the same position relative to the 
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stars every 8.85 years. The Sun makes a revolution relative 
to the stars in the same direction in 1 year. Therefore, if the 
perigee end of the line-of-apse starts at a time when it 
points directly at the Sun, then another 411.78 days or 1.127 
years are required for it to return to the original 
configuration (i.e. the Sun catches up with the perigee). 
This is true because the frequencies of two considered 

revolutions are subtracted: 1 1 1
1 8.85 1.127

� � �  . 

The 411.78-day period is called the Full Moon Cycle 
(FMC). Clearly, it takes roughly 206 days before the perigee 
end of the lunar orbit makes half a revolution. The 206-day 
cycle is known in astronomy as half of the FMC. From a 
physics point of view, the 412-day cycle is the period of 
beats produced by interfering the close frequencies of 
anomalistic (27.55 days) and synodic (29.53 days) months 
(Sidorenkov, 2015; Sidorenkov, 2009; 2016, Wilson, 
2012) or the synodic month and the evection period in the 
lunar longitude (31.81 days). The important point to note 
is that the 206-day cycle is equal to the half-difference 
between the frequencies of the interfering oscillations as 
well as being a whole multiple of the synodic month 
(since 7 x 29.53 days = 206.7 days).  

 
2.2. Manifestation in terrestrial processes 

The re-alignment of the anomalistic and synodic orbital 
periods cited above influences lunar tidal and terrestrial 
atmospheric processes. For example, the distance between 
the Earth and the Moon at the perigee ranges from 370000 
to 356000 km, with a long-term average period of about 
206 days. This effect of lunar distance is illustrated in 
Figs. 1 and 2, where the deviation of perigean distance 
from its average value of 362464 km, is depicted by 
diamonds connected by a dashed curve. The length of the 
lunar anomalistic month (i.e., the time interval between 
two consecutive passages of the Moon through the 
perigee) ranges from 28.5 to 24.8 days, while its long-
term average is equal to 27.554545 days. 

It is important to note that the Earth's motion around 
the barycenter of the Earth�±Moon system reflects all 
motions of the Moon at a scale of 1:81. Therefore, the 
Earth has similar variations in its pericentric distance and 
in its angular velocity of monthly rotation around the 
barycenter with a period of 206 days (Sidorenkov, 2015; 
Sidorenkov, 2009; 2016). However, since we are on the 
Earth, we cannot see or experience its motion and must 
use the Moon to study the motions of the Earth. 

2.3. Spring tides 

The 206-day cycli�F�L�W�\�� �R�I�� �W�K�H�� �(�D�U�W�K�¶�V�� �S�H�U�L�F�H�Q�W�U�L�F��
distance and, hence, its angular velocity of monthly 
rotation about the Earth-Moon barycenter, must influence 
processes in the Earth's spheres, primarily, in those of the 
atmosphere and hydrosphere. For example, Fig. 3 presents 
the maximum sea level heights at full and new moons in 
various ports around the globe (see Avsuk, Maslov, 2011). 

Inspection of Fig. 3 shows that all tidal curves, for a 
given lunar phase (i.e. new or full), are well approximated 
by an enveloping sine function with a period of about 412 
days and an amplitude of about 60 cm. For perigean spring 
curves, the period of the beats (the time interval between 
neighboring nodes or antinodes) is equal to 206 days.  

Figure 3 provides key information for understanding the 
formation mechanism of 206-day oscillations of 
temperature anomalies in the atmosphere. It suggests that 
the atmosphere must exhibit pressure oscillations like the 
perigean spring tides in the ocean, which can lead to the 
formation of 206-day oscillations of air temperature. 
Specifically, Fig. 3 shows that the spring tides at full and 
new moons have opposite heights at antinodes and are 
nearly identical at nodes. With regards to atmospheric 
pressure, such behavior means that alternating semimonthly 
cyclonic and anticyclonic processes prevail at antinodes, 
but they die out at nodes. Such dynamics of atmospheric 
processes can lead to considerable differences between the 
air temperature conditions at antinodes and nodes. The 
period of these differences is 206 days. 

 
 
 

 
Figure 3: Highest spring �W�L�G�H�� �D�W�� �I�X�O�O�� �P�R�R�Q�V�� ���|���� �D�Q�G�� �Q�H�Z��
�P�R�R�Q�V�����”���� �L�Q�����D�����0�X�U�P�D�Q�V�N�������E�����3�X�H�U�W�R���:�L�O�O�L�D�P�V�����&�K�L�O�H������
(c) Suva (Fiji), (d) Lerwick (Scotland), and (e) Magadan 
(Avsuk, Maslov, 2011). 
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The main feature of perigean spring tides is that the 
curve for each syzygy (i.e. new or full moon) is well 
approximated by a sine function (beat envelope) with a 
period of 412 days and �D���S�K�D�V�H���G�L�I�I�H�U�H�Q�F�H���R�I���������ƒ (Fig. 3). 
Therefore, for any tidal characteristic, each positive 
anomaly in one syzygy is associated with a negative 
anomaly in the nearest other-type syzygy. The root cause 
is that the lunar orbit is elliptical. If the Moon passes 
through perigee at full moon, then the distance to the 
Earth reduces to a minimum and the tidal force is 
maximum (positive anomalies). Roughly half a month 
later, at new moon, the Moon is in the opposite part of the 
orbit at the maximum distance (near apogee) and the tidal 
force becomes minimum (negative anomalies). 

In 27.55 days, the Moon returns to the perigee, but this 
time two days ahead of full moon (29.53 �± �����������§���������Q�H�[�W��
time, it returns four days ahead of full moon, and so on. 
With each revolution, the tidal force decreases at full 
moon and increases at new moon. About 3.5 synodic 
months later, the spring tides become of equal strength (at 
a beat node) and, then, the tidal force at new moon begins 
to prevail over that at full moon, reaching a maximum 
range (at an antinode) after about 7 syzygies. Next, the 
tidal range decreases over 3.5 months until the next node 
is reached and so on. Changes in the sign of anomalies 
from full to new moons and back always occur at beat 
nodes at intervals of about 206 days. 

2.4. Spring tides in the atmosphere 

The appearance of a 206-day cycle in the 2017 weather 
prompted our study of atmospheric spring tides, which are 
expected to manifest themselves in atmospheric pressure 
oscillations in a similar manner to the see-level spring 
tides in Fig. 3 (Avsuk, Maslov, 2011). Specifically, a 
series of three-hour ground-surface pressure measured at 
the VDNKh weather station in Moscow over the last two 
years was used to calculate daily mean pressure values 
and their anomalies. The daily pressures at the Moscow 
State University meteorological observatory averaged 
over 1966�±2010 were used as normals reference 
(Sidorenkov et al., 2008). 

Next, for each full moon day, we chose the daily mean 
pressure anomaly over for this day. A series of 
atmospheric pressure anomalies for all new moons was 
separately generated in a similar manner. With the help of 
Excel, the atmospheric pressure anomalies at the VDNKh 
weather station were plotted for full moons (open circles 
on the broken curve) and for new moons (solid circles on 
the solid curve) over 2016�±2017 (Fig. 4). 

The spring tides in Kazan were additionally analyzed. 
With the help of Excel, the anomaly atmospheric pressure at 
the Kazan University weather station were plotted for full 
moons (open circles on the broken curve) and for new moons 
(solid circles on the solid curve) over 2016�±2017 (Fig. 5). 

Figures 4 and 5 show that the spring oscillations of 
atmospheric pressure are very noisy. Nevertheless, the basic 
features of spring tides, namely, nodes (in the summer of 2016 
and May of 2017) and antinodes (in February�±March and 
September�±October of 2017) can be observed. It can clearly be 
seen that the pressure anomalies at new and full moons are of 
different signs. The pressure anomalies at full and new moons 
can be approximated by sinusoids with beat envelope periods 

of about 412 days and opposite phases. The range of 
oscillations at antinodes reaches 40 mb, which is comparable 
in order of magnitude with actual synoptic oscillations of 
atmospheric pressure and close to spring tides in the ocean 
(Avsuk, Maslov, 2011) since a 1-cm sea level elevation is 
equivalent to atmospheric pressure of 1 hPa (mb). 

Thus, Figs. 4 and 5 suggest that the geodynamical forces 
in 2016/2017 were able to overcome the stochastic 
thermodynamics of the atmosphere and imposed their 
celestial-mechanical tidal cyclicity on the weather evolution 
over European Russia. It is these cases of forced 
synchronization of atmospheric dynamics and tides that give 
rise to lunar components in the spectra of anomalies of 
meteorological characteristics (Sidorenkov, 2009; 2015; 
2016) connected with atmospheric spring tides. The 206-
day cycle of spring tides violated the correct seasonal 
variations in meteorological characteristics. Many local 
record extremes of daily meteorological characteristics 
observed across European Russia in 2016/2017 were 
associated with this cycle. 

 
 
 

 
Figure 4: Spring oscillations of atmospheric pressure at 
the VDNKh (Moscow) weather station over 2016/2017. 
 
 

 

Figure 5: Spring oscillations of atmospheric pressure at 
Kazan weather station over 2016/2017 
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The 206-day cycle of temperature anomalies leads to 
violations of seasonal temperature variations. For 
example, due to its contribution, the 2016 winter over 
European Russia began nearly one month earlier, while 
the 2017 summer set in one month later than its usual 
time. These phenomena were followed by a shift in 
summer to August and a delay in fall. In January of 2018, 
the phases of 206-day lunar and annual solar cycles 
coincided, and winter came, though mild with little snow 
at the beginning, but frosty with much snow at the end.  

Over the time interval considered, two extrema (maxima 
or minima) of the perigee distance and the temperature over 
European Russia were observed at the same time. This 
suggests an interesting dependence: record maximum 
temperatures tend to occur simultaneously with perigee 
distance maxima, while the cases of minimum temperature, 
with perigee distance minima.  

For example, according to daily data from the 
Hydrometeorological Bulletin of the Hydrometeorological 
Center of Russia, near the maximum of the perigee 
distance on March 1, 2017, the absolute temperature 
maximum was exceeded in Moscow, St. Petersburg, 
Bryansk, Rostov-on-Don, Kirov, and some other cities. 
Near the next maximum of the perigee distance (on 
September 13), the temperature maximum for September 
12 was exceeded in Velikiye Luki, Smolensk, Tver, 
Rybinsk, Simferopol, Anapa, Krasnodar, etc. However, 
absolute temperature minima are observed much less 
frequently, possibly due to the global warming of the 
climate. Near the distance minimum of May 26 to June 
20, 2017, frosts were observed over European Russia and 
the minimum temperature extremes were exceeded in 
Arkhangelsk, Lipetsk, Pskov, Tambov, Ufa, etc. 

The correlation presented in Figs. 1 and 2, however, 
between the lunar perigee distance R and the anomalies of 
temperature T cannot persist permanently. This is true since 
is that the Moon passes through the perigee more frequently 
than it passes through the same phase i.e. there is a slow 
drift between the Synodic and Anomalistic month so that 15 
anomalistic months (413.3182 days) is roughly equivalent 
to 14 synodic months (413.4282 days). Thus, over 15 
anomalistic months, the perigee distance varies twice from 
356500 to 370000 km, with one variation lasts for seven 
anomalistic months (192.8 days), and the other, for eight 
months (220.4 days). This leads to a kind of frequency 
modulation being imposed on the perigee distance 
variations that complicate the synchronization of 
atmospheric processes with lunisolar tides.  

An analysis of long-term temperature anomalies has 
shown that the situation described above is a rather rare 
event, where there is a synchronization of oscillations in 
the atmospheric circulation with oscillations of 
geodynamic forces in the Earth�±Moon�±Sun system. An 
analysis of atmospheric pressure in Moscow starting from 
1966 reveals that cases like the above-considered 
synchronization of pressure oscillations with perigean 
spring tides were observed in 1978, 1980, 1982, and 1983. 
Some examples of synchronization of atmospheric 
processes with geodynamic forces can be found in 
(Sidorenkov, 2016; Sidorenkov, 2009; 2016, 2017).  

All meteorological features discussed previously 
appear because of the effects produced by perigean spring 

tides on the atmosphere. Clearly, the possibility of 
synchronization depends on the season of the year. The 
206-day cycle and four years are in the ratio of 1:7. So 
after four years, the phase of the 206-day cycle re-
synchronizes with the seasons of the year. Hence, you 
would expect that the maximum correlation of the 
temperature anomalies T with R should have a four-year 
period. However, this study shows that it tends to have an 
eight-year period, since, in four years, the lunar phases 
reverse (i.e. full moons are observed instead of new 
moons). (Recall that the Moon is between the Sun and the 
Earth at new moon, while the Earth is between the Sun 
and the Moon at full moon, so the configuration of the 
gravitational forces is entirely different in these cases). 
Thus, the same lunar phase occurs at the same time in the 
seasonal cycle once every eight years, i.e., the 206-day 
cycle in temperature anomalies and weather features is 
manifested primarily when certain mutual configurations 
of the Earth, Moon, and Sun are repeated. 

A good example of eight-year cyclicity is the still 
widely remembered unusually dry and warm fall observed 
over European Russia in 2018. Earlier similar weather 
anomalies in fall occurred in 2010, 2002, and 1994. Even 
earlier similar dry anomalies in fall were observed in 
1954, 1946, and 1938. 
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ABSTRACT. 1957 �± The first laboratory building, 
known as the White House, was built near Baldone on the 
Riekstu hill , in the territory of the next Observatory. 
01.01.1958 �± The Astronomy Sector was separated from 
the Institute of Physics and commenced independent activi-
ty as the Laboratory of Astrophysics at the Latvian Acade-
my of Sciences (LAS). In 1967, with the decision of the 
Presidium of the Latvian SSR LAS the Laboratory of As-
trophysics was transformed into the Radioastrophysic Ob-
servatory at LAS. Under the leadership of the first director, 
Janis Ikaunieks, an instrumental observation base develops 
�± a 1.2m Schmidt telescope was installed in 1966 for opti-
cal observations. The project of the variable base radio in-
terferometer after the death of J. Ikaunieks was unrealized. 
To continue astronomical observations in radio range, in 
1972 10m radio telescope RT-10 was purchased.  

Non-stationary processes and spectral research of car-
bon stars are associated with the study in optic range de-
velops following the plan of  J.Ikaunieks. After the estab-
lishment of the UL Institute of Astronomy in 1997, the 
field of research in the optical range is supplemented by 
the research direction of small objects of the solar system. 
However, the area of radio astronomy has stopped due to 
lack of funding.  

The scientific potential of the Baldone Observatory re-
mains significant. It should be mentioned that the 22,000 
Schmidt telescope astroplate archive obtained in 1967-
2005, will be digitized entirely this year. After digital im-
age processing, coordinates and brightness for about of 
330,000,000 objects will be obtained. The database will 
contain details of star movement, brightness variability 
(both long-term and short-term) and details of known, 
unknown asteroids and comets. 

In 2008, monitoring of asteroids in the Solar System is 
started in Observatory. Up till now 77 new asteroids have 
been discovered in the Solar System and 11 of them have 
been named. 

Research on carbon stars is still continuing successfully. 
The number of carbon stars currently discovered has 
reached 400. A methodology has been created for estimat-
ing the temperature and distance to the carbon stars. Work 
is currently underway to improve this method. 

Observatory is continuing its work on popularizing as-
tronomy. Number of visitors per year has risen from 1000 
in 90s to almost four thousand in 2018. 

Keywords: Baldone Observatory-history-carbon stars-
photographic archive �± asteroids 
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�l�h�j�•�€���� �������������������� �± �:�k�l�j�h�g�h�f�•�q�g�b�c�� �k�_�d�l�h�j�� �\�•�^�h�d�j�_�f��
�b�\�k�y���\�•�^���1�g�k�l�b�l�m�l�m���n�•�a�b�d�b���•���j�h�a�i�h�q�Z�\���g�_�a�Z�e�_�`�g�m���^�•�y�e�v��
�g�•�k�l�v���y�d���E�Z�[�h�j�Z�l�h�j�•�y���Z�k�l�j�h�n�•�a�b�d�b���E�Z�l�\�•�c�k�v�d�h�€���Z�d�Z�^�_�f�•�€��
�g�Z�m�d�����E�:�G�������M�������������j�����J�•�r�_�g�g�y�f���I�j�_�a�b�^�•�€���E�Z�l�\�•�c�k�v�d�h�€��
�J�K�J���E�:�G �E�Z�[�h�j�Z�l�h�j�•�x���Z�k�l�j�h�n�•�a�b�d�b���[�m�e�h���i�_�j�_�l�\�h�j�_�g�h��
�g�Z�� �J�Z�^�•�h�Z�k�l�j�h�n�•�a�b�q�g�m�� �h�[�k�_�j�\�Z�l�h�j�•�x�� �i�j�b�� �E�:�G���� �I�•�^��
�d�_�j�•�\�g�b�p�l�\�h�f�� �i�_�j�r�h�]�h�� �i�j�h�j�_�d�l�h�j�Z�� �Y�g�•�k�Z�� �1�d�Z�m�g�•�}�d�k�Z��
�j�h�a�\�b�\�Z�}�l�v�k�y�� �•�g�k�l�j�m�f�_�g�l�Z�e�v�g�Z�� �[�Z�a�Z�� �k�i�h�k�l�_�j�_�`�_�g�g�y �± �\��
���������� �j�h�p�•�� �^�e�y�� �h�i�l�b�q�g�b�o�� �k�i�h�k�l�_�j�_�`�_�g�v�� �[�m�\�� �\�k�l�Z�g�h�\�e�_��
�g�b�c�� ��.2-�f�_�l�j�h�\�b�c�� �l�_�e�_�k�d�h�i�� �R�f�•�^�l�Z���� �I�j�h�_�d�l�� �j�Z�^�•�h�•�g��
�l�_�j�n�_�j�h�f�_�l�j�Z�� �a�f�•�g�g�h�€�� �[�Z�a�b�� �i�•�k�e�y�� �k�f�_�j�l�•���Y���� �1�d�Z�m�g�•�}�d�k�Z��
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�k�i�h�k�l�_�j�_�`�_�g�v�� �m�� �j�Z�^�•�h�^�•�Z�i�Z�a�h�g�•���� �m�� ���������� �j�� �[�m�e�h���\�k�l�Z��
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1. Historical review  
 
The Astrophysics Observatory of the Institute of As-

tronomy of the University of Latvia in Baldone Riekstu 
hill  began its activities in 1958. The Astronomy Sector 
was separated from the Institute of Physics and commenc-
es independent activity as the Laboratory of Astrophysics 
at the Latvian Academy of Sciences (LAS).  A year ago, 
the first laboratory building was built in the territory of the 
next observatory, 5 km from Baldone town near Riekstu 
hill, the so-called "White House". The founder and first 
director of the Observatory was Janis Ikaunieks (1912-
1969). He planned to develop two directions of research: 
to create a large base radio interferometer and research 
late-type stars in the optic.  In 1959, an agreement was 
signed with Carl Ceiss factory of East Germany (GDR) on 
the construction of a Schmidt telescope to ensure the per-
formance of optical observations.  

In 1962, by coordinating the astronomical plans of the 
Baltic republics, it is planned that the Astrophysics Labor-
atory of LAS would become a radio astronomy center in 
the Baltics region. The name of the Astrophysics Labora-
tory was changed in 1967 with the LAS decision to Radi-
oastrophysical Observatory at the LAS. At this moment in 
time, the project of a two-kilometre long rig for multi-
antenna for variable base radio interferometer has been 
completed. This project does not succeed because of the 
premature death of Janis Ikaunieks. The further develop-
ment of the area of radio interferometry, 30 m rotating 
radio antennas were built i�Q�� �5�R�¼�X���,�V�O�D�Q�G and the cities of 
Engure and Salacgriva also was also discontinued . An 
interesting deviation �± similar plan was realized many 
years after in Mullard radio observatory in England. 
Thanks to the efforts of Arturs Balklavs (1933-2005), the 
next long-term director of the Observatory, the direction 
of radio astronomy studies remains with the 10 m radio 
antenna purchased in 1972, at 755, 610 and 326 MHz. 
   The development of optical astronomy went in line with 
Janis Ikauniek's idea. On the first days of January 1965, 
the 1.2 m large field (19 square meters field of view) 
Schmidt system telescope with an input aperture of 0.8 m 
has arrived to the Observatory. It is the twelfth largest 
Schmidt telescope in the world to date (Figure 2). 
The construction of pavilion for telescope was carried out 
with the help of Latvian specialists only and was complet-
ed in June 1966. The pavilion and the dome of the tele-
scope were designed  by the Latvian Design and Cons 
truction Bureau of the Latvian SSR LAS. Construction 
work was led by the repair and construction department of 
LAS. The dome was made by the Riga Ship Repair Plant 
and assembled by a specialized assembly plant. These 
organizations met for the first time with such a special 
object, therefore there were many difficulties in their work 
(Figure 3). The first observations with Baldone Schmidt 
telescope were made in December 1966. The test results 
have shown, that it is a very high-quality instrument. 
   After gaining political independence in 1991, the pro-
cess of reorganization in all sectors of the economy and 
science began in Latvia. As a result of science reform, the 
institutes of LAS were integrated into universities. The 
LAS Radioastrophysical Observatory together with Astro-
nomical Observatory of the University of Latvia (UL) 
formed independent Institute of Astronomy at the UL in 

1997. Previously the sharp decline of finance amount for 
science leads to the abandonment of the radio astronomi-
cal research at the Baldone Observatory. Research of car-
bon stars and nova continues in the newly established UL 
Institute. Following the recommendation of the Red Giant 
Working Group of the International Astronomical Union, 
an updated version of the Galactic Carbon Star Catalogue 
was prepared and published by the institute astronomers, 
in 2001. The average amount of visits to the catalogue 
home page is close to 100,000 per year. 

