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We have carried out a spectral classification by the Activity Types for a subsample of Blazars
from the BZCAT v.5 Catalogue, namely the BL Lac (BLL, Lacertids) candidates, designated in
the Catalogue as BZB subtype objects. The classification is based on the Sloan Digital Sky Survey
(SDSS) homogeneous medium-resolution optical spectroscopy and along with the standard BPT-
type diagnostic diagrams, we have applied our newly introduced fine classification scheme with
subtypes of Quasars and considering many more features. Out of 1151 BZB objects, 552 having
SDSS spectra were classified. After new classification, 259 (46.1%) of 552 have not changed their
optical class, and 293 (53.1%) of these objects have changed their optical class. Having this new
information on the optical classification we suggest to change the classification of some objects in
BZCAT: for 130 BZB objects to BZG, for 18 BZB objects to BZQ and for 145 BZB objects
to BZU.

Keywords: blazars: BL Lac objects: quasars: radio sources: activity type: classification

1. Introduction. Among the Active Galactic Nuclei (AGN), the most
interesting are blazars with combination of two subtypes: a) BL Lac (BLL) objects
and b) special types of quasars (QSO): Optically Violent Variable (OVV) and
Highly Polarized Quasars (HPQ). A blazar is characterized as a very compact
quasar, associated with a presumed Super Massive Black Hole (SMBH) at the
center of an active giant elliptical galaxy. Blazars are the most energetic objects
in the Universe [1]. The object BL Lac was originally discovered by Hoffmeister
[2] as a variable star, and later it was identified by Schmitt [3] as an extragalactic
source, and BL Lac type objects were assigned as one of the AGN types. They
are characterized by significant optical variability, optical continuous spectrum
without or with very weak absorption or emission lines, and they have radio
emission, which is typically also variable and polarized.

Massaro et al. [1] presented the blazar catalog BZCAT v.5, where the objects
are divided into 4 types: BZB (Lacertids, BL Lac or BLL), BZQ (Quasars, namely
Flat Spectrum Radio Quasars, FSRQ), BZG (Galaxies), and BZU (Undetermined
class). Table 1 shows the distribution of the types of blazars from the BZCAT
catalog.
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Table 1
DISTRIBUTION OF THE TYPES OF BLAZARS FROM
BZCAT CATALOGUE
Number of objects Number of objects
N Type with spectra in SDSS
Number % Number %
1 BZB BL Lac 1151 323 552 479
2 BZG Galaxies 274 7.7 150 54.8
3 BZQ Quasars 1909 53.6 618 324
4 BZU Unclassified 227 6.4 43 18.9
All 3561 100.0 1363 38.3

In our earlier papers we studied and classified BZU, BZG and BZQ objects
[4-6]. This paper is devoted to detailed spectral classification of the largest group
BZB blazars from the BZCAT catalog. We aim at classifying all objects by activity
types, as well as rearranging BZCAT types to have more homogeneous grouping.

2. Studied data. For our investigation, we have selected BZB (BL Lac)
objects from BZCAT catalog. We have picked out 1151 BL Lac candidates from
Table 1, which make up our investigation data. 552 out of the 1151 BZB objects
have optical spectra in the SDSS [7]. For these objects we have carried out a
detailed classification using the SDSS spectra.

2001
1504 |
o i
Ko}
5
2 1009 || |—
50
0 T [_‘II_I ,_||,_| '_||'_| T =T =
0 1 2 3 4 5 6 7
Redshift

Fig.1. The distribution of BZB objects by redshift.
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Table 2

DISTRIBUTION OF TYPES OF OPTICALLY CLASSIFIED
BZB (BL Lac) OBJECTS FROM BZCAT CATALOGUE

Classes/Subclasses SDSS images VCV-13 NED

BL Lac - 417 -
QSO - 28 262
AGN - 7
Galaxy 139 -
GClstr - -
Star 413 -
UVES - -
UvS - -
VisS - -
IrS - -
RadioS - -

Total 552 452 452

—_
(W]

O NN W W A

In Fig.1 we give distribution of BZB objects by redshift; this information is taken
from SDSS. Most of these objects have redshift smaller than 1.5 (the average is 0.95).

Using the data from various catalogs and data bases VCV-13 [8], NASA/IPAC
Extragalactic Database (NED) and SDSS [7], we have clarified the optical classifi-
cation of these objects prior to our classification. We list these data in Table 2.

As it can be seen from Table 2, some objects do not have detailed optical
classification. In this table information on optical classification for all BZB objects
from SDSS, VCV-13 catalogues and NED database is given.

The measurements of the SDSS spectra are very often based on lines at the
noise level and of low quality. As a result, automatic measurements lead to some
misclassification. Thus, it is necessary to carefully check the spectra at all
wavelengths and to decide which measurements should be used for further study.
The lines which are used in the diagnostic diagrams are especially important ( HB ,
[OIII] 5007 A, [OI] 6300A , Ha, [NII] 6583 A, and [SII] 6716+6731A) [9].

3. Optical classification for activity types. Diagnostic diagrams are
useful tools for the galaxies classification based on the emission lines ratio [10-
12]. Mickaelian et al. in [10,11] have introduced a new optical classification
scheme (https://www.bao.am/activities/projects/21AG-1C053/mickaelian/). In this
paper we have carried out optical classification using this method. To guarantee
the best accuracy and consider all possible details, we classify the objects in several
ways and then consider all obtained types and subtypes:
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- By the 1st diagnostic diagram (DD1) using line intensity ratios [OIII]/HB
vs. [OI]/Ha .

- By the 2nd diagnostic diagram (DD?2) using line intensity ratios [OHI]/HB
vs. [NII}/Ha .

- By the 3rd diagnostic diagram (DD?3) using line intensity ratios [OIII]/HB
vs. [SII]/Ha .

Table 3
CLASSIFICATION OF BZB OBJECTS USING THE SDSS SPECTRA

Classification Number %

Abs (Absorption galaxy) 100 18.11

BZB | Continual spectra with z 2 3.97

Continual spectra without z 237 42.85

Em 24 4.32

LINER 2 0.36

NLQI 1 0.18

NLQI.5 2 0.36

QSO 16 2.90

SB 2 0.36

Sy2 2 0.36

Unknown 145 26.23

Total 552 100
Unknown
Sy

sB ||
Qso |
NLQSO

]

]

B

|
UNER]

i

Em
Continual i
spectra
Abs
T T T T T T T T T T
0 50 100 150 200 250
Number

Fig.2. The new classification of the BZB objects using the SDSS spectra.
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- By comparison and using the 1Ist, 2nd and 3rd diagnostic diagrams
simultaneously

- By eye (considering all features and effects). Very often, the diagnostic
diagrams do not give full understanding for all objects and only eye can reveal
some details.

For these objects in the spectra, the lines Ha and HB were mainly absent
(due to redshifts), so we made a classification only by the visual method.

In Table 3 and in Fig.2 we show our spectral classification for 552 BZB objects
using the SDSS spectra. It is clear from Table 3 and Fig.2 that these objects
mostly have "Continual spectra”, which dominated BZB objects (about 46.82%).

After our new classification, 259 (46.1%) out of 552 have not changed their
optical class, and 293 (53.1%) out of these objects have changed their optical class.

Table 4 shows our detailed classification of the 10 BZB objects using the SDSS
spectra (the full list will be available in electronic form in VizieR). Having this new
information on the optical classification we suggest to change the classification of some
objects in BZCAT between the groups, given by Massaro et al. [1]: for 130 BZB
objects to BZG, for 18 BZB objects to BZQ and for 145 BZB objects to BZU.

Table 4
LIST OF 10 BZB OBJECTS CLASSIFIED USING THE SDSS SPECTRA

BZCAT name Old class New class M L
BZCAT | SDSS | VCV-| NED | Activity |BZCAT | SDSS |x10* Ly
13 type class r
SBZB J0110-0415 | BL Lac | Star NLQSO1| BZQ | -22.76 41.82
SBZB J0832+4913 | BL Lac | Star B QSO Sy2 BZG | -21.82 17.51
5BZB J1058+4304 | BL Lac | Star B QSO QSO BZQ | -22.96 50.12
5BZB J1337+0035 | BL Lac |Galaxy| B G LINER | BZG | -21.76 16.52
SBZB J1402+1559 | BL Lac | Star B QSO LINER | BZG | -22.02 21.08
SBZB J1417+2543 | BL Lac |Galaxy B RadioS Em BZG | -22.70 39.59
5BZB J1437+3002 | BL Lac | Star QSO BZQ | -22.88 46.38
5BZB J1617+4106 | BL Lac |Galaxy| B QSO Sy2 BZG | -22.14 23.51
5BZB J1714+3036 | BL Lac | Star B G QSO BZQ | -22.54 34.03
5BZB J2219+2120 | BL Lac | Star NLQSO15| BZQ | -21.83 17.73

4. Absolute magnitudes and Iluminosities. Having information on
magnitudes from SDSS, we have calculated absolute magnitudes for BZB objects
using Eq. (1).

M =m+5-5logL— f(z)+Am(z), (1)

Lz—c(: Z)_z[[(1+z)3QM +QA]>05 dz )
0 0
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where L is the luminosity distance as defined by Riess et al. [13], z is the
redshift, /' =2.5(1-z)"" the k correction, Am(z) is a correction to k considering
that the spectrum of quasars is not strictly a power law of the form Socv™
(a=-0.3, [8]).

The following values were taken for the cosmological constants in the calcu-
lations:

Q, =029, Q, =071, H,=71kms Mpc.

Having absolute magnitude, we counted luminosities for BZB objects from
Blazars catalogue using Eq. (3).

L=2512""M [ (3)
where Ly and Mg are the luminosity and the absolute magnitude of the Sun
(Lg =3.83-10% erg/s, Mg =4.83). Data on absolute magnitude and luminosity
can be found in Table 4.

After the optical classification and change of the subtypes of some objects (for
130 BZB objects to BZG, for 18 BZB objects to BZQ and for 145 BZB objects

0.8 1 A
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0.6 et
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Fig.3. Color-color diagrams for BZB
= objects after the optical classification.
x BZB
e BZG
N * BZQ
o s BzU

0.0 0.2 0.4 0.6 0.8



CLASSIFICATION OF BLL BLAZARS 135

BZGB
i BZ i
16 BZG 16
i BZU
18 1
18
> 4 (o2}
20 |
] 204
22_ o -
22
0.0
151 BZB 154
BZG
)l BZQ ]
BZU
17 1 174
194 194
214 A ®
T T T T T T T T T 21 T T T T T T T
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6
r-i i-z

Fig.4. Color-magnitude diagrams for BZB objects after the optical classification.

to BZU), we built color-color and color-magnitude diagram for BL Lac objects
(Fig.3 and 4). In most of graphs blazars subtypes are scattered in all area. In
color-color and color-magnitude diagrams distribution of BZG objects have a shift
from other blazars distribution and is different from others. In color-magnitude
diagrams the weakest objects are mainly BZU subtype objects.

5. Results. We selected BZB objects from BZCAT catalog (Table 1). 552
of the 1151 BZB objects have optical spectra in the SDSS. For these objects we
have carried out a detailed classification using the SDSS spectra. In this paper
we have carried out optical classification using method given by Mickaelian et al.
in [10,11]. Our optical classification results are given in Table 3 and 4.

In Table 3 and in Fig.2 we show our spectral classification for 552 BZB objects
using the SDSS spectra. It is clear from Table 3 and Fig.2 that these objects are
mostly have "Continual spectra”, which dominated BZB objects (about 46.82%).
After our new classification, 259 (46.1%) of 552 have not changed their optical
class, and 293 (53.1%) of these objects have changed their optical class.
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Having this new information on the optical classification we suggest to change
the classification of some objects in BZCAT between the groups, given by Massaro
et al. [1]: for 130 BZB objects to BZG, for 18 BZB objects to BZQ and for
145 BZQ objects to BZU.
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KITACCUOUKALIMA BJIIASAPOB BLL T10 THUIIAM
OIITUYECKOU AKTUBHOCTHU

AM.MUKAEJIAH, A.B. ABPAMAH, I''M.IIAPOHAH, 'AMUKAEJIAH,
A.I.CYKHNACAH, B.X.MKPTUAH

IIpoBeneHa choekTpaibHasg KiaacCU(UKALMSA IO TUIMAM aKTUBHOCTU JIsI
NMoaBEIOOPKU 61a3apoB u3 Katajora BZCAT v.5, KOHKpeTHO I KaHIUJIaTOB B
BL Lac (BLL, Jlaueptuabl), o603Ha4YeHHbIE B KaTajgore Kak oObeKTbl MOATUIIA
BZB. Kiaccudukauusga ocHOBaHa Ha OITHMYECKON CIIEKTPOCKOITMU CpEIHEro
paspeiieHust CiioaHOBCKOro LugpoBoro oo3opa Heba (SDSS), u Hapsamy co craH-
JapTHBIMU JUarHOCTUYeCKUMU nuarpammamu BPT-Tuna npuMeHeHa HemaBHO
BBEJCHHAsI aBTOpaMM CXeMa TOHKOM KiaccuUKALMKU ¢ MOATUIIAMU KBa3apoB U
Y4ETOM MHOTUX Apyrux ocobeHHocTeil. M3 1151 BZB 00bekToB KitaccupuipoBaHbl
552, xotopble umetot crekrpbl SDSS. INocie HoBoi Kiaccudukanuu 259 (46.1%)
13 552 He M3MeHWIU CBOM ToaTui, a 293 (53.1%) u3 3Tux 0O0BEKTOB M3MEHWIN
noatun. MiMest 3Ty HOBYIO MH(pOpMaLIMIO 00 ONTUYECKON KiIacCUdUKALIMKU, Mbl
npejjiaraeM M3MEHUTh Kilaccudukalnio HeKoTopbix 00bekToB B BZCAT: ns 130
oobekToB BZB nHa BZG, nna 18 oonekTtoB BZB Ha BZQ u pia 145 o0bekToB
BZB na BZU.

KntoueBbie cioBa: Oaazapwi: obsekmot BL Lac: keasapwi: paduoucmo4HuKu: mun
akmueHocmu: Kiaccuguxayus
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Photometric data were used to perform the first light curve analysis of the V0610 Vir binary
system. Observations and analysis were done in the form of the Binary Systems of South and North
(BSN) Project. We extracted the minima from our observations and compiled the literature, which
was few. Therefore, we performed computations using the reference ephemeris and presented a new
ephemeris and O-C diagram with a linear fit. Light curve analysis was performed using the
PHOEBE Python code and the Markov chain Monte Carlo (MCMC) approach. The assumption
of a hot starspot was required due to the asymmetry in the light curve's maxima. The analysis shows
that V0610 Vir is a contact binary system with a fillout factor of 0.085, a mass ratio of 0.998,
and an inclination of 70°.65. The absolute parameters of the system were estimated based on the
Gaia DR3 parallax method. The results show that the system is a low-mass contact binary with
a total mass lower than 0.8 M, . The location of the stars was shown in the M- L and M- R
diagrams.

Keywords: techniques: photometric - stars: binaries: eclipsing - stars: individual

(V0610 Vir)

1. Introduction. The W Ursae Majoris (W UMa) binaries include two stars
that are typically F, G, or K spectral type stars whose Roche lobes have been
fielded, and they share a similar envelope [1-3]. The orbital period of W UMa-
type systems is less than one day. Also, the light curves of these binary stars show
two equal or almost equal minima, demonstrating that their effective surface
temperatures are close to each other [4]. Further investigation of contact systems
is important since it can reveal many details about the evolution of stars.

V0610 Vir listed in [5]. According to the AAVSO International Variable Star
Index (VSX) and ASAS-SN variable stars' catalogs, V0610 Vir is a W UMa-type
binary system with an orbital period of 0°.3398754 and 0°.3398768, respectively.
The coordinates of this system in the Gaia DR3 database are R.A.: 176°.7745788
and Dec.: 1°.2447709 (J2000).

The maximum apparent magnitude V, _of the system was reported as 13".31
in the ASAS3 catalog, 13™.15 in the GCVS catalog, 13™.31 in the AAVSO, and
13™.15 in the Kazarovets et al. [5].
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This work is a continuation of the BSN' project on eclipsing binary systems.
The paper's structure is as follows: Section 2 explains observation and data redaction;
Section 3 is about extracting minima and obtaining new ephemeris; and Section
4 is related to light curve analysis. The technique used to estimate the absolute
parameters is described in Section 5, and the conclusion is in Section 6.

2. Observation and data reduction. The observations in the photometric
system of V0610 Vir were carried out one night in March 2020 by a Schmidt-
Newton 254 mm/1016 mm telescope with the G2-8300 CCD camera at a private
observatory in the Czech Republic (49.65N, 14.41 E). During observations, the
CCD average temperature was -20°C.

A V-band filter was used, and a total of 279 images were obtained. Each image
has an exposure time of 90 seconds. Images were processed using MaxIm DL
software, which included dark, bias, and flat-field for basic data reduction.

Fig.1 displays the comparison and check stars that were selected that were close
to the target and had a suitable apparent magnitude in comparison to V0610 Vir.
So, we considered a comparison star named UCAC4 459-049136 (11 46 55.388,
+01 44 51.534) with an apparent magnitude of V' = 14.32 and nine check stars
including UCAC4 457-049442 (11 47 17.678, +01 20 02.553) with a V'=13".20,
UCAC4 458-049431 (11 46 59.259, +01 21 57.295) with a V=13".72, UCAC4
457-049428 (11 46 52.883, +01 21 12.000) with a V=13".29, UCAC4 457-
049456 (11 47 48.705, +01 19 04.569) with a V=13".90, UCAC4 457-049455

Fig.1. Field-of-view of the V0610 Vir binary system (V), comparison (C), and check stars (R).
The field-of-view of the picture is 35x 25 arcminutes.

! https://bsnp.info/
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(11 47 46.001, +01 18 14.696) with a V=14".51, UCAC4 457-049448 (11 47
29.787, +01 22 38.372) with a V=14".13, UCAC4 458-051054 (11 46 49.701,
+01 25 18.116) with a V=14".17, UCAC4 458-051065 (11 47 07.913, +01 32
12.092) with a V=13".65 and UCAC4 458-051064 (11 47 07.423, +01 33
47.439) with a V=15".37. The coordinates and apparent magnitudes of all the
comparison and check stars were gathered from the ASAS-SN catalog.

Finally, we used the AstrolmageJ program to normalize the flux of all the
data [6].

O-C (minutes)

8000 12000

-4000 0 4000
Epoch (cycle)

Fig.2. O-C diagram with a linear fit for the V0610 Vir system.

3. New ephemeris. In binary star systems, the O-C diagram is an important
tool for finding new ephemeris. The O-C value represents the difference between
the predicted and observed times of an eclipse in a binary system. The O-C
diagram allows us to visualize the changes in the timing of eclipses over a longer
period of time. By analyzing the trends of the O-C diagram, we can study various
phenomena, including orbital period variations, eclipse timing variations, and even
the presence of additional companions in the system. For this purpose, we
extracted one primary and one secondary from our observations and collected them
with ten other minima from the literature (Table 1). Also we converted all of
the times of minima to the Barycentric Julian Date in Barycentric Dynamical
Time (BJD,,,).

To compute Epoch and O-C, we used a reference ephemeris with a time of
minima of 2455291.81179(30) from [7] and an orbital period of 0°.3398768 that
we obtained from the ASAS-SN catalog. Therefore, according to the O-C diagram
and considering that the number of observations for this system is limited and
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Table 1
AVAILABLE TIMES OF MINIMA FOR V0610 Vir

Min.(BJD,,,) Error Method Epoch 0O-C (day) Reference
2453499.64872 | 0.00030 4 -5273 0.0073 Diethelm [7]
2455267.68109 | 0.00030 4 -71 0.0006 Diethelm [7]
2455291.81179 | 0.00030 4 0 0 Diethelm [7]
2455605.85759 | 0.00070 4 924 -0.0004 Diethelm [8]
2455978.87028 | 0.00070 4 2021.5 -0.0025 Diethelm [9]
2456038.68868 | 0.00070 4 2197.5 0.0024 Diethelm [9]
2457811.65388 | 0.00010 | CCD-Clear 7414 -0.0045 Lehkry et al. [10]
2457840.37499 | 0.00020 | CCD-Clear 7498.5 -0.0030 Lehkry et al. [10]
2457840.54279 | 0.00020 | CCD-Clear 7499 -0.0051 Lehkry et al. [10]
2458166.48289 | 0.00010 | CCD-Clear 8458 -0.0069 Lehkry et al. [10]
2458932.39593 | 0.00047 4 10711.5 -0.0062 This study
2458932.56657 | 0.00024 4 10712 -0.0055 This study

few minima are available for it, only a least-squares linear fit can be considered
(Fig.2). Based on this information, the new ephemeris can be calculated as follows:

Min.I(BJD;,, ) = 2455291.81304(13)+ 0.339875947(17)x E (1)

where Min.I is related to the primary minimum, and F is the cycle.

Table 2
PHOTOMETRIC SOLUTION OF V0610 Vir

Parameter Result

7, (K) 58117

7, (K) 544075
q=M/M, 0.998"

Q =0, 3.70(5)

i° 70.65%)

f 0.0857

/L, (V) 0.580(2)

L/, (V) 0.420(2)

r, (mean) 0.388(27)

r, (mean) 0.388(26)

Phase shift -0.009(1)

Colatitude_ (deg) 74(1)
Longitude_ (deg) 348(2)
RadiusSpol (deg) 27(1)
spot’ star 109(1)
RadiusSpol (deg) 27(1)

Component Hotter star
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4. Light curve solution. The PHOEBE 2.4.9 version and the MCMC
method were used to analyze the light curve of the V0610 Vir system [11].

We used the P-T, relationship from [12] to calculate the effective temperature
of the hotter star as the input Eq. (2).

T, =(6951.42*1121¢ ) P+ (3426.014412 ). @)
The gravity-darkening coefficients was determined g =g,=0.32 [13] and the
bolometric albedo was assumed to be 4 =A,=0.5 [14]. Additionally, the stellar
atmosphere was modeled using the Castelli, Kurucz [15] method, and the limb
darkening coefficients were employed in the PHOEBE as a free parameter.
Due to the availability of photometric data, we used g-search to estimate the
mass ratio. The obtained mass ratio was used as the MCMC process's initial
parameter value.
The maxima of the light curve were asymmetric (¥, 1-V,,.2)#0. So, the
light curve solution required the use of a hot starspot on the hotter component [16].
Then, the theoretical fit was improved using PHOEBE’s optimization tool.
Moreover, taking into account a normal Gaussian distribution in the range of
solutions for inclination, mass ratio, fillout factor, and effective temperatures, we

1
< 0.8 ]
=]
e}
] ]
N
© ]
£ ]
2 06-
-0.4 -0.2 0 0.2 0.4
0.1
0 ]
_0.1 T T T T T T T T T T
-0.4 -0.2 0 0.2 0.4
Phase

Fig.3. The observed and synthetic light curves of the system in V filter.
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estimated the values of the parameters together with their uncertainties using the
MCMC approach based on the emcee package in PHOEBE code [17]. We
employed 96 walkers and 600 iterations for each walker in the MCMC processing.
Table 2 contains the results of the light curve solution. The corner plots and final
synthetic light curve are shown in Fig.3 and Fig.4, respectively. The component
positions for the four phases of an orbital period are shown in Fig.5.

5. Absolute parameters estimation. The estimation of absolute param-
eters in contact binary stars typically involves determining quantities such as mass,
radius, luminosity, absolute bolometric magnitude, and surface gravity. So, to
estimate absolute parameters, the Gaia DR3 parallax method was used in [18,12].

|

T primary (K)

Ter seconaary (K)

FFcantct, mesope

i

rOe L ® P S D H S o S g o o o ) o
R R DT A Q) o S &P P F P P g e & & Y Y

lomary (*) Quanary Ter prmary (K) Ten seconasry (K) FFeanmcr, mesope

Fig.4. The corner plots of the system from the MCMC modeling.
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Fig.5. Geometric structure of V0610 Vir with a hot spot on the hotter component.

Therefore, we used V, =13.33 £0.09 from our observations, the extinction
coefficient 4, =0.063+0.001 from the Schlafly, Finkbeiner [19] study, and the
Gaia DR3 distance d(pc) =479 £3 for V0610 Vir.

So, we estimated the absolute magnitude M, of the system, subsequently the
absolute magnitude for the components, and the bolometric magnitude M, , of each
star, respectively Egs. (3) to (5).

M, =V-Slogd+5- A, 3)
M) = My = ~2.5log 02)
U(I,Z) - v(system) =—zolog—— (4)
tot
M,, =M,+BC. (5)

The hotter and cooler components’ bolometric correction BC, = -0.073 and
BC,=-0.153 were derived as a function of the effective temperature of the stars
[20].

The following equations were used to determine the luminosity and radius,
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and separation between the center of mass of the components (6, 7 and 8):

L
My =M e =2 510gL— ©6)
®

I 112
k= [475(5 T4 j )

R

a=

®)

Additionally, using the mass ratio determined by the outcomes of the light
curve analysis, each component's mass was determined using the well-known
Kepler's third law Eq. (9). Using Eq. (10), the surface gravity was estimated. The
estimated parameters using the Gaia DR3 parallax are shown in Table 3.

rmean

a’ P?
G(M+ M) 4n? ©)
g =GolM/R?). (10)
Table 3
THE ABSOLUTE PARAMETERS OF THE V0610 Vir BINARY SYSTEM
Parameter Hotter star Cooler star
M, (mag.) 5.457(72) 5.807(70)
M, (mag.) 5.384(72) 5.654(70)
L(Lg) 0.553(35) 0.431(27)
R(Rg) 0.735(21) 0.741(21)
MMgy) 0.400(44) 0.399(49)
logg (cgs) 4.307(20) 4.300(26)
a (Ry) 1.902(71)

6. Summary and conclusion. We observed the V0610 Vir binary system
at an observatory in the Czech Republic. We extracted our observed minima in
addition to collecting from the literature. Then, we determined the epoch and
O-C values using the reference ephemeris. The O-C diagram shows that just a
liner fit can be considered, and that is descending.

Light curve analysis was performed using the latest available version of
PHOEBE Python code together with the MCMC approach. Moreover, the Gaia
DR3 parallax was used to estimate the absolute parameters of the V0610 Vir
system.

According to the light curve analysis, the companion stars in this system have
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a temperature difference of 371 K. In contact systems, the maximum temperature
difference between two stars is around 5%, which is consistent with our light curve
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Fig.6. a) logM - logL diagram; b) logM - logR diagram; c) logM,, - J, diagram.
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analysis in this regard [21]. Based on the temperatures of the stars, G3 and G8
are the spectral types of the hotter and cooler stars in this system, respectively
Eker et al. [22].

The evolution of V0610 Vir is depicted by the positions of each component
on the logarithmic scaled Mass-Luminosity M- L and Mass-Radius M - R diagrams
(Fig.6a, b). These diagrams show both the Terminal-Age Main Sequence (TAMS)
and the Zero-Age Main Sequence (ZAMS). Due to their very close masses and
radii, their position is next to each other and above TAMS.

The orbital angular momentum of the system is 51.173 £0.079. This result
is based on the following equation from the Eker et al. [23] study:

2
L mp, (1)
(1+q) V2n
where ¢ is the mass ratio (M,/M)), M is the total mass of the system (M, + M,),
P is the orbital period, and G is the gravitational constant. The units in Eq. (11)
are based on CGS. The logM,  -J, diagram (Fig.6¢c) considers the V0610 Vir in
a contact binary systems region.

According to the short orbital period, light curve solution, and estimation of
the absolute parameters of the V0610 Vir, it can be concluded that this system
is a Low-Mass Contact Binary (LMCB) system. The orbital period variation trend
in LMCB binary systems is usually decreasing, so the examination of this requires
more observations and a parabola on the O-C diagram. It should be noted that
the LMCB systems have formed a disc that has the potential to be a place for
planet formation with an age considerably shorter than the age of host stars [24]).
So, based on the position of this system's stars in Fig.6 diagrams and the low
mass of the two stars, we suggest it for future observations and investigations.
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BSN: ITEPBOE MCCIIEJOBAHUE KPUBOW
BJIECKA KOHTAKTHOMN ABOMHON CHUCTEMBDbI
MAJIOM MACCBHI V0610 Vir

AAJIMBAAEXCABET!, ®JIOMO3?, A.IIOPO?, AAHAPUMAHUN*

BriepBble, ncnonb3yst (hoToMeTpuuecKue JaHHbIC, BHIMOJHEH aHAIU3 CBETOBOM
KpuBOii aBoiiHo# cucteMbl V0610 Vir. HabmoaeHust u aHanu3 ObUIA IIPOBEACHBI
B paMmkax npoekta BSN (Binary Systems of South and North). M3 nHammx
HaOIIOAEHUI MBI U3BJIEKIM MUHUMYMBI CBETOBOI KPUBOM U COOpanu MMEIOLIYIOCS
B JluTepaType HeboraTyro MH@opmaluio. BelurMcieHus: mpoBeaeHbl ¢ UCO0Ib30-
BaHMEM BTaJOHHOM 3¢heMepubl, U MpeacTaBicHa HoBasl adeMepuia U auarpaMmma
O-C c 1uHeWHOI anmpoKcuMalneil. AHaJIM3 CBETOBOM KPUBO OBII BBITIOJIHEH C
ucnoias3oBaHueM Python-kona PHOEBE u mMetona mapkoBckux 1ereit MoHTe-
Kapno (MCMC). IpeanonoxeHue o ropsideM 3B€3IHOM TISITHE ObLIO HEOOXOAUMO
MU3-32 aCUMMETPUU B MaKCMMYyMax CBETOBOI KPUBOU. AHAJIU3 MOKAa3bIBAECT, UTO
V0610 Vir siB/isteTcsl KOHTAKTHOM TBOMHOM CUCTEMOI ¢ KOI(DMOULIMEHTOM 3alI0OIHEHUS
0.085, otHomreHneM Macc 0.998 n HakmoHeHreM 70°.65. AGCOTIOTHEIE TTapaMeTPhI
CHCTEMBI ObUIM OlLIEHEHBI Ha OCHOBE MeToja napaiiakca Gaia DR3. Pe3ynbTaThl
MMOKA3bIBAIOT, YTO CUCTEMA TIPEACTABISET COO0I KOHTAKTHYIO IBOMHYIO CUCTEMY C
ob1ueit maccoit meHee 0.8 M, . PacrionoxeHue 3Be31 MOKa3aHO Ha JAMarpaMmax
M-Lu M-R

KntoueBbie cioBa: memoosi: pomomempuueckue: 36e30bl. OBOIHbBIE: 3AMMEHHbLE:
36e30b1: unousudyanvhoie (V0610 Vir)
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TpencraBieHbl pe3ybTaThl aHAIKM3a MPOSIBICHUI aKTUBHOCTH KapJiMKa CHEKTPaJIbHOro Kiacca
K2V HD 189733, oGnanarouiero omHoOW M3 Hambosiee XOPOIIO M3YYEHHbIX SK30IUIAHET TUIa
ropsiunii  FOmuTep. Yuer aKTMBHOCTM 3BE3[bl CYLIECTBEHHO YCJIOXHSIET aHaIU3 XapaKTepUCTUK
IJIaHEThl (B YaCTHOCTM, XOJIOAHBIE MSITHA HAa MOBEPXHOCTH 3BE3Ibl BHOCST JOMOJHUTENBHBIA CUTHAT
B COOTHOLLIEHUE MEXy IJIyOMHON TpaH3UTa W pa3MepoM TUIAHETbl M TMPEISTCTBYIOT TOUYHBIM OIpe/e-
JieHUsIM paauyca TutaHetbl). [lpoaHanusupoBanbl doromerpuueckue aaHHbie it HD 189733 us
apxusa muccun TESS u caenanbl 3aKiI04eHMs O 3HAYEHMAX BEJIMYMHBI TE€pMofa BpawieHus P
3Be3IIbl, KOTOPBIE TT0 Hallleii olieHKe cocTaBuin 12.5 u 11.3 ¢yt st cekTopoB 41 1 54, COOTBETCTBEHHO.
Hx comnocraB/ieHre ¢ BBIMOJHEHHBIMU paHee OLeHKaMU IO pe3yibTataM (hOTOMETPUYECKMX HAa3eMHbIX
HaOJIONIEHUI TIO3BOJISIET TMPEAINONOXUTb, YTO WMEIOLIMECS Pa3Muusl B OMNpEAETCHUSX BEIMUMHBI
P, cBazaHbl ¢ TeM, YTO B Pa3Hble MOMEHTbI HAOMIONEHMI JOMUHUDYIOLIMMM SIBISJIUCH MATHA,
pacrioyioXXeHHbIe Ha pa3IMYHbIX IIMPOTaX Ha MOBEPXHOCTU AubdepeHIMaTbHO BpallAOLIEHCs 3BE3/1bl.
Tlo manubiM TESS ammiurtyna nepemenHoctu Ginecka HD 189733 cocrasnsier 1.6 u 0.9% or
YPOBHSI cpeiHero Oiecka 3Be3nbl (Wi cekTopoB 41 m 54, coorBercTBeHHO). [lo cTanmapTHOI
METOIMKE OBLTU OLIEHEHBI BETMYMHBI MapaMeTpa 3amsaTHeHHOCTH 3Be3nbl (2.0 n 1.2% ot ruromanu
MOBEPXHOCTU 3Be3/lbl) W TMOJYyYeHBbl BEJIMYMHBI TUIOLIAAM 3ArSITHEHHOM IOBEPXHOCTU A 3Be3Ibl
B abcomoTHOM Mepe (9200 m.a.m. u 5400 M. it cekropoB 41 u 54, coorBercTBeHHO). 1o 771
olleHKe Osiecka 3Be3nbl B uiabTpe V, TpeacTaBieHHON B 003ope Kamogata Wide-field Survey, Gbin
MPOBe/IeH aHaIM3 TPOSIBJICHUI joaroBpeMeHHol akTuBHocT HD 189733 u HaiineHsl ykazaHusl Ha
CYIIECTBOBAaHME BO3MOXKHBIX IIUKJIOB aKTMBHOCTU IPOIOKUTEIbHOCTBIO B 1140 u 4220 cyt (3.1 u
11.6 net, cooTBeTCTBeHHO). M3 aHammM3a JIMTEpaTypHBIX JaHHBIX C/IENaH BBIBOI O TOM, YTO YPOBEHb
xpomocdepHoit aktuBHoctd HD 189733 mpeBocXoauT cpeHue BeMYMHBI, XapaKTepHbIe LISl APYTUX
XOJIOMHBIX KapJMKOB C aHAJOTMYHBIMU 3HAYEHUSIMU ToKasaTessl 1Beta (B- V) u Bblllie COJTHEYHOTO
3HaueHus1. CpenaHo 3akimoueHue, yro HD 189733 oGnagaer ymepeHHOM (MM HEMHOIO BbIllEe
Cpe/IHeli) aKTMBHOCTBIO, MPUCYILEH aHAIOTMYHBIM KapiuKaM crieKTpajibHoro kiacca K, Ho, TeM He
MeHee, TpeOymolleil NMpu MOIENMPOBaHMWM TIIATEIbHOTO YyuyeTa CBOWCTB M 2BOJIOLUMU ILIAHETHI,
oOpaufamooleiicsi BOKpYr 3TOM 3Be3/Ibl, BHE 3aBUCUMOCTM OT TOTO, MPOBOMSATCS JU OLIEHKU IO
YIPOLUEHHOW METOAMKE WIM 10 TOYHOMY MarHUTOIMAPOAMHAMMUYECKOMY MOIENMpOBaHUI0. Takxke
ClieflyeT MPUHSTh BO BHUMaHUE, YTO aKTMBHOCTb 3BE3MIbl SIBJISIETCSl MIEPEMEHHON CO BpeMeHeM (Ha
1IKaJIe BPEMEHHU, CONOCTABMMOIA C BEJIMYMHOM P ) U TPEOYET OLIEHOK, BbINOIHAEMbIX OMHOBPEMEHHO
C OCHOBHBIMM MCCJIEIOBaHUSIMU aTMOCGhEpPbl IK30IJIaHETHI.

KiroueBble crioBa: 36€30bi: akmuHOCHb: RAGHEMHbIE CUCIEMbL: AMMOCghepbl IK30NAaHem

1. Beedernue. Ha ceromusunuii neds HD 189733 b nmpuHamIeXUT K YUCITY
Hau0oJiee XOpOoLIo U3YyYEeHHBIX 2K30IUIaHeT Thna ropssunii FOmurep [1], 6aarogaps
pe3yjbTaTaM MHOTOYMCIEHHbBIX HaOmonaeHui (Kak ¢ 3eMiu, TaK U U3 KOCMOCa)
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U TEOPETUIECKUM MOJIEJISIM, TIOCTPOSHHBIM J1s1 UCCICAOBAHUS €€ aTMOC(ephbl, BIUSIHUS
POIUTENIbCKOM 3Be3lIbl U OKpYXKalolllel 3K3oIuiaHeTy cpeibl. O030p pe3yabTaToB
MHOTOUYMCJEHHBIX KaMITaHU 110 HabmoaeHuto TpaH3uToB HD 189733 b ¢ ucnosb-
30BaHMEM YHUKAJIbHBIX BO3MOXHOCTE KOCMUYECKOIO TejiecKorna Xab0ia, a Takke
COBPEMEHHBIX OLICHOK IMapaMeTpOB 3Be3[Ibl U IIAHEThI, MOXXKHO HAWTU, HAIPUMED, B
[2-4]. O630p HazeMHBIX poTOoMeTprUYecKUX HabmoneHuit TpaHsutoB HD 189733 b
(B TOM 4ymcCJie BBICOKOTOYHBIX M3MEPEHUI, MOJIYYEHHBIX B TEUCHME LIECTU JET
(2016-2021rr.)) mpencrasieH B [2,3].

Ocoboe BHMMaHUE, yaeaseMoe MHOTUMU MCCIeA0OBATEILCKUMU TPyIIIaMUA K
JIAHHOM cucTeMe, CBsi3aHo ¢ TeM, uTo a1t HD 189733 npoBoauiInch BEICOKOTOUYHBIE
U3MepEeHUs TTyOMHBI TPAH3UTOB HA MHOTHUX JUIMHAX BOJH B Auana3zoHe ot 0.3 1o
24 MxkM. Takue naMepeHus: TO3BOJISIIOT TOJIYYUTh MpPEACTaBIEHUE O CTPYKType U
cocraBe aTMocepbl sk3ortaHetsl HD 189733 b. OngHako aHanu3 yCJIOXHSIETCS
HEeoOXOIMMOCTBIO yueTa MposiBieHus akTuBHocth HD 189733, y KoTopoii nsaTHa
Ha TIOBEPXHOCTU BHOCST JOMOIHUTENILHBIA CUTHAJI B COOTHOLLICHUE MEXITY TIyOMHOI
TpaH3UTa U Pa3MEpPOM ILIAHEThl. DTU NPOOJIeMbl OOCYXKIAIOTCS B MHOTOYMCICHHBIX
pabotax (cM., Hampumep, [4,5]). OueBUAHO, YTO MPOCTOE CpaBHEHUE AAHHBIX O
MPOXOXIECHNN TUIAHEThI B PA3JIMYHBIX AUANa30HaX JJIMH BOJIH HEIPABOMEPHO, U
JUIS1 TIOJTydeHUs] TJ100aIbHOM OLIEHKU CIIEKTpa MPOITyCKaHMS OT YIbTpaduoIeTOBOrO
n1o MK - nuama3oHoOB TpeOyeTcsl JeTajdbHbIi KOMOMHMPOBAHHbBIN aHAlU3 BCEX
HaOOpOB JAHHBIX C YYETOM ITPOSIBJICHUSI AaKTUBHOCTU 3BE3JIbI.

HD 189733 siBnsieTcsi yYMepeHHO aKTMBHBIM KapJUKOM CIIEKTpaJbHOIO Kjacca
K2V ¢ xonomHbIMM MATHAMM Ha TTOBEPXHOCTH, KOTOPHIE MOAYJMPYIOT OOIIWit
Osieck 3Be3nbl Ha MPOTSKeHUU 12-THEBHOTO TMepuoaa BpallleHWs 3Be3abl [S].
Amruntyna Moayssitiyu 61ecka HD 189733 B BumuMoM auamna3oHe MOXKeT COCTaBISITh
BeMuMHY Topsaka 1-2% [2,6]. Kak ykasbBajgoch, HaJW4due 3BE3THBIX IISITEH
HYXHO YUUTHIBATh KaK IIPU pacueTe TPAHCMUCCUOHHOIO CIIEKTPa SK30IUIAHETHI, TaK
U MpU aHaJu3e TIIyOMH KPMBBLIX TPaH3UTOB. Bompoc o mposiBIeHUSIX MSATEHHOM
aKTUBHOCTU 3BE3/Ibl OCTAeTCSI aKTyaJbHBIM M IO HacTosiee BpeMs. Hampumep,
aBTOpbl MccleaoBaHus [5] oOpaTuiauch K HEMY Ha OCHOBE aHajlu3a JaHHBIX
HaomoneHuit muccuit HST u TESS.

