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ABSTRACT. There are two main forms of cognition
of Nature: empiric knowledge obtained from the expe-
rience, and theory as system of ideas and principles.
Each of the two forms uses its own methods. While
empirics or phenomenology is based on experiments,
theory mostly deals with axiomatic approach. Every
axiomatics starts from the principal question: what
statements should be chosen as axioms? The present
work uses the existence of limit values as the initial
axiom. It is well known that the statement about the
existence of minimum quantum of action £ is sufficient
to build all the Quantum Mechanics, likewise maxi-
mum velocity value c—for the Special Relativity. Sim-
ilar approach can be realized in General Relativity as
well, which can be built on the postulated existence of
limit (maximum) power

P

77:@-

It seems natural in context of this axiomatics to transit
from the traditional Planck’s units to the modified
ones, i.e. from the set (%, ¢, G) to (A, ¢, n), with
the latter containing exclusively limit values. The
approach considered in the present paper opens new
exciting possibilities for interpretation of the known
results and obtaining the new ones.

Keywords: axiomatic approach, limit values, funda-
mental constants.

1. Introduction

The traditional approach to describe the reality was
based on physical laws and seemed unshakable, but
today it is changing before our very eyes. The new
concept ”it from bit” (Wheeler, 1986; Lloyd, 2005)
step by step conquers its place in collective conscious-
ness of the ”physical community” (holographic prin-
ciple, black hole thermodynamics, informational para-
dox), and number of its supporters continuously grows.
Structure of the new paradigm can be briefly described
in the following way.

States of a physical system should be treated as
purely informational states. Space-time, where all
physical processes are played out in the habitual pic-
ture of the world, now is ” just” an object for realization
of the informational states. The information (the bits)
is now the only real thing.

Such a radical revision of the reality nature causes
understandable prejudices, especially in view of unde-
niable achievements of the traditional physics. And
the first question to rise is: why Nature uses two domi-
nant approaches instead of one? It is possible that the
two alternative approaches can contradict each other.
Time reversibility of mechanics and time arrow in ther-
modynamics represent a well known example of such
a contradiction. Hopefully Nature is sufficiently per-
ceptive to avoid contradictions of that kind. It has
apparently foreseen that all the adequate approaches
to its description are somehow, yet mysteriously for
us, linked.

In our opinion, the so-called limit values play an im-
portant role in search for those links. The statement
about the existence of limit values can be used as a
basis for physical axiomatics. It is well known that
the Quantum Mechanics can be built basing on the
existence of minimum quantum of action A, Special
Relativity—of maximum velocity c. Relatively recently
it became clear that the analogous approach can be
realized in general Relativity as well (Gibbons, 2002;
Schiller, 2006), which can be built on postulate about
existence of maximum force

A

Fmafc = E

The limit values are actual for all physical systems
regardless their nature, and for every observer. The
particular value of the limit is of less importance than
the very fact of its existence. One should distinguish
between two types of the limit values: the ”fundamen-
tal” ones and all the others. The limit value is called
fundamental if it cannot be deduced from the existing
theories, and its existence can be used as a basis for fu-
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ture theories. A classical example: finite value of prop-
agation velocity for arbitrary signal in vacuum gen-
erates Lorentz transformations and consequently the
Special Relativity.

Only finite limit values make interest. Appearance
of singularities in a theory is commonly considered as a
first signal of the fact that the theory has gone beyond
its applicability limits and needs modernization. The
latter implies taking into account the previously ne-
glected effects, which would allow to make the theory
free of the singularities.

An alternative point of view was formulated by
Penrose as the ”cosmic censorship principle”: Nature
always hides a naked singularity (Penrose, 1973).
The space-time singularities appear in such places
which are hidden from observers, like inner parts of
black holes. In other words, the super-limit values are
screened from us by the horizons, and the very limit is
reached exclusively at the horizon. The present work
is aimed to generalize the cosmic censorship principle
to the level of the physical censorship one, having
shown that a large number of fundamental limitations
in both micro- and macro-physics is imposed by
existence of the limit values. Treatment of those
limitations in terms of the limit values opens new and
interesting possibilities for axiomatic formulation of
physics, which can be realized postulating existence of
certain set of limit values.

2. The Maximum Force Principle

The role of the two fundamental values — the light
speed ¢ and Planck’s constant A — is well known. We
will now focus on the third fundamental constant—
the limit force. The maximum force principle was first
formulated in the paper of Gibbons (Gibbons, 2002): [
suggest that classical General Relativity in four space-
time dimensions incorporates a Principal of Mazimal
Tension and give arguments to show that the value of
the maximum tension is

A

F maxr — E (1)
The limit does not depend on the force nature and
equally holds for gravitational, electromagnetic, nu-
clear, and all other forces. The statement about ex-
istence of maximum power is absolutely equivalent to
the latter:

~ 3.25 x 103 N.

5

c
Prow = — ~9.07 x 10> W. 2
e @)
Both quantities are components of the 4-vector
F= @.
dt

The multiplier 1/4 does not play a principal role.
Therefore, further, where it does not lead to confu-

sion, we will omit numerical multipliers of the order of
unity assuming that the approximate equality A ~ B
corresponds to the relation log A =~ log B.

The limit force and the limit power are invariants:
if follows from invariance of the quantities ¢ and G.
Time dependence is not however excluded in general.
The force limit takes place for every component of the
3—force, as well as for its absolute value.

The limit power has a trivial physical interpretation.
Let us consider the power released in ”annihilation” of
a black hole of mass M. Minimum time required for
realization of this process equals to the time interval
needed for light signal to travel the distance equal to
its ”gravity radius”

2R, AMG
t = — =
c c3
Mc? P
P = — =
AMG/c® 4G’ (3)

which exactly coincides with the above introduced limit
power.

Here is another example to clarify the mechanism of
the occurrence of the maximum force. In the Newto-
nian mechanics F' = dp/dt, therefore

(Ap)maz _ mc me?

Fmafc = AN~ =
(At>mzn tPl

T (4)
At first sight one may expect that unlimited growth
of the mass will give rise to arbitrarily great force.
However, this is not true, and the limitation is bound
up with the appearance of horizon at the increase of the
mass on a fixed scale of length [p;. Indeed, omitting
the numerical multipliers O(1), we find the mass with
the gravitational radius equal to the Planck length:

he

l 2
~ PIC 5 = mpy. (5)

_jhee
G V3G
Consequently, the maximum mass which can be used

in (3) for preventing the appearance of the horizon is
the Planck mass, so

~

mpic®

== (6)

Fmax ~ I
Pl

The result (6) can be obtained in the form of the
combination of the Planck units with the dimension of

force:

_ [he [RG cd B ct

VGV 3 hrG G
Note that for the Planck mass the gravitational radius
coincides with the Compton wavelength.

It should be emphasized that all our statements con-
cern solely the case of dimension D = N +1=4. It is

Lpy
2
tPl

(7)

Fpy=mp,
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only in the space of dimension D = 4 that the Planck
force is independent of f:

MpypyLpip —p25,p_4 Dt
Fpypy = 7}}232 () =G, 2R, (8)

(D)

More strictly the expression for the limit force (limit
power) can be obtained in the frames of General
Relativity (Schiller, 2005).

3. Modification of Planck’s Unit System

Dimensional analysis is a powerful method which
makes it possible to obtain results (both qualitative
and quantitative) on the basis of general knowledge
of the phenomenon under consideration. Dimensional
analysis (along with symmetry considerations) is espe-
cially significant for construction of initial approaches
to description of the systems for which any theory is ab-
sent at present. As it is well-known, many astonishing
results have been achieved due to dimensional consid-
erations which at first sight seem to be quite simple.
There are even such results that are still not obtained
in other, more rigorous way. A classical illustration of
such a situation is quantum gravity. The latter has
practically become a synonym of Planck-scale physics
whose description to a considerable extent reduces to
endless shuffle of fundamental constants. However, di-
mensional analysis is not all-powerful, and the results
obtained with its help should be interpreted carefully.

Especially significant role in clarification and un-
derstanding of the foundations for the future theory
of Planck-scale processes belongs to the Planck units.
The Planck units represent fundamental physical scales
of mass, length and time built by means of the funda-
mental constants 4, ¢, G (Planck, 1899):

he _
mp; =1/ rel ~2.18 x 10~ %kg,
hG
lpr=1\/—F5 ~16x 10~%%m,
c
| hG
tpr = "3 ~5.39 x 10 *sec

Planck units represent ”natural” physical scales of
mass, length and time, constructed from the funda-
mental constants 7, c, G. The three constants used to
construct the Planck’s units have different functional
roles. While the first and the second of them represent
limit values and lie in the foundations of Quantum Me-
chanics (%) and Special Relativity (c), the Newtonnian
constant (G) ”just” fixes absolute value of the grav-
itational forces. It seems natural to make the set of
fundamental constants more consistent and more ef-
ficient using exclusively limit values to construct the
Planck units. In order to that, in addition to the limit

values & and ¢, we introduce the limit power n = P, 4,
having made the substitution

G=—.
n

In other words, using the set (h,c,n) instead of
(h,¢,G), we get the modified system of Planck units
(which consists only of the limit values):

m —\/@—)m —\/@
PL=1\"G PL=\ 2
hG h
lpr =1\ —5 =P =] ¢
c n
hG h
lpr =1\ — —tpi =4/ -
c 7

It should be emphasized again that the necessary con-
dition for the existence of event horizon is finiteness of
the realized power and of the speed of light. Thereat,
as we have already noted, the magnitude of the limit
value is less significant than the fact of its existence. It
is easily seen that

(10)

2m@
lim R, = lim —=~ = 0;
c—00 c—oo

2mc?

lim Ry = lim
Praz—00

In other words, at n — oo or ¢ — oo the concept of
gravitational radius and, consequently, the event hori-
zon, becomes meaningless.

While considering the maximum force (maximum
power) as a fundamental constant it is natural to use
it instead of the gravitational constant. For instance,
Newton’s law of universal gravitation acquires the form

me? - Mc?
R2

AmM 1

F— — —
CR T i P

(13)

Here the relation between the value of gravitational in-
teraction and the maximum force becomes more trans-
parent: a gigantic maximum force gives rise to a weak
gravitational interaction. Naturally, if one chooses the
gravitational constant G for the initial fundamental
constant, the opposite statement will be true as well.
The choice of the maximum power as a new fun-
damental constant leads to the Planck scales which
preserve their previous numerical values. However,
such a changeover opens up interesting opportunities
for interpretation of the estimates made using the
modified Planck units, as well as for the obtaining the
new results. Below we will give a number of examples.
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4. Space-Time Foam

If the space is subject to quantum fluctuations, then
the fluctuations should manifest in form of the uncer-
tainties in measurements of different type (Ng & van
Dam, 1994). Measurement of length is an important
class of measurements. One can measure length of an
interval measuring time of registration of the reflected
signal. However the quantum fluctuations will gener-
ate uncertainty 6/ of the measured distance. Wigner
(1957) showed that

hl

512 > .

. (14)

Here m is the clock’s mass. It may seem that increasing
mass of the clock infinitely, one can eliminate influence
of the quantum fluctuations. However, possibility to
increase the clock’s mass is strictly limited. The clock’s
characteristic size d is evidently limited by the very ex-
periment’s validity condition (d < 1), and on the other
hand the clock’s size must exceed its Schwarzschild ra-
dius d > Gm/c? , preventing the transformation of the
clock into a black hole, because otherwise the clock
readings would be unavailable to us. It then follows

that
Gm

ol > = (15)

Combining (14) and (15), one obtains (Karolyhazy,
1966)

1\'? h
61> ()3 = 1py (z) . lp = \/>c. (16)
Pl n

Similar relations can be obtained for measuring time
intervals (Ng, 2001; 2002),

ht Gm

mc?’ - 3

(61)* > (17)
where t is the measured time interval. By combining
these two expressions we find

1/3

5t > (tth) (18)

Relation (18) connects the minimum uncertainty dur-
ing measurement of time with the measured time inter-
val. The absolute value of uncertainty 6t ~ t!/3 rises,
whereas its relative value 6t /t oc t~2/3 diminishes. Now
rewrite relations (16) and (18) in the form

1/3
ol > (lh> c;
cn

1/3
5t > (th>
n

which clearly shows that the existence condition for
the minimum uncertainty during measurement of dis-
tance (time) is equivalent to the existence condition for

(19)

(20)

the limit power which, in its turn, is dictated by the
existence of the horizon.

To avoid confusion, we emphasize that in the first
and in the second case it is not about the accuracy of
the particular design of "ruler” or clock, and the uni-
versal limitations on the accuracy of the measurement
of length and time, which are based on fundamental
physical laws.

We should point out that the result (19) is closely
linked to the holographic principle (’t Hooft, 1994;
Susskind, 1995), according to which all the information
contained in some region of space can be "recorded”
(represented) on the boundary of the region.

Let us imagine that some volume [? is divided on
parts (say, cubes) of the smallest size that is allowed
by physical laws. It seems natural to assign one degree
of freedom to each such elementary volume (recall di-
mensionless cell of phase volume of a quantum system
dpdq/(2mh)3N). If the minimum uncertainty in mea-
surement of distance [ equals to 4/, then the elemen-
tary volume component has volume (6/)% and number
of degrees of freedom in the system equals (1/01)3. Ac-
cording to the holographic principle

2
1/81)° < -, (21)
Pl

which immediately returns us to the result (19).

It is important to note that in derivation of (21) we
used the holographic principle to find the expression
for the minimum uncertainty 6l. As we have seen
above, existence of this fundamental characteristic
directly follows from the physical censorship principle
(the maximum force principle) and its value can
be obtained without application of the holographic
principle. Therefore with the same degree of certainty
we can assert that the holographic principle represents
a consequence of the quantum fluctuations of the
space-time (J. Ng, 2003).

5. Maximum Acceleration

The existence condition for the traditional space-
time in the presence of vacuum polarization (vir-
tual processes of production and annihilation of pairs
caused by quantum fluctuations) leads to limitation
of proper acceleration relatively to the vacuum, or, in
other words, to the occurrence of the maximum accel-
eration (Caianiello, 1981; Brandt, 1989; Papini, 2003;
Wood, 1989).

The proper acceleration of the particle a in curved
space-time is the scalar defined by the relation

Dv* Dv¥
ds ds

where g,,,, is the metric tensor, v* = dx*/ds, the di-
mensionless four-velocity of the particle, D/ds is the

2 4
a” = —C Guv

(22)
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covariant derivative with respect to the line element
on the world line of the particle,

(23)

Here I'; are the affine connections (the Christoffel
symbols) of space-time with the metric g, ds? =
guvdxtdz”, the linear element of this space-time.

From the energy-time uncertainty principle it follows
that the lifetime of the virtual pair particle-antiparticle
(with the particle mass m) generated due to vacuum
fluctuations, is ~ h/2mc?, whereas the distance cov-
ered during this time is =~ i/2mc (the Compton wave-
length of the particles). If a virtual particle acquires
the energy equal to its rest mass, it will be transformed
into a real particle. When considering the rest system
of a particle which is, generally speaking, non-inertial,
we find that it undergoes the inertial force Fj, = |mal,
where a is the proper particle acceleration. The work
executed by the inertial force during the particle life-
time

A= X .
ma 2me

If A =mc?, then there arises acceleration

2mc?
a =
h

(24)

At this acceleration, particles of the mass m will be
copiously produced from the vacuum. The growth of
acceleration will lead to the rise of the mass of the
produced particles. What critical consequences may
arise at unlimited growth of acceleration? If the value
of acceleration is high enough, the produced particles
can be transformed into black holes. This will occur in
the case when the Compton wavelength of a particle
(particle ”size”) h/mc is less than its Schwarzschild
radius 2Gm/c?,

2G'm
o2

h/me < (25)
From here it follows that the threshold for black hole
formation is a mass of the order of the Planck mass
(hn)l/Q/cg. By substituting m = mp; into (1) we find

ao%“ C

(as before, we omit the multipliers of the order of
unity). At such an acceleration, production of black
holes with the Planck mass due to vacuum polarization
will result in breakdown of the traditional knowledge of
the structure of space-time, and the acceleration con-
cept itself will lose its conventional sense. Therefore,
the value ag should be considered the maximum proper
acceleration relatively to the vacuum. Note that the

(26)

St

presence of the maximum acceleration leads to the for-
mation of a horizon even in SR. In fact, from the view-
point of SR, the length [ of an object moving with the
acceleration a is limited by the relation

2
1<

1\3‘0
s

On the other hand, it cannot be less than [ > Ip; =
v/A/mc. When using this inequality for acceleration
one obtains

. As is seen, the maximum acceleration corresponds to
the fundamental acceleration in the Planck system of
units, and is a simple combination of the three limit
values hi, ¢,n. The necessary condition for its existence
is finiteness of all the three limit values : at ¢ — oo,
h — 0 or 7 — oo the maximum acceleration is absent.

The presence of the maximum proper acceleration ag
(33) automatically leads to the existence of the mini-
mum radius of curvature R, of the particle world
lines. The radius of curvature of the world line is
R = c%/a (since the centripetal acceleration during
motion along the circle of the radius R is a = v?/R).
Therefore, the minimum radius of curvature has the

form iy iy
2 hG h
— = — =c| - 27
ag ( c? ) C(U) (27)

Again, we clearly see the key role of the horizon
which produces the limit power and, as a consequence,
the maximum proper acceleration and the minimum
radius of curvature of the world line.

Rmin =

6. An Ideal Quantum Clock and Principle of
Maximum Force

Achievement of required accuracy in any quantum
measurement inevitably imposes certain limitations on
characteristics of the device designed to perform it. All
possible methods to measure the time always involve
observation of some periodical physical process. As an
example (following (Burderi, 2016)), consider a quan-
tum clock based on observation of radioactive disinte-
gration described by the following equation

dN
- _— _\N
dt A

(28)
where N (t) is the current number of radioactive par-
ticles in the sample. Average number of the decayed
particles during the time interval At < A7!is AN =
AN At. It enables us to measure the time intervals cal-
culating number of the decaying particles

AN

At = =20
t AN

(29)
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The relative error of such a method of time measure-
ment € = ()\NAt)fl/2 =1/vVAN < 1. At first glance,
it seems that increasing size of the quantum clock (the
number N), we would gain unlimited improvement in
accuracy of the time interval measurement. However,
such a process is limited by the following condition:
the rise of the clock mass must not lead to transforma-
tion of the clock into a black hole (i.e. to occurrence of
horizon). Let us analyze the quantitative limitations
which may be caused by this condition. By using the
uncertainty principle AEAt > /i/2 we can transform
(29) into the inequality

ho1
At >

= 2822 M (30)

where M = Nm,, (with m, corresponding to the mass
of one particle) is the clock mass. If the clock radius
R (the clock is assumed to be spherical) becomes less
than the gravitational radius Ry, it will be impossible
to use the clock for time measurements. The condition
R > R, is transformed into

1 2G
When substituting (31) into (30) we obtain
1G
AtR > 8—26—471 (32)

Treating R as uncertainty Ar in position of the physical
object (the clock), which is the basis for the time mea-
surement process, and taking into account that ¢ < 1,
one finally obtains (Bolotin, 2016)

atar> S
C

(33)
The obtained inequality limits the possibility to deter-
mine the time and space coordinates of events to an
arbitrary precision.

Let us analyze expression (44) using the notion of the
limit force (Bolotin, 2016). For this purpose present it
in the form

AtAr >

h (34)
max

At the fixed Planck constant A, it is only the limit
force Fiyax defines the limitation imposed on the quan-
tum clock size. If such a force is absent in the the-
ory, i.e. Flhax = 00, then R; — 0, and limitation for
the quantum clock size is absent too. The main cause
of the discussed limitation is the requirement R > R,
equivalent to the condition preventing the formation of
horizon. Therefore, the occurrence of the force Fi .y in
relation (34) which can be achieved only at the horizon
seems absolutely natural.

The structure of relation (34) does not contain any
information concerning the process which has been the
base for construction of the clock. This suggests the

idea that this relation may be obtained from general
considerations. To prove this statement let us use the
uncertainty relation

h
AxminApmax 2 5 (35)
Since
Apmax
Fmax = )
Atmin

we immediately obtain that the minimum size Azyin
of the clock necessary for measurement of the time in-
tervals Aty obeys the limitation

ho_he

A-TminAtmin Z Fmax n

(36)

in complete correspondence with (45). This is just
the relation that describes the structure of space-time
foam! A simple form of relation (47) points to the fact
that the limit values &, ¢, n have a fundamental charac-
ter.

Certainly, the earlier obtained restrictions for the
limits of measurability of distance and time (20) are
in accord with relations (47). In fact, multiplication of
the uncertainties (20) gives

1/3 1/3 2/3
515t > (ih) c<th> =(- t)l/?’(m) (37)
1 1 1

Suppose that we are to measure the minimum scales
of length and time, i.e. I = 6l and t = 6t. In such a
case (37) will reproduce relation (36).

7. Limit Relations in Information Theory

Limit values £, ¢, control (or limit) rates of all phys-
ical processes and in particular information transmis-
sion rate. Exact value of this quantity goes far beyond
all purely technological applications. Level of human
society development to great extent is determined by
information transmission and processing speed. In or-
der to find the limit working speed of a computing de-
vise one should take into account three aspects:

1. Uncertainty principle
2. Finite velocity of signal transmission

3. Necessity to prevent formation of a black hole (ex-
istence of the horizon)

In the considered example all the three limit values
(k, ¢,m) work together leading to the following inequal-
ities:

2M
AEAt>h, At>L/e, L>rg:7G. (38)
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It results in the following expression for the limit work-
ing speed v of arbitrary computing device (Gorelik,

2009):
/| cd n 4
U= Gh_\/;_tpl'

The information processing speed in arbitrary com-
puting device is bounded by limit concentration of
energy inside the device. The limit power n gives
quantitative measure of this bound. At n — o
(limitations are absent) the computing device could
work with arbitrarily high performance.

(39)
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ABSTRACT. The basis of this work is the scheme
for describing the universe, called the ”cosmography”
entirely based on the cosmological principle. Within
the framework of such a scheme the parameters of any
model that satisfies the cosmological principle (the uni-
verse is homogeneous and isotropic on large scale), can
be expressed through cosmographic parameters. We
demonstrate a number of advantages of the approach
used before traditional methods

Keywords: cosmographic parameters, cosmography.

1. Introduction

The fundamental characteristics used to describe the
evolution of the universe can be either kinematic if
they are extracted directly from the space-time met-
ric or dynamical if they depend on the properties of
the fields that fill the universe. The dynamic char-
acteristics are, of course, model dependent while the
kinematic characteristics are more universal. In addi-
tion, the latter are free from the uncertainties arising
when physical quantities such as, for example, energy
densities are measured. It is for this reason that the
kinematic characteristics are convenient for describing
the current expansion of the universe. The kinemat-
ics of cosmological expansion of a homogeneous and
isotropic universe has been called cosmography

In the early 60s of the last century, Alan Sandage
(Sandage, 1962) defined as the primary goal of the
cosmologists a search for two parameters, namely, the
Hubble parameter and the deceleration parameter.
However, an expansion with a constant acceleration is
not the only possible realization of the kinematics of
a nonstationary universe. As the universe evolves, the
relative content of the components that fill it is chang-
ing and, as a consequence, the dynamics of expansion
changes, hence the changes in acceleration. Thus, for a
more complete description of the kinematics of cosmo-
logical expansion, it is useful to consider an extended

set of parameters by including temporal derivatives of
a higher-order scale factor (Visser, 2005; Dunsby et al.,
2016; Bolotin et al., 2012):

_ lda
Tadt’
_ 1d2a_1da__2_
“adi |adt]
1d3a[1da] _3.
ad |adt|
s L' 1d] "
Tadtt |adt]
z<t>;d5a[1da]‘5.
a dt® |a dt

LH (%)

1)

The inclusion of higher derivatives from the scale
factor, on one hand, reflects the continuous progress
of observational cosmology, and, on the other, it is
dictated by the need to describe the increasingly
complex effects used for obtaining precise information.

2. The basic cosmographic relations

Let us give a number of useful relationships needed
to describe the kinematics of cosmological expansion.
The deceleration parameter is related to the Hubble
parameter by the following relations:

lq(t) = % (;I) -1

1+ 2 dH
1(2) =~ b
1 dinH?

1) = ST o)

(2)

. . 2 3 4
Derivatives %, ‘flz‘;{ , ‘fisz , Cflzlf and can be expressed

through the deceleration parameter and other cosmo-
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logical parameters as follows:

dH - 1tqp
dz 14z
d*H | — ¢
_ - g
dz (1+2)
P*H H s
o = (1ﬁ_z)3(3q2+-3q3-4q1—-31-—8);
d*H H
= a+zf@4m2—mf—1m*+mw+

+ 25¢%5 4 Tgs + 125 — 452 + 8s + 1).

d"a

(3)
Let C,, = 'yng(Tnl, where a(® = e is the n-th time
derivative of the scale factor, n > 2 and v = —1, 7, =
1 forn > 2. Then C; = ¢q, C3 = j, C4y = s... For
the derivatives of the parameters with respect to the
redshift, the following relation takes place:
dc,
(1+2)En = T
dz Tn+1
Using dz/dt = —(1+ z) H, the redshift derivatives
can be converted into time derivatives.

Cpnt1+Cr —nCp(l+4q). (4)

3. Cosmography of cardassian model

Dunajski and Gibbons (Dunajski and Gibbons,
2008) proposed an original approach for testing cosmo-
logical models that satisfy the cosmological principle.
Implementation of the method implies the following
sequence of steps:

1. The first Friedman equation is transformed to the
ODE for the scale factor. This is achieved by using the
conservation equation for each component included in
the model to find the dependence of the energy density
on the scale factor.

2. The resulting equation is differentiated (with re-
spect to cosmological time) as many times as the num-
ber of free parameters of the model.

3. The time derivatives of the scale factor are ex-
pressed through the cosmographic parameters.

4. By solving the obtained system of linear algebraic
equations, we express all free parameters of the model
through cosmographic parameters.

The procedure under consideration can be made
more universal and effective if the system of Friedmann
equations for the Hubble parameter H and its time
derivative H is considered as a starting one. By dif-
ferentiating the equation the required number of times
(this number is determined by the number of free pa-
rameters of the model), we obtain a system of equations
including higher time derivatives of the Hubble param-
eter H JH, H ... These derivatives are directly related
to the cosmological parameters by the relations (3).
We implement this procedure for the so-called Cardas-
sian model, whose evolution is described by a system

of equations (Freese and Lewis, 2002)

H? = Ap + Bp". (5)

(6)
Here p is the density of nonrelativistic matter. Differ-
entiating equation (5) with respect to the cosmological
time and using (6), we construct a system of coupled
equations

p+3Hp=0.

H? = Apy, + Bpy,

H = Appm + Bnpy,,
= App +n*Bpy,.

1N

(7)

o
|0

9H
Using the solutions of this system and the time deriva-
tives of the Hubble parameter (3), we find for constants
B and n:

Bon
;30 =3 (1 —2q0) (8)
n=2 jo—1

32q0—1"

These relationships solve the problem of finding car-
dassian model parameters. A similar procedure can
be applied to any model that satisfies the cosmological
principle

Otherwise, we must treat the time-dependent solu-
tion for the density p,,. It can be represented in the

form )
3H
e = ——. 9

The current density p,,o can be found by substitution
q— qo, H— Hp.

It is interesting to note that the expression (7) for
the parameter n coincides exactly with the parameter s,
one of the so-called statefinder parameters {r, s} (Sahni
V. et al., 2003).

pm _ —n+3(1+q)
pci 1—n

a 271

"EaEt YT 3 —1

(10)

The coincidence is obvious, since r = j. The reason
for the coincidence can be explained as follows. In any
model with the scale factor a oc t%, there are the simple
relations for the cosmographic parameters g and 7,

2 —3«a

2-3
2q—-1= , @
o

a?

j-1=

(11)

In cardassian model a o t3% , from which it follows
that s = n.

4. Summary:
description

advantages of cosmographic

The proposed approach to finding the parameters
of cosmological models has many advantages. Let’s
briefly dwell on them.

1. Universality: the method is applicable to any
braid model that satisfies the cosmological principle.
The procedure can be generalized to the case of models
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with interaction between components (Bolotin et al.,
2016).

2. Reliability: all the obtained results are accurate,
since they follow from identical transformations.

3. The simplicity of the procedure.

4. Parameters of different models are expressed
through a universal set of cosmological parameters.
There is no need to introduce additional parameters.

5. The method provides an interesting possibility of
calculating the highest cosmological parameters from
the values of lower parameters known with a better
accuracy.

6. The method presents a simple test for analyzing
the compatibility of different models. The analysis
consists of two steps. In the first step, the model
parameters are expressed through cosmological param-
eters. The second step consists in finding the intervals
of cosmological parameter changes that can be realized
within the framework of the considered model. Since
the cosmological parameters are universal, only in the
case of a nonzero intersection of the obtained intervals,
the models are compatible.
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ABSTRACT. The basic building blocks of the Cos-
mic Web are groups and clusters of galaxies, super-
clusters (pancakes) and filaments embedded in the uni-
versal dark energy background. The background pro-
duces antigravity, and the antigravity effect is strong
in groups, clusters and superclusters. Antigravity is
very weak in filaments where matter (dark matter and
baryons) produces gravity dominating in the filament
internal dynamics. Gravity-antigravity interplay on
the large scales is a grandiose phenomenon predicted
by AGR theory and seen in modern observations of the
Cosmic Web.

Keywords: General Relativity, Cosmology, Dark
Matter, Dark Energy, Cosmic Web.

1. Introduction

General Relativity theory with a non-zero cosmo-
logical constant(AGR) was introduced by Einstein in
1917, one hundred years ago. In 1922-24, the cosmo-
logical constant A was included Friedmann to his cos-
mological model where A was treated as an empirical
parameter which should be measured in astronomical
observations. Later, Gliner (1965) argued that the cos-
mological constant is a physical parameter character-
izing some substance that fills the whole Universe with
the constant density

PA = A/(SWG)v

where G is the Newtonian gravitational constant; the
speed of light is ¢ = 1 hereafter.

In 1998-99 observations with the Hubble Space Tele-
scope (HST) made it possible to discover the positive
cosmological constant at the largest observable dis-
tances of 1-3 Gpc (Riess et al., 1998; Perlmutter et al.,
1999; 2011 Nobel prize in physics). In these studies,
the current density of the cosmic fluid, mostly referred
to as dark energy now, was determined to be

pa ~ 0.7 x 10729 /em?®.

Like the cosmological constant itself, the dark energy
density is a fundamental time-independent parameter
of the AGR.

A couple of years later dark energy of the same den-
sity was found in the Local Universe at rather mod-
est distances of about 1-3 Mpc from us (Chernin et
al., 2000). The earlier pioneering works of 1927-29 by
Lemaitre and Hubble were used for this purpose to-
gether with the recent HST data on the Local Universe
(Karachentsev, 2005). These findings indicate that the
dark energy density is the universal, both global and
local, physical constant. Accordingly, all astronomical
structures are treated now as embedded in the univer-
sal dark energy background.

In this presentation the local effects of dark energy
are discussed on the scales from groups of galaxies to
clusters, superclusters (or pancakes) and filaments.
These objects are known as basic building blocks of
the Cosmic Web. The interplay between dark matter
and dark energy within these systems is in the focus
of the discussion.

2. Matter/energy balance in the Universe

Dark matter was discovered in groups and clusters of
galaxies in 1930-70s (see the book by Einasto, 2014, for
a fresh systematic and complete review). The physical
nature of dark matter is yet unknown. Most probably
it is some kind of non-relativistic gas of particles that
are not represented in the current Standard Model of
fundamental physics. The present mean cosmological
density of cosmic dark matter (see the above book) is
now well measured,

poar =~ 0.25 x 1072 g/em?®.
The mean density of the ordinary (baryonic) matter
of stars, interstellar medium, etc., is also known:
pp =~ 0.05 x 107%g/cm?.

It is seen from these data that the dark energy dom-
inates in the matter/energy balance of the observed
Universe.

A quantitative measure of the dark energy domina-
tion in the Universe is given by the ratio

X(t) = (2pa)/(ppM + pB)-
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In Friedmann’s model, the ratio X goes to zero
when the cosmic time t goes to zero; and it goes to
infinity when ¢ goes to infinity (the coefficient 2 in
this relation is explained below). Friedmann’s theory
enables one to find also that X = 1 at the cosmic
age about 7 Gyr. After this moment, dark energy
dominates in the expanding Universe.

3. Einstein’s antigravity

As some kind of a fluid, dark energy has both the
density (given above) and pressure. The relation be-
tween density and pressure (equation of state) for dark
energy is rather special, namely:

Py = —pa.

Since the dark energy density pp is positive, its pres-
sure is negative. According to GR, the effective gravi-
tating dark energy density is

Peff = 3PA +pr = —2pp < 0.

The negative effective density means that the dark
energy produces negative gravity, or antigravity.

With the discovery of dark energy at the global
distances, the antigravity force entered the cosmic
scene; it was realized soon that the gravity-antigravity
interplay is the major factor that controls the dynam-
ics of the cosmological expansion. In a similar way,
our astronomical findings at local distances of 1-10
Mpec (Chernin et al., 2000; 2003) show that Einstein’s
antigravity can dominate dynamically on relatively
small, non-cosmological distances of ~1-3 Mpc as well.
Thus Einstein’s antigravity is a universal omnipresent
force which has the same rank among the forces of
nature, as Newton’s gravity does.

4. Dark energy and Cosmic Web

The Cosmic Web, as was first described a decade ago
(see Einasto 2014 and references therein), is a vast net-
work formed by all the galaxies of the Universe. The
galaxies constitute three types of systems: (1) groups
and clusters of galaxies, of 1-10 Mpc size; (2) superclus-
ters, or pancakes, of the 10-20 Mpc size; (3) filaments
with the length of 10-30 Mpc. Groups, clusters and su-
perclusters form the nodes of the Web, and filaments
link them together.

The geometry of the building blocks is of three types
in accordance with their dimension: groups and clus-
ters are 3D systems, superclusters are 2D ones, and
filaments are 1D one-dimensional.

There are also three types of the building-block in-
ternal dynamics corresponding to different values of the
density ratio

(X () = (2pa)/(pnr);

here (par) = ({pprr) + {pp)) is the mean matter (dark
matter and baryons) density of a block. The local ratio
(X) is directly related to the internal block dynamics.
Indeed, (H) = 1 means that gravity of matter and anti-
gravity of dark energy are equally strong in the system,
so that the system is in the state of gravitational equi-
librium. If (X) > 1, then the system dynamics is dom-
inated by dark energy antigravity. On the contrary,
(X)) < 1 means that antigravity in the system is weak
as compared to the gravity of matter (dark matter and
baryons).

So there are three types of internal dynamics (char-
acterized by (X) =1, > 1, < 1), as well as three geom-
etry types of building blocks (3D, 2D, 1D). It seems
reasonable to expect a one-to-one correspondence be-
tween those:

BD< (H)=1), (2D < (H)>1), (1D < (H)).

This may be considered as a new prediction of the
AGR theory that may be checked and supported or
disproved by observational data.

5. Conclusion: Three examples

Observational material on the building blocks of the
Cosmic Web that are available in publications of the
last decade may be used to verify the theory prediction
above. Here are only three examples of the relevant
data.

1) The Local Group: 3D

The Local Group of galaxies is the nearest to us grav-
itationally bound system that may be described theo-
retically in terms of a 3D matter ball embedded in the
dark energy background (Chernin et al., 2000). Ac-
cording to observations, the matter mass of the ball
is M = 1.2 x 1012M, and its radius is R = 1.2 Mpc
(Karachentsev, 2005). The mean matter density in the
group comes from these data: (pys) = 3/4TM/R3 ~~
x102%g/em3.

This value is almost exactly equal to the (absolute)
value of the dark energy effective gravitating density.
Thus, the Local Group is indeed an example of a 3D
system with (X)) ~ 1.

Similar results with (X) ~ 1 and 3D are found also
for the Virgo, Fornax, and Coma clusters of galaxies
whose mass is 7 to 10 times larger than mass of the
Local Group (Bisnovatyi-Kogan et al., 2012).

2) Local Pancake: 2D.

The Zeldovich Local Pancake (ZLP) is a supercluster
of about 20 Mpc across that is seen as an expansion
flow of giant galaxies. It has recently been studied
with the HST observations (Karachentsev et al., 2013).
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The flow involves 15 most luminous nearby galaxies
(actually, these are galaxy groups like the Local Group)
together with about 300 their fainter companions. The
flow giants are moving away from the barycenter of
the Local Group with the radial velocities from 100 to
about 1000 km s~ 1.

The ZLP is a 2D system: it occupies a flattened
volume located near the Supergalactic Plane. The
total matter mass of the ZLP is M ~ 8 x 1013 M.
The density ratio is definitely larger than 1: (X) =
2pa/{pm) > 10. It means that dark energy antigrav-
ity dominates in the dynamics of this 2D system and
ZLP is expanding with acceleration.

The change of the expansion rate can be charac-
terized by the dimensionless deceleration parameter
q(R) = —RR/V? borrowed from cosmology. The pa-
rameter proves to be negative for each of the ZLP in-
dividual galaxies at the present epoch of observations.
Its mean value for the flow as a whole is (¢(R)) ~ —0.9.
A similar indications of dark energy domination may
be expected in other 2D expanding superclusters.

3) Filament feeding a massive cluster: 1D.

The weak lensing detection of a large-scale fila-
ment funneling matter onto the core of the massive
galaxy cluster MACSJ0717.5+3745 is recently reported
(Jauzac et al., 2012). Tts proper length is 18 Mpc and
the mean matter density is 2 x 10727g/em3. Accord-
ingly, the ratio (X) is of the order of 10~2 which means
that dark energy dynamical effects are negligibly weak
in the filament.

It may be expected that the dynamics of most other
observed large filaments is as well strongly dominated
by matter gravity.

To conclude, the basic building blocks of the Cosmic
Web and the Web as a whole are embedded in the uni-
versal dark energy background. The background pro-
duces antigravity which is strong ((H) > 1) inside clus-
ters (3D) and superclusters or pancakes(2D) of galax-
ies. The strong antigravity effect is reliably observed
inside typical systems of these kind. The antigravity
is very weak ((H) << 1), and gravity produced by
matter (dark matter and baryons) dominates in large
filaments (1D). Gravity-antigravity interplay is one of
the most impressive phenomenon predicted theoreti-
cally by AGR that revealed itself in various modern
observations of the Cosmic Web.

I am grateful to Alexander S. Silbergleit for impor-
tant discussions.
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A canonical approach for constructing of the classical
and quantum description spherically-symmetric
configuration gravitational and electromagnetic fields
is considered. According to the sign of the square
of the Kodama vector, space-time is divided into R-
and T-regions. By virtue of the generalized Birkhoff
theorem, one can choose coordinate systems such that
the desired metric functions in the T-region depend on
the time, and in the R-domain on the space coordinate.
Then, the initial action for the configuration breaks
up into terms describing the fields in the T- and R-
regions with the time and space evolutionary variable,
respectively. For these regions, Lagrangians of the
configuration are constructed, which contain dynamic
and non-dynamic degrees of freedom, leading to
constrains. We concentrate our attention on dynamic
T-regions. There are two additional conserved physical
quantities: the charge and the total mass of the
system. The Poisson bracket of the total mass with
the Hamiltonian function vanishes in the weak sense.
A classical solution of the field equations in the
configuration space (minisuperspace) is constructed
without fixing non-dynamic variable. In the framework
of the canonical approach to the quantum mechanics
of the system under consideration, physical states
are found by solving the Hamiltonian constraint in
the operator form (the DeWitt equation) for the
system wave function V¥. It also requires that ¥ is
an eigenfunction of the operators of charge and total
mass. For the symmetric of the mass operator the
corresponding ordering of operators is carried out.
Since the total mass operator commutes with the
Hamiltonian in the weak sense, its eigenfunctions must
be constructed in conjunction with the solution of the
DeWitt equation. The consistency condition leads to
the ansatz, with the help of which the solution of the
DeWitt equation for the state ., with a defined
total mass and charge is constructed, taking into
account the regularity condition on the horizon. The
mass and charge spectra of the configuration in this
approach turn out to be continuous. It is interesting
that formal quantization in the R-region with a space
evolutionary coordinate leads to a similar result.

Keywords: charged black holes, mass and charge
functions, constraints, mass and charge operators, the

compatibility condition.

1. Introduction

Spherically-symmetric systems of gravitational
and electromagnetic fields represent the simplest
configurations for check of the main ideas and results
of quantum gravitation. They are a convenient testing
ground for studying some of the problems arising
from a rigorous consideration of a more complete
theory. One of the main features general-relativistic
configurations is their degeneracy. The general
formalism of the canonical approach to degenerate
systems was constructed by Dirac [1], which was
then developed in many works (see, for example,
[2,3,4]). Problems of the quantum description
spherically-symmetric  configurations gravitational
and electromagnetic fields was considered in many
work A general, geometrodynamical approach to the
spherically symmetric gravitational field was developed
in [5], which was then generalized to the case of a
spherically symmetric configuration electromagnetic
and gravitational fields in [6].

The proposed model is based on the observation that
the classical spherically-symmetric configurations of
electromagnetic and gravitational fields are stationary
from the point of view of an external observer, have
certain regions of space-time with dynamic behavior.
This means that these regions do not allow a timelike
vector Kodama (Killing) [7], which implies in these
regions the evolution of the geometry of space-time
in time. This evolution of a space-time geometry is
also responsible for quantum-mechanical properties of
the considered model of the charged black hole. Such
models, with a fixed evolutionary time coordinate
and space-like Killing vector were considered in [8, 9].
In this paper, on the basis of simple approach using
the DeWitt equation and quantum mass and charge
operators, a quantum description of the spherically
symmetric configuration of the gravitational and
electromagnetic fields is constructed, i.e. quantum
model of a charged black hole with a continuous
spectrum of masses and charge.
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2. Classical description of the spherically-
symmetric configuration of the gravitational
and electromagnetic fields

Consider the spherically symmetric space-time M)

with the metric

ds?

do? =

gudztdx” = Yapdz®dz? — R?do? |
d6? + sin” fda? .

(1)
(2)

Here R = R(z%), Yab = Yap(z®) — 2D metric tensor,
V=9 = /=7yR?sinb, rne g = det|g,.|, v = det |vap),
wv=0,1,23; a,b=0,1.

The total action for a system of gravitational and
electromagnetic fields has the form

4
P / (C (4)R+F’“’FW> V—gd*z. (3)
M)

" 16mc K

Here ™R is the scalar curvature of M® with
respect to the metric g, Fuo = Ay — Ay is the
electromagnetic field tensor, where A, = {A4,,0,0} is
vector potential.

In the spherically symmetric case, after integrating
over the angles and discarding the surface term, the
action (3) can be represented in the form

4

S =% fum {5V (R* PR+ 2(VR)? - 2)

- ARE (4)
where PR is scalar curvature M®) (radially-time
part MW), (VR)? = ~%R,R;. The reduced
action is invariant under coordinate transformations
2% = 2%(£b).

In a spherically-symmetric space-time there is a
preferable reference system (RS). Tangents to world
lines of this RS are proportional to Kodama’s vector

(5)

It is easy to see that KR = KR _, = 0 and the Kodama
vector satisfies the continuity equation K7, = 0. For
the free space, as well as for electrovacuum spaces, the
Kodama vector is transformed into a Killing vector,
which corresponds to the generalized Birkhoff theorem
(Frolov, 1998).

Using an admissible coordinate transformation, we
lead the metric (1) to the diagonal form

R = K0y = —c R 0,

ds* = f(r,x°)(dz®)? — h(r,2°)dr* — R?(r,2°)do?, (6)

where f > 0,h > 0. Then /=y = v/fh and the action
takes the form

S = % / {%W{%R,l (m(fR)),l -

M(®2)

~BRo(n(hR)), + 1} +&

where Ry = OR/02°, R; = OR/dr. In what follows
we confine ourselves to the class of diagonal metrics.

Note that information about the structure of M)
is contained in the square of the Kodama vector

(K)* = ~(VR)* =

(R1)? + ; (Ro). ()

S

Light surfaces R(r,2°) = R, = const, for which
(K)? = —(VR)? = 0, divide M® into regions

R-regions Ml(f) C M@ when (K)? >0
T-regions ]VI;Q) c M@ when (K)? <0

)

In the R-region the surface R(r,2°) = const are
timelike, and in the T-region is spacelike. In the T-
region we sometimes use the notation R = ¢I'. Using
the generalized Birkhoff theorem, in the R-region we
can choose a coordinate system (CS) in which 7,5 and
R depend only on the space-like coordinate r. Similarly,
in the T-region, there exists an CS in which 4, and R
depend on the time-like coordinate z°.

In the T-region it is convenient to go to the new
variable

Al = ¢a (9)

so that the metric (6) takes the form

N2(2%)
h(z0)

ds? = (dz®)? — h(z®)dr? — R*(2%)do?. (10)

In this case for the action (7) we get

ST == f Lszo 5

20eMP
Ly = % {% [Rz (¢,0)2 -

—= (RRoho+h(Ro)?)] + SN}, (12)
where Lp is the Lagrangian of the reduced system.
Here, | = 79 — 71 is a constant that arises as a
result of integration over r in the range from r; to rs,
permissible transformations are z° = 2°(£9).

Further, it is convenient to go over to the so-called
characteristic variables {¢ = hR, R = ¢T, ¢}. Then
the metric and Lagrange function of the T-region take
the form

ds? = NQE (dm0)2 - éclr2 — R*do?, (13)
13 R
I [1 . 99 ct

In the case of the R-region, we pass to the variables

2 r
) =S5

{n=fR, Ao =}, (15)
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in which the metric and Lagrange functions in the
characteristic variables take the form

11
L S
R= 9 {NR

ds% = %(dx0)2

2 4
[ Rn+R2] +CKNR}, (16)

2R

d2 R%*do*.  (17)

From the Lagrangian (14) follows the primary

constraint 'PN = 0L/ ON = 0 and momenta
Al Al I 5.
PE 72%;7NR7 PR**QKiva Pqﬁ*ciNR ¢-(18)

The Hamiltonian function H = Pgé + PrR+ P(bgi) —L
leads to the secondary constraint in the T-region

Nec

=37

4K 122
{—C4P§PR+ P¢ }NO (19)

R2
in the characteristic variables.

The Maxwell equations following from actions (3) or
(4) lead to to the relation (R?/NE) ; = 0. This implies

the conservation law
RQ
WE Q = const . (20)
It is natural to define the following function:
. R2. ¢
QN R6) = -0 =P, (21

This function for a free electromagnetic field is
conserved and is equal to the configuration charge
inside the region of radius R. In what follows we will
call it the charge function.

We introduce the mass function (Cahill, 1970;
Berezin, 1987; Gladush, 2012) by the relation:

2
My (s, B) = =R (147" RaRy) . (22)
In the R-region, it is related to the field energy of
a spherical region of radius R. Its value for the free
gravitational field is constant: M; = m and determines
the mass that appears in the Newtonian limit of the
gravitational field. In the T-region, it is conserved and

in the used variables has the form
2 1 .
M= — —¢R?) .
f o <R+ e (R )

For the system under consideration, My # const. It
can be shown that the quantity given by formula

(23)

2

M;, —
tot 2¢2R

=M+ = const, (24)

is conserved and has the meaning of the total field
mass of the spherical region of radius R taking into

account a contribution of the electromagnetic field. In
characteristic variables, as well as through momenta,
it has the form

2 1 R362
Mo = R+ — <532 u 04(;S )1 ) (25)
1 [13c de o 1 4

We write out the Poisson brackets of the dynamic
quantities:
{H, Mot} = 2, 4P5H ~0, {H,Q}={M:,Q}=0.

The Lagrangian multiplier N can be excluded from
the action (11), (12). Then the initial variational
principle is transformed into the variational principle
in the configuration space (Gowdy, 1970). We rewrite
the Lagrange function (14) in the form

I (%
LTQC{N+NU}, (27)
where
c4 .. . c4
T=—-—¢R+R*¢*, U=—. (28)
K K
Then we have
OLt l ‘S

This implies Ny = /%/U and from (11) we obtain
action for a geodesic in a minisuperspace

/\/—dng+RZ (do)? = /dQ 30)

with the metric
(31)

4
02 = f%dde + R? (d)?

The geodesic equations obtained from here, together
with the Hamiltonian constraint, are equivalent to the
original system of Einstein’s equations. It turns out
that the corresponding configuration space with the
metric (31 is flat, since the curvature tensor for the
metric (31) vanishes. Let us write out the volume
element defining the measure in the configuration
space:

2
V = /— det |Qap|ldg'dg?dg® = %{

Rd¢dRde . (32)
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3. Quantum description of the spherically-
symmetric configuration of the gravitational
and electromagnetic fields

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

0
7h87¢

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

2 42 2 92 272
NC{%h 9 hacl}’ (34)

- 0 - L0 P
PR = —th— Pg = —Zﬁafg, ¢

OR’ (33)

21 c* OROE  R2 0¢? K
N 1 (122 4kh? 0 O  h? 02
M=3p <HR‘c4ag ag_R(%?> - (39)
A Ca ch 0

For the Hermitian operator of the total mass, in
the configuration space with measure (32) we use
the following ordering of the operators: P:&P;. The
following commutation relations hold

2kH2 0

[H,M] =B 5

H~0, [HQ} - {QM} —0.
States with a certain total mass and charge correspond
to eigenfunctions and eigenvalues of the operators of
total mass and charge:

MU, =m{¥,,, QU, = q¥,. (37)
They reduce to the following equations
22 4kh%? 0 0  h? 9
— R —— —f— — ——— U, =2°m7,,
{ i A 0E° D¢ Ra¢2} "
(38)
0 iql
—Vv,=—Y,. 39
a¢ q ch q ( )
From the last equation we obtain W, = Ae!d/co,

Now, the general wave functions of the DeWitt
equation HU = 0 and the charge operator, also as
general wave functions of the operators total mass and
charge, can be represented in the form

U =1 (& R)e'lt/eo

The functions ¥ and 1, satisfy the equations

492 212 1
(8R8£ o ) V=

Kkh?
l2 2 2 2
{:R— l }wm—zml%m.

(41)

\Ilm. = %n (57 R) ei(ql/ch)¢> .

612

Kk2h?

3> (40)

4kh? 0 0 +
A oeSo¢

Next, we introduce Planckian and dimensionless

quantities

m?)l = ch/k, l?;l = hk/c?, Gpt = MpiV/K = \/07%

p=m/mp, 0 =q/qp, T =E/lp, y = R/lp, x =1/l
Then, the system of equations (40), (41) can be
rewritten as follows
82 %2 o2
=X (17 42
Oyox 4 < y2) v (42)
0y, 1 OYm o2
= T o). (4
O0x? x Oz ti 4z (y * H) v (43)

A joint solution of this system, Wthh regularly on the
horizon, gives the wave function of configuration for
the T-region in the state with a given mass m and a
charge ¢

\Ijm’q

( T\/hFp(T,m,q) ) al/er)e  (44)

where R = ¢ and

& - ¢ Fr(T,m,q) >0, (45)
- R - 25 T , M, g )
2km kG2
FT(T, m, q) = -1+ 037T 6T2 >0. (46)

The functions h and T = R/c in the initial metric
(10) are arbitrary here. We note that the coefficient N
does not enter the wave function ¥,, ,(h, T, ¢), which
determines the probability amplitude of the given
configuration {h,T,¢p;m,q}, that is, points {h,T, ¢}
in the configuration space for the given observables
m,q. The mass and charge spectra in this approach
are continuous. We note that formal quantization in
the R-region with a spacelike evolutionary coordinate
gives an analogous wave function.
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ABSTRACT. To construct a quantum model of a
charged black hole (CBH), we introduce a modified
description of the configuration of the electromagnetic
and gravitational fields in a spherically symmetric
space-time, which consists of T- and R- regions. We
choose such coordinate system that the desired metric
functions depend only on the time coordinate in the
T-region, and on the space coordinate in the R-region.
Then, the initial action for the configuration decays
into terms which describe the fields in the T- and
R-regions with the time and the space evolutionary
coordinate respectively. We define new coordinates in
the R- and T- regions, what allows us to unify the form
of the Lagrangians, in each of them and carry out their
uniform analysis. Then we construct the canonical
formalism for obtained degenerate system according
to the method of D.M.Gitman and I.V.Tyutin. It
appears that system contains non-physical degrees
of freedom. For their expicit separation we carry
out the canonical transformation to new canonical
variables. In these variables the constraints are
reduced to the canonical form and physical part of
the Hamilton function of the system is identically
equal to zero. This leads to the fact that the desired
wave function is determined only by the eigenvalue
equations for the operators of observable physical
quantities. According that considered system has only
two observables — charge and mass of black hole — for
further construction of quantum model of this system
we introduce its mass and charge functions and find
their expression in the new canonical variables. The
solution of eigenvalue equations for corresponding
operators leads to continuous spectra of charge and
mass in considered model of CBH.

Keywords: black holes, mass function, charge func-
tion, Hamiltonian constraint, quantization, mass and
charge operators.

vgladush@gmail.com

1. Introduction

Spherically symmetric configurations of gravita-
tional and other fields are the simplest models for
testing the basic ideas and consequences of quantum
gravity. They represent a convenient ground for
studying some of the problems that arise at strict
consideration of more complete theory. One of the
main features of general-relativistic configurations
is their degeneracy. The general formalism of the
canonical approach to degenerate systems was con-
structed by Dirac (1979), which was developed in
further works (see, for example, Sundermeyer, 1982;
Nesterenko, 1986; Gitman, 1986; etc.). The problems
of the classical and quantum description of spheri-
cally symmetric configurations of the gravitational
and electromagnetic fields in the framework of the
canonical approach were considered in many papers.
A general, geometrodynamic approach to a spheri-
cally symmetric gravitational field was developed by
Kuchar K. (1996), which was then generalized to the
case of a spherically symmetric electromagnetic and
gravitational configuration (Louko, 1996; Vaz, 2000).
The proposed model is based on the observation
that classical spherically symmetric configurations of
electromagnetic and gravitational fields are stationary
from the point of view of an external observer and
have certain regions of space-time with dynamic
behavior (T-regions). This means that these regions
do not allow the time-like Killing vector, which implies
in them the evolution of the space-time geometry
in time. This evolution of space-time geometry is
responsible for the quantum-mechanical properties
of the model of a BH. Such models, with a fixed
evolutionary time coordinate and a spacelike Killing
vector, were considered in several works (Nakamura,
1993; Gladush, 2016; Holovko, 2017). In this paper
constructed a quantum model of a charged black
hole according to the method of D.M.Gitman and
L.V.Tyutin (1986).
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2. Classic description of CBH

The action for the gravitational and electromagnetic
fields in space-time V4 has the form

1 3 1
<CR<4> + CFWF“”) V—g®d.

E vV (4) K
(1)

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

(2)

ds®> =h (mo,r) (da:o)2 +g (a:o, T) dr? + R? (a:o,r) do?,

(3)
where do? = df? + sinfda? is the angular part of the
metric; a, b = 0, 1. After integrating over the angles
and discarding the surface term, the action (1) can be
reduced to the form

A

RR 1 (A1 —A0,1)2 R? da?
- /= — e
2c Vgh

Here X o = 0X/02°, X1 = 0X/0r denote the deriva-
tives with respect to z° and z!. Information on the
structure of space is contained in the quantity (VR)2 =
g°’R,R; The surface R (20, r) R, = const for
which (VR)2 = 0 divides V* into one T- and two R-
regions. Moreover, (VR)?> > 0 in the T-region, and
(VR)®> < 0 in the R-region. Using the generalized
Birkhoff theorem, we can choose a coordinate system
in the R-region in which h, g and R depend only on
the spacelike coordinate r. Similarly, in the T-region
there exists a coordinate system in which h, g and R
depend only on the timelike coordinate z°. Then the
metrics in the R- and T-regions take the form:

Stot = -

F[U/ = Awp, - Auﬂ/ — Fab = Ab,a - Aa,b7

(nRh), —

(o) | +

ds% = h(r) (dx0)2 + g (r)dr? + R* (r) do?,

(5)

ds3 = h (2°) (dz°)? + g (z°) dr® + R? («°) do”. (6)
In this case, the action (4) is divided in the sum
S = Sr+ ST, where Sg and St are the actions defined

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

A AGLRP g RR
LR—% \/gihl \/gh 1+ g (lnRh)’l 5
PR 7
>\R 10R )\RC RRO
Ly=—— vVgh |l ——=—(1 .
T= 5, Jah g { h (nRg),o}

(8)
Here Ar and A\g — constants, obtained by integration of
te action over coordinate z¥ in R-region and coordinate
r in T-region. Since the Lagrangian is defined up to a

constant factor, we further assume that A\g = Apr =1
(meter).

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

Fr = —A,,
FT - Alv

Ur
Ur

Rh,
_Rga

Np =
Np =

(9)

In these variables, the Lagrangians (7) and (8) take a
uniform form:
F2? R?

L=—
2cN

(10)

R, U,
+SN(1+ N2 )

where s = ¢®/k, a — is the evolutionary parameter,
which in each of the regions takes the form o = 20 = ¢t
or o = r respectively. For the considered configuration
(10), the Hessian is zero. Therefore, the system is de-
generate and the construction of the canonical theory
is specific. In order to construct the canonical formal-
ism for the considered dynamical system, we use the
method of D.M.Gitman and I.V.Tyutin. We introduce
an extended system of Lagrange equations for the sys-
tem:

0L

M;Vi = K, =
Vi

Qi =Vi, P, (11)
Here Q% V7, P; are the sets of generalized coordinates
(F,R,U, N), velocities (Vr, Vg, V7, Vy) and momenta

(PF’PRaPUaPN)a
0%L
ovVigvi’

— the Hessian matrix of the system, and the quantities
K; are defined as follows:

M;j = (12)

oL 0?L

= 2~ yI
Re=%q ~ aviagi

(13)
The Hamiltonian function for the extended Hamilto-
nian system is introduced as follows:
H=PRV' - LV, (14)

From equations P; = OL/0V® we obtain expressions
for the velocities Vg, Vg, V7, and also the primary con-
straint Py = 0. Demanding its preservation during the
evolution of the system, we get a secondary constraint:

1 2 ¢ p2
0={Pn,H} = s (PUPR s ) 2R2PF. (15)
The obtained constraint remains identically, and there-
fore no new constraints arise. The Poisson brackets of
the found constraints are also equal to zero, so both
of them are first-type constraints. This means that
the Hamilton function contains non-physical degrees
of freedom. For their explicit separation, we can make

a canonical transformation to new canonical variables
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(qi,pi) with the following generating function of the
second type:

Ga (o, Q' p;) = Fp1 + (R — &) ps +
+2,/s2RU + 4L

(16)

—sUps + Npy.

Herefrom for the new canonical variables we obtain:

. . P2
d=Figg = (T4ge), ()
UP] P2
¢ ==L -5E5  ¢"'=N;
UPg
p=Pr,  pm=s(R-YE)

2
cs Pr

2
ps=Pr— % +mp.,  pa=DPn.

