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THE SIMULATION OF THE ORBITAL EVOLUTION
OF A PASSIVE HIGH-ORBIT FRAGMENT WITH LARGE
SURFACE AREA

A.A Bazyey

Astronomical Observatory, Odessa National University,
Shevchenko Park, Odessa 65014, Ukraine

ABSTRACT. The numerical integration of the mo-
tion equations of a passive high-orbit fragment with
large surface area was performed accounting for the
main gravitational perturbations of the Earth, Moon
and Sun, as well as the solar radiation pressure.

Based on the numerical model of motion in the near-
Earth space that accounts for only the most powerful
perturbations, a new method for de-orbiting artificial
celestial bodies from high altitudes is suggested.

Key words: methods: numerical — celestial me-
chanics.

1. Introduction

Today there are tens of thousands of artificial ce-
lestial bodies in the near-Earth space. Most of them
belong to the space debris as such worn-out artificial
satellites or their fragments. Such celestial bodies can
remain in high orbits essentially indefinitely. Their mo-
tion is subjected to the perturbations by the Moon and
Sun, as well as by the asymmetry of the Earth’s grav-
itational field. The high-orbit objects are monitored
using optical telescopes.

This paper describes a new method for de-orbiting
of worn-out artificial satellites from the geostationary
orbits in the near-Earth space to lower altitudes.

2. Observations

We selected fragment 43096, which was detected
with the ESA Space Debris 1-m Telescope located
on the island of Tenerife, Spain, by Thomas Schild-
knecht’s team during their cooperation with the
ISON project (Volvach et al., 2006). The fragment’s
reference corresponds to the number in the Keldysh
Institute of Applied Mathematics of the Russian
Academy of Sciences database. This fragment is
interesting by its high area-to-mass ratio (HAMR).
When describing changes in its orbiting, it is necessary
to account for significant perturbations due to the

radiation pressure in addition to those by gravity.
Perturbations due to the solar radiation pressure tend
to be periodic. We processed observation data for the
indicated fragment, which had been obtained by the
ISON network during 2006-2012 within the framework
of the Pulkovo Cooperation of Optical Observers
(PulCOO) programme.

3. Results

A total of 226 series of observations conducted from
18 November 2006 to 16 June 2012 were processed.
Each series averaged to 20-30 measurements of the
topocentric right ascensions, declinations and UTC
time references. The Keplerian elements were deter-
mined for each series by Laplace’s method with the sub-
sequent refining by the 6-parameter iteration method.
The accuracy of the orbital elements was estimated
using the residual errors representing differences of
the observed positions of the fragment from the pre-
dicted ones. The computation procedure is specified
in Bazyey et al. (2005) and Escobal (1970). The least
errors in orbital element determination were obtained
for the following series of observations:

24 November 2006 01:09:56.87 (Tenerife)

p = (6.4666 + 0.0002) equatorial radius

e = (0.06681 + 0.00002)

w = (261.16 £ 0.02)°

IT = (321.588 + 0.002)°

i = (9.0212 + 0.0003)°

My = (242.48 £ 0.03)°.

The state vector was determined as of 24 November
2006 01:55:50.76 UTC:

r = —2.28181 equatorial radius

y = 6.21066 equatorial radius

z = 0.54755 equatorial radius

Vax = —0.0259860 equatorial radius per minute

Vy = —0.0111238 equatorial radius per minute

Vz = —0.00394734 equatorial radius per minute.

The indicated values were assumed to be the initial
conditions for the fragment’s orbit integration. The
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area-to-mass ratio was assumed equal to % = 2.56
sq.m/kg (Frith & Schildknecht, 2011). The accelera-
tion due to the direct solar radiation was estimated as

follows:
a:CE (r) r—rs
m \ 1o r

with C = Py(1 + A), Py = 0.0000045606 N/sq.m
the solar radiation pressure at the Earth’s orbit, A
— the electro-magnetic radiation reflection coefficient
(0 < A < 1), r¢ the average radius of the Earth’s or-
bit, r and rg — the fragment’s and the Sun’s positions
in the Earth-centered coordinate system.

As fragment 43096 is referred as a high-orbit artifi-
cial Earth’s satellites, the perturbations of its motion
due to the Moon and Sun are comparable to those by
the Earth’s flattening (Borodovitsyna & Avdyushev,
2007). We accounted for the perturbations by the sec-
ond zonal harmonic of the Earth’s gravitational field,
the Moon and Sun, as well as the solar radiation pres-
sure. The integration was performed by the Runge-
Kutta methods of the 10** order (Bazyey & Kara,
2005).

During the whole period the orbit’s semi-major axis
has not been subjected to the secular perturbations.
The eccentricity and argument of perigee are exposed
to the periodic perturbations with duration of some 370
days. The eccentricity varies from 0.017 to 0.071. The
apse line oscillates with an amplitude of about 80° and
slowly rotates with the angular velocity of 0.020° /day.
The longitude of the ascending node and inclination
of the orbit decrease at the rate of 0.0028°/day and
0.0016° /day, respectively, within the whole observation
interval.

Therefore, the 43096 fragment orbit periodically
changes the shape and position of the apse line, leaving
its size unaltered. Besides, the apse line, longitude of
the ascending node and inclination change monotoni-
cally. The numerical integration shows that the peri-
odic perturbations in the eccentricity and argument of
perigee are due to the solar radiation pressure: assum-
ing Py = 0, those perturbations disappear.

That fact can be used to purposely change orbits of
the geostationary objects and their de-orbiting to lower
altitudes as down as the Earth’s atmosphere.

Let us explain that by exemplifying simulation of the
43096 fragment motion. Using the eccentricity varia-
tion curve, it is easy to detect that the eccentricity was
increasing from 05 May 2007 to 13 November 2007,
from 08 May 2008 to 19 November 2008, from 15 May
2009 to 26 November 2009, from 22 May 2010 to 03
December 2010, and from 29 May 2011 to 04 Decem-
ber 2011. During those periods the perigee distance
decreases due to the radiation pressure with the semi-
major axis remaining altered. The eccentricity was de-
creasing from 13 November 2007 to 08 May 2008, from

Eccentricity
=3 >
'S =N
T T
1 1

S
%
T
1

I I I I I I
01.09.2006 01.09.2009 01.09.2012 01.09.2015 01.09.2018 01.09.2021 01.09.2024

Date

6.0 -

o
B
T
1

Earth radius
-
>
T
1

»
=3
T
1

1 1 1 1 1 1
01.09.2006 01.09.2009 01.09.2012 01.09.2015 01.09.2018 01.09.2021 01.09.2024
Date

Figure 1: The change in the orbital elements of the
celestial body (eccentricity and semi-major axis) sub-
jected to the alternating radiation pressure

19 November 2008 to 15 May 2009, from 26 Novem-
ber 2009 to 22 May 2010 and from 03 December 2010
to 29 May 2011. If the solar radiation pressure force
is stronger while the eccentricity increases comparing
to those time intervals when it decreases, then it is
possible to determine general secular increase of the
orbital eccentricity. The same effect can be reached,
for instance, by increasing the area-to mass ratio of
the fragment while the eccentricity increases. We con-
ducted the numerical experiment on the simulation of
the 43096 fragment orbit with the same initial condi-
tions as of 24 November 2006 01:55:50.76 UTC, but
with alternating radiation pressure. It was assumed
that Py = 0.0000045606 N/sq.m for the increasing ec-
centricity and Py = 0 for the decreasing eccentricity.
The result is shown in Figure 1. The eccentricity in-
creased from 0.02 as of 08 May 2007 to 0.30 as of 31
July 2012. And the semi-major axis remained unal-
tered at that. At the end of the integration interval
the perigee distance decreased down to 29000 km (the
Earth’s equatorial radius 4.54). Such a considerable
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change in the fragment’s orbit was successfully attained
just by changing the solar radiation pressure force two
times per year.

Colligating the result obtained, it should be noted
that such a method of changing the celestial body or-
bit in the near-Earth space can be applied to solve
problems of the near-space ecology. Provided the ca-
pabilities to control the changes in the area-to-mass
ratios of worn-out satellites, it is possible to solve the
problem of cleaning up the near-Earth space from the
space debris of artificial origin using the solar radiation
pressure exclusively.

Based on the numerical model of motion in the near-
Earth space that accounts for only the most powerful
perturbations, a new method for de-orbiting artificial
celestial bodies from high altitudes is suggested.

Conclusion

For the first time such a considerable amount of data
over long time intervals was gathered for the objects
with high area-to-mass ratios that enabled us to deter-
mine and estimate their observation and orbital char-
acteristics.

The method of the celestial body orbit changing in
the near-Earth space which is described in this pa-
per can be useful in solution of the near-space ecology
problem, particularly in the cleaning up the near-Earth
space from the artificial space debris using the solar ra-
diation pressure only.
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THE STUDY OF GALACTIC BEAT CEPHEIDS WITH
APPLICATION OF ITS RESULTS TO THOSE IN THE
MAGELLANIC CLOUDS

F. A. Chekhonadskikh, V. V. Kovtyukh, S. I. Belik

Astronomical observatory of Odessa National University,
Odessa, Ukraine, chehonadskih@qgmail.com

ABSTRACT. A thorough study of the correlation
between P; /P, ratio, fundamental period, and chemi-
cal composition (abundances of metals that compose
Z) was conducted to investigate the significance of
the iron-peak elements on the ratio. The results
suggested a more accurate P;/P; ratio that can
be useful as an alternative means of determining a
beat Cepheid’s metallicity. Metallicities for a large
sample of stars were analysed using the suggested
ratio. The metallicity distribution function for the
Magellanic Clouds projected on the celestial sphere
was constructed for the first time, and several stars
with anomalous metallicities were detected. The
average metallicities of the Magellanic Clouds were
also obtained independently: —0.30 dex for the Large
Magellanic Cloud (LMC) and —0.49 dex for the Small
Magellanic Cloud (SMC). The [Fe/H] values for two
newly-found bimodal Cepheids in the Galactic bulge
were estimated: —0.39 dex for OGLE-BLG-CEP-03
and —0.29 dex for OGLE-BLG-CEP-21.

Key words: stars:
abundance, metallicity

Classical Cepheids — stars:

1. Introduction

In recent years the beat Cepheids have often been
called double-mode Cepheids or bimodal Cepheids.
They imply the same objects in any case: such
Cepheids pulsate in two radial modes simultaneously.
There can be different combinations of two pulsa-
tion modes for a bimodal Cepheid, as implied by
their period ratios, such as first overtone and funda-
mental mode (P;/Pp), or second and first overtone
modes (P2/Py), or even third and first overtone modes
(P3/Py). Exotic Cepheids implied by the last type were
found only in other galaxies, such as the huge number
discovered in the OGLE project surveys (see Udalski et
al., 2008). There is a small sample of bimodal Cepheids
in our Galaxy, their total number does not exceed 25
and the majority of them are P; /P, pulsators.

It is well-known that the P;/P, period ratio for bi-
modal Cepheids strongly depends on the physical pa-
rameters of the stars, such as mass (M), luminosity (L),
mean effective temperature (Tog), and metallicity (Z).
The metallicity Z is an additive measure comprised of
all elements heavier than helium. But it is not yet
known which elements have greater significance with
regard to Py /Py ratio.

According to some theoretical studies we might
assume that such elements could be the iron-peak
elements, some researchers have suggested the impor-
tance of the P;/Py—[Fe/H] relation (see Sziladi et al.,
2007). To date it has not been possible to carry out
an in-depth statistical analysis regarding the influence
of other elements on the indicated relationship. The
results of such an analysis are presented here. We
expanded the applicability of the suggested relation
through our sample of beat Cepheids enlarged by the
addition of the metal-deficient Cepheid V371 Per.
It enabled us to conduct an in-depth study of the
metallicity distribution in the Magellanic Clouds
where metallicities are lower than in our Galaxy.

2. The spectral material

High signal-to-noise spectra were obtained using the
2.2-m MPG telescope and FEROS spectrograph at
ESO La Silla (Chile). The spectra cover a continuous
wavelength range from 4000 to 7850 A with a resolving
power of about 48 000. Typical maximum S/N values
(per pixel) for the spectra exceeded 150 (see Table1).

A broad-lined B-star with a S/N ratio exceeding that
of the program stars was observed nightly to make the
telluric line cancellation possible when necessary. Ta-
ble 2 also contains some details of the program Cepheid
observations. Previously, the spectra were used only to
determine the [Fe/H] abundance (Szilddi et al. 2007).

Further processing, such as continuum placement,
line depth and equivalent width (R) and EW) calcu-
lations were carried out using the DECH20 software
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Table 1: Atmospheric parameters of the program stars

Star MJD S/N Tett logg Vi
(K) (dex) (km s™1)
Y Car 53155.953274 187 5890 2.2 3.0
53158.133919 270 6564 2.0 3.7
GZ Car 53158.077868 125 5904 2.1 4.4
EY Car 53156.081982 142 6000 2.6 4.5
53158.051978 139 5855 2.1 3.6
V701 Car 53156.031049 169 5755 2.0 3.0
BK Cen 53156.135605 201 5866 2.2 3.8
53158.211729 151 5830 2.1 3.1
UZ Cen 53156.163756 210 6307 2.3 4.0
53158.154992 168 5809 2.1 3.5
V1210 Cen 53158.181235 274 5868 2.1 4.2
VX Pup 53157.943348 274 6415 2.6 3.8
EW Sct 53156.311619 150 5668 1.9 3.7
53157.437109 197 5985 2.2 4.6
53158.416900 228 6383 2.4 4.3
V367 Sct 53156.358955 151 6111 2.3 4.7
53157.387011 146 6212 2.2 4.8
V458 Sct 53156.258363 218 6160 2.2 4.5
53157.311805 183 5984 2.0 3.5
BQ Ser 53156.285838 133 5835 2.0 3.8
53157.412207 139 6210 2.1 3.9
53158.389508 169 6143 2.2 4.0
U TrA 53156.229253 300 5909 2.1 3.8
53158.290333 270 6054 2.4 3.8
AP Vel 53155.970338 126 5855 2.1 4.0
53158.010053 154 5970 2.4 4.0
AX Vel 53155.993418 328 6241 2.3 3.5
53158.035784 232 6205 2.1 3.6

package by Galazutdinov (1992). The EWs were

measured by the Gaussian fitting.

3. Fundamental parameters and chemical
composition

To determine the effective temperatures (Teg) for our
stars, we employed the line-depth ratio method devel-
oped by Kovtyukh (2007). The technique enabled us
to determine T with an exceptional accuracy. It is
based on the ratio of the central depths of two lines
that differ markedly in their functional dependence on
Tegr (and there are a few tens of line pairs that were
used in the analysis). The method is independent of
interstellar reddening and just marginally dependent
on individual characteristics of the stars, such as rota-
tion, microturbulence, metallicity, etc. With ~50-70
calibrations per spectrum the uncertainty was 10-20K
for spectra with S/N ratio greater than 100 and 30-50
K for those with S/N ratio less than 100.

To determine the microturbulent velocities (V) and
gravities (logg), we used a modified method of stan-
dard analysis proposed by Kovtyukh & Andrievsky
(1999). The method implies that Vy is determined from
the Fe 11 lines (instead of the Fe 1 lines used in classical
abundance analyses). The value of log g is determined
by forcing the equality of the total iron abundance de-
rived from the Fe 1 and Fe 11 lines. Normally, the iron
abundance determined from the Fe I line using this
method appears to exhibit a strong dependence on EW
(because of non-LTE effects). In that case, the abun-
dance extrapolated to zero EW is considered to be the
true value.

Table 2: The Galactic beat Cepheids parameters

Star Sp Pi/Py [Fe/H] Ra

(dex) (kpe)
Y Car 1 0.7032 0.02 7.67
EY Car 2 0.7079 0.07 7.52
GZ Car 1 0.7054 0.00 7.63
V701 Car 2 0.7017 0.07 7.72
TU Cas 12 0.7097 0.03 8.31
UZ Cen 2 0.7064 -0.02 7.45
BK Cen 2 0.7004 0.12 7.24
1210 Cen 1 0.7035 0.08 6.39
V371 Per 2 0.7312 -0.42 10.61
VX Pup 2 0.7104 —0.06 8.64
EW Sct 6 0.6986 0.04 7.57
V367 Sct 3 0.6968 0.05 6.43
V458 Sct 2 0.6993 0.09 6.92
BQ Ser 6 0.7052 -0.04 717
U TrA 2 0.7105 -0.07 7.14
AP Vel 2 0.7033 0.06 8.24
AX Vel 3 0.7059 -0.05 8.11

Remarks: Sp — number of used spectra;

R — Galactocentric distance (Rg,o = 7.9 kpc)

The physical parameters of the program stars are
presented in Tablel. The elemental abundances
were computed using the Kurucz WIDTH9 code. As
usual, the abundance values are given relative to the
solar values, which were adopted from Grevesse et al.
(1996). Moreover, we used the chemical composition
determined for V371 Per by Kovtyukh et al. (2012)
and for TU Cas by Andryevsky et al. (2002); we also
used abundances determined from additional spectra
of EW Sct and BQ Ser. The combined data are given
in Tables 2 and 3.

4. Correlation analysis of Z components

As there was a sample of 17 program stars available,
we could only identify the impact of 15 external factors
from regression analysis. As ensues from observations,
the P;/Py ratio depends on the fundamental period
Py itself. In addition, we attempted to separate the
effects of metallicity and accounted for that in the re-
lation. From such considerations we constructed the
relationship as a linear model that, apart from period
Py, contains abundances of 14 chemical elements found
in stellar atmospheres. There were several a-elements,
the iron-peak and other elements, for which A(El) > 7
dex. Regression and correlation analyses for the con-
structed model were carried out, and quite predictable
results were obtained.

Oxygen is the most common element after hydrogen
and helium. The oxygen abundance in stellar atmo-
spheres A(O) exceeds 8 dex and tends to 9 dex. Values
around 7.5 dex are typical for nitrogen, carbon, most
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Table 3: Chemical composition of the program stars

Star C N O Na Mg Al Si S Ca Sc Ti \ Cr Mn
V371 Per -0.32 -0.21 -0.18 -0.45 -0.43 -0.28 -0.28 -0.13 -0.25 -0.17 -0.07 -0.18 -0.42 -0.41
TU Cas -0.19 ... —0.03 0.15 —-0.19 0.14 0.10 -0.03 -0.02 -0.19 0.05 0.02 0.02 0.06
U TrA -0.29 0.33 -0.03 0.05 -0.19 0.09 -0.02 0.01 -0.12 -0.10 -0.02 -0.12 —-0.15 —0.25
EY Car -0.26 0.38 0.16 0.06 -0.05 0.31 0.08 0.17 -0.01 0.05 0.04 0.07 0.02 0.01
VX Pup 0.30 0.20 0.06 0.06 0.22 0.09 0.12 0.00 0.15 0.15 0.07 0.09 0.10 0.25
AP Vel -0.11 0.45 0.11 0.12  -0.03 0.31 0.08 0.19 -0.03 0.04 0.04 -0.02 -0.03 -0.10
BK Cen —0.09 0.08 0.27  —0.03 0.20 0.14 0.25 0.04 0.06 0.12 0.04 0.12 0.02
UZ Cen -0.25 0.30 -0.04 0.16 -0.15 0.06 -0.01 0.02 -0.08 -0.05 -0.03 -0.16 -0.04 -0.20
Y Car -0.18 0.25 0.01 0.12 -0.19 0.06 0.04 0.09 0.01 0.00 0.00 -0.07 -0.03 -0.19
AX Vel 0.28 0.46 0.06 0.09 0.06 0.16 0.04 0.08 0.04 0.05 0.04 0.08 0.08 0.23
V701 Car -0.06 0.36 0.02 0.30 -0.01 0.21 0.10 0.15 0.11 0.06 0.07  -0.02 0.07  -0.03
GZ Car —0.12 ... —0.16 0.10 -0.13 0.08 0.01 0.11  -0.19 -0.08 0.03 -0.07 -0.11 -0.15
BQ Ser -0.17 0.27 —-0.13 0.10 -0.12 0.18 0.05 0.12 -0.04 -0.10 0.02 -0.03 -0.02 -0.10
V1210 Cen 0.09 0.17 0.13 0.03 -0.06 0.26 0.09 0.26 0.04 0.07 0.09 0.02 0.02 0.00
V458 Sct -0.17 0.41  -0.01 0.25 -0.07 0.33 0.13 0.21 0.05 0.04 0.12 0.05 0.09 -0.02
EW Sct —-0.04 0.20 -0.01 0.02 -0.12 0.17 0.06 0.16 0.02 -0.05 0.06 0.03 0.04 -0.02
V367 Sct 0.02 0.60 0.06 0.22 0.02 0.34 0.09 0.24 -0.10 0.06 0.09 0.05 -0.02 -0.06
Star Fe Co Ni Cu Zn Y Zr La Ce Pr Nd Sm Eu Gd
V371 Per -0.42 -0.27 -0.34 -0.35 —-0.08 0.03 -0.05 —0.02 0.03 -0.24 —0.22 0.01
TU Cas 0.03 -0.08 -0.04 0.15 0.46 0.17 0.01 0.24 —-0.05 0.08 0.11 0.17
U TrA -0.07 -0.17 -0.06 -0.06 -0.28 0.06 -0.02 0.09 -0.06 -0.09 -0.03 0.05
EY Car 0.07 0.14 0.06 0.21  -0.20 0.16 -0.10 0.17 0.12 ... -0.02
VX Pup -0.06 -0.14 -0.11 -0.26 —-0.36 0.02  -0.08 0.06 -0.03 -0.15 -0.12 0.18 0.03
AP Vel 0.06 -0.05 0.02 0.00 —-0.20 0.17 0.17 0.01 0.10 0.12
BK Cen 0.12 0.03 0.10 0.09 -0.08 0.25 0.08 0.15 0.01 -0.09 0.12 0.18
UZ Cen -0.02 -0.08 -0.07 -0.05 -0.22 0.10 -0.07 0.09 0.05 -0.06 -0.07 0.13 0.01
Y Car 0.02 -0.11 -0.02 -0.10 -0.30 0.17 0.08 0.09 0.10 -0.10 0.08 0.10 0.08
AX Vel -0.05 -0.14 -0.11 0.05 —-0.30 0.08 -0.25 0.13 0.04 -0.14 -0.02 ... —0.02
V701 Car 0.07 -0.06 0.08 -0.03 -0.10 0.23 0.10 0.01 0.11  -0.01 0.01 0.07
GZ Car 0.00 -0.11  -0.02 0.07 0.09 0.04 0.11 0.06 -0.25 -0.05 0.08 -0.05
BQ Ser -0.04 -0.11 -0.04 0.06 -0.29 0.12  -0.10 0.20 -0.02 -0.34 0.12 0.27 0.10 0.20
V1210 Cen 0.08 -0.03 0.04 0.05 -0.17 0.25 0.01 0.18 0.02 -0.22 0.06 0.17
V458 Sct 0.09 0.09 0.11 0.13 -0.16 0.21 -0.13 0.17 0.03 —-0.20 0.05 0.11 0.11
EW Sct 0.04 -0.07 0.00 0.04 -0.27 0.20 0.01 0.25 -0.02 -0.12 0.13 0.26 0.11
V367 Sct 0.05 -0.12 0.11 0.09 0.32 0.17  -0.07 0.17 0.00 -0.21 0.08 0.23

of the a-elements, and the iron-peak elements. Though
the abundances of oxygen and some other elements are
about 9 dex, the iron-peak elements contribute most
to the opacity.