B Hactosieit paboTe mpeacTaBieHbl HALM Pe3yIbTaThl U3YUEHUS TTPOSIBJICHUN
akTuBHOCTU 3Be3abl HD 189733 no uMmeronmmcs JaHHBIM apXvBa KOCMUYECKOM
muccumn TESS.

2. 36e30a naawemuou cucmemovl - HD 189733. OcHoBHBIE CBeaeHUS
o mapametpax HD 189733 MoxHO HaiiTu B Taba.l [2] (mepedyucieHHbIE U
WCITOJIb3yEMbIE HaMU HIKE CBOMCTBA 3BE3/bI MPUBOISATCSI COMIACHO 3TUM JaHHBIM).
OOwenpuHsTo (cM., HarpuMep, [2]), uyTo 3¢ ¢eKTUBHAS TeMIepaTypa 3Be3Ibl
paBHa 5050 + 20 K, yckopenume cmibl Tsokectd logg =4.563 £ 0.021, pammyc
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R/Ro =0.765+0.019 , cBetuMocTb L/Ly =0.355+0.014 u macca M/Mg =
=0.812+0.041. Bo3pacT 3Be31bl olieHUBaeTCs B 1.2 MJIpA. JIET, OHA CYLIECTBEHHO
moJioxke CoHia.

B apxuse TESS g HD 189733 umerorcst maHHbIE ABYX CETOB HaOJIOAeHUN
- cexTopa 41 (23 urong 2021r. - 20 aBrycrta 2021r.) u cexropa 54 (9 utons 2022r.
- 5 aBrycra 2022r.). O6paboTka KpuBbIX OjiecKa Obljla aHaJIOTMYHA MPOBOAUMOM
paHee B Cilyyae M3MEPEHUI IS APYTUX OOBEKTOB U3 apXUMBOB KOCMMYECKOTO
teneckona Kermnep u muccum TESS (cMm., Hanpumep, [7]).

KpuBble Giecka 3Be3nbl, XapaKTepU3YIOIIMECs MEPEMEHHOCTBIO, BBI3BAHHOM
BpalliaTeJIbHON MOIY/ISIIMel BCJSACTBUE HAIMYMST XOJOMHBIX MSTEH Ha MOBEPXHOCTH,
npeacTaBieHbl Ha puc.l. [IBa ceta HaGMOAeHUI ObUIM BBHIMIOJIHEHBI C MHTEPBAJIOM
NnpyMepHO B 1 roj. 3a 3To BpeMsl aMIUIMTYAbl U (pOpMbI KPUBBIX OJ1ecKa MpeTeprien
3HAYUTEIbHbIE M3MeHeHUs. bojiee TOro, Kaxablii ceT MO IPOAOKUTEIbHOCTU
MPUMEPHO COOTBETCTBYET ABYM IepHOAaM BpallleHUs 3BE3bl, U B KaXKIOM Clydyae
MOXHO CIeJIaTh 3aKJIIOYEHHUE O TIEPeMEHHOCTH KPUBBIX OJIeCKa Ha BpeMEHax MOpsSIKa
P

Ha mocTpoeHHBIX HaMM CIeKTpax MOIIHOCTH (CpedHMe AuarpaMMbl Ha puc.l)
HMMEIOTCI XapaKTepHbIC IIUPOKHME MUKW, COOTBETCTBYIOIIME BEJIMUMHAM IIEPUOIA
Bpawienust P 3Besnbl 12.5 u 11.3cyr misa cexktopoB 41 u 54, COOTBETCTBEHHO.
IlepBble uccnemoBanust BpaiieHusi HD 189733 ykazanu Ha TO, 4TO, BEPOSITHO,
BeIMUMHA P 1exXuT B uHTepBaje oT 11 1o 13 ¢yt (ux 0630p U CCbUIKM CM. B [6]).
AstopbI [6] monyunnu Gonee TouHyto oueHKy P =11.95310.009 cyr, koTopas Gbuta
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Puc.1. CneBa - xpusble 6aecka aast HD 189733, B ueHTpe - crieKTpbl MOLIHOCTH TIEPEMEHHOCTH
Oirecka, cripaBa - (ha3oBbIe AMArpaMMBI IIEPEMEHHOCTH OJ1eCKa (TOPU30HTATBHBIE JIMHIY XapaKTePU3YIOT
BEJIMYMHY aMIUTUTYAbl TIepeMeHHOCTH Osecka). [JaHHble mpuBeneHbl Ui HAOMIONEHUN B CEKTOpax
41 n 54.
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ycraHoBiIeHa 1o 314 oueHkam Oinecka HD 189733 B uHTepBane ot okTsaops 2005
no miojib 2007rr. ¢ T10 0.8-M aBTOMaTn3npoBaHHBIM TejieckonioM APT B Fairborn
Observatory. AHaiu3 Gojiee MPOAOJKUTEILHOIO psiaa HabaoaeHuii (6 JeT) ¢ TeM
ke MHCTPYMEHTOM [3] IpyBeI K 3aKIIOYeHHIO O BeJimunHe P = 11.86cyT, npakTnyecku
COBITANAIOIINM ¢ pe3yabTaToM U3 [6]. 1o BBEITTOTHEHHBIM MTO30HEE HAOTIONeHUSIM
HD 189733 ¢ Tteneckonnom T10 APT B 2017r. crajio BO3MOXHBIM TOJYYUTh
oueHky P_=12.25+0.15cyr [2]. Hakoneu, aHanmusupysa nanHbie muccun TESS,
aBTOPHI [S] MPUBOAAT OLIEHKY BEJIMYMHBI ITepuoia BpalleHus 3Be3nbl 11.4 cyT.

Hao6monenus asyx tpaH3utoB HD 189733 b ObUIM BBIMOJHEHBI CO CIIEKTPO-
rpapom ESPRESSO 11 m 31 asrycra 202Ir. [8]. IlomydeHHBIE pe3yabTaThl
MPOAEMOHCTPUPOBAIM BBICOKYIO TOYHOCTb OIpEAeICHUST JIyYeBbIX CKOPOCTEN,
HaOmogaeMbIX Bo BpeMs TpaH3uta. Kpome toro, no gaHHsiM ESPRESSO Boicokoro
paspelieHust ObUT YCIEITHO BOCCTAHOBIEH TPAaHCMUCCUOHHBIN criekTp HD 189733
b. ABTOpHI [8] yCTaHOBWJIM, YTO TMEPUOMA SKBATOPMAJBbHOIO BpallleHMST 3BE3bl
cocrapisier 11.45+0.09cyt, a 6;1u3Koro K nonsipHoMy - 14.9 £2cyr, T.e. BlepBble
HaIlUTM yKa3aHUs Ha quddepeHInanbHbIil XapaKTep BpalleHMUsI.

Ha puc.2 (BBepxy) mpeacTaBieH CIIEKTp MOILHOCTHU ISl 00beIMHEHHBIX JaHHBIX
st cekTopoB 41 1 54. BepTUKaJbHBIMU JTUHUSIMU OTMEUYEHBI BEIWYUHBI Prot,
MpeACTaBJICHHbIE B MPEAbIAYIIUX (POTOMETPUUYECKUX MCCICIOBAHUSIX (CM. BBILLIE) U
HalineHHas Hamu BeqnunHa P =11.80cyT, KoTopas coBnagaer ¢ oueHkamu [3,6],
YCTaHOBJIEHHBIMM MO MPOJOJKUTEILHBIM Ha3eMHBIM HabmoneHusaM. Ha HikHei
JuarpaMMe TpeAcTaBieHbl (ha30Bble KpUBBIC, MOJyUYeHHbBIE TTPU CBEPTKE C YIIOMSI-
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Puc.2. BBepxy - CIEKTp MOIIHOCTH JisI OOBeIMHEHHBIX JaHHBIX UIS ceKTopoB 41 u 54.
BepTUKaNbHBIMU JIMHUSIMUA OTMEUEHBI BEJIMYMHBI P, TpeicTaBleHHble B Npeablaylux (HoTo-
METPUYECKMX HMCCIENOBAaHMAX (CM. TEKCT), M HalifleHHas Hamu Beimuuna P = 11.80 cyr. Ha
HIKHEH Juarpamme IpeacrasieHbl (asoBble Kpubbie musg P = 11.80 cyT.
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HYTBIM BBIlLIe 3HaueHUeM Prot.

Takum o0Opa3oM, BBITIOJHEHHBIA HAMU aHAIWU3 M Pe3yabTaThl MPEAbIAYIIUX
HCCIIEIOBAHNIA TTO3BOJISTIOT TIPEITONOXKUTD, YTO MMEIOLIUECS Pa3IndMsI B OIpe/esie-
HUSIX BEJIMYMHBI Prof CBSI3aHBI C T€M, YTO B pa3Hble MOMEHTHI HaOJIOICHUI
JOMUHUPYIOLIMMU SIBJISTIOTCS TISITHA, PACHOJIOKEHHBIE HA Pa3IMYHbIX LIMPOTaX Ha
MOBEPXHOCTU AU PepeHIInaTIbHO Bpalllalolencsl 3Be3Ibl.

AMITIMTYIA TIepeMeHHOCTH OJiecKa cocTapisteT 1.6 1 0.9% oT ypoBHS cpemTHEro
onecka 3Be3nabl (mjs1 cektopoB 41 u 54, coorBeTcTBeHHO). Ilo cTaHmapTHOI
METOAUKE HaMU ObUIM OLIEHEHBI BEJIMYMHBI MapaMeTpa 3alsITHEHHOCTU 3BE3JbI,
KoTophle mocturaioT 2.0 u 1.2% oT 1uiolmagy MoBepXHOCTH 3Be3nbl. [1pmHMMAas
olleHKy pammyca 3Be3mbl R=0.765 £ 0.019 pammycoB ComHma u3 [2], MOXHO
MOJIYYUTh BEJIMUUHY IUIOIIAAM TOBEPXHOCTU 3alsITHEHHOCTU A 3Be3Ibl B
abCoJIIOTHOI Mepe (B MWUIMOHHBIX JOJISIX BUAMMON moaycdepsl CoaHua, M.A.11.).
Ha ConHue cpenHue 1Mo pa3mepam msaTHa uMeroT mioianb 10-200 m.a.m. (metanu
cM. B [9]). [Mnomans nareH Ha moBepxHocTn HD 189733 cocraBiseT BeJIMYMHY
nopsiaka 9200 m.a.m. n 5400 m.4.1m (o1s1 cektopoB 41 u 54, cooTBeTcTBeHHO). [1o
5TUM OLIEHKAM 3alsITHEHHOCTh 3Be3[Ibl CTAHOBUTCSI COITOCTABUMOM C MaKCUMAJIbHOM
3amsiTHeHHOCcThio ConHna. Tak, Hampumep, o01Ias IJIOLIAAb COJTHEYHBIX IISITEH
1t ['pMHBAUYCKONM TPYIITBI COTHEYHBIX MsATeH 14886 110 HaGMIOmeHUAM 8 arpelrst
1947r. coctaBmwia 6132m.1.1. [10]. CpaBHeHHE ¢ 3aIIATHEHHOCTBHIO 3BE3M APYIUX
CMEKTPaIbHBIX KJIacCOB, B ToM uucie K, MoxHo Haititu B [11].

3. Hukavt akmuenocmu. Tlo maHHbIM MHOTrOJIeTHEro o63opa Kamogata
Wide-field Survey (KWS) (http:kws.cetus-net.org) HamMmu ObUT MPOBEJAEH aHAJIU3
MpOosIBIEHUI nojaroBpeMeHHoM akTuBHocT HD 189733. B 0630pe mpeacTaBieHb
HabmoneHus 3Be3abl B pusibTpax V u Ic. B mepByto oyepenb Mbl ITPOBEIM aHAIU3
JAHHBIX 4151 hubTpa V, obnagaoimx 6osee IIMTeTbHBIM MHTEPBAIOM HAOMIOACHUI
B 4486 cyt (12.3 met) (HID 2455700 - 2460186). brina paccmorpena 771 oreHKa
Osnecka 3Be3abl B (wibTpe V. IlpeacrtaBieHHble Ha puc.3 (BBepXxy) HdaHHBbIE
CBUJIETEIBCTBYIOT O TIPUCYTCTBUY HMUKINYHOCTY B M3MEHEHUN ee Oecka. Ha ocHoBe
MOCTPOEHHOIO CHEeKTpa MOIIHOCTU i 6iecka HD 189733 MoxXHO NMpeanosoXuThb
CYILlIECTBOBaHME BO3MOXHbBIX LIMKJIOB akTuBHOCTH 1140 cyt u 4220cyr (3.1 u 11.6
JIET, COOTBETCTBEHHO) (CpemHsisi nuarpamma). BepTukaabHOW CBETION JMHUENH
MpeNCTaBIeH MEePUO/, COOTBETCTBYIOLIMI TOAMYHON MTePEMEHHOCTH.

4. Xpomocgheprnasa axkmuenocmv HD 189733. CornacHo pesyibTaTam
Habmoaenuit HD 189733 co cniekrporpadpom HARPS [12], BenuuuHbl apamerpa
XpoMOC(epHOii aKTUBHOCTU S 3Be3abl HaxoasTcs B uHrepBane 0.461-0.508, a
COOTBETCTBYIOLLME UM BEIMYMHBI MMapaMeTpa XpoMochepHoi aktuBHocTH logR’,
- B auamna3zoHe oT -4.55 no -4.50. Ilpu stom, angs HD 189733 asropsl [12]
0OHapyxuiu u3bbiTouHoe nomioieHre B auHUsIX Call H u K Bo Bpemsi TpaH3MTOB,
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Puc.3. BepxHsisi maHenb - ¢doromerpuueckue Haomoaenuss HD 189733 B dwunbtpe V 1o
nanHbIM o03opa Kamogata Wide-field Survey (KWS). CpenHsiss maHenb - CIEKTP MOIIHOCTH IS
9TUX JAHHBIX, BEPTUKAIbHbBIE JIMHUM OTHOCSTCA K mukiaMm akTuBHOCTH 1140 cyt u 4220 cyt (3.1 u
11.6 set, cootBeTcTBeHHO). CBeT/iasi JMHUS - THMK, COOTBETCTBYIOIIMI CE30HHOMY (OKOJIO 365 cyT)
nepuony. BHu3y - ¢aszoBasg mumarpamma misg mukiaa B 4220 cyr.

a Takxke W30bITOYHOE TMorjolleHrue B JUHUM Ho. OHM M3YyYWiIu MOBedeHUE
BPEMEHHBIX PSIA0B MapaMeTpOB KaXIOW JMHUM BO BpeMsl TpeX TPaH3UTOB U
OOHApYXWIH, UTO CIIEKTpabHbIC NETaM, COOTBETCTBYIOIIME U30OBLITOYHOMY MOIJIO-
IIEHUIO, HaXOISITCS B 3BE3HON cucTeMe oTcyeTa. TakuM oOpa3oM, OHU MPUILLIU
K MpeAnooXeHuto, 4yto xpomochepa HD 189733 aBnsiercss OCHOBHBIM MCTOYHUKOM
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M30BITOYHOTO TPAH3WUTHOTO TOTJIOIIEHUS M OTBETCTBEHHA 3a €ro IepeMeHHBIN
Xapakrep.

Ha puc.4 npuBoanTcs quarpaMma 3aBUCMMOCTH napamerpa logR’,, oT mokasarens
useta (B-V). YepHbIM KPYXKOM OTMeueHbI AaHHble mia HD 189733 (logR’,,
= (-4.55, -4,50)), cBeTnbIMM - maHHbIe KaTajora [13]. ['opuzoHTajabHas JTUHUS
COOTBETCTBYET 3HaYeHMIO mapamerpa logR',, nia ConHua B CIIOKOMHOM COCTOSIHMU.
MoxHO caenaTh BbIBOA O TOM, YTO YpOBEHb XpoMmocdepHoil aktuBHocTu HD
189733 mpeBOCXOAMT CPEeNHIO BEIWYMHY, XapaKTEPHYIO ISl APYTUX XOJOIHBIX
KapJvMKOB C aHAJOTUYHBIMU 3HAYEHUSIMU TokazaTensi 1Bera (B - V) u Bblle
conneunoro: i Connua - logR',, =-5.021 [13].
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Puc.4. Tuarpamma logR’,, - nokasarens useta (B- V). Temublii cumson - gaHHele i HD
189733, cBeTible CUMBOJIBI - JaHHBIe Katayiora [13], ropu3oHTabHAS JIMHUSI COOTBETCTBYET 3HAYEHUIO

napamerpa logR',, nnsa CoiHUa B CHOKOMHOM COCTOSIHMM (CM. TEKCT).

5. 3akawuenue. B crathe TIpenCcTaBIeHbl pe3yIbTaThl aHAIN3a ITPOSBICHMIA
aktuBHoctTu HD 189733, obnamarolieil oqHO# U3 Hanbosiee XOPOIlo U3YyYeHHBIX
9K30IJIaHET TUIa ropsguuii FOnurep. AKTUBHAS MpUpoaa 3Be3/bl Oblia OTMEUeHa
B CTaThsIX MHOTOUMCJEHHBIX UccaeqoBaHuil. Ee ydyeT CyllecTBEHHO YCIOXKHSIET
COOTBETCTBYIOIIMI aHAIM3 XapaKTePUCTUK IIaHEeThl. Tak, HampuMep, aHau3 MPOosIB-
JICHUI aKTUBHOCTU SIBJISIETCSI HEOOXOOMMBIM [IJIs1 ompeneieHus 3anaTHeHHoct HD
189733, xonoaHbIe MSITHA Ha MOBEPXHOCTU KOTOPON BHOCSIT AOIOJTHUTEIbHBIN
BKJIaJ, B COOTHOLIEHWE MEXIy TJIyOMHOM TpaH3uUTa MW pa3MepoM ILJIaHEThl U
MPENSATCTBYIOT TOUHLIM OINpeAeICHUSIM paanyca IUIaHETHI.

Hamu Obuin mpoaHanusupoBaHbl gaHHble ag HD 189733 u3 apxuBa KocMU-
yeckoit Muccun TESS u coemaHbl 3aKimioyeHUs] 0 BeIMUYMHAX MEpUOoa BpallleHUsI
3Be3nbl P_, KOTOpble MO Hallei oleHke cocTaBwiu 12.5 u 11.3¢cyT misi ceKTopoB

ror?

41 n 54, COOTBETCTBEHHO. MX corocrapieHre ¢ BBIITOJTHEHHBIMU paHEC OLICHKaMM
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IO pe3y/ibTaTaM (hOTOMETPUUYECKMX HAa3eMHbBIX HAOMIOAEHMI TIO3BOJISIET MPEATIOIOXUTD,
YTO MMEIOIIMUECS Pa3IMuUs B IPUBOAUMBIX B JIUTEPAType OIpeaeaeHUsIX BeJTUIUHbI
P cBsA3aHBI € T€M, YTO B Pa3HbIE MOMEHTBI HAOIIONCHMUIA JOMUHUPYIOLUMMU SBIISUTACH
TISITHA, PACIIONIOKEHHbIE HA PA3IMUHBIX IIMPOTAX Ha MOBEPXHOCTU AUddepeHINATEHO
BpalliaroLeiics 3Be3abl (yKazaHus1 Ha v epeHIIMaTbHbIN XapakTep BpalleHUsT ObLIu
MoJyyeHbl 1Mo HabmoaeHusiM co cniekrporpadom ESPRESSO).

ITo nanneiM TESS, ammnurtyna nepemeHHocTu 61ecka HD 189733 cocraBisier
1.6 m 0.9% or ypoBHS cpemHero Oiecka 3Be3mbl (I ceKTopoB 41 m 54,
COOTBETCTBeHHO). 1o craHmapTHOM MeTOAMKEe HAaMU OBLIM OLEHEHBI BEIUYMHEI
MMapaMeTpa 3aIlITHEHHOCTH 3Be3Ibl, KOTophie gocturaioT 2.0 u 1.2% ot miomanu
MOBEPXHOCTH 3BE3/bl Y MOJYYeHbI BEJIMYUHBI IUTOLIAAN 3alSITHEHHOM MOBEPXHOCTU
A 3Be3/ibl B a0COJIIOTHOM Mepe, KoTopble cocTtaBuau 9200 m.a.11. u 5400 M. 4. (a1s1
ceKTopoB 41 u 54, COOTBETCTBEHHO) U YK€ CTAHOBSITCSI COMOCTaBUMBIMU C TAHHBIMU
0 MakcuMabHOM 3ansaTHeHHocTH CoNHIIA.

ITo 771 oueHke Oyiecka 3Be3Abl B (wibTpe V, MpeacTaBlieHHON B 0030pe
Kamogata Wide-field Survey, ObI1 mpoBeieH aHaIM3 NPOSIBICHUIA TOJATOBpEMEHHOI
aktuBHocTH HD 189733 1 HaiineHbl yKa3aHUs Ha CyIIECTBOBAHME LIMKJIOB aKTUBHOCTHU
MPOIOJKUTENbHOCTEIO B 1140 u 4220 cyt (3.1 1 11.6 jeT, COOTBETCTBEHHO).

ITo nuTepaTypHbIM JaHHBIM CAEIAH BLIBOJ O TOM, UTO YPOBEHb XpoMochepHOi
aktuBHocTM HD 189733 mipeBocXoauT CpelHIO BeIMYMHY, XapaKTepHYIO ISl APYTUX
XOJIOAHBIX KapJUKOB C aHAJIOTMYHBIMU 3HAYeHUSMU TOoKaszaTens 1Beta (B-V), u
BBILLIE COTHEUHOM. MoxkHO 3akiounThb, uro HD 189733 obnamaer ymepeHHo# (Mau
HEMHOTO BbIlE CpelIHeil) aKkTUBHOCTBIO, XapaKTepPHOI [IJIs1 aHAJOTMYHBIX KapJUKOB
CIleKTpajbHOro Kiacca K, HO TeM He MeHee, TpeOyoIIeil mpu MOIETMPOBAHUU
TUIATEIBHOTO yyeTa CBOMCTB M 9BOJIOLMU TUIAHEThI, OOpallaiolieicss BOKPYr 3Ton
3Be3/bl, BHE 3aBUCMMOCTU OT TOIO, MPOBOISTCS JIM OLEHKHU MO YIPOILIEHHOM METOINKE
(HarpuMep, AaIpPOKCUMAILIMOHHAsT (POpMyJia, COOTBETCTBYIOILIAS MOIEIU ITOTEPU
atMocdepbl C OrpaHUYEHUEM 10 BHEPruu) WM MO0 TOYHOMY MAarHUTOTUIPOIU-
HaMH4YecKoMy MoaempoBaHiio [14]. K 4ncay BO3HMKAIOIIMX IIPY 3TOM YCJIOXKHSIOIIIX
00CTOSITENIBCTB, CIIEAYET OTHECTHM TOT (DaKT, YTO AKTUBHOCTh 3BE3Ibl SIBJISIETCS
MepeMeHHON U TpeOyeT OLIEHOK, BBHIMOJHSIEMbIX OJHOBPEMEHHO C OCHOBHBIMU
HCCIeAOBAaHUSIMU aTMOC(ephl SK30IJIaHETHI.

HccnenoBaHue BRIMONIHEHO B paMKax IpoekTa "McciaemoBaHue 3Be3/1 ¢ 3K30-
I1aHeTamMu’ o rpaHty IpaButennscTBa P mist mpoBemeHNsT HAyIHBIX UCCIIETOBAHMIA,
MPOBOJAMMBIX MOJ, PYKOBOJACTBOM BeaylIUX yuyeHbIX (cortaieHue N 075-15-2019-
1875, 075-15-2022-1109).

Vupexnenne Poccuiickoii akamemum Hayk MHcTuTyT actpoHomum PAH,
Mocksa, Poccus, e-mail: igs231@mail.ru
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ACTIVITY OF THE HOT JUPITER PLANET
HOSTING K2V DWARF HD 189733

[.S.SAVANOV

The results of the analysis of activity of the K dwarf HD 189733, which has
one of the most well-studied exoplanets of the hot Jupiter type, are presented. Stellar
activity significantly complicates the analysis of the characteristics of the planet (in
particular, cool spots on the surface of the star add an additional signal to the ratio
between the depth of transit and the size of the planet and prevent accurate
determination of the radius of the planet). We analyzed photometric data for HD
189733 from the TESS mission archive and made conclusions about the values of
the rotation period P _ of the star which is about 12.5 and 11.3 days for sectors
41 and 54, respectively. The comparison with previously performed estimates based
on the results of photometric ground-based observations suggests that the differences
in the values of P are due to the fact that during observations cool spots were
located at different latitudes on the surface of a differentially rotating star. According
to TESS data the amplitude of the brightness variability of HD 189733 is 1.6 and
0.9% of the average brightness level of the star (for sectors 41 and 54, respectively).
According to the standard methodology we estimated the values of the star's
spottedness parameter (2.0 and 1.2% of the surface area of the star) and obtained
the values of the spotted surface area of the star in absolute measure (9200 MSH
and 5400 MSH for sectors 41 and 54, respectively). According to 771 estimates of
the brightness of the star in the V filter presented in the Kamogata Wide-field
Survey the long-term activity of HD 189733 was analyzed and indications were
found for the existence of possible activity cycles of 1140 and 4220 days (3.1 and
11.6 years). According to the literature data it is concluded that the level of
chromospheric activity of HD 189733 exceeds the average values typical for other
cool dwarfs with similar values of the color index (B- V) and is above the solar
value. It is concluded that HD 189733 has a moderate (or slightly above average)
activity characteristic of similar dwarfs of spectral class K, but nevertheless requiring
consideration when modeling the properties and evolution of a planet orbiting this
star regardless of whether estimates are carried out using a simplified methodology
or accurate magnetohydrodynamic modeling. It should also be taken into account
that the activity of a star is variable over time (on a time scale comparable to the
value of P_) and requires estimates performed simultaneously with the main studies

rot

of the exoplanet's atmosphere.

Keywords: stars: activity: spots: photometry: variability: planetary systems: exoplanet
atmosheres
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OGOTOMETPUYECKOE NCCIEAOBAHUE ACMHXPOHHOTI'O
ITOJIAPA IGR J19552+0044 B 2019-2022rr.
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A.A.COCHOBCKHMU!, B.I' TOAYHOBA?, N.A.U3BBEKOBA?,

I''M1.KOXNPOBA3, ®.1.PAXMATYJIJIAEBA3, A.O.CUMOH*, M.B.YYIINPA*
IMoctymna 8 mas 2024

B cratbe mnpuBeneH aHaaM3 JaHHBIX MHOTOLBETHBIX (POTOMETpUUYECKMX HaOII0ACHU
acuHxpoHHoro nosisipa IGR J19552+0044, nonyyeHHbIx B TeueHue 59 Houeit ¢ 2019 mo 2022rr.
B KpniMckoii actpodusndeckoii obcepBaropuu, a Takxke B oocepBatopusix Ik Tepckon, CaHIox,
JlecHuku u paHHbIX KocMuueckoro tesneckoria TESS, monyueHHbix B TeueHue 27 cyt B 2022r.
ITokazaHo, 4YTO MakcuUMallbHasi aMIUIMTyAa KosiebaHuil Osiecka ¢ MepuoaoM BpallleHUsl Oeoro
Kapmuka (~2".5-3") mabmiomaerca B mosoce Ic M MpakTMYecKM OnM3Ka K HYIIO B rmosoce B.
YTouHeH mepuoj BpalleHus Oenoro Kapiuka, cocrapisiowmmii 0.05645350(14) cyr. OGHapyxXeHa
3aBUCUMOCTb aMILIUTYIbl KPUBOM Ojiecka mepuojia BpalleHUst OT (a3bl CMHOAMYECKOTO Mepuoja.

KittoueBnie cioBa: xamaxausmuveckue nepemeHHole: aCUHXpOHHbIﬁ noasp: IGR

J19552+0044

1. Beederue. Karakin3aMuyeckKue MEPEMEHHBIE - DTO TECHBIE IBOMHBIE
CHCTEMBI Ha To3AHeN cTaauu 3BomoLmu [1]. B HMX 3Be3na Mo3aHero CreKTpajibHOTO
KJ1acca TepsieT yepe3 BHYTPEHHIOI TOUKy JlarpaHxa BElIECTBO Ha KOMMAKTHBIA
KOMIIOHEHT - Oesiblii KapauK. Eciiu MarHuTHOeE 1oJie 6e10ro Kap/ivkKa NpeHeOpexxuMo
MaJlo, BOKPYT HEero oopasyeTrcst akKpellMOHHbIU A1cK. B mpoTMBHOM ciyvae, eciu
HANpssKeHHOCTh MarHuTHoro mosst mopsinka 107-10° I'c, akkperwmst Ha GeJblit
KapJINK OCYIIECTBIISIETCS HEIMOCPEACTBEHHO Ha €r0 MarHWTHBIE IIOJII0Ca, TaKhe
00BEKTHI Ha3bIBAIOTCS TTONsIpaMu. Ecim HanpsokKeHHOCTh MAarHUTHOTO TIOJIST MEHBIIE
9TOM BEJMYMHBI, B CUCTEME MOXET 00pa3oBaThCsl aKKPELUMOHHBIM IMCK Ha
pPacCTOSTHUH, TIie JaBlieHNe B aKKPELIMOHHOM CTpye YpaBHOBEIIIMBACTCS JaBJICHUEM
MarHUTHOTO TIOJISI (IIPOMEKYTOUHBIE TOJISIPHI). [10ISIpBI - CHHXPOHHBIE CUCTEMEI,
B TO BpeMsl KakK MPOMEXKYTOUHbIE TOJSIPbl - ACUHXPOHHbIE, B HUX OpOUTAIbHBIN
nepuoa B cpeaHeM Oosiee, ueM B 10 pa3 NMpeBOCXOAUT MEPUOJ BpallleHUsT Oea0ro
kapauka. CylllecTByeT MaJOuyMCJIeHHas TpyIia IOoJsSpoB, B KOTOPbHIX MEPUON
BpallleHUs1 0esloro KapjukKa OTJIMYaeTcsl OT Mepuojia BpallleHUsl BCell CUCTEMBI,
Takve OOBEKThl Ha3bIBalOT aCMHXpPOHHBIMU mossgpamu. Dto V1500 Cyg [2]; BY
Cam [3], CD Ind [4], V1432 Aql [5], SDSS J134441.83+204408.3 [6], Swift
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J05037-2819 [7], Paloma (RX J0524+42) [8], IGR J19552+0044 [9], 1RXS
J0838-2827 [10,11] u SDSS J085414.02+390537.3 [12]. [IpuurHa acCUHXpOHU3Ma
JI0 CHUX IOp OCTAaeTCs HEM3BECTHOM y BceX 3TUX 00bekTOB, Kpome V1500 Cyg, y
KOTOPOTO TIPUHSITO CUUTaTh, YTO CUHXPOHHOE OpOUTAIbHO-BpallaTeIbHOE JBMKEHUE
9TOM cucTeMbl ObLIO pas3pyllieHo B3pbiBoM Hosoit 1975r. [13].

IGR J19552+0044 (o =19.55.12.4, 8 =+00.45.38 , J2000) - cambIit KOPOTKO-
MEePUOANYECKUI O0BEKT U3 JAHHOM I'PYIITbl ACUHXPOHHBIX TOJISIPOB, €r0 Opou-
TaJbHBIA TIeprof coctanisteT 0.058055 cyT, a mepuon BpallieHUsT 6eJ10ro KapjimkKa
- 0.056451 cyt [9], T.e., opOuTanbHBIA mepuoa Ha 2.8% MpPeBOCXOOUT IMEPUOL
BpaueHuss. COOTBETCTBEHHO CUHOAMYECKUI mepuon P, . (T.e., mepuon GueHui
opburanbHoOro P, v BpallarenbHoro P nepuonos) ects (P -P )/P P . ToBmacsaH
u ap. [9] ooHapyxmm y IGR J19552+0044 srot nepuon (2.04cyt). bepHapauau
n 1p. [14] ykazanmu Ha OOJIbIIYIO TIEPEMEHHOCTL OOBbEKTa B XKECTKOM PEHTICHE U
nH(ppakpacHOM Auara3oHe criekrpa. OHu ooHapyxwim repuonsl 0.070 u 0.050
CYT, KOTOpbIE OTCYTCTBYIOT B ONTUUECKOM Avana3oHe. [Ipupona nx moka Hen3BeCTHA.
CrnekTpajbHble 1 MHOTOLIBETHBIE HaOmoaeHus1 ToBMacsiHa 1 ap. [9] mokazajiu, 4to
OCHOBHBIM MCTOYHUKOM u3ayyeHuss IGR J19552+0044 sBnsieTcsl HUKIOTPOHHOE
U3Iy4YeHue Oe0ro Kapsauka, odbecreurBalollee B ONTUKE TTEPEMEHHOCTh OJiecka ¢
MepuoaoM BpallieHUsl. MakcuMasbHasl aMILUIUTYIa KojJeOaHUi ¢ MepuoaoM BpallleHUsT
perucTpupyercd B mojioce I, rme oHa mocturaer ~2". CormacHO ¢GOTOMETPUM C
BBICOKUM pa3pelleHueM, B JJIMHHOBOJHOBOW 00J1aCTH CIieKTpa HabmoaaeTcsl ObicTpast
MEPEMEHHOCTb C OOJBIION aMIIIUTYHOM. ABTOPHI CBS3BIBAIOT e¢ C "0000BOI"
aKKpelueil Ha Oeblil KapJuK. ABTOPHI ClIejald BBIBOA O Macce 0e0ro Kapauka
0.77 My m Hu3KoM Temre akkpenuu. OHM TakKe NPULUIN K 3aKJIIOYEHUIO 00
OTHOCUTEJIbHO HU3KOM HaIpsbKeHHOCTH MarHuTHoro noss (<20 MI) Georo kapinka
M aKKpelMy Ha OJWH MArHUTHBINA IOJIIOC.

Mbl npeanpuHsiau ¢poroMerpudeckre uccienoBanus IGR J19552+0044 cniycrs
8 ner mocne ¢oTomerpun ToBmacsiHa U Ap. [9], BBITTOJTHEHHBIE KaK MO Ha3eMHBIM
HaOJIOAeHUSIM, TaK M MO JaHHBIM KocMmuyeckoro Teineckona TESS ¢ uenbio
HCCIIENOBAHUSI OCOOCHHOCTEM TeOMeTpUM aKKpeLMd B TeUeHHE CHHOINYECKOTO
rnepuosa.

2. Hazemuvie u xocmuueckue Habawdenus. Hasemuble HaGIOnEHUS
IGR J19552+0044 (nanee IGR1955) npoBoawiuck ¢ 2019 no 2022rr. B KpsiMckoit
actpodusnueckoit oocepBatopun (KpAO) Ha teneckomax A3T-11 (1.25-m) ¢ T13C
ProLine PL230 u 3TII (2.6-M) ¢ T13C Apogee Alta E47, B MexmyHapoaHOit
ActpoHoMmmyeckoii oocepsaTopun Canrnox Ha Teneckomne Lleiicc-1000 ¢ IT3C FLI
16803 Proline, B obGcepBaropun Ha IukKe Tepckoa MeXIyHapOOHOIO LEHTpa
aCTPOHOMHUYECKMX U MeIUKO-3Kosornueckux uccienoBanuit HAH YkpauHbl Ha
teneckonax Ileitcc-600 u Lleitcc-2000 ¢ T13C SBIG STL-1001 u Fli PL 4301,
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COOTBETCTBEHHO U Ha HaOogaTebHOM cTaHUMU B ¢. JlecHuku KueBckoro Haumo-
HajbHOro yHuBepcutera uM. Tapaca IlleBuenko ¢ I13C ProLine PL4710 (cwm.
Tabs.1). B Tabnuie npuBeaeHbI: JaTa, NPOAOKUTENBLHOCTh U MECTO HAOIOACHUMA,
TeJiecKon U hoToMeTpuueckast cucteMa. B kauecTBe 3Be31bl CpaBHEHUS UCTIOJb-
3oBayiack 3Be3ma ¢ koopamHatamum USNO-B1.0 0907-0488682 (19 55 17.497,
+00 44 13.75, J2000). HaGmiogeHusT BBIIIOJHSUIMCh B OJHOW WJIM HECKOJBKUX
noJiocax poromeTpuueckoit cucteMsl JxxoHcoHa-Ky3mHca BVRclc, nnorma - 6e3
CBETO(WILTPOB C MAKCUMYMOM UYBCTBUTEJILHOCTU B KPACHOM 00JIaCTU CHEKTpa.
DKCIo3uIys TMoadupanach Takol, yToObl obecreunBaTh TOYHOCTh He Xyxke 0™.1
U, B 3aBUCMMOCTHU OT TeJIECKOIa, (DOTOMETPUUECKOM CUCTEMBI U TTOTOAHBIX YCIOBUIA,
kosaebanacy B npeaenax oT 30 1ol80c. B uesoM Bech MaccuB JaHHBIX OXBaTWJI
~3-JIeTHUI MHTEpBal U cocTaBui 1554 B TeueHue 59 Houeil HabIOAEHUA.

Tabauya 1
JKYPHAJT HASEMHBIX HABJIIOAEHUM IGR J19552+0044 (2019-2022rt.)

No Hata HID AT Mecro HabmoaeHuit, | PoromeTpuyeckas
2400000+... | (yacwl) TEJIECKOIT cucreMa

1 2 3 4 5 6

1 | 31.05.2019 58635 1.85 KpAO, A3T-11 Ic, V

2 | 05.06.2019 58640 345 KpAO, A3T-11 Ic, V

3 | 12.06.2019 58647 24 KpAO, A3T-11 Ie, V

4 | 18.06.2019 58653 1.6 KpAO, A3T-11 Ice, V

5 | 20.06.2019 58655 4.7 Canriox, Leitcc-1000 Ic, V

6 | 20.06.2019 58655 2.5 KpAO, A3T-11 Ic, V

7 | 21.06.2019 58656 3 KpAO, A3T-11 Ic, V

8 | 21.06.2019 58656 5 Canrnox, Ileiicc-1000 Ie, V

9 | 22.06.2019 58657 38 Canriox, Leitcc-1000 Ic, V

10 | 23.06.2019 58658 1.6 KpAO, A3T-11 Ice, V

11 | 24.06.2019 58659 4.1 KpAO, A3T-11 Ice, V

12 | 25.06.2019 58660 3.84 KpAO, A3T-11 Ic, V

13 | 26.06.2019 58661 3.72 KpAO, A3T-11 Ic, V

14 | 27.06.2019 58662 24 KpAO, A3T-11 Ic, V

15 | 01.07.2019 58666 3.6 KpAO, A3T-11 Ice, V

16 | 02.07.2019 58667 3.7 KpAO, A3T-11 Ic, V

17 | 14.07.2019 58679 0.6 Tepckon, Leiicc-600 B, V, Rc, Ic

18 | 16.07.2019 58681 04 Tepckon, Leitcc-600 B, V, Rc, Ic

19 | 20.07.2019 58685 04 Tepckon, Leiicc-600 B, V, Rc, Ic

20 | 29.07.2019 58694 24 Tepckon, Leitcc-600 Rc

21 | 07.08.2019 58703 2.5 KpAO, A3T-11 Ie, V

22 | 08.08.2019 58704 4 KpAO, A3T-11 Ice, V

23 | 09.08.2019 58705 1.8 KpAO, A3T-11 Ic, V

24 | 10.08.2019 58706 2.5 KpAO, A3T-11 Ic, V

25 | 11.08.2019 58707 3 KpAO, A3T-11 Ic, V

26 | 12.08.2019 58708 2.2 KpAO, A3T-11 Ic, V
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Tabauua 1 (Oxonuanue)

1 2 3 4 5 6

27 | 14.08.2019 58710 1.8 KpAO, A3T-11 Ic, V

28 | 29.04.2020 58969 0.7 Tepckon, Leitcc-600 B, V, Rc, Ic
29 | 13.05.2020 58983 1.4 Tepckon, Leiicc-600 B, V, Rc, Ic
30 | 03.06.2020 59004 3 KpAO, A3T-11 Ic, V

31 | 04.06.2020 59005 3 KpAO, A3T-11 Ie, V

32 | 08.06.2020 59009 2.2 KpAO, A3T-11 Ic, V

33 | 08.08.2020 59070 38 KpAO, 3THI 2.6-m B, V, Rc, Ic
34 | 09.08.2020 59071 4.5 KpAO, 3THI 2.6-m B, V, Rc, Ic
35 | 19.08.2020 59081 1.5 Tepckon, 2-Mm B, V, Rc, Ic
36 | 20.08.2020 59082 2.6 Tepckon, 2-Mm B, V, Rc, Ic
37 | 21.08.2020 59083 1.3 JlecHuku, 0.7-m Ic, Rc

38 | 20.05.2021 59355 2 Tepckon, Leiicc-600 A%

39 | 07.06.2021 59373 0.8 KpAO, A3T-11 Ic, V, 6e3 .
40 | 08.06.2021 59374 1 KpAO, A3T-11 Ic, V

41 | 09.06.2021 59375 4.2 KpAO, A3T-11 Ic, V, 6e3 .
42 | 10.06.2021 59376 2 KpAO, A3T-11 Ic

43 | 11.06.2021 59377 3 KpAO, A3T-11 Bes ¢.

44 | 13.06.2021 59379 3 KpAO, A3T-11 be3s ¢.

