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COSMOLOGY, GRAVITATION, ASTROPARTICLE PHYSICS, HIGH ENERGY PHYSICS

DOI:http://dx.doi.org/10.18524/1810-4215.2019.32.181750
T-SOLUTIONS OF THE 5D KALUZA-KLEIN MODEL

M.S. Dmytriiev!, V.D. Gladush?

! Oles Honchar Dnipro National University,
Dnipro, Ukraine, oct.gaster@gmail.com

2 Oles Honchar Dnipro National University,
Dnipro, Ukraine, vgladush@qgmazil.com

ABSTRACT. We consider spherically-symmetric
solution of the 5D Kaluza-Klein theory, which metric
coefficients depend on time only. When we construct
the appropriate 441 splitting of the five-dimensional
space and then perform the conformal transformation
we get the cosmological model with hypercylinder
topology. There are scalar and electromagnetic fields
with contact interaction. Besides this, these fields
correspond to the inner region of the black hole
in the appropriate choice of integration constants.
Using 24241 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
satisfied 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 configurations with removable and
unremovable electric field are possible to exist in this
case [Gladush et al., 2015]. Removable electric field
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 inflation.

Keywords: five-dimensional space-time: Kaluza-
Klein model; time-dependent solution: black hole
model, cosmological model. AHOTAIIIS. Bynyernes
i HocaimKyerhes chepuIHO-CUMETPUYHAN PO3B’I30K
warusuMmipaol  teopil Kamynu-Kireitna, werpuami
KoeiIienTn KOl 3a/1eKaTh TiAbKK Bix gacy. [lpn ma-
JIe2KHOMY 4-+1- po3Miernieri m’ sTUBUMIPHOTO TTPOCTOPY
Ta, KOH(MOPMHOMY Bi0oOparkKeHHi, BOHH BiJIOBiIal0ThH
KOCMOJIOTIUHIft MOJesi 3 TilepIuIiHIPUIHOI TOIIO-
JIOTI€IO 31 CKAJIAPHUM Ta €JeKTPOMArHiTHUM IOJISIMU,
IO B3AEMOJIIOTHh MizK CODOI0 KOHTAKTHUM YHHOM. 3

inmoro OOKy, pW BiAMOBiTHOMY BHOOpI cTaaMx iHTe-
IpYBaHHs, BOHHW BiJIIIOBI/IAIOTh BHYTPINIHINA YacTHHI
YOpHOI JIipu II'ITUBUMIPHOI Teopil. 3a JI0IMOMOrOI0
TexXHIKH 242 1-po3mensieHHs IpocTOpy 1 BCiX cCyIry-
THIX BEJIMYUH Ta BIIMMOBIAHOI PEMYKINl OTPUMYETHCS
narpamxkian Mogeni. Ha ocmoBi omep2KaHOTO Jarpam-
XKiaHy OyayeTbcsi KaHOHIUHUN opMasizM Teopii, 1o
MicTuTh MHOXKHMKEM Jlarpanxka. Ilum MHOXKHEUKaM
BIJITOBITAIOTH BTOPUHHI TaMLIHTOHOBA, IMITYJILCHA Ta
raycoBa B’s3i. Y OIHODPIAHOMY BUIAJKY IMITyJIbCHA
B’sI3b BUKOHYETHCA TOTOXKHO, & 3 TaMiJbTOHOBOI BU-
muBae piBHaHHA Eitnmreitna-Laminbrona- Akobi. 13
PO3B’SI3KiB IHOTO PIBHAHHSA OTPUMYEMO KOMITOHEHTH
METPHUKH IT' ITUBUMIpHOTO mpocTopy. OCHOBHMIA 3MicT
i€l pobOTH MOJIATAa€ y BUBYEHHI 1i€1 MeTpuku. Buss-
JISIETHC, M0 Yy BUIAJKY, IO PO3IVISIAETHCS, MOXKJINBI
PO3B’S3KH 3 YCYBHUM 1 HE YCYBHUM €JIEKTPUIHIM
nosiem [Gladush et al., 2015]. V nepmomy Bunajxy,
3a, JIOIIOMOTOIO BiJIITOBIHOrO I’ ITUBUMIPHOTO KOOD/IH-
HATHOTO TIEPETBOPEHHS €JIEKTPUYHE I10JIe MOXKe OyTu
ycyryTo. JlocmimKyerbcss dacoBa 3aJI€KHICTh KOH-
GbOPMHOTO MHOXKHHKA IIPOCTOPOBO-4ACOBOI METPUKH,
AKkuit onucye po3mip BeecBiTy y KocMmostoriuHiit Mmoeti.
Bussnserbces, mo Taka MOJeIb OIMUCY€E IpaBiTaliitHuit
KoJiaric BeecBity y BijjiaseHoMy MaiOyTHBOMY. Brim,
3aJIe’KHO BiJl 3HAKy CTaJUX IHTerpyBaHHs, y I KO-
CMOJIOTI9HIT MOJIesTi MOXKe OyTH NMPHUCYTHE MOYATKOBE
MIOPIBHAHO HE3HAYHE PO3IIUPEHHS.

Kutro4oBi ciioBa: ’ssTUBUMIpHUIT IIPOCTIp-Yac: Teopis
Kanymu-Kieitrna; T-poss’si3ok: Mopesns 9opHOI HipH,
KOCMOJIOT1YHA, MOJEJIb.

Used conventions: Greek indices u, v, p etc. run from
0 to 3, latin indices from the beginning of alphabet
a, b, ¢ etc. get values 0 and 1. Latin indices from the
middle of alphabet i, j, k etc. get values 2 and 3.

1. Introduction

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

ds®? = g, datdx” — ¥ (dz + Aﬂdx“)2 (1)

S= / V—g®ORO dzdx (2)

Here R(® and \/—g¢®) are the scalar curvature and
metrics determinant for the 5D manifold, respectively.
The last one consists of ordinary 4D space-time and
the fifth 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 fifth dimensi-
on. Because of this assumption, geometrical quantiti-
es in our model do not depend on z 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 = Al/(

w) + i&’aﬂ”) V=gd'x

R(4) =R" )[QW] Guv = e—%w
(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
field or a cosmological model, if the event horizon of
that field configuration does not exist.

We are going to work out the field model solutions
using Hamilton-Jacobi method and to demonstrate
usefulness of that methods for analysis of the
homogeneous field configurations. 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:

Gupdrtdz” = e™? |N?dt* — e* (dr + N"dt)? — epdoﬂ

do? = db* + sin? Odp?
(4)
Here A, ¢ and p are the dynamical variables of
the model, N and N" are the Lagrange multipliers.
EM field potential has only 2 non-zero components,
namely A, which is a dynamical variable, and Ag —
Lagrange multiplier. Therefore, Hamilton function of
the model depends on the variables A, p, ¥, A; and
their conjugate momentums Py, P,, Py, Pga. Using
(3) and (4), in the spherically-symmetric case we obtain
from canonical approach this set of constraints:

Hi~0 H,~0 0.Pgy~0 (5)

These equalities manifest that action & does not
depend on time reparametrizaions and diffeomorfisms
of the r and z coordinates, respectively. Because of
the field configuration homogeneity, second and thi-
rd constraints are satisfied automatically. Particularly,
from the third constraint we have that Pgy = Q(t),
where @ 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:

le + Q%M —4R2M P =0

3

2 ™ T2 z2

K= /dqb/sin@d@/dr/dz:llﬂAzAr
0 0 T1 21

(6)

As we can see, H, does not contain Aj;, so the
corresponding momentum is conserved — () = const.

H, =P} —2P\P, +

3. Einstein-Hamilton-Jacobi equation

3.1. Equation

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

W=A-3Y  E=Atp =%

New canonically conjugate momentums:

(7)

(8)

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

95\*_(0s 1, 408
Ow o€

(9)
We have obtained the Einstein-Hamilton-Jacobi

equation for our field configuration. Here is a soluti-
on of this equation:

C /
SZQAl—‘rZQw-l-CQn-i—Sg/df 012—4/€265+
1
Z 2 _ 02 _ 02w
sw/doJ\/Cl 1202 Q?%*e

C1 and C denote integration constants, s, and s¢ are
the sign constants — choosing them be equal to 1 or —1
we can get all 4 families of solutions for (9). As it menti-
oned in Hamilton-Jacobi method, now we differentiate
S with respect to Cq, Cy and Q:

25 25
aC,

P\=P,+FP P,=F Py=-3P,+PF,

oS oS

2w 2.6 _
% 877) +Q%e” —4k“e 0

oS

:Bl %

= B2 = fo
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Here 31, f2 and Bg are some constants.

%SW/F(w)dw

/F(w)dw

Bo = A1 — %SW/QF(w)e“’dw (10)

dg
=501 | ——=——=+
Pr=se 1/ C? — 4k2eé

1 1
[32 = ZW—F’I?— ﬂswC’g

F(w) function denotes:

-1
.ﬂw=<¢bﬂ—g@—Q%ﬂ

Constants f1, B2 and Bg describes the initial conditi-
ons, that are values of field variables at certain ty. As
to we can use the event horizon coordinate (see next
section) of the field configuration, or just extremum
point of the R(t) function.

3.2. Time-dependent solution

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

t= /F(w)dw (11)

We emphasize that time dependency could be chosen
differently, that is using momentum definitions in the
Lagrange and Hamilton-Jacobi approaches, e.g.:

oS
oA
The left part of this equation contains velocities and
multiplier N(¢), but the right part consists only of
coordinates. Chosing N(¢) and solving this differential
equation we obtain time dependency.

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

kePe 7" d—’t’
N =+ 1 T2, (12)
T+ sy Sw T 5V O — 4r?e
oo (O1 = 5C3) e (2t supCot] g
o 2
Q cosh (%\/6’12—71—12022)
Q*Ct exp [—48; — 5,3 Cht]

e~V = R? =

4:%2 (012 — lecg) .COSh2 (61 + Sgswi |Cl‘ t)
(14)

exp[-w(t)]

— Cz >0 Cz <0

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

_dA1 _012—%022 ot 9 1 9

Foo="gr = "a,g ot 2V e T @
(15)

_ 1 1 tlor— Lo

w—ﬁg+sw2402t+21nlcosh<2 Cs 1202>
(16)

Here we chose Lagrange multiplier N” be equal to zero.
As the field configuration is homogeneous such choice
does not affect solutions listed above.

4. Solution properties

4.1. Event horizon

By definition, event horizon is an isotropic surface of

the scale factor R:

VR?| =0

(VR)T| .
Here t = t, denotes event horizon coordinate. Besides
this, we require that scalar field v 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 t, and integration constants condition
under which field configuration has such horizon:

dRQ‘
t=t,

dt
From the first equality we have this complex of equati-
ons with respect to t,:

1
N2

Pt =tg) =0 (17)

C 1 1
+5¢4/CF — dr2eMtr (18)

1 Cs

—vg
tanh (81 + seswt [Cilty) = —sed [Cal

The first equation is transcendental, while the second
immediately writes:
481 8¢s
. ﬁl £Ow > (19)
|Cl

2

1C
_355

[C1]

4
g = ——arcth

|Cy|

SeSw
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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 = t;) = 0 we get
rid of 1 and (5 in the expressions for event horizon
radius R, and scalar field:

QC, cosh (

€t~ $5C3)

Ry = 2k4/CT — 1 02 cosh [arcth ( 55% ‘gf‘ﬂ (20)
) = swicz o)+ CObh (%,/012 %C’%)

cosh (%1/ %C’ )

4.2. Singularities of the spacetime geometry

In order to investigate geometrical singularities in
present configuration 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 as t5) point to the geometrical si-
ngularities. By definition:

K (1) = RiY, RO

It is quite complicated to get it in the direct calculation
from spacetime metrics components. Because of this,
we apply the 242 splitting technique to this issue. Fi-
rstly, let us represent spacetime manifold as a tensor
product R? ® S2, where the first multiplier (we denote
it as M) is a two-dimensional manifold with time
and radial coordinates, and the second one (which is
denoted as MU1) 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((:;;)deR(ﬁl)abde 4 2R§2)jR(4)a’Lbj 4 R’Eile(ﬁl)lkjl

Using 242 splitting, we get:

1

4 nf 4

Rt(zb)de = ,R’l()eZl Gaf Rt(zil)gj = E (R,a);b 6ij
ITym (VR)

RE;@: = _Rgm) Oim — 72 (0k10i5 — 0510ik)

Here Rl()izif and Rﬁ,ﬁ )™ are components of the Riemann
tensors of M) and MUD | respectively. Covariant deri-
vatives (R ), are calculated using metrics on M (0,
Finally, we have:

+(VR) + (VR)'] +

ad be+R () (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 satisfied — when R(t) or N(t) become equal to zero.
From (12)-(16) we have that the first condition is fullfi-
lled when t; — oo. It means that point ¢ — oo is a
singularity of the black hole. Indeed, scale factor in
that point is equal to zero — R(t — o0) = 0. So there
is a gravitational collapse to the singularity in infini-
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 fullfilled if ¢, satisfies the
following equation:

1
swgCg ~ S¢Swy |Cl| tanh (,6’1 + S¢Swy \Cl| t )

/ 1
C? - C’%anh( C? - 120 ) =0

(23)

Conclusion

As it was shown in the analysis above, homogeneous
field configuration in the 5D Kaluza-Klein model
represents charged black hole with the scalar field
inside, or the cosmological model, if event horizon is
absent. It follows from the time dependencies of the
conformal factor e=%®) (which are shown on fig. 1)
that such model describes gravitational collapse of a
homogeneous universe when C3 > 0 and sequential
inflation and collapse when Cs < 0.

Solution (12)-(16) contains integration constants
Cy7 and (5, which have the following physical
sense. If our field configuration 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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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 configuration of the electromagnetic
and gravitational fields 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 configuration. Using
these conservation laws, as well as the Hamiltonian
constraint, the momenta as functions of configuration
variables are found. In addition, the integrability
conditions for the momenta as functional derivatives
of the action are satisfied. 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 configuration space.

Keywords: electromagnetic and gravitational fields,
geometrodynamics, constraints, configuration space,
Einstein-Hamilton-Jacobi equation.

AHOTAIIA. PosrnsiHyTo — aHAmiTHYHI — ACTEKTH
KJACUYHOI ~ TeoMerpoauHaMiku  Jjisd  ChepudHo-
cumerpuunoi (CC) koudirypauii eaekTpoMarHiTHOrO
i rpasirauiiinoro mosis 3TB. Ocobiusicrio 1ux
koH(pirypamiit € Te, MO BOHH JOIYCKAIOTH JIBA
inTerpama pyxy — 3arajgbHy Macy i 3apan.  [ia
Eitnmreitna-Tinpbepra s komdirypamii — micis
BUMIpHOI peayKIil 3a JOMOMOIOI0 TepeTBOPEHHS
Jlexkanapa  3BOAUTLCSI 0  TaMLIBTOHOBOI  Iil.
BukopucroByodn 3aKoHu 30epeKeHHS MACH 1 3apsy,
a TaKOXK TaMiJbTOHOBY B’s3, 3HaiifeHi iMmyabcn
Ak yHKIil 3MiEEEX KOHDIryparrii. Kpim Toro,
BUKOHYIOTBCS YMOBHU IHTEIDOBAHOCTI IMIyJBCIB AK
dyuKIioHanpbanx moximamx aii. Ile mo3Bosisie Ham
orpuMaTtu (QyHKIOHAT il K PO3BE’SI30K PiBHIHHSI
E#nmreiina-Taminsrona-Ako6i B dynxknionansrmx
moximuux. Bapiamii dyukmionary mii momo macu M i
3apsaay Q xkoHdirypariil nTpu3BOAATH M0 TPAEKTOPISX
PyXy B KOH(IrypamiifHoMy MIpOCTOPHI.

Knaouosi cioBa:  enmekrpomarmiTHe i rpasirarniiine
MOJIst, TEeOMETPOAWHAMIKA, B’s3u, KOHMIrypaliinmii
npocrip, piBagraa Eitnmreitna-Taminbrona- ZKo0i.

1. Introduction

As is known, the space-time metric M* for a
spherically symmetric (SS) configuration of the elec-
tromagnetic and gravitational fields in GR (as well
as with the cosmological constant) admits the Killing
vector. Therefore, in the R-region, when choosing
Killing time, the fields 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
fields have a dynamic meaning. The limited nature of
this direction dictates us to consider a more general,
geometrodynamics approach to the SS configuration of
electromagnetic and gravitational fields [Kuchar 1994,
Louko 1996, Makela 1998]. In this approach, a 3 +
1-splitting of M* 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 defined
on these hypersurfaces. This introduces the dynamics
of objects defined on these hypersurfaces in M?*.

2. The basic dynamic values
of the configuration

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

ds® = N? (da®)? — L2 (dr + N"da®)? — R%do®, (1)

where z° = ¢t and do?® = d6? + sin?0da?. In this
formula the lapse N and the shift N, 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 z° = ct and the
radial coordinate r only. The electromagnetic potential

is taken to be described by the SS one-form
A = Agdx® + A,dr = pdz® + ¢dr (2)

where Ay = ¢ (2%,r) and A, = ¢ (2% r). For the
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Einstein-Maxwell theory the action is The last constraint has the solution
R2
S = 1wz Jageo (§OR+FEL) =gt (3) STE=Q. (11)
+(boundary terms) It follows from here that
where g = —N2L?R*sin? 6 is the determinant of the E—¢o—, = NLQ. (12)
metric (1), @R is the Ricci scalar, and F,, = A4,,, — ’ ’ R2
Ay, 1s the electromagnetic field tensor. Inserting the This determines the electric field strength E of the

SS fields (1) and (2) and integrating over the angles o
and @ we obtain, up to boundary terms, the action

S:/ﬁd%

c- L7 S
N 2K '

(4)

(5)

Here £ the Lagrangian of system, 7 and U are the
kinetic and potential parts of system:

T=-S12R(Lo—(LN"),,)

+L(Ro—N"R,)](Ro—N"R,) (6)

R2
21CLE2
R R
U= L——R2 2—R,L, —2=R,,, 7
L + L2 L (™)
where
E:FO'I":_ r0:¢,0_<p,r~

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

oL
ON

Py - L

P =
N ON',

:0’

oL
P,=—=0.
9,0

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

oL _ 1 S
aTv—_N2T+2nU—

N2 {5 2R (Lo~ (LN"),,) (Ro — N'R,)

SL(Ro—N'R,) + 4% B2} (8)
+& [L-LR242ER, L, —28R,,] =0,
oL AR Vv
= =S (Lo —(NL
SN* Kk N {( 0=l )) Ry )

. N,
-L (R,O,, ~N"Ryp = R,O)} =0,

10 (2

oL
o cor NLE>_0'

> (10)

charge Q.
The canonical momenta, which are conjugate to the
variables L, R and « are

Pp= & =~ [L(Ro— N"R,)
+R(L,o— (LN").»)], (13)
oL AR N
PL_an ;N(RO—NR) (14)
oL R? Q

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

SZ[L5R7¢7PL7PRaP¢;NaNT7<)O]

= [dz® [dr (PrRo+ PrLL o+ Py, o (16)
~NH — N"H, — ¢H,) .
where
oL K L 1 cL
ON ~ <2R2 LT RE L) s o
S (L , R R
= - = L, ) = 1
- (2 2LR + 5Bl LR,M) 0, (17)
oL
HT:_(sNT:L(PL)’T_PRRT:O7 (18)
oL 0
i dp or ¢ 0 (19)

Here the Hamiltonian, diffeomorphism and Gauss law
constraints, which are expressed through momenta

3. The mass function and momenta of field
configuration

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

02 9 Q2
My = — 1 .
tot 2/§R( +(VR) )+202R

(20)

For metric (1), the mass function is defined as follows

C2 1 r 2 1
Mg = S-R|14 5 (Ro—N"R,)" — R,
R3 E?
Wﬁ =m = C0n8t7 (21)
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or, by the formulae (13,14,15) one gets M in terms of
momenta

c? kN2 (P)? R,
Mot —QHF+QJ Rt (22
P2
7(# =
TR T™

Using the mass function and the Hamiltonian con-
straint (17), one can find the momenta P;, 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 find Pp, as a function of mass m, charge @, and
configuration variables of the system

3
c
Pp = ;R\/Ftot, (23)
where
R
Fior = ﬁ + F, (24)
26m KQ?
F=-1 - . 2
+ 2R ctR? (25)

If one substitutes this expression for Py, into Eq. (17),
we get the momentum Pg

R Km
(LR”>m+(§R

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 satisfied
identically.

3

Pp=——ne
kv Fiot

1) L]. (26)

4. The action and the system trajectories in
the configuration space

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

ss
oL’

08

P = &2
L 5R7

P = P = — =
R ) p
into constraint (17).
However, we will find the action in a simpler way.
The last equation in (27) gives
S[L7 R7 ¢7 Q7 m; T] = SO[L7 R7 Q7 m; T} + / %(bdr )
(28)
where Sy[L, R; Q, m;7] is a functional independent of
¢, and moreover,

55
5L’

050

The expression for P;, does not contain the derivatives
of L, therefore, following (Louis-Martinez 1994), the
first equation in (29) is directly integrated:

SolL, R; Q,m; ] (30)
_ R By LvFio Ry
_?fLRdr{\/m In LVFioi—R,,- }

+G (R; M, Q; r)

or

So[L, R; Q,m;7]S (31)
= 2 [ LRy { Vi — Brarcth L)

+G (R7 M7 Q7 71) )

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

059 6S
=Pr+ — .
This implies that G (R; m, Q;r) = G (m, Q;r) is a func-
tional independent of R. Here we indirectly checked the
integrability conditions of functional equations (29)
As a result, we come to the action functional in the
CS

Pp = (32)

S[L, R, ¢;:Q,m;]

3 R, L\/m+R,7'
= ?fLRdr{\/fK* 2L hlm}

+f%¢dr+fdrg (m,Q;r) ,

as a solution of the EHJ equation. Here g (M, Q;r) is
an arbitrary function of M, @ and r.

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

(33)

éS L
%:cfy/Ftot—cf(r)zo, (34)
05 QVF
50~ —L RF *(25— *¢>(0) =0, (35
where the following notation is introduced
dg (m,Q;r
) = -G, (36)
dg (m,Q;r
¢(0) = —C(aQ) . (37)
Hence it can be seen, that
R2
L=\[Ff*(r) = 5, (38)
Q
o= ¢0)+f()§ (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 find the space-time metric M* and the R— VE (e + ) (52)
potential of the electromagnetic field c2 ’

ds? = N? (da)” (40)
— (Ff2(r) — F1R2) (dr + N"da")* — R%do?
A= pdz® + (¢(0) + f(r) Q) dr. (41)

The lapse N and the shift N" can be found by passing
to the Reissner-Nordstrom solution in the 7T-region
or by using the corresponding time recovery procedure.

5. Minisuperspace metric

From relation (8) we have N = /2kT /c3U). There-
fore, the action (4) can be rewritten as follows

/dxo/dr l7'—i-£NU
N 2K

S

3
- 2/dx0/dm/;—HTU (42)
or, taking into account (6), in the form
2¢3
== /dr/DQ (43)

Here we introduce the Lie differentials by the formulas

DL = (Lgo—(LN"),)ds° (44)
= dL— (LN") .d2",
DR (Ro— N"R,)dz° (45)
= dR—- N"R,da",
D¢ (0.0 — @) da’ =dp —p,.dz". (46)
Then, the action S can be rewritten as
3
:\/E/dr/DQ, (47)
K

where DQ? is the supermetric CS
=Ud0% =

4 2
— LU |~ (2RDLDR+ LDR?) + % D¢?|.(48)
In the simplest case of curvature coordinates in the
T-region, when R = ¢T'(2°), and all spatial derivatives
disappear, we have U = L and the action takes the

form
Sy = (49)
(2RdR + LdR) LdL + C%RQ de?.

= Jdr [/~

Using the field transformation

2 1 3/2
L = T —x — , (50)
cT +x cT +x

C2 Yy

ﬁc7'+o:’

(51)

supermetric of DQ? is reduced to the Lorentz form, i.e.
CS is flat
dQ? = LOZ = —c2d7* + di* + dy? (53)
It follows that minisupermetrics admits the motions
group O(1,2). Note that the supermetric kinetic part

3 =T (dz°)”

4 2
= & [~22RDLDR + LDR* + &£ D?|, (54)

is conformally flat.

6. Conclusions

It is to be noted that the inequality Fioy = R%./L* +
F > F > 0 in equation (23) determines the classically
admissible region. Its boundary is given by the equa-
tion roots Fyo; = 0. On the other hand, the T-region
of Reissner-Nordstrom space-time is specified by the
condition F' > 0, while the horizon is determined by
the equation F' = 0. It is easy to see that the T-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 field configuration in the SS case does not
have local degrees of freedom. However, the inclusion
of a scalar field in the configuration 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 field waves. In this case, the configuration turns
out to be a dynamic system with an infinite 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
fits 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 fitting the data. The crucial task, on which glueball
(and oddball) predictions are based is the correct fit 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 B “towers”, called
reggeized Breit-Wigner resonances, lie on this trajec-
tory. Crucial for the identification 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 fitted to the data on high-energy elastic
proton-proton scattering. The fitted 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.

AHOTAIIA. Ilepenbadeno pesoHancu IyoboJIIB
Ta, OADOJIB, IO JieXKATh HA TPAEKTOPil MOMEpPOHA
(ommepona, rpadik Ho-Ppayui) 3 noporom Ta
ACUMITOTUYHOIO TOBEJIIHKOIO, 10 33 I0BLIbHAIOTH
BUMOTaM aHAJITUYHICTI Ta yHiTapuicti. B Toit wac,
sIK MapaMerpbl ME30HHUX Ta OapPIOHHUX TPAEKOTOPiil
MOXKHA BIKHAUYATH HAK 3 JIAHUX I[IPO PO3CISTHHS,
TaK 1 31 CIeKTpa YacHUHOK, Il€ HEMOXKJIUBO JIJIs
TpaekTopiil momepoHa (Ta OJJIEPOHA), IPO $Ki MU
MaeMo iHdopMarriio uire 3 JaHUX PO PO3CisHHS.

OCHOBHOIO HAIIEIO i/I€€I0 € 3aCTOCyBaHs HeJIHIHHIX
KOMILJIEKCHUX TpaekTopiit Pemxke, 1Mo 3a10BLIbAIOTH
BUMOTaM AaHAJITUYIHOI Teopil S— wmarpuni 1 mpwm
IIbOMY OIHUCYIOTH JIaHi. Kpurnunum € 3roma 3
E€KCIIEPUMEHTALHUMU JTAHUMU.

BasoBum € mig-mpomec poscisHHS TTOMEPOHIB 3
MPOYKYBaHsIM TJIIO00JIIB, IO JIEXKATh Ha, TPACKOTPil
[IOMEPOHA B IpsiMOMY KaHaJi. CTOBIYMKU TJIFO0OJIIB,
dKI MH Ha3WBAEMO PEJI2KE30BAHHUME PE30HAHCAMU
Bpeitra-Birmepa,  Jjexarp Ha 1miii  TpaekTOpil.
Kpurwannm g izentudikaril mux cTaHiB € 3HAHHSI
HEJIIHITHOI0O KOMITEKCHOI TPAaeKTOpil, sKa IHTEePIIOJIIOE
Mi?K HETaTUBHUMH Ta TO3UTUBHUMU 3HAYCHHSIMU
apryMeHTa. B Toit wac, K peajgbHa YACTHUHA
TpaeKTopil Maiike JIiHiTHA, 3HAXOJXKEHHHA 11 yABHOI
9aCTUHU, $Ka JA€ BU3HAYAE IMAPUHA TJIIO0OJIIB, €
BaXKJIMBOIO OPUTIHAJIBHOIO YACTHHOIO HAIIOTO TIIXOJTY.

Oxbonu - pe3oHAHCH, fAKi CKJIJAIOTHCS 3 TPHOX
IJIIOOHIB, MAalOTh TaKe caMe IpaBO Ha ICHYBaHHS,
AK 1 TUII000M, IO CKJIAJAI0THCSI 3 JIBOX TUIIODOJIIB.
Mu mporao3zyemo, 1o Of00JN JieXKaTh Ha TPAEKOTPil
OJIepOHa TaK Ccamo, $K TJII000JM - Ha TPaeKTOpil
IIOMEPOHA.
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Tpaekoropii 3ampornoHoBani B mamHiit pobOTI MOKHA
3aCTOCYBaTH  TaKOX JI0 JIOCJIJPKEHHS  CIIEKTPIB
3BUYAHUX ME30HIB Ta OapioHiB.

ITapameTpu TpaekTopil TOMEpOHa Ta OJJEPOHA
[IPUB’sI3aH1 0 JAHUX BUCOKOEHEPIreTUIHOI'O IIPYKHOTO
IIPOTOH-TIPOTOHHOTO  PO3CIIOBAHHS. Iligirmani
TPAEKTOPil EeKCTPAIoJbOBaHI B 00JACTh PE30HAHCIB
JI7IsI TiepebateH s Mac i MUPUH TII000 B Ta 0A00JTiB.
Pazom 3 ynitapuoto cumerpieio, rpadik HYio-Ppaydi €
MIOTYKHUM 1HCTPYMEHTOM y Kjacudikaril aJIpoHiB.
KuarouoBi caoBa: Tpaekropii Pemxe, pesonamcn,
ITOMEPOH, OJIIEPOH, TJII000JI, ME30H, OapioH.

1. Introduction

Regge trajectories a(t) connect the scattering region,
t < 0 with particle spectroscopy, ¢ > 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:

(1)

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

a(t)
Vitlnt

%O‘(t)t—ng ~ (t _ to)a(tO)Jrl/Q,

(2)

< const.

t—o00

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 fits 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 fits to the (exponential)
diffraction 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 fitting 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 s Bmtowerss DK, i.e. excited glueball states,
called reggeized Breit-Wigner resonances, lie on this
trajectory. Crucial for the identification of these states
is knowledge of the nonlinear complex trajectory,
interpolating between negative and to positive values
of its argument. Its parameters are fitted 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), ¢) 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:

B 146+ at
L+ oz (Vo —t— /o)

where tg = 4m?2 for pomeron and ¢y = 9m?2 for odderon
and 4, ay, ag are adjustable parameters, to be fitted to
scattering (¢ < 0) data with the obvious constrains:
a(0) ~ 1.08 and &/(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 fitted in the scattering region,
we continue trajectory Eq. (3) to positive values of t.
When approaching the branch cut at ¢ = ¢y one has to
chose the right Riemann sheet, For ¢ > t; trajectory
Eq. (3) may be rewritten as

a(t) (3)

B 146+ aqt
T 1—an(ivi—to + Vi)

with the sign "minus" in front of ag, according to the
definition of the physical sheet.

For t >> to, |a(t)] = 2\/[t]. For t > to (on the
upper edge of the cut), Ima > 0.

a(t)

(4)
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The intercept is «(0) = 1+ § and the slope at t =0
is

a'(0) = a1 + az

Wi (5)

To anticipate subsequent fits and discussions, note
that the presence of the light threshold t, = 4m?2
(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 fit of the pomeron
(and odderon) trajectory to the data. Credibility of
such predictions depend on the reliability of these fits.
The most direct and reliable ways to fit 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-|¢| part of the cone
(It] < 0.3 before the dip) at the LHC is too short to
fit 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-Landshoff
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 diffractive (CED) production con-
tinues to attract the attention of both theorists and
experimentalists, see e.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 sufficient 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-diffraction dissociation or single dissocia-
tion (SD) one of the incoming protons dissociates, in
double-diffraction dissociation or double dissociation
(DD) both protons dissociate, and in central diffrac-
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 diffractively 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) flt)
S a(t) %

f(t)

4

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 B DmwtowerssDK, i.e. excited glueball states,
called reggeized Breit-Wigner resonances, lie on this
trajectory. Crucial for the identification of these states
is knowledge of the non-linear complex trajectory, in-
terpolating between negative and positive values of its
argument. Its parameters are fitted 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 first fit the parameters
of those trajectories to high-energy elastic scattering
data then extrapolate the fitted 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

[Py = SmA(MQ,t:O) =

. ]J+2%ma(M2)
RN M)+ (Sm a(M2))?
(7)

In this Section we concentrate on the pomeron. In
this case Eq. (7) reduces to

E7+2 Sm a(M?)
P(m?) =
az (J — Re a(M?))2 + (Sm

(6)

§Rea

a(M?))?’
(8)
where k = f;(0), and, for simplicity here we set k = 1.
We start by comparing the resulting glueball spectra
in two ways: first 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)

28 a(s)

Fs (o)

=M?) =

9)
where o/ (s) = dRea(v/s)/d+/s.

3.3. Regge-pole fits to high-energy elastic scattering
data

High-energy elastic proton-proton and proton-
antiproton scattering, including ISR and LHC energies
was successfully fitted 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 diffrac-
tion cone shows almost perfect exponential behavior
corresponding to a linear pomeron trajectory in a wide
span of 0 < —t < 1.3 GeV?, violated only by the
"break" near t ~ —0.1 GeV?, 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
(diffraction 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 fit to the low-|t| elastic proton-
proton differential cross section data (The TOTEM col-
laboration, 2018) at 13 TeV with a simple model:

Ap(s,t) = aPebpte—iﬂ'ozP(t)/Q(s/SUP)aP(t)7 (10)

=
o
w

Vs=13 TeV, pp
= 7 TOTEM data
— Regge SP fit

do_/dt [mb/GeV?]

",

10?

Sg

s

014
-t [GeV]

000 002 004 006 008 010 012

Figure 2: pp differential cross section at 13 TeV fitted
to the model: Eq. (10) and trajectory Eq. (3)

0.04

{s=13 TeV, pp
0 TOTEM data
—— Regge SP fit
A=634.33+043
B =20.47 £0.01

b,

L1

f 1

0.02

(do,/dt-Aexp(-Bt))/Aexp(-Bt)

i b "y \
0.00/— ; T i
T AR 11T
-0.02
000 002 004 006 008 010 012 014
-t [GeV?]

Figure 3: Normalized pp differential cross section at
13 TeV fitted to the model Eq. (10) with trajectory

Eq. (3)

where ap(t) is given by Eq. (3) (changing variable s to
variable t). We used the norm:

do

T (11)

= SlAp(s DI
Fig. 3 shows the normalized form of the differential
cross section (used by TOTEM (The TOTEM col-
laboration, 2018)) illustrating the low-|t| "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 figure 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) fits 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™3  0.2980 + 0.0021
¢ [GeV™Y  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_Q] 0.3042 4+ 0.0009 0.1987 + 0.0010
c [Gerl] 0.05880 4+ 0.00046  0.08483 £ 0.00155
R L R A N R N RN RN RS~ o Pl
=3 i - glueball state with its width
81 8 i — SP model Y S
o

- - DP model

J=
[e2]

_ s b b b b b b b Ly
20 5 0 5 10 15 20 25 30 35
t=M [GeV)

Figure 4: Real part of the pomeron trajectory Eq. (3)
both for the SP and DP models as functions of ¢t. 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

g 1051‘”‘””‘”” 3
= F — SP model 4
g L et =
E L -- DPmodel ___.--777 i
1= - -

L -7 ]

Lo i
10‘1;' =

L ]

: i
o2l b b b b Lo L

5 10 15 20 25 30 35
t= M [GeV

Figure 5: Imaginary part of the pomeron trajectory
Eq. (3) both for SP and DP models as functions of ¢.
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Figure 6: Slope of the pomeron trajectory Eq. (3) both
for SP and DP models as functions of ¢.
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r J=6 8
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Figure 7: The pomeron component in PP total cross
section for two different 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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Figure 8: Real part of the odderon trajectory Eq. (3) Figure 11: The odderon component in the total cross
as function of . The widths of resonances (oddballs) section for two different models.
are shown as horizontal error bars.
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Figure 12: Fit of the non-linear rho trajectory. Here

Figure 9: Imaginary part odderon of the trajectory sp = 4m?2
Eq. (3) both for SP and DP models as functions of . T
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Figure 10: Slope of the odderon trajectory Eq. (3) both Figure 13: Fit of the A-trajectory trajectory, so =

2
for SP and DP models as functions of . M + ml’) :
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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 fits.

