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CLASSIFICATION OF BLL BLAZARS BY
OPTICAL ACTIVITY TYPES
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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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130 A.M.MICKAELIAN  ET  AL.

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.

         Number of objects        Number of objects
N             Type        with spectra in SDSS

Number % Number %

1 BZB BL Lac 1151 32.3 552 47.9
2 BZG Galaxies 274 7.7 150 54.8
3 BZQ Quasars 1909 53.6 618 32.4
4 BZU Unclassified 227 6.4 43 18.9

            All 3561 100.0 1363 38.3

Table 1

DISTRIBUTION OF THE TYPES OF BLAZARS FROM

BZCAT CATALOGUE

Fig.1. The distribution of BZB objects by redshift.
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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 ( H ,

[OIII] 5007 Å , [OI] 6300 Å , H , [NII] 6583 Å , and [SII] 6716+6731 Å ) [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:

Classes/Subclasses SDSS images VCV-13 NED

BL Lac - 417 -
QSO - 28 262
AGN - 7 -
Galaxy 139 - 145
GClstr - - 2
Star 413 - 3

UvES - - 3
UvS - - 2
VisS - - 19
IrS - - 7

RadioS - - 9

Total 552 452 452

Table 2

DISTRIBUTION OF TYPES OF OPTICALLY CLASSIFIED

BZB (BL Lac) OBJECTS FROM BZCAT CATALOGUE
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- By the 1st diagnostic diagram (DD1) using line intensity ratios   HOIII

vs.   HOI .

- By the 2nd diagnostic diagram (DD2) using line intensity ratios   HOIII

vs.   HNII .

- By the 3rd diagnostic diagram (DD3) using line intensity ratios   HOIII

vs.   HSII .

Fig.2. The new classification of the BZB objects using the SDSS spectra.
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Classification Number %

Abs (Absorption galaxy) 100 18.11

BZB   Continual spectra with z 22 3.97

         Continual spectra without z 237 42.85

Em 24 4.32
LINER 2 0.36
NLQ1 1 0.18

NLQ1.5 2 0.36
QSO 16 2.90
SB 2 0.36
Sy2 2 0.36

Unknown 145 26.23

Total 552 100

Table 3

CLASSIFICATION OF BZB OBJECTS USING THE SDSS SPECTRA
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- By comparison and using the 1st, 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 H  and H  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.

4. Absolute magnitudes and luminosities. Having information on

magnitudes from SDSS, we have calculated absolute magnitudes for BZB objects

using Eq. (1).

    , log55 zmzfLmM  (1)

    






z

.

M dzz
H

zc
L

0

503

0

1
1

(2)

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

L

43
10

13 type class r

5BZB J0110-0415 BL Lac Star NLQSO1 BZQ -22.76 41.82

5BZB 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

5BZB J1402+1559 BL Lac Star B QSO LINER BZG -22.02 21.08

5BZB 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 NLQSO1.5 BZQ -21.83 17.73
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where L is the luminosity distance as defined by Riess et al. [13], z  is the

redshift,    1152 z.f  the k correction,  zm  is a correction to k considering

that the spectrum of quasars is not strictly a power law of the form S

( 30. , [8]).

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

lations:

.H..M  Mpcskm71, 710, 290 -1
0  

Having absolute magnitude, we counted luminosities for BZB objects from

Blazars catalogue using Eq. (3).


 L.L MM  5122 (3)

where L  and M  are the luminosity and the absolute magnitude of the Sun

( 3310833  .L  erg/s, 834.M  ). 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
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Fig.3. Color-color diagrams for BZB
objects after the optical classification.
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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.

Fig.4. Color-magnitude diagrams for BZB objects after the optical classification.
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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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ÊËÀÑÑÈÔÈÊÀÖÈß ÁËÀÇÀÐÎÂ BLL ÏÎ ÒÈÏÀÌ
ÎÏÒÈ×ÅÑÊÎÉ ÀÊÒÈÂÍÎÑÒÈ

À.Ì.ÌÈÊÀÅËßÍ, À.Â.ÀÁÐÀÌßÍ, Ã.Ì.ÏÀÐÎÍßÍ, Ã.À.ÌÈÊÀÅËßÍ,
À.Ã.ÑÓÊÈÀÑßÍ, Â.Õ.ÌÊÐÒ×ßÍ

Ïðîâåäåíà ñïåêòðàëüíàÿ êëàññèôèêàöèÿ ïî òèïàì àêòèâíîñòè äëÿ

ïîäâûáîðêè áëàçaðîâ èç êàòàëîãà BZCAT v.5, êîíêðåòíî äëÿ êàíäèäàòîâ â

BL Lac (BLL, Ëàöåðòèäû), îáîçíà÷åííûå â êàòàëîãå êàê îáúåêòû ïîäòèïà

BZB. Êëàññèôèêàöèÿ îñíîâàíà íà îïòè÷åñêîé ñïåêòðîñêîïèè ñðåäíåãî

ðàçðåøåíèÿ Ñëîàíîâñêîãî öèôðîâîãî îáçîðà íåáà (SDSS), è íàðÿäó ñî ñòàí-

äàðòíûìè äèàãíîñòè÷åñêèìè äèàãðàììàìè BPT-òèïà ïðèìåíåíà íåäàâíî

ââåäåííàÿ àâòîðàìè ñõåìà òîíêîé êëàññèôèêàöèè ñ ïîäòèïàìè êâàçàðîâ è

ó÷åòîì ìíîãèõ äðóãèõ îñîáåííîñòåé. Èç 1151 BZB îáúåêòîâ êëàññèôèöèðîâàíû

552, êîòîðûå èìåþò ñïåêòðû SDSS. Ïîñëå íîâîé êëàññèôèêàöèè 259 (46.1%)

èç 552 íå èçìåíèëè ñâîé ïîäòèï, à 293 (53.1%) èç ýòèõ îáúåêòîâ èçìåíèëè

ïîäòèï. Èìåÿ ýòó íîâóþ èíôîðìàöèþ îá îïòè÷åñêîé êëàññèôèêàöèè, ìû

ïðåäëàãàåì èçìåíèòü êëàññèôèêàöèþ íåêîòîðûõ îáúåêòîâ â BZCAT: äëÿ 130

îáúåêòîâ BZB íà BZG, äëÿ 18 îáúåêòîâ BZB íà BZQ è äëÿ 145 îáúåêòîâ

BZB íà BZU.

Êëþ÷åâûå ñëîâà: áëàçàðû: îáúåêòû BL Lac: êâàçàðû: ðàäèîèñòî÷íèêè: òèï

      àêòèâíîñòè: êëàññèôèêàöèÿ
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BSN: FIRST LIGHT CURVE STUDY OF THE LOW
MASS CONTACT BINARY V0610 Vir
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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

o
.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 0d.3398754 and 0d.3398768, respectively.

The coordinates of this system in the Gaia DR3 database are R.A.: 176o.7745788

and Dec.: 1o.2447709 (J2000).

The maximum apparent magnitude V
max

 of the system was reported as 13m.31

in the ASAS3 catalog, 13m.15 in the GCVS catalog, 13m.31 in the AAVSO, and

13m.15 in the Kazarovets et al. [5].

ÒÎÌ 67 ÌÀÉ, 2024 ÂÛÏÓÑÊ 2

À Ñ Ò Ð Î Ô È Ç È Ê À

DOI: 10.54503/0571-7132-2024.67.2-139

http://doi.org/10.54503/0571-7132-2024.67.2-139


140 A.ALIZADEHSABEGH  ET  AL.

This work is a continuation of the BSN1 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 (49.65 N, 14.41 E). During observations, the

CCD average temperature was -20o
 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 = 13m.20,

UCAC4 458-049431 (11 46 59.259, +01 21 57.295) with a V = 13m.72, UCAC4

457-049428 (11 46 52.883, +01 21 12.000) with a V = 13m.29, UCAC4 457-

049456 (11 47 48.705, +01 19 04.569) with a V = 13m.90, UCAC4 457-049455

 1 https://bsnp.info/

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 2535  arcminutes.
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(11 47 46.001, +01 18 14.696) with a V = 14m.51, UCAC4 457-049448 (11 47

29.787, +01 22 38.372) with a V = 14m.13, UCAC4 458-051054 (11 46 49.701,

+01 25 18.116) with a V = 14m.17, UCAC4 458-051065 (11 47 07.913, +01 32

12.092) with a V = 13m.65 and UCAC4 458-051064 (11 47 07.423, +01 33

47.439) with a V = 15m.37. The coordinates and apparent magnitudes of all the

comparison and check stars were gathered from the ASAS-SN catalog.

Finally, we used the AstroImageJ program to normalize the flux of all the

data [6].

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
TDB

).

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 0d.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

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

      , 17339875947013813042455291Min.I E..BJDTDB  (1)

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

Min.(BJD
TDB

) Error Method Epoch O-C (day) Reference

2453499.64872 0.00030 V -5273 0.0073 Diethelm [7]
2455267.68109 0.00030 V -71 0.0006 Diethelm [7]
2455291.81179 0.00030 V 0 0 Diethelm [7]
2455605.85759 0.00070 V 924 -0.0004 Diethelm [8]
2455978.87028 0.00070 V 2021.5 -0.0025 Diethelm [9]
2456038.68868 0.00070 V 2197.5 0.0024 Diethelm [9]
2457811.65388 0.00010 CCD-Clear 7414 -0.0045 Lehk´y et al. [10]
2457840.37499 0.00020 CCD-Clear 7498.5 -0.0030 Lehk´y et al. [10]
2457840.54279 0.00020 CCD-Clear 7499 -0.0051 Lehk´y et al. [10]
2458166.48289 0.00010 CCD-Clear 8458 -0.0069 Lehk´y et al. [10]
2458932.39593 0.00047 V 10711.5 -0.0062 This study
2458932.56657 0.00024 V 10712 -0.0055 This study

Table 1

AVAILABLE TIMES OF MINIMA FOR V0610 Vir

Parameter Result

T
1
 (K)

7
25811

T
2
 (K)

4
95440

q = M
2
/M

1

15
99980 
.

21  3.70(5)

i o 12
116570 
.

f
9
90850 
.

l
1
/l

tot
 (V ) 0.580(2)

l
2
/l

tot
 (V ) 0.420(2)

r
1
 (mean) 0.388(27)

r
2
 (mean) 0.388(26)

Phase shift -0.009(1)

Colatitude
spot 

(deg) 74(1)

Longitude
spot 

(deg) 348(2)

Radius
spot 

(deg) 27(1)

T
spot

/T
star

1.09(1)

Radius
spot 

(deg) 27(1)

Component Hotter star

Table 2

PHOTOMETRIC SOLUTION OF V0610 Vir
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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
1
 relationship from [12] to calculate the effective temperature

of the hotter star as the input Eq. (2).

   . 013426426951 1244
9043

16112
681121

.

.
.
. .P.T 



  (2)

The gravity-darkening coefficients was determined g
1

 = g
2

 = 0.32 [13] and the

bolometric albedo was assumed to be A
1

 = A
2

 = 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 q-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   021  maxmax VV . 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

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].

Fig.4. The corner plots of the system from the MCMC modeling.
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Therefore, we used V
max

 = 13.33 ± 0.09 from our observations, the extinction

coefficient 00100630 ..A v  from the Schlafly, Finkbeiner [19] study, and the

Gaia DR3 distance d(pc) = 479 ± 3 for V0610 Vir.

So, we estimated the absolute magnitude vM  of the system, subsequently the

absolute magnitude for the components, and the bolometric magnitude M
bol

 of each

star, respectively Eqs. (3) to (5).

vv AdVM  5log5 (3)

   
 

tot
system

l

l
.MM

,21
,21 log52 vv (4)

. BCMMbol  v (5)

The hotter and cooler components' bolometric correction BC
1

 = -0.073 and

BC
2

 = -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,

Fig.5. Geometric structure of V0610 Vir with a hot spot on the hotter component.
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and separation between the center of mass of the components (6, 7 and 8):




L

L
.MM bolbol log52 (6)

21

44












T

L
R (7)

. 
meanr

R
a  (8)

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.

  2

2

21

3

4




P

MMG

a
(9)

 . 2RMGg  (10)

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

Parameter Hotter star Cooler star

vM  (mag.)  5.457(72) 5.807(70)
M

bol
 (mag.) 5.384(72) 5.654(70)

)( LL 0.553(35) 0.431(27)
)( RR 0.735(21) 0.741(21)
)( MM 0.400(44) 0.399(49)

logg (cgs) 4.307(20) 4.300(26)

a ( R )                 1.902(71)

Table 3

THE ABSOLUTE PARAMETERS OF THE V0610 Vir BINARY SYSTEM
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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

Fig.6. a) logM - logL diagram; b) logM - logR diagram; c) logM
tot

 - J
0
 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:

 
, 

21
3 5

2

20 PM
G

q

q
J


 (11)

where q is the mass ratio (M
2
/M

1
), M is the total mass of the system (M

1
 + M

2
),

P is the orbital period, and G is the gravitational constant. The units in Eq. (11)

are based on CGS. The logM
tot

 - J
0
 diagram (Fig.6c) 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: ÏÅÐÂÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ ÊÐÈÂÎÉ
ÁËÅÑÊÀ ÊÎÍÒÀÊÒÍÎÉ ÄÂÎÉÍÎÉ ÑÈÑÒÅÌÛ

ÌÀËÎÉ ÌÀÑÑÛ V0610 Vir

À.ÀËÈÇÀÄÅÕÑÀÁÅÃ1,  Ô.ËÎÌÎÇ2, À.ÏÎÐÎ3, À.ÍÀÐÈÌÀÍÈ4

Âïåðâûå, èñïîëüçóÿ ôîòîìåòðè÷åñêèå äàííûå, âûïîëíåí àíàëèç ñâåòîâîé

êðèâîé äâîéíîé ñèñòåìû V0610 Vir. Íàáëþäåíèÿ è àíàëèç áûëè ïðîâåäåíû

â ðàìêàõ ïðîåêòà BSN (Binary Systems of South and North). Èç íàøèõ

íàáëþäåíèé ìû èçâëåêëè ìèíèìóìû ñâåòîâîé êðèâîé è ñîáðàëè èìåþùóþñÿ

â ëèòåðàòóðå íåáîãàòóþ èíôîðìàöèþ. Âû÷èñëåíèÿ ïðîâåäåíû ñ èñïîëüçî-

âàíèåì ýòàëîííîé ýôåìåðèäû, è ïðåäñòàâëåíà íîâàÿ ýôåìåðèäà è äèàãðàììà

O-C ñ ëèíåéíîé àïïðîêñèìàöèåé. Àíàëèç ñâåòîâîé êðèâîé áûë âûïîëíåí ñ

èñïîëüçîâàíèåì Python-êîäà PHOEBE è ìåòîäà ìàðêîâñêèõ öåïåé Ìîíòå-

Êàðëî (MCMC). Ïðåäïîëîæåíèå î ãîðÿ÷åì çâåçäíîì ïÿòíå áûëî íåîáõîäèìî

èç-çà àñèììåòðèè â ìàêñèìóìàõ ñâåòîâîé êðèâîé. Àíàëèç ïîêàçûâàåò, ÷òî

V0610 Vir ÿâëÿåòñÿ êîíòàêòíîé äâîéíîé ñèñòåìîé ñ êîýôôèöèåíòîì çàïîëíåíèÿ

0.085, îòíîøåíèåì ìàññ 0.998 è íàêëîíåíèåì 70o.65. Àáñîëþòíûå ïàðàìåòðû

ñèñòåìû áûëè îöåíåíû íà îñíîâå ìåòîäà ïàðàëëàêñà Gaia DR3. Ðåçóëüòàòû

ïîêàçûâàþò, ÷òî ñèñòåìà ïðåäñòàâëÿåò ñîáîé êîíòàêòíóþ äâîéíóþ ñèñòåìó ñ

îáùåé ìàññîé ìåíåå 0.8 M . Ðàñïîëîæåíèå çâåçä  ïîêàçàíî íà äèàãðàììàõ

M - L è M - R.

Êëþ÷åâûå ñëîâà: ìåòîäû: ôîòîìåòðè÷åñêèå: çâåçäû: äâîéíûå: çàòìåííûå:

çâåçäû: èíäèâèäóàëüíûå (V0610 Vir)
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ÏÐÎßÂËÅÍÈß ÀÊÒÈÂÍÎÑÒÈ K2V ÊÀÐËÈÊÀ
HD 189733 Ñ ÝÊÇÎÏËÀÍÅÒÎÉ ÒÈÏÀ

ÃÎÐß×ÈÉ ÞÏÈÒÅÐ

È.Ñ.ÑÀÂÀÍÎÂ
Ïîñòóïèëà 10 àïðåëÿ 2024

Ïðèíÿòà ê ïå÷àòè 10 èþíÿ 2024

Ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà ïðîÿâëåíèé àêòèâíîñòè êàðëèêà ñïåêòðàëüíîãî êëàññà
Ê2V HD 189733, îáëàäàþùåãî îäíîé èç íàèáîëåå õîðîøî èçó÷åííûõ ýêçîïëàíåò òèïà
ãîðÿ÷èé Þïèòåð. Ó÷åò àêòèâíîñòè çâåçäû ñóùåñòâåííî óñëîæíÿåò àíàëèç õàðàêòåðèñòèê
ïëàíåòû (â ÷àñòíîñòè, õîëîäíûå ïÿòíà íà ïîâåðõíîñòè çâåçäû âíîñÿò äîïîëíèòåëüíûé ñèãíàë
â ñîîòíîøåíèå ìåæäó ãëóáèíîé òðàíçèòà è ðàçìåðîì ïëàíåòû è ïðåïÿòñòâóþò òî÷íûì îïðåäå-
ëåíèÿì ðàäèóñà ïëàíåòû). Ïðîàíàëèçèðîâàíû ôîòîìåòðè÷åñêèå äàííûå äëÿ HD 189733 èç
àðõèâà ìèññèè TESS è ñäåëàíû çàêëþ÷åíèÿ î çíà÷åíèÿõ âåëè÷èíû ïåðèîäà âðàùåíèÿ Ð

rot

çâåçäû, êîòîðûå ïî íàøåé îöåíêå ñîñòàâèëè 12.5 è 11.3 ñóò äëÿ ñåêòîðîâ 41 è 54, ñîîòâåòñòâåííî.
Èõ ñîïîñòàâëåíèå ñ âûïîëíåííûìè ðàíåå îöåíêàìè ïî ðåçóëüòàòàì ôîòîìåòðè÷åñêèõ íàçåìíûõ
íàáëþäåíèé ïîçâîëÿåò ïðåäïîëîæèòü, ÷òî èìåþùèåñÿ ðàçëè÷èÿ â îïðåäåëåíèÿõ âåëè÷èíû
Ð

rot
 ñâÿçàíû ñ òåì, ÷òî â ðàçíûå ìîìåíòû íàáëþäåíèé äîìèíèðóþùèìè ÿâëÿëèñü ïÿòíà,

ðàñïîëîæåííûå íà ðàçëè÷íûõ øèðîòàõ íà ïîâåðõíîñòè äèôôåðåíöèàëüíî âðàùàþùåéñÿ çâåçäû.
Ïî äàííûì TESS àìïëèòóäà ïåðåìåííîñòè áëåñêà HD 189733 ñîñòàâëÿåò 1.6 è 0.9% îò
óðîâíÿ ñðåäíåãî áëåñêà çâåçäû (äëÿ ñåêòîðîâ 41 è 54, ñîîòâåòñòâåííî). Ïî ñòàíäàðòíîé
ìåòîäèêå áûëè îöåíåíû âåëè÷èíû ïàðàìåòðà çàïÿòíåííîñòè çâåçäû (2.0 è 1.2% îò ïëîùàäè
ïîâåðõíîñòè çâåçäû) è ïîëó÷åíû âåëè÷èíû ïëîùàäè çàïÿòíåííîé ïîâåðõíîñòè À çâåçäû
â àáñîëþòíîé ìåðå (9200 ì.ä.ï. è 5400 ì.ä.ï äëÿ ñåêòîðîâ 41 è 54, ñîîòâåòñòâåííî). Ïî 771
îöåíêå áëåñêà çâåçäû â ôèëüòðå V, ïðåäñòàâëåííîé â îáçîðå Kamogata Wide-field Survey, áûë
ïðîâåäåí àíàëèç ïðîÿâëåíèé äîëãîâðåìåííîé àêòèâíîñòè HD 189733 è íàéäåíû óêàçàíèÿ íà
ñóùåñòâîâàíèå âîçìîæíûõ öèêëîâ àêòèâíîñòè ïðîäîëæèòåëüíîñòüþ â 1140 è 4220 ñóò (3.1 è
11.6 ëåò, ñîîòâåòñòâåííî). Èç àíàëèçà ëèòåðàòóðíûõ äàííûõ ñäåëàí âûâîä î òîì, ÷òî óðîâåíü
õðîìîñôåðíîé àêòèâíîñòè HD 189733 ïðåâîñõîäèò ñðåäíèå âåëè÷èíû, õàðàêòåðíûå äëÿ äðóãèõ
õîëîäíûõ êàðëèêîâ ñ àíàëîãè÷íûìè çíà÷åíèÿìè ïîêàçàòåëÿ öâåòà (B - V ) è âûøå ñîëíå÷íîãî
çíà÷åíèÿ. Ñäåëàíî çàêëþ÷åíèå, ÷òî HD 189733 îáëàäàåò óìåðåííîé (èëè íåìíîãî âûøå
ñðåäíåé) àêòèâíîñòüþ, ïðèñóùåé àíàëîãè÷íûì êàðëèêàì ñïåêòðàëüíîãî êëàññà Ê, íî, òåì íå
ìåíåå, òðåáóþùåé ïðè ìîäåëèðîâàíèè òùàòåëüíîãî ó÷åòà ñâîéñòâ è ýâîëþöèè ïëàíåòû,
îáðàùàþùåéñÿ âîêðóã ýòîé çâåçäû, âíå çàâèñèìîñòè îò òîãî, ïðîâîäÿòñÿ ëè îöåíêè ïî
óïðîùåííîé ìåòîäèêå èëè ïî òî÷íîìó ìàãíèòîãèäðîäèíàìè÷åñêîìó ìîäåëèðîâàíèþ. Òàêæå
ñëåäóåò ïðèíÿòü âî âíèìàíèå, ÷òî àêòèâíîñòü çâåçäû ÿâëÿåòñÿ ïåðåìåííîé ñî âðåìåíåì (íà
øêàëå âðåìåíè, ñîïîñòàâèìîé ñ âåëè÷èíîé Ð

rot
) è òðåáóåò îöåíîê, âûïîëíÿåìûõ îäíîâðåìåííî

ñ îñíîâíûìè èññëåäîâàíèÿìè àòìîñôåðû ýêçîïëàíåòû.

Êëþ÷åâûå ñëîâà: çâåçäû: àêòèâíîñòü: ïëàíåòíûå ñèñòåìû: àòìîñôåðû ýêçîïëàíåò

1. Ââåäåíèå. Íà ñåãîäíÿøíèé äåíü HD 189733 b ïðèíàäëåæèò ê ÷èñëó

íàèáîëåå õîðîøî èçó÷åííûõ ýêçîïëàíåò òèïà ãîðÿ÷èé Þïèòåð [1], áëàãîäàðÿ

ðåçóëüòàòàì ìíîãî÷èñëåííûõ íàáëþäåíèé (êàê ñ Çåìëè, òàê è èç êîñìîñà)
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è òåîðåòè÷åñêèì ìîäåëÿì, ïîñòðîåííûì äëÿ èññëåäîâàíèÿ åå àòìîñôåðû, âëèÿíèÿ

ðîäèòåëüñêîé çâåçäû è îêðóæàþùåé ýêçîïëàíåòó ñðåäû. Îáçîð ðåçóëüòàòîâ

ìíîãî÷èñëåííûõ êàìïàíèé ïî íàáëþäåíèþ òðàíçèòîâ HD 189733 b ñ èñïîëü-

çîâàíèåì óíèêàëüíûõ âîçìîæíîñòåé êîñìè÷åñêîãî òåëåñêîïà Õàááëà, à òàêæå

ñîâðåìåííûõ îöåíîê ïàðàìåòðîâ çâåçäû è ïëàíåòû, ìîæíî íàéòè, íàïðèìåð, â

[2-4]. Îáçîð íàçåìíûõ ôîòîìåòðè÷åñêèõ íàáëþäåíèé òðàíçèòîâ HD 189733 b

(â òîì ÷èñëå âûñîêîòî÷íûõ èçìåðåíèé, ïîëó÷åííûõ â òå÷åíèå øåñòè ëåò

(2016-2021ãã.)) ïðåäñòàâëåí â [2,3].

Îñîáîå âíèìàíèå, óäåëÿåìîå ìíîãèìè èññëåäîâàòåëüñêèìè ãðóïïàìè ê

äàííîé ñèñòåìå, ñâÿçàíî ñ òåì, ÷òî äëÿ HD 189733 ïðîâîäèëèñü âûñîêîòî÷íûå

èçìåðåíèÿ ãëóáèíû òðàíçèòîâ íà ìíîãèõ äëèíàõ âîëí â äèàïàçîíå îò 0.3 äî

24 ìêì. Òàêèå èçìåðåíèÿ ïîçâîëÿþò ïîëó÷èòü ïðåäñòàâëåíèå î ñòðóêòóðå è

ñîñòàâå àòìîñôåðû ýêçîïëàíåòû HD 189733 b. Îäíàêî àíàëèç óñëîæíÿåòñÿ

íåîáõîäèìîñòüþ ó÷åòà ïðîÿâëåíèÿ àêòèâíîñòè HD 189733, ó êîòîðîé ïÿòíà

íà ïîâåðõíîñòè âíîñÿò äîïîëíèòåëüíûé ñèãíàë â ñîîòíîøåíèå ìåæäó ãëóáèíîé

òðàíçèòà è ðàçìåðîì ïëàíåòû. Ýòè ïðîáëåìû îáñóæäàþòñÿ â ìíîãî÷èñëåííûõ

ðàáîòàõ (ñì., íàïðèìåð, [4,5]). Î÷åâèäíî, ÷òî ïðîñòîå ñðàâíåíèå äàííûõ î

ïðîõîæäåíèè ïëàíåòû â ðàçëè÷íûõ äèàïàçîíàõ äëèí âîëí íåïðàâîìåðíî, è

äëÿ ïîëó÷åíèÿ ãëîáàëüíîé îöåíêè ñïåêòðà ïðîïóñêàíèÿ îò óëüòðàôèîëåòîâîãî

äî ÈÊ - äèàïàçîíîâ òðåáóåòñÿ äåòàëüíûé êîìáèíèðîâàííûé àíàëèç âñåõ

íàáîðîâ äàííûõ ñ ó÷åòîì ïðîÿâëåíèÿ àêòèâíîñòè çâåçäû.

HD 189733 ÿâëÿåòñÿ óìåðåííî àêòèâíûì êàðëèêîì ñïåêòðàëüíîãî êëàññà

K2V ñ õîëîäíûìè ïÿòíàìè íà ïîâåðõíîñòè, êîòîðûå ìîäóëèðóþò îáùèé

áëåñê çâåçäû íà ïðîòÿæåíèè 12-äíåâíîãî ïåðèîäà âðàùåíèÿ çâåçäû [5].

Àìïëèòóäà ìîäóëÿöèè áëåñêà HD 189733 â âèäèìîì äèàïàçîíå ìîæåò ñîñòàâëÿòü

âåëè÷èíó ïîðÿäêà 1-2% [2,6]. Êàê óêàçûâàëîñü, íàëè÷èå çâåçäíûõ ïÿòåí

íóæíî ó÷èòûâàòü êàê ïðè ðàñ÷åòå òðàíñìèññèîííîãî ñïåêòðà ýêçîïëàíåòû, òàê

è ïðè àíàëèçå ãëóáèí êðèâûõ òðàíçèòîâ. Âîïðîñ î ïðîÿâëåíèÿõ ïÿòåííîé

àêòèâíîñòè çâåçäû îñòàåòñÿ àêòóàëüíûì è ïî íàñòîÿùåå âðåìÿ. Íàïðèìåð,

àâòîðû èññëåäîâàíèÿ [5] îáðàòèëèñü ê íåìó íà îñíîâå àíàëèçà äàííûõ

íàáëþäåíèé ìèññèé HST è TESS.

Â íàñòîÿùåé ðàáîòå ïðåäñòàâëåíû íàøè ðåçóëüòàòû èçó÷åíèÿ ïðîÿâëåíèé

àêòèâíîñòè çâåçäû HD 189733 ïî èìåþùèìñÿ äàííûì àðõèâà êîñìè÷åñêîé

ìèññèè TESS.

2. Çâåçäà ïëàíåòíîé ñèñòåìû - HD 189733. Îñíîâíûå ñâåäåíèÿ

î ïàðàìåòðàõ HD 189733 ìîæíî íàéòè â òàáë.1 [2] (ïåðå÷èñëåííûå è

èñïîëüçóåìûå íàìè íèæå ñâîéñòâà çâåçäû ïðèâîäÿòñÿ ñîãëàñíî ýòèì äàííûì).

Îáùåïðèíÿòî (ñì., íàïðèìåð, [2]), ÷òî ýôôåêòèâíàÿ òåìïåðàòóðà çâåçäû

ðàâíà 5050 ± 20 Ê, óñêîðåíèå ñèëû òÿæåñòè logg = 4.563 ± 0.021, ðàäèóñ
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01907650 ..RR  , ñâåòèìîñòü 01403550 ..LL   è ìàññà MM

04108120 ..  . Âîçðàñò çâåçäû îöåíèâàåòñÿ â 1.2 ìëðä. ëåò, îíà ñóùåñòâåííî

ìîëîæå Ñîëíöà.

Â àðõèâå TESS äëÿ HD 189733 èìåþòñÿ äàííûå äâóõ ñåòîâ íàáëþäåíèé

- ñåêòîðà 41 (23 èþëÿ 2021ã. - 20 àâãóñòà 2021ã.) è ñåêòîðà 54 (9 èþëÿ 2022ã.

- 5 àâãóñòà 2022ã.). Îáðàáîòêà êðèâûõ áëåñêà áûëà àíàëîãè÷íà ïðîâîäèìîé

ðàíåå â ñëó÷àå èçìåðåíèé äëÿ äðóãèõ îáúåêòîâ èç àðõèâîâ êîñìè÷åñêîãî

òåëåñêîïà Êåïëåð è ìèññèè TESS (ñì., íàïðèìåð, [7]).

Êðèâûå áëåñêà çâåçäû, õàðàêòåðèçóþùèåñÿ ïåðåìåííîñòüþ, âûçâàííîé

âðàùàòåëüíîé ìîäóëÿöèåé âñëåäñòâèå íàëè÷èÿ õîëîäíûõ ïÿòåí íà ïîâåðõíîñòè,

ïðåäñòàâëåíû íà ðèñ.1. Äâà ñåòà íàáëþäåíèé áûëè âûïîëíåíû ñ èíòåðâàëîì

ïðèìåðíî â 1 ãîä. Çà ýòî âðåìÿ àìïëèòóäû è ôîðìû êðèâûõ áëåñêà ïðåòåðïåëè

çíà÷èòåëüíûå èçìåíåíèÿ. Áîëåå òîãî, êàæäûé ñåò ïî ïðîäîëæèòåëüíîñòè

ïðèìåðíî ñîîòâåòñòâóåò äâóì ïåðèîäàì âðàùåíèÿ çâåçäû, è â êàæäîì ñëó÷àå

ìîæíî ñäåëàòü çàêëþ÷åíèå î ïåðåìåííîñòè êðèâûõ áëåñêà íà âðåìåíàõ ïîðÿäêà

P
rot
.

Íà ïîñòðîåííûõ íàìè ñïåêòðàõ ìîùíîñòè (ñðåäíèå äèàãðàììû íà ðèñ.1)

èìåþòñÿ õàðàêòåðíûå øèðîêèå ïèêè, ñîîòâåòñòâóþùèå âåëè÷èíàì ïåðèîäà

âðàùåíèÿ P
rot
 çâåçäû 12.5 è 11.3 ñóò äëÿ ñåêòîðîâ 41 è 54, ñîîòâåòñòâåííî.

Ïåðâûå èññëåäîâàíèÿ âðàùåíèÿ HD 189733 óêàçàëè íà òî, ÷òî, âåðîÿòíî,

âåëè÷èíà P
rot
 ëåæèò â èíòåðâàëå îò 11 äî 13 ñóò (èõ îáçîð è ññûëêè ñì. â [6]).

Àâòîðû [6] ïîëó÷èëè áîëåå òî÷íóþ îöåíêó P
rot

 = 11.953 ± 0.009 ñóò, êîòîðàÿ áûëà
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óñòàíîâëåíà ïî 314 îöåíêàì áëåñêà HD 189733 â èíòåðâàëå îò îêòÿáðÿ 2005

ïî èþëü 2007ãã. ñ T10 0.8-ì àâòîìàòèçèðîâàííûì òåëåñêîïîì APT â Fairborn

Observatory. Àíàëèç áîëåå ïðîäîëæèòåëüíîãî ðÿäà íàáëþäåíèé (6 ëåò) ñ òåì

æå èíñòðóìåíòîì [3] ïðèâåë ê çàêëþ÷åíèþ î âåëè÷èíå P
rot

 = 11.86 ñóò, ïðàêòè÷åñêè

ñîâïàäàþùèì ñ ðåçóëüòàòîì èç [6]. Ïî âûïîëíåííûì ïîçäíåå íàáëþäåíèÿì

HD 189733 ñ òåëåñêîïîì T10 APT â 2017ã. ñòàëî âîçìîæíûì ïîëó÷èòü

îöåíêó P
rot

 = 12.25 ± 0.15 ñóò [2]. Íàêîíåö, àíàëèçèðóÿ äàííûå ìèññèè TESS,

àâòîðû [5] ïðèâîäÿò îöåíêó âåëè÷èíû ïåðèîäà âðàùåíèÿ çâåçäû 11.4 ñóò.