45 | 17.06.2021 59383 2.8 Tepckon, Leiicc-600 Ic

46 | 18.06.2021 59384 2.8 Tepckon, Leitcc-600 Ic

47 | 20.06.2021 59386 1 Tepckon, Leiicc-600 Ic

48 | 01.07.2021 59397 34 KpAO, A3T-11 Ic

49 | 22.10.2021 59510 3 Tepckon, Leiicc-600 Ic

50 | 23.10.2021 59511 7 Tepckon, Leiicc-600 Ic

51 | 21.06.2022 59752 1.8 KpAO, A3T-11 be3s ¢.

52 | 04.07.2022 59765 2.88 KpAO, A3T-11 Ic, V

53 | 05.07.2022 59766 31 KpAO, A3T-11 Ic, V

54 | 06.07.2022 59767 33 KpAO, A3T-11 Ie, V

55 | 07.07.2022 59768 32 KpAO, A3T-11 Ic, V

56 | 11.07.2022 59772 1.5 KpAO, A3T-11 Ice, V

57 | 13.07.2022 59774 1.1 KpAO, A3T-11 Ic, V

58 | 14.07.2022 59775 2.6 KpAO, A3T-11 Ic, V

59 | 16.07.2022 59777 31 KpAO, A3T-11 Ic, V

Kocmnueckne HabmoaeHs ObUIM BBIIOJHEHBI ¢ ToMoIIblo Tejieckora TESS
(NASA Transiting Exoplanet Survey Satellite) [15] B 2022r. Ha TpoTsLKeHUU 27
CYT B IIMPOKO# crekTpaibHoi mojoce 600-1000 uMm ¢ akcrmo3unuein 120 c.

3. Anaausz uabarodenutt TESS. Naunsie TESS mpencrasnsor co6oit
yeThipe (pparMeHTa B uHTepBanax BJD 59769-59777, 59780-59782, 59783-59791,
59793-59796 (cm. pumc.l).

OOpairaer Ha ceb0s1 BHUMaHHE CUJIbHAS MOIYISLMS MHTEHCUBHOCTH C
~1-CyTOUYHBIM TIEPUOIOM, UYTO XOPOIIO BUIHO Ha pHUC.2, TAe MpUBEIcHA MepUO-
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JlorpaMma, TIOCTPOSHHAsI ¢ UCTob30BaHUeM MeTona Cre/uMHrBepda, pealru3oBaHHOIO
B makete mporpamMm ISDA [16]. HauGonee 3HaumMMble MUKKA IEPUOIOIPAMMBI
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Puc.1. JonroBpemenHast kpusasi 6aecka IGR 1955 B 2022r. mo manneim TESS.
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(Ha pUCYHKe CIpaBa).



166 10.B.ABMMHA U1 JP.

yKa3bIBaloT Ha Tepuoj oueHmii 2.0425cyt n ero BTOpylo rapMoHUKY. Ha sTOoM
JXe pUCYHKe TTOKa3aHa (ha3oBast KprBasl OJiecKa, TTOCTPOeHHasT COTIacHO 3dheMepue

MaxHJD =2455740.7035+ 2.0425E, nH

IJIe HaJaIbHas 3110Xa COOTBETCTBYET HIDKHEMY COCIMHEHMIO BTOPMYHOTO KOMIIOHEHTA
[9]. UHauBMayanbHbBIE "CTONOLBI" KPUBOM - 3TO KoJiebaHUsI Ojiecka ¢ MepuoaoM
BpallleHUs 6eJ10ro KapjuKa, a BepxHssl orubatonias (T.e., aMILIUTyIa KojieOaHUI,
CBSI3aHHBIX C TIEPUOIOM BPAILEHUS) B CPEIHEM JOCTUTACT MAKCUMAIBHBIX BEJTMIMH
IBaXAbl B TedyeHUe mepuopa omenHmii Ha ¢azax ~0.0 u ~0.5, cOOTBETCTBYIOIINX
HIDKHEMY M BepXHEMY COSIMHEHUIO KpacHOTo Kapinka. OTMeTMM OCOOEHHOCTH
npodusis BepXHeil orudaroliieii: MeaJIeHHOe BO3pacTaHUE SIPKOCTU U OBICTPBIN ee
criaj.

Ha puc.3 nig nByx HamOosee IIMHHBIX psaoB HabmoaeHuit TESS npuBeneHb!
KpHUBbIe OJIeCKa, CBSI3aHHBIE C TIEPHOIOM BpaIlleHUsI OSJIOT0 KapinKa, B 3aBUCHUMOCTH
oT da3bl nepuroaa oveHuii. ITokazaHbl KpUBbIE IS 1IECTU CUHOIWYECKUX LIUKIIOB.
ITpoduas KpuBbIX Mepuoaa BpalleHUs, KaK MpaBUIo, OJHOTOpObIi (32 peIKUMU
UCKJIIOYEHUSIMUA) M Ha hazax MaKCMMaJIbHOTO OJecka HCIelIpeH ObICTpbIMU
KBa3UIEepPUOANYECKUMU KoJIeOaHUSIMU. BUIHO, YTO aMIUIMTYIa KPUBBIX Mepuoaa
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Puc.3. Kpussie Onecka mepuoma Bpaienusi IGR 1955 no mannsim TESS B 3aBucumoctu ot
(azbl cMHOAMYECKOro MeproAa Ul LECTH CUMHOAMYECKUX LUKIOB. sl KaXIoro CMHOAUYECKOTO
MKJIa ykKasaH uHTepBan MOnmanckmx mat (mociemHue TpU LU@PHI).
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BpallleHUs CUCTEMATUUECKH M3MEHSIETCS B TeYeHNe KaKIOoro CHHOAMYECKOTO ITUKIIA
U JOCTUraeT MakKCMMaJlbHOTO 3HaueHus B uHTepBaie ¢a3 ~0.9-1.0 u ~0.4-0.5.

4. Anaau3 HazemHwvix Habawdernuti. Ha puc.4 pgana daszosad Kpubas
OJiecKa JaHHBIX HA3eMHBIX HAOMIOACHWI ¢ CHMHOOWYECKUM TIEPUOIOM B IOJIOCAX
V u Ic. @a3sl neprona BEIYUCIAINCH corylacHO sdemepune (1). CpaBHUBASI 3Ty
KPUBYIO, MOCTPOEHHYIO MO TpexJeTHEMY psay HaomoneHuit ¢ kpusoir TESS mo
MECSIIHOMY DAy HaONIOMEeHWI, MOXHO OTMETHUTb WX CXOICTBO, HECMOTpS Ha
pasImure B JUIMHE OXBAaUueHHBIX HAOMIONEHUSIMIA BPeMEHHBIX MHTEPBAJIOB U HepaB-
HOMEpHOE TMOKphITHE (a3 Ha3eMHbIMU HaOM0AeHUSIMU. KpuBblE CHHOAMYECKOTO
rnepuoa Ha3eMHbIX HaOIIOAeHUII UMEIOT IBa MakCcMMyMa 3a repuoj Ha azax 0.9-
1.0 m 0.35-0.5.
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Puc.4. ®azoBasg kpuBas Ojecka HaszeMHbIx Habmomenuit IGR 1955 ¢ mepuogom OueHmi
2.0425 cyt B mmontoce V u Ic, moctpoeHHasl Mo TaHHBIM Ha3eMHBIX HaGmomenuit 2019-2022rr. st
yao0CcTBa KpUBas BOCIIPOM3BENCHA IBAXKIbI.

Ha puc.5 npusenenbl kpuBbie Ojsecka IGR 1955 B monocax Ic u V mig
HEKOTOPbIX HOUEW W JJIs1 pa3IMYHbIX (a3 CUHOOAMYECKOIO Meproja.

KpuBble mokasbIBaloT ObICTpbIE U3MEHEHUST MPOGUIIS Ha KOPOTKUX BPEMEHHbBIX
1IKajax B ooeux nojocax. Kaxnas MHIMBUIYyalIbHAs KpUBasi HA PUCYHKE OXBAaTbIBAET
OT JBYX JO YEThIpeX MEepUOJ0B BpallleHUs Oeyoro kapiavka. Ha kpuBoil Giecka
g JD 2458655 BuaHBI TpU MOJHBIX LMKJIA BpalleHus. B monoce Ic KpuBbie



168 10.B.ABMMHA U1 JP.
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Puc.5. Hekoropbie kpusble 61ecka IGR 1955 B nosnocax V u Ic. 3anonHeHHBIMU Kpy>XKKaMu
0003Ha4YeHBbl JaHHbIE B Tojoce Ic, OTKpuITbIMM - B V. i JaHHBIX KaXIOil HOYM yKa3aH
uHTepBan (a3 CMHOAMYECKOro uukina Ph P,

eat”

Olecka B KaXIOM IIMKJIE€ WMEIOT ITOXOXW OMHOTOPOBINA BHI, IJIUTEIHLHOCTH
Kaxnoro ropba (1impuHa ropda) COCTaB/ISIET MPAKTUUYECKU Bech nepuon. B mosoce
V kpuBas Ojiecka KaxIoro 1MKIa pasaesercs Ha JaBa ropda pa3HOi aMILTATYIbI.
AMIUIMTYJa TOPOOB B 3TOH MOJOCEe U3MEHSETCS OT LMKIIa K Hukiy. Cineayroias
KpuBast 6iecka mist JD 2458656 3a nmepuon HaGIIOAEHUIA OXBAaThIBAeT 4 MOJTHBIX
LMKJIa BpaleHusi. OHa AEMOHCTPUPYET KapAWHaJbHble U3MEHEHMST Mpoduis,
MIPOVCXOMIINE B COCeTHUX LMKIax. KpuBas Ojiecka B TeUeHHUE MEPBOTO ITMKJIIA
MpeACTaBIsieT coO0i y3KUiA TOpO, MUISIIMICS BCErO MOJIOBMHY Meproaa U MUHUMYM
Ojsiecka B BUAEC POBHOIO IJIaTO B TEUEHHUE OCTaJbHOW IOJ0BUHBL. [Ipoduib
BTOPOTO IIMKJIa HAITOMUHAET MPO(UIL IIePBOTO, B TPETbEM M UETBEPTOM IIUKIIE
IIpUHA Topba CTPEMUTETHLHO YBEIMYMBACTCS BIBOE, a €T0 MPO(PUIL CTAHOBUTCS
IByXIUKoBbIM. KpuBas Gnecka B Houb JD 2458657 comepXUT IIUPOKUE TOPOHI,
IUIAIIAeCs TIpaKTUYeCKM B TeYeHMWe BCETO Ilepuoia BpalleHus, a B HOYb JD
2458660 BHOBb HabmomaeTcss Ipoduib Tuna "y3Kuil ropd + IUIoCKoe ILIaTo”, Kak
" B HOUb JD 2458656. [Togo6GHast KapTrHa 3aperrcTpupoBaHa 1 mist JD 2459070,
OIHAKO, Ha MECTE TUIaTO YraJbIBaeTCsl PacTylIuii ropd HEOObIIONW aMIUIUTYAbl. B
Houb JD 2459071 npoduib KpYBBLIX BpallleHUs! ONSATh IIUPOKUI M JTBYXITUKOBBIM.
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B TeueHure MoJI0BMHBI EPBOTO 1IMKJIA BUAHA OMHOTrOpOast KpuBasl, a B OCTAJIbHYIO
MOJIOBUHY - POBHOE IUIATO B 00euX Iojiocax Ha ypoBHe 16™. B Houb JD 2458660
B Te€UEHUE TpeX OpOMTATbHBIX LIMKJIOB BUAHA OJHOrOpOas Kpusas, rie ropd mMmeer
MPOTSDKEHHOCTH B TIOJIOBUHY OopOuTabHOro Inkiia. Mopma ropba HeCMMMeTpHYHAS,
Be3le HaOmogaeTcs pe3Kuii crmaa O1ecka, KOTOPbIA MOXET yKa3biBaThb Ha
3aTMEBAIOIIYI0 COCTABIISIONIYIO O0JIACTU aKKPELIUU.

KpuBsle 61ecka 1o KBa3mogHOBpeMEeHHbIM HaOmoneHus M B roygocax BVRclc
TpeACcTaBIeHbl Ha prc.6. OHI XOpOIIo JeMOHCTPUPYIOT YBEJIMISHE aMIUTUTYIBI
KoJieOaHMl ¢ IJIMHON BOJIHBI BIUIOTH 10 2™.5- 3" B momoce Ic u Hajm4me OBICTPHIX
KosiebaHUi1 Oecka, TakKe pacTylLIUX ¢ IJMHON BOJHBI U C aMIUIUTYAOM, TIpeBOC-
XOHSIIel OOHY 3Be3OHYI BeauuuHy. [1o KpuBbIM OJiecka B pasHbIX I0J0Cax
BUJIHA CYILIECTBEHHAs pa3HUIIA B 3HAUCHUSX MUHUMYyMa OJiecKa, JOXOAIIAS 0
~1™. B nosioce B 3HaunMble KojieGaHUS OjiecKa MPAKTUYECKU OTCYTCTBYIOT.

ITo Bcem manHbIM 2019-2022rr., mojydyeHHbIM B mojiocax V u Ic, Obuin
IMOCTPOCHEKI TIEPUOIOTrPaMMbI B OKPECTHOCTA OPOUTAILHOIO MEepUoaa U Mepuoaa
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Puc.6. Kpusbie Gmecka B momocax BVRclc, monyuennsie Ha 3TII u Ha Tepckone. 3amon-
HEHHBIMU KpyXKaMU 0OO3HAYEHbI JaHHbIE B T0J0ce B, OTKPBITHIMU KpyKKamMH - V, 3alOJTHEHHBIMU
TPEYTONbHUKAaMU - I¢, OTKphIThIMM TpeyroibHuKamu - Re. Vkasanbl ¢asel nepuona ouenwit (Ph P, ).
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BpallieHus. Pe3ynbTar npeacTtasieH Ha puc.7 (ciaeBa). Kak u ciieqoBano oXuaarh,
caMbIil 3HAUMMBIM MUK Ha 00erX MeproAorpaMMax yKasblBaeT Ha MepUo/l BpallgHUS
6esoro kKapnuka 0.05645351(14) cyr. BenuuuHbl epuoaoB, MOIyYeHHbIE B JAHHOM!
pabote u ToBMacssHoM M Ap. [9] B mpeaeaax TOUHOCTH COBIAAAIOT B 1IECTOM 3HAKe
ToCJIe 3aMsITOM, YTO He MO3BOJISIET KOPPEKTHO OLIEHUTh CKOPOCTh TpeioaraeMoi
OpOUTATBHO-BpAIIATEIIEHOM CUHXpOHM3aK. C y4eToM MOTPEIIHOCTEN ONpeIeIeHUS
TepUOIOB BUIHO, YTO MBI TTOJNYYMIN Oojiee TOUHYIo ero BenmmuuHy 0.05645351(14)
cyT. OpOUTaNbHBIM MEpUOJ Ha MEepUOJOrpaMMe TakKe IPUCYTCTBYET, OJHAKO
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Puc.7. CneBa: mepuomorpaMMbl ISl JaHHBIX B mojiocax Ic m V B OKpPeCTHOCTH Iiepuoia
BpallleHWs] U OpOUTAJIbHOIO MEepUoja, TMOCTPOEHHbIE IO Ha3eMHbIM HaomoneHusM 2019-2022rr.
[TyHKTUPHBIMM JIMHUSIMU TTOKA3aHbI PaCUeTHOE TMOJIOXKEHUE OPOUTATILHOIO Meproa (COOTBETCTBYIOLIAS
vacrota F = 17.225 cyT') M Tepuona BpalleHUS (F, =17.715 cyr"). Crpasa: (ha3oBble KPUBBIC
Oylecka C TIEpUOJOM BpallleHUs B mojocax Ic (BBepxy) u V (BHuU3Y). [lisg ymobcTBa CBEpTKHU
BOCIIPOM3BEIEHBI TBAX/IbI.

3HAYMMOCTh ero o4eHb Mama. Ha pwuc.7 (cmpaBa) mpuBeneHBI (ha30Bbie KPUBEIE
0Jiecka C MepHOIOM BpALLEHUsI, TOCTPOEHHBIE COMIACHO dheMepuiIe

Max HJD =2455740.7035+ 0.05645351E. 2

5. Obcyxucdenue. Cunoduueckuii nepuod. HaseMHbIE M KOCMUYECKHUE
HaOTIOIEeHUs TIOKA3aJTH, YTO HATMYKE ABYropOoil MOIYJISIINY OJ1eCKa ¢ CHHOTMIECKIM
TIEPUOIOM M 3aBUCUMOCTDb aMIUTATYABI KoJeOaHMil O1ecKa ¢ TIepUoIOM BpallleHHS
6e1oro Kapimka ot (asbl CMHOIMYECKOTO LIMKJIA - YCTOMYMBOE SABIEHUE B CUCTEME
IGR 1955. IToxoxuii a¢pdexT y acuHxpoHHOro mnojsgpa BY Cam 6bu1 3aperuct-
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pupoBaH MbaiicoHoM U ap. [17]. Takoe moBeaeHUE aCCOLIMUPYETCS C TIEPUOTNYSCKIM
U3MEHEHHUEeM TeMIa TMepeHOoca BellleCTBa OT BTOPUYHOIO KOMIIOHEHTAa B TEUEHUE
cuHoauveckoro nepuonaa. B cayyae BY Cam aBTopbl onuvcaiu ClI0XHOCTb OAHO-
3HAUYHON MHTepHpeTauuu HabaogaeMbix 3(GEKTOB, MOBTOPSIOIIUXCS C (as3oit
CUHOIMYECKOro 1IMKJIa, 3aBUCSIIUX OT U3MEHEHMSI OpUEHTAllMM MAarHUTHOTO TOJSI
Oesnoro kapauka. OgHAKO OHM MPENJIOXUIU KaK HauboJjiee BepOSITHYIO MOJIENb
"MarHuTHOTo KjamnaHa" (CM. Takke mpeanosiokeHue AHIpoHoBa [18]) B KauecTBe
MOTeHUMAJIbHOIO OOBSICHEHUSI U3BMEHEHU I MHTEHCUBHOCTH, 3aBUCSIINX OT (pa3bl
OMEeHMIA, TIIe MarHUTHOE T10JIe GeJIoro Kapiimka MpemsTCTBYET IepeHOoCY BellleCTBa
yepe3 BHYTpeHHIOIO Touky Jlarpanxka L1, korma moToK meprneHIuKyJsipeH OcCu
MAarHUTHOTO MOJISI, YTO OOBSCHSIET HAIMUKE ABYTOpOOro WM MYJIBTUKOMIIOHEHTHOTO
npodus Kpuoi. HamoMHuM, 4To MakcMMallbHasi aMITIMTyIa BeEpXHel orudaronieit
KpuBoil cuHoguueckoro nepuoaa IGR 1955 (3a cueT MmakcMMaabHOUM aMILTUTYIbI
KPUBBIX TIeproja BpallleHUs1) HabaogaeTcs, coryiacHo ageMepuae (1), Bo BpeMst
HIDKHETO COEIVMHEHMSI KPACHOTO KapjinKa. DTO O3HAYaeT, UTO MAarHUTHOE IT0JIe
0eJioro KapijiMka B 3TOT MOMEHT OpUEHTUPOBAHO HanboJiee OJaronpusiTHBIM 00pa3oM
JJIT MAKCUMAJIbHOTO TeMIla aKKpelUMU U OPUEHTALMsI MAarHUTHOM ocU OJM3Ka K
OpPMEHTALUM JINHUU, COSANHSIIONIEH LIEHTPhl KOMITOHEHT.

6. 3akaouenue. TakuMm 06pa3oM, MHOTOJIETHUI MOHUTOPUHT aCMHXPOHHOTO
nojisspa IGR 1955 BbisiBu: 1. CUIbHYIO U YCTOMUYMBYIO BO BPEMEHU ABYropoyto
MOIYJISIIMIO OJecKa ¢ CMHOOWYeCKUM TiepronaoM 2.0425 cyt, o4eBUIHO, CBSI3aHHYIO
C TepUomMYeCKMM KojebaHWeM TeMIla IIepeHoca BeIleCTBa OT BTOPUIHOTO
KOMITOHEHTA; 2. TTO3BOJIMII YTOYHUTD BEIMYMHY TTEPHOAa BpaIlleHUs 6eJI0ro KapinKa
0.05645351(14) cyr. [lonyyeHHBIe TaHHBIE COTJIACYIOTCS C BHIBOOOM TOBMacsHa U
ap. [9], uro mpoduab KpuBBIX Ojiecka C MEPUOAOM BpallleHUsI, KaK MpaBUIIO,
OMHOTOPOBII, YTO YKa3bIBaeT Ha MPEHUMYIIECCTBEHHO OXHOITOIIOCHYIO aKKPEIIHIO.
HanpHeime uccaenoBaHus A0JKHBI TTOKa3aTh, BOBMOXHO JIM TPUMEHEHME MOIEIN
MarHUTHOTO KJlanaHa Juisi oobsicHeHus1 3¢hdekToB, HaomonaeMbix y IGR 1955.

ABTOpHI OJ1aromapaT pelieH3eHTa 32 BHUMATEIBHOE TIPOYTEHIE CTaThU 1 IIEHHBIC
3aMeyaHusl.

' ®I'BYH "Kpeimckasi acrpodusuyeckast obcepBatopusi PAH",
Pecniyonuka KpeiM, e-mail: eppavlenko@gmail.com

2 MexXIyHapOIHbI LIEHTP acCTPOHOMUYECKMX, MEAMIIMHCKUX U IKOJOTMUYECKUX
ucciaenoanuii HAH Yxkpaunsl, Kues, Ykpauna

3 Uuctutyt Actpodusuku Akagemuun Hayk Pecryonuku TamkukucraH,
Hyman6e, TamkukucTaH

4 Kueckuii HanyonanbHbiil yHUBepcuTeT Tapaca IlleBuenko, Kues, YkpauHa
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PHOTOMETRIC STUDIES OF ASYNCHRONOUS
POLAR IGR J19552+0044 IN 2019-2022

Ju.V.BABINA!, E.P.PAVLENKO', N.V.PIT!, KA ANTONYUK!,
A.A.SOSNOVSKI!, V.G.GODUNOVA?, 1. A.IZVIEKOVA?, G.I.LKOKHIROVA?,
F.D.RAKHMATULLAEVA3, A.O.SIMON*, M.V.CHUPIRA*

The paper presents an analysis of multicolor photometric observations of the
asynchronous polar IGR J19552+0044, obtained over 59 nights from 2019 to 2022
at the Crimean Astrophysical Observatory, as well as at the Terskol Peak, Sanglokh
and Lesniky observatories and from TESS data. It is shown that the maximum
amplitude of brightness variations (~2".5-3") is observed in the Ic band and is
practically close to zero in the B band. The rotation period of the white dwarf
has been refined to be 0.05645351(14) days. A dependence of the amplitude of
the rotation period curve on the phase of synodic period was discovered.

Keywords: cataclysmic variables: asynchronous polar: IGR J19552+0044
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VISCOUS PLANE SYMMETRIC STRING COSMOLOGICAL
MODEL IN f(R) GRAVITY
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In this paper, we have used the Plane Symmetric LRS Bianchi type I metric to study bulk
viscous fluid coupled to a string of clouds within the framework of the f(R) theory of gravity.
To obtain the deterministic solutions, some physically plausible conditions like the weak field limit
for a point-like source f(R)= Rm, the very well known expansion-shear scalar proportionality
relation and the special form of an average scale factor are taken into account. Furthermore, we
have calculated some physical and kinematical parameters along with the energy conditions to study
the astrophysical implications of the constructed model and discussed their graphical behaviour,
which shows good similarity with recent observational data.
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1. Introduction. To explain the phase transition of the universe theoretically
from decelerating to accelerating phase, generally, two approaches are being
adopted: one of these methods is to investigate various dark energy candidates
playing major roles due to the modification of energy-momentum tensor in the
Einstein field equations, and the other is to modify the space-time geometry in
the Einstein's equation called modified gravity. Many models of the universe have
been introduced to study and explain the accelerating expansion of the universe.
In recent years, several probable candidates for dark energy have been proposed
and accordingly, the cosmological models are being constructed. As a second
approach to explaining accelerating cosmic expansion, many modified theories of
gravity have been developed. The modified theories of gravity, generally known
as f-theories, are those where the gravitational action integral is defined to be a
function f of specific geometric invariants. The main characteristic of f~theories
is that the modified field equations explain the cosmological evolution and also
recover general relativity.

In recent years, there has been a significant interest in modified theories of
gravity. Among various gravitational theories that have been amended, one of the
earliest is f (R) theory of gravity, which was first put out by Buchdahl [1].
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Numerous scholars have examined and investigated the numerous Kinds of cos-
mological models in f (R) gravity. Baibosunov et al. [2] discussed model of the
early universe in f (R) gravity. Nojiri et al. [3] studied unifying inflation with
early and late-time dark energy in f (R) gravity. Again Nojiri, Odintsov [4]
discussed unified cosmic history in modified gravity from f (R) theory to Lorentz
non-invariant models. Dynamics of some cosmological solutions in modified f (R)
gravity were examined by Malik, Shamir [5]. Pawar et al. [6] investigated plane
symmetric string cosmological model with zero mass scalar field in (R) gravity.
Cognola et al. [7] investigated the class of viable modified f (R) gravities describing
inflation and the onset of accelerated expansion. Nojiri, Odintsov [8] studied
unifying inflation with ACDM epoch in modified gravity consistent with solar
system tests. Again modified f (R) gravity unifying R™ inflation with ACDM
epoch were examined by Nojiri, Odintsov [9].

We have known with the fact that bulk viscosity as well as cosmic strings
performs a significant role in cosmology and presents cosmic accelerated expansion
popularly known as the inflationary phase. The theoretical development of the
universe and the effects of bulk viscosity and/or cosmic strings on cosmic evolution
have been examined by numerous cosmologists using the source as a bulk viscous
fluid and/or string cloud fluid. Recently, Pawar, Dabre [10,11] studied bulk viscous
string cosmological models using power-law volumetric expansion of the universe
and constant deceleration parameters in teleparallel gravity. Again, Pawar et al.
[12-14] have conducted several string-inspired cosmological investigations. Con-
sidering the Kantowski-Sachs metric Reddy et al., [15] have constructed an
isotropic bulk viscous string cosmological model showing the special case for the
non-validating cosmic strings. Hegazy [16] developed the formula for calculating
cosmic entropy in terms of viscosity and tried it to examine the entropy, enthalpy,
Gibbs energy, and Helmholtz energy of the constructed model in the presence
of viscosity. Nojiri et al. [17] studied string-inspired models, inflation, bounce,
and late-time evolution in reference to modified gravity. Freidel et al. [18]
discussed the formulation and dynamics of string theory and looked for string
solutions. Mishra et al. [19] investigated the string cosmological model using
spatially homogeneous and anisotropic Bianchi type V space-time. The viscous
string cosmological model explaining the cosmic accelerated expansion has been
investigated by Vinutha et al. [20]. Darabi et al. [21] obtained string cosmological
solutions via Hojman symmetry using FRW line element. Some recent and
important investigations of bulk viscous fluid in the presence of cloud strings have
been obtained by several cosmologists [22-28] in different contexts.

Motivated by the situations cited above in this paper, we have considered
plane-symmetric LRS Bianchi type I metric to construct a bulk viscous string
cosmological model within the context of f (R) gravity. This paper is divided into



VISCOUS STRING COSMOLOGICAL MODEL IN f(R) GRAVITY 177

several sections: Sec. 2 presents f (R) gravity formalism in brief. In Sec. 3
considering Bianchi type I metric, we have obtained the corresponding field
equations. In Sec. 4, we obtained the exact solution of highly non-linear
differential field equations along with the different physical and kinematical
parameters including energy conditions and discussed them with graphs. Lastly,
in Sec. 5, we have concluded the investigations.

2. f(R) gravity formalism. The f(R) theory of gravitation is a modification
of the general theory of relativity. The action for f (R) gravity is given by

S =[J-g(f(R)+L,)d"x, (1)

where f(R) is a general function of Ricci Scalar R and L is the matter
Lagrangian. It is worth mentioning that the standard Einstein-Hilbert action can
be recovered when f(R)=R.

The corresponding field equations are obtained by varying the action with
respect to the metric g, 3s

F(R)RW—%f(R)gw—VHVV F(R)+g,, V“VFl F(R)=T,,, )

where F(R)=df(R)/dR, V., denotes covariant differentiation, T, is the standard
matter energy-momentum tensor derived from the matter Lagrangian L .

3. Metric and field equations. We consider the plane-symmetric LRS
Bianchi type I metric of the form as

ds? = dt*— A2dx*— B*(dy? + dz?), 3)
where A and B are metric potential functions of cosmic time ¢ only.

We consider the source as bulk viscous fluid containing one-dimensional
cosmic string given by

T :(p+;_9)uuu"+ pgu—Ax,x", @)

p=p-3EH, (5)
where p=p A is the proper energy density with particles attached to them and
A is the strings tension density, p » is the particle energy density, 3§ H is bulk
viscous pressure, &(t) is the coefficient of bulk viscosity, H is Hubble's parameter,
x" denotes a unit space-like vector for the cloud string and % denotes four-
velocity vector satisfying the conditions, u'u, =—1=-x"x, and u,x" =0.

In a co-moving coordinate system, we have

u’ =(0,0,0,1), x*=(4",0,0,0). (6)

Taking consideration of (4) in the field equations (2) for the metric (3) we obtain,
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. (B). (A4 _AB)_ 1
F+2 = |F+| —+2— |F-—f=p-38H-X,
(BJ (A AB] 2f p=3% 7
- (A B). (B B> AB)_. 1
F+|—+—=|F+|=+—+—|F-—f=p-3EH,
(A BJ (B B’ ABJ 2/ =P ®
A B). (4 . B). 1
—+2— |F+| —+2—= |F-=f=-p,
(A B] (A BJ 2f P ©)

where the overhead dot (-) denotes the derivative with respect to cosmic time 7.

Here we have three non-linear differential field equations with seven un-
knowns, namely; f, 4, B, p, A, p and &. The solution of these unknowns is
discussed in the next section.

Also, we define some kinematical space-time quantities of physical interest in
cosmology, as follows.

The average scale factor a and the spatial volume V are respectively defined as

a=34B*> and V=a>. (10)

The volumetric cosmic expansion rate is described by the generalized mean
Hubble's parameter H given by

1g 1
H =22 H, =< (Hy+ Hyx 1), (11)
i=l1
in which H, = A/ A,and H,=H, = B/ B denotes the directional Hubble's param-
eters.
Using (10) and (11), we have obtained the expansion scalar ® , the mean
anisotropy parameter A , the shear scalar o, and the deceleration parameter ¢

respectively as

A _B
©="+2—-=31, (12)
1S (H~-HY
a3 2] @
Gz_l ZBZHZ—GZ
) L i ) (14)
Cai | d 1
A Th (15)

4. Solution of field equations. To solve the non-linear differential field
Egs. (7)-(9) completely in order to obtain exact solutions, we consider some
physically plausible conditions.
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Firstly, we consider the weak field limit for a point-like source of f (R) gravity
formalism given by

F(R)=RY*. (16)

Using the weak field limit for a point-like source of f (R) gravity model
Capozziello et al., [29] briefly reviewed and tested an exact f (R) gravity model
at Galactic and local scales. Bisabr [30] investigated local gravity constraints and
power law f(R) theories in which he obtained f(R)=aR""" power law gravity
model. Lazarov et al. [31] presented the calculations of orbits and periods in R”
gravity in their research geodesic equations in the weak field limit of general f (R)
gravity theory. Again Capozziello et al., [32] assumed R™ model and discussed
the energy conditions in f (R) gravity.

For the deterministic solutions, we consider the expansion scalar © is
proportional to the shear scalar o® which leads to the following analytic relation

A=B", (17)

where y is a constant.
Finally, we consider the special form of an average scale factor in the form

5 1/2p
a(t):(t2+aj , (18)

where 6 and p are constant.
We obtained the metric coefficients 4 and B as

5 3y/2u(y+2) 5 3/2u(y+2)
A:(t%—} and B:[t%—] : (19)
1 T
Substituting values of A and B from (19) in (3), we get
2 N\3/my+2) 2 \Ymr+2)
ds? = di*— [”’—”5] i’ [”’—”5] (a2 +dz2). 20)
u u

The metric potential functions of the derived model in (20) are constant for any
type of finite 7, and hence it is free from any type of singularity in cosmic
evolution until ¢ —> .

The spatial volume ¥V becomes

5 3/2p
V= t2+—] : 21
[ n @)

The spatial volume V of the universe is a time-dependent function, and its
graphical behaviour has been shown in Fig.1, which depicts the exponential
expansion of the universe according to the increasing time .
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Fig.1. Variation of volume V vs. time ¢ for =4, p=0.85.

The mean Hubble's parameter H and the expansion scalar ® are obtained as

t
- witt s’ 22)
3t
0= .
uit+s (23)
The graphical behaviour of mean Hubble's parameter and expansion scalar vs.
T T T T T T
I . —— Mean Hubble's parameter ]
0.8 i /" ><_  -=-- Expansion scalar T
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04 Tl
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t

Fig.2. Variation of mean Hubble's parameter H and expansion scalar @ vs. time ¢ for § =4,

n=085.
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cosmic time 7 is shown in Fig.2, where it can be seen that both parameters steadily

decline with increasing time after first growing to a minor amount. It demonstrates

how the cosmos expands faster at first before slowing down as time passes.
The mean anisotropy parameter A and the shear scalar o> are obtained as

2y -1y
her @)
o = 32 (y-1)
(y + 2)2 (ut2+ 6)2 (25)
The ratio of shear scalar to expansion scalar turns out to be
o> _ (-1
0> 3(y+27 (26)

From the expressions (24)-(26), it is been observed that the mean anisotropy
parameter, the shear scalar and its ratio are non-zero throughout the universe's
evolution except for y =1 which describes that the cosmos is anisotropic and holds
shear.
The deceleration parameter is obtained as
q=(u—1)—% 7)

We are well known with the fact that the deceleration parameter symbolizes the
inflation for ¢<0, deflation for ¢>0 and constant rate expansion for ¢=0. The
expression (27) demonstrates the value of the deceleration parameter whose

=

—
o}
() - 4
£
s
()]
o
5 200 .
©
g
[ - .
(8]
(3]
[a)
-400 | ]

Fig.3. Variation of deceleration parameter g vs. time # for 6=4, pu=0.85.
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graphical behaviour has been depicted in Fig.3 for the appropriate choice of
constants. As can be seen from the figure, the deceleration parameter g rapidly
increases in negative during the brief time interval 0 <7< 1 providing ¢ < -1
indicating the super-exponential cosmic expansion leading to the occurrence of Big
Rip. However, later on, g develops with time continuously to approach -0.15. It
confirms the inflationary cosmic accelerating phase. This observations are sup-
ported with [33].
The energy density

2
w2 (y +2)° t4—$p(y+2)2 tz[};éi(y+2)2 +%(572 +4y+12):|

66

1. 4 3 2 2(c 2 9 4.2
+18 (y+2) +26(y+2) t (5y +4y+12)+ZY(y_4)t (y +2y+3) (28)

p=-—
(1+ 2P+ 8] o+ 27 —[uly+ 2 ~3y(y+2)-9] £
The energy density is determined to be negative in an initial epoch during
0<¢<1, but it thereafter develops in positive gradually to some amount and then
drops with increasing time and diminishes when ¢— o (Fig.4). A similar type
of behaviour has been observed by Baro et al. [34].

We assume that the coefficient of viscosity should vary with the expansion
scalar in such a way that

&0 =&, =constant . 29)

From (29) we have obtained the coefficient of bulk viscosity as

0.4 T T T T T T T T T T T
0.2 1 1
2 L ]
2  o00f .
S [ .
© - .
Pl
3 [
g 021 ]
<
)} R 4
04 1
_0_6 1 1 1 1 1 1

Fig.4. Variation of energy density vs. time 7 for 6=4, y=09 and pn=0.85.
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- Gl +3) (30)

3t
The pressure can be obtained as
(n-3)y .
olr+ 2P+ o) 3| +202u-3)y |P-s(y+2) olr+2)
- [u(v +2f =3y(y+ 2)_9]12

+4p-9

%[(2u+3)y+4u][(u—2)y+2u—l][(u—3)y2 +22u-3)y+4u-9[ 1°

(5u2 —8u—3)y2
—%8 +u(20u—19)y [(u—3)y2 +2(2u—3)y+4u—9](y +2)

~3J6 +200° —24u+3
2 _ _ 3 2 _ 2
RV (a2 =7u—3)y* +3(8u —10u—2)y 31)
+ (4802 —52p—3)y+4u(Su—11)+3

—%83(y+2)4[(3u—1)y2 +(12u—1)y+12u—7]

(y + 2)3 (utz + 8)3 {S(Y + 2)2 - [;,L(y + 2)2 -3y (y + 2) - 9]t2 }3/2

Fig.5 depicts the graph of the coefficient of bulk viscosity, which rapidly
decreases in the beginning but then gradually begins to increase, whereas the
pressure of the universe increases asymptotically in positive and approaches
constant with the time elevation (Fig.6).
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Fig.5. Variation of coefficient of bulk viscosity vs. time # for §=4, £ =22 and n=0.85.
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Fig.6. Variation of pressure vs. time ¢ for §=4, y=09, & =22 and pn=0.85.

The string's tension density can be obtained as

[(u—3)y2 +2(2n-3)y +4u —9]t4

—%8(u+3)(y+2)2t2—%52(Y+2)2 (32)

27v6(y 1)

2(y+2)2(ut2+ 8)3\/6(y+2)2 —[u(y+2)2 —3y(y+2)—9] 2
The particle density turn out to be

l[z(z,u +3)y2 +(16u+21)y +16u —18][(u —3)y? +2(2u—3)y +4u —9]t4
66! 4

_ia(my[z(m_s)yz +(47u_3)y+3gu_54]t2_552(y+2)3(2y_5) )

Pp=
(y + 2)3(M12+5)3\/8(’Y+ 2)2 - [u(y+2)2 —3y(y+2)—9] 2

A positive value of string tension density shows the existence of the universe's
string phase, whereas a negative value of A suggests the disappearance of the
universe's string phase, meaning that the universe is dominated by the cosmological
constant [35]. Fig.7 presents the graphical representation of particle and tension
density vs. time. As can be seen from Fig.7 the tension density is entirely positive
and gradually lowers and diminishes, so our constructed model supports the
existence of the universe's string phase. However, the particle density rapidly
switches from negative to positive in the beginning to some amount and subse-
quently decreases and diminishes with infinite time. This leads to the observation
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Fig.7. Variation of particle and tension density vs. time ¢ for §=4, y=09, & =22 and
1=0.85.

that the cosmos first appears to be string-dominated, but that later on, the string-
dominated phase vanishes and the particle-dominated era begins and rests to end.

The energy conditions:

Energy conditions are mathematically enforced boundaries that strive to claim
positive energy. There are several energy conditions associated with physical
situations; the most prevalent one is the impact of DE which defies the strong
energy condition. The characteristics shared by all non-gravitational fields and
states of matter are described by the energy conditions. It eliminates Einstein's
field equations' irrational solutions. In this section, we discuss the energy con-
ditions that are respectively defined by Capozziello et al., [32] in which the authors
have discussed the role of energy conditions in f (R) cosmology.

The energy conditions are given by

(i) Null Energy Condition (NEC) p+p>0

(ii) Weak Energy Condition (WEC) p>0 and p+p=0

(iii) Strong Energy Condition (SEC) p+3p>0 and p+p=>0

(iv) Dominant Energy Condition (DEC) p>0 and p+p>0.

From (28) and (31) we can express the conditions as
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p+3p=

(u=3)" .
éo<v+2>3(ur2+s)3[+2<2u3>v}26<v+2>2wg(y+2)
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o Aty 2P -3¢(r+2)

—9]#

kv+2fu—372—6y—ﬂzﬂv+2fu2+§(Y+2fu—§v2+3v}ﬁ
_35@+2yfﬁy+2yu_%;_6y_4{iv+2fuz—@v2—v+@u}
2 -9%%-9
306 W+ﬁﬁf—%@+2@2+ﬁu
+65%(y+2) 1 3
—Zh%mwsynoy+ﬂ
28+ 2P
(r+ 2+ o) oy +2P ~fuly+ 2P ~37(y+2)-9] 7}
X (H_3)Y2 ) 5(Y +2)2
e +8)3{ Z(ﬁ; 3)v} o ]\/[M(v+2)23v(v+2)9] =
kv+2fu—%ﬁ—6y—4zﬂv+2fu2+é@+lfu—;v2+;f}6
I e AE KA (R e
N <[15(y+2P 12 (197 437y +52u-157 3]
(y+2fw’ —[vz[gwl;}lzgwﬂ u
+63°(y+2) 1 . ,
{yz(4y+3j+3y+4}
—és%y+2fk9u—2hz+@6u+4h+36p—1ﬂ

(y+2P (24 ) oly-+27 by + 2 ~3y(y+2)-9]2f

(34)

(35)
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. (H—3)Y2 . 8(y+2)2
&0(y+2) (W +5)3 :iﬁf;ﬂy t —5(Y+2) \/—[H(Y+2)2 —3y(y+2)—9]t2

[+ 2Pu-37 —@—9]2[(v+2)2u2 —;(v+2)2u—;v(v+5)}6

Sly+2)'?
—%5(v+2)2f4[(v+2)2u—3v(v+2)—9 —(13(y+3)+44)u
+3y* +15
-3/6
(+2P 1?12 1y + 59 +1027 +76)
+68%(y+2)° 12 4 (36)
+%[y2(y+4)+8y+11]

—;83(y+2)4[(}’+2)2l4_;(Y(ZYJFS)H 1)}
32

(y+ 2 [P+ 8 |y + 2P —[u(v+2)2 —3Y(Y+2)—9] 2|

The graphical behaviour of energy conditions is depicted in Fig.8. From the
figure, it is been observed that SEC and NEC are completely satisfied, DEC is
completely violated, and because energy density is initially negative i.e. p<0 for
this amount, WEC is violated, but as soon as energy density becomes positive
i.e. p>0, WEC is perfectly satisfied. In the cosmological context, recent research
highlights the significance of violating the DEC (i.e. violation of the Phantom
Matter field). Naturally, the violation of DEC raises the concerns about causality
and stability of the system. While the DEC satisfying matter guarantees the
system's causality and stability, but violation of DEC does not always mean that
the system is unstable or violates causality [36].