It is known that the electron scattering plays an im-
portant role in the light energy absorption in the ex-
tended atmospheres of supergiants; therefore, the opac-
ity depends on the electron density. The iron-peak el-
ements, which are mainly in ionised form, supply free
electrons. Thus, the period ratio P, /Py tends to show
greater sensitivity to the iron-peak elements, and lower
or even zero sensitivity to other elements.

Our analysis of the final model has fully confirmed
the validity of the initial assumptions. As expected,
oxygen along with a number of other elements was
not factored in the further analysis. Two «-elements,
e . . . namely Ca and Si, showed a rather good correlation.

0.70 0.71 0.72 0.73 But the greatest sensitivity of the relation was found

P/ POObS for several iron-peak elements, such as Cr, Mn, Fe, Co

and Ni. Given the crucial importance of the physi-

cal value, such as [Fe/H], we constructed an empirical

relation for Py /Py, Py and [Fe/H]. The resulted rela-
tionship is as follows:

calc

o

Figure 1: The comparison between the calculated
Py /Py ratios and P; /Py ratios obtained from the obser-
vations. The ranges of error for o and 20 are marked
with dotted lines.

PPy = 0.719 — 0.024 log Py — 0.041 [Fe/H]
+0.002 =+ 0.003 +0.004.
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Figure 2: Dependence of the [Fe/H] abundance on
log Py. Open squares — the Galactic beat Cepheids
(program stars); open stars — the P;/Py Cepheids of
the Galactic bulge; full circles — the bimodal Cepheids
of the LMC and open circles — those of the SMC.

The results of a comparison of the calculated Py/ Py
values with the data obtained from the photometric
observations are presented in Fig.1. The standard
deviation is £0.002; the correlation coefficient R? is
0.97.

5. Confirmation and discussion

There are a small number of beat Cepheids in our
Galaxy for a full confirmation of the derived relation-
ship. The situation is better for the Magellanic Clouds.
We have applied data from several sources: the EROS-
2 database by Marquette et al. (2009), as well as the
OGLE-III survey results by Soszyniski et al. (2008) and
Soszynski et al. (2010). It helped us to gather data for
more than 90 beat Cepheids pulsating in the P;/P
modes in the LMC and more than 60 in the SMC.

Using our relation, we estimated metallicities for the
above-mentioned samples of stars. Figures 2 and 3
show the [Fe/H] sensitivity to logPy and P;/Py, re-
spectively. As can be seen, there is a pronounced
trend in Fig.3. The Cepheid J045917-691418, whose
data are shown in Fig. 3, drew our attention with its
unusually high metallicity of 0.61 dex. Such a high
value is anomalous not only for the Magellanic Clouds
Cepheids, but also for Galactic pulsators.

According to modern theoretical calculations, the
evolutionary tracks of high metallicity stars do not
reach the instability strip. Therefore, based on the-
oretical models, it is possible to assume that Cepheids
with such a high metallicity do not exist.

To examine the case further, we focused our atten-

Figure 3: Dependence [Fe/H] vs. P;/P, ratio. Symbols
are the same as in Fig. 2.

tion on the anomalous star. Such a subnormal value of
Py /Py for J045917-691418 was taken from the EROS-
2 database. We searched for alternative data on that
Cepheid and found an object with the same coordi-
nates in the OGLE database. In the OGLE database
that Cepheid was identified as a fundamental mode
pulsator with a note that it might be a binary star
with a first-overtone pulsator companion. That star
should be restudied more thoroughly, but it requires
new observations.

We can only assume that both study groups can be
right in their definitions. The fact is that when a star
reaches the instability strip, its mode of pulsation is
quite unstable, and that can result in a very rapid
change in pulsation periods. Since both the OGLE and
EROS-2 observations are time-separated, it is likely
that we face a similar situation. Thus, J045917-691418
is of great interest for further research.

We also constructed a metallicity distribution func-
tion for the Magellanic Clouds projected on the celes-
tial sphere (see Fig.4). A few regions with increased
metallicity can be seen in the centre of the LMC projec-
tion. Although usually the distribution corresponds to
the nature of irregular galaxies, no specific structures
or formations are observed in the projection.

The average metallicities of the Magellanic Clouds
were obtained independently: —0.30 dex for the LMC
and —0.49 dex for the SMC. The average metallicity for
the LMC is in good agreement with standard values
obtained from spectral studies of B-supergiants or F-
K supergiants. The average metallicity for the SMC
is somewhat higher than common values obtained by
other authors, but it is in very good agreement with the
value obtained by Chekhonadskikh (2012) who used
classical Cepheids in his study.

There were two double-mode P;/Py Cepheids
among a sample of new classical Cepheids discovered
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Figure 4: The [Fe/H] distribution in the LMC (left) and SMC (right) projected on the celestial sphere. Open
circles: positions of the stars; bold crosses: positions of the galactic centres.

by Soszynski et al. (2011) in the Galactic bulge.
We have also derived [Fe/H] for those Cepheids:
—0.39 dex for OGLE-BLG-CEP-03 and —0.29 dex for
OGLE-BLG CEP-21. The estimates are also given in
Fig. 2 and Fig. 3.

6. Conclusions

New, accurate, and homogeneous abundances for a
number of chemical elements, as well as physical atmo-
spheric parameters, were determined for a large num-
ber of Galactic bimodal Cepheids using high-resolution
and high S/N echelle spectra. The new abundances ob-
tained and fundamental parameters are in good agree-
ment with the results of other analyses in the literature.

A statistical analysis of the P;/Py—A(El) correla-
tion was conducted. The observed period ratios for
the program stars exhibited a strong dependence on
the abundances of several chemical elements. A new,
more accurate Py /Py—[Fe/H] relation was suggested.

Based on the newly suggested relation, alternative
[Fe/H] values were found for a large number of beat
Cepheids in the Magellanic Clouds, and thereby inde-
pendent average metallicities for the Magellanic Clouds
were obtained. The metallicity distribution function
for the Magellanic Clouds projected on the celestial
sphere was constructed for the first time.

The [Fe/H] values for two new double-mode Py/P
Cepheids in the Galactic bulge were estimated for the
first time.
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ABSTRACT. Critical frequencies of the ionospheric
layers were studied using data from the European Digital
Upper Atmosphere Server (DIAS) network of real-time
ionosondes for 2012-2013. Some particularities of
seasonal variations of these parameters were detailed.

From the moment of its discovery in the beginning of
20" century, the Earth’s ionosphere has been the subject
of continuous research that is caused by its leading role in
the propagation of radio waves in the decameter wave
band. In radio astronomy, the ionosphere represents a
disturbance factor due to its distortion of signals from
cosmic radio sources which are received by the ground-
based radio telescopes. Therefore, the study of ionospheric
characteristics, particularly ionospheric disturbances, is a
crucial task indeed.

Main ionospheric parameters are measured by
ionospheric stations, which are called ionosondes. In
Europe, the ionosondes are united into a network called
DIAS (the European Digital Upper Atmosphere Server)
[1, 2]. The DIAS data are freely available and easily
accessible via Internet. These data are displayed mainly as
ionograms — plots of the virtual height of the reflection
point in the ionosphere against frequency measured using
vertical sounding. An ionogram is a display of the initial
material obtained by an ionosond. Ionograms allow of
determining all parameters of the ionospheric layers. The
results of data processing are reported in the form of
tables which are released on the web.

In this study we used data from three DIAS ionosondes,
namely Athens, Chilton and Pruhonice. We also used
some data from ionosondes Rome and Warszawa. These
data were obtained from automatic processing (auto-
scaling). It allows to get long sequences of these data, as
well as to detect specific features, in particular, seasonal
variations. To be specific, we used data for 2012-2013.
This period is of particular interest, because it corresponds
to the maximum of Solar Cycle 24.

Generally speaking, seasonal variations of ionospheric
layer parameters, as well as other ionospheric
characteristics, have been extensively studied and
described by many authors [3]. However, availability of
large amount of observation material and its accessibility
allow, first, to examine previous conclusions and,
secondly, refine and expand them. In particular, it is
known that critical frequencies of D and E layers increase
at middle latitudes during summer months and decrease in
winter. The situation is opposite for the F, layer - the
critical frequency of this layer decreases in summer
months and increases in winter. We consider that it is
useful to examine these conclusions and extend the range
of such variations. That is the aim of this study.

As in our previous paper [4], we focus mainly on the E;
layer (sporadic E-layer) as on our opinion, it has the most
significant influence on radio telescopes operating at
decameter wavelength, because its critical frequency can
reach very high values, and in some cases, it even exceeds
the F, layer critical frequency. It is shown in [4] that
sporadic E-layer is, generally speaking, a regular layer,
because it is present practically all year long while its
critical frequency does not exceed 3-4 MHz. Sometimes
this value can reach 10-15 MHz and above. In such cases
we can discuss the appearance of the sporadic layer itself.
As such an appearance of sporadic layer is a seldom case,
it is interesting to study the frequency of this
phenomenon, i.e. the probability of its occurence.

Apart from the sporadic E-layer, the F; layer — a typical
day-time phenomenon — is also of our interest. The F,
layer particularities are also the subject of our study,
because one border of this layer adjoins the sporadic E-
layer while the other one is adjacent to the F, layer.

Figure 1 shows an example of the dependence of the E,
F, and F, layers’ critical frequencies on time for the
interval of three days. Gaps on the plot signify the absence
of corresponding layers on the ionograms.
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Figure 1: Critical frequencies of ionospheric layers for
three days

The data for this plot were taken from the Chilton
ionosonde’s data-output for 18-20 March 2013. These data
show typical diurnal variation of critical frequencies of
these layers with maximum in the daytime around noon and
minimum at night; hence, there are no signals reflected by
E and F) layers at night. As can be seen on the plot, some
plot points for the sporadic E-layer’s critical frequency
curve greatly exceed the mean values. Obviously, only
these points correspond to the appearance of the sporadic
layer itself, because it is presumed that this layer appears
only when its critical frequency is higher than 4-5 MHz.

As it seen from Figure 1, the ionospheric layers’ critical
frequencies vary greatly throughout the day; thus, to
determine their dependencies on time for long periods, for
example for a year, the corresponding values should be
averaged in some way. For the mean values we took critical
frequencies averaged over 4 hours near the maximum.
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Using this method we got data sequences for which a
single critical frequency corresponds to one day.

Figure 2 shows time dependencies of data from the
Chilton ionosonde for 2012-2013, which were processed
by the indicated method. Figure 3 shows such correlation
for the Pruhonice ionosonde data-output. We have got
similar critical frequency-time relationships for the
Athens, Rome and Warszawa ionosondes. To perform
direct visual evaluation, we made further averaging of the
data. In particular, using a 10-day moving average we

processed data from three mentioned ionosondes. Figures
4 and 5 present the plots of these data for the Chilton and
Pruhonice ionosondes, respectively. These plots show that
the critical frequencies of sporadic E-layer and F: layer
have almost similar yearly variation with maximum in
July-August and minimum in January-February. Hence,
the F1 layer critical frequency almost always exceeds the
critical frequency of sporadic E-layer at 0.5-1.5 MHz. The
difference between maximum and minimum values is 1.5-
2 MHz for the F; layer and 3-4 MHz for the E; layer.
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Figure 2: Critical frequencies of ionospheric layers measured by Chilton ionosonde in 2012-2013

1z

Pruchonice 2012

MHz foF2
o Y | -
ol A W M1y
MW ot e

.llilH ﬂl'l.l ‘-;ﬂ u'fi'ulnmlll-.\ "1

feb mar apr

T
jul nov

MHz

feb mar apr

T
Jul

Figure 3: Critical frequencies of ionospheric layers measured by Pruchonice ionosonde in 2012-2013
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Figure 4: Critical frequencies measured by the Chilton ionosonde in 2012—2013 smoothed with a 10-day moving
average

1z

MHz Pruchonice 2012 smoothed /foF2

e A

& ——

e RPN A S R i
ol ———— R e

foEs
1] T
jan febh mar apr may jun jul aug sep oct nov < dec
1z =
MHz Pruchonice 2013 smoothed /fon
P

Tr——— R

2

o

T
jan feb mar apr rnay Jun jul aug sep oct noy dec

Figure 5: Critical frequencies measured by the Pruchonice ionosonde in 2012—2013 smoothed with a 10-day moving
average

On the contrary, the F, layer critical frequency is 2. Belehaki A., Cander Lj.R., Zolesi B., Bremer J., Jurén
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M.: Nauka, 1988.
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PARTICLES, NEUTRINO AND PHOTONS IN THE
MAGNETOSPHERE OF A COLLAPSING STAR
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ABSTRACT. The formation of the stellar
magnetosphere during the gravitational collapse is
discussed. Primary protons and electrons accelerate in the
star’s magnetosphere during its gravitational collapse. In
what follows, the flux of particles, photons and neutrinos
generated in the magnetosphere is multiplied in a cascade
process initiated by the self-interaction of particles and
their interaction with magnetic fields. These processes are
especially effective for the formation of magnetospheres
in collapsing stars.

Key words: stellar collapse, particle acceleration,
neutrino generation, magnetospheres of collapsing stars

1. Introduction

In this paper we will discuss the generation of particles,
neutrino and photons in the magnetosphere of a magnetized
star with the initial dipolar fields during its gravitational
collapse. Gravitational collapse occurs at the final stage of
stellar evolution. Gravitational collapse starts when the
mass of a stellar core exceeds the Chandrasekhar limit and a
star becomes dynamically unstable. After that, the star can
evolve in several ways. Depending on the mass and
chemical composition, a star can evolve into either of three
relativistic objects, such as a white dwarf, neutron star or
black hole (Zeldovich & Novikov, 1977; Shapiro &
Teukolsky, 1985; Arnett, 1979). The progenitors of the
relativistic massive objects could be red and blue giants,
Wolf-Rayet (WR) stars, as well as supermassive stars
(Cherepashchuk, 2003; Eldridge & Tout, 2004; Wooslej] &
Heger, 2006). WR stars can originate from the helium cores
of massive stars which lost their hydrogen shells or they can
be formed as a result of either mass exchange in close
binary systems or intense mass-loss of single stars due to
strong stellar winds. The masses of CO-cores of WR stars
are continuously distributed within the range from 5 M, to
55 M, (Cherepashchuk, 2003). WR stars are stars at
advanced stages of stellar evolution. They are resulted from
the collapse of carbon-hydrogen (SB) stellar cores and can
be reckoned as the immediate progenitors of relativistic
objects. The core collapse may be followed by the
explosion and formation of type Ib or Ic supernovae.
Moreover, relativistic objects can also be a result of the
evolution of massive red and blue supergiants with normal
chemical composition. For example, supergiant V3I was the
progenitor of Supernova 1987A in LMC (Chevalier, 1995).
O and B stars with masses M > 10 M_ are early-type
massive stars. They generate powerful stellar winds and
emit intense infrared radiation. Some of them are radio-

frequency sources. The stellar wind velocities of O stars
reach 3000 km/s, and the mass loss is 10° M_ per year.

The observational measurements of magnetic fields of
different stars show the presence of strong magnetic fields in
the upper atmospheres of WR and massive stars. For
example, the p Cep (B2V) magnetic field is 360 Gs (Donati
et al., 2001), the 610riC (0O4-6V) field is about 1100 Gs
(Donati et al., 2002), and that one of { Sas (B2IV) is 335 Gs
(Neiner et al., 2003). Far more intense magnetic fields are
observed in very young massive stars W601 (NGC 6611) -
up to 1400 Gs and OI 201 (NGC 2244) - up to 550 Gs
(Alecian et al., 2008). The magnetic fields observed on the
surface of the supergiant 09.7 {OrionisA were about 100 Gs
(Bouret et al., 2008). 521 WDs with fields in the range from 1
to 733 MG were found in the Sloan Digital Sky Survey Data
Release 7 (Kepler et al., 2013). The magnetic fields of these
stars are of dipolar type (Kepler et al., 2013; Jordan, 2009).
67 new measurements of magnetic fields for 30 massive stars
in the range from 10 G to 380 G made with FORS 2 at the
VLT are given in the catalogue by Hubrig (Hubrig et al.,
2013). The magnetic fields in about 65 from 550 stars were
observed in the MiMeS project (Wade et al., 2013). The
magnetic fields observed have important dipole components
with polar strengths from several hundred G up to 20 kG.

We will examine gravitational collapse of a magnetized
star with the initial dipolar magnetic fields and initial
heterogeneous distribution of protons and electrons
according to a power law (p), relativistic Maxwell (M) and
Boltzmann (B) distributions.

The external electromagnetic field of a collapsing star
changes according to the following law (Ginzburg &
Ozernoi, 1964):

B, = 2r~3u(t) cos 9,
By =717 3u(t)siné,

B, =0, (M
1, Ou
Ep =—clr? Esm@,
E =& =0.

Where B,, By B, and &, &, &, are the components of
magnetic and electric fields, respectively; w(t) = (1/2)F,R(t)
is the magnetic momentum of the star with radius R(?) that
changes with time; F, = 4m R3 B2 is the initial magnetic
flux of the star; R is the initial radius of star; € and ¢ are the
polar and azimuth angles, respectively.

Full dipole magnetic field in the magnetosphere of a
collapsing star is defined by the following equation
(Kryvdyk, 2010):
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B(r,6,R) = (B? + B% + B2)? = %(1 + 3 cos? §)1/2
()

Egs. (1) describes the external electromagnetic field of a
collapsing star with the Newtonian potential. Due to a large
mass-to charge ratio of a particle, Newton’s method will be
always suitable for description of the field in the
magnetosphere of a collapsing star, excluding the area near
the Schwarzschild radius. The stellar magnetosphere is
compressed during a collapse as a result of the magnetic
field strength increase. This variable magnetic field will
generate the vortex electric field, which will accelerate the
charged particles to relativistic energies. In the course of a
core-collapse the magnetic field of a star changes according
to the law (1) increasing up to 10'G at the final stages of
the collapse. The energy of particles changes because of
betatronic acceleration, produced by the electric field £, as
well as energy losses due to magnetic braking.