Íàáëþäåíèÿ äâóõ òðàíçèòîâ HD 189733 b áûëè âûïîëíåíû ñî ñïåêòðî-

ãðàôîì ESPRESSO 11 è 31 àâãóñòà 2021ã. [8]. Ïîëó÷åííûå ðåçóëüòàòû

ïðîäåìîíñòðèðîâàëè âûñîêóþ òî÷íîñòü îïðåäåëåíèÿ ëó÷åâûõ ñêîðîñòåé,

íàáëþäàåìûõ âî âðåìÿ òðàíçèòà. Êðîìå òîãî, ïî äàííûì ESPRESSO âûñîêîãî

ðàçðåøåíèÿ áûë óñïåøíî âîññòàíîâëåí òðàíñìèññèîííûé ñïåêòð HD 189733

b. Àâòîðû [8] óñòàíîâèëè, ÷òî ïåðèîä ýêâàòîðèàëüíîãî âðàùåíèÿ çâåçäû

ñîñòàâëÿåò 11.45 ± 0.09 ñóò, à áëèçêîãî ê ïîëÿðíîìó - 14.9 ± 2 ñóò, ò.å. âïåðâûå

íàøëè óêàçàíèÿ íà äèôôåðåíöèàëüíûé õàðàêòåð âðàùåíèÿ.

Íà ðèñ.2 (ââåðõó) ïðåäñòàâëåí ñïåêòð ìîùíîñòè äëÿ îáúåäèíåííûõ äàííûõ

äëÿ ñåêòîðîâ 41 è 54. Âåðòèêàëüíûìè ëèíèÿìè îòìå÷åíû âåëè÷èíû Prot,

ïðåäñòàâëåííûå â ïðåäûäóùèõ ôîòîìåòðè÷åñêèõ èññëåäîâàíèÿõ (ñì. âûøå) è

íàéäåííàÿ íàìè âåëè÷èíà P
rot

 = 11.80 ñóò, êîòîðàÿ ñîâïàäàåò ñ îöåíêàìè [3,6],

óñòàíîâëåííûìè ïî ïðîäîëæèòåëüíûì íàçåìíûì íàáëþäåíèÿì. Íà íèæíåé

äèàãðàììå ïðåäñòàâëåíû ôàçîâûå êðèâûå, ïîëó÷åííûå ïðè ñâåðòêå ñ óïîìÿ-

Ðèñ.2. Ââåðõó - ñïåêòð ìîùíîñòè äëÿ îáúåäèíåííûõ äàííûõ äëÿ ñåêòîðîâ 41 è 54.
Âåðòèêàëüíûìè ëèíèÿìè îòìå÷åíû âåëè÷èíû P

rot
, ïðåäñòàâëåííûå â ïðåäûäóùèõ ôîòî-

ìåòðè÷åñêèõ èññëåäîâàíèÿõ (ñì. òåêñò), è íàéäåííàÿ íàìè âåëè÷èíà P
rot

 = 11.80 ñóò. Íà
íèæíåé äèàãðàììå ïðåäñòàâëåíû ôàçîâûå êðèâûå äëÿ P

rot
 = 11.80 ñóò.
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íóòûì âûøå çíà÷åíèåì Prot.

Òàêèì îáðàçîì, âûïîëíåííûé íàìè àíàëèç è ðåçóëüòàòû ïðåäûäóùèõ

èññëåäîâàíèé ïîçâîëÿþò ïðåäïîëîæèòü, ÷òî èìåþùèåñÿ ðàçëè÷èÿ â îïðåäåëå-

íèÿõ âåëè÷èíû Ðrot ñâÿçàíû ñ òåì, ÷òî â ðàçíûå ìîìåíòû íàáëþäåíèé

äîìèíèðóþùèìè ÿâëÿþòñÿ ïÿòíà, ðàñïîëîæåííûå íà ðàçëè÷íûõ øèðîòàõ íà

ïîâåðõíîñòè äèôôåðåíöèàëüíî âðàùàþùåéñÿ çâåçäû.

Àìïëèòóäà ïåðåìåííîñòè áëåñêà ñîñòàâëÿåò 1.6 è 0.9% îò óðîâíÿ ñðåäíåãî

áëåñêà çâåçäû (äëÿ ñåêòîðîâ 41 è 54, ñîîòâåòñòâåííî). Ïî ñòàíäàðòíîé

ìåòîäèêå íàìè áûëè îöåíåíû âåëè÷èíû ïàðàìåòðà çàïÿòíåííîñòè çâåçäû,

êîòîðûå äîñòèãàþò 2.0 è 1.2% îò ïëîùàäè ïîâåðõíîñòè çâåçäû. Ïðèíèìàÿ

îöåíêó ðàäèóñà çâåçäû R = 0.765 ± 0.019 ðàäèóñîâ Ñîëíöà èç [2], ìîæíî

ïîëó÷èòü âåëè÷èíó ïëîùàäè ïîâåðõíîñòè çàïÿòíåííîñòè À çâåçäû â

àáñîëþòíîé ìåðå (â ìèëëèîííûõ äîëÿõ âèäèìîé ïîëóñôåðû Ñîëíöà, ì.ä.ï.).

Íà Ñîëíöå ñðåäíèå ïî ðàçìåðàì ïÿòíà èìåþò ïëîùàäü 10-200 ì.ä.ï. (äåòàëè

ñì. â [9]). Ïëîùàäü ïÿòåí íà ïîâåðõíîñòè HD 189733 ñîñòàâëÿåò âåëè÷èíó

ïîðÿäêà 9200 ì.ä.ï. è 5400 ì.ä.ï (äëÿ ñåêòîðîâ 41 è 54, ñîîòâåòñòâåííî). Ïî

ýòèì îöåíêàì çàïÿòíåííîñòü çâåçäû ñòàíîâèòñÿ ñîïîñòàâèìîé ñ ìàêñèìàëüíîé

çàïÿòíåííîñòüþ Ñîëíöà. Òàê, íàïðèìåð, îáùàÿ ïëîùàäü ñîëíå÷íûõ ïÿòåí

äëÿ Ãðèíâè÷ñêîé ãðóïïû ñîëíå÷íûõ ïÿòåí 14886 ïî íàáëþäåíèÿì 8 àïðåëÿ

1947ã. ñîñòàâèëà 6132 ì.ä.ï. [10]. Ñðàâíåíèå ñ çàïÿòíåííîñòüþ çâåçä äðóãèõ

ñïåêòðàëüíûõ êëàññîâ, â òîì ÷èñëå Ê, ìîæíî íàéòè â [11].

3. Öèêëû àêòèâíîñòè. Ïî äàííûì ìíîãîëåòíåãî îáçîðà Kamogata

Wide-field Survey (KWS) (http:kws.cetus-net.org) íàìè áûë ïðîâåäåí àíàëèç

ïðîÿâëåíèé äîëãîâðåìåííîé àêòèâíîñòè HD 189733. Â îáçîðå ïðåäñòàâëåíû

íàáëþäåíèÿ çâåçäû â ôèëüòðàõ V è Ic. Â ïåðâóþ î÷åðåäü ìû ïðîâåëè àíàëèç

äàííûõ äëÿ ôèëüòðà V, îáëàäàþùèõ áîëåå äëèòåëüíûì èíòåðâàëîì íàáëþäåíèé

â 4486 ñóò (12.3 ëåò) (HJD 2455700 - 2460186). Áûëà ðàññìîòðåíà 771 îöåíêà

áëåñêà çâåçäû â ôèëüòðå V. Ïðåäñòàâëåííûå íà ðèñ.3 (ââåðõó) äàííûå

ñâèäåòåëüñòâóþò î ïðèñóòñòâèè öèêëè÷íîñòè â èçìåíåíèè åå áëåñêà. Íà îñíîâå

ïîñòðîåííîãî ñïåêòðà ìîùíîñòè äëÿ áëåñêà HD 189733 ìîæíî ïðåäïîëîæèòü

ñóùåñòâîâàíèå âîçìîæíûõ öèêëîâ àêòèâíîñòè 1140 ñóò è 4220 ñóò (3.1 è 11.6

ëåò, ñîîòâåòñòâåííî) (ñðåäíÿÿ äèàãðàììà). Âåðòèêàëüíîé ñâåòëîé ëèíèåé

ïðåäñòàâëåí ïåðèîä, ñîîòâåòñòâóþùèé ãîäè÷íîé ïåðåìåííîñòè.

4. Õðîìîñôåðíàÿ àêòèâíîñòü HD 189733. Ñîãëàñíî ðåçóëüòàòàì

íàáëþäåíèé HD 189733 ñî ñïåêòðîãðàôîì HARPS [12], âåëè÷èíû ïàðàìåòðà

õðîìîñôåðíîé àêòèâíîñòè S çâåçäû íàõîäÿòñÿ â èíòåðâàëå 0.461-0.508, à

ñîîòâåòñòâóþùèå èì âåëè÷èíû ïàðàìåòðà õðîìîñôåðíîé àêòèâíîñòè logR'
HK

- â äèàïàçîíå îò -4.55 äî -4.50. Ïðè ýòîì, äëÿ HD 189733 àâòîðû [12]

îáíàðóæèëè èçáûòî÷íîå ïîãëîùåíèå â ëèíèÿõ CaII H è K âî âðåìÿ òðàíçèòîâ,
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à òàêæå èçáûòî÷íîå ïîãëîùåíèå â ëèíèè H . Îíè èçó÷èëè ïîâåäåíèå

âðåìåííûõ ðÿäîâ ïàðàìåòðîâ êàæäîé ëèíèè âî âðåìÿ òðåõ òðàíçèòîâ è

îáíàðóæèëè, ÷òî ñïåêòðàëüíûå äåòàëè, ñîîòâåòñòâóþùèå èçáûòî÷íîìó ïîãëî-

ùåíèþ, íàõîäÿòñÿ â çâåçäíîé ñèñòåìå îòñ÷åòà. Òàêèì îáðàçîì, îíè ïðèøëè

ê ïðåäïîëîæåíèþ, ÷òî õðîìîñôåðà HD 189733 ÿâëÿåòñÿ îñíîâíûì èñòî÷íèêîì

Ðèñ.3. Âåðõíÿÿ ïàíåëü - ôîòîìåòðè÷åñêèå íàáëþäåíèÿ HD 189733 â ôèëüòðå V ïî
äàííûì îáçîðà Kamogata Wide-field Survey (KWS). Ñðåäíÿÿ ïàíåëü - ñïåêòð ìîùíîñòè äëÿ

ýòèõ äàííûõ, âåðòèêàëüíûå ëèíèè îòíîñÿòñÿ ê öèêëàì àêòèâíîñòè 1140 ñóò è 4220 ñóò (3.1 è
11.6 ëåò, ñîîòâåòñòâåííî). Ñâåòëàÿ ëèíèÿ - ïèê, ñîîòâåòñòâóþùèé ñåçîííîìó (îêîëî 365 ñóò)
ïåðèîäó. Âíèçó - ôàçîâàÿ äèàãðàììà äëÿ öèêëà â 4220 ñóò.

Ïåðèîä, ñóò.
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èçáûòî÷íîãî òðàíçèòíîãî ïîãëîùåíèÿ è îòâåòñòâåííà çà åãî ïåðåìåííûé

õàðàêòåð.

Íà ðèñ.4 ïðèâîäèòñÿ äèàãðàììà çàâèñèìîñòè ïàðàìåòðà logR'
HK 

îò ïîêàçàòåëÿ

öâåòà (B - V ). ×åðíûì êðóæêîì îòìå÷åíû äàííûå äëÿ HD 189733 (logR'
HK

= (-4.55, -4,50)), ñâåòëûìè - äàííûå êàòàëîãà [13]. Ãîðèçîíòàëüíàÿ ëèíèÿ

ñîîòâåòñòâóåò çíà÷åíèþ ïàðàìåòðà logR'
HK

 äëÿ Ñîëíöà â ñïîêîéíîì ñîñòîÿíèè.

Ìîæíî ñäåëàòü âûâîä î òîì, ÷òî óðîâåíü õðîìîñôåðíîé àêòèâíîñòè HD

189733 ïðåâîñõîäèò ñðåäíþþ âåëè÷èíó, õàðàêòåðíóþ äëÿ äðóãèõ õîëîäíûõ

êàðëèêîâ ñ àíàëîãè÷íûìè çíà÷åíèÿìè ïîêàçàòåëÿ öâåòà (B - V ) è âûøå

ñîëíå÷íîãî: äëÿ Ñîëíöà - logR'
HK

 = -5.021 [13].

5. Çàêëþ÷åíèå. Â ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà ïðîÿâëåíèé

àêòèâíîñòè HD 189733, îáëàäàþùåé îäíîé èç íàèáîëåå õîðîøî èçó÷åííûõ

ýêçîïëàíåò òèïà ãîðÿ÷èé Þïèòåð. Àêòèâíàÿ ïðèðîäà çâåçäû áûëà îòìå÷åíà

â ñòàòüÿõ ìíîãî÷èñëåííûõ èññëåäîâàíèé. Åå ó÷åò ñóùåñòâåííî óñëîæíÿåò

ñîîòâåòñòâóþùèé àíàëèç õàðàêòåðèñòèê ïëàíåòû. Òàê, íàïðèìåð, àíàëèç ïðîÿâ-

ëåíèé àêòèâíîñòè ÿâëÿåòñÿ íåîáõîäèìûì äëÿ îïðåäåëåíèÿ çàïÿòíåííîñòè HD

189733, õîëîäíûå ïÿòíà íà ïîâåðõíîñòè êîòîðîé âíîñÿò äîïîëíèòåëüíûé

âêëàä â ñîîòíîøåíèå ìåæäó ãëóáèíîé òðàíçèòà è ðàçìåðîì ïëàíåòû è

ïðåïÿòñòâóþò òî÷íûì îïðåäåëåíèÿì ðàäèóñà ïëàíåòû.

Íàìè áûëè ïðîàíàëèçèðîâàíû äàííûå äëÿ HD 189733 èç àðõèâà êîñìè-

÷åñêîé ìèññèè TESS è ñäåëàíû çàêëþ÷åíèÿ î âåëè÷èíàõ ïåðèîäà âðàùåíèÿ

çâåçäû Ð
rot
, êîòîðûå ïî íàøåé îöåíêå ñîñòàâèëè 12.5 è 11.3 ñóò äëÿ ñåêòîðîâ

41 è 54, ñîîòâåòñòâåííî. Èõ ñîïîñòàâëåíèå ñ âûïîëíåííûìè ðàíåå îöåíêàìè

Ðèñ.4. Äèàãðàììà logR'
HK

 - ïîêàçàòåëü öâåòà (B - V ). Òåìíûé ñèìâîë - äàííûå äëÿ HD

189733, ñâåòëûå ñèìâîëû - äàííûå êàòàëîãà [13], ãîðèçîíòàëüíàÿ ëèíèÿ ñîîòâåòñòâóåò çíà÷åíèþ
ïàðàìåòðà logR'

HK
 äëÿ Ñîëíöà â ñïîêîéíîì ñîñòîÿíèè (ñì. òåêñò).

lo
g
R
' H

K

B - V
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ïî ðåçóëüòàòàì ôîòîìåòðè÷åñêèõ íàçåìíûõ íàáëþäåíèé ïîçâîëÿåò ïðåäïîëîæèòü,

÷òî èìåþùèåñÿ ðàçëè÷èÿ â ïðèâîäèìûõ â ëèòåðàòóðå îïðåäåëåíèÿõ âåëè÷èíû

Ð
rot
 ñâÿçàíû ñ òåì, ÷òî â ðàçíûå ìîìåíòû íàáëþäåíèé äîìèíèðóþùèìè ÿâëÿëèñü

ïÿòíà, ðàñïîëîæåííûå íà ðàçëè÷íûõ øèðîòàõ íà ïîâåðõíîñòè äèôôåðåíöèàëüíî

âðàùàþùåéñÿ çâåçäû (óêàçàíèÿ íà äèôôåðåíöèàëüíûé õàðàêòåð âðàùåíèÿ áûëè

ïîëó÷åíû ïî íàáëþäåíèÿì ñî ñïåêòðîãðàôîì ESPRESSO).

Ïî äàííûì TESS, àìïëèòóäà ïåðåìåííîñòè áëåñêà HD 189733 ñîñòàâëÿåò

1.6 è 0.9% îò óðîâíÿ ñðåäíåãî áëåñêà çâåçäû (äëÿ ñåêòîðîâ 41 è 54,

ñîîòâåòñòâåííî). Ïî ñòàíäàðòíîé ìåòîäèêå íàìè áûëè îöåíåíû âåëè÷èíû

ïàðàìåòðà çàïÿòíåííîñòè çâåçäû, êîòîðûå äîñòèãàþò 2.0 è 1.2% îò ïëîùàäè

ïîâåðõíîñòè çâåçäû è ïîëó÷åíû âåëè÷èíû ïëîùàäè çàïÿòíåííîé ïîâåðõíîñòè

À çâåçäû â àáñîëþòíîé ìåðå, êîòîðûå ñîñòàâèëè 9200 ì.ä.ï. è 5400 ì.ä.ï (äëÿ

ñåêòîðîâ 41 è 54, ñîîòâåòñòâåííî) è óæå ñòàíîâÿòñÿ ñîïîñòàâèìûìè ñ äàííûìè

î ìàêñèìàëüíîé çàïÿòíåííîñòè Ñîëíöà.

Ïî 771 îöåíêå áëåñêà çâåçäû â ôèëüòðå V, ïðåäñòàâëåííîé â îáçîðå

Kamogata Wide-field Survey, áûë ïðîâåäåí àíàëèç ïðîÿâëåíèé äîëãîâðåìåííîé

àêòèâíîñòè HD 189733 è íàéäåíû óêàçàíèÿ íà ñóùåñòâîâàíèå öèêëîâ àêòèâíîñòè

ïðîäîëæèòåëüíîñòüþ â 1140 è 4220 ñóò (3.1 è 11.6 ëåò, ñîîòâåòñòâåííî).

Ïî ëèòåðàòóðíûì äàííûì ñäåëàí âûâîä î òîì, ÷òî óðîâåíü õðîìîñôåðíîé

àêòèâíîñòè HD 189733 ïðåâîñõîäèò ñðåäíþþ âåëè÷èíó, õàðàêòåðíóþ äëÿ äðóãèõ

õîëîäíûõ êàðëèêîâ ñ àíàëîãè÷íûìè çíà÷åíèÿìè ïîêàçàòåëÿ öâåòà (B - V ), è

âûøå ñîëíå÷íîé. Ìîæíî çàêëþ÷èòü, ÷òî HD 189733 îáëàäàåò óìåðåííîé (èëè

íåìíîãî âûøå ñðåäíåé) àêòèâíîñòüþ, õàðàêòåðíîé äëÿ àíàëîãè÷íûõ êàðëèêîâ

ñïåêòðàëüíîãî êëàññà Ê, íî òåì íå ìåíåå, òðåáóþùåé ïðè ìîäåëèðîâàíèè

òùàòåëüíîãî ó÷åòà ñâîéñòâ è ýâîëþöèè ïëàíåòû, îáðàùàþùåéñÿ âîêðóã ýòîé

çâåçäû, âíå çàâèñèìîñòè îò òîãî, ïðîâîäÿòñÿ ëè îöåíêè ïî óïðîùåííîé ìåòîäèêå

(íàïðèìåð, àïïðîêñèìàöèîííàÿ ôîðìóëà, ñîîòâåòñòâóþùàÿ ìîäåëè ïîòåðè

àòìîñôåðû ñ îãðàíè÷åíèåì ïî ýíåðãèè) èëè ïî òî÷íîìó ìàãíèòîãèäðîäè-

íàìè÷åñêîìó ìîäåëèðîâàíèþ [14]. Ê ÷èñëó âîçíèêàþùèõ ïðè ýòîì óñëîæíÿþùèõ

îáñòîÿòåëüñòâ, ñëåäóåò îòíåñòè òîò ôàêò, ÷òî àêòèâíîñòü çâåçäû ÿâëÿåòñÿ

ïåðåìåííîé è òðåáóåò îöåíîê, âûïîëíÿåìûõ îäíîâðåìåííî ñ îñíîâíûìè

èññëåäîâàíèÿìè àòìîñôåðû ýêçîïëàíåòû.

Èññëåäîâàíèå âûïîëíåíî â ðàìêàõ ïðîåêòà "Èññëåäîâàíèå çâåçä ñ ýêçî-

ïëàíåòàìè" ïî ãðàíòó Ïðàâèòåëüñòâà ÐÔ äëÿ ïðîâåäåíèÿ íàó÷íûõ èññëåäîâàíèé,

ïðîâîäèìûõ ïîä ðóêîâîäñòâîì âåäóùèõ ó÷åíûõ (ñîãëàøåíèå N 075-15-2019-

1875, 075-15-2022-1109).
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ACTIVITY OF THE HOT JUPITER PLANET
HOSTING K2V DWARF HD 189733

I.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
rot
 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
rot
 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
rot
) and requires estimates performed simultaneously with the main studies

of the exoplanet's atmosphere.

Keywords: stars: activity: spots: photometry: variability: planetary systems: exoplanet

      atmosheres
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ÔÎÒÎÌÅÒÐÈ×ÅÑÊÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ ÀÑÈÍÕÐÎÍÍÎÃÎ
ÏÎËßÐÀ IGR J19552+0044 Â 2019-2022ãã.

Þ.Â.ÁÀÁÈÍÀ1, Å.Ï.ÏÀÂËÅÍÊÎ1, Í.Â.ÏÈÒÜ1, Ê.À.ÀÍÒÎÍÞÊ1,
À.À.ÑÎÑÍÎÂÑÊÈÉ1, Â.Ã.ÃÎÄÓÍÎÂÀ2, È.À.ÈÇÂÅÊÎÂÀ2,

Ã.È.ÊÎÕÈÐÎÂÀ3, Ô.Ä.ÐÀÕÌÀÒÓËËÀÅÂÀ3, À.Î.ÑÈÌÎÍ4, Ì.Â.×ÓÏÈÐÀ4

Ïîñòóïèëà 8 ìàÿ 2024

Â ñòàòüå ïðèâåäåí àíàëèç äàííûõ ìíîãîöâåòíûõ ôîòîìåòðè÷åñêèõ íàáëþäåíèé
àñèíõðîííîãî ïîëÿðà IGR J19552+0044, ïîëó÷åííûõ â òå÷åíèå 59 íî÷åé c 2019 ïî 2022ãã.
â Êðûìñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè, à òàêæå â îáñåðâàòîðèÿõ Ïèê Òåðñêîë, Ñàíãëîõ,
Ëåñíèêè è äàííûõ êîñìè÷åñêîãî òåëåñêîïà TESS, ïîëó÷åííûõ â òå÷åíèå 27 ñóò â 2022ã.
Ïîêàçàíî, ÷òî ìàêñèìàëüíàÿ àìïëèòóäà êîëåáàíèé áëåñêà ñ ïåðèîäîì âðàùåíèÿ áåëîãî
êàðëèêà (~2

m
.5-3

m
) íàáëþäàåòñÿ â ïîëîñå Ic è ïðàêòè÷åñêè áëèçêà ê íóëþ â ïîëîñå B.

Óòî÷íåí ïåðèîä âðàùåíèÿ áåëîãî êàðëèêà, ñîñòàâëÿþùèé 0.05645350(14) ñóò. Îáíàðóæåíà
çàâèñèìîñòü àìïëèòóäû êðèâîé áëåñêà ïåðèîäà âðàùåíèÿ îò ôàçû ñèíîäè÷åñêîãî ïåðèîäà.

Êëþ÷åâûå ñëîâà: êàòàêëèçìè÷åñêèå ïåðåìåííûå: àñèíõðîííûé ïîëÿð: IGR

     J19552+0044

1. Ââåäåíèå. Êàòàêëèçìè÷åñêèå ïåðåìåííûå - ýòî òåñíûå äâîéíûå

ñèñòåìû íà ïîçäíåé ñòàäèè ýâîëþöèè [1]. Â íèõ çâåçäà ïîçäíåãî ñïåêòðàëüíîãî

êëàññà òåðÿåò ÷åðåç âíóòðåííþþ òî÷êó Ëàãðàíæà âåùåñòâî íà êîìïàêòíûé

êîìïîíåíò - áåëûé êàðëèê. Åñëè ìàãíèòíîå ïîëå áåëîãî êàðëèêà ïðåíåáðåæèìî

ìàëî, âîêðóã íåãî îáðàçóåòñÿ àêêðåöèîííûé äèñê. Â ïðîòèâíîì ñëó÷àå, åñëè

íàïðÿæåííîñòü ìàãíèòíîãî ïîëÿ ïîðÿäêà 107-108
 Ãñ, àêêðåöèÿ íà áåëûé

êàðëèê îñóùåñòâëÿåòñÿ íåïîñðåäñòâåííî íà åãî ìàãíèòíûå ïîëþñà, òàêèå

îáúåêòû íàçûâàþòñÿ ïîëÿðàìè. Åñëè íàïðÿæåííîñòü ìàãíèòíîãî ïîëÿ ìåíüøå

ýòîé âåëè÷èíû, â ñèñòåìå ìîæåò îáðàçîâàòüñÿ àêêðåöèîííûé äèñê íà

ðàññòîÿíèè, ãäå äàâëåíèå â àêêðåöèîííîé ñòðóå óðàâíîâåøèâàåòñÿ äàâëåíèåì

ìàãíèòíîãî ïîëÿ (ïðîìåæóòî÷íûå ïîëÿðû). Ïîëÿðû - ñèíõðîííûå ñèñòåìû,

â òî âðåìÿ êàê ïðîìåæóòî÷íûå ïîëÿðû - àñèíõðîííûå, â íèõ îðáèòàëüíûé

ïåðèîä â ñðåäíåì áîëåå, ÷åì â 10 ðàç ïðåâîñõîäèò ïåðèîä âðàùåíèÿ áåëîãî

êàðëèêà. Ñóùåñòâóåò ìàëî÷èñëåííàÿ ãðóïïà ïîëÿðîâ, â êîòîðûõ ïåðèîä

âðàùåíèÿ áåëîãî êàðëèêà îòëè÷àåòñÿ îò ïåðèîäà âðàùåíèÿ âñåé ñèñòåìû,

òàêèå îáúåêòû íàçûâàþò àñèíõðîííûìè ïîëÿðàìè. Ýòî 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] è SDSS J085414.02+390537.3 [12]. Ïðè÷èíà àñèíõðîíèçìà

äî ñèõ ïîð îñòàåòñÿ íåèçâåñòíîé ó âñåõ ýòèõ îáúåêòîâ, êðîìå V1500 Cyg, ó

êîòîðîãî ïðèíÿòî ñ÷èòàòü, ÷òî ñèíõðîííîå îðáèòàëüíî-âðàùàòåëüíîå äâèæåíèå

ýòîé ñèñòåìû áûëî ðàçðóøåíî âçðûâîì Íîâîé 1975ã. [13].

IGR J19552+0044 ( .55.12.419 , .45.3800 , J2000) - ñàìûé êîðîòêî-

ïåðèîäè÷åñêèé îáúåêò èç äàííîé ãðóïïû àñèíõðîííûõ ïîëÿðîâ, åãî îðáè-

òàëüíûé ïåðèîä ñîñòàâëÿåò 0.058055 ñóò, à ïåðèîä âðàùåíèÿ áåëîãî êàðëèêà

- 0.056451 ñóò [9], ò.å., îðáèòàëüíûé ïåðèîä íà 2.8% ïðåâîñõîäèò ïåðèîä

âðàùåíèÿ. Ñîîòâåòñòâåííî ñèíîäè÷åñêèé ïåðèîä P
beat

 (ò.å., ïåðèîä áèåíèé

îðáèòàëüíîãî P
orb

 è âðàùàòåëüíîãî P
rot
 ïåðèîäîâ) åñòü (P

orb
-P

rot
)/P

orb
P

rot
. Òîâìàñÿí

è äð. [9] îáíàðóæèëè ó IGR J19552+0044 ýòîò ïåðèîä (2.04 ñóò). Áåðíàðäèíè

è äð. [14] óêàçàëè íà áîëüøóþ ïåðåìåííîñòü îáúåêòà â æåñòêîì ðåíòãåíå è

èíôðàêðàñíîì äèàïàçîíå ñïåêòðà. Îíè îáíàðóæèëè ïåðèîäû 0.070 è 0.050

ñóò, êîòîðûå îòñóòñòâóþò â îïòè÷åñêîì äèàïàçîíå. Ïðèðîäà èõ ïîêà íåèçâåñòíà.

Ñïåêòðàëüíûå è ìíîãîöâåòíûå íàáëþäåíèÿ Òîâìàñÿíà è äð. [9] ïîêàçàëè, ÷òî

îñíîâíûì èñòî÷íèêîì èçëó÷åíèÿ IGR J19552+0044 ÿâëÿåòñÿ öèêëîòðîííîå

èçëó÷åíèå áåëîãî êàðëèêà, îáåñïå÷èâàþùåå â îïòèêå ïåðåìåííîñòü áëåñêà ñ

ïåðèîäîì âðàùåíèÿ. Ìàêñèìàëüíàÿ àìïëèòóäà êîëåáàíèé ñ ïåðèîäîì âðàùåíèÿ

ðåãèñòðèðóåòñÿ â ïîëîñå I, ãäå îíà äîñòèãàåò ~2m. Ñîãëàñíî ôîòîìåòðèè ñ

âûñîêèì ðàçðåøåíèåì, â äëèííîâîëíîâîé îáëàñòè ñïåêòðà íàáëþäàåòñÿ áûñòðàÿ

ïåðåìåííîñòü ñ áîëüøîé àìïëèòóäîé. Àâòîðû ñâÿçûâàþò åå ñ "áëîáîâîé"

àêêðåöèåé íà áåëûé êàðëèê. Àâòîðû ñäåëàëè âûâîä î ìàññå áåëîãî êàðëèêà

0.77 M  è íèçêîì òåìïå àêêðåöèè. Îíè òàêæå ïðèøëè ê çàêëþ÷åíèþ îá

îòíîñèòåëüíî íèçêîé íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ (< 20 ÌÃ) áåëîãî êàðëèêà

è àêêðåöèè íà îäèí ìàãíèòíûé ïîëþñ.

Ìû ïðåäïðèíÿëè ôîòîìåòðè÷åñêèå èññëåäîâàíèÿ IGR J19552+0044 ñïóñòÿ

8 ëåò ïîñëå ôîòîìåòðèè Òîâìàñÿíà è äð. [9], âûïîëíåííûå êàê ïî íàçåìíûì

íàáëþäåíèÿì, òàê è ïî äàííûì êîñìè÷åñêîãî òåëåñêîïà TESS ñ öåëüþ

èññëåäîâàíèÿ îñîáåííîñòåé ãåîìåòðèè àêêðåöèè â òå÷åíèå ñèíîäè÷åñêîãî

ïåðèîäà.

2. Íàçåìíûå è êîñìè÷åñêèå íàáëþäåíèÿ. Íàçåìíûå íàáëþäåíèÿ

IGR J19552+0044 (äàëåå IGR1955) ïðîâîäèëèñü ñ 2019 ïî 2022ãã. â Êðûìñêîé

àñòðîôèçè÷åñêîé îáñåðâàòîðèè (ÊðÀÎ) íà òåëåñêîïàõ ÀÇÒ-11 (1.25-ì) ñ ÏÇÑ

ProLine PL230 è ÇÒØ (2.6-ì) ñ ÏÇÑ Apogee Alta E47, â Ìåæäóíàðîäíîé

Àñòðîíîìè÷åñêîé îáñåðâàòîðèè Ñàíãëîõ íà òåëåñêîïå Öåéññ-1000 ñ ÏÇÑ FLI

16803 Proline, â îáñåðâàòîðèè íà ïèêå Òåðñêîë Ìåæäóíàðîäíîãî öåíòðà

àñòðîíîìè÷åñêèõ è ìåäèêî-ýêîëîãè÷åñêèõ èññëåäîâàíèé ÍÀÍ Óêðàèíû íà

òåëåñêîïàõ Öåéññ-600 è Öåéññ-2000 ñ ÏÇÑ SBIG STL-1001 è Fli PL 4301,



163ÔÎÒÎÌÅÒÐÈß  ÀÑÈÍÕÐÎÍÍÎÃÎ  ÏÎËßÐÀ  IGR J19552+0044

ñîîòâåòñòâåííî è íà íàáëþäàòåëüíîé ñòàíöèè â ñ. Ëåñíèêè Êèåâñêîãî íàöèî-

íàëüíîãî óíèâåðñèòåòà èì. Òàðàñà Øåâ÷åíêî ñ ÏÇÑ ProLine PL4710 (ñì.

òàáë.1). Â òàáëèöå ïðèâåäåíû: äàòà, ïðîäîëæèòåëüíîñòü è ìåñòî íàáëþäåíèé,

òåëåñêîï è ôîòîìåòðè÷åñêàÿ ñèñòåìà. Â êà÷åñòâå çâåçäû ñðàâíåíèÿ èñïîëü-

çîâàëàñü çâåçäà ñ êîîðäèíàòàìè USNO-B1.0 0907-0488682 (19 55 17.497,

+00 44 13.75, J2000). Íàáëþäåíèÿ âûïîëíÿëèñü â îäíîé èëè íåñêîëüêèõ

ïîëîñàõ ôîòîìåòðè÷åñêîé ñèñòåìû Äæîíñîíà-Êóçèíñà BVRcIc, èíîãäà - áåç

ñâåòîôèëüòðîâ ñ ìàêñèìóìîì ÷óâñòâèòåëüíîñòè â êðàñíîé îáëàñòè ñïåêòðà.