Data about mesons and baryons were taken from M.
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 fits.
p — mesons A — baryons
a 0.466118 +0.001389 0.167111 +0.116851

0.880401 £ 0.002208  0.858974 % 0.057756
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 ~ 300000 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 ~ 6000 galaxies from
our previous work with visually inspected morphologi-
cal types, and also added 80 000 well-confirmed galaxies
from Galaxy Zoo 2 dataset, that were also classified
visually. With a given sample of ~ 86 000 galaxies, we
used the deep neural network, namely Xception, to
provide a classification 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 flips,
random shifts on 4 10 pixels, 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 overfitting
problem. We compared our classification result with
the Support Vector Machine (SVM) classification
performed on the SDSS photometric data (absolute
magnitudes, colour indices, inverse concentration index,
ratios of semiaxes, etc.), and proposed a method
to learn the benefits from both approaches (Deep
Learning and photometric classification). 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 classification
quality of SDSS galaxies.

Keywords: galaxies, morphological classification,
machine learning.

*E-mail: vld.khramtsov@gmail.com

AHOTAIIA. B wmiit pobori Mu TpencTaBIsieMo

Pe3yAbTATH 3aCTOCYBAHHS 3TOPTKOBOI  HEWPOHHOL
Mepexi 10 300paykeHb TrajlaKTUK BHOIPKH, sIKa
obMexKeHa 110 4epBoHOMy 3MimenHio (z < 0.1).

Bubipka micturs ~ 300000 300parkeHb TajlaKTHK 3
mudposoro ormgxy SDSSDRY9. Mwu mamm ma merti
KaacudiKyBaTn TaJakTUKKN Ha JBa Kjaach: EminTudaHi
ta CuipaJibhi. Tpenysajbha Bubipka micturb ~ 6 000
300pakeHb TAJIAKTUK 3 HAIUX IIOMEpPeIHIX PpobiT,
e Bi3yaJibHO OyJI0 BU3HAYEHO MOPQOJIOTiYHUI THUIl
KOXKHOI rayiakTuku. Jlo TpeHyBajabHOI BUOIpKH MU
nomanu 80 000 300parkeHb raJakTUK 3 BUOIPKU JTaHUX
GalaxyZo02, mo Takoxk 6ysin KjacugikoBaHi Bi3yaJbHO.
Ha ocHoBi maHux TpeHyBaJIbHOI BHOIPKU TaJIAKTUK
~ 86 000 Mu 3acToCyBaJIM 3rOPTKOBY HEHPOHHY MEPEXKY,
a came Xception, mob6 3pobutn MopdoJIoriuHy
KaacudikaIio TaJakKTUK BUKOPUCTOBYIOUN  -T-%
CKJIaJleHl 300parkeHHsl TajJakTuk (posmipom 25 Ha
25 KYTOBHUX CEKYyH[). st HaBYaHHS MoOJIeJIei
MM BHUKODHCTOBYEMO BIJITHOCHO MAaJIEHbKY BUOIPKY
300pakeHb, IO HAKIAIa€ OOMEXKEHHsI HA OIlHKY
AKOCTI MOJIeJIel, Ta X HMOJaJIbIny eKciuryarario. Jlns
IIOKPAIIeHHs Pe3y/IbTATIB MU BUKOPUCTAJIN IEKiTbKa
BiIOMUX UpHUIOMIB (rOpPH30HTAJIBHI T BEPTUKAJIBHI

IIepeBOPOTH, BUIAJKOBI 3cyBum Ha =+ 10mikcesi
Ta obepramnsg B Mexax 180 rpajycis), ski Oyiu
BUIMIAIKOBAM YHHOM 3aCTOCOBaHI 10 300parKeHb

rajakTuK i 9ac HABYAHHSA. 301IbIIEHHA KiJIHLKOCTI
JIAHUX € KJII0YOBOIO TEXHIKOIO B HAIIIOMY JITOPUTMI JJIs
BijIoOparkeHHsT BapiaTUBHOI IPUPOJIHA CIIOCTEPEKYBAHUX
raJlaKTUK Ta YHUKHEHHsI MPOOJeMU TepeHABIAHHS
MOJIEI. Mu mopiBHsIM OTpHMaHI pPe3yJIbTaTh
kiacudikamii 3 pe3yJabTaraMyu HaIIol [TOIEPETHbOT
poboTH, Jie BUKOPUCTOBYBAJIUCH (DOTOMETPUIHI JTaHH]
(aBcomrOTHI 30psIHI BEJIMYMHU, MOKA3HUKA KOJBODY,
3BOPOTHI#l iHJIEKC KOHIIEHTPAIlil, CITiBBiIHOIIEHHS
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Ellipticals 200 Spirals [Dobrycheva 2013] and obtained 170000 common

200 sources. Then, we selected reliable classification with
230 using flags (from Galaxy Zoo 2 catalogue) for the Ellip-

150 200 tical (tO1_smooth_or_features_a0l_smooth_flag)
150 and Spiral (t01_smooth_or_features_a02_features-

100 _or_disk_flag) galaxies, that returned 15264
100 Ellipticals and 64441 Spirals. Besides this training

50 0 sample we used a list of 6163 visually inspected
. N galaxies (4148 Ellipticals and 2015 Spirals) as a
0.0 0.5 1.0 00 0.5 1.0 validation sample. We applied the Deep Convolutional

Figure 1: Probability distribution for validation sam-
ple of 6000 galaxies, classified visually and with DL.
Probabilities for Ellipticals (F) (left) and for Spirals
(S) (right) of being E- and S- types, respectively.

miBocell Ta iH.) Ta MeTOJ OIOPHUX BeKTOpiB. B
Pe3yabTaTi, MU 3aIIPOIIOHYBAJIM METO/L JIJIsl BUBUYEHHSI
nepepar 3 000X WiaxoziB (rumboOKe HABYAHHSI Ta
doromerpuuna Kiacudikais). Mu noxkazyemo
3arajibHi MOMMWJIKH 000X AaJITOPUTMIB 1 IIPOIIOHYEMO
CKJIACTU IIi JBa WiIXOAW MAJisl YHUKHEHHS IOMUJIOK
3 METOI0 IMJABHUIMUATH TOYHICTH MOPMOIOriTHOT
kiacudikamii ranaktuk SDSS.

Kurouosi MopdoJioriyaa  KaacuikBIList
rajakTUK, MAIIMHHE HABYAHHSI.

cJioBa:

1. Introduction

Morphological classification of galaxies can provide
insights into the processes that form the evolution of
Universe. The modern wide-field surveys (like the SDSS
[Blanton et al. 2017]) include ~ 10° 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 300000 galaxies (z < 0.1) from the SDSSDR9
[Ahn et al. 2012, Dobrycheva et al. 2017] and com-
pared it with photometric classification approach
[Dobrycheva et al. (2018), Dobrycheva et al. (2015)].
We note that binary classification (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 identification [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

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 final 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 flowed
to the class of Spiral galaxies (p > 0.5). We inspected
the galaxies, which have rival probabilities (i.e., were
classified differently with two methods, see Fig.2, top).
Galaxies classified 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 classified as Spirals with DL and
as Ellipticals with SVM, are, mostly, the edge-on or
face-on Spirals. This confirms that SVM method could
not deal with such galaxy images and one should
include the additional information (e.g., semi-axis
ration) in classification [Vasylenko et al. 2019]. The
total amount of differently classified galaxies is 60 000.
So, an overall classification of galaxies with DL is
satisfactory (Fig.2, bottom) and can be joined with
SVM classification to obtain more confident result. We
propose to use the Stacking algorithm, when some
meta-classifier learns to select sources with using
probabilities returned by some basic classifiers as input
features. We expect that this method will improve the
final classification adopting the best from both methods.
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Figure 2: (Top figure) Representative galaxy sample with rival probabilities; top row: Ellipticals with DL, Spirals
with SVM; bottom row: Ellipticals with SVM, Spirals with DL. (Bottom figure) Representative galaxy sample
with reliable DL classification; 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 in N - 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 five images in five (internal) areas;

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

¢) 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 five 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 five internal areas
contains a prototype of this source;

f) a caustic is a continuous, piecewise smooth,
closed Jordan curve that has a finite 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.

AHOTAIIIA. B gaumiit pobori MU J0CITIIZKYEMO
po3momizi  300pakeHb TOYKOBOrO mkepega B N
TOYKOBUX I'PaBiTAIIfIHAX JIiH3AX.

Hobpe Binomo, mo B minsi [Msapmmuibaa (N =
1) Bim TOYKOBOrO JpKepesia 3aBXKJU ICHYE JBa
300pasKeHHs. [Ipuwomy oaHO 3 HHX 3aBXKIU
3HAXOIUTHCS BeepeauHi Kinbig Eitamreiina, a imime
30BHI HBOI'O. 3BIJICH CJIJIYE IIO:

a) mommHa 300paykeHb pO30MBaETbCT HA B
0b61acTi;

b) B KOXKHiii 006JIaCT] 3aBXKIU 3HAXOAUTHCS JIHIIIE
ofTHE 300paKEHHST;

C) IUIOAIIMHA JKEepeJsa, 3a BHUKJIOYEHHSIM TOYKU
KayCcTUKU  (II04aTka  KOODAWHAT),  OJHO3HAYHO
BiToOparKyeThbCs Ha KOXKHY i3 IBYyX obJacTeil IJI0CKOCTI
300pazkeHb.

B pobori onmcanuit asropuT™m, HAKHN JTO3BOJISE
BizHAUUTU 00JIaCTI OJHO3HAYHOCTI B 2-X TOYKOBIit
rpaBiTamifiuiin JinH3i. Mu pemoHCTpyeMO WOro Ha
npuKIIal 6iHAPHOT CHMETPUYIHOI JIH3Y B SKiil BicTaHb
Mi>K TOYKOBHMH Macamu jgopiBaioe 1. Mwu mokasamm,
[0 B TAaKOMy BHIIAJKy IOBHHUII IpOOOpa3 KayCTUKH
po30uBa€ IIOMINHY 300parkKeHb Ha BiCIM OJIHO3B’I3HUX
obJtacreii. IIi obGsacTi BOJIOMIIOTH HACTYIHUMU
BJIACTUBOCTSIMU:

a) SIKIIO TOYKOBE JIPKEPEJIO 3HAXOIUThCS BCEPEeINHI
KayCTUKHU, TO BOHO Ma€ II'Th 300paKeHb B II ATHU
(BHyTpimHiX) 061aCTAX;

b) 4KIIO TOYKOBE JKEPEIO 3HAXOAUTHCA 30BHI
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KayCTUKM, TO BOHO Ma€ TPU 300pa’keHHs B TPbOX
L N
(30BHIIIHIX) 06IACTAX; — z —an
. ) . Y=o Z mn (z1—an)?+(z2—bn)?
¢) B KOXKHIIl 06s1acTi MOXKe 3HAXOIUTHCS He Oliblie n=1 (1)
N I’
OJTHOTO 300pasKeHHsT; D To—ap
d o Y2 = T2 Z Mn (Qfl_a7l)2+(x2_bn)2
)  AKImIO  300pakeHHS ~ TOYKOBOIO  JIZKEpesa n=1
A oo .
SHAXONUTRCA B OAHii i3 m'awm BHyTpimmix oOmacredl, where v,y - dimensionless coordinates of point

TO B YOTHPBHOX OOJIACTAX, IO 3SAJUINUJINACH, TAKOK
3HaXOIATHCA 300pakKeHHs, IPUYOMY B 2KOJTHIH i3 TPHOX
30BHIIIHIX 06JIacTell HeMae 300parkKeHb IXKepea;

€) SIKIIO 300paykeHHs JpKepesia 3HAXOAUThCsI B OJIHi
i3 TpbOX 3OBHIMHIX 00JAacCTEil, TO B JAByX 00JACTSX,
IO 3aJIUIIUJINCS, TAKOXK ICHYIOTh HOro 300paKeHHs,
IpuIoMy Hi B OmHIN i3 mWaTm BHyTpimHiX obsacreit
HeMae Ipoobpas3y JAHOTO JKEPEa;

f) xaycruka € HelepepBHA,
3aMKHyTa JKODJIAHOBAa KpHBa, IO Ma€ KiHIEBe
YUCJI0 OCODJIMBUX TOYOK; KOYXKHA TIJIaJKa BiIKpHUTa
YaCTHHA KAyCTUKHU, KiHI] KOl - 0co6JuBl ToYKH (myra
KAayCTUKU) Ma€ YOTHpU [pooOpasu, 13 dKuX JIMIIle
OJ/INH HAJIEYKUTh KPUTHIHIN MHOXKWHI, JIyI'l KayCTHKHI
3opienroBani 1mo3uTuBHO ( IpH 006XOJl BHYTPINIHICTH
KayCTUKU 3aJIUIIAeEThCs 3I1iBa);

g) rpaHuni obsacreil  CKIAJAIOTHCA i3 YT
(samukaroun  300pazkeHHsI  JYr) 3 CIAIKOBOIO
opieHTaIi€ro; yci Bicim obsacTeil JiIAThCA Ha HACTYIIHI
JBa KJIACH: 490THpU O0OJIacTi, B SKUX Opi€HTAIlist
TPAHMIN CHIBIAJAE 3 OPIEHTAIEI0 HA KAYCTHII,
Ta YOTHPH 00JsacTi, B HKUX OpIE€HTAIid TI'paHUIL
IIPOTHUJICYKHA JIO OPi€HTAIlI] Ha KayCTHII.

KYyCOYIHO-TJIa/JIKa,

KurouoBi ciioBa: rpasirarmiiine JiH3yBaHHS, JIIH30BE

BioOparkeHHs, 00/aCTi OIHO3HAYHOCTI, PO3MOILIT
300parKeHb.

1. Introduction

Gravitational lensing effects (Bliokh&Minakov,

1989; Zakharov, 1997; Schneider, 1999) are becoming
more and more essential, when different 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 describes N-point gravita-
tional lens is:

source, x1,x2 - dimensionless image positions, (a,,by,)
- coordinates of point masses m,,. Dimensionless point
masses are normalized:

N
Zmn =1.
n=1

Equation (1) gives a single-valued mapping L

(2)

L: (RX\A) — R (3)

of lens plane R%, where points with point masses are
deleted, to source plane R3..
We introduce new complex variables z u ¢

(4)

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

z =1+ T2i, (= y1 + y2i.

N 1
(==Y m— (5)
ot z— A,

where A,, = a,, + ib,, are coordinates of point masses
in complex form, Equation (5) specifies mapping
L:(CA\A) = C¢ (6)

of complex plane C, (with deleted points) to complex

plane C¢.
Mapping Jacobian (5) is given by following equation
9(¢.<)
J=J(L)= 7
=523 @
Then equation
J=0 (8)

defines the critical set © of mapping (5). Set image O
is a caustic K. The caustic is specified 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 define single-valued regions (Balk, Petrov &
Poluchin, 1976). Inverse mapping of (6) is defined by
set

Q= L7'(K) = L7 (L(©)), (10)

This is the complete pre-image of caustic. Mapping

L~ is not single-valued, hence sets Q 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:

mip =mo = 1/2

(11)

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

A1 =a, A2 = —a. (12)
In this case, equation (5) is given by:
z
CZZ_Z2—CL2’ (13)

which defines mapping (6). Then Jacobian (7) is given

by
(a2 + 22) (a2 + 22)
(=) (@ =2
It follows from (8) that critical set © is defined by
equation:
2 4 ,2) (42 4 52
G +Zz(“ +Z)2. (15)
(@ -2 (@ - )

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

a<1/(2v2),

J=1-

(14)

(16)

critical curve consists of three closed Jordan curve - the
two of them are inside the third. When
a=1/(2V2) (17)

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

1/(2v2) <a <1, (18)

(

Figure 2: Caustic of symmetrical binary lens with a =
0.5

\4..-_./

osf

s

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 confine 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 different 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 define single-valued regions , as
it was noted previously. In our case, we have curve
(Fig. 5).

Complete caustic pre-image split lens plane into 8
two-dimensional regions. In order to define internal



Odessa Astronomical Publications, vol. 32 (2019)

27

1.0F

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 five 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 five
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 five images, these images are in
interior regions, and then there are no images in three
exterior regions. Orientation, that is defined 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).

\—/
0.5+
O A
-05 X 0.5
fost i
3 1
T

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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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
definition in a specified lens for a specified source. In-
verse problems include problems of determining a lens,
source, or multiple images from one or more specified
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 specified.
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 sufficient 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 specified. It is necessary to solve the problem
of solutions unification (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 defined by a certain irreducible polynomial.
That polynomial has unequivocally defined 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.

AHOTAIIIA. Cepen 6esmiui mpobsaem 1 3amad,
dKi PO3MVIAAaloTh B Teopil piBHAHHA N-TOYKOBUX
rpaBiTamiftHux JiH3, MOXKHA BUJIUINTA JABI TI'pyNIH
sagaqd. Ile, Tak 3Bami, mpami i 3BOpoTHI 3ajadi.
Ho mpsaMux 3a1a9 BiTHOCATH 3a/adi BU3HATEHHS
300parkeHb B 3aJaHill JIH31 IS 3aJ]aHOrO JIzKepeJia.
Jlo 3BOpOTHUX — BU3HAYEHHs JIH3HU, JKepeya abo
6e31ivi 300parkeHb 10 OHOMY ab0 JEKIIHBKOM 33 IaHuM

300pasKEeHHIM. 3BopoTHa 3aJada  Ma€ BaXKJ/IMBE
MIPUKJIATHE 3aCTOCY BAHHSI.

Mun JIOCJTi JI2KY BAJTH PiBHSIHHS N-ToukoBol
rpaBiTamifinol JH3M B KOMILIEKCHOMY  BHIJISJI.

IIi mocrmimKeHHS CTaaX OCHOBOIO JIJIA PO3B’I3aHHS
obepHEHOI 3a/1a9i B HACTYMHIN mocTaHoBI: 3amana N
— TOYKOBa I'paBiTalliifHa JIiH3a, HEOOXiIHO, IO OIHOMY
i3 300pakeHb B Hiil TOYKOBOIO JIzKEpejia, BU3HAYUTH
BCi 1HIN 300paskeHHsT IILOTO JKepesa. BusHauuTu
HEOOXiIHI 1 JOCTATHI YMOBH, IIPU AKUX 1A 3aJa7a Ma€
PO3B’SI30K.

B anrebpaiuniit hopmysoBaHHi 3a/1aa Ma€ BUTIS/T.
3amaH0 piBHAHHS N-TOYKOBOI I'paBITAIIAHOI JIH3MU.
Heo0ximao poss’sizatu 3amady yridopMmizarii KOpeHiB
(oHO3HAYHO BUPA3UTH yCi KODEHI DPIBHAHHS depe3
OJIMH [IapaMeTp).

st posB’sianmst  obepHeHOI  3ajadi,
BUKODUCTOBYBAJIM MeTOAW ajrebpaidHol reomerpil
i Teopil dyHKIIiL. PiBusuusa rinok Oyab-skol
aarebpaiumol  QyHKIH]  JIOIMYyCKAalOTh  OJHO3HAYTHY
mapamMeTpusaliio  psgamMu  bBiopmama—/larpamka.
Kopeni piBugnasg N-toukoBol rpasiTarfifinol JiH3u €
ajredpaldHuMy (PYHKIIIMU BU3HAYECHUMU HE3BEIEHUM
MHOTOYJIEHOM. eit MHOTOYNEH  OIHO3HAYHO
BU3HAYAETHCA PIBHAHHAM N-TOYKOBOI TpaBiTarfiitaol
ginzu.  OTxKe, KOpeHi I[HOI0 MHOTOWIEHA, TaKOXK
JIOIYCKAIOTh IapaMEeTPU3AII0 psigaMu  bBropMmaHa—
Jlarpam:xa.

MU

YV mpocTuxX BUNAIKAX, MJIA JIH3 3 MaJAM YHCJIOM
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TOYKOBUX MAaC, PO3B’SI30K MOXKe OyTH OTpUMaHU
B OLIBIN MIPOCTOMY BHIJIsIAi. 30KpeMa, JJIsl JIH3H
IIsaprmuibia i GiHapHOT JIIH3U 3BOPOTHA 3a/1a9a Ma€

PO3B’SI30K B pajJuKaJiax.

Kuro4doBi cioBa: rpasitariiini jin3m, 300pasKeHHs
JKepesia, 0bepHeHa, 33/1a9a KOMILJIEKCHUH aHaJIi3.

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 specified 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 sufficient 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 specified. It is necessary to solve the problem
of solutions unification (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(2), (1)

wherein

SEp

where m,, - normalized point masses included in the
lens, A,, — their complex coordinates [Kotvytskiy, SH-
ablenko, Bronza, 2018; Witt, 1990]. In [Dank, Hey-
rovsky, 2015|, it has also proved that:

w = g mn
(z— A

n=1

_ 1 Pz
~deg P(2) P(2)’

(3)

where P(z2) = | | (z — A,)™.

=

n=1

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 infimum of a number of point source images
in the N-point gravitational lens [Dank & Heyrovsky,
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 —%.

Proof. Images in a Schwarzschild lens with coordi-

nates z and — z are images of the same source as

(4)

Indeed, equation (1) for the Schwarzschild lens in
complex form has the form:
1
=2z— = 5
(=2, o)

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

Substitute in equation (5) —1, we have:
1 1 1 1 1
(—=)=—=— =T Tz ~ =
z Z (-1 z  (—2)

=S 4a=(() = () =

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, g the affine
coordinates of one of the images in the Schwarzschild
lens, then the affine coordinates of the second image

—91(91 + 93), —92(g% +93)~
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Proof. Let z = g1 + g21, then

1 1
Re(—=) = —g1(gf + ¢3), Im(=2) = —a(97 + 63,

The corollary is proved.

For polynomials P(z) in one variable over z the field
of complex numbers, the following theorem holds.

Theorem 2. Let P(z) the polynomial over the field
of complex numbers and 2 < deg P(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 difference P(z) — P(t) is divided exactly by the
binomial (z — ¢). Then

P(z) — P(t)
=2 6
Qe t) = T, (©)
is a polynomial in two variables. The degree of the
polynomial Q(z,t) for each of the variables

deg. (Q(2,1)) = deg;(Q(z,1)) =n — 1,

where n = deg P(z).

If n < 5, then the polynomial Q(z,t), as a polyno-
mial from the variable z, over the field of rational func-
tions from t, has the degree deg,(Q(z,t)) < 4. There-
fore, each of its n — 1 roots can be expressed in radicals
through its coefficients. Since the coefficients of the
polynomial Q(z,t) are rational functions of ¢, its roots
are unequivocally expressed in terms of t. 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 for n — 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, then n — 1
roots of polynomial P(z) can be expressed in terms of
the remaining root. Indeed, let have ¢ equal to one of
the roots of the polynomial.

Example to theorem 2. Let the equation be spec-
ified

(8)

It is necessary to express two roots z1, zo of equation
(8) by the third zs.

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

(7)

B ta+bz+e=0

Py(2) = 2% +az* + bz +c. (9)
The difference Ps(z)— Ps(t) is divided exactly by the
binomial (z — ¢):
P3(2) — P3(t) = 2° + a2z + bz + c—
— (P +at* +bt+c) =
=2 B ta(z?—t)+bz—t)=
=(z—t)(2* + 2t +t* +az +at +b)

(10)

If 2 the root of a polynomial P5(z), then from (10)

2 rat+tPtaztat+b=0 (11)

Equation (11) as regard to the variable is the

quadratic equation:

P24 (t+ta)z+t2+at+b=0 (12)

The roots of equation (12) are equal to:

t+aL\/(t+a)2—4(2+at+D)
zZ12 = .
’ 2

With the z3 =t we have:

23 +a £ \/—422 — 2az3 — 4b + a2
5 .

212 =

The roots of equation (8) z1, 2o are expressed by the
third root zs3.

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

From equation (1), we have:

Yoom
(=2— AN
L

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

_ N m
CZZ_Z:I,Z*A”'

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

(13)

I\

(14)

N

I

_ N
n=1%" Zn:l z—A,

Mn

(15)

+<7 n

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(2,¢,().

Compute the expression

F('Z»CvC) — F(taC7C)

F(z) - F(t)

,t) = = 16
Q1) = (1)
The following theorem holds.

Theorem 3. The expression w 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 difference (z — t)
is equal to F(t). And from the corollary of polyno-
mial remainder theorem. The number ¢ 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 difference 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’Q-?Z) - 1 S
<N?’4+1—-1=N?

(17)

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 Sy = Sa(—a, a) is a binary symmetrical lens with
masses my = my = 0.5, which located at the —a and
a points on the real axis. The lens equation has the
form:

=z —
¢ =

ot (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:

(2= OIC - a®)(2 — a®)? + 20(z* — a®) 2+
2] = (C(z2 — a®) + 2)(z% —a®) = 0.

(19)

Denote the left side of equation (19) by F(z,¢,¢).
Compute the polynomial by the formula (16).

Q= (a2 + )t +[(—a? + )t
+ (a2 + T~ )2 + [(—a® + )2+

+(@C+C — (Ot + (20* — 2CC — 2020 )]+
(=0 + )+ (@ +T = O+ (20)
+ (2a* — 2422 - 2a222)t + (—2a*¢ + 2a2<22 - )]zt
+(—a® + )+ (a®C+C— O+

+(2a* — 2¢T° — 22082+

+(~2a%¢ + 20T — Ot + (—a® +a*T + a® + 24%C0)

Polynomial Q(z,t) as regard to the variable z has
the fourth power degree. Its coefficients are polynomi-
als in the variable t. @Q(z,t) roots may be expressed
in radicals from its coefficients. Since, as the coefli-
cients Q(z,t), there are polynomials in the variable ¢,
we have: z1 2934 = 2(t). Among other things, since the
polynomial F(z,¢,() has another root z5 = t, we have:

21,2,3,4 = 2(25) (21)

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

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 z;,7 = 1, 2,3, the relation
holds:

21 £ 21/ 1+4(22 —a?) (22 —a? + 1)
A(zf —a?) '

22,3 = (22)

In total, a source in the binary symmetrical lens
may have either 3 or 5 images. For any real Z source

is located on the real axis, it also has either 3 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 filamentary
and edge-on wall substructures and to select galaxy
clusters with possible peculiarities in hot gas and/or
DM distribution.

Keywords: Galaxies: clusters: morphology.

AHOTAIIIA. Mopdosorist CKynueHb rajlaKTUK
€ OJTHUM 3 HaWBaKJIMBIIITIX KJIIO4iB 0
PO3YMiHHS ~ €BOJIIOIITHUX  MpoIeciB  (OpMyBaHHS
BEJTMKOMACIITTaOHOT CTPYKTYpi Bcecsity Ta
BuUBYEeHHs 11  iHmmx  QIi3MIHAX  KOMIIOHEHTIB.
Pesynbratn  ducieHHUX KOMITIOTEPHUX — CUMYJISITi
JIO3BOJISIIOTH ~ CTBEPJKYBaTH, MO  (ijaMeHTapHI
CcyOCTpYKTYpH y CKyIIY€HHI HE € BUIAJKOBUMH,
BOHM  BiIOOpaskaioTh  PO3MOALT  HANMACHBHINIOTO
3 1Oro KOMIIOHEHTIB - TeMHOI Marepil. IIpu
IIbOMY, PO3TAlllyBaHHS TIaJlaKTUK Yy CKYyIYeHHI €
HaNIOCTYIHINIIM iHAMKATOPOM PO3IOIIIY HE TLIbKU
TeMHOI MaTepil, a @ rapgdoro rady, a TaKOXK BOHO
MOYKe BKa3yBaTH HA B3aE€MOJIIO 3 IHIMUM CKYITYEHHSIM.
OpierTarnil rajakTuk y CyOCTPpYKTypax TaKOXK
HE € BUIAJKOBUMH: B OJHOMIDHHX OCODJIMBOCTSIIX
raJIAKTUKN BUPIBHIOIOTHCS BJOBXK CMYT'H HaibiibInol
I'yCTUHU, B JIBOMIDHUX  -JUCKOBI  TraJIJAKTUKU
BUPIBHIOIOTHCS JI0 MTEPIEHINKYJIAPY Hel.

Poznoin raakTuk y CKym<IeHHI 3pyIHO OMUCYBATH
gk fioro mopdosoriunuit Tun. Mopdosoriuna cxema,
aKy y 2013 porii 3ampornionoBano I1anbKo, criupaeTbes

HAa  JIeKIIbKA  KJIACMIHUX CXeM  MOPQOJIOriaHOT
kiacudikamii pi3HHX AaBTOpIB Ta OCHOBaHA Ha
UHACEJIbHAX KPHUTEPIdX. Cxemy peasizoBano y

Ile

nakeri uporpam <«The Cluster Cartography».

JO3BOJISIE TIPOBOAUTH AHAJI3 IIBUIKO Ta 00 €KTUBHO.
Bci ckymuenns, ski BuBgasucs, € B Karauosi [lanbko
ta @uina «The Catalogue of Galaxy Clusters and
Groups» (2006); indopMaIlio Ipo raJaKTUKKA KOXKHOTO
CKYITYEeHHS B35ITO 3 KATAJIOrY TajlakKTUK MIOHCTEpCKOro
Yepsonoro Orasgny Heba (Yurpyue Ta in., 2003).

Mu IIPEJICTABIISIEMO pe3ysbraT aHaJi3y
ocobsimBocTelr  JHHIAHUX ~ CyOCTPYKTYp B 254
baraTux CKyIYeHHAX 0€3 O03HaK KOHIEHTPAIl 0
IIEHTPY CKyIueHHsi, 178 CKymYeHHSX 3 IIOMIPHOIO
KOHIIEHTPAIIIEIO 10 MEHTPY, 28 CKYIYIEeHHIX 3 BUCOKOIO
KOHIIEHTPAIEI0 JI0 TeHTpy Ta 112 CcKyIT4eHHdX,
JdKi poaramoBani B 00acTIX HAWOIIBIIOI T'yCTHHH
rajJlakTuk. ¥ BCIX BHIQJKaX [MO0JI CKyI4YeHb, B
AKAX [PHUCYTHI JIHIAHI CyOCTPYKTYypH, CKJIAJa€
npubmmsno 50%, mo cHiBmajae 3 pe3ysIbTaTaMu
KOMIT'IOTEDHUX  CHUMYJISIIiE  Ta A€ MOXKJIHUBICTH
BBaXKaTU TaKi CyOCTPYKTYPHU PEryJIsiPHAMUA.

B poboru 3ampononoBaHo JeTasbHy KJacudiKario
CKyITYeHb TaJIAKTUK 3 JIHHIAHUMH CyOCTPYKTYPAMHU.
Hosnit migxin mae MOXKJIMBICTh BUILIUTH CEPEJT, TAKUX
CKYITYeHb TaKi, 0 MAKTh JICHO JiHiiTHI ocobimBoCcTi
abo0 BiAMIOBIIAIOTH BUMAIKY PO3TAIITYyBaHHS IBOMIPHOT
CyOCTPYKTYPHU BJIIOBXK IIPOMIHIO 30DYy.

KJ'IIO“IOBi CJIOBa: TaJIAKTHUKU, CKYITYCHHA ralaKTHK,
Mopdotoris.

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 reflected
the primordial adiabatic fluctuations 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 different 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 confident 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 different 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 Lépez-Cruz &
Gaztanaga (2001) and Loépez-Cruz (2003)ones, Panko
(2013) proposed improved and integrated scheme of
morphological classification 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), “flatness signs” (L —
line or F' — flat, and no symbol if no indication of flat-
ness is present) and the role of bright galaxies (¢D or
BG, if the bright cluster members role is significant).
Other peculiarities are noted as P. “Flatness signs” can
correspond to filamentary substructure or preferential
plane in cluster. The designations can be combined,
for example CFcD or ILP.

The Cluster Cartography set (hereafter CC) was cre-
ated for simplification of the galaxy clusters classifica-
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 Miinster 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 PD.S2020G MPs,
The classification of objects into stars, galaxies, and
perturbed objects was done by an automatic proce-
dure with a posterior visual check of the automatic
classification, which considerably diminished the num-
ber of objects erroneously classified 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 = 18™.3. Each form more than 5 mil-
lions of MRSS galaxies have equatorial coordinates, rp
magnitude, axes and position angle of best-fit 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 field we consider as rich ones.

For each PF galaxy cluster we have the list of galax-
ies in cluster field 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:

m = 3.906(185-m) 4 o

m/ (m/)Q

= 2=
V1-2E + E? 2a

were 2a and 2b are sizes of major and minor axes of
symbol; ellipticity £ =1 — g. The equations (2) trans-
form the circle to ellipse with the same area and con-
nect symbol axes with galaxy magnitude.

The coeficients 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 x
4000 arcsec — the symbol sizes calculated according to
the equation 1 are optimal for visual control.

Last modification 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 marks F' 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 the 2D the dis-
tribution of galaxies in the galaxy clusters on the ce-
lestial sphere using CC set according to the improved
scheme of morphological classification (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.
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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 to L5 subtype and distribution of cosines of acute angles
between the direction of L5-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 classifica-
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 or L9 - L11 according to present paper.
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As one can see on Fig. 1, linear substructures are sta-
tistically significant, however, the orientation of galax-
ies in different clusters note the possible presence in
cluster filamentary substructures as well as wall-like
ones. For filamentary 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 of L5-line and all galaxies in-
side the central band points to statistically significant
prevalence for small angles (values of cosine from 0.9
to 1.0). The filamentary 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: in 3D
simulation elliptical galaxies tend to align their major
axes with the filament direction, while disc galaxies
tend to align their spin perpendicular to the filament
direction. For both cases we have the alignment of
images of galaxies to to the filament 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 different 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 filamentary 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 filamentary and edge-on wall substructures also.
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ABSTRACT. We give a brief overview of the cmekTpax craniB smep, IX COHHAX, [apHOCTI,

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.