During a collapse primary charged particles accelerate
to relativistic energies (Kryvdyk, 1999; 2001; 2003; 2004;
2010). The energy of particles changes as per (Kryvdyk,
2010):

E/E; = (Ry/R)™1®, 3)

Where
A (0) = zkl (3 cos* 0 + 1.2 cos?8 — 1)(1 + cos? )2

with k; =2 for non-relativistic particles, and k; =/ for
relativistic particles; and E, is primary particle energy.

Figure 1 shows the distribution of particle energy in the
magnetosphere according to a power law as a function
R, = Ry/R and E, = E/E, (Kryvdyk, 2010).

Figure 1: The change in particle energy distributed
according to a power law during a collapse in the
magnetosphere of a star with R, = Ry/R, and E, = E/E,.

At the final stage of the collapse, electrons accelerate
to energies < 10'*eV while protons — to E < 2 - 10*eV
(Kryvdyk, 2010).

The initial magnetosphere of a collapsing star consists of
protons and electrons distributed according to a power law
(p), relativistic Maxwell (M), and Boltzmann (B) particle
distributions; and the magnetosphere’s density changes as
773, In the study by Kryvdyk (2010), the evolution of the
particle energy spectrum for such distributions was
determined for two extreme cases: (i) when energy losses
due to magnetic braking do not affect the spectrum, and (ii)
when they determine the spectrum evolution.

Figure 2 presents the particle number density N, =
N/N, in the magnetosphere near the star’s surface as a
function R, = Ry /R and polar angle 6 for the power-law
distribution of particles (Kryvdyk, 2010).

Figure 2: The particle number density in the magnetosphere
near the star’s surface at the final stage of the collapse
with R, = R,/R and N, = N/N,.

Interacting among themselves and with the
magnetosphere’s magnetic fields, accelerated charged
particles will lose their energy due to ionization and
radiation. At the same time, secondary charged particles
(electrons, positrons, protons, and mesons), as well as
neutrons, neutrino and photons are generated in the
magnetospheres of collapsing stars. These secondary
charged particles will also accelerate in the increasing
magnetic fields during collapses. In the course of multiple
cascade interaction, secondary particles will also generate
other particles and photons. Therefore, the collapsing star
magnetosphere consists of charged particles, neutrons,
neutrinos and photons.

2. Generation of high-energy neutrinos, particles and
photons in the collapsing star magnetosphere

In this section, we will consider in detail the generation
of charged particles, neutrons, photons and neutrinos in
the magnetosphere of collapsing stars.

The generation of these particles is shown in Table 1.



Odessa Astronomical Publications, vol. 27/2 (2014)

121

Table 1: The generation of particles in the magnetosphere

of a collapsing star

Acceleration of the initial protons and

electrons
l
Generation and | Generation and | ....Multiple
acceleration  of | acceleration generation  and
secondary of tertiary | acceleration  of
particles) — particle—-- particles

Protons (p)
Neutrons (n)
Electrons (¢)
Positrons (e)
Mesons (7, p)
Neutrino (v)
Antineutrino(v’)
Photons (y)

Protons (p)
Neutrons (n)
Electrons (e)
Positrons (e”)
Mesons (7, p)
Neutrino (v)
Antineutrino(v)
Photons ()

Protons (p)
Neutrons n)
Electrons (e)
Positrons (e*)
Mesons (7, p)
Neutrino (v)
Antineutrino(v)
Photons ()

Especially important are cascade showers of charged
particles, neutrons, neutrinos and photons generated in the
magnetosphere. These processes are very effective for the
formation of magnetosphere of a collapsing star.

Secondary charged particles, neutrons, neutrinos and
photons can be generated in the magnetosphere of a
collapsing star, namely:

2.1. m-mesons, p-mesons, electrons, positrons
neutrinos produced in nuclear interactions;

2.2. electron-positron pairs resulted from annihilation of
gamma quanta in a nuclear field;

2.3. electron-positron pairs resulted from the collision of
charged particles;

2.4. electron-positron pairs resulted from photon-photon
collisions;

2.5. u-meson pairs produced by passing of gamma quanta
in a nuclear field;

2.6. recoil electrons resulted from the collision of
charged particles;

2.7. electron-positron pairs
curvilinear magnetic field.

and

produced in a strong

2.1. Generation of m-mesons, u-mesons, electrons,
positrons and neutrinos by nuclear interactions in the
magnetosphere of a collapsing star

In earlier studies of the author (Kryvdyk, 1999; 2001;
2003; 2004; 2010) it was reported that primary protons and
electrons accelerate in the magnetosphere of a collapsing
star to relativistic energies. The accelerated protons will
interact with other protons in the magnetosphere, generating
mesons in the following nuclear interactions (Leng, 1974;
Hajakawa, 1978a; 1978b):

p+p-op+p+n (mt+n7)+n,n°
p+p-op+n+nattn; (@t +n7) +n,nd,
p+p-on+n+2nt+ng (nt + 1) + ngn®,
p+p—->D+nt+n, (mt + 1) + ngn®,

“4)

where p — protons; n — neutrons: D — deuterons; n;-n; —
positive integers.

The secondary electrons, positrons, photons and
neutrinos will generate in the later on by decay of mesons:

- pt +v,/v,
> y+y
pt = e+ v /v, + v, /v,

)

For relativistic protons with energy from 290 MeV to 1 GeV’
only one with next reaction can be possible (Leng, 1974):
p+p-op+n+nt,orp+p+nlorD+nwt. (6)
The minimum proton energy E,,;, for the generation of m-
mesons is
Y2m2c* 5
Emin = W + ZYTI'LT[C = Y(280 + 10Y)[MeB],

where m,c? and m,,,c2 the rest energy of a m-meson and a

proton, respectively.

II-mesons can be generated only by protons with energy
higher than 290 MeV. These protons can accelerate in the
variable magnetic fields in the magnetosphere of a
collapsing star (Kryvdyk, 1999; 2001; 2003; 2004; 2010).
Neutral neutrons are also generated by reactions (4) - (6).
Neutrons do not interact with the magnetic fields; and
therefore, they freely go out of the magnetosphere, forming
the neutron wind around the collapsing star. When there are
sufficient amount of free neutrons and protons, neutrinos
can be resulted from Urca processes in which neutrons and
protons capture electrons or positrons, causing radiation of
energy in the form of neutrinos in the following reactions
(Chiu & Salpeter, 1964):

pte —-n+vy,
n+et->p+v,
n-op+e +V,

(7

Intense magnetic fields will influence the rate of Urca-
reactions. In very strong magnetic fields (H > 4-10" Gs)
urca- processes can arise in hundred time (Canuto V., et
al. 1970, Fassio—Canuto 1969).

Quasi-free pions will be also generated in the
magnetosphere of a collapsing star resulting from
reactions (4) and (6). Therefore, the following Urca-
reactions in which neutrinos, electrons and pions are
generated, are possible in the magnetosphere:

nT+n-on+e +v,
n+e  >n+u +v,
T +n-on+u +v,

(®)
n+yu ->n+n+ v,

2.2. Generation of electron-positron pairs as results of
annihilation of gamma quanta in a nuclear field

The electron-positron pairs will be generated during
passing of gamma-photons with energy hv > 2m,c? =
1.022 MeV in the nuclear Coulomb field with charge eZ,
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where m, ¢’ = 0.511 MeV is the electron rest energy. For
photons with energy Av >» m,c? the cross-section of
electron-positron pair generation is as follows (Leng, 1974):

o(hv) = 4aZ?13 [1n(22) 22 for hv « 22 (9)
o(hv) = 4aZ?r¢ [gln(zlf/g ] for hv >» — 1/3,

where 1, = e?/m.c? ~ 2.8-10"3 cm is the classical
electron radius; a =~ 1/137 is the fine-structure constant.
The value 4arg ~ 2.3 - 10727 cm?.

The main nuclei in the magnetosphere are protons
(Z=1); therefore, the cross-sections of electron-positron
pair generation due to the interaction of gamma-photons
with protons are:

Tpnp (V) = 2.3 10727 [gl (2) 109] for hv < 70 MeV,
Opnp(hv) = 2.3-107%7 [Zinon)-4 | for hv >> 70 MeV.
(10)

The numerical values of nuclear cross-section in this case
are:

Opnp(hv) = 4.2 - 10728 cm? for hv < 70 MeV,
Opnp(hv) = 9.4 - 10727 cm? for hv > 70 MeV .

(11

2.3. Generation of electron-positron pairs by the
interaction of charged particles

The electron-positron pairs will be resulted from the
interaction of electrons with protons. The cross-section for
the electron interactions is as follows (Leng, 1974):

E
Oep (V) = —0( 2r2In(1/a) [3 ln( ee ) ln(191m 2 +
In2 (191)], (12)
where E, is electron energy.
For the numerical values o = 1/137 and 1, = 2.8 -

1073 cm, m, c
cross-sections:

~ 0.511 MeV we obtain the following

0ep (V) ~ 6.8-1072°[3In(2 E,) In(1072E,) + 27.6].
(13)

Their numerical values is

Oep (V) = 6.3 - 107*cm? (14)
2.4. Generation of electron-positron pairs in photon-
photon collisions

Electron-positron pairs can be also generated in the
magnetosphere as a result of collisions of two photons with
energies E; and E; (given that E,E, > (m, & )2. The cross-section
for this interaction is as follows (Leng, 1974; Heitel, 1954):

Gapn(Er, E2) = "2 (1 - ) [2p (87 - 1) +

@+49 In (“‘*)] (15)

_ (mec®)?]'/?

Where f = [1 i E

the center-of-mass system.
Value g, (Ey, E;) change in range

, Be is the electron velocity in

52 - 10_26 S azph(El, Ez) S 29 : 10_25 Cm2
for 0.85 < £ < 0.999.

(16)

2.5. Generation of u-meson pairs by annihilation of
gamma quanta in nuclear field

If the energy of a gamma photon exceeds the threshold
energy Zm#cz ~ 211 MeV, then a p” pair is to be produced
in the interaction of this photon with the nuclear Coulomb
field. The cross-section of this interaction can be obtained
from equation (9) just by replacing the electron mass me
with the meson mass m,. The value m¢/m, ~ (1207)* ~
1.37-107%; thus, for p-meson pairs

Opy(hv) = 1.29 - 10732 cm? (17)

2.6. Generation of recoil electrons in collisions of

charged particles

Recoil electrons will be generated in collisions of
charged particles with other particles. The magnetosphere
of a collapsing star consists substantially of electrons and
protons. The cross-section of the generation of recoil
electrons with energy FE. in collisions with relativistic
protons with energy £, and charge eZ is as follows (Leng,
1974; Hajakawa, 1978a; 1978b):

2 meC

0,(E, E, )dE, ~ 2mr§ 5263

dE,, (18)

2 1/2 .
where B, = [1 - (m, c?)"/E, E,,] , B,c is the proton
velocity in the center-of-mass system.

The numerical value this cross-section is

1
ppwé

dw,.

o,(E, W, )dW, ~ 2.55- 10725 (19)

The upper limit of energy for this process is E, = pc,
where p is impulse of the incident particle.

As follows from section 2, the initial electrons and
protons in the magnetosphere of collapsing star will
accelerate to relativistic energy. The relativistic electron
will lose their energy in the magnetic fields significant fast
from proton, and therefore the electron lifetime is
significant less from the proton lifetime. In the
magnetosphere will generate also the second electrons by
the mutual collisions protons with electrons.

2.7. Generation of electron-positron pairs in a strong
magnetic field

If the magnetic fields arise to critical value

B, = m2c®/eh = 4,4- 103G, (20)
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where m and e are the electron mass and charge,
respectively; & is Planck's constant; then the electron-
positron plasma will be produced via direct vacuum decay.

In the system with a sufficiently strong curvilinear
magnetic field the decay can occur in a much weaker
magnetic field. This mechanism is effective for the
formation of magnetospheres in pulsars with strong surface
magnetic fields (Goldreich and Julian 1969; Sturrock, 1971;
Ruderman and Sutherland, 1975). By rotating neutron stars
with radius R and the magnetic fields B near surface will
generate the parallel electric fields

E, = QRB/c, (21)
where Q is the rotational velocity, and ¢ is the speed of
light.

The electrons and positrons will accelerate to relativistic
energies in this electric field. Moving along the curvilinear
magnetic field, they will emit the so-called curvature
photons whose energy is sufficient to produce electron-
positron pairs in the magnetic field. These pairs also
accelerate to high energies in parallel electric fields (2)
where they can produce pairs themselves, emitting
curvature photons. This is the main mechanism of
generation of multiple electrons, positrons and y photons.
The multiplication coefficient will increase as the particles
produced in a high Landau level in the magnetic field emit
synchrotron radiation, i.e. synchrophotons, which can also
produce pairs.

At the collapse’s final stage, magnetic fields near the
star’s surface can increase to value B ~ 10> Gs; thus, the
generation of multiple electrons, positrons and y photons
in the curvilinear magnetic field can be the effective
mechanism of formation of electron-positron pairs in
magnetosphere of collapsing stars.

3. Neutrino generation in the magnetosphere of a
collapsing star

Secondary neutrons, protons, electrons, positrons and
photons are generated in the magnetosphere of a
collapsing star as results of different processes. These
particles will produce neutrinos by interactions with
particles and fields in the magnetosphere. In the neutral
non-degenerate plasma the main processes of neutrino
generation are the following (Leng, 1974; Fassio-Canuto,
1969; Braaten & Segel, 1993; Bruenn, 1985; Dicus, 1972;
Itoh et al., 1989; Koers & Wijers, 2005; Lattimer et al.,
1991; Munakata et al., 1985; Qian & Woosley, 1996;
Ratkovic et al., 2003; Reynoso et al., 2006):

3.1. Bremsstrahlung by electron-atom collision
e +(ZA->CZ-1L,A)+v, + Vv,

3.2. Neutrino emission in Urca processes
magnetosphere;

3.3. Bremsstrahlung of the charged particles in strong
magnetic fields;

3.4. Photoneutrino reactions et +y — e +v, +V,;

3.5. Plasmons decay I' — v, + V,;

3.6. Annihilation of electron-positron pairs
et+e v, +v,;

3.7. Generation of neutrinos in meson decay.

in the

We will consider these processes in detail in next
subsection.

3.1. Neutrino emission by electron-atom collision

Neutrino can be emitted due to -electron-atom
bremsstrahlung, when a free electron collides with a
nucleus (Z, A). As a result a pair of neutrino-antineutrino
will be produced (Leng, 1974; Pontekorvo, 1959):

e +ZA)-> CZ-1L,A)+v, +v,. (22)
For this process the neutrino luminosity is as follows

(Koers & Wijers, 2005; Qian & Woosley, 1996; Reynoso
et al., 2006):

Erg

Qupr =1.5-10%7 T35 py (23)

cm3-sec’

where the temperature is T,,=1/10"' K, the baryon density
is po=p/10" g/cm’. From now on the unit of neutrino
Erg
cm3- sec’
By replacing temperature 7 with energy E (eV) from
the relation

luminosity Q,, is

T[K] = E/k = 1,16 - 10* E[eV], (24)

we obtain

Qo = 3.5 10° E5F ply, (25)
where the unit energy E is eV.

The energy of particles in the magnetosphere during
gravitational collapse increase as E/E, = (Ry/R) ™41 (®
(see Eq. 3).

Therefore, the neutrino Iluminosity in
magnetosphere due to electron-atom bremsstrahlung is

the

-41 (07155

_ 49 EO(%) 2
Quor =34-10" |—"5—| pio = (20)

During collapse the electron energy accelerate to E,
~10" eV, and the energy of protons increases to E, =] 0
eV (Kryvdyk, 2010); the proton density increases to p,
=10" proton/cm’ = 1.710"? g/ecm’. For such energy and
density, at the final stage of collapse (RyR=10°) the
neutrino luminosity due to electron-proton collisions in
the equatorial regions of the magnetosphere (6=r/2) can
reach the extreme value

Erg

Q,pr ~ 3.3-10'8 27)

cm3-sec
3.2. Neutrino radiation by Urca processes in the
magnetosphere

For the magnetosphere of a collapsing star which consists
of electrons, positrons, protons and neutrons, the particular
interest is focused on the effects of the electron capture on
protons, as well as that one of the positron capture by the
neutron reaction — the so-called Urca-process:
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e +p-on+ v
et+n-p +v,.

(28)

The last Urca-processes are the main processes in the
environment with nuclei of small density. The neutrino
luminosity for Urca-processes is the following (Qian &
Woosley, 1996):

Qvurca = 9.0- 103" T, pg, (29)
where temperature T;; = T/10*K, pg = p/108 g/cm3 is
the baryon density in the magnetosphere.

If energy E is measured in eV, we obtain

Qv urca = 2.2~ 10%¢ E161 Ps »

where E;; = E/10eV.

The neutrino luminosity for Urca-processes greatly
depends on the energy of particles. The energy of particles
grows very quickly during collapse; thus, Urca-processes
will play a significant role in the neutrino generation in the
magnetosphere. The neutrino luminosity in the
magnetosphere for Urca-process changes during collapse as

(30)

6

ps. (31

E RO)_Al (©)

Qyurca = 2.2-10%¢ [70(7

1011

At the final stages of the collapse (Ry/R=10°) in the
equatorial regions of the magnetosphere (0=n/2) the
protons can accelerate to energies £, </ 0'" eV, and the
magnetosphere density grows up to p, = 102 proton/
cm® =10"*2g/cm3. If in the magneto-sphere the
electrons capture on protons with energy £, </ 0'* eV, then
neutrino will be produced with the speed

Erg

Qv urca < 2.2-10%° (32)

cm3-sec

This is a very powerful flow of neutrinos, which will be
rapidly frozen in the magnetosphere during gravitational
collapse.

3.3. Neutrino generation due to of electron braking
radiation in a strong magnetic field

Neutrinos can be also produced due to synchrotron
radiation by electrons accelerated in the strong magnetic
field. The neutrino luminance for this process for a
relativistic degenerate electron is as follows (Canuto et al.,
1970, Fassio-Canuto, 1969; Landstreet, 1967):

2
3:107** B§ T,p*,for Bg p3 <8 - 10°T,,
veB = 2 19, 2
4-1077 B3T? ps, for By ps = 8 - 10°T,,
(33)

where Bg = B/108.

For magnetosphere of collapsing stars at the final stage
of gravitational collapse the magnetic fields are B =

10'"*G, electron energy is E, < 10"’eV, the electron
density is

pe = 1012 electron/cm® = 9-107°g /cm3.

2
For such magnetosphere the values Bgp3 ~ 107°;
8 -10°T, ~ 6-10'® . As follows from this the

2
estimation, Bg p3 « 8 - 10°T,. Therefore, the extreme
neutrino luminance for electron braking radiation

Erg

Qyes =3-107* BE T,p* ~ 3.3-10771 (34)

cm3-sec

This value is very small; hence, it does not enable us to
examine the neutrino radiation due to the electron braking
in the magnetosphere.

3.4. Generation of neutrinos due to photoneutrino
processes

Neutrinos will be also produced in the collisions of
photons with electrons and positrons in photoneutrino
reactions (Ritus, 1961; Chiu & Stabler, 1961; Petrosian et
al., 1967):

ef+y-set+v,+7,.
The neutrino luminosity for the photoneutrino processes

in hot plasma with is determined as follows (Dutta et al.,
2004; Koers & Wijers, 2005; Reynoso et al., 2006)

Qv photo = 1.1-103'T7;, (35)
where T;; = T/101'K.
If the energy E is measured in eV, then
Qv photo = 4.2+ 10%7 E7; . (36)
For magnetospheres of collapsing stars
Quphoro = 421057 [£, (2) ™ j101p. 37)

At the final stage of gravitational collapse (Ro/R=6) the
electrons can accelerate to the energy E, < 10%eV. The
extreme neutrino luminosity for photoneutrino processes
for such hot plasma in the equatorial regions the
magnetosphere (0=7/2) is

Erg
<4,2-10%7 ———
Qv photo = % cm3-sec’

(38)

This value is very big, so we can make conclusions
about strong cooling magnetosphere due to neutrino
emission due to photoneutrino  processes in
magnetosphere during collapse.

3.5. Generation of neutrino-antineutrino pairs by
plasmon decay

When a photon moves through ionized gas, a virtual
electron-hole pair (plasmon) will appear. This plasmon
decays into neutrino-antineutrino pairs
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I'—v, +v,. (39)
The neutrino luminosity for such process is the following
(Ratcovich et al., 2003; Koers and Wijers, 2005; Reynoso
et al., 2006):

Qy plasma = 7.1- 1026Tlgl- (40)
Replacing the temperature 7' (K) on energy E(elV), we
obtain

Qy plasma = 2.7-10% Efl- 41)
For magnetospheres of collapsing stars
R\ —41 (0)
Qv ptasma = 27-10% [E, (22) 7 /101 (42)

The electrons can accelerate in magnetosphere to the
energy E, < 10'1eV.