Old canonical variables are expressed in terms of new
variables as follows:

_ 1 pstsq’
F=q +p1pz+sq3’

U — (pstsd® 2 A+ cp3
s 2(p2+sq3) )

Pr = pq, Pr=s (CP%(”S'*'SQQ)

R=¢g +2 (18)

N =q*

_q2>7

Py = ps.

2(p2+sg3)?

- S _
Pu =~

In the new variables, the Hamilton function and the
constraints take the form:

54 "P3
H=p,Vn — , 19
PN s+ s (19)
pP3 = 0, P4 = 0. (20)

From the fact that in new variables the constraints
have the canonical form, it means that the physical
degrees of freedom are contained in the pairs of

quantities (¢',p1) and (¢%,p2).
3. Quantum description of CBH

Assuming for the Hamiltonian (19) that the con-
straints (20) are equal to zero, we find that the physical
part of the Hamiltonian function is identically equal
to zero. Therefore, for a quantum description of the
system, its wave function is determined only by the
eigenvalue equations for the operators of the observed
physical quantities. For the considered system there
are only two quantities: the mass and charge of the
black hole. In the classical case, the charge is deter-
mined by the charge function as follows:

R2
v gh

The total mass of the configuration has the form

R%, R? Z?
M—iR<1+"O—’1>+

7Z = (Ap1 — A1) (21)

h g 2¢2R’ (22)

It has the meaning of the total field mass of a spheri-
cal region of radius R of the configuration in question,
taking into account the contribution of the electromag-
netic field. When changing to new coordinates in the
R- and T-regions, and then transit to new canonical
variables, we find:

M=

Cc

Z = cpa. (23)
Then the corresponding operators of mass and charge
will have the form:

~ ih O
=Y
c Oqt’

7 = —ihci

R (24)

For the wave function of the configuration, it is neces-
sary to solve the system of equations:

ihJ¥ = HU,
MU =m0, (25)
ZU =20,

Taking into account that the physical degrees of free-
dom are only described by pairs of canonical variables
(¢".p1) and (g%, p2), we get:

— W (gl ?) = i e ST
\IJ—\I'(q,q)—CeXph meq” + - | (26)

Since this system has a solution for any values of m
and z, the mass and the charge spectra of BH are
continuous.

4. Conclusion

In the previous work of one of the authors (Gladush
V., see the article in this collection), there was
carried out a direct quantization of the constraints
for the considered system. In this paper, according
to the method of Gitman and Tyutin, quantization
of considered system was carried out after separation
of physical and non-physical degrees of freedom by
suitable canonical transformation. This approach is
consistent with the results of the geometrodynamic
approach (Louko, 1996; Vaz., 2000). In the case of
non-charged BH (z = 0), the result obtained is anal-
ogous to the result for the Schwarzschild black hole
of the general geometrodynamic approach (Kuchar,
1996).
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ABSTRACT. Relations between elastic and inelastic
diffraction due to Regge factorisation and pomeron
dominance are discussed in the light of the new
phenomena discovered at the LHC in nearly forward
scattering.

1. Introduction

At the LHC, in the nearly forward direction for
the first time one can see the isolated pomeron,
uncontaminated by secondary (non-leading) reggeon
contributions. Elastic proton-proton scattering, single
and double proton diffraction dissociation are related
by factorization, as shown in Fig. 1. The input
pomeron is a double pole in the j plane, lying on a
non-linear trajectory. Deviation from the exponential
diffraction cone are studied in details.

2. Elastic scattering

The scattering amplitude is a sum of four terms, two
asymptotic (pomeron (P) and odderon (O)) and two
non-asymptotic ones (secondary Regge pole contribu-
tions). P and f have positive C-parity, thus entering
in the scattering amplitude with the same sign in pp
and pp scattering, while the odderon and w have nega-
tive C-parity, thus entering pp and pp scattering with
opposite signs, as shown below:

A(s, t)oh = Ap (s,t)+ Ay (s,t) £ [Au (s,1) + Ao (s,t()%),
where the symbols P, f, O, w stand for the relevant
Regge-pole amplitudes and the super(sub)script, ev-
idently, indicate pp(pp) scattering with the relevant
choice of the signs in the sum (1). This sum can be
extended by adding more reggeons, whose role may
become increasingly important towards lower energies;
their contribution can be effectively absorbed by f and
w.
We treat the odderon, C-odd counterpart of the
pomeron on equal footing, differing by its C'— parity
and the values of its parameters (to be fitted to the

data).

The main subject of our study is the pomeron, and
it is a double pole, or DP [1, 2] lying on a non-linear
trajectory, whose intercept is slightly above one. This
choice is motivated by unique properties of the DP: it
produces logarithmically rising total cross sections at
unit pomeron intercept. The DP satisfies unitarity by
reproducing itself (scaling) under s-channel unitariza-
tion. By letting ap (0) > 1, we allow for a faster rise
of the total cross section!, although the intercept is
about half that of the DL model [3] since the double
pole (or dipole) itself drives the rise in energy. Due
to its geometric form (see below) the DP reproduces
itself against unitarity (eikonal) corrections. As a con-
sequence, these corrections are small, and one can use
the model at the “Born level” without complicated
(and ambiguous) unitarity (rescattering) corrections.
DP combines the properties of Regge poles and of the
geometric approach.

Regge trajectories are non-linear complex functions.
In a limited range and with limited precision, they can
be approximated by linear trajectories (which is a com-
mon practice, reasonable when non-linear effects can
be neglected). This non-linearity is manifest e.g. as
the “break” i.e. a change of the slope AB~ 2 GeV ™2
around t ~# —0.1 GeV? and at large |¢|, beyond the sec-
ond maximum, [t| > 2 GeV?, where the cross section
flattens and the trajectories are expected to slow down
logarithmically.

A simple mechanism of the diffractive dip-bump
structure combining geometrical features and Regge
behaviour was suggested in [2]. In that model, the
dip is generated by the pomeron contribution. The
relevant pomeron is a double pole arises from the in-
terference between this dipole with a simple one, it is
accompanied by. The dip-bump in the model shows
correct dynamics, that is it develops from a shoulder,
progressively deepening in the ISR energy region. As
energy increases further, the dip is filled by the odderon
contribution. At low energies the contribution from

LA supercritical pomeron trajectory, ap(0) > 1 in the DP is
required by the observed rise of the ratio o.;/otot, or, equiva-
lently, departure from geometrical scaling.
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Figure 1: Diagrams for elastic scattering and diffraction dissociation (single, double and central).

non-leading, “secondary” reggeons is also present.

The dipole pomeron produces logarithmically ris-
ing total cross sections and nearly constant ratio of
Oel/0tot at unit pomeron intercept, ap (0) = 1. While
a mild, logarithmic increase of o:,; does not contra-
dict the data, the rise of the ratio oe;/ote: beyond
the SPS energies requires a supercritical DP inter-
cept, ap(0) = 1+ §, where § is a small parame-
ter ap(0) ~ 0.05. Thus DP is about “twice softer”
then that of Donnachie-Landshoff’s model [3], in which
ap(0) =~ 0.08.

We use the normalization where

do T 4

— = —|A(s,t)|? and o = —SMA(s,t . (2

T AGs.) o = —SmA(s 0| (@)

Neglecting spin  dependence, the invariant
proton(antiproton)-proton elastic scattering am-

plitude is that of Eq. (1). The secondary reggeons
are parametrized in a standard way, with linear Regge
trajectories and exponential residua, where R denotes
f or w - the principal non-leading contributions to pp
or pp scattering:

, ar(t)
Ag(s,t) = apbe*”O‘R(t)/zebR%s/so) ; ,

(3)
with af (t) = 0.70 + 0.84t and «, (t) = 0.43 4+ 0.93¢.
The pomeron is a dipole in the j—plane

Ap(s,t) = — {e’i“aP/QG(ap)(s/so) ap] =

dOép

(4)

, ap(t)
e imar(t)/2 (s/so> } |:G/<O[p) + (L — i7r/2>G(ap)]
Since the first term in squared brackets determines the
shape of the cone, one fixes

G'(ap) = —apelrlor1l,

(5)

where G(ap) is recovered by integration, and, as a
consequence, the pomeron amplitude Eq. (4) can be
rewritten in the following “geometrical” form

.ap S

[r2(s)emi@ler—1l_g ,p2(g)era(s)ler—1]]

(6)
where r2(s) = bp + L —in/2, r3(s)=L—in/2, L=
In(s/so).

The main features of the nonlinear trajectories are:
1) presence of a threshold singularity required by
t—channel unitarity and responsible for the change
of the slope in the exponential cone (the so-called
“break”) near t = —0.1 GeV? [4], and 2) logarithmic
asymptotic behaviour providing for a power fall-off of
the cross sections in the “hard” region. The combina-
tion of theses properties, however is not unique.

Ap(S,t) =

)

7
bp So

2.1. Diffraction minimum (dip-bump)

Fig. 2 (a) shows the pp and pp total elastic scattering
cross section calculated from the model (values of
parameters see in [5]). Figure 2 (b) shows the ratio
of the real to imaginary part of the forward ampli-
tude. The model with a linear trajectory describes
reasonably the data a wide range of collision energies
for pp and pp. Figures 3 (a,b,c) show the fitted pp
and pp differential cross sections and predictions for
three different center of mass energies are shown.
The yellow area exhibits the statistical uncertainty on
the calculations, described earlier. Calculations are
characterized by an approximately exponential fall-off
in the range 0 < |t| < 8 GeV?, with the slope changing
around —t ~ 0.6 GeV?2. The dip moved towards lower
momentum transfer and became almost filled by the
odderon.
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Figure 2: (a) Total pp and pp cross sections calculated from the model, fitted to the data in the range /s = 5
— 30 TeV and 5 GeV — 1.8 TeV, respectively. (b) Ratio of the real to imaginary part of the forward amplitude
for pp and pp, calculated from the model and fitted to the data.
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Figure 3: (a) pp differential cross sections calculated from the model, fitted to the data in the range —¢t = 0.1
— 8 GeV2. (b) pp differential cross sections calculated from model fitted to the data. (c) predictions for the pp
differential cross section calculated from the model for three different LHC energies.
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2.2. Low-|t| "break” and proton shape

The diffraction cone of high-energy elastic hadron
scattering deviates from a purely exponential depen-
dence on t due to two structures clearly visible in
proton-proton scattering: the so-called "break” (in
fact, a smooth curve with a concave curvature) near
t = —0.1 GeV?, whose position is nearly independent
of energy and the prominent ”dip” — diffraction mini-
mum, moving slowly (logarithmically) with s towards
smaller values of |t|, where s and t are the Mandelstam
variables. The physics of these two phenomena are
quite different. As illustrated in Fig. 4, the ”break”
is likely a reflection due to the ”pion cloud”, which
controls the “static size” of nucleon. This effect, first
observed in 1972 at the ISR, was interpreted [4, 6, 7]
as the manifestation of ¢-channel unitarity, generating
a two-pion loop in the cross channel, Fig. 5, and was
referred to by Bronzan [8] as the “fine structure” of
the pomeron. The dip (diffraction minimum), on the
other hand, is generally accepted as a consequence of s-
channel unitarity or absorption corrections to the scat-
tering amplitude. As such, dip location reflects the
“size” of proton, moving towards smaller |¢| values as
the total cross section increases with energy.

The departure from the linear exponential behavior
was confirmed by recent measurements by the TOTEM
Collaboration at the CERN LHC, first at 8 TeV (with
a significance greater then 7o) [9] and subsequently at
13 TeV [10]. At the ISR the ”break” was illustrated by
plotting the local slope B(t) for several t-bins at fixed
values of s.

At the LHC the effect appears of the same order of
magnitude and is located near the same value of ¢t. Dif-
ferent from the ISR [11], TOTEM quantifies the devia-
tion from the exponential by normalizing the measured
cross section to a linear exponential form, (see Eq. (9)
below). For the sake of completeness we will exhibit
this “break effect” both in the normalized form and
for B(t).

The new LHC data from TOTEM at 8 TeV confirm
the conclusions [4, 6, 7] about the nature of the break
and call for a more detailed analysis and better under-
standing of this phenomenon. The new data triggered
intense theoretical work in this direction [14, 13, 12],
but many issues still remain open. Although the curva-
ture for B(t), both at the ISR and the LHC is concave,
a convex behavior cannot be excluded in other reac-
tions and/or new energies. While the departure from
a linear exponential was studied in details both at the
ISR and LHC energies, an interpolation between the
two is desirable to clarify the uniqueness of the phe-
nomenon. This is a challenge for the theory, and it can
be done within Regge-pole models. Below we do so by
adopting a simple Regge-pole model, with a pomeron
and two secondary reggeons, f and w exchanges. The

odderon may also be present. However its contribution
at low [t] is too small to be identified unambiguously.

Having identified [4, 6, 7] the observed ”break” with
a two-pion exchange effect, we investigate further two
aspects of the phenomenon, namely: 1) to what extent
is the "break” observed recently at the LHC a "recur-
rence” of that seen at the ISR (universality)? 2) what
is the relative weight of the Regge residue (vertex) com-
pared to the trajectory (propagator) in producing the
"break”? We answer these questions by means of a de-
tailed fit to the elastic proton-proton scattering data in
the relevant kinematic range 0.05 < —t < 0.35 GeV?
ranging between the ISR energies (23.5 < /s < 62.5
GeV), and those available at the LHC.

As shown by Barut and Zwanziger [15], t-channel
unitarity constrains the Regge trajectories near the
threshold, ¢t — ty by

Sa(t) ~ (t — to)t oI H1/2,

(7
where tg is the lightest threshold, 4m?2 in the case of
the vacuum quantum numbers (pomeron or f meson).
Since the asymptotic behavior of the trajectories is con-
strained by dual models with Mandelstam analyticity

by square-root (modulus Int): | \7{(121‘/ lt—o0o< const,

(see [4] and references therein), for practical reasons it
is convenient to approximate, for the region of ¢ in ques-
tion, the trajectory as a sum of square roots. Higher
thresholds, indispensable in the trajectory, may be ap-
proximated by their power expansion, i.e. by a linear
term, matching the threshold behavior with the asymp-
totic.

At the ISR, the proton-proton differential cross sec-
tion was measured at /s = 23.5,30.7,44.7,52.8 and
62.5 GeV [16]. In all the above energies the differential
cross section changes its slope near —t = 0.1 GeV?2.
By using a simple Regge-pole model we have mapped
the "break” fitted at the ISR onto the LHC TOTEM 8
TeV data. The simple Regge-pole model is constructed
by a leading supercritical pomeron and two secondary,
f and w contributions.

The detailed results of fits and the parameters see
in [17]. To demonstrate the important features more
clearly, we show the results of the mapping in higher
resolution in Fig. 6 and Fig. 7. In Fig. 6, we exhibit
the shape of local slopes, defined by

(8)

at six s values. To better demonstrate the quality of
our fit and to anticipate the comparison with the LHC
data, we also present in Fig. 7 the ISR data in normal-
ized form as used by TOTEM [9]:

do /dt
T do/dtye; ©)

where do/dt,.; = AeP! with A and B constants de-
termined from a fit to the experimental data.

B(s,t) = %ln(da/dt) ,
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do(t)/dt

[t] (Gev?)

h(b)

absorptions
result in a dip

"tail”, seen
as a”break” int

Gaussian
(exponential in t)

Figure 4: The ”break” followed by a single diffraction minimum (”dip”) and maximum, shown both as function
in ¢ and its Fourier transform (impact parameter representation), in b.
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Figure 5: Diagram for elastic scattering with t-channel exchange containing a branch point at t = 4m2.

Both Fig. 6 and Fig. 7 re-confirm the earlier finding
that the “break” can be attributed the presence of
two-pion branch cuts in the Regge parametrization.
The effect of pion cloud manifest itself most impor-
tantly through the Regge residue, rather then the
pomeron trajectory.

3. Diffraction dissociation, single (SD) and
double (DD)

In most of the papers SD is calculated from the triple
Regge limit of an inclusive reaction, as shown in Fig. 8.

In that limit, the double diffraction cross section can
be written as

2o _Gﬁl,)ép(t) s 2ap(t)—2 M2 ap(0)—ap(t)
dtdM2 — 16m2s \ so 5 )

This approach has two shortcomings. The first one
is that it leaves outside the small-M? resonance region.
The second one is connected with the fact that what-
ever the pomeron, the (partial) SD cross section over-
shoots the total one, thus obviously conflicting with
unitarity. Various ways of resolving this deficiency are
known from the literature, including the vanishing (de-
coupling) of the triple pomeron coupling, but none of
them can be considered completely satisfactory.

We instead follow the idea [18] according to which
the reggeon (here, the pomeron) is similar to the pho-
ton and that the reggeon-nucleon interaction is similar
to deep-inelastic photon-nucleon scattering (DIS), with
the replacement —Q? = ¢> — t and s = W? — M2
There is an obvious difference between the two: while
the C' parity of the photon is negative, it is posi-
tive for the pomeron. We believe that while the dy-
namics is essentially invariant under the change of C,
the difference between the two being accounted for by
the proper choice of the parameters. Furthermore,
while Jaroszewicz and Landshoff [14], in their pomeron-
nucleon DIS structure function (SF) (or Pp total cross
section) use the Regge asymptotic limit, we include
also the low missing mass, resonance behaviour.

It is evident that Regge factorization is essential in
both approaches (triple Regge and the present one). It
is feasible when Regge singularities are isolated poles.
While the pre-LHC data require the inclusion of sec-
ondary reggeons, at the LHC we are in the fortunate
situation of a single pomeron exchange (pomeron dom-
inance) in the ¢ channel in single and double diffraction
(not necessarily so in central diffraction, to be treated
elsewhere). Secondary Regge pole exchanges will ap-
pear however, in our dual-Regge treatment of Pp scat-
tering (see below), not to be confused with the the ¢
channel of pp. This new situation makes diffraction
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Figure 8: From SD to the triple Regge limit.
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at the LHC unique in the sense that for the first time
Regge-factorization is directly applicable. We make full
use of it.

Diffraction is limited both in the missing mass (co-
herence), £ $ 0.05 and in ¢t ("soft” collisions). There
is a transition region in ¢ from ”soft” to “hard” colli-
sions, with a possible dip-bump structure between the
two. To be sure, in our analysis we leave outside these
interesting but controversial points, concentrating on
the "first” cone with clear exponential behaviour.

With the advent of the LHC, diffraction, elastic and
inelastic scattering entered a new area, where it can
be seen uncontaminated by non-diffraction events. In
terms of the Regge-pole theory this means, that the
scattering amplitude is completely determined by a
pomeron exchange, and in a simple-pole approxima-
tion, Regge factorization holds and it is of practical use!

3.1. A compilation of basic formulae

This subsection contains a compilation of the main
formulae used in the calculations and fits to the data.

The single diffraction (SD) dissociation cross section
is:

d2 gsD
dtdM?

, JENEICIORSY
= F2(t) Finel®(t, M2) (M2> .

(10)
Double diffraction (DD) dissociation cross section:

ngDD

— 2 — NppFine?(t, M?)Fp®(t, M2
dthlng% DD l(a 1) l(? Q)X

) 550 2(a(t)—1)
M M3 '

with the norm Npp = ﬁl, and the inelastic vertex:

(1)

FineZQ(ta MIQ) = Ares— (M2 ) + CbgUB!N (12)

M4

where the pomeron-proton total cross section is the
sum N* resonances and the Roper resonance, with a
relevant norm factor R (we remove the ¢ dependent
fres(t) out of the sum):

[fres()]? - Mpoper ( Lagper )

2 2 2 C'Roper 2
(222 = 87 ) + (B25)
Ima(M?2)

;p(Ma?vt) =R

f’I‘ES
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Integrated cross sections are calculated as:
2
dosp / MY Posp
= dM, 15
dt Mz dtdM2 T (15)
for SD and:
dO'DD d? 0SD 2 2
——————dM?: dM,
//f(Mz M2,) dtdM2 dMz2, " "
(16)
for DD.
We calculate also fully integrated cross sections:
0.05s , 205D
= M 1
op = /dt/ e A
1 3
d’>cpp
= [ dt dM2 dM7, ——————— (18
7pp /0 / /m7>3 v gz anz, Y
and )
d? d?
_C 70D :/ — 9P gt (19)
dM?2 dM2, o dtdM?2 dM2,

3.2. Fitting procedure

The model contains 12 parameters, a large part of
which is fixed either by their standard values (e.g.
those of Regge trajectories, except for the pomeron
slope, whose slope exceeds the ”"standard” value to
meet the SD data) or are set close to the previous fits
[18].

The elastic data and Regge theory fix the parameters
So,Oz(O), O/, Aeh bel-

The data at larger |¢|, with the dip-bump structure
and subsequent flattening of the cross section, both
in elastic scattering and in SD may indicate the on-
set of new physics and the transition to hard scat-
tering, implying a non-exponential residue and/or a
non-linear pomeron trajectory, that goes beyond the
present study.

Single diffraction dissociation (SD) is an important
pillar in our fitting procedure. The following param-
eters were fitted to the SD data: A,es, Chg, R, bres,
byg, S, . As input data we use double differential cross
versus M2 at [t| = 0.05 GeV?; b)single

dJSD
dt

0sD
dtdM?

differential cross sections vs. t; ¢) fully integrated
cross sections versus energy +/s.

Central exclusive diffraction (Diagram 6. in Fig. 1)
was calculted recently in [19].

sections &

:Z 2n + 0.5 — Rea(M2))?

and the background corresponding to non-resonance
contributions:

g (t)
(Mg—(mier,,)z)s + (M)

(14)

O’Bg:

+ (Zma(M3))*’

4. Conclusions

At the LHC, in the diffraction cone region
(t < 1 GeV?) proton-proton scattering is dominated
(over 95%) by pomeron exchange (quantified in [5]).
This enables full use of factorized Regge-pole models.
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Figure 9: Double differential DD cross section as function of M and M2, integrated in ¢;, see Eq. (11).

Contributions from non-leading (secondary) trajecto-
ries can (and should be) included in the extension of
the model to low energies, e.g. below those of the SPS.
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ABSTRACT. In this paper, we study the correlation
between the number of solutions of a system of lens
equations and the number of source images that a
gravitational lens has. We defined the concept of
an image in a gravitational lens. To find the set of
solutions of a system of lens equations, we applied
methods of algebraic geometry.

Keywords: Lens: gravitational lenses, images, solu-
tions; Algebraic geometry: resultant, Bezout theorem.

1. Introduction

One of the main theoretical problems of gravita-
tional lensing is the study of images. This problem
is studied in some publications (Bliokh et al., 1989;
Zakharov, 1997; Schneider, 1999). The images in
these publications are studied mostly by numerical
methods, sometimes with elements of an analytical
description. In this paper, we study the images of a
point source in N-point gravitational lens analytically.
In this paper, we continue to investigate gravitational
lenses by methods of algebraic geometry. The results
obtained by these methods previously published in
(Kotvytskiy & Bronza, 2016; Kotvytsky et al., 2016;
Kotvytskiy et al., 2017; Bronza & Kotvytskiy, 2017).

2. Images in gravitational lensing

In astrophysical literature, the concept of an image
in a gravitational lens is usually not defined. In terms
of empirical astrophysics this concept is obvious. How-
ever, the absence of a definition can lead to ambiguous
understanding of the concept and a different interpre-
tation of some results, for example, the theorem on
the odd number of images (Zakharov, 1997; Schneider,
1999). The terminology developed in algebraic geom-
etry enables us to define the concept of an image in a

gravitational lens. Based on this definition, we can re-

fine certain known statements and formulate new ones.
The equation of N-point lens (in dimensionless form)

has the form:

T —

j=3-Y m (1)

iy X)
. |Z — &
where Z; - are the radius vectors of the point masses
entering the lens, and m;, E m; = 1 — their dimen-
i
sionless masses.

Equation (3) in the coordinate form has the form:

N

Y1 =x1— y,m

i=1

L T1—ay
t(z1—ai) +(w2—b;)?
)

N
Y2 =2 = 3 i S e
where a; and b; are the coordinates of the radius-vector
l_;, i.e. l_; = (ai,bi).

The system (2) is a system of two rational equa-
tions (over the field of real numbers) in two variables.
Equations (2) are given in Cartesian coordinates on the
plane. In terms of algebraic geometry, the image of a
source in N-point gravitational lens can be defined as
follows:

Definition. An image of a point source in N-point
gravitational lens will be called the real solution of sys-
tem (2) without regard to multiplicity. The set of im-
ages is the set of different real solutions of this system.

Let us investigate the set of real solutions of sys-
tem (2). We transform the equations of the system to
polynomial form:

Fl (xthayl)
F2 (3317$272Uz>

=0
. (3)

The equations of system (3) will be studied over the
field of complex numbers.
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The system (3) is defined in. System (3) is not equiv-
alent to system (2), but it follows from it.

We can compute the set of solutions of system (2)
from the set of real solutions of system (3) if we remove
solutions from it in which system (2) is not defined.
These solutions are the coordinates of the point masses.

We directly check out that the points with coordi-
nates (a;,b;), i = 1,..., N, are solution of system (3),
but system (2) is not defined in these points.

Let f1 and fs be the left-hand sides of the first and
second equations of system (2), M(f1, f2) be the solu-
tion set of system (2), V(Fy, Fz) be the solution set of
system (3), and ReV (Fy, Fy) C V(Fy, F) the subset
of its real solutions, then relation:

M (f1, f2) = ReV (F1, Fy) [{U(ai,b:)} . (4)

From the theorem on the structure of the set of
solutions of a system of polynomial equations, see
(Arzhancev, 2003) it follows that the set V(Fy, F5) can
be represented in the form

V(R F)= (VY (R, EB)U(VH(FLE), (5
where V! (Fy,F,) is the set of solutions depend-
ing on single parameter, and VO (Fy, ) is the dis-
crete set of solutions of system (3). The dimension
dimVl (Fl,FQ) = 1, dlmVO (Fth) =0.

There are several theorems that answer the ques-
tion: is the set empty, see for example (Walker, 1950;
Kalinina, 2002)? In (Bronza & Kotvytskiy, 2017), we
present an algorithm that allows us to describe this set
analytically, if it is not empty. If the set V! (Fy, Fy)
is not empty, then the equations of system (3) have a
common component. The equation of the general com-
ponent can be obtained from its analytical description.

The set M (fi,f2) can be represented in the
form: M(flva) = (Mo(f17f2)> U (Ml (flva))a
where MO (f1, fa) = ReVO(F1, Fy)/{U(a;,b;)} and
M (f1, f2) = ReV* (F1, F2) / {U (i, b))} .

It is known that the set M!(fi, f2), for a point
source in single-point lens is not empty, see for ex-
ample (Bliokh et al., 1989; Zakharov, 1997; Schnei-
der, 1999), coincides with V! (Fy, Fy), see (Bronza &
Kotvyskiy, 2017) and is Einstein ring. But for a point
source in symmetric 2-point lens, we proved (Bronza
& Kotvyskiy, 2017) that the set M1 (f1, f2) is empty
and put forward hypothesis: for N-point lens this set
is empty for N > 1.

To study the set of solutions VO (Fy, Fy) of sys-
tem (3) we use the Bezout theorem, see for exam-
ple (Walker, 1950), (Kalinina, 2002; Arzhancev, 2003;
Reid, 1988).

Theorem 1. The number of intersection points
of plane curves ®; and ®, is equal to n - m, where
m = deg®; and n = P, if the curves: not have
common components, are defined over an algebraically
closed field, are considered on the projective plane,

points of intersection are counted taking into account
the multiplicity.

The Bezout theorem, in our case, is equivalent to the
following

Theorem 2. The system of polynomial equations

(I)l(Xoleng):O
(6)

q)g(Xole IXQ):O
has in the projective plane C P2, counting multiplicity,
exactly m-n solutions, where, m = deg ®; and n = ®s,
if ged (@1, P2) belongs to the coefficient field C.

In the equations of system (3) we pass to homoge-
neous coordinates, which are projective. Let:

X
IL'1:X7(1)
oy = X

The system (7) defines surjective mapping, 3 : C? —
CP?, which defines the left-hand sides of the equations
of system (6):

(7)

‘131 (Xo 2X1 3X2):X§N+1Fl %a%vyl (8)
(I)Q (XO : X1 ZXQ) = X§N+1F2 %a %7y2 7

The functions ®; = @1 (Xo: X7 : Xo) and &y =
Dy (Xo : X : Xo) are homogeneous functions of degree
2N + 1. The triple of complex numbers (Xg : X7 : X5)
is the coordinates of the point and specifies point
p € CP?. The triple (AXp : AX; : AX3) specifies the

same point if A # 0. If, at least one of the coordinates
of the point p is equal to zero, say that this point is
irregular. Otherwise, the point is called regular.

The set of points C'P? one of the coordinates, which
is equal to the number h # 0, is called affine map
on CP? and denoted by A%(h). The complement
of CP?\A?(h) consists of an one-dimensional com-
plex projective subspace, which is called infinitely dis-
tant line of the affine map AZ%(h), see for example
(Arzhancev, 2003; Reid, 1988). The infinitely distant
line of any affine map A? (h) is evidently irregular.

For example, if we set Theorem 3. In a situation
of general position (the Jacobian of the system of lens
equations is not equal to zero), the number of point
images in N-point gravitational lens has parity opposite
to the parity of the number N., then the set of points
CP? with coordinates (1: X7 : X3) will be affine map
of A%(1), and the infinity of the straight line of this
map will be given by equation Xy = 0.

We have

Theorem 3. In a situation of general position (the
Jacobian of the system of lens equations is not equal
to zero), the number of point images in N-point grav-
itational lens has parity opposite to the parity of the
number N.

In the proof of Theorem 2 we use the following
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Lemma. The number of irregular solutions of sys-
tem (6), on line Xy =0, is 2N.

Proof. Using (8), we reduce the system (6) to the
form:

N
[Fz] — Xme] (X1 — Xoaj) X

j=1

=

(X1 — Xoy1)
i1

o
Il

N

i=1,i#j
N N :
(X2 — Xoyz) [T 1] = X3D_mj (X2 — Xobj) x

N
—

Jj=1

N

x [ ml=o0

i=1,i#]

where Fi = (Xl — Xoai)2 + (X2 — Xobi)2 .
Let Xo = 0. We have:

N

xiJ[(x2+x3) =0
L0+ x3) { Xi (x2+x3)" =0
N =

Xo (X2 +x3)" =0

i=1

N[ (x2+x3) =0
i=1
(10)
X1 =a
X2 =+a
(11)

:>(X12+X22):0:>X1:iiX2:>{

Finally we have two N-fold solutions: P; =
(0:a:ia) and P, =(0:a: —ia).

Proof of Theorem 2. For the degrees of the poly-
nomials of systems (3) and (6) we have: degF; =
deg Iy, = deg®; = deg®s = 2N + 1. By Bezout’s
theorem, the system of equations (6) has (2N + 1)
solutions, which include an even number 2¢ of complex
conjugate solutions and P = 2N irregular solutions.
Therefore, the number of real solutions of system (6).

card (ReV® (Fi, Fy)) = (2N +1)> —2¢ — P = (12)

=@N+1)*—-2¢—2N =4N? 4+ 2N +1—2¢.

From the fact that the restriction of the inverse map-
ping 37! : CP? — C? to the affine map A% (1) is a
bijection that is given by the equations: Xo =1, X; =
x1, Xo = 9, we have:

card (M° (f1, f2)) = card (ReV° (F1, F3)) — N =
(13)
=4AN? + N +1—2q.

In a situation of general position, the point source
is not on the caustic, therefore, all elements of the set
ReV (f1, f2) are different. In this case, each point of
the set ReV (f1, f2) is, by definition, an image. It fol-
lows from (13) that the parity of the number of images

is opposite to the parity of the number N. The theorem
is proved.

Theorem 3 does not contradict the theorem on the
oddness of the number of images in transparent lenses
(Bliokh, 1989).

In the special case, for 1-point lens the number of
images is: 4N2 + N + 1 — 2¢ = 6 — 2q - even number;
for 2-point lens: 4N2 + N +1 —2g = 19 — 2¢ - odd
number, and so on.

5. Conclusions

In this article, we applied methods of algebraic
geometry to determine number of images in gravity
lens. Proved that the parity of the number of images
is opposite to the parity of the number.
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ABSTRACT. Heavy neutral gauge Z’' bosons are
predicted by many models of physics beyond the
Standard Model. If a new neutral gauge boson is
discovered at the LHC in the clean Drell-Yan channel,
the characterization of its spin and couplings will
proceed via measuring production rates and angular
distributions of the decay products. We study the
discrimination between a Z’ boson (spin-1) against
the Randall-Sundrum graviton resonance (spin-2)
and spin-0 resonance (sneutrino) with the same mass
and producing the same number of events in the
cross section. The next step would be to measure
its properties to identify the underlying theory that
gave rise to the Z’. We discuss in this context the
foreseeable sensitivity to Z’s of fermion-pair produc-
tion observables at the ILC with polarized beams,
especially as regards the potential of distinguishing
different Z’ models once such deviations are observed.
Keywords: Elementary particles, Standard Model,
physics beyond the Standard Model, extra neutral
gauge bosons.

1. Introduction

Electroweak theories beyond the Standard Model
(SM) based on spontaneously broken extended gauge
symmetries naturally envisage the existence of heavy,
neutral, vector bosons Z’. The variety of the proposed
Z' models is somewhat broad, and for definiteness in
the sequel we shall focus on the so-called Zggy, 27,
Zi g and Z)\; p models (Langacker, 2008). Particular
attention has recently been devoted to the phenomeno-
logical properties and the search reaches on such sce-
narios, and in some sense we may consider these Z’
models as representative of this New Physics (NP) sec-
tor.

*The complete paper is to be published in Journal of Physics:
Conference Series

A typical manifestation of the production of such
states is represented by (narrow) peaks observed in the
cross sections for processes among SM particles at high
energy accelerators, for example, in the dilepton in-
variant mass distributions for Drell-Yan (DY) process
pp — Z' — 070~ + X with £ = e, u at the CERN LHC
hadronic colliders. Current experimental search limits
on Mz at 95% C.L., at the LHC with /s = 13 TeV
using ~ 36 fb~! in DY, generally range in the inter-
val 3.8-4.5 TeV, depending on the particular Z’ model
being tested (Aaboud, 2017).

Clearly, the eventual discovery of a peak should be
supplemented by the verification of the spin-1 of the
assumed underlying Z’, vs. the alternative spin-2 and
spin-0 hypotheses corresponding, e.g., to exchanges of
a Randall-Sundrum graviton resonance or a sneutrino.
This kind of analysis relies on appropriate angular dif-
ferential distributions and /or angular asymmetries. Fi-
nally, once the spin-1 has been established, the par-
ticular Z’ scenario pertinent to the observed signal
should be identified, see, e.g., Refs. (Osland, 2008),
(Osland, 2009). From studies of Drell-Yan processes at
the LHC with a time-integrated luminosity of 100 fb—!,
it turns out that one can expect, at the 5-0 level, dis-
covery limits on My of the order of 4-4.5 TeV, spin-1
identification up to Mz =~ 2.5-3.0 TeV and potential
of distinction among the individual Z’ models up to

An alternative resource for the observation of virtual
heavy gauge boson exchanges should be represented by
the next generation ete™ ILC, with center of mass en-
ergy /s = 0.5-1 TeV and typical time-integrated lu-
minosities Lin; ~ 0.5-1 ab™!, and the really high preci-
sion measurements that will be possible there. Indeed,
the baseline configuration envisages a very high elec-
tron beam polarization (larger than 80%) and positron
beam polarization of order 60% (MoortgatPick, 2005).

We will here focus on the fermion-antifermion pro-
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duction reactions at the polarized ILC (Osland, 2009):

(1)

Particular emphasis will be given to the comparison
between the cases of unpolarized and polarized initial
beams, as regards the expected potential of ILC in
identifying the Z’ models of interest here, for My,
values beyond the limits accessible at the LHC.
Concerning the Z’ mass, we will follow the scenario
where the Z' mass range is above the LHC discovery
limit and, here, with Mz unknown, both discovery and
identification reaches should be assessed for the ILC.

6++€_—>f+f, f:ealuaT7cab'

2. Discovery of the Z’ bosons

In the absence of available data, the assessment of
the expected ‘discovery reaches’ on the various Z's
needs the definition of a ‘distance’ between the NP
model predictions and those of the SM for the basic
observables that will be measured. The former pre-
dictions parametrically depend on the Z’ mass and its
corresponding coupling constants, while the latter ones
are calculated using the parameters known from the
SM fits. Such a comparison can be performed by a
standard y2-like procedure. We divide the full angu-
lar range into bins and identify the basic observables
with the polarized differential angular distributions for
processes (1), O = do(P~, P")/dz, in each bin. Corre-
spondingly, the relevant x? can symbolically be defined
as:

N 2
o)=Y Yy OCMEZ) = OB
f {P-, P+} bins (60bin)

(2)

To derive the expected ‘discovery’ limits on Z’
models at the ILC, for the ‘annihilation’ channels
in Eq. (1), with f # e, t, we restrict ourselves to
combining in Eq. (2) the (P~,P*) = (|P~|,—|P™"])
and (—|P~|,|P*|) beam polarization configurations,
that are the predominant ones. For the Bhabha
process, f = e, we combine in (2) the cross sec-
tions with all four possible polarization configura-
tions, i.e., (P_aP+) = (‘P_‘7_|P+|)7 (_|P_|7|P+|)7
(|P~1,1P*]), (—|P~|,—|P*|). Numerically, we take
for the electron beam |P~| = 0.8 and for the positron
beam |P*| = 0.6.

Regarding the ILC energy and the time-integrated
luminosity (which, for simplicity, we assume to be
equally distributed among the different polarization
configurations defined above), we will give explicit nu-
merical results for c.m. energy /s = 0.5 TeV with
time-integrated luminosity Line = 500 fb™', and for
the ‘ultimate’ upgrade values /s = 1.0 TeV with
Lint = 1000 fb~!. The assumed final state identifica-
tion efficiencies governing, together with the luminos-
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Figure 1: Discovery reaches on Z’ models obtained
from combined analysis of the unpolarized and polar-
ized processes (1) (95% C.L.) at the ILC with /s =
0.5 TeV (1 TeV) and Liye = 500 fb~! (1000 fb=1), com-
pared to the results expected from Drell-Yan processes
at the LHC at the 5-0 level. Three options of polar-
ization are considered at the ILC: unpolarized beams,
P~ = P* = 0; polarized electron beam, |P~| = 0.8;
both beams polarized, |[P~| = 0.8 and |P*| = 0.6.

ity, the expected statistical uncertainties, are: 100%
for eTe™ pairs; 95% for IT1~ events (I = p,7); 35%
and 60% for c¢ and bb.

As for the major systematic uncertainties, they orig-
inate from errors on beam polarizations, on the time-
integrated luminosity, and the final-state reconstruc-
tion and energy efficiencies. For the longitudinal polar-
izations, we adopt the values 6P~ /P~ = §P* /Pt =
0.25%, rather ambitious, especially as far as P is con-
cerned, but strictly needed for conducting the planned
measurements at the permille level. As regards the
other systematic uncertainties mentioned above, we as-
sume for the combination the (perhaps conservative)
lumpsum value of 0.5%. The systematic uncertainties
are included using the covariance matrix approach.

The Fig. 1 includes a comparison with the discovery
potential of the LHC with luminosity 100 fb=!, from
the Drell-Yan processes pp — [T~ + X (I = e, p) (at
the 5-0 level). These values provide a representative
overview of the sensitivities of the reach in Mgz on
the planned energy and luminosity, as well as on beam
polarization.
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3. Distinction of Z’ models

Basically, in the previous subsection we have as-
sessed the extent to which Z’ models can give values
of eTe™ differential cross sections that can ezclude the
SM hypothesis to a prescribed C.L. Such ‘discovery
reaches’ are represented by upper limits on Z’' masses,
for which the observable deviations between the corre-
sponding Z’ models and SM predictions are sufficiently
large compared to the foreseeable experimental uncer-
tainties on the cross sections at the ILC).

However, since different models can give rise to sim-
ilar deviations, we would like to determine the ILC
potential of identifying, among the various competing
possibilities, the source of a deviation, should it be ef-
fectively observed. These ID-limits should obviously be
expected to lie below the corresponding ILC discovery
reaches and, for an approximate but relatively simple
assessment, we adapt the naive y2-like procedure ap-
plied in the previous subsection.

To this purpose, we start by defining a ‘distance’ be-
tween pairs of Z’ models, i and j with 7,5 denoting
any of the SSM, SM, ALR, LRS, v, n, x, but ¢ # j.
We assume for example model i to be the ‘true’ model,
namely, we consider ‘data’ sets obtained from the dy-
namics ¢, with corresponding ‘experimental’ uncertain-
ties, compatible with the expected ‘true’ experimental
data. The assessment of its distinguishability from a j
model, that we call ‘tested’ model, can be performed by
a x? comparison analogous to (2), with the x? defined
as:

o=y ¥y

Zi)
f {P—, Pt} bins (

B O(Z;)] lzain . (3)

51’ Obin)2

Here, we study a scenario where the Z’ mass can-
not be known a priori, e.g., the Z’ is too heavy to be
discovered at the LHC (say, Mz >4-5 TeV), but de-
viations from the SM predictions can still be observed
at the ILC. Actually, models with different Z’ masses
and coupling constants can in principle be the source
of a deviation from the SM predictions observed at the
ILC. With the coupling constants held fixed numeri-
cally at the theoretical values pertinent to the Z, and
Zj models under consideration, the x7; of Eq. (3) be-
comes a function of the two masses, M. z! and M zl
both assumed to lie in the respective ILC discovery
ranges.

Finally, Fig. 2 shows the comparison of identification
reaches or distinction bounds on the Z’-models consid-
ered in Fig. 1, together with the corresponding bounds
on Mz obtained from the process pp — 71~ + X at
the LHC with c.m. energy 14 TeV and time-integrated
luminosity 100 fb~'. We assume, for the ILC, the
same c.m. energy, luminosty and beam polarization
as in Fig. 1. The figure speaks for itself, and in par-
ticular clearly exhibits the roles of the ILC parameters.
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Figure 2: Comparison of the Z’-model distinction

bounds on Mz, obtained from combined analysis of
the unpolarized and polarized processes (1) at the ILC
with /s = 0.5 TeV (1 TeV) and L;,; = 500 fb~!
(1000 fb~1), compared to the results expected from
Drell-Yan processes at the LHC at 95% C.L. Two
options of polarization are considered: unpolarized
beams P~ = PT = 0 and both beams are polarized,
|[P~| =0.8 and |PT| = 0.6.

4. Concluding remarks

We find that one might be able to distinguish among
the considered Z’ models at 95% C.L. up to My ~
3.1 TeV (4.0 TeV) for unpolarized (polarized) beams
at the ILC (0.5 TeV) and 5.3 TeV (7.0 TeV) at the
ILC (1 TeV), respectively. In particular, the figure ex-
plicitly manifests the substantial role of electron beam
polarization in sharpening the identification reaches.
Positron polarization can also give a considerable en-
hancement in this regard (if measurable with the same
high accuracy as for electron polarization), although to
a more limited extent in some cases.
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ABSTRACT. This paper describes the developed Frenk, White, 1997):
model of dark matter cored density profiles. This 0
model was recently proposed by Dmytro Iakubovskyi pnFw (r) = 0 (1)

(Takubovskyi & Rudakovskyi, in preparation). It has
only one extra parameter — the maximal value f,,4, of
phase-space distribution function — that turn a cusped
Navarro-Frenk-White density profile into a cored one.
This paper focuses on the estimation of the influence
of velocity anisotropy on the cored density profile by
using the Osipkov-Merritt model. The density profiles
of the typical dwarf-spheroidal galaxy for different
masses of fermionic dark matter particle and different
anisotropy parameters r, was calculated. It was
obtained that the influence of velocity anisotropy on
the cored density profile is small.

Keywords: Dark matter, core, Navarro-Frenk-White
profile, Eddington transformation, Osipkov-Merritt
model, dwarf spheroidal galaxy.

1. Introduction

The nature of dark matter particles is one of the most
important questions of astroparticle physics and cos-
mology. The dark matter particle candidates could be
classified into two groups: warm dark matter (WDM)
particles with relativistic initial velocities (Bisnovatyi-
Kogan & Novikov, 1980) and cold dark matter (CDM)
with non-relativistic initial velocities (Blumenthal et
al, 1984). The standard cosmology ACDM model can
predict well the large-scale structure of the Universe.
But there is no solid evidence that the ACDM predic-
tions are successful on the small scales.

The recent numerical simulations of cold dark matter
suggest the density distribution of dark matter in the
haloes can be described by the Navarro-Frenk-White
(NFW) profile (Navarro, Frenk, White, 1996; Navarro,

N2

z(1+2)

where r; and py are the parameters of the halo. The
parameters concentration Cogg and halo mass Msgg
are rather used. The Msgy is the mass of sphere
with average density 200 times larger than the critical
density of the Universe. The radius of this sphere r50q
is connected with r4 as the rogg = CopoTs-

The Navarro-Frenk-White profile has a singularity
(cusp) at » = 0. But the observations (see, e.g. de
Block, 2010) prefer the much flatter shape of density
profile (core with constant density near the center
of the halo). The cores could be naturally produced
by the feedback of supernovae (Navarro, Eke, Frenk,
1996; Pontzen & Governato, 2012), in the fermionic
(see, e.g., Ruffini & Stella, 1983) or self-interacting
dark matter paradigm (e.g. Kamada et al., 2017). In
this paper, we focus on the fermionic particles as DM
candidates.

According to the Liouville theorem, the phase-space
density of fermionic warm dark matter cannot be
larger than some maximal value f,q.. This fact leads
to the limits on the mass of DM particle (Tremaine &
Gunn, 1979; Boyarsky et al., 2009). The previous ana-
lytical models of dark matter haloes as self-gravitating
fermionic gas (Ruffini & Stella, 1983; Bilic & Viollier,
1997; Merafina & Alberti, 2014; Chavanis, Lemou,
Mehats, 2015; Domcke & Urbano, 2015; Vega &
Sanchez, 2016; Arguelles et al., 2016; Di Paolo, Nesti,
Villante, 2017) require non-trivial assumptions about
the temperature of dark matter and their distribution
function. In this paper, we propose the method of
calculating cored density distributions without such
disadvantages. We used such cosmological constants
from thePlanck satellite : Q¢ = 0.307, h = 0.678,
Qp = 0.693, Q, = 0.0483 (Planck collaboration, 2016).
This paper is structured as follows. Sec. 2.1 briefly
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describes the model of cored density profiles proposed
by Dmytro Iakubovskyi (Iakubovskyi & Rudakovskyi,
in preparation). Sec. 2.2 focuses on the developed
model, which includes velocity anisotropy according
to Osipkov-Merritt model. Finally, Sec 3. presents
short discussion and conclusion.

2. Methods
2.1. Isotropic halo density profiles

If the velocity distribution of the dark matter parti-
cles is isotropic (the distribution function depends only
on the energy of the particle), the phase-space den-
sity distribution is connected with density profile by
the Eddington transformation (Binney & Treemaine,
2008) :

_ 1 d [dp do
- 12y8dE Jp d®VE - O

where E is total energy, E = g + ®(r), v is veloc-
ity of the dark matter particle, ®(r) is gravitational
potential. The gravitational potential is defined as:

‘s d./L' xr
o) = 4G [ 5 [ twta,
0o 7 Jo

where Gy is gravitational constant.

The phase-space density corresponding to the NFW
profile is infinite at the center of the halo. But the
phase-space density of the fermionic gas cannot ex-
ceed the maximal phase-space density (Boyarsky et al.,
2009):

f(E) (2)

(3)

4
am
— FD (4)

where g is internal degrees of freedom of fermions (we
assume that g = 2), mpp is the mass of the fermion
particle.

Hence, following method of obtaining the cored den-
sity profile was proposed. This method is based on the
assumption that the mass density follows NFW law at
large scale and phase-space density distribution func-
tion is limited by maximal value f,4,. The phase-
space density distribution function corresponding to
staring NF'W profile is calculated. Assuming that the
DM particle mass is mpp, we truncate obtained dis-
tribution function f(FE) by the maximal value fqz:

forw(g) = { o JD S

The truncated phase-space density distribution func-
tion can be converted to the modified truncated matter
density profile:

0

pthw(T) =47 o) fthw(E)\/ 2 (E — (I)(’I“))dE
(6)

New truncated density profile p(r) corresponds to

the new gravitational potential and new phase-space
density distribution function. Hence, the required
cored density profile can be obtained iteratively. It
was obtained that the 5 iterations are enough for con-
vergence of truncated density profiles.
The dwarf spheroidal galaxies are the objects with
highest average phase-space density (Boyarsky et al.,
2009). I assume that the density profile of dwarf
spheroidal galaxy on large scales is similar to the NF'W
profile with parameters Magg = 108 M, and Cogo = 30.
I choose the possible values of DM particle mass as
mpp = 250,500, 1000, 2000 eV and oo (this case corre-
sponds to the NFW profile at all radii). The obtained
density profiles are depicted on Figure 1.

— mpp=250 eV
— mpp=500 eV
mpp=1000 eV
— mpp=2000 eV
— NFW

108

106F

PlPerit

104+

100+

I
0.100 1
r. kpe

I
0.001 0.010

Figure 1: Cored halo density profiles of typical dwarf
spheroidal galaxy for fermionic dark matter particles
with masses mpp = 250, 500, 1000, 2000 eV. Velocity
distribution is isotropic. NFW profile corresponds to
the mpp = oo, its parameters are Mago = 103 M, and
C0 = 30 respectively.

2.2. Cored density profile in Osipkov-Merritt model

The anisotropy of velocities in the halo is described
by the parameter 8(r) = 1— jﬁgg, where o; and o, are
tangential and radial velocity 7dispersions. The density
profiles in previous sections were obtained in the as-
sumption that 8 = 0 (0, = o0¢). In this section, we
estimate the influence of anisotropy on cored profile by
using the Osipkov-Merritt model (Osipkov, 1979; Mer-
ritt, 1985; Binney & Tremaine, 2008). The Osipkov-
Merritt model is based on the assumption that the
phase-space density distribution function depends on

the isolated integral of motion Q@ = F + L—Z, where E

2r
is the energy, L is angular momentum, r, is anizotropy

radius (parameter of the halo). The anisotropy param-
1 Forr < r,

2

2
eter in this model is § = 1—- 26 = 1— -
I Z

the velocity distribution is isotropic, and anisotropic
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for large radii. The case r, — oo corresponds to the
isotropic velocity distribution.

Denoting the pg(r) = (1 + :—2) p(r), the Eddington’s

transformation changes to:

/ dpq
n2\f aQ Jq 4o \/7

The phase-space density distribution function f(Q)
is truncated by finaz:

Fovew (Q) = {f (@),

fma;m

(@)= (7)

f(Q) < frmax
f(@Q) > frmax

Than truncated density profile is calculated as follows:

(8)

47 0

[ heew(@
(1+5) Jom

penFw (1) =

(9)
In this paper 5 iterations was used in iterative process
(similarly to previous section). The obtained results
for typical dwarf spheroidal galaxy, mrpp = 500 eV
and r, = 0.25,0.5,1 kpc is depicted on Fig. 2.

2.50% 10°
225% 10°F
200x100 T
1,75 |0 EEammeansseasssnn s s s T
£
< 1.50% 10%H
ra= oo
————— ro=1kpc
sl - 1,=0.5 kpc
1.25x 10 14=0.25 kpe
1.00x 10¢ . . L
0.001 0.005 0.010 0.050 0.100
r. kpe
Figure 2: Cored density profiles of typical dwarf

spheroidal galaxy with anisotropy radiuses r, =
0.25,0.5,1,00 kpc and mpp = 500 eV. r, = oo cor-
responds to the isotropic cored halo.

3. Discussion and conclusion

This paper focuses on the development of the iter-
ative method of calculation of the cored halo density
profile for fermionic dark matter particles (proposed
by Dmytro Iakubovskyi; Iakubovskyi & Rudakovskyi,
in preparation). According to this method, the phase-
space density distribution f(FE) (corresponding to the
NFW profile) was calculated by using the Eddington
transformation. Then f(F) was truncated phase-space
density by some maximal value f,,., and recalculated
corresponding truncated mass density piypw. This
procedure was iterated until p;nypw converges. On
large scales pinpw is well described by NFW profile.

But near the center of the halo, the density is flatten-
ing. This core corresponds to the degenerate fermionic
dark matter gas, which phase-space density cannot ex-
ceed some maximal values f,,q,.. The obtained shape
of psnpw is analogous to the results of the simulations
n (Shao et al., 2013; Maccio et al., 2013).

The cored density profile is characterized by core ra-
dius 7.. In this paper the core radius is defined as
peNFw (re) = iptNFW(O). In this paper the density
profile of typical dwarf spheroidal galaxy is assumed
on large scales as described by NF'W with parameters
M500 = 103 M), Cogg = 30. It was found for this halo
that r. ~ 0.03 kpc for mpp = 2000 eV, r. ~ 0.2 kpc
for mpp = 500 eV, r. ~ 0.7 kpc for mpp = 250 eV.
Obtained density profiles showed the decreasing den-
sity of core piypw (0) with increasing the mass of DM

WV2(Q - ‘I)(T))dearticle. The difference in Msgg of initial NF'W profile

and Mosgy of obtained cored density profile for dwarf
spheroidal galaxy does not exceed 10% .

The influence of velocity anisotropy on the cored den-
sity profile was estimated by using the Osipkov-Merritt
(OM) model. OM model assumes that the distribu-
tion function depends on isolated integral of motion
Q=F+ 2 22 instead of E. The natural assumption
is that the smallest value of anisotropy parameter r,
must be comparable with the core radius of isotropic
halo r.. This assumption is based on the fact that cen-
tral parts of haloes seem to be isotropic (Boyarsky et
al., 2009). In this paper I focus on the mpp = 500 eV,
hence the minimal r, = 0.25 kpc was chosen. It was
obtained that the influence of anisotropy on a radius
of a core is negligible for all tested r,. The density in
the core is increased maximum by 20 % in the presence
of velocity anisotropy. For r, > 1 kpc the difference
between the anisotropic and isotropic density profiles
is negligible.

Developed model of cored density profile combined
with the models of baryonic feedback processes and
observations of dwarf spheroidal galaxies can be used
for constraining mass of fermionic dark matter particle
candidate.
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ABSTRACT. In our work we considered orien-
tations of bright X-ray halos of the galaxy clusters
(mainly Abell clusters). 78 appropriate clusters were
selected using data from Xgal sample of extragalactic
objects in XMM-Newton observation archive. Position
angles and eccentricities of these halos were calculated
applying FOCAS method. No privilegd orientations
were found.

Keywords: Galaxies: clusters;

clusters.

X-rays: galaxies:

1. Introduction

One of the interesting tasks of the extragalactic as-
tronomy is a search of dedicated directions in the galax-
ies and their clusters orientations. The catalog of Abell
Cluster Objects (Abell et al., 1989) is the main catalog
of galaxy clusters. It contains the most of closest and
brightest clusters which are the most suitable for both
optical and X-ray observations. Galaxy orientations in
247 rich Abell clusters were studied by Godlowski et
al. (2010) and Panko et al. (2013) with corresponding
statistical data analysis and simulations. Orientation
of the galaxies from relatively small sample can be nu-
merically described by the distribution of anisotropy
parameter. This parameter was calculated for edge-on
galaxies in Parnovsky & Tugay (2007) and for nearby
galaxy groups in Godlowski et al. (2012). Galaxies ori-
entation in the nearby groups was studied by Pajowska
et al. (2012).

X-ray images of galaxy cluster halos could be
easily approximated by ellipses, so they are well
suitable to study such large-scale orientation. We
use XMM-Newton archive based sample of X-ray
extragalactic objects X-Gal (Tugay, 2012). In the
previous work (Tugay et al., 2016) the orientation of
30 X-ray southern clusters from PF catalog (Panko &
Flin, 2006) was determined using the method of image
isophotes approximation by ellipses. In this work we

estimated orientation of the whole sky sample of X-ray
brightest galactic clusters with more accurate FOCAS
method (Jarvis& Tyson, 1981).

2. Method

Primarily X-Gal sample, comprised by about 5 000
objects was examined to find the brightest galaxy clus-
ters. As a result 77 clusters were selected applying the
precondition of the most right in X-Ray band. We
used 1z107! - 110712 mW/m? interval for the flux in
2-10 keV range. The major part of these objects (70%)
turned out to be Abell clusters. Redshifts of our clus-
ters are in the range from z=0,02 to 0,3 (i.e. their
distances reaches up to 1 Gpes). XMM-Newton imag-
ing data (in FITS format) were retrieved from LEDAS
(LEicesterDatabase andArchiveService) and processed
by XMM-SAS software. The next step was to use these
data to calculate clusters X-Ray halo position angles
(PA), eccentricities and their inaccuracies using FO-
CAS algorithm. Results are shown in Tables 1 and
2. The clusters in the tables are arranged by right as-
cension. For the obtained results we determined equa-
torial coordinates of the clusters orientation effective
vector 4 (Fig. 1). Vector 7 points to the cluster cen-
ter. Vector n, points to Northen celestial pole (0, 0,
1). Cluster ellipsoid projection is given on the Fig. 2,
where 14 vector is the direction of the main axis of
visible image. Direction of the third ellipsoid axis ng is
not known. But it is known that the cluster ellipticity
is insignificant and if there is measurable eccentricity
of the cluster then it would be in the range of existing
axis n4 and ny. In general case, spatial orientation of
the vector n3 is perpendicular to 4 and hence within
single-valued conversion of n3 it is possible to use vec-
tor n4 instead. Hence vector ny was used to describe
possible orientations of the cluster. It was determined
from the following equations:
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nx - [ xny] =0 Table 1: Orientations and Eccentricities of X-Ray halos.
{ N Xi7=0 (1) Name PA e
ACO 2700 25 + 11 0.51 £ 0.2
{ ny xn=0 2) ACO 119 110 £ 3 0.09 £ 0.01
1A X Ny = cos(PA) ACO 122 84 + 2 0.713 £0.327
ACO 2984 84 £ 1 0.52 £ 0.4
ACO 399 63 + 15 0.31 £ 0.1
ACO 401 53 £ 1 0.39 + 0.25
ACO 3112 71+5 0.62 + 0.5
ACO 3158 82+4 0.212 £ 0.01
ACO S 384 38 + 20 0.36 + 0.25
C1G 0422-09 19+1 0.079 £ 0.01
ACO 496 8+3 0.2 +£0.1
C1G 0451-03 7148 0.17 + 0.02
MCXC J0528.9-3927 46 + 39 0.28 + 0.16
MCXC J0532.9-3701 88 +1 0.19 £ 0.14
ACO 3378 111 £ 20 0.45 + 0.21
ACO 3391 107 £ 3 0.22 + 0.04
ACO 3404 45 + 2 0.47 + 0.3
ZwCl 073547421 42 + 11 0.15 + 0.08
X C1G 0745-1910 76 + 2 0.17 + 0.46
ACO 653 46 + 3 0.36 + 0.2
43 ACO 689 46 £34  0.14 £ 0.01
ACO 773 103 £ 5 0.37 + 0.25
ACO 901A 41 + 20 0.36 + 0.27
ACO 907 45 + 22 0.42 £ 0.3
Figure 1: Cluster orientation directions. ivé?)l 11(())82i+0426 ;’(5) ::E 2 00;116:::003;1
ACO 1201 25 + 15 0.5+£0.2
CIG J1115+45319 66 + 5 0.25 + 0.02
ACO 1413 4+2 0.63 + 0.35
MCXC J1206.2-0848 59 £+ 25 0.24 + 0.17
ZwCl 121540400 144 £ 9 0.49 + 0.15
ACO S 700 8+3 0.07 £ 0.01
ACO 3528 10£1 06 +04
ACO 1651 99 + 3 0.35 + 0.27
ACO 1656 73+ 3 0.18 £ 0.1
ACO 1663 48 + 39 0.3 +0.2
ACO 1664 157 £ 5 0.48 + 0.25
2E 2975 60 + 15 0.28 + 0.25
1325-5737 45 + 33 0.17 £ 0.1
ACO 3558 43 + 16 0.47 + 0.3
ACO 1750N 140 £ 25 0.379 + 0.24
ACO 3560 26 + 14 0.32 £ 0.27
ACO 3562 150 £+ 29 0.31 £ 0.14
ACO 1775 136 £ 40 0.31 + 0.23
ACO 3571 84 £ 2 0.3 £ 0.01
CIG J1347-1145 11+6 0.15 + 0.08
Figure 2: X-Ray halos orientation directions plane pro- ‘288 ;?g? ég i ? 0625 i 8(1)2
Jections. 1419+2511 30+ 3 0.45 + 0.3
NGC 5718 Group 61 + 2 0.22 + 0.15
ClG J1504-0248 147 £ 17 0.1 £+ 0.06
ACO 2050 141 + 34 0.47 £ 0.25
ACO 2052 135 £ 6 0.48 + 0.3
ACO 2051 64 + 8 0.25 + 0.03
ACO 2055 12 £ 12 0.31 £ 0.13
ACO 2063 8§ +4 0.25 + 0.06
ACO 2204 75 0.087 £0.01
CIG J1720+4-2638 70 +£ 3 0.38 £ 0.01

MCXC J2011.3-5725 60 = 15 0.28 £ 0.25
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Table 2: The same as Table 1 for the last clusters.