AHOTAIIIA. Haerbcst KOpOTKUIA OIS iICHYIOUMX
0a3 siIepHUX JAHUX Ta MIXKHAPOIHOI MepexKi IeHTPIB
sepHux gaHux. OCKIIbKE 00CSAT €KCIIePUMEHTATbHAX
maHnX 1o Gi3umi sapa  HAA3BUYAWHO BEJUKUN, B
pobOTI HABOAATHCS CydacHI METOIW O3HAMOMJICHHS 3
MaCHBaMU XapPaKTEPHUCTUK s/iep depe3 OAHKU siIePHUX
JIAHUX. 30KpeMa, OIMCAaHI MeTOIW BUJIYYEHHSI
indopmarii Tpo sapa 1 sJepHi peakIii  uepes
Oanku simepHuX maHux. JlaHi BKIIO9aTh B cebe
indopmariito mpo wMacm 1 emeprii 3B’a3Ky smep,
PO eHeprii BiJIJIEHHs HYKJOHIB 1 KJjacTepis,

i3ocmiHaM, 3apsJI0BUX 1 MacOBUX paJiiycax i MJIbHOCTI,
indopmariiro Tpo GopMy siiep, IepeTuHAX sIIePHUX
peaxiiiif, po3maju HecTabiIbHUX sifep. Bin moBHOTH
i TOYHOCTI TWX JIAHUX 3ajexKaTh paJialiiina i
sanepHa 0Oe3reKa, a TaKOXK EeKOJOTiTHA MPUHHSATHICTD
AJIEPHUX  YCTAHOBOK. CrBopenHst 6a3u  sIIEpHUX
JaHnnxX B Bimopyci J103BOJIUTH KOHTPOJIIOBATH SIKICTh
AJEPHUX JAHUX, IO IOCTABJISIOTHCI CIOXKUBATIAM,
i 3abe3meynTH  BIAMOBIAHICTH CHCTEM  KOHCTAHT,
AKI 3aKJIaJIal0ThCd B TEXHIYHI ITPOEKTU, CYYaCHUM
MiKHApOJIHUM cTaHgapTaMm. Ha ocHosi irdopmarrii,
0 MICTSThCA B 0a3ax siIEPHUX JAHUX, OI[HIOETHCS
pajiariiine HaBaHTayKEHHs HA KOPIIYCH DPEAKTOPIB
AEC i immi By3am B mporeci IX eKCILUTyaTarlii.
IIe [mo3BOJIsIE KOHTPOMIOBATH MPOIEC OE3MEeTHOT
eKCILTyaTallil  KOPIIyCiB ~ aTOMHUX  pPeakToOpiB 1
OITIHIOBATA  MOXKJIMBICTb  TPOJIOBXKEHHS  PECYPCy
EKCILTyaTallil, SKINO MEPEBUIILYE MeXKi PErJIaMEeHTHOTO
TEpMIiHY. PegynbraTtn  mocmimkenb, orpuMaHi B
MpeJICTaBiIeHiil poboTi, Oy/IM YacTKOBO BUKOPHUCTAHI
IpyU BU3HAYEHHI Ta YTOYHEHHI KOJIa 3aB/aHb, IO
BHUPIIyIOThCA IpK BUKOHaHHI ciabHux HJIP B pamkax
JloroBopy mpo HayKOBO-TEXHIYHOMY CITiBPOOITHUIITBO
mixk TacruryToMm sijepuux jgocimzkens HAH Yxpaiau
(M. Kuis), IHY «O6’equanuii iHCTUTYT eHEPreTHIHUX
i sanepuux pocmimkensr — Cocam» HAH Bimopyci
(OIEA — Cocun) i YO «TomenbchKuil meprkapHuMit
texuivanii yaisepcuret iMm. I1.0.Cyxoros.

Kuro4oBi ciioBa: 6a3n simepHUX JTaHUX, MiKHAPOTHA,
MepezKa MEHTPIB sJIePHUX JAaHuX, 03U sAepHUX TaHIX
B Bimopyci.
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1. Introduction. Nuclear Data Types and

Data Centers
1.1. What is nuclear data?

Nuclear data are quantitative results of scientific 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 v-rays from radionu-
clides. The scope of the data collections includes all
85 natural elements with 290 stable isotopes and more
than 2500 radionuclides.

The applications of nuclear data include all areas
of nuclear science and technology, covering energy
applications (fission reactor design; nuclear fuel cycles;
nuclear safety; reactor monitoring and fluence 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 [.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 off-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 significant upgrade of an existing) database,
typically 4-10 scientific groups from different countries

work together under TAEA 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 insufficient 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.

1.8. 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 defined 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 Ezplorer, 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 defined 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 TAEA Nuclear Data Section holds a total of
about 100 nuclear data libraries, representing an enor-
mous economic and scientific 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 file 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-
official publications and computer files. Includes also
(7,11), (7,f) and spontaneous fission 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 differential cross sec-
tions, resonance parameters, polarization data, fission
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 107° 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 effort including extensive testing, coordinated by
TAEA consists of several sublibraries for transport cal-
culations, activation, fusion reactions, etc. Available
online.

TAEA Photonuclear Data Library: Evaluated
photonuclear cross sections for 164 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> 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 Al
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 U?38 and neutron activation data for Pu®*® up to
2 GeV.

Minsk Actinides Library Evaluated neutron
cross sections for Th?32, U, Np, Pu, Am and Cm
isotopes.

2.8. 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 7-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 efficiency calibration. A new version will be
released soon, see NDS web page.

EPDLIT (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 Verification 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 offered 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.jaea.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
TAEA 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.
mail  ser-
e-mail to

other
informal

Custom retrievals and
vices can be requested by
services@iaeand.iaea.org.

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

The activity on the development of Scientific,
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. 0O.0. 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 TAEA 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

Scientific, Methodological and Information Basis
for Nuclear and Technology Calculations

Russian version

The activity on the ion of Scientific, ion Basis for Nuclear and Technological Calculations had been
started in 2013 in the framework of joint Project of Ukrainian Nuclear Data Center , UktNDC (Institute for Nuclear Research NAS Ukraine,
INR, Kyiv, Ukraine) and Physics Research Laboratory, PRL (Pavel Sukhoi State Technical University of Gomel, GSTU, Gomel, Belarus). The
name of the Project is i ing, ization and Analyses of ion in the Nuclear Power sphere as the basis
to found the Information Nuclear Data Center”.

Goals and Objectives

« Creation of the computerized nuclear data base

« Creation of the software database for the nuclear constant preparation and carrying out the engineering calculations

« Organization of the remote access to the modern international sources of nuclear and physical information

« Creation of the teaching and educational methodological base for manpower development to carry out the production of nuclear
constants and engineer calculations to ensure the regular and safe operation of nuclear installations

Libraries of experimental and evaluated nuclear data, some special-

Data Bases  |;ipose libraries

Codes to carry outthe production of nuclear constants and

Codes engineering calculations

Site Addresses |Modern international sources of nuclear and physical information

Manuals
Contacts

Educational methodological and scientific literature.

Information on the personals and areas of their responsibility

Web and Datab i i Ukrainian lear Data Center
Institute for Nuclear Research NAS Ukraine, pr: Neuky, 47, Kyiv, Ukraine, 03680
Phone: +380 44 5253987  E-mail: ogris inrki

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.

Acknowledgements We would like to thank Dr. O.0O.
Grizay and Dr. O.I. Kalchenko for the enjoyable
collaboration on the subject matter covered here.

References

Pankov A.A., Tsytrinov A.V., Serenkova [.A.: 2015,
Nonlinear Dynamics and Applications., 21, 270.



42

Odessa Astronomical Publications, vol. 32 (2019)

DOI:http://dx.doi.org/10.18524/1810-4215.2019.32.182531
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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
identification 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 identification 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. Identification
and classification 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
different types of X-ray galaxies within the large-scale
structures of the Universe.

Keywords: AGN, XMM-Newton, WISE, X-ray,

infrared survey.

AHOTAIIIA. Hocuijzkennsi ckjaagy 1 OTpupoiu
[I03arajaKTUIHX O0’€KTIB € BaKJIMBOIO YACTUHOIO
JIOCJTiI?KEHb BEJTMKOMACIITAOHOI CTPYKTYPHU BCECBITY.

OkpiMm  pajio-, iHdpadepBoHOrO  JHiama30Hy
BUJIUMOI'O BI/IIIpOl\/IiHeHHH7 CIIOCTEpPE2KEeHH A Ta
[OJIAJIbINE OTOTOYXKHEHHSI I03araJJAKTUYHUX O0’€KTIB,
TaKuX sSK CKYyIYeHHs TaJIaKTHK, KBasapu, OJasapw,
JlaifiHepu Ta 00/1aCcTI 3 AKTUBHUM 30DEyTBOPEHHSIM
BEIyThCA B PEHTIEHIBCBKOMY Ta rama-iama3oHax. B
it pobOTI MU TPOBEN OTOTOXKHEHHS Ta IIEPEXPECHY
KOPEJISIIO CIIOCTEPEXKHUX JIAHUX 1H(MPAIEPBOHOIO Ta
PEHTTEHIBChKUX [IAlla30HIB Ta MOOYLyBaaul PO3IOIII
B BuOIpIi nmx JpKepes 3a TUmoM. lIpoaHasizoBaHo
BMICT TO3arajJakTUIHUX O0’€KTIB pI3HUX  THIIB
Ha Bijgcraax o z=0.1 BuUKOpUCTOByIOYHM JlaHI
BI/IITOBITHUX KOCMIYHUX 0OCEpBaTOPIii.

st CKJIaIaHHSI HaRO1IbIIMX KaTaJioriB
PEHTTEHIBCHKUX JIKEpeJl BUKOPHUCTOBYIOTbCS — JIaHi
MPOBiAHOT PEHTTEHIBCHKOI KOCMiuHOI obcepBaTopil
XMM-Newton.  Ilorouna Bepcis xkartasory XMM
SSC (Serendipitous Source Catalog) micTuTb HOHAZ
MBMIJIbOHA JIKepeJi. Y HaIluX MOIIepeIHiX poborax
Mu BifibpaJsu Ta npoanasizyBam maHi 5021 ragakTuku
B PEHTreHIBCbKOMY JIialla30Hi, K1 CIIOCTepirajanch
XMM-Newton. InenTudikamis Ta Kaacudixaris
IUX J2KEPeJ € BaKJIUBUM HACTYIHHM KDPOKOM
JIOCTIIPKeHHs. ¥ IIbOMY JIOCJI?KEHHI MU BUKOPUCTAJIN
indpadepBoHi 300pakeHHsT iHGPAYEPBOHOT KOCMIYHOT
obcepsaropii WISE 3 karamory kammummariB y
akTuBHI sipa rajgaktuk. ¥ 2010 pomi kocmiunwmii
Teneckornr WISE saificnus  oryisi; BCHOrO  IMTOBHOIO
HeOa y YOTHUPHOX IH(MPAYEPBOHMX Jalla30HAX Ta
BUABUB 747 MIiJIBHOHIB JIzKepe. Karamor WISE
KaHJMJIaTIB y aKTHBHI spa TaJaKTUK CTAHOBUTL 4
MiJIBHOHM MOXKJIMBUX IMO3arajlaKTHIHUX JKepes. Mu
ooy ayBaan iHdpadepBOHy KOJBOPOBY [iarpamy JJis
HaIol BUOIPKM PEHTTEHIBCHLKUX TaJIAKTUK Ta OIIHUJIN
IX THUIN, BUKOPUCTOBYKOUHM jaHi Teseckona WISE. B
it poboTi MM TAKOXK JIOC/IIMIN BEJIUKOMACIITAOHY
crpykrypy Beeciry (ma Bigcramax mo z=0.1). Ileit
aHaJli3 BUSIBUB CKyIIYeHHs rajakTuk kiacrep Coma
ta Bemuky criny Crnoana (Sloan Great Wall). V
MOJIAJIBIIUX JIOC/IJIZKEHHSIX MU ILIAHYEMO JIOCJIJIUTH
PO3MOJIi PI3HUX THIIB PEHTTEHIBCHKUX TaJaKTUK Y
BEJIMKOMACINTAOHUX CTPpYKTypax Bceecsity.

Ta
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Kurouosi caoBa: Axrusni sypa rajmakTuk, XMM-
Newton, WISE, penrtreniscbke BUIPOMIHIOBAHHS,
indpadepBoHi OrISIIN.

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-DRS8 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 database ! (Makarov et al.,
2014) was used for identification extragalactic X-ray
sources and further Xgal compilation. Classification 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 verified.

For the purpose of this study we used data from the
sky survey performed by Wide-field 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 first three band are often used to build color
diagrams for classification of WISE sources. Distri-
bution of the different cosmic objects by types and
their IR colors is presented on Fig. 1 2 (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
identification between WISE all sky observations

Thttp://leda.univ-lyon1.fr
2http://wise2.ipac.caltech.edu/docs/release/allsky /expsup/
index.html
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Figure 1: IR wave bands and objects types observed
by Wide-field 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 flux
Fx > 1073mW/m?. Classification of these objects
was performed using SIMBAD Astronomical Database.

Initially we assumed that Xgal objects should be in
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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-
fied 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 AIIWISE 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 difference 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 classified 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
Varx (N) relation from cubic root. Such deviations
becomes the most visible in our sample after replacing
Var (N) by Vax/1.007V(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 insignificant that makes LSS
detection impossible and causes rapid growth of plot
on Fig. 4 for largest N.

2.5

W1-W2

Figure 3: The MIXR sample: AGN activity versus star
formation. IR color diagram for 573 X-ray galaxies
with Fx > 107¥mW/s/m?. Balls — elliptical galaxies,
galaxies in groups and clusters. Triangles — spiral and
star-forming galaxies. Dots — AGN’s : QSO’s, Seyferts,
LINERS
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Figure 4: Large-scale structures in radial distribution
of X-ray galaxies

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 significant
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,
2014; Tugay et al., 2016).
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ABSTRACT. We present a study on the verifica-
tion of Machine Learning methods to be applied for
binary morphological classification of galaxies. With
this aim we used the sample of 60561 galaxies from the
SDSS DR survey with a redshift of 0.02 < z < 0.06 and
absolute magnitudes of —24™ < M, < —19.4™. We
applied the following classification 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 classifier, we
used absolute magnitudes M,,, My, M., M;, M, color
indices M, — M,, My — M;, M,, — My, M, — M, and
inverse concentration index to the center R50/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 Classifiers 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 classified (96% — FE 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 classifiers and the data on color indices,
absolute magnitudes, inverse concentration index of
galaxies with visual morphological types, we were able
to classify 60561 galaxies from the SDSSDR9 with
unknown morphological types and found 22301 E and
38260 L types among them.

Key words: galaxies, morphological classification,
machine learning.

AHOTAIIA. Tlomano
Bepudikarii  MeToiB MAITUHHOTO
0 3aCTOCOBaHI JJisI  aBTOMAaTHUYHOL
Mopostoridaol  Kaacudikallil TraJlaKTHK.

JIOCJTi IPKEeHH 010
HaBYIAHHA,
binapHol
3 miero

MEeTOI0 MU BuKopucrasjun Bubipky 60561 ramakTuk
3 mudposoro orasgay SDSSDR9 i3 uepBonumMu
avimenasmu 0,02 < z < 0,06 Ta abcosroTHUMEI
3opsgauMU Besmanaamu —24™ < M, < —19,4™. Mnu
3aCTOCyBaJIn TaKi MeToJu MaIlllMHHOI'O HaB4YaHHA,
BUKODUCTOBYIOUM BJIACHWUI  KOJI HAIMCAHUN  HAa
Python, mo6 mnpaBuibHO BU3HAYUTH MOPMOJIOTIO
paHHiX 1 mi3HiX THOIB TrasakTuK: HaiBauil DBaitec,
BUITAJIKOBHII JIiC, METO/I, OIIOPHUX BEKTOPIB, JIOTICTHYHY
perpecito, k-unaitoamxa ux cycigis. /Ias TpenyBaHHs
KjacudikaTropa MH BUKOPHUCTOBYBaJU aOCOJIOTHI
sopsui sesmuunu M, My, M,., M;, M,, noka3HuKN
xonawopy M, — M,, My, — M;, M, — My, M, — M, Ta
3BOPOTHI#l 1H/IEKC KOHIIEHTPAIll KOJBOPY JIO IEHTPY
R50/R90.

Mu 1opiBHSIN I1i PE3yJIBTATH 3 HAITUMU [TOTIEPETHIMHU,
sdKi Oyaum 3pobJieHI 3a JOIMOMOIOK  IIPOI'PAMHOIO
zabesneuenass KNIME Analytics 3.5.3. BusBmtocs,
mo meron Random Forest i Support Vector Machine
TAKOXK 3a0e3IMeUyI0Th HAMOIABIIY TOYHICTH, ajie 3a
JOTIOMOTOI0 Hamoro Koxay wHa Python mwu migsurumim
rounicTh 3 92,9 % npasmibHO Kinacudikosanux (96 %
-FEi84%- L) no 94,6 % (96,9 % - E£189,7 % - L).
TounicTh pemTH METONIB TaKOXK 3pocia Ha 88 % mo
93 %. Orxe, TpeHyoun 1i KaacudikaTopu Ha JAHUX
PO TTOKA3HUKN KOJIBOPY, aOCOTIOTHI 30PsTHI BETMINHH,
3BOPOTHIl 1H/IEKC KOHIIEHTPAIll KOJIbOPY JIO IEHTPY
raJIAKTUK, MU 3MOIJIM BU3HAYUTH MOPQOJIOTIYHI THUITH
Bubipku 60561 ramakTuk 3 mudpoBoro orisiay Heba
SDSSDR9 i orpumanu 22301 E pannix i 38260 L

Hi3HIX TUIIB raJIaKTHK.

KurouoBi cioBa:  mopdosioriuaa  KiracudikBILis
raJIaKTUK, MAITHHHE HABIAHHS
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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 field, 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, identified the problem
of the automated morphological galaxy classification
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 classification 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 classifica-
tion, ZOO project, such as [Banerji et al. (2010)], or
for radio galaxies with AGNs [Zhixian et al. (2018)].

For the first time we have introduced and applied
the high-order 3D Voronoi tessellation method for the
identification of low-populated galaxy systems from
a volume-limited SDSS DR5 to estimate environment
effects [Vavilova et al. (2005), Elyiv et al. (2009)] and
binary morphological content [Vavilova et al. (2009)]
of 6786 galaxies with 3000km/s < Vig < 9500km/s
containing in these systems.

After enlarging the sample to 317 018 galaxies with

these radial velocities from the SDSSDR9, we ap-
plied multi-parametric diagram and visual inspection
to get the automated galaxy morphological classi-
fication. 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 classification
into three classes: E — elliptical and lenticular, S —
spirals Sa-Scd types, and L — late spirals Sd-Sdm and
irregulars types. The accuracy is 98 % for E, 88 % for
S, and 57% for L types. The combinations of color
indices g — ¢ and inverse concentration index R50/R90;
color indices g — 7 and absolute magnitude M, gave the
best result: 143263 E type, 112578 S type, 61177 L
type [Dobrycheva et al. (2017)].

Not enough classification accuracy for L type galaxies,
we undergone the different MLM for providing a binary
automated morphological classification. Why is binary
one, because we decided compound S and L in one class
of the Late type galaxies L. We tested different MLM
for the SDSS DRY samples of 317 018 galaxies at z < 0.1
using KNIME Analytic Platform and found that the
Random Forest provides the highest accuracy, namely
91 % of galaxy types are classified 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 classification of
galaxies and apply it to the sample of 60561 galaxies
from the SDSSDRY at 0.02 < 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 —24™ < M, < —19.4™
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, =m, —5-1g(Dy) — 25— K, (2) — ext,,

where m, - visual stellar magnitude in r band, Dp,
- distance luminosity, ext, - the Galactic absorption
in 7, K,(z) - k-correction in r band according to
[Chilingarian et al. (2010), Chilingarian et al. (2012)].
The color indices were obtained as:

My —M; = (mg—m;) — (exty —ext;) — (Kq(2) - Ki(2)),

where mgy and m; — visual stellar magnitude in g
and 4 band; exty; and ext; — 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 ¢ and ¢ band; K,(z) and K;(z) — k-correction
in g and ¢ band, respectively. Following the SDSS
recommendation we involved limits m, < 17.7 by
visual magnitude in r-band to avoid typical statistical
errors in spectroscopic flux.

3. Training galaxy sample

A training galaxy sample contains of 6 163 galaxies at
0.02 < z < 0.1 with the absolute magnitudes —24™ <
M, < —19.4™ 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 SDSSDR9. We split galaxies visually
on two classes as F (including E, S0, SOa types) and
L (from Sa to Irr types), which were selected randomly
with different 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-defined the mean of the magnitude
in each filter and its scatter after each discard and
then limited artificially this permissible deviation
for the average. Thus, we got a sample of 6 163 galaxies.

4. Verification of Machine Learning methods
for morphological classification

Logistic Regression is a statistical model that uses
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Figure 2: Training galaxy sample. Dependence of pre-
diction accuracy for Logistic Regression Classifier on
the "C" parameter
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Figure 3: Training galaxy sample. Dependence of pre-
diction accuracy for Support Vector Machine Classifier
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 classification (it is not a classifier). It
includes the quantizer function and works by selecting
the cutoff value and classifying the input as more likely
than the cutoff as one class, below as another.
Support-Vector Machines (SVMs) are controlled
learning models that analyze data used for classifica-
tion and regression analysis. Given a set of classified
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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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
difficult 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 fit
the models to the initial data as accurately as possible,
then ”C” is low models trying to look for a vector of
coefficients closely to zero. Therefore, at low "C” values,
the algorithm tries to fit 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 classification. The object
is classified 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; difficulties in finding the right weight and de-
termining what features are required for classification;
dependence on the selected metric.

Naive Bayes classifiers is a family of simple prob-
ability classifiers 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 classification and the inability
to take into account the dependence of the classifica-
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 classification 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 overfiting. Tree models - where the target
variable can take a discrete set of class values, are called
classification 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 Classifier 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 Python! to predict
correctly the galaxy morphology (Late and Early types)
we verified several Machine Learning methods for bi-
nary morphological classification of galaxies. With this
aim we used the sample of 60561 galaxies from the
SDSS DR9 survey with a redshift of 0.02 < z < 0.06
and absolute magnitudes of —24™ < M, < —19.4™.
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 classifier, we used ab-
solute magnitudes M, My, M., M;, M, color indices
My — M, My — M;, M,, — My, M, — M, 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 Classifier — 0.886 (E — 0.920, L — 0.818)
+ 0.01;

k-Nearest Neighbors Classifier — 0.945 (E — 0.9389,
L - 0.958) + 0.006;

Logistic Regression Classifier — 0.949 (E — 0.968, L —
0.911) + 0.006;

Random Forest Classifier — 0.9545 (E — 0.967, L —
0.928) + 0.003;

Support Vector Machine Classifier — 0.964 (E — 0.961,
L —-0.969) + 0.006.

All the above mentioned classifiers 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 classified (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 classification
are presented).

So, using the Random Forest and Support Vector
Machine Classifiers, and the data on color indices, abso-
lute magnitudes, inverse concentration index of galax-
ies with visual morphological types, we were able to
classify 60561 galaxies from the SDSSDR9 with un-
known morphological types and found 22301 E and
38260 L types among them. At the same time, the
results of applying the Deep convolutional neural net-

Thttps:/ /scikit-learn.org/

Correct morphological types

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

work (DL) to the images of redshift-limited (z < 0.1)
sample of ~ 300000 galaxies from the SDSSDR9 by
[Khramtsov et al. (2019)] with the same aim of binary
morphological classification 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-classified 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-classifications 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,
fine-tuning, and classification). The step of fine-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
classification 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 classification since
their first application to decide this problem with the
ANN-algorithm [Storrie-Lombardi et al. (1992)]. They
are also effective 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-
classified morphology. Top and Left Bottom: Late types
(Spirals), which are classified as Early type (Ellipticals).
Right Bottom: gravitational lens classified as Early
type galaxy (Ellipticals).
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ABSTRACT. We have described the method of
investigation of the diffuse 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 find 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

AHOTAIIIA. Binomo, mo J0cuTh 3HAYHA YaCTHHA
peuoBunu lamaxkruku (upubmusuo 20% 3a macoro)
BXOJIUTH JIO CKJIAJY Mi?K30PSHOIO  CepeOBUINA
(rasonmsioBa KommoHeHTa). MiXK30psiHe cepenoBuIIe —
OCHOBa BHYTPIIIHBOTO B3aEMO3B 13Ky CHUCTEM KOXKHOT
rajakTuku. Came B HbOMY BiIOyBalOThCHA MPOIECH
30pEyTBOPEHHSI, OOMIHYy PEYOBHHOIO i €HEpriero MixK
TyMaHHOCTSIMU (IO € HEeBII’éEMHOI0 YaCTUHOIO Ta
IPOSIBOM  MiXK30pPSIHOTO ~ CEPEJIOBUINA),  CHCTEMaMU
HOBHX 3ip Ta MPOTO30pPSIMH, TOPHUMH jipamu. Tomy
JIOCJTiPKeHHsT (DI3UKU Ta, BU3HAYEHHS XIMITHOTO CKJIaLy
Mi?>K30pSIHOTO CEPEeIOBUINA MIPOTATOM 0araThboxX POKiB

3afiMae BayKJIMBE MICIle B TeOpeTUdUHiil acTpodizuii
Ta, KocmoJjorii.  OcobsmBuit iHTEpec mpencTaBIsie,
30KpeMa B paMKaX CyvIacHOI KOCMOXIMIil, TOCIi/IzKeHHs
MIiXK30PSIHOTO CEPEJIOBUINA Ha MOJIEKYJISIDHOMY PiBHI.
OTOTOXKHEHHST MizK30pSIHUX MOJIEKYJI MOKe BiJIIIOBIiCTH
Ha 6araTo MUTaHb KOCMOTOHII 1 Teopil 30peyTBOPEHHS.
Opmma 3 0cOGJMUBOCTEH  MIiXK30PSTHOTO — CEPEIOBUIIA,
MoJIATa€ B 3HAYHIN HeomHOpimHoCcTi pevoBmHU. Mn
OIIMCYEeMO METOJ, HOC/IiIXKEeHHST TUQPYIHOI MiXK30PIHOT
emyr (JIMC) ma gopxummi xsumi 6202 A. g JIMC
CIIOCTEPIra€ThCsl B CIEKTPaX KJACHYHUX 1edelrn,
i BOoHa OJIEHIYETHCS 3 JIBOMAa 30PSHUMH JIHISIMU
— Ce II (6201773 A) i Ni I (6204.6 A). Bymm
3aCTOCOBAHI PO3PAXYHKA CHHTETHIHOTO CIEKTPY
3opi y mexax JIMC 3 HaCTYIHUM BUJIyYEHHSIM X
30pgAHUX JIiHIK 3 mpodimo cmyrm.  Ila meromuka
Ja€ MOXKJIMBICTB 3Haiitm icrwaHi npodim IMC
Ta BHU3HAUYNTH iXHI exBiBaseHTHi mmpurn (EW).
o mnpomemypy MoxkHA 3acTrocyBaTd misa 1edeln
(mas  gkux  Bigcrami gobpe Bizomi), 1oOyyBaTH
KapTy PO3IMOBCIOJ?KEHHS OPraHiYHOI PpPEYOBUHU B
raJJaKTUIHOMY JINCKY Ta BUKOPUCTATU IIi 3HAYEHHS
Jutst rociizkenss Bigaomenns E(B-V) EW(DIB). Ile
BIJTHOIIIEHHS MOXK€ JIOIOMOI'TH 3HANTH TOYE€PBOHIHHS
JIJIs HEIIOJABHO BiAKpuTux nedeinn, misd SKuX e
HEMa€ JOCTaTHIX (POTOMETPUIHUX JTAHUX. Ilicnasa
OTPUMAHHS BUCOKOTOYHUX IHJWBIyaJbHUX 3HAYCHD
HAJJIUIIKIB KOJBOPY JJIs yCIX IPOrpaMHUX 3ip Oyie
BCTAHOBJIEHO paJiaJbHy Ta JOBIOTHY 3aJI€KHICTD
eKCTUHKIII MiK30pSHOrO ra3y y ol [amakTuku
Ta OTpUMATH iH(OPMAIli0 PO iCHYBaHHS JOKAJIbLHIX
HEOJTHOPITHOCTEl TYCTUHH MiXkK30psgHoro ragy. LTyt
MOBa HiJie PO HelepepBHE IIOTVIMHAHHS ITHJIOBOIO
KOMITOHEHTOIO, $IKa BXOJUTH JIO CKJIAJy MiK30PTHUX
ra3oBUX XMap.

Kurouosi cioBa: Kiacuuni medeinm, mik3opsai
JIHIT Ta CMyrd, MIiXK30psiHI MOJIEKYJIH, CTPYKTYPa
Mi?K30PSIHOT'O CEPEJIOBUITA
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1. Introduction

Diffuse 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 nidentifi-
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 fine 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 afford an excellent
possibility to study the fine 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 profile
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 profile. In this paper we describe
similar procedure which allows to refine 6202 A DIB
profile.

2. Method

The diffuse 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 log g f 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 log gf = —1.155 for the nickel line. The best
fits for profiles 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 effec-
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
profile free of stellar spectral lines.

4. Finally, the equivalent width of the cleaned DIB
profile is determined by direct integration.

3. Atmospheric parameters and synthetic
spectra

The atmospheric parameters (effective temperature
Te, surface gravity log g, microturbulent velocity V;
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 first 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.

Cell Nil

Relative Flux

09

0.8 f
6201 6205 6206

Wavelength, A

6202 6203 6204

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

absorption).

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 (Teg = 5551 K,
log g =1.99, Vi = 3.29 km s~ !, [Fe/H| = +0.02).

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 diffuse 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
6613 A DIB study.

Figure 3: Normalized fragment of the spectrum of BV
Cas.
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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 flux variations of these galaxies in y-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 sufficient number of
positrons and their annihilation are the cascade chan-
nels observed in the form of A-resonance. According
to the available data from the AGN’s catalogs the cal-
ibration of their luminosity in other spectral regions is
proposed.

AHOTAIIA. ¥V paniif poOoTi BW3HA4YeHI NPUYUHH
KOpeJIsin MiX KaTaJIOXHUMHU JaHUMH 3a
jgorapudmivyHo0  cBiTHiCTEO — LoglL ramaktuk 3
akTuBHUMH siapaMu (AGN). OcoOmmBy yBary mpuaiigeHo
ragaktukam Tty BL  Lac.  OcoGmuBocTi  3MiHH
CBITHOCTe} IHX ranakTuk B Y- (logl,) Ta onrumi (loglo)
OyJu TOB'sI3aHi 3 HASBHICTIO KOMOIHOBAHOT JIii KOCMIYHUX
mpomeHiB (KIT) Ta »KOpCTKUX BUIPOMIHIOBAaHb 110 BCHOMY
nepumerpy AGN, iX KIIBKICHUM XapaKTepUCTHKAM.
OOrpyHTOBAaHO MOXKJIMBICTh BHKOPHCTAaHHS IO3UTPOHHOT
cnekTpockomii B Takmx  oO'ekrax.  [ligkpecneHo
BaXXJIUBICTh BHCOKOTOYHHX BUMipIOBaHb TiHil 1.022MeV,

o0 BHHMKAE TiA dYac aHIrusmii MO3UTPOHIB 3
K-enextponamu 0araToeNeKTPOHHUX aTOMIB
MDK30pSIHOTO ~ CepelloBHINA  JUCKOBOi  CKJIaJ0BOI

JOCHIKYBAaHUX TajakTuK. CIUparoduch Ha IOMNepesHi
poOOTH aBTOPIB, MPOJOBKECHO TOCTIIKCHHS 3B'I3KY MiXK
0JTHO(OTOHHOIO AHITUIAIIE0 MO3UTPOHIB Ta
JOTDICPOBCKUM PO3MIMPCHHSAM JIiHIM IUX K€ aTOMiB B
ontui B AGN. Iloka3aHo, MmO HEHNPSIMHUM JOKa30M
HasBHOCTI JOCTAaTHROi KUIBKOCTI TO3WUTPOHIB Ta iX
aHITUIAII] € KaHau KackajiB y BUTIAAI A-pe3oHaHcy. 3a
HassBHUMHM JTaHUMH 3 KaTajoris juri AGN 3anponoHoBaHe
KaJiOpyBaHHS iX CBITHOCTI B 1HIIMX OOJACTSIX CIIEKTpA.

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

1. Introduction

The shells of supernovae and the active nuclei of
galaxies exibit a significant field 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 y-quanta. This is usual for S-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 sufficient
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 sufficient to produce the observed optical lumi-
nosities.

In this work, on the basis of taking into account the
atomic photoelectric effect, previously obtained stan-
dard values of the source function of such media S(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 diffuse nature of interstellar dust scattering
is an additional factor to increase the AGN’s optical
luminosity. The combined effect of ionization losses
in gas-dust aggregates, over the entire AGN volume
and, as a result, the formation of a radiation field with
source function S(F), 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 field
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 effect, 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 coefficient 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 fluxes from such objects are slightly distorted
by the inverse Compton effect and can be used to esti-
mate the optical luminosity.

Section 3 uses the results of previous section to find
the induced radiation field S(F) and the Auger electron
distribution function f(FE).

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 y-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 fluxes in the gamma, x-ray,
and optical ranges are collected. In particular, it is pos-
sible to investigate the correlations of the energy fluxes
observed in B filter, 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-filter). The pres-
ence of synchrotron radiation energy in the indicated
intervals is confirmed by the strong polarization and
the additive structure of obseved flux.

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 flows
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 y-quanta, protons, a-particles and
the lepton component, it is necessary to solve the rel-
ativistic kinetic equation using the observed values of
energy fluxes and the cross sections of reaction between
the mentioned particles and quanta. The variable pa-
rameters in this case are the total energy flux and the
flux of y-quanta. Both these fluxes 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 sufficient for statistical sampling. To achieve
the thermolization of a fully ionized hydrogen-helium
plasma in the incident substance, in order to be able to
fix the observed y-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
difference of the electric field 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 field. One electron (or positron) acceler-
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ated by this potential difference 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 field lines, can, after passing through the gap
of the central part of the accretion disk, collide with
a significant perpendicular component of the magnetic
field and create an electron-positron pair. The pair
should be accelerated and it can be the first step of
cascade.

The physical system presumably adjusts its param-
eters to find sufficient number of charged particles for
current creation. The next step can be the transforma-
tion of this current to jet. The existence of sufficiently
intense cross-sectional electric and magnetic fields and
the resulting acceleration mechanisms allows us to con-
clude that high-energy y-quanta are formed in jets af-
ter the acceleration of mainly protons, a-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 flux has a significant, dense and energetically
important part in y-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
effect 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 effect and inhibitory losses,
while the energy of y-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 flow 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 A-resonance. The probability of col-
lisions of leptons with y-quanta is significantly higher
than for collisions with protons and a-particles.

Nevertheless, it is important to determine the coef-
ficient of energy transfer from leptons to low-energy
~y-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 y-quanta
(inverse Compton effect) 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 a-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
effect 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 = ymc? and the photon energy hv ac-
cording to (Lang, 1974) we have:
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In the energy range of interest to us, the frequency
of the radiation vy emitted as a result of the in-
verse Compton effect is represented by the relation
vy = ymc?/h. The parameter q is represented by the
relation: ¢ = vhv/(mc?). or = 6.65- 10~2°cm? is the
Thomson scattering cross section.