The extreme neutrino luminosity for plasmon decay in
the equatorial regions of the magnetosphere (#=7/2) at the
final stage of gravitational collapse (Ry/R=6) is

Erg

Qy plasma <2.7-10% 43)

cm3-sec’

3.6. Formation of neutrino-antineutrino pairs in
annihilation of electron-positron pairs

As follows from section 3, large number of electron-
positron pairs will be generated in the magnetosphere of a
collapsing star. During the annihilation of these pairs
neutrino pairs can be formed (Chiu and Stabler, 1961;
Chiu, 1961; Chiu and Morrison, 1960):

et +e >v, + 7V,

The neutrino luminosity for this process as follows (Itoh et
al., 1989; Koers & Wijers, 2005; Reynoso et al., 2006)
Qy pair = 3.6 1033 T, (44)

By replacing the temperature on energy E(eV), we obtain

Qv pair = 1.37 - 107°E7;. (45)
For magnetospheres of collapsing stars we obtain
—A1(6)
Qupair = 137107 [E, (2) 77 /101, (46)

The extreme neutrino luminosity for plasmon decay in the
equatorial regions of the magnetosphere (§=r/2) at the
final stage of gravitational collapse (RyR=6) due to
annihilation of electrons and positrons with the energy
E,+ =10"eVis

Erg

Qv pair = 1.37-107° 47
p

cm3-sec’

3.7. Generation of neutrino by mesons decay

If the plasma temperature exceeds 6:10"'K (E = 50
MeV), in the thermal radiation field of stars, neutrinos can
be generated due to meson decay in the magnetosphere
(Arnett, 1967):

nt - pt +v, /v,
pt - et + v, /v, + v, /7,

(48)

The neutrino luminosity for p-meson decay is the
following (Hansen, 1968):

Quy = 4.32-1038 T3, for 50< T, < 500. (49)
If energy E is in eV, then
Qyu =~ 674-10°° £} (50)
For magnetospheres of collapsing stars
-4, (6)
Quphoto = 674105 [y (32) 777 /108 (1)

The formation of m-mesons is possible only for very high-
energy protons (over 290 MeV). These protons will
accelerate in a variable magnetic field of the
magnetosphere of a collapsing star.

At the final stage of collapse the proton energy E can
accelerate to 10" eV; therefore, the neutrino luminosity
for p-meson decay in magnetosphere can increase to the
value

Erg

Qvu =~ 6.74-10% (52)

cm3- sec

4. Neutrino absorption and

magnetosphere during collapse

scattering in

Neutrino are absorbed and scattered due to the
following processes:

1. ¢*-neutrino scattering: v; + e* — v; + et ;
2. Absorption neutrino by neutron: v, + n - p+ e~ ;
3. Absorption antineutrino by proton: v, + p > n +e*.

Here we assume that all the particles are non-degenerate.

4.1. Electron and positron scattering

The cross-section neutrino scattering of electrons in a
plasma is the following (Tubbs & Schramm, 1975):

_ 3GEh3c?
R

1
ve (v + ) +3 (e — c)?| (RDIE,. (53)
Where
Cy = 1/2 + 25in2 ew,
¢y = 1/2; sin® 6 = 0.22.
G2h?c? =53 -107* cm?MeV 2.
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The average thermal neutrino distribution {E,)> = 3.15

kT. It applies to the electron-neutrinos, which interact with
electrons through both the charged and neutral current.

The neutrino mean free path due to combined electron-
positron scattering as follows from (Koers, 2005)

A1 (v, et) = o(v;, et)n,-.

Because the electron and positron density scales as T°,
the pass length is proportional to 77 .

For magnetospheres of collapsing stars with the
electron energy E, < 10" eV and electron density p, =
1012 electron/cm3® = 9-107%%g/cm3®  the neutrino
mean free path due to combined electron-positron
scattering is

A (v, et) < 10Mcem. (54)

4.2. Neutron and proton absorption

Electron-neutrinos and antineutrinos can be absorbed
by neutrons and protons through the charged interaction.
The cross-section is (Tubbs & Schramm, 1975)

G2h?c? S
Oyp = (1 +3a*)Ezg(E,).
where
2 _ (+m2)]"?
g(E,) = <1ig) 1422, L - Gme)
E, E, E?

where a = -1.26 is the nuclear axial coupling coefficient
and O = 1.3 MeV is the neutron-proton mass difference.
The positive sign applies to neutrino capture on neutrons,
the negative sign to antineutrino capture on protons.

The pass length for neutrino-proton scattering is

A7t (v, p) = a(v;,p)(0.5n,,)
This value is proportional to T 2,

For magnetospheres of collapsing stars with proton
energy E < 10" eV and proton density
pe = 10'2 proton/cm?® the neutrino mean free path due
to combined electron-positron scattering is

A (v, p) < 10%cm. (55)
As follows from Egs. (54) and (55), A (v;,e®) » A (v;, p).

Therefore, electron-neutrinos and antineutrinos will be
absorbed in the magnetosphere by neutrons and protons
through the charged interaction.

Neutrinos will be absorbed in the magnetosphere due to
their interaction with matter. The interaction cross-section
for electron neutrino and muon neutrinos with the
substance is very small and is approximately 10™* cm® for
neutrinos with energies 1 MeV. The loss rate of neutrino

due to scattering on electrons, protons or neutrons is
(Lattimer et al., 1991; Koers & Wijers, 2005):

P, ~9.1-1073°N,N,TZ [s~tcm™3],

Py ~ 1.5-107N,N, T [s"em™3], (56)

where

N, = 7.65-10%"T§ 57
is a number of neutrino in the unit of volume, N, is a
number of electrons, and N, is a number of protons or
neutrons.

The main part neutrino will be absorbed in the
magnetosphere on protons and neutrons. By substituting
(57) for (56) and replacing temperature 7(K) on energy
E(eV), we obtain the rate of neutrino scattering on protons
or neutrons

P, = 3.77 - 10°°N,E}, , (58)
where E;; = E/10' eV.
For magnetospheres of collapsing stars
R\ —41 (6)
R, =~ 3,77 - 10°N,, [E, (?0) /1011]8, (59)

5. Numerical evaluation of neutrino luminosity in
the magnetosphere of a collapsing star

As follows from the previous sections, in the
magnetosphere of a collapsing star the neutrino flux will
be generated due to various mechanisms. Neutrinos can go
out of the magnetosphere. As a result, this magnetosphere
loses its energy. The rate of energy loss due to neutrino
luminosity for different mechanisms can be determined by
formulae (14), (16), (20), (22), (24), (26) and (29). The
most neutrino will be generated in the magnetosphere of a
collapsing star due to the pair annihilation. Therefore, the
neutrino luminosity in the magnetosphere of a collapsing
star can be written down as

Qy = Qy pair = 1.37-107°. (60)

The neutrino luminosity from the whole magnetosphere
of a collapsing star can be obtained by integrating the
specific neutrino luminosity for the whole magnetosphere:

L, = va av, (61)
where dV— the volume element of magnetosphere.

As neutrinos do not interact practically with magnetic
fields, their distribution in the magnetosphere is
spherically symmetric. For such case

dV = 4nridr. (62)
Substituting (60) and (62) into (61) and integrating by
volume within R < r < R,, , we obtain the full neutrino
luminosity for the magnetosphere of a collapsing star

L, ~8-107°(R,, — R)3. (63)
Here R is the radius of star; R, is the magnetosphere
radius of (R <R, <7).
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This formula allows to determine the full neutrino
luminosity in the magnetosphere.
For regions near surface of collapsing stars (R,, > R )
L, >8-107° Erg/sec. (64)
As we can see, the magnetospheres of collapsing stars
are the very powerful sources of neutrinos, which are
generated by the nuclear reactions and the annihilation of

electron-positron pairs. These neutrinos will go out of the
magnetosphere thereby cooling it.

5. Conclusion

The primary protons and electrons are accelerated in
the magnetosphere of a collapsing star to relativistic
energies during gravitational collapse. Later on, the
secondary charged particles (electrons, positrons, protons
and mesons), neutrons, neutrinos and gamma photons will
be generated in the magnetosphere of a collapsing star due
to different interaction between the particles and fields.
The charged secondary particles will be also accelerated
in the increasing magnetic field, generating the cascade
charged particles, neutrons, neutrinos and photons. As
results of these processes, the magnetosphere of the
collapsing star will be formed. This magnetosphere
consists of protons (p), electrons (e), positrons (e"),
neutrons (n), mezons (7, W), neutrinos (v), and photons (y).

Being generated in the magnetosphere of a collapsing
star, some part of neutrinos will escape the magnetosphere
thereby cooling magnetosphere with very high rate. For
the subsequent existence of the energy balance in the
magnetosphere, the continuous energy flow from the star
into the magnetosphere is required. This energy flow can
be provided by stellar winds, accelerating in strong
magnetic fields during a stellar collapse.

Some part of particles and neutrinos go out from the
magnetosphere in the interstellar medium. This means that
magnetospheres of stars during their gravitational collapse
are the powerful sources of particles and neutrinos in our
Galaxy and other galaxies. The contribution of these
sources in the general flux of cosmic rays and neutrinos
will be investigated in the further study.
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CHARACTERISTICS OF THE PERIOD CHANGES
IN MIRA-TYPE VARIABLES
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ABSTRACT. The period changes in a sample of Mira-
type variables were analysed and classified. Characteristics of
the long-term cyclicity in the period changes were obtained.

Key words: Stars: LPVs, Mira-type, period changes.

Introduction

The Mira Ceti stars are long-period variables whose light
curves are not only distinguished by the periods of
variability, but also exhibit significant cycle-to-cycle
alterations as opposed to the corresponding light curves of
classical pulsating stars (e.g., 6 Cephei or RR Lyrae
variables). The comprehensive survey of the properties of
Mira variables and similar long-period variables was
conducted by Kudashkina (2003). In particular, it was
reported that many Mira-type variables exhibited changes in
their periods. Zijlstra & Bedding (2002) defined continuously
changing periods, sudden changes, and meandering Miras
(whose periods change to some extent with time, followed by
a return to the previous period). Our study resulted in more
detailed classification of the period changes.

We used observation data taken from the French
Association of Variable Star Observers (AFOEV),
Variable Star Observers League of Japan (VSOLJ) and
American Association of Variable Star Observers
(AAVSO), which enabled us to study the target stars’
variability over a period of about 100 years.

The methods and detailed procedures applied in our
analysis are given in Andronov & Marsakova (2006). Some
methods had been discussed earlier in other studies, in
particular: “asymptotic parabolae” and “running parabolae”
fittings were applied for determination of the characteristics
of extrema (Andronov, 1997; Marsakova & Andronov,
1996); trigonometric polynomial was employed to obtain
parameters of the mean light curves (Kudashkina &
Andronov, 1996); the light curves were subjected to
wavelet analysis and running sine approximation to study
the period and amplitude stability (Andronov, 2003;
Chinarova, 2010; Andronov & Chinarova, 2013).

To obtain variations in individual cycle parameters
with time, in this research we have analysed a sample of
56 variables classified as either the Mira type or
intermediate type which is between semi-regular (SRa)
and Mira classes. We examined variations in such
parameters as periods, amplitudes, the light curve
asymmetry, the mean luminosity (averaged over
individual pulsation cycles), parameters of humps on the
ascending branches, etc. as described in Andronov &

Marsakova (2006). To analyse and classify the period
changes, we used the O-C curves obtained using moments
of maxima. The individual cycle characteristics for the
majority of target stars are listed in catalogues (Marsakova
& Andronov, 1998; Marsakova & Andronov, 2000c¢).

The research results allow us to define the following types
of period changes:

1. Small irregular period changes. Small and moderate
amplitudes of the O-C curve can be seen in Fig. 1.
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Figure 1: The R Cyg O-C curve (small irregular period changes)

2. Switchover between similar period lengths
producing the saw-tooth O-C curve. Many Mira variables
show such period changes all the time or just over certain
time intervals. Such evolution is cyclic rather than strongly
periodic. The corresponding O-C curve is shown in Fig. 2.
Characteristics of these period changes (including mean
pulsation periods, as well as the O-C variation periods and
amplitudes) are given in Table 1. Accounting for the
findings of the study by Marsakova & Andronov (2007), it
can be noted that there are no humps on the ascending
branches of the light curves of the indicated variable stars;
and the proportion of pulsation cycles with short increments
on the ascending branches are rather small.
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Figure 2: The R Cas saw-tooth O-C curve
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Table 1: The period changes’ characteristics for the variables
with the most distinct saw-tooth O-C curves.

. Pulsation Periods of the Amplitude (.)f
Variable . o the O-C main
period O-C variation
wave
X Aur 164 205204400 3242
T Her 165 90004200 10+1
RS Her 219 12600+260 17+1
R Boo 224 11340£195 11+1
R Dra 246 12500+£260 11+1
X Oph 332 16000£500 2443
x Cyg 409 15400350 1542
R Cas 430 16600+300 2042

3. Smooth cyclic period changes on the timescale of
~17000-22000 days.

These changes were discussed in Marsakova & Andronov
(2013) by the example of three Mira variables. The most
evident smooth cyclic changes in period were reported in T
Cephei (also see Marsakova & Andronov, 2000b).
Alternative example is shown in Fig. 3. These period changes
are similar to those described in the previous paragraph, but
generally they have comparatively longer mean cycle length
and higher amplitude of the O-C variations (see Table 2).
Moreover, for some variables there are noticeable humps on
the light curve ascending branches, which can transform to
double-peak maxima over the period evolution course
(Marsakova & Andronov, 2013).
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Figure 3: The U Cyg smooth cyclic O-C curve

Table 2: The period changes’ characteristics for the variables
with the most distinct smooth cyclic changes.

General characteristics of humps on the ascending
branches were discussed in Kudashkina & Rudnitskij (1995)
and Marsakova & Andronov (2007). The results of the cross-
correlation analysis of variations of the T Cep light curve
parameters were presented in Marsakova & Andronov
(2000b). It was reported that the light curve amplitude and
period are strongly correlated while their variations are
shifted by 3 cycles; moreover, the amplitude and hump
magnitude variations are synchronous.

In Tables 2 and 3, the variables are listed in increasing
order of the main pulsation period, but it is clear that the O-C
wave cyclicity does no depend on the main period of
pulsation.

However, as is obvious, these period changes are not
strongly periodic either, and the cyclicity may be disrupted
with time.

4. Progressive period changes (continuous ones of the
same sign) were found in R Aql, R Hya, W Dra and T UMi
(Marsakova & Andronov, 2000a; Marsakova & Andronov,
2006). Such period changes are illustrated with the R Aql
O-C curve in Fig. 4. R Aql and R Hya exhibit constantly
decreasing periods while W Dra shows slowly increasing
period. T UMi has been undergoing abrupt decrease in period
since about J.D. 2443000. There are different types of the
period changes according to the classification by Zijlstra &
Bedding (2002); meanwhile, Wood & Zarro (1981)
introduced a helium - shell flash model that explains all such
period changes at various stellar core masses and helium -
shell flash phases.

It is remarkable that residuals from parabolic
approximation of the R Aql O-C curve (the so-called O-C
curve of the second order) produce a saw-tooth curve with
the period of 18500260 days (Fig. 5).

Slow decrease in the period was expected by the O-C
curve in Y Per, but there is also some influence of the multi-
periodicity.
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Figure 4: The R Aql O-C curve and its parabolic

approximation

(O-C = —13568300 + 11.1786-t — 0.00000230241-12,

Presence
. Pulsation Period of Amplitude of humps
Variable . the O-C of the O-C on the
period variation main wave ascending
branch
W Lyr 197 23900+1400 2543
V Cas 229 22600+230 52+1
R UMA 302 230004540 25+1
S UMi 328 146004440 2943 +
20600500 2612
U UMi 331 17600+200 502 +
Z Sco 348 22500700 48+5
T Cam 374 225004550 52+4 +
T Cep 388 19000+180 8212 +
T Cas 445 187004600 2543 +
U Cyg 466 23200800 60+4

where t is measured in J.D.)
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Figure 5: The residuals from parabolic approximation of the
R Aql O-C curve (the so-called O-C curve of the second order)

5. Effects of multi-periodicity were discussed in
Marsakova (2012), Marsakova & Andronov (2013) and
Chinarova (2010). Such influence results in noisy O-C curves
and significant decrease in the pulsation amplitude in some
time intervals. To detect these effects, it is necessary to carry
out thorough analysis of the light curves using various
mathematical methods.

Conclusions

Among our sample 56 variable stars 16 variables exhibit
small irregular period changes; smooth cyclic period changes
are shown in 14 variables; and 11 variables produce saw-
tooth O-C curves. There are also 4 variables with progressive
period changes and 6 variables subjected to the multi-
periodicity effects. We did not succeed in classifying period
changes in 5 variables due to poor observation data.

Two critical aspects should be emphasised. Firstly, the
effects of multi-periodicity may superimpose on period
changes of one of the types (namely, saw-tooth, cyclic or
even progressive ones as in Y Per) causing some distortion.
Secondly, for the data acquired at the moments of maxima
over a very long time interval (as it was made, for instance,
by SVO; http://var.astronet.se/mirainfooc.php), it is evident
that the O-C curve type may alter with time (but in this case
we employed data obtained by different techniques). Thus,
the suggested classification is applied to effects rather than
variable stars.

The present study is a part of two projects, namely
“Inter-Longitude Astronomy” (Andronov et al., 2010) and
“Ukrainian Virtual Observatory” (Vavilova et al., 2012).
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DETERMINATION OF THE POSITION AND VELOCITY
OF THE NATURAL SATELLITE’S SHADOW
ON THE ILLUMINATED PART OF THE SPHERICAL PLANET’S
VISIBLE DISK
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The Odessa National Maritime Academy
Didrikhsona str., 8, 65029, Odessa, Ukraine, vmihalchuk@mail.ru

ABSTRACT. This study introduces a simple ana-
lytical method for determination of the rectangular
coordinates of the natural satellite’s (or the moon’s)
shadow cast on the illuminated part of the spherical
planet’s visible disk and projected onto the sky plane,
as well as the rates of change of those coordinates
when the shadow is moving. The analytical method’s
formulae, derived in two approximations of the
Earth’s and the Sun’s positions relative to the planet’s
rotation axis, provide an accurate solution for each
approximation at any phase angle values that enables
to apply them to simulate processes associated with
the satellite’s shadow passing across the illuminated
part of the planet’s visible disk.

Key words: natural satellite, moon, shadow.

1. Introduction

The simulation of the planet satellites’ motion pro-
vides for the observations of their exact positions.
When a natural satellite is orbiting the planet, a geo-
centric observer can see the satellite’s position in orbit
at a given instant projected onto the geocentric sky
plane relative to the planet’s visible disk limb, which
is the planets’ projection onto the same plane. The
geocentric sky plane is perpendicular to the line con-
necting the centres of the planet and the Earth.

Tllumination of the planet and its satellite by the Sun
specifies the line that connects the centres of the planet
and the Sun. The planet and its natural satellite cast
their shadows in the same direction. The satellite’s
position relative to the planet’s shadow and the satel-
lite’s shadow position with respect to the planet’s disk
are determined for a heliocentric observer who can see
the satellite’s position in orbit at a given instant pro-
jected onto the heliocentric sky plane with relation to
the planet’s terminator, which is the planet’s projec-

tion onto the same plane. The heliocentric plane of the
sky is perpendicular to the line connecting the centres
of the planet and the Sun.

When the satellite passes near those two lines (i.e.
the planet-Earth and the planet-Sun lines) while orbit-
ing the planet, the satellite-planet phenomena can be
observed from the Earth’s centre. At that an occulta-
tion of the satellite by the planet’s disk is observed close
to superior geocentric conjunctions, and the satellite’s
transit in front of the planet’s disk can be seen close to
inferior geocentric conjunctions. The satellite’s eclipse
is observed close to superior heliocentric conjunctions,
and the satellite’s shadow passing across the planet’s
disk is seen close to inferior heliocentric conjunctions.

The prediction of phenomena in the satellite systems
of different planets is based on the determination of the
relative positions of the planet’s and each of its satel-
lites’ projections onto either of the sky planes (the geo-
centric or heliocentric ones) (Emel’yanov, 1996; Bureau
Des Longitudes, 2001). The phenomena conditions are
determined independently for each of those sky planes.

The satellite’s shadow passing across the planet’s
disk when the satellite and its shadow can be ob-
served simultaneously is of special interest. In that
case, the determination of both the instant of the satel-
lite’s shadow contact with the illuminated part of the
planet’s disk and the shadow’s rectangular coordinates
in the heliocentric sky plane is carried out similarly
to the method described in (Mikhalchuk, 2007). The
natural satellite’s shadow projection can be seen by a
terrestrial observer in the geocentric plane of the sky;
however, the determination of the satellite’s shadow
rectangular coordinates relative to the planet’s visible
disk in that plane gets complicated due to the satel-
lite’s shadow being projected onto the illuminated part
of the spherical planet’s surface rather than on the he-
liocentric sky plane (as it is the case when the contact
conditions are estimated). Moreover, due to the influ-
ence of the phase and spherical surface curvature, the
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motion of the satellite’s shadow across the illuminated
part of the planet’s visible disk differs from that of the
satellite’s projection onto the heliocentric sky plane.