 

 

Figure 1: 10 m Baldone Observatory radio telescope RT-10.  
 

 

Figure 2: Baldone Schmidt telescope 
 

 

Figure 3: Baldone Schmidt telescope pavilion 
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2. Research in Baldone Observatory  
 
The properties of carbon (C) stars are still successfully 

studied in the optical range. Over 300 new carbon stars 
have been discovered on the objective prism photographs 
taken with the Baldone Schmidt telescope. A green-
yellow survey was made with the resolution about 500 or 
1000 at H-gamma. The region of the sky covered by the 
survey: 4.5 degrees wide zones centered on the galactic 
latitudes +7 and -7 degrees between longitudes 68 and 200 
degrees on the equatorial zone at longitudes 84-96 degrees 
and 172-180 degrees on several other separate fields with 
five degrees diameter. Some infrared plates were made on 
the Kodak plates 1N with resolution 500 near the A band 
of Earth atmosphere. The region of the sky covered:  4.5 
degrees wide zone centered on the galactic latitude +7 
degrees between longitudes 128 and 140 degrees, region 
between latitudes +9.5 and -9.5 degrees and longitudes 
between 80 and 96 degrees. In the last ten years occasion-
al prism observations were made with CCDs: CCD ST �± 
10XME and STX-16803. More than 50 new carbon stars 
were discovered in Cygnus, Perseus and Cassiopeia re-
gions (Eglitis & Sokolova, 2018). Non-stationary process-
es are being studied not only in the newly discovered C 
stars, but also in 70 flaming stars which were discovered 
in Andromeda Galaxy. Spectrophotometric studies of C 
stars reveal that gradients [757 -- 685] shows the correla-
tion with Teff taken from Bergeat et al.  (2001). It reveals 
a possibility to classify carbon stars by temperature indi-
ces and to detect effective temperatures of stars with accu-
�U�D�F�\�� �“�� �������� �.���� �,�Q�Y�H�V�W�L�J�D�W�L�R�Q�V�� �R�I�� �&�� �V�W�D�U�V�� �L�Q�� �/�0�&�� �E�\��
Mauron (2008) give possibilities to create a method to 
evaluate absolute magnitude of late carbon stars using (J �± 
K)o color indices. The calculation of distances was made 
by the equation: 

Mk �± mk + 5lgr + Ak + 10 = 0, where r is in kpc. 

Now our methodology is testing using GAIA parallax 
measurements.  

On the subject of carbon stars General Catalogue of 
Cool Carbon Stars (CGCS) (Alksnis et al., 2001) and four 
monographs were prepared, two of which were reissued in 
the US. 

In 2005/2006 years, the Baldone Astrophysics Observa-
tory has exhausted the astroplates reserves, as manufactur-
ers have already abandoned astronomical photo plate pro-
duction. The transition period to new light receivers is suc-
cessfully used for the recoating with aluminium of the main 
mirror of Baldone Schmidt's telescope in Germany, and 
from 2007 the telescope continues to observe with a small 
3.2 megapixel CCD camera that uses only 0.4% of the tele-
scope's field of view. As the telescope opportunities change, 
research topics are also changing. Although the theme of 
traditional carbon star research has been retained, in 2008 
monitoring of the asteroids in the solar system had started. 
Despite the very small sky coverage, the new direction of 
research brings positive results thanks to the uniquely high 
telescope light sensitivity. The 21mag threshold is reached 
by the telescope in the red part of the spectrum with an 8-
minute exposure which allows the recording of 50m bodies 
in the Main Asteroid Belt (i.e., at distances 330 to 480 mil-
lion km). In the next 7 years, 49 new asteroids are being 
discovered. 11 of them were named. 

 
Table 1. Asteroids discovered at the Baldone Astrophysi-
cal Observatory. 
Number Name Year of 

designa
-tion 

Discovering 
year 

Diam 
(km) 

274084 Baldone 2011 2008 1.5 
284984 Ikaunieks 2012 2010 1.5 
294664 Trakai 2012 2008 3.5 
321324 Vytautas 2012 2009 3 
330836 Orius 2013 2009 35 
343157 Mindaugas 2013 2009 3.5 
392142 Solheim 2014 2009 3 
332530 Canders 2015 2008 2 
353646 Blumbahs 2015 2008 1.5 
428694 Saule 2016 2008 0.6 
457743 Balklavs 2016 2009 1 

 
In 2010, three UL institutes �± Atomic Physics and Spec-
troscopy, Astronomy, Geodesy and Geoinformatics �± es-
tablish the Association FOTONIKA-LV. A year later, the 
Association in the fierce competition earns FP7 3.7 mil-
lion EUR REGPOT project FOTONIKA-LV, which has a 
positive push for research growth in all three institutes. In 
2012�±2013, several master theses and three doctoral the-
ses have been taught in astrophysics. Using FOTONIKA-
LV project funds, high-precision scanners are being pur-
chased, which lay the foundations for the Baldone 
Schmidt telescope's more than 22,000 (direct) and 2,300 
(spectral) astronomical plates archive digitization. The 
scanning process of direct plates in this year is in the final 
stages. After completing the next step �± digital image pro-
cessing with special programs developed by the National 
Academy of Sciences of Ukraine at the Main Astronomi-
cal Observatory (Andruk et al., 2014, Andruk et al., 
2016a, b), a large astronomical database will be obtained. 
The evaluation shows that around 330,000,000 stars will 
have accurate equatorial coordinates and brightness. It 
will be an exclusive database for refining the visible 
movement of stars, for variability of  brightness studies, for 
asteroids and comets, both known and new research. As 
shown by the processing of digital images of some of the 
astroplates obtained in the ecliptic region, they contain 
dozens of asteroid images up to 17 B (blue spectrum 
range) many of which were discovered decades later than 
the photographic observations in Baldone observatory. 
This result points to a real opportunity to discover new 
unknown asteroids and comets near Earth. Publication of 
data of U �± ultraviolet observation is also important, as the 
number of publications in the Astronomical Data System 
of Strasbourg with U magnitudes are close to hundred, 
while articles with the visual and near infrared measure-
ments are tens of times more.  

2016 �± 2017 years were filled with intensive work on op-
timizing the optical system of Schmidt telescope. As a re-
sult of the optical system calculations, the Institute of As-
tronomy managed to develop an additional lens to be placed 
in the optical system of the Schmidt telescope to make the 
convex compatible Schmidt telescope focal plane with the 
flat bed plane of CCD. There are now two 16.8 megapixel 
cameras STX-16803 in the focus of the telescope. Each CCD 
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Figure 4: Two CCD cameras are located in the focal plane 
of the Schmidt telescope. 

 

 
Figure 5: Largest blue (night) and yellow (day) circles 
match the energy of the Chelyabinsk event. 
(https://www.nasa.gov/jpl/bolide-events-1994-2013/). 

 
 
is covering one degree of sky (see Figure 4). As a result, the 
effectiveness of Baldone Schmidt telescope increased 25 
times.  This benefit was confirmed by the first observations 
with an improved optical system in the August-September 

2017, when 21 new asteroids were discovered in a short 
period of time. Up to now 77 new asteroids were discov-
ered in Observatory. The direction of research is important 
to protect the Earth from the fall of asteroids and to mine 
the minerals on them in future. Events such as the fall of 
Chelyabinsk's meteorite seem rare. However, as shown by 
NASA's published radar map of bolides fall, similar events 
on Earth are on average every five years (Figure 5) and only 
because of the uneven population distribution on Earth it is 
not as often observed.  

The new capabilities of telescope allow for intensifica-
tion not only of classical carbon star research, but also 
expand research field: to study the physical properties of 
comets and asteroids, and to start investigations in the 
field of relativistic particle. The co-operation with radio 
astronomers allowed winning the Latvian Science Coun-
�F�L�O�
�V�� �E�D�V�L�F�� �D�Q�G�� �D�S�S�O�L�H�G�� �U�H�V�H�D�U�F�K�� �S�U�R�M�H�F�W�� �³�&�R�P�S�O�H�[�� �6�R�O�D�U��
�6�\�V�W�H�P���6�P�D�O�O���%�R�G�\���5�H�V�H�D�U�F�K�´�� 
   The popularity of the Baldone Astrophysical Observatory 
is growing in the world, thanks to work on digitizing the 
archives of astronomical photographic plates, preparing 
many scientific publications, participating in international 
conferences and creating a Planetarium in the dome of the 
Schmidt Telescope. The number of popular science lecture 
visitors has increased from 1000 in 2012 to almost 4000 in 
2018. Baldone Astrophysical Observatory has been invited 
as a member in three international projects related to the 
popularization of natural sciences (Scientist Night, Night 
2018-����������� ́ Youth attraction to astronomy (projects Est-
Lat Interreg SpaceTem and Online Observatory)). 
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ABSTRACT. 566 positions and photometric observa-

tions of NEO objects 2006 VB14 = Y5705 = 345705 and 
1986 DA were obtained with Baldone Schmidt telescope 
in 2018 and 2019, to detecting rotation period and other 
physical characteristics.  A Fourier transform was applied 
to determine the rotation period for asteroid 1986 
DA=6178. Value 3.12 �“ 0.02h was obtained. Observations 
confirm the previously obtained rotation period P = 3.25h 
for 2006 VB14. 

Keywords: NEO �± asteroids �± rotation periods 
 

�:�G�H�L�:�P�1�Y. 566 �i�h�a�b�p�•�c�g�b�o �l�Z �n�h�l�h�f�_�l�j�b�q�g�b�o �k�i�h��
�k�l�_�j�_�`�_�g�v �h�[�¶�}�d�l�•�\ NEO �± 2006 VB14 = Y5705 = 345705 
�l�Z 1986 DA �± �h�l�j�b�f�Z�g�h �a�Z �^�h�i�h�f�h�]�h�x �l�_�e�_�k�d�h�i�Z �;�Z�e�^�h��
�g�Z �R�f�•�^�l�Z �m 2018 �l�Z 2019 �j�h�d�Z�o �^�e�y �\�b�y�\�e�_�g�g�y �i�_�j�•�h�^�m 
�h�[�_�j�l�Z�g�g�y �l�Z �•�g�r�b�o �n�•�a�b�q�g�b�o �o�Z�j�Z�d�l�_�j�b�k�l�b�d. �>�e�y��
�\�b�a�g�Z�q�_�g�g�y���i�_�j�•�h�^�m���h�[�_�j�l�Z�g�g�y���Z�k�l�_�j�h�€�^�Z���������� DA=6178 
�[�m�e�h�� �a�Z�k�l�h�k�h�\�Z�g�h�� �i�_�j�_�l�\�h�j�_�g�g�y�� �N�m�j�
�}���� �H�l�j�b�f�Z�e�b�� �a�g�Z��
�q�_�g�g�y�� ���������“0.������ �]�h�^���� �K�i�h�k�l�_�j�_�`�_�g�g�y�� �i�•�^�l�\�_�j�^�`�m�x�l�v��
�j�Z�g�•�r�_�� �h�l�j�b�f�Z�g�b�c�� �i�_�j�•�h�^�� �h�[�_�j�l�Z�g�g�y��P = 3.������ �]�h�^. �^�e�y 
2006 VB14. 

�D�e�x�q�h�\�•���k�e�h�\�Z�� NEO �± �Z�k�l�_�j�h�€�^�b �± �i�_�j�•�h�^�b���h�[�_�j�l�Z�g�g�y 
 

1. Introduction  
 
The surfaces of smallest planets and moons of the Solar 

system are covered with large number of craters created 
by asteroids. Every day, Earth is bombarded with more 
than 100 tons of dust and millimeter-sized particles from 
space. About once a year, a two meter sized asteroid hits 
Earth's atmosphere, often creating a bolide event as the 
friction of the Earth's atmosphere causes them to disinte-
grate �± sometimes explosively. About every five year 
Chelaybinsk type event take part.  The largest impact dur-
ing this 20-year interval was the recent daytime Chelya-
binsk event (440,000 �± 500,000 tons of TNT) recorded 
over central Russia on February 15, 2013. This small as-
teroid that exploded in the atmosphere near Chelyabinsk, 
Russia was about 16 meters in size before it hit the Earth. 
While that impact focused public attention on the potential 
hazards of NEO impacts with Earth, space scientists have 
long known that such events are just a part of Earth's geo-
logic history. Scientific assessments of the risk of, as well 
as the hazards posed by, future asteroid impacts with 
Earth vary. In an article published in Nature (2013) by 
Peter Brown and his colleagues reported that "telescopic 
surveys have only discovered about 500 near-Earth aster-
oids that are 10-20 meters in diameter (comparable to the 

Chelyabinsk asteroid) of an estimated near-Earth asteroid 
population of around 20 million, implying that a signifi-
cant impactor population at these sizes could be present 
but not yet cataloged in the discovered near-Earth asteroid 
population (Brown et al., 2013). The importance of the 
small body studies in the Solar system can be properly 
evaluated if we recall the volcanic eruption effects in Ice-
land, comparable to the effect caused by the fall of a small 
asteroid. The fall of an asteroid larger than 50 m will be a 
disaster that can stop the progress in the world for several 
years, but the fall of a 300 m and larger body can termi-
nate the development   of civilization on the Earth for sev-
eral decades, or even destroy the humanity at all. At the 
5th meeting of the PECS Committee in on 27 of May 
2009 in Esrin (Italy), the total number of NEO and  hazard 
asteroids, is assessed as 66 000 (Bobrinsky, 2009). NASA 
congress on 5 of March 2007 provided the assessment of 
the problem in Near-Earth Object Survey and Deflection 
Analysis of Alternatives. It concluded that only the wide 
ground base plus space sensor observations of Venus, like 
the orbit, can allow a more prompt solution of the prob-
lem, i.e. to discover the NEO asteroids (up to 90%) in the 
nearest future (Milani et al., 2012). Finally, the research of 
asteroids manages to draw vast attention of mass media, 
thus promoting the awareness of the importance of sci-
ence, including astronomy, among public at large, young 
people in particular. From the other point of view the in-
vestigation of asteroids properties are important for devel-
opment of evolution theory of the Solar system and classi-
fication of small objects in the Solar system. Photometric 
study of light curves can obtain additional information 
about size, rotation period, structure of objects, existence 
of craters and ice fields on the surface, which is very im-
portant data for space missions and for fantastic ideas 
about mining of minerals on asteroids. The Earth was not 
formed in a radial location where water can directly con-
dense. Water must have been delivered to the Earth from 
"elsewhere": exogenically, i.e., from asteroids and comets, 
or else endogenically, i.e., from accreting water-absorbed 
bodies. It is another motive to perform the research of the 
small bodies in the Solar system.  
 

2. Observation  
 
Observations of NEO asteroids were made in 2018�±

2019 with 16.8 Mb camera STX-16803 installed on Bal-
done Schmidt telescope. Baldone. Schmidt has 1.2m main 
mirror, correction lens 80 cm, focal length 2.4m. 

In 2018, 1028 CCD images were obtained covering 200 
square degrees of sky and 7 new asteroids were discov-
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ered. Common number of observed asteroids was 826. 
Baldone observatory work at high declinations (�/ >50 
degrees), because the sky covering in this region is very 
weak (see Sky coverage map at 
https://www.minorplanetcenter.net/iau/SkyCoverage.html).    
Without monitoring of asteroids the purpose of this research 
were obtaining the light curves of 2006 VB14 and 1986 DA 
in order to determine theirs rotational period. 566 positions 
and photometric observations of NEO objects 2006 VB14 = 
Y5705 = 345705 and 1986 DA were obtained, to detecting 
rotation period and other physical characteristics. Descrip-
tion of obtained images is given in Table 1. 
 
 
Table 1. NEO asteroids observed at the Baldone Astro-
physical Observatory. 
 
Object/Date Number of CCD 

imagies 
2006 VB 14 = 345705  
14.10.2018 3 
17.10.2018 3 
17/18.10.2018 53 
04/05.11.2018 40 
28/29.11.2018 125 
29/30.11.2018 108 
30.11/01.12.2018 90 
1986 DA = 6178  
16/17.04.2019 27 
17/18/.04.2019 25 
22/23/04.2019 23 
28/29.04.2019 34 
05/06.05.2019 21 

 
 
3. Processing of CCD images  

 
   In order to reduce the images, flats, bias, and dark 

calibration images were taken each night. The program 
Maxim DL was used to reduce and align the images. The 
flat-field images were taken against the twilight sky. The 
darks were exposed for the same time as the respective 
light images, two or three minutes for both asteroids. The 
red filter was used for observation.  

Afterward, the program MPO Canopus v10.2.1.0 
(Warner, 2011) was used to perform differential photome-
try on the reduced data. For each data set, five stars were 
used for brightness comparison to the asteroid. Aperture 
photometry using a differential photometry technique was 
done to determine the brightness of comparison stars and 
the asteroid. The errors in magnitude for stars and aster-
oids were found and plotted in a phase diagram. Relative 
magnitude (the difference between brightness and average 
day brightness of asteroid) versus rotation phase form 
light curve. 339 brightness measurements of 2006 VB14 
and 130 for 1986 DA were obtained using "g" GAIA 
magnitudes of more than 30 reference stars. 

   

 
 Figure 1: Light curve for NEO 2006 VB14. 

 
 Figure 2: Light curve for NEO 1986 DA. 
 
 
4. Results 

 
A Fourier transform was applied to determine the rota-

tion period for both asteroids. Light curves were created 
also using MPO Canopus software. 

The rotation period 3.25 �“��0.02 h better fitted to our 
measurements for 2006 VB14. The period is in agreement 
with the earlier work of Skiff et al. 2012. The sharp fall of 
brightness in phases 0.3 and 0.8 and the brightness peak in 
phase 0.1, indicate on possible presence of a crater and the 
bright surface area (frozen gas field or water) on the aster-
oid surface, respectively. 

The rotation period 3.25 �“��0.02 h better fitted to our 
measurements for 1986 DA. The similar reduction and 
processing procedure was used for 130 CCD images of 
asteroid 1986 DA. A Fourier transform was then applied 
to determine the rotation period. A Fourier transform was 
then applied to determine the rotation period. �9�D�O�X�H�������������“��
0.02h was obtained. 
     This research is funded by the Latvian Council of Sci-
�H�Q�F�H�����S�U�R�M�H�F�W���³�&�R�P�S�O�H�[���L�Q�Y�H�V�W�L�J�D�W�L�R�Q�V���R�I���6�R�O�D�U���6�\stem 
�V�P�D�O�O���E�R�G�L�H�V�´�����S�U�R�M�H�F�W���1�R�����O�]�S-2018/1-0401. 
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ABSTRACT. The report is dedicated to introducing 
the operation and prospects of further development of 
simple VLBI networks which were created in Ukraine, 
Latvia, and China for monitoring the orbital information 
of geostationary satellites. The Ukrainian-Latvian network 
consists of five stations located in Mykolaiv, Kharkiv, 
Mukacheve, Ventspils, and Rivne, and it operates since 
2015. The Chinese network consists of three stations lo-
cated in Shanghai, Duyun, and Urumqi, and it formally 
carried out a network observation from June 2019. 

The networks have identical hardware and software. The 
main principle of the operation of the networks learned 
from the VLBI is correlation analysis of broadband noise-
like signals of satellite television DVB-S, which are emitted 
by satellites and synchronously received by the stations of 
the networks. Single-frequency GPS receivers are used for 
the synchronizing of network stations. Time difference of 
arrival (TDOA) between the signals paths from the identical 
TV satellite to different stations is obtained via using corre-
lation analysis. These values of TDOA are used to deter-
mine orbital elements of the tracked satellites which are 
given in the report. Notably, the cost of one set of station 
equipment does not exceed $2000, and the current operat-
ing costs are about $50 per day. 

The prospects of further development of the simple 
VLBI networks include a) the possibility of continuous 
independent non-invasive high-precision determination of 
the position of arbitrary active satellites (especially im-
portant in the case of their co-location), b) the possibility 
to fully automate targeting and operation, c) the possibility 
of using accumulated observational data to solve scientific 
geophysical and astronomical tasks, d) relatively few 
funds necessary for the modernization and operation of 
the networks.  
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1. Introduction 
 
Simple VLBI network uses correlation analysis of digi-

tal satellite television signals, synchronously received by 
geographically spaced network stations, to calculate the 
time difference of arrival (TDOA) of these signals to the 
network stations (Bushuev et al., 2016). The obtained val-
ues of the TDOA and the known station coordinates are 
used to determine the orbital elements of a tracked satel-
lite. It is shown in (Bushuev et al., 2017) that the error of 
calculating satellite coordinates by a network of three or 
more stations is 223 m. The error of calculating coordi-
nates by a network of two stations exceeds 7000 m. 