Name PA e
ACO 3667 8+ 8 0.76 £+ 0.08
2MAXI J2014-244 9+1 0.52 £+ 0.45
ACO 3693 39 +£23 0.12 £ 0.08
C1G J2129+40005 24 + 1 0.5+ 0.3
ACO 3814 65 +23  0.56 £ 0.27
2217-1725 71+ 6 0.22+0.2
ACO 3854 37 + 22 0.51 £+ 0.37
ACO 3856 39+ 10 0.56 £ 0.31
ACO S 1101 121 £ 2 0.45 + 0.3
ACO 3992 2+ 2 0.37 = 0.1
ACO 2597 37+ 1 0.17 £ 0.05
ACO 4010 148 £ 4 0.148 £+ 0.01
ACO 2626 156 + 5 0.67 £+ 0.06
ACO 2667 133 +£ 27 0.403 £+ 0.28
ACO 2670 132 £ 35 0.23 £ 0.14
ACO 13 60 £ 20 0.41 £ 0.1
0018-0053 149 £+ 2 0.12 + 0.05
Cl1G 0016+16 67 £24  0.18 £ 0.02

Table 3: Coordinate codes for clusters with long des-

ignations.
Name Coordinate code
1RXS J132441.9-573650 1325-5737
2XMM J141830.6+251052 141942511
XMMXCS J221656.6-172527.2 2217-1725
2XMMi J001737.3-005239 0018-0053

an®

Figure 3: Distribution of the X-Ray halos orientation
directions for RA and DEC.

3. Results and conclusion

Orientation and Eccentricities of X-Ray halos are
presented in Tables 1-2 and the distribution of the 774
orientation (RA, Dec) is given on Fig. 3. To check
possible anisotropy the range of the right accession and

declination of the n was split into 10 degree intervals.
Then using Kolmogorov’s criterion we determined
maximal mean deviations for clusters number in each
interval and hence further verified probability of the
clusters orientation anisotropy. Uniformity of the
distribution was assessed using above Kolmogorov’s
criterion. Application of this criterion enables with
probability up to 95% to accept hypothesis that Local
Universe in the range up to about 1 Gpcs is isotropic.
Further comparisons of the X-ray halos alignments
and galaxies clusters orientation in optical band might
be required and useful in the next works.
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ABSTRACT. We study circular orbits around a
static spherically symmetric configuration of General
Relativity in presence of a nonlinear massive scalar field
(SF). The problem deals with a family of solutions to
Einstein — SF equations with the SF potentials that are
negative for some SF values in order to consider black
hole configurations. We show that, for some param-
eters of the family, there can exist two disconnected
regions of stable circular orbits around the configura-
tion. Such regions can exist both for black hole and for
naked singularities.

Keywords: classical black holes, naked singularities,
scalar fields, accretion disks.

1. Introduction

Scalar field (SF) is often used in the General Rela-
tivity to study models of the dynamical dark energy
(Novosyadlyi et al. 2013), so it is natural to look for
the SF effects in astrophysical objects. Here we look
for such effects in stable circular orbits (SCO) distri-
butions around spherically symmetric configuration. It
is well known that SCO form a connected structure
in Schwarzschild and Kerr black hole space-times of
General Relativity. It was shown by Chowdhury et al.
(2012) that, in presence of the linear massless scalar
field, there can exist disconnected regions of SCO sep-
arated by a ring of unstable orbits. Examples of gaps
in the SCO distribution have been found by Stuchlik &
Schee (2010); Pugliese et al. (2013, 2017); Vieira et al.
(2014); Boshkayev et al. (2016) in presence of naked
singularities (NS). We wonder, is NS always necessary
for the existence of such a discontinuous SCO struc-
ture?

The aim of this paper is to present examples with a
non-trivial self-interaction potential V' (¢) of the mas-
sive scalar field ¢ showing that the disconnected SCO
structure can exist in the black hole (BH) space-time
as well. We study test-body circular orbits in static
spherically symmetric asymptotically flat space-times
of General Relativity in presence a non-linear SF min-
imally coupled with gravity. Note that our black hole

solutions discussed below involve potentials that are
negative in some regions, so they do not contradict to
the no-scalar-hair theorem (Bekenstein 1998).

We shall use a well known method (see, e.g., Bron-
nikov 2001, Bronnikov & Shikin 2002, Azreg-Ainou
2010) of generation of special spherically symmetric
solutions to these equations along with corresponding
potentials.  Investigation shows the occurrence of
the disconnected SCO distribution, both in case of
BH and/or NS, for certain domain of the family
parameters. At the same time, the other choice of the
parameters can lead to the absence of discontinuities in
the SCO distribution. Here we present main results of
a numerical investigation; more detailed presentation
can be found in our preprint (Stashko & Zhdanov
2017) and will be published elsewhere.

2. Basic relations

The metric of a general spherically symmetric space-
time in static region can be written as

dx?

52 = A(z)dt? — ——
ds* = A(w)dt® —

—1r%(2)dO?, (1)
and we say that xo is a point of a center if r(xg) = 0
and r(z) > 0 for x > zp. The center zy appears to
be a simple root of r(z) (Bronnikov 2001, Bronnikov
& Shikin 2002, Azreg-Ainou 2010).

The Einstein equations in presence of a self-
interacting minimally coupled scalar field ¢ can be de-
rived from the action functional

S = Son+ / da/[gl 9" by — V() . (2)

where Sgr is the standard gravitational action of the
General Relativity (¢ = 87G = 1), and V(¢) is a self-
interaction potential to be specified below. The joint
system of equations for A,r,¢ under the conditions
of spherical symmetry and asymptotic flatness is re-
duced to a system of equations (Azreg-Ainou 2010),
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which represent a general solution in an implicit form
in terms of arbitrary r(x). Thus, we use the “inverse”
method (Bronnikov 2001, Bronnikov & Shikin 2002) to
generate families of special solutions: we fix r(x), and
look for A(x),¢(x) and V(¢). This problem is solved
uniquely under the conditions of the asymptotic flat-
ness, where V(¢) is defined parametrically. In partic-

ular,
oo

A(z) = r¥(z) /

x

22" — C
— a7 (3)
r@)
where for the integration constant we have C = 6m,
and m > 0 is the mass of the whole configuration.
Further we make a particular choice

r(z) = {1 - (@)N e_”(””_“"))} :

T

(4)

where xgp > 0, N > 1, and p > 0 is related to the
scalaron mass p/2. The latter follows from the esti-
mate (Stashko & Zhdanov 2017)

(5)

for small ¢ (and any fixed V) on account of asymptotic
relations for z — oo.

We use the general results of Azreg-Ainou (2010)
showing that (a) if g > 3m, then A(z) > 0,2 > xo,
and we have a naked singularity at © — xo; (b) if
ro < 3m, then we have a BH solution: there exist
a point z, > xo (the horizon) such that A(xp) = 0
and A(x) > 0 for © > xp. For numerical estimates we
choose further the units of length so as to have C' = 1.
The SF potentials that correspond to (4) for different
values of the parameters are shown on Fig.l. For
xo < 0.5 (BH case) they have a form of the Mexican
hat and they are not positive everywhere; for oy > 0.5
(NS case) the potentials are not bounded from below.

2
V() ~ Lo’

3. Regions of SCO

We are interested in time-like geodesics of the static
region, where A > 0, » > 0. We shall concentrate on
the case shown in Fig.2: here X,., r = 1,2, 3 represent
limiting radii of different regions of the stable circular
orbits. Namely, the radial coordinates  : X3 < x < 0o
correspond to the infinite outer ring of circular orbits,
and z : X7 < x < Xy correspond to the inner ring (if
it exists), which is separated off the outer region by
a prohibited area X5 < x < Xg3, where either there
is no circular orbits or they are unstable. In case of
the spherically symmetric space-time metric (1) the
investigation of geodesics is reduced to the equations
of one-dimensional classical particle motion in a field
with effective potential Ueys(z, L) = L2U;(z) + Us(z),
where
A(x)

r2(z)’

Ul((ﬁ) =

Us(z) = A(z). (6)

-501
V(¢)

-100+

-150

Figure 1: Scalar field potentials in cases of BH (zg =
0.45, u =0: N =4 —solid, N =5 — dashed) and NS
(xo =055, u=0: N =4 — dotted, N = 5 — dash-
dot). Smaller panel shows details of the graphs near
the origin ¢ = 0. which cannot be seen on the scale
of the larger panel. We note that the potential graph
of the intermediate case o = 0.5 (not shown here) is
completely similar to the case of xy > 0.5.

At the points of minima of Ue.ys we have Uéff =
0, Ut > 0 yielding

where
F(x)=-U3/U; .

The roots of the equation (7) in the region where
F'(x) > 0, F(z) > 0 correspond to SCO with different
radii. The double roots of (7) yield double minima of
Uess with fixed L. Simple analysis on account of the
explicit form of r(x) (see Stashko & Zhdanov 2017)
shows that in order to have non-connected regions of
SCO one must have a positive maximum of F'(z). Then
the limiting radii of the SCO regions can be found ei-
ther as roots of the second derivative F”'(z), of as roots
of the function F'(x) itself. Using the equation (3) one
can find an explicit form of F(z) and its derivatives in
terms of r(x) so as to find these roots numerically.

The conditions that guarantee the existence of sepa-
rated SCO regions can be violated at bifurcation points
in the space of parameters xg, N, u. These can be two
types of the bifurcations:

(I) when the point of the maximum becomes negative

FI(X)=0, F(X)=0, F'(X)<0; (8

(IT) when the maximum of F(z) disappears: it
merges together with a point of minimum to yield an
inflection point:

F'(X)=0, F'(X)=0, F(X)>0. (9)
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&h

Figure 2: Shaded area: regions of stable orbits. White
area: no stable orbits.

We performed this analysis in case of the fam-
ily of solutions that correspond to the generating
function (4). Fig.3 shows the resulting bifurcation
cusp-like curves in the plane of parameters N, xq
for several p. The region for zp < 0.5 (to the
left of the vertical dotted straight line) describes
the BH cases; this region contains the whole left
branch of the ”cusp” and a part of the lower branch.
We note that for sufficiently small zg (sufficiently
small SF effects) there is no disconnected SCO regions.

4. Conclusions

We studied special solutions of the joint system of Ein-
stein equations and SF equations with various nonzero
self-interaction potentials. The solutions describe iso-
lated static spherically symmetric configurations with
an asymptotically flat space-time and a positive total
mass. These solutions deal with either NS in the center
of the configuration, or with BH. The family includes
the Schwarzschild metric as limiting case xg = 0 and
V' = 0. In the BH case, the scalar field potentials V(¢)
have the form of the Mexican hat; they are bounded
from below. The potentials are infinitely negative for
some SF values in case of NS.

The main outcome of this paper is that separated
(disconnected) ring-like structures of stable circular or-
bits do exist for some family parameters in the BH
space-times. Analogous feature was first revealed by
Chowdhury et al. (2012) in case of the massless linear
scalar field dealing with NS at the center. The well-
known BH-no-hair theorem (Bekenstein 1998) does not
prohibit the BH case, if the scalar field potential is not
positive everywhere; this is just the case of our solu-
tions. It is also important to note that occurrence of NS

— =0
— = u=05
64 - - - /[:1
—_——-=u=2
5-
Ny T
3
.\~\
2 N,
\
1 i T
0.3 0.5 X, 0.7

Figure 3: Cusp-like bifurcation curves limiting the re-
gions of parameters where SCO form separate inner
rings as in Fig.2. For any choice of the family parame-
ters N,z inside a cusp (to the right of the curves) the
configuration has two different non-connected regions

of SCO.

does not necessarily imply the existence of the discon-
tinuous structures. There is no any universal situation
with the scalar field as concerned the existence of the
non-connected SCO regions, either in the BH or NS
case.
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ABSTRACT. While galaxy cluster catalogs were
compiled many decades ago, other structural elements
of cosmic web are detected at definite level only in
the newest works. For example, extragalactic filaments
were described by velocity field and SDSS galaxy dis-
tribution during the last years. Large-scale structure
of the Universe could be also mapped in the future
using ATHENA observations in X-rays and SKA in ra-
dio band. Until detailed observations are not available
for the most volume of Universe, some integral statis-
tical parameters can be used for its description. Such
methods as galaxy correlation function, power spec-
trum, statistical moments and peak statistics are com-
monly used with this aim. The parameters of power
spectrum and other statistics are important for con-
straining the models of dark matter, dark energy, in-
flation and brane cosmology. In the present work we
describe the growth of large-scale density fluctuations
in one- and three-dimensional case with Fourier har-
monics of hydrodynamical parameters. In result we
get power-law relation for the matter power spectrum.

Keywords: Cosmology: theory, cosmology: large-
scale structure of Universe.

1. Introduction

Large-scale structure of the Universe (LSS) is
thought to be a composite of galaxy clusters, superclus-
ters, voids, walls and filaments. It is very hard to de-
tect extragalactic filaments with current observational
facilities (Tugay, 2014), although future projects such
as ATHENA and SKA (Kale et al., 2016) gives some
perspectives. Attempts to build filament network on
Sloan Digital Sky Survey data were performed in (Tu-
gay, 2014) and (Chen et al., 2016) using the method
of density ridges. X-ray space observatories gives us
new findow for LSS studying. First results of X-ray
galaxy distribution based on XMM-Newton observa-
tions were get in (Elyiv et al., 2012) and (Tugay, 2012).
Extragalactic filaments and other LSS details could be
found in future with ATHENA observations (Nandra

et al., 2013; Nevalainen, 2013). This may be also possi-
ble due to ATHENA detection and observations of 3.5
keV emission line of sterile neutrino decay (Neronov
& Malyshev, 2016). Until there are no enough ob-
server galaxy positions to recover internal structure of
single filaments, the main way of LSS studying is esti-
mation of general statistic parameters of extragalactic
object distribution, such as correlation function, power
spectrum and other. Such parameters should be pre-
dicted from cosmological theoretical models including
the theory of growth of primordial density perturba-
tions (Bernardeau et al., 2002).

In this work we consider simple case of gravitational
instability, apply power law assumption for Fourier
harmonics of perturbations and derive a relation for
power spectrum.

2. Starting equations

LSS formation can be described in Newtonian grav-
ity by the equations of Poisson, Euler and continuity:

A¢ = 4nGp 1)
WD | (5 9) (1) =~ @)
dp R

We will consider velocity field as irrotational. This
allows us introduce velocity potential and divergence:

W =-V0,0=V 7w (4)

Then we can write continuity equation as

54+60=0 (5)

And Euler equation as

U+ (T-V)T =-Vd (6)

or
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0+Vo+ (7 V)T =0 (7)

Let’s take the divergence from the last equation and
use the continuity equation. We will get single equation
for continuous matter in own Newton gravity field:

S+ H*$+V(T-V)Z =0 (8)

where H is inverse character time of the system. It may
be close by order of value to Hubble constant but not
necessary. To analyse LSS evolution we will onsider
density contrast as superposition of plane waves:

5= Z 5mei(km,x+wmt) (9)

In the linear approximation we can neglect the
last term in (8). We will then find the solution for
exponential growth of all modes with character time
t=1/H. Below we will solve the equation (8) in one-

dimentional and three-dimentional weakly non-linear
case.

3. One-dimentional case

In this case velocity field has single component and
the values of # and ® ane connected with it by simple
spatial derivative:

U P
T odx’ T da?

Now equation (8) can be written as

(10)

(11)

Now we can write plane wave decompositin for @, u
and 6:

5+H25+92+u%:0
dx

=) Pelthmrtont) (12)
w= Z umei(kmw-i-wmt) (13)
(14)

0 = Z 0 ei(kmerwmt)
- m
m

Let’s substitute last expression to (11) and perform
Fourier transformation. We will keep one 6 in the third
term and df/dx in the fourth term unchanging. We will
get the next expression for harmonics.

do
- = O
dx

It can be shown, suprisingly, that in one dimentional
case there is simple expression between harmonic am-

plitudes of u,  and df/dx such as

S (H? —w2) 4 0 - 0 + Uy, - (15)

df
Opp - 0 = Uy - — 16
U+ (16)
So we have
O (H? —wl) +2) 02 e'kmetent) — o (17)

This means that 6,, = 0 and we can not consider
nonlinear dynamics with out assumptions in one
dimentional case. (Abell, Corwin & Olowin, 1989)

4. Three-dimentional case

Let’s write nonlinear term in (8) in tensor notations

V(T V)T = up,qtigp + Uglip,pg (18)
and change velocity field with scalar potential:
V(ﬁ ) V)ﬁ =P pg®Pgp + P gP g (19)
Then equation (8) takes form
S+H*+(Ve®)-(Vo@)+7-Vo=0 (20)
or
0+ H?5+ @ pg® g + @ 4@ g = 0 (21)

Direct tensor product of nabla operator and vector
velocity field can be written for plane waves (remember

(4)):

d

Veow =2 _
® dz,

e —(—iky®) = —kpky®

(22)

Double scalar product of such two tensors is equal
to

(Vo) (Vo) = Z K220 = K'®?  (23)

Now let’s find the derivatives in the last term in (21)
in the plane wave assumption:

O =7 =ik P (24)

=ik, @) = k20— —p 25

PP d:z:p( ¢ )=- - (25)

VO = —k*W = k*Vo (26)

T V= KD (k) = ik> T (—iEK)® = kP>
(27)
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Applying all above derivatives, equation (8) takes
form

6+ H?5 +2k*®% = 0 (28)
or for Fourier harmonics
Sm(H? — w2) + 2kp, @2 =0 (29)

In the opposition to one-dimentional case, now we
can get non-trivial result with additional assumptions.
First, let’s suppose that LSS is periodical in the cube
with side equal to L. Then we have straight expres-
sion for wavenumber: k,, = 2rm/L. Second, suppose
powerlaw relation of harmonics of velocity potential:
®,, = ®oym?. The last term in (29) must be constant.
This gives us

k@2 = (2nrm/L)* - ®2m* (30)

and finally

v =2 (31)

So we get inverse power law relation for matter
power spectrum which is well agreed with standard
cosmological model and analysis of galaxy observations
(Tegmark et al., 2004):

P = Py(k/ko)~? (32)

5. Results and conclusion

Matter power spectrum parameters were found in
this work in simple analytical model. More general
case will be considered in the next work under wider
assumptions for different functional relations for
Fourier harmonics of density and velocity field.
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ABSTRACT. We derived LTE zirconium abundance
in a sample of 81 giant stars in dwarf spheroidal For-
nax galaxy. The LTE synthesis was used for this aim.
We obtained the lower Zr abundance in Fornax galaxy
comparing to the relevant value in the thick/thin disc
of the Milky Way. We note that this result may be
affected by the NLTE effects that decrease the real
zirconium abundance.

Keywords: stars: abundances — galaxies: individ-
ual: Fornax — galaxies: evolution — galaxies: dwarf —
galaxies: formation

1. Introduction.

Dwarf spheroidal galaxy Fornax is one of the most
luminous satellites of the Milky Way. Its stellar
population was studied spectroscopically by many
authors. In particular, Letarte et al. (2010) and
Lemasle et al. (2014) determined abundances of a-
and some s-process elements in the giants of this
stellar system. Among s-process elements zirconium
was not studied in the stars of this galaxy. Therefore
we decided to fill in this gap.

2. Sample of the stars

The sample of our program stars has been previously
investigated by Letarte et al. (2010). The spectra
were secured with ESO VLT facilities with resolving
power of about 20000 in the two ranges: 5340-5620
A, and 6120-6701 A. 81 RGB stars were selected in
the central part of Fornax dSph galaxy. In this article
we report the results of determination of zirconium
abundnace. We used stellar parameters and iron
abundance determined by Letarte et al. (2010). The
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o 4 =
© © o
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Figure 1: Synthetic and observed spectra of three zir-
conium lines for the star BL211 (the best zirconium
abundance is (Zr/H)=2.14). Circles — observed spec-
trum, continuos line — synthetic spectrum.

program stars and their iron abundance are listed in
Table 2 together with our LTE abundance of Zr (see
next sections).

3. Abundance determination details.

As we have already mentioned Letarte et al. did
not derive abundance of zirconium. From the light s-
process element they give abundance only for yttrium.
We performed LTE profile synthesis for the three Zr 1
lines: 6127, 6134 and 6143 A using SYNTHV code
(Tsymbal 1996). Blending lines of other species were
taking into account by using the Vienna Atomic Line
Database (VALD, Kupka et al. 1999).!  An example
of the profile fitting is given in Fig. 1. Table 1 contains
an information about zirconium line parameters used
in our calculations. Zirconium abundance in our
program stars is listed in Table 2.

Ihttp://vald.astro.univie.ac.at/ vald3/php/vald.php
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Table 1: Zirconium line parameters.

El A(A)  log gf
Zr1 612748 -1.06
Zr1 613459 -1.28
Zr1 6143.25 -1.10

4. Results and discussion.

It is generally accepted that zirconium nuclei are pro-
duced in the higher-mass AGB stars (Prantzos et al.
1990, Raiteri et al. 1992). Production rate of the first-
peak (Sr, Y, Zr) elements depends also on the metal-
licity of the AGB star. Metal-poor AGB stars produce
a larger amount of the s-process peak nuclei.

The ratio [Zr/Fe] in our program stars appears to be
below the value which is predicted by the Galaxy model
of chemical evolution for the thick/thin disc (Bisterzo
et al. 2017) (see Fig. 2).

Battistini & Bensby (2016) having analysed 311
stars in the solar neighbourhood found an increase of
zirconium abundance in the Galactic thin and thick
disc with metallicity decrease. Their mean [Zr/Fe]
value in the metallicity region from about —1 to —0.5 is
approximately 0.3-0.4 dex which is significanly higher
than the mean value from the Fornax star sample.
On contrary, Reddy et al. (2003) analysed 181 F
and G dwarfs from Galactic disc, and their result on
zirconium shows that at least up to [Fe/H] ~ —0.7
there is no sign of an increase of abundance of this
element with iron abundance decrease. The similar
result was published also by Brewer & Carney (2006).
The situation with zirconium becomes even more
entangled if we take into account that in the different
studies the different Zr lines were used to derive
abundance of this element (for instance, Battistini &
Bensby (2016) employed Zr T 4687 A, 4739 A, and
Zr 11 4208 A, 5112 A lines, while we used set of the
red zirconium lines). Could such a discrepancy in the
literature data be the result of ignoring of the NLTE
corrections? There is a very limited information in
the literature concerning the NLTE corrections for
zirconium LTE abundance derived from different lines.
Here one can mention only the paper of Velichko et
al.(2010), who provided some limited data on correc-
tions that should be applied to abundances derived
from Zr I 4687 A, Zr 1I 4208 A, and 5112 A lines in
cool giants. According to those authors corrections are
of about 0.2-0.3 dex, and they should even increase
the LTE abundances (later authors published erratum
where they informed that they used wrong ionization
potential for Zr I). Nevertheless, those authors say
(but without quantitative estimates) that observed red
zirconium lines should be weakened due to the NLTE
effects, what means that our result on LTE zirconium

08F T T T 3
06| ]
04l
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[Fe/H]

Figure 2: [Zr/Fe] vs. [Fe/H]. Circles — our stars, the
model data are from Bisterzo et al. (2017). Continuous
line — thin disk, dashed line — thick disk, dotted line —
halo.

"underabundance” in the Fornax giants (Fig. 2) may
be just an artefact. In our analysis we used Zr I 6127,
6134 and 6143 A, for which no information about
NLTE effect exists in the literature. Taking into
account that different zirconium lines were used by the
different authors to derive abundance in dSph Fornax
galaxy and in the Milky Way, and no reliable data
on the NLTE corrections for zirconium abundance
derived from those lines exist in the literature, we
leave the question about the detected difference in
zirconium abundance in Fornax galaxy and the Milky
Way stars open.
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Table 2: Program stars, their metallicity and abundances of Zr and Ba. (El/H)=loge(El)+12.00; [El/H] =
(El/H)star - (El/H)Surr

Star [Fe/H] (Zr/H) [Zr/Fe| | Star [Fe/H] (Zr/H) [Zr/Fe]
BL038  -0.88 1.76 0.05 | BL18 -0.71 1.92 0.04
BL045 -1.09 1.39 -0.11 | BL190 -0.79 1.39 -0.41
BL052 -1.02 1.28 -0.29 | BL195 -0.97 1.87 0.25
BL065 —1.43 1.41 0.25 | BL196 -1.07 1.33 -0.19
BL076  —-0.85 1.63 -0.11 | BL197 -0.89 1.54 -0.16
BLO77  -0.79 1.54 -0.26 | BL203 -0.83 1.69 -0.07
BLO79  -0.52 2.08 0.01 | BL204 -1.00 1.73 0.14
BL0O81  -0.62 1.94 -0.03 | BL205 -0.69 2.01 0.11
BL084 -0.85 1.41 -0.33 | BL208 -0.66 1.98 0.05
BL085  —-2.59 - - | BL210 -0.76 1.69 -0.14
BL091  -0.96 1.58 -0.05 | BL211  -0.67 2.14 0.22
BL092 -0.95 1.63 -0.01 | BL213 -0.93 1.62 -0.04
BL096 —0.75 1.33 -0.51 | BL216  —0.77 1.88 0.06
BL097 -0.92 1.67 0.00 | BL218 -0.60 1.92 -0.07
BL100 -0.93 1.22 -0.44 | BL221 -0.86 1.74 0.01
BL104 -0.96 1.63 0.00 | BL227 -0.91 1.75 0.07
BL113 -0.75 1.96 0.12 | BL228 —0.88 1.49 -0.22
BL115  -1.47 1.13 0.01 | BL229 -0.71 1.83 -0.05
BL123 -0.97 1.47 -0.15 | BL233 —-0.68 1.81 -0.10
BL125 -0.73 1.90 0.04 | BL239 -0.91 1.47 -0.21
BL132 -0.89 1.37 -0.33 | BL242 -1.11 1.41 -0.07
BL135 -0.95 1.68 0.04 | BL247 -0.82 1.62 -0.15
BL138 -1.01 1.57 -0.01 | BL250 -0.68 2.18 0.27
BL140 -0.87 1.65 -0.07 | BL253  -0.73 1.79 -0.07
BL141 -0.82 1.49 -0.28 | BL257 -0.58 1.93 -0.08
BL146 -0.92 1.62 -0.05 | BL258  -0.60 1.95 -0.04
BL147  -1.37 1.29 0.07 | BL260  -0.87 1.56 -0.16
BL148  -0.63 2.18 0.22 | BL261 -0.86 1.76 0.03
BL149 -0.91 1.59 -0.09 | BL262 -0.78 1.92 0.11
BL150 -0.83 1.59 -0.17 | BL266 -1.44 1.26 0.11
BL151 -0.86 1.56 -0.17 | BL267 -0.72 1.88 0.01
BL155  -0.75 1.98 0.14 | BL269 -0.81 1.79 0.01
BL156 -1.13 1.47 0.01 | BL278 -0.73 2.27 0.41
BL158  -0.87 1.70 -0.02 | BL279 -1.51 1.22 0.14
BL160 -0.95 1.67 0.03 | BL295 -0.69 1.82 -0.08
BL163 -0.77 2.01 0.19 | BL300 -0.92 1.84 0.17
BL166 —-0.89 1.80 0.10 | BL304 -0.96 1.47 -0.16
BL168  -0.88 1.90 0.19 | BL311  -0.78 1.62 -0.19
BL171  -0.90 1.61 -0.08 | BL315 -0.82 1.81 0.04
BL173 -0.85 1.72 -0.02 | BL323 -0.91 1.38 -0.30
BL180 -0.91 1.67 -0.01
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Synth., eds.: S. J. Adelman, F. Kupka, W.W. Weiss,
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ABSTRACT. The methods for determination of the
characteristics of the extrema are discussed with an appli-
cation to irregularly spaced data, which are characteristic
for photometrical observations of variable stars. We intro-
duce new special functions, which were named as the
“Wall-Supported Polynomial” (WSP) of different orders.
It is a parabola (WSP), constant line (WSL) or an “asymp-
totic” parabola (WSAP) with “walls” corresponding to
more inclined descending and ascending branches of the
light curve. As the interval is split generally into 3 parts,
the approximations may be classified as a “non-
polynomial splines”.

These approximations extend a parabolic/linear fit by
adding the “walls” with a shape, which asymptotically
corresponds to the brightness variations near phases of the
inner contact. The fits are compared to that proposed by
Andronov (2010, 2012) and Mikulasek (2015) and modi-
fied for the case of data near the bottom of eclipses instead
of wider intervals of the light curve. The WSL method is
preferred for total eclipses showing a brightness standstill.
The WSP and WSAP may be generally recommended in a
case of transit eclipses, especially by exoplanets. Other
two methods, as well as the symmetrical polynomials of
statistically optimal order, may be recommended in a gen-
eral case of non-total eclipses.

The method was illustrated by application to observa-
tions of a newly discovered eclipsing binary GSC 3692-
00624 = 2MASS J01560160+5744488, for which the
WSL method provides 12 times better accuracy.

Keywords: variable stars; eclipsing binary; minima
timings; O-C analysis; TYC 3692-624-1 = Gaia DRI
505352827074254080 = GSC 03692-00624 .

1. Introduction

The O-C analysis is the most popular method of studies
of period variations (cf. Tsesevich 1970, 1971, Kreiner et
al. 2001, Andronov et al., 2017). Many astronomers ob-
serve stars only during relatively short intervals near ex-
trema (minima of eclipsing binaries or maxima of the pul-
sating variables) instead of the complete light curves.

Currently in the AAVSO (2017) and BAA (2011) user
guides, the Times of Minima (or Maxima, the letter “M”
is the same) are abbreviated to “ToM”. This needs ade-
quate methods of modeling, which will provide best qual-
ity of approximation.

In the pre-computer era, the most popular was method
of chordes by Pogson, where the approximation of points
on the graph was made manually. More advanced method
was proposed by Herzsprung, where the mean curve was
estimated by binning the data in to time (or phase) inter-
vals and then linearly interpolated. Such a curve was
shifted and scaled to the particular data to obtain individ-
ual extrema timings.

These historical methods were discussed in numerous
monographs and textbooks (e.g. Tsesevich 1970, 1971).

In the computer era, one may expect to make “physi-
cal” modeling using the code based on the method by
Wilson & Devinney (1971) and its improvements (e.g.
Zota, Kolonko & Szczech,1997; Zota et al., 2010; PrSa &
Zwitter, 2005). Or to use a simplified physical model (e.g.
Andronov & Tkachenko 2013).

However, the number of the parameters in these models
is still too large. So one may get approximations of nearly
the same quality for a relatively large region in the pa-
rameter space. Thus “phenomenological” approximations
are still valid for a dominating majority of variable stars.

Andronov (1987) elaborated software based on periodic
cubic splines, which allows determination of the local or
global approximations and, particularly, of the characteris-
tics of extrema. More functions were reviewed by An-
dronov (2005).

Specially for (generally) asymmetric maxima of pulsat-
ing variables, Marsakova & Andronov (1996) proposed an
algorithm of “Asymptotic parabolac” (AP), which was
used for a compilation of the catalogue of characteristics
of extrema of a group of the Mira-type stars (Andronov &
Marsakova, 2006).

However, Chinarova & Andronov (2000) used an alge-
braic polynomial approximation of a degree correspond-
ing to a minimum error estimate of timing.

Previous methods were typically based on the assump-
tion of smooth functions, whereas eclipses definitely show
begin and end not only in EA-type (Algol) systems
(Samus et al. 2017), but also in EB-type (f Lyr) and even
EW-type (W UMa) systems (Andronov 2012a, 2012b;
Tkachenko, Andronov & Chinarova, 2016).

Thus it is natural either to apply non-polynomial
splines to a complete phase light curve, or to make local
approximations near the extrema.

In this paper, we compare approximations using “old”
and “new” sets of functions for statistically optimal mod-
eling of symmetrical minima of eclipsing binary stars.

o7
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2. The Observations

The methods are illustrated by application to one “flat”
minimum of the eclipsing binary GSC 3692-00624 =
2MASS J01560160+5744488 (Devlen, 2015). From the
complete data set, we extracted a “full” (HJD
2455506.28847 — .43138, n=43) and “part” (HID
2455506.32250 — .40077, n=24) intervals.

As previous algorithms were effective for “smooth”
minima, here we concentrate on the “flat” minima charac-
teristic for transits of stars and exoplanets.

3. The Methods

3.1. Asymmetrical polynomials

The basic method of the approximation is based on al-
gebraic polynomials. They are included in popular elec-
tronic tables in the Microsoft, Open/Libre, Kingsoft of-
fices, GNUmeric and others. However, these approxima-
tions are only shown on graphs, without a possibility of
getting precise coefficients and error estimates of them.

Algebraic polynomials were implemented for the min-
ima determination in the software VSCalc (Breus, 2006)
and PERANSO (Vanmunster, 2015) with an user freedom
to choose the degree of the polynomial. Generally, these

polynomials are asymmetrical for m > 3.

Typically, the duration of observations is much less
than the time from some “adopted” starting point (e.g. ad
in the Julian Date (JD)). Thus it is suitable to rescale the

time argument / to the symmetrical interval [—1,+1]:
w= 2=ty 1) =1 D)
Here tnl and tnz are times of the beginning and end of

the interval of observations. Thus

¢ 1
xp(t)= XCq u”"
a=1

These functions are generally asymmetrical in respect
to the moment of extremum, thus may be used for studies
of pulsating variables as well.

In our program MAVKA (Multi-Analysis of Variables
by Kateryna Andrych), we have used various approxima-
tions, not only the ordinary algebraic polynomials.

The preliminary version was introduced by Andrych et
al. (2015).

2

3.2. Symmetric polynomials

Another set of functions on time f are symmetric alge-
braic polynomials

m
2(a-1
xsp(t) = 3. Co v @)
a=1
for different m. Here v=u —u, is the shift from the

A3)

argument of symmetry u, = C,, 1.

Because of this specific form, the symmetric polyno-
mial defined by (m+1) parameter is of the degree 2(m-1)
instead of 71 for the generally asymmetrical algebraic poly-

V123

12.4

12.5

53506.36 33506.38

3350635 35506.40

HID - 2400000
Figure 1: “Symmetric polynomial” approximations for
“part” (up) and “full” (down) intervals of the same
eclipse. The approximations are shown for the number of

parameters m = 3,4,5,6 (from up to down) with an arti-
ficial shift of 0.05™.

3350630

nomial. So the parabola (degree 2) is defined by 3 parame-
ters in both cases. But next steps in the degree of 2 require
1 or 2 parameters, respectively.

Such an approximation coincides exactly with an alge-
braic polynomial of order O (constant, m1=1) and 2 (parab-
ola, m=2). The parameters Cj..C,, are determined using
the LS (Least Squares) method with further improvement
of C,,41 using differential corrections (cf. Andronov

1994, 2003). Numerical experiments show that sometimes

there may be “inverse” variations, typically at the borders

and at a mid-eclipse, if observationally it is flat enough.
The symmetrical polynomial fits are shown in Fig. 1 for

different number of parameters. The £ 10 “error corridors”
for xgp () are shown as well, but are typically comparable

to the thickness of line. As expected, the increase of the
number of parameters leads to smaller deviations of the data
from the fit, but the minimum becomes split. Thus the point
of symmetry u

¢» Which should correspond to the minimum,

formally corresponds to the maximum brightness surrounded
symmetrically by deeper local minima.

3.3. Non-integer degrees as asymptotic fits

Andronov, Tkachenko & Chinarova (2017) tested
many functions and modifications and ranged them ac-
cording to the quality of approximation. There are two
families of functions describing the shape (synonyms:
“pattern”, “form”) of the eclipse. The first suggests a lim-
ited width of the eclipse (Andronov, 2010, 2012a)

1-(1= 253, if |z,
e L R ]
0, if [z|>1,

where z=(u—u,)/A=v/A is dimensionless time,

“4)

U, is again an argument of extremum, A is the eclipse

half-width. This approximation is called NAV (“New Algol
Variable”.
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The second family corresponds to a formally unlimited
width (Mikulasek et al., 2011, Brat et al., 2011):

Gy (2) =(1-exp(-9))" 5)
where 3(z) = z2/2 corresponds to a Gaussian function

for ¥ =1. Despite existence of advanced functions, this
simplest function was used recently for studies of GAIA
observations of eclipsing variables (Mowlavi et al., 2017).
An improved function (Mikulasek, 2015) may be de-
composed into Mac-Laurin series (Andronov et al., 2016):
22 22 Z4
9(z)=cosh(z) 1= (1+ "+ +..) (6
2 12 360

A restricted form of these functions is below:

3 3
GA(z>=5|z|ﬂ -51z 26 4. )

9 Gri+y) .
G =97. 1—7/— =L T8+ ..) (@8
v (2) ( 5 + 4 +..)@®)

At the bottom of the eclipse, far of its borders, the most
important are the first terms. Thus the restricted approxi-
mations are

x4(2)=Cl+Cy |vP +Cy v PP ©)
Xy (2)=Cr+ Cy | vIP +C5 | v PP (10)

So the difference is only in the third term. For the com-
patibility, we adopt 3 = 2y. Hereafter we call these ap-

proximations as NAVs and Ms, respectively. Besides the
three coefficients seen in the formulae, there are two more

coefficients (u, = C,,;jand B =C,,,7), which are

determined by differential corrections after searching for a
minimum of the test function

n
2
O = > wi - (xp —xc(ug))
k:n1

)

at a grid. The total number of parameters here is
my, =m+ 2. As we do not extrapolate, the minimum is

expected to be inside of the selected interval of observa-
tions #, € [tnl ,l‘n2 ], u, e[-L+1].

The parameter 3 €[1,5]. Formally, the upper limit

may be set to infinity, but the listed value is enough for
minimization on a grid, and may be corrected to (e.g.)
larger values using differential corrections.

Similarly, for the family of functions

Gy (2)=1-(1-22y

AVam)) S y(r =Dy -2) 5
2 6

(12)

=yz +

(Andronov, 2012b) one may get a subset of “symmetric
polynomial” (SP) approximation with integer powers:

xsp(2)=C+ Cou® + Cu* +Cub +...  (13)

The approximation (12) was recently applied by Ju-
rySek et al. (2017) for studies of a large sample of eclips-
ing binaries with changing inclination in the LMC .

The unbiased estimate of the root mean squared (r.m.s.)
deviation of the data from the fit

o

n—m

oy = (14)
4

As will be shown below, these analytical functions
produce apparent waves, like the Gibbs phenomenon in
the trigonometric polynomial fits of the complete phase
light curves (e.g. Andronov, Tkachenko & Chinarova,
2016). However, during the transits or total eclipses, it is
natural to split the data at the intervals of inner contacts.

3.4. “Wall-Supported” Functions

This series of functions we call “wall-supported” (WS),
assuming some symmetrical basic function V(v) for the
integral of total minimum, and another symmetrical func-
tion W (V) outside.

We tested different approximations. The corresponding
plots are shown in Figures 2 and 3 for “part” and “full”
data sets, respectively. The smoothing functions are
shown in Fig. 4 and 5.

Taking into account a limb darkening, we initially sug-
gested a “Wall-Supported Parabola”

xpsp) =Cp+Cy V2 + C3- W (|v]|=8)  (15)
Here the “Wall” function of ¢ =| v | -6
W)= 0, ifc<0
), ifg>0

Here ug,u £ —are the arguments of “start” and “fin-

(16)

ish”, respectively. Obviously, the argument of extremum
is o =(ug +uys)/2, ug =tte =6, Uy =, +6,and

the half duration of the middle part & = (u —u )/ 2.

To determine “non-linear” parameters in each ap-
proximation, we computed of the test function ® on a
grid.

The lines of equal level of @ at the two-parameter di-
agrams for the NAV method applied to a simplified physi-
cal model were presented by Tkachenko (2016).

To study test functions for our models, we preferred to
change the type of presentation, taking into account a lo-
cally paraboloidal shape of the test function. Thus, in our
program, we made a following routine for the 2D-plots.
The test function was computed over a grid (201x201).
Then we computed a dimensionless value

p=\/(®_®min)/(q)max —Dnin)> (17)

which we expect to represent a set of equal levels better
than (typically) without the square root. For an exact pa-
raboloid, the constant step in p leads to concentric ellip-

ses with a constant step in each fixed direction from the
center. The interval [0,1] for p is split into N = 10

subintervals, inside each of them the color linearly chang-
es from blue to yellow.

This makes an abrupt change of color between the sub-
intervals. Such a kind of presentation allows to get advan-
tages of the “gradient” and “lines” styles.
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-1

|
-

5.
-1
Cs

Figure 2: The dependence of the test function on the pa- Figure 3: The dependence of the test function on the pa-
rameters Cs (“scaled” time from —1 to 1) and Cs , for rameters Cs (“scaled” time from —1 to 1) and Cg , for
“full” data, depending on the model (up to down): WSP, “part” data, depending on the model (up to down): WSP,
WSL (Cs=us, Ce=uy), “NAVs” (Eq. (9)), “Ms” (Eq. (10))  WSL (Cs=uy, Ce=uy), “NAVs” (Eq. (9)), “Ms” (Eq. (10))
(Cs=u,, C6=/3). The white cross shows the minimum. (Cs=ue, Cs=p).
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12.2F

12.4f

12.6

55506.33 55506.40

HID-2400000
Figure 4. Approximations of the “full” data using
methods (up to down, as the graphs):

5350630

the

12.7+ T T p

55506.34 55506.36 55506.38 0
HID-2400000

Figure 5: Approximations of the “part” data using the

methods (up to down, as the graphs):

iy
wy
Wy
N

Xc t, + m, + (o1} m, Xc t, + m, + (o1} m,
P 369 494 9484 296 1294 3 P 504 637 10369 256 836 3
SP 925 240 9843 211 561 5 SP 1132 272 9326 183 416 5
NAVs | 259 268 10002 208 599 5 NAVs 744 283 9517 145 437 5
Ms 259 263 9959 206 588 5 Ms 734 281 9501 142 432 5
WSP 234 220 8790 217 523 5 WSP 800 267 9431 193 425 5
WSL 248 188 9450 134 426 S WSL 684 272 9380 124 415 5
WSAP | 264 294 10393 187 663 5 WSAP 800 266 9447 193 425 5

With the bold font, we mark the minimal error estimates
among the different approximations. Time ¢, is as
10°(HJD-2455506.359), brightness m.~10" (V-12.3), the
error estimates are scaled similarly.

With the bold font, we mark the minimal error estimates
among the different approximations. The scaling is as in
Fig. 4.
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As the “wall function”, we initially adopted

Wi(g) = gl = as theoretically expected for the asymptotic

behavior of the light curve near inner and outer contacts,
except for the rare case of equal radii, when the power
index is 1 for the inner contact (cf. Andronov, 2012a, An-
dronov & Tkachenko, 2013). More simple, than WSP,
appeared a “Wall-Supported Line” (WSL) with a constant

s 1) =C+Cy (6 )y + G677, (1)
Here again the index “+” means that the function is
non-zero only for positive argument.
Finally, we introduce an “Asymptotic Parabola” (AP)
(Marsakova & Andronov, 1996) base (Eq. 19):

Ci+Cyv2, ifv<s,
xpsap(u) = 15 .
C+Cy-(2|v|-8)5+Cy-¢!>, ifv>s

Obviously, the dependence is on time, other variables
(u,v,¢) are related and introduced for suitability.

4. Discussion

Previous methods were typically based on the assump-
tion of smooth functions, whereas eclipses definitely show
begin and end not only in EA-type (Algol) systems
(Samus et al. 2017), but also in EB-type (S Lyr) and even
EW-type (W UMa) systems (Andronov 2012a, Tkachenko
et al. 2016). Thus it is natural either to apply non-
polynomial splines to a complete phase light curve, or to
make local approximations near the extrema.

Contrary to partial eclipses with relatively smooth vari-
ations, during the transits of smaller stars or especially
exoplanets, we introduces non-polynomial spline ap-
proximations with interval split at (unknown) moments of
the inner contacts. This significantly inproves the quality
of approximations using the analytical functions.

After numerical tests, we conclude that, for the flat
minimum, the best function is WSL (“Wall-Supported
Line”), which corresponds to the minimal error estimates
either in time, or magnitude. The timing accuracy is better
for a “full” data set (0.000188%), which is by a factor of 12
better than the original estimate presented in the discovery
paper: Min II HID 2455506.3590+0.0023 (Devlen, 2015)
using the old method of Kwee & van Woerden (1956) .

The simple “wall” function W}(g) = (g1'5)+ for WSL
is adequate for the “short” series with data points at the
very bottom of ellipse. but, for “long” series, one may see
a distinct change of the sign of the second derivative, thus
one has to add one more parameter. We propose to use a

“corrected” function W»(g) = (gl's -1+ lgz))+.
However, for the middle part corresponding to the total
eclipse, there may be a variety of functions V(u), and it is

possible to choose the best in the program.
These methods are “turned to” symmetrical eclipses.
For the pulsating variables, see Andronov et al. (2014).

5. Conclusions

The described algorithms are realized in the software
MAVKA, which is open for further improvements. It may
be effectively used for determination of characteristics of
individual minima of eclipsing binary stars with a possi-

bility to choose the method providing the best accuracy
for a given data set.
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ABSTRACT. The light emission (“glow”) of cold dusty
plasma of the remnant of SN1987A was confirmed by
the Hubble Space Telescope observations on 7t January,
1995. In particular, Ca I and Ca II lines were recorded
and identified in the spectrum of the supernova’s enve-
lope. The period of complete hydrogen recombination in
the remnant is 800 days. Thus, it is only radioactive de-
cay that could be a primary source of the plasma light
emission at the moment of observation. This paper de-
scribes the conditions of shock excitation and recombi-
nation of 3¢Caresulted from the decay of radioactive
#3Ti travelling in the remnant’s cold dust. The over-
ionisation in the remnant resulted from the motion of
the 3¢Ca recoil nucleus, as well as its impact on the spec-
trum formation, was studied. It has been shown that the
calcium lines are formed by the 3¢Call ion in the inner
layers of the remnant. We have reached the conclusion
that the Ca I/Ca II lines strength ratio corresponds to
the isotopic abundance ratio [59Ca] /[44Ca] in type II
supernova remnants.

Keywords: SN1987A remnant, radioactive elements,
spectroscopy of Ca I and Ca Il.

1. Introduction

Calcium is an alpha-process element along with ox-
ygen, neon, magnesium, silicon, sulphur, argon and
titanium. The major source of calcium production in
space is the synthesis in type II, Ib and Ic supernovae,
as well as in exploding white dwarfs which are progen-
itors of type la supernovae. Large amounts of the sta-
ble isotope 40Ca are synthesised in such processes. Its
estimated abundance among other stable isotopes on
Earth is about 97%. The stable isotope #*Ca also makes
a marked contribution, but its origin differs from the
mechanism of synthesis of the most common isotope
on the Earth. Exploding supernovae enrich the inter-

stellar gas with various chemical elements, including
calcium. Subsequently, the interstellar medium pro-
vides the raw material for the formation of new gener-
ation stars. Yellow supergiants with high luminosity,
hence visible at long distances from the Sun, are the
most relevant to studying the distribution of calcium in
the Galactic disc. Cepheids are also among these ob-
jects. The lines of neutral and ionised calcium can be
identified in the visible, near-ultraviolet and near-
infrared portions of their spectra. As the ionised calci-
um lines in the near-ultraviolet spectral region are
very strong, they cannot be used to determine the cal-
cium abundance in the afore-mentioned stars. An ex-
ample of calcium distribution in the Galactic disc in-
ferred from the quantitative analysis of the spectra of a
large number of Cepheids is presented in Fig. 1.

Cepheids are relatively young objects, hence their
average calcium abundance at the galactocentric dis-
tance, which is close to the distance of the Sun from the
Galactic centre (about 8 kiloparsecs), slightly exceeds
the calcium abundance in the solar atmosphere.

As mentioned above, the ionised calcium lines in the
near-ultraviolet spectral region cannot be used to pre-
cisely determine the calcium abundances in the at-
mospheres of stars with chemical compositions which
do not differ much from that one of the solar atmos-
phere. However, the situation changes dramatically
when we determine the chemical composition of ex-
tremely low-metallicity stars. Such stars can be found,
for instance, in the halo of our Galaxy. With declining
total metal content in a star its calcium abundance also
decreases. It results in weakening of subordinate lines
which generally serve as indicators of the calcium
abundance in stars with normal metallicity. Thus, for
extremely low-metallicity stars it is only feasible to use
the ionised calcium lines in the near-ultraviolet spec-
tral region (which are sufficiently weak in the spectra
of such objects).
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Figure 1: The radial distribution of calcium abundance in the Galactic disc inferred from the analysed spectra of
Cepheids (marked with circles and two red squares based on the data reported in Andrievsky et al., 2014). The cal-
cium abundance in the centre of the disc was adopted from the literature. The positions of two Cepheids which are
the closest to the Galactic centre are marked with squares. The Y-axis shows [Ca/H] = log (Ca/H)+ - log (Ca/H)sun
where the first term is attributed to the star while the second one - to the Sun; log (Ca/H) is the logarithm of the
ratio of calcium to hydrogen concentration in the object’s atmosphere. The X-axis presents Rg which is the distance
from the Galactic centre expressed in kiloparsecs.

Table 1: The abundances of Ti, Sc and Ca isotopes (as reported by Popov et al,, 2014; Jerkstrand et al., 2011) at
the instant of ejection of the SN1987A envelope, as well as their estimated amounts at the present time ex-

pressed in solar masses.

; 47 46 44 43 44 42 40
Studies 55 Ti 55T i 55 i 515¢ 5oCa >oCa 5oCa
Popov et al. (2014) 525-10* | 4.86-10- 1.73-103 5.75-105 591-10+ 5.91-10-5 6.23-102
Jerkstrand et al. (2011) 8.6 10 1.5-103 1.2-106 0.043
Present study 10-3 1.0-103

2. Calcium atoms in the supernova remnant

The ionized calcium lines can be observed not only
in the stellar spectra, but also in the ejecta spectra. The
type Il supernova remnants cool down noticeably
while they expand. The formation of dust grains starts
just under a year after the explosion. According to
Kozasa et al. (1988), the formation of the dust compo-
nent is only possible in the presence of condensation
nuclei which are diatomic molecules. The rates of gas-
phase reactions and nucleation decline significantly
with time due to a drastic reduction in the material
density. Within several decades, the particle density in
the supernova remnants makes 104-10¢ cm3. The av-
erage thermodynamic temperatures of the ejecta,
measured by the intrinsic infrared emission of the dust
particles, are within the range of 30-70 K. When the
blast wave moves rapidly away from the remnant, the
intensity of hard radiation from the forward shock
gradually decreases. For the remnants of SN1987A and
Cas A, the International Gamma-Ray Astrophysics La-
boratory (INTEGRAL) observations enabled us to re-
veal the evidence of radioactive decay of the titanium
isotope which undergoes a two-phase series of (-
process according to the following scheme:

33Ti - 37Sc through the capture of a K-shell electron

1s (p + e->n+ve); the half-life of 33Ti is 48 years;

41Sc* —> 4tCa with emission of y-quanta (67.9, 7, 4 and
1157 keV), positron e* and with transfer of a consider-
able momentum to the 33Ca nucleus; the half-life of the
excited 57Sc* nucleus is 6 hours.

The decay phase described in item 1 is finished once
the 4%Sc nucleus has been formed. At the instant of
time when the 33Sc nucleus is formed, it emits an elec-
tron neutrino. The nucleus gains a little recoil momen-
tum (2-4 eV). The second phase of the radioactive de-
cay, described in item 2, results in the transfer of high
recoil kinetic energy of about 0.61-1.14 MeV to the
4tCanucleus which acquires the velocity of around
105-108 m/s. When colliding with electrons and atoms
of the cold supernova remnant, this energy is sufficient
for either collisional ionisation or transition to an ex-
cited state. It is known that the total mass of the su-
pernova remnant is M=19M,, and its material density
is n~10'1 — 102 m-3. The change in the chemical com-
position of the supernova remnant envelope is an im-
portant effect of the processes specified in items 1 and
2. The initial isotopic composition of SN1987A that we
are interested in is adapted from Popov et al. (2014)
and given in Table 1.

At the present time, the stable isotope %3Ca abun-
dance in the ejecta is an order of magnitude higher
than that one of the 5¢Ca isotope. The remnant has
greatly cooled down due to its expansion. Atoms of the
primordial calcium, which is more abundant, have low
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thermal velocities. Taking into account the given esti-
mates, the average number of collisions of the 3¢Ca
isotope with the atoms of the supernova remnant ma-
terial per unit of time can be calculated:

<z>2=<v>2mc%n ~ 10°-1.41-3.14-2.64 -
107201012 ~ 0.16 571 (1)

The interval between collisions

under the given physical conditions is

time binary

tbinary = <_;
t = 6 s. It far exceeds the characteristic time of radia-
tive transitions associated with the atomic excitation.
Before another mutual collision with atoms and elec-
trons of the surroundings, the Ca I atom and Ca II ion
efficiently interact with the radiation field exclusively.
In the next section of the paper, we will estimate the
energy losses due to excitation and ionisation of cold
gas in the supernova remnant caused by the Ca I atom
and its ion Ca Il.

2.1. Ionisation loss in the cold remnants of SN1987A
and Cas A

It is known that cold regions of supernova remnants
comprise free radioactive atoms, molecules and dust
containing radioactive components. lonisation loss in
the cold remnant is one of the ways their radioactivity
manifests itself. The Ca [ atom and its ion Ca Il may be
the sources of ionisation in the above-discussed decay
chain. Given the recoil nucleus kinetic energy of 0.6
MeV and a rough non-relativistic approximation of the
Bethe-Bloch formula, we can use its exact expression:

h («Z_V;)ion = dmene {ln mevz —-p*—In(1 - ,82)} (2)

mev?
where n, is the electron density in the remnant; z, is
the charge of the particle (z = 20 for the calcium at-
om); v is the particle’s velocity; B is the relativistic
component which equals z, in our case f~0.01;

dx

is the characteristic full ionisation potential, / = (13.6
eV)-z=13.6-20 eV = 270 eV. The concentration of cal-
cium ions at the forward propagating shock is many
orders of magnitude lower than their concentration in
the supernova remnant. The %¢Caisotope concentra-
tion is directly related to the number of decayed %3Ti
nuclei. lonisation loss in the material can be expressed
as the linear energy loss L:

awy e . .
(—) is specific ionisation loss per unit of distance; /
won

(3)

Given the dimensions of the envelope, it can be de-
duced that all kinetic energy of calcium atoms is lost in
radiative-loss processes. Let us determine the range of
l, wherein the radiative loss diminishes the initial en-
ergy by a factor of e:

2me*z2Mn 4Em,
— eln ( e

L= MI(Z)) ~ 2eV/10 km

Eme

4.31-10%6

— ~ . 1013
= nZ2inae3 7B 4.31-10cm

(4)
Physical dimensions of the envelope - remnant of SN
1987A are sufficient to ensure that the 3¢Ca atom
transfers almost all kinetic energy in the form of radia-
tive loss to ionise atoms of the remnant material. The

0

process of ionisation of surroundings by the %¢Caion
involves binary collisions. In between such collisions,
this ion interacts with the radiation field, and when
reaching the outer layers of the envelope, its recombi-
nation takes place. By the time of recombination
(which involves the capture of surrounding “cold” elec-
trons), the %¢Ca ion velocity decreases significantly
down to the thermal velocity value. At this instant, it
mixes with other calcium isotopes. The kinetic energy
of positrons is proportional to the recoil energy of the
4tCa nuclei. The total energy loss of positrons in the
remnant makes 103¢ erg/s. Upon reaching the critical
velocity, a positron collides with a cold electron that
results in their annihilation and formation of two y-
quanta. The interaction between y-quanta and gas is
rather weak, but these y-quanta heat the remnant’s
dust particles to some extent.

2.2. Triple recombination of the 5sCall ions in SNR
19874

The recombination coefficient a of the 3¢Ca Il ion at
its concentration N; with the density of electrons den-
sity N, and neutral atoms N, in the thin remnant’s en-
velope can be expressed as follows:

&% = —aN,N, + BN, N,

(5)

Here the value B defines the ionisation coefficient of
neutral atoms and molecules. To make the capture of
an electron by a positively charged ion possible, the
kinetic energy of their collision should convert into the
energy carried away by the photon. In this case, the

. . . . e2\?
recombination cross-section contains the factor (E) .

The most accurate formula (5) for determination of
the triple shock-recombination coefficient was in-
ferred in the study by Smirnov (1968) by adjusting the
level population of a given atom in the kth state. We
assume that Nj and N,, are the densities of atoms in
relevant states; N. is the density of electron states; vis
the velocity of electrons; o, is the cross-section of the
transition of an excited atom from the state n to the
state k. The product of the values in angle parentheses
is averaged using the Maxwellian distribution function.
The value y,, is the probability of the photon emission
per unit of time when a given atom transits from the
state n to the state k.

D — 5 Ne e Oi) = N nfNee ) + EnlNomi) =
N ZnlYe) (%)

If the recombination time is noticeably longer that the
. . .. dN
time interval between collisions of electrons, d—tk =0.