5. Concluding remarks. In this paper, we have investigated the plane
symmetric LRS Bianchi type I metric in the presence of bulk viscous fluid coupled
to a string of cloud fluid in the context of f (R) gravity. The exact solutions to
the field equations have been obtained by using some physically plausible situations
like the weak field limit for a point-like source f (R): RY? , the very well known
expansion-shear scalar proportionality relation and the special form of an average
scale factor. A discussion of the energy conditions and the values of several
geometrical and physical parameters has been conducted utilising their time-
varying graphs.

It is been observed that the constructed cosmos is singularity-free for any type
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Fig.8. Variation of energy conditions vs. time ¢ for §=4, y=09, & =22 and u=0.85.

of finite ¢+ until f > o0 . The derived cosmos is expanding, but not at the same
rate as before, it began expanding more quickly in the beginning and slowed down
later time. The cosmos is anisotropic and has held shear throughout its existence,
with the exception of y=1. It is also discovered that the cosmic model is
accelerating for the appropriate choice of constants showing inflationary phase.
Hence the investigations resemble the recent observations of an accelerating,
anisotropic and expanding universe.

The energy density is found to be negative during the first epoch, but it later
shifts to positive and grows for a while before decreasing and diminishing. Baro
et al. [34] have noted a similar kind of behaviour. The universe's pressure grows
asymptotically in a positive direction and approaches constantly with time eleva-
tion, in contrast to the bulk viscosity coefficient, which first declines quickly before
gradually continuing to climb. The constructed model supports the existence of



VISCOUS STRING COSMOLOGICAL MODEL IN f(R) GRAVITY 189

the universe's string phase. Furthermore, the behaviour of particle density and
string density leads to the observation that the cosmos first appears to be string-
dominated, but that later on, the string-dominated phase vanishes and the particle-
dominated era begins and rests to end. It is been observed that SEC and NEC
are completely satisfied, DEC is completely violated, and because energy density
is initially negative i.e. p<0 for this amount, WEC is violated, but as soon as
energy density becomes positive i.e. p>0, WEC is perfectly satisfied.
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BSI3KAS TIJIOCKO-CUMMETPUYHAS
KOCMOJIOTUYECKASI MOJEJb CTPYHBbI
B f(R) TPABUTALIUU

AJABPE!, [I.MAKOJE?

B naHHO# paboTe Mbl MCIOJIL30BAIM METPUKY IJIOCKO-CMMMeTpruuHOi LRS
tnma begHkm 1 11 n3ydeHus: o0beMHOM BSI3KOM XXKUAKOCTH, CBSI3aHHOM ¢ 00JJaKOM
CTPYH B paMKax T€OpWM IpaBUTaALMU | (R) s noayyeHus: 1eTepMUHUPOBAHHBIX
pelleHuld yYTeHbl HeKOTOpble (PU3MYECKM OOOCHOBAaHHBIE YCJIOBHUS, TakKMe Kak:
npenena caboro Mnoss s TOYeYHOro UCTOUHUKA f (R) =R u XOPOIIIO M3BECTHOE
COOTHOIIIEHHE TIPOMOPLUMOHAIBHOCTU MEXIY paclIUpEeHUEM U CIBUIOM cKajspa, a
Takxke crenuaibHas opma cpeaHero macirabHoro koadduimenTta. Kpome toro,
BBIUMCJIEHbl HEKOTOpbIe (PU3MUECKUE W KUHEMaTUYeCKHMe MapaMeTpbl, a Takxke
SHEPTEeTUYECKUE YCIIOBUS TSI M3YUeHUS acTpO(PM3MIECKHX TTOCIENCTBII TTOCTPOSHHOM
MOZEJIM U OOCYIWIIM UX Trpachuueckoe MoBeleHe, KOTOPOE XOPOLIO COTJlacyeTcs ¢
HeJaBHUMU HaOIIONaTeIbHBIMU JaHHbBIMMU.

KntoueBnie cnoBa: mempuxa bvanku muna I: o0semuas 813Kas HCUOKOCMb:
KocMuyveckass CMpYyHA: SHepeemuuecKue YCA08Us: epagu-

mayus f(R)
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Hcnonb3yst ypaBHeHUs1 BiiacoBa, ompeneneHbl MOMEpeYHass M MPOAOJIbHAS AUDJICKTPUUECKUE
MPOHUIIAEMOCTH TOPSIYEH pa3peskKeHHOM YIbTPapeIsITUBUCTCKON 3JIEKTPOH-ITO3UTPOHHOM IIa3MBl.
B xavecTBe HEBO3MYILICHHOW (GYHKIMU paclpeieeHHs] JIEKTPOHOB M TMO3UTPOHOB MCIOJIb30BaHO
pacripeneneane @epmu. [loka3aHo, YTO M3-3a OOMJIBHOTO POXIEHUS 2JIEKTPOH-TIO3UTPOHHBIX Tap
MTa3MEHHAsT 4acToTa YJAbTPApesTUBMCTCKOW ITIa3Mbl C POCTOM TEeMIIEpaTyphbl JMHEWHO pacTer.
I1pr 9TOM OTHOILIEHWE YACTOThI, HA KOTOPOW CIHEKTPATbHAS TUIOTHOCTh PABHOBECHOTO M3JTyYEeHHUS
MakcuMalibHa K TUTa3MEHHOW YacToTe, OCTaeTCsl HEM3MEHHbIM M paBHO 28. IlokazaHo, 4TO B
TaKkoil TUta3Me, B YaCTHOCTU B BEllECTBE paHHEW BcelleHHOM B yIbTPapeasiTUBMCTCKYIO 3JIEKTPOH-
MO3UTPOHHYIO 3IOXY, CHEKTP M3JYYCHHMS] OTIMYACTCS OT YEePHOTEJIbHOIO W3JIyYeHUs BecbMa
HE3HAYUTEBHO.

KittoueBnie ciioBa: yabmpapeaamueucmcKkasa 34eKmpoH-nO3UmMpoOHHAA nNaasma.:

OUNEKMPUYECKAs NPOHULACMOCIb

1. Bsedenue. Ilpu onpeneneHny TepMOIMHAMUIECKIX XaPAKTEPUCTUK TOPSYETO
3BE3[HOTO BEIIECTBA CUMTAETCS, YTO U3JTyYeHUE B HEM SIBJIIETCS TUIAaHKOBCKUM [1].
A B KBapKOBOM BellIECTBE, CChUIASICh HAa AMCIIEPCUOHHbBIE CBOMCTBA 3TOW CPEbl,
MIPUHATO CUUTATh, YTO BJIEKTPOMATHUTHOE M3TYIeHUE MPAKTUIECKU OTCYTCTBYET
[2]. Eciu mng pellleHWsI MHOTUX 3aJad 3TO CHpPaBeIMBO, TO IS TTOHUMMAaHMS
HEKOTOPbIX SIBIEHUI yueT aucnepcu Heobxonum. B [3], B yacTHOCTH, paccMarpu-
BaeTCsl BOIIPOC BIMSIHYMS JUCTIEPCUY B BellleCTBE paHHeil BceneHHoit (1o oOpazoBaHMs
HEUTpaJIBHBIX aTOMOB) Ha CIIEKTp M3TyIeHusI. Bompocam pacripocTpaHeH!sT JIMHEHHBIX
U HEJUHEWHBIX BOJH B acTpo(du3MUeCcKoil Ijia3Me MOCBSIeHO MHOTo pabort. B
YaCTHOCTH, B [4] Ha OCHOBE M3BECTHBIX BbIPAXKEHMI /151 MOMIEPEYHON U MPOIOIbHOM
IUJIEKTPUICCKUX TIPOHMUIIAEMOCTEe YIBTPapEIITUBUCTCKOTO BBIPOXKICHHOTO
9JIEKTPOHHOTO ra3a, pacCMOTPEHbI BOJIHBI Pa3IMYHOIO XapakTepa B DJEKTPOHHO-
SIIEPHOM BEIIeCTBE (BEIIECTBO OEIBIX KAPIMKOB M BHEIIHUX CI0€B HEMTPOHHBIX
3Be3M).

B npensaraemoii paboTe MCCIeayloTCs AURJIEKTPUUECKME CBOMCTBA ropsiueit
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pa3pekeHHOM T1a3Mbl, KOTJa KOHLIEHTPALYs JIEKTPOH-TIO3UTPOHHBIX Iap HAMHOTO
MPEBOCXOAUT KOHIIEHTPALIMIO aTOMHBIX siiep. PacueThl MpoBeAeHb! COTIACHO TEOPUU
0EeCCTOJIKHOBUTEbHON TIJ1a3Mbl, TTpelioxkeHHOK BiacoBbiM [3].

2. OcHo6Hble ypasHeHUs U coomHouleHus. KuHeTnyeckue ypaBHEHHUS
bosbumaHa 6€3 CTOJKHOBUTEIBLHOTO YjieHa JJIsl (PYHKIMKW pacripeaeeHusl i-TOro
TUMNA YaCTUI MO MMITyJIbcaM fl.([al., Fl.,t), ypaBHEHUS ISl TUIOTHOCTEH 3apsina P
v ToKa j

p(F.1)=2q,[ fid*pav , (1)
JF 0= q.[v.fd pav 2

rie f,d’pdV - uucio yactui B (hazoBoM obweMe d°pdV B TOUKe 7, B MOMEHT
BPEMEHU [, g, U V; - 3apsAl U CKOPOCTb /-TOrO THIIA YAaCTHULl COOTBETCTBEHHO,
Ha3bIBaIOTCS ypaBHeHusiMu Biacosa [4,6,7]. CommacHO 3TOil MOIENIM, YaCTULIBI
(hakTMyeCKu NBUXYTCSI 0€3 CTOJKHOBEHUU IO BO3NEUCTBMEM BHELIHUX CUJ B
YCPEMHEHHOM 3JIEKTPOMArHUTHOM T10Jie, CO3MaHHOM UMM. BbIOOp yHKIIMY pacnpe-
JIEIEHUS YaCTUILL 110 UMITYJIbCaM, a HE MO CKOPOCTSM, yI00€H TeM, UTO KUHETUYECKUE
ypaBHeHUs1 bosbliMaHa 1ist fi(ﬁi, 7, t) CTPABEUIMBBI U TIPU PEJSITUBUCTCKUX
cKopocTsx [6]. [U1a TaKix YacTHII JOCTaTOYHO JIMIIhL MCIIOIB30BaTh PEJISITUBMCTCKIEC
COOTHOILLIEHUSI MeXAYy (U3UMYECKMMU BeIWYMHAMU, B YaCTHOCTH, CBS3b MEXIY
WMITYJIbCOM W BHEpruei yactulibl. B paccmMaTpuBaeMbIX HaMU ClTydasix Tuia3Ma nmpu
OTCYTCTBUM MarHUTHOTO TOJISI ¥ 3JIEKTPOMAarHUTHOM BOJIHBI SIBJISIETCS U30TPOITHOMN
1 paBHOBecHOM. Bce yHKIIMM pacripenenieHus: TIo UMITYJIbcaM U30TPOITHOM T1a3Mbl
3aBUCST TOJBKO OT BEJIMYMHBI UMITYJIbCA COOTBETCTBYIOIIEH YAaCTULIbI.

DJeKTpOMarHuTHasl BOJIHA, paCpOCTPaHSISICh B U30TPOMHOM I1a3Me, HapylllaeT
ee PaBHOBECHOE COCTOSIHUE f,,, a TaKxke ee U30TpomHocTh [6,7]. MocinenHee
00OCTOSITEILCTBO BbI3bIBAET MPOCTPAHCTBEHHYIO JUCIIEPCUIO B U3HAYATLHO U30TPOITHOM
masMe. Ecin anekTpoMarHiTHast BOJTHA MOHOXPOMAaTHYECKask U IOCTaTOYHO ciiabas,
TO BO3MYyILEHUs DYHKUMIA pacnipeneneHus o f; = f;— f,; Jerko Haxonarcs. TeHsop
AUBJIEKTPUYECKOI TPOHULIAEMOCTH €, BbIPAXACTCS Yepe3 O f; M 3aBUCHUT Kak OT
YacTOTBl ® , TAK U OT BOJIHOBOTO BEKTOpa k [6,7]. B obiemM ciydae 3TOT TEH30pP
nmeer Bun [6,7]

€ap (0), ]E): g, (o, k)(SuB - nqnﬁ)+ g (o, k)nmnB , n= lg/k . 3

CornacHo D, =g, £ , TIepBOC c/laraeMoe BBIIEJISET TONepeyHyIo D | =g, E | (o
OTHOIIIEHMIO K BOJTHOBOMY BEKTOPY A ) 4acTb MHIYKIIMU, a BTOPOE ClaraemMoe -
MPOAOJbHYIO f)H =g EH . OyHKIMU €, W g, HaA3BIBAIOTCS TOMEPEUYHBIMU U
MPOAOJABHBIMU IUANEKTPUUECKUMU TMPOHULIAEMOCTSIMU, COOTBETCTBEHHO. OHU
BBIPAXKAIOTCS Yyepe3 HEBO3MYILUEHHbBIE (PYHKLIMU pacipeneieHus [6,7]
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dfy, d’p

oo k)=1- Z j“dﬁl kv_p’ “
dfy, d’p

(o, )1——2 jd%,.—év.—m’ )

rae g, v; M p; - 3apsad, CKOPOCTb M WMMIIYJIbC i-TOTO TUIIA YaCTHUIIbI, COOT-
BETCTBEHHO. 3HaKOM | y BeKTopa 00O3HaveHa IToIepedHasi K BOJIHOBOMY BEKTOPY
COCTABJISIIOLLAs 9TOTO BeKTopa. MHTerpasibl BBIUHCISIIOTCSI, 0GXOIST TOMIOC & v, =®
CHU3y - no npasuiy Jlangay. JIist BoIH ® > kc momaoc oTcyTByeT. OTMETUM, UTO
5TU (OPMYJIbl BEPHBI KaK IS JIIOOBIX CKOPOCTEN YaCTHIl, TaK U JJIs1 NU3HAYAIBHO
QHM30TPOIHOM TUIa3MBbl.

B KBa3MBBIPOXKIEHHOM BELLECTBE YMCIO 3AMOTHEHUI SHEPIeTUUECKUX YPOBHEMH
(epmuoHoB 6/13K0 K eauHMle. [ToaToMy Kiaccuueckue ypaBHeHUs1 bosiblimaHa B
ypaBHeHUsX BiacoBa 3aMEHSIIOTCSI COOTBETCTBYIOIIMMU KBAaHTOBBIMU YPAaBHEHUSIMU
[6,7]. CooTBETCTBEHHO MEHSIIOTCS M BBIpAXKEHMSI [UISI TTOIIEPEYHOM M ITPOIOIBHOMN
npoHunaemocteit (4) u (5).

BonHoBoe 4unciio k M 4yactoTa o CBA3aHBI 3aKOHaAMU aucriepcuu [6,7]

k*c* =o', (0, k) n s,(w, k)z 0. (6)

[I1oTHOCTH DHEPrMM PaBHOBECHOTO TEIJIOBOIO M3JIyYeHUs KakK IJIOTHOCTh
sHepruu bose rasza 6e3MaccoBBIX 4YacTull paBHa [8]

2 T o d’p
(2nh)3 0 exp(h(o/kBT)—l ’ @
rne d°p=h’d k , & CBA3b 3HepIruu yactull ((GOTOHOB) /Aw C UMITYJILCOM p = nk
oIpeleNseTcsS 3aKOHOM JVCIIepCHH MornepeyHbIX BorH (6). Koaddumument 2 B (7)
00yCJIOB/IEH HAIMYMEM ABYX HE3aBUCHMBIX TMOJIIPU3ALIMI 3J1€KTPOMArHUTHOM BOJIHBI.
Hapnenmne uanydeHus paBHO 1/3 mmotHocty 3Hepruu (7).

O06yacTi UBMEHEHUI TeMITepaTyphl M KOHIIEHTPAIMI YaCTHII, a TAKXKe XUMU-
YECKHUI COCTaB 3BE3IHOTO BEIIECTBA HACTOJIBKO OTPOMHBI M pa3HOOOpAa3HbI, YTO

W(T)z

onucaTh AMDJIEKTPUYECKUE MPOHULIAEMOCTH €, M €, 3TOTO BEIECTBA €IUHOIA
dopmyIoit HeBo3MOXHO. [103TOMy paccCMOTpHMM OTHENbHBIE YACTHEIC CITyYau.

3. Boaubl 6 pa3pedceHHOU naasme ¢ OOUAbHBIM pOdCOeHUeM
21eKMPOH-NO3UMPOHHBIX Nap.

3.1. Ilonepeunvie 60aHbl. Korma mioTHOCTb MOJHOCTbIO MOHU3UPOBAHHOMN
IUIa3MBbI IOCTATOYHO HK3Ka, a TeMIIEpaTypa BBICOKA, TO B HEW OOMIIBHO POXKIAIOTCS
9JIEKTPOH-TTO3UTPOHHBIE Taphl (e e -Mmapbl), YMCI0 KOTOPHIX HAMHOTO TIPEBOCXOIUT
YUCIIO TEX DJIEKTPOHOB, KOTOPbIE HEMTPAIU3YIOT TIOJOXHUTETbHBINA 3apsil aTOMHBIX

sinep [9]. KoHLeHTpalliK 2JIEKTPOHOB 1, ¥ TIO3UTPOHOB 71, TIOYTU PAaBHBI (71, = 1, ).
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[ToaTOMY OHM MMEIOT HyJIEBbIE XUMUYECKHE TOTEHIHATBI (1, =, =0). B Takom
COCTOSTHUM TePMOAMHAMMYECKNE XapaKTePUCTUKM IUIa3Mbl 3aBUCAT TOJBKO OT
TeMIIEpaTypbl U SBIISIOTCI CyMMaMM COOTBETCTBYIOIIMX XapaKTEPUCTUK TOPSIIETO
BJIEKTPOH-TIO3UTPOHHOIO Ta3a 1 3JIEKTPOMArHUTHOTO U3nydeHus. bojee moapobHo
TaKoe COCTOSTHME PacCMOTpPEHO B [9], rae BIMSIHUE OMCIEPCUU Ha XapaKTEePUCTUKY
U3JIydeHus He yureHo. CuuTaeTcs, 4YTO M3JIy4eHHEe YePHOTEILHOE.

Huxe Mbl ompepensieM 3aKOH AUCIIEPCUM TOpsiYeid YIbTpapeasiTUBUCTCKOMN
(kT >> mecz) BJIEKTPOH-TIO3UTPOHHOM TJIa3MbI MPU OTCYTCTBUM MAarHUTHOTO TOJISI.
TeH3op IM3ENEKTPUIECKON MPOHUIIAEMOCTH YJIbTPAPEAITUBUCTCKON Tropsdeit
BJIEKTPOHHOM TIJIa3Mbl C MaKCBEJJIOBCKUM pacrpeaesieHueM 0e3 yuyeTta poxXIeHUs
e e’ map BeuncieH B [10]. TTorepednas AUSIEKTPUYECKS TTPOHULIAEMOCTh TAKOM
IUIa3Mbl MMEET ciaeaylolmii Bua [6,7]

nen,c ® 5 x—1
=l+——=—0| —|, >ke, Ox)={1-x")ln— |-2x.
e ok, T [kcj o> ke, @(x)=(1-x )H(HJ ! (®)

Dusnyeckre XapaKTepUCTUKHU IJIAa3MbI ¢ (DEPMUEBCKIM pacIipe/ie/IcHUEM 3JIEKTPOHOB
0003HAUMM JTOMOJHUTEIbHBIM UHACKCOM F, a ¢ MaKCBEJUIOBCKUM - UHIEKCOM M.

BonHbI ¢ © < k¢ B m1a3me 3aTyxaloT TaK KakK IUSJIEKTPUYECKHUE MPOHUIIAEMOCTH
IUISI 9THX YacTOT CTAHOBSTCS KOMIUIEKCHBIMU [6,7]. B mpeacraBieHHoi pabote
paccMaTpUBalOTCs TOJILKO He3aTyXalolllue BOJHBI, T.€. BOJHBI ¢ ® > kc . KoHeuHo,
U JUISE 9TUX YacCTOT CTOJIKHOBEHUSI MPUBOIST K 3aTyXaHUIO, OMHAKO, KOIJa 4yacToTa
CTOJIKHOBEHMI 4YaCTHUI HAMHOI'O MEHBIIIE YaCTOThl BOJHEI, TO 3TUM 3aTyXaHUEM
MOXHO MpeHeopeyb [7]. Bormpoc 0 mMpUMeHUMOCTH OECCTOJKHOBUTEIBHON MOASIN
IJIa3Mbl U OTCYTCTBUM 3aryxaHus JlaHgay paccMmoTpeH B 5.1.

Ha nepBblif B3DIA0 MOXET IOKA3aThCsA, YTO IS YYETA POXKIEHUS e e’ map
JOCTaTOYHO B (8) KOHLEHTPALIUIO DJIEKTPOHOB 1, 3aMEHUTDL Ha n,+ n = 2n, xaKk
KOHILIEHTPALINH YIBTpapeaaTUBUCTCKNX DepMu ra3oB ¢ HYJIEBBIMA XUMUYECKIMU
noreHuuanamu [8]

© 3 3 3
e ey e g L =1 P O LN
(2nh) 0 exp(cp/kBT)+1 w?\ ke n’ \ myc

rae C(x) - ¢yskuug Pumana: Q(3)=1.202..., a X:h/mec - KOMIITOHOBCKAas
JUTMHA BOJIHBI 2JIEKTPOHA. BbIpaxkeHue /ISl MONepeYyHOr TUIIEKTPUIECKON MTPOHU-
1aeMocTu (8) moyiydeHo ISl yJIbTPapeassTUBUCTCKOM TJIa3Mbl C MAaKCBEJJIOBCKUM
pacrnpeneneHueM. DTo pachpezesieHne cienyeT kak u3 Pepmu, Tak u u3 bose
pacrpeneseHnit mpu yeirosun eM**” <<1. B Hauem ke ciydae Mo =W, =0,
MO3TOMY BBIYMCJIEHWE MHTErpajioB B (4) ciaemayeT MpOBOAUTH ¢ (PYHKUUSIMU

2 1
fOe - fOpos - (27‘ch)3 eXp(Cp/kBT)+1 .

B pesynbraTe TS TTONEPEYHON AMITEKTPUIECKOM TTPOHUIIAEMOCTH pa3peskeHHOM 1

(10)
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ropsyeil e e’ yIbTPApeIATUBUCTCKONM IUIA3Mbl ST YCTOT ® > kc TOJYyYUM

2
T (kxT) ® ®
=l+—qg| 22— | Zp| = ,
er 30{ h(oj ke [kcj (1)

e o=e’ /hc MOCTOSTHHAsI TOHKOW CTPYKTYpbl. B ommmume ot g,, —1~1/T, y
YJIBTPAPEISITUBUCTCKON e e’ TIa3Mbl € —1~T 2,

Cornacuo (6) u (11), B yabTpapelsiTUBUCTCKOM e e’ IIa3Me 4acToTa o H
BOJTHOBOE YMCJIO Kk 3JI€KTPOMarHMTHOM BOJIHBI CBSI3aHBI COOTHOIIIEHUEM

kc? n (k7Y o )
=l+=o| 22— | —d| —|.
o’ 3 (hw] ke ke (12)

s 3agaHHbIX 3HaU€HUU TeMnepaTypbl 7 M BOJHOBOTO YMcCia k YMCIEHHBIM
peuieHreM (12) MOXKHO HAiTV 3HAY€HME YacTOThl BOJIHBI @ , @ TIOTOM U YHUCIEHHOE
3HAYEHME TUDJIEKTPUYECKOM MTPOHULIAEMOCTH

e (o, k(co))zkzcz/mz. (13)
PazymHee moctynutbh HaoGopoT. sl 3aaHHOrO 3HayeHWsl TemmnepaTtypsl 1 u
pasHbIX 3HaYeHUil 0<gr <1 u3 (11) Haiith kT /ho, a TOTOM © U k = ®\/& /c.

D10 yIoOHO ISt TOCTPOSHUS Pa3IMYHBIX TPpaprKOB 3aBUCUMOCTEN XapaKTepUCTHUK
IJIa3MbI OT 4acTOThl. OQHAKO MHOTAA JIydllle UMETh, IyCTh U MIPUOIMKEHHOE, HO

aHanuTuueckoe peweHue (12) anst €p , yeM "TOUHbIE" YMCIEHHbIE TAOIUIIBL.
JI1s1 BOTHOBBIX 4HMced kc << m

2 2
k2c2:§®2 1- —QF”/ + 3 [

® 28 0 )| (14)
2 kT
Q. ==+no| -2
Bl =3 [ ho (15)
SBJIACTCS. PUOIMKEHHBIM pelienneM (12), rne Qg, - MIasMeHHas 4acTora
yIABTPApEIATUBUCTCKON ropsiueil e et mmasmbl. B ommune ot [6,7] B (14)
ydTeHa CJeAyroluas MoIpaBKa 10 (QFp, /0))2. Jns GonbIIMX BOJTHOBBIX YHUCET

(Qpy <<kc<w) [6,7]

(16)
Ina3smMeHHag 4acToTa yabTPapeIITUBUCTCKOM 3JIEKTPOHHOM IIa3Mbl C MAaKC-
BEJIJIOBCKUM paclpenesieHueM paBHa [6]
2 2 2
Q) =4men,c /3kBT. (17)

Ecnu s BblUKMCIeHMs TIONePeYHON TUAJIEKTPUUECKON TIPOHULIAEMOCTU Topstueit
YJIBTPAPEIITUBUCTCKON ¢ e’ TUIa3Mbl €, B COOTBETCTBYIOIIEH dhopmyie (8) mist
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MaKCBEJUIOBCKOTO YJIbTPape/IATUBUCTCKOTO JIEKTPOHHOTO ras3a /1, TIPOCTO 3aMEHUTh
Ha 2n, cornacHo (9), To moayYuM

-1
Ca=l_ 9 @)~
gy =1 m
T.€. omnbnauchk 6b1 Ha 10%.

Komounaupyst (14) u (16) mist TUIeKTPUIECKONM TTPOHUIIAEMOCTH YIbTpapesi-

TUBUCTCKON e e’ IUIa3MBbl, MOJIyYUM IPUOIKEHHOE BhIpAXEHIE

2 2

5 QFpl 3 QFpl

— —_— 1l-—| —— s o/Q., <2.39,

6 ® 280 o /2

en (0, k(0))-1= ) (18)
3( Qg
1-=| —=1 |, o/Qp, <2.39.

2l o /2

Ha puc.l nnd 3HaueHuit TeMmIepaTypbl kBT/me02 :{2;5;10;25;50;100}
ITOKa3aHbl 3aBUCHMOCTH TTOTIEPEYHON TU3ICKTPUUECKON TIPOHUIIAEMOCTH YJIbTpa-
PEJIITUBUCTCKON e e’ TUIa3MBbl € OT 4acTOThl. CIUIONIHBIE KPUBbIE COOTBETCTBYIOT
"TOYHBIM" YWCJIEHHBIM pelIeHUsIM ypaBHeHUs (12), a NyHKTHpHBIE KpHUBBHIE
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Puc.1. 3aBUCMMOCTb NONEPEYHON IMINEKTPUUECKO TPOHMLAEMOCTH Y/ILTPAPEISTUBUCTCKON e e
=k’ o i k.T/mc =142:5:10;25:50;100

T1a3Mbl 81~‘r = c /™ OT 4acCTOThbl IJId 3HAQUYCHUWUH TEMIICPATypPbI B mec —{ 59, 5 N N }

CrutolliHble KPUBBIE COOTBETCTBYIOT UMCJICHHBIM pellieHUsM ypaBHeHUs1 (12), a TyHKTUpHBIE KPUBBIE

noctpoeHbl mo (18). Ha »ToM e pucyHKe cIipaBa IpuBeIeHBbI JOrapupMbl 3HAYEHUS] YacTOTHI

w =28Q) Ha KOTOPBLIX TCIUIOBOC PABHOBCCHOC JJICKTPOMArHUTHOC M3IJIYYCHUC IIPU YKa3aHHBbIX

max Fpl °
TeMIIepaTypax MMEET MAKCUMAIBHYIO CIIEKTPAIbHYIO IIJIOTHOCTD.
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nmoctpoeHbl no (18). bau3ocTh 3TUX KPUBBIX MOKA3bIBaeT, UYTO aNMpOKCUMALINS
€, mo (18) xopowas. HeTpynHo moka3arb, 4YTO M3-3a JUHEHON 3aBUCUMOCTU
IJIa3MEHHOM YacTathl )y, OT TEMIEpaTyphl YacToTa o Ha KOTOPOM ITOTHOCTD
SHEPIrUU WU3NY4YEHUSA MaKCcUMalibHa, paBHa 289sz-

Ha puc.1 npuBeaeHbl TakKe 3HaYSHMSI JJorapru@ma 3TOi YacTOTHI JIs1 YKa3aHHbBIX
3HaYeHU TeMmnepaTtyphsl. M3 puc.l ciemyeT, 4TO 3TH YaCTOThI HAXOIOSITCS TAIEKO
OT O0JIaCTH, TIE € 3aMETHO OTIMYAETCS OT €AMHULIBL. B 00sacTu 4yacToT OJIU3KuX
€r = 0.999 . ITosoMy TEpMOAMHAMUYECKME XAPAKTEPUCTUKU M3IIyYEHUS
(TUTOTHOCTH SHEPIUU, JaBJICHUS, SHTPOITNA) B YIBTPAPEIATUBUCTCKON e e’ TuiasMme
(kT >> mec2 ), TIe KOJMYECTBO e e’ Map ropasno 0oJibllle aTOMHBIX saep, OyayT
OTJINYATHCS OT TUIAHKOBCKMX 3HAYCHWI HE3HAYUTEIbHO. Pazmmyune oT MIaHKOBCKOIO
pacrpeneneHus OyleT TOJIBKO B JAlEKOi OT ®,,, [UIMHHOBOJIHOBOH" oGiaacTu
4acToT, Te COCPeIOTOUYeHa MaJiasl 4YaCTh SHEpIUu MoJjst uainydeHus. CliefoBaTebHO,
HECMOTpsI Ha OTCYTCTBHE BOJIH C YaCTOTaMU ® <y, CHEKTP U3TYYCHUS B TAKOi
PaBHOBECHOI IIa3Me MOXHO CUMTATh JOCTATOUYHO OJM3KMM K IUIAHKOBCKOMY.

B mnaszMe wiu B m1a3MOMOAOOHBIX Cpeax YaCTOTHBIA CHEKTP M3JIyYeHUS Ha
TUTa3MEHHO YacTore €2, OOpbIBacTCS. DICKTPOMArHUTHBIC BOJIHBI C 4ACTOTOM
MEHbIIIE 3TOM YacTOThl B IUIa3M€ HE MOTYT paclpocTpaHsaTbes. Yem Omke
3HaueHue 7€), K kpT , TeM CUJIbHEe CIEKTP ITOrO M3JYYeHUsl OTINYaeTCs OT
IUTaHKOBCKOTO. B pabore [3] 3HaueHMe OTHOLIEHUS #Q) ol /kBT MPUHATO KOJIU-
YeCTBEHHOI MEpOii OTJIMYMS PaBHOBECHOIO CIIEKTpa M3IY4EHMSI OT IUIAHKOBCKOTIO.
JOomoTHUTEIbHON KOJIWMYECTBEHHOM MEpOli OTKJIOHEHHUS CIIEKTpa PaBHOBECHOIO
WU3JIyYCHUS B KaKOW-JIMOO cpele OT TEIJIOBOTO CIIEKTpa M3JIyYCHUS B BaKyyme
MOXKET CIIY>KWAThb YMCIEHHOE 3HAYeHUe Tmapamerpa =1— W, / Wy, tme W, uW,
IUIOTHOCTU BHEPruy M3JIy4eHUs B ILIa3M€ M B BaKyyme, COOTBEeTCTBeHHO. Ha
ocHOBe BbIpaxeHuit (7, 15, 18) MOXHO IOKa3aTh, UTO B YJAbTPapeIsITUBUCTCKON
ropsueil e” e’ IUIA3Me TEMITEpATypHasl 3aBUCUMOCTD TIOTHOCTH SHEPTUW U3TyYEHMS
W, Takas e, KaK U y YepHOTeJbHOro manyyeHus. [losatomy mapamerp B He
3aBUCHUT OT TeMITepaTypsl M paBeH 3.6-107%. MajocTh 3TOro mapameTpa Moj-
TBEPKIACT BBIIIECKA3aHHOE.

max >

K ®

max

3.2. IIpodoabrbvie 60aHbL. TIpomosbHas QU3IEKTPUYECKAS TPOHULIAEMOCTh
€, YJBTPAPEJIATUBUCTCKOI TIA3MBI C MAKCBEJUIOBCKMM  PACIIPE/IE/IEHUEM 3JIEKTPOHOB
onpexaeneHa B [10]:

4mn? o, o-—k
€y =1+

n
KkyT|  2ke  o+ke
151 BBIUKCIEHUST NPOAOIBLHON ANIEKTPUYECKON TPOHUILIAEMOCTH YbTpapessi-
TUBUCTCKOM pa3pexXeHHOMN 3JIEKTPOH-MO3UTPOHHON TJIa3Mbl B (5) BMECTO MaKcC-
BEJUIOBCKOM (DYHKIIMM pacIpene/icHsT HaMHU HCITONIb30BaHO pactpeneneHue depmu
(10). IMocne BeIUMCIEHUST UHTerpaia B (5) moaydyaem

}, o> ke. (19)
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2
4 kT o, o—kc
gy =1+—n0| -2 I+ —In——|, o>kc.
=Ty {hch 2ke o)+kc} ¢ (20)

CB#3b BOJIHOBOTO YMCJIA kK U YACTOThl ® OIPENENIAETCS BTOPLIM YPaBHEHUEM
(6). I[IpubIMKeHHBIE PELeHUsT 3TOr0 YPaBHEHUSI B 001aCTU k¢ << ® KaK IJISL €p ,
TaK M JUIA €,; UMEIOT OIMHAKOBBII BUI o = Qi, +3k%? / 5. OTMyaroTrca Juilb
TJIa3MEHHbIe 4acToThl: Q , =Qp, 1 Q , =Q,,,, COOTBeTCTBEHHO. OHM COBIAJAIOT
C COOTBETCTBYIOILVMMU IUIA3MEHHBIMU YaCTOTaMU IIOIIEPEYHBIX BOJIH.

4. Cnexmp u3zayyenus 6 paumueu BceaenHoll 6 nepuod om yaempape-
aamueucmcekoll e et snoxu 00 anoxu pekomobunauuu. B [3], nBurasch
B 00paTHOM HampaBI€HWW BO BpEMEHU M3 COCTOSIHMS BelllecTBa B paHHel BceneHHoM
B 2MOXY PeKOMOWHAIIMM, TTOKAa3aHO, YTO TIPU aanabaTUIecKoM "cxkaTuu' (CIIOBO
cxxaTue OepeTcsl B KaBbIUKM, YKa3bIBasi Ha OOpaTHBIMA XOI COOBITMI B IEHCTBU-
TeJbHOCTU. Huxke KaBbIUKM MCIOJIb30BaHbl UMEHHO B DTOM CMBbICJIE) MapameTp
a=nQ,,, / kT (Mepa OTKIIOHEHUS CIIEKTPAJILHOTO PACIPEAETICHNS UTYYEHUS OT
TUIAaHKOBCKOTr0) ToibKO pacteT. CoryiacHo [3], korga BEeIIECTBO C U3IYYEHUEM B
paHHeil BcenenHoil amuaGaTudecky "cxKuManoch' or coctosHug 7= 3000°K u
n,= 300 cM” 10 cocTosiHMs "Hayana' (BepHee KOHLA) PeNSTUBMCTCKOIl 3Moxu
(kT zmec2 ), KOHLEHTpalus 3JeKTPOHOB CTaja n, =2.3-10% cm. JIns Takoit
KOHIICHTPALIMU SJIEKTPOHOB a = Q) /kBT ~hQ , / m,c* ~10° [3]. B manbHeii-
1IeM, TOYHEE 10 TOro, KOrJAa 3JEKTPOHbI ObUIM YIbTPAPEISITUBUCTCKUMU, B [3]
BBbIPAXXEHUE U1 MUIa3MEHHON YaCTOThI HEPEIATUBUCTCKON TOpAYEid JIEKTPOHHOM
MJa3Mbl 3aMEHSIETCSI HA COOTBETCTBYIOLLEE BbIpaKEHME YIbTPApeIITUBUCTCKON
MaKCBEJUIOBCKOW 2JIEKTpOHHOM muia3mel (17). HecMoTpst Ha To, 4TO mia3MeHHas
4acToTa TAKOM IUIa3Mbl C "TIOBBIIICHUEM " TEMIIEPATYPhl YMEHbLIACTCS (2, ~ 1/T),
OJTHAKO 3a CcYeT "yBeJIMUeHUs" KOHLIEHTPALIMU 3JIEKTPOHOB MpH "cxKaTuu” mapamMeTp
a OCTaeTcd MOCTOSIHHBIM. A TakK Kak "CTapToBoe" 3HAUeHME MapaMeTpa d 3TOro
cocTosHUs 6bl10 6M3ko K 10°, To aBropsl [3] 3aKJII0YalOT, YTO HAuMHAas OT
VABTPAPEJSITUBUCTCKOTO COCTOSIHUSI 3JIEKTPOHOB JI0 3MOXU PEKOMOMHAIIMU B
paHHelt BceneHHON u3nydeHuUe ¢ OObIIOKH TOYHOCTHIO ObLIO MJIaHKOBCKUM.

Kax otmeyeHo BbIlIE, €CIIM B O0JIACTH TEMITEPATYp kT < mec2 KOHIICHTPAIAS
TMIPOTOHOB A, IOCTATOYHO MaJjia, TO BELIECTBO OOMIBHO 0OOralleHo e”e” mapamu
un,>> n,. ITpuyem He BaXHO, KaKUM ITyTEM BELLECTBO MPUIILIO B TAKOE COCTOSIHUE.
Bce TepmommHamMuueckue XapaKTepUCTHMKM BellecTBa [9], B TOM 4YuCie U ee
TUIa3MeHHast Yactota Qp, (15), B TAKOM COCTOSIHMM 3aBHCSIT TOJIBKO OT TeMITepaTyphbl.
ComacHo (15), B yIBTpape/IITUBUCTCKOM obactu a = 2 M / 3~0.1. TakuM obpa3zom,
XOTS B paHHei BceseHHoI npu "mepexoe” miasMbl B YIbTPAPEIATUBUCTCKOE e e
COCTOSIHME IapaMeTp a OBICTPO pacTeT, OAHAKO, AOCTUTasl 3Ha4eHusd a ~0.1<<1,
OH B JaJIGHEHIIeM ocTaeTcsl HeM3MeHHBIM. KoHeYHo, 3To 3HaYeHWe ImapamMeTpa a
B BELUECTBE paHHEl BceleHHOR B 3ITOXY YJIbTPAPEISITUBUCTCKONM e e’ IIa3Mbl
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yKa3bIBaeT Ha Oojiee CUIbHOE MCKAaKEHUE TEIJIOBOTO CIIEKTpa MBIIyYSHMSI, UeM TIpuU
kgT < mec2 . OmHako, yuuTbIBasl elle U MaloCThb 3HaUYeHus nmapametpa =3.6- 107,
€ro MOXHO CUMTaTh TIaHKOBCKUM. CrienoBaTeibHO, BbIBOA B [3], MOJy4eHHbINH 0e3
ydera POXIEHUsI e e’ Mmap O TOM, YTO TEIUIOBOE M3JIydeHUeE B paHHel BceneHHOi
OT 3I0XU, KOIJIa B BELLECTBE JOMUHMPOBAJIA e e’ IIa3Ma, IO DI0XH PEKOMOMHALH,
SIBJISIETCS TIJTAHKOBCKWUM, OCTaeTCs B CHUJIE.