Herewith the network is a prototype of passive correla-
tion ranging (PaCoRa) system developed by Fraunhofer 
IIS and SES in 2010-2013 (ESA, 2019). It is reported that 
PaCoRa systems are created in the US and Europe and 
that the systems enable SES to track 80% of its geosta-
tionary satellites (SatMagazine, 2019). 

 
2. Operation of the Ukrainian -Latvian and Chinese 

networks    
 
The Ukrainian-Latvian network operates since Decem-

ber 2015 (Kaliuzhnyi et al., 2017) and initially tracked the 
single satellite Eutelsat-13B located in the geostationary 
�F�H�O�O�� �����ƒ�(��together with two other satellites Eutelsat-13C 
and Eutelsat-13E. An additional sixth station was put into 
operation in Mykolaiv in September 2018. This allowed 
two triplets of stations to track two satellites Eutelsat-13B 
and 13C. The results of these observations are used to 
determine the orbit elements of the satellites using two 
models of motion: the analytical model SGP4 / SDP4 and 
the numerical model of integrating the equations of mo-
tion of the satellites (Kaliuzhnyi et al., 2016). Today, the 
Eutelsat-13B and Eutelsat-13C catalogs contain orbit ele-
ments obtained for 1175 and 106 days, respectively. 

Works on modernization the network continues. Today, 
two additional stations, located in Mykolayiv and Rivne, 
are constantly operating and the ninth station in Ventspils 
is being set up. Upon commissioning the ninth station, 
three triplets of stations will able to simultaneously track-
ing all three satellites located in the geostationary cell 
�����ƒ�(����This would track the relative position of the satel-
lites in the geostationary cell and determine the moments 
of the approach of the satellites to each other. 

The Chinese network of three stations located in 
Shanghai, Duyun, and Urumqi has begun tracking the 
Apstar-���&�� �V�D�W�H�O�O�L�W�H�����������ƒ�(�����L�Q���-�X�Q�H��������9. Only one satel-
lite is located in the geostationary cell 134�ƒE. The network 
observations have been used as to determine the error of 
the TDOA measurement, and the orbit elements of the 
satellite. The standard deviation of the TDOA at an aver-
aging interva�O�� �R�I�� ������ �V�� �I�R�U�� �D�O�O�� �S�D�L�U�V�� �R�I�� �V�W�D�W�L�R�Q�V�� �L�V�� �“�������� �Q�V��
and coincides with the TDOA error obtained by the 
Ukrainian-Latvian network (Bushuev et al., 2016). The 
fact that the  SGP4/SDP4 model is significantly less  accurate 
than the numerical model was also confirmed. So the stan- 

 

Figure 1: The 3D position of Apstar-6C in ITRF2008 on 
June 17, 2019. 

 
 

dard deviation of the residuals of measured and model 
values of the TDOA about 20 times less for the numerical 
model than for the SGP4/SDP4 model. 

The obtained daily orbit elements (numerical model) 
are used to calculate the 3D position of Apstar-6C in 
ITRF2008 that is shown in Fig. 1. 

 
3. Prospects: a network of global monitoring of geo-

stationary satellites 
 
A detail list of the benefits of a simple VLBI network 

or passive correlation ranging system over traditional sat-
ellite positioning systems is given on the website (ESA, 
2019). The prospects of using such systems, first of all, in 
our opinion, depend on their cost and the value of the er-
ror of determining the orbital position of the satellite. The 
price of one station of the simple VLBI networks is about 
$2000. This is three orders of magnitude less than the cost 
of a single VGOS (VLBI Global Observing System) sta-
tion. Herewith operating costs are at a level of about $50 
per day for the existing network stations. 

The error of satellite orbit determination is proportional 
to the TDOA error. The physical limit of the TDOA error is 
inversely proportional to the width of the signal spectrum 
and is estimated at 0.1 ns for digital satellite television sig-
nals. It is proposed to reach the limit by using a quantum 
reference oscillator for synchronizing and as an ADC refer-
ence oscillator. Then the error of coordinate determination 
will be at the level of about 1 m. Despite the significant 
increase in the cost of the upgraded station, the cost of a 
simple VLBI network of five such stations is estimated at 
the cost of one VGOS station. The operating costs of the 
upgraded simple VLBI network would remain low because 
of the fully automate targeting and operation. Herewith the 
network of such stations could track almost all geostation-
ary satellites that radiate TV signals, for example, on Eu-
rope. Therefore, it is possible to create a simple VLBI net-
work for global monitoring of geostationary satellites, 
which will consist of separate regional networks or clusters. 

 
4. Conclusion 
 
Two simple VLBI networks separately operate now in 

Europe and China. They could be considered as two clus-
ters of the network of global monitoring of geostationary 
satellites. Relatively few funds are necessary for the mod-
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ernization and operation of the networks to provide coor-
dinate accuracy of about 1 m. The modernized networks 
could be used also for accumulated observational data to 
solve scientific geophysical and astronomical tasks. 

In the short term, it is proposed to carry out joint obser-
vations of satellites that have DVB-S transponders with a 
footprint as in Europe and China. 
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ABSTRACT. This paper presents the results of the study 

of evolution of Jupiter-family comet-like orbits of six 
meteorite-producing groups, including sporadic fireballs 
from the IAU MDC database 2007 [1], sporadic meteors 
from the SonataCo database [2], instrumentally observed 
H5 and L3.5 ordinary chondrites, as well as near-Earth 
asteroids which are potential parents of the examined 
groups. In order to verify the relationship between 
meteorite-producing groups and their potential parents, we 
performed backward numerical integration of the orbital 
motion of the�V�H�� �J�U�R�X�S�V�¶ members over several millennia. 
The numerical integration was carried out using the Halley 
software [3]. The equations of motion factored in 
gravitational perturbations due to the major planets, 
radiation pressure effects and the Poynting-Robertson drag. 
The equations of motion were numerically integrated using 
the 11th-order Everhart method applicable to studying the 
motion of Jupiter-approaching short-period comets. The 
numerical integration of the mean orbital elements of a 
group, as well as those of the relevant meteorite and 
potential parent asteroid, over 5,000 years has shown that 
the respective perihelia, eccentricities and arguments of 
perihelion evolved in a similar manner over the specified 
period. The DSH-criterion of Southworth and Hawkins [4], 
which is a quantitative measure of orbital similarity, has 
remained below 0.3 [5] for about 5,000 years in the groups 
of Neuschwanstein and Mason Gully meteorites and for 
about 3,500 to 4,�������� �\�H�D�U�V�� �L�Q�� �W�K�H�� �J�U�R�X�S�V�� �R�I�� �%�H�Q�H�ã�R�Y�� �D�Q�G��
Park Forest meteorites. In the groups of the �.�R�ã�L�F�H��and 
Pribram meteorites, the mean orbits and those of their 
potential parents remained similar as defined in terms of the 
DSH-criterion over a relatively short period of about 2,000 
to 3,000 years. We can infer from our findings that 
meteorite-producing sporadic fireballs and sporadic 
meteors are related to the H5 and L3.5 ordinary chondrites 
and their potential parents, i.e. near-Earth asteroids, in the 
investigated groups. The estimated time intervals, over 
which the evolving orbits of the �J�U�R�X�S�V�¶��members have 
shown good similarity, are indicative of relatively recent 
formation of meteorite-producing groups as a result of 
fragmentation of their parent bodies. 

�:�G�H�L�:�P�1�Y. �M�� �k�l�Z�l�l�•�� �i�j�_�^�k�l�Z�\�e�_�g�•�� �j�_�a�m�e�v�l�Z�l�b��
�Z�g�Z�e�•�a�m�� �_�\�h�e�x�p�•�€�� �d�h�f�_�l�h�i�h�^�•�[�g�b�c�� �h�j�[�•�l�� �k�•�f�_�c�k�l�\�Z��
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1. Introduction  
 
According to the classical model for cometary nuclei 

being envisioned as conglomerates of volatile ices and dust 
grains, meteoroid streams form through the ejection of dust 
grains up to a few centimetres in size from comets [6]. After 
being ejected, these meteoroids travel in a heliocentric orbit 
just as their parent comet�¶�V���Q�X�F�O�H�X�V does. The time required 
for the ejected dust grains to spread about the whole orbit 
of their parent forming a closed meteoroid swarm is 
estimated to be several hundreds of years [7]. Therefore, 
the time required to form a closed curve is short as 
compared to the age of meteoroid stream members which 
are several-thousand-year old. When cometary dust grains, 
whose orbits are Earth-crossing, reach Earth, they enter its 
atmosphere creating a meteor event. Meteor showers have 
been observed for millennia, with material being regularly 
fed into the stream throughout this period from the parent 
and material lost through the external effects, mainly under 
the action of gravitational perturbations by the planets and 
due to radiation pressure effects. The bulk of the scattered 
material forms the sporadic meteoroid background. 
Catastrophic break-up of cometary nuclei is another 
mechanism for producing meteoroid streams. Big boulders 
can be produced through such a mechanism as observed 
during the C/1999 S4 (LINEAR) comet break-up. 

The idea of meteoroid streams and meteors asteroidal in 
origin has been considered previously [8-11]. Halliday et 
al. [12] analysed orbits of 89 fireballs �± namely, 56 from 
the MORP (Meteorite Observation and Recovery Project 
network in western Canada) data and 33 from the PN 
(Prairie Network in central USA) list - which could survive 
the passage through the atmosphere with a non-zero 
terminal mass. The authors suggested existing of four 
possible meteorite-producing groups, among which group 
1 included instrumentally observed Innisfree meteorite, and 
inferred the asteroidal origin of some fireball streams. 
Greenberg & Chapman [8] reported that stony-iron 
mesosiderites formed at the core-mantle interfaces of small 
asteroidal parents of 100-200 km in diameter while 
pallasites formed in smaller parent bodies of 50-100 km in 
diameter. The authors assumed that meteorites might be 
pieces of large main-belt asteroids derived primarily by 
cratering collisions rather than disruptive fragmentation. 
Shestaka [13] examined a swarm of meteorite-producing 
bodies containing the Innisfree and Ridgedale fireballs. The 
author found out that the investigated swarm also included 
nine small meteoric swarms, several asteroids and 12 
fireballs photographed by the PN and MORP cameras. The 
�R�U�E�L�W�� �R�I�� �W�K�L�V�� �V�Z�D�U�P�� �D�S�S�U�R�D�F�K�H�V�� �(�D�U�W�K�¶�V�� �R�U�E�L�W��annually in 
early February. With the aim of investigating the annual 
fireball activity profile, Beech [14] analysed the occurrence 
time data for 2,373 fireball events predominantly observed 
across Canada and documented in the Millman Fireball 
Archive. The author reported that all known cometary 
meteor showers producing prominent meteors and fireballs 
are represented as distinct peaks in the annual fireball 

activity profile. Several other peaks in the activity profile, 
which did not correspond to any recognised cometary 
meteor showers, were also identified; some of those could 
be related to asteroidal meteorite streams. 

Unlike comets which regularly feed meteoroid streams 
when passing around the perihelion of their orbits, asteroids 
rarely experience disruptive events; hence, swarms of 
asteroidal meteoroids are likely to result from once-off 
events, which could be, for instance, asteroids smashing 
into each other or colliding with large meteoroids. 
Therefore, the spatial density of asteroidal meteoroid 
swarms should be lower while their meteor activity should 
differ from that of the meteoroid streams of cometary 
origin. No doubt that collisions (as impact events) result in 
disruption of the parent body with the debris in the form of 
small particles and bigger fragments, such as cobbles and 
pebbles, partially surviving in its orbit. In such a scenario, 
meteoroid swarms can only be produced from the collision 
of relatively large bodies with the asteroid-impactor of 
several tens of metres in diameter. Asteroid (4) Vesta with 
its fragments expelled through striking with the impactor 
can be an example of asteroidal origin of meteorites. Some 
�R�I�� �W�K�H�V�H�� �I�U�D�J�P�H�Q�W�V�� �X�S�R�Q�� �F�U�R�V�V�L�Q�J�� �(�D�U�W�K�¶�V�� �R�U�E�L�W��fall to the 
earth�¶�V�� �V�X�U�I�D�F�H as meteorites. Gravitational perturbations 
caused by Jupiter and other planets in the solar system, as 
well as rotational instability, can also cause disruption of 
near-Earth objects (NEOs). The situation when an asteroid-
like object in the comet-like orbit may turn out to be a 
dormant comet in disguise, which is covered by a crust up 
to 10 m thick built up on its surface with time and has 
ceased to show any cometary activity, has been investigated 
in many studies. 

 
2. Distribution of sporadic meteor and meteorite-

producing fireball events throughout a year 
 
Based on several sources of data, we performed the 

analysis of the annual activity of large and small sporadic 
meteors and meteorites, including 737 bright sporadic 
fireballs (brighter than -6 mag) from the International 
Astronomical Union Meteor Data Centre (IAU MDC) 
database [1], 1,416 small meteors (from -2.5 to -5.0 mag) 
from the SonataCo database [2] and 338 meteorites with 
known fall dates. The fireballs were selected if the 
following conditions were met: the fireball terminal height 
He �”�� ������ �N�P����pre-atmospheric velocity V �’  �”�� ������km sec-1; 
terminal velocity Ve �”��������km sec-1 and a non-zero terminal 
mass. The resulting data set was grouped into bins by an 
increment of 10 degrees in the solar longitude L�|. The 
distribution of the number of investigated events as a 
function of the solar longitude L�|��was plotted and analysed 
to identify the periods of activity of sporadic fireballs, 
meteors and meteorites with known fall dates throughout a 
year. The resultant distribution of sporadic meteor and 
fireball activity throughout a year is shown in Figs. 1 and 
2. Several prominent peaks of activity lasting for 20-30 
days can be observed at the solar longitude L�| �§�������ƒ���������ƒ����
�������ƒ�����������ƒ�����������ƒ�����������ƒ���D�Q�G���������ƒ�� 
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Figure 1: The number of sporadic meteor events versus the 
solar longitude �/�u�� 

 

3. The selected groups of meteorite-producing 
meteoroids in Jupiter-family comet-like orbits and their 
plausible parent bodies 

  
The constructed histograms of the annual activity of 

sporadic fireballs and meteors (Figs. 1 and 2) gave us an 
impetus to further study the issue of the existence of groups 
of meteorite-producing sporadic meteoroids in the near-
Earth space. In the previous paper [15], the authors reported 
the detection of six groups of meteorite-producing 
meteoroids and L3.5 �± H5 type ordinary chondrite 
meteorites observed over certain periods of the increased 
fireball activity. Those groups were named after the known 
member meteorites. The similarity between the orbits of 
members of each group established with application of the 
Southworth-Hawkins DSH criterion as a quantitative 
measure of orbital similarity was the group-membership 
condition to be met. The value of DSH <= 0.3 was adopted 
for the investigated groups. Nowadays, it is generally 
assumed that the method for associating groups of 
meteorite-producing sporadic meteoroids with their 
potential parents, i.e. comets or asteroids, based only on the 
DSH orbital similarity function, is not sufficient.  

Similarly to meteoroid swarms and their connection with 
their parents, the arrangement of meteorites into groups and 
their lifetime in the near-Earth space are governed by 
evolutionary processes. The relationship between 
meteorite-producing groups and their potential parents, i.e. 
NEOs, should be verified by the backwards analysis of their 
orbital evolution over a time span of several millennia. The 
possibility to associate a plausible parent body with a 
certain group and estimate the formation age of the group 
of genetically related meteorite-producing meteoroids is 
crucial for the establishment of the relationship between the 
meteorite-producing group and comets or asteroids, as well 
as for the study of the mechanism for yielding meteorite-
producing meteoroid swarms. 

 
4. Evolution of meteorite-producing groups and 

associated NEOs 
 
In the studies of the orbital evolution of meteoroids and 

near-Earth objects carried out in recent years, a common 
approach to the research on this issue has been developed:  

�± Meteoroids within a swarm or group, as well as their 
probable parent body (NEOS), should have orbits similar 
by the DSH-criterion of Southworth and Hawkins. It makes 
it possible to associate a plausible parent body with a group 

  
Figure 2: The number of meteorite-producing fireball and 
�P�H�W�H�R�U�L�W�H���H�Y�H�Q�W�V���Y�H�U�V�X�V���W�K�H���V�R�O�D�U���O�R�Q�J�L�W�X�G�H���/�u�� 

 
 
and determine the meteoroid group age. The determination 
of the age of meteorite-producing groups is essential for the 
establishment of relationship between meteorite groups and 
their parents, which could be either asteroids or extinct 
comets, as well as for the study of the mechanism of 
formation of the investigated meteorite groups. 

�± With a large number of the near-Earth asteroids 
discovered so far, there is a high probability of coincidental 
similarity between any two orbits at the current time. 
Therefore, the orbital evolution should be further studied to 
adopt as real couples of asteroids and groups only those 
ones whose orbits remained similar for a long period of 
time of about 5,000 years [9]. 

�± In addition to dynamic properties, common taxonomic 
features can also be indicative of the common origin of 
meteoroid groups and their parents �± near-Earth objects �± 
in the solar system. 

To analyse the orbital evolution of the meteorite-producing 
groups investigated in this study, the equations of motion were 
numerically integrated using the 11th-order Everhart method, 
which is one of the most precise methods for examining the 
orbital evolution of the solar system bodies and is applicable 
to studying the motion of Jupiter-approaching short-period 
near-Earth objects. The backward numerical integration of the 
orbital motion equations of the group members was carried out 
over a period of 5,000 years using the Halley software [3]. The 
equations of motion factored in gravitational perturbations due 
to the major planets, radiation pressure effects and the 
Poynting-Robertson drag. 

4.1. Orbital evolution of the �%�H�Q�H�ã�R�Y��group, meteorite 
(L3.5, H5 type) and near-Earth asteroid 2000 JF5 

The �%�H�Q�H�ã�R�Y��fireballs and meteorite were observed over 
a period of 1 Min (L�| �§�������ƒ) increase in the fireball activity. 
The backward numerical integration of the mean orbital 
elements of the group (Mean) and near-Earth asteroid 2000 
JF5 was carried out over a period of 5,000 years. The relevant 
perihelia q, eccentricities e and arguments of perihelion �& 
evolved in a similar manner throughout the whole specified 
period. The DSH-criterion of similarity between the mean 
orbit of the group and that of NEA 2000 JF5 remained below 
0.25 for about four and a half thousand years which may 
indicate that the meteoroids broke off from the parent 
asteroid in the beginning of the specified period. 
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Figure 3: Evolution of the DSH-�F�U�L�W�H�U�L�R�Q���R�I���V�L�P�L�O�D�U�L�W�\���E�H�W�Z�H�H�Q���W�K�H���P�H�D�Q���D�Q�G���%�H�Q�H�ã�R�Y���P�H�W�H�R�U�L�W�H���R�U�E�L�W�V�����$�����D�Q�G���W�K�H���P�H�D�Q��
and NEA 2000 JF5 orbits (B) over 5,000 years. 
 

 
Figure 4: Evolution of the orbital elements (A �± the eccentricity e; B �± �W�K�H���D�U�J�X�P�H�Q�W���R�I���S�H�U�L�K�H�O�L�R�Q���&���D�Q�G���&���± the perihelion 
�T�����R�I���W�K�H���%�H�Q�H�ã�R�Y���P�H�W�H�R�U�L�W�H�����1�(�$�������������-�)�����D�Q�G���1�(�$�������������-�+�����R�Y�H�U���������������\�H�D�U�V�� 

 
Figure 5: Evolution of the DSH-criterion of similarity between the mean and Neuschwanstein meteorite orbits (A) and the 
mean and NEA 2010 GE35 orbits (B) over 5,000 years. 
 

 
Figure 6: Evolution of the orbital elements (A �± the eccentricity e; B �± �W�K�H���D�U�J�X�P�H�Q�W���R�I���S�H�U�L�K�H�O�L�R�Q���&���D�Q�G���&���± the perihelion 
q) of the Neuschwanstein meteorite, NEA 2010 GE35 and NEA 2005 RW3 over 5,000 years. 
 

 
Figure 7: Evolution of the DSH-criterion of similarity between the mean and Park Forest meteorite orbits (A) and the mean 
and NEA 2013 EV108 orbits (B) over 5,000 years. 
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Figure 8: Evolution of the orbital elements (A �± the eccentricity e; B �± �W�K�H���D�U�J�X�P�H�Q�W���R�I���S�H�U�L�K�H�O�L�R�Q���&���D�Q�G���&���± the perihelion 
q) of the Park Forest meteorite, NEA 2013 EV108 and NEA 2011 CY46 over 5,000 years. 
 

|  

Figure 9: Evolution of the DSH-criterion of �V�L�P�L�O�D�U�L�W�\���E�H�W�Z�H�H�Q���W�K�H���P�H�D�Q���D�Q�G���.�R�ã�L�F�H���P�H�W�H�R�U�L�W�H���R�U�E�L�W�V�����$�����D�Q�G���W�K�H���P�H�D�Q���D�Q�G��
NEA 2011 KG13 orbits (B) over 5,000 years. 
 