The presence of relativistic electrons and a magnetic
field at the jet’s base leads to the synchrotron self-
compton effect and results in a rapid energy increase
of the v-quants of the field from 6 MeV to 1 GeV.
Such an effect 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 section do/d€Qys 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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In the interval of the energies under consideration, in-
stead of the scattering angle 6, the Breit scattering
angle - fp is used according to the formula:

In high-energy physics, the quantity —¢? has the di-
mension (GeV)2. In the present problem —¢? <
3(GeV)2. And the ¢ 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 py in the Rosenblatt formula, is ex-
pressed by the ratio:
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The various mechanisms of protons and a-particles ac-
celeration that occur in the AGN’s central part provide
such an acceleration of cosmic rays that their energy is
sufficient to be detected by modern satellites. During
the quiet phase intervals the AGN center should pro-
duce a CR luminosity of the order of 10** —10%¢ 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 signifi-
cant part of hadrons with energies of 3 or more GeV
is necessary. The relative contents of a-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 a-particles.

After the transition from accretion disk to jet, the
electrons become relativistic. But it is necessary to
point that the momentum transfer coefficient of the
protons and a-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 first estimates, we
take into account that the characteristic interaction ra-
dius is comparable with the De-Broglie wavelength Ap.
Then the minimum impact angle at which the scatter-
ing occurs is 0,,;, = 2/Apr?. Then the differential
scattering cross section takes the form:

2 4
o (v) = 22
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Collision frequency v = Nvo (v). Here v is the speed of
the relativistic electron relative to the proton, IV is the
concentration of protons. The actual number of atoms
in a single magnetic tube with a length L of 1 kpc is
NL = 10%! — 10%6 particles/cm?. During the move-
ment along such tubes, the number of collisions of rel-
ativistic electrons with the proton component reaches
108 —10'3 events, which is enough to accelerate protons
and a-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 a-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 A-resonance, according to the scheme

with well known cross sections:
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It should be noted here that positrons are formed with
a 50% probability (end of the first series of cascades),
25% end of the second series of cascades. And, finally,
with 25% neutral pions - 7° are created (Doikov et al.,
2019a; Gusev et al. 2000). y-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 10726 ¢m?2, participate
in the A-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
v- and optical spectral ranges. In other words,
logL.,/logLy, ~ const. The final products of such trans-
formations, namely —e™, e~ and the v-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 function S(F) 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 efficiency to high-energy radiation from
high-energy protons and a-particles is 1%. The effi-
ciency reaches 40% for secondary and primary electrons
and positrons,.

The correlation between the measured fluxes 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 fluxes from the AGN center and its periphery was
found. It was not expected as the mentioned fluxes 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 y-quanta flux mea-
surements can be used to make preliminary estimate
of the charged particles flux at the jet base, and also
the X-ray (at 1 KeV) and optical (B-filter) fluxes. 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
first seven columns are taken from Fan et al. (2016).
These are the designation, the redshift, the type, and
the logatithms of fluxes 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, namely J0008.0+4713.
Logarithm of the total luminosity expressed in erg/sec
is logL, = 44.87. Assuming that this luminosity is
caused mainly by protons, a-particles, and leptons, we
can estimate the energy and fluxes of these particles
(H) at the jet base using the following formula:

H = L,/ hv, ~6.25-10°% particles/sec.

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

H, = H / (4pR?) ~ 1.5-10% particles/cm? - sec.

Thus, we have the upper boundary of the proton flux
(not confirmed 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 a-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 flux.

Bremsstrahlung manifests itself at the energies not
exceeding tens of MeV (Gould, 1975). The formation
of non-nuclear y-quanta with several GeV energies re-
quires the presence of strongly accelerated particles in
the AGN’s center, mamely at the jet base, the suffi-
ciently high probability of collision of accelerated par-
ticles with lower-energy quanta, and also the significant
magnetic field 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 effect 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 differ 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 fluxes are required by the need of sufficiently strong
magnetic fields and the intense fluxes in optics and -
bands of the spectrum.

The motion of cosmic rays with relativistic energies
in local magnetic fields leads to the appearance of
synchrotron radio emission. Therefore, we will be
limited to galaxies of the LB and IB type in the
classification considered by Fan et al. (2016). For LB
type of BL Lac objects we have the maximum spectral
distribution for the frequencies logr, < 14, and for IB
type — in the interval 14 < logy, < 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 first
component are relativistic electrons with energy reach-
ing several GeV and the second are non-relativistic pro-
tons and a-particles with energies of the order of sev-
eral MeV. Considering this physical system, we can as-
sume that both components are in different equilibrium
states. The acceleration of protons and a-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 <
logy < 3 related to the physical system under con-
sideration, the cross sections for ionization losses are
prevailing at the jet base where logy = 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 a-particles and the cross sec-
tions describing synchrotron radiation inside magnetic
tubes.

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

due _dupy,JZ B _47re4 ™)
dat a ¢
Np,a A7kT, T, —Tpa
2 ] — [ kit
Mp’a < n Wp’a + ( VE)) Te



60

Odessa Astronomical Publications, vol. 32 (2019)

Table 1: BL Lac type objects: observed fluxes and relative remaining part fluxes calculated for 1 kpc distance.
Z

Object Type Observed fluxes Calculated fluxes for 1 kpc distance
Lr Lo L, L, E(tH) E(THe) E(7aq) E(7y)
1 KeV 1 GeV
1 2 3 4 5 6 7 8 9 10 11
J0001.2-0748 1B 42.36 45.39 45.23 0.55 0.55 0.98 0.55
J0008.04+4713 | 0.280 1B 41.18 45.54 43.51 44.87 0.19 0.19 0.62 0.19
J0008.6-2340 0.147 1B 40.38 44.97 43.72 43.08 0 0 0 0
J0009.140630 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 1B 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
J0018.44-2947 | 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
J0019.44-2021 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 1B 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
J0022.54-0608 LB 42.57 44.64 45.68 0.99 0.99 1.43 0.99

where wp, o are the plasma frequencies of protons and
a-particles. The corresponding relaxation time will be:

du,

= u./ e (®)

The acceleration time of protons and a-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 a-particles.
Thus, having the collision frequency of relativistic elec-
trons with slow protons and a-particles, we can obtain
the value of the transferred energy:

Te.p(Te,a)

2
2 2
—‘ﬁf ~ BN 72 (T:;CQ) E-ln(y) W > wg
2
dE, . 16 n7. 72> [ €2 1.4 _he
de ™ ?NZZ he (ch) E'ln(Zl/Q 271'62) w < ws

(9)
Substituting in the first equation of the system Z = 1,
N; = 1 em™3 and the tabular data of the constants,
we obtain the simple relation comfortable for further
calculations:

dE

—— =10.305-10"%°E -

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

(10)

e = 4nNZS n[(Emt) - (2)7)
2 2
~0.393- 10727 il (T2t ) - (2)%] Jfem

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

1. Elastic collisions of relativistic electrons with pro-
tons and a-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 o,..

2. The collisions of nonrelativistic electrons with
protons and a-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 a-particles are the most effective in this
case. As the electron energies increase, the transfer of
mechanical energy to protons and a-particles becomes
less efficient.

3. For acceleration of protons and a-particles to the
energies of the order of 2-3 GeV at least 10® 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, 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 flows with en-
ergies comparable to those generated by 7-ray fluxes.
Take, for example, galaxy J0001.2-0748 of type IB with
a luminosity near L, = 10%*° erg/sec at a quantum en-
ergy of 1 GeV. This value of luminosity and the pres-
ence of magnetic fields with intensities from hundreds
gauss in the AGN’s center to 10~* 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 - 10*2 e¢m?2. For the indicated values of L., the
number of particles and quanta with an energy of 1
GeV is 10*® 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 em?. Therefore, for galaxy J0001.2-0748, the up-
per limit of the surface flux of protons, a-particles and
electrons of the order of 10* particles/cm? can be con-
sidered to be acceptable.
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Let us try to find the energy distribution of these
particles. The electrons have energies no higher than a
few MeV. Protons and a-particles — no higner than 2-3
GeV. The fractional parts of electrons and protons are
equal; the part of a-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 102! cm. The number of collisions of high-energy
protons and a-particles within the specified disk thick-
ness is: N = N;NyoaL ~ 1 —6 for protons and 0.1 -
0.6 for a-particles. That is, all protons and a-particles
entering the disk component experienced the transfor-
mations described by equation (6) corresponding to the
channels of the A-resonance transformation.

According to Gusev et al. (2000), the energy trans-
fer coefficient of the initial energy in the equation (6)
is 1%. It means that the final 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 efficiency of energy transfer for the final 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 effect.

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 fluxes 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 flux 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 flux
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 diffuse 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 filling 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 filling K-vacancies was studied by
Doikov et al. (2018). It was found the diffuse filling 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 flux 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 significant fluxes of quanta with an
energy of 1 KeV are created mainly by the central
part of AGN localized by the jet base, and the diffuse
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 influence
of a steady radiation field are at least five 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 A-resonance is determined.

The coefficient of transformation of the initial en-
ergy of these sources into the optical radiation is de-
termined. It is correlated with the ~v-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 flux of secondary
positrons.

As a result, the annihilation of secondary positrons
with K-electrons gives rise to their single-photon an-
nihilation with a y-ray energy of 1.022 MeV and two-
photon annihilation with an energy of 0.511 MeV. The
intensity of the v-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
fluxes of protons and a-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 fluxes
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 flux of cosmic rays is
formed simultaneously, mainly in the form of electrons,
positrons, protons and a-particles.

In the present work, it was shown that the reason of
the correlation between the L, and Lp 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
fluxes 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
y-range.

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

eral region, are mixed with Auger electrons.

The heavy component of cosmic rays forms A-
resonance in collisions with hydrogen in gas-dust
conglomerates according to the schemes shown by the
equation (6). The final products of all three channels
of the indicated circuit efficiently transmit energy and
participate in the formation of the optical radiation
field.
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ABSTRACT. Objects with the Ble] 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
five 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
overflow 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 different emission-line profiles
and infrared excesses which are most likely due to
different 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.
AHOTAIISA  OGektn 3  denomenom  Ble]

JIEMOHCTPYIOTD JIO3BOJIEHI Ta 3a00pOHeH] eMiciitHi JriHil
3aBJAKN TPUCYTHOCTI HABKOJIO30PSOro 10HI30BAHOTO

razy Ta BEJUKOrO 1H(MPAIEPBOHOIO  HAJJINAIIKY
3aBISIKN  II€PEBUMPOMIHIOBAHHIO  HABKOJIO30DSHIM
nmujaoM. ICHYIOTH TWaTh Tpym 3ip, gKi MMOKa3yoOTh

neit denomen (neper-I'Tl Ae/Be zopi Tumy Iepbira,
ciMbGloTHYHI CcECTeMH, TPOTOILJIAHETapPHI TYMaHHOCTI,
Jeskl naariranTu Ta o6’ ekt Tuny FS CMa). Ocranns
rpyna € 30BCiM HeJaBHO BiJKPHUTOIO Ta HAWMEHII
JOCJTII?KEeHHOI0. [ OJIOBHA TimoTe3a IMIOA0 TPUPOIH
i€l Tpymu TOoJIATa€ B TOMY, IO BOHU Yy OIiIBIIOCTI
€ IMOIBIfHUMHU CHCTEMAME I[IPOMIXKHUX MacC, YHUE
HABKOJIO30PSHE CEPEOBUINE CTBOPIOETHCS HA ITPOTS3i
da3u CUIBLHOTO MEPEHOCY MAaCH 3aBJIsIKU MTEPETIKAHHIO
y mnopoxumny Poma pedoBuHm 3 O6i7bII MaCHBHOL
30pi y cucTeMi. Mu MaeMO BHUKOHATU BEJIUKY
porpaMy CHEKTPOCKOIIYHHX Ta (HOTOMETPUIHUX
cIocTepeskeHb 0araThboX O00’€KTIB Ta KAHIUIATIB J10
i€l rpynu. Ile moBiToMJIEHHS IPUCBSIYEHO TTOTIEPETHIM
pe3yJibTaTaM HAIOr0 IHTEHCHBHOIO BUBYEHHS IBOX
0’0€KTIB 31 CXOXKWMHU TOJOBHUMHU PAHHIMHA 30pIMU
B-tuny, — FS CMa (npororun rpymmu) ta MO Cam.
i ob6’ekTm mMOKa3yHOTh pi3Hi npodiai emiciiiHux
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JIiHIA  Ta iHPAYEPBOHOIO HAJJIUINKY, aJjie siKi €
HAMOLIBIT CXOXKUMU 3aB/ISAKN PI3HUM KyTaM HAXWILY 1X
HecepuaHnX 0OOJOHOK JI0 JIWHII crocTepeskenHs. B
pob0Ti 0OroBOPEHO 3MIHHICTD CHEKTPAILHUX JIHIH 11X
00’eKTiB.

Kanrouosi Ble]-30pi, eBomonis Ble]-3ip,
o6osionku Ble]-30pb, moasiiini 30pi.

cJioBa:

1. Introduction

The Ble] phenomenon is the presence of line emis-
sion (e.g., H 1 and Fe 11) and large IR excesses
due to dust in the spectra of B—type stars (Allen &
Swings 1976). It is found in five stellar groups (Lamers
et al. 1998): pre-main-sequence stars, symbiotic bina-
ries, compact Proto-Planetary Nebulae, some super-
giants, and FS CMa objects. Classification and deter-
mination of fundamental parameters of many objects
with the Ble] phenomenon is difficult due veiling of
stellar features by circumstellar material.

The group of FS CMa objects was defined with
the following criteria (Miroshnichenko2007). Obser-
vational: A hot star continuum with emission lines of
Hi1, Fer, O1, [Fe1, [O1], Ca Iy a large IR excess
peaking at A = 10 — 30um 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/Lg between ~2.0 and ~4.5.

Most F'S 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 confirmed
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
échelle spectrographs (resolving power R ~ 12000-
65000) at the following telescopes: 3.6m Canada—
France-Hawaii Telescope (CFHT, USA), 2.7m Harlan
J. Smith telescope (McDonald Observatory, USA),
2.1m telescope of the Observatorio Astronémico Na-
cional San Pedro Martir (Mexico), 11.4x9.8 m South
African Large Telescope, 2m Himalayan Chandra
Telescope (HCT, India), and 0.81m telescope of the
Three College Observatory (USA, FSCMa only).
Photometric observations were obtained with a 1m

telescope of the Tien-Shan Astronomical Observatory
(Kazakhstan) in BV R filters in 2014-2016. We have
also collected V-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 FSCMa was dis-
covered over 120 years ago (Pickering et al. 1898) and
classified as that of a Be star (Merill et al. 1925). Later
a large TR excess due to radiation of circumstellar
dust was found, and it became a prototype of objects
with the Ble] 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 Ble]
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 unconfirmed 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 Ha emission in the spectrum of
MO Cam (also known as AS78) was discovered by
Merill & Burwell (1933). Its large IR excess was
identified in the IRAS data by Dong & Hu (1991).
Initial study was done by Miroshnichenko et al. (2000),
who detected brightness variations of AV ~ 0.3 mag
and P Cygni type Balmer line profiles, 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 profile vari-
ations on a timescale of several days. Blue peaks of
double-peaked emission-line profiles 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 He 1 have variable positions, which may be due
to a variable contribution from the circumstellar disk.

Line profile and brightness variations of MO Cam
are not as fast and not as strong as in FSCMa.
Absorption components of the P Cyg type profiles 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. FSCMa
may undergo a strong mass transfer phase, while
MO Cam might have already finished 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 3.040.3 kpc for MO Cam, GATA
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. Hp 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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CHEMICAL IMPRINTS IN ATMOSPHERIC ABUNDANCES IN
PLANET- HOSTING STARS
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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

AHOTALIA. Mu nmocmigunmu 12 3ip 3 IJIaHETaMH,
CHMPAIOYMCh Ha OJHOPIIHI CIIEKTpaibHI JaHi (OTpHMaHi

Ha emenb coekrporpadgi SOPHIE 3 posainbHOIO
spatHicTio R = 75 000 B OocepBaropii Ot Ilposanc,
@paHuis) Ta  BHKOPUCTOBYIOYM  €JMHI  METOJHMKH

BU3HAYCHHS napaMmeTpiB i BMicTy psay enementis (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 ta Eu).

BaxumBy pomb Bimirpae BHBUYEHHS XiMIYHOTO CKIIaay
MaTepUHCHKHX 31pOK, SIKi B XIMITHOMY CKJIafi aTMochepu
MOXYTh HECTH «BIZOUTKI» MPHUCYTHOCTI IUIAHETAPHHUX
CHCTEM, a CITIBBIJHOIIEHHS €JIEMEHTIB € BAXKITUBUMU IS
BUBYCHHS YTBOPSHHSI IUIAHET Pi3HUX Mac.

Hami nmocmijpkyBaHi 3ipkM 3 MacHUBHUMHM IUIAaHETaMU
MawTh pisHy Mertamunicts -0.3 <[Fe/H] <0.4. Orxe,
CylepMeTalliuHICTh He MOXe OyTH HaJiHHUM KpHTepieM
HAsIBHOCTI IJIaHET. Pi3HMUI BMICT JIITiIO B HAIIKUX LIJIbOBUX
3ipKax BIANOBifa€e eBOJIOLIMHMM 3MiHaMm. Jlume onHa
3ipka (HD13908, Bik 2.9 I'p) mokasye BHCHa)KeHHS JITiIO
MOpIBHAHO 3 TPOrHO30M eBomromii. Hamri  cepemni
saagenns [C/O] = -0.03 £ 0.07 it C/O = 0.52 + 0.06 ne
HiITPUMYIOTE 30arayeHHs ByIJIeLeM B HAILIOMY 30PSHOMY
3pa3Ky, aje 1€ Y3rO[KYETBCS 3  pe3yJbTaTaMi,
orpumanumu  Suarez-Anders ma in.  (2018). Mu
cnocrepiraemo HeBeiukuil Tpeng C/O 3 MeTanivHICTIO i
Mmacoto manet. Cepenns Benuunna <[Mg/Si]> 1 = -0.05
+ 0,09 Hmwxue consunoi BemmumHu [Mg/Si] o = 0.0,
criocTepiraeTbesi TpeHn 3anexHocti [Mg/Si] Bix Macu
wiaHeT. MapraHenp Ta 0apiii BUSBIAIOTH JACAKUN

HaJUIMIIOK BMicTy. JKoJxHa 3 JIOCHIKyBaHMX 3ipOK He
IIPOJIEMOHCTpPYyBaja JKOJTHUX 3HAaYHUX HaXWIIiB
(3ayle)xHOCTEH)  BIAHOCHOTO  BMICTY  BOTHETPHUBKHX
€JIEMEHTIB JI0 JISTKUX BiJ Temneparypu KoHaeHcaii Tcond.

KuouoBi cjoBa: 3ipku: BMICT — 3ipku: atmochepu —
3IpKH: IJTAaHETApHI CUCTEMH - METOJIN: CTIEKTPOCKOITIUHi.

1. Introduction

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") 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 Li® 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@ = 0.54) as compared to
the previously measured C/O averages for the host stars of
~0.65-0.75. Later, Suarez-Andrés 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
(Suarez-Andrés 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 Tcona 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 Tcong Was correlated with the age and birth
place in the Galaxy (Gonzalez Hernindez 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 statistically significant (30) underabundance of
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 — 6,800 A and signal-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 My 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 Terr 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 Vi was determined by factoring out the
correlation between the abundances and equivalent widths
of the Fe I lines. We used the Fe | 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 | and Fe Il 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 C1 5380 A line for HD 17674 is presented in Fig. 1.

T T T T
HD17674

1.0
****

| ;

C 8.32

Relative Flux

0.7 1 1 1 1
5380.0 5380.2 5380.4 5380.6

lambda, A

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 4: [C/O] vs. planetary mass My

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 Te. 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

T cond, K

Figure 7: Relationship between the relative elemental
abundances and Tcong 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/Q] ratios. Figs. 3 and 4 show [C/O] vs.
[Fe/H] and C/O vs. My.. 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]>y = -0.05 +£0.09 is lower than the
solar value of [Mg/Si] @ = 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).
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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
Teona (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 metallicities 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 of Suarez-Andrés 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 Tcong. [N SUmMmary,
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.

References

Adibekyan V. Z., Delgado Mena E., Sousa S. G. et al.
2012a, A&A, 547, 36.

Adibekyan V. Z., Sousa S. G., Santos N. C. et al.: 2012b,
A&A, 545, 32.

Adibekyan V., Santos N.C., Figueira P. et al., 2015, A&A,
581, L2.

Adibekyan, V., Goncalves da Silva, H. M. Sousa, S. G. et
al.: 2017, Ap, .60, 325A.

Baraffe I., Pratt J., Goffrey T. at al., 2017, ApJL, 845, 6B.

Baumann P., Ramirez 1., Melendez J.et al.: 2010, A&A,
519, 87.

Delgado Mena E., Israelian G., Gonzalez Hernandez J. I.
etal.: 2014, A&A, 562, 92.

Delgado Mena E., Bertran de Lis S., Adibekyan V.Zh. et
al.: 2015, A&A, 576, 69.

Delgado Mena E., Adibekyan V., Figueira P. et al.: 2018,
PASP 130 094202.

Diaz e R.F., Rey J., Demangeon O. et al.: 2016, A&A,
591, 146.

Carlos M., Nissen P., Melendez J.: 2016, A&A, 587, id. A100.

Castelli F., Kurucz R. L.: 2004, ArXiv Astrophysics e-
prints, astro-ph/0405087.

Figueira P., Faria J. P., Delgado-Mena E. et al.: 2014,
A&A, 570, 21.

Fischer D. A., Valenti J.: 2005, ApJ, 622, 1102.

Gaidos E.: 2015, ApJ, 804, 40.

Gonzarlez Hernarndez J. 1., Delgado-Mena E., Sousa S. et
al.: 2013, A&A, 552, 6.

Gonzalez G.: 1997, MNRAS, 285, 403.

Gonzalez G., Laws C.: 2000, AJ, 119, 390.

Gonzalez G.: 2008, MNRAS, 386, 928.

Gonzalez G., Carlson M. K., Tobin R. W.: 2010, MNRAS,
407, 314.

Herbrar G., Arnold L., Forveille T.etal.: 2016, A&A, 588, A145.

Israelian G., Santos N. C., Mayor M., Rebolo R.: 2001,
Nature, 411, 163.

Israelian G., Santos N. C., Mayor M., Rebolo R.: 2004,
A&A, 414, 601.

Israelian G., Delgado Mena E., Santos N. C et al.: 2009,
Nature, 462, 189.

Kovtyukh V. V., Soubiran C., Belik S. I., Gorlova N. I.:
2003, A&A, 411, 559.

Kuchner M.J. & Seager S.; 2005, arXiv:astro-
ph/0504214v2.

Melendez J., Asplund M., Gustafsson B., Yong D.: 2009,
ApJ, 704, L66.

Mishenina T, Kovtyukh, V., Soubiran C., Adibekyan
V. Zh.: :2015, MNRAS, 462, 1563.

Montalban J., Rebolo R.: 2002, A&A, 386, 1039.

Moultaka J., llovaisky S., Prugniel Ph., Soubiran C.:
2004, PASP, 116, 693.

Moutou C., Hébrard G., Bouchy F.et al.: 2014, A&A, 563, A22.

Nissen P.E.: 2013, A&A, 552 A73.

Nissen P.E., Chen Y. Q., Carigi, L. et al.: 2014, A&A,
588, 25.

Onehag A., Gustafsson B., Korn A.: 2014, A&A, 562, 102.

Pavlenko Y. V., Kaminsky B.M., Jenkins J.S.et al.: 2019,

A&A, 621, id.A112.

Perruchot, S., Bouchy, F., Chazelas, B. et al.; 2011, in
Proc. SPIE, 8151, 37.

Petigura E., Marcy G.: 2011, ApJ, 735, 41.

Rey J., Hébrard G., Bouchy F. et al.: 2017, A&A, 601, 9.

Santos N. C., Israelian G., Mayor M.: 2001, A&A, 373, 1019.

Santos N.C., Santerne A., Faria J.P. et al.: 2016, A&A,
592, 13.

Sousa S.G., Santos N.C., Mayor M.. et al.; 2008, A&A,
487, 373.

Spina L., Melendez J., Ramurez I.; 2016, A&A, 585, 152.

Suarez-Andrés L., Israelian G., Gonzalez Hernandez J.l.
etal.: 2016, A&A, 591, 69.

Suarez-Andrés L., Israelian G., Gonzalez Hernandez J.I.
etal. 2017, A&A, 599, id.A96.

Suarez-Andrés L., Israelian G., Gonzalez Hernandez J.I. et
al. 2018, A&A, 614, id.A84.

Teske J.K., Cunha, K., Smith VV.V.et al.: 2014, ApJ, 788, 39.

Tsymbal V., 1996, ASP Conf. Ser., 108, 198.

Udry S., Santos N. C.: 2007, ARA&A, 45, 397.



70

Odessa Astronomical Publications, vol. 32 (2019)

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

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

Astronomical Observatory, Odessa National University,
Shevchenko Park, Odessa, 65014, Ukraine, nazaret@te.net.ua

ABSTRACT. In the present work we have com-
puted the thick accretion disk (the accretion disk with
radiation pressure) for the case of undefined 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.

AHOTAINIS. B  mpeacrasieniit  po6ori
BUKOHAQJX  ODYHCJIEHH  TOBCTOI'O  aKpeIiifHOro
JUICKY (aKpeniffHOro JMcKy 3 paJiiaTUBHUM THCKOM )
JJIs  BUIMAJKY HEBH3HAYEHOI Iperecii IpoTAroM
JoBroro 4acy (GLIbIe YOTHPHAJANATH peleciiinux
uepiois). ObGunC/IeHHsT [TOKA3aJId, 10 B I[HOMY
BUIIAJIKy TeHepallis BHUKJIOYEHUX Ta BKJIIOYEHUX
CTaHIiB € Jiy:Ke ipperyngapHuMu 3 dacoMm. PesymbraTn
PO3paxyHKIB TaKOXK IIOKa3aJd, IO 3alyCK JKeT
BUHWKAE PAITOBO IMIPOTSATOM CEMH — JIBAJIIATH
XBUJINH OPBITAJIBHOTO Yacy. 3alyCK JIKeT IPOTSTOM
BHUKJ/IIOYEHUX CTAHIB B HAIUX OOYHMCIIEHHSAX BUHUKAE
JUCKPETHO, IO BIJIIOBiIa€  CIOCTEPEXKEHHSAM B
peaJbHUX MiKpOKBa3apax.

MU

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-flow boundary conditions allowing to a gas
to flow freely via the calculation area boundaries; to
calculate mass flow 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 specific viscosity and the average
volume disk specific angular momentum will be given
in units of Vy A, where Vj is the orbital speed and A -
the orbital separation; the time are given in the unit
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such that 2 7 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: Frap = o H/C , where « is
coefficient of Thomson scattering, H is the radiation
flux 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 Xacco1 , Yaccr and Zacco1. The time evolution
of these values are defined by the relations:

ZA19=0.15 ZB19=0.15 ZC'19 = 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. TET222;nir = -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.
ZA199 = ZA19 % (cos(TET222/7 A221)) 7442221
Yaeer = ZA199 * (sin(TET222/Z A21))7 4419,
ZB199 = ZB19 x (cos(TET?222/7 B221)) 852221
Zaeer = ZB199 % (cos(TET222/7B21))? PP
ZC199 = ZC19 * (cos(TET222/ZC221))7 222!
Xaeer = 1.0 — ZC199 * (cos(TET222/ZC21))% ¢,
In the formulas written above the values ZA19,
ZB19, 7ZC19, ZA21, ZB21, ZC21, ZAA19, ZBBI19,
7ZCC19, ZA221, 7B221, 7C221, 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-off 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 figures the off-states are arising
every b precession periods and the beginning and end
of these states occurs very rapidly over 7 + 20 minutes
of orbital plane. The time intervals of off-states are
about of one precession period. Thus, it means, that
the jet’s launches take place practically very suddenly
in respect to the off-state durations. The comparison
both Fig.l1 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 figure 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 figures the
jet’s launches are beginning suddenly and velocities
in off-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
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Figure 3: The central disk’s temperature over the or-
bital plane versus time in details for the OFF-state on
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Figure 10: The accretor-1 motion in the Z-Y plane.
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these figure it is good seen that the jet launches over
off-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 figure 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 figure 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 fixed in space and time and
was corresponding to Xg.c1 = 1.0 ). Namely these
variations explains the off- 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 affective 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 off- 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 figure we may see
the donor (the number 1), one-point stream (L1), 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
undefined precession period jointly with the variable
binary separation (on time scale of precession periods)
the generation of off- and on-states begins to be not ev-
ery precession period and off-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 off-state time
interval is about of 1 precession period. As it is led
from the present research the off-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 first 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.
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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 Observatory and
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 flux by 1.5 orders of mag-
nitude was observed following the brightening in the
UV and optical bands during the first half of 2018 year.
After a maximum was reached at the beginning of
July 2018, the fluxes in all bands decreased with some
fluctuations. 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 flux 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 significant 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. Effectively, two changing look (CL) cases were
observed for this object: changing to Syl.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.

AHOTAIIISL. Mwp  waBomumMo 1 OOGrOBOPIOEMO
3Beneni ontudHi, Y@ Ta peHTreHiBCbKiI KpuBi OJHCKY
HANOIMKIOTO0 aKTUBHOIO TAJAKTUIHOTO sApa, SKUH
sMmintoe Tul, B rajakTuii NGC 1566, gxi orpumani 3a

noromororo ObcepBaropil Swift i TmobanbaoT Mepexi
aBromaruzoBanux tejeckornis MASTER 3a mepiog,
2007-2019 pp. Mu TakoK IpeICTABIAEMO PE3YIHTATH
ONTUYHOI  CIEKTPOCKOII, oTpuMaHol Ha 1.9-M
testeckori  [liBnenno-Adpukancekol  AcTpoHoMigHOT
obcepsaTopii B epiox 3 ceprs 2018 poky 1o 6epesenn
2019 poky. DBymo BusBieHO 3Ha4YHE 301/IbIIEHHS, HA
1,5 mopgjka, peHTTeHIBCbKOIO IIOTOKY, a TaKOXK
sdckpaBocTi B Y@ i onTuvHOMY Jiarma3oHax B IMEPIIii
nosoBuri 2018 p. llicas jmocarnenns MaxkcmMyMmy Ha
novyaTky Junag 2018 p., MOTOKH Ha BCiX JOBXKUHAX
XBWJIb 3MEHIIUJINCHA 3 JIEAKAMHA  KOJMBAHHSIMU.
Haii6inbin moMiTHI TOBTOPHI criajiaxu B KpUBiit OJIUCKY
micJist MaKCUMYMYy criocTepirasimces B iHTepBagax MJD
58440-58494 i 58603-58654. AmmmitTyma 3MiHHOCTI
MOTOKY OyJia HANOLIbIIA B PEHTTEHIBCHKOMY Jialia30Hi
i sMmenmyBasacsd 31 30LIBIIEHHAM JOBXKUHUA XBHUJII.
CrekTpn HHU3BKOI DO3JIIBHOI 37aTHOCTI (ceprieHb
2018 r.) JEeMOHCTPYIOTh JpaMaTH4YHe IIOCUJIeHHS
IMMAPOKUX KOMITOHEHTIB eMiCiiTHUX JIiHi#, & TAKOXK JIiHii
Bucoxoi ionizarii [FeX| (mampuxmaz, 6374 A). TTi simif
HIKOJII He CHOCTepirajncs TaKUM{ IHTEHCUBHUMU B
MHUHYJIOMY B OIIyOJTIKOBAHUX CIIEKTpaX. J3MiHA THUILY
OIITUYHOTO CIIEKTPY CYIIPOBOJKYBaJIaCd 3HATHOIO
3MIiHOIO PEHTTEHIBCHKOTO CIIEKTPA. 3a ocraHHIMUI
onruunuM crekrpamu (31 smcromama 2018 p - 28
Gepesus 2019 p.) wMmum Gayumo gpamMaTHyHI 3MIHU B
nopiBHAHHI 3 2 cepnHga 2018 p., gKi CyIPOBOIKYIOTHCS
3HAYHUM OCJIabJIEHHAM IIMPOKUX eMiciiHuX JIiHii,
a Takoxk JiHil Bucokol ionizamii [FeX] 6374 A. Tlo
CyTi, JUIst OTO OD’€KTa CIOCTEPITaJINCs IBA BUMAIKH
aminn Tuny (CL): mepexin B Tun Syl.2, a morim
[MOBEpHEHHSI B HU3bKWil cran 3 twumom Sy 1.8 -
Syl1.9. O6roBoprOTbCS JEsSIKi MOXKJIUBI IOSICHEHHST
CIIOCTEPEKYBAHUX JIPDAMATUIHUX 3MiH.

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
confirmed in 1962 (Shobbrook, 1966). The NGC 1566
nucleus was later classified as type 1. It is one of the
brightest (V' =~ 10™.0 but Vagy &~ 13™.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 =~ 13™.0) and CL events
there were probably discovered just because it is so
close. The Changing Look active galactic nuclei (CL
AGNSs) are objects which undergo dramatic variabil-
ity of the emission line profiles and classification 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 firstly
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 Hf line was much more intensive.
That was done soon after discovery of variability of
AGNSs 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 identified as a CLL 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 flux
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 fluxes in all bands decreased
with some fluctuations. The amplitude of the flux
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|6374A 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 significant
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 flux
by 1.5 orders of magnitude was observed following the
brightening in the UV and optical bands during the
first 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 flux 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 fluxes in all bands decreased with some fluc-
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 significantly higher for Event
1 than for Event 2. That is different from the X-ray
variations for which fluxes in the maxima were about
the same. This difference 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 different 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 flux (in erg cm=2 s71) — (filled cir-
cles). Bottom Panel: The large open circles are MAS-
TER unfiltered optical photometry of NGC 1566 re-
duced to the V system while the points are V' ASAS-SN
(nightly means) reduced to the Swift V' system. The
filed circles are MASTER BV photometry. The open
boxes are UVW1 and UBYV 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]6374Alines. 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 significant 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.
Effectively, 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 different epochs. The
object is nearest the AGN and CL AGN and so it
offers 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]6374A 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 fluxes in all bands dramatically
decreased with some fluctuations. The strength of the
broad permitted, high ionisation [FeX|6374Alines and
UV continuum dramatically decreased (end of March
2019) and the object can then be classified as Sy1.8-
Sy1.9. So we witnessed a second CL case in NGC1566.

Despite the successes of the simple orientation-based
AGN unification scheme, there are significant problems
that cannot be explained solely by different orienta-
tions. A major challenge to the simple model is the
existence of CLL 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 off 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-
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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 up 10~ '*ergem=2A~! 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-
ified 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 classified 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™9 to 14™4 in V band for
stars described in the current work), variability range
up to ~0™1 and less, and quite different 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 classification of stars re-
quired the involvement of additional data sources (au-
tomated sky surveys).