5. Ipanuuybl cnpasedausocmu noOAYy4eHHbIX pPe3yAbMamos.

5.1. Ycaoeue odomunupoeanus koauuecmea e e* nap. Kak 6bL10
CKa3aHo BBIIIE, B JOCTATOUYHO Pa3peXeHHON U Topsiyeil Iia3Me KOJIUYECTBO e'e”
nap HaMHOTO GOJIbIIIe TeX 3JICKTPOHOB, KOTOPbIE HEWTPATU3YIOT 3IEKTPUIECKUI
3apsil aTOMHBIX siAep BellecTBa. B Takoil BOMOPOOHON IUTa3Me, COTJIACHO
BBIIIECKA3aHHOMY, KOHLEHTPAlMsl MPOTOHOB n, << n,, CornacHO TpebOBaHUIO
JIOKaTbHOM HEUTPaNTbHOCTU 1, —n,+n,,, =0, nostomy n, ~n,, . Takoe cocTosHUE
MOXET peanu3oBaThCsl Aaxe npu kT <m,c’, eciv KOHIEHTPALUS TPOTOHOB
nocrarouHo Mana [9]. CormacHo (9) m tpeboBanuio n,<<n, npu kgl >>m,c?
TOJTYYMM OTPAHMYEHHSI HA KOHLEHTPALMIO MPOTOHOB /1, M HA IUIOTHOCTh Py,

3 3
n <<i("B—TJ £(3)~3.2-10% kL]; em,
he m,c

3

pp =m,n, <<p, =5.3-10° % r/CM3 .

ITo pesynbratam [3] B panHeil BecenenHoii npu kg7 zmec2 IUISL TUIOTHOCTHU Py,
nonyyaercs 3HayeHue 0.381/cm’. Korma Temneparypa B paHHeii BeeneHHoit 6bl1a
kgT = ZOOmec2 (=100 MaB), To MIIOTHOCTE GAPHMOHOB P, ~10* r/em’ [11]. Tak
4TO ycoBue 1, <<n, BBITIONHSICTCS M Y4ET POKACHMUSI e”e’ map npu BBIYUCIECHUN
JUBJIEKTPUYECKON TTPOHULIAEMOCTH HEOOXOIUM.

5.2. Ycaosue udeasvrHocmu. B mpencrabieHHON paboTe Bce PE3Y/IbTATHI
MTOJIyYeHBI C TIOMOIIBI0 KWHETUYECKUX ypaBHEHUI BonbliMaHa, KOTOpbIE CIipaBe-
JINBBI, €CJIM HapylLIeHUS MIeaIbHOCTU IIa3Mbl HEBEJIUKU. B paccMoTpeHHOM
caydae 3TO HapylleHHe OOYCIOBJIEHO B3aMMOAEIHCTBUEM MEXIy 3apsKeHHBIMU
yactuuamu [6,7]. Tak kak n,<<n, 1o OCHOBHOU BKJIAJl B SHEPTUIO B3aUMOJECHCTBUS
MEXIy YaCTULIAMU OOYCJIOBJIEH B OCHOBHOM 3apsDKEHHBIMU JIEITOHAMM: 3JIEKTPOHAMU
¥ no3uTpoHaMu. YeM MeHbILe CpeIHsst SHeprus B3auMmoneiictus e’n’> Mexmy
ABYMS 3apsKEHHBIMM JIENITOHAMM  OT MX CpelHeil TeruoBoil sHeprum k,7T, Tem
0oJiee OIpaBIaHO OINMCAHUE e e’ TUIa3Mbl KMUHETUYECKUMM YpaBHEHWUSIMU
Bonbumana. C yyerom (9), 1is MIa3Mbl ¢ OOMIBHBIM POXIEHUEM e e’ Map npu
kpT >>m,c* 1N OTHOIIEHWSI 3TUX SHEPIMil, KOTOpPOe HA3bIBAETCA Ta30BBIM
MapaMeTpoM, MOJTYyInuM
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e 33 3)/nPax5-107.

k,T

Takum obpazoM, 3Ty MIa3My MOXHO CUMTAThb WAECAIbHOIA.

5.3. Omcymcmeue 3amyxanus Jlanday. DnexTpoHBI TUIA3MbI, CKOPOCTb
KOTOPBIX OJIM3Ka, HO YyTh MEHBIIIEe (ha30BOIl CKOPOCTU 3JIEKTPOMATHUTHOM BOJIHEIL,
OTOMPAIOT OT BOJHBI HEPTHUIO. A T€ JIEKTPOHbI, CKOPOCTb KOTOPBIX UYTh OOJIbIIIE
(a3oBoIf CKOPOCTH 3JIEKTPOMArHUTHOM BOJIHBI, OTHAIOT CBOIO DHEPIMWIO BOJHE.
Ecim BonHa oTHaeT a1eKTpoHaM OOJIbIIe SHEPTUM, YeM TToJydaeT OT HUX, TO OHa
3aryxaeT [7]. DTo MomIolIEHNE He CBA3aHO CO CTOJKHOBEHMSIMU YaCTHIL B TUIa3Me
M HasbiBaeTcsi 3atyxaHueMm JlaHmay. B e'e” tumasme mpu kT >>mec2 CKOpPOCTb
JIETITOHOB OJIM3Ka K CKOPOCTH CBETa B BaKyyMe, a (ha3oBasi CKOPOCTh IOIIePEIHOM
3JIEKTPOMAarHUTHOM BOJIHBI, COTJIACHO puc.l, v, = c/ \/g >1. IToaToMy 3aTyxaHue

Jlanmay B Takoif I1a3Me OTCYTCTBYeT.

5.4. Ilpubausxcenue 6eccmoaKHOBUMENAbHOL NAA3Mbl. BolpaxeHus mis
JV3JIEKTPUYECKUX TPOHULAEMOCTEN € U € (8,11,19) momydeHsl comracHo
ypaBHeHUsIM Bracosa [5]. [IpubmkeHre 6eCCTOIKHOBUTETBHOM TIa3MbI OMpPaBIaHoO,
€CJT YacTOTA 3JIEKTPOMArHUTHOM BOJTHBI (0 HAMHOTO OOJIBILIE YACTOTHI CTOJKHOBEHUI
v MEXIy YacTMIIAMM ILIa3Mbl. B ylIbTpapelaTUBUCTCKON e e’ IUta3mMe u3-3a
MaJIOCT KOHIIEHTPAI[MU aTOMHBIX SIIep 110 CPaBHEHUIO C KOHIIEHTpalueil e e”
Tap, CTOJIKHOBEHMS MEXKIY 3apsDKeHHBIMU JIETITOHAMU TIPOVCXOISAT TOPa3ao Jallle,
yeM MEXIy sSApaMy U JICNTOHaMU. B yabTpapeIaTUBUCTCKON e e’ Ia3Me 4acTroTta
CTOJTKHOBEHMI MEXIY JICNTOHAMU OMPEAeIIIeTCs] CeYCHUSIMU 3JIEKTPOH-3JIEKTPOH
(e"e”), mo3UTPOH-TIO3UTPOH (e’e’), M 2IeKTPOH-TO3UTPOH (e e’ ) yIpyrux
pacceuBaHui, a TAKXKe CEYCHUSIMA TOPMO3HOTO M3ITyYEHUSI TIPU 3TUX PaCCeBaHUSIX.
Ouddepenunaababie cedeHus yrupyrux (e e ) u (e*e’) mpoleccoB paBHBI, a
ceueHue rporecca (e e’ ) OTIMYaeTcsa OT IEPBBIX MHOXHUTEIEM MEHBIIE €INHUIIEL
[12]. CeyeHuns Ke TOPMO3HOIO M3IydeHUsT (e e y) U (e'e’y) omMHAKOBHI, a
ceueHue niporiecca (e e’ y) GoIblle STUX CEYEHMIA Ha JTOrapru(PMUIECKUIA MHOXUTEb
[12].

151 OLIeHKM YacTOThl CTOJIKHOBEHUN MEXIY JIENITOHAMU V;, =1, GC TIPUHSITO,
YTO COOTBETCTBYIOIIME CEYCHUSI G ITUX MPOILIECCOB MEXIY 3apsDKeHHBIMU JIETITO-
HaMU TIPUOJIM3UTETFHO PAaBHBI, M UCTIONIL30BAHBI TPAHCTIOPTHBIC CEUCHMS TS YIIbTpa-
PEJIITUBUCTCKUX JIENTOHOB o, U3 [7]. [lo 3HaueHus temmieparypsl 1, = 8mec2 / kg
YacTOTa CTOJIKHOBEHUI MEXITy JIETITOHAMU V;; OIPENeIIIeTCsT YIIPYTUMHM TIPOIIeCCaMMU,
a BBIIIIe 3TOM TeMITePaTyphl, TOPMO3HBIM M3TyYeHHEM IIPH CTOJKHOBEHHUH JIETITOHOB
[7]. Omyckast pacyeTsl, IpUBEAEeM KOHEUHbII pe3ysIbTar sl OTHOILIEHNS Ia3MeHHON
YaCTOTBI K YaCTOTE CTOJIKHOBEHHUI MEXIY JISTITOHAMU V,; YIbTPapEeISITUBUCTCKON
e"e’ IUTa3MBL
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Qg |3:10° T<T,

V_ll: 4-105/(kBT/mecz)Zln(kBT/mecz), T>T,.

Jns 3HaueHUI TemmepaTyphl kBT/mec2 = {2; 5;10;25;50; 100} HOJYy4YUM
QFp,/v,, ~{3-10%;3-10°;1700;200;40;10} . Ecau Xe ydecTb, UTO B Y/IbTpapes-
TMBUCTCKOH Topsiueit e e’ ruiasme Qg SIBISETCS HUXKHEH rPaHULE BOBMOXHbIX
3HAYEHMI YacTOT JEKTPOMArHUTHOM BOJIHBI, @ OCHOBHAS YaCTh HEPTUU W3TYYEHHUS
COCPelOTOYCHA B O0JIACTH BOKPYT YaCTOTH @, ~ 28, , TO 3T YUCIA CICIyeT
YBEJIMYUTh HA TTOPSIOK.

Yactory CTONKHOBEHHH JIEKTPOHOB C (HOTOHAMU V., B YIBTPAPEISTUBUCTCKOM
e e’ mnasme (kpT >>m€cz) MOXHO OLICHUTh IO ceueHuio 3¢dexkra KomnroHa
[12] n mo KoHueHTpauuKu ¢GOTOHOB KaK KoHIeHTpauus bose ra3a [8]. IIpocThie
BBIYMCIIEHUS ITOKa3bIBAIOT, YTO ,,,. /vey =10’ mecz /kBT . 1 paccMOTpEeHHBIX
3[1ECh 3HAYEHUI TeMIepaTypbl 3TOT MPOLIECC MO CPABHEHUIO C BbIIEYTTOMSHYTbHIMU
MPOLIECCAMU HECYIIECTBEHEH.

Takrm 006pa3omM, UCTIOJIB30BAHHOE HAMU MPUOJIVKEHUE OECCTOIKHOBUTETbHOM
IU1a3Mbl TSl ONPEESICHUS TURNIEKTPUYECKON MPOHULIAEMOCTH YIBTPApEISITUBUCTCKON
e”e” IJIa3Mbl OIPaBIaHO.

6. 3axarwuenue. Eciu Temreparypa BOLOPOIHON TIa3Mbl JOCTATOYHO BBICOKA
(kpT >>m,c*) N KOHIIEHTpALIVST TIPOTOHOB HAMHOTO MEHbIIIE, YeM 3 - 1030(kBT / m,c’
cM”, TO B TEPMOIMHAMMYECKI PABHOBECHOM COCTOSIHMHU B TAKOil TUIa3Me KOJIUYECTBO
e”e” Tap HaAMHOTO OOJIBILIE KOJIMYECTBA IIPOTOHOB. B 4aCTHOCTH, B TAKOM COCTOSIHII
HaXOJAWJIOCh BELIECTBO B paHHelW BcesleHHOM 4yTh paHbllle CTaluu PEKOMOWHALINN.
ITpaBna, B HEM MPUCYTCTBOBAIM BCEBO3MOXHbIE JIEMTOHBI U Spa JIETKMX 3JIEMEHTOB
[11].

B nipencrabiieHHON paboTe ¢ MOMOIIbIO YpaBHeHUI BiacoBa, mpu oTCyTCTBUM
BHEILHETO MarHWTHOTO TMOJIS, TIOYYEHbI BIpAXKEHUS IS TIOMEPEYHON U TIPOIOJILHOM
JIABJIEKTPUYECKUX TIPOHULIAEMOCTEN Pa3peKeHHOM, YIBTPAPENIITUBACTCKOM, 3JIEKTPOH-
MO3UTPOHHOM ropsiueil ruasmbl. [lokazaHo, 4YTO MoOnENb OECCTOIKHOBUTEIbHOMN
WaeaJbHOW TIIa3Mbl U1 OMpPEEIeHUST 3TUX XapaKTEPUCTUK SIBISIETCS XOPOILIUM
NpuoIMKeHueM. PaHee 3TW xapaKTepUCTUKU ropsiyell mia3mbl 6e3 yyeTta poXXaeHUs
e”e’ mMap ¢ MaKCBEJIOBCKUM pacIipeie/icHUEM YIbTPapeIATUBUCTCKUX IEKTPOHOB
MojiydyeHbl B [8] M moKazaHO, UTO TIJIa3MEHHasl YacToTa TaKoi Ijla3Mbl 0OpaTHO
MpOoMNopIMOHaIbHA TeMrepaType. B oTyinune ot 3Toro, n3-3a 0OMJILHOTO POXKIEHUS
9JIEKTPOHOB U MO3UTPOHOB UX paciipefieieHUe CTAaHOBUTCS (hepMUEBCKUM, a TUTa3MEeHHAsT
4acTota (), - MpsIMO MPONOPLIMOHAIBHON Temrepatype. [lokasaHo, 4To OTHOLICHHE
YacToOThl ®,,, (Ha KOTOPOW CHEKTPaIbHAs MJIOTHOCTb TEIUIOBOTO U3JTyYEHUST MaKCH-
MajbHa) K IJa3MEHHOM YacToTe MOCTOSIHHO U paBHO 28. Ilpy Hamuyuu B TuiazMe
e”e’ Tmap CIIEKTp TEIUIOBOrO M3TyYeHNsT NCKAXEH CHJIBHEE, YeM IIPU X OTCYTCTBUM,
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OITHaKO, OOJIbIIIOE 3HAYEHUE ATOTO OTHOLICHUST M MaJICHbKUE 3HAYEHUSI TapaMeTpOB
a=hQp, [k;T =01 u B=1-W, /W, ~4-10", tne W, u W, miorHoctn
SHEPTUM M3MYYeHMSI B IJIa3Me M B BaKyyMe, COOTBETCTBEHHO, YKa3bIBaIOT Ha
0O0JIbLIYI0O OJIM30CTh TEIJIOBOTO U3IYYEHUS B YIbTPAPEISITUBUCTCKON DJEKTPOH-
MO3UTPOHHOI TOpsiueil pa3pexXeHHOI T1a3Me K yepHoTesbHoMy. [loaToMy, maxe
C YYETOM HAJMYMS YABTPAPEISITUBUCTCKHUX 3JIEKTPOH-TIO3UTPOHHEIX T1ap, B paHHEH
BcenenHoii B amoxy, MpeAiecTBOBABIIYIO 3M0Xe PEKOMOMHALIMU, CIIEKTP TEIJIOBOIO
WU3JTy4eHUS] MOXHO CUMTaTh TUIaHKOBCKMM. CrenoBareibHO, BbiBOA B [3] (mony-
YeHHBI 0e3 yJeTa POXIEHUS e e’ Iap) O TOM, YTO TEIUIOBOE H3JIyUeHUE B

paHHEH BcenenHoit sBiseTcs IIJNIAHKOBCKUM, OCTAacTCA B CUJIC.

PaboTta BbINosHEHa B HAyYHO-UCC/IEI0BATEILCKOM JJabopaTopuu (PU3MKKU CBEPX-
TUIOTHBIX 3Be31 MHCTUTYTa pusuku EI'Y, duHaHCupyeMoil KOMUTETOM IO HaykKe
MuHucTepcTBa 00pa3oBaHUs, HAyKHU, KYJIbTYphl U criopTa Pecnyonuku ApMeHus.

EpeBaHCKUI TOCYmapCTBEHHBIN YHUBEPCUTET, APMEHUS
e-mail: ghajyan@ysu.am hararthur@ysu.am

ELECTROMAGNETIC PROPERTIES OF STELLAR
MATTER. 1. DIELECTRIC PERMEABILITY OF THE HOT
RAREFIED PLASMA WITH ABUNDANT PRODUCTION

OF ELECTRON-POSITRON PAIRS

G.S.HAJYAN, A.S.HARUTYUNYAN

Using the Vlasov equations, the transverse and longitudinal dielectric permeabilities
of the hot rarefied ultrarelativistic electron-positron plasma are determined. The
Fermi distribution was used as the unperturbed distribution function of electrons
and positrons. It is shown that due to the abundant production of electron-positron
pairs, the plasma frequency of ultrarelativistic plasma increases linearly with
increasing temperature. In this case, the ratio of the frequency at which the spectral
density of equilibrium radiation is maximum to the plasma frequency remains
unchanged and is equal to 28. It is shown that in such plasma, in particular in
the matter of the early Universe in the ultrarelativistic electron-positron epoch,
the radiation spectrum differs very slightly from the black-body radiation.

Keywords: ultrarelativistic electron-positron plasma: dielectric permeability
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This paper presents the reconstruction of the quintessence dark energy potential in a model-
independent way. Reconstruction relies on a Gaussian process and on available expansion rate data.
Specifically, 40-point values of H(z) are used, consisting of a 30-point sample deduced from a
differential age method and an additional 10-point sample obtained from the radial BAO method.
Results are obtained for two kernel functions and for three different values of H,. This sheds light
on the H, tension problem indicating that it is not just a numerical problem. The model-independent
reconstruction of the potential can serve as a reference to constraint available models and construct
new ones. Various possibilities, including ¥V (¢) ~ efw, are compared with the reconstructions here
obtained, which is notably the first truly model-independent reconstruction of the quintessence dark
energy potential. This allows the selection of new models that can be interesting for cosmology. The
method can be extended to reconstruct the potential of related dark energy models, to be considered
in future work.

Keywords: quintessence dark energy: potential: Gaussian process

1. Introduction. Modern cosmology often clearly reflects how our previous
knowledge of the Universe needs to be modified to accommodate new observations.
The H, tension problem is one of those pointing out a huge difference between
the early time and late time measurements of the Hubble constant H; [1,2].
Various interesting proposals on how the problem could be solved have appeared
in the literature, such as [3-16] (and references therein). In the last several years,
we have witnessed significant technological developments helping us to improve
the data collection and analysis process by orders of magnitude. But without the
possibility of doing direct experiments with the Universe, it is still difficult to deal
with some problems. Why could we not make significant progress in solving some
long-standing problems? Is it because of an issue with our understanding of what
data mean? Eventually, is there a problem with the model-construction strategies
to reflect our understanding of what the observational data say? Could this reflect
that we cannot avoid a bias when we link a model with the data? There is a
solid belief, that Machine Learning (ML) eventually will answer a huge part of
the above-mentioned questions. But, what exactly it does and why is it nowadays
one of the top research fields? ML tries to do the following: it does not start
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from questions but, on the contrary, having the answers finds the questions (the
models) explaining what we have in terms of experimental data. It sounds unusual
and requires significant effort to understand how and why it works. Recent attempts
to use such tools in physics (and not only in physics) have proven to be very
promising.

Our paper is aimed to study a specific dark energy model in a model-
independent way by using the advantages of a specific ML approach [17-39] (see
references therein for additional discussion on different developments concerning
dark energy models and related problems). In particular, we will study a quin-
tessence dark energy when a Gaussian Process (GP) is involved (see for instance
[40,41] covering some discussion about quintessence dark energy models). GPs
provide interesting departures from standard reasoning in various fields. Their
recent applications to cosmology showed very interesting departures not reported
previously (see [42-52] and references therein). The reconstruction of f° (T) gravity
from the expansion rate data, allowing us to obtain very tight constraints on the
model parameters of some popular f (T) models is among them [42]. Moreover,
a recent paper by two of the authors has shown how GPs can be used to tackle
the Swampland criteria for dark energy dominated Universe in a model-indepen-
dent way [43]. In particular, it has been demonstrated there that the expansion
rate data can be used, instead of assuming a specific form for the potential
describing the quintessence dark energy, to tackle the Swampland criteria. In other
words, the whole analysis is based on the expansion rate data allowing the
exploration of the features, which in some sense could be biased due to the use
of a specific dark energy model. In this way, a hint indicating that the Swampland
criteria in its recent form is not suitable for a dark energy-dominated Universe
has been found. Among other interesting results, it was found that an effective
theory being in the Swampland could (or not) end up there. Moreover, starting
out of the Swampland it is possible to end up either inside or outside of it. Having
such interesting results in our hands, probably it would be possible in the near
future to have unsuspected departures from the standard reasoning about effective
field theories (EFT) which is a promising task to be tackled yet. The fact that
ML is designed to find the questions from the answers gives hope that, in the
near future, some interesting developments in this direction may arise. We would
like to mention that there is another interesting approach, known as Bayesian
Machine Learning, which we hope can eventually be very efficient in overcoming
such limitations too [4,10,11] (see there how it can be used to tackle the H
tension problem).

Now, let us come back to [43] where no specific form for the potential has
been used. However, it is easy to see that the reconstruction of the quintessence
dark energy potential itself is possible too, allowing also to obtain the constraints
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on the existing models. Moreover, it can be used to craft new models and gain
some hints about how, for instance, the H, tension problem can be solved in
a quintessence dark-energy dominated Universe. In this way, we can indicate that
the results of that paper provide a unique possibility to treat quintessence dark
energy models, too, since the most model-independent reconstruction of the
general picture has been obtained. Motivated by this possibility, given by the use
of GPs, the potential was reconstructed, in a model-independent way from
available expansion rate data, and, in addition, a new viable quintessence dark
energy model was obtained. In particular, based on the mean of the obtained
reconstructions, the potential ¥ (¢)~ ¢" [l—sin”(Bq))] has been proposed as a new
form of quintessence dark energy-up to our best knowledge this potential has not
been discussed anywhere previously. Other models were also considered, as
()~ 0", V(0)~0*fi-cos(Bo”)| and ¥(9)~e™ (see for instance [53] and
references therein) and values of the model's parameters were estimated, indicating
when they could be 1) viable and interesting for cosmology, and 2) used to solve
the H; tension problem.

To end this section, we would like to mention also that, in our analysis here,
we will use two kernels and consider three different cases for the value of the
parameter H. In this way, hints are given about the forms and constraints on
the quintessence dark energy models that could be very useful in understanding
how the H| tension problem could be alleviated. We do hope that these new results
combined with the results discussed in [43] will lead to new developments in future
studies of quintessence dark energy models. It should be mentioned that [43]
already contains a discussion about different aspects of the quintessence Universe,
therefore, here we will not reproduce them again.

This paper is organized as follows. The description of the GP is discussed
in Sect. 2. In the same section, we present the details of the potential recon-
struction process. The main results are discussed in Sect. 3, which is followed
by an analysis of their implications. The final conclusions of the analysis are given
in Sect. 4.

2. The method and the model. The goal of this work is to provide a
model-independent reconstruction of the quintessence dark energy potential by
using a GP. We will present some details of how this can be achieved. We shall
start from the background dynamics demonstrating what are the steps to follow
to make the GP work, while some discussion on the GP itself will be presented
at the end of this section.

We consider General Relativity (GR) with the standard matter field in the
presence of a quintessence field ¢, given by the following action (8xG=c=1)



208 E.ELIZALDE ET AL.

S=Id4x _g[%R_%(a“q)qu)_V(d))j-i-Sm 5 (1)

where ¢ is the field, V (d)) is the field's potential, .S, corresponds to standard
matter, while R is the Ricci scalar. Moreover, it is well known that when we
consider an FRWL Universe with

3 .
ds* = —dt2+a(t)22(dx’)2 , ()
i=1
the dynamics of the scalar field's dark energy and dark matter are described by
the equations

Py +3Hl(py +P,)=0, 3)
pdm+3dem:()9 (4)
with
|
H? =§(p¢ P ) ©)

In other words, Egs. (3)-(5) describe the background dynamics. Furthermore, it
is well known that p,, p,, and P=F, are related to each other through the
equation

H+H=—%(p¢+pdm+3P¢). (6)

On the other hand, assuming that the scalar field is spatially homogeneous, for
the energy density and pressure we will have

Ps =%<i>+ (%), 7

and

1.
Fy=20- v (%), (8)

where the dot means derivative w.r.t. the cosmic time, while ¥(¢) is the potential
of the scalar field (see for instance [43] and references therein for more
discussion). In all equations above H =a/a is the Hubble parameter. This is well
known, and also the important fact that the analysis of the background dynamics
requires assuming the form of the potential V(¢); various forms for it have been
considered in the literature.

Anyway, after some simple algebra, one can see that, starting from Egs. (7)
and (8), it turns out that

0’ =py+ 5, )

while
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[
v(9)= % - (10)
On the other hand, it is easy to see that from Eq. (4) we have p,,, =3Hg Q,(1+ 2)3 ,

while from Eq. (5) we can determine the energy density of the scalar field
py =3H =3H; Q,(1+2), (11)

where H| is the value of the Hubble parameter at z=0 (e.g., at present; z is
the redshift). On the other hand, Q, is the cold dark matter density fraction
at z=0. Now, we can use Eq. (6) and, after some algebra,

P, =2(1+z)HH'-3H", (12)

where the prime denotes derivative w.r.t. the redshift. Coming back to Egs. (9)
and (10), we see that Egs. (11) and (12) allow us to write down the form of
the scalar field potential in terms of H and H', as follows

V(z)= 3H2—H’H(z+1)—%H02 Q,(z+1) . (13)

Moreover, it is possible to see that, for the field itself, we have

((1)(2)')2 _ 2HH-3H§ QO(Z+ 1)2

(+2)H? (14

what allows to perform an end-to-end reconstruction of ¥(¢), provided H(z) and
H '(z) are known. It should be noted that in [43] several other further steps have
been taken too, in order to study the Swampland criteria; however, the discussion
carried out here and the ensuing results, had never been discussed before.
Now, it is time to make more transparent to the reader how can one obtain
a model-independent reconstruction of V(d)), from Eqgs. (13) and (14). It is easy
to see, to start, that Egs. (13) and (14) allow doing this, if model-independent
reconstructions of H (z) and H '(z) are provided. Namely, following [43], we
choose the GP to reconstruct H(z) and H'(z) from available expansion rate data
(see Table 1). Therefore the rest of this section is devoted to the presentation of
some crucial aspects of GPs. To start, we recall that GPs are Bayesian state-of-
the-art tools and that the key ingredient is the covariance function. In a nutshell,
it is assumed that a GP prior governs the set of possible latent functions, and
the likelihood of the latent function and observations shape this prior and produce
posterior probabilistic estimates. The advantage of a GP is providing a full
conditional statistical description of the predictions used to establish confidence
intervals and to set hyper-parameters. Moreover, GPs should be understood as
distributions over functions, characterized by a mean function and a covariance
matrix. Unfortunately, one disadvantage of the method is that the choice of the
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kernel is not a fixed process. Only well-designed data and the type of task to
be tackled can indicate which kernel works better. A number of possible choices
for the covariance function exist - as squared exponential, polynomial, spline, etc.,
to mention a few. In other words, it is always highly recommended to consider
several kernels and compare the results obtained, in order to be sure that the
reconstruction has not been got by chance. This is very important and not treating
this aspect very seriously can lead to misleading results, with bad consequences.
In cosmology we deal with relatively small datasets, therefore it is always possible
to follow the reconstruction process which significantly reduces the kernel numbers
to be considered. This is one of the reasons that in cosmology we usually meet
studies involving only two or three kernels. In particular, in cosmology one of
the most actively used kernels is the squared exponential function

k(x, x') = Gf‘-exp[— (x— x,)z J , (15)

217

where o r and / are known as hyperparameters. The / parameter represents the
correlation length along which the successive f(x) values are correlated, while to
control the variation in f(x) relative to the mean of the process we need the
G, parameter. Recently, other kernels including the so-called Matern (v =9/2)
covariance function

ko (x,x7) = Gf,»exp(— M]

(16)

[ ’ ’3 ’
R 1 DR M, o
712 703 35/*

X

B

have been used for different purposes, too. Following this benchmark, we have
also considered the squared exponential, Eq. (15), and the Matern (v=9/2), Eq.
(16), which allow eventually to understand 1) how they can affect the reconstruc-
tion of ¥(¢), and 2) how it can affect the constraints on ¥(¢) potentials existing
in the literature. It should be mentioned that we have considered a number of
particular cases, but the reconstructions here presented are well enough to revisit
all existing models. We will come back to this in the next section when we discuss
the results obtained.

Now, having closed the question of the kernel functions, let us discuss 1) the
data and 2) the tools we use. In particular, the data used is the expansion rate
values presented in Table 1, consisting of 30-point samples of H (z) deduced from
the differential age method in addition to 10-point samples obtained from the
radial BAO method. In total, we use 40 data points covering the ze[0,2.4]
redshift range. One interesting aspect of our analysis concerning the value of H,
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at z=0 to be mentioned here is the adopted strategy. To wit, during the
reconstruction, we consider three different cases: 1) H, is estimated from the
expansion rate data during the reconstruction of H(z) and H'(z), 2) H, is taken
from the Planck mission and the forms of H(z) and H'(z) are reconstructed,
and finally, 3) H; is the one from the Hubble mission and then the forms of
H(z) and H'(z) are reconstructed. The reason for this, as it can be realized, is
to see whether or not it is possible to find ways to solve or at least alleviate the
H, tension problem.

To end this section we need to mention that we use the publicly available
package GaPP (Gaussian Processes in Python) developed by Seikel et al. [54].
It is a very easy one to use and a very friendly package allowing to choose different
covariance functions (new ones can be added easily, too). Moreover, the squared
exponential function, Eq. (15), is used in the code as a default option, while the
Matern covariance function given by Eq. (16), is already implemented. On the
other hand, the code is very useful to combine different observational datasets,

Tablel
H (z) AND ITS UNCERTAINTY o, IN UNITS OF km s Mpc™

z H(z) G, z H(z) Sy
0.070 69 19.6 0.4783 80.9 9
0.090 69 12 0.480 97 62
0.120 68.6 26.2 0.593 104 13
0.170 83 8 0.680 92 8
0.179 75 4 0.781 105 12
0.199 75 5 0.875 125 17
0.200 72.9 29.6 0.880 90 40
0.270 77 14 0.900 117 23
0.280 88.8 36.6 1.037 154 20
0.352 83 14 1.300 168 17

0.3802 83 13.5 1.363 160 33.6
0.400 95 17 1.4307 177 18
0.4004 77 10.2 1.530 140 14
0.4247 87.1 11.1 1.750 202 40
0.44497 92.8 12.9 1.965 186.5 504
0.24 79.69 2.65 0.60 87.9 6.1
0.35 844 7 0.73 97.3 7.0
0.43 86.45 3.68 2.30 224 8
0.44 82.6 7.8 2.34 222 7
0.57 924 4.5 2.36 226 8

The upper panel of the Table 1 consists of thirty samples deduced from the differential age
method. The lower panel corresponds to ten samples obtained from the radial BAO method. The
table is according to [42] (see the references therein to find out how each of the data points has
been obtained).
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provided the proper relation between them is known. The package has been often
used, and more details about it, including a detailed description of the GP, can
be found in the references of our paper. In the next section, we will describe
our results thoroughly, which together with the discussion in the above section,
will surely allow the readers to understand how the scheme of the reconstruction
of the potential of the quintessence dark energy can be extended and applied to
the other dark energy models, as phantom or tachyonic models.

3. Results and discussion. In this section, we present and discuss our
results. They can be split into three different cases, corresponding to the recon-
struction when: 1) H is estimated from a GP, 2) H, is fixed to the value estimated
from the Planck mission results and the reconstruction of H(z) and H'(z) is
performed, and 3) H, is fixed to the value estimated from the Hubble mission
and then the reconstruction of H(z) and H'(z) is performed. In this way, we
can get a hint on when the H, tension problem could be solved and what are
the constraints on some explicitly given model parameters in that case. We are
interested in a model-independent reconstruction of the quintessence dark energy
potential and we use the expansion rate data and the GP to reconstruct H (z)
and H '(z) in Egs. (13) and (14). The reconstruction of the functions H (z) and
H '(z) for the squared exponential function, Eq. (15), assuming that H, =73.52
+ 1.62kms"' Mpc' can be found in Fig.1. The functions H(z) and H'(z)
corresponding to other cases can be reconstructed similarly. A crucial point, not
discussed in the previous section, is how to deal with Eq. (14) since eventually,
we will reconstruct V(d)). This problem is the simplest one since

0zt Az)-0(z)
#lz) = " , (17)
where Az=z,,—z with z, correspond to the redshifts where H(z) and H'(z)
have been reconstructed. It is clear, that Egs. (13), (14) and (17) allow to perform
the model-independent reconstruction of the potential V(d)) describing quintessence
dark energy in our Universe.

3.1. V(¢) reconstruction when H, is not fixed. The first case corre-
sponds to the reconstruction when H; is not fixed. In this case, using GP and
given data, Table 1, we first estimate H, during the reconstruction process. It is
H,=71.286%3.743kms" Mpc™ when the kernel is given by Eq. (15), while when
the kernel is given by Eq. (16), we found that H =71.196 £ 3.867 kms" Mpc™.
Then using the reconstructed H (z) and H ’(z) in Egs. (13) and (14) (combined
with Eq. (17)) we can finish the model-independent reconstruction of V(q)).
Omitting other non-relevant technical details, we refer the reader to Fig.5, which
depicts the model-independent reconstructed forms of the potential V(z) and field
¢(z). The reader may have already noted that the estimated errors for H are
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Fig.1. GP reconstruction of H(z) and H'(z) for the 40-point sample deduced from the
differential age method, with the additional 10-point sample obtained from the radial BAO method,
when H =73.52+1.62 kms' Mpc" reported by the Hubble mission. The ' means derivative with
respect to the redshift z.

significantly larger than those from the Planck data and those from the Hubble
mission. It should be mentioned that, as a consequence of these upper and lower
bounds on V(¢), this case will significantly differ from the other two cases. In
general, this can have a strong impact on the model parameter constraints and
affect the viable model selection. Obviously, in general, this can affect the early-
time behavior of a given quintessence dark energy model.

We now elaborate on our reconstruction results. At first glance, the reconstruc-
tion has been successful. However, to understand and validate the corresponding
results, we need to have a look at another physical quantity that has been
reconstructed, too. It is important to understand up to what extent we can believe
in the model validity in our case. In general, non-validation of the reconstruction
results can lead to wrong interpretations and cause misunderstanding of the under-
lying physics. The physical quantity we choose for this purposes is Q,, = Py / 3H?,
which at z=0 has actually been used to estimate ¢ (z=0), too.

The results of the reconstruction of the Q, can be found in Fig.6 for both
kernels given by Egs. (15) and (16), respectively. Indeed, we see that the
reconstruction was successful up to a certain redshift, indicating that for higher
values the model should be rejected since the lower 2o bound of Q,, is negative.
It is important to mention that the GP gives the statistical explanation of the
results, and considering only the means to decide whether or not something is
working is not a correct procedure. To have a proper understanding, we need to
consider the whole picture, which in our case indicates that the reconstruction
of V(z) and d)(z) is acceptable up to some redshift. Having this in mind, we
continued the study and, using the means of the reconstructed V (z) and cb(z),
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we have directly reconstructed the mean of V(¢).

On the other hand, using the lower and upper 2o error bounds of both the
V(z) and d(z) reconstructed functions, we have determined possible maximum
errors for V (d)) allowing to complete our task, which was to obtain a model-
independent reconstruction of V ((1)) describing quintessence dark energy as the
driving force of our expanding Universe. The result can be found in Fig.2, where
the left-hand side plot represents the reconstruction result when the kernel is given
by Eq. (15), while the right-hand side one stands for the case with kernel given
by Eq. (16), respectively.

Fig.2 shows how different models can be compared and constrained using the
reconstruction. In particular, we see why the quintessence dark energy model with
V(p)~e ™ (dashed curve, for instance, with A =0.854 in the left-hand side plot
of Fig.2, is among the most successful ones. Our analysis explains why this
particular model has captured such a lot of attention in the literature. On the
other hand, we also see that the quintessence dark energy model with
V)~ ¢*[1-cos(Bo )| (solid curve with p=165, n=0.05 and 2=0.2, for
instance) will not work very well and there is a hint that it should be rejected.
Additionally, the model with potential V((I))~(|)k (dotted curve with A =0.125)
should be kept, and it will work better than the model with ¥(§)~ ¢" [1 - cos(3¢" )]
This is inferred from the curves on both plots of Fig.2.

It is made clear from the provided discussion that any given model can be
analyzed, and that proper constraints on the parameters can be found. Going one
step further, it should be now possible to see why some dark energy models with
specific potentials will not work for solving the H, tension problem. Moreover,
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Fig.2. Reconstructed V(¢) for the case when H = 71.286 £ 3.743 km s Mpc' has been
estimated by a GP using the expansion rate data presented in Table 1. The curve with black squares
corresponds to the mean of the reconstructed 7 (¢p) model obtained from the reconstructed means
of the functions V' (z) and ¢(z). The lower and upper 2c error bounds of both reconstructed
functions 7(z) and ¢(z) have been used to determine possible maximum error bounds for V' (¢)
(curves with black circles).
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in the next subsection, we will discuss how drastically the constraints on the model
parameters should be changed to be suitable to solve the H, tension problem.

Before ending this one, and based on the reconstructed results, we suggest a
new form for the potential to describe a viable quintessence dark energy model.
From what we know, this specific model has not been considered before. The
potential has the form

v (9)~ 6" [1—sin" (B9)]; (18)

where A, n, and B are free parameters to be fitted. The dot-dashed black curve
of Fig.2 corresponds to this model; it is one-to-one in mimicking the recon-
structed mean behavior with L =0.001, B=0.5 and n=0.5, when the kernel is
given by Eq. (15). To finish, we should mention that the consideration of the
kernel, Eq. (16), will introduce changes only slightly affecting the above-discussed
numerical values of the parameters. However, the general picture and the con-
clusions drawn remain unchanged.

3.2. V(¢) reconstruction when H,=67.40%0.5km s’ Mpc™. In this
subsection, we discuss the case when a specific value for H has been fixed in
advance and used in the reconstruction. Different from the previous case, now the
reconstruction is based on 41 data points. We will later see that this can affect
our perception of the situation and can be moreover useful to understand why
the constraints on quintessence dark energy models discussed in the recent
literature may be so different. To be more precise let us indicate that we use the
H, reported by the Planck mission. Similar to the previous case, Q,, = Po / 3H?
has been considered again allowing us to determine the redshift range where the
reconstruction is valid. In particular, we found that when the squared exponent
kernel given by Eq. (15) is considered then the z e [0, 2) redshift range provides
a physically acceptable reconstruction of the functions V(z) and d)(z). Moreover,
when we consider the Matern (v =9/2) kernel, Eq. (16), then z e [0,1.91) is the
redshift range providing physically acceptable reconstructions of V(z) and ¢(z) (see
Fig.8). On the other hand, from the top panel of Fig.7 we realize the reconstructed
forms of the potential V(z) and the field <|)(z), when the kernel is given by Eq.
(15). Complementary, the reconstruction results when the kernel is given by Eq.
(16) can be found on the bottom panel of Fig.7.

To reconstruct the mean of ¥(¢) potential we have used the means of the
reconstructed V(z) and d)(z). Moreover, using the lower and upper 2c error
bounds of both reconstructed functions, V(z) and ¢(z), we have determined
possible maximal errors for V((I)) (Fig.3), what allowed us to complete the model-
independent reconstruction of the V(q)) describing the quintessence dark energy
in our expanding Universe. The reconstruction results can be found in Fig.3,
where the left-hand side plot represents the reconstruction result when the kernel
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Fig.3. Reconstructed ¥ (¢) for the expansion rate data in Table 1 with H= 67.40+0.5 km s"Mpc.
The curve with black squares corresponds to the mean of the reconstructed 7' (¢p) model obtained from
the reconstructed means of the functions V' (z) and ¢(z). The lower and upper 2c error bounds of
both reconstructed functions V' (z) and ¢(z) have been used to determine possible maximum error
bounds for 7 (¢) (curves with black circles). The dashed curve represents the quintessence dark energy
model with potential V(¢) ~ e The dotted, dot-dashed, and solid curves correspond to the quin-
tessence dark energy model with V() ~¢", V() ~ ¢ [L—sin"(Bd)] and V(o) ~ ¢ [1 - cos(Bo")],
respectively. The left-hand side plot is the result of the reconstruction when the kernel is given by Eq.
(15), while the right-hand side one stands for the case with kernel given by Eq. (16).

is given by Eq.(15), while the right-hand side one corresponds to the case with
kernel given by Eq.(16).