 
Figure 10: Evolution of the orbital elements (A �± the eccentricity e; B �± �W�K�H���D�U�J�X�P�H�Q�W���R�I���S�H�U�L�K�H�O�L�R�Q���&���D�Q�G���&���± the perihelion 
�T�����R�I���W�K�H���.�R�ã�L�F�H���P�H�W�H�R�U�L�W�H���D�Q�G���1�(�$�������������.�*�������R�Y�H�U���������������\�H�D�U�V�� 
 

 
Figure 11: Evolution of the DSH-criterion of similarity between the mean and Mason Gully meteorite orbits (A) and the 
mean and NEA 2009 FS orbits (B) over 5,000 years. 
 

 
Figure 12: Evolution of the orbital elements (A �± the eccentricity e; B �± �W�K�H���D�U�J�X�P�H�Q�W���R�I���S�H�U�L�K�H�O�L�R�Q���&���D�Q�G���&���± the perihelion 
q) of the Mason Gully meteorite, NEA 2009 FS an d NEA 2011 KK15 over 5,000 years. 
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Figure 13: Evolution of the DD-criterion (Fig. 13A) and DSH-criterion (Fig. 13B) of similarity between the orbits of the 
Pribram and Neuschwanstein meteorites over 5,000 years. 
 

 
4.2. Orbital evolution of the Neuschwanstein meteoroid 

group, meteorite (EL6 type) and near-Earth asteroid 2010 
GE35. 

The Neuschwanstein fireballs and meteorite were 
observed over a period of 1 Maj (L�| �§�������ƒ) increase in the 
fireball activity. The results of the backward numerical 
integration of the mean orbital elements of the group 
(Mean) and near-Earth asteroid 2010 GE35 over a period 
of 5,000 years are illustrated in Figs. 5 and 6. The relevant 
perihelia q, eccentricities e and arguments of perihelion �& 
evolved in a similar manner throughout the whole specified 
period. The DSH-criterion of similarity between the mean 
orbit of the group and that of NEA 2001 GE35 remained 
below 0.2 for about five thousand years which may indicate 
that the meteoroids broke off from the parent asteroid in the 
very beginning of the specified period.  

4.3. Orbital evolution of the Park Forest meteoroid 
group, meteorite (L5 type) and near-Earth asteroid 2013 
EV108.  

The Park Forest meteorite was observed on 27 March 
2003. The Park Forest fireballs and meteorite were 
observed over a period of 1 Maj (L�| �§�������ƒ) increase in the 
fireball activity. The results of the backward numerical 
integration of the mean orbital elements of the group 
(Mean) and near-Earth asteroid 2013 EV108 over a period 
of 5,000 years are depicted in Figs. 7 and 8. The relevant 
perihelia q, eccentricities e and arguments of perihelion �& 
evolved in a similar manner throughout the whole specified 
period. The DSH-criterion of similarity between the mean 
orbit of the group and that of NEA 2013 EV108 remained 
below 0.3 for about three and a half thousand years which 
may indicate that the meteoroids broke off from the parent 
asteroid in the beginning of the specified period.  

4.4. Orbital evolution of �W�K�H�� �.�R�ã�L�F�H��meteoroid group, 
meteorite (H5 type) and near-Earth asteroid 2011 KG13  

�7�K�H�� �.�R�ã�L�F�H�� �P�H�W�H�R�U�L�W�H�� �Z�D�V�� �R�E�V�H�U�Y�H�G�� �R�Q�� ������ �)�H�E�U�X�D�U�\��
2010. The �.�R�ã�L�F�H���J�U�R�X�S��and meteorite were observed over 
a period of 6 Maj (L�| �§�� ��0���ƒ) increase in the fireball 
activity. The results of the backward numerical integration 
of the mean orbital elements of the group (Mean) and near-
Earth asteroid 2011 KG13 over a period of 5,000 years are 
presented in Figs. 9 and 10. As can be inferred from the 
figures, the DSH-criterion of similarity between the mean 

orbit of the group and that of the �.�R�ã�L�F�H meteorite remained 
below 0.4 for about two thousand years while the mean 
orbit and that of the plausible parent, i.e. NEA 2011 KG13, 
were similar for about three and a half thousand years. The 
relevant perihelia q, eccentricities e and arguments of 
perihelion �& evolved in a similar manner throughout the 
whole specified period which may be indicative of the age 
�R�I���W�K�H���.�R�ã�L�F�H��meteoroid group. 

4.5. Orbital evolution of the Mason Gully meteoroid 
group, meteorite (H5 type) and near-Earth asteroid 2009 FS 

The Mason Gully meteorite (observed on 13 April 2010) 
and the relevant group of fireballs were observed over a 
period of 1 Maj (L�| �§�������ƒ) increase in the fireball activity. 
The results of the backward numerical integration of the 
mean orbital elements of the group (Mean) and near-Earth 
asteroid 2009 FS over a period of 5,000 years are plotted in 
Figs. 11 and 12. As can be seen from the figures, the DSH-
criterion of similarity between the mean orbit of the group 
and that of the Mason Gully meteorite remained below 0.35 
for about five thousand years while the mean orbit and that 
of the plausible parent, i.e. NEA 2009 FS, were similar 
(DSH < 0.35) for about three and a half thousand years 
which may be indicative of the time of the group formation. 
The relevant perihelia q, eccentricities e and arguments of 
perihelion �& evolved in a similar manner throughout the 
whole specified period. 

In Figs. 4, 6, 8 and 12 which illustrate the orbital 
evolution of meteorites and their probable parent asteroids 
(NEAs), for the sake of comparison, the evolution of orbital 
elements of two near-Earth asteroids is shown; in 
particular, one of these NEAs has been chosen as a parent 
asteroid (red line) while another NEA (green line) depicts 
the evolution of an orbit different from those of the group, 
meteorite and chosen parent asteroid. 

4.6. Orbital evolution of the Pribram (H5 type���� �b��
Neuschwanstein (EL6 type) meteorites 

The Pribram meteorite was observed on 27 March 2003. 
The Pribram group was observed over a period of 1 Maj (L�| 
�§�� �����ƒ) increase in the fireball activity. The results of the 
backward numerical integration of the mean orbital 
elements of the Pribram and Neuschwanstein meteorites 
over a period of 5,000 years are shown in Fig. 13. Based on 
the results of the numerical integration, the DD-criterion 

B 

A B
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and DSH-criterion of similarity between the meteorite orbits 
were calculated with an increment of 200 years. At the 
present time (epoch 2000.0) both criteria are extremely 
small (DD = 0.009 and DSH = 0.025) which enables to 
deduce that the Pribram and Neuschwanstein meteorite 
orbits evolved in a similar manner over the specified period 
and preserved the similarity of their orbits. 

In the study [13], a near-Earth asteroid with the structure 
similar to that of asteroid Itokawa was considered as a 
potential parent of the Pribram and Neuschwanstein 
meteorites. The disruption of the asteroid with such a 
pattern might result in ejecting both large fragments 
(cobbles and pebbles) and smaller debris (meteoroids) 
which could form a group of meteorite-producing 
meteoroids in the near-Earth orbit. 

 
5. Conclusions 
 
�± The evolutionary analysis using the method of 

backwards numerical integration of the mean orbital 
elements of a group, as well as those of the relevant meteorite 
and potential parent near-Earth asteroid over a period of 
5,000 years has shown that the respective perihelia, 
eccentricities and arguments of perihelion evolved in a 
similar manner throughout the specified period. 

�± The DSH-criterion, which is a quantitative measure of 
orbital similarity, has remained below 0.3 for about 5,000 
years in the groups of Neuschwanstein and Mason Gully 
meteorites and for about 3,500 to 4,500 years in the groups 
�R�I�� �%�H�Q�H�ã�R�Y�� �D�Q�G�� �3�D�U�N�� �)�R�U�H�V�W�� �P�H�W�H�R�U�L�W�H�V�� In the groups of 
�.�R�ã�L�F�H��and Pribram meteorites, the mean orbits and those 
of their potential parents remained similar as defined in 
terms of the DSH-criterion over a relatively short period of 
about 2,000 to 3,000 years.  

�± Our findings enable us to infer that meteorite-producing 
sporadic fireballs and sporadic meteors are related to the H5 
and L3.5 ordinary chondrites and their potential parents, i.e. 
near-Earth asteroids, in the groups of Neuschwanstein and 
Mason Gully meteorites and also those of �%�H�Q�H�ã�R�Y���D�Q�G���3�D�U�N��
Forest meteorites. The estimated time intervals, during 
�Z�K�L�F�K�� �W�K�H�� �H�Y�R�O�Y�L�Q�J�� �R�U�E�L�W�V�� �R�I�� �W�K�H�� �J�U�R�X�S�V�¶�� �P�H�P�E�H�U�V��exhibit 
good similarity, are indicative of relatively recent formation 
of the examined meteorite-producing groups as a result of 
fragmentation of their parent bodies. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

�± The data on the mean orbit of a group of meteorite-
producing meteoroids enable to relate the group to its 
probable origin which is either asteroidal or cometary. The 
results indicating the existence of groups of meteorite-
producing meteoroids in Jupiter-family comet-like Earth-
crossing orbits suggest that relatively large and solid 
meteoroids, which are members of these groups, can 
survive the passage through the atmosphere and fall to the 
surface as meteorites. In such a case, these meteorites are 
potentially samples of cometary material which can be 
examined using laboratory techniques.  

�± The investigated groups can still contain objects which 
are potentially hazardous for the �(�D�U�W�K�V�¶�� �E�L�R�V�S�K�H�U�H and 
nowadays may fall to Earth as meteorites. This can provide 
a strong incentive to carry out targeted monitoring of the 
fireballs and meteors in these groups at their radiant points 
over specified periods of the group activity.  
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FIRST RESULTS OF CLARIFYING OF ORBITAL ELEMENTS OF 
LOW-ORBIT SPACECRAFT USING OBSERVATIONS OF THE  

RI "MAO" DOPPLER STATION 

V.Kriuchkovskyi, F.Bushuev, M.Kaliuzhnyi, M.Khalaley, M.Kulichenko, O.Shulga    

�5�H�V�H�D�U�F�K���,�Q�V�W�L�W�X�W�H���³�0�\�N�R�O�D�L�Y���$�V�W�U�R�Q�R�P�L�Fal Observato�U�\�´ ���5�,���³�0�$�2�´��  
Mykolaiv, Ukraine, dir@mao.nikolaev.ua 

 
ABSTRACT. 18 artificial satellites of the Earth, which 

emit radio signal at a frequency of 430-440 MHz during their 
flight in the Mykolaiv visibility zone, were found as a result 
of the searching carried out in the RI "MAO". 10 of 18 satel-
lites during not less than 7 days each were automatically 
�W�U�D�F�N�H�G���E�\���W�K�H���'�R�S�S�O�H�U���V�W�D�W�L�R�Q���F�U�H�D�W�H�G���L�Q���W�K�H���5�,���³�0�$�2�´�����7�K�H��
frequency of received radio signal was automatically deter-
mined as a result of spectral processing of radio signal ampli-
tudes registered by the station during satellite tracking. 
Herewith 5 of 10 satellites emitted non-harmonic broadband 
signals. The radial velocity of satellites is calculated using the 
frequency of received radio signals. 

The obtained values of radial velocity changing in time 
were used to clarify TLE (Two-Line Element) orbital el-
ements of satellites. Initial orbital elements were down-
loaded from the space-track.org site. It would be noted 
that model values of Doppler shift of frequency, obtained 
using the initial orbital elements, also use for searching 
radio signals emitted by tracked satellites and received by 
the station. The regular (mean) and random (standard de-
viation) components of the difference (O-C) of measured 
and model values of radial velocity were calculated. A 
comparison of the regular and random components of O-C 
was made, which showed their slight decreasing after clar-
ifying orbital elements.  

In order to improve the accuracy of the orbit determination, 
it is proposed to upgrade the station's hardware and software in 
order to reduce synchronizing and frequency determination 
errors. It is also proposed to use more accurate models as Dop-
pler measurements, and the motion of satellites. 

�: �G�H�L�:�P�1�Y. �<�� �j�_�a�m�e�v�l�Z�l�•�� �i�j�h�\�_�^�_�g�h�]�h�� �\�� �G�>�1��
�©�F�:�H�ª�� �i�h�r�m�d�m�� �\�b�y�\�e�_�g�h�� ������ �r�l�m�q�g�b�o�� �k�m�i�m�l�g�b�d�•�\�� �A�_��
�f�e�•���� �y�d�•�� �i�j�b�� �i�j�h�e�v�h�l�•�� �\�� �a�h�g�•�� �\�b�^�b�f�h�k�l�•�� �F�b�d�h�e�Z�}�\�Z�� �\�b��
�i�j�h�f�•�g�x�x�l�v���j�Z�^�•�h�k�b�]�g�Z�e�� �g�Z���q�Z�k�l�h�l�•��������-���������F�=�p�����>�h��
�i�i�e�_�j�•�\�k�v�d�h�x�� �k�l�Z�g�p�•�}�x���� �k�l�\�h�j�_�g�h�x�� �\�� �G�>�1�� �©�F�:�H�ª���� �\��
�Z�\�l�h�f�Z�l�b�q�g�h�f�m�� �j�_�`�b�f�•�� �i�j�h�\�_�^�_�g�h�� �k�m�i�j�h�\�h�^�`�_�g�g�y�� ������
�•�a���������k�m�i�m�l�g�b�d�•�\���i�j�h�l�y�]�h�f���g�_���f�_�g�r�_�����g�•�`�������^�•�[���d�h�`�_�g����
�Q�Z�k�l�h�l�Z�� �i�j�b�c�g�y�l�h�]�h�� �j�Z�^�•�h�k�b�]�g�Z�e�m�� �\�b�a�g�Z�q�Z�e�Z�k�y�� �\�� �Z�\�l�h��
�f�Z�l�b�q�g�h�f�m�� �j�_�`�b�f�•�� �\�� �j�_�a�m�e�v�l�Z�l�•�� �k�i�_�d�l�j�Z�e�v�g�h�€�� �h�[�j�h�[�d�b��
�Z�f�i�e�•�l�m�^�b�� �k�b�]�g�Z�e�•�\���� �a�Z�j�_�}�k�l�j�h�\�Z�g�b�o�� �k�l�Z�g�p�•�}�x�� �i�•�^�� �q�Z�k��
�k�m�i�j�h�\�h�^�`�_�g�g�y�� �k�m�i�m�l�g�b�d�•�\���� �I�j�b�� �p�v�h�f�m�� �•�a�� ������ �k�m�i�m�l�g�b��
�d�•�\�� ���� �\�b�i�j�h�f�•�g�x�\�Z�e�b�� �g�_�]�Z�j�f�h�g�•�q�g�b�c�� �r�b�j�h�d�h�k�f�m�]�h�\�b�c��
�k�b�]�g�Z�e���� �A�Z�� �q�Z�k�l�h�l�h�x�� �i�j�b�c�g�y�l�h�]�h�� �j�Z�^�•�h�k�b�]�g�Z�e�m�� �h�[�q�b�k��
�e�x�\�Z�e�Z�k�y���j�Z�^�•�Z�e�v�g�Z���r�\�b�^�d�•�k�l�v���k�m�i�m�l�g�b�d�Z���� 

�H�l�j�b�f�Z�g�•�� �a�g�Z�q�_�g�g�y�� �j�Z�^�•�Z�e�v�g�h�€�� �r�\�b�^�d�h�k�l�•���� �s�h�� �a�f�•��
�g�x�x�l�v�k�y�� �m�� �q�Z�k�•���� �\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�k�y�� �^�e�y�� �m�l�h�q�g�_�g�g�y��

�_�e�_�f�_�g�l�•�\�� �h�j�[�•�l�b�� �k�m�i�m�l�g�b�d�Z�� �\�� �n�h�j�f�Z�l�•�� �7�/�(�� ���7�Z�R-Line 
�(�O�H�P�H�Q�W������ �I�h�q�Z�l�d�h�\�•�� �a�g�Z�q�_�g�g�y�� �_�e�_�f�_�g�l�•�\�� �h�j�[�•�l�b�� �a�Z�\�Z�g��
�l�Z�`�m�x�l�v�k�y�� �a�� �k�Z�c�l�m�� �V�S�D�F�H-track.org. �A�Z�m�\�Z�`�b�f�h���� �s�h�� �f�h��
�^�_�e�v�g�•�� �a�g�Z�q�_�g�g�y�� �^�h�i�i�e�_�j�•�\�k�v�d�h�]�h�� �a�k�m�\�m�� �q�Z�k�l�h�l�b���� �h�l�j�b��
�f�Z�g�•�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �i�h�q�Z�l�d�h�\�b�o�� �_�e�_�f�_�g�l�•�\�� �h�j�[�•�l�b����
�\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�k�y �l�Z�d�h�` �^�e�y�� �i�h�r�m�d�b�� �j�Z�^�•�h�k�b�]�g�Z�e�•�\����
�\�b�i�j�h�f�•�g�x�\�Z�g�b�o�� �k�m�i�m�l�g�b�d�h�f�� �•�� �i�j�b�c�g�y�l�b�o�� �k�l�Z�g�p�•�}�x����
�H�[�q�b�k�e�x�\�Z�e�b�k�y�� �j�_�]�m�e�y�j�g�Z�� ���k�_�j�_�^�g�}���� �l�Z�� �\�b�i�Z�^�d�h�\�Z��
���K�D�I���� �k�d�e�Z�^�h�\�•�� �j�•�a�g�b�p�•�� ���H-�K���� �\�b�f�•�j�y�g�b�o�� �•�� �f�h�^�_�e�v�g�b�o��
�a�g�Z�q�_�g�v�� �j�Z�^�•�Z�e�v�g�h�€�� �r�\�b�^�d�h�k�l�•���� �I�j�h�\�_�^�_�g�h�� �i�h�j�•�\�g�y�g�g�y��
�j�_�]�m�e�y�j�g�h�€�� �•�� �\�b�i�Z�^�d�h�\�h�€�� �k�d�e�Z�^�h�\�b�o�� �H-�K���� �y�d�_�� �i�h�d�Z�a�Z�e�h��
�g�_�a�g�Z�q�g�_�� �a�f�_�g�r�_�g�g�y�� �j�_�]�m�e�y�j�g�h�€�� �•�� �\�b�i�Z�^�d�h�\�h�€�� �k�d�e�Z�^�h��
�\�b�o���H-�K���i�•�k�e�y���m�l�h�q�g�_�g�g�y���_�e�_�f�_�g�l�•�\���h�j�[�•�l�b�� 

�>�e�y �i�•�^�\�b�s�_�g�g�y���l�h�q�g�h�k�l�•���\�b�a�g�Z�q�_�g�g�y���h�j�[�•�l�b���i�j�h�i�h��
�g�m�}�l�v�k�y���i�j�h�\�_�k�l�b���f�h�^�_�j�g�•�a�Z�p�•�x���Z�i�Z�j�Z�l�m�j�b���l�Z���i�j�h�]�j�Z�f��
�g�h�]�h�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �k�l�Z�g�p�•�€�� �a�� �f�_�l�h�x�� �a�f�_�g�r�_�g�g�y�� �i�h�o�b�[��
�d�b�� �k�b�g�o�j�h�g�•�a�Z�p�•�€�� �l�Z�� �i�h�o�b�[�d�b�� �\�b�a�g�Z�q�_�g�g�y�� �q�Z�k�l�h�l�b�� �j�Z��
�^�•�h�k�b�]�g�Z�e�•�\���� �L�Z�d�h�`�� �i�j�h�i�h�g�m�}�l�v�k�y�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b��
�[�•�e�v�r���l�h�q�g�• �f�h�^�_�e�• �y�d���^�h�i�i�e�_�j�•�\�k�v�d�b�o���\�b�f�•�j�x�\�Z�g�v�����l�Z�d��
�•���j�m�o�m���k�m�i�m�l�g�b�d�•�\�� 

Keywords: Doppler�¶�V effect, radio beacon, low-orbit satel-
lite.  

 
1. Introdu ction 

Over the last few years, ambitious projects have 
emerged to create global high-speed Internet satellite sys-
tems, such as (OneWeb Satellites, 2019; STARLINK. 
2019; Telsat, 2019). According to our estimates, about 
16000 of these satellites will be put into service by 2030. 
Herewith 4500 of these satellites will have an orbit alti-
tude of 350 km and 11500 satellites will have an orbit 
altitude of 850-1450 km. It is estimated that there will be 
20 or more satellites in the plane of one orbit. For compar-
ison, the constellation of 27 GPS satellites is placed in 6 
orbits of 4-5 satellites (slots) in each plane (Global Posi-
tioning System, 2019). Given the height of the orbits, the 
density of placing satellites in orbits of the Internet sys-
tems will be at least 50 times higher than in the GPS. 
However, in our opinion, slight deviations from the uni-
form distribution of the density of satellites in the orbit 
plane could significantly affect the quality of the Internet 
for end-users due to the corresponding significant dis-
placement (given the orbit height) of the Earth's surface 
coverage. Therefore, a problem of constant independent 
high-precision determination of the position of low-orbit 
satellites will become even more urgent. A solution to the 
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problem may be the creation networks of passive Doppler 
radars (stations) that determine the orbital position of sat-
ellites using the Doppler shift of frequency of radio sig-
nals emitted by the satellites. These could be either special 
monochromatic radio beacon signals (continuous wave) or 
non-harmonic broadband payload signals.  