ABCTPAKT. [paangrs ciM HOBUX 3MIiHHUX 3ip
Oynmo 3HaiimeHo Ha 300pakeHHSX, OTPUMAHUX 34
JIOTTOMOTOI0 TN POBOT I3epKATIHLHOI KaMeph 3a Tepion,
3 xoBTHs 2017 mo uepBenp 2019. Bci 300paskenus
Oynm oOTpuMaHi 3a I0TOMOrol HeMoAudiKOBAHOI
kamepu Canon EOS 600D, mix’eqnanoi 10 Teaeckory-
peduaexropa Skywatcher 150/750. Teseckon O6ys
BCTAHOBJICHUI HA MOTOPU30BAHOMY €KBATODPUAIHLHOMY
MOHTYBaHHI. 3Haiimeni 3minui Oyau 3apeecTpoBaHi y
International Variable Star Index (VSX, AAVSO) sk
PMAK V1. PMAK V27, sinnosiano. Binbmiicts 3 Hux
(nBanaausTh) Oy KiacudikoBaHi gK HAIBIPABUIbHI
3MiHHI pI3HHX IiATHUINB, AEB’ITh AK 3aTEMHIOBAHI
nogsiitai (Tumis EA, EW Ta EB), Tpu sk 30pi Tumy
RS CVn, onmna emincoimanmpua moasiiina tumy ELL,
O/THA MaJIOAMILIITY/IHA ITyJsibcylova 3minua tuny DSCT
Ta ogHa MoxkJuBa Hoonoiibua (NL) 3ops.

Bci 3ragani 3opi Oynm BusaBieHI Ha 3HIMKAX,
3pODJIEHUX ABTOPOM, JUIsl JETAJIBHOIO [OJAJIBIIONO

aHasizy Ta kjacudikarii Oyaum 3asydeHi 101aTKOBI
JzKepesia Janux (aBromaru3oBani orisiay Heba).

Bukopucrana aropom cucrema 3 1udpoBOI
J3epKaJIbHOI KaMepu Ta HEBEJNKOTO TeJIECKOIY Mag
9yTJUBICTH, $Ka J03BOJsI€ e(QEeKTUBHO BUSBIATH
3MiHHI 3 IIMPOKUM JIiAIIA30HOM SICKPABOCTEH y
makcuMymi (Bim 8.9 mo 14.4 30pgHOl BeIUYUHEH Y
dbinbrpi V. mnga 3ipok, mo onwmcani y mamiii poGori)
Ta Jiana3oHoM 3MiH 710 ~0.1 30psHOl BEJMYUHU Ta
HABITH MEHIIUM y BUIAJKY sCKPaBHUX 3ip (3 30psaHO0
BesnuuHOI0 6l 11..12 y dinbrpi V abo mewioro).

Cepen 3minaux 3ip, gki Oyau 3HANRIEHI TPOTATOM
JAHOTO JIOCTI/IZKEeHHS, KinbKa gcKpasimi 3a 10 30paay
BenudnHy y MakcumyMi. Ile Mmoxke cBiguuTm, 1Mo icHye
6araro HEeBiJOMUX SICKPABUX 3MIHHUX, sIKi He OXOTIJIEH]
ABTOMATHYHUMHU orisizamu  (Taki sickpaBl 3MiHHI
MOXKYTh CTAHOBUTH MPOOJEMY [JIi AaBTOMATHIHUX
oruisi/iiB, sKi HamijgeHi Ha GlabIn ThMsiHI 06’ €KTH).

JloBri cepil 300pakeHb, OTPUMAHUX 33 MEPIO,
Oimpmmit 3a Ppik, MO3BONAIOTL BUSBIATH 3MiHHI 3
MIUPOKUM JIiAITa30HOM XapaKTEPHOI TPUBAJIOCTI 3MiH,
BiJl TOJIMH IO COTEHb JTHIB.

Keywords: variable stars, aperture photometry,
DSLR.

1. Introduction

Aperture photometry with a Digital Single Lens Re-
flex (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 filters, 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™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 (Wozniak 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 classified. 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 field of
view of the setup was 1.7°x1.1°. 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 flat- 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 flat 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 filters
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 effect of atmospheric scintilla-
tions. Before averaging, the star alignment procedure
was applied to individual images. Measures for final
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 flat 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
different observing nights (one averaged image for each

night) was analyzed by the “Find Variables” module of
MuniWin package. To make a search more efficient,
cropped parts of the full field of view were used. Mu-
niWin makes aperture photometry for all stars in the
analyzed field 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 (5x30s), 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 AstrolmagelJ software
(Collins et al., 2017), an ensemble approach (several
comparison stars) was used.

As far as DSLR uses Bayer matrix with non-standard
filters, 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 filters
to values corresponding to the Johnson V filter using
a synthetic V-filter methodology (VSF) (Pieri, 2012).
In this methodology a “corrected” sygnal of camera’s
green filter is used:

G.=G+aR—bB (1)

where G, is the corrected signal of the green filter, R,
B are signals of the red and blue filters, respective-
ly. Coefficients a and b were selected to minimize the
difference between Jonhson V filter output V; and cor-
rected signal of the green channel using the ensemble
of stars with known brightness:

‘/j = 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 (finding transfor-
mation coefficients) was done using M67 standard field
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
simplified approach proposed by Pieri (2019) in which
a assumed to be equal to b.

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 field 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 five
starfields. 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 field 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
field. There were more than 60 observation nights for
this field 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™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 10™ in maximum
which makes them problematic targets for some au-
tomatic surveys (for example, ASAS-SN nominal sat-
uration limit is between 10" and 11*" 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 coefficients obtained
from observations of M67 standard field 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 confirms the reliability of measurements.
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Fig. 1: Upper pane: Folded light curves of PMAK V1.
Epoch (2458119.913 HJD) differs from those specified
in the VSX by half of the period. Lower pane: Folded
light curves of PMAK V16: a variable with the smallest
range (0™07 in V band) for which light curves with au-
thor’s data are available. The period has been refined.

3. Conclusion

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

Among the stars found during the current research,
several are brighter than 10™ 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.



82

Odessa Astronomical Publications, vol. 32 (2019)

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) |[D?
PMAK V1 |2MASS J21303361+3531290|21:30:33.62+35:31:29.0| EW | 0.40280 | 2458119.712 |13.10 - 13.38
PMAK V2 |2MASS J21300019+3537282|21:30:00.18+35:37:28.2| SRB 44.9 2458124 13.5 - 14.0
PMAK V3 |2MASS J21300722+3559550|21:30:07.23+35:59:55.1| SRS 26.3 2458159 12.8 - 13.4
PMAK V4 |2MASS J21321559+3507213|21:32:15.59+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+3511375(21:28:29.63+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 109 - 114
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+3518525|21:33:56.44+35:18:52.5| RS 13.214 2458234 14.4 - 14.9
PMAK V11 [2MASS J21345319+4-3542016(21:34:53.19+-35:42:01.4| EW |0.4011496 | 2457139.898 |14.10 - 14.65
PMAK V12 [2MASS J21314096+3542209|21:31:40.97+-35:42:20.9| SRB 30.27 2457755 14.1 - 14.6
PMAK V13 |2MASS J21283912-+3502390|21:28:39.12+35:02:39.1| EW | 0.556504 | 2457554.65 [13.16 - 13.34
PMAK V14'[2MASS J21341089-+3520285|21:34:10.89+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+4410037|21:40:09:04+44:10:03.8| SRS 27.6 2457749 |12.84 - 13.17
PMAK V18 |2MASS J21430699+4302568 |21:43:07.00+43:02:56.8| EA 3.50965 | 2457729.45 | 12.67-12.9| 8
PMAK V19 [2MASS J13353214+7317138|13:35:32.15+73:17:13.7| RS 12.86 2457278  |13.11 - 13.52
PMAK V20 [2MASS J21444177+4356214|21:44:41.79+43:56:21.4| SRS 24 2457740  |12.76 - 13.12
PMAK V21 |2MASS J20335348+5956506 | 20:33:53.49+59:56:50.7 | DSCT| 0.143553 | 2457266.455 [12.62 - 12.65
PMAK V22 [2MASS J21315159+3549238(21:31:51.59+-35:49:23.8| EA 14.492 2457216.5 |13.12 - 13.27| 9
PMAK V23'[2MASS J01153742+6328048|01:15:37.41+63:28:04.8| EB | 0.693731 | 2457777.855 |14.28 - 15.08
PMAK V24 BD-+34 4443 21:31:06.424-35:24:19.6| 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+47324530(13:27:55.60+73:24:52.9| NL: - - 12.81 - 13.05

L 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

S. N. Udovichenko, V. V. Kovtyukh and L. E. Keir

Astronomical Observatory, Odessa National University,

Odessa, Ukraine,

ABSTRACT. We investigate evolutional status of
cepheid V1033 Cyg in this work, its period of light
variation consists 4¢.94 and the star is a real candidate
on first crossing of instability stripe (IS) (as well as
a of UMi). At first 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 verifica-
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 filter of V and
713 in the filter 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,
effective temperature and luminosity of V1033 Cyg
are consistent with fundamental mode pulsation for a
classical Cepheid on the center of the instability strip.

AHOTAIIIA. ¥V paniit poboTi MH JOCTIIKYEMO
esosrontiitauit  craryc medeimn V1033 Cyg, mepiox
sMinm  Gimcky skoi cramourh 49.94, i ska e
peaJbHUM  KAHAMJATOM Ha Ieplie IepeTHHAHHS
cMyru HecrabinbHocTi (sik 1 o UMi). Ilpm meprumomy
neperuny cmyru Hecrabinbaocri (CH), axkwuit Tpusae
Beboro O6m3pko 1000 pokis, 1edeinu 1eMOHCTPYIOTH
IIBUJIKE 3POCTaHHS Iepiomy, I1HKOJIA HasBHICTH
cubHOT Jtimii sitist 6707 A. Takux o6’ekTiB BiOMO
smiie 4 y namiit lanaxrund, ogna 3 aux — V1033 Cyg.
Ilig wac Bxomy y cmyry HecTabLIBHOCTI aMILIITyIa
ITyJIbCAIN CTPIMKO 3pOCTAa€ Bijl HYJIsI JIO AKOICh CTAJIOL
BesimunHM, a upu uxoxai 31 CH — 3HOBY mnajae 10
HyJisi. Jljis1 mepeBipKu mporo sipuing B ACTpOHOMIYHIM

udovich222Q@Qukr.net

obcepsaTopii OJ1eChKOro HAIIOHAJIBHOTO YHIBEPCUTETY
(Vkpaina) ma 48-cm reseckori A3T-3, ocmamenomy
doromerpom 3 II33-marpuneo Sony ICX429ALL,
Oymu 3pobuteni 1864 sumiproBanns 6iaucky V1033 Cyg
B dinbrpi V, i 713 BumiproBanbp y dinprpi R, sxi
YaCTKOBO HaBeJieHi B TabJ. 1 Ta Ha puC. 2, a MOBHICTIO
JocrynHi 3a  azgpecoro http://cdsarc.ustrasbg.fr/viz-
bin/cat. 3uaunol 3MiHU aMIULITY (1 HAMU HE OTPUMAHO.
Hamu Busmaweno mosoxkennss 1edeinn y cMmysi
HeCTablJILHOCTI — BUABUJIOCS IO BOHA 3HAXOJIUTHCH
Oinst i1 menTpy. Y 1iit dhasi eBOIONIHHOTO PO3BUTKY i
HE MOBUHHO CIIOCTEPIraTuCs 3HAYHOI 3MiHU aMILTITY I
(nmokazuukiB kosibopy). Kpusi Guucky, edexkrupna
temrieparypa i ceitaicts V1033 Cyg Bimmosigaiorhb
crazil  (pyHIaAMEHTAJIBHUX  IYAbCAIN  KJIACHIHUX
nedein y meHTpi CMyru HeCTabiIbHOCTI.

Keywords: Stars: variables: Cepheids — V1033 Cyg
1. Introduction

V1033 Cyg (GSC 2674.03107), («.J2000.0
20"05™20.66%; 820000 = +32°39'32.5") is the clas-
sical cepheid variable star (GCVS) with amplitude
14.4 — 155 (pg) and period 4.9937512 (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 defined 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 first 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 filter, later on, in 2017 year the observations were
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performed in V and R filters. We were using the
48 cm reflector 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,
Beomp = 14285, Viomp = 13.7399 (APASS, 2010),
Reomp = 127800 (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 flat-field corrections,
determination of the instrumental magnitudes and
precision. The photometry was transformed to the
standard VRc Johnson-Cousins system by means of
the differential photometry method (Benson 1998).
The transformation coefficient was determined from
observations of standard stars (Udovichenko 2012).
The finding chart with market-out variable, compari-
son and check stars is shown in Fig. 1. The errors in
individual data points vary from 0™.005 to 0™.02.

12x8.5'

Figure 1: The finding 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 107° EZ2,

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 first 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
Ay= 0.724 mag (Berdnikov) and Ay=0.718 mag (our
observations). Thus, there are no rapid evolutionary
changes in the amplitude of V1033 Cyg.

Temperature. Using the Tog vs (B-V) calibrations
from the papers by Kovtyukh (2007) and Kovtyukh et
al (2008), effective temperatures (Toq) for the Cepheid
were obtained, its are shown in Fig. 3. The aver-
age effective temperature for V1033 Cyg is <Tog> =
5864445 K (phases = 0.288 and 0.846).

Hertzsprung-Russell diagram. The absolute mag-
nitude My=-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 [a/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
Mg 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-R JDhel phase |4 V-R JDhel phase 14 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 1.0564 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 0914 12.811 0.961
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Figure 3: Variation of Teg of V1033 Cyg with phase.

supergiants and classical Cepheids in the H-R diagram
(Kovtyukh et al 2010). First, we find that the Z =
0.019 tracks do a good job of predicting the positions
of the blue loops and yellow supergiants for My > —5.
The most luminous yellow supergiants in our sample
have My~ —8, consistent with the evolutionary tracks.

1
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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 filled squares. Lines indicate evolu-
tionary tracks by Salasnich et al (2000) for 15, 10, 7, 5,
4, and 3 Mg, (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 first 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 first crossing
of the instability strip.
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ABSTRACT. We present the results of an analysis
of 20 spectra of a UMi (Polaris) obtained in September
2018 — January 2019 using 0.81m 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 (y — velocity) is equal to —11.75
kms~!. The radial velocity amplitude rose to 3.50
kms~! and actually returned to the previous values
of 3.43, 3.31, and 3.81 kms ' , 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 average Tog = 6051422 K shows a growth toward
the value found from the 2005 — 2007 observational
sets and probably has a tendency toward the Tug
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:
effective temperatures; Cepheids: pulsational periods;
Cepheids: o UMi

AHOTAIIIA. Mu npe3eHTyeEMO pe3yaIbTaTh aHaIi3y
20 cuexrpis o« UMi (ITonsipuol), siki Gyau orpumani Ha
npota3i BepecHd - rpyaHa 2018 Ta ciuaa 2019 poxis
3a goniomoroio 0.81 m reseckory O6cepsaropii Tprox
Komnemxis (Three Colledge Observatory, TCO) mrar
[Tisuiuna Kapomina, CIITA. Yacrorauil aHa/1i3 BUSBUB
3picT mepioma mysbcaril Ha 3.68 XB y TOpiBHAHHI 3
CIIOCTEPEXKHUMHU CeTaMU cepliHa - rpyaas 2017 Ta
ciuaga - tpaBHda 2018 pokiB Ta piBHHIl 3.973216 mHiB.
IMeuakicts cucremu, abo (y — velocity) susiBuizacs

piBmoro —11.75 kms™!. Awmmrityna  pajiaabHOT
mBuIKocTi gocarma 3.50 kms™!, Ta mosepmymacs
npubIN3HO Ha PiBeHb MonepenHix omuok y 3.43, 3.31,
and 3.81 kms™! , BixnosigHo, siki Oy BCTAHOBJIEHI
Jyist ceTiB cepuHs - rpyiaHs 2016, ciuns - OepesHsi
2017 Ta cepmusg - rpymua 2017 pokis. Tennenris
3pPOCTaHHs AMILTITY/IU PaiaJbHOI MIBUJIKOCTI BCE IIe
36eperaerbes. Cepemnua Tepp = 6051422 K, Ta BoHA
rokasye 3picT no pesyabsratiB ceriB 2005 — 2007 pokis,
Ta, BIpOIiHO, Ma€ TeHIeHIio 10 3pocTtands. CymicHi
OIIIHKY paJiiaJibHuX mBHUIKOCTel, orpumanux Ha TCO
Ta Hermes 3a OCTaHHI YOTHPU POKH ITOKA3YIOTh 3MiHU
mynbcariiinol ammaityaun [loaspHoi.
KomiouoBi cmaoBa: 3opi:  pagianboi
nedeinu: edeKTUBHI  TeMIIEPaTypPH;
mynbcariiiai nepiogn; nedeimm: « UMi

IIIBUJIKOCT1;
nedeinm:

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 4.16 kms
(twice the one of the 2007 data). The average Teyy
= 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 3.43 kms™ ' in 2016 and to 3.31 kms™!
in the beginning of 2017. The average T,g was 6021
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Table 1: Observational data of @« UMi during September - December 2018 and January 2019

Date HJD Teys - Phase RV (km s 1)
YY/MM/DD 2450000+ K K Metals o NL Hqo Hﬁ H'Y
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
6150 — T T T T T T T T [ T T T [ T T T [ T T T [ T T T [ T 17T . .
F E 2. Observations and frequency analysis
r oo o ]
61005 of . 8% ]
= o 5 ° R o 5 ° o Sixteen spectra were taken in September—December
— (@] (@] — . .
v6050; o o o o i 2018 and four in January 2019 with the 0.81m tele-
“% 6000 o 1 scope of the Three College Observatory (TCO), located
= . ° 5 9 in central North Carolina, USA. They were obtained
5950 F o 4 with an échelle spectrograph manufactured by Shelyak
a | | | | | | | 7 Instruments' in a spectral range from 4250 to 7800 A
5900 I — Lo I — Lo I — Lo I — Lo . .
O e With a spectral resolving power of R ~ 12000 and no
E i1 gaps between the spectral orders. The data were re-
-10F o E . . .
c 1 duced using the échelle package in IRAF.
5 9 DECH30 package (Galazutdinov 2007) allows to
E 7 measure the line depths and radial velocities using
B 1 spectra in FITS format. Lines depths were used to
g 3 determine the effective temperature (a method based
—14F 4 on the spectroscopic criteria, Kovtyukh 2007). The de-
155‘ S rived values of Teyy and radial velocity for each spec-
-0.3 -0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3  trum are given in Table 1.
Phase

Figure 1: The effective 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 3.7970662 but was still less than
3.9979872 observed in 2015. The mean radial velocity
amplitudes in these sets were 3.81 kms™' and 2.80
kms™! respectively, i.e. a new amplitude decrease
was obvious. The average values of Teg were found
to be 6017 K and 6039 K, respectively, but the
Teg 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.

In the next step, we used the PERIODO04 program
(Lenz & Breger 2005), which employs the Fourier and
Fast Fourier Transform analysis and minimizes the
residuals of sinusoidal fits to the data.

A Fourier amplitude spectrum was obtained over
a frequency range of 0-1 d~! with a resolution of
0.00002 d='. The highest amplitude corresponds to a
frequency of 0.251685 + 0.000255 d~! 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 (y —
velocity) is equal to —11.75 kms™1.

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

RViin = HJD 2458440.3736 + 3.973216 x E (1)

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

Thttp: / /www.shelyak.com
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Figure 2: Variations of the mean effective temperature
of Polaris during the last 75 years. Open circles show
values from the (B — V) vs. Te relationship by Gray
(1992), filled 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 kms~!, and it is some-
what lager compared to the January — May 2018 result
(Ary = 2.80 kms™'). However, it is comparable with
our previous results (August - December 2016, January
- March 2017 and August - December 2017 with A gy
— 3.43, 3.31, and 3.81 kms ™', respectively).

The effective 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
Teg growth. Figure 2 shows the variations of the mean
Teg 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 kms~' 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 effective 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 from Hermes data. 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), vsini, Teg,
logg, were determined using spectroscopic model
fitting and atmosphere models. We have derived the
color-excesses, reddenings, and intrinsic colors for
these stars using their Tog and logg 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 confidently 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 deficit of carbon, an overabundance of
nitrogen, nearly solar oxygen, and an overabundance
of sodium. Three foreground K-giants have different C
abundances (from a deficit 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
deficit 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

AHOTATIIISA. Mu  mpe3eHTYEMO — Pe3yJIbTATH
CIIEKTPOCKOTIYHAX  Ta  (POTOMETPIYHUX  JIOCJIiJIiB
20 ob’ektiB 3 poacisgnoro ckymdenus Collinder 394,
ske BMmingye nedeiny BB Sgr.  Oxkpim nedeinm, mu
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pocaimmn  tpu K-riranra, worupum B-riranta Ta
nsanaguars B-A-F 3ip. Pagianeui msugkocri (RV),
vsini, Teg, loggorpuMani 3 BUKOPUCTAHHSIM METOJIIB
CIIEKTPOCKOIIiYHOro (BiTTiHTY Ta Mojeseit arMocdep.
Mu BuBes M HAJIUINIKA KOJHOPiB, MOYEPBOHIHHS Ta
CIIPaB2KHI KOJILOPH IIiX 3ip, BUKOPUCTOBYIOUN 1X TygTa
log grnutsixoM TOpiBHIOBaHHS 3 MoJeasIMu armocdep,
ocobsimBo it ropsvux 3ip. Buacui pyxm, RV Ta
napasiaken/Bigcrani 3 GAIA DR2 2018 s nix 3ip
JIO3BOJIMJIM BCTAHOBUTU 1X YJIEHCTBO Yy CKYITYEHHI
Ta abCOIFOTHI MarHiTyju.  BcTaHOBJIEHO, IO CiM
3ip He HajeXkaTb J0 ckymdenHnda. Ilapamsakcm Ta
MTOYePBOHIHHSA 13 CIIpaBXKHIX UJI€HIB CKYyITUeHHS JTal0Th
Bimcrani Bim 630 mo 800 mc, xo4a OLIBIMIMCTH 3 HUX
(8 06’eKTiB) 3HAXOIATHCSI HA CEPEIHBOI BiacTani y
657.7+66.7, Ta ’'ATH 3 1edEII0I0 MOKIINBO, HAJIEXKATH
JI0O KODOHM CKymdeHHsi. ¥Yci uwinenu maors [Fe/H]
6ing 0.1 dex. B-zopa T'Il No. 76 (HD 174307)
Ma€ MaJjie 3HAYeHHsT MPOEKIMI IMBUIKOCTI 00epTy, Ta
e JI03BOJIMJIO BCTAHOBUTH 11 XIMIUHHMI CKJIaJ JJIsI
nopisusiaas 3 BB Sgr. i Bmicr CNO Ta Na 6u3bkumit
JIO COHSTTHOT'O, TO/Ii K Iedeina Mae JediliT ByTJIero,
HAJJIUINOK a30Ty, COHSYHUI KHCEHb Ta HAJJIUIIOK
marpifo. Tpum K-rirantn mepen CKymdeHHSIM MaioTh
pisHmit BMmicT Byriemro (Bim gedinity no corsraHOTO)
Ta HaTpifo (BiJj COHUHOTO JI0 HAJJINIIKY ), T COHSTHUH
kucenb. 3opga No. 75 (CPD —20°7218) (F7-8 V), gaxa
TEXK € Tepell CKyIMUIEHHSM, BUSBUJIACH 3 HAJJIUIITKOM
Li, Toxi six 30pst No. 69 (BD —20°5290) (A7 V) mae
agoMastbHuil  gedimit CNO 3 HaJIUIIKOM JIeIKUX
€JIEMEHTIB (v, I- Ta S- IIPOIIECIB.

Kurouosi cioBa: Poscisni ckymdaenHsi, mpoMeHeBi
MIBUKOCTI, Ximiuamii ckjan 3ip, mapagakcn GATA,
nedeinu, B-rirantu, K-rirantn, ckymaenns: 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 of B- and A-
type stars, it contains a 6.764 Cepheid BB Sgr as a
possible member of its corona. According to Turner
& Prederos (1985), the earliest spectral type stars in it
are B8, B B—V') = 0.25+0.01, Vo - My = 9.04+0.08, d
= 643425 pc, and an age near 6x107 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 different 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 11m SALT
(Southern African Large Telescope) equipped with
HRS (High Resolution Spectrograph). HRS is a dual-
beam (3700-5500 & 5500-8900 A) fiber-fed, white-
pupil, échelle spectrograph, which uses VHP gratings
as cross dispersers. We obtained one spectrum for
each object using the medium mode with the spec-
tral resolving power R = 40000, an average S/N of
over 100, which it is enough to reach our observational
goals. These spectra will be used to derive the atmo-
sphere parameters and chemical abundances for some
elements of the open cluster members. The data were
reduced using the échelle context in MIDAS. Also, the
feros package developed for échelle data reduction from
the Fiber-fed Extended Range Optical Spectrograph
(FEROS) was used. Both FEROS and HRS provide
very similar échelle data.

We used the DECH30 package (Galazutdinov
2007) designed to use the spectra in FITS format
to measure the line depths and their equivalent
widths. The radial and rotational velocities were mea-
sured by fitting of the observed spectra with models
from Coelho (2014). The object IDs, magnitudes,
spectral types, proper motions, parallaxes from the
GAIA DRI18 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 parallazes

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 kms ™" (Wilson & Joy 1950)
for HD 124403; and <RV> = 11.35 kms ' (Lloyd-
Evans 1968) for BB Sgr, respectively. According to
Conrad et al. (2017), the cluster’s mean radial veloc-
ity is —1.946.5 kms™!, and the majority of confident
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 vsini, 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 Togand logg, determined with the model fitting
method. Next, these estimates were performed for
the (U-B)g and (B-V)g determinations for the hot B-
and A-type stars using the Kurucz (1993) models from
Bessel et al. (1998). For more evolved stars of FGK
spectral types with a large number of narrow metallic
absorption lines we have used the lines depth relation
to derive Tog (Kovtyukh 2007), and a Fe ionization
balance to derive log g. These estimates give an oppor-
tunity to determine corresponding (U-B)g and (B-V)g
values for FFGK-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.”56 - 0.”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.m97 - 1.™19). Our Ep_y 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 different parameters. Figure 1 rep-
resents a Tog - My diagram for the confident 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-off” point. HD 174403,
an eclipsing binary (Turner & Prederos 1983), was
found at the horizontal branch. Its main component
with a mass of 6 Mg could be a first-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 T.gand Ay
data. As can be seen from the Table 3, the parallax-
based My only for 8 objects determined as the confi-
dent cluster’s members agree with those from Turner
& Prederos (1985). Figure 2 represents a variable-
extinction diagram for the cluster confident members
only. We have obtained the mean distance modulus
(Vo - My) = 9.0940.21 with the reddening law slope R
= Ay /Ep_y = 3.344+0.02. Turner & Prederos (1985)
estimated R = 3.1£0.3. Our estimate of (Vo - My)
gives a distance of d = 657.7466.7 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 My = —3.59+0.07 and
d = 801426.4 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.
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Figure 1: Tog- My diagram for the Collinder 394 con-
fident members. Open circles show the MS stars, filled
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
different evolutionary stages, we will discuss every star
separately.

BB Sgr The Cepheid has a solar-like iron content,
a carbon deficit, an overabundance of nitrogen and
sodium, and a nearly solar oxygen abundance, i.e.
typical for a yellow supergiant after the first 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 I ws RV, kms— 1 PLX (GAIA) Membership
BB Sgr1 6.93 GO Ib +0.392 —5.078 +17.114+0.04 1.2485+40.0411 m

HD 174403 7.51 B8 II-IIT —1.477 —5.987 +18.76+0.43 1.5011+0.0529 m

2 (HD 174723) 8.88 B8 —1.468 —5.838 +9.5140.23 1.3703+0.0622 m

3 (CPD 72007272) 11.19 B97? —65.800 +6.600 +30.2440.12 nm

6 (HD 174706) 10.30 B7-B8 11 —1.329 —5.268 +3.574+0.24 1.578340.0708 m

12 (HD 174685) 9.52 B8 V —1.967 —6.206 +9.354+0.25 1.27434+0.0716 m

21 (CPD 72007255) 10.45 KO III? +1.662 —12.445 —2.7240.02 2.24894+0.0673 fg

22 (HD 174651) 8.47 B8 IV —2.256 —6.227 +5.764+0.19 1.431840.0777 m

24 (HD 174652) 9.06 B9e —1.417 —6.317 —0.78%1.10 1.3518+0.0612 m

27 (CPD 72005300) 10.34 B7-B8&7 —1.310 —5.728 +4.8440.24 1.2135+0.0546 m

30 (CPD 72007248) 11.56 AV —2.052 —5.579 —4.4040.09 1.50774+0.0487 m

35 (CPD 72007240) 11.25 AV —0.909 —5.493 +11.454+0.31 1.31154+0.0473 m

61 (HD 174594) 8.30 B5 III —1.732 —6.284 +8.774+0.18 1.443940.0578 m

63 (HD 174538) 10.37 B9 III —4.300 —6.800 +10.994+0.13 1.2839+40.0503 m

69 (BD 72005290) 10.87 AT V? —0.115 —9.890 —44.2440.04 2.44704+0.0439 fg

70 (GSC 06289 03051) 12.25 A2V —1.772 —4.033 +27.50+0.32 0.88214+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 II1? —25.509 —43.853 —7.6140.02 3.7919+0.0453 fg

75 (CPD —2007218) 11.11 F7-8 V7 +9.694 —4.597 —22.9440.04 4.767040.0357 fg

76 (HD 174307) 10.36 Bg&/9 11 —1.289 —6.078 +17.0040.05 1.315540.0349 m

1 - Phase 0.7 624 according to Usenko et al. (2013); m - member; nm - non-member; fg - foreground object; bg - background object.

Table 2: Atmospheric parameters, rotational velocities, intrinsic

tions for the Collinder 394 objects.

colors, color-excesses, reddenings, and extinc-

Star Totf log g vsini (U-B)g (B-V)g Ey_p Ep_v Ay R
BB Sgr1 533246 1.304+0.05 10.84+0.1 0.61 0.87 0.30 0.28 1.00 3.57
HD 174403 13245+165 3.4940.01 198.7+1.4 —0.48 —0.13 0.22 0.29 0.97 3.33
2 (HD 174723) 14500+10 4.0010.01 137.940.4 —0.54 —0.14 0.15 0.25 0.84 3.32
3 (CPD —20°7272) 10700+7 4.4240.02 110.54+0.3 —0.16 —0.04 0.25 0.26 0.88 3.35
6 (HD 174706) 10752+10 4.3240.02 132.8+1.3 —0.17 —0.05 0.20 0.26 0.87 3.35
12 (HD 174685) 14000450 4.304+0.01 158.14+0.6 —0.49 —0.13 0.17 0.23 0.76 3.32
21 (CPD —20°7255) 4825+13 3.00£0.02 0.04+0.0 0.78 1.03 0.10 0.13 0.47 3.65
22 (HD 174651) 14350+77 4.0010.01 223.3+0.6 —0.53 —0.14 0.22 0.25 0.84 3.32
24 (HD 174652) 140004200 3.6240.50 237.3+20.3 —0.53 —0.14 0.23 0.30 1.01 3.35
27 (CPD —20°5300) 12037+12 4.1940.01 129.74+0.5 —0.32 —0.10 0.15 0.22 0.74 3.36
30 (CPD —20°7248) 837512 4.174+0.01 59.140.3 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+0.01 155.74+0.6 —0.55 —0.15 0.17 0.26 0.84 3.29
63 (HD 174538) 11511+6 4.174+0.01 229.2+0.6 —0.26 —0.08 0.18 0.26 0.88 3.35
69 (BD —20°5290) 770545 3.50£0.01 1.940.2 0.19 0.16 0.31 0.34 1.17 3.40
70 (GSC 06289-03051) 9698115 3.8140.02 272.4+1.3 —0.40 —0.02 0.65 0.35 1.19 3.36
72 (GSC 06289-03067) 4683+12 2.7040.02 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 7.940.1 0.98 1.12 0.11 0.13 0.48 3.68
75 (CPD —20°7218) 6250115 4.501+0.05 24.740.1 0.01 0.54 0.04 0.05 0.19 3.42
76 (HD 174307) 11313+13 3.87+0.01 0.540.1 —0.25 —0.09 0.19 0.35 1.17 3.35

1 - Topf, logg, (U-B)g and (B-V)q 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 My (T&P85) | My (GAIA) | d (pc) (GAIA)
BB Ser —3.08£0.12 —3.59£0.07 800.96+£26.37
HD 174403 —2.4440.08 —2.5640.00 666.18+23.48
2 (HD 174723) —1.0340.05 —1.83640.10 729.77433.13
3 (CPD —20°7272) +1.3640.08 +2.0740.06 444.66+13.31
6 (HD 174706) +0.4440.08 +0.4240.10 633.59+28.42
12 (HD 174685) —0.27+0.07 —0.6740.12 784.75+44.09
21 (CPD —20°7255) - +1.7440.06 444.66+13.31
22 (HD 174651) —1.83540.08 —1.5840.11 698.42+37.90
24 (HD 174652) —0.9540.08 —1.28+0.10 739.75433.49
27 (CPD —20°5300) +0.6240.08 +0.0240.10 824.06+37.08
30 (CPD —20°7248) +1.4840.08 +1.8240.07 663.26+21.42
35 (CPD —20°7240) +1.5840.08 +1.5840.08 762.49427.50
61 (HD 174594) —1.6840.08 —1.82+0.09 692.574+27.72
63 (HD 174538) +0.5140.08 +0.1640.08 778.88430.51
69 (BD -20 5290) +0.8340.08 +1.6440.04 408.66+7.33
70 (GSC 06289-03051) +2.2340.08 +0.7940.09 | 1133.66+47.94
72 (GSC 06289-03067) - +0.7840.09 920.98+38.76
74 (HD 174402) - +1.6840.02 263.72+3.15
75 (CPD —20°7218) - +4.3140.01 209.78+1.57
76 (HD 174307) +0.2240.08 —0.3840.05 760.17420.17

and a deficit of titanium.

69 (BD —20°5290) A MS A-star with a unique
substantial CNO deficit, a deficit 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 deficit of carbon, a small deficit 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 deficit 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 Segr 76 (HD 174307) 69 (BD —20°5290)

BEloment | [EI/H] - NL | UALI3 | LKAO06 | [EI/H] - NL [ [EI/H] - NL
c1 ~0.22 | 0.21 13 ~0.21 ~0.06 ~1.18 | 0.13 9
C 11 0.07 | 0.13 4

NI 0.46 | 0.24 4 - - 0.05 | 0.14 9 -1.45 | 0.18 6
o1 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 IT —0.05 | 0.15 7

AlT 0.25 | 0.12 5 0.45 0.15 —0.24 | 0.15 5
Al I 0.07 | 0.14 5

Si 1 0.17 | 0.11 16 0.25 0.14 —0.24 | 0.18 14
Si 11 0.18 | 0.33 2 0.21 —0.02 | 0.15 15 0.18 | 0.21 2
ST 0.12 | 0.21 2 —0.05 —0.17 —0.13 | 0.21 3
S 11 0.25 | 0.17 15

K1 —0.04 | 0.00 1
Ar 1 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 11 0.02 | 0.33 2

Sc 1T —0.07 | 0.18 2 —0.16 0.08 —0.17 | 0.21 3 —0.62 | 0.29 3
Ti 1 —0.02 | 0.12 26 0.03 0.22 0.76 | 0.56 9
Ti 11 —0.05 | 0.15 4 0.14 —0.54 | 0.13 10 —0.52 | 0.12 3
VI —0.28 | 0.03 6 0.14 —~0.10 0.91 | 0.05 2
vV 1T —0.26 | 0.02 2 —0.09 0.13 | 0.00 1 —0.10 | 0.00 1
Cr1 —0.12 | 0.14 16 0.12 0.09 —0.21 | 0.19 7
Cr 11 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 1T 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 11 0.05 | 0.07 10 0.07 0.08 0.02 | 012 | 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 11 —0.01 | 0.15 3

Cu I 0.08 | 0.37 5 0.15 0.21 0.30 | 0.26 4
Zn 1 0.72 | 0.11 3
Rb I —0.13 | 0.00 1 1.21 | 0.00 1
Sr 11 —0.10 | 0.37 2

Y 11 0.09 | 0.08 5 —0.04 0.53 | 0.10 4
Zr 11 —0.04 | 0.14 2 0.20 - 0.47 | 0.18 2
La IT —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 11 —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 1T —0.12 | 0.09 4 0.12 - 0.62 | 0.03 3
Bu I1 —0.09 | 0.08 3 0.18 0.04 1.44 | 0.93 3
Gd 11 —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 confidently mem-
bers of Collinder 394.