Ýêñïîçèöèÿ ïîäáèðàëàñü òàêîé, ÷òîáû îáåñïå÷èâàòü òî÷íîñòü íå õóæå 0m.1

è, â çàâèñèìîñòè îò òåëåñêîïà, ôîòîìåòðè÷åñêîé ñèñòåìû è ïîãîäíûõ óñëîâèé,

êîëåáàëàñü â ïðåäåëàõ îò 30 äî180 ñ. Â öåëîì âåñü ìàññèâ äàííûõ îõâàòèë

~3-ëåòíèé èíòåðâàë è ñîñòàâèë 155 ÷ â òå÷åíèå 59 íî÷åé íàáëþäåíèé.

¹ Äàòà HJD Т Ìåñòî íàáëþäåíèé, Ôîòîìåòðè÷åñêàÿ
2400000+… (÷àñû) òåëåñêîï ñèñòåìà

1 2 3 4 5 6

1 31.05.2019 58635 1.85 ÊðÀÎ, ÀÇÒ-11 Iñ, V
2 05.06.2019 58640 3.45 ÊðÀÎ, ÀÇÒ-11 Iñ, V
3 12.06.2019 58647 2.4 ÊðÀÎ, ÀÇÒ-11 Iñ, V
4 18.06.2019 58653 1.6 ÊðÀÎ, ÀÇÒ-11 Iñ, V
5 20.06.2019 58655 4.7 Ñàíãëîõ, Öåéññ-1000 Iñ, V
6 20.06.2019 58655 2.5 ÊðÀÎ, ÀÇÒ-11 Iñ, V
7 21.06.2019 58656 3 ÊðÀÎ, ÀÇÒ-11 Iñ, V
8 21.06.2019 58656 5 Ñàíãëîõ, Öåéññ-1000 Iñ, V
9 22.06.2019 58657 3.8 Ñàíãëîõ, Öåéññ-1000 Iñ, V
10 23.06.2019 58658 1.6 ÊðÀÎ, ÀÇÒ-11 Iñ, V
11 24.06.2019 58659 4.1 ÊðÀÎ, ÀÇÒ-11 Iñ, V
12 25.06.2019 58660 3.84 ÊðÀÎ, ÀÇÒ-11 Iñ, V
13 26.06.2019 58661 3.72 ÊðÀÎ, ÀÇÒ-11 Iñ, V
14 27.06.2019 58662 2.4 ÊðÀÎ, ÀÇÒ-11 Iñ, V
15 01.07.2019 58666 3.6 ÊðÀÎ, ÀÇÒ-11 Iñ, V
16 02.07.2019 58667 3.7 ÊðÀÎ, ÀÇÒ-11 Iñ, V
17 14.07.2019 58679 0.6 Òåðñêîë, Öåéññ-600 B, V, Rñ, Iñ
18 16.07.2019 58681 0.4 Òåðñêîë, Öåéññ-600 B, V, Rñ, Iñ
19 20.07.2019 58685 0.4 Òåðñêîë, Öåéññ-600 B, V, Rñ, Iñ
20 29.07.2019 58694 2.4 Òåðñêîë, Öåéññ-600 Rñ
21 07.08.2019 58703 2.5 ÊðÀÎ, ÀÇÒ-11 Iñ, V
22 08.08.2019 58704 4 ÊðÀÎ, ÀÇÒ-11 Iñ, V
23 09.08.2019 58705 1.8 ÊðÀÎ, ÀÇÒ-11 Iñ, V
24 10.08.2019 58706 2.5 ÊðÀÎ, ÀÇÒ-11 Iñ, V
25 11.08.2019 58707 3 ÊðÀÎ, ÀÇÒ-11 Iñ, V
26 12.08.2019 58708 2.2 ÊðÀÎ, ÀÇÒ-11 Iñ, V

Òàáëèöà 1

ÆÓÐÍÀË ÍÀÇÅÌÍÛÕ ÍÀÁËÞÄÅÍÈÉ IGR J19552+0044 (2019-2022ãã.)
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Êîñìè÷åñêèå íàáëþäåíèÿ áûëè âûïîëíåíû ñ ïîìîùüþ òåëåñêîïà TESS

(NASA Transiting Exoplanet Survey Satellite) [15] â 2022ã. íà ïðîòÿæåíèè 27

ñóò â øèðîêîé ñïåêòðàëüíîé ïîëîñå 600-1000 íì ñ ýêñïîçèöèåé 120 ñ.

 3. Àíàëèç íàáëþäåíèé TESS. Äàííûå TESS ïðåäñòàâëÿþò ñîáîé

÷åòûðå ôðàãìåíòà â èíòåðâàëàõ BJD 59769-59777, 59780-59782, 59783-59791,

59793-59796 (cì. ðèñ.1).

Îáðàùàåò íà ñåáÿ âíèìàíèå ñèëüíàÿ ìîäóëÿöèÿ èíòåíñèâíîñòè ñ

~1-cóòî÷íûì ïåðèîäîì, ÷òî õîðîøî âèäíî íà ðèñ.2, ãäå ïðèâåäåíà ïåðèî-

1 2 3 4 5 6

27 14.08.2019 58710 1.8 ÊðÀÎ, ÀÇÒ-11 Iñ, V
28 29.04.2020 58969 0.7 Òåðñêîë, Öåéññ-600 B, V, Rñ, Iñ
29 13.05.2020 58983 1.4 Òåðñêîë, Öåéññ-600 B, V, Rñ, Iñ
30 03.06.2020 59004 3 ÊðÀÎ, ÀÇÒ-11 Iñ, V
31 04.06.2020 59005 3 ÊðÀÎ, ÀÇÒ-11 Iñ, V
32 08.06.2020 59009 2.2 ÊðÀÎ, ÀÇÒ-11 Iñ, V
33 08.08.2020 59070 3.8 ÊðÀÎ, ÇÒØ 2.6-ì B, V, Rñ, Iñ
34 09.08.2020 59071 4.5 ÊðÀÎ, ÇÒØ 2.6-ì B, V, Rñ, Iñ
35 19.08.2020 59081 1.5 Òåðñêîë, 2-ì B, V, Rñ, Iñ
36 20.08.2020 59082 2.6 Òåðñêîë, 2-ì B, V, Rñ, Iñ
37 21.08.2020 59083 1.3 Ëåñíèêè, 0.7-ì Iñ, Rñ
38 20.05.2021 59355 2 Òåðñêîë, Öåéññ-600 V
39 07.06.2021 59373 0.8 ÊðÀÎ, ÀÇÒ-11 Iñ, V, áåç ô.
40 08.06.2021 59374 1 ÊðÀÎ, ÀÇÒ-11 Iñ, V
41 09.06.2021 59375 4.2 ÊðÀÎ, ÀÇÒ-11 Iñ, V, áåç ô.
42 10.06.2021 59376 2 ÊðÀÎ, ÀÇÒ-11 Iñ
43 11.06.2021 59377 3 ÊðÀÎ, ÀÇÒ-11 Áåç ô.
44 13.06.2021 59379 3 ÊðÀÎ, ÀÇÒ-11 Áåç ô.
45 17.06.2021 59383 2.8 Òåðñêîë, Öåéññ-600 Iñ
46 18.06.2021 59384 2.8 Òåðñêîë, Öåéññ-600 Iñ
47 20.06.2021 59386 1 Òåðñêîë, Öåéññ-600 Iñ
48 01.07.2021 59397 3.4 ÊðÀÎ, ÀÇÒ-11 Iñ
49 22.10.2021 59510 3 Òåðñêîë, Öåéññ-600 Iñ
50 23.10.2021 59511 7 Òåðñêîë, Öåéññ-600 Iñ
51 21.06.2022 59752 1.8 ÊðÀÎ, ÀÇÒ-11 Áåç ô.
52 04.07.2022 59765 2.88 ÊðÀÎ, ÀÇÒ-11 Iñ, V
53 05.07.2022 59766 3.1 ÊðÀÎ, ÀÇÒ-11 Iñ, V
54 06.07.2022 59767 3.3 ÊðÀÎ, ÀÇÒ-11 Iñ, V
55 07.07.2022 59768 3.2 ÊðÀÎ, ÀÇÒ-11 Iñ, V
56 11.07.2022 59772 1.5 ÊðÀÎ, ÀÇÒ-11 Iñ, V
57 13.07.2022 59774 1.1 ÊðÀÎ, ÀÇÒ-11 Iñ, V
58 14.07.2022 59775 2.6 ÊðÀÎ, ÀÇÒ-11 Iñ, V
59 16.07.2022 59777 3.1 ÊðÀÎ, ÀÇÒ-11 Iñ, V

Òàáëèöà 1 (Îêîí÷àíèå)
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äîãðàììà, ïîñòðîåííàÿ ñ èñïîëüçîâàíèåì ìåòîäà Ñòåëëèíãâåðôà, ðåàëèçîâàííîãî

â ïàêåòå ïðîãðàìì ISDA [16]. Íàèáîëåå çíà÷èìûå ïèêè ïåðèîäîãðàììû

Ðèñ.1. Äîëãîâðåìåííàÿ êðèâàÿ áëåñêà IGR 1955 â 2022ã. ïî äàííûì TESS.
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Ðèñ.2. Ïåðèîäîãðàììà ïî äàííûì TESS â îêðåñòíîñòè ïåðèîäà áèåíèé (ñëåâà) è ñâåðòêà
äàííûõ ñ ïåðèîäîì áèåíèé 2.0425 ñóò (ñïðàâà). Äëÿ óäîáñòâà äàííûå âîñïðîèçâåäåíû äâàæäû

(íà ðèñóíêå ñïðàâà).
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óêàçûâàþò íà ïåðèîä áèåíèé 2.0425 ñóò è åãî âòîðóþ ãàðìîíèêó. Íà ýòîì

æå ðèñóíêå ïîêàçàíà ôàçîâàÿ êðèâàÿ áëåñêà, ïîñòðîåííàÿ ñîãëàñíî ýôåìåðèäå

, E2.0425352455740.70HJDMax  (1)

ãäå íà÷àëüíàÿ ýïîõà ñîîòâåòñòâóåò íèæíåìó ñîåäèíåíèþ âòîðè÷íîãî êîìïîíåíòà

[9]. Èíäèâèäóàëüíûå "ñòîëáöû" êðèâîé - ýòî êîëåáàíèÿ áëåñêà ñ ïåðèîäîì

âðàùåíèÿ áåëîãî êàðëèêà, à âåðõíÿÿ îãèáàþùàÿ (ò.å., àìïëèòóäà êîëåáàíèé,

ñâÿçàííûõ ñ ïåðèîäîì âðàùåíèÿ) â ñðåäíåì äîñòèãàåò ìàêñèìàëüíûõ âåëè÷èí

äâàæäû â òå÷åíèå ïåðèîäà áèåíèé íà ôàçàõ ~0.0 è ~0.5, ñîîòâåòñòâóþùèõ

íèæíåìó è âåðõíåìó ñîåäèíåíèþ êðàñíîãî êàðëèêà. Îòìåòèì îñîáåííîñòü

ïðîôèëÿ âåðõíåé îãèáàþùåé: ìåäëåííîå âîçðàñòàíèå ÿðêîñòè è áûñòðûé åå

ñïàä.

Íà ðèñ.3 äëÿ äâóõ íàèáîëåå äëèííûõ ðÿäîâ íàáëþäåíèé TESS ïðèâåäåíû

êðèâûå áëåñêà, ñâÿçàííûå ñ ïåðèîäîì âðàùåíèÿ áåëîãî êàðëèêà, â çàâèñèìîñòè

îò ôàçû ïåðèîäà áèåíèé. Ïîêàçàíû êðèâûå äëÿ øåñòè ñèíîäè÷åñêèõ öèêëîâ.

Ïðîôèëü êðèâûõ ïåðèîäà âðàùåíèÿ, êàê ïðàâèëî, îäíîãîðáûé (çà ðåäêèìè

èñêëþ÷åíèÿìè) è íà ôàçàõ ìàêñèìàëüíîãî áëåñêà èñïåùðåí áûñòðûìè

êâàçèïåðèîäè÷åñêèìè êîëåáàíèÿìè. Âèäíî, ÷òî àìïëèòóäà êðèâûõ ïåðèîäà

Ðèñ.3. Êðèâûå áëåñêà ïåðèîäà âðàùåíèÿ IGR 1955 ïî äàííûì TESS â çàâèñèìîñòè îò
ôàçû ñèíîäè÷åñêîãî ïåðèîäà äëÿ øåñòè ñèíîäè÷åñêèõ öèêëîâ. Äëÿ êàæäîãî ñèíîäè÷åñêîãî
öèêëà óêàçàí èíòåðâàë Þëèàíñêèõ äàò (ïîñëåäíèå òðè öèôðû).
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âðàùåíèÿ ñèñòåìàòè÷åñêè èçìåíÿåòñÿ â òå÷åíèå êàæäîãî ñèíîäè÷åñêîãî öèêëà

è äîñòèãàåò ìàêñèìàëüíîãî çíà÷åíèÿ â èíòåðâàëå ôàç ~0.9-1.0 è ~0.4-0.5.

4. Àíàëèç íàçåìíûõ íàáëþäåíèé. Íà ðèñ.4 äàíà ôàçîâàÿ êðèâàÿ

áëåñêà äàííûõ íàçåìíûõ íàáëþäåíèé ñ ñèíîäè÷åñêèì ïåðèîäîì â ïîëîñàõ

V è Ic. Ôàçû ïåðèîäà âû÷èñëÿëèñü ñîãëàñíî ýôåìåðèäå (1). Ñðàâíèâàÿ ýòó

êðèâóþ, ïîñòðîåííóþ ïî òðåõëåòíåìó ðÿäó íàáëþäåíèé ñ êðèâîé TESS ïî

ìåñÿ÷íîìó ðÿäó íàáëþäåíèé, ìîæíî îòìåòèòü èõ ñõîäñòâî, íåñìîòðÿ íà

ðàçëè÷èå â äëèíå îõâà÷åííûõ íàáëþäåíèÿìè âðåìåííûõ èíòåðâàëîâ è íåðàâ-

íîìåðíîå ïîêðûòèå ôàç íàçåìíûìè íàáëþäåíèÿìè. Êðèâûå ñèíîäè÷åñêîãî

ïåðèîäà íàçåìíûõ íàáëþäåíèé èìåþò äâà ìàêñèìóìà çà ïåðèîä íà ôàçàõ 0.9-

1.0 è 0.35-0.5.

Íà ðèñ.5 ïðèâåäåíû êðèâûå áëåñêà IGR 1955 â ïîëîñàõ Ic è V äëÿ

íåêîòîðûõ íî÷åé è äëÿ ðàçëè÷íûõ ôàç cèíîäè÷åñêîãî ïåðèîäà.

 Êðèâûå ïîêàçûâàþò áûñòðûå èçìåíåíèÿ ïðîôèëÿ íà êîðîòêèõ âðåìåííûõ

øêàëàõ â îáåèõ ïîëîñàõ. Êàæäàÿ èíäèâèäóàëüíàÿ êðèâàÿ íà ðèñóíêå îõâàòûâàåò

îò äâóõ äî ÷åòûðåõ ïåðèîäîâ âðàùåíèÿ áåëîãî êàðëèêà. Íà êðèâîé áëåñêà

äëÿ JD 2458655 âèäíû òðè ïîëíûõ öèêëà âðàùåíèÿ. Â ïîëîñå Iñ êðèâûå

Ðèñ.4. Ôàçîâàÿ êðèâàÿ áëåñêà íàçåìíûõ íàáëþäåíèé IGR 1955 ñ ïåðèîäîì áèåíèé
2.0425 ñóò â ïîëîñå V è Iñ, ïîñòðîåííàÿ ïî äàííûì íàçåìíûõ íàáëþäåíèé 2019-2022ãã. Äëÿ
óäîáñòâà êðèâàÿ âîñïðîèçâåäåíà äâàæäû.
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áëåñêà â êàæäîì öèêëå èìåþò ïîõîæèé îäíîãîðáûé âèä, äëèòåëüíîñòü

êàæäîãî ãîðáà (øèðèíà ãîðáà) ñîñòàâëÿåò ïðàêòè÷åñêè âåñü ïåðèîä. Â ïîëîñå

V êðèâàÿ áëåñêà êàæäîãî öèêëà ðàçäåëÿåòñÿ íà äâà ãîðáà ðàçíîé àìïëèòóäû.

Àìïëèòóäà ãîðáîâ â ýòîé ïîëîñå èçìåíÿåòñÿ îò öèêëà ê öèêëó. Ñëåäóþùàÿ

êðèâàÿ áëåñêà äëÿ JD 2458656 çà ïåðèîä íàáëþäåíèé îõâàòûâàåò 4 ïîëíûõ

öèêëà âðàùåíèÿ. Îíà äåìîíñòðèðóåò êàðäèíàëüíûå èçìåíåíèÿ ïðîôèëÿ,

ïðîèñõîäÿùèå â ñîñåäíèõ öèêëàõ. Êðèâàÿ áëåñêà â òå÷åíèå ïåðâîãî öèêëà

ïðåäñòàâëÿåò ñîáîé óçêèé ãîðá, äëÿùèéñÿ âñåãî ïîëîâèíó ïåðèîäà è ìèíèìóì

áëåñêà â âèäå ðîâíîãî ïëàòî â òå÷åíèå îñòàëüíîé ïîëîâèíû. Ïðîôèëü

âòîðîãî öèêëà íàïîìèíàåò ïðîôèëü ïåðâîãî, â òðåòüåì è ÷åòâåðòîì öèêëå

øèðèíà ãîðáà ñòðåìèòåëüíî óâåëè÷èâàåòñÿ âäâîå, à åãî ïðîôèëü ñòàíîâèòñÿ

äâóõïèêîâûì. Êðèâàÿ áëåñêà â íî÷ü JD 2458657 ñîäåðæèò øèðîêèå ãîðáû,

äëÿùèåñÿ ïðàêòè÷åñêè â òå÷åíèå âñåãî ïåðèîäà âðàùåíèÿ, à â íî÷ü JD

2458660 âíîâü íàáëþäàåòñÿ ïðîôèëü òèïà "óçêèé ãîðá + ïëîñêîå ïëàòî", êàê

è â íî÷ü JD 2458656. Ïîäîáíàÿ êàðòèíà çàðåãèñòðèðîâàíà è äëÿ JD 2459070,

îäíàêî, íà ìåñòå ïëàòî óãàäûâàåòñÿ ðàñòóùèé ãîðá íåáîëüøîé àìïëèòóäû. Â

íî÷ü JD 2459071 ïðîôèëü êðèâûõ âðàùåíèÿ îïÿòü øèðîêèé è äâóõïèêîâûé.

Ðèñ.5. Íåêîòîðûå êðèâûå áëåñêà IGR 1955 â ïîëîñàõ V è Iñ. Çàïîëíåííûìè êðóæêàìè
îáîçíà÷åíû äàííûå â ïîëîñå Iñ, îòêðûòûìè - â V. Äëÿ äàííûõ êàæäîé íî÷è óêàçàí
èíòåðâàë ôàç ñèíîäè÷åñêîãî öèêëà Ph P

beat
.
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Â òå÷åíèå ïîëîâèíû ïåðâîãî öèêëà âèäíà îäíîãîðáàÿ êðèâàÿ, à â îñòàëüíóþ

ïîëîâèíó - ðîâíîå ïëàòî â îáåèõ ïîëîñàõ íà óðîâíå 16m. Â íî÷ü JD 2458660

â òå÷åíèå òðåõ îðáèòàëüíûõ öèêëîâ âèäíà îäíîãîðáàÿ êðèâàÿ, ãäå ãîðá èìååò

ïðîòÿæåííîñòü â ïîëîâèíó îðáèòàëüíîãî öèêëà. Ôîðìà ãîðáà íåñèììåòðè÷íàÿ,

âåçäå íàáëþäàåòñÿ ðåçêèé ñïàä áëåñêà, êîòîðûé ìîæåò óêàçûâàòü íà

çàòìåâàþùóþ ñîñòàâëÿþùóþ îáëàñòè àêêðåöèè.

Êðèâûå áëåñêà ïî êâàçèîäíîâðåìåííûì íàáëþäåíèÿì â ïîëîñàõ BVRcIc

ïðåäñòàâëåíû íà ðèñ.6. Îíè õîðîøî äåìîíñòðèðóþò óâåëè÷åíèå àìïëèòóäû

êîëåáàíèé ñ äëèíîé âîëíû âïëîòü äî 2m.5 - 3m â ïîëîñå Iñ è íàëè÷èå áûñòðûõ

êîëåáàíèé áëåñêà, òàêæå ðàñòóùèõ ñ äëèíîé âîëíû è ñ àìïëèòóäîé, ïðåâîñ-

õîäÿùåé îäíó çâåçäíóþ âåëè÷èíó. Ïî êðèâûì áëåñêà â ðàçíûõ ïîëîñàõ

âèäíà ñóùåñòâåííàÿ ðàçíèöà â çíà÷åíèÿõ ìèíèìóìà áëåñêà, äîõîäÿùàÿ äî

~1m. Â ïîëîñå Â çíà÷èìûå êîëåáàíèÿ áëåñêà ïðàêòè÷åñêè îòñóòñòâóþò.

Ïî âñåì äàííûì 2019-2022ãã., ïîëó÷åííûì â ïîëîñàõ V è Iñ, áûëè

ïîñòðîåíû ïåðèîäîãðàììû â îêðåñòíîñòè îðáèòàëüíîãî ïåðèîäà è ïåðèîäà

Ðèñ.6. Êðèâûå áëåñêà â ïîëîñàõ BVRñIñ, ïîëó÷åííûå íà ÇÒØ è íà Òåðñêîëå. Çàïîë-
íåííûìè êðóæêàìè îáîçíà÷åíû äàííûå â ïîëîñå Â, îòêðûòûìè êðóæêàìè - V, çàïîëíåííûìè
òðåóãîëüíèêàìè - Ic, îòêðûòûìè òðåóãîëüíèêàìè - Rñ. Óêàçàíû ôàçû ïåðèîäà áèåíèé (Ph P

beat
).
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âðàùåíèÿ. Ðåçóëüòàò ïðåäñòàâëåí íà ðèñ.7 (ñëåâà). Êàê è ñëåäîâàëî îæèäàòü,

ñàìûé çíà÷èìûé ïèê íà îáåèõ ïåðèîäîãðàììàõ óêàçûâàåò íà ïåðèîä âðàùåíèÿ

áåëîãî êàðëèêà 0.05645351(14) ñóò. Âåëè÷èíû ïåðèîäîâ, ïîëó÷åííûå â äàííîé

ðàáîòå è Òîâìàñÿíîì è äð. [9] â ïðåäåëàõ òî÷íîñòè ñîâïàäàþò â øåñòîì çíàêå

ïîñëå çàïÿòîé, ÷òî íå ïîçâîëÿåò êîððåêòíî îöåíèòü ñêîðîñòü ïðåäïîëàãàåìîé

îðáèòàëüíî-âðàùàòåëüíîé ñèíõðîíèçàöèè. Ñ ó÷åòîì ïîãðåøíîñòåé îïðåäåëåíèÿ

ïåðèîäîâ âèäíî, ÷òî ìû ïîëó÷èëè áîëåå òî÷íóþ åãî âåëè÷èíó 0.05645351(14)

ñóò. Îðáèòàëüíûé ïåðèîä íà ïåðèîäîãðàììå òàêæå ïðèñóòñòâóåò, îäíàêî

çíà÷èìîñòü åãî î÷åíü ìàëà. Íà ðèñ.7 (ñïðàâà) ïðèâåäåíû ôàçîâûå êðèâûå

áëåñêà ñ ïåðèîäîì âðàùåíèÿ, ïîñòðîåííûå ñîãëàñíî ýôåìåðèäå

. E056453510352455740.70HJDMax . (2)

5. Îáñóæäåíèå. Ñèíîäè÷åñêèé ïåðèîä. Íàçåìíûå è êîñìè÷åñêèå

íàáëþäåíèÿ ïîêàçàëè, ÷òî íàëè÷èå äâóãîðáîé ìîäóëÿöèè áëåñêà ñ ñèíîäè÷åñêèì

ïåðèîäîì è çàâèñèìîñòü àìïëèòóäû êîëåáàíèé áëåñêà ñ ïåðèîäîì âðàùåíèÿ

áåëîãî êàðëèêà îò ôàçû ñèíîäè÷åñêîãî öèêëà - óñòîé÷èâîå ÿâëåíèå â ñèñòåìå

IGR 1955. Ïîõîæèé ýôôåêò ó àñèíõðîííîãî ïîëÿðà BY Ñam áûë çàðåãèñò-

Ðèñ.7. Ñëåâà: ïåðèîäîãðàììû äëÿ äàííûõ â ïîëîñàõ Ic è V â îêðåñòíîñòè ïåðèîäà
âðàùåíèÿ è îðáèòàëüíîãî ïåðèîäà, ïîñòðîåííûå ïî íàçåìíûì íàáëþäåíèÿì 2019-2022ãã.

Ïóíêòèðíûìè ëèíèÿìè ïîêàçàíû ðàñ÷åòíîå ïîëîæåíèå îðáèòàëüíîãî ïåðèîäà (ñîîòâåòñòâóþùàÿ
÷àñòîòà F

o
 = 17.225 ñóò

-1
) è ïåðèîäà âðàùåíèÿ (F

rot
 = 17.715 ñóò

-1
). Ñïðàâà: ôàçîâûå êðèâûå

áëåñêà ñ ïåðèîäîì âðàùåíèÿ â ïîëîñàõ Ic (ââåðõó) è V (âíèçó). Äëÿ óäîáñòâà ñâåðòêè

âîñïðîèçâåäåíû äâàæäû.
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ðèðîâàí Ìýéñîíîì è äð. [17]. Òàêîå ïîâåäåíèå àññîöèèðóåòñÿ ñ ïåðèîäè÷åñêèì

èçìåíåíèåì òåìïà ïåðåíîñà âåùåñòâà îò âòîðè÷íîãî êîìïîíåíòà â òå÷åíèå

ñèíîäè÷åñêîãî ïåðèîäà. Â ñëó÷àå BY Cam àâòîðû îïèñàëè ñëîæíîñòü îäíî-

çíà÷íîé èíòåðïðåòàöèè íàáëþäàåìûõ ýôôåêòîâ, ïîâòîðÿþùèõñÿ ñ ôàçîé

ñèíîäè÷åñêîãî öèêëà, çàâèñÿùèõ îò èçìåíåíèÿ îðèåíòàöèè ìàãíèòíîãî ïîëÿ

áåëîãî êàðëèêà. Îäíàêî îíè ïðåäëîæèëè êàê íàèáîëåå âåðîÿòíóþ ìîäåëü

"ìàãíèòíîãî êëàïàíà" (ñì. òàêæå ïðåäïîëîæåíèå Àíäðîíîâà [18]) â êà÷åñòâå

ïîòåíöèàëüíîãî îáúÿñíåíèÿ èçìåíåíèé èíòåíñèâíîñòè, çàâèñÿùèõ îò ôàçû

áèåíèé, ãäå ìàãíèòíîå ïîëå áåëîãî êàðëèêà ïðåïÿòñòâóåò ïåðåíîñó âåùåñòâà

÷åðåç âíóòðåííþþ òî÷êó Ëàãðàíæà L1, êîãäà ïîòîê ïåðïåíäèêóëÿðåí îñè

ìàãíèòíîãî ïîëÿ, ÷òî îáúÿñíÿåò íàëè÷èå äâóãîðáîãî èëè ìóëüòèêîìïîíåíòíîãî

ïðîôèëÿ êðèâîé. Íàïîìíèì, ÷òî ìàêñèìàëüíàÿ àìïëèòóäà âåðõíåé îãèáàþùåé

êðèâîé ñèíîäè÷åñêîãî ïåðèîäà IGR 1955 (çà ñ÷åò ìàêñèìàëüíîé àìïëèòóäû

êðèâûõ ïåðèîäà âðàùåíèÿ) íàáëþäàåòñÿ, ñîãëàñíî ýôåìåðèäå (1), âî âðåìÿ

íèæíåãî ñîåäèíåíèÿ êðàñíîãî êàðëèêà. Ýòî îçíà÷àåò, ÷òî ìàãíèòíîå ïîëå

áåëîãî êàðëèêà â ýòîò ìîìåíò îðèåíòèðîâàíî íàèáîëåå áëàãîïðèÿòíûì îáðàçîì

äëÿ ìàêñèìàëüíîãî òåìïà àêêðåöèè è îðèåíòàöèÿ ìàãíèòíîé îñè áëèçêà ê

îðèåíòàöèè ëèíèè, ñîåäèíÿþùåé öåíòðû êîìïîíåíò.

6. Çàêëþ÷åíèå. Òàêèì îáðàçîì, ìíîãîëåòíèé ìîíèòîðèíã àñèíõðîííîãî

ïîëÿðà IGR 1955 âûÿâèë: 1. ñèëüíóþ è óñòîé÷èâóþ âî âðåìåíè äâóãîðáóþ

ìîäóëÿöèþ áëåñêà ñ ñèíîäè÷åñêèì ïåðèîäîì 2.0425 ñóò, î÷åâèäíî, ñâÿçàííóþ

ñ ïåðèîäè÷åñêèì êîëåáàíèåì òåìïà ïåðåíîñà âåùåñòâà îò âòîðè÷íîãî

êîìïîíåíòà; 2. ïîçâîëèë óòî÷íèòü âåëè÷èíó ïåðèîäà âðàùåíèÿ áåëîãî êàðëèêà

0.05645351(14) ñóò. Ïîëó÷åííûå äàííûå ñîãëàñóþòñÿ ñ âûâîäîì Òîâìàñÿíà è

äð. [9], ÷òî ïðîôèëü êðèâûõ áëåñêà ñ ïåðèîäîì âðàùåíèÿ, êàê ïðàâèëî,

îäíîãîðáûé, ÷òî óêàçûâàåò íà ïðåèìóùåñòâåííî îäíîïîëþñíóþ àêêðåöèþ.

Äàëüíåéøèå èññëåäîâàíèÿ äîëæíû ïîêàçàòü, âîçìîæíî ëè ïðèìåíåíèå ìîäåëè

ìàãíèòíîãî êëàïàíà äëÿ îáúÿñíåíèÿ ýôôåêòîâ, íàáëþäàåìûõ ó IGR 1955.

Àâòîðû áëàãîäàðÿò ðåöåíçåíòà çà âíèìàòåëüíîå ïðî÷òåíèå ñòàòüè è öåííûå

çàìå÷àíèÿ.
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PHOTOMETRIC STUDIES OF ASYNCHRONOUS
POLAR IGR J19552+0044 IN 2019-2022

Ju.V.BABINA1, E.P.PAVLENKO1, N.V.PIT1, K.A.ANTONYUK1,
A.A.SOSNOVSKIJ1, V.G.GODUNOVA2, I.A.IZVIEKOVA2, G.I.KOKHIROVA3,

F.D.RAKHMATULLAEVA3, À.Î.SIMON4, Ì.V.CHUPIRA4

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 (~2m.5-3m) 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

A.DABRE1, PALLAVI MAKODE2
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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 ,/23)( RRf   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.

Keywords: Bianchi type I metric: bulk viscous fluid: cosmic string: energy conditions:

      Rf  gravity

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  Rf  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  Rf  gravity. Baibosunov et al. [2] discussed model of the

early universe in  Rf  gravity. Nojiri et al. [3] studied unifying inflation with

early and late-time dark energy in  Rf  gravity. Again Nojiri, Odintsov [4]

discussed unified cosmic history in modified gravity from  Rf  theory to Lorentz

non-invariant models. Dynamics of some cosmological solutions in modified  Rf
gravity were examined by Malik, Shamir [5]. Pawar et al. [6] investigated plane

symmetric string cosmological model with zero mass scalar field in  Rf  gravity.

Cognola et al. [7] investigated the class of viable modified  Rf  gravities describing

inflation and the onset of accelerated expansion. Nojiri, Odintsov [8] studied

unifying inflation with CDM  epoch in modified  gravity consistent with solar

system tests. Again modified  Rf  gravity unifying mR  inflation with CDM

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  Rf  gravity. This paper is divided into
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several sections: Sec. 2 presents  Rf  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  Rf  theory of gravitation is a modification

of the general theory of relativity. The action for  Rf  gravity is given by

   , 4
  xdLRfgS m (1)

where  Rf  is a general function of Ricci Scalar R and L
m
 is the matter

Lagrangian. It is worth mentioning that the standard Einstein-Hilbert action can

be recovered when RRf )( .

The corresponding field equations are obtained by varying the action with

respect to the metric g  as

, )()()(
2

1
)( 


  TRFgRFgRfRRF (2)

where dRRdfRF )()(  ,   denotes covariant differentiation, T  is the standard

matter energy-momentum tensor derived from the matter Lagrangian L
m
.

3. Metric and field equations. We consider the plane-symmetric LRS

Bianchi type I metric of the form as

 , 2222222 dzdyBdxAdtds  (3)

where A and B are metric potential functions of cosmic time t only.

We consider the source as bulk viscous fluid containing one-dimensional

cosmic string given by

  , 







  xxgpuupT (4)

, 3 Hpp  (5)

where  p  is the proper energy density with particles attached to them and

  is the strings tension density, p  is the particle energy density, H3  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 u  denotes four-

velocity vector satisfying the conditions, 



  xxuu 1  and 0

xu .

In a co-moving coordinate system, we have

   . 0 0, 0, ,, 1 0, 0, ,0 1  Axu (6)

Taking consideration of (4) in the field equations (2) for the metric (3) we obtain,
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, 3
2

1
22 
















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
 HpfF

AB

BA

A

A
F

B

B
F







(7)

, 3
2

1
2

2

HpfF
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BA

B

B

B

B
F

B

B

A

A
F 





























(8)

, 
2

1
22 





















 fF

B

B

A

A
F

B

B

A

A 



(9)

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

Here we have three non-linear differential field equations with seven un-

knowns, namely; f, A, B,  ,  , 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

. and 33 2 aVABa  (10)

The volumetric cosmic expansion rate is described by the generalized mean

Hubble's parameter H given by

  , 
3

1

3

1
321

3

1

HHHHH
i

i  


(11)

in which AAH 1 , and BBHH  32  denotes the directional Hubble's param-

eters.