The Doppler station was developed and tested in the RI 
�³�0�$�2�´���W�R���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���S�R�V�V�L�E�L�O�L�W�\���R�I���X�V�L�Q�J���V�X�F�K���V�Wations 
to clarity the orbit of low-orbit satellites (Bushuev, 2018). 
The station uses a compact high-tech receiver of up to 1766 
GHz frequency range that greatly simplifies and reduces the 
cost of its hardware (GNSS-SDR, 2019). Initial orbits of 
tracked satellites are taken from (SPACE-TRACK.ORG, 
2018). Model values of Doppler shift of frequency, ob-
tained using the initial orbits, are used for searching radio 
signals emitted by tracked satellites and received by the 
station. It would be noted that 58 satellites were checked to 
search radio beacon signals. Radio beacons were detected 
for 18 satellites and 8 of them emit continuous waves. 

 
2. Upgrading the post-processing of observation da-

ta obtained by the Doppler station  
 
There are two stages to clarify orbit elements of the 

given satellite: real time and post processing (Bushuev, 
2018). In real time the radio signals are recorded in wav-
files using software defined radio and freeware program 
HDSDR (High Definition Software Defined Radio). Post-
processing includes analyzing the wav-files to determine 
the radial component of the satellite velocity (vobs) and 
clarifying of the satellite orbital elements using vobs. The 
program SatDoppler is used to determine vobs(t) as the 
function of time t, and program WinMNK takes into ac-
count vobs(t) to clarify of the satellite orbit elements.  

The program SatDoppler has been significantly upgrad-
ed compare with (Bushuev, 2018). The upgraded program 
uses model values of Doppler shift of frequency (fdop) and 
correlation analyses for searching radio signals emitted by 
tracked satellites and received by the station. The model 
values of fdop are calculated using the initial orbit elements 
of tracked satellite downloaded from (SPACE-
TRACK.ORG, 2018). Let Aobs(t,f) denote the amplitude of 
the received signal as a function of time (t) and frequency 
(f). Let also Amod(t,f) denote the pattern equal 0 anywhere 
except some points where Amod=1. The points where Amod=1 

correspond a function f(t) that equal model values of radio 
beacon frequency at a moment t. Correlation function of 
Aobs and Amod is calculate at first to find the radio signal 
emitted by the tracked satellite and received by the station. 
Herewith intervals of t and f for which function Aobs is de-
termined must be greater than for function Amod. The posi-
�W�L�R�Q���¨t �D�Q�G���¨f of the maximum of the correlation function is 
�I�R�X�Q�G���Q�H�[�W�����7�K�H���F�R�R�U�G�L�Q�D�W�H�V���¨t �D�Q�G���¨f give an offset of Amod 
relative to the beginning of Aobs. The desired signal is 
searched in the fre�T�X�H�Q�F�\�� �U�D�Q�J�H�� �R�I�� �“70 Hz near the points 
where Amod = 1 after the shift. So, the errors of synchroniz-
ing (�¨t) and determination of frequency (�¨f) of the received 
radio signal are also obtained as a result of the correlation 
�D�Q�D�O�\�V�L�V���� �7�K�H�� �Y�D�O�X�H�� �R�I�� �¨f is due to the difference in the 
nominal frequency of the receiver reference generator from 
the valid one (Bushuev, 2018). 
 

3. Results of satellite orbit clarifying 
 
The results of the clarifying of the orbit of 10 satellites are 

shown in Table 1. Each satellite was tracked automatically by 
the Doppler station for at least 7 days. The obtained records 
of signals of satellite radio beacons were analyzed by 
SatDoppler and the measured values of the radial component 
of the satellite velocity vobs were determined. The WinMNK 
program used measured values of vobs to clarify orbit ele-
ments of the satellites. The model values of the radial veloci-
ty were calculated before (vBmod) and after (vAmod) clarifying 
of the satellite orbit. Herewith the orbit elements downloaded 
from space-track.org were used to calculate vBmod. Means 
(Mean) and standard deviations (SD) of the difference 
�ûB=(vobs �± vBmod) are shown in the columns �³�%�H�I�R�U�H�´ of Table 
1. The values of Mean and SD of the difference �ûA=(vobs �± 
vAmod) �D�U�H���V�K�R�Z�Q���L�Q���W�K�H���F�R�O�X�P�Q�V���³�$�I�W�H�U�´�����7�K�H���G�L�I�I�H�U�H�Q�F�H�V���R�I��
absolute values of the mean and standard deviation of �ûA and 
�ûB are shown in columns �³�'�L�I�I�� �_�0�H�D�Q�_�´ and �³�'�L�I�I�� �6�'�´ of 
Table 1. The row "Total average" contains the average values 
of the data above it. 

It follows from the data in Table 1 that the clarifying of 
the orbit elements of the satellites results in a slight de-
crease (by an average of 1.6 m/s) of both means and stand-
ard deviations of the difference of the measured and model 
values of the radial velocity of the tracked satellites. 

It would be noted that the radio beacons of five satellites 
from Table 1 emitted non-harmonic broadband signals.

 
Table 1: Results of satellite orbit clarifying.  

Name 
Before After After-Before 

Mean, m/s SD, m/s Mean, m/s SD, m/s Diff |Mean|, m/s Diff SD, m/s 
OSCAR-19 -0.2 5.4 -0.3 4.8 0.1 -0.6 
CUTE-1 0.2 2.2 0.0 1.8 -0.2 -0.4 
CUTE-1.7 -1.2 10.4 -0.3 10.2 -0.9 -0.2 
SEEDS -0.1 3.4 -0.2 3.0 0.1 -0.4 
KESEKI 0.0 8.9 0.1 8.4 0.1 -0.5 
ITUPSAT-1 18.8 120.5 5.0 114.4 -13.8 -6.0 
XIWANG-1 -0.2 3.8 -0.4 3.6 0.2 -0.1 
GOMX-1 -0.5 28.7 -1.6 22.9 1.1 -5.8 
AIST-2D -0.6 8.4 -0.6 7.6 0.0 -0.8 
TECHNOSAT -5.4 24.7 -2.7 23.3 -2.7 -1.3 
Total average 1.1 21.6 -0.1 20.0 -1.6 -1.6 
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4. Conclusion 
 
�7�K�H���J�U�R�X�Q�G���'�R�S�S�O�H�U���V�W�D�W�L�R�Q���R�I���W�K�H���5�,���³�0�$�2�´���D�X�W�R�P�Dt-

ically tracked 10 low-orbit satellites for at least 7 days 
each. Herewith the radio beacons of five satellites emitted 
non-harmonic broadband signals. The orbit elements of 
these satellites have been clarified using measurements of 
the Doppler shift of frequency of their radio beacons. The 
regular (mean) and random (standard deviation) compo-
nents of the difference (O-C) of measured and model val-
ues of radial velocity were calculated. A comparison of 
the regular and random components of O-C was made, 
which showed their slight decreasing (in average at 1.6 
m/s) after clarifying orbital elements. 

The following is proposed to improve the accuracy of 
orbit determination: 

�± upgrading station�¶�V hardware and software to de-
crease synchronizing and frequency determination errors; 

�± using more accurate models as Doppler measure-
ments, and the motion of satellites to clarify their orbit. 
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ABSTRACT. Regular meteor observation using TV 
CCD unintensified techniques was started in 2011 in RI 
�©Mykolaiv astronomical observatory�ª (RI MAO). The 
method of meteor registration is based on �X�V�L�Q�J�� �³�W�U�D�F�N-
and-�V�W�D�F�N�´�� �W�H�F�K�Q�L�T�X�H for obtaining frames with reference 
stars and online meteor detection software developed at RI 
NAO. The main accent of the research is made on precise 
astrometry and meteoroid orbits calculation. New observa-
tional campaign with baselines 11.7 and 100 km was start-
ed in 2017-2018 in collaboration with Astronomical Ob-
servatory of the I.I. Mechnikov Odessa National Universi-
ty. Eight telescopes with narrow field lens (f=50 mm, 
f/1.2) were installed in Mykolaiv and Odessa. More than 
3000 single station meteors and 221 double station mete-
ors were detected during 2017-2018. Uncertainties of me-
teor trajectory and orbital parameters are calculated using 
Monte Carlo method. Catalog of meteor trajectory posi-
tions and photometric parameters has created. Standard 
deviation of approximation of a meteoric trajectory in a 
large circle is (15-20)". Kinematic parameters of atmos-
pheric meteoric trajectories and elements of heliocentric 
orbits for 3 meteors were calculated based on the results 
of television observations with cameras with a field of 
�Y�L�H�Z�� �������ƒ�� �D�W�� �D�� �E�D�V�H�O�L�Q�H�� �G�L�V�W�D�Q�F�H�� �������� �N�P����The average 
uncertainty of visible radiant estimation is in (0.3-0.7)�ž  
with baseline 100 km. The geocentric velocity estimation 
uncertainty is 0.5 km/s, elevation uncertainty is 50-150 m. 
Keywords: meteors, meteoroid orbits, video observation. 

�:�G�H�L�:�P�1�Y���� �J�_�a�m�e�y�j�g�•�� �k�i�h�k�l�_�j�_� �̀_�g�g�y�� �f�_�l�_�h�j�•�\�� �a��
�\�b�d�h�j�b�k�l�Z�g�g�y�f���g�_�i�•� �̂k�b�e�_�g�h�€���l�_�e�_�\�•�a�•�c�g�h�€���I�A�A���l�_�o�g�•�d�b���[�m�e�h��
�j�h�a�i�h�q�Z�l�h�� �\�� ���������� �j���� �\�� �G�>�1�� �©�F�b�d�h�e�Z�€�\�k�v�d�Z�� �Z�k�l�j�h�g�h�f�•�q�g�Z��
�h�[�k�_�j�\�Z�l�h�j�•�y�ª�����G�>�1���F�:�H�������F�_�l�h� �̂��k�i�h�k�l�_�j�_� �̀_�g�v���a�Z�k�g�h�\�Z�g�b�c��
�g�Z�� �\�b�d�h�j�b�k�l�Z�g�g�•�� �k�i�h�k�h�[�m�� �g�Z�d�h�i�b�q�_�g�g�y�� �a�•�� �a�f�•�s�_�g�g�y�f�� � �̂e�y��
�h�l�j�b�f�Z�g�g�y �d�Z� �̂j�•�\���a���h�i�h�j�g�b�f�b���a�h�j�y�f�b���•���i�j�h�]�j�Z�f�g�h�f�m���a�Z�[�_�a��
�i�_�q�_�g�g�•�����s�h���j�_�}�k�l�j�m�}���f�_�l�_�h�j�b���\���j�_� �̀b�f�•���j�_�Z�e�v�g�h�]�h���q�Z�k�m�����j�h��
�a�j�h�[�e�_�g�h�]�h���\���G�>�1���F�:�H�����=�h�e�h�\�g�b�c���Z�d�p�_�g�l��� �̂h�k�e�•� �̂ �̀_�g�g�y���j�h��
�[�b�l�v�k�y���g�Z���h�l�j�b�f�Z�g�g�y���\�b�k�h�d�h�l�h�q�g�b�o���i�h�e�h� �̀_�g�v���l�h�q�h�d���f�_�l�_�h�j��
�g�h�€�� �l�j�}�d�l�h�j�•�€�� �l�Z�� �\�b�a�g�Z�q�_�g�g�•�� �h�j�[�•�l�� �f�_�l�_�h�j�h�€� �̂•�\���� �G�h�\�b�c�� �_�l�Z�i��
�k�i�h�l�_�j�_� �̀_�g�v�� �i�h�q�Z�\�k�y�� �\�� ���������� �j���� �g�Z�� �k�l�Z�g�p�•�y�o�� �a�� �[�Z�a�b�k�g�b�f�b��
�\�•� �̂k�l�Z�g�y�f�b�� ���������� �l�Z�� �������� �d�f�� �\�� �k�i�•�\�j�h�[�•�l�g�b�p�l�\�•�� �a�� �Z�k�l�j�h�g�h�f�•�q��
�g�h�x�� �h�[�k�_�j�\�Z�l�h�j�•�}�x�� �H� �̂_�k�v�d�h�]�h�� �g�Z�p�•�h�g�Z�e�v�g�h�]�h�� �m�g�•�\�_�j�k�b�l�_�l�m��
�•�f���� �1���1���� �F�_�q�g�b�d�h�\�Z���� �<�•�k�•�f�� �l�_�e�_�k�d�h�i�•�\�� �a�� �f�Z�e�b�f�b�� �i�h�e�y�f�b�� �a�h�j�m��
(f=50 mm, f������������ �[�m�e�b�� �\�k�l�Z�g�h�\�e�_�g�•�� �\�� �F�b�d�h�e�Z�}�\�•�� �l�Z�� �H� �̂_�k�•����

�I�j�h�l�y�]�h�f�� ��������-���������� �a�Z�n�•�d�k�h�\�Z�g�h�� �[�•�e�v�r�_�� ���������� �h� �̂g�h�i�m�g�d�l��
�g�b�o�� �f�_�l�_�h�j�g�b�o�� �j�_�}�k�l�j�Z�p�•�c�� �l�Z�� �������� �[�Z�a�b�k�g�b�c�� �f�_�l�_�h�j�����G�_��
�\�b�a�g�Z�q�_�g�h�k�l�•�� �i�Z�j�Z�f�_�l�j�•�\�� �Z�l�f�h�k�n�_�j�g�h�€�� �l�j�Z�}�d�l�h�j�•�€�� �l�Z�� �_�e�_��
�f�_�g�l�•�\���]�_�e�•�h�p�_�g�l�j�b�q�g�h�€���h�j�[�•�l�b���f�_�l�_�h�j�h�€� �̂Z���[�m�e�b���h�[�q�b�k�e�_�g�•���a��
�\�b�d�h�j�b�k�l�Z�g�g�y�f�� �f�_�l�h� �̂m�� �F�h�g�l�_-�D�Z�j�e�h���� �;�m�\�� �k�l�\�h�j�_�g�b�c�� �d�Z�l�Z��
�e�h�]�� �i�h�a�b�p�•�c�g�b�o�� �l�Z�� �n�h�l�h�f�_�l�j�b�q�g�b�o�� �i�Z�j�Z�f�_�l�j�•�\�� �k�i�h�k�l�_�j�_� �̀_��
�g�b�o���f�_�l�_�h�j�g�b�o���l�j�Z�}�d�l�h�j�•�c�����K�_�j�_� �̂g�}���d�\�Z� �̂j�Z�l�b�q�g�_���\�•� �̂o�b�e�_�g�g�y��
�Z�i�i�j�h�d�k�b�f�Z�p�•�€���f�_�l�_�h�j�g�h�€���l�j�Z�}�d�l�h�j�•�€���\�_�e�b�d�b�f���d�h�e�h�f���k�d�e�Z� �̂Z�}��
(15-20)". �A�Z���j�_�a�m�e�v�l�Z�l�Z�f�b���k�i�h�k�l�_�j�_� �̀_�g�v���d�Z�f�_�j�Z�f�b �a���i�h�e�y�f�b��
�a�h�j�m���������ƒ���g�Z���[�Z�a�b�k�g�•�c���\�•� �̂k�l�Z�g�•�����������d�f���[�m�e�b���h�[�q�b�k�e�_�g�•���i�Z�j�Z��
�f�_�l�j�b���Z�l�f�h�k�n�_�j�g�h�€���l�j�Z�}�d�l�h�j�•�€���l�Z���_�e�_�f�_�g�l�b���]�_�e�•�h�p�_�g�l�j�b�q�g�h�€��
�h�j�[�•�l�b�� � �̂e�y�� ���� �f�_�l�_�h�j�h�€� �̂•�\���� �G�_�\�b�a�g�Z�q�_�g�•�k�l�v�� �\�� �h�[�q�b�k�e�_�g�g�•�� �\�b��
� �̂b�f�b�o�� �_�d�\�Z�l�h�j�•�Z�e�v�g�b�o�� �d�h�h�j� �̂b�g�Z�l�� �j�Z� �̂•�Z�g�l�Z�� �g�Z�� �[�Z�a�b�k�g�•�c��
�\�•� �̂k�l�Z�g�•�� �������� �d�f�� �k�d�e�Z� �̂Z�}���\�� �k�_�j�_� �̂g�v�h�f�m��(0.3-0.7)�ž. �G�_�\�b�a�g�Z��
�q�_�g�•�k�l�v�� �\�� �h�[�q�b�k�e�_�g�g�•�� �]�_�h�p�_�g�l�j�b�q�g�h�€�� �r�\�b� �̂d�h�k�l�•�� �k�d�e�Z� �̂Z�}��0.5 
�d�f/�k, �\���h�[�q�b�k�e�_�g�g�•���\�b�k�h�l���± 50-150 �f. 
�D�e�x�q�h�\�•�� �k�e�h�\�Z�� �f�_�l�_�h�j�b���� �h�j�[�•�l�b�� �f�_�l�_�h�j�h�€� �̂•�\���� �l�_�e�_�\�•�a�•�c�g�•��
�k�i�h�k�l�_�j�_� �̀_�g�g�y�� 

 

1. Introduction  
 
Meteor observation using video techniques was started at 

�5�H�V�H�D�U�F�K�� �,�Q�V�W�L�W�X�W�H�� �©Mykolai�Y�� �D�V�W�U�R�Q�R�P�L�F�D�O�� �R�E�V�H�U�Y�D�W�R�U�\�ª��
(RI MAO) in 2011. This is the third big meteor research 
campaign in Ukraine after Odessa (Gorbanev, et al., 2006; 
Gorbanev, 2009) and Kiev (Hajdukova, et al., 1995; Kozak, 
2001). The research is based on a system of fixed tele-
scopes equipped with TV CCD cameras for both single and 
double station observation. The main goals were setting 
completely automatic observation of meteors, and obtaining 
astrometric and atmosphere trajectory parameters of mete-
ors (radiant point coordinates, velocities, orbit elements) 
using original software developed in RI MAO. Results of 
double station observations in Mykolaiv are in (Kulichenko, 
et al., 2014; Kulichenko & Shulga, 2018). 

 
2. Meteor observation methods and facilities  

2.1. Meteor telescopes 
 
In 2017-2018 Video observations of meteors at the RI 

MAO are conducted using meteor patrol, which includes 8 
optical telescopes (f = 50 mm, f/1.2) equipped with a TV 
CCD cameras WAT-�������+�������������î�����������������î�������—���� The field 
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of view of each telescope is 5.6�ƒ�î7.4�ƒ����Comparing with 
previous work (Kulichenko, et al 2015) such optical sys-
tems allow to increase amount of detected meteors and av-
erage angular length of observed meteor trajectory. System 
doesn't have any intensifier. Each video system is contained 
in a hermetic capsule to prevent it from rain and other ag-
gressive meteorological conditions (Figure 1). Cameras 
work in the interlace mode with rate 50 half-frames per 
second. Three stations with baselines 11.7 and 100 km were 
set: 1) Mykolaiv, RI MAO, consists of 4 telescopes 
(�3� ���������������������� ��� ������������������); Mykolaiv, Vitovka, consists 
of 2 telescopes (�3� ���������������������� ��� ������������������); Kryzhanov-
ka, Astronomical Observatory of the I.I. Mechnikov Odessa 
National University (AO ONU), consists of 2 telescopes 
(�3� ������������������������� ������������������). 

 
2.2. Observation method 
 
The original observation method was developed at RI 

MAO for observation of objects having high apparent 
rates on stare telescopes (Shulga, et al., 2009, 2011). First-
ly it was used for observation of artificial satellites. The 
main idea of the method is obtaining frames with stars and 
moving object separately for more accurate coordinate 
measurement. The automated meteor detection software 
was designed in 2010, based on the experience with real-
time video stream processing. 

Parallel to the real-time detection process the star images 
�D�U�H���D�F�F�X�P�X�O�D�W�H�G���Z�L�W�K���D���������V���H�[�S�R�V�X�U�H���X�V�L�Q�J���W�K�H���©�W�U�D�F�N-and-
�V�W�D�F�N�ª�� �W�H�F�K�Q�L�T�X�H���� �$�F�F�X�U�D�F�\�� �R�I�� �W�K�H�� �U�H�I�H�U�H�Q�F�H�� �V�\�V�W�H�P�� �L�V�� �O�H�V�V��
than 6 arc sec. Limiting magnitude for stars (12-13)m. 

The method of double station synchronization is based on 
using PPS-impulse from GPS receiver Resolution-T as refer-
ence impulse. Accuracy of time synchronization is 10-4 s. 