In this case, the recombination process can be deemed
to be quasi-stationary. As reported in the study re-
ferred above, at rather low temperatures the level
population can be written as a Boltzmann distribution
function. In this case, N,~e Ek/kT_ [f the density of elec-
trons is equal to the density of atoms at low tempera-
tures, then allowing for the collisions with hydrogen,
these equations will deliver the estimated coefficient
of the shock-radiative recombination a~10"%cm?3/s at
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N,~10%? and T~30 - 60 K. If the mean free path of the
4%Call ion is about one metre or greater, then the ion
will have sufficient time to recombine prior to the next
collision. At low temperatures, the energy of the
AtCall ion collisions with free electrons is consistent
with the ionisation energy. The shock-recombination
and photo-recombination processes ought to be con-
sidered separately as they are not correlated.

We assume that the electron binding energy is E,. A
travelling 3¢Ca Il ion undergoes predominantly binary
collisions with the atoms of HI, HeI, CI, NI, O I, ScI and
Ti I, as well as with electrons. When transiting to the
reference system related to the travelling Ca ion, we can
deduce that the ion is quiescent while the afore-
described atoms and electrons have similar velocity 108
cm/s. At the instant of collision of the 3¢Ca II ions with
any of the above mentioned atoms, a diatomic quasi-
molecule is formed. If the adiabatic approximation
whereby the motion of nuclei is neglected is true for this
molecule, then the following expression is fair:
% « 1 where w is the energy difference between the
investigated states; p is the reduced mass of the quasi-
molecule; v is the relative velocity. In other words, the
adiabaticity of collisions is postulated when the Cou-
lomb interaction potential is far lower than the kinetic
energy of the incident atom. When 3gCall is travelling
in the envelope, this condition is met unless the ion
reaches dense outer regions. In such regions the triple
recombination is the most likely as the concentrations
of hydrogen and helium are orders of magnitude higher
than in the region of localisation of iron peak elements.

2.3. Calcium recombination in binary collisions

Incident electrons play a pivotal role in the 55Ca II re-
combination processes. At the time of the shock elec-
tron-ion recombination in low-temperature and low-
density plasma of the supernova remnant, an electron is
in a highly excited state. Thus, the recombination coeffi-
cient is defined by the rates of inelastic radiative transi-
tions from highly excited states to the ground state. Let
us give the triple recombination coefficients for the at-
oms of the alkali metals at T = 250K. For the electron
density N,~10%and particle density of 10'® cm-3 the
correspondent’s coefficient'sisa =~ 7.8- 107! and 2.6 -
107°. For the low-density plasma, the Born cross-

2
section of inelastic transition is o = ‘::2 |d,|?L where L
is the Coulomb logarithm that is not correlated with the
relative velocity; d; is the dipole moment operator. The
production formulae can be inferred from the partition

function counting all the states:

2 1/2 ,4 ,6
47 ez) 2 e* (m) e* e®N;
oc=—\|—) L(r a =const— (= ——
3 (hv ( )’ n2\rt T2 T2

(7)
In the study by Smirnov (1968) the constantis 1/3.

Let us present semiempirical recombination coeffi-
cients o for the Ca I atom and its ion Ca II in the radia-
tion field of the supernova remnant at temperatures
within the range of 10-1000K:

T )—0.683
100

a(T) = 27.9 (%)_0 . Cal a(T) = 5.58(

and the rate of photoionization resulted from
Melender (2007) is as follows: Cal:(3.4—4.3)-
10719 Call: (1.3 — 2.6) - 107*2s~1, The spontaneous
velocities of the allowed dipole transitions can be writ-
ten as per Landini (1972) and Melender (2007):

31 -
Al =2.6774-10°(E; — E) g—sgl s7h (8)

i
2.4. Characteristic time of the recombination transitions

The time at which an electron reaches the level with
the binding energy of order of ~ T is denoted by t,; the
time of recombination is denoted by .. The rates of
transitions from the state n to the state k; free-bound
and bound-free transitions are denoted by
Wnk, Wep and wy,, respectively. With a rather high
density of the supernova remnant the principle of de-
tailed balance is fairly reasonable as the first approxi-
mation. Then, the time of transitions can be expressed
as the continuum z:

ol 1 T (1
CT w = No<vo> ebN;’ N
bo 9o e i £

(9)

An alternative formulation of the Born approximation
may be a relevant expression which factors in the en-
ergy difference between the recombination transitions
from the level with the principal quantum number n to
the ground (zero) level with the quantum number 0. In
atomic units, the mass of an electron is used as a unit
of mass; hence, the energy difference between the ex-
cited q, and ground g, levels can be written as fol-
lows:

24E
qo = qn = +/2Eo — \/2E, zE

where E; and E, represent the electron energy before
and after collision; AE is the atom’s excitation energy.
The following formula can be an additional validity cri-

(10)

terion for the Born approximation: % « 1. Usage of
0

NS

this criterion significantly simplifies further calculations
of the recombination process involving the $4Ca II ion.

Using adiabaticity as a criterion, Bethe deduced a for-
mula for recombination cross-section per one ionised
atom (Haykawa, 1969):

vl

81
Oon = %(Dx)(z)nl‘nm' D=%n

(11)

where D is the dipole moment operator; v, and v,, are
the velocities of the incident electron before and after
collision, respectively; v’ is the average effective veloci-
ty in the region of invalidity of the Born approximation.
The 44Call ion recombination coefficient can be esti-
mated using observations of the structure of the super-
nova remnant’s envelope and localization of the main
fraction of the radioactive titanium isotope 33Ti per-
formed during Hubble observations of SNR1987A on 7t
January, 1995, can be used. In most models of the su-
pernova remnant, the radioactive titanium is concen-
trated in the same region as iron. The average number
density of the iron atoms N, at the time of observations
was 104 cm-3. The electron density Ne is about 0.14 Nge.
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In the same region, 60% of the total 55Ti and other
heavy elements are found. The mixing ratio between the
layers is insignificant; hence, the abundance of #3Ti in
other layers is lower. In outer layers containing H and
He atoms, the respective density reaches 1012 -1013 par-
ticles per cm3. At the same time, titanium is absent in
these layers while 3¢Ca Il penetrating these layers re-
combines into a neutral 3¢Ca I atom.

2.5. Formation of the remnant spectrum in the ultravio-
let (UV), optical and near-infrared (NIR) regions

The Hubble Space Telescope observations of SNR
1987A were conducted in the spectral region from 200
to 800 nm. The observations proved that the escaping
radiation spectrum corresponds to the thermodynamic
temperature which is 300 K higher than reported by the
observations of the dust emission in the infrared region.
The formation of the UV and optical radiation fluxes of
sufficient intensity requires highly efficient conversion
of the radioactive decay energy into the thermal energy
of the envelope. In other words, y-quanta, positrons and
recoil nuclei should be thermalized. Taking into account
that at present the level of radioactive decays remains
practically unaltered while the density and abundance
decreased 8 times, the current abundance is two-three
orders of magnitude lower than observed in 1995.

However, y-quanta and X-rays easily escape from
the remnant thereby slightly heating the dust. Thus,
positrons with energy of about 0.6 MeV and %Ca re-
coil nuclei with the kinetic energy of the same order
are expected to be the key contributors to the energy
balance of the envelope. The subsequent excitation of
atoms and molecules occurs via three channels:

The first channelis induced by the UV and other short-
wave quanta of the radiation field and results in the for-
mation of the lines of Mg I, Mg II (282.5 nm), Fe II (373
nm), O II (372.7 nm), Ca II( (397.3 nm, 730.63 nm).

The second channel is related to the ionization loss
due to positron and 44Ca recoil nucleus deceleration. The
fluxes of energy formed by these shock excitation sources
throughout the remnant make up about 4-103%erg/s. The
total volume of the envelope at the moment of observa-
tions was V=105 cm3 (or 30 erg s'lcm3). The probabil-
ity of electron transitions from the excited levels to the
adjacent levels is significantly higher than the likelihood
of recombination transitions. Thus, within the range of
radiative losses Lo, the 34Ca atom will be in the ionised
state while the density of atoms and free electrons in the
envelope will decline. It means that calcium is more likely
to be in the ionised state rather than in the neutral state
as far as the end of the decelerating path. When the kinet-
ic energy of the atom becomes comparable to the particle
thermal-motion energy, the recombination of the ion into
the neutral Ca atom occurs. In this case, the methods for
calculation of the detailed balance for quantum bound
states can be employed. The optical and infrared transi-
tions of the neutral atoms of the supernova remnant were
analysed in accordance with the data reported by Jerk-
stand et al. (2011). One of the ways to independently de-

termine the mass fraction of calcium produced by the
decay chain is to estimate the ionised and neutral Ca line
strengths and their ratios.

The third channel is associated with the cascade
transitions caused by the high rate of excitation of
4tCa atoms, as well as target atoms in the initial phase
of the recoil nucleus motion. These transitions are dis-
played mainly in the hard UV region, and after conver-
sion by the iron atoms they form an observed field of
the remnant radiation in the optical and infrared re-
gions of the spectrum.

The non-thermal source of energy supply resulting
from the radioactive decays in the supernova remnant
produces excessive scattered non-thermal radiation
which is not typical for the diffusion radiation in nebulae.
On the other hand, the supernova remnant is quantita-
tively characterized by the same physical parameters as
the nebulae. The absence of the central compact source of
hard quanta is offset by the inner radioactive transfor-
mations. This effect leads to collisions, induces ionization
loss in the remnant and forms a radiation field of suffi-
cient intensity. The Ca II/ Ca I line strength ratio is an
important indicator of the radioactive decay processes in
the investigated physical system “cold gas + radioactive
isotopes”. However, this question requires in-depth in-
vestigation and should be the focus of a separate paper.

3. On the possibility of the presence of calcium mo-
lecular compounds in the supernova cold envelope

Most of diatomic molecules are formed within one
year after the explosion. Compounds with rather high
ionisation potential are of special interest as the short-
wave radiation does not destroy, but only excite the
molecules. Both absorption and emission lines are
formed: the former belong to the optical and near-
infrared regions while the latter represent emission in
the far infrared and radio regions. Another condition for
the existence of diatomic molecule is the presence of
inhomogeneous clumps caused by the Rayleigh-Taylor
instability when the material falls on the iron nucleus.
Later, these clumps isolate themselves and exhibit den-
sities which are several orders of magnitude higher than
the density of the surrounding gas. The probability of
the formation of dust and molecules in these clumps is
higher. One year later, the dust particles accounting for
these clumps efficiently absorb hard UV and X-ray radia-
tion. This enables the dust to screen molecules from
quanta which cause their dissociation. The envelope
inhomogeneities, which had already isolated within 10-
12 years after the explosion, were studied by Varosi &
Dwek (1999). Statistical distribution of these inhomo-
geneities by the data size made it possible to estimate
their average size using a sample of one thousand rec-
orded data units. The clumps themselves gradually ex-
pand due to their excessive internal pressure. Enhanc-
ing the sensitivity of instruments, as well as allowing for
the geometric factor, results in the increased number of
recorded clumps. Observations of old remnants of type
II supernovae confirm these conclusions.
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Table 2: The spectroscopic molecular constants for CaO (in cm1)

Too — State Internuclear
State 00 weight . Be o We We Xe
Term energy (@) distance (A)
Xz 0.0 1 1.822 0.44452 0.00338 733.4 5.28
Al 8225 2 2.097 0.3353 0.0015 556.2 2.30

The cellular structure in the envelope should be fur-
ther considered with the application of the formalism
suggested by Varosi & Dwek (1999). We suggest that
the spherical approximation should be solved first to
determine the lines of elements best suitable for the
physical and observational analyses, and then the
problem should be solved using a relevant Monte-
Carlo method to allow for the specific cellular struc-
ture of the object observed.

4. Isotopic composition of the SN1987A envelope

The strengths of molecular lines in the supernova
remnant and at the forward shock have greatly increased
recently while the X-ray and infrared radiation fluxes
have declined. Apart from the suggested criterion for the
selection of isotopes by the Ca Il and Ca I atomic line
strength ratio, let us consider the possibility of the de-
termination of the isotopic shift in the molecules involv-
ing 44Ca, 42Ca and 39Ca isotopes while the isotopic ratio
gradually changes due to the radioactive 43Ti decay.

The isotopic shift in the diatomic molecules depends
on the atomic mass numbers. As reported in Herzberg
(1949), such a correlation can be expressed as a func-
tion of molecular constants of compounds in the par-
ent molecule containing, for instance, ‘2“0)Ca, and the
ratio given by the following formula:

From all diatomic molecules involving calcium iso-
topes formed in the envelope we select molecules with
the maximum ionisation potential and the highest sensi-
tivity to the isotopic shift p. The selected molecules
should have the highest density and population of the
excited levels both at present and in the future. Mole-
cules selected in such a manner ought to exhibit well-
measured absorption lines in the UV, visible and NIR
regions of the remnant’s spectrum. Among diatomic
molecules containing Ca atoms in the stellar spectra, the
Ca0 molecule is the most stable with the dissociation
potential D, = 5-6.11 eV. According to the survey re-
sults and new findings reported in Pavlenko & Schmidt
(2015), the dissociation energy of the CaH molecule is
1.686-1.974 eV. The detection of the CaC molecule is
expected though its ionisation coefficient is an order of
magnitude lower than that one of CaH. Thus, the calcium
oxide (CaO) molecule appears to be most suitable for
the determination of the isotopic shift of spectral lines.
The ratios reported in Jorgensen (1994) and Herzcberg

(1949) can be applied to perform an assessment of the
isotopic shift. It is reasonably convenient to conduct
such an analysis for the band heads reported in Doikov
et al. (2017) for the transition A*IT - X' using the
molecular constants given in Table 2 below. The vibra-
tional band-head shift in this case is 4.9183021 cm! or
4.1 A in the near-infrared region. In the optical band,
this shift will be an order of magnitude less and within
the accuracy of spectrometric measurements.

5. Conclusion

The present paper shows the feasibility of observing
and identifying the lines of neutral and singly ionised
calcium. The availability of the lines of this element for
the observations and its involvement in the radioactive

decay chain %3Ti = 24Sc &3 4tCa enables us to use the
calcium isotope as a chemical marker of the evolution
processes in the ejecta of supernova remnants. Differ-
ent molecular lines appear in the remnant’s spectrum
after 20-30 years after the supernova explosion. In
this regard, the CaO molecule is of special interest. We
suppose that the #4Ca/4°Ca isotopic abundance ratio
may be inferred from the CaO molecular lines using
high-resolution spectroscopy.
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ABSTRACT. The investigation of SN1987A
remnant is complicated due to absence of the source of
ionizing radiation, which should excite the remnant’s at-
oms and molecule. X-ray radiation from the shock wave
front and, in accordance with recent observations, the in-
tensity of X-rays significantly decreased during the last
year made the backlighting of remnant. At the same time
the intensity of molecular lines emission, localized near
the front, abruptly increased. The remnant itself can be
detected at the longer wavelength due to IR emission of
dust component. One of the outburst’s results was the syn-
thesis of radioactive isotope 33Ti.Its decay time is 85
years, the total mass of synthesized atoms is near the mass
of Jupiter. The thermochemical analysis shows that during
the last two years the remnant creates a set of diatomic
molecules, which will be not a subject of thermal dissocia-
tion later. One of these molecules is the radioactive titani-
um oxide — 33Ti180.

We investigate the properties of diatomic molecules
13Ti'§0 and 51Sc'$0 before and after the radioactive de-
cays of 44Ti and %%Sc. For oxides $4Ti'S0 and 31Sc'$0
the spectroscopic constants were calculated using the iso-
topic shifts with respect to well known 35Ti'50 and
385¢180 molecules. The isotope 33T captures the electron
from internal level. The result is the synthesis of new mol-
ecule 31Sc'80. 31Sc decays after 6 hours and creates the
stable isotope 55Ca, hard X-ray and y-quanta and positron
(e"). Additional result is the dissociation of molecule and
the synthesis of stable neutral isotope 44Ca after the se-
quence of decays 43Ti — 51Sc — 3¢Ca.

We found the energetic properties of transient molecules
43Ti'§0 and %1Sc'50. We first estimated the probabilities
of radioactive transitions in the molecule 53Ti'$0 during its
transition to 33ScS0. We calculated the molecular transi-
tions which allow to point the electronic, vibrational and
rotational transitions during the decay 33Ti — 5iSc. The
obtained results permit us to predict the new spectral lines
and bands detection in the spectrum of SN1987A remnant.
It will be emitted by transient molecules and can be identi-
fied in future observations.

Keywords: SN1987A remnant, radioactive molecules.

1. Introduction

The supernova explosion 1987A in the Magellanic
Clouds was the closest type Ilb supernova. The availabil-
ity of this object for a large number of modern ground-
based and space telescopes allowed us to stand up its ade-
quate physical model. During the last 30 years, the struc-
ture of the shock wave front, created by an asymmetric
explosion, is an important source of information on the
surrounding supernova interstellar medium. The front of
the shock wave formed X-ray radiation, causing the emis-
sion of relic cocoon from which the progenitor was
formed as well as the dust remnant. Observations of the IR
excess of the remnant allowed obtaining the chemical
composition, optical characteristics and particle size dis-
tribution. Frank et al. (2016) observed a correlation of
energy fluxes in the X-ray and IR spectral regions. The
chemical composition and optical characteristics of solid
particles were found from observations.

Infrared fluxes from the remnant were first observed one
year after the explosion, when the temperature of discarded
envelope was noticeably decreased. The basic thermody-
namic parameters of remnant were described in a simple,
Sedov approximation (Zeldovich & Raizer, 1966). Detailed
calculations of the reaction rates taking into account the
pressure, concentration of the substance, and temperature in
the shell have led to the conclusion that the use of the ther-
mochemical equilibrium approximation at the time frames
within 360-900 days after the explosion is justified.

The self-consistent scheme of equations of the kinetics
of nucleation of the solid phase in the supernova remnant
can be solved. It showed that the formation of dust parti-
cles is effective when the diatomic molecules are accepted
to be condensation centers. That is why with great certain-
ty it can be accepted that the diatomic molecules were
formed simultaneously with dust. Unfortunately, the line
spectra of molecules during the indicated period of rem-
nant’s evolution were not detected because of the strong
dominance of other radiation sources. Later the physical
conditions of the shell are such that the formation of dia-
tomic molecules and dust becomes not effective.

Rough estimates show that the total mass of the dust in
SNR1987A residue until recently was no more than one
solar mass, and the mass of the molecular component can
be as high as several solar masses. According to the solu-
tion of the thermochemical equilibrium equations for the
gas mixture in the remnant, virtually all metals are first
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linked into diatomic molecules and then are condensed to
the dust (Kozasa et al., 1989). In an atomic form, they can
be observed only near the remnant’s surface, where due to
X-ray illumination, the presence of a shock front, the dis-
sociation of molecules and the evaporation of dust are
more intense than inside it. At present time, according to
the Sedov’s equations and the observations of IR radiation
of dust, the average thermodynamic temperature of the
remnant is not higher than 100 K, and the concentration of
molecules and particles reaches 10°-10% cm™ and below.
Under such conditions, only rotational levels can be excit-
ed in diatomic molecules, the intensity of which sharply
increases against the significant recent drop of the X-ray
and IR radiation.

The absence of a high temperature compact source in
the remnant’s center makes it impossible to excite the
vibrational-rotational electronic transitions in diatomic
molecules located inside the shell. Purely rotational transi-
tions of molecules can be intensive only under the specific
ratios between the Franck-Condon and Henle-London
factors. Such conditions are rarely satisfied and are valid
only for molecules in which the dipole moment is suffi-
ciently small or zero.

The physical conditions for intense rotational transi-
tions of molecules arise near the shock wave front of and
near the surface of the remnant. In these cases, the condi-
tions for shock excitation of the rotational levels of dia-
tomic molecules exist. The similar physical conditions are
also valid for regions of the interstellar medium behind the
shock wave front.

The probabilities of radiative and impact transitions are
high in the regions near the remnant’s surface. It is caused
by its high intrinsic speed in the interstellar space. Such
physical conditions exist at all stages of the remnant’s
evolution. In this regard, it is clear that the radioastrono-
mical observations will be always important for determin-
ing the location of supernova remnants, the shock waves
generated by them, and the relict cocoon, which in the
past led to the formation of a progenitor star. To perform
the spectral diagnostics and to determine the chemical
composition of the cold remnant, it is necessary to use the
lines of atomic transitions as well as the lines of vibration-
al-rotational transitions of diatomic molecules.

The only source of excitation of various electronic
states of atoms and molecules can be the decay of radioac-
tive isotopes. Modern satellite observations revealed the
significant enrichment of supernova remnants of type Il
with radioactive isotopes — the products of asymmetric
supernova explosions. In particular, a significant content
of the isotope 43Ti was found.

This review is devoted to the physical signs of the pres-
ence of radioactive isotopes in supernova remnants, which
can manifest themselves in the form of atomic and molec-
ular lines and bands, and can be observed. Here after we
give the review and the new results obtained by authors
are presented. Conclusions are drawn about the future
observations of supernova remnants. We introduce a new
type of molecules and call it Radioactive Molecules.

2. Radioactive Molecules

Molecules in which the nucleus of at least one of the
atoms is unstable will be called radioactive. In the over-
whelming majority of cases, the radioactive decay of at-
oms entering the molecule does not give any spectroscop-
ic manifestations, characteristic of diatomic molecules.
The molecular spectra are not observed. The decaying
nucleus acquires a recoil energy that is many orders of
magnitude higher than the energy of the molecular bound,
namely several electron volts. That is why the products of
such decays exist in an atomic form and increase the frac-
tion of the atomic component in the remnant’s chemical
composition. However, there is a small group of radioac-
tive nucleus that can carry out electronic capture and do
not acquire recoil energy at the time of capture.

In this case, the molecule’s internal structure changes.
The nucleus of a lower atomic number and charge ap-
pears. Here after we will be interested in such changes in
the structure of diatomic molecules, for which an electron-
ic transition is allowed and the selection rules are satis-
fied. In the case of electron K-capture by the nucleus of a
radioactive isotope, first the redistribution of electronic
and nuclear states occurs in the initial molecule, second a
finite diatomic molecule is formed. Depending on the
characteristic times of these processes, electronic transi-
tions occur, in particular, similar to vibrational-rotational
transitions in usual (non-radioactive) molecules.

For experimental spectroscopy of radioactive diatomic
molecules, it is important to know the location of the lines
and bands in the emission spectrum. Absorption spectra in
this paper are not considered because of the physical and
astrophysical features of the objects studied, noted in the
previous section.

2.1. Radioactive Molecules in SNR1987A

The information about the initial and boundary condi-
tions of the explosion of the progenitor star allowed to
carry out quantitative calculations of the main average
thermodynamic quantities, the chemical composition of
gas and dust in SNR1987A. A sharp increase in the sensi-
tivity threshold of the recording equipment in the x-ray
and gamma wavelength regions made it possible to detect
the quanta responsible for the radioactive decay of the
isotope of titanium in the chain of radioactive transfor-

. 85y 6h
mations of the type 53Ti =~ 4iCo  4iCa (Grebenev et
al., 2012). In this chain of decays, the radioactive isotope
of ftitanium 4iTi forms diatomic  molecules:
T80, 4Ti2C, 4Ti4N, 44Ti1H.

The main part of 33T is bound by these diatomic mole-
cules and does not occur in free form. Here after we begin
with the molecule 45Ti50. In spectroscopy of stellar at-
mospheres this molecule is known for more than 60 years.
Its molecular constants were determined by experimental
methods and theoretical ab initio calculations. The most
studied titanium isotope 55T is stable to radioactive de-
cays. To determine the molecular constants of the radio-
active molecule of interest, namely 33Ti50, we use the
results obtained by Hertzberg (1949), formulas and data
on them. Jorgensen (1994) & Dobrodey (2001) refined the
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molecular data and used them to calculate the molecular
lines of different titanium isotopes.

Titanium isotopes that we are interested in, namely
those with an excess of protons in the nucleus, were not
considered earlier. Titanium molecules were important to
determine the average absorption coefficient in the atmos-
pheres of cold stars. Molecular bands and lines with the
isotope of interest to us, 33T, in stellar atmospheres are
not found. It is radioactive and can be formed effectively
only during strong asymmetrical supernova explosions.
The planning of observations of molecular bands and their
lines in the SN1987A remnant requires the consideration
of state of the remnant at present time and in the forth-
coming years.

There are no specific sources of excitation of molecular
bands and lines. There is no central source of energy in
the form of a relativistic object that pushes the widening
remnant with a wide range of photons. External illumina-
tion by hard radiation from the front of the shock wave
only leads to partial dissociation of diatomic molecules in
the near surface layer of the residue and does not excite
the molecules that are of interest to us. The average ther-
modynamic temperature of the remnant is 30-60 K. This
value was found using IR observations of the dust in rem-
nant. Under these conditions, practically all diatomic mol-
ecules under discussion are in the main "frozen" state.

Under these physical conditions, we have an initial ra-
dioactive molecule in the ground state. The values of vi-
brational guantum numbers are zero and the rotational
lines can be calculated from the isotopic shift of molecular
vibrations inside the vibrational bands for molecules with
stable isotopes of titanium (33T1). It will be shown that the
radioactive processes associated with the isotope of titani-
um lead to a significant change in the quantum state of the
molecules.

2.2. Electronic capture in radioactive molecules

The physical phenomena considered below are valid
for all molecules which include radioactive isotopes expe-
riencing electron capture at the time of nuclear transfor-
mation. From the point of view of future spectroscopic
observations, the most interesting isotopes are those with a
half-life period much longer than the characteristic time of
the electronic transition of the molecule from the excited
state to the ground one. As it was noted in the previous
section, there are no sources of external excitation in the
SN1987A remnant due to low average thermodynamic
temperatures. The infrared field of radiation caused by
dust particles can only affect the formation of weak rota-
tional lines.

The total Coulomb energy of an atom (or a molecule)
will decrease because of a decrease in the charge of the
nucleus — the product of the nuclear transformation. The
stored potential energy of the molecule is comparable to
the molecular binding energy and to the energies of all
types of electronic molecular transitions. The excess of the
Coulomb potential energy leads to the fact that the state of
the initial molecule proves to be unstable and the transi-
tion to the stable state of the daughter molecule is forced.

Following the previous sections, the initial radioactive
molecule is 33Ti'50, and the daughter radioactive mole-

cule is 42Sc'80. The half-life of scandium is Ty, = 6", the
molecule will exist during the time sufficient to emit a
certain number of emission quanta. To date, there is no
reliable data on recombination transitions to a hole in a 1s
shell of titanium and then scandium, which are part of
different molecules. Under low temperatures and low con-
centrations of the remnant’s substance, the probability of
such recombination is comparable to the probabilities of
purely molecular emission transitions.

The main part of the energy of the radioactive transi-
tion accompanying the electron capture in the marked
titanium molecules is estimated from the mass difference
between $5Ti and 31Sc, taking into account the total ener-
gy of the captured electron (0.512 Mev) minus the ioniza-
tion energy 1s of the level 33Ti, the total energy of the
emitted neutrino (0.1 MeV) and the recoil energy of the
nucleus of the newly formed 31Sc -Es,.

Eg, = g’;;zj ~2—4eV 1)

Until recently, it was believed that all types of neutri-
nos do not have a rest mass like quanta of electromagnetic
radiation. The observed oscillations of the energy of these
particles led to the understanding that they have infinites-
imal rest masses at the upper threshold of the sensitivity of
the our hardware. In this case, the formula for Es. remains
valid, taking into account the small correction for the rest
mass of the electron neutrino.

3. Electronic transitions in radioactive molecules

The calculation of electronic transitions in diatomic ra-
dioactive molecules is to find the wave functions of the
initial and final states of two radioactive diatomic mole-
cules, one of whose nuclei participates in the radioactive
transformation. For example, 33Ti'S0 — 41Sc50. The
method to choose or calculate molecular constants con-
sists in taking into account the kinematic features and
quantum characteristics of the excited and ground levels
of radioactive diatomic molecules before and after their
excitation in the cold supernova remnant.

In some cases it is convenient to carry out calculations
of the spectroscopic properties of titanium oxide on the
basis of previously chosen molecular constants (Herzberg,
1949; Huber and Herzberg, 1979; Jorgensen, 1994; Do-
brodey, 2001). To implement the electronic transition, the
selection rules and statistical sums must be taken inti ac-
count. Here after we shall consider only allowed dipole
transitions.

3.1. Emission characteristics of transition molecules.
The molecule 43Ti'§0

The molecule 58Ti$0 will become the starting point of
our analysis of the spectroscopic properties of the mole-
cule 33Ti'50. In laboratory experiments, as well as in
spectroscopy of stellar and planetary atmospheres, the
molecular spectra of 35Ti'§0 have been studied in detail.
Laboratory experiments on the measurement of spectro-
scopic constants are also known. Following the method
proposed by Jorgenssen (1994), we will search the emis-
sion properties of 43TiS0 using the known parameter of
isotopic shift between the 35Ti and 34T nuclei in the indi-
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cated oxides p according to the formula p= ﬁ:
1.011075, where pu,g and p,, are the specific masses of
the molecules 357150 and %3Ti'50, respectively.

As a first step, we find an isotopic shift of the rotational
line when the isotope 23T is replaced by the isotope 33T
in the titanium oxide.

Avp J" =vaa 0,]" =4 1,0 — vy V"] —
Yug V', 0

=FV44 ]l _FV44 ]ll _ FU48 ]l _FV48 ]”

ZAFV48 ]l —AFV48 ]”

= p?—1B,— p3—-1au ] ] +1

+ p*=1Dg— p°>—1p"u J?(J +1)?

— p?—=1B)— p3—1a"u ] ] +1

+ p*—1D) — p°—1p"u" J"?(J" +1)°

The isotopic shift Av, (v'") relative to the center of the
vibrational band for these molecule depends on the mo-
lecular constants and the displacements relative to the
upper AG, (v'" and the lower AG, (v") states of the vibra-
tional levels in the molecule 35Ti'§0

Av,(v'") = AG, (V') — AG, v"
= p—1 v, —u"w)
2 2
- p?P—1 v x,0, —u" x,w)
3 13 1 3 "
+ p -1 u YVeWe — U YeWe

Thus, we find the true position of the line (its wave num-
ber) in the molecule 33Ti'50 using the expression

vl vll,]’l - V vll’]ll +Avv(vll) +AVTU,,).

In this paper we consider cold remnants, and therefore
we will only be interested in transitions that lead to the
emission of photons. Small values of emission fluxes from
cold gas-dust formations are caused by remoteness of the
studied objects or by a small concentration of the mole-
cules studied. We will search for possible intense bands in
which the molecules emit with higher probability and en-
ergy. In order to relate the quantum transitions in the radi-
oactive decay under consideration to emission, the upper
limit of the population of the upper excited levels is as-
sumed equal to N.

Here N is the number of decaying isotopes in the given
molecules. Without the loss of physical meaning, the pop-
ulation of the excited level can be assumed equal to the
number of decaying atoms 33Ti. In order to quantitatively
determine the number of 33Ti'§0 molecules, after deter-
mining the position of the center of the vibrational band
v v",J" itis necessary to calculate the integral emission
coefficient of the electron-vibrational band (Kuznetsova,
1980; Kuzmenko, 1984)

hev 1o

roon v/'v!! pnm
kv ,U = TAU’VHNHU’ (2)
3
nr’l” _ 647T4ervl/ Se (T, 1,110 (3)
v’y 3k (284 41

We take into account that this process is going only in
one direction and the use of local thermodynamic equilib-
rium for the calculation of populations is not required in

the problem under consideration. In this case, N, will be
considered equal to N. The coefficients of spontaneous,
electron-vibrational transitions with emission A7/, are
taken into account without the discussion of induced tran-
sitions.

Let us calculate the wave numbers of the lines v in the
electron-vibrational-rotational spectrum arising during the
transition from one quantum state to another:

v=T,-T, + Gv' —GV"
+F] —FJ" (4)

The first term is called the wave number v, of the elec-
tronic transition and has a dimension of cm™. According-
ly, the first two summands are called the beginning of the
strip and are denoted as v v',v" =v,+ GV —
G v" . The initial point of this will be levels with zero
rotational energy, i.e. J¥=0, JN'=0. The substitution of the
values of molecular constants in the formula (4) makes it
possible to calculate the wave number v for the quanta
created by the radioactive B process in the transition like
BTS00 - %1Sc'lo.

Using the molecular constants for the well-studied
molecules 35Ti'50 and 58Sc'§0 according to Jorgenssen
(1994) & Herzberg (1949) it is possible to estimate the
positions of head’s bands and lines of %3Ti'§0 and
%1Sc180 molecules as a result of the isotopic shift.

3.2. Selection of excited and ground states in
radioactive molecules

The transition of initial radioactive molecule to the ex-
cited state before the subsequent radiative transition in the
newly formed daughter molecule will be considered in
three steps. During the first step, the original molecule
with a radioactive core resides in the frozen ground state
with zero values of the vibrational quantum number. As
noted in the introduction, this is due to the fact that at pre-
sent time the remnant has a molecular-dust component
with an average thermodynamic temperature of the order
of 30-60 K.

One-third of the original radioactive titanium 53T has
already turned into the isotope %¢Ca, existed in an atomic
form. The remaining two-thirds are represented as diatom-
ic molecules. In particular, 33Ti'$0. During the second
step, at the moment of K-electron capture by a nucleus
23Ti with a filled 1s molecular orbital, the total quantum
number J changes by one, the electron shells are rear-
ranged almost instantaneously, simultaneously with this
the electronic dipole moment changes. At time intervals in
order of magnitude equal to or shorter by 2-3 orders of
magnitude, the charge of the titanium nucleus decreases,
A nucleus 4%Sc, whose lifetime is 6", arises.

It is obvious that for radiative transitions we have suffi-
cient time. Quantum electronic transitions arise. Electron-
ic transitions can be divided into molecular and cascade-
recombination to 1s level. At the same time, the lifetime
of molecular transitions can take 10°® seconds to reach the
main level of the newly formed molecules 41Sc50. That
is why the molecular transition succeeds either during or
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after the cascade recombination transition to the 1s-
vacancy.

Direct spectroscopic measurements of the recombina-
tion transition in a given molecule gave a value of 2478
eV and a dissociation energy of Dg = 9.5 eV (Dobrodey
2001). The last, third step is the destruction of the mole-
cule 4%5c180, obtaining a significant recoil energy from
the positron emitted from the nucleus 53Sc and the for-
mation of the atom 33Ca. During the third step, the
movement of the atom 33Ca in the remnant at high speed
causes the ionization losses in it.

3.3. Preliminary calculations

The calculation of quantum transitions in radioactive
molecules should be started with the determination of mo-
lecular constants of the excited 33Ti'$0 and of the basic
31Sc*50 molecules. All molecular constants for the main
lower levels of 35Ti'S0 were revised by Dobrodey
(2001). To the lowest singlet states are a'4,d*Z*, and the
triplet -X34, E311. The energies of the electron terms are:
Te= 3565, 3435, 0, and 13713, respectively. For the mole-
cule 34Sc'80 the doublet transitions A%IT —» X2% (574-
730 nm) and B2X — X2¥ (450-577 nm) are well known.
The chemical ties in $3Ti'S0 and 31Sc'S$0 molecules are
created by configurations formed by the interaction of
valence P and D oxygen shells (2p%), titanium (3d®) and
scandium (3d") shells.

In this case, a large number of quantum states of a dia-
tomic molecule arise as a whole, with different values of
the projection of the orbital angular momentum onto its
internuclear axe. Namely,
st xt y-, 0t 0t 0%, n-,A*, A-,and® terms. To
determine the configuration of the excited and ground
levels in a radioactive molecule, it is also necessary to be
guided by the rules for selecting the molecular transitions.

These selection rules are formally analogous to the
rules for individual atoms and their ions, in fact supple-
mented by the projections of the angular and spin mo-
ments on the nuclear axis of the diatomic molecule. For
the basic and nearest excited molecular levels, we can
restrict ourselves to the following rules:

AS = 0. Molecular transitions of different multiplicity
are forbidden.

AX = 0. The projection of the spin on the internuclear
axis of the molecule should not change.

AQ2 = 0,41 The sum of the projections on the internu-
clear axis of the spin and orbital angular momentum can
vary only in this ratio.

AA = 0,11 The projection of the orbital angular mo-
mentum on the internuclear axis varies within the frame-
work of this equation.

The application of selection rules for radioactive mole-
cules is difficult because of the fact that only singlet and
triplet multiplets appear in titanium oxide, while they are
doublets in scandium oxide. Those either transitions will
be forbidden, or after electron capture by a titanium nu-
cleus 1s-electron, the electron configuration changes so
rapidly that the electron from the initial electronic config-
uration find its position in the newly formed molecule
21sc1o.

According to the law of energy conservation, the near-
est electronic configuration of this molecule must have the
energy of the electronic term T, of the original molecule
43Ti150. The use of the molecular constants of diatomic
molecules permits to find the energy characteristics of all
types of allowed transitions. Then the value of the initial
energy of the electronic term of the excited state, together
with the molecular constants, is chosen for 33Ti'S0. And
the ground lower state corresponds to the basic doublet
level 31Sc'80.

3.4. Selection of molecular constants

Molecular constants of the excited state are chosen in
accordance with the ground state of titanium oxide using
the physically valid value of the electron term T.. The
used values are pointed in Table 1.

Usually, the electronic structure of a molecule changes
almost instantly in comparison with the vibration and rota-
tion of nuclei. This can lead, in our case, to a ban on di-
pole and rotational transitions in accordance with the
above selection rules and to the appearance of purely rota-
tional transitions. In our case, at least, the transition from
the triplet to the doublet states is forbidden. Then rotation-
al energy is calculated using the formulas:

Ej = hBeyj j—1 —hDeyj?(j — 1)°
E/' = hByyj j+ 1 — hDgpj?(j + 1)?

(5)
(6)

Here the anharmonicity of the rotation of diatomic
molecules is taken into account. The rule for selecting
rotational levels is written as Aj = = 1. In the case of radia-
tion as a result of rotational transitions, we have Aj = 1.
This means the replacement of the rotational quantum
number j by j-1. Then the energy of quantum emitted as a
result of radioactive transformation of these molecules is:

AE = hB,,j j+1 —hD,yj?% j+1 2
—hBeyj j—1 +hDgyj?(j — 1)° (7)

3.5. Radiation in the vibrational bands

Another variant of the transition state of the radioactive
molecule will be the presence of vibrational transitions. In
practice, they are allowed within any permitted electronic
transition. Any excited electronic state is associated with a
change (most often an increase) of the distance between
the nuclei r.. The values of the potential energy for vibra-
tional motion of nuclei near the equilibrium points for
better physical clarity will be first written as the Morse
potential:

(8)

Where D, is the dissociation potential of the molecule,
re is the equilibrium distance between the nuclei of mole-
cule, B is the conditional force constant determined by the
known values of the molecular constants using the formu-

Er =D{l—e @7 Te)}?

la @ = 2mv, -, is the reduced mass of the radioactive
e

molecule. In the case of the B-decay processes under con-
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Table 1. Molecular constants of the molecules 33Ti*$0 and 31Sc'$0 in the ground state in accordance with Dobrodey

(2001) & Jorgensen (1994).

Molecule | State | T, | o, w.X, | B, @, D077 | B,107° | 7, | vgo | Do
uriiso | X34 1009 |42 | 053 |0.033 6.03 34 55413.42
21Sc'so X?r |0 9649 | 4.5 0.52 | 0.00034 5.8 1.67 56266.73

sideration as an electron capture by a radioactive titanium
atom, in the first approximation the reduced mass remains
unchanged. The mass change does not exceed the electron
mass. The difference of the vibrational energies within the
electronic transition in the first approximation is repre-
sented in the form:

’ 2
Evr — EV" = Dé 1—e™“ (ryrprr=Tgr)

"nr -r
12,12” eII

—DY 1—e@ 9)

a'+a

Assuming that a = a' = " =
substitutions F; = e’ | F, = e“"¢",

, and making the

P = FD, — F}D,,
Q =FD; — F; D',
Ryym =Dy — Dy’ — Eyy — Eyr

X = e—arvlvll

we obtain a quadratic equation in which x is unknown:

Px?—2Qx + R, =0 (10)

The roots of this quadratic equation obtained can be

written as the following values of 7,/ :

Tyl = —ill’l X (ll)

The simplest estimate of the molecular transition can be

the difference in the energies of the lower zero states in
molecules 43Ti'$0 and 41Sc50 — AE,:

AE, 1

! 1 !
=- w,—w
he 2 ¢ €

1 ! ",
2 (wsxe — We Xe ) (12)

Substitution of molecular constants from Table 1 gives
a value % =43.8 cm™ which corresponds to a wavelength

A = 2.287983 cm. This wavelength is available for obser-
vation by radio telescopes. Let us find the necessary
Morse potentials of the initial excited state from the mo-
lecular data of the ground state of 337 'S0 and the final
ground state of 445c*50.

Calculations of the vibrational structure of E(r) are usu-
ally considered in the form of a Rydberg-Klein-Riesz po-
tential (the so-called RKR potential). Let E(r) be deter-
mined by the Morse potential. The energy difference be-
tween the vibrational levels of the molecule is comparable
to the calculated recoil energies of the Er nucleus. Then
the source of excitation of the vibrational levels of the
molecule is the transfer of kinetic energy to the scandium
nucleus at the moment of radioactive transformation of
titanium.

4. M-L-K emission in radioactive atoms and mole-
cules

Let us consider such a process in the first approxima-
tion of a hydrogen-like atom. Namely, the energy differ-
ence between the electrons of the first ground level in 43Ti
and 23Sc. In the atomic system of units, we can write
down that the energy of electron at the first quantum level
is the function of atomic number:

,AE = —20.5 eB (13)

Thus, during the radioactive transition, the formed
daughter molecule 31Sc'$0 receives an additional energy
of the electrostatic field equal to 20.5 eV. Part of this ener-
gy is sufficient for quantum transitions in the formation of
a daughter molecule. We can also estimate the closest
position of the first level in 31Sc¢ atom:

<r>=§3#—wl+1 =0364. (14)

As it was noted above, the description of the localiza-
tion of the 1s" orbital near the titanium nuclei and also the
scandium gives a relatively accurate value of 4E. Howev-
er, the observed wavelength of the recombination X-ray
line 43Sc does not correspond to formula (10) and requires
the consideration of various types of molecular interac-
tions. The titanium atom and then scandium atom after
electron capture in a highly excited ionized states. It leads
to cascade of X-ray transitions between the following lev-
els: L-K, M-K, H-L.

The average probabilities of L-K transitions are 68.4%,
M-L — 22.2%, and H-K — 2%. In some cases, for light
nuclei, the energy of these transitions is not transferred to
quanta corresponding for the indicated transitions, but are
spent on the extraction of one or more electrons out of the
molecule. This process is called the Auger effect. The
probability of this effect is small in the discussed process.
We note only that in some cases the result of Auger effect
is the ionization of molecule, in others the molecule disso-
ciates due to the detachment of the valence electrons par-
ticipating in the molecular interactions.

X-ray quanta, after their emission, also transmit a cer-
tain kinetic energy to the nucleus of the recoil of radioac-
tive scandium, sufficient for excitation of the vibrational
levels of the scandium oxide 41Sc*50.

5. Conclusion

The effective pollution of cold gas-dust nebulas can be
associated with their enrichment in radioactive isotopes of
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chemically active elements produced by remnants of su-
pernovae, stellar winds of giants, supergiants and cosmic
rays. The important feature of explosive processes in type
I supernovae is the asymmetry. It was first proposed by
Zeldovich and Chechetkin (Popov et al., 2014). Numerous
theoretical models for calculating the abundances of
chemical elements as a result of asymmetric explosions
were proposed.

These calculations found that one of the manifestations
of the asymmetric explosion is the presence of specific
isotopes: 23Ti and other. The pointed titanium isotope
forms diatomic molecules. The registration of radioactive
species in cold supernova remnants is a new task for mo-
lecular spectroscopy. In this review the possibility of de-
tection of isotopic nuclei on molecules during radioactive
decays was shown. It should be noted that in earlier inves-
tigations the supernova remnants were studied mainly
using the radiation of shock-wave fronts.

Taking into account the remoteness of shock wave fronts
from actual remnants, for several decades the shock waves
highlighted the gas and dust in supernova remnant and gave
us the possibility of diagnosis of interstellar medium. The
registration of traces of radioactive emissions is associated
exclusively with the presence of nonstable isotopes in su-
pernova remnants. Therefore, together with dust particles
analysis, the radioactivity is the only source of information
about the chemical composition of cold remnants.

The radioactivity of 55Ti is manifested in the form of
emission of specific quanta, some of them are similar to
those emitted by individual atoms in the y and X-ray ener-
gy diapasons. This review shows that the remaining quan-
ta are of a molecular nature. Namely, they are formed as a
result of cascade transitions, after K-capture by the nucle-
us 43Ti of the 1s electron in the molecule as a result of its
strong excitation. We give the set of energy intervals of
the emission lines:

1. Cascade transitions 3-4 keV

2. Cascade transitions 30-40 eV;

3. Molecular transitions caused by the presence of
recoil energy of the nucleus 53Sc 2-4 eV;

4. Transitions in molecules during the radioactive
decay of $4Ti isotope (33Ti'S0 - %%1Sc'80). The
wavelengths of these lines are close to 2 cm;

5. Radiation due to ionization losses as a result of the
motion of 3¢Ca atom, whose nucleus is the end of
a chain of radioactive decays similar to 55Ti —
11Sc - %tCa.

Thus, the very fact of detection of emission transitions
in the spectral ranges listed above will be the basis for
identifying this type of radioactive decay. The determina-
tion of the activity of these radioactive elements and their
effective amount, and also the time series observations,
allows us to reconstruct the physical picture of stellar ex-
plosion. The detection of Cal and Call recombination
lines arising during the ionization losses makes it possible

the precise identification of atoms and ions of F¢Ca iso-
tope in cold remnants.
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ABSTRACT. We revise the molybdenum and ruthe-
nium abundances in FGK stars with metallicities ranging
from —1.0 < [Fe/H] < +0.3. The observed stars belong to
the substructures of the Galaxy. The observations were
conducted using the 1.93 m telescope at Observatoire de
Haute-Provence (OHP, France) equipped with the echelle
type spectrographs ELODIE and SOPHIE. The results are
based on analyses of spectra that have a typical S/N ~
100-300 and a resolution of 42 000. These estimates were
obtained using synthetic spectra computed with LTE
model atmosphere.

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

Mo and Ru as neutron-capture elements are produced
by three different processes, namely the rapid and slow
neutron capture process (respectively, the r and s proc-
esses) and the p-process. In this work we present and dis-
cuss the observations Mo and Ru abundances for FGK
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Figure 1: Comparison of synthetic and observed spectra in
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dwarfs, located in the Galactic disc with metallicity —1 <
[Fe/H] < +0.3. The data obtained will allow exploring
ways of production and enrichment by Mo and Ru of the
galactic substructures and the Galaxy generally.

1. Observations and atmospheric parameters

The high-resolution echelle spectrographs SOPHIE (R =
75000) and ELODIE (R = 42000) on board 1.93m tele-
scope of OHP (France) for the wavelengths range 4400—
6800 AA were used. Spectral processing carried out by
(Katz et al., 1998; Galazutdinov, 1992).

The effective temperatures T the surface gravities
logg, the microturbulent velocity V,, and metallicities of
the studied stars were determined earlier in our paper
(Mishenina et al., 2013). Effective temperatures T were
estimated by the line depth ratio method (Kovtyukh et al.,
2003). Surface gravities lg g were obtained by two me-
thods: parallaxes and ionization balance of iron.
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solid black lines marked the spectra calculated for the resulted abundances.
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Figure 2: The run of [Mo/Fe], [Ru/Fe] with [Fe/H]

2. Abundances

The following lines, detected in the spectra of the Sun,
were considered for abundance determinations in star
spectra: A5506.493, A 5533.031 for Mol and 24080.594,
A4584.443, and A4757.848 for Rul. Determination of the
Mo and Ru abundances was made by STARSP LTE spec-
tral synthesis code (Tsymbal, 1996). We used lines,
which are weak and do not require to take into account the
hyperfine or isotopic structure. The example of compari-
son of synthetic and observed spectra for Mol and Rul
line is shown in Fig. 1.

3. Results and conclusions

Rapid (r) and slow (s) captures of neutrons to some ex-
tent describe the behavior of heavy elements. However,
recent observations of the distribution of heavy elements
in the oldest stars show the limits of this approach, in par-
ticularity, overabundance of Mo and Ru (Peterson, 2011).
Some stars require processes with a neutron mean density
between these processes, which are called the intermediate
i process (Jones et al., 2016). Abundances and behavior of
underinvestigated elements, such as molybdenum and
ruthenium in stars of different metallicities and in various
components of the Galaxy permits to study their contribu-
tion to enrichment in stars of thin and thick disks and to
investigated the sources of their origin.

Here we investigated a small number of stars of galactic
discs, and we can preliminary draw conclusions :

1) the abundances of the molybdenum and ruthenium
decrease with increasing metallicity in both discs,

2) the abundance of these elements in the thick disc is
higher than in the thin one.

In the future, we plan to make a determination of Mo
and Ru abundances for a larger number of stars and also
we will be performed an analysis from the point of view
of the theories of nucleosynthesis and chemical evolution.
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ABSTRACT. The results of spectral observations of the
Herbig Ae/Be type star HD 179218 are presented. Two
wave-like cycles of variability in the parameters of
hydrogen lines Ho and HP with a characteristic time of ~ 40
days are revealed. The first wave of variations is deeper; the
branches of decreasing and increasing the spectral
parameters of the lines are more clearly expressed. At the
time of the first minimum, in the profile of the emission line
Ha the appearance and disappearance of additional blue and
red emission components are observed. At the same time,
narrow absorption components were discovered in the Hf
line. Possible mechanisms of the observed variability of the
star are discussed.

Key words: stars: variables: Herbig Ae/Be — stars:
circumstellar matter — stars: individual - HD179218

1. Introduction

The Herbig Ae/Be type stars (HAe/Be) are pre-main
sequence (PMS) objects of intermediate mass 2-10 M
and are considered to be the progenitors of Vega type
stars, which are surrounded with a residual protoplanetary
disks. Spectral monitoring of individual objects has shown
that in the spectra of these stars are observed variable
emission and absorption lines (Praderie et al., 1986;
Pogodin, 1994; Rodgers et al., 2002; Mora et al., 2004).
The same features are also characteristic of classical T
Tauri stars (CTTS) (Johns at al., 1995; Schisano et al.,
2009; and references therein). It is known that in young
stars, emission lines, as well as some absorption lines, are
formed in the circumstellar disks or in the envelopes of
the stars. Such circumstellar matter can often participate in
accretion, polar outflows, winds and other forms of disk
interaction with the central star. Tracking the variation in
the observed spectral lines makes it possible to perform
diagnostics of the physical processes that are occurring in
the stellar atmosphere and in the circumstellar
environment. In young stars, in particularly, these
processes can directly affect the formation of the planets
and their evolution. Consequently, one of the important
problems in the study of the early stage of evolution of
stars is the study of the characteristics of the circumstellar

structure and the processes of interaction of the central
star with the surrounding matter.

HD 179218 (MWC 614, Sp B9-A2) is an isolated HAe/Be
type star. Despite the fact that the star is relatively bright
comparatively to other HAe stars, it has been studied less.
Only when the star was included in the catalog of The et al.
(1994), it became the subject of active research. The
circumstellar surroundings of the star were studied by IR
photometry and speckle interferometry by (Millan-Gabet et
al., 2001), (Prizkal et al., 1997), which did not reveal closely
spaced components. Spectral studies of the star were
performed by Miroshnichenko et al. (1998) and in more
detail (Kozlova, 2004; Kozlova et al., 2017).

According to the classification of (Meeus et al., 2001),
the spectral energy distribution (SED) of the star belongs
to group I, i.e. starting with the infrared band K and
further there is an excess of radiation excited in the dust.
On the (Mendigutia et al., 2012) the profile of the line Ha
is consisting of a stable single-peak structure. Perhaps the
star has a close companion, about 2.5 arcsec apart
(Wheelwright et al., 2010; Fedele et al., 2008) showed that
the star has two dust rings at distances of 1 AU and 20
AU, and the space between from 1 to 6 AU from the star
filled with gas. The magnetic field of the star was
measured by Hebrig et al. (2009) where on the data 2008
they have got about 51 + 30 G.

The purpose of this paper is to carry out monitoring of
the spectral variability of the star on spectral lines of
hydrogen obtained in the visual range of spectrum.

2. Observations

Spectral observations of the star were performed at the
Cassegrain focus of the 2 m Karl Zayss telescope of
ShAO of Azerbaijan NAS by using an echelle
spectrometer constructed on the base of the spectrograph
UAGS (Ismailov et al., 2013). As a light detector we have
used a CCD with 530x580 elements. Observations were
performed in the range A 4700-6700 A. The spectral
resolution is R = 14000. The mean signal to noise level in
the region of the line Ha is S/N = 80-100, and in the
region of the line HP, is S/N = 30-40. Reduction and
calibration of the spectrograms is performed in the DECH
programs (Galazutdinov, 1992). The method of
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observations and material processing is described in more
detail in the work of Ismailov et al. (2013).

Observations were conducted for the season May-
September 2015. In total, 28 pairs of spectrograms were
obtained for 28 nights of observations. For to control of
instrument stability and position measurements the spectra
of standard stars HR 7300 and HR 7734 for each night
were obtained. The equivalent widths EW, the bisector
radial velocities Vi, the radial velocities at the peak of
the line Vp, the half-widths FWHM (full width at half
maximum), the central depths R; (intensities) of lines Ha,
HPB, Hel 15876 A, D1, D2 Nal, Sill A6347, 6371 A, [OI] A
6300, 6363 A and diffuse interstellar bands DIB A 5780
and 5797 A were measured.

The average error in the intensity measurements as a
function of the S/N level was 0.4-0.5% in the region of the
Ho line and up to 1% in the region of the HP line. Depending
on the S/N level, errors in equivalent widths measurements,
for example, were from 3% for Ha, up to 30% for [OI] A
6300, 6363 A lines. The average error in measuring the radial
velocities for individual spectral lines in the spectra of
standard stars does not exceed + 1.5-2.0 kny/s.

3. Results
3.1. The line Ho.

This line has a complex structure which consists of an
emission component that is superimposed on the core of
broad photospheric absorption. The structure of the
emission component varies from night to night, sometimes
in both the red and blue wings of the line, additional
emission components appear and disappear. Figure 1
shows all overlaying profiles of the Ha line, as well as the
variation in the root-mean-square deviation ¢ from the
average in intensity for a given value of the radial
velocity. Here (and further for other line profiles) the
ordinate is given by the ratio relative intensity I/Ic, where
I — the intensity at a given wavelength of the spectrum,
and Ic — the continuum intensity at the same wavelength.
Hence it can be seen that the main variability in the central
emission occurs at the peak, and also to a lesser extent on
both wings. It is also seen that the intensity varied on the
blue wing is noticeably larger than on the red wing.

For radial velocities, we measured the displacement of
the central peak of the emission component (Vp), the shift
of the line center at half of the residual intensity (bisector
velocity Vy;). The photospheric wings of the line are very
wide and at the continuum level they have a maximum
displacement of -1000 km/s and +1000 km/s in blue and
red wings, respectively.

Since, as in the blue and red wings of the line,
additional emission components appear and disappear
from time to time, which could distort the wings of the
emission profile, the measured Vy; velocity could not
always reflect the real displacement of the center of the
common emission structure in the line Ha. We also
considered for the analysis the character of variation in the
radial velocities at the peak of the main emission
component.
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Figure 1: The overlaying profiles of the line Ha (top
panel) and variation in the root-mean-square deviation
of the intensity versus of the radial velocities (bottom
panel). Here I — is the intensity at the given wavelength of
the spectrum, and Ic — the intensity of the continuum at
the same wavelength.

Figure 2 shows the variation with time of the radial
velocities Vs and Vp, as well as the equivalent widths of
the emission component of the line Ha. As can be seen
from these diagrams, both radial velocities and equivalent
widths clearly show a wavy-like variation. The variation
in the EW of the emission component demonstrates two
waves of variation and return to the previous value, where
first wave of event is deeper. Both of these waves of
variation have duration of about 40 days, in which the
general course of the reduction and then the return to the
initial position is traced. Analogous variations show the
radial velocities Vbis and Vp. In addition, within each 40-
day wave-like variations in Vbis and Vp, variability with a
small amplitude with a characteristic time of 10 to 20 days
is distinguished. The total interval of variations in the
parameters Vbis and Vp from peak to peak is 40 km/s and
20 km/s, respectively, while the amplitude of a single
small wave in Vbis is about 15-20 km/s, while in Vp it is
about 10 km/s. The minima of the EW parameter in time
coincide well with the minima of the radial velocity of the
Vp, and do not completely coincide with the minima of
Vbis. It is seen that equivalent widths are not sensitive to
shorter cycles of 10-20 days, which are observed at the
radial velocities of the line Ha.
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Figure 3: Variation in time of the parameters FWHM (left panel) and R, (right panel) of the emission component of the

line Ho.

Figure 3 shows the diagram of variations of the half-
width FWHM (full width at half maximum) and the
absolute value of the intensity R, = | 1-I/Ic | of the
emission component of the line Ha. As indicated below,
the profile of the line sometimes corresponds to Type 11
according to (Reipurth et al.,1996). This means that the
intensity of the emerging additional emission components
do not exceed half of intensity of main the emission
component. Therefore, the effect of these additional
components on the value of the half-width should be
negligible. Consequently, the variation in the parameter
FWHM and R,, rather, is not directly related to the
appearance of additional emission components in the line.

From Fig. 3 can be seen that a wavy-like variation in
parameters FWHM and R; is also observed. The first,
deeper wave is continued about 40 days, then followed not
so good distinct second wave, which also is occured about
40 days. Each of these waves is expressed by a minimum,
areas of decrease and increase in the parameters (EW,
FWHM, R;, Vp) of the central emission. The first wave of
variation is most distinctly revealed. It is characterized by
a deeper minimum, where the branch of decreasing of the
line parameters was observed in the time interval JD
2457174 — 2457192, and the branch of increasing — in the
interval JD 2457194 -2457216 (see also Figures 2 and 3).
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Figure 4: Variations in the profile of the emission component of the line Ha for the descending and ascending branches
over 42 days of observations in the first wave-like variations (see Fig. 4).

Figure 4 shows all profiles of the line Ha, obtained in
the time interval of about 42 days, when it is occured first
deep minimum of variations of parameters of the line. For
this time variations in the profile of the line Ha is well
traced. The left panel in Fig. 4 corresponds to the time
interval in which the spectral parameters are decreased,
and the right panel to the time interval for increasing these
parameters. As seen from the left panel of Fig. 4, starting
from JD 2457190.268 over the next three nights three
profiles show the appearance of a clearly marked blue and
a weakerly expressed red emission components. As can
be seen, in the beginning we have a profile with a central
emission component. With the appearance of additional
emission components on the blue and red wing, the
structure of the profile is transformed from type I to type
IIT according to the scheme of Reipurth et al. (1996).