Visual comparison of the results presented in Fig.2 and Fig.3 already points out
huge differences. In particular, just comparing the mean of the reconstruction with
V(9)~e™, we conclude that the model with A =0.05 should be preferred for
cosmological applications. On the other hand, with A =0.01 the model with the
potential V(q)) ~ q)k may be highly recommended for doing cosmology. Moreover, we
also conclude that, with =0.05, n=0.75 and A =0.001, the model with potential
()~ ¢™[1—sin"(B¢)| is favored for doing cosmology. Finally, the model with

V(¢)~ o™ |1 - cos (Bd)” can be recommended too, if L =0.02, B=1.65 and n=0.05.

In all these examples, the kernel was given by Eq. (15). Our analysis using
the kernel of Eq. (16) shows that similar recommendations can be made. However,
we should note that the reconstruction indicates that here we will have tighter
constraints on the model parameters than in the previous case. However, the most
relevant aspect revealed from the reconstruction is that the early time behavior
of the models can change significantly. This is a hint indicating that the H
tension is not just a result of playing with numbers. It is more profound than
this, namely a problem related to physics and corresponding considerations. This
should be made more clear in the next subsection, where we will present the
results corresponding to the reconstruction based on the value of H| reported by
the Hubble mission.
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3.3. V(9) reconstruction when H,=73.52+* 1.62kms”' Mpc™'. The
last case to be discussed here is when H is fixed to the value H =73.52%1.62
kms' Mpc' reported by the Hubble mission. This means that similarly to the
second case, the reconstruction of H(z) and H'(z) will be also based on 41 data
points. The reconstructed ¥(z) and ¢(z) for ze[0,2.4] can be found in Fig.9.
The reconstruction there has been obtained for the squared exponent kernel given
by Eq. (15). The final results of the reconstruction are depicted in Fig.4.

Our analysis based on these reconstructions shows when the resulting potentials
can be recommended for cosmology. In particular, we found that according to the
mean of the V() reconstruction, the model with V(¢)~e™ and A=1.4 is
expected to be useful for cosmological applications. On the other hand, the model
with potential V(q>)~ qﬁ can be highly recommended, provided A =-0.25. More-
over, we found also that, with B=0.5, n=0.576 and A =0.005, the model with
potential ¥ (¢)~ ¢" [1—sin”([3¢)] is also favored for cosmological applications. Fi-

nally, the model with ()~ ¢" [ - cos(B¢” )| is also useful, provided 2 =-0.25,
B=1.75 and n=0.05. In all these examples the kernel was given by Eq. (15).
An analysis using the kernel of Eq. (16) shows that similar recommendations can
be done, too. Moreover, the reconstruction results indicate that here the constraints
on the model parameters will not be tighter than in the case discussed in Sect.
3.2. On the other hand, the early time behavior of the models could change
significantly. The reconstruction of the Q,, = Py / 3H? has been considered again
allowing us to determine the redshift range where the reconstruction is valid
(Fig.10).

To end this subsection let us mention that the values of the parameters for
the models presented above give a hint on when the H, tension problem can be
solved, in a quintessence dark energy-dominated Universe, when one of the forms
for the potential discussed above is used. Let us mention again that reconstructions
here obtained are model-independent and based on the expansion rate data, and

V($)x 103

0.0 02 04 06 08 00 02 04 06 08
¢ ¢

Fig.4. Same as Fig.3, but with H = 73.52 + 1.62 km s' Mpc™.
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that they can be used either to craft new models or to constrain already existing
ones.

4. Conclusions. In this paper, we have used GPs and available expansion
rate data to reconstruct the functional form of the potential better-representing
quintessence dark energy. There are various and important open questions about
dark energy physics and the challenge of answering them is usually undertaken
using model-dependent approaches. The quintessence dark energy paradigm is
among the most often discussed models. In there, the form of the potential field
is chosen manually, in a sort of phenomenological approach, mainly aimed at
reproducing the observational data. We notice that the same is true for other dark
energy models and that mainly phenomenology-based motivations have been put
forward to craft viable dark energy models.

As an alternative to all these previously carried out studies, we describe in detail
the whereabouts of a model-independent reconstruction of the potential. Moreover,
the results of the reconstruction can be used to build new potentials and to
constrain the free parameters. Starting from very basic assumptions about the
background dynamics, we have demonstrated that the potential and the field itself
can be expressed in terms of H(z) and H'(z), which can be reconstructed in
a model-independent way from the expansion rate data using a GP. GPs are
among several very useful Machine Learning tools intensively used in very different
areas, among them in cosmology.

The main issue with this approach is to specify the form of the kernel function
that needs to be chosen to be able to complete the reconstruction. The literature
contains various interesting discussions indicating that it is better to use several kernels
and compare the results. This is, in our opinion, an optimal solution that can be
time-consuming; however, it is judicious to follow this approach and make sure that
the hints and the results obtained have value and have not been obtained by chance.

In our work, the quintessence dark energy potential and the corresponding field
have been reconstructed for three different cases: 1) when H has been estimated
from the GP reconstruction of the functions H(z) and H'(z), based on an existing
40-point expansion rate dataset; 2) when H is fixed to the value estimated from
the Planck mission and then the reconstruction of H(z) and H'(z) is performed;
3) when H is fixed to the value estimated from the Hubble mission results and
then the reconstruction of H(z) and H'(z) is performed. In this way, we get a
hint on when the H, tension problem could be reasonably solved, for instance, when
the model with ¥ (¢)~e™® is considered. We have studied other models, too, and
also found a new potential, ¥ (¢)~ ¢ [1 - sin"(Bq))], which can be recommended to
be used in cosmology. This is a genuine discovery made in this paper. An in-depth
study of this new potential has been left for future publication.
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We need to mention that, in our analysis, we have used the two Kkernel
functions given by Egs. (15) and (16), and found slight changes (detailed above),
as compared with the results discussed before, but those are not so important.
However, we would like to discuss another result we have at this point. First,
concerning the possible constraints on the A parameter of the Swampland
V(¢)~ e potential, which was discussed in [55]. Without going deep into the
discussion of [55], we learned that, with future surveys, we should expect
fundamental observational limitations, A to A <0.1, supporting the standard
model. Now the question is: what we have learned with our method? To
understand this, let us summarize what we obtained, namely the preferred values
for the parameters: 1) A =0.854 when H, is not fixed, 2) A=0.01 when H =
67.40+0.5kms™ Mpc™, and finally 3) when H =73.52+1.62kms" Mpc™ we got
A =1.4. In all cases, we have just used the reconstruction means, and the last
one means that, if we use lower error bounds of the reconstruction, we will reduce
the estimated values too.

Anyhow, the important message we wish to transmit to the reader is 1) that
the 40 data point expansion rate data already contains the information that can
come from future surveys; 2) the great importance of the tool we use to extract
information from data. Moreover, our constraints on the parameter A when
H,=67.40 £ 0.5 km s'Mpc' indicate that any other estimation closer to the
estimation obtained here definitely supports the ACDM standard model. In all
other cases, we can claim that the ACDM theory might be challenged. This is
an indication that the H, tension problem is not a game of statistics only.

Of course, there are other various questions to be studied yet, which have been
left for further consideration. In particular, to continue using GPs and other
Machine Learning algorithms involving other datasets for model-independent
reconstruction or pattern learning that can be used for similar estimations and
reconstructions. More specifically, it would be interesting to see if the recently
discovered constraints would be challenged in those cases, and what the conse-
quences of this could be.
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APPENDIX

We include here several additional figures, Fig.5-10, to allow the reader to
estimate the quality of the reconstructions presented in the paper.
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Fig.5. Reconstruction of V(z), Eq. (13), and ¢(z), Eq. (14), from the H(z) data depicted
in Table 1. The plots of the top panel correspond to the GP reconstruction for the squared exponent
kernel given by Eq. (15). The plots of the bottom panel correspond to the GP reconstruction for
Matern (v =9/2) kernel given by Eq. (16). The solid line is the mean of the reconstruction and
the shaded regions are the 68% and 95% C.L. of the reconstruction, respectively. H, = 71.286 +
3.743kms" Mpc"' and H,=71.196 £ 3.867 kms™ Mpc" estimates for H, have been obtained using
GP when the kernels are given by Eq. (15) and Eq. (16), respectively.
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Fig.6. The top panel represents the reconstruction of Q, =p J3H > from the H (z) data
depicted in Table 1. The left-hand side plot corresponds to the GP reconstruction for the squared
exponent kernel given by Eq. (15). The right-hand side plot corresponds to the GP reconstruction
for the Matern (v =9/2) kernel given by Eq. (16). The solid line is the mean of the reconstruction
and the shaded regions are the 68% and 95% C.L. of the reconstruction, respectively. H = 71.286
+3.743 km s Mpc' has been estimated by GP from the data presented in Table 1 when the
squared exponent kernel given by Eq. (15) has been used. On the other hand, H =71.196 + 3.867
kms" Mpc™ has been estimated by GP from the data presented in Table 1 when the Matern (v=9/2)
kernel given by Eq. (16) has been used. The bottom panel represents the reconstruction of ® o =1 /p N
where F, and p , are given by Eq. (12) and Eq. (11), respectively, while Q; =3.15+0.007.
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Fig.7. Reconstruction of 7V (z), Eq. (13), and ¢(z), Eq. (14), from the H(z) data depicted
in Table 1 when H =67.40£0.5 kms” Mpc'. The plots of the top panel correspond to the GP
reconstruction for the squared exponent kernel, Eq. (15). The plots of the bottom panel correspond
to the GP reconstruction for the kernel given by Eq. (15). The solid line is the mean of the
reconstruction and the shaded regions are the 68% and 95% C.L. of the reconstruction, respectively.
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Fig.8. The top panel represents the reconstruction of Q, =p /3H > from the H(z) data
depicted in Table 1 when H = 67.40£0.5kms"' Mpc'. The left-hand side plot corresponds to the
GP reconstruction for the squared exponent kernel given by Eq. (15). The right-hand side plot
corresponds to the GP reconstruction for the Matern (v =9/2) kernel given by Eq. (16). The solid
line is the mean of the reconstruction and the shaded regions are the 68% and 95% C.L. of the
reconstruction, respectively. The bottom panel represents the reconstruction of ® . =L, /p N where P,
and p, are given by Eq. (12) and Eq. (11), respectively, while Q, =3.15+0.007.
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Fig.9. Reconstruction of 7V (z), Eq. (13), and ¢(z), Eq. (14), from the H(z) data depicted
in Table 1 when H;=73.52* 1.62kms™" Mpc™. The plots of the top panel correspond to the GP
reconstruction for the squared exponent kernel, Eq. (15). The plots of the bottom panel correspond
to the GP reconstruction for the kernel given by Eq. (15). The solid line is the mean of the
reconstruction and the shaded regions are the 68% and 95% C.L. of the reconstruction, respectively.
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Fig.10. The top panel represents the reconstruction of Q,k =p J3H > from the H(z) data
depicted in Table 1, when H =73.52%1.62 km s' Mpc"'. The left-hand side plot corresponds to
the GP reconstruction for the squared exponent kernel given by Eq. (15). The right-hand side plot
corresponds to the GP reconstruction for the Matern (v =9/2) kernel given by Eq.(16). The solid
line is the mean of the reconstruction and the shaded regions are the 68% and 95% C.L. of the

reconstruction, respectively. The bottom panel represents the reconstruction of o, =F, /p 0 where
P, and p, are given by Eq. (12) and Eq. (11), respectively, while Q; =3.15+0.007.

PEKOHCTPYKIINA TTOTEHUMAJIA KBUHTOCCEHLIMN
TEMHOUM BSHEPTUN U3 TAYCCOBCKOI'O ITPOLIECCA

9.9JIM3ANAE!', M.XYPLIYAAH!, K.MbIP3AKYJIOB*}, C.BEKOB??

B pabGote npencraBieHa peKOHCTPYKIMS IIOTEHIIMAAA KBUHTICCEHLIMN TEMHOMN
SHEPIMM CHOCOOOM, HE3aBUCSIIMM OT MOAEJM. PeKOHCTpyKIMSI OCHOBaHa Ha
rayccoBOM IMPOLECCE Y MMEIOLLIMXCS TaHHBIX O CKOPOCTU paciuvpeHusi. KoHkpeTHo,
ucronb3ytotest 40 Touek 3Hauenmit H(z), Bkmoualommx B cebs 30-ToueuHyio
BBIOOPKY, TIOJYYEHHYIO C MCMOJIb30BaHMEM MeTofa v depeHIMaTbHOIO Bo3pacra,
U OOIOJHUTEAbHYIO 10-TOYeuHYyI0 BHIOOPKY, ITOJYYEHHYIO C ITOMOIIBIO METOIa
paguanbHoro BAO. Pe3ynbTaThl MOdy4YeHbBl A ABYX SAEPHBIX QYHKIWN U Tpex
PasIMYHBIX 3HAYE€HUI H. DTO MPOJIMBAET CBET HAa NPOOIEMy HanpsukeHus Xao0ia,
yKa3bIBasl Ha TO, UTO 3TO HE MPOCTO YKCIoBas mpobiaema. MoaenbHO-He3aBrCcUMast
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PEKOHCTPYKLHMS TOTEHIIMAaAa MOXET CIYKUTh "KOHTPOJIbHOMI" M1 OrpaHUYEHUs
UMEIOLIMXCS MOJIENIE U CO3MaHNs HOBbIX. Pa3inMuHble BO3MOXHBIE MOTEHIIUABI,
BKJTIOYAst V(¢)~ e CpaBHMBAIOTCS C MEPBBIMU IO-HACTOSILEMY MOIEIbHO-
HE3aBUCUMBIMU PEKOHCTPYKLMAMM MOTEHIMAAa TEMHOM SHEPIrMy KBUHTICCEHIINN,
MOJYYEHHBIMU B JIaHHOW paboTe. DTO MO3BOJISIET BbIOMPATh HOBBIE MOJEIM,
KOTOpPbIE MOTYT ObITh MHTEPECHBI [JIs1 KocMoJsioruu. B cienyroiieit pabote Oyner
MPEICTaBJIEH PACIIMPEHHBIM METOJ 11 PEKOHCTPYKIIMU MOTEHIIAAIA CBI3aHHBIX
MOJIeJIE TEMHOM DHEPIUu.

KomtoueBbie ClIOBa: K8UHMACCEHUUS MEMHOU SHepeul: NOMeyuan: 2ayCcCo8CKULL npouecc
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9HCTO HYKJIOHHOW np MaTepudl B 3aBHCHMOCTM OT OapHOHHON TUIOTHOCTH #, W TlapamMeTpa
ACUMMETPUM o, TaK M CBOMCTBA 3JIEKTPUYECKM HEWTPAIbHOI [} -paBHOBECHOW npel MaTepuu
B 3aBUCUMOCTU OT GAapMOHHON TJIOTHOCTH 7, [l pasHbIX 3HAYEHWit n, U o OMNpeJeNeHbl TaKue
XapaKTePUCTHKHU 1p BEIIECTBA, KaK MPUXOMSIIAsCSI Ha OOWH OApMOH SHEPIHsl, YAelbHasi SHEPrHs,
00yCJIOBIEHHAs! U30CTIMHOBOM acuMMmeTpueil, 3deKTHBHbIE MacChl TPOTOHA W HEMTPOHA, yaeabHast
sHeprusi cBsi3M. IlokasaHo, 4TO OOYCJOBJEHHAsT acUMMETpHUE SHeprusi, mpu (GUKCUPOBAHHOM
3HAUEHMU o, SBIAETCS MOHOTOHHO BO3pacTaiolleit (yHKUMell 6GapMOHHON TIOTHOCTU n, Jlns
npejl MaTepuu u3ydeHsl 3(h(EKTUBHbIE MACChl MPOTOHA U Heittpona M7 M:e” ), ymenpHas

(
»
aHeprus cBsi3u E,, , oHeprus cummetpuu E . KONMYECTBEHHas 1OJs NMPOTOHOB Y =n /ng a

TaKXe CPEIHME ME3OHHBIC MO G, ®, 8, P B 3aBUCMMOCTU OT OAPMOHHOM ILIOTHOCTH 71,
Kimtouesbie cioBa: Cpedree noae: HyKAOHHAS MaMepUus: Mamepusi HeUMpOHHOIL 36e30bi:
SHepeus cuMmempuu: IgeKkmueHas macca: SHepeus Cesa3u

1. Bsedenue. TepMoaMHAMUYECKOE OMUCAHUE SIEPHOTO BELECTBA SBISETCS
BaXKHOM 3agayeil Ha MyTU K MOHUMAHUIO CBOMCTB U CTPYKTYPHI SI€p, IMHAMUAKA
CTOJIKHOBEHUI TSKEJIbIX MOHOB, CTPYKTYPbl KOMMAKTHBIX 3B€3M, TMHAMUKU B3pbIBa
CBEPXHOBBIX, a TaKXE IMPOIECca CIUIHUS HEUTPOHHBIX 3Be3A. [Ipy miuoTHOCTSX
BBbIILIE TUIOTHOCTH SIIEPHOTO HACBILIEHUS 7, 3 -pPaBHOBECHAS HYKJIIOHHAs MaTrepus
SIBNISIETCS U30CITMHOBO-aCUMMETPUYHOM. VIMEHHO 3TM OOCTOSITEIbCTBOM OOBSICHSIETCS
OOJIBIION MHTEPEC, KOTOPBIA yAENSIeTCd U3YYEHUIO CBOMCTB U30CITMHOBO-aCMMET-
PpUYHOI HyKJTIOHHOW Matepuu [1-5]. M3ocrvHoBast 3aBUCMOCTb YPABHEHMSI COCTOSTHUS
SIEPHOM MATEPUM NPY 3aJaHHOM 3HAYEHUU GAPUOHHOM TUIOTHOCTH 71, OTIPEIE/ISIETCS
SHEpruei siIepHO CUMMETPUU Esym(n 2

CoBpeMeHHbIE BOBMOXXHOCTH 3€MHBIX SIE€PHBIX SKCIIEPUMEHTOB U acTpoU3U-
YyecKrX HaOMoAeHUI 00ecneuniu 3HAaYMTeIbHBIN TTpOrpecc B U3yYeHUU 3aBUCHMOCTH
SHEPIMU CUMMETPUHU OT TUIOTHOCTH [6-8]. B mociemHue rombl MOSBUIMCH HOBEIC
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BO3MOXXHOCTHU [JIs1 MOJIydeHUS OTpaHWYEHU Ha (U3MYECKUE XapaKTepUCTUKU
aCUMMETPUYHON SIEpHON MaTepyM, UCHOIb3Ysl KaK JaHHbIE HAYYHBIX ITPOrpaMm
NICER u XMM-Newton 1o 0IHOBPEMEHHOMY OMNpeNeIeHUI0 MacChl U paaunyca
HeliTpoHHOI 3Be31bl (H3) [9], Tak 1 JaHHbBIE OTHOCUTENILHO TTPUIMBHOM AehopMaLvi,
MOJlydeHHbIE U3 aHaJIu3a rPaBUTALIMOHHOTO M3JIy4YeHMS MPU CIUSIHUM IBONHON
HenTpoHHoU 3Be3asl GW170817 [10,11].

TeopeTuueckue MCCIeIOBAaHUSI CBOMCTB SIACPHOTO BEIIECTBA U KOHEUYHBIX SIACP
KaK CUCTeM CUJIbHOB3aUMOAEHCTBYIOLIMUX PEISITUBUCTCKUX OAapMOHOB U ME30HOB
OCHOBAaHbI HA KBAaHTOBO-IIOJIEBOM ITOAXOJE B paMKaX KBAHTOBOI aIpOIMHAMUKU
(QHD). OpHoi1 M3 ycIelIHO MPUMEHSIEMbIX MOJENIeil TaKoro poja SIBIISIETCS
pensituBUCTCKast Teopusi cpenHero noist (RMF). B ucxomHoit Moaenu BzauMoaeicTBye
MEXIY HYKJIOHAMM OCYIIECTBIISIIOCH IyTeM OOMeHa M30CKAJISIPHBIM, JIOPEHIICBO-
CKaJIIPHBIM G -ME30HOM U M30CKAJISIPHBIM, JIOPEHLIEBO-BEKTOPHBIM () ~-ME30HOM
[12-14]. Ins yooBIETBOPUTEILHOIO BOCIIPOU3BEACHHUS SIIEPHOM HECXKMMAEMOCTH
U CBOMCTB HECTAOWILHBIX SIIEP B MOJEIb ObUIM BKJIIOUEHBI WIEHBI CAMOB3aMMO-
JEUCTBUSI G U ® -ME30HOB, MPUBOISIINAE K MOSBICHUIO HEJIMHENHBIX YUJICHOB B
ypaBHEHUSIX JJ11 ME30HHBIX mosei [15-17]. s onmucaHust TOAIIMHBI HEUTPOHHOMN
000JIOUKHU TSIKEJIBIX SIep U XapaKTepPUCTUK M30CHUHOBO-aCUMMETPUUYHEIX SIIEp
ObUI paclIMpeH cOCTaB OOMEHHBIX ME30HOB U B cXeMy ObL1 BKJIIOUEH TaKXkKe
U30BEKTOPHBIN, JIOPEHIIEBO-BEKTOPHBIN p -Me30H [18].

s moJIHOTBI TpaHC(OPMAILIMOHHBIX CBOMCTB ME30OHHBIX TOJIei HYXXHO ObLIO
B COCTaBe OOMEHHbBIX ME30HOB MMETh TaKKe M30BEKTOPHBIN, JIOPEHIIEBO-CKAJISIPHBII
8 -Me30H. DTO ObUIO cAenaHo B pabotax [19-21]. Takas pacluupeHHas MOIE/b
Obl1a MPUMEHEHA 1T VICCIEI0BAHUS MPOLIECCOB PACCESTHUS HEMTPOHOM30BITOUHBIX
TSDKEJIBIX MOHOB CPEIHMX 3HEPTUHN U BBISICHEHUS BO3MOXHOCTU OOpa3oBaHUS B
Mpoliecce CTOJKHOBEHMSI CMEIIAHHOM alpOHH-KBapKoBoi (a3bl [22,23]. U3ydyeHuro
BIINSIHUS O -ME30HHOTO MOJISI HA XapaKTePUCTUKU aAPOH-KBAPKOBOrO (pa3oBOTo
rnepexojga U Ha HaOMoJaeMble apaMeTpbl THOPUIHBIX 3Be3/ MOCBSIICHBI PAOOTHI
[24,25].

Llenbio HacTosieil pabOTHI SBIISETCS M3ydeHHE OJHOUYACTUYHBIX CBOWCTB
M30CIIMHOBO-aCUMMETPUYHOM SIIEPHOM MaTepUM B paMKaX PESITUBUCTCKON TeOpUU
CpeaHero 1moJisl, B KOTOPOi YYTEHO TakKKe U30BEKTOPHOE, JJOPEHIIEBO-CKAJSIPHOE
nojie & -me3oHa. CtaTbsl OpraHrM30BaHa cieayolmnM obpasoM. B pasnesne 2 npen-
CTaBJICHO KpaTKOe OMUCAHUE MOJIEIM, B KOTOPOI MPUBOALTCS cCUCTeMa ypaBHEHUI
JJIS CpeAHUX ME3OHHBIX ToJieil U (OPMYJIbI IJIs1 TAKUX OJHOYACTUUHBIX XapaKTe-
PUCTUK SIePHOM MaTepUU KAaK SHEPrysl CUMMETPUM, SHEPTUS, TIPUXOIIIascd Ha
OIvH OapyoH, yAebHasl 3HEPrusl CBsI3U, A(PGEKTUBHBIC MACChl POTOHA U HEWTPOHa,
XMMHMUYECKUE TTOTeHLIMaIbl 6apuoHOB. PaccMaTpuBaeTcs Kak YMCTO HYKJIOHHAS #p
MaTepus, TaK M SJIEKTPUICCKU HeWTpaibHas, [3 -paBHOBEeCHAs smepHasl MaTepus,
cocToslIast U3 HYKJIOHOB U 3apsLKeHHBIX e, L~ JIENTOHOB (mpep Marepusi). B
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HOCJICAHEM pa3aci€ IMOAbITOXKECHBI OCHOBHBIC PE3YJIbTAaThbl pa6OTH.

2. Onucanue mooeau. B 31oM pasjesie 1aHO KPATKOE U3JIOXKEHUE MOIEIH,
KOTOPYIO Mbl KCIOJIB30BAIM JJIsI TEPMOAMHAMMUYECKOTO OIMMCAHMSI IJIOTHOTO
HYKJIOHHOTO BellecTBa. B paMkax peisiTMBUCTCKOM Teopuu cpeaHero noJs [12-14],
OCHOBAHHOI Ha KBAaHTOBOI amponrHaMUKe, PACCMOTPUM CUCTEMY YaCTHI] COCTOSIIIIEH
13 HYKJIOHOB (7, p), CWIbHOE B3aUMOACUCTBME MEXITY KOTOPHIMU OCYILECTBIISIETCS
ImyTeM oOMeHa Me30HaMU G, ®, O, P.

ITnotHOCTD JlarpaHkraHa TakKoil CUCTeMbl UMEET BU

_ ) 1
Lpyr = z Vi ’Yu(la“_gmmu__gppurij_(mN_gGG_gSST[) V;

i=p,n 2

1 ! 4 1 1
N 2 2 2 n
__g03(g0 G) __g0'4(g6 G) +—(6HC56 6—m;GC )+ Mg wum (1)
3 4 2 2
1
A o uv

2 (a 5048 —m2 5 )+ —m?p,pt - qawqa ,
TIe y,; - CIMHOPHOE T10JIe HYKJIOHOB, T, - M30CIMHOBbIe MaTpuubl [Naym, o, o,
8, p, - MOJIST COOTBETCTBYOLMX ME30HOB, 3aBUCSILLIE OT MPOCTPAHCTBEHHO-BPEMEHHBIX
KOOpIIMHAT X, = (t, X, y, z), m, - Macca ToJIoro HyKJIOHA, M, M, Mg, M, - MAcChl
OOMEHHBIX ME30HOB, Q,, =0, ®, —d,w, U R,, =0,p, —8 p aH”H/ICI/IMMeTpl/I‘{HbIC
TEH30Pbl BEKTOPHBIX noneI/I ©, ¥ p,. ‘{neHH B (1) g4 gcy /3 A go4 gCT /4
MIPUBOISIINE B YPAaBHEHUSX IBIDKCHUS K HEJIMHEMHONW 3aBUCUMOCTH OT M30CKa-
JISPHOTO JIOPEHILIEBO-CKAISIDHOTO MOJIi G ObUIM BBeldeHBl B pabore [15] mas
JOCTVDKEHMST IPUEMJIEMOTO KOJIMYECTBEHHOTO BOCIIPOM3BENEHNSI CBOMCTB OCHOBHOIO
COCTOSTHMSI CHMMETPUIHOM simepHOi Matepui. KOHCTaHTBI CBSI3M HYKJIOHA C COOT-
BETCTBYIOLUIMM ME30HOM OOO3HAYEHbI Yepe3 g, , g,, & U &, -

B npubnkeHUM cpeaHero Imosjisi ME30HHbIE TOJISI, KOTOphbIe B 00ILEeM ciaydae
3aBUCAT OT MPOCTPAHCTBEHHO-BPEMEHHBIX KOOPIMHAT, 3aMEHSIOTCST Ha OMHOPOIHBIE
¥ HE MEHSIOIMECS BO BPEMEHM CPEIHME MO G, ®,, 8, P,. YpaBHeHus
Ditnepa-Jlarpanxa 151 HYKJIOHHBIX 1 ME30HHBIX MOJIeil MPUBOAAT K 3aMKHYTOM
CHCTEeMe ypaBHEHMI TIpW 3aJaHHOM 3HAYE€HWM IUIOTHOCTH OApMOHHOTO YHCIIa
ny=n,+n ¥ mapaMerpa aCUMMETPUH O = (”n_”p )/ ng . IlOHATHO, YTO B 3TU
ypaBHEHUsI OyIyT BXOAUThH TAaKXKe U MAacChl ME30OHOB, OJTHAKO YIAOOHBIM Mepeodo3-
HayeHWeM KOHCTAHT CBSI3M M CPEIHUX ME30OHHBIX ITOJIeH YIaeTcsl OCBOOOMIUTHCS OT
9TUX mapameTpoB (cM. Hamp. [20,24]):

[OF)

2,55, g, 00, g0 >3, g% -5,

2 2 2 g 2
86 go &5 [ (2)
m— —)(X.G, — —)(X.(D, — —)(18, e —)(Xp.

c mg, mg mp

YpaBHeHMs ISl ePe06O3HAUEHHBIX CPEHUX ME3OHHBIX Toeil &, O, , 8,
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P, MMEIOT BUI:
G= ac(ns)(”zga 0‘)+ nr(IS)(nB’ 0‘)‘&;3 5’ - 8c4 33): O=0,np,
N s s ~ 1
6=(x6(n£,)(n3,a)—n,(1‘)(nB,(x)), pz—zap fg L. &)

3nech ngf)(nB,oc) u n,(f)(nB,a) CKaJISIDHBIE TJIOTHOCTU MPOTOHOB U HEUTPOHOB,

KOTOpbI€ OMpeAesoTCsl BoipakeHusiMu [24,25]

oy ) = Efff)(&g)“("ﬂ)j(l_a)m ! K dk
n(n,,o)=———2 ,
P n’ 0 2, (5 3
k*+M ;" ’\c,8
(eff)= T 1‘71~"(’HB)(1+0‘)V3 4
I’l’(f)(nB,(X,)Z Mn 26,6 1 kzdk, ( )
T 0 \/k2+M(e’7

rmue kF(n ) (37: n /Z)I/ , a M(eff)(c 8) u Meff (6, 5) - 3((dEeKTUBHBIE MACChHI
HYKJIOHOB, KOTOpBIE 3amaioTcst (opMysiaMu Braa

(3,5)=my-5-5, M(E5)=my-5+3
M,"\6,8)=my—-6-6, M,”'\6,6)=my—G+8. )
B paMkax peIATUBHUCTCKOW TEOPUU CPEIHETO IMOJS IUIOTHOCTb 3HEPTUU
€y (n5,0) HYKIOHHOTO (HEHTPOH-TIPOTOHHOTO) BEUIECTBA B 3aBUCHMOCTH OT
GapUOHHOM TUIOTHOCTH 71, U TIADAMETPA aCUMMETPHHU 0. OTPEIEIISIETCS BHIPAXKEHNEM

1 kg ("B )(1—“)1/3

ey (5, 00) = —= [ e+ Ml k2ag
0

1 Jep (ng ) (1+01) " v
= M Kk 6)
TEZ !
0

1 62 6)2 '82 '52 1 5 1 4
+—| —4+—+—+— |[+—-g,30 +—g..0 .
2{a, 0o, o5 o 3 4

[e2 (O]

p

B ciyyae anekTpuyecku HEUTpaabHOW M [3 -paBHOBECHOM XOJIOMHOM aipOHHOMN
MaTepUM, COCTOSILEH U3 HEUTPOHOB, IMMPOTOHOB, a TAKXKE 3aPSDKEHHBIX JICNTOHOB -
9JIEKTPOHOB € U MIOOHOB |L, IJIOTHOCTb 3HEPTUU €, (n B) OIPEIETUTCST BbIpa-
JKEHHEM

& (1) = Enag (g, )+ [I Vk +m] krdk, (7)

l e, TC
e m, - MacChl, a [, - XUMUYECKUE MOTEHLUATIBI COOTBETCTBYIOLIMX 3aPSKEHHBIX
JienToHOB (/=e, ). g Takoil mMaTepuu IOJKHBI BBIMOJHATHCA YCJIOBUS [ -
PaBHOBECHUS W BJIEKTPUYECKOW HEUTPAIbHOCTH:
a) TpU TJIOTHOCTU O0apMOHOB HMXE MOpora poXXAEHUS MIOOHOB:
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Hn(nB’a)_up(nB’a):l"le(ne)’ np:ne' (8)
0) Npu IMJIOTHOCTU OApHMOHOB BhIlIE MOPOTa POXIEHUS MIOOHOB:
”’n(nB’a)_up(nB’a):”'e(ne):”‘u(nu)’ np:ne+nu' (9)

3mech w1 p(nB,oc) u un(n 5> 0.) ABJISIOTCS XMMMYECKUMHU MOTEHLIMATAMU COOTBETCT-
BEHHO ITPOTOHOB M HEWTPOHOB, KOTOPEIE OMPENeIIoTCs (hopMyIaMu

2 2/3 e 1
up(nB,a):\/kF(nB) (1—a)/ +M§fﬂ) +(x)+5
273 - 1. (10)
w, (ng,a \/k (ny) +OL)/ +M(eﬁ) +0- 5P

VpaBHeHus (8) u (9) NO3BOISIOT BbIpa3UTh MapaMeTp aCUMMETPUU JIEKTPUUECKU
HEUTpPaIbHOU U B -paBHOBECHOU MaTepuu 4epe3 OapMOHHYIO TJIOTHOCTh. B 3TOM

cllyyae IUIOTHOCTb SHEPTUM 3aBUCUT TOJILKO OT OapMOHHOM IUIOTHOCTH 1,
DHeprus, NPUXOAAILAACA Ha OOUH OapuoH Ej, U yaeibHas sHeprus cssu £
Kak (DYHKIMU OApMOHHOM IUIOTHOCTHU 71, U MApaMeTpa aCUMMETPUM o, , 3a1al0TCs

hopmynamu:

DZ

Ey(ng,0)= ENm (”B= 0‘)
np
Ipuxonaniyroca Ha oauH 6apUOH SHEPIUIO0, OOYCIOBJIEHHYIO M30CIUHOBOMA
aCUMMETPUEN CUCTEMBI, 0003HAYMM uepe3 AL, (n B> oc) =FE; (n B oc) - Ly (n B> O) .
OHeprust cummerpun £, (n ») OTIPEIIETSIETCS M3 paxIokeHus yHKIM E , (ng,a)
B pAI 110 MIapaMeTpy aCUMMETpUM: E (nB, oc) Eg (nB, 0)+E5ym (nB)oc2 +ola), Tak
4TO

) Ebind(”B’a):EB(”Baa)_mN- (11)

10% Eg(ng,a)
T w |, (12

a=0

Esym (nB )

[Monb3ysichk BbipaxkeHreM (6) IS TJIOTHOCTU SHEPTHU € y, (n B> cx) ¥ ypaBHE-
HUsMU (3) U1 ME3OHHBIX MOJel, MOXHO TOJYYUTh BbIpaKEHUE IJIsSI SHEPIUU
CUMMETPUU qum( ) Craraemble, He cofepKalllie KOHCTAHTbI CBSI3U HYKJIOH-
ME30HHBIX B3aUMOJEUCTBUI, OYAYT MPEACTaBISATh KUHETUUECKYIO YacTh SHEPTUU
CUMMMETpUM E f;‘;;“) , 4 cJlaraeMble, coepKalue KOHCTaHTbI CBSI3U - MOTEHIUATbHYIO

4acTb DHEPIMU CUMMETpUU E (”‘”):

sym

2
E(.km)(l’lB): kF

sym I e
6y kz+ MV (13)

o ng | o M(ef/)
Effilng) =20 = = e (14)
204 kM

3nech yepe3 J  0003HAYCHO BBIPAXKCHHE
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-1

Jom =| 14305

sy

‘”f \/ k2 eff

ke =Br2ny/2)", M = M55 =0)= M (5,5 =0)=my-5.

CkangpHasg OGapHOHHAasI TIJIOTHOCTH nl(;) B (14) sBasieTcsi CyMMOM CKaJsSIpHBIX
MJOTHOCTEW TIPOTOHA W HEWTPOHA B CUMMETPUYHOU SJIEPHOW MaTEpUU

2§ =1 0) 1y 0):
2 kF(nB M e//)
)

)

Takoe >xe BbIpaxkeHUe ISl JHEPIUM CUMMETPUM HYKJIOHHOTO BEILECTBA MOXHO
MoJlyuuth [26,27], OCHOBBIBasICh Ha yTBepXKIeHUE TeopeMbl I'yreHrosbua-Ban
XoBa [28,29] o ToM, YTO XMMUYECKUI MOTEHU AT HYKJIOHA B aCUMMETPUYHOM
SIIEPHOI MaTepuM JOJKeH ObITh paBeH ero aHepruu depmu.

[ns onpeneneHus (eHOMEHOJOIMYECKUX KOHCTAHT TEOPUN TPeOyeTCsl Takxke
3HaHUE MOMYJISI CXKUMAEMOCTH CUMMETPUYHOM SIIEPHONM MaTepuu Mpu TMJIOTHOCTU
HACBIILEHUS 7).

(s) — — N k%dk.
" b k +M(eﬁ’) (15)

2 d EB(”B» )
i’llzg ng=ng .
a=0

Ky =9n

MOILYJ'II) CXKMMAEMOCTU TOXE COCTOUT U3 KMHETUYECKOUN U IOTCHIIMAIBHOMN YacTeil:

(kin) — 3k]%“
K8y )= = (16)
kF"'MN”
M(f-f.ff)z
K (n,)=9my| aty ——== Ny |,
U kemlr " an

3nech yepes J, 0603HAYEHO BbIPAXKEHUE
-1

Ji =|1+3a,

1(9) +Eg G+g.40
1(\// \/kz e/] 3 o3 c4

3. Yucaenuvie pe3yabmamol. JIns TpOBENEHMs] YUCIEHHBIX DPAaCYeTOB
TePMOIMHAMNYECKNX BEJIMUYMH HEOOXOOMMO OMNMpPeAeNTh KOHCTAHTHI CBSI3U, XapaK-
TEpU3YIOLLME B3aMMOJIEICTBME HYKIIOHOB C ME30OHHBIMU TosisiMU. KOHCTaHTHI o,
O,, g, M g_,» COOTBETCTBYIOLIME M3OCKAIAPHBIM G, @ -ME30HAM, MOXHO
OTpeNIeSTUTh, VCITONB3YS 3HAYEHHSI N3BECTHBIX TTApaMeTPOB CUMMETPUYHOTO SIIEPHOTO
BEILIECTBA ITPY HACHILEHNN. MBI UCITONBE30BAIN CIIEAYIOIIME 3HAYEHUST: Macca rojioro



XOJIOOHAA AJEPHAA MATEPUA 235

HykJIoHa m, = 939.9 MsB, mioTHOCTh smepHOro HacbimeHus n, = 0.16 o™,
a(hdexTMBHAs Macca HyKJIOHA TTPU HAChIIEHUU M éeﬂ ) =0.78m N » YIACTIbHAS SHEPIUSL
cBsA3M f,=-16.3 M5B, Moayib cxumaemocTu nipu Haceienuu K =300 MaB. s
OIpeNeIeHNsS] KOHCTaHT, COOTBETCTBYIOLIMX M30BEKTOPHBIM O , P -ME30HaM, HY>XKHO
KCTIOJIb30BaTh 3HAYEHUS XapaKTepUCTUK aCUMMETPUYHON siAepHOi Marepuu. st
KOHCTaHTBl o5 [20] MCNOJNIB30BaHO 3HA4Ye€HUE o5 =2.5 &M’ Jlna onpeneneHus
KOHCTaHTBI oL, OBUIO MCMOB30BAHO 3HAYCHNE SHEPIMU CUMMETPUHN NMPU HACBILLICHNH
EY) =325 MaB.

ITpuBeneHHbIEe BbIllIE XapaKTePUCTUKU SIIEPHOTO BellleCTBAa BOCIIPOU3BOIASTCS
MIPY CJIENYIOIINX 3HAYeHUsIX apameTpoB Mozxenu [30] : o, =9.15 oM, o, =483
OV, o5 =25 O, o, =13.62 dM’, g3 =0.0165 M u g, =0.0132.

3Hasl KOHCTaHThI CBSI3W HYKJIOH-ME30HHBIX B3aMMOICMCTBUIA, a TAKXKE KOHCTAHThI
CaMO-B3aMMOJICUCTBUS G -NIONISL g . U g_,, VISl PA3HBIX 3HAYCHUII OGaprOHHOMN
IUIOTHOCTH 71, U TIAPAMETPa aCUMMETPUM 0. PACCYMTAHbI (PM3MYECKIE XapaKTEPUCTUKU
W30TONNYECKU-aCUMMETPUYHON SACPHON MaTEepUM, COCTOMIICH M3 NPOTOHOB U
HEWTPOHOB.

