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The study of the alignment of galaxy groups of the Tempel, Tago & Liivamägi (2012) catalog
showed that detection of the alignment of the group galaxies with the group orientation depends
on the position angle of the studied group. Alignment is detected in groups the position angle of
which approximately coincides with the average position angle of the group galaxies that is about
90o for all groups. The analysis of the alignment of clusters with known orientations shows the same:
alignment is detected in clusters with position angle of the large axes of about 90o. Hence, the
alignment dose not have a physical meaning. Its detection is simply a result of the chance
coincidence of the position angle of the cluster and the average position angle ofthe cluster galaxies.

Keywords: galaxies: clusters - galaxies: alighnment

1. Introduction. It has been shown that a large number of galaxies in the
local universe are members of poor groups of galaxies [1-22]. It was supposed that
the study of the orientation of galaxies in groups and clusters is important for
understanding the galaxy structure formation and to discriminate between different
cosmogony scenarios  (e.g. West; West & Dekel [23-24]). Many efforts have been
done for study the orientation of galaxies in clusters starting with Reynolds
pioneering work [25]. Afterwards many papers with contradictory conclusions have
been published. It has been shown [23,26-41] that galaxies are aligned with the
parent cluster. Meanwhile, the authors of [42-49] have found that galaxies in
groups and clusters are consistent with being randomly oriented. More decisively
the alignment was found between neighbor clusters (Bingelli [29], West [23],
Plionis [38]); between the brightest cluster galaxies (BCGs) and their parent
clusters Carter & Metcalfe [28]; and between the satellite galaxies in clusters and
the BCG (Struble [35]). Faltenbacher et al. [50] studied galaxy groups of the Yang
[16] catalog and found alignment between orientation of the BGG and the
distribution of satellite galaxies, between orientation of satellite galaxy and the
direction toward BGG and alignment between orientations of the BGG and
satellites. Stepahnovich et al. [51] stated that alignment is more common to rich
clusters, while Tovmassian & Torres-Papaqui [51] reported on the alignment of
satellite galaxies mainly in poor clusters. In astronomy perhaps there is no other
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problem with so many contradictory results. The detailed discussion of previous
study of the alignment in clusters is presented by Joachimi et al. [53]. The
problem of the galaxy alignment is discussed by Kiessling et al. [54]. It was
mentioned that alignment could be induced by the tidal interactions of galaxies
with the gravitational field of larger structures. It is mentioned that in smaller
scales below about 1 Mpc galaxies could be aligned with their halo. Meanwhile
less attention has been drawn to the alignment of galaxies in more numerous poor
galaxy groups. In this paper we study the alignment in almost 1000 groups and
checked the alignment in clusters with known orientation from Plionis [38]. We
found that the alignment does not have physical meaning and is a result of a
chance coincidence of the position angles (PA) of the cluster large axes and the
average PA of the cluster galaxies.

2. The data and analysis.

2.1. The alignment of groups. We studied the groups with 12 to 16
members from the Tempel, Tago & Liivamägi catalogue [22]. These groups were
selected arbitrarily. The motivation was to have not very poor, as well as not very
rich groups. The redshifts and PA of galaxies at r band are taken from the SDSS-
DR9 (Ahn et al. [55]). The galaxies with good quality of observation (marked
by 3 in the catalog) was retrieved. In total I used in the study the data on 11883
galaxies in 878 groups. According to Struble & Peebles [31], the galaxies in a
cluster are aligned with the cluster large axes, if

  45 , Ngrgl (1)

is negative.
In this formula grglgrgl   , , where gl  and gr  are the PAs of the

cluster galaxies and of the cluster large axes respectively. The standard deviation
of   is

  . 1290 21N (2)

It has been shown that galaxy groups have prolate-like spheroid space con-
figuration (Plionis, Basilakos & Tovmassian [58]; Wang [59]). The group shape
is determined by the axial ratio b/a (Rood 1979), where a is the angular distance
between the most widely separated galaxies in the group, and b is the sum of
angular distances of the most distant galaxies on either side of the line a. We
determined the PA of the line "a" of each group assuming that this line is the
group's large axes. The distribution of the PAs of the studied 878 groups are
presented in Fig.1, which shows that PAs of groups are distributed almost
uniformly between 0o and 180o.
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Then the formula (1) was applied. For about a quarter of the studied groups
the parameter   was negative, hence the latter groups are aligned.

2.2. The distribution of PAs of aligned and non-aligned groups .
We compare the distribution of PAs of the aligned and non-aligned groups large
axes. The distribution of the large axes PAs of both samples of groups is presented
in Fig.2. Fig.2 shows that these distributions significantly differ from each other.
PAs of aligned groups (the left panel of Fig.2) are distributed mainly within narrow
interval from 60o to 120o with average value 88o.1 ± 17o.8. The distribution of the
PAs of the non-aligned groups (the right panel) has a dip here. The different
distribution of PAs of aligned and non-aligned groups is explained as follows. We
determined the average PA of galaxies in each group using the PAs of galaxies
retrieved from the SDSS-RD9 (Ahn et al. [55]). The PAs of the group galaxies
are distributed around 90o with a mean value 89o

 ± 14o.2. The PAs of group's large
axes are distributed roughly uniformly (see Fig.1). The PA of groups with about
90o coincides with the average PA of the group galaxies, that is also about 90o.
Such groups are detected as aligned. Thereby, the PAs of aligned groups are
concentrated around 90o. These groups are excluded from the distribution of the
PAs of the non-aligned groups. As a result, in the distribution of the PAs of the
latter the dip appears. Thus, the alignment of the group galaxies with the group
orientation is simply the result of the chance coincidence of the group PA and

Fig.1. The distributions of PAs of the the studied groups. The errors N  are shown by dotted lines.
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the mean PA of the group galaxies. Hence, the alignment does not have any
physical meaning.

It is prominent that   for non-aligned groups at the intervals of PAs from
0o to 30o and from 150o to 180o are high, 30 ± 15.2 and 33.3 ± 16.8, respectively.
While at the intervals from 60o to 90o and from 90o to 120o   is small. It is
equal to 7.5 ± 6.9 and 8.1 ± 5.5 respectively. Hence, the non-aligned groups with
PAs characteristic for the aligned groups are close for being aligned.

2.3. The alignment of galaxy clusters. After concluding that the group
alignment is due to a chance coincidence of the PAs of the group and the group
galaxies we review the cluster alignment. We determined the alignment of clusters
with PAs oo 10872  , at which the groups are aligned (see Fig.2), and also at the
PA intervals oo 360   and oo 180162   of the non-aligned groups, where the PA
of groups significantly differs from  90o. The clusters with corresponding PAs are
taken from Plionis [38]. We selected for study the clusters with more than 20
members. Positions, redshifts and Hubble distances of clusters are from NED. The
data on cluster galaxies within 2 Mpc Abell cluster radius (according to Andernach,
Waldhausen & Wielebinski [56]) and with velocities within ±1500 km s-1 of the
cluster velocity (according to Collins [57]) are retrieved from SDSS-DR9 (Ahn
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0 60 120 180
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160

Fig.2. The distributions of PAs of aligned groups (the left panel) and the non-aligned groups
(the right panel). The errors N  are shown by dotted lines.



163ON  THE  PROBLEM  OF  THE  GALAXY  ALIGHNMENT

et al. [55]). The PAs of galaxies at r band are used. As for the group galaxies,
the data on galaxies with good quality of observation were retrieved. The results
on the study of the clusters with PAs in the range of oo 10872   are presented
in Table 1. At the consecutive columns of Table 1 the cluster designation (column
1), the number of members within 2  Mpc radius (column 2), the average <PA>
of the cluster galaxies (column 3), the cluster PA from Plionis [38] (column 4)
and the parameter   (column 5) are presented. Table 1 shows that   is negative
for 14 out of 23 clusters. For the other 9 clusters   is positive, but small with
an average value 3.2 ± 2.4. Thus, clusters with PAs of about 90o are either aligned
or are close for being aligned. A completely different result is obtained for clusters
with PAs that significantly differ from 90o, i.e. are at intervals oo 360   and

oo 180162  . The results of the study of these clusters are presented in Table 2,
analogues to Table 1. The parameter   for these clusters is positive and high,

9336  . . All these clusters are strongly non-aligned. Hence, the situation with
the cluster alignment is identical to that of groups. The clusters with PAs near
90o are aligned and those, the PAs of which differ greatly from 90o are non-

Table 1

THE DIFFERENCE   FOR CLUSTERS WITH PAs AT o10872 

Cluster N <PA> PA
g



A757 85 94.5 79.3 +5.6 ± 2.8
A819 21 92.7 111.0 -0.4 ± 5.7
A858 28 94.4 96.1 -6.9 ± 4.9
A1035 57 93.4 93.8 +1.9 ± 3.4
A1050 37 77.6 76.6 -3.4 ± 4.2
A1100 52 86.1 101.4 +1.7 ± 3.6
A1173 48 87.9 102.5 -5.1 ± 3.7
A1213 109 89.6 96.0 -4.3 ± 2.5
A1235 37 97.9 73.6 -3.5 ± 4.3
A1314 21 85.3 75.0 -2.0 ± 5.7
A1371 82 85.8 100.1 -6.9 ± 2.9
A1383 97 94.9 78.9 -5.3 ± 2.6
A1516 67 94.5 89.6 -3.5 ± 3.2
A1564 52 91.8 111.1 +1.4 ± 3.6
A1569 43 86.2 104.1 +7.6 ± 4.0
A1620 46 102.7 80.5 +5.7 ± 3.8
A1775 58 90.3 90.3 -5.0 ± 3.4
A1783 50 93.2 77.0 -4.4 ± 3.7
A1793 29 82.3 92.6 +1.3 ± 4.8
A2028 52 103.5 93.4 -4.5 ± 3.6
A2048 78 83.2 106.2 +2.4 ± 2.9
A2089 62 76.8 87.8 +1.2 ± 3.3
A2399 110 95.2 94.4 -2.9 ± 2.5



164 H.M.TOVMASIAN

aligned. Hear too the alignment is caused by the chance coincidence of PAs of
clusters and their galaxies.

3. Conclusions. The study of the alignment of galaxy groups and clusters
revealed that the alignment is detected in those groups and clusters, the PA of
which happen to be close to o90 . The latter is the average PA of galaxies in
all studied systems. Hence, the alignment merely results from the chance coin-
cidence of PA of groups and clusters with average PA of their member galaxies.
Thus, the reason for contradicting conclusions on the alignment made in the
previous studies [23,26-49,51,52] is explained. The made conclusion on the
presence or absence of the alignment depends on the cluster sample used in
investigation.