Using (10) and (11), we have obtained the expansion scalar  , the mean

anisotropy parameter  , the shear scalar 2 , and the deceleration parameter q

respectively as

, 32 H
B

B

A

A



(12)

, 
3

1 3

1

2











 


i

i

H

HH
(13)

, 
2

1 3

1

222









 

i
iH (14)

. 
1

1
2 Hdt

d

a

aa
q 




(15)

4. Solution of field equations. To solve the non-linear differential field

Åqs. (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  Rf  gravity

formalism given by

. )( 23RRf  (16)

Using the weak field limit for a point-like source of  Rf  gravity model

Capozziello et al., [29] briefly reviewed and tested an exact  Rf  gravity model

at Galactic and local scales. Bisabr [30] investigated local gravity constraints and

power law  Rf  theories in which he obtained nRRf 11)(   power law gravity

model. Lazarov et al. [31] presented the calculations of orbits and periods in nR

gravity in their research geodesic equations in the weak field limit of general  Rf
gravity theory. Again Capozziello et al., [32] assumed mR  model and discussed

the energy conditions in  Rf  gravity.

For the deterministic solutions, we consider the expansion scalar   is

proportional to the shear scalar 2  which leads to the following analytic relation

,  BA (17)

where   is a constant.

Finally, we consider the special form of an average scale factor in the form

  , 

21

2















 tta (18)

where   and   are constant.

We obtained the metric coefficients A and B as

   

. and

223

2

223

2




























 tBtA (19)

Substituting values of A and B from (19) in (3), we get

   

 . 22

232
2

232
22 dzdy

t
dx

t
dtds 

































(20)

The metric potential functions of the derived model in (20) are constant for any

type of finite t, and hence it is free from any type of singularity in cosmic

evolution until t .

The spatial volume V becomes

. 

23

2















 tV (21)

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 t.
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The mean Hubble's parameter H and the expansion scalar   are obtained as

, 
2 


t

t
H (22)

. 
3
2 


t

t
(23)

The graphical behaviour of mean Hubble's parameter and expansion scalar vs.

Fig.1. Variation of volume V vs. time t for 4 , 850. .

Fig.2. Variation of mean Hubble's parameter H and expansion scalar   vs. time t for 4 ,

850. .
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cosmic time t 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   and the shear scalar 2  are obtained as

 
 

, 
2

12
2

2




 (24)

 

   
. 

2

13
222

22
2






t

t
(25)

The ratio of shear scalar to expansion scalar turns out to be

 
 

. 
23

1
2

2

2

2









(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 1  which describes that the cosmos is anisotropic and holds

shear.

The deceleration parameter is obtained as

  . 1
2t

q


 (27)

We are well known with the fact that the deceleration parameter symbolizes the

inflation for q < 0, deflation for q > 0 and constant rate expansion for q = 0. The

expression (27) demonstrates the value of the deceleration parameter whose

Fig.3. Variation of deceleration parameter q vs. time t for 4 , 850. .
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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 q rapidly

increases in negative during the brief time interval 0 < t < 1 providing q < -1

indicating the super-exponential cosmic expansion leading to the occurrence of Big

Rip. However, later on, q 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

       
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
(28)

The energy density is determined to be negative in an initial epoch during

0 < t < 1, but it thereafter develops in positive gradually to some amount and then

drops with increasing time and diminishes when  t  (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

.constant 0  (29)

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

Fig.4. Variation of energy density vs. time t for 4 , 90.  and 850. .
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 
. 

3

2
0

t

t 
 (30)

The pressure can be obtained as
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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).

Fig.5. Variation of coefficient of bulk viscosity vs. time t for 4 , 22
0

.  and 850. .
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The string's tension density can be obtained as

 
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The particle density turn out to be
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A positive value of string tension density shows the existence of the universe's

string phase, whereas a negative value of   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

Fig.6. Variation of pressure vs. time t for 4 , 90. , 22
0

.  and 850. .
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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  Rf  cosmology.

The energy conditions are given by

(i) Null Energy Condition (NEC) 0 p

(ii) Weak Energy Condition (WEC) 0  and 0 p

(iii) Strong Energy Condition (SEC) 03  p  and 0 p

(iv) Dominant Energy Condition (DEC) 0  and 0 p .

From (28) and (31) we can express the conditions as

Fig.7. Variation of particle and tension density vs. time t for 4 , 90. , 22
0

.  and
850. .
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(36)

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. 0  for

this amount, WEC is violated, but as soon as energy density becomes positive

i.e. 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  Rf  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   23RRf  , 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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of finite t  until t . 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 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

Fig.8. Variation of energy conditions vs. time t for 4 , 90. , 22
0

.  and 850. .
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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. 0  for this amount, WEC is violated, but as soon as

energy density becomes positive i.e. 0 , WEC is perfectly satisfied.
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ÂßÇÊÀß ÏËÎÑÊÎ-ÑÈÌÌÅÒÐÈ×ÍÀß
ÊÎÑÌÎËÎÃÈ×ÅÑÊÀß ÌÎÄÅËÜ ÑÒÐÓÍÛ

Â f (R ) ÃÐÀÂÈÒÀÖÈÈ

À.ÄÀÁÐÅ1, Ï.ÌÀÊÎÄÅ2

Â äàííîé ðàáîòå ìû èñïîëüçîâàëè ìåòðèêó ïëîñêî-ñèììåòðè÷íîé LRS

òèïà Áüÿíêè I äëÿ èçó÷åíèÿ îáúåìíîé âÿçêîé æèäêîñòè, ñâÿçàííîé ñ îáëàêîì

ñòðóí â ðàìêàõ òåîðèè ãðàâèòàöèè  Rf . Äëÿ ïîëó÷åíèÿ äåòåðìèíèðîâàííûõ

ðåøåíèé ó÷òåíû íåêîòîðûå ôèçè÷åñêè îáîñíîâàííûå óñëîâèÿ, òàêèå êàê:

ïðåäåë ñëàáîãî ïîëÿ äëÿ òî÷å÷íîãî èñòî÷íèêà   23RRf   è õîðîøî èçâåñòíîå

ñîîòíîøåíèå ïðîïîðöèîíàëüíîñòè ìåæäó ðàñøèðåíèåì è ñäâèãîì ñêàëÿðà, à

òàêæå ñïåöèàëüíàÿ ôîðìà ñðåäíåãî ìàñøòàáíîãî êîýôôèöèåíòà. Êðîìå òîãî,

âû÷èñëåíû íåêîòîðûå ôèçè÷åñêèå è êèíåìàòè÷åñêèå ïàðàìåòðû, à òàêæå

ýíåðãåòè÷åñêèå óñëîâèÿ äëÿ èçó÷åíèÿ àñòðîôèçè÷åñêèõ ïîñëåäñòâèé ïîñòðîåííîé

ìîäåëè è îáñóäèëè èõ ãðàôè÷åñêîå ïîâåäåíèå, êîòîðîå õîðîøî ñîãëàñóåòñÿ ñ

íåäàâíèìè íàáëþäàòåëüíûìè äàííûìè.

Êëþ÷åâûå ñëîâà: ìåòðèêà Áüÿíêè òèïà I: îáúåìíàÿ âÿçêàÿ æèäêîñòü:

     êîñìè÷åñêàÿ ñòðóíà: ýíåðãåòè÷åñêèå óñëîâèÿ: ãðàâè-

òàöèÿ  Rf
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ÝËÅÊÒÐÎÌÀÃÍÈÒÍÛÅ ÑÂÎÉÑÒÂÀ ÇÂÅÇÄÍÎÃÎ
ÂÅÙÅÑÒÂÀ. I. ÄÈÝËÅÊÒÐÈ×ÅÑÊÀß ÏÐÎÍÈÖÀÅÌÎÑÒÜ

ÃÎÐß×ÅÉ ÐÀÇÐÅÆÅÍÍÎÉ ÏËÀÇÌÛ Ñ ÎÁÈËÜÍÛÌ
ÐÎÆÄÅÍÈÅÌ ÝËÅÊÒÐÎÍ-ÏÎÇÈÒÐÎÍÍÛÕ ÏÀÐ

Ã.Ñ.ÀÄÆßÍ, À.Ñ.ÀÐÓÒÞÍßÍ
Ïîñòóïèëà 6 ôåâðàëÿ 2024

Ïðèíÿòà ê ïå÷àòè 10 èþíÿ 2024

Èñïîëüçóÿ óðàâíåíèÿ Âëàñîâà, îïðåäåëåíû ïîïåðå÷íàÿ è ïðîäîëüíàÿ äèýëåêòðè÷åñêèå
ïðîíèöàåìîñòè ãîðÿ÷åé ðàçðåæåííîé óëüòðàðåëÿòèâèñòñêîé ýëåêòðîí-ïîçèòðîííîé ïëàçìû.
Â êà÷åñòâå íåâîçìóùåííîé ôóíêöèè ðàñïðåäåëåíèÿ ýëåêòðîíîâ è ïîçèòðîíîâ èñïîëüçîâàíî
ðàñïðåäåëåíèå Ôåðìè. Ïîêàçàíî, ÷òî èç-çà îáèëüíîãî ðîæäåíèÿ ýëåêòðîí-ïîçèòðîííûõ ïàð
ïëàçìåííàÿ ÷àñòîòà óëüòðàðåëÿòèâèñòñêîé ïëàçìû ñ ðîñòîì òåìïåðàòóðû ëèíåéíî ðàñòåò.
Ïðè ýòîì îòíîøåíèå ÷àñòîòû, íà êîòîðîé ñïåêòðàëüíàÿ ïëîòíîñòü ðàâíîâåñíîãî  èçëó÷åíèÿ
ìàêñèìàëüíà ê ïëàçìåííîé ÷àñòîòå, îñòàåòñÿ íåèçìåííûì è ðàâíî 28. Ïîêàçàíî, ÷òî â
òàêîé ïëàçìå, â ÷àñòíîñòè â âåùåñòâå ðàííåé Âñåëåííîé â óëüòðàðåëÿòèâèñòñêóþ ýëåêòðîí-
ïîçèòðîííóþ ýïîõó, ñïåêòð èçëó÷åíèÿ îòëè÷àåòñÿ îò ÷åðíîòåëüíîãî èçëó÷åíèÿ âåñüìà
íåçíà÷èòåëüíî.

Êëþ÷åâûå ñëîâà: óëüòðàðåëÿòèâèñòñêàÿ ýëåêòðîí-ïîçèòðîííàÿ ïëàçìà:

äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü

1. Ââåäåíèå. Ïðè îïðåäåëåíèè òåðìîäèíàìè÷åñêèõ õàðàêòåðèñòèê ãîðÿ÷åãî

çâåçäíîãî âåùåñòâà ñ÷èòàåòñÿ, ÷òî èçëó÷åíèå â íåì ÿâëÿåòñÿ ïëàíêîâñêèì [1].

À â êâàðêîâîì âåùåñòâå, ññûëàÿñü íà äèñïåðñèîííûå ñâîéñòâà ýòîé ñðåäû,

ïðèíÿòî ñ÷èòàòü, ÷òî ýëåêòðîìàãíèòíîå èçëó÷åíèå ïðàêòè÷åñêè îòñóòñòâóåò

[2]. Åñëè äëÿ ðåøåíèÿ ìíîãèõ çàäà÷ ýòî ñïðàâåäëèâî, òî äëÿ ïîíèìàíèÿ

íåêîòîðûõ ÿâëåíèé ó÷åò äèñïåðñèè íåîáõîäèì. Â [3], â ÷àñòíîñòè, ðàññìàòðè-

âàåòñÿ âîïðîñ âëèÿíèÿ äèñïåðñèè â âåùåñòâå ðàííåé Âñåëåííîé (äî îáðàçîâàíèÿ

íåéòðàëüíûõ àòîìîâ) íà ñïåêòð èçëó÷åíèÿ. Âîïðîñàì ðàñïðîñòðàíåíèÿ ëèíåéíûõ

è íåëèíåéíûõ âîëí â àñòðîôèçè÷åñêîé ïëàçìå ïîñâÿùåíî ìíîãî ðàáîò. Â

÷àñòíîñòè, â [4] íà îñíîâå èçâåñòíûõ âûðàæåíèé äëÿ ïîïåðå÷íîé è ïðîäîëüíîé

äèýëåêòðè÷åñêèõ ïðîíèöàåìîñòåé óëüòðàðåëÿòèâèñòñêîãî âûðîæäåííîãî

ýëåêòðîííîãî ãàçà, ðàññìîòðåíû âîëíû ðàçëè÷íîãî õàðàêòåðà â ýëåêòðîííî-

ÿäåðíîì âåùåñòâå (âåùåñòâî áåëûõ êàðëèêîâ è âíåøíèõ ñëîåâ íåéòðîííûõ

çâåçä).

Â ïðåäëàãàåìîé ðàáîòå èññëåäóþòñÿ äèýëåêòðè÷åñêèå ñâîéñòâà ãîðÿ÷åé

ÒÎÌ 67 ÌÀÉ, 2024 ÂÛÏÓÑÊ 2

À Ñ Ò Ð Î Ô È Ç È Ê À

DOI: 10.54503/0571-7132-2024.67.2-191

http://doi.org/10.54503/0571-7132-2024.67.2-191


192 Ã.Ñ.ÀÄÆßÍ,  À.Ñ.ÀÐÓÒÞÍßÍ

ðàçðåæåííîé ïëàçìû, êîãäà êîíöåíòðàöèÿ ýëåêòðîí-ïîçèòðîííûõ ïàð íàìíîãî

ïðåâîñõîäèò êîíöåíòðàöèþ àòîìíûõ ÿäåð. Ðàñ÷åòû ïðîâåäåíû ñîãëàñíî òåîðèè

áåññòîëêíîâèòåëüíîé ïëàçìû, ïðåäëîæåííîé Âëàñîâûì [5].

2. Îñíîâíûå óðàâíåíèÿ è ñîîòíîøåíèÿ. Êèíåòè÷åñêèå óðàâíåíèÿ

Áîëüöìàíà áåç ñòîëêíîâèòåëüíîãî ÷ëåíà äëÿ ôóíêöèè ðàñïðåäåëåíèÿ i-òîãî

òèïà ÷àñòèö ïî èìïóëüñàì  trpf iii  , ,


, óðàâíåíèÿ äëÿ ïëîòíîñòåé çàðÿäà 

è òîêà j


  ,  , 3
 dVpdfqtr ii


(1)

  ,  , 3
 dVpdfvqtrj iii


(2)

ãäå dVpdfi
3  - ÷èñëî ÷àñòèö â ôàçîâîì îáúåìå dVpd

3  â òî÷êå r

, â ìîìåíò

âðåìåíè t, q
i
 è iv


 - çàðÿä è ñêîðîñòü i-òîãî òèïà ÷àñòèö ñîîòâåòñòâåííî,

íàçûâàþòñÿ óðàâíåíèÿìè Âëàñîâà [4,6,7]. Ñîãëàñíî ýòîé ìîäåëè, ÷àñòèöû

ôàêòè÷åñêè äâèæóòñÿ áåç ñòîëêíîâåíèé ïîä âîçäåéñòâèåì âíåøíèõ ñèë â

óñðåäíåííîì ýëåêòðîìàãíèòíîì ïîëå, ñîçäàííîì èìè. Âûáîð ôóíêöèè ðàñïðå-

äåëåíèÿ ÷àñòèö ïî èìïóëüñàì, à íå ïî ñêîðîñòÿì, óäîáåí òåì, ÷òî êèíåòè÷åñêèå

óðàâíåíèÿ Áîëüöìàíà äëÿ  trpf iii  , ,


 ñïðàâåäëèâû è ïðè ðåëÿòèâèñòñêèõ

ñêîðîñòÿõ [6]. Äëÿ òàêèõ ÷àñòèö äîñòàòî÷íî ëèøü èñïîëüçîâàòü ðåëÿòèâèñòñêèå

ñîîòíîøåíèÿ ìåæäó ôèçè÷åñêèìè âåëè÷èíàìè, â ÷àñòíîñòè, ñâÿçü ìåæäó

èìïóëüñîì è ýíåðãèåé ÷àñòèöû. Â ðàññìàòðèâàåìûõ íàìè ñëó÷àÿõ ïëàçìà ïðè

îòñóòñòâèè ìàãíèòíîãî ïîëÿ è ýëåêòðîìàãíèòíîé âîëíû ÿâëÿåòñÿ èçîòðîïíîé

è ðàâíîâåñíîé. Âñå ôóíêöèè ðàñïðåäåëåíèÿ ïî èìïóëüñàì èçîòðîïíîé ïëàçìû

çàâèñÿò òîëüêî îò âåëè÷èíû èìïóëüñà ñîîòâåòñòâóþùåé ÷àñòèöû.

Ýëåêòðîìàãíèòíàÿ âîëíà, ðàñïðîñòðàíÿÿñü â èçîòðîïíîé ïëàçìå, íàðóøàåò

åå ðàâíîâåñíîå ñîñòîÿíèå if0 , à òàêæå åå èçîòðîïíîñòü [6,7]. Ïîñëåäíåå

îáñòîÿòåëüñòâî âûçûâàåò ïðîñòðàíñòâåííóþ äèñïåðñèþ â èçíà÷àëüíî èçîòðîïíîé

ïëàçìå. Åñëè ýëåêòðîìàãíèòíàÿ âîëíà ìîíîõðîìàòè÷åñêàÿ è äîñòàòî÷íî ñëàáàÿ,

òî âîçìóùåíèÿ ôóíêöèé ðàñïðåäåëåíèÿ iii fff 0  ëåãêî íàõîäÿòñÿ. Òåíçîð

äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè   âûðàæàåòñÿ ÷åðåç if  è çàâèñèò êàê îò

÷àñòîòû  , òàê è îò âîëíîâîãî âåêòîðà k

 [6,7]. Â îáùåì ñëó÷àå ýòîò òåíçîð

èìååò âèä [6,7]

       . ,  , , , kknnnknnkk lt


  (3)

Ñîãëàñíî   ED , ïåðâîå ñëàãàåìîå âûäåëÿåò ïîïåðå÷íóþ   ED t


 (ïî

îòíîøåíèþ ê âîëíîâîìó âåêòîðó k

) ÷àñòü èíäóêöèè, à âòîðîå ñëàãàåìîå -

ïðîäîëüíóþ ||l|| ED


 . Ôóíêöèè t  è l  íàçûâàþòñÿ ïîïåðå÷íûìè è

ïðîäîëüíûìè äèýëåêòðè÷åñêèìè ïðîíèöàåìîñòÿìè, ñîîòâåòñòâåííî. Îíè

âûðàæàþòñÿ ÷åðåç íåâîçìóùåííûå ôóíêöèè ðàñïðåäåëåíèÿ [6,7]
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  , 
2

1 ,
3

02










ii

i
iit

vk

pd

pd

df
vqk 






(4)

  , 
4

1 ,
3

02

2 





ii

i
il

vk

pd

pd

df
kq

k
k 






(5)

ãäå q
i
, iv


 è ip


 - çàðÿä, ñêîðîñòü è èìïóëüñ i-òîãî òèïà ÷àñòèöû, ñîîò-

âåòñòâåííî. Çíàêîì   ó âåêòîðà îáîçíà÷åíà ïîïåðå÷íàÿ ê âîëíîâîìó âåêòîðó

ñîñòàâëÿþùàÿ ýòîãî âåêòîðà. Èíòåãðàëû âû÷èñëÿþòñÿ, îáõîäÿ ïîëþñ ivk


ñíèçó - ïî ïðàâèëó Ëàíäàó. Äëÿ âîëí kc  ïîëþñ îòñóòâóåò. Îòìåòèì, ÷òî

ýòè ôîðìóëû âåðíû êàê äëÿ ëþáûõ ñêîðîñòåé ÷àñòèö, òàê è äëÿ èçíà÷àëüíî

àíèçîòðîïíîé ïëàçìû.

Â êâàçèâûðîæäåííîì âåùåñòâå ÷èñëî çàïîëíåíèé ýíåðãåòè÷åñêèõ óðîâíåé

ôåðìèîíîâ áëèçêî ê åäèíèöå. Ïîýòîìó êëàññè÷åñêèå óðàâíåíèÿ Áîëüöìàíà â

óðàâíåíèÿõ Âëàñîâà çàìåíÿþòñÿ ñîîòâåòñòâóþùèìè êâàíòîâûìè óðàâíåíèÿìè

[6,7]. Ñîîòâåòñòâåííî ìåíÿþòñÿ è âûðàæåíèÿ äëÿ ïîïåðå÷íîé è ïðîäîëüíîé

ïðîíèöàåìîñòåé (4) è (5).

Âîëíîâîå ÷èñëî k è ÷àñòîòà   ñâÿçàíû çàêîíàìè äèñïåðñèè [6,7]

    . 0 ,и ,222  kkck lt
(6)

Ïëîòíîñòü ýíåðãèè ðàâíîâåñíîãî òåïëîâîãî èçëó÷åíèÿ êàê ïëîòíîñòü

ýíåðãèè Áîçå ãàçà áåçìàññîâûõ ÷àñòèö ðaâíà [8]

 
   









0

3

3
, 

1exp2

2

Tk

pd
Tw

B






(7)

ãäå kdpd



 333  , à ñâÿçü ýíåðãèè ÷àñòèö (ôîòîíîâ)   ñ èìïóëüñîì kp







îïðåäåëÿåòñÿ çàêîíîì äèñïåðñèè ïîïåðå÷íûõ âîëí (6). Êîýôôèöèåíò 2 â (7)

îáóñëîâëåí íàëè÷èåì äâóõ íåçàâèñèìûõ ïîëÿðèçàöèé ýëåêòðîìàãíèòíîé âîëíû.

Äàâëåíèå èçëó÷åíèÿ ðàâíî 1/3 ïëîòíîñòè ýíåðãèè (7).

Îáëàñòè èçìåíåíèé òåìïåðàòóðû è êîíöåíòðàöèé ÷àñòèö, à òàêæå õèìè-

÷åñêèé ñîñòàâ çâåçäíîãî âåùåñòâà íàñòîëüêî îãðîìíû è ðàçíîîáðàçíû, ÷òî

îïèñàòü äèýëåêòðè÷åñêèå ïðîíèöàåìîñòè t  è l  ýòîãî âåùåñòâà åäèíîé

ôîðìóëîé íåâîçìîæíî. Ïîýòîìó ðàññìîòðèì îòäåëüíûå ÷àñòíûå ñëó÷àè.

3. Âîëíû â ðàçðåæåííîé ïëàçìå ñ îáèëüíûì ðîæäåíèåì

ýëåêòðîí-ïîçèòðîííûõ ïàð.

3.1. Ïîïåðå÷íûå âîëíû. Êîãäà ïëîòíîñòü ïîëíîñòüþ èîíèçèðîâàííîé

ïëàçìû äîñòàòî÷íî íèçêà, à òåìïåðàòóðà âûñîêà, òî â íåé îáèëüíî ðîæäàþòñÿ

ýëåêòðîí-ïîçèòðîííûå ïàðû ( ee -ïàðû), ÷èñëî êîòîðûõ íàìíîãî ïðåâîñõîäèò

÷èñëo òåõ ýëåêòðîíîâ, êîòîðûå íåéòðàëèçóþò ïîëîæèòåëüíûé çàðÿä àòîìíûõ

ÿäåð [9]. Êîíöåíòðàöèè ýëåêòðîíîâ n
e
 è ïîçèòðîíîâ n

pos
 ïî÷òè ðàâíû ( pose nn  ).
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Ïîýòîìó îíè èìåþò íóëåâûå õèìè÷åñêèå ïîòåíöèàëû ( 0 pose ). Â òàêîì

ñîñòîÿíèè òåðìîäèíàìè÷åñêèå õàðàêòåðèñòèêè ïëàçìû çàâèñÿò òîëüêî îò

òåìïåðàòóðû è ÿâëÿþòñÿ ñóììàìè ñîîòâåòñòâóþùèõ õàðàêòåðèñòèê ãîðÿ÷åãî

ýëåêòðîí-ïîçèòðîííîãî ãàçà è ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ. Áîëåå ïîäðîáíî

òàêîå ñîñòîÿíèå ðàññìîòðåíî â [9], ãäå âëèÿíèå äèñïåðñèè íà õàðàêòåðèñòèêó

èçëó÷åíèÿ íå ó÷òåíî. Ñ÷èòàåòñÿ, ÷òî èçëó÷åíèå ÷åðíîòåëüíîå.

Íèæå ìû îïðåäåëÿåì çàêîí äèñïåðñèè ãîðÿ÷åé óëüòðàðåëÿòèâèñòñêîé

( 2cmTk eB  ) ýëåêòðîí-ïîçèòðîííîé ïëàçìû ïðè îòñóòñòâèè ìàãíèòíîãî ïîëÿ.

Òåíçîð äèýåëåêòðè÷åñêîé ïðîíèöàåìîñòè óëüòðàðåëÿòèâèñòñêîé ãîðÿ÷åé

ýëåêòðîííîé ïëàçìû ñ ìàêñâåëëîâñêèì ðàñïðåäåëåíèåì áåç ó÷åòà ðîæäåíèÿ
ee  ïàð âû÷èñëåí â [10]. Ïîïåðå÷íàÿ äèýëåêòðè÷åñêÿ ïðîíèöàåìîñòü òàêîé

ïëàçìû èìååò ñëåäóþùèé âèä [6,7]

    . 2
1

1
ln1, , 1 2

2

x
x

x
xxkc

kcTkk

cne

B

e
Mt 




















 





 (8)

Ôèçè÷åñêèå õàðàêòåðèñòèêè ïëàçìû ñ ôåðìèåâñêèì ðàñïðåäåëåíèåì ýëåêòðîíîâ

îáîçíà÷èì äîïîëíèòåëüíûì èíäåêñîì F, à ñ ìàêñâåëëîâñêèì - èíäåêñîì M.

Âîëíû ñ kc  â ïëàçìå çàòóõàþò òàê êàê äèýëåêòðè÷åñêèå ïðîíèöàåìîñòè

äëÿ ýòèõ ÷àñòîò ñòàíîâÿòñÿ êîìïëåêñíûìè [6,7]. Â ïðåäñòàâëåííîé ðàáîòå

ðàññìàòðèâàþòñÿ òîëüêî íåçàòóõàþùèå âîëíû, ò.å. âîëíû ñ kc . Êîíå÷íî,

è  äëÿ ýòèõ ÷àñòîò ñòîëêíîâåíèÿ ïðèâîäÿò ê çàòóõàíèþ, îäíàêî, êîãäà ÷àñòîòà

ñòîëêíîâåíèé ÷àñòèö íàìíîãî ìåíüøå ÷àñòîòû âîëíû, òî ýòèì çàòóõàíèåì

ìîæíî ïðåíåáðå÷ü [7]. Âîïðîñ î ïðèìåíèìîñòè áåññòîëêíîâèòåëüíîé ìîäåëè

ïëàçìû è îòñóòñòâèè çàòóõàíèÿ Ëàíäàó ðàññìîòðåí â 5.1.

Íà ïåðâûé âçãëÿä ìîæåò ïîêàçàòüñÿ, ÷òî äëÿ ó÷åòà ðîæäåíèÿ ee  ïàð

äîñòàòî÷íî â (8) êîíöåíòðàöèþ ýëåêòðîíîâ n
e
 çàìåíèòü íà n

e
 + n

pos
 = 2n

e
 êàê

êîíöåíòðàöèè óëüòðàðåëÿòèâèñòñêèõ Ôåðìè ãàçîâ ñ íóëåâûìè õèìè÷åñêèìè

ïîòåíöèàëàìè [8]
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Tkcp
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B
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ãäå  x  - ôóíêöèÿ Ðèìàíà:   ... 20213 . , à cme   - êîìïòîíîâñêàÿ

äëèíà âîëíû ýëåêòðîíà. Âûðàæåíèå äëÿ ïîïåðå÷íîé äèýëåêòðè÷åñêîé ïðîíè-

öàåìîñòè (8) ïîëó÷åíî äëÿ óëüòðàðåëÿòèâèñòñêîé ïëàçìû ñ ìàêñâåëëîâñêèì

ðàñïðåäåëåíèåì. Ýòî ðàñïðåäåëåíèå ñëåäóåò êàê èç Ôåðìè, òàê è èç Áîçå

ðàñïðåäåëåíèé ïðè óñëîâèè 1 TkBe . Â íàøåì æå ñëó÷àå 0 pose ,

ïîýòîìó âû÷èñëåíèå èíòåãðàëîâ â (4) ñëåäóåò ïðîâîäèòü ñ ôóíêöèÿìè

   
. 

1exp

1

2

2
300




Tkcp
ff

B
pose


(10)

Â ðåçóëüòàòå äëÿ ïîïåðå÷íîé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ðàçðåæåííîé è



195ÝËÅÊÒÐÎÌÀÃÍÈÒÍÛÅ ÑÂÎÉÑÒÂÀ ÇÂÅÇÄÍÎÃÎ ÂÅÙÅÑÒÂÀ

ãîðÿ÷åé ee  óëüòðàðåëÿòèâèñòñêîé ïëàçìû äëÿ ÷ñòîò kc  ïîëó÷èì

, 
3

1
2








 


















kckc

TkB
Ft


(11)

ãäå ce 2  ïîñòîÿííàÿ òîíêîé ñòðóêòóðû. Â îòëè÷èå îò T~Mt 11 , ó

óëüòðàðåëÿòèâèñòñêîé ee  ïëàçìû 21 T~Ft  .

Ñîãëàñíî (6) è (11), â óëüòðàðåëÿòèâèñòñêîé ee  ïëàçìe ÷àñòîòà   è

âîëíîâîå ÷èñëî  k ýëåêòðîìàãíèòíîé âîëíû ñâÿçàíû ñîîòíîøåíèåì

. 
3

1
2

2

22
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Tkck B
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Äëÿ çàäàííûõ çíà÷åíèé òåìïåðàòóðû T è âîëíîâîãî ÷èñëà k ÷èñëåííûì

ðåøåíèåì (12) ìîæío íàéòè çíà÷åíèå ÷àñòîòû âîëíû  , à ïîòîì è ÷èñëåííîå

çíà÷åíèå äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè

   .  , 222  ckkFt
(13)

Ðàçóìíåå ïîñòóïèòü íàîáîðîò. Äëÿ çàäàííîãî çíà÷åíèÿ òåìïåðàòóðû T è

ðàçíûõ çíà÷åíèé 10  Ft  èç (11) íàéòè TkB , à ïîòîì   è ck Ft .

Ýòî óäîáíî äëÿ ïîñòðîåíèÿ ðàçëè÷íûõ ãðàôèêîâ çàâèñèìîñòåé õàðàêòåðèñòèê

ïëàçìû îò ÷àñòîòû. Îäíàêî èíîãäà ëó÷øå èìåòü, ïóñòü è ïðèáëèæåííîå, íî

àíàëèòè÷åñêîå ðåøåíèå (12) äëÿ Ft , ÷åì "òî÷íûå" ÷èñëåííûå òàáëèöû.
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
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TkB
Fpl

3

2
(15)

ÿâëÿåòñÿ ïðèáëèæåííûì ðåøåíèåì (12), ãäå Fpl  - ïëàçìåííàÿ ÷àñòîòà

óëüòðàðåëÿòèâèñòñêîé ãîðÿ÷åé ee  ïëàçìû. Â îòëè÷èå îò [6,7] â (14)

ó÷òåíà ñëåäóþùàÿ ïîïðàâêà ïî  2Fpl . Äëÿ áîëüøèõ âîëíîâûõ ÷èñåë

(  kcFpl )  [6,7]

. 
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Ïëàçìåííàÿ ÷àñòîòà óëüòðàðåëÿòèâèñòñêîé ýëåêòðîííîé ïëàçìû ñ ìàêñ-

âåëëîâñêèì ðàñïðåäåëåíèåì ðàâíà [6]

. 34 222 Tkcne BeMpl  (17)

Åñëè äëÿ âû÷èñëåíèÿ ïîïåðå÷íîé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ãîðÿ÷åé

óëüòðàðåëÿòèâèñòñêîé ee  ïëàçìû Ft  â ñîîòâåòñòâóþùåé ôîðìóëå (8) äëÿ
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ìàêñâåëëîâñêîãî óëüòðàðåëÿòèâèñòñêîãî ýëåêòðîííîãî ãàçà n
e
 ïðîñòî çàìåíèòü

íà 2n
e
, ñîãëàñíî (9), òî ïîëó÷èì

  , 113
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.
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ò.å. îøèáëèñü áû íà 10%.

Êîìáèíèðóÿ (14) è (16) äëÿ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè óëüòðàðåëÿ-

òèâèñòñêîé ee  ïëàçìû, ïîëó÷èì ïðèáëèæåííîå âûðàæåíèå
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Ft (18)

Íà ðèñ.1 äëÿ çíà÷åíèé òåìïåðàòóðû  100 50; 25; 10; 5; ;22 cmTk eB

ïîêàçàíû çàâèñèìîñòè ïîïåðå÷íîé äèýëeêòðè÷åñêîé ïðîíèöàåìîñòè óëüòðà-

ðåëÿòèâèñòñêîé ee  ïëàçìû Ft  îò ÷àñòîòû. Ñïëîøíûå êðèâûå ñîîòâåòñòâóþò

"òî÷íûì" ÷èñëåííûì ðåøåíèÿì óðàâíåíèÿ (12), à ïóíêòèðíûå êðèâûå

Ðèñ.1. Çàâèñèìîñòü ïîïåðå÷íîé äèýëeêòðè÷åñêîé ïðîíèöàåìîñòè óëüòðàðåëÿòèâèñòñêîé  


ee
ïëàçìû 

222
/ ck

Ft
 îò ÷àñòîòû äëÿ çíà÷åíèé òåìïåðàòóðû 100} 50; 25; 10; 5; ;2{/

2
cmTk

eB .