 
2.3. Software 
 
The modified software is used for the calculation of the 

equatorial coordinates of the meteor trajectories. There are 
four main steps of calculation: 

1) stars processing (software �± TraEx (written in 
Python, developed  in  RI MAO), reference star catalogue 
�± Tycho2; 

2) extracting and measuring the meteor trajectory 
points in frame coordinate system (software �± TraEx); 

3) calculation of the equatorial coordinates of the 
meteor trajectories using results of the previous steps 
(software �± TraEx); 

4) searching for meteors observed simultaneously 
from two stations and calculation of parameters of atmos-
phere trajectories and elements of heliocentric orbits 
(software developed in RI MAO). 

Uncertainties of meteor trajectory and orbital parame-
ters are calculated using Monte Carlo method (Albin, et al. 
2016). The Monte Carlo method is based on the genera-
tion of random numbers in accordance with the statistical 
distributions of the measured equatorial coordinates of the 
meteor and, as a consequence, the corresponding distribu-
tions for all the kinematic and orbital parameters of the 
meteor body. This approach allows us to estimate the 
standard deviation of the desired quantities, as well as to 
specify their mathematical expectation. 

3. Results 
 
3.1. Single station observation 
 
During 2017-2018 more than 3000 single station mete-

ors were observed. The mean duration of observed meteor 
trajectories is in 0.04-1.2 s. Mean amount of frames is 
about 8-10. The distribution of meteors over meteor mag-
nitude has two maxima at 0m and 2m. Arc length of meteor 
trajecrories is in (0.08-7.5)�ƒ�� 

The main parameter of single station meteor trajectory 
is the position of meteor's path big circle pole (Gorbanev 
& Golubaev, 2009). This parameter is used for further 
calculating of radiant point coordinates and heights (Asta-
povich, 1958). The mean accuracy of pole coordinates 
estimation is about (0.05-���������ƒ�� 

 
3.2. Meteoroid orbits 
 
Due to large amount of detected phenomena only short 

period of observation for two stations with baseline 100 
km (4 telescopes) is completely processed.  Total number 
of observed meteors was 220, number of simultaneous 
observed meteor trajectories �± 130. In the period from 
April 2018 to July 2018 213 single station meteors were 
detected, but only 3 meteors (Table 1) were observed sim-
ultaneously because of difficulty with correct pointing of 
narrow field telescopes on distance 100 km. After pointing 
correction in August 2018 preliminary searching for dou-
ble station meteors in the period of next 4 months gave 
result of 218 meteors. The velocity estimation uncertainty 
is 0.5 km/s, elevation uncertainty is 50-150 m. Uncertain-
ties of heliocentric orbital elemets calculation are shown 
in the table 1. 

 
 
Table 1: Results of meteoroid orbit determination for 3 me-
teoroids observed in April-May 2018 with baseline 100 km 
 

Parameter 20180413_2
739090_A3

K1 

20180413_2
804334_A3

K1 

20180502_2
746108_A3

K1 
Radiant 
equatorial 
�F�R�R�U�G�L�Q�D�W�H�V�����ƒ 

�����������“�������� 
-���������“�������� 

�����������“������ 
�������“������ 

�����������“������ 
�������“������ 

Geocentric ve-
locity Vg, km/s 

���������“�������� ���������“������ ���������“������ 

Height H1, km �����������“�������� �����������“�������� �������“������ 
1/a, au-1 ���������“���������� ���������“�������� -���������“�������� 
a, au 4.43 0.75 -- 
Perihelion 
distance q, au 

���������“���������� ���������“�������� ���������“�������� 

Eccentricity e ���������“���������� ���������“�������� ���������“�������� 
�,�Q�F�O�L�Q�D�W�L�R�Q���L�����ƒ �������“������ �������“�� �������“�� 
Argument of 
�S�H�U�L�K�H�O�L�R�Q���R�P�����ƒ 

�������“������ �����“2 �������“�� 

Longitude of 
ascending node 
�2�P�����ƒ 

23.77 23.79 42.30 
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4. Conclusion 
 
Since 2011 regular automatic monitoring of meteors 

�Z�L�W�K�� �W�K�H�� �X�V�H�� �R�I�� �³�W�U�D�F�N�� �D�Q�G�� �V�W�D�F�N�´�� �W�H�F�K�Q�L�T�X�H�� �L�V�� �F�R�Q�G�X�F�W�H�G����
In 2017-2018 eight meteor telescopes worked, located at 
tree stations at a distances of 11.7 km and 100 km. An 
array of data containing more than 3000 single station 
meteor trajectories has been obtained. Catalog of meteor 
trajectory positions and photometric parameters has 
created. Standard deviation of approximation of a 
meteoric trajectory in a large circle �± (15-20)". Kinematic 
parameters of atmospheric meteoric trajectories and 
elements of heliocentric orbits for 3 meteors were 
calculated based on the results of television observations 
�Z�L�W�K�� �F�D�P�H�U�D�V�� �Z�L�W�K�� �D�� �I�L�H�O�G�� �R�I�� �Y�L�H�Z�� �������ƒ�� �D�W�� �D�� �E�D�V�H�O�L�Q�H��
distance 100 km. The velocity estimation uncertainty is 
0.5 km/s, elevation uncertainty is 50-150 m. 

Acknowledgements. Our acknowledgements to Alexan-
der Grinchenko and Gennadiy Vorsin from UALeks Sci-
entific Industrial Concern without whom double station 
observation with short baseline would be impossible. 
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MODEL OF GRAVITATIONAL EFFECTS IN SATURN'S RINGS

L.D. Manchenko

Department of Theoretical Physics named by academician I. M. Lifshits,
V. N. Karazin Kharkiv National University Kharkiv, Ukraine, lil.dmitrievna@gmail.com

ABSTRACT. In this work, we consider one possi-
ble gravitational interaction in a system consisting of
Saturn, its satellites and rings. The structure of rings
can be changed because of such interactions leading to
some sculpting of rings. In consequence of not triv-
ial gravitational e�ects, various perturbations are ob-
served on the edges of rings. We use methods of ce-
lestial mechanics to describe a system containing the
planet, two satellites and the ring placed between them.
In such a system, gravitational forces lead to running
waves that deform the ring. These e�ects are peculiar
to Saturn's F ring. The description of these perturba-
tions needs more di�cult physical model. In particu-
lar, to �nd the change in the ring's edge it's necessary
to go to the non-inertial reference frame. To describe
some e�ects we expect to employ methods of nonlinear
physics to build the model.

ÀÍÎÒÀÖIß. Çàâäÿêè ìiñi¨ Êàññiíi çà îñòàííi
ðîêè áóëî îòðèìàíî áàãàòî äàíèõ ïðî ïëàíåòó
Ñàòóðí òà ¨¨ êiëüöÿ. Áóëî âèÿâëåíî, ùî ñèñòåìà
êiëåöü Ñàòóðíà òà éîãî ñóïóòíèêiâ ìà¹ áåçëi÷
ïðèêëàäiâ ïðîÿâó ãðàâiòàöiéíèõ âçà¹ìîäié. Ó äàíié
ðîáîòi ìè ðîçãëÿäà¹ìî îäíó ç ìîæëèâèõ âçà¹ìîäié
â ãðàâiòàöiéíîìó ïîëi ñèñòåìè. Ñòðóêòóðà
êiëåöü ìîæå çìiíþâàòèñü çàëåæíî âiä ïðîÿâó
ñèë ãðàâiòàöi¨, ùî ïðèçâîäèòü äî íåðiâíîìiðíîãî
ðîçïîäiëó ðå÷îâèíè â êiëüöÿõ. Âiäîìî, ùî ÷àñòèíêè
íà ãðàíèöÿõ êiëåöü ìîæóòü âiä÷óâàòè çáóðåííÿ
âíàñëiäîê ïðîõîäæåííÿ ïîðÿä ñóïóòíèêiâ. Ìè
ðîçãëÿäà¹ìî ñèñòåìó, ùî ñêëàäà¹òüñÿ ç ïëàíåòè,
é êiëüöÿ, ùî ðîçòàøîâàíå ìiæ äâîõ ñóïóòíèêiâ.
Òðà¹êòîði¨ ÷àñòèíîê ó òàêié ñèñòåìi îïèñóþòüñÿ
ìåòîäàìè íåáåñíî¨ ìåõàíiêè. Ãðàâiòàöiéíi ñèëè â
ñèñòåìi ìîæóòü ïðèçâîäèòè äî çáóðåíü ó âèãëÿäi
áiæó÷èõ õâèëü. Öÿ êàðòèíà ïðèòàìàííà êiëüöþ
F ïëàíåòè Ñàòóðí. Äëÿ îïèñó öèõ çáóðåíü,
òðåáà ïåðåéòè äî íåiíåðöiàëüíî¨ ñèñòåìè âiäëiêó,
ïîâ'ÿçàíî¨ ç ÷àñòèíêîþ ó êiëüöi, ùîá ïîáà÷èòè çìiíó
òðà¹êòîði¨. Ó ïîäàëüøîìó ìè çáèðà¹ìîñü îïèñóâàòè
äåÿêi åôåêòè, ùî ìîæóòü âèíèêíóòè ó ñèñòåìi, çà
äîïîìîãîþ ìåòîäiâ íåëiíiéíî¨ ôiçèêè.

Keywords : Saturn's rings, gravitation, rotating refer-
ence frame.

1. Introduction

After the end of the Cassini Mission in 2017 scien-
tists are still processing and analyzing obtained im-
ages of Saturn's and it rings. One of the main con-
clusions based on obtained data is that a structure of
Saturn's rings is fairly di�cult. Scientists assume com-
plex models of gravitational interactions in order to
explain the heterogeneity in the distribution of rings
matter. For example, the gap between rings A and B
is explained by gravitational resonance 2:1 of A ring
with the Mimas and named Cassini Division. Other
interesting interactions due to orbital resonance are
considered in work (Araujo et al., 2015). The satel-
lites Janus and Epimetheus are in�uenced by orbital
resonance 7:6 (Proco et al., 1987) and impact on the
edge of the A ring. Thereby, there are perturbations
in the form of waves on the ring's edge. Such waves
have a three-dimensional structure and fade out with
extending deep into the ring. Janus and Epimetheus
are located on the close orbits, and when the one over-
takes another, their orbits switch (every 4:2 years). In
(Fig. 1) the change of orbits is demonstrated in de-
pendence on a period of time. Appeared gravitational

Figure 1: Semi-major axis for Janis (red) and
Epimetheus (blue) as a function of time between 2000
and 2020 years, from a numerical integration, �tted to
Cassini data (Cooper et al., 2015)
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force due to such a switching causes perturbations on
the edge. These perturbations are small in comparing
with the size of the ring and do not change its overall
structure. It is assumed that waves fade out enough
quickly then we can speak about particles bonds in the
ring.

In this work, we concern with another problem.
Consider the thin ring between two moons in orbital
resonance. This situation is realized for an F ring of
Saturn surrounded by Prometheus and Pandora. The
F ring is far from the main rings system, therefore
is not in�uenced by them. The F ring can have
dynamical changing in structure (Fig. 2) due to a
satellites impact.

Figure 2: In the left corner is Pandora, and in the
right is Prometheus, acquired by the Cassini spacecraft
[solarsystem.nasa.gov]

2. Physical model

Each ring surrounding Saturn consists of dust and
ice particles that move on stable orbits. If the outer
gravitational �eld of Saturn is supplemented by a small
perturb additive (it can be caused by distant satellite
or tidal forces of the planet) then the search of orbital
parameters will be more di�cult. One of the ways to
describe such a motion is presented in (Burns, 1976).
If the ring is located between orbits of two satellites
moving in gravitational resonance, the variable in time
and localized in space gravitational �eld, that could
be not assumed as small, acts on the particles. In re-
sult, the strong perturbations, distorting the ring, are
observed. To describe the motion of the particle in

the ring in such a case, we suggest using the Newto-
nian approach: the gravitational force, acting on the
particle, consists of force sourced by the planet, and
perturbation forces sourced by satellites. To describe
the latter, we introduce disturbing potential. The tech-
nique of introducing such potential is presented in (Shu
et al., 1984; Renner et al., 2006) Obtained equations,
generally speaking, describe perturbed motion and is a
case of N-body problem.

For numerical simulation of the motion of such a
gravitational system one should use the following equa-
tions:

mi
d2�! r i

dt2 = G
NX

i 6= j

mi mj (�! r i � �! r j )

j�! r i � �! r j j3
(1)

The system of equations (1) with initial conditions
describe the N-body problem completely. Unfortu-
nately, this system is not applicable for the analyti-
cal study and can be time-consuming for the numer-
ical simulation. Here we propose an alternative ap-
proach that is lack of the mentioned disadvantages.
We will study an orbit of a separate particle in the
non-inertial frame that rotates around the central mass
with the angular velocity of the ring. In such a frame
non-perturbed particle should rest, while perturbed
particles oscillate about their rest points. Moreover
while the amplitude of such oscillation evidently much
smaller the ring radius, it can be comparable with the
distance between satellites and ring, producing non-
trivial and non-linear dynamics. For two particles an
equation has a form:

d2�! r
dt2 = �

GM

j�! r j3
�! r + 2

�
d�! r
dt

;
�!



�
+

h�!

 ;

h
�! r ;

�!



ii
(2)

where �! r � is a radius vector directed from the particle
with mass m, M � is a mass of moving particle in
the new reference frame,

�!

 � is an angular frequency

vector of rotating reference frame.

3. Discussion

Besides, we propose to consider the classical task of
celestial mechanics from the point of view nonlinear
physics and to describe perturbation as non-small
additive in the equation of motion in the rotating
reference frame. In result, we aim to �nd an ana-
logue with soliton solutions (Kosevich et al., 1978),
that is a case in propagation nonlinear waves in a
medium. This analogue could describe some dynami-
cal e�ects, that can have a place in Saturn
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4. Conclusions

We have proposed a physical model of gravitational
interactions for the Saturn's F ring to describe the
change of its structure. This approach should simplify
the numerical simulation for the N-body problem
and enables analytical studies. In the future using
this physical model, we might describe the dynamical
structure and the change of the separate particle orbit.
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ABSTRACT. To study the dynamic properties
of the new generation of airplanes, helicopters, un-
manned aerial vehicles, rocket and artillery weapons
and ammunition at test sites (polygons) use mobile
laser optical-electronic stations of the trajectory of
measurement (LOETMS). Each LOETMS provides
the detection of test air objects in the visible and
infrared spectral ranges, their high-precision tracking,
measurement and delivery of the parameters of the
coordinates of the movement of air objects in real
time. In order to eliminate systematic and suppress
random errors of trajectory measurements, LOETMSs
are integrated into a uni�ed polygon information-
measuring system (UPIMS). Since the cost of each
LOETMS is high enough, when constructing the
UPIMS, the problem arises of choosing the minimum
number of LOETMSs and their location along the
test tracks of the polygon so that the dispersion of
estimates of the parameters of the coordinates of
the movement of air objects is minimal or at least
less than or equal to a given threshold. The report
provides a mathematical formulation and solution of
the two-criterion problem of optimal placement of
LOETMS on the territory of the polygon. The main
attention is paid to the mathematical formulation and
the method of solving the problem of metrological
certi�cation of the UPIMS for a �xed number and
location of LOETMSs along the test tracks of the
polygon. It is shown that the solution of the UPIMS
metrological certi�cation problem is reduced to lin-
earizing the non-linear function of random arguments
(model of the trajectory of air objects) and calculating
the dispersions of dependent variables (parameters
of motion coordinates) from known dispersions of
independent variables. The results of solving the
problems of optimal placement of LOETMSs on the
territory of the polygon and metrological certi�cation

of UPIMS are given. The studies are relevant not only
for �eld testing of aircraft, but also of scienti�c and
practical interest in the construction of monitoring
systems for airspace in the visible and infrared spectral
ranges and the study of the trajectories of objects of
arti�cial and natural origin in the Earth's atmosphere.

ÀÍÎÒÀÖIß. Äëÿ äîñëiäæåííÿ äèíàìi÷íèõ
âëàñòèâîñòåé íîâîãî ïîêîëiííÿ ëiòàêiâ, âåðòîëüîòiâ,
áåçïiëîòíèõ ëiòàëüíèõ àïàðàòiâ, ðàêåòíîãî òà
àðòèëåðiéñüêîãî îçáðî¹ííÿ i áî¹ïðèïàñiâ íà
ïîëiãîíàõ âèêîðèñòîâóþòü ìîáiëüíi ëàçåðíi
îïòèêî-åëåêòðîííi ñòàíöi¨ òðà¹êòîði¨ âèìiðþâàííÿ
(ËÎÅÑÒÂ). Êîæíà ËÎÅÑÒÂ çàáåçïå÷ó¹ âèÿâëåííÿ
âèïðîáîâóâàíèõ ïîâiòðÿíèõ îá'¹êòiâ ó âèäèìîìó i
iíôðà÷åðâîíîìó äiàïàçîíàõ ñïåêòðó, ¨õ âèñîêîòî÷íå
ñóïðîâiä, âèìið i âèäà÷ó ïàðàìåòðiâ êîîðäèíàò
ðóõó ïîâiòðÿíèõ îá'¹êòiâ â ðåæèìi ðåàëüíîãî
÷àñó. Äëÿ óñóíåííÿ ñèñòåìàòè÷íèõ i ïðèäóøåííÿ
âèïàäêîâèõ ïîìèëîê òðà¹êòîðíèõ âèìiðþâàíü
ËÎÅÑÒÂ iíòåãðóþòüñÿ â ¹äèíó iíôîðìàöiéíî-
âèìiðþâàëüíó ñèñòåìó ïîëiãîíó (ÅIÂÑÏ). Òàê
ÿê âàðòiñòü êîæíî¨ ËÎÅÑÒÂ äîñèòü âèñîêà, òî
ïðè ïîáóäîâi ÅIÂÑÏ âèíèêà¹ ïðîáëåìà âèáîðó
ìiíiìàëüíî¨ êiëüêîñòi ËÎÅÑÒÂ i ¨õ ðîçòàøóâàííÿ
óçäîâæ âèïðîáóâàëüíèõ òðàñ ïîëiãîíó òàêèì
÷èíîì, ùîá äèñïåðñiÿ îöiíîê ïàðàìåòðiâ êîîðäèíàò
ðóõó ïîâiòðÿíèõ îá'¹êòiâ áóëà ìiíiìàëüíîþ àáî,
ïðèíàéìíi, ìåíøå àáî ðiâíîþ çàäàíîìó ïîðîãó.
Ó äîïîâiäi íàâîäèòüñÿ ìàòåìàòè÷íà ïîñòàíîâêà i
ðiøåííÿ äâóõêðèòåðiàëüíî¨ çàäà÷è îïòèìàëüíîãî
ðîçìiùåííÿ ËÎÅÑÒÂ íà òåðèòîði¨ ïîëiãîíó.
Îñíîâíà óâàãà ïðèäiëåíà ìàòåìàòè÷íié ïîñòàíîâöi
i ìåòîäó ðiøåííÿ çàäà÷i ìåòðîëîãi÷íî¨ àòåñòàöi¨
ÅIÂÑÏ äëÿ ôiêñîâàíî¨ êiëüêîñòi òà ðîçòàøóâàííÿ
ËÎÅÑÒÂ óçäîâæ âèïðîáóâàëüíèõ òðàñ ïîëiãîíó.
Ïîêàçàíî, ùî ðiøåííÿ çàäà÷i ìåòðîëîãi÷íî¨
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àòåñòàöi¨ ÅIÂÑÏ çâîäèòüñÿ äî ëiíåàðèçàöi¨
íåëiíiéíî¨ ôóíêöi¨ âèïàäêîâèõ àðãóìåíòiâ (ìîäåëi
òðà¹êòîði¨ ðóõó ïîâiòðÿíèõ îá'¹êòiâ) i ðîçðàõóíêó
äèñïåðñié çàëåæíèõ çìiííèõ (ïàðàìåòðiâ êîîðäèíàò
ðóõó) âiä âiäîìèõ äèñïåðñié íåçàëåæíèõ çìiííèõ.
Íàâîäÿòüñÿ ðåçóëüòàòè âèðiøåííÿ çàâäàíü
îïòèìàëüíîãî ðîçìiùåííÿ ËÎÅÑÒÂ íà òåðèòîði¨
ïîëiãîíó òà ìåòðîëîãi÷íî¨ àòåñòàöi¨ ÅIÂÑÏ.
Ïðîâåäåíi äîñëiäæåííÿ àêòóàëüíi íå òiëüêè äëÿ
ïîëiãîííèõ âèïðîáóâàíü ëiòàëüíèõ àïàðàòiâ, à é
ïðåäñòàâëÿþòü íàóêîâèé i ïðàêòè÷íèé iíòåðåñ, ïðè
ïîáóäîâi ñèñòåì ìîíiòîðèíãó ïîâiòðÿíîãî ïðîñòîðó
â âèäèìîìó i iíôðà÷åðâîíîìó äiàïàçîíàõ ñïåêòðó i
äîñëiäæåííÿ òðà¹êòîðié ðóõó îá'¹êòiâ øòó÷íîãî i
ïðèðîäíîãî ïîõîäæåííÿ â àòìîñôåði Çåìëi.

Key words : trajectory measurements, information-
measuring system, laser optoelectronic stations,
optimal placement, mathematical model of coverage.