. An overwhelming majority of the confident 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 low v sin ivalues.

. We have revised color-excesses and reddenings for
the objects that allowed us to refine their intrinsic
colors, especially for the hot stars.

. Atmospheric parameters of the hot stars were de-
termined by fitting method, while parameters of
the Cepheid, giants, and MS stars were deter-
mined exclusively by the method of atmosphere
models.

. The distances of the most cluster stars deter-
mined from the GATA 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.

. The foreground A-type MS star No.

6. Star No. 76 located in the middle of clusters’ MS,

star No. 61 is located near the “turn-off" point,
and HD 174403 is located at the horizontal branch.

. 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 deficit
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 "first dredge-up"
stage.

69 has an
anomalous substantial deficit of CNO elements
with a deficit of some a- and an overabundance
of r- and s-process elements.

. 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 [E1/H] o NL [E1/H] 3 NL [E1/H] o NL [B1/H] s NL
[} —0.28 0.01 3 —0.10 0.18 4 0.02 0.05 2 —0.15 0.10 3
NI —0.13 0.00 1 - - - - - - —0.02 0.12 2
o1 —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
Mg I 0.09 0.15 2 —0.05 0.00 1 0.14 0.09 2 —0.05 0.00 1
Al I 0.06 0.08 5 0.31 0.12 6 0.16 0.11 6 0.01 0.08 5
Sil 0.13 0.10 15 0.28 0.10 14 0.24 0.09 10 0.02 0.13 12
Si II 0.41 0.09 2 - - - - - - 0.25 0.06 2
SI 0.09 0.06 2 0.26 0.00 1 0.46 0.00 1 0.16 0.10 2
KI 0.21 0.00 1 0.11 0.00 1 0.10 0.09 2 0.47 0.00 1
Cal —0.01 0.14 8 —0.13 0.14 6 —0.09 0.07 7 —0.01 0.18 5
Sc IT 0.10 0.08 5 0.12 0.08 5 0.47 0.08 5 0.89 0.00 1
Ti I 0.04 0.21 23 0.21 0.24 25 0.07 0.33 23 —0.01 0.11 4
Ti 1T 0.19 0.17 5 0.18 0.30 5 0.22 0.21 2 —0.25 0.06 3
VI 0.04 0.15 6 0.07 0.17 5 0.16 0.05 3 0.52 0.00 1
V II 0.07 0.11 3 0.27 0.13 4 0.31 0.10 3 0.47 0.00 1
Cr1 —0.15 0.08 17 —0.11 0.09 16 —0.20 0.09 18 —0.12 0.21 8
Cr II 0.05 0.05 6 - - - - - - 0.18 0.19 5
Mn I 0.49 0.10 5 0.66 0.23 3 0.24 0.12 2 —0.10 0.13 6
Fe I 0.12 0.12 232 0.16 0.14 212 0.12 0.12 190 0.06 0.15 172
Fe I1 0.10 0.10 25 0.17 0.12 15 0.11 0.09 2 0.07 0.14 13
Co 1l 0.02 0.06 6 0.35 0.15 8 0.24 0.19 5 0.20 0.06 2
Ni 0.03 0.06 43 0.18 0.12 47 0.13 0.10 43 —0.05 0.17 31
Cu I B - _ B B - - - - 0.04 | 0.37 5
Zn 1 - - - - - - - - - 0.01 0.07 3
Rb I —0.30 0.00 1 —0.10 0.00 - —0.01 0.00 1 - - -
Y II —0.00 0.20 3 0.03 0.21 3 0.02 0.21 3 0.10 0.12 3
Zr 11 —0.05 0.07 2 0.01 0.02 2 0.26 0.20 3 0.51 0.00 1
La II 0.10 0.05 4 0.22 0.19 6 0.20 0.14 4 0.05 0.00 1
Ce II —0.09 0.09 3 —0.01 0.07 3 0.09 0.11 7 —0.20 0.35 2
Pr II —0.01 0.19 4 0.04 0.20 4 0.10 0.24 4 1.03 0.00 1
Nd II 0.29 0.07 6 0.09 0.14 5 0.30 0.18 5 0.24 0.00 1
Sm II 0.16 0.06 3 0.19 0.13 3 0.44 0.11 4 1.67 0.00 1
Eu II 0.32 0.09 3 0.41 0.04 2 0.58 0.10 3 0.70 0.00 1
Gd II 0.13 0.00 1 - - - 0.26 0.00 1 2.44 0.00 1
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Figure 2: Variable-extinction diagram for confident
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ABSTRACT. Inthis paper, we studied the incompre-
hensible fading of a continuum of noise storms and type 1V
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 is = 0.71. 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 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 is = 0.65.

AHOTALIA. ¥V paniit po6oTi JOCHIHKEHI HE3PO3yMLITi
3aBMHpPAHHS KOHTHHYYMY IIYMOBHX Oyp 1 KOHTUHYaIbHHX
crieckiB IV Tuny B gekamMeTpoBOM Aiana3oHi, siki 30ira-
FOTBCS Y 9aci 3 KopoHanbHUME Bukuaamu Macu (KBM) mst
corstyrnx  npotorHux moxid  (CIII). IlopiBHsutbHUI
aHaii3 mokaszas, 1o Omm3bko 60% KBM cympoBon-

NAS of Ukraine, isaevaode@gmail.com

JKYIOTHCS 3aBMHUPAHHSAM KOHTHHYYMY IIYMOBHX Oyp 1 KOH-
TUHyabHUX ciuieckiB |1V tumy B mianmasoni 25-30 MIm.
[NokazaHo, MO 3aBMUpPAaHHS KOHTUHYYMY IIyMOBHUX OYp,
moB's3ani 3 KBM, BiIpi3HSIOTBECS IHTCHCHUBHICTIO 1 TpH-
BaJICTIO 3aBMHUpPAHHS, a TaKOX IMIMPHHOK CMYTH 3aBMHU-
PaHHS 1 YaCTOTOK Ha SIKill CIOCTEPIraeThCsi MAKCHMaJbHA
IMOWHA 3aBMHUPAHHS. BUTbII TOTO, IETaBHI JOCHTIIKSHHS
MTOKa3aJid, IO Ha TJi 3arajikHOTO CHaxy MOTOKY PagioBH-
MIPOMIHIOBaHHS 30epiraeThcsi TOHKA THMYACOBa CTPYKTypa
Ha cycigHixX gactoTax. Lle Moxe Bka3yBaTH Ha Te, IO BH-
MIPOMIHIOBaHHA EKPAaHYeThCS 30BHIMIHBOI 007acTIO Ha
LUISIXY MOUIMPEHHs BUMPOMiHIOBaHHs. Lle Moxe OyTu xo-
JoJHA 1 miiibHa XMapa camoro KBM a6o  morjavHaHHS B
ioHocepi. [TornuHaHHA Ha HU3BKUX YacTOTax B ioHOC(hepi
3emMili IIJIKOM MOJKJIMBO, TaK SIK PEHTIEHIBCBKE 1 YiIb-
TpadiosieTOBE BUIIPOMIHIOBAHHS CIAIaXy MOXE BUKIIH-
KaTH J10JJaTKOBY KOPOTKOYACHY 10Hi3awit0. Y 3B'S13Ky 3 UM
OyJM POBEJICHI JJOCIIKCHHS 3B'13KY 3aBMUPAHHS KOHTH-
HyyMy IIYMOBUX Oyp 3 PEHTTEHIBCHKUMH CIaJaXxaMu.
[NopiBHANBEHUIT aHAITI3 [TOKa3aB, IO ICHYE JOCUTH CHIIBHUN
3B'SI30K IHTETPAJIBHOTO MOTOKY i €PEeKTHBHOI TPHBAJIOCTI
PEHTTCHIBCHKHUX CIAJNIaXiB 3 IHTETPaJIbHUM IIOTOKOM i
e(eKTUBHOIO TPUBAIICTIO 3HWKEHHSI KOHTUHYYMY [IYMO-
BUX Oyp, BimmoBimuo. IIpmdomy, 3B'I30K MiX eheKTHB-
HUMH JUTUTEILHOCTSMH TPOXH BUIIIE, I KOSPIIIEHT KOpe-
TSIl MK TocipkyBanumu  BenmduHamu ~ 0.71. Takox
OyJ10 1OKa3aHo, 1110 KOPOTKOYACHI IMITYJILCHI 3aBMUPAHHS
TOB's13aHI 3 IMITyJIbCHUMH PEHTICHIBCBKUMH CliajlaxaMu, a
TpUBaji 3 MOCTYIOBHUMH TPHUBAJMMH PEHTICHIBCHKUMU
crnianaxamu. Buine 3a3Hayanocs, 10 IOTJIMHAHHS MOXe
BimOyBaTHcs i B Tinmi camoro KBM, tomy Oyn mocimimkeH
3B'SI30K MiX MapaMeTpamMy 3HMWKEHHS KOHTHHYYMY HIYMO-
BHX Oyp Ha maHiit yactoti i mBuaKicTio KBM. [opiBHsuIE-
HUIl aHaji3 MoKa3aB, IO iICHYE MOCHUTHh CHIIBLHHUH 3B'S30K
MiXX MaKCHMAJIBHOIO TIIMOMHOIO 3aBMUPAHHS 1 MIBUIKICTIO
KBM, ne koedillieHT Kopesiii Mixk TOCTIKYBaHUMH Be-
nuurHaMu = (0.65.

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
with a small angular width <40° and an average 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 1V 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 (u-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 events, 67 (= 60%)
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/publ/indices/ SPE.txt), origi-
nal recordings of the x-ray radiation of the Sun in the range
of 1-8 A and the intensity of the proton flux I, 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 Af,
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 Af from 125 kHz to 2 MHz. For most
events, the maximum intensity (depth) of fading Fmax is ob-
served in the frequency region fnax =27 MHz. 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

04-11-2003
Vene(19:54)= 2657 km/s

24-11-2000
Veare(05:30) =1289 km/s

200
180+
100

47 MHz
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Figure 1: Examples of fading of a continuum of noise
storms and continual bursts associated with a CME.
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Figure 2: The relationship between the parameters
of the fading continuum of noise storms and the pa-
rameters of x-rav bursts.

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 Af 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 1b).

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-
sphere. Absorption at low frequencies in the Earth’s iono-
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 1-8 A.

A comparative analysis that there is a fairly strong rela-
tionship between the integral flux of lowering the continuum
of noise storms |Fdr and the integral flux of x-ray bursts [Fy.
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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
[Fdt/Frax and the effective duration of x-ray bursts [Fy.
raydt/Fmaxxray (S€€ Figure 2 b). Moreover, the relationship be-
tween [Fdt/Frax and Fy.raydt/Fraxxray is much higher, where
the correlation coefficient r between the studied values is ~
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.
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Figure 3: Relation of the intensity of the fading of
the continuum of noise storms to the CME speed
Veme, the shock wave velocity Vsnoek, and the proton
flux intensity I,.
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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 Vcume. 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 is ~
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 Fnax and the velocity of coronal shock waves Vshock
(see Figure 3 b), where the correlation coefficient r between
the studied values is = 0.56. It should also be noted that

there is a fairly strong relationship between the fading depth
of noise storms and the proton flux intensity I, with an en-
ergy of Ey;> 30 MeV (see Figure 3 ¢).

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.
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MULTI-FREQUENCY RADIO INTERFEROMETRY ALGORITHM
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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.

AHOTANIA. s crarts €  OpPOJOBXKECHHSIM
omybaikoBanoi podotu (Opmo Ta in., 2018). 3ampomo-
HOBaHO METOJI MHOTOYacTOTHOrO (DOpMyBaHHS Aiarpamu
CHPSIMOBAHOCTI (01(09) panioinrepdepomerpa.
IlpencraBnena cxema MOJENI, SIKa CKIAQNaeThci 3 ABOX
AQHTEHHUX PELIITOK, QUIbTPIB, NPUIMAIBHUX MPUCTPOIB 1
CXeMH IMiACYMOByBaHHs curHaniB. Ilpamoe Moxenb
HACTYIIHUM 4HHOM. IIpuWiHATI aHTEeHaMH CHTHAIH
HPOXOIATh Yepe3 BY3bKOCMYTOBi (iNbTpH NMpHAMAaIbHUX
MPUCTPOIB, SIKi HANAIITOBaHI HAa TIEBHI YaCTOTH, MICIIA

4Oro TiAMAIOTBCA  MYJIbTHUILUTUKATABHON  00poOIi i
BaroBOTO MiICYMOBYBAaHHS 31 CBOIMHU KOe]ili€eHTaMH.

Y poboTi TPOBOIUTHCS MOJIENIOBAHHS  CHCTEMH
pamioiHTepdepoMeTpa Ha  OCHOBI  MHOTOYACTOTHOM
00poOKHu CUTHAIB,  JOCTIUKYIOTBCS ~ MOMJIMBOCTI
MiHiMi3anii piBes Giunnx nenroctki [IC. IlokaszaHo, mo
3MEHILICHHS PiBHS OIYHMX HEIIOCTOK MOSKIJIMBO 32 PaxyHOK
PO3IIMPEHHs  Jiarna3oHy 4YactoT abo  3acTOCyBaHHS
00pOOKM CHTHaNIIB BiJ JIEKIJIBKOX KJacTepiB (@HTEHHUX
PELITOK), 3a paxyHOK IX TiJICyMOBYBaHHS B CXeMi
iHTepdepomeTpa. Jois BUIAJIKY TPBOX 6a3
iHTepdEepoMeTpa, MO CKIAAAETHCS 3 OJHAKOBUX aHTEHHHUX
pemritok, po3paxoBana cymapHa /IC. B mpomy BUmaky,
JIOCSATAETHCS 3HAYHE 3HWKEHHS OIYHUX TEIOCTOK JIO PiBHS
OIlYHMX TIETIOCTOK  OJWHOYHOI aQHTEHOI0  PEIIiTKH.
[Momamemia  ontumizamis  JC  Moxke  3aificHIOBaTHCS
BHOOPOM [liana3oHiB 4acToT iHTep(epoMeTpiB i BaroBUX
Koe(iLieHTIB IPH MiJICyMOBYBaHHI CUTHAJIB.

3anpornioHoBaHWi MeToj ao3Boisie anantyBatn JIC
iHTepdepomMeTpiB 3a paxyHOK THMYacoBOi 0OpoOku B
YaCTOTHMX KaHajax. Bubip ciTkm wuactor 1 BaroBa
MHOroyactoTHa  00poOka CHTrHamiB  3a0e3NeuyloTh
3HIDKCHHST PIiBHA OIYHMX  IETIOCTOK,  ITiIBUIIEHHS
PO3IIMBHOT  3IATHOCTI  IHCTPYMEHTIB. 3acTOCYBaHHS
3alPOIIOHOBAHUX ~ ITOPUTMIB  JIO3BOJITH  3MEHIIUTH
epeKT CIUTyTyBaHHA Big OJHM3BKO  PO3TANIOBAaHUX
pamiomxepen. OOYHCTIOBANBHI MOXXJIMBOCTI — Barosiit
00pOoOKHM MOXYTh OyTH peayi3oBaHi B pealbHOMY dHaci 3
ypaxyBaHHsM oOepranHs 3emii, ckanyBanHs JIC i
KyTOBOT'O PO3TalllyBaHHS palioJKEpeEl.

Kuarouosi cJIOBA: aHTEHHa pelriTka,
panioinrepdepomerp, onTHMIi3alis, Jiarpama
CIPSIMOBAHOCTI.

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 AR, AP, ,

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

o, frequencies, then subjected to MP and weighted

summation with coefficients g .

The model of a monochromatic point source of a
signal from the outputs of a pair of filters of the
| frequency channel of two omnidirectional antennas can
be represented as

Uy (t) =U exp{j(ar(t+t) + ¢} =
=Uexp{j(at+gy +y)}
Uy (t) =U exp{j(a (t—to) + ¢p } = 1)
=Uexp{j(ant+gy —v)}
where tg — the delay time of arrival of the wave front along
the aperture of MP, the size of which d =A1/2=av/w is

P

O
— Retvivp @b

2l

[
5[0,

Figure 1:
processing

=

%]

It
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i

Radiometry system with multi-frequency

matched with the wavelength A, main (first) carrier
frequency = @;, speed of wave propagation Vv,
v = oty = (o) / w)cose — the phase of spatial delay of
the wave front arrival at the frequency @, , ¢ — the angle

of the wave front arrival relative to the normal of AP base,
@, — the initial phase. It is assumed that in filters @y,

@,, I=1.,L, the amplitude, phase and mutual

frequency distortions are eliminated to the accuracy of
power leveling in frequency channels

P=R=(U,*U,), I=1.,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 o = e; within (1 ...1.5) o.
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

N
Uy (8) = D U exp{ jla (t+to(i — D]+ g } =
i=1

N
=Y Uep{il@t+gy +i—Dy)}= 2
i=1
_Usin(Ny, /2) . 3
_—sin(y/|/2) exp{j(at+eog +(N -Dy, /2)}
Un () =%em{j(aﬂt+m ~(N -1y, /2)},

where is y; = oty =7(ay /w)sing - the phase of the
spatial delay of the arrival of the wave front at a
frequency o, @— is the angle of arrival of the wave

front relative to the normal to the AP, taking values in the
interval [-7z/2,7/2]. Then the output signal after

summing the responses of the frequency channels is
determined

Uou = Re{Ul,IUE,I}:

12 S sin(Ny, /2) 2 .
=U ;gl(sin(l/q/Z) cosfy, (N -1}

®)
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10 15 Y, deg

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

Uou = Re{UlIU;I}:

_u? sin(Ny, /2)
,Z;‘ (sm(x//,IZ)

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
@ 10 o, with weighted constants G' =[11,..1]/L.
Averaging is applied in the uniform grid of the frequency
range o, /@, =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.

(4)
J cosfy M (N -1)}

3 L
an=3 57002 o, -3 O
|

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.

-4 -3 -2 -1 0 1 2 4 Y, deg

Figure 3: AP of the interferometer at the same frequency and
when averaging in the frequency range (expanded scale).

-4 -3 -2 -1 0 1 2 3

4 Y, deg

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
SCINTILLATION PARAMETERS ON THE OBSERVATIONS OF
COSMIC RADIO SOURCES AT THE DECAMETER WAVE RANGE
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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 @ = 3. 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
p=a+1,ie p=4. 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: m «
f™ n=(p+2)/4, thus n=1.5. Similar frequency
dependence of the scintillation index was observed
experimentally for case of weak scintillations (m < 0.5). 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.

AHOTAIISA. TIlpm  npoxomkeHHI  CHTHANY  Bif
pamiopkepenia 4yepe3 HEOMHOpIMHWN 1map B iOHOCHEpi
BUHUKAIOTh  aMIDNTyAHI  (UIyKTyalmii — pagiocHrHaiy

(MepexTiHHS), YaCOBUH CIIEKTP SKHX Ma€ CTETICHEeBY (GopMy 3
iHgekcoM o = 3. Bymo moxasaHo, mo Taka (hopmMa 4acoBOTO
CHEKTPY aMIUNTYAHUX (UIyKTyamiii BUIDIMBae i3 (opMu
MPOCTOPOBOTO  CHEKTPY i0HOC(hEpHUK HEOJHOPITHOCTEH
€NeKTPOHHOI KOHIIEHTpAIlii 3 iHgekcoM p = a+1, Tobto p=4.
Buxozsun i3 TEOPETMYHMX HNPHITYILEHb JUI Takoi (GopMu
MPOCTOPOBOT'O CHEKTPY OyJia OTpMMaHa YaCTOTHA 3aJICKHICTh
IHIEKCY MepexTiHb M (XapaKTepucTHKa I1HTEHCHUBHOCTI
MepexTiHb) B (opmi cremeHeBoi QyHKii: m o< fT
n = (p+2)/4, tobto N=1.5. TloxibHa YacTOTHA 3aNEKHICTH
IHAEKCY MEpEXTiHb EKCIEePHMEHTAIBHO CIIOCTepiranach y
Bunaaky crnabkux wmepextinp (M<0.5). B 1iii mpami
MpOaHaTi30BaHa YaCTOTHA 3AJICKHICTh MTAPaMETPiB MEPEXTiHb
0 JIOBFOTPUBAIIMM CHOCTEPEKCHHSAM MOTY)XHUX KOCMIYHHX
pamiomkepen  (3C144, 3C274, 3C405, 3C461) Ha
pamioreneckomni YPAH-4 Ha yactorax 20 1 25 MI'113 1998 mo
2007 pik. Innekc 4acTOTHOT 3aJIeXHOCTI OyB BUYMCIICHUH 13
iHJICKCIB MEPEXTiHb, OTPUMAHUX Ha IBOX YacToTax. J{yist Beix
paiomkepeN iHAEKC N HE € TMOCTIHUM, a 3aJeKHTh Bij
BEIIMYMHU 1HAEKCY MepexTiHb. [IpoaHamizoBaHi cepeaHi
3HAYEHHsS 1HJEKCIB YacTOTHOI 3aJIe)KHOCTI, a TaKOX

OTPUMAHHMX 13 HHMX CHEKTPIbHUX IHIEKCIB P Uit 4-X
pamiomkepei. CekTpaibHi iHIEeKCH P OyIM TaKo>X BUUUCIICH]
i3 IHIEKCIB @, OTPUMaHMX 13 CIIEKTpiB 10HOC(EPHHX
¢GuyKTyalii 1o 3ammcam  CIIOCTEpEeXEHb PaJlio/pKEperl.
[NopiBHSIHHS IIMX BEIUYHH MiXK COOOI0 MOKA3ajIo, 0 TUTBKU
st pamiomkepena 3C405  pesynpTar  criBmamae 3
nepen0adeHNM — TEOpi€ro, sSKa JIOMyCKae OJHOKpaTHE
pO3CitoBaHHS palioXBWIb B ioHOChepi. IloxiOHI pesynpraTn
OynH OTpHMaHi B paHiIie IPOBEICHNX JOCTIKEHHAX 1HIITNX
aBTOPIB 1 HOTPEOYIOTH IMOHAWMEHIIIE IPUIAMATH 0 YBard TaKi
(dakTopu BIUIMBY SIK TeoMeTpisi eQeKTy MepexTiHb i
Garatopa3oBe pOo3CilOBaHHS Pa/liOXBHIIb.

ioHOC(epHi
PaioXBUIIb,

pamioKepeno:
niana3oH

Karouosi cjaoBa:
MEpPEXTiHHS, JICKaMeTPOBUil
YaCcTOTHA 3aJIEKHICTD

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): m =
JA®) = (1)?/(1)?, where I — intensity of the received
radio signal, angle brackets are the time averaging. Time
spectrum of the intensity fluctuations has power shape with
exponent @ = 3 and caused by the power form of the spatial
spectrum of the ionosphere plasma irregularities @y, (k) o«
k~P (k —wave number) with index (Yeh, 1982):

p=a+1l 1)

Scintillations on the medium irregularities can originate
under the conditions of strong and weak wave scattering
(Franke, 1987). If m =~ 1, then scintillations are strong,
saturated and if m<« 1, (usually m <0,5) 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.

lonosphere 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): m o f~™. Thus scintillation effect is
more significant as wave length of radio signal is larger.
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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
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Frequency dependence cannot be determinate in the case of
saturated scintillations. Theoretical calculations associate
spectral index n with the spatial spectrum exponent p as
(Liu et al., 1986):

n=(p+2)/4 2
In such case for power form of the spatial spectrum n =
1,5. 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

lonosphere 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 a can be determined on the slant part of the time
power spectrum received from observation. Index n can be
derived on the index a from equation (1) and also index n
can be obtained from the scintillation index measured at
two frequencies (equation (2)) as (Yeh et al., 1982):

n(f1/f2) = —loglm,(f1)/m,(f2)1/10g (f1/f2) (3)

where f; =25 MHz, f, =20MHz, m; and m, -
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. la 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 n from scintillation
index m at frequency 25 MHz is shown on the Fig. 1b. Data
for plots was obtained by meaning of index n 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 n and also p 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 p; and p, obtained
from the radio source records have less discrepancy with
theoretical data however 3C274 also have the smaller
values of the spectral index.

Table 1. Mean values of the scintillation parameters

Source m  mp n pr p2 p
3C144 029 042 18 37 34 54
3C274 019 025 12 31 34 28
3C405 020 0.28 16 46 4.6 43
3C461 0.18 028 19 40 41 54

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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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)R; and at longitudes
Arrrs = (195-220)° (when Jupiter is deployed to the
observer CML = A\j;; = 130-160°). The onset of the
To-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 0.2R;. And N-bursts can most likely be
located in the northern hemisphere at A;;;s = 66°
at a height of 0.2R;. Using the spectral data on the
JRE from 30.10.08, the sizes (thickness and length)
of filament-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 filaments elongated to magnetic field 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 filament-like emissions less than 1
km thick (10-100 strands in a bundle) and up to 300
km in length flying at a speed of (0.05-0.1) ¢ away
from Jupiter . The observed A-wave velocities are
2-3 times slower than the A-wave velocity predicted
theoretically (about 0.001 ¢, in light velocity units).
Frequency (0.2-1 MHz) and temporal (up to 1 min)
diffraction modulation of "lanes" confirms 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 fluctuations with periods of
T = Teq = 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 influence of the Io — Jupiter flow
tube.

Keywords: Jupiter, DAM radio emission, MHD
waves, source sizes.

AHOTAIIIA. PozrisanyTo IIATAHHS po
po3Mipu 1 BJACTHUBOCTI JIKepes JIeKaMeTPOBOTO

pagiosunpominioBanns FOmitepa (IPIO). Heranbuo
ITPOAHAJII30BAHO €BOJIIOIHIO 1 BU3HAYEHO IlapaMeTpu
mxepen B lo-B-6ypi Binm 30 2xkoBTHa 2008 p., mo
CKJIQJIAEThCS 3 BEJIMKOINO YUCJa  S-CIUIECKIB, 1
nepemekaerbcd 3 L-crmeckamm 1 N-cmieckamm.
[Tokazano, mo S-crteckw B 1iit Oypi, mBuIIe 3a
BCe, BUHUKAIOTH B miBHIuHIA miBKym IOmitepa Ha
sucorax (0-0.2)R; i1 ma gosrorax Arrrs = (195-
220)° (komu IOnirep noeepHyTmit 0 crocrepiraua
CML = )5 = 130-160°). Tlouarok Io-B-6ypi
MOB’si3aHUl 3 JKEpejlaMi Ha BEJIUKUX BHCOTAX, 1
3 YacoM JIKepeja OIyCKaloThcs BHU3 10 FOmitepa
(mpuTOMYy, IO CHOCTEPEXKYBaHI YaCTOTH S-CILIECKIB 3
qacoM TiABHUILYIOTECsT). OBGroBOPIOETHCS MOXKIUBICTH
mosieu - 1 N-crureckiB Ha doni S-cmteckiB.  Tax,
L-cruteckn MOXKyTh OyTH TOB’si3aHI 3 mKepegaMu 3
nisgennoi miskyi FOnitepa, ma Bucoti (0-0.2)R;. Ilpu
1boMy, N-CIJIECKH, IIIBU/IIIE 38 BCE, MOXKYTh BUHUKATH
B IiBHIYHIH miBKyI Ha Arrrs = 66° i Ha BucoTi 0.2R;.
BukopucroBytoun crnekrpasibai gani mo JIPKO Big
30.10.08, BusnaueHo posmipu (TOBIIUHA 1 JOBXKHUHA)
HuTKO-1Ioi0Hux ikepes IPHO-myukiB  enekTponis,
i mapamerpu MIJI (ajbpBeHIBCbKUX) XBHJIb, TUX, IO
aktuByiorh ciiecku JIPIO. Ilokazano, mo jikepesa
L-BunpoMiHrOBaHHS, MIBUJIIE 33 BCE, BUIVISIAIOTH SK
TOHKI HUTKH, BHUTATHYTI y3J0BXK MATHITHOIO IIOJ,
TOBIUHOIO Oifbmre HixK 10 KM, i moBxkmHOIO 10 2000
KM. A mxepesia S-BUIPOMIHIOBAHHSI BUIVISIIAIOTH SIK
3B’SI3KM 3 HATKO-TIOIOHUX BUKHU/IIB TOBIIMHOIO MEHIIIE
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1 kM (o 10-100 HuTOK B 3B’5131i) 1 JoBKUHOIO 10 300
KM, mo Jjerarh 31 mBuakicTio (0.05-0.1)c B cropony
Bix FOmitepa. Cnocrepexkysani mBuakocTi A-XBUIIb
B 2-3 pasu NOBULIBHINI BijJ 3HAYEHHS NIBUJIKOCTI
A-xBuwii, nepenbadenol reopermuno (Gumsbko 0.001
C, B OJMHHUINX IIBUIKOCTe CBiTJIA). YacroTHa
(0.2-1 MTIm) i gacosa (mo 1 xB.) mudpaxiiiina
vomynsmiss  JIPFO " mopixxkamu" T ITBEPIKYE
posmipu  S-mxepena Menmne 200 kM. 3pobitero
BHUCHOBKH IIPO TEOPETHUYHI TEPEyMOBUA MOSIBU S-
citeckiB JIPHO 3i cmocrepe:kyBaHUMU IapaMeETPAMHU.
Ominky IHTEHCUBHOCTI BHUIPOMIHIOBAHHS —S-IXKEpeJl
BKa3y€ Ha JOJATKOBE IIOCUJIEHHSI BUIIPOMIHIOBAHHS
JpKepena 1mobsm3y o0JacTi reHepariii; Iie TOBOPUTH
PO  HEOJHOPINHY  CTPYKTYPY  CEPEJIOBHUINA B
akTUBHUX obsacTax maraitocdepu FOmitepa. Tomka
[IOTIepeYHa, CTPYKTYpa S-I2Kepesi MoxKe OyTH TOsICHeHa,
MexaHizMoM  UIyKTyamiifi IrasMu 3 IepiojaMu
T = Teq = 10 Mc, i 3 ocobiamBocTaME OyHUIIPOBKU
IUIA3MOBHUX 3CYCTKIB, IO MPUBOAATH [I0 BUTIKAHHS
€JIEKTPOHIB 1 JI0 BUKHJIB INIA3MOBUX JI2KI'yTiB.
CrocrepexkyBaHe ynoBijbHeHHs mBuiakocreit MIJI-
XBUJIb MOXKHA IOSICHATH BILUIMBOM IIOTOKOBOI TPYOKHU
To — FOmirep.

Kurrouosi FOmirep, mexkamerpoBe pajiio-
BunpomintoBanus, MI'JI xBuji, po3amipu axepet.

cJIoBa:

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 107 Jy) short S-bursts of millisecond
duration and the slight less brightly (up to 10° 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 2R;. At the same height (2R;), in the
kHz frequency range there is observed the relatively
bright (up to 105 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 fine 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 find out on the mechanisms
of DAM JRE generation, the form of the radiation
source, and the specific 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)°. 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 (®ro0), 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:

Arrrs = Arrr — ®ro +180% — A,

where AX ~ 20° 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 lo-Jupiter flux 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 (wpe << wpe):

W — SWpe — kH’UH = O7

where s =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 of s = 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 efficient pumping of electrons with a cone ve-
locity distribution ( 7. > T)) and beam elongated.
Then the energy of nonequilibrium weakly relativistic
(y =1 > 0.001) electrons is pumped maserly into fast
extraordinary wave and into plasma waves with a radi-
ation pattern RP = (60-90)° to the magnetic field line
in the source.
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The Cherenkov radiation (CR) mechanism may be
even more efficiently 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 significally reduces the efficiency of Cherenkov
source. The CR pattern is also directed almost per-
pendicular to the source magnetic line (RP ~ 80°);
and under different 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 lo are binding by a flux tube along a
magnetic field line. Io’s electromotive force accelerates
and ionizates the electrons along the Io — Jupiter flux
tube (IFT) and they elongated to magnetic field 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 effects in electric fields in the region of
the To-Jupiter flux tube (see Boev et al., 2001). It was
shown that the electric fields which induced by the Io
tube movement increase the value of runaway Dreiser
threshold. The maximum electric fields corresponding
to A and B sources in the northern hemisphere
are reached at longitudes A;rrs = (100-150)° and
(170-250)°.  Moreover, these electric field 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); Asyy is
Jupiter’s central meridian longitude (CML) at this UT-
time moment; A7y, is the longitude of source location
(when Io phase is ®;, = 93-98°); F is the frequency
(in MHz) where bursts observed. AT; is instantaneous

Table 1: Spectral data of storm at 30.10.2008 and
transverse sources size (AL;) by time data
UT, Arrr AIIls
hr:min

15:46 197 131
15:52 200 133
15:52(N) 667
16:00 205 140
16:26 216 154
16:26(L) 154

UT, F, Burst AF“ ATz AL“

hr:min MHz type MHz ms km

15:46 23 S,IoB 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?

16:00 275 S,1oB 0.3 5 0.03

22.5 S 0.4 6 0.035

19 S 0.6 7 0.04

16:26 31 S,IoB 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 AL; is transverse source size, cor-
responded to AT;.

The Table 2 continues the Table 1, and it show
the characteristics of the JRE sources obtained by fre-
quency spectral data. By;cr corresponds to the mag-
netic field of burst source by MCR model (when ob-
served frequency F' = 1.1 wye(Bupcor)/(27), consider-
ing the disperse wave condition). Bo g corresponds to
the magnetic field in Cherenkov source model (when
(27F)? = wie(Bor)? + wp, ). The burst drift (see
Drift in Table 2, in MHz/s) corresponds the source ve-
locity of ugs, which is slightly relativistic (near 0.lc,
c=3-10'" cm/s). The terms of hyy and hys are the
height of source location (by MCR model) for northern
and southern hemisphere, respectively; Ah; 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)R;
(by the frame of MCR model) and at longitudes Aryrs
= (195-220)°, when Jupiter is turned to the observer
at longitude CML = A;;; = (130-160)°.