Ñïëîøíûå êðèâûå ñîîòâåòñòâóþò ÷èñëåííûì ðåøåíèÿì óðàâíåíèÿ (12), à ïóíêòèðíûå êðèâûå
ïîñòðîåíû ïî (18). Íà ýòîì æå ðèñóíêå ñïðàâà ïðèâåäåíû ëîãàðèôìû çíà÷åíèÿ ÷àñòîòû

Fplmax
 28 , íà êîòîðûõ òåïëîâîå ðàâíîâåñíîå ýëåêòðîìàãíèòíîå èçëó÷åíèå ïðè óêàçàííûõ

òåìïåðàòóðàõ èìååò ìàêñèìàëüíóþ ñïåêòðàëüíóþ ïëîòíîñòü.
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ïîñòðîåíû ïî (18). Áëèçîñòü ýòèõ êðèâûõ ïîêàçûâàåò, ÷òî àïïðîêñèìàöèÿ

Ft  ïî (18) õîðîøàÿ. Íåòðóäíî ïîêàçàòü, ÷òî èç-çà ëèíåéíîé çàâèñèìîñòè

ïëàçìåííîé ÷àñòàòû Fpl  îò òåìïåðàòóðû ÷àñòîòà max , íà êîòîðîé ïëîòíîñòü

ýíåðãèè  èçëó÷åíèÿ ìàêñèìàëüíà, ðàâíà Fpl28 .

Íà ðèñ.1 ïðèâåäåíû òàêæå çíà÷åíèÿ ëîãàðèôìà ýòîé ÷àñòîòû äëÿ óêàçàííûõ

çíà÷åíèé òåìïåðàòóðû. Èç ðèñ.1 ñëåäóåò, ÷òî ýòè ÷àñòîòû íàõîäÿòñÿ äàëåêî

îò îáëàñòè, ãäå Ft  çàìåòíî îòëè÷àåòñÿ îò åäèíèöû. Â îáëàñòè ÷àñòîò áëèçêèõ

ê 9990.Ftmax  . Ïîýîìó òåðìîäèíàìè÷åñêèå õàðàêòåðèñòèêè èçëó÷åíèÿ

(ïëîòíîñòü ýíåðãèè, äàâëåíèÿ, ýíòðîïèÿ) â óëüòðàðåëÿòèâèñòñêîé ee  ïëàçìå

( 2cmTk eB  ), ãäå êîëè÷åñòâî ee  ïàð ãîðàçäî áîëüøå àòîìíûõ ÿäåð, áóäóò

îòëè÷àòüñÿ îò ïëàíêîâñêèõ çíà÷åíèé íåçíà÷èòåëüíî. Ðàçëè÷èå îò ïëàíêîâñêîãî

ðàñïðåäåëåíèÿ áóäåò òîëüêî â äàëåêîé îò max  "äëèííîâîëíîâîé" îáëàñòè

÷àñòîò, ãäå ñîñðåäîòî÷åíà ìàëàÿ ÷àñòü ýíåðãèè ïîëÿ èçëó÷åíèÿ. Ñëåäîâàòåëüíî,

íåñìîòðÿ íà îòñóòñòâèå âîëí ñ ÷àñòîòàìè Fpl , ñïåêòð èçëó÷åíèÿ â òàêîé

ðàâíîâåñíîé ïëàçìå ìîæíî ñ÷èòàòü äîñòàòî÷íî áëèçêèì ê ïëàíêîâñêîìó.

Â ïëàçìå èëè â ïëàçìîïîäîáíûõ ñðåäàõ ÷àñòîòíûé ñïåêòð èçëó÷åíèÿ íà

ïëàçìåííîé ÷àñòîòå pl  îáðûâàåòñÿ. Ýëåêòðîìàãíèòíûå âîëíû ñ ÷àñòîòîé

ìåíüøå ýòîé ÷àñòoòû â ïëàçìå íå ìîãóò ðàñïðîñòðàíÿòüñÿ. ×åì áëèæå

çíà÷åíèå pl  ê TkB , òåì ñèëüíåå ñïåêòð ýòîãî èçëó÷åíèÿ îòëè÷àåòñÿ îò

ïëàíêîâñêîãî. Â ðàáîòå [3] çíà÷åíèå îòíîøåíèÿ TkBpl  ïðèíÿòî êîëè-

÷åñòâåííîé ìåðîé îòëè÷èÿ ðàâíîâåñíîãî ñïåêòðà èçëó÷åíèÿ îò ïëàíêîâñêîãî.

Äîïîëíèòåëüíîé êîëè÷åñòâåííîé ìåðîé îòêëîíåíèÿ ñïåêòðà ðàâíîâåñíîãî

èçëó÷åíèÿ â êàêîé-ëèáî ñðåäå îò òåïëîâîãî ñïåêòðà èçëó÷åíèÿ â âàêóóìå

ìîæåò ñëóæèòü ÷èñëåííîå çíà÷åíèå  ïàðàìåòðà 01 WWpl , ãäå  plW  è 0W

ïëîòíîñòè ýíåðãèè èçëó÷åíèÿ â ïëàçìå è â âàêóóìå, ñîîòâåòñòâåííî. Íà

îñíîâå âûðàæåíèé (7, 15, 18) ìîæíî ïîêàçàòü, ÷òî â óëüòðàðåëÿòèâèñòñêîé

ãîðÿ÷åé ee  ïëàçìå òåìïåðàòóðíàÿ çàâèñèìîñòü ïëîòíîñòè ýíåðãèè èçëó÷åíèÿ

plW  òàêàÿ æå, êàê è ó ÷åðíîòåëüíîãî èçëó÷åíèÿ. Ïîýòîìó ïàðàìåòð   íå

çàâèñèò îò òåìïåðàòóðû è ðàâåí 41063 . . Ìàëîñòü ýòîãî ïàðàìåòðà ïîä-

òâåðæäàåò âûøåñêàçàííîå.

3.2. Ïðîäîëüíûå âîëíû. Ïðîäîëüíàÿ äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü

l  óëüòðàðåëÿòèâèñòñêîé ïëàçìû ñ ìàêñâåëëîâñêèì  ðàñïðåäåëåíèåì ýëåêòðîíîâ

îïðåäåëåíà â [10]:

. , ln
2

1
4

1
2

2

kc
kc

kc

kcTkk

n

B

e
Ml 















 (19)

Äëÿ âû÷èñëåíèÿ ïðîäîëüíîé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè óëüòðàðåëÿ-

òèâèñòñêîé ðàçðåæåííîé ýëåêòðîí-ïîçèòðîííîé ïëàçìû â (5) âìåñòî ìàêñ-

âåëëîâñêîé ôóíêöèè ðàñïðåäåëåíèÿ íàìè èñïîëüçîâàíî ðàñïðåäåëåíèå Ôåðìè

(10). Ïîñëå âû÷èñëåíèÿ èíòåãðàëà â (5) ïîëó÷àåì
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Fl 
























(20)

Ñâÿçü âîëíîâîãî ÷èñëà k è ÷àñòîòû   îïðåäåëÿåòñÿ âòîðûì óðàâíåíèåì

(6). Ïðèáëèæåííûå ðåøåíèÿ ýòîãî óðàâíåíèÿ â îáëàñòè kc  êàê äëÿ Fl ,

òàê è äëÿ Ml  èìåþò îäèíàêîâûé âèä 53 2222 ckpl  . Îòëè÷àþòñÿ ëèøü

ïëàçìåííûå ÷àñòîòû: Fplpl   è Mplpl  , ñîîòâåòñòâåííî. Îíè ñîâïàäàþò

ñ ñîîòâåòñòâóþùèìè ïëàçìåííûìè ÷àñòîòàìè ïîïåðå÷íûõ âîëí.

4. Ñïåêòð èçëó÷åíèÿ â ðàííåé Âñåëåííîé â ïåðèîä îò óëüòðàðå-

ëÿòèâèñòñêîé e
_
e+ ýïîõè äî ýïîõè ðåêîìáèíàöèè. Â [3], äâèãàÿñü

â îáðàòíîì íàïðàâëåíèè âî âðåìåíè èç ñîñòîÿíèÿ âåùåñòâà â ðàííåé Âñåëåííîé

â ýïîõó ðåêîìáèíàöèè, ïîêàçàíî, ÷òî ïðè àäèàáàòè÷åñêîì "ñæàòèè" (ñëîâî

ñæàòèå áåðåòñÿ â êàâû÷êè, óêàçûâàÿ íà îáðàòíûé õîä ñîáûòèé â äåéñòâè-

òåëüíîñòè. Íèæå êàâû÷êè èñïîëüçîâàíû èìåííî â ýòîì ñìûñëå) ïàðàìåòð

Tka BMpl   (ìåðà îòêëîíåíèÿ ñïåêòðàëüíîãî ðàñïðåäåëåíèÿ èçëó÷åíèÿ îò

ïëàíêîâñêîãî) òîëüêî ðàñòåò. Ñîãëàñíî [3], êîãäà âåùåñòâî ñ èçëó÷åíèåì â

ðàííåé Âñåëåííîé àäèàáàòè÷åñêè "ñæèìàëîñü" îò ñîñòîÿíèÿ T = 3000o
 K è

n
e
 = 300 ñì-3 äî ñîñòîÿíèÿ "íà÷àëà" (âåðíåå êîíöà) ðåëÿòèâèñòñêîé ýïîõè

( 2cmTk eB  ), êîíöåíòðàöèÿ ýëåêòðîíîâ ñòàëà 231032  .ne  ñì-3. Äëÿ òàêîé

êîíöåíòðàöèè ýëåêòðîíîâ 62 10 cmTka eplBpl   [3]. Â äàëüíåé-

øåì, òî÷íåå äî òîãî, êîãäà ýëåêòðîíû áûëè óëüòðàðåëÿòèâèñòñêèìè, â [3]

âûðàæåíèå äëÿ ïëàçìåííîé ÷àñòîòû íåðåëÿòèâèñòñêîé ãîðÿ÷åé ýëåêòðîííîé

ïëàçìû çàìåíÿåòñÿ íà ñîîòâåòñòâóþùåå âûðàæåíèå óëüòðàðåëÿòèâèñòñêîé

ìàêñâåëëîâñêîé ýëåêòðîííîé ïëàçìû (17). Íåñìîòðÿ íà òî, ÷òî ïëàçìåííàÿ

÷àñòîòà òàêîé ïëàçìû ñ "ïîâûøåíèåì" òåìïåðàòóðû óìåíüøàåòñÿ ( T~Mpl 1 ),

îäíàêî çà ñ÷åò "óâåëè÷åíèÿ" êîíöåíòðàöèè ýëåêòðîíîâ ïðè "ñæàòèè" ïàðàìåòð

a îñòàåòñÿ ïîñòîÿííûì. À òàê êàê "ñòàðòîâîå" çíà÷åíèå ïàðàìåòðà a ýòîãî

ñîñòîÿíèÿ áûëî áëèçêî ê 10-6, òî àâòîðû [3] çàêëþ÷àþò, ÷òî íà÷èíàÿ îò

óëüòðàðåëÿòèâèñòñêîãî ñîñòîÿíèÿ ýëåêòðîíîâ  äî ýïîõè ðåêîìáèíàöèè â

ðàííåé Âñåëåííîé èçëó÷åíèå ñ áîëüøîé òî÷íîñòüþ áûëî ïëàíêîâñêèì.

Êàê îòìå÷åíî âûøå, åñëè â îáëàñòè òåìïåðàòóð 2cmTk eB   êîíöåíòðàöèÿ

ïðîòîíîâ n
p
 äîñòàòî÷íî ìàëà, òî âåùåñòâî îáèëüíî îáîãàùåíî ee  ïàðàìè

è n
e
 >> n

p
. Ïðè÷åì íå âàæíî, êàêèì ïóòåì âåùåñòâî ïðèøëî â òàêîå ñîñòîÿíèå.

Âñå òåðìîäèíàìè÷åñêèå õàðàêòåðèñòèêè âåùåñòâà [9], â òîì ÷èñëå è åå

ïëàçìåííàÿ ÷àñòîòà Fpl  (15), â òàêîì ñîñòîÿíèè çàâèñÿò òîëüêî îò òåìïåðàòóðû.

Ñîãëàñíî (15), â óëüòðàðåëÿòèâèñòñêîé îáëàñòè 1032 .a  . Òàêèì îáðàçîì,

õîòÿ â ðàííåé Âñåëåííîé ïðè "ïåðåõîäå" ïëàçìû â óëüòðàðåëÿòèâèñòñêîå ee

ñîñòîÿíèå ïàðàìåòð a áûñòðî ðàñòåò, îäíàêî, äîñòèãàÿ çíà÷åíèÿ 110  .a ,

îí â äàëüíåéøåì îñòàåòñÿ íåèçìåííûì. Êîíå÷íî, ýòî çíà÷åíèå ïàðàìåòðà a

â âåùåñòâå ðàííåé Âñåëåííîé â ýïîõó óëüòðàðåëÿòèâèñòñêîé ee  ïëàçìû
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óêàçûâàåò íà áîëåå ñèëüíîå èñêàæåíèå òåïëîâîãî ñïåêòðà èçëó÷åíèÿ, ÷åì ïðè
2cmTk eB  . Îäíàêî, ó÷èòûâàÿ åùå è ìàëîñòü çíà÷åíèÿ ïàðàìåòðà 4103.6  ,

åãî ìîæíî ñ÷èòàòü ïëàíêîâñêèì. Ñëåäîâàòåëüíî, âûâîä â [3], ïîëó÷åííûé áåç

ó÷åòà ðîæäåíèÿ ee  ïàð î òîì, ÷òî òåïëîâîå èçëó÷åíèå â ðàííåé Âñåëåííîé

îò ýïîõè, êîãäà â âåùåñòâå äîìèíèðîâàëà ee  ïëàçìà, äî ýïîõè ðåêîìáèíàöèè,

ÿâëÿåòñÿ ïëàíêîâñêèì, îñòàåòñÿ â ñèëå.

5. Ãðàíèöû ñïðàâåäëèâîñòè ïîëó÷åííûõ ðåçóëüòàòîâ.

5.1. Óñëîâèå äîìèíèðîâàíèÿ êîëè÷åñòâà ee  ïàð. Êàê áûëî

ñêàçàíî âûøå, â äîñòàòî÷íî ðàçðåæåííîé è ãîðÿ÷åé ïëàçìå êîëè÷åñòâî ee

ïàð íàìíîãî áîëüøå òåõ ýëåêòðîíîâ, êîòîðûå íåéòðàëèçóþò ýëåêòðè÷åñêèé

çàðÿä àòîìíûõ ÿäåð âåùåñòâà. Â òàêîé âîäîðîäíîé ïëàçìå, ñîãëàñíî

âûøåñêàçàííîìó, êîíöåíòðàöèÿ ïðîòîíîâ n
p

 << n
e
. Ñîãëàñíî òðåáîâàíèþ

ëîêàëüíîé íåéòðàëüíîñòè 0 posep nnn , ïîýòîìó pose nn  . Òàêîå ñîñòîÿíèå

ìîæåò ðåàëèçîâàòüñÿ äàæå ïðè 2cmTk eB  , åñëè êîíöåíòðàöèÿ ïðîòîíîâ

äîñòàòî÷íî ìàëà [9]. Ñîãëàñíî (9) è òðåáîâàíèþ n
p

 << n
e
, ïðè 2cmTk eB 

ïîëó÷èì îãðàíè÷åíèÿ íà êîíöåíòðàöèþ ïðîòîíîâ n
p
 è íà ïëîòíîñòü b
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Ïî ðåçóëüòàòàì [3] â ðàííåé Âñåëåííîé ïðè 2cmTk eB   äëÿ ïëîòíîñòè b

ïîëó÷àåòñÿ çíà÷åíèå 0.38 ã/ñì3. Êîãäà òåìïåðàòóðà â ðàííåé Âñåëåííîé áûëà
2200 cmTk eB   ( 100 ÌýÂ), òî ïëîòíîñòü áàðèîíîâ 410b  ã/ñì3 [11]. Òàê

÷òî óñëîâèå n
p

 << n
e
 âûïîëíÿåòñÿ è ó÷åò ðîæäåíèÿ ee  ïàð ïðè âû÷èñëåíèè

äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè íåîáõîäèì.

5.2. Óñëîâèå èäåàëüíîñòè. Â ïðåäñòàâëåííîé ðàáîòå âñå ðåçóëüòàòû

ïîëó÷åíû ñ ïîìîùüþ êèíåòè÷åñêèõ óðàâíåíèé Áîëüöìàíà, êîòîðûå ñïðàâåä-

ëèâû, åñëè íàðóøåíèÿ èäåàëüíîñòè ïëàçìû íåâåëèêè. Â ðàññìîòðåííîì

ñëó÷àå ýòî íàðóøåíèå îáóñëîâëåíî âçàèìîäåéñòâèåì ìåæäó çàðÿæåííûìè

÷àñòèöàìè [6,7]. Òàê êàê n
p
 << n

e
, òî îñíîâíîé âêëàä â ýíåðãèþ âçàèìîäåéñòâèÿ

ìåæäó ÷àñòèöàìè îáóñëîâëåí â îñíîâíîì çàðÿæåííûìè ëåïòîíàìè: ýëåêòðîíàìè

è ïîçèòðîíàìè. ×åì ìåíüøå ñðåäíÿÿ ýíåðãèÿ âçàèìîäåéñòâèÿ 312ne  ìåæäó

äâóìÿ çàðÿæåííûìè ëåïòîíàìè  îò èõ ñðåäíåé òåïëîâîé ýíåðãèè k
B
T, òåì

áîëåå îïðàâäàíî îïèñàíèå ee  ïëàçìû êèíåòè÷åñêèìè óðàâíåíèÿìè

Áîëüöìàíà. Ñ ó÷åòîì (9), äëÿ ïëàçìû ñ îáèëüíûì ðîæäåíèåì ee  ïàð ïðè
2cmTk eB   äëÿ îòíîøåíèÿ ýòèõ ýíåðãèé, êîòîðîå íàçûâàåòñÿ ãàçîâûì

ïàðàìåòðîì, ïîëó÷èì
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  . 10533 33 2
312


Tk

ne

B

Òàêèì îáðàçîì, ýòó ïëàçìó ìîæíî ñ÷èòàòü èäåàëüíîé.

5.3. Îòñóòñòâèå çàòóõàíèÿ Ëàíäàó. Ýëåêòðîíû ïëàçìû, ñêîðîñòü

êîòîðûõ áëèçêà, íî ÷óòü ìåíüøå ôàçîâîé ñêîðîñòè ýëåêòðîìàãíèòíîé âîëíû,

îòáèðàþò îò âîëíû ýíåðãèþ. À òå ýëåêòðîíû, ñêîðîñòü êîòîðûõ ÷óòü áîëüøå

ôàçîâîé ñêîðîñòè ýëåêòðîìàãíèòíîé âîëíû, îòäàþò ñâîþ ýíåðãèþ âîëíå.

Åñëè âîëíà îòäàåò ýëåêòðîíàì áîëüøå ýíåðãèè, ÷åì ïîëó÷àåò îò íèõ, òî îíà

çàòóõàåò [7]. Ýòî ïîãëîùåíèå íå ñâÿçàíî ñî ñòîëêíîâåíèÿìè ÷àñòèö â ïëàçìå

è íàçûâàåòñÿ çàòóõàíèåì Ëàíäàó. Â ee  ïëàçìå ïðè 2cmTk eB   ñêîðîñòü

ëåïòîíîâ áëèçêà ê ñêîðîñòè ñâåòà â âàêóóìå, à  ôàçîâàÿ ñêîðîñòü ïîïåðå÷íîé

ýëåêòðîìàãíèòíîé âîëíû, ñîãëàñíî ðèñ.1, 1 Ftf cv . Ïîýòîìó çàòóõàíèå

Ëàíäàó â òàêîé ïëàçìå îòñóòñòâóåò.

5.4. Ïðèáëèæåíèå áåññòîëêíîâèòåëüíîé ïëàçìû. Âûðàæåíèÿ äëÿ

äèýëåêòðè÷åñêèõ ïðîíèöàåìîñòåé Ft  è Fl  (8,11,19) ïîëó÷åíû ñîãëàñíî

óðàâíåíèÿì Âëàñîâà [5]. Ïðèáëèæåíèå áåññòîëêíîâèòåëüíîé ïëàçìû îïðàâäàíî,

åñëè ÷àñòîòà ýëåêòðîìàãíèòíîé âîëíû   íàìíîãî áîëüøå ÷àñòîòû ñòîëêíîâåíèé

v  ìåæäó ÷àñòèöàìè ïëàçìû. Â óëüòðàðåëÿòèâèñòñêîé ee  ïëàçìå èç-çà

ìàëîñòè êîíöåíòðàöèè àòîìíûõ ÿäåð ïî ñðàâíåíèþ ñ êîíöåíòðàöèåé ee

ïàð, ñòîëêíîâåíèÿ ìåæäó çàðÿæåííûìè ëåïòîíàìè ïðîèñõîäÿò ãîðàçäî ÷àùå,

÷åì ìåæäó ÿäðàìè è ëåïòîíàìè. Â óëüòðàðåëÿòèâèñòñêîé ee  ïëàçìå ÷àñòîòà

ñòîëêíîâåíèé ìåæäó ëåïòîíàìè îïðåäåëÿåòñÿ ñå÷åíèÿìè ýëåêòðîí-ýëåêòðîí

( ee ), ïîçèòðîí-ïîçèòðîí ( ee ), è ýëåêòðîí-ïîçèòðîí ( ee ) óïðóãèõ

ðàññåèâàíèé, à òàêæå ñå÷åíèÿìè òîðìîçíîãî èçëó÷åíèÿ ïðè ýòèõ ðàññåèâàíèÿõ.

Äèôôåðåíöèàëüíûå ñå÷åíèÿ óïðóãèõ ( ee ) è ( ee ) ïðîöåññîâ ðàâíû, à

ñå÷åíèå ïðîöåññà ( ee ) îòëè÷àåòñÿ îò ïåðâûõ ìíîæèòåëåì ìåíüøå åäèíèöû

[12]. Ñå÷åíèÿ æå òîðìîçíîãî èçëó÷åíèÿ ( ee ) è ( ee ) îäèíàêîâû, à

ñå÷åíèå ïðîöåññà ( ee ) áîëüøå ýòèõ ñå÷åíèé íà ëîãàðèôìè÷åñêèé ìíîæèòåëü

[12].

Äëÿ îöåíêè ÷àñòîòû ñòîëêíîâåíèé ìåæäó ëåïòîíàìè cnell   ïðèíÿòî,

÷òî ñîîòâåòñòâóþùèå ñå÷åíèÿ   ýòèõ ïðîöåññîâ ìåæäó çàðÿæåííûìè ëåïòî-

íàìè ïðèáëèçèòåëüíî ðàâíû, è èñïîëüçîâàíû òðàíñïîðòíûå ñå÷åíèÿ äëÿ óëüòðà-

ðåëÿòèâèñòñêèõ ëåïòîíîâ ll  èç [7]. Äî çíà÷åíèÿ òåìïåðàòóðû Be kcmT 2
0 8

÷àñòîòa ñòîëêíîâåíèé ìåæäó ëåïòîíàìè ll  îïðåäåëÿåòñÿ óïðóãèìè ïðîöåññàìè,

à âûøå ýòîé òåìïåðàòóðû, òîðìîçíûì èçëó÷åíèåì ïðè ñòîëêíîâåíèè ëåïòîíîâ

[7]. Îïóñêàÿ ðàñ÷åòû, ïðèâåäåì êîíå÷íûé ðåçóëüòàò äëÿ îòíîøåíèÿ ïëàçìåííîé

÷àñòîòû ê ÷àñòîòå ñòîëêíîâåíèé ìåæäó ëåïòîíàìè ll  óëüòðàðåëÿòèâèñòñêîé
ee  ïëàçìû:
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Äëÿ çíà÷åíèé òåìïåðàòóðû  100 50; 25; 10; 5; ;22 cmTk eB  ïîëó÷èì

}{ 10 40; 200; 1700; ;103 ;103 33  llFpl . Åñëè æå ó÷åñòü, ÷òî â óëüòðàðåëÿ-

òèâèñòñêîé ãîðÿ÷åé ee  ïëàçìå Fpl  ÿâëÿåòñÿ íèæíåé ãðàíèöåé âîçìîæíûõ

çíà÷åíèé ÷àñòîò ýëåêòðîìàãíèòíîé âîëíû, à îñíîâíàÿ ÷àñòü ýíåðãèè èçëó÷åíèÿ

ñîñðåäîòî÷åíà â îáëàñòè âîêðóã ÷àñòîòû Fplmax  28 , òî ýòè ÷èñëà ñëåäóåò

óâåëè÷èòü íà ïîðÿäîê.

×àñòîòó ñòîëêíîâåíèé ýëåêòðîíîâ ñ ôîòîíàìè e  â óëüòðàðåëÿòèâèñòñêîé
ee  ïëàçìå ( 2cmTk eB  ) ìîæíî îöåíèòü ïî ñå÷åíèþ  ýôôåêòà Êîìïòîíà

[12] è ïî êîíöåíòðàöèè ôîòîíîâ êàê êîíöåíòðàöèÿ Áîçe ãàçà [8]. Ïðîñòûå

âû÷èñëåíèÿ ïîêàçûâàþò, ÷òî Tkcm Beemax
2510  . Äëÿ ðàññìîòðåííûõ

çäåñü çíà÷åíèé òåìïåðàòóðû ýòîò ïðîöåññ ïî ñðàâíåíèþ ñ âûøåóïîìÿíóòûìè

ïðîöåññàìè íåñóùåñòâåíåí.

Òàêèì îáðàçîì, èñïîëüçîâàííîå íàìè ïðèáëèæåíèå áåññòîëêíîâèòåëüíîé

ïëàçìû äëÿ îïðåäåëåíèÿ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè óëüòðàðåëÿòèâèñòñêîé
ee  ïëàçìû îïðàâäàíî.

6. Çàêëþ÷åíèå. Åñëè òåìïåðàòóðà âîäîðîäíîé ïëàçìû äîñòàòî÷íî âûñîêà

( 2cmTk eB  ) è êîíöåíòðàöèÿ ïðîòîíîâ íàìíîãî ìåíüøå, ÷åì  3230103 cmTk eB

ñì-3, òî â òåðìîäèíàìè÷åñêè ðàâíîâåñíîì ñîñòîÿíèè â òàêîé ïëàçìå êîëè÷åñòâî
ee  ïàð íàìíîãî áîëüøå êîëè÷åñòâà ïðîòîíîâ. Â ÷àñòíîñòè, â òàêîì ñîñòîÿíèè

íàõîäèëîñü âåùåñòâî â ðàííåé Âñåëåííîé ÷óòü ðàíüøå ñòàäèè ðåêîìáèíàöèè.

Ïðàâäà, â íåì ïðèñóòñòâîâàëè âñåâîçìîæíûå ëåïòîíû è ÿäðà ëåãêèõ ýëåìåíòîâ

[11].

Â ïðåäñòàâëåííîé ðàáîòå ñ ïîìîùüþ óðàâíåíèé Âëàñîâà, ïðè îòñóòñòâèè

âíåøíåãî ìàãíèòíîãî ïîëÿ, ïîëó÷åíû âûðàæåíèÿ äëÿ ïîïåðå÷íîé è ïðîäîëüíîé

äèýëåêòðè÷åñêèõ ïðîíèöàåìîñòåé ðàçðåæåííîé, óëüòðàðåëÿòèâèñòñêîé, ýëåêòðîí-

ïîçèòðîííîé ãîðÿ÷åé ïëàçìû. Ïîêàçàíî, ÷òî ìîäåëü áåññòîëêíîâèòåëüíîé

èäåàëüíîé ïëàçìû äëÿ îïðåäåëåíèÿ ýòèõ õàðàêòåðèñòèê ÿâëÿåòñÿ õîðîøèì

ïðèáëèæåíèåì. Ðàíåå ýòè õàðàêòåðèñòèêè ãîðÿ÷åé ïëàçìû áåç ó÷åòà ðîæäåíèÿ
ee  ïàð ñ ìàêñâåëëîâñêèì ðàñïðåäåëåíèåì óëüòðàðåëÿòèâèñòñêèõ ýëåêòðîíîâ

ïîëó÷åíû â [8] è ïîêàçàíî, ÷òî ïëàçìåííàÿ ÷àñòîòà òàêîé ïëàçìû îáðàòíî

ïðîïîðöèîíàëüíà òåìïåðàòóðå. Â îòëè÷èå îò ýòîãî, èç-çà îáèëüíîãî ðîæäåíèÿ

ýëåêòðîíîâ è ïîçèòðîíîâ èõ ðàñïðåäåëåíèå ñòàíîâèòñÿ ôåðìèåâñêèì, à ïëàçìåííàÿ

÷àñòîòà Fpl  - ïðÿìî ïðîïîðöèîíàëüíîé  òåìïåðàòóðå. Ïîêàçàíî, ÷òî îòíîøåíèå

÷àñòîòû max  (íà êîòîðîé ñïåêòðàëüíàÿ ïëîòíîñòü òåïëîâîãî èçëó÷åíèÿ ìàêñè-

ìàëüíà) ê ïëàçìåííîé ÷àñòîòå ïîñòîÿííî è ðàâíî 28. Ïðè íàëè÷èè â ïëàçìå
ee  ïàð ñïåêòð òåïëîâîãî èçëó÷åíèÿ èñêàæåí ñèëüíåå, ÷åì ïðè èõ îòñóòñòâèè,
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îäíàêî, áîëüøîå çíà÷åíèå ýòîãî îòíîøåíèÿ è ìàëåíüêèå çíà÷åíèÿ ïàðàìåòðîâ

10.Tka BFpl    è 4
0 1041  WWpl , ãäå  plW  è 0W  ïëîòíîñòè

ýíåðãèè èçëó÷åíèÿ â ïëàçìå è â âàêóóìå, ñîîòâåòñòâåííî, óêàçûâàþò íà

áîëüøóþ áëèçîñòü òåïëîâîãî èçëó÷åíèÿ â óëüòðàðåëÿòèâèñòñêîé ýëåêòðîí-

ïîçèòðîííîé  ãîðÿ÷åé ðàçðåæåííîé ïëàçìå ê ÷åðíîòåëüíîìó. Ïîýòîìó, äàæå

ñ ó÷åòîì íàëè÷èÿ óëüòðàðåëÿòèâèñòñêèõ ýëåêòðîí-ïîçèòðîííûõ ïàð, â ðàííåé

Âñåëåííîé â ýïîõó, ïðåäøåñòâîâàâøóþ ýïîõå ðåêîìáèíàöèè, ñïåêòð òåïëîâîãî

èçëó÷åíèÿ ìîæíî ñ÷èòàòü ïëàíêîâñêèì. Ñëåäîâàòåëüíî, âûâîä â [3] (ïîëó-

÷åííûé áåç ó÷åòà ðîæäåíèÿ ee  ïàð) î òîì, ÷òî òåïëîâîå èçëó÷åíèå â

ðàííåé Âñåëåííîé ÿâëÿåòñÿ ïëàíêîâñêèì, îñòàåòñÿ â ñèëå.

Ðàáîòà âûïîëíåíà â íàó÷íî-èññëåäîâàòåëüñêîé ëàáîðàòîðèè ôèçèêè ñâåðõ-

ïëîòíûõ çâåçä èíñòèòóòà ôèçèêè ÅÃÓ, ôèíàíñèðóåìîé êîìèòåòîì ïî íàóêå

Ìèíèñòåðñòâà îáðàçîâàíèÿ, íàóêè, êóëüòóðû è ñïîðòà Ðåñïóáëèêè Àðìåíèÿ.

Åðåâàíñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Àðìåíèÿ

å-mail: ghajyan@ysu.am    hararthur@ysu.am

ELECTROMAGNETIC PROPERTIES OF STELLAR
MATTER. I. 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 thå 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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RECONSTRUCTION OF THE QUINTESSENCE DARK
ENERGY POTENTIAL FROM A GAUSSIAN PROCESS
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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 )(zH  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

0
. This sheds light

on the H
0
 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 


 eV ~)( , 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
0
 tension problem is one of those pointing out a huge difference between

the early time and late time measurements of the Hubble constant H
0
 [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  Tf  gravity

from the expansion rate data, allowing us to obtain very tight constraints on the

model parameters of some popular  Tf  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
0

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
0
 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       n~V sin1  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

   ~V ,     n~V   cos1  and    eV ~  (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
0
 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
0
. 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
0
 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 ( 18  cG )
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  







 

 , 
2

1

2

14
mSVRgxdS (1)

where   is the field,  V  is the field's potential, S
m
 corresponds to standard

matter, while R is the Ricci scalar. Moreover, it is well known that when we

consider an FRWL Universe with

    , 
3

1

2222 



i

idxtadtds (2)

the dynamics of the scalar field's dark energy and dark matter are described by

the equations

  , 03   PH (3)

, 03  dmdm H (4)

with

 . 
3

12
dmH   (5)

In other words, Eqs. (3)-(5) describe the background dynamics. Furthermore, it

is well known that  , dm  and  PP  are related to each other through the

equation

 . 3
6

1
  PHH dm

 (6)

On the other hand, assuming that the scalar field is spatially homogeneous, for

the energy density and pressure we will have

  , 
2

1
 V (7)

and

  , 
2

1
 VP  (8)

where the dot means derivative w.r.t. the cosmic time, while  V  is the potential

of the scalar field (see for instance [43] and references therein for more

discussion). In all equations above aaH   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 Eqs. (7)

and (8), it turns out that

, 2
  P (9)

while
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  . 
2

 


P
V (10)

On the other hand, it is easy to see that from Eq. (4) we have  30
2
0 13 zHdm  ,

while from Eq. (5) we can determine the energy density of the scalar field

  , 133 3
0

2
0

2 zHH  (11)

where H
0
 is the value of the Hubble parameter at 0z  (e.g., at present; z  is

the redshift). On the other hand, 0  is the cold dark matter density fraction

at 0z . Now, we can use Eq. (6) and, after some algebra,

  , 312 2HHHzP  (12)

where the prime denotes derivative w.r.t. the redshift. Coming back to Eqs. (9)

and (10), we see that Eqs. (11) and (12) allow us to write down the form of

the scalar field potential in terms of H  and H  , as follows

      . 1
2

3
13 3

0
2
0

2  zHzHHHzV (13)

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

    
 

, 
1

132
2

2
0

2
02

Hz

zHHH
'z




 (14)

what allows to perform an end-to-end reconstruction of  V , provided  zH  and

 zH   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 , from Eqs. (13) and (14). It is easy

to see, to start, that Eqs. (13) and (14) allow doing this, if model-independent

reconstructions of  zH  and  zH   are provided. Namely, following [43], we

choose the GP to reconstruct  zH  and  zH   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

   
, 

2
exp ,

2

2
2













 


l

xx
xxk f (15)

where f  and l are known as hyperparameters. The l parameter represents the

correlation length along which the successive  xf  values are correlated, while to

control the variation in  xf  relative to the mean of the process we need the

f  parameter. Recently, other kernels including the so-called Matern ( 29 )

covariance function
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(16)

have been used for different purposes, too. Following this benchmark, we have

also considered the squared exponential, Eq. (15), and the Matern ( 29 ), Eq.