Ha puc.la npencrasieHsl Npuxonsilyecs Ha ONUH O0apuoH 3Hepruu E (n B> oc)
u kg (n B> 0), COOTBETCTBEHHO, IJISI U30CIIMHOBO-aCUMMETPUYHOM U CUMMETPUYHOMN
HYKJIOHHOW MaTepuu B 3aBUCMMOCTH OT OapMOHHOM IIOTHOCTH A, U MapameTpa
acummeTpuu o . Ha puc.lb nmokazaHa npuxonsiiasicss Ha oOauH 0apUOH DHEPTUs
AEy (n B> cx) =Ey (n B> cx)— Eg (n B> 0) , OOYCIIOBJIEHHAsd U30CIIMHOBOW aCUMMETpUEN

Ep =¢/ny, MaB AEg(ng,a), MaB

1400 - 300
1200 o - 200
1000 + — 100
. 0.8
» 0.4 -0
0.4 & 0 0
0 0.8 \/“3 %47\ 0.8 0.4
" s 0" : o, -1) /s

Puc.1. a. DHeprus, NpuxomAIIascs Ha OMMH 0apuoH E,(n,,0) B 3aBUCUMOCTM OT ILIOTHOCTU
GaprOHHOIO YMCJIa /1, U TApaMeTpa aCUMMETpuM o . HKHsS MOBEPXHOCTH COOTBETCTBYET (DYHKLIMHU
E,(n,,0).b. IIpuxondiuascs Ha onuH 6GapyMOH Heprys, oOyCIOBIEHHAs N30CIMHOBOI aCUMMeETpHeit
HYKJIOHHOTO BeniectBa A E,(n,, o) = E,(n,,a) — E,(n,,0) B 3aBUCUMOCTHU OT IUIOTHOCTU GAPMOHHOTO
4MCIAa N, U TapaMeTpa acCMMMETPUU O .
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HYKJIOHHOTO BEIIECTBA B 3aBUCMMOCTHU OT 71, U o . Kak BUIHO M3 9TOr0 pUCYHKa,
00yCJIOBJIEHHAsI aCUMMETPUEN aHeprust A Eg (n Bs oc), npy (PMKCUPOBAHHOM 3HAYEHUU
rmapaMeTpa aCUMMETPUM ¢ , SBJISIETCSI MOHOTOHHO BoO3pacTamlleil (yHKImei
GapuOHHOM TJIOTHOCTH A,

Ha puc.2 ang 3HadyeHuil mapamMeTrpa acCUMMETPUM o = {O; 0.5; 1} MPUBEACHbBI
3(peKTUBHBIE MaCChl MPOTOHA 1 HEUTPOHA B 3aBUCMMOOCTU OT TJIOTHOCTH OaprOHHOTO
yucia n, DhOEKTUBHbIE MACCHI IPOTOHA U HEMTPOHA, KaK U CJIEN0BaI0 OXMUIATh,
OIIMHAKOBHI /11 CUMMETPUYHOI HYKJIOHHOI MatepuM. PaciuerieHue 3¢ deKTUBHBIX
MacC HYKJIOHOB OOYCJIOBJIEHO IPUCYTCTBHEM IIOJISI M30BEKTOPHOIO JIOPEHIIEBO-
CKaJIsIpHOro & -Me30Ha. B paccmoTpeHHol HaMy Moaenu 3geKTUBHAsS Macca MPOToHA

1000 T T T T T T T T T T T
np marepus

800 -
om
™
= .
s° 600 .
ZCL

400 ,

200 . I . I : 1 . I . I .

0.0 0.4 0.8 1.2
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Puc.2. DddekTuBHBIE MacChl IIPOTOHA M HEMTPOHA B 3aBUCUMOCTH OT IJIOTHOCTA OApMOHHOTO
4MCIA M, TP Pa3HBIX 3HAYECHMAX ITApAMETPa aCUMMETPUHU Ol .

oosblie 3¢ ¢GeKTUBHON Macchl HeliTpoHa. Ilpu 3amaHHOM 3HaYeHUU OApUOHHOI
IUIOTHOCTH 1, 5(PEKTUBHAs Macca HEATPOHA YMEHBLIAETCS] C YBEIMYEHUEM TTapaMeTpa
acMMMETPHHU, B TO BpeMsl Kak 3(eKTUBHasI Macca IIPOTOHA yBeIMIuBaeTcs. PazHOCTb
3((eKTUBHBIX MacC MPOTOHA M HEUTpOHAa MpPU 3aJaHHOM 3HAYEHUU OapUOHHOI
TUIOTHOCTA 7, PacTeT C POCTOM IapaMeTpa acCMMMETPHUH, HOCTHIas CBOETO
MaKCUMaJbHOIO 3HAYEHUS B Cllydyae YMCTO HEUTpoHHOI Matepuu (o =1).
3aBUCUMOCTD YIENbHOUN 3HEpruu cBsizu E,;,, (nB,oc) HYKJIOHHOI'O BEllECTBa
OoT 0apMOHHOW TUIOTHOCTH n, [/ 3HAYEHUI NapaMeTpa acUMMETPUU
o= {0; 0.25;0.5;0.75; 1} noka3aHa Ha puc.3. JIsg cpaBHEHUST Ha 3TOM XXe PUCYHKeE
B BUIE TOJCTOU CIUIOIIHON JWHWW TpPEeACTaBIcHA aHAJOTrM4YHas 3aBUCHMOCTh B
clly4yae 3JIeKTpUUECKM HEWTpaIbHOU U [3 -paBHOBECHON npe|l mMaTepuu (MaTepuu
H3). BunHo, 4TOo B MHTepBajle 3HAUE€HUII OAPUOHHON TUIOTHOCTU #ig e[O; 0.8],
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XapaKTepHOI ISl MaTepHH, UMEIOIEil aIpOHHYIO CTPYKTYPY BHYTPU HEHTPOHHBIX
3Be3ll, MapaMeTp aCMMMETPUM o MeHsieTcsl OT 3HaueHus o ~1 (Ipu nz ~0) 10
3HaueHus o ~0.7 (IpU n, ~0.8 HM™).

Ha puic.4 npuBeneHs! 3¢ heKTHBHbIE MACCHI IPOTOHA U HEMTPOHA B 3aBMCHMOCTH
OT TUIOTHOCTM GapMOHHOIO YWCIA n, IS SJIEKTPUYECKN HEHTPaTbHOH M P -
PaBHOBECHO}1 7pep MaTepun. Tak Kak ¢ pocTOM GapMOHHON IUIOTHOCTH TIapaMeTp
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| o
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Puc.3. DHeprus cBsi3u, NpUXOISIIAsACS HAa OAMH GapyOH B 3aBUCHMOCTH OT TUIOTHOCTH GapMOHHOTO
4uClIa M, IPY PA3HBIX 3HAYEHUAX MapameTpa acumMmeTpun o . CIUIOLIHas TOJICTast JIMHUSL COOTBETCTBYET
9JIEKTPUYECK HEeWUTpaJibHOM UM [ -paBHOBECHON npep Matepuu (Matepuu H3).
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Puc.4. DddexTuBHbIE Macchl MPOTOHA U HEUTPOHA B 3aBUCMMOCTU OT TUIOTHOCTH GapMOHHOIO
4MCIa A, Ui DIEKTPUYECKU HEWTPaTbHOM M P -paBHOBeCHOH npeu Matepum (marepun H3).



238 I''b.AJIABEPIAH, A.T'AJJABEPIAH

acumMmerpuu B Matepuu H3 ymeHblaetcs (cM. puc.3), To Mpu 3aAaHHOM 3HaYeHUU
0apvOHHOM IUIOTHOCTU 1, Pa3HOCTb d(M(HEKTUBHBIX MAcC MPOTOHA M HEWTPOHA
MEHBIIIE B CITy4ae 3JIEKTPUYECKNA HEUTPATBLHOU U [3 -paBHOBECHOU 71pe |l MaTepuu,
YeM B CJIy4yae YMCTO HEWTPOHHOU MaTepuu.

Ha puc.5a mokasaHa 3aBUCMMOCTb YI€IbHOM 9HEPruK CBsi3u E,,  OT 6aprOHHOIA
IUIOTHOCTU 1, [JIsl HEATPAJIbHOM U 3 -paBHOBECHOM npep Marepuu (Matepun H3).
Houst yncna MpoToHoB Y, =n, / ng = (l - oc)/ 2 B 3aBUCUMOCTM OT OapMOHHOW TUIOT-
HoCTH 1, 11 Matepun H3 mpencrasieHa Ha puc.5b. YUuTbiBast, YTO NP OOJIBIIMX

300 ' '
B -paBHOBecHas npep marepws
z
s 200 - J
S
Cl.'ﬂ
N
w 100 1
II13
LIJE
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03 r
& 0.2 |
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Puc.5. a. DHeprusi cBsi3W, MpuUXOASIIAsICSd HAa OAWH OapMOH B 3aBUCUMOCTH OT IIJIOTHOCTU
GapUOHHOIO YMCNA M, ]ISl SNEKTPUYECKM HEWTPaIbHOW M [ -paBHOBECHOI npep Matepuu. b. lons
yucia MPOTOHOB Yp =n, /n, B 3aBUCHMOCTU OT IUIOTHOCTM OapMOHHOTO YMCNIA M, IS SNEKTPUYECKH
HEWUTPAIbHON U [} -paBHOBECHOI npep MaTepuu.

TJIOTHOCTSIX CO3MamyTCsl YCJIOBUS sl AeKOH(MallHMeHTa KBAapKOB U B pe3yJibTaTe
(hazoBoro nepexona OyneT 00Opa30BbIBATHCS KBAPKOBAsl MaTepusi, MPUAEM K BbIBOLY,
YTO B 3APOHHOM KOMITOHEHTE HEUTPOHHOM 3BE3[bl MAKCUMATBHOE 3HAYCHUE YICIEHON
SHeprum cBsa3u Oyner mopsaka 250-300 MsB. Uwuciao IpoTOHOB B aIpOHHOI
KOMITOHCHTE HEWTPOHHOM 3Be3bl He OyneT mpeBblath ~30% OT uKciia HyKJIOHOB.

Ha puc.6a npeacrasieHbl 3aBUCUMOCTH 9HEPIUMKM CUMMETPUI Exym U €€ COCTaB-
JIAIOLINAX ES;‘;’: u Esf,;” OT OApPUMOHHOM TIOTHOCTH A, JUISI OJIEKTPUYECKU HEMT-
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ym W €€ COCTaBJISIOLINE E(Am) u E(‘; ) B saBucumocTH O
TJIOTHOCTH GapMOHHOTO 4YWCIa 71, IS 3MeKTPUYECKM HEHTpalbHOi W [ -paBHOBECHON npep
matepun. b. [ToTeHUManbHas YacTbh E(‘; ) SHeprMM CHMMETpUM M €¢ COCTABIISIIOLIME EX) u E("m)
B 3aBHCHMOCTH OT IUIOTHOCTH GAapMOHHONO UMCIA 7, Ui 3JIEKTPUYECKM HEHUTpanbHOl u P -
PaBHOBECHOI npejp MaTepuu.

Puc.6. a. DHeprus cummerpun E_

paJbHON M [} -paBHOBECHOI npen MaTepuu. Puc.6b neMOHCTpUpYeT BKJIambl
MU30BEKTOPHBIX & W P -ME30HOB Eg’,)n u ES;’,L B IIOTCHUIMAJILHYIO 4YacTh E‘gf”‘j’)
9HEpIUy cuMMeTpun. BumoHo, 4TO B 001aCTH IUIOTHOCTEH HIDKE IUIOTHOCTU SZIEPHOTO
HACBIILICHUS 1, KWHETHYECKasi SHEPIHsi CAMMETpUn £ f;‘j,’j) 1 MTOTEHLIMAIbHAs SHEPTHS
CUMMETPUH E‘gj’,ﬁ’) ABJIIIOTCS. BEJIMUMHAMY OIMHAKOBOIO mopsanka. Ilpu Oombimx
IUIOTHOCTAX MOTEHUMATbHAA YaCTh S3HEPIUU CUMMETPUU E‘gj’,ﬁ’) MMeeT JOMUHUPYIOLIUI
BKJIA[l B 9HEPIUIO CUMMeTpuu E .

W3 puc.6b BUIHO, YTO M30BEKTOPHHBIIA, JIOPEHLIEBO-BEKTOPHBI P -ME30H JaeT
OJIOXKUTENIbHBINA BKJIA ES;’,L B MOTEHLIUAILHYIO YaCTb 3HEPTUU CUMMETPUU Eﬁ%’) ,
B TO BpeMsl KaK aHIOTMYHBII BKJI4Jl U30BEKTOPHOIO JIOPEHLIEBO-CKAIIPHOIO & -ME30HA
ES;’),, ABJIAETCS OTpULATENIbHBIM. IIpy OONBIIMX IUIOTHOCTAX BKJIAL P -ME30HA B

MOTEHLMATbHYIO SHEPIUIO CUMMETPUN EAS;’,L CTAHOBUTBCSI HAMHOTO GOJIbLLIE a0COTIOTHOTO
SHaueHNs BRIAna & -MesoHa E°)

sym *

Kak cienyer u3 ypaBHeHUI I cpeqHux mojeit (3), cpenHee mojie ® IIpH
3aIAHHOM 3HAYEHMM GapPMOHHOM IUIOTHOCTH 11, HE 3aBUCHT OT IIapaMeTpa aCUMMETPUI
o . DTO 03HAYaeT, YTo CpelHee IMoJjie U30CKAISIPHOIO JIOPEHIIEBO-BEKTOPHOIO ® -
ME30HA IIPU 33aHHOM 3HAYEHUU N, UMEET OJHY U Ty X€ BEJIUYUHY IPU JIHOO0OM
COOTHOLLIEHUU KOJIMYECTB HEUTPOHOB U IIPOTOHOB 71, / n, . Cpentee mnose O It
np MaTepuu W 2JIEKTPOHEUTpaJbHONH U [3 -paBHOBECHOW npell MaTepuu UMeeT
ONIMHAKOBYIO BEJIMYMHY TIPY 3aJaHHOM 3HauyeHun n, Cpennue nons G, dup
13-3a 3aBMCUMOCTU OT IapaMeTpa aCUMMETPUM o TIPU 3aJaHHOM 3HAYEHUU 7,
He OyIyT OAMHAKOBBIMU UTSI #p MAaTEPUU U JEKTPOHEUTPATLHOMN U 3 -paBHOBECHOM
npep marepuu (marepun H3).
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Ha puc.7 npencraBieHsl cpeiHue Mot G=g,6, O=g,0, 5= gs 50 u
p=g, p(3) OOMEHHBIX ME30HOB KaK (YHKIMHU TJIOTHOCTH 6apMOHHOIO YMCiIa 1,
JJIS 3JCKTPUUYECKM HeNTpalabHON M [3 -paBHOBeCHON npep Matepuu. CpenHue
MOJISI M30CKAJISIPHBIX G U -ME30HOB MMEIOT TOJIOKUTEJIbHBIE 3HAYeHUS U
SABJISIOTCS MOHOTOHHO BO3PACTaOIIMMK (QYHKIMAMU OaPUOHHOM IJIOTHOCTH 71,
CpenHue moJjisi U30BEKTOPHBIX & U P -ME30HOB MMEIOT OTpULIaTeSIbHbIe 3HAYEHUSI.
IIpu 3TOM CpemHee Mojie N30BEKTOPHOIO JIOPEHLIEBO-CKATISIPHOTO & -Me30HA SIBIISIETCSI
yObIBaroLiel (pyHKUMEN 7, pyu 3HadeHusIX n,<0.44 &M ¥ MeIUTeHHO BO3pacCTAIOLIei
GbyHkuueir n, npu n,>0.44 ¢M”>. CpenHee 1ojie M30BEKTOPHOTO, JIOPEHIIEBO-
BEKTOPHOTO P -ME€30Ha SIBJISIETCSI MOHOTOHHO YOBIBaIOILEl (DYHKUMEH 71,
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@ a
= 400 400 =
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0 0
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-400 . . 1t ) ) 3 -400

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
nB’ CbM-3 nBr CbM-3

Puc.7. CpenHue mojsi OOMEHHBIX ME30HOB B 3aBUCHUMOCTHM OT TUIOTHOCTM OapMOHHOTO 4ucia
Ny IS DJIEKTPUYECKM HEWTPANbHOM M [} -paBHOBECHOI npep MaTepHu.

4. 3akawuenue. B HacToslielr paboTe MCCIEIOBAHbI CBOMCTBA M30CITHH-
aCMMETPUYHON XOJIOMHOM HYKJIOHHOM MaTepyH. bbuta IprMeHeHa pesIITUBICTCKAsT
TEOpHSI CPETHETO MOJISI, B KOTOPOI ITOMUMO TOJIeil 6, ®, p OOMEHHBIX ME30OHOB,
YUTEHO TaKKe M30BEKTOPHOE, JIOPEHLIEBO-CKATSIpHOE ToJIe O -Me30Ha. KoHCTaHThI
B3aMMO/ICHCTBUS HYKJIOHA C ME30OHAMM U KOHCTaHTBI CBA3U g _, U g_,, XapaKre-
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pU3YIOIIME CAMOB3aMMOJIEICTBUE G -ME30HA U MPUBOASILIME B YPaBHEHUSIX TBUKEHUS
K HEJIMHEMHOCTU COOTBETCTBEHHO BTOPOTO M TPETHETO MOpPSIIKA BHIOPAHbI TaK, YTOObI
BOCIIPOM3BECTU M3BECTHBIC 3HAYCHMS XapaKTEePUCTUK CUMMETPUYHOTO HYKJIOHHOTO
BEILECTBA TIPU TUIOTHOCTU SAIE€PHOrO HaChILEHUs 7. Mozenb Oblia MpUMeHeHa 1Jist
M3Y4YEeHUs CBOMCTB KaK YMCTO HYKJIIOHHOW #np MaTepuu, TaK W DJIEKTPUUYECKHU
HEWTPAJIbHOM U [} -paBHOBECHOM SIIEPHOM MaTEpPUU, COCTOSIIICH W3 HYKJIOHOB U
3apsSDKEHHBIX e, W~ JIEMTOHOB (mpepl Matepusi). YMCAEHHO MpoaHaTU3UPOBaHbI
3aBUCHMOCTH OT GapUOHHOH IJIOTHOCTH 71, ¥ TapaMeTpa aCMMMETPUM o TaKHUX
XapaKTepUCTUK #p BEILIECTBA, KaK MPUXOLSLLASICS HA OOMH OapuoH 3Heprust E (n B cx),
yaenbHas 3Heprusi, oOyCIOBI€HHAas W30CIUHOBOW acuMMmeTpuein AE, (n 2> oc),
3 deKkTUBHBIE MacChl MPOTOHA U HEWTpoHa M l(fff ')(n B a), M ,ﬁef/ ')(n B oc), yaenbHast
SHEpPIUA CBA3U Ej;, (n B> (x). IToxazaHo, 4TO OOYCIIOBIEHHAs ACUMMETPUEN SHEPIUs
AE, (n B,oc), Nnpu (PUKCUPOBAHHOM 3HAYEHUM O , SIBISIETCSI MOHOTOHHO BO3pac-
Tarolleil HYHKIKMENR GAPUOHHOM TUIOTHOCTH 7,

Pacmrerienie 3¢hdeKTUBHBIX Mace TIPOTOHA M HelTpoHa A M ) — pp gfﬁ _m ,(fﬁ )
B paMKax Hallell MOJeNu SIBsIeTCS MOJOXUTEIbHBIM U MPY 3aJaHHOM 3HaYeHUU
OapUOHHOM MJIOTHOCTH 1, PACTET C POCTOM TapameTpa acumMeTpun. Tlpu 3agaHHOM
3HAUEHUM £, pacueruienne 3(GEGEKTUBHBIX MacC MaKCHMAlbHO [JISI YUCTO
HEUTPOHHOI MaTepuu. 3aMEeTUM, YTO B HACTOsIIEEe BPeMsl HET €IMHOTO MHEHUS
OTHOCUTEJIbHO TOTO, SIBJISIETCS JIn A M (eff) OTpULATEIbHBIM, HYJIEBBIM UJIU TTOJIOXM -
TeJbHbIM [31].

s aeKTprUYecKd HERTPaIbHON U 3 -paBHOBECHON npe|l MaTepuu (Matepuu
H3) uzydyensl achdeKTUBHBIE MacChl IPOTOHA U HEeWTpoHa M ;eff ), M ,(fff ), yaeIbHas
oHeprus ceasu E,.
Y,=n, /nB , @ TAKXKE CPEIHHE ME3OHHBIC MOl &, &, O, P B 3aBUCHMOCTH OT
GapuOHHOI TIOTHOCTH 71, [ToKa3aHO, YTO MPY 3aaHHOM 3HAYEHUHU 11, PACLIETUIEHNE
3(peKTUBHBIX Macc NMPOTOHA U HeWTpoHa A M (eff) Y HEWTPAITLHOW U [3 -paBHOBECHOM
npe|L MaTepuy MEHbIIE, YeM Yy YMCTO HEMTPOHHOU MaTtepuu. UMest B BUILy, UTO
€CJIM MpY OOJIbIIMX TUIOTHOCTSIX OyJIeT MMeTh MecTO (ha30BbIi Mepexo OT afpOHHON
MaTepuy K KBapKOBOM MaTepuy, TO MaKCMMAaJbHOE 3HAUYCHUE YISTbHON SHEepIHu
CBSI3M IS aJpOHHOI KOMITOHEHTHI HEMTPOHHOM 3Be31bl OymeT nmopsiaka 250-300
M>5B, 4mciio IpoTOHOB TP 3TOM He OyneT npeBbiath ~30% OT Yuciia HyKJIOHOB.

[onyyeHHbIC HAMU PE3YJIBTAThI Ul SHEPIUM CUMMETpU £ 1oKa3bIBaIoT,
YTO HIKE IJIOTHOCTH SIIEPHOIO HACBIIIEHUS KMHETUYeCcKas W MOTeHUUaTbHAasI
YacTU SHEPTruU CUMMETPUU SIBJISIIOTCS] BEIMUMHAMM OMHOTO M TOTO Xe MOpsiKa.
IIpr GONBIIMX TUIOTHOCTSX BKJIAN MOTEHIIMAIBHON SHEPTUU CHUMMETPUM Epor)

sym

3HAYUTEJIBHO OOJIbIIE BKJIATa KUHETUYECKOM COCTABIISIIOIIEH F. (kin) . IloTeH1anpHas

sym

YacTb SHEPTUU CUMMETPUM O0YCJIOBIEHA OOMEHOM M30BEKTOPHBIMU & U P -ME30HAMM.
Bxnan & -mMe30HOB B IMMOTEHIIMATLHYIO SHEPTUIO CUMMETPUN E () gpnsgercs OoTpHlIa-

sym

SQHECPrusad CUMMECTPUU Esym, KOJIMYECTBEHHAasA O0JIA IIPOTOHOB
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- ITOJIO2KUTECJIbHBIM. HpI/I OOJIBILMX TUIOTHOCTSIX
E(S) ‘

sym| *

TEJTBHBIM, a BKJIaf P -Me30HOB E (p)

sym

MMEET MECTO HepaBEeHCTBO Eg’,l >

PaGota BbIMOJIHEHA B HayYHO-MCCJEI0BATEbCKON JlabopaTopuu (pU3nKu
CBEPXIUIOTHBIX 3Be3/ MpU Kadenpe NpUKIaaHON 37IeKTPOIMHAMUKA U MOAEIUPOBAHUS
ET'Y, ¢uHaHcupyeMoii KOMUTETOM 1O Hayke MuHMCTEpcTBa 00pa3oBaHMsl, HAyKH,
KyJAbTypbl U cniopta PecnyOinku ApMeHUs.

EpeBaHckuii rocynapCTBEHHBINM YHUBEPCUTET,
Apmenus, e-mail: galaverdyan@ysu.am

ISOSPIN-ASYMMETRIC COLD NUCLEAR MATTER IN
THE RELATIVISTIC MEAN-FIELD MODEL WITH A
SCALAR-ISOVECTOR INTERACTION CHANNEL

G.B.ALAVERDYAN, A.G.ALAVERDYAN

Within the framework of the relativistic mean field theory, in which, in
addition to the fields of o, ®, p mesons, the isovector Lorentz scalar field of
the & meson is also taken into account, the properties of isospin-asymmetric cold
nuclear matter are studied. The properties of both purely nucleonic np matter
depending on the baryon density n, and the asymmetry parameter o, and the
properties of electrically neutral B -equilibrium npep matter depending on the
baryon density n, are studied. For different values of n, and « , such characteristics
of np matter as the energy per baryon, the specific energy due to isospin
asymmetry, the effective masses of the proton and neutron, and the specific
binding energy are determined. It is shown that the energy caused by the
asymmetry, for a fixed value of a , is a monotonically increasing function of the
baryon density n, For npen matter, the dependences on the baryon density #,
of the effective masses of the proton and neutron Ml(fff ), M ,Seff ), the specific
binding energy E, , the symmetry energy Esym, the quan}itative proton fraction
Y,=n, /nB , as well as the average meson fields &, ®, 8, p are studied.

Keywords: Mean-field: nucleon matter: neutron star matter: symmetry energy:
effective mass: binding energy
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We investigate vacuum expectation value of the energy-momentum tensor for a massive Dirac
field in flat spacetime with a toroidal subspace of a general dimension. Quasiperiodicity conditions
with arbitrary phases are imposed on the field operator along compact dimensions. These phases are
interpreted in terms of magnetic fluxes enclosed by compact dimensions. The equation of state in
the uncompact subspace is of the cosmological constant type. It is shown that, in addition to the
diagonal components, the vacuum energy-momentum tensor has nonzero off-diagonal components.
In special cases of twisted (antiperiodic) and untwisted (periodic) fields the off diagonal components
vanish. For untwisted fields the vacuum energy density is positive and the energy-momentum tensor
obeys the strong energy condition. For general values of the phases in the periodicity conditions
the energy density and stresses can be either positive or negative. The numerical results are given
for a Kaluza-Klein type model with two extra dimensions.

Keywords: topological Casimir effect: Dirac field: toroidal compactification

1. Introduction. The field theoretical models in background spacetimes with
compact dimensions appear in a number of theories in fundamental physics like string
theories, supergravities and Kaluza-Klein theories. The quantum creation of universe
with a compact space has been considered in [1-3]. In this type of models the
probability of inflation in the early stages of the universe expansion is not exponen-
tially small. The effects caused by the non-trivial topology of the universe on
cosmological scales are discussed, for example, in [4,5]. They include the ghost images
of galaxies and quasars, cosmological magnetic fields and observable effects on cosmic
microwave background. Physical models formulated on background geometries with
nontrivial topology also appear in a number of condensed matter physics systems.
Examples are topological structures of graphene, like carbon nanotubes and nanoloops.
The long wavelength excitations of the electronic subsystem in those structures are
described by an effective field theory (Dirac model, see [6,7]) with 2-dimensional
spatial topologies R'x S' and 7% =8'x S, respectively.

In quantum field theory the nontrivial spatial topology is a source of a number
of interesting effects. In particular, the periodicity conditions along compact
dimensions modify the spectrum of quantum fluctuations of fields and, as a
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consequence, the expectation values of the physical characteristics are shifted by an
amount that depends on the geometry and topology of the compact subspace. This
general phenomenon is known as the topological Casimir effect (see [8-12]). The
vacuum energy in the topological Casimir effect depends on the size of compact
dimensions and this provides a stabilization mechanism for the corresponding
moduli fields. The topological Casimir energy may also appear as the source of the
accelerated expansion of uncompact subspace playing the role of the dark energy
at recent epoch of the Universe expansion (see, for example, [13-18]).

An important physical characteristic for charged fields is the expectation value
of the current density. For a relatively simple model of toroidal compactification
in flat spacetime (for quantum field theory in models with toroidal spatial
dimensions see, for example, [19]), in references [20-23] it has been shown that
the nontrivial phases in the periodicity conditions along compact dimensions give
rise to nonzero currents along those dimensions. The phases can be interpreted
in terms of magnetic fluxes enclosed by those dimensions. The currents in the
compact subspace are sources of magnetic fields having components along
uncompactified dimensions. The dependence of the vacuum energy density and
diagonal stresses for a massive fermionic field in the same model of flat spacetime
with a part of spatial dimensions compactified on a torus has been studied in [24].
In the present paper we show that, in addition to the diagonal components, the
vacuum expectation value (VEV) of the energy-momentum tensor may have
nonzero off-diagonal components (vacuum stresses) in the compact subspace.

The paper is organized as follows. In the next section we present the problem
setup and the eigenmodes for a Dirac field obeying the quasiperiodicity conditions
along compact dimensions. The general formulas for the vacuum energy density
and stresses are obtained in section 3. The asymptotic and numerical analysis of
the VEVs in a model with two compact dimensions is presented in section 4.
The main results are summarized in section 5.

2. Problem setup. The background geometry we are going to consider is
a flat spacetime with topology M”"'xT?, where M”* is (p+1)-dimensional
Minkowski spacetime covered by the Cartesian coordinates zO:t,zp =

:(zo, zh, .., zP ) and T9=(5") is a g-dimensional torus with the coordinates

z,= P 2P ) The length of the / th compact dimension will be denoted by
L, and, hence, 0< Z' < L, I=p+1, .., D. The volume of the compact subspace
is expressed as V, =L,,,...L,,. For the uncompact dimensions, as usual, we have
z' e(~,+ ). The line element has the standard Minkowskian form

ds® =, dv'dx’ =di*—dz’, 7*=(z,,2,), (1)

p>7q

and m,, is the Minkowski metric tensor in Cartesian coordinates.
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We are interested in the vacuum stresses for a massive Dirac field y(x),
x= (t,z), induced by compactification of a part of spatial dimensions. The field
equation reads

(iy“&H —m)\u(x)z 0, 2
where y*, u=0,1,..,D, are Nx N Dirac matrices with N given by N = ollo+y2]
and [a] stands for the integer part of a. The background geoemtry has non-trivial
topology and in order to fix the dynamics uniquely the periodicity conditions along
the compact dimensions have to be specified for the field operator. We impose

quasiperiodicity conditions

\u(t,zp,...,z[+Ll,..., ZD):ei“‘ \u(t,zp, Wz ZD), 3)
with phases o, =const and /=p+1, ..., D. The special cases of periodic and
antiperiodic fields correspond to o, =0 and o, =n (untwisted and twisted fields,
respectively).

The VEV of the energy-momentum tensor T, for the fermionic field is
expressed in terms of the mode sum over a complete set of normal modes \y[(f)(x),
where P is the set of quantum numbers specifying the solutions to the field
equation and upper/lower signs correspond to the positive/negative energy modes.
Denoting the VEV by un < > <O| T H\,|O> , with |O> being the vacuum state, the
mode sum is expressed as

< “"> - ZJ[\Vﬁ T(uOv) (j)(x)_ (6(uW[(3j)(x)) Tv) \Iffsj)(x)]a @)

J+—

ny

where 7y, =n,7", W(x):\y*(x)yo is the Dirac adjoint and the parentheses
including the indices mean symmetrization over those indices. The symbolic
notation ZB stands for the summation over discrete components of the collective
index B and the integration over the continuous ones. The problem under
consideration has planar symmetry and it is natural to take the normal modes
corresponding to plane waves.

Taking the chiral representation of the Dirac matrices,

0_10 1_061
"o -1) T Tleel o) )

the positive and negative energy wave functions with momentum k= (k,, ..., k)
and energy ¢, =vk*>+m® have the form [22]

(1F1)/2
{_ ko ] w)(f)

€ +m

( Kot J(lil)/Z “ (6)
w.

x
€ tm

12
\I/Fsi)(x):[ 1+m/eg, ] o NeFin

22n) 7,
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where ¢ = (Gl,...,GD). Here, the quantum number y =1,2,..., N/2 enumerates the
polarization degrees of freedom, w)((i) are one-column matrices with N/2 rows and
[ th element w)(f,) =90,,. We will decompose the momentum into two parts,
k= (kp, kq), where kp= (k5 ..oy kp) and kq= (kpﬂ, ..., k) are the parts in uncompact
and compact subspaces. For the components &, /=1, 2, ..., p, one has —oo <k; <+
The eigenvalues of the components k, along compact dimensions are quantized by
the periodicity conditions (3):

k,:zmi—l”f, n=0,+1,42,.., A
for I=p+1, ..., D.

The phases in the conditions (3) can be interpreted in terms of the magnetic
flux for a vector gauge field enclosed by compact dimensions. The representation
described above corresponds to the gauge with zero vector potential, (\V, A, ): (\|/, 0).
Let us pass to a new gauge with the fields (y',4;), where 4 has nonzero
constant components along compact dimensions: A{l =0, pu=0,1,..,p and

A4 =const for /=p+1, ..., D. The gauge transformation has the form
y'=ye 't A =4,+0,L, A=bat,

with constant b, and e being the charge of the Dirac field. Choosing b, =0,

u=0,1,...,p and b, =4, for I=p+1, ..., D, for 4,=0 in the new gauge we

get (\u', AL)Z[\W , 4, |. Taking 4, =a, /(eL,), we see that the new field
obeys the periodicity condition with o; =0. Hence, the initial problem with a
zero gauge field and quasiperiodicity condition (3) is transformed to a gauge with
periodic boundary conditions for the field and with a gauge field having constant
components along compact dimensions. In this interpretation the phases can be
expressed as o, =-2nd,/®,, where ®,=2mn/e is the flux quantum and
®, =—A)L, is the formal magnetic flux enclosed by the compact dimension x’.
That flux takes on real meaning in models where the space under consideration
is embedded in a space of higher dimension. Examples are the braneworld models
and carbon nanotubes. In the latter case the Dirac field describing the electronic
subsystem of graphene lives in a 2-dimensional space with topology R'xS' and
that space is embedded in a 3-dimensional Euclidean space. The magnetic flux
is located inside the tube.

_jed" xM
ied,x

3. Vacuum energy density and stresses. With the mode functions (6),
the VEV of the energy-momentum tensor is evaluated by using the formula (4).
The mode sums for the energy density and vacuum stresses are transformed to

N dk N (dk k k,
(Tw)=—5- T Lo (Tw)=—5, [ X = @®)
2Vq (275) n ez, 2Vq (271) n, ez’ €k
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for p,v=12,..,D, and u <TOV>:0. The component <TOO> corresponds to the
energy density and it is presented as the sum of the zero-point energies for
elementary oscillators. The expressions (8) for the diagonal components have been
considered in [24]. The expressions in (8) are divergent and in [24] two different
methods have been used in order to find the expressions for the renormalized
VEVs. The first one is based on the Abel-Plana summation formula and the
second one uses the zeta function technique [9,25]. We will follow the second
approach.

For the regularization of the mode sums we introduce the zeta function of
a complex variable s as

1 dk Y
C(S)_V_qj(zn;y nqelfk , ©)

where the term n =0 has to be excluded from the sum in the special case o, =0,
I=p+1, ..., D. After integration over kp and by using the generalized Chowla-
Selberg formula [26,27] for the resulting series, the zeta function is decomposed
as [24] ¢(s)=¢,(s)+¢,(s), where ¢, (s) is the corresponding function for the
Minkowski spacetime with trivial topology and the contribution ( t(S) is induced
by nontrivial topology. Introducing the vectors a, = (apﬂ,...,ocD and
L, Z(pr---»LD) in the compact subspace, the topological part is expressed as

21—s mD—Zs ,

)= (2m)” 2r(s)Ezqcos(""m")f oz melLym, ) (10)
where the prime on the summation sign means that the term anO should be
excluded and we have introduced the functions

b 12
fV(X)=KV—Ex), g(Lq,nq){ ZL?",-ZJ : (11)
X i=p+1
with K (x) being the modified Bessel function of the second kind.
An alternative representation for the zeta function, convenient in the asymp-
totic analysis of the off-diagonal stress, is obtained from (10) by using the formula
(2.40) from [22]. It is given by the formula

21—S mD—ZS ,

5 cosl, )

C0=Cpnaal) e 2,

T a— (12)
x COS(I’IV a, )85—_22“—2 fp/Z*SH( }’liLi-l‘ n‘%L%’ gnq—z j ’

where €., » (s) is the zeta function in the model of topology M?*3xT%* with
decompactified dimensions x* and x'. Here, M?*" stands for (p+ 3)-dimen-
sional Minkowski spacetime with trivial topology. The prime on the summation
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sign in (12) means that the term n, =n,=0 is excluded from the summation
and we have defined

b 12

2 2

€n, =( Z ki+m ] . (13)

I=p+1,#n,v

The function ¢, ,, (s) is given by a formula similar to (10) with the summation
over m,_, € 777

The background geometry is flat and the renormalization is reduced to the

subtraction of the Minkowskian VEV. The renormalized energy density is ex-

pressed as <T00> =-N¢, (— 1/2)/2. For the diagonal components of the vacuum
t

stresses along uncompact dimensions one gets (no summation over p) <T p“> = <T 0°> ,

t t

u=12,..., p. The diagonal vacuum stresses in the compact subspace are found

by using the relation (no summation over W) <TH“>Z :(L“ /Vq )6 L (V‘f<T°0>z)’

uw=p+1,..,D. In this way, from (10) for the diagonal component we find [24]

(no summation over p)

D+l ,
<THH>z :%ﬁnéqc%(}quq )F(u)<mg(L‘1’n‘1))’ (14)

q

with the functions

ﬁD+l)/2(x)’ ”':0: 1529""[)
Fu-|

f(D+1)/2 (x)— mzLinij”(D+3)/2 (x), pu=p+l,..,D. (15)

The corresponding expressions in the case of periodic conditions, o, =0,
I=p+1, ..., D, are obtained from (14) with cos(n qaq):l . In this case the vacuum
energy density is positive and for the diagonal stresses one has (no summation
over /) T,’>l <<T0°>l ,I=p+1, ..., D. As it will be shown below, for periodic
conditions the off-diagonal components vanish. By using the relation

2 fon ()= £ ()4 2v £, (), (16)
it can be seen that Zil<T/>l <<T°0>;' Hence, the vacuum energy-momentum
tensor for a fermionic field with periodic conditions obey the strong energy
condition. For twisted fields with o, =n, /=p+1, ..., D, one has cos(nqaq)z
— (_ 1)np+1+.A.+nD )

The result (14) shows that the vacuum stresses in the uncompact subspace are
equal to the energy density, <T“H>t :<T00>t, p=1,..,p (no summation over p).
Of course, this is a consequence of the Lorentz invariance in that subspace. By
taking into account that for the vacuum effective pressure along the direction x"
one has F, :—<Tu“>t, we see that the equation of state for the vacuum in the
uncompact subspace is of the cosmological constant type. The models with the
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topological Casimir energy as the source of the accelerated expansion are based
on this property.

For a massless fermionic field the general result (14) is reduced to (no
summation over )
’ COS(n [0 ) (0)
D+1(L n )F(u) (Lq’nq)’ (17)

q°7q

N D+1

<THH>,:(275)(D+1)/2F 2

n,eZ? g

where F(E?))(Lq, q) 1 for p=0,L2,..,p, and

D+1)n’L?
FOL,, =1—( Sy
(u)( q nq) gziLq,nq} (18)

for u=p+1,..,D. In this special case the vacuum energy-momentum tensor is
traceless (7;') =0.

Here we are interested in the off- diagonal components. For u=0,1,2,.
and v#pu one gets <Tw>t =0. The possible nonzero components <Tuv>t corre-
spond to w,v=p+1,..,D. In order to use the zeta function, we note that the

following relation takes place
k., L.L,

= 9, 0, & .
ey 3(27_[)2 o, o, “k (19)
This allows to write the off—diagonal components in the form
NL L NL,L, 3
T,)=——>*—0,0, — K, >0, 0, (——j.
< s > 6(275)2 po %y J‘ 27.[) néqk ( TC) o VC 2 (20)

By using the formula (10), for the topological part we get
D+3
NL,L,
(), =7 (n0

T A ND2 2 )D+1/2 Z n,n, cos\n )f(DH)/Z(mg( q° q)) (21)

Note that in this representation we can make the replacement
cos(nq(xq )—) sin(nu ocu)sin(nv a, )cos(nq,zocq,2 ), (22)

where n o, , :Zl;tp,vnl o, . This replacement explicitly shows that the off-
diagonal component (7,,) , is an even periodic function of the phases a,;,/# p,v

with the period equal to 2n, and an odd periodic function of a, and o, with
the same period. Hence, without the loss of generality, we can assume that
|OLH| <n. For a massless field, by taking into account that f,(x)=2""T(v)x™
for x<<'1, one obtains

NLHLV D+3 , cos(nqocq)
(T)

= —— Z n,n, .
i 02, oo u gD+3(Lq,nqj (23)
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An equivalent expression for the off-diagonal stresses is obtained by using the
representation (12) for the zeta function in (20). The first term in the right-hand
side of (12) does not depend on a, and a, and, hence, it does not contribute
to the stress. The following expression is obtained:

NLL: : .
<Tuv>t - _anq n,n, sm(nM O‘u)

. p+5 [ 272, 272
X sm(nV a, )aniz f(p+5)/2( n,L+n,L; En, )

For ¢g=2 (p= D-2) one has €, , =M and the formula is reduced to

NmPPL L, %, , ,
<TMv >t =— (21‘c) D+S/2 > n,n, s1n(nM ocp)sm(n\, ocv)f(D+3)/2(m1lniLﬁ+ niL: ) (25)

7y, 1, ==00

24)

In the special case under consideration this coincides with (21).

The special case of the results corresponding to D=2 describes the properties
of the ground state for the electronic subsystem in graphene nanotubes and
nanoloops (toroidal nanotubes) described by the effective Dirac model. For nanotubes
one has (p, g)=(1, 1) and for nanoloops (p, g) =(0,2). For metallic nanotubes
and in the absence of the threading magnetic flux the phase along the periodic
condition is zero, o, =0. Depending on the chiral vector in semiconductor
nanotubes two values of the phases are realized with o, =n/3 and o, =2n/3. The
corresponding analysis for the diagonal components of the ground state energy-
momentum tensor can be found in [24]. The off-diagonal component for nanoloops
is obtained from (25) with D=2 and N=2. In this special case one has

S5 =\/TE/_2)C75€7X(3+3X+X2).