1. Introduction

Increasing the e�ciency of use of modern weapons
leads to the need to expand the dynamic and functional
characteristics of aircraft (aircraft), cruise and anti-
aircraft guided missiles, models of artillery equipment.
Under these conditions, the problem of the study of the
dynamic characteristics of LA, testing and evaluation
of their extreme (maximum permissible) characteris-
tics becomes extremely relevant (Dodonov & Putiatin,
2017).

The mobile laser optical-electronic stations of the
trajectory of measurement (LOETMS) developed at
KHNURE (Semenets et al., 2018) can be used for
various �ight experiments, certi�cation of aircraft and
rocket-artillery systems, providing trajectory informa-
tion and video information to control the characteris-
tics of various aircraft with coordinate measurement,
observation and recording of video information and
subsequent detailed analysis of the dynamic and func-
tional characteristics of the investigated aircraft.

Each LOETMS in its area of responsibility is pro-
grammed to track a target in a predicted path seg-
ment. The programming process is automated and
runs simultaneously for all LOESTI. To synchronize
and adjust the delivery of goals for each LOETMS,
the technology of wireless sensor information and com-
munication network is used in the process of aircraft
maintenance. Each LOETMS in the process of track-
ing an aircraft transmits its current coordinates via a
communication channel to LOETMS, which is in the
waiting queue. Based on these data, the coordinates of
the expected capture point and the �ight path of the
aircraft are adjusted relative to the predicted.

The article presents a mathematical formulation and
a method for solving the problem of optimal placement
of LOETMS along the most probable �ight paths of an

aircraft over the territory of the the test site. Before
conducting �ight tests, this problem must be solved,
and the relative position of LOETMS on the territory
of the test site is known. To determine the coordinates
of each LOETMS, we use dual-frequency GPS receivers
mounted on the vertical axis of the LOETMS support-
ing and turning arrangement. The results of measur-
ing the coordinates of each LOETMS and their errors
are entered into the LOETMS database and are peri-
odically updated in accordance with the regulations.
Thus, UPIMS is a set of spatially distributed, inter-
connected wireless sensor information and communica-
tion networks LOETMS and other auxiliary technical
means for receiving video and measuring information,
its transformation, processing in order to present data
on the trajectory parameters of the observed aircraft
in the required form.

Signi�cant spatial distribution of LOETMS on the
test site, the need to take into account the errors of
binding coordinates of each LOETMS to the topobase
using the global navigation satellite positioning system
(GPS), the errors of leveling the LOETMS platforms,
alignment errors (linking each local spherical coor-
dinate system of LOESTI to the global geocentric
coordinate system), individual metrological character-
istics of each LOETMS, identifying and eliminating
systematic errors and suppressing random errors of
general measurements by several LOETMS, led to
the fact that the problem of metrological certi�ca-
tion UPIMS aircraft is extremely complex and relevant.

2. The structure and purpose of the complex

Supporting and turning arrangement on which are
installed:

� visible range camera;

� thermal camera with teleobjective lens;

� laser ranging equipment;

� GPS receiver for geodetic reference;

� Horison laser level for positioning supporting and
turning arrangement;

Fig. 1 and Fig. 2 show views of the turning ar-
rangement (Semenets et al., 2018).

The purpose of the system. Designed to solve a wide
range of tasks of monitoring airspace in the optical and
infrared ranges:

� detect all moving objects;

� automatic recognition of the type of aircraft;

� selection (automatic / manual) of a speci�c object;
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Figure 1: Front view of the turning arrangement

Figure 2: Back view of the turning arrangement

� its precision tracking;

� automatic calculation of coordinate parameters
(coordinates, velocity projections) of each moving
object in the local (spherical) and global (Green-
wich) coordinate systems.

3. Task and goals of work

The problem can be formulated as follows: it is nec-
essary to completely cover a certain rectangular area,
called the coverage area, with some objects, called
nodes of the wireless sensor network, so that the ob-
served point of the object is detected by three nodes
at the same time, while technological restrictions are
observed.

One of the technological limitations may be restric-
tions on the minimum and maximum allowable dis-
tances between the centers of the nodes of the wireless
sensor network and the border of the coverage area, as
well as between the centers of the "neighboring" nodes
of the wireless sensor network (Antoshkin et al., 2001).

The aim of the work is to develop a mathematical
model and optimize the placement of nodes of the wire-
less sensor network in the rectangular region of a uni-
�ed polygon information-measuring system.

The object of study is the process of mathemat-
ical modeling and optimization of the placement of

nodes of a wireless sensor network in a uni�ed poly-
gon information-measuring system.

The subject of the study is optimization methods
for covering a rectangular area with LOETMS control
zones.

4. Domain description

There is a need to create control and management
systems in which the objective function is de�ned not
only as a direct assessment of the characteristics and
conditions of the object, but also with the help of some
additional (for example, signal) information. A physi-
cal model linking the characteristics of the object and
additional information should be constructed in such
a way that it is possible to track and diagnose the pa-
rameters of the object.

In this case, each controlled point in the region
should be in the coverage area of at least one receiver
(sensor). The area that the sensor controls is shown
as a circle. Then, the qualities of an adequate model
of control and monitoring systems can be consid-
ered the circular coverage (circles) of the regionR2

with additional restrictions arising from the physical
characteristics of the equipment used (Antoshkin &
Pankratov, 2016).

5. Solving the problem of regular coverage of
a rectangular area

In (Fejes Toth, 1972), the coverage criterion is de-
�ned as follows: for the 
 set, which should be a circu-
lar cover for the � set, it is necessary and su�cient that
any intersection point of the circles belong to at least
three circles, and each intersection point of the circle
and the boundary of the region belong to at least two
circles, as shown in Fig. 3.

As part of this task, we assume that the area of
a uni�ed polygon information-measuring system is a
rectangle.

It is known (Fejes Toth, 1972) that the optimal cov-
erage of a plane with circles is achieved using the so-
called regular or lattice coverage. Therefore, we use
regular coverage to cover the rectangle with circles.

The set-theoretic model of the problem of covering a
rectangle P with the number n of circles is as follows:

P �
n[

i =1

Ci (1)

That is, each point of the region T0 belongs to at
least one of the circlesC1, C2, ... Cn . The mathe-
matical model of the task in the absence of additional
restrictions can be represented as:
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Figure 3: Coverage criteria

max
t�T 0

min
i�I n

� (t i t) � R; (2)

where rho(t i t) - distance between points;t i and t t =
(tx ; ty ) 2 
 ; t = ( x i ; yi ) - center of i-th circle; I m =
f 1; 2; :::mg; R-radius of circles.

The set of vectors:

r = na1 + ma2; n; m 2 Z; (3)

where a1 = ( a1x ; a1y ); a2 = ( a2x ; a2y ) - linearly inde-
pendent, is called a lattice with basisa1; a2 and is de-
noted L = Lambda(a1; a2); Z - the set of integers,
Lambda - the operator that maps the set of pairs of
vectors to the set of families of the form (3).

Covering
�

� y
	

; i; j�Z with planes in circles � u =
� (ia1 + ja 2) = � (0; 0) + ia1 + ja 2; i; j�Z is called a
single (lattice-frequent) covering of the circle � (0; 0)
which is performed along the basis(a1; a2) of the lattice
L = ( a1; a2) where � (0; 0) circle � centered at (0; 0).

The solution method is to generate (with a given
step) a set of basis vectors that guarantee the existence
of a accomplished covering by the constructed bases,
and choose the best of the constructed lattice coverings.

Now we turn to the problem of the correct sectional-
regular coating of the rectangle using circles. The so-
lution to this problem is reduced to the solution of two
problems of covering a rectangle with vertically and
horizontally located sections of a rectangular shape.
Since the tasks in the statement coincide, in what fol-
lows we restrict ourselves to considering the �rst of
them.

The objective function of this problem has the same
properties as the objective function of the problem of
regular covering of a rectangle, with the exception of
periodicity. In addition, the dependence of the result

on the parameters is complex and di�cult to formalize.
This leads to the need to use approximate methods for
solving the problem. For example, the application of
the method of applying a grid to the region of possible
solutions allows us to solve the problem of sectional-
regular coating in two stages (Pankratov et al., 2002):

� solving a number of problems of uniform regular
cutting of sectionsA � hk by the method described
above;

� item selects the optimal combination of sections.

First, it is worth solving a number of inverse problems
of regular coverage. Namely, for a given number of
detection zones, it is necessary to determine the max-
imum possible section size, it is covered by a given
number of detection zones. It should be noted that
when solving the problem of regularly covering the en-
tire rectangle with this method, all these solutions can
be obtained as intermediate results.

We now turn to solving the problem of choosing the
optimal set of sections. In its statement, this problem
is similar to the well-known one-dimensional knapsack
problem (Korbut & Filkenshtein, 1969) if we interpret
the number of circles k located in the section as the
weight of the element, and the valuehk as the length
of the element. However, the function of the goal in
this case is unconventional, namely: it is necessary to
�nd a set of elements of minimum weight, providing
over�ows or at least full �lling of the knapsack.

An interesting feature of the proposed method for
constructing section-regular coatings is that it can be
naturally generalized to the case of dividing a rectangu-
lar region into sections that are regularly covered with
circles of di�erent radii.

In Fig. 4 and 5 show the results of separation of
sections of regular and regular coverage of section A
using circles of radius 5700, respectively. Although
both coatings are formed by 31 circles, regular sectional
coating is preferable as it is more technologically ad-
vanced.

Figure 4: Regular coverage
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Figure 5: Sectional-regular coverage

In accordance with theoretical considerations, as
the number of circles increases, a method of sectional-
regular coverage gives less and less advantage than a
method of regular coverage. For the entire plane, the
use of sectional-regular coverage will lose its meaning.
However, for the vast majority of practical tasks, the
use of sectional-regular coverage gives a signi�cant
e�ect.The coverage criterion is considered equal to the
total area of the covering circles.

Conclusions

Since the study solves the problem of the optimal
placement of LOETMS along the most probable �ight
paths of an aircraft over the training ground, an impor-
tant class of problems is created for creating circular
coatings covering a rectangular area.

A mathematical model and optimization of the loca-
tion of the nodes of the wireless sensor network in the
rectangular region of a uni�ed polygon information-
measuring system is proposed.

Using methods of regular and sectional-regular cov-
erage, the stated problem of the need for a certain
rectangular area, called the coverage area, can be com-
pletely covered by some objects, which are called nodes
of the wireless sensor network, so that the observed
point of the object is detected simultaneously by three
nodes, each time subject to technological limitations.

Coverage criteria highlighted: in order for one mul-
titude to be a circular cover of another multitude, it
is necessary and su�cient that any intersection point
of the circles belong to at least three circles, and each
intersection point of the circle and the boundary of the
region belong to at least two circles.

Thus, using these methods and meeting the criteria,
the task is completed - the observed point of the object
is detected simultaneously by three points.

For the vast majority of practical applications, the
method of sectional-regular coatings has an advantage
over the method of regular coatings.
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ABSTRACT. The Solar system is formed from a pri-
mary gas-dust cloud. Asteroids and cometary nuclei are 
made of the same substance. Therefore, the study of their 
debris will help determine their properties. It is best to 
investigate the substance of meteoroids in the laboratory. 
The presence of radioactive chemical elements in meteor-
ites provides important information about their age. The 
study of the isotopic composition and content of uranium 
and thorium gives an age of a meteorite substance of 4.6 
billion years. Measurement of cosmogenic isotopes in 
meteorites and analysis of their content allows us to de-
termine the size, mass and age of meteoritic bodies before 
falling to Earth. By measuring the content of tritium and 
helium in a meteorite, the average intensity of the cosmic 
rays bombarding the sample is estimated. Every day, 100-
���������� �W�R�Q�V�� �R�I�� �P�H�W�H�R�U�L�W�H�� �P�D�W�H�U�L�D�O�� �I�D�O�O�V�� �R�Q�� �W�K�H�� �(�D�U�W�K�¶�V�� �V�Xr-
face. A large mass falls to the surface under the action of 
meteor showers. Meteor showers are formed from the 
remnants of the nuclei of known comets and asteroid bod-
ies. To study the substance of the nucleus of comet Chur-
yumov-Gerasimenko, a spacecraft was sent to it worth 
about 1 billion euros. We offer, that to study the material 
of some nuclei of comets and asteroids, it is possible to 
take meteoroid samples directly in outer space in the 
�(�D�U�W�K�¶�V���R�U�E�L�W�����7�K�H�U�H�����P�H�W�H�R�U�R�L�G���S�D�U�W�L�F�O�H�V���P�X�V�W���E�H���F�D�S�W�X�U�H�G����
preserved and delivered to Earth for a thorough study. To 
capture matter from a specific parent cometary nucleus or 
asteroid in outer space, traps made of silicon dioxide, 
which are filled with airgel, can be used. The material of 
the traps allows you to capture particles flying at high 
speed without overheating them. This allows you to save 
organic and other molecules in such particles. Such traps 
should be activated at the moments of maximums of the 
selected meteor showers. 
Keywords: meteor, meteor shower, gas-dust cloud, iso-
tope composition, capture of matter.  
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�g�b�o���l�•�e�����>�e�y��� �̂h�k�e�•�^�`�_�g�g�y���j�_�q�h�\�b�g�b���y� �̂j�Z���d�h�f�_�l�b���Q�m�j�x�f�h��
�\�Z-�=�_�j�Z�k�b�f�_�g�d�h����� �̂h���g�_�€���[�m�\���g�Z�i�j�Z�\�e�_�g�b�c���d�h�k�f�•�q�g�b�c���Z�i�Z�j�Z�l��
�\�Z�j�l�•�k�l�x�� �[�e�b�a�v�d�h�� ���� �f�e�j�^���� �}�\�j�h���� �F�b�� �i�j�h�i�h�g�m�}�f�h���� �s�h�� �^�e�y��
�\�b�\�q�_�g�g�y���f�Z�l�_�j�•�Z�e�m���^�_�y�d�b�o���y�^�_�j���d�h�f�_�l���l�Z���Z�k�l�_�j�h�€� �̂•�\�����f�h�`��
�g�Z���\�•�^�[�b�j�Z�l�b���a�j�Z�a�d�b���f�_�l�_�h�j�h�€�^�•�\���i�j�y�f�h���\���d�h�k�f�•�q�g�h�f�m���i�j�h��
�k�l�h�j�•���g�Z���h�j�[�•�l�•���A�_�f �e�•�����L�Z�f���f�_�l�_�h�j�h�€�^�g�•���q�Z�k�l�b�g�d�b���g�_�h�[�o�•�^�g�h��
�i�•�c�f�Z�l�b�����a�Z�d�h�g�k�_�j�\�m�\�Z�l�b���•��� �̂h�k�l�Z�\�b�l�b���g�Z���A�_�f�e�x���^�e�y���j�_�l�_�e�v��
�g�h�]�h���^�h�k�e�•�^�`�_�g�g�y�� �>�e�y���a�Z�o�h�i�e�_�g�g�y���j�_�q�h�\�b�g�b���a���d�h�g�d�j�_�l�g�h��
�]�h�� �[�Z�l�v�d�•�\�k�v�d�h�]�h�� �d�h�f�_�l�g�h�]�h�� �y� �̂j�Z�� �Z�[�h�� �Z�k�l�_�j�h�€� �̂Z���� �\�� �d�h�k�f�•�q��
�g�h�f�m���i�j�h�k�l�h�j�•���f�h�`�g�Z���\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b���\�b�]�h�l�h�\�e�_�g�•���a���^�•�h�d��
�k�b�^�m�� �d�j�_�f�g�•�x�� �i�Z�k�l�d�b���� �y�d�•�� �a�Z�i�h�\�g�_�g�•�� �Z�_�j�h�]�_�e�_�f���� �F�Z�l�_�j�•�Z�e��
�i�Z�k�l�h�d��� �̂h�a�\�h�e�y�}���a�Z�o�h�i�b�l�b���q�Z�k�l�b�g�d�b�����s�h���e�_�l�y�l�v���a���\�_�e�b�d�h�x��
�r�\�b�^�d�•�k�l�x���� �g�_�� �i�_�j�_�]�j�•�\�Z�x�q�b�� �€�o���� �P�_�� � �̂h�a�\�h�e�y�}�� �a�[�_�j�•�]�Z�l�b�� �\��
�l�Z�d�b�o���q�Z�k�l�b�g�d�Z�o���h�j�]�Z�g�•�q�g�•���l�Z���•�g�r�•���f�h�e�_�d�m�e�b�����I�h�^�•�[�g�•���i�Z�k�l��
�d�b���i�h�\�b�g�g�•���[�m�l�b���a�Z� �̂•�y�g�•���\���f�h�f�_�g�l�b���[�e�b�a�v�d�•��� �̂h���f�Z�d�k�b�f�m�f�•�\��
�h�[�j�Z�g�b�o���f�_�l�_�h�j�g�b�o���i�h�l�h�d�•�\. 
�D�e�x�q�h�\�•�� �k�e�h�\�Z�� �f�_�l�_�h�j�h�€�^���� �f�_�l�_�h�j�g�•�� �i�h�l�h�d�b���� �]�Z�a�h�i�b��
�e�h�\�Z���o�f�Z�j�Z�����•�a�h�l�h�i�g�b�c���k�d�e�Z�^�����a�Z�o�h�i�e�_�g�g�y���j�_�q�h�\�b�g�b 

 
The Solar system was formed from a primary gas-dust 

cloud. Asteroids and cometary nuclei consist of the same 
primary substance. In this regard, we can assume that the 
secret of the origin of our system can remain inside aster-
oids and cometary nuclei.  

Therefore, the study of their fragments will help answer 
many of the questions posed. The invasion of these mete-
�R�U�R�L�G�V�� �L�Q�W�R�� �W�K�H�� �(�D�U�W�K�¶�V�� �D�W�P�R�V�S�K�H�U�H�� �O�H�D�G�V�� �W�R�� �W�K�H�L�U�� �L�Q�W�H�U�Dc-
tion with air molecules.  

The degree of this interaction and its consequences de-
pend on the value of the extra-atmospheric speed of the 
meteoroid. Its boundary value is determined by the magni-
tude of the second cosmic velocity for our planet and for 
the solar system. The speed of the Earth in its orbit around 
the Sun is �|30 km/s. And the maximum possible speed of 
�P�H�W�H�R�U�R�L�G�V���L�Q���W�K�H���(�D�U�W�K�¶�V���R�U�E�L�W���L�V���|42 km/s. Therefore, the 
speed of the oncoming meteoroid relative to the Earth will 
be equal to �|72 km/s; and meteoroids that catch up with 
the Earth �± a little more than 11 km/s. Under such condi-
tions, the rate of meteoroid invasion of the atmosphere is 
in the range of 11.2-72 km/s. At such high speeds, the 
energy of a meteoroid with a mass of �|7 g and a speed of 
72 km/s exceeds 20 MJ.  

�:�L�W�K�� �V�X�F�K�� �H�Q�H�U�J�\�� �Y�D�O�X�H�V���� �D�� �E�R�G�\�� �H�Q�W�H�U�L�Q�J�� �W�K�H�� �(�D�U�W�K�¶�V��
atmosphere transfers a huge impulse to air molecules. 
Each collision heats a portion of the front of its surface 
and slows down its movement. With a deeper penetration 
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of the body into the atmosphere, air density increases; the 
number of its interactions with atmospheric molecules is 
also growing. This leads to mechanical fragmentation of 
the meteorite into parts. Moreover, more fragile bodies 
begin to fragment at a high height, and more durable ones 
at a much lower level.  

It is best to determine the structure, mass, density and 
chemical composition of a meteoroid in a laboratory study 
of its substance. But for now, we can only remotely ob-
serve meteors, or obtain information when registering the 
interaction of meteoroid dust particles with special sensors 
installed on spacecraft.  

The presence of radioactive chemical elements in meteor-
ites provides important information about their age. It is de-
termined using the decay laws of natural radioactive isotopes. 
For example, some isotopes of uranium and thorium, having 
half-lives from 700 million to 14 billion years, decay, form-
ing lead isotopes. Therefore, the study of the modern isotopic 
composition of lead and the relative contents of uranium and 
thorium gives the age of a meteorite substance equal to 4.6 
billion years. Cosmogenic isotopes also play an important 
role in determining the time intervals from the moment of 
fall, i.e., the age of terrestrial meteorites.  

Measurements of some cosmogenic isotopes have also 
shown that meteorites are tens and hundreds of thousands 
of years old. An analysis of their content allows us to de-
termine the initial size and mass of meteorite bodies be-
fore falling to Earth.  

So, under the influence of cosmic rays in meteorites, a 
radioactive helium isotope is formed - tritium. Therefore, 
according to changes of the tritium and helium content in 
the meteorite with depth, the average intensity of the cos-
mic rays, which bombarded the sample, is estimated. And 
�W�K�H�� �L�Q�L�W�L�D�O�� �³�S�U�H-a�W�P�R�V�S�K�H�U�L�F�´�� �I�R�U�P���� �Y�R�O�X�P�H�� �D�Q�G�� �P�D�V�V�� �R�I��
the meteorite body are also may estimated by the content 
of the helium isotope. In terms of chemical composition, 
meteorites practically do not differ from terrestrial rocks. 
But in meteorites, which have been found on Earth sur-
face, rare or generally unknown minerals . Sometimes tiny 
grains of diamond come across, apparently, arising as a 
result of some kind of impact.  