(16), which allow eventually to understand 1) how they can affect the reconstruc-

tion of  V , and 2) how it can affect the constraints on  V  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  zH  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  2.4 ,0z

redshift range. One interesting aspect of our analysis concerning the value of H
0
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at 0z  to be mentioned here is the adopted strategy. To wit, during the

reconstruction, we consider three different cases: 1) H
0
 is estimated from the

expansion rate data during the reconstruction of  zH  and  zH  , 2) H
0
 is taken

from the Planck mission and the forms of  zH  and  zH   are reconstructed,

and finally, 3) H
0
 is the one from the Hubble mission and then the forms of

 zH  and  zH   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
0
 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,

Table1

 zH  AND ITS UNCERTAINTY H  IN UNITS OF km s-1
 Mpc-1

z )(zH H z )(zH H

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 50.4

0.24 79.69 2.65 0.60 87.9 6.1
0.35 84.4 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 92.4 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
0
 is estimated from a GP, 2) H

0
 is fixed to the value estimated

from the Planck mission results and the reconstruction of  zH  and  zH   is

performed, and 3) H
0
 is fixed to the value estimated from the Hubble mission

and then the reconstruction of  zH  and  zH   is performed. In this way, we

can get a hint on when the H
0
 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  zH

and  zH   in Eqs. (13) and (14). The reconstruction of the functions  zH  and

 zH   for the squared exponential function, Eq. (15), assuming that H
0

 = 73.52

± 1.62 km s-1
 Mpc-1 can be found in Fig.1. The functions  zH  and  zH 

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 . This problem is the simplest one since

     
, 

z

zzz
'z ii

i



 (17)

where ii zzz  1  with iz  correspond to the redshifts where  zH  and  zH 

have been reconstructed. It is clear, that Eqs. (13), (14) and (17) allow to perform

the model-independent reconstruction of the potential  V  describing quintessence

dark energy in our Universe.

3.1.  V  reconstruction when H
0
 is not fixed. The first case corre-

sponds to the reconstruction when H
0
 is not fixed. In this case, using GP and

given data, Table 1, we first estimate H
0
 during the reconstruction process. It is

H
0

 = 71.286 ± 3.743 km s-1
 Mpc-1 when the kernel is given by Eq. (15), while when

the kernel is given by Eq. (16), we found that H
0

 = 71.196 ± 3.867 km s-1
 Mpc-1.

Then using the reconstructed  zH  and  zH   in Eqs. (13) and (14) (combined

with Eq. (17)) we can finish the model-independent reconstruction of  V .

Omitting other non-relevant technical details, we refer the reader to Fig.5, which

depicts the model-independent reconstructed forms of the potential  zV  and field

 z . The reader may have already noted that the estimated errors for H
0
 are
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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 23Hde  ,

which at 0z  has actually been used to estimate   ( 0z ), too.

The results of the reconstruction of the   can be found in Fig.6 for both

kernels given by Eqs. (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 2  bound of de  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  zV  and  z  is acceptable up to some redshift. Having this in mind, we

continued the study and, using the means of the reconstructed  zV  and  z ,

Fig.1. GP reconstruction of )(zH  and )(zH   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

0
 = 73.52 ± 1.62 km s

-1
 Mpc

-1
 reported by the Hubble mission. The ' means derivative with

respect to the redshift z .
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we have directly reconstructed the mean of  V .

On the other hand, using the lower and upper 2  error bounds of both the

 zV  and  z  reconstructed functions, we have determined possible maximum

errors for  V  allowing to complete our task, which was to obtain a model-

independent reconstruction of  V  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

   eV ~  (dashed curve, for instance, with 8540.  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

    n~V   cos1  (solid curve with 651. , n = 0.05 and 20. , for

instance) will not work  very well and there is a hint that it should be rejected.

Additionally, the model with potential    ~V  (dotted curve with 1250. )

should be kept, and it will work better than the model with     n~V   cos1 .

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
0
 tension problem. Moreover,

Fig.2. Reconstructed )(V  for the case when H
0
 = 71.286 ± 3.743 km s

-1
 Mpc

-1
 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 )(V  model obtained from the reconstructed means

of the functions )(zV  and )(z . The lower and upper 2  error bounds of both reconstructed
functions )(zV  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
0
 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

    , sin1   n~V (18)

where  , n, and   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 0010. , 50.  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
0

 = 67.40 ± 0.5 km s-1
 Mpc-1

. In this

subsection, we discuss the case when a specific value for H
0
 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
0
 reported by the Planck mission. Similar to the previous case, 23Hde 

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  2 ,0z  redshift range provides

a physically acceptable reconstruction of the functions  zV  and  z . Moreover,

when we consider the Matern ( 29 ) kernel, Eq. (16), then  1.91 ,0z  is the

redshift range providing physically acceptable reconstructions of  zV  and  z  (see

Fig.8). On the other hand, from the top panel of Fig.7 we realize the reconstructed

forms of the potential  zV  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  V  potential we have used the means of the

reconstructed  zV  and  z . Moreover, using the lower and upper 2  error

bounds of both reconstructed functions,  zV  and  z , we have determined

possible maximal errors for  V  (Fig.3), what allowed us to complete the model-

independent reconstruction of the  V  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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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

   eV ~ , we conclude that the model with 050.  should  be preferred for

cosmological applications. On the other hand, with 010.  the model with the

potential    ~V  may be highly recommended for doing cosmology. Moreover, we

also conclude that, with 050. , n = 0.75 and 0010. , the model with potential

      n~V sin1  is favored for doing cosmology. Finally, the model with

    n~V   cos1  can be recommended too, if 020. , 651.  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
0

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
0
 reported by

the Hubble mission.

Fig.3. Reconstructed )(V  for the expansion rate data in Table 1 with H
0
= 67.40±0.5 km s

-1
Mpc

-1
.

The curve with black squares corresponds to the mean of the reconstructed )(V  model obtained from
the reconstructed means of the functions )(zV  and )(z . The lower and upper 2  error bounds of
both reconstructed functions )(zV  and )(z  have been used to determine possible maximum error

bounds for )(V  (curves with black circles). The dashed curve represents the quintessence dark energy
model with potential 


 eV ~)( . The dotted, dot-dashed, and solid curves correspond to the quin-

tessence dark energy model with 

 ~)(V , )](sin1[)( 

 n
~V  and )](cos1[)(

n
~V 


,

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).
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3.3.  V  reconstruction when H
0

 = 73.52 ± 1.62 km s-1
 Mpc-1

. The

last case to be discussed here is when H
0
 is fixed to the value H

0
 = 73.52 ± 1.62

km s-1
 Mpc-1 reported by the Hubble mission. This means that similarly to the

second case, the reconstruction of  zH  and  zH   will be also based on 41 data

points. The reconstructed  zV  and  z  for  2.4 ,0z  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    eV ~  and 41.  is

expected to be useful for cosmological applications. On the other hand, the model

with potential    ~V  can be highly recommended, provided 250. . More-

over, we found also that, with 50. , n = 0.576 and 0050. , the model with

potential       n~V sin1  is also favored for cosmological applications. Fi-

nally, the model with     n~V   cos1  is also useful, provided 250. ,

751.  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 23Hde   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
0
 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

Fig.4. Same as Fig.3, but with H
0
 = 73.52 ± 1.62 km s

-1
 Mpc

-1
.
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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  zH  and  zH  , 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
0
 has been estimated

from the GP reconstruction of the functions  zH  and  zH  , based on  an existing

40-point expansion rate dataset; 2) when H
0
 is fixed to the value estimated from

the Planck mission and then the reconstruction of  zH  and  zH   is performed;

3) when H
0
 is fixed to the value estimated from the Hubble mission results and

then the reconstruction of  zH  and  zH   is performed. In this way, we get a

hint on when the H
0
 tension problem could be reasonably solved, for instance, when

the model with    eV ~  is considered. We have studied other models, too, and

also found a new potential,       n~V sin1 , 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 kernel

functions given by Eqs. (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   parameter of the Swampland

   eV ~  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,   to 10. , 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) 8540.  when H
0
 is not fixed, 2) 010.  when H

0
 =

67.40 ± 0.5 km s-1
 Mpc-1, and finally 3) when H

0
 = 73.52 ± 1.62 km s-1

 Mpc-1 we got

41. . 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   when

H
0

 = 67.40 ± 0.5 km s-1
 Mpc-1 indicate that any other estimation closer to the

estimation obtained here definitely supports the CDM  standard model. In all

other cases, we can claim that the CDM  theory might be challenged. This is

an indication that the H
0
 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.

Fig.5. Reconstruction of )(zV , Eq. (13), and )(z , Eq. (14), from the )(zH  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 ( 29 / ) 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
0
 = 71.286 ±

3.743 km s
-1

 Mpc
-1
 and H

0
 = 71.196 ± 3.867 km s

-1
 Mpc

-1
 estimates for H

0
 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 
2

3/ H
de 

  from the )(zH  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 ( 29 / ) 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
0
 = 71.286

± 3.743 km s
-1

 Mpc
-1
 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
0
 = 71.196 ± 3.867

km s
-1

 Mpc
-1
 has been estimated by GP from the data presented in Table 1 when the Matern ( 29 / )

kernel given by Eq. (16) has been used. The bottom panel represents the reconstruction of 


 /P
where 

P  and 
  are given by Eq. (12) and Eq. (11), respectively, while 0070153

0
..  .
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Fig.7. Reconstruction of )(zV , Eq. (13), and )(z , Eq. (14), from the )(zH  data depicted

in Table 1 when H
0
 = 67.40 ± 0.5 km s

-1
 Mpc

-1
. 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 
2

3/ H
de 

  from the )(zH  data

depicted in Table 1 when H
0
 = 67.40 ± 0.5 km s-1

 Mpc-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 ( 29 / ) 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 


 /P  where 

P
and 

  are given by Eq. (12) and Eq. (11), respectively, while 0070153
0

..  .
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Fig.9. Reconstruction of )(zV , Eq. (13), and )(z , Eq. (14), from the )(zH  data depicted

in Table 1 when H
0
 = 73.52 ± 1.62 km s

-1
 Mpc

-1
. 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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ÐÅÊÎÍÑÒÐÓÊÖÈß ÏÎÒÅÍÖÈÀËÀ ÊÂÈÍÒÝÑÑÅÍÖÈÈ
ÒÅÌÍÎÉ ÝÍÅÐÃÈÈ ÈÇ ÃÀÓÑÑÎÂÑÊÎÃÎ ÏÐÎÖÅÑÑÀ

Ý.ÝËÈÇÀËÄÅ1, Ì.ÕÓÐØÓÄßÍ1, Ê.ÌÛÐÇÀÊÓËÎÂ2,3, Ñ.ÁÅÊÎÂ2,3

Â ðàáîòå ïðåäñòàâëåíà ðåêîíñòðóêöèÿ ïîòåíöèàëà êâèíòýññåíöèè òåìíîé

ýíåðãèè ñïîñîáîì, íåçàâèñÿùèì îò ìîäåëè. Ðåêîíñòðóêöèÿ îñíîâàíà íà

ãàóññîâîì ïðîöåññå è èìåþùèõñÿ äàííûõ î ñêîðîñòè ðàñøèðåíèÿ. Êîíêðåòíî,

èñïîëüçóþòñÿ 40 òî÷åê çíà÷åíèé  zH , âêëþ÷àþùèõ â ñåáÿ 30-òî÷å÷íóþ

âûáîðêó, ïîëó÷åííóþ ñ èñïîëüçîâàíèåì ìåòîäà äèôôåðåíöèàëüíîãî âîçðàñòà,

è äîïîëíèòåëüíóþ 10-òî÷å÷íóþ âûáîðêó, ïîëó÷åííóþ ñ ïîìîùüþ ìåòîäà

ðàäèàëüíîãî BAO. Ðåçóëüòàòû ïîëó÷åíû äëÿ äâóõ ÿäåðíûõ ôóíêöèé è òðåõ

ðàçëè÷íûõ çíà÷åíèé H
0
. Ýòî ïðîëèâàåò ñâåò íà ïðîáëåìó íàïðÿæåíèÿ Õàááëà,

óêàçûâàÿ íà òî, ÷òî ýòî íå ïðîñòî ÷èñëîâàÿ ïðîáëåìà. Ìîäåëüíî-íåçàâèñèìàÿ

z

0.0 0.2 0.4




-4.0
0.6

-3.0

-2.0


d
e

0.0

0.4

0.8

z

0.0 0.2 0.4 0.6

0.0 1.0 2.0 0.0 1.0 2.0

-1.0




-4.0

-3.0

-2.0

-1.0


d
e

0.0

0.4

0.8

Fig.10. The top panel represents the reconstruction of 
2

3/ H
de 

  from the )(zH  data
depicted in Table 1, when H

0
 = 73.52 ± 1.62 km s-1 Mpc-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 ( 29 / ) 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 


 /P  where


P  and 

  are given by Eq. (12) and Eq. (11), respectively, while 0070153
0

..  .
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ðåêîíñòðóêöèÿ ïîòåíöèàëà ìîæåò ñëóæèòü "êîíòðîëüíîé" äëÿ îãðàíè÷åíèÿ

èìåþùèõñÿ ìîäåëåé è ñîçäàíèÿ íîâûõ. Ðàçëè÷íûå âîçìîæíûå ïîòåíöèàëû,

âêëþ÷àÿ    eV ~ , ñðàâíèâàþòñÿ ñ ïåðâûìè ïî-íàñòîÿùåìó ìîäåëüíî-

íåçàâèñèìûìè ðåêîíñòðóêöèÿìè ïîòåíöèàëà òåìíîé ýíåðãèè êâèíòýññåíöèè,

ïîëó÷åííûìè â äàííîé ðàáîòå. Ýòî ïîçâîëÿåò âûáèðàòü íîâûå ìîäåëè,

êîòîðûå ìîãóò áûòü èíòåðåñíû äëÿ êîñìîëîãèè. Â ñëåäóþùåé ðàáîòå áóäåò

ïðåäñòàâëåí ðàñøèðåííûé ìåòîä äëÿ ðåêîíñòðóêöèè ïîòåíöèàëà ñâÿçàííûõ

ìîäåëåé òåìíîé ýíåðãèè.

Êëþ÷åâûå ñëîâà: êâèíòýññåíöèÿ òåìíîé ýíåðãèè: ïîòåöèàë: ãàóññîâñêèé ïðîöåññ
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Ïîñòóïèëà 10 ôåâðàëÿ 2023

Ïðèíÿòà ê ïå÷àòè 10 èþíÿ 2024

Â ðàìêàõ ðåëÿòèâèñòñêîé òåîðèè ñðåäíåãî ïîëÿ, â êîòîðîé ïîìèìî ïîëåé  ,  , 
ìåçîíîâ, ó÷òåíî òàêæå èçîâåêòîðíîå, ëîðåíöåâî-ñêàëÿðíîå ïîëå  -ìåçîíà, èññëåäóþòñÿ
ñâîéñòâà èçîñïèíîâî-àñèììåòðè÷íîé õîëîäíîé ÿäåðíîé ìàòåðèè. Èçó÷àþòñÿ ñâîéñòâà êàê
÷èñòî íóêëîííîé np ìàòåðèè â çàâèñèìîñòè îò áàðèîííîé ïëîòíîñòè n

B
 è ïàðàìåòðà

àñèììåòðèè  , òàê è ñâîéñòâà ýëåêòðè÷åñêè íåéòðàëüíîé  -ðàâíîâåñíîé npe  ìàòåðèè
â çàâèñèìîñòè îò áàðèîííîé ïëîòíîñòè n

B
. Äëÿ ðàçíûõ çíà÷åíèé n

B
 è   îïðåäåëåíû òàêèå

õàðàêòåðèñòèêè np âåùåñòâà, êàê ïðèõîäÿùàÿñÿ íà îäèí áàðèîí ýíåðãèÿ, óäåëüíàÿ ýíåðãèÿ,
îáóñëîâëåííàÿ èçîñïèíîâîé àñèììåòðèåé, ýôôåêòèâíûå ìàññû ïðîòîíà è íåéòðîíà, óäåëüíàÿ
ýíåðãèÿ ñâÿçè. Ïîêàçàíî, ÷òî îáóñëîâëåííàÿ àñèììåòðèåé ýíåðãèÿ, ïðè ôèêñèðîâàííîì
çíà÷åíèè  , ÿâëÿåòñÿ ìîíîòîííî âîçðàñòàþùåé ôóíêöèåé áàðèîííîé ïëîòíîñòè n

B
. Äëÿ

npe  ìàòåðèè èçó÷åíû ýôôåêòèâíûå ìàññû ïðîòîíà è íåéòðîíà 
)(eff

p
M , 

)(eff

n
M , óäåëüíàÿ

ýíåðãèÿ ñâÿçè E
bind

, ýíåðãèÿ ñèììåòðèè E
sym

, êîëè÷åñòâåííàÿ äoëÿ ïðîòîíîâ Y
p
 = n

p
 /n

B
, à

òàêæå ñðåäíèå ìåçîííûå ïîëÿ  ~~~~   ,  ,  ,  â çàâèñèìîñòè îò áàðèîííîé ïëîòíîñòè n
B
.

Êëþ÷åâûå ñëîâà: Ñðåäíåå ïîëå: íóêëîííàÿ ìàòåðèÿ: ìàòåðèÿ íåéòðîííîé çâåçäû:

     ýíåðãèÿ ñèììåòðèè: ýôôåêòèâíàÿ ìàññà: ýíåðãèÿ ñâÿçè

1. Ââåäåíèå. Òåðìîäèíàìè÷åñêîå îïèñàíèå ÿäåðíîãî âåùåñòâà ÿâëÿåòñÿ

âàæíîé çàäà÷åé íà ïóòè ê ïîíèìàíèþ ñâîéñòâ è ñòðóêòóðû ÿäåð, äèíàìèêè

ñòîëêíîâåíèé òÿæåëûõ èîíîâ, ñòðóêòóðû êîìïàêòíûõ çâåçä, äèíàìèêè âçðûâà

ñâåðõíîâûõ, à òàêæå ïðîöåññà ñëèÿíèÿ íåéòðîííûõ çâåçä. Ïðè ïëîòíîñòÿõ

âûøå ïëîòíîñòè ÿäåðíîãî íàñûùåíèÿ n
0
  -ðàâíîâåñíàÿ íóêëîííàÿ ìàòåðèÿ

ÿâëÿåòñÿ èçîñïèíîâî-àñèììåòðè÷íîé. Èìåííî ýòèì îáñòîÿòåëüñòâîì îáúÿñíÿåòñÿ

áîëüøîé èíòåðåñ, êîòîðûé óäåëÿåòñÿ èçó÷åíèþ ñâîéñòâ èçîñïèíîâî-àñèììåò-

ðè÷íîé íóêëîííîé ìàòåðèè [1-5]. Èçîñïèíîâàÿ çàâèñèìîñòü óðàâíåíèÿ ñîñòîÿíèÿ

ÿäåðíîé ìàòåðèè ïðè çàäàííîì çíà÷åíèè áàðèîííîé ïëîòíîñòè n
B
 îïðåäåëÿåòñÿ

ýíåðãèåé ÿäåðíîé ñèììåòðèè E
sym

(n
B
).

Ñîâðåìåííûå âîçìîæíîñòè çåìíûõ ÿäåðíûõ ýêñïåðèìåíòîâ è àñòðîôèçè-

÷åñêèõ íàáëþäåíèé îáåñïå÷èëè çíà÷èòåëüíûé ïðîãðåññ â èçó÷åíèè çàâèñèìîñòè

ýíåðãèè ñèììåòðèè îò ïëîòíîñòè [6-8]. Â ïîñëåäíèå ãîäû ïîÿâèëèñü íîâûå
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âîçìîæíîñòè äëÿ ïîëó÷åíèÿ îãðàíè÷åíèé íà ôèçè÷åñêèå õàðàêòåðèñòèêè

àñèììåòðè÷íîé ÿäåðíîé ìàòåðèè, èñïîëüçóÿ êàê äàííûå íàó÷íûõ ïðîãðàìì

NICER è XMM-Newton ïî îäíîâðåìåííîìó îïðåäåëåíèþ ìàññû è ðàäèóñà

íåéòðîííîé çâåçäû (ÍÇ) [9], òàê è äàííûå îòíîñèòåëüíî ïðèëèâíîé äåôîðìàöèè,

ïîëó÷åííûå èç àíàëèçà ãðàâèòàöèîííîãî èçëó÷åíèÿ ïðè ñëèÿíèè äâîéíîé

íåéòðîííîé çâåçäû GW170817 [10,11].

Òåîðåòè÷åñêèå èññëåäîâàíèÿ ñâîéñòâ ÿäåðíîãî âåùåñòâà è êîíå÷íûõ ÿäåð

êàê ñèñòåì ñèëüíîâçàèìîäåéñòâóþùèõ ðåëÿòèâèñòñêèõ áàðèîíîâ è ìåçîíîâ

îñíîâàíû íà êâàíòîâî-ïîëåâîì ïîäõîäå â ðàìêàõ êâàíòîâîé àäðîäèíàìèêè

(QHD). Îäíîé èç óñïåøíî ïðèìåíÿåìûõ ìîäåëåé òàêîãî ðîäà ÿâëÿåòñÿ

ðåëÿòèâèñòñêàÿ òåîðèÿ ñðåäíåãî ïîëÿ (RMF). Â èñõîäíîé ìîäåëè âçàèìîäåéñòâèå

ìåæäó íóêëîíàìè îñóùåñòâëÿëîñü ïóòåì îáìåíà èçîñêàëÿðíûì, ëîðåíöåâî-

ñêàëÿðíûì  -ìåçîíîì è èçîñêàëÿðíûì, ëîðåíöåâî-âåêòîðíûì  -ìåçîíîì

[12-14]. Äëÿ óäîâëåòâîðèòåëüíîãî âîñïðîèçâåäåíèÿ ÿäåðíîé íåñæèìàåìîñòè

è ñâîéñòâ íåñòàáèëüíûõ ÿäåð â ìîäåëü áûëè âêëþ÷åíû ÷ëåíû ñàìîâçàèìî-

äåéñòâèÿ   è  -ìåçîíîâ, ïðèâîäÿùèå ê ïîÿâëåíèþ íåëèíåéíûõ ÷ëåíîâ â

óðàâíåíèÿõ äëÿ ìåçîííûõ ïîëåé [15-17]. Äëÿ îïèñàíèÿ òîëùèíû íåéòðîííîé

îáîëî÷êè òÿæåëûõ ÿäåð è õàðàêòåðèñòèê èçîñïèíîâî-àñèììåòðè÷íûõ ÿäåð

áûë ðàñøèðåí ñîñòàâ îáìåííûõ ìåçîíîâ è â ñõåìó áûë âêëþ÷åí òàêæå

èçîâåêòîðíûé, ëîðåíöåâî-âåêòîðíûé  -ìåçîí [18].

Äëÿ ïîëíoòû òðàíñôîðìàöèîííûõ ñâîéñòâ ìåçîííûõ ïîëåé íóæíî áûëî

â ñîñòàâå îáìåííûõ ìåçîíîâ èìåòü òàêæå èçîâåêòîðíûé, ëîðåíöåâî-ñêàëÿðíûé

 -ìåçîí. Ýòî áûëî ñäåëàíî â ðàáîòàõ [19-21]. Òàêàÿ ðàñøèðåííàÿ ìîäåëü

áûëà ïðèìåíåíà äëÿ èññëåäîâàíèÿ ïðîöåññîâ ðàññåÿíèÿ íåéòðîíîèçáûòî÷íûõ

òÿæåëûõ èîíîâ ñðåäíèõ ýíåðãèé è âûÿñíåíèÿ âîçìîæíîñòè îáðàçîâàíèÿ â

ïðîöåññå ñòîëêíîâåíèÿ ñìåøàííîé àäðîíí-êâàðêîâîé ôàçû [22,23]. Èçó÷åíèþ

âëèÿíèÿ  -ìåçîííîãî ïîëÿ íà õàðàêòåðèñòèêè àäðîí-êâàðêîâîãî ôàçîâîãî

ïåðåõîäà è íà íàáëþäàåìûå ïàðàìåòðû ãèáðèäíûõ çâåçä ïîñâÿùåíû ðàáîòû

[24,25].

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ èçó÷åíèå îäíî÷àñòè÷íûõ ñâîéñòâ

èçîñïèíîâî-àñèììåòðè÷íîé ÿäåðíîé ìàòåðèè â ðàìêàõ ðåëÿòèâèñòñêîé òåîðèè

ñðåäíåãî ïîëÿ, â êîòîðîé ó÷òåíî òàêæå èçîâåêòîðíîå, ëîðåíöåâî-ñêàëÿðíîå

ïîëå  -ìåçîíà. Ñòàòüÿ îðãàíèçîâàíà ñëåäóþùèì îáðàçîì. Â ðàçäåëå 2 ïðåä-

ñòàâëåíî êðàòêîå îïèñàíèå ìîäåëè, â êîòîðîé ïðèâîäÿòñÿ ñèñòåìà óðàâíåíèé

äëÿ ñðåäíèõ ìåçîííûõ ïîëåé è ôîðìóëû äëÿ òàêèõ îäíî÷àñòè÷íûõ õàðàêòå-

ðèñòèê ÿäåðíîé ìàòåðèè êàê ýíåðãèÿ ñèììåòðèè, ýíåðãèÿ, ïðèõîäÿùàÿñÿ íà

îäèí áàðèîí, óäåëüíàÿ ýíåðãèÿ ñâÿçè, ýôôåêòèâíûå ìàññû ïðîòîíà è íåéòðîíà,

õèìè÷åñêèå ïîòåíöèàëû áàðèîíîâ. Ðàññìàòðèâàåòñÿ êàê ÷èñòî íóêëîííàÿ np

ìàòåðèÿ, òàê è ýëåêòðè÷åñêè íåéòðàëüíàÿ,  -ðàâíîâåñíàÿ ÿäåðíàÿ ìàòåðèÿ,

ñîñòîÿùàÿ èç íóêëîíîâ è çàðÿæåííûõ e ,   ëåïòîíîâ ( npe  ìàòåðèÿ). Â
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ïîñëåäíåì ðàçäåëå ïîäûòîæåíû îñíîâíûå ðåçóëüòàòû ðàáîòû.

2. Îïèñàíèå ìîäåëè. Â ýòîì ðàçäåëå äàíî êðàòêîå èçëîæåíèå ìîäåëè,

êîòîðóþ ìû èñïîëüçîâàëè äëÿ òåðìîäèíàìè÷åñêîãî îïèñàíèÿ ïëîòíîãî

íóêëîííîãî âåùåñòâà. Â ðàìêàõ ðåëÿòèâèñòñêîé òåîðèè ñðåäíåãî ïîëÿ [12-14],

îñíîâàííîé íà êâàíòîâîé àäðîäèíàìèêå, ðàññìîòðèì ñèñòåìó ÷àñòèö ñîñòîÿùåé

èç íóêëîíîâ (n, p), ñèëüíîå âçàèìîäåéñòâèå ìåæäó êîòîðûìè îñóùåñòâëÿåòñÿ

ïóòåì îáìåíà ìåçîíàìè  ,  ,  ,  .

Ïëîòíîñòü Ëàãðàíæèàíà òàêîé ñèñòåìû èìååò âèä
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(1)

ãäå i  - ñïèíîðíîå ïîëå íóêëîíîâ, i  - èçîñïèíîâûå ìàòðèöû Ïàóëè,  ,  ,

 ,   - ïîëÿ ñîîòâåòñòâóþùèõ ìåçîíîâ, çàâèñÿùèå îò ïðîñòðàíñòâåííî-âðåìåííûõ

êîîðäèíàò  zyxtx  , , , , m
N
 - ìàññà ãîëîãî íóêëîíà, m , m , m , m  - ìàññû

îáìåííûõ ìåçîíîâ,    è   R  àíòèñèììåòðè÷íûå

òåíçîðû âåêòîðíûõ ïîëåé   è  . ×ëåíû â (1)   3
3

3  gg  è   4
4

4  gg ,

ïðèâîäÿøèå â óðàâíåíèÿõ äâèæåíèÿ ê íåëèíåéíîé çàâèñèìîñòè îò èçîñêà-

ëÿðíîãî ëîðåíöåâî-ñêàëÿðíîãî ïîëÿ   áûëè ââåäåíû â ðàáîòå [15] äëÿ

äîñòèæåíèÿ ïðèåìëåìîãî êîëè÷åñòâåííîãî âîñïðîèçâåäåíèÿ ñâîéñòâ îñíîâíîãî

ñîñòîÿíèÿ ñèììåòðè÷íîé ÿäåðíîé ìàòåðèè. Êîíñòàíòû ñâÿçè íóêëîíà ñ ñîîò-

âåòñòâóþùèì ìåçîíîì îáîçíà÷åíû ÷åðåç g , g , g  è g .

Â ïðèáëèæåíèè ñðåäíåãî ïîëÿ ìåçîííûå ïîëÿ, êîòîðûå â îáùåì ñëó÷àå

çàâèñÿò îò ïðîñòðàíñòâåííî-âðåìåííûõ êîîðäèíàò, çàìåíÿþòñÿ íà îäíîðîäíûå

è íå ìåíÿþùèåñÿ âî âðåìåíè ñðåäíèå ïîëÿ  ,  ,  ,  . Óðàâíåíèÿ

Ýéëåðà-Ëàãðàíæà äëÿ íóêëîííûõ è ìåçîííûõ ïîëåé ïðèâîäÿò ê çàìêíóòîé

ñèñòåìå óðàâíåíèé ïðè çàäàííîì çíà÷åíèè ïëîòíîñòè áàðèîííîãî ÷èñëà

n
B

 = n
n

 + n
p
 è ïàðàìåòðà àñèììåòðèè   Bpn nnn  . Ïîíÿòíî, ÷òî â ýòè

óðàâíåíèÿ áóäóò âõîäèòü òàêæå è ìàññû ìåçîíîâ, îäíàêî óäîáíûì ïåðåîáîç-

íà÷åíèåì êîíñòàíò ñâÿçè è ñðåäíèõ ìåçîííûõ ïîëåé óäàåòñÿ îñâîáîäèòüñÿ îò

ýòèõ ïàðàìåòðîâ (ñì. íàïð. [20,24]):

   

.
m

g

m

g

m

g

m

g

~g
~

g~g~g

 , , , 

, , , , 

2222

33
































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






































(2)

Óðàâíåíèÿ äëÿ ïåðåîáîçíà÷åííûõ ñðåäíèõ ìåçîííûõ ïîëåé ~ , ~ , 
~

,
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
~

 èìåþò âèä:

      
       . 