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
Aas and Mgy 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 c4
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Table 2: The characteristics of JRE-sources in the Io B storm at 30.10.2008 and heights—length (hs, Ah;) of
these sources by frequency spectral data, acording to northern (hsy) 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 R;

Time, Freq., Bycr Bcr Drift, wug/c cale  hsn, hss, Aan  Aas Ahy,
hr:min MHz MHz/s R; R; 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 0.17 - 0.0002 0.1 0.35 1100 2100 50

=0.0005¢, which is in 2-3 times slower than the A-
wave velocity predicted by plasma parameters "the-
oretically" (0.001c¢). These Alfven waves have Ay ~
1000 km, and the A-waves may change the direction
by reflection on Jupiter by T4 ~ 10 min (the table
2 indicate the change of A-wave direction, but we do
not obtained T4 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 field 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 A\;;;s = 65° and
at heights of 0.2 R; (at this longitudes).

On using the spectral data, there were determined
the sizes (thickness and length) of the filamentous
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 filaments elongated along a magnetic field with
a thickness of AL; ~ 50 km and a length of higher
1000 km. The other way, S-radiation sources look like
as bunches of filamentary outbursts (plasma clots) with
a thickness of AL;=(10-100)m (of 10-100 threads per
bunch), and a length of Ah; =(100-300) km, flying
away from Jupiter with speed (0.05-0.1)c.

The fine structure of the DAM bursts in this storm
detects the diffraction modulation of the JRE within
the "lanes" by the frequency of (0.2-1 MHz) and by
time (up to Tyrep, = 1 min). On using the Arkhipov
model (2003, 2007), it is possible to estimate the size

of the sources by the diameter of the first Fresnel
zone (dy = +/8mcD/wyy), and by the repetition
periods (Tyep) of scattering inhomogeneities (d = 2
7DT,ep/T;), assuming that the scattering inhomo-
geneities are located of distance (D) in close Jupiter’s
magnetosphere bounded by the Io torus (7 is orbital
period of Jupiter). These estimates confirm 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.s: of the source of Jupiter’s DAM radiation
by S-source volume (V;; = AL;Ah?):

Iest - A/wEis/(waSjs): (’7/“”170)('7”’1602‘/]'5)(0'177/60)
Here v, =107 wy is radiation increment, v =1.004,
wpo = 27 20 MHz, n,o=10% cm~3 is electron density,
Ejs is source energy, S;s = 47 (4a.1.)2ARP, we find for
S-source: I, = 2-10° Jy. This intensity is some lower
then observed ones, 10° Jy (see Ryabov, Gerasimova,
1990), and this fact pointed us about the additional
amplification 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 fine transverse structure of the S-sources
may be explained by the mechanism of electron fluctua-
tions, with periods are considered with time scattering
of electron and atoms, 7 = 7.,= 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: 7 = 7, = 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 influence of the Io — Jupiter flow tube
and the reflection events on the propagation of MHD
waves.

We use mainly in spectrum interpretation the MCR
model. There are need to study additionally the fine
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 0" < R.A. < 24", The observa-
tions were performed at very low radio frequencies,
12.6, 14.7, 16.7 20 and 25 MHz. They were fulfilled
by scanning the sky due the Earth’s rotation with the
five-beam pattern antenna at 11 fixed declinations.
The observations for six five-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 fixed declinations
every 40 seconds in the observational process. For the
remaining strips, both the fast scanning mode and the
usual observation mode at one fixed 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 effect 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).

AHOTAIIIA. IIposeneno Gararo4aCcTOTHUM
pamio ormsaa vactunu IliBHiuHOT HebecHO! MiBKYJI
3 cxmnenb: +10° < Dec. < +29°, i npsamumx

migmecenn: 0" < R.A. < 24" 3 BukopucraHHIM
Vkpaincokoro T-moxpibuoro pamioreseckomy (Y TP-
2). e apyra wacruna origny ua YTP-2, unepma
JacTWHA CTOCyBajacsd obJiacTi  miBHIYHOrO — Heba
3 KoopamHatamm:  +29° < Dec. < +55°,
0" < R.A. < 21" Cnocrepexxenus 3niiicaeni Ha
JyKe HU3bKUX pajiodacrorax, 12.6, 14.7, 16.7, 20 i
25 MT'u. Ilpomyckua 3maTHiCTh HpHiiMadiB CTAHOBUTD
10 xI'p ma wacrorax Bim 12,6 mo 16,7 MI'tm i 40 xI'1x
Ha JBOX HaifBumwmx dacrorax. CrocrepexkeHHs Oysin
peayi3oBaHi NIIAXOM CKaHYBaHHA Heba 3a DPaxyHOK

obepranHs 3eMJii  II'SSTUIIPOMEHEBOIO  JiarpaMori0
cupamosadocri  (JIC) amrenn ma 11 dikcoBanux
CXUJICHHSIX. Koxen ronkononiouuit mpomins JIC

BiZicTOiTh OmwH Bim apyroro Ha 23’ B MepHiaHi.
KyToBuit posmip mpomeHss cTaHOBUTHL TPUOIN3HO1°
wHa 12.6 MI'm i 0.5° wma 25 MI'm B 3emiti. na
MeCTH CMYT, $IKi OXOIUIIOBaJM cxuiaeHHda Bix +10°
no +19°, cmocrepexkeHHsi BUKOHYBaJUCHd, B TakK
3BAHOMY, ,,DEXKUMI IIBUIKOIO CKAHYBAHHA . Y IIHOMY
PeXuMi B IIPOIIEC] CIIOCTEPEXKEHHS TTOJIOYKEHHS aHTEHU
TIEPEMUKAJIOCS B TIUKJI, KOKHI 40 CEeKYHJ MiK TPhOMa
BUOpAHUMHU CMyramMu 3 (IKCOBAHUMU CXUJICHHSIMU.
st pemrt ¢CMyr BUKOPHUCTOBYBAJINCH $K PEKUM
IIBUJIKOTO CKAHYBaHHS, TaK 1 3BUYANHUI pEXUM -
CIIOCTEPEKEHHST Ha OTHOMY (DiKCOBAHOMY CXUJICHHI.
KausnibpyBanus BuxiiHOT TOTY?KHOCTI BUKOHYBAJIH JIJIsT
KOXKHOT'O CIIOCTEPEXKEHHS 3a JOTIOMOTI'OI0 €TaJIOHHOTO
reneparopa mrymy. /Jlani Oysnm orpumani 3a mepion 3
1997 mo 2013 pik. 3arajbHa KiIBKICTH CIIOCTEPEKEHD
cranopmiia 1oHax 700 Houeil. Craructuka s
KOXKHOI TOYKH OIVIIy KojmBajacs Big 5 go 40
peaJtizariiii. PesynbraTom 1mx crocTepekeHb €
MpeJCTaBeHl TYT KapTH TeMIEepaTyp sICKpPaBOCTi
PaTIOBUIIPOMIHIOBAHHST HA KOXKHINM 3 BHUINE3TaIaHUX
YacTOT JIEKAMETPOBOTO JIialla30HY. Onmnaxk  curig
3a3HAYATH, IO IIe <«CHUPi» KapTu, 0e3 peryKIil
HYJILOBOI'O DiBHSI i KOpUT'YyBaHHS €(PEKTy CMyIracTOCTi.
Jani kapTu BMINIYIOTh BUIPOMIHIOBAHHA $K BiJ
TOYKOBHUX, TaK 1 MPOTSIKHUX DPaJIO/IZKepesT,a TaKOXK
dony Tamaxktukm i MerarajakTukm. Hait6inbmn
IHTeHCUBHE Pa IlOBUIIPOMIHIOBAHHS CIIOCTEPITaeThCs
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Bin Tanmaktmuanoro mucky 1 IliBuiunoi Ilossiprol
Imopu.
Key words: Key words.Radio continuum: ISM,

surveys, Galaxy: Structure, decameter range.

1. Introduction

Surveys of the sky radio emission at different
frequencies have been carried out for more than 70
years, the first 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
ascensions 0" < R.A. < 24", 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 455° and right ascensions 0" < R.A. < 20"
(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
1880x54 m?, is located along the meridian and the
other, with dimensions 900x54 m?, along the parallel.
The effective area is approximately equal to 150 000
m? at 25 MHz at the zenith. The directional pattern
represents a fan of five pencil beams at each frequency.
The beams separation (ADec.) is about 23’ at the
zenith. The first 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 five-beam directional pattern, scanning the sky due
the Earth’s rotation, at 11 fixed declinations in the
ranges from +10° to +29°. Each sky strips, covered
with five beams, was observed at four different hour
angles (41" +£2"). Since the sidelobes differ at dif-
ferent hour angles, this helps us to reduce the confu-
sion errors. For six five-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 fixed 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 fixed 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 55x67
14.7 10 4753
16.7 10 41x46
20.0 40  34x39
25.0 40 27x31

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 amplifiers placed in the field 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 influence of narrow-band inter-
ference were excluded, and if the calibrations before
and after the observation session differed 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 0" < R.A. < 24",
The map is divided into pats at a six hours at R.A..
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the filtration of the temperature values by dispersions.

3) Separation of the background component from to-
tal the radio emission using an FIR filter and its sub-
sequent analisis.

4) Correlation analysis of the brightness temperature
data arrays obtained for different hour angles and series
of observations for every declination.

5) Comparison of the data for adjacent strips and
obtaining the final 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 0" < R.A. < 24". 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° x 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 effect 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 field 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 effective areas
of radio telescopes to perform the various research
programs for very low frequencies in the north celestial
hemisphere.
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ABSTRACT. We present the results of the multi-
wavelength study of the two-ribbon solar flare on July
19, 2000 in the active region NOAA 9087. The evo-
lution and morphological properties of the flare pro-
ductive active region have been analyzed. The active
region was growing rapidly and showed a complex mul-
tipolar magnetic field configuration. It was large, pro-
ducing many events, including the flare under consid-
eration. The 3N/M6.4 two-ribbon flare was a promi-
nent, long duration event in the active region evolution.
According to Solar Geophysical Data (SGD) the flare
lasted 2.5 hours. The flare 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 the H,, filter-
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 flare. The HXR and the
type III radio bursts were observed at the flare onset.
The first H, flare kernels and the surge, connected
with the filament eruption, were initiated near a large
positive-polarity sunspot. The main bright kernels of
the flare occurred at the centre of the active region
near magnetic neutral line, after that the flare 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 flare.

AHOTAIIIA. B pobori mpeicTaBieHO pe3yIbTaTh

0araTOXBUJILOBOTO  JIOCTIIKEHHST  JBOCTPIYKOBOIO
couguHoro cmajaxy 19 gmmaa 2000 poky B
aktuBHil objgacti NOAA 9087.  IlpoanamizoBano

€BOJIIOTHIO0 Ta MOPQOJIOTIYUHI BJIACTHBOCTI CIAJIAXOBO

akTUBHOI o0OJiacTi. AxTuBHa 001aCTH IIBUJIKO
3pocTajia i JIEeMOHCTPYBaJja CKJAJIHY OaraTOmoJIsipHY
Kouddirypariio maraitaoro moss. Bona Gysa Besmkoro,
crpuIuHsIa 6araTo Mo/, BKIIOYHO 31 CHaJIaxoM, o
BuB4aerbed. JlBocrpiukosmii cnasax 3N/M6.4 Gys
BU3HAYHOIO, TPUBAJIOI IIOJIIEI0 B €BOJIFOI aKTUBHOL
obaacri. 3a gannmu Solar Geophysical Data (SGD),
cnayiax TpuBaB 2,5 romman. Bukwm emeprii crajgaxy
BitOyBaBCsT y 6araThbox MICIsIX aKTUBHOI 00J1aCTi.

Ja mocitijizKeHHsI BUKOPUCTAHO IIO€THAHHS JAHUX
KOCMIYHUX Ta HazeMHHX obcepmaropiit. Jami st
skopcrkoro (HXR) ta M’sikoro (SXR) peHTreHiBChKOTo
BUIPOMIHIOBAHHS OyJii OTPUMAaHI Ha TEJECKOIax
Yohkoh (HXT Ta SXT) Ta Geostationary Operational
Environmental Satellite (GOES). Marnitorpamu Tta
EUV-306pazkennss Oynu orpumani Solar and Helio-
spheric Observatory (SOHO) Michelson Doppler Im-
ager (MDI) ta Extreme Ultraviolet Telescope (EIT).
Bynu Bukopucrani H,-diasrporpamu 3 Meudon spec-
troheliograph Ta 300paxkenns B 6Gimomy cBiTii 3 Big
Bear Solar Observatory (BBSO).

Yei  pmami  moKazyioTh, IO MiJ  Yac  CraJiaxy
BiOyBajmcst TOCTiliHI 3MiHM B PpI3HUX Jllala30Hax:
SXR, EUV Ta H,. Ha mnouarky -conamaxy
cuocrepirasimes  citecku  HXR - ta  pagiocnieckm
III Tuny. Ilepmi H, -aapa cnaaxy Ta xpomMochepHuii
BUKWJ 3'SIBUJINCS Oijisi BEJUKOl COHSIYHOI IUISMU 3
MO3UTHUBHOIO TojsApHicTio.  OCHOBHI sICKpaBi sIapa
CHaJlaXy BUHUKJIA B IIEHTPI aKTUBHOI 00J1acTi mobu3y
MAar"iTHOI HEHTpaJbHOI JIiHil, MiCJsd 9Oro B3J0BXK HeET
3'IBUINCS CTPIUKHU CITajaxy. DByso BCTAHOBJIEHO, IO
koponasbHe mkepeso HXR posramoBame y370BK
JIiHIT iHBepCil MarHiTHOI MOJISTPHOCTI AKTUBHOI 00J1aCTi.
Crpykrypu EUV-nerenp BKa3yoOTh Ha CHOCTEPEXKHI
JOKa3W MArHITHOTO Tepe3’€THAHHS I 9ac TOJOBHOI
dazu cragaxy.

Keywords: active regions, solar flares, magnetic
reconnections, multi-wavelength observations.
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1. Introduction

Solar two-ribbon flares are extremely powerful erup-
tions caused by magnetic reconnections. The magnetic
energy is converted into radiation, heat, particle accel-
eration, fluxes and waves. The development of two-
ribbon flares 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 fila-
ment lying along the neutral magnetic line (eg, Ding
et al., 2003). Surges are observed often simultaneously
with two-ribbon flares. Kumar et al. (2010) reported
that the trigger of the M8.9/3B flare was the activation
of spiral-twisted structures. The emergence of a new
magnetic flux, 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 flares (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 flare on July 19, 2000 in the
flare-productive active region NOAA 9087. We used
multi-wavelength data and analyzed the sequence of
flare images on filtergrams 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,-filtergrams 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 field
configuration, which became more complicated as it
developed. Parasitic polarity regions were observed,
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Figure 1: Different wavelenght light curves (H,, inten-
sity, soft X-ray flux, radio solar flux) for flare on July
19, 2000.

which indicates the emergence of new magnetic
fluxes. The neutral magnetic line had a curved shape,
its length and shape changed in time. The region
produced many events, including the flares. Flare
activity peaked on July 19, when the magnetic field
configuration was [3-y-6. The most powerful 3N/M6.4
two-ribbon flare in the active region occurred on that
day. We analyzed the development of this flare in
present work.

4. Flare evolution

According to Solar Geophysical Data (SGD) the
3N/M6.4 two-ribbon flare 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 flare is a long duration event. SXR,
EUV and H, data show continuously evolving features
during the flare.

Hard X-ray and the type III radio bursts were ob-
served at the flare 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 flux of soft X-ray
radiation slowly decreased in the main phase of the
flare. 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 flare.

We used the observational data in the H, line ob-
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Figure 2: H,-images (Meudon) for different phases of flare July 19, 2000 evolution

Table 1: Times (UT) of burst peaks in different 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 flare in H,-
filtergrams. Figure 2 shows the evolution of the flare
in the H, line. At the beginning of the flare two bright
kernels appeared in the region of a large spot, several
plages and flare kernels brightened at first peaks of
HXR and radio emission at 06:49 UT. New flare kernels
appeared at the middle part of the active region. The
first flare kernels near the large spot disappeared, large
post-flare 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 flare maximum. Flare
kernels in the other part of the active region bright-
ened. Cold post-flare loops near large spot are visible
in 304 A. The maximum brightness of all kernels was
at the main H, peak of the flare 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 flare (Fig. 4). New flare
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 flare on
19 July 2000 in the flare-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 flare.

The active region was growing rapidly and showed
a complex multipolar magnetic field configuration. It
was large and produced many eruptive events. The
3N/M6.4 flare was a prominent, long duration event in
the active region evolution. The flare energy release
took place in many sites of the active region.

HXR and type III radio bursts were observed at the
flare onset. The first H, flare kernels and the surge
were initiated near a large positive-polarity sunspot.
The main bright kernels of the flare occurred at the
centre of the active region near magnetic neutral line,
after that the flare 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 flare main phase.
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APPROXIMATION OF THE INTEGRAL ENERGY SPECTRUM OF
PROTONS OF SCR IN THE RANGE OF > 1-850 MEV

E.A. Isaeva
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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.

AHOTALIA. dana poboTa € TpPOIOBXKEHHAM poOOTH
(Isaeva E., 2018) B sikiii Oy/uia mpeacTaBiicHa HOBA alPOK-
cUMaris iIHTeTPaJbHOTO CHEPTETHIHOTO CIIEKTPa MPOTOHIB
constyrnx Kocmivnux npomeniB (CKII) B miamasoni > 1-
100 MeB. Y naniit pobori Oysiu BpaxoBaHi 3ayBa)k€HHS Ta
noOa)kaHHsI KOJIET, SIKi IPaIoloTh B 1ii ranysi. [To-nepiue,
OyJI BpaxoBaHi 3ayBa)KeHHsI 110 10 GopMu (YHKIIOHATY
JUIsl amlMpoKciMalil eHepreTUYHOro CIeKTpa IPOTOHIB,
SIKHHA 32 (OPMOIO TOBHHEH BIiANOBiAaTH (yHKIIOHAIAM,
SKi MPOPOKYIOTH Teopil NPHCKOpeHHs 4YacTHHOK. Ilo-
IpyTe, paHille OTpPUMAaHWH (QyHKIiOHAN Tpeba Te-
PEBIPUTH U BUCOKOCHEPTIYHUX IPOTOHIB 3 CHEPTIEI0
>1000 MeB.

Hunst ananizy OyIid BUKOPHCTaHI OpHUTiHANBHI 3aluch
inTeHcuBHOCTI motoky nportoHiB CKII 3a panumu 3
GOES. MocnimxyBana BuOipka MicTHTh 349 COHSYHHX
npotounux moxii (CIIII) 3a mepiox 3 03-02-1986 mo 12-
02-2018 poku, 1O CYNPOBOKYBANWCS MPOTOHAMH 3

eHepriero B aiamazoni > 1-850 MeB. 3 349 CIIIT 53 cynpo-
BOJUKYBAJIMCS  BHCOKOCHEPTiHHMUMHU NPOTOHAMH 3
eHepriero > 850 MeB.

VY naniif poOOTI HaBOJATHCS PpE3YNbTaTH AaNpoKCH -
Mamii 1HTerpajJbHOrO EHEPreTHYHOIo CHEeKTpa MPOTOHIB
CKII 3 enepriero > 1-850 MeB 3a nomomoror (QyHKINO-
HaJly, 0 MICTHTh CTYIEHEBY 1 €eKCIIOHEHTHY (YHKIIII.

[NopiBHsanpHUI  aHANi3 MOKa3aB, MO JaHUK (QYHKITIO-
Hall Jae qyxe rapHe HabmmkeHHs it npotoHiB CKIT 3
eHepriero B jaiama3oni > 1-850 MeB.

Ku1i04oBi cj10Ba: MpoTOHHI TMOJii, EHEPTETHYHUN CIIEKTP
MIPOTOHIB, iIHTEHCUBHICTH IIPOTOHHOTO MOTOKY.

1. Introduction

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 Earth’s orbit are distinguished by a wide variety
of shapes and intensities. Only the spectrum of particles
with an energy of E, > 500 MeV approximately corre-
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 E, > 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 (Akinian 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.
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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.

For the analysis, we used the original records of the inten-
sity of the proton flux I, with the energy E; in the range Ep>1-
850 MeV from data from apparatuses of the GOES series
(https://satdat.ngdc.noaa.gov/sem/goes /data/new_ava/), 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 I, on the proton energy
Ep>1-850 MeV. To this end, original records of the intensity
of the proton flux I, with the energy E; in the range Ey>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 I, of a given energy was chosen during
the proton event. The value of the I, parameter was calcu-
lated from the preflare level. In the case of superposition of
proton events, the value of I, 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 Ey,> 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 E, > 1-850 MeV was per-
formed using functional (1), which contains power and ex-
ponential functions,

1/2

I, =104 -E,%-e(PEo+eBy) ()

p

where a, b, cand 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.

I, = 10¢ )

L, =E;° ®)

L, =e P )
1/2

L, =ep ®)
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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 I,. In figure 1 b) the gray horizontal line
indicates the initial values of the proton flux intensity lo (2),
as well as the numerical values of the decimal logarithm lo.
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 I, in the range E, > 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.
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Figure 2: Diagrams of scattering between observed
and calculated values of the proton flux intensity SCR.

4. Conclusion

A new approximation of the observed energy spectrum
of SCR protons in the range E, > 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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RELATIVE DISTANCE BETWEEN HARMONICS OF TYPE Il RADIO
BURSTS IN THE RANGE 25-180 MHZ

E.A. Isaeva
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ABSTRACT. In this work, the relative distance be-
tween the harmonics of type Il 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 Il 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 Il 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 Il 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
f; at the fundamental harmonic, at which the minimum
value of the relative distance between the harmonics of the
type Il burst is observed. It was shown that the lower the
frequency f; at the fundamental harmonic, the higher the
intensity of the proton flux.

Keywords: Solar proton events, proton flux intensity,
type 1l radio bursts, relative distance between harmonics.

AHOTALIIA. B po6oTi gocimKeHO BiTHOCHY BiJICTaHb
MDX TapMoHiKamMH pagmiocrureckiB |l tumy i 11 3B's30K 3
IHTEHCHMBHICTIO IOTOKY NPOTOHIB 3 eHeprieto > 30 MeB.

HocmimkyBana BuOipka MicTuth 112 coHAYHHX Tpo-
tounux noxiit (CIIII) 3a mepion 3 24-11-2000 mo 20-12-
2014 poxw, mo CymnpoBOMKYThCS panio crureckamu Il Tu-
ny B nianasoni 25-180 MI'w.

Hns amamizy OynM BHKOPHCTaHI OPHTIHAJBHI 3aIiCH
MUHAMIYHHUX CIEKTPiB B miama3zoni 25-180 MI'if 3 comsu-
Horo paxio cmekrporpada (CPC), a Takox opHUriHAJIBHI
3aliCH IHTEHCUBHOCTI MIOTOKY HPOTOHIB 3 eHeprieto > 1-
100 MeB 3a nanumu 3 GOES.

[NopiBHsIBHUI aHaNi3 TMMOKa3aB, MIO U IEepPeBaKHOI
OLIBIIOCTI COHSYHUX TPOTOHHUX TMOIIH BiTHOCHA BiJICTaHB
MDK rapMoHikamu crutecky Il Ty 3MiHIOETBCS 3 IUIMHOM
Yacy B MIMPOKUX Mexax. [IpumyoMy, Uit KokHOT monil xa-

PaKTEpHO TOCTYIIOBE 3MCHIICHHS BiJHOCHOI BIJCTaHI 10O
MiHIMQJILHOTO 3HAYEHHS 3 TOIaJIBIITUM 3POCTAHHSM.

VY naniit po6oTi Takoxk Oy’ mOCIiKEH 3B'I30K IHTEH-
CUBHOCTI TIOTOKY MPOTOHIB COHSIYHHUX KOCMIYHHX IIPO-
MeHiB (CKII) 3 BiTHOCHOIO BiJICTAHHIO MiXX FapMOHIKaMU
pamio cmueckiB Il Tmmy B maHWMA MOMEHT dHacy.
[NopiBHsUTEHUIT aHAITI3 [TOKA3aB, IO ICHYE JOCUTH CHIIbHUN
3B'S130K MiX IHTEHCHBHICTIO TIOTOKY IIPOTOHIB 3 €HEPTIi€I0
> 30 MeB i wacrororo f; Ha OCHOBHi#l rapMoOHiIli, Ha sSKiii
CIIOCTEPIraeThCsl  MiHIMaJIbHE  3HAYEHHS  BiHOCHOL
BiZIcTaHi M rapmoHikamu crurecky I tumy. IlToka3zano,
10 YMM HIKYe yactora fi Ha OCHOBHIM rapMoHiLi, THM
BHIIIE IHTCHCUBHICTh ITOTOKY MPOTOHIB.

KoaiouoBi ciioBa: COHsIUHI IPOTOHHI MO/Ii1, IHTEHCUBHICTD
MOTOKY IIPOTOHIB, panio cmiecku tuny I, BimHOCHa
BiJICTaHb M)XK TApMOHIKaMH.

1. Introduction

To date, many indications have been received that type
Il 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 Af/fi1 = (fi2 —fi 1)/
fi1, where f; 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 »/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 f;./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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on 31-05-2003 year. As can be seen, two bands can be f;l. = bz Jid/ @)
distinguished corresponding to the main and second har- fia

monics. In this work, we used a new regression model
(Isaeva and Tsap, 2017) to approximate the type Il burst
harmonics (1), where fi; is the frequency of the maximum
of type Il burst at a given harmonic at a given time t;, i -
reference number, j - harmonic number, a; and d; - linear
regression coefficients.

This model makes it possible to fairly accurately esti-
mate the frequency drift velocity for 95% of type Il 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 to
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corresponded to the beginning of a type Il burst at the first
harmonic at a frequency of 180 MHz.

In Figure 1a) an approximation of the harmonics of a
type Il burst is shown by thin white lines along the har-
monics. The vertical arrow indicates the distance between
harmonics in frequency Af = fi» — fi1 at a given time t;. For
112 type 1l bursts, the harmonic splitting width was stud-
ied, which was characterized by the relative distance b;
between harmonics (2), where fi1 and fi, are frequency
values at 1 and 2 harmonics at a given time t;.

In Figure 1 b) shows a typical example of a change in the
relative distance b; over time t; for a type Il 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 bimin
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 b; on the frequency fi1 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 bjmin
corresponds to a certain frequency fi1min at 1 harmonic.

Earlier in (Tsap Yu., Isaeva E., 2013), it was shown that
there is a fairly strong relationship between the relative
distance b; averaged over the entire time interval of a type
I burst and the proton flux intensity l,. Moreover, the
relationship between b; and 1, is much higher for protons
with energies > 30-100 MeV, where the correlation coef-
ficient r between the studied quantities is = 0.65-0.70.

In the present work, we also investigated the relation-
ship between the relative distance b; and the intensity of
the proton flux I, with an energy E, > 30 MeV.

A comparative analysis showed that there is a fairly
strong relationship between the proton flux intensity I, and
the minimum relative distance between the harmonics of
the type Il radio burst bimin (see Figure 2b), where the corre-
lation coefficient r between I, and bimin 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 I, and the frequency fiimin at
which the minimum splitting b min is observed.

A comparative analysis showed that the relationship
between I, and fi1min is much higher than between I, and
bi min, Where the correlation coefficient r between the stud-
ied quantities is =~ 0.63 and = 0.70, respectively (see Fig-
ure 2band 2 c).

It was shown that the lower the frequency fi1min at the
fundamental harmonic, the higher the proton flux intensity
Ip (see Figure 2 c), where the correlation coefficient r be-
tween the studied quantities is = 0.70.

3. Conclusion

As follows from the obtained results, the often observed
evolution of the splitting of bands of type Il 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 f, 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 | + V and V profiles of about ten Fel and Fell
lines, as well as the Ha, Hp, Hy, and H3 lines were studied
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
decrement of intensities of Ha and Hf lines which
corresponds to ratio I (HB) / | (Ha) = 1.68. In the Fel
5434.5 line with very low Lande factor (gerr = —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
intensity = 12 kG of S polarity were found too. These
indications are based on the study of the Stokes V profile
of Fell 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 intensity (B =~ 1 kG) was also
indicated by the comparison of the half-widths of the Fel
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
magnetic  fields, mixed-polarity = magnetic fields,
sunquakes.

AHOTALIS. Mu npencraBisieMo y CTUCIIOMY BHKJIaI1
HOBI pe3ynbTaTH, sKi 0a3ylOTeCI Ha  CHEKTPaJbHO-
MOJSIPU3alifHNX BHUMIPIOBAaHHSAX MArHITHUX HOJIB Yy
BUHATKOBO TOTY>)KHOMY HPOTOHHOMY COHSYHOMY CIajaxy
28 skoBrHs 2003 p. Gamy X17.2/4B. ChocrepexHuii
MaTepian OyB OTpHMaHM Ha EIIeNbHOMY CcHeKTporpadi
I'CT AO KHY, 3aBasiku YoMy € MOXJIMBICTh aHaJli3yBaTH
CTEeKTpabHI TPOsBH e(peKTy 3eeMaHa y Ayxke OaraTbox
JIHIAX BUIMMOI 00JacTi CHEKTpY, B TOMY 4YHCH Yy
¢dortocheprnx i xpomochepHUX IiHIAX. bymo BuBUEHO
npodimi | +V iV 6Gmuseko necsatu ninii Fel i Fell, a Takox
muin Ha, HB, Hy i H3 B oGmacti celicMiuHOro mkepena
criasaxy, sike JIOKJIi3yBaJloCh B 0OOJIACTi IIBTiHI COHSYHOL
IUBIMA S TIOMSIPHOCTL. Y IbOMY CHalaxy MM BHSBHIH
Oe3npelieIeHTHNIT OaIbMepIBCHKUI EKPEMEHT, TIPH SIKOMY
JUIA iHTeHcuBHOCTeH B miHiasx Ha i HP cmoctepiranocs
BimHomenns | (HP)/I(Ha) = 1.68. V minii Fel 5434.5 3
nyxe Hu3bkuM (aktopom Jlaune (Qer = —0.014) BusiBieHO
JNOCTOBIpHE pO3MICIUICHHS eMICIfHHX TIKiB, sSKe MOXKe
BKasyBaTh Ha MarHiTHi mons ~ 50 kl'c, mo mamu N
MOJSIPHICTh. Bynmu Tako BHSBIIEHI BKa3iBKH Ha MarHiTHI
oIS 3 HarmpysKeHicTio ~ 12 x['c, mo Mamu S MOJSIPHICTS.
Lli BKa3iBKH IpYHTYIOThCA Ha BUBYEHI CTOKCOBOTO MpOdist
V muii Fell 5234.6. V uifi ninii cnocrepiraiuck jBa
MTO3UTHBHUX 1 JTBa HETATUBHUX IIiKK Tpodis V, mo Bkazye
Ha JIBOXKOMIOHEHTHY CTPYKTYPY MarHiTHOTO MOJIst. 3TiHO
3 JJaHUMH MOZENIOBaHHS], MaloMaciiTabHa KOMIIOHEHTa 3
BKA3aHWUM BHIIEC HAJCWIHLHUM MAarHiTHUM IIOJIEM Mae
¢daxTop 3amoBHeHHs 0.1 1 3ByxeHi y 2 pasm mpodimi
CIEKTPAILHUX JIHIH. Ha TICHUH KOHTaKT
CyOTEIIeCKOTIIYHIX MATHITHHX OB pPi3HOI MAarHiTHOI
TIOJISIPHOCTI, aye MeHIIoi HanpyskeHocTi (B ~ 1 k['c) Bkazye
TaKOX TOpIBHSHHA miBImMpuH minid Fel 5247.1 1 5250.2 y
cTOKCOBOMYy mapameTpi /. B mijomy, Mmoxna 3po0OuTH
BHCHOBOK, III0 B O0JAaCTi CEHCMIYHOTO JDKepena crajaxy
BUKOHYBAJINCh  HEOOXINHI yMOBM JUIi  MarHiTHOro
TIEPECTIONYYCHHS CHJIOBUX JIHIH HaBiTh Ha (POTOCHEPHOMY
PiBHI, a HE B KOPOHI a00 xpoMocdepi, K I1e MPUITYCKAEThCS
y TEOPETHYHUX MOJIEIAX COHAYHUX CIAaxiB.

Kimiouosi cioBa: Conile, COHIYHA aKTHBHICTh, COHSIYHI
CHajaxd, MAarHITHI TIIOJISA, CIEKTpajbHi JiHil, eQeKT
3eemMaHa, HaACWIBHI MAarHITHI IOJIsA, MArHITHI TTOJIS
3MIIIaHOT TOJSIPHOCTI, COHIICTPSCIHHS.
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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
waves were observed in = 50% of solar flares, and some
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 ~ 10* 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 A, can be observed simultaneously. Also
simultaneously the spectra in orthogonal circular
polarizations, i.e. combinations of Stokes parameters | + V
and | — 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-
thermal electrons in the flash phase was from 2 x 10%? to 6
x 10% 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
the immediate vicinity (= 0.2 degrees) from the seismic
source, which was located in the region of the sunspot
penumbra of S polar polarity and had coordinates L =
291.00 and ¢ = —16.64 (Kosovichev (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
Ha and Hp lines, namely | (HB) / | (Ha) = 1.68 (Lozitsky
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 HP line exceeded the level of the nearest
spectral continuum by about 3.2 times. Strong flare
emissions were observed also in D3, D1, D2, Mgl 5183.6,
5172.7 and 5167.3 A lines.

Such well known lines as Fel 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
Fel 5233 and 5324.2 A had weak and splitted emission
peaks. Strong emission peaks were observed in Fel lines
of 15" 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 1 5269.5
and Fe I 5397.1, the Landé factors are positive and equal
to 1.208 and 1.426, respectively (Zemanek and Stefanov, 1976).

0.2
L L I B B
-300 -200 -100 0 100 200 300

AL (MA)

Figure 1: Observed |1+ V profiles of the three Fel lines of 15"
multiplet in solar flare of 2003 October 28 for time 11:14 UT
(post-peak phase). Position of Fel 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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Line 5434.5 has a very small and negative Landé factor,
namely -0.014 (Landi Degl’Innocenti, 1982). 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 “+” 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 ~50 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
Landé factors. However, the following methodological
problems arise here.

(1) Very large Zeeman splittings must correspond to
very high magnetic field strengths. For example, for a Fe |
5250.0 line with a Lande factor gerr = 3, the Zeeman
splitting should be 1.9 A if the magnetic field is close to
50 kG. But this line has the closest intense spectral blends
at distances of 0.4 A and beyond. It is clear that the
corresponding spectral features (i.e. Zeeman's o
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 15%
multiplet of Fel, to which line 5434.5 also belongs. In this
multiplet No. 15, the total number of spectral lines is 12,
but only Fel 54345 line is the Zeeman triplet. Its
cleavage pattern is very simple: only two single o
components with a relative intensity of 0.5, if we consider
the magnetic field to be purely longitudinal (i.e., when the
central m component is absent). All other lines split
anomalously, that is, the intensities of each Zeeman's o
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
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Figure 2: Stokes V profile of Fe |1 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 | 5371.493 in the studied
flare (Fig. 2).