The target problem can be solved with the numeri-
cal method that implies various coordinate conversions;
but such a method is very cumbersome and does not
give formulae for immediate determination of the satel-
lite’s shadow coordinates and their rates of change.

The indicated features of the natural satellite’s
shadow position and motion across the illuminated
part of the planet’s visible disk necessitate the devel-
opment of an analytical method that provides some
formulae to immediately transform the satellite’s po-
sition projected onto the heliocentric sky plane to its
shadow’s projection onto the geocentric sky plane. The
formulae that describe the satellite’s shadow position
and motion across the planet’s visible disk can be ap-
plied to easily and accurately approximate not only
the shadow’s position and velocity, but also its visi-
ble size and shape (Mikhalchuk, 2004), which are quite
important when conducting physical, astrometric and
photometric observations.

The purpose of this study is to determine the
position of the spherical planet satellite’s shadow in
the geocentric sky plane, as well as its rate of change,
using the described analytical method.

2. The determination of the satellite’s
shadow position on the planet’s surface

The formulated problem is solved using the ortho-
graphic approximation, i.e. the orthographic limb is
the boundary of the planet’s visible disk, and the ortho-
graphic terminator is the boundary of the illuminated
part of the planet’s visible disk.

The natural satellite’s shadow position on the illu-
minated part of the planet’s visible disk depends on
the lighting conditions, i.e. the planet’s phase. If the
phase angle ® is nonzero, the position of the satellite’s
shadow projected onto the geocentric sky plane relative
to the planet’s visible disk centre does not coincide with
the satellite’s position projected either onto the same
plane or on the heliocentric sky plane.

The planet’s orientation in space is specified by the
direction of its rotation axis. The apparent position
of the planet’s rotation axis relative to a terrestrial
observer can be defined by two angles, namely the pla-
netocentric declination of the Earth Dg and the an-
gle P of the axis position in the geocentric celestial
sphere. The planet’s visible disk illuminance relative
to a terrestrial observer is defined by the phase angle
® and the angle @ of the minimum illuminance point
position. Those angles are related to the difference
AA = Ag — Ag of the planetocentric right ascensions
of the Earth and the Sun, which can be derived by the

following formula adopted from (Mikhalchuk, 2007a):

sin @ sin(P — Q)

tan AA = .
a cos @ cos Dg + sin @ sin Dg, cos(P — Q)

(1)

The formula that connects angles ®, P, @ and Dg, (the

planet’s physical ephemerides) with the planetocentric
declination of the Sun Dg is given in (Mikhalchuk,
2007a).

To determine the satellite’s shadow position ob-
served on the illuminated part of the planet’s visible
disk, we introduce a rectangular coordinate system
(x,y,2), that is oriented relative to the orthographic
limb plane (the geocentric plane of the sky). The ori-
gin of this coordinate system is in the centre of the
planet’s geometric disk, and the X and Y axes lie in
the sky plane. The Y-axis is oriented along the planet’s
rotation axis projected onto the sky plane towards its
North Pole; the X-axis is oriented eastward; and the
Z-axis is oriented along the line of sight outward from
the Earth. Let us take the planet’s equatorial radius a
as a unit for measuring distance. The satellite’s appar-
ent position in the geocentric sky plane at a given in-
stant is specified by the rectangular coordinates z and
y, and the apparent position of its shadow is specified
by the rectangular coordinates x5 and ys. The velocity
V' of the planet’s satellite motion in the geocentric sky
plane close to the satellite’s inferior geocentric conjunc-
tion has projections onto the X and Y axes as such @
and g, respectively; and the projected velocity Vy of its
shadow’s motion is specified by &5 and ys. The rect-
angular coordinates x and y, as well as their rates of
change & and gy, can be defined by formulae given in
(Mikhalchuk, 2007).

Let us introduce another rectangular coordinate sys-
tem (2',y,z") that is oriented relative to the ortho-
graphic terminator plane (the heliocentric plane of the
sky). The origin of this coordinate system is in the cen-
tre of the planet’s geometric disk that can be observed
from the Sun, and the X’ and Y’ axes lie in the ortho-
graphic terminator plane. The Y’-axis is oriented along
the planet’s rotation axis projected onto that plane to-
wards the North Pole, the X’-axis is oriented eastward;
and the Z’-axis is oriented along the line of sight out-
ward from the Sun. The satellite’s rectangular coordi-
nates ' and 3 at a given instant specify the satellite’s
shadow position in the heliocentric plane of the sky,
and the position of its shadow on the planet’s surface
relative to the same plane is determined by the rect-
angular coordinates z%, y. and z,. The projections of
the satellite and its shadow onto the heliocentric plane
of the sky coincides, therefore z, = 2’ and y, = v/.
The velocity V' of the planet’s satellite motion in the
heliocentric sky plane close to the satellite’s inferior he-
liocentric conjunction has projections onto the X’ and
Y’ axes as such z’ and 3/, respectively. The method
for computing the rectangular coordinates z’ and v/,
as well as their rates of change ' and 7/, is described
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in the study (Mikhalchuk, 2007).

If the planet’s satellite is not a close one, i.e. its
radius vector r fulfills condition r > a, its motion pro-
jected onto the geocentric and heliocentric sky planes
close to its geocentric and heliocentric conjunctions can
be deemed uniform, meaning that velocities © and v,
as well as 2’ and 7/ are constant.

Hence, based on the known rectangular coordinates
z' and 9 of the planet’s satellite position in the helio-
centric sky plane close to its inferior heliocentric con-
junction, as well as on their rates of change &’ and 7/,
it is necessary to find the satellite’s shadow rectangular
coordinates x; and vy, as well as their rates of change
Ts and gs.

The methods for accurate solution of the formulated
problem, which are initially intended for the spherical
planets, can be also applied for its approximate solu-
tion for ellipsoid planets. It can be shown that t}}e
planet’s flattening can be neglected for low ratios %
171
V/

As in the general case 2> +y.> + 2,2 = 2> + y/> +
222 = a2, an auxiliary dimensionless coordinate should
be introduced to solve the target problem:

and meaning that the planet is spherical.

! /2 /2
/ Zs Tty
=S y1-=—7 2
C a &2 ) ( )

this coordinate should always be positive on the
planet’s side illuminated by the Sun. The auxiliary
coordinate ¢’ = 0 on the terminator, and ¢’ =1 at the
subsolar point. Having this coordinate differentiated
with respect to time, its rate of change can be found:

(3)

The natural satellite’s shadow position relative to
the planet’s visible disk and its velocity can be defined
by transforming the satellite’s position projected onto
the heliocentric sky plane to its shadow’s projection
onto the geocentric sky plane.

é/ _ 4 _l‘/j:' _|_y/y/
a a2</

3. The numerical method for determination
of the satellite’s shadow position and velocity
on the illuminated part of the planet’s visible
disk

The numerical method enables to find the satellite’s
shadow rectangular coordinates x5 and y, in the geo-
centric sky plane, as well as their rates of change &, and
s by the initial rectangular coordinates of the satellite
z' and ¢y’ and their rates of change 2’ and g’ in the
heliocentric sky plane. This method can also be imple-
mented with the known formulae for determination of
the satellite’s shadow position on the illuminated side
of the spherical planet (Mikhailov, 1954).

Figure 1: The appearance of the planet, its natural
satellite and the satellite’s shadow as seen from the
Sun (a) and from the Earth (b).

Let us consider the planet’s disk appearance as seen
from the Sun, i.e. in the heliocentric sky plane (Fig.
la). The satellite S casts the shadow S, which cannot
be discerned as its position always coincides with the
satellite’s position. The great-circle arc that bounds
the planet’s side visible from the Earth, i.e. the
planet’s light limb projected onto the heliocentric sky
plane, is shown with the dotted line.

The numerical method implies that first the tran-
sition is made from the satellite’s (and its shadow’s)
coordinates =’ and y’ projected onto the heliocentric
sky plane to non-rotating planetocentric coordinates \
and ¢ by the known formulae for the oblique ortho-
graphic projection (Vakhrameeva, Bugaevskij, Kaza-
kova, 1986). In that coordinate system the longitude
A is reckoned from the planetographic meridian of the
subsolar point F westwards of the planet; and the lat-
itude ¢ is reckoned from the planet’s equatorial plane.
Then, the planetocentric coordinate system is rotated
by the angle AA around point E to the subterral
point O that specifies the geocentric sky plane orien-
tation. The planet’s disk appearance as seen from the
Earth, i.e. in the geocentric sky plane, is shown in Fig.
1b. The planetocentric longitude Ag of the satellite’s
shadow, which is reckoned from the planet’s central
meridian passing through point O, is defined by the
following formula: A\; = A+ AA.

And finally, similarly using the known formulae for
the oblique orthographic projection, the transition is
made from the non-rotating planetocentric coordinates
As and ¢ of the satellite’s shadow to its rectangular
coordinates x4, ys and zs in the geocentric sky plane.

The transformation of the rates of change in coor-
dinates &g, ys and Z, is made by a similar way. The
numerical method is precise and holds for any phase
angle values and any planetocentric declinations of the



134

Odessa Astronomical Publications, vol. 27/2 (2014)
X N
o
© v
Figure 2: The satellite’s shadow position on the Figure 3: The satellite’s shadow on the planet’s visible

planet’s surface in its equatorial plane.

Earth and the Sun. That allows of its applying for the
analytical method testing.

4. The analytical method for determination
of the satellite’s shadow position and velocity
on the illuminated part of the planet’s visible
disk

Let us consider the problem solution in the first
approximation when the Earth and the Sun are as-
sumed to be in the planet’s equatorial plane. It means
that D, = 0 and Dg = 0. Hence, it follows that
P — @ = 490°. In all expressions the sign is selected
by the following rule: the upper sign corresponds to
the situation when the eastern part of the planet’s vis-
ible disk is illuminated; and the lower sign implies that
its western part is illuminated.

The angles ® and AA are in the planet’s equatorial
plane, hence, according to formula (1) it can be deemed
that & = +AA.

In a special case of the first approximation when the
natural satellite S moves true in the planet’s equato-
rial plane: y' = 0, ' = 0 (Fig. 2), its projection S’
onto the heliocentric sky plane changes its position uni-
formly along the X’ axis between points 7" and T'. The
satellite’s shadow S, which can be observed from the
Earth, transits through the planet’s equator arc be-
tween points L and T. The satellite’s shadow position
on the planet’s surface in its equatorial plane is speci-
fied by the angles 6 and ' relative to a geocentric and
heliocentric observer, respectively. Hence, 2’ = asin ¢,
zl = —acos® and x5 = asinf, z;, = —acosf where
=60 +9.

In more general case when the satellite’s path is par-
allel to the planet’s equatorial plane (Fig. 3), ¢’ = 0,

' = acosx'sin@, y = asiny’, 2’ = —acosx cost

disk in the first approximation.

where the angle x’ is equal to the planetocentric lat-
itude of the satellite’s shadow relative to the X'Y’
plane. Relative to the XY plane the planetocentric
latitude of the satellite’s shadow is x, and x = ¥’
at that. Hence, s = acosxsinf, ys = asiny and
zs = —acosycosf. Those expressions are valid even
in the more general case when ' # 0, i.e. the natu-
ral satellite moves at an arbitrary angle to the planet’s
equatorial plane.

Taking into account that the auxiliary coordinate ¢’
and its rate of change ¢’ are defined by formulae (2)
and (3), respectively, the rectangular coordinates of the
satellite’s shadow are as follows:

zs = x' cos ® £ al’ sin ®

Ys =y ;
2zs = —a(’ cos @ & 2’/ sin P

(4)

and their rates of change are the following:

iy = i cos ® £ al’ sin ®
Us :y, .
2y = —al’ cos® + 7' sin

(5)

Simultaneous formulae (4) and (5) hold for any phase
angle values.

Let us consider this case in the second approxima-
tion when it is only the Sun is in the planet’s equatorial
plane (Dg = 0), and the Earth’s planetocentric decli-
nation Dg can take on different values (Fig. 4).

The angles ® and A A are situated in different planes;
therefore, § = 6’ + A A, and the values of angles ® and
AA are linked by the following expression:

cos @ = cos Dg, cos AA.

(6)

The sign of angle AA in expression (6) is the same as
in sin(P — Q).
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Figure 4: The satellite’s shadow on the planet’s visible
disk in the second approximation.

Therefore, the rectangular coordinates of the satel-
lite’s shadow will be equal to
} b (7)

}~ (8)

At the solution of the formulated problem are used
only the coordinates s and y; of the satellite’s shadow,
and also their rate of change 25 and ;.

The velocity of the satellite’s shadow motion across
the illuminated part of the planet’s visible disk can
be defined by the following formula: Vi = /42 + y2.
The simultaneous formulae (7) and (8) hold for any
phase angle values and planetocentric declination of
the Earth.

If it is deemed that Dg = 0 in the second ap-
proximation, then it follows from expression (6) that
® = +AA, and the simultaneous formulae (7) and (8)
are transformed to the system of formulae (4) and (5).

zs =2’ cos AA + al’sin AA
ys =y  cos Dg — (a¢’ cos AA — 2’/ sin AA) sin Dg,
zs = —y'sin Dg — (a{’ cos AA — 2’ sin AA) cos Dg

and their rates of change are the following:

s = 2’ cos AA + aé’ sin AA
¥s = ¥’ cos Dgy — (a¢’ cos AA — i’ sin AA) sin Dg,
2s = —9' sin Dg — (al’ cos AA — i’ sin AA) cos Dg

5. The simulation of the satellite’s shadow
motion across the illuminated part of the
planet’s visible disk using the analytical method

The suggested analytical method was tested under
various lighting conditions for the planet’s visible disk
using the numerical method as a reference one. The
coordinate z, of the satellite’s shadow and its rate of
change z, were used at testing of an analytical method,
but for the solution of the formulated problem they
have no practical importance. The plot of the x, co-
ordinate and its rate of change Z, against the x’ coor-
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- Xy - 1 I
o=150°[122 T
902,
60°,
©=120° T
309,
0°

O=90° = ,

- - 300 X

L o
©=60° H r
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Figure 5: The satellite’s shadow coordinate and veloc-
ity in a special case in the first approximation.

dinate in a special case in the first approximation at
different phase angles are shown in Fig. 5.

As it follows from Fig. 5, the presented dependence
is only linear at ® = 0. At other phase angle values
the dependence is nonlinear. As coordinate z’ is pro-
portional to time, the satellite’s shadow motion across
the planet’s visible disk is not uniform. The minimum
velocity of the satellite’s shadow motion is observed
near the planet’s light limb L, the maximum velocity
is observed near the terminator 7. With increasing
phase angle the nonuniformity of the natural satellite’s
shadow motion increases.

The analytical method was tested for an example of
the Ganymede and its shadow transit across Jupiter’s
visible disk that occurred on November 12-13, 2002
near the western quadrature (Mikhalchuk, 2007). As
per initial data, the instant T} of the satellite’s in-
ferior heliocentric conjunction was 19"30™.45 TDT
November 12. The daily changes &' = —13.14963
and ¢ = —0.00769 computed at the indicated instant
can be deemed constant throughout the transit. The
instants 77 and T4 of the satellite’s shadow contact
with the illuminated part of the planet’s visible disk in
the spherical approximation were 17744™.77 TDT and
21P18™.02 TDT November 12, respectively. An exam-
ple of computation results at instant 19*00™.0 TDT
November 12 is presented in Table 1. For the indi-
cated instant the values of the initial coordinates were
x’ = +0.27807 and y' = —0.19053.

The approximations for the numerical method (both
the first and the second one) are the same as those
for the analytical method. The computation using the
precise numerical method was carried out according
to the physical ephemerides. As follows from Table 1,
the results obtained using different methods (namely,
the numerical and analytical ones) are similar in the
same approximations; that goes to show the trueness
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Table 1: The computation results of the Ganymede’s shadow position and velocity on the illuminated part of

Jupiter’s visible disk obtained with various methods.

Method  Approximation T Ys Zs T Us Zs
Numerical first +0.44921 —0.19053 —0.87288 —12.19177 —0.00769 —6.27257
Numerical second +0.44918 —0.19338 —0.87226 —12.19195 —0.02820 —6.27217
Numerical precise +0.44945 —0.18385 —0.87418 —12.19255 +0.01108 —6.27106
Analytical first +0.44921 —0.19053 —0.87288 —12.19177 —0.00769 —6.27257
Analytical second +0.44918 —0.19338 —0.87226 —12.19195 —0.02820 —6.27217
of the analytical method applied. Acknowledgements. The authors are thankful to

6. Conclusion

The key findings of the present study enable to
make the following conclusions:
1. The suggested analytical method for determination
of the coordinates of the satellite’s shadow of the
spherical planet on the geocentric plane of the sky
and their rate of change allows to receive the solution
as the formulae directly connecting these values
with coordinates of the satellite on the heliocentric
plane of the sky and their rates of change for two
approximations of the location of the Earth and the
Sun relative to the planet’s rotation axis.
2. The formulae obtained in both approximations of
the conditions of illumination of the visible planet’s
disk, are valid for any values of the phase angle and are
precise within the limits of the given approximation.
3. The motion of the satellite’s shadow on the
illuminated part of the visible planet’s disk is not
uniform, that it is necessary to take into account at the
calculation of the ephemerides and at determination
of the sizes of the satellite’s shadow on the illuminated
part of the visible planet’s disk.

anybody who has read this contribution to the end.
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ABSTRACT. As is shown in the present compu-
tations performed using three-dimensional numerical
astrophysical methods, in microquasars in the course
of precession of the accretion disc blown by the donor’s
wind the on- and off-states start being generated in
the disc. In our case, the transition between these
states takes 30-40 minutes of the orbital time. In
the off-state the temperature changes discretely, i.e.
such a change appears as separate sharp peaks, which
almost merge with each other over time.

Key words: Stars:

quasars; quasars.

close binary system; micro-

1. Introduction

The present study carried out using numerical meth-
ods for astrophysics aims to show that in microquasars
in the course of precession of the accretion disc blown
by the donor star’s wind the on-states (high/soft) and
off-states (low/hard) start being generated in the disc.

The afore-mentioned phenomenon was simulated by
the example of a microquasar in the semi-detached
close binary (CB) Cyg -1.

The main purpose of these computations is to
simulate the accretion disc and its driven precession
provided that the donor slightly overfills its Roche lobe
(the donor’s photospheric layers are in the vicinity
of the L; point), and the radiation wind flows from
the remaining part of the donor’s surface (except the
vicinity of the L; point) at that.

2. The numerical algorithm

The numerical approach for the accretion disc for-
mation in the microquasar Cyg X-1 is identical to that
one used in massive X-ray CB and microquasar candi-
dates Cen -3 and LMC -3 [1,2]. When computing the
gas flow, the astrophysical version of the large-particle
method by Belotserkovskii & Davydov [3] was applied

for integration of the non-stationary Euler equations.

To show how the computations were performed, let
us describe the numerical scheme of the astrophysical
version of the Belotserkovskii & Davydov large-particle
method. To carry out computations by the method
of large particles, the entire computational domain is
divided into three-dimensional rectangular grid cells,
and all integer values of physical quantity indices cor-
respond to the grid cells geometric centres. All physical
quantities are constant within a given cell. The frac-
tional indices fall at the grid cell’s boundaries. The
formulae below are written in such a way that the di-
rection of an increase in each index along all three axes
coincides with the positive directions of those axes. In
the presented formulae the variables Uli ks VZ”J p and
UZ}; are initial velocities at a given nth time-step
along the z, y and z axes in the cell with indices i, j
and k, respectively; and the variables U7, . ., V{"; .
and UZY, ;. are final velocities in the first stage of
computations.

It should be noted that in the first stage of com-
putations with a given time-step the pressure and ex-
ternal field effects were the only factored in. The ef-
fects of the transfer of physical quantities across the cell
boundaries were accounted for in the second stage of
computations. In equations 2, 7 and 9, among all non-
inertial forces, only those proportional to wy and w3
are taken into account; while the effects proportional
to wy - AA and (w, - AA)?, i.e. effects associated with
the donor’s precession, are not factored in due to their
apparent smallness as w, = w/2.56 and AA = 0.15.
It is also should be mentioned that the pressure effects
written as the central differences in the equations be-
low make the numerical scheme unstable; however, the
effects of the physical quantity transfer, which account
for the gas flow direction, are used in the second stage
of computations, and that makes the numerical scheme
of the large-particle method absolutely stable, steady
and strictly conservative.