However, the obtained profile is not completely
represented in type III according to the indicated
classification scheme, because a central emission

simultaneously produces an emission component with a
blue and a red wings. The displacements of the appeared
blue and red components relative to the line core are
approximately symmetrical and in different dates are
consisting from + 150 to + 200 km/s.

The second panel in Fig. 4 on the right shows the
results of the continuation of this series of observations,
where the same split structure remains in the next 3-4
nights (JD 2457194-2457198). Such a split structure of
emission component is observed until night JD 2457198,

then on the remaining nights there are profiles with single
emission peak. The observed type of the line profile is
unstable and was observed only at the minimum of the
parameters of the main emission component (see Fig. 1-
3). Thus, in just 8 days (JD2457190-2457198) of
observations, during the first wave of decreasing in the
parameters of the line Ha, it was success to observe the
course of the appearance and disappearance of additional
emission components.

We also considered the profiles of the line Ha in the
time interval of the second wave of parameter variations at
JD 2457216-2457253. Among these profiles there are no
profiles showing an explicit splitting into different
components as in the minimum of the first wave-like of
variations. There is a faint hint of the existence of an
additional component on the red wing of Ho emissions
only in dates JD 2457227 — 2457230. All other line
profiles in this time interval are single peaks.

3.2. Line HB

In the line HB mainly we have observed a wide
photospheric profile, on which at some nights are
superimposed weak emission peaks. In most cases, such
emission peaks are located symmetrically with respect to
the line center, and have displacements about from -150 to
-270 km/s in blue and from +150 to +250 km/s in the red
wings, respectively.
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Figure 5: The profiles of the line HP obtained at the first wave of variations in the spectral parameters of the line.
The left panel corresponds to the time of fall, the second panel, the increase in the spectral parameters of the line.

Among the obtained profiles of the line HP, a great
interest is represented the profiles and spectral parameters,
obtained during of the first wave-like decreasing. In Fig. 5
is shown profiles of the line HB, which are obtained on
dates, when the spectral parameters in the line Ha were
degreased during for the first wave-like variation (JD
2457174 — 2457216). At the beginning, the wide
photospheric profiles of the line Hf with a smooth core
and without any special details is observed. As can be
seen, with a minimum of the spectral parameters, in JD
2457190-2457195, a significant variation in the profile of
the HP line is observed — the depth of the line increases,
the core becomes narrow and deep, and a weak emission
component is superimposed on the wide wings. Such a
structure is observed at the line HP just at the time when
an additional emission component appears in the line Ha
(see Fig. 4). Such a coincidence by the dates of these
events in the lines Ha and Hf indicates that in both cases
is operated a common mechanism of variability. From the
right panel of Fig. 5 shown that after leaving the minimum
at JD 2457198, the profile of the HP line gradually returns
to its original position.

In the Figure 6 shown the diagrams of the time
variations in the spectral parameters Vp — the radial
velocity of the deepest absorption component, FWHM-

absorption half-width, EW-equivalent width absorption,
R; _ depth (intensity) of the line HB. As you can see, here
too, with the first wave of variations in JD 2457174 —
2457216, a significant variations in the specified line
parameters is noticeable. The equivalent width of
absorption is increased, the FWHM is sharply reduced, the
intensity of the line has increased. The radial velocities of
the line peak over the whole observation season give a
significant shift from -100 to +100 km/s. The wave-like
variation is best observed here in the parameter R;.

Figure 6 shows the diagrams of the variations in the
spectral parameters Vp-the radial velocity of the deepest
absorption component, FWHM-absorption half-width,
EW-equivalent absorption width, RA-depth (intensity) of
the HP line with time. As you can see, here too, with the
first wave of variations in JD 2457174 — 2457216, a
significant variation in the specified line parameters is
noticeable. The equivalent width of absorption is
increased, the half-width is sharply reduced, the intensity
of the line has increased. The radial velocities of the line
peak over the whole observation season give a significant
shift from -100 to +100 km / s. The wave-like variation is
best observed here in the parameter R,, of the line.
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Figure 6: The time variation of the radial velocity of the peak Vp (upper left panel), half width FWHM (upper right
panel), equivalent width EW (lower left panel) and intensity R; (lower right panel) of the line Hp.

4. Conclusion

The rotation velocity of HD 179218 in (Bernacca et al.,
1970) is 60 km/s, and (Guimaraes et al., 2006) gives the
value vsin i = 72 + 5 km/s. According to (Dent et al.,
2005) the angle of inclination to the axis of rotation of the
star is about 40°. Then, if we consider the observable
minimum characteristic time equal to 10 days, for the
rotation velocity of the star we obtain v = 112 + 8 km/s
and for the star radius R*- about 22 R, which is not
reasonable and differs significantly from the data of
(Alecian et al., 2008) (~4.8 R)). An even greater
discrepancy is obtained for the radius if we take the angle
i=20°, as suggested by Leinert et al. (2004). This means
that the observed cycle of about 10 days can not be a
period of axial rotation of the star. Remaind that the
characteristic time of 10 days is obtained from the
variation in the radial velocities of the peak of dominant
emission component and the intensity of the line.
Therefore, it should be assumed that it arises in the outer
parts of the disk. However, if the observed 10-day activity
is related to the axial rotation of the disk, it can be
assumed that such a variation could occur at the boundary
between the matter accretion and outflow. Then one of the
assumptions of the cause of the observed variations in the
emission lines of the star may be the existence of a stellar

magnetosphere. In favor of the possibility of the existence
of magnetospheric accretion, the star is also proposed in
the work of (Mendigutia et al., 2017). The main indicator
existence of the magnetosphere of the star is the strength
of magnetic field. In classical T Tauri stars, for which the
presence of the magnetosphere is assumed, the magnitude
of the magnetic field is several KGs (see, for example,
Bouvier et al., 2007). However, the result of measuring
the magnetic field of star HD 179218 shows the existence
of a weak magnetic field (Hebrig et al., 2009).

It is also possible that a star can be a spectral-binary or
multiple system. In fact, it is difficult to explain the
observed wave-like variation of the radial velocities and
other parameters of the line Ha. (Kozlova et al., 2017)
showed that the dependence of the brightness V on the
color index V-I has two separate distributions. This fact is
accepted by the authors in favor of the binarity of the star.
The time of our observations from May to September
2015 corresponds to the minimum of the 4000-day cycle
of wvariability founded by (Kozlova et al.,, 2017).
Therefore, the observed features of the variation in the
spectrum in the line Ho can be related to the moment of
the star's stay at the minimum of the 4000-day cycle. Then
the results obtained by us, perhaps, are a kind of unique
event and can be observed only in the minima of the 4000-
day cycle. Our observations have shown that in order to
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elucidate these questions it is necessary to perform a more
dense series of photometric and spectral observations of
the star.

Based on the results obtained in this paper, we can
draw the following conclusions:

1. There are two wave-like variations lasting about 40
days each, in the parameters of the emission component of
the Ha line in the spectrum of the star HD 179218. The
first wave is deeper, the second is relatively less
significant, and possibly distorted by fluctuations.

2. An unusual variation in the profile of the Ha line
near the minimum in the descending and ascending
branches of the first wave of variations in the spectral
parameters was observed. At the entrance to the minimum
and during the passage of the minimum, appearance and
disappearance of additional emission components in the
line Ho was detected. The displacement of each
components corresponds to approximately + 150 kmv/s.
During the rest of the observation time, such profiles were
no longer detected.

3. With the first wave of variations, the parameters of
the HPB line showed a synchronous variation in time with
the line Ho. At the time of appearance of additional
emission components near the line Ha, narrower and
deeper components appear at the line Hp.

4. Within each 40-days wave-like variations, a small
amplitude fluctuation of the radial velocities of the peak of
the emission component and the intensity of the Ha line
with a characteristic time of about 10-20 days is observed.
Also, the half-widths and intensities of the line Hf more
clearly demonstrate the existence of 10-20 day wave-like
variations.
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ABSTRACT. This paper presents the results of
verification of the periods and other characteristics of 10
variable stars. The All Sky Automated Survey (ASAS)
data have been used in this verification study. 10 RRab
stars in the Antlia, Caelum and Sculptor constellations
have been investigated. The study was performed using
the software package developed by S.A.Dubrouski and
V.P.Goranski.

ASAS J043516-4112.4

The star was discovered by G.Pojmanski in 2002 [1]. In
2015 the star was described in the paper by G.Torrealba
[2]. The period of the star has been refined by I.I.Baluk.
The UCAC4 position of the star: RA = 04h35m16.45s;
Dec =
-41°12°33".4. The star’s catalogue identifiers: the 2MASS
identifier — J04351645-4112333; the GSC identifier —
07582-00453; the USNO identifier — B1.0 0487-0041252;
the UCAC4 identifier — 244-004867; the ASAS identifier
—J043516-4112.4. The star’s variability type: RRab. The
peak brightness is 12.68m (in the V band); the minimum
brightness is 13.02m (in the V band). The star’s light
ephemerides are plotted in Figure 1. M — m = 23%.
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Figure 1

ASAS J042716-4828.0

The star was discovered by G.Pojmanski in 2002, and
further investigated by D.M.Szczygiet, G.Pojmanski and
B.Pilecki [3], as well as by G.Torrealba, M.Catelan and
A.J.Drake [4]. An individual investigation of the star was
conducted by I.I.Baluk. The UCAC4 position of the star:
RA = 04h27m16.34s; Dec = -48°28°04".0. The star’s
catalogue identifiers: the 2MASS identifier — J04271633-

4828040; the GSC identifier — 08072-01147; the USNO
identifier — B1.0 0415-0035016; the UCAC4 identifier —
208-004473; the ASAS identifier — J042716-4828.0; the
CD identifier — 48 1347. The star’s variability type: RRab.
The peak brightness is 11.53m (in the V band); the
minimum brightness is 12.22m (in the V band). The star’s
light elements are depicted in Figure 2. M — m = 21%. The
Blazhko effect is barely noticeable.
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ASAS J042014-4236.2

The star was discovered by G.Pojmanski in 2002 [5]; it
was further investigated by D.M.Szczygiet, G.Pojmanski

| and B.Pilecki [6], as well as by G. Torrealba, M. Catelan

and A.J.Drake [7]. An individual investigation of the star
has been conducted by Anastasia Kolotsey. The UCAC4
position of the star: RA = 04h20m14.26s; Dec = -
42°36°1(’5. The star’s catalogue identifiers: the 2MASS
identifier — J04201425-4236105; the GSC identifier —
07584-00479; the USNO identifier — B1.0 0473-0053076;
the UCACH4 identifier — 237-004452; the ASAS identifier —
J042014-4236.2. The star’s variability type: RRab. The
peak brightness is 13.20m (in the V band); the minimum
brightness is 14.25m (in the V band). The star’s
ephemerides are presented in Figure 3. M — m = 20%.
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BK Ant, ASAS J094415-3939.7

The star was investigated by W.Strohmeier and
I.Patterson in 1969 [8]; its further study was conducted by
G.Pojmanski in 2002 [9]. The star was also investigated
by N.N.Samus in 2008 [10], and later by D.M.Szczygiet,
G.Pojmanski and B.Pilecki in 2009 [11]. Anastasia
Kolotsey has reported the results of her individual
investigation of the star. The UCAC4 position of the star:
RA = 09h44m14.80s; Dec = -39°39°41°0. The star’s
catalogue identifiers: the 2MASS identifier — J09441481-
3939411; the GSC identifier — 07697-00594; the USNO
identifier — B1.0 0503-0193681; the UCAC4 identifier —
252-037970; the ASAS identifier — J094415-3939.7. The
star’s variability type: RRab. The peak brightness is
11.83m (in the V band); the minimum brightness is
12.35m (in the V band). The star’s ephemerides are
plotted in Figure 4. M —m = 21%.
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BN Ant, ASAS J095706-3917.4

The star was studied by W.Strohmeier, R.Knigge and
H.Ott in 1965 [12]. G.Pojmanski conducted further
investigation of the star in 2002 [13]; his results were
extended by E.V.Kazarovets, N.N.Samus, O.V.Durlevich,
N.N.Kireeva and E.N.Pastukhova in 2008 [14];
D.M.Szczygiet, G.Pojmanski and B.Pilecki in 2009 [15];
and G.Torrealba, M.Catelan, A.J.Drake, S.G.Djorgovski,
R.H.McNaught, V.Belokurov, S.Koposov, M.J.Graham,
A.Mahabal, S.Larson and E.Christensen in 2015 [16].
Milena Atroschenco has reported the results of her
individual investigation of the star. The UCAC4 position of
the star; RA = 09h57m05.98s; Dec = -39°1726 “4. The
star’s catalogue identifiers: the 2MASS identifier —
J09570598-3917264; the GSC identifier — 07694-02169;
the USNO identifier — B1.0 0507-0211233; the UCAC4
identifier — 254-041200; the ASAS identifier — J095706-
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SS Ant, ASAS J093911-2633.1

The star was investigated by Emily Hughes Boyce in 1936
[17] and later by V.P.Tsesevich, M.S.Kazanasmas [18];
G.Pojmanski [19]; N.N.Samus, E.N. Pastukhova and
O.V.Durlevich [20]; D.M.Szczygiet, G.Pojmanski and
B.Pilecki [21]; G.Torrealba, M.Catelan, A.J.Drake,
S.G.Djorgovski, R.H.McNaught, V.Belokurov, S.Koposov,
M.J.Graham, A.Mahabal, S.Larson and E.Christensen [22].
The study of the star has been updated by I.I.Baluk. The
UCAC4 position of the star: RA =09h39m10.96s; Dec

-26°33°08 “2. The star’s catalogue identifiers: the 2MASS
identifier — J09391095-2633080; the GSC identifier — 06610-
01195; the USNO identifier — B1.0 0634-0256695; the
UCAC4 identifier — 318-060956; the ASAS identifier —
J093911-2633.1. The star’s variability type: RRab. The peak
brightness is 12.81m (in the V band); the minimum
brightness is 14.25m (in the V band). The star’s ephemerides
are plotted in Figure 6. M — m = 15%. The Blazhko effect is
visible.
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AL Pic, ASAS J044131-5216.6

The star was investigated by Willem Jacob Luyten in
1938 [23]. The results were later extended by G.Pojmanski
[24]; P.Wils and A.Sodor [25]; E.V.Kazarovets, N.N.Samus,
0.V.Durlevich, N.N.Kireeva and E.N.Pastukhova [26].
L.L.Baluk has presented the results of his individual study of
the star. The UCAC4 position of the star: RA
04h41m30.80s; Dec = -52°16"37 "0. The star’s catalogue
identifiers: the 2MASS identifier — J04413082-5216370; the
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GSC identifier — 08082-00469; the USNO identifier — B1.0 Vv ASAS J045319-3131.9
0377-0058120; the UCAC4 identifier — 189-004707; the '%°

ASAS identifier — J044131-5216.6. The star’s variability
type: RRab. The peak brightness is 12.80m (in the V band);
the minimum brightness is 14.11m (in the V band). The star’s
ephemerides are depicted in Figure 7. M — m = 25%. The
Blazhko effect was detected by L.LBaluk: P1 = 34.1715 d

(Figure 8).
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Figure 8

TW Cae, ASAS J045319-3131.9

The star was investigated by G.Pojmanski in 2002 [27].
Its further study was performed by E.V.Kazarovets,
N.N.Samus, O.V.Durlevich, N.N.Kireeva and
E.N.Pastukhova [28]; G.Torrealba, M.Catelan, A.J.Drake,
S.G.Djorgovski, R.H.McNaught, V.Belokurov,
S.Koposov, M.J.Graham, A.Mahabal, S.Larson and
E.Christensen [29]. L.I.Baluk has reported the results of
his individual study of the star. The UCAC4 position of
the star: RA = 04h53m19.31s; Dec = -31°31'56 6. The
star’s catalogue identifiers: the 2MASS identifier —
J04531930-3131566; the GSC identifier — 07046-01634;
the USNO identifier — B1.0 0584-0060796; the UCAC4
identifier — 293-005838; the ASAS identifier — J045319-
3131.9. The star’s variability type: RRab. The peak
brightness is 12.70m (in the V band); the minimum
brightness is 13.75m (in the V band). M — m = 25%. The
star’s period shows variations. The star’s ephemerides are
presented in Figure 9.
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UZ Ant, ASAS J110520-3856.8

The star was investigated by Luis E. Erro in 1940 [30].
Further investigations of the star were conducted by
N.N.Samus, E.N.Pastukhova and O.V.Durlevich [31]. The
results of an individual study of the star have been
reported by I.I.Baluk. The UCAC4 position of the star:
RA = 11h05m20.16s; Dec = -38°56'46 "4. The star’s
catalogue identifiers: the 2MASS identifier — J11052026-
3856462; the GSC identifier — 07725-00690; the USNO

. identifier — B1.0 0510-0243867; the UCAC4 identifier —
1256-051914; the ASAS identifier — J110520-3856.8. The
.| star’s variability type: RRab. The peak brightness is
+/ 13.00m (in the V band); the minimum brightness is

14.40m (in the V band). M — m = 21%. The star’s period
shows variations. The star’s ephemerides are plotted in
Figure 10.
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Figure 10

WY Ant, ASAS J101605-2943.7

The star was investigated by Cecilia Payne-
Gaposchkin [32], as well as by V.P.Tsesevich and
M.S.Kazanasmas [33]; J. Lub [34]; G.Pojmanski G. [35];
D.M.Szczygiet, G.Pojmanski and B.Pilecki [36];
G.Torrealba, M.Catelan, A.J.Drake, S.G.Djorgovski,
R.H.McNaught, V.Belokurov, S.Koposov, M.J.Graham,
A.Mahabal, S.Larson and E.Christensen [37]. I.I.Baluk
has presented the results of his study of the star. The
UCACH4 position of the star: RA = 10h16m04.95s; Dec = -
29°43°42"4. The star’s catalogue identifiers: the 2MASS
identifier — J10160494-2943423; the GSC identifier —
06630-01689; the USNO identifier — B1.0 0602-0242795;
the UCAC4 identifier — 302-061329; the ASAS identifier
—J101605-2943.7. The star’s variability type: RRab. The
peak brightness is 10.31m (in the V band); the minimum
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brightness is 11.23m (in the V band). M — m = 15%. The
star’s period shows variations within the interval JD

2451700 — 2455300; P = 0.5743448d. The star’s
ephemerides are plotted in Figure 11.
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ABSTRACT. Short Soft Gamma-Ray bursts are con-
sidered as neutron star crust magnetoemission. Statistics
of temporal burst properties are shown to display univer-
sal features.

Keywords: Soft gamma repeaters. — neutron stars:
magnetic field, magnetar.

1. Introduction

The discovery of soft gamma repeaters (SGRs) is asso-
ciated with pioneering observations of soft gamma-ray
burst from SGR 1806-20 on 1979 January 7 by KONUS
experiment on the Venera 11 and Prognoz-7 spacecrafts
(Mazets et al. 1981). Such repeating outbursts of a short-
duration (~ 100 ms), soft-spectrum (below < 100 keV) and
super-Eddington luminosity, i.e., L~10° 10* Lggq
(L =10 (M s / M ) ergs/s with neutron star (NS) Mys

and solar M, masses, see, ¢.g., (Kondratyev 2002), repre-
sent general activity of these pulsars. Such burst emissions
tend to concentrate into short intervals (weeks to months)
of intense activity separated by relatively long (years)
quasi-regular quiescent periods with associated sub-
Eddington persistent X-ray luminosity
L, ~ 10**° —10% erg/s. More rarely, SGRs emit giant

flares that last for minutes and display very hard X- and
gamma-ray spectra, extending into the MeV range, enor-
mous energy release and associated with pioneering ob-
servations of the famous 1979 March 5 event related to
SGR0526 66 (Mazets et al., 1979).

Many observed SGR properties strongly support the
magnetar concept suggesting an ultra-magnetized stellar
media with magnetic induction strength H up to tera-tesla.
Such a magnetization can be understood, e.g., as an effect
of the magneto-rotational instabilities and/or “dynamo
action” processes which might operate in fast rotating
stars (Kondratyev, 2014). Respectively, SGR activity is
well explained within such ‘magnetar' concept.

Detailed analysis of burst light curves can provide
more constrain for theoretical models and burst triggering
mechanisms. In this contribution the randomly jumping
interacting moments (RJIM) model (Kondratyev, 2002) is
further extended for an analysis of SGR bursts. Particular
attention is paid for spectral evolution.

2. Neutron Star Crust Magnetoemission

The RJIM model applications for magnetodynamics
simulations in NS crust has already been described by
Kondratyev (2002). We briefly remind that in simulations
of demagnetization dynamics we use a very general form
for magnetic moments m of atomic nuclei m= ftlg with the

nucleon magneton [, nuclear spin / and g-factor g.

Atomic nuclei occupied a volume Vp contribute to the
magnetization O=m/Vy . Taking g = 3 for nuclear compo-
nent of magnetic induction we get

Q= 1.5TG In /(10" g/em’), )

In a case of comparable sizes for nucleus and occupied vo-
lume ¥ (ie., n ~ 10" g/lem®) internuclear interaction is fer-
romagnetic (Kondratyev&Lutz, 1999; Kondratyev, 2002).

We consider adiabatically decreasing in time crust
magnetic field H. For certain local field values b; nuclear
magnetic response peculiarities give rise to stepwise
change of NS crust magnetization on a value proportional
to nuclear spin A/ (Kondratyev, 2002). The corresponding
excess of magnetic pressure is estimated as

AP=HAQ =10 At
(HITT) (Al n/ 10" g/em’) .

2)

and evolves in a crust with a linear speed ¢, ~ 108 cmy/s , for
more details see (Kondratyev 2002). Then for outer crusts of
a linear size, [ ~ 100 m, an estimate of the pressure jump
region spanning time, f,, ~ [/ cn~0.1 ms, is consistent
with the rising time for giant flares of SGR (Mazets et.al
1979, Kondratyev 2002, Svinkin et.al 2015). Such magnetic
pressure jump excites magnetoplasma waves (i.e., Alfvén
waves). Since the Alfvén velocity of is close to the speed of
light ¢, the linear size of the strongly excited magnetosphere
region exceeds the value R, ~ lous €/cy ~ 10 km , compara-
ble to NS radius. Subsequent development and cooling of
photon-electron-positron plasma via gamma-ray emission
from this region generates a short-duration (~ 100 ms) SGR-
burst event with rising ~ 10> ms and decaying ~ 10 ms
fronts of light curve (Kondratyev, 2002).

For a field strength H ~ 3TT, typical magnitar crust den-
sity n~ 10" g/em’, and avalanche linear size of order of
outer NS crust thickness, 100 m (i.e., volume of magnetiza-
tion jump ¥, about 10°m’ ) the amount of released energy
AE = APV, is consistent with an energy of soft gamma-ray
bursts, as is obtained from Eq. (2). These values determine
burst duration time 7. Therefore, quantity x =,/T~ L /V, ~ T %
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Figure 1: The time ratio x (in units of x,) distribution (see
text).
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Figure 2: The reduced waiting time distribution between
the successive RXTE/PCA bursts from SGR 1900+14
(squares) (Gogus et.al. 1999) and SGR 1806-20 (dia-
monds) (Gogus et.al. 2000) are compared with the waiting
time distribution between avalanches (solid curve). The
dashed line represents the fit to the lognormal distribution
of the width 3.6.

is distributed according to [W(>?)/x"]dx where W(T)
gives T-distribution. As is seen in Fig. 1 short front rising
time relative to value 7 has higher probability. Such a fea-
ture is caused by linear scale for burst front while the dura-
tion is determined by volume.

It is worthy to notice in this regards the delayed emis-
sion of softer gamma-ray component. Such a time lag is
due to cooling of photon-electron-positron plasma in
magnetosphere. The Alfvén waves damping and energy
loss of respective accelerated electrons lead to softening
of emitted radiation. Corresponding time scale is given by
region of excited magnetosphere R. ~ 10 km and for
multiple wave propargation is estimated as #j,, ~ 1 ms.

For a constant change rate B of the magnetic field the
inter-avalanche field interval is proportional to the time
interval (i.e. waiting time) between the induced bursts.
Taking the respective normalized values, i.e. inter-burst
time and inter-avalanche field, we compare the theoretical
predictions with observations in Fig. 2. As seen in Fig. 2
for different SGRs the waiting time distributions as a
function of the reduced time obey universal function. The
data are well reproduced by simulations and fitted at a
maximum by the lognormal function. Such a property
points out the single time scale for SGR-burst triggering
processes. Within RJIM model such a time-scale is deter-
mined by the ratio of the disorder parameter R and the

field change rate 7= R/ B. Therefore, the scaling with
respective time leads to an universal function.

4. Conclusion

We considered magnetoemission of inhomogeneous
nuclear matter relevant for neutron star crusts. As is seen
erratic jumps in crusts magnetotransport result in excita-
tions of the Alfvén waves in magnetoplasma that leads to
gamma-ray bursts. The properties of such bursts are fa-
vorably compared with activity of Soft Gamma Repeaters.
As is shown considered mechanism of SGR short burst
emission suggest relatively small rising time front and a
time lag for softer gamma-ray component.
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ABSTRACT. Influence of magnetorotational instabili-
ties in astrophysical plasma at supernova explosion on
synthesis of chemical elements is investigated. At field
strength less than 10 teratesla nuclear magnetic suscepti-
bility exhibits linear regime with enhanced nuclear bind-
ing energy for open shell nuclei. Effects of ultra-strong
nuclear magnetization are demonstrated to enhance the
portion of titanium product. The relation to an excess of
titanium isotopes revealed from the Integral mission data
and galactic chemical evolution is discussed.

Keywords: Stars: supernovae, magnetic field. — Nucleo-
synthesis: abundances, the Galaxy chemical evolution.

1. Introduction

Ultrastrong magnetic fields exceeding teratesla (TT)
arise at core-collapse supernova (SN) explosion (Kondra-
tyev 2014), in magnetar crusts and heavy ion collisions.
Nuclides produced in such processes contain an informa-
tion on matter structure and explosion mechanisms. In this
work we analyze effect of relatively weak magnetic field
in nuclear structure and discuss possibilities for using ra-
dionuclides to probe internal regions of respective sites.

Interaction of nucleon magnetic moment my with a
field H leads to a shift of energy levels A =my H. Dra-
matic change in nuclear structure corresponds to condi-
tions of level crossing. The nuclear level spacing
AE ~1MeV gives respective field strength scale

AH o~ AE [l ~10 TT. Here (4 denotes the nuclear

magneton. In a case of smaller strengths H <10 TT one
can use a linear approximation, cf., (Kondratyev &
Korovina, 2015). In next section we demonstrate that
magnetic susceptibility at a field strength of teratesla ex-
ceeds significantly respective ground state g-factor corre-
sponding to vanishing magnetic induction. Effect of mag-
netic field in nuclear composition is considered in sect. 3.
Conclusions are in sect. 4.

2. Structure of magnetized atomic nuclei

The single-particle (sp) Hamiltonian H, for nuclei
within non-relativistic approximation and a linear limit in
a weak magnetic field H reads

H,=H, - (g1 - gu5) ar (1)

for protons o=p and neutrons o=n with well known g-
factors g,. Here H,” represents the sp Hamiltonian for iso-
lated nuclei, 1 and s denote operators of the orbital mo-
mentum and spin. An interaction of nucleon dipole mag-
netic moment with magnetic field is represented by terms

containing the vector @, = i H .

The nuclear binding energy AB=ZOCC e; 1s given as a
sum over occupied levels i of sp eigen energies e¢;. By
making use of angular momentum representation for
spherical nuclei one can write the change of binding en-
ergy in magnetic field as

AB(x =Ky WL, Ko = Zioce Kla
K'o=Zms [<lm, Y5 Sjjmj>|2(ga° m +gyS),

2)

where <Im, °% s|jm> represents the Clebsch-Gordan coef-
ficient.

Thus, values k are significantly different from nuclear g-
factors corresponding to an interaction of nuclear magnetic
moment in a ground state with magnetic field. Within the
shell model nuclear magnetic moment is determined by a
valent unpaired nucleons and associated nuclear g-factor is
given by values of Eq. (2) and determined for states with
maximum spin projection m; of positive and negative signs
for protons and neutrons, see Tables 1.

Table 1. Susceptibility parameter x for iron shell closure
region. Contributions of Z protons and N neutrons are

indicated by k;, and x;, .

Z Kp N Ky
20 0.00 20 0.00
21 5.793 27 1.913
22 9.931 26 3.279
23 12.414 25 4.099
24 13.241 24 4.373
25 12.414 23 4.099
26 9.931 22 3.279
27 5.793 21 1.913
28 0.00 28 0.00

Evidently, such strong nuclear magnetization leads to an
increase of binding energy. As is seen from Egs. (3) and in
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Table 1 open shell nuclei experience maximum of such
extra binding. For protons effect is about 3 times larger as
compared to neutrons. Consequently, composition of stable
nuclei in magnetic field is modified. For instance, for often
considered isobars *Z, e.g., *Sc and **Ti, from Table 1 we
have (kr; - ks. ) = 3.32 and at a field strength H=2.5 TT the
nucleus **Ti is stronger bound than *Sc. It is worthy to re-
call here that **Ti becomes the most tightly bound nucleus
at H=20TT, see (Kondratyev, 2014; Kondratyev &
Korovina, 2015). For a weak field limit we notice similar
results obtained from consideration within the covariant
density functional theory (Pena Arteaga et al., 2011) and
shell correction approach (Kondratyev & Korovina, 2015)
which exclude an interaction of total magnetic moment of a
nucleus with magnetic field.

3. Synthesis of magnetized nuclei

Such a magnetic medication of nuclear structure affects
nuclide production at respective explosion. Nuclear statis-
tical equilibrium (NSE) approach gives useful tool used
very successfully for description and analysis of abun-
dances of iron group and nearby nuclides for over half a
century (Woosley, Heger & Weaver, 2002). At such con-
ditions nuclide yield is determined mainly by the binding
energy of corresponding atomic nuclei. The magnetic ef-
fects in the NSE were considered by Kondratyev (2014, and
refs. therein). Recall that at temperatures (7'< 10°° K) and
field strengths (H > 0.1 TT), the magnetic field depend-
ence of relative output value y = Y(H)/Y(0) is determined
by a change in the binding energy of nuclei in a field H
and can be written in the following form

y=exp{AB/kT} =exp{x o /kT}. 3)
We used here Eq. (2).

We consider examples of iron group and titanium. Such
a choice of double magic and anti-magic nuclei at
vanishing magnetization gives a clear picture of magnetic
effects in the formation of chemical elements and
fundamental conclusions about transmutation and
synthesis of nuclei in ultramagnetized plasma.

It is worthy to recall in this regards there is a significant
excess as compared to model predictions of Ti nuclei
abundance obtained in direct observations of SN rem-
nants (Kondratyev & Korovina, 2015). Furthermore, there
is the difference between Ti abundance revealed from
galactic chemical evolution (GCE) predictions and the Ti
content observations in stars (Kondratyev&Mishenina
2016). Till now, none of the existing GCE codes does not
describe the observational trend of [Ti/Fe] vs. [Fe/H]. This
is primarily due to the difficulties in calculating of the
present theoretical stellar yields from massive supernovas
that are the main source for titanium probably. This means
that improved of the core collapse supernovae nucleosyn-
thesis predictions from realistic models are required.
Among others, this needs a detailed study of the role of
rotation and magnetic fields (Mishenina et al., 2017).

As is seen from Egs. (2), (3) and Table 1 an excess on
order of magnitude corresponds to field strength of several
TT. As is evident from Egs. (2) maximum of magnetic
susceptibility x corresponds to half filled shells. In case of
iron closure 1f;, shell such a condition is met at Z=N=24.
Then significant value of parameter xc, = 17.33 implies
strong magnetic enhancement in production of **Cr nu-
clde. The radioactive decay chain *Cr=> *V-> *Ti gives
rise to an excess of major titanium isotope.

4. Conclusion

We employ arguments of nuclear statistical equilibrium
to study nucleosynthesis at magnetorotational supernova
explosion. As is shown binding energy of nuclei with
open shells increases at relatively weak fields correspond-
ing to linear nuclear magnetic response Such a property
suggests possible mechanism of additional titanium en-
richment when taking into account the increased yield of
anti-magic nuclides in ultramagnetized astrophysical
plasma. As is seen on an example of the radioactive
isotope “Ti the direct observational data, see sect. 1,
confirm such an enrichment which can be understood in
terms of magnetic effects. The resulting enrichments of
M44 isobars are collaborated with observational data
(Kondratyev, 2014;  Magkotsios, 2010). The proton
magnetic reactivity dominates in a change of binding
energy, see Eq. (2). Noticeable increase in production of
®Cr leads to increasing volume of stable titanium iso-
topes, as well. At the same time a yield of iron and
calcium isotopes can be expected unchanged because of
the proton shell closure, see Eqs. (2), (3) and Table 1.
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ABSTRACT. Using the phase plane diagrams, the toc R¥?/\/GM . (1)

phase light curves of a group of the Mira-type stars and
semi-regular variables are analyzed. As generalized coor-
dinates x and X, we have used m — the brightness of the
star and its phase derivative. We have used mean phase
light curves using observations of various authors. The
data typically span a large time interval (nearly a century).
They were compiled from the databases of AAVSO,
AFOEV, VSOLIJ, ASAS and approximated using a trigo-
nometric polynomial of statistically optimal degree. As
the resulting approximation characterizes the auto-
oscillation process, which leads to a photometrical vari-
ability, the phase diagram corresponds to a limit cycle.

For all stars studied, the limit cycles were computed.
For a simple sine-like light curve, in e.g., L, Pup, the limit
cycle is a simple ellipse. In a case of more complicated
light curve, in which harmonics are statistically signifi-
cant, the limit cycle has deviations from the ellipse.

In an addition to a classical analysis, we use the error
estimates of the smoothing function and its derivative to
constrain an “error corridor” in the phase plane.

Keywords: Mira-type stars, semi-regular variables,
limit cycle, phase plane diagrams.

1. Introduction

The pulsations of long-period variable stars — Mira-
type, semi-regular variables studied are significantly
worse than, for example, of the cepheids, because of the
difficulties associated with the complex interaction of
pulsations and convection, and strong nonlinear effects,
leading to the formation of shock waves and the mass loss,
with the problems of the transfer of the radiation in a cool
extended atmospheres with a high degree of non-adiabatic
pulsations due to the commensurate dynamic and thermal
time scales for these stars.

The dynamic time scale 1, characterizes the rate of
change of parameters of stars with the motions with ve-

locities comparable to the velocitie of sound 0, . The or-

der of magnitude T, o E, where R — the characteristic
s

size of the star. For equilibrium star this time is order to

time of free fall:

From these considerations, for example, in the work
(Kudashkina & Marsakova, 2013) for stars R Aql, R Hya
and T UMi, the time of the change of pulse period has
been estimated “to zero” at the time of compression of the
layers of the star due to the termination of helium burning
in the layered source. Also the radius was estimated, from
which begins the compression, for a range of stellar mass-
es 0.9-1.5 M.

The thermal time scale 1y, determines the rate of cool-
ing or heating of the star. When cooled in the absence of
nuclear burning

u Gm*
Ty, € — o€ >

L RL

@)

since the energy U the order of the gravitational energy of
a star.

On the asymptotic giant branch (AGB), to which be-
long the investigated star, the star consists of a degenerate
carbon-oxygen core and two layer sources (helium and
hydrogen), positioned very close to each other. Above
them is an extended hydrogen envelope.

The small thickness of the layered sources cause ther-
mal flashes. Here, the stars are divided into two stages:
early (EAGB) is the time interval between the end of he-
lium burning in the core and the first thermal pulse of the
helium layer source, and "thermally pulsing regime of the
He-burning shell" (TPAGB) is the thermally pulsed burn-
ing mode in the helium layer. At the stage of a TPAGB
the star is getting brighter in My,. Some theoretical calcu-
lations show that, for example, zirconium stars over a
range of luminosity and temperature correspond to the
carly stages of AGB when helium burning occurs station-
ary. At the same time, several observational features say,
rather, in favor of finding these stars in more evolved evo-
lutionary stage on the AGB (Kudashkina, 2003).

The different studies show that long-period variables
pulsate in a fundamental fashion and in the first overtone.
The latter is especially for semi-regular variables, but a
significant part of the Mira-type stars are the overtone
pulsators. In particular, in the article of Fadeev (1993) is
that EAGB stars represent a homogeneous group of fun-
damental pulsators with periods from 10 to 400 days,
while the TPAGB stars show different pulsation proper-
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ties, depending on the initial mass. So for a range of
masses from 2 to 3 solar the ultimate period of the first
overtone of about 300 days, and 430 days, respectively for
2 and 3 M. Depending on the initial mass and surface
luminosity, these stars pulsate in the fundamental mode,
either in the first overtone. Some objects show variability
of either optical, or maser emission (e.g. Kudashkina &
Rudnitskij (1988).

Indirect dependence of the pulsation properties from
surface luminosity is also seen in the various photometric
dependencies. For example, the three-dimensional dia-
gram of the photometric parameters: the period (P), the
amplitude of light (Am), the slope of the ascending branch
of the light curve (dm/df) were obtained (Kudashkina
(2015).

The most significant correlation shows the dependence
of the slope of the ascending branch of the period and
amplitude.

dm, /dt = —0.0633+ 0.000165 P — 0.00642 Am . (3)

+0.0075 +0.000021 +0.00134

This study is the next step in the study of the photomet-
ric parameters of long-period variables — Mira-type stars
and the semi-regular and relative objects — which can be
used as an additional criterion the classification of these
stars to the EAGB and TPAGB stages.

2. Results

It is known that the mode of oscillation corresponds to
a periodic limit cycle, i.e. a closed phase trajectory to
strive for all of the close trajectory over time. We calcu-
lated limit cycles for 19 long-period variables and 5 stars
of RV Tau-type, based on the mean light curves, averaged
over a long period of time. As generalized coordinates of
the phase plane are taken m — brightness of the star and its
phase derivative. That is, the curve of evolution of the
brightness of the star in the phase space m=d(@,m,)is a

solution of the equation

dm
A _ B(m), @)
do
where my is the value at p=q,.
For approximation of the phase curve was used trigo-
nometric polynomials

m(9)=C,+ 3 (C;; cos(jg) + Cyy sin(jo)), (5
j=1

moreover, the optimal value of the degree M is deter-
mined by the Fisher test with a critical probability of

"false alarm" (FAP=False Alarm Probability) 1072
The phase derivative in radians calculated simple

M
(@) = D" j-(=Cy;sin(jo) + C,, cos(jp)),  (6)
i=1
That is, upon differentiation, the amplitude of the har-
monic is multiplied by j. Usually this leads to a greater
increase in the relative statistical error of the derivative
compared to the signal.

The examples of the phase portraits of the stars made
using an improved version of the program FDCN (An-
dronov, 1994) and are shown in Fig. 1-17. Also the mean
light curves are shown for several stars. For the analysis,
we have used visual observations from the AAVSO,
AFOEV and VSOLJ international databases, the ASAS
survey, as well as the original observations by Whitelock
et al. (2000) and Maffei &Tosti (1999).

Theoretically, for sinusoidal oscillations, the phase
portrait is an ellipse with different units of measurement
on axes — magnitude and magnitude "the radian" or "the
period". Deviations from the ellipse expected for non-
sinusoidal waves, i.e. if the degree of the trigonometric
polynomial M >1. The calculation is performed in the cy-
cle phase, the results for m, 71 are displayed with "3c"
corridors of errors on both coordinates. Naturally, the ex-
treme points on each coordinate line "corridors of errors"
for the other coordinate converge to a point like the letter
K. Therefore, as the corridor of errors, use of external
(and internal) part of the corridors of the errors for the two
variables.

The list of stars and the basic data are given in table 1.

<
=8
@

4.5 5.0
Figure 2: Phase portrait of L, Pup.

4. Conclusion

For the semi-regular variable S Per, as well as for L,
Pup limit cycle is almost a perfect ellipse, despite the fact
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that the individual cycles of the oscillations are not quite
regular. For Mira-type stars, with more regular oscilla-
tions, but a complex form of the light curve, limit cycles
deviate strongly from the ellipse.

For U Mon (RV-type star), the phase portraits are
shown for short and long cycles of variability. We can see,
that the short-period cycle is more stable and regular then
the long-period.

Table 1: The list of stars and their basic data

N Star Type | Spectral type | Period, d
1 S Car M M2-M3e 150.07
2 U Her M M6.5e-M9.5¢ 406.74
3 X Oph M KIIIv comp 332.37
4 R Aql M M5e-M9e 280.84
5 S Ori M M6.5e-M9.5¢e 414.46
6 Omi Cet M M5e-M9e 333.6
7 S Scl M M7-M8llle 367
8 RR Aql M Mo6e-M9 390.78
9 X CrB M MS5e-M7e 241.1
10 U UMi M Mé6e-M8e 3259
11 U Cyg M C7.2e-C9.2 465.49
12 V Cyg M C5.3e-C7.4e 421.27
13 | BGCyg M M7e-M8e 288.1
14 | AM Cyg M Moe 371.9
15 R Leo M Mo6e-M9.5¢ 312
16 L, Pup SRb M5e 137.17
17 S Per SRe M3lae-M7 816.8
18 W Hya SRa M?7.5e-M9ep 381.7
19 Y CVn SRb C5,4J(N3) 267
20 | RVTau | RV G2ela-M21a 78.73
21 U Mon RV F8elb-KOplb 92
M2)
22 EP Lyr RV A4Ib-G5p 82.95
23 R Sge RV GOIb-G8Ib 71.57
24 | DFCyg | RV G5-K41-11 776.4

1
10.0 10.5
Figure 3: Phase portrait of S Per.
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Figure 6: Phase portrait of S Car.

It was previously determined the value of s — the de-
gree of the trigonometric polynomial. It is equal to 1 for
L, Pup (Kudashkina, 2016); 2 for S Car, R Aql (Kudash-
kina & Andronov, 1996), S Ori (Kudashkina, 2016); 5 for
U Her (Kudashkina & Andronov, 1996).
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Figure 10: Phase portrait of U Her.
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Figure 9: The mean light curve of U Her.
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Figure 12: Phase portrait of R Aql.
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Figure 14: Phase portrait of U UMi.

10 11 12 13
Figure 15: Phase portrait of X CrB.
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ABSTRACT. IRAS 22150+6109 star belongs to L 1188
star forming region in Perseus, according to [1] located at
distance of 910 pc from the Sun. Photometric observations
in the visible range that were carried out in 1997-1999 have
revealed the following features of the object: source
variability 0.2", interstellar absorption reaches the value of
Ay = 2™ [2], visual brightness of V = 10.8™ [3]. In near IR
region (JHK bands) the emission excess is observed around
1™ in comparison with visible range: J=9.8", H=9.7",
K =9.6™[4]. Flux data in four bands contained in WISE
catalog [5], confirmed the further increase of IR-excess in
wavelength range of 3.4-21 um. According to AKARI
catalog [6] where the emission fluxes are in wavelength
range of 18-160 um, IR-flux increase continues nearly
about 60 pm, thereafter it starts to decrease. Such star’s
spectral energy distribution (SED) is typical in the presence
of dust disk surrounding it.

According to the analysis of color average data in
optical range and optical spectrum, star’s spectral class
can be determined as B2-B3 of initial main sequence [7].
Fundamental parameters assessment according to [8] is as
follows: weight — 6.5+0.5 Mg,,and radius — 5 Rgyp.

The aim of the work is to carry out the analysis of star’s
coherent astrophysical parameters and on their basis to
determine parameters of the disk surrounding it.

1. Astrophysical characteristics of IRAS 22150+6109
star

Distinguishing characteristic of stars evolution before
output on the main sequence is the presence of
circumstellar matter, often in the disk form, from the
material of protostar cloud. However, thermodynamics of
disk surrounding it depends on star’s definite parameters
value that is important for obtaining the agreed parameters

between it, surrounding it disk and observed spectral
energy distribution.

For object’s fundamental parameters determination the
modern scale of stars astrophysical parameters was used
(except radii easily determined from represented data),
one of recent variations is contained in electronic form as
summary table’ compounded, generally, according to
works data [9, 10]. Apparent stellar magnitude value in
the band V = 10.64™+0.06™ [3] is consistent with
previously calculated weight 6.5+0.5 My, [8] and absolute
visual stellar magnitude values My = -1.5™ and B2V
spectral type, on the condition that the studied system is
located at the distance from the Sun in 950 pc, and its
interstellar absorption is equal to Ay = 2.2™. At these
parameters the star radius should be equal to 3.7 Ry
rather than 5 Ry, as it was fore-quoted in the work [11].
Divergence of these values can be explained by the fact
that the star has not yet passed to main sequence. In this
case its radius can be slightly larger than the one with
which it falls on main sequence, and remaining parameters
nearly correspond to star’s zero age values. At the same
time, there are several fundamentals to assign the studied
object to young systems where the disks can exist.
Effective temperature value equal to T =20000K
corresponds to star assessed parameters.

2. Circumstellar disk parameters that follow from
SED system

2.1. Simulation method of SED from the star and
protoplanetary disk

Calculating SED from the system it was expected that
emission flux on all wavelengths is the sum of fluxes from
the star and from the disk. Flux from the star was
calculated in black-body approximation using effective
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temperatures and radii described above. Emission flux
from disk was determined by expression:

Rout
Fuiise =d* / B,(T,) Q. 27r dr,
R

b in

Q.=1-¢"T; 7=2% Ky,

where r — radial distance in disk, d — distance from the
system to the Sun, B,(T,) — Planck function, R, and Ry —
inner and outer radius of the disk, respectively. Q — dust
particles radiation efficiency, « — disk optical thickness
that is the product of surface density X, depending on the
distance from the star, and absorption coefficient «,
depending on frequency v. Absorption coefficient was
calculated with Mie theory (as in [12] work) for flush
particles composed from astronomical silicates of 0.1 —
100 um dimensions. Relation of gas mass to dust mass
was excepted equal to 100. Surface density and disk
temperature change with the distance under the laws (as in

[13] work):
P
T
Z-r' — Ein e ’
(R«m )

r 1
Tr = lsub | = 3
Rs ub

where p and g — surface density radial change and effective
temperature exponents, respectively. Ry, — distance from
the system center where disk temperature is equal to
1500 K — dust particles sublimating temperature [14].

2.2. Simulation results and analysis

Simulation of SED from central stars was carried out
using above described algorithm and geometrical models [15,
16]. In fluxes from disks calculation it was assumed that
disk’s minimal inner radius is equal to the distance from the
star surface on which conditions of temperature balance the
dust particles will sublimate (for studied system parameters
Rawb = 2 AU). Surface density radial change exponent p
varied from 0 to -1.5, in increments of 0.5. Effective
temperature radial change exponent q varied from —-0.35 to —
0.75, in increments of 0.01. Inclination angle value (i) varied
from 0° to 60° in increments of 10°. Disk’s inner and outer
radii values Rj, and R,y varied from minimal inner radius
value to 1000 AU (in increments of 1 AU) and to 2000 AU
(in increments of 10 AU), respectively.

Model that has best match with the observations was
selected using minimum value determination x?,

n
F?nod.'.i )2

X2 _ Z (Fobs.i -

T be
i—1 obs,1

where Fqys; — observed flux, ous; — Observation error,
Fmoai — model flux for every wavelength.

Figure 1 shows approximation result of observed SED of
IRAS 22150+6109 system and calculations results
according to stated algorithm. Distribution curve of SED

IRAS 22150+6109 system has minimal value  over star
parameters obtained in previous section and disk
characteristics: Ry, = 135+ 15 AU, R, = 850 (+1000/
-250) AU, p = -05 (+0.5-1.0), g = -0.65+0.1 and
inclination angle to observer = 20°-40°. Disk weight should
not be less than 4% of star weight. Model parameters error
was determined from system parameters values with which
%2 does not exceed minimal value more than on 10%.

3. Conclusion

As it follows from above described researches, Herbig
Ae/Be star and surrounding it disk are included in IRAS
22150+6109 system. Hence, the age of such system does
not exceed Kelvin-Helmholtz time of 200 thous.years,
according to its power-mode dependence on stellar mass
(7 My) with —2.8 exponent (see, e.g. [8, 17]). Stellar
radius exceeds typical for moment of passing on main
sequence, and dimensions of circumstellar disk
significantly differ from analogous protoplanetary disks of
solar type stars: Ri, = 135 a.e. and Ry, > 600 a.e. Such
systems are significantly larger than Solar system.

Protoplanetary disks around stars with such mass
evolve sufficiently fast. Whereby, disk loses the gas and
main part of its mass. Therefore, massive disk presence
around such a star means that this system is one of few
observable on this stage of stellar evolution.

T
observations @

star
4| disk -
star+disk

. 2 -
vF, (ergem ~s )

1 I‘O l;)O

A (um)
Figure 1: Observed (points) and SED calculation values of the
star with didk surrounding it and calculation values of star SED
with disk surrounding it approximated by two functions, the
first (left) is the Planck curve (describing star’s SED), and the
second (right — IR-excess by means of circumstellar disk).
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ABSTRACT. We study the variability of the Ho and
HP lines in the spectra of 55 Cyg based on observations
acquired in 2014 on the 2-m telescope of Shamakhy
Astrophysical Observatory. In this work line profiles of
Hao and HP are described extensively and compared with
early observations. The profile of Ho line vanishes or
almost vanishes in the spectra on some epochs again. Our
observations showed that when the Ha line disappeared or
weaken sharply in the spectra, the Hel and Hp line are
redshifted, but no synchronous variabilities were observed
in other spectral lines (CII and others) formed in deeper
layers of the stellar atmosphere. In addition, the profiles of
the Ho and HP lines have been analysed, as well as their
relations with possible conditions of the atmosphere of 55
Cyg.

We revealed that the structures of photospheric (CII, Hel
etc.) absorption line profiles, as well as HP line, their radial
velocities and equivalent widths are variable.

These events may be associated with a manifestation of
the non-stationarity of the atmosphere or non-sphericity of
the stellar wind.

Keywords: Supergiant star, stellar atmosphere, P Cyg
profile, Ho and HP3 line profiles.

1. Introduction

HD198478 (55 Cyg) is a hot supergiant of spectral type
B3la with the following parameters (Wilson, 1953;
Barlow & Cohen, 1977; Gies & Lambert, 1992; Crowther
et al., 2006; Markova & Puls, 2008):

m,=4.86 mag, Te;=17500K, M/M =11, R/R =49, log
L/LO=5.31, logg=2.10, V.= —7.2 km/s, £=20 km/s,
vsini=61 km/s, d=0.97 kpc

It is believed that this star belongs to Cyg OB7
association (Crowther et al., 2006).

Studying of the photospheric lines of 55 Cyg
Hutchings (1970) revealed interesting facts: different
elements typically different radial velocities, while the
same lines show strong variations with time. In addition,
Underhill (1960) described radial velocity variations of 30
km/s, but in these changes no found periodicity.

Later, Granes (1975) collected 34 spectra, based on
spectral observations of the star over 15 consecutive nights, and
found that the radial velocity curves oscillate with a period
of four-to-five days, in addition to photospheric motions
on timescales about three times longer. Kraus et al. (2015)
studied the interplay between pulsations and mass loss in
the blue supergiant 55 Cyg. They modeled the H, Hel,
Sill, and Silll lines wusing the non-local thermal
equilibrium atmosphere code FASTWIND and derived the
photospheric and wind parameters. In addition, they
searched for variability in the intensity and radial velocity
of photospheric lines and performed a moment analysis of
the line profiles to derive frequencies and amplitudes of
the variations. The Ho line varies with time in both
intensity and shape, displaying various types of profiles: P
Cyg, pure emission, almost complete absence, and double
or multiple peaked. They also observed changes in the
ionization rate of Sill and determined the multiperiodic
oscillation in the Hel absorption lines, with periods
ranging from a few hours to 22.5 days, and interpreted the
photospheric line variations in terms of oscillations in p-,
g-, and strange modes. Authors suggested that these
pulsations can lead to phases of enhanced mass loss.

The profile of Ha line in the spectra of 55 Cyg is also
highly variable.

Underhill (1960) remarked that in her spectra the Ha
line maintained a P Cyg profile, but with highly variable
strength. Ebbets (1982) noted that during one of his
observations, Ha line showed additional faint emission
wings, which were not visible anymore in the spectrum.

As seen, researchers noted that, Ha line in 55 Cyg
indicates fast variable structure, but the sequence of
observations was irregular and inadequate to trace in
detail the changes in the spectra. Therefore they noted that
more and systematic observations are needed to
investigate this supergiant.

In the present paper we analyzed variations of the Ha
and Hf lines.

We also investigated the wvariabilities of the CII
(6578.05 A, 6582.88 A), and Hel (5875.72 A) lines which
formed deeper effective layers in the atmosphere of this
star. Our main aim is to study the observed peculiarities of
these lines in the spectra.
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Figure 1: Profiles of the Ha, CII and HP lines in the spectra of 55 Cyg observed in 2014.

2. Observations and Data processing

Spectral observations of 55 Cyg were acquired during
from June 19, 2014 to September 15, 2014 using a CCD
detector in the echelle spectrometer mounted at the
Cassegrain focus of the 2-m telescope of the Shamakhy
Astrophysical Observatory (Mikailov et al., 2005). The
spectral resolution was R = 15000 and the spectral range
is A14700-6700AA. One to two spectra of the target star
were obtained on each night. The signal-to-noise ratio was
S/N =150-200. The average exposure was 600-900 s,
depending on the weather conditions.

The Echelle spectra were processed with the standard
technique using the DECH20 software package
(Galazutdinov, 1992). The reduction of the spectra, which
included the continuum placement, the construction of
dispersion curves (from the spectra of a hollow-cathode
Th+Ar lamp or radial velocity standard stars),
spectrophotometric and position measurements was
performed using this package.

In addition to the observations of the target star, in
order to check the stability of the instrument we also
obtained numerous spectra of standard stars, the daily sky
solar spectrum, and comparison spectra. Thus, we
recorded the spectrum of a thorium-argon lamp for
wavelength calibration. The stability of the wavelength

scale was verified by measuring the wavelength centroids
of OI and H,O sky lines. The long term accuracy achieved
for the wavelength calibration is of the order of 1 km/s as
derived from the spread of measured radial velocities of
telluric lines in the spectra. The measurement error for the
equivalent widths (W) does not exceed 5%, and error of
the radial velocity (Vr) is of the order of £2 km/s. Here,
(Vr) are velocities of the absorption and emission peaks in
the selected lines. Note that appropriate heliocentric
corrections were included during data processing.

3. Results

The Ha line varies with time in both intensity and
shape, displaying various types of profiles: normal P Cyg,
pure absorption, pure emission, double or triple-peaked
emission and complete absence.

We found that the complete absence of Ha line profile
is real and recurrent. The HP line profiles and the radial
velocities change during the observation period. When the
Ho line disappears or weaken sharply the Hel and Hp
lines are redshifted.

When the Ho line disappeared in the spectra, no
significant variabilities were observed in other spectral
lines (except Hel and HP3) formed in deeper layers of the
stellar atmosphere.
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Figure 2: Ha and CII profiles in the individual spectra of 55 Cyg observed in 2010 and 2014.

In addition, in several spectra the emission components
of Ha line are observed to be double or triple (Fig. 1).

During the observational period hydrogen and
photospheric absorption line profiles and their radial
velocities exhibited variations. The radial velocities
measured from the absorption line cores vary with time
and with the line intensity.

4. Data Analysis

It is known that the Ha line in the spectra of B
supergiants has a clear P Cyg-type profile.

Our observations show that the most pronounced
variability in the spectra of 55 Cyg are noticeable in the
intensity and profiles of the Ha line. The following shapes
of the Ha profile were observed: normal P Cyg profile;
normal P Cyg-type profile with double-peaked in
emission; normal P Cyg-type profile with triple-peaked in
emission; pure emission profile; pure absorption profile;
complete absence.

Fig. 1 shows the spectra of 55 Cyg in the wavelength
ranges covering the Ho and HP} regions observed in 2014.
Here, the spectra obtained on 20/08/2014, and 09/09/2014
are shown individual profiles, only on 07/09/2014 are
averaged three expositions, but the rest of them are
averaged two expositions taken during single nights. The
spectra are shifted vertically by an amount that ensures
better visibility. On the right of Ha the profiles of the CII
resonance doublet are seen. Vertical lines represent the
laboratory position of the lines.

Ho shows variations in strength in both the absorption
and emission components of the P Cyg profile (see Fig.1).
The pattern of variability in 2014 can be described in the
following qualitative way:

P Cyg profile with weak absorption, slowly evolves into
P Cyg with deep components, later both components are
weaken relatively, absorption components are broader and
emissions is observed a double-peaked, only emission
with triple-peaked is seen, later weaker absorption and
emission components with triple-peaked are observed,
both components (emission with double-peaked) are
deeper, on September 07, 2014, the Ha disappeared, and on
September 08, 2014, the Ha line became faint, on
September 09, 2014, the absorption component became
stronger and later emission component also became
stronger, at last on September 15, 2014, normal P Cyg
profile of Ha is observed again. As can be seen here more
interesting event is the disappearance of Ha profile from
the spectra. All spectral measurements presented in Table 1.

Note that similar patterns were observed in 2010
(Maharramov, 2013). So, the first time the Ho line alone
is absent from the spectra on July 02-04, 2010, and no
spectral features are observed at this wavelength
(6562.816 A), except for weak atmospheric lines and
noise. In those spectra, all the other lines typical for hot
supergiants such as 55 Cyg, apart from Ha, are observed,
including HP. In addition, at those times we revealed that
the HB equivalent width increased and a shift of this line
toward the red is observed when Ha is absent.
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Table 1. Values of the radial velocity (Vr), equivalent width (W), and depth (R) or residual intensity (r) in the Ha line.

Date JD 2450000+ | Vr(abs) | Vr(em) | W(abs) | W(em) R(abs) r(em)
km/s km/s A A
2014 6828.40 -83 43 0.15 0.25 0.04 1.14
Jun.19
Jun.21 6830.41 73 47 0.20 0.19 0.06 1.10
Jun.26 6835.34 -92 55 0.36 0.41 0.11 1.20
Jul.03 6842.29 -105 39 0.22 0.23 0.08 1.13
Jul.04 6843.29 -104 33 0.24 0.24 0.09 1.13
Jul.11 6850.32 -93 50 0.34 0.18 0.10 1.08
98 1.06
Jul.12 6851.31 -113 50 0.38 0.14 0.10 1.07
98 1.05
Jul.21 6860.31 —88 28 0.16 0.21 0.05 1.09
101 1.05
Jul.24 6863.26 —88 48 0.21 0.18 0.07 1.08
89 1.06
Jul.30 6869.27 —88 47 0.27 0.08 0.06 1.04
96 1.05
Aug.01 6871.29 —-118 42 0.22 0.11 0.06 1.06
91 1.04
—54 1.06
Aug.06 6876.33 - 42 - 0.25 - 1.06
88 1.06
=53 1.08
Aug.07 6877.31 - 7 - 0.17 - 1.05
—41 1.05
Aug.18 6888.31 -113 40 0.07 0.08 0.05 1.01
91 1.02
-49 1.03
Aug.20 6890.31 -118 33 0.24 0.12 0.11 1.03
89 1.06
Aug.24 6894.21 —-105 35 0.31 0.06 0.12 1.02
93 1.04
Aug.25 6895.23 -108 11 0.13 0.17 0.09 1.07
87 1.05
Aug.31 6901.22 -89 40 0.15 0.20 0.07 1.06
88 1.07
Sep.07 6908.21 - - - - - -
Sep.08 6909.26 ? ? ? ? ? ?
Sep.09 6910.16 =21 106 0.37 0.02 0.08 1.01
20 0.07
Sep.10 6911.16 -15 93 0.23 0.03 0.08 1.02
Sep.11 6912.13 -19 92 0.27 0.06 0.09 1.04
Sep.15 6916.26 -28 84 0.09 0.15 0.06 1.09

Furthermore, Kraus et al. (2015) discovered that Hao
profile almost completely disappears from the spectrum
again, and in their data they recognized it in 2012, July, 24
and in 2013, July, 26. Authors speculated that the wind
conditions of 55 Cyg may have changed, because no
earlier observational work on this star mentions phases in
which the wind emission swamps the photospheric
absorption line.