This line has empirically determined and relatively
large Lande factor (ger= 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 equal 0.214, 0.143, 0.086, 0.043 i
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 | £
V and V of Fe | 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 -800 mA and + 750 mA, but we
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 Fel
5434.5 line (Fig. 1). Possible reasons for the absence of
characteristic spectral manifestations in Fe | 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
Fell 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 ~50 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 Fel 5233 line.

5. Semi-empirical model

For building of a semi-empirical model of photospheric
layers of the flare, we used observations of ‘non-split’
Fe15123.7, 54345 and 5576.1 A lines and 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 Fell 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 < logts < -2.5
(Fig. 4) where 15 is the optical thickness in the continuum
at a wavelength of A = 5000 A. 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 Fel 5434.5 line (see Fig. 1 above).

For logts > —2.5, magnetic field is close to zero, which
reflects the fact that there is no observed splitting in lines
Fel 5123.7 and Fel 5576.1, which are formed, in
general, lower than the line Fel 5434.5. As for the
temperature in the flare, Trare, it is increased essentially
(by about 500-1500 K) for all values of logts< —0.5,
although the maximum difference between Triare 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 ts 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). Triare 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 | 5434.5 line
with very low and empirically determined Lande factor
(getr = —0.014) has reliable splitting of emissive peaks in |
+ V profiles which can reflect existence of superstrong
magnetic field (~10* G) of opposite (N) polarity.
However, we found no evidence of such very strong fields
in another line of the same multiplet of iron, Fel 5371.5,
which has gerr = 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™. 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
Solov’ev (2013).
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ABSTRACT. The results of the specific features
study of solar plasma dynamics in different layers of
the active region (AR) of NOAA 11024 under the in-
fluence 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: Fel
A A 630.15, 630.25, and 630.35 nm and Til A 630.38
nm. EBs evolved in the region magnetic flux 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 different 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 the H,,
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 upflows 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 flows induced by mag-
netic reconnections were superimposed onto the large-
scale upward motion of the new magnetic flux 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 affect both the
photosphere and the lower chromosphere.

Keywords: Ellerman bombs, chromosphere, photo-
sphere, line-of-sight velocities.

AHOTAIIA. TIlIpejacraBiieHo pe3yabTaTw JIOCIi-
JI2KEHHsI 0COOJIMBOCTEN JUHAMIKM COHSIYHOI ILJIa3MHU B
pizaux mrapax aktuBHOI ob6jacti NOAA 11024 misx
BILMBOM J1BoX 60M06 Esrepmana (BE-1 ta BE-2), axki
BUHUKJIN 1 po3BuBasmcs. CHekTpajibHi JaHi 3 BUCOKOIO
IIPOCTOPOBOIO  Ta YaCOBOIO PO3JILIHLHOIO 3JIATHICTIO
OyJI0 OTPUMAHO 3a JIONOMOro (PPaHKO-iTaJIiCHKOTO
coustaynoro rejieckorra THEMIS. Mu Bukopucraan
creKTpH, sKi Oys0 orpumano B JjiHil H, Ta B JiHisX,
110 (POPMYIOTHCS B IITUPOKOMY Jiarna3oHi (porocdepHmx
Bucor: Fel A 630.15, 630.25 i 630.35 um Ta Til A
630.38 um. Bombu Enepmana po3BuBasincs B 001acTi
MarHiTHOrO ITOTOKY, IO BUXO/IWB B TOI Yyac. BusHadeHo
Ta TMPOAHAJTI30BAHO 3MiHM MIBUJIKOCTI Ta HAIPIMKY
pyxy xpomocdepnoi Ta ¢oTrochepHOl PEIOBUHHU B
obstacti 6om6 Enmepmana Ta ix HAMOIMKINX OKOJTHUITH
Ha pi3HUX cTaIigax po3BuTtky BE.

Yacosi 3minn upomenesoi mBuakocti  (Vlos)
xpoMmocdepHOl peYoBHMHU Ha, piBHI  (POpMyBaHHS
anpa gimil H, wMamm aBa mepiogn 30iIbITIeHHS
MIBUJIKOCTI, $Ki CKJIAJAJUCSd 3 JeKLIBKOX OKPEMUX
nikis. Makcumasbaa Vlos cranoBmwiia —9 ta 8 km/c
Yy HaIpsMKy cIocTepirada Ta Bij HbOTO, BiJIIIOBIITHO.
B pmesxi mMoMeHTH cHOCTEpEKEHb ICHYBAJIM ITOTOKHU
IJ1a3Mu Bropy Ta Bam3, ne Vlos carama —80 ra 50 kwm/c,
BIIIIOBIIHO.

Byno Bcramosmeno, 1mo Ha Bcix piBHaX doTochepn
B AaKTUBHOI 0OJIacTi BiOyBaBCsS MEPEBaXKHO IiIHOM

pedoBUHU. Y TOH Ke [ac CIOCTEPIraJiocs TOMITHE
3Mmenmendst Vlos B wmicngx posramyBanns BE.
NmosipHo,  api6momacmirabmi  Hu3Xigmi — OTOKH,
BUKJIUKAHI MarHiTHUMHA repes3’eIHAHHAM,
HAKJIQJIAJAUCA Ha  BEJUKOMACIITAOHWI  BUCXIJIHUIA
PyX ILUIa3MU HOBOT'O MArHiTHOTO MOTOKY. IIpomenera

MIBAJIKICTL B IleHTpaJbHil dactuai BE-1 Ta BE-2
amiHoBasacs Big —1 go 0 km/c i Big —1 mo 0.2 xm/c
y BepxaboMy Imapi ¢orocdhepu Ta Bim —1.6 mo —0.2
kM/c 1 Big —1,1 mo 0.25 KM/c y HUXKHBOMY IIapi
dortochepn, Bimmosimuo. ocsimxkeni ocobsmBOCTI
9aCOBHUX 3MiH IIPOMEHEBUX IMBUIKOCTEH XpOMOChepHOT
Ta, orocdepHol pedoBmHEM Iy Yac (HOPMYBaHHS
Ta po3BuTKy OOMO Esutepmana cBimiaTh, IO BOHHU
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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 flux and without active
structures.

BIUIMBAIOTh #K Ha dorocdepy, Tak 1 HA HIKHIO

xpomocdepy.
Kuaro4dosi cioBa: 6oMm6u Ejutepmana, xpomocdepa,
dorocdepa, MPOMEHEBI IITBUIKOCTI.

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 fields, and
specific plasma motions (Nelson et al. 2013). Ellerman
bombs can affect 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 fluxes,
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-field energy in the process of EBs de-
velopment is spent largely on acceleration of plasma
flows. Jets of matter originating at t he reconnection
site form, differently directed motion is observed. The
study of matter motion specific features at different
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

EB-1 14r EB-2

0.3
9:30

9:40 9:50 9:40 9:50

t, UT

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 Fel A\ 630.15, 630.25 nm and two weak lines Fel
A 630.35 nm and Til A 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 the H,-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 flares by appearance: in the
flares, 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 the H,,
line at distance 0.1 nm from its center (a), in the center of photospheric line Fel-1 (b) and line-of-sight velocity

determined from the shifts of the Fel-1 line core (c).

flux (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 profiles 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 profiles of researched
lines determined at different 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 first 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
different 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 the H, 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 upflows 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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Vlos, km/s

Figure 4: Line-of-sight velocity variations along the
spectrograph slit at different moments of observation
(Curves 1-5).

small-scale downward flows induced by magnetic re-
connections were superimposed onto the large-scale up-
ward motion of plasma of the new magnetic flux. The
shape of photospheric lines profiles reinforces this con-
clusion. The profiles of strong lines that formed in the
upper photosphere had a red asymmetry. The profiles
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 flux 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

Vlos, km/s

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 flows 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.

AHOTAIIS. Y poboti po3risiiaroThCs JaHi 3 JOCHTI-
JOKEHHS BIUIMBY MICSIYHOT NPWJIMBHOT XBWJII y BEPXHIH aT-
Mocdepi 3emili Ha CIIOCTEPEIKYBAHUN MOTIK PagioKeper.
MOHITOPHHT TOTOKIB BUIIPOMiHIOBaHHS MOTYKHHX Tajlak-
THYHUX Ta IMO3aTAJIAKTUYHHX PadioKepern MPOBOAUTHCS
Ha pagioreneckomri "YPAH-4" Oxecskoi o6cepBaTopii Pa-
nioactpoHomiunoro iHcTuTyTy HAH Vipainu 3 1987 poky
1 o TemepimHii gyac. B mporpaMy MOHITOpHHTY BKITIOUCHI
pamioranaktuku 3C274, 3C405 1 3anumikyd HaJHOBHX
3C144, 3C461. CrnocrepexxeHHs paaioKepes MpOBOIU-
JIMCSl OKPEMHUMH CEaHCaMH B PI3HUX 4aCOBUX KyTax, B Ile-
peninax 2 TOAMHU 0 1 MICAsA Yacy KyJbMiHAMIl JKEpeEL.
CrocTepeKeHHsT TPOBOAMIN B aHAJIOTOBOMY PEXKHMi pe-
ectpariii, 3 1997 poky B mudposomy. Y poboTi po3risiaa-
I0TBCS BUMAAKHU NIPOSIBY MPUIIMBHOI XBHJII, 33 JaHUMH MO-
HITOPHHTY palioKepell y HUPPOBOMY peXKHMI peecTpariii,
3a mepiox 1998-2004 pp. 3MiHHU MOTOKIB BUIPOMiHIOBaHHS
paniomkepen, Ha JAEKAMETPOBHX XBHJISAX, BU3HAYAIOTHCS
CTaHOM ioHOCc(epH i BIUTHBOM 3MiH KOCMIYHOI ITOTOIH
Ta NPUIMBHHUX sBHLIL. [IpH crocTepekeHHI paaioKeper
4yepe3 NPUIMBHY XBHJIIO B 10HOC(epi peanizyeTbes eekT

"[1a3MoBOl JIH3U", KOJIM B 3aJIGKHOCTI Bifl CTaHy palio-
JpKepelna 100 NPWJIMBHOI XBWIII BiZIOyBa€ThCS CIIOTBO-
peHHs GPOHTY XBWIII BUIIPOMiHIOBaHHS. B pesynbraTi pea-
J3YyI0ThCA pi3HI epeKTH Bif CHIBHOTO (POKYCYBaHHS 110 iH-
TEHCHBHHX MEpEXTiHb abo "po3MuBaHHA" 3ammcy pasio-
JoKepena. 3a JaHUMH MOHITOPWHTY BHIIPOMIHIOBaHHS TO-
TYXHUX pagiomxkepen: Kacciones A, JleGigp A, tinenp A,
JiBa A BHW3HaYeHI po3MipH i CTPYKTypa 30HHA MPHWIMBHOI
XBHJI Y BepXHill aTMocdepi, o BHpoOIsie epekT "mia3mo-
BOrO JIiH3yBaHHA". 3araibHi po3Mipy Li€l 30HH, 3a CIIOCTe-
pexeHHsIMH Ha yactoTax 20 i 25 Mri, cTaHOBHUTB MOPSIIKY
30-60 xyToBUX rpaxyciB 3a NPSIMHUM IiIHECEHHSIM Ta CXH-
JSTHHAM. Y 3B'I3KY 3 BEJIMKMM OOCSITOM JIaHMX CIOCTepe-
KeHb 30JIMDKeHHS pazgiokepen 3 micsauem Ha PT "VPAH-
4" MO>KJIMBE TIOAIbIIIE JIeTalbHE BUBUEHHS IPOSIBIB e(ek-
TiB «IUIa3MOBOI JIIH3W» B 10HOCQEPi B 3aJI€KHOCTI BiJl Be-
JUYUHA TPWINBHOTO 0OypeHHA. BaxxiamBuMm daxTopom €
0O0JTiK MOJIOKEHHS PaiopKepes 00 MAKCHMYMY TIPHITH-
BHOI XBWIi, [0 OyZe 3MiHCHEHO B HACTYITHUX poOOTaXx.

Keywords: atmospheric lunar tides, upper atmosphere, ra-
dio sources.

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-
4y 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 "YPAH-
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.

30405 25.8.1998 th=20:24 tc=22:44 first scan -—120 zoon

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.
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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)
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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)
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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.

AHOTAIIIS.  Crarts  npucBsYeHa  IMEpireHo-
Ci3iriiHMK TmpuiauBaM B atMocdepi 3emii, sKi SCKpaBo
NPOSIBUJIMCS. B HE3BHYAMHOMY PO3BUTKY IOTOJHHX
mporieciB Ha €Bpomeiichkiii Teputopii Pocii (€TP) B
ocranHi Tpu poku. Y 2017 poui My Brepiie MoMiTHIIH, 10

3rNIJKeHl  aHomaiii Temmeparypu mositps Ha €TP
MOBTOPIOBAJIM  XiA  mepiredHoi  Bixcrani  Micsus.
[TokazaHo, 1m0  JOJaBaHHSA  4YacTOT  MICSYHHUX

AHOMAIICTUYHUX 1 CHHOJUYHUX IIBMICSIIB MOPOIKYIOTh
OuTTs NpUIIMBHOI cuiu 3 mepiomom 206 ni6. lLlew
MPWINBHAN NHKJ BIUIMBA€ HAa PO3BUTOK CHHONTHIHHUX
MpoIeciB, Ha  KOJHMBAHHA  aTMOC(PEpPHOTO  THCKY,
Temneparypu i morogum Ha €TP. 206-mo0oBuit mHKI
MOPYIIYyE TIPABIIBHUHA CE30HHUH XiJ MOTOIH, MPUBOITIN
IO 3HAYHUX aHOMANid METEOPOJOTIYHUX XapaKTEPHCTHK.
BceraHoBieHO CHiBOAmiHHS BUMAAKIB 3 PEKOPIAHOIO
MaKCHMaJIbHOIO ~ TEMIIEpaTypord 3  MakCUMyMOM
nepireiHol BincTani Micsis, a BHIAAKIB MiHIMAIbHOT
TEeMIIepaTypu — 3 HOro MiHiMymMoM. 3HalJeHa OCHOBHA
3aKOHOMIPHICTh TepIredHO-CI3IriMHUX NPHUILIMBIB: OUTTA
aHOMaJii THUCKY JJIi MOJIOJOTO Ta MOBHOrO Micsis.
AHOMaii THCKYy B MOJIOJIOTO i TTOBHOrO MicsIs MOXKHA
ampOKCUMYBATH CHHYCOiNaMH, sIKi OTHHAIOTh OHUTTS, 3
nepiogamMu O6mu3pko 412 mi0 i mpoTwIeKHUME (azaMu.
Po3max xonmBaHbp B Imy4dHOCTSX nocsarae 40 MO, 1o
BEIMYMHY IIJIKOM MOXXHa TIOPIBHATH 3 pealbHUMHU
CHHONTHYHIMH KOJIMBAaHHSAMH aTMOC(EpPHOTO THCKY.
IMokazaHo, 1m0 Kopessuis nepireiHoi Bixcrani Micsus 3
aHOMaJIIsIMU TEMIIEPaTypH TOPYLIYETHCSI BHACIIIOK TOTO,

mo Micsup OyBae B mepurenii  yacrime, HiX
BiIOyBarOThCs 3MiHM 11 ofHoiiMeHHux ¢a3. 15
aHomaiictiunux MicsiB (413,31  nobu) TpuBaroTh

CTINBKU X, CKimbku 14 cuHOgWMUHMX MicsmiB (413,42
no6m). 3a 15 aHOMAaNiCTIYHHX MICAIIB CHOCTEPIraroThCs
JIBI 3MiHM Tepireinoi Bimcrani — Big 356 500 mo 370000
kM. OnHa 3MiHA 3OIMCHIOETHCS 3a 7 aHOMAIIICTIYHHX
micsamiB (192,8 1ib), a mpyra — 3a 8 micsauis (220,4 nib).
Taka dvacTOTHa MOMYIAIS 3MIiHM TepireiiHoi BigcTaHi
CWJIBHO  YCKJIAJHIOE  CHHXpOHI3alifo  aTMochepHux
MIPOIIECIB 3 MICIYHO-COHSIYHIUMHU PUITHBAMHU.

KuiouoBi cjioBa: MicSYHO-COHSYHI TPUIUIMBH, MICSIHI
LUKJIH, TIPOTHO3 TIOTOJIH, 3MiHHU KITIMATYy.

1. Introduction

It is widely believed that global scale periodic
oscillations of the Earth’s atmosphere are dominated 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
Acrctic 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
oscillations reaches 10° 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
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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).
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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
angle between the Moon and the Sun is 90°, the tides are
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_ i = 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 cyclicity of the Earth’s pericentric
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.
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Figure 3: Highest spring tide at full moons (o) and new
moons (@) in (a) Murmansk, (b) Puerto Williams (Chile),
(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 a phase difference of 180° (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 — 27.55=2); next
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 19662010 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.

30 =
" —&—Nevi Moon = - «Ful Moon
¢

10.05.2016 18.08.2016  26.11.2016  06.03.2017 14.06.2017  22.00.2017 31.12.2017 10.04.2018

Figure 4: Spring oscillations of atmospheric pressure at
the VDNKh (Moscow) weather station over 2016/2017.
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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. lkaunieks 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.lkaunieks. 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

AHOTAIIIA. 1957 — mepmra ynabopaTopHa OymiBIs,
BiZioma sik bumit niM, Oysna noOynoBana nooumsy bangona
Ha marop6i Pikcty, Ha Tepuropii MaiiOyTHROI OOcepBa-
topii. 01.01.1958 — AcTpoHOMIUHHMH CEKTOp BiJJOKpeM-
uBcs Bix [HCTUTYTY i3uKH 1 po3novaB HE3AIEKHY JTisUIb-
HicTh sik JIabopatopis actpodizuxu JlarBilicbkol akanemii
Hayk (JIAH). Y 1967 p. Pimennsam IIpesunii JlarBificekoi
PCP JIAH JlabopaTopiro acTpodi3uku Oyio mepeTBOpeHo
Ha Pamioactpodismuny obceppatopito mpu JIAH. Ilin
KepiBHUITBOM Ieprioro mpopekTtopa Suica Ikayniekca
PO3BHUBAETHCS IHCTPYMEHTANbHA 0a3a CIIOCTEPEKEHHS — B
1966 pomi I ONTUYHHUX CIIOCTEPEKEHb OyB BCTAHOBIIE-
Huii 1.2-merpoBuii Teneckon llminra. IIpoekr panioin-
Tepdepomerpa 3MiHHOI O6a3u micis cmepti S. Ikayniekca
He OyB peasizoBaHui. [yl MpOIOBXKEHHS aCTPOHOMIYHUX
CIIOCTEpEeXXeHb y paaioniana3oni, y 1972 p. Oyno Bcra-
HosieHo 10-merpoBwuii pagioteneckon PT-10.

HecrarionapHi mporecu Ta CIeKTpaibHi JTOCIIIHKCHHS
BYTJICIIEBUX 3ipOK, ITOB’A3aHi 3 BUBYCHHSM B O0JIACTi OTI-
TUYHOTO Jialna3oHy, MPOIOBXWIN PO3BUTOK 3a IIITAHOM
k. Ikayniekca. Ilicnsa crBopenns UL IactuTyTy actpo-
HoMii y 1997 pomi cdepa moCHimKeHh B ONTHIYHOMY
Jiarma3oHi TOTIOBHIOETHCS HATIPSIMKOM JOCHIPKEHb MAaJIIX
o0'extiB ConsgHO1 cucremu. OmHaK HAMpSIMOK paiio-
acTpoHOMIi 3ynuHuIIacs yepe3 Opak piHaHCYBaHHS.

HaykoBuii moreHuian obcepsaropii bangona 3HauHO
BimHOBIIOETHCsA. Crifl 3a3Havuty, mo 22 000 apxiBiB acT-
porutactud IlIminra, otpumani B 1967-2005 pokax, nporo
poky Oyayte mnoBHicTio oumdposani. Ilicns umdporoi
00poOku 300paxeHp OynyTh OTPUMAaHI KOOPJUHATH Ta
omuck mpubmmsHo st 330 000 000 ob'exris. baza mammx
Oyzme MICTHTH JIeTalli pyXy 3ipKd, 3MIiHH ONHCKY (SK IOB-
TOCTPOKOBOI, TaK i KOPOTKOCTPOKOBOI) Ta JeTali BiOMIX
1 HEBITOMUX aCTEPOiiB Ta KOMET.

Y 2008 poui B oOcepBaTopii po3mo4aTo MOHITOPHHT
acrepoinie y Cownsuniii cucremi. Jorenep y ConstuHiit
cucteMi OyJo BusiBiIeHO 77 HOBHX actepoiliB, 11 3 Hux
OTpUMaJIH Ha3BYy.

JociimKkeHHs ByTJIeleBUX 31poK J10CI YCIILIHO TpUBa-
10Th. B 1aHnii yac KiNbKiCTh BUSIBJICHUX BYTJICIIEBUX 31POK
nocsirna 400. CTBOpeHa METOOMIOTIS [T OIIHKH TEMIIe-
patyp Ta BificTaHi JI0 BYIJICHIEBHX 3ipOK. 3apa3 BEILyThCS
po0OTH 3 YIOCKOHAJICHHS ILOTO METOY.

OO6cepBaropisi POJOBKYE POOOTY HAJ MOIYISIPH3a-
miero actporoMmii. KinbKicTh BifgBimyBadiB 3a pik 3pocia 3
1000 y 90-x maibke mo gotupbox Trcsd y 2018 pori.

KuarouoBi cnoBa: bammonceka oOcepBaTopis — icTopid,
ByIJICIeBi 30pi — hoTorpadiuHmii apxiB — acTepoinu
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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 lkaunieks. The further develop-
ment of the area of radio interferometry, 30 m rotating
radio antennas were built in Ronu Island 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 lkauniek'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 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-
racy = 350 K. Investigations of C stars in LMC by
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 | Discovering| Diam
designa | year (km)
-tion
274084 | Baldone 2011 2008 15
284984 | lkaunieks 2012 2010 15
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.,
20164, 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.
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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-
cil's basic and applied research project “Complex Solar
System Small Body Research”.

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 humber 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
2018-2019,” 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

AHOTALIS. 566 no3umiiHux Ta (OTOMETPUIHUX CIIO-
crepexxerb 00’extiB NEO — 2006 VB14 = Y5705 = 345705
Ta 1986 DA — oTprMaHoO 3a JOTIOMOTOI0 TeJeckorna bammo-
Ha Iminra y 2018 ta 2019 pokax miis BUSBIICHHS MIEPiOTy
obepraHHS Ta IHMUX QI3UYHUX XapakTepucTuK. Jlis
BU3HA4YCHHS Tepiony oOepTaHHs actepoima 1986 DA=6178
Oymo 3actocoBaHo meperBopeHHs Dyp'e. OTpumany 3Ha-
yenHs 3.1240.02 rox. CroocTepexeHHs MiITBEePKYIOTh
paHime oTpuMmanuii nepiox obepranus P = 3.25 ron. s
2006 VB14.

Karouosi ciioBa: NEO — acrepoinu — nepionu obepranus

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 VVenus, 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 (6 >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.
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Figure 1: Light curve for NEO 2006 VB14.
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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. Value 3.12 +
0.02h was obtained.

This research is funded by the Latvian Council of Sci-
ence, project “Complex investigations of Solar System
small bodies”, project No. 1zp-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 Urumgi, 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.

AHOTAIIA. donoBine npucBsdeHa 03HaAHOMIICHHIO 3
po6OTOrO Ta MEPCHEKTHBAM MTOJJATBIION0 PO3BUTKY MEPEX
npoctux PH/IB, crBopenux B Ykpaini, Jlarsii i 8 Kurai
TUTST MOHITOPHHTY opOiTaIbHOTO TTOJIOKCHHS
reocTalioHapHUX CYNMyTHHUKIB. Jlo ckiagy ykpaiHCBKO-
JmaTBiCchKOl Mepexi, ska ¢yHkionye 3 2015 poxy,

BXOJSITh II’ATh CTaHINi, pO3TANIOBAHUX B MICTax
MuxonaiB, XapkiB, MykaueBe, Benrtcminc i Pisne.
Kuraiicbka Mepexa CKIQmaeTbCcs 13 3-X  CTaHIIH,

po3ramoBanux B Shanghai, Duyan i 8 Urumgqi i odimiiiHo
IIPOBOJUTH CIIOCTepexkeHHs 3 uepBHs 2019.

Mepexi MaroTh iCHTHYHE amapaTypHe i IporpamHe
3abe3nedeHHss. OCHOBHUM INPHHIMIIOM (DYyHKLIOHYBaHHS
Mepex, 3amo3mdeHnM 3 PHJIB, € xopemsmiiinuii anami3

LTUPOKOCMYTOBUX LIYMOMOAIOHUX CHUTHAJIIB
CYITyTHUKOBOTO TenebaueHH DVB-S, AK1
BUIIPOMIHIOIOTHCS CyNyTHUKaMHU i CHUHXPOHHO

MpUHMAIOThCA CTaHIisIMH Mepexi. [ cuHXpoHi3amil
CTaHIIi Mepexi BUKOPHCTOBYIOThCS ogHouactotHi GPS-
mpuiiMadi. B pesynprari  KOpemsmiiiHOTO  aHamizy
Bu3Havarotecst 3HaueHHss TDOA (Time Difference Of
Arrival)  cWrHamiB = CyIyTHHKOBOrO  TeleOaveHHS.
Bumipsai  3HagenHss TDOA BHUKOPUCTOBYIOTBCS ISt
BU3HAYCHHS  €JIEMEHTIB  OpOITH  KOHTPOJILOBAHHX
CYITyTHUKIB Ta CTBOPEHHS KaTalloTiB, ()pParMEHTH SKUX
HABOJIAITHCS B JIOMOBII. 3a3HAYMMO, TaKOXK, IO BaPTIiCTh
OJIHOTO KOMIUICKTY OOJIafHaHHs CTaHLIl HE IMEPEeBHILYE
$2000, a morouHi excrutyaraniini Butpatu — $50/100a.
[TepCrieKTHUBHICTD MOJANBINOTO PO3BHTKY MEPEXK Mpo-
crux PHJIB oOyMoBiicHa a) MOMIUBICTIO Oe3MepepBHOIO
HE3AJISKHOTO HEIHBAa3HMBHOIO BHCOKOTOYHOTO BH3HAYCHHS
HOJIOXKEHHSI JTOBUIBHUX aKTHBHHUX CYIyTHHKIB (OCOOJIHBO
BaXUJIMBO y BHIAAKy CO-location), 6) MOXIHBICTIO MOBHOT
aBTOMAaTH3aLil HALIIOBaHHS Ta (DYHKIIOHYBaHHS, B) MOXK-
JIMBICTIO BHKOPUCTAaHHS HAKONMMYECHHX IaHHX CIIOCTepe-
JKE€Hb JUIS BHUPIIICHHS HAyKOBHX TeO(i3MYHUX Ta acTpo-
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HOMIYHUX 33/1a4, T) TIOPiBHSHO HE3HAYHI KOIITH, HEOOXiTHI
JUTSI MOJIEPHI3allii 1 eKCIITyaTallii Mepex.

Keywords: geostationary satellite, TDOA, orbital ele-
ments, DVB-S.

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
I1S 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
cell 13°E 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
13°E. 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 Urumgi has begun tracking the
Apstar-6C satellite (134°E) in June 2019. Only one satel-
lite is located in the geostationary cell 134°E. 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 interval of 60 s for all pairs of stations is £8.6 ns
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-

3D Positions of Apstar-6C in ITRF2008
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Figure 1: The 3D position of Apstar-6C in ITRF2008 on
June 17, 20109.

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 (humerical 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 VVLBI 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 these groups” 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 11™-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 Dsy-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 4,500 years in the groups of Benesov and
Park Forest meteorites. In the groups of the Kosice and
Pribram meteorites, the mean orbits and those of their
potential parents remained similar as defined in terms of the
Dsn-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 groups’ members have
shown good similarity, are indicative of relatively recent
formation of meteorite-producing groups as a result of
fragmentation of their parent bodies.

AHOTANIA. VY crarti mnpencraBleHi pe3yibTaTH
aHaJizy eBoJoUil KOMeTomoaiOHuit opOiT cimelicTBa
IOmiTepa mIeCTH METCOPUTOYTBOPIOIOYUX TpPYI, IO
BKJIFOYAIOTh CIIOpaJUyHi OOJIiM 3 METEOpHOi 0a3u TaHuX

IAU MDC-2007 [1], copaguani meTeopu 3 SonatoCo
6a3u nanux [2], 3Buyaiini xonaputu tumy HS, L3.5, mo
CHoCTepiraimcs IHCTpYMEHTaIbHO, 1 HaBKOJO3eMHI
acTepoiayu - MOTEHIINHHI OaTHKIBCHKI TiJIa OCIIIKCHUX
TPYIL 1106 TePEBIPUTH 3B'S130K MIiXK
METCOPUTOYTBOPIOIOYAMHU TPyMaMU i IX MOTCHI[IHUMU

0aTPKIBCBKMMH  TiTaMH, MH BHKOHAJIM  YHCEIHHE
IHTerpyBaHHs opOiTaTLHOTO pyxy 4JICHIB
METEOPUTOYTBOPIOIOYUX TPy  NPOTATOM  KUIBKOX

TUCSIYOJITh. [HTErpyBaHHS MPOBOMWIOCS KUIBKICHO 3
BHKOPHCTAHHAM TporpamHoro 3abe3neueHss Halley [3].

I'paBitauiiiHi  0oOypeHHs BEJIMKUX IUIaHET, BIUIMB
pamiamiitHoro Ttucky 1 omip IloiaTiHra-Pobeprcona
BpaxOBYBIMCS B  DIBHAHHAX  pyxy. YwucenbHe

IHTErpyBaHHS pIBHSAHb PyXy BHKOHYBAJOCS METOIOM
EBepxapt 11-ro cremeHs, siki MOXYTh 3aCTOCOBYBATHCS
JUTS OCHIJDKEHHS PyXy KOPOTKONEPiOIUYIHUX KOMET, SIKi
3a3HatoTh  30mwkeHHs 3 Omitepom.  UmcenbHe
IHTETpyBaHHA OpOITANEHUX EJIEMEHTIB CepeaHbOI OpOiTH
Ipyny, MeTeopura 1 TOTEHUIHHOro OaThKIBCHKOTO
acrepoigza 3a 5000 pokiB TOKa3ye, O[O0 MeEpHUTENii,
eKCIIEHTPUCUTETU i apryMeHTH HIepUTeTito
€BOJIIOIIIOHYIOTh AaHAJIOTIYHAM YWHOM 3a IIeH rmepiox Jacy.
Dsh-kpurepiit  CaytBopra 1 Xokinca [4], sxuil €
KUJIbKICHOIO ~ Mipoto  mozaiOHocTi Mk opOitamuy,
3ammmaethsest Hkde 0.3 [5] mpotsrom 6mm3pko 5000 poxki
B rpynax mereopuriB Neuschwanstein i Mason Gully i
6mu3eko 3500-4500 pokiB — B rpymax MeteopuTiB Benesov
i Park Forest. ¥ rpynax mereopuriB KoSice i Pribram
cepemHss opbita rpym 1 oOpOIiTH iX MOTEHIIHHUX
0aTbKIBCHKHX TeJ 3aJHMIIAIOTHCS OMU3BKUMU 3riHO Ds-
KpHUTEPI0 Ha HEBEIUKOMY IMPOMIXKY dacy Omm3pko 2000-
3000 pokiB. OTpuMaHi pe3yabTaTh J03BOJISIOTH 3pOOUTH

BUCHOBKM NP0  3B'I30K  METCOPUTOYTBOPIOIOYHX
CIOpaJMUHUX OONiAIB 1 CHOpPaJgUYHUX METEopiB 3i
3BHYAHMMH XOHApUTamu tmmy HS5, L35 1 ix

HOTEHUIHHUMHU 0aThKiBCHKMMH TLIaMH — HABKOJIO3€MHUMU
acTepoizaMu B JOCIIDKeHUX rpynax. OTpuMaHi iHTepBaIn
4acy, IPOTATOM SIKHX €BOJIOLIOHYIOY] OpOITH YICHIB TPy
JEeMOHCTPYIOTh TapHUH 30ir, BKa3ylOThb Ha BIJHOCHO
HEJJABHE YTBOPECHHS METEOPUTOYTBOPIOIOYMX TIpyln B
pe3ynbpTati pparMeHTaii ix 0aThKiBCHKUX TEIl.

Keywords: evolution — orbit — group — fireball — meteorite
— ordinary chondrite — comet-like — Jupiter-family.
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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’s nucleus 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
orbit of this swarm approaches Earth’s orbit 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
of these fragments upon crossing Earth’s orbit fall to the
earth’s surface 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 (NEOSs). 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 < 35 km; pre-atmospheric velocity V., < 25 km sec’;
terminal velocity Ve < 10 km sec™® 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. = 30°, 60°,
140°, 220°, 270°, 300° and 350°.
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Figure 1: The number of sporadic meteor events versus the
solar longitude Lo.

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 Dsy criterion as a quantitative
measure of orbital similarity was the group-membership
condition to be met. The value of Dsy <= 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
Dsn 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 Dsy-criterion of Southworth and Hawkins. It makes
it possible to associate a plausible parent body with a group
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Figure 2: The number of meteorite-producing fireball and
meteorite events versus the solar longitude Lo.

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 11™-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 Benesov group, meteorite
(L3.5, H5 type) and near-Earth asteroid 2000 JF5

The Benesov fireballs and meteorite were observed over
a period of 1 Min (L. = 60°) 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 g, eccentricities e and arguments of perihelion ®
evolved in a similar manner throughout the whole specified
period. The Dsy-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 Dsy-criterion of similarity between the mean and Bene$ov meteorite orbits (A) and the mean
and NEA 2000 JF5 orbits (B) over 5,000 years.
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Figure 4: Evolution of the orbital elements (A — the eccentricity e; B — the argument of perihelion » and C — the perihelion
q) of the Benesov meteorite, NEA 2000 JF5 and NEA 2010 JH3 over 5,000 years.
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Figure 5: Evolution of the Dsy-criterion of similarity between the mean and Neuschwanstein meteorite orbits (A) and the
mean and NEA 2010 GE35 orbits (B) over 5,000 years.
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Figure 6: Evolution of the orbital elements (A — the eccentricity e; B — the argument of perihelion » and C — the perihelion
q) of the Neuschwanstein meteorite, NEA 2010 GE35 and NEA 2005 RW3 over 5,000 years.
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Figure 7: Evolution of the Dsn-criterion of similarity between the mean and Park Forest meteorite orbits (A) and the mean
and NEA 2013 EV108 orbits (B) over 5,000 years.
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Figure 8: Evolution of the orbital elements (A — the eccentricity e; B — the argument of perihelion @ and C — the perihelion
q) of the Park Forest meteorite, NEA 2013 EVV108 and NEA 2011 CY46 over 5,000 years.
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Figure 9: Evolution of the Dsn-criterion of similarity between the mean and KoS$ice meteorite orbits (A) and the mean and
NEA 2011 KG13 orbits (B) over 5,000 years.
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Figure 10: Evolution of the orbital elements (A —the eccentricity e; B — the argument of perihelion ® and C —the perihelion
q) of the Kosice meteorite and NEA 2011 KG13 over 5,000 years.
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