Until now, it was possible to study the composition of 
those cometary nuclei and asteroids whose meteorite mate-
�U�L�D�O�V�� �I�H�O�O�� �W�R�� �W�K�H�� �(�D�U�W�K�¶�V�� �V�X�U�I�D�F�H��(Churyumov et al. 2016). 
Every day, 100-1000 tons of meteorites falls here 
(Churyumov et al. 2014; 2015; �9�L�G�¶�0�D�F�K�H�Q�N�R�� ������������ �9�L�G��
machenko 2009; Vidmachenko et al. 1979; Vidmachenko 
& Morozhenko 2014; Vidmachenko & Steklov 2013).  

And most of their mass appeared on the surface during 
the action of meteor showers. They arise when the Earth, 
during its orbital motion, passes through long clusters of 
meteoric matter in orbit around the Sun. This is repeated 
annually, and their active action lasts from several days to 
months (Dashkiev et al., 2018).  

Most of these flows are formed from the remnants of 
the nuclei of known comets, and for several �± from aster-
oid bodies (Dashkiev et al. 2017, Vidmachenko & Vid-
machenko 2007). For example, the parent body of meteor 
shower Quadrantides �± is asteroid 2003 EH; Virginides �± 
2003 BD44, 2002 FC and 1998 SJ70; Geminides �± 3200 
Phaeton; Arietides �± 1566 Icarus. For the meteor shower 
Lir ides is considered as source Comet C / 1861, for eta-
Aquarids and Orionides �± are Halley's comet; alpha-
Capricornids �± 169P / NEAT, Delta-Aquarids �± 96 / 
Machgolts, Perseides �± Swift-Tuttle 1862III, Draconides �± 
1900III Jacobini-Zinner, Taurids �± Enke, Leonids �± 
Tempel-Tutl, Ursids �± 8P / Tuttle.  

Therefore, samples of the nuclei of the above comets 
and some asteroids can be taken in near space. 

Recall that to study the substance of the nucleus of 
comet Churyumov-Gerasimenko, an apparatus was sent to 
it, worth about 1 billion euros. NASA after 2021 is 
planned to catch a small asteroid using an unmanned 
probe; then it will be delivered to the orbit of the Moon, 
and, after the selection of the necessary samples, they will 
be sent to Earth for a detailed study. But we offer that in 
order to study the material of some cometary nuclei or 
�D�V�W�H�U�R�L�G�V�����L�W���L�V���Q�R�W���Q�H�F�H�V�V�D�U�\���W�R���³�F�D�W�F�K�´���D�Q���H�Q�W�L�U�H���R�E�M�H�F�W���D�W��
great distances. To do this, we can take meteoroid samples 
of some selected comets or asteroids from the above list, 
�U�L�J�K�W���L�Q���R�X�W�H�U���V�S�D�F�H���L�Q���(�D�U�W�K�¶�V���R�U�E�L�W�����,�W���Ls here that meteor-
oid particles can be captured, mothballed and delivered to 
Earth for research using high-quality equipment (Vid-
machenko & Steklov 2018).  

Devices for capturing matter in outer space can be traps 
filled with an airgel made of silicon dioxide. These were 
used in the study of the substance of the comet 81P / Wild 
�E�\�� �W�K�H�� �S�U�R�E�H�� �³�6�W�D�U�G�X�V�W�´��(Rietmeijer, 2016). The material 
of the traps allows you to capture particles flying at high 
speed without overheating them.  

This allows you to save both organic and other molecules 
in such particles (Gorlenko et al., 2000; Kozyrovs-
ka&Vidmachenko, 2018; Vidmachenko&Steklov, 2017). We 
propose equipping orbital comic systems with such cells, 
which should be used at the moments of the maximums of 
the selected meteor showers. Micrometeorites captured by 
such cells in space and delivered to Earth will not be affected 
by high temperature. Therefore, they can be delivered here 
for thorough research. Ensuring the sterility of the meteoroid 
substance will provide valuable information that may relate 
to possible extraterrestrial life during astrobiological studies. 

And wherein, to study samples of the nuclei of comets and 
asteroids, it is not necessary to send special probes for mil-
lions of kilometers. To implement such a program, it is nec-
essary to capture matter from the parent cometary nucleus or 
asteroid during the action of a particular meteor shower. 
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ABSTRACT. The arrivals of the new more accuracy 

reference catalogs and development of new methods and 
approaches for reduction astrometric data give the new 
life for photographic plates archives. Gaia DR2 is not only 
a giant step in the astrometric accuracy allowing to meas-
ure new objects it also provides plates archives observed 
in the past with modern accuracy. In this work we present 
the first results of astrometric reduction in the system of 
Gaia DR2 for some photographic plates that were ob-
tained by UK Schmidt telescope (UKST) and digitized by 
the SuperCOSMOS scanning machine. To date the UKST 
has taken over 17,000 plates, the plates are stored in the 
Plate Library at the Royal Observatory, Edinburgh. The 
photographic plates are digitized to 15 bits (32768 grey 
levels) with a resolution of 10 microns (0.67 
arcsec)/pixel). Each digitized Schmidt plate has size 
32256x32256 pixels and produces about 2 Gbyte pixel 
data.  We are making new reduction of photographic 
plates that allowing to provide valuable data for future 
researches in astrometry as well as in  astrophysics. The 
results of our research showed some problems for further 
successful implement of works started to process the digit-
ized scans with such large size in the frame of the Super-
COSMOS program. However, the internal estimation of 
the accuracy position of objects are better the same results 
of the SuperCOSMOC reduction and will be improved 
after the solving these problems.  

Keywords: stellar catalogs, digitized plate processing, 
photometry, UBV system.  
 

�:�G�H�L�:�P�1�Y�����I�h�y�\�Z���g�h�\�b�o���\�b�k�h�d�h�l�h�q�g�b�o���h�i�h�j�g�b�o���d�Z��
�l�Z�e�h�]�•�\�����Z���l�Z�d�h�`���j�h�a�j�h�[�d�Z���g�h�\�b�o���f�_�l�h�^�•�\���l�Z���i�•�^�o�h�^�•�\���^�e�y��
�Z�k�l�j�h�f�_�l�j�b�q�g�h�€���j�_�^�m�d�p�•�€���^�Z�g�b�o���^�Z�x�l�v���g�h�\�_���`�b�l�l�y���Z�j�o�•�\�m��
�n�h�l�h�]�j�Z�n�•�q�g�b�o���i�e�Z�l�•�\�h�d�����*�D�L�D���'�5�����± �p�_���g�_���e�b�r�_���]�•�]�Z�g�l��
�k�v�d�b�c�� �d�j�h�d�� �m�� �Z�k�l�j�h�f�_�l�j�b�q�g�•�c�� �l�h�q�g�h�k�l�•���� �s�h�� �^�h�a�\�h�e�y�} 
�\�b�f�•�j�x�\�Z�l�b���g�h�\�•���h�[�
�}�d�l�b�����Z���l�Z�d�h�`���^�h�a�\�h�e�y�}���h�l�j�b�f�Z�l�b���l�Z��
�i�h�j�•�\�g�x�\�Z�l�b�� �Z�j�o�•�\�g�•�� �k�i�h�k�l�_�j�_�`�_�g�g�y�� �\�� �f�b�g�m�e�h�f�m�� �•�a�� �k�m��

�q�Z�k�g�h�x���l�h�q�g�•�k�l�x�����M���p�•�c���j�h�[�h�l�•���f�b���i�j�_�^�k�l�Z�\�e�y�}�f�h���i�_�j�r�•��
�j�_�a�m�e�v�l�Z�l�b�� �Z�k�l�j�h�f�_�l�j�b�q�g�h�€�� �j�_�^�m�d�p�•�€�� �^�_�y�d�b�o�� �n�h�l�h�]�j�Z�n�•��
�q�g�b�o�� �i�e�Z�l�•�\�h�d�� �\�� �k�b�k�l�_�f�m�� �h�i�h�j�g�h�]�h�� �d�Z�l�Z�e�h�]�m�� �*�D�L�D��DR2, 
�y�d�•�� �[�m�e�b�� �h�l�j�b�f�Z�g�•�� �R�f�•�^�l�� �l�_�e�_�k�d�h�i�h�f�� �:�g�]�e�h-
�:�\�k�l�j�Z�e�•�c�k�v�d�•�c���h�[�k�_�j�\�Z�l�h�j�•�€���l�Z���[�m�e�b���h�p�b�n�j�h�\�Z�g�•���a�Z���i�j�h��
�]�j�Z�f�h�x�� �k�d�Z�g�m�\�Z�g�g�y�� �6�X�S�H�U�&�2�6�0�2�6���� �N�h�l�h�]�j�Z�n�•�q�g�•�� �i�e�Z��
�l�•�\�d�b���h�p�b�n�j�h�\�Z�g�•���������[�•�l�����������������j�•�\�g�•�\���k�•�j�h�]�h���d�h�e�v�h�j�m�����a��
�j�h�a�^�•�e�v�g�h�x�� �a�^�Z�l�g�•�k�l�x�� ������ �f�d�f�� �g�Z�� �i�•�d�k�_�e�v���� �k�l�\�h�j�x�x�q�b��
�[�e�b�a�v�d�h�������=�[�•�l���i�•�d�k�_�e�v�g�b�o���^�Z�g�b�o�����G�Z���k�v�h�]�h�^�g�•�r�g�•�c���^�_�g�v��
�•�k�g�m�}�� �i�h�g�Z�^�� ������ �������� �i�e�Z�l�•�\�h�d�� �h�l�j�b�f�Z�g�b�o�� �l�Z�d�b�f�b�� �R�f�•�^�l��
�l�_�e�_�k�d�h�i�Z�f�b���� �y�d�•�� �a�[�_�j�•�]�Z�x�l�v�k�y�� �\�� �[�•�[�e�•�h�l�_�p�•�� �n�h�l�h�]�j�Z�n�•�q��
�g�b�o�� �i�e�Z�l�•�\�h�d�� �m�� �D�h�j�h�e�•�\�k�v�d�•�c�� �h�[�k�_�j�\�Z�l�h�j�•�€���� �f�•�k�l�h�� �?�^�•�g��
�[�m�j�]���� �F�b�� �j�h�[�b�f�h�� �g�h�\�m�� �h�[�j�h�[�d�m�� �n�h�l�h�]�j�Z�n�•�q�g�b�o�� �i�e�Z�l�•��
�\�h�d���� �s�h�� �^�h�a�\�h�e�b�l�v�� �h�l�j�b�f�Z�l�b�� �p�•�g�g�•�� �^�Z�g�•�� �^�e�y�� �f�Z�c�[�m�l�g�•�o��
�^�h�k�e�•�^�`�_�g�v�� �y�d�� �m�� �]�Z�e�m�a�•�� �Z�k�l�j�h�f�_�l�j�•�€���� �l�Z�d�� �•�� �Z�k�l�j�h�n�•�a�b�d�b����
�J�_�a�m�e�v�l�Z�l�b���g�Z�r�b�o���^�h�k�e�•�^�`�_�g�v���\�b�y�\�b�e�b���^�_�y�d�•���k�d�e�Z�^�g�h�k�l�•��
�^�e�y�� �i�h�^�Z�e�v�r�h�]�h�� �\�b�d�h�g�Z�g�g�y�� �j�h�[�h�l�b�� �i�h�� �h�[�j�h�[�p�•�� �l�Z�d�b�o��
�\�_�e�b�d�b�o���a�Z���j�h�a�f�•�j�h�f���i�e�Z�l�•�\�h�d���i�j�h�]�j�Z�f�b���6�X�S�H�U�&�2�6�0�2�6. 
�:�e�_���� �\�g�m�l�j�•�r�g�y�� �h�p�•�g�d�Z�� �l�h�q�g�h�k�l�•�� �i�h�e�h�`�_�g�v�� �h�[�¶�}�d�l�•�\��
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�g�b�o���a�h�[�j�Z�`�_�g�v, �n�h�l�h�f�_�l�j�•�y�����k�b�k�l�_�f�Z��UBV. 

 
1. Introduction  
 
This work has been done to explore the possibility of ex-

tending the FON project into "deep" - from B = 17m to B = 
22m (Pakuliak, 2016; Andruk, 2017a). In the FON project 
digitized scans of photographic plates with the size of 
13000x13000 pixels were processed to create a catalog of 
positions and B-magnitude stars of the Northern Sky (An-
druk, 2017b). In this paper, we examined the possibility of 
using our software tools (Hambly N.C. et al., 2001a) to 
digitized photographic plates from the Schmidt telescope at  
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Figure 1: The 8-parts splitting scheme for the plate number 
602. Only images of bright stars after the processing of the 
scan in the MIDAS/ROMAFOT environment are mapped. 
 
the Anglo-Australian Observatory. This is a classic Schmidt 
with the following parameters: the diameter of the mirror is 
1.83 m; focal distance �± 3.07 m; a square photographic 
plate with the size of 356x356 mm covers 6.4x6.4 degrees 
of sky; scale �± 67.12 arcsec/mm; spatial resolution �± 670 
mas/pixel. To date, there are more than 17,000 photograph-
ic plates obtained by this Schmidt telescope which are 
stored in the Plate Library at the Royal Observatory, Edin-
burgh. Several plates from this Plate Library were digitized 
by the SuperCOSMOS scanning machine The astronega-
tives were digitized to 15 bits (32768 gray levels) with a 
spatial resolution of 10 microns per pixel. They have di-
mensions of 32256x32256 pixels and a volume of 2 Gbytes 
of pixel data (Hambly N.C. et al., 2001b). For the extracting 
of the star images we used the MIDAS software environ-
ment. But it has a size limit: the size of scan to be processed 
is no more than 20,000 x 20,000 pixels. The authors found 
an opportunity to use the Midas software environment by 
splitting each scan into 8 overlapped parts (bands) by the 
coordinates of Y. The width of the overlapped zones is 256 
pixels. As our small experience of the data processing 
shown, instrumental photometric values in the overlapping 
bands are needed for photometric alignment of all eight 
bands. The splitting scheme of the scan for the plate No.602 
is shown on the figure 1.  

 
2. The first results of the processing of plates with 

the size of 32256x32256 pixels 
 
Processing of digitized scans in the MIDAS/ROMAFOT 

environment allows to obtain data for all registered objects: 
rectangular coordinates X,Y; photometric values m and 
FWHM. The reduction of the rectangular coordinates of X,Y 
into the system of equatorial coordinates was carried out in 
the system of Tycho-2 catalog (Hog E. et al., 2000) for stars 
in the range of B = 9m �± 14m (Andruk, 2015; Andruk, 2016). 
Brighter stars were not used because of the generation of se- 

 

Figure 2: The distribution of errors definition of equatorial 
coordinates �1�� ���U�H�S�U�H�V�H�Q�W�H�G���D�V���G�L�I�I�H�U�H�Q�F�H�V���R�I���û�.�����û�/�����L�Q���W�K�H��
system of Tycho-2 catalog for the plate 602 at the initial 
(left panel 1a, 1b, 1c, 1d) and the final (right panel 2a, 2b, 
2c, 2d) stages of reduction. Panel e is a map of the sky of 
bright stars. Panel f shows the plot of instrumental photo-
metric values m again stellar B-values of the Tycho-2 
catalog for 936 stars. 

 
veral doubles objects instead of real one. The figure 2 
shows the distribution of errors definition of equatorial 
coordinates �1�� (represented as dif�I�H�U�H�Q�F�H�V���R�I���û�.�����û�/�����L�Q���W�K�H��
system of Tycho-2 catalog for the plate 602 at the initial 
(left panel 1a, 1b, 1c, 1d) and the final (right panel 2a, 2b, 
2c, 2d) stages of reduction relatively rectangle coordinates 
X,Y and stellar B-values. On the bottom of the left panel 
(e) is a map of the sky of bright stars, on panel (f) �± the 
plot of instrumental photometric values m against stellar 
B-values of the Tycho-2 catalog for 936 stars. 

At this stage of the study the authors could not imple-
ment the photometric reduction of the instrumental values 
m into the B-magnitude of Johnson's system by using a 
characteristic curve. Due to the generation of an arbitrary 
number of false objects instead of real one for bright stars it 
was not possible to build the part of the real characteristic 
curve for stars brighter than B < 10m in order to somehow 
adequately calibrate characteristic curve across the entire 
range of stellar values of registered objects in the system of 
photoelectric measurements of stars or at least in the B-
system of Tycho-2 catalog (Relke, 2015). Therefore the 
authors made a photometric assessment to determine the  
blim  values of the extremely weak registered objects for sev-
eral processed plates with one exposure in the B-magnitude 
system of the Gaia DR2 (Gaia Collaboration, 2018). Results 
of the photometry of the scan number 602 in the B-system 
of the Gaia DR2 are presented on the Figure 3. On the a-
panel  is  the  plot  of instrumental photometric  measures m  
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Figure 3: The results of the photometry of the scan num-
ber 602 in the B-system b of the Gaia DR2 catalog. On the 
a-panel is the plot of instrumental photometric measures 
m against the B-magnitudes of the Gaia DR2 catalog (�5 = 
-0.74 is the contrast coefficient of photo emulsion). On the 
b-panel �± distribution of all 234685 recorded objects 
(points) and 90122 identified stars from the Gaia DR2 
catalog (continuous line) by star intervals. On the c, d, t, f 
and g panels �± the differences between the calculated b' 
and the catalogue b values �û�E��� ���E�
-b (�1 = 0.30m) relative 
to the rectangular coordinates X, Y, the distance from the 
center of the plate R, the b-g color and B-magnitudes of 
the Gaia DR2 catalog respectively.  

 
 

Table 1. Results of the processing of scans for seven plates 
 
Np/RA/DEC  Epoch    �1RA���1DE���1B  Nobj/b lim     

190 
22h34m54s  
-�����ƒ�����•�����
�
���� 

16.09.79 0.22" 
0.09" 
0.28m 

267 000 

21.3m  

289 
22h25m40s  
-�����ƒ�����•�����
�
�� 

17.06.75 0.13"  
0.07" 
 0.28m 

303 000 

 21.6m  

345  
22h33m29s  
-�����ƒ�����•�����
�
�� 

16.09.77 0.17"  
0.08"  
0.29m 

296 000 

21.5m   

405 
22h25m53s 

-�����ƒ�����•�����
�
�� 

11.08.80 0.82"  
0.18" 
0.26m 

264 000 

21.4m  

468 
22h38m50s  
-�����ƒ�����•�����
�
�� 

02.10.80 0.66" 
0.17" 
0.22m 

204 000 

20.1m   

533  
22h23m50s  
-�����ƒ�����•�����
�
�� 

25.06.80 0.25"  
0.11" 
0.30m 

232 000 

21.1m   

602  
22h27m00s  
-�����ƒ�����•�����
�
�� 

26.09.87 0.20" 
0.09" 
0.30m 

235 000 

21.2m  

against the stellar B-values of the Gaia DR2 catalog (�5 =  
-0.74 is the contrast coefficient of photo emulsion). On the 
b-panel �± distribution of all 234685 recorded objects 
(points) and 90122 identified stars from the Gaia DR2 cata-
log (continuous line) by star intervals. On the c, d, t, f and g 
panels �± the differences between the calculated b' and the 
catalogue b values �û�E�� � �� �E�
-b (�1 = 0.30m) relative to the 
rectangular coordinates X, Y, the distance from the center 
of the plate R, the b-g color and stellar B values the of the 
Gaia DR2 catalog respectively.  

The results summary of the processing of scans for 
seven selected astronegatives obtained by the Schmidt 
Telescope of the Anglo-Australian Observatory is pre-
sented in the table 1. The first column shows the number 
of plate Np and centers coordinates RA, DEC; the second 
one �± observation epoch'. The reduction errors for the 
coordinates RA, DEC in the system of Tycho-2 catalog 
�1RA�����1DE and the error of B-magnitudes in the B-system of 
Gaia DR2 catalog �1B are entered in the third column. The 
fourth column shows the total number of registered ob-
jects Nobj and the magnitude value for extremely weak 
objects in the B-system of the Gaia DR2 catalog blim . 

 
3. Conclusions  

The use of the automatic splitting of scans into several 
(eight) parts in the MIDAS/ROMAFOT environment  allows 
the processing of the plates with the size of 32256x32256 
pixels. However the results of our researches showed some 
problems that need to be solve for further successfully im-
plement of works started to process of the digitized scans 
with such size in the frame of the SuperCOSMOS program. 

1. In the photometric sense eight zones 4,256 pixels wide 
with overlapping 256 pixels at the Y coordinate combine 
not quite correctly (figure 3, d-panel). In the astrometric 
sense there is no such problem (figure 2, 2c-panel). 

2. At the MIDAS/ROMAFOT processing stage, you 
need to split up the registered objects into two sequences, 
weaker than B > 11m (FWHM < 30 pixels) and a bright-
er B < 11m. Bright objects need additional filtration 
(smoothing) procedures to prevent the generation of false 
objects. Dividing objects into two sequences will need 
about 50% more processing time. 
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