4. Asymptotic analysis and numerical results. Let us consider some
asymptotics of general formulae. For large values of the length of the compact
dimension z', I# wv, Li>L,L, the dominant contribution in (21) comes
from the term with n,=0 and the leading order term coincides with the off-
diagonal stress in the model where the coordinate z' is decompactified. In the
opposite limit L, << L,L,, it is more convenient to use the the representation
(24). The behavior of the stress is essentially different depending on whether the
phase o, is zero or not. For o, =0 the main contribution to the VEV <Tw>t

comes from the modes with n,=0. To the leading order we get

N<T >(M””><T‘H)

<T uv >, ~ H]v\,;_l I : (26)

(M i xT"’l)

where N, =272 and <Tuv>t is the corresponding VEV in D-dimen-
sional spacetime with topology M”"'xT9"" which is obtained from the geometry
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described by (1) excluding the compact dimension x’'. For a ; #0 and assuming
that |ocl| <m, again, the dominant contribution give the modes n,=0. The argument
of the function f,,s), (x) is large and we can use the corresponding asymptotic
of the modified Bessel function. This shows that in the limit under consideration

the off-diagonal stress <T v >, is suppressed by the factor exp —|(x,|,lLﬁ+L% /Ll).
For large values of the lengths L, and L, compared to the other length scales
1/m and L, [#p,v, by using (24) we can see that the topological contribution

<Tuv>, is exponentially suppressed by the factor exp(— 8(0)1/Li+L3j, where

€(0)=¢n, ,|n, ,-0 and 0<|o|<m. For small values of L, and L, the dominant
contribution in (24) comes from large values of |n]| and we can replace the

corresponding summations by the integration in accordance with

' -2 +
=) P o B et T e M f<p+s)/z(bvyz +’"2)’(27)

- ry

where b= ,lnjLi+ nil’ and y= (yl, ...,yq,z) with — o0 < y, <+o0. After integration
over the angular part, the integral over |y| is evaluated by using the formula from
[28]. In this way it can be seen that the leading term in the expansion of <T v >t

coincides with (25). Additionally assuming that mJLﬁ+ I2 <<1, in the leading
approximation we get

NL,L, D+3 & sin(nLl ocu)sin(n\, (xv)
) =@ 5 2 vy (28)
Wit phn™ vy

Note that the right-hand side presents the off-diagonal component of the vacuum
energy-momentum tensor for a massless fermionic field in the model (p, q) =
(D-2, 2) with compact dimensions x" and x".

Fig.1. The expectation values of the vacuum energy density and off-diagonal stress on the
phases of the periodicity conditions in the model (p, q) = (3, 2) with mL, = 0.5, mL;= 0.6.
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Fig.2. The same as in Fig.1 for the stresses along the compact dimensions x* (left panel) and
x° (right panel).

We will present the numerical analysis for the D=5 model with two compact
dimensions x* and x°. This corresponds to the set (p, g) = (3, 2). By taking
into account that in [24] the numerical results for the energy density and diagonal
stresses are given for the model D=4 with a single compact dimension, the
analysis will be given for those quantities as well. We start from the dependence
of the expectation values on the phases o, and o . Fig.1 presents that dependence
of the energy density (left panel) and off-diagonal stress <T45>t (right panel) for
mL,=0.5 and mL,=0.6.

The corresponding results for the diagonal stresses along compact dimensions
are given in Fig.2. As already mentioned above, the energy density and the
diagonal stresses are even periodic functions of o, and o, whereas the off-

Fig.3. The expectation values of the vacuum energy density and off-diagonal stress on the length
of compact dimensions in the model (p, q) = (3, 2). For the left panel we have taken o, =n/2,
os =0 and for the right panel o, =2, o5=-0.67.
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diagonal component is an odd periodic function of those phases. Depending on
the specific values of the phases, all the components can be either positive or
negative. The energy density (Tj), and the vacuum pressures (7,,) and (),
are positive for the values of the phases near (a 4 a5): (0, 0) (periodic conditions)
and negative near (a,,os)=(n, ) (antiperiodic conditions).

The dependence of the VEVs of the components for the energy-momentum
tensor on the lengths of compact dimensions is presented in Fig.3 (energy density
and off-diagonal component) and Fig.4 (stresses along compact dimensions). For

Fig.4. The vacuum stresses along the compact dimensions x* (left panel) and x° (right panel)
versus the lengths of those dimensions. The graphs are plotted for o,/2n=0.25, as2n=0.

e I S L L e s e e e e B B I S e

10f

[ 0.247541
-10 [

0.0 05 10 15 2.0 25
L/L,

Fig.5. The energy density for a massless fermionic field in the model (p, ¢) = (3, 2) as a
function of the ratio L,/L, for fixed value a, = /2. The numbers near the graphs are the values
of as/2m.
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the diagonal components we have taken the phases o, =n/2 and as=0 and the
off-diagonal component is plotted for o, =7n/2, os=-0.67.

From the given graphs, one can get the impression that the energy density
is a monotonic function of the lengths of the compact dimensions. However, this
is not the case even for a massless field. In order to demonstrate that and by
taking into account that the VEVs for a massless field approximate the results for
massive fields in the limit of small values of the lengths of compact dimensions,
in Fig.5 we have plotted the dimensionless quantity Li <T00>t as a function of the
ratio L,/L,. The corresponding expression is given by the right-hand side of (28).
The graphs are plotted for o, =n/2 and the numbers near the curves are the values
of the ratio o;/2n. For large values of L./L, all the curves tend to the
corresponding result for the energy density in the model where the direction x’
is decompactified L — .

5. Conclusions. Continuing the investigations started in [24] we have studied
the effects of nontrivial topology on the local characteristics of the fermionic vacuum.
A toroidal compactification of a part of spatial dimensions in (D+1)-dimensional
flat spacetime is considered. In addition to the diagonal components, studied in [24],
the vacuum energy-momentum tensor has an off-diagonal components having
indices along compact dimensions. Those components vanish for periodic (a; =0)
and antiperiodic (o, =m) conditions. In the first case the vacuum energy-momen-
tum tensor for a fermionic field obeys the strong energy condition. For general
values of the phases that is not the case. The phases in the periodicity conditions
can be interpreted in terms of magnetic fluxes enclosed by compact dimensions.
The VEVs are periodic functions of magnetic fluxes with the period of flux quantum.
The diagonal components are even functions of the phases a,. The off-diagonal
component <Tuv>,’ p#Ev, pv=p+1,..,D, is an even function of o, with
[#w,v, and odd function of the phases o, and o, . The vacuum stresses in the
uncompact subspace are isotropic and the corresponding equation of state is of the
cosmological constant type. Depending on the values of the phases the components
of the vacuum energy-momentum tensor can be either positive or negative. For
small values of the lengths L, and L, , the off-diagonal component is approximated
by the corresponding result for a massless field in the model with g=2 and compact
subspace (x",x") (see (28)). The numerical analysis of the obtained results is
presented for the D=5 with (p, q) = (3, 2).

We have considered the effects of the nontrivial topology on the local
properties of the fermionic vacuum. In the presence of boundaries additional
contributions are induced in the VEVs of physical observables (the boundary-
induced Casimir effect). The effects of two planar boundaries with the bag
boundary conditions on the Dirac field in the geometry under consideration have
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been discussed in [29,30]. The results in the special case of 2-dimensional space
are applied to finite length carbon nanotubes. The fermionic condensate and the
VEV of the energy-momentum tensor in toroidally compactified de Sitter spacetime
are studied in [31].
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OEPMMWOHHLIE BAKYYMHBIE HATAXEHUA B
MOIEJIAX C TOPOUIOAJIBHO KOMITAKTHBIMHA
N3MEPEHUAMU

A.A.CAAPAH!'2, PM.ABAKAH!?, I.T.APYTIOHAH!, I'T.HUKOT'OCAH!

HccnenoBaHo BakyyMHOE CpefHee TeH30pa SHEepPrUM-UMIYJIbca MacCUBHOIO
nojisg JIupaka B TUIOCKOM MPOCTPAHCTBE-BPEMEHU C TOPOUIAIbHBIM IOAINPOC-
TPaHCTBOM IPOM3BOJIbHON pa3MepHocTy. Ha omepatop mosisi BAOJAb KOMITAKTHBIX
M3MEPEHUIN HaKJIaAbIBAIOTCS YCJIOBUSI KBa3UNEPUOIUYHOCTHA C MPOU3BOJbHBIMU
¢azamm. Dtu (pa3bl UHTEPIPETUPYIOTCS B TEPMUHAX MAarHUTHBIX IIOTOKOB, IIPOHU3bI-
BafOIIMX KOMITAKTHBIE W3MEpPEHMS. YpaBHEHHE COCTOSHUSI B HEKOMIIAKTHOM
MOANPOCTPAHCTBE MMEET TUI KOCMOJOrMyeckoil moctosiHHo#. IlokaszaHo, 4To
BaKyyMHBbIA TE€H30p 3HEPTUM-UMITYJbCa MOMHUMO AMAarOHAJIbHBIX KOMIIOHEHTOB
COJEPXUT HEHYJeBble HeIMaroHaJlbHble KOMIIOHEHTBI. B 4YacTHBIX ciyyasx
CKPYYEHHBIX (aHTUIIEPUOIUYECKUX) U HECKPYYEHHBIX (MIEPUOAMYECKMX) Tojeit
HeluaroHajbHble KOMIIOHEHTBI OOpallalTcsl B HYJb. JIJ1si HECKPYYEHHBIX MoJiei
TJIOTHOCTh DHEPIMU BaKyyma IOJIOXKUTEIbHA, a TEH30P SHEPIUU-UMITYJIbCA YIOBJIET-
BOpsIET CUJIbLHOMY SHepreTuyeckomy yciioBuio. Ilpu obOumx 3HayeHMsix (a3 B
YCJIOBUSIX MEPUOAUYHOCTU TUIOTHOCTb SHEPTMM W HATSXKEHUS MOTYT ObITb Kak
MOJIOXUTENbHBIMU, TaK U OTPULIATEIbHBIMU. YHUCIEHHbIE pe3yabTaThl IPUBEACHDI
st mojenu tuna Kanyuei-KieliHa ¢ AByMsT JOTOJHUTEIbHBIMU U3MEPEHUSIMU.

KntoueBwie ciioBa: monosoeuueckuii sghgpexkm Kazumupa: nose upaxa: mopou-
daabHas Komnakmu@ukayus
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In this paper, we have revisited the Berman's idea of the variation of Hubble parameter. While
previously explored in the context of A -varying cosmologies, where scale factor variations yield
linear universe expansion, this parametrization has undergone extensive scrutiny. Our investigation,
however, explores into its implications in the context of late-time cosmic acceleration, within the
framework of classical general relativity, adopting the Friedmann-Lemaitre-Robertson-Walker
(FLRW) spacetime as our background metric. Our analysis offers a precise solution to Einstein's
field equations (EFEs) in a model-independent way, affording a thorough assessment of both ge-
ometrical and physical model parameters. Additionally, this study supplements its findings with
graphical representations of the evolving cosmological parameters across flat, closed, and open uni-
verse scenarios, all subject to constraints derived from the model parameters. In synthesizing these
results, we shed light on the intricate interplay between cosmic acceleration, dark energy, and the
parametrization of the Hubble parameter, thereby providing valuable insights into the fundamental
mechanics of our universe.

Keywords: cosmic acceleration: dark energy: cosmological parametrization: Hubble

parameter

1. Introduction. Before 1916, the prevailing belief was that gravity consti-
tuted an intrinsic quality of objects, exerting a consistent, immediate force over
extensive distances. Nonetheless, Einstein's theory of general relativity (GR)
marked a significant shift in scientific understanding. GR addressed the enigma
of Mercury's precise behavior by revealing that gravity was not a mysterious force
acting remotely in the backdrop of space and time. Instead, it emerged as a
consequence of the curvature of the underlying space-time framework. The
fundamental tenet of GR asserts that the shortest distance between any two remote
objects in space is invariably curved, forming the basis for GR's framework built
upon this curved geometry.

Over the past 100 years, the perspective of scientists about the universe has
completely changed as a result of Einstein's theory of gravity. Many phenomena
may be described analytically using Einstein's field equations (EFEs), and this
theory, that had been a mystery for decades, suddenly fitted the evidence. After
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100 years, there are still several problems with Einstein's general relativity,
including its failure to explain the Big Bang, the age of the universe, the singularity
within black holes, and many others [1]. Understanding the curvature singularity,
geodesic incompleteness, and b-incompleteness is one of GR's toughest hurdles.
Several individual develops of the universe have generated a great deal of impli-
cations and hypothesis in the area of GR. Therefore, developing a better theory
is one of the main goals of physics. Throughout the last century, there have been
numerous theoretical and observational problems with Einstein's theory. However,
new gravitational wave observations and a black hole picture improve GR foun-
dation. So, we are motivated here just to discover late expansion of the universe
in the context of GR.

During the previous many years, one of the important problems in theoretical
physics and, more broadly, cosmology has been determining the mysterious nature
of the universe's two dominant components, dark energy and dark matter. The
physical cause of the late-time cosmic acceleration is the greatest open challenge
in cosmology today. Explaning the various statistical observational data sets revealed
the physical mechanism [2-11]. Many models of dark energy consider the
presence of an additional, undetected field that is perhaps responsible for the
universe's rapid expansion. However, some reasonable hypotheses also include an
infrared modification to the theory of general relativity [12-14]. The evolution of
the current cosmos is consequently governed by dark energy, which makes up
about two third of the total energy density of the universe.

According to the literature, Einstein's cosmological constant A , which was first
proposed in 1917, serves as the best and most straightforward candidate among
these various research options for dark energy. This implies that the repulsive
nature of A is responsible for the universe's acceleration with the equation of state
o =—1. This genuine candidate, however, suffers from a long-standing cosmologi-
cal constant problem as well as the constant equation of state. In Einstein field
equations, the term cosmological constant A describes the intrinsic energy density
of the vacuum, which is the most interesting candidate of dark energy (DE). The
mathematical expression A, on the other hand, indicates a significant difference
between theoretical and observational predictions [15]. As a result of the variety
caused by the fine-tuning issue and the cosmic coincidence problem associated
with CDM, many DE models [16-18] have been developed.

As is well known, the EoS parameter is the relationship between energy density
and pressure i.e. = p/p. The decelerated and accelerated expansion of the
universe are described by the EoS parameter. It classifies the various cosmological
phases as follows: If ® =1/3 the model denotes the radiation-dominated phase,
while =0 denotes the matter-dominated phase. The present study makes an
effort to address late-time cosmic acceleration on a Friedmann-Lemaitre-Robertson-
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Walker (FLRW) background. The Einstein field equations in the FLRW back-
ground contain two independent equations with three unknowns (energy density
p, pressure p, and scale factor @) that can be resolved by assuming the equation
of state. The system becomes insecure when DE, an additional degree of freedom,
is added. This inconsistency in the literature can be resolved in a variety of ways.
Here, we use a model-independent method, also referred to as cosmological
parametrization, to find the exact solution of the field equations.

To fit data to the cosmic evolution of the universe, the model-independent
technique (or cosmological parametrization) of reconstructing a cosmological model
with or without dark energy has been used in the literature. Nowadays, there is
a lot of interest in the model-independent approach used in the framework of
some DE candidates, which was first discussed by Starobinsky. In the literature,
a wide range of parametrization schemes [19] have been suggested to describe the
evolution of universe, including the transition from early deceleration to late
acceleration. There are also other parametrization schemes, such as density,
pressure, deceleration, Hubble and scale factor parametrization and others. As a
result, the goal of this paper is to represent a specific parametrization of the Hubble
parameter that better explains cosmic dynamics and provides simpler constraints
than any other cosmological parameter.

The structure of the work is as follows: In Section 1, a brief introduction is
presented, addressing issues related to GTR and dark energy. Section 2 covers the
derivation of field equations, solution techniques, and offers a geometric interpre-
tation of the model obtained in the same section. In Section 3, we discuss into
the dynamics of the model, analyzing physical parameters and describing the
evolution during the RD and MD eras of the universe. Additionally, graphical
representations of the evolution of cosmological parameters are provided. In Section
4.1, we also discussed some kinematic properties of model. The work concludes
with our findings in Section 5.

2. Field equations and solution. Let us first assume that the universe
is homogeneous and isotropic. So, as a background metric, we will use the FLRW
spacetime in the following form:

2

dr
ds* =—c2altz+az(t)L_kr2 +r2d92}, (1)

where a(f) denotes the universe's scale factor, k is the curvature parameter assumes
the values 0, 1, or -1, which corresponds to flat, closed and open universe
respectively, , 6 and ¢ are spherical polar coordinates, ¢ is the cosmic time.
Here, we choose units in such a way that 8nG=c=1.

The matter source in the universe is provided by the total energy-momentum
tensor (EMT) given by the equation,
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Tu?tal = (pTotal + Protal )uuuv+ P Prota guv . (2)

The energy momentum tensor THTV‘”“I represents the combined energy momen-
tum of the two energy components in the universe. These components consist
of the total energy density pg,,,;, Which is the sum of the energy densities p
and p, corresponding to ordinary matter and dark energy, respectively. Addi-
tionally, the total pressure pg,,, is the sum of the pressures p and p,, where
p represents the combined pressure of radiation and matter. Again, p=p, +p,,
and p=p,.+p,, where the suffixes » and m denote radiation and matter
components, respectively. The suffix de signifies dark energy in these expressions.

The equation that incorporates the total energy-momentum tensor within the
framework of Einstein's field theory is,

1 Total
Ruv_ERgpv :_T}wt (3)
yield two independent equations as follows,
)

a k

P rotal = 3a—2 + 3a—2= 4
i oa k

Protal = —2;—a—2—a—2= 3)

where an overhead dot (-) represents ordinary derivative with respect to cosmic
time ¢ only. We believe that the interaction between two matter components are
natural. From equations (4) and (5), one can easily derive the equation of
continuity as

. a
pTatal +3;(pTotal +pTatal):O' (6)

The matter content in the univere is not properly known but it can be
categorized with the equation of state. Here, we consider the usual barotropic
equation of state for normal (/ordinary) matter

pP=wp, (7)
where, w=1/3 for radiation component and w=0 for pressure-less dust component
in the universe.

We address the cosmic history for different phases of evolution by solving these
equations, specifically examining the early RD era subsequent to the late MD era.
The system of equations presented in equations (4)-(7) yields only three inde-
pendent equations, while we have four variables in play: a, p, p, , and p,. To
attain a deterministic solution, we require an additional equation. In the scientific
literature, numerous methods have been proposed to resolve the field equations
and introduce the necessary supplementary equation. One such approach is the
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model-independent approach, which entails considering a functional form for any
cosmological parameter as a supplementary condition. Within this framework, a
wide array of parameterization schemes [19] have been explored in the past few
decades.

In the subsequent section, we delve into this approach, highlighting the idea
of cosmological parametrization that has been under consideration. We then focus
on one well-established parameterization to tackle the field equations and conduct
a more in-depth analysis.

2.1. Berman's law of variation of H. The issue of the Hubble parameter
dependence and its implications for cosmological models is of paramount im-
portance in contemporary cosmology. For example, the problem of Hubble tension
underscores the need for novel approaches and theoretical frameworks to reconcile
observational data with theoretical predictions. According to Alan Sandage, "cos-
mology is the search of two parameters H, and ¢,". Also, in a particular model,
the Hubble function regulates the dynamics of the universe. Moreover, the
complicacy of getting exact solution to the complicated field equations can be made
simple without violating the background physics is the model-independent way,
where any cosmological parameter (e.g. H, ¢, a, p, p) are allowed to consider
as functions of time or redshift with some free parameters (model parameters).
Detailed idea is discussed in some literature [19-22]. Our research aims to
contribute to this ongoing dialogue by providing a simplified yet insightful model
that can shed light on potential solutions to this discrepancy. Moreover, the
reference to the work of Bisnovatyi-Kogan and Nikishin [23] highlights the
diversity of approaches within the field and the richness of possible avenues for
exploration. By incorporating their insights and building upon existing research,
we aspire to develop a more comprehensive understanding of cosmological phe-
nomena. In literature, numerous physical justifications and incentives exist for
exploring the dynamics of dark energy models in a manner independent of specific
models [24-30]. Additionally, it aids in investigating dark energy without relying
on any specific cosmological model, apart from adhering to the cosmological
principle. The scientific literature contains numerous instances and pieces of
evidence for examining the behavior of dark energy models in a model-indepen-
dent way. In this section, we follow the identical concept of cosmological
parametrization and explicitly address the field equations while discussing the
universe's behavior during different stages of its evolution. Many researchers have
explored various parametrizations of cosmological parameters to describe specific
phenomena in the universe, such as the transition from early inflation to
deceleration and from deceleration to late-time acceleration. These parametrizations
allow model parameters to be constrained by observational data. The Hubble
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parameter, denoted as H, stands out as one of the most vital cosmic parameters
for understanding the rate of cosmic expansion, offering comprehensive insights
into cosmic history. In this context, we examine a straightforward parametrization
of the Hubble parameter, as referenced in source [31].

H(a):Da‘”, t))
where D >0, n>0 are constants (call them model parameter).

Using the defitition of Hubble parameter H = a/a , equation (8) yield the scale
factor as an explicit time variation as;

a(t)=(Dnt+C)" )]

where C is constant of integration. We observe that the scale factor behaves as
a linear function and is influenced by two model parameters, namely, » and D,
which govern its evolution. As time approaches zero (¢ — 0), we can establish
that a(0) equals ) Let us denote this as ' (where i represents the initial
value at ¢—0). This signifies a nonzero initial value for the scale factor.

2.2. Geometrical interpretation of model. In cosmology, the scale
factor represents the relative size of the universe at different times. It is a crucial
parameter in describing the expansion of the universe in models like the FLRW
metric, which is a fundamental solution to FEinstein's equations in general
relativity. The first derivative of the scale factor, a represents the rate at which
the universe is expanding at a given time. A positive value for ¢ indicates an
expanding universe, while a negative value suggests a contracting universe. The
second derivative of the scale factor, describes how the rate of expansion (or
contraction) is changing with time. This parameter is crucial in understanding the
dynamics of the universe. In the context of the standard cosmological model
(ACDM model), the behavior of & determines the acceleration or deceleration
of the cosmic expansion.

The first and second derivatives of scale factor with respect to time are given by

a=D(Dnt+ )" (10)
and
i=(1-n)D*(Dnt+C)" 2. (11)

At the initial time, denoted as r=0, the universe possesses velocities and
accelerations represented by al = D(c)l/ "1 and &) = (n—l)Dz(c)l/ "2 These values
indicate that the model under consideration begins with a finite volume, a finite
velocity, and a finite acceleration. Expressions for the Hubble parameter and
deceleration parameter in cosmic time ¢ can be derived from equation (9).

H(r)= % = D(Dnt+C)"! (12)
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q)=-"3=n-1. (13)
a
Equation (13) demonstrates that the deceleration parameter, as cited in [32],
remains constant over time, signifying time-independence throughout the evolu-
tionary process. A negative deceleration parameter (g <0) suggests a rapid expansion
of the universe, while a positive value (¢ >0) indicates a slowdown. The accel-
eration observed in the later stages of the universe aligns with the explanation of
SNela data, whereas the deceleration phase plays a crucial role in the cosmic
evolution responsible for structure formation. In our considered model ¢=10
implies a coasting universe (an expanding universe without any acceleration and
deceleration). This type of model also capable of explaining some observational
data to a certain redshift.
From equation (12), we can see that as t >0, H ) = D/C , which is constant.
Also, H(?) is a decreasing function of time as ¢ —>co, H(f) becomes zero.

3. Physical interpretation of model. Equations (4) and (5) with the help
of (7) can be written as

k
P+ P =3H2+3a—2, (14)

k
wp+pde=(2q—1)H2—a—2- (15)

We can note that the known functions of cosmic time ¢ in the system of
equations mentioned above are on the right-hand side, involving time-dependent
functions of a, g, H as specified in (9), (12), (13). On the left-hand side, there
are three unknown functions, namely p, p, , p,. The general equation of state
for dark energy can be expressed as,

Pae

®ge o (16)

The parameter o, can either remain constant or, more commonly, vary with
time as the universe expands. The time-dependent nature of ®, has led to the
development of numerous dark energy (DE) cosmological models. The character-
istics of dark energy, where the equation of state parameter o, is unknown, still
lack a comprehensive understanding. Astrophysical observations indicate that the
effective equation of state parameter o, for scalar field models falls within the
range of -1.48 <, <-0.72 [33-35]. Analyzing observational data, we find a
slight preference for dark energy (DE) models in which o, has recently crossed
the value of -1 [36,37]. For detailed investigations into dark energy and its
candidates, please refer to references [38-40]. When considering dark energy within
the framework of the ACDM model, which aligns with observational data, the
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parameter ®,, remains a constant value of -1. This is why Einstein's cosmological
constant serves as a suitable candidate for dark energy. Consequently, we persist
in examining the cosmological constant as a potential dark energy candidate. In
this scenario, solving equations (14) and (15) yields the expressions for the energy
density of matter (including radiation) and the density of dark energy.

2 k
p=m{(1+q)H2+a—z} (17)
1 s k
Pae =T — (1+3w—2q9)H +(l+3w)a—2 . (18)

We can now explore the behavior of the acquired model at various stages of
the evolution of the universe in two different scenarios within the FLRW
geometry: flat (k=0), closed (k=1), and open (k= -1).

3.1. Radiation dominated universe. In this case, we have w=1/3 and
p =~ p,. Therefore from equation (17) and (18) the expression for radation energy
density and dark energy density can be written as

3 » k
p,-=5_(1+q)H ey (19)
and
3[ .
pde=5_(1—q)H el (20)
In view of equation (9), (12) and (13), the above equations can be written as,
o =3 Dn .k
" 2| (Dnt+C)  (Dnt+C)" 21
o 3| (2-n)D? . k
“ 21 (Dnt+ P (Dnt+CV | (22)

Equations (21) and (22) describe the progression of energy densities during
the radiation-dominated era, but their validity does not extend to the Planck
epoch. As the cosmic time approaches zero (¢ — 0), the approximations for pi.
3| D’n k ;3 @2-n)D* &k
5 C2 + C2/n and Pde NE C2 + C2/n - These
expressions imply that p(ri) >0 at the outset, provided C #0, and pE,’e) >0 under

and p',, are given by p. =

the conditions #<2 and C=#0 for a flat or closed universe.

Examining equations (21) and (22), it becomes evident that the positivity
condition for p and p, holds true for the specified values of n, C, and D in
the cases of flat (k=0) and closed (k= 1) geometries. However, for an open
geometry (k=-1), the positivity condition for p and p, does not hold with the
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given values of n, C, and D. Fig.1, 2 illustrate the dynamic evolution of physical
parameters, specifically the radiation energy density p, and dark energy density
P4 » for particular model parameter choices: n=0.86, n=1.23, D=0.1, and an
integration constant C=1.2. We have chosen some particular values of these model
parameters as an exemplification. Although they can be constrained through some
data analysis (e.g. [41]), we here try to figure out the early and late evolution
of the cosmological parameters graphically.
The correlation between radiation energy density p, and temperature 7 is
given by
TEZ
p, =2~ N(T)T*, (23)

in the units with k,=c=1. At a temperature 7, the effective quantity of spin
degrees of freedom N(T') can be expressed as N(T')=7 Nf(T)/8+Nb(T), where
N, (7) and N,(T) denote the degrees of freedom for fermions and bosons,
respectively. It is assumed that the value of N (T) remains constant during this

Fig.1. The graph illustrates the time progres-
sion of radiation energy density p, for scenarios (k
=0, 1, -1) across panels (a), (b), and (c) corre-
spondingly, each using appropriate units of cosmic
time 7 .

p,(t)
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Fig.2. The graph illustrates the time progres-
sion of dark energy density p, for scenarios
(k=0, 1, -1) across panels (a), (b), and (c)
correspondingly, each using appropriate units of
cosmic time 7 .

Pl

period. By utilizing equations (21) and (23), we derive the following expression;

as V[ D "
T= + .
(th Nj {(Dm C)}  (Dnt+C)" 4

From EqeS (24) we can notice that as ¢r—>0, we have

T~

1/4
( - )1/4 D2n+ A howing th dati 1 i
2y o2 "o | showing that radation temperature also attains a

finite value initially. The graphs presented in Fig.3 depict the changes in radiation
temperature during the early stages of the universe using the identical set of model
parameters. However, it should be noted that these specific numerical model
parameters are not appropriate for the open k= -1 scenario in this context as well.

3.2. Matter dominated universe. In this case, we have ®=0 and p~p,, .

Therefore from equation (17) and (18) the expression for matter and dark energy
density can be written as
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T(t) /(45 /7°N)1/4
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Fig.3. The figure illustrates the variation of radiation temperature 7 as a function of ¢ for the
scenarios corresponding to (k=0, 1) in panels (a) and (b) respectively.

P =2[(1+q)H 2+Lﬂ (25)
k
P = [(l ~2q)H 2+a—2] (26)

Now, using the equations (9), (12) and (13) in equations (25) and (26), we get
the expression for matter and dark energy density

_9 D*n N k

P = (Dn+ O (Dnt+C)" (27)
_ (2-n)D? . k

Pie =\ Dne cf  (Dne+Cf" | (28)

In order to understand late-time cosmic acceleration, we can estebilish the
(t—z) relationship for which, we consider the relation between redshift and the
scale factor of the universe, with the standardized unit (a,= 1) and is given by;

a(z)z (1 + 2)71 . (29)
Now, the ¢—z relationshipis in this case is obtained as;
(l+z)"-C
t(z)——Dn : (30)

Now eliminating the inegration C with the help of ¢t—z relationship and
we write all the parameters in terme of redshift z and model parameter only.
The scale factor and Hubble parameter in terms of redshift can be written as

H(z)=D(+z)' (1)
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or

H(z)=H,(1+2)", (32)
where H = D be the present value of Hubble parameter.
Further, in view of Eq. (29), Egs. (27) and (28) can be written as

D? Y 2n
pf{ﬁW(ﬁﬂ) )2/} (33)

D*(2-n)

Pac = {m+ H+2) )ﬂ- (34)

From_Egs. (33) and (34), we observe that as z— 0, pm(z)—>2 nD*+ k] and
Palz) > [(2—n)D2+k], which is constant. The Fig.4 and 5 show the dynamical
behaviour of evolution of matter energy density p,, (z) and dark energy density

P e (z) with respect to redshift z with some particular choice of model parameter
n=0.86, n=1.23, D=0.1.

a
8 ] b
k=0 200
N
£
o 4 100
0 0
0 2 4 6 8 10 0 2 4 6 8 10
z z
0
Fig.4. The graph illustrates the variation
of the matter energy density p, with the
~ -100 redshift z for scenarios represented in panels
\g_s (a), (b), and (c), corresponding to (k=0, 1,
-1), respectively.
-200
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-40 Fig.5. The graph illustrates the varia-
= tion of the dark energy density p, with
-, the redshift z for scenarios represented in
o panels (a), (b), and (c), corresponding to

-80 (k=0, 1, -1), respectively.
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4. Distance measures in this model.

4.1. Lookback time and proper time. There are various approaches to
express the separation between two points in cosmology, specifically in cosmog-
raphy, the study of the universe. This is because, during the expansion of the
universe, the distances among comoving objects are in constant flux, and observers
on Earth perceive a backward progression in time as they observe distant objects.
The common thread among all distance measurements lies in their estimation of
the distances between events along radial null trajectories, which are essentially
the paths of photons that reach the observer. The lookback time, denoted as 7,
for an object is the duration between the detection of light today (at redshift z=0)
and the emission of photons at a specific redshift z.

a(O) dt

a
a

The proper distance between two occurrences is determined by measuring it at

t, =ty—=it(z)= (35)
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the instant of observation, representing the distance within the frame of reference
where they occur simultaneously. The proper distance is expressed as d(z) = a(O)r(z) ,
where r(z) denotes the radial distance of the object, which is given by

r(z)= 1% (36)

Therefore, the proper distance d (z) can be written as

d(z)= %{M} 0: C(w){(l +z)” } |

D(~1+n) D(1-n)

The luminosity distance, denoted as d, for a source exhibiting a redshift of
z is formally described as follows:

/
d} =—,
"4l (37)
where L is the observed flux and / is the intrinsic luminosity of the object. The

luminosity distance is given by

n (1-1-2)27'1
d;=(1+z)d(z)=c" ){m : (38)
The angular diameter distance is defined by
/
d =51, (39)

where / is intrinsic physical size and 0 is the observed angular size of an object,
the angular diameter distance d, of an object in terms of redshift z is

300
b
200
1=0.86
N
S0

-100
0 2 4 6 8 10 0 2 4 6 8 10

Fig.6. The plots of look back time ¢, and proper distance d(z) vs redshift z for the model
in the panel (a) and (b) respectively.
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Fig.7. The plots of luminosity distance d, and angular diameter distance d, vs redshift z for
the model in the panel (a) and (b) respectively.

_dle)__di | (42
1+z (1+Z)2 D(l—n) '
4.2. Age of the universe. The present age of the universe refers to the
current elapsed time since the cosmic event known as the Big Bang, which is
considered the starting point of our universe. According to the prevailing scientific
understanding, the universe is approximately 13.8 billion years old. This estimation
is derived from observations of cosmic phenomena, such as the cosmic microwave
background radiation and the redshift of distant galaxies. Over the course of these
billions of years, the universe has undergone significant transformations, including
the formation of galaxies, stars, and planets. The study of the present age of the
universe plays a crucial role in our comprehension of its evolution and helps
scientists unravel the mysteries of cosmic processes and phenomena. Age estima-
tions derived from alternate sources such as galaxies and the Hubble constant often
exhibit discrepancies, posing a persistent challenge in the field of cosmology. The
dynamical age of the universe is indicated by this constant.

A

(40)

< dz 47 dz 41
e @
If »n is not equal to zero, the value deviates from the current estimate, denoted
as t,=H, ', which is approximately 14 billion years. However, when # is set to
1, the model aligns well with the present age of the universe.

5. Results and conclusion. This work explores a cosmological model
grounded in the general theory of relativity within the framework of FLRW space-
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time. To derive an exact solution for the cosmological field equations and
accommodate the currently observed cosmic acceleration, we introduce a straight-
forward parametrization for the Hubble parameter, H which results in a time-
independent deceleration parameter, ¢(f), equal to n-1 (as in [32]). This
parametrization also leads to a linear-type evolution of the scale factor. The study
thoroughly investigates the behavior of various geometrical parameters a(f), H(?),
and ¢(?) and physical parameters, such as energy densities of radiation, matter,
and dark energy (including the cosmological constant). In FLRW space-time,
Berman's special law for Hubble's parameter variation (as mentioned in reference
[31]) yields a constant value of the deceleration parameter, g(f) =n- 1, which
results in accelerating universe models when 0<# <1 and decelerating ones when
n >1, offering an explanation for the current universe's acceleration. This model
suggests that the universe originated with finite volume, velocity, and acceleration,
in contrast to the standard big bang scenario.

In Section 3, we extensively examine the dynamics of the model we have
derived. We discuss how the physical parameters have evolved throughout the
history of the universe, accounting for the cosmological constant as a dark energy
candidate with an equation of state represented by ®, =—1. The requirement for
positive energy densities is satisfied only when considering flat and closed universe
geometries, as indicated by the expressions for radiation energy density p, and
dark energy density p,, . However, when it comes to an open universe, the selected
nu- merical values for the model parameters n, D, and C do not meet the
condition for positive energy densities in both p, and p, . In Fig.1 and 2, we
depict the profiles of radiation and dark energy energy densities for a range of
model parameter values, while keeping the model parameter D constant and
varying n. This analysis is conducted for flat, closed, and open universe geometries.
For the cases k =0 and k = 1, we can clearly see that in Fig.1 and 2 the evolution
of radiation and dark energy densities showing similar nature and is decreasing
over time, where as for the case (kK = -1) is incompatible in this scenario. The
Fig.3 illustrates how radiation temperature changes over cosmic time 7 in the early
universe for different universe geometries (flat and closed) with specific model
parameter values. Radiation temperature follows a pattern similar to radiation
energy density, starting with high temperatures and gradually decreasing over time,
eventually reaching a constant value in the late stages.

To gain a deeper understanding of how structures form in the universe and
the behavior of cosmological parameters in the late universe, we established a
relationship between time and redshift (¢—z) and expressed the physical param-
eters like matter and dark energy density in terms of redshift. Upon converting
these parameters to redshift z, it became apparent that they are all related to
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the variable n. We specifically examined the MD era, where dust pressure
approaches to minimal value. Fig.4 and 5 depict the red-shift evolution of matter
and DE energy densities in various geometries, with » being a variable and D
being a constant. In the existing models, both the matter energy density and dark
energy density maintain positive values. As a result, the weak and null energy
conditions are met, indicating that the resulting models are indeed physically
plausible. We have examined the lookback time, proper distance, luminosity
distance, and angular diameter distance for our derived model by analyzing the
plots presented in Fig.6 and 7.

In this analysis, we present a model designed to address the cosmic acceleration
observed in the late-time universe, situated within the framework of an FLRW
background. The approach involves adopting a parametrization of H suggested by
Berman in 1983. Notably, this model has the flexibility to extend its scope to
include anisotropic and inhomogeneous backgrounds. Moreover, it proves versatile
in tackling diverse challenges such as big bang nucleosynthesis, structure formation,
and inflation within the specified framework. A recent investigation [42] has devised
a robust methodology that capitalizes on the redshift dependence of the Alcock-
Paczynski test to gauge the expansion history of the universe. This technique
harnesses the isotropy of the galaxy density gradient field, leading to more stringent
constraints on cosmological parameters with heightened precision. This innovative
approach has been extensively explored in a series of papers by Li et al. [43-45].
The proposed model, along with analogous parameterized models [46], holds
promise for further scrutiny to refine and augment constraints on model parameters
by incorporating additional datasets. However, the detailed examination of these
possibilities is reserved for our forthcoming research endeavors.

Acknowledgements. Author SKJP and RK wish to thank TUCAA for it's
visiting associateship program, which help them in various ways.

! Department of Mathematics and Statistics D.D.U. Gorakhpur University,
Gorakhpur, 273009, Uttar Pradesh,

India, e-mail: krmgkp1995@gmail.com rkmath09@gmail.com

2 Pacif Institute of Cosmology and Selfology (PICS), Sagara, Sambalpur 768224,
Odisha, India, e-mail: shibesh.math@gmail.com



276 K.R.MISHRA ET AL.

INEPECMOTP ITAPAMETPU3ALIUN BEPMAHA
ITAPAMETPA XABBJIA B KOHTEKCTE ITO3AHEIO
YCKOPEHMUA

K.P.MUIIPA!, P.KYMAP!, II.KJ.ITACUD?

B 1001 cratbe MBI BepHyIUCh K uiaee bepMaHa o6 M3MeHeHUM MapamMeTpa
XabbOsna. PaHee aTa mapaMmeTpM3allusl MOJABEpPI/Iach TIIATEJIbHOMY M3YUYEHUIO B
paMKax A -TIepeMeHHBIX KOCMOJIOTMI, Ille M3MEeHEHHUsI MaclUTabHOro akTopa
MPUBOIAT K JUHEHOMY paciuupeHuto BcenaeHHoii. B naHHol paboTe M3ydeHbI
€ro MocCJeACTBMS B KOHTEKCTe KOCMUUYECKOTO YCKOPEHMSI MO3AHETO BPEMEHU B
paMKax KJacCUYecKoi oOlleii TeOpUM OTHOCUTEIBHOCTU, MPUHNUMAsI B KaUeCTBE
OCHOBBI TIpocTpaHCcTBO-BpeMs dpunmana-Jlemerpa-Pobeprcona-Yokepa (FLRW).
ITpencraBieHo TouHoe pellieHUe ypaBHeHui nosst DitHTeliHa (EFE) cnocobowm,
He3aBUCHUMBIM OT MOJEJIU, obecreurBasl TIIATEIbHYIO OLIEHKY KaK TeOMETPUYECKUX,
Tak 1 (pU3UUECKUX TTapamMeTpoB Mojaean. Kpome Toro, 3To McciaenoBaHue TOMOJIHEHO
rpaMYeCKMMU MPEACTaBICHUSIMU HSBOJIOLMOHUPYIOUIMX KOCMOJOTMYECKUX
MmapamMeTpoB B CLIEHAPUSIX TIOCKOM, 3aKPbITOM M OTKpHITON BceeneHHoI, npuuem
BCE OHU TOAJIEXKAT OrpaHUUYEHMSIM, BBITEKAIOIIUM U3 MapaMeTpoB Moaeau. CUHTe3
9TUX Pe3yJIbTaTOB MPOJIUBAET CBET Ha CJIOXKHOE B3aMMOIEHCTBUE MEXKITY KOCMUYECKUM
YCKOpEeHMEM, TeMHOM 3Heprueil u mapaMmeTpusalMeil mapamerpa Xab06ja, TeM
CaMbIM TIPEAOCTaBIIsAS HEHHYIO MH(OPMaLIMIO O (hyHIAMEHTATbHOM MexaHUKe Halllei
Bcenennoii.

KntoueBnie cltoBa: kKocmuueckoe yCKopeHue: meMHAas SHePeUsi: KOCMOAOCUUECK Al
napamempu3zayus: napamemp Xaboaa
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