Ul'ijr=Uljr +A-dl ,where (1)

?
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A P’ﬁkl/Q,z;k - Pinfl/Z,j,k ¥
Pijk - A
_’_GMdonor(x - :I/'donm“) GMI (.’E - xaccr) o
Rgono'r‘ Rgcc"'
=2V} - wo o8 B+ wi(r — em)cos B (2)
B = arctan zgeer (3)
where zgeer = AAsin(wpt), wp = Pi:rec’ wo = %7;,
AA=0.15

Rdono’r = \/(LC - xdonor)2 + (y - ydonor)2 + (Z - Zdonor)2

(4)

Raccr - \/(J? - xaccr)Q + (y - yaccT')2 + (Z - Zacc7')2
(5)

Vl’r’biyj’k. = Vz’k + B . dt (6)

g ,where

T n
5 _ Diryen = Fiioae

P Wi
GMaccr (y - yaccr)
fzgccr

+2U{fj)k - wp - cos B +
F2UZ}; - wo - sin B+ wi (Y — Ye.m.)

+

GMdO’I’LOT‘ (y - ydonor)
+ "

donor

+ +

(7)
UZV; ;x=UZ'; ) +C-dt ,where (8)

n n
C = Pi7j,k+1/2 B P’iaj’kfl/Q

+
Piik - A2
GM onor * \Z — Zdonor GMaccr Z — Zacer
L GMa 3( donor) (3 ),
donor Racc7‘

2 Vg sin B+ w2 — zem)sin - (9)
Etiix=E;xr+D-dt ,where (10)

P un ur

D = bk it1/2.4k  Yi—1/2,45,k +
Pijk dz;
_’_P{Lj,k ) Vitlj-‘rl/zk B Viflj—l/Q,k: T
ik dy;
LB UZijnr2 ~ UZijn—rp (1)
Pijik dz

n . .n n
Pk =m0 KTk

In the presented formulae G - the constant of grav-
itation; Mgonor and Myeer - the donor and accre-
tor masses, respectively; ZTgonor, Ydonor, Zdonor - the
donor’s geometric centre coordinates; Tocer, Yacer, Zacer
- the accretor’s geometric centre coordinates; Py - the
orbital period; Py .. - the precession period of the tar-
get CB; Ze.m., Ye.m., Ze.m. - the coordinates of the CB
centre of mass; ik " specific internal energy at the
beginning of a given time-step in the grid cell with
indices 4,j, k, ET; ik T specific internal energy at the
end of the first stage of the n*" time-step in the grid
cell with indices i, j, k; p}'; , - the density in the first
stage of the n'" time-step in the grid cell with indices
1,7, k; dx;, dy;, dz, a given grid cell’s dimensions in the
x,y, z directions; By - the pressure in the grid cell
with indices i, j, k at the n'” time-step; K - the Boltz-
mann constant; 73", , - the temperature in the grid cell
with indices i, j, k at the n'" time-step. The physical
quantities with fractional indices were computed with
numerical differences of up to and including the third
order that resulted in rather accurate calculation of the
physical quantities on the non-uniform computational
grid.

The second stage of computations of the numerical
algorithm for the large-particle method is described
starting with formula 13. In this stage the flows of
physical quantities across the grid cell boundaries are
computed, and the final velocities and temperatures
at a given time-step are determined. Formula 13 de-
scribes the calculation of change in density at a given
time-step in a given grid cell. Formulae 14-15 describe
calculations of the mass flow across ¢ — 1/2 boundary
of a given grid cell. As is seen in these formulae, the
velocity directions are taken into account when com-
puting the mass flow. Such arrangement of the sec-
ond stage computations for the large-particle method
makes the scheme integrally stable, steady and strictly
conservative. The other mass flows across other grid
cells boundaries, used in formula 13, are computed sim-
ilarly to formulae 14 and 15. At that the positive direc-
tion of the velocity in formulae 14 and 15 corresponds
to the increment in the grid cell number.

n
AM o5k —

dx;dy;dzy,

n
AMi,j+1/2,k

n
n+l _ n AMiJFl/QJ,k
Pijk = Pijk T

_|_

AM7s 1jok —
dz;dy;dz,

Aij,kq/z - AJ\/[z?,zj,kﬂ/z
dz;dy;dzy,

+ +

+ (13)

AM{il/z,j,k =dy; - dzy, - Uln,ifl/Q,j,k 'p?fl,j,k - dt,
i Uiz >0

(14)
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AM o i1 = dy; - dzi ULy o 1 Pije - AL,

if U711,F1/2,j,k <0
(15)

When computing formula 18, three velocity compo-
nents (calculated in the first stage) and total energy,
which are determined in curly brackets in formula 16,

successively substitute for the variable Zl”;”,i

1
Ziik = {U{ﬁi,j,k;Vf}m,k;UZﬁi,j,k;Eﬁ,ml,i,m} (16)
n (Uln,i,j,k)2 =+ (V17,li,j,k)2
Etotal,i,j,k = 9 +
Uz, )
+ lg’m + ik (17)
a1 _ ZigkPigk | AMLye g 2
i3,k
bJ fji pfﬁﬁ dx; - dyj - dzy
N “OME gy gk Zi T OMY g Lo N
pf;r,lC dx; - dy; - dzg
+_Aij+1/2,k ’ ZZj,k + AM;,lj,k—l/z ’ Zir,Lj,k—l B
pf;ri -dx; - dy; - dzg
_ AMT) 172 2 (18)
p?j',lg -dx; - dy; - dz

The boundary conditions and radiation wind from
the donor in these computations are similar to those
ones in our earlier studies [1, 2].

We assumed that the binary parameters are as fol-
lows: the Cyg X-1 orbital period is 5.6 days; the ac-
cretor’s mass is 10 Mg; the donor’s mass is 20 Mg [4];
the accretion velocity in the disc is about 3.0 - 1078
Mg /year [5].

The condition of the accretion disc formation is that
the wind acceleration in the radial direction in the
vicinity of the Lq point and along the line of centres in
the accretor’s Roche lobe should decrease to zero. The
L1 point vicinity starts at the L point and extends to
the accretor’s Roche lobe; in these computations the
chosen vicinity extension in the radial direction is 0.22
(here and elsewhere all distances are given in units of
orbital separation).

In this study, the driven precession computations
were performed given that the precession donor is em-
bedded, i.e. fixed in this computational grid while it is
accretor that changes its position in space (i.e. moves
across the computational grid). However, mutual posi-
tioning of the accretor and donor changes in a similar
way as if it is the donor is precessing (the effect of

the uniform motion relativity in classical physics). At
that we assume that the donor is precessing uniformly
without surges and accelerations, so the accretor’s mo-
tion will be uniform as well. The precession period is
assumed equal to 20 orbital periods.

It should be noted that we do not assume any ad-
ditional conditions for the on- and off-states creation,
they should be generated in the disc under the only
effect of precession with no additional conditions.

3. The computational results of the on- and
off-states generation in the disc

The study task is posed in such a way that the ini-
tiation of the winds from the donor and accretion disc
is calculated first, then the accretion disc’s driven pre-
cession is started, and the computations proceed as far
as the computer capability permits to trace disc’s evo-
lution as long as possible.

The donor’s wind is initiated during the first quarter-
third of the first orbital period, and the disc is formed
in the course of the first orbital period.

The orbital plane section and that one of the plane,
which is perpendicular to it and lies on the line of cen-
tres, in the computational domain at the instant of
time corresponding to the precession period 1.31 are
presented in Fig. 1 and 2. These figures show the
donor, wind from donor and accretion disc, which is
tightly compressed by the wind from the donor at the
given precession phase (the beginning of the low/hard
phase).

The key properties of the disc resulted from these
computations, such as the temperature in the disc’s
centre and accretion rate around the disc’s centre as
functions of time, are shown in Fig. 3 and 4. As is
seen in these figures, the accretion rate and tempera-
ture over each precession period change markedly (by
more than two orders of magnitude); when there is
a two-order increase in the temperature in the disc’s
centre, the accretion rate drops accordingly by two or
just over two orders of magnitude at the same instants.
All those variables fluctuate dramatically at that while
the transition between high and low temperature con-
ditions, and low and high accretion rates, respectively,
takes 30-40 minutes of the orbital time.

Thus we can state the fact that in our computations
in the course of precession of the numerical disc model
high and low temperature conditions, and low and high
accretion rates, respectively, are generated; and we in-
terpret these conditions as the off- and on-states of the
accretion discs in microquasars, respectively. The fact
that the numerical disc model alters significantly over
the precession period is given in Fig. 5 where it is
shown that the disc’s mass changes with the preces-
sion period (the disc’s mass is given on the logarithmic
scale in Mg). As it is seen in this figure, the disc’s mass
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Figure 1: The number density distribution over the TIM E
computational domain at the precession phase 1.31 in
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Figure 3: The temperature in the disc’s centre over
time.
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Figure 2: The number density distribution over the
computational domain at the precession phase 1.31 in
the Z-X plane.

Figure 4: The mass accretion rate in the disc’s centre
over time.
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Figure 5: The disc’s mass over time on the logarithmic
scale in M.

changes by almost two orders of magnitude; and at that
when the accretion rate is maximum at the high/soft
phase, the disc’s mass also reaches maximum.

As can be concluded from the aforesaid, the preces-
sion mechanism of the on- and off-states generation
works as follows: while the accretion disc is precessing,
the wind from the donor flows onto the disc at
different instants at various angles, causing the disc’s
tight compression (that occurs near the precession
phase 0.00, which is approximately the middle of
the high/soft phase); in that case the accretion rate
increases, and the on-state occurs in the disc as the
radiative cooling is very effective with high concen-
trations in the disc’s centre, and hence the gas cools
down to low temperatures. At the counter precession
phase near the phase 0.50 (which is approximately
the middle of the low/hard phase) the disc does not
practically experience the wind’s pressure that results
in the wind-accretion rate decrease and the off- state
occurrence as the radiative cooling becomes ineffective
at that instant, and the temperature in the disc’s
centre increases significantly.

4. Conclusions

This study conducted using methods for three-
dimensional numerical hydrodynamics shows that
in microquasars in the course of precession of the
accretion disc blown by the donor’s wind the on-
and off-states are generated in the disc, at that the
transition between these states is catastrophically fast
and takes 30-40 minutes of the orbital time. The
computations also showed that the temperature in
the disc’s centre changes discretely in the off-state
and such a change appears as separate sharp peaks,
which are at very small distances from each other
(5-10 minutes of the orbital time). As follows from
the observations, such discrete behaviour of the
temperature in the low/hard phase corresponds to the
similar discrete behaviour of the hard X-rays in the
low/hard phase.
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10 NEW VARIABLE STARS IN THE CONSTELLATION ANTLIA
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ABSTRACT. 10 new variable stars in the constellation
Antlia are reported, their phenomenological characteristics
are listed.

Key words: Stars: new variable stars, eclipsing bina-
ries, RR Lyr-type stars, Catalina survey.

1. Introduction

The authors carried out investigation using the time se-
ries photometry data from the Catalina Real-Time Tran-
sient Survey (CRTS) in 2013-2014. About 2,300 new
variable stars were found; the data for 10 the most re-
cently discovered ones are presented in the journal Odessa
Astronomical Publications. Sergei A. Dubrouski is a soft-
ware architect of the data-mining project who is responsi-
ble for the semi-automatic search for new variable stars
prior to the final processing of those data by a group of
enthusiasts. Alexander V. Pobyiaha is Sergey Dubrouski’s
assistant in the digital photometric sky survey data proc-
essing.

SSS_J105243.0-283155

The star was discovered by L.I. Baluk.

The PPMXL position of the star: RA = 10" 52™ 43.007",
Dec =-28°31'55.49".

The star’s catalogue identifiers: the 2MASS identifier —
J10524300-2831555, the USNO identifier — B1.0 0614-
0251069.

The star’s variability type: EA.

The peak brightness is 16.20™; the primary minimum
brightness is 16.91™ (in the C and V bands), the secondary
minimum brightness is 16.33™ (in the C and V bands).

The star’s light ephemerides are plotted in Figure 1. D =
0.18.
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Figure 1

SSS_J104410.6-225402

The star was discovered by L.I. Baluk.

The PPMXL position of the star: RA = 10" 44™ 10.619",
Dec = -22° 54' 02.46".

The star’s catalogue identifiers: the 2MASS identifier —
J10441060-2254023, the USNO identifier — B1.0 0670-
0284915.

The star’s variability type: RRC.

The peak brightness is 16.95™; the minimum brightness is
17.44™ (in the C and V bands).

The star’s light ephemerides are plotted in Figure 2.
M-m=04.
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SSS J103605.4-233709
The star was discovered by L.I. Baluk.

The PPMXL position of the star: RA = 10" 36™ 05.396°,

Dec =-23°37'10.12"

The star’s catalogue identifiers: the 2MASS identifier —
J10360539-2337101, the USNO identifier — B1.0 0663-

0243873.
The star’s variability type: EW.

The peak brightness is 16.30™; the minimum brightness is

16.80™ (in the C and V bands).

The star’s light ephemerides are plotted in Figure 3.
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SSS_J103130.8-230054

The star was discovered by L.I. Baluk.

The UCAC4 position of the star: RA = 10" 31™ 30.844°,
Dec = -23° 00' 54.55".

The star’s catalogue identifiers: the 2MASS identifier —
J10313084-2300545, the USNO identifier — B1.0 0669-
0272688, the GSC identifier — 06620-00917, the UCAC4
identifier — 335-062709.

The star’s variability type: EW.

The peak brightness is 14.40™; the minimum brightness is
14.60™ (in the C and V bands).

The star’s light ephemerides are plotted in Figure 4.
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SSS_J103037.2-290242

The star was discovered by L.I. Baluk.

The UCAC4 position of the star: RA = 10" 30™ 37.228",
Dec =-29° 02'42.86".

The star’s catalogue identifiers: the 2MASS identifier —
J10303723-2902428, the USNO identifier — B1.0 0609-
0245875, the GSC identifier -06632-01372, the UCAC4
identifier -305-064151.

The star’s variability type: EA.

The peak brightness is 13.20™; the primary minimum
brightness is 13.41™ (in the C and V bands); the secondary
minimum brightness is 13.38™ (in the C and V bands).

The star’s light ephemerides are plotted in Figure 5.
D =0.07.
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SSS J110303.4-222917

The star was discovered by .M. Sergey.

The UCAC4 position of the star: RA = 11" 03™ 04.39",
Dec =-22°29'17.93".

The star’s catalogue identifiers: the 2MASS identifier —
J11030438-2229179, the USNO identifier — B1.0 0675-
0306520, the UCAC4 identifier — 338-062729.

The star’s variability type: RRAB.

The peak brightness is 15.78"™, the minimum brightness is
16.88™ (in the C and V bands).

The star’s light ephemerides are plotted in Figure 6.
M-m=0.2.
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SSS_J103154.2-251541

The star was discovered by [.M. Sergey.

The PPMXL position of the star: RA = 10" 31™ 54.26",
Dec =-25°15'41.62".

The star’s catalogue identifiers: the 2MASS identifier —
J10315426-2515417, the USNO identifier — B1.0 0647-
0249453.

The star’s variability type: RRAB.

The peak brightness is 16.20™, the minimum brightness is
17.40™ (in the C and V bands).

The star’s light ephemerides are plotted in Figure 7.
M-m=0.2.
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SSS_J103830.8-254501

The star was discovered by I.M. Sergey.

The UCAC4 position of the star: RA =10" 38™ 30.77",
Dec = -25°45'01.14".

The star’s catalogue identifiers: the 2MASS identifier —
J10383074-2545011, the USNO identifier — B1.0 0642-
0251547, the UCAC4 identifier — 322-062782.

The star’s variability type: RRAB.

The peak brightness is 15.30™, the minimum brightness is
16.55™ (in the C and V bands).

The star’s light ephemerides are plotted in Figure 8.
M-m=0.12.



Odessa Astronomical Publications, vol. 27/2 (2014)

144
ov §55_J103830.8 -254501 SSS J104626.6-272234
L@, N The star was discovered by .M. Sergey. .
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. The star’s variability type: EB.
o 050 1.00 150 The peak brightness is 13.73", the primary minimum
M e T T T TR Phase brightness is 14.42™ (in the C and V bands) the secondary
Figure 8 minimum brightness is 14.05™ (in the C and V bands).

SSS J104603.5-200058

The star’s light ephemerides are plotted in Figure 10.
M-m=0.15.

The star was discovered by I.M. Sergey.

The UCAC4 position of the star: RA =10" 46™ 03.48",
Dec = -20° 00' 58.53".

The star’s catalogue identifiers: the 2MASS identifier —
J10460348-2000589, the USNO identifier — B1.0 0699-
0238422, the UCAC4 identifier — 350-061961.

The star’s variability type: RRAB.

The peak brightness is 16.20", the minimum brightness is
17.41™ (in the C and V bands).

The star’s light ephemerides are plotted in Figure 9.
M-m=0.15.
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THE ROTATING DISC EFFECT

O. Sh. Shahrukhanov

Astronomical Observatory, Odessa National University
Odessa, Ukraine

ABSTRACT. It is demonstrated that it is possible to
obtain a significant small-scale gradient of spatial proper-
ties using the rotating disc.

1. Introduction

The study of the rotating disc effect on the displace-
ment of interference fringes produced by the interferome-
ter is discussed in this paper. The preliminary results of
the study were described earlier by Shahrukhanov
(2013ab). Later on the 4.5 kg disc was substituted for the
2.5 kg disc to achieve greater fringe shifting effect.

The schematic representation of the interferometer is
shown in Figure 1. The metal tubes in which the interfer-
ometer was housed were removed from the scheme due to
decreased amplitude of vibrations caused by the disc rota-
tion. To do so the whole device (the disc with drive mo-
tor) was housed within metal casing wrapped with cloth
tape to ensure the vibration disturbance elimination.

The interference fringe displacement effect is observed
when the disc is positioned so that its rotation axis coin-
cides with the interferometer arm M2-M3. When the disc
is positioned between the interferometer’s main arms M2-
M3 and M1-M3, the fringe shifting effect is not observed
within the measurement accuracy. The maximum fringe
displacement is above 2000 angstroms with the disc’s
angular momentum of about 5 kg-sq.m/sec.

Figure 2 shows the time dependence of the angular
momentum and interference fringe displacement value (in
angstroms).

A physical model describing the phenomenon nature
was proposed by me for publication in 1984. The model
was based on two principles of inertia:

a) the inertial forces result from interaction of mass tra-
jectories (the disc is considered to be an aggregate of
point masses);

b) the effective values of inertial forces are arranged in
the scalar field.

The same principles are deemed general ones for the
nature of magnetic field.

2. Conclusion

The described model investigation allows to draw a
conclusion that in principle it is possible to find the gradi-
ent of inertial interactions. In the presented model the
speed of light is thought as the index of spatial properties
at a given point.

f | naz

Figure 1: The schematical representation of the interfer-
ometer. The legend: M1, M2 — mirrors, M3 — a beam-
splitter, L1 — a lens, L2 — a laser, P — the screen onto
which the interference pattern is projected.
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Figure 2: The time dependence of the angular momentum
and interference fringe displacement value.
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WAVELET ANALYSIS OF VARIABILITY OF THE RADIO SOURCE
3C120 IN CENTIMETER WAVELENGTH RANGE
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ABSTRACT. 3C120 — radio galaxy with an active
nucleus has been intensively studied for many years in a
wide range of the electromagnetic spectrum. We used
observational data for 1966-2010 years, obtained with the
radio telescope at Michigan State University (UMRAOQO) at
frequencies of 14.5, 8 and 4.8 GHz. To study the
variability of the radio source, we used wavelet method
for time series analysis. The main periods in three
frequencies are ~4.5 years and 6-12 years (~0.7, 1.6 and
3.4 years for the short-periodic flux component). The
delay between radio frequencies was calculated. The
comparison between the change in periods of fluctuations
of radio fluxes and dynamics of the jet was performed
(image VLBI Mojave, 15.4 GHz). Based on the periods
found, we conducted forecasting changes in the radio flux
and compared the results with the observation data.

Keywords: 3C120, radio galaxy, flux variability.
1. Introduction

The studied radio source 3C120 (Mrk 1506) refers to
the radio galaxy type FR I and is characterized by rapid
and significant changes in luminosity in different ranges
of electromagnetic waves. With redshift — 0.033 (Michel
et al., 1988), distance to the object — 150 Mpc, the highest
speed of jet components — 6.4c (Lister et al., 2013), and
flat radio spectrum, 3C120 is a gamma-ray source.

2. Data processing

Initial data on three frequencies (14.5, 8, 4.8 GHz) were
obtained on a 26-meter radio telescope of the University of
Michigan. The method of data gathering and processing for
the RT-26 is described in (Aller et al., 2001). The
observation period is 1966-2010 (Figure 1). The average
interval between samples is 7 days. The correlation
coefficients between the radio frequencies are as follows:
0.88 (14.5-8 GHz), 0.70 (14.5-4.8 GHz), 0.86 (8-4.8 GHz).