2

1
,  , ,

, ,  , , 3
4

2
3









BB
s
nB

s
p

BB
s
nB

s
p

n~nnnn
~

n~~g~gnnnn~

(3)

Çäåñü 
   ,B
s
p nn  è    ,B

s
n nn  ñêàëÿðíûå ïëîòíîñòè ïðîòîíîâ è íåéòðîíîâ,

êîòîðûå îïðåäåëÿþòñÿ âûðàæåíèÿìè [24,25]

  
  

   

  

  
  

   

  

, 

 ,

1 ,
 ,

, 

 ,

1 ,
 ,

31

31

1

0

2

22
2

1

0

2

22
2



















BF

BF

nk

eff
n

eff
n

B
s
n

nk

eff
p

eff
p

B
s
p

dkk
~~Mk

~~M
nn

dkk
~~Mk

~~M
nn

(4)

ãäå     312 23 BBF nnk  , à   
~~M eff

p  ,  è 
  

~~M eff
n  ,  - ýôôåêòèâíûå ìàññû

íóêëîíîâ, êîòîðûå çàäàþòñÿ ôîðìóëàìè âèäà

       .  ,,  , 
~~m

~~M
~~m

~~M N
eff
nN

eff
p (5)

Â ðàìêàõ ðåëÿòèâèñòñêîé òåîðèè ñðåäíåãî ïîëÿ ïëîòíîñòü ýíåðãèè

   ,BNM n  íóêëîííîãî (íåéòðîí-ïðîòîííîãî) âåùåñòâà â çàâèñèìîñòè îò

áàðèîííîé ïëîòíîñòè n
B
 è ïàðàìåòðà àñèììåòðèè   îïðåäåëÿåòñÿ âûðàæåíèåì

   
  

 
  