We noted above that on September 07, 2014, the Ha
profile is absent from the spectrum of 55 Cyg again.
Therefore, we suggest that this behavior is recurrent
process.

Unfortunately, weather conditions before July 02-04,
2010 and September 07, 2014, did not make it possible to
obtain spectra of the star 55 Cyg, which could shed light
on the transition moments of this interesting process.

In order to investigate the short term variability in the
Ha profile, all individual spectra obtained on July 02-04,
2010, and on September 07, 2014 were processed
separately. These data are presented in Fig. 2. As can be
seen the Ha profile can be variable on a time scale of hours.

In Table 1 the radial velocities, equivalent widths and the
depths (and residual intensities) of absorption and emission
components of Ho are presented. Our measurements show
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Table 2. Measurements of the radial velocity, equivalent width and depth of the HB3, CII, and Hel lines.

CII6578.05A CI16582.88A Hel5875.72A Hp
Date JD 2450000+
Vr \%% Vr \\% Vr \%% Vr \\% R
km/s A km/s A km/s A km/s A

2014 6828.40 -9 0.50 -9 0.40 -13 0.77 -38 0.93 0.29
Jun.19

Jun.21 6830.41 -8 0.53 -11 0.40 -13 0.77 41 1.00 0.30
Jun.26 6835.34 -10 0.47 -12 0.38 -20 0.76 -7 1.01 0.33
Jul.03 6842.29 -9 0.47 -10 0.35 -14 0.82 —47 0.99 0.26
Jul.04 6843.29 -8 0.54 -9 0.41 -9 0.89 -35 1.02 0.28
Jul.11 6850.32 -8 0.48 -8 0.35 -15 0.84 —40 1.07 0.33
Jul.12 6851.31 -9 0.46 -13 0.35 -14 0.85 -34 1.06 0.31
Jul.21 6860.31 -2 0.54 —4 0.41 -9 0.77 -35 0.96 0.29
Jul.24 6863.26 -5 0.51 -6 0.41 -12 0.78 -38 0.97 0.30
Jul.30 6869.27 -15 0.47 -15 0.40 -13 0.83 =30 1.07 0.32
Aug.01 6871.29 -6 0.51 -8 0.37 -6 0.84 -15 1.03 0.29
Aug.06 6876.33 -9 0.53 -11 0.40 -5 0.77 1 0.93 0.29
Aug.07 6877.31 -9 0.48 -9 0.32 2 0.81 9 1.01 0.31
Aug.18 6888.31 -12 0.53 -15 041 -9 0.85 -14 1.04 0.30
Aug.20 6890.31 -11 0.47 -20 0.34 -12 1.00 -15 1.09 0.32
Aug.24 6894.21 -9 0.52 -14 0.39 -6 0.88 -26 1.09 0.30
Aug.25 6895.23 -10 0.47 -12 0.35 -15 0.83 -39 1.08 0.28
Aug.31 6901.22 -16 0.52 -18 0.31 -24 0.83 —48 1.08 0.31
Sep.07 6908.21 -17 0.53 -17 0.37 -7 0.85 —4 1.30 0.32
Sep.08 6909.26 -11 0.50 -18 0.38 -10 0.89 -13 1.05 0.33
Sep.09 6910.16 -14 0.53 -23 0.40 -5 0.87 -14 1.16 0.34
Sep.10 6911.16 -12 0.44 -12 0.30 -7 0.83 -17 1.19 0.35
Sep.11 6912.13 -11 0.47 -12 0.31 -8 0.84 -19 1.14 0.33
Sep.15 6916.26 -8 0.51 -11 043 -11 0.83 =21 1.09 0.34

that the spectral parameters (W, R, r) and radial velocities
of the absorption and emission components of the Ha line,
as well as the parameters of lines of other elements, also
vary with time (see Table 1 and 2). The largest variations
are displayed by the emission component of the Ha line,
which indicates changes of the physical condition in the
expanding stellar envelope.

As seen from the Table 1 the significant changes
happened in the radial velocity and spectral parameters of
the Ha line. Fig.1, and Table 1 show that sometimes, Ho
line absorption component is observed shifted toward the
red side with a velocity of —15 km/s. Table 1 also shows
that the radial velocity of the "blue" component of the
absorption line Ha varies within from —118 to —15 km/s.
The radial velocity of the Ho line blue emission
component varies within the range of —54 = +106 km/s.
We have determined that the equivalent width, and depth
(or the residual intensities in emission) of the absorption
component of the Ha line vary within 0.07-0.38 A, and
0.04-0.12, the emission component varies within 0.02-
0.41 A, and 1.00-1.20, respectively. Also, we noted above
that Ho shows absorption and emission components with
double or triple-peaked. If so to speak, the intensity
inversions in the emission part of the Ho profile are
observed and these are especially interesting.

To investigate the reason for variability of the Ha
profile other lines (HP, lines of CII and Hel and others)
were analyzed in the spectra. As can be seen in Fig. 1,
Table 2 when the disappearance of Ha line is observed,
the HP line is shifted toward the red simultaneously, and
the HB equivalent width increases. The Hf} line profile
also shows structural changes. Table 2 shows that radial
velocity, equivalent width, and depth of the Hf3 line varies
within from —48 to 9 km/s, 0.93-1.30 A, and 0.26-0.35,
respectively.

Fig. 1, and Table 2 show that the shape of the CII lines
change relatively during observations, as well as the radial
velocities of the these lines varied between from —23 to —2
km/s. The equivalent width varies within 0.44-0.54 A (for
CII 6578.05A) and 0.31-0.43 A (for CII 6582.88A).

The investigation of the Hel 5875.72 A line showed
that the radial velocity and equivalent width of this line
varies between from —24 to 2 km/s and 0.76-1.00 A
(Table 2), and its profile also changed relatively (Fig. 3).
As can be seen in Table 2 when the disappearance of Ha
line is observed, the Hel line is also shifted toward the red
simultaneously.

We also looked through the NaID doublet lines in the
spectra (Fig. 3). Significantly structural changes had not
been found in these profiles and the radial velocity varied
between —12+2 km/s.
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Our measurements show that the line-profile variability
(LPV) detected manifests itself by variations in velocity
and line-strength, i.e. equivalent width. In particular, we
found that the equivalent width, determined by means of
line-flux integration within the profiles, varies within £15
% around a mean value of 0.50 A (for CII 6578.05 A) and
0.35 A (for CII 6582.88 A), as well as, for Hel 5875.72 A
varies within £15 % around a mean value of 0.83 A. All
these indicate the variability of the HB, CII and Hel lines.

It has been revealed that the variability of radial

velocity and equivalent widths of Hf line, as well as the
radial velocities of averaged CII and Hel 5875.72 A lines
indicate repeating features.
There appears to be no clear correlation between
variations in RVs and change in equivalent width. Fourier
analysis performed for the 2014 spectroscopic series did
not detect any periodicity for these lines.

In addition, we measured radial velocities of all
photospheric absorption lines (CII, Hel, Fell, Felll, AlIII,
Sill, Silll, NII, Nel, SII etc.) in the spectra and averaged
them, and determined for mean velocity Vr’' =8.5 km/s.

5850
7 A)

Figure 3: Hel and NalD doublet line profiles of 55 Cyg on different dates

5. Discussion

The profile of the Ha line observed in the atmosphere of
the supergiant 55 Cyg indicates rapidly variable structure.
The dramatic variations previously reported in 55 Cyg
(Underhill, 1960; Hutchings, 1970; Granes, 1975) are also
seen in our data. Fig.1 showed that Ho exhibited the normal
P Cyg type profile shape in most case. Our spectra enabled us
to study the fine structure of the Ha line. The red-shifted
absorption seen occasionally in Hal, is more likely of wind
origin and suggests the presence of matter infall at the base of
the wind (Markova et al., 2008). Our observations showed
that the Ha line disappeared on September 07, 2014, again
(Fig. 1), which is a manifestation of some recurrent processes
in the star atmosphere.

The first time a similar variability pattern is revealed in
2010 by us (see Fig. 2). In 2010, we suggested that, when
the matter of the stellar wind moves away from the
observer, the central frequencies of the emission and
absorption components can coincide and cancel each other
out, making the Ha line disappear (Maharramov, 2013).
Ha line profile completely disappeared from the spectrum
in 2014 again. It shows that in particular case the wind
emission was reduced so that it compensated by
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coincidence for the absorption of Ha line. These events
may be a manifestation of a non-stationary atmosphere of
the star or a non-spherical stellar wind (Rosendhal 1973,
Sobolev 1947, 1985). Note that, at the time of the
disappearance of the Ha line or when it becomes faint (in
2014 September 07-08), the Hel and Hf lines are
redshifted, and their radial velocities are —7 km/s,

—10 km/s for Hel, -4 km/s and —13 km/s for Hp,
respectively (Table 2). These observations may provide an
evidence for the fact that in those epochs, the layer of
matter where Hel and HB form move from away the
observer and later move to the observer with too lower
velocity. That is, if we take into account the velocity of
mass center (Vr'==38.5 km/s), in this case the very upper
layers of the star atmosphere where Hel, H, and Ha form
are in the contraction phase and is non-stationary.

Also if we take into account the velocity of mass center
(Vr'=-8.5 km/s), then in phases of disappearance of Ha
we observe that the deeper layers (NII, Silll, SII, AIIIl and
others) of the atmosphere is almost quiet, the layers where
CII and Sill form are relatively expanding. It indicates
that the layers where CII and Sill form are in the relatively
expansion phase, and the lower layers are in the quiet
phase. Therefore we suggest that disappearance of Ha is,
so to speak, the mixed conditions phase of the atmosphere.
Sometimes, we observed that the Ha line shows only pure
absorption component and later absorption and too small
emission feature (on 2014 September 9-11). It indicates
that the physical conditions in the stellar atmosphere and
envelope are changeable. It is known that, the variable
stellar wind in the supergiants is caused by the pulsation
(Cox 1983). If the dramatic changes of the Ha profile in
the spectra of 55 Cyg are associated with the pulsation,
they should occur periodically. But the amount of
obtained data and their inconsistency in observation time
does not make it possible to find such period in this study.
On the other hand Kraus et al. (2015) noted that if the
compensation of emission and absorption components of
the Ha line were periodic, the possible period would be
on the order of about one year.

As mentioned above, the photospheric absorption lines
are variable. For instance, it was revealed that the
relatively variability happens in the structures of CII
(6578.05 A, 6582.88 A) and Hel 5875.72 A lines, as well
as in the other photospheric lines. Variability of the
absorption lines indicates that disturbances are also
occurring fairly deep in the atmosphere of the star. In
particular and as also noted by Kraus et al. (2015), the
results from the moment analysis suggest pulsations as the
most reliable cause for the observed line profile variability
in Hel and CII lines.

We suggest that the LPV of the photospheric lines are
basically caused by non-radial pulsation (Kaufer et al., 1997).

In addition, the changes of the radial velocities and
equivalent widths of lines HB, Hel and CII have been
revealed (see Table 2). Sometimes, the relatively large
changes in radial velocity of the photospheric absorption
(CII and Hel) lines are caused by the pulsation instability
(Markova, & Valchev 2000). For a more precise
determination of pulsation period of star the systematic
observations of this star is necessary.

Hence, observations obvious show that the Ha profile
of 55 Cyg is rapid variable. We suggest that these changes
may be a manifestation of complex motions in the
atmosphere of this star. Especially, the disappearance of
Ho line is not accompanied by synchronous changes of
the spectral parameters of the other lines formed in deeper
layers of the stellar atmosphere, except Hel and Hf.

We suggest that the variations are explained probably
by stellar wind properties and/or pulsations mechanisms
(Kraus et al., 2015; Cox, 1983; Kaufer et al., 1997).

6. Conclusions

The Ha profile presented a complicated structure and a
time variation for 55 Cyg star. For the first time in 2010,
we observed that the profile of the Ho disappeared in the
spectra. As this behaviour was observed in 2014 again we
consider that this behavior is recurrent.

We suggest that in this particular case when the matter
of the stellar wind moves away from the observer the
absorption component of Ha is redshifted, and at that time
the central frequencies of the emission and absorption
components can coincide and cancel each other out, which
may lead to the disappearance of Ha line profile.

We revealed that when the Ho line disappears or
weaken sharply the Hel and Hf lines are redshifted.

Our observations showed that the photospheric (CII,
Hel etc.) line profile shapes and RVs change differently
with time. We suggest that these changes in the spectra are
caused by non-radial pulsations (Markova & Puls, 2008;
Kaufer et al., 1997).
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ABSTRACT. We determined the atmospheric
parameters and chemical composition of the three giants,
which are members of the open cluster M 67. The high
resolution spectra (R = 60 000) were obtained with the
echelle spectrograph NES mounted on the 6-meter
telescope of the SAO RAS Obtained variations in Na and
Zr abundances are within the determination errors. The Li
abundance suggest a depletion of Li in the course of
stellar evolution. For studied giants, the iron abundances
derived from the neutral and ionized iron lines have not
shown any significant discrepancies. The [Ba/Fe] values
are close to the solar ones.

Keywords: stars: abundances — stars: atmospheres —
Galaxy: open clusters and associations: individual: M 67

1. Introduction

The open cluster M 67 (NGC 2682) was discovered by
Johann Gottfried Koehler in 1779 and is one of the best
studied open clusters (OCs). It is also one of the oldest
known Galactic clusters with an estimated age of about 4.3
Gyr (Pietrukowicz, 2006), it lies at a distance between 800
and 900 pc away (e.g. Sarajendini ef al., 2009), and has the
reddening value E(B-V) = 0.041+£0.004 (Taylor, 2007).
M 67 contains a high percentage of blue stragglers, stars
which are bluer and more luminous than the main-sequence
turn-off point of the cluster (Pribulla et al 2008); for this
cluster, the turn-off occurs near B-V =0.55, and V = 13.0.

Our target stars, namely 84, 141, 151 (Fagerholm, 1906)
show enhancement in CN band strengths and are ‘clump’
giants (Pagel, 1974). Carraro et al. (1996) evaluated the mass
loss in M 67 based on the determinations of masses of the
clump stars and RGB giants. Due to a small offset as d[B—V]
= 0.01 mag, it was unfeasible to use the clump stars to infer
the efficiency of mass loss along the RGB phase. They also
reported that there was no evidence for a dependence of the
mass-loss rate from RGB stars on metallicity.

Tautvaisiené ef al. (2000) analyzed spectra of six core
helium-burning ‘clump’ stars and three giants in M 67 to
detect any signs of extra mixing associated with the He-
core flash. They claim that the metallicity of M67 is close
to solar ([Fe/H] = —0.03+0.03, the carbon is depleted by
about 0.2 dex, nitrogen is enhanced by about 0.2 dex and
oxygen is unaltered. The mean C/N and '>C/"C ratios are

lowered to the values of 1.7+0.2 and 24+4 in the giants
and to the values of 1.4+0.2 and 16+4 in the clump stars.
The results obtained enabled to suggest that extra mixing
of CN-cycled material to the stellar surface takes place
after the He-core flash. Abundances of other elements in
investigated stars were found to be close to the solar ones.

Our goal is to re-determine the parameters and chemical
composition of the three clump stars of the M 67 cluster.
The stars in question are shown on the Hertzsprung-Russell
diagram for M 67 presented in Fig. 1; the V and B-V va-
lues have been adopted from Geller et al. (2015).

2. Observations and radial velocities

The main characteristics of the M 67 cluster stars, as
well as the observational data, are given in the Tables 1, 2,
respectively.

The spectral data have been obtained with the echelle
spectrograph NES (Panchuk et al., 2006, 2017) mounted on
one of the Nasmyth focus platforms of the 6-meter
telescope of the SAO RAS. NES provides a resolving
power of R>60000 within the wavelength region 3200-
10000 AA. The reduction of stellar spectra, as well as the
measurement of radial velocities VR, has been performed
using the DECH20 software package (Galazutdinov, 1992).

M 67
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Figure 1: The H-R diagram for M 67; the V and B-V data
have been taken from Geller et al. (2015). Clump giants
marked as asterisks.
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Mathieu et al. (1986) have reported that the M 67 mean
radial velocity VR = 33.542.8 km/s (for 65 cluster
member stars). It can be seen that there is good agreement
between our VR values and those obtained by other
authors (Table 2).

3. Parameter determination

The effective temperatures Ty were estimated by
calibration of line-intensity ratios — Tg (Kovtyukh et al.,
2006); the results are presented in Table 3.

To determine the gravity log g we used two methods:
iron ionisation equilibrium (IE) and parallaxes (Pi). The
obtained log g values are given in Table 4.

For two stars (namely, 84 and 141), we have obtained a
noticeable difference in the value of gravity values, which
is associated with use of two different methods. Further
computations of elemental abundances have been
performed using log g derived under conditions of
ionization equilibrium for iron.

It should be noted that when using the parallax, we
encountered a certain problem  with parallax
measurements can result in different distances to objects,
which in turn leads to different values of gravity. For
example, the parallax for the star 84 is 0.00097 and
corresponds to the distance to the object 1030 pc. For the
star 141, the parallax is 0.00088 and the relevant distance
is 1136 pc. For the star 151 the parallax was markedly
different from those for the two other target stars: the
parallax for 151 is 0.00240; that means the determined
distance, which is 417 pc. The latter distance value differs
significantly from the distances to this cluster estimated
earlier (e.g. Sarajendini et al., 2009), as well as from the
data obtained recently by Viani & Basu (2017), who have
reported that from the resulting isochrones that fit the
M 67 cluster, the age range is between 3.6 and 4.8 Gyr
while the distance is between 755 and 868 pc.

Microturbulent velocity V, was determined from
independence of an abundance log A(Fe) from equivalent
width EW for Fe I lines. The metallicity [Fe/H] was
adopted as the iron abundance determined from Fe I lines.

All the parameters, which we have obtained, are
presented in Table 5.

4. Chemical abundance determination

The elemental abundances were determined using
Castelli & Kurucz’s (LTE) models; the Kurucz WIDTH9
code was used for the LTE determination of Si, Ca, Ni,
Fe, Zn, Y, Zr, La, Ce, Pr, Nd and Sm abundances; the
modified latest version of STARSP (Tsymbal, 1996) was
employed for the LTE determination of Li and Eu
abundances; and the modified MULTI code (Carlsson,
1986; Korotin et al., 1999) was used for the NLTE
determination of O, Na, Al, Mg, Ca and Ba abundances.
The spectrum synthesis fitting of the Mg and Na lines to
the observed profiles for 141 star is shown in Figs. 2, 3.

The elemental abundances [El/Fe] as function of
metallicity [Fe/H] for the investigated stars are depicted in
Fig. 4.

Table 1. The main characteristics of the target M67 giants

Star | star(2) | star(3) | alpha Delta \% B-V | Sp
84 6492 1074 8:48:28.54 | 12:03:58.7 | 10.59 | 1.12 | G8III
141 | 6485 1010 8:48:38.72 | 11:59:18.6 | 10.48 | 1.11 ﬁ[z
151 | 6494 1084 8:48:42.03 | 12:05:09.0 | 10.48 | 1.10 | G8III

the name of stars have been taken from: (1) — Fagerholm
(1906), (2) — Montgomery et al. (1993), (3) — Sanders
(1977); the V, B-V and Sp Type data have been adopted
from Geller et al (2015) and Pribulla et al (2008),
respectively.

Table 2. Observations and radial velocities VR (km/s)

Star | Spec L (A) date VRow | VR; | VR, | VR;

84 S34902 | 4500- 24.04. 344 34.1 338 | -
6000 2002

141 S39508 | 5275- 15.04. 33.9 32.7 33.0
6765 2003

151 S39602 | 5275- 16.04. 33.9 33.7
6765 2003

VR| have been taken from Geller et al. (2015); VR, — from
Jacobson et al. (2011); VR; — from Yong et al. (2005).

Table 3. T estimates

Star Tesr o)+ o, £ n
84 4755 28.7 64

141 4755 13.0 71 26
151 4745 17.6 75 18

where 6,1s SEM, o, is the individual error, n is the number
of relevant calibrations.

Table 4. Surface gravity determinations

Star | Tesr Pi \Y BC log g(Pi) log g (IE)
84 4755 | 0.00097 | 10.59 | -0.433 | 2.25 2.7
141 | 4755 | 0.00088 | 10.48 | -0.433 | 2.12 2.7
151 | 4745 | 0.00240 | 10.48 | -0.439 | 2.98 2.8

where Pi have been adopted from SIMBAD, GAIA
collaboration (2016); the Bolometric correction (BC) from
Flower (1996).

Table 5. The parameters obtained for the target stars

Star Spec Ter log g Vit [Fe/H]
84 34902 4755 2.7 1.4 | 0.01
141 39508 4755 2.7 1.4 | 0.01
151 39602 4745 2.8 1.3 0.04
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Figure 2: Observed (circles) and calculated (NLTE, solid,

and LTE, dashed lines) spectra in the region of Mg I line
for 141 star.
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To determine the systematic errors in the elemental
abundance resulting from uncertainties in the atmospheric
parameter determinations, we derived the elemental
abundance of star 141 (T.x/4755, logg/2.7, V/1.4,
[Fe/H]/0.01) for several models with modified parameters
(OT=x50K, dlogg=+0.2,5V=+0.1).

The total uncertainty due to parameter and EW errors
for Fe I, Fe II are 0.06, 0.08, respectively. The
determination accuracy varies from 0.06 to 0.15 dex.

A comparison of our data with the results of other
authors is given in Table 6.

In general, there is good agreement between our
determinations and those of other authors for all
parameters, except for the gravity.

5. Results and discussions

We have compared our determinations with those of
other authors; as an example, Fig. 5 illustrates the results
of the comparison of our data for the star 84 with the data
obtained by TautvaiSiené et al., (2000).

The authors have found that the stars 84, 141 and 151
show a slight overabundance of Na (+0.17, +0.24 and +0.22,
respectively) and underabundance of Zr (-0.18, —0.19, —18,
respectively).

Sodium. The target three stars have been also studied by
Jacobson et al. (2011). For the M 67 stars 84, 141 and 151
the authors have reported slightly different individual val-
ues of [Na/Fe], such as -0.06, 0.15, and 0.10, respectively.
According to our LTE determinations, the Na abundances
are 0.03, 0.11, and 0.08, respectively, these values are fairly
similar to the determinations by Jacobson et al. (2011).
Yong et al. (2005) have reported an overabundance of Na ~
+0.30 for the cluster M67. In all the afore-mentioned stud-
ies, the Na I lines A 5682.64, 6154.23 and 6160.75 A were
used for the Na abundance determinations.

In so doing, despite the difference (about 0.2 dex) in
the sodium abundance obtained by TautvaiSiene et al.
(2000) and Jacobson et al. (2011), the equivalent widths
EW of the lines 6154.23 and 6160.75 A, e.g., for the star
84, given in both these paper are similar, the EWs are 84
and 110 mA, and 82 and 106 mA, respectively.

Relative flux

0.2 L | L |
5687 5688 5689

A(A)
Figure 3: Observed (circles) and calculated (NLTE, solid,

and LTE, dashed lines) spectra in the region of Na I line
for 141 star.
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Figure 4: [El/Fe] vs. [Fe/H] for the target stars

Table 6. A comparison of our findings with the results of
other authors

# | Star Tt log g [Fe/H] reference
1] 84 4755 | 2.7 0.01 This work
4702 | 2.40 - Kordoratis et al., 2013
- 2.56 - Pace et al., 2012
4650 | 2.5 0.00 Jacobson et al., 2011
4750 | 2.4 -0.02 Tautvaisiene et al., 2000
2| 141 4755 | 2.7 0.01 This work
4700 | 24 0.09 Jacobson&Friel, 2013
- 2.56 - Pace et al., 2012
4700 | 2.4 0.08 Jacobson et al., 2011
4730 | 24 -0.01 Tautvaisiene et al., 2000
3] 151 4745 | 2.8 0.04 This work
4740 | 2.62 - Meszaros et al., 2013
4700 | 2.4 -0.02 Jacobson et al., 2011
4760 | 2.4 -0.03 Tautvaisiene et al., 2000
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Figure 5: A comparison of our data for the M 67 cluster
star F84 (open circles) with those obtained by
Tautvaisiené et al. (2000) (full circles).

Zirconium. For the target stars, Jacobson et al. (2011)
found underabundance of Zr equal to —0.18, —0.16 and —
0.10, respectively. Later, Jacobson et al. (2013) have re-
determined the zirconium abundances and obtained an
average value <[Zr/Fe]> of —0.01 + 0.07 for the M67
cluster. Yong et al. (2005) have found [Zr/Fe] = —0.28 +
0.03 for M67; however, Maiorca et al. (2011) have
obtained [Zr/Fe] = +0.04 £ 0.05. While in the studies by
Tautvaisiené et al. (2000), Jacobson et al. (2011, 2013),
Yong et al. (2005), as well as in our study, the same Zr I
lines, namely 6134.57, 6140.46, 6243.18, 6313.03 A were
used, Maiorca et al. (2011) used the UV Zr II lines,
namely 4050.32, 4208.98, 4379.74 A.

According to our Zr abundance determinations, there is
a slight deficit of Zr for the three target stars: the mean
underabundance from Zr I lines is —0.05 + 0.01 and from
Zr 11 lines <[Zr/Fe]>is — 0.02 + 0.01.

Thus, in the studied stars in M67, the differences obser-
ved in elemental abundance, in particular of sodium and
zirconium, depend on the individual approach of different
authors and are within the errors of determination.

Now, let us consider the behavior of several elements
(Li, Fe, Ba), which are especially manifested in OC’s stars.

Lithium. Clump giants have shown Li abundances
slightly lower than the upper limit of the first dredge up
(Fig.6). We have only determined the upper limit of the Li
abundance, which is about 0.0 in our stars (141 and 151).
These values corroborate the Li abundance of star 141
(0.0) obtained by Pace et al. (2012). This value
corresponds to a greater depletion of Li during the
evolution of stars due to the presence of additional
mechanisms that change the lithium abundance and
operate inside stars (for example, meridional circulation or
diffusion) or are the result of deeper mixing.

The iron problem. Yong et al. (2004) and Shuler et
al. (2004) have found remarkable discrepancies between
the iron abundances determined with Fe I and Fe II lines
in the dwarf stars in the young clusters Hyades, Pleiades
and M34. Till now the cause of that is unknown: NLTE
effects (Yong et al., 2004) for lines Fe II are negligible;
blended lines are not used. We applied the same lines of
Fe I and Fe II as in above mention papers and obtained the
same iron abundances from lines of both species (within
the given accuracy of determinations).
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Figure 6: Li abundance vs. T.g; our data are marked with

full circles; trend lines illustrate the calculations performed

by C. Charbonnel for the Li abundance after the first

dredge-up; and the data obtained by Mishenina et al. (2006)

for the clump giants are marked with open circles.

The Ba puzzle. The observed Ba overabundance in
young OC’s may be due to different causes: 1) additional
enrichment with s-process elements from low mass AGB
stars (d’Orazi et al., 2009) or with i-process elements
(Mishenina et al., 2015); 2) NLTE corrections (Reddy &
Lambert, 2015), but LTE correction is small, < 0.05 dex;
3) chromospheric activity or microturbulent velocity Vt
(Reddy & Lambert, 2017). And if the study of influence
of chromospheric activity on Ba line intensity can be rea-
sonable, then the variation of the turbulent velocity by
3 times for one line, moreover having a depth of line for-
mation of about log T = -2 in solar atmosphere, has no
substantial grounds. So, there is no definitive answer
about the origin of Ba overabundance for today. Our
[Ba/Fe] values are from 0.01 to 0.04 dex, it is near solar
value. M 67 is old cluster and this is the expected result.

6. Conclusion

e The results which we have obtained show good
agreement with the data reported by other authors.

e Variations in sodium and zirconium abundances are
within the given accuracy of determinations.

*  The Li abundance determinations suggest a greater
depletion of lithium in the course of stellar evolution.

*  For M 67 giants, the iron abundances derived from
the neutral and ionized iron lines have not shown any
significant discrepancies.

e M67 is found to be an old open cluster with the
[Ba/Fe] values close to the solar ones.
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ABSTRACT. The thick accretion disk and donor’s
wind on the example of CYG X-1 are computed. The
main aim of the present simulations is to calculate
the precessing thick accretion disk and ON- and
OFF-state generation by the methods of 3D numerical
hydrodynamics. The main task of the present research
is to investigate the dependencies of the central disk
temperature and mass accretion rate versus time.
Non-stationary Euler’s hydrodynamical equations
are resolved by astrophysical variant of large-particle
method by Belotserkovskii & Davydov. The ON- and
OFF-state generation for the precessing thick accretion
disk was setting. The correlation between radio flux
and X-ray was setting. Our present calculations also
show that in the cases of the thick accretion disk the
jet velocities will be close to 0.24 -0.26 of light speed
(see for instance SS433) and on contrary in the cases
of a thin accretion disk jet velocities will be close to
0.98 -0.99 of light speed (see for instance CYG X-1).

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

1. Introduction

In the present report we have continued to simu-
late ON- and OFF-states in microquasars. In our pre-
vious works we have modelled ON- and OFF-states
on the base of thin accretion disk and microquasar
CYG X-1. In these works the simulation of ON- and
OFF-states on the base of long precession Nazarenko
& Nazarenko (2014), the simulation of low/hard and
high /soft states in accretion discs of microquasars and
quasars on base of undefined precession Nazarenko &
Nazarenko (2015) and the simulations of a radiation-
driven jet launch and disappearing over low/hard state
Nazarenko & Nazarenko (2016) were made.

In our present work we will simulate the thick ac-
cretion disk (the disk with the radiation pressure) and
on this base the ON- and OFF-states will br simulated
on the example of microquasar CYG X-1. For this
purpose we have modelled the slaved precession of
accretion disk and the donor’s wind. We hope that in

the precession thick accretion disk having been blown
by the donor’s wind two states in the disk’s centre will
begin to be generated — with the high and low density
and temperature.

2. The numerical algorithm

To compute the thick accretion disk models, we have
calculated the mass flow from the initial state to a
steady one. To this end, we have used non-stationary
Euler equations of hydrodynamics which are solved
using the astrophysical variant of the large-particle
method by Belotserkovskii & Davydov (1982). The
distinction between astrophysical and standard appli-
cations of the large-particle method consists in the use
of the internal energy at the first time substep in the
astrophysical variant of the code.

In the computations, we have used a Cartesian co-
ordinate system in which the X-axis lies on the line of
centres. In this coordinate system, the donor position
is 0.0, 0.0, 0.0, and that of accretor is 1.0, 0.0, 0.0.
In the computations, we have factored in the gravity
force and gas pressure of the binary components, as
well as the Coriolis and centrifugal forces of the orbital
motion. We calculated the gravity of the binary com-
ponents in the approximation of the Roche model. We
set the orbits of the binary components to be circular.
To make an accretion disk to be thick one we have cal-
culated radiation pressure z-component, F.q -, in the
disk volume. Here we explicitly imply that the radia-
tion pressure is differently from zero in the disk volume
along z-axis only.

a-H,
Frad,z = y
C

(1)

where « is the coefficient of Thomson scattering, H, is
radiation flux along z-axis and c is light speed.

In this work and in the presented computations, we
have employed the following dimensionless units. The
density is expressed in units of 10*! particles per cm™3;
all distances are given in units of the orbital separation;
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the temperature is given in units of eV. In the compu-
tations, the velocities are expressed in units of V.
while in the figures presented in this paper, we have
employed km s~! as the velocity units. The time is
expressed in such units that the orbital period is equal
to 2.

The code in use in the present paper is belonging
to so-called methods of 'through account’. The last
means that all the features of flow (shock, shock front,
discontinuities and et cetera) are calculated through
the single algorithm.

For the simulations presented in this work, RC has
been calculated accordingly to the model for the radia-
tive cooling of a low-density plasma with cosmic abun-
dances in the ionisation equilibrium described in Cox
& Daltabuit (1971).

The description of the used numerical algorithm in
details one may see in Nazarenko & Nazarenko (2014,
2015, 2016).

In the present research the space resolution of the nu-
merical grid in use was about of 5000 + 6000 Schwarzc-
shild radii. In the real microquasars the hot disk corona
and jets are produced on the highness the hot disk
corona and jets are produced on the highness order of
50 + 100 Schwarzcshild radii. It means that our space
resolution is very low to produce hot corona really from
quantitative point of view. But from quality point of
view our present simulation may be very real since we
can not to make the space resolution to be as in the
real microquasars because of the very large computer
expenses (we must cover all the disk space by one nu-
merical grid).

The computations have been performed using
FORTRAN 9.1. We have also employed the double-
precision operations in the calculations.

3. The results

The plan of our present calculations is such that
initially up to 36.5 precession period we were simu-
lated the thin precession accretion disk (with the slaved
precession) and after it, beginning with 36.5 preces-
sion period we start to calculate radiation pressure (Z-
component only) into accretion disk. By this reason
the disk become thick one very rapidly (on dynamic
time scale) and after it we continue our calculation up
to 41.5 precession period in order to see the disk prop-
erties over sufficiently long time.

To show the disk plane and vertical structure of the
calculated thick accretion disk we are plotted the cross-
section of the calculation area by X-Y plane lying on
the disk plane (see Fig.1, Fig.2) and by the Z-X plane
lying on the line of centres (see Fig.3, Fig.4) for times
of 37.01 (Fig.1, Fig.3) when the temperature is high in
the disk’s centre and for times of 38.61 (Fig.2, Fig.4)
when the temperature is low in the disk’s centre). As

one can see from these pictures the vertical size of disk
is practically equal to the orbital disk size. By the
other words we really see the thick disk on Fig.3, Fig.4.
These figures also show that some features are present
in the disk — here we have in mind in first turn the
presence of funnel along the disk rotation axis, placed
in the direction to contrary of the disk rotation vector.
As we may see from the Fig.3, Fig.4 the present disk
have approximately the cylindrical symmetry and the
symmetry axis is the disk rotation one. These figures
also show that the disk plane is always parallel to the
donor’s plane and it means that the slaved precession
is working absolutely exactly.

Figure 2: The disk plane structure on time of 38.61.

The essential parameters of a disk in the present cal-
culation are the central disk’s temperature and mass
accretion rate. As easy to see the most interest is pre-
sented the dependencies of these values versus time.
We show these dependencies in Fig.5 and Fig.6 in which
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Figure 4: The vertical disk structure on time of 38.61.

mass accretion rates are given in units of solar mass in
year and times are given in units of precession period
which in turn is equal to 2.56 of the orbital period.
As we can see from Fig.5 and Fig.6 the temperature
and mass accretion rate time behaviours are such that
these values have the maximal magnitudes in the view
of sharp pics and the region of low magnitudes on the
bottom of the dependencies. We have interpreted such
the bottoms and sharp pics as ON- and OFF-states
production in our calculations. As easy to see tem-
perature and mass accretion rate correlates between a
each other. It in turn means that in our calculations
radio flux correlates with X-ray flux. Such the corre-
lation coincides with the observed that of in CYG X-3
Fabrika (2004).

As one can see from Fig.5 and Fig.6 the amplitudes
of temperature increasing over OFF-states are order
of 5 + 7 relatively ON-states. For comparison, in the
case of thin disk (see Nazarenko & Nazarenko, 2014;
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Figure 5: The central disk temperature versus time.
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Figure 6: The mass accretion rate versus time.

2015; 2015) these amplitude were equal to 100 = 200.
It show that in the case of the thick accretion disk the
jet velocities will be much less relatively a thin disk.
By the other words, it means that in the case of the
thick accretion disk the jet velocities will be close to
0.24 -0.26 of light speed (see for instance SS433).

We may also to see from Fig.1-4 that over OFF-
states the disk is strong compressed by the wind and
on contrary over ON-states the disk is very extended
towards the disk plane. Such the time and space disk
behaviours over ON- and OFF-states prompts clear
the mechanism to generate ON- and OFF-states that
is working in the present research: this mechanism
is follows — over the precession of thick disk having
been blown by the wind this disk sometimes is strong
compressed by the wind and sometimes this compres-
sion is very small. By this reason in the first case we
see OFF-states generation since in high density disk
the region in the disk centre along the disk rotation
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axis is optically thick and due to this circumstance
the temperature in this region becomes to be very
high because of the action of the disk viscosity which
is transformed the kinetic energy of the disk rotation
in the thermal one. In the case when the wind-disk
compression is small, the density in a disk is decreased,
the region in the disk centre becomes to be relatively
optically thin, and due to the action of radiation
cooling the temperature in this region is very rapidly
decreased. Thus, the mechanism stated above working
in terms of optically and geometrically thick accretion
disk produced the correlation between central disk
temperature and mass accretion rate. This mechanism
was also working in our previous works (Nazarenko
& Nazarenko, 2014; 2015; 2016) in which the model
of optically and geometrically thin accretion disk
simulated and in which the anticorrelation between
central disk temperature and mass accretion rate
occurs.

4. Summary and conclusions

1. The correlation between X-Ray and radio flux
calculated in the present research is similar to that of
observed in CYG X-3 Fabrika (2004).

2. Our present calculations show that in the cases of
the thick accretion disk the jet velocities will be close
to 0.24 -0.26 of light speed (see for instance SS433)
and on contrary in the cases of thin accretion disk jet
velocity will be close to 0.98 -0.99 of light speed (see
for instance CYG X-1).
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ABSTRACT. Optical and near-infrared photometry,
optical spectroscopy, and soft X-ray and UV monitoring
of the changing-look active galactic nucleus NGC 2617
show that it continues to have the appearance of a type-1
Seyfert galaxy. An optical light curve for 2010-2017 indi-
cates that the change of type probably occurred between
2010 October and 2012 February and was not related to
the brightening in 2013. In 2016 and 2017 NGC 2617
brightened again to a level of activity close to that in 2013
April. However, in 2017 from the end of the March to end
of July 2017 it was in very low level and starting to
change back to a Seyfert 1.8. We find variations in all
passbands and in both the intensities and profiles of the
broad Balmer lines. A new displaced emission peak has
appeared in HB. X-ray variations are well correlated with

UV-optical variability and possibly lead by ~2-3 d. The K
band lags the J band by about 21.5 + 2.5 d and lags the
combined B + J bands by ~25 d. J lags B by about 3 d.
This could be because J-band variability arises predomi-
nantly from the outer part of the accretion disc, while K-
band variability is dominated by thermal re-emission by
dust. We propose that spectral-type changes are a result of
increasing central luminosity causing sublimation of the
innermost dust in the hollow bi-conical outflow. We
briefly discuss various other possible reasons that might
explain the dramatic changes in NGC 2617.

Keywords: AGN, CL AGN, X-ray, UV, optical, pho-
tomery, spectroscopy
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1. Introduction

NGC 2617 is a typical representative of the objects
called “Changing Look” AGNs (CL AGNs), that is, active
galactic nuclei changing their spectral type (their Seyfert
type). Before 2013, NGC 2617 received relatively little
attention, since significant variability was not detected, and
optical spectra were obtained only twice: in 1994 (Moran,
Halpern & Helfand, 1996) and in 2003 (the 6dFGS spec-
trum). According to these spectra NGC 2617 could be clas-
sified as Sy 1.8. In 2013 spectra showed a dramatic change
in the profiles of the Balmer lines compared with the 2003
spectra and NGC 2617 showed a type 1 Seyfert spectrum
(Shappee et al., 2013). Since then NGC 2617 has been in-
tensively studied (Shappee et al., 2014; Fausnaugh et al.,
2017) by photometric and spectral monitoring during 2013-
2014. In 2016 we started our monitoring as a continuation
of the monitoring of Shappee et. al., but we carried out not
only new photometric observations at X-ray, UV, optical,
IR, but also processed MASTER archival observations
from 2010 and archival Swift observations from 2013. The
results of our multi-wavelength monitoring up to June 2016
are given in Oknyansky et al. (2017). We have continued
our multi-wavelength monitoring of NGC 2617 from Sep-
tember 2016 to July 2017. We present here preliminary new
results from this.

2. Observations

As in Oknyansky et al (2017; see details there), our
new observational data includes IR JHK photometry (IR-
camera Astronircam (Nadjip et al., 2017) of 2.5-m tele-
scope of the SAI Caucasus Mountain Observatory), opti-
cal photometry (MASTER Global Robotic Net (Lipunov,
2010; Kornilov, 2012), AZT-5, Zeiss-600 ShAO,
Swift/UVOT), UV photometry (Swift/UVOT), X-ray ob-
servations in the 0.3-10 keV band (Swifi/XRT), optical
spectrophotometry with the 2-m Zeiss telescope of the
ShAO. In the 2016-2017 season, additional CCD photo-
metric observations were added from a Zeiss-600 tele-
scope with the Apogee Aspen CG42 CCD camera system
at the Crimean Station of the SAI MSU, the 1-m telescope
at Weihai Observatory China (see details, for example,
Guo et al., 2014), and also for optical spectroscopy from
the 2.3-meter WIRO telescope (for details see: phys-
ics.uwyo.edu/~WIRO/Longslit/long_slit.html).

3. Multi-wavelength light curves

Fig. 1 shows multi-wavelength light curves. The B-band
magnitudes were obtained with different telescopes (see
figure caption) and have not yet been reduced to a com-
mon system to remove small systematic differences.

One can see that there are fast components of variabil-
ity with several brightenings and a slow decline in bright-
ness. From the end of the March 2017 until the end of the
observing season at the end of the July NGC 2617 was in
very low state with a small amplitude of UV and optical
variability. The correlation of the variability in different
wave bands can be clearly seen as well as some difference
in UV/optical and X-ray relative amplitudes of the last
brightening. We used the same method for determining

time delays as in our previous papers (see details in
Oknysnaky et al., 2017). Our cross-correlation analysis
confirms the high degree of correlation between the UV
and X-ray variability but with a small lag about 3 days.

The new IR JHK data are in agreement with our previ-
ously determined lags between the optical and IR (Ok-
nyansky et al., 2017). Fig. 2 shows UVW1 (Swift) vari-
ability compared with the K-band variability shifted by 24
days and with the amplitude scaled to the UVW1 variabil-
ity. More details on our cross-correlation analysis will be
given in a future paper.

4. Spectroscopic observations

In the 2016-2017 observational season we procured
spectra of NGC2617 in the Ha and Hf regions with 2
instruments: the 2.3-m WIRO telescope (8 dates) and 2-m
ShAO telescope (7 dates). The times of spectroscopic ob-
servations are shown by arrows at the top of Fig. 1.
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Figure 2: Light curves: points — UVW1 (Swift/UVOT) and
squares — K (2.5-m telescope of CMO SAl) shifted on -24
days and scaled to UVW1 following a linear regression.

For each date we usually obtained 3 spectra in Ho and H3
regions and averaged the calibrated spectra for each date.
Details will be described in a forthcoming paper. In Fig. 3
we show as an example just 3 of our spectra in the
HP region obtained in WIRO. These spectra show how the
intensity of HB was decreased from 2017 March 29 to
2017 May 3. From our photometry the deepest minimum
at all wavelengths was at April 27-28. As was shown by
Fausnaugh et al. (2017) the delay between the optical con-
tinuum and HP variability is about 6 days. This is in a
good agreement with our results. In our last spectra Hf3
still has a very low broad component but we suspect that
NGC 2617 is going to change its spectral type back to a
Seyfert 1.8 very soon.

5. Discussion

The most important question about CL AGNs is why
they show the changes in luminosity and Seyfert type. We
believe that the reason for the significant change in the
luminosity of NGC 2617 is probably not a change in ab-
sorption alone. We propose that a change in the energy-
generation rate led to a change in absorption. What caused
the observed change in energy generation remains the
main mystery as does the nature of AGN variability in
general.

We interpret the K-band emission as being due to re-
radiation by dust while the J- and H-band emission is due
to a combination of radiation from the outer accretion disk
and re-radiation by the hot dust. We have proposed that
the dusty clouds are located in a hollow bi-conical outflow
of which we see only the near side (Oknyansky et al.,
2015; 2017). We have noted that this model can explain
cases of changing Seyfert type. Gaskell & Harrington
(2017) have proposed that changes in Balmer line profiles
such as observed in NGC 2617 are due to clumps in the
dusty outflow partially blocking the broad-line region.
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Figure 3: Calibrated spectra of NGC 2617 in HP region
for 3 dates obtained with 2.3-m WIRO telescope. The
intensity is in erg/s/sm’/A, the wavelength in A.

We do not think that a tidal disruption event caused by
a star passing too close to a massive black hole can be a
common mechanism for CL AGNs, since the rate of tidal
disruptions is very low. An alternative possibility is that a
star does not get close enough to the black hole to be to-
tally disrupted and a less dramatic event might happen. If
the stellar orbit is bound and highly eccentric, just like
some stars in the centre of our own Galaxy, repeated flares
should occur. (Campana et al., 2015; Ivanov and Cher-
nyakova, 2006).

6. Conclusions

We have assembled optical light curves of NGC 2617
from 2010 from the MASTER Global Robotic Network,
and optical, UV, and X-ray light curves from 2013 on-
wards based on Swifi archival data. We have obtained
recent spectroscopic and photometric (from NIR toX-ray)
monitoring of NGC 2617 in 2016-2017.

We find that NGC 2617 remains in a high state (i.e., it
appears as a Seyfert 1), but from the end of the March till
the end of July 2017 the object was in very low level of
brightness and variability. We suspect that it was then in a
transition state and could soon be changing its type back
to Sy 1.8.

We continue to find that light-travel-time delays in-
crease with wavelength. The new IR data obtained from
October 2016 to May 2017 confirm our published (2016)
result of a delay of the K band of ~ 24 days relative to
UV/optical.
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ABSTRACT. We present the results of analysis of
2D distribution of galaxies in galaxy cluster fields. The
Catalogue of Galaxy Clusters and Groups PF (Panko
& Flin) was used as input observational data set. We
selected open rich PF galaxy clusters, containing 100
and more galaxies for our study. According to Panko
classification scheme open galaxy clusters (O-type)
have no concentration to the cluster center. The data
set contains both pure O-type clusters and O-type
clusters with overdence belts, namely OL and OF
types. According to Rood & Sastry and Struble &
Rood ideas, the open galaxy clusters are the beginning
stage of cluster evolution. We found in the O-type
clusters some types of statistically significant regular
peculiarities, such as two crossed belts or curved strip.
We suppose founded features connected with galaxy
clusters evolution and the distribution of DM inside
the clusters.

Keywords: Galaxies: clusters: morphological types.

1. Introduction

The fundamental problem of modern extragalactic
astronomy and cosmology is the scenario of structure
formation. The most popular concordance ACDM
model describes the Universe as a spatially flat, homo-
geneous and isotropic in a large scale. In the model
large-scale structures of Universe were formed from
the primordial adiabatic, nearly scale invariant random
fluctuations (Silk, 1968; Peebles & Yu, 1970; Sunyaew
& Zeldovich, 1970). Modern simulations, from well
quoted Millennium Simulation (Springel et al., 2005)
to Illustris Project (Vogelsberger et al., 2014, Artale et
al., 2017), show complex structure of sheets and fila-
ments with clusters of galaxies at the intersections of
this filamentary structure. The comparison the results
with observation data give us the way to reliable sce-
nario.

Galaxies in the galaxy clusters were and remain
the confident optical markers of structure of clusters

and their components. The features of distribution
of galaxies inside the cluster can be described as
the morphological type of the cluster. From the
beginning time of galaxy clusters study they were
divided to types according some schemes. Panko
(2013) summarized the classical schemes, including
both famous Bautz — Morgan (1970), Rood — Sastry
(1971) ones and less popular Lépez-Cruz at al. (1997)
and Loépez-Cruz & Gaztanaga (2001) approach. Im-
proved and integrated scheme (Panko, 2013) allows
to assign the morphological types corresponding to
cluster “concentration” (from C - compact, to I —
intermediate, and O — open), “flatness signs” (L
— line or F — flat, and no symbol if no indication
of “flatness sign” is present) and the role of bright
galaxies (cD or BG, if the bright cluster members
role is significant). Other peculiarities are noted as
P. “Flatness signs” can correspond to filamentary
substructure or preferential plane in cluster. The
designations can be combined, for example CFcD
or ILP. Note, the clusters CL-type were not found
(Panko, 2013). The fact can be understanding taking
into consideration the direction of evolution of galaxy
clusters from O-type (independently from “flatness
signs”) to C-type (Struble & Rood, 1982). This way of
evolution is confirmed by increase the ellipticity with
redshift for low-redshift galaxy clusters and groups
(Biernacka et al., 2009). According to ellipticity
determination (Panko & Flin, 2006) the “flatness
signs” — belts and strips — can be connected with DM
distribution inside the clusters and/or between nearest
large-scale structures, as was founded by Dietrich et al.
(2012) for A222 and A223 clusters. Some years before
hot gas filament connecting both clusters was traced
in X-ray by Werner et al. (2008). The compound
filamentary structure of DM inside the cluster can
be reflected in regular peculiarities, in particulary
as crossing belts or curved strips. We supposed
such regular peculiarities can by founded in clusters
with all types of concentration and select open galaxy
clusters as observational data for first step of our study.



122

Odessa Astronomical Publications, vol. 30 (2017)

Y a f

) PF 2070-3523 0.45.] b)
1500
0.40-]
1000
0.35-]

500 0.304

0.254 I

0.204

o4

-500

0.154
-1000-

PF 2070-3523 f c)

0.45 PF 2070-3523
L9 112°

L9 151°
0.40

0.35
0.30
0.25-] T
0.20

0.154

0.104

-1500 oey]

0.00

0.104
0.00

L

-2000 T T T T T T T 1
-2000 -1500 -1000 -500 0 500 1000 1500 X

T T T T T T T T T 1
1.0 08 -06 04 02 00 02 04 06 08[

T T T T T T T T T 1
1.0 08 -06 -04 02 00 02 04 068 08[

Figure 1: The map of galaxy cluster PF 2070-3523 with crossing L9 belts (a), dotted lines note the directions
for first (112°) and second (151°) belt, solid line shows the direction of main axe of cluster. The panels (b)
and (c) show the weighted densities in the bands across the belt for both cases, solid line corresponds to mean

weighted density, vertical bar illustrates the SD.

2. Observational Data and Mapping

Our study based on “A Catalogue of Galaxy Clus-
ters and Groups” (Panko & Flin 2006, hereafter PF).
The PF Catalogue was constructed on Miinster Red
Sky Survey Galaxy Catalogue (Ungrue et al. 2003) as
the observational basis. The full information in the
PF Catalogue contains the list of galaxies in the clus-
ter field for each PF galaxy cluster. Information for
galaxies includes RAsgog and Decoggg, rr magnitude,
major and minor axes and positional angle of major
axis of galaxy best-fitted ellipse accordingly to MRSS
(Ungrue et al. 2003).

We created the “The Cluster Cartography set”
(Panko & Emelyanov, 2015, hereafter CC) for quick de-
tail study of morphology of galaxy clusters. The cluster
map is constructed in rectangular coordinates recalcu-
lated into arcseconds. The symbols on the map illus-
trate the galaxy shape and orientation in the projection
on the celestial sphere, but size of symbol corresponds
to galaxy magnitude; calculation bases on MRSS data.
Additional brightest galaxies can be marked by darker
shades of gray (Fig. 1, b and Fig. 1, ¢).

CC allows us to find the overdense regions as circles
on case of C- and I-types of clusters or as belts/strips
for L and F clusters. In the last case the clusters is
divided to N bands. N can be 3, 5, 7, 9 or 11 and the
width of each band is 1/N part of diameter of cluster.
The numbers of galaxies in the bands are recalculated
to weighted densities of galaxies (Panko & Emelyanov,
2015). It allows to describe overdense features as L11
or L9 for L-clyster and F'7 or F'5 for F-clusters (the
numeral part corresponds N).

The map of PF 2070-3523 with crossing belts is
shows in Fig. 1, a. Note the direction of major axis
is in concordantly with directions of the belts (solid

and dashed lines in Fig. 1, a). The distributions of
waited density of galaxies for two L9 belts are shown
in Fig. 1, b and Fig. 1, ¢. The central maximum in
Fig. 1, b is significant, the cluster can be attributed
to F'7 type also. The case shown in Fig. 1, ¢ cor-
responds to second overdense strip, so classification
L9 is valid, without regard to asymmetry of histogram.

3. The Types of Peculiarities in Open Galaxy
Clusters

The PF Catalogue contains 453 rich galaxy clus-
ters without “boundary effects” connected with bounds
of MRSS. Their previous classification was made by
Panko and Gotsulyak (in preparation), and 254 PF
galaxy clusters were attributed to O-type. The list
was the observational base of present study. All clus-
ters were mapped by CC. Common distribution open
clusters according to subtypes is presented in Table 1.
6 clusters from 254 have feebly marked concentration
to the center (last lines in Table 1) without peculiari-
ties.

Table 1: Open PF galaxy clusters

Type  Number BG P
0 153 7 33
OF 59 6 5
oL 21 3 8
OLxF 15 5 )
10 1
Ol 5
All 254 (248) 21 51

For 153 pure O-type clusters 7 ones have peculiar-
ities connected with positions of brightest galaxies
(BCM). For example in PF 0016-3529 the brightest
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Figure 2: The examples of crossed belts, enhanced the orientation of the brightest galaxy (a), the positions of
brightest galaxies (b)and curved strip (¢) in open galaxy clusters.

galaxy placed in the center of clusters and difference
in magnitudes between first and second BCM is 0™ .4.
Certainly, it is not c¢D galaxy, but the situation is
not usual for O-type. In PF 0020-4224 (Fig. 2, a)
the brightest galaxy is on the cross of two belts and
have difference with second BCM 1™.4. Formally the
difference notes to c¢D definition for PF 0020-4224.
More, the alignment of brightest galaxy along to the
main belt in the cluster notes to especial role of the
brightest galaxy in PF 0020-4224 evolution. In OL
and OF cluster peculiarities in BCM positions were
found in 6 and 3 cases correspondingly. Another
case BCM peculiarities we can illustrate in Fig. 1, a
and Fig. 2, b: positions of tree and more BCM are
connected with overdense regions. Crossed belts in
open clusters were found in 15 cases and we recognized
theirs as significant subtype. We suppose it reflects
the DM filaments inside the cluster. Another types
of peculiarities, Y-form overdense region (PF 0017-
6446)or curved strips (Fig. 2, ¢). Other peculiarities
connect with weak seen overdense regions with BCM.

4. Conclusion

We found the significant regular peculiarities in open
galaxy clusters. More than 1/3 of cluster in our in-
put list have filamentary substructure, both rectilinear
and curved. We found 15 galaxy clusters with crossed
overdense belts attributed to special type of peculiar-
ity. Other peculiarities are rare, however Y-type over-
dense regions are confirmed by positions of BCM. We
suppose the founded features note to nonuniform dis-
tribution of DM in the open clusters. The direction of
overdense region must be connected with the orienta-
tions of galaxies in it. On the other hand, preferential
directions connect with positions of nearest neighbors,
and we can trace large-scale structure around galaxy
clusters.
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ABSTRACT. Solution of the two important prob-
lems requires a study of long-term behavior of the
magnetic field on stars with nondegenerate matter:
firstly, to define the role of the magnetic field on
different evolutionary stages of stars; secondly, to
know the influence of the star’s activity on space
weather in the habitable zone. This brief review
summarizes the first results of the long-term magnetic
field measurements on selected stars.

Key words: stars: activity — stars: late-type — stars:
magnetic fields.

1. Introduction

Today we have a wide range of outstanding issues
associated with the magnetization of the stellar mat-
ter: the origin of the stellar magnetism, the role of
the magnetic field in the star formation and evolution,
their rotational structure, mass loss, coronal activity
and others activity phenomena.

Stellar activity cycles like the solar cycles have been
found almost half a century ago. During this pe-
riod, researchers have crystallized a number of im-
portant problems: measuring the duration of the ac-
tivity cycles, the interplay between activity cycles,
evolutionary status and stellar rotation, the variabil-
ity of activity cycle duration and multicycles, and
so on. Despite the facts that the regular, gener-
ally photometric, monitoring of some objects is car-
ried out for decades, and the long-time datasets ob-
tained by the space telescopes allow to discover short
(0.5-6 years) cycles of activity for thousands of stars,
the most of the task remain unsolved.

We present here the brief review of the first results
of long-term measurements of the magnetic field on
the selected stars.

2. Long-term variability cycles of selected stars

Radic et al. (1998) have found that the younger,
more active stars “tend to become fainter as their HK

emission increases, whereas the older, less active stars
tend to become brighter as their HK emission increases,
as the Sun does during its activity cycle.”

The Sun. The absolute values of the General Mag-
netic Field (GMF) of the Sun as a star varies with
the phase of the 1l-year sunspot cycle. Today it is
well known that in an epoch of the maximum of the
solar activity (a maximal number of sunspots, a max-
imal flux in the chromospheric Ca II HK emission, a
maximal visual photometric brightness, and so on) the
GMF reaches its maximum (~ +2 G) and in an epoch
of the minimum solar activity GMF reaches its mini-
mum (~ £0.2 G). In other words, the variability of the
GMF of the Sun as a star correlates with the phase of
the sunspot cycle.

61 Cyg A. First results of the investigation of long-
term magnetic field behavior on the old solar-like K-
dwarf star 61 Cyg A was published by Saikia et al.
(2016). 61 Cyg A shows Ca II emission periodicity in
the time interval of about 7.3 years (Baliunas et al.
1995). But in spite of the above mentioned conclu-
sion by Radic et al. (1998) in the case of 61 Cyg A
Saikia et al. (2016) supposed a weak anti-correlation
between the absolute value of the longitudinal mag-
netic field |B;| and the S-index of the calcium chromo-
spheric emission.

B Aql. For the next stage in the evolution of solar-
like stars, convective subgiants, first long-term mea-
surements of the longitudinal magnetic field have been
performed by Butkovskaya et al. (2017). The authors
have carried out the spectropolarimetric observations
of 8 Aql (Vinag = 3.7, G8 IV-V) over 51 nights from
1997 to 2015. The results of this investigation is shown
in Figure 1.

