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KINEMATIC DISTANCES OF GALAXIES IN
THE LOCAL VOLUME

I.D.KARACHENTSEV1, A.A.POPOVA2

Received 20 September 2024

We consider the kinematic distances to nearby galaxies obtained by the Numerical Action
Method (NAM) based on the Cosmic-flow-3 survey data. NAM-distances are compared with 418
high-precision distances measured by the Tip of the Red Giant Branch (TRGB) method using the
Hubble Space Telescope. We estimated the average difference <D

NAM
 - D

TRGB
 > = -0.30 ± 0.08 Mpc

and the standard deviation of 1.57 Mpc. Approximately the same difference in the distance scale
is obtained in comparison with less accurate distance estimates through the membership of galaxies
in known groups or from the Tully-Fisher relation. We conclude that the NAM method provides
distance estimates with an accuracy of 20% within the Local Volume, which is valid for ~90% of
the sky, except for the regions of the Virgo cluster and the Coma-I group.

Keywords: galaxies: kinematic distances: Local Volume

1. Introduction. Constructing a representative sample of nearby galaxies,

limited by a fixed volume, is a necessary observational basis for cosmology on

small scales. Efforts to create such a sample have been made repeatedly [1,2].

Currently, the catalog of candidates for the population of the Local Volume (LV)

contains about 1500 galaxies with expected distances D within 11 Mpc [3]. The

on-line version of this Local Volume galaxy data base (LVGDB) [4], supplemented

by recently discovered objects, is available at http://www.sao.ru/lv/lvgdb.

With an ideal unperturbed Hubble flow with a Hubble parameter H
0

 = 73 km

s-1
 Mpc-1, galaxies with radial velocities relative to the centroid of the Local Group

V
LG

 < 800 km s-1 would fall into the designated LV. The presence of inhomoge-

neities in the distribution of matter introduces anisotropy into the local Hubble

flow. According to [5], our Galaxy and its neighbors are participating in the

motion towards the nearby Virgo cluster (D = 16.5 Mpc) with an amplitude of

~180 km s-1 and in the expansion of the Local Void with a characteristic velocity

of ~260 km s-1. The directions of these local flows are approximately mutually

perpendicular.

To construct a more detailed map of the local field of radial velocities, the

Numerical Action Method (NAM) [6,7] was proposed, which takes into account

the location and masses of nearby attractors (groups of galaxies), as well as the
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436 I.D.KARACHENTSEV,  A.A.POPOVA

most significant neighboring clusters and voids outside the L.V.Kourkchi et al. [8]

developed a convenient scheme for determining the kinematic NAM-distances of

LV galaxies from their coordinates and radial velocity V
g
 relative to the center

of our Galaxy. In this case, estimates of the distance of galaxies made by various

methods were used. The main array consisted of high-precision measurements of

distances by the luminosity of the Tip of the Red Giant Branch (TRGB) with

a total number of about 400. The accuracy of this method reaches ~5%. Actually,

the radius of the LV, 11 Mpc, was determined just by the ability to measure the

TRGB-distance of a galaxy from its images obtained with the Hubble Space

Telescope (HST) during one orbital period. In addition to this universal method,

applicable to galaxies of any morphological type, a small number of distance

estimates were used from Cepheids, supernovae, and surface brightness fluctuations.

It should be noted that measuring the distances of galaxies with an accuracy

of ~5% is a laborious, expensive procedure, unlike measuring radial velocities. Mass

surveys of radial velocities in the optical and radio ranges [9-12] have significantly

enriched our data on the field of radial velocities of galaxies in the LV. This

growth continues with the introduction of ever larger telescopes into observations.

On the other hand, episodic programs for measuring TRGB-distances on the aging

HST make an increasingly smaller contribution to the overall panorama of galaxy

distances beyond D ~ 3 Mpc. Therefore, estimates of kinematic NAM-distances,

which allow us to determine the absolute luminosity and other important param-

eters of nearby galaxies, are becoming more relevant.

The purpose of this work is to estimate the accuracy of kinematic distances

of galaxies in the Local Volume, using observational data from the LVGDB.

2. Observational data. The LVGDB contains TRGB-distance values for

473 LV galaxies with measured radial velocities. We excluded from them 43

members of the Local Group with distances D < 1 Mpc, whose virial motions are

not related to the general pattern of the peculiar velocity field of the LV. For

the remaining 430 galaxies, kinematic NAM-distances were determined according

to the diagram [8]. For most of these galaxies, their radial velocities are measured

with an error of less than 8 km s-1, corresponding to an error in D
NAM

 of less than

0.1 Mpc, which we neglected. A machine-readable list of these galaxies with D
TRGB

and D
NAM

 values can be provided upon individual request.

3. The local kinematic distances. The top panel of Fig.1 reproduces the

distribution of 430 LV galaxies according to the difference in distance estimates

TRGBNAM DD   in equatorial coordinates. The color scale on the right reflects

the magnitude of   in Mpc. Over the predominant area of the sky, galaxies,

denoted by circles, have a yellow-green color, corresponding to the difference in

distance estimates within 1 - 2 Mpc. The left side of the sky map is characterized
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by a vast emptiness, due to the fact that the Local Void extends almost to the

border of the Local Group of galaxies.

The bottom panel of Fig.1 shows the distribution on the sky of LV galaxies

according to the magnitude of the distance ratio D
NAM

 /D
TRGB

 in the same coor-

dinates. This diagram complements the previous one, since the error   %~DTRGB 5

affects the value of (D
NAM

 - D
TRGB

 ) differently for nearby and distant galaxies. Typical

Fig.1. Distribution of galaxies in the Local Volume by the difference (top) and ratio (bottom)

of the distances D
NAM

 and D
TRGB

.

Dist
NAM

 - Dist
TRGB

log(Dist
NAM

 /Dist
TRGB

)
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virial velocities in groups,  10070  ~v  km s-1, are also the reason for the scatter

of galaxies in terms of the value of D
NAM

 /D
TRGB 

, especially in nearby groups around

M81 and CenA = NGC5128.

The distribution of the number of LV galaxies according to the magnitude of

the difference in distance estimates TRGBNAM DD   is shown in Fig.2. We

excluded 12 strongly deviating galaxies with 05. , their relative number does

not exceed 3%. The histogram  N  fits well with the Gaussian function having

parameters 08030 ..   Mpc and 571.  Mpc.

Table 1 presents a list of 12 "outlier" galaxies with 5  Mpc. Its first column

lists the names of galaxies as they are designated in LVGB; columns (2, 3) give

the equatorial coordinates of the galaxies; column (4) contains radial velocities

relative to the center of the Galaxy; the distances of galaxies and their difference

in Mpc are given in the last three columns. Analysis of these data reveals several

reasons for the large deviations  . For the galaxy UGC4998, an erroneous

determination of the D
TRGB

 distance was made on the "color-magnitude" diagram

[13] due to confusion between the RGB and AGB sequence stars. The galaxies

IC3023, KDG177, UGC7983, and UGC8061 are located inside the virial zone

of the Virgo cluster, where NAM-distance estimates are distorted by virial motions.

The galaxies BTS76, LVJ1205+28, LVJ1207+31, LVJ1217+32, AGC229053, and

IC3341 belong to members of the specific Coma I group, around NGC4278 [14],

which is located at the border of the zero-velocity radius of the Virgo cluster,
o

0 23~R . The galaxies of this group have negative peculiar velocities 800~Vpec
km s-1. The nature of this anomaly remains a mystery.

Fig.2. Distribution of number of galaxies in the Local Volume by the magnitude of difference
in their distance estimates 

TRGBNAM
DD  .

Dist
NAM

 - Dist
TRGB

N

-4
0

-2 0 2 4

20

40
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At an average distance of LV galaxies of 8.0 Mpc and a standard deviation

571.  Mpc, the relative error in estimating the NAM-distance is 19%. Here

we made a quadratic subtraction of the relative error of 5% caused by errors in

measuring TRGB distances.

For dwarf galaxies in the Local Volume groups, virial velocities of ~80 km s-1

introduce a relative error in the NAM-distance estimate of about 12%. Therefore,

when using the average radial velocity in a sufficiently populated group, one can

expect a typical error in the average NAM-distance of ~15%.

To test this assumption, we listed in Table 2 all 22 major LV galaxies with

Name RA Dec V
g

D
TRGB

D
NAM D

deg deg km s-1 Mpc Mpc Mpc

UGC04998 141.30 68.38 742 8.24 13.69 5.45
NGC3379 161.96 12.58 818 11.32 19.13 7.81

BTS76 179.68 27.58 436 12.59 5.17 -7.42
LV J1205+28 181.39 28.23 491 11.53 5.65 -5.88
LV J1207+31 181.96 31.55 559 12.02 6.64 -5.38

IC3023 182.51 14.37 755 17.0 6.73 -10.27
LV J1217+32 184.38 32.53 456 12.59 5.32 -7.27
AGC229053 184.56 25.57 409 12.47 4.45 -8.02

IC3341 186.60 27.75 368 11.64 3.94 -7.70
KDG177 189.99 13.78 958 17.0 7.74 -9.26

UGC07983 192.45 03.84 619 16.52 6.06 -10.46
UGC08061 194.18 11.93 520 12.59 5.21 -7.38

Table 1

A LIST OF 12 "TRGB - NAM" OUTLIERS

Name D
TRGB

D
NAM D

NGC 253 3.70 3.83 0.13
NGC 628 10.19 9.58 -0.61
NGC 891 9.95 10.39 0.44
NGC1291 9.08 9.16 0.08

IC 342 3.28 3.70 0.42
NGC2683 9.82 10.51 0.69
NGC2903 9.15 10.86 1.71

M 81 3.70 1.84 -1.86
NGC3115 9.68 10.39 0.71
NGC3184 11.12 11.42 0.30
NGC4258 7.66 7.33 -0.33

Table 2

THE MAJOR LOCAL VOLUME GALAXIES

Name D
TRGB

D
NAM D

NGC4594 9.55 8.71 -0.84
NGC4736 4.41 4.03 -0.38
NGC5055 9.04 7.18 -1.86
NGC5128 3.68 3.46 -0.22

M 51 8.40 7.13 -1.27
NGC5236 4.90 2.97 -1.93

M 101 6.95 4.85 -2.10
NGC6744 9.51 8.63 -0.88
NGC6946 7.73 5.41 -2.32
NGC3379 11.32 19.13 7.81
NGC3627 11.12 6.72 -4.40
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the Milky Way - like luminosity and accurate distance estimates. These galaxies

dominate in mass in their groups, and it can be expected that their peculiar

velocities are small. As follows from these data, the average difference in distance

estimates for them is 270510 ..DD TRGBNAM   Mpc, and the relative standard

deviation of the difference is 15%. Note that the following galaxies were added

to the 16 galaxies in the table with TRGB distances: IC342 with a distance

estimate from Cepheids, NGC3115 with a distance estimate from surface bright-

ness fluctuations, and NGC3184, M51, whose distances are determined by the

luminosity of supernovae. The bottom two lines of Table 2 show the galaxies

NGC3379 and NGC3627, which are massive but not dominant in their groups

in the Leo Spur region [15]. According to [7], this region has a complex structure

of the peculiar velocity field due to the projection onto the line of sight of two

structures: the Leo Spur and the Leo cloud [16] and the presence of a void behind

the Leo cloud.

4. Comparison with other distance estimates. The LVGDB database

contains 94 galaxies with measured radial velocities, whose distances are estimated

by the assumed membership (mem) in nearby groups. Of these, we excluded 9

galaxies with deviations 05.DD memNAM   Mpc. They are located in the Leo I

(NGC3379) and Sombrero (NGC4594) groups with large virial velocities. For the

remaining 85 galaxies, we obtained the values 230.DD memNAM   Mpc and

971.  Mpc. The relative error of the difference   for them is 21%. Assuming

that the relative error of NAM distances is 15%, we find approximately the same

value for the error of mem-distances, 15%.

The LVGDB database also contains 159 galaxies with distance estimates based

on the Tully-Fisher method [17], using the relationship between the luminosity

of a galaxy and the width of the 21-cm HI line. We excluded from consideration

16 galaxies with a large difference 16 TFNAM DD  Mpc, which make up 10%

of this sample. All of them, except for one, are located inside the virial zone

of the Virgo cluster (n = 9) or the Coma I group (n = 6) with anomalous peculiar

velocities. Among these excluded objects, the galaxy UGC7774 (RA = 189o.03,

Dec = +40o.00) has estimates D
TF

 = 22.6 Mpc and D
NAM

 = 7.2 Mpc, but is not in

any known group. For the remaining 143 galaxies, we obtained the values

350760 ..DD TFNAM   Mpc and   194.DD TFNAM   Mpc. Given the aver-

age distance of the galaxies in this sample, 111.DTF   Mpc, we obtain a relative

error in the TF distance estimate of 31%. This value is noticeably larger than

the typical error of the TF method, 20%, obtained for spiral galaxies. This

difference is quite understandable, since dwarf galaxies dominate in the LV, and

their irregular shape makes the correction for the inclination of their axis of

rotation to the line of sight uncertain.
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5. Concluding remark. A comparison of kinematic distance estimates made

in the NAM model with distance measurements using the TRGB method and

other methods shows a small but systematic shift in the NAM scale,

080300 ..DD TRGBNAM   Mpc. The relative error in determining the kine-

matic distance is ~20% for individual galaxies in the Local Volume. If there are

several members in the group with measured radial velocities, the error of the

NAM method can be improved to 15%. This makes the NAM method more

preferable compared to the Tully-Fisher method, the relative error of which for

the LV population we estimated as 31%.

However, there are two adjacent areas in the sky: the zone of galaxies falling

onto the Virgo cluster with a radius of ~23o and the zone of large negative peculiar

velocities in the Coma I group north of the Virgo cluster, where the kinematic

method gives large errors and is practically inapplicable. The total area of these

anomalous regions occupies only 10% of the sky. Taking into account this caveat,

the kinematic method in the NAM model is quite suitable for the mass

determination of distances for nearby galaxies with an error of 15-20%.
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ÊÈÍÅÌÀÒÈ×ÅÑÊÈÅ ÐÀÑÑÒÎßÍÈß ÃÀËÀÊÒÈÊ Â
ÌÅÑÒÍÎÌ ÎÁÚÅÌÅ

È.Ä.ÊÀÐÀ×ÅÍÖÅÂ1, À.À.ÏÎÏÎÂÀ2

Ðàññìîòðåíû êèíåìàòè÷åñêèå ðàññòîÿíèÿ äî áëèçêèõ ãàëàêòèê, ïîëó÷åííûå

ìåòîäîì ÷èñëåííîãî äåéñòâèÿ (NAM), îñíîâàííûì íà äàííûõ îáçîðà Cosmic-

flow-3. Ðàññòîÿíèÿ NAM ñðàâíèâàþòñÿ ñ 418 âûñîêîòî÷íûìè ðàññòîÿíèÿìè,

èçìåðåííûìè ìåòîäîì âåðøèíû âåòâè êðàñíûõ ãèãàíòîâ (TRGB) ñ ïîìîùüþ

êîñìè÷åñêîãî òåëåñêîïà Õàááëà. Ìû îöåíèëè ñðåäíþþ ðàçíèöó <D
NAM

 - D
TRGB

 >

= -0.30 ± 0.08 Ìïê è ñòàíäàðòíûé ðàçáðîñ â 1.57 Ìïê. Ïðèìåðíî òàêàÿ æå

ðàçíèöà â ìàñøòàáå ðàññòîÿíèé ïîëó÷àåòñÿ ïî ñðàâíåíèþ ñ ìåíåå òî÷íûìè

îöåíêàìè ðàññòîÿíèé ÷åðåç ïðèíàäëåæíîñòü ãàëàêòèê ê èçâåñòíûì ãðóïïàì
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èëè èç ñîîòíîøåíèÿ Òàëëè-Ôèøåðà. Ìû ïðèøëè ê âûâîäó, ÷òî NAM-ìåòîä

äàåò îöåíêè ðàññòîÿíèé ñ ïîãðåøíîñòüþ 20% â ïðåäåëàõ Ìåñòíîãî îáúåìà,

÷òî ñïðàâåäëèâî äëÿ ~90% íåáà, çà èñêëþ÷åíèåì îáëàñòåé ñêîïëåíèÿ Virgo

è ãðóïïû Coma-I.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: êèíåìàòè÷åñêèå ðàññòîÿíèÿ: Ìåñòíûé îáúåì
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In this paper, we use the distributions of observed � -ray properties, as well as orientation
parameters of a sample of Fermi-LAT AGNs to investigate the hypothesis that � -NLS1 objects
are beamed sources with � -ray emitting axes inclined at close angles to the line of sight. Based

on these parameters we investigate the relationship between � -NLS1s and other subclasses of � -
ray emitting jetted AGNs. Results show that � -NLS1s are more highly beamed than both FSRQs
and BL Lacs with mean value of core-dominance parameter R

g
 ~ 9507. � -NLS1s and jetted Seyfert

galaxies are continuous in distribution of the orientation parameter with average cone angles Ô
m

 ~
8

o
 and 44

o
 respectively. Furthermore, the spectral energy distribution of � -NLS1 is comparable

to those of FSRQs and BL Lacs suggestive that � -NLS1s and blazars form a continuous spectral
sequence. There is a significant anti-correlation (r ~ -0.9) between the � -ray dominance D

g 
and � -

ray luminosity. There is a strong dependence of D
g
 on redshift (r ~ -0.7) suggestive that D

g
 is more

sensitive to environmental factors than intrinsic � -ray luminosity. The results suggest that � -NLS1s
are highly beamed � -ray sources whose de-beamed counterparts can be found among Seyfert galaxy
populations.

Keywords: galaxies: active galaxies: Seyferts: jets

1. Introduction. Seyfert galaxies are traditionally classified as radio-quiet

class of active galactic nuclei (AGNs), with radio-loudness parameter defined in

terms of the ratio of 5 GHz radio to optical blue-band flux densities,

105 bandbGHz ff  [1]. Based on the width of nuclear emission lines, two broad

categories of Seyfert galaxies are distinguished, namely, Seyfert 1 and Seyfert 2.

While Seyfert 1 galaxies have a set of broad emission lines, Seyfert 2 galaxies

have narrow emission lines. However, a minority class of radio-loud Seyfert 1

galaxies with narrow emission lines, which have been detected in recent obser-

vations [2] pointed to a considerable overlap in spectral properties of the two classes

of Seyfert galaxies [3]. In general, without ruling out the possibility of relativistic

jets in radio-quiet sources [4], radio-loud Seyfert galaxies are believed to harbor

powerful relativistic jets, with extended radio structures [5-8].

The discovery of powerful � -ray emitting narrow-line Seyfert 1 (NLS1) galaxies

[9,2,10] has provided substantial evidence that jets are not formed by massive black

hole AGNs alone [11], as there are evidence of relativistic jets in low-mass and
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low jet-power AGNs [9,12]. The lack of small-mass jetted AGN in the traditional

radio-loud/radio-quiet dichotomy has been attributed to bright-source selection bias

[13]. Interestingly, [14] identified low-mass sources among Flat Spectrum Radio

Quasar (FSRQ) population and argued that NLS1 galaxies are the most prominent

AGNs in the low-mass class using   2000HFWHM  km s-1, and the ratio

between   3HOIII  , which along with high Eddington ratio, appears to fit the

characteristics of NLS1s [15,16]. These results have been explained as conse-

quences of the presence of a relatively low-mass black hole (106
 - 108

 M) and fast

accretion, suggestive of young age of these objects [17].

There are several arguments in literatures about the true nature of/or the parent

sources of NLS1s. Several characteristics have been adduced by authors to connect

NLS1 with Compact Steep Spectrum (CSS) sources, such as signs of young age

in terms of development of radio-lobes of not more than 105 years [17], small

linear size and very fast flux variability [18]. Therefore, even though the true

nature of these NLS1s is still an ongoing debate in literatures, several results

suggest that they might represent young radio sources that are still growing and

evolving [17,19], and might be extreme objects on the evolutionary path from

radio-quiet Seyfert galaxies to radio-loud quasars [20] and as such, may be low-

mass analogues of high-redshift quasars [3,15,21-23]. Furthermore, similarities

between the nuclei of jetted Seyfert galaxies and radio-loud AGNs have often been

pointed out [24-26] and numerous efforts have been made to demonstrate a

continuity in overall distributions of observed properties of the jetted Seyfert

galaxies and traditional radio-loud AGNs [22,27-30]. In this regard, several authors

[30,22] argued that in general, jetted Seyfert galaxies, BL Lac objects and radio

galaxies could share similar characteristics in terms of jet luminosity-redshift

( zP ) relation, suggestive of similar underlying environment.

Similarities in the distributions of black hole mass and High Eddington ratio

of source samples [31] appear to connect the misaligned Steep-spectrum NLS1s

to their beamed flat-spectrum NLS1s counterparts. However, discrepancies in mass

distribution reveal [15] that disk-hosted radio galaxies could form a link connecting

low-mass, high-accretion NLSIs and high-mass, low-accretion BL Lac-like ellip-

tical radio galaxies. In fact, it has been argued [15] that some of these "bridge

objects" might simply be genuine type 1 or 2 Seyfert galaxies with their jets

oriented at large inclination angles. These different manifestations of NLS1s have

been attributed to orientation effects [32,15], suggestive that when the beamed jet

is observed at different angles to the line of sight, it could appear as a regular

Seyfert galaxy of type 1 or 2 depending on obscuration. In fact, several authors

[32,15] posited that at different larger observing angles, Doppler broadening of the

permitted lines can cause the NLS1 to be classified as broad- or narrow-line radio
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galaxies depending on the level of obscuration of the nuclear region. In these

contexts, therefore, a young jetted AGNs with a strong accretion disk and photon

rich environment that is observed along its relativistic jet might appears as NLS1,

and when the nuclear region is obscured, the object might also appear as a type-

2 AGN in optical band, and as a CSS in radio band [15,8]. The scheme appears

to fit nicely with the usual unified model for older jetted-AGNs, in which high-

excitation radio galaxies (HERGs) form the parent population of FSRQs [33].

NLS1s are a recently discovered class of � -ray emitting AGN, that exhibit

some blazar-like properties, namely: flat-spectrum radio spectra, superluminal

motion and strong radiation with fast variability [34], which are explained with

the presence of a relativistic jet viewed at small angles. Several authors strongly

posited that the different blazar subclasses are just a different manifestation of the

same physical process that differ only in bolometric luminosity [35,36], which

led to the popular blazar sequence - a scheme that is recently argued to extend

to all jetted AGNs [37]. The two known subclasses of blazars, namely BL Lacs

and FSRQs, are believed to be the beamed counterparts of high- and low-

luminosity radio galaxies, respectively with their jets inclined at close angles to

the line of sight [34]. When blazars are observed at larger angles, they appear

as radio-galaxies, and we expect to observe an analogue parent population for

beamed � -ray emitting NLS1s ( � -NLS1s). Thus, following our earlier work [38],

in this paper we examine the observed gamma ray properties of a sample of blazars

and � -NLS1s in order to study the relationship between these subclasses of � -

ray emitting AGNs.

2. Theoretical framework. Orientation based unified scheme (OUS) for

active galactic nuclei is often studied at any frequency band   using an important

orientation parameters, namely, the core-to-extended luminosity ratio R  ex-

pressed as a function of the viewing angle   in the form [39,40]:

    , cos1cos1
2


 

nnT

E

C R

L

L
R (1)

where L
C
 and L

E
 are the core and extended luminosities respectively, R

T
 = R

( o90 ), n is a jet model dependent parameter (n = 2 for continuous jet model

and n = 3 for blob model) while   is the spectral index ( 
 ~S ). The

distributions of observed R  for various samples have been shown by several

authors in the past to be quite consistent with the OUS for both high-luminosity

and low luminosity sources [41,42].

A coarse treatment of Eq. (1) suggests that once R
T
 is known, the mean value

of the distribution of core-dominance parameter R
m
 can be used to estimate the

mean viewing angle m  of a sample in the form [43]:
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In a two-component beaming model, the total spectral luminosity L  may be

expressed as a sum of the core- and extended components: EC LLL  . While

L
C
 is assumed to be relativistically beamed, L  is assumed to be isotropic [44].

Thus, following [56], the � -ray core-dominance parameter R  defined as the ratio

of the beamed to unbeamed luminosities can be expressed through equation (1) as

. 1
EL

L
R


  (3)

Equation (3) above suggests that if L
E
 is isotropic, a correlation between R  and

L  is envisaged in � -ray emitting AGNs

However, the observed spectral luminosity L  of AGN is expected to depend

on its redshift z , due to luminosity selection effect/evolution and is related to

its spectral flux density S  according to the relation:

  , 1 12 
  zdSL L

(4)

where d
L
 is the luminosity distance which depends on the present Hubble constant

H
0
 and the present density parameter 0  according to the relation [45]:

     . 112
2 21

0002
00




 zz
H

c
dL (5)

In previous papers [41,42] these effects were studied for various samples in the

radio band. In this paper, we extend the investigation to the � -ray band, including

NLS1s whose place in the revised unification scheme is gaining attention of

authors.

However, with current extension of blazar sequence, to include other jetted

AGNs [37], it has become increasingly important to study the position of � -NLS1s

in the extended scheme. Nevertheless, an important aspect of the blazar sequence

that has gained attention [46,47], is the relationship between low-energy and high-

energy components of the spectral energy distribution (SED). In fact, [35] intro-

duced a broad-band parameter, namely, � -ray dominance D
g
, defined as the ratio

of � -ray luminosity L
g
 to the peak radio luminosity L

R
 (D

g
 = L

g
 /L

R
), which the

authors used to study blazar sequence for the energetic � -ray experiment telescope

(EGRET) blazars. Actually, D
g
 is expected to show a sequence of decrease from

low-synchrotron luminosity end to high-synchrotron luminosity end of the

sequence [48]. This sequence obviously suggests that the SED of FSRQs would

be less dominated by � -ray emission than the BL Lacs. However, this parameter

seems to have been somewhat overlooked in earlier studies, partly due to

insufficient � -ray data for a large number of blazars known at that time.
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3. Description of source sample. The current analysis is based on a

recent compilation of � -ray emitting AGNs taken from the 4th Fermi-LAT AGN

catalogue. From the 4th Fermi-LAT AGN catalogue, [49] has made a new sample

of 1559 bona-fide � -ray emitting jetted AGN, which include 12 � -NLS1s. These

objects were cross-correlated with the compilation by [50], where relevant derived

radio data of a large number of objects in the catalogue are readily available.

Furthermore, [51] also derived the � -ray core dominance parameters R
g
 of a large

number of blazars in the catalogue, which the authors used to argue for relativistic

beaming of � -ray emission in blazars. Three of the 12 � -NLS1 do not overlap

with these earlier compilations by [50,51] and hence, do not have complete data

and were excluded in current investigation. Altogether, there are 697 � -ray

emitting jetted AGN with complete relevant data for our investigation, namely 238

BL Lacs, 18 FRI radio galaxies, 34 FRII radio galaxies, 270 FSRQs, 9 � -NLS1s

and 128 other Seyfert galaxies. This represents ~45% of the bona-fide � -ray

emitting jetted AGN and 76% of � -NLS1s from the 4th Fermi-LAT catalogue.

Although the FRIs, FRIIs, � -NLS1s and other Seyfert galaxies in the sample

are strong � -ray emitters detected by the Fermi-LAT, their � -ray core dominance

parameters were yet to be comprehensively determined. Thus, we derive their � -

ray core dominance parameter based on empirical relations between R
g
 and radio

core-dominance parameter R
R
 for � -ray loud sources given by [51]. However, the

regression constants derived by the authors are slightly different for BL Lacs and

FSRQs in their data. Thus, for calculation of R
g
 in this paper, we use the average

values of the constants for the two sub-classes and the relation yields:

. 321log072log .R.R Rg  (6)

For investigation of extended blazar sequence in the sample, we calculated the

� -ray dominance D
g
 for all objects in our sample. Throughout the paper, we have

adopted the cosmology with H
0

 = 70 km s-1
 Mpc-1 and 10  m  ( 30.m  ;

70. ). For analyses in this paper, the degree of relationship between source

parameters is deduced by Pearson Product moment correlation coefficient r using

PYTHON.

 
4. Analyses and results. We show the distribution of FSRQs, BL Lacs

and � -NLS1s sub-sample in � -ray dominance D
g
 in Fig.1. Obviously, the three

subsamples are almost indistinguishable in the plot as they occupy the same range

of D
g 
values. However, the distribution gives a mean value of 3.25 ± 0.43, on

logarithmic scale, for the sub-samples taken together. This is consistent with

� -ray emission of blazars and � -NLS1s being several orders of magnitude more

prominent than radio emission [52,53,47], which shows that blazars and � -NLS1s

are strong � -ray emitters. We interpret this result to mean that similar physical

processes lead to variations in � -ray dominance of blazars and � -NLS1s.
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However, the mean values for individual sub-samples on logarithmic scales are

3.1 ± 0.8, 2.7 ± 0.5 and 2.7 ± 0.2, respectively for BL Lacs, FSRQs and � -NLS1s.

Simple K-S test carried out on the data shows that at 5% significance, the

underlying distributions of D
g
 for FSRQ and � -NLS1 subclasses are same; the

hypothesis that the distributions are same is not rejected, with 10.~ . The

cumulative distributions of D
g
 for the different subclasses are also shown in Fig.1b.

Apparently, the SED parameter of � -NLS1s is quite similar to that of FSRQs.

Nevertheless, the cumulative distribution of BL Lac is different from those of

FSRQ and � -NLS1s: the SED of BL Lacs appears to be more � -ray dominant

than FSRQs and � -NLS1s. Simple K-S test carried out on the data shows that

at 5% significance, the underlying distributions of D
g
 for BL Lacs and other

subclasses are significantly different; the hypothesis that the distributions are same

is rejected, with 510  in each case. The results suggest that although FSRQs

are more luminous than BL Lacs and � -NLS1s, the � -ray luminosity may not

be the leading driver of � -ray dominance, suggestive that � -ray dominance may

be more sensitive to synchrotron activities in the jets [48]. Fig.1 shows an

interesting feature that can be considered relevant for extended blazar sequence:

there is similarity in distributions of � -ray dominance of blazars and � -NLS1s

which supports the proposition that blazar sequence scheme can be extended to

� -NLS1s.

We show the scatter plot of � -ray dominance D
g
 as a function of � -ray

luminosity L
g
 for blazars and � -NLS1s in Fig.2. There is a clear trend in which

D
g
 decreases with increasing luminosity. Regression analysis on the data yields

logD
g
 = (0.42 ± 0.02)logL

g
 + (15.38 ± 0.04), with a correlation coefficient r = 0.98

and chance probability 910 ~ . The tight anti-correlation can be interpreted to

mean that � -ray dominance may be more sensitive to synchrotron activities in

the jets than � -ray emission, Apparently, a vast majority of FSRQs occupy high

Fig.1. Distribution of blazars and NLS1s in � -ray Dominance D
g
.
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L
g
 - low D

g
 end of the distribution, with BL Lacs stretching over a wider range

to high D
g
 - low L

g 
end, NLS1s appear to form a bridge-connector between BL

Lacs and majority of the FSRQs. The distribution of the objects on D
g
 - L

g
 plane

shows that there is a sequence of the SED from FSRQs to BL Lacs through

NLS1s. Nevertheless, the presence of few extreme FSRQs with BL Lac-like SED

appears to break the sequence.

To investigate the effect of evolution and environment on the parameters, we

show the scatter plots of D
g
 and L

g
 against redshift z  in Fig.3. Analysis of the

data in Fig.3a shows that zDg   scatter best fits into a power-law function given

by:   20102 .
g z.D  , with a correlation coefficient r ~ -0.8. The strong depen-

dence of D
g
 on z  suggests that environmental effect is playing a significant role

in the variation of D
g
 in the sample. Nevertheless, it could be observed in Fig.3a

that D
g
 decreases steeply with redshift at low redshift ( 10.z  ) corresponding to

D
g
 = 4.0 and remains fairly constant at high redshift ( 30.z  ), shown with a

broken vertical line, corresponding to D
g
 = 3.0. Apparently, the figure reveals a

transition region in the range: 3010 .z.  . On the other hand, the zLg   scatter

in Fig.3b yields a strong positive correlation with r ~ 0.7, which can naturally be

attributed to luminosity selection effect in the sample. Fig.3b is more or less a

mirror image of Fig.3a and strongly suggests that intrinsic � -ray luminosity is

not the major determinant of D
g
. It is obvious from Fig.3 that NLS1s form part

of the continuous distribution from FSRQs to BL Lacs in both parameters,

suggesting that NLS1s can be accommodated in the blazar sequence.

Since the community consensus appears to favour FR I/BL Lac and FR II/

Fig.2. Scatter plot of D
g
 against � -ray luminosity for blazars and NLS1s.

logL
g
(W/Hz)

lo
g
D

g

24

BL Lac

FSRQ

NLS1

1
26 28 30 32

2

3

4

5



450 A.I.AUDU  ET  AL.

FSRQ unification, we compare the � -ray core-dominance parameter R
g
 of NLS1s

and Seyfert galaxies to find a possible connection between then via orientation. We

show the distributions of R
g
 of different sub-groups in Fig.4, using Seyferts galaxies

as the parent objects of NLS1s. Apparently, while the distributions are consistent

with a scheme in which FSRQs and BL Lacs are more core-dominated than FR

IIs and FR Is respectively, the scenario is somewhat different for NLS1s and Seyfert

galaxies. In fact, NLS1s and Seyfert galaxies occupy the same range of R
g
.

Nevertheless, the distributions yield mean values R
m
 of 2.5 ± 0.9 and 0.7 ± 0.2, for

BL Lacs and FR Is,  respectively, R
m

 ~ 3.5 ± 1.0 and 0.4 ± 0.3, for FSRQs and

FR IIs, respectively, while R
m

 ~ 9507.4 ± 13.2 for NLS1s and 1.4 ± 0.2, for Seyfert

galaxies. For each group of sources, there is a clear continuity in distribution of

the parameter. In general NLS1s are more core-dominated than FSRQs and BL

Lacs. Two samples K-S test carried out on each distribution shows that at 5%

significance, the null hypothesis that the fundamental distributions of each two

categories of objects are same is not rejected, with 050.  in each case.

To derive the mean cone angle for observing � -ray emission in different

Fig.3. Variation of (a) � -ray dominance (b) � -ray luminosity with redshift.
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Objects Number Z D
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L
g
 (W/Hz) R

g
ô

g 

o

BL Lacs 238 0.46±0.18 3.1±0.8 28.69±1.77 2.5±0.9 33.7±1.6
FRI 18 0.44±0.14 3.7±0.4 27.25±1.82 0.7±0.2 63.6±2.1
FRII 34 0.82±0.17 3.4±0.9 27.88±2.27 0.4±0.3 72.9±4.1

FSRQS 270 1.13±0.42 2.7±0.5 29.71±2.11 3.2±0.8 22.3±1.4
Seyferts 128 0.15±0.08 4.1±0.7 26.43±1.95 1.4±0.2 44.2±23
� -NLS1s 9 0.47±0.21 2.7±0.2 28.69±2.23 9507.4±13.2 8.1±0.6

Table 1

DISTRIBUTIONS OF DERIVED � -RAY PARAMETERS OF

CURRENT SAMPLE OF � -RAY AGN
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subclasses of the AGNs, the choice of R
T
 plays a key role [41,42]. In fact, several

authors [54] have argued that R
T

 < 0.1 is satisfied by most AGN samples. Hence,

using R
T

 = 0.024, which appears to be consistent with the general unification of

radio loud AGNs across different frequency bands [44,54,40], we estimated the

mean cone angles for � -ray and radio emissions of each subsample using equation

(2). A summary of the results is also shown in Table 1.

5. Discussion. Narrow line Seyfert 1 objects (NLS1s) are a new class of

� -ray emitting AGN, with blazar-like properties, which are explained with the

presence of a relativistic jet viewed at small angles to the line of sight [20]. The

two classes of blazars, namely, FSRQs and BL Lac objects have been remarkably

unified with their de-beamed parent populations of FR II and FR I radio galaxies

[41,42]. It therefore becomes important to search for de-beamed parent population

of the � -NLS1s, whose position in the revised unification scheme has gained the

attention of authors [49].

Our results have shown that there is a close connection between � -ray spectral

energy distribution (SED) of FSRQs, � -NLS1s and BL Lac objects, which can

be understood in the framework of blazar sequence. The blazar sequence posits

that subclasses of blazars are different manifestations of the same physical process

Fig.4. Distributions of the subsamples
in R

g
: (a) BL Lacs and FR I, (b) FSRQs

and FR II (c) NLS1s and Seyferts.
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that differ only by bolometric luminosity [35,36]. The simple implication of this

is that there should be continuity in spectral energy distribution of different

subclasses of blazars. Distribution of the objects in � -ray dominance is apparently

in agreement with the scheme and suggests that similar physical mechanisms give

rise to the observed SEDs of � -NLS1s, BL Lacs and FSRQs. The result is quite

consistent with recent results obtained from different source catalogues of � -ray

emitting AGNs [55] in which � -NLS1s share similar physical properties with

blazars once normalized for black hole mass.

However, the distribution of the objects in � -ray dominance does not evidently

show that FSRQs are more � -ray dominant than BL Lacs and � -NLS1s. It is

an indication that more efficient � -ray emitters are not the more � -ray dominant

sources [48]. However, in Fig.1b, there appears to be a general trend in variation

of � -ray dominance from FSRQs to BL Lacs, through � -NLS1s.

We have also shown in the results that there is a tight correlation (r > 0.9)

between D
g
 and L

g
 for blazars and � -NLS1s. Typical SED of blazars from which

the blazar sequence scheme was proposed shows that the luminosity at synchrotron

peak (usually in the radio band) is systematically displaced from low frequency

at high luminosity end to high frequency at low luminosity end [35,36,56], which

suggests an anti-correlation between spectral luminosity and frequency peak. The

tight anti-correlation between D
g
 and L

g
 in this paper not only suggests that current

data is consistent with a blazar sequence, but that � -NLS1s can also be

accommodated in the sequence. Nevertheless, [57,58] argued that although the

distributions of spectral properties of � -NLS1s and blazars support the supposition

of an extended blazar sequence, the physical mechanism responsible for spectral

curvatures of � -NLS1s is quite different from those of other subclasses of blazars.

Actually, [50] argued that in the radio band, spectral indices are fundamentally

different for different subclasses of blazars.

Another important result of present analysis is the tight dependence of � -ray

dominance on redshift. We have shown that there is a significant anti-correlation

between D
g
 and redshift z  (r > 0.7). Hence, it can be argued that at constant beam

power, low redshift sources would have higher � -ray dominance as � -ray

emission from such sources may suffer less scattering in the intergalactic medium.

Actually, [59] obtained a similar result using composite spectral indices as SED

parameter, which the authors used to argue for an evolutionary link between

Seyfert galaxies and blazars. Perhaps the low D
g
 observed among FSRQs could

have arisen from their location at high redshift, suggestive that the variation in

D
g
 among different subclasses of AGN may be environmental rather than intrinsic

effect. This supports an earlier finding that the jets in FSRQs are embedded in

complex external physical environment, which may lead to their complex physical

properties [60]. For BL Lacs, the high D
g
 is as expected since they are mostly
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located at low redshift. We have shown in Table 1 that distribution of the sample

in redshift yields mean values of 1.13 ± 0.42, 0.46 ± 0.18 and 0.47 ± 0.21

respectively for FSRQs, BL Lacs and NLSIs. Thus, while NLS1s and BL Lacs

are similar in redshift distribution, FSRQ seem to be more distant. This has a

heavy consequence on the completeness of the samples. Nevertheless, it can be

observed from Fig.3 that only 2 NLSIs are located at low ( 30.z  ) redshift,

representing ~16% of the NLSI population in the 4th Fermi-LAT catalogue. Thus,

a vast majority of NLSIs (~84%) reside in similar environment with FSRQs.

It is evident from the distributions of the objects in Fig.3b that some FSRQs

are located at extremely low redshift. Actually, these anomalous FSRQs were

observed to possess high D
g
. Perhaps the low D

g
 of � -NLS1s compared to FSRQs

arises from the supposition that � -NLS1s possess intrinsically lower � -ray

luminosities than FSRQs.  If this is actually the case, then the result is in good

agreement with an earlier supposition that � -NLS1s are low luminosity/low

redshift analogues of FSRQs [20].

It is arguable that the tight D
g
 - L

g
 anti-correlation may have arisen from the

strong redshift effects on the parameters. Thus we subtracted out the common

dependence of D
g
 and L

g
 on redshift from the D

g
 - L

g
 anti-correlation using

Spearman's partial correlation statistic given [48] by:

   
. 

11
2122

 ,

LzDz

LzDzDL
zDL

rr

rrr
r






(7)

The result yields 960 , .r zDL   as the D
g
 - L

g
 correlation coefficient independent of

redshift. Hence, there is an intrinsic D
g
 - L

g
 anti-correlation, which is quite

consistent with a prediction of the blazar sequence.

Distribution of � -ray core dominance parameter reveals high � -ray core-

dominance exhibited by � -NLS1s in the sample. In fact, it has been argued that

the detection of extended radio emissions in � -NLS1s is of primary importance

for understanding the jet activities of the NLS1 class in the framework of the

unified scheme of jetted AGN since NLS1s with kpc-scale radio structures exhibit

a core with significantly higher luminosity than that of extended emissions [6].

Nevertheless, three of the nine � -NLS1s, namely: PMN J0948+0022, FBQS

J1644+2619 and 1H 0323+342 are known to exhibit two-sided radio structures

at kpc scales  with high radio-core dominance parameter [6] comparable to those

of radio quasars. The popular physical explanation to the origin of the high core

dominance is relativistic Doppler boosting of the cores [44] and this suggests that

relativistic beaming is playing a significant role in � -NLS1s. In a similar way,

we tested for the effect of redshift on R
g
. The results as shown in Table 2 show

that the dependence of R
g
 on redshift is not significant with 20.r   in each case.

It is obvious from Table 1 that on average, � -NLS1s are viewed at closer
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inclination than jetted Seyfert galaxies, which is somewhat consistent with an

orientation scenario between the two subclasses of jetted AGN [38]. This obser-

vation appears to suggest that the parent population of beamed � -NLS1s can be

found among Seyfert galaxies [31]. The scenario fits nicely with FSRQ/FR II

and BL Lac/FR I orientation-based unified schemes. Although orientation scenario

provides a natural explanation for the more extreme R
g
 properties

 
of � -NLS1s

than Seyfert galaxies, the fact that at sharper inclination, � -NLS1s possess lower

black hole mass than Seyfert galaxies, as reported by several authors [57,58,61]

does not support the proposition that Seyfert galaxies form the de-beamed parent

population of � -NLS1s. Actually, our result (c.f. Fig.4) shows that � -NLS1s

occupy similar range of R
g
 as Seyfert galaxies suggestive that the fundamental

difference between the two subclasses of objects may not be orientation. Perhaps,

the inconsistency observed with the distributions of R
g
 for the two groups of objects

may have arisen from small number statistics of the � -NLS1s.

6. Conclusion. We have investigated the relationship between � -NLS1s and

other subclasses of � -ray emitting AGNs using observed � -ray properties of a

sample. We showed from the distributions of � -ray dominance that the spectral

energy distribution of � -NLS1s is comparable to those of BL Lacs and FSRQs

in a manner that is consistent with blazar sequence. Distribution of � -ray

dominance indicates that the parameter is redshift dependent, which we have

interpreted to mean that variations in � -ray dominance is more sensitive to

environmental effects rather than intrinsic � -ray luminosity. In the � -ray band,

� -NLS1s are strongly beamed with average cone angle of 8o compared to Seyfert

galaxies that have average cone angle of 44o. All these results suggest that � -NLS1s

form a peculiar class of highly beamed � -ray sources with some form of

orientation connection with Seyfert galaxies. Nevertheless, the sample size is small

and larger samples of � -NLSIs would be required to confirm the results.
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Î ÐÀÑØÈÐÅÍÍÎÉ ÏÎÑËÅÄÎÂÀÒÅËÜÍÎÑÒÈ
ÁËÀÇÀÐÎÂ ÄËß ÀÊÒÈÂÍÛÕ ÃÀËÀÊÒÈÊ Ñ

ÃÀÌÌÀ-ÈÇËÓ×ÅÍÈÅÌ

À.È.ÀÓÄÓ1,2, Ô.Ñ.ÎÄÎ1, À.À.ÓÁÀ×ÓÊÂÓ1

Â äàííîé ðàáîòå èñïîëüçóåòñÿ ðàñïðåäåëåíèå íàáëþäàåìûõ ñâîéñòâ � -

èçëó÷åíèÿ, à òàêæå ïàðàìåòðû îðèåíòàöèè äëÿ âûáîðêè AGN, çàðåãèñòðè-

ðîâàííûõ ñ ïîìîùüþ Fermi-LAT, ÷òîáû èññëåäîâàòü ãèïîòåçó î òîì, ÷òî

îáúåêòû � -NLS1 ÿâëÿþòñÿ èñòî÷íèêàìè èçëó÷åíèÿ, íàïðàâëåííûìè ñ îñÿìè

� -èçëó÷åíèÿ, íàêëîíåííûìè ïîä ìàëûì óãëîì ê ëó÷ó çðåíèÿ. Îñíîâûâàÿñü

íà ýòèõ ïàðàìåòðàõ, èññëåäîâàíà âçàèìîñâÿçü ìåæäó � -NLS1 è äðóãèìè

ïîäòèïàìè àêòèâíûõ ãàëàêòèê ñ ðåëÿòèâèñòñêèìè äæåòàìè, èñïóñêàþùèõ � -

èçëó÷åíèå. Ðåçóëüòàòû ïîêàçûâàþò, ÷òî � -NLS1 áîëåå ñôîêóñèðîâàíû, ÷åì

FSRQ è BL Lac ñ ñðåäíèì çíà÷åíèåì ïàðàìåòðà äîìèíèðîâàíèÿ ÿäðà R
g
 ~

9507. � -NLS1 è  ñåéôåðòîâñêèå ãàëàêòèêè ñ äæåòàìè îáðàçóþò íåïðåðûâíîå

ðàñïðåäåëåíèå ïî ïàðàìåòðó îðèåíòàöèè, ñî ñðåäíèìè óãëàìè êîíóñîâ Ô
m

 ~

8o è 44o, ñîîòâåòñòâåííî. Êðîìå òîãî, ñïåêòðàëüíîå ðàñïðåäåëåíèå ýíåðãèè

� -NLS1 ñîïîñòàâèìî ñ ðàñïðåäåëåíèåì äëÿ FSRQ è BL Lac, ÷òî óêàçûâàåò

íà òî, ÷òî � -NLS1 è áëàçàðû îáðàçóþò íåïðåðûâíóþ ñïåêòðàëüíóþ ïîñëåäîâà-

òåëüíîñòü. Íàáëþäàåòñÿ çíà÷èòåëüíàÿ àíòèêîððåëÿöèÿ (r ~ -0.9) ìåæäó äîìè-

íèðîâàíèåì � -èçëó÷åíèÿ D
g
 è ãàììà-ëó÷åâîé ñâåòèìîñòüþ. Òàêæå îáíàðóæåíà

ñèëüíàÿ çàâèñèìîñòü D
g
 îò êðàñíîãî ñìåùåíèÿ (r ~ -0.7), ÷òî óêàçûâàåò íà

áîëüøóþ ÷óâñòâèòåëüíîñòü D
g
 ê ôàêòîðàì îêðóæàþùåé ñðåäû, ÷åì ê ñîáñò-

âåííîé ñâåòèìîñòè � -èçëó÷åíèÿ. Ðåçóëüòàòû ïðåäïîëàãàþò, ÷òî � -NLS1

ÿâëÿþòñÿ ñèëüíî ñôîêóñèðîâàííûìè èñòî÷íèêàìè � -èçëó÷åíèÿ, äå-ôîêóñè-

ðîâàííûå àíàëîãè êîòîðûõ ìîæíî íàéòè ñðåäè ïîïóëÿöèé ñåéôåðòîâñêèõ

ãàëàêòèê.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: àêòèâíûå ãàëàêòèêè: ñåéôåðòîâñêèå ãàëàêòèêè:

     äæåòû
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ÊËÀÑÑÀ dÌ4e GJ 1243

Å.Ñ.ÄÌÈÒÐÈÅÍÊÎ1, È.Ñ.ÑÀÂÀÍÎÂ2

Ïîñòóïèëà 29 èþëÿ 2024
Ïðèíÿòà ê ïå÷àòè 6 äåêàáðÿ 2024

Êàðëèê ñïåêòðàëüíîãî êëàññà dÌ4e GJ 1243 (KIC 9726699) ÿâëÿåòñÿ ïðåäìåòîì
ìíîãî÷èñëåííûõ èññëåäîâàíèé, ñâÿçàííûõ ñ èçó÷åíèåì åãî óíèêàëüíîé âñïûøå÷íîé àêòèâíîñòè
è ýâîëþöèè ïÿòåí íà åãî ïîâåðõíîñòè. Â ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà ïðîÿâëåíèé
äîëãîâðåìåííîé àêòèâíîñòè, íàéäåííûå ïî àðõèâíûì äàííûì ôîòîìåòðè÷åñêèõ íàáëþäåíèé.
Óñòàíîâëåíî, ÷òî äàííûå, ïîëó÷åííûå íåçàâèñèìî â òðåõ îáçîðàõ â ðàçëè÷íûõ ôîòîìåòðè÷åñêèõ
ôèëüòðàõ, óêàçûâàþò íà äîëãîâðåìåííóþ ïåðåìåííîñòü áëåñêà GJ 1243 ñ ÷åòûðüìÿ õàðàê-
òåðíûìè âåëè÷èíàìè äëèòåëüíîñòè öèêëîâ (ìû áóäåì èõ íóìåðîâàòü îò 1 äî 4), ãðóïïèðóþ-
ùèìèñÿ îêîëî çíà÷åíèé Pcycl (1 - 3): 1.5 ëåò, 2.6 ãîäà è 6.3 ãîäà, ñîîòâåòñòâåííî, à òàêæå
îêîëî Pcycl (4) ïîðÿäêà 12.3 - 12.6 ëåò. Âûïîëíåí àíàëèç ïîëîæåíèÿ äàííûõ GJ 1243 íà
äèàãðàììå çàâèñèìîñòè Pcycl/Prot îò 1/Prot â ëîãàðèôìè÷åñêèõ êîîðäèíàòàõ è ïðîâåäåíî
ñîïîñòàâëåíèå ñ ðåçóëüòàòàìè èññëåäîâàíèé äðóãèõ Ì-êàðëèêîâ, ÷òî ïðèâåëî ê âûâîäó î
åäèíîé îáùåé çàâèñèìîñòè äëÿ êîðîòêèõ öèêëîâ ó âñåõ ðàññìàòðèâàåìûõ îáúåêòîâ.

Êëþ÷åâûå ñëîâà: çâåçäû: ïÿòíà: ôîòîìåòðèÿ: ïåðåìåííîñòü: öèêëû àêòèâíîñòè

1. Ââåäåíèå. Â íàñòîÿùåì èññëåäîâàíèè [1] ìû âûïîëíèëè àíàëèç äàííûõ

íàáëþäåíèé ïîëíîñòüþ êîíâåêòèâíîãî êàðëèêà ñïåêòðàëüíîãî êëàññà dÌ4e GJ

1243 (KIC 9726699), ïîëó÷åííûõ ñ êîñìè÷åñêèì òåëåñêîïîì Êåïëåð. Â [1] áûëè

ðàññìîòðåíû òîëüêî äâà ñåòà íàáëþäåíèé çâåçäû, äîñòóïíûå â òî âðåìÿ èç

àðõèâà êîñìè÷åñêîãî òåëåñêîïà Êåïëåð. Â äàëüíåéøåì GJ 1243 ñòàë ïðåäìåòîì

ìíîãî÷èñëåííûõ èññëåäîâàíèé, ñâÿçàííûõ ïðåæäå âñåãî ñ èçó÷åíèåì åãî

óíèêàëüíîé âñïûøå÷íîé àêòèâíîñòè, à òàêæå ýâîëþöèè ïÿòåí íà åãî ïîâåðõíîñòè

(ñì. [2], öèêë èç ïóáëèêàöèé Äàâåíïîðòà è äð. - ññûëêè â [3-6]).

Îñíîâíûå äàííûå î GJ 1243 ñîäåðæàòñÿ â öèòèðóåìûõ âûøå ëèòåðàòóðíûõ

èñòî÷íèêàõ. Áëåñê çâåçäû ñîñòàâëÿåò 12.83 çâ. âåë. â ôèëüòðå V è 7.79 çâ.

âåë. â ôèëüòðå Ê. Ìàññà GJ 1243 ðàâíà 0.24 ìàññû Ñîëíöà, à ðàäèóñ - 0.26

ðàäèóñà Ñîëíöà. Ïåðèîä îñåâîãî âðàùåíèÿ çâåçäû Prot ñîñòàâëÿåò 0.593 ñóò.

Ðåçóëüòàòû äåòàëüíîãî àíàëèçà âñïûøå÷íîé àêòèâíîñòè GJ 1243 ïî íàáëþ-

äåíèÿì êîñìè÷åñêîãî òåëåñêîïà Êåïëåð è ìèññèè TESS ìîæíî íàéòè â [3-

6]. Çâåçäà GJ 1243 ÿâëÿåòñÿ áëèçêî ðàñïîëîæåííûì ê íàì dÌ4e êàðëèêîì,

ðàññòîÿíèå äî íåãî ñîñòàâëÿåò 13.48 ± 0.42 ïê. Çâåçäà îáëàäàåò ñèëüíîé ýìèñ-

ñèîííîé ëèíèåé H (âåëè÷èíà ýêâèâàëåíòíîé øèðèíû ëèíèè áîëåå 1Å ), åå
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âîçðàñò ñîñòàâëÿåò îêîëî 30-50 ìëí ëåò.

Ðåçóëüòàòû íàøåãî äåòàëüíîãî àíàëèçà ïÿòåííîé àêòèâíîñòè, ïðåäñòàâëåííûå

â [2], áûëè îñíîâàíû ïðèìåðíî íà 49500 åäèíè÷íûõ èçìåðåíèÿõ áëåñêà GJ

1243 â èíòåðâàëå íàáëþäåíèé â 1460 ñóò. Ïåðèîäè÷íîñòü èçìåíåíèé êðèâîé

áëåñêà çâåçäû ñîñòàâëÿåò Pphot = 0.59261 ± 0.00060 ñóò, ÷òî ïîëíîñòüþ ñîâïàäàåò

ñ ðàíåå ïîëó÷åííûì íàìè ðåçóëüòàòîì è îöåíêàìè äðóãèõ àâòîðîâ (ñì. [4]).

Âåñü íàáëþäàòåëüíûé ìàòåðèàë áûë ðàçäåëåí íà 1775 ñåòîâ, êàæäûé èç

êîòîðûõ ïîñëåäîâàòåëüíî îõâàòûâàåò îäèí ïåðèîä âðàùåíèÿ çâåçäû. Äëÿ

êàæäîãî ñåòà íàáëþäåíèé êîñìè÷åñêîãî òåëåñêîïà Êåïëåð èç ðåøåíèÿ îáðàòíîé

çàäà÷è âîññòàíîâëåíèÿ òåìïåðàòóðíûõ íåîäíîðîäíîñòåé çâåçäû áûëè ïîëó÷åíû

êàðòû ïîâåðõíîñòíûõ òåìïåðàòóðíûõ íåîäíîðîäíîñòåé (ôàêòîðû çàïîëíåíèÿ

f ) è îïðåäåëåíû ïîëîæåíèÿ àêòèâíûõ îáëàñòåé. Àíàëèç ïîñòðîåííûõ êàðò

ïðèâåë íàñ ê âûâîäó î çíà÷èòåëüíîé ýâîëþöèè ïîëîæåíèÿ ïÿòåí íà

ïîâåðõíîñòè çâåçäû â òå÷åíèå àíàëèçèðóåìîãî íàìè äëèòåëüíîãî ïðîìåæóòêà

âðåìåíè. Ìû âûïîëíèëè îöåíêè ïàðàìåòðà äèôôåðåíöèàëüíîãî âðàùåíèÿ

  è óñòàíîâèëè, ÷òî ìàêñèìàëüíîå çíà÷åíèå íèæíåé ãðàíèöû îöåíêè åãî

âåëè÷èíû ðàâíî 0.0022 ðàä/ñóò. Íàøà áîëåå òî÷íàÿ îöåíêà ïàðàìåòðà 

ìåíüøå âåëè÷èí, ïðèâîäèìûõ â [3,4] (0.0058 è 0.0036 ðàä/ñóò) è âåðîÿòíî

ñâÿçàíà ñ áîëåå òî÷íûì ó÷åòîì èçìåíåíèé ïîëîæåíèé íàèáîëåå àêòèâíîé

äîëãîòû. Îäíàêî, ïîëó÷åííàÿ â [3] îöåíêà ïàðàìåòðà äèôôåðåíöèàëüíîãî

âðàùåíèÿ ìåòîäîì, èñïîëüçóþùèì îïèñàíèå ýâîëþöèè ïÿòåí äâóìåðíûìè

Ãàóññîâûìè ôóíêöèÿìè, ïðàêòè÷åñêè ñîâïàäàåò ñ íàøåé. Âîïðîñ î ïðèñóòñòâèè

ó çâåçäû ïîëÿðíîãî èëè ïðèïîëÿðíîãî ïÿòíà (îáëàñòè) (ñì. [2,5]) îñòàåòñÿ

àêòóàëüíûì, ïîñêîëüêó àíàëèç ôîòîìåòðè÷åñêèõ äàííûõ íå èñêëþ÷àåò åãî

íàëè÷èÿ, êàê íå ïðîÿâëÿþùåãîñÿ ïðè âðàùàòåëüíîé ìîäóëÿöèè çâåçäû. Ïðè

óãëå íàêëîíà îñè âðàùåíèÿ ïîðÿäêà 30o ê ëó÷ó çðåíèÿ ïðèïîëÿðíàÿ îáëàñòü

GJ 1243 âïëîòü äî øèðîò 30o âèäíà ïîñòîÿííî è âíîñèò ëèøü ìàëûé âêëàä

â ïåðåìåííîñòü áëåñêà â òå÷åíèå îäíîãî îáîðîòà çâåçäû âîêðóã îñè, íàèáîëüøèé

âêëàä â åå ôîòîìåòðè÷åñêóþ ïåðåìåííîñòü, äîñòèãàþùóþ 0.02 çâ. âåë., äîëæíû

âíîñèòü ïÿòíà, ðàñïîëîæåííûå â çîíå îò -30o äî 30o øèðîòû. Âåëè÷èíà S

îòíîøåíèÿ ïëîùàäè ïîëíîé çàïÿòíåííîé ïîâåðõíîñòè çâåçäû ê ïëîùàäè åå

âèäèìîé ïîâåðõíîñòè çà ïåðèîä íàáëþäåíèé èçìåíÿëàñü â ïðåäåëàõ îò 7%

äî 2%, ñ âîçìîæíûì õàðàêòåðíûì âðåìåíåì ïîðÿäêà 1000 ñóò. Â [2] íàìè

áûëî ïîêàçàíî, ÷òî â öåëîì äëÿ GJ 1243 ïîëîæåíèå íà äèàãðàììàõ

çàïÿòíåííîñòü - âîçðàñò, çàïÿòíåííîñòü - ïåðèîä âðàùåíèÿ è çàïÿòíåííîñòü

- ÷èñëî Ðîññáè õîðîøî ñîîòâåòñòâóåò îáùåìó õàðàêòåðó çàâèñèìîñòè äëÿ

ðàíåå èññëåäîâàííûõ íàìè êàðëèêîâ ñïåêòðàëüíîãî êëàññà Ì.

Íåñìîòðÿ íà âûñîêóþ âîñòðåáîâàííîñòü ñâåäåíèé î öèêëàõ àêòèâíîñòè

GJ 1243 (ñì. îáñóæäåíèå â [5]), èíôîðìàöèÿ î íèõ â ëèòåðàòóðå îòñóòñòâóåò.

Â íàñòîÿùåé ñòàòüå áóäóò ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà ïðîÿâëåíèé



461ÖÈÊËÛ  ÀÊÒÈÂÍÎÑÒÈ  GJ 1243

äîëãîâðåìåííîé àêòèâíîñòè ýòîãî îáúåêòà, íàéäåííûå ïî àðõèâíûì äàííûì

ôîòîìåòðè÷åñêèõ íàáëþäåíèé.

2. Öèêëû àêòèâíîñòè. Íàøå èññëåäîâàíèå öèêëîâ àêòèâíîñòè çâåçäû

GJ 1243 áûëî íà÷àòî ñ äàííûõ îòñêàíèðîâàííûõ ôîòîïëàñòèíîê ïðîåêòà

Digital Access to a Sky Century@Harvard (DASCH) [7], êîòîðûå ïðåäîñòàâëÿþò

øèðîêèå âîçìîæíîñòè àíàëèçà äîëãîâðåìåííîé àêòèâíîñòè çâåçäû íà

ïðîäîëæèòåëüíîì âðåìåííîì èíòåðâàëå. Èìåþùèåñÿ â àðõèâå äàííûå äëÿ GJ

1243 îõâàòûâàþò èíòåðâàë íàáëþäåíèé äëèòåëüíîñòüþ â 94 ãîäà (ñ 1894.6

ïî 1988.7ãã.) (ðèñ.1). Âñåãî íàìè áûëî ðàññìîòðåíî 222 èçìåðåíèÿ áëåñêà

çâåçäû â ñèñòåìå, áëèçêîé ê ôîòîìåòðè÷åñêîé â ôèëüòðå B. Ê ñîæàëåíèþ,

äàííûå äîñòàòî÷íî íåìíîãî÷èñëåííû, êðîìå òîãî, èìååòñÿ ïðîáåë â äàííûõ

â èíòåðâàëå ñ 1952 ïî 1967ãã. Òåì íå ìåíåå, ìîæíî ïðåäïîëîæèòü, ÷òî áëåñê

çâåçäû õàðàêòåðèçóåòñÿ äîëãîâðåìåííîé ïåðåìåííîñòüþ, à ïîñëå ïðîáåëà â

äàííûõ, íà÷èíàÿ ñ 1967ã. - íåáîëüøèì ïîÿð÷àíèåì. Íà îñíîâå ïîñòðîåííîãî

ñïåêòðà ìîùíîñòè äëÿ áëåñêà GJ 1243 ìîæíî ïðåäïîëîæèòü ñóùåñòâîâàíèå

äëèòåëüíîãî öèêëà àêòèâíîñòè Pcycl ïîðÿäêà 4500 ñóò (ðèñ.1, íèæíÿÿ

äèàãðàììà). Íà ýòîì ðèñóíêå âåðòèêàëüíîé ëèíèåé (ñâåòëîé) òàêæå îòìå÷åí

ïèê, ñîîòâåòñòâóþùèé ãîäè÷íîìó ïåðèîäó.

Åùå îäíà ïîïûòêà ïðîâåäåíèÿ àíàëèçà ïåðåìåííîñòè áëåñêà GJ 1243

áûëà âûïîëíåíà íàìè ïî äàííûì ìíîãîëåòíåãî îáçîðà Kamogata Wide-field

Ðèñ.1. Ââåðõó - êðèâàÿ áëåñêà GJ 1243 â ôèëüòðå B ïî äàííûì ïðîåêòà DASCH ñ
1894.60 ïî 1988.68ãã. Âíèçó - ñïåêòð ìîùíîñòè äëÿ äèàïàçîíà ïåðèîäîâ 1-10000 ñóò. Âåðòè-

êàëüíûìè ëèíèÿìè îòìå÷åíû öèêëû ïðîäîëæèòåëüíîñòüþ 365 ñóò (1 ãîä) (ñâåòëàÿ) è 4500
ñóò (12.3 ãîäà) (òåìíàÿ) (ñì. òåêñò).
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Survey (KWS) [8] (http.kws.cetus-net.org). Â îáçîðå ïðåäñòàâëåíû íàáëþäåíèÿ

çâåçäû â ôèëüòðàõ V è Ic, îíè îõâàòûâàþò äëèòåëüíûé èíòåðâàë íàáëþäåíèé

ñ 2012ã. ïî íàñòîÿùåå âðåìÿ (èþëü 2024ã.), îáùåé ïðîäîëæèòåëüíîñòüþ

(4371 ñóò, 12 ëåò) (HJD 2456127-2460498).

Âñåãî áûëî ðàññìîòðåíî 474 îöåíêè áëåñêà çâåçäû â ôèëüòðå V. Ïðåä-

ñòàâëåííûå íà ðèñ.2 (ââåðõíÿÿ äèàãðàìììà) äàííûå ñâèäåòåëüñòâóþò î ïðèñóò-

ñòâèè âîçìîæíîé öèêëè÷íîñòè â èçìåíåíèè åå áëåñêà. Íà îñíîâå ïîñòðîåííîãî

ñïåêòðà ìîùíîñòè äëÿ áëåñêà GJ 1243 ìîæíî ïðåäïîëîæèòü ñóùåñòâîâàíèå

âîçìîæíûõ öèêëîâ àêòèâíîñòè îêîëî 600
 
ñóò è 955

 
ñóò (âåðîÿòíî, áîëåå

çíà÷èìîãî) (ðèñ.2, íèæíÿÿ äèàãðàììà). Ñâåòëàÿ ëèíèÿ íà ãðàôèêå ñîîòâåòñòâóåò

365
 
ñóò ñåçîííîé ïåðåìåííîñòè, ïðèñóòñòâóþùåé â äàííûõ. Ê ñîæàëåíèþ,

ïðîäîëæèòåëüíîñòü íàáëþäåíèé íå ïîçâîëÿåò äåëàòü çàêëþ÷åíèå î íàëè÷èè

ïåðåìåííîñòè íà øêàëå âðåìåíè ïîðÿäêà 4500
 
ñóò, íàéäåííîé ïî äàííûì

ïðîåêòà DASCH.

Áîëåå ìíîãî÷èñëåííûìè ÿâëÿþòñÿ äàííûå î áëåñêå îáúåêòà â ôèëüòðå Ic.

Â ýòîì ôèëüòðå èìååòñÿ âñåãî 776 îöåíîê áëåñêà çâåçäû. Ïðåäñòàâëåííûå íà

Ðèñ.2. Ââåðõó - áëåñê GJ 1243 â ôèëüòðå V ïî äàííûì îáçîðà; âíèçó - ñïåêòð
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ðèñ.3 (ââåðõíÿÿ äèàãðàììà), äàííûå, íåñîìíåííî, ñâèäåòåëüñòâóþò î ïðèñóò-

ñòâèè èçìåíåíèÿ åå áëåñêà â ðàññìàòðèâàåìîì èíòåðâàëå âðåìåíè. Ìîæíî

ïðåäïîëîæèòü íàëè÷èå âîçìîæíûõ öèêëîâ àêòèâíîñòè îêîëî 1100
 
ñóò è 2200

ñóò (âîçìîæíî, êðàòíûå öèêëû). Èç ðèñ.2 è 3 ñëåäóåò, ÷òî îáùèì ñâîéñòâîì

ïåðåìåííîñòè áëåñêà çâåçäû ÿâëÿåòñÿ âîçìîæíàÿ öèêëè÷íîñòü ñ õàðàêòåðíûì

âðåìåíåì ïîðÿäêà 1000
 
ñóò, ïðèñóòñòâóþùàÿ â äàííûõ ôèëüòðîâ V è Ic.

Íàêîíåö, äëÿ GJ 1243 èìåþòñÿ 1129 èçìåðåíèé áëåñêà â ôèëüòðàõ V è

g â àðõèâå ïðîåêòà ASAS-SN SkyPatrol (ID: 111670491484) [9]. Íàáëþäåíèÿ

âûïîëíÿëèñü â èíòåðâàëå âðåìåíè HJD 2456694-2460501, èõ äëèòåëüíîñòü

ñîñòàâëÿåò 3807
 
ñóò. Íàèáîëåå ìíîãî÷èñëåííûìè îêàçàëèñü íàáëþäåíèÿ â

ôèëüòðå g - 769 èçìåðåíèé (ðèñ.4). Âåëè÷èíû âîçìîæíûõ öèêëîâ àêòèâíîñòè

ðàâíû 720
 
ñóò è 2470

 
ñóò. Êðîìå òîãî, â [9] ïðåäñòàâëåíû äàííûå î áëåñêå

GJ 1243 â ôèëüòðå V - 360 èçìåðåíèé (ðèñ.5), êîòîðûå ñ ìåíüøåé äîñòîâåð-

íîñòüþ óêàçûâàþò íà âåëè÷èíû Pcycl â 530
 
ñóò è 950

 
ñóò. È â òîì è â äðóãîì

ñëó÷àÿõ èìåþòñÿ óêàçàíèÿ íà âîçìîæíûå äîëãîâðåìåííûå öèêëû, ñîïîñòàâèìûå

ïî âåëè÷èíå ñ äëèòåëüíîñòüþ èíòåðâàëà íàáëþäåíèé èëè ïðåâîñõîäÿùèå åãî.

Ðèñ.3. Ââåðõó - áëåñê GJ 1243 â ôèëüòðå Ic ïî äàííûì îáçîðà KWS; âíèçó - ñïåêòð
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ïðîäîëæèòåëüíîñòüþ 365
 
ñóò (ñâåòëàÿ) è 1100

 
ñóò è 2200

 
ñóò (òåìíûå) (ñì. òåêñò).
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Â òàáë.1 ñîáðàíû íàéäåííûå íàìè îöåíêè âåëè÷èí Pcycl äëÿ GJ 1243.

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

àêòèâíîñòè êàðëèêà ñïåêòðàëüíîãî êëàññà dÌ4e GJ 1243. Èç ðèñ.1-5 è òàáë.1

ìîæíî çàêëþ÷èòü, ÷òî äàííûå, ïîëó÷åííûå íåçàâèñèìî â òðåõ îáçîðàõ â

ðàçëè÷íûõ ôîòîìåòðè÷åñêèõ ôèëüòðàõ, óêàçûâàþò íà äîëãîâðåìåííóþ ïåðå-

ìåííîñòü áëåñêà GJ 1243 ñ ÷åòûðüìÿ õàðàêòåðíûìè âåëè÷èíàìè öèêëîâ (îò

1 äî 4), ãðóïïèðóþùèìèñÿ îêîëî çíà÷åíèé Pcycl (1-3): 1.5 ëåò (1.4-1.6 ãîäà),

Ðèñ.4. Ââåðõó - áëåñê GJ 1243 â ôèëüòðå g ïî äàííûì îáçîðà ASAS-SN; âíèçó - ñïåêòð
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ñóò. Âåðòèêàëüíûìè ëèíèÿìè îòìå÷åíû öèêëû ïðîäîëæè-

òåëüíîñòüþ 365
 
ñóò (ñâåòëàÿ) è 720

 
ñóò è 2470

 
ñóò (òåìíûå) (ñì. òåêñò).
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ASAS-SN g 720 ñóò è 2470 ñóò
ASAS-SN V 530 ñóò è 950 ñóò

Òàáëèöà 1
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2.6 ãîäà (2-3 ãîäà) è 6.3 ãîäà (6-6.7 ãîäà), à òàêæå îêîëî Pcycl (4) ïîðÿäêà

4500-4600 ñóò (12.3-12.6 ëåò).

Ðàíåå â [10] ìû âûïîëíèëè îïðåäåëåíèå öèêëîâ àêòèâíîñòè íàèáîëåå

õîëîäíûõ êàðëèêîâ ñïåêòðàëüíîãî êëàññà Ì íà îñíîâå ôîòîìåòðè÷åñêèõ

äàííûõ èç îáçîðà ASAS è óñòàíîâèëè, ÷òî áîëüøèíñòâî èç èçó÷åííûõ çâåçä

îáëàäàþò ïåðèîäè÷íîñòüþ èçìåíåíèé êðèâûõ áëåñêà íà èíòåðâàëàõ âðåìåíè

ñîòíè ñóòîê - ãîäû. Àíàëèç äèàãðàìì, ïðåäñòàâëåííûõ â âèäå çàâèñèìîñòè

Pcycl/Prot îò 1/Prot â ëîãàðèôìè÷åñêèõ êîîðäèíàòàõ, ïðèâåë ê âûâîäó î

åäèíîé îáùåé çàâèñèìîñòè äëÿ âñåõ ðàññìàòðèâàåìûõ îáúåêòîâ, êàê ñ

êîíâåêòèâíîé îáîëî÷êîé, òàê è ïîëíîñòüþ êîíâåêòèâíûõ. Àíàëèç äàííûõ

ïîçâîëèë çàêëþ÷èòü, ÷òî âåëè÷èíà i - êîýôôèöåíòà íàêëîíà íà ðàññìàòðèâàåìîé

äèàãðàììå áëèçêà ê åäèíèöå, êàê ïî âñåì äàííûì, òàê è ïî ñàìûì êîðîòêèì

èëè äëèííûì öèêëàì. Óñòàíîâëåííîå çíà÷åíèå i îòëè÷àåòñÿ îò çíà÷åíèé,

ïðèâåäåííûõ â ëèòåðàòóðíûõ èñòî÷íèêàõ äëÿ çâåçä äðóãèõ ñïåêòðàëüíûõ

êëàññîâ. Â èòîãå áûë ñäåëàí âûâîä î òîì, ÷òî, âåðîÿòíî, ðàññìàòðèâàåìûå

êàðëèêè ñïåêòðàëüíîãî êëàññà Ì îáðàçóþò åùå îäíó "âåòâü" ìàëîìàññèâíûõ

Ðèñ.5. Ââåðõó  áëåñê GJ 1243 â ôèëüòðå V ïî äàííûì îáçîðà ASAS-SN; âíèçó - ñïåêòð
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ñóò. Âåðòèêàëüíûìè ëèíèÿìè îòìå÷åíû öèêëû ïðîäîëæè-

òåëüíîñòüþ 365
 
ñóò (ñâåòëàÿ) è 530

 
ñóò è 950
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çâåçä, îáëàäàþùèõ áîëåå ñëó÷àéíîé è èððåãóëÿðíîé ìàãíèòíîé àêòèâíîñòüþ

íà ñâîåé ïîâåðõíîñòè (ñì. òàêæå îáñóæäåíèÿ â [8]).

Äëÿ GJ 1243 âåëè÷èíà log(1/Prot) ñîñòàâëÿåò 0.2269. Ñîãëàñíî ðèñ.3 èç

[10], ñîîòâåòñòâóþùèå åé âåëè÷èíû log(Pcycl/Prot) äëÿ Ì-êàðëèêîâ îáçîðà

[10] ëåæàò â äèàïàçîíå îò 2.7 äî 3.2 (øòðèõïóíêòèðíûå ëèíèè). Î÷åâèäíî,

÷òî âåëè÷èíû log(Pcycl/Prot) ó íàèáîëåå êîðîòêèõ öèêëîâ 1 è 2 ëåæàò â ýòîì

èíòåðâàëå è ñîãëàñóþòñÿ ñ äàííûìè î êîðîòêèõ ïåðèîäàõ äëÿ äðóãèõ Ì-

êàðëèêîâ èç [10], â òî âðåìÿ êàê â ñëó÷àå öèêëà 3 âåëè÷èíà log(Pcycl/Prot)

= 3.59 è íàõîäèòñÿ âíå åãî (àíàëîãè÷íîå ïîâåäåíèå ìîæåò áûòü îòìå÷åíî è

äëÿ ðÿäà äðóãèõ Ì-êàðëèêîâ èç [10]). Äëÿ öèêëà 4 ñîîòâåòñòâóþùåå çíà÷åíèå

log(Pcycl/Prot) = 3.88) - ñóùåñòâåííî áîëüøå ïîëó÷åííûõ â [10] âåëè÷èí,

îäíàêî ñëåäóåò îòìåòèòü, ÷òî â [10] íàìè ðàññìàòðèâàëèñü òîëüêî ñðàâíèòåëüíî

êîðîòêèå öèêëû (ñîïîñòàâèìûå ñ äëèòåëüíîñòüþ íàáëþäåíèé èç àðõèâà

îáçîðà ASAS).

Êðîìå òîãî, êàê è â [11], ìîæíî ïðåäïîëîæèòü, ÷òî íàëè÷èå Pcycl 3 è

4 â îáëàñòè äëèòåëüíûõ öèêëîâ (âïëîòü äî 10 ëåò) óêàçûâàåò íà ïðèñóòñòâèå

ñòðóêòóðèðîâàííîñòè âðåìåííûõ ïðîÿâëåíèé àêòèâíîñòè (ñì. ðèñ.2 â [10] è

ïóíêòèðíûå ëèíèè íà íåì). Äëÿ Ñîëíöà âîçìîæíûì àíàëîãîì ñòðóêòóðèðî-

âàííîñòè ÿâëÿþòñÿ öèêëû àêòèâíîñòè Ðèãåðà, Øâàáå, Õåéëà, Ãëåéñáåðãà, äå

Âðèñ è Õîëëøòàòòà [12].

Ïîäàâëÿþùåå áîëüøèíñòâî èç èññëåäîâàííûõ íàìè â [10] Ì-êàðëèêîâ

èìåþò ìàññó áîëåå 0.35 M  (ãðàíèöà ïåðåõîäà ê ïîëíîñòüþ êîíâåêòèâíûì

Ì çâåçäàì). Â [10] áûëè èññëåäîâàíû âñåãî ëèøü äâå ïîëíîñòüþ êîíâåêòèâíûå

çâåçäû - GJ 551 è GJ 729. Ïåðèîäû âðàùåíèÿ ýòèõ çâåçä ñóùåñòâåííî

ðàçëè÷àþòñÿ - GJ 551 èìååò ìàêñèìàëüíîå çíà÷åíèå Prot äëÿ âûáîðêè [10]

(82.53 ñóò), ïåðèîä âðàùåíèÿ âòîðîãî êàðëèêà ñîñòàâëÿåò 2.869 ñóò. È â òîì

è â äðóãîì ñëó÷àÿõ ðåçóëüòàòû äëÿ ýòèõ îáúåêòîâ õîðîøî ñîãëàñóþòñÿ ñ

îáùåé çàâèñèìîñòüþ, è â [10] íàìè áûëî ñäåëàíî ïðåäïîëîæåíèå (õîòÿ

èñïîëüçîâàëèñü äàííûå âñåãî äëÿ äâóõ ìàëîìàññèâíûõ îáúåêòîâ) îá îòñóòñòâèè

ðàçëè÷èé â öèêëàõ àêòèâíîñòè çâåçä ðàçíûõ ìàññ äëÿ ðàññìàòðèâàåìîé âûáîðêè

(è ñîîòâåòñòâåííî çâåçä, ðàçëè÷àþùèõñÿ ïî âíóòðåííåìó ñòðîåíèþ - ñ

êîíâåêòèâíîé îáîëî÷êîé è ïîëíîñòüþ êîíâåêòèâíûõ). Ðåçóëüòàòû âûïîëíåííîãî

àíàëèçà äëÿ åùå îäíîé ïîëíîñòüþ êîíâåêòèâíîé çâåçäû GJ 1243 òàêæå

ñîãëàñóþòñÿ ñ óêàçàííûì ïðåäïîëîæåíèåì.
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ACTIVITY CYCLES OF dM4e DWARF GJ 1243

E.S.DMITRIENKO1, I.S.SAVANOV2

The dM4e dwarf GJ 1243 (KIC 9726699) is the subject of numerous studies

related to the study of its unique flare activity and the evolution of spots on its

surface. The article presents the results of the analysis of manifestations of long-

term activity found from archival data of photometric observations. It was found

that the data obtained independently in three archives in various photometric filters

indicate a long-term variability of the brightness of GJ 1243 with four charac-

teristic cycle values (we number them from 1 to 4) grouped around the values

of Pcycle (1-3): 1.5 years, 2.6 years and 6.3 years, respectively, as well as around

Pcycl (4) of the order of 12.3 - 12.6 years. The analysis of the position of the

GJ 1243 data on the diagram of the Pcycl/Prot - 1/Prot in logarithmic

coordinates was performed and a comparison was made with the results of studies

of other M dwarfs which led to the conclusion of a single general dependence

for short cycles for all the objects under consideration.
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ÊÎËÈ×ÅÑÒÂÅÍÍÛÉ ÀÍÀËÈÇ ÑÏÅÊÒÐÎÂ ÇÂÅÇÄ
CQ Tau È UX Ori ÂÍÅ ÇÀÒÌÅÍÈÉ ÏÎ ÄÀÍÍÛÌ

NORDIC OPTICAL TELESCOPE

Ï.ÄÈÌÈÒÐÈÅÂÀ1, Î.Â.ÊÎÇËÎÂÀ2

Ïîñòóïèëà 20 àâãóñòà 2024
Ïðèíÿòà ê ïå÷àòè 6 äåêàáðÿ 2024

Âûïîëíåí êîëè÷åñòâåííûé àíàëèç ñïåêòðîâ çâåçä CQ Tau è UX Ori, ïðèíàäëåæàùèõ
ñåìåéñòâó ìîëîäûõ íåïðàâèëüíûõ ïåðåìåííûõ çâåçä ñ àëãîëåïîäîáíûìè îñëàáëåíèÿìè
áëåñêà. Ñïåêòðû ïîëó÷åíû â îáñåðâàòîðèè Nordic Optical Telescope (NOT) â ìîìåíòû âðåìåíè,
êîãäà îáå çâåçäû íàõîäèëèñü â ÿðêîì ñîñòîÿíèè. Íà èõ îñíîâå îïðåäåëåíû ýêâèâàëåíòíûå
øèðèíû ôîòîñôåðíûõ ëèíèé ïîãëîùåíèÿ è ýìèññèîííîé ëèíèè H . Ïî ýêâèâàëåíòíîé
øèðèíå ýìèññèîííîé ëèíèè ñäåëàíû îöåíêè òåìïà àêêðåöèè ãàçà íà çâåçäû.

Êëþ÷åâûå ñëîâà: ïåðåìåííûå çâåçäû: ñïåêòðû: CQ Tau, UX Ori

1. Ââåäåíèå. Çâåçäû òèïà UX Ori - ýòî ìîëîäûå çâåçäû ïðåèìóùåñòâåííî

ñïåêòðàëüíûõ êëàññîâ A-F, äåìîíñòðèðóþùèå ãëóáîêèå ( m32 V )

íåïåðèîäè÷åñêèå îñëàáëåíèÿ áëåñêà ïðîäîëæèòåëüíîñòüþ îò íåñêîëüêèõ äíåé

äî íåñêîëüêèõ íåäåëü. Ê ÷èñëó èõ âàæíûõ íàáëþäàòåëüíûõ îñîáåííîñòåé

îòíîñèòñÿ íåîáû÷íîå ïîâåäåíèå öâåòîâûõ òðåêîâ íà äèàãðàììàõ öâåò-âåëè÷èíà.

Âïåðâûå ýòîò ýôôåêò íàáëþäàëè â 1968ã. Ãåòö è Âåíöåëü [1] âî âðåìÿ

ìèíèìóìîâ CQ Tau. Ïàäåíèå áëåñêà çâåçäû âíà÷àëå ñîïðîâîæäàëîñü

ïîêðàñíåíèåì, îäíàêî âáëèçè ìèíèìóìà öâåòîâîé òðåê ïîâîðà÷èâàë â ãîëóáóþ

ñòîðîíó. Âñêîðå "ýôôåêò ïîãîëóáåíèÿ" áûë îáíàðóæåí ó äðóãèõ çâåçä ýòîãî

òèïà. Ïåðâîíà÷àëüíî ýòîò ýôôåêò îáúÿñíÿëè óñèëåíèåì âêëàäà ýìèññèîííîãî

ñïåêòðà çâåçä ïðè îñëàáëåíèÿõ áëåñêà (ñì., íàïðèìåð, [2,3]). Ïîçæå âûÿñíèëîñü,

÷òî åãî ïðîèñõîæäåíèå ñâÿçàíî ñ óñèëåíèåì âêëàäà ðàññåÿííîãî èçëó÷åíèÿ

îêîëîçâåçäíûõ äèñêîâ. Äîêàçàòåëüñòâà ýòîãî áûëè ïîëó÷åíû â õîäå ìíîãî-

ëåòíåãî ôîòîïîëÿðèìåòðè÷åñêîãî ìîíèòîðèíãà çâåçä ýòîãî ñåìåéñòâà [4]. Ó

âñåõ èññëåäîâàííûõ çâåçä íàáëþäàëàñü âûñîêàÿ ëèíåéíàÿ ïîëÿðèçàöèÿ â

ìèíèìóìàõ áëåñêà, äîñòèãàþùàÿ 5-8%. Íà îñíîâàíèè ýòîãî â öèòèðîâàííîé

âûøå ðàáîòå áûëî âûñêàçàíî ïðåäïîëîæåíèå, ÷òî îêîëîçâåçäíûå äèñêè çâåçä

òèïà UX Ori íàêëîíåíû ïîä íåáîëüøèì óãëîì ê ëó÷ó çðåíèÿ, ÷òî è ÿâëÿåòñÿ

ãëàâíîé ïðè÷èíîé èõ ñèëüíîé ïåðåìåííîñòè. Ýòî ïðåäïîëîæåíèå â öåëîì

ïîäòâåðäèëîñü ïðè èíòåðôåðîìåòðè÷åñêèõ íàáëþäåíèÿõ îêîëîçâåçäíûõ äèñêîâ
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(ñì., íàïðèìåð, [5]).

Â äàííîé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû êîëè÷åñòâåííîãî àíàëèçà ñïåêòðîâ

äâóõ çâåçä òèïà UX Ori: CQ Tau è ñàìîé UX Ori, ïîëó÷åííûõ â ñòàòüå [6].

Ñïåêòðû ïîëó÷åíû ñ ïîìîùüþ ýøåëüíîãî ñïåêòðîãðàôà íà  2.56-ì òåëåñêîïå

îáñåðâàòîðèè NOT (Nordic Optical Telescope) ñ âûñîêèì ñïåêòðàëüíûì ðàçðå-

øåíèåì (R = 25000). Ñïåêòðàëüíûå íàáëþäåíèÿ ñîïðîâîæäàëèñü ôîòîìåòðè-

÷åñêèìè íàáëþäåíèÿìè â Êðûìñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè, êîòîðûå

ïîêàçàëè, ÷òî îáå çâåçäû íàõîäèëèñü â ÿðêîì ñîñòîÿíèè áëåñêà (âíå çàòìåíèé).

Â òàáë.1 ïðèâåäåíû ïàðàìåòðû çâåçä UX Ori è CQ Tau ñîãëàñíî äàííûì

Ðîñòîï÷èíîé [7]. Çàìåòèì, ÷òî â åå ðàáîòå äëÿ ýòîé öåëè èñïîëüçîâàëèñü

ñàìûå ÿðêèå ñîñòîÿíèÿ çâåçä òèïà UX Ori, â êîòîðûõ âëèÿíèå ïåðåìåííîé

îêîëîçâåçäíîé ýêñòèíêöèè íà ðàñïðåäåëåíèå ýíåðãèè â ñïåêòðå çâåçä

ìèíèìàëüíî, ÷òî î÷åíü âàæíî ïðè èçó÷åíèè çâåçä ýòîãî ñåìåéñòâà. Ìû

ñêîððåêòèðîâàëè ðåçóëüòàòû åå ðàáîòû äëÿ UX Ori ñ ó÷åòîì äàííûõ î

ðàññòîÿíèè äî ýòîé çâåçäû ïî íàáëþäåíèÿì GAIA [8].

2. Îáùåå îïèñàíèå ñïåêòðîâ. Â îïòè÷åñêèõ ñïåêòðàõ èññëåäóåìûõ

çâåçä ïðèñóòñòâóþò ìíîãî÷èñëåííûå ëèíèè ïîãëîùåíèÿ íåéòðàëüíûõ è

èîíèçîâàííûõ ìåòàëëîâ (ðèñ.1-6), à òàêæå ýìèññèîííûå ëèíèè âîäîðîäà

Áàëüìåðîâñêîé è Ïàøåíîâñêîé ñåðèé. Áîëüøèíñòâî ôîòîñôåðíûõ ëèíèé

òèïè÷íû äëÿ íîðìàëüíûõ çâåçä áëèçêèõ ñïåêòðàëüíûõ êëàññîâ, íî òàêèå êàê

HeI 5876, NaI D èëè òðèïëåò OI 7774, íå íàáëþäàþòñÿ ñ òàêîé æå èíòåíñèâ-

íîñòüþ ó íîðìàëüíûõ À-çâåçä.  Ìíîãèå ôîòîñôåðíûå ëèíèè áëåíäèðîâàíû

îêîëîçâåçäíûìè ëèíèÿìè ïîãëîùåíèÿ, òàê íàçûâàåìûìè shell êîìïîíåíòàìè.

Êàê ïîêàçàë íàø àíàëèç, íàèáîëåå ñòàáèëüíûìè îêàçàëèñü ëèíèè MgII 4481

è SiII 6347.

Â ðåçîíàíñíûõ ëèíèÿõ NaI íàáëþäàþòñÿ ñïåêòðàëüíûå êîìïîíåíòû ïîãëî-

ùåíèÿ, ñìåùåííûå â êðàñíóþ ñòîðîíó. Ýòè êîìïîíåíòû ìîãóò ïîÿâëÿòüñÿ

è èñ÷åçàòü â òå÷åíèå íåñêîëüêèõ äíåé, óêàçûâàÿ íà ïàäåíèå ãàçîâûõ ñãóñòêîâ

íà çâåçäó. Ïîõîæàÿ êàðòèíà ïàäåíèÿ âåùåñòâà íàáëþäàåòñÿ â ñïåêòðå

Çâåçäà Sp d (ïê) )( MM Âîçðàñò (106
 ã.) )( RR V isinv  (êì/ñ)

UX Ori A3III 325 1.9 4 1.9 3.9 140
CQ Tau F2IV 140 1.5 10 1.9 2.2 90

Òàáëèöà 1

ÏÀÐÀÌÅÒÐÛ ÍÀÁËÞÄÀÅÌÛÕ ÇÂÅÇÄ

Êîììåíòàðèé: Ðàññòîÿíèå äëÿ UX Ori âçÿòî èç ñòàòüè [8], ñêîðîñòè äëÿ UX Ori è CQ
Tau èç ñòàòüè [6], îñòàëüíûå ïàðàìåòðû èç ñòàòüè [7].
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Ðèñ.2. Òî æå ñàìîå, ÷òî íà ðèñ.1 äëÿ 29 ïîðÿäêà.
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eff
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  Pictoris â ëèíèÿõ ðåçîíàíñíîãî äóáëåòà ÑàII [9].

Íà ðèñ.1-6 ïîêàçàíû âûáîðî÷íûå ïîðÿäêè ïîëíîãî ñïåêòðà CQ Tau,

ïîëó÷åííîãî ïóòåì óñðåäíåíèÿ ñïåêòðîâ, íàáëþäàâøèõñÿ â òå÷åíèå òðåõ

íî÷åé 1996ã. Íà ðèñóíêàõ ïîêàçàíû òàêæå ñîîòâåòñòâóþùèå ó÷àñòêè

Ðèñ.4. Òî æå ñàìîå, ÷òî íà ðèñ.1 äëÿ 34 ïîðÿäêà.

Ðèñ.3. Òî æå ñàìîå, ÷òî íà ðèñ.1 äëÿ 30 ïîðÿäêà.
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ñèíòåòè÷åñêîãî ñïåêòðà ýòîé çâåçäû (T
eff

 = 7000 Ê è logg = 3.5) äî è ïîñëå

ñâåðòêè ñ ïðîåêöèîííîé ñêîðîñòüþ âðàùåíèÿ ( 90sin iv  êì/ñ [6]). Âûáîðî÷íûå

ïîðÿäêè ïîëíîãî ñïåêòðà UX Ori, ñîâìåùåííûå ñ ñèíòåòè÷åñêèì ñïåêòðîì,

Ðèñ.5. Òî æå ñàìîå, ÷òî íà ðèñ.1 äëÿ 39 ïîðÿäêà.

Ðèñ.6. Òî æå ñàìîå, ÷òî íà ðèñ.1 äëÿ 46 ïîðÿäêà.
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ïðèâåäåíû â öèòèðîâàííîé âûøå ñòàòüå, íî ïîêàçàíû â íåé íåáîëüøèìè

ôðàãìåíòàìè.

3. Ñïåêòðàëüíàÿ ïåðåìåííîñòü èññëåäóåìûõ çâåçä â ÿðêîì

ñîñòîÿíèè. Â ñòàòüå [10] àâòîðû èññëåäîâàëè ñòàòèñòèêó ïðîôèëåé ëèíèè

H  â ñïåêòðàõ çâåçä òèïà UX Ori è ïîêàçàëè, ÷òî äâóõêîìïîíåíòíûé

ïðîôèëü ëèíèè ÿâëÿåòñÿ õàðàêòåðíûì äëÿ çâåçä ýòîãî ñåìåéñòâà. Íåäàâíî

ýòîò âûâîä áûë ïîäòâåðæäåí â ñòàòüå [11] íà áîëåå øèðîêîì ñòàòèñòè÷åñêîì

ìàòåðèàëå. Ëèíèÿ H  èìååò øèðîêèå, ïî÷òè ñèììåòðè÷íûå êðûëüÿ â ýìèññèè,

ïðîñòèðàþùåéñÿ äî ±400 êì/ñ. Òèïè÷íûå ëó÷åâûå ñêîðîñòè íà ïîëîâèííîé

èíòåíñèâíîñòè ñîñòàâëÿþò ±200 - 300 êì/ñ. Ïðè çàòìåíèè çâåçäû ýêâèâàëåíòíàÿ

øèðèíà  HEW  óâåëè÷èâàåòñÿ, ïðè ýòîì ïîòîê â ëèíèè óìåíüøàåòñÿ. Òàêàÿ

ïåðåìåííîñòü ýòîé ëèíèè â ñïåêòðàõ çâåçä òèïà UX Ori âïåðâûå íàáëþäàëàñü

Êîëîòèëîâûì [12]. Â ìîìåíòû íàèáîëåå ãëóáîêèõ ìèíèìóìîâ äâóõêîìïî-

íåíòíûé ïðîôèëü ëèíèè H  â ñïåêòðå CQ Tau òðàíñôîðìèðóåòñÿ â îäíî-

êîìïîíåíòíûé ïðîôèëü [13]. Òàêàÿ æå òðàíñôîðìàöèÿ íàáëþäàëàñü âî âðåìÿ

ãëóáîêîãî ìèíèìóìà UX Ori [14].

Îòíîñèòåëüíàÿ èíòåíñèâíîñòü äâóõ ýìèññèîííûõ ïèêîâ H  ñî âðåìåíåì

ìåíÿåòñÿ. Îäíàêî, íåñìîòðÿ íà áîëüøèå âðåìåííûå âàðèàöèè, äëÿ êàæäîé

çâåçäû ñóùåñòâóåò îáùàÿ çàêîíîìåðíîñòü, õàðàêòåðèçóþùàÿ ïðîôèëü H . À

èìåííî, â UX Ori è CQ Tau ñèíèé ïèê ñèñòåìàòè÷åñêè ñèëüíåå êðàñíîãî

(îáðàòíûé ïðîôèëü P Cygni òèïà III).

Ñîãëàñíî èíòåðïðåòàöèè Òàìáîâöåâîé è äð. [15], òàêèå ïðîôèëè îæèäàþòñÿ,

åñëè ëèíèÿ H  ôîðìèðóåòñÿ â àêêðåöèîííîì äèñêå, âèäèìîì ïî÷òè ñ ðåáðà.

Îòíîñèòåëüíàÿ èíòåíñèâíîñòü ñèíåãî è êðàñíîãî ïèêîâ îïðåäåëÿåòñÿ

êîìáèíàöèåé âðàùåíèÿ è äâèæåíèÿ. Åñëè ýòî òàê, òî ïðîôèëü îáðàòíûé

P Cygni III ó çâåçä UX Ori è CQ Tau óêàçûâàåò íà ñèòóàöèþ, êîãäà âàæíóþ

ðîëü â ôîðìèðîâàíèè ëèíèè èãðàåò àêêðåöèÿ.

Äëÿ çâåçä ýòîãî òèïà âîçìîæíû äâà ðàçíûõ èñòî÷íèêà ñïåêòðàëüíîé

ïåðåìåííîñòè [6]. Îäèí èç íèõ õàðàêòåðåí äëÿ ìíîãèõ ìîëîäûõ çâåçä ñ

ãàçîâûìè îáîëî÷êàìè. Â ýòîì ñëó÷àå ïåðåìåííîñòü ýìèññèîííîãî ñïåêòðà

ñâÿçàíà ñ âàðèàöèÿìè òåìïåðàòóðû è ïëîòíîñòè â èçëó÷àþùåé îáëàñòè è íà

ëó÷å çðåíèÿ. Íàáëþäåíèÿ ïîêàçûâàþò, ÷òî òàêèå âàðèàöèè ìîãóò áûòü

äîñòàòî÷íî ñèëüíûìè è ìîãóò ïðèâîäèòü ê ñèëüíîé ïåðåìåííîñòè ñïåêòðàëüíûõ

ëèíèé.

Äðóãîé ìåõàíèçì ñïåêòðàëüíîé ïåðåìåííîñòè õàðàêòåðåí òîëüêî äëÿ çâåçä

òèïà UX Ori. Îí ñâÿçàí ñ êîðîíîãðàôè÷åñêèì ýôôåêòîì, ñîçäàâàåìûì

íåïðîçðà÷íûìè ãàçîïûëåâûìè ñòðóêòóðàìè (îáëàêàìè) ïðîòîïëàíåòíîãî äèñêà,

êîòîðûå çàêðûâàþò çâåçäó îò íàáëþäàòåëÿ è âûçûâàþò ãëóáîêèå ìèíèìóìû,

õàðàêòåðíûå äëÿ ýòèõ çâåçä. Íåïðîçðà÷íûå ôðàãìåíòû äèñêà ýêðàíèðóþò îò
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Òàáëèöà 2

ÐÅÇÓËÜÒÀÒÛ ÈÇÌÅÐÅÍÈÉ ÝÊÂÈÂÀËÅÍÒÍÛÕ ØÈÐÈÍ ÄËß UX Ori

Ïîðÿäîê Ýëåìåíò )Å( )Å(EW

                   UX Ori 1994

26 HI (emission) 8598.40 -1.66 (19/11/94)
HI (emission) 8665.02 -1.85 (19/11/94)

34 H  (emission) 6562.80 -7.61 (19/11/94)

                   UX Ori 1995

26 HI (emission) 8598.40 -1.60 (02/12/95)
HI (emission) 8598.40 -1.61 (04/12/95)
HI (emission) 8598.40 -1.76 (06/12/95)

HI+CaII (emission) 8665.02 -2.50 (02/12/95)
H+CaII (emission) 8665.02 -3.09 (04/12/95)
HI+CaII (emission) 8665.02 -2.11 (06/12/95)

34 H  (emission) 6562.80 -13.15 (02/12/95)
H  (emission) 6562.80 -12.77 (04/12/95)
H  (emission) 6562.80 -12.72 (06/12/95)
H  (emission) 6562.80 -10.56 (02/12/95)
H  (emission) 6562.80 -10.50 (04/12/95)
H  (emission) 6562.80 -10.08 (06/12/95)

46 H  (emission) 4861.32 -1.29 (02/12/95)

H  (emission) 4861.32 -1.12 (04/12/95)

H  (emission) 4861.32 -1.30 (06/12/95)
49 TiII 4563.76 0.12
50 MgII 4481.33 0.59
54 TiII 4163.65 0.11
55 H  (emission) 4101.73 -0.29 (02/12/95)
57 CaII 3933.66 2.18

               UX Ori 1996

26 HI (emission) 8598.40 -1.68 (25/11/96)
HI (emission) 8598.40 -1.86 (28/11/96)

HI+CaII (emission) 8665.02 -1.43 (25/11/96)
HI+CaII (emission) 8665.02 -1.40 (28/11/96)

34 H  (emission) 6562.80 -8.46 (25/11/96)
H  (emission) 6562.80 -5.67 (28/11/96)

35(1) H  (emission) 6562.80 -5.52 (28/11/96)
H  (emission) 6562.80 -5.23 (02/12/96)

35(2) SiII 6347.11 0.34
SiII 6371.37 0.22

36 SiII 6347.11 0.33
SiII 6371.37 0.26

39 HeI 5875.61 0.48
NaI 5889.95 0.70
NaI 5895.92 0.54

47 H  (emission) 4861.32 -0.31 (28/11/96)
H  (emission) 4861.32 -0.35 (02/12/96)
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Ïîðÿäîê Ýëåìåíò )Å( )Å(EW

1 2 3 4

                 CQ Tau 1995

26 HI (emission) 8598.40 -0.38 (03/12/95)
HI (emission) 8598.40 -0.35 (05/12/95)

30 FeII 7415.95 0.12
34 H  (emission) 6562.80 -8.45 (03/12/95)

H  (emission) 6562.80 -5.16 (05/12/95)
35 FeI 6393.60 0.12

FeI 6400.00 0.14
CaI 6439.07 0.16
CaI 6449.81 0.16
FeII 6456.38 0.29
CaI 6462.57 0.22

36 NiI, FeI 6191.17, 6191.56 0.10
37 FeI 6065.48 0.14

FeI 6078.49 0.11
39 SiI 5747.67 0.04

FeI, SiI 5753.12, 5753.62 0.15
FeI 5762.99 0.12
CaI 5581.96 0.11

40 CaI, FeI 5594.46, 5594.65 0.20
FeI 5624.54 0.16

41 FeI 5429.70 0.20
FeI, FeI 5455.44, 5455.61 0.25

SiI 5494.24 0.04
FeI 5497.52 0.07
FeI 5501.46 0.17

42 FeI 5302.30 0.10
FeI 5307.36 0.12

43 MgI 5172.68 0.39
MgI 5183.60 0.56
TiII 5188.68 0.08

FeI, FeI 5191.45, 5192.34 0.17
TiII, FeI 5226.54, 5226.86 0.55

44 NiI 5115.39 0.05
45 FeI 4957.60 0.36

FeI 5027.12 0.14
46 H  (emission) 4861.32 -0.20 (03/12/95)

H  (emission) 4861.32 -0.26 (05/12/95)
FeI, FeI 4871.32, 4872.14 1.10

47 TiII 4779.98 0.09
MnI 4783.43 0.09

NiI, FeI 4786.53, 4786.81 0.08

Òàáëèöà 3

ÐÅÇÓËÜÒÀÒÛ ÈÇÌÅÐÅÍÈÉ ÝÊÂÈÂÀËÅÍÒÍÛÕ ØÈÐÈÍ

ÄËß CQ Tau, 1995
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1 2 3 4

48 FeI 4673.16 0.14
MgI 4702.99 0.22

49 TiII 4563.76 0.34
TiII 4571.97 0.26

50 FeI, FeI 4476.02, 4476.08 0.12
TiII 4501.27 0.28
FeII 4508.29 0.23
FeII 4515.34 0.27

52 ScII, TiII 4314.08, 4314.97 1.02
ScII, TiII 4325.00, 4325.76 1.17
H  (emission) 4340.46 -0.05 (03/12/95)
H  (emission) 4340.46 -0.01 (05/12/95)

53 FeI 4260.47 1.07
FeI 4271.15 0.66

54 FeI, FeI 4143.41, 4143.87 1.03
TiII 4161.53 0.32
TiII 4163.65 0.21
MgI 4167.27 0.47

55 FeI 4063.59 1.04
FeI, FeI 4071.52, 4071.74 0.85

H  (emission) 4101.73 -0.05 (05/12/95)

Òàáëèöà 3 (Îêîí÷àíèå)

íàáëþäàòåëÿ íå òîëüêî çâåçäó, íî è òó ÷àñòü ãàçîâîé îáîëî÷êè ïåðåä çâåçäîé,

êîòîðàÿ îòâå÷àåò çà àáñîðáöèîííóþ ñîñòàâëÿþùóþ ïðîôèëÿ ëèíèè. Â ðåçóëüòàòå

öåíòðàëüíîå ïîãëîùåíèå ñíèæàåòñÿ è ìîæåò ïîëíîñòüþ èñ÷åçíóòü [16]. Ýòîò

ýôôåêò íàáëþäàåòñÿ òàêæå â èçìåíåíèÿõ ýêâèâàëåíòíûõ øèðèí ýìèññèîííûõ

ëèíèé, òàêèõ êàê ëèíèÿ H , îáðàçóþùèõñÿ â ïðîòÿæåííîé îáëàñòè, êîòîðàÿ

òîëüêî ÷àñòè÷íî ýêðàíèðóåòñÿ îêîëîçâåçäíûìè îáëàêàìè.

4. Ðåçóëüòàòû. Ðåçóëüòàòû èçìåðåíèé ýêâèâàëåíòíûõ øèðèí çâåçä

UX Ori è CQ Tau ïðèâåäåíû â òàáë.2-4, ãäå â ñòîëáöå 1 óêàçàí ïîðÿäîê

ýøåëüíîãî ñïåêòðà, â ñòîëáöå 2 - õèìè÷åñêèé ýëåìåíò, ïðèíàäëåæàùèé

ëèíèè, â ñòîëáöå 3 - äëèíà âîëíû ñïåêòðàëüíîé ëèíèè (â àíãñòðåìàõ) è â

ñòîëáöå 4 - çíà÷åíèå ýêâèâàëåíòíîé øèðèíû EW (â àíãñòðåìàõ).

Ñëåäóåò îòìåòèòü, ÷òî ýêâèâàëåíòíûå øèðèíû èçìåðÿëèñü ïî óñðåäíåííîìó

ñïåêòðó, íî äëÿ ýìèññèîííûõ âîäîðîäíûõ ëèíèé èçìåðåíèÿ ïðîâîäèëèñü äëÿ

êàæäîãî ìîìåíòà âðåìåíè îòäåëüíî, ïîýòîìó â òàáëèöàõ óêàçûâàëàñü äàòà

íàáëþäåíèÿ ðÿäîì ñî çíà÷åíèåì EW. Îòðèöàòåëüíûå çíà÷åíèÿ EW óêàçûâàþò

íà ýìèññèîííûå ëèíèè. Îïðåäåëåíèå ýêâèâàëåíòíûõ øèðèí ýìèññèîííûõ

ëèíèé ïðîâîäèëîñü ñ ïîìîùüþ ñèíòåòè÷åñêèõ ñïåêòðîâ: ýìèññèåé ñ÷èòàëîñü

âñå, ÷òî ëåæèò âûøå ñèíòåòè÷åñêèõ ïðîôèëåé ëèíèé, ðàñøèðåííûõ âðàùåíèåì
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Ïîðÿäîê Ýëåìåíò )Å( )Å(EW

1 2 3 4

                        CQ Tau 1996

29 KI 7664.91 0.96
KI 7698.97 0.38

OI, OI, OI 7771.94, 7774.17, 7775.39 1.17
30 FeII 7462.41 0.18

SI 7468.59 0.04
FeI 7495.06 0.18

34 H  (emission) 6562.80 -11.99 (21/11/96)
H  (emission) 6562.80 -8.57 (26/11/96)
H  (emission) 6562.80 -7.46 (29/11/96)

35(1) FeII, FeI 6393.60 0.16
FeI 6400.00 0.14
CaI 6439.07 0.21
CaI 6449.81 0.15
CaI 6462.57 0.18

35(2) H  (emission) 6562.80 -7.65 (29/11/96)
H  (emission) 6562.80 -5.97 (02/12/96)

36 FeI 6200.31 0.11
FeI 6219.28 0.12

FeI, FeI 6230.73, 6232.64 0.21
37 FeI 6008.55 0.20

MnI, MnI 6013.51, 6016.67 0.21
FeI 6065.48 0.12
FeI 6078.49 0.13

39 SiI 5747.67 0.11
FeI, SiI 5753.12, 5753.62 0.16

FeI 5762.99 0.16
40 CaI 5581.96 0.12

FeI, FeI, FeI 5615.30, 5615.64, 5618.63 0.32
41 TiII 5418.12 0.18

FeI, FeII 5424.64, 5425.26 0.28
FeI 5429.70 0.22

FeII, FeI 5432.97, 5434.52 0.40
FeI, FeI 5445.04, 5446.92 0.40
FeI, FeI 5455.44, 5455.61 0.26

FeI 5497.52 0.19
43 MgI 5183.60 0.79

TiII 5188.68 0.21
FeI, FeI 5191.45, 5192.34 0.39

CrI, CrI, CrI 5204.51, 5206.04, 5208.42 0.91
FeI, FeI, FeI 5215.18, 5216.27, 5217.39 0.43

TiII, FeI 5226.54, 5226.86 0.70

Òàáëèöà 4

ÐÅÇÓËÜÒÀÒÛ ÈÇÌÅÐÅÍÈÉ ÝÊÂÈÂÀËÅÍÒÍÛÕ ØÈÐÈÍ

ÄËß CQ Tau, 1996
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çâåçäû è ñìåùåííûõ â ñèñòåìó êîîðäèíàò çâåçäû. Òî÷íîñòü èçìåðåíèÿ EW

ìîæíî îöåíèòü ïî óðîâíþ øóìîâ â êîíòèíóóìå, îïðåäåëÿåìûõ îòíîøåíèåì

S/N. Âáëèçè ëèíèè H  100NS   [6], ÷òî îáåñïå÷èâàåò òî÷íîñòü îïðåäåëåíèÿ

 HEW  â íåñêîëüêî ïðîöåíòîâ.

Ñëåäóþùèé âàæíûé ïàðàìåòð, êîòîðûé ìû îïðåäåëèëè, ýòî òåìï àêêðåöèè.

Îí ïðåäñòàâëåí â òàáë.5. Çâåçäû àêêðåöèðóþò îêîëîçâåçäíîå âåùåñòâî â

ñîîòâåòñòâèè ñ ìàãíèòîñôåðíîé ìîäåëüþ àêêðåöèè (ñì. íàïðèìåð, Íàòòà è

äð. [17]), êîòîðàÿ îáúÿñíÿåò íàáëþäàåìûå èçáûòî÷íûå ïîòîêè â ñïåêòðàõ

çâåçä Õåðáèãà. Ïàäàþùèé ìàòåðèàë, íàõîäÿùèéñÿ â îêðóæåíèè çâåçäû,

âçàèìîäåéñòâóÿ ñ ôîòîñôåðîé, âûçûâàåò èçáûòî÷íîå ÓÔ-èçëó÷åíèå, ñâåòèìîñòü

êîòîðîãî çàâèñèò îò ïàðàìåòðîâ çâåçäû è òåìïà àêêðåöèè. Çíàíèå àêêðåöèîííîé

ñâåòèìîñòè ïîçâîëÿåò îïðåäåëèòü òåìï àêêðåöèè (ñì. íèæå). Òàêèì îáðàçîì,

òåìï àêêðåöèè ÿâëÿåòñÿ âàæíûì ïàðàìåòðîì ìîëîäûõ çâåçä, ïîêàçûâàþùèì

êîëè÷åñòâî âåùåñòâà (â åäèíèöàõ ìàññ Ñîëíöà â ãîä) ïåðåòåêàþùåãî èç

îêîëîçâåçäíîãî äèñêà íà ïîâåðõíîñòü çâåçäû. Ó ìîëîäûõ çâåçä âàæíóþ ðîëü

â ïðîöåññå àêêðåöèè èãðàåò âçàèìîäåéñòâèå âåùåñòâà ïðîòîïëàíåòíîãî äèñêà

ñ ìàãíèòîñôåðîé çâåçäû.

Äëÿ îïðåäåëåíèÿ àêêðåöèîííîé ñâåòèìîñòè ìû âûáðàëè ýìèññèîííóþ

ëèíèþ H , òàê êàê ýòà ëèíèÿ ÿâëÿåòñÿ íàèáîëåå ñèëüíîé èç ïðèñóòñòâóþùèõ

â îïòè÷åñêèõ ñïåêòðàõ ìîëîäûõ çâåçä. Ñâåòèìîñòü çâåçäû â ýòîé ëèíèè

âû÷èñëÿëàñü ñ èñïîëüçîâàíèåì çâåçäíîãî ïîòîêà f  íà äëèíå âîëíû ëèíèè,

ðàññ÷èòàííîãî ïî ìîäåëÿì Êóðó÷à [18] ñ ó÷åòîì ðàññòîÿíèÿ äî çâåçäû (1).

1 2 3 4

44 FeI, FeI 5049.82, 5051.63 0.51
FeI 5065.01 0.56
FeI 5068.76 0.41

TiII, FeI 5072.28, 5074.75 0.64
FeI, FeI 5107.64, 5110.41 0.42

NiI 5115.39 0.12
45 FeI 4957.60 0.37
46 H  (emission) 4861.32 -0.67 (21/11/96)

H  (emission) 4861.32 -0.53 (26/11/96)

H  (emission) 4861.32 -0.26 (29/11/96)
47 H  (emission) 4861.32 -0.29 (29/11/96)
52 H  (emission) 4340.46 -0.14 (21/11/96)

TiII, H  (emission) 4340.46 -0.14 (26/11/96)
55 H  (emission) 4101.73 -0.08 (21/11/96)

H  (emission) 4101.73 -0.08 (26/11/96)

H  (emission) 4101.73 -0.02 (29/11/96)

Òàáëèöà 4 (Îêîí÷àíèå)
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. EW4 H
2

H   fdL (1)

Èñïîëüçîâàëîñü ñëåäóþùåå ñîîòíîøåíèå ìåæäó àêêðåöèîííîé ñâåòèìîñòüþ

è ñâåòèìîñòüþ â ëèíèè [8]:

, loglog
 L

L
BA

L

L lineacc  (2)

ãäå A è B - êîýôôèöèåíòû, ñîîòâåòñòâóþùèå òî÷êå ïåðåñå÷åíèÿ è ãðàäèåíòó

ñîîòíîøåíèÿ ìåæäó  LLacclog  è  LLlinelog , ñîîòâåòñòâåííî.

Ñëåäóÿ [8], ìû èñïîëüçîâàëè ñëåäóþùèå çíà÷åíèÿ: A = 2.09 ± 0.06 è

B =1.00 ± 0.05. Òåìï àêêðåöèè îïðåäåëÿëñÿ èç àêêðåöèîííîé ñâåòèìîñòè,

çâåçäíîãî ðàäèóñà è çâåçäíîé ìàññû ïî ôîðìóëå [19]:

 
, 

1 c

acc

rRGM

RL
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GM

R

rc
(4)

Çâåçäà )Å(EW Äàòà L
acc

 ( L )
710M ( M /ã.)

710M ( M /ã.)

UX Ori 7.610 19/11/94 1.33 0.75 0.93 ± 0.11
13.150 02/12/95 2.41 1.36
12.772 04/12/95 2.33 1.32
12.719 06/12/95 2.32 1.31
10.555 02/12/95 1.89 1.07
10.502 04/12/95 1.88 1.06
10.084 06/12/95 1.80 1.02
8.457 25/11/96 1.49 0.84
5.672 28/11/96 0.96 0.54
5.524 28/11/96 0.93 0.53
5.229 02/12/96 0.88 0.50

CQ Tau 8.445 03/12/95 0.67 0.42 0.39 ± 0.01
5.161 05/12/95 0.40 0.24
11.992 21/11/96 0.99 0.61
8.566 26/11/96 0.68 0.42
7.459 29/11/96 0.59 0.37
7.649 29/11/96 0.60 0.37
5.971 02/12/96 0.46 0.28

Òàáëèöà 5

ÎÖÅÍÊÈ ÒÅÌÏÀ ÀÊÊÐÅÖÈÈ ÄËß ÇÂÅÇÄ UX Ori È

CQ Tau ÏÎ ËÈÍÈÈ H
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Äëÿ UX Ori  R.rc 172 , äëÿ CQ Tau  R.rc 692 . Â òàáë.5 çàíåñåíû

çíà÷åíèÿ òåìïà àêêðåöèè, ðàññ÷èòàííûå ïî ôîðìóëàì 2, 3. Â ñòîëáöå 1

óêàçàíî íàçâàíèå çâåçäû, â ñòîëáöå 2 - ýêâèâàëåíòíàÿ øèðèíà ëèíèè H ,

â ñòîëáöå 3 - äàòà íàáëþäåíèÿ, â ñòîëáöå 4 - àêêðåöèîííàÿ ñâåòèìîñòü, â

ñòîëáöå 5 - òåìï àêêðåöèè, â ñòîëáöå 6 - ñðåäíåå çíà÷åíèå òåìïà àêêðåöèè.

Êàê âèäíî, ïðè îäíîì è òîì æå óðîâíå áëåñêà çâåçäû ïðîñëåæèâàåòñÿ

íåñòàáèëüíîñòü òåìïà àêêðåöèè, çíà÷åíèÿ êîòîðîãî ìîãóò îòëè÷àòüñÿ â 2 ðàçà.

Íåîäíîðîäíîñòü àêêðåöèðóþùåãî ìàòåðèàëà ÿâëÿåòñÿ îäíèì èç èñòî÷íèêîâ

êàê ôîòîìåòðè÷åñêîé, òàê è ñïåêòðàëüíîé ïåðåìåííîñòè èññëåäóåìûõ çâåçä

[20].

Ñîãëàñíî Ãóçìàí-Äèàç è äð. [21], òåìï àêêðåöèè èññëåäóåìûõ çâåçä

ñîñòàâëÿåò 007log .Macc   äëÿ UX Ori è 187log .Macc   äëÿ CQ Tau, ÷òî

â öåëîì ñîãëàñóåòñÿ ñ íàøèìè ðåçóëüòàòàìè è ïîêàçûâàåò ïðàâèëüíîñòü

ìåòîäà ðàñ÷åòà òåìïà àêêðåöèè è âîçìîæíîñòè åãî ïðèìåíåíèÿ äëÿ èññëåäîâàíèé

äðóãèõ çâåçä òèïà UX Ori.

5. Îáñóæäåíèå è çàêëþ÷åíèå. Â ðàáîòå áûëè îïðåäåëåíû ýêâèâàëåíòíûå

øèðèíû ðÿäà èíäèâèäóàëüíûõ ëèíèé ïî ñïåêòðàì çâåçä UX Ori è CQ Tau,

ïîëó÷åííûì â ìîìåíòû âðåìåíè, êîãäà îáà îáúåêòà íàõîäèëèñü â ÿðêîì

ñîñòîÿíèè (âíå çàòìåíèé). Çíà÷åíèÿ ýêâèâàëåíòíûõ øèðèí îòðàæàþò

ñïåêòðàëüíûå õàðàêòåðèñòèêè çâåçä è ìîãóò èñïîëüçîâàòüñÿ â êà÷åñòâå îïîðíûõ

ëèíèé, õàðàêòåðèçóþùèõ ñîñòîÿíèå çâåçäíûõ àòìîñôåð. Â ñïåêòðàõ çâåçä UX

Ori è CQ Tau íàáëþäàþòñÿ ìíîãî÷èñëåííûå ôîòîñôåðíûå ëèíèè ìåòàëëîâ

(MgI, FeI, Ti, SiI è äð.), äóáëåò íàòðèÿ è ñèëüíàÿ ýìèññèÿ â âîäîðîäíûõ

ëèíèÿõ.

Ïî ýêâèâàëåíòíîé øèðèíå ýìèññèîííîé ëèíèè H  ñäåëàíû îöåíêè

òåìïà àêêðåöèè íà çâåçäû UX Ori è CQ Tau. Äëÿ çâåçäû UX Ori ñðåäíèé

òåìï àêêðåöèè ñîñòàâèë  год10930 7
M.  , äëÿ çâåçäû CQ Tau -

 год10390 7
M.  . Ñëåäóåò ïîä÷åðêíóòü, ÷òî äëÿ îïðåäåëåíèÿ òåìïà àêêðåöèè

íà èññëåäóåìûå çâåçäû áûëà èñïîëüçîâàíà àíàëîãèÿ ñ ìàãíèòîñôåðíîé ìîäåëüþ

àêêðåöèè, ðàçðàáîòàííîé äëÿ çâåçä òèïà Ò Òåëüöà. Ýìèññèîííûå ñïåêòðû

çâåçä ýòîãî òèïà îáðàçóþòñÿ ïðåèìóùåñòâåííî â ìàãíèòîñôåðàõ çâåçä. Âêëàä

äèñêîâîãî âåòðà â ýìèññèþ â ëèíèè H  â ñïåêòðàõ ýòèõ çâåçä íåçíà÷èòåëåí

(çà èñêëþ÷åíèåì çâåçä ñ èíòåíñèâíîé àêêðåöèåé). Â ñëó÷àå çâåçä òèïà UX

Ori, áîëüøèíñòâî êîòîðûõ îòíîñèòñÿ ê ñåìåéñòâó çâåçä ÀåÂå Õåðáèãà, âêëàä

ìàãíèòîñôåðû çíà÷èòåëüíî ìåíüøå, ÷åì ó çâåçä Ò Òåëüöà. Îñíîâíîé âêëàä

â ýìèññèþ ó íèõ äàåò äèñêîâûé âåòåð [22]. Êðîìå òîãî, çâåçäû òèïà UX

Ori âðàùàþòñÿ çíà÷èòåëüíî áûñòðåå ïî ñðàâíåíèþ ñî çâåçäàìè Ò Òåëüöà, ÷òî

òàêæå çàòðóäíÿåò ïðèìåíåíèå ê íèì ìàãíèòîñôåðíîé ìîäåëè àêêðåöèè.

Ó÷èòûâàÿ ýòî, ïîëó÷åííûå âûøå îöåíêè òåìïà àêêðåöèè ñëåäóåò ðàññìàòðèâàòü
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ñêîðåå êàê âåðõíèå ïðåäåëû.

Ñëåäóåò îòìåòèòü, ÷òî òåìï àêêðåöèè äëÿ èññëåäóåìûõ çâåçä îïðåäåëÿëñÿ

â ïîñëåäíåå âðåìÿ ðÿäîì àâòîðîâ [8,20,23]. Íàøè ðåçóëüòàòû ëó÷øå âñåãî

ñîãëàñóþòñÿ ñ ðåçóëüòàòàìè Ãóçìàí-Äèàç è äð. [21], ïîëó÷åííûìè íà îñíîâå

íîâîé ýìïèðè÷åñêîé êîððåëÿöèè ìåæäó ñâåòèìîñòüþ è ìàññîé çâåçäû.

Â ðåçóëüòàòàõ ïðîñëåæèâàåòñÿ íåñòàáèëüíîñòü òåìïà àêêðåöèè, çíà÷åíèÿ

êîòîðîãî ìîãóò îòëè÷àòüñÿ â 2 ðàçà ïðè îäíîì è òîì æå óðîâíå áëåñêà çâåçäû.

Ýòà íåñòàáèëüíîñòü àêêðåöèè íàáëþäàëàñü ïî ñïåêòðàì, ïîëó÷åííûì âíå

çàòìåíèé, è ñâèäåòåëüñòâóåò î ñèëüíûõ ôëóêòóàöèÿõ ïëîòíîñòè ãàçà âî

âíóòðåííèõ îáëàñòÿõ îêîëîçâåçäíûõ äèñêîâ èññëåäóåìûõ çâåçä. Ó÷èòûâàÿ èõ

ìîëîäîñòü, ïðè÷èíîé òàêèõ ôëóêòóàöèé ìîãóò áûòü âîçìóùåíèÿ â äèñêàõ,

âûçâàííûå ôîðìèðîâàíèåì ïëàíåòíûõ ñèñòåì.

Àâòîðû âûðàæàþò èñêðåííþþ áëàãîäàðíîñòü Â.Ï.Ãðèíèíó çà ïîìîùü â

ïîäãîòîâêå è íàïèñàíèè ñòàòüè, à òàêæå ðåöåíçåíòó Ë.Â.Òàìáîâöåâîé çà

ïîëåçíûå çàìå÷àíèÿ.

1 ÑÏáÃÓ, Ñàíêò-Ïåòåðáóðã, Ðîññèÿ, e-mail: st110648@student.spbu.ru
2 Êðûìñêàÿ Àñòðîôèçè÷åñêàÿ Îáñåðâàòîðèÿ, Êðûì, Íàó÷íûé, Ðîññèÿ

QUANTITATIVE ANALYSIS OF THE SPECTRA OF
CQ Tau AND UX Ori STARS OUTSIDE ECLIPSES

ACCORDING TO THE NORDIC OPTICAL TELESCOPE

P.DIMITRIEVA1, O.V.KOZLOVA2

A quantitative analysis of the spectra of CQ Tau and UX Ori stars belonging

to the family of young irregular variable stars with Algol-like decrease in brightness

has been performed. The spectra were obtained at the Nordic Optical Telescope

(NOT) observatory at times when the stars were in a bright state. On their basis,

the equivalent widths of the photospheric absorption lines, as well as the emission

line H , are determined. The equivalent width of the latter is used to estimate

the gas accretion rate on the stars.

Keywords: variable stars: spectra: CQ Tau, UX Ori
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ÀÊÒÈÂÍÎÑÒÜ ÇÂÅÇÄÛ TOI-6255 È ÏÎÒÅÐß ÌÀÑÑÛ
ÀÒÌÎÑÔÅÐÛ ÅÅ ÏËÀÍÅÒÛ

È.Ñ.ÑÀÂÀÍÎÂ
Ïîñòóïèëà 23 àâãóñòà 2024

Ïðèíÿòà ê ïå÷àòè 6 äåêàáðÿ 2024

Ðàññìîòðåíû ñâîéñòâà ïëàíåòíîé ñèñòåìû TOI-6255, â êîòîðîé çåìëåïîäîáíàÿ ïëàíåòà
ñ óëüòðàêîðîòêèì îðáèòàëüíûì ïåðèîäîì (5.7 ÷àñîâ) îáðàùàåòñÿ âîêðóã êàðëèêà ñïåêòðàëüíîãî
êëàññà Ì. Ïî àðõèâíûì èçìåðåíèÿì áëåñêà TOI-6255 ñäåëàíû âûâîäû î ïåðåìåííîñòè
áëåñêà âñëåäñòâèå âðàùåíèÿ, à òàêæå öèêëè÷åñêîé äîëãîâðåìåííîé ïåðåìåííîñòè îáúåêòà.
Óñòàíîâëåíû âîçìîæíûå âåëè÷èíû ïåðèîäà âðàùåíèÿ Ð çâåçäû, êîòîðûå ëåæàò â èíòåðâàëàõ
64-74 ñóò è 78-92 ñóò è êîòîðûå áûëè ñîïîñòàâëåíû ñ ðåçóëüòàòàìè ëèòåðàòóðíûõ äàííûõ.
Äëÿ äâóõ çíà÷åíèé ïàðàìåòðà logR'

HK 
(-5.15

 
è -4.66), ñîîòâåòñòâóþùèõ ìàêñèìóìàì

áèìîäàëüíîãî ðàñïðåäåëåíèÿ ýòîãî ïàðàìåòðà äëÿ ìàëîàêòèâíûõ è àêòèâíûõ Ì êàðëèêîâ,
âû÷èñëåíû âåëè÷èíû îòòîêà âåùåñòâà èç àòìîñôåðû ïëàíåòû TOI-6255 b. Ïîòåðÿ âåùåñòâà
àòìîñôåðû ïëàíåòû ñîñòàâëÿåò 

9
1049 .  ã/ñ äëÿ âåëè÷èíû logR'

HK
 = -4.65 è 

9
1011 .  ã/ñ äëÿ

âåëè÷èíû logR'
HK 

 = -5.15. Îöåíåíû ïåðñïåêòèâû TOI-6255 b, êàê ïðèîðèòåòíîãî îáúåêòà äëÿ
áóäóùèõ íàáëþäåíèé è èññëåäîâàíèé.

Êëþ÷åâûå ñëîâà: çâåçäû: àêòèâíîñòü: ïÿòíà: ôîòîìåòðèÿ: ïåðåìåííîñòü:

      ïëàíåòíûå ñèñòåìû: àòìîñôåðû ýêçîïëàíåò

1. Ââåäåíèå. Àâòîðû [1] èíôîðìèðîâàëè îá îáíàðóæåíèè çåìëåïîäîáíîé

ïëàíåòû TOI-6255 b ñ óëüòðàêîðîòêèì îðáèòàëüíûì ïåðèîäîì (5.7 ÷àñ). Ïî

èçìåðåíèÿì ëó÷åâîé ñêîðîñòè (RV) áûëî óñòàíîâëåíî, ÷òî åå ìàññà ñîñòàâëÿåò

 M.. 140441 . Ñîãëàñíî [1], óëüòðà-êîðîòêîïåðèîäè÷åñêèå ïëàíåòû (USP)

ÿâëÿþòñÿ ïëàíåòàìè çåìíîé ãðóïïû (÷èñëåííîñòüþ ïîðÿäêà ñîòíè) ñ ðàäèóñàìè

 RR 2 , êîòîðûå îáðàùàþòñÿ âîêðóã ñâîèõ çâåçä ìåíåå ÷åì çà ñóòêè. ×àùå

îíè âñòðå÷àþòñÿ ó õîëîäíûõ çâåçä êàðëèêîâ, à ÷àñòîòà èõ íàëè÷èÿ ó çâåçä

ñîëíå÷íîãî òèïà ìàëà (îêîëî 0.5%), íî ýòî îáñòîÿòåëüñòâî, âîçìîæíî, íîñèò

íàáëþäàòåëüíûé õàðàêòåð. Ïî ìíåíèþ àâòîðîâ [1], ñèëüíîå ïðèëèâíîå

âîçäåéñòâèå âîçìîæíî äåôîðìèðóåò ïëàíåòó TOI-6255 b, ïðèâîäÿ åå ôîðìó

â òðåõîñíûé ýëëèïñîèä ñ äëèííîé îñüþ, êîòîðàÿ ïðèìåðíî íà 10% äëèííåå

êîðîòêîé îñè. Áëèçêîå ðàñïîëîæåíèå ïëàíåòû òàêæå ìîæåò ÿâëÿòüñÿ àðãóìåíòîì

äëÿ ïîèñêà ìàãíèòíûõ âçàèìîäåéñòâèé çâåçäû è ïëàíåòû.

Â äàííîé ñòàòüå èññëåäîâàíû ïðîÿâëåíèÿ àêòèâíîñòè çâåçäû TOI-6255,

à òàêæå ïîëó÷åíû îöåíêè âåëè÷èíû âîçìîæíîãî îòòîêà âåùåñòâà èç àòìîñôåðû

ïëàíåòû.
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2. Ïðîÿâëåíèÿ àêòèâíîñòè TOI-6255. Ñîãëàñíî [1], ýôôåêòèâíàÿ

òåìïåðàòóðà TOI-6255 (GJ 4256, LHS 6394, TIC 261135533) ðàâíà 3421 ± 70 Ê,

óñêîðåíèå ñèëû òÿæåñòè logg = 4.850 ± 0.044, ðàäèóñ 01103700 ..RR   è ìàññà

01503530 ..MM  . Îáúåêò TOI-6255 îòîæäåñòâëåí ñ èñòî÷íèêîì Gaia EDR3

1956328333130770048, åãî ïàðàëëàêñ ñîñòàâëÿåò   (mas) = 49.0544 ± 0.0236.

Â äàííîé ñòàòüå êàê è â [1], ðàññìîòðåíû íàáëþäåíèÿ TOI-6255 èç àðõèâà

êîñìè÷åñêîé ìèññèè TESS. Äàííûå áûëè ïîëó÷åíû äëÿ äâóõ ñåêòîðîâ - 16

è 56 (ðèñ.1). Íå áûëî îòìå÷åíî íèêàêèõ ïðîÿâëåíèé ïåðåìåííîñòè áëåñêà,

âûçâàííûõ âðàùàòåëüíîé ìîäóëÿöèåé. Èìåþùèåñÿ ïèêè íà ñïåêòðàõ ìîùíîñòè

âåðîÿòíåå âñåãî èìåþò ëèáî èíñòðóìåíòàëüíîå ïðîèñõîæäåíèå, ëèáî ÿâëÿþòñÿ

àðòåôàêòàìè. Äèàãðàììû äëÿ ôàçîâûõ êðèâûõ, ïîñòðîåííûå äëÿ ïåðèîäîâ â

68 èëè 85 ñóò (ñì. íèæå), ïðåäñòàâëåíû íà ïðàâûõ ïàíåëÿõ ðèñóíêà.  Ìîæíî

çàêëþ÷èòü, ÷òî äàííûå íàáëþäåíèé ìèññèè TESS íå ïîçâîëÿþò ñäåëàòü

êàêèõ-ëèáî ïðåäïîëîæåíèé î âåëè÷èíå ïåðèîäà âðàùåíèÿ çâåçäû Ð.

Àâòîðû [1] îòìåòèëè, ÷òî ïî äàííûì àíàëèçà îáçîðà WASP [2] áûëî

ñäåëàíî çàêëþ÷åíèå î ïðèñóòñòâèè íà ñïåêòðå ìîùíîñòè ïåðåìåííîñòè áëåñêà

äâóõ ïèêîâ, óêàçûâàþùèõ íà ìåäëåííîå âðàùåíèå çâåçäû, âîçìîæíî ñ

ïåðèîäîì 68 èëè 85 ñóò.

Íàìè ïðîâåäåíà íåçàâèñèìàÿ ïîïûòêà îïðåäåëåíèÿ ïåðèîäà âðàùåíèÿ

çâåçäû ïî äàííûì ìíîãîëåòíåãî îáçîðà Kamogata Wide-field Survey (KWS)

(http:kws.cetus-net.org). Â îáçîðå ïðåäñòàâëåíû íàáëþäåíèÿ çâåçäû â ôèëüòðàõ

V è Ic â èíòåðâàëå íàáëþäåíèé ñ àâãóñòà 2012ã. ïî àâãóñò 2024ã. Âíà÷àëå

Ðèñ.1. Ñëåâà - êðèâûå áëåñêà TOI-6255, â öåíòðå - ñïåêòðû ìîùíîñòè ïåðåìåííîñòè

áëåñêà, ñïðàâà - ôàçîâûå äèàãðàììû ïåðåìåííîñòè áëåñêà (ãîðèçîíòàëüíûå ëèíèè õàðàêòåðèçóþò
âåëè÷èíó àìïëèòóäû ïåðåìåííîñòè áëåñêà). Äàííûå ïðèâåäåíû äëÿ íàáëþäåíèé â ñåêòîðàõ
16 è 56.
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ïðîâåäåí àíàëèç äàííûõ äëÿ ôèëüòðà V, âñåãî áûëî ðàññìîòðåíî 997 îöåíîê

áëåñêà. Ïðåäñòàâëåííûå íà ðèñ.2 (ââåðõó) äàííûå íåñîìíåííî ñâèäåòåëüñòâóþò

î ïðèñóòñòâèè öèêëè÷íîñòè â èçìåíåíèè áëåñêà. Íà îñíîâå ïîñòðîåííîãî

ñïåêòðà ìîùíîñòè ìîæíî ïðåäïîëîæèòü ñóùåñòâîâàíèå âîçìîæíûõ öèêëîâ

àêòèâíîñòè 530 ñóò, 1000 ñóò è 2200 ñóò (âîçìîæíî, îíè ÿâëÿþòñÿ êðàòíûìè,

Ðèñ.2. Âåðõíÿÿ ïàíåëü - ôîòîìåòðè÷åñêèå íàáëþäåíèÿ TOI-6255 â ôèëüòðå V ïî
äàííûì  îáçîðà Kamogata Wide-field Survey (KWS). Ñðåäíÿÿ ïàíåëü - ñïåêòð ìîùíîñòè äëÿ
ýòèõ äàííûõ, âåðòèêàëüíûå ñâåòëûå ëèíèè îòíîñÿòñÿ ê öèêëàì àêòèâíîñòè 530 ñóò, 1000

ñóò è 2200 ñóò. Âíèçó - ñïåêòð ìîùíîñòè äëÿ èíòåðâàëà ïåðèîäîâ 1 - 100 ñóò. Âåðòèêàëüíûå
ñâåòëûå ëèíèè ñîîòâåòñòâóþò âîçìîæíûì âåëè÷èíàì ïåðèîäà âðàùåíèÿ Ð 64 ñóò è 78 ñóò.
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ñðåäíÿÿ äèàãðàììà). Íà íèæíåé äèàãðàììå ðèñ.2 ïðèâåäåí ñïåêòð ìîùíîñòè

äëÿ èíòåðâàëà ïåðèîäîâ 1 - 100 ñóò, âêëþ÷àþùåãî âåëè÷èíó âåðîÿòíîãî ïåðèîäà

âðàùåíèÿ Ð çâåçäû. Íàøå âíèìàíèå ïðèâëåêëè äâà ïèêà, ñîîòâåòñòâóþùèå

âåëè÷èíàì Ð 64 ñóò è 78 ñóò. Êàê è â [1], îñòàþòñÿ íåèçâåñòíûìè ïðè÷èíû

ïîÿâëåíèÿ è ïðèðîäà äâóõ óêàçàííûõ ïèêîâ, òî÷íî íå ñîâïàäàþùèõ ñ

Ðèñ.3. Âåðõíÿÿ ïàíåëü - ôîòîìåòðè÷åñêèå íàáëþäåíèÿ TOI-6255 â ôèëüòðå Ic ïî
äàííûì  îáçîðà Kamogata Wide-field Survey (KWS). Ñðåäíÿÿ ïàíåëü - ñïåêòð ìîùíîñòè äëÿ
ýòèõ äàííûõ, âåðòèêàëüíûå ñâåòëûå ëèíèè îòíîñÿòñÿ ê öèêëàì àêòèâíîñòè 810 ñóò è 1950

ñóò. Âíèçó - ñïåêòð ìîùíîñòè äëÿ èíòåðâàëà ïåðèîäîâ 1 - 100 ñóò. Âåðòèêàëüíûå ñâåòëûå
ëèíèè ñîîòâåòñòâóþò âîçìîæíûì âåëè÷èíàì ïåðèîäà âðàùåíèÿ 74 ñóò è 92 ñóò.
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ðåçóëüòàòàìè èç 2, íî áëèçêèõ ê íèì.

Ïðîàíàëèçèðîâàíû äàííûå î áëåñêå îáúåêòà â ôèëüòðå Ic. Âñåãî èìååòñÿ

924 îöåíêè áëåñêà çâåçäû â ýòîì ôèëüòðå. Ïðåäñòàâëåííûå íà ðèñ.3 (ââåðõó)

äàííûå ìîãóò äàòü âîçìîæíîñòü ïðåäïîëîæèòü íàëè÷èå âîçìîæíûõ öèêëîâ

àêòèâíîñòè ïîðÿäêà 810 ñóò è 1950 ñóò (ðèñ.3, ñðåäíÿÿ äèàãðàììà) è ïåðå-

ìåííîñòè íà øêàëå âðåìåíè ïîðÿäêà 1 - 100 ñóò (ðèñ.3, íèæíÿÿ äèàãðàììà).

Â èíòåðâàëå âðåìåíè, õàðàêòåðèçóþùåì âåðîÿòíûé ïåðèîä âðàùåíèÿ çâåçäû,

êàê è ïðè àíàëèçå äàííûõ î áëåñêå çâåçäû â ôèëüòðå V, òàêæå ìîæíî óêàçàòü

íà íàëè÷èå äâóõ ïèêîâ, ñîîòâåòñòâóþùèõ 74 ñóò è 92 ñóò.

Âîçðàñò ñèñòåìû áûë îöåíåí â [1] ñ ïîìîùüþ ýìïèðè÷åñêèõ ãèðîõðîíî-

ëîãè÷åñêèõ ñîîòíîøåíèé è ñîñòàâèë 6 ± 2 ìëðä ëåò äëÿ ïðèíÿòûõ àâòîðàìè

âåëè÷èí Ð. Ñ ó÷åòîì âñåõ íåîïðåäåëåííîñòåé, ìîæíî ñäåëàòü çàêëþ÷åíèå,

÷òî, ñêîðåå âñåãî, TOI-6255  ïðèíàäëåæèò ê ÷èñëó ñòàðûõ è ìàëîàêòèâíûõ

çâåçä.

Ê ñîæàëåíèþ, àâòîðû [1] íå ïðèâîäÿò èíôîðìàöèþ îá óðîâíå  õðîìî-

ñôåðíîé àêòèâíîñòè TOI-6255. Îöåíêà âåëè÷èíû èíäåêñà logR'
HK

 , íåîáõîäèìîãî

íàì â äàëüíåéøåì äëÿ îïðåäåëåíèÿ âåëè÷èíû îòòîêà âåùåñòâà èç àòìîñôåðû

ýêçîïëàíåòû,  áûëà âûïîëíåíà êîñâåííûì îáðàçîì. Íà îñíîâå äàííûõ äëÿ

Ðèñ.4. Ââåðõó - çàâèñèìîñòü ïàðàìåòðà logR'
HK 

îò ïîêàçàòåëÿ öâåòà (V-K), âíèçó -
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177 êàðëèêîâ ñïåêòðàëüíîãî êëàññà Ì [3] áûëà ïîñòðîåíà çàâèñèìîñòü ïàðàìåòðà

logR'
HK 

îò ïîêàçàòåëÿ öâåòà (V-K) (ðèñ.4, ââåðõó). Äèàãðàììà óêàçûâàåò íà

âîçìîæíîå áèìîäàëüíîå ðàñïðåäåëåíèå ïàðàìåòðà (ãèñòîãðàììà ïðèâîäèòñÿ íà

òîì æå ðèñóíêå âíèçó), à òàêæå íà íåáîëüøóþ çàâèñèìîñòü logR'
HK 

îò (V-

K) äëÿ êàæäîé ãðóïïû îáúåêòîâ. Äëÿ TOI-6255 ïîêàçàòåëü öâåòà (V-K) ðàâåí

4.m68, è çâåçäà, ñêîðåå âñåãî, ïðèíàäëåæèò ê ãðóïïå ìàëîàêòèâíûõ Ì êàðëèêîâ,

äëÿ êîòîðûõ èíäåêñ logR'
HK  

ìåíåå -5.00.  Íî âñëåäñòâèå íåîäíîçíà÷íîñòè,

â ïðèíöèïå, çâåçäà ìîæåò îáëàäàòü è áîëåå âûñîêîé àêòèâíîñòüþ, ïîïàäàÿ

â ãðóïïó àêòèâíûõ çâåçä. Ñ ó÷åòîì ýòîãî, äàëüíåéøèå âû÷èñëåíèÿ ïðîâîäèëèñü,

ïðèíèìàÿ äâà çíà÷åíèÿ ïàðàìåòðà logR'
HK 

(-5.15
 
è -4.66), ñîîòâåòñòâóþùèõ

ìàêñèìóìàì ðàñïðåäåëåíèé  äëÿ ìàëîàêòèâíûõ è àêòèâíûõ Ì êàðëèêîâ.

Îòìåòèì, ÷òî ñîãëàñíî ðåçóëüòàòàì èç [4], ðàñïðåäåëåíèÿ âåëè÷èí ïàðàìåòðà

õðîìîñôåðíîé àêòèâíîñòè äëÿ çâåçä ñïåêòðàëüíîãî êëàññà G - Ê òàêæå ìîãóò

èìåòü äâà èëè, äàæå âîçìîæíî, òðè ïèêà äëÿ G çâåçä.

Ðåçóëüòàòû î âåëè÷èíå ïàðàìåòðà logR'
HK

 TOI-6255 òðåáóþò äàëüíåéøåãî

óòî÷íåíèÿ, âîçìîæíî çâåçäà ÿâëÿåòñÿ ëèáî äåéñòâèòåëüíî êðàéíå ìàëîàêòèâíîé,

ëèáî íàõîäèòñÿ â ñîñòîÿíèè ñâîåé ïîíèæåííîé àêòèâíîñòè. Ñâåäåíèÿ î

öèêëè÷åñêîé ïåðåìåííîñòè õðîìîñôåðíîé àêòèâíîñòè çâåçäû îòñóòñòâóþò.

3. Ïîòåðÿ âåùåñòâà àòìîñôåðû TOI-784 b. Êàê óêàçûâàëîñü

âûøå [1], TOI-6255 b ÿâëÿåòñÿ ïëàíåòîé òèïà ñóïåðçåìëÿ ñ ìàññîé  M.M 441

è áîëüøîé ïîëóîñüþ îðáèòû 0.0017 à.å. Ðàâíîâåñíàÿ òåìïåðàòóðà ýêçîïëàíåòû

ðàâíà 1340 ± 60 K. Èìåÿ â ñâîåì ðàñïîðÿæåíèè òî÷íûå èçìåðåíèÿ ìàññû è

ðàäèóñà, àâòîðû [1] âûñêàçàëè ïðåäïîëîæåíèÿ î ñòðóêòóðå è âîçìîæíîì ñîñòàâå

TOI-6255 b. Âåðîÿòíî, óëüòðàêîðîòêîïåðèîäè÷åñêèå ïëàíåòû (USP) íàñòîëüêî

ñèëüíî îáëó÷àþòñÿ ñâîèìè çâåçäàìè, ÷òî èõ ïåðâè÷íàÿ H/He îáîëî÷êà äîëæíà

áûëà áûòü ïîëíîñòüþ óíè÷òîæåíà èíòåíñèâíîé ïîòåðåé âåùåñòâà. Èçìåðåííûå

ìàññû è ðàäèóñû USP ïëàíåò (ñì., íàïðèìåð, ðèñ.4 â [1]) ñîîòâåòñòâóþò

ïðåäïîëîæåíèþ î òîì, ÷òî îíè ëèøåíû àòìîñôåð è ÿâëÿþòñÿ ñêàëèñòûìè

ïëàíåòàìè ñ çåìëåïîäîáíûì ñîñòàâîì (ïðèìåðíî 30% Fe è 70% ñèëèêàòíûõ

ïîðîä). Áîëåå äåòàëüíîå îáñóæäåíèå âîçìîæíûõ ìîäåëåé ïðèìåíèòåëüíî ê

TOI-6255 b ìîæíî íàéòè â [1].

Â [1] òàêæå áûëî ïîêàçàíî, ÷òî ïðè âåëè÷èíå ïåðèîäà âðàùåíèÿ 5.7 ÷,

TOI-6255 b ìîæåò áûòü ïîäâåðæåíà ñóùåñòâåííîé äåôîðìàöèè. Â ïðèíöèïå,

ïðè îïðåäåëåííûõ óñëîâèÿõ ýòî ìîæåò ïðèâåñòè ê ôîðìå òðàíçèòà, îòëè-

÷àþùåéñÿ îò ñòàíäàðòíîé äëÿ ïëàíåòû ñôåðè÷åñêîé ôîðìû. Ïîñêîëüêó íèêàêîé

àñèììåòðèè â òðàíçèòíîì ñèãíàëå â íàáëþäåíèÿõ TESS íå áûëî îáíàðóæåíî

[1], ïëàíåòà TOI-6255 b, âåðîÿòíî, íå ïîäâåðãàåòñÿ êàòàñòðîôè÷åñêîìó ðàñïàäó.

Ïðîöåññû äåôîðìàöèè íå èñêëþ÷àþò âîçìîæíîñòè âîçíèêíîâåíèÿ èëè

ïîääåðæàíèÿ âòîðè÷íîé àòìîñôåðû, î ñóùåñòâîâàíèè êîòîðîé ìîãëè áû
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ñâèäåòåëüñòâîâàòü äîïîëíèòåëüíûå ñïåöèàëüíûå íàáëþäåíèÿ. Â ýòîì ñëó÷àå

ìîæíî áûëî áû âûïîëíèòü îöåíêè òåìïà îòòîêà âåùåñòâà èç òàêîé àòìîñôåðû

(åñëè îíà ñóùåñòâóåò).

Äëÿ ïîäñ÷åòà òàêîé ïîòåðè áåç äåòàëüíîãî ìîäåëèðîâàíèÿ ñèñòåìû ìîæíî

ïîïðîáîâàòü èñïîëüçîâàòü àïïðîêñèìàöèîííóþ ôîðìóëó (ñì., íàïðèìåð, [5,6]),

îáû÷íî íàçûâàåìóþ ìîäåëüþ ïîòåðè àòìîñôåðû ñ îãðàíè÷åíèåì ïî ýíåðãèè.

Â ýòîé ìîäåëè ïðåäïîëàãàåòñÿ, ÷òî ïîòîê æåñòêîãî ÓÔ-èçëó÷åíèÿ ïîãëîùàåòñÿ

â òîíêîì ñëîå ðàäèóñà R
XUV 

, ãäå îïòè÷åñêàÿ òîëùèíà äëÿ çâåçäíûõ XUV-

ôîòîíîâ ðàâíà åäèíèöå è âêëþ÷åí ó÷åò ïðèëèâíîãî ýôôåêòà:

 
, 

2






tidep

XUVpXUVXUVp

KGM

RRF

dt

dM
(1)

ãäå XUV  - ïàðàìåòð ýôôåêòèâíîñòè íàãðåâà ( 1020 ..XUV   äëÿ ìèíè-

íåïòóíîâ è ñóïåð-çåìåëü); G - ãðàâèòàöèîííàÿ ïîñòîÿííàÿ; F
XUV

 - ïîòîê

XUV-ôîòîíîâ; R
p
 - ðàäèóñ ïëàíåòû; M

p
 - ìàññà ïëàíåòû; R

XUV
 - ðàäèóñ

ïîãëîùåíèÿ XUV-ôîòîíîâ;  tideK  - ïðèëèâíûé ïàðàìåòð. Ïîäðîáíîñòè

èñïîëüçîâàíèÿ ñîîòíîøåíèÿ (1) ìîæíî íàéòè âî ìíîãèõ ëèòåðàòóðíûõ

èñòî÷íèêàõ, â òîì ÷èñëå â [5-7].

Îñíîâíûå äàííûå î ïëàíåòå TOI-6255 b áûëè âçÿòû èç [1]. Äëÿ âû÷èñëåíèé

ïî ôîðìóëå (1) îöåíêè âåëè÷èíû F
XUV

 (ïîòîêà XUV-ôîòîíîâ) áûëè èñïîëü-

çîâàíû àíàëèòè÷åñêèå çàâèñèìîñòè, ïîëó÷åííûå â [8] è ñâÿçûâàþùèå âåëè÷èíó

F
XUV

 ïîòîêà è ïàðàìåòð logR'
HK  

äëÿ çâåçä ñïåêòðàëüíûõ êëàññîâ îò F äî M.

Ðàñ÷åòû ïî ñîîòíîøåíèþ (1) ïîêàçàëè, ÷òî ïîòåðÿ âåùåñòâà àòìîñôåðû

ñîñòàâëÿåò 91049 .  ã/ñ äëÿ logR'
HK 

 =
 
 -4.65 è 91011 .  ã/ñ äëÿ logR'

HK 
 =

 
 -5.15,

à âåëè÷èíû ïîòîêà XUV-ôîòîíîâ ðàâíû 261057 .  ýðã/ñ è 2510458 .
 
ýðã/ñ,

ñîîòâåòñòâåííî.

Ñðàâíèòåëüíî âûñîêàÿ âåëè÷èíà ïîòåðè âåùåñòâà àòìîñôåðû ïëàíåòû,

íåñìîòðÿ íà íèçêóþ ýôôåêòèâíóþ òåìïåðàòóðó (3421 Ê) àòìîñôåðû çâåçäû

ñïåêòðàëüíîãî êëàññà Ì, îáóñëîâëåíà ÷ðåçâû÷àéíîé áëèçîñòüþ ïëàíåòû ê

çâåçäå (ïëàíåòà íàõîäèòñÿ íà ðàññòîÿíèè ðàâíîì âñåãî 3.1 ðàäèóñîâ çâåçäû).

4. Çàêëþ÷åíèå. Ðàññìîòðåíû ñâîéñòâà ïëàíåòíîé ñèñòåìû TOI-6255, â

êîòîðîé çåìëåïîäîáíàÿ ïëàíåòà ñ óëüòðàêîðîòêèì îðáèòàëüíûì ïåðèîäîì

îáðàùàåòñÿ âîêðóã êàðëèêà ñïåêòðàëüíîãî êëàññà Ì. Ïî àðõèâíûì èçìåðåíèÿì

áëåñêà TOI-6255 ñäåëàíû âûâîäû î öèêëè÷åñêîé äîëãîâðåìåííîé ïåðåìåííîñòè

îáúåêòà. Âîçìîæíûå âåëè÷èíû ïåðèîäà âðàùåíèÿ Ð çâåçäû ëåæàò â èíòåðâàëàõ

64 - 74 ñóò è 78 - 92 ñóò. Ðàíåå â [1] òàêæå áûëî ñäåëàíî çàêëþ÷åíèå î

ïðèñóòñòâèè íà ñïåêòðå ìîùíîñòè ïåðåìåííîñòè áëåñêà äâóõ ïèêîâ,

óêàçûâàþùèõ íà ìåäëåííîå âðàùåíèå çâåçäû, âîçìîæíî ñ ïåðèîäîì  68 èëè

85 ñóò. Ïðè÷èíà íàëè÷èÿ äâóõ ïèêîâ îñòàåòñÿ íåîáúÿñíåííîé, òåì íå ìåíåå,
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âåðîÿòíî, TOI-6255 îòíîñèòñÿ ê ÷èñëó ìåäëåííîâðàùàþùèõñÿ êàðëèêîâ.

Îöåíåíû âåëè÷èíû äîëãîâðåìåííûõ öèêëîâ àêòèâíîñòè çâåçäû. Âîçðàñò

ñèñòåìû áûë íàéäåí â [1] ñ ïîìîùüþ ýìïèðè÷åñêèõ ãèðîõðîíîëîãè÷åñêèõ

ñîîòíîøåíèé è ñîñòàâèë îêîëî 6 ìëðä ëåò.

Âû÷èñëåíèÿ âåëè÷èíû îòòîêà âåùåñòâà èç àòìîñôåðû ïëàíåòû áûëè

ïðîâåäåíû äëÿ äâóõ çíà÷åíèé ïàðàìåòðà logR'
HK  

(-5.15
 
è -4.66), ñîîòâåòñòâóþùèõ

ìàêñèìóìàì áèìîäàëüíîãî ðàñïðåäåëåíèÿ ýòîãî ïàðàìåòðà (äëÿ ìàëîàêòèâíûõ

è àêòèâíûõ Ì êàðëèêîâ, ñîîòâåòñòâåííî). Ïîòåðÿ âåùåñòâà àòìîñôåðû ïëàíåòû

ñîñòàâëÿåò 91049 .  ã/ñ äëÿ âåëè÷èíû logR'
HK 

=
 
-4.65 è 91011 .  ã/ñ äëÿ âåëè÷èíû

logR'
HK 

 = -5.15. Âûñîêàÿ âåëè÷èíà îòòîêà âåùåñòâà â çíà÷èòåëüíîé ìåðå

îáóñëîâëåíà ÷ðåçâû÷àéíîé áëèçîñòüþ ïëàíåòû ê çâåçäå.

Àâòîðû [1] âûïîëíèëè äåòàëüíîå èññëåäîâàíèå èçìåíåíèé ôàçîâûõ êðèâûõ

è  âòîðè÷íîãî çàòìåíèÿ íà êðèâîé áëåñêà ïî äàííûì àðõèâà TESS. Íåñîìíåííî,

TOI-6255 b ÿâëÿåòñÿ ïðèîðèòåòíûì îáúåêòîì äëÿ áóäóùèõ èññëåäîâàíèé

ôàçîâîé êðèâîé ñ ïîìîùüþ òåëåñêîïà JWST â áëèæíåì è ñðåäíåì èíôðà-

êðàñíîì äèàïàçîíå, ïîñêîëüêó ëþáîå èçìåíåíèå ôàçîâîé êðèâîé çâåçäû

áóäåò ãîðàçäî áîëåå çàìåòíûì â èíôðàêðàñíîì äèàïàçîíå. Êðîìå òîãî,

òðåáóþòñÿ íîâûå ôîòîìåòðè÷åñêèå íàáëþäåíèÿ äëÿ óòî÷íåíèÿ ôîðìû òðàí-

çèòîâ, ïåðèîäà âðàùåíèÿ çâåçäû, à òàêæå èçó÷åíèÿ ïðîÿâëåíèé õðîìîñôåðíîé

àêòèâíîñòè çâåçäû, âêëþ÷àÿ óñòàíîâëåíèå åå öèêëè÷íîñòè. Ó÷èòûâàÿ  çíà÷è-

òåëüíóþ âåëè÷èíó âîçìîæíîãî îòòîêà âåùåñòâà  èç àòìîñôåðû ïëàíåòû, TOI-

6255 ìîæåò áûòü âêëþ÷åíà â ÷èñëî ïðèîðèòåòíûõ îáúåêòîâ äëÿ íàáëþäåíèé

ñ ÓÔ êîñìè÷åñêèì òåëåñêîïîì Ñïåêòð-ÓÔ [9].

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).

Ó÷ðåæäåíèå Ðîññèéñêîé àêàäåìèè íàóê, Èíñòèòóò àñòðîíîìèè ÐÀÍ,

Ìîñêâà, Ðîññèÿ, e-mail: igs231@mail.ru

ACTIVITY OF TOI-6255 AND MASS LOSS OF ITS
PLANET ATMOSPHERE

I.S.SAVANOV

The properties of the TOI-6255 planetary system are considered, in which an

Earth-like planet with an ultrashort orbital period (5.7 hours) orbits a dwarf star
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of spectral class M. Based on archival measurements of TOI-6255 brightness

variability due to rotation as well as the cyclic long-term variability of the object

were  established. The possible values of the rotation period P of the star lie in

the intervals of 64-74 days and 78-92 days and were compared with the results

of the literature data. For two values of the logR'
HK

 parameter (-5.15 and -4.66)

corresponding to the maxima of the bimodal distribution of this parameter for

low-activity and active M dwarfs the values of mass loss from the planet's

atmosphere are calculated. Mass loss is 91049 .  g/sec for logR'
HK

 = -4.65 and
91011 .  g/sec for logR'

HK
 = -5.15. The prospects of TOI-6255 b as a priority object

for future observations and research are assessed.

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

     atmosheres
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ÎÏÐÅÄÅËÅÍÈÅ ÔÓÍÊÖÈÈ ×ÀÑÒÎÒÛ ÂÑÏÛØÅÊ È
ÇÀÏßÒÍÅÍÍÎÑÒÈ ÀÊÒÈÂÍÛÕ ÂÑÏÛÕÈÂÀÞÙÈÕ

ÇÂÅÇÄ, ÎÁÍÀÐÓÆÅÍÍÛÕ "ÊÅÏËÅÐ"

À.À.ÀÊÎÏßÍ
Ïîñòóïèëà 6 íîÿáðÿ 2024

Ïî äàííûì îðáèòàëüíîé îáñåðâàòîðèè "Êåïëåð" ïðîâåäåíî èññëåäîâàíèå íàèáîëåå
àêòèâíûõ âñïûõèâàþùèõ çâåçä, ïîêàçàâøèõ ïî 250 è áîëåå âñïûøåê çà ïåðèîä ôóíêöèî-
íèðîâàíèÿ "Êåïëåð". Îñíîâíûìè íàïðàâëåíèÿìè èññëåäîâàíèÿ áûëè: à) àíàëèç êðèâûõ
áëåñêà, âûÿâëåíèå ôèçè÷åñêèõ îñîáåííîñòåé ó îòäåëüíûõ çâåçä, á) îïðåäåëåíèå ïåðèîäè-
÷åñêîé/öèêëè÷åñêîé ôóíêöèè ÷àñòîòû âñïûøåê (ÏÔ×Â) âñïûõèâàþùèõ çâåçä, îáóñëîâëåííîé
îñåâûìè/îðáèòàëüíûìè âðàùåíèÿìè, â) ïðåäñòàâëåíèå íîâîãî ñïîñîáà îïðåäåëåíèÿ
çàïÿòíåííîñòè çâåçä ñ ïîìîùüþ ÏÔ×Â è åãî ïðèìåíåíèå. Ïîëó÷åíû ñîîòâåòñòâóþùèå
ÏÔ×Â ñ ïåðèîäè÷íîñòüþ áëèçêîé ê ïåðèîäó âðàùåíèÿ çâåçäû. Ïîñòðîåíû îæèäàåìûå
ðàñïðåäåëåíèÿ âñïûøåê ïî ôàçàì, êîòîðûå ñðàâíåíû ñ àíàëîãè÷íûì íàáëþäàåìûì ðàñïðå-
äåëåíèåì âñïûøåê ïðè äàííîì çíà÷åíèè ïåðèîäà âðàùåíèÿ. Äëÿ âñåõ áåç èñêëþ÷åíèÿ
çâåçä ýòî ñðàâíåíèå (ñ ïîìîùüþ êðèòåðèÿ 

2 ) ñâèäåòåëüñòâóåò â ïîëüçó ïåðèîäè÷íîñòè
÷àñòîòû âñïûøåê. Ïîêàçàíî, ÷òî ðàñïðåäåëåíèå ïÿòåí âñïûõèâàþùèõ çâåçä ìîæíî ïðåä-
ñòàâèòü êðóãîâûì ðàñïðåäåëåíèåì ôîí Ìèçåñà, ïàðàìåòðû êîòîðîãî îïðåäåëÿþòñÿ ÷åðåç
ñîîòâåòñòâóþùèå ïàðàìåòðû ôóíêöèè ÷àñòîòû âñïûøåê. Ïîëó÷åíû îöåíêè çàïÿòíåííîñòè
èññëåäîâàííûõ çâåçä.

Êëþ÷åâûå ñëîâà: âñïûõèâàþùèå çâåçäû: ÷àñòîòà âñïûøåê: ïåðèîäè÷åñêàÿ

       ïåðåìåííîñòü: çâåçäíûå ïÿòíà: ðàñïðåäåëåíèå ôîí Ìèçåñà

1. Ââåäåíèå. Èçó÷åíèå çâåçäíûõ ïÿòåí èìååò äàâíþþ èñòîðèþ, âîñõîäÿ-

ùóþ ê íàáëþäåíèÿì ñîëíå÷íûõ ïÿòåí, çàôèêñèðîâàííûõ è çàðèñîâàííûõ â

äðåâíèõ õðîíèêàõ ðàçëè÷íûõ íàðîäîâ - îò Êèòàÿ äî öèâèëèçàöèè Ìàéÿ

(íàïðèìåð, [1-7] è ññûëêè â íèõ). Ïåðâîå èçâåñòíîå íà äàííûé ìîìåíò

óïîìèíàíèå î ïÿòíàõ íà Ñîëíöå ïðèâîäèòñÿ íà íàéäåííîé â Êèòàå ãàäàëüíîé

êîñòè, êîòîðîé îêîëî 3000 ëåò [1,3,4]. Ê äàëåêîé äðåâíîñòè îòíîñÿòñÿ òàêæå

ïåðâûå ñîîáùåíèÿ î âîçìîæíîì âëèÿíèè ñîëíå÷íûõ ïÿòåí íà çåìíûå ÿâëåíèÿ.

Îäíàêî èõ öåëåíàïðàâëåííîå è ñèñòåìàòè÷åñêîå èññëåäîâàíèå ñòàëî âîçìîæíûì

ïîñëå èçîáðåòåíèÿ òåëåñêîïà è ñðàçó æå ïðèâåëî ê î÷åíü âàæíûì îòêðûòèÿì.

Ãàëèëåé, Øàéíåð, Éîõàííåñ Ôàáðèöèóñ è äð. [8] îáíàðóæèëè ïÿòíà íà

Ñîëíöå è ñ èõ ïîìîùüþ ïîêàçàëè, ÷òî Ñîëíöå îáëàäàåò îñåâûì âðàùåíèåì

è âû÷èñëèëè åãî ïåðèîä. Äàëåå, Øàéíåð îáíàðóæèë, ÷òî ñêîðîñòü âðàùåíèÿ

ðàçíàÿ äëÿ ïÿòåí íà ðàçíûõ øèðîòàõ Ñîëíöà. Ïîñëå ýòèõ ðàáîò èññëåäîâàíèå
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ñîëíå÷íûõ ïÿòåí ñòàëî îäíèì èç ãëàâíûõ íàïðàâëåíèé àñòðîíîìèè íà íåñêîëüêî

ñòîëåòèé. Èäåÿ æå î ñóùåñòâîâàíèè ïÿòåí íà çâåçäàõ ïðèíàäëåæèò ôðàíöóçñêîìó

àñòðîíîìó Èñìàýëó Áóéî (Ismaël Bouillaud, ëàòèíèçèðîâàííûé - Bullialdus). Â

1667ã. îí ïðåäïîëîæèë [9], ÷òî ïåðåìåííîñòü çâåçäû Ìèðà Êèòà, îáíàðóæåííàÿ

Äàâèäîì Ôàáðèöèóñîì â 1596ã., ìîæíî îáúÿñíèòü íàëè÷èåì õîëîäíûõ òåìíûõ

ïÿòåí íà ïîâåðõíîñòè çâåçäû. Ëîãè÷åñêè áåçóïðå÷íàÿ âåðñèÿ Áóéî, õîòü è

îêàçàëàñü íåâåðíîé ïðèìåíèòåëüíî ê çâåçäå Ìèðà Êèòà, íå ìîãëà íå íàéòè

ñâîå ïðèìåíåíèå, íî äëÿ ýòîãî ïîíàäîáèëîñü îêîëî 300 ëåò.

Â 1947ã. Êðîí [10] ñîîáùèë î âîçìîæíîé ðåãèñòðàöèè ïÿòåí íà ïîâåðõ-

íîñòè çâåçäû AR Lacertae B. Ïîñëåäóþùèå ðàáîòû Êðîíà è äðóãèõ àâòîðîâ

ïîñëóæèëè îñíîâàíèåì äëÿ ââåäåíèÿ íîâîãî, ñðàâíèòåëüíî ìàëî÷èñëåííîãî

òèïà ïåðåìåííûõ çâåçä - âðàùàòåëüíûå ïåðåìåííûå - ñ âîñüìüþ ïîäòèïàìè

(ACV-Alpha2 Canum Venaticorum, ACVO-Rapidly oscillating Alpha2 CVn, BY-

BY Draconis-type variables, ELL-Rotating ellipsoidal variables (b Per, Alpha Vir),

FKCOM- FK Comae Berenices-variables, PSR-Optically variable pulsars (CM

Tau), R-R Close binary systems, Prototype: AU Ari, SXARI-SX Arietis-type

variables), àñòðîôèçè÷åñêèå ïàðàìåòðû êîòîðûõ ñóùåñòâåííî îòëè÷àþòñÿ äðóã

îò äðóãà [11]. Èç íèõ íàèáîëåå áëèçêèìè ê âñïûõèâàþùèì çâåçäàì ÿâëÿþòñÿ

çâåçäû òèïà BY Drà.

Â ðàáîòå Îñêàíÿíà è äð. [12] áûëî âûñêàçàíî ïðåäïîëîæåíèå, ÷òî

íàáëþäàåìóþ ïåðåìåííîñòü çâåçäû BY Drà ìîæíî îáúÿñíèòü ïîÿâëåíèåì è

èñ÷åçíîâåíèåì çâåçäíûõ ïÿòåí, êîòîðûå, â îòëè÷èå îò ñîëíå÷íûõ ìîãóò

âîçíèêàòü â ïîëÿðíûõ îáëàñòÿõ çâåçäû. Çâåçäàì ýòîãî òèïà ïðèñóùà òàêæå

ïåðåìåííàÿ âñïûøå÷íàÿ àêòèâíîñòü [13]. Áëèçêèìè ê âñïûõèâàþùèì çâåçäàì

ÿâëÿþòñÿ òàêæå çâåçäû òèïà RS CVn (â êàòàëîãå ïåðåìåííûõ çâåçä îíè

ïðè÷èñëåíû îäíîâðåìåííî ê ýðóïòèâíûì è çàòìåííûì ïåðåìåííûì [11]). Â

1976ã. Õàëë [14] ó çâåçä òèïà RS CVn ñðåäè ïðî÷èõ âûäåëèë è ãðóïïó

âñïûõèâàþùèõ çâåçä. Â 1979ã. Èòîí è Õàëë [15] îáúÿñíèëè ïðèñóòñòâèå

ïëàòî â êðèâûõ áëåñêà çâåçä RS CVn íàëè÷èåì çâåçäíûõ ïÿòåí. Çâåçäû òèïà

RS CVn è BY Dra ÿâëÿþòñÿ òåñíûìè äâîéíûìè çâåçäàìè, è êðîìå óïîìÿíóòîé

âûøå âñïûøå÷íîé àêòèâíîñòè, îíè îáëàäàþò õàðàêòåðíîé äëÿ òåñíûõ äâîéíûõ

çâåçä óñèëåííîé àêòèâíîñòüþ, òåñíî ñâÿçàííóþ ñ ìàãíèòíûì ïîëåì çâåçä.

Áëàãîäàðÿ íàáëþäåíèÿì êîñìè÷åñêèõ òåëåñêîïîâ "Êåïëåð" è TESS, èññëå-

äîâàíèå âñïûõèâàþùèõ çâåçä è òåñíî ñâÿçàííûõ ñ íèìè âðàùàòåëüíî-

ïåðåìåííûõ çâåçä òèïà BY Dra, RS CVn âûøëî íà ñîâåðøåííî íîâûé

óðîâåíü ïî ñâîèì âîçìîæíîñòÿì, ïî êà÷åñòâó è êîëè÷åñòâó äîñòóïíûõ äàííûõ.

Ýòè äàííûå ïîçâîëÿþò: à) ïîëó÷èòü êðèâóþ áëåñêà íà ïðîòÿæåíèè äîñòàòî÷íî

äîëãîãî âðåìåíè è èññëåäîâàòü öèêëû çâåçäíîé àêòèâíîñòè (àíàëîãè÷íî

öèêëó ñîëíå÷íîé àêòèâíîñòè), á) îöåíèòü ïåðèîä âðàùåíèÿ, çàïÿòíåííîñòü

çâåçä è, ñîîòâåòñòâåííî, ðàçìåðû è ýíåðãåòè÷åñêèå õàðàêòåðèñòèêè àêòèâíûõ
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îáëàñòåé, â) îáíàðóæèòü äèôôåðåíöèàëüíîå âðàùåíèå, ìèãðàöèþ àêòèâíûõ

îáëàñòåé è èññëåäîâàòü èõ âçàèìîñâÿçü ñî âñïûøå÷íîé àêòèâíîñòüþ, ã)

èññëåäîâàòü ïåðèîäè÷åñêóþ/öèêëè÷åñêóþ ïåðåìåííîñòü íàáëþäàåìîé ÷àñòîòû

âñïûøåê àêòèâíûõ âñïûõèâàþùèõ çâåçä, îáóñëîâëåííóþ îñåâûì âðàùåíèåì

çâåçä è íåðàâíîìåðíûì ðàñïðåäåëåíèåì ÿðêîñòè íà ïîâåðõíîñòè çâåçäû. Â

÷àñòíîñòè, ðåçóëüòàòû, ïîëó÷åííûå àâòîðîì â ïðåäûäóùèõ ðàáîòàõ [16-18],

íå ïðîòèâîðå÷àò ïðåäïîëîæåíèþ î òîì, ÷òî îñåâîå âðàùåíèå çâåçäû ìîäóëèðóåò

íàáëþäàåìóþ ÷àñòîòó âñïûøåê.

Ïåðåìåííîñòü íàáëþäàåìîé ÷àñòîòû âñïûøåê ìîæåò áûòü âûçâàíà òàêæå

ðåàëüíûì èçìåíåíèåì âñïûøå÷íîé àêòèâíîñòè çâåçäû â òå÷åíèå öèêëà çâåçäíîé

àêòèâíîñòè è äðóãèìè ýôôåêòàìè, êîòîðûå îòðàæàþòñÿ â íåðåãóëÿðíîì ïîâåäåíèè

êðèâîé áëåñêà è â îòäåëüíûõ ñëó÷àÿõ ñåðüåçíî îñëîæíÿþò íàáëþäàåìóþ

êàðòèíó. Â òàêèõ ñëó÷àÿõ íåçàâèñèìûé îò âèäà êðèâîé ñïîñîá îïðåäåëåíèÿ

ïåðèîäà âðàùåíèÿ, â äàííîì ñëó÷àå ÷åðåç îïðåäåëåíèå ïåðèîäè÷åñêîé ïåðå-

ìåííîñòè íàáëþäàåìîé ÷àñòîòû âñïûøåê, ìîæåò ñóùåñòâåííî îáëåã÷èòü èíòåð-

ïðåòàöèþ íàáëþäàåìîé êðèâîé.

Ðàáîòû, âûïîëíåííûå ñ èñïîëüçîâàíèåì äàííûõ íàáëþäåíèé êîñìè÷åñêèõ

òåëåñêîïîâ "Êåïëåð" è TESS, ïî÷òè íå îñòàâëÿþò ñîìíåíèé, ÷òî âñïûøå÷íî-

àêòèâíûå îáëàñòè çâåçä òåñíî ñâÿçàíû ñî çâåçäíûìè ïÿòíàìè. Ñëåäîâàòåëüíî,

ìîæíî îæèäàòü ñóùåñòâîâàíèå òåñíûõ ñâÿçåé ìåæäó êà÷åñòâåííûìè/êîëè÷åñò-

âåííûìè õàðàêòåðèñòèêàìè çâåçäíûõ ïÿòåí è âñïûøå÷íîé àêòèâíîñòüþ çâåçä.

Â äàííîé ðàáîòå ïðåäëàãàåòñÿ ñïîñîá îïðåäåëåíèÿ çàïÿòíåííîñòè âñïûõè-

âàþùèõ çâåçä (â òîì ÷èñëå äëÿ çâåçä òèïà BY Drà, RS CVn) ÷åðåç îïðåäåëåíèå

ïåðèîäè÷åñêîé ôóíêöèè ÷àñòîòû âñïûøåê (ÏÔ×Â). Â ðàçäåëå 2 ïðèâîäèòñÿ

ïîñòàíîâêà çàäà÷è, â ðàçäåëå 3 - îïèñàíèå èñõîäíûõ äàííûõ, â ðàçäåëå 4 -

ïîëó÷åííûå ðåçóëüòàòû. Çàêëþ÷èòåëüíûå çàìå÷àíèÿ ïðèâîäÿòñÿ â ðàçäåëå 5.

2. Ïîñòàíîâêà çàäà÷è. Â ïðåäñòàâëåííîé ðàáîòå ïîñòàâëåíà çàäà÷à

îïðåäåëåíèÿ çàïÿòíåííîñòè âðàùàòåëüíî-ïåðåìåííûõ  è âñïûõèâàþùèõ çâåçä

÷åðåç îïðåäåëåíèå ÏÔ×Â ýòèõ çâåçä. Â îñíîâå ðàáîòû  ëåæàò ñëåäóþùèå

ïðåäïîëîæåíèÿ è ïðåäïîñûëêè:

- Èç äàííûõ "Êåïëåð" è TESS ñëåäóåò, ÷òî âñïûõèâàþùèå çâåçäû,

ïîìèìî ïðî÷åãî, îáëàäàþò òàêæå âðàùàòåëüíîé ïåðåìåííîñòüþ, îáóñëîâëåííîé

èõ âðàùåíèåì è íåðàâíîìåðíûì ðàñïðåäåëåíèåì ïÿòåí ïî ïîâåðõíîñòè çâåçäû.

- Áàçîâûì ÿâëÿåòñÿ ïðåäïîëîæåíèå î ñëó÷àéíîì è íåçàâèñèìîì õàðàêòåðå

âñïûøåê, ÷òî ïîçâîëÿåò ðàññìîòðåòü ïîñëåäîâàòåëüíîñòü âñïûøåê çâåçäû êàê

ñëó÷àéíûé ïóàññîíîâñêèé ïðîöåññ [19]. Èç òåñíîé ñâÿçè âñïûøå÷íîé àêòèâ-

íîñòè çâåçä ñ ïÿòíàìè íåèçáåæíî ñëåäóåò, ÷òî ÷àñòîòà ðåãèñòðèðóåìûõ âñïûøåê

ìîäóëèðóåòñÿ âðàùåíèåì. Ñëåäîâàòåëüíî, â äàííîì ñëó÷àå íåîáõîäèìî

ðàññìîòðåòü ïîñëåäîâàòåëüíîñòü âñïûøåê çâåçäû êàê ñëó÷àéíûé ïóàññîíîâñêèé



498 À.À.ÀÊÎÏßÍ

ïðîöåññ ñ öèêëè÷åñêèì/ïåðèîäè÷åñêèì ïàðàìåòðîì. Â ïðåäûäóùèõ ðàáîòàõ â

êà÷åñòâå ïàðàìåòðà ïóàññîíîâñêîãî ðàñïðåäåëåíèÿ èñïîëüçîâàëàñü ôóíêöèÿ
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ôóíêöèÿ Áåññåëÿ íóëåâîãî ïîðÿäêà ïåðâîãî ðîäà. Âûáîð ýòîé ôóíêöèè áûë

îáóñëîâëåí òåì, ÷òî â çàâèñèìîñòè îò çíà÷åíèÿ ïàðàìåòðà k îáåñïå÷èâàåòñÿ

ðàçíîîáðàçèå âèäîâ ïåðèîäè÷åñêîé ôóíêöèè.

- Ñîãëàñíî ðàáîòå [20], âñïûøå÷íàÿ àêòèâíîñòü ïîëîæèòåëüíî êîððåëèðóåò

ñ ðàçìåðàìè ïÿòåí (ñì. ðèñ.10 â [20]), èç ÷åãî ñëåäóåò, ÷òî òàêàÿ æå êîððåëÿöèÿ

èìååò ìåñòî ìåæäó ðàçìåðàìè ïÿòåí è ÷èñëîì âñïûøåê. Ïîñêîëüêó ïàðàìåòð

ïóàññîíîâñêîãî ïðîöåññà  t  ýòî ñðåäíåå ÷èñëî ñîáûòèé, â äàííîì ñëó÷àå

âñïûøåê çà åäèíèöó âðåìåíè, òî èç ýòîãî ñëåäóåò ïðèíöèïèàëüíàÿ âîçìîæíîñòü

îïðåäåëåíèÿ ïàðàìåòðà çàïÿòíåííîñòè çâåçä ïóòåì îïðåäåëåíèÿ ïàðàìåòðà  t .

- Ó÷èòûâàÿ èçâåñòíûå ñâîéñòâà òðèãîíîìåòðè÷åñêèõ ôóíêöèé, ìîæíî

ñêàçàòü, ÷òî ôóíêöèÿ  t  ïî ñóùåñòâó ñîâïàäàåò ñ ôóíêöèåé ïëîòíîñòè

ðàñïðåäåëåíèÿ ôîí Ìèçåñà:
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ãäå   - ñðåäíåå (îäíîâðåìåííî ìîäà è ìåäèàíà) ðàñïðåäåëåíèÿ, k - ìåðà

êîíöåíòðàöèè,  1/k - äèñïåðñèÿ,    kIkI 011  - êðóãîâàÿ äèñïåðñèÿ. Ê

ñîæàëåíèþ, ýòî îáñòîÿòåëüñòâî áûëî óïóùåíî èç âèäó â ïåðâûõ ðàáîòàõ

[16-17]. Íà ñõîäñòâî ïåðå÷èñëåííûõ âûøå ôóíêöèé âïåðâûå áûëî îáðàùåíî

âíèìàíèå â ðàáîòå [18]. Ðàñïðåäåëåíèå ôîí Ìèçåñà èçâåñòíî òàêæå êàê

êðóãîâîå íîðìàëüíîå ðàñïðåäåëåíèå èëè ðàñïðåäåëåíèå Òèõîíîâà. Îíî øèðîêî

ïðèìåíÿåòñÿ ïðè ñòàòèñòè÷åñêîé îáðàáîòêå óãëîâûõ (êðóãîâûõ) äàííûõ è

ÿâëÿåòñÿ õîðîøèì ïðèáëèæåíèåì ê íàìîòàííîìó íîðìàëüíîìó ðàñïðåäåëåíèþ

(êðóãîâîé àíàëîã íîðìàëüíîãî ðàñïðåäåëåíèÿ).

Îòñþäà ñëåäóåò, ÷òî äëÿ îïðåäåëåíèÿ ðàñïðåäåëåíèÿ çàïÿòíåííîñòè îáðà-

ùåííîé ê íàáëþäàòåëþ ïîëóñôåðû çâåçäû, íåîáõîäèìî, âî-ïåðâûõ,  îïðåäåëèòü

ÏÔ×Â çâåçäû è ïðåäñòàâèòü åãî â âèäå ôóíêöèè ïëîòíîñòè ðàñïðåäåëåíèÿ

ôîí Ìèçåñà, êîòîðàÿ, ó÷èòûâàÿ ïîëîæèòåëüíóþ êîððåëÿöèþ âñïûøå÷íîé

àêòèâíîñòè ñ ðàçìåðàìè ïÿòåí [20], îäíîâðåìåííî áóäåò ôóíêöèåé ðàñïðå-

äåëåíèÿ ýôôåêòèâíîé ïëîùàäè ïÿòåí íà îáðàùåííîé ê íàáëþäàòåëþ ïîëó-

ñôåðû çâåçäû.

Âî-âòîðûõ, íåîáõîäèìî ïîëó÷åííûå ÏÔ×Â êàê-òî ñîîòíåñòè ê íàáëþäàåìûì

êðèâûì áëåñêà (ïîòîêà). Â äàííîé ðàáîòå ïðåäëîæåíî ýòî ñäåëàòü ïðè

ïîìîùè êðàéíèõ çíà÷åíèé (ýêñòðåìóìîâ) ÏÔ×Â è êðèâîé áëåñêà. Åñòåñòâåííî,

÷òî ïðè ìàêñèìóìå êðèâîé áëåñêà íàáëþäàåòñÿ  ìèíèìàëüíî çàïÿòíåííàÿ (èç
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âñåõ âîçìîæíûõ) ïîëóñôåðà ñ ìèíèìàëüíîé âñïûøå÷íîé àêòèâíîñòüþ è,

íàîáîðîò, ïðè ìèíèìóìå áëåñêà íàáëþäàåòñÿ ìàêñèìàëüíî çàïÿòíåííàÿ

ïîëóñôåðà ñ ìàêñèìàëüíîé âñïûøå÷íîé àêòèâíîñòüþ. Èç (1) ñëåäóåò, ÷òî

îòíîøåíèå ìàêñèìóìà íàáëþäàåìîé âñïûøå÷íîé àêòèâíîñòè ê ìèíèìàëüíîìó

ðàâíî  kminmax 2exp  è ëåãêî äîãàäàòüñÿ, ÷òî îòíîøåíèå ïîòîêîâ â

ìàêñèìóìå è ìèíèìóìå ìîæíî âûðàçèòü ÷åðåç ýòî îòíîøåíèå.

Ïðè áîëüøèõ óãëîâûõ íàêëîíàõ îñè  ( oo 9060  ) âðàùåíèÿ çâåçäû ê ëó÷ó

çðåíèÿ ýòè ïîëóñôåðû, ó÷èòûâàÿ ñèììåòðè÷íîñòü âûøåïðèâåäåííûõ ôóíêöèé,

ìîæíî ñ÷èòàòü äèàìåòðàëüíî ïðîòèâîïîëoæíûìè, ÷òî äàåò âîçìîæíîñòü îöåíèòü

çàïÿòíåííîñòü çâåçäû â öåëîì.

3. Èñïîëüçîâàííûå äàííûå. Äëÿ âûïîëíåíèÿ ïîñòàâëåííîé çàäà÷è

áûëè îòîáðàíû íàèáîëåå àêòèâíûå âñïûõèâàþùèå çâåçäû (88 çâåçä) èç

îáíîâëåííîãî ñïèñêà âñïûõèâàþùèõ çâåçä ïî äàííûì íàáëþäåíèÿ êîñìè÷åñêîé

îáñåðâàòîðèè "Êåïëåð" [21], ó êîòîðûõ îáíàðóæåíî ïî 250 âñïûøåê è áîëåå.

Ðàíåå àíàëîãè÷íàÿ ðàáîòà áûëà âûïîëíåíà äëÿ 74-õ âñïûõèâàþùèõ çâåçä ïî

äàííûì ñòàðîãî ñïèñêà [20], êîòîðûé ñóùåñòâåííî îòëè÷àåòñÿ îò íîâîãî

îáèëèåì âñïûøåê ó îòäåëüíî âçÿòûõ çâåçä. Â ðàáîòå [17] èç ñïèñêà [20] áûëè

îòîáðàíû çâåçäû, ïîêàçàâøèå ïî 400 è áîëåå âñïûøåê, çíà÷èòåëüíàÿ ÷àñòü

êîòîðûõ îêàçàëàñü ëîæíûìè âñïûøêàìè, ñîãëàñíî [21]. Âûáîðêè çâåçä,

èñïîëüçîâàííûå â äàííîé ðàáîòå è â [17], ÷àñòè÷íî (36 çâåçä) ïåðåêðûâàþòñÿ,

÷òî ïîçâîëÿåò ïðîâåñòè íå òîëüêî ñðàâíåíèå ïîëó÷åííûõ ðåçóëüòàòîâ, íî è

îöåíèòü âëèÿíèå èñêëþ÷åíèÿ ëîæíûõ âñïûøåê íà ðåçóëüòàòû, ïîëó÷åííûå

â ïðåäñòàâëåííîé ðàáîòå. Íåñìîòðÿ íà ñóùåñòâåííîå óìåíüøåíèå êîëè÷åñòâà

âñïûøåê íà îäíó çâåçäó, èñêëþ÷åíèå âåðîÿòíûõ ëîæíûõ âñïûøåê â ïîäàâ-

ëÿþùåì áîëüøèíñòâå ñëó÷àåâ ïðèâåëî ê òîìó, ÷òî ïîëó÷åííûå ÏÔ×Â îêàçàëèñü

ñòàòèñòè÷åñêè áîëåå äîñòîâåðíûìè â ðàìêàõ èñïîëüçîâàííûõ ñòàòèñòè÷åñêèõ

êðèòåðèåâ. Ýòî ñêîðåå âñåãî ñâèäåòåëüñòâóåò î òîì, ÷òî èñêëþ÷åííûå âñïûøêè

â îñíîâíîì áûëè äåéñòâèòåëüíî ëîæíûìè è, íàâåðíÿêà, áûëè ðàñïðåäåëåíû

áîëåå èëè ìåíåå ðàâíîìåðíî âî âðåìåíè.

Â òàáë.1 ïðåäñòàâëåí íåïîëíûé ñïèñîê âñïûõèâàþùèõ çâåçä èñïîëüçî-

âàííûõ â äàííîé ðàáîòå, ãäå ïðèâåäåíû  íîìåðà çâåçä â êàòàëîãå KIC, ÷èñëî

âñïûøåê, ïåðèîä ïåðåìåííîñòè êðèâîé áëåñêà, òèï ïåðåìåííîñòè çâåçäû â

áàçå äàííûõ SIMBAD. Â òàáëèöó âêëþ÷åíû òîëüêî òå çâåçäû, ó êîòîðûõ

ïåðèîäû âðàùåíèÿ è ÏÔ×Â îòëè÷àþòñÿ äðóã îò äðóãà ìåíåå ÷åì íà 1% (ñì.

òàáë.2). Ðàñïðåäåëåíèÿ ÷èñëà âñïûøåê n è ïåðèîäîâ P
r
 äëÿ ïîëíîé âûáîðêè

çâåçä ïðèâåäåíû íà ðèñ.1 è ðèñ.2 (ñì. â ðàçäåëå 4).

Çíà÷åíèÿ ìàêñèìàëüíîãî è ìèíèìàëüíîãî ïîòîêîâ èçâëå÷åíû èç êðèâûõ

ïîòîêîâ çâåçä, ñêà÷åííûõ ñ ïîìîùüþ ïðîãðàììíûõ ñðåäñòâ Python [25]. Ýòè

êðèâûå èñïîëüçîâàëèñü òàêæå äëÿ ïðîâåðêè çíà÷åíèé ïåðèîäîâ P
r 
, ïðèâåäåííûõ
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â òàáë.1, ñ ïîìîùüþ äâóõ âçàèìîäîïîëíÿþùèõ àëãîðèòìîâ - BLS (Box Least

Square) [26] è Ëîìáà-Ñêàðãëà [27,28]. Ïîëó÷åííûå çíà÷åíèÿ íåçíà÷èòåëüíî

îòëè÷àþòñÿ îò òàáëè÷íûõ è, âî èçáåæàíèå ñóáúåêòèâíîñòè, â òàáë.1 ïðèâåäåíû

óæå îïóáëèêîâàííûå çíà÷åíèÿ.

KIC n Ð
r

Òèï ïåðå- KIC n Ð
r

Òèï ïåðå-
ìåííîñòè, ìåííîñòè,
SIMBAD SIMBAD

2968811 291 14.80  [21] RS V 9267818 354 10.66  [22] ROT
4758595 325 20.00  [23] ROT 9349698 346 1.36   [22] ROT
5351320 254  0.91  [23] ROT 9456920 303 1.78   [22] ROT, E?
6117602 286 0.6047 [24] ROT 9540467 332 8.56   [23] ROT
6187639 325 2.98   [21] ROT 9941718 292 3.7    [22] ROT
6675714 252 6.76   [22] ROT 10146539 271 5.17   [22] ROT
7131515 401 3.86   [22] ROT 10355809 381 1.52   [21] ROT
7664485 279 3.16   [22] ROT 10865206 260 2.42   [22] BY Dra
7905458 265 17.98  [22] ROT 10909367 280 2.98   [22] BY Dra
8093473 438 6.04   [22] BY Dra 10975238 310 1.95   [22] BY Dra
8292758 286 2.88   [22] ROT 11342883 288 3.64   [23] ROT
8481420 296 2.04   [21] CEP, LPV?? 11515713 254 21.45  [23] ROT
8507979 318 1.22   [22] ROT 12258055 261 2.75   [22] ROT
8811811 258 1.55   [22] BY Dra 12314646 387 2.72   [22] BY Dra
9116222 318 7.41   [21] ROT 12646841 309 3.25   [23] ROT
9201463 489 5.55   [21] ROT

Òàáëèöà 1

ÂÕÎÄÍÛÅ ÏÀÐÀÌÅÒÐÛ ÂÛÁÎÐÊÈ ÂÑÏÛÕÈÂÀÞÙÈÕ ÇÂÅÇÄ

Ðèñ.1. Ðàñïðåäåëåíèå êîëè÷åñòâà âñïûøåê äëÿ ïîëíîé âûáîðêè çâåçä.

Êîëè÷åñòâî âñïûøåê
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Àëãîðèòì BLS ïðåäíàçíà÷åí äëÿ îáðàáîòêè ñèãíàëîâ, õàðàêòåðèçóþùèõñÿ

ïåðèîäè÷åñêèì ÷åðåäîâàíèåì äâóõ äèñêðåòíûõ óðîâíåé è øèðîêî èñïîëüçóåòñÿ

äëÿ îáíàðóæåíèÿ è îïèñàíèÿ ïåðèîäè÷åñêèõ òðàíçèòîâ âíåñîëíå÷íûõ ïëàíåò.

Èñïîëüçîâàíèå àëãîðèòìà BLS ïðèìåíèòåëüíî ê âðàùàòåëüíî-ïåðåìåííûì

çâåçäàì îïðàâäàíî ñõîäñòâîì òðàíçèòà ïëàíåò ñ ïåðåìåùåíèåì çâåçäíûõ ïÿòåí

â ïîëå çðåíèÿ íàáëþäàòåëÿ. Ñ ïîìîùüþ BLS ìîæíî îïðåäåëèòü ïðîäîëæè-

òåëüíîñòü "ïëàòî" ãëóáîêîãî ìèíèìóìà, êîòîðàÿ ñîäåðæèò îïðåäåëåííóþ èíôîð-

ìàöèþ î êîìïàêòíîñòè ðàñïðåäåëåíèÿ çâåçäíûõ ïÿòåí [18].

4. Ðåçóëüòàòû.

4.1. Îïðåäåëåíèå ÏÔ×Â. Êàê áûëî óêàçàíî âûøå, â êà÷åñòâå ïåðèî-

äè÷åñêîé ôóíêöèè ÷àñòîòû âñïûøåê-ïàðàìåòðà ïóàññîíîâñêîãî ðàñïðåäåëåíèÿ

âûáðàíà ôóíêöèÿ (1), ïðåäëîæåííàÿ Êóòîÿíöîì [29] äëÿ îïèñàíèÿ ïóàññîíîâ-

ñêîãî ïðîöåññà ñ ïåðèîäè÷åñêèì ïàðàìåòðîì. Ïðèìåíèòåëüíî ê íàøåé çàäà÷å,

åñëè ðàññìîòðåòü â êà÷åñòâå ñòàòèñòè÷åñêîãî ñîáûòèÿ ðåàëèçàöèþ n âñïûøåê â

èíòåðâàëå âðåìåíè (0, T ), òî ôóíêöèÿ ïðàâäîïîäîáèÿ òàêîãî ñîáûòèÿ èìååò âèä:

 
  , sinexp
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0
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n

i
i

n

T tk
kI

e

ãäå t
i
 - ìîìåíòû âñïûøåê.

Èç ïîñòàíîâêè çàäà÷è ñëåäóåò, ÷òî âåëè÷èía 0  äîëæíà áûòü ðàâíà èëè

áëèçêà ê çíà÷åíèþ öèêëè÷åñêîé ÷àñòîòû îñåâîãî âðàùåíèÿ çâåçäû, ò.å.

rP
~  20 . Â êà÷åñòâå èñõîäíûõ äàííûõ  èñïîëüçóþòñÿ çíà÷åíèÿ P

r
 (òàáë.1).

Ðèñ.2. Ðàñïðåäåëåíèå ïåðèîäîâ âðàùåíèÿ è ÷àñòîòû âñïûøåê äëÿ ïîëíîé âûáîðêè
çâåçä.

Ïåðèîä âðàùåíèÿ çâåçä
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Äëÿ îöåíîê ìàêñèìàëüíîãî ïðàâäîïîäîáèÿ îñòàëüíûõ ïàðàìåòðîâ èìååì:
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(3)

Ïðè ýòîì èíòåðâàë âðåìåíè T äîëæåí áûòü êðàòíûì ïåðèîäó 02  , à

èç ìíîæåñòâà êîðíåé âòîðîãî óðàâíåíèÿ (3) ̂  âûáèðàåòñÿ ïî ñëåäóþùåìó

ïðàâèëó:

     
     



















 







.случаях остальных  в  , 

cossgnsinsgn  и  0  если  , 2
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1 01 0

ˆ
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(4)

Çàäàíèåì 0  è îïðåäåëåíèåì ïàðàìåòðîâ ̂ , ̂ , k̂  ôóíêöèÿ  t  îïðå-

äåëÿåòñÿ ïîëíîñòüþ. Èç-çà íåèçáåæíûõ îøèáîê ïðè îáðàáîòêå äàííûõ è

íåîïðåäåëåííîñòåé, ñâÿçàííûõ ñî ñòàòèñòè÷åñêèì õàðàêòåðîì çàäà÷è, íåîáõîäèìî

âàðüèðîâàòü çíà÷åíèå 0  â óçêîì èíòåðâàëå çíà÷åíèé öèêëè÷åñêèõ ÷àñòîò

âîêðóã ïåðâîíà÷àëüíîãî çíà÷åíèÿ, ÷òîáû ïîëó÷èòü ïðàâäîïîäîáíóþ ÏÔ×Â,

êîòîðàÿ îáåñïå÷èò ëó÷øåå ñîãëàñèå ñ íàáëþäàòåëüíûìè äàííûìè. Måðîé

ïðàâäîïîäîáíîñòè ÿâëÿåòñÿ ëîãàðèôì îòíîøåíèÿ ôóíêöèé ïðàâäîïîäîáèé

äâóõ ïóàññîíîâñêèõ ïðîöåññîâ: ñ ïåðèîäè÷åñêèì ïàðàìåòðîì (ãèïîòåçà H
1
) è

ñòàöèîíàðíûì (ãèïîòåçà H
0
), ñîîòâåòñòâåííî:

    . lnsinln 0
1

001
kIntkL

n

i
iHH  


(5)

Â ðàáîòå [17] áûëî óñòàíîâëåíî, ÷òî ãèïîòåçó î ñòàöèîíàðíîñòè ìîæíî

óâåðåííî îòâåðãíóòü, åñëè ëîãàðèôì îòíîøåíèÿ ïðàâäîïîäîáèé 3ln
01
HHL

1.

K ýòîìó ðåçóëüòàòó ïðèâåëî ïðèìåíåíèå êðèòåðèÿ ñðàâíåíèÿ äâóõ ïóàññîíîâ-

ñêèõ ïðîöåññîâ - ïåðèîäè÷åñêîãî è ñòàöèîíàðíîãî, ïðèâåäåííîãî â ðàáîòå

[30], ñîãëàñíî êîòîðîìó ñòàöèîíàðíîñòü íå îòâåðãàåòñÿ, åñëè

      . 13cossin
2

1 0

2

1 0 




   
ntt

n

i i
n

i i

Ñîãëàñèå ñ íàáëþäàòåëüíûìè äàííûìè ïðîâåðåíî ñðàâíåíèåì îæèäàåìîãî

ðàñïðåäåëåíèÿ âñïûøåê ïî ôàçàì ñ ñîîòâåòñòâóþùèì íàáëþäàåìûì ðàñïðå-

äåëåíèåì ñ ïîìîùüþ êðèòåðèÿ ñîãëàñèÿ 
2  (êðèòåðèé ñîãëàñèÿ Ïèðñîíà).

Áîëåå ïîäðîáíîå îïèñàíèå ìåòîäà ïðèâåäåíî â ðàáîòàõ [17,18].

1 Â ðàáîòå àâòîðà [18] â ýòîé ôîðìóëå åñòü îïå÷àòêà. Âìåñòo çíàêà " >" ïîñòàâëåí çíàê "<".
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Â òàáë.2 ïðåäñòàâëåíû âû÷èñëåííûå ïàðàìåòðû äëÿ âûáîðêè çâåçä, ïðåä-

ñòàâëåííîé â òàáë.1, ãäå ïîñëåäîâàòåëüíî ïðèâåäåíû íîìåðà çâåçä â êàòàëîãå

KIC, ïåðèîä ÏÔ×Â P
f 
, îòíîøåíèå P

r 
/P

f 
, êîýôôèöèåíò êîíöåíòðàöèè k̂ ,

íà÷àëüíàÿ ôàçà ̂  (äëÿ ÷èñòî òåõíè÷åñêîãî óäîáñòâà âû÷èñëåíèé ïðèíÿòî,

÷òî íà÷àëüíûé ìîìåíò t = 0 íàáëþäåíèé äëÿ êàæäîé çâåçäû ñîâïàäàåò ñ

ìîìåíòîì ïåðâîé åå âñïûøêè), ëîãàðèôì îòíîøåíèÿ ïðàâäîïîäîáèé, çíà÷åíèå

êðèòåðèÿ ñîãëàñèÿ 
2 . Äëÿ ïîëíîé âûáîðêè çâåçä íà ðèñ.2-4 ïðèâåäåíû

ðàñïðåäåëåíèÿ P
f 
, P

r 
/P

f
 è k̂ .

Íà ðèñ.5 ïðèâåäåíû ïðèìåðû îïðåäåëåíèÿ ÏÔ×Â è ñîîòâåòñòâóþùèõ

ôàçîâûõ ðàñïðåäåëåíèé âñïûøåê äëÿ çâåçä KIC 8811811, 2968811, 6675714.

KIC P
f

P
r 
/P

f
k̂ ̂

01
ln HHL

2 ̂ 0̂

2968811 14.722 0.995 0.17919 1.36459 2.32193 1.51178 0.5888 1.9969
4758595 20.130 1.007 0.23903 0.62775 4.59307 6.51034 0.6631 6.0032
5351320 0.901 0.990 0.25657 2.67321 4.12922 3.11193 3.1996 4.3020
6117602 0.604 0.998 0.21010 2.25872 3.13033 3.20167 2.0145 2.7024
6187639 2.992 1.004 0.25170 3.31417 5.08692 3.92036 0.0152 1.7586
6675714 6.760 1.000 0.24390 0.7625 3.70643 2.04663 0.7049 6.1798
7131515 3.854 0.999 0.17312 4.83821 2.98765 6.14257 5.2973 2.2816
7664485 3.153 0.998 0.25856 1.90688 4.60534 7.15711 1.8924 2.2285
7905458 18.045 1.004 0.20617 1.04902 2.79388 2.04278 4.5869 4.0651
8093473 6.058 1.003 0.19305 5.85648 4.05237 2.82382 4.1663 2.1688
8292758 2.873 0.997 0.29767 3.75708 6.23185 7.32981 5.5450 1.4481
8481420 2.047 1.003 0.24367 3.99111 4.34532 2.38966 1.4298 3.8501
8507979 1.226 1.005 0.21083 5.99714 3.50467 0.70206 3.6537 1.7968
8811811 1.553 1.002 0.29200 0.46721 5.41296 0.94671 1.2602 0.1566
9116222 7.415 1.001 0.22043 1.69782 3.82788 4.82591 1.4942 1.6212
9201463 5.581 1.006 0.18942 2.81767 4.35719 6.27405 5.2266 0.1594
9267818 10.569 0.992 0.16437 4.30767 2.37902 0.77738 4.5762 1.0299
9349698 1.349 0.992 0.21651 2.10742 4.01951 1.67937 0.3499 0.8866
9456920 1.791 1.006 0.22950 2.86364 3.95087 3.73247 5.6753 0.6850
9540467 8.640 1.009 0.20029 3.30475 3.30475 1.94747 0.7916 1.7024
9941718 3.702 1.001 0.25150 1.63789 4.56316 6.63292 2.3410 2.4081
10146539 5.118 0.990 0.21967 5.79978 3.23999 2.09252 1.9662 6.1952
10355809 1.534 1.009 0.24430 2.93176 5.62162 1.72234 1.5056 2.8665
10865206 2.442 1.009 0.22080 0.44784 3.14016 1.27875 4.3605 3.2376
10909367 2.952 0.991 0.24685 1.09566 4.21737 5.86557 0.3025 6.1106
10975238 1.940 0.995 0.23798 0.02141 4.34297 5.97322 2.6149 1.0656
11342883 3.636 0.999 0.20199 4.54076 2.91536 3.91743 5.7226 2.4093
11515713 21.282 0.992 0.14529 2.99114 1.33517 5.64332 2.1447 3.5650
12258055 2.737 0.995 0.19036 3.60906 2.34856 1.84612 1.7013 3.7395
12314646 2.719 1.000 0.20984 1.11513 4.22532 3.65024 0.5259 0.0703
12646841 3.275 1.008 0.21694 3.77042 3.6038 1.28178 3.8791 6.0787

Òàáëèöà 2

ÂÛ×ÈÑËÅÍÍÛÅ ÏÀÐÀÌÅÒÐÛ ÄËß ÍÅÏÎËÍÎÉ ÂÛÁÎÐÊÈ ÇÂÅÇÄ
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Çâåçäà KIC 8811811 îäíà èç øåñòè âåðîÿòíûõ çâåçä òèïà BY Dra, ïðåä-

ñòàâëåííûõ â òàáë.1. Ê òîìó æå îíà ïðåäñòàâëÿåò óñëîâíóþ ãðóïïó çâåçä,

äëÿ êîòîðûõ ñòàòèñòè÷åñêàÿ äîñòîâåðíîñòü âûñîêàÿ.

Äðóãîé òèï òåñíûõ äâîéíûõ ñèñòåì ñî âñïûøå÷íîé àêòèâíîñòüþ RS CVn

ïðåäñòàâëåí íà ðèñ.5 çâåçäîé KIC 2968811. Îíà ïðåäñòàâëÿåò òàêæå ñðàâíè-

òåëüíî íåáîëüøóþ ãðóïïó çâåçä, ó êîòîðûõ çíà÷åíèå ëîãàðèôìà îòíîøåíèÿ

ïðàâäîïîäîáèé 
01

ln HHL  ìåíüøå òðåõ (ðèñ.6), ò.å. íåëüçÿ óâåðåííî îòâåðãíóòü

Ðèñ.3. Ðàñïðåäåëåíèå îòíîøåíèÿ P
r 
/P

f
 äëÿ ïîëíîé âûáîðêè çâåçä.

P
r 
/P

f

N

0.88
0

0.96 1.04 1.12
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24

Ðèñ.4. Ðàñïðåäåëåíèå êîýôôèöèåíòà êîíöåíòðàöèè k̂  äëÿ ïîëíîé âûáîðêè çâåçä.
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ãèïîòåçó î ñòàöèîíàðíîñòè ïóàññîíîâñêîãî ïðîöåññà. Êàê âèäíî èç ðèñ.6 ó

òàêèõ çâåçä îòíîøåíèå minmax   ìàëåíüêîå, ÷òî â ðàìêàõ ïðèíÿòîãî â

äàííîé ðàáîòå ïîäõîäà ìîæíî èíòåðïðåòèðîâàòü êàê ñëåäñòâèå áîëåå è ìåíåå

ðàâíîìåðíîãî ðàñïðåäåëåíèÿ âñïûøå÷íî-àêòèâíûõ îáëàñòåé/ïÿòåí ïî äîëãîòå.

Çâåçäà KIC 6675714 ïðåäñòàâëÿåò "ñðåäíåñòàòèñòè÷åñêîå" áîëüøèíñòâî

çâåçä, âõîäÿùèõ â òàáë.1.

Èç ðèñ.6 è òàáë.2 ñëåäóåò, ÷òî äëÿ ïîäàâëÿþùåãî áîëüøèíñòâà çâåçä

ãèïîòåçà î öèêëè÷åñêîì/ïåðèîäè÷åñêîì õàðàêòåðå èçìåíåíèÿ ÷àñòîòû âñïûøåê

íå îòâåðãàåòñÿ ïî êðèòåðèþ 3ln
01
HHL . Êðèòåðèé ñîãëàñèÿ 

2 õîðîøî

ñîãëàñóåòñÿ ñ ýòèì âûâîäîì äëÿ âñåõ çâåçä áåç èñêëþ÷åíèÿ.

Ðèñ.5. Ôóíêöèÿ ÷àñòîòû âñïûøêè )(t  â óñëîâíûõ åäèíèöàõ (ëåâàÿ ïàíåëü), îæèäàåìûå
(áàðû) è íàáëþäàåìûå (òî÷êè) ôàçîâûå ðàñïðåäåëåíèÿ âñïûøåê çâåçä KIC 8811811, KIC

2968811, KIC 6675714 (ïðàâàÿ ïàíåëü, ñâåðõó âíèç).
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4.2. Ïðåäñòàâëåíèå â âèäå êðóãîâîãî ðàñïðåäåëåíèÿ ôîí Ìèçåñà.

Äëÿ ïðåäñòàâëåíèÿ ïîëó÷åííûõ â ïîäðàçäåëå 4.1 ðåçóëüòàòîâ â âèäå êðóãîâîãî

ðàñïðåäåëåíèÿ ôîí Ìèçåñà, íåîáõîäèìî èìåòü â âèäó, ÷òî ñðåäíåå ðàñïðåäå-

ëåíèÿ ̂  îöåíèâàåòñÿ ñëåäóþùèì îáðàçîì:

 
 

 
, 

cos

sin
tan

1 0

1 0













n

i i

n

i i

t

t
ˆ (6)

ò.å. ó÷èòûâàÿ (3)     ˆˆ tan1tan .

Èç ìíîæåñòâà êîðíåé (6) ̂  âûáèðàåòñÿ ïî ñëåäóþùåìó ïðàâèëó:

  
     
     
































. 0cos  и  0sin если  , 

0cos  и  0sin если  , 

0cos  если  , 

1 01 0

1 01 0

1 0

n

i i
n

i i

n

i i
n

i i

n

i i

ttˆ

ttˆ

tˆ

ˆ
(7)

Ñ ó÷åòîì ñîîòíîøåíèé (3), (4), (6), (7) ìîæíî óñòàíîâèòü ñâÿçü ìåæäó

ïàðàìåòðàìè ̂  è ̂ , êîòîðàÿ äëÿ ïîëíîé âûáîðêè çâåçä ïðèâåäåíà íà ðèñ.7.

Äëÿ íåïîëíîé âûáîðêè â ïîñëåäíèõ äâóõ ñòîëáöàõ òàáë.2 ïðèâîäÿòñÿ çíà÷åíèÿ

̂ , 0̂ . Âåëè÷èíà 0̂  èìååò ÷èñòî òåõíè÷åñêîå ïðîèñõîæäåíèå è îáóñëîâëåíà,

êàê îòìå÷åíî âûøå, òåì, ÷òî ïðè îïðåäåëåíèè ÏÔ×Â çà íà÷àëüíûé ìîìåíò

âðåìåíè äëÿ óäîáñòâà âû÷èñëåíèé áûë ïðèíÿò ìîìåíò ïåðâîé ðåãèñòðèðîâàííîé

âñïûøêè çâåçäû, ò.å. 01 t . Ñîîòâåòñòâåííî, ìîìåíòû âñåõ âñïûøåê ïðèíÿëè

îòëè÷íûå îò êàòàëîæíûõ çíà÷åíèÿ  1ttt ii  . Ïðè îïðåäåëåíèè æå ïàðàìåòðîâ

Ðèñ.6. Çàâèñèìîñòü 
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ðàñïðåäåëåíèÿ ôîí Ìèçåñà íà÷àëüíûé ìîìåíò ñîâïàäàåò ñ íà÷àëüíûì ìîìåíòîì

íàáëþäåíèÿ çà çâåçäîé. Ýòî è ïðèâîäèò ê ïîÿâëåíèþ 0̂  ðàâíîé

  .  ,mod2 10 ff PPtˆ 

Äðóãîé îñíîâíîé ïàðàìåòð k îñòàåòñÿ îáùèì äëÿ îáîèõ ðàñïðåäåëåíèé.

Ïåðåõîä ê ðàñïðåäåëåíèþ ôîí Ìèçåñà ñóùåñòâåííî ìîæåò îáëåã÷èòü

äàëüíåéøèå ñòàòèñòè÷åñêèå èññëåäîâàíèÿ, ïîñêîëüêó îíî õîðîøî èññëåäîâàíî

è ïðåäñòàâëåíî âî ìíîãèõ ïðîãðàììíûõ ïàêåòàõ, òàêèõ êàê R, Mathlab, NCSS

è äð. Â äàííîé ðàáîòå èñïîëüçîâàí ïàêåò NCSS. Êðîìå òîãî, ðàñïðåäåëåíèå

ôîí Ìèçåñà ïðèâëåêàòåëüíî òåì, ÷òî îíî ÿâëÿåòñÿ àíàëîãîì íîðìàëüíîãî

ðàñïðåäåëåíèÿ äëÿ óãëîâûõ äàííûõ.

Íà ðèñ.8 ïðèâåäåíû ðàñïðåäåëåíèå ôîí Ìèçåñà â âèäå äèàãðàììû "ðîçà

âåòðîâ" è ôàçîâîå ðàñïðåäåëåíèå âñïûøåê äëÿ çâåçäû KIC 8811811. Íà÷àëîì

ïåðâîãî áèíà êðóãîâîãî ðàñïðåäåëåíèÿ â äàííîì ñëó÷àå ÿâëÿåòñÿ 156600 .ˆ 

(ñîîòâåòñòâóåò óãëó ~9o). Ïåðâûé áèí êðóãîâîãî ðàñïðåäåëåíèÿ ñîîòâåòñòâóåò

ïåðâîìó áèíó ôàçîâîãî ðàñïðåäåëåíèÿ ñëåâà. Ñëåäóþùèå áèíû ïî íàïðàâëåíèþ

ïðîòèâ ÷àñîâîé ñòðåëêè ñîâïàäàþò ñ áèíàìè ôàçîâîãî ðàñïðåäåëåíèÿ ñëåâà

íàïðàâî. Òî÷êà ðÿäîì ñî âòîðûì áèíîì êðóãîâîé äèàãðàììû - ýòî ñðåäíåå

(ñðåäíåå íàïðàâëåíèå) ðàñïðåäåëåíèÿ ôîí Ìèçåñà ̂ .

Ýòà æå äèàãðàììà, ó÷èòûâàÿ ïîëîæèòåëüíóþ êîððåëÿöèþ âñïûøå÷íîé

àêòèâíîñòè ñ ðàçìåðàìè ïÿòåí [20], ïî ñóùåñòâó ïðåäñòàâëÿåò óãëîâîå ðàñïðå-

äåëåíèå ýôôåêòèâíîé ïëîùàäè ïîêðûòèÿ ïÿòåí íà îáðàùåííîé ê íàáëþäàòåëþ

ïîëóñôåðû çâåçäû, â âèäå êðóãîâîãî ðàñïðåäåëåíèÿ ôîí Ìèçåñà.

Ðèñ.7. Ñâÿçü ìåæäó ïàðàìåòðàìè ̂  è ̂ .
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4.3. Îïðåäåëåíèå çàïÿòíåííîñòè. Â ðàçäåëå 2 áûëî óæå îòìå÷åíî,

÷òî îòíîøåíèå ðåãèñòðèðîâàííîãî ïîòîêà â ìèíèìóìå ê ìàêñèìàëüíîìó

ïîòîêó ìîæíî âûðàçèòü ÷åðåç ïàðàìåòðû ÏÔ×Â è îïðåäåëèòü çàïÿòíåííîñòü

çâåçäû, êîòîðàÿ òàêæå ñâÿçàíà ñ ýòèì îòíîøåíèåì ñëåäóþùèì îáðàçîì:

 
  , 

spstspmaxstst

spstspminstst

max

min

LLSSL

LLSSL

F

F






ãäå F
min

, F
max

 - ðåãèñòðèðîâàííûå ïîòîêè, L
st
, L

sp
 - ñðåäíèå ïîâåðõíîñòíûå

ÿðêîñòè íåçàïÿòíåííîé ïîâåðõíîñòè çâåçäû è çâåçäíûõ ïÿòåí, ñîîòâåòñòâåííî,

S
st
 - ïëîùàäü ïîâåðõíîñòè ïîëóñôåðû çâåçäû â ïðîåêöèè, à S

spmin
, S

spmax
 -

ïëîùàäè, çàíèìàåìûå ïÿòíàìè íà ýòîé æå ïîâåðõíîñòè ïðè ìèíèìàëüíîì

è ìàêñèìàëüíîì ïîòîêàõ.

Âûøåóïîìÿíóòóþ ñâÿçü ìåæäó ðàçìåðàìè ïÿòåí è âñïûøå÷íîé àêòèâíîñòüþ

[20] ìîæíî ïðåäñòàâèòü â âèäå ðàâåíñòâà

. 2k

min

max

spmax

spmin
e

S

S







Ââîäÿ îáîçíà÷åíèÿ rmaxmin FFF  , ASS stspmax  , rstsp LLL  , ïîñëå

íåñëîæíûõ ïðåîáðàçîâàíèé ìîæíî ïîëó÷èòü ñëåäóþùåå âûðàæåíèå äëÿ

ïàðàìåòðà çàïÿòíåííîñòè çâåçäû A:

  
. 

1

1

2
rr

k

r

LFe

F
A






Â ñëó÷àå ïðåíåáðåæåíèÿ èçëó÷åíèåì ïÿòåí L
r
 = 0, ñîîòâåòñòâåííî

. 
1
2

r
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Fe
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A




 (8)

Ðèñ.8. Ðàñïðåäåëåíèå ôîí Ìèçåñà â âèäå äèàãðàììû "ðîçà âåòðîâ" è ôàçîâîå ðàñïðåäåëåíèå
âñïûøåê äëÿ çâåçäû KIC 8811811.
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Â ýòîì ñëó÷àå äëÿ ïàðàìåòðà çàïÿòíåííîñòè ìîæíî ïîëó÷èòü òîëüêî îöåíêó

ñíèçó. Â ïðèáëèæåíèè ÷åðíîòåëüíîãî èçëó÷åíèÿ ïî àíàëîãèè ñ Ñîëíöåì

ìîæíî ïðèíÿòü 3020 ..Lr  , ÷òî ïðèâîäèò ê óâåëè÷åíèþ îöåíêè íà 4025  %.

Ê íåêîòîðîìó óâåëè÷åíèþ ìîæåò ïðèâåñòè òàêæå ó÷åò êðàåâûõ ýôôåêòîâ, â

÷àñòíîñòè, ïîòåìíåíèå çâåçäû ê êðàþ. Ïî îïðåäåëåíèþ âåëè÷èíà À ÿâëÿåòñÿ

îòíîøåíèåì ïëîùàäè ïîâåðõíîñòè ïÿòåí ê ïëîùàäè ïîâåðõíîñòè ìèíèìàëüíî

çàïÿòíåííîé ïîëóñôåðû çâåçäû â ïðîåêöèè. Äëÿ ìàêñèìàëüíî çàïÿòíåííîé

ïîëóñôåðû îíî áîëüøå íà 
ke2
 ðàçà. Çàïÿòíåííîñòü çâåçäû â öåëîì ìîæíî

îöåíèòü òîëüêî â òîì ñëó÷àå, åñëè ýòè ïîëóñôåðû ïðîòèâîïîëîæíû äðóã

äðóãó, ÷òî èìååò ìåñòî ïðè íàêëîíå îñè âðàùåíèÿ çâåçäû íà ~90o. Â ýòîì

ñëó÷àå ïàðàìåòð çàïÿòíåííîñòè A
total

 ðàâåí:

 
. 

2

1 2k

total

eA
A




Íåîáõîäèìûå äëÿ âû÷èñëåíèÿ çàïÿòíåííîñòè äàííûå F
min

, F
max

 áûëè

èçâëå÷åíû èç êðèâûõ ïîòîêîâ çâåçä ïî äàííûì êîñìè÷åñêîé îáñåðâàòîðèè

"Êåïëåð" ñ ïîìîùüþ ïðîãðàììíûõ ñðåäñòâ Python. Äëÿ ýòîãî áûëè îòîáðàíû

ó÷àñòêè ñ ðåãóëÿðíûì ïîâåäåíèåì êðèâîé ïîòîêà. Äëÿ ïðèìåðà íà ðèñ.9

ïðèâåäåíà BLS ïåðèîäoãðàììà ñ òàêèì ó÷àñòêîì äëÿ çâåçäû òèïà BY Dra KIC

8811811, îòêóäà âèäíî ÷òî èñêîìàÿ âåëè÷èíà 950.~FFF maxmin  .

Ïðèìåíÿÿ ïîëó÷åííîå âûøå âûðàæåíèå (8), ìîæíî îöåíèòü ìåðó çàïÿòíåí-

Ðèñ.9. BLS ïåðèîäoãðàììà çâåçäû òèïà BY Dra KIC 8811811.
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KIC A Aexp(2k) A
total

KIC A Aexp(2k) A
total

2968811 0.264 0.378 0.321 9267818 0.101 0.141 0.121
4758595 0.022 0.038 0.029 9349698 0.018 0.028 0.023
5351320 0.051 0.085 0.068 9456920 0.086 0.136 0.111
6117602 0.008 0.012 0.010 9540467 0.050 0.074 0.062
6187639 0.042 0.070 0.056 9941718 0.041 0.067 0.054
6675714 0.022 0.035 0.028 10146539 0.019 0.030 0.024
7131515 0.061 0.086 0.073 10355809 0.019 0.030 0.024
7664485 0.032 0.054 0.043 10865206 0.129 0.200 0.165
7905458 0.087 0.132 0.110 10909367 0.057 0.094 0.075
8093473 0.127 0.187 0.157 10975238 0.106 0.171 0.139
8292758 0.036 0.066 0.051 11342883 0.116 0.174 0.145
8481420 0.060 0.098 0.079 11515713 0.093 0.124 0.108
8507979 0.074 0.113 0.094 12258055 0.087 0.127 0.107
8811811 0.058 0.103 0.081 12314646 0.078 0.118 0.098
9116222 0.043 0.066 0.054 12646841 0.016 0.025 0.021
9201463 0.020 0.030 0.025 - - - -

Òàáëèöà 3

ÇÀÏßÒÍÅÍÍÎÑÒÜ ÇÂÅÇÄ

íîñòè A. Â òàáë.3 ïðèâåäåíû èòîãîâûå ðåçóëüòàòû: çàïÿòíåííîñòü ìèíèìàëüíî

çàïÿòíåííîé ïîëóñôåðû A, òî æå ñàìîå äëÿ ìàêñèìàëüíî çàïÿòíåííîé, è

çàïÿòíåííîñòü äëÿ çâåçäû â öåëîì, ïðè ïðåäïîëîæåíèè, ÷òî íàêëîí îñè

âðàùåíèÿ çâåçäû áëèçîê ê 90o. Ñðåäè ïðåäñòàâëåííûõ çâåçä íàèáîëüøèå

çàïÿòíåííîñòè âñòðå÷àþòñÿ ñðåäè òeñíûõ äâîéíûõ çâåçä òèïîâ BY Dra, RS

CVn. Ðàñïðåäåëåíèå ïàðàìåòðà À äëÿ ïîëíîé âûáîðêè ïðåäñòàâëåíî íà ðèñ.10.

Ðèñ.10. Ðàñïðåäåëåíèå ïàðàìåòðà çàïÿòíåííîñòè À äëÿ ïîëíîé âûáîðêè.
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5. Çàêëþ÷åíèå. Íà îñíîâå äàííûõ îðáèòàëüíîé îáñåðâàòîðèè "Êåïëåð"

èçó÷åíû íàèáîëåå àêòèâíûå âñïûõèâàþùèå çâåçäû, êîòîðûå ïðîäåìîíñòðè-

ðîâàëè 250 èëè áîëåå âñïûøåê â ïåðèîä ìèññèè "Êåïëåð". Îïðåäåëåíû

ïåðèîäè÷åñêèå ôóíêöèè ÷àñòîòû âñïûøåê âñïûõèâàþùèõ çâåçä ñ ïåðèî-

äè÷íîñòüþ, áëèçêîé ê ïåðèîäó âðàùåíèÿ çâåçäû. Ïîñòðîåíû îæèäàåìûå

ôàçîâûå ðàñïðåäåëåíèÿ âñïûøåê, êîòîðûå ñðàâíåíû ñ íàáëþäàåìûìè

ðàñïðåäåëåíèÿìè âñïûøåê çà äàííûé ïåðèîä. Äëÿ âñåõ èññëåäîâàííûõ çâåçä

ýòî ñðàâíåíèå (ñ èñïîëüçîâàíèåì êðèòåðèÿ 
2 ) ïîäòâåðæäàåò ïåðèîäè÷íîñòü

÷àñòîòû âñïûøåê.

Ïðåäëîæåí íîâûé ñïîñîá îïðåäåëåíèÿ çàïÿòíåííîñòè çâåçäíûõ ïÿòåí ñ

èñïîëüçîâàíèåì ÏÔ×Â. Ðàñïðåäåëåíèå ïÿòåí âñïûõèâàþùèõ çâåçä ïðåä-

ñòàâëåíî óãëîâûì ðàñïðåäåëåíèåì ôîí Ìèçåñà ñ ïàðàìåòðàìè, ïîëó÷åííûìè

èç ñîîòâåòñòâóþùåé ôóíêöèè ÷àñòîòû âñïûøåê. Ïîëó÷åíû îöåíêè çàïÿò-

íåííîñòè èññëåäóåìûõ çâåçä. Ïðåäñòàâëåííûé ñïîñîá ìîæåò ñëóæèòü õîðîøèì

äîïîëíåíèåì ê óæå ñóùåñòâóþùèì ìåòîäàì (êàê íàïð. [31,32]). Îñîáåííî

ïðèâëåêàòåëüíûì ïðåäñòàâëÿåòñÿ åãî ïðèìåíåíèå ê êðàòíûì ñèñòåìàì ñî

âñïûõèâàþùåé çâåçäîé. Îïðåäåëåíèå è âûäåëåíèå ïåðèîäà âñïûõèâàþùåé

çâåçäû ñ ïîìîùüþ âñïûøåê ìîæåò ñóùåñòâåííî îáëåã÷èòü èíòåðïðåòàöèþ

ñëîæíûõ êðèâûõ êðàòíûõ ñèñòåì.

Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.Àìáàðöóìÿíà ÍÀÍ,

Àðìåíèè, e-mail: aakopian57@gmail.com

DETERMINING THE FREQUENCY FUNCTION OF
FLARES AND STARSPOT COVERAGE IN ACTIVE FLARE

STARS DISCOVERED BY "KEPLER"

A.A.AKOPIAN

Based on data from the "Kepler" orbital observatory, this study investigates the

most active flare stars, which exhibited 250 or more flares during the "Kepler"

mission period. The main research objectives were: (a) analyzing light curves to

identify unique physical characteristics of individual stars; (b) defining the periodic/

cyclic flare frequency function (PFFF) of flare stars, associated with axial/orbital

rotations; and (c) presenting a novel method for determining starspot coverage

using the PFFF and applying this method. The study produced corresponding

PFFF values with periodicities close to the stars rotation periods. Expected phase



512 À.À.ÀÊÎÏßÍ

distributions of flares were constructed and compared with observed flare distri-

butions for the given rotation period. For all stars examined, this comparison

(using the 
2  criterion) supports the periodicity of flare frequency. It is hypoth-

esized that the starspot distribution of flare stars can be represented by the von

Mises circular distribution, with parameters derived from the respective flare

frequency function. Estimates of the starspot coverage for the stars studied were

obtained.

Keywords: flare stars: flare frequency: periodic variability: starspots: von Mises

     distribution

ËÈÒÅÐÀÐÓÐÀ

1. M.Vázquez, J.M.Vaquero - The Sun Recorded Through History_ Scientific

Data Extracted from Historical Documents, 2009.

2. J.M.Vaquero, Historical sunspot observations: A review. Advances in Space

Research, 40, 929, 2007.

3. D.J.Schove, Sunspot Cycles (Benchmark Papers in Geology, vol. 68). Stroudsburg:

Hutchinson Ross. 1983, p.26.

4. W.Wei-Hock Soon, S.H.Yaskell, The Maunder Minimum And the Variable

Sun-Earth Connection-World Scientific Publishing Company, 2003.

5. R.W.Noyes, The Sun, Our Star-Harvard University Press, 1982.

6. F.R.Stephenson, D.M.Willis, Astronomy & Geophysics, 40, 6.21, 1999, https:/

/doi.org/10.1093/astrog/40.6.6.21.

7. R.Arlt, J.M.Vaquero, Living Reviews in Solar Physics, 17, 1, id.1, 2020.

8. J.Casanovas, Early observations of sunspots: Scheiner and Galileo, 1st Ad-

vances in Solar Physics Euroconference. Advances in Physics of Sunspots, 118,

3, 1997.

9. I.Bullialdi, Ad astronomos monita duo, 1667.

10. G.E.Kron, Publ. Astron. Soc. Pacif., 59, 261, 1947. doi:10.1086/125964.

11. N.N.Samus, E.V.Kazarovets, O.V.Durlevich et al., General Catalogue of Vari-

able Stars: Version GCVS 5.1, Astron. Rep., 61, 80, 2017.

12. V.S.Oskanyan, D.S.Evans, C.Lacy et al., An analysis of the slow light

variability of BY Draconis, Astrophys. J., 214, 430, 1977. doi:10.1086/155268.

13. À.Ìåëêîíÿí, Ê.Îëà, À.Â.Îñêàíÿí è äð., Àñòðîôèçèêà, 16, 107, 1979.

14. D.S.Hall, IAU Colloquium, Multiple Periodic Variable Stars, 29, 287, 1976,

doi: https://doi.org/10.1017/S0252921100062011.

15. J.A.Eaton, D.S.Hall, Astrophys. J., 227, 907, 1979.

16. A.A.Akopian, Astrophysics, 58, 62, 2015.



513ÇÀÏßÒÍÅÍÍÎÑÒÜ  ÂÑÏÛÕÈÂÀÞÙÈÕ  ÇÂÅÇÄ

17. A.A.Akopian, Astrophysics, 62, 518, 2019.

18. A.A.Akopian, Astrophysics, 66, 516, 2023.

19. Â.À.Àìáàðöóìÿí, "Çâåçäû, Òóìàííîñòè, Ãàëàêòèêè", Èçä. ÀÍ Àðì ÑÑÐ,

1969, ñ.283.

20. H.Yang, J.Liu, Q.Gao et al., Astrophys. J., 849, 36, 2017.

21. H.Yang, J.Liu, Astrophys. J. Suppl. Ser., 241, 29, 2019.

22. A.McQuillan, T.Mazeh, S.Aigrain, Astrophys. J. Suppl. Ser., 211, 24, 2014.

23. T.Reinhold, A.Reiners, G.Basri, Astron. Astrophys., 560, A4, 2013.

24. S.Rappaport, J.Swift, A.Levine et al., Astrophys. J., 788, 114, 2014.

25. Lightkurve Collaboration, J.V. de M.Cardoso, C.Hedges, M.Gully-Santiago et

al., Astrophysics Source Code Library. ascl:1812.013, 2018.

26. G.Kovacs, S.Zucker, T.Mazeh, Astron. Astrophys., 391, 369, 2022.

27. N.R.Lomb, Astrophys. Space Sci., 39, 447, 1976.

28. J.D.Scargle, Astrophys. J., 263, 835, 1982.

29. Þ.À.Êóòîÿíö, Îöåíèâàíèå ïàðàìåòðîâ ñëó÷àéíûõ ïðîöåññîâ, Èçä-âî ÀÍ

Àðìÿíñêîé ÑÑÐ, 1980.

30. P.A.W.Lewis, J. Sound Vib., 12(3), 353, 1970.

31. S.Aigrain, F.Pont, S.Zucker, Mon. Not. Roy. Astron. Soc., 419, 3147, 2012.

32. I.S.Savanov, K.G.Strassmeier, Astron. Nachr., 329, 364, 2008.



TOPOLOGICAL CASIMIR EFFECT IN MODELS WITH
HELICAL COMPACT DIMENSIONS
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We investigate the influence of the helical compactification of spatial dimension on the local
properties of the vacuum state for a charged scalar field with general curvature coupling parameter.
A general background geometry is considered with rotational symmetry in the subspace with the
coordinates appearing in the helical periodicity condition. It is shown that by a coordinate trans-
formation the problem is reduced to the problem with standard quasiperiodicity condition in the
same local geometry and with the effective compactification radius determined by the length of the
compact dimension and the helicity parameter. As an application of the general procedure we have
considered locally de Sitter spacetime with a helical compact dimension. By using the Hadamard
function for the Bunch-Davies vacuum state, the vacuum expectation values of the field squared,
current density, and energy-momentum tensor are studied. The topological contributions are explic-
itly separated and their asymptotics are described at early and late stages of cosmological expansion.
An important difference, compared to the problem with quasiperiodic conditions, is the appearance
of the nonzero off-diagonal component of the energy-momentum tensor and of the component of
the current density along the uncompact dimension.

Keywords: topological Casimir effect: vacuum polarization: helical periodicity

      conditions: de Sitter spacetime

1. Introduction. The topological effects play an important role in various

fields of physics. The latter include high-energy models with compact extra

dimensions and different types of condensed matter systems. As examples we

mention here the Kaluza-Klein type theories in supergravity and in string theories

and different types of topological structures of 2D materials. In field theories

formulated on background of spacetimes with nontrivial topology, in addition to

the field equations, periodicity conditions have to be imposed on the fields along

compact dimensions. As a consequence, the local physical characteristics of fields

depend on the global properties of the background geometry. In particular, that

is the case for the vacuum state of quantum fields. In models with compact

dimensions the influence of the periodicity conditions on the properties of

quantum vacuum is similar to that induced by boundary conditions on the field

operator in the Casimir effect and is known as the topological Casimir effect (for

reviews see [1-7]). It has been investigated for different topological classes and
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background geometries. The interest is motivated by applications in theories with

extra dimensions as a stabilization mechanism for moduli fields, in cosmology as

a possible source of dark energy driving the accelerated expansion of the Universe,

and in condensed matter physics as a source of generation of ground state stresses

and currents. Among other implications of compact dimensions we can mention

here new mechanisms for symmetry breaking, the generation of topological mass

in field theories and different types of instabilities (see, for example, references

[8-24]).

An interesting feature in theories with compact dimensions is the possibility

of inequivalent field configurations with different periodicity conditions [1,25,26].

The different conditions lead to different physical consequences. Among the

interesting directions in the studies of the topological Casimir effect is the

dependence of the physical characteristics of the vacuum state on the periodicity

conditions in the compact subspace. The most popular conditions in the literature

correspond to periodic and antiperiodic fields (untwisted and twisted fields). They

are special cases of more general periodicity conditions for charged fields with

general phases. For the values of the phase different from 0 and   vacuum

currents appear along compact dimensions. Those currents have been studied in

[27-37] for locally Minkowski, de Sitter (dS) and anti-de Sitter (AdS) spacetimes

(for a review see [38]). More general helical conditions include an additional shift

along uncompact dimensions [39,40]. The vacuum energy in models with helical

conditions along compact dimensions with zero value of the phase has been studied

in [41-47]. The current density in the case of general phase is discussed in [48,49].

In the present paper we show that the characteristics of the vacuum in

problems with helical periodicity conditions can be generated by using the

corresponding results for standard quasiperiodicity conditions by a coordinate

transformation depending on the length of compact dimension and the helicity

parameter. The organization of the paper is as follows. In the next section the

problem setup is presented. The coordinate transformation is described and the

connection between the vacuum expectation values (VEVs) is given. As an example

of general procedure, in Section 3, a locally dS background geometry is considered.

The expressions of the Hadamard function, for the VEVs of the field squared,

current density and the energy-momentum tensor are presented. The main results

of the paper are summarized in Section 4.

2. Problem setup and coordinate transformation. Let us consider the

background geometry described by the (D+1)-dimensional line element
ki

ik dxdxgds 2 , where

   , ..., , ,, , 0, 210
 ,1 ,1 ,1 ,


  Dl

DDDDDlDl
l

ikik xxxxggggxgg (1)

with l = 0, 1, ..., D - 2. It will be assumed that the spatial coordinate Dx  is
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compactified to a circle with the length a, axD 0  and for the coordinate 1Dx

one has  1Dx . No specific conditions will be imposed on the geometry

and topology of the subspace covered by the coordinates lx . We discuss the

dynamics of a scalar field  x  with curvature coupling parameter  , governed

by the equation

    , 02  xmRDDg ki
ik (2)

where iii ieAD   is the gauge-covariant derivative and e is the coupling between

the scalar and gauge fields. Since the background space has non-trivial topology,

in addition to the field equation one should specify the periodicity conditions along

compact dimensions. In the subspace ( DD xx  ,1 ) we impose helical periodicity

condition

   ,  , , , , 11 DDliDDl xhxxeaxxx p  





(3)

with the helicity parameter h and constant phase p . In the special case h = 0

the relation (3) reduces to a generic quasiperiodicity condition.

Here we consider a simple configuration of the gauge field with A
D-1

, A
D

 = const.

These constant components of the gauge field can be excluded from the field

equation by the gauge transformation

    . , , 1
1

D
D

D
D

ie
iii xAxAxexAA  


 (4)

In the new gauge one has 0iA  and iiD   for l = D - 1, D. Now the condition

(3) takes the form

   ,  , , , , 11 DDl
~iDDl xhxxeaxxx p  





(5)

with the new phase

. 1 aAheA~
DDpp   (6)

The physical characteristics will depend on the quantities p , A
D-1

, A
D
 in the form

of the combination.

In quantum field theory the periodicity conditions imposed on the field

operator modify the spectrum of vacuum fluctuations and the vacuum expectation

values of physical observables are shifted by amount that depends on the param-

eters of the compactification (the topological Casimir effect [1-7]). These effects

for the quasiperiodicity conditions, corresponding to the zero value of the helicity

parameter, h = 0, have been widely investigated in the literature for different local

geometries. Simple geometries with helical conditions in the case of zero phase

were discussed in [41-47]. In the discussion below we will show that the results

for the helical conditions can be obtained by an appropriate coordinate transfor-

mations from the formulas for quasiperiodicity conditions.

The helical condition identifies the spacetime points with the coordinates
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   axxxP DDl
a  

  , , 1
 ,0  and    DDl

h xhxxP  , , 1
0 ,  

 . Let us introduce new co-

ordinates ix  in accordance with ll xx   for l = 0, 1, ..., D - 2, and

, , 
2

111

a

h
x

a

a
x

a

h
xh

a

a
x

a

h
x

a

a
x DDDDDD  

(7)

where

. 22 haa  (8)

The inverse transformation reads

 , 111 DDDDDD x
a

a
x

a

h
xhx

a

h
x

a

a
x  

(9)

For the identification points in the coordinates ix  one has

       .  , ,,  , , 1
0 ,

1
 ,0

DDl
h

DDl
a xxxPaxxxP 




  (10)

The coordinate transformation (7) is a combination of the rotation by angle

 aharctan , 20  , and the shift of the origin to the point  0 , , hxx li   .

The metric tensor is form-invariant under the transformation (7).

Now we can reformulate the problem of the investigation of the VEVs for the

field  x  with helical condition (3) in the coordinate system ix . For the

corresponding metric tensor we still have

  , , 0,  ,1 ,1 ,1 , DDDDDlDl
l

ikik ggggxgg   (11)

with ll xx   . The field equation has the form (2) with the replacements
ik

ik gg   for the metric tensor and iiii AieDD   for the covariant deriva-

tive, where ii AA   for i = 0, 1, ..., D - 2, and

., 111 DDDDDD A
a

a
A

a

h
AA

a

h
A

a

a
A   (12)

In the new coordinates the periodicity condition takes the form

   ,  , , , , 11 DDliDDl xxxeaxxx p 



  (13)

which is a standard quasiperiodicity condition. This shows that we can use the

results for the VEVs in problems with quasiperiodicity condition (13) in order to

find the expectation values in problems with helical conditions. Let us specify this

procedure for the current density and the energy-momentum tensor. The

renormalized VEVs in the coordinate system ix  we denote by  lp
ii Ajj  ,

and  lp
ikik ATT  ,  for the current density and the energy-momentum

tensor, respectively. The corresponding expectation values  lp
ii Ajj  ,  and

 lp
ikik ATT  ,  in the original problem with helical periodicity condition (3)

are obtained by the coordinate transformation ii xx  .

We start with the current density. Note that in the coordinate system ix  we
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can make a gauge transformation  iii AA ,    xex ie    with the func-

tion 1
1


 D
D xA . In the new gauge one gets 01  DA . Both the field equation

and the periodicity condition (13) are invariant under this gauge transformation

and the physical results do not depend on 1DA . In the gauge 01 DA  the metric

tensor, the field equation and the periodicity condition in the coordinate system
ix  are symmetric under the reflection 11   DD xx . Assuming that the vacuum

state is also symmetric under this reflection, we conclude that the component of

the current density along the coordinate direction 
1Dx  vanishes by the symmetry,

01 Dj . In this case the components of the current density in the coordinates
ix  are expressed as

. , , 2 ..., 1, ,0, 
2222

1

ha

ja
j

ha

jh
jDijj

D

D

D

Dii





 

(14)

and the vacuum current density has a nonzero component along the uncompact

dimension 1Dx  as well. The components along compact and uncompact dimen-

sions related by the helical condition are connected by the formula

. 1 DD j
a

h
j 

(15)

This relation for the locally Minkowski bulk was obtained in [48] by direct

evaluation of the VEV using the corresponding mode functions.

Another important characteristic of the vacuum state is the expectation value

of the energy-momentum tensor. Again, assuming that the vacuum is symmetric

with respect to the reflection 11   DD xx , we conclude that 01 , DiT  for

1 Di . By using the transformation rule for the second rank tensor, for the

components of the energy-momentum tensor we get (i, k = 0, 1, ..., D - 2)

, , 2 ..., 1, ,0 ,, 
22

1 ,

ha

Ta
T

h

a
TDkiTT

iD

DiiDikik


 

(16)

for the components with one or two indices in the subspace ( 210 , ,... , Dxxx ) and

  , , 

, 

22

2

22

1 ,12

1 ,1

22

 ,1

22

2

22

1 ,12

1 ,1

ha

Ta

ha

Th
TTT

ha

ah
T

ha

Th

ha

Ta
T

DDDD

DDDDDDDD

DDDD

DD
























(17)

for the components in the subspace ( DD xx  ,1 ).

Note that the condition (3) can also be interpreted as a helical periodicity

condition along the compact dimension 1Dx  with the length h, with the helicity

parameter a along the uncompact direction Dx , and with the phase p . This



520 R.M.AVAGYAN  ET  AL.

shows that there is a duality between the models with the sets (a, h, p ) and

(h, a, p ). In the dual models the roles of the dimensions 1Dx  and Dx  are

interchanged. The duality is also seen in the VEVs (14), (16), and (17).

3. Models with locally dS spacetime. As an application of the general

procedure described above let us consider a background spacetime with local dS

geometry. The dS spacetime is among the most popular geometries in quantum

field theory in curved spacetime. In particular, that is motivated by important

applications in inflationary models of the early Universe and in models of

accelerating expansion at recent epoch. In inflationary coordinates the correspond-

ing line element reads

  , 
1

2222 



D

i

it dxedtds (18)

where the constant   determines the curvature radius of the spacetime. It is

expressed in terms of the cosmological constant   by the formula    212 DD .

For the remaining spatial dimensions we take  ix , i = 1, ..., D - 1.

Introducing a conformal time   in accordance with  te , the line element

is written in a conformally flat form

  , 
1

22

2

2
2














 



D

i

iki
ik dxddxdxgds (19)

where  . For the scalar curvature in the field equation (2) one has

  21  DDR . The VEVs of the field squared and energy-momentum tensor

in the model with a single compact dimension and periodic condition along it

were studied in [50]. The general case of spatial topology  qp SR 1 , p + q = D,

has been discussed in [51,52]. The vacuum currents for quasiperiodic conditions

with general phases are investigated in [30]. For simplicity here we consider the

special case p = D - 1 and q = 1, assuming that the only compact dimension

corresponds to the coordinate Dx  along which the quantum scalar field obeys the

condition (3). In the discussion below we will work in the coordinate system (19).

3.1. Hadamard function and the VEVs of the field squared and

current density. The local characteristics of the vacuum state 0  for a quantum

scalar field  x  are obtained from the two-point functions. They describe the

correlations of zero-point fluctuations at different spacetime points x and x . As

a two-point function we will take the Hadamard function defined as the VEV

          . 00 , xxxxxxG  †† (20)

For dS spacetime different vacuum states have been considered in the literature.

Among them the Bunch-Davies vacuum is distinguished by the following two

properties: it is maximally symmetric and is reduced to the Minkowski vacuum
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in flat spacetime in the slow expansion limit. Here we assume that the field  x
is prepared in the Bunch-Davies vacuum state. The Hadamard function  xxG  ,

in the problem at hand for the coordinates ix  is obtained from the expression

in [30] as a special case. Transforming to the coordinates ix  we get

   
 

        

   

    
. 

2

2

2

4
 ,

12
12222

12222

12

0
112

2









































n
D

DD
D

DD
DD~in

DD

D

xhxanhanx

xhxanhanxzf

e

zIzKzKzIdzzxxG

p

(21)

where  DD xxx  ..., ,1 , DDD xxx  , iii xxx  ,  zI  and  zK  are the

modified Bessel functions [53] with the order

   . 14
21222  mDDD (22)

The function  yf  in (21) is defined by    yKyyf 


  . The n = 0 term in

(21) corresponds to the Hadamard function  xxGdS  ,  in the dS spacetime without

compactification and the remaining part is induced by the helical compactification.

The expression for  xxGdS  ,  in terms of the hypergeometric function is well

known from the literature.

Given the Hadamard function, the VEVs of physical observables are obtained

taking the coincidence limit of the arguments of the Hadamard function or its

derivatives. We start with the VEV of the field squared 00 ††  . It is

obtained in the limit   2 ,lim xxGxx  
† . This limit is divergent and a

renormalization is required. The compactification scheme under consideration does

not change the local geometry and the divergences are the same as in the dS

spacetime without compactification. The corresponding part in the Hadamard

function (21) is presented by the n = 0 term. Separating the topological contri-

bution and taking the coincidence limit the VEV is decomposed as

, 
cdS

†††  (23)

where the renormalized VEV 
dS

†  in dS spacetime has been already studied

in the literature. By the maximal symmetry of the Bunch-Davies vacuum state,

it does not depend on spacetime coordinates. The topological contribution 
c

†

is directly obtained from the part in (21) with 0n  in the coincidence limit:

   
 

 
  , 

cos

2

4

0 1
122122212

21

n
n

DD

p

DD

DD

c
yf

n

~n
zdzzF

ha
 
 




 




† (24)

with the notations
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, 22 ha
nz

yn 


 (25)

and

        . zKzIzIzF   (26)

The VEV (24) is an even function of the phase p
~ . This corresponds to the

periodicity with respect to the magnetic flux enclosed by the compact dimension,

with the period equal to the flux quantum. In addition, the mean field squared

c

2  is invariant under the change    pp ahha   , , , , . This is a manifes-

tation of the duality mentioned above.

For a charged scalar field the operator of the current density is given by

   . ††
lll DDiej (27)

The corresponding VEV can be obtained in two different ways. The first one

corresponds to the limiting transition (in the gauge where A
i
 = 0)

    ,  ,lim
2

xxGe
i

j ll
xx

l �


(28)

by using the Hadamard function (21). Note that the limit in the right-hand side

of (28) with the dS Hadamard function vanishes and the renormalization for the

current density is not required. In the second way, the vacuum current density

is obtained from the corresponding result for quasiperiodic condition, given in [30],

by the coordinate transformation (14). For the nonzero components we get

   
 

 
  , 

sin

2

8

0 1
2122212

1

n
n

DD

p

DD

DD
D yf

n

~n
zdzzF

ha

ae
j  

 






 




 (29)

and ajhj DD 1 . Here, y
n
 is defined by (25). The physical components

of the current density, denoted here by l
pj , are connected to the contravariant

components by the relation     ll
p jj  . The components Dj  and 1Dj

are odd functions of the phase p
~ . In particular, the current density vanishes

for half-integer values of the parameter p
~ . In agreement with the duality

mentioned at the end of the previous section, the current densities are invariant

under the change    pp ahha   , , , ,  with the change of the roles of the

coordinates    11  , ,   DDDD xxxx .

3.2. Vacuum energy-momentum tensor. Finally, we turn to the VEV

of the energy-momentum tensor. In the gauge with A
i
 = 0 it is obtained from the

Hadamard function (21) with the help of the formula (again, in the gauge with

zero gauge potential)

  , 
4

1
 ,lim 2




















ikki

l
likki

xx
ik RgxxGT (30)
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where 2 ikik DgR  is the Ricci tensor for the dS spacetime. Alternatively, the

VEV is derived by the coordinate transformation from the results in the coordinate

system ix  with standard periodicity condition. The corresponding formulas in the

special case 0 p
~  are obtained from the results of [51]. Generalizing for 0 p

~

and using the transformation rules (16) and (17) one finds

, 
c

k
i

dS

k
i

k
i TTT  (31)

where 
k
i

dS

k
iT  const  is the corresponding VEV in the dS spacetime without

compactification. The topological contribution for the vacuum energy density reads

   
       , 

cos

2

2
12

0

0

1
2122212

21
0

0 nD
n

D

p

DD

DD

c
yfzdzzF

n

~n

ha
T 














 (32)

with the notation

            , 22
2

1

2

1 2220 zFzmzFzDzFzzzF  







 (33)

where the prime stands for the derivative with respect to z . For the vacuum

stresses along the directions 
ix , with i = 1, 2, ..., D - 2, one gets (no summation

over i)

   
 

     

 
  , 

2cos

2

2

0

2
222

2

12
1

2

122212

21











































nDnD
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D
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DD
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han

zF
yfzFdzz
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~n

ha
T

(34)

where

        . 
2

12
2

1
2 zFz

D
DzFzzzF  

















 (35)

Now we turn to the components of the topological part in the vacuum energy-

momentum tensor with one or two indices in the subspace ( DD xx  ,1 ). The off-

diagonal components 
c

i
DT , with i = 1, 2, ..., D - 2, vanish: 0

c

i
DT . For the

diagonal components in the subspace ( DD xx  ,1 ) we find
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(36)

and
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with y
n
 from (25). In addition to the diagonal components, the helical periodicity

condition induces a nonzero off-diagonal component 
c

D
DT

1
. It is obtained from

the diagonal components in the coordinate system 
ix  by the transformation given

by (17):
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All the components of the vacuum energy-momentum tensor are even functions

of p
~ . Note that the parameter   defined by (22) can be either nonnegative

real number or purely imaginary. The integral representations given above are valid

in the range 1Re  . This restriction follows from the condition of the conver-

gence of the integrals over z  in the lower limit. Note that off-diagonal com-

ponents of the vacuum energy-momentum tensor may arise also in models with

quasiperiodic conditions (see [54]).

It can be explicitly checked that the topological part of the vacuum energy-

momentum tensor obeys the trace relation

   , 22

c

l
lD

c

i
i mDT  (39)

where   DDD 41  is the value of the curvature coupling parameter for a

conformally coupled scalar field. For a conformally coupled massless field the

topological contribution 
c

k
iT  is traceless. The anomaly in the trace is contained

in the pure dS part 
dS

i
DT .

Note that the parameters a and h are the coordinate lengths. The correspond-

ing physical (proper) lengths measured by an observer at rest in the coordinates
ix  are given by    aa p  and   � hh p . The VEVs 

c

† ,  
l
pj , and

c

k
iT  depend on a, h, and   in the form of the ratios a  and h . The latter

are the proper lengths measured in units of the curvature radius  .

3.3. Conformally coupled massless field and the asymptotics. For

a conformally coupled massless field one has 21  and   zzF 1 . The

integrals are evaluated by using the formulae [55]
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For the VEVs of the field squared and physical component of the current density

one gets
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(41)

The expressions for the energy density and stresses along the directions 
ix , i =

1, 2, ..., D - 2, are simplified to (no summation over i = 0, 1, ..., D-2)
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For the diagonal components of the energy-momentum tensor in the subspace

( DD xx  ,1 ) we find

   
. 

1
1, 

1
1 0

022

2
0

022

2
1

1
cc

D
D

cc

D
D T

ha

aD
TT

ha

hD
T 



























 (43)

Finally, the expression for the off-diagonal component is reduced to
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1 0
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(44)

For a conformally coupled massless field the problem on the dS bulk is

conformally related to the corresponding problem in the locally Minkowski

spacetime, with the same parameters a, h, p , and the VEVs are connected by

the standard formulae
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(45)

In the special cases 0 p
~  and  p

~  the current density vanishes and the series

in the expressions for the field squared and energy-momentum tensor are expressed

in terms of the Riemann zeta function. Depending on the values of the parameter

p
~ , the VEVs can be either positive or negative. In particular, the topological

contribution to the energy density is negative for an untwisted field ( 0 p
~ ) and

positive for twisted field (  p
~ ). For some intermediate value of p

~  the VEVs

become zero. The vacuum pressure along the direction 
ix , i = 0, 1, ..., D - 2,

is given by 
c

i
iT  and it is equal to the energy density with an opposite sign.
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This corresponds to the equation of state of the cosmological constant type in the

subspace ( 210  ..., , , Dxxx ). That is not the case for general conformal coupling and

for massive fields.

At the early stages of the cosmological expansion one has   and 

is large. In order to find the asymptotics of the VEVs in that limit it is convenient

to introduce a new integration variable  zu  in the expressions for the VEVs.

The function  zF  becomes   uF  and its argument is large. By using the

asymptotic of the modified Bessel functions for large argument it can be shown

that   zzF 1  for 1z . This asymptotic coincides with the exact expression

for a conformally coupled massless scalar field. Replacing   zzF 1  in the

expressions for the field squared, current density, and off-diagonal component

c

D
DT

1 , we see that the leading terms in the expansion over 1  coincide with

the corresponding expressions for a conformally coupled massless field, given by

(41) and (44). In the expression (32) for the energy density, in the leading order,

one has    zzF 20   and the corresponding asymptotic, again, coincides with the

result (42) for i = 0. In the components (36) and (17) we have     zDzF D 2

and the terms involving the function   zzF 1  contain additional factor 
2 .

Hence, the latter term dominates in the asymptotic and the leading terms coincide

with (43). We conclude that in the limit  , corresponding to t , the

leading asymptotics of the topological contributions of the VEVs coincide with the

corresponding result for a conformally coupled massless field and the effects of

gravity on those contributions are weak. In the limit under consideration the

dominant contribution to the total VEV (31) comes from the topological part.

The late stages of the expansion correspond to t  and 0 . Again,

introducing a new integration variable  zu , we expand the function   uF

for small values of the argument. For 0  one has     
  2uuF  and the

topological terms in the VEVs tend to zero monotonically, like 
 2D
 for the

VEVs of the field squared and energy-momentum tensor and like  22D  for the

current density. For purely imaginary  ,  i , and for small   we have

       ]12[Re 2  
 uuF . In this case the topological VEVs tend to zero

with oscillating behavior. The amplitudes of the oscillations decay as 
D  for the

field squared and energy-momentum tensor and as 2D  in the case of the current

density.

4. Conclusion. We have studied the topological Casimir effect in models

with compact dimension along which the field operator obeys helical periodicity

condition given by (3). A general background is considered with the metric tensor

invariant under the rotations in the plane ( DD xx  ,1 ). In addition, the presence

of a gauge field is assumed with constant covariant components A
D-1

 and A
D
. We

can pass to the new gauge with zero values of those components. In that gauge
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the field operator obeys the helical condition (5) with the new phase (6) depending

on the components A
D-1

 and A
D
. The corresponding contribution can be interpreted

in terms of the magnetic flux enclosed by the compact dimension. We have shown

that by the coordinate transformation (7) the problem with helical periodicity

condition is reduced to the problem with standard quasiperiodicity condition (13)

with the same phase. The length of the corresponding compact dimension is

expressed as 22 ha  .

The procedure we have described allows to find the VEVs of physical

observables in the topological Casimir effect for helical periodicity conditions by

using the corresponding results for quasiperiodic conditions. That is done by the

standard transformation of the tensors under the coordinate transformation (9). As

important local characteristics of the vacuum state we have considered the VEVs

of the current density and energy-momentum tensor. Their transformation laws

are given by (14), (16), and (17). As an example of general prescription the locally

dS spacetime is considered with a single compact dimension Dx  and helicity shift

along the direction 1Dx . The geometry is described by the line element (19).

The corresponding problem with general number of toroidally compactified dimen-

sions has been considered in [30,51]. In [51] the VEVs of the field squared and

energy-momentum tensor were studied for periodic and antiperiodic conditions.

The VEV of the current density in the case of quasiperiodic conditions with general

phases is considered in [30].

In the problem at hand the properties of the vacuum state are encoded in

two-point functions describing the correlations of the vacuum fluctuations in

different spacetime points. As a two-point function we have taken the Hadamard

function. In the problem with helical condition in locally dS spacetime that

function is expressed as (21). As local characteristics of the scalar vacuum we have

considered the expectation values of the field squared, current density and energy-

momentum tensor. In the corresponding expressions the parts induced by the

compactification are explicitly separated. The field squared and energy-momentum

tensor are even functions of the phase p
~  in the periodicity condition, whereas

the current density is an odd function. An important difference of the helical

compactification is the presence of nonzero off-diagonal component 
c

D
DT

1  of

the energy-momentum tensor. At the early stages of the dS expansion the VEVs

are dominated by the topological contribution and at those stages the influence

of gravity on the local characteristics is weak. The corresponding asymptotics are

conformally related to the VEVs on the locally Minkowski bulk. At late stages,

depending on the parameter  , the topological parts in the VEVs decay mono-

tonically or oscillatory and the pure dS contributions dominate.
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ÒÎÏÎËÎÃÈ×ÅÑÊÈÉ ÝÔÔÅÊÒ ÊÀÇÈÌÈÐÀ Â
ÌÎÄÅËßÕ ÑÎ ÑÏÈÐÀËÜÍÛÌÈ ÊÎÌÏÀÊÒÍÛÌÈ

ÐÀÇÌÅÐÍÎÑÒßÌÈ

Ð.Ì.ÀÂÀÊßÍ1,2, À.À.ÑÀÀÐßÍ1,2, Ä.À.ÑÈÌÎÍßÍ1, Ã.Ã.ÀÐÓÒÞÍßÍ1

Èññëåäîâàíî âëèÿíèå ñïèðàëüíîé êîìïàêòèôèêàöèè ïðîñòðàíñòâåííîé

ðàçìåðíîñòè íà ëîêàëüíûå ñâîéñòâà âàêóóìíîãî ñîñòîÿíèÿ äëÿ çàðÿæåííîãî

ñêàëÿðíîãî ïîëÿ ñ îáùèì ïàðàìåòðîì ñâÿçè ñ êðèâèçíîé. Ðàññìàòðèâàåòñÿ

îáùàÿ ôîíîâàÿ ãåîìåòðèÿ ñ âðàùàòåëüíîé ñèììåòðèåé â ïîäïðîñòðàíñòâå ñ

êîîðäèíàòàìè, ïîÿâëÿþùèìèñÿ â óñëîâèè ñïèðàëüíîé ïåðèîäè÷íîñòè.

Ïîêàçàíî, ÷òî ñ ïðåîáðàçîâàíèåì êîîðäèíàò çàäà÷à ñâîäèòñÿ ê çàäà÷å ñî

ñòàíäàðòíûì óñëîâèåì êâàçèïåðèîäè÷íîñòè â òîé æå ëîêàëüíîé ãåîìåòðèè è

ñ ýôôåêòèâíûì ðàäèóñîì êîìïàêòèôèêàöèè, îïðåäåëÿåìûì äëèíîé êîìïàêòíîé

ðàçìåðíîñòè è ïàðàìåòðîì ñïèðàëüíîñòè. Â êà÷åñòâå ïðèìåíåíèÿ îáùåé

ïðîöåäóðû ðàññìîòðåíî ëîêàëüíî äå Ñèòòåðîâñêîå ïðîñòðàíñòâî-âðåìÿ ñî

ñïèðàëüíîé êîìïàêòíîé ðàçìåðíîñòüþ. Èñïîëüçóÿ ôóíêöèþ Àäàìàðà äëÿ

âàêóóìíîãî ñîñòîÿíèÿ Áàí÷à-Äýâèñà, èçó÷àþòñÿ âàêóóìíûå ñðåäíèå êâàäðàòà

ïîëÿ, ïëîòíîñòè òîêà è òåíçîðà ýíåðãèè-èìïóëüñà. ßâíî âûäåëåíû òîïîëîãè-

÷åñêèå âêëàäû, è îïèñàíû èõ àñèìïòîòèêè íà ðàííèõ è ïîçäíèõ ñòàäèÿõ

êîñìîëîãè÷åñêîãî ðàñøèðåíèÿ. Âàæíûì îòëè÷èåì ïî ñðàâíåíèþ ñ çàäà÷åé ñ

êâàçèïåðèîäè÷åñêèìè óñëîâèÿìè ÿâëÿåòñÿ ïîÿâëåíèå íåíóëåâîé íåäèàãîíàëüíîé

êîìïîíåíòû òåíçîðà ýíåðãèè-èìïóëüñà è êîìïîíåíòû ïëîòíîñòè òîêà âäîëü

íåêîìïàêòíîãî èçìåðåíèÿ.

Êëþ÷åâûå ñëîâà: òîïîëîãè÷åñêèé Êàçèìèð ýôôåêò: ïîëÿðèçàöèÿ âàêóóìà:

        óñëîâèå ñïèðàëüíîé ïåðèîäè÷íîñòè: âðåìÿ-ïðîñòðàíñòâî

     äå Ñèòòåðà
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ÍÀËÈ×ÈÅ ÒÅÌÍÎÉ ÝÍÅÐÃÈÈ È ÒÅÌÍÀß ÌÀÒÅÐÈß

Ã.À.ÀÐÓÒÞÍßÍ
Ïîñòóïèëà 7 îêòÿáðÿ 2024

Ðàññìàòðèâàåòñÿ âîïðîñ èçìåíåíèÿ ïîëíîé ýíåðãèè áàðèîííûõ îáúåêòîâ è èõ ñèñòåì
ïðè íàëè÷èè òåìíîé ýíåðãèè (ÒÝ), íîñèòåëü êîòîðîãî, ïî îïðåäåëåíèþ, âçàèìîäåéñòâóåò
ñî âñåìè áàðèîííûìè îáúåêòàìè. Ïîä÷åðêèâàåòñÿ ôàêò, ÷òî òåìíàÿ ýíåðãèÿ áûëà îòêðûòà
áëàãîäàðÿ ðåçóëüòàòó òàêîãî âçàèìîäåéñòâèÿ, çà ñ÷åò ÷åãî óñêîðÿåòñÿ ðàñøèðåíèå Âñåëåííîé.
Ââèäó òîãî, ÷òî òåìíàÿ ýíåðãèÿ (íîñèòåëü òåìíîé ýíåðãèè-ÍÒÝ) èìååò îäíîðîäíîå ðàñïðå-
äåëåíèå, îáñóæäàþòñÿ ôèçè÷åñêèå ñëåäñòâèÿ âçàèìîäåéñòâèÿ ÍÒÝ ñ áàðèîííîé ìàòåðèåé íà
âñåõ èåðàðõè÷åñêèõ óðîâíÿõ áàðèîííûõ ñòðóêòóð. Íà îñíîâå âòîðîãî çàêîíà òåðìîäèíàìèêè
äåëàåòñÿ çàêëþ÷åíèå, ÷òî ïîä âëèÿíèåì ÒÝ ïîñòåïåííî óâåëè÷èâàåòñÿ ýíåðãèÿ âñåõ áàðèîííûõ
ñèñòåì è óìåíüøàåòñÿ èõ ñòàáèëüíîñòü, à çíà÷åíèå âèðèàëà ñòàíîâèòñÿ ïîëîæèòåëüíîé è
ïðîäîëæàåò ðàñòè äëÿ ëþáûõ ñòðóêòóð, ñ÷èòàâøèõñÿ äî ýòîãî ñòàáèëüíûìè. Àíàëîãè÷íûé
àíàëèç äëÿ àòîìíûõ ÿäåð ïðèâîäèò ê âûâîäó, ÷òî ñî âðåìåíåì óìåíüøàåòñÿ ýíåðãèÿ
ÿäåðíîé ñâÿçè, ñíèæàåòñÿ ñòàáèëüíîñòü ÿäåð è óâåëè÷èâàåòñÿ ìàññà ÿäðà. Ýòîò ýôôåêò
ïîçâîëÿåò ïî-íîâîìó ðàññìîòðåòü ãèïîòåçó Àìáàðöóìÿíà î ñóùåñòâîâàíèè ñãóñòêîâ ñâåðõ-
ïëîòíîé ìàòåðèè â ÿäðàõ çâåçä è ãàëàêòèê, è ïðåäëîæèòü åå íîâóþ èíòåðïðåòàöèþ.

Êëþ÷åâûå ñëîâà: òåìíàÿ ýíåðãèÿ: âçàèìîäåéñòâèå: áàðèîííàÿ ìàòåðèÿ: âòîðîé

      çàêîí òåðìîäèíàìèêè: ïåðåäà÷à ýíåðãèè: òåîðåìà âèðèàëà:

    óâåëè÷åíèå ýíåðãèè: óâåëè÷åíèå ìàññû

1. Ââåäåíèå. Â êîñìîëîãèè ñåãîäíÿ ôèãóðèðóþò äâà ïîíÿòèÿ, òåìíàÿ

ìàòåðèÿ è òåìíàÿ ýíåðãèÿ, êîòîðûå, ïî ñîâðåìåííûì ïðåäñòàâëåíèÿì, ñîäåðæàò

95% âñåé ìàññû/ýíåðãèè Âñåëåííîé. Ñõîäñòâî íàçâàíèé ïîðîé ïðèâîäèò ê

ïóòàíèöå äàæå ó ñïåöèàëèñòîâ, êîòîðûå, ÿâëÿÿñü àñòðîíîìàìè èëè ôèçèêàìè,

òåì íå ìåíåå, íèêîãäà íå çàíèìàëèñü äàííûìè âîïðîñàìè ïðîôåññèîíàëüíî.

Êåëüâèí áûë îäíèì èç ïåðâûõ, êòî ïûòàëñÿ îöåíèòü êîëè÷åñòâî òåìíûõ

òåë â íàøåé ãàëàêòèêå. Äëÿ ýòîé öåëè îí èñïîëüçîâàë ñêîðîñòè âðàùåíèÿ

çâåçä âîêðóã ÿäðà ãàëàêòèêè. Ýòè ñêîðîñòè ïîçâîëèëè åìó îöåíèòü ìàññó

ãàëàêòèêè, èñõîäÿ èç óñëîâèÿ, ÷òî çíà÷åíèå âèðèàëà äëÿ ãàëàêòèêè ðàâíà íóëþ.

Îí îöåíèë ðàçíèöó ìåæäó ïîëó÷åííîé ìàññîé è ìàññîé çâåçä, êîòîðûå

âèäíû áëàãîäàðÿ èõ èçëó÷åíèþ, è ïðèøåë ê âûâîäó, ÷òî "ìíîãèå èç çâåçä,

âîçìîæíî, èõ ïîäàâëÿþùåå áîëüøèíñòâî, ìîãóò áûòü òåìíûìè òåëàìè" [1].

Â 1906ã. ê åãî âïå÷àòëÿþùèì ðåçóëüòàòàì îáðàòèëñÿ Ïóàíêàðå, íî îí íå

áûë äî êîíöà ñîãëàñåí ñ âûâîäàìè Êåëüâèíà. Ïî ýòîìó ïîâîäó îí ïèñàë,

÷òî "ïîñêîëüêó åãî (Êåëâèíà) ÷èñëî ñîïîñòàâèìî ñ òåì, ÷òî äàåò òåëåñêîï,
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òî òåìíîé ìàòåðèè íåò, èëè, ïî êðàéíåé ìåðå, åå íå òàê ìíîãî, êàê

ñâåòÿùåéñÿ ìàòåðèè" [2]. Â ñâîåé ðàáîòå èìåííî îí âïåðâûå ÿâíî èñïîëüçîâàë

òåðìèí "òåìíàÿ ìàòåðèÿ" èëè "matière obscure" â îðèãèíàëüíîì ôðàíöóçñêîì

òåêñòå. Îäíàêî, êàê Êåëüâèí, òàê è Àíðè Ïóàíêàðå, ãîâîðÿ î òåìíûõ òåëàõ

èëè òåìíîé ìàòåðèè, èìåëè â âèäó îáû÷íîå âåùåñòâî, êîòîðîå ïðîñòî íå

îáëàäàåò çàìåòíûì ýëåêòðîìàãíèòíûì èçëó÷åíèåì.

Â íàñòîÿùåå âðåìÿ ââåäåíèå òåìíîé ìàòåðèè â íàóêó îáû÷íî ïðèïèñûâàåòñÿ

Öâèêêè [3] (ñì., òàêæå [4]), êîòîðûé ïîçæå ïðèøåë ê àíàëîãè÷íîìó çàêëþ-

÷åíèþ, êîãäà èññëåäîâàë èçâåñòíîå ñêîïëåíèå ãàëàêòèê â ñîçâåçäèè Âîëîñû

Âåðîíèêè è îáðàòèë âíèìàíèå íà ÷ðåçìåðíî áîëüøîå çíà÷åíèå äèñïåðñèè

ñêîðîñòåé ãàëàêòèê. Áûëî î÷åâèäíî, ÷òî ïðè òàêîé äèñïåðñèè ñêîðîñòåé

ñóììàðíàÿ ìàññà ãàëàêòèê íåäîñòàòî÷íà äëÿ îáåñïå÷åíèÿ ðàâíîâåñíîãî ñîñòîÿíèÿ

ñêîïëåíèÿ. Èìåííî ýòî ñòàëî ïðè÷èíîé äëÿ âîçðîæäåíèÿ ãèïîòåçû î

ñóùåñòâîâàíèè òåìíîé ìàòåðèè. Â ïåðâîé ðàáîòe àâòîð ïèøåò: "Òàêèì îáðàçîì,

÷òîáû ïîëó÷èòü ñðåäíèé ýôôåêò Äîïëåðà 1000 êì/ñ èëè áîëåå, êàê ýòî

íàáëþäàëîñü, ñðåäíÿÿ ïëîòíîñòü â ñèñòåìå Êîìà (Coma) äîëæíà áûòü êàê

ìèíèìóì â 400 ðàç âûøå, ÷åì òà, êîòîðàÿ áûëà ïîëó÷åíà íà îñíîâå íàáëþäåíèé

ñâåòÿùåéñÿ ìàòåðèè. Åñëè áû ýòî áûëî ïîäòâåðæäåíî, ïîñëåäîâàë áû

íåîæèäàííûé ðåçóëüòàò, ÷òî ïëîòíîñòü òåìíîé ìàòåðèè ãîðàçäî áîëüøå, ÷åì

ïëîòíîñòü ñâåòÿùåéñÿ ìàòåðèè".

Ïðàâäà, ïîëó÷åííàÿ Öâèêêè îöåíêà áûëà çàâûøåíà èç-çà ïðèíÿòîãî â òî

âðåìÿ çíà÷åíèÿ ïîñòîÿííîé Õàááëà, íî èìåííî ñ òîãî âðåìåíè íà÷èíàåòñÿ

èñòîðèÿ ïîâñåìåñòíîãî ïðèìåíåíèÿ ýòîãî, ìîæíî ñêàçàòü ñâîáîäíîãî ïàðàìåòðà,

äëÿ ïîäãîíêè íàáëþäàòåëüíûõ äàííûõ â ðàìêè ãîñïîäñòâóþùåé ãèïîòåçû.

Ñ òîãî æå âðåìåíè ïðîäîëæàåòñÿ òàêæå áåçðåçóëüòàòíûé ïîèñê ÷àñòèö òåìíîãî

âåùåñòâà.

Íàïîìíèì åùå ðàç, ÷òî íàáëþäåíèÿ ïîêàçûâàþò ëèøü òî, ÷òî ãàëàêòèêè

äàííîãî ñêîïëåíèÿ îáëàäàþò î÷åíü áîëüøîé äèñïåðñèåé ñêîðîñòåé. Â

äàëüíåéøåì îêàçàëîñü, ÷òî òàêàÿ æå êàðòèíà íàáëþäàåòñÿ è ó äðóãèõ ñêîïëåíèé.

Åñëè áû Öâèêêè íå ââåë â èñïîëüçîâàíèå ãèïîòåòè÷åñêóþ òåìíóþ ìàòåðèþ,

âûâîä ìîã áûòü îäíîçíà÷íûì, à èìåííî, ÷òî çíà÷åíèå âèðèàëà äëÿ ýòèõ

ñèñòåì áûëî áû ïîëîæèòåëüíûì. Íî ïðè ýòîì áûëî áû íåèçáåæíûì çàêëþ÷åíèå

î òîì, ÷òî âñå ýòè ñêîïëåíèÿ ðàñøèðÿþòñÿ. Ïîñêîëüêó ðàñøèðåíèå Âñåëåííîé

òîãäà óæå áûëî îòêðûòî Õàááëîì [5], òàêîé âûâîä, êñòàòè, áûë áû áîëåå

åñòåñòâåííûì è îçíà÷àë áû ïîâòîðåíèå äàííîé çàêîíîìåðíîñòè äëÿ êîñìè-

÷åñêèõ ñòðóêòóð ñëåäóþùåãî èåðàðõè÷åñêîãî óðîâíÿ. Îäíàêî, ê ñîæàëåíèþ,

óáåæäåííîñòü â òîì, ÷òî âñå êîñìè÷åñêèå îáúåêòû è èõ ñèñòåìû îáðàçîâàëèñü

ïóòåì ñæàòèÿ è ÿâëÿþòñÿ ãðàâèòàöèîííî ñâÿçàííûìè ðàâíîâåñíûìè ñèñòåìàìè,

áûëà ñèëüíåå î÷åâèäíûõ íàáëþäàòåëüíûõ ôàêòîâ, ñâèäåòåëüñòâóþùèõ î

ðàñøèðåíèè ýòèõ ñèñòåì. Ïîýòîìó ïðèõîäèòñÿ êîíñòàòèðîâàòü, ÷òî ïîíÿòèå
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òåìíîé ìàòåðèè áûëî ââåäåíî èñêëþ÷èòåëüíî ïîä äàâëåíèåì ãîñïîäñòâóþùèõ

êîñìîãîíè÷åñêèõ ïðåäñòàâëåíèé.

Àáñîëþòíî èíà÷å îáñòîèò äåëî ñ òåìíîé ýíåðãèåé è åå îòêðûòèåì. Êîãäà,

òàê íàçûâàåìûé, Áîëüøîé âçðûâ ñòàë îáùåïðèíÿòîé èíòåðïðåòàöèåé

íàáëþäàåìîãî ðàñøèðåíèÿ Âñåëåííîé, âàæíåéøåé ïðîáëåìîé ñòàë ïîèñê

êîñìîëîãè÷åñêîé ìîäåëè, ñîîòâåòñòâóþùåé íàáëþäàåìîé ðåàëüíîñòè. À äëÿ

òàêîãî ïîèñêà êëþ÷åâûì ìîìåíòîì áûëî îïðåäåëåíèå òåìïà òîðìîæåíèÿ

ñêîðîñòè ðàñøèðåíèÿ. Ïîýòîìó, åñòåñòâåííî, ýòà çàäà÷à äîñòàòî÷íî äîëãîå

âðåìÿ ñ÷èòàëàñü îäíîé èç íàèáîëåå âàæíûõ ïðîáëåì àñòðîôèçèêè. Â ðàáîòå

Àëëàíà Ñýíäèäæà [6] îíà óêàçûâàåòñÿ â ÷èñëå 21-é íàèáîëåå âàæíûõ çàäà÷

àñòðîôèçèêè XXI â.

Îòêðûòèå óñêîðåíèÿ ðàñøèðåíèÿ Âñåëåííîé è, ñîîòâåòñòâåííî, ââåäåíèå

ïîíÿòèÿ òåìíîé ýíåðãèè â àðñåíàë íàó÷íûõ èíñòðóìåíòîâ, ïðîèçîøëè âñåãî

÷åðåç ãîä [7,8] ïîñëå óïîìÿíóòîãî äîêëàäà Ñýíäèäæà [6]. Òàêèì îáðàçîì,

äîìèíèðóþùàÿ òåîðèÿ â ðàññìàòðèâàåìîì ñëó÷àå ïðåäñêàçûâàëà ñîâåðøåííî

äðóãîå ïîâåäåíèå ðàçëåòàþùèõñÿ ãàëàêòèê, à íàáëþäàòåëüíûå äàííûå ïðîñòî

îïðîâåðãëè ïðîãíîç òåîðèè. Èñõîäÿ èç ýòîãî ìîæíî çàêëþ÷èòü, ÷òî åñëè

òåìíàÿ ìàòåðèÿ ÿâëÿåòñÿ ñëåäñòâèåì ïðèíÿòîé a priori ãèïîòåçû, òî òåìíàÿ

ýíåðãèÿ ïîÿâèëàñü êàê íåèçáåæíûé ðåçóëüòàò èíòåðïðåòàöèè íàáëþäåíèé. Â

ðàáîòå Õýòåðåðà è Òýðíåðà [9] òåðìèí òåìíàÿ ýíåðãèÿ áûë ââåäåí ïî÷òè

ñðàçó ïîñëå îòêðûòèÿ óñêîðÿþùåãîñÿ ðàñøèðåíèÿ Âñåëåííîé.

2. Òåìíàÿ ýíåðãèÿ è áàðèîííàÿ ìàòåðèÿ. Ðàññóæäàÿ î ôèçè÷åñêèõ

ñâîéñòâàõ òåìíîé ýíåðãèè, à òî÷íåå, åå íîñèòåëå, ñ ñàìîãî íà÷àëà ñëåäóåò

âûäåëèòü îäíî î÷åíü âàæíîå îáñòîÿòåëüñòâî. Èìååòñÿ â âèäó îòêðûòèå

òåìíîé ýíåðãèè è ñïîñîá âûÿâëåíèÿ ýòîé ýíåðãèè. Ýòîò âàæíåéøèé ôàêò

÷àñòî îñòàåòñÿ â òåíè, íå óïîìèíàåòñÿ â ðàññóæäåíèÿõ è íå ïîëó÷àåò òîãî

çíà÷åíèÿ, êîòîðîãî çàñëóæèâàåò. Ðå÷ü èäåò î òîì, ÷òî îíà ñòàëà ïðåäìåòîì

èññëåäîâàíèé è åå âîñïðèíèìàëè â êà÷åñòâå ôèçè÷åñêîé ðåàëüíîñòè áëàãîäàðÿ

îòêðûòèþ óñêîðåíèÿ ðàñøèðåíèÿ Âñåëåííîé. Äåéñòâèòåëüíî, óñêîðåíèå

ðàñøèðåíèÿ îáúÿñíÿåòñÿ òåì, ÷òî íîñèòåëü òåìíîé ýíåðãèè (î êîòîðîé äî

ýòîãî íè÷åãî íå áûëî èçâåñòíî) ïåðåäàåò ÷àñòü ñîáñòâåííîé ýíåðãèè ãàëàêòèêàì,

êîòîðûå ñîñòîÿò èç áàðèîííîé ìàòåðèè. Òî åñòü, ñ ñàìîãî íà÷àëà áûëî

áåçîãîâîðî÷íî ïðèíÿòî, ÷òî íåèçâåñòíûé íîñèòåëü òåìíîé ýíåðãèè

âçàèìîäåéñòâóåò ñ áàðèîííûìè îáúåêòàìè.

Âòîðîå çàìå÷àíèå êàñàåòñÿ ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ (íîñèòåëÿ)

òåìíîé ýíåðãèè. Õîòÿ ïîêà íåò ïðèáîðîâ, êîòîðûå ìîãëè áû íàïðÿìóþ

ðåãèñòðèðîâàòü òåìíóþ ýíåðãèþ, àíàëèç îáùåé êàðòèíû ÿâëåíèÿ ïîçâîëÿåò

ñäåëàòü âûâîä, ÷òî îíà ðàâíîìåðíî è ñ î÷åíü ìàëîé ïëîòíîñòüþ çàïîëíÿåò

âñå ïðîñòðàíñòâî íà âñåõ ìàñøòàáàõ. Îáðàçíî ãîâîðÿ, îíà ñ÷èòàåòñÿ âíóòðåííèì
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ñâîéñòâîì ïðîñòðàíñòâà è èìååò ïîñòîÿííóþ ïëîòíîñòü ýíåðãèè, íåçàâèñèìî

îò ðàññìàòðèâàåìîãî îáúåìà. Òàêèì îáðàçîì, â îòëè÷èå îò îáû÷íîé ìàòåðèè

åå ïëîòíîñòü íå óìåíüøàåòñÿ èç-çà ðàñøèðåíèÿ ïðîñòðàíñòâà.

Îäíàêî äðóãèå îáñòîÿòåëüñòâà íå î÷åíü âïèñûâàþòñÿ â ïðåäñòàâëåíèå î

åå ðàâíîìåðíîì ðàñïðåäåëåíèè íà âñåõ ìàñøòàáàõ. Â ïåðâóþ î÷åðåäü ýòî

êàñàåòñÿ ðàñøèðåíèÿ ïðîñòðàíñòâà Âñåëåííîé. Íåñìîòðÿ íà ïðåäñòàâëåíèå î

ðàâíîìåðíîì ðàñïðåäåëåíèè òåìíîé ýíåðãèè, ïîñëåäíÿÿ ñ÷èòàåòñÿ ïðåðîãàòèâîé

òîëüêî êîñìîëîãè÷åñêèõ ðàññòîÿíèé è ìàñøòàáîâ. Íå î÷åíü ïîíÿòíî è

ðàñïðîñòðàíåííîå ìíåíèå, ÷òî òåìíîé ýíåðãèè èçíà÷àëüíî íå áûëî è îíà

ïîÿâèëàñü òîëüêî íåäàâíî, ÷åðåç 9 ìëðä ëåò ïîñëå áîëüøîãî âçðûâà. Ýòî

îçíà÷àåò, ÷òî êàêèì-òî îáðàçîì èç íè÷åãî (êàê ñàìà áàðèîííàÿ Âñåëåííàÿ)

ïîÿâèëàñü ýòà ýíåðãèÿ, êîòîðàÿ ñåãîäíÿ ñîñòàâëÿåò, ïî êðàéíåé ìåðå, 70%

âñåé ìàññû/ýíåðãèè Âñåëåííîé. Áîëåå òîãî, êàê óæå áûëî îòìå÷åíî, ñ

ìîìåíòà ïîÿâëåíèÿ òåìíîé ýíåðãèè åå ïëîòíîñòü ñ ðàñøèðåíèåì Âñåëåííîé

íå óìåíüøàåòñÿ.

Ïîíÿòíî, ÷òî ïðè èíòåðïðåòàöèè äàííûõ íàáëþäåíèé ÷àñòî ïðèõîäèòñÿ

ââîäèòü êàêèå-òî ñâîáîäíûå ïàðàìåòðû. Îäíàêî, åñëè äëÿ ñîãëàñîâàíèÿ

âûâîäîâ ìîäåëè ñ äàííûìè íàáëþäåíèé êàæäûé ðàç òðåáóåòñÿ ïîäûñêàòü

ñâîáîäíûå ïàðàìåòðû çàíîâî, êàê ýòî áûëî, íàïðèìåð, ñ ãåîöåíòðè÷åñêîé

ìîäåëüþ ìèðà, òî ýòî äîëæíî íàñòîðàæèâàòü. Â òàêèõ ñëó÷àÿõ ëó÷øå åùå

òùàòåëüíåå ïðîàíàëèçèðîâàòü ïðåäïîñûëêè, êîòîðûå ëåãëè â îñíîâó äàííîé

òåîðåòè÷åñêîé ìîäåëè. Ó÷èòûâàÿ âûøåñêàçàííîå, îáîñíîâûâàÿ ñâîè ðàññóæäåíèÿ

èñêëþ÷èòåëüíî ñ ïîìîùüþ äàííûõ íàáëþäåíèé, ìîæíî îïèðàòüñÿ íà çàêîíû

ôèçèêè, íå âûçûâàþùèå ñîìíåíèé.

Òàêèì îáðàçîì, ìû èñõîäèì èç òîãî, ÷òî äâå ðàçíûå ñóáñòàíöèè âî

Âñåëåííîé, îäíà èç êîòîðûõ çàêëþ÷àåò â ñåáå ïî÷òè 70% âñåé ìàññû/ýíåðãèè

Âñåëåííîé, à äðóãàÿ - ëèøü 5%, âçàèìîäåéñòâóþò. Âçàèìîäåéñòâèå ïðîèñõîäèò,

åñòåñòâåííî, ñîãëàñíî çàêîíàì ôèçèêè, èç êîòîðûõ â äàííîì ñëó÷àå ñàìûì

âàæíûì ÿâëÿåòñÿ âòîðîé çàêîí òåðìîäèíàìèêè, êîòîðûé îïðåäåëÿåò íàïðàâëåíèå

ïåðåäà÷è ýíåðãèè âî âðåìÿ âçàèìîäåéñòâèÿ. Åùå ïî÷òè ñòî ëåò íàçàä Àðòóð

Ýääèíãòîí [10] íàïèñàë îá ýòîì çàêîíå: "Åñëè îêàæåòñÿ, ÷òî âàøà òåîðèÿ

ïðîòèâîðå÷èò âòîðîìó çàêîíó òåðìîäèíàìèêè, ÿ íå ìîãó äàòü âàì íèêàêîé

íàäåæäû".

Âîçâðàùàÿñü ê ñîâðåìåííûì ïðåäñòàâëåíèÿì î áàðèîííîé Âñåëåííîé,

íàïîìíèì îäíî ëþáîïûòíîå îáñòîÿòåëüñòâî. Âñåëåííàÿ, ñîñòîÿùàÿ èç áàðèîííûõ

îáúåêòîâ, ðàñøèðÿåòñÿ ñ óñêîðåíèåì. Îäíàêî âñå áàðèîííûå îáúåêòû è èõ

ñèñòåìû, ñîãëàñíî îáùåïðèçíàííûì òåîðèÿì èõ ôîðìèðîâàíèÿ, íàõîäÿòñÿ â

ðàâíîâåñíîì ñîñòîÿíèè, äëÿ êîòîðûõ çíà÷åíèå âèðèàëà ðàâíÿåòñÿ íóëþ:

, 02 UT (1)
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ãäå T - êèíåòè÷åñêàÿ, à U - ïîòåíöèàëüíàÿ ýíåðãèÿ. Ïîä÷èíåíèå èìåííî

ýòîìó ñîîòíîøåíèþ çàñòàâèëî Öâèêêè ââåñòè â íàó÷íûé îáèõîä ïîíÿòèå

òåìíîé ìàòåðèè äëÿ îáåñïå÷åíèÿ ðàâíîâåñíîãî ñîñòîÿíèÿ  ñêîïëåíèé ãàëàêòèê.

Äàííîå ñîîòíîøåíèå, ñ äðóãîé ñòîðîíû, îçíà÷àåò, ÷òî âñå ðàâíîâåñíûå

ñèñòåìû îáëàäàþò îòðèöàòåëüíîé ïîëíîé ýíåðãèåé.

Òåìíàÿ ýíåðãèÿ, íàîáîðîò, ñóãóáî ïîëîæèòåëüíàÿ. À ýòî îçíà÷àåò, ÷òî

âçàèìîäåéñòâóþùèå äâå ñóáñòàíöèè - áàðèîííàÿ ìàòåðèÿ è íîñèòåëü òåìíîé

ýíåðãèè îáëàäàþò ñîâåðøåííî ðàçëè÷íûìè ýíåðãèÿìè - îòðèöàòåëüíîé è

ïîëîæèòåëüíîé. È ïîýòîìó â ñîîòâåòñòâèè ñî âòîðûì çàêîíîì òåðìîäèíàìèêè,

âñëåäñòâèå ëþáîãî èõ âçàèìîäåéñòâèÿ áàðèîííàÿ ìàòåðèÿ äîëæíà ïîëó÷èòü

ýíåðãèþ. Çäåñü íå âàæíî ñêîëüêî ýíåðãèè ïîëó÷àåò çà åäèíèöó âðåìåíè

äàííûé áàðèîííûé îáúåêò, ïîñêîëüêó ýíåðãèÿ  êóìóëÿòèâíàÿ è íàêàïëèâàåòñÿ

ñî âðåìåíåì. Ïîä÷åðêíåì åùå ðàç, ÷òî èìåííî ðåçóëüòàò òàêîé ïåðåäà÷è

ýíåðãèè ãàëàêòèêàì áûë ïðè÷èíîé óñêîðåíèÿ ðàñøèðåíèÿ Âñåëåííîé è ñòàë

îñíîâîé äëÿ îòêðûòèÿ òåìíîé ýíåðãèè.

Âûøåñêàçàííîå îçíà÷àåò, ÷òî ëþáàÿ ðàâíîâåñíàÿ ñèñòåìà, ñîñòîÿùàÿ èç

áàðèîííîé ìàòåðèè, âî-ïåðâûõ, âçàèìîäåéñòâóåò ñ íîñèòåëåì òåìíîé ýíåðãèè,

à âî-âòîðûõ, â ðåçóëüòàòå äàííîãî âçàèìîäåéñòâèÿ ïîëó÷àåò íåêîòîðîå

êîëè÷åñòâî äîïîëíèòåëüíîé ýíåðãèè E  çà êàæäûé ïðîìåæóòîê âðåìåíè

t . Ýòî, â ñâîþ î÷åðåäü, íàðóøàåò ðàâåíñòâî (1) â ñòîðîíó óâåëè÷åíèÿ

çíà÷åíèÿ âèðèàëà. Òàêîå èçìåíåíèå, ïðîäîëæàþùååñÿ íåïðåðûâíî, êàê

èçâåñòíî, ïðèâîäèò ê ðàñøèðåíèþ ñèñòåìû íåçàâèñèìî îò ðàçìåðîâ ïîñëåäíåé.

Èíûìè ñëîâàìè, òîò æå ìåõàíèçì, êîòîðûé îòâåòñòâåíåí çà íàáëþäàåìîå

ðàñøèðåíèå Âñåëåííîé è óñêîðåíèå ýòîãî ðàñøèðåíèÿ, â ðàâíîé ñòåïåíè äåéñòâóåò

è íà áàðèîííûå ñòðóêòóðû ìàëûõ ìàñøòàáîâ.

3. Çàâèñèìîñòü ìåðû âëèÿíèÿ òåìíîé ýíåðãèè íà êîñìè÷åñêèé

îáúåêò îò ìàññû ïîñëåäíåãî. Ïðèíèìàÿ íà âîîðóæåíèå ïàðàäèãìó

âçàèìîäåéñòâèÿ íîñèòåëÿ òåìíîé ýíåðãèè ñ áàðèîííîé ìàòåðèåé íà âñåõ

ìàñøòàáàõ, ïîïûòàåìñÿ çäåñü, ïî êðàéíåé ìåðå íà êà÷åñòâåííîì óðîâíå,

àíàëèçèðîâàòü ïîâåäåíèå áàðèîííûõ ñòðóêòóð, èñïîëüçóÿ äëÿ ýòîãî ëèøü

èçâåñòíûå çàêîíû ñîâðåìåííîé ôèçèêè. Äëÿ ãðàâèòàöèîííî ñâÿçàííûõ

êîíôèãóðàöèé, êàê èçâåñòíî, ýíåðãèÿ ãðàâèòàöèîííîé ñâÿçè ïðîïîðöèîíàëüíà

êâàäðàòó ìàññû è îáðàòíî ïðîïîðöèîíàëüíà ðàçìåðó. Äëÿ ïðîñòåéøåãî ñëó÷àÿ

øàðà ñ ìàññîé M è ñ ðàäèóñîì R, â êîòîðîì ïëîòíîñòü èìååò òîëüêî

ðàäèàëüíóþ çàâèñèìîñòü, ðàññìàòðèâàåìàÿ ýíåðãèÿ äàåòñÿ ñëåäóþùèì

ñîîòíîøåíèåì:

. 
2

R

M
kGEg  (2)

ãäå êîýôôèöèåíò k çàâèñèò îòðàñïðåäåëåíèÿ ïëîòíîñòè.
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Êàê âèäíî èç ñîîòíîøåíèÿ (2), àáñîëþòíîå çíà÷åíèå ãðàâèòàöèîííîé

ýíåðãèè äàííîãî îáúåêòà óâåëè÷èâàåòñÿ ñ ðîñòîì ìàññû è óìåíüøåíèåì

ðàäèóñà. Èç îáùåôèçè÷åñêèõ ñîîáðàæåíèé ìîæíî çàêëþ÷èòü, ÷òî ïðè

âçàèìîäåéñòâèè ñ íîñèòåëåì òåìíîé ýíåðãèè â ïðîöåññå îáìåíà ýíåðãèÿìè

çàäåéñòâîâàíî òî êîëè÷åñòâî òåìíîé ýíåðãèè, êîòîðîå çàêëþ÷åíî â îáúåìå

îáúåêòà. Ñ äðóãîé ñòîðîíû, èñõîäÿ èç îáùåïðèíÿòîãî ïðåäñòàâëåíèÿ îá

îäíîðîäíîì ïðîñòðàíñòâåííîì ðàñïðåäåëåíèè òåìíîé ýíåðãèè, êîëè÷åñòâî

ýòîé ýíåðãèè â ëþáîì ïðîñòðàíñòâåííîì îáúåìå V áóäåò èìåòü ñëåäóþùèé

âèä:

, dede VE  (3)

ãäå de  - ïëîòíîñòü òåìíîé ýíåðãèè.

Ñ òî÷êè çðåíèÿ ôèçèêè, êàæåòñÿ åñòåñòâåííûì, ÷òî íå âñå îáúåêòû

îäèíàêîâî ïîäâåðæåíû âëèÿíèþ òåìíîé ýíåðãèè. ×åì áîëüøå ýíåðãèè ñâÿçè

â îäíîì è òîì æå îáúåìå, òåì ñèëüíåå äàííûé îáúåêò ñîïðîòèâëÿåòñÿ ýòîìó

âëèÿíèþ. Ïîýòîìó äëÿ äàëüíåéøåãî ïðèìåíåíèÿ ðàññìîòðèì âåëè÷èíó

, 
de

g

E

E
 (4)

êîòîðóþ íàçîâåì ìåðîé óñòîé÷èâîñòè (ÌÓ) áàðèîííûõ îáúåêòîâ èëè èõ

ñèñòåì ê èçìåíåíèÿì, êîòîðûå ìîãóò áûòü âíåñåíû âçàèìîäåéñòâèåì ñ

íîñèòåëåì òåìíîé ýíåðãèè. Äëÿ äàëüíåéøåãî àíàëèçà åùå ðàç îòìåòèì, ÷òî

âñå áàðèîííûå ñòðóêòóðû ñóùåñòâóþò êàê öåëîñòíûå îáðàçîâàíèÿ òîëüêî çà

ñ÷åò îòðèöàòåëüíîé ïîëíîé ýíåðãèè èëè, òî÷íåå, îòñóòñòâèÿ ýíåðãèè,

íåîáõîäèìîé äëÿ èõ ðàñïàäà.

Äàæå ñàìûé ïîâåðõíîñòíûé àíàëèç âîïðîñà ïîçâîëÿåò ïðèéòè ê

çàêëþ÷åíèþ, ÷òî ÷åì áîëüøå çíà÷åíèå îòíîøåíèÿ (4), òåì òðóäíåå èëè

ìåäëåííåå ïðîèñõîäÿò èçìåíåíèÿ äàííîé áàðèîííîé ñòðóêòóðû. Èìåÿ ýòî â

âèäó, ìîæíî ïðîàíàëèçèðîâàòü âåëè÷èíó ÌÓ, íàïðèìåð, äëÿ öåëîãî ñåìåéñòâà

îáúåêòîâ, êîòîðûå îòëè÷àþòñÿ äðóã îò äðóãà ìàññîé è ðàçìåðàìè. Ýòî

ïîçâîëèò íàì âûÿâèòü òå îáúåêòû è ñèñòåìû, êîòîðûå áîëüøå äðóãèõ

ïîäâåðæåíû èçìåíåíèÿì, è ïðîâåðèòü ýòîò âûâîä ñ ïîìîùüþ ðåçóëüòàòîâ

íàáëþäåíèé.

Â ïðîñòåéøåì ñëó÷àå îäíîðîäíîãî øàðà âûðàæåíèå äëÿ ÌÓ ïîëó÷àåò

ñëåäóþùóþ îòíîñèòåëüíî ÿâíóþ ôîðìó:

 
, 

2

de

bm
sp

R
~




 (5)

ãäå bm  - ñðåäíÿÿ ïëîòíîñòü ñôåðè÷åñêîãî îáúåêòà. Ó÷òåíî, ÷òî âçàèìîäåéñò-

âóþùèå áàðèîííûé îáúåêò è íîñèòåëü òåìíîé ýíåðãèè çàíèìàþò îäèí è òîò

æå ñôåðè÷åñêèé îáúåì ñ ðàäèóñîì R. Òàêæå, ó÷èòûâàÿ òîò ôàêò, ÷òî ñîâðå-
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ìåííàÿ íàóêà ñ÷èòàåò ðàñïðåäåëåíèå òåìíîé ýíåðãèè îäíîðîäíûì, ìû â (5)

ìîæåì ïðåíåáðå÷ü çàâèñèìîñòüþ îò ïëîòíîñòè òåìíîé ýíåðãèè. Òîãäà âìåñòî

(5) áóäåì èìåòü

  . 
2

2

322










R

M
~M~ bmsp (6)

Êàê è ñëåäîâàëî îæèäàòü, âåëè÷èíà ÌÓ çàâèñèò ëèøü îò ôèçè÷åñêèõ

õàðàêòåðèñòèê áàðèîííîãî îáúåêòà. Åñëè â äàííîì ñåìåéñòâå îáúåêòîâ ìàññà

ðàñòåò áûñòðåå, ÷åì óìåíüøàåòñÿ êâàäðàò åãî ïëîòíîñòè, òî ìåðà óñòîé÷èâîñòè

áîëüøå ó ìàññèâíûõ îáúåêòîâ è èçìåíåíèÿ â íèõ âñëåäñòâèå âëèÿíèÿ òåìíîé

ýíåðãèè ïðîèñõîäÿò ìåäëåííåå. Â òàêîì ñëó÷àå ìàëîìàññèâíûå îáúåêòû

ýâîëþöèîíèðóþò áûñòðåå. Â ïðîòèâíîì ñëó÷àå ýâîëþöèÿ áûñòðåå ïðîèñõîäèò

ó ìàññèâíûõ îáúåêòîâ, êîòîðûå îáëàäàþò ñðàâíèòåëüíî íèçêîé ïëîòíîñòüþ.

Ýâîëþöèåé â äàííîì ñëó÷àå ìû íàçûâàåì âñå èçìåíåíèÿ, êîòîðûå ïðîèñõîäÿò

ïîä âëèÿíèåì òåìíîé ýíåðãèè.

Åñëè ðàññìàòðèâàòü ðàñøèðåíèå ïðîñòðàíñòâà êàê óâåëè÷åíèå ïðîñòðàíñò-

âåííîãî ìàñøòàáà, òî ìîæíî ñêàçàòü, ÷òî îáúåêòû ñ áîëüøèì çíà÷åíèåì MÓ

õàðàêòåðèçóþòñÿ âìîðîæåííûì â ìàòåðèþ ìàñøòàáíûì ôàêòîðîì. Ñ îäíîé

ñòîðîíû, âçàèìîäåéñòâèå ñ íîñèòåëåì òåìíîé ýíåðãèè íåïðåðûâíî ïåðåäàåò

íåêîòîðûå ïîðöèè ýíåðãèè áàðèîííîìó âåùåñòâó, òåì ñàìûì óâåëè÷èâàÿ

çíà÷åíèå âèðèàëà, ÷òî, â ñâîþ î÷åðåäü, îçíà÷àåò óâåëè÷åíèå ðàçìåðîâ ðàññìàò-

ðèâàåìîé áàðèîííîé êîíôèãàóðàöèè. À, ñ äðóãîé ñòîðîíû, îòâåòñòâåííûå çà

ñîõðàíåíèå äàííîé êîíôèãóðàöèè ãðàâèòàöèîííûå, ÿäåðíûå è ìîëåêóëÿðíûå

ñèëû ñäåðæèâàþò èçìåíåíèå ìàñøòàáíîãî ôàêòîðà â òîì îáúåìå ïðîñòðàíñòâà,

ãäå ýòîò ñãóñòîê ìàòåðèè íàõîäèòñÿ. Èìåííî â äàííîì îáúåìå ýâîëþöèÿ

áàðèîííîãî âåùåñòâà ïðîèñõîäèò òåì ìåäëåííåå, ÷åì áîëüøå ââåäåííûé

ôàêòîð ÌÓ.

Äëÿ âûÿâëåíèÿ íàáëþäàòåëüíûõ çàêîíîìåðíîñòåé, êîòîðûå ïîääåðæèâàþò

òó èëè èíóþ ðåàëèçàöèþ ïðîöåññà, ïðåäñêàçóåìóþ ñîîòíîøåíèåì (6), ñëåäóåò

äåòàëüíî èññëåäîâàòü ñîîòâåòñòâóþùèå íàáëþäàòåëüíûå äàííûå. Íà òàêèõ

íàáëþäàòåëüíûõ äàííûõ ìû îñòàíîâèìñÿ â ñëåäóþùèõ ðàçäåëàõ. Íåñìîòðÿ

íà òî, ÷òî îáñóæäàåìûé ðåçóëüòàò ïîëó÷åí äëÿ øàðà, òåì íå ìåíåå îí

îñòàåòñÿ âåðíûì è äëÿ äðóãèõ ãåîìåòðè÷åñêèõ ôîðì ðàññìàòðèâàåìûõ êîíôè-

ãóðàöèé.

Â ïåðâîì ïðèáëèæåíèè ýòîò ïîäõîä ìîæíî ïðèìåíÿòü ïðè ðàññìîòðåíèè

ÌÓ âåùåñòâà â ðàçëè÷íûõ ãëóáèíàõ áàðèîííîãî îáúåêòà ñ ãðàäèåíòîì ïëîòíîñòè

â íàïðàâëåíèè ê öåíòðó. Òàêèì îáðàçîì ìîæíî ðàññìîòðåòü âëèÿíèå

âçàèìîäåéñòâèÿ òåìíîé ýíåðãèè íà ñëîè ìàññèâíîãî îáúåêòà, êîòîðûå

ðàñïîëîæåíû íà ðàçíûõ ãëóáèíàõ. Ðàññìîòðèì âûøåñêàçàííîå íà ïðèìåðå

îáùåïðèíÿòîé ìîäåëè Ñîëíöà, ãäå 94% ïîëíîé ìàññû íàõîäèòñÿ âíóòðè
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ñôåðû ñ ðàäèóñîì R.R 50 . Îòíîøåíèå ÌÓ âíóòðåííåé ñôåðû è ïîëíîãî

Ñîëíöà ñîñòàâëÿåò
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Ïîëó÷åííàÿ îöåíêà îçíà÷àåò, ÷òî ìåðà óñòîé÷èâîñòè öåíòðàëüíîé ñôåðè÷åñêîé

÷àñòè ñ ïîëóðàäèóñîì Ñîëíöà â 14 ðàç áîëüøå ýòîãî ïàðàìåòðà, ðàññ÷èòàííîãî

äëÿ Ñîëíöà â öåëîì. Àíàëîãè÷íàÿ îöåíêà äëÿ öåíòðàëüíîé ñôåðû ñ ðàäèóñîì

R.R 10 , äàåò 70 . Òàêèì îáðàçîì, íà ïðèìåðå Ñîëíöà ìîæíî óòâåðæäàòü,

÷òî â ìàññèâíûõ îáúåêòàõ áàðèîííàÿ ìàòåðèÿ òåì òðóäíåå ïîääàåòñÿ âëèÿíèþ

òåìíîé ýíåðãèè, ÷åì áëèæå îíà íàõîäèòñÿ ê öåíòðó ýòîãî îáúåêòà, è ÷åì áîëüøå

â äàííîé îáëàñòè åå ïëîòíîñòü. À ýòî, â ñâîþ î÷åðåäü, îçíà÷àåò, ÷òî áàðèîííàÿ

ìàòåðèÿ, íàõîäÿùàÿñÿ â ÿäåðíûõ ÷àñòÿõ ìàññèâíûõ îáúåêòîâ, òàêèõ êàê

çâåçäû èëè ÿäðà ãàëàêòèê, äîëüøå ñîõðàíÿåò ñâîè ïåðâîíà÷àëüíûå ôèçè÷åñêèå

ñâîéñòâà.

4. Âëèÿíèå òåìíîé ýíåðãèè íà ðàçìåðû áàðèîííûõ îáúåêòîâ è

èõ ñèñòåì. Â ïðåäûäóùåì ðàçäåëå áûë ñäåëàí âûâîä, ÷òî ïåðåäà÷à òåìíîé

ýíåðãèè ñèñòåìå îáúåêòîâ, êîòîðàÿ ïåðâîíà÷àëüíî ñ÷èòàëàñü ðàâíîâåñíîé,

ïðèâîäèò ê åå ðàñøèðåíèþ, ÷òî óêàçûâàåò íà âîçíèêíîâåíèå ðàäèàëüíûõ

ñêîðîñòåé óäàëåíèÿ îáúåêòîâ äðóã îò äðóãà. Òàêîé âûâîä, åñòåñòâåííî, âåðåí

ñòàòèñòè÷åñêè è îçíà÷àåò, ÷òî ñðåäíåå ðàññòîÿíèå ìåæäó îáúåêòàìè óâåëè-

÷èâàåòñÿ.

Ýòîò ýôôåêò ëåãêî ìîæíî âûÿâèòü, èñïîëüçîâàâ õîðîøî èçâåñòíîå

âûðàæåíèå ïîëíîé ýíåðãèè äëÿ ñèñòåìû äâóõ òåë. Â êà÷åñòâå òàêîé ñèñòåìû

ìîæíî ðàññìàòðèâàòü, íàïðèìåð, ñèñòåìó, ñîñòîÿùóþ èç çâåçäû è ïëàíåòû

èëè ïëàíåòû è ñïóòíèêà. Ýíåðãèÿ òàêîé ñèñòåìû çàäàåòñÿ âûðàæåíèåì

, 0
2

2
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ãäå ââåäåíû îáùåïðèíÿòûå îáîçíà÷åíèÿ. Ïðè ýòîì ñ÷èòàåòñÿ, ÷òî äëÿ ðåàëüíî

ñóùåñòâóþùèõ ñèñòåì, êàê, íàïðèìåð, Çåìëÿ-Ëóíà, Ñîëíöå-Çåìëÿ, Ñîëíöå-

ïëàíåòà, ïëàíåòà-ñïóòíèê, âåðíî ñîîòíîøåíèå:

, 02  UTW (9)

÷òî ïðîäèêòîâàíî àïðèîðíûì óòâåðæäåíèåì î ðàâíîâåñèè óêàçàííûõ ñèñòåì.

À ýòî, êàê áûëî îòìå÷åíî, ÿâëÿåòñÿ ïðÿìûì ñëåäñòâèåì ãèïîòåçû Êàíòà-

Ëàïëàñà î ôîðìèðîâàíèè êîñìè÷åñêèõ îáúåêòîâ è èõ ñèñòåì.

Âåðíåìñÿ ê íàøåìó çàêëþ÷åíèþ î òîì, ÷òî âñëåäñòâèå âçàèìîäåéñòâèÿ

ñ íîñèòåëåì òåìíîé ýíåðãèè áàðèîííûå êîíôèãóðàöèè çà ïðîìåæóòîê âðåìåíè

t  ïîëó÷àþò íåêîòîðîå êîëè÷åñòâî ýíåðãèè E . Òîãäà çà ýòîò ïðîìåæóòîê

âðåìåíè ýíåðãèÿ äàííîé ñèñòåìû ñòàíîâèòñÿ
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ãäå âåëè÷èíû, ñíàáæåííûå èíäåêñîì, îòíîñÿòñÿ ê êîíöó ðàññìàòðèâàåìîãî

ïðîìåæóòêà âðåìåíè. Íåòðóäíî âèäåòü, ÷òî EE 1 , åñëè vv 1  è/èëè MM 1

è/èëè RR 1 . Ïîñêîëüêó ïîä âëèÿíèåì òåìíîé ýíåðãèè çíà÷åíèå âèðèàëà

ñòàíîâèòñÿ ïîëîæèòåëüíûì è, ñëåäîâàòåëüíî, ñèñòåìà ðàñøèðÿåòñÿ, òî

âûïîëíÿåòñÿ óñëîâèå RR 1 . Òîãäà íèêàê íå ìîæåò âûïîëíÿòüñÿ íåðàâåíñòâî

vv 1 , òàê êàê ýòî ïðîòèâîðå÷èò çàêîíó ñîõðàíåíèÿ óãëîâîãî ìîìåíòà. Êàê

ïîêàçûâàþò èññëåäîâàíèÿ (ñì., íàïðèìåð, [11,12], à òàêæå íèæå), ïîä

âîçäåéñòâèåì òåìíîé ýíåðãèè êîñìè÷åñêèå îáúåêòû, ñêîðåå âñåãî, óâåëè÷èâàþò

ìàññó.

Òåïåðü îáðàòèìñÿ ê èçâåñòíûì íàáëþäàòåëüíûì äàííûì î ðàñøèðåíèè

ðåàëüíûõ ñèñòåì. Çäåñü ðàññìîòðèì äîñòàòî÷íî õîðîøî èçó÷åííûå ñèñòåìû,

î êîòîðûõ èìåþòñÿ äîñòîâåðíûå äàííûå. Ïåðâàÿ è íàèáîëåå ïîäðîáíî èçó-

÷åííàÿ ñèñòåìà - ïàðà Çåìëÿ-Ëóíà [13,14], î ðàñøèðåíèè êîòîðîé èìåþòñÿ

íàèáîëåå äîñòîâåðíûå äàííûå. Ê ýòîé ïàðå ñëåäóåò äîáàâèòü òàêæå ñèñòåìû

Ñîëíöå-Çåìëÿ [15] è Ñàòóðí-Òèòàí [16], î ðàñøèðåíèè êîòîðûõ äàííûå

ïîëó÷åíû óæå â íîâîì ñòîëåòèè. Òðàäèöèîííàÿ íàóêà îáúÿñíÿåò âñå ýòè

íàáëþäàòåëüíûå äàííûå îäíèì ôèçè÷åñêèì ìåõàíèçìîì, à èìåííî,

ïðèëèâíûìè ýôôåêòàìè.

Ëóíà, êàê èçâåñòíî, óäàëÿåòñÿ îò Çåìëè ñî ñêîðîñòüþ 3.82 ± 0.07 ñì â ãîä,

÷òî èçìåðåíî ñ ïîìîùüþ ëàçåðíîé ëîêàöèè [13]. Ñèñòåìà Çåìëÿ-Ëóíà

óíèêàëüíà â òîì ñìûñëå, ÷òî âñå âåëè÷èíû, èìåþùèå îòíîøåíèå ê ïðîöåññó

óäàëåíèÿ Ëóíû, èçìåðåíû ñ äîñòàòî÷íî âûñîêîé òî÷íîñòüþ. Ïîñêîëüêó

òðàäèöèîííî ýòî ÿâëåíèå îáúÿñíÿåòñÿ ïðèëèâíûìè ýôôåêòàìè, â êà÷åñòâå

íàèáîëåå âàæíîãî ôàêòè÷åñêîãî äàííîãî çäåñü ôèãóðèðóåò òåìï çàìåäëåíèÿ

ñóòî÷íîãî âðàùåíèÿ Çåìëè, òàê êàê ñîãëàñíî äàííîé èíòåðïðåòàöèè èìåííî

ïîòåðÿííîå ïëàíåòîé êîëè÷åñòâî óãëîâîãî ìîìåíòà ïåðåäàåòñÿ Ëóíå è

îáåñïå÷èâàåò åå óäàëåíèå. Ýòà âåëè÷èíà îïðåäåëÿåòñÿ íà îñíîâå àíàëèçà

èñòîðè÷åñêèõ õðîíîëîãèé çàðåãèñòðèðîâàííûõ ñîëíå÷íûõ è ëóííûõ çàòìåíèé

çà ïîñëåäíèå äâà òûñÿ÷åëåòèÿ. Èìåþùèåñÿ äàííûå ïîêàçûâàþò, ÷òî çàìåäëåíèå

ñóòî÷íîãî âðàùåíèÿ Çåìëè ìîæåò îáåñïå÷èòü ëèøü 3/4 òðåáóåìîãî óãëîâîãî

ìîìåíòà [17,18].

Âîïðîñ áûñòðîãî óäàëåíèÿ Ëóíû íàìè áûë ðàññìîòðåí åùå äî îòêðûòèÿ

òåìíîé ýíåðãèè. Òîãäà íàìè áûëî ïîêàçàíî, ÷òî åñëè ó÷åñòü õàááëîâñêîå

ðàñøèðåíèå â ìàñøòàáàõ ñèñòåìû Çåìëÿ-Ëóíà è ìåíüøå, òî ñêîðîñòü óäàëåíèÿ

Ëóíû îò Çåìëè ëåãêî ìîæíî îáúÿñíèòü ñîâìåñòíûì äåéñòâèåì ðàñøèðåíèÿ

ïðîñòðàíñòâà è ïðèëèâíûõ ýôôåêòîâ, ïðè÷åì âòîðîé ýôôåêò ÿâëÿåòñÿ áîëåå

âòîðîñòåïåííûì [19]. Â íàñòîÿùåå âðåìÿ ïðèõîäèì ê âûâîäó, ÷òî ðàñøèðåíèå
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â ìàëûõ ìàñøòàáàõ ñëåäóåò èç ôàêòà âçàèìîäåéñòâèÿ áàðèîííîé ìàòåðèè ñ

íîñèòåëåì òåìíîé ýíåðãèè. Òåì íå ìåíåå, òðàäèöèîííàÿ àñòðîíîìèÿ ïðîäîëæàåò

íàñòàèâàòü èñêëþ÷èòåëüíî íà ïðèëèâíîì ìåõàíèçìå, à äëÿ èñòî÷íèêà íåäîñòàþ-

ùåãî 25% óãëîâîãî ìîìåíòà ïðåäëàãàåò ðàçëè÷íûå ýêçîòè÷íûå ìåõàíèçìû

(ñì, íàïðèìåð, [14]).

Â ñëó÷àå ïàðû Ñîëíöå-Çåìëÿ ñèòóàöèÿ ãîðàçäî ñëîæíåå. Íàáëþäåíèÿ

ïîêàçûâàþò, ÷òî Çåìëÿ óäàëÿåòñÿ îò Ñîëíöà ñî ñêîðîñòüþ 14 ñì çà ãîä [15],

÷òî ñóùåñòâåííî äëÿ òîé ìîäåëè ñîëíå÷íîé ñèñòåìû, êîòîðàÿ ïîääåðæèâàåòñÿ

òðàäèöèîííîé àñòðîíîìèåé. Ïîñëå ïîïûòîê èñïîëüçîâàíèÿ ðàçëè÷íûõ

ìåõàíèçìîâ äëÿ èíòåðïðåòàöèè ýòîé âåëè÷èíû, èññëåäîâàòåëè ñíîâà îáðàòèëèñü

ê ïðèëèâíîìó ìåõàíèçìó (ñì. [20] è ññûëêè òàì). Íî åñëè â ñëó÷àå ïàðû

Çåìëÿ-Ëóíà èññëåäîâàòåëè ðàñïîëàãàþò ïî÷òè âñåì íåîáõîäèìûì íàáîðîì

äàííûõ äëÿ îöåíêè ïðèëèâíîãî ìåõàíèçìà, òî â ñëó÷àå ñèñòåìû Ñîëíöå-

Çåìëÿ íèêàêèõ òàêèõ èçìåðåíèé âîâñå íåò. Ïîýòîìó â äàííîì ñëó÷àå

îòñóòñòâóþùèå íàáëþäàòåëüíûå äàííûå ïðîñòî çàìåíÿþòñÿ ñâîáîäíûìè

ïàðàìåòðàìè, ñîîòâåòñòâóþùèì ïîäáîðîì êîòîðûõ ìîæíî ïîëó÷èòü æåëàåìûé

ðåçóëüòàò. Ýòî, êàê îòìå÷åíî âûøå, íàïîìèíàåò ïîäáîð íóæíûõ ýïèöèêëîâ

è äåôåðåíòîâ, à òàêæå ñîîòâåòñòâóþùèõ ñêîðîñòåé â ïòîëåìååâñêîé

ãåîöåíòðè÷åñêîé ñèñòåìå ìèðà.

Êàê è â ñëó÷àå ñèñòåìû Çåìëÿ-Ëóíà, ïðåäïîëàãàÿ, ÷òî ïðîñòðàíñòâî â

ïðåäåëàõ Ñîëíå÷íîé ñèñòåìû ðàñøèðÿåòñÿ ñîãëàñíî õàááëîâñêîìó çàêîíó, àâòîðû

[12] äëÿ ïðèðîñòà àñòðîíîìè÷åñêîé åäèíèöû íàøëè âåëè÷èíó ïðèìåðíî 10 ì

çà ãîä, ÷òî íà äâà ïîðÿäêà áîëüøå íàáëþäàåìîé âåëè÷èíû. Òàêîå íåñîîòâåòñòâèå

ìîæåò áûòü ðåçóëüòàòîì ëèáî íåïðàâèëüíî âûáðàííîãî ìåõàíèçìà, ëèáî

íåäîîöåíêè íåêîòîðûõ ñîïóòñòâóþùèõ ýôôåêòîâ. Íà íàø âçãëÿä òàêèì ýôôåêòîì

ìîæåò áûòü ïàðàëëåëüíîå óâåëè÷åíèå ñîëíå÷íîé ìàññû. Íåñëîæíûé ðàññ÷åò

ïîêàçûâàåò, ÷òî òàêîå ìîæåò ñëó÷èòüñÿ, åñëè ìàññà Ñîëíöà  çà ãîä óâåëè÷èâàåòñÿ

íà M.~ 111066   [12]. Èíòåðåñíî, ÷òî åñëè ïðèìåðíî 0.1% ýòîé ìàññû

ïðåîáðàçóåòñÿ â ëó÷èñòóþ ýíåðãèþ, îíà îáåñïå÷èâàåò ñâåòèìîñòü Ñîëíöà. À

íà âîïðîñå, êàêèì îáðàçîì ìîæåò ðàñòè ìàññà Ñîëíöà, îñòàíîâèìñÿ â ñëåäóþùåì

ðàçäåëå ïðè ðàññìîòðåíèè âëèÿíèÿ òåìíîé ýíåðãèè íà àòîìíûå ÿäðà.

Òðåòèì ïðèìåðîì ñèñòåìû êîñìè÷åñêèõ îáúåêòîâ ñ èçìåðåííîé ñêîðîñòüþ

ðàñøèðåíèÿ ÿâëÿåòñÿ Ñàòóðí ñî ñâîèì ñïóòíèêîì Òèòàíîì  [16]. Ðàññòîÿíèå

îò Òèòàíà äî Ñàòóðíà ñîñòàâëÿåò ïðèìåðíî 1.2 ìëí êì. Òèòàí óäàëÿåòñÿ îò

Ñàòóðíà ïðèìåðíî íà 11.3 ± 2 ñì çà çåìíîé ãîä. Â ðàáîòå [21] àâòîðû ïðèõîäÿò

ê âûâîäó, ÷òî îñíîâíàÿ ÷àñòü ýòîé ñêîðîñòè, à èìåííî 8.15 ñì/ãîä, îáåñïå÷èâàåòñÿ

õàááëîâñêèì ðàñøèðåíèåì, ïåðåñ÷èòàííûì íà ðàññòîÿíèå Òèòàíà îò Ñàòóðíà.

Çäåñü èíòåðåñíî ñðàâíåíèå ñêîðîñòåé óäàëåíèÿ Ëóíû è Òèòàíà îò ñâîèõ

ìàòåðèíñêèõ ïëàíåò è ñîîòâåòñòâóþùèõ ðàññòîÿíèé. Îòíîøåíèå ðàäèóñîâ

îðáèò ýòèõ ñïóòíèêîâ ñîñòàâëÿåò 0.32, à îòíîøåíèå ñêîðîñòåé - 0.34, ò.å.,
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ñêîðîñòü ïðèðîñòà ðàäèóñà îðáèòû äåéñòâèòåëüíî ïðîïîðöèîíàëüíà äëèíå

ðàäèóñà, êàê â ñëó÷àå ðàñøèðåíèÿ Âñåëåííîé.

5. Ýâîëþöèÿ àòîìíûõ ÿäåð ïîä âëèÿíèåì òåìíîé ýíåðãèè. Òî,

÷òî íîñèòåëü òåìíîé ýíåðãè âçàèìîäåéñòâóåò ñ áàðèîííûì âåùåñòâîì, ñòàâèò

ìíîãî íîâûõ âîïðîñîâ, êîòîðûå òàê èëè èíà÷å ñâÿçàíû è ñ êîñìîëîãèåé, è

ñ êîñìîãîíèåé îáúåêòîâ ðàçëè÷íûõ óðîâíåé êîñìè÷åñêîé èåðàðõèè. Âñå

êîñìè÷åñêèå îáúåêòû, íå ñ÷èòàÿ ñàìûå ýêçîòè÷íûå, ñîñòîÿò èç àòîìîâ, ìàññà

êîòîðûõ ñîñðåäîòî÷åíà â èõ ÿäðàõ. Òî åñòü, ìàññà áàðèîííîé Âñåëåííîé

îïðåäåëÿåòñÿ ñóììàðíîé ìàññîé âñåõ àòîìíûõ ÿäåð, êîòîðûå ñîñòàâëÿþò

êîñìè÷åñêèå îáúåêòû. È ïîýòîìó î÷åíü âàæíî çíàòü î ôèçè÷åñêèõ ïîñëåäñòâèÿõ

âçàèìîäåéñòâèÿ áàðèîííîé ìàòåðèè ñ íîñèòåëåì òåìíîé ýíåðãèè íà ÿäåðíîì

óðîâíå.

Ïîñêîëüêó òåìíàÿ ýíåðãèÿ (íîñèòåëü òåìíîé ýíåðãèè) íà âñåõ ìàñøòàáàõ

îäíîðîäíî çàïîëíÿåò âñå ïðîñòðàíñòâî, áóäåì ñ÷èòàòü, ÷òî îíà âçàèìîäåéñòâóåò

ñ áàðèîííîé ìàòåðèåé íà âñåõ ìàñøòàáàõ, â òîì ÷èñëå, â ìàñøòàáàõ àòîìíûõ

ÿäåð è ýëåìåíòàðíûõ ÷àñòèö. Óíèêàëüíûì ñâîéñòâîì àòîìíûõ ÿäåð ÿâëÿåòñÿ

äåôåêò ìàññû. Õîðîøî èçâåñòíî, ÷òî ëþáîå àòîìíîå ÿäðî èìååò ìàññó,

êîòîðàÿ ìåíüøå ñóììàðíîé ìàññû åãî ñîñòàâíûõ êîìïîíåíòîâ. Ýíåðãèÿ ñâÿçè

ÿäðà â äàííîì ñëó÷àå ïðåäñòàâëÿåò ñîáîé ýíåðãåòè÷åñêèé ýêâèâàëåíò

íåäîñòàþùåé ìàññû. Èìåííî áëàãîäàðÿ ýòîé íåäîñòàþùåé ýíåðãèè ñóùåñòâóåò

ëþáîå àòîìíîå ÿäðî. Åñëè êàêèì-òî îáðàçîì âïðûñêèâàòü ýòî êîëè÷åñòâî

ýíåðãèè â ÿäðî, îíî ïðîñòî ðàçâàëèòñÿ íà ñîñòàâíûå êîìïîíåíòû - ïðîòîíû

è íåéòðîíû, ïðè÷åì ïîñëåäíèå î÷åíü áûñòðî ðàñïàäàþòñÿ íà ïðîòîí, ýëåêòðîí

è àíòèíåéòðèíî. Ýòî âñå èçâåñòíî èç îáùåãî êóðñà ÿäåðíîé ôèçèêè.

Âòîðûì âàæíåéøèì ñâîéñòâîì àòîìíûõ ÿäåð, íà íàø âçãëÿä, ÿâëÿåòñÿ òî,

÷òî äåôåêò ìàññû, ðàñ÷èòàííûé íà îäèí áàðèîí, èìååò ðàçíîå çíà÷åíèå  â

ðàçíûõ ÿäðàõ. Ýòî îçíà÷àåò, ÷òî íåéòðîí è ïðîòîí ìîãóò èìåòü ðàçíûå

ìàññû, â çàâèñèìîñòè îò òîãî, â êàêîì ÿäðå èëè â êàêèõ ôèçè÷åñêèõ

óñëîâèÿõ îíè íàõîäÿòñÿ â äàííûé ìîìåíò.

Òåïåðü, ó÷èòûâàÿ ñêàçàííîå, îáñóäèì ïîâåäåíèå àòîìíûõ ÿäåð, åñëè îíè

âçàèìîäåéñòâóþò ñ íîñèòåëåì òåìíîé ýíåðãèè. Â òàêîì ñëó÷àå ýòè âçàèìîäåéñò-

âóþùèå ñóáñòàíöèè ðàçèòåëüíî îòëè÷àþòñÿ äðóã îò äðóãà â ñìûñëå ýíåð-

ãåòè÷åñêîãî áàëàíñà. Àòîìíûå ÿäðà, êàê è ãðàâèòàöèîííî ñâÿçàííûå êîíôè-

ãóðàöèè, òàêæå îáëàäàþò "îòðèöàòåëüíîé ýíåðãèåé". À ýòî îçíà÷àåò, ÷òî åñëè

ïðè âçàèìîäåéñòâèè ñ íîñèòåëåì òåìíîé ýíåðãèè ïðîèñõîäèò îáìåí ýíåðãèÿìè,

òî àòîìíûå ÿäðà ïîëó÷àþò íåíóëåâóþ ïîðöèþ ýíåðãèè. Ïîëó÷åííàÿ ïîðöèÿ,

åñëè òàêîå äåéñòâèòåëüíî ïðîèñõîäèò, óìåíüøàåò îòðèöàòåëüíûé áàëàíñ ýíåðãèè

ÿäðà, ò.å. ýíåðãèþ ÿäåðíîé ñâÿçè, è òåì ñàìûì óâåëè÷èâàåò åãî ìàññó íà

íåíóëåâóþ âåëè÷èíó.
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Ïðèâåäåííàÿ öåïî÷êà ðàññóæäåíèé ñòðîèòñÿ íà äâóõ ïðåäïîëîæåíèÿõ.

Ïåðâîå ÿâëÿåòñÿ ëîãè÷åñêèì ïðîäîëæåíèåì íàøåãî âûâîäà î âçàèìîäåéñòâèè

áàðèîííîé ìàòåðèè ñ íîñèòåëåì òåìíîé ýíåðãèè íà óðîâíå àòîìíûõ ÿäåð, íî

ýòî ïðåäïîëîæåíèå åùå îñòàåòñÿ ëèøü ãèïîòåçîé, ïîêà ýòîìó íåò âåñêèõ

äîêàçàòåëüñòâ. Áîëåå òîãî, ìû íè÷åãî íå çíàåì î ìåõàíèçìå "îñâîåíèÿ"

ïîðöèé òðàíñôîðìèðóåìîé ýíåðãèè àòîìíûì ÿäðîì. Ïîýòîìó íèæå ìû

îáñóäèì âîïðîñ, ê ÷åìó ïðèâåäóò òàêèå èçìåíåíèÿ, åñëè îíè äåéñòâèòåëüíî

áóäóò èìåòü ìåñòî.

Òàêèì îáðàçîì, áàðèîííàÿ ìàòåðèÿ è íîñèòåëü òåìíîé ýíåðãèè ÿâëÿþòñÿ

îñíîâíûìè ñóáñòàíöèÿìè íàøåé íàáëþäàåìîé Âñåëåííîé (ïîêà çàáóäåì î

ãèïîòåòè÷åñêîé òåìíîé ìàòåðèè), êîòîðûå íàõîäÿòñÿ â íåïðåðûâíîì

âçàèìîäåéñòâèè ìåæäó ñîáîé. Ïðè ýòîì âñÿ ìàññà íàõîäèòñÿ â áàðèîííîì

âåùåñòâå, à èñòî÷íèêîì ðåñóðñîâ ñîòâîðåíèÿ ìàññû ÿâëÿåòñÿ íîñèòåëü òåìíîé

ýíåðãèè. Ýòè äâå êîìïîíåíòû óñòðîåíû òàê, ÷òî òåìíàÿ ýíåðãèÿ íåïðåðûâíî

ðàñøèðÿåò áàðèîííûé ìèð, è ïðè ýòîì ÷àñòè÷íî ïðåîáðàçóåòñÿ â ìàññó

áàðèîííîãî âåùåñòâà, óâåëè÷èâàÿ ìàññó íàáëþäàåìîé Âñåëåííîé.

Òî, ÷òî ìàññà àòîìíûõ ÿäåð è êîñìè÷åñêèõ îáúåêòîâ óâåëè÷èâàåòñÿ ñî

âðåìåíåì, íàìè óæå áûëî îòìå÷åíî ïðè ðàññìîòðåíè ñêîðîñòè óäàëåíèÿ Çåìëè

îò Ñîëíöà [11] è îá ýòîì óïîìÿíóòî â ïðåäûäóùåì ðàçäåëå. Áîëåå òîãî, ýòîò

ìåõàíèçì ïîçâîëÿåò åñòåñòâåííûì îáðàçîì îáúÿñíèòü ïàðàäîêñàëüíóþ ñèòóàöèþ

õàááëîâñêîãî íàïðÿæåíèÿ [22]. Òàêæå, èñõîäÿ èç ñîîòíîøåíèé (5)-(6), êîòîðûå

ïîêàçûâàþò, ÷òî èç îáúåêòîâ îäíîãî è òîãî æå ñåìåéñòâà áûñòðåå ýâîëþöèî-

íèðóþò òå, ó êîòîðûõ ìàññà ìåíüøå, ìû èññëåäîâàëè ãàëàêòèêè â ñêîïëåíèÿõ

è ïðèøëè ê âûâîäó, ÷òî íàáëþäàòåëüíûå äàííûå è â ýòîì ñëó÷àå ïîäòâåðæäàþò

íàøè âûâîäû [23].

Ñëåäóåò îòìåòèòü åùå îäíî âàæíîå ñëåäñòâèå äàííîãî, ïîêà åùå ãèïîòå-

òè÷åñêîãî ïðîöåññà. Îíî ñâÿçàíî ñ óìåíüøåíèåì ýíåðãèè ñâÿçè â àòîìíîì

ÿäðå, ÷òî ðàíî èëè ïîçäíî ïðèâîäèò äàííîå ÿäðî â íåñòàáèëüíîå ñîñòîÿíèå

è, ñëåäîâàòåëüíî, ê íåèçáåæíîìó ðàñïàäó ïî îäíîé èç ñõåì èçâåñòíûõ

ÿäåðíûõ ðåàêöèé. Òåì ñàìûì â äàííîì ñãóñòêå áàðèîííîãî âåùåñòâà

óâåëè÷èâàåòñÿ îòíîñèòåëüíîå êîëè÷åñòâî ëåãêèõ ÿäåð è ëåãêèõ ýëåìåíòîâ, â

òîì ÷èñëå âîäîðîäà, ÷òî ÿâëÿåòñÿ êîíå÷íûì ïðîäóêòîì íåéòðîííûõ âûáðîñîâ.

Ïîíÿòíî, ÷òî îäíèì èç âàæíûõ ðåçóëüòàòîâ ýòîãî ïðîöåññà ÿâëÿåòñÿ óìåíü-

øåíèå ìåòàëëè÷íîñòè âî âñåõ êîñìè÷åñêèõ îáúåêòàõ, èç ÷åãî ñëåäóåò, ÷òî

ìåòàëëè÷íîñòü äîëæíà áûòü íèæå â îáúåêòàõ, êîòîðûå ëåã÷å è äîëüøå

ïîääàþòñÿ âëèÿíèþ òåìíîé ýíåðãèè.

Ïîìèìî ýòîãî âûâîä î ðîñòå ìàññû Âñåëåííîé ðåøàåò åùå îäèí ïàðàäîêñ,

êîòîðûé îáû÷íî çàìàë÷èâàåòñÿ òðàäèöèîííîé êîñìîëîãèåé èëè äëÿ åãî

ðåøåíèÿ ïðèäóìûâàþòñÿ ðàçëè÷íûå çàìûñëîâàòûå ñöåíàðèè. Ðå÷ü èäåò î
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ìàññå áàðèîííîé Âñåëåííîé â ðàííèõ ýòàïàõ åå ðàñøèðåíèÿ. Äåëî â òîì, ÷òî

ñîãëàñíî ñîâðåìåííûì òåîðèÿì óæå ÷åðåç 10-43
 ñ ïîñëå, òàê íàçûâàåìîãî,

Áîëüøîãî âçðûâà âñå çàêîíû ïðèðîäû ðàáîòàëè. À ÷åðåç 380000 ëåò âñå

áàðèîíû óæå áûëè ñîçäàíû. Òîãäà ïîíÿòíî, ÷òî ìàññà Âñåëåííîé äîñòàòî÷íî

äîëãî íàõîäèëàñü âíóòðè ñôåðû Øâàðöøèëüäà è, òåì íå ìåíåå, ïðîäîëæàëà

ðàñøèðÿòüñÿ. Òî, ÷òî ìàññà Âñåëåííîé óâåëè÷èâàåòñÿ ñî âðåìåíåì, ñíèìàåò

ýòîò ïàðàäîêñ íåçàâèñèìî îò òîãî, áûë Áîëüøîé âçðûâ èëè íåò.

Åùå îäíî âàæíîå çàìå÷àíèå çäåñü áûëî áû íå ëèøíèì. Èç âñåãî

ñêàçàííîãî ñëåäóåò, ÷òî ïðè÷èíà òùåòíîñòè ïîèñêà òåìíîé ìàòåðèè êðîåòñÿ

íå â íåñîâåðøåíñòâå ìåòîäîâ ïîèñêà. Òåìíîé ìàòåðèè ïðîñòî íå ñóùåñòâóåò.

Îíà áûëà èçîáðåòåíà äëÿ ñîãëàñîâàíèÿ íàáëþäàòåëüíûõ äàííûõ ñ ãîñïîäñòâóþùåé

êîñìîãîíè÷åñêîé òåîðèåé, êîòîðàÿ òðåáóåò îáðàçîâàíèÿ êîñìè÷åñêèõ îáúåêòîâ

è èõ ñèñòåì ïóòåì ñæàòèÿ ðàçðåæåííîé ìàòåðèè äî äîñòèæåíèÿ ðàâíîâåñíîãî

ñîñòîÿíèÿ. È ïîýòîìó âåçäå, ãäå íàáëþäåíèÿ ïîêàçûâàþò áîëüøèå äèñïåðñèè

ñêîðîñòåé, ñîâðåìåííàÿ íàóêà ïîìåùàåò òåìíóþ ìàòåðèþ òîëüêî äëÿ îäíîé

öåëè, ÷òîáû íå áûëî ðå÷è î ðàñøèðåíèè. À âîçìîæíîñòü âîçíèêíîâåíèÿ

áîëüøèõ äèñïåðñèé ñêîðîñòåé ïîä âîçäåéñòâèåì òåìíîé ýíåðãèè âîîáùå íå

ðàññìàòðèâàåòñÿ.

6. Êîñìîãîíè÷åñêàÿ êîíöåïöèÿ Àìáàðöóìÿíà è äîçâåçäíàÿ

ñâåðõïëîòíàÿ ìàòåðèÿ. Êëàññè÷åñêèå òðóäû Àìáàðöóìÿíà ïî çâåçäíîé

è âíåãàëàêòè÷åñêîé êîñìîãîíèè ïðåäîïðåäåëèëè íåêîòîðûå íàïðàâëåíèÿ

ðàçâèòèÿ àñòðîôèçèêè âòîðîé ïîëîâèíû XX âåêà. Ïðè÷åì äëÿ äîêàçàòåëüñòâà

ðîæäåíèÿ íîâûõ çâåçä â íàøó ýïîõó, à òàêæå ÿâëåíèÿ àêòèâíîñòè ÿäåð

ãàëàêòèê åãî îñíîâíûå àðãóìåíòû áàçèðîâàëèñü íà òîì, ÷òî êàê çâåçäíûå

àññîöèàöèè, òàê è êðàòíûå ñèñòåìû ãàëàêòèê òèïà òðàïåöèè ÿâëÿþòñÿ

äèíàìè÷åñêè íåóñòîé÷èâûìè, ðàñøèðÿþùèìèñÿ ñèñòåìàìè [24-26]. Òàêèì

îáðàçîì, Àìáàðöóìÿí ñäåëàë âûâîä î ðàñøèðåíèè ñèñòåì êîñìè÷åñêèõ îáúåêòîâ

çà ïîëâåêà äî îòêðûòèÿ óñêîðåíèÿ ðàñøèðåíèÿ Âñåëåííîé.

Êðîìå óêàçàííûõ êîñìîãîíè÷åñêèõ âûâîäîâ Àìáàðöóìÿí ïðèøåë åùå ê

îäíîìó âàæíîìó çàêëþ÷åíèþ, êîòîðîå êàñàåòñÿ ñâîéñòâ äîçâåçäíîãî âåùåñòâà.

Ó÷èòûâàÿ òîò ôàêò, ÷òî íàáëþäàåìûå â íàñòîÿùåå âðåìÿ ñèñòåìû ðàñøèðÿþòñÿ,

Àìáàðöóìÿí ïðåäïîëîæèë, ÷òî íà÷àëîñü ýòî ðàñøèðåíèå ñ òàêîãî ñîñòîÿíèÿ,

êîãäà âåùåñòâî èìåëà ïëîòíîñòü àòîìíîãî ÿäðà. Îí íàçâàë òàêîå ñîñòîÿíèå

ìàòåðèè ñâåðõïëîòíûì äîçâåçäíûì âåùåñòâîì.

Îñíîâíîé ïðè÷èíîé îòêëîíåíèÿ ýòîé ÷àñòè êîíöåïöèè Àìáàðöóìÿíà

ÿâèëîñü òî, ÷òî ñîâðåìåííàÿ ôèçèêà íå ïîçâîëÿåò ñòàáèëüíîå ñóùåñòâîâàíèå

áîëüøèõ ìàññ ñ òðåáóåìîé ïëîòíîñòüþ. Ñèòóàöèÿ êàçàëàñü ïàðàäîêñàëüíîé,

ïîñêîëüêó, ñ äðóãîé ñòîðîíû, âñå ðàññóæäåíèÿ è îöåíêè Àìáàðöóìÿíà áåç

ñîìíåíèÿ áûëè áåçóïðå÷íûìè. Ïîýòîìó ó èññëåäîâàòåëÿ, êîòîðûé çàíèìàëñÿ
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ýòèì âîïðîñîì, ñîçäàâàëîñü âïå÷àòëåíèå, ÷òî ñîâðåìåííàÿ ôèçèêà âëàäååò íå

âñåì èññëåäîâàòåëüñêèì èíñòðóìåíòàðèåì, êîòîðûé íåîáõîäèì äëÿ ïîëíîãî

àíàëèçà ôèçè÷åñêîé êàðòèíû.

Â íàñòîÿùåå âðåìÿ, êîãäà îòêðûòà òåìíàÿ ýíåðãèÿ, ñèòóàöèÿ äðóãàÿ.

Ìîæíî äîñòàòî÷íî òâåðäî óòâåðæäàòü, ÷òî äëÿ ãèïîòåçû Àìáàðöóìÿíà íå

õâàòàëî èìåííî ìåõàíèçìà âëèÿíèÿ òåìíîé ýíåðãèè íà áàðèîííóþ ìàòåðèþ.

Òî, ÷òî ïðîèñõîäèò ñ àòîìíûìè ÿäðàìè â ýòîì ïðîöåññå (åñëè ïðåäñòàâëåííîå

çäåñü ñîîòâåòñòâóåò äåéñòâèòåëüíîñòè), ìîæíî îõàðàêòåðèçîâàòü êàê ôàçîâûé

ïåðåõîä ìàññû íà êâàíòîâîì óðîâíå. Äåéñòâèòåëüíî, âçàèìîäåéñòâèå àòîìíûõ

ÿäåð ñ íîñèòåëåì òåìíîé ýíåðãèè ïðèâîäèò ê óâåëè÷åíèþ èõ ìàññû çà ñ÷åò

òåìíîé ýíåðãèè - ò.å. ýíåðãèÿ ïðåîáðàçóåòñÿ â ìàññó, èñïîëüçóÿ ïðè ýòîì

óíèâåðñàëüíûé ìåõàíèçì, ñîçäàííûé ïðèðîäîé.

Òåïåðü ëåãêî ïðåäñòàâèòü ñåáå êàê ìîæåò èäòè îáðàòíûé ïðîöåññ, êîãäà,

îáðàçíî ãîâîðÿ, âðåìÿ èäåò âñïÿòü. Ïîíÿòíî, ÷òî â ýòîì ñëó÷àå ìû äîëæíû

íàáëþäàòü óìåíüøåíèå ìàññû àòîìíûõ ÿäåð è óâåëè÷åíèå ýíåðãèè ñâÿçè, ÷òî

ñîçäàåò õîðîøèå óñëîâèÿ äëÿ ñóùåñòâîâàíèÿ íåèçâåñòíûõ íàì ÿäåð, ñîñòîÿùèõ

èç ãîðàçäî áîëüøåãî ÷èñëà áàðèîíîâ, ÷åì â ñëó÷àå èçâåñòíûõ ÿäåð èç

òàáëèöû Ìåíäåëååâà. Òàê ìîæíî äîéòè äî òàêèõ âðåìåí, êîãäà áàðèîíû â

ÿäðàõ èìåëè íè÷òîæíóþ ìàññó è ïðåäñòàâëÿëèñü ýìáðèîíàìè áàðèîíîâ.

Åñëè ñêàçàííîå âåðíî äëÿ ñëîæíûõ ÿäåð, ñîñòîÿùèõ èç áîëåå ÷åì îäíîãî

áàðèîíà, òî æå ñàìîå äîëæíî áûòü âåðíî òàêæå è äëÿ ñâîáîäíûõ áàðèîíîâ:

îíè âñåãäà, â ëþáóþ ýïîõó îáëàäàëè áîëüøåé ìàññîé, ÷åì ñâÿçàííûå â ÿäðå

îäíîèìåííûå ÷àñòèöû, íî áûëè ãîðàçäî ëåã÷å, ÷åì èõ ñîâðåìåííûå àíàëîãè.

Â ïðîòèâíîì ñëó÷àå, åñëè îòäåëüíûå áàðèîíû íå èçìåíÿëèñü áû ñî âðåìåíåì

èëè ñëåäîâàëè áû äðóãîìó çàêîíó òðàíñôîðìàöèè, ÷åì ñëîæíûå ÿäðà, òî

÷àñòîòû ñïåêòðàëüíûõ ëèíèé âîäîðîäà è äðóãèõ ýëåìåíòîâ ìåíÿëèñü áû ñ

ðàññòîÿíèåì ïî ðàçíûì çàêîíàì. Òî åñòü, åñëè èçìåíåíèå àòîìíîãî ÿäðà äëÿ

êàêîãî-òî ýëåìåíòà ïðîèñõîäèò ñîãëàñíî êàêîìó-òî ñöåíàðèþ, òî ýòîò ñöåíàðèé

äîëæåí áûòü îáùèì äëÿ âñåõ ÿäåð. Åùå ðàç îòìåòèì, ÷òî âñå ýòî âåðíî, åñëè

âåðíà ñàìà ôèçè÷åñêàÿ êàðòèíà òðàíñôîðìàöèè àòîìíîãî ÿäðà ïîä âëèÿíèåì

òåìíîé ýíåðãèè.

Òà îñîáåííîñòü, ÷òî, âõîäÿ â ñîñòàâ ñëîæíûõ ÿäåð, áàðèîíû îáëàäàþò

ñâîéñòâîì óìåíüøàòü ñâîþ ìàññó, ÿâëÿåòñÿ ðåãóëÿòîðîì äëÿ áàðèîííîé

ìàòåðèè, ÷òî ïîçâîëÿåò åé àäàïòèðîâàòüñÿ ê ëþáûì ôèçè÷åñêèì óñëîâèÿì è

ïîääåðæèâàòü óñòîé÷èâîñòü òåõ îáúåêòîâ, êîòîðûå ñîñòîÿò èç ýòèõ ÷àñòèö.

Áîëåå òîãî, èìåííî ýòî ñâîéñòâî ÿâëÿåòñÿ ðåãóëÿòîðîì óñòîé÷èâîãî ñóùåñò-

âîâàíèÿ âñåõ îáúåêòîâ áîëåå âûñîêèõ èåðàðõè÷åñêèõ óðîâíåé.

Òàêèì îáðàçîì, åñëè íàøè ðàññóæäåíèÿ è âûâîäû ïðàâèëüíû, òî â

ïðîøëîì êîëè÷åñòâî ìíîãîáàðèîííûõ ÿäåð (àòîìîâ) áûëî áîëüøå, à îáùàÿ

ìàññà áàðèîíîâ - ìåíüøå. Â íàøó ýïîõó àòîìíûå ÿäðà ñ áîëüøèì êîëè÷åñòâîì
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áàðèîíîâ ìåíüøèõ (íè÷òîæíûõ) ìàññ ìîãóò áûòü ñîõðàíåíû â íåäðàõ çâåçä

è â ÿäðàõ ãàëàêòèê, êîòîðûå îáëàäàþò áîëüøèì çíà÷åèåì ÌÓ. Åñëè çâåçäà

èëè ãàëàêòè÷åñêîå ÿäðî áóäåò âûáðàñûâàòü ñãóñòîê òàêîãî âåùåñòâà, òî îí,

ïîïàäàÿ â íîâûå óñëîâèÿ "áîëåå ðàñøèðåííîãî" ïðîñòðàíñòâà, äîëæåí áûñòðî

àäàïòèðîâàòüñÿ ê ýòèì óñëîâèÿì. Ïðè ýòîì âûáðîøåííûé ñãóñòîê íàáèðàåò

ìàññó è èçëó÷àåò îãðîìíîå êîëè÷åñòâî ýíåðãèè.

Ãåíåðàöèþ èçëó÷àòåëüíîé ýíåðãèè ìîæíî îáúÿñíèòü ñëåäóþùèì ôåíîìå-

íîëîãè÷åñêèì ñöåíàðèåì. Àòîìíûå ÿäðà èëè ñãóñòêè ýìáðèîáàðèîíîâ (åñëè èõ

ìîæíî òàê íàçûâàòü), ïîïàäàÿ â íîâûå ôèçè÷åñêèå óñëîâèÿ, íà÷èíàþò ñòðåìè-

òåëüíî íàáèðàòü ìàññó. Â ðåçóëüòàòå ýòîãî óìåíüøàåòñÿ èõ ýíåðãèÿ ñâÿçè, è

ìíîãîáàðèîííûå ñãóñòêè, êîòîðûå áûëè óñòîé÷èâûìè äî âûáðîñà, â íîâûõ

óñëîâèÿõ áûñòðî ñòàíîâÿòñÿ ðàäèîàêòèâíûìè. Ðàçëè÷íûå òèïû ðàñïàäà, îò

áåòà-ðàñïàäà äî êëàñòåðíîãî ðàñïàäà è äåëåíèÿ, ïðîèçâîäÿò íîâûå ÿäðà, à ýòîò

ïðîöåññ, êàê èçâåñòíî, âñåãäà ñîïðîâîæäàåòñÿ ãàììà èçëó÷åíèåì.

7. Çàêëþ÷åíèå. Äâå "òåìíûå" ñóáñòàíöèè - òåìíàÿ ìàòåðèÿ è òåìíàÿ

ýíåðãèÿ, ââåäåííûå â íàóêó êîñìîëîãèåé, íå èìåþò íè÷åãî îáùåãî. Òåìíàÿ

ìàòåðèÿ, êîòîðàÿ áûëà ââåäåíà â íàóêó â ðàìêàõ ãîñïîäñòâóþùåé êîñìîãî-

íè÷åñêîé ãèïîòåçû, íà íàø âçãëÿä, ñòàëà íåíóæíîé ïîñëå îòêðûòèÿ òåìíîé

ýíåðãèè êîòîðîå ðàäèêàëüíî èçìåíèëî âñþ ôèçè÷åñêóþ êàðòèíó ðåàëüíîãî

ìèðà. Îäíàêî ïî ñåé äåíü èçó÷åíû íå âñå ôèçè÷åñêèå ïîñëåäñòâèÿ åå

ñóùåñòâîâàíèÿ.

Çäåñü ïîêàçàíî ê ÷åìó ïðèâîäèò âçàèìîäåéñòâèå áàðèîííîãî ìèðà ñ íîñèòåëåì

òåìíîé ýíåðãèè, èñïîëüçóÿ ïðè ýòîì íàáëþäàòåëüíûå äàííûå è ïîñëåäîâàòåëüíî

ïðèìåíÿÿ èçâåñòíûå çàêîíû ôèçèêè. À òî, ÷òî îíè âçàèìîäåéñòâóþò, áûëî

î÷åâèäíî ñ òîãî ñàìîãî ìîìåíòà, êàê ýòà ýíåðãèÿ áûëà ââåäåíà â íàó÷íûé

èíñòðóìåíòàðèé ôèçèêè, ïîñêîëüêó íàáëþäàòåëüíîé îñíîâîé äëÿ ýòîãî ñòàëî

îòêðûòèå óñêîðåíèÿ ðàñøèðåíèÿ Âñåëåííîé, êîòîðîå, ïî îïðåäåëåíèþ,

ïðîèñõîäèò èìåííî çà ñ÷åò ýòîãî âçàèìîäåéñòâèÿ. Èìåííî òîò ôàêò, ÷òî â

ðåçóëüòàòå ýòîãî âçàèìîäåéñòâèÿ íîñèòåëü òåìíîé ýíåðãèè ïîñòîÿííî ïåðåäàåò

ïîðöèè ýíåðãèè áàðèîííîé ìàòåðèè, è ñòàë ïðè÷èíîé åå îòêðûòèÿ.

Ïåðåäà÷à ýíåðãèè áàðèîííûì îáúåêòàì è èõ ñèñòåìàì íåïðåðûâíî

óâåëè÷èâàåò èõ ýíåðãèþ, è çíà÷åíèå âèðèàëà ñòàíîâèòñÿ ïîëîæèòåëüíîé, â

ðåçóëüòàòå ÷åãî ëþáàÿ ñèñòåìà îáúåêòîâ ñòàíîâèòñÿ ðàñøèðÿþùåéñÿ. Ïîýòîìó

ïðè íàëè÷èè òåìíîé ýíåðãèè íå èìååò ñìûñëà ãîâîðèòü î ðàâíîâåñíûõ

ñèñòåìàõ, îíè âñå ñòàíîâÿòñÿ ðàñøèðÿþùèìèñÿ, íåçàâèñèìî îò ìåõàíèçìà èõ

îáðàçîâàíèÿ. Ýòîò âûâîä ñðàçó äåëàåò òåìíóþ ìàòåðèþ, çà îòêðûòèåì

êîòîðîé èññëåäîâàòåëè áüþòñÿ ïî÷òè ñòîëåòèå, íåíóæíîé ôèêöèåé.

Âàæíûì âûâîäîì äàííûõ èññëåäîâàíèé ÿâëÿåòñÿ è òî, ÷òî, ïîìèìî

ïðî÷èõ áàðèîííûõ îáúåêòîâ, ýâîëþöèîíèðóþò òàêæå è îáúåêòû ìèêðîìèðà,
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è îòïå÷àòêè èõ ýâîëþöèè ÷åòêî âèäíû â ôèçè÷åñêèõ ñâîéñòâàõ êîñìè÷åñêèõ

îáúåêòîâ âñåõ èåðàðõè÷åñêèõ óðîâíåé. Òàêîé îòïå÷àòêîé äîëæíî áûòü

óâåëè÷åíèå ìàññû êîñìè÷åñêèõ îáúåêòîâ.

Äàëåå, ÷åì äîëüøå ïðîäîëæàëàñü ýâîëþöèÿ ïîä âëèÿíèåì âçàèìîäåéñòâèÿ

ñ íîñèòåëåì òåìííîé ýíåðãèè, òåì íèæå äîëæíà áûòü ìåòàëëè÷íîñòü îáúåêòîâ,

ïðè÷åì ýòîò ïðîöåññ, ïðè ïðî÷èõ ðàâíûõ óñëîâèÿõ, áûñòðåå ïðîèñõîäèò ó

ìàëîìàññèâíûõ îáúåêòîâ. Ýòà çàêîíîìåðíîñòü äëÿ ãàëàêòèê èçâåñòíà è õîðîøî

îñâåùåíà â íàó÷íîé ëèòåðàòóðå çà ïîñëåäíèå 50 ëåò.

Äðóãèì î÷åâèäíûì ðåçóëüòàòîì ýâîëþöèè áàðèîííîé ìàòåðèè íà óðîâíå

àòîìíûõ ÿäåð è ýëåìåíòàðíûõ ÷àñòèö äîëæíî áûòü óâåëè÷åíèå ìàññû, ÷òî

â ãëîáàëüíîì ñìûñëå ïîñòîÿííî óâåëè÷èâàåò ìàññó âñåõ îáúåêòîâ è Âñåëåííîé,

ñ äðóãîé ñòîðîíû, ïîñòåïåííî ñìåùàåò ñïåêòðàëüíûå ëèíèè âñåõ ýëåìåíòîâ

â ñèíþþ ñòîðîíó ñïåêòðà.

Àâòîð âûðàæàåò ñâîþ èñêðåííþþ ïðèçíàòåëüíîñòü À.Ã.Íèêîãîñÿíó çà

êðèòè÷åñêèå çàìå÷àíèÿ, êîòîðûå, íåñîìíåííî, óëó÷øèëè ðóêîïèñü ýòîé ðàáîòû.
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THE PRESENCE OF DARK ENERGY DARK MATTER

H.A.HARUTYUNIAN

We consider here the issue of changing the total energy of baryon objects and

their systems in the presence of dark energy (DE), the carrier of which, by definition,

interacts with all baryon objects. The very fact that dark energy was discovered as

the result of such interaction, due to which the expansion of the Universe accelerates

is emphasized. Since dark energy (the carrier of dark energy - CDE) is distributed

homogeneously, the physical consequences of the interaction of CDE with baryon

matter at all hierarchical levels of baryon structures are discussed. Based on the

second law of thermodynamics, it is concluded that under the influence of CDE,

the energy of all baryon systems gradually increases, which, on the other hand,

decreases their stability, and the positive value of the virial grows for any structures

that considered to be stable. A similar analysis for atomic nuclei leads to the

conclusion that over time, the nuclear binding energy and the stability decrease,

and the mass of the nuclei increases. This effect allows one to re-examine
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Ambartsumian's hypothesis on the existence of clots of superdense matter in the

nuclei of stars and galaxies and to propose its new interpretation.

Keywords: dark energy: interaction: baryon matter: second law of thermodynam-

ics: energy transfer: virial theorem: energy increase: mass increase
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We consider the Bianchi type-VI
0
 space time with domain walls in the framework of the

modified f (R, T ) theory of gravitation. To solve the field equations, we assume that the shear scalar
  is proportional to the expansion scalar  . We also consider the parametrization of the equation
of the state parameter of barotropic fluid and discuss the effect on domain walls. It has been
observed that the domain wall may behave like dark energy. Some physical parameters are also
discussed in detail.

Keywords: domain walls: Bianchi type-VI
0
 space time:  TRf  ,  gravity

1. Introduction. Recent cosmological observation data indicate that the

universe is undergoing an accelerated expansion phase. One of the possible

solutions to explain the cosmic speed-up of the universe is the modification of

the general theory of relativity. The simplest class of modification is replacing

 Rf , i.e., the function of Ricci scalar R, instead of R in Einstein-Hilbert action.

One can achieve the dynamics of the universe without the need of dark energy

in  Rf  gravity. The  Rf  theory of gravitation covers all domains from

cosmological to the solar system scale. Moreover, no extra degree of freedom is

required in  Rf  gravity.  Rf  gravity is equivalent with Brans-Dicke theory when

coupling constant 0  [1]. Nojiri and Odintsov [2] obtained early time inflation

and late time acceleration in the  Rf  theory of gravitation. Also, Nojiri et al.

[3] presented a brief review on  Rf  theories of gravitation. However, the  Rf
theories have stability and viability issues [4-6].

Recently, Harko et al. [7] proposed a more general model of modified theory

known as the  TRf  ,  theory of gravity, in which  TRf  ,  is an arbitrary function

of the Ricci scalar R and the trace T of the energy momentum tensor. The coupling

between matter and geometry leads to extra acceleration in  TRf  ,  theory. There

is a choice of the functions  TRf  ,  depending on the nature of the matter field

[8]. Harko et al. [7] also pointed out that the  TRf  ,  gravity model depends on

the source term, which represents the variation of the matter stress energy tensor

with respect to the metric. The simplest model,   TRTRf  , , is equivalent
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to a cosmological model with an effective cosmological constant. The term f(T)

in gravitational action modifies the gravitational interaction between matter and

curvature. In  TRf  ,  theory, cosmic acceleration comes not only from geometrical

contribution but also from matter content [9]. The   TRTRf  ,  model shows

quintessence-like behaviour of the equation of state (EoS) parameter [10]. Reddy

et al. [11] investigated the Bianchi type-III space time in the  TRf  ,  gravity and

showed that the model does not have an initial singularity. Rao and Neelima [12]

investigated Bianchi type-VI
0
 cosmological models and discovered that  TRf  ,

affects the matter distribution but has no effect on space-time geometry. Singh

and Singh [13] discussed the behaviour of a scalar field in  TRf  ,  gravity theory

within the context of a flat FRW cosmological model that describes the early and

late time evolution of the universe. Mishra et al. [14] investigated Bianchi type

VIh space-time in the presence of perfect fluid and discussed the dynamical feature

of the models in  TRf  ,  gravity. Recently, Chaubey and Shukla [15] have

obtained the different cosmological solutions of Bianchi models in the framework

of  TRf  ,  gravity.

The first few minutes after the Big Bang are important in the history of the

universe. When the temperature drops to some critical point, topological defects

occur due to the phase transition of the universe. The idea of spontaneous

symmetry breaking prompts that the topology of the vacuum manifold M is

identified as domain walls. Topological defects are remnants of the phase tran-

sitions that may have occurred in the early universe [16-18]. Hill et al. [19] have

proposed that domain walls are important in the formation of galaxies. Recently,

Reddy and Naidu [20] have analyzed thick domain walls in scale-covariant theory

of gravitation. Lazanu et al. [21] have studied the contribution of domain walls

to the cosmic microwave background power spectrum. Adhav et al. [22] have

investigated thick domain walls in the Brans-Dicke theory of gravitation. Further,

Sahoo and Mishra [23] have studied string and domain walls for plane symmetric

space times. Mahanta and Biswal [24] have studied string clouds and domain walls

with quark matter in Lyra geometry. Maurya et al. [25] investigated domain walls

and quark matter in Bianchi type-V universe with observational constraints in

 TRf  ,  gravity. The tension of domain walls plays an important role in the study

of cosmological models. The effect of tension on domain walls in higher-

dimensional space-times is also investigated by Rahaman and Kalam [26]. Biswal

et al. [27] have studied Kaluza-Klein domain walls in  TRf  ,  gravity. Negative

tension of domain walls shows that they are invisible, which means that there

is energy transfer from domain walls to other forms of matter [28]. Some authors

[29,30] have investigated the domain walls cosmological models in different

theories.

With the motivation of the above discussion, we aim to study Bianchi type-VI
0
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domain wall cosmological models in the framework of the  TRf  ,  theory of

gravity. Section 2 is devoted to metric and  TRf  ,  gravity. The field equations

for the Bianchi type-VI
0
 space-time in the presence of a domain wall are presented

in section 3. The solutions of the field equations determined in section 4 for the

case 01 C . In section 5, the solution of the field equation is obtained for the

case 01 C . The conclusion is presented in section 6.

2. Metric and f(R, T) gravity. The modified theories of gravitation are

aimed to address the problem of gravitational interaction. Renormalizable theories

of gravitation are based on the inclusion of higher order terms of curvature

invariant in the Lagrangian. The action for  TRf  ,  gravity theory is given as

   ,  , 4
  xdLTRfgS m (1)

where L
m
 is the Lagrangian density of the matter. The field equations of the

 TRf  ,  theory of gravity are obtained by varying action S with respect to g
ij
,

which is given by
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We assume the function  TRf  ,  in the following form:

  .  , TRTRf  (3)

The late-time dominance of the domain wall network over the energy density

provides a very small contribution to anomalies in the cosmic microwave back-

ground (CMB). The frozen domain wall is a proposed candidate of dark energy

[31]. The energy momentum tensor for a thick domain wall [32] has a form

  , jijiijij upuuugT  (4)

where   and p stand for energy density and pressure of the domain wall,

respectively, and u
i
 is the unit space-like vector in the same direction with

1i
iuu . Here db   and dbpp  , in which the quantities b  and p

b

stand for energy density and pressure of the barotropic fluid, and d  is the tension

of the domain wall. It is believed that there is an anisotropic phase of evolution

in the universe, i.e., the universe may be anisotropic in the early phase of

evolution. Bianchi type I - XI space times are important in the study of the
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anisotropic universe. We consider the Bianchi type VI
0
 space time as

, 2222222222 dzeCdyeBdxAdtds xx   (5)

where A, B, C are the functions of t and   is a non-zero constant.

Bianchi type VI
0
 space-time is of particular interest since it is a simple

generalization of Bianchi type space and, at the same time, is sufficiently complex.

Primordial helium abundance and isotropization in a special sense are explained

by Barrow [33] with the help of Bianchi type VI
0
 space-time. Weaver [34] used

magnetism to investigate the Bianchi type VI
0
 metric. Recently, the Bianchi type

VI
0
 space-time has been studied by Pradhan and Bali [35] in general relativity,

whereas Rao and Neelima [12] and Ram et al. [36] in  TRf  ,  theory of gravity,

by using different physical fluids.

3. Field equations. In the  TRf  ,  theory, the coupling of matter and

gravity contributes equally to cosmic acceleration. The field equations of  TRf  ,

gravity are derived in metric formalism as

  p
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(10)

where the overhead dot represents the derivative with respect to cosmic time. From

equation (10), we obtain

, BC  (11)

where   is an integrating constant. The expansion scalar   and shear scalar 

are defined as
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where 











C

C

B

B

A

A
H



3

1
 is the Hubble parameter, and H

i
, i = 1, 2, 3 are the
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directional Hubble parameters in the directions of the x, y, z  axes, respectively.

As discussed above, the universe is expanding and accelerating. The expansion

scalar is used to predict how fast the universe is expanding mathematically. The

shear scalar is the rate of shear of the fluid congruence. According to the theorem,

"For any space-time in which the matter content consists of a perfect fluid and

whose flow vector field forms an expanding geodesic and hypersurface orthogonal

congruence, if the cosmological constant is zero, 2  implies 22   and
2R " [37].

Using equation (11), the system of field equations (6) to (10) reduces to three

equations in four unknowns A, B, p and  . We require one more condition to

solve the system. According to recent observations of the velocity-redshift rela-

tionship for extragalactic sources, the Hubble expansion of the universe is now

isotropic to within 30  percent. The redshift studies suggest that 300.H  ,

where   is shear scalar and H is Hubble parameter [38,39]. The importance of

this physical condition is discussed by Collins and Ellis [40]. The CMB is the

most accurate measure of anisotropy. The entire universe is almost uniform.

Notwithstanding, perturbation in density causes small fluctuation at the level 105

in one part. The new limit of an isotropic expansion is 111074  .H  (95%

C. L.) [41]. It should be noted that we can assume a physical relationship or

a mathematical condition. However, assuming a mathematical condition may lead

to an unphysical solution, and assuming a physical condition may lead to an

unsolvable equation. Therefore, even though recent observational data shows that

the universe is isotropic, we  follow the literature and assume that the expansion

scalar   is proportional to the shear scalar  , i.e.,  , to avoid any unphysical

situation. Using equations (11), (12) and (13), we get

, 
2

3

1























B

B

A

A
l

B

B

A

A 
(14)

where l is a constant. Equation (14) further reduces to

, 
B

B
n

A

A 
 (15)

where    31321 lln  . After integrating, equation (15) leads to

, nkBA  (16)

where k is a constant of integration. From equations (6)-(8) and (16), we get

 
 

. 
1

4
122

122

22






nBknB
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(17)

Let  BLB  , then LLB   with dBdLL   and we get the reduced equation

(17) in the following form
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(18)

where 2
1C  is the integration constant. We have two possibilities, depending on

whether the value of the integration constant is zero or not. Note that the  TRf  ,

gravity models depend on a source term, so each choice of L
m
 would generate

a specific set of field equations. Particular cases of  TRf  ,  functions, including

  TRTRf  , , are discussed by Harko et al. [7]. The importance of this model

is that the coupling between matter and geometry becomes effective and time-

dependent. We would like to mention that one may get different solutions by

taking different values of constants and parameters. Consideration of all possibilities

of  TRf  ,  functions and other parameters is left as work for the future. Therefore,

we consider the following two cases:

4. Case I. In this case, we have assumed that the non-zero integration

constant i.e. 01 C . The equation (18) is reduced to following equation:
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2
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(19)

For simplicity, we take a particular value of constant, n = 0 and by solving equation

(19), we arrive at,

, 2

2

2

2
2
1

dt

u
k

C

du



 (20)

where 2Bu  .

Simplifying and integrating, we get
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. kA  (23)

The scale factors are oscillatory. The oscillatory models are physically impor-

tant since they are alternatives to inflation. From equations (6)-(9), we obtain the

expressions for energy density and pressure are as follows:
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where  kb 2  and 22
1 84864 l . From Fig.1, it is clear that the energy

density is negative for 296.  and positive for 286. , therefore we have

a viable model for 286.  with increasing time. The pressure of domain wall

is negative throughout the evolution of the universe depicted in Fig.2. Thus,

domain walls play a role in dark energy. Also, the energy density of barotropic

fluid is found to be

Fig.1. Plot of energy density   vs. cosmic time t for 10.k  .

t



0.0

0

-1000

1000

2000
-6.28
-6.29

0.2 0.4 0.6 0.8 1.0

Fig.2. Plot of pressure p vs. cosmic time t for 10.k  .
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Fig.3 depicts the behaviour of barotropic fluid energy density b  for different

values of parameter  . It is clear that, for small values of  , b  is decreasing

function of t. It is positive and large near t = 0 and tends to zero with increasing

time t. Furthermore, the tension of domain walls d  is obtained as
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The Fig.4 shows the graphical behaviour of the tension of domain walls d

for 6 , 10.  and 6 . It is observed that the tension of domain walls

is positive decreasing function of time. Initially, it is very large and decays to zero

with increasing time. The surface tension of domain walls control its motion.

Zeldovich et al. [42] have discussed the properties of domain interfaces, cosmological

expansion, and homogeneity of the universe. Domain walls must be disappear at

a quite early stage of the evolution of the universe for isotropy and homogeneity.

When domain walls disappear, the energy density transformed into energy of massive

quanta or into equilibrium radiation. Here, 0d  near t = 0, which means that

domain walls exists in the early stage of the universe. They survive for a very small

period of time and vanish, which is as per requirement stated by Zeldovich et al.

[42]. This confirms our earlier work in  TRf  ,  theory for FRW and axially

symmetric space time [43]. The physical parameters such as expansion scalar  ,

deceleration parameter q and shear scalar   are obtained as
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Fig.3. Plot of energy density of barotropic fluid 
b

  vs. cosmic time t for 10.k  .
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  ktq 2sec31 2 (29)
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The sign of deceleration parameter indicates whether the universe is accelerating

or decelerating. The positive sign of q corresponds to decelerating universe, whereas

the negative sign corresponds to an accelerating universe. Here, the deceleration

parameter is positive i.e. the model indicates a decelerating universe. The expan-

sion scalar   and shear scalar   are decreasing function of time; at t = 0, 

and   are infinite i.e. the rate of expansion of the universe was very high at

the Big Bang. Also they are cyclic. It is noted that 0  and   is constant,

not depends on t, therefore the universe is anisotropic throughout the evolution.

The volume of universe V, is found to be

 . 2sin1
2





 kt

ck
V (31)

From equation (31), it is clear that the universe is cyclic which undergoes

an endless sequence of cosmic epochs that begin with a bang and end in a crunch

[44]. Basu [45] stated that when the galaxies are found to lie along the curve

q = 1 or above, the universe will expand to a maximum extension and then retrace

back to its path in the contraction. The universe contracts to a state of high

temperature and density, and at the end of contraction, it will vanish into

singularity. The present observational status would suggest that the distance galaxies

rather lie along the curve for q = 1 i.e., the universe is expanding and decelerating.

Linder [46] has suggested novel models for parametrizing the equations of state

Fig.4. Plot of the tension of domain walls 
d

  vs. cosmic time t for 10.k  .
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in the study of dark energy to extend the parametrization of dark energy to

redshifts 1z . Liu et al. [47] have studied the parametrized equation of the state

of dark energy for a variety of models with identical parameters using SNIa data

to determine the best way to parametrize it. The parametrize equation of state

  in term of average scale factor a is defined as

, 1
0

10

r

a

a










 (32)

where 0 , 1  are two undefined parameter, a is average scale factor, a
0
 is the

present value of scale factor and r = 1, 2, ... Therefore, the new parametrize 

is obtained as

   . 2sin1
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The graphical representation of parametrized w is shown in Fig.5. It is

observed that the range of w is 6500.90 .w   for the particular values of the

parameters 100 .w   and 11 w . The observational data indicates the range of

the EoS parameter w is 0680
07300131 .
.. 

  [48], whereas Liu et al. [47] obtained the

range of the EoS parameter as 5051 .w.  . Also, Scolnic et al. [49] obtained

the range of the EoS parameter as 04100261 ..w  . It is clearly found that

the range of EoS parameters obtained in our model is consistent with values

obtained by Suzuki et al. [48] and Scolnic et al. [49].

5. Case II. In this case, we consider that the constant of integration is zero

i.e. C
1

 = 0, then the equation (18) reduced to the following form

Fig.5. Plot of parametrize   vs. cosmic time t for 10
1

.kc  .
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Simplifying the above equation and integrating, we arrive at

nntEB 11 (35)

nntEC 11 (36)

, kEtA  (37)

where knnE 1 . It is clear that metric potentials are real for n > 1 and

imaginary for n < 1.

The expression of energy density and pressure are calculated as follows
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where    3582l . From Fig.6, it is clear that the energy density is a

decreasing function of time. It is large near t = 0. A dark energy model for domain

walls is also obtained by Caglar and Aygun [50] in case of a higher dimensional

FRW universe.
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Also, Fig.7 shows that the pressure is negative. Therefore, it is important to

note that, we may say, the domain walls acts as dark energy candidates. The

energy density of barotropic fluid is found to be
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Fig.6. Plot of energy density   vs. cosmic time t for 10.  and n = 1.1.
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Fig.8 shows that the plot of energy density of a barotropic fluid b  is positive

for n = 1.1, 13325.  and it is negative for n = 1.1, 13225. . We have a viable

model for 13325.  and for other values of  , the energy density is negative.

The tension of the domain walls is obtained as
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d
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where    383 wl . Fig.9 shows that the graph of tension of domain walls

d  is positive for n = 1.1 and 56612. , but it is negative for n = 1.1 and

56712. . The tension of domain walls is negative for a viable model, that

is, for 56712. . It indicates that the domain wall transforms into another form

Fig.7. Plot of pressure p vs. cosmic time t for 10.  and n = 1.1.
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Fig.8. Plot of energy density of barotropic fluid 
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  vs. cosmic time t for 10.  and n = 1.1.
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of matter. The expansion scalar  , deceleration parameter q and shear scalar 

is obtained as

nt

n 2
 (42)
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3
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q (43)
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3

1
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From expression (44), it is clear that the expansion rate of universe is decreasing

with increasing time. It is highest near t = 0. The shear scalar is also a decreasing

function of time. At n = 1, it is zero. Therefore, the model has isotropy at n = 1

throughout the evolution. Also, 0  for other values of n, 0  i.e. the

universe does not approach to isotropy at late time. Recently, Aluri et al. [51]

studied consistency of isotropy with observational data and found that there is a

deviation from isotropy in topological anomalies in CMB. In the present study,

our model does not approach isotropy, and for consistency with the conclusion

drawn by Aluri et al. [51], we will study this in the future work. The deceleration

parameter is negative for n < 1 and positive for n > 1. As mentioned above, metric

potentials A, B, C are real for n > 1. Therefore, q is positive in that case i.e. the

universe is decelerating. The volume of universe V is found to be
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From Fig.10, it is clear that the volume of universe is expanding with increasing

time. The expansion of the universe is faster for n = 1.1 than n = 2. Also, the

Fig.9. Plot of tension of the domain walls 
d

  vs. cosmic time t for 10.  and n = 1.1.
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parametrize equation of state   is obtained as
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Fig.11 shows that the graphical representation of parametrized w is an

increasing function of cosmic time. For the particular values of the parameters

0100 .w   and 11 w , the range of the EoS parameter is 1001 .w.  , i.e.,

initially the model behaves like CDM , and as time increases, it behaves like

a quintessence dark energy model. In this case, the range of w is smaller than

that obtained by Liu et al. [47], Suzuki et al. [48], and Scolnic et al. [49].

Fig.10. Plot of volume of universe V vs. cosmic time t for 10.k  .
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Fig.11. Plot of parametrize   vs. cosmic time t for 10.k   and n = 1.1.
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6. Conclusion. In this paper, we have studied Bianchi type-VI
0
 cosmological

models in the presence of domain walls in  TRf  ,  theory of gravity using the

function    TfRTRf 2 ,  . The solutions of field equations are determined for

the two cases such as 01 C , n = 0 and 01 C .

- In case I, the total energy density is positive for 6.28  with increasing

time. The energy density of barotropic fluid is decreasing as a function of time.

It is very large near t = 0 and diminishes as t tends to infinity. As the tension

of domain walls indicates the existence of domain wall, 0d , therefore domain

walls exists in the early era of the universe and vanish with increasing time by

transforming their energy into other forms of matter. In our case, q is positive,

which indicates that the decelerating nature of the universe. Moreover, the

expansion scalar and shear scalar are periodic functions and their ratio 0 ,

indicating that the universe is anisotropic. Similar results are also obtained by

Adhav et al. [52] for domain walls. The novelty of work is that domain walls

may behave like dark energy due to the negative pressure. The nature of the

universe is cyclic, which begin with Big Bang and end in a Big Crunch.

- In case II, we observe that the sign of deceleration parameter is negative for

n < 1, thus the universe is accelerating for n < 1. Also, q is positive for n > 1 and

q = 0 for n = 1. As the metric potentials A, B, C are imaginary for n < 1 and infinite

for n = 1, we discard these values of n and we consider n > 1, for which we get

q positive. Therefore, the universe is decelerating. The total energy density is a

decreasing function of time. It is large near t = 0. We observe that the energy density

of barotropic pressure b  is negative, whereas tension of the domain walls d  is

positive. The ratio 0  i.e. the study indicates an anisotropic universe. The

universe is expanding.

- The range of EoS parameters in cases I and II are 6500.90 .w   and

1001 .w.  , respectively, which resemble the findings of Suzuki et al. [48]

and Scolnic et al. [49].
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ÂÑÅËÅÍÍÀß ÒÈÏÀ ÁÜßÍÊÈ VI
0
 Ñ ÄÎÌÅÍÍÛÌÈ

ÑÒÅÍÊÀÌÈ Â ÐÀÌÊÀÕ ÒÅÎÐÈÈ ÃÐÀÂÈÒÀÖÈÈ f(R, T)

Ñ.Ï.ÕÀÒÊÀÐ1, Ä.Ï.ÒÀÄÀÑ2, Ñ.Ä.ÊÀÒÎÐÅ3

Ðàññìîòðåíî ïðîñòðàíñòâî-âðåìÿ òèïà Áüÿíêè VI
0
 ñ äîìåííûìè ñòåíêàìè

â ðàìêàõ ìîäèôèöèðîâàííîé òåîðèè ãðàâèòàöèè  TRf  , . Äëÿ ðåøåíèÿ

óðàâíåíèé ïîëÿ ïðåäïîëàãàåòñÿ, ÷òî ñêàëÿð ñäâèãà   ïðîïîðöèîíàëåí ñêàëÿðó

ðàñøèðåíèÿ  . Ðàññìàòðèâàåòñÿ òàêæå ïàðàìåòðèçàöèÿ óðàâíåíèÿ ñîñòîÿíèÿ

áàðîòðîïíîé æèäêîñòè è îáñóæäàåòñÿ âëèÿíèå íà äîìåííûå ñòåíêè. Áûëî

çàìå÷åíî, ÷òî äîìåííûå ñòåíêè ìîãóò âåñòè ñåáÿ êàê òåìíàÿ ýíåðãèÿ. Òàêæå

ïîäðîáíî îáñóæäàþòñÿ íåêîòîðûå ôèçè÷åñêèå ïàðàìåòðû.

Êëþ÷åâûå ñëîâà: äîìåííûå ñòåíêè: ïðîñòðàíñòâî-âðåìÿ òèïà Áüÿíêè VI
0
:

     ãðàâèòàöèÿ  TRf  ,
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This paper investigates the thermodynamic properties of vacuum nonsingular black holes.
Considering the energy characteristics of the regularity spacetime, we use the modified first law of
black hole thermodynamics to calculate the black holes' Hawking temperature, entropy and heat
capacity. The obtained temperature is the same as that obtained by the surface gravity and tunneling
methods. Also, the entropy is satisfied with the Bekenstein-Hawking area law. Notably, the heat
capacity of large-mass black holes diverges, while that of small-mass black holes tends to zero, with
a phase transition point existing. Additionally, we consider the quantum gravity effect by using the
generalized uncertainty principle to study the quantum corrections of the thermodynamic properties
for the vacuum nonsingular black holes. The generalized uncertainty principle introduces a logarith-
mic correction term to the black hole entropy. Also, the temperature and heat capacity are
modified.

Keywords: thermodynamics of black holes: vacuum nonsingular black holes:

       generalized uncertainty principle: the modified first law of black hole

     thermodynamics

1. Introduction. In general, black holes are characterized by the presence

of singularities within their interiors, the existence of singularities seems to be

unavoidable for almost all of the physically acceptable solutions of Einstein's

equation. However, there are some attempts to remove these singularities. The idea

of replacing a Schwarzschild singularity with a de Sitter vacuum goes back to the

1968 papers of Sakharov who considered rp  as the equation of state for super

high density and of Gliner who interpreted rp  as corresponding to a vacuum

[1,2]. In 1968 Bardeen presented the spherically symmetric metric of the same

form as the Schwarzschild and Reisner-Nordstrom metric, describing a non-

singular black hole [3]. "Non-singular" black holes refer to those where singularities

are absent. Specifically, these black holes' metric and curvature invariants remain

non-singular throughout spacetime. The regular black holes of Bardeen are

spherically symmetric and violate the strong energy condition. The violation of

an energy condition is the origin of the regularity of Bardeen's black hole [4].

With a de Sitter core, the internal region of regular geometries violates one
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condition of Hawking-Penrose theorems of singularity. Then, with such a vio-

lation, the existence of a singular point is not a necessary consequence of the

theorems of singularity. Later, other regular solutions with spherical symmetry

were proposed by Dymnikova, Bronnikov, and Hayward [5-9]. Now, many regular

black holes have been proposed and their intriguing properties including thermo-

dynamics that are different from those of singular black holes were studied (see

[10] as a review and references therein). The vacuum nonsingular black hole,

provided by Dymnikova, is an important and feasible example of a black hole

with a regular center, where the de Sitter core smoothly connects to the exterior

geometry of Schwarzschild [5-7]. In the classical framework of general relativity,

the vacuum nonsingular black hole provides an important new perspective for

understanding static spherically symmetric black holes. This black hole's spacetime

structure and thermodynamic properties have garnered attention [11-14].

The discovery of black hole thermodynamics has profoundly influenced our

understanding of the relationship between general relativity and quantum field

theory. The concept of Hawking radiation has changed our understanding of black

holes [15]. It reveals that black holes are not just the result of gravity, but also

have thermodynamic properties. Historically, black holes were considered com-

pletely irreversible systems without temperature or entropy. However, the theory

of Hawking radiation suggests that black holes have a temperature and emit

particles over time, gradually losing mass. This discovery links black holes to

thermodynamics, indicating that they also follow the laws of thermodynamics

[15,16]. In the thermodynamics of black holes, the temperature is obtained from

the first law of black hole thermodynamics. The entropy for the black hole is

given by Bekenstein's area law [17]. For the acquisition of Hawking radiation, in

addition to Hawking's initial method, there is also the tunneling method that

provides black hole radiation. A particle may cross the event horizon by quantum

tunneling in the tunneling method. Two methods can be employed to derive the

tunneling result: the first, pioneered by Parikh and Wilczek, is the null-geodesic

method, and the WKB (Wentzel-Kramers-Brillouin) method is used [18,19]; the

second, developed by Agheben et al., relies on the Hamilton-Jacobi ansatz [20].

In this paper, we will adopt the former approach to calculate Hawking temperatures

for the vacuum nonsingular black holes. Then, based on the first thermodynamics

law of the black hole, we calculate the temperature and derive the entropy and

heat capacity of the regular black hole. The calculations reveal an inconsistency

between the temperature derived from the first law of thermodynamics and that

obtained through surface gravity and tunneling methods. In the lectures [21-25],

by examining the internal energy characteristics of regular black holes, it is pointed

out that the traditional first law of black hole thermodynamics is no longer used
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and needs to be revised. The correction form of the first law of black hole

thermodynamics was provided by Ma et al. [21,22]. The deviation relies on the

general structure of the energy-momentum tensor of matter fields. When the black

hole mass parameter M is included in the energy-momentum tensor, the tradi-

tional form of the first law is modified by an additional factor. Here, in the

vacuum nonsingular spacetime, by utilizing the corrected first law of black hole

thermodynamics, consistency was established for black hole temperature results

obtained through surface gravity, tunneling, and the first law of thermodynamics.

Additionally, the applicability of the Beckenstein-Hawking area law was verified.

The quantization of gravity poses a significant challenge in theoretical physics,

and a quantum theory of gravity remains to be established. The existence of a

minimum observable length scale at the Planck length level is a common

prediction of various candidate theories of quantum gravity [26]. The concept of

a minimum length has led to numerous quantum gravity effects, one of the most

notable being the generalized uncertainty principle (GUP) [27-28], which suggests

modifications to the semi-classical description of black holes from an extension

of the Heisenberg uncertainty principle, which involves a deformation parameter

related to a minimal fundamental length [29]. Introducing the GUP into black

hole thermodynamics allows for studying quantum corrections to the thermody-

namic properties of black holes [30-39]. The GUP offers high-energy corrections

to black hole thermodynamics. Among these, the GUP can affect the quantum

tunneling process of particles on the black hole horizon, increasing the probability

of tunneling and giving quantum corrections to the thermodynamic quantities of

the black hole [40-42]. For the vacuum nonsingular black holes, including the

GUP effect in quantum tunneling calculations, reveal quantum corrections to the

thermodynamic quantities of the black hole, wherein, the quantum correction to

entropy is logarithmic.

The paper is organized as follows: Section 2 briefly introduces vacuum non-

singular black holes. Section 3 discusses the thermodynamic properties of regular

black holes using the modified first law of black hole thermodynamics. Section

4 discusses the GUP effects on the black holes' temperature, entropy, and hot

capacity. The last part is a summary and discussion. Where the speed of light

c in vacuum, the gravitational constant G, the Boltzmann constant k
B
, and the

reduced Planck constant   are set to 1.

2. Vacuum non-singular black holes. The general form of a static

spherically symmetric metric can be written as

     . sin 222221222   ddrdrrfdtcrfds (1)

In Dymnikova's work [5], the stress-energy-momentum tensor is assumed to have

a specific form, which is given by
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where 0  represents the non-zero energy density of the vacuum, r
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is the mass of the black hole as measured by a distant observer. r
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Integrating the Einstein field equations with the assumed form of t
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when r = 0, 2R  does not diverge and remains finite, tending towards the de Sitter

value 4
0

2 24 rR , which should be the limit of spacetime curvature. All other

invariants are also finite. So the Dymnikova solution describes a spherically

symmetric black hole singularity-free everywhere, hence called a "non-singular

black hole".

For grrr 2
0 , the vacuum non-singular black hole (5) is actually consistent

with the Schwarzschild solution. For grrr 2
0 , it is consistent with the de Sitter

solution. It provides an important new perspective for understanding static spheri-

cally symmetric black holes.

3. Thermodynamics of vacuum non-singular black holes. In this

section, we discuss the thermodynamics of non-singular black holes. We calculate

the temperature using the surface gravity method, the quantum tunneling method,

and the first law of thermodynamics. One will observe discrepancies between the

temperature obtained from the first law of thermodynamics and those derived
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through two other methods. By employing the corrected first law of black hole

thermodynamics as provided in reference [21], we obtain a black hole temperature

consistent with surface gravity and quantum tunneling methods, yielding entropy

by the Beckenstein-Hawking area law. Further computation of the black hole's

heat capacity suggests the possibility of establishing thermodynamically stable

vacuum nonsingular black holes, contrary to Schwarzschild black holes.

Firstly, we calculate the temperature using the surface gravity method. The

temperature of a black hole is a characteristic quantity of its event horizon, which

can be derived from the surface gravity on the event horizon. The surface gravity

on the black hole horizon is a conserved quantity determined by the geometric

structure of the horizon. The calculation is as follows [15]

  , 
4

1

4

1

2 h

h

rr

rrrrtt

ttr rg
gg

g
T





 















(8)

here,   represents the surface gravity, r
h
 stands for the location of the event

horizon. Making a simple change to equation (4) and calculating according to (8),

we have
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rrr
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 (9)

Using (1) and (4) and setting 0][  hrrttg , we can obtain the black hole's

horizon radius, which is

 .12
2

0
3 2Mrr

h
heMr  (10)

Fig.1. The metric (4) has two event horizons located for r
0
 = 1.
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Equation (10) does not have an analytical solution. Fig.1 shows that r
+
 is the

external event horizon, and r_ is related to the inner event horizon which is the

Cauchy horizon. The metric (4) also showed that two horizons are movable. From

equations (9) and (10), it can be seen that neglecting vacuum energy, letting

2
0r , one can respectively obtain the Schwarzschild cases of r

h
 = 2M and

MT  81 .

The temperature of the black hole can also be determined using the quantum

tunneling method of Hawking radiation [19,20]. For this, the metric is expressed

in the Painlevé form to eliminate coordinate singularities, which can be achieved

through a suitable transformation [43]

 
 

, 
1

dr
rf

rf
tt 


 (11)

this change (1) into

     . sin12 2222222  ddrdrdtdrrfdtrfds (12)

Form equation (12), the radial null geodesic equation of massless particles can

be derived as

  , 11 rf
dt

dr
r  (13)

the positive and negative signs in the equation describe the outgoing and ingoing,

respectively.

The WKB approximation describes semi-classical approximate solutions to

wave equations. For particle tunneling through a potential barrier, the WKB

approximation expresses the tunneling probability related to the imaginary part of

the tunneling action [19,20]. Specifically, the tunneling probability of a particle

through a potential barrier under the WKB approximation is given by

  , Im2 Se (14)

where   is the tunneling probability,  SIm  is the imaginary part of the action.

In this expression, the negative exponent indicates the probability of exponential

decline with increasing barrier width. The imaginary part of the action is typically

expressed as

    , ImImIm
2

1

2

1 0
  
r

r

p

r

r

r

r

drpddrrpS (15)

where p(r) is the classical momentum of the particle at position r, and r
1
 and

r
2
 are the positions on either side of the barrier.

Continuing the solution, we use the Hamiltonian canonical equation

rr dpddpdHr  , where   represents the energy of the tunneling particle.
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Substituting this into equation (15) and changing the order of integration, we

obtain

  . ImIm
0
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r

r

dr
r

d
S

 (16)

Expanding equation (13) in a Taylor series around the horizon and retaining

only the leading order term, we can substitute this approximation into the radial

motion equation (15) for the practice, leading to
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Using the Residue Theorem, we have the following integral concerning r
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In the limit of the WKB approximation, the tunneling probability will take the

following form

    . exp2Imexp  S (19)

Therefore, Hawking's temperature is

 
. 

4





 T

rf
T h
H (20)

In conclusion, the black hole temperature obtained through the quantum

tunneling and surface gravity methods is the same.

The first law of thermodynamics provides another way to calculate the black

hole temperature. For a vacuum spacetime with spherical symmetry, the first law

of black hole thermodynamics can be expressed as

, STM H  (21)

where S is the entropy of the black hole and T
H
 is the thermodynamic temperature

of the black hole. Then, by utilizing the properties of the implicit function and

equation (10), we have

    . 012 ,
2

0
3 2  

h
Mrr

h reMrMF h (22)

Using the derivative property of implicit functions, obtain hdrdM  through

equation (22). In this way we can obtain
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It is seen that the temperature according to the first law of black hole
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thermodynamics differs from the temperature obtained from the surface gravity

method and the tunneling method. The Dymnikova black hole is not a vacuum

solution of the Einstein field equations. The three methods yield two different

temperatures for the black hole, while the surface gravity and tunneling effects give

the same result.

Furthermore, if we require the vacuum non-singular black hole to satisfy the

first law, then the entropy is not the Beckenstein-Hawking entropy. Resolving the

contradiction between entropy and area requires considering the contribution of

matter fields. Since the Dymnikova black hole is a solution of the Einstein

equations, we tend to believe that the entropy of the black hole should follow

the form of the Beckenstein-Hawking area law and that a modification of the black

hole temperature obtained from the traditional laws of thermodynamics is nec-

essary.

In [21], the authors studied the thermodynamics of the regular black hole and

pointed out the existence of a correction factor in equation (21). Thus, the

modified first law of black hole thermodynamics is [21]

  , 
4

 ,
A

TMrMC hh  (24)

where  hrMC  ,  is a corrected factor, and

  . 41 , 2








hr

t
t

h dr
M

T
rrMC (25)

Then, for regular black holes, the first law of black hole thermodynamics has a

correction term compared to the traditional first law of thermodynamics and the

entropy satisfies the area law [23-25]. In the case of t
tT  being independent of

mass, the correction term will vanish.

For vacuum non-singular black hole (1), substituting equation (2) into equation

(25), the correction factor as
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ghghh
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Thus, substituting the correction factor (26) into equation (24) directly gives the

corrected form of the temperature as
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 (27)

This is consistent with the results obtained from the other two methods, that is

. th TTT   (28)

Furthermore, using the corrected first law of black hole thermodynamics and
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substituting equations (26) and (27) into equation (29), we verify that the entropy

of a vacuum non-singular black hole satisfies the area law
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4
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The heat capacity of a black hole provides information about the thermody-

namic stability of the system. Next, we calculate the heat capacity of a vacuum

nonsingular black hole to understand its local stability. The heat capacity of a

black hole is defined as

. 

1

 
























hh r

T

r

S
T

T

S
TC (30)

For a Schwarzschild black hole, substituting the temperature    MT Schh  81  and

the equation (29) into the equation (30), we have

  . 2 2
hSch rC  (31)

A negative heat capacity indicates that a Schwarzschild black hole's thermo-

dynamic system is unstable [44]. When the black hole loses energy, its mass and

surface area decrease, but its temperature increases. As a result, the increased

temperature makes the black hole more prone to radiate energy. As the radiation

rate is related to the temperature, the black hole losing energy will radiate faster,

leading to instability. Eventually, a radiation explosion occurs as the black hole

radius approaches zero.

Substituting the temperature (27) and the entropy (29) into equation (30), we

get
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We can see that when 2
0r  of without considering vacuum energy, this

equation gives the result (31) of Schwarzschild black hole.

As shown in Fig.2 (black curve), the heat capacity will approach zero as the

black hole tends to the external one and diverges at the point where the

temperature of the black hole takes the maximum. In the study referenced as [45],

which investigates Bardeen and Hayward geometries, the discontinuity in the heat

capacity of rotating black holes (RBHs) indicates a phase transition. We can also

observe that the phase transition of the vacuum non-singular black hole occurs

at r
h

 = 2.242. For large black holes, the heat capacity is negative, indicating that

the thermodynamic system is unstable. In contrast, the heat capacity for small

black holes is positive, indicating that the black hole may reach thermodynamic

equilibrium with the surroundings. At the critical point of r
h

 = 2.242, there may
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exist a phase transition from a larger black hole to a smaller one, which is a

second-order transition.

4. Quantum corrections to black hole thermodynamics. In this

section, we will consider the GUP effect thermodynamic quantities related to

vacuum non-singular black holes. The Heisenberg uncertainty principle can be

extended to the GUP in the following form [26-28,30]
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where   is a dimensionless quantum gravity parameter, and mlp
3510  corre-

sponds to the Planck length scale. When   tends to zero, the GUP return to

the standard uncertainty relation leads to the results of Hawking's semiclassical

method. We can rewrite the GUP as
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Considering xl p  , we expand equation (34) using a Taylor series
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Using the Heisenberg uncertainty principle, we have the particle energy x 1 .

Fig.2. The black curve represents 


C , the black dashed curve represents 
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Considering the GUP given by equation (35), the energy correction is
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up to second order in l
p
. Substituting equation (36) into equation (19), we obtain

the particle tunneling probability corrected by the GUP as
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Comparing (37) with the Boltzmann factor  Texp , we obtain the quantum-

corrected Hawking temperature

, 
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22













 


h

p
hGUP

r

l
TT (38)

where T
h
 is given by equation (27). It can be seen that GUP reduces the

temperature of vacuum nonsingular black holes.

Using the modified first law of thermodynamics (24), the entropy of a vacuum

non-singular black hole can be expressed as

 
, 

 ,
 dM

T

rMC
S

GUP

h
GUP (39)

ignoring the integration constant, the result can be expressed as

. ln
44

ln
2

222
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 (40)

Where the first term is the contribution from the traditional black hole entropy,

and the second term is the GUP correction term. The correction is the logarithm

of the black hole's area, consistent with related research findings [46-49]. The

correction term reflects the influence of the correlation between position and

momentum on the black hole entropy when considering the GUP. Ignoring the

GUP effect by letting 0 , then the quantum-corrected entropy (40) reverts

to the Beckenstein-Hawking area law (29).

Taking into account the GUP effects the formula (30) for the black hole's

heat capacity can be written as

  . 
GUP

GUP
GUPGUP T

S
TC




 (41)

Substituting equations (40) and (38) into equations (41), we get
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(42)

This is the heat capacity of vacuum non-singular black holes under the influence

of the GUP. It can be observed that when 0 ,  GUPC  can be restored to

equation (32), which is consistent with the heat capacity results obtained without

considering the GUP correction. Moreover, Fig.2 demonstrates that, in general,

there is no significant distinction between  GUPC  and C .

In addition, by directly setting 2
0r  in equation (42), we obtain

 
 

, 
4

4
2

222

2222

ph

ph

GUP
lr

lr
C




 (43)

which corresponding to the Schwarzschild black hole heat capacity when consid-

ering the GUP effects. Then, setting 0 , equation (43) can also be reduced

to the heat capacity equation (31) of the Schwarzschild black hole.

5. Conclusion. This paper investigates the thermodynamic properties of

vacuum non-singular black holes. We find that the temperature obtained using the

traditional first law of thermodynamics is inconsistent with those obtained using

the surface gravity and tunneling methods. By considering the modified form of

the black hole thermodynamic given in the [21], we get consistent results and

ensure the validity of the Beckenstein-Hawking area law. Furthermore, using the

corrected thermodynamic first law, we derive the heat capacity of vacuum non-

singular black holes, indicating that these black holes may exhibit thermodynamic

behaviors different from traditional Schwarzschild black holes. Under certain

conditions, the heat capacity of vacuum non-singular black holes can be positive

and then the black hole may reach thermodynamic equilibrium with the surround-

ings. Finally, we consider the quantum gravity effects manifested by the GUP

and study the thermodynamics of vacuum non-singular black holes using the

modified first law of black hole thermodynamics. In particular, the GUP intro-

duces a logarithmic correction term to the black hole entropy.
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ÒÅÐÌÎÄÈÍÀÌÈÊÀ È ÅÅ ÊÂÀÍÒÎÂÀß ÊÎÐÐÅÊÖÈß
ÂÀÊÓÓÌÍÎÉ ÍÅÑÈÍÃÓËßÐÍÎÉ ×ÅÐÍÎÉ ÄÛÐÛ

Ä.ÌÀ, Ò.ÕÎ, ×.ËÞ

Â äàííîé ñòàòüå èññëåäóþòñÿ òåðìîäèíàìè÷åñêèå ñâîéñòâà âàêóóìíûõ

íåñèíãóëÿðíûõ ÷åðíûõ äûð. Ó÷èòûâàÿ ýíåðãåòè÷åñêèå õàðàêòåðèñòèêè

ðåãóëÿðíîãî ïðîñòðàíñòâà-âðåìåíè,  èñïîëüçîâàí ìîäèôèöèðîâàííûé ïåðâûé

çàêîí òåðìîäèíàìèêè ÷åðíûõ äûð äëÿ ðàñ÷åòà òåìïåðàòóðû Õîêèíãà, ýíòðîïèè

è òåïëîåìêîñòè ÷åðíûõ äûð. Ïîëó÷åííàÿ òåìïåðàòóðà ñîâïàäàåò ñ òåìïåðàòóðîé,

ïîëó÷åííîé ìåòîäàìè ïîâåðõíîñòíîé ãðàâèòàöèè è òóííåëèðîâàíèÿ. Êðîìå

òîãî, ýíòðîïèÿ óäîâëåòâîðÿåò çàêîíó ïëîùàäè Áåêåíøòåéíà-Õîêèíãà. Ïðèìå÷à-

òåëüíî, ÷òî òåïëîåìêîñòü ÷åðíûõ äûð áîëüøîé ìàññû ðàñõîäèòñÿ, â òî âðåìÿ

êàê òåïëîåìêîñòü ÷åðíûõ äûð ìàëîé ìàññû ñòðåìèòñÿ ê íóëþ, ïðè ýòîì

ñóùåñòâóåò òî÷êà ôàçîâîãî ïåðåõîäà. Êðîìå òîãî, ýôôåêò êâàíòîâîé ãðàâèòàöèè

ðàññìàòðåí èñïîëüçîâàíèåì îáîáùåííîãî ïðèíöèïà íåîïðåäåëåííîñòè äëÿ

èçó÷åíèÿ êâàíòîâûõ ïîïðàâîê òåðìîäèíàìè÷åñêèõ ñâîéñòâ â ñëó÷àå âàêóóìíûõ

íåñèíãóëÿðíûõ ÷åðíûõ äûð. Îáîáùåííûé ïðèíöèï íåîïðåäåëåííîñòè ââîäèò

ëîãàðèôìè÷åñêèé ïîïðàâî÷íûé ÷ëåí â ýíòðîïèþ ÷åðíîé äûðû. Òàêæå

ìîäèôèöèðóþòñÿ òåìïåðàòóðà è òåïëîåìêîñòü.

Êëþ÷åâûå ñëîâà: òåðìîäèíàìèêà ÷åðíûõ äûð: âàêóóìíûå íåñèíãóëÿðíûå ÷åðíûå

      äûðû: îáîáùåííûé ïðèíöèï íåîïðåäåëåííîñòè: ìîäèôèöèðî-

    âàííûé ïåðâûé çàêîí òåðìîäèíàìèêè ÷åðíûõ äûð
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HIGHER DIMENSIONS
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Within the framework of higher dimensions, we enhance the model of Pandya and Thomas
and assume that the system is anisotropic in the Finch and Skea ansatz. Our model explores various
physical parameters in higher dimensions, including mass, energy density, radial and transverse
pressures, and the anisotropy factor. We have used graphical technique to analyse the energy
conditions, equilibrium conditions, and stability across different dimensions. Furthermore, the mass
of a particular compact object have shown to increase with radial parameter as space-time dimen-
sions increase. Additionally, by generating a mass-radius (M-R) plot, we demonstrate the influence
of dimensional factor on the maximum mass and radius allowed by our toy model.

Keywords: modified Finch-Skea ansatz: higher dimensions: Einstein field equations:

     Ricci tensor

1. Introduction. The space-time geometry of Finch and Skea [1], which

Duorah and Ray [2] first created, has drawn a lot of interest in the modelling

of relativistic compact stars since it produces a well-behaved solution that Delgaty

and Lake [3] later demonstrated to meet all the physical conditions of an actual

star assuming isotropy in pressure. Nevertheless, a number of theoretical studies

have demonstrated that anisotropy may arise in the high density region of compact

star objects. According to Ruderman [4] and Canuto [5], the radial pressure p
r

and the transverse pressure p
t
 do not necessarily need to be equal in the high-

density regime of compact stars is reason for anisotropy. The existence of type-

3A superfluid, rotation, an electromagnetic field, and other factors are among the

many circumstances that Bowers and Liang [6] discussed in detail about the

possibility of anisotropy in stellar interiors. As a result, several researchers have

looked into the Finch-Skea model in relation to matter anisotropy like Hansraj

and Maharaj [7], Ratanpal [8], Pandya [9], Maharaj et al. [10]. In the last few

decades, a significant amount of study has been done to comprehend problems

in astrophysics and cosmology within the context of lower as well as higher

dimensions. In (2+1) dimensions, the Finch-Skea stellar model has been exam-

ined by Benergy [11], Bhar et al. [12]. Along with new physics, the results gained
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in the standard four dimensions are particularly generalised in higher dimensions.

Higher dimensions have their roots in the research conducted in the past by

Kaluza and Klein [13,14]. In order to reconcile gravitational and electromagnetic

interactions, Kaluza and Klein separately initially proposed the idea of an

additional dimension in addition to the standard four dimensions. The model is

basically a five-dimensional extension of Einstein's general theory of relativity,

which is very relevant to both particle physics and cosmology. However, the first

strategy is ineffective. After it was discovered that many intriguing ideas of particle

interactions require more dimensions than four for their consistent formulation,

research into higher dimensional theories was once again resurrected a few decades

ago, and it was greatly expanded. The results of four-dimensional GTR needed

to be generalised to a higher-dimensional setting in order to examine the

consequences of adding one or more additional space-time dimensions to the

theory. In order to address various issues not understood in the usual four

dimensions, a number of cosmological models in higher dimensions have been

discussed in the literature by Shafi [15], Wetterich [16], Wiltshire [17], Accetta

et al. [18], Paul, Mukherjee [19]. Chodos and Detweiler [20,21] first obtained

a higher dimensional cosmological model in this direction. It is conceivable to

recover the standard four-dimensional Newtonian gravity from a five-dimensional

anti-de Sitter space-time in the low energy limit, according to an intriguing

description of gravity provided by Randall and Sundrum [22]. The extra dimen-

sions are not compact.

Liddle et al. [23] examined the effects of extra dimensions on the Kaluza-

Klein model's ability to explain the structure of neutron stars. As an expansion

of the four dimensions, the mass to radius ratio in higher dimensions for a

uniform density star is calculated, and new findings have been published in the

literature by Paul [24].

With some hope for future experimental discoveries, dimensional physics is

currently a busy field of study [25]. By including a dimensionless parameter D

(>0) in the Finch and Skea ansatz, we have expanded the Pandya and Thomas

[9] model in this work and generally assumed that the system is anisotropic. In

the present work the solution of the Einstein field equation for static spherically

symmetric anisotropic matter distribution in higher dimensions.

The paper has been organized as follows. In section 2, for the assumed form

of the space-time metric, the relevant field equations in higher dimensions have

been laid down. The modified Finch and Skea model and solution is discussed

in section 3. In section 4, the exterior region which is the Schwarzschild metric

is matched with the interior to obtain boundary conditions and the model

parameters. In section 5, the physical viability of our model is shown in different

dimensions. Finally, some concluding remarks have been made in section 6.
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2. Field equations in higher dimensions. The Einstein field equation

in higher dimensions is given by

, 8
2

1
  TGg DRR (1)

where G
D
 is the fundamental parameter of interest defined as the gravitational

constant in higher dimensions. In higher-dimensional theories, G
D
 is related to the

standard four-dimensional gravitational constant G by the relation G
D

 = GV
D-4

,

where V
D-4

 is the volume of the extra dimensions, and D represents the total

number of dimensions. The parameter G
D
 is inherently dependent on the

dimensions. As the dimensionality D increases, the corresponding gravitational

constant G
D
 also increases. This relationship highlights the influence of additional

spatial dimensions on the gravitational interaction, making G
D
 a crucial aspect of

the model's framework in higher-dimensional theories. R  is Ricci tensor, R is

Ricci scalar, g  is metric tensor and T  is the energy momentum tensor in

D dimensions.

The Einstein's field equations (EFE) describe how matter and energy influence

the curvature of space-time. In vacuum regions, where no matter or energy is

present, the stress-energy tensor T  is zero. The field equations then simplify

to

. 0
2

1
  RR g

We write the interior space-time metric in higher dimensions of a static spherically

symmetric distribution of anisotropic matter in the form

, 222222
ndrrdedteds  


(2)

where  r  and  r  are the two unknown metric functions, n = D - 2 and

 2
1

22
32

22
11

22
1

2 sinsinsin nnn d...dddd    is a linear element on a

n-dimensional unit sphere in polar coordinates parameterized by the angles

n  ..., , , 21 . The dimension of the space-time is assumed as D = n + 2 so that

for n = 2 it reduces to ordinary 4-dimensional space-time geometry. We follow

the treatment of Maharaj and Maartens [26] and write the energy momentum

tensor of the anisotropic matter in the most general form filling the interior of

the star in the form

  , -   pguupT (3)

where   and p denote the energy-density and isotropic pressure of the fluid,

respectively and u  is the 4-velocity of the fluid. If the energy-momentum tensor

T  is equal to zero, it implies the absence of matter, which in turn means there

is no energy density or pressure. Since energy density and pressure are functions
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of the metric potentials, their absence suggests that there is no mass, leading to

a scenario where the space-time curvature for the particular metric in question

would be non-existent.

The anisotropic stress-tensor   has the form

  , 
3

1
3 








  guCCS (4)

where  0 0, , ,0   eC . For a spherically symmetric anisotropic distribution, S(r)

denotes the magnitude of the anisotropic stress. The non-vanishing components

of the energy-momentum tensor are the following:
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pTT (5)

Consequently, radial and tangential pressures of the fluid can be obtained as

,
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pTpr (6)

,
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22
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pTpt (7)

so that

. 
3

tr pp
S


 (8)

Using the space-time metric (2) and energy-momentum tensor (3) of the

distribution the Einstein field equations are subsequently obtained as
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where, a prime (' ) denotes differentiation with respect to the radial parameter r.

By defining the mass m(r) within a radius r as
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we get an equivalent description of the system as
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    , 182 3 mnnrpGmrnr rD  (14)
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The solution of field equations is discussed in the next section.

3. Modified Finch and Skea model and solution. We use the ansatz

, 1
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2
2

s

R

r
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(16)

where s > 0 is a dimensionless parameter and R is the curvature parameter having

the dimension of length. By introducing the parameter s, one can impose

constraints on the radius to achieve the desired compactness M/R of the model.

By appropriately setting the compactness parameter s for a given mass, it becomes

feasible to tune and adjust the compactness of the system. Note that the ansatz

(16) is a generalization of the Finch and Skea model which can be regained by

setting s = 1.

Using Eq. (16) in Eqs. (9) and (12) we have the following
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To integrate Eq. (14), we use the prescription of Sharma and Ratanpal [27] by

assuming the radial pressure in the form
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which is a reasonable assumption since the radial pressure vanishes at r = R.

Consequently, the curvature parameter R in our model turns out to be the

boundary of the star.

Substituting Eq. (19) in Eq. (14) we have
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and integrating, we get
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where C is a constant of integration.

Finally, using Eq. (16), Eq. (19) and Eq. (15), the anisotropy is obtained

as
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where
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Subsequently, the tangential pressure can be obtained from the relation

. 3888 SpGpG rDtD  (27)

Using the above relations, we also obtain ddpr  and ddpt .

Thus, our model has five unknown parameters namely, C, p
0
, R, s and n

which can be fixed by the appropriate boundary conditions as will be discussed

in the following sections. To solve these equations, we must select two of the

unknown model parameters independently (n, s). The remaining model parameters

are then determined through boundary conditions. This approach allows us to solve

Einstein's field equations and accurately model stellar configurations. Once the

unknown model parameters are fully determined, we assess the physical plausibility

of our model by evaluating whether the results align with known stellar properties.

This validation process ensures that our model yields accurate and realistic results.
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4. Exterior space-time and matching conditions. For spherically

symmetric matter distributions, the vacuum solutions of Einstein's field equations

are described by the Schwarzschild solution. This solution characterizes the space-

time outside a non-rotating, spherically symmetric mass and is considered a

vacuum solution because it applies in regions where the energy density is zero,

i.e., outside the mass distribution. While modelling anisotropic compact stellar

objects, the Schwarzschild vacuum solution is relevant only outside the star, where

no matter is present. In the specific context of anisotropic compact stellar models,

the vacuum solution would typically be considered outside the matter distribution,

not within the star itself. To ensure physical consistency, the Schwarzschild

exterior solution must match smoothly with the interior solution at the boundary

of the stellar matter. The exterior region of the sphere is described by the

Schwarzschild metric
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 (28)

where M
h
 is related to the mass M as nDh nMGM 16 . The matching

conditions across the boundary surface r = R to be fulfilled are
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where m(R) = M
h
 is the total mass enclosed within the radius R.

The above boundary conditions yield
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Eq. (31) clearly shows that the compactness of the stellar configuration

M/R will depend on the parameters s and n. This contrasts with the earlier model

developed by Sharma and Ratanpal [27], where s was set to 1, and thus did not

account for this dependence.

5. Physical conditions. A physically acceptable stellar model must satisfy

certain physical conditions

(i) The pressures and density should be positive,  , p
r
, p

t
 > 0.

(ii) Radial pressure p
r
 should be zero at boundary r = R i.e. p

r
 (r = R) = 0.

(iii) The density and pressures should be maximum at the centre and
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monotonically decreasing towards the boundary of the sphere, which requires the

following relations:

  0/ 0  rdrd ,   0/ 0 rr drdp ,   0/ 0 rt drdp  and   0/ 0
22  rdrd ,

  0/ 0
22 rr drpd ,   0/ 0

22 rt drpd  so that the density gradients and pressure

gradients 0/  drd , 0/ drdpr , 0/ drdpt  for Rr 0 .

(iv) The condition that the speed of the sound does not exceed light speed

requires that, 1/0  ddpr , 1/0  ddpt .

(v) It must satisfy strong energy condition (SEC): 02  tr pp .

Also the trace energy condition (TEC), or 02  tr pp , should be positive

throughout the star's interior, as proposed by Bondi [28] and Tello-Ortiz et al.

[29].

To show that the developed model is regular, well-behaved and capable of

describing realistic stars, we have considered the data of the pulsar 4U1820 - 30

whose mass and radius have recently been estimated to be M.M 581  and

R = 9.1 km, respectively [30].

For stability, in general, the adiabatic index

, 





d

dp

p

p r

r

r
(33)

should be greater than 4/3 according [31].

5.1. Bound calculation. In order to examine the unknown parameter p
0
,

we use boundary conditions.

(i) For n = 2 and s = 1.1

• The condition p
t
 (r = R) > 0 if p

0
 < 1.28 and for p

t
 (r = 0) > 0 if p

0
 > 0.

• The expression 1/0  ddpr  (r = R), if 0 < p
0

 < 3.5 and 1/0  ddpr
(r = 0) for 0 < p

0
 < 1.86.

• The expression 1/0  ddpt  (r = R), if 0.43 < p
0

 < 5.1 and 1/0  ddpt
(r = 0) for 0.17 < p

0
 < 1.41.

• The expression of SEC (r = R) > 0, if 0 < p
0

 < 3.53 and SEC (r = 0) > 0,

if p
0

 > 0.

• The expression of TEC (r = R) > 0, if p
0

 > 0 and TEC (r = 0) > 0, if

0 < p
0

 < 1.104. So for n = 2 and s = 1.1, our final bound is 0.43 < p
0

 < 1.1. In this

work, we choose p
0

 = 0.44 for n = 2 and s = 1.1.

(ii) For n = 3 and s = 1.1

• The condition p
t
 (r = R) > 0 if p

0
 < 5.8 and for p

t
 (r = 0) > 0 if p

0
 > 0.

• The expression 1/0  ddpr  (r = R), if 0 < p
0

 < 7.05 and 1/0  ddpr
(r = 0) for 0 < p

0
 < 3.36.

• The expression 1/0  ddpt  (r = R), if 1.08 < p
0

 < 6.9 and 1/0  ddpt
(r = 0) for 0.60 < p

0
 < 3.49.

• The expression of SEC (r = R) > 0, if 0 < p
0

 < 13.4 and SEC (r = 0) > 0,
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if p
0

 > 0.

• The expression of TEC (r = R) > 0, if p
0

 > 0 and TEC (r = 0) > 0, if

0 < p
0

 < 2.2.

So for n = 3 and s = 1.1, our final bound is 1.08 < p
0

 < 2.2. In this paper, we

choose p
0

 = 1.5 for n = 3 and s = 1.1.

(iii) For n = 4 and s = 1.1

• The condition p
t
 (r = R) > 0 if p

0
 < 15 and for p

t
 (r = 0) > 0 if p

0
 > 0.

• The expression 1/0  ddpr  (r = R), if 0 < p
0

 < 11.7 and 1/0  ddpr
(r = 0) for 0 < p

0
 < 5.23.

• The expression 1/0  ddpt  (r = R), if 2.05 < p
0

 < 10.2 and 1/0  ddpt
(r = 0) for 1.3 < p

0
 < 6.6.

• The expression of SEC (r = R) > 0, if 0 < p
0

 < 33.7 and SEC (r = 0) > 0,

if p
0

 > 0.

• The expression of TEC (r = R) > 0, if p
0

 > 0 and TEC (r = 0) > 0, if

0 < p
0

 < 3.68.

So for n = 4 and s = 1.1, our final bound is 2.05 < p
0

 < 3.68. In this paper,

we choose p
0

 = 2.5 for n = 4 and s = 1.1.

(iv) For n = 5 and s = 1.1

• The condition p
t
 (r = R) > 0 if p

0
 < 32 and for p

t
 (r = 0) > 0 if p

0
 > 0.

• The expression 1/0  ddpr  (r = R), if 0 < p
0

 < 17.7 and 1/0  ddpr
(r = 0) for 0 < p

0
 < 7.4.

• The expression 1/0  ddpt  (r = R), if 3.3 < p
0

 < 14.5 and 1/0  ddpt
(r = 0) for 2.3 < p

0
 < 10.8.

• The expression of SEC (r = R) > 0, if 0 < p
0

 < 68.03 and SEC (r = 0) > 0,

if p
0

 > 0.

• The expression of TEC (r = R) > 0, if p
0

 > 0 and TEC (r = 0) > 0, if

0 < p
0

 < 5.52.

So for n = 5 and s = 1.1, our final bound is 3.3 < p
0

 < 5.52. In this paper, we

choose p
0

 = 3.5 for n = 5 and s = 1.1.

We show that our suggested model is physically valid using a range of

parameters and multiple physical tests. We presented graphical representations to

aid in clarity for the pulsar 4U 1820 - 30. The matter density, transverse, and radial

pressure inside the star object should all be positive for a physically plausible

model. The radial pressure ought to disappear at the fluid sphere's surface.

Additionally, there should be a negative gradients of pressure and density through-

out the radius. We examine the impact of energy density and pressures for the

anisotropic distribution of matter with increasing the dimensions of space-time.

The curve of energy densities and pressures with different space-time dimensions

is displayed in Fig.1. These figures demonstrate that pressures and energy density

are both positive, reaching their maximum at the centres of stellar objects and
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monotonically declining towards their surfaces as needed. Whereas the radial

pressure approaches zero at the star's border,   and p
t
 are both positive. In Fig.2

the profiles of density and pressure gradients are displayed. Plots demonstrate that

these are all negative throughout the stellar interior, confirming the monotonically

declining functions of  , p
r
, and p

t
. Here, we can observe that the energy density

and pressure values increase as the dimensions increase and stay positive through-

out the matter distribution. In contrast, it decreases as the radial coordinate r

increases. To ensure the stability of the star, the model must adhere to the

causality requirement. The radial and transverse sound velocities in our model,

which are less than one with different dimensions as well, are represented by Fig.3.

Understanding the nature of matter content in relativity requires that the model

adheres to the strong energy requirement, which is 02  tr pp . Fig.4 displays

the model's energy state and indicates that the model satisfies the energy criteria

because the graph is positive across the matter distribution. The trace energy

condition is also shows at Fig.4. As such, our energy-momentum tensor behaves

nicely.

5.2. Stability criteria.

5.2.1. Adiabatic index. The adiabatic index is described as follows and

given by [32]:
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, 





d

dp

p

p r

r

r
(34)

àn anisotropic, relativistic star configuration's stability is correlated with its adiabatic

index. Any star arrangement will remain stable if the adiabatic index is greater

than 4/3. Fig.6a shows the variation of adiabatic index variation, which makes

it evident that the configurations are stable and the model met the requirements

for every dimension.
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5.2.2. Cracking method. Using Herrera's cracking idea [33], Abreu et al.

[34] provides the following conditions for the model stability of an anisotropic

matter distribution about the stability factor that if the model followers

01 22   rvv , then the model is a potentially stable model and model followers

Fig.4. Variation of (a) (
tr
pp 2 ) and (b) (

tr
pp 2 ) against the radial parameter r.

a

n=2

n=3

n=4

n=5

r (km)

2 4 6 8

T
E
C
 (
M

eV
 f
m

-3
)

0 0

r (km)

2 4 6 8

b

S
E
C
 (
M

eV
 f
m

-3
)

10000

20000

30000

4000

8000

n=2

n=3

n=4

n=5

Fig.5. Variation of (a)  ddpddp
rt

//  and (b) Anisotropic parameter S(r) against the radial

parameter r.

a

n=2

n=3

n=4

n=5

r (km)

2 4 6 8

d
p

t /
d


 - 
d
p

r /
d


b

-0.2

0.0

r (km)

2 4 6 8

-0.4

n=2
n=3

n=4

n=5

A
ni

so
tr

o
p
y 

(M
eV

 f
m

-3
)

1000

2000

0

3000

Fig.6. Variation of (a) Adiabatic index and (b) Mass against the radial parameter r.

G
am

m
a

2.0

M
as

s 
(M


)

0.0
a

r (km)

2 4 6 8

b

r (km)

2 4 6 8

3.0

4.0

5.0

1.0

2.0

n=2

n=3
n=4

n=5

n=2

n=5

n=4
n=3



593MODIFIED  FINCH  AND  SKEA  STELLAR  MODEL

01 22   rvv , then the model is potentially unstable. Given that the value of

01 22   rvv  in Fig.5a ranges between 0 and -1, we may conclude that this

model has the potential stable in all dimensions.

6. Discussion. In this work, we have expanded the model originally proposed

by Pandya and Thomas [9] by introducing a dimensionless parameter D (> 0)

into the modified Finch and Skea [1] ansatz and making the general assumption

that the system is anisotropic. It is noteworthy that our modification of the Finch

and Skea ansatz for the metric potential g
rr
 enables a fitting of the theoretically

obtained compactness to the observed compactness of a given star. Additionally,

an intriguing aspect of our approach is that, while it does not require a priori

knowledge of the equation of state (EOS), we have successfully predicted the mass

and radius of the pulsar. We have demonstrated that these assumptions can yield

physically viable solutions suitable for modelling realistic stars. Specifically, our

results indicate that by systematically adjusting the parameter s, the predicted

masses and radii for the pulsar 4U 1820-30 align well with observational data.

This suggests that our toy model is physically feasible for describing relativistic

anisotropic compact stars, especially since we tested the pulsar 4U 1820 - 30 for

D = 4 and higher dimensions, based on our findings. Fig.1 shows that all three

physical quantities,  , p
r
 and p

t
 are of decreasing nature from the centre to the

surface of the star 4U 1820 - 30 in four and higher dimensions. The radial variation

of anisotropy is depicted in Fig.5b for n = 2 to n = 5, respectively. From this fig,

it was clear that the magnitude of anisotropy is maximum at the star's surface

and zero at the star's centre for all four and higher dimensions. Fig.6b shows

that as the number of space-time dimensions (D) increases, the mass of a compact

object also increases. It may be noted that for usual 4 - D (n = 2) the mass is

1.58 M  for radial parameter 9.8 km (radius). However, for the same star, the

mass continues to increase as the number of dimensions rises. Thus, we infer that

a compact object can accommodate more mass when observed in higher dimen-

sions. We have also generated a mass-radius (M - R) plot for a fixed surface density

of 141074 .  g/cm3. The (M - R) curve is plotted with the inclusion of the

 Fig.7. M - R plot.
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dimensional factor (n). This plot allows us to predict how the maximum mass

of a compact object will change depending on dimension factor. As observed in

Fig.7, the maximum mass increases as the number of space-time dimensions rises.

Notably, for the usual 4 - D space-time (where n = 2), the maximum mass predicted

by our model is approximately 2 M  and radius around 13 km, which is consistent

with observational data. Therefore, by analyzing the (M - R) curve, the maximum

allowed mass and radius of a compact star can be estimated across different space-

time dimensions. In our present model by setting n = 2, one can regain the

modified Finch Skea model proposed earlier by Pandiya et al. [9]. Additionally,

for s = 1 the model reduces to the model mentioned in the work [35].
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ÌÎÄÈÔÈÖÈÐÎÂÀÍÍÀß ÇÂÅÇÄÍÀß ÌÎÄÅËÜ ÔÈÍ×À
È ÑÊÅÀ Â ÂÛÑØÈÕ ÈÇÌÅÐÅÍÈßÕ

À.ÄÆÀÍÃÈÄ1, Ø.ÄÀÑ2, Á.Ñ.ÐÀÒÀÍÏÀË3, Ê.Ê.ÂÅÍÊÀÒÀÐÀÒÍÀÌ1

Â äàííîì èññëåäîâàíèè óëó÷øåíà ìîäåëü Ïàíäüè è Òîìàñà â ðàìêàõ

áîëåå âûñîêèõ èçìåðåíèé è ïðåäïîëîæåíî, ÷òî ñèñòåìà àíèçîòðîïíà â àíçàöå

Ôèí÷à è Ñêåà. Ïðåäñòàâëåííàÿ ìîäåëü èññëåäóåò ðàçëè÷íûå ôèçè÷åñêèå

ïàðàìåòðû â áîëåå âûñîêèõ èçìåðåíèÿõ, âêëþ÷àþùèõ ìàññó, ïëîòíîñòü

ýíåðãèè, ðàäèàëüíîå è ïîïåðå÷íîå äàâëåíèå è ôàêòîð àíèçîòðîïèè. Äëÿ

àíàëèçà ýíåðãåòè÷åñêèõ óñëîâèé ðàâíîâåñèÿ è óñòîé÷èâîñòè â ðàçëè÷íûõ

èçìåðåíèÿõ èñïîëüçóåòñÿ ãðàôè÷åñêèé ìåòîä. Êðîìå òîãî, ïîêàçàíî, ÷òî

ìàññà êîíêðåòíîãî êîìïàêòíîãî îáúåêòà óâåëè÷èâàåòñÿ ñ ðàäèàëüíûìè ïàðà-
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ìåòðàìè ïî ìåðå óâåëè÷åíèÿ ðàçìåðíîñòè ïðîñòðàíñòâà-âðåìåíè. Êðîìå òîãî,

íà ãðàôèêå ìàññà-ðàäèóñ (M-R) ïîêàçàíî âëèÿíèå ðàçìåðíîñòíûõ ôàêòîðîâ

íà ìàêñèìàëüíóþ ìàññó è ðàäèóñ, äîïóñòèìûå íàøåé ìîäåëüþ.

Êëþ÷åâûå ñëîâà: ìîäèôèöèðîâàííûé àíçàö Ôèí÷à-Ñêåà: áîëåå âûñîêèå ðàçìåð-

     íîñòè:óðàâíåíèÿ ïîëÿ Ýéíøòåéíà: òåíçîð Ðè÷÷è
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.rtf, ÷åðåç 1.5 èíòåðâàëà, èñïîëüçóÿ Font 12pt.

3. Ðèñóíêè äîëæíû áûòü âûïîëíåíû ïðåäåëüíî àêêóðàòíî ñ ðàçáîð÷èâûìè

íàäïèñÿìè. Íåîáõîäèìûå îáúÿñíåíèÿ äàþòñÿ â ïîäïèñÿõ ê ðèñóíêàì, êîòîðûå

íå äîëæíû ïîâòîðÿòüñÿ â òåêñòå. Ðèñóíêè íåîáõîäèìî îòïðàâèòü â âèäå .jpg,

.bmp, .wmf, .eps ôàéëîâ. Ñ ó÷åòîì ôîðìàòà æóðíàëà ðàçìåðû ðèñóíêîâ ðåäàêöèåé

ìîãóò áûòü èçìåíåíû. Â òåêñòå ðèñóíêè íóìåðóþòñÿ â ïîðÿäêå î÷åðåäíîñòè

(ðèñ.1, ðèñ.2, è ò.ä.). Åñëè ðèñóíîê, ñîñòîèò èç äâóõ èëè áîëåå ïàíåëåé, òî

âîçìîæíû îáîçíà÷åíèÿ òèïà ðèñ.1à èëè ðèñ.1à, b.

4. Òàáëèöû äîëæíû èìåòü íîìåðà è èíôîðìàòèâíûå íàçâàíèÿ. Ïðèìå÷àíèÿ

äîëæíû áûòü ñâåäåíû ê ìèíèìóìó è ïðîíóìåðîâàíû íàäñòðî÷íûìè àðàáñêèìè

öèôðàìè.

5. Öèòèðîâàíèå ëèòåðàòóðû. Öèòèðóåìàÿ ëèòåðàòóðà äàåòñÿ ïîðÿäêîâûì

íîìåðîì â ñòðî÷êó â êâàäðàòíûõ ñêîáêàõ (íàïðèìåð, [5]) è ñîîòâåòñòâóåò

íîìåðó â ñïèñêå ëèòåðàòóðû. Ñïèñîê ëèòåðàòóðû äîëæåí áûòü îôîðìëåí

ñëåäóþùèì îáðàçîì:

à) Äëÿ æóðíàëüíûõ ñòàòåé óêàçûâàþòñÿ èíèöèàëû è ôàìèëèè àâòîðîâ

êóðñèâíûì øðèôòîì (â îðèãèíàëüíîé òðàíñêðèïöèè), íàçâàíèå æóðíàëà â

ïðèíÿòîì ñîêðàùåíèè (ñîêðàùåíèÿ äëÿ íåêîòîðûõ íàèáîëåå ÷àñòî âñòðå÷àåìûõ

æóðíàëîâ, ïðèìåíÿåìûõ â "Àñòðîôèçèêå", äàåòñÿ â ñàéòå æóðíàëà), íîìåð

òîìà æèðíûì øðèôòîì, íîìåð ïåðâîé ñòðàíèöû, ãîä èçäàíèÿ. Äëÿ ðóññêî-

ÿçû÷íûõ æóðíàëîâ, êîòîðûå ïåðåâîäÿòñÿ íà àíãëèéñêèé ÿçûê, â ñêîáêàõ

ïðèâîäÿòñÿ ñîîòâåòñòâóþùåå íàçâàíèå æóðíàëà íà àíãëèéñêîì, òîì, ñòðàíèöà

è ãîä ïóáëèêàöèè.

á) Äëÿ êíèã ñëåäóåò óêàçûâàòü èíèöèàëû è ôàìèëèþ àâòîðà êóðñèâîì,

ìåñòî è ãîä èçäàíèÿ.



6. Îôîðìëåíèå ðóêîïèñè. Íà ïåðâîé ñòðàíèöå äàåòñÿ íàçâàíèå ñòàòüè (ïî

âîçìîæíîñòè êðàòêî è èíôîðìàòèâíî), èíèöèàëû, ôàìèëèÿ êàæäîãî àâòîðà

è àííîòàöèÿ íà ðóññêîì ÿçûêå. Íà âòîðîé ñòðàíèöå ïðèâîäÿòñÿ íàçâàíèå

ñòàòüè,  èíèöèàëû, ôàìèëèÿ êàæäîãî àâòîðà è òåêñò àííîòàöèè íà àíãëèéñêîì

ÿçûêå, êîòîðûé äîëæåí ïîëíîñòüþ ñîîòâåòñòâîâàòü ðóññêîìó. Â àííîòàöèè

äîëæíû áûòü èçëîæåíû ãëàâíûå ðåçóëüòàòû ðàáîòû áåç ññûëîê íà ëèòåðàòóðó.

Ìàêñèìàëüíûé îáúåì àííîòàöèè íå äîëæåí ïðåâûøàòü 5% îñíîâíîãî òåêñòà.

Òàáëèöû, ñïèñîê ëèòåðàòóðû, ðèñóíêè è íàäïèñè ê ðèñóíêàì ïå÷àòàþòñÿ íà

îòäåëüíûõ ñòðàíèöàõ. Ðàñïîëîæåíèå òàáëèö è ðèñóíêîâ îòìå÷àåòñÿ íà ïîëÿõ

îñíîâíîãî òåêñòà. Àííîòàöèè, îñíîâíîé òåêñò, ñïèñîê ëèòåðàòóðû è òàáëèöû

äîëæíû èìåòü îäíó îáùóþ íóìåðàöèþ ñòðàíèö. Ñóììàðíûé îáúåì íå

äîëæåí ïðåâûøàòü 16 ñòàíäàðòíûõ ñòðàíèö. Îáúåì êðàòêîãî ñîîáùåíèÿ - íå

áîëåå 4 ñòðàíèö.

Ñòàòüÿ ñîñòîèò èç ïðîíóìåðîâàííûõ ðàçäåëîâ, íà÷èíàÿ ñ "1. Ââåäåíèå".

Íàçâàíèÿ ðàçäåëîâ ïå÷àòàþòñÿ êóðñèâîì â ñòðîêå, îíè äîëæíû áûòü êðàòêèìè

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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