In the process of data preprocessing for analysis the
smoothing with moving average and detrending with
polynomial were performed (Gaydyshev, 2001), followed
by trigonometric interpolation. To isolate the short-periodic
component (O-C), the FFT filtering was applied
(Voskoboynikov, 2010). To search for periodicities in the
data, we used continuous wavelet analysis with the Morlet
function and wavelet filtering and reconstruction, which are
described in detail in the following papers (Davidov, 2007;

Smolentsev, 2010; Astafeva, 1996). Determination of time
delay between data at different frequencies was performed
using cross-correlation method (Rosenberg et al., 1994).

3C120

Flux, Jy

1864 1968 1072 1976 1980 1084 1088 1882 1895 2000 2004 2008 2012

Time, Vears

——14.5GHz =8 GHz ——4.8 GHz

Figure 1: The 3C120 combined graphs for changes in
radio fluxes at three frequencies

3. Wavelet analysis

As a result of the analysis the matrix of the continuous
wavelet transform coefficients was obtained, representing
a surface in three-dimensional space. Usually, they are
replaced by projections on the plane "frequency-time"
with the contour line that allows of tracking changes over
time in the frequency spectrum. The examples of wavelet
spectra are shown in Figure 2.

The values of the periods in years are given in Table 1.
The radio variability is divided into long-term (trend) and fast
(O-C) components. The high-frequency part of the signals
was isolated from trending periods and restored by the FFT
filtering. Thus, we obtained the values of short periods which
are hardly distinguishable on the original spectra.

As is seen from Table 1, the values of the long period
are stable for the entire length of the time series, except
that one at frequency 14.5 GHz. Most values of short
periods change over time; moreover, the corresponding
periods of oscillations occur in limited intervals of time.
The phase activity (last column on the right) shows the
time of maxima of global wavelet spectra in the frequency
range (showing time distribution of full power of wavelet
spectrum). Since the spectral composition of the signal
changes over time, each time of maximum spectral power
at the global spectrum corresponds to the value of period,
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which is the most strongly expressed at this time (Ryabov
et al., 2012). Thus, using the visualization of wavelet
spectrum as a series of "period-spectral power" graphs for
each year separately, we can determine which periods
make the largest contribution to the radio source’s phase
activity and compare them with VLBI maps.

Continuous Wavelet Time-Frequency Spectrum
02

0.29615
0.43852
0.64934
09615
1.4237
2.1082
3.1217
4.6224
6.8446

0.098667 10.135

15.007

22222
1

0.066633
0.045

Figure 2: Wavelet spectra at a frequency of 14.5 GHz. The top
graph represents the original series; the bottom one shows the
short-periodic part, isolated by filtration (power spectrum)

Table 1: Table of periods for the radio source 3C120.
Designations: Freq. — radio frequency; P ax, Pmin — change
interval period; Tguy, Teng — time interval of existence
period; PSDy.x, T, PSDpx — maximum value of spectral
power and its corresponding time; T, GWS,,,x — phase
activity (the main is underlined).

3C 120, trend
Fl'eq- Puax | Pmin | Tsoare Tend | PSDmax | T, PSDmax | T, GWSmay
4.6 | 3.8 | 1980.3 | 2008.5 195 1989.6 1985.0
145 | 6.3 | 5.9 |1979.0 | 1997.8 97 1989.2 1990.2
10.1 1988.4 | 2009.9 198 1994.8 1998.0
4.3 1982.21996.5| 230 1987.8 1985.2
8 8.1 1990.4 | 2007.7 118 1991.1 1990.0
12.4 1970.0 | 2005.0| 1613 1979.0 1998.3
4.5 1983.3 | 1994.0 194 1988.4 1986.0
4.8 1989.3
10.0 1989.7 | 2009.2 401 1996.7 2007.6
3C120,0-C
1.8 | 1.5 [1979.3 | 1984.3 19 1980.8 1985.0
1.6 1989.2 | 2000.7 29 1998.2 1992.0
14.5 21 2005.5 | 2010.2 18 2008.7 1998.2
0.8 | 0.7 | 1981.1 | 1985.1 3 1983.6 2003.7
0.7 1996.3 | 1999.5 9 1997.8 2007.2
1.9 | 1.6 | 1978.7 | 2007.4 32 1979.5 1978.4
3.4 1999.5 | 2008.4 43 2006.8 1985.1
8 2.7 | 2.3 |1979.1 | 1991.6 15 1980.1 1990.5
4.1 1968.0 | 1974.8 19 1971.6 1999.8
2.4 1970.8 | 1975.4 12 1973.4 2004.0
1.2 1971.5| 1975.7 8 1974.2 2007.0
3.3 | 2.7 |1981.5 | 2006.5 10 1983.5 1981.6
1.5 | 1.3 | 1988.7 | 1994.0 11 1991.2 1984.8
4.8 1.6 | 1.3 | 1997.8| 2007.2 4 1999.5 1990.5
1998.8
1.9 | 1.6 | 1998.7 | 2007.2 5 2001.4 2002.1
2004.0

4. Forecasting changes in radio fluxes

Wavelet analysis showed the presence of cyclical
component in the observed data. Thus, it made possible to
build a parametric model (sine or damped sine wave) time
series and predict the flux change outside of the available
sample. For a number of components and their frequencies
obtained from the spectral method (Scargle, 1982), we
estimated the amplitude and phase of harmonics by the least
squares method; the frequency, amplitude and phase were
optimized by nonlinear approximation to the best values.
The charts for original data (normalized) and the forecast
are shown in Figure 3. The correlation coefficients and
standard error of approximation are as follows: 0.90, 0.16
(14.5 GHz); 0.83, 0.41 (8 GHz); 0.94, 0.23 (4.8 GHz).

3C 120(14.5, 8, 4.8 GHz). Combined graphics original data and forecast.

rritesees

Amplitude
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Time, Years

=+ 195GH: ==14.5 GHz forecast BGHI ——8GHi forecast =« » 4.BGHI ——4.8 GHz forecast

Figure 3: Charts of original data (indicated by dots) and
parametric models (indicated by lines). The vertical line
indicates the beginning of the forecast with 2005.2- 2014.0.

It is seen that after the beginning of the forecast, the
coincidence with the original data deteriorates, but
fortunately the forecast shows the total change in the data
series. Perhaps, after 2010 there will be an increase in the
flux of radio emission at three frequencies. This method of
estimating the forecast time series is inferior in accuracy to
modern methods based on neural networks, but it is much
better in terms of speed of calculations for large data sets.

5. Time delays between the frequencies of observations

Between the data series, obtained at different frequencies,
there are time delays. To determine their values, cross-
correlation functions were computed. For frequency pairs
14.5-8, 14.5-4.8, 8-4.8 GHz the delay values were 51.1,
138.5, 58.4 days, respectively. However, the delay for the
initial data contains the sum of oscillations with different
periods. In the bands separate periods delay value varies with
time. For example, in periods band ~6-4 years, change delay
(in days) was: 146-292 (14.5-4.8 GHz); 36-146 (14.5-8
GHz); 18 — 109 (8-4.8 GHz). In periods band ~2-1 year, the
delay value between frequencies decreases to the end of the
series from 36 to 8 days. In periods band ~1.0-0.4 year the
delay value ~22 days did not change with time (14.5-8 GHz).

6. Comparison of radio variability with VLBI maps
The observed activity in the radio source is the sum of

contributions of radio-core and jet. In this paper, we
attempt to relate changes in quasi-periodic radio flux with
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the movement of bright spots in the jet (MOJAVE
Program) (Lister et al., 2009). They were used to compare
the phase activity at a frequency 14.5 GHz (1998.2,
2003.7, 2007.2) as the closest to 154 GHz (at this
frequency VLBI maps were constructed). An example is
shown in Figure 4. On the maps for 1998 high brightness
of the nucleus and jet components is seen. The period
values are 0.7 and 1.5 years for O-C data and 4.2, 10.0
years for trending periods. On the maps for 2003 in jet
dominates one outlying from core low brightness
component, the period for O-C data is 1.7 years. On maps
for 2007 also dominated outlying component, and a new,
near the core, periods for O-C data — 1.2 and 2.0 years.
When spots in the jet bright, in O-C spectrum more short
periods, with the distance from the nucleus brightness
diminishes spots and increase the value of periods O-C
component. High spectral power trending periods
corresponds to high brightness of the core. Therefore, it is
the most likely that the rapid variability of the radio
emission forms a jet activity and long-term — core source.
It should be noted that the VLBI «core» is not a base of
jet. Certain patterns can be extended to the observation
period when sessions VLBI measurements were not.
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Figure 4: The figure shows VLBI maps to date 1998.01.03
(top) and 2003.08.28 (below) and the corresponding local
wavelet spectra for the O — C data.

7. Results

The data processing based on wavelet analysis shows
presence of some long-periodic (4-12 years) and short-
periodic (0.7-3.4 years) components of the radio source.
At a frequency 14.5 GHz periods of major fluctuations
slightly decrease with time. For O-C components periods
variation is 0.1-0.6 year. In short periods according to O-C
data the highest spectral power was observed in the
limited time at the moment of activation core and jet.

On the basis of quasi-periodic oscillations radio fluxes
the forecast from 2005 to 2014 was calculated by means
of parametric time series models. Up to ~2011 the forecast
showed a good correspondence to real observation data,
then an increase in flows at frequencies 14.5, 8, 4.8 GHz
is likely to occur. The main phase of the radio source
activity and form them «spectra periodsy.

Since the observed changes in flows composed of
various sum of quasiperiodic processes were calculated
the delay between the observing frequencies of not only
the original series, but also in the bands of individual
periods variability. The value varies with time delay and
differs for different spectral bands.

Possible to assign from local wavelet power spectra of
individual periods, which provide the main contribution to
the phase of activity, allows us to «see» them with VLBI
images of the coincidence of the observation time.
Moving on jet bright components form fast quasiperiodic
variations in the radio flux. Slow long-term flux changes,
probably related to the activity of radio-core source. The
advantage of long-term monitoring radio fluxes allows to
use this relationship to a time when there was no regular
VLBI observations (in catalog MOJAVE data from 1995).
«Long waves» variable reflects macroscopic processes,
changing accretion rate of gas shell to the core (Dibay,
1987), or instability in accretion disk. In paper
(Cowperthwaite et al., 2012) they describe the possibility
of destruction of the inner part of accretion disk in 3C120
before emissions of new components in the jet. Long-
periodic variability may also be a result of the precession
of the jet of radio source in presence of a double black
hole (Caproni et al., 2004). The long period of 12.4 years,
according to the data of optical monitoring of 3C120 may
be explained by precession of the jet and coincides with
the period value at a frequency 8 GHz (on 14.5 and 4.8
GHz similar values of long periods ~10 years).

Rapid variability of the radio flux can be explained by the
shock waves moving in the jet. Interaction with superluminal
jet component is manifested in form of forming a plurality of
shock waves behind him (Marscher, 2008). A good
description occurrence of short periods, model based on the
magnetic dynamo (Meyer et al., 2002). In the radio source
3C120 some components of the jet close to the nucleus show
a very small shift in a long time, which may be a result of
«standing wavey in the interaction of forward and backward
shock waves in the jet (Hiroki Nagakura et al., 2008).
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ABSTRACT. As a rule, to determine photometric and
dynamic characteristics of geostationary satellites required
for their identification, long-lasting (from a half of the
year to one year) photometric observations are needed at
GSS different positions relative to the observer. The au-
thors suggest conducting photometric measurements of
GSS when they enter and exit the Earth's shadow near
equinoxes. On these dates the GSS brightness increases by
several magnitudes, so the use of telescopes with a mirror
diameter of 50-70 cm can be effective. For shorter periods
it is possible to get more information about the reflective
properties of the object than during long-term observa-
tions at large phase angles. Several examples of photomet-
ric and dynamic characteristics of several GSS obtained
near equinoxes are presented here.

Key words: multicolour photometry, geostationary sat-
ellite, satellite identification, phase angle, equinox, the
Earth's shadow.

1. Introduction

The Geostationary Earth Orbit (GEO) is overcrowded
with space objects (SO) and space debris. There are more
than 20 groups of geostationary satellites (GSS) in the
GEO that form a compact cluster of several satellites with
inclination to the equator and eccentricity close to zero.
When re-deploying and manoeuvring geostationary satel-
lites, it is necessary to determine their nationalities, func-
tionalities and types. The highly elliptical orbit (HEO) is
poorly monitored. There is no information available for
hundreds of objects in that orbit, or they are not reliably
determined in catalogues.

In such cases, the SO identification by their orbital pa-
rameters is ineffective. This paper describes the advan-
tages of photometric observations of the indicated SO at
small phase angles. The SO brightness increases manifold
when it enters and exits the Earth’s shadow near equi-
noxes. At a certain time many GSS can be seen with the
naked eye.

2. Theory

Simultaneous analysis of coordinate and photometric
data allows to determine the object’s type and its hardware
platform, payload, dominant shape and behaviour in orbit
(in normal mode and non-standard operation mode) within
certain accuracy. It is possible to determine characteristics
of the object’s failure when it is out-of-order as it was
done, for instance, for GSS “Yamal-1” [1], sample return
mission “Phobos-Grunt” [2], “DSP F23” [3], “Cosmos
23977 [4], etc.

As a result of the change in geometrical configuration
of the “Sun-Earth—-GEO” system, the geostationary orbit
usually passes outside the Earth’s shadow cone throughout
a year, except the interims near the vernal and autumnal
equinoxes. The longest eclipses of GSS by the Earth’s
shadow occur on the days when the Sun is close to the
vernal and autumnal equinoctial points. The polar regions
of the Earth’s shadow cross the GSS orbit before and after
equinoxes, so duration of its stay in the Earth’s shadow
gradually shortens down to several minutes. The sunlight
reflected off the GSS surface falls on the Earth’s surface
as a light spot of 350 km in diameter and slowly moves
southward in spring and northward in autumn. For the
GSS entry into the Earth’s shadow two conditions must be
met:

[6s—6/<ps, and

where &, & — inclination of the GSS orbit and the Earth’s
shadow axis, respectively; o, — the diameter of the Earth’s
shadow cone; a, o; — the right ascension of SO and the
Earth’s shadow axis, respectively; r, — the length of the
chord traversed by a satellite in the shadow.

6 ==0y = 056712h

/as—at/< rt,

The most favourable period to record peak-amplitude
flares depends on the observer’s geographical position.
This period lasts about 1.5 days. At around 45° N latitude
the dates of GSS flares with maximum amplitudes near
the equinoxes fall on the 3" of March and the 12" of Oc-
tober [5].
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Active GSS with orbital inclination and eccentricity
close to zero get regularly eclipsed by the Earth’s shadow
during 22 days around the equinoxes. The duration of such
GSS eclipses by the Earth’s shadow depends on the obser-
vation date in relation to the equinox and varies from 10
minutes to 72 minutes. And the phase angles can vary from
13°.6 to 16°.1 at that [5].

The main photometric, optical, geometrical and dy-
namic characteristics of GSS, which are used to identify
and interpret the SO behaviour in orbit, are as follows:

Photometric characteristics: the effective reflective area
— Sy;; spectral reflectance y;; phase coefficient f — change
in magnitude if y fluctuates by 1°; colour index (B-V, V-
R, etc.); magnitude calculated at the phase angle y = 0°
and reduced to a distance of 36,000 km.

Optical & geometrical characteristics: the SO linear
dimensions and dominant shape.

Dynamic characteristics: the period of rotation around
the centre of mass or one of axes; the SO orientation in
space determined by the normal vector to the SO glinting
surface (Xn, Yn, Zn — the vector’s components).

Because of the applied character the satellite’s charac-
teristics, not all of them are available to the public. Each
of these characteristics does not always unambiguously
reply to the question which type an unknown SO belongs
to. But the analysis of those characteristics along with or-
bital data, as well as additional and a priori information al-
lows finding an acceptable solution to identify GSS.

To determine the GSS reflectance characteristics, con-
tinuous photometric observations are usually carried out
during the whole night. The following problems can arise
in the course of those observations:

1. Geostationary satellites are very faint with brightness
of about 12™-15™ at the phase angles w > 30°. To photo-
metrical such GSS, it is necessary to use telescopes with
primary mirror diameter of approximately 1 m and larger.

2. When conducting simultaneous basic observations
with reference distance of hundreds or thousands of kilo-
metres at y > 30°, each observer can see the SO at a dif-
ferent angle. It is not quite correct to compare or combine
the light curves obtained at different observation sites to
interpret the SO behaviour over time in the orbit at a cer-
tain moment of observation. Simultaneous basic observa-
tions also often restricted by weather conditions at the ob-
servation sites.

The experience gained by the authors of this paper
shows that the photometry of GSS at small phase angles
near equinoxes considerably saves time required to obtain
the GSS characteristics and allows to improve the content
and quality of the target information. The GSS brightness
can increase by 10™ during these days, so it can be effec-
tive to use telescopes with a mirror diameter of 50-70 cm
in diameter. The analysis of light curves at small y for ob-
jects with diffuse and specular components also enables to
obtain more reliable reflectance characteristics of the sat-
ellite's surface.

The observed magnitude m of a satellite depends
mainly on three parameters: the reflective area GSS — S,
reflectance characteristics his surface -y;, and the phase
angle — .

m =F {y, Sy,}.

It is possible to determine m from the observation data
and calculate the phase angle w. The computation of the
spectral reflectance — y; and apparent effective reflective
area — S is quite probabilistic and depends on many rea-
sons listed below.

The GSS brightness in terms of magnitude is calculated
by famous Pogson’s formula: m; = -2.5lg E//E,. As per
McCue et al. [6], the GSS brightness in the target wave-
length range can be expressed as the following formula:

m, =mj; —2,5 lg{isy*;;(l//)} : (1)

where m; — the Sun’s magnitude in the wavelength

range, S — the area of the GSS surface illuminated by the
Sun and thus visible to an observer, y;, — spectral reflec-
tance, Sy, — effective reflective area, y — satellite-centric
phase angle, F(y) — phase function, d — topocentric dis-
tance to the object. The Moon’s illumination, light reflec-
tion and scattering by the Earth are left out of formula (1).
At an altitude of 36,000 km the interference of the Earth’s
background illumination, including absorption and
Rayleigh scattering, is negligible and makes up hun-
dredths of magnitude [7, 8]. The Moon’s background il-
lumination can be neglected as the GSS photometry is fea-
sible at large angular distances to the Moon and at small
lunar phases.

The shape of the GSS light curve on its entering (exit-
ing) the Earth's shadow is primarily related to the effective
reflective area Sy;. Its value depends on the optical charac-
teristics of the SO surface, under-satellite point longitude,
satellite's orientation, geographical position of an ob-
server, season and the satellite's orbit life (ageing of the
materials used in the satellite's construction), etc.

At small phase angles (cos w = 1) when the reflec-
tive area is maximum, values Sy, and y; for objects of
known dimensions can be calculated using the obser-
vation data. As follows from formula (1):

m§ —m,
Sy,=d*-10 >3 .secy .
The value y; is determined in a similar manner:
d 2 m ? —ma

Y, = TIO 2.5

Thus, with known GSS dimensions, it is possible to de-
termine its near-real effective reflective area — Sy, and
spectral reflectance y;,. With known dominant geometric
configuration, it is possible to use corresponding scatter-
ing phase functions, particularly for sphere, cylinder,
plate, etc.

The phase function of a satellite, except spherical one,
assumes that its space orientation is known. The satellite’s
orientation in space is determined by the normal vector to
the visible part of the SO surface that generates a flare at
the time of observation in the satellite-centric coordinate
system. The normal vector components are Xn, Yn and
Zn. The X-axis is parallel to the celestial equator and ori-
ented to the vernal equinox point. The Y-axis is oriented
to the Earth’s centre. The Z-axis is oriented to the celestial
pole parallely to the Earth’s rotational axis. The satellite
identification by the photometric observations can be con-
ducted in two ways.
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Direct problem. The apparent brightness of an object at
any specific time is computed and further analysed by the
GSS estimated (known) shape, lighting conditions and op-
tical properties of its surface, as well as by known SO ori-
entation relative to an observer. This problem is practi-
cally solvable with rather high probability.

Reverse problem. In this case the non-uniqueness in
determination of the SO shape by its light curve is associ-
ated with the following fundamental principle. The algo-
rithm input is a function dependent on a single argument
as phase angel - brightness (or m (t)). In mathematics such
a problem is classified as incorrect, and the obtained solu-
tions are generally unstable or have no physical meaning.

However, the problem can be simplified if the object's
dominant shape is known. The phase curve of the defined
shape of the object is described by the scattering function
F(y) for basic geometrical figures (plate, cylinder, sphere,
etc.). They are analytically determined in the studies by
E.R.Lanczi, W.R.Rambauske, G.A.McCue, J.G.Williams,
J.M.Morford [6, 9, 10]. The GSS orientation in space can
be determined by mirror flares using the method described
by V.Epishev in [11].

3. Results

The computation of some photometric and dynamic
characteristics of several GSS at small y was preformed.

About 50 multicolour light curves in B, V, R filters
(Johnson’s system) for the GSS "Intelsat 10-02" entering
and exiting the Earth's shadow have been obtained in
Odessa Astronomical Observatory (Ukraine) and Vihorlat
Observatory (Slovakia) during 2005-2014. A photomulti-
plier FEU-79 operated in the photon-counting mode was
used to measure the satellites' brightness. The in-depth
study of the mentioned GSS behaviour in orbit on the ba-
sis of multicolour observations is reported in [12].

"Intelsat 10-02" is based on the "Eurostar 3000" plat-
form; its solar panel (SP) span is 45 metres. The GSS light
curves is best approximated by the phase functions for a
flat plate with Lambertian reflectance, which takes the
form:

F(y) =cos ¢+ cos 0),
where ¢ and @ correspond to the angles of incidence and
reflection of the light to plane of the SP, respectively.

The “short” light curve (obtained with 50-cm telescope
in Odessa, Ukraine) is shown in Figure la; and the “long”
light curve (obtained with 1-m telescope in Humenne,
Slovakia) is presented in Figure 1b.

0 - Intelsat 10-02, 12.10.2010
/)

20 22 24 26 28 30 32 34 36

Figure la: Odessa — “Short” phase light curve at the time of exit

from the Earth’s shadow
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Figure 1b: Slovakia — “Long” phase light curve at the time of
exit from the Earth’s shadow

In the opinion of the authors of [12], the presence of
two brightness peaks on the light curve is attributed to the
contribution in the total quasi-mirror reflected light of
the first panel SP, and then by that of the second panel
SP. The brightness decrease between the two peaks can
be explained by the movement of the solar image on the
payload platform. The analysis of the data presented in
Table 1 reports that the SO functioned normally during the
periods of observations.

Table 1: The results of the solar panels’ orientation deter-
mination at the time of the GSS peak brightness

Obsfl;Vt:tlﬂn UT ) ’ 6@, | Gobsy® | Boby | Uy | Bp°
06.10.2010 | 1"43"54° | 191.56 | -5.02 | 216.37 | 6.82 | 204.01 | 0.92
2°08™13° | 191.71 | -5.03 | 222.44 | 6.82 |207.05| 0.92
07.10.2010 | 143"22° | 192.48 | -5.40 | 217.21 | 6.82 |204.89 | 0.72
2"06™00° | 192.62 | -5.40 | 222.81 | 6.82 [207.72] 0.72
12.10.2010 | 1"37"55° | 197.05 | -7.30 | 220.76 | 6.82 |208.97 | -0.23
2°02™24° |197.20 | -7.31 | 226.88 | 6.82 |212.03 | -0.23
14.10.2010 | 1"59™58° | 199.05 | -8.05 | 228.28 | 6.82 | 213.68 | -0.63

The first two columns of the Table are clear. The fol-
lowing data are presented in the next columns: satellite-
centric equatorial coordinates of the Sun (o o 9g) Ob-
server (Oops, Oobs) and normal orientation towards the solar
panel (o, 8,). All angles are measured in degrees.

Values y; and (Sy;) reduced to a distance of 36,000 km
and w = 0° for “Intelsat 10-02” are given in Table 2; the
values were computed by the “short” light curve with the
variation range y ~ 13° and by the “long” light curve with
the variation range w ~ 28° (marked with symbol *).

Table 2: The (Sy,), and spectral reflection coefficient y,,
computed by the “short” and “long” light curves

s 1. (Sv)s " (S,
Sp| £0.02 | £0.02 m’ m’
£1.0 +0.60
B 0.18 0.18 17.58 16.25
v 0.34 0.38 32.44 34.11
R 0.22 0.21 20.26 19.15

As is seen, the values y; and (Sy;) computed by the
“short” and “long” light curves are similar.
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The values Sy; and y, for GSS of two types with “Euro-
star 3000S” (“Skynet-5B”, “Skynet-5A”, “Skynet-5D”)
and “GeoBus” (“Sicral-1” and “Sicral-1B”) platforms
were computed by the “short” light curves in a similar
way (see Table 3). There were at least three light curves
obtained for each object on its entry and exit from the
Earth’s shadow.

Table 3: The effective reflective area Sy, and spectral re-
flectance y;, for GSS with platforms of different types
computed by the “short” light curves

Platform types SP T Sy,, m?, y =0°
B| 0182002 1758+1.00
Eurostar 3000 V| 0.34+0.02 32.44 +1.00
R| 022002 20.26+1.00
B 098;’ . 11.86 +0.50
Eurostar 3000S v 00012] } 9.74 £0.50
R 09;)122 . 10.80 +0.50
B 0985,2 . 5.41 +1.60
(Italgfg%l(;f)) VI ons 5.17 + 1.60
R 09;)1; : 6.22 +1.60

The “short" phase light curves for GSS of two types,
“Sky-net-5B” and “Sicral-1B” are shown in Figures 2a
and 2b.

37 Skynet-5B, 02,0311 ~1_

13 i f

f
20.15 20.2 20.25 20.3 20.35 20.4

Figure 2a: The “short” phase light curve after satellite’s exit
from the shadow

27 Sicral 1B, 15.10.2011

6 1
1 uT[h] h
7 | | | — — R |
23.3 23.4 23.5 23.6 23.7 23.8 23.9 24

Figure 2b: The “short” phase light curve after satellite’s exit
from the shadow

The Table 3 shows; the values Sy, and y; for the
“Skynet» (with “Eurostar 3000S platform) and «Sicral»
(GeoBus Italsat-3000) military satellites are several times
less than those for communication satellites with “Euro-
star 3000” platform; that corresponds to reality.

Three light curves at small y were obtained for the
emergency GSS "Cosmos 2397". The most meaningful
phase light curve with diffuse and specular components for
that SO after its exit from the Earth's shadow is given in
Figure 3. The presence of four peaks in Figure 3b appears
to indicate the presence of four segments of SP. The solar
panels rotate with maximum speed of one rotation per 18
minutes. At the time of the first flare the solar panels' tilt
towards the Sun was 6.5 degrees, and at the time of the sec-
ond flare — 8.7°. The minimum inclination of the panels to-
wards the Sun was ~5.0°. That is classical inclination of the
active GSS solar panels towards the Sun. The solar panels'
orientation remains unaltered relative to the Sun, although
the satellite slowly drifts along the orbit (~1° per day). The
components of unit normal vector to the SP surface in the
light curve segment corresponding to the second peak in
brightness at  from 19.13° to 23.65° are given in Table 4.
As can be seen from Table 4, the Yn component is practi-
cally oriented to the observer. The SP orientation by two
mirror flares in Figure 3a demonstrates that they were mov-
ing practically in the ecliptic plane. Thus, the normal orien-
tation for the first flare was a = 176.96°, § = 4.94°, and for
the second flare a = 179.22°, & = 4.96°.

6 Cosmos 2397, 12.09.2004
Vm
8 1
10 +
12 1
v

14 t } t } t } t } t } t } t } t }

15 17 19 21 23 25 27 29 31

Figure 3a: The phase light curve after satellite’s exit from the
shadow

T Flash 1
6.5 Vm
8.5 T
10.5 +
17.4 17.6 17.8 18 18.2

Figure 3b: A segment of the first flare
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Table 4: The normal vector orientation towards SP related to the
observer at the phase angles from 19°.13 to 23°.65 as of
12.09.2004.

o Xn Yn Zn
19130 o0 0.994 0.1E)4
20.196 0oL 0.995 0.0é6
21.044 o 0.996 0.0;0
21413 oot 0.996 0.0;38
21766 0.0E)S 0.996 0.0;36
22855 0.0_14 0.997 0.0;31
23632 0.0&1 0.997 0.0;7

With W° — the satellite-centric phase angle; Xn, Yn, Zn
— components of the normal vector to the reflective sur-
face. The effective reflective area for the solar panels at
the given SO angle for the time of the first flare (see Fig-
ure 3b) were computed: Sy; =0.87 m?, Sy, = 4.18 m?, Sy;
=2.67 m%, Sy,=0.66 m’, where Sy; — the number of the
panel, for which the effective reflective area were deter-
mined.

Possible cause of non-standard operation mode. The pe-
riod of the object’s rotation around the Z component is 18
minutes whilst making a cone with an angle close to 5° and
causing a change in the measured brightness (mainly re-
flected off the solar panels) with amplitude of about 2.0™.
The most likely is that the GSS stabilization is upset, and
that resulted in its rotation around the axis with orientation
close to that one of the Z-axis [4].

On the basis of the photometric observations, the au-
thors of study [3] identified the breakdown of satellite
"DSP F23". "The analysis of the light curves and behav-
iour of the normal orientation to the specular reflecting
elements, first of all to Zn, indicates that the satellite prac-
tically maintains its orientation to the Earth's centre, but
there is no spin around that axis with a period close to 10
seconds. That resulted in inability to scan the Earth's sur-
face that was the main purpose of the SO and caused its
change-over to the librational mode".

4. Advantages and Conclusions

In the authors’ opinion, the main advantages of the
GSS photometry the near equinoxes are the following:

1. It is possible to get a few tens of light curves enter
and out from of the Earth's shadow during the night.

2. It is possible to determine almost all reflectance and

dynamic characteristics, except the phase coefficient S.

3. More reliable photometric and dynamic data for ob-
jects of known dimensions can be computed.

4. The GSS behaviour in orbit, either in normal mode
or non-standard operation mode, can be estimated by its
mirror flares.

5. It is possible to considerably save time to obtain data
characteristics of GSS, which are necessary to identify an
unknown GSS.

The photometric database (Johnson’s system) of the
Astronomical Observatory of I.I.Mechnikov Odessa Na-
tional University includes about 500 light curves for more
than 100 GSS of different types: “Intelsat”, “DSP”,
“SBIRS”, “Eutelsat”, “Mentor”, “Express”,
“Skynet”,“Yamal”,“Sicral”, “Mercury”, “PAN”, etc.
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ABSTRACT. One of the frame processing techniques,
as well as an example of further use of the obtained results
to calculate an asteroid’s orbit are given in the present
paper. The application of frame combination method to
improve the telescope’s limiting magnitude is described.

Key words: orbits, asteroids.

1. Introduction

Since a new telescope OMT-800 (0.8 m primary
mirror, /2.67 reflector with corrector + CCD) was
installed at the observation station of the Astronomical
Observatory of Odesa National University in Mayaki
village, it became possible to obtain high-precision
differential astrometric observations of geostationary
objects, asteroids and comets with total magnitude
brighter than 21.

The telescope’s design features and capabilities are
described in detail in the article by Andrievsky et al. (2013).

So far the positional observations of faint objects in the
Solar System are of great importance as the ground-based
support of space observations of these objects, as well as
search and registration of space debris are required indeed.

2. Method for surveying and software for frame
processing

It is not feasible to use long exposures for OMT-800 as
due to its significant light-gathering power faint objects
are overshone by the stellar background for exposures of
longer than 30 sec. The optimum exposure of 10-20 sec
(depending on the Moon’s presence and atmospheric
conditions) was experimentally chosen. Observations of
faint objects are conducted by series of 5-15 consecutive
exposures. A single observation results in a monochrome
16-bit 3056 x 3056 pixels image saved as FITS-file. A
typical example of such image is shown in Fig. 1.

To increase the limiting magnitude for the observed
objects, as well as to carry out astrometric reduction of
images and obtain differential equatorial coordinates of
the observed objects, we used OLDAS programme
module, which is a component of CoLiTec software
package (Savanevich et al., 2012), provided by courtesy of

Figure 1: A frame before processing. The exposure time is 10 sec.

its developers. The indicated module enables to adjust
frames of any size by brightness using median filter and
the Fourier analysis, as well as to conduct auto-calibration
and correction by eliminating dead and hot pixels. At this
stage the vignetting of field of view, comatic aberration,
any possible failures of daily tracking; ambient light
which interferes with telescope viewing, as well as
diffracted rays can be corrected. A typical result of a
single frame processing using the mentioned software
package is presented in Fig. 2. The frame shown in Fig. 1
is taken as the initial frame.

Application of the frame combination functional
implemented in the CoLiTec software package enabled us
to increase the telescope’s limiting magnitude from 19 to
21, which is shown in Fig. 2 and Fig. 3.

A super-frame obtained by combining eight frames
with 10 sec exposure is demonstrated in Fig. 3.

Experimental test of a number of observational techniques
showed that at least three series of eight frames in each
should be recorded to receive the best quality astrometric
observations. Combination of eight frames allows of



Odessa Astronomical Publications, vol. 27/2 (2014)

155

Figure 2: A frame after processing. The exposure time is 10 sec.

obtaining good signal-to-noise ratio while three super-
frames are required to determine the target object’s orbit.

Having got super-frames made up with OLDAS
programme, we automatically search for known asteroids,
as well as for new ones, in the frame. Such capability
increases the value of this programme which can be
applied for object search and sky survey.

3. Angular surveying reports and computation of
asteroid orbits

The frame processing technique is still to be approved,
but the first results have been already received. 90% of
our reports on observations and results of primary
processing for asteroids and comets (Williams et al.,
2014) with magnitude up to 21 meet the Minor Planet
Centre Orbit (MPCORB) database (www.minorplanet
center.net) requirements.

The Keplerian elements of an asteroid are computed
using the Gauss method by three observed positions
(Montenbruck et al., 2002).

In questionable cases the fourth observation can be
used to choose the correct orbit from several alternative
solutions.

Orbital elements of an asteroid are refined using all
observations by the method of differential correction of
orbits (Bazyey et al., 2005).

4. Conclusion
The refined orbital elements are concordant with the

corresponding asteroid’s orbital elements from the Minor
Planet Centre Orbit (MPCORB) database.

Figure 3: A super-frame made up of 8 individual frames with
exposure time of 10 sec.

Our results of asteroid observations’ processing will be
further improved by advancing the algorithm of frame
processing technique, upgrading OMT-800 and extension
of computational method for orbit calculations. That in turn
will enable to use the obtained orbital state vectors to solve
the asteroid ephemerides problem (Bazyey et al., 2009).

Acknowledgements. The authors are grateful to the
group of CoLiTec software package developers, headed
by Vadym Savanevich, for kindly provided software.

References

Andrievsky S.M., Molotov LE., Fashchevsky N.N.,
Podlesnyak S.V., Zhukov V.V., Kouprianov V.V,
Kashuba S.G., Kashuba V.I., Mel’nichenko V.F.,
Gorbanev Yu.M.: 2013, Odessa Astron. Publ., 26/1, 6.

Savanevich V., Bryukhovetskiy A., Kozhuhov A., Dickov
E., Vlasenko V.: 2012, Space Science and Technology,
18, 39.

Williams G. et al.: 2014, Minor Planet Circ. Suppl.,
544817-545650, 545651-547654, 558681-560008.

Williams G. et al.: 2014, Minor Planet Electronic Circ.,
2014-Y44.

Montenbruck O., Pfleger T.. 2012, Astronomy on the
Personal Computer.

Bazyey O.A., Sibiryakova E.S., Shulga A.V.: 2005,
Odessa Astron. Publ., 18, 8.

Bazyey A.A., Kara 1.V.: 2009, Visnyk Astronomichnoyi
shkoly, 6/2, 155 (in Ukrainian).



156

Odessa Astronomical Publications, vol. 27/2 (2014)

RE-CLASSIFICATION OF THE
NEGLECTED VARIABLE V480 AQL

N.A. Virnina!, N. Maslova?, T. Krajci?
1 Odessa National Maritime University, Mechnikova str., 34, 65029, Odessa, Ukraine,

virnina@gmail.com

2 Mariinskaya High School, L. Tolstogo str., 9, 65023, Odessa, Ukraine
3 Astrokolkhoz Observatory, Center for Backyard Astrophysics, New Mexico,
PO Box 1351 Cloudcroft, NM 83117, USA

ABSTRACT. We present the results of multi-
coloured photometric study of previously neglected
variable star V480 Aql. Our V RI observations prove
that this star belongs to classical Cepheids with the
period of P = 199.0016. We also propose an empirical
dependence between colour indices and temperature
of supergiants, which, according to the nature of
Cepheids, enabled us to determine minimum and
maximum temperatures of V480 Aql.
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1. Introduction

V480 Agql = GSC 0460-0382 (R.A.j2000 =
18"50m34.885°, Dec. o000 = +07°07'33.70") is a
poorly studied variable star, discovered by C. Hoffmeis-
ter (1949) who classified it as a typical RW Aurigae
variable. Then this star was mentioned in the list of
coordinates and identifications for Sonneberg variables
(Kinnunen & Skiff, 2000). But no photometric data
have been published up till now. At present differ-
ent types of variability are indicated for V480 Aql in
various catalogues: Hoffman, Harrison and McNamara
(2009) classified it as a rapid irregular variable; the
variability type LB is indicated in GCVS (Kazarovets
et al., 2013); in ASAS (Pojmanski, 2002) it is classified
as a star of DCEP-FU type; and in AAVSO catalogue
the variability type DCEP is indicated.

In order to clarify the classification of V480 Aql, we
observed it in V', R and I bands.

2. Observations

We observed V480 Aql using two telescopes for
over two years. Omne of them, BSM Takahashi FS-
60CB, equipped with SBIG ST-8XME camera and

photometric B, V, R, I. filters, we used from February
till May 2012. Another one, namely T5 Takahashi
Epsilon (D = 250mm) of iTelescope.net observatory
in New Mexico, USA, was used from July 2013 till
June 2014. It was equipped with SBIG ST-10XME
together with BV R or BV I photometric filters. As
V480 Aql is rather faint in B-band, we observed it
only with V, R and I filters for this study. Three
constant stars were chosen as reference stars for
ensemble photometry. The list of reference stars,
their coordinates and magnitudes are given in Table
1. The BSM telescope was designed for rather bright
stars; thus the photometric data, collected with that
telescope, demonstrate a wide scattering. To improve
the quality of phase curves, we binned the BSM data
with bin size of 0.1 d. We applied the Lafler-Kinman
method to combined light curves and determined the
period P = 199.0016(4+0%.0851), which is in good
agreement with the AAVSO period P = 199.001597.
The initial epoch is HJDy.x = 2456608.01 + 0.19.
The resulting curves from both telescopes in V—, R—
and I—bands are shown in Fig. 1. The amplitudes
and phase curves are typical for classical Cepheids.

3. Classification

Multicoloured observations made it possible to eval-
uate the temperature variations of V480 Aql by
analysing colour indices. Taking into account that
V480 Aql is faint in B-band and rather bright in I-
band, and assuming that this star is a supergiant that is
typical for Cepheids, we used the dependence between
colour indices (V — R) and (R —I) and temperature T,
given in Allen’s Astrophysical Quantities (Cox, 2000).
We propose two empirical formulae, whose domain of
validity extends from 2800K to 10000K:

19(T) = (—0.56+0.01)-1g(V — R+0.2)+(3.654£0.003);
19(T) = (—0.50£0.02) -Ig(R—I+0.1)+(3.573£0.009).
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USNO-B1.0 R.A. Dec. % R 1
0971-0471757 18"51™32.645° 07°08'15.73"” 11™.279 10™.797 10™.347
0972-0471843  18"50™03.570° 07°13’17.15"” 11™.591 10™.750  9™.970
0971-0469055  18"49™31.477° 07°08'01.45"” 11™.033 10™.481 9™.967
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Figure 1: VRI phase curves of V480 Agl. Filled sym- the Galaxy are typical for those ones of DCEP-type

bols correspond to T5 observations, while empty ones cor-
respond to BSM data

We found that V480 Aql belongs to the Galactic thin
disc; thus, to determine the real temperature we should
take reddening into account. To calculate the intrinsic
(B — V)Y, we adopted the empiric formula suggested
by Tammann, Sandage and Reindl (2003):

(B — V)% =(0.366 + 0.015) - IgP + (0.361 + 0.013).

By applying it to V480 Adql,
mean value (B — V)? = 0m.829. To find the
following dependence between colour indices:
(V —R) =0.504 - (B —V) + 0.085, we also analysed
the results of processing the photometric data given
by Fouque et al. (2007) Thus, for V480 Aql the
expected mean colour index is (V — R)Y = 0™.503.
Adopting this value, we calculated the V' — R vari-
ability, which gave the minimum and maximum
temperatures for V480 Aql: (V — R) e = 0™.382(9)
yields Thuae = 6120(£64)K, (V — R)pin = 0™.573(5)
corresponds to Ty, = 5216(£18)K (Fig. 2). The
maximal temperature is reached near the phase ¢ = 0,
together with maximal luminosity, which is typical for
DCEP-type variables.

we obtained the

4. Conclusion

Due to the fact that the period, shape, phase curve
amplitudes, temperature variation and position in

variables, we may conclude that V480 Aql is a classical
Cepheid indeed.
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