The upper panel of Figure 1 shows averaged in
10 bins V-brightness, which are phased with suspected
activity period of about 969 d. The photometric data
was taken from the All Sky Automated Survey (ASAS)
and includes 344 measurements.

In the bottom panel of Figure 1 the total range of
magnetic field variation, AB = Bpax - Bumin, folded in
phase with the 969 d period are presented. One can
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Figure 1: Upper panel: The V-brightness averaged in
10 bins phased with the 969 d activity period. The
least-square sinusoidal fit is shown by the dashed line.
Bottom panel: The range of magnetic field AB cal-
culated using the magnetic field values falling in the
same phases of the activity period. The SD = 5.5 G of
these AB values from the fitting curve is shown as an
error bar around the first value. The best least-square
sinusoidal fit to AB is shown by the dashed line.

see that the maximum of AB fitting curve coincides in
phase with the brightness minimum.

Vega. For more than six decades Vega has been ac-
cepted as a standard star in the near infrared, optical,
and ultraviolet spectrum bands. Vasil’ev et al. (1989a)
shows that the flux density E5556 produced by the
emission of Vega at the wavelength A = 5556 A, varies
with a period of 23 — 25 years. This variability has been
investigated in detail by Merezhin (2001), but the re-
sults of his study remained unrecognized. Butkovskaya
et al. (2011) have analyzed their long-term spectral
data and have verified the long-term variability cycle
of Vega. They have found the cycle duration of 7697 +
157 d (21.28 year) and have concluded that the spec-
tral and photometric standard Vega is a variable star.
However, the physical mechanism of the long-term pe-
riodicity should be investigated. Also, the question
"Does the magnetic field of Vega vary during the 21-
year period?” should be answered.

3. Discussion and Conclusions

In contradiction with the solar correlations of the
brightness, Ca II HK chromospheric emission and the
range of the magnetic field variation, 61 Cyg A shows a
weak anticorrelation between the cyclic magnetic field
variation and Ca II HK chromospheric emission and
B Aql shows the anticorrelation between the cyclic
magnetic field variation and V-brightness.

On the other hand, the rapid increase in the number
of discovered planetary systems strengthens the impor-
tance of the question of space weather on planets in the
Habitable Zone (HZ). The possibility of origin of life on
a planet in the HZ depends strongly on the magnetic
activity of the hosting star whose activity level depends
on the phase of the Hale cycle.

”The HZ is the circumstellar region inside which a
terrestrial planet can hold permanent liquid water on
its surface” (Selsisetal.,2007). NASA:” Conditions on
the Sun and in the solar wind, magnetosphere, iono-
sphere and thermosphere that can influence the perfor-
mance and reliability of space-borne and ground-based
technological systems and can endanger human life or
health.”

Planets in the HZ of active stars can be exposed to
high levels of X-ray and UV radiation and high-energy
particle fluxes from the stellar wind or coronal mass
ejections. Such high emissions are the result of the
stellar magnetic activity and they can induce impor-
tant thermal and non-thermal atmospheric losses to
space, potentially able to strip the whole atmosphere.
Therefore, to study the impact of the hosting star ac-
tivity on the magnetosphere of planets the knowledge
of the range of variability of the magnetic field of the
hosting star is required.

As the duration of the activity cycles in stars of
different spectral classes can reach several decades,
long-term spectropolarimetric observations are re-
quired to detect these cycles and to investigate cyclical
changes of the magnetic field.
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ABSTRACT. We made our CCD-observations of GSC
3950-00707 by using the telescope Celestron-14 of Vihor-
lat Observatory and Astronomical Observatory on Kolo-
nica Saddle. The moments of minima were calculated by
using the symmetrical polynomial fit. We also analyzed
the observations from automated surveys ASAS-SN and
found 3 mean minima by using trigonometrical polyno-
mial fit. The analysis of our observations and data from
the surveys allows to conclude that it is the W UMa-type
variable and its published period value is not accurate. We
analyzed the O-C curve and corrected the elements.

Keywords: eclipsing variable stars; W UMa — type; in-
dividual: GSC 3950-00707.

1. Introduction

The eclipsing binary GSC 3950-00707 was discovered
as the second variable in the field of V2551 Cyg (Devlen,
2009). There are only 2 publications concerning GSC
3950-00707 (Devlen, 2009; Hiibscher, 2016). In the paper
(Devlen, 2009) its light curve was built and the elements

Min I (HID) = 2454232.5278(0.0004) +
0.4120(+0.0001) x E

were obtained. It was classified as EW variable (eclipsing,
W UMa-type).

In the paper (Hiibscher, 2016), only 1 minimum was
listed for the variable.

Now we present the study of GSC 3950-00707 by us-
ing our CCD and archival data from sky survey ASAS-SN
(Kochanek, et al., 2017)

2. Observations and O-C analysis

The observations were obtained by the Ukrainian obser-
vation group during the international Astrocamp “Variable-
2017” (that was held by Vihorlat Observatory in Humenne
at their observation station at the Kolonica saddle (Kudze;j
& Dubovsky, 2017)). The observations that performed on

20 and 22.07.2017 cover only 70% of the phase curve with
the gap in one of the minima. So the additional observations
were made on 29.09.2017 by Pavol Dubovsky. We used the
telescope Celestron Edge HD CGE Pro 1400 (14 inch-
diameter) and CCD-camera MII G2-1600. In this paper. we
present the correction of the ephemeris based on our the
observations in the R-filter.

Four minima were determined from our CCD-
observations by applying the symmetrical polynomial fit
of statistically optimal degree (Andrych et al., 2016).

We also analyzed the observations from automated
survey ASAS-SN (Kochanek et al., 2017). We divided the
all data for our object in this survey into 3 intervals of
observations (and for each interval we calculated values of
the period and the initial epoch according to mean mini-
mum by using trigonometrical polynomial fit (of 4 and 6
degrees) in the FDCN program (Andronov, 1994).

In the Table 1, all moments of minima of GSC 3950-
00707 are listed. There are two minima taken from Devlen
(2009); Hiibscher (2016), which we assign as primary
ones (since in the curve by Devlen (2009), the minima
have approximately equal depth and division into primary
and secondary shows only their parity), our minima (in
this term, 1 primary minimum and 3 secondary ones) and
3 mean minima obtained by using ASAS-SN observa-
tions. The mean minima we assign as the secondary ones
and we take to account their O-C with the shift of 0.5P.

O-C curve built by using all these moments of minima is
presented in Fig. 1. It shows that the period and initial ep-
och by Devlen (2009) are not perfect. We made two ap-
proximations of O-C: simple linear (1) and weighted linear
(2) with squared reversal accuracy of the moment as the
weights. According to the coefficients of linear approxima-
tion of the O-C curve, we obtained the corrected elements:

Min I (HJID) =2457310.64970+0.00056+

+(0.41198165+0.00000020)E (1)
Min I (HID) =2457310.64891:+0.00032-+
+(0.41198158+0.00000012)-E  (2)
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According to our light curve in the R-filter built ac-
cording to our elements (2) that shown in Fig 2, the min-
ima from literature probably are not primary, so, in the
final elements. the initial epoch is shifted by -0.5P.

3. Conclusion

We collected 9 moments of minima and corrected the
period by using the O-C curve.

Our CCD-observations show that the secondary mini-
mum is flat, indicating a total eclipse in a system of com-
ponents which are very different in sizes and masses.
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Figure 1: O-C curve by using different data (see Table 1)
and its weighted linear approximation. Red and green
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lines show the 1 and 2 standard deviations, respectively.
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Table 1: Moments of minima and O-C according to the elements of Devlen (2009) and our elements (2)
Source of data Moments of min- Cycle O-C for Period O-C for our | Primary
ima number | (Devlen, elements (2) | /secon-
(E) 2009) dary
2454232.5280 0.4120
(Devlen, 2009) 10,0004 0 0 £0.0006 -0.0005 | 11
. 2456891.4612
(Hiibscher, 2016) +0.0006 6454 -0.1148 0.0036 | II
ASAS-1 2457222.4850 0.411975
(J.D. 24557084-24557334) +0.0008 72573 0.1330 +0.000002 0.0001 1 1
ASAS-2 2457590.3856 0.411983
(J.D. 24557453-24557717) +0.0013 8130.5 0.1484 +0.000004 0.0012 1 1
ASAS-3 2457893.6062 0.411964
(J.D. 24557826-24557950) +0.0017 8886.5 0.1598 +0.000016 0.0033 1 1
Our CCD-observations 2457955.4002
20.07.2017 10.0003 9036.5 -0.1658 0.0001 | I
Our CCD-observations 2457957.4600
22.07.2017 10.0003 9041.5 -0.1660 0.0000 | I
Our CCD-observations 2458026.26009
79.09.2017 +0.0003 9208.5 -0.1699 -0.0008 | I
Our CCD-observations 2458026.46696
29.09.2017 +0.0002 9209 -0.1690 0.0000 | II
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ABSTRACT. The macroscopic characteristics of
the degenerate dwarves were calculated based on the
equation of state of a spin-polarized electron gas at
T = 0K as well as at finite temperatures. It was
shown that the spin-polarization cause an increase of
the radius and mass in comparison with the charac-
teristics of standard Chandrasekhar model. Within
adopted model, the value of critical mass was esti-
mated, by which an instability due to general relativity
effects occurs. Parameters of model are: the relativis-
tic parameter xy at stellar center, the chemical com-
position parameter u. = (A/Z), the degree of spin-
polarization ¢, the dimensionless temperature of core
Ty = kpT./moc? and its radius & = R./R (R. is the
core radius, R is the radius of a dwarf). The inverse
problem for a sample of massive dwarfs was solved us-
ing the known masses and radii and the parameters
20, Tf were found for fixed values of spin-polarization.

Key words: degenerate dwarf, critical mass, rela-
tivistic parameter, spin-polarization.

PACS 97.20Rp, 97.60Bw
1. Introduction

The theory of the degenerate dwarfs was developed
by S. Chandrasekhar in the 40-th years of the XX cen-
tury, where the idea of R. Fowler’s about mechanism
of their stability and degeneration of electron subsys-
tem [1, 2] was used. The Chandrasekhar model is two-
component — it is a completely degenerate relativistic
electron gas at absolute zero temperature and the static
nuclear subsystem, which is considered as continuous
classic medium. It has two parameters — the relativis-
tic parameter zo = (37%ng)/3h/moc (where ng is the
number density of electrons in the stellar center of star,
my is the rest mass) and the chemical composition pa-
rameter p. = (A/Z) (A is the mass number, Z is the
number of protons in the nuclear)[3].

The standard Chandrasekhar model corresponds to
non-magnetic massive dwarf, in which electron sub-
system is in the paramagnetic state. At the same
time from the observations are well known dwarfs with
the masses which are very close to the Chandrasekhar
limit M., ~ 1.44Mg or even exceed it [4]. Among
these dwarfs can be stars with both weak and strong
magnetic fields. The model of magnetic dwarf pro-

vides a simple interpretation of features of “super-
Chandrasekhar” dwarfs and the existence of super-
bright Ia type supernova.

Generalization of Chandrasekhar model for the case
of finite temperature and consideration of magnetic
field allows simultaneously to take into account the
influence of these important factors on dwarfs. We
constructed the model with five dimensionless param-
eters — the relativistic parameter zy at stellar center,
the chemical composition parameter p., the degree of
spin-polarization ¢, the dimensionless core temperature
T¢ = kgT./moc? (the value T§ = 1 corresponds the
temperature in stellar center 6.04 - 10°K) and the di-
mensionless core radius {g = R./R. Rough estimates
of temperature of the degenerate dwarfs, which was
obtained on the basis of their low luminosity, give the
value of the order 10 + 107 K. Such factors, as the in-
complete degeneration of electron subsystem, radiation
pressure, and the thermal motion of nuclei, should be
considered in the consistent theory of internal structure
of these stars [5, 6].

In this work we consider model of magnetic dwarf at
both absolute zero as well as finite temperature. We do
not consider explicitly a magnetic field, which in the lo-
cal approximation is assumed to be homogeneous. We
restrict the consideration of the model, where the av-
erage occupation number of electrons nk s(r) depends

on the projection of the spin direction on the magnetic
field [7].

2. The spin-polarized model at 7' = 0K

Let’s consider an uniform model of the ideal rel-
ativistic degenerate electron gas, which consists of
N electrons in the volume V influenced by a stable
external magnetic field in the thermodynamic limit:
N,V — o0, N/V = const.

In this model exists one selected direction, namely
the direction of the vector of magnetic field intensity,
and we assume that Nk,1/2 > Nk,—1/2-

The value

1
(k= n*k(nk,uz — Nk, _1/2)

(1)

determines a degree of polarization of the electron gas,
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where

Nk = Nk,1/2 + Nk,—1/2- (2)

From here we will assume, that the degree of spin-
polarization does not depend on the wave vector,

(= (ne—n), n=nitn, )

where n, = N,V ! is the number density with given
projection of the spin on the direction of the field. From
the equation (3) we find, that

1

ny =5 TL(]. + C)a
2 4
2 (4)

_==n(1-2).

no=sn(l—Q)
From the normalization condition Zk}s nk,s = N we
obtain the expressions for the Fermi wave numbers,

which correspond to different projection of the spins:
ke =krdo, Ay = (143, )
A= 1-=0Y3 kp=(3x2n)'/5.

The equation of state in the spatially two-component
homogeneous case of the electron-nuclear model at
T = 0K has a parametric representation [7]:

To

ﬂmoc B dyy?
P =3 T ) ]:(za)4/(1+y2)1/27
0

Myfle (MoC\3 3 (
p:muuezno’ = (7) Ly
h

672
o

0= (+’ _)v

where z, is the relativistic parameter in our model.
To obtain the equation of state for inhomogeneous
model, we should perform the replacement x —
x(r), Py = Py(1), p = p(r), x5 — x,(T).
According to the formulae (5)

T (r) = 2(r) Ao, (7)

where z(r) = hkp(r)(moc) ! corresponds to the Chan-
drasekhar model with paramagnetic subsystem.
Let us consider the mechanical equilibrium of star

T o™ ) sy, ()

where P(r) is the pressure on the sphere of radius r,
p(r) is local density, M(r) is a mass inside that sphere.
The system of equations (8) is reduced to the nonlinear
differential equation of second order for z(r)

r2

1d { [ A5 N A2 }x
r2 dr \/1+x2 A2 \/1+x2(r)/\2_
5 64m2mict
3(he)3

(9)

< a(r) dr} — Glmup) 2(r)

in which A4, A_ are the parameters, mentioned above,
moreover )\i + A3 =2

In a general case at arbitrary value of the parameter
¢, the equation (9) also can be reduced to the equa-
tion of the standard Chandrasekhar model using the
substitution

20N 1) = efu(e), € = 5

where (10)

0 — Z /\3 )\2)1/2 }

To rewrite the right side of the equation (9) in terms of
y(&), let’s determine z(r) from the equation (10). We
reduce this expression to the biquadratic equation

az* — bz 4+ ¢ =0, (11)
where
a= ()\i - A§)27
b(y) = 2{(\} + 2)[(e§y)? + defy)+
AP (A5 +A0)), (12)
c(y) = [(e§)? + 4e5yl{[(=5y)? + 4efyl+
+4(A A3}

The equation (11) has four real roots — two positive and
two negative. The physical meaning have only positive
roots. From them we choose that one, which in the
limit ¢ — O(when A;,A_ = 1) is a positive root of
quadratic equation c(y) — b(y)z? = 0, because in this
limit @ = 0. Thus we find, that

w(r) =272\ =AM b(y) — e(w)]V?, (13)
where

o(y) = {b*(y) — dac(y)}'/? = 42 + efy) (AL A_)*

(14)
X LA [(e59)® + defy] + (A% +A2)%H/2,
The equation (9) in a dimensionless form is
1 d 2 > V2()\8 8 \—1
== — (V2008 -8
< (5 a4 v ) (15)

x (£6) 7' Bly) — )]/ F

and satisfies the boundary conditions y(0) = 1,3'(0) =
0 and the condition y(¢) > 0. The scale factor X is
determined by the expression

32m2G £5)°
W{muﬂemoc2)\20} = 1, (16)

which in the limit ( — 0 coincides with the result of the
standard model [3]. The dependence of the solutions
of equation (15) on the relativistic parameter and the
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Figure 1: The solutions of equation (9) at fixed value
¢ = 0.9 for four values of zg.

1

0.8 -

0.6

0.4 4

0.2

Figure 2: The solutions of equation (9) at fixed value
20=10(=0-curvel,(=0.2 —curve 2, (=04 —
curve 3, ¢ = 0.6 — curve 4)

degree of spin-polarization is illustrated in figures 1
and 2. The total mass of a star is the function of
parameters g, fle, (:

M,
M (20, pelC) = TSM@O\Q,

are the scale factors, &;(xg|¢) is the dimensionless
radius of star, which corresponds to the condition
y(&1(zo[C)) = 0.

The “mass-radius” relations obtained in the standard
(solid curve) and spin-polarized models at different val-
ues of the parameter ¢ are shown in fig. 3.

e MIM,

25 1

151

0.5

Figure 3: “Mass-radius” relation at different value ¢
(¢ =0 —solid curve, ( = 0.2 —curve 1, ( =04 -
curve 2, ( =0.6 — curve 3, ( = 0.8 — curve 4 )

3. Influence of finite temperature effects on
the spin-polarized model

In this section we briefly consider a model, which dif-
fers from the standard Chandrasekhar model by simul-
taneous accounting of magnetic field and finite temper-
ature effects in the ideal relativistic electron systems.
Here a dwarf is considered as spherically symmetric ob-
ject, consisting of two regions — isothermal core with
temperature T and radius R, (occupies almost all vol-
ume of star) and a thin surface region, where the radial
temperature distribution is approximated in the form
T(r) = Ty (/1 +22(r) — 1)eg '(x.). By the averag-
ing of temperature throughout the volume of a dwarf,
as it is shown in [5, 6], the equation of model can be
approximately represented in the reduced form:

(17) _ 4,0 Ty \*
M(xo[¢) =f%(:co|<>‘dy —2.01824--- | Pred—fof(T){H 37 (WO)) S(xoafo)}7(20)
A€ g, (zolc) o
The radius of a star is determined by where i y
Riao, 1ol0) = Mex(aol) = 2850 1g)  S(ao,0) =eo<xo>{ / dw%‘”’(r)} x
He€q ;

Here R R

N2 1 sp3N\Y? x {/drrzf(x(r))—i—/derx (21)
Ry = (> = () =1.12-10°Rg,

2 47 \ cG MMy (19) 0 R

3\'2 1 [ he \*? (V1+a%(r) —1)°
= (3) 5 (ang)  mem2sonte SR T
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Fa(r)) = o (r)[r +x (‘;)(]L(ri)_k 22(r) — 1] |

eo(ze) =/1+2a2 -1, z.=xz(R.),
Flz(r) = z(r)(22%(r) — 3)\/1 + 22(r)+
+3In[z(r) + /14 22(r)].

Here F(z(r)) is the contribution of the ideal degenerate
relativistic electron gas, R is the radius and §, = R./R
is the dimensionless radius of star, z. is the value of
the relativistic parameter on the edge of the isother-
mal core. Here the averaging is carried out using the
mechanical equilibrium equation solutions at T' = 0K
[3], and contribution to the pressure of finite temper-
ature effects is considered as a correction. Using the
reduced equation (20) and the dimensionless variables
(10), the equation of state can be rewritten in the form,
which was obtained in the previous section

617% (5232/) = VAR -5 (22)
x (26) 7 bly) — )] ?Y°.
However, the new scale A is determined by:
2
%{muuemoc%\gﬁ} =, (23)
where
4, ( Ts Y

’I7=1+§7T (Eo(fﬂo)) - S(x0,&0). (24)

Since the equilibrium equation does not contain the
temperature as a parameter, the macroscopic charac-
teristics of a star, such as mass and radius, can easily
be rewritten in the following form:

X
R(‘rﬂa He, <|§05 T(T) = ROLOLC)nl/za
He€q

M,
M(l‘o, He, C'an T(Sk) = TQOM(:EMC)T]?)/Q

e

(25)

Figures 4, 5 illustrate the dependence of mass and ra-
dius on the relativistic parameter zy at fixed values of
the polarization parameter (, the dimensionless radius
&o and different values of the dimensionless core tem-
perature 7;j. The temperature effects become more
significant with decreasing of the relativistic param-
eter, i. e. decreasing dwarf mass. As can be seen
from the figures, our model is not appropriate for low-
mass dwarfs, because in such stars the temperature ef-
fects can not be considered as a correction. Therefore
the branches of curves for which a mass are monoton-
ically decreasing function of the relativistic parameter
are non-physical. On the other hand in the region of
large values of relativistic parameter, i. e. for massive
dwarfs, the temperature effects are not significant.

£,=0.95, 7=0.8

%

Figure 4: Dependence of dwarf’s mass M on the rela-
tivistic parameter xg at fixed value of the dimensionless
radius &y and the polarization parameter ¢ for differ-
ent values of the dimensionless temperature 7§ (solid
curve — T = 0).

S | PRR ‘

o £,=0.95, =0.8
6 - ‘STO*:O.OS

51&\\—%‘:0.01

Figure 5: Dependence of dwarf’s radius R on the rela-
tivistic parameter x( at fixed value of the dimensionless
radius &y and the polarization parameter ¢ for differ-
ent values of the dimensionless temperature T (solid
curve — T = 0).

We have used the sample of white dwarfs of DA
spectral type from SDSS DR4 [8] and formed the sub-
sample of the massive dwarfs with masses M > 0.3M,
(M > 0.87Mg), because for such objects our model
is appropriate (the temperature effects are small), on
the other hand such objects can have strong enough
magnetic fields.

Using the known values of masses and radii of the
dwarfs, we can find from the system of equations (25)
two parameters of the model xg, 7. At the same time
other parameters are considered as free. The parame-
ter p, is close to 2.0, we have taken the values from the
work [5] for the same sample of objects. In the massive
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dwarfs the isothermal core occupies almost all volume
of the star [6], so the parameter & must be close to
one. In this work, we have taken the value &, = 0.99.
The dependence of the dimensionless temperature
T on the relativistic parameter zp for (as an exam-
ple) five massive dwarfs at the values of the spin-
polarization ¢ = 0.10;0.15;0.20;0.25;0.30 is shown in
fig. 6. As can be seen from the figure, with increasing
parameter ¢, i. e. models with stronger magnetic field,
central temperature of dwarf considerably drops, and
the relativistic parameter in its center slowly increases.

0.035

N X
T .
0.03 1 )
x x 5
] - . x
0.025 . . 3 4 .
. .
0.02 1 .
.
0015 1
001 1 7=0.10 x
=015 =
=020 o
0005 1 7opa25 .
(=030 -
Xﬂ
0 ‘
1.7 1.75 1.8 1.85 1.9 1.95 2 2.05
Figure 6: Dependence of the dimensionless temper-

ature 7 on the relativistic parameter xy for the

group of massive dwarfs at different values of the
spin-polarization ¢ (the dwarf 1 — M = 0.870M),
R = 0.0103Rg, T.py = 38630K; 2 — M = 0.871Mg,
R = 0.0094Re T.ry = 10330K; 3 — M = 0.871Mg,
R = 0.0097Rq, Teps = 19270K; 4 — M = 0.901 M),

R = 0.00963Rg, Toyp = 26120K; 5 — M = 0.931 Mo,
R =0.0093Rg), T.p; = 27460K).

In table 1 is shown the obtained data from the obser-
vations for the massive dwarfs (columns 2-4) [8], as well
as determined parameters of the model [5], taking into
account only incomplete degeneration of electron gas
(columns 6-7), and considered here model, which also
takes into account spin-polarization (columns 9-18). x
and fi. are the values of the relativistic parameter in
the stellar center and the average chemical composi-
tion parameter for the absolute cold white dwarf in
the Chandrasekhar model (columns 5 and 8).

4. Critical mass and stability

For the massive dwarf at absolute zero temperature
the relativistic parameter is sufficiently high (o > 10).
In the ultrarelativistic limit the equation of state of
electron subsystem has a polytropic character,

4.5 4 4
mmoc® g (AL +AT)
P(r)= e (r) — (26)

Therefore for calculation of the dwarf’s mass, taking

into account the general relativity effects, we can use
the approximate dependence between energy and mass
of a star which is similar to that of Zeldovich and
Novikov [9] for the paramagnetic state of electrons. For
the case of our model

E 2={AM — BM®/3pL/3 4+ CMp;1/3—
m062 (27)

HeTly

—DM7/3,03/3— M

where M is the mass of dwarf, p. is the central density.
The first three terms in the right side of this equation
correspond to Newton approximation, and the term
(=DM"/ 3pg/ 3) approximately takes into account the
contribution of general relativity effects. Here is used
the following notations:

7’7’1;%63
A:le, B:k2G7 C:kgw,
G2 31/372/3 he (L + 1)
D=ky—, K= : LR
4 2 4 (mu/ie)4/3 2 ) (28)

k1 = 1.75579, ko = 0.639001,
ks = 0.519723, k4 = 0.918294.
For convenience in the following calculations we rewrite

energy and mass in dimensionless form (in units
EOvMO)

M,
M= /TEOM(%K),
E GM?
B= €@l Eo= %L, (29)
13 _ gy (Mubte ) Moc
pc ﬁE()( 37'['2 ) h _LU()(S

With dimensionless variables the formula (27) is trans-
formed to the following form:

2)1/3
amogﬁﬁ4)

3 1/3 5/3 Xo

55 M (wol¢) (352) /3
T

(1+36%) Maole)-
(30

ki4 JJ(Q) mo

= 2 g M 0lC) = Mol

From the equilibrium condition %6’ (20]¢) = 0 we find
biquadratic equation for mass as a function of the rel-
ativistic parameter at small values (:

2 2 kl k2 2/3 kg (3’/T2)1/3
(1 +5¢ ) T (47T)1/3M (wol¢) — — "
:ZC4 o mo ( )

M3 (x0[¢) = 0.

(27T2)1/3 . My e
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in the Newton approximation for large relativistic pa-
rameter

N 2, 3/2 1 NP2 2
Ml = (14+3¢) () 5=

{1+ ECQ 2 kg Ky 6307/ N
9 K2 g

(32)

Taking into account the general relativity effects leads
to a decrease of the dwarf’s mass. In particular, for ( =
0 there is such value J:((JO) when 8%0/\/1(:130\0) = 0. This
value determines the critical mass allowed for white
dwarf and it can be found as a root of the equation

2]423 (37‘(2)1/3 k‘4 mo 4/3 o
o O muueM (20/0) =0, (33)

where M (z0]0) is solution of the equation (31) at
¢ = 0. The instability of paramagnetic dwarf oc-
curs in the point x(()o). The critical mass of corre-

sponding dwarf is less than the Chandrasekhar limit

2
Mo = ()" =22
ch = \ &y 1

In the case ¢ # 0 the solution

245

Q)

24 1
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205

Figure 7: Dependence of the critical relativistic param-

(©

eter x>’ on the parameter ¢.

of equation (31) can exceed the Chandrasekhar limit
and maximum mass (when the instability occurs) is
achieved by some CL‘(()C). The values x(()o and M (xo|C)
are determined by the equations (31) and

2]€2 (3712)1/3 k4 mo 4/3
— . 0)=0. (34
x% (27r2)1/3 My eM (20/0) (34)

The dependence of critical value of the relativistic pa-
rameter xéo and the dimensionless mass M (zo|¢) on
the parameter ¢ are shown in figures 7, 8. As we can
see, the consideration of spin-polarization of electron
gas in the model of white dwarf structure can yield
dwarfs with masses exceeding the Chandrasekhar limit
up to 40%. The critical value of relativistic parameter
in stellar center (i.e. central density) decreases with in-
creasing polarization parameter and in the model with
fully polarized electron subsystem is equal to 20.9.

2.8

M(x,12)
27 4

2.6
25 1
24 4
2.3 1
2.2 1

2.1 A

19

Figure 8: Dependence of dimensionless mass M (x¢|()
on the parameter (.

5. Conclusions

In our work we have shown that the degree of spin-
polarization and the influence of finite temperature ef-
fects of the electron subsystem can affect the macro-
scopic characteristics of degenerate dwarf, in particular
increase the radius and especially the mass comparing
with the standard Chandrasekhar model. The influ-
ence is stronger on dwarfs with low masses and is weak
for massive ones. We have found the parameters of
subsample of massive dwarfs in the model, where both
the temperature effects and spin-polarization are taken
into account. In the frame of our model we have ex-
amined the influence of general relativity effects on the
critical mass of degenerate dwarf at which the instabil-
ity occurs and have shown that it can exceed the Chan-
drasekhar limit up to 40%, what allows to explain the
existence of super-Chandrasekhar white dwarfs.
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ABSTRACT: In our research, we have studied 6 close
binary stellar systems which are eclipsing variables of
Lyrae and W Ursae Majoris types of variability. We have
studied their O-C curves. To build them, we used
moments of minima, listed in the BRNO database. Also,
we used ones, which we obtained as the result of
processing of observational data taken from AAVSO
database. As the result of the O-C analysis, we detected
that all of these stars have parabolic O-C curves, which
might be caused by mass transfer from one component to
another. In an addition, 3 from researched stars (U Peg,
V0523 Cas and WZ Cyg) have superimposed parabolic
and cyclic O-C changes that could be caused by presence
of the third components in the systems. Also, we
calculated minimal possible masses of third components,
rates of the mass transfer for these systems and corrected
the ephemerides.

Key words: eclipsing binaries, O-C curve, p Lyrae
type, W Ursae Majoris type, ephemerid; stars (individual):
WZ Cyg, V0388 Cyg, SX Aur, BF Aur, U Peg, V0523 Cas.

1. Objects of study

We have selected the variables for the analysis of
periods changes using several main criteria. We chose the
stars, observable through the small telescope during the
most part of the year from Europe. Therefore, the selected
stars have to:

e be bright enough (no fainter than 12-14 magnitude in
the primary minimum);

e be located in the northern hemisphere of the sky;

e have short period (less than two days);

e have large enough amplitude of variability;

e have significant cyclic or secular period changes.

In an addition, the selected stars should be described at
least in one research, in which we can find masses of the
system’s components (Bell, Adamson & Hilditch, 1987;
Borkovits et al., 2005; Giuricin & Mardirossian, 1981;
Lee et al., 2011; Kallrath & Strassmeier, 2000; Samec,
Faulkner & Williams, 2004).

In this paper, we discuss 6 eclipsing binary stars:
BF Aur, SX Aur, U Peg, V0388 Cyg, V0523 Cas and
WZ Cyg. All of them are close binary systems, in which

two components are deformed by their gravitational
interaction.

2. Observational data and moments of minima

We used observations from different sources. Most of
them were international databases, such as American
Association of Variable Stars Observers (AAVSO)
[http://lwww.aavso.org/], Brno Regional Network of
Observers  (BRNO) [http://var.astro.cz/ocgate/] and
Northern Sky Variability Survey (NSVS) (Wozniak et al,
2004). The information about coordinates, constellations,
spectral types and others was taken from the “General
Catalogue of Variable Stars” (GCVS) (Samus et al., 2017).

For the variable V0523 Cas we also used our own
observations obtained in filter R during international
Astrocamp “Variable-2017” (http://www.astrokolonica.sk/
en/events/variable/).

From the AAVSO database, we used the observations
in the filters V, B, R and the visual ones for the variable
stars BF Aur, SX Aur, U Peg, V0523 Cas and V0388 Cyg.
Observations from the NSVS (in R-band) we used for
WZ Cyg.

To collect the long series of minima, we used a large
collection of ones for different eclipsing binary stars made
by many authors and published in different articles on the
web service BRNO [http://var.astro.cz/ocgate/].

Also, we processed all available observations by using
the symmetrical polynomial fit (Andrych et al., 2015). That
procedure was done for our own observations and those
taken from the AAVSO database or from the NSVS, if
there was not enough data in AAVSO. Phenomenological
modeling of eclipses was reviewed by Andronov,
Tkachenko & Chinarova (2017).

3. Methodic and hypothesis
3.1. O-C analysis

For all available moments of minima, we calculated
values of O-C. Then, we built the O-C curves. For the
stars with cyclic period changes (which we interpret as
periodic within errors of observations), we defined the
period and amplitude of the O—C changes.


mailto:dtvardovskyi@ukr.net
mailto:vmarsakova@onu.edu.ua
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The period and other parameters have been determined
using the non-linear least squares fit, which takes into
account simultaneously the algebraic polynomial trend, as
well as multi-harmonic periodic wave. For this purpose,
we have also used the program MCV (Andronov &
Baklanov, 2004), which realizes the algorithm of fitting of
the observations with the general formula:

xc(t) = TPl
£0))+ Cp+2/+1sin(yw(E—£0))),

Ci(E = Eo)*™ + Z3-1(Cpazj cos(w (E —
®
where x. is the value of function (in our case function is O-
—C), E is the cycle number, E, is the fixed value of E,
which we set as initial, w = 27T/T is the rotation frequency,

T is the period of changes of orbital period (P) of binary
system; j, k,p,s are the integer numbers. The first part
describes an algebraic polynomial trend of degree p and the
second one — a trigonometric polynomial of power s. The
coefficients C;, i=1..(p+ 1+ 2s), which may be
determined using the least squares method (Andronov,
2003). The O-C curves and their approximations are
shown at Fig. 1. The coefficients of the polynomial trend
were used for the correction of the ephemerids.

In the case of parabolic trend (p = 2), two coefficients
(C, and C,) mean the same as in the previous case. The
coefficient (C;) defines the rate of the secular period
changes (Andronov, 1991, 2003).

Corrected ephemerids are listed in Table 1.

3.2. The rate of the mass transfer

If the star has a parabolic O-C curve or a cyclic one
with parabolic trend, its period changes steadily. As the
result of the O—C analysis, we detected that six of the
researched stellar systems have secular period changes,
which we interpreted as the mass transfer from one of the
components to another. To calculate the rate of the mass
transfer, we used the formula (Huang, 1963).

1P MM, 1P MM,

M Ponomy T 3P an -y @

In this formula: M = M, is the rate of the mass transfer
(measured in solar masses per day), M,, M, are masses of
the components in close binary system, P is the period of
variability, P is the derivative of the period with time,
P' = 2(; is the derivative of the period with cycle number
(e.g. Andronov, 1991).

3.3. The third components hypothesis

For three systems, we detected cyclical period changes
as the result of the analysis of the O-C curve. We
interpret as periodic within errors of observations and
supposed that they might be caused by the presence of a
hypothetical third component (star or planet) in each of
these systems. In our hypothesis, this component, because
of its gravity, makes the binary system rotate around the

common barycenter and causes the well-known light-time
effect (Wolf, 2014).

In our model, we suppose that the distance between two
components of binary system is much less than distance
from binary system to the third component. So we can
take the binary system as a single object with mass
M, + M,. Therefore, we can describe the motion of the
binary system and the third body with these formulas:

_GMT? _ G(M; + M, + M,)
T 4m?

a12=CT=A

A3 (3)

w2
M;

———sini
Ml +M2 +M3

(4)

Formula (3) is the third Kepler’s law; formula (4) comes
from barycenter position (Tatum, 2017). In these formulas
M,, M,, M5 are masses of the components, i is angle of the
orbit’s inclination, A is semi major axis of the third
component relatively to the binary system, a;, is semi
major axis of the binary system relatively to the common
barycenter, T is the semi-amplitude of the O—C curve, T is
the orbital period of the third component, w is the angular
velocity that corresponds T. There are three constants: G is
the gravitational constant; c is the speed of light.

So we obtain:

ct(M; + M, + M3)
AM,

We do not know neither sini, nor M. Therefore, we
tabulated mass with a small step and then computed the
sine of the inclination angle. Since sine of any angle
cannot be more than unity, it gives us the limit of minimal
mass of the third component. Thus, we built graphs, which
show us relations between the mass of the third
component and the orbit inclination (Fig. 2). Minimal
masses of possible third components are listed in Table 2.

In addition, we calculated the errors of the minimal
mass of the third body and the rate of the mass transfer by
using formulas below. To obtain them, we used standard
methods, which are described (Korn & Korn, 2000).

©)

sini =

oM,

Formula of the error of the mass transfer:
. . oP\? oP"\? oM, oM; \? oM,
o= o)+ (7 Gt + G
P P’ M, M,—M, M, M,—M,
(6)

where oM is the statistical error of the mass transfer, AM
is the shift and similarly for other parameters.

To obtain the errors for minimal mass of the third
component we use the similar approach.

Formula of the minimal mass error of the third
component may be expressed as:

(& 2l 5 ]

()
A and o mean the same as in formula (6).

M;
1 _ 2
M, 3M

oM; =

2

)
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Figure 1: O—C curves for the studied systems. On the horizontal axis we set Julian date without 2400000; on the vertical
one — value of O-C. Designation of each system indicated near corresponding curve. Solid lines show approximations,
which take into account simultaneously the algebraic polynomial trend, as well as multi-harmonic periodic wave (using
the MCV program (Andronov & Baklanov, 2004)). Red and green lines correspond to confidence interval of one and
two root-mean-square deviations.
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Figure 2: Dependence of orbital inclination of the third component on its mass (measured in solar masses) for the
systems U Peg, WZ Cyg and V0523 Cas.
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Table 1. Ephemerides before and after correction. Here E is the number of cycle. BJD means that the value was
corrected for the Earth motion around the Sun (barycentric corrections).

Stellar Ephemerid before correction Ephemerid after correction
system _ (GVCSTL3]) Min 1 BJD - 2400000
Min | BJD — 2400000
V0388 Cyg | 41953.3373+0.8590372: E (41953.337£0.003)+(0.8590372+ 2:107) - E—(48+2)-10™ E?
BF Aur 52500.950+1.5832232: E (52500.947+0.002)+(1.5832249 + 2:107") - E+(17+3)-10™*" E?
SX Aur 52500.3179+1.2100855- E (52500.3119+0.0008)+( 1.2100872 + 7-10°) - E+ (105+8)-10™* E?
WZ Cyg 40825.475+0.5844659- E (40825.60810.0007)+(0.58446590+7-10°) - E+(10.4)-10™% E?
U Peg 36511.66823+0.37478143- E | (47070.5200+0.0005)+(0.37477680+3-10®) - E—(4.8+0.2)-10™°- E2
V0523 Cas 57330.111+0.2336933: £ 57330.148 + 0.2337238 - E + (7.66+0.08)-10”

Table 2. Calculated characteristics of the period changes, minimal masses of the third components and the rates of the
mass transfer for researched systems.

. Period of the | Semi-amplitude Minimal
The name of The masss S'Ietrze binary period of the cyclic mass of the Tr::S;a;[faﬁ;;;e
the stellar Y changes period changes third body
system Solar masses days Days Solar masses Solar r;::rses per
16 (Bell, Adamson & 107
SX Aur Hilditch, 1987) — — — (3.1£0.3)-10
U Peg 1.5 (Borkovits et al., 2005) 22633+1114 0.084+0.003 0.32+0.13 (-3.7+0.3)-10®
V0388 Cyg iésgg?luncm & Mardirossian, - o o (=2.740.3)107
WZCyg | 2.6 (Leeetal., 2011) 17196+1045 | 0.0047+0.0009 | 0.123+0.06 (2.0+0.3)-107
BE Aur égblogKallrath & Strassmeier - o o (-1.741.5)10°
1.18 (Samec, Faulkner & 33976+867 | 0.03071+0.00057 | 0.343+0.006 (7.6+0.8)-10°
V0523 Cas S
Williams, 2004)

4, Conclusions

Our main results are given in Tables 1 and 2.

The rates of the mass transfer in the studied systems
SX Aur, and U Peg are in a good agreement with results
of other authors (Bell et al., 1987), (Borkovits et al.,
2005). For WZ Cyg, we obtained the value, which is three
times smaller than in (Lee et al., 2011). This can be
caused by low accuracy and little quantity of data taken by
us and other authors from older researches. For BF Aur
and V0388 Cyg, we calculated the mass transfer rates for
the first time.

For 3 systems (SX Aur, U Peg and V0523 Cas), the
third components were suspected by other authors
(Borkovits et al., 2005; Lee et al., 2011; Samec, Faulkner
& Williams, 2004) but for U Peg the masses of the third
component haven’t been estimated earlier by other
authors. For WZ Cyg, our results concerning periods of
period changes are in good agreement with (Lee et al.,
2011) (within our errors). Mass of the third body were
estimated for WZ Cyg (Lee et al., 2011) it is comparable
in order of values with our estimates. For V0523 Cas our
estimation of the mass of the third body is approximately

20 percent smaller than one in (Samec, Faulkner &
Williams, 2004).

As we can see from the Table 2, the majority of the
third components have masses like stars. This fact may be
caused by low accuracy of eclipse moments, especially
moments that calculated decades ago (we analyzed the
data obtained during about 100 years). This low accuracy
does not allow to detect small period changes due to
planet gravitation. But the usage of the international
databases of observations and minima of eclipsing
variable stars is very helpful for the analysis of the long-
term period changes of these objects.

The alternative hypothesis for the explanation of cyclic
period changes are discussed in (Zhu et al., 2012) and
(Borkovits et al., 2005). They are magnetic activity of the
second component of binary system or, in case stable
changes and cyclic variations, cyclic changes in mass
transfer. Confirmation or refutation of our hypothesis
requires continuous spectroscopic observations of these
systems.

We made similar calculations for other three systems
(Tvardovskyi & Marsakova, 2015).
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PHOTOMETRY AND BLAZHKO EFFECT IN
RR LYR-TYPE STAR AE LEO

S.N. Udovichenko, L.E. Keir
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Odessa, Ukraine, udovich222Qukr.net

ABSTRACT. The photometric observations for the
RR Lyr-type star AE Leo in the Astronomical station
near Odessa using the 48-cm reflector AZT-3 and the
CCD photometer equipped with the V filter have been
carried out. The light curves shows variable amplitude
of light maxima and the moderate Blazhko effect. The
analysis of the O-C light maxima for our observations
and the ASAS, NSVS data indicates the secular period
changes.

Keywords: Stars: oscillations - stars; variables: RR
Lyr-type stars: individual: AE Leo.

1. Introduction

AE Leo (AN 1935.0206, GSC 1437.00734,
NSVS  10338360), (aj20000 = 11726™12.2°;
0j2000.0 = +17°3939.7 ) The variability of the

star was found by Morgenroth in 1935, as a variable
star in list of the 31 new variables (Morgenroth,
1935). The finding chart for this star was published
by N.E.Kurochkin (1949). The star thoroughly
was investigated by L.Meinunger, which determined
the primary period and 32 times of light maxima,
using the old photographic plates from 1913 to 1961
years (Meinunger, 1961). The visual observations
in 20 century were carried out by B.N.Firmanyuk
and V.G.Derevyagin in 1987, Huebscher et al., in
1989 (Paschke, 2008). Now AE Leo is known as
RR Lyr-type RRab star (GCVS) with amplitude
11.m6 — 12.m.8 (P) and period 0.9626723 (Samus et
al., 2011).

2. Observations

To study the physical explanation for the Blazhko
effect, we have to get as much as possible detailed
observations of RR Lyr-type stars. The photometric
CCD observations of AE Leo in Astronomical station
near Odessa in observation season 2013,2015,2017 years
have been carried out.

Two stars were chosen as comparison and check
stars (comp=UCAC4 539-050620, Vcomp=14.""157

Figure 1:  The finding chart AE Leo with the com-
parison and check stars marked.

(APASS, 2010), check=UCAC4-539-050615). The 48
cm reflector AZT-3 with the f/4.5 Newtonian focus
and CCD photometer with chip Sony ICX429ALL
(600x800 pixels), equipped with V filter, Peltier
cooler were used (Udovichenko, 2012). The hermetic
housing and thermoelectric (Peltier) cooler provide a
temperature difference between the sensor CCD and
the environment of about -40°C, and the temperature
was supported by a constant. The exposure time for
variable and comparison stars for the most part were
chosen to except a saturation of frame and consist
90 sec. More then 3900 CCD frames were gathered
during 28 nights.

mag AE Leo
12k '
= x
1258 +
fl l:!
38
13f ¥
2452000 2454000 2456000 HJID

Figure 2: The all data set of observations with NSVS
and ASAS data.
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Figure 3: The phase curves of AE Leo from our obser-
vations. The moderate Blazhko modulation of ampli-
tude reach about 0.13 mag

The standard reductions of the CCD frames were
carried out using the MUNIPACK (Motl, 2009-17)
software. The procedures for the aperture photometry
is composed of the dark-level and flat-field corrections
and determination of the instrumental magnitude and
precision. To convert the differential magnitudes to
the corresponding magnitudes of the variable, were
used the comparison star V magnitude from APASS-
catalog (2010). The finding chart with comparison
and check stars are shown in Fig. 1, the all set of
observations one in Fig. 2. The errors on individual
data points vary between 0.005 mag to 0.02 mag.

3. Frequency analysis

For all our observations of AE Leo were determined
the magnitudes comparatively of comparison star.
The frequency analyses were performed using a pack-
age of computer programs with single-frequency and
multiple-frequency techniques by using utilize Fourier
as well as multiple-least-squares algorithms (program
Period04, Lenz and Breger, 2004). The pulsation pe-
riod was determined with this package as the highest
peak on the Fourier amplitude spectra. The all light
curves AE Leo with pulsating period are shown on fig.3.
These phase curves were computed from elements:

MaxHJD = 2419839.549 4 0.6267074 * E.

The value in maxima of the light curves vary from
11.77 mag to 11.90 mag, moderate Blazhko modulation
of amplitude reach about 0.13 mag and no phase-shift
modulations. The maxima of the pulsation cycles were
determined for our analysis. The data of ASAS (Poj-
manski, 2002) and NSVS (Wozniak, 2004) so were used
for determinations of the light maxima (Fig. 4).

12.4
12.6

1284

03 0.0 05 10 phase

Figure 4: The phase curves of AE Leo from NSVS
(bottom) and ASAS (top) data.

A

Spectral window

Amplitude

8.0 120
Frequency

Figure 5: The Fourier amplitude spectrum of basic fre-
quency and after prewhitening. The spectral window
is shown inside first picture.

The power spectra of basic frequency and after
prewhitening is shown in Fig. 5. After prewhitening of
basic frequency the harmonics of basic frequency kf0
and f,, frequency responsible for modulation of light
curves was found. The Fourier amplitude and phases
of the pulsation component identified in the spectra of
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Figure 6: The mean O-C diagram of AE Leo during
100 years.

Table 1: Identified Fourier amplitude and phases of the
pulsation and modulation frequencies in light curves of
AE Leo.

Identif. Frequency Amplitude Phase S/N
o 1.595519 0.370 0.86 5.3
2{0 3.191036 0.190 0.47  57.6
3f0 4.786535 0.117 0.95 40.0
410 6.380688 0.078 0.72  31.2
5{0 7.977561 0.044 0.15 18.3
610 9.573121 0.024 0.39 104
70 11.16721 0.019 0.40 8.3

f0-fm 1.51316 0.015 0.11 4.6

Table 2: The time of maxima AE Leo

Time HJD Time HJD
2456416.467 2457165.440
2457835.449  2457840.464

2457847.355

2457872.429

2457899.380

the light curves of AE Leo are presented in Table 1.
The basic frequency denoted as fy, the modulation fre-
quency of Blazhko effect denote as f,,. We find seven
frequencies, but, perhaps, there are more frequencies
in the pulsation spectra of AE Leo.

and WWW-resource for AE Leo maxima and con-
structed the updated O-C diagram, using the elements
from GCVS. The resulting diagram is plotted in
Fig. 6. These data indicate that AE Leo shows the
secular period changes. The time of maxima from our
observations, obtained by fitting pulsation light curves
near the maxima, listed in Table 2.
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ABSTRACT. First Cepheids observations using
echelle-spectrograph HRS fed by Southern African
Large Telescope (SALT) were realized during 2016.
All spectra have been obtained in the medium
resoltion mode (R~31000-41000) wth high S/N ratio
near 50-220. All data were processed using package
developed by authors based on the standard system
of astronomical data reduction MIDAS. Using new
echelle data we found the atmosphere parameters
and chemical composition for 30 faint Cepheids of
southern hemisphere, where for the most of theses
stars these results we obtained for the first time. 28
stars are Cepheids after the first-dredge up stage,
while ASAS 075842-25336.1 and ASAS 1131714-6605.0
having remarkable Li I 6707.8 A absorption line and
anomalous CNO and Na content could be consider as
first crossing of the Cepheids instability strip.

Keywords: Stars: Cepheids: atmosphere parame-
ters; Cepheids: chemical composition

1. Introduction

The abundance gradient for the Galaxy as observa-
tional characteristic of the galactic disk is the most in-
put parameter in any theory of galactic chemical evolu-
tion. Many questions concerning the present-day abun-
dance distribution in the galactic disk, its spatial prop-
erties and evolution with time remain to be answered.
To answer these questions it would be reasonably to use

the Cepheids as the quite suitable probes of metallicity
in the Galactic disc.

According to results of investigations for iron, for
example, its abundance gradient displays a multimodal
structure: a rather flat part in vicinity of the Sun, a
small gradient in the outer part of the disk (here the
distribution shows some scatter and all the stars are
metal-deficient comparing to the stars from the solar
vicinity), and a quite large negative gradient in the
inner part of the disk in the range from 4 to 7 kpc, but
it with a very small number of investigated stars, and
poorer statistics.

Even though elemental abundance increases towards
the galactic center, there are arise two questions: 1)
what is the real behavior of the abundance distribu-
tions within the inner parts (less than 7 kpc) of the
galactic disk; 2) what is the real one for the galacto-
centric distances more than 10 kpc?

Therefore, the main objective of our program is
to observe additional Cepheids situated closer to the
galactic center and situated too much far away from it
in order to:

1) Constrain the metallicity distribution and its gradi-
ent in these regions;

2) Find the properties of the abundance distribution
at galactocentric distances of less than 7 kpc and more
than 10 kpc.

3) To extract the possible objects belonging to the Pop-
ulation II.

To realize this program we have used Southern
African Large Telescope (SALT). Our observational
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Table 1: List of investigated Cepheids.
Object Type P R (kpe) [Fe/H] [C/H] [N/A] [O/A] [Na/H] [Mg/H] [A/H]
V1048 Cen DCEP 1.300 744 0.09 035 4038 035 F0.15 012  +0.10
ASAS 114920-6600.6 DCEPS(B)  1.960 732 -0.04 020 +0.34 +0.52 4012 021  +0.15
ASAS 072424-0751.3 DCEPS 2.071 9.76  -0.19 043  +0.22 - +0.25 4018  +0.02
ASAS 073200-2529.3 DCEPS 2.421 9.25 -0.20 047 +40.14 +40.05 401  -0.20  —0.04
ASAS 174603-3528.1 DCEPS 2.573 6.02  +0.11  40.04  +0.60 - 4041 -0.15  +0.43
ASAS 183652-0907.1 DCEP 2.590 6.55 +0.14 021 4042 0.5 4045 4016  +0.33
BD-10 4739 DCEP 3.058 6.63 +0.04 024 +0.28 -0.29 4030  -0.18  +0.25
104130-5956.9 DCEPS 3.081 756 +0.00 -0.26 +0.39 +0.15  +0.18  -0.06  +0.18
V720 Car DCEP 3.081 7.56  -0.03  -0.27 +0.36 -0.28  +0.17  -0.06  +0.13
ASAS 065851-1344.2 DCEPS 3.280 1155 029 059 +0.18 -0.35 40.06  0.24  -0.09
FZ Car DCEP 3.578 7.64  +40.05 021 4051 -0.28 4029  4+0.01  +0.21
HD 317966 DCEP 3.720 6.90 +0.08 -0.15 +0.64 -0.23 4040 4010  +0.23
ASAS 100814-5856.6 DCEPS 3.767 778  -0.07 036 4024 035  +0.11  4+0.02  +0.16
HD 160473 DCEP 3.780 6.81  +0.04 -0.20 4051 -0.11  40.23  40.10  +0.21
V701 Car DCEP 4.090 771 -0.01  -0.21  +0.51 - 4043 40.00  +0.22
V690 Car DCEP 4.150 7.85  +0.12 0.8 +0.46 -0.04 +0.38 4004  +0.32
V1210 Cen DCEP 4.320 6.88  40.08 -0.08 +0.16 -0.25  40.15  40.39  40.32
GI Car DCEP 4.431 748  -0.04 033 4034 031 4018  -0.09  40.13
CC Car DCEP 4.760 776 +0.09 017 4047 -0.28  4+0.30  -0.06  +0.33
ASAS 182714-1507.1 DCEP 5.550 6.02 +0.32 0.0l +0.90 -0.26  +0.67  +0.23  +0.58
ASAS 123617-6317.6  DCEPS 6.166 6.86  +0.09 -0.21  +0.47 - +0.34 4022 40.32
RS Nor DCEP 6.198 6.26 +0.15 -0.11 +0.60 +0.32  +0.54  +0.11  40.37
ASAS 070832-1454.5 DCEPS 6.388 9.58  -0.06 -0.38 +0.26 -0.52  40.15  -0.26  +0.11
ASAS 092758-5218.9 DCEP 7.640 833  40.05  0.19  +0.35 - +0.35  40.22  +0.26
ASAS 093942-4931.5 DCEPS 7.754 8.08 -0.01 024 4043 -0.28 40.18 000  +0.18
VX Cru DCEP 12.213 6.78  +0.24 -0.03 +0.67 -0.09  +0.68  +0.25  +0.46
ASAS 083611-3903.7 DCEP 12.960 839  -0.08 037 +0.13 -0.09  +0.10  -0.03  +0.08
VW Cen DCEP 15.036 628 40.38  +0.15 4074 019  40.67 4018  40.53
ASAS 075842-2536.1 DCEPS(B) _ 0.580 9.03 0.7 030 0.4 —0.06 —0.14 046 _ +0.06
ASAS 131714-6605.0 DCEPS 1.290 685  40.05  -0.17  +40.68 4001 4036  -0.05  40.40

list contains 168 Cepheids located at galactocentric
distances smaller than 7 kpc and more than 10 kpc
(Mel'nik et al., 2015). They are to be bright enough
to be accessible with SALT.

2. Observations, data reducing and objects
selection

All observations have been taken using 11m SALT
(Southern African Large Telescope) equipped by HRS
(High Resolution Spectrograph). HRS is a dual-beam
(3700-5500 & 5500-8900 AA) fiber-fed, white-pupil,
echelle-spectrograph, employing VHP gratings as cross
dispersers. We obtained even one spectrum for each
Cepheid using medium mode spectral resolution (R =
40000), mean S/N = 100 and more, and it could be
enough to resolve our observational tasks. These spec-
tra will be used to obtain the atmosphere parameters
and chemical composition of these unexplored yellow
supergiants. The data were reduced using the échelle
package which consist of huge amount of basic proce-
dures for echelle data reduction. FEROS is another
package and it was developed for the reduction of of
echelle data from Fiber-fed Extended Range Optical
Spectrograph (FEROS). FEROS looks very similar to
HRS and both instruments have very close type of
echelle data.

DECH30 package (Galazutdinov, 2007) allows to
measure the line depths and radial velocities using
spectra in FITS format. Lines depths were used to
determine the effective temperature (a method based
on the spectroscopic criteria, Kovtyukh, 2007).

78 objects with magnitude 10"<V<12."5 have
been selected from GCVS, ASAS and 2MASS cata-
logues. At now we have the results for spectra of 30
Cepheids. All these data are given in Table 1.

3. Atmosphere parameters and chemical
composition

3.1. Methods

The effective temperatures T, ¢ were determined by
a method based on the depth ratios of selected pairs of
spectral lines most sensitive to the temperature. Sev-
eral spectroscopic criteria (Kovtyukh, 2007) were used
in this case. This method provide an internal accuracy
of 10 — 30 K for T.ss (the error of the mean). The
microturbulent velocity V; was determined from the
condition for the Fe I abundance derived from a set
of lines being independent of their equivalent widths.
The surface gravity log g was determined from the ion-
ization equilibrium condition for Fe I and Fe II atoms.

When estimating the atmospheric parameters and
chemical abundances, we used the VALD oscillator
strengths (Kupka et al., 1999) and model atmospheres
from Castelli & Kurucz (2004).

3.2. RS Nor as a testing object

We used RS Nor as a testing object since its
atmosphere parameters and chemical composition
were determined earlier by Luck (2014). Our carbon
and oxygen abundances estimations are close to ones
from Luck (2014) paper, thereas sodium and iron show
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some less values ([Na/H] = +0.77 and [Fe/H] = +0.23
from Luck paper). All our data are given in Table 1.
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Figure 1: Metallicity gradient of Galaxy according to
Cepheids [Fe/H] values. Open circles — Luck & Lam-
bert (2011), filled squares — SALT data.
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Figure 2: Spectral region around the 6707.8 A Li I
line in the spectra of ASAS 075842-2536.1 and ASAS
131714-6605.0.

4. Conclusions

Our analysis of the available spectra results to the
following conclusions:

1. As seen from Table 1 all objects have metallicity
values within the ranges of —-0.3 — +0.4 dex that is
an evidence of their belonging to Population I.

2. Our [Fe/H] estimates for these Cepheids are in
good agreement with Luck & Lambert (2011) data
for iron abundance gradient of Galaxy.

3. CNO- elements abundances in the whole show
the typical values for yellow supergiants after first
dredge-up stage. Carbon is in deficient, excepting
ASAS 174603-3528.1, ASAS 182714-1507.1 and
VW Cen. These Cepheids have metallicity over-
abundance and their [C/Fe] relation give the de-
ficient too. Nitrogen demoinstrates overbundance
except of case for ASAS 075842-2536.1. There are
significant discrepancies of oxygen from the solar
value.

4. Sodium is in overabundace, exept ASAS 075842-
2536.1. Magnesium abundance shows discrep-
ances and aluminium content is overabundant in
most cases except for ASAS 073200-2529.3 and
ASAS 065851-1344.2

5. Objects ASAS 075842-2536.1 and ASAS 131714-
6605.0 have remarkable absorption line of lithium
6707.8 A (see Figure 2), and anomalous CNO
and Na content. Quite probably these stars
are Cepheids, first time crossing the Cepheids
instability strip (CIS).
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ABSTRACT. We present the results of an analysis
of 49 spectra of o« UMi (Polaris) obtained during
August — December 2016 and January — March 2017.
Frequency analysis displays an unexpected decrease of
the pulsational period up to 17.3 min in comparison to
the 2015 observational set. The radial velocity ampli-
tude was reduced to 3.43 kms~! in 2016 and to 3.31
kms~! in the beginning of 2017 in comparison with
4.16 kms~! in 2015. This result is also unexpected,
because during the last decade a gradual amplitude
growth has been observed. The average T.rs = 6021
K determined from the 2016-2017 data is close to the
values determined for the 2001-2015 set.

Key words: Stars: radial velocities; Cepheids:
effective temperatures; Cepheids: o UMi

1. Introduction

In our previous papers (Usenko et al., 2016; Usenko
et al., 2017) we found that in 2015 the pulsational
period and radial velocity amplitude of Polaris had
increased. The former was 8.6 min longer compared
to the 2007 data, and the latter became 4.16 kms™!
(twice the one of 2007 data). The average T.fy =
6017 K, and it is close to the value determined for the
2001-2004 set. These facts allow us to make a con-
clusion about the Cepheid movement to the red edge
of the Cepheids instability strip (CIS). Since Polaris
is a peculiar Cepheid demonstrating an increase of
its pulsational activity after a long-term decrease, it
needs high-quality continuous observations with both
photometry and spectroscopy.