Funding for SDSS-III, SDSS DR9, has been provided by the Alfred P. Sloan
Foundation, the Participating Institutions, the National Science Foundation, and
the U.S. Department of Energy Office of Science. The SDSS-III web site is http:/
/www.sdss3.org/. SDSS-III is managed by the Astrophysical Research Consortium
for the Participating Institutions of the SDSS-III Collaboration including the

Table 2

THE PARAMETER   FOR CLUSTERS WITH PAs AT
INTERVALS oo 180   AND oo 180162 

Cluster N <PA> PA
g



A257  51  93.1  163.3 +23.9 ± 3.6
A 724  54  85.7  177.2 +46.0 ± 3.5
A1177  80  86.5  13.9 +43.3 ± 2.9
A1291  84  90.7  172.6 +37.1 ± 2.8
A1307  47  90.1  6.9 +27.2 ± 3.8
A1318  80  89.8  1.6 +45.3 ± 2.9
A1346  60  101.2  164.8 +19.7 ± 3.3
A1365  38  85.5  11.7 +28.8 ± 4.2
A1377  89  84.1  165.3 +36.7 ± 2.7
A1380  30  104.5  173.9 +29.8 ± 4.7
A1552  73  92.8  163.3 +25.9 ± 3.0
A1795  101  88.2  13.8 +31.1 ± 2.6
A1812  28  91.7  14.7 +32.9 ± 4.9
A1890  73  95.8  6.2 +46.5 ± 3.0
A1991  98  85.6  5.0 +36.2 ± 2.6
A2029  109  100.1  5.1 +49.3 ± 2.5
A2065  125  83.7  176.1 +47.4 ± 2.3
A2151  245  93.7  169.4 +31.8 ± 1.7
A2162  47  87.4  1.7 +40.7 ± 3.8
A2593  141  85.7  179 +47.8 ± 2.2
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Î ÏÐÎÁËÅÌÅ ÎÐÈÅÍÒÀÖÈÈ ÃÀËÀÊÒÈÊ È ÈÕ
ÐÎÄÈÒÅËÜÑÊÈÕ ÃÐÓÏÏ È ÑÊÎÏËÅÍÈÉ

Ã.Ì.ÒÎÂÌÀÑßÍ

Èññëåäîâàíèå ñîâïàäåíèÿ ïîçèöèîííûõ óãëîâ ãàëàêòèê è ãðóïï ãàëàêòèê
èç êàòàëîãà Tempel, Tago & Liivamägi (2012) ïîêàçàëî, ÷òî îáíàðóæåíèå
ñîâïàäåíèÿ ïîçèöèîííûõ óãëîâ ãàëàêòèê ãðóïïû ñ ïîçèöèîííûì óãëîì
ñàìîé ãðóïïû çàâèñèò îò ïîçèöèîííûõ óãëîâ èññëåäîâàííûõ ãðóïï. Ñîâïàäåíèå
îáíàðóæåíî ó ãðóïï, ïîçèöèîííûå óãëû êîòîðûõ ïðèáëèçèòåëüíî ñîâïàäàþò
ñ ñðåäíèì çíà÷åíèåì ïîçèöèîííûõ óãëîâ ãàëàêòèê âñåõ ãðóïï, ðàâíûì îêîëî
90o. Àíàëèç ñîâïàäåíèÿ â ñêîïëåíèÿõ ñ èçâåñòíûìè ïîçèöèîííûìè óãëàìè
âûÿâèë òó æå çàêîíîìåðíîñòü: ñîâïàäåíèå îáíàðóæåíî ó ñêîïëåíèé, ïîçè-
öèîííûå óãëû áîëüøèõ îñåé êîòîðûõ ðàâíû ïðèáëèçèòåëüíî 90o. Ñëåäîâà-
òåëüíî, ñîâïàäåíèå ïîçèöèîííûõ óãëîâ ãàëàêòèê è ñêîïëåíèé íå èìååò
ôèçè÷åñêîãî ñìûñëà. Åãî îáíàðóæåíèå ÿâëÿåòñÿ ðåçóëüòàòîì ñëó÷àéíîãî
ñîâïàäåíèÿ ïîçèöèîííîãî óãëà ñêîïëåíèÿ ñ ñðåäíèì ïîçèöèîííûì óãëîì
ãàëàêòèê ñêîïëåíèÿ, ðàâíûì o90 .

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: ñêîïëåíèÿ - ãàëàêòèêè: íàïðàâëåííîñòü
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DEPENDENCE OF GALAXY AGE IN THE CMASS
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In this study, I investigate the environmental dependence of galaxy age in the CMASS sample
of the Sloan Digital Sky Survey Data Release 12 (SDSS DR12). It is found that galaxy age is
very weakly correlated with the local environment. Considering the weak stellar mass-density relation
of CMASS galaxies, it has been suggested that it is likely a combination of a strong age-stellar
mass relation and a weak stellar mass-density relation.

Keywords: galaxy: fundamental parameters - galaxies: statistics

1. Introduction. In the past, many studies showed that in the local Universe,
galaxies in low-density environments are generally younger than galaxies in high-
density environments [1-14]. Proctor et al. [5] and Mendes de Oliveira et al. [6]
reported that the galaxies in compact groups are generally older than field galaxies.
Thomas et al. [7] demonstrated that massive early-type galaxies in low-density
environments appear younger (on average 2  Gyr) than their counterparts in high-
density environments, which is qualitatively consistent with the predictions from
semianalytic models of galaxy formation [15]. In mock galaxy catalogs, Reed et al.
[11] found that older mock galaxies significantly are more clustered. Their results
also suggested that the clustering-age dependence is manifested in real galaxies. Rakos
et al. [12] argued that there is a significant correlation between the galaxies mean
age and their distance from the cluster center: older galaxies inhabit the core. When
investigating the variation in stellar population ages of Coma cluster galaxies as a
function of projected cluster-centric distance, Smith et al. [14] noted a clear
distinction between the giant and dwarf galaxies. The age of red-sequence giants only
has a weak environmental dependence, while the age of red-sequence dwarfs has
strong trends with projected cluster-centric radius. The average age of dwarfs at the
boundary of their sample on 2.5 Mpc is approximately half that of dwarfs near the
cluster centre. The current hierarchical assembly paradigm predicts that galaxies are
younger in lower density environments [16-17].

In the local Universe, galaxy colors are strongly correlated with environments
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[18-23], but in intermediate and high redshift regions, the color-density relation
is too weak [24-26]. Similarly, the environmental dependence of stellar mass is
quite strong in the local Universe [27-30], but it is too weak in the SDSS
luminous red galaxy sample and galaxy samples in the Baryon Oscillation
Spectroscopic Survey (BOSS) [31-32]. At intermediate redshifts, Grützbauch et al.
[25] also found a weak environmental dependence of stellar mass. These studies
showed that the environmental dependence of galaxy properties is likely different
in different redshift regions. Thus, it would be of great interest to explore the
environmental dependence of galaxy age in intermediate and high redshift regions.

The BOSS is one of four surveys in the SDSS-III project [33]. It is carrying
out a redshift survey of 1.5 million luminous red galaxies at 80150 .z.   over
10000 square degrees. The BOSS is designed to measure the baryon oscillation
signature in the correlation function of galaxies [34-37]. Meanwhile, using the BOSS
galaxy sample, some authors also explored many other galaxy issues [32,38-45].
Masters et al. [38] studied the morphology and size of BOSS galaxies. Applying
principal component analysis, Chen et al. [39] calculated some parameters of
BOSS galaxies, such as stellar masses, mean stellar ages, star formation histories
(SFHs), dust extinctions and stellar velocity dispersions, and investigated the
correlation between the fraction of galaxies with active star formation and stellar
mass. Maraston et al. [40] explored the uniformity of mass sampling as a function
of redshift. Deng [42] performed comparative studies of properties of star forming
galaxies and active galactic nuclei  between two BOSS galaxy samples of SDSS
Data Release 9 [46]. Deng [43] and Deng, Zou [32,44] examined the environ-
mental dependence of colors, stellar mass and all five band luminosities for BOSS
galaxy samples.

The BOSS galaxy sample can be divided into two principal samples at 40.z  :
a Low Redshift (LOWZ) sample and a Constant Mass (CMASS) sample. The
LOWZ sample, a low redshift sample with a median redshift of 30.z  , is a simple
extension of the SDSS I and II luminous red galaxy samples [47] and can be used
for comparison with them. The CMASS sample, a high redshift sample with a
redshift of 70430 .z.  , selects galaxies with roughly a constant stellar mass, and
is a nearly complete sample of massive galaxies above 40.z  . Such a sample is
a good representative of intermediate-redshift galaxy samples. The primary goal of
this study is to investigate the environmental dependence of the age of CMASS
galaxies. My paper is organized as follows. In section 2, I describe the data used.
The environmental dependence of age of CMASS galaxies is discussed in section
3. My main results and conclusions are summarized in section 4.

In calculating the distance, I used a cosmological model with a matter density of
300 . , cosmological constant of 70. , Hubble constant of H0 = 70 km s-1Mpc-1.
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2. Data. Data Release 12 (DR12) [48] of the SDSS is the final public release
of spectroscopic data from the SDSS-III BOSS, which includes the first spectra
of the Multi-object APO Radial Velocity Exoplanet Large-area Survey(MARVELS),
additional data from the APO Galactic Evolution Experiment(APOGEE) and
additional sky coverage and better galaxy parameter estimates from BOSS. In this
work, the data was downloaded from the Catalog Archive Server of SDSS Data
Release 12 [48] by the SDSS SQL Search. Because most CMASS galaxies are
located between 70430 .z.  , I extract 858977 CMASS galaxies with a redshift
of 70430 .z.  .

Maraston et al. [40] employed  two template fittings (passive and star-forming)
and two adopted Initial Mass Functions (IMFs) (Salpeter and Kroupa). The passive
model does not include the possibility of a non-zero SFR (star formation rate).
The selection of the star-forming template and the Kroupa IMF leads to the largest
number of non-zero SFR galaxies. Considering that further investigation would
likely shed light on the SFR of galaxies, we use the best-fit age of galaxy (in
Gyr) obtained with the star-forming template and the Kroupa IMF [40]. The data
set of age measurement is from the StellarMassStarFormingPort table.

3. Environmental dependence of age in the CMASS galaxy sample.
When using the CMASS galaxy sample, some authors restricted their analysis to
the redshift range 70430 .z.   [34,36,38,41]. For example, Reid et al. [41]
examined the anisotropic clustering of BOSS galaxies in the redshift range

70430 .z.  . Masters et al. [38] investigated the morphology and size of the
luminous and massive galaxies at 7030 .z.  . However, Deng & Zou [32]
demonstrated that the CMASS sample with a redshift of 70430 .z.   seriously
suffers from the radial selection effect. In the CMASS sample with a redshift of

70430 .z.  , an abnormal trend is observed: high mass galaxies exist preferen-
tially in low density regions of the universe, while low mass galaxies are located
preferentially in the densest regions. Deng & Zou [32] argued that this is likely
due to the radial selection effect in this CMASS sample.

Dawson et al. [49] and Anderson et al. [34] demonstrated that the radial
selection effect of CMASS galaxies is fairly serious at redshift 60.z  . However,
BOSS is a mass-uniform sample over the redshift range 0.2 to 0.6 [40]. Thus,
Deng & Zou [32] constructed a CMASS sample with a redshift of 60440 .z.  .
Deng & Zou [32] believed that this CMASS sample should be a relatively uniform
sample, in which the radial selection effect is less important. In this CMASS
sample, Deng & Zou [32] found that the environmental dependence of the stellar
mass of CMASS galaxies is fairly weak.

In this work, I measure the projected local density 2
55 dN   (Galaxies

Mpc-2) where d5 is the distance to the 5th nearest neighbor within ±1000 km s-1 in
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redshift [50-52]. Following Deng et al. [21], I arrange galaxies in a density order
from the smallest to the largest, select approximately 5% of the galaxies, construct
two subsamples at both extremes of density according to the density, and compare
the distribution of age in the lowest density regime with that in the densest regime.
Fig.1 shows age distribution at both extremes of density for the CMASS galaxy
sample with a redshift of 60440 .z.  , which contains 656087 galaxies. As shown
by this figure, the age of CMASS galaxies is nearly independent of the local
environment.

It is important to keep in mind that the CMASS sample with a redshift of
60440 .z.   still suffers from the radial selection effect. A good choice for

removing this effect is to use the volume-limited galaxy sample. However, it is
difficult to construct an ideal volume-limited sample from the CMASS galaxy
sample because it is not simply flux-limited. The statistical method of Deng [53]
can substantially reduce the influence of the radial selection effect on statistical
results. In order to make the maximum use of observational data, Deng [53] used
the apparent-magnitude limited sample, divided the entire galaxy sample into
subsamples with a redshift binning size of 010.z   and focused on a statistical
analysis of the subsamples in each redshift bin. Deng [53] argued that in each
redshift bin, the radial selection effect is less important. It is noteworthy that in
such a study, the environmental dependence of galaxy properties in each subsample
is likely to be greatly decreased, due to each subsample being limited to a small
redshift range, 010.z  . However, some works demonstrated that in the redshift
bin 010.z  , the environmental dependence of galaxy properties can still be
observed if it exists [30,53,54].

Fig.1. Age distribution at both extremes of density for the CMASS sample with the redshift
60440 .z.  : solid line represents the subsample at high density, dashed line represents the

subsample at low density. The error bars of the dashed lines are 1  Poissonian errors. The error
bars of the solid lines are omitted for clarity.
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Fig.2. Age distribution at both extremes of density in different redshift bins: solid line represents
the sample at high density, dashed line represents the sample at low density. The error bars of the
dashed lines are 1  Poissonian errors. The error-bars of the solid lines are omitted for clarity.
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Following Deng [43,53], I extract a galaxy sample from the CMASS DR12
that comprises 621837 CMASS galaxies with a redshift of 590440 .z.   and
divide this sample into subsamples with a redshift binning size of 010.z  , and
then analyze the environmental dependence of age of subsamples in each redshift
bin. Fig.2 show age distribution at both extremes of density in different redshift
bins for this CMASS galaxy sample. The level of significance of the difference
between two distributions is nearly within 1  in most bins, which indicates that
the age of CMASS galaxies is almost independent of the local environment in
all redshift bins.

I performed the Kolmogorov-Smirnov (KS) test that investigates if two
independent distributions are similar or different, by calculating a probability value.
If two independent distributions in a figure completely differ, its KS probability
should be close to 0. The KS probability of Fig.1 is 0.00136, which is much
larger than 0. This KS probability indeed is quite large, compared with those of
strong environmental dependence. Table 1 also lists the KS probability in all
redshift bins, which is much larger than that obtained by Deng [53], Deng et
al. [30] and Deng et al. [54] (see Table 1 of Deng [53] and Deng et al. [30])
and even is much larger than 0.05 (5%, is the standard in statistical analysis).
Such a result shows that two independent distributions in these two figures are
very similar. It is in good agreement with the conclusion obtained by the
histogram figures.

Grützbauch et al. [25] demonstrated that stellar mass is weakly correlated with
the environment at intermediate redshifts. They also found that at redshifts

7040 .z.  , galaxy color has a weak environmental dependence, and claimed that
such a weak color-density relation is a combination of a strong color-stellar mass
relation and a weak stellar mass-density relation. Grützbauch et al. [26] further

Redshift bins Galaxy number P

0.44-0.45 20651 0.976
0.45-0.46 27825 0.954
0.46-0.47 34481 0.917
0.47-0.48 41165 0.759
0.48-0.49 44988 0.462
0.49-0.50 48574 0.719
0.50-0.51 50037 0.238
0.51-0.52 49045 0.993

Table 1

KS PROBABILITIES OF Fig.2 IN EACH REDSHIFT BIN THAT TWO
SAMPLES AT BOTH EXTREMES OF DENSITY ARE DRAWN FROM

THE SAME DISTRIBUTION

Redshift bins Galaxy number P

0.52-0.53 49030 0.528
0.53-0.54 47301 0.579
0.54-0.55 46175 0.268
0.55-0.56 44768 0.334
0.56-0.57 43058 0.876
0.57-0.58 38843 0.928
0.58-0.59 35896 0.679
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showed that the colors of galaxies are strongly dependent on the stellar mass at
redshifts up to 3z  and argued that stellar mass is the most important factor
in determining the colors of galaxies and that the environment likely has a small
additional effect. Grützbauch et al. [26] argued that a possible interpretation for
this is that the environmental processes that exert the main influence on galaxy
properties proceed slowly over cosmic time.

Fig.3 shows averaged stellar mass as a function of age for the CMASS sample
with a redshift of 60440 .z.  . In Fig.3, I observe a tight correlation between
stellar mass and age. This suggests that the weak age-density relation obtained in
this work is likely a combination of a strong age-stellar mass relation and a weak
stellar mass-density relation [55]. Stellar mass is also the most important factor
in determining the age of galaxies.

4. Summary. In the local Universe, galaxy age strongly depends on the local
environment [56]. I note that the strong environmental dependence of some
typical galaxy properties (such as colors and stellar mass) in the local Universe
cannot extend to intermediate- and high-redshift regions. Thus, it is necessary to
explore the environmental dependences of galaxy age in intermediate and high
redshift regions.

In this work, I investigate the environmental dependence of age in the CMASS
sample of the SDSS DR12 [48]. Considering the radial selection effect in the
CMASS sample, I use a CMASS sample with a redshift of 60440 .z.  , which
is a mass-uniform sample. To further decrease the influence of the radial selection
effect, following Deng [53], I also divide the CMASS sample with a redshift of

590440 .z.   into several subsamples with a redshift binning size of 010.z 

Fig.3. Averaged stellar mass as a function of age for the CMASS sample with the redshift
60440 .z.  . Error bars represent standard deviation in each redshift bin.

lo
g 
M

*

Age, Gyr

0 2 4 6 8

10

11

12



176 XIN-FA  DENG

and I analyze the environmental dependence of age of subsamples in each redshift
bin. Statistical results show that galaxy age is very weakly correlated with the local
environment. Due to the weak stellar mass-density relation of CMASS galaxies
[55], such a weak age-density relation of CMASS galaxies is likely a combination
of a strong age-stellar mass relation and a weak stellar mass-density relation.

Apparently, the environmental dependence of age in the CMASS sample is
inconsistent with that obtained in the local Universe. A possible interpretation of
this result is that stellar mass essentially influences on age of galaxies and that
the environment likely has a small additional effect only at the most extreme
dense regions. The environmental processes that exert the main influence on
galaxy properties proceed slowly over cosmic time. Some of the most influential
high-density environments may still be in the process of developing and cannot
yet affect galaxy age.
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ÈÑÑËÅÄÎÂÀÍÈÅ ÇÀÂÈÑÈÌÎÑÒÈ ÂÎÇÐÀÑÒÀ
ÃÀËÀÊÒÈÊ ÎÒ ÎÊÐÓÆÀÞÙÅÉ ÑÐÅÄÛ Â ÂÛÁÎÐÊÅ

CMASS ÃÀËÀÊÒÈÊ SDSS DR12

ÊÑÈÍ-ÔÀ ÄÝÍÃ

Â ðàáîòå èññëåäîâàíà çàâèñèìîñòü âîçðàñòà ãàëàêòèê îò îêðóæàþùåé
ñðåäû â âûáîðêå CMASS èç 12-ãî âûïóñêà äàííûõ öèôðîâîãî îáçîðà íåáà
Sloan (SDSS DR12). Óñòàíîâëåíî, ÷òî âîçðàñò ãàëàêòèê î÷åíü ñëàáî êîððåëèðóåò
ñ ëîêàëüíîé ñðåäîé. Ðàññìàòðèâàÿ ñëàáóþ ñâÿçü çâåçäíîé ìàññû è ïëîòíîñòè
ãàëàêòèê CMASS, ïðåäïîëîæåíî, ÷òî îíà, âåðîÿòíî, ÿâëÿåòñÿ êîìáèíàöèåé
ñèëüíîé ñâÿçè âîçðàñò-çâåçäíàÿ ìàññà è ñëàáîé ñâÿçè çâåçäíàÿ ìàññà-ïëîòíîñòü.

Êëþ÷åâûå ñëîâà: ôóíäàìåíòàëüíûå ïàðàìåòðû - ãàëàêòèêè: ñòàòèñòèêà
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ÍÎÂÀß ÎÐÁÈÒÀ È ÎÖÅÍÊÀ ÌÀÑÑÛ ÇÂÅÇÄÛ
61 CYGNI ÍÀ ÎÑÍÎÂÅ ÅÅ ÍÀÁËÞÄÅÍÈÉ Â 1819-2019ãã.

È.Ñ.ÈÇÌÀÉËÎÂ, Í.À.ØÀÕÒ, Å.Â.ÏÎËßÊÎÂ,
Ä.Ë.ÃÎÐØÀÍÎÂ, Ì.À.ÏÎÃÎÄÈÍ

Ïîñòóïèëà 5 ÿíâàðÿ 2021
Ïðèíÿòà ê ïå÷àòè 3 ìàÿ 2021

Íàñòîÿùàÿ ñòàòüÿ ÿâëÿåòñÿ ïðîäîëæåíèåì íàøèõ ðàáîò, ïîñâÿùåííûõ îïðåäåëåíèþ
îðáèòû è ìàññû çâåçäû 61 Ëåáåäÿ è èçìåíåíèé ôîòîìåòðè÷åñêèõ õàðàêòåðèñòèê åå êîìïîíåíòîâ.
Öåëüþ ðàáîòû áûëî óòî÷íåíèå îðáèòàëüíûõ ýëåìåíòîâ, îöåíêà ìàññû è ïîèñê âîçìîæíîãî
ïðîÿâëåíèÿ ïåðèîäè÷åñêèõ ñîñòàâëÿþùèõ â óêëîíåíèÿõ îò îðáèòàëüíîãî äâèæåíèÿ. Â ðàáîòå
èñïîëüçîâàëèñü ðåçóëüòàòû íàáëþäåíèé â Ïóëêîâñêîé îáñåðâàòîðèè íà äâóõ èíñòðóìåíòàõ:
íîðìàëüíîì àñòðîãðàôå â 1895-1919ãã. è íà 26-äþéìîâîì ðåôðàêòîðå â 1957-2019ãã., à òàêæå
íàèáîëåå ðàííèå ìèêðîìåòðè÷åñêèå íàáëþäåíèÿ Â.ß.Ñòðóâå â 1819-1837ãã. Îòíîñèòåëüíûå
ïîëîæåíèÿ êîìïîíåíòîâ, îïðåäåëåííûå ïî íàáëþäåíèÿì, âûïîëíåííûì ñ ïîìîùüþ íîðìàëü-
íîãî àñòðîãðàôà â 1895-1999ãã., ïóáëèêóþòñÿ âïåðâûå. Èç-çà áëèçîñòè ê Ñîëíöó, à òàêæå
ñïåêòðàëüíîãî êëàññà êîìïîíåíòîâ - K5V è K7V, 61 Cyg ñ÷èòàåòñÿ âåðîÿòíûì êàíäèäàòîì
â êà÷åñòâå ðîäèòåëüñêîé çâåçäû ýêçîïëàíåòû. Â ñî÷åòàíèè ñ íàáëþäåíèÿìè 26-äþéìîâîãî
ðåôðàêòîðà è ïðåîáðàçîâàíèåì âñåõ äàííûõ â åäèíóþ ñèñòåìó áûë çàïîëíåí ïðîáåë â
íàáëþäåíèÿõ íà÷àëà äâàäöàòîãî âåêà. Èñïîëüçîâàíû ñîâðåìåííûå àñòðîôèçè÷åñêèå ïàðàìåòðû
ýòîé çâåçäû è äàííûå, îïóáëèêîâàííûå â Gaia DR2. Äëÿ êîíòðîëÿ îðáèòû, ïî íàøèì
äàííûì, âû÷èñëåíî ëó÷åâîå îðáèòàëüíîå óñêîðåíèå W, êîòîðîå ïîêàçàëî õîðîøåå ñîãëàñèå
ñ óñêîðåíèåì, ïîëó÷åííûì äðóãèìè àâòîðàìè íà îñíîâå ñïåêòðàëüíûõ íàáëþäåíèé.
Îáñóæäàþòñÿ òàêæå âîçìîæíûå ïåðèîäè÷åñêèå óêëîíåíèÿ îò îðáèòàëüíîãî äâèæåíèÿ çâåçäû.

Êëþ÷åâûå ñëîâà: äâîéíûå çâåçäû: ìàññà: îðáèòû: 61 Cygni: ýêçîïëàíåòû:
ëó÷åâîå óñêîðåíèå

1. Ââåäåíèå. Äâîéíàÿ çâåçäà 61 Cyg (ADS 14636 = WDS 21069 + 3845 =
Gliese 820 = HR 8085 + HR 8086 = HD 201091 + HD 201092) ÿâëÿåòñÿ îäíîé
èç íàèáîëåå áëèçêèõ ê Ñîëíöó è â òå÷åíèå ìíîãèõ äåñÿòêîâ ëåò ïðåäñòàâëÿåò
áîëüøîé èíòåðåñ äëÿ àñòðîíîìîâ-íàáëþäàòåëåé. Îíà îòíîñèòñÿ ê àñòðîìåò-
ðè÷åñêèì äâîéíûì çâåçäàì è ïðåäñòàâëÿåò ñîáîé øèðîêóþ ïàðó ñ áëèçêèìè
ïî áëåñêó êîìïîíåíòàìè (ñ 03  , V = 5m.2 è 6m.0, ñîîòâåòñòâåííî).

61 Cyg èçâåñòíà êàê îäíà èç ïåðâûõ çâåçä, äëÿ êîòîðûõ áûë îïðåäåëåí
ïàðàëëàêñ 3140 .  [1]. Ñ 1819ã. åå, êàê äâîéíóþ çâåçäó, íà÷àë íàáëþäàòü
Â.ß.Ñòðóâå â Äåðïòå, à ïîòîì è Î.Â.Ñòðóâå â Ïóëêîâñêîé îáñåðâàòîðèè [2,3].

61 Cyg ÿâëÿåòñÿ îäíèì èç íàèáîëåå ïåðñïåêòèâíûõ îáúåêòîâ â êà÷åñòâå
ðîäèòåëüñêîé çâåçäû äëÿ ýêçîïëàíåò. Êàê ñëåäóåò èç ïîñëåäíèõ ïóáëèêàöèé
(ñì., íàïðèìåð, Arney [4]), ó ýòîé çâåçäû âîçìîæíî îáíàðóæåíèå áèîìàðêåðîâ,
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ò.å. âûÿâëåíèå â àòìîñôåðå ïëàíåòû ýëåìåíòîâ, ïîäîáíûõ ñîñòàâëÿþùèì
çåìíîé àòìîñôåðû, à èìåííî êèñëîðîäà, ìåòàíà, óãëåêèñëîãî ãàçà è äð. Êàê
ïîä÷åðêèâàþò àâòîðû [4], íàèáîëåå ìíîãîîáåùàþùèìè â ýòîì ñìûñëå ÿâëÿþòñÿ
çâåçäû, ïðèíàäëåæàùèå ê ñðåäíåìó èëè ïîçäíåìó ïîäêëàññàì Ê-êàðëèêîâ -
êàê, íàïðèìåð, êîìïîíåíòû 61 Cyg, èìåþùèå ñïåêòðàëüíûé êëàññ K5V è
K7V. Íàäåæäà, åñòåñòâåííî, âîçëàãàåòñÿ íà òåëåñêîïû áóäóùåãî ñ àïåðòóðîé
ïîðÿäêà 15 ì.

Ñðåäè èçó÷åííûõ êàðëèêîâ ïîçäíåãî Ê-êëàññà íàèáîëåå ñîîòâåòñòâóþùèìè
ðîëè öåëåâûõ îáúåêòîâ äëÿ ïîèñêîâ áèîñèãíàëîâ ñ÷èòàþòñÿ 61 Cyg A è B,
à òàêæå  Indi, Groombridge 1618 è HD 156026. Îíè ÿâëÿþòñÿ ïîäõîäÿùèìè
äëÿ íàáëþäåíèé ìåòîäàìè òðàíçèòíîé ôîòîìåòðèè, òàê êàê ïðè îáíàðóæåíèè
ïëàíåòû ó òàêèõ îáúåêòîâ, êàê ó 61 Cyg A/B, åñòü ñâîè ïðåèìóùåñòâà. Ó íèõ
ïðåäïîëàãàåòñÿ ëó÷øåå ñîîòíîøåíèå êîíòðàñòíîñòè: ïëàíåòà-çâåçäà, óëó÷øàþùåå
îòíîøåíèå ñèãíàë/øóì (S/N), áîëåå ïðîäóêòèâíîå, ÷åì, íàïðèìåð, ïðè
ñîîòâåòñòâóþùèõ íàáëþäåíèÿõ çâåçä ñîëíå÷íîãî òèïà êëàññà G2V.

Â òå÷åíèå ðÿäà ëåò ïðîäîëæàëàñü äèñêóññèÿ ïî ïîâîäó âîçìîæíîãî
ñïóòíèêà ó îäíîãî èç êîìïîíåíòîâ 61 Cyg, çàïîäîçðåííîãî ïî ñèñòåìàòè÷åñêèì
óêëîíåíèÿì îò îðáèòàëüíîãî äâèæåíèÿ (ñì. èññëåäîâàíèÿ Ñòðýíäà è Äåé÷à
[5,6]). Äîëãîå âðåìÿ íàëè÷èå ñïóòíèêà íå ïîäòâåðæäàëîñü äîïîëíèòåëüíûìè
ýêñïåðèìåíòàëüíûìè äàííûìè, â ÷àñòíîñòè, ñïåêòðàëüíûìè íàáëþäåíèÿìè
ëó÷åâûõ ñêîðîñòåé èëè äðóãèìè âîçìîæíûìè ïðîÿâëåíèÿìè åãî ïðèñóòñòâèÿ.
Èçâåñòíî, ÷òî àíàëèç ñîáñòâåííîãî äâèæåíèÿ, ïîëó÷åííîãî ïî íàáëþäåíèÿì
Hipparcos è Gaia, ïîêàçàë âîçìîæíîñòü ïðèñóòñòâèÿ âîçìóùàþùåãî âòîðè÷íîãî
îáúåêòà ó êîìïîíåíòà 61 Cyg B  (ò.å. òðåòüåãî òåëà â ñèñòåìå äâîéíîé çâåçäû
- ñì. Kervela è äð., [7]).

Öåëüþ íàøåé íàñòîÿùåé ðàáîòû áûëî óòî÷íåíèå îðáèòàëüíûõ ýëåìåíòîâ,
îöåíêà ìàññû êîìïîíåíòîâ è ïîèñêè âîçìîæíûõ ïðîÿâëåíèé ïåðèîäè÷åñêèõ
ñîñòàâëÿþùèõ â óêëîíåíèÿõ îò îðáèòàëüíîãî äâèæåíèÿ.

2. Ðåçóëüòàòû íàáëþäåíèé. Èñòîðèÿ íàáëþäåíèé çâåçäû è åå ôèçè÷åñêèå
ñâîéñòâà ïðåäñòàâëåíû âêðàòöå â íàøèõ ðàáîòàõ [8,9]. Ðàíåå íàìè áûë
èññëåäîâàí ðÿä ïîçèöèîííûõ íàáëþäåíèé íà ïóëêîâñêîì 26-äþéìîâîì
(D = 65 ñì, F = 1040 ñì) ðåôðàêòîðå, à òàêæå èçìåíåíèå áëåñêà êîìïîíåíòîâ
äâîéíîé çâåçäû ïî ôîòîìåòðè÷åñêèì íàáëþäåíèÿì íà íîðìàëüíîì àñòðîãðàôå
(D = 33 ñì, F = 346 ñì) [10].

Â äàííîé ñòàòüå èñïîëüçîâàíû âñå ôîòîãðàôè÷åñêèå è ÏÇÑ- ïîçèöèîííûå
íàáëþäåíèÿ â Ïóëêîâå çà áîëåå, ÷åì 100 ëåò, à òàêæå áîëåå ðàííèå
ìèêðîìåòðè÷åñêèå íàáëþäåíèÿ Â.ß.Ñòðóâå. Âðåìåííîå ïîâåäåíèå
îòíîñèòåëüíûõ êîîðäèíàò X, Y çà ýòîò ïåðèîä ïðèâåäåíî íà ðèñ.1, 2. Ïðè
îáðàáîòêå áûëà âû÷èñëåíà îáúåäèíåííàÿ îðáèòà ïî ïÿòè ðÿäàì íàáëþäåíèé:
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1) íàáëþäåíèÿ Â.ß.Ñòðóâå (1819-1837) ñ âåñîì, ðàâíûì 0.145;
2) ðÿä íîðìàëüíîãî àñòðîãðàôà (NA), ôîòîãðàôè÷åñêèé 1895-1940ãã. ñ

âåñîì, ðàâíûì 0.226;
3) ðÿä íîðìàëüíîãî àñòðîãðàôà, ôîòîãðàôè÷åñêèé 1949-1999ãã., ñ âåñîì

0.661;
4) ðÿä 26-äþéìîâîãî ðåôðàêòîðà (Ref), ôîòîãðàôè÷åñêèé 1957-1996ãã., ñ

âåñîì 1.127;
5) ðÿä 26-äþéìîâoãî ðåôðàêòîðà, ÏÇÑ, 2007-2019ãã. ñ âåñîì 3.575.
Òî÷íîñòü îöåíèâàëàñü â ñîîòâåòñòâèè ñ îøèáêàìè îòíîñèòåëüíûõ ðàññòîÿíèé

è ïîçèöèîííûõ óãëîâ, à òàêæå ñî ñðàâíèòåëüíîé äëèíîé ðÿäà. Ïîñêîëüêó
ðÿäû èìåþò ðàçíóþ òî÷íîñòü, èì áûëè íàçíà÷åíû âåñà â ñîîòâåòñòâèè ñ
îøèáêîé åäèíèöû âåñà ïðè àïïðîêñèìàöèè êàæäîãî ðÿäà êâàäðàòè÷íûì
ìíîãî÷ëåíîì.

Âïåðâûå ïóáëèêóåìûå îòíîñèòåëüíûå ïîçèöèîííûå ïîëîæåíèÿ, îïðåäå-
ëåííûå ïî íàáëþäåíèÿì, âûïîëíåííûì ñ ïîìîùüþ íîðìàëüíîãî àñòðîãðàôà
â 1895-1999ãã., âñå èñõîäíûå òàáëèöû, êîòîðûå èñïîëüçîâàëèñü äëÿ
îïðåäåëåíèÿ îðáèò, à òàêæå íàáîð âîçìîæíûõ îðáèò ìîæíî çàãðóçèòü  ñ
ñàéòà Ñòðàñáóðãñêîãî öåíòðà äàííûõ (http://cds.u-strasbg.fr), ëèáî èç ñèñòåìû

Ðèñ.1. 61 Cyg. Õîä ñî âðåìåíåì îòíîñèòåëüíûõ êîîðäèíàò  sinX .

Ðèñ.2. 61 Cyg. Õîä ñî âðåìåíåì îòíîñèòåëüíûõ êîîðäèíàò  cosY .
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áàç äàííûõ Ïóëêîâñêîé îáñåðâàòîðèè (http://izmccd.puldb.ru/vds.htm).

3. Îðáèòà äâîéíîé çâåçäû 61 Cyg, ëó÷åâîå óñêîðåíèå.  Çàäàííûå
ðÿäàì íàáëþäåíèé âåñà áûëè ó÷òåíû â ïðîöåäóðå îïðåäåëåíèÿ ýëåìåíòîâ
îðáèòû. Ðåøåíèå íàõîäèëîñü ïî àëãîðèòìàì, ïðèâåäåííûì â ðàáîòå Èçìàéëîâà
[11], ïîñâÿùåííîé âû÷èñëåíèþ îðáèò 451 øèðîêîé ïàðû äâîéíûõ çâåçä.
Òàêèì æå îáðàçîì, êàê â [11], áûë ïîëó÷åí íàáîð âîçìîæíûõ îðáèò,
êîòîðûé, â ÷àñòíîñòè, ïîçâîëèë îöåíèòü  îøèáêè âû÷èñëÿåìûõ èç îðáèòû
ïàðàìåòðîâ.

Êðîìå òîãî, äëÿ îïðåäåëåíèÿ îðáèòû èñïîëüçîâàí ðÿä èçìåðåíèé ëó÷åâîé
ñêîðîñòè, îïóáëèêîâàííûõ â ðàáîòå [12] ïî íàáëþäåíèÿì, âûïîëíåííûì â
1977-1994ãã. Ïîñëå àïïðîêñèìàöèè äàííîãî ðÿäà ëèíåéíûì ìíîãî÷ëåíîì ìû
ïîëó÷èëè äëÿ çíà÷åíèÿ ðàçíîñòè ëó÷åâûõ ñêîðîñòåé êîìïîíåíòîâ B-A âåëè÷èíó

8700171 ..Vr   êì/ñ. Âû÷èñëåííûé íàáîð îðáèò ó÷èòûâàë òàêæå îøèáêó
ëó÷åâîé ñêîðîñòè.

Ìû ïîëàãàëè, ÷òî  íàäåæíîé ïðîâåðêîé îðáèòû ìîæåò áûòü êîíòðîëü ñ
ïîìîùüþ ëó÷åâîãî óñêîðåíèÿ W. Ïî íàáîðó îðáèò ìîæíî âû÷èñëèòü ëó÷åâîå
óñêîðåíèå Worb ñ îøèáêîé, êîòîðóþ äàåò îðáèòà. Òàêèì îáðàçîì áûëî ïîëó÷åíî
îðáèòàëüíîå ëó÷åâîå óñêîðåíèå Worb = 7.23 ± 0.93 êì/ñ ãîä, íà ýïîõó 2008.92.
Â òî æå âðåìÿ ïî äàííûì èç ñòàòüè Trifonov et al. [13], îïðåäåëåííîå èç
íàáëþäåíèé çíà÷åíèå ëó÷åâîãî óñêîðåíèÿ íà òó æå ñàìóþ ýïîõó ñîñòàâèëî
Wobs = 7.22 ± 0.18 êì/ñ ãîä. Îòìåòèì, ÷òî äàííûå ñïåêòðàëüíûå íàáëþäåíèÿ
[13] áûëè âûïîëíåíû ñ öåëüþ ïîèñêà ýêçîïëàíåò, à çíà÷åíèå óñêîðåíèÿ
ÿâëÿåòñÿ ïîáî÷íûì ðåçóëüòàòîì.

Â òàáë.1 ïðèâåäåíû çíà÷åíèÿ ýëåìåíòîâ îðáèòû, âû÷èñëåííûå ïî âçâåøåí-
íîìó ðÿäó íàáëþäåíèé ñ íîâûì ïàðàëëàêñîì Gaia, ïðè÷åì ñóììà ìàññ ïðè
ðåøåíèè ÿâëÿëàñü ñâîáîäíûì, îïðåäåëÿåìûì ïàðàìåòðîì.

Â òàáë.1 ìû ïðèâîäèì ýëåìåíòû íîâîé îðáèòû, â òàáë.2 - îðáèòû äëÿ
ñðàâíåíèÿ ñ ïðåäûäóùèìè ðåçóëüòàòàìè, ò.å. ñ ïóëêîâñêèìè îðáèòàìè, îïóáëè-
êîâàííûìè â 1997, 2006 è 2017ãã., à òàêæå ñðàâíåíèå ñ îðáèòîé Äæîñòèñà
[15].

Âèäíî, ÷òî âñå îðáèòû íå èìåþò ñóùåñòâåííûõ ðàçëè÷èé, è ñîâïàäåíèå
óëó÷øàåòñÿ ïðè èñïîëüçîâàíèè íîâîãî ïàðàëëàêñà Gaia. Îøèáêè ýëåìåíòîâ,

a (à.å.) P (ãîäû) e i (o)   (o)   (o) TP, (ãîä) tr
 (") M

85.9 704.858 0.435 52.018* 154.044 174.56 1696.004 0.286 1.286
±1.00 ±40.221 ±0.044 ±0.443 ±6.821 ±2.514 ±6.742 ± 0.107

Òàáëèöà 1

ÍÎÂÀß ÎÐÁÈÒÀ È ÑÓÌÌÀ ÌÀÑÑ ÊÎÌÏÎÍÅÍÒÎÂ
ÇÂÅÇÄÛ 61 CYGNI
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ïðèâåäåííûå â òàáëèöå, ïîëó÷åíû èç íàáîðà îðáèò òàê, êàê ýòî áûëî
âûïîëíåíî è èçëîæåíî â ðàáîòå Èçìàéëîâà [11].

Ëó÷åâàÿ ñêîðîñòü è ïàðàëëàêñ òàêæå âàðüèðîâàëèñü, ò.å. îøèáêè îðáèòû
âêëþ÷àþò îøèáêè ïàðàëëàêñà è ëó÷åâîé ñêîðîñòè.

4. Îöåíêà òî÷íîñòè O-C è ïðåèìóùåñòâî íîâîé îðáèòû. Èç
ãðàôèêîâ íà ðèñ.3 âèäíî, ÷òî âñå îðáèòû î÷åíü áëèçêèå, îò íîâîé îðáèòû
íåìíîãî îòëè÷àåòñÿ ñòàðàÿ îðáèòà [14], â êîòîðîé èñïîëüçîâàëñÿ êîðîòêèé

a (à.å.) P (ãîäû) e i (o)   (o)   (o) TP, (ãîä) tr
 (") M Ññûëêè

82.4 659   0.48 126 146 176 1697 0.296  1.3 Kiselev et al.
±2.4 ±17 ±0.03 ±1 ±3 ±1 ±12 [14], 1997

82.00 677.81   0.487 129.07 149.31 178.37  1708.90 0.296  1.3 Ãîðøàíîâ è
±2.10 ±33.92 ±0.035 ±2.36 ±6.30 ±2.14 ±15.55 äð. [8], 2006

85.18 664.37 0.457 126.71 149.32 174.88 1700.37 0.286 1.4   Øàõò è äð.
±1.65 ±26.84 ±0.034 ±1.87 ±5.97 ±1.80 ±12.95 [9], 2017

83.88 722 0.40 51.85* 158.0 172.3 1689.17  0.294 1.13 Josties [15],
1983

Òàáëèöà 2

ÑÐÀÂÍÅÍÈÅ ÎÐÁÈÒ ÇÂÅÇÄÛ 61 CYGNI

Ïðèìå÷àíèÿ ê òàáë.1 è 2.
1) Â äâóõ ñëó÷àÿõ, îòìå÷åííûõ çâåçäî÷êîé (*), ìû, ñîãëàñíî íàøåìó àëãîðèòìó

âû÷èñëåíèÿ ýôåìåðèäû, èñïîëüçîâàëè âåëè÷èíó íàêëîííîñòè êàê 180o-i, ò.å. 127o.98 è
128o.15, ñîîòâåòñòâåííî.

2) Îöåíêè ìàññ ïðèâåäåíû â ññûëêàõ. Èñïîëüçîâàíû çíà÷åíèÿ ïàðàëëàêñîâ Hipparcos
(0".296), ïàðàëëàêñ èç ðàáîòû âàí äå Êàìïà, [16] (0".294) è ïàðàëëàêñ Gaia (0".286).

Ðèñ.3. Ñðàâíåíèå îòíîñèòåëüíîé îðáèòû êîìïîíåíòîâ 61 Cyg, ïîñòðîåííîé â íàñòîÿùåé
ðàáîòå, (O1) c îðáèòàìè èç äðóãèõ ðàáîò: a - îðáèòà ïî ïóëêîâñêèì äàííûì 2017ã. [9], b - îðáèòà
ïî ïóëêîâñêèì äàííûì  2006ã. [8], c - îðáèòà ïî ïóëêîâñêèì äàííûì, 1997ã. [14], d - îðáèòà
Äæîñòèñà, 1983ã. [15].
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ðÿä è ïàðàëëàêñ Hipparcos.
Ïðåèìóùåñòâî íîâîé îðáèòû, ïîñòðîåííîé ïî îáúåäèíåííîìó ðÿäó 1819-

2019ãã. ñ èñïîëüçîâàíèåì âåñîâ, ïðîÿâèëîñü â òîì, ÷òî óìåíüøèëàñü îøèáêà  ,
âû÷èñëÿåìàÿ ïî O-Ñ èç ñðàâíåíèÿ íàáëþäåíèé (Î) îáùåãî ðÿäà 1819-2019ãã. ñ
ýôåìåðèäîé (Ñ), âû÷èñëåííîé ïî îðáèòå, ïîëó÷åííîé ïî ýòîìó ðÿäó, ðàâíàÿ:

      . sin 2
COCO

22
OC-O 

Îøèáêà  , âû÷èñëÿåìàÿ ïî íàèáîëåå êîðîòêîìó ðÿäó íàáëþäåíèé, ìåíåå
20 ëåò [14], îêàçàëàñü ðàâíîé 0".334. Ýòà æå îøèáêà óìåíüøèëàñü â ñðåäíåì
äî 0".065 äëÿ îðáèò [8,9], êîòîðûå âû÷èñëÿëèñü óæå ïî 40-ëåòíåìó, à òàêæå
ïî áîëåå ïðîòÿæåííîìó ðÿäó, è ñîñòàâèëà 0".051 äëÿ îðáèòû, ïîñòðîåííîé
â íàñòîÿùåé ðàáîòå.

Ñëåäóåò îòìåòèòü, ÷òî ñîîòâåòñòâóþùàÿ îøèáêà îêàçûâàåòñÿ çíà÷èòåëüíî
ìåíüøå, åñëè îðáèòà ïîëó÷åíà òîëüêî íà îäíîì èíñòðóìåíòå è ýôåìåðèäà
âû÷èñëåíà ïî ýòèì æå íàáëþäåíèÿì. Òàêàÿ îøèáêà ñîñòàâèëà 0".019 äëÿ
ðåôðàêòîðà [9], 0".023 - äëÿ îðáèòû, ïîëó÷åííîé íà íîðìàëüíîì àñòðîãðàôå
ïî íàáëþäåíèÿì 1949-1999ãã. è 0".048 - ïî äîâîåííîìó ðÿäó ôîòîãðàôè÷åñêèõ
íàáëþäåíèé 1895-1940ãã. Ñîîòâåòñòâóþùàÿ îøèáêà ïî íàøèì ÏÇÑ   íàáëþ-
äåíèÿì ñîñòàâèëà 0".006.

Èç ñðàâíåíèÿ îðáèòû Äæîñòèñà [15] ñ íàáëþäåíèÿìè, èñïîëüçóåìûìè
íàìè, à òàêæå ñ íàáëþäåíèÿìè, èñïîëüçóåìûìè äëÿ îðáèòû [15], (ðÿä íàáëþ-
äåíèé ñ 1834 ïî 1989ãã.), ñëåäóåò, ÷òî îøèáêè ñîñòàâëÿþò 0".069 è 0".013,
ñîîòâåòñòâåííî.

 Íà ðèñ.4-8 äàí õîä ñî âðåìåíåì âåëè÷èí Î-Ñ äëÿ ðåôðàêòîðà (Ref) è
íîðìàëüíîãî àñòðîãðàôà (NA).

Ðàçëè÷èå òî÷íîñòè ðÿäîâ, êàê îñíîâàíèå äëÿ íàçíà÷åíèÿ ðàçíûõ âåñîâ,

Ðèñ.4. Õîä ñî âðåìåíåì ðàçíîñòåé Î-Ñ ðÿäà NA 1895-1940ãã. â îòíîñèòåëüíûõ ðàññòîÿíèÿõ
  ìåæäó B è À.
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Ðèñ.5. Òî æå, ÷òî íà ðèñ.4, íî äëÿ ÷àñòè ðÿäà NA 1958-1999ãã.
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Ðèñ.6. Õîä ñî âðåìåíåì ðàçíîñòåé Î-Ñ â ïîçèöèîííûõ óãëàõ   ïî íàáëþäåíèÿì íà
NA â 1949-1999ãã.

Ðèñ.7. Õîä ñî âðåìåíåì ðàçíîñòåé Î-Ñ â îòíîñèòåëüíûõ ðàññòîÿíèÿõ   ìåæäó êîìïîíåí-
òàìè B è A ïî íàáëþäåíèÿì íà ðåôðàêòîðå.
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ìîæíî ïðîèëëþñòðèðîâàòü ãðàôèêàìè (ðèñ.4-8) äëÿ Î-Ñ, äëÿ äîâîåííîãî
(1895-1940ãã.) ðÿäà NA, ïëàñòèíêè êîòîðîãî îêàçàëèñü â òðóäíûõ óñëîâèÿõ
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õðàíåíèÿ âî âðåìÿ ÂÎÂ 1941-1945ãã., è îäíîðîäíûìè ðÿäàìè NA è ðåôðàêòîðà,
ïîëó÷åííûìè âî âòîðîé ïîëîâèíå XX âåêà. Çàìåòíî òàêæå óõóäøåíèå êà÷åñòâà
ôîòîìàòåðèàëîâ è íåîáõîäèìîñòü ïåðåõîäà íà ÏÇÑ.

5. Ïîèñêè ïåðèîäè÷åñêèõ êîëåáàíèé â äâèæåíèè 61 Cyg. Ïðè
èññëåäîâàíèè äîëãîâðåìåííûõ ðÿäîâ â íåêîòîðûõ ñëó÷àÿõ ìîæíî çàìåòèòü
ïåðèîäè÷åñêèå êîëåáàíèÿ â âåëè÷èíàõ Î-Ñ (ñì. ðèñ.9). Â ñâÿçè ñ ýòèì ìû
ïðîèçâåëè ïîèñê ïåðèîäè÷åñêèõ êîëåáàíèé ñ ïîìîùüþ ÷àñòîòíîãî àíàëèçà,
ïðèìåíèâ ìåòîäû, èñïîëüçîâàííûå ðàíåå â íàøåé ðàáîòå [10]:

1) Áûë èñïîëüçîâàí ìåòîä Ñêàðãëà, èçëîæåííûé â ðàáîòàõ Ñêàðãëà [17]
è Áëýêà è Ñêàðãëà [18]. Ïðèìåíåíèå åãî ê íàøèì äàííûì äëÿ ôîòîìåòðè-
÷åñêîãî ïóëêîâñêîãî ðÿäà è êðàòêîå åãî îïèñàíèå ïðèâîäèòñÿ â ðàáîòå [10].

2) Ìû âîñïîëüçîâàëèñü òàêæå ìåòîäîì ñèíóñîèäàëüíîé àïïðîêñèìàöèè
(ÌÑÀ), ïðèìåíåííûì íàìè ðàíåå â ðàáîòå [10] è èñïîëüçóþùèì îäíó èç
óïðîùåííûõ âåðñèé èçâåñòíîãî LNP-ìåòîäà (Lomb Normalized Periodogram
Method), ñì. [19].

Ðàíåå äàííûé ìåòîä ïîèñêà ïåðèîäîâ áûë òàêæå îïðîáîâàí è ïðèìåíåí
äëÿ äèàãíîñòèêè ìàãíèòîñôåð ó Àå/Âå-çâåçä Õåðáèãà [20,21].

Àíàëèçó áûëè ïîäâåðãíóòû ðàçëè÷íûå âûáîðêè. Ïðè ýòîì áîëüøèíñòâî
ïîëó÷åííûõ ïåðèîäîâ îêàçàëèñü íèæå óðîâíÿ çíà÷èìîñòè, çà èñêëþ÷åíèåì
äëèòåëüíûõ ïåðèîäîâ, â ñðåäíåì îêîëî 35 ëåò, âûÿâëÿåìûõ êàê ñïîñîáîì
Ñêàðãëà, òàê è ìåòîäîì ÌÑÀ, ïî ðàçíûì âûáîðêàì, ñ èñïîëüçîâàíèåì êàê
íàáëþäåíèé íîðìàëüíîãî àñòðîãðàôà, òàê è 26-äþéìîâîãî ðåôðàêòîðà. Ïðè ýòîì
çíà÷åíèÿ ïåðèîäà ìåíÿëèñü â ïðåäåëàõ 4030   ëåò â çàâèñèìîñòè îò âûáîðêè.

Äëÿ ïðèìåðà ìû âûáðàëè íàèáîëåå òî÷íóþ ÷àñòü íàøèõ äàííûõ -
îäíîðîäíûé è ïðîòÿæåííûé ðÿä íàáëþäåíèé 26-äþéìîâîãî ðåôðàêòîðà ñ

Ðèñ.8. Õîä ñî âðåìåíåì ðàçíîñòåé Î-Ñ â â ïîçèöèîííûõ óãëàõ   ïî íàáëþäåíèÿì íà
ðåôðàêòîðå.
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1957 ïî 2019ãã., ãäå äàííûé ïåðèîä çàìåòíî ïðîÿâèëñÿ â  ïðîåêöèè íà
ïðÿìîóãîëüíûå îñè êîîðäèíàò X è Y. Íà ðèñ.10 ïðèâåäåíû ñîîòâåòñòâóþùèå
ïåðèîäîãðàììû, ïîñòðîåííûå ìåòîäîì Ñêàðãëà ïî O-C.

Äëÿ îáåèõ êîîðäèíàò âûäåëÿåòñÿ âûñîêèé ïèê, çíà÷èòåëüíî ïðåâîñõîäÿùèé
óðîâåíü äîñòîâåðíîñòè è ñîîòâåòñòâóþùèé ïåðèîäó îêîëî 39 ëåò.

Äâà ìåíüøèõ ïèêà ñïðàâà îò íåãî, âîçìîæíî, ÿâëÿþòñÿ åãî èñêàæåííûìè
ãàðìîíèêàìè. Îäíàêî íà ïåðèîäîãðàììå äëÿ Y îáðàùàåò íà ñåáÿ âíèìàíèå îäèí
èç íèõ, ñîîòâåòñòâóþùèé ïåðèîäó 12.1 ã. è áëèçêèé ê óðîâíþ äîñòîâåðíîñòè.
Ñëåäóåò îòìåòèòü, ÷òî â ïðåäûäóùèõ íàøèõ èññëåäîâàíèÿõ, ïðîâîäèâøèõñÿ ïî
áîëåå êîðîòêèì íàáëþäàòåëüíûì ðÿäàì, òàêèì êàê [8], òàêæå âûÿâëÿëèñü ïèêè
ñ ïåðèîäàìè 1311   ëåò. Äëèòåëüíûå ïåðèîäû ïðîÿâèëèñü, êîãäà ìû ïîëó÷èëè
âîçìîæíîñòü ðàñøèðèòü äèàïàçîí ÷àñòîò â ñâÿçè ñ óâåëè÷åíèåì ïðîäîëæè-
òåëüíîñòè íàáëþäåíèé.

Òàêæå îáðàùàåò íà ñåáÿ âíèìàíèå íàëè÷èå íåáîëüøèõ ïèêîâ ñ ïåðèîäîì
4.6-4.8ã. íà ïåðèîäîãðàììàõ äëÿ îáåèõ êîîðäèíàò.

Ðèñ.9. Óêëîíåíèÿ O-C äàííûõ, ïî êîòîðûì ñòðîèëàñü îðáèòà â íàñòîÿùåé ðàáîòå, îò
ýòîé îðáèòû ïî ïðÿìîóãîëüíûì êîîðäèíàòàì X (âåðõíÿÿ ïàíåëü) è Y (íèæíÿÿ ïàíåëü).
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Äëÿ îáúÿñíåíèÿ ïðîèñõîæäåíèÿ ýòèõ ïåðèîäè÷åñêèõ êîëåáàíèé â
ïîëîæåíèè çâåçäû ìû ðàññìîòðåëè ñëåäóþùèå âîçìîæíûå âåðñèè:

1) Èçâåñòíî, ÷òî îáà êîìïîíåíòà ÿâëÿþòñÿ àêòèâíûìè ïåðåìåííûìè
çâåçäàìè. Êîìïîíåíò A - ïåðåìåííàÿ òèïà BY Draconis, çâåçäà B - âñïûõè-
âàþùàÿ ñ èððåãóëÿðíûì èçìåíåíèåì áëåñêà. Âåêîâîå èçìåíåíèå áëåñêà
ñîñòàâëÿþùèõ, à òàêæå èõ ïåðåìåííîñòü, ñâÿçàííàÿ ñ ïðîèñõîäÿùèìè â
çâåçäå öèêëè÷åñêèìè ïðîöåññàìè, áûëè ïðîàíàëèçèðîâàíû íà íàáëþäàòåëüíîì
ìàòåðèàëå, òàêæå ïîëó÷åííîì íà ïóëêîâñêîì íîðìàëüíîì  àñòðîãðàôå  [10].
Íàéäåíû ïåðèîäû èçìåíåíèÿ áëåñêà, ïðè÷åì ó îáîèõ êîìïîíåíòîâ âûÿâèëñÿ
ïåðèîä îêîëî 15 ëåò, à òàêæå îòìå÷åíî âåêîâîå óâåëè÷åíèå áëåñêà ó êîìïîíåíòà
B è óìåíüøåíèå åãî ó A. Âîçìîæíûì îáúÿñíåíèåì êîëåáàíèé â êîîðäèíàòàõ
ìîæåò áûòü àêòèâíîñòü â àòìîñôåðå îäíîãî èç êîìïîíåíòîâ, êîãäà ìåíÿåòñÿ
öâåò çâåçäû, è èç-çà ýôôåêòîâ õðîìàòè÷åñêîé ðåôðàêöèè ìåíÿåòñÿ âûñîòà
íàä ãîðèçîíòîì öåíòðà èçîáðàæåíèÿ, êîòîðàÿ çàâèñèò îò öâåòà, ò.î. êîëåáàíèÿ

Ðèñ.10. Ïåðèîäîãðàììû, ïîëó÷åííûå ìåòîäîì Ñêàðãëà, äëÿ óêëîíåíèé O-C ðÿäà
íàáëþäåíèé íà 26-äþéìîâîì ðåôðàêòîðå 1957-2019ãã. îò îðáèòû, ïî êîîðäèíàòàì X, Y. Ïî
îñè àáñöèññ îòëîæåíà ÷àñòîòà â åäèíèöàõ 1/ãîä, ïî îñè îðäèíàò - ìîùíîñòü â îòíîñèòåëüíûõ
åäèíèöàõ. Ïóíêòèðîì îáîçíà÷åí óðîâåíü 99-ïðîöåíòíîé äîñòîâåðíîñòè ïðè ïîèñêå äâóõ
ïåðèîäîâ. Îêîëî ïèêîâ ïîäïèñàíû ñîîòâåòñòâóþùèå çíà÷åíèÿ ïåðèîäîâ â ãîäàõ.
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öâåòà êîððåëèðóþò ñ ïîçèöèîííûìè êîëåáàíèÿìè.
2) Âîçìîæíî, ìîãëè èãðàòü ðîëü ïðè÷èíû, ñâÿçàííûå ñ èçìåíåíèåì

óñëîâèé íàáëþäåíèé, à òàêæå êà÷åñòâà ôîòîìàòåðèàëà, íà äëèòåëüíîì èíòåðâàëå
íàáëþäåíèé.

3) Åñëè èñêëþ÷èòü àñòðîêëèìàòè÷åñêèå è èíñòðóìåíòàëüíûå ïðè÷èíû,
ìîæíî ïðåäïîëîæèòü, ÷òî áîëåå ñòàáèëüíûé ïåðèîä èìååò ãðàâèòàöèîííîå
ïðîèñõîæäåíèå. Â òàêîì ñëó÷àå ìîæíî äîïóñòèòü íàëè÷èå ñïóòíèêà ñ ìàññîé
2 ìàññû Þïèòåðà íà ðàññòîÿíèè îò ãëàâíîé çâåçäû 8.6 è 8.3 à.å äëÿ ïåðèîäà
30 ëåò (èëè 9.9 è 10.2 à.å. äëÿ ïåðèîäà 39 ëåò) è äàëåêî îò îáèòàåìîé çîíû.

6. Çàêëþ÷åíèå. 1) Ïîëó÷åíà íîâàÿ îðáèòà, â ïîñòðîåíèè êîòîðîé
çàäåéñòâîâàíû âñå ïóëêîâñêèå íàáëþäåíèÿ, à òàêæå ñòàðûå, äàëåêî îòñòîÿùèå
ïî âðåìåíè. Ïðîèçâåäåíà íîâàÿ îöåíêà ñóììû ìàññ êîìïîíåíòîâ ñ
ñîîòâåòñòâóþùåé îøèáêîé. Ïðîàíàëèçèðîâàíà òî÷íîñòü ðÿäîâ íàáëþäåíèé â
ðåçóëüòàòå îöåíêè ðàçíûõ èíñòðóìåíòîâ è ìåòîäîâ. Ïîëó÷åíà íàèìåíüøàÿ
îøèáêà Î-Ñ ïî ðàçíîðîäíûì ðÿäàì, ðàâíàÿ 0".051. Äîñòèãíóòà ìèíèìàëüíàÿ
îøèáêà ïî ñîâðåìåííîìó ðÿäó ÏÇÑ, ðàâíàÿ 0".006, ïðèòîì, ÷òî íàáëþäåíèÿ
ñ ÏÇÑ óæå îáåñïå÷èâàþò ïðîäîëæèòåëüíûé 12-ëåòíèé èíòåðâàë îäíîðîäíûõ
íàáëþäåíèé íà íàçåìíîì äëèííîôîêóñíîì èíñòðóìåíòå, è ýòè íàáëþäåíèÿ
ïðîäîëæàþòñÿ.

2) Â íàñòîÿùåé ðàáîòå ïðèìåíåíà ìåòîäèêà îïðåäåëåíèÿ îðáèòû,
ðàçðàáîòàííàÿ ñ ïîìîùüþ òðàäèöèîííîãî ìåòîäà ïàðàìåòðîâ âèäèìîãî
äâèæåíèÿ (ÏÂÄ) ñì. [22,11], íî ñ åãî óëó÷øåíèåì ñ ïðèìåíåíèåì íåëèíåéíûõ
óðàâíåíèé ÌÍÊ. Òàêæå, äëÿ áîëåå ñòðîãîãî êîíòðîëÿ îðáèòàëüíîãî ðåøåíèÿ,
áûëî âû÷èñëåíî ñ âûñîêîé òî÷íîñòüþ ëó÷åâîå óñêîðåíèå Worb, êîòîðîå
áëèçêî ñîâïàëî ñ íàáëþäàåìûì çíà÷åíèåì Wobs [13], ïîëó÷åííûì â ðåçóëüòàòå
ñïåêòðàëüíûõ íàáëþäåíèé.

3) Äîïîëíèòåëüíî ìû ïðîâåëè èññëåäîâàíèå ðàçíîñòåé O-C ìåæäó
íàáëþäåíèÿìè è ýôåìåðèäîé, ðàññ÷èòàííîé ïî ïîëó÷åííîé îðáèòå. Ïðèìåíåíèå
ìåòîäà ÷àñòîòíîãî àíàëèçà äëÿ ïîèñêîâ ïåðèîäè÷åñêèõ êîëåáàíèé â äâèæåíèè
ïðèâîäèò ê íåîäíîçíà÷íûì ðåçóëüòàòàì. Íåêîòîðûå èç âûÿâëåííûõ ïåðèîäîâ
êîððåëèðóþò ñ ïåðèîäàìè íåãðàâèòàöèîííîãî ïðîèñõîæäåíèÿ, ÷àñòü èõ íå
ïðåâûøàåò óðîâåíü çíà÷èìîñòè. Íàèáîëåå óñòîé÷èâûå äîëãîâðåìåííûå ïåðèîäû
ïîðÿäêà 30-40 ëåò î÷åíü èíòåðåñíû äëÿ äàëüíåéøåãî ðàññìîòðåíèÿ è
íàáëþäåíèé, à òàêæå âîçìîæíîãî ñðàâíåíèÿ ñ ðåçóëüòàòàìè DR3 Gaia.

 Èññëåäîâàíèå âûïîëíåíî ïðè ôèíàíñîâîé ïîääåðæêå ÐÔÔÈ â ðàìêàõ
íàó÷íîãî ïðîåêòà ¹ 20-02-0563À.

Ãëàâíàÿ (Ïóëêîâñêàÿ) àñòðîíîìè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ, Ñàíêò-
Ïåòåðáóðã, Ðîññèÿ, e-mail:  i_izmailov@mail.ru   natalia.shakht@yandex.ru
dengorsh@mail.ru



192 È.Ñ.ÈÇÌÀÉËÎÂ  È  ÄÐ.

NEW ORBIT AND ESTIMATION OF THE MASS
OF STAR 61 CYGNI BASED ON ITS

OBSERVATIONS IN 1819-2019

I.S.IZMAILOV, N.A.SHAKHT, E.V.POLYAKOV,
D.L.GORSHANOV, M.A.POGODIN

This article continues our work on the determination of the orbit and mass
of the 61 Cyg star and changing the photometric characteristics of its components.
The aim of the work was to clarify the orbital elements, to estimate the mass
and to search for the possible manifestation of periodic components in deviations
from orbital motion. The work used the results of observations at the Pulkovo
Observatory with two instruments: a normal astrograph in 1895-1919 and a 26-
inch (65 cm) refractor in 1957-2019, as well as the earliest micrometric obser-
vations of V.Ja. Struve in 1819-1837. The relative positions of the components
determined from observations of the normal astrograph in 1895-1999 are pub-
lished for the first time. Due to its proximity to the Sun as well as the spectral
types of the components, K5V and K7V, 61 Cyg is considered to be a likely
candidate for the exoplanet's parent star. Combined with observations of the 26-
inch refractor and the conversion of all data into a single system, the observational
gap of the early twentieth century was filled. The modern astrophysical parameters
of this star and data published in Gaia DR2 were used. To check the orbit, the
radial orbital acceleration W was calculated according to our data. It showed good
agreement with the acceleration obtained by other authors based on spectral
observations. Also, possible deviations from orbital motion are discussed.

Keywords: binary stars: mass: orbits: 61 Cygni: exoplanets
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KIC 7732964 - ÂÎÇÌÎÆÍÛÉ ÊÀÍÄÈÄÀÒ Â
ÇÂÅÇÄÛ ÒÈÏÀ FK COM

Å.Ñ.ÄÌÈÒÐÈÅÍÊÎ1, È.Ñ.ÑÀÂÀÍÎÂ2, Â.Á.ÏÓÇÈÍ1

Ïîñòóïèëà 24 ôåâðàëÿ 2021
Ïðèíÿòà ê ïå÷àòè 3 ìàÿ 2021

Â ñòàòüå ïðèâîäèòñÿ êðàòêèé îáçîð èññëåäîâàíèé âûïîëíåííûõ íàìè ðàíåå, ïîñâÿ-
ùåííûõ ïîèñêó êàíäèäàòîâ â çâåçäû, ãèãàíòû òèïà FK Com, è àíàëèç äàííûõ äëÿ åùå
îäíîãî íîâîãî êàíäèäàòà - çâåçäû KIC 7732964. Äëÿ óñòàíîâëåíèÿ ïðèíàäëåæíîñòè KIC
7732964 ê ýòîé ãðóïïå çâåçä òðåáóþòñÿ äàëüíåéøèå ðàáîòû ïî èçó÷åíèþ ýâîëþöèîííîãî
ñòàòóñà çâåçäû (êàðëèê, ñóáêàðëèê èëè ãèãàíò). Çâåçäà èìååò áûñòðîå âðàùåíèå è âûñîêóþ
âñïûøå÷íóþ àêòèâíîñòü, êîòîðûå áîëåå õàðàêòåðíû äëÿ çâåçä êàðëèêîâ èëè ñóáãèãàíòîâ.
Êàê è äëÿ äðóãèõ êàíäèäàòîâ, â ñëó÷àå KIC 7732964 òðåáóþòñÿ äîïîëíèòåëüíûå ñïåêòðàëüíûå
íàáëþäåíèÿ ñ öåëüþ óñòàíîâëåíèÿ îòñóòñòâèÿ äâîéñòâåííîñòè, óòî÷íåíèÿ âåëè÷èíû ïàðàìåòðà
óñêîðåíèÿ ñèëû òÿæåñòè è ñïåêòðàëüíîé êëàññèôèêàöèè.

Êëþ÷åâûå ñëîâà: çâåçäû: àêòèâíîñòü: ïÿòíà: ôîòîìåòðèÿ: ïåðåìåííîñòü

1. Ââåäåíèå. Íåñìîòðÿ íà çíà÷èòåëüíûé èíòåðåñ ê óòî÷íåíèþ ýâîëþ-
öèîííîãî ñòàòóñà çâåçä òèïà FK Com (ñì., íàïðèìåð, â [1]) è óñòàíîâëåíèþ
èõ âîçìîæíîé ñâÿçè ñ ïåðåìåííûìè òèïà W UMa, çà ïîñëåäíèå äåñÿòèëåòèÿ
íå áûëî äîñòîâåðíûõ îòêðûòèé çâåçä ýòîãî òèïà. Â ñëåäóþùèõ ðàçäåëàõ
ñòàòüè ìû ïðèâîäèì êðàòêèé îáçîð èññëåäîâàíèé âûïîëíåííûõ íàìè ðàíåå,
ïîñâÿùåííûõ ïîèñêó êàíäèäàòîâ â çâåçäû òèïà FK Com, è àíàëèç äàííûõ
äëÿ åùå îäíîãî íîâîãî êàíäèäàòà - çâåçäû KIC 7739728.

Â ñåðèè íàøèõ ïðåäûäóùèõ ðàáîò (ñì., íàïðèìåð èõ îáçîð â [2]) ìû
ñäåëàëè ïîïûòêó âûÿâëåíèÿ êàíäèäàòîâ çâåçä òèïà FK Com ïî èçó÷åíèþ
èõ ôîòîìåòðè÷åñêîé ïåðåìåííîñòè. Íàøè èññëåäîâàíèÿ  áûëè îñíîâàíû íà
ïîèñêå âîçìîæíûõ êàíäèäàòîâ â çâåçäû òèïà FK Com ñðåäè îáúåêòîâ èç
áàçû äàííûõ âûñîêîòî÷íûõ ôîòîìåòðè÷åñêèõ íàáëþäåíèé ñ êîñìè÷åñêèì
òåëåñêîïîì Êåïëåð.

Åùå îäíó âîçìîæíîñòü ïîèñêà êàíäèäàòîâ â îáúåêòû òèïà FK Com îòêðûëî
èññëåäîâàíèå [3], àâòîðû êîòîðîãî ïðîàíàëèçèðîâàëè êðèâûå áëåñêà èç àðõèâà
êîñìè÷åñêîãî òåëåñêîïà Êåïëåð è ñïåêòðû ÿðêèõ ðåíòãåíîâñêèõ èñòî÷íèêîâ
â ïîëå çðåíèÿ Êåïëåðà (îáçîð KSwAGS). Ñîãëàñíî [3], 18 îáúåêòîâ ÿâëÿþòñÿ
àêòèâíûìè ãèãàíòàìè èëè ñóáãèãàíòàìè è ìîãóò ïðèíàäëåæàòü ê çâåçäàì
òèïà FK Com. Îäèí èç âûäåëåííûõ â [3] îáúåêòîâ - KIC 7739728 (KSw19),
êëàññèôèöèðîâàííûé, êàê G6-7 III çâåçäà, áûë ðàíåå äåòàëüíî èçó÷åí íàìè
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â [2].
Äðóãîé îáúåêò, ðàññìîòðåííûé â [3], áûë èññëåäîâàí àâòîðàìè [4] ïî

íàáëþäåíèÿì ñ ïîìîùüþ ESPaDOnS-CFHT è ïðåäëîæåí êàê àíàëîã çâåçä
òèïà FK Com. Ýòà çâåçäà, KIC 7732964, èìååò ìàññó 0.84 ìàññû Ñîëíöà,
ëåæèò ó îñíîâàíèÿ âåòâè êðàñíûõ ãèãàíòîâ è èìååò V sini = 23 êì ñ-1. Êðîìå
òîãî, ñîãëàñíî [4] (ñì. òàêæå ññûëêè â ýòîé ñòàòüå), KIC 7732964 õàðàêòå-
ðèçóåòñÿ, êàê çâåçäà ñïåêòðàëüíîãî êëàññà G6-7IV-III, ÿðêîñòüþ 11m.1 â
ôèëüòðå V. Ëó÷åâàÿ ñêîðîñòü KIC 7732964 ñîñòàâëÿåò 18.4 ± 0.9 êì ñ-1, íàëè÷èå
ìàãíèòíîãî ïîëÿ íå ÿâëÿåòñÿ äîñòîâåðíûì - Bz = 9.4 ± 10.0 Ãñ. Ýôôåêòèâíàÿ
òåìïåðàòóðà çâåçäû ðàâíà 5000 Ê, ëîãàðèôì óñêîðåíèÿ ñèëû òÿæåñòè -
logg = 4.1 ± 0.4, ïåðèîä âðàùåíèÿ Ð = 2.444 ñóò.

Ñîãëàñíî [5], çâåçäà îáëàäàåò âûñîêîé âñïûøå÷íîé àêòèâíîñòüþ - çà
âðåìÿ íàáëþäåíèé ñ òåëåñêîïîì Êåïëåð áûëî çàðåãèñòðèðîâàíî 335 âñïûøåê
ñ ýíåðãèåé     410995KEPLERfl  .LL .

2. KIC 7732964. Ìû ïðîâåëè àíàëèç âñåõ èìåþùèõñÿ äëÿ KIC 7732964
äàííûõ â àðõèâå êîñìè÷åñêîãî òåëåñêîïà Êåïëåð (18 èíòåðâàëîâ íàáëþäåíèé).
Èõ îáðàáîòêà áûëà àíàëîãè÷íà ïðèìåíåííîé â íàøèõ ïðåäûäóùèõ ðàáîòàõ
(ñì. â [2]). Èññëåäîâàíèå áûëî âûïîëíåíî â äâà ýòàïà. Ïåðâîíà÷àëüíî áûëè
íåçàâèñèìî ïðîàíàëèçèðîâàíû äàííûå êàæäîãî èç 18 ñåòîâ. Äëÿ ïðèìåðà, íà
ðèñ.1 ïðåäñòàâëåíû êðèâûå áëåñêà KIC 7732964, ñîîòâåòñòâóþùèå èì ñïåêòðû
ìîùíîñòè è ôàçîâûå äèàãðàììû äëÿ íàáëþäåíèé â ïÿòè ñåòàõ. Õîðîøî
çàìåòíà ïåðèîäè÷åñêàÿ ìîäóëÿöèÿ áëåñêà, îáëàäàþùàÿ çàìåòíîé ïåðåìåííîñòüþ
àìïëèòóäû, è ìíîãî÷èñëåííûå âñïûøêè. Íà ñïåêòðàõ, ïîñòðîåííûõ íàìè ïî
íàáîðó äàííûõ äëÿ êàæäîãî ñåòà ìîùíîñòè, èìåþòñÿ ïèêè, ñîîòâåòñòâóþùèå
âåëè÷èíå ïåðèîäà Ð âðàùåíèÿ çâåçäû íà øèðîòå, íà êîòîðîé â äàíûé èíòåðâàë
íàáëþäåíèé íàõîäèëàñü äîìèíèðóþùàÿ ãðóïïà ïÿòåí. Áûëî íàéäåíî, ÷òî
ñîîòâåòñòâóþùèå ìàêñèìàëüíûå âåëè÷èíû Ð ìåíÿþòñÿ îò 2.41 äî 2.50 ñóò è
íàõîäÿòñÿ â ñîãëàñèè ñ îöåíêîé èç [4].

Àìïëèòóäà ïåðåìåííîñòè áëåñêà ëåæèò â ïðåäåëàõ 4-8% îò óðîâíÿ ñðåäíåãî
áëåñêà çâåçäû. Äàííûå íà ðèñ.1 õîðîøî èëëþñòðèðóþò âûñîêèé óðîâåíü
àêòèâíîñòè çâåçäû.

Ïðè äàëüíåéøåì àíàëèçå íàìè áûëî îòîáðàíî â ñîâîêóïíîñòè 65261
åäèíè÷íûõ èçìåðåíèé çà ïåðèîä íàáëþäåíèé îêîëî 4 ëåò. Äëÿ êàæäîãî
èíòåðâàëà íàáëþäåíèé ñîîòâåòñòâóþùèå èçìåðåíèÿ áûëè íîðìèðîâàíû íà
ñðåäíåå çíà÷åíèå, âñå äàííûå áûëè îáúåäèíåíû â åäèíûé ìàññèâ (ðèñ.2a).
Ðàññ÷èòàííûé ñïåêòð ìîùíîñòè (ðèñ.2b) ñâèäåòåëüñòâóåò î ñëîæíîì õàðàêòåðå
èçìåíåíèé êðèâîé áëåñêà KIC 7732964, ïðèñóùåì çâåçäàì ñ âðàùàòåëüíîé
ìîäóëÿöèåé áëåñêà. Ïðîèñõîæäåíèå êàæäîãî èç ïèêîâ íà ñïåêòðå ìîùíîñòè
ñêîðåå âñåãî ñâÿçàíî ñ íàëè÷èåì ïÿòåí (èëè ãðóïï ïÿòåí), ðàñïîëîæåííûõ
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íà ðàçëè÷íûõ øèðîòàõ çâåçäû, êîòîðàÿ îáëàäàåò äèôôåðåíöèàëüíûì âðàùåíèåì.
Êðîìå òîãî, èçìåíåíèÿ ïåðèîäîâ ïåðåìåííîñòè áëåñêà ìîãóò ñîîòâåòñòâîâàòü
ïîÿâëåíèþ è èñ÷åçíîâåíèþ àêòèâíûõ îáëàñòåé, ëåæàùèõ íà ðàçëè÷íûõ
øèðîòàõ, íà ïîâåðõíîñòè çâåçäû.

Çíà÷åíèÿ âåëè÷èíû Ð ëåæàò â äèàïàçîíå 2.40-2.55 ñóò (ðèñ.2b) è íàõîäÿòñÿ
â ñîãëàñèè ñ âûïîëíåííûìè ðàíåå îïðåäåëåíèÿìè äëÿ ìàêñèìàëüíûõ çíà÷åíèé
Ð, óñòàíîâëåííûìè ïî êàæäîìó èç 18 ñåòîâ íàáëþäåíèé. Íàìè áûëî âû÷èñëåíî
âðåìÿ çàïàçäûâàíèÿ (lap time, LT), çà êîòîðîå îäíà èç àêòèâíûõ îáëàñòåé
íà ýêâàòîðå âíîâü ñðàâíèâàåòñÿ ñ îòñòàþùåé èëè îïåðåæàþùåé åå àêòèâíîé
îáëàñòüþ íà äðóãîé øèðîòå. Îöåíêà LT áûëà ïîëó÷åíà èç àíàëèçà ñïåêòðîâ
ìîùíîñòè èçìåíåíèé àìïëèòóä ïåðåìåííîñòè êðèâîé áëåñêà KIC 7732964 è
ñîñòàâèëà âåëè÷èíó ïîðÿäêà 500 ñóò (ðèñ.2c), ÷òî ñîîòâåòñòâóåò âåëè÷èíå
ïàðàìåòðà  , ðàâíîé 0.013 ðàä./ñóò.

Ðèñ.1. Ñëåâà - êðèâàÿ áëåñêà äëÿ KIC 7732964, â öåíòðå - ñïåêòð ìîùíîñòè ïåðåìåííîñòè
áëåñêà, ñïðàâà - ôàçîâàÿ äèàãðàììà ïåðåìåííîñòè áëåñêà (ãîðèçîíòàëüíûå ëèíèè õàðàêòå-
ðèçóþò âåëè÷èíó àìïëèòóäû ïåðåìåííîñòè áëåñêà). Â êà÷åñòâå ïðèìåðà äàííûå ïðèâåäåíû
äëÿ íàáëþäåíèé â 5 èç 18 ñåòîâ.
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Çàïÿòíåííîñòü S ïîâåðõíîñòè çâåçäû áûëà óñòàíîâëåíà ñ ïîìîùüþ
ìåòîäèêè, øèðîêî èñïîëüçóåìîé â íàøèõ ïðåäûäóùèõ èññëåäîâàíèÿõ [2].
Ïàðàìåòð S îïðåäåëÿåòñÿ, êàê îòíîøåíèå ïëîùàäè âñåõ ïÿòåí íà ïîâåðõíîñòè
çâåçäû ê ïëîùàäè âñåé åå âèäèìîé ïîâåðõíîñòè. Íàøà îöåíêà ïîêàçàëà, ÷òî
S ìåíÿåòñÿ â ïðåäåëàõ îò 4 äî 8% îò ïëîùàäè âñåé âèäèìîé ïîâåðõíîñòè
çâåçäû (òî÷íîñòü îïðåäåëåíèÿ ìåíåå 0.1%).

3. Îáñóæäåíèå ðåçóëüòàòîâ è çàêëþ÷åíèå. Íàøåìó ïîíèìàíèþ
ïðèðîäû ïðîýâîëþöèîíèðîâàâøèõ, áûñòðî âðàùàþùèõñÿ, ìàãíèòíî - àêòèâíûõ
è ÿâíî îäèíî÷íûõ çâåçä òèïà FK Com çíà÷èòåëüíî ìåøàåò èõ ÷ðåçâû÷àéíàÿ
ðåäêîñòü: â íàñòîÿùåå âðåìÿ òîëüêî äâå çâåçäû, ïîìèìî ñàìîé FK Com,
ñ÷èòàþòñÿ ÷ëåíàìè ýòîãî êëàññà. Ñàì ôàêò èõ ñóùåñòâîâàíèÿ óêàçûâàåò íà
èñêëþ÷åíèå èç îáùåãî ïðàâèëà ìåäëåííîãî îñåâîãî âðàùåíèÿ ãèãàíòîâ,
ïðåäñêàçûâàåìîãî òåîðèåé çâåçäíîé ýâîëþöèè. Ãèïîòåçû îáðàçîâàíèÿ çâåçä
ýòîãî òèïà ïðåäïîëàãàþò ïðîÿâëåíèÿ äåéñòâèé ïðîöåññîâ, ñâÿçàííûõ ñî
ñëèÿíèåì êîìïîíåíòîâ â òåñíîé äâîéíîé ñèñòåìå, ñ ðåçêèì ãèïîòåòè÷åñêèì

Ðèñ.2. a) Ïîëíàÿ êðèâàÿ áëåñêà îáúåêòà KIC 7739728 íà îñíîâå äàííûõ èç àðõèâà
êîñìè÷åñêîãî òåëåñêîïà Êåïëåð. b) Ñïåêòð ìîùíîñòè èçìåíåíèé áëåñêà äëÿ èññëåäóåìîãî
îáúåêòà (â îáëàñòè, ñîäåðæàùåé ãëàâíûé ïèê). c) Ñïåêòðû ìîùíîñòè èçìåíåíèÿ àìïëèòóäû
ïåðåìåííîñòè áëåñêà äëÿ êàæäîãî ñåòà, îõâàòûâàþùåãî îäèí ïåðèîä âðàùåíèÿ çâåçäû.
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âûíîñîì óãëîâîãî ìîìåíòà èç íåäð çâåçäû, ñ ïåðåäà÷åé ìîìåíòà âðàùåíèÿ
èç îêîëîçâåçäíîãî îêðóæåíèÿ è ïðî÷. (ñì. îáñóæäåíèÿ â [1,2]). Çâåçäû òèïà
FK Com íåñîìíåííî çàíèìàþò ïåðâûå ìåñòà â ñïèñêå òàêîãî ðîäà îáúåêòîâ.

Àíàëèçèðóÿ äàííûå àðõèâà êîñìè÷åñêîãî òåëåñêîïà Êåïëåð, ìû ñäåëàëè
ïîïûòêó âûÿâëåíèÿ êàíäèäàòîâ çâåçä òèïà FK Com ïî èçó÷åíèþ èõ ôîòî-
ìåòðè÷åñêîé ïåðåìåííîñòè. Íàøå èññëåäîâàíèå [6] áûëî ïîñâÿùåíî ïîèñêó
âîçìîæíûõ êàíäèäàòîâ â çâåçäû òèïà FK Com ñðåäè îáúåêòîâ èç áàçû
äàííûõ âûñîêîòî÷íûõ ôîòîìåòðè÷åñêèõ íàáëþäåíèé ñ êîñìè÷åñêèì òåëåñêîïîì
Êåïëåð. Ñ ýòîé öåëüþ ïî èìåþùèìñÿ ëèòåðàòóðíûì äàííûì äëÿ ïîðÿäêà
8000 îáúåêòîâ äëÿ èíòåðâàëà Q3 áûëè âûáðàíû 4 çâåçäû, ïàðàìåòðû êîòîðûõ
ñîîòâåòñòâóþò çâåçäàì òèïà FK Com (ïî òåìïåðàòóðíîìó äèàïàçîíó, óñêîðåíèþ
ñèëû òÿæåñòè è ïåðèîäó âðàùåíèÿ). Êðîìå òîãî, áûëî óñòàíîâëåíî, ÷òî ýòè
çâåçäû èìåþò çíà÷èòåëüíóþ àìïëèòóäó ïåðåìåííîñòè áëåñêà, ÷òî äîëæíî
ñâèäåòåëüñòâîâàòü î çàìåòíîé çàïÿòíåííîñòè èõ ïîâåðõíîñòè. Íàìè áûëè
îïðåäåëåíû ïåðèîäû âðàùåíèÿ è ñäåëàíû îöåíêè ïàðàìåòðà äèôôåðåíöèàëüíîãî
âðàùåíèÿ ýòèõ îáúåêòîâ. Áûëè íàéäåíû ïîëîæåíèÿ äîìèíèðóþùåé àêòèâíîé
îáëàñòè (äîëãîòû) íà ïîