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KINEMATIC DISTANCES OF GALAXIES IN
THE LOCAL VOLUME

I.D.KARACHENTSEV!, A A POPOVA?
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,,, - D, > = -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 =73 km
s Mpc™, galaxies with radial velocities relative to the centroid of the Local Group
V,;<800km s 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= 16.5Mpc) with an amplitude of
~180kms™ and in the expansion of the Local Void with a characteristic velocity
of ~260kms”. 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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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 kms™, corresponding to an error in D, of less than
0.1 Mpc, which we neglected. A machine-readable list of these galaxies with D
and D,,, values can be provided upon individual request.

TRGB

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
A =Dy — D 1n equatorial coordinates. The color scale on the right reflects
the magnitude of A 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,,, /D,,., in the same coor-
dinates. This diagram complements the previous one, since the error o(Dygsz )~ 5%
affects the value of (D,,, - D,,.,) differently for nearby and distant galaxies. Typical

Dist,,,, - Dist .. 15
75°
T 60°
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Fig.1. Distribution of galaxies in the Local Volume by the difference (top) and ratio (bottom)
of the distances D,,,, and D,
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virial velocities in groups, o, ~ (70 — 100) kms™, are also the reason for the scatter
of galaxies in terms of the value of D, ,, /D 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 A =D, —Dmes 1S shown in Fig.2. We
excluded 12 strongly deviating galaxies with |A| > 5.0, their relative number does
not exceed 3%. The histogram N(A) fits well with the Gaussian function having
parameters <A> =-0.3£0.08 Mpc and o, =1.57 Mpc.

Table 1 presents a list of 12 "outlier” galaxies with |A| >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 A . For the galaxy UGC4998, an erroneous
determination of the D, ., distance was made on the "color-magnitude” diagram
[13] due to confusion between the RGB and AGB sequence stars. The galaxies
1C3023, KDG177, UGC7983, and UGCS8061 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, LVI1217+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,
R,=23°. The galaxies of this group have negative peculiar velocities V pee ~—800
kms'. The nature of this anomaly remains a mystery.

TRGB>

60
= 40
20
0
-4 -2 0 2 4
Dist, ,,, - Dist ...

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

in their distance estimates A=D, . —D,.. .
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Table 1
A LIST OF 12 "TRGB-NAM" OUTLIERS

Name RA Dec v, D, i D, A,
deg deg km's" 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
1C3023 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
1C3341 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

At an average distance of LV galaxies of 8.0 Mpc and a standard deviation
o, =1.57 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 ~80kms™
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

Table 2
THE MAJOR LOCAL VOLUME GALAXIES

Name D, is D A, Name D D

NGC 253 3.70 3.83 0.13 NGC4594 9.55 8.71 -0.84
NGC 628 10.19 9.58 -0.61 NGC4736 4.41 4.03 -0.38
NGC 8§91 9.95 10.39 0.44 NGC5055 9.04 7.18 -1.86
NGC1291 9.08 9.16 0.08 NGC5128 3.68 3.46 -0.22

NAM TRGB NAM

IC 342 328 3.70 0.42 M 51 8.40 7.13 -1.27
NGC2683 9.82 10.51 0.69 NGC5236 4.90 2.97 -1.93
NGC2903 9.15 10.86 1.71 M 101 6.95 4.85 -2.10

M 81 3.70 1.84 -1.86 NGC6744 9.51 8.63 -0.88

NGC3115 9.68 10.39 0.71 NGC6946 7.73 541 -2.32
NGC3184 11.12 11.42 0.30 NGC3379 11.32 19.13 7.81
NGC4258 7.66 7.33 -0.33 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 <DNAM—DTRGB> =-0.51£0.27 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: 1C342 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 |DNAM—Dmem >5.0 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 (D, —D,,.,)=-0.23 Mpc and
o, =1.97 Mpc. The relative error of the difference A 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 |DNAM—DTF|>16 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 (»=06) with anomalous peculiar
velocities. Among these excluded objects, the galaxy UGC7774 (RA =189°.03,
Dec = +40°.00) has estimates D,,=22.6 Mpc and D,, =7.2Mpc, but is not in
any known group. For the remaining 143 galaxies, we obtained the values
<DNAM—DTF> =-0.76+0.35 Mpc and & (D,,,,— Dy )=4.19 Mpc. Given the aver-
age distance of the galaxies in this sample, <DTF> =11.1 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,
<DNAM—DTRGB>:—0.3OiO.08 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 ~23° 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%.

The study was carried out with the support of a grant from the Russian Science
Foundation No. 24-12-00277.

I Special Astrophysical Observatory, Nizhnij Arkhyz, Zelenchukskiy region,
Karachai-Cherkessian Republic, 369167, Russia, e-mail: idkarach@gmail.com
2 Peter the Great St. Petersburg Polytechnic University, Saint Petersburg,
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KMHEMATHUYECKHWE PACCTOAHMA TAJAKTHUK B
MECTHOM OBBEME

N.J.KAPAYEHLIEB!, A.A.TTOITOBA?

PaccMoTpeHbl KuHEMaTUYeCK1e pacCTOSTHUS 10 OJM3KUX rajakTuK, MOJTy4YeHHbIe
MeTOAOM uucieHHoro aeictBus (NAM), ocHOBaHHBIM Ha TaHHBIX 0030pa Cosmic-
flow-3. Paccrosauss NAM cpaBHMBa1OTCs ¢ 418 BEICOKOTOYHBIMU PACCTOSHUSIMU,
M3MEPEHHBIMU METOJOM BepIIMHBI BeTBU KpacHbIX TuranToB (TRGB) ¢ momoiipio
KOCMHUYECKOTO Tejieckorna Xab6aa. Mbl orieHWM cpenHioro pasuuuy <D, . - D, ..>
=-0.30£0.08 Mk u crangapTHbIi pa3opoc B 1.57 Mnk. IIpuMepHo Takas xe
pa3Hulla B MacluTabe pacCTOSIHUIA MOJIydyaeTcs 10 CPaBHEHMIO ¢ MEHee TOUHBbIMU

OLIEHKAMM PACCTOSHUI Yepe3 MPUHAIJIECXKHOCTh FaJIaKTUK K U3BECTHBIM I'PyIIIaM
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Wu U3 cootHolreHus: Tamum-®uinepa. Mbl Ipuiniv K BeBoay, YTo NAM-MeTon
JaeT OIICHKU PacCTOSTHMI ¢ morpeirHocThio 20% B mpenenax MecTHOro oobema,
4yTO crpaBemnBo Wit ~90% Heba, 3a UCKIIIOUeHUEM 001acTeil CKOIIeHUs Virgo
n rpynmbel Coma-l.

KiroueBnie ciioBa: easakmuku: KuHemamuueckue paccmosuusn: Mecmuulii obsem
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In this paper, we use the distributions of observed y -ray properties, as well as orientation
parameters of a sample of Fermi-LAT AGNs to investigate the hypothesis that y -NLS1 objects
are beamed sources with y -ray emitting axes inclined at close angles to the line of sight. Based
on these parameters we investigate the relationship between y -NLS1s and other subclasses of 7y -
ray emitting jetted AGNs. Results show that y -NLSIs are more highly beamed than both FSRQs
and BL Lacs with mean value of core-dominance parameter Rg~9507. vy -NLS1s and jetted Seyfert
galaxies are continuous in distribution of the orientation parameter with average cone angles ® ~
8° and 44° respectively. Furthermore, the spectral energy distribution of y -NLSI is comparable
to those of FSRQs and BL Lacs suggestive that y -NLS1s and blazars form a continuous spectral
sequence. There is a significant anti-correlation (r~-0.9) between the y -ray dominance Dg and y -
ray luminosity. There is a strong dependence of Dg on redshift (r~-0.7) suggestive that Dg is more
sensitive to environmental factors than intrinsic y -ray luminosity. The results suggest that y -NLS1s
are highly beamed y -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 (AGNSs), with radio-loudness parameter defined in
terms of the ratio of 5 GHz radio to optical blue-band flux densities,
Sscrz/ Soana <10 [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 y -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 FWHM(HB)<2000 kms", and the ratio
between [OHI]/HB <3, 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 (10°- 10°* 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 10’ years [17], small
linear size and very fast flux variability [18]. Therefore, even though the true
nature of these NLSI1s 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 Iuminosity-redshift
( P-z) 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].

NLSIs are a recently discovered class of y-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 vy -ray emitting NLS1s (y -NLSIs). Thus, following our earlier work [38],
in this paper we examine the observed gamma ray properties of a sample of blazars
and y-NLSIs in order to study the relationship between these subclasses of y -
ray emitting AGNs.

2. Theoretical framework. Orientation based unified scheme (OUS) for
active galactic nuclei is often studied at any frequency band v 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]:

R, = Le _ Ry [(1 - Bcosd))_"m + (1 + Bcosd))_"m ], (1)
L, 2
where L. and L, are the core and extended luminosities respectively, R, =R
(6=90%), n is a jet model dependent parameter (n=2 for continuous jet model
and n=3 for blob model) while o is the spectral index (S, ~v**). 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, is known, the mean value
of the distribution of core-dominance parameter R can be used to estimate the
mean viewing angle ¢,, 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: L, = L.+ L, . While
L, is assumed to be relativistically beamed, L, is assumed to be isotropic [44].
Thus, following [56], the y -ray core-dominance parameter R, defined as the ratio
of the beamed to unbeamed luminosities can be expressed through equation (1) as

L
R +1=—". Q)
E
Equation (3) above suggests that if L, is isotropic, a correlation between R, and
L, is envisaged in y-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:
L,=8,d}1+z)", 4
where d, is the luminosity distance which depends on the present Hubble constant

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

d, =L2{Q0 2+ (Q, —2)[(90 z+1)2 —1]}. 5)
H 0 QO
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 y -ray band, including
NLSI1s whose place in the revised unification scheme is gaining attention of
authors.

However, with current extension of blazar sequence, to include other jetted
AGNSs [37], it has become increasingly important to study the position of y -NLSIs
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, y-ray dominance Dg, defined as the ratio
of y-ray luminosity Lg to the peak radio luminosity L, (Dg= Lg /L), which the
authors used to study blazar sequence for the energetic y -ray experiment telescope
(EGRET) blazars. Actually, Dg is expected to show a sequence of decrease from
low-synchrotron luminosity end to high-synchrotron Iuminosity end of the
sequence [48]. This sequence obviously suggests that the SED of FSRQs would
be less dominated by y -ray emission than the BL Lacs. However, this parameter
seems to have been somewhat overlooked in earlier studies, partly due to
insufficient y -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 y -ray emitting AGNs taken from the 4" Fermi-LAT AGN
catalogue. From the 4" Fermi-LAT AGN catalogue, [49] has made a new sample
of 1559 bona-fide y -ray emitting jetted AGN, which include 12 y -NLSIs. 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 y -ray core dominance parameters Rg of a large
number of blazars in the catalogue, which the authors used to argue for relativistic
beaming of y -ray emission in blazars. Three of the 12 y-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 vy -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 y -NLS1s
and 128 other Seyfert galaxies. This represents ~45% of the bona-fide y -ray
emitting jetted AGN and 76% of y-NLS1s from the 4* Fermi-LAT catalogue.
Although the FRIs, FRIIs, y-NLSlIs and other Seyfert galaxies in the sample
are strong vy -ray emitters detected by the Fermi-LAT, their y -ray core dominance
parameters were yet to be comprehensively determined. Thus, we derive their y -
ray core dominance parameter based on empirical relations between Rg and radio
core-dominance parameter R, for y -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 Rg in this paper, we use the average
values of the constants for the two sub-classes and the relation yields:

logR, =2.07log Rz +1.32. 6)

For investigation of extended blazar sequence in the sample, we calculated the
y -ray dominance Dg for all objects in our sample. Throughout the paper, we have
adopted the cosmology with H,=70kms"'Mpc' and Q,=Q, +Q, =1 (Q,, =0.3;
Q, =0.7). 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 y-NLS1s sub-sample in y -ray dominance Dg in Fig.1. Obviously, the three
subsamples are almost indistinguishable in the plot as they occupy the same range
of Dg 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
v -ray emission of blazars and y -NLS1s being several orders of magnitude more
prominent than radio emission [52,53,47], which shows that blazars and y -NLSIs
are strong y -ray emitters. We interpret this result to mean that similar physical
processes lead to variations in vy-ray dominance of blazars and y-NLSIs.
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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 y -NLSIs.
Simple K-S test carried out on the data shows that at 5% significance, the
underlying distributions of Dg for FSRQ and y-NLSI1 subclasses are same; the
hypothesis that the distributions are same is not rejected, with p~0.1. The
cumulative distributions of Dg for the different subclasses are also shown in Fig.1b.
Apparently, the SED parameter of y-NLSl1s is quite similar to that of FSRQs.
Nevertheless, the cumulative distribution of BL Lac is different from those of
FSRQ and y-NLS1s: the SED of BL Lacs appears to be more y -ray dominant
than FSRQs and y -NLS1s. Simple K-S test carried out on the data shows that
at 5% significance, the underlying distributions of Dg for BL Lacs and other
subclasses are significantly different; the hypothesis that the distributions are same
is rejected, with p<107> in each case. The results suggest that although FSRQs
are more luminous than BL Lacs and y-NLSl1s, the y-ray luminosity may not
be the leading driver of y -ray dominance, suggestive that y -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 y -ray dominance of blazars and y -NLSIs
which supports the proposition that blazar sequence scheme can be extended to
v -NLSIs.

We show the scatter plot of y-ray dominance Dg as a function of y-ray
luminosity Lg for blazars and y -NLSIs in Fig.2. There is a clear trend in which
Dg decreases with increasing luminosity. Regression analysis on the data yields
longZ 0.42 = 0.02)10ng+ (15.38 £0.04), with a correlation coefficient r=0.98
and chance probability p~10’°. The tight anti-correlation can be interpreted to
mean that y-ray dominance may be more sensitive to synchrotron activities in
the jets than y -ray emission, Apparently, a vast majority of FSRQs occupy high

160 120‘ b |
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Fig.1. Distribution of blazars and NLSl1s in y -ray Dominance D,
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Fig.2. Scatter plot of D, against v -ray luminosity for blazars and NLSIs.

Lg - low Dg end of the distribution, with BL Lacs stretching over a wider range
to high Dg - low Lg end, NLS1s appear to form a bridge-connector between BL
Lacs and majority of the FSRQs. The distribution of the objects on Dg—Lg plane
shows that there is a sequence of the SED from FSRQs to BL Lacs through
NLSI1s. 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 Dg and Lg against redshift z in Fig.3. Analysis of the
data in Fig.3a shows that D,—z scatter best fits into a power-law function given
by: D, z2.0(1+z)’0'2 , with a correlation coefficient »~ -0.8. The strong depen-
dence of Dg on z suggests that environmental effect is playing a significant role
in the variation of Dg in the sample. Nevertheless, it could be observed in Fig.3a
that Dg decreases steeply with redshift at low redshift (z<0.1) corresponding to
Dg=4.0 and remains fairly constant at high redshift (z>0.3), shown with a
broken vertical line, corresponding to Dg=3.0. Apparently, the figure reveals a
transition region in the range: 0.1<z<0.3. On the other hand, the L,—z scatter
in Fig.3b yields a strong positive correlation with »~ 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 y -ray luminosity is
not the major determinant of Dg. 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 11/
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Fig.3. Variation of (a) y -ray dominance (b) v -ray luminosity with redshift.

FSRQ unification, we compare the y -ray core-dominance parameter Rg of NLSIs
and Seyfert galaxies to find a possible connection between then via orientation. We
show the distributions of Rg 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 Rg.
Nevertheless, the distributions yield mean values R of 2.5+0.9 and 0.7£0.2, for
BL Lacs and FR Is, respectively, R ~3.5+ 1.0 and 0.4%0.3, for FSRQs and
FR IIs, respectively, while R ~9507.4+13.2 for NLSIs 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 p>0.05 in each case.

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

Table 1

DISTRIBUTIONS OF DERIVED vy -RAY PARAMETERS OF
CURRENT SAMPLE OF y-RAY AGN

Objects | Number Z D, L, (W/Hz) R, q)g"

BL Lacs 238 0.4610.18 | 3.1+0.8 28.69+1.77 2.5£0.9 33.7£1.6
FRI 18 0.4440.14 | 3.7£04 27.25+1.82 0.740.2 63.6%2.1
FRII 34 0.82+0.17 | 3.4+0.9 27.88+2.27 0.4%0.3 72.914.1

FSRQS 270 1.13£0.42 | 2.7£0.5 29.71£2.11 3.240.8 223+14
Seyferts 128 0.15+£0.08 | 4.1£0.7 26.43£1.95 1.410.2 44.2123
vy -NLS1s 9 0.47£0.21 2.71£0.2 28.69+2.23 | 9507.4+13.2 | 8.1%0.6
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subclasses of the AGNs, the choice of R, plays a key role [41,42]. In fact, several
authors [54] have argued that R <0.1 is satisfied by most AGN samples. Hence,
using R,=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 y -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
y -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 y -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 vy -ray spectral
energy distribution (SED) of FSRQs, y-NLSIs 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
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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 y -ray dominance is apparently
in agreement with the scheme and suggests that similar physical mechanisms give
rise to the observed SEDs of y -NLS1s, BL Lacs and FSRQs. The result is quite
consistent with recent results obtained from different source catalogues of vy -ray
emitting AGNs [55] in which y-NLSI1s share similar physical properties with
blazars once normalized for black hole mass.

However, the distribution of the objects in y -ray dominance does not evidently
show that FSRQs are more y -ray dominant than BL Lacs and y -NLSls. It is
an indication that more efficient y -ray emitters are not the more y -ray dominant
sources [48]. However, in Fig.1b, there appears to be a general trend in variation
of y-ray dominance from FSRQs to BL Lacs, through y-NLSIs.

We have also shown in the results that there is a tight correlation (r>0.9)
between Dg and Lg for blazars and y -NLSIs. 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 Dg and Lg in this paper not only suggests that current
data is consistent with a blazar sequence, but that y-NLSls can also be
accommodated in the sequence. Nevertheless, [57,58] argued that although the
distributions of spectral properties of y -NLS1s and blazars support the supposition
of an extended blazar sequence, the physical mechanism responsible for spectral
curvatures of y -NLSIs 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 vy -ray
dominance on redshift. We have shown that there is a significant anti-correlation
between Dg and redshift z (#>0.7). Hence, it can be argued that at constant beam
power, low redshift sources would have higher y-ray dominance as vy -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 Dg observed among FSRQs could
have arisen from their location at high redshift, suggestive that the variation in
Dg 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 Dg 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, 046 £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 (z<0.3) redshift,
representing ~16% of the NLSI population in the 4" 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 Dg. Perhaps the low Dg of y -NLS1s compared to FSRQs
arises from the supposition that y-NLSI1s possess intrinsically lower v -ray
luminosities than FSRQs. If this is actually the case, then the result is in good
agreement with an earlier supposition that y-NLS1s are low luminosity/low
redshift analogues of FSRQs [20].

It is arguable that the tight Dg—Lg anti-correlation may have arisen from the
strong redshift effects on the parameters. Thus we subtracted out the common
dependence of Dg and Lg on redshift from the Dg —Lg anti-correlation using
Spearman's partial correlation statistic given [48] by:

Yoy . = "o~ "'z .
R ”

The result yields 7, . ~0.96 as the D, - L, correlation coefficient independent of
redshift. Hence, there is an intrinsic Dg - Lg anti-correlation, which is quite
consistent with a prediction of the blazar sequence.

Distribution of y-ray core dominance parameter reveals high y -ray core-
dominance exhibited by y -NLSIs in the sample. In fact, it has been argued that
the detection of extended radio emissions in y -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 y-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 y-NLS1s. In a similar way,
we tested for the effect of redshift on Rg. The results as shown in Table 2 show
that the dependence of Rg on redshift is not significant with » <0.2 in each case.

It is obvious from Table 1 that on average, y-NLSls are viewed at closer
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Table 2
CORRELATIONS AMONG PARAMETERS OF y-RAY EMITTING AGNs
] Parameters
Objects D-L L -z R-- D -R D --
8 &g &g 8 8 &g 8
All objects 0.9 0.6 -0.1 -0.2 -0.7
BL Lacs 07 0.8 -0.2 0.1 -0.8
FSRQs 0.7 0.7 0.1 -0.1 -0.7
v -NLS1s 0.8 0.8 0.2 -0.6 -0.8

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 y -NLSIs can be
found among Seyfert galaxies [31]. The scenario fits nicely with FSRQ/FR 11
and BL Lac/FR I orientation-based unified schemes. Although orientation scenario
provides a natural explanation for the more extreme Rg properties of y -NLSIs
than Seyfert galaxies, the fact that at sharper inclination, y -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 y-NLSIs. Actually, our result (c.f. Fig.4) shows that y-NLSIs
occupy similar range of Rg 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 Rg for the two groups of objects
may have arisen from small number statistics of the y-NLSIs.

6. Conclusion. We have investigated the relationship between y -NLS1s and
other subclasses of y -ray emitting AGNs using observed vy -ray properties of a
sample. We showed from the distributions of y -ray dominance that the spectral
energy distribution of y-NLSIs is comparable to those of BL Lacs and FSRQs
in a manner that is consistent with blazar sequence. Distribution of y -ray
dominance indicates that the parameter is redshift dependent, which we have
interpreted to mean that variations in y-ray dominance is more sensitive to
environmental effects rather than intrinsic y -ray luminosity. In the y -ray band,
v -NLSI1s are strongly beamed with average cone angle of 8° compared to Seyfert
galaxies that have average cone angle of 44°. All these results suggest that y -NLS1s
form a peculiar class of highly beamed vy -ray sources with some form of
orientation connection with Seyfert galaxies. Nevertheless, the sample size is small
and larger samples of y-NLSIs would be required to confirm the results.
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O PACHIMPEHHOWM MOCJEAOBATEIBHOCTU
BJIASAPOB JIA AKTUBHBIX T'AJIAKTUK C
T'AMMA-NU3JTYYEHUEM

ANAYY!2 ©.C.OA0!, A A YBAYYKBVY!

B nanHoO#1 paboTe MCIoONb3yeTcs pacnpenesieHre HaOJogaeMbIX CBOMCTB 7 -
U3JTy4YeHUs, a TaKXke MapaMeTpbl opueHTaluu sl Beioopku AGN, 3aperucTpu-
poBaHHBIX ¢ Tomolnblo Fermi-LAT, 4To0BI MccaemoBaTh TMIIOTE3Y O TOM, YTO
00bekThl Y -NLSI1 sBISI0TCS MCTOUHUKAMU U3JTydyeHUsl, HAaIpaBJIeHHBIMU C OCSIMU
Y -U3JIy4yeHUs], HAKIOHEHHBIMU IO MaJIbIM YIJIOM K Jiy4y 3peHusi. OCHOBBIBASICh
Ha 9THX TapaMeTpax, MccieloBaHa B3auMMOCBsA3b Mexny y-NLS1 u apyrumu
MOATUIIAMU aKTUBHBIX TAJIAKTUK C PEJISITUBUCTCKUMU JIXKETAMU, UCITYCKAIOLIUX Y -
uznydyeHue. Pe3ynabTarhl mokasbiBaloT, 4to y -NLS1 Gosiee cokycupoBaHbl, YeM
FSRQ u BL Lac ¢ cpenHuM 3HaueHMEM IapaMeTpa JOMWHUPOBAHUS siIpa Rg~
9507. y-NLS1 u celihepToBcKME TalaKTUKU C JKETaMM 00pa3yloT HEMPEPbIBHOE
pacrnpesieJieH)e Mo NapaMeTpy OPMEHTALMM, CO CPETHUMM yIlIaMi KOHycoB @ ~
8° m 44°, cooTBeTcTBeHHO. KpoMe TOro, crieKTpajabHOe pacIipeielieHrue dHepPTun
vy -NLS1 comnocraBumo ¢ pacnpeaenenueM a1 FSRQ u BL Lac, yTto ykaseiBaer
Ha To, yTo v -NLS1 1 6;1a3apbl 00pa3yroT HEMPEPHIBHYIO CIIEKTPATbHYIO MOCIeI0Ba-
TeJabHOCTh. Habmomaercs 3HaunTeIbHAs aHTUKOppeasiuus (7~ -0.9) Mexay ToMu-
HUPOBAHUEM Y -U3TYyYEHUS Dg ¥ raMMa-JIy4eBOl CBETUMOCTEIO. Takxke oOHapyXeHa
CUJIbHASI 3aBUCUMOCTh Dg OT KpacHoro cmeueHus (r~-0.7), yTo yka3bIBaeT Ha
0OJIBIIIYI0 YYBCTBUTEJIBHOCTD Dg K (pakTOpaM OKpyxXKalollleil cpelbl, Y4eM K cOOCT-
BEHHON CBETMMOCTM Y -U3iydyeHMsl. Pe3ynbrarhl mpeamnojarator, yro y-NLS1
SIBJISIIOTCST CWJIBHO C(OKYCUPOBAHHBIMU UCTOYHUKAMHU Y -U3TYYEHMS, e-(HOKYyCU-
pOBaHHbBIE aHAJIOTM KOTOPBIX MOXHO HAWTU Cpeau TMOMyJSILUi ceiihepTOBCKUX
rajakTuK.

KoroueBble ClIOBa: earakmuku: akmueHble araKkmuku: celighepmoscKue earaKkmuku:
oxcemol
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Kapnuk cnekrpanbHoro kimacca dMde GJ 1243 (KIC 9726699) siBisercsi MpeaMeToM
MHOTOYMCIICHHBIX UCCIIEIOBAHUIA, CBSI3aHHBIX C M3yYeHHEM €r0 YHUKATbHOM BCITBIIIEYHON aKTHBHOCTH
Y 3BOJIIOIMH TATEH Ha €ro MOBEPXHOCTH. B cTaThe MpeacTaBlieHbl pe3y/IbTaThl aHAM3a MPOSIBICHUI
JOJITOBPEMEHHOW aKTMBHOCTH, HaiJIeHHbIE MO apXWBHBIM JTaHHBIM (OTOMETPUYECKUX HaOJIOACHUI.
YCcTaHOBJIEHO, UTO JaHHbIE, TIOJyYeHHbIe HE3aBUCUMO B TpeX 0030pax B pa3IMYHbIX (DOTOMETPUUECKUX
(unbTpax, ykasbplBalOT Ha JIOJTOBPEMEHHYIO IepeMeHHOcTh Onecka GJ 1243 ¢ yeTblppMsi Xapak-
TepHBIMU BEJIMYMHAMU JUTUTETbHOCTU LIUKJIOB (MBI OylIeM UX HymepoBaTh OT 1 10 4), Ipymimupyo-
mumuca okosto 3Hayenmii Pcycl (1 -3): 1.5 ner, 2.6 roma u 6.3 roga, COOTBETCTBEHHO, a TaKXke
okosio Pcycl (4) mopsinka 12.3 - 12.6 ner. BeimonaHeH aHanu3 monoxeHMss OaHHbIX GJ 1243 Ha
nmuarpamMme 3aBucumoct Pcycl/Prot ot 1/Prot B jorapudMUYecKMX KOOPAMHATaX M TMPOBEACHO
COITOCTaBJICHUE C pe3yJbTaTaMi HMCCICIOBAHUN OPYrMX M-KapjuKOB, YTO IPHBEIO K BBIBOAY O
eMUHOM O0OlIel 3aBUCMMOCTU JUISI KOPOTKMX IIMKJIOB Y BCEX pacCMaTpMBaeMbIX OOBEKTOB.

Kmouesnie cioBa: 36e30bi: namua: d)OmOMemleﬂ.‘ NepemMeHHOCmb. YUK/Ibl aKmueHocmu

1. Beedernue. B nactoseM uccaenoBaHuy [1] Mbl BBITOJIHWIA aHATNA3 JAHHBIX
HaOJIIOIEHUI TTOJIHOCThIO KOHBEKTUBHOIO KapJiMKa creKTpajibHoro kiacca dM4e GJ
1243 (KIC 9726699), monay4eHHBIX ¢ KocMUUecKuM TenieckorioM Kerutep. B [1] 6buiu
pPaccMOTpEHbI TOJIBKO JIBAa CeTa HaOMIOACHUI 3Be3[bl, TOCTYITHbIE B TO BpeMs W3
apxuBa kocMmuueckoro Tesieckora Keruep. B nanbHeiiiem GJ 1243 cran npeamerom
MHOTOYMCJICHHBIX WCCICIOBAHWIA, CBSI3aHHBIX IIPEXIE BCETO C M3YUYEHHEM €ro
VHUKAJTLHOM BCITHILLIEUHOM aKTWBHOCTH, a TAKXKE 3BOJIIOLIUMM TISITEH Ha €ro MOBEPXHOCTU
(cm. [2], uukin u3 myOavkauuid JlaBeHnopra u Op. - CChUIKU B [3-6]).

OcHoBHble JaHHble 0 GJ 1243 coaepkarcs B IMTUPYEMbIX BbILLIE JIUTEPATYPHbIX
uctouHukax. baeck 3Be3nbl cocramasier 12.833B. Ben. B ¢punabtpe V u 7.79 3B.
Bes1. B ¢uabTpe K. Macca GJ 1243 pasHa 0.24 maccel ConHia, a paguyc - 0.26
panuyca Connua. Ilepron oceBoro BpailieHus 3Be31bl Prot cocraBnser 0.593 cyT.
PesynbTaThl neTaqpHOro aHajau3a BCIblIeYHON akTUBHOCTU GJ 1243 mo Habmo-
JIeHusaM Kocmuueckoro teneckona Kerep u muccun TESS mMoxHo HaliTu B [3-
6]. 3Be3zna GJ 1243 apisercs 6IU3KO PACIOIOXKEHHBIM K HaM dM4e KapiaukoM,
paccTosiHre 0o Hero coctaniseT 13.48 +0.42nk. 3Be31a obnagaeT CUJIBHOM SMHUC-
CHOHHOIi MHMel Ho (BeMunHa 3KBUBAJIEHTHONM IUMPUHEI TMHKUM Gostee 1A ), ee
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BO3pacT cocTtabisgeT okoyio 30-50 MiH JIeT.

Pesynbrarsl Halllero JeTaJlbHOIO aHAIM3a MSTEHHON aKTUBHOCTH, TIPeACTABRICHHbIS
B [2], Ob11M 0cHOBaHbI MpuMepHO Ha 49500 enMHUYHBIX U3MepeHUsIX biaecka GJ
1243 B uHTepBase Haomoaenuil B 1460 cyt. IleprognyHoCTh M3MEHEHUIA KPUBOiA
Grecka 3Be3nnl cocTapisgeT Pphot =0.59261+£0.00060 cyT, 4TO TTOTHOCTEIO COBIAIAET
C paHee MOJIyUeHHBIM HaMU Pe3yJIbTaTOM U OLIEHKaMU APYrMX aBTOpoB (cM. [4]).
Bech HabOmopatenbHBI MaTtepuan ObLT pasfefieH Ha 1775 ceToB, KaXIblid U3
KOTOPBIX TOCJIEI0BATeIbHO OXBaThlBaeT OAWH MEpUOA BpallleHUs 3Be3abl. s
KaXJ0ro ceTa HaOMoIeHW KocMuieckoro Tejeckorna Keruiep u3 peitieHus1 obpaTHoi
3a1aur BOCCTAHOBJICHUSI TeMIlepaTypHbIX HEOMHOPOIHOCTE 3Be3/Ibl ObLIN MOTyUeHbI
KapThl TOBEPXHOCTHBIX TeMIIEpaTypHbIX HEOAHOPOAHOCTEN ((haKTOphl 3aMOJTHEHUS
f) u omnpeneneHsl MOJOXEHUs aKTUBHBIX o0sacTeit. AHaIM3 MOCTPOEHHBIX KapT
MpUBEJ HAc K BBIBOAY O 3HAUUTEJIbHON 3BOJIOLMU TOJOXEHMSI TISITeH Ha
MMOBEPXHOCTH 3BE31bl B TEUSHUE aHATU3UPYEMOro HaMU IJIUTEIbHOIO MPOMEXYTKa
BpeMeHU. Mbl BBITIOJHUIM OLIEHKU MapameTpa Aud@epeHInaIbHOTO BpalleHns
AQ M yCTaHOBWJIM, YTO MaKCUMAaJIbHOE 3HAYEHNE HUXKHEU rpaHUlIbl OLEHKHU €ro
BesnuuHbl paBHO 0.0022 pan/cyt. Haina Gonee TouHas olleHKa mapameTpa AQ
MEHbIIIe BeJIWYMH, IpuBoauMbIX B [3,4] (0.0058 u 0.0036 pam/cyT) U BEpOSTHO
CBsI3aHa ¢ OoJiee TOYHBIM y4E€TOM M3MEHEHW MOJOXEeHUN Haubosiee aKTUBHOM
Joarotel. OgHako, moaydyeHHasl B [3] oleHKa mMapameTpa auddepeHIralbHOro
BpAllIEHUSI METOJIOM, VCHOIb3YIOLINM OIMCAHUE SBOIOLUU MSATEH ABYMEPHBIMU
l'ayccoBbiMM (DyHKLIMSIMU, NpaKTUYECKM COBMAaeT ¢ Hailieil. Borpoc o mpucyTcTBumn
y 3Be3[bl MOJSIPHOTO WIM MPUMOJSIpHOro nsitTHa (o6aactu) (cM. [2,5]) ocTaeTcs
aKTyaJIbHBIM, TTOCKOJIbKY aHaIu3 (POTOMETPUUYECKMX TAHHBIX He MCKITIOYAeT €Tro
HaJIMYUsI, KaK He TPOSIBIISIIOLLErocsl MPY BpalllaTeIbHOM MOAYJISIUUKM 3Be3abl. [1pu
yIJIe HaKJIOHA OCH BpallieHUs TTopsiaka 30° K JIydy 3peHUsT IPUTIOJSIpHas 061acTh
GJ 1243 Brnoth o mmpoT 30° BUAHA TTOCTOSTHHO M BHOCHUT JIMIITb MaJIbI BKJIAL,
B MepeMEeHHOCTh Oj1ecka B T€UeHHe OJHOIO 000pOTa 3Be3/Ibl BOKPYT OCU, HAMOOJBbILIMIA
BKJIaJ B €€ (POTOMETPUUECKYIO TIepeMEeHHOCTD, nocturaronryio 0.023B. Bel., TODKHBI
BHOCHUTbH TISITHA, pacmojioxXeHHbIe B 30He OT -30° mo 30° mmpoTsl. Benmumna §
OTHOLLECHUS TUIOLLAAN TTOJTHOM 3aIlSITHEHHON MOBEPXHOCTU 3Be3/Ibl K ILIOLIAIN €€
BHIMMO# TIOBEpXHOCTH 3a Mepuol HaOMIoIeHNI M3MeHsIach B mpeneiax oT 7%
1m0 2%, ¢ BO3MOXHBIM XapaKTepHbIM BpeMeHeM mopsinka 1000 cyr. B [2] Hamm
ObLIO TIOKazaHo, 4to B HejoM misa GJ 1243 nonoxeHue Ha auarpaMmax
3alSITHEHHOCTDb - BO3PACT, 3alSITHEHHOCTD - TePUOJ BpAIlEHUSI U 3alITHEHHOCTb
- yuciao PoccOu Xopolllo COOTBETCTBYET OOIlEMYy XapaKTepy 3aBMCUMOCTU st
paHee Uccle0BaHHbIX HAMM KapJUKOB CIEKTpalbHOro Kjacca M.

HecmoTpst Ha BBICOKYIO BOCTpeOOBAHHOCTh CBEIEHWI O LIMKJIaX aKTMBHOCTHU
GJ 1243 (cMm. obcyxaeHue B [5]), uHboOpMalus 0 HUX B JIUTepAType OTCYTCTBYET.
B Hacrosiieit ctaTbe OyAyT MpeAcTaBlIeHbl pe3yabTaTbl aHaIu3a TPOSIBICHUM
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JIOJITOBPEMEHHON aKTUBHOCTH 3TOTO 00BEKTa, HalAeHHBIE TI0 apXUBHBIM JTaHHBIM
(oToMeTprUeCcKNX HAOTIOIEHWIA.

2. Hukabi akmuenocmu. Halile viccnenoBaHue [UKJIOB aKTUBHOCTH 3BE3/IbI
GJ 1243 6bUlO0 HayaTO C JaHHBIX OTCKAHWPOBAHHBIX (DOTOIJIACTMHOK MPOEKTa
Digital Access to a Sky Century@Harvard (DASCH) [7], KoTopbie TIpeaoCTaBsoT
INUPOKKME BO3MOXHOCTM aHajiu3a JAO0JTOBPEMEHHOU aKTUBHOCTU 3Be3Ibl Ha
MPONOJLKUTETLHOM BpeMeHHOM MHTepBasie. MMmerolvecs B apxuBe gaHHble 11 GJ
1243 oxBaThIBAIOT MHTEPBAJ HAOMIOAEHUI IINTEILHOCTRIO B 94 roma (¢ 1894.6
mo 1988.7rr.) (puc.1). Bcero Hamu ObUIO paccMoTpeHO 222 mM3MepeHMsl Oiecka
3Be3Mbl B cUcTeMe, OJM3Koi K doTtomeTpruueckoil B puibTpe B. K coxaneHuto,
JaHHBIE JTOCTATOYHO HEMHOTOUYMCIICHHBI, KPOME TOTO, MMEETCSI IIPOOe)T B TaHHBIX
B mHTepBasie ¢ 1952 o 1967rr. Tem He MeHee, MOXHO TPEATIONOXHTh, YTO OJIeCcK
3BE3IbI XapaKTepU3yeTCsT JOJTOBPEMEHHOM MepeMEeHHOCTRIO, a Tocie mpobeia B
JAHHBIX, HAYMHAas1 ¢ 1967r. - HeGoabLIMM mosipyaHueM. Ha ocHOBe MOCTPOEHHOIoO
cIieKTpa MolHoOCTH s 6iecka GJ 1243 MOXHO MPEennooXUTh CYlIEeCTBOBAHUE
JJATEeNbHOTO 1MKiaa aktuBHoctu Pcycl mopsaka 4500 cyt (puc.l, HUXHSsA
nuarpamMma). Ha 3ToM pucyHKe BepTUKaIbHOM JIMHMEH (CBETJION) TaKXKe OTMEUYeH
MUK, COOTBETCTBYIOIIMI TONMYHOMY MEPUOLIY.

Eie omHa mombITKa MpPOBEAEHMSI aHaIM3a TepeMeHHocTu Oiecka GJ 1243
OblTa BBIMOJIHEHA HaMU 110 AJaHHBIM MHoOToJieTHero o63opa Kamogata Wide-field
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Puc.1. BBepxy - kpuBas Oiecka GJ 1243 B ¢wisrpe B mo manHeiM mpoekta DASCH ¢
1894.60 mo 1988.68rr. BHM3y - CHEeKTp MOILIHOCTM Ul auana3oHa mepuomoB 1-10000 cyr. Beptu-
KaJIbHBIMUA JIMHUSIMU OTMEYEHBI LIMKJIBI MPOIAOJIKUTENBHOCTLIO 365 cyr (1 rom) (cBerias) u 4500
cyt (12.3 roma) (TemHasi) (CM. TEKCT).
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Survey (KWS) [8] (http.kws.cetus-net.org). B o63ope npeacTaBieHbl HaOIIOACHUS
3Be31bl B puiabTpax V u Ic, OHM OXBaThIBAIOT JJIMTEIbHBIN MHTEPBaa HAOIIOACHUI
¢ 2012r. mo Hacrosiiiee Bpemsi (Miojb 2024r.), oOlIeil TNPOAOIKUTENbHOCTHIO
(4371 cyt, 12 net) (HID 2456127-2460498).

Bcero 6nu10 paccMotpeno 474 oueHku Oyecka 3Be3nnl B ¢uibTpe V. Ilpen-
CTaBJIEHHbIe Ha puc.2 (BBEpXHSIsl AMarpaMMMa) JaHHbIE CBUIETELCTBYIOT O TIPUCYT-
CTBUM BO3MOXHOM LMKJIMYHOCTU B U3MEHEHUH ee Onecka. Ha ocHOBe IOCTpOeHHOIo
criekTpa MolHocTy st 6aecka GJ 1243 MOXHO MPeAnoJOXUTh CYlLeCTBOBAaHUE
BO3MOXHBIX ILUMKJIOB aKTUBHOCTU OKOJ0 600cyr m 955cyr (BeposTHO, GoJee
3HAUMMOTO) (puc.2, HIKHSIST AuarpaMMa). CBeTJiast IMHMS Ha rpapuke COOTBETCTBYET
365CyT Ce30HHOM MEPeMEHHOCTH, MPUCYTICTBYIOIIEH B AaHHBIX. K coxaneHuio,
MIPOIOJKATEILHOCTh HAOMIONCHWI HE TTO3BOJISIET JejIaTh 3aKII0OUeHNE O HATMINHU
MEepeMEHHOCTU Ha IiKaje BpeMeHU nopsiaka 4500cyT, HaliieHHOW MO JaHHBIM
npoekra DASCH.

Bbosee MHOrouMCIEHHBIMU SIBJISIIOTCSI TaHHBIE O Oiecke 00bekTa B (puibTpe Ic.
B sTtoMm ¢duiibTpe uMeeTcst Bcero 776 olieHOK Ojiecka 3Be3nbl. IlpeacTaBieHHbIE Ha
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Puc.2. BBepxy - Omeck GJ 1243 B ¢dwmubrpe V 10 HaHHBIM 0030pa; BHU3Y - CHEKTP
MolIHOCTH 1t uHTepBana 1-5000cyr. BepTukaibHbIMU JHMHUSIMU OTMEUEHBI LIUKIbI
MPOJOJIKUTENILHOCTBIO 365 cyT (cBemtas) u 600cyt u 955cyr (TeMHBIe) (CM. TEKCT).
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puc.3 (BBepxHsIsl 1MarpamMma), JaHHbIe, HECOMHEHHO, CBUACTEIbCTBYIOT O MPUCYT-
CTBUU U3MEHEeHUs ee OJecka B paccMaTpuBaeMOM MHTEpBajie BpeMeHU. MOXHO
MPEIOJ0XUTh HaTMUKMe BO3MOXKHBIX LIMKJIOB aKTUBHOCTU okosio 1100cyT u 2200
cyT (BO3MOXHO, KpaTHble LUKJbI). Y3 puc.2 u 3 ciemyer, 4To OOIIMM CBOMCTBOM
MepeMeHHOCTH OJiecKa 3Be3/Ibl SIBJSIETCS BO3MOXHAS LIUKINYHOCTh C XapaKTEePHbBIM
BpemeHeM Topsiaka 1000cyT, mpucyrcTBytoliasi B naHHbIX GuiasTpoB V u Ic.
Hakoneu, nas GJ 1243 umerorcs 1129 usmepeHuii 6iecka B ¢puabtpax V u
g B apxuBe npoekta ASAS-SN SkyPatrol (ID: 111670491484) [9]. HaGmoneHust
BBIIOJIHSUIMCH B MHTepBane BpemMeHu HID 2456694-2460501, ux mauTeabHOCTh
cocrapnser 3807 cyr. Hanbojiee MHOTOYMCAEHHBIMU OKa3ajluch HaOMIOACHUST B
dunbTpe g - 769 nsmepenmii (puc.4). BemmuuHBI BO3MOXHBIX IIUKJIOB aKTUBHOCTH
paBHbl 720cyT u 2470cyt. Kpome Toro, B [9] mpencTtaBieHbl AaHHbIE O OJecke
GJ 1243 B puetpe V - 360 usmepeHuii (puc.5), KOTOpble ¢ MEHBIIEH TOCTOBEP-
HOCTbBIO YKa3biBaloT Ha BenuuuHbl Pcycl B 530cyt u 950cyT. Y1 B TOM U B ipyrom
CITydasgxX UMEIOTCSl YKa3aHUS Ha BO3MOXHBIE JTOJITOBPEMEHHbIE IUKJIBI, COIIOCTABUMBIE
MO BEJIMUMHE C JJIUTEIbHOCTbIO MHTEpBaia HaOMIOASHUI U TTPEeBOCXOISIINE €ro.
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Puc.3. Beepxy - 6neck GJ 1243 B dunbtpe Ic mo maHHbiM 0030opa KWS; BHM3Y - crnekTp
MollHOCTH st uHTepBana 1-5000cyr. BepTuxkaibHbIMU JMHUSIMU OTMEUEHBI LIUKJIbI
MPOJOJKUTENILHOCTBIO 365 cyT (cBemtasa) u 1100cyr u 2200 cyr (TeMHbIe) (CM. TEKCT).
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Puc.4. Beepxy - Oneck GJ 1243 B dwibtpe g no maHHbIM 0030pa ASAS-SN; BHU3Y - creKTp
MOIIHOCTH sl uHTepBaia 1-6000cyT. BepTUKaTbHBIMU JIMHUSIMHM OTMEUCHBI LIMKIIBI MTPOMOIKM-
TesibHOCTBIO 365 cyT (cBenast) u 720cyt m 2470 cyT (TeMHbIe) (CM. TEKCT).

Tabauya 1
ApXUB JAaHHBIX ®dunabTp Pcycl
DASCH B 4500 cyT
KWS \Y% 600 cytr u 955 cyr
KWS Ic 1100 cyt m 2200 cyT
ASAS-SN g 720 cyt u 2470 cyr
ASAS-SN \% 530 cyt u 950 cyT

B Tabn.1 cobpaHbl HaliieHHble HaMM olleHKU BeauuuH Pcycl mg GJ 1243.

3. 3akatuerue. B craTbe MpencTaBaeHbl Pe3y/IbTaThl aHAIM3a IPOSBIECHUI
aKTMBHOCTM KapJjivka criekTpaibHoro kiacca dM4e GJ 1243. U3 puc.1-5 u 1aba.1
MOXHO 3aKJIIOYMTh, YTO NAHHbIE, MOJYyYECHHbIE HE3aBUCUMO B Tpex 0030pax B
Pa3TMIHBIX (POTOMETPUIECKIX (PUIIBTPAX, YKA3hIBAIOT HA JOJTOBPEMEHHYIO TIEpe-
MeHHOCTb 6secka GJ 1243 ¢ yeTbipbMs XapaKTepHbIMU BeJIMYMHAMU LIUKIJIOB (OT
1 o 4), rpynmmpyommMucs okoito 3Hadenuii Pcycl (1-3): 1.5 net (1.4-1.6 roma),
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Puc.5. Beepxy Oneck GJ 1243 B ¢miabrpe V mo maHHBIM 0030pa ASAS-SN; BHM3Y - CIIEKTp
MoIHOCTH it uHTepBata 1-6000cyr. BeprukaabHBIMM JIMHUSMU OTMEUYEHBI LIMKJIbI IIPOIOJIKU-
TesbHOCTBIO 365 cyT (cBemnas) m 530cyt u 950 cyr (TeMHBIe) (CM. TEKCT).

2.6 roma (2-3 roma) u 6.3 roma (6-6.7 roma), a Takxke okosno Pcycl (4) nopsiaka
4500-4600 cyt (12.3-12.6 ner).

Panee B [10] MBI BBINOJHWIM ONpeaeieHNe IIMKIOB aKTMBHOCTM HauboJiee
XOJIOMHBIX KapJIMKOB CIIEKTPaJIbHOTO Kiacca M Ha OCHOBe (hOTOMETPUUYECKUX
JIaHHbBIX U3 0030pa ASAS U YCTAaHOBUJIU, UTO OOJBIIMHCTBO U3 U3YYEHHBIX 3BE3]
00J1a1al0T MePUOJUYHOCThIO U3MEHEHUI KPUBBIX Oj€cKa Ha MHTepBajlaX BpeMEeHU
COTHU CYTOK - TONBI. AHAJIM3 IUarpamM, MPeICcTaBIeHHBIX B BUIE 3aBUCUMOCTHU
Pcycl/Prot ot 1/Prot B jorapmdpmMuyeckKrnx KOOpAMHATAX, MPUBEI K BBEIBOAY O
eIVHON OoO0lIeil 3aBUCUMOCTM I BCEX paccMaTpuBaeMbIX OOBEKTOB, KakK C
KOHBEKTUBHOI 00O0JIOYKOI, TaK M IOJHOCTbIO KOHBEKTUBHBIX. AHAJIN3 ITaHHBIX
TMO3BOJTWJT 3aKJTFOUNTh, YTO BEJIMUMHA i - KO3(dULIEHTa HAKJIOHA Ha paccMaTpuBaeMoi
nvarpaMmMme OM3Ka K eIMHMIIE, KaK M0 BCEM JAaHHBIM, TaK U MO CaMbIM KOPOTKUM
WY JUIMHHBIM [UKJIaM. YCTaHOBJIEHHOE 3HAUEHME i OTIMYAEeTCS OT 3HAYCHMIA,
MIPUBEICHHBIX B JIMTEPATyPHBIX MCTOYHMKAX IUIS 3BE3I APYTUX CIIEKTPaTbHBIX
KjiaccoB. B urore ObuT ciejlaH BBIBOI O TOM, YTO, BEPOSITHO, paccMaTpuBaeMble
KapJIMKK CIIEKTPaIIBHOTO Kitacca M o0pasyioT ellle OmHY "BeTBh' MaJOMaCCHUBHBIX
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3Be3/, 00J1amallIrX 0ojiee CIlydaliHON M UPPETYISIPHOM MAarHUTHOW aKTUBHOCTBIO
Ha CBOEM MOBEPXHOCTU (CM. Takxke obcyxiaeHust B [8]).

Hnsa GJ 1243 senuuuna log(1/Prot) cocrasisier 0.2269. CornacHo puc.3 us
[10], cootBeTcTBYIOLIME eif BeauuuHbl log(Pcycl/Prot) nass M-kapankoB o63opa
[10] nexaTt B auamnasoHe oT 2.7 mo 3.2 (IUTPUXIIYHKTUPHBbIE JuHMK). OUYeBUIHO,
yTo BenmmunHH log(Pcycl/Prot) y Hanbosee KOPOTKMX MUKIOB 1 1 2 jiexkaT B 3TOM
WHTEpBaJie U COMIACYIOTCSl C JaHHBIMU O KOPOTKMX Mepuoaax mist Apyrux M-
KapaukoB u3 [10], B To BpeMs Kak B ciydae uukia 3 BeaumuuHa log(Pcycl/Prot)
=3.59 u HaxomMTCS BHE ero (aHaJIOTUYHOE MOBEJEHUE MOXET ObITb OTMEYEHO U
17151 psiga apyrux M-kapiaukoB 13 [10]). st nukia 4 cooTBeTCTBYIOIIEEe 3HAUCHUE
log(Pcycl/Prot) = 3.88) - cyiiecTBeHHO 0oJjibliie MoJydeHHBIX B [10] BeauuuH,
OITHAKO CJIeAyeT OTMETUTh, UTO B [10] HaMu paccMaTpuBaIMCh TOJIBKO CPAaBHUTEIHbHO
KOPOTKME LUKJBI (COMOCTaBUMBIE C IJIUTEJIbHOCThIO HAOMIOACHMIA U3 apXuBa
0030pa ASAS).

Kpome Toro, kak u B [11], MOXHO MpeanosoXuThb, 4to Haiuuue Pcycl 3 u
4 B 00JIaCTU JITUTEIBHBIX LIMKJIOB (BILIOTH 10 10 JIeT) yKa3plBaeT Ha MPUCYTCTBUE
CTPYKTYPUPOBAHHOCTU BPEMEHHBIX TPOSIBJICHUI aKTUBHOCTU (cM. puc.2 B [10] u
MyHKTUPHBIE TUHUM Ha HeM). [t CosiHIla BOBMOXXHBIM aHAJI0TOM CTPYKTYpUPO-
BaHHOCTH SIBJISIIOTCSI LIMKJIBI akTUBHOCTU Purepa, I1IBabe, Xeitna, I'neiicOepra, ne
Bpuc n Xommurarra [12].

ITonasasioniee G6OABLIMHCTBO U3 MCCIeA0BaHHBIX HaMu B [10] M-kapaukos
umeror mMaccy 6osee 0.35 M (rpaHuua nepexona K IOJHOCTbIO KOHBEKTUBHBIM
M 3Be3nam). B [10] ObL1M uccaenoBaHbl BCETrO JUIIb ABE MOJIHOCTbIO KOHBEKTUBHBIE
3Be3nbl - GJ 551 mu GJ 729. Tlepuoabl BpallleHUsI BTUX 3Be3[ CYILIECTBEHHO
pasnmuyatorcst - GJ 551 nMeeT MakcuMmaibHOoe 3HadueHue Prot mis Beioopkm [10]
(82.53 cyT), meprop BpallleHHST BTOPOro Kapiuka cocTaBisgeT 2.869 cyt. M1 B Tom
U B JPYrOM CJIydasix pe3yJabTaThl JJis 3TUX OOBEKTOB XOPOIIO COINIACYIOTCS C
o01Ieii 3aBUCUMOCThIO, U B [10] HaMu ObLIO cAelaHO MPeANnoJiokKeHue (XOTs
HCTIOJIb30BAIUCh JaHHbIE BCETO [Tl ABYX MAaJOMACCHUBHBIX OOBEKTOB) 00 OTCYTCTBUU
pa3IMYMil B IUKIIAX aKTUBHOCTH 3Be3], pPa3HbIX MAacc ISl pacCMaTpUBaeMOil BEIOOPKU
(1 COOTBETCTBEHHO 3Be3/, pa3IMYAlOLIMUXCSI MO BHYTPEHHEMY CTPOEHHUIO - C
KOHBEKTUBHOI 000JIOYKOI 1 MOJHOCTBIO KOHBEKTUBHBIX). Pe3yIbTaThl BBIMIOJTHEHHOIO
aHajau3a IS €le OOHOM IIOJHOCThIO KOHBEeKTMBHOI 3Be3nbl GJ 1243 Taxke
COIJIaCYIOTCS ¢ YKa3aHHBIM MPEeAIOI0XKEeHUEM.

! MOCKOBCKUI TOCynapCcTBeHHbI yHuBepcuteT uM. M.B.JlomoHocoBa,
Tl'ocymapcrBeHHbIl acTpoHoMuYeckuit MHCTUTYT uM. [1.K.IlltepHOGepra,
Mocksa, Poccusg, e-mail: issesd@rambler.ru

2 YVupexxnenue Poccuiickoii akagemun Hayk, MHctutyt actpoHomuu PAH,
MockBa, Poccus, e-mail: igs231@mail.ru
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ACTIVITY CYCLES OF dM4e DWARF GJ 1243

E.S.DMITRIENKO!, I.S.SAVANOV?

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.

Keywords: stars: spots: photometry: variability: activity cycles
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KOJIWYECTBEHHbBIN AHAJIU3 CIIEKTPOB 3BE3]]
CQ Tau M UX Ori BHE 3ATMEHHWHA 110 JAHHBIM
NORDIC OPTICAL TELESCOPE

IN.LANMUTPUEBA!, O.B.KO3JIOBA?

IMoctymmma 20 aBrycra 2024
IMpunsara k mevyatn 6 mexkabps 2024

BoinmonHeH konuyecTBeHHbIN aHaiu3 crekTpoB 3Be3n CQ Tau m UX Ori, npuHamiexanmx
CEMENCTBY MOJIOJABIX HETPAaBWIbHBIX TMMEPEMEHHbIX 3BE31 C aJroJIeroJOOHBIMU OCIa0IeHUSIMU
onecka. Criektpbl nosydeHbl B ooceparopuu Nordic Optical Telescope (NOT) B MOMEHTBI BpeMEHH,
Korjga o6e 3Be3[bl HAXOAWJIMCh B SIPKOM COCTOSIHMM. Ha MX OCHOBe ompejiesieHbl SKBUBAJIEHTHbIE
WUPHUHBL (HOTOCHEPHBIX JIMHUI TMOIJIOLEHUsT U IMUCCUOHHOM JuHuM Ho . [1o axBUBaneHTHOM
IIMPUHE IMUCCUOHHOM JIMHUM CAENaHbl OLIGHKM TeMIla aKKpelUMM rasa Ha 3Be3JIbl.

KrtoueBnie cnoBa: nepemennsie 3ee3zdvi: cnekmpui: CQ Tau, UX Ori

1. Beedenue. 3se3nni uma UX Ori - 3T0 MOJIOIBIE 3BE3bI IPEUMYILIECTBEHHO
CIIEKTpaIbHBIX KilaccoB A-F, meMoHcTpupyoomue riay6okue (AV =2-3")
Henepuoanyeckue ocaadiaeHus 6ecka MpoAOKUTETbHOCTBIO OT HECKOJIBKUX JTHEH
JI0 HECKOJIbKUX Heaedb. K uuciy uMx BaKHBIX HaOIogaTeIbHbIX OCOOEHHOCTEMH
OTHOCHTCSl HEOOBIYHOE TTOBEICHME 1IBETOBBIX TPEKOB Ha AMarpaMMax 1[BeT-BeIMYMHA.
Brepsbie ator addext HaGmomanu B 1968r. et u Benuennr [1] Bo Bpems
MuHUMymMoB CQ Tau. IlageHue Ojecka 3Be3nbl BHayajle COMPOBOXIAIOCH
MOKPAaCHEHUEM, OHAKO BOJIM3M MUHMMYyMa LBETOBOW TPEK IOBOPaYMBaJl B TOJyOyIO
cTtopoHy. Bckope "addekT moromydbeHus" 6bU1 00HAPYXKEH Y IPYTUX 3BE3I 3TOTO
tina. IlepBoHauaabHO 3TOT 3(PPEKT OOBSICHSINU YCUTIEHUEM BKJIaga SMUCCUOHHOTO
CIIEKTpa 3Be3/ NpU oc1adieHusIx O1ecka (cM., Harmpumep, [2,3]). ITo3xe BbISICHUIOCH,
YTO €ro MPOUCXOXICHNE CBI3aHO C YCHWICHWEM BKIIaJa PacCeSTHHOTO M3ITyYeHMUS
OKOJIO3BE3IHBIX AUCKOB. JloKazareabcTBa 3TOTO OBLIA TOJyYeHBI B XOIe MHOTO-
JIeTHero (hoToMoJsIpUMETPUYECKOTO MOHUTOPMHTIA 3Be3]] 3TOro ceMeiicTna [4]. ¥V
BCEX WCCJIEIOBAaHHBIX 3Be3l HaOMI0daNach BBICOKAS JIMHEWHAs IIOJISIpU3alvs B
MUHMMyMax Ojecka, mocrturamoiuas 5-8%. Ha ocHOBaHMM 3TOro B LIMTUPOBAHHOM
BbIllIe paboTe ObLIO BBICKA3aHO IMPEAITONOKEHUE, YTO OKOJIO3BE3IHbIC AUCKU 3BE3[T
tuna UX Ori HakJIOHEHbI 110/ HEOOIbIINM YIJIOM K JIy4y 3pEHUSsI, YTO U SBJISIETCS
[JIaBHOM MPUYMHON MX CWIBLHOU MEPEMEHHOCTU. DTO MPEANOoJIOKEeHNE B LIEJIOM
MONTBEPIMIOCH TIPU MHTEPDEPOMETPUUECKUX HAOMIONEHUSIX OKOJIO3BE3MHbIX TMCKOB
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(cM., Hampumep, [5]).

B nanHoli paboTe TpeAcTarIeHbl pe3yIbTaThl KOJIMYECTBEHHOIO aHa/IM3a CIIEKTPOB
aByx 3Be3n Tina UX Ori: CQ Tau u camoit UX Ori, mojsyyeHHBIX B cTaThe [6].
CneKTphI TTOJTYYeHBI ¢ TIOMOIIBIO SIIETHHOTO crieKTporpada Ha 2.56-M TejiecKore
oobcepBaropunt NOT (Nordic Optical Telescope) ¢ BRICOKMM CHEKTpaJabHbIM pa3pe-
meHueM (R=25000). CnekTpajbHble HAOJIOAEHNS COMPOBOXIAIUCH (DOTOMETPH-
YeCKMMHU HabmoaeHusIMU B KpbIMcKoO# acTpou3nyecKoii odcepBaTOprU, KOTOPbIS
MoKa3aJik, YTo 00e 3Be3[bl HAXOAUIUCh B SIPKOM COCTOSTHUU OJiecKa (BHE 3aTMEHMUIA).

B Ta6n.1 npusenensl napametpsl 38e31 UX Ori 1 CQ Tau corjiacHo AaHHbBIM
Pocrommumnoii [7]. 3amMeruM, 4TO B ee paboTe IS 3TOM LU MCITOJb30BaIMCh
cambie sipkue cocTosiHus 3Be3n Tuia UX Ori, B KOTOPBIX BIWSIHUE MEpPeMEeHHOM
OKOJIO3BE3IHOM OKCTMHKIMWU Ha pacnpeicicHUe BHEPruM B CIEKTPE 3Be3[
MUHUMAJIbHO, YTO OYE€Hb BaXKHO IPU U3YYEHMU 3Be31 ITOro ceMeiictBa. MBI
CKOPpPEKTUpOBaIU pe3yabTaThl ee padorel w1t UX Ori ¢ y4eToM HaHHBIX O
paccTosiHUU 0 3TOW 3Be3abl Mo HadmoaeHusM GAIA [§8].

Tabauya 1
IMAPAMETPBI HABJTIOJAEMbBIX 3BE3/]

3Be3na Sp | d (nk) | M (My)|Bospact (10°r.)| R (Rg)| AV | vsini (km/c)

UX Ori | A3III 325 1.9 4 1.9 39 140
CQ Tau | F2IV 140 1.5 10 1.9 22 90

Kommenrapuii: Paccrosinue mist UX Ori B3sto u3 cratbu [8], ckopoct minst UX Ori u CQ
Tau u3 crarbu [6], ocrajibHBIE MapamMeTpbl U3 craTbi |[7].

2. Obwee onucarnue cneKkmpog. B OoNTUYECKUX CIIEKTPaX MCCIEMYEMBIX
3Be€3], MPUCYTCTBYIOT MHOTOYMCIIEHHbIE JIMHUM TOIJIOIIEHUS] HEUTpaJbHbIX W
MOHM30BaHHBIX METaIOB (puc.1-6), a Takke 3MUCCHOHHBIC JUMHUM BOIOPOAA
banbmepoBckoit u IlamieHoBcko#t cepuit. BonblIMHCTBO (hoTOC(EPHBIX JUHUMK
TUMUYHBI JJ1S1 HOPMAJIbHBIX 3Be31 OJIM3KMX CIEKTPAIbHBIX KJIACCOB, HO TaKUe KakK
Hel 5876, Nal D wm tpuruter Ol 7774, He HaGIOgAI0TCS C TAKOM XK€ WHTEHCHB-
HOCTbIO Y HOpMaJIbHbIX A-3Be31. MHorue dorochepHble JUHUN OJeHANPOBAHbI
OKOJIO3BE3IHBIMU JIMHUSIMU TOTJIOLIEHNSI, TAK Ha3biBaeMbIMU shell KOMITOHEHTaMU.
Kak noka3zan Haill aHanu3, HauboJee cTabWIbHBIMU OKa3zaauch JuHuu MgIl 4481
u Sill 6347.

B pesoHaHcHbIx MHUSIX Nal HaGmromaoTes: CieKTpajibHble KOMITOHEHThI TOTJIO-
IIEHWSI, CMEIIEHHBIE B KPAaCHYIO CTOPOHY. DTH KOMIIOHEHTHI MOTYT TOSIBISTBCS
1 McYe3aTh B TeUeHNE HECKOJIBKMX JTHEH, YKa3blBasl Ha TIaJeHUE Ta30BBIX CTYCTKOB
Ha 3Be3ny. [loxoxast kapTuHa NaJeHMsT BelllecTBa HaOMIOJaeTCs B CIIEKTpe
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Puc.1. Yuacrok criektpa CQ Tau, cooTBeTCTBYIOIINI 26 MOPSIAKY SIUEIBHOTO CIIEKTPA 3BE3/bI.
CrnekTp TMoJyuyeH CYMMUPOBAaHUEM TpeX CIEKTPOB, HAOJIOJABUIMXCS B TEUEHME TpeX Houel
1996r., korma 3Be3ma MMeNa MaKCHMMalbHbIA Oneck. Cepoil JMHUEH IMOKa3aH CUHTETHYECKUI
criexTp st 7, e 7000 K u logg=3.5. Tonkass 4yepHas JWHUS MMOKAa3bIBAET TOT XK€ CIEKTP IOCIe
CBEPTKU CO CKOpOCTBHIO BpalleHust 3Be3abl V=90 km/c. BbigeneHbl Haubojiee CUJIbHBIE JMHHM.
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Puc.2. To ke caMmoe, 4yTO Ha
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puc.l s 29 nopsizaka.
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B Pictoris B 1uHUsIX pe3oHaHcHoro ay6iera Call [9].

Ha puc.1-6 mokasaHbl BbIOOpOYHBIE HOPSAAKM IojHOro crekrpa CQ Tau,
MMOJIyYEHHOTO IIyTeM YCPEOHEHUS CIIEKTPOB, HAOJIOMABIIMXCS B TeYCHHUE TpeX
Houeit 1996r. Ha pucyHKax ITOKa3aHBI TakKXXe COOTBETCTBYIOIIME YYaCTKHU
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Puc.4. To xe camoe, uto Ha puc.l mia 34 mopsiaxa.
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CHHTETHYEeCKOro criektpa atoit 3Besnsl (7,,=7000 K u logg=3.5) no n mnociue
CBEPTKH C TIPOEKIIMOHHON CKOPOCTBIO BpaleHus ( vsini =90 kM/c [6]). Beibopourble
nopsaku nosHoro criekrpa UX Ori, COBMELIEHHbIE C CUHTETUYECKUM CHIEKTPOM,

UHTeHcHMBHOCTD
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Puc.6. To xe camoe, uto Ha puc.l mia 46 mopsaka.
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TIpUBEIEeHB B LIMTUPOBAHHON BBIIIE CTaThbe, HO TMOKAa3aHBI B Hell HeOOJBIIMMU
¢dparMeHTaMM.

3. Cnekmpaabhas nepemMeHHOCMb UCCAEOYeMblX 38€30 6 SPKOM
cocmoAHuu. B cratbe [10] aBTOpHI HMCCEIOBAIM CTATUCTUKY Tpoduieil TMHUKU
Ho B cnekrpax 3Be3n tina UX Ori U moka3zajiv, 4TO ABYXKOMITOHEHTHBIN
npoduib JUHUM SIBJSIETCS XapaKTepHbIM JUIsl 3Be3l 3Toro ceMeiictBa. HemaBHO
STOT BBIBOJ, ObLT MOATBEPXkIEH B cTaThe [11] Ha Gojiee MIMPOKOM CTaTUCTUYECKOM
Matepuaie. Jluansg Ho mMeeT MmpoKue, ToYTH CUMMETPUYHBIE KPhUTbS B SMICCUM,
npoctupatoieiica 10 £400kM/c. TunuyHbie JyyeBble CKOPOCTU Ha IMTOJOBUHHOM
nHTeHCHBHOCTU cocTaBsiioT £200-300kMm/c. [1pu 3aTMeHUY 3Be3Ibl SKBUBAJICHTHAS
LIMPUHA EW(ch) YBEJIMUMBAETCS, MPU 3TOM MOTOK B JIMHUM yMeHblIaeTcs. Takas
MepeMEHHOCTb 3TO JIMHUY B criekTpax 3Be3a Thna UX Ori BrepBble HabmM0qa1ach
KonotunosbiM [12]. B MOMeHTHI HauboJiee r1y0OKUX MMUHUMYMOB ABYXKOMIIO-
HeHTHBII npoduib auHun Ho B criektpe CQ Tau TpaHchopMupyeTcss B OTHO-
KOMIOHEHTHBIN npodwib [13]. Takas ke TpaHchopManms HabIoaiach BO BpeMs
mybokoro MuHumyma UX Ori [14].

OTHocuUTeNbHAsI MHTEHCMBHOCTD JBYX 3MMCCUOHHBIX MMKOB Ha co BpeMeHeM
MeHsieTcsd. OmHaKo, HEeCMOTpPsT Ha OOJIblIMe BpEeMEHHbIE BapualliM, IS KaxXaon
3BE3/IbI CYIIECTBYET OOIIAsl 3aKOHOMEPHOCTb, XapakTepuayooiias npodpuiab Ho . A
umeHHo, B UX Ori u CQ Tau cMHU MUK CUCTEMATUYECKN CUJIbHEE KPacCHOTO
(ooparnbiii mpopuas P Cygni tuna III).

CornacHo uHTepnpeTaunu TaMOoBLIEBOM U Ap. [15], Takue Npodrian oxXuaaloTcs,
ecym ymHAS Hoo hopMmpyeTcsl B aKKpeIIMOHHOM JIMCKe, BUIUMOM IIOYTH C pebpa.
OTHOCUTEIbHAsE WHTEHCUBHOCTb CUHEr0 W KPAacHOIO IMKOB OIpenesieTcs
KOMOMHaIlMeil BpallleHUs1 U nBuKeHus. Eciu 3To Tak, TO Npodusib oOpaTHBIN
P Cygni III y 3Be3n UX Ori u CQ Tau yka3pIBaeT Ha CUTyalllIO, KOIJa BaxKHYIO
posib B (POPMUPOBAHUU JTUHUU UTPAET aKKpeLusl.

Hns 3Be3m 3TOrO TUIIAa BO3MOXHBI Ba pa3HbIX MCTOYHWKA CITEKTPaJbHOM
rnepeMeHHOCTU [6]. OOMH M3 HUX XapaKTepeH I MHOIMX MOJIOABIX 3BE3Id C
ra3oBbIMU oOoJiouKamMu. B aTOM cilyyae mepeMeHHOCTh SMUCCMOHHOIO CIEeKTpa
CBsI3aHa C BapHaIllMSIMM TeMITepaTyphl M TUIOTHOCTU B M3JIyJarolieil obiacTi 1 Ha
Jiyue 3peHusi. HabGmiomeHus TOKa3bIBalOT, YTO TakWe Bapualldd MOTYT ObIThb
JIOCTaTOYHO CWJIbHBIMU 1 MOTYT TIPUBOIUTH K CUJTbHON MEPEMEHHOCTU CIEKTPATbHbIX
JINHAN.

Hpyroit MeXaHM3M CIEKTPaJIbHOM TTepeMEHHOCTH XapaKTepeH TOJBKO IS 3Be3II
marma UX Ori. OH cBsI3aH ¢ KopoHorpadgmyeckuMm 3¢¢deKToM, CO31aBaeMbIM
HEeMpO3payHbIMU Ta30MbUIEBbIMU CTPYKTYpamMu (0061aKkaMy) MPOTOIUIAHETHOTO MCKa,
KOTOpPBIE 3aKPBIBAIOT 3BE3y OT HAONIOMATENISI M BBI3BIBAIOT TIyOOKE MUHUMYMEI,
XapakTepHble s 3TuX 3Be3a. Hempo3pauHble parMeHThl AUCKA 9KPAaHUPYIOT OT
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Tabauya 2
PE3YJIBTATBI UBMEPEHUIM DKBUBAJIEHTHBIX HIMPUH AJI9 UX Ori
IMopsnok DJIeMEeHT MA) EW(A)
UX Ori 1994
26 HI (emission) 8598.40 -1.66 (19/11/94)
HI (emission) 8665.02 -1.85 (19/11/94)
34 Ho (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+Call (emission) 8665.02 -2.50 (02/12/95)
H+Call (emission) 8665.02 -3.09 (04/12/95)
HI+Call (emission) 8665.02 -2.11 (06/12/95)
34 Ho (emission) 6562.80 -13.15 (02/12/95)
Ho (emission) 6562.80 -12.77 (04/12/95)
Ho (emission) 6562.80 -12.72 (06/12/95)
Ho (emission) 6562.80 -10.56 (02/12/95)
Ho (emission) 6562.80 -10.50 (04/12/95)
Ho (emission) 6562.80 -10.08 (06/12/95)
46 HB (emission) 4861.32 -1.29 (02/12/95)
HP (emission) 4861.32 -1.12 (04/12/95)
HB (emission) 4861.32 -1.30 (06/12/95)
49 Till 4563.76 0.12
50 Mgll 4481.33 0.59
54 Till 4163.65 0.11
55 Hy (emission) 4101.73 -0.29 (02/12/95)
57 Call 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+Call (emission) 8665.02 -1.43 (25/11/96)
HI+Call (emission) 8665.02 -1.40 (28/11/96)
34 Ho (emission) 6562.80 -8.46 (25/11/96)
Hoo  (emission) 6562.80 -5.67 (28/11/96)
35(1) Ho (emission) 6562.80 -5.52 (28/11/96)
Ho  (emission) 6562.80 -5.23 (02/12/96)
35(2) Sill 6347.11 0.34
Sill 6371.37 0.22
36 Sill 6347.11 0.33
Sill 6371.37 0.26
39 Hel 5875.61 0.48
Nal 5889.95 0.70
Nal 5895.92 0.54
47 HB (emission) 4861.32 -0.31 (28/11/96)
HB (emission) 4861.32 -0.35 (02/12/96)




476

IN.ANMUTPUEBA, O.B.KO3JIOBA

Tabauya 3

PE3YJIBTATHI USMEPEHUIM DKBUBAJIEHTHBIX LIMPUH
HJIA CQ Tau, 1995

IMopsimok DjieMeHT MA) EW(A)
1 2 3 4
CQ Tau 1995

2% HI (emission) 8598.40 -0.38 (03/12/95)
HI (emission) 8598.40 -0.35 (05/12/95)

30 Fell 7415.95 0.12
34 Ha (emission) 6562.80 -8.45 (03/12/95)
Ha  (emission) 6562.80 -5.16 (05/12/95)

35 Fel 6393.60 0.12

Fel 6400.00 0.14

Cal 6439.07 0.16

Cal 6449.81 0.16

Fell 6456.38 0.29

Cal 6462.57 0.22

36 Nil, Fel 6191.17, 6191.56 0.10

37 Fel 6065.48 0.14

Fel 6078.49 0.11

39 Sil 5747.67 0.04

Fel, Sil 5753.12, 5753.62 0.15

Fel 5762.99 0.12

Cal 5581.96 0.11

40 Cal, Fel 5594.46, 5594.65 0.20

Fel 5624.54 0.16

41 Fel 5429.70 0.20

Fel, Fel 5455.44, 5455.61 0.25

Sil 5494.24 0.04

Fel 5497.52 0.07

Fel 5501.46 0.17

42 Fel 5302.30 0.10

Fel 5307.36 0.12

43 Mgl 5172.68 0.39

Mgl 5183.60 0.56

Till 5188.68 0.08

Fel, Fel 5191.45, 5192.34 0.17

Till, Fel 5226.54, 5226.86 0.55

44 Nil 5115.39 0.05

45 Fel 4957.60 0.36

Fel 5027.12 0.14
46 HB (emission) 4861.32 -0.20 (03/12/95)
HB (emission) 4861.32 -0.26 (05/12/95)

Fel, Fel 4871.32, 4872.14 1.10

47 Till 4779.98 0.09

Mnl 4783.43 0.09

Nil, Fel 4786.53, 4786.81 0.08
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Tabauua 3 (Okonuanue)

1 2 3 4

48 Fel 4673.16 0.14
Mgl 4702.99 0.22
49 Till 4563.76 0.34
Till 4571.97 0.26
50 Fel, Fel 4476.02, 4476.08 0.12
Till 4501.27 0.28
Fell 4508.29 0.23
Fell 4515.34 0.27
52 Scll, Till 4314.08, 4314.97 1.02
Scll, Till 4325.00, 4325.76 1.17

H8 (emission) 4340.46 -0.05 (03/12/95)

H8 (emission) 4340.46 -0.01 (05/12/95)
53 Fel 4260.47 1.07
Fel 4271.15 0.66
54 Fel, Fel 414341, 4143.87 1.03
Till 4161.53 0.32
Till 4163.65 0.21
Mgl 4167.27 0.47
55 Fel 4063.59 1.04
Fel, Fel 4071.52, 4071.74 0.85

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

HabJofaTesss He TOJIbKO 3Be31y, HO 1 Ty YacTbh ra30BOi 000JIOUKU Tepel 3Be3/10M,
KOTOpasl OTBeYaeT 32 aOCOPOLIMOHHYIO COCTARISIIOLILYIO TTPodwist IMHUU. B pesynbrare
LIEHTPaJIbHOE IOIIOILEHUE CHIXKACTCS U MOXET IOJHOCThIO UCYE3HYTh [16]. DTOT
s dexT HabmoaaeTC TakkKe B UBMEHEHMSIX SKBUBAJIEHTHBIX IIMPUH 3MUCCUOHHBIX
JIMHUI, TaKUX Kak JuHUs1 Hoo, oGpasyronmxcst B MpOTSLDKEHHOM 061acT, KOTopast
TOJILKO YACTUYHO 3KPAHUPYETCS OKOJIO3BE3MHBIMU ODJIaKaMMU.

4. Pezyarvmamul. Pe3ynabraThl U3MEPEHUN SKBUBAJIEHTHBIX LIMPUH 3BE3[
UX Ori u CQ Tau npuseneHsl B Tabn.2-4, rae B cronbue 1 ykazaH mopsiiok
SILEJILHOTO CMEKTpa, B CTOJNOLE 2 - XMMUYECKMH BJIeMEHT, MpUHAIeXalIui
JIMHUU, B cTOJIOLle 3 - JUIMHA BOJIHBI CIEKTpajJbHON JIMHUU (B aHICTpeMax) U B
crosnbue 4 - 3HaueHue SKBUMBaJIeHTHON 1mMpuHbl EW (B aHrcrpemax).

CrnenyeT OTMETUTb, UYTO SKBUBAIEHTHBIE IHMPUHBI U3MEPSUTUCH IO YCPETHEHHOMY
CIIEKTpPY, HO JJIsI SMMCCUOHHBIX BOAOPOIHBIX JIMHUM U3MEPEHUS TPOBOAWIUCH IS
KaXJ0T0 MOMEHTa BPEMEHU OTHEJbHO, MOATOMY B Tabjuilax yka3biBajach JaTa
HabmoneHus psiaoM co 3HaueHneM EW. OtpuniarenbHble 3HaueHss EW ykasbiBaior
Ha DMUCCUOHHbIE JUHUU. OnpeneeHre 3KBUBAJICHTHBIX IIMPUH dMUCCUOHHBIX
JIMHUU MPOBOAUIIOCH C TTIOMOIIBIO CUHTETUYECKUX CITEKTPOB: 3MUCCHUEN CUMTAIOChH
BCE, UTO JIEKUT BbIIIE CUHTETUYECKUX MpoduIelt TMHUHA, pacCIMPEHHbIX BpallleHUEM
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Tabauya 4

PE3YJIBTATHI USMEPEHUIM DKBUBAJIEHTHBIX LIMPUH
IS CQ Tau, 1996

IMopsiaok DjleMeHT MA) EW (&)
1 2 3 4
CQ Tau 1996
29 KI 7664.91 0.96
KI 7698.97 0.38
Ol, OI, Ol 7771.94, 7774.17, 7775.39 1.17
30 Fell 7462.41 0.18
SI 7468.59 0.04
Fel 7495.06 0.18
34 Ho (emission) 6562.80 -11.99 (21/11/96)
Ho  (emission) 6562.80 -8.57 (26/11/96)
Ho  (emission) 6562.80 -7.46 (29/11/96)
35(1) Fell, Fel 6393.60 0.16
Fel 6400.00 0.14
Cal 6439.07 0.21
Cal 6449.81 0.15
Cal 6462.57 0.18
35(2) Ho  (emission) 6562.80 -7.65 (29/11/96)
Ho  (emission) 6562.80 -5.97 (02/12/96)
36 Fel 6200.31 0.11
Fel 6219.28 0.12
Fel, Fel 6230.73, 6232.64 0.21
37 Fel 6008.55 0.20
Mnl, Mnl 6013.51, 6016.67 0.21
Fel 6065.48 0.12
Fel 6078.49 0.13
39 Sil 5747.67 0.11
Fel, Sil 5753.12, 5753.62 0.16
Fel 5762.99 0.16
40 Cal 5581.96 0.12
Fel, Fel, Fel 5615.30, 5615.64, 5618.63 0.32
41 Till 5418.12 0.18
Fel, Fell 5424.64, 5425.26 0.28
Fel 5429.70 0.22
Fell, Fel 5432.97, 5434.52 0.40
Fel, Fel 5445.04, 5446.92 0.40
Fel, Fel 5455.44, 5455.61 0.26
Fel 5497.52 0.19
43 Mgl 5183.60 0.79
Till 5188.68 0.21
Fel, Fel 5191.45, 5192.34 0.39
Crl, Crl, Crl | 5204.51, 5206.04, 5208.42 0.91
Fel, Fel, Fel 5215.18, 5216.27, 5217.39 0.43
Till, Fel 5226.54, 5226.86 0.70
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Tabauua 4 (Okonuanue)

1 2 3 4

44 Fel, Fel 5049.82, 5051.63 0.51

Fel 5065.01 0.56

Fel 5068.76 0.41

Till, Fel 5072.28, 5074.75 0.64

Fel, Fel 5107.64, 5110.41 0.42

Nil 5115.39 0.12

45 Fel 4957.60 0.37
46 HB (emission) 4861.32 -0.67 (21/11/96)
HB (emission) 4861.32 -0.53 (26/11/96)
HB (emission) 4861.32 -0.26 (29/11/96)
47 HB (emission) 4861.32 -0.29 (29/11/96)
52 H8 (emission) 4340.46 -0.14 (21/11/96)
Till, HS (emission) 4340.46 -0.14 (26/11/96)
55 Hy (emission) 4101.73 -0.08 (21/11/96)
Hy (emission) 4101.73 -0.08 (26/11/96)
Hy (emission) 4101.73 -0.02 (29/11/96)

3B€3Mbl U CMEILEHHBIX B CUCTEMY KOOPAWHAT 3Be31bl. TouHOCTh n3mMepeHuss EW
MOXKHO OLIEHUTD IO YPOBHIO LIIYMOB B KOHTUHYYME, OMpeaesieMbIX OTHOILIEHUEM
S/N. Bomuzu muanu Hoo S/N ~100 [6], 4yto obecriednBaeT TOYHOCTb OTPEeTeHNUS
EW(Hoc) B HECKOJIBKO IIPOLICHTOB.

Crenytolyii BaxKHbIIA apaMeTp, KOTOPBI MbI OIIPEISIWIN, 3TO TEMII aKKPELIVN.
OH mpeAcTaBiieH B TaOJ.5. 3Be3dbl aKKPELMPYIOT OKOJIO3BE3IHOE BEIIECTBO B
COOTBETCTBMU C MarHUTOC(hEepHO MOJENbI0 aKKpeluu (cM. HanpuMmep, HaTtra u
ap. [17]), koTtopasi oOBbsICHSIET HabatogaeMble U30BITOUHBIE TIOTOKU B CIIEKTpax
3Be3n Xepbura. Ilagaromuii matepuan, HaXomSIIMHCI B OKPYXEHUM 3BE3JbI,
B3aMMOZIEICTBYS ¢ (hoTOChEepOii, BBI3bIBACT M30bITOUHOE Y D-n3yueHne, CBETUMOCTh
KOTOPOTO 3aBUCUT OT MapaMeTPOB 3BE3/Ibl U TEMIIA aKKpelMU. 3HaHUe aKKPELMOHHOMN
CBETUMOCTH T03BOJISIET OMPEASIUTh TeMI aKKpeluu (cM. Hike). Takum obpasom,
TEMI aKKpeLUHU SBISETCS BaKHBIM IMapaMeTpPOM MOJIOIbIX 3Be3M, MOKAa3bIBaIOIIUM
KOJIMYECTBO BellecTBa (B eauHuuiax macc CoJjiHLIA B roj) MepeTeKalollero u3
OKOJIO3BE3IHOTO IMCKA Ha TTOBEPXHOCTb 3BE3/IbI. ¥ MOJIOJBIX 3BE3/ BAXHYIO POJb
B IpolIECCe aKKPELIMU UTPaeT B3aMMOJAEHCTBIE BELIECTBA MPOTOIUIAHETHOIO AMCKa
¢ MarHutocqepoil 3Be3/bl.

[ ornpeneneHus akKpeMOHHONW CBETMMOCTA Mbl BbIOpaid 3MUCCUOHHYIO
JuHuo Ho, Tak Kak aTa JMHMS SBJISIETCS HanboJjiee CUJIbHOM 13 MPUCYTCTBYIOLINX
B ONTUYECKUX CIEKTpaXx MOJOIAbIX 3Be3A. CBETUMOCTb 3Be€3lbl B 3TOW JMHUU
BBIYUCIIAIACH C MCITOJIb30BAHUEM 3BE3IHOIO IOTOKA f; Ha JUIMHE BOJHBI JUHUU,
paccuntaHHoro no monensMm Kypyua [18] ¢ yueroMm paccrossHust 1o 3Be3abl (1).
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Tabauya 5

OUEHKW TEMITA AKKPELIMMW JIA 3BE3 UX Ori U
CQ Tau I10 JIUHUUN Ha

3eesma | EW(A) Hata L, (Ly)| M-107 (Mg/r) M-107" (Mg /r.)
UX Ori 7.610 19/11/94 1.33 0.75 0.93 £ 0.11
13150 | 021295 | 241 1.36
12.772 04/12/95 233 1.32
12.719 06/12/95 2.32 1.31
10.555 02/12/95 1.89 1.07
10502 | 0471295 1.88 1.06
10.084 06/12/95 1.80 1.02
8457 | 25/11/9 1.49 0.84
5672 | 28/11/96 0.96 0.54
552 | 28/11/96 0.93 0.53
5229 | 02/12/96 0.8 0.50
CQ Tau 8.445 03/12/95 0.67 0.42 0.39 = 0.01
5161 | 051295 | 040 0.24
11992 | 217119 | 099 0.61
8566 | 26/11/96 0.68 0.42
7459 | 29/11/96 0.59 0.37
7649 | 29/119% | 060 0.37
5971 | 02129 | 046 0.28
Ly, =4nd”f, EWy, . (1)

Hcrionb30Banoch cieayollee COOTHOILIEHNE MEXITy aKKPEIIMOHHON CBETUMOCTBIO
A CBETUMOCTBIO B JMHMU [8]:

10 Lacc
g L

L,
. =A+BlogLI;;", )
rme A u B - Ko3(ppuimeHTE, COOTBETCTBYIOIINE TOUYKE IIEPECEUCHUS U TPATUEHTY
COOTHOLLEHUA MEXIY log(Lm /L@) 5 log(L,l-m, /L@), COOTBETCTBEHHO.

Crenys [8], MBI mcrmonb3oBain cieayiomue 3HadeHus: A =2.09 £0.06 u
B=1.00 £0.05. Temn akkpeuuu OMpeaeysicsd U3 aKKPEeLUMOHHON CBETMMOCTH,

3BE3THOTO paavyca W 3Be3THOM Macchl mo dopmyie [19]:
L R,

acc

T GM,(1-R.)r.) 3)

113
r. | GM
R\ @

IJIe paguyc KopoTaluuu
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Hnga UX Ori r.=2.17R,, mna CQ Tau r,=2.69R,. B Tabn.5 3aHeceHbI
3HAUCHUSI TeMIla aKKpelWM, paccuyuTaHHbie mo ¢dopmyaam 2, 3. B crondue 1
yKa3aHO Ha3BaHUeE 3Be3/bl, B CTOJIOLE 2 - SKBUBAJCHTHAS IIMPUHA JUHUKM Ha ,
B cToyiOLle 3 - mata HaOMOAeHUS, B CTONOLE 4 - aKKpelMOHHAass CBETUMOCTh, B
CTOJIOIE 5 - TeMIT aKKpellnH, B CTONOIE 6 - cpemHee 3HAYeHWE TeMITa aKKpPEINH.

Kak BuIHO, TIpM OMHOM M TOM XK€ YpPOBHE OJieCKa 3Be3Ibl MPOCIeXKUBAECTCS
HeCTaOWJIBHOCTh TeMIa aKKpeLiuy, 3HAYeHUsI KOTOPOro MOIYT OTJIMYAThCS B 2 pasa.
HeonHopoaHOCTh aKKpeLMpYIOLIEro MaTepyalia sBisieTcsl OOHUM M3 UCTOYHUKOB
KaK (pOTOMETPUYECKOI, TaK U CIIEKTPAILHON MEPEMEHHOCTH UCCIIEIYEMBIX 3BE3
[20].

CormmacHo T'yaman-Imna3 m gp. [21], TeMm akkpeunu HCCIEAYyEMBIX 3Be3II
coctapnser logM,, =-7.00 mis UX Ori u logM,, =-7.18 ana CQ Tau, uto
B LIEJIOM COIJlacyeTcsl ¢ HallMMU pe3yJbTaTaMW M MOKa3bIBaeT IPaBUIBbHOCTb
MeTo/Ia pacueTa TeMIla aKKpelyd U BO3MOXKHOCTU €ro MpUMEHEHUS ISl UCCIeA0BaHUIA
npyrux 3Be3n turma UX Ori.

5. Ob6cyacoenue u 3axarouerue. B pabore ObUIM ONpeeIeHbl SKBUBAIEHTHbIE
IIUPUHBI psiia MHIMBUAYAIbHBIX JUHMUI Mo criekTpam 3Be3a UX Ori u CQ Tau,
MOJyYEHHbIM B MOMEHTBI BPEMEHHU, KOrma oba oObEKTa HaXOAWJIWCh B SIPKOM
COCTOSIHMM (BHE 3aTMeHUI). 3HaueHUs] SKBUBAJEHTHBIX IIMPUH OTpaxaroT
CTIEKTpaJIbHbIE XapaKTepPUCTHUKM 3BE3M U MOTYT MCII0JIb30BaThCsl B KAYECTBE OMOPHBIX
JIMHUI, XapaKTepU3yIOLIMX COCTOsIHME 3Be3AHbIX aTMocdep. B criekTpax 3e3n UX
Ori u CQ Tau Haba0gaI0TCS MHOTOUYUCIEHHBIE (DOTOChEPHbBIE JIMHUM METAJIOB
(Mgl, Fel, Ti, Sil u ap.), ayoneT HaTpusi U CUJIbHAsE SMUCCUSI B BOAOPOIHBIX
JINHUSIX.

ITo 3KBMBaJlEeHTHOW IIMPUHE 3MUCCUOHHOW JUHUM Ho caenaHbl OLIEHKU
temna akkpeuuu Ha 3Be3abl UX Ori u CQ Tau. s 3Be3abt UX Ori cpegHuit
TEMII aKKpeLUUU COCTaABUI 0.93-10’7(M@/r021), ong 3ges3gpl CQ Tau -
0.39-1077 (M o/ roa). CrniemyeT MomYepKHYTb, UTO IS ONpeAeIeHs TeMIa aKKpeLvu
Ha UcclieyeMble 3Be3bl ObLla MCIOIb30BaHA aHAJIOTUSI ¢ MATHUTOC(HEPHOI MOIEIbIO
aKKpeuuu, padpabotaHHoil s 3Be3n Tura T Tesbla. DMUCCUOHHBIE CHIEKTPbI
3B€3/l 3TOr0 THUIMA O0pa3yroTCsl MIPEeUMYILIECTBEHHO B MarHuTocdepax 38e31. Bxiian
IHMCKOBOTO BeTpa B OMUCCHUIO B IMHUKM Hol B CIieKTpax 3TUX 3Be3I He3HAYMTEJICH
(3a MCKJIIOUEHHUEM 3Be3ll ¢ MHTEHCUBHON akkpelueit). B cayyae 3Be3n Tunma UX
Ori, 6OJBILIMHCTBO KOTOPBIX OTHOCUTCS K ceMeicTBY 3Be3n AeBe XepOura, BKiaz
MarHuToc(epbl 3HaYMTEbHO MeHblle, yeM Yy 3Be3n T Tenbiia. OCHOBHON BKJIaJ
B DMUCCUIO Y HUX JaeT HUCKOBBEINA BeTep [22]. Kpome Toro, 3Be3mpl Thma UX
Ori BpalllaloTcs 3HAUYUTEBbHO ObICTpee MO cpaBHEHMIO o 3Be3namu T Tenblia, 4TO
TakXe 3aTpyAHSET MPUMEHEHHWE K HUM MarHuTocepHON MOJeId aKKpeLWH.
YuuThiBas 3T0, MOJTYYEHHBIE BBILLIE OLIEHKW TEMITA aKKPELIMU CIIEIYET pacCCMaTpUBATh
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CcKOpee KakK BepxHHUe Mpeaesibl.

CnenyeT OTMETUTh, YTO TEMIT aKKPELUM TSI UCCIeAYEeMbIX 3BE3M ONPEAeIsICs
B MocyenHee BpeMsi psiaoM aBTopoB [8,20,23]. Haiuu pesynbTaThl Jydlle BCETO
comtacyloTed ¢ pesyabTatamu I'yamaH-[ua3 u gp. [21], monydyeHHBIMA Ha OCHOBE
HOBOI SMITUPUUYECKON KOPPEISILIUN MEXIY CBETUMOCTBIO U MAacCOi 3BE3Mbl.

B pesynbrarax mpociekuBaeTcsl HeCTaOMIbHOCTh TeMIIa aKKpelnn, 3HAYeHUs
KOTOPOro MOTYT OTJIMYATLCSI B 2 pa3a MpU OJHOM U TOM e YpoBHE OjiecKa 3Be3/bl.
DTa HecTabMJIbHOCTh aKKpeluu HaOJogajliach MO CHeKTpaM, MOJYyYeHHBIM BHE
3aTMEHMI, U CBUIETEIBCTBYET O CHJIBHBIX (DIYKTyallMsX IUIOTHOCTU Tra3a BO
BHYTPEHHUX 00JIACTSIX OKOJIO3BE3IHBIX IUCKOB MCCIEIyeMbIX 3B€3/. YUUThIBasI UX
MOJIOAOCTh, MPUYMHON TaKUX (bIYKTYalMil MOTYT ObITh BO3MYIICHMSI B JAUCKAaX,
BBbI3BaHHBIC (POPMUPOBAHUEM IUIAHETHBIX CHUCTEM.

ABTOpHBI BBIpaxXaloT UCKpeHHIo10 6iaromapHocTth B.I1.I'pyHMHY 3a moMo1ls B
MOJArOTOBKE M HAMWCAaHWU CTaTbU, a TakxKe peleH3eHTy JI.B.TamOoBleBoi1 3a
MOJIE3HbIE 3aMEYaAHUSI.

' CITI6I'Y, Cankr-IletepOypr, Poccus, e-mail: st110648@student.spbu.ru
2 Kpeimckast Actpodusuueckas O6cepBatopusi, Kpoim, Hayunbrii, Poccus

QUANTITATIVE ANALYSIS OF THE SPECTRA OF
CQ Tau AND UX Ori STARS OUTSIDE ECLIPSES
ACCORDING TO THE NORDIC OPTICAL TELESCOPE

P.DIMITRIEVA!, 0.V.KOZLOVA?

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 Ha, 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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PaccmorpeHnbl cBoiicTBa rutaHeTHO# cructeMbl TOI-6255, B KOTOpO#t 3eMJyienono0Has ruiaHeTa
C YJIbTPAaKOPOTKUM OPOUTATBHBIM TieproaoM (5.7 4acoB) obOpalaeTcst BOKPYT KapjiiKa CIEKTPaJbHOTO
kiacca M. Tlo apxuBHBIM u3MepeHusiM Ojecka TOI-6255 choenaHbl BBIBOALI O TEPEMEHHOCTH
Osiecka BCJICACTBUE BpalllEHHUs, a TaKXe LUMKJIMYECKON NOJTOBPEMEHHON MEepeMEHHOCTH OOBbeKTa.
YcraHoBAEHBI BOBMOXHbIE BEJIMYMHBI NIEPUO/Ia BpallleHUs P 3Be3/Ibl, KOTOPbIE JIeXaT B MHTEpBaax
64-74 cyt 1 78-92 cyT M KOTOpbIe OBUIM COIMOCTAaBJICHBI C Pe3yJbTaTaMU JIMTEPATYPHBIX TaHHBIX.
Ana nByx 3HayeHui mapameTpa logR',,. (-5.15 m -4.66), COOTBETCTBYIOLIMX MaKCHUMyMaM
OMMOIAILHOTO pacrpe/e/ieHsT 3TOro Irapamerpa Uil MaJlOaKTUBHBIX M aKTUBHBIX M KapJjuKOB,
BBIYKMCIICHBI BEJIMYMHBI OTTOKA BellecTBa M3 atMocdepsl miaHetsl TOI-6255 b. IToTeps BeliecTBa
aTMocdepsl IUIaHeThl cocTapuseT 9.4-10° r/c mis Benmumusl logR’, =-4.65 u 1.1-10° r/c mis

HK
BeJIMYUHBI logR',, =-5.15. Ouenensl nepcnekTusbl TOI-6255 b, Kak MpUOPUTETHOrO OOBEKTA IS

OynylMx HaOMIOACHUI M UCCIeIOBaHUM.
KittoueBble clioBa: 36e30bl: GKMUBHOCMb: NAMHA: dmmomempuﬂ: NepemenHHoCmb.
NAAHEeMmMHble cucmemol. ammocd)epbt SK30na1anem

1. Beedernue. Asropsl [1] nHdOpMUpOBaI 06 OGHAPYKEHUU 3€MIIETTOLOOHO
maHeTbl TOI-6255 b ¢ yabTpakKOpOTKUM OpOUTaIbHBEIM HepuoaoM (5.7 dac). Ilo
u3MepeHusM JiydyeBoii ckopoctu (RV) ObL10 yCcTaHORBIEHO, UTO €€ Macca COCTaB/sET
1.44+0.14M 4. Cornacho [1], ynbeTpa-kKopoTtkoneproanueckue riaHeTsl (USP)
SIBJITIOTCS TUTAHETAMU 3¢MHOM TPYIITHI (YMCIICHHOCTBIO TIOPSIIKA COTHU) C PaIyCaMK
R <2 Rg , KOTOpBIE 0OpaIaoTca BOKPYT CBOMX 3BE3Jl MEHEE YeM 3a CyTKM. Yaie
OHM BCTPEYAIOTCS Y XOJOMHBIX 3Be3 KapJUKOB, a YacTOTa MX HaJUUMS Y 3Be3[
conHeyHoro tumna Mana (okojo 0.5%), Ho 3TO 00CTOSATETLCTBO, BO3MOXHO, HOCUT
HaOsonaresbHblli xXapakTep. Ilo MHeHU1O aBTOpoB [l], CHUJIbHOE TPUIMBHOE
BO3/IefiCTBME BO3MOXHO Aedopmupyet iaHery TOI-6255 b, npuBons ee hopmy
B TPEXOCHBIN 3JUIMIICOM]I C JUTMHHOM OChIO, KoTopas nmpuMepHo Ha 10% miuHHee
KOpoTKoi och. bim3koe pacronoxkeHne IIaHEThl TAKKe MOXET SIBTISITHCST apTyMEHTOM
IS TIOUCKA MArHUTHBIX B3aMMOMACHCTBUI 3Be3/bl U ILIAHETHI.

B maHHOI1 cTaThe MCCIeO0BaHbI MPOSIBACHUS aKTUBHOCTH 3Be3abl TOI-6255,
a TakKe TMOJTyYeHbl OLIEHKM BEJIMUMHBI BO3MOXHOTO OTTOKA BEILECTBA U3 aTMOC(ephl
TJIAHETHI.
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2. Ilposeaenus akmuenocmu TOI-6255. CornacHo [1], adpdpexrnBHas
temmepatypa TOI-6255 (GJ 4256, LHS 6394, TIC 261135533) paBHa 3421+ 70K,
ycKopeHue cuibl Tspkectr logg=4.850+0.044, pamnyc R/Rg =0.370£0.011 u macca
M/Mg =0.353£0.015 . O6pekt TOI-6255 otoxnectaieH ¢ ucrounnkom Gaia EDR3
1956328333130770048, ero mapautakc cocraBisieT m (mas) =49.0544 +0.0236.

B nmannoit crathe kKak u B [1], paccMoTpensr Habmonenns TOI-6255 w3 apxusa
kocMuyeckoir muccuu TESS. JlaHHbIe ObUIM MOJyYEHBI IS IBYX CEKTOpPOB - 16
n 56 (puc.1). He O6bUT0 OTMeYeHO HUKAKUX MPOSIBIEHUI TIepeMEHHOCTH OJiecKa,
BBI3BAHHBIX BpalllaTeJIbHON MOMYJISILIMEN. MIMelolyecs: MMKKA Ha CIEKTPaX MOIIHOCTU
BEpOSITHEE BCETO UMEIOT JIMOO MHCTPYMEHTAIbHOE TTPOUCXOXKIEHHE, JTUOO SIBIISIIOTCS
apredakTamu. Jluarpammsbl 1j1s1 (pa30BbIX KPUBBIX, TTOCTPOSHHBIE JJISI TIEPUOJOB B
68 mamn 85cyT (CM. HMKe), MPEeACTaBIeHbl Ha MPaBbIX MAHEISIX PUCYHKA. MOXKHO
3aKJII0YUTh, UTO AaHHbIe HabmomeHuit mMuccuu TESS He mosBousiioT caenaTh
KaKMX-JIN0O MPEAIOI0XEHU O BeIMYMHE Mepruoda BpallleHUsT 3Be3abl P.

ABTopbl [1] oTMeTwiu, 4TO MO AAaHHBIM aHaiau3a ob63opa WASP [2] OblLio
c/IeJIaHO 3aKJII0UYEeHUE O MPUCYTCTBUU Ha CIIEKTPe MOIIHOCTU MepeMEeHHOCTH OjiecKa
JBYX TIMKOB, YKa3bIBalOIIMX Ha MEMJIEHHOE BpallleHWe 3Be3[bl, BO3MOXKHO C
nepuomoM 68 miam 85 cyr.

Hamu mpoBenaeHa He3aBHCHMAs MOMbITKA ONpeneJeHUs] eproa BpalleHUs
3Be3Mbl 10 JaHHBIM MHorojeTHero o63opa Kamogata Wide-field Survey (KWS)
(http:kws.cetus-net.org). B 0630pe npeacrapiieHbl HaOMIOAEHUS 3Be3/Ibl B (DUIbTpaxX
V u Ic B nnrepBane HabmoneHuii ¢ asrycra 2012r. mo asryct 2024r. BHauane
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Puc.1. CneBa - kpuBble Onecka TOI-6255, B LieHTpe - CHEKTPbl MOIIHOCTH TIEPEMEHHOCTH
Giiecka, cripaBa - (ha30Bble AMArpaMMbl IIEPEMEHHOCTH Ojiecka (TOpU30HTAJIbHbIEC JIMHUM XapaKTepU3yloT
BEJIMYMHY aMIUTUTYAbl TIepeMeHHOCTH Osecka). [JlaHHble mpuBeneHbl Ui HAOMIONEHU B CEKTOpax
16 u 56.
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MPOBeIeH aHaJIN3 JaHHBIX IJIsT (PHIIBTpa V, Beero OBUTO paccMOTpeHO 997 olleHOK
6necka. [IpencraBieHHBIe Ha puC.2 (BBepXy) JaHHBIE HECOMHEHHO CBUIETEIBCTBYIOT
O MPUCYTCTBUM LUKIMNYHOCTA B M3MeHeHUM Ojiecka. Ha ocHOBe mOCTpOeHHOTO
CITEKTpa MOIIHOCTH MOKHO TPEINOIOXNUTh CYIIeCTBOBAHIE BO3MOXKHBIX ITHKIIOB
aktuBHocTU 530cyT, 1000 cyT 1 2200 cyT (BO3BMOXHO, OHU SIBJISIIOTCSI KPaTHBIMU,
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Puc.2. BepxHsas mnaHenb - dortomerpuueckue Habmoaenus TOI-6255 B dwibtpe V 10
nmaHHbIM  003opa Kamogata Wide-field Survey (KWS). CpenHsisi maHesnb - CEKTp MOIIHOCTU ISt
9TUX JAHHBIX, BEPTUKAJIbHbIE CBETJIbIE JIMHUM OTHOCATCS K LMKJIaM aktuBHocTH 530 cyr, 1000
cyT 1 2200 cyr. BHU3y - cniekTp MOIUHOCTH il MHTepBajia rnepuoios 1 - 100 cyr. BeprukanbHbie
CBETJIbIe JIMHUM COOTBETCTBYIOT BO3MOXHBIM BeJIMUMHAM Tepuona BpaiieHuss P 64 cyT u 78 cyT.
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cpenHsst auarpamma). Ha HyokHel auarpaMme puc.2 TIpUBEICH CIEKTP MOIIHOCTU
ISt uHTepBaia nepuoaoB 1 - 100 cyT, BKITIOYAKOIIEro BEIMUMHY BEPOSITHOTO MepUoaa
BpaiueHust P 3Be3npl. Haile BHUMaHMe TIPUBIEKIN ABa MKUKa, COOTBETCTBYIOLINE
BesmunHaM P 64 cyr 1 78 cyr. Kak u B [1], ocTaloTcsl HEM3BECTHBIMU MPUYUHBI
MOSIBICHUSI M TMPUpPOAa JBYX YKa3aHHBIX IMUKOB, TOYHO HE COBMNAJAIOLIMX C
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Puc.3. Bepxussi maHenb - doroMmerpuueckue HaomoaeHuss TOI-6255 B ¢uabrpe Ic 1o
nmaHHbIM  003opa Kamogata Wide-field Survey (KWS). CpenHsisi maHesnb - CEeKTp MOIIHOCTU ISt
9TUX JIaHHBIX, BEPTUKAJIbHbIE CBETJIbIe JMHUMU OTHOCATCS K LMKIaM aktuBHocTd 810 cyt m 1950
cyT. BHu3y - criektp MouHocTH Wit uHTepBaia rnepuonoB 1 - 100 cyr. BepTukanbHble CBET/IbIE
JIMHUM COOTBETCTBYIOT BO3MOXHBIM BeJIMUMHAM Tepuoja BpaileHust 74 cyT u 92 cyrT.
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pe3yabTataMu U3 2, HO OJM3KUX K HUM.

IIpoananu3upoBaHbl JaHHBIE O Ojlecke o0bekTa B puibTpe Ic. Becero mmeercs
924 oueHku 6ecka 3Be31bl B 3TOM ¢uabTpe. [IpeacraBieHHbie Ha puc.3 (BBEPXY)
JaHHbIE MOTYT JaTh BO3MOXHOCTb MPEATOI0XUTh HAJUYEe BO3MOXHBIX IIUKJIOB
aktuBHOCTU Topsiaka 810cyt u 1950 cyt (puc.3, cpeaHsiss nuarpamMma) U Tepe-
MEHHOCTHM Ha 1ukaje BpeMmeHM mopsiaka 1-100cyt (puc.3, HUXKHSSL ararpaMmma).
B uHTepBane BpeMeHU, XapaKTepU3yIolleM BepOSTHBIN Mepuo BpallleHUs 3Be3Ibl,
KakK M MPU aHaJIM3e JaHHBIX 0 OJecKe 3Be3abl B uibTpe V, TakKe MOXHO YKa3aTb
Ha HaJu4ue JBYX MUKOB, COOTBETCTBYIOIIMX 74 cyT U 92 CyT.

Bospact cuctembl ObLT oLieHEH B [1] ¢ MOMOLIBIO SMIUPUYECKUX TUPOXPOHO-
JIOTMYECKHMX COOTHOINEHWI W COCTaBMJI 6 £ 2 MJIpI JIET IJIST MPUHSTBIX aBTOpAMM
BesmunH P. C y4eTOM BCeX HeOoIpeIesIeHHOCTel, MOXHO celaTh 3aKIoueHNe,
4yT0, cKopee Bcero, TOI-6255 TpuHAMIEKNUT K YUCTY CTAPBIX M MaJIOAKTUBHBIX
3Be3/I.

K coxanenuto, aBrophsl [1] He nMpuBOAAT MH(POPMaLIMIO 00 YPOBHE XPOMO-
chepnoit aktnpHocTn TOI-6255. Ouenka BeM4MHbL nHAEKca logR',, , HEOOXOIMMOTO
HaM B JaJIbHEHILIEM IJ1s OIpeae/eHUs] BeJIMYMHBI OTTOKA BElleCTBa M3 aTMOchepbl
9K30IIaHETHI, ObLIa BHEIIOJIHEHA KOCBEHHBIM 0oOpa3oM. Ha ocHOBe maHHBIX ISt
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Puc.4. Beepxy - 3aBucumocTh napamerpa logR',, or mnokasatens usera (V-K), BHuzy -
rucTorpaMma pacnpeseieHuit napamerpa logR',,. .
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177 xapimKoB crieKTpajibHOro kKiacca M [3] Obu1a mocTpoeHa 3aBUCMMOCTD apamMeTpa
logR’,, ot mokasarena usera (V-K) (puc.4, Beepxy). [lnarpaMma yKasbiBaeT Ha
BO3MOXXHOE OMMOJAJIBHOE pacIipeie/ieHre mapamMeTpa (TMcTorpaMma IpyUBOAUTCS Ha
TOM X€ PMCYHKE BHM3Y), & TaKXKe Ha HeOOJblIyI0 3aBUCUMOCTh logR',, or (V-
K) mra kaxmoit rpymmbl 06bekToB. it TOI-6255 nokasarens nBera (V-K) paBeH
4.m68, 1 3Be3ma, CKopee BCEro, MPUHALICKUT K IPYIIe MaJOAKTUBHBIX M KapiuKOB,
IJIsl KOTOpBIX MHAEKC logR',, Menee -5.00. Ho BciaencTBue HEOIHO3HAYHOCTH,
B MPUHLMIIE, 3Be3[a MOXeET 00anaTh U 0oJjiee BHICOKOM aKTMBHOCTBIO, TOIanast
B IPYIIIY aKTUBHBIX 3Be3/. C y4eToM 3TOro, AajibHEHIe BEIYMCICHHS TTIPOBOIIINCE,
NpUHUMAasd [Ba 3HayeHus napameTpa logR',, (-5.15u -4.66), COOTBETCTBYIOLIMX
MaKCMMyMaM paclpeleeHU IS MaJTOAKTUBHBIX M aKTUBHBIX M KapJIMKOB.

OTMeTuM, YTO COMIacHO pe3ysibTaTaM u3 [4], pacripeneneHus BeJUYMH MapaMeTpa
XpoMoc(epHOIl aKTUBHOCTHU ISl 3Be3] CrieKTpajibHOro kiacca G - K takke Moryr
UMETh JBa WU, Jaxe BO3MOXHO, Tpu nuka ais1 G 3Be3.

PesynbraTel 0 BennunHe napamerpa logR’,, TOI-6255 TpeGyoT nanbHeiiliero
YTOYHEHHSI, BO3MOXKHO 3Be3/1a SIBJISIETCS JIMOO JEHCTBUTESIEHO KpaliHe MalOaKTUBHOM,
JIN00 HAXOAUTCS B COCTOSIHUM CBOEM MOHMXEHHON akKTUBHOCTU. CBeAeHUS O
LIMKJINYECKON TTepEMEHHOCTH XPOMOC(HEepHO aKTUBHOCTU 3BE3Ibl OTCYTCTBYIOT.

3. Ilomeps eewecmea ammocpepor TOI-784 b. Kax ykassiBaioch
BoitLe [1], TOI-6255 b sBnsieTcst IIaHeTOH TUMA cyrep3emiisi ¢ Maccoit M =1.44 M g
u O6osb1I0i moyochbio opouTsl 0.0017 a.e. PaBHOBecHas1 TeMreparypa 3K30IUIaHEThI
paBHa 1340 £ 60 K. VimMes B cBOeM pacnopsiKEHUM TOYHBIE M3MEPEHUS MACChl U
panuyca, aBTopbl [1] BbICKa3aau MpearnoaoXeHus: 0 CTPYKType ¥ BO3MOXHOM COCTaBe
TOI-6255 b. BepositHo, yiapTpakopoTKonepruonmdeckre maneTsl (USP) HacTombKo
CIJIBHO OOJTy4JaroTCsl CBOMMM 3Be3IaMU, UTo MX repBruuHas H/He obomouka moymkHa
Obl1a ObITH TTOJTHOCTHIO YHUUTOXEHA UHTEHCUBHOM MOTepel BelliecTBa. Mi3aMepeHHble
Macchl U paguychl USP miaHer (cM., Hampumep, puc.4 B [1]) coOTBeTCTBYIOT
TIPEATIONIOKEHUIO O TOM, YTO OHU JIMIIEHBI aTMOChep U SBISIOTCS CKaJTUCTHIMU
IUIAHETAaMHU C 3eMJIeTIONO0HBIM cocTaBoM (rmpuMepHo 30% Fe u 70% cuimkaTHBIX
nopon). bosee neTasbHOE OOCYXIE€HME BO3MOXHBIX MOJEIel MPUMEHUTEBHO K
TOI-6255 b mMoxHO Haith B [1].

B [1] Takxe ObUIO TOKa3aHO, YTO MPW BeIWUYMHE Tepuona BpaileHus: 5.7 4,
TOI-6255 b MoxeT ObITh MMOABEPXKEHA CYLLIECTBEHHON aedopmanuy. B mpuHIumne,
IIpUA OIpeAeICHHBIX YCIOBHUSIX 3TO MOXET NPUBECTH K (GopMe TpaH3WTa, OTIH-
yarollencs OT CTaHAAPTHOM 1S TIaHeThl chepryeckoii (hopMbl. TToCKOIbKY HUKAKOM
aCMMMETPHMH B TPAH3UTHOM curHajie B HabmogeHusx TESS He Obuto 0OHapy:KeHO
[1], maneta TOI-6255 b, BeposITHO, He MOABEPracTCsl KaTacTpO(pUUECKOMY pacray.
IIpoueccel medopMai He MCKIIOYAIOT BO3MOXHOCTH BO3HMKHOBEHHS WIIN
nojaepkaHusl BTOPUYHOU aTMocdepbl, O CYIIeCTBOBAHUM KOTOPOW MOIJIU Obl
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CBUIETEJIbCTBOBATh JOTOJHUTEbHBIEC ClieLMalbHbIe HAOMoaeHusl. B aToMm ciydae
MOXHO OBbLIO ObI BBITTOJIHUTH OLIEHKW TEMIIa OTTOKA BElIECTBAa U3 TaKOil aTMochepbl
(ecay oHa CYIIECTBYET).

st momcyera Takoii motepy 06e3 AeTaJIbHOrO MOIASIMPOBAHUSI CUCTEMbI MOXKHO
ITOIPOOOBATh MCITONIL30BaTh allPOKCUMAIIMOHHYIO (hopMyIty (CM., Harpumep, [5,6]),
OOBIYHO HA3BIBAEMYIO MOJIEIIBIO ITIOTEpU aTMOC(EpPhl C OTPAaHUYEHUEM I10 SHEPIUM.
B 3701 MOmeNM TpearonaraeTcsl, 4To MOTOK XecTKoro Y M-mamydeHnsT momnioriaeTcst
B TOHKOM cJIoe paauyca R I7Ie oNnThYecKas ToJIIWHA Wi 3Be3mHbIx XUV-

XUv?
(boTOHOB paBHaA €IMHUIIE U BKIIOYEH YYET MpUIUBHOrO sdexra:

2
de N € yur T Fyyy R, Ryyy

i GMKeE) o
TOE €y, - NMapaMeTp 3¢h@eKTUBHOCTM HarpeBa (&,y, =0.2+0.1 m19 MHUHU-
HENTYHOB M Cymnep-3eMeiib); G - rpaBUTAllMOHHAs MOCTOsiHHAsA; F,,, - MOTOK
XUV-}0oTOHOB; Rp - paauyc TUIQHETHI; Mp - Macca IUiaHeTel; R, - paauyc

norsowennss XUV-dortoHos; K, (?,) - NMpWIUBHBINA TapameTp. TlogpobHocTu
WCMOJIb30BaHUSI COOTHOIIEeHUsT (1) MOXHO HalTM BO MHOIMX JIUTEPATYPHBIX
HUCTOYHMKAX, B TOM 4ucie B [5-7].

OcHoBHble maHHbIe 0 maHeTe TOI-6255 b 6but B3s1ThI U3 [1]. U1 BEIUMCIEHMI
no ¢opmyne (1) oueHku BennyuHbl F,,, (moroka XUV-(HOTOHOB) ObLIN UCIIOJIb-
30BaHbl aHAJIMTUUECKUE 3aBUCHMOCTHU, TIOJTyYeHHbIE B [8] U CBS3bIBAIOILIME BETUUMHY
F,,, noroka u napametp logR',, 114 3B€31 CNEKTPalbHBIX Ki1accos oT F mo M.

Pacuetsl nmo cootHoleHuo (1) mokasanau, 4To MOTeps BellecTBa aTMOCheEpPHI
cocrasisier 9.4-10° r/c st logR’,, = -4.65 u 1.1-10° r/c s logR’,, = -5.15,
a BennuynHbl notoka XUV-¢poToHOB paBHbl 7.5-10%° apr/c u 8.45-10% aspr/c,
COOTBETCTBEHHO.

CpaBHUTETBHO BBICOKAs BEJIMUMHA TOTEPH BelllecTBa aTMOC(hephl TUIAHETHI,
HECMOTpsI Ha HU3KYIO 3 dekTuBHyIO Temmepatypy (3421 K) atmocdephl 3Be31b1
CIIeKTpajibHOro Kjacca M, oOyclioBieHa 4pe3BblYaiiHONM OJIM30CThIO IIAHEThI K
3Be3e (MJ1aHeTa HaXOAUTCS Ha pacCTOSSHUM paBHOM Bcero 3.1 paauycoB 3Be3[bl).

4. 3axarwuernue. PaccMOTpeHBI cBo¥icTBa TutaHeTHOM cructeMbl TOI-6255, B
KOTOpOM 3eMJIENOJ00HAsI TUIaHETa C YIbTPAKOPOTKUM OpPOUTATILHBIM IIePHOI0M
oOpalliaeTcsl BOKPYT KapjiMKa CrieKTpaibHoro kinacca M. 1o apxuMBHBIM M3MEpEHUSIM
oimecka TOI-6255 cnenaHbl BBIBOIABI O LIMKIMYECKOM JOJITOBPEMEHHOM ITEPEMEHHOCTHI
o0bekTa. Bo3aMoXHbIe BeIMUMHbBI Tieproa BpailieHus1 P 3Be3/bl JiexkaT B MHTEpBaJlax
64 -74cyr m 78 -92cyr. Panee B [1] Takke OBUIO ceNlaHO 3aKJIIOYEHUE O
MPUCYTCTBUU Ha CHEKTPpe MOILIHOCTU MEepeMEeHHOCTH Ojiecka IBYX MHUKOB,
YKa3bIBAIOIIMX HA MEUIEHHOE BpAllleHUE 3BE3IbI, BO3MOXHO C ITepruogoM 68 min
85 cyr. I[IprunHa HaIUUMST ABYX TMKOB OCTAaeTCsl HEOOBSICHEHHOI, TeM He MeHee,
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BepoaTHO, TOI-6255 oTHOCHUTCSI K YHUCIY MeMIEHHOBPAIIAIOIIMXCS KapjIUKOB.
OlLieHeHbl BEJIUYMHBI JOJTOBPEMEHHBIX LIMKJIOB aKTMBHOCTU 3Be3dbl. Bospact
CUCTEMBI ObLT HalifieH B [1] ¢ MOMOILLBIO SMIIUPUUYECKUX TUPOXPOHOJIOTUYECKUX
COOTHOIIIEHWI W COCTaBMJI OKOJIO 6 MJIpI JIeT.

BrruriciieHus: BeIMYMHBI OTTOKA BElECTBA M3 aTMochepbl IUIAHEThl ObUIU
TIpOBeJIeHbI VIS AByX 3HaYeHuii napameTpa logR’,, (-5.151 -4.66), COOTBETCTBYIOLIMX
MaKCcMMyMaM OMMOIAIBLHOTO pachpeae/ieHus: 3TOoro napamerpa (a1 MaJoaKTUBHBIX
U aKTUBHBIX M KapJIMKOB, COOTBETCTBEHHO). IToTeps BelliecTBa aTMOC(ephl IIaHEThI
cocrasisiet 9.4-10° r/c nns BenuuuHel logR',, = -465u 1.1-10° T/C T BETMYUHBI
logR’,, = -5.15. BbicoKasi BelIMYMHA OTTOKA BEILECTBA B 3HAYMTEILHOM Mepe
00ycJI0BJIeHAa Ype3BbIUaiHOM OJIM30CThIO TUIAHETHI K 3BE3/IC.

ABTOpBI [1] BBIMOIHWUIM AETATbHOE MCCIEeA0OBaHUE U3MEHEHUM (Pa30BbIX KPHBbBIX
M BTOPMYHOIO 3aTMEHMS Ha KpMBO# Onecka 1o naHHbM apxuBa TESS. HecomHeHHO,
TOI-6255 b aBigeTcsd NPUOPUTETHBIM OOBEKTOM IS OYIYIIMX KCCIEIOBaHUIA
(azoBoit KpuBoi ¢ momolibio Teaeckona JWST B O6auMKHEM U cpeaHeM MHGpa-
KpacHOM [Malla3oHe, MOCKOJIbKY JIIo0oe u3MeHeHMe (a30BOil KPUBOU 3BE3Ibl
OyaeT ropasgo Oosiee 3aMeTHBIM B HH(ppakpacHOM auamnasoHe. Kpome Toro,
TpeOyloTCs HOBblE (DOTOMETpUUECKKe HAOMoNeHUS 1151 YTOUHEHUsT (hOPMbI TpaH-
3UTOB, TIEPMO/IA BpALLEHMS 3B€3/Ibl, a TAKXKE U3YyUEHUS MPOSIBJICHUI XpoMochepHOit
AKTUBHOCTH 3BE3/Ibl, BKJIIOUAsl YCTAHOBJCHUE €€ UUKIUYHOCTY. YUUThIBAsA 3HA4U-
TEJbHYIO BeJIMUMHY BO3MOXHOTO OTTOKA BelllecTBa M3 aTMochephl maaHeTbl, TOI-
6255 MoOXeT OBbITh BKJIIOYEHA B YMCJIO IIPUOPUTETHBIX OOBEKTOB I HAOMIOACHUI
¢ YO xocmudecknM TeneckormoM Criektp-Y@ [9].

HccnenoBaHue BRIMONHEHO B paMKax IpoekTa "McciaenoBaHue 3Be3]1 ¢ 9K30-
m1aHeTaMu’” o rpaHTy [1paBurtenbcTtBa PO mist mpoBemeHNsT HAyIHBIX UCCIICTOBAHMIA,
MPOBOJAVMBIX MOJ PYKOBOJACTBOM BeaylIMX yuyeHbIX (coriameHue N 075-15-2019-
1875, 075-15-2022-1109).

Vupexnenne Poccuiickoii akamemum Hayk, WMHcTUTyT actpoHommu PAH,
Mocksa, Poccus, e-mail: igs231@mail.ru

ACTIVITY OF TOI-6255 AND MASS LOSS OF ITS
PLANET ATMOSPHERE

[.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’,, 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 9.4-10° g/sec for logR',, = -4.65 and
1.1-10° g/sec for logR',,=-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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ONPEAEINEHUE ®YHKIOWKW YACTOTHI BCIIBIIHEK 1
SAITATHEHHOCTHU AKTUBHBIX BCIIbIXMBAIOILIINX
3BE3/J1, ObHAPYXEHHDbLIX "KEITJIEP"

A A AKOITAH
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I[lo nmanHBIM opOMTaIbHOI oOcepBaTopuy "Kerutep” TpoBeleHO HCCeAOBaHUE Haubolee
AKTUBHBIX BCIIBIXMBAIOUIMX 3Be3[, MOKa3aBIIMX 1Mo 250 u Oosiee BCIbIlIEK 3a Mepuoj (HyHKIIMO-
nupoBanus "Kerep”. OCHOBHBIMU HamlpaBJICHUSMU HWCCICIOBAHUSI ObUIM: a) aHalU3 KPUBBIX
Osiecka, BbIsIBJIeHME (DU3MYECKUX OCOOEHHOCTEH Y OTAEIbHBIX 3Be3l, 0) omnpelejieHUe MepUuoau-
Yyeckoii/ImKinueckoil dyHkumu yactotsl Benbliiek (ITMOYB) BenbixuBarolyx 38e31, 00yCI0BIEHHON
OCEBBIMU/OPOUTANIBHBIMU BpalllEHUSIMU, B) TpPeACTaBIeHME HOBOrO crocoba ornpeaeaeHus
3ansiTHEHHOCTH 3Be3n ¢ rnomolublo [TPYB u ero nmpumeHeHue. [losydeHbl COOTBETCTBYIOLIME
[NPYB ¢ meproaMYHOCTHIO OJIM3KOM K MepUoay BpallleHUs 3Be3dbl. [1oCTpoeHBI oOXHIacMbie
pacnpezesieHusl BCMbllIeK Mo ¢azaM, KOTOpble CpaBHEHbI ¢ aHAJOIMYHBIM HaOJI0aeMbIM pacrpe-
JleJIeHUeM BCIBIILIEK TMPU JaHHOM 3HAaYeHUM repuona BpauieHus. [isi Bcex 0€3 MCKIIOYEeHUS
3BE3]l 9TO CPAaBHEHME (C MOMOLUBI0 KPUTEPHSI % ) CBUIETENBCTBYET B IOJB3Y MEPUOLMYHOCTH
4yacToThl Bemblliek. [TokazaHo, 4To pacrpesieseHue MITeH BCIbIXMBAIOUIMX 3BE3Jl MOXHO Tpei-
CTaBUTb KPYroBbIM pacnpezneieHueM (oH Museca, mapaMeTpbl KOTOPOTO OMNpPEIeJIsSIoTCsl uepe3
COOTBETCTBYIOILIME TapaMeTpbl (YHKLIMM 4acTOThl BCHbllIeK. [TosiydyeHbl OLEHKHM 3amnsiTHEHHOCTH
WCCIIEIOBAaHHBIX 3BE3/I.

KutoueBnie ciioBa: ecnoulxusarmoujue 36e30bl: Hacmoma 6CNbIUEK: nepuodu%ec;caﬂ

nepemeHHOCMb: 36e30Hble NAmMHa: pacnpedeserue gon Muzeca

1. Béedenue. Usyuenue 3Be3IHBIX IATEH UMEET JABHIOI MCTOPUIO, BOCXOMIS-
LIYI0 K HAOJIOAEHUSIM COJTHEUHBIX ITITeH, 3a(PUKCUPOBAHHBIX U 3aPUCOBAHHEIX B
JPEeBHUX XPOHMKAaX Pa3IMYHBIX HApoJaoB - oT Kwutas mo nuBuiauszauuu Maiis
(Hanpumep, [1-7] u ccouiku B Hux). [lepBoe M3BecTHOE Ha JAHHBIM MOMEHT
ynoMuHaHue o nsitHax Ha CoJjiHile TPUBOAMUTCS Ha HailneHHol B Kurtae ramaabHoOM
KoctH, KoTopoit okosno 3000 et [1,3,4]. K manexoit npeBHOCTHA OTHOCSITCSI TaKKe
MepBble COOOIIEHNSI O BOBMOXKHOM BJIMSIHUU COJHEUHBIX TISITEH HA 3eMHbBIC SIBJICHMUSL.
OnHaKo UX 1ieJICHATIPABIEHHOE Y CUCTEMATYEeCKOE MCCIICIOBAHME CTAJIO BO3MOXKHBLIM
rocJjie U300peTeHUsI TeIeCKOoIa 1 cpa3y e MPUBEJIO K OYeHb BaXKHBIM OTKPBITHSIM.
Tamwieit, LlaitHep, Moxannec ®@adpunmyc u ap. [8] oOGHApYXWIM MsATHA Ha
ConHile 1 ¢ UX ITOMOIIBIO IMoKa3anu, yro CoaHile 00agaeT OCEBbIM BpalllecHUEeM
U BblUMCAUIU ero nepuon. Janee, IllaiitHep oOHapyXuJI, UYTO CKOPOCThb BpallleHUsI
pasHas JJis ngTeH Ha pa3HbiX mupotax ComHia. [locne 3Tux paboT ucciaenoBaHue
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COJTHEUHBIX TISITEH CTaJIO OMHUM M3 IIaBHBIX HAIIPaBICHUI aCTPOHOMMM Ha HECKOJIbKO
croneTuii. Viaest ke o CyllecTBOBaHMH MSITEH Ha 3Be30ax MPUHALIECKUT (hpaHLy3CKOMY
actpoHomy Mcmasny byito (Ismaél Bouillaud, natuHusupoBaHHbIi - Bullialdus). B
1667T. OH TpemIToNIoXMII [9], 4TO MepeMeHHOCTh 3Be3nbl Mupa Kuta, o6Hapy:keHHast
Hasumom MabpuiiycoM B 1596r., MOXXHO OOBSICHUTH HAJTMYMEM XOJIOTHBIX TEMHBIX
ISITEH Ha MOBEPXHOCTU 3Be3nbl. Jlormuecku OesympedyHast Bepcusl byiio, xoTb u
oKazajlachb HEBEPHOM MPUMEHMUTENbHO K 3Be3ae Mupa Kuta, He Morjia He HailTu
CBOE TNIPUMMEHEHUe, HO IJIsI 3TOT0o MoHamobuiaock okono 300 fer.

B 1947r. KpoH [10] coobiiiua 0 BO3MOXHOM perucTpalliy MSITeH Ha MOBepX-
HocTtH 3Be3dbl AR Lacertae B. Ilocnenyrwoiuue padotrsl KpoHa u Apyrux aBTOpoB
MOCJY>XUJIM OCHOBaHUEM JIJIs1 BBeIEHMSI HOBOT'O, CPaBHUTEILHO MaJOUYMCICHHOTO
THUIIA TIEPEMEHHBIX 3BE3]I - BpalllaTeJIbHbIEC TIEPEMEHHbBIE - C BOCBMbIO TTOATUITAMU
(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), acTpogu3nyeckue mapaMmeTpbl KOTOPBIX CYILIECTBEHHO OTIMYAIOTCS IpYyT
ot apyra [11]. I3 Hux HauOoJsiee 6JU3KMMM K BCIIBIXMBAIOILIMM 3Be3/1aM SIBJISIOTCS
3Be3abl TMIa BY Dra.

B pabore OckanstHa u ap. [12] ObUIO BBICKA3aHO NPEAIIOJIOXKEHHUE, YTO
HaOJo1aemMylo nepeMeHHOCTh 3Be31bl BY Dra MoXXHO OOBSICHUTH MOSIBIEHUEM U
HMCUYE3HOBEHMEM 3BE3IHBIX ITISITEH, KOTOpbIe, B OTIMYME OT COJHEUYHBIX MOTYT
BO3HUKATh B MOJISIPHBIX 00JIACTSIX 3Be3/bl. 3Be3aM 3TOr0 TUIMA MPUCYIA TaKxkKe
rnepeMeHHasl BCIblleYHast akTUBHOCTD [13]. Bau3kumu K BCIIBIXMBAIOLIMM 3BE31aM
SIBSIIOTCS Takke 3Be3abl Tuma RS CVn (B Karajiore mepeMeHHBIX 3Be3l OHU
MPUYNCICHBI OMHOBPEMEHHO K 3PYNTHUBHBIM M 3aTMEHHBIM nepeMeHHbIM [11]). B
1976r. Xamn [14] y 3Be3nm tuma RS CVn cpeau MpouyMx BBIACAWI W IPYIIILY
BcnbIxuBawIux 3Be3a. B 1979r. Uton u Xann [15] oObICHWIM TPUCYTCTBUE
IJIaTo B KpUBBIX Ojiecka 3Be3n RS CVn HainuueM 3Be3OHBIX MSATEH. 3BE3Abl TUMA
RS CVn u BY Dra gBisroTcsl TECHBIMU ABOMHBIMU 3BE3AaMU, U KPOME YIIOMSIHYTOM
BBI1LIE€ BCITBIIEYHON aKTUBHOCTU, OHU O0JIaaloT XapaKTepHOM ISl TECHBIX IBOMHBIX
3Be3]l YCWICHHON aKTUBHOCTBIO, TECHO CBSI3aHHYIO C MAarHUTHBIM MOJIEM 3Be3.

Bbrnaromapst HabmoneHMsIM KocMudeckux TesneckonoB "Kerep” m TESS, mccie-
JIOBaHME BCIIBIXMBAIOILIMX 3Be3l M TECHO CBSI3aHHBIX C HUMM BpalllaTeJbHO-
nepeMeHHBIX 3Be3n TMna BY Dra, RS CVn Bbluio Ha coBeplIeHHO HOBBIN
YPOBEHB MO CBOMM BO3MOXKHOCTSM, IO KaYeCTBY 1 KOJIUYECTBY JOCTYITHBIX JAHHBIX.
DTU NaHHBIE MMO3BOJISIIOT: a) TOJYYUTh KPUBYIO OJiecKa Ha MPOTSIKEHUU JOCTAaTOYHO
JIOJITOTO BPEeMEHU M HCCIeN0BaTh LUKJbl 3BE3AHOM aKTUBHOCTU (QaHAJIOTMYHO
LIMKJTY COJIHEYHOU aKTUBHOCTH), 0) OLIEHWUTb MEePUO/ BpallleHUsI, 3aMsITHEHHOCTh
3BE3/, U, COOTBETCTBEHHO, pa3Mephl U SHEPTeTUUECKHUE XapaKTepPUCTUKU aKTUBHBIX
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obacreil, B) 00HapyXuTh auddepeHINaTbHOe BpallleHUe, MUTPALUI0 aKTUBHBIX
obiacTeii M HcCClenIoBaTh HMX B3aMMOCBSI3b CO BCIIBIILIEUHONH aKTUBHOCTBIO, T)
HCCIIEIOBATh MePUOINIESCKYIO,/ IIMKIIMUYECKYIO TIepeMEHHOCTb HAa0JTIOMaeMOil 9acTOTHI
BCHBIIIEK aKTUBHBIX BCIBIXUBAIOIIUX 3Be3M, OOYCIOBICHHYIO OCEBbIM BpalllcHUEM
3Be3/l U HEPaBHOMEPHBIM paclipeleieHueM SIPKOCTU Ha MOBEPXHOCTHU 3Be31bl. B
YACTHOCTH, Pe3y/IbTaThl, IIOJYYEHHBIC aBTOPOM B MpeAblAylnnx paborax [16-18],
He MPOTUBOpPEYAT MPEIIOJOXEHNIO O TOM, UTO OCEBOE BpallleHUEe 3Be3Ibl MOLYJIPYET
Ha0JII01aeMyI0 YaCTOTY BCITBILLIEK.

IepemeHHOCTH HAOII0IAEMOI YaCTOThI BCIBIIIEK MOXET OBITh BbI3BaHA TaKXKe
peaTbHbIM U3MEHEHVEM BCIIBbIILIEYHON aKTUBHOCTU 3BE3IIbI B TEUEHUE 1LIMKIIA 3BE3MHOM
aKTMBHOCTY U IpyruMu 3ddeKTamMu, KOTOpbIE OTPAKAIOTCS B HEPETYJISIPHOM TTOBEICHU
KpPMBOIi OJleCKa M B OTHENBHBIX CIy4asX CEPhe3HO OCIIOKHSIOT HaOI0JAeMYIO
KapTuHy. B Takmx ciayyasix He3aBUCMMBII OT BUJA KPUBOI COCOO OIpeaeaeHust
nepuvoja BpallleHUsI, B JaHHOM CJIydae yepe3 omnpelecHue NepruoanuecKoi mepe-
MEHHOCTU HaOJTI0IaeMOi1 YaCTOThI BCIIBIIIEK, MOXKET CYILIECTBEHHO OOJIETYUTh MHTEP-
MnpeTaluio Ha0I0IaeMO KpUBOIA.

PaboThl, BBIMOIHEHHBIC C UCIIONB30BAHWEM JAHHBIX HAOMIOACHUI KOCMUUECKUX
teaeckonoB "Kermep" u TESS, oyt He OCTaBISIOT COMHEHUIA, YTO BCIBIIICYHO-
aKTUBHbIC 00JIACTU 3BE3[l TECHO CBSA3aHBI CO 3Be3AHBIMU TsITHaMU. ClieIoBaTe/IbHO,
MOXHO OXWIATh CYILIECTBOBAHUE TECHBIX CBSI3E MeXIy KauyeCTBEHHbIMU,/KOJINYECT-
BEHHBIMU XapaKTePUCTUKAMU 3BE3IHbBIX ISITCH W BCIBILICYHON aKTUBHOCTHLIO 3BE3/I.

B nanHoi1 paboTe npennaraercsl cnocod onpeaeaeHus 3ansITHEHHOCTU BCITbIXM-
BarollMX 3Be31 (B ToM uucie mist 3ee3n Tuna BY Dra, RS CVn) uepes onpeneneHue
TeproanIecKoit GyHKIMU 9acToThl Bembiinek (ITPYB). B pasnmene 2 mpuBogmTcs
MOCTaHOBKA 3aJauyd, B pasjeie 3 - oluMcaHUe MCXOOHBIX JAHHBIX, B paszjaeie 4 -
MOJyYeHHbIE pe3yIbTaThl. 3aKII0UUTEbHbIC 3aMeUaHusl PUBOASTCS B pasieie 5.

2. llocmanoéka 3adauu. B npencraBieHHON paboTe IMOCTABJIEHA 3a1a4a
oIpeie/IeHs 3alsITHEHHOCTH BpalllaTeIbHO-TIEPEMEHHBIX W BCIIBIXMBAIOIINX 3BE31
yepe3 omnpenenenre [1PYB stux 3Be3n. B ocHoBe paboTHI JieXkaT Clemylolne
MPEATOI0XKEHUS] U MPEANOChIIKHU:

- W3 pmannbix "Kemmep" m TESS crmemyeT, 4TO BCIBIXMBAIOIIME 3BE3HI,
IMOMMMO TIPOYETO, OOJIAMAIOT TAKXKe BpalllaTe/IbHOM MepeMEHHOCTBIO, O0YCIIOBIEHHO
HX BpallleHeM W HepaBHOMEPHBIM pacrpeneeHUeM IISITeH MO MOBEPXHOCTU 3BE3/Ibl.

- Ba3oBbIM sIBISIETCST IPEATTONIOXKEHNE O CIIyYalfHOM M HE3aBUCMMOM XapaKTepe
BCIIbILLIEK, YTO MO3BOJISIET PACCMOTPETh MOC/EN0BaTENbHOCTh BCTIBILLIEK 3BE3Mbl KaK
CIyJaiiHBIN MMyacCOHOBCKUI mpouecc [19]. M3 TecHOI CBSA3M BCIBILIEYHON aKTUB-
HOCTHU 3Be3]] C TIATHAMU HEN30EKHO CJIeyeT, YTO YAaCTOTAa PETUCTPUPYEMBIX BCITHIIIIEK
MoayaupyeTcss BpaiueHueM. CleaoBaTelbHO, B HAHHOM CJIydae HEOOXOIMMO
paccMOTpeTh TTOCIeA0BATEIbBHOCTh BCIIBIILIEK 3BE3/Ibl KaK CIYyYaiiHbIN ITyaCCOHOBCKUIA
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TIporiece ¢ IUKINYECKUM/TIEpUOIMIeCKM TTapaMeTpoM. B mpenpimynmix pabotax B
KavecTBe MapaMeTpa IyaCCOHOBCKOTO pacIipeleieHUsT NCIOIb30Batach (PyHKIIAS

Ae)= hexp [k sin ((x)o I+ S)]
1,(7)
2n .
e k, ®,, 9, A - MOCTOsIHHBIE, a [ (k)= .[o exp[k Sln(u)]du - MOAMDUIIPOBAHHAS
¢bynkuus beccenst HyJeBoro nopsjaka nepBoro pojaa. Beioop atoi (pyHKIMU ObLT
00YCJIOBJIEH TEM, YTO B 3aBUCUMOCTHM OT 3HAUE€HHUS TapaMmeTpa k obecrieunBaeTcs
pa3HooOpasre BUAOB MepUOANYECKON DYHKIIWM.

- CornacHo pa6orte [20], BCrbIlIeYHAs! aKTUBHOCTb MOJIOXUTETLHO KOPPEIUPYET
¢ pa3mepamu nsiteH (cM. puc.10 B [20]), U3 Yero ciemyeT, YTo Takas Xe KOppessius
MMEET MECTO MEXIY pa3MepaMM ISATEH W YncIoM BermbleK. [TockonbKy mapamerp
ITyaCCOHOBCKOTO TIporiecca k(t) 9TO CpeHEee YUCJIO COOBbITUIA, B JAHHOM Cllyyae
BCIIBIIIIEK 32 €AMHUILY BPEMEHU, TO U3 3TOTO ClIeAyeT IPUHLMITUAIbHAS BO3MOXKHOCTh
onpenesieHUsT mapaMeTpa 3arsITHEHHOCTH 3BE3/1 IMyTeM OIpeaesIeHUs TapaMeTpa X(t).

- YuuTeiBas M3BECTHBIE CBOMCTBA TPUTOHOMETPUIECKUX (DYHKIINI, MOXHO
cKazarh, YTO (YHKIIMS k(t) MO CyIIECTBY COBHaAaeT ¢ (PYHKUMEN TIOTHOCTU
pacripenesieHust ¢poH Museca:

M(x| " k): exp [k cos (x— p)] , @

211, (k)

rae | - cpeaHee (OOHOBPEMEHHO MOJA W MEAWAHA) paclpeneseHus, k - Mepa
KOHUeHTpaluu, 1/k - nucnepcus, 1-1, (k)/lO (k) - KpyroBas aucnepcus. K
COXAJIEHUIO, 9TO OOCTOSITENILCTBO OBLIO YIYIIEHO M3 BUAY B MEPBBIX padoTax
[16-17]. Ha cxoacTBO IepeynciieHHbIX Bblille (QYHKLWI BIIepBbie ObLIO 0OPALIEHO
BHMMaHue B pabote [18]. Pacmpenenenue ¢oH Mmuseca M3BECTHO TaKKe Kak
KpPYroBO€ HOpMaJIbHOE pacrpenesieHue Win pacnpeneneHue TuxoHoBa. OHO 1IMPOKO
MPUMEHSETCS MPU CTaTUCTUUECKOU 00paboTKe YrIOBbIX (KPYTroBbIX) JAHHBIX U
SIBJISIETCS] XOPOILIMM TPUOIIDKEHMEM K HAMOTAaHHOMY HOPMaJIbHOMY pacrpeesieHUIO
(KpyroBoii aHaJIor HOPMaJIbHOTO pacIpeaeeHUsI).

Orclona cienyer, 4To IS OTNpeAesieHUsl pacipeneseHus 3asITHEHHOCTH o0pa-
IIEHHOW K HaOtonareso mojaychepbl 3Be31bl, HEOOXOAUMO, BO-TIEPBbIX, ONPEICTUThH
I[IPYB 3Be3abl 1 MPENCTaBUTh €0 B BUAe (GYHKIMU TUIOTHOCTH pacIpeneICHUS
(oH Muszeca, KoTopasi, yYUTbIBasl MOJOXUTEIbHYIO KOPPEJSLIMIO BCIbILIEUYHOMN
aKTUBHOCTU C pazmepamu mgateH [20], omHOBpeMeHHO OyaeT dhyHKUMei pacipe-
neaeHus 3GbeKTUBHOM MUIoLanM MiITeH Ha oOpalleHHOM K HaOIoaaTe o Mojy-
cepnl 3BE3MbL.

Bo-BTOophIx, Heobxonumo nonydeHHble [IMYB Kak-To cooTHECTH K HaOMIOmaeMbIM
KpuBBIM Ojiecka (rmoroka). B maHHON paboTe MNpemioXeHO 3TO cAesiaTb Mpu
ITOMOIIM KpaiHWX 3HadeHui (3kcTpeMymoB) [1PYB u kpuBoit Giecka. EcrectBeHHO,
YTO MPU MaKCUMyMe KpYBOH Oyiecka HaOM0AaeTCsl MUHMMAIbHO 3aMsiTHEHHas (U3

(>0, ®, 20, 0<9<2m, 1 >0), 1)
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BCEeX BO3MOXHBIX) Moyiychepa ¢ MUHUMAIbLHOW BCIBIIIEYHONH aKTUBHOCTBHIO U,
HAo0OpOT, MpPU MUHUMYyME Ojiecka HaOJMI0JAETCS MaKCMMAJbHO 3amsiTHEHHAs
nojiycepa ¢ MaKCMMaJIbHOM BCHBIIIEUHOW aKTUBHOCThIO. U3 (1) ciemyer, uTo
OTHOIIIEHHE MaKCMMyMa Ha0Ji01aeMOil BCIbIIIEYHON aKTUBHOCTU K MUHUMAaTbHOMY
PABHO Ay /A pin =exp(2k) W JIETKO J0rajgaThCsl, YTO OTHOLIEHWE ITOTOKOB B
MaKCUMyMe M MMHUMYME MOXHO BBIPA3WUTh Yepe3 3TO OTHOIICHUE.

IIpy GompIIMX YIIIOBBIX HAaKJIOHaX ocu (60° +90° ) BpallleHHs 3Be3Ibl K JIyIy
3peHUs 3TU Noxycdepbl, yYUTHIBASI CUMMETPUYHOCTD BbIIICTIPUBEACHHBIX (DYHKIIUH,
MOXHO CUMTATh IUAMETPATbHO MPOTUBOMOIOXHBIMU, UTO 1a€T BOBMOXKHOCTb OLIEHUTh
3aMSITHEHHOCTb 3BE3/bl B 1IEJIOM.

3. Ucnoawvszoeannwvie O0anHbie. 1N BBITIOJTHEHUS TIOCTABIEHHON 3a0aud
OblIM OTOOpaHbl Haubosee aKTUBHBIE BCIbIXMBAlOIIME 3Be3fbl (88 3Be3m) u3
OOHOBJIEHHOTO CITMCKA BCIBIXMBAOIIMX 3BE3I ITO TAaHHBIM HAOMIONCHMST KOCMIYIECKOMN
obcepBatopun "Kerrep" [21], y KoTOpbIX 0O0HapyxkeHO 110 250 BCIbIIIEK U Ootee.
Panee aHamornuHast pabota ObUTa BbIMIOJHEHA TSI 74-X BCIBIXMBAIOIIMX 3BE31 MO
JaHHBbIM cTaporo crnucka [20], KOTOpbIi CyIIECTBEHHO OTJIMYAeTCsl OT HOBOIO
o0wIreM BCIIbILLIEK Y OTAEIbHO B3AIThIX 3Be3d. B pabore [17] u3 cniucka [20] 6buin
oTOOpaHbl 3Be3/bl, MoKasapiiue no 400 u Gojee BCIbILIEK, 3HAYUTEIbHAS YaCTh
KOTOPBIX OKa3ajach JIOXHBIMU BCIIbIILIKaMU, coracHo [21]. Beibopku 3Be3n,
KCIIOIb30BaHHbIE B JaHHOM pabore U B [17], yactuuHo (36 3Be3m) IMEepEKPhIBAIOTCS,
YTO TMO3BOJISIET TIPOBECTU HE TOJIBKO CpPaBHEHHUE IMOJTYYEHHBIX Pe3yJbTaTOB, HO U
OLICHUTD BIMSTHUE MCKITIOUEHUS JIOXKHBIX BCITBIIIEK Ha pe3yJIbTaThl, TTOJIydeHHBIE
B TIpeCTaBIeHHOI pabote. HecMOTps Ha CyliecTBEeHHOE YMEHbBIIICHUE KOMMIeCTBa
BCIBIIIEK HAa ONHY 3Be3/1y, UCKJIIOUEHUE BEPOSITHBIX JIOKHBIX BCIbILIEK B MOIAB-
JISTIOITIEM OOJIBIIIMHCTBE CITy9aeB MPUBEIIO K ToMy, UTo TiorydeHHble [TMYB okazamich
CTAaTUCTUYECKH 0O0JIee TOCTOBEPHBIMI B paMKaX MCITOTb30BAHHBIX CTATUCTUYECKUX
KpUTEpHEB. DTO CKOpPEE BCETO CBUAETELCTBYET O TOM, YTO MCKIIIOUEHHbBIE BCITBILLIKU
B OCHOBHOM OBLIN IEWCTBUTEILHO JIOXKHBIMUA U, HaBepHSIKa, ObLTN pacrpeneicHbl
boJiee WM MeHee paBHOMEPHO BO BPEMEHMU.

B Tab6s.1 mpencrapiieH HEMOJHbBIN CIMCOK BCIBIXMBAIOIIMX 3BE3/ MCIOIb30-
BaHHBIX B IaHHOW paboTe, rie NMpuBeaeHb HoMepa 3Be3n B KaTtayiore KIC, yucio
BCIIBIIIIEK, TIEPHUOJ TIEPEMEHHOCTH KPUBOI OJecKa, THI ITEPEeMEHHOCTH 3Be31bI B
6aze maHHbIX SIMBAD. B Tabmuily BKIIOYEHBI TOJBLKO T€ 3BE3Ibl, Y KOTOPBIX
repronsl BpamieHus u [1OYB otmyatoTcs npyr ot apyra MeHee 4eMm Ha 1% (cM.
Ta0,1.2). PacnpenenaeHus Yucia BCIbILIEK A U IEPUONOB P Ul MOJIHOM BEIOOPKU
3Be31 IpuBeAcHbl Ha puc.l u puc.2 (cMm. B pasaeie 4).

3HaYeHNsT MAaKCUMAJIBHOTO 1 MUHUMAJILHOTO MTOTOKOB M3BJICUEHBI M3 KPUBBIX
IMOTOKOB 3B€3/, CKAUEHHBIX C IIOMOIIBIO IIPOrpaMMHBIX cpeacTB Python [25]. Dtu
KPUBBIE MCIOJIE30BATUCH TAKKE [UIs TIPOBEPKM 3HAYEHWIA TIEPUOIOB P, IPUBEIEHHBIX
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Tabauya 1
BXOIHBIE TTAPAMETPBI BBIBOPKHM BCIIBIXMBAIOIIINX 3BE3]]
KIC n P Twur mepe- KIC n P Twum nepe-
MEHHOCTH, MEHHOCTH,
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

B TabJ1.1, ¢ MOMOILIBIO ABYX B3aMMOAOMOJHSIOIIMNX aniroputMoB - BLS (Box Least
Square) [26] u Jlom6a-Ckapria [27,28]. [loayyeHHbIE 3HAY€HUSI HE3HAYUTEILHO
OTJIMYAIOTCS OT TaOJMYHBIX U, BO U30eXKaHUE CYObeKTUBHOCTU, B Ta0JI.1 MpUBeaEHbI
yXe OMmyOJMKOBaHHbIE 3HAYCHUS.

30
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KonuyecTso Becnbiluek

Puc.1. PacnpeneneHue KoauyecTBa BCIbIILIEK IS MOJHOM BBHIOOPKM 3BE3M.
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AnroputMm BLS npenHasHaueH JU1s1 00paOOTKM CUTHAJIOB, XapaKTEePHU3YIOLINXCSI
MEePUOANYECKIM YepeOBaHUEM JIByX JUCKPETHBIX YPOBHEN U ILIMPOKO MCITOIb3YeTCs
JJIST OOHAPYXKEHUS W ONMMCAHUS TIEPUOINUECKIX TPAH3UTOB BHECOHEUHBIX TUIAHET.
Hcnonb3oBanue anroputma BLS npumeHuTeNbHO K BpalllaTeJbHO-TIepeMEHHBIM
3Be3/1aM OMpaBIaHO CXOACTBOM TpaH3UTA TIJIAHET C MepeMeleHEM 3BE3IHbIX MSTeH
B noJsie 3peHus1 Habmonaress. C momonisio BLS MoxHO onpeneanTs NpoaoaKu-
TEJIBHOCTH "TIaTo" IIyOOKOro MMHUMYMa, KOTOpast COAEPKUT ONpeaesIeHHYIO NH(Op-
Mall1Mi0 O KOMIIAKTHOCTU paclipefe/ieHusl 3Be3AHbIX MsATeH [18].

4. Pezyasvmamul.

4.1. Onpedenenue I1DYB. Kak GbUI0 yKa3aHO BhILIE, B KAUECTBE IEPUO-
JIUYeCcKoi (DYHKIIMY YaCTOThI BCIIBIIIIEK-TTApaMeTpa ITyaCCOHOBCKOTO pacIpene/icHIs
BBIOpaHa yHK1m (1), mpemioxeHHas KyrosHiioMm [29] mis onmvcaHusT IyaCCOHOB-
CKOTO TIpoliecca ¢ IMepHOIMIecKUM ImapaMeTpoM. [IpuMeHHNTeNIbHO K Hallleii 3amaye,
€CJIM PaCCMOTPETh B KaYeCTBE CTATHCTHMUECKOTO COOBITUST PeaTM3allMIo # BCIIBIIIIEK B
uHtepBaie BpemeHu (0, 7)), To yHKIIMS MpaBIONoa00Ms TAKOTO COOBbITUSI UMEET BUIL:

n
e M IL exp kzn:sin(ooo t,+9)],
olk) =
e # - MOMEHThI BCIIBILIEK.
W3 noctaHoOBKY 3ama4yu cienyeT, YTO BeJIMYMHA ®, AODKHA OBITh paBHA WIH
O0iM3Ka K 3HAUEHUIO LUKIMYECKOW YacTOThl OCEBOTO BpAIEHWS 3BE3IbI, T.€.
©, =27/F, . B KauecTBe MCXONHBIX JaHHBIX WMCHOJb3YIOTCS 3HaUeHus P, (Tabm.1).

40
|| Mepwvop Bpawerus 3se3n
30 I Neprop vacToTbl Bembilek
= 20
=
o
;
0
0 4 8 12 16 20

Puc.2. PacnpeneneHue nepuomoB BpallleHHWs W YacTOThl BCIHBIIIEK JJISI TOJHOW BBIOOPKU
3Be3.
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ﬂ,J'IH OLICHOK MaKCHMaJIbHOI'O HpaBI[OHOI[O6I/IH OCTAJIbHBIX IMapaMETPOB UMCEM:

4 )= Z; cos ((”0 t[)
T 2,11 sin (0)0 t[ )

dlogl, (k)| _ \/(Z:'lzl sin (0)0 l; ))Z + (27:1 cos (‘”0 L ))2
dk |k:/€ ) n '

Ipu sTOM MHTepBan BpeMeHU T HOTKEH OBITh KPaTHBIM Mepuopy 2w/, , a
U3 MHOXECTBa KOpHEil BTOporo ypaBHeHMs (3) 3 BbIOMpaeTrcs Mo cienyroleMy
MpaBuIy:

b

(€)

9, ecim sgn(zlllsin(wo ti))z sgn(Z;cos(ooo t,-))

9={9+2n, ccm $<0 u sgn@?:l sin (, 7, ))z sgn(zz;cos(mo t )) “

~

d+7 , B OCTAJIbHBIX CJIydasX.

3amaHueM ®, W OMpeAeSieHUEeM MapaMeTPOB i, 9, k byHK1LMA k(t) orpe-
JIeJiIeTcsl TOJAHOCThI0. M3-3a Heu30eXHbIX OLIMOOK TMpu 00paboTKe NaHHBIX U
HeomnpeeJIeHHOCTe!, CBA3aHHbBIX CO CTaTUCTMUECKMM XapaKTepoM 3a1aud, HeOOXOIUMO
BapbMpOBATh 3HAYEHUE ®, B Y3KOM HMHTEpBajJe 3HAYEHWI LUKINYECKUX 4acTOT
BOKPYT TIEPBOHAYAEHOTO 3HAYCHUsI, YTOOBI IMOJTYIUTh IpaBaononooHyo [TPYB,
KOTOpasi O0ECMeuuT Jiydllliee corjlacue ¢ HaOaroAaTebHbIMU AaHHBIMU. Mepoit
MPaBIONOAO0HOCTH SBISIETCS JJorapruM OTHOLIEHMST (YHKIIMI TpaBaonoaoouit
ABYX IIyaCCOHOBCKMX IPOLIECCOB: ¢ MEPUOAMYECKUM TTapaMeTpoM (rumnoresa H)) u
CTallMOHAPHBIM (runoresa ), COOTBETCTBEHHO:

InLy y, :kzn:sin(ooo t;+9)—nin(1,(k)). (5)

i=1
B pabote [17] OBLJIO yCTAaHOBJIEHO, YTO TMIIOTE3y O CTALlMOHAPHOCTA MOXKHO
YBEPEHHO OTBEPrHYTb, €CJIM JIOTapi(M OTHOLICHHST MpaBrononoduii InLy ;>3 !
K stomMy pesynbrary IpuBeio IMpUMeHEHNEe KpUTePUsI CPaBHEHUS ABYX ITyaCCOHOB-
CKUX TIPOLIECCOB - MEPUOANYECKOrO M CTAllMOHAPHOIO, MPUBEIEHHOIO B paboTe
[30], cormacHoO KOTOpOMY CTallMOHAPHOCTb HE OTBepraeTcsl, eciau

|:(Z:‘1=1 sin (@, 7, ))2 + @; cos(a, ¢, ))2 } /3n <.

Cornacue ¢ HabMoaATeIbHBIMI JAHHBIMU TTPOBEPEHO CPaBHEHNEM OXKMAAeMOIO
pacrpeaeaeHus BCIbIIIEK 110 (pa3aM ¢ COOTBETCTBYIOIINM HAOJII0IaeMbIM pacIipe-
JIEJICHUEM C TIOMOIIBIO KPUTEPHUS COTIacus x (kputepuit cornacus ITupcona).
Bonee mmogpobHOe ommcaHue MeTonma NpuBeAeHO B paborax [17,18].

! B pabome aemopa [18] 6 smoii gpopmyse ecmv onewamxa. Bmecmo snaka " >" nocmaenen 3nax "<'.
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Tabauya 2
BBIYMCJIEHHBIE TAPAMETPHI JJ11 HETTOJITHOWM BBIBOPKU 3BE3]]

KIC

i

P/P,

k

9

1nLHl/Ho

2

X

i

Ko

2968811
4758595
5351320
6117602
6187639
6675714
7131515
7664485
7905458
8093473
8292758
8481420
8507979
8811811
9116222
9201463
9267818
9349698
9456920
9540467
9941718
10146539
10355809
10865206
10909367
10975238
11342883
11515713
12258055
12314646
12646841

14.722
20.130
0.901
0.604
2.992
6.760
3.854
3.153
18.045
6.058
2.873
2.047
1.226
1.553
7.415
5.581
10.569
1.349
1.791
8.640
3.702
5.118
1.534
2.442
2.952
1.940
3.636
21.282
2.737
2.719
3.275

0.995
1.007
0.990
0.998
1.004
1.000
0.999
0.998
1.004
1.003
0.997
1.003
1.005
1.002
1.001
1.006
0.992
0.992
1.006
1.009
1.001
0.990
1.009
1.009
0.991
0.995
0.999
0.992
0.995
1.000
1.008

0.17919
0.23903
0.25657
0.21010
0.25170
0.24390
0.17312
0.25856
0.20617
0.19305
0.29767
0.24367
0.21083
0.29200
0.22043
0.18942
0.16437
0.21651
0.22950
0.20029
0.25150
0.21967
0.24430
0.22080
0.24685
0.23798
0.20199
0.14529
0.19036
0.20984
0.21694

1.36459
0.62775
2.67321
2.25872
3.31417
0.7625

4.83821
1.90688
1.04902
5.85648
3.75708
3.99111
5.99714
0.46721
1.69782
2.81767
4.30767
2.10742
2.86364
3.30475
1.63789
5.79978
2.93176
0.44784
1.09566
0.02141
4.54076
299114
3.60906
1.11513
3.77042

2.32193
4.59307
4.12922
3.13033
5.08692
3.70643
2.98765
4.60534
2.79388
4.05237
6.23185
4.34532
3.50467
5.41296
3.82788
4.35719
2.37902
4.01951
3.95087
3.30475
4.56316
3.23999
5.62162
3.14016
4.21737
4.34297
2.91536
1.33517
2.34856
4.22532
3.6038

1.51178
6.51034
3.11193
3.20167
3.92036
2.04663
6.14257
7.15711
2.04278
2.82382
7.32981
2.38966
0.70206
0.94671
4.82591
6.27405
0.77738
1.67937
3.73247
1.94747
6.63292
2.09252
1.72234
1.27875
5.86557
5.97322
3.91743
5.64332
1.84612
3.65024
1.28178

0.5888
0.6631
3.1996
2.0145
0.0152
0.7049
5.2973
1.8924
4.5869
4.1663
5.5450
1.4298
3.6537
1.2602
1.4942
5.2266
4.5762
0.3499
5.6753
0.7916
2.3410
1.9662
1.5056
4.3605
0.3025
2.6149
5.7226
2.1447
1.7013
0.5259
3.8791

1.9969
6.0032
4.3020
2.7024
1.7586
6.1798
2.2816
2.2285
4.0651
2.1688
1.4481
3.8501
1.7968
0.1566
1.6212
0.1594
1.0299
0.8866
0.6850
1.7024
2.4081
6.1952
2.8665
3.2376
6.1106
1.0656
2.4093
3.5650
3.7395
0.0703
6.0787

B T1a6:1.2 nipencrapieHbl BBIUMCIIEHHbBIE TTapaMeTphl J1s1 BBIOOPKM 3BE3[, TIPEI-
CTaBJIEHHOH B TabJ1.1, rae mocjenoBaTesIbHO MPUBENAEHBI HOMEpPA 3Be3 B KaTajlore
KIC, nepuon HCDA‘IB Pf, OTHOLIIEHHE Pr/Pf, KO3 GULIMEHT KOHLEHTpaLUuu Ié,
HavaibHag ¢daza 3 (A1 YUCTO TEXHUUYECKOIrOo yA00CTBA BHIYMCICHUN MPUHSTO,
YTO HayajbHbIi MOMEHT #= (0 HaOMIOJeHMI I KaXIoi 3Be3[bl COBIAJAET C
MOMEHTOM TI€pPBOI €€ BCHBIIKH), Jorapr@m OTHOLLIEHUS MPaBIOIIOA00MiA, 3HaUeHE
Kkputepusi corjacust X~ . JIisi monaHOM BBIOOPKM 3Be3l Ha puc.2-4 MpuUBEIEeHbI
pacnpeaeeHus Pf, P /Pf v k.

Ha puc.5 npusenensl npumepsl onpeaenenuss I1OUYB u cooTBeTCTBYIOIIMX
(azoBbIx pacmpeneneHuit Benbiinek s 3se3n KIC 8811811, 2968811, 6675714.
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Puc.3. Pacnpenenenune otHowmeHust P /Pf TSI TIOJTHOM BBIOOPKM 3BE3II.

3Be3ma KIC 8811811 omna m3 mectu BeposTHBIX 3Be3n tumna BY Dra, mpen-
cTaBJeHHBIX B Taba.1. K Tomy e oHa mpencTaBisieT YCJIOBHYIO TDYIIY 3Be3[,
JUTST KOTOPBIX CTaTUCTUYECKAsl TOCTOBEPHOCTb BBICOKASI.

Jpyroii TUI TECHBIX ABOMHBIX CUCTEM CO BCIIBIIIEYHOM aKTMBHOCTHIO RS CVn
npeacTaBiieH Ha puc.5 3Be3moit KIC 2968811. OHa mipeAcTaBIsieT TaKKe CpaBHH-
TeJbHO HEOOJbIIYIO IPYMIY 3BE3/, Y KOTOPBLIX 3HaYeHUE Jorapudma OTHOLIEHUS
MpaBaonoaoouii In Ly, /i, MEHBIIE Tpex (puc.6), T.e. HeJIb3s1 YBEPEHHO OTBEPrHYTh

20

16 T

12 ]

L |

0.12 0.16 0.20 0.24 0.28 0.32

k

0.36

Puc.4. PacnipeneneHue KodGbUIIMEHTa KOHICHTPAMM k JJIST TMOJHOM BBHIOOPKM 3BE3IL.
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Puc.5. @yHKIIMs 4acTOTHI BCIBILKK A(f) B YCJIOBHBIX €IMHUILIAX (JIeBasl MaHeb), OXUIaeMble
(6apbl) 1 Habmogaemble (Touku) (asoBble pacmpeneneHus: Berbliinek 3Be3n KIC 8811811, KIC
2968811, KIC 6675714 (mpaBasi maHesib, CBEPXY BHU3).

TUITOTE3Y O CTALMOHAPHOCTH ITyaCCOHOBCKOTO mporecca. Kak BUIHO U3 puc.6 y
TaKUX 3Be3]l OTHOLIEHWE A, /A, MaJIEHbKOE, YTO B paMKax IMPUHSITOTO B
JJAHHOH paboTe IMoaxoda MOXHO MHTEPIIPETUPOBATh KaK CIeACTBUE 0ojiee U MeHee
PaBHOMEPHOTO pacIipeie/IeHNsT BCIBIIICYHO-aKTUBHBIX 00JIaCTel/TISITEH 110 JOJTOTE.

3Be3ga KIC 6675714 npencrasnsieT "cpeIHECTAaTUCTUYECKOE" OOJIBIIUHCTBO
3Be3, BXOASIIMX B Tao0i.l.

U3 puc.6 u Taba.2 ciaemyeT, YyTO AJIsl ITOJABJSIIOLLIErO OOJBLIMHCTBA 3BE3I
TUMNoTe3a 0 IUKINYECKOM,/TIEpUOINIECKOM XapaKTepe M3MEHEHUST YaCTOThI BCITbILLIEK
He OTBepraetcsi 1Mo Kpurepuio InLy , >3. Kpurepuii cornacus x XOPOILLIO
COIJIaCyeTCS C 3TUM BBIBOIAOM JISI BCEX 3Be3l 0e3 MCKIIIOUYEHUSI.
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Puc.6. 3aBucumocts In LH1 IHy T X! N -

4.2. IIpedcmaeaenue 6 sude kpyeoeoeo pacnpedesenus ¢on Mu3zeca.
Jns mpencrapiaeHUs MOJyYeHHBIX B Tionpasaesne 4.1 pe3yabTaToB B BUIE KPYTOBOTO
pacrnpenenenust GpoH Museca, HEOOXOIMMO UMETh B BUY, YTO CPEIHEE PACIIpeie-
JIEHUS [l OLEHUBAETCS CIEAYIOLIAM OOPa30M:

Z; sin (@, 7;)

3" cos(wgr;)’ ©)

T.¢. yuutbiBas (3) tan(é): 1/tan(fi).
N3 MHOXecTBa KOpHEN (6) (I BHLIGMPAETCS IO CIIEAYIOIIEMY [TPABUILY:

i, ecan (Z,ll cos (g 7, ))> 0
L=40+m, ecnn (Z?:lsin (0, ¢, ))2 0wu @:’1:1 cos (7, ))< 0
(L—7, ecnu (Z:lzlsin (wo t; ))< 0Omn (Zle cos (wo t; ))< 0.

C yuyetoM cootHotmeHuit (3), (4), (6), (7) MOXHO YCTAHOBUTH CBSI3b MEXKIY
napameTpaMi [ ¥ 9, KOTOpast [UTsl TIOJTHOM BBIGOPKH 3BE3[ MPUBEIeHa Ha PHC.7.
151 HEMmoJTHOM BHIOOPKM B MOCAEIHUX ABYX CTOJ0IaX Tab1.2 IPUBOASTCS 3HAUECHUS
f, Q,. BeanunHa [, MMeeT YUCTO TEXHUYECKOE MPOMCXOXICHUE U OOYCIIOBIEHA,
KaK OTMEYEHO BBIIIE, TeM, 4yTo Ipu onpeneyieHur [1PYB 3a HayaaIbHBIME MOMEHT
BpPEMEHU ISl YI00CTBA BBIYMCEHUIA ObLT TIPUHAT MOMEHT TIEPBOM PErMCTPUPOBAHHOMN
BCIIBILIKY 3Be3bl, T.€. #; — 0. COOTBETCTBEHHO, MOMEHTBI BCEX BCIIBIILIEK MPUHSIIN
OTIMYHBIE OT KaTaJIOXHBIX 3HAYECHUS ; —> (tl.— tl). Ilpu onpeneneHUM e mapameTpoB

tan(i)=

™)
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pacripenesieHnsT poH Mu3eca HaYaTEHBIIA MOMEHT COBIAaeT ¢ HAYaTbHBIM MOMEHTOM
HaOMIONEHUsT 3a 3Be30i. DTO M NMPUBOAMT K TOSBICHHUIO [, PaBHOW

fio = 2nmod (,, P, )/ P; .

Hpyroit OCHOBHOU TapaMeTp k ocTaeTcsl obLIUM IS 000UX pacnpeneseHunil.
Ilepexon k pacnpeneneHutro GoH Mmuzeca CyIlIECTBEHHO MOXET OOJeryuTh
JNATbHENIIME CTaTUCTUYECKHE UCCIeA0BaHMUsI, TOCKOJIbKY OHO XOPOIIO MCCIeA0BaHO
U TIPEACTaBAEHO BO MHOTMX MTPOrpaMMHBIX TlakeTax, Takux Kak R, Mathlab, NCSS
u ap. B naHHoi#t pabote ucnonb3zosad nakeT NCSS. Kpome Toro, pacrnpeneieHue
(oH Muzeca nmpuBiIeKaTeJbHO TEM, YTO OHO SIBJISIETCSI aHAJIOIOM HOPMaJIbHOIO
pacnpenesieHus: 1151 YIJIOBbIX TaHHBIX.

Ha puc.8 npuBenens! pacrpenenenne ¢oH Museca B Buae AuarpaMMbl 'po3a
BeTpoB" M (pa30Boe pacmpenesieHne Berbimek st 38e3ab6l KIC 8811811. Havyanom
MepBOro OMHA KPYrOBOTO paclpeleieHusl B JAaHHOM ciydae siBisieTcs |, = 0.1566
(cootBeTcTBYeT yriry ~9°). IlepBbIit OMH KPYroBOro pacrpeneieHus COOTBETCTBYET
nepBoMy OuHY (hazoBoro pacnpeneneHust ciesa. Cienyrolye OUHbI IO HarpaBIeHUIO
MPOTUB YaCOBOM CTPEJIKM COBMAAAIOT ¢ OMHaMu (pa30BOro pacripeiaeeHus cieBa
HampaBo. Touyka psimoM cO BTOPBIM OMHOM KpPYroBO# IHarpaMMBI - 3TO CpemHee
(cpenHee HampapieHKe) pacrpeaeneHus ¢hboH Museca [i.

OTa XKe AuarpaMma, YYWMTbIBasl TOJOXUTEIbHYIO KOPPEISLNAI0 BCIbILLIEYHOM
aKTMBHOCTH C pa3MmepaMu TisiTeH [20], 1o cylliecTBy NMpeacTaBisieT YIJIOBOe pachpe-
neneHue 3h(GeKTUBHOM TIOLIAAM TOKPBITHS TSITEH Ha 0OpallieHHOM K HabJoaaTe o
nojiycepbl 3Be3[Ibl, B BUIIE KPYTOBOTO pacripeneneHus (¢poH Muszeca.

4

3 °s

Puc.7. Ceasb Mexay mapameTpaMu U u 9.
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Puc.8. Pacnipenenenne ¢hon Museca B Buae auarpammbl "po3a BeTpoB” U (a3oBoe pacrpene/icHre
Benbiiek st 3Be3nsl KIC 8811811,

4.3. Onpedenenue 3anamuenHHocmu. B pasnene 2 ObUIO yXe OTMEYEHO,
YTO OTHOIIIEHUE PErMCTPUPOBAHHOIO MOTOKA B MUHMMYME K MaKCUMaJIbHOMY
ITOTOKY MOKHO BBIpa3uTh Yepe3 mapametpsl [IPYB u omnpenennts 3ansITHEHHOCTD
3BE3/Ibl, KOTOpasi TakKe CBSI3aHAa C 9TUM OTHOILEHUEM CJEAYIOIIUM 0Opa3oM:

F . _ LstSst_ Sspmin (Lst_Lsp)

min

F, - LstSst - Sspmax (Lst - Lsp ) ,

max

rne F ., F - pEerMCTpUpOBaHHBbIEC MOTOKH, L, Lsp - CpeIHMe ITOBEPXHOCTHbIE
SIPKOCTH HE3aIITHEHHOW MOBEPXHOCTHU 3BE3/Ibl U 3BE3MHBIX TSITEH, COOTBETCTBEHHO,
S, - IUIOLIa[b MOBEPXHOCTU MOJIyCEPhl 3BE3Ibl B MPOEKLMHU, a Sspmm, Sspmax -
IUIOIIAAW, 3aHMMaeMble MITHAMM Ha 3TOM e MOBEPXHOCTH IMPU MUHUMAJIBHOM
1 MaKCUMAaJIbHOM IIOTOKAX.
BrineynomsiHyTyI0O CBSI3b MEXIy pa3MepaMU IISITEH W BCIIBIILIEYHON aKTMBHOCTBIO
[20] MOXHO MpencTaBUTh B BUIE pPaBeHCTBA
Sspm[n _ }\‘max :eZk

S A

spmax min

BBonst o6osHaueHUst F/Fou=F.y S, /Sq=4, L,[L,=L,, nocie
HECJIOXHBIX TIPeoOpa3oBaHMil MOXHO IMOJIYYUTH CIEAYIOLIee BBIPAXCHUE TSI
napameTpa 3arsTHEHHOCTH 3Be31Ibl A:

1-F,

(eZk_Fr)(l_Lr)
B cnyuae npeHebpexeHus: uznydyeHuem mniateH L =0, COOTBETCTBEHHO
r

1-F.
e ®

r

A:
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Puc.9. BLS mnepuomorpamma 3Be3nnl Tuima BY Dra KIC 8811811.

B atoMm cityyae st mapamerpa 3arnsiTHEHHOCTA MOXHO TOJYYUTh TOJIBKO OLEHKY
cHu3y. B mnpuOIMKeHUM 4YepHOTENbHOTO U3AydYeHUs Mo aHajorun ¢ CosHiem
MOXHO NpUHATH L, = 0.2 +0.3, 4TO MPUBOAUT K YBEIMYEHUIO OIIEHKU Ha 25 +40 %.
K HekoTOpoMy yBeJIMUEHMIO MOXET MPUBECTU TAKXKe y4eT KpaeBbIX 3((HEKTOB, B
YaCTHOCTH, NMOTEMHEHME 3Be3bl K Kpato. [To omnpeneneHuio BeauumuHa A sBisieTcs
OTHOILIEHUEM IUIOLIAAN MOBEPXHOCTU TATEH K TUIOIIAAN MTOBEPXHOCTH MUHUMAJILHO
3aMITHEHHOU momycdepsl 3Be31bl B MPoeKUWU. [II1 MaKCUMaJIBHO 3alsITHEHHOMN
nojycgepnsl OHO OoJibllie Ha et pasza. 3ansTHEHHOCTb 3B€3[bl B 1I€JIOM MOXHO
OLIEHUTh TOJBKO B TOM Cllydyae, €CJu OTU Toyycdepbl MPOTUBOIOIOXHBI IPYT
IPYyTry, YTO MMEET MECTO IPU HaKJIOHE OCHM BpallleHWs 3Be3nbl Ha ~90°. B sToMm
Clly4yae IapaMeTp 3alAaTHEHHOCTH A, PaBeH:

A!1+e2" D

total —
2

Heobxonumple 1y BBIYMCIECHUA 3alATHEHHOCTH JaHHble F . F — Oblin
M3BJICYeHBI M3 KPUBBIX TTOTOKOB 3Be3[ 10 JAaHHBIM KOCMHYECKOU 0OCepBaTOpHH
"Kerutep" ¢ moMoIIbio mporpaMMHBIX cpenctB Python. [1mst aToro 66U otodbpaHb
YYaCTKU C PErysipHbIM TOBeAeHWEeM KpuBOi moTtoka. lis mpumepa Ha puc.9
npuBeaeHa BLS nepuomorpamma ¢ Takum ydactkoM s 3Be3abl Tuiia BY Dra KIC
8811811, oTkyaa BUIHO 4YTO MCKOMasi BenumuuHa F,, [F, . =F =0.95.

ax

IpyMensIs oTy4eHHOE BhIIe BhIpakeHue (8), MOXKHO OILIEHUTh Mepy 3arsTHEH-
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Puc.10. PacrnipeneneHue mapamerpa 3ansiTHEHHOCTH A JUISL TOJHOM BBIGOPKHU.

HocTU A. B Ta6:1.3 npuBeaeHbl UTOTOBbIE PE3YJIbTATHL: 3AMSITHEHHOCTh MMHUMAJIBHO
3alATHEHHON Toaycdepbl A, TO Xe caMoe IJIsi MaKCUMaJIbHO 3allsITHEHHOW, U
3aMATHEHHOCTb /I 3Be3/bl B 1IEJOM, MPU TMPEAINOJOXEHUHU, YTO HAKJIOH OCHU
BpaieHus: 3Be3abl 0mm3ok K 90°. Cpemy TpencTaBICHHBIX 3Be3l HaMOOJIbIIME
3aIISITHEHHOCTHA BCTPEYAIOTCS CpPeAu TEeCHBIX ABOMHBIX 3Be3n TurioB BY Dra, RS
CVn. PacnipeneneHue napamerpa A 1jsl MOJHOW BIOOPKYU MpeacTaBaeHo Ha puc. 10.

Tabauya 3
SAITATHEHHOCTD 3BE3/]

KIC A Aexp(2k) A KIC A Aexp(2k) woral

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 - - - -

total
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5. 3akawuernue. Ha ocHOBE TaHHBIX OpOUTAILHOI obcepBaTopuu "Kermep”
MU3y4YeHbl HauboJee aKTUBHbBIE BCIIBIXUBAIOLIME 3BE3/bl, KOTOPbIE MPOAEMOHCTPU-
poBamu 250 miam Gojiee BCIbIIeK B Iepwon muccuu Kermtep". OrmpemesieHBI
nepuoanyeckue (yHKIMKU YacTOThl BCIIBIILIEK BCIBIXMBAIOIIMX 3BE3] C MEPUO-
JUYHOCTbIO, OJM3KOWM K MEepuoay BpallleHus 3Be3lbl. I1ocTpoeHbl oXuaaemble
dazoBBIe pacTipedesicHHST BCIBIIIEK, KOTOpPBIE CpaBHEHBI C HaOII0gaeMBIMU
pacripenesieHUsIMU BCIIbIIIEK 3a JaHHBIN nepuo. st Bcex ucciaenoBaHHBIX 3BE3.
9TO CpaBHEHHUE (C MCIOIb30BAHUEM KPUTEPUSI Xz) MOATBEPXKIAET EPUOTUYHOCTD
YaCTOTHI BCITBITIIEK.

IIpennoxeH HOBBIN cOCOO oMpeaeeHUs 3aMsITHEHHOCTH 3BE3AHBIX TSTEH C
ucnoib3oBanueM I1DYB. PacnipeneneHue IsSITeH BCIBIXMBAIOIIWX 3BE3M IIPEI-
CTaBIJIEHO YIJIOBBIM pacmpenenreHreM (poH Mu3seca ¢ mapamMeTrpamu, MOTyIeHHBIMU
13 COOTBETCTBYIOIIECH (DYHKIMU 4YacTOThl BembliieK. [TosydeHbl OLEHKM 3arisiT-
HEHHOCTM ucciienmyeMbIx 3Be3M. [IpencraBieHHbIl Clocod MOXET CIYy>KUTh XOPOLIUM
JIOTIOJITHEHMEM K YXe CyLIeCTByoIUM MeTtoaaM (kak Hamp. [31,32]). OcobeHHO
MpUBJIEKATEIbHBIM MPEACTABISIETCS €ro MpUMEHEeHHWe K KPaTHbIM CUCTEMaM CO
BCMbIXUBaOIIEH 3Be30il. OrnpeaesieHUe U BblAEJICHUE Mepuoa BCIbIXMBaKOLIeH
3BE3IbI C TTOMOIIIBIO BCIBIIIEK MOXET CYIIECTBEHHO OOJIETYUTh MHTEPIIPETAIINIO
CJIOXXHBIX KPUBBIX KPATHBIX CHUCTEM.

BropakaHckast actpodusmnueckas obcepBatopust um. B.AmGapuymsinHa HAH,
Apmenuu, 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
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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 v 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
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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
ds® = g, dx'dx" , where

8ir = 8ik (Xi), 81,01 =81,p = 0, Ep-1,p-1=&D,D > xi = (xo’xl,m,foz), (1)
with /=0, 1, ..., D-2. It will be assumed that the spatial coordinate x” is
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compactified to a circle with the length a, 0<x” <a and for the coordinate x”'

one has —o < x?™' < +00. No specific conditions will be imposed on the geometry
and topology of the subspace covered by the coordinates xi. We discuss the
dynamics of a scalar field (p(x) with curvature coupling parameter &, governed
by the equation

(¢%D,D,+ &R+ m? )o(x)=0, )
where D, =V, +ied; 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 (x”~',x”) we impose helical periodicity
condition

(p(xi,xD_l,xD+ a)zeia” (p(xi,xD_l+h, xD), (3)

with the helicity parameter 4 and constant phase o ,. In the special case /=0
the relation (3) reduces to a generic quasiperiodicity condition.

Here we consider a simple configuration of the gauge field with 4, ,, A4,= const.
These constant components of the gauge field can be excluded from the field
equation by the gauge transformation

A4 =A+0,0, olx)=e™¢(x), o=dp x"+4,x". 4)

In the new gauge one has 4/ =0 and D',=V, for /=D-1, D. Now the condition
(3) takes the form

(p’(xi, xP7 xP+ a)z e’ (p'(xi,xD_l+ h, xD), ©)

with the new phase

a,=0,—edy ht+Apa. (6)

The physical characteristics will depend on the quantities o, , A
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, £#=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

p.1» A, in the form
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Roa) :(xi,xD_l,xDJr a) and Ry, o) =(xi,xD_l+ h, xD). Let us introduce new co-

ordinates x' in accordance with x' =x' for /=0, 1, ..., D-2, and
2
_pg a pg h a _ h p, a h
)CD IZ:XD 1+:XD+:I’l, )CD Z—:XD 1+:XD—T, (7)
a a a a a a
where

a=+a’+h’. )]

The inverse transformation reads

_ _pa h_ h_p_ _
xDl:ngl_: D_p, xP=2zP l+ng )
a a a a
For the identification points in the coordinates x' one has
—I —=D-1 =D , — —I —=D-1 —
P(O,a)z(xl,x , X +a), P(h,o)z(xl,x , X ) (10)

The coordinate transformation (7) is a combination of the rotation by angle
0 =arctan(/a), 0<0<n/2, and the shift of the origin to the point x' = (xi, —h,0).
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 X'. For the
corresponding metric tensor we still have

gik =§ik (31)7 §1,D4 = §1,D =0, gD—l,D—l =§D,D > (11)
with )_ci = xi. The field equation has the form (2) with the replacements
g, — g" for the metric tensor and D, — D, =V, +ied, for the covariant deriva-
tive, where Zl:Ai for i=0, 1, ..., D-2, and

— a h — h a
Ap =—Ap+—=Ap, Ap=——Ap +—4p. (12)
a a a a

In the new coordinates the periodicity condition takes the form
ole 70 7+ a)=" (7, 50), (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 X' we denote by <]’> = <]‘ (oc - Zl)>
and <]_" ik >:<7_" ik (a p,Zl)> for the current density and the energy-momentum
tensor, respectively. The corresponding expectation values < ji> :< ji(a oA )> and
<T”‘> - <T”‘ (. 4, )> in the original problem with helical periodicity condition (3)
are obtained by the coordinate transformation x' — x'.
We start with the current density. Note that in the coordinate system X' we
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can make a gauge transformation 4, = 4'+6,®, ¢(x)=e"“® ¢'(x) with the func-
tion @ =4, x'. In the new gauge one gets 4, , =0. Both the field equation
and the periodicity condition (13) are invariant under this gauge transformation
and the physical results do not depend on ZD_I . In the gauge ZD—I =0 the metric
tensor, the field equation and the periodicity condition in the coordinate system
x' are symmetric under the reflection x”' — —x”'. Assuming that the vacuum
state is also symmetric under this reflection, we conclude that the component of
the current density along the coordinate direction x”~' vanishes by the symmetry,
<]D ’1> =0. In this case the components of the current density in the coordinates
x' are expressed as
")

i =i . .D— hJ_D .
<j>:<]>:, i=0,1,.., D-2, <]D 1>:—%, <]D>:W. (14)

and the vacuum current density has a nonzero component along the uncompact

dimension x”™" as well. The components along compact and uncompact dimen-
sions related by the helical condition are connected by the formula

()= w5

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 ¥ — —x”"', we conclude that (7"?')=0 for
i# D-1. 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)
ofT)
) =(T*), ik=0,1,.,D-2, (TP)=-2(r"P" :_< , (16)
(r4)=( (r)=-2ro - AL

for the components with one or two indices in the subspace (x°,x',...,x?%) and

<TD_1,D_1> i a2<TD71’D71> . h2<fDD>

a’+h? a*+h?
B B p2 (710 2 /7DD (17)
<TD—1,D>:a2¢ihh2 <TD—1,D—1>_<TDD>]’ <TDD>: <a2+h2 >+aa§+ h2>

for the components in the subspace (x”7',x?).

Note that the condition (3) can also be interpreted as a helical periodicity
condition along the compact dimension x”~' with the length 4, with the helicity
parameter @ along the uncompact direction x”, and with the phase —a - This
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shows that there is a duality between the models with the sets (a, 4, a,) and
(h, a, —a.,). In the dual models the roles of the dimensions x”~' and x” 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

ds® = dt*— e i(dxi)z
= > (18)

i=1
where the constant o determines the curvature radius of the spacetime. It is
expressed in terms of the cosmological constant A by the formula a® = D(D— 1)/ 2A.
For the remaining spatial dimensions we take —owo<x' <40, i=1, .., D-1.
Introducing a conformal time t in accordance with ©=-a et/ , the line element
is written in a conformally flat form

2 D
ds? = g, dx'dx* = Z—z[d v —Z(dx")z}, (19)

i=1
where m :|r|. For the scalar curvature in the field equation (2) one has
R :D(D—l)/ o’ . 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 R” x(Sl)q , ptqg=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 ¢g=1, assuming that the only compact dimension
corresponds to the coordinate x” 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 |O> for a quantum
scalar field o(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

G(x,x')=(0lo(x)o’ (x')+ o' (+')o(x) 0). (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 G(x,x’)
in the problem at hand for the coordinates x' is obtained from the expression
in [30] as a special case. Transforming to the coordinates x' we get

G<x,x'>=(2§2;;—3”1ffdzz[z_v (=), =)+ K, (1)1, 2]

I E e v v arecayecy | B

n=—% “AxD|2 +n2(a2+ h2)+ Zn(anD—hAxD_l)JD/z_1

where xD:(xl,...,xD), Axp=xp—x), Ax' =x'=x"", I,(z) and K (z) are the
modified Bessel functions [53] with the order

= [p*/a- DD+ 1) -m* 02| (22)
The function £, (y) in (21) is defined by f,(v)=y*K,(v). The n=0 term in
(21) corresponds to the Hadamard function G (x, x ) in the dS spacetime without
compactification and the remaining part is induced by the helical compactification.
The expression for Gy (x, x’) 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 <(p(pT>=<O|(p(pT|O>. It is
obtained in the limit <(p(p*>:limx,_m G(x,x')/2. 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

<(p(pT> - <(p(PT>dS * <(p(pT>c ’ (23)

where the renormalized VEV <(p(p*>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 <(p(p*>c
is directly obtained from the part in (21) with n=0 in the coincidence limit:

=Dy D=2 o ~
<(P(PT>C = o ,[ dzzF, )Z%(;p)fD/Z—l( 2 (24)

( D/2+1( )0/2 1 p

with the notations




522 R.M.AVAGYAN ET AL.

_nz hz
Yn M a’+ (25)

and
F,(2)=[1,(2)+ 1, ())K, (2). (26)

The VEV (24) is an even function of the phase o o 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
<q>2> is invariant under the change (a h,a ) (h,a,—cx p). This is a manifes-
tation of the duality mentioned above.

For a charged scalar field the operator of the current density is given by

Jj, =iefo' Do~ (D, ) o] (27)
The corresponding VEV can be obtained in two different ways. The first one
corresponds to the limiting transition (in the gauge where A4 = 0)

= Letim(,~&)6(x ) (%)

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

and < jD’1>=—h< J > /a. Here, y, is defined by (25). The physical components

of the current density, denoted here by Jp ! g, are connected to the contravariant

components by the relation < Jip > (cx/n)< . The components < e > and < P 1>
are odd functions of the phase a ,- In particular, the current density vanishes
for half-integer values of the parameter o o In agreement with the duality
mentioned at the end of the previous section, the current densities are invariant
under the change (a,h,oc p)—>(h>a,—oc p) with the change of the roles of the

coordinates (x”7!, xD)—> (xD, xP

3.2. Vacuum energy-momentum tensor. Finally, we turn to the VEV
of the energy-momentum tensor. In the gauge with 4, =0 it is obtained from the
Hadamard function (21) with the help of the formula (again, in the gauge with
zero gauge potential)

<Tzk> = )},igiaia;c G(x, x,)"' |:[é _%jgik Vlvl —&V,V, - éR[ki|<(P2> ) (30)
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where R, =Dg, / o’ is the Ricci tensor for the dS spacetime. Alternatively, the
VEV is derived by the coordinate transformation from the results in the coordinate
system x' with standard periodicity condition. The corresponding formulas in the
special case o , =0 are obtained from the results of [51]. Generalizing for o »#0
and using the transformation rules (16) and (17) one finds

<];k>:<Tik>dS +<];k>c’ 1)

where <Tk >dS = constSf is the corresponding VEV in the dS spacetime without

1

compactification. The topological contribution for the vacuum energy density reads

207 PnP2 s cos(na )
<T°0>c - (2n) D/2+1( )D/Z 12 D2 IdZZF )fD/2 1), (32)
with the notation
F(O)(z)= %Z[ZF\:(Z)]’-‘:- D(% - 2&] ZFV'(Z)+ 2(m2 a’ -2 )FV (z), (33)
where the prime stands for the derivative with respect to z. For the vacuum
stresses along the directions x', with i=1, 2, ..., D-2, one gets (no summation
over i)
A 20,770y P2
T) = -
< >c (ZTE)D/2+1(a2+h2)D/2 1
o cos(na )°° 2 F( ) (34
XZTfIdZZ F(Z)fD/Z—l(yn) ;]Z—fp/z( n)
n=l N 0 n (a +h )
where
1 N D '
P[22 J LRGN +| 200 -2 |ariCe). 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 (x”',x?). The off-
diagonal components <T D> , with i=1, 2 , D-2, vanish: <T D> =0. For the
diagonal components in the subspace (x”',x”) we find

-1-D__D-2

(i) <§>ydzz{ )

27_[ D/2+1( +h )0/2 =~

z 2 5 - n 36
2B 1 B ) L )H ”

nz(a2+h2) a+h a’+n’

and
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-1-D,_D-2

(), - S e il )

2n)D/2+1( h )0/2 1
211 Fv(z) Da’ ) fD/Z—l (yn) (37)
75 vl T Top)-a’yr === |,
n (a +h ) a’+h a+h
with y from (25). In addition to the diagonal components, the helical periodicity
condition induces a nonzero off-diagonal component <T 5) ’1> - It is obtained from

the diagonal components in the coordinate system X' by the transformation given
by (17):

-1-D,.D * cos(n(x )

_ -4
<TDD 1>c:( D/z(:( nh )D/2+1Z

j dzzF, ()2 o a2+ D)) 38y

All the components of the vacuum energy-momentum tensor are even functions
of o Note that the parameter v defined by (22) can be either nonnegative
real number or purely imaginary. The integral representations given above are valid
in the range Rev <1. 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

<7;i>c = [D({; -&p )Vlvl + m2]<(P2>C , (39)

where &, =(D—1)/4D is the value of the curvature coupling parameter for a
conformally coupled scalar field. For a conformally coupled massless field the
topological contribution <7}k> is traceless. The anomaly in the trace is contained
in the pure dS part <T 5>ds :

Note that the parameters a and 4 are the coordinate lengths. The correspond-
ing physical (proper) lengths measured by an observer at rest in the coordinates
x' are given by ag, =oa/n and h =ah/n. The VEVs <(P(P> < j(’p)>, and
<Ti" >c depend on a, h, and n in the form of the ratios a/n and A/n. The latter

are the proper lengths measured in units of the curvature radius o .

3.3. Conformally coupled massless field and the asymptotics. For
a conformally coupled massless field one has v=1/2 and F,(z)=1/z. The
integrals are evaluated by using the formulae [55]
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_[dny/z Idyy fD/z 1( ): (D_ 1).([ dny/%1 (y) = 2D/2_1«/EF(DT+IJ : (40)

For the VEVs of the field squared and physical component of the current density
one gets

(o0") - r(p-1)2)(n/a)””" iCOS( nd )

Zn(D”)/z(a +h )D b2 n=l -

(), 2D oS mbE) () gy O

») (D412 (a2+ hz)(D+1)/2 o D (/.-

The expressions for the energy density and stresses along the directions x', i=

1, 2, ..., D-2, are simplified to (no summation over i=0, 1, ..., D-2)
<T[> o r((D+1)2)(n/a)”*! icos(n&p)
e T o, P AT T @)

For the diagonal components of the energy-momentum tensor in the subspace
(xP1,xP) we find

() :{1_%}@?}0 L (1) = {1-%}@?}0 . (43)

Finally, the expression for the off-diagonal component is reduced to

(157, = e ). )

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, A, o P and the VEVs are connected by
the standard formulae

1\ (1) .o\ (M) A )
R ad Y S S
¢ (OL/T])D_I Pl (a/n)D ¢ ((l/n)D+1
In the special cases o »,=0 and o p=T 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
a,, the VEVs can be either positive or negative. In particular, the topological
contribution to the energy density is negative for an untwisted field (a, =0) and
positive for twisted field (o, =n). For some intermediate Value of &, the VEVs
become zero. The vacuum pressure along the direction x', i=0, 1, ..., D-2,

is given by —<T.[> and it is equal to the energy density with an opposite sign.
c

1
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This corresponds to the equation of state of the cosmological constant type in the
subspace (x°,x',...,x”7%). That is not the case for general conformal coupling and
for massive fields.

At the early stages of the cosmological expansion one has T— —o and n
is large. In order to find the asymptotics of the VEVs in that limit it is convenient
to introduce a new integration variable u =z/n in the expressions for the VEVs.
The function F,(z) becomes F,(um) and its argument is large. By using the
asymptotic of the modified Bessel functions for large argument it can be shown
that F, (z)z 1/z for z>>1. This asymptotic coincides with the exact expression
for a conformally coupled massless scalar field. Replacing Fv(z):l/z in the
expressions for the field squared, current density, and off-diagonal component
<T § ’1> , we see that the leading terms in the expansion over 1/n coincide with
the corcresponding 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 F (O)(z) ~ -2z and the corresponding asymptotic, again, coincides with the
result (42) for i=0. In the components (36) and (17) we have F(z)z -2 D(&— &p )/z
and the terms involving the function F,(z)~1/z contain additional factor m>.
Hence, the latter term dominates in the asymptotic and the leading terms coincide
with (43). We conclude that in the limit T — —o0, corresponding to ¢ — —o, 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 ¢ — +o and n— 0. Again,
introducing a new integration variable u =z/n, we expand the function F, (u n)
for small values of the argument. For v>0 one has F,(un)ox (un)™? and the
topological terms in the VEVs tend to zero monotonically, like n”" for the
VEVs of the field squared and energy-momentum tensor and like n”**" for the
current density. For purely imaginary v, v=i |v , and for small m we have
F,(un)=Re[(2/un) T(v)/T(1-v)]. In this case the topological VEVs tend to zero
with oscillating behavior. The amplitudes of the oscillations decay as nD for the
field squared and energy-momentum tensor and as nD*z 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 (x”',x”). In addition, the presence
of a gauge field is assumed with constant covariant components A, and 4,. 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 4, , and 4,. 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 Va’+h* .

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 x” and helicity shift
along the direction x”'. 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 o , 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 <T [l,) ’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 v, the topological parts in the VEVs decay mono-
tonically or oscillatory and the pure dS contributions dominate.

Acknowledgments. The work was supported by the grant No. 21AG-1C047



528 R.M.AVAGYAN ET AL.

of the Higher Education and Science Committee of the Ministry of Education,
Science, Culture and Sport RA.

I Institute of Physics, Yerevan State University,
Armenia, e-mail: saharian@ysu.am
2 Institute of Applied Problems of Physics NAS RA, Yerevan, Armenia

TOMOJOT'MYECKUN DDPDEKT KASUMUPA B
MOIEJIAX CO CIIMPAJIBHBIMKW KOMITAKTHBIMH
PASMEPHOCTAMMU

P.M.ABAKAH!2, A A.CAAPAH"?, J.A.CUMOHAH!, I'T. APYTIOHAH!

HccnenoBaHo BAMSHUE CIMPAIbHON KOMITAKTU(UKALMKA MTPOCTPAHCTBEHHOM
pa3MepHOCTH Ha JIOKaJbHbIE CBOMCTBA BAKYYMHOTO COCTOSTHUS IUTSI 3apsIsKEHHOTO
CKaJIIPHOTO TIOJIST ¢ OOIIMM MapaMeTpoOM CBSI3M ¢ KPUBHM3HOM. PaccMmarpuBaeTcs
o01ras ¢GoHOBasg TEOMETPUS C BpalllaTeIbHOM CUMMETPUEN B MMOAIIPOCTPAHCTBE C
KOOPIWHATAMM, TOSIBISIOIINMUACS B YCIOBUM CIIUPATBLHON TEPUOTUIHOCTH.
INokazaHo, 4TO ¢ Mpeobpa3oBaHMEM KOOPOWHAT 3ajadya CBOOWUTCS K 3amadye co
CTaHIApTHBIM YCIOBUEM KBa3UIEPUOIMYHOCTU B TOM XK€ JIOKAJTLHOM TeOMETPUN U
¢ 3(PEeKTUBHBIM PaTHyCOM KOMITAKTU(MDHUKALINN, OpeaesIsieMbIM IJJTMHOW KOMITAaKTHOI
pa3MepHOCTH W TapaMeTpoM CITMpaJbHOCTA. B KauecTBe MpUMEHEHMS OOIIEi
MPOLEAYPHI PACCMOTPEHO JIOKAIBHO ¢ CUTTEpOBCKOE MPOCTPAHCTBO-BPEMSI CO
CIIMPAJTBHON KOMITAKTHOM pa3MepHOCTBI0. Mcrmonb3ys pyHKuMio Amamapa it
BaKyyMHOTO cOCTosTHUS baHua-JI3Brca, M3ydaloTcsl BaKyyMHBIE CpeqHIe KBaapara
ITOJIS, TUTOTHOCTH TOKA W TEH30pa SHEPTMHU-UMITYJIbCA. SIBHO BBIAEIEHBI TOMOIOTH-
YecKWe BKJIAAbI, M OMWCAHbl MX ACUMNTOTMKM Ha PAaHHUX W TTO3THUX CTAIUSIX
KOCMOJIOTUYECKOTO paciIMpeHus. BaskHBIM OT/IMUMEM TT0 CpaBHEHUIO C 3amadeii ¢
KBa3UITEPUOIUYECKIMMU YCIIOBUSMH SIBIISIETCS TTOSIBTIEHNE HEHYJIEBOI HeIMArOHAIbHON
KOMITOHEHTHI TeH30pa SHEPTUH-UMITYJIbca 1 KOMITOHEHTHI TDIOTHOCTH TOKa BIOJb
HEKOMITAKTHOTO M3MEepPEeHUs.

KitoueBnie cioBa: monoaoeuueckuti Kazumup sgpghexm: noaspuzauyus eaxyyma:
yeaosue cnupatbHou nepuooudHOCmuU: 8pemMsa-npocmpancmeo
de Cummepa
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HAJIMYUE TEMHOW DHEPITMU U TEMHAS MATEPUS

I AAPYTIOHSIH
IMoctymmuna 7 oktabps 2024

PaccMaTpuBaeTcst BOMpoc M3MEHEHMsI MOJHOM 3HEprMd OGAPMOHHBIX OOBEKTOB M MX CHUCTEM
MpY HATMYMKM TeMHOU 3Heprum (TD), HOCHTENb KOTOPOro, IO OMpPEAEICHUIO, B3aMMOMIEHCTBYET
cO BCeMM OapMOHHBIMU OObekTamM. [lomuepkuBaeTcsl (hakT, YTO TeMHasi SHeprus ObUIa OTKPHITA
Giaromapst pe3yJibTaTy TaKOTO B3aMMOMIEHCTBUS, 3a CYET YEro YCKOpsieTcs pacuimperHne BceneHHON.
BBuny Toro, 4yto TeMHasi dHeprusi (HOCUTEIb TeMHOM sHepruu-HTD) mMmeeT omHOpoOIHOE pacrpe-
nesieHre, obCyxmaroTest husndeckue cieacTpus BlauMoneiicteuss HTD ¢ GaprMoHHON Matepueil Ha
BCEX MEPapXMUYECKUX YPOBHSIX OAPMOHHBIX CTPYKTYp. Ha ocHOBe BTOpPOro 3akoHa TepMOIMHAMMKHU
JeJIaeTcsl 3aKIF0UYeHUe, YTO MO BIMsSHIEM TD MOCTENEeHHO YBEIMYMBACTCS SHEPIHsl BCeX OAPUOHHBIX
CUCTEM W YMEHBINACTCS MX CTAaOMJIBLHOCTh, a 3HAYCHHE BHMpHAia CTAHOBHUTCS ITOJOKHMTEIBLHOM W
MPOIOJIKAET PACTU UL JIOOBIX CTPYKTYP, CYMTABLIMXCS IO 3TOr0 CTaOMJIbHBIMHU. AHAJIOTMYHbBIIA
AQHAIM3 JUII aTOMHBIX siiep MPUBOOUT K BBIBOLY, YTO CO BPEMEHEM YMEHBIIAETCS SHEPrUs
SINEPHOI CBSI3W, CHWXKAETCsl CTAOWJIBHOCTh sIep M YBEJIMYMBAeTCS Mmacca siapa. DToT 3bdekT
MO3BOJISIET MTO-HOBOMY DPAcCMOTPETh TMIOTE3y AMOapiyMsiHa O CyIIECTBOBAHMM CTYCTKOB CBEpX-
IJIOTHOM MaTepuu B siIpax 3Be3N W TaJlaKTMK, W TPEIOKUTh €€ HOBYIO HMHTEPIIPETALIMIO.
KiroueBble cioBa: memHas unepeus: e3aumodericmeue: bAGPUOHHAS MAMeEPUsL: BIOpPOL
3dKOH mepMO()LIHaMLlKM.' nepedaqa SHepeuu: meopema eupuaia:

yeeauveHue SHepeuu. yeeauverHue maccol

1. Bsedernue. B xocmonoruu ceronHs (hUTypUPYIOT ABA IOHATUS, MEMHAS
Mamepusi U MeMHasi SHepelist, KOTOpbIE, IO COBPEMEHHBIM MPEACTARICHUSIM, COIEePXKAT
95% Bceii Macchl/oHeprun BeenenHoi. CXOACTBO Ha3BaHUI MOPOIl IPUBOIUT K
MyTaHULIE JaXe Y CIeMaIuCTOB, KOTOpPbIE, SIBISISICh aCTPOHOMaMM WY (PU3UKaMU,
TEM He MeHee, HUKOT[a He 3aHMMaJIMCh TaHHBIMK BOIIpOcaMU MPOGheCCUOHATBHO.

KenbBuH ObUT OMHUM U3 TIEPBBIX, KTO MbITAICS OLEHUTb KOJMYECTBO TEMHBIX
TeJ B HalleW rajaktuke. [ 3TOM 1LieJIM OH MCIIOJb30Bajl CKOPOCTU BpallleHMSI
3BE€31, BOKPYI slpa rajJlaKTUKWA. DTU CKOPOCTU TO3BOJMIM €My OLIEHUTh Maccy
raJJakKTUKW, UCXOJS1 U3 YCIOBUS, UTO 3HAYEHUEe 8UPUANA O 2ANaKMUKU PABHA HYIO.
OH ouLEHWJ paszHUlly MeXay TOJy4YeHHOM Maccoil M Maccoil 3Be3d, KOTOpbIe
BUIIHBI Oylarofapsi UX M3JIY4YeHUIO, W TIpUILeS] K BBIBOAY, UTO "MHO2Ue U3 36€30,
603MOJICHO, UX nodasasioujee 00AbUUUHCMBO, Mocym Obimb memHbimu mesamu” [1].

B 1906r. k ero BneuyaTIsIiOIIMM pe3yibrataM obpatwics [lyaHkape, HO OH He
ObLT 10 KOHIA comtaceH ¢ BbiBogamu KenbBuHa. ITo 3ToMy moBoay oH mucal,
49T0 "nockoasky eeo (KenBuHa) uucao conocmasumo ¢ mem, 4umo daem meneckon,
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mo meMHOU Mamepuu Hem, UAU, NO KpaiuHell Mepe, ee He MaAK MHO20, KaK
ceemsaweiica mamepuu” [2]. B cBoeii paboTe MMEHHO OH BIIEpPBbIE SIBHO MCHOJIb30Ba
TEPMUH "memHas mamepus' VI "matiére obscure”" B OpUTUHAIIBHOM (PPaHITy3CKOM
tekcte. OnHako, Kak KenabBuH, Tak 1 AHpu IlyaHkape, roBopsi 0 TEMHBIX TeJlax
WM TEMHOU MaTepuM, UMeu B BUAY OObIYHOE BEILECTBO, KOTOPOE MPOCTO HE
00J1amaeT 3aMETHBIM 3JICKTPOMArHUTHBIM U3Ty4YeHHEM.

B Hacrostiiee BpeMst BBeieHUE TEMHON MaTepuy B HAyKy OObIYHO MPUITMCHIBAETCS
LBukku [3] (cM., Takke [4]), KOTOPBI TO3XKe MPUILE] K aHAJJOTUYHOMY 3aKJIIO-
YEHMIO, KOT/Ia MCCIIeN0oBal M3BECTHOE CKOIUICHME TaJaKTHK B CO3Be3Mnu Booch
BepoHuku u o0paTui BHMMaHUWE HA YpPEe3MEpPHO OOJIbIIOE 3HAYEHUE AUCIIEPCUM
CKOpOCTEe rajakThK. BbUIO OYEBMIHO, YTO MPU TAKOW MUCIEPCUU CKOpPOCTei
CyMMapHas Macca TaTaKTHK HelOCTATOYHA IS 00ecredeHNsT pAaBHOBECHOTO COCTOSTHUST
ckorieHus. UMEHHO 3TO CTajJlo MPUYMHOM s BO3POXIEHUSI TUIIOTE3bl O
CYIIIECTBOBAaHWU TeMHOI MaTtepuu. B mepBoit pabote aBrop nuuet: " Takum obpasom,
umobvl noayuums cpeonuti agpgexm Jonaepa 1000 km/c uau 6Oonee, kak 3mo
Habaodanocs, cpedusas naomuocms 6 cucmeme Koma (Coma) doadxcna 6vimb Kax
munumym 6 400 pa3 evime, yem ma, Komopas Oblaa NOAYYEHA HA OCHOBe HAONOO0eHUll
ceemawetica mamepuu. Ecau 6v1 amo 6bi10 noomeepxucdeno, nocaedosan Ovl
HeoXNCUOaHHbLU pe3yabmam, Ymo NAOMHOCMb MEMHOU Mamepuu 20pazoo 6oavuie, Yem
niomuHocms ceemsuelics mamepuu'”.

ITpaBna, nosyyeHHas 1I[BUKKMU olieHKa Obljaa 3aBblllIEHA U3-3a TIPUHSITOTO B TO
BpeMsI 3HaUYE€HUsI MOCTOSIHHOU Xab06ja, HO MMEHHO C TOrO BpeMEHM HauyMHaeTCs
HICTOPUST TIOBCEMECTHOI'O MIPUMEHEHUS STOr0, MOXKHO CKa3aTh CBOOOIHOTIO MapaMeTpa,
IUTST TIOATOHKM HaOI0OATeIbHBIX JAHHBIX B paMKU TOCITOACTBYIOIIEH TUIIOTE3bI.
C TOro e BpeMeHM IPOoAoIKaeTCs Takke 6e3pe3yIbTaTHbIN MOMUCK YaCTUIL] TEMHOIO
BELIECTBA.

HamomuuwMm eltie pa3, 4To HAGMIOAECHMS TIOKA3BIBAIOT JIMIIL TO, YTO TATAKTUKU
JAHHOTO CKOIJIeHUs1 00JamaloT OuyeHb OOJbILIOW aucrnepcueil ckopocteit. B
JATbHEMIIIEM 0Ka3al10Ch, YTO TaKasl e KapTHHa HaOoaaeTcs Uy IpyrX CKOTUIEHUIA.
Ecau 6b1 LIBUKKM HEe BBEJ B MCIOJIb30BAaHUE TMIOTETUUECKYIO TEMHYIO MaTepUIo,
BbIBOJI MOT' ObITh OJHO3HAYHBIM, @ UMEHHO, YTO 3HAYEHMWE BHUpHUaAIA IJISI ITUX
cucteM ObUIO ObI TTONTOXKUTENBHBIM. HO Tpr 3TOM ObUIO OB HEM30EKHBIM 3aKTIOUEHUE
0 TOM, YTO BCE 3T CKOIUICHMS pacimpsiorcs. ITockombKy pacimmpenue BeeneHHo
TOTJA YK€ OBITIO OTKPBITO Xab0soMm [5], Takoit BBIBOA, KCTaTW, ObLI OBl OoJjiee
€CTEeCTBEHHBIM U O3HayaJl Obl MOBTOPEHUE NTAaHHO 3aKOHOMEPHOCTU ISl KOCMM-
YECKUX CTPYKTYP CJEAYIOIIETO MepapXuIecKoro ypoBHsa. OgHAKO, K COXAJICHHUIO,
yOEeXKAEHHOCTb B TOM, YTO BCE KOCMUYECKHE OOBEKTHI Y UX CUCTEMbl 00Pa30BAIUCH
IyTeM CXaTusl U SBJISIIOTCSI TPABUTALIMOHHO CBSI3AHHBIMUA PABHOBECHBIMU CUCTEMaMMU,
OblJla CHIbHEE OYEBMIHBIX HAOIIOZATeTbHBIX (DAKTOB, CBHIETEILCTBYIOIIMX O
pacluMpeHuu 3TUX cucteM. [1oaToMy MpUXOIUTCS KOHCTaTUPOBAaTh, UTO HOHAMUE



HAJIWYUE TEMHOW DHEPIMU U TEMHAS MATEPUS 533

meMHOU Mamepuu ObiA0 86e0eH0 UCKAYUMENbHO NO0 0dBAeHUEeM 20CHOOCMEYHOUUX
KOCMOROHUYECKUX NpeocmasaeHull.

AOCOJTIIOTHO MHaUe OOCTOUT JIeJI0 ¢ TEMHOM SHeprueil u ee otkpoitTueM. Korna,
TaK Ha3bIBae€MbIi, bBoJbIION B3pBHIB CTadl OOIIETPUHITON WHTEpPIIpEeTaluei
HabJrogaeMoro paciuumpeHus BceneHHOM, BaxkHeHlIeid mpobaeMoil cTaja MoMcK
KOCMOJIOTUYECKOM MOJIEJIM, COOTBETCTBYIOIIE HAOMIOgaeMOl pealbHOCTU. A ISt
TaKOTO MOMCKa KJIIOYEBBIM MOMEHTOM OBLIO OIPEACICHHWE TeMIa TOPMOXEHUS
cKopocTu paciuupeHus. [1oaToMy, eCTeCTBEHHO, 3Ta 3aJada JOCTaTOYHO JIOJITOe
BpeMsl cuuTajgach ONHON M3 HauboJjee BaxXHbIX MpodseM acTpodusuku. B padore
Amnana Congumka [6] oHa ykaspiBaeTcsl B uncie 21-ii Haubosee BaXXHBIX 3a1a4
actpopusukn XXI B.

OTKpHITHE YCKOPEHUS paciuupeHus BecelleHHOI 1, COOTBETCTBEHHO, BBEICHUE
MOHSITHSI TEMHOI SHEPTMU B apCeHaJl HAYYHbIX MHCTPYMEHTOB, IIPOU3OIILIN BCETO
yepe3 rof [7,8] mociie ynoMsHyToro noxkiaga Conaumka [6]. Takum oGpasom,
JTOMMHUpYIOIIAs TEOPUS B pacCCMaTpUBAaEMOM ClIydae IIpeacKa3biBajla COBEPILICHHO
JIpyroe MOBEACHUE Pa3JIeTAIONINXCS TAIAKTUK, a HAOMIoAaTeIbHbIC JaHHBIE ITPOCTO
OIPOBEPIJIN IPOrHO3 Teopuu. Mcxoms M3 3TOro MOXHO 3aKJIIOYMTh, YTO €CJIU
meMHas Mmamepus A64semcs caedcmeuem NPUHAMOL a priori eunome3svt, Mo memHas
SHepeuss NOABUAACh KAK HeUu30edCHblll pe3yabmam uHmepnpemauuu Habarolenui. B
pabote Xarepepa u TapHepa [9] TepMUH TeMHass 3Heprusi ObL1 BBEACH ITOYTHU
Ccpasy IOC/Ie OTKPBITUSI YCKOPSIOIIErocs pacluupeHus: BeeneHHOIM.

2. Temnas sHepeus u 6apuonnas mamepus. Paccyxnas o (pU3NUECKUX
CBOICTBAaX TEMHOM SHEPTHUM, a TOYHEe, ee HOCHUTEeJIe, C CaMOro Hayaja ciemyeT
BbIICJIUTh OMHO OYE€Hb BAXHOE OOCTOSATENbCTBO. MMeeTcs B BUIY OTKPBITHE
TEMHOM BHEPruyd U CrMocod BBISIBIEHUS 3TOW dHEPrUU. DTOT BaAXKHEUIIUKA hakT
YacTo OCTaeTCs B TeHM, HE YIIOMWHAETCS B PAcCYXIEHUSAX M He IT0JIyJaeT TOTO
3Ha4YeHMUsI, KOTOPOro 3aciayxXuBaeT. Peub uaeT o ToM, 4To OHa cTaja MpeaMeTOM
HCCIIEIOBAaHUI M €€ BOCIIPMHAMAIN B KauecTBe (PM3MIECKOI pealbHOCTH OJ1aromapst
OTKPBITUIO YCKOpeHUs paciuupeHuss BceneHHoit. [deliCTBUTENBHO, YCKOpEHME
paciudpeHusi OOBbSICHSIETCS TeM, UTO HOCHUTEJb TEMHOI 3Hepruu (0 KOTOpoil Ao
3TOr0 HUYETO He ObUIO M3BECTHO) MepeaaeT YacTh COOCTBEHHOM SHEPIMM TaJlaKTHUKaM,
KOTOpPbIE COCTOST M3 OapuOHHOU Marepuu. To ecTh, ¢ camMoro Hayajia ObLIO
0€30TOBOPOYHO MPUHSATO, YTO HEU3BECTHBI HOcumenv memMHOU IHepeuu
e3aumodeticmeyem ¢ OAPUOHHBIMU 00BEKMAMU.

Bropoe 3amMeyaHMne KacaeTcs MPOCTPAHCTBEHHOTO pacrpeaeeHus: (HOCUTES)
TEMHO 3Hepruy. XoTs MoKa HeT MpUOOPOB, KOTOPbIE MOIIM Obl HaNpsMYylo
PETUCTPUPOBATH TEMHYIO SHEPTUIO, aHAIN3 OOIIeil KapTUHBI SIBICHUS TTO3BOJISIET
cesiaTh BBIBOM, YTO OHA PAaBHOMEPHO W C OYEHb MaJIOM TJIOTHOCTBIO 3arlOJHSIET
BCE MPOCTPAHCTBO Ha Bcex MaciiTadax. OO6pa3HO roBOps, OHA CUMTAETCSl BHYTPEHHUM
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CBOMCTBOM IPOCTPAHCTBA U UMEET MOCTOSIHHYIO TUIOTHOCTb SHEPIUU, HE3aBUCUMO
OT paccMaTpuBaeMoro oobeMa. TakuM o0pa3om, B OTIMYME OT OOBIMHONM MaTepuu
ee TUIOTHOCTh HE YMEHbIIAeTCs M3-3a PacllUpPeHUsT IPOCTPAHCTBA.

OpHako apyrue oO0CTOSITeIbCTBA HE OUYEHb BIIMCHIBAIOTCS B IMpeACTaBIEeHUE O
€e paBHOMEPHOM pachpele/ieHMM Ha Bcex Maciutabax. B mepBylo ouepedb 3To
KacaeTcsl paclIMpeHus IIpocTpaHcTBa BeeneHHol. HecMoTps Ha mpeacTaBiaeHUe O
PaBHOMEPHOM pacrpeie/IeHUM TEMHON 3HEPIuu, MOCASTHSISI CUUTAETCs TTPEPOraTUBOIA
TOJBKO KOCMOJIOTUYECKMX PAacCCTOSIHMM M MaciuTaboB. He oyeHb MOHSTHO U
pacnpocTpaHeHHOe MHEHHE, YTO TEMHOM SHEpPrud M3HAYaJIbHO He OBbLIO M OHA
MOSIBUJIACh TOJBKO HEJABHO, yepe3 9 mupa JieT mocje OOJbIIOro B3phiBa. DTO
03HayaeT, YTO KaKUM-TO 00pa3oM M3 HUYero (Kak cama 6apuoHHasi BceneHHas)
MOSBUJIACH 3Ta DHEPIUsl, KOTOpasl CEromHs COCTaBIsIeT, Mo KpaiiHeil mepe, 70%
Bcell Macchl/aHepruu BceneHHoii. bojee Toro, kak yxe OBLIO OTMEUEHO, C
MOMEHTAa MOSIBJIEHUs] TEMHOI SHEPruu ee IJIOTHOCTh ¢ paciuupeHreM BceneHHoi
HE YMEHBIIIaeTCs.

IToHSTHO, YTO MPU UHTEPHPETALUN TAHHBIX HAOIIONEHUIN YacTO TIPUXOIUTCS
BBOJIMUTH KaKMe-TO CBOOOIHBIE MmapameTpbl. OOHAKO, eclM ISl COrIacOBaHUS
BBIBOJIOB MOJICJIA C JAHHBIMW HAOIONEHUI KaxXAbIii pa3 TpeOyeTcs ITOALICKATh
CBOOOAHBIC TTapaMeTphbl 3aHOBO, KaK 3TO ObUIO, HallpuMep, ¢ T€OLIEHTPUUECKOM
MOJIEJbI0 MUpPa, TO 3TO IOJKHO HACTOpaXuBaTh. B Takux ciydasx Jydile ele
TIIATEIbHEE MPOAHAIN3UPOBATH MIPEANIOCKUIKM, KOTOPKIE JICTJIA B OCHOBY JAHHOIM
TEOPETUUECKO MOIEIN. YUUTHIBAs BhILLIECKA3aHHOE, 0OOCHOBBIBAsSI CBOM PACCYKICHUSI
HUCKJTIOYUTENIBHO C MTOMOILBIO JaHHBIX HAOMIOAEHUI, MOXHO OIUPATHCS HAa 3aKOHBI
(U3KMKM, He BHI3BIBAIOLINE COMHEHUIA.

Takum oOpa3oMm, MBI UCXOAWM W3 TOTrO, YTO JBE pa3Hble CYOCTAHLUU BO
BcenmeHHOI, omHa M3 KOTOPBIX 3aKimovyaeT B cebe moutn 70% Beell Macchl/aHeprun
Bcenennoii, a apyras - auiib 5%, B3aMMOIEWUCTBYIOT. B3auMoneiicTBe IIPOMCXOINT,
€CTEeCTBEHHO, COIIACHO 3aKOHaM (DM3UKHU, U3 KOTOPHIX B JAHHOM CJIyyae CaMbIM
BaXXHBIM SIBISIETCS] BTOPOI 3aKOH TePMOIMHAMUKU, KOTOPBII OIpeAe/sieT HanpaBieHre
repenauynd SHEPTUU BO BpeMsl B3aumonaeiicteust. Eie moutu cro et Hazag ApTyp
BOnauHrtoH [10] Hamucan o6 3ToM 3akoHe: "Ecau okaxcemcs, umo éauia meopus
NPOMUBOPEUUM B8MOPOMY 3AKOHY MEPMOOUHAMUKU, S He Mo2y 0amb 6am HUKAKOU
Hadedxcow!'".

BosBpaiiiasicb K COBpeMEHHBIM TIpeICTaBAeHUsM O OapMoHHOI BceneHHOI,
HarlOMHMM OIHO JIIOOOITBITHOE OOCTOSTENILCTBO. BeeneHHast, cocTosiast U3 6aproHHbBIX
00BEKTOB, paclmpsieTcsl ¢ yckopeHueM. OmHako Bce OapHOHHBIE OOBEKTHI U MX
CHUCTEMBbI, COIJIACHO OOILeNPU3HAHHBIM TEOPUSIM X (POPMUPOBAHUSI, HAXOISITCS B
PaBHOBECHOM COCTOSIHUU, [JIsSI KOTOPBIX 3HAYECHUE BUpHUAaia paBHSIETCS HYIIO:

2T+U =0, (D
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rne T - xuHeTnyeckas, a U - nmoreHUuanbHag 3Heprus. [logumHeHue WMEHHO
3TOMY COOTHOIIEHHWIO 3acTaBWIO LIBUKKM BBECTM B HAy4YHBI OOMXOJ TOHSITUE
TEMHOIN MaTepuu IiJ1s1 06ecrieueHns pPABHOBECHOTO COCTOSIHUSI CKOTUIEHUM TalakKTUK.
[aHHOE COOTHOIIIEHWE, C NIPYroil CTOPOHBI, O3HAYAET, YTO BCE PABHOBECHBIC
CHUCTEMBI 00J1aIal0T OTPULIATETBHOM TTOJTHOW HEPTHUENA.

TemHast sHeprus, HaoO60pOT, Cyry0o MOJOXUTEIbHAsA. A 3TO O3HAYaeT, 4YTo
B3aMMOJIEMCTBYIOILIME JBE CYOCTAHIIMU - OApUOHHAs MaTepysi U HOCUTENb TEMHOMN
SHEpPruu 00JaAAal0T COBEPIUCHHO Pa3JIMYHBIMU SHEPTUSIMU - OTPULIATEIBHOW M
MojoXuTeabHOi. M MosTOMy B COOTBETCTBUMUM CO BTOPHIM 3aKOHOM TEPMOIVMHAMUKH,
BCJICACTBUE JIIOOOTO UX B3aUMOACHCTBUSI OapUOHHAS Mamepus O0ANCHA NOAYHUMb
9Hepeuro. 31eCh HE BAXHO CKOJBKO SHEPIMU IOJyyaeT 3a €AUHMIY BpPEeMEHU
JTAHHBI OapMOHHbBIN OOBEKT, MOCKOJIbKY HEPTUSI KyMYJSITUBHAs U HAKarIMBaeTCsl
co BpemeHeM. [loguepkHeM ele pa3, 4TO MMEHHO pE3YJbTaT TaKOW Mepeaavyu
SHEPIUM rajakTMKaM ObUI PUYMHOW YCKOPEHUS paciuupeHus: BeceaeHHOR u ctan
OCHOBOW 11 OTKPBITUSI TEMHOU SHEPTUU.

BellieckazaHHOE O3Ha4yaeT, YTo Jt00asi paBHOBECHAsA CUCTEMA, COCTOSAIIAs U3
0apvOHHOI MaTepuu, BO-TIEPBBIX, B3AUMOACUCTBYET C HOCUTENEM TEMHOW 3HEPIUH,
a BO-BTOpBIX, B pe3yjbTaTe JAHHOTO B3aWMOMEWCTBUS IOJydyaeT HEKOTOpOe
KOJIMYECTBO AOTIOJHUTENBHOU 3HEpTUM A E 3a KaXIblii MPOMEXYTOK BPEMEHU
At. DTO, B CBOIO OYepelb, HapyuiaeT paBeHCTBO (1) B CTOpPOHY YyBeIWUYEHMUSI
3HaueHUs BUpMaia. Takoe M3MEHEHME, MPOJO0JIKAIOIIeeCs HENMpPepbIBHO, Kak
WU3BECTHO, MPUBOIUT K PACILIMPEHUIO CUCTEMBI HE3AaBUCUMO OT Pa3MEPOB MOCIEIHEN.
WHbIMU clIOBaMU, mom dice MexaHusm, KOMopbiii omeemcmeenel 3a Hadarodaemoe
pacuiuperue BceaeHHoU u yckopeHue 3moeo pacuuperus, 6 pasHoll cmeneHu delicmeyem
U Ha 6apuoHHble CMPYKMYPbl MAAbIX MACWMaoos.

3. 3asucumocms mepvl 8AUAHUSL MEMHOU dHepeUU HA KOCMUUECKUL
obsexkm om maccel nocaedHezo. ITlpuHWMas Ha BOODPYXEHHUE IMapaaurMmy
B3aMMOJAECHCTBUS HOCUTEJISI TEMHOW 3HEpPruu ¢ OapMOHHOU MaTepueil Ha Bcex
MaciuTabax, ToIbITaeMcs 3[eCh, MO KpaliHell Mepe Ha KayeCTBEHHOM YpPOBHE,
aHAJIM3UPOBaTh TMOBENCHUE OAPMOHHBIX CTPYKTYP, WCMOJIB3YS Ui 3TOTO JIUIIb
MU3BECTHbIE 3aKOHbI COBpeMEeHHOW ¢u3uku. IS TrpaBUTALIMOHHO CBSI3aHHBIX
KOH(pUTrypanuii, Kak U3BeCTHO, SHEPIUsl TPABUTALIMOHHON CBSI3U MTPONOPLOHATbHA
KBaJIpaTy Macchl U 0OpaTHO MPOIMOPLMOHAIbHA pa3mepy. s mpocreiiero ciayvast
mapa ¢ mMaccod M u c paguycoM R, B KOTOPOM IUIOTHOCTb WUMEET TOJbKO
paavajbHy0 3aBUCMMOCTb, paccMaTpuBaeMas 2HEpTrusi HaeTcsl CIAeayHLIUM
COOTHOILIEHWEM:

M2

rae ko3hGUIMEHT kK 3aBUCUT OTpacipenesieHus TJIOTHOCTH.
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Kak BUAHO U3 cooTHolIeHUs (2), abCOMOTHOE 3HAUY€HME TPaBUTALIMOHHOM
SHEPTMM JAHHOTO OOBEKTa YBEJMUYMBAECTCS C POCTOM MAcChl MU YMEHBbIIEHUEM
paguyca. M3 obiiedusnueckux cooOpakeHWil MOXHO 3aKIUWTb, YTO TMpU
B3aMMOJIEICTBUM C HOCHUTEJEM TEMHOI DHEPTrUM B Ipoliecce 0OMeHa IHEePrUsMu
3aIefiCTBOBAHO TO KOJMYECTBO TEMHOU 3HEPruU, KOTOPOE 3aKJIIOUEHO B 0ObeMe
o0bekTa. C JOpyroil CTOPOHBI, MCXOASI M3 OOLICIPUHSTOrO IMPEACTABICHUS 00
OIHOPOJAHOM MPOCTPAHCTBEHHOM paclipeieleHUd TEMHOM 2HEPIruu, KOJIUYECTBO
9TOI SHEPruU B JIIOOOM MPOCTPAHCTBEHHOM O0beMe V OyaeT UMeTh Cleaylolui
B

Ege =Vpe> 3
rae p, - TJIOTHOCTb TEMHOW SHEPTHUU.

C TOukM 3peHus] (PU3MKHU, KaXKETCs €CTeCTBEHHBIM, YTO HE BCE OOBEKTHI
OIMHAKOBO TTOIBEPKEHBI BIMSHUIO TeMHOI 3Heprur. Yem OOJIbIlie SHEPTUM CBSI3U
B OTHOM M TOM X€ 00beMe, TeEM CWJIbHEE JaHHBII OOBEKT COMPOTUBIISIETCS] ITOMY
BiavsiHUIO. [ToaTOMy /UISl MajbHeMIIero NpuMeHEHUsT PACCMOTPUM BEJIMYMHY

E

g

h Ege ’ @
KOTOpPYI0 HazoBeM Mepoil yctoitumBocTu (MY) GapMOHHBIX OOBEKTOB WU WX
CUCTEM K WM3MEHEHWUSIM, KOTOpbIE MOTYT OBbITb BHECEHBI B3aWUMOICUCTBUEM C
HOCUTEJIEM TEMHOM 3HEpruu. JJist TaibHEMIIEro aHaiu3a ellle pa3 OTMETUM, YTO
BCe OapHMOHHbBIE CTPYKTYPhI CYLIECTBYIOT KaK 1I€JIOCTHbIE 0Opa30BaHUs TOJbKO 3a
CYET OTPUIIATEJIbHON TOJHOW SHEPrMU WJIM, TOYHEE, OTCYTCTBUS 3HEPIUHU,
HEOOXOMMMOW I UX pacrajia.

[axe caMblii TOBEpXHOCTHBI aHajJM3 BOMpoOca IO3BOJSET MPUUATU K
3aKJIIOYEHUIO, YTO 4YeM OoJjiblle 3HaueHWe OTHouIeHMS (4), TeM TpyaHee WiIu
MeJJIEHHEE TTPOUCXOIAT U3MEHEHUS TaHHOW OapuOHHONM CTPYKTYpbl. UMes 3To B
BUJY, MOXXHO MPOaHAJIM3UPpOBaTh BeJIMUMHY MY, HampuMmep, A LEJI0ro ceMeicTna
00BEKTOB, KOTOpbIE OTJIWYAIOTCSl OPYr OT Apyra Maccodl M pasmepaMu. DTo
MO3BOJUT HaM BBIIBUTb T€ OOBEKTBI U CHUCTEMBI, KOTOPBIE OOJIbIIE APYrUX
MOJBEPXXEeHbl U3MEHEHUSIM, U MPOBEPUTH 3TOT BbIBOJA C MOMOIILIO PE3YIbTATOB
HaOJIIONIEHUMA.

B npocteiiiiem ciayyae OZHOPOAHOrO Iiapa BbipaxkeHue 1 MY mnosmyyaer
CJIEAYIOILYI0O OTHOCUTEJIBHO SIBHYIO (hopMYy:

2
n,, ~Rom) )
Pae
TAE P, - CPEOHAS TUIOTHOCTh CepUYECKOTO OOBEKTA. YUTEHO, YTO B3aUMOIEMNCT-
ByIOILLIME€ OAPUOHHBINA OOBEKT M HOCUTEb TEMHOW PHEPTUM 3aHUMAIOT OIMH U TOT
xe cepudeckuit oobeM ¢ paguycoM R. Takke, yduThiBas TOT (pakT, YTO COBpe-
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MEHHasl HayKa CUMTaeT pacrnpelneeHrne TEeMHON SHEPTUU OJHOPOIAHBIM, MbI B (5)
MOXeM IpeHeOpeyb 3aBUCMMOCTBIO OT TUIOTHOCTY TEMHOM 3Hepruu. Toraa BMECTO
(5) Oymem uUMeTh

2
n,, ~ (e, f* ~ (%] : (6)

Kak u ciaepoBano oxuaaTb, BeiMuyrMHa MY 3aBUCUT JUlilb OT (PU3MUECKMX
XapaKTEPUCTUK OAprOHHOTO 00bekTa. Eciii B ITaHHOM CEMENCTBE OOBEKTOB Macca
pacTeT ObICTpee, YeM YMEHbIIIAeTCsl KBapar ero MjOTHOCTH, TO Mepa YyCTOMYMBOCTHU
0oJIbllIe Y MAaCCUBHBIX OOBEKTOB M UBMEHEHUSI B HUX BCJIEICTBUE BIMSHUS TEMHOMN
SHEPruyu TPOUCXOIAT MeJJieHHee. B TakoM ciyyae MaJloMacCUBHBbIE OOBEKTHI
SBOJIIOLIMOHUPYIOT ObIcTpee. B mpoTHBHOM ciydae 3BOJIOLMS ObICTpee MTPOUCXOINUT
Yy MaCCUBHBIX OOBEKTOB, KOTOPbIE 00/1aaloT CPaBHUTEIbHO HU3KOU MIOTHOCTBIO.
DBoJIOLIMEl B JAHHOM CJTyyae Mbl Ha3blBaeM BCE M3MEHEHMSI, KOTOPbIE MTPOUCXOMSIT
MOJ BIUSHUEM TEMHOU BHEPTUU.

Ecnu paccmaTpuBath paciliipeHHe MPOCTPaHCTBA KaK yBeJMYeHHUEe TTPOCTPaHCT-
BEHHOTO Macliltaba, TO MOXHO CKa3aTh, UTO OOBEKTHI C OOJBIINM 3HaYeHueEM MY
XapaKTepU3YyIOTCsS BMOPOXEHHBIM B MaTepuio MaciiTaOHbIM (pakTopoM. C ogHOI
CTOPOHBI, B3aMMOAEHCTBUE C HOCUTEIEM TEMHOI SHEPTUU HEMPEPHIBHO Mepenaet
HEKOTOpbIE MOPLUWU IHEPTMU OAPUOHHOMY BEIIECTBY, TEM CaMbIM YBEJIUYMBAS
3HauYe€HUE BUpHasa, 4TO, B CBOIO OUepeb, O3HAUAET YBEJIMUEHWE Pa3MePOB paccMar-
puBaemMoii bapMOHHOI KOH(Uraypauuu. A, ¢ Ipyroil CTOPOHbI, OTBETCTBEHHEIE 3a
COXpaHEeHUE JaHHOU KOH(MUTYpallMi TpaBUTAILIMOHHBIE, SAEPHbIE M MOJIEKYJISIPHbIE
CUJIbI CAEP>KMBAIOT UBMEHEHME MaclTaOHOro (pakTopa B TOM 00beMe MPOCTPAHCTBA,
IJIe 3TOT CTYCTOK Marepuu HaxoauTcsi. UMeHHO B JaHHOM 0O0beMe 3BOJIOLS
0apMOHHOrO BEUIECTBA MPOUCXOAUT TEM MEJIEHHEE, YeM OOJiblle BBEICHHBIN
¢axkrop MYV.

st BeIsIBIEHNST HAOIOAATENbHBIX 3aKOHOMEPHOCTEN, KOTOpbIE MOAIEPXKUBAIOT
TY WIM MHYIO peaji3alliio Ipoliecca, Ipencka3yeMylo COOTHOIIeHHeM (6), caemyeT
JleTaJlbHO MCCeA0BaTh COOTBETCTBYIOIIME HabaogaTe bHble JaHHble. Ha Takux
HaOJIIoaTeJIbHBIX JaHHBIX Mbl OCTAHOBMMCS B cieaylolux pasaenax. Hecmotps
Ha TO, YTO OOCYXJAeMbIi pe3yJabTaT MOJYYEH IS I1apa, TEM HE MEHEe OH
OCTaeTCsl BEPHbIM U ISl APYTUX TEOMETPUUECKUX (DOPM paccMaTpUBaEMbIX KOHGM-
TypaLui.

B nepeoM npuOIMXKEHUM 3TOT MOAXOI MOXHO MPUMEHSTH TTPU PaCCMOTPEHUM
MY gelliecTBa B pa3IMUHbIX IyOMHAX OAPUOHHOTO OOBEKTA C TPAAMEHTOM TUIOTHOCTU
B HaIpaBJ€HUWU K LEeHTpY. Takum oOpa3oM MOXHO pPacCMOTPETh BIMSIHUE
B3aUMOJAECHCTBUS TEMHOW BSHEPIMM HA CJIOUM MAacCCUBHOTO OOBEKTa, KOTOPBIE
pacmnoJyioXeHbl Ha pa3HbIX TIyOMHax. PaccMOTpyM BbllliecKa3aHHOE Ha TpUMepe
obuienpunsaToir Mogenu ComHua, rae 94% mMONHOW Macchl HAXOOUTCS BHYTPU
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cdepsl ¢ pagrycoM R =0.5Rg . OtHouieHne MY BHyTpeHHel cdhepbl U TTOJTHOTO
CoJTHIIa COCTaBIIIET

2 2
6:(0.94MJ R

| ~14.1.
025R> ) | M )

ITonmyyeHHast OLieHKa O3HAYaeT, YTo Mepa YCTOMUMBOCTU LIEHTPATbHON chepuuecKoi
yacTtu ¢ nonypanuycoMm CosiHuia B 14 pa3 GoJibliie 3TOro napamerpa, pacCudTaHHOTO
st CofHIIA B 1IeJIOM. AHAJIOTMYHAsl OLIeHKA JUIST LIEHTpabHOW cdephl ¢ panuycoM
R=0.1Ry, naetr &~ 70 . Takum obpazom, Ha npumepe CoHIIA MOXKHO YTBEPXKIATD,
YTO B MAacCCUBHBIX 00BEKTax OapMOHHAs MaTepysi TeEM TPYAHEE MONAETCS BIUSHUIO
TEMHOM 3HEPIUM, YeM OJIMKE OHA HAXOAMTCS K LIEHTPY 3TOT0 OOBEKTA, U YeM OOJIbIlIe
B JAaHHOM 00JIACTU €€ IJIOTHOCTh. A 3TO, B CBOIO OYEpelb, O3HAYAET, UTO OAPUOHHAS
mamepus, HaAx00AWascs 6 SA0EePHbIX YACMAX MACCUBHbIX 006eKmo8, MAaKux Kak
36e30bl UAU A0pa 2araKmMUK, 00AbUle COXPAHsAem C60U NepBOHAYANbHble (u3UUecKUe
ceoticmea.

4. Bausnue meMHOU >Hepeuu Ha pasmepvl OAPUOHHBIX 006eKMO0O8 U
Ux cucmem. B npenbiayieM pasaese ObUI caejaH BBIBOI, YTO Ilepeaada TEMHOM
SHEPTUM CUCTeMe OOBEKTOB, KOTOpasl MepBOHAYAIBHO CUMTANACh PABHOBECHOIA,
MPUBOAMT K €€ PACIIMPEHMIO, YTO YKa3blBaeT Ha BO3HUKHOBEHHUE PagHaIbHBIX
CKOpoCTell ynaneHus1 00beKTOB APYr OT Apyra. Takoi BbIBOI, €CTECTBEHHO, BEpEeH
CTATUCTUYECKU M O3HAYAET, YTO CPeIHEE PACCTOSTHUE MEXIY OObeKTaMM YBEJIH-
YHBACTCS.

OTOT 3(hdeKT JIETKO MOXHO BbISIBUTb, WCIOJb30BaB XOPOIIO WM3BECTHOE
BBIpaXeHME MOJHOM SHEPTUU [UTsSI CUCTEMBI IBYX TeJl. B KayecTBe TakoW CHCTEMbI
MOXHO paccMaTpuBaTh, HalpUMep, CUCTEMY, COCTOSIIIYIO U3 3BE3/bl U TUIAHETHI
WIN TJIAHETBhI U CITYTHHKA. 3Hepr1/19[ TaKoil CUCTEMBbI 3a1a€TCA BbIPAKCHUEM

2
mv Mm
E=—-G—=T+U<0, (8)
2 R
7€ BBeJIEHBI OOLIENPUHSIThIE 0003HaUeHus. [1py 3ToM cunTaercst, 4yTo ISl pealbHO
CYILIECTBYIOIIIMX CUCTEM, Kak, Hampumep, 3emisi-JIyHa, Connue-3emisi, CoJiH1e-

IJIaHETA, TUTAHETA-CITyTHUK, BEPHO COOTHOILIEHUE:
W=2T+U =0, )

YTO MPOAMKTOBAHO allPMOPHBIM YTBEPXKIEHNEM O PABHOBECUM YKA3aHHBIX CHUCTEM.
A 3TO, KaK OBIJIO OTMEUYEHO, SIBJISIETCS MPSIMBIM CJIeICTBHEM THoTe3bl KaHTa-
Jlammmaca o opMUpPOBAaHMM KOCMUYECKUX OOBEKTOB M UX CUCTEM.

BepHemcs K Hallemy 3aKJIIOYEHHUIO O TOM, YTO BCJIEACTBHAE B3aMMOIEICTBUS
C HOCHTEJIeM TEMHOM 3HepIrii GapiOHHbIe KOH(GUTYPALK 3a TIPOMEXYTOK BpeMeH!
At TIOTyYaroT HEKOTOpoe KOamdecTBO sHeprun A E . Torgma 3a 3TOT MPOMEKYTOK
BPEMEHU DHEPTUS JAHHON CUCTEMBI CTAHOBUTCS
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2 2
B =M _Mm apomvi Mg (10)
2 R 2 R,

IJIe BeJIMYMHBI, CHAOXKEHHbIE MHIEKCOM, OTHOCATCSI K KOHIY pPacCMaTpuBaeMOro
MpoMexyTKa BpeMeHu. HeTpynHo BupeTh, uto E, > E, ecnmv v, >v u/umi M, < M
u/wm R, > R . T[1oCKOJBKY TION BIUSIHUEM TEMHON SHEPruu 3HAUY€HUE BUpHUaIa
CTAaHOBUTCSI TIOJOXUTEJbHBIM M, CJEAOBaTeJIbHO, CUCTEMa paclIupseTcs, TO
BBITIOJHSIETCS] yCIOBUE R, > R . Toraa HUKaK He MOXET BBITOHSTBCS HEPABEHCTBO
v, >V, TaK KaK 3TO MPOTUBOPEUUT 3aKOHY COXPaHEHUs YIJIIOBOro MoMeHTa. Kak
MOKa3bIBalOT MccaenoBaHus (cM., Hampumep, [11,12], a Takxke HuUXe), MOJ
BO3IEMCTBUEM TEMHOI SHEPTMU KOCMMUECKME OOBEKTHhI, CKOpEee BCEro, YBEIMUMBAIOT
Maccy.

Tenepb oOpaTUMCSl K U3BECTHBIM HAOJIIOAATEIbHBIM JaHHBIM O PaclIMPEHUN
peajbHBIX cUCTeM. 3[IeCh paCCMOTPUM JOCTATOYHO XOPOILO M3YYEHHBIE CUCTEMBI,
0 KOTOpPbIX MMEIOTCS 1OCTOBEepHbIe JaHHbIe. [lepBas u Haubosiee MOAPOOHO U3Y-
yeHHas cucteMa - napa 3emusi-JIyHa [13,14], o paciimpeHnn KOTOPOi MMEIOTCS
HauboJiee JOCTOBepHbIe JaHHbIe. K 3Toll mape ciienyer 100aBUTh TaKXKe CUCTEMBI
Connue-3emist [15] u CarypH-Tutan [16], 0 paclIMpeHUM KOTOPBIX JaHHBIE
MOJIy4eHbI YK€ B HOBOM CTOJIETUM. TpagullMOHHAsI HayKa OOBSICHSIET BCE 2T
HabJofaTebHble JaHHbIe OJHUM (PU3UYECKUM MEXaHU3MOM, a HMEHHO,
MPWIMBHBIMU 3(pdeKTamu.

JIyHa, KaK uM3BeCTHO, yaajseTcs oT 3eMyn co cKopocThbio 3.82+0.07 cM B rox,
YTO M3MEpPEHO C IIoMOlIbIo Jila3epHoil jokamuu [13]. Cucrema 3emnsa-JlyHa
VHUKaJIbHa B TOM CMBIC/IE, YTO BCE BEJIMYMHBI, UMEIOIINE OTHOIICHNE K TIPOIIeCcCy
yaaneHus: JIyHbI, U3MEpeHBbl C JOCTAaTOYHO BBICOKON TOYHOCTBIO. IlOCKOMBKY
TPaAULIMOHHO 3TO SIBJICHUE OOBSICHSIETCS TPUJIUBHBIMU 3 (PeKTaMUu, B KauecTBe
HauboJiee BaXXKHOTO (PaKTUUYECKOTO TaHHOTO 3eCh (DUTYPUPYET TEMIT 3aMeLJICHUS
CYTOYHOTO BpalleHMsT 3eMJIM, TaK KaK COIJIaCHO JaHHOW MHTEPHpeTaluu UMEHHO
MOTEepSIHHOE IIJIAHETOM KOJMYECTBO YIJIOBOTO MOMeEHTa Iiepemaercst JlyHe u
obecrieunBaeT ee ymajeHHe. DTa BeIWYMHA OIpEeNesIsIeTCsS Ha OCHOBE aHaM3a
HWCTOPUYECKUX XPOHOJIOTUI 3apeTrMCTPUPOBAHHBIX COTHEYHBIX U JIYHHBIX 3aTMEHUI
3a mocaeAHue ABa ThicsiueneTust. MMerolmecs: JaHHbIC MOKA3bIBAIOT, YTO 3aMeIJIeHUE
CYTOYHOTO BpalleHUs 3eMJIM MOXeT 00eCIIeYnThb JINIIb 3/4 TpeOyeMOTo YIJIIOBOTO
MomeHTa [17,18].

Bornpoc 6bictporo ynaneHust JIyHbl HaMu ObLJT PACCMOTPEH €lle A0 OTKPBITUS
TeMHOM sHepruu. Torga HaMu ObLIO TOKa3aHO, YTO €CJIM Y4YecTb xab0J0BCKOE
pacuMpeHue B Maciltabax cucteMbl 3eMisi-JIyHa u MeHblle, TO CKOPOCTh yAaJIeHUsI
JIyHbI OT 3eMJIM JIETKO MOXHO OOBSICHUTh COBMECTHBIM IE€ICTBUEM paCIIUpPEHMUSI
MPOCTPAHCTBA U MPUJIMBHBIX 3((HEKTOB, TpUUeM BTOpoil apdekT sBisgeTcs bosee
BrOpocTeneHHbIM [19]. B HacTosiiiee BpeMsi IpUXOAMM K BBIBOIY, UTO PacIlIMPEeHUE
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B MaJIbIX MaciuTabax ciaeayeT U3 (pakTa B3auMOAEHCTBUS OApUOHHON MaTepUM C
HOCUTEJIeM TeMHOI 3Hepruu. TeM He MeHee, TPAIULIMOHHAST AaCTPOHOMMSI MPOAOJIKAET
HACTaMBaTh UCKJTIOUMTEIbHO Ha MPUIMBHOM MEXaHMU3Me, a IS UICTOUHMKA HedO0CTalo-
mero 25% yriaoBOro MOMEHTA TIpeyiaraeT pa3IMdHble SK30THYHBIE MEXaHU3MBI
(cM, Hampumep, [14]).

B cnyyae mapnl CosiHle-3emisl cuTyauusi ropasno cioxHee. HabmoneHus
MoKa3bIBaloT, 4To 3emisl yaajisiercs: oT CojiHla co cKopocThio 14cm 3a rop [15],
YTO CYIIECTBEHHO JIsI TOM MOJAEIN COJTHEYHON CUCTEMBI, KOTOpas MOAAepK1BAeTCsI
TPagULIMOHHOM acTpoHOMMei. [lociie TOMBITOK MCITOJB30BAHUS Pa3IUYHBIX
MEeXaHMU3MOB /151 UHTePIPETALIMU 3TON BeJIMUYMHbBI, UCCIIeI0BATe/IM CHOBA O0paTUIINCh
K TIpuIuBHOMY MexaHusMmy (cMm. [20] u ccwbiiku Tam). Ho eciu B ciyyae mapbl
3emus-JIyHa uccnegoBareyd pacriojaraloT Mo4YTU BCEM HEOOXOAMMBbIM HAaOOPOM
JaHHBIX IJI OLEHKW MPUJIMBHOIO MEXaHMU3Ma, TO B ciaydyae cucTeMbl CoHIIe-
3emyIsl HUKAKUX TaKux u3MepeHuil BoBce HeT. [losToMy B JaHHOM ciydae
OTCYTCTBYIOILIME HAaOMIOJATEIbHbIE JAHHBIC IIPOCTO 3aMEHSIOTCSI CBOOOTHBIMU
MmapamMeTpaMu, COOTBETCTBYIOLLIMM MOAO0POM KOTOPBIX MOXKHO TTOJYYUTh XKeJaeMblit
pe3yabTar. DTo, KaK OTMEUYEHO BbIllIe, HATOMUHAET MOA00p HYKHBIX SMUIIUKIIOB
u JedepeHTOB, a TaKXe COOTBETCTBYIOIIUX CKOpPOCTEil B TITOJIEMEEBCKOI
TeOLICHTPUYECKOM CHUCTeMe MUpA.

Kak u B ciayyae cuctembl 3emusi-JIlyHa, mpenmojarasi, 4To MPOCTPaHCTBO B
npeaenax CoTHEUHOM CUCTEMbI pacIlUPSIETCsl COIIAaCHO XaO0JI0BCKOMY 3aKOHY, aBTOPbI
[12] st mpupocTa aCTPOHOMMUYECKON €IMHUIIBI HAIIUIM BeJIMYUHY TTpuMepHO 10M
3a roji, YTO Ha JBa MopsiiKa Oosble HaOMogaeMoi BeIMuMHbL. Takoe HeCOOTBETCTBUE
MOXET OBbITb pe3yJbTaTOM JIMOO HEMpaBWJIbHO BBIOPAHHOTO MeXaHW3Ma, JUbo
HEIOOLICHKM HEKOTOPBIX COMYTCTBYIOIMX 3dekToB. Ha Hain B3I TakuM 3 geKTom
MOXKET OBITh TapajieJIbHOe YBEeJIMUEeHUEe COMHEeYHOU Macchl. HecaoxHbIl paccuer
MOKAa3bIBAET, UYTO TAKOE MOXET CIIYYUThCH, ecsii Macca CoJTHIIA 32 TOJ YBeIMYMBAETCS
Ha ~6.6-107"' M o [12]. HUutepecHo, urto ecnu mpumepHo 0.1% oT1oii macchl
npeobpasyercs B JYYMCTYIO SHEPIUio, OHa obecrieunBaeT cBeTUMOCTh ColHLa. A
Ha Bompoce, KaKuM 00pa3oM MoxkeT pactu Macca CoJIHIIa, OCTAHOBUMCS B CJIEAYIOILIEM
pasnesie pu PacCMOTPEHUU BIUSHUS TEMHOI SHEPIUM Ha aTOMHBIE sapa.

TpetnM MpUMeEpPOM CHUCTEMbI KOCMUUYECKUX OOBEKTOB C U3MEPEHHOI CKOPOCTHIO
paciupenus sipisiercss CatypH co ¢BouM ciyTHUKOM Turtanom |[16]. PaccrosiHue
ot TutaHna mo CaTypHa cocrtaBisieT npuMmepHo 1.2 MaH kM. TutaH ygansiercst ot
CatypHa nipuMepHo Ha 11.3+2cMm 3a 3emHoii rog. B padore [21] aBTopsl npuxomsT
K BBIBOIY, YTO OCHOBHASI YacTh 3TOM CKOPOCTH, a IMEHHO 8.15cM/Tom, obecrieunBaeTcst
Xa00JIOBCKMM pacllUpeHueM, MepecyuTaHHBIM Ha paccTosiHue TutaHa ot CarypHa.
31ech MHTEPECHO CpaBHEHUE cKopocTel ymaiaeHus JIyHel 1 TurtaHa oT cBoMX
MAaTepPUHCKUX IUIAHET U COOTBETCTBYIOIIMX paccTosgHuii. OTHOLIEHUE paguycoB
OpOUT 3TUX CITyTHMKOB coctapisieT 0.32, a oTHoueHue ckopocteil - 0.34, T.e.,
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cKopocmb  npupocma paouyca opoumel OelcmeumensHo HNpPONOPYUOHAAbHA OAUHE
paduyca, KaxK B cilydae paciuupeHusi BeceneHHOI.

5. Deoawyus amomuvix s0ep nod eausHuem memuou 3Hepeuu. To,
YTO HOCUTEIb TEMHOM BHEPTY B3aUMOJEHUCTBYET C OAPMOHHBIM BEIIECTBOM, CTABUT
MHOTO HOBBIX BOIIPOCOB, KOTOpBIE TaK WM WHAYe CBA3AHBI M C KOCMOJIOTHEH, 1
C KOCMOTOHME OOBEKTOB pa3lMYHBIX YPOBHEN KOcMMUYeckoit uepapxuu. Bce
KOCMHMYECKME OOBEKTHI, HE CUMTasi caMble SK30THYHBIE, COCTOSIT M3 aTOMOB, Macca
KOTOPBIX COCpeJoTOUYeHa B uX siapax. To ecTb, Macca 6apuoHHOI BceneHHOM
onpefesseTcsl CyMMapHOI Maccoil BCeX aTOMHBIX SII€p, KOTOPble COCTAaBISIOT
KocMUUeckyre 00beKThl. M T0aToMy OueHb BaXKHO 3HATh O (PM3MUYECKUX MOCTIEACTBUSIX
B3aMMOJENCTBUS OAPMOHHON MaTepuu C HOCUTEJIEM TEMHOIM 3HEPTUuY Ha SAEPHOM
YPOBHE.

ITockonbky TeMHast 3Heprusi (HOCUTEIb TEMHOM DHEPryuK) Ha BCeX Maclltabax
OTHOPOJHO 3arOJHSET BCE MPOCTPAHCTBO, OYIEM CUMTATh, YTO OHA B3AUMOJEICTBYET
¢ OapyMOHHOI MaTepuel Ha Bcex MacluTabax, B TOM YMCJIe, B MacllTabax aTOMHBIX
sIep W 3JIEMEHTApPHBIX YaCTHIl. YHUKAIbHBIM CBOMCTBOM aTOMHBIX SIIEP SBIISICTCSI
nedheKT macchl. XOpOIO M3BECTHO, UTO JII0OOE€ aTOMHOE SIApO MMEET Maccy,
KOTOpasl MeHbIlIe CyMMapHOI Macchl €r0 COCTaBHBIX KOMIIOHEHTOB. DHEPIUs CBI3U
gapa B JaHHOM ciydyae IIpeICTaBIsIeT COOOW 3HEPreTUYECKUMil 3KBUBAJIEHT
HeJoCTalolIe Macchl. IMEeHHO GJtarofgapst 3Toi HeOCTaroIeil SHePTUU CYIIECTBYET
Joboe atoMHoe siapo. Eciu KakuM-To oOpa3oM BIPBICKMBATH 3TO KOJUYECTBO
SHEPTUU B SIIPO, OHO TIPOCTO Pa3BaJIUTCS HA COCTaBHBIE KOMIIOHEHTHI - TIPOTOHBI
W HEUTPOHEI, TIPUUYEM TTOCIIeTHIE OYeHBb OBICTPO PacIianaloTcs Ha IIPOTOH, SJICKTPOH
W aHTUHEUTPUHO. DTO BCE M3BECTHO M3 00Ilero Kypca siaepHoi (U3MKU.

BTopbiM BaXKHEHIIIMM CBOMCTBOM aTOMHBIX SIIEp, Ha HaIll B3IJISII, SBJISIETCS TO,
91O HeeKT MacChl, paCUMTAaHHBI Ha OOWH OapHOH, MMeeT pa3HOoe 3HAaUYeHUE B
pa3HbIX sapax. DTO O3HAyaeT, YTO HEHUTPOH M MPOTOH MOIYT MMETh DPa3HbIe
MacChl, B 3aBUCHUMOCTH OT TOTO, B KaKOM sIpe WIM B KaKuUX (PU3NIECKUX
YCIIOBUSIX OHU HAaXOISTCS B HAHHBI MOMEHT.

Tenepb, yuuThIBasi ckazaHHOE, OOCYAMM MOBEJEHUE aTOMHBIX SIIEP, €CAU OHU
B3aMMOJIECUCTBYIOT C HOCUTEJIEM TEMHOI aHepruu. B TakoM ciyyae 5TW B3aMOIENCT-
BYIOIIIME CYOCTAaHIIMM Pa3UTEIbHO OTIMYAIOTCS OPYT OT Ipyra B CMBICIIE DHEpP-
reTUYeckoro 6agaHca. ATOMHbIC Siipa, KaK U TPaBUTALMOHHO CBSI3aHHbIE KOH(MU-
Typalliy, TakKe O0JIamaroT "OTpUIaTeIbHOM SHepruei’. A 3T0 03Ha4YaeT, YTO eCIu
TIpY B3aUMOICHCTBUM C HOCUTEIIEM TEMHOI DHEPIHH NPOUCX00Um 0OMeH SHepeusimu,
TO aTOMHBIE SIApa MOJYYalOT HEHYJIeBYIO MOpLUI0 dHepruu. [lonyyeHHas nopuus,
€CJTM TaKOe HEeVCTBUTEIBHO TIPOMCXOINT, YMEHBIIIAET OTPULIATENbHBIN OaaHC SHEprun
aapa, T.e. SHEPTUIO SACPHON CBSI3M, M TeM CaMBIM YBEJMYMBAET €ro Maccy Ha
HEHYJIEBYIO BEJIUUMHY.
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IIpuBeneHHas1 Llenoyka pacCykIeHUI CTPOUTCS Ha JABYX MPEAIIOTOXEHUSIX.
IlepBoe sIBASIETCS TOTMYECKUM MPOIOIKEHUEM HAILIETO BHIBOJA O B3aMMOJCHCTBUM
06apMOHHOM MaTepuH C HOCUTEJIEM TEMHOW SHEPTUM Ha YPOBHE aTOMHBIX saep, HO
9TO TPEANOJOXEHUE €llle OCTAeTCs JIMIIb TMIIOTE30i, MOKa 3TOMY HET BECKUX
JloKkazateabCTB. bosiee TOoro, Mbl HMYEro He 3HaEM O MeXaHU3Me "OCBOEeHUS"
MOpUMit TpaHC(HOPMUPYEMOM SHEPIUM aTOMHBIM smpoM. [losTomMy HUXe MBI
00CyIMM BOMPOC, K YeMy MPUBEAYT TaKue U3MEHEHUs, ecau OHU OelicmeUumensHo
oydym umems Mecmo.

Taxkum obpazoM, GaprioHHas MaTepusl U HOCUTEb TEMHON SHEPTUU SIBIISIIOTCS
OCHOBHBIMU CyOCTaHIIMAMU Hauleir HaOmogaeMoli BeeneHHoit (rmoka 3abynemM o
TMIIOTETUYECKON TEeMHOU MaTepuM), KOTOpble HAXOASATCS B HEMpPEepPbIBHOM
B3aMMOJIENCTBUM MexXay coboil. IIpu 3ToM Bcs mMacca HaxOOWTCSI B OApMOHHOM
BELIECTBE, & ICTOUHUKOM PECYPCOB COTBOPEHUST MACChI SIBJISIETCS] HOCUTEIb TEMHOMN
SHEPruu. OTU ABe KOMIIOHEHThI YCTPOECHBI TaK, YTO TEMHasl SHEPIUsl HEMPEPbIBHO
pacipsieT 6GapMOHHBIM MHUpP, W TIPU 3TOM YaCTUYHO IIpeoOpa3yeTcs B Maccy
0apMOHHOIO BEelIECTBA, YBEJIMUMBAsI Maccy HaOmogaeMoit BeeneHHON.

To, yro Macca aTOMHBIX siIep M KOCMUYECKUX OOBEKTOB YBEJIMUYMBAETCS CO
BpeMEHEM, HaMU yke ObUIO OTMEUEHO TMPY PaCCMOTPEHU CKOPOCTH YAAJIIEHUST 3eMIU
oT ConHua [11] u 06 3ToM ynoMsIHYTO B MpeabiayiieM pasneie. boiee Toro, aToT
MEXaHU3M TO3BOJISIET €CTECTBEHHBIM 00Pa3oM OOBSICHUTD MapaloKCATbHYIO CUTYALUIO
xa00s10BcKOro Hanpspkenus [22]. Takke, ucxons U3 cootHoiueHuii (5)-(6), KOTopbie
MOKa3bIBAIOT, YTO M3 OOBEKTOB OJHOIO M TOTO XK€ CEMEICTBA ObICTpee BOJIOIMO-
HUPYIOT T€, ¥ KOTOPBIX Macca MEHbIIE, Mbl UCCIEIOBAIN IFAIAKTUKY B CKOILJIEHMSIX
Y TIPMILIM K BBIBOY, UTO HaOJOAaTe/IbHbIE JaHHBIE U B 3TOM ClTyyae MOATBEPXKAAI0T
HallM BBIBOIBI [23].

CrienyeT OTMETUTD €lle OJHO BaxKHOE CJIEACTBUE JAaHHOTO, MOKa ellle TUIoTe-
THYeCKOTo Tiporiecca. OHO CBSI3aHO C YMEHBIIIEHUEM SHEPTUU CBSI3M B aTOMHOM
siipe, YTO PaHO WY TMO3IHO MPUBOAUT JAHHOE SIIPO B HECTaOUJIbHOE COCTOSIHUE
U, CJeloBaTelbHO, K HEM30EeXXHOMY paclaay MO OJHOW M3 CXEM HU3BECTHBIX
SOepHBIX peaknuit. TeM caMbiM B JaHHOM CTyCTKe OapMOHHOIO BEIIECTBA
YBEJIMUMBAETCSI OTHOCUTEJbHOE KOJMUYECTBO JIETKUX SAEP U JIETKUX 2JIEMEHTOB, B
TOM YHMCJIe BOAOPOAA, YTO SIBJISIETCSI KOHEYHBIM MPOAYKTOM HEHTPOHHBIX BEIOPOCOB.
[NoHATHO, YTO OMHUM M3 BaXKHBIX Pe3yIbTATOB 3TOTO IIpoliecca SBISICTCS YMEHb-
IIEHUE METAITMYHOCTH BO BCEX KOCMUYECKMX OOBEKTaX, U3 Yero cjieayeT, 4To
METaJUIMYHOCTh JOJKHA OBbITh HUXKE B OOBEKTaX, KOTOpbI€ Jierye W JAOJIblIe
MMOAIAIOTCS BIUSHUIO TEMHOUW SHEPIHMN.

IToMuMoO 5TOrO BBIBOI O pocTe Macchl BeesleHHOI pelnaet elle oauH Mapagokc,
KOTOPbI OOBIYHO 3aMaJuMBaEeTCsl TPAAMUIMOHHONW KOCMOJOTMEeH WIu IS ero
peleHnsT MPUIYMBIBAIOTCSI pa3JIMYHbIE 3aMBICJIOBAThIE ClieHApuu. Pedyb maeT o
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Macce 6aproHHOU BceneHHOI B paHHMX 3Tanax ee pacluupeHus. [Jeao B ToM, 4To
COIVIACHO COBPEMEHHBIM TeopusM yxe uepe3 10 ¢ mocse, Tak HasbBaeMoro,
Bosbioro B3pbiBa Bce 3aKOHBI Npupoabl pabdotanu. A uepe3 380000 yet Bce
OapuoHBI yxe ObLTH co3maHbl. Torma MoHsTHO, YTO Macca BceeseHHo# 1ocTaTouHO
JIOJITO Haxoawiaach BHYTpU cdepsl LIBapuinuipaa u, TeM He MeHee, IpoaoiKaia
paciupsatbes. To, uTo Macca BceeHHOM yBeIMunBaeTcs cO BpeMeHeM, CHUMaeT
9TOT MapagoKC HE3aBUCHMO OT TOro, ObUl BOJbIIOI B3pHIB WM HET.

Ewme omHo BaxXHOEe 3aMeuyaHue 31ech ObLIO Obl He JuimHuUM. M3 Bcero
CKa3aHHOTO CJIeJyeT, YTO NMPUUYMHA TILETHOCTU MOMCKa TEMHOU MaTepun KpoeTcs
HE B HECOBEPILIEHCTBE METOIOB MOUCKA. TeMHOU Mamepuu npocmo He Cyuecmeyem.
Ona Oblra uzobpemena 045 C021ACO8AHUS HADAHOAMENBHBIX OAHHBIX C 20CRNOOCMBYIOUel
KOCMO20HU4eCcKol meopuell, KoTopasi TpebyeT o0pa3oBaHUs KOCMUUECKUX OObEKTOB
1 UX CUCTEM ITyTEeM CXKaTHsl pa3pexXeHHON MaTepuM 10 JOCTUKEHUST paBHOBECHOTO
coctosiHus. M moatomy Beszie, riae HaOMoAeHUST MOKa3bIBAIOT OOJbIINME TUCTIEPCUN
CKOpOCTel, COBpeMeHHasi HayKa MOMellaeT TEMHYIO MaTepUIO TOJIbKO ISl OMHOMN
LIeJI, YTOOBl HE OBLJIO PEYM O pacCIIMPEHUU. A BO3MOXHOCTb BO3HWKHOBEHUS
OOJIBIIMX IMCIIEPCUII CKOPOCTEH MO BO3AEHCTBUEM TEMHOM SHEpruu BooOIe He
paccMaTprBaeTCs.

6. Kocmoeonuueckas kKonuenuus Ambapuymana u 0036e30Has
ceepxnaomuaa mamepus. Kinaccuueckue Tpynbl AMOapiiyMsiHa MO 3BE3AHOM
1 BHErajJakTU4YeCKOil KOCMOTOHMHM TMpeaolNpeae/ WM HEKOTOphbie HalpaBieHUS
pa3BuTHS acTpoU3MKK BTOPOI MOJ0BMHBI XX BeKa. [Tpuuem mjig qokazaTenbcTBa
POXIEHNST HOBBIX 3BE3l B HAIIly 310Xy, a TaKKe SBICHUS aKTUBHOCTH SAEp
raJJaKTUK €ro OCHOBHbIE apryMeHTbhl 06a3MpoBajIuMCh Ha TOM, YTO KakK 3BE3HbIE
accolMay, TaK W KpaTHBIE CUCTEMBl TaJaKTHK THIA Tpareluy SBIISTIOTCS
JIUHAMHAYECKNA HEYCTOMYMBBIMU, PACIUIMPSIONIMMUCS cucTeMaMu [24-26]. Takum
00pazoM, AMOApIYMsIH Caeal BbIBOJ O PACIIMPEHUM CUCTEM KOCMUYECKMX OObEKTOB
3a MOJIBEKA 10 OTKPHITUSI YCKOPEHUS pacimpeHust BeereHHOIM.

KpoMe ykazaHHBIX KOCMOTOHMYECKHMX BbIBOJOB AMOApIyMsIH TIpUILIE] elle K
OITHOMY BaxKHOMY 3aKJIIOUEHMIO, KOTOPOE KacaeTcsi CBOMCTB J03BE3THOTO BEILIECTBA.
VYuuteiBas TOT (bakKT, YTO HaOJOAaeMble B HACTOSIILEE BPEMSI CUCTEMbI PaCILIUPSIIOTCS,
AMOapITyMsTH TIPEATIONIOXMII, YTO HAYaJIOCh 3TO PACIIMPEHNE C TAKOTO COCTOSTHUS,
KOTJa BEIeCTBO MMeJla MJIOTHOCTh aTOMHOTrO siapa. OH Ha3Bajl TaKoe COCTOSTHUE
MaTePUU CEEPXNAOMHBIM 0036e30HbIM BEUjeCBEOM.

OCHOBHOIl TIPUUYMHOM OTKJIOHEHUSI 3TOW 4YaCTU KOHLENUUU AmOaplLyMmsiHa
SIBUJIOCH TO, UTO COBpeMeHHas1 u3rKa He MO3BOJIsIeT CTaOMIIbHOE CYIleCTBOBaHUE
0oJIBIIMX Macc ¢ TpedyeMoil TIOTHOCThI0. CUTyallsl Ka3ajlach NapajaoKCcalbHOM,
IMOCKOJIbKY, C APYroii CTOPOHBI, BCE€ PacCyXAeHUS M OLEHKM AMOapiymsHa 06e3
COMHeHMs1 ObLM Oe3ynpeyHbIiMU. [loaTOMy y ucciienoBaTesist, KOTOPbIi 3aHUMAJICS
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9THUM BOIIPOCOM, CO3[1aBaJIOCh BIIEYATICHUE, UTO COBPeMeHHas Gu3uKka éiadeem He
6ceM UCCAed08aAMENbCKUM UHCIPYMEHmMapuem, Komopbiid Heo0Xo0um 041 HNOAH020
aHaiu3a Quu4ecKol KapmuHbl.

B HacTosiiliee BpeMs, KOrma OTKpbITa TEMHas SHEPTUs, CUTyalvs Apyras.
MOXHO IOCTaTOYHO TBEPAO YTBEPXKIATh, YTO Ui TUITOTE3bl AMOapilyMsiHa He
XBaTaJI0 UMEHHO MeXaHu3Ma BJIMSIHUS TEMHOU SHEpruM Ha OapMOHHYIO MaTepUIO.
To, 4TO MPOUCXOAUT C aTOMHBIMU SIIPaMU B 3TOM TIpolecce (ecau MpeacTaBIeHHOe
3[1€Ch COOTBETCTBYET JEHCTBUTEIbHOCTH), MOXHO OXapaKTepu30BaTh Kak (ha30BbIi
Mepexol Macchl Ha KBAHTOBOM YpOBHE. JIefiCTBUTENBHO, B3aMMOAECMCTBUE aTOMHBIX
S1ep C HOCUTEIEM TEMHOW HEPTrMU MPUBOJIUT K YBEJIMUYEHUIO UX MACCHI 32 CUET
TEMHOW 3HEpPruM - T.€. IHEPrus IMpeodpas3yeTcs B Maccy, UCIIOJIb3YysS MPU 3TOM
YHUBEPCAJIbHBII MEXaHU3M, CO3MAHHBIN TTPUPOILONA.

Tenepp Jerko nNpeacTaBUTh cede Kak MOXET MATU OOpaTHBIN Ipolecc, Koraa,
00pa3Ho roBops, BpeMs WAET BCIATh. [IOHATHO, YTO B 3TOM CJIy4ae MbI JOJKHBI
HabaoaaTh YMEHbIIEHWE MacChl aTOMHBIX SIAEP Y YBEJIUUYEHWE SHEPTUU CBS3U, UTO
CO3/IAET XOPOIIWE YCJIOBUS ISl CYIIECTBOBAHUSI HEU3BECTHBIX HaM SIEP, COCTOSIIIINX
U3 ropasfno OoJblIero yuciaa OaApuOHOB, YEM B cCllydyae WM3BECTHBIX SEpP W3
Tabauibl MeHaeneeBa. Tak MOXHO TOWTU 1O TaKMX BpPEMEH, Koraa OapuOHbI B
SpaxX UMEIN HUYTOXHYIO Maccy W MPeACTaBIsINCh SMOPUOHAMU OapUOHOB.

Ecnu cka3zaHHOE BEPHO TS CJIOXHBIX SIIEP, COCTOSIIIMX U3 00JIee YeM OHOTO
0aproHa, TO XXe caMOe IOKHO OBbITh BEPHO TaKXKe U JJIsi CBOOOIHBIX OAPUOHOB:
OHM BCErna, B JI00YyI0 310Xy 00y1agany OoJIbIIE Maccoi, 4YeM CBSI3aHHBIE B Spe
OIHOMMEHHbIE YAaCTUIIbI, HO ObUIM TOpa3lo JIETYE, YEM UX COBPEMEHHbBIE aHAJIOTH.
B npotuBHOM citydae, eciiv oTae/ibHble 6apvOHbI HE U3MEHSTUCH Obl CO BpEMEHEM
WIN CJAeI0BaJIX Obl APYroMy 3aKOHY TpaHc(hOpMallMu, YeM CJIOXHBIE Sapa, TO
YaCTOThl CHEKTPAJIbHbBIX JIMHUI BOAOPOJA U APYTUMX 3JIEMEHTOB MEHSUIUCH OBbI C
pacCTOSIHUEM T10 Pa3HbIM 3aKOHaM. TO €CTh, €CJIi U3BMEHEHUE aTOMHOTO S/Ipa st
KaKOro-TO 3JIeMEeHTa MPOMCXOAMUT COINIACHO KaKOMY-TO CLIEHapHIO, TO 3TOT CLEHapUit
JTIOJKEH OBITh OOIIMM T Beex gaep. Eile pa3 oTMETUM, YTO BCE 3TO BEPHO, €CIH
BepHa caMa (pusuueckas KapTuHa TpaHc(opMaly aTOMHOTO SiApa TOA BAWSHUEM
TEMHOW 3HEPIUu.

Ta 0coGeHHOCTh, UTO, BXOIS B COCTaB CJIOXHBIX sSaep, OaprMOHBLI 00JIamaioT
CBOMCTBOM YMEHBIIATh CBOIO MaccCy, SIBISIETCS PETYJIATOPOM MJId OapUOHHOU
MaTepuu, YTO TO3BOJISIET €l amanTUpOBaTLCS K JIFOObIM (PU3UUECKUM YCIOBUSAM U
MOJJEPXUBATh YCTOMUMBOCTh TEX OOBEKTOB, KOTOPBHIE COCTOAT M3 ITUX YACTHUII.
Bbosee Toro, MUMEHHO 3TO CBOMCTBO SIBJISIETCS PETYJISITOPOM YCTOMUMBOIO CYIIECT-
BOBaHMSI BCEX OOBEKTOB 00JI€€ BBICOKMX MEPAPXUUYECKUX YPOBHEM.

Takum o0Opa3oM, ecid HallM pPacCyXA€HUS WU BBIBOJABI MpPaBWIbHBI, TO B
MPOIIJIOM KOJIMYECTBO MHOTOOAPMOHHBIX siiep (AaTOMOB) ObLIO OoJibllle, a oO1as
Macca 0apvOHOB - MEHbIIIE. B Hallly 310Xy aTOMHBIE Spa ¢ OONBIINM KOJIUYECTBOM
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0aprMOHOB MEHBIIMX (HUYTOXHBIX) MAcC MOTYT OBITh COXpaHEHbI B HeApaX 3Be3[
W B SOpax TaJlaKTUK, KOTOpble objiamatoT OoJbiM 3HaderneM MY. Ecinu 3Be3na
WIN TajlaKTU4YeCcKoe sSapo OymeT BhIOpachIBaThb CTYCTOK TaKOrO BEIEeCTBa, TO OH,
TMoIajasi B HOBbIE YCIOBUSA "0oJjiee paclIMpeHHOro" MPOCTPaHCTBa, JOKEH OBICTPO
afanTUPOBATLCS K 3TUM yCIoBUSIM. [Ipy 3TOM BBIOPOIIEHHBIN CTYCTOK HaOUpaeT
Maccy U U3JydyaeT OrPOMHOE KOJIMYECTBO SHEPIUU.

I'eHepalivio u3nyvyareabHONM SHEPTUY MOXHO OOBSICHUTD CenyloluM (heHoMe-
HOJIOTMYECKUM ClieHapreM. ATOMHBbIE Siipa WX CTYCTKU SMOpPHOOApHUOHOB (€C/Id UX
MOXHO TaK Ha3bIBaTh), ITONagas B HOBbIE (DM3NYECKIUE YCIOBUSI, HAUMHAIOT CTPEMMU-
TeJbHO HabupaTh Maccy. B pesyjabraTe 3TOro yMeHbIAeTCsl X SHEPrusl CBA3U, U
MHOTI00apMOHHEIE CIYCTKH, KOTOPHIE ObLUIM YCTOMYMBBIMU OO BHIOpPOCA, B HOBBIX
YCJIOBUSIX OBICTPO CTAaHOBSITCSI paAVMOAKTUBHBIMU. PasziuuHble TUMBI pacrnana, OT
OeTa-pacrnaga 10 KJIacTEpHOro pacnana v AeJeHUs, TPOU3BOAIT HOBBIE SIAPA, & 3TOT
Mpoliecc, KaK M3BECTHO, BCErIa COMPOBOXKIAETCSI TaMMa U3TyYCHUEM.

7. 3akawuenue. [IBe "TeMHble" CyOCTAHIMKM - TEMHAs MaTepUs U TEMHas
SHEeprus, BBeJeHHbIe B HAYKy KOCMOJIOTUEl, HE UMEIOT HUYero oodiero. TemHas
Marepusi, KoTopasl Obljla BBeleHa B HayKy B paMKax I'OCMOJCTBYIOIIE KOCMOro-
HUYECKOW TMMOTE3bI, HA HAIll B3IJIS, CTaJIa HEHYXKHOUW MOCIE OTKPBITUS TEMHOU
SHEPruyd KOTOPOE PaJAuKadibHO UZMEHUJIO BCIO (PM3MUECKYIO0 KapTUHY PeabHOTO
Mupa. OmgHako Mo ceil NeHb M3yyeHbl He Bce (U3MYECKME TOCAEACTBUSI €€
CYIIIECTBOBAHMSI.

31ech Moka3aHo K YeMy MPUBOAWT B3aUMOAEWCTBIE OAPMOHHOIO MUpa C HOCUTEIEM
TEMHOI SHEPIuu, UCMOJb3Ys MPU 3TOM HabIIoaaTe IbHbIe JAaHHbIE U TIOC/IE0BATETbHO
MPUMEHSST U3BECTHBIE 3aKOHBbI (PUM3UKU. A TO, UYTO OHU B3aUMOMAEUCTBYIOT, OBLIO
OYEBUIHO C TOTO CaMOrO MOMEHTA, KakK 3Ta 3Heprus Obula BBEl€HA B HAayUHBIU
WHCTpYMEHTapuii (pU3UKHM, TTOCKOJbKY HaOII0NaTeIbHON OCHOBOM UTSI STOTO CTaJIO
OTKpPBITUE YCKOpeHUs1 paciuvMpeHus BceneHHoI, KOTopoe, IO ONpeaeseHuIo,
MIPOMCXOMUT MMEHHO 3a CYET TOTO B3aMMoaeicTBusA. MMeHHO TOT (hakT, 4TO 6
pe3yavmame 3moe0 83auMoO0elicmeus HocUmenb MeMHOU SHepeUu NOCIOSIHHO nepeoaem
nopyuu sHepeuyu OApUOHHOU Mamepuu, U CTajl MPUYMHOU €€ OTKPbITHUS.

Ilepemauya sHeprum OapMOHHBIM OOBEKTaM M HMX CHUCTEMaM HEIIPEePBLIBHO
YBEJIMUMBAET UX DHEPrUio, U 3HAYeHWE BUpHaia CTAHOBUTCS MOJOXUTEIbHOM, B
pe3yJbTare yero Jirodasi cucteMa oObeKTOB CTAHOBUTCS paciuupsitolieiics. [Toatomy
MpU HAJIUYUKU TEMHON SHEPruu HE MMeEeT CMbICia TOBOPUTb O PaBHOBECHBIX
CHCTEMax, OHU BCE CTAHOBSATCS PACIIMPSIIOIIMMUCS, HE3AaBUCMMO OT MeXaHM3Ma UX
o0pa3oBaHMsl. Imom 6bi600 cpa3zy Odesaem MeMHYH Mamepuro, 3a OTKPBITUEM
KOTOPOU HcCClenoBaTesin ObIOTCS TIOUTH CTOJIETUE, HEHYICHOU huxyuell.

BaxkHbIM BBIBOJOM AaHHBIX WCCIAENOBAHUI SIBJISIETCS M TO, YTO, MOMUMO
MPOYMX OAPUOHHBIX OOBEKTOB, IBOIIOLIMOHUPYIOT TaKXKe U 00BEKThl MUKPOMMPA,
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Y OTIEYaTKM WX SBOJIIOIMN YETKO BUIHBI B (DU3MUECKHMX CBOMCTBAX KOCMMUYECKHMX
O0OBEKTOB BCeX WepapXWUYeCKMX YpoBHel. Takoil oOTHedaTKoi TOJKHO OBITh
YBEJIMYEHNE MACChl KOCMUYECKUX OOBEKTOB.

Hasee, yeM AOJbIIE TPOTOJIKAIACH SBOIOLMS MO, BIMSHAEM B3aMOIEHCTBUST
C HOCHUTEJIEM TeMHHOI SHEPTUH, TeM HIDKe IODKHA ObITh METAIMIHOCTE OOBEKTOB,
MIpUYEM 3TOT TIPOLIECC, APU NPOHUX DPABHBIX YCAOBUSX, Obicmpee NPOUCXOOUm Y
ManomMaccusHvix 00sexmos. DTa 3aKOHOMEPHOCTD TS TaJJaKTUK M3BECTHA W XOPOIIO
OCBellleHa B HAay4HO JuTepaType 3a Tmociemaue 50 yer.

JpyrnM o4eBUIHBIM PE3YIHTATOM 3BOJIIOLMN OAPMOHHON MaTEPUU Ha YPOBHE
ATOMHBIX SIep W 3JeMEHTApHBIX YACTUIl JOJDKHO OBITH YBEJIMYEHWE MAcChl, YTO
B ITOGAJTLHOM CMBICITE TIOCTOSTHHO YBEJIMIMBAET MacCy BceX 0OBEeKTOB 1 BeesleHHOI!,
C IpYToii CTOPOHBI, TIOCTETICHHO cMeujaem CneKmpanvHble AUHUU 6CeX DAeMEeHMO08
6 CUHIOI0 CMODPOHY CheKmpd.

ABTOp BBIpaXXaeT CBOIO MCKPEHHIO Mpu3HaTebHOCTh A.I.HmKorocsHy 3a
KPUTHYECKHME 3aMEYaHMsI, KOTOPbIE, HECOMHEHHO, YITYYILIMINA PYKOITUChH 9TOi PabOTHI.

Bropakanckasa acrtpodusndeckas obcepBaropusi, uM. B.A.AmOGapiymsiHa,
e-mail: hhayk@bao.sci.am

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.
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We consider the Bianchi type-VI; 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
o is proportional to the expansion scalar 0. 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, space time: f (R, T ) 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
f (R), 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 f(R) gravity. The f(R) theory of gravitation covers all domains from
cosmological to the solar system scale. Moreover, no extra degree of freedom is
required in f (R) gravity. f (R) 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 f (R) theory of gravitation. Also, Nojiri et al.
[3] presented a brief review on f (R) theories of gravitation. However, the f (R)
theories have stability and viability issues [4-6].

Recently, Harko et al. [7] proposed a more general model of modified theory
known as the f (R, T ) theory of gravity, in which f (R, T) is an arbitrary function
of the Ricci scalar R and the trace 7 of the energy momentum tensor. The coupling
between matter and geometry leads to extra acceleration in f (R, T ) theory. There
is a choice of the functions f(R,T) depending on the nature of the matter field
[8]. Harko et al. [7] also pointed out that the f (R,T) 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, f (R, T):R+ AT , is equivalent
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to a cosmological model with an effective cosmological constant. The term £ 7)
in gravitational action modifies the gravitational interaction between matter and
curvature. In f (R, T ) theory, cosmic acceleration comes not only from geometrical
contribution but also from matter content [9]. The f(R,T )= wR+yT 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 f (R, T) gravity and
showed that the model does not have an initial singularity. Rao and Neelima [12]
investigated Bianchi type-VI cosmological models and discovered that f (R,T)
affects the matter distribution but has no effect on space-time geometry. Singh
and Singh [13] discussed the behaviour of a scalar field in f (R, T) 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 f (R, T) gravity. Recently, Chaubey and Shukla [15] have
obtained the different cosmological solutions of Bianchi models in the framework
of f(R,T) 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
f (R, T) 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 f (R,T) 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;
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domain wall cosmological models in the framework of the f(R,T) theory of
gravity. Section 2 is devoted to metric and f (R,T) gravity. The field equations
for the Bianchi type-VI 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 C;#0. In section 5, the solution of the field equation is obtained for the
case C;=0. 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 f (R,T) gravity theory is given as

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

where L is the Lagrangian density of the matter. The field equations of the
f (R,T) theory of gravity are obtained by varying action .§ with respect to 8
which is given by

fo(R, T)Ri/.—% (R T)g,+(2,0-V,V,)fe(R,T)

2
=87, f(R.T)T;= £ (R T)®
where
[— 2
T;'j:_is ng! ®i/:_2Ti/‘+giij_2gaBa"#’
V-g 9g; | | 3¢’ g™
_ofRT) . _0f(RT)
fR - OR ’ fT - oT .
We assume the function f(R,7T) in the following form:
f(R,T)=R+uT. ?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

Tij = P(gij‘"”i“j)"'p”iuj ) “4)
where p and p stand for energy density and pressure of the domain wall,
respectively, and u, is the unit space-like vector in the same direction with
uu' =-1. Here p=p, +c, and p=p,—oc,, in which the quantities p, and p,
stand for energy density and pressure of the barotropic fluid, and o, 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 space time as
ds® =—dt*+ A2dx*+ B*e***dy* + C*e** dz* | (5)
where A, B, C are the functions of # and o is a non-zero constant.
Bianchi type VI, 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 space-time. Weaver [34] used
magnetism to investigate the Bianchi type VI, metric. Recently, the Bianchi type
VI, space-time has been studied by Pradhan and Bali [35] in general relativity,
whereas Rao and Neelima [12] and Ram et al. [36] in f (R,T) theory of gravity,
by using different physical fluids.

3. Field equations. In the f(R,T) theory, the coupling of matter and
gravity contributes equally to cosmic acceleration. The field equations of f (R, T )
gravity are derived in metric formalism as

§+%+§—g+j—z:(8n+5p)p+up (6)
§+%+j—g—j—j=(8ﬁ+5u)9+up ™)
% % i—j—j—z:(8n+5u)p+up (®)
%+%+§—g—j—z:—(8n+u)p+3up )
%-%:0, (10)

where the overhead dot represents the derivative with respect to cosmic time. From
equation (10), we obtain

C=BB, (11)

where P is an integrating constant. The expansion scalar 0 and shear scalar o
are defined as
9=3H=£+£+£=£+2£ (12)
A B C A B

) 1{3 , 12} 1(£ B> C* AB AC BCJ

c-=—| ) H ——6 et
2%’3 42 B2 C* AB AC BC

3 (13

14 B C
where H :E(z+§+%] is the Hubble parameter, and H, 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, pocE)2 implies o2 « 6* and
R 0" [37].

Using equation (11), the system of field equations (6) to (10) reduces to three
equations in four unknowns A4, B, p and p. 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 o/H <0.30,
where o 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 10’
in one part. The new limit of an isotropic expansion is o/H <4.7-107"" (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 O is proportional to the shear scalar o, i.e., 0 oc ¢, to avoid any unphysical
situation. Using equations (11), (12) and (13), we get

(4 B|_[4 2B
Gla B) 4 B) (14)

where [/ is a constant. Equation (14) further reduces to

é = né (15)
A B’
where n= (1+2l \/5)/ (l—l ﬁ) After integrating, equation (15) leads to
A=kB" (16)
where k is a constant of integration. From equations (6)-(8) and (16), we get
B’ 40

Let B=L(B), then B=LL with L'=dL/dB and we get the reduced equation
(17) in the following form
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0(2
(n—1)k?
where C12 is the integration constant. We have two possibilities, depending on
whether the value of the integration constant is zero or not. Note that the f(R,T)
gravity models depend on a source term, so each choice of L would generate
a specific set of field equations. Particular cases of f (R,T) functions, including
f (R, T): R+uT , 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 f(R,T) functions and other parameters is left as work for the future. Therefore,
we consider the following two cases:

Lsz(n+1) _ B4 C12 , (18)

4. Case 1. In this case, we have assumed that the non-zero integration
constant i.e. C;#0. The equation (18) is reduced to following equation:

n+l
B""dB _d

2

Y (19)
(n— )k

For simplicity, we take a particular value of constant, n=0 and by solving equation

(19), we arrive at,

du — =24,
o 20)
k
where u=B”.
Simplifying and integrating, we get
o o
kC,\ . (2kt
con ()
o o
A=k. (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:

_ 6mh? cos*(2kt/a) _ 8mo’
Isin®(2kt/a)  3Lk*

24)
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3 (— 2m+ u)b2 c0s2(2 kt/a) . (275 + u)oc2
P= 1, sin’(2kt/at) 3k (25)
where b=2k/a and [, = 64n” + 48mp + 8p2. From Fig.1, it is clear that the energy
density is negative for u=-6.29 and positive for pu=-6.28, therefore we have
a viable model for p>-6.28 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

2000 £ 1 ' ' E

1000 | ]

-1000 | ]

0.0 0.2 0.4 0.6 0.8 1.0
t

0.0 | 1

0.0 0.2 0.4 0.6 0.8 1.0
t

Fig.2. Plot of pressure p vs. cosmic time ¢ for a=p=4k=0.1.
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Fig.3. Plot of energy density of barotropic fluid p, vs. cosmic time ¢ for o=k =0.1.

(4n+p)b? cos®(2kt/a)  (-2m+3u)o’
pb = ) + 2 "
A (w+ 1)s1n (2 kt/a) 3] (w+ 1)k
Fig.3 depicts the behaviour of barotropic fluid energy density p, for different
values of parameter p. It is clear that, for small values of u, p, is decreasing
function of . It is positive and large near t=0 and tends to zero with increasing
time 7. Furthermore, the tension of domain walls o, is obtained as

_(6mw+2m—p)b? cos?(2kt/a)  (Smw+6m+3p)a’
I,(w+1)sin? (2 kt/at) 30, (w+1)k?

The Fig.4 shows the graphical behaviour of the tension of domain walls o,
for p=-6, pn=-0.1 and p=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, o, >0 near r=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 f (R, T) theory for FRW and axially
symmetric space time [43]. The physical parameters such as expansion scalar 0,
deceleration parameter g and shear scalar ¢ are obtained as

_kcos(2kt/a)
~ asin (2kt/a)

(26)

d

7)

(28)
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Fig.4. Plot of the tension of domain walls o, vs. cosmic time ¢ for a=k=0.1.

q=—1+3sec?(2kt/at) (29)
e kcos(2kt/a)
Vasin(2kt/a)’ (30)

The sign of deceleration parameter indicates whether the universe is accelerating
or decelerating. The positive sign of g 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 r=0, 0
and o 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 6/6 =0 and ©/0 is constant,
not depends on ¢, therefore the universe is anisotropic throughout the evolution.
The volume of universe V, is found to be

2
v =PRC Gn (2t ). 31)
o

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
g=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 g=1 i.e., the universe is expanding and decelerating.

Linder [46] has suggested novel models for parametrizing the equations of state
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in the study of dark energy to extend the parametrization of dark energy to
redshifts z>1. 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
o in term of average scale factor a is defined as

a '

0=0)+o|l-—/, (32)
ay

where ®,, o, are two undefined parameter, a is average scale factor, g, is the

present value of scale factor and r=1, 2, ... Therefore, the new parametrize ®

is obtained as

2/3 1/3

0=, +a)1{1—[3k(T3c'(sin(2kt/oc))l/3} : (33)

The graphical representation of parametrized w is shown in Fig.5. It is
observed that the range of wis —0.90 < w<-0.65 for the particular values of the
parameters w, =0.1 and w, = —1. The observational data indicates the range of
the EoS parameter w is —1.013ﬁ8_’8$§ [48], whereas Liu et al. [47] obtained the

T

..... r=2

1 L " 1 1 L

0.0 0.2 0.4 0.6 0.8 1.0
t

Fig.5. Plot of parametrize ® vs. cosmic time ¢ for a=B=¢, =k=0.1.

range of the EoS parameter as —1.5<w<0.5. Also, Scolnic et al. [49] obtained
the range of the EoS parameter as w=-1.026+0.041. 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,=0, then the equation (18) reduced to the following form
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OLZ

L2B2(11+1) — B4 .
(- 1)K (34)
Simplifying the above equation and integrating, we arrive at
B=E"" " (35)
C= BEl/ntl/" (36)
A=FkEt, 37

where E :na/ Jn—1k . It is clear that metric potentials are real for » >1 and
imaginary for n<1.
The expression of energy density and pressure are calculated as follows
n+2 N (87: + u)[(2 - n)— I, (n+ 2)]
3un’t? Ln*t? '

(38)

where [, = (8n+ Su)/ 3u. From Fig.6, it is clear that the energy density is a
decreasing function of time. It is large near r=0. A dark energy model for domain
walls is also obtained by Caglar and Aygun [50] in case of a higher dimensional
FRW universe.

_3ul(n-2)-1,(n+2)]

p= )
llnztz (39)
0.02
a
0.01
0.00 b . . . . ]
0 2 4 6 8 10

t

Fig.6. Plot of energy density p vs. cosmic time 7 for o =pu=0.1 and n=1.1.

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

_ (2-n)-5(n+2) L2
Po = (87t+2u)(w+ l)nzt2 3p(w+ l)n2t2 '

(40)
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Fig.7. Plot of pressure p vs. cosmic time ¢ for o =p=0.1 and »n=1.1.

Fig.8 shows that the plot of energy density of a barotropic fluid p, is positive
for n=1.1, n=-25.133 and it is negative for n=1.1, u=-25.132. We have a viable
model for u<-25.133 and for other values of p, the energy density is negative.

The tension of the domain walls is obtained as
(n+ 2)w
41)

_h [2—n)-1,(n+2)] +
3u(w+ l)nzt2

(&
¢ 1, (w+ )n?s?
where 7, =[(8n+p)w—3u]. Fig.9 shows that the graph of tension of domain walls

o, is positive for n=1.1 and p=-12.566, but it is negative for n=1.1 and

T

T

pu=-12.567. The tension of domain walls is negative for a viable model, that
is, for u=-12.567. It indicates that the domain wall transforms into another form
— p=-25.133 ]

p=-25.132 1

2000

1000

Py
o

-1000
10

Fig.8. Plot of energy density of barotropic fluid p, vs. cosmic time ¢ for o =0.1 and n=1.1.
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Fig.9. Plot of tension of the domain walls o, vs. cosmic time ¢ for a =0.1 and n=1.1.

of matter. The expansion scalar 0, deceleration parameter g and shear scalar o
is obtained as

n+2
0= py 42)
3n
ERTE )
oo n—1
\/gnt. (44)

From expression (44), it is clear that the expansion rate of universe is decreasing
with increasing time. It is highest near r/=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, c/0=0 for other values of n, c/0=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 #» >1. As mentioned above, metric
potentials A, B, C are real for n >1. Therefore, ¢ is positive in that case i.e. the
universe is decelerating. The volume of universe V is found to be

; (n+2) n
no

V =Bk .
{kVn—l}
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

(45)
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parametrize equation of state « is obtained as

not ](/fHZ)/n

0O=0,+0 1—[31/3k(”_6)/3"[
o T @ —

(46)
Fig.11 shows that the graphical representation of parametrized w is an
increasing function of cosmic time. For the particular values of the parameters
w, =0.01 and w, =-1, the range of the EoS parameter is —1.0<w<-0.1, i.e.,
initially the model behaves like ACDM , 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].

= T T T T T T T T T T T T T T ™

Fig.10. Plot of volume of universe V vs. cosmic time 7 for a =f=4k=0.1.

T

00F . — ' ]

0.0 0.2 0.4 0.6 0.8 1.0
t

Fig.11. Plot of parametrize ® vs. cosmic time ¢ for a =f=4k=0.1 and n=1.1.
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6. Conclusion. In this paper, we have studied Bianchi type-VI; cosmological
models in the presence of domain walls in f (R,T) theory of gravity using the
function f(R,T)=R+2f(T). The solutions of field equations are determined for
the two cases such as C;#0, n=0 and C, =0.

- In case I, the total energy density is positive for p>-6.28 with increasing
time. The energy density of barotropic fluid is decreasing as a function of time.
It is very large near r=0 and diminishes as 7 tends to infinity. As the tension
of domain walls indicates the existence of domain wall, ¢, >0, 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, ¢ is positive,
which indicates that the decelerating nature of the universe. Moreover, the
expansion scalar and shear scalar are periodic functions and their ratio /00,
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, g is positive for »>1 and
g=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 # >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 /=0. We observe that the energy density
of barotropic pressure p, is negative, whereas tension of the domain walls o, is
positive. The ratio /0 #0 ie. the study indicates an anisotropic universe. The
universe is expanding.

- The range of EoS parameters in cases I and II are —0.90<w<-0.65 and
—-1.0<w<-0.1, respectively, which resemble the findings of Suzuki et al. [48]
and Scolnic et al. [49].
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BCEJIEHHAS THUIIA bbAHKHWU VI, C JOMEHHbBIMHA
CTEHKAMU B PAMKAX TEOPUU T'PABUTALIMU {(R, T)

C.I1.XATKAP!, A.I1.TAJAC?, C.JJ.KATOPE?

PaccmoTtpeHo nmpocTpaHcTBO-BpeMsl ThMa besaHku VI ¢ TOMEHHBIMU CTEHKaMK
B paMKax MOAW(UUMPOBAHHOW TEOpUU TpaBUTALUU [ (R, T ) Hnsg peueHus
yYpaBHEHUI MOJIS MPEAIoaraeTcsl, YTo CKajsip CIBUTa G MPOMNOPIMOHATIEH CKaJISIpy
pacimpeHust 0. PaccmaTrpuBaeTcsl Takxke mapamMeTpu3alivsl ypaBHEHUSI COCTOSTHUS
0apOTPOMHOM KUIKOCTU U OOCYXIaeTcsl BAMSIHME Ha JOMEHHbIE CTEHKU. bblio
3aMEUYeHO, YTO JOMEHHbIE CTEHKU MOTYT BECTH ce0sl KaK TeMHasl sHeprus. Takke
MoAPOOHO 00CYKAAIOTCSI HEKOTOpble (hM3MYEeCKHe MapaMeTphl.

KiroueBbie croBa: domennvie cmenku: npocmpancmeo-epemsa muna boanku VI
epasumayus (R, T)
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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 p, =—p as the equation of state for super
high density and of Gliner who interpreted p, =—p 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
¢ in vacuum, the gravitational constant G, the Boltzmann constant k,, and the
reduced Planck constant 7% are set to 1.

2. Vacuum non-singular black holes. The general form of a static
spherically symmetric metric can be written as

ds? =— f(r)c2di*+ f(r) " dr?+r2(d 07 +sin0d o? ). )

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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3
Tf(r)=8<)exp{— : J )

nr, g

where g, represents the non-zero energy density of the vacuum, rg=2M and M
is the mass of the black hole as measured by a distant observer. r, is connected
with €, by the de Sitter relation

1"2 _ 3C4 3

0 8nGe, 3)

Integrating the Einstein field equations with the assumed form of 7, we

obtain the following

R,(r)
Slr)=1-=2==, “)
where
Rg(r):rg(l—e_r /rorgj, (5)
the mass term m(r) given in [5] is of the form
4’
m(r):c—2 T'r dr. (6)

0

The quadratic invariant of the Riemann tensor ®* = R,p5R P has the form [3]
Rz(r) 3 _3/2. R (r) 2R (r) 9,3 32

2 g r/r(,rg g g r r/rorg

R = 4—6 + 4{—26 — 3 + 3 — 2 e N (7)

r 7 r r o Ty

when r=0, ® > does not diverge and remains finite, tending towards the de Sitter
value ®* :24/ r04, 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 »>> rozrg, the vacuum non-singular black hole (5) is actually consistent
with the Schwarzschild solution. For r << rozrg, 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]

K 1 0.8 L,
T =——=—— ol -
© 2m 4m V= 8u&w r=r, 4n & (F)L:rh ’ )]

here, 1« represents the surface gravity, r, stands for the location of the event
horizon. Making a simple change to equation (4) and calculating according to (8),
we have

3 2, .2
3, =3, +rgr,

T, = . 9)

Anr,ryry

Using (1) and (4) and setting [g]-, =0, we can obtain the black hole's
horizon radius, which is

ry=2M(1- 25 ). (10)
8
6
ry
. 4
2
k r
0
0 2 4 6 8
M

Fig.1. The metric (4) has two event horizons located for r,= 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
r02 —> o0, one can respectively obtain the Schwarzschild cases of r,=2M and
T.=1/8nM .

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]

t—>t—.[—“l;(rf) @ dr, (11)

this change (1) into
ds® == f(r)di*+ 2T [ () drdr+ dr*+ r*(d 6> +5in°0d ). (12)

Form equation (12), the radial null geodesic equation of massless particles can
be derived as

P ey A ) (13)

dt
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

T o e—ZIm(S)/h ’ (14)

where I' is the tunneling probability, Im(S) 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

] " Py
Im(S)= Imjp(r)dr = ImJ- J'dp;dr , (15)
n n 0
where p(r) is the classical momentum of the particle at position r, and r, and
r, are the positions on either side of the barrier.
Continuing the solution, we use the Hamiltonian canonical equation
r=dH/dp, =d ®'/dp, , where o' represents the energy of the tunneling particle.
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Substituting this into equation (15) and changing the order of integration, we
obtain

Im(S)= Imj j —dr. (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

o’r 2
Im(S)=||——drd ®'.
)= e a7

Using the Residue Theorem, we have the following integral concerning r

¢ 2n 21w
Im(S)=Im[———~do' =——. 18
76" 7 a9
In the limit of the WKB approximation, the tunneling probability will take the
following form

[ oc exp(—2Im(S)) = exp (- Bo). (19)
Therefore, Hawking's temperature is
S '(” h)
T, =—"2=T_.
" 41 * (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

SM=T,3S, (21)

where S is the entropy of the black hole and 7, is the thermodynamic temperature
of the black hole. Then, by utilizing the properties of the implicit function and
equation (10), we have

F(M,r)=2M (1= /295 ), Zo. (22)

Using the derivative property of implicit functions, obtain dM/dr, through
equation (22). In this way we can obtain

_dﬂ_ 1 dﬂ_ rg(3r,f—3rh2rg+r02rg)
s 2mr, dr, 47trh2(rh3—rh2rg+r02rg)

It is seen that the temperature according to the first law of black hole

H

(23)
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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]

A
C(M,r,)sM =785 24)

where C(M,r,) is a corrected factor, and
T, 0T
— 257
C(M,Vh)—l+4TE;!‘V oM dr. (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 7 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

4 2 3
v,y =T,
c(M,r,)= £~ &, (26)

e

Thus, substituting the correction factor (26) into equation (24) directly gives the
corrected form of the temperature as

3r =312 2M+ rozrg

T, =C(M, 1)1, = 27)

41'crhrgr02
This is consistent with the results obtained from the other two methods, that is
T,-T -T. (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

C\M,r A
S:I—(Th h)sznr,f:Z. (29)
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

0S 0S| oT

C,=T—=T—|—| . (30)
oT or, \ 0,

For a Schwarzschild black hole, substituting the temperature (7},)

the equation (29) into the equation (30), we have

(CV )Sch = —2nrh2 . (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

1/(8nM) and

Sch

. 27 rh2 (rgro2 + r,,2 (— et Ty )) (rgro2 +3 rh2 (— ret 7, ))

v

r04rg2 +2 rozrgrhz (rg -7 )+ 3 rh4 (— rg2 + rhz) (32)

We can see that when r02 — oo 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,=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, =2.242, there may
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Fig.2. The black curve represents C , the black dashed curve represents (C,),, for A =0.4,
and the black dotted curve represents (C ), for A =0.8. Here /=1, M=1 and r,= 1.

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]

AxAp>1+ th Ap?, (33)

where A is a dimensionless quantum gravity parameter, and /, ~ 10 m corre-
sponds to the Planck length scale. When A 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

Ax ancr
> 7 11— _
APEow 2 e (34)
Considering / p <<Ax, we expand equation (34) using a Taylor series
aos Ly 2201
p_A_x + A2 +.... (35)

Using the Heisenberg uncertainty principle, we have the particle energy o >1/Ax .
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Considering the GUP given by equation (35), the energy correction is

W0
Ogup 0| 1+ 5 | (36)

Ax

up to second order in /. Substituting equation (36) into equation (19), we obtain
the particle tunneling probability corrected by the GUP as

47m 4mm Vo
I'=exp| — GUP_ | — exp| — 1+ 2.
p[ /() } p! hf’(rh){ Ax’ @)
Comparing (37) with the Boltzmann factor exp (— (o/T), we obtain the quantum-
corrected Hawking temperature

2

-1
2
TGUP=Th[1+ "l J , (38)

Ty

where T, 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
C (M , rh)

Seur = ImdM , (39)

ignoring the integration constant, the result can be expressed as

) M, a4 ¥
SGUP ZTE(Vh +Tlnrh]=Z+EIHA. (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 L — 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

oS
(Cv )GUP =Toup P TGUP .
GUP

Substituting equations (40) and (38) into equations (41), we get

(41)
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2 r04rg2 (4 " - 112, 73)

n(rg ro2 + rh2 (— gt ))(rg ”02 +3 rh2 (— gt ))(4 rh2 + l; 22 )2
4r, roz (rg - rhz )rh2 (4 rhz +5 112, 22 )

T (rg r02 + rh2 (— ret+ 1, ))(rgr02 +3 rh2 (— ret+ 1 ))(4 rh2 + l; 2 )2

6<r -7, )rh4 (4 rgrh2 +4 rh3 +322 Z; -7, 22 Z; )

g
Tc(rgr02 + rhz (— ret+ 1 ))(rgroz +3 rhz (— gt 1y ))(4 rhz + l; 22 )2

This is the heat capacity of vacuum non-singular black holes under the influence
of the GUP. It can be observed that when A —0, (CV)GUP 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 (CV)GUP and C,.

In addition, by directly setting ro2 — o0 in equation (42), we obtain

(242202 Jaf
=N 4

(Cv )GUP ="

- (42)

-1

(Cy )oup =—2m (43)
which corresponding to the Schwarzschild black hole heat capacity when consid-
ering the GUP effects. Then, setting A — 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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TEPMOINHAMUWKA WU EE KBAHTOBA/ KOPPEKLIHA
BAKYYMHOHNW HECHUHIYJIAPHON YEPHOW JbIPbI

A.MA, T.XO, Y.JIO

B naHHO# cTaTbe uMcCIEayIOTCS TEPMOIAVMHAMUYECKUE CBOMCTBA BAKYYMHBIX
HECUHTYJISIPDHBIX UYEPHBIX AbIP. YUYWUThIBASs SHEPreTUUECKUE XapaKTePUCTUKU
PETYJISIPHOTO MPOCTPAHCTBA-BPEMEHH, MCIOJb30BaH MOMUMULIMPOBAHHBIN MEPBBIN
3aKOH TEPMOAMHAMUKHN YEPHBIX JBIP Ul pacyeTa TeMIepaTypbl XOKWHIra, SHTPOIIMU
U TEIUIOEMKOCTY YepHbIX AbIp. [TomyueHHass TeMriepaTypa COBIafaeT C TEMIIEPaTypOid,
MOJyYEHHOW METOJaMU MTOBEPXHOCTHOW IpaBUTALMM U TYHHeJIMpoBaHus. Kpome
TOTO, SHTPOIMS YIOBJIETBOPSIET 3aKOHY Iioman bekeHreiHa-XokuHra. [Tpumeya-
TEJbHO, YTO TETUIOEMKOCTb YEPHBIX JbIP OOJBIION MAacChl paCXOMUTCS, B TO BpeMsl
KaK TETJIOEMKOCTb YEPHBIX JbIP MaJOW MacChl CTPEMUTCS K HYJIO, MPU 3TOM
CYILIECTBYET ToUKa (hazoBoro rnepexona. Kpome toro, achdekT KBAaHTOBOI IpaBUTALIUU
paccMaTpeH UCIOJIb30BaHUEM 0000ILEHHOTO MPUHIIMIA HEONPeAeAeHHOCTH IS
MU3YYEHUST KBAHTOBBIX MOIMPABOK TEPMOJMHAMUYECKMX CBOWCTB B CIIy4ae BaKyyMHBIX
HECUHTYJISIPHBIX YepHBIX AbIp. OOOOILEHHBIH MPUHLIMIT HEOIPEAeIEHHOCTU BBOAUT
Jiorapu(MUYECKUI TMOMPaBOYHBIM WieH B BHTPOMUIO YEpPHOU AbIpbl. Takxke
MOAUMUIUPYIOTCS TeMIlepaTypa U TeIIOEMKOCTb.

KittoueBble CITOBa: mepMOOUHAMUKA YEPHBIX Obip: BAKYYMHble HeCUHEYASAPHbIE YepHble
Obipbl: 0000UleHHBLL NPUHUUN HEONpedeaeHHOCMU: MOOUpUUUPO-
BAHHbBI NEPeblll 3aKOH MePpMOOUHAMUKU HepHbIX Oblp
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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,
and the transverse pressure p, 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

R —%gaBR:SnGDTaﬁ, (D
where G, is the fundamental parameter of interest defined as the gravitational
constant in higher dimensions. In higher-dimensional theories, G, is related to the
standard four-dimensional gravitational constant G by the relation G,= GV,
where V,, is the volume of the extra dimensions, and D represents the total
number of dimensions. The parameter G, is inherently dependent on the
dimensions. As the dimensionality D increases, the corresponding gravitational
constant G, also increases. This relationship highlights the influence of additional
spatial dimensions on the gravitational interaction, making G, a crucial aspect of
the model's framework in higher-dimensional theories. R, is Ricci tensor, R is
Ricci scalar, g,q is metric tensor and 7,4 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

Rs —%gaBRZO.

We write the interior space-time metric in higher dimensions of a static spherically
symmetric distribution of anisotropic matter in the form

ds® =—e™dt* +e™dr*+r?dQ, 2
where v(r) and u(r) are the two unknown metric functions, n= D-2 and
d Q2 =d0} +sin’0,d 6] +sin’0,|d 03 +...+sinze,,_lde§) is a linear element on a
n-dimensional unit sphere in polar coordinates parameterized by the angles
0,,0,,...,0,. 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

TOLB :(p+p)uocu[3_pgoc[3+not[3 ’ (3)
where p 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

Ty 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 I1,, has the form

g =\/§S{Cacﬁ_%(”aﬁ_gaﬁ)} “4)

where C* = (0, -ée*, 0, 0). For a spherically symmetric anisotropic distribution, 5(r)
denotes the magnitude of the anisotropic stress. The non-vanishing components
of the energy-momentum tensor are the following:

28 S
) =p, T, :_(erﬁ]’ T} =T :—(P—E} )

Consequently, radial and tangential pressures of the fluid can be obtained as

p,=-T =(p+%} (©)

=-T2 = _E}
po=-1; {P N ™)

S — pr_pt .
5 ®)

Using the space-time metric (2) and energy-momentum tensor (3) of the
distribution the Einstein field equations are subsequently obtained as

n(n— 1)(1 —e ) L we M ’

so that

8nGpp= 52 r 9)
r -2 -2
872Gy p, = nv'e ™ n(n—l)(lz—e “)’ (10)
r 2r
- " ' roor -1 - -1 =2)1- o
8nGDpt:ez“[v v oy )(rv ”))—(” )(”2)2( - ) (11)

where, a prime (') denotes differentiation with respect to the radial parameter r.
By defining the mass m(r) within a radius » as

r 2n(n+l)/2

m(r)=|———=u"plu)du,
O 02
we get an equivalent description of the system as
o 8nG, T((n+1)/2)m(r)
e M=1- 2 ) (13)
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nrv'(r—2m)=8nGp,p

4

r

862Gy 35)="2(8nG

7

+ 2 8rGyp )+ 2 (1= 2)e - = (- 1) (- 2)(e 1),
n r r
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)

(14)

Nt n(n— l)m,

v'r

n

n—2

oD, )[ -

(15)

The solution of field equations is discussed in the next section.

3. Modified Finch and Skea model and solution. We use the ansatz

r
R

2
e“z(

where s >0 is a dimensionless parameter

2
1+—2

J ’ (16)

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 Egs. (9) and (12

) we have the following

(n(n— 1)/2 rz)(l + rz/Rz)_<1+ rz/Rzy‘ —1]1—115/R2
8nGpp= — ; 17)
(1+}’2/R2>+
e 7_[(n+1)/2 [ 2 -
nlr)= 872G, [((n+1)2) 1_(”?] ' (18)

To integrate Eq. (14), we use the prescription of Sharma and Ratanpal [27] by
assuming the radial pressure in the form

8nGpp, =

Po(l_”2/R2)

R(1+r

(19)

2/R2)”1 ’

which is a reasonable assumption since the radial pressure vanishes at r= R.

Consequently, the curvature parameter
boundary of the star.

R in our model turns out to be the

Substituting Eq. (19) in Eq. (14) we have

e [(1+ r2/R2) —1}

N por(l—rz/Rz)

2 r

nR2(1+r2/R2) ’ 0
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and integrating, we get
2 \2Po/n 2 v 2\
o r Po? u du
e _C[1+F] exp| — Y +(n—1)2‘; (IJFF] 11—, 1)

where C is a constant of integration.
Finally, using Eq. (16), Eq. (19) and Eq. (15), the anisotropy is obtained

as

76,3 5 - _1[”(”‘22) (- 4,(0)+ M} ) A 2 L)

n| 2r (r2+ RZ) n
(22)
224 ()4 (2 () (n—l)(zn— 2) A3(r)[4(n— 2), 2(n—1)2(n— 2)}
nR r 4 r r
where
204+ 2)— 512/ R2
4(r)=2" [6+2)-s g/ﬂ | (23)
R*(1+?/R?)
(n—l)[ 5/ o\ } porll-r*/R?
A = 1 R°) -1
)= /R Carlie /R )
P2
Alr)=| 1+ 5] (25)
!l—rz/Rz!
A (r): Po T
U R R (26)
Subsequently, the tangential pressure can be obtained from the relation
&qnGpp, =8nGDpr—8n«/§. (27)

Using the above relations, we also obtain dp,/dp and dp,/dp.

Thus, our model has five unknown parameters namely, C, p,, 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 (#, 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

-1
2M 2M
ds? :_(1——n_l” jd’2+(1_—n-1hj ar’+r*dQ, , (28)
r

r

where M, is related to the mass M as M, =16nG,M /nQ, . The matching
conditions across the boundary surface r= R to be fulfilled are

. oM
2 (R) :[1_ n—lhj’ (29)

7

_ 2M
et =[1— ”] (30)

7

where m(R) = M, is the total mass enclosed within the radius R.
The above boundary conditions yield

2S+1M
Rn—l — h , 31
R 2
_ Po r dr ~(s+2py/n)
C=exp| ——(n—-1 I+—| —-1]—|2 ot
Xp n (” )E[ { RZJ B (32)

Eq. (31) clearly shows that the compactness of the stellar configuration
M/ R will depend on the parameters s and #. 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, p, p, >0.

(ii) Radial pressure p should be zero at boundary r=R ie. p, (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:

(dp/dr) =0, (dp,/dr)_ =0, (dp,/dr)_,=0 and (d*p/dr*)_ <0,
(d ’p./ drz)r:O <0, \d*p,/ erLO <0 so that the density gradients and pressure
gradients dp/dr<0, dp,/dr<0, dp,/dr<0 for 0<r<R.

(iv) The condition that the speed of the sound does not exceed light speed
requires that, 0<./dp,/dp <1, 0<./dp,/dp <I.

(v) It must satisfy strong energy condition (SEC): p+p,+2p, >20.

Also the trace energy condition (TEC), or p—p,—2 p, 20, 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 =1.58M, and
R=9.1km, respectively [30].

For stability, in general, the adiabatic index

r=P*tr d,
p, dp
should be greater than 4/3 according [31].

(33)

5.1. Bound calculation. In order to examine the unknown parameter p,,
we use boundary conditions.

(i) For n=2 and s=1.1

* The condition p, (r=R) >0 if p,<1.28 and for p, (r=0) >0 if p, >0.

- The expression 0<dp,./dp<1 (r=R), if 0<p,<3.5 and O0<dp,/dp<]l
(r=0) for 0<p, <1.86.

- The expression 0<dp,/dp<1 (r=R), if 0.43<p,<5.1 and 0<dp,/dp<1
(r=0) for 0.17 <p, <1.41.

+ The expression of SEC (r=R) >0, if 0 <p,<3.53 and SEC (r=0) >0,
if p, >0.

The expression of TEC (r=R) >0, if p, >0 and TEC (r=0) >0, if
0<p,<1.104. So for n=2 and s=1.1, our final bound is 0.43 <p <1.1. In this
work, we choose p,=0.44 for n=2 and s=1.1.

(ii) For n=3 and s=1.1

* The condition p, (r=R) >0 if p,<5.8 and for p, (r=0) >0 if p, >0.

* The expression 0<dp,/dp<1 (r=R), if 0<p,<7.05 and O<dp,/dp<]
(r=0) for 0 <p, <3.36.

- The expression 0<dp,/dp<1 (r=R), if 1.08 <p,<6.9 and 0<dp,/dp<]1
(r=0) for 0.60 <p, <3.49.

+ The expression of SEC (r=R) >0, if 0 <p,<13.4 and SEC (r=0) >0,
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if p, >0.
The expression of TEC (r=R) >0, if p, >0 and TEC (r=0) >0, if
0<p,<2.2.

So for n=3 and s= 1.1, our final bound is 1.08 <p,<2.2. In this paper, we
choose p,=1.5 for n=3 and s=1.1.

(iii) For n=4 and s=1.1

* The condition p, (r=R) >0 if p, <15 and for p, (r=0) >0 if p, >0.

* The expression 0<dp,/dp<1 (r=R), if 0<p,<11.7 and O0<dp,/dp<]1
(r=0) for 0<p,<5.23.

* The expression 0<dp,/dp<1 (r=R), if 2.05<p,<10.2 and 0<dp,/dp<1
(r=0) for 1.3 <p, <6.6.

+ The expression of SEC (r=R) >0, if 0 <p,<33.7 and SEC (r=0) >0,
if p, >0.

The expression of TEC (r=R) >0, if p, >0 and TEC (r=0) >0, if
0<p,<3.68.

So for n=4 and s= 1.1, our final bound is 2.05 <p, <3.68. In this paper,
we choose p,=2.5 for n=4 and s=1.1.

(iv) For n=5 and s=1.1

* The condition p, (r=R) >0 if p, <32 and for p, (r=0) >0 if p, >0.

* The expression 0<dp,/dp<1 (r=R), if 0<p,<17.7 and O0<dp,/dp<]1
(r=0) for 0 <p,<7.4.

* The expression 0<dp,/dp<1 (r=R), if 3.3<p,<14.5 and 0<dp,/dp<1
(r=0) for 2.3 <p, <10.8.

+ The expression of SEC (r=R) >0, if 0 <p,<68.03 and SEC (r=0) >0,
if p, >0.

The expression of TEC (r=R) >0, if p, >0 and TEC (r=0) >0, if
0 <p,<5.52.

So for n=35 and s= 1.1, our final bound is 3.3 <p <5.52. In this paper, we
choose p,=3.5 for n=35 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, p and p, 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, p, and p. 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 p+ p,+2 p, > 0. 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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an 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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Fig.3. Variation of (a) dp,/dp and (b) dp,/dp against the radial parameter r.
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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
-1< vi - vf <0, then the model is a potentially stable model and model followers
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Fig.5. Variation of (a) dp, /dp—dp, /dp and (b) Anisotropic parameter S(r) against the radial
parameter r.
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Fig.6. Variation of (a) Adiabatic index and (b) Mass against the radial parameter r.
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Fig.7. M - R plot.

1<v? —v? <0, then the model is potentially unstable. Given that the value of
-1< vi —vf <0 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_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, p, and p, 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=135, 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 4.7-10" g/cm’. The (M- R) curve is plotted with the inclusion of the
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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 » =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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MOINDOULIMPOBAHHAA 3BE3JHAA MOIEJIb ®UHYA
N CKEA B BbICIIMX M3MEPEHUAX

AJUKAHTUAY, HILJAC?, b.C.PATAHIIAJ®, K.K.BEHKATAPATHAM!

B nmanHoMm wucciemoBaHuu yiaydiieHa monenb ITannbu u Tomaca B pamkax
0oJjiee BBICOKMX M3MEPEHUI U MPEANoNIoXKeHO, YTO CUCTeMa aHU30TPOITHA B aH3alle
®unya n Ckea. [lpencraBireHHas Momenb WCCIEOYeT pa3IMYHbie (PU3MIeCKue
rnapamMeTpbl B 0oJjiee BBICOKMX M3MEPEHMSX, BKJIOYAIOIIMX MAaccCy, MJIOTHOCTb
9HEPIYM, paauaibHOE M IONepeyHoe naBjieHue W (akTop aHuU3oTponuu. s
aHaju3a 9HEPreTUYECKUX YCJIOBUM paBHOBECUS U YCTOMUMBOCTU B Pa3TUUYHBIX
U3MEPEHMSIX UCIOJIb3yeTcs Tpaduueckuii meton. Kpome Toro, mokasaHo, UTO
Macca KOHKPETHOTO KOMITAKTHOTO OObeKTa YBEJIMUMBAETCS C paAvaIbHBIMM Tapa-
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MeTpaMH 110 Mepe YBEJIMYEHUST pa3MepHOCTH MpOCTpaHCTBa-BpeMeHn. Kpome Toro,
Ha rpaduke Macca-paguyc (M-R) moka3aHO BIVSTHAE Pa3MEPHOCTHBIX (haKTOPOB
Ha MaKCHUMAaJIBHYIO MAacCy M pajuyc, ITOIYCTUMBbIE HAIlleil MOIEIbIO.
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