. 
4

1

3

1

2

1

1

1
 ,

4
4

3
3

2222

1

0

22

2

1

0

22

2

31

2

31

2

























































~g~g
~~~~

dkkMk

dkkMkn

BF

BF

nk
eff
n

nk
eff
pBNM

(6)

Â ñëó÷àå ýëåêòðè÷åñêè íåéòðàëüíîé è  -ðàâíîâåñíîé õîëîäíîé àäðîííîé

ìàòåðèè, ñîñòîÿùåé èç íåéòðîíîâ, ïðîòîíîâ, à òàêæå çàðÿæåííûõ ëåïòîíîâ -

ýëåêòðîíîâ e è ìþîíîâ  , ïëîòíîñòü ýíåðãèè  BHM n  îïðåäåëèòñÿ âûðà-

æåíèåì

    , 
1

 ,
 , 0

222

2

22

 








el

m

lBNMBHM

ll

dkkmknn (7)

ãäå m
l
 - ìàññû, à l  - õèìè÷åñêèå ïîòåíöèàëû ñîîòâåòñòâóþùèõ çàðÿæåííûõ

ëåïòîíîâ (   ,el ). Äëÿ òàêîé ìàòåðèè äîëæíû âûïîëíÿòüñÿ óñëîâèÿ  -

ðàâíîâåñèÿ è ýëåêòðè÷åñêîé íåéòðàëüíîñòè:

à) ïðè ïëîòíîñòè áàðèîíîâ íèæå ïîðîãà ðîæäåíèÿ ìþîíîâ:
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      . ,  , , epeeBpBn nnnnn  (8)

á) ïðè ïëîòíîñòè áàðèîíîâ âûøå ïîðîãà ðîæäåíèÿ ìþîíîâ:

        . ,  , ,   nnnnnnn epeeBpBn (9)

Çäåñü    ,Bp n  è    ,Bn n  ÿâëÿþòñÿ õèìè÷åñêèìè ïîòåíöèàëàìè ñîîòâåòñò-

âåííî ïðîòîíîâ è íåéòðîíîâ, êîòîðûå îïðåäåëÿþòñÿ ôîðìóëàìè

       

        . 
2

1
1 ,

, 
2

1
1 ,

2

2

322

322





~~Mnkn

~~Mnkn

eff
nBFBn

eff
pBFBp

(10)

Óðàâíåíèÿ (8) è (9) ïîçâîëÿþò âûðàçèòü ïàðàìåòð àñèììåòðèè ýëåêòðè÷åñêè

íåéòðàëüíîé è  -ðàâíîâåñíîé ìàòåðèè ÷åðåç áàðèîííóþ ïëîòíîñòü. Â ýòîì

ñëó÷àå ïëîòíîñòü ýíåðãèè çàâèñèò òîëüêî îò áàðèîííîé ïëîòíîñòè n
B
.

Ýíåðãèÿ, ïðèõîäÿùàÿñÿ íà îäèí áàðèîí E
B
 è óäåëüíàÿ ýíåðãèÿ ñâÿçè E

bind
,

êàê ôóíêöèè áàðèîííîé ïëîòíîñòè n
B
 è ïàðàìåòðà àñèììåòðèè  , çàäàþòñÿ

ôîðìóëàìè:

        .  , ,; 
 ,

 , NBBBbind
B

BNM
BB mnEnE

n

n
nE 


 (11)

Ïðèõîäÿùóþñÿ íà îäèí áàðèîí ýíåðãèþ, îáóñëîâëåííóþ èçîñïèíîâîé

àñèììåòðèåé ñèñòåìû, îáîçíà÷èì ÷åðåç      0 , , , BBBBBB nEnEnE  .

Ýíåðãèÿ ñèììåòðèè  Bsym nE  îïðåäåëÿåòñÿ èç ðàçëîæåíèÿ ôóíêöèè   ,BB nE

â ðÿä ïî ïàðàìåòðó àñèììåòðèè:        420 , ,  οnEnEnE BsymBBBB , òàê

÷òî

   
. 

 ,

2

1

0

2

2





 BB

Bsym

nE
nE (12)

Ïîëüçóÿñü âûðàæåíèåì (6) äëÿ ïëîòíîñòè ýíåðãèè    ,BNM n  è óðàâíå-

íèÿìè (3) äëÿ ìåçîííûõ ïîëåé, ìîæíî ïîëó÷èòü âûðàæåíèå äëÿ ýíåðãèè

ñèììåòðèè  Bsym nE . Ñëàãàåìûå, íå ñîäåðæàùèå êîíñòàíòû ñâÿçè íóêëîí-

ìåçîííûõ âçàèìîäåéñòâèé, áóäóò ïðåäñòàâëÿòü êèíåòè÷åñêóþ ÷àñòü ýíåðãèè

ñèìììåòðèè  kin
symE , à ñëàãàåìûå, ñîäåðæàùèå êîíñòàíòû ñâÿçè - ïîòåíöèàëüíóþ

÷àñòü ýíåðãèè ñèììåòðèè  pot
symE :

  
 

, 

6
22

2

eff
NF

F
B
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Mk

k
nE




(13)

  
 

 
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symeff
NF

eff
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B
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Mk
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nE (14)

Çäåñü ÷åðåç J
sym

 îáîçíà÷åíî âûðàæåíèå
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B
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N

s
B

sym

Ñêàëÿðíàÿ áàðèîííàÿ ïëîòíîñòü  s
Bn  â (14) ÿâëÿåòñÿ ñóììîé ñêàëÿðíûõ

ïëîòíîñòåé ïðîòîíà è íåéòðîíà â ñèììåòðè÷íîé ÿäåðíîé ìàòåðèè
       0 ,0 , B

s
nB

s
p

s
B nnnnn  :

 
 
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0

2

2
2 2


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eff
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B dkk
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(15)

Òàêîå æå âûðàæåíèå äëÿ ýíåðãèè ñèììåòðèè íóêëîííîãî âåùåñòâà ìîæíî

ïîëó÷èòü [26,27], îñíîâûâàÿñü íà óòâåðæäåíèå òåîðåìû Ãóãåíãîëüöà-Âàí

Õîâà [28,29] î òîì, ÷òî õèìè÷åñêèé ïîòåíöèàë íóêëîíà â àñèììåòðè÷íîé

ÿäåðíîé ìàòåðèè äîëæåí áûòü ðàâåí åãî ýíåðãèè Ôåðìè.

Äëÿ îïðåäåëåíèÿ ôåíîìåíîëîãè÷åñêèõ êîíñòàíò òåîðèè òðåáóåòñÿ òàêæå

çíàíèå ìîäóëÿ ñæèìàåìîñòè ñèììåòðè÷íîé ÿäåðíîé ìàòåðèè ïðè ïëîòíîñòè

íàñûùåíèÿ n
0
:

 
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
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nEd
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Ìîäóëü ñæèìàåìîñòè òîæå ñîñòîèò èç êèíåòè÷åñêîé è ïîòåíöèàëüíîé ÷àñòåé:
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Çäåñü ÷åðåç J
K
 îáîçíà÷åíî âûðàæåíèå
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3. ×èñëåííûå ðåçóëüòàòû. Äëÿ ïðîâåäåíèÿ ÷èñëåííûõ ðàñ÷åòîâ

òåðìîäèíàìè÷åñêèõ âåëè÷èí íåîáõîäèìî îïðåäåëèòü êîíñòàíòû ñâÿçè, õàðàê-

òåðèçóþùèå âçàèìîäåéñòâèå íóêëîíîâ ñ ìåçîííûìè ïîëÿìè. Êîíñòàíòû  ,

 , 
3g  è 

4g , ñîîòâåòñòâóþùèå èçîñêàëÿðíûì  ,  -ìåçîíàì, ìîæíî

îïðåäåëèòü, èñïîëüçóÿ çíà÷åíèÿ èçâåñòíûõ ïàðàìåòðîâ ñèììåòðè÷íîãî ÿäåðíîãî

âåùåñòâà ïðè íàñûùåíèè. Ìû èñïîëüçîâàëè ñëåäóþùèå çíà÷åíèÿ: ìàññà ãîëîãî
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íóêëîíà m
N

 = 939.9 ÌýÂ, ïëîòíîñòü ÿäåðíîãî íàñûùåíèÿ n
0

 = 0.16 ôì-3,

ýôôåêòèâíàÿ ìàññà íóêëîíà ïðè íàñûùåíèè  
N

eff m.M 7800  , óäåëüíàÿ ýíåðãèÿ

ñâÿçè f
0

 = -16.3 ÌýÂ, ìîäóëü ñæèìàåìîñòè ïðè íàñûùåíèè K
0

 = 300 ÌýÂ. Äëÿ

îïðåäåëåíèÿ êîíñòàíò, ñîîòâåòñòâóþùèõ èçîâåêòîðíûì  ,  -ìåçîíàì, íóæíî

èñïîëüçîâàòü çíà÷åíèÿ õàðàêòåðèñòèê àñèììåòðè÷íîé ÿäåðíîé ìàòåðèè. Äëÿ

êîíñòàíòû   [20] èñïîëüçîâàíî çíà÷åíèå 52.  ôì2. Äëÿ îïðåäåëåíèÿ

êîíñòàíòû   áûëî èñïîëüçîâàíî çíà÷åíèå ýíåðãèè ñèììåòðèè ïðè íàñûùåíèè
  5320 .Esym   ÌýÂ.

Ïðèâåäåííûå âûøå õàðàêòåðèñòèêè ÿäåðíîãî âåùåñòâà âîñïðîèçâîäÿòñÿ

ïðè ñëåäóþùèõ çíà÷åíèÿõ ïàðàìåòðîâ ìîäåëè [30] : 159.�  ôì2, 834.�

ôì2, 52.�  ôì2, 6213.�  ôì2, 016503 .g   ôì-1 è 013204 .g  .

Çíàÿ êîíñòàíòû ñâÿçè íóêëîí-ìåçîííûõ âçàèìîäåéñòâèé, à òàêæå êîíñòàíòû

ñàìî-âçàèìîäåéñòâèÿ  -ïîëÿ 
3g  è 

4g , äëÿ ðàçíûõ çíà÷åíèé áàðèîííîé

ïëîòíîñòè n
B
 è ïàðàìåòðà àñèììåòðèè   ðàññ÷èòàíû ôèçè÷åñêèå õàðàêòåðèñòèêè

èçîòîïè÷åñêè-àñèììåòðè÷íîé ÿäåðíîé ìàòåðèè, ñîñòîÿùåé èç ïðîòîíîâ è

íåéòðîíîâ.

Íà ðèñ.1a ïðåäñòàâëåíû ïðèõîäÿùèåñÿ íà îäèí áàðèîí ýíåðãèè   ,BB nE

è  0 ,BB nE , ñîîòâåòñòâåííî, äëÿ èçîñïèíîâî-àñèììåòðè÷íîé è ñèììåòðè÷íîé

íóêëîííîé ìàòåðèè â çàâèñèìîñòè îò áàðèîííîé ïëîòíîñòè n
B
 è ïàðàìåòðà

àñèììåòðèè  . Íà ðèñ.1b ïîêàçàíà ïðèõîäÿùàÿñÿ íà îäèí áàðèîí ýíåðãèÿ

     0 , , , BBBBBB nEnEnE  , îáóñëîâëåííàÿ èçîñïèíîâîé àñèììåòðèåé

Ðèñ.1. a. Ýíåðãèÿ, ïðèõîäÿùàÿñÿ íà îäèí áàðèîí ) ,( 
BB
nE  â çàâèñèìîñòè îò ïëîòíîñòè

áàðèîííîãî ÷èñëà n
B
 è ïàðàìåòðà àñèììåòðèè  . Íèæíÿÿ ïîâåðõíîñòü ñîîòâåòñòâóåò ôóíêöèè

)0 ,(
BB
nE . b. Ïðèõîäÿùàÿñÿ íà îäèí áàðèîí ýíåðãèÿ, îáóñëîâëåííàÿ èçîñïèíîâîé àñèììåòðèåé

íóêëîííîãî âåùåñòâà )0 ,() ,() ,(
BBBBBB
nEnEnE   â çàâèñèìîñòè îò ïëîòíîñòè áàðèîííîãî

÷èñëà n
B
 è ïàðàìåòðà àñèììåòðèè  .
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íóêëîííîãî âåùåñòâà â çàâèñèìîñòè îò n
B
 è  . Êàê âèäíî èç ýòîãî ðèñóíêà,

îáóñëîâëåííàÿ àñèììåòðèåé ýíåðãèÿ    ,BB nE , ïðè ôèêñèðîâàííîì çíà÷åíèè

ïàðàìåòðà àñèììåòðèè  , ÿâëÿåòñÿ ìîíîòîííî âîçðàñòàþùåé ôóíêöèåé

áàðèîííîé ïëîòíîñòè n
B
.

Íà ðèñ.2 äëÿ çíà÷åíèé ïàðàìåòðà àñèììåòðèè  1 0.5; ;0  ïðèâåäåíû

ýôôåêòèâíûå ìàññû ïðîòîíà è íåéòðîíà â çàâèñèìîîñòè îò ïëîòíîñòè áàðèîííîãî

÷èñëà n
B
. Ýôôåêòèâíûå ìàññû ïðîòîíà è íåéòðîíà, êàê è ñëåäîâàëî îæèäàòü,

îäèíàêîâû äëÿ ñèììåòðè÷íîé íóêëîííîé ìàòåðèè. Ðàñùåïëåíèå ýôôåêòèâíûõ

ìàññ íóêëîíîâ îáóñëîâëåíî ïðèñóòñòâèåì ïîëÿ èçîâåêòîðíîãî ëîðåíöåâî-

ñêàëÿðíîãî  -ìåçîíà. Â ðàññìîòðåííîé íàìè ìîäåëè ýôôåêòèâíàÿ ìàññà ïðîòîíà

áîëüøå ýôôåêòèâíîé ìàññû íåéòðîíà. Ïðè çàäàííîì çíà÷åíèè áàðèîííîé

ïëîòíîñòè n
B
 ýôôåêòèâíàÿ ìàññà íåéòðîíà óìåíüøàåòñÿ ñ óâåëè÷åíèåì ïàðàìåòðà

àñèììåòðèè, â òî âðåìÿ êàê ýôôåêòèâíàÿ ìàññà ïðîòîíà óâåëè÷èâàåòñÿ. Ðàçíîñòü

ýôôåêòèâíûõ ìàññ ïðîòîíà è íåéòðîíà ïðè çàäàííîì çíà÷åíèè áàðèîííîé

ïëîòíîñòè n
B
 ðàñòåò ñ ðîñòîì ïàðàìåòðà àñèììåòðèè, äîñòèãàÿ ñâîåãî

ìàêñèìàëüíîãî çíà÷åíèÿ â ñëó÷àå ÷èñòî íåéòðîííîé ìàòåðèè ( 1 ).

 Çàâèñèìîñòü óäåëüíîé ýíåðãèè ñâÿçè   ,Bbind nE  íóêëîííîãî âåùåñòâà

îò áàðèîííîé ïëîòíîñòè n
B
 äëÿ çíà÷åíèé ïàðàìåòðà àñèììåòðèè

 1 0.75; 0.5; 0.25; ;0  ïîêàçàíà íà ðèñ.3. Äëÿ ñðàâíåíèÿ íà ýòîì æå ðèñóíêå

â âèäå òîëñòîé ñïëîøíîé ëèíèè ïðåäñòàâëåíà àíàëîãè÷íàÿ çàâèñèìîñòü â

ñëó÷àå ýëåêòðè÷åñêè íåéòðàëüíîé è  -ðàâíîâåñíîé npe  ìàòåðèè (ìàòåðèè

ÍÇ). Âèäíî, ÷òî â èíòåðâàëå çíà÷åíèé áàðèîííîé ïëîòíîñòè  0.8 ;0Bn ,

Ðèñ.2. Ýôôåêòèâíûå ìàññû ïðîòîíà è íåéòðîíà â çàâèñèìîñòè îò ïëîòíîñòè áàðèîííîãî

÷èñëà n
B
 ïðè ðàçíûõ çíà÷åíèÿõ ïàðàìåòðà àñèììåòðèè  .
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õàðàêòåðíîé äëÿ ìàòåðèè, èìåþùåé àäðîííóþ ñòðóêòóðó âíóòðè íåéòðîííûõ

çâåçä, ïàðàìåòð àñèììåòðèè   ìåíÿåòñÿ îò çíà÷åíèÿ 1  (ïðè 0Bn ) äî

çíà÷åíèÿ 70.  (ïðè 80.nB   ôì-3).

Íà ðèñ.4 ïðèâåäåíû ýôôåêòèâíûå ìàññû ïðîòîíà è íåéòðîíà â çàâèñèìîñòè

îò ïëîòíîñòè áàðèîííîãî ÷èñëà n
B
 äëÿ ýëåêòðè÷åñêè íåéòðàëüíîé è  -

ðàâíîâåñíîé npe  ìàòåðèè. Òàê êàê ñ ðîñòîì áàðèîííîé ïëîòíîñòè ïàðàìåòð

Ðèñ.3. Ýíåðãèÿ ñâÿçè, ïðèõîäÿùàÿñÿ íà îäèí áàðèîí â çàâèñèìîñòè îò ïëîòíîñòè áàðèîííîãî
÷èñëà n

B
 ïðè ðàçíûõ çíà÷åíèÿõ ïàðàìåòðà àñèììåòðèè  . Ñïëîøíàÿ òîëñòàÿ ëèíèÿ ñîîòâåòñòâóåò

ýëåêòðè÷åñêè íåéòðàëüíîé è  -ðàâíîâåñíîé npe  ìàòåðèè (ìàòåðèè ÍÇ).

Ðèñ.4. Ýôôåêòèâíûå ìàññû ïðîòîíà è íåéòðîíà â çàâèñèìîñòè îò ïëîòíîñòè áàðèîííîãî
÷èñëà n

B
 äëÿ ýëåêòðè÷åñêè íåéòðàëüíîé è  -ðàâíîâåñíîé npe  ìàòåðèè (ìàòåðèè ÍÇ).
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àñèììåòðèè â ìàòåðèè ÍÇ óìåíüøàåòñÿ (ñì. ðèñ.3), òî ïðè çàäàííîì çíà÷åíèè

áàðèîííîé ïëîòíîñòè n
B
 ðàçíîñòü ýôôåêòèâíûõ ìàññ ïðîòîíà è íåéòðîíà

ìåíüøå â ñëó÷àå ýëåêòðè÷åñêè íåéòðàëüíîé è  -ðàâíîâåñíîé npe  ìàòåðèè,

÷åì â ñëó÷àå ÷èñòî íåéòðîííîé ìàòåðèè.

Íà ðèñ.5a ïîêàçàíà çàâèñèìîñòü óäåëüíîé ýíåðãèè ñâÿçè E
bind

 îò áàðèîííîé

ïëîòíîñòè n
B
 äëÿ íåéòðàëüíîé è  -ðàâíîâåñíîé npe  ìàòåðèè (ìàòåðèè ÍÇ).

Äîëÿ ÷èñëà ïðîòîíîâ   21  Bpp nnY  â çàâèñèìîñòè îò áàðèîííîé ïëîò-

íîñòè n
B
 äëÿ ìàòåðèè ÍÇ ïðåäñòàâëåíà íà ðèñ.5b. Ó÷èòûâàÿ, ÷òî ïðè áîëüøèõ

ïëîòíîñòÿõ ñîçäàäóòñÿ óñëîâèÿ äëÿ äåêîíôàéíìåíòà êâàðêîâ è â ðåçóëüòàòå

ôàçîâîãî ïåðåõîäà áóäåò îáðàçîâûâàòüñÿ êâàðêîâàÿ ìàòåðèÿ, ïðèäåì ê âûâîäó,

÷òî â àäðîííîé êîìïîíåíòå íåéòðîííîé çâåçäû ìàêñèìàëüíîå çíà÷åíèå óäåëüíîé

ýíåðãèè ñâÿçè áóäåò ïîðÿäêà 250-300 ÌýÂ. ×èñëî ïðîòîíîâ â àäðîííîé

êîìïîíåíòå íåéòðîííîé çâåçäû íå áóäåò ïðåâûøàòü ~30% îò ÷èñëà íóêëîíîâ.

Íà ðèñ.6a ïðåäñòàâëåíû çàâèñèìîñòè ýíåðãèè ñèììåòðèè E
sym

 è åå ñîñòàâ-

ëÿþùèõ  kin
symE  è  pot

symE  îò áàðèîííîé ïëîòíîñòè n
B
 äëÿ ýëåêòðè÷åñêè íåéò-

Ðèñ.5. a. Ýíåðãèÿ ñâÿçè, ïðèõîäÿùàÿñÿ íà îäèí áàðèîí â çàâèñèìîñòè îò ïëîòíîñòè
áàðèîííîãî ÷èñëà n

B
 äëÿ ýëåêòðè÷åñêè íåéòðàëüíîé è  -ðàâíîâåñíîé npe  ìàòåðèè. b. Äîëÿ

÷èñëà ïðîòîíîâ Y
p
 = n

p
 /n

B
 â çàâèñèìîñòè îò ïëîòíîñòè áàðèîííîãî ÷èñëà n

B
 äëÿ ýëåêòðè÷åñêè

íåéòðàëüíîé è  -ðàâíîâåñíîé npe  ìàòåðèè.
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ðàëüíîé è  -ðàâíîâåñíîé npe  ìàòåðèè. Ðèñ.6b äåìîíñòðèðóåò âêëàäû

èçîâåêòîðíûõ   è  -ìåçîíîâ  
symE  è  

symE  â ïîòåíöèàëüíóþ ÷àñòü  pot
symE

ýíåðãèè ñèììåòðèè. Âèäíî, ÷òî â îáëàñòè ïëîòíîñòåé íèæå ïëîòíîñòè ÿäåðíîãî

íàñûùåíèÿ n
0
 êèíåòè÷åñêàÿ ýíåðãèÿ ñèììåòðèè  kin

symE  è ïîòåíöèàëüíàÿ ýíåðãèÿ

ñèììåòðèè  pot
symE  ÿâëÿþòñÿ âåëè÷èíàìè îäèíàêîâîãî ïîðÿäêà. Ïðè áîëüøèõ

ïëîòíîñòÿõ ïîòåíöèàëüíàÿ ÷àñòü ýíåðãèè ñèììåòðèè  pot
symE  èìååò äîìèíèðóþùèé

âêëàä â ýíåðãèþ ñèììåòðèè E
sym

.

Èç ðèñ.6b âèäíî, ÷òî èçîâåêòîðííûé, ëîðåíöåâî-âåêòîðíûé  -ìåçîí äàåò

ïîëîæèòåëüíûé âêëàä  
symE  â ïîòåíöèàëüíóþ ÷àñòü ýíåðãèè ñèììåòðèè  pot

symE ,

â òî âðåìÿ êàê àíàëîãè÷íûé âêëàä èçîâåêòîðíîãî ëîðåíöåâî-ñêàëÿðíîãî  -ìåçîíà
 
symE  ÿâëÿåòñÿ îòðèöàòåëüíûì. Ïðè áîëüøèõ ïëîòíîñòÿõ âêëàä  -ìåçîíà â

ïîòåíöèàëüíóþ ýíåðãèþ ñèììåòðèè  
symE  ñòàíîâèòüñÿ íàìíîãî áîëüøå àáñîëþòíîãî

çíà÷åíèÿ âêëàäà  -ìåçîíà  
symE .

Êàê ñëåäóåò èç óðàâíåíèé äëÿ ñðåäíèõ ïîëåé (3), ñðåäíåå ïîëå ~  ïðè

çàäàííîì çíà÷åíèè áàðèîííîé ïëîòíîñòè n
B
 íå çàâèñèò îò ïàðàìåòðà àñèììåòðèè

 . Ýòî îçíà÷àåò, ÷òî ñðåäíåå ïîëå èçîñêàëÿðíîãî ëîðåíöåâî-âåêòîðíîãî  -

ìåçîíà ïðè çàäàííîì çíà÷åíèè n
B
 èìååò îäíó è òó æå âåëè÷èíó ïðè ëþáîì

ñîîòíîøåíèè êîëè÷åñòâ íåéòðîíîâ è ïðîòîíîâ pn nn . Ñðåäíåå ïîëå ~  äëÿ

np ìàòåðèè è ýëåêòðîíåéòðàëüíîé è  -ðàâíîâåñíîé npe  ìàòåðèè èìååò

îäèíàêîâóþ âåëè÷èíó ïðè çàäàííîì çíà÷åíèè n
B
. Ñðåäíèå ïîëÿ ~ , 

~
 è ~

èç-çà çàâèñèìîñòè îò ïàðàìåòðà àñèììåòðèè   ïðè çàäàííîì çíà÷åíèè n
B

íå áóäóò îäèíàêîâûìè äëÿ np ìàòåðèè è ýëåêòðîíåéòðàëüíîé è  -ðàâíîâåñíîé

npe  ìàòåðèè (ìàòåðèè ÍÇ).

Ðèñ.6. a. Ýíåðãèÿ ñèììåòðèè E
sym

 è åå ñîñòàâëÿþùèå 
)(kin
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E  è 

)( pot
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E  â çàâèñèìîñòè îò

ïëîòíîñòè áàðèîííîãî ÷èñëà n
B
 äëÿ ýëåêòðè÷åñêè íåéòðàëüíîé è  -ðàâíîâåñíîé npe

ìàòåðèè. b. Ïîòåíöèàëüíàÿ ÷àñòü 
)( pot

sym
E  ýíåðãèè ñèììåòðèè è åå ñîñòàâëÿþùèå 

)(
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E  è 

)(

sym
E

â çàâèñèìîñòè îò ïëîòíîñòè áàðèîííîãî ÷èñëà n
B
 äëÿ ýëåêòðè÷åñêè íåéòðàëüíîé è  -

ðàâíîâåñíîé npe  ìàòåðèè.
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Íà ðèñ.7 ïðåäñòàâëåíû ñðåäíèå ïîëÿ  g
~ ,  g

~ , 
 3 g

~
 è

 3 g
~  îáìåííûõ ìåçîíîâ êàê ôóíêöèè ïëîòíîñòè áàðèîííîãî ÷èñëà n

B

äëÿ ýëåêòðè÷åñêè íåéòðàëüíîé è  -ðàâíîâåñíîé npe  ìàòåðèè. Ñðåäíèå

ïîëÿ èçîñêàëÿðíûõ   è  -ìåçîíîâ èìåþò ïîëîæèòåëüíûå çíà÷åíèÿ è

ÿâëÿþòñÿ ìîíîòîííî âîçðàñòàþùèìè ôóíêöèÿìè áàðèîííîé ïëîòíîñòè n
B
.

Ñðåäíèå ïîëÿ èçîâåêòîðíûõ   è  -ìåçîíîâ èìåþò îòðèöàòåëüíûå çíà÷åíèÿ.

Ïðè ýòîì ñðåäíåå ïîëå èçîâåêòîðíîãî ëîðåíöåâî-ñêàëÿðíîãî  -ìåçîíà ÿâëÿåòñÿ

óáûâàþùåé ôóíêöèåé n
B
 ïðè çíà÷åíèÿõ n

B
 < 0.44 ôì-3 è ìåäëåííî âîçðàñòàþùåé

ôóíêöèåé n
B
 ïðè n

B
 > 0.44 ôì-3. Ñðåäíåå ïîëå èçîâåêòîðíîãî, ëîðåíöåâî-

âåêòîðíîãî  -ìåçîíà ÿâëÿåòñÿ ìîíîòîííî óáûâàþùåé ôóíêöèåé n
B
.

4. Çàêëþ÷åíèå. Â íàñòîÿùåé ðàáîòå èññëåäîâàíû ñâîéñòâà èçîñïèí-

àñèììåòðè÷íîé õîëîäíîé íóêëîííîé ìàòåðèè. Áûëà ïðèìåíåíà ðåëÿòèâèñòñêàÿ

òåîðèÿ ñðåäíåãî ïîëÿ, â êîòîðîé ïîìèìî ïîëåé  ,  ,   îáìåííûõ ìåçîíîâ,

ó÷òåíî òàêæå èçîâåêòîðíîå, ëîðåíöåâî-ñêàëÿðíîå ïîëå  -ìåçîíà. Êîíñòàíòû

âçàèìîäåéñòâèÿ íóêëîíà ñ ìåçîíàìè è êîíñòàíòû ñâÿçè 
3g  è 

4g , õàðàêòå-

Ðèñ.7. Ñðåäíèå ïîëÿ îáìåííûõ ìåçîíîâ â çàâèñèìîñòè îò ïëîòíîñòè áàðèîííîãî ÷èñëà
n

B
 äëÿ ýëåêòðè÷åñêè íåéòðàëüíîé è  -ðàâíîâåñíîé npe  ìàòåðèè.

n
B
, ôì-3
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ðèçóþùèå ñàìîâçàèìîäåéñòâèå  -ìåçîíà è ïðèâîäÿùèå â óðàâíåíèÿõ äâèæåíèÿ

ê íåëèíåéíîñòè ñîîòâåòñòâåííî âòîðîãî è òðåòüåãî ïîðÿäêà âûáðàíû òàê, ÷òîáû

âîñïðîèçâåñòè èçâåñòíûå çíà÷åíèÿ õàðàêòåðèñòèê ñèììåòðè÷íîãî íóêëîííîãî

âåùåñòâà ïðè ïëîòíîñòè ÿäåðíîãî íàñûùåíèÿ n
0
. Ìîäåëü áûëà ïðèìåíåíà äëÿ

èçó÷åíèÿ ñâîéñòâ êàê ÷èñòî íóêëîííîé np ìàòåðèè, òàê è ýëåêòðè÷åñêè

íåéòðàëüíîé è  -ðàâíîâåñíîé ÿäåðíîé ìàòåðèè, ñîñòîÿùåé èç íóêëîíîâ è

çàðÿæåííûõ e ,   ëåïòîíîâ ( npe  ìàòåðèÿ). ×èñëåííî ïðîàíàëèçèðîâàíû

çàâèñèìîñòè îò áàðèîííîé ïëîòíîñòè n
B
 è ïàðàìåòðà àñèììåòðèè   òàêèõ

õàðàêòåðèñòèê np âåùåñòâà, êàê ïðèõîäÿùàÿñÿ íà îäèí áàðèîí ýíåðãèÿ   ,BB nE ,

óäåëüíàÿ ýíåðãèÿ, îáóñëîâëåííàÿ èçîñïèíîâîé àñèììåòðèåé    ,BB nE ,

ýôôåêòèâíûå ìàññû ïðîòîíà è íåéòðîíà    ,B
eff
p nM ,    ,B

eff
n nM , óäåëüíàÿ

ýíåðãèÿ ñâÿçè   ,Bbind nE . Ïîêàçàíî, ÷òî îáóñëîâëåííàÿ àñèììåòðèåé ýíåðãèÿ

   ,BB nE , ïðè ôèêñèðîâàííîì çíà÷åíèè  , ÿâëÿåòñÿ ìîíîòîííî âîçðàñ-

òàþùåé ôóíêöèåé áàðèîííîé ïëîòíîñòè n
B
.

Ðàñùåïëåíèå ýôôåêòèâíûõ ìàññ ïðîòîíà è íåéòðîíà      eff
n

eff
p

eff MMM 

â ðàìêàõ íàøåé ìîäåëè ÿâëÿåòñÿ ïîëîæèòåëüíûì è ïðè çàäàííîì çíà÷åíèè

áàðèîííîé ïëîòíîñòè n
B
 ðàñòåò ñ ðîñòîì ïàðàìåòðà àñèììåòðèè. Ïðè çàäàííîì

çíà÷åíèè n
B
 ðàñùåïëåíèå ýôôåêòèâíûõ ìàññ ìàêñèìàëüíî äëÿ ÷èñòî

íåéòðîííîé ìàòåðèè. Çàìåòèì, ÷òî â íàñòîÿùåå âðåìÿ íåò åäèíîãî ìíåíèÿ

îòíîñèòåëüíî òîãî, ÿâëÿåòñÿ ëè  effM  îòðèöàòåëüíûì, íóëåâûì èëè ïîëîæè-

òåëüíûì [31].

Äëÿ ýëåêòðè÷åñêè íåéòðàëüíîé è  -ðàâíîâåñíîé npe  ìàòåðèè (ìàòåðèè

ÍÇ) èçó÷åíû ýôôåêòèâíûå ìàññû ïðîòîíà è íåéòðîíà  eff
pM ,  eff

nM , óäåëüíàÿ

ýíåðãèÿ ñâÿçè E
bind

, ýíåðãèÿ ñèììåòðèè E
sym

, êîëè÷åñòâåííàÿ äoëÿ ïðîòîíîâ

Bpp nnY  , à òàêæå ñðåäíèå ìåçîííûå ïîëÿ  ~~~~   ,  ,  ,  â çàâèñèìîñòè îò

áàðèîííîé ïëîòíîñòè n
B
. Ïîêàçàíî, ÷òî ïðè çàäàííîì çíà÷åíèè n

B
 ðàñùåïëåíèå

ýôôåêòèâíûõ ìàññ ïðîòîíà è íåéòðîíà  effM  ó íåéòðàëüíîé è  -ðàâíîâåñíîé

npe  ìàòåðèè ìåíüøå, ÷åì ó ÷èñòî íåéòðîííîé ìàòåðèè. Èìåÿ â âèäó, ÷òî

åñëè ïðè áîëüøèõ ïëîòíîñòÿõ áóäåò èìåòü ìåñòî ôàçîâûé ïåðåõîä îò àäðîííîé

ìàòåðèè ê êâàðêîâîé ìàòåðèè, òî ìàêñèìàëüíîå çíà÷åíèå óäåëüíîé ýíåðãèè

ñâÿçè äëÿ àäðîííîé êîìïîíåíòû íåéòðîííîé çâåçäû áóäåò ïîðÿäêà 250-300

ÌýÂ, ÷èñëî ïðîòîíîâ ïðè ýòîì íå áóäåò ïðåâûøàòü ~30% îò ÷èñëà íóêëîíîâ.

Ïîëó÷åííûå íàìè ðåçóëüòàòû äëÿ ýíåðãèè ñèììåòðèè E
sym

 ïîêàçûâàþò,

÷òî íèæå ïëîòíîñòè ÿäåðíîãî íàñûùåíèÿ êèíåòè÷åñêàÿ è ïîòåíöèàëüíàÿ

÷àñòè ýíåðãèè ñèììåòðèè ÿâëÿþòñÿ âåëè÷èíàìè îäíîãî è òîãî æå ïîðÿäêà.

Ïðè áîëüøèõ ïëîòíîñòÿõ âêëàä ïîòåíöèàëüíîé ýíåðãèè ñèììåòðèè  pot
symE

çíà÷èòåëüíî áîëüøå âêëàäà êèíåòè÷åñêîé ñîñòàâëÿþùåé  kin
symE . Ïîòåíöèàëüíàÿ

÷àñòü ýíåðãèè ñèììåòðèè îáóñëîâëåíà îáìåíîì èçîâåêòîðíûìè   è -ìåçîíàìè.

Âêëàä  -ìåçîíîâ â ïîòåíöèàëüíóþ ýíåðãèþ ñèììåòðèè  
symE  ÿâëÿåòñÿ îòðèöà-
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òåëüíûì, à âêëàä  -ìåçîíîâ  
symE  - ïîëîæèòåëüíûì. Ïðè áîëüøèõ ïëîòíîñòÿõ

èìååò ìåñòî íåðàâåíñòâî      symsym EE .

Ðàáîòà âûïîëíåíà â íàó÷íî-èññëåäîâàòåëüñêîé ëàáîðàòîðèè ôèçèêè

ñâåðõïëîòíûõ çâåçä ïðè êàôåäðå ïðèêëàäíîé ýëåêòðîäèíàìèêè è ìîäåëèðîâàíèÿ

ÅÃÓ, ôèíàíñèðóåìîé êîìèòåòîì ïî íàóêå Ìèíèñòåðñòâà îáðàçîâàíèÿ, íàóêè,

êóëüòóðû è ñïîðòà Ðåñïóáëèêè Àðìåíèÿ.

Åðåâàíñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò,

Àðìåíèÿ, 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  ,  ,   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
B
 and the asymmetry parameter  , and the

properties of electrically neutral  -equilibrium npe  matter depending on the

baryon density n
B
 are studied. For different values of n

B
 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  , is a monotonically increasing function of the

baryon density n
B
. For npe  matter, the dependences on the baryon density n

B

of the effective masses of the proton and neutron 
 eff
pM ,  eff

nM , the specific

binding energy E
bind

, the symmetry energy E
sym

, the quantitative proton fraction

Bpp nnY  , as well as the average meson fields  ~~~~   ,  ,  ,  are studied.

Keywords: Mean-field: nucleon matter: neutron star matter: symmetry energy:

effective mass: binding energy
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FERMIONIC VACUUM STRESSES IN MODELS WITH
TOROIDAL COMPACT DIMENSIONS

A.A.SAHARIAN1,2, R.M.AVAGYAN1,2, G.H.HARUTYUNYAN1,
G.H.NIKOGHOSYAN1

Received 6 March 2024

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 11 SR   and 112 SST  , 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 qp TM 1 , where 1pM  is (p+1)-dimensional

Minkowski spacetime covered by the Cartesian coordinates   ptz z ,0

 pzzz  ..., ,  , 10 , and  qq ST 1  is a q-dimensional torus with the coordinates

 Dp
q zz  ..., ,1z . The length of the l th compact dimension will be denoted by

L
l 
 and, hence, l

l Lz 0 , l = p + 1, ..., D. The volume of the compact subspace

is expressed as Dpq LLV ...1 . For the uncompact dimensions, as usual, we have

   ,lz . The line element has the standard Minkowskian form

 ,  ,, 2222
qpddtdxdxds zzzz  

 (1)

and 
 
is the Minkowski metric tensor in Cartesian coordinates.
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We are interested in the vacuum stresses for a massive Dirac field  x ,

 z ,tx  , induced by compactification of a part of spatial dimensions. The field

equation reads

    , 0 
 xmi (2)

where  , D ..., 1, 0, , are NN  Dirac matrices with N given by   212  DN

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

   ,   ..., , ..., , ,  ..., , ..., , , Dl
p

iD
l

l
p zztezLzt l zz  

(3)

with phases const l  and l = p + 1, ..., D. The special cases of periodic and

antiperiodic fields correspond to 0 l  and l  (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 
  x
 ,

where   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 è 00   TT , with 0  being the vacuum state, the

mode sum is expressed as

    
   

    
    

 
 

,

, 
4 j

jjjj xxxxj
i

T (4)

where 


  ,     0 xx †
 is the Dirac adjoint and the parentheses

including the indices mean symmetrization over those indices. The symbolic

notation  stands for the summation over discrete components of the collective

index   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

0
, 

10

010
























 †

l

ll
(5)

the positive and negative energy wave functions with momentum k = (k
1
, ..., k

D
)

and energy 22 mk k
 have the form [22]

  
 

 
 

 
 

, 
22

1
211

211

21














































































w
m

w
m

e
V

m
x tii

q
p

k

kkzk

k

k

k

†






(6)
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where  D  ..., ,1 . Here, the quantum number 2 ..., 2, ,1 N  enumerates the

polarization degrees of freedom,  
w  are one-column matrices with N/2 rows and

l th element 
 

llw 


  . We will decompose the momentum into two parts,

k = (k
p
, k

q
), where k

p
 = (k

1
, ..., k

p
) and k

q
 = (k

p+1
, ..., k

D
) are the parts in uncompact

and compact subspaces. For the components k
l 
, l = 1, 2, ..., p, one has  lk .

The eigenvalues of the components k
l
 along compact dimensions are quantized by

the periodicity conditions (3):

, ... 2, 1, ,0, 
2




 l
l

ll
l n

L

n
k (7)

for l = 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,    0 , ,  A .

Let us pass to a new gauge with the fields (  A , ), where A  
has nonzero

constant components along compact dimensions: 0A , p ..., 1, ,0  and

constlA  for l = p + 1, ..., D. The gauge transformation has the form

, , , 


  xbAAe ie

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

p ..., 1, ,0  and ll Ab 
 
for l = p + 1, ..., D, for 0A  in the new gauge we

get   




  





 AeA
xAie

 , , . Taking  lll eLA  , we see that the new field

obeys the periodicity condition with 0l . 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 02  ll , where e 20  is the flux quantum and

lll LA  is the formal magnetic flux enclosed by the compact dimension lx .

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 11 SR   and

that space is embedded in a 3-dimensional Euclidean space. The magnetic flux

is located inside the tube.

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

   
, 

22
, 

22
00   






 





q
qqq

kkd

V

N
T

d

V

N
T

p

p

q
p

p

q Zn kZn
k

kk

(8)
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for D ..., 2, ,1 ,  , and è 00 T . The component 00T  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

 
 

, 
2

1 2
 







q

q

s

p

p

q

d

V
s

Zn
k

k

(9)

where the term n
q 
=

 
0 has to be excluded from the sum in the special case 0 l ,

l = p + 1, ..., D. After integration over k
p 
and by using the generalized Chowla-

Selberg formula [26,27] for the resulting series, the zeta function is decomposed

as [24]      sss tM  , where  sM  is the corresponding function for the

Minkowski spacetime with trivial topology and the contribution  st  is induced

by nontrivial topology. Introducing the vectors  Dpq    ..., ,1  and

 Dpq LL  ..., ,1L  in the compact subspace, the topological part is expressed as

 
   

    ,  ,cos
2

2
22

21

qqsDqqD

sDs

t mgf
s

m
s

q
q

' nLn
Zn









 
 (10)

where the prime on the summation sign means that the term n
q 
=

 
0 should be

excluded and we have introduced the functions

      ,  ,, 

21

1

22














 







D

pi
iiqq nLg

x

xK
xf nL (11)

with  xK  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

   
   

 

  , cos

cos
2

2

2

2222
12

22
2

2
12

21

2,2






 


















 

q

q
q

LnLnfn

n
Vs

m
ss

sp
sp

q

q
p

sDs

qpt
'

n

Zn

(12)

where  sqp 2,2   is the zeta function in the model of topology 23   qp TM   with

decompactified dimensions x  and x . Here, 3pM  stands for (p + 3)-dimen-

sional Minkowski spacetime with trivial topology. The prime on the summation



250 A.A.SAHARIAN  ET  AL.

sign in (12) means that the term 0  nn  is excluded from the summation

and we have defined

. 

21

,,1

22

2 












 




D

pl
l mk

qn (13)

The function  sqp 2,2   is given by a formula similar to (10) with the summation

over 
2

2


  q
q Zn .

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   2210
0  t

t
NT . For the diagonal components of the vacuum

stresses along uncompact dimensions one gets (no summation over  ) 
tt

TT 0
0

 ,

p ..., 2, ,1 . The diagonal vacuum stresses in the compact subspace are found

by using the relation (no summation over  )    
t

qLq
t

TVVLT 0
0

 

 ,

Dp  ..., ,1 . In this way, from (10) for the diagonal component we find [24]

(no summation over  )

         ,  ,cos
2 21

1

qqqqD

D

t
mgF

Nm
T

q
q

' nLn
Zn








 


 

(14)

with the functions

  
   

       















.  ..., ,1, 

 ..., 2, ,1 ,0, 

23
222

21

21

DpxfnLmxf

pxf
xF

DD

D

(15)

The corresponding expressions in the case of periodic conditions, 0 l ,

l = p + 1, ..., D, are obtained from (14) with   1cos qqn . In this case the vacuum

energy density is positive and for the diagonal stresses one has (no summation

over l) 
tt

l
l TT 0

0 , l = p + 1, ..., D. As it will be shown below, for periodic

conditions the off-diagonal components vanish. By using the relation

      , 211
2 xfxfxfx   (16)

it can be seen that 
t

D

l t

l
l TT 0

01
 

. Hence, the vacuum energy-momentum

tensor for a fermionic field with periodic conditions obey the strong energy

condition. For twisted fields with l , l = p + 1, ..., D, one has  qqncos

  Dp n...n  11 .

The result (14) shows that the vacuum stresses in the uncompact subspace are

equal to the energy density, 
tt

TT 0
0

 , p ..., ,1  (no summation over  ).

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 
t

TP 
  , 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

2

1

2

0

121 qq

qq
D

qq

Dt
F

g

DN
T

q
q

' nL
nL

n

Zn






 









(17)

where  
    1 ,0  qqF nL  for p ..., 2, ,1 ,0 , and

 
    

 
, 

 ,

1
1 ,

2

22
0

qq

qq
g

LnD
F

nL
nL






 (18)

for Dp  ..., ,1 . In this special case the vacuum energy-momentum tensor is

traceless 0


t
T .

Here we are interested in the off-diagonal components. For p ..., 2, ,1 ,0

and   one gets 0 t
T . The possible nonzero components 

t
T  corre-

spond to Dp  ..., ,1 ,  . In order to use the zeta function, we note that the

following relation takes place

 
. 

23

3

2 k
k





  

 LLkk
(19)

This allows to write the off-diagonal components in the form

     
. 

2

3

262

1

26 2

3

2



















 






 

LNLd

V

LNL
T

q
q

p

p

q Zn
k

k

(20)

By using the formula (10), for the topological part we get

         .  ,cos
2

2321

3

qqDqqD

D

t
mgfnn

LNLm
T

q
q

' nLn
Zn









 


  (21)

Note that in this representation we can make the replacement

       , cossinsincos 22   qqqq nn  nn (22)

where   
,22 l llqq nn . This replacement explicitly shows that the off-

diagonal component 
t

T , is an even periodic function of the phases  , , ll ,

with the period equal to 2 , and an odd periodic function of 
 
and 

 
with

the same period. Hence, without the loss of generality, we can assume that

 . For a massless field, by taking into account that     
  212 xxf

for x << 1, one obtains

 

 
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. 
 ,
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2

3
321

qq
D

qq

Dt g
nn

DLNL
T

q
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'

nL

n

Zn






 









(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 
 
and 

 
and, hence, it does not contribute

to the stress. The following expression is obtained:

    

    . sin

sin
2
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2222
25
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
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qq

q
q

LnLnfn

nnn
V

LNL
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p
p

q
pt

'

nn

Zn

(24)

For q = 2 (p = D - 2) one has m
q


2n  and the formula is reduced to

         . sinsin
2

2222
23

,
21

3






 


 









 


LnLnmfnnnn
LLNm

T D
nn

D

D

t

'
(25)

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, q) = (1, 1) and for nanoloops (p, q) = (0,2). For metallic nanotubes

and in the absence of the threading magnetic flux the phase along the periodic

condition is zero, 0 l . Depending on the chiral vector in semiconductor

nanotubes two values of the phases are realized with 3l  and 32 l . 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

 25
25 332 xxexf x   .

4. Asymptotic analysis and numerical results. Let us consider some

asymptotics of general formulae. For large values of the length of the compact

dimension lz ,  ,l ,  LLLl  , , the dominant contribution in (21) comes

from the term with n
l 
=

 
0 and the leading order term coincides with the off-

diagonal stress in the model where the coordinate lz  is decompactified. In the

opposite limit  LLLl  , , it is more convenient to use the the representation

(24). The behavior of the stress is essentially different depending on whether the

phase l
 
is zero or not. For 0 l  the main contribution to the VEV 

t
T

comes from the modes with n
l 
=

 
0. To the leading order we get

 

, 
1

11

lD

TM

t

t LN

TN
T

qp











 (26)

where  2
1 2 D

DN   and 
 11  



qp TM

t
T  is the corresponding VEV in D-dimen-

sional spacetime with topology 11   qp TM  which is obtained from the geometry
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described by (1) excluding the compact dimension lx . For 0 l  and assuming

that l , again, the dominant contribution give the modes n
l 
=

 
0. The argument

of the function    xf p 25  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

T  is suppressed by the factor 




   ll LLL 22exp .

For large values of the lengths L  
and L  

compared to the other length scales

1/m and L
l 
,  ,l , by using (24) we can see that the topological contribution

t
T  is exponentially suppressed by the factor   





  

22
0exp LL , where

  00 


2q2q
ε nn  and  l0 . For small values of L  and L  

the dominant

contribution in (24) comes from large values of ln  
and we can replace the

corresponding summations by the integration in accordance with

   
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where 2222
  LnLnb  and  21  ..., ,  qyyy  with  ly . 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

T

coincides with (25). Additionally assuming that 122   LLm , in the leading

approximation we get
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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
4
 = 0.5, mL

5
 = 0.6.
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We will present the numerical analysis for the D = 5 model with two compact

dimensions 
4x  and 

5x . This corresponds to the set (p, q) = (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 4  
and 5 . Fig.1 presents that dependence

of the energy density (left panel) and off-diagonal stress 
t

T45  (right panel) for

mL
4

 = 0.5 and mL
6

 = 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 4  
and 5 , 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 /2

4
 ,

05   and for the right panel /2
4

 ,  605 . .
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Fig.2. The same as in Fig.1 for the stresses along the compact dimensions x4 (left panel) and

x5 (right panel).
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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 
t

T00  and the vacuum pressures 
t

T44  and 
t

T55

are positive for the values of the phases near    0 ,0 , 54   (periodic conditions)

and negative near      , , 54  (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 x4 (left panel) and x5 (right panel)

versus the lengths of those dimensions. The graphs are plotted for 250/2
4

. , 0/25  .

Fig.5. The energy density for a massless fermionic field in the model (p, q) = (3, 2) as a

function of the ratio L
5
/L

4 
for fixed value /2

4
 . The numbers near the graphs are the values

of  /25 .
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the diagonal components we have taken the phases 24   and 05   and the

off-diagonal component is plotted for 24  ,  605 . .

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 
t

TL 00
6
4  as a function of the

ratio L
5 
/L

4
. The corresponding expression is given by the right-hand side of (28).

The graphs are plotted for 24   and the numbers near the curves are the values

of the ratio  25 . For large values of L
5 
/L

4 
all the curves tend to the

corresponding result for the energy density in the model where the direction 
5x

is decompactified 5L .

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 ( 0 l )

and antiperiodic ( l ) 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 l . The off-diagonal

component 
t

T ,  , Dp  ..., ,1 ,  , is an even function of l  with

 ,l , and odd function of the phases 
 
and  . 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 q = 2 and compact

subspace (  xx  , ) (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].

Acknowledgments. The work was supported by the grant No. 21AG-1C047

of the Higher Education and Science Committee of the Ministry of Education,

Science, Culture and Sport RA.

1 Institute of Physics, Yerevan State University, Yerevan,

 Armenia, e-mail: saharian@ysu.am
2 Institute of Applied Problems of Physics NAS RA, Yerevan, Armenia

ÔÅÐÌÈÎÍÍÛÅ ÂÀÊÓÓÌÍÛÅ ÍÀÒßÆÅÍÈß Â
ÌÎÄÅËßÕ Ñ ÒÎÐÎÈÄÀËÜÍÎ ÊÎÌÏÀÊÒÍÛÌÈ

ÈÇÌÅÐÅÍÈßÌÈ

À.À.ÑÀÀÐßÍ1,2, Ð.Ì.ÀÂÀÊßÍ1.2, Ã.Ã.ÀÐÓÒÞÍßÍ1, Ã.Ã.ÍÈÊÎÃÎÑßÍ1

Èññëåäîâàíî âàêóóìíîå ñðåäíåå òåíçîðà ýíåðãèè-èìïóëüñà ìàññèâíîãî

ïîëÿ Äèðàêà â ïëîñêîì ïðîñòðàíñòâå-âðåìåíè ñ òîðîèäàëüíûì ïîäïðîñ-

òðàíñòâîì ïðîèçâîëüíîé ðàçìåðíîñòè. Íà îïåðàòîð ïîëÿ âäîëü êîìïàêòíûõ

èçìåðåíèé íàêëàäûâàþòñÿ óñëîâèÿ êâàçèïåðèîäè÷íîñòè ñ ïðîèçâîëüíûìè

ôàçàìè. Ýòè ôàçû èíòåðïðåòèðóþòñÿ â òåðìèíàõ ìàãíèòíûõ ïîòîêîâ, ïðîíèçû-

âàþùèõ êîìïàêòíûå èçìåðåíèÿ. Óðàâíåíèå ñîñòîÿíèÿ â íåêîìïàêòíîì

ïîäïðîñòðàíñòâå èìååò òèï êîñìîëîãè÷åñêîé ïîñòîÿííîé. Ïîêàçàíî, ÷òî

âàêóóìíûé òåíçîð ýíåðãèè-èìïóëüñà ïîìèìî äèàãîíàëüíûõ êîìïîíåíòîâ

ñîäåðæèò íåíóëåâûå íåäèàãîíàëüíûå êîìïîíåíòû. Â ÷àñòíûõ ñëó÷àÿõ

ñêðó÷åííûõ (àíòèïåðèîäè÷åñêèõ) è íåñêðó÷åííûõ (ïåðèîäè÷åñêèõ) ïîëåé

íåäèàãîíàëüíûå êîìïîíåíòû îáðàùàþòñÿ â íóëü. Äëÿ íåñêðó÷åííûõ ïîëåé

ïëîòíîñòü ýíåðãèè âàêóóìà ïîëîæèòåëüíà, à òåíçîð ýíåðãèè-èìïóëüñà óäîâëåò-

âîðÿåò ñèëüíîìó ýíåðãåòè÷åñêîìó óñëîâèþ. Ïðè îáùèõ çíà÷åíèÿõ ôàç â

óñëîâèÿõ ïåðèîäè÷íîñòè ïëîòíîñòü ýíåðãèè è íàòÿæåíèÿ ìîãóò áûòü êàê

ïîëîæèòåëüíûìè, òàê è îòðèöàòåëüíûìè. ×èñëåííûå ðåçóëüòàòû ïðèâåäåíû

äëÿ ìîäåëè òèïà Êàëóöû-Êëåéíà ñ äâóìÿ äîïîëíèòåëüíûìè èçìåðåíèÿìè.

Êëþ÷åâûå ñëîâà: òîïîëîãè÷åñêèé ýôôåêò Êàçèìèðà: ïîëå Äèðàêà: òîðîè-

      äàëüíàÿ êîìïàêòèôèêàöèÿ
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RE-EXAMINING BERMAN'S PARAMETRIZATION OF
THE HUBBLE PARAMETER IN THE CONTEXT OF

LATE-TIME ACCELERATION
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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  -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-Lemaître-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  , 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   is responsible for the universe's acceleration with the equation of state

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   describes the intrinsic energy density

of the vacuum, which is the most interesting candidate of dark energy (DE). The

mathematical expression  , 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 . The decelerated and accelerated expansion of the

universe are described by the EoS parameter. It classifies the various cosmological

phases as follows: If 31  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

 , pressure p, and scale factor a) 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:

  , 
1

22

2

2
2222












 dr

kr

dr
tadtcds (1)

where a(t) 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, r,   and   are spherical polar coordinates, t is the cosmic time.

Here, we choose units in such a way that 18  cG .

The matter source in the universe is provided by the total energy-momentum

tensor (EMT) given by the equation,
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  .   gpuupT TotalTotalTotal
Total

(2)

The energy momentum tensor TotalT  represents the combined energy momen-

tum of the two energy components in the universe. These components consist

of the total energy density Total , which is the sum of the energy densities 

and de  corresponding to ordinary matter and dark energy, respectively. Addi-

tionally, the total pressure Totalp  is the sum of the pressures p and p
de
, where

p represents the combined pressure of radiation and matter. Again, mr 

and mr ppp  , where the suffixes r 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,

TotalTRgR  
2

1
(3)

yield two independent equations as follows,

, 33
22

2

a

k

a

a
Total 


(4)

,2
22

2

a

k

a

a

a

a
pTotal 


(5)

where an overhead dot (.) represents ordinary derivative with respect to cosmic

time t 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

  . 03  TotalTotalTotal p
a

a
 (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

,  wp (7)

where, 31w  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,  , de , and p
de
. 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
0
 and q

0
". 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, q, a, 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].

  ,nDaaH  (8)

where D > 0, 0n  are constants (call them model parameter).

Using the defitition of Hubble parameter aaH  , equation (8) yield the scale

factor as an explicit time variation as;

    , 1 nCDntta  (9)

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, n and D,

which govern its evolution. As time approaches zero ( 0t ), we can establish

that a(0) equals  nC 1 . Let us denote this as ia  (where i represents the initial

value at 0t ). 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 Einstein'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 a  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

( CDM  model), the behavior of a  determines the acceleration or deceleration

of the cosmic expansion.

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

  11  nCDntDa (10)

and

    . 1 212  nCDntDna (11)

At the initial time, denoted as t = 0, the universe possesses velocities and

accelerations represented by     11  ni cDa  and       2121  ni cDna . 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 t can be derived from equation (9).

    1 CDntD
a

a
tH


(12)
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  . 1
2

 n
a

aa
tq




(13)

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 (q < 0) suggests a rapid expansion

of the universe, while a positive value (q > 0) indicates a slowdown. The accel-

eration observed in the later stages of the universe aligns with the explanation of

SNeIa data, whereas the deceleration phase plays a crucial role in the cosmic

evolution responsible for structure formation. In our considered model q = 0

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 0t ,   CDH i  , which is constant.

Also, H(t) is a decreasing function of time as t , H(t) becomes zero.

3. Physical interpretation of model. Equations (4) and (5) with the help

of (7) can be written as

, 33
2

2

a

k
Hde  (14)

  . 12
2

2

a

k
Hqpw de  (15)

We can note that the known functions of cosmic time t in the system of

equations mentioned above are on the right-hand side, involving time-dependent

functions of a, q, H as specified in (9), (12), (13). On the left-hand side, there

are three unknown functions, namely  , de , p
de
. The general equation of state

for dark energy can be expressed as,

. 
de

de
de

p


 (16)

The parameter de  can either remain constant or, more commonly, vary with

time as the universe expands. The time-dependent nature of de  has led to the

development of numerous dark energy (DE) cosmological models. The character-

istics of dark energy, where the equation of state parameter de  is unknown, still

lack a comprehensive understanding. Astrophysical observations indicate that the

effective equation of state parameter eff  for scalar field models falls within the

range of 720481 .. eff   [33-35]. Analyzing observational data, we find a

slight preference for dark energy (DE) models in which eff  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 CDM  model, which aligns with observational data, the
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parameter de  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.

  , 1
1

2
2

2













a

k
Hq

w
(17)

    . 31231
1

1
2

2













a

k
wHqw

w
de (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 31  and

r . Therefore from equation (17) and (18) the expression for radation energy

density and dark energy density can be written as

  









2

21
2

3

a

k
Hqr (19)

and

  . 1
2

3
2

2









a

k
Hqde (20)

In view of equation (9), (12) and (13), the above equations can be written as,

    

















nr
CDnt

k

CDnt

nD
22

2

2

3
(21)

 
   

. 
2

2

3
22

2





















nde
CDnt

k

CDnt

Dn
(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t ), the approximations for i
r

and i
de  are given by 










n

i
r

C

k

C

nD
22

2

2

3
 and 

 













n

i
de

C

k

C

Dn
22

22

2

3
. These

expressions imply that   0 i
r  at the outset, provided 0C , and   0 i

de  under

the conditions n < 2 and 0C  for a flat or closed universe.

Examining equations (21) and (22), it becomes evident that the positivity

condition for   and de  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   and de  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 r  and dark energy density

de , 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 r  and temperature T is

given by

  , 
30

4
2

TTNr


 (23)

in the units with k
B

 = c = 1. At a temperature T, the effective quantity of spin

degrees of freedom  TN  can be expressed as      TNTNTN bf  87 , where

 TN f  and  TNb  denote the degrees of freedom for fermions and bosons,

respectively. It is assumed that the value of  TN  remains constant during this

Fig.1. The graph illustrates the time progres-
sion of radiation energy density 

r
  for scenarios (k

= 0, 1, -1) across panels (a), (b), and (c) corre-

spondingly, each using appropriate units of cosmic
time t .

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

   
. 

45
41
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










n
CDnt

k

CDnt

nD

N
T (24)

From EqeS (24) we can notice that as 0t , we have
41

22

241

2

45





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
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


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






n

i

C

k

C

nD

N
T 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 m .

Therefore from equation (17) and (18) the expression for matter and dark energy

density can be written as

Fig.2. The graph illustrates the time progres-
sion of dark energy density 

de
  for scenarios

(k = 0, 1, -1) across panels (a), (b), and (c)

correspondingly, each using appropriate units of
cosmic time t .
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  









2

212
a

k
Hqm (25)

  . 21
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
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

a

k
Hqde (26)

Now, using the equations (9), (12) and (13) in equations (25) and (26), we get

the expression for matter and dark energy density
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nde
CDnt

k

CDnt

Dn
(28)

In order to understand late-time cosmic acceleration, we can estebilish the

( zt ) relationship for which, we consider the relation between redshift and the

scale factor of the universe, with the standardized unit (a
0

 = 1) and is given by;

    . 1 1 zza (29)

Now, the zt  relationshipis in this case is obtained as;

   
. 

1

Dn

Cz
zt

n 




(30)

Now eliminating the inegration C  with the help  of zt  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

   nzDzH  1 (31)

Fig.3. The figure illustrates the variation of radiation temperature T as a function of t for the

scenarios corresponding to (k = 0, 1) in panels (a) and (b) respectively.
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or

    ,10
nzHzH  (32)

where H
0

 = D be the present value of Hubble parameter.

Further, in view of Eq. (29), Eqs. (27) and (28) can be written as
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nn

nde zk
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(34)

From Eqs. (33) and (34), we observe that as 0z ,    knDzm  22  and

    kDnzde  22 , which is constant. The Fig.4 and 5 show the dynamical

behaviour of evolution of matter energy density  zm  and dark energy density

 zde  with respect to redshift z  with some particular choice of model parameter

n = 0.86, n = 1.23, D = 0.1.

Fig.4. The graph illustrates the variation

of the matter energy density m
  with the

redshift z  for scenarios represented in panels
(a), (b), and (c), corresponding to (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 t
L
,

for an object is the duration between the detection of light today (at redshift 0z )

and the emission of photons at a specific redshift z .

 
 

. 
0

0 
a

a

L
a

dt
zttt

 (35)

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

Fig.5. The graph illustrates the varia-

tion of the dark energy density 
de

  with
the redshift z  for scenarios represented in
panels (a), (b), and (c), corresponding to

(k = 0, 1, -1), respectively.
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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      zrazd 0 ,

where  zr  denotes the radial distance of the object, which is given by

 
 

. 
0


t

t
ta

dt
zr (36)

Therefore, the proper distance  zd  can be written as
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The luminosity distance, denoted as d
l
, for a source exhibiting a redshift of

z  is formally described as follows:

, 
4

2

L

l
dl


 (37)

where L is the observed flux and l is the intrinsic luminosity of the object. The

luminosity distance is given by
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The angular diameter distance is defined by

, 1



l

d A (39)

where l
1
 is intrinsic physical size and   is the observed angular size of an object,

the angular diameter distance d
A
 of an object in terms of redshift z  is

Fig.6. The plots of look back time t
l
 and proper distance )(zd  vs redshift z  for the model

in the panel (a) and (b) respectively.
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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.
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If n is not equal to zero, the value deviates from the current estimate, denoted

as 1
00
 Ht , which is approximately 14 billion years. However, when n 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-

Fig.7. The plots of luminosity distance d
l
 and angular diameter distance d

A
 vs redshift z  for

the model in the panel (a) and (b) respectively.
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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, q(t), 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(t), H(t),

and q(t) 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, q(t) = n - 1, which

results in accelerating universe models when 10  n  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de . 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 r  and

dark energy density de . 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 r  and de . 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 (k  =  -1) is incompatible in this scenario. The

Fig.3 illustrates how radiation temperature changes over cosmic time t 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 ( zt ) 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 n 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.
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ÏÅÐÅÑÌÎÒÐ ÏÀÐÀÌÅÒÐÈÇÀÖÈÈ ÁÅÐÌÀÍÀ
ÏÀÐÀÌÅÒÐÀ ÕÀÁÁËÀ Â ÊÎÍÒÅÊÑÒÅ ÏÎÇÄÍÅÃÎ

ÓÑÊÎÐÅÍÈß

Ê.Ð.ÌÈØÐÀ1, Ð.ÊÓÌÀÐ1, Ø.Ê.Ä.ÏÀÑÈÔ2

Â ýòîé ñòàòüå ìû âåðíóëèñü ê èäåå Áåðìàíà îá èçìåíåíèè ïàðàìåòðà

Õàááëà. Ðàíåå ýòà ïàðàìåòðèçàöèÿ ïîäâåðãëàñü òùàòåëüíîìó èçó÷åíèþ â

ðàìêàõ  -ïåðåìåííûõ êîñìîëîãèé, ãäå èçìåíåíèÿ ìàñøòàáíîãî ôàêòîðà

ïðèâîäÿò ê ëèíåéíîìó ðàñøèðåíèþ Âñåëåííîé. Â äàííîé ðàáîòå  èçó÷åíû

åãî ïîñëåäñòâèÿ â êîíòåêñòå êîñìè÷åñêîãî óñêîðåíèÿ ïîçäíåãî âðåìåíè â

ðàìêàõ êëàññè÷åñêîé îáùåé òåîðèè îòíîñèòåëüíîñòè, ïðèíèìàÿ â êà÷åñòâå

îñíîâû ïðîñòðàíñòâî-âðåìÿ Ôðèäìàíà-Ëåìåòðà-Ðîáåðòñîíà-Óîêåðà (FLRW).

Ïðåäñòàâëåíî òî÷íîå ðåøåíèå óðàâíåíèé ïîëÿ Ýéíøòåéíà (EFE) ñïîñîáîì,

íåçàâèñèìûì îò ìîäåëè, îáåñïå÷èâàÿ òùàòåëüíóþ îöåíêó êàê ãåîìåòðè÷åñêèõ,

òàê è ôèçè÷åñêèõ ïàðàìåòðîâ ìîäåëè. Êðîìå òîãî, ýòî èññëåäîâàíèå äîïîëíåíî

ãðàôè÷åñêèìè ïðåäñòàâëåíèÿìè ýâîëþöèîíèðóþùèõ êîñìîëîãè÷åñêèõ

ïàðàìåòðîâ â ñöåíàðèÿõ ïëîñêîé, çàêðûòîé è îòêðûòîé Âñåëåííîé, ïðè÷åì

âñå îíè ïîäëåæàò îãðàíè÷åíèÿì, âûòåêàþùèì èç ïàðàìåòðîâ ìîäåëè. Ñèíòåç

ýòèõ ðåçóëüòàòîâ ïðîëèâàåò ñâåò íà ñëîæíîå âçàèìîäåéñòâèå ìåæäó êîñìè÷åñêèì

óñêîðåíèåì, òåìíîé ýíåðãèåé è ïàðàìåòðèçàöèåé ïàðàìåòðà Õàááëà, òåì

ñàìûì ïðåäîñòàâëÿÿ öåííóþ èíôîðìàöèþ î ôóíäàìåíòàëüíîé ìåõàíèêå íàøåé

Âñåëåííîé.

Êëþ÷åâûå ñëîâà: êîñìè÷åñêîå óñêîðåíèå: òåìíàÿ ýíåðãèÿ: êîñìîëîãè÷åñêàÿ

      ïàðàìåòðèçàöèÿ: ïàðàìåòð Õàááëà
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è ñîäåðæàòåëüíûìè. Ïîäðàçäåëû ìîãóò áûòü ïðîíóìåðîâàíû êàê 2.1, 2.2 è

ò.ä. Íåîáõîäèìûå ñîêðàùåíèÿ òåðìèíîâ èëè íàçâàíèé ìîãóò áûòü èñïîëü-

çîâàíû âî âñåé ñòàòüå, îäíàêî èõ îáúÿñíåíèå äàåòñÿ ëèøü îäèí ðàç ïðè

ïåðâîì óïîìèíàíèè.

7. Â ñëó÷àå ïðåäñòàâëåíèÿ äâóõ èëè áîëåå ñòàòåé îäíîâðåìåííî íåîáõîäèìî

óêàçàòü æåëàòåëüíûé ïîðÿäîê èõ ïóáëèêàöèè.

8. Ðóêîïèñè àâòîðàì íå âîçâðàùàþòñÿ.

9. Àâòîðàì ñòàòüè (íåçàâèñèìî îò èõ êîëè÷åñòâà) ïðåäñòàâëÿåòñÿ 10

îòòèñêîâ áåñïëàòíî.
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