2. Observations and frequency analysis

Thirty seven spectra were taken in August—
December 2016 and twelve in January — March 2017
with the 0.81 m telescope of the Three College Obser-
vatory (TCO), located in central North Carolina, USA.
They were obtained with an échelle spectrograph man-
ufactured by Shelyak Instruments' in a spectral range
from 4250 to 7800 A with a spectral resolving power
of R ~ 12000 and no gaps between the spectral or-
ders. The data were reduced using the échelle package
in IRAF.

DECH30 package (Galazutdinov, 2007) allows to
measure the line depths and radial velocities using
spectra in FITS format. Lines depths were used to
determine the effective temperature (a method based
on the spectroscopic criteria, Kovtyukh, 2007).

Derived values of T.¢s and radial velocity for each
spectrum are given in Table 1.

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

A Fourier amplitude spectrum was obtained over a
frequency range of 0-1 d~! with a resolution of 0.00002
d=!. The highest amplitude of 1.97 corresponds to
a frequency of 0.252403 + 0.000255 d~!, or a period
of 3.96192 4+ 0.004 days, respectively. This period
is 17.3 minutes shorter compared to that of 3.97394
days determined from the 2015 data set. The systemic
velocity (7 — velocity) is equal to —12.50+1.48 kms~1.

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

RVinin = HJD 2457685.737 + 3.96192 x E (1)

Thttp://www.shelyak.com
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Table 1: Observational data of o« UMi

HJD Ters | o | Phase RV (km s~ ')

2450000+ K K Metals o NL Ha Hg H,
7623.5721 | 6016 | 17 | 0.309 | -12.52 | 1.31 | 165 | —11.72 | —12.34 | -11.80
7627.5674 | 6003 | 19 | 0.318 | -12.47 | 1.60 | 154 | -12.56 | —-13.09 | -12.24
7636.6104 | 6035 | 18 | 0.600 | -13.28 | 1.40 | 173 | -11.36 | —11.64 | -11.72
7637.6578 | 6075 | 23 | 0.865 | —15.43 | 1.78 | 170 | -14.57 | -15.06 | —15.21
7638.6128 | 6039 | 22 | 0.106 | -15.04 | 1.52 | 151 | —14.37 | —-14.15 | -15.30
7640.5840 | 6046 | 25 | 0.603 | —11.86 | 1.63 | 155 | —10.62 | —11.89 | -12.73
7646.6272 | 6064 | 23 | 0.129 | -13.66 | 1.67 | 167 | —14.39 | —14.29 | -14.89
7656.5042 | 6039 | 16 | 0.622 | -12.30 | 1.86 | 152 | -11.70 | —-11.80 | —12.27
7663.5326 | 5981 | 17 | 0.396 | —11.33 | 1.52 | 151 | —11.45 | -11.94 | -11.67
7666.5895 | 6058 | 20 | 0.167 | —12.71 | 1.42 | 166 | —14.23 | —14.03 | -13.95
7671.6202 | 6021 | 16 | 0.437 | -10.97 | 1.37 | 143 | -10.70 | —-11.38 | -12.13
7672.5231 | 6054 | 17 | 0.665 | —12.15 | 1.51 | 146 | —12.49 | -11.68 | —11.78
7679.6214 | 5992 | 17 | 0.456 | —-11.38 | 1.70 | 165 | —10.02 | —-10.81 | -12.77
7684.5583 | 6017 | 15 | 0.703 | -11.95 | 1.58 | 159 | —-12.27 | —-11.76 | -12.44
7685.5899 | 6035 | 17 | 0.963 | -14.60 | 1.65 | 164 | —15.62 | —15.05 | —14.84
7686.5955 | 5998 | 15 | 0.217 | -13.29 | 1.33 | 161 | -13.02 | —-13.34 | -13.76
7687.6101 | 6040 | 17 | 0.473 | -10.92 | 1.52 | 165 | —-10.25 | -10.54 | -10.91
7690.6666 | 6020 | 19 | 0.244 | -12.79 | 1.27 | 159 | -13.16 | —12.89 | -13.75
7695.5187 | 5935 | 20 | 0.469 | -11.06 | 1.37 | 168 | —10.79 | —10.27 | -12.08
7697.5328 | 6017 | 15 | 0.977 | -14.50 | 1.34 | 158 | —14.20 | —14.31 | -14.05
7699.5794 | 6004 | 17 | 0.494 | -10.39 | 1.43 | 169 | -10.06 | —10.64 | —11.71
7703.5998 | 6011 | 18 | 0.509 | —-10.53 | 1.51 | 159 | -9.71 | -10.60 | -10.71
7705.5479 | 6028 | 15 | 0.000 | —14.72 | 1.43 | 164 | ~14.44 | -14.70 | -14.92
7708.6107 | 6079 | 19 | 0.773 | —12.55 | 1.36 | 163 | —12.80 | —12.40 | -13.18
7709.6391 | 6042 | 18 | 0.033 | —14.46 | 1.44 | 158 | -14.76 | —14.48 | -15.60
7710.6093 | 5966 | 14 | 0.278 | —12.58 | 1.55 | 164 | —12.41 | -12.83 | ~13.83
7713.5625 | 6049 | 13 | 0.023 | -14.40 | 1.33 | 167 | —14.36 | —14.20 | —14.18
7714.5859 | 5997 | 14 | 0.282 | -12.00 | 1.12 | 157 | -11.64 | —11.95 | -11.32
7715.5773 | 5990 | 20 | 0.532 | -10.55 | 1.53 | 159 | —-10.01 | -10.47 | -10.20
7719.5312 | 5984 | 17 | 0.530 | —10.59 | 1.52 | 155 -9.94 | -10.19 | -10.88
7724.5379 | 6034 | 22 | 0.794 | -12.85 | 1.39 | 163 | -12.11 | -13.02 | -12.39
7725.6085 | 6024 | 19 | 0.064 | -14.52 | 1.40 | 169 | ~14.20 | -13.85 | ~13.55
7731.5661 | 6017 | 19 | 0.567 | —10.66 | 1.58 | 164 | —10.21 | —10.42 -9.30
7732.5298 | 6045 | 17 | 0.811 | -13.28 | 1.46 | 155 | -13.47 | —-13.25 | -14.03
7738.6107 | 5990 | 21 | 0.346 | —11.97 | 1.23 | 169 | -11.72 | -11.79 | -12.40
7743.5390 | 6016 | 21 | 0.589 -9.74 | 1.36 | 151 -9.79 | -10.78 —9.87
7744.6051 | 6015 | 16 | 0.859 | -12.37 | 1.32 | 163 | -11.64 | -11.95 | -11.32
7772.5311 | 6031 | 16 | 0.907 | —-13.40 | 1.18 | 159 | -13.07 | —13.20 | -13.05
7780.5681 | 6014 | 23 | 0.936 | -13.41 | 1.28 | 164 | -13.53 | —-12.99 | -12.14
7782.5585 | 5995 | 19 | 0.438 | -10.77 | 1.16 | 167 | -10.41 | —-11.18 | -10.44
7789.5451 | 6024 | 16 | 0.202 | -12.69 | 1.34 | 159 | -13.05 | —12.80 | —13.10
7794.5778 | 5997 | 21 | 0.472 | -10.27 | 1.27 | 168 -9.92 | -10.18 | -10.59
7798.5661 | 5969 | 23 | 0.478 | -10.34 | 1.25 | 165 | -10.17 | —-11.54 | -12.36
7802.5420 | 5995 | 13 | 0.482 | —10.15 | 1.35 | 169 -9.75 | -10.73 | -10.51
7804.5477 | 6086 | 15 | 0.988 | -12.90 | 1.39 | 158 | -12.77 | -13.16 | -12.04
7808.6782 | 6058 | 20 | 0.031 | -13.09 | 1.33 | 158 | ~14.09 | -13.58 | ~13.96
7810.6837 | 5993 | 18 | 0.537 | —10.11 | 1.23 | 168 -9.85 | —10.06 | —10.34
7815.6644 | 6040 | 13 | 0.794 | -11.33 | 1.33 | 159 | -11.43 | -10.89 -8.42
7816.7154 | 6080 | 16 | 0.059 | -13.19 | 1.13 | 164 | -13.28 | -13.25 | -13.90

The effective temperature and radial velocity data
for each spectrum along with the pulsational period

phases are shown in Table 1.

Figure 1 represents phase curves of the Polaris radial
velocity (lower panel) and effective temperature (upper
panel) variations between August 2016 and March 2017.

147

As seen in this Figure, the 2016 data have a lager
(within an uncertainty of 1.48 kms~!) amplitude com-
pared to the 2017 data. In case of the data approxima-
tions by sinusoidal curves, the mean amplitudes of the
radial velocity curves are 3.43 kms~! and 3.31 kms™!,
respectively.
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The effective temperature variations show no signif-
icant changes, and the average values are 6021+18 K
and 6024+18 K for the 2016 and 2017 data, respec-
tively. These values are close to 6017 K derived for the
2015 and for the 2001 — 2004 set.

Figure 2 demonstrates the radial velocity ampli-
tude variations in the last ~125 years. As seen in
this Figure, the 2016/2017 data are below that of
2015, but the amplitude growth tendency still remains.

-0.2 0.0 0.2 04 0.6 0.8 1.0 1.2
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Figure 1: The effective temperature and radial velocity variations
of Polaris during its pulsational period. Symbols of the data are:
six-pointed stars - August—September 2016, squares - October 2016,
triangles — November 2016, circles — December 2016, five-pointed
stars — January—March 2017.

3. Summary

1. As seen from the results of our observations, the
pulsational period of Polaris shows an abrupt de-
crease in comparison with the measurements ob-
tained in 2015. This fact is very unusual and needs
a careful verification. The last such a rapid pulsa-
tional period change took place in 1956 (Turner et
al., 2005). Therefore in order to confirm this re-
sult, spectroscopic monitoring has to continue to
obtain as many radial velocity measurements as
possible.

£
El T
it

0k

1 1 1 1 1
1940 1960 1980 2000 2020
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1 1
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Figure 2: Radial velocity amplitude variations of Polaris over the
last ~125 years.

2. The mean amplitude of the radial velocity in 2016
— 2017 decreased by nearly 0.8 — 0.9 kms™! com-
pared to the 2015 data. Nevertheless, the pulsa-
tional amplitude growth tendency still remains.

3. The mean effective temperature of Polaris for
this data set averages at 6017 — 6024 K. This
value is close to 6015 — 6017 K determined for
the set of 2001-2004 and 2015 data (Usenko et
al., 2005; Usenko et al., 2016; Usenko et al., 2017 ).
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ABSTRACT. Within the microscopic theory the
ground state energy of spatially homogeneous degener-
ate relativistic subsystem of electrons in the field of sta-
tionary nuclei of [-th sorts with charges z1,...,2; was
calculated. In the two- and three-particle electron cor-
relations approximation the contributions of Coulomb
interactions to the equation of model state at low tem-
peratures was analyzed.
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functions, energy of model at T' = 0K, equation of
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1. Introduction

The theory of internal structure of cold dwarfs was
developed by S. Chandrasekhar in the 40-th years of
the XX century, and it was based on the equation
of state of ideal relativistic electron gas at T = 0K
[1, 2]. Generalization of this theory followed in the
next decades, when in the works of many authors were
investigated effects of such important factors as ax-
ial rotation [3, 4], Coulomb interactions [5], incom-
plete degeneration of electron subsystem [6, 7], effects
of magnetic fields [8, 9], effects of general relativity
[4, 10], processes of neutronization [11], etc. Interpre-
tation of all the diversity of dwarfs properties obtained
from the observations of space observatories [12, 13] re-
quires constructing a general theory, which also takes
into account the effects of these factors, among which
are competing.

The effect of the interactions which play an impor-
tant role in determining the structure of dwarfs at dif-
ferent masses and luminosities, and especially for the
case of massive cold dwarfs is least studied. Basing on
Wigner-Seitz, Thomas-Fermi approximations and non-
relativistic random phase approximation correspond-
ing to the approximate accounting of two-particle elec-
tron correlations, E. Salpeter [5] showed, that Coulomb
interactions lead to a small decrease of pressure of ideal
degenerate relativistic electron gas at T' = 0K, what is
still considered as the basis of S. Chandasekhar’s the-

ory [9].

Due to the high density (~ 10° g/cm3) a matter in
the internal ranges of degenerate dwarfs has the metal
electron structure with completely collectivized elec-
trons, and the Fermi momentum is of the order mqc.
Therefore the electron subsystem is weakly non-ideal,
allowing to use the perturbation theory with regard
to interactions. We have used the reference system
approach, which is renormalized perturbation theory,
formulated in terms of the n-particle correlation func-
tions of the ideal as well as the interacting relativistic
electron gas [14, 15].

2. The general relations

We consider a spatially homogeneous in the macro-
scopic sense electrically neutral model, which consists
of N, electrons and nuclei of I-th sorts (N7 nuclei of
charge z1,..., N; nuclei of charge z;) in the volume V'
in thermodynamic limit N, V' — oo, N./V = const
at the temperatures much lower than the temperature
of the electron subsystem degeneration. The Hamilto-
nian of this model is

in which

HOZ E Eka;sahs
k,s

is the Hamiltonian of free electrons (Ej = {(moc?)? +
R2E22 2 — mge?),

Ve = V)Y Ve D0 D
q#0 ki,s1 ka,s2

+ +
X Uk +q,51 Yo —q,s2 Wk2,52 ks, 51

(3)

is the operator of electron interactions,

—V Y Vi S ey ha= Y 4 q s (4)
q7#0 ks

ro
‘/Yen_
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is the operator of electron interactions with i-th nuclear
subsystem,

l
RN 22 {889} — Nioi ;) (5)

q#0  ij=1

is the sum of dlrect nuclear interactions. Here

V, = 4me?/q?, Sg Z exp [i(q, RY %] is the structure

factor of i-th nuclear bubsybtem, alts, ak,s is the genera-
tion and destruction operators of electrons in quantum
states with the given vector k and the spin orienta-
tion s, R;- is the radius-vector of j-th nucleus with the
charge z;.

We have used the subsystem of free relativistic elec-
trons as the basis for calculating energetic and struc-
ture characteristics of model of interacting degenerate
relativistic electron gas. In its turn the interacting
electron gas is the basis system for consideration the
electron-nuclear interactions. Energy of model with
the Hamiltonian (1) is represented as the expansion by
the correlation functions of model of interacting elec-
tron gas, that is:

l
1 Z Z i) o)
E= Ee + W Vq Zz'Zj{Sé)qu

a#0  ij=1

l
— X}{n!V"}f1 Z
n>2 01,02,

=1
X Z Viu

Vg, 88 -
q1,41,",4n 70

—q1
X 5q1+~~~+qn,0 ﬂn (Cll

— Nibij}—

RiqgRig """ Rgy X (6)
850G x

Here E. is the ground state energy of basis system of
interacting relativistic electron gas, and fi, (q1 - - - q»|0)
is the static limits of n-particle correlation functions of
model of interacting electron gas. The modern theory
of n-particle statics and dynamics correlation functions
of the non-relativistic electron gas is developed in the
work [14, 15] and based on the basis approach. One
version of this approach is the so-called post RPA, in
which the polarization operator is represented as

Ma(q, —ql0) =i(q, —q[0) [1 Y
)
< i(a, —q|o>G<q>] ,

where G(q) is the static local field correction function.

This approach can be applied not only for weak non-
ideal systems, but also for the systems with intermedi-
ate non-ideality [15]. In this approach

-1

palt,~al0) = Ma(a, ~al0) |1+ £ Ma(a, ~al0)

Taking into account that the model we consider is non-
ideal, for three-particle function we use the approxima-
tion RPA, in which

3

= fi3(ai1,q2,93/0) HEI_%}DA(qi)’
i=1 9)

p3(q1, g2, 9s3/0)

erpalg) =1+ —q|0).

Tia(a,

The functions fin(q; - - - q,|0) are the partial case of
dynamic correlation functions fi,(q1 - - Qn|v1, -+, Vn),
which are the spectral representation of n-particle
correlation functions, given in the coordinate space.
For example, the binary distribution electron function

Fy(r) is connected with the function fis(q, —q|v, —v)
by expression
Fy(r) =1+ [BN.(N, YN O x
v q#0 (10)
X fiz(q, —qlv, —v) exp [i(q, 1)].
where v = 2mnf~ Y n = 0;+1;+2:--- is the Bose-

Matsubara frequency. Therefore the energy of basis
system of interacting electron gas it is convenient to
calculate by expression

—qlv, —v|A)dA, (11

E,=Ey+ (28V)~ ZZV/

v q#0

where [i2(q, —q|v, —v|A) is the dynamic two-particle
correlation function of auxiliary model of electrons with
the potential of interaction AV;:

et ~alv, ~v1) =Mt ~alv {14 AT 5
« Ma(q, —alr. —um]}_ ,
SRS
Ms(q, —qlv, —v|\) = ( —qlv, ){1+>\qu
x f3(q, —alv, —v)G(q, V)]} :

It has been taken into account, that in the case of weak
non-ideality of model the local field correction function
does not depend on “coupling constant”

The static and dynamic correlation functions of non-
relativistic ideal electron gas are well known. The
analytical expression for ji3(y,—y) was obtained in
[16], the functions [3(qi,q2,—q1 — q2/0,0,0) and
#9(a1, —qi1, 92, —q2[0,--- ,0) were calculated in [17,
19]. The dynamic functions i3 (y1,y2, —y1 — y2) and
29(y1, —y1,y2, —y2) were first calculated in [14]. Mi-
croscopic theory of the local field correction func-
tion, which is based on the summation of infinite

(8)series of convergent diagrams and created on the
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functions ﬁg(Qa 7Q|V7 71/)7 ﬁg(qla q2, q3|V1; V2, V3) and
ﬁg(Qb —d1, 42, —Q2|v1, —v1, V2, —12), are developed in
the works [14, 20].

Correlation functions of relativistic interacting elec-
tron gas also satisfy the expressions (7)-(10), (12).
In general they are similar to the relevant functions
of non-relativistic model, but they have a signifi-
cant dependence on the relativistic parameter z =
hkp(moc)™t (kp = (372N,./V)'/3), and the calcula-
tion 2 (qi, - - qn|0) at n > 3 is difficult, because the
electron spectrum is not a quadratic function of the
wave vector. The function i3(q, —q|0) has the analyt-
ical representation [22]:

fi3(a,—al0) =2 i {Bicrq — Bi} ' =

k,s
3N,
=" Jo(g.,0lz);
moc2x? 2(¢, 02)
2 7 2
qxT JQ(Q*70|$) = §(R+ - R—) |:1 + Zx2 - qg*:| +
+ 2 e (Re + ROy + T0Ry 4 LR
7o I\ TR T 0T 3

R, — Ry
R_ — Ry

e 21n |z + Ry
L. N o e _
g1 6 0

1
N S R T

b

xln‘

(13)

: ‘1 + 302+ 32q. + SgR+
n
1+ 3¢2 — $aq. + SgR_

1+ 2.2 + Sy Ro
= Lq.0+ S,Ro

zf%q*

—2In

—ln‘

1\ 1/2

Ro= (ka2 s = (14g2)
_ lqlz

kr
The behavior of the dimensionless factor Ja(gs, 0]x) is
illustrated in fig. 1. As in the non-relativistic case, the
function J2(gs«,0) has a weak logarithmic peculiarity of
the type (:L' — %q*) In ‘:c — %q*| in the vicinity to ¢, =
2z (|q| = 2kr) and the asymptotics:

3N (1 4 2%)!/2

Ry =[1+ (¢ £2)"% q.

0 moc?a? by = s
H2 (qa 7q|0) = 2Neo (14)
b .
mOCQQ* Ve

The function 13(q, —q, 0]0), which is the partial case
of the static three-particle function at qo = —qi, has
the simple analytical representation:

N 3N,
i3(q, —q,0[0) = mh(q, 0z),

3@-,0%)

Figure 1: Dependence of the function Ja(gs,0|z) on
the wave vector q at different values of the relativistic
parameter.

In the formula (15) “non-relativistic” scale was used for
the wave vector (¢ = |q|/kr). In the long-wave limit

3N,

1+ 227).
m002x2)2( +227)

lim 39(q, — 1

S f15(at, =, 010) = (16)
Dependence of dimensionless factor J3(g,0]x) on the
wave vector and the relativistic parameter is illustrated
in fig. 2. As in non-relativistic case, the function (15)

has a logarithmic peculiarity at g = 2kp.

10

J4(¢,0lx)

Figure 2: Dependence of the static function J3(g, 0]x)
on the wave vector q at different values of the relativis-
tic parameter.

The formulae (13)-(15), and the fig. 1, 2 re-
veal the general property of correlation functions
22 (y1,- - ,yn) — steep decrease in the region of wave
vectors (|q;| > 2kp), providing convergence of inte-
grals in the expand (6). In general for a rough estimate
convergence of series (6) we consider a chemically ho-

!
mogeneous model (z; = z, z Y, N; = N,), constrain
i=1
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the integration for each independent vector q; of the
area |q;| < 2kp, neglect screening interactions, replace
the product of structural factors Sq,,Sq, - - - Sq,, With
N,,, and the functions 2 (qi, - - - q,|0) we replace with
3N (moc®z?) =" (1 + 22)2»=1 | which approximately
corresponds to the long-wave asymptotic. For the mag-
nitude of n-th member of series (6) we obtain the esti-
mate

2 n—1_n_2—n

Nemoc? 2" tafz®™"(1 +$2)%("_1), (17)

where ag = €2 /hc is the fine structure constant. Hence,
the series (6) is expansion for dimensionless parameter
zay, which varies from 0,014 (helium dwarf) to 0,19
(iron dwarf). For the typical dwarfs, mainly consisting
of nitrogen and oxygen, zag =~ 0,1. That is expansion
parameter is a small value, which makes it possible to
restrict ourselves to consideration of two- and three-
electron correlations (we note, that correlation energy
of basis system has the order a2). Moreover, the three-
electron function

fi9(q1, 92, 93]0) = 6, +-qa+qs.0{V3(a1, —q2)+
+v3(q2, —az) +v3(qs, —aq1)},

3(qi, 45) = 2 ucs(Bic + Pucra,) (B + Ficq,) (18)
k,s

x (he) 20k, qi) + ¢} {20k, q)) + ¢}
Ek = Fx + m002

can be calculated approximately, performing the sub-
stitution

Ek + EkJrqi = mocQC((ji“:Z), (19)
C(@ilk) = {1+ 22(k* + @)}Y2 + {1 + 22K}/,

which is asymptotically correct both at small and at
large ¢;. According to the Feynman identity [21]

20k, q) + ¢} {2k qp) + 5} =

:/d)\F_2(ql7q]|k)a
0
F(ai,q;lk) = Qij + 2(k, p;;),
Qij =} + M —q7); pi; = Aa

(20)

+ (]. — )\)q]

Passing from the sum by vector k to integral, we use
dimensionless variable k = |k|/kp, ¢ = |qi|/kr, and
the spherical coordinate system, the Oz of which axis
coincides with the vector p,;, we perform integration
over the angular variables, reducing v3(q,,q;) to one-

dimensional integral:

(21)

1
3N,
Y3(Qi,q5) = moc2a?)? /dk Clailk) Clg;lk) fij(k),
0
1 Rij + (=6(k))~1/2
(k) = In | =" by k < qg;
Fall) = 5 " [y — (a2 P <
fij(k) = 2 arctan{él/Q(k)Ri_jl} by k > gqr.
Vo(k)
Here the following notations are was introduced:
2.2
4q; q;
Rij = Rij(k) = 2(qi; q5) — QkQJ ;
% (22)

010) = 50 = (1= 1) a2t a - )
(i —q;)* {41 =)} 5

0(k) is the invariant of problem (d12(k) = do23(k) =
031(k)), gr is the radius of the circle, circumscribing
the triangle constructed on the vectors qi,qs, —q1 —
d2; ti; is a cosine of the angle between the vectors
q;,q;. In the formulae (21), (22) the variables k& and
gi, q; are dimensionless (in unit kr). We use numerical
integration over the variable k in the formula (21).

Integration over the angular variables of the vector
k in the expression for the dynamic two-particle corre-
lation function

qr

Bierq — B
Ek+q — Ek)2 + 2

p’g(qa _q|V7 _V) =2 Z Nk,s ( (23)
k,s

allows us to present it in the form of one-dimensionless
integral:

3N,
MQ(qa _q|V7 _V) =

mocigz 72 717)

o0
Talae, ) = (220 S [ i, oAk 5),
S0

Alkalge, 7) = Y o{[L+ (ke + 0q.)*]/*— (24)

o=+1
1

— parctan [0 ', (ks, q.)] + 5(1 + k2)Y2x

x In [52 + 15 (s, 04)]

Mo (ks @) = [L+ (ku + 0.)°]"? = [1 4+ KZ]2.

Here appear the dimensionless variables
/K| zlgf v

ke =—, o= ——, U= . 25

k’F k‘F v m002 ( )

Fig. 3 illustrates the dependence Ja(g«,v|x) on the
wave vector and the relativistic parameter.

It is well known from the non-relativistic electron

fluid theory [14], that the dynamic local field correction
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Figure 3: Dependence of the dynamic two-particle
function J2(g«, v|z) on the wave vector q at fixed val-
ues of the dimensionless frequency(rv = 0.15mgc?z?)
and different values of the relativistic parameter.

function in the weakly non-ideal model is a universal
function of the variable y = (q,v), it does not depend
on any parameters, and corresponds to the approxima-
tion

Gialy) = —(28Vy) " His(y, —y)} > x
X Z ‘/111/1101(y7 —-Y,Y91, _y1)7
qdi1;V1
13y, =y, y1, —y1) = B ZZGks Vs) (26)
X Gi—q,s( Z Gx—oqy,s(Vx — ov1) X

o==+1
X {2Gk,S(V*) + Gk-‘rq-‘ramd(y* +v+ 01/1)}7

where Gy s = {iv, — Ex+p} ! is the spectral represen-
tation of the one-electron Green’s function of the ideal
model, v, = 73871(2n + 1) is its chemical potential,
v, = 1871 (2n + 1) is the Fermi-Matsubara frequency
(n = 0;£1;4+2;---). After summarizing over the fre-
quencies v, and v, + oy according to the rule

5713 Guea) = mic = {1+ exp[B(Ex — )]}, (27)

Vx

we get the next representation:

Gia(y) = —Vy {3 (y,

—2 E E
= nkl Snkz SX

S k1 k2
x[V(ky — ko) fi, 1, (@) —

-1

= Re{[iy + Ekl - Ek1+q] +

- Ek2+q]_1}2-

In the work [22] were done numerical calculations in
this approximation of the static the dynamic local field

f]fl)kz(qv V)

. (28)
F [fiv + Fk,

Vki + ke +a)fyl ., (a,v)],

18

Gig(qV)

Figure 4: Dependence of the loclal field correction func-
tion G;4(q, V) on the wave vector q and the relativistic
parameter at the frequency v = 0.01mgc?z? (curve 1 —
x=0.05; 2 — z=0.2; 3 — z=0.5; 4 — z=1.0; 5 — x=2.0; 6
- z=5.0).

correction functions for the interacting relativistic elec-
tron gas. The asymptotics of the function at small and
large values of the wave number |q| matches the asymp-
totics of corrections of the non-relativistic theory. The
deviation of these functions is observed near the max-
imum and depends on the value of the relativistic pa-
rameter, as is shown in fig. 4 (the limit G,q(q,v) at
x — 0 corresponds to the non-relativistic correction).

3. Ground state energy of a model

For the calculation of the interacting electron gas
energy by formulae (11), (12) we should consider, that
G.a(gq,v) does not depend on the “coupling constant”
A. From the integral term of the formula (11) it is con-
venient to extract the contribution of first-order per-
turbation theory

Epp(z) =—28V)"' > V> id(a, —qlv,—v) =
. S (29)
= Z ‘/q Z Nk+4q/2,sMk—q/2,ss
q#0 k,s
that allows to present E. in a traditional form
E. = EO(I) + EHF(fE) + Ecorr(x)v (30)
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where
1 3 o0 oo
Ecorr( ) Nmcta {_24 x3}/dV*/dQ*QEX
ag
0 0

‘ {élnu T Lo()(1 + Gly)Lo(y))] — Lo<y>}+

and two-particle sums by the coordinates of nuclei ig-
noring the three-nuclear effective interactions. In this

approach
E~FE. + Epol + Econfa (35)

where E,, is the polarization energy of electron fluid
by nuclei, it does not depend on the structure of the

1 1+ %Lo(y)(l +V=A) nuclear subsystem,
In by A <0
— 1 (2) (3)
Rt 5Lo(y)(1 = V=24) 31) Epot = Epo + Eprs
1
-L A 2 2 2 ~
* iarctanM by A >0 pol 2[22 NV ZV fiz(a; —ql0),
VA 1+ = Lo(y) (36)
2G(y) Lo(y) E®) = — BNVTEN V,x
— by A =0 1= q
1+2G(y)Lo(y) e T Z P
A=Aly) =4G(y) — 1, Lo(y) = 40‘_0‘TJ (g, vs|2). X Vo Vg —qo M3(Q1,QQ, —q1 — q2/0).

*

is the so-called correlation energy. In the units mgc?

3
E. = N.moc? {go(x) ~ 40T +a? EC(I)} . (32)

Here

83—

z) = (22)3{3z z?)'/? z?) —
eo() = (20) {31 + %) /2(1 4 22%) 53

—3Infz + (1 + 22}

is the contribution of an ideal system per one electron,
—3apw(4m) = is the contribution of interactions in the
Hartree-Fock approximation, age.(z) is the correlation
energy. According to the results of numerical calcula-
tions e.(x) can be approximated by the following ex-
pression:

(bla —+ t1/2)
o(x) = —by [ dt X
c (Z) 0 / $3/2 4+ thia + b2t1/2a2 + b3a3
0
]. —+ alt =+ a2t
1+tdg (34)

a = (on)'/?; ay = 1,21954; ay = 1,33205;

do = 1,18934: by = 0,0621814: b, = 9,81379:

by = 2,82214; b3 = 0,73701.
At a1 = as = dop = 0 this expression matches the

approximation [23] of the results of ground state en-
ergy calculation of non-relativistic electron fluid model
eMC(x) obtained using the Monte-Carlo method [24].
In the region x < 1 the expression (34) is near to
eMC(z), and the deviation e.(x) from e (z) in x > 1
is caused by different asymptotics of these functions:
eMC(z) — —boInz +--- by > 1.

In order to calculate the contributions of electron-
nuclear interactions in the products of structure fac-
tors in the formula (6) we have selected one-particle

The configuration energy is determined by the struc-
ture of nuclear subsystem, and expressed through the
effective two-particle potential of interactions of nu-
clei, which is formed by two- and three-electron corre-
lations:

l
1 22 V, .
Econfza § V’L § ‘/q{l_VqMQ(qv_q'O)_
=1 q

Zi - i
7z > Vo Vog guiis(a, a1, —q — a IO)}SS) (a0, —a)+

q1

Z

'L;éj 1

2i2; 1
Zv{l—ﬂz( —q|0) = 575 %

x (ZZ + Zj) Z V;ll V*Q*Gh :[l‘3 (qv q1,—q — Q1|0)}Sé1)5(j(l,

q1
. Ni
S a,—a) = Y exp{i(q,R;, — Ry,)}.
J1#j2=1

Let us rewrite the component E(Og, calculated in the

local field approximation, in the form

2 (2%
(2)

where the dimensionless function ¢

3/2 (2) (2)

E(Q) ) pol

pol = Nemoc

(38)

(2

pol

-1
order as e.(z), and (z") = {Z Ni}
i=1

function E;i)l(:c) can be approximated as

(x) is of the same

l
> 2PN;. The

=1

e® () =~

pol

T
/ co + c1t + 62t2 + C3t3
1+ dit + dat? + d3t3

co = 4,06151; ¢; = 32,6118; ¢y = (39)

ey = 104,13; dy = 73,8252; do =
ds = 189,781.

—43,6587;
—67,1028;

(37)
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As is shown in fig. 5, 5;(9?1(55) has the linear asymptotics proximation they are determined by the expressions
at x > 1, as well as e.(x). However, the polarization o _
(2) . . Visiz (R(ll) . 12) -1 Z V
energy Epol exceeds the correlation energy of basis sys- 2 71 2(
tem by about <z>o¢51/2 ~ 10(z) times, and for (z) ~ 10
it is comparable with Egp. X exp{i(q, Rg,zll) — Rg?))} (42)

EC(X)

0.5 1 15 2 25 3 35 4 45 5

Figure 5: Dependence of functions 5](00)1( ), 10 - 51(90)1( )

and e.(x) on the relativistic parameter.

The contribution of three-particle correlations in the
polarization energy is represented in the form

3
E®) = Nomgc? 2{2 >a5/2a;i)l(x).

pol <Z> 0 (40)

o 0,12 (2) is
satisfied. At sufficiently large values of nuclei charges

In the region & > 1 the ratio 5(3)( ) &~

E;‘zg is not less than the correlation energy of basis sys-

tem: at (z) > 6 the contribution El(jz% is close to the
correlation energy, at (z) > 12 it exceeds the correla-
tion energy by 5 times, and at (z) = 26 — more than by
20 times. The result of numerical calculation of 51(;2 (x)
is approximated by the expression

e®) (z) = —ax —c / Lteu/t et
pol 0 1+ dit+ dgtz + d3t3

a = 0,0450; co = 0,12607: ¢; = —0.93695; (41)
Co = T8.8552; dy — —23.2602; dy — 114,5030:
ds = 164,060.

From the formulae (38), (40) it follows, that

pol/EZ()ii ~ 0,1zap, and it determines the order of

three-electron correlations contribution function.

We have calculated the configuration energy in coor-
dinate representation by introducing the effective two-
nuclear potentials. In the two-particle correlations ap-

Vi) = V{1~ {tiala. ) .

In the formula (42) the sum of the vector q includes
a component with ¢ = 0. We have done our calcu-
lation in the frame of model with two-sorts of nuclei.
Therefore

q;éO i=1,2
XS((ll)S@gl} Z Z V R(l ())—l—ZlZgX
i=1,2  ji#£j2=1

N1 N2 N ) 1 (43)
<Y 3 Va(R) —RE) - SN2 lim (V- V(o))

J1=172=1

To simplify the calculation of the lattice sum we adopt
a simple model of nuclei distribution in the lattice,

namely
-1

where Nj is the number of all knots on the j-th coor-

N =, (44)

dination sphere, and ./\/j(i) is the number of the knots,
occupied by nuclei with charge z;. In this model

(2) SN Va(R,

j>1

N.moc? x? T
6 (1 + 22)1/2 T

where R; is the radius of the j-th coordination sphere.

The effective two-particle potential is screened, and
at small and medium distances between nuclei it is
close to the expression

E¢

conf

(45)

2

e
V(R) = 5 exp{~R/Ro}. (46)

and the screened radius
Ry = gaéﬂa}g{xlﬂ(l A (47)

has the order 0,lap (where ap = hz/moe2 is the Bohr
radius). At the large distances Vao(R) oscillates, but
with small amplitude,

2 3
Va(R) = ° <&> cos(2xR/Ry). (48)

ap \2zR
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The configuration energy for the simple cubic lattice
of nuclei is calculated numerically and can be repre-
sented as

7@

2 ¢ = Nemoc?(2)?2ael? (2(2)), (49)

approximating dimensionless factor by expression

er (@l(z)) = - /

where all the coefficients aq, - - -
(z), that is

ar + tag + t2a3

' tat,
1+ tas + t2a5 + t3ag

(50)

ag are the functions of

ai, + (2)a;, + (2)%a;,
Qi + <Z>ai4 + <Z>2ai5 '

a;({(z)) = (51)

Similar to the formula (42) we have calculated the
correction to the effective two-nuclear potential by the
three-electron correlations

Vi (R) = =V "V S Vi Vegogu %
a q1 (52)
X /]/3((17 qi, —q — Q1|0) eXp{i(qa R)}a

where the sum over the vector q includes the compo-

-0.02

-0.04

-0.06

-0.1
-0.12 ‘
o 1 2 3 4 5 6 7 8 9 10
Figure 6: The effective potential of interactions

VQ(B) (R) at different values of the relativistic param-
eter (curve 1 —x =1.0,2-2=2.0,3 -2 =304 -
x=4.0,5- 1z =5.0).

nent q = 0. As shown in fig. 6, V2(3)(R) is the weak
attracting potential of the type of quantum package

screening potential, which is close to the expression

V) =~ God A {1 e [ < o

x exp{—R/Ry}.

Contribution to the configuration energy of model by
the three-particle correlations in the model (44) takes
the form, similar to the formula (45):

(3) (3)

Econf - ZN ]
izl (54)
4

+ ﬁNea(%(z)mocQ(l + 12)*1/212(93),

T dq (moc?z?)? _

B(w) = [ s k(o i) = T a0
0

This contribution is calculated for the simple cubic lat-
tice of nuclei and represented

E® = Nemoc?ad(z2)e ) (a/(2)).

At sufficiently large nuclei charges (z) and « > 2 the
function sf)(x|<z>) ~ 0,15f)(x|<z>), but it has a posi-
tive sign. It is approximated by the expression

(55)

co + S+ ey + c3y?

P al(z) = —a+ab— [

x

1+ a1y + a2y® + asy?

4. Equation of state of model at T'= 0K

For the well known dependence of model energy on
the relativistic parameter we calculate the equation of
state of cold degenerate matter using the expression

P(x) =

4B _ 2 (o) ey (e

W_Fe h T

Within accepted approximation in case of two-sorts of
nuclei

dy. (56)

P(z) = 7””0(” (F@)+ fa(@) + 3@} (58)
Here
F(z) = 2222 = 3)(1 + z*)V2 + 3In [z + (1 + 22)/?] (59)

is the contribution of the ideal degenerate relativistic
spatially homogeneous electron gas;

—2a0x {%é d <<z>2/3€(LQ)(=’E|<Z>)+

fa(2) 3dx

Elal e + o))}

is the contribution of Coulomb interactions in the two-
electron correlations approximation;

+

fa(x )—8040$

d o (3
= { e + &

(60)

23) 12
oo} on
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Table 1: Dependence of functions F(z) -2, f2(z)-2~* and f3(x)-2~* on the relativistic parameter = according
to the formulae (59), (60), (61).

_ 2(x) - z 2 NOX

r ‘F(I).xél z=2 Z:6f()21:7;22:8 z=12 z=2 z:6fd( )z1:7;zg:8 z =12
0.5 0.737488 —0.0251212 —0.08993 —0.113385 —0.208688 | 0.00151018 | 0.00503624 0.00724728 0.0123084
0.6 0.857456 —0.0249004 | —0.0898357 —0.113389 —0.209376 | 0.00144201 0.0045685 0.00653182 0.0107583
0.7 0.966234 —0.0247338 | —0.0896419 —0.113228 —0.209565 | 0.00140653 | 0.00431288 0.00610532 0.00988929
0.8 1.06412 —0.0246166 | —0.0894277 —0.11301 —0.209485 | 0.00138662 | 0.00415774 0.00582077 0.00935182
0.9 1.15175 —0.0245372 | —0.0892269 —0.112785 —0.209267 | 0.00137469 | 0.00405367 0.00561505 0.00899025
1.0 1.22991 —0.0244844 —0.089051 —0.112575 —0.208985 | 0.00136685 | 0.00397618 0.00545736 0.00872662
1.1 1.29949 —0.0244498 | —0.0889018 —0.11239 —0.208681 | 0.00136085 | 0.00391243 0.00533111 0.00851882
1.2 1.36139 —0.0244276 | —0.0887769 —0.112229 —0.20838 0.00135532 | 0.00385556 0.00522669 0.00834323
1.3 1.41647 —0.0244137 —0.088673 —0.11209 —0.208093 | 0.00134944 | 0.00380207 0.00513813 0.00818666
1.4 1.46551 —0.0244055 | —0.0885864 —0.111972 —0.207827 | 0.00134276 0.0037504 0.00506157 0.008042
1.5 1.50924 —0.0244011 | —0.0885141 —0.111872 —0.207584 | 0.00133514 | 0.00370008 0.00499435 0.00790579
1.6 1.5483 —0.0243994 | —0.0884535 —0.111786 —0.207364 | 0.00132663 | 0.00365119 0.00493463 0.00777667
1.7 1.58327 —0.0243994 | —0.0884024 —0.111712 —0.207166 | 0.00131746 | 0.00360403 0.00488104 0.00765433
1.8 1.61463 —0.0244006 | —0.0883592 —0.111649 —0.206988 | 0.00130788 | 0.00355898 0.00483256 0.00753897
1.9 1.64282 —0.0244027 | —0.0883224 —0.111594 —0.206828 0.0012982 0.00351632 0.00478842 0.00743084
2.0 1.66822 —0.0244053 | —0.0882909 —0.111547 —0.206686 | 0.00128866 | 0.00347628 0.00474798 0.00733015
2.5 1.7636 —0.0244211 | —0.0881871 —0.111386 —0.206164 | 0.00124826 | 0.00331614 0.00458706 0.00693448
3.0 1.82417 —0.0244366 | —0.0881333 —0.111299 —0.205853 | 0.00122235 | 0.00321213 0.00447214 0.00668381
3.5 1.86463 —0.0244497 | —0.0881032 —0.111248 —0.20566 0.00120675 | 0.00314507 0.00438579 0.00652551
4.0 1.89283 —0.0244606 | —0.0880853 —0.111216 —0.205535 | 0.00119715 0.0031007 0.00431866 0.00642247
4.5 1.91319 —0.0244697 | —0.0880743 —0.111195 —0.205451 | 0.00119099 0.0030703 0.00426516 0.0063528
5.0 1.92833 —0.0244773 | —0.0880673 —0.111182 —0.205393 | 0.00118685 | 0.00304877 0.00422167 0.00630395
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is the three-particle electron correlations.

In the region 2 > 1 all contributions (with the excep-
tion of E(LS) (x](z))) to the model energy caused by in-
teractions are negative monotonically decreasing func-
tions of the relativistic parameter. The corrections
fa(z), fs(z) are negative and decrease the pressure. In
the two-electron correlations approximation the equa-
tion of state (58) numerically is very close to the result

of Salpeter [5].

1 POYP, (%) 1

2
3

0.9 1
0.8 1
0.7 1 4
0.6
0.5 1
0.4 1
0.3 1
0.2

0.1 1

T T T T T T T T T
0.5 1 15 2 25 3 35 4 45 5

Figure 7: The ratio of pressure with Coloumb inter-
actions P(z) to the pressure of the ideal relativistic
electron gas Py(x) as function of the relativistic pa-
rameter and nuclear charge (curve 1 — 23 = 29 = 2, 2
—21=22=6,3-21=T;20=8;4— 2z, = 20 = 12).

In table 1 is shown the dependence of terms
F(x), fa(x), fs(x) on the relativistic parameter for the

helium dwarf model (z3 = 22 = 2), carbon (21 =
z9 = 6), nitrogen-oxygen (z1 = 7, z2 = 8; N1 = Na)
and magnesium (z; = 2o = 12). The relative de-

crease of pressure by the interactions {F(z) + fa(z) +
f3(x)}F~1(z) for the same models is illustrated in
fig. 7.

5. Conclusions

Within the reference system approach, which was
adapted for the description of degenerate relativis-
tic electron subsystem, the energy of ground state of
electron-nuclear model, as well as equation of state of
the model, have been calclulated in a wide range of the
relativistic parameter at absolute zero temperature.
As it is shown in our calculation, the contributions
of Coloumb interactions to the energy of ground state
and pressure, caused by two-electron correlations are
determinant and increase with increasing the nuclear
charge. The contributions, caused by three-electron
correlations are much smaller, but they exceed the con-
tribution of correlation energy of electron fluid, espe-
cially at large values of nuclear charge.
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ABSTRACT. We suppose to compile the enhanced
version of FON (Photographic Survey of the Northern
Sky) catalog of stellar positions and B-magnitudes in
the sky region from -20 to 90 degrees on declination.
The photographic base of the project comprises about
5,700 plates obtained at three observatories of the
former SU MAO NAS of Ukraine, Kitab observatory
of Uzbekistan and Gissar observatory of Tajikistan.
The mean epoch of the catalog is around 1988. The
expected limited stellar magnitude is 17.5™. More
than 5,400 plates are processed to support the photo-
metric part of the catalog. The plates were shot on
the 1.2 m Schmidt telescope in Baldone, Latvia, in the
U and V bands. Color data provide the possibility of
catalog correction for the photometric color equation.
Stars brighter than V < 8.5 will be supplemented
with photoelectric U, B, V data. Proper motions will
be obtained using GAIA data.

Keywords: star catalogs, digital image processing,
photometry, UBV photometric system.

1. Introduction

In 1976 two scientists of MAO NAS of Ukraine
[.G.Kolchinsky and A.B.Onegina proposed the project
of the photographic survey of the northern sky (FON)
(Kolchinsky & Onegina,1977). The idea arose after
the acquisition of similar wide-angle astrographs of
Carl Zeiss company with focal length 2 or 3 meters

and aperture 40 cm in several observatories of the
former USSR. The observational part of the project
should have been run at 6 observatories.  They
are Kiev (Ukraine), Kitab (Uzbekistan), Zelenchuk
(Russia), Abastumani (Georgia), Zvenigorod (Russia),
Dushanbe (Tajikistan). Regular observations of the
northern sky started in 1982. Unfortunately, for ob-
jective reasons, the idea of the four-fold overlapping of
the sky with 6 astrographs was not fully implemented
(Pakuliak et al., 2016). Here, in the final version of the
enhanced catalog, we suppose to use plates from col-
lections of three observatories from the previous list,
namely Kiev, Kitab, and Dushanbe. In 2016 the pro-
cessing of 5,400 plates was started for the providing the
photometric part of the catalog with U, V magnitudes
(Eglitis & Eglite, 2017b). Plates were shot on the 1.2
m. Schmidt telescope in Baldone, Latvia.

In MAO NAS of Ukraine, the FON project is carried
out in the framework of UkrVO project (Vavilova et
al., 2012a; 2012b; 2017; Vavilova, 2016).

2. Current status of the project

By now we have created the catalog of positions
and B-magnitudes of stars for the Northern hemi-
sphere (declination from -4° to 90°). The observational
base of the catalog comprises 2260 digitized plates of
MAO NASU 2-meters Carl Zeiss astrograph (Akhme-
tov, 2016; Andruk et al., 2014; 2015a; 2015b; 2016a;
2016¢; Protsyuk, 2015a; Protsyuk & Relke, 2016).
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Plates were digitized using two commercial scanners,
Microtek ScanMaker 9800XL TMA and Epson Expres-
sion 10000XL. The resolution of images is 1200 dpi,
linear dimensions of the most plates are 30x30 sm or
13,000x13,000 pixels (Protsyuk et al., 2014a; 2014b;
2014c). The catalog contains 24.7 million of stars and
galaxies brighter than B = 16.5™". The mean epoch of
the catalog is 1988.2. Positions of catalog entries are
given in the TYCHO-2 reference system, B-magnitudes
are obtained in the system of photoelectric standards.
The internal accuracy of the catalog for all objects is
Ons = £0.28” and op = £0.17™ (for stars in the inter-
val B = 7™ -14™ these errors are 0,5 = +0.13” and op
= 40.08™). The convergence between calculated and
reference positions is 0,5 = +0.06” and convergence
with photoelectric B-magnitudes is o = £0.14™ (An-
druk et al., 2016b).

The result of the processing the Kitab FON photo-
graphic collection containing 1963 plates in the decli-
nation band from -20.5 to +2.5 degrees is the catalog of
positions and B-magnitudes of 13.4 million stars and
galaxies with B < 17.5™ for the mean epoch 1985.0.
(Yuldoshev et al., 2016a; 2016b). The digital images
of plates were obtained on Epson Expression 10000XL
commercial scanner with the same parameters of scan-
ning (Muminov et al., 2013; 2014; 2017). Catalog po-
sitions are in the TYCHO-2 reference system and B-
magnitude in the system of photoelectric standards.
The internal accuracy of the catalog for all objects is
Ous = £0.23” and o = £0.15™ (for stars with B in the
interval from 7™ to 14™ the errors are o,s = +0.085”
and op = £0.054™). The convergence between cal-
culated and reference positions is 0,5 = +0.042” and
convergence with photoelectric B-magnitudes is op =
+0.16™ (Yuldoshev et al., 2017).

Kiev and Kitab FON components have the overlap-
ping area on declination from -4 to +2.5 degrees (Mu-
minov et al., 2016). After the cross-identification of
objects in two catalogs, the compiled catalog was cre-
ated. The compiled catalog contains 36.7 million of
stars and galaxies referred to the mean epoch 1987.0.
For the objects measured twice or more times the errors
are oo = +£0.26” and o = +0.17™ (045 = £0.120”
and op = +0.072™ for stars in the interval B = 7™
-14™).

Dushanbe (Gissar) FON glass collection of the Insti-
tute of Astrophysics, the Academy of Sciences of Re-
public Tajikistan comprises near 1560 plates (Mullo-
Abdolov et al., 2017). Before the start of plate collec-
tion digitizing, the commercial scanner Microtek Scan-
Maker 1000XL Plus has been investigated. The es-
timated errors of the scanner for stars brighter than
B < 13.5™ are o,y = +0.054 px and o,, = +0.020™
for rectangular coordinates and instrumental magni-
tudes respectively. The estimated astrometric accu-
racy obtained from the processing of the test plate with
Pleiades in the system of TYCHO-2 is 0,5 = +0.13”.

To enhance the photometric part of the catalog the
collection of photographic plates shot on the 1.2 m.
Schmidt telescope in Baldone, Latvia, in the U and
V color bands are actively digitized and processed
(Eglitis et al., 2016b; 2016¢). The collection comprises
near 780 U and 4660 Vplates. To date, the rectangular
coordinates and photometric data of registered objects
are obtained for almost the third part of the collection.
The plate digitizing is made on the Epson Expression
10000XL scanner (Eglitis & Andruk, 2017a). It was
tested for positional and photometric errors of the
developed method of image processing by comparison
between images with 8 and 16-bit grey scale color
range. The instrumental errors found from the testing
are £0.0026 px and £0.0024™ for coordinates and
magnitudes respectively. To estimate the astrometric
and photometric accuracy, we processed 6 consecutive
scans of the same plate with 1200 dpi resolution.
The errors obtained for stars brighter than 13.5™
in U-band are o,y = 4+0.021 =+ 0.027 px and o, =
+£0.014™ + 0.016™.

3. The photometric system of the catalog

The observational material in FON observational
program was shot on refractors. The photometric data
obtained as a result of digital image processing are
distorted with the color equation, i.e.calculated pho-
tographic B, magnitudes are burdened with system-
atic errors depending on B-V color indices of stars. To
obtain By, magnitudes, the characteristic curves were
used, calibrated by reference stars with photoelectric
data By (Kornilov et al., 1991; Mermilliod, 1991; An-
druk et al., 1995; 2017; Relke et al., 2015). The results
of the comparison of photometric differences AB=B,y,-
By for calculated and reference stars are shown in
Fig.1.

Panels a and ¢ show the trend of differences AB with
a stellar magnitude Bp.. Panels b and d demonstrate
the dependence of differences AB on photoelectric
values B-V for Kiev and Kitab components of FON
catalog. The number of compared stars in catalogs
is 29,776 and 6,135 for corresponding plots. RMS
errors m of magnitude differences are 0.140™ and
0.156™ respectively. The presence of a color equation
is noticeable on the panels ¢ and d. Its value is
approximately 0.16(B-V) of stellar magnitude.

4. Summary

In nearest perspective we plan the next steps:

1. Until 2019 to digitize and process the plates from
the Dushanbe FON collection. To create the cat-
alog of positions and B-magnitudes.
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Figure 1: Photometric systems of FON
ponents

catalog com-

2. Until 2020 to complete the digitizing and process-
ing of U and V plates from the collection of 1.2
Schmidt telescope in Baldone. To obtain catalogs
of positions and U, V magnitudes.

3. To supply the compiled catalog with bright stars
data (down to V = 0™) and to make the correct
replacement for stars with V < 8.5™ with photo-
electric U, B, V data.

4. To correct B-magnitudes of the compiled catalog
for the color equation.

5. Using GATA data to obtain proper motions of
stars.

Fig. 2 demonstrates the distribution of stars from
the catalog with =1040.50on the hemisphere with the
visible concentration of stars in the areas of Milky Way
and the regions with the absorption of light in them.

The software created in the process of compilation
Kiev and Kitab parts of the catalog was testes also
in the processing of plates with Solar System bodies
to determine their positions.(Eglitis et al., 2016a;
Kazantseva et al., 2015; Protsyuk et al., 2015b;
2017; Shatokhina et al., 2016; Vavilova et al., 2014;
Yizhakevych et al., 2014; 2015; 2016; 2017).

B = 9.5-10.5mag
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Figure 2: The star map on the data of enhanced FON
catalog
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ABSTRACT. This article presents the main results of
the initial processing of some of the astronomical images
obtained from the archive of the digitized photographics
survey of the whole sky SuperCOSMOS. Using of the
median filtering and gausian convolution procedure with
the adaptive kernel allows to carry out the initial
processing of astronomical images without calibration
frames. After the initial processing, the photocenters of
the celestial objects were identified by various methods. It
has been concluded that after the use of the mathematical
methods for the initial processing of the digitized
photographics images, the position of objects is calculated
with a higher random and systematic precision.

Keywords:
big-data

astrometry; survey; image processing;

1. Introduction

Huge strides in the development of telescope construc-
tion and radiation detectors have led to the exponential
growth of the amount and quality of data in modern and
future sky surveys. These factors have opened up new
research horizons for astronomers, but they require new
approaches to the processing of astronomical images. This
article focuses on one of the most important
computational problems of astronomy: the processing of
raw astronomical data. Today, the resolution of the
astronomical images resulting from the digitizing of
photographic plates is up to several Gpixel. To processing
such astronomical images, the use of large computational
power and optimal algorithmic solutions is needed. At the
present time, computer technology gives the ability to
create and fully manage the files that contain several
gigabytes of data.

For quality reduction, there are many different factors
to consider from the observation and the specifics of the
instruments up to atmospheric effects that are very
difficult to describe. However, now there is a large
number of different software packages, tools, and
instruments in the automatic or semi-automatic mode
designed for the high-quality initial processing of
astronomical images. In modern observations with the
using of CCD, high-quality results are achieved by means
of calibration frames such as Offset, Dark, Flat. When

such frames are absence, different mathematical methods
have to be applied.

Today, computer technology makes it possible to
effectively analyze the astronomical archives that contain
even terabytes of astronomical images (Vavilova et al.,
2012). For the processing of astronomical images, such
software packs as IRAF, IDL, MIDAS, etc. have been
developed and widely used. But since most of them have
some particularities in use, in other words, they are
targeted at specific purposes, apply-ing them to our
purposes will not produce the desired results. Also, our
research has shown that the software packs listed above
cannot work with very large images or show very low
performance. Therefore, it has been decided to develop
our own software package that will effectively handle
large amounts of astronomical image.

2. Photographic survey of the whole sky

In April 2018, there will be available the Gaia DR2
catalogue of over 1 billion stars position and proper motion
(Gaia Collaboration, 2016). Precision in proper motions
will be higher than 1 mas/year for the stars from 4 to 20.7 G
mag. This catalogue will be based on the observations of
the 5-year GAIA space mission. Short-term ground based
astrometric surveys use Gaia DRI as reference frame.
Studying any complex motion or variable centroid objects,
ie. "time domain astronomy" requires observations at
multiple, specific epochs or long time-line observations. To
solve this problem, all digitized photographic whole sky
surveys that were received from the 1950s up to 2000, as
well as all available modern CCD surveys, have to be
processed. This requires the creation of the software that
will effectively processing digital photographic surveys at
the modern astrometric precision levels.

In 2020, it is planned to launch an 8-meter LSST
telescope that will be scaning the available sky over a few
days. During only one night of observation with the use of
the largest CCD matrix (3 Gpixel), about 15 TB of data
will be received (Juric et al., 2015). The size of each
image will be up to several GByts. Therefore the problems
of software development, new processing algorithms, and
new methods for analyzing the large amounts of data are
especially acute.

In order to support the above listed tasks, a new soft-
ware has been developed. The analysis of the efficiency
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and correctness of the software operation was performed
on images obtained from the digitizing of the northern
photographic surveys of POSS and southern SERC, ESO,
which are stored in Edinburgh SuperCOSMOS Scientific
Archive (SSA) (Hambly et al., 2001, Hambly et al., 1998).
One such FITS-image is an area of the celestial sphere of
6x6 degrees size, with a resolution of 0.67 arcseconds per
pixel. The size of a FITS image is about 1Gpixel
(32256x32256px), which is about 2 GByts of data in the
digitized form.

3. Processing
3.1. Initial processing

The main peculiar properties of work with the
photographic surveys is that they do not contain
supporting calibration frames (Offset, Dark, Flat), so for
the initial processing only the use of mathematical
methods was needed.

To align the image field and to eliminate the noise, the
median filtering with the variable (dynamic) kernel, as
well as the mathematical convolution method with the
Gaussian kernel were applied. Unfortunately, at this stage
of the work some of the objects are not taken into account
because of their irregular shape. For now, we are
improving approaches to these methods in order to obtain
undistorted data on the maximum number of objects.

The size of the median filter kernel ranged dynamically
from the initial 3x3 pixels to the 50x50 pixels, and it
includes the information of the part of the image which it
overlaps while operating (Popowicz et al., 2015). The
limitation of the maximum kernel size made it possible to
exclude very bright objects (magnitude < 8) that could
have obscured the surrounding weaker objects.

The convolution operation in our work helped to clarify
the edges of the celestial objects, as well as "smooth" their
brightness distribution on the field, which ultimately gives
each of them a more "correct", Gaussian form.

3.2. Calculation photocenter of the objects

The position of the objects in the SuperCOSMOS was
obtained by the fastest but at the same time the least
accurate method known today (Center of Gravity, which is
also referred to as the Moment method)
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It's worth remarking that the improved kinds of this
method exist, such as Weighted center of Gravity and
Iterative center of Gravity. Their precision in finding
centroids is several times higher.

Fig. 1 shows theoretical dependence the precision
calculation of the photocenter from objects size in pixsels
for some methods.

In our software, we suggest using a completely
different method to measure an object's photocentre,
which in theory and practice is already more precise than
the above mentioned one; and what is important, it is only
a little slower. This method is Least Squares Gaussian Fit
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Figure 1: Accuracy of methods for searching photocentres
comparing

2D (LSQ2) (Delabie et al., 2015). Its principle is to apply
the least squares method to the two-dimensional function
of the normal Gaussian distribution. This distribution was
selected as a mathematical model because of its
comparably high quality of celestial objects profile
prediction to other simple functions.

The logarithm of the two-dimensional Gaussian
function
(x—xy)* + (}'—}'DJZ)
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was found for the possibility of using LSQ.

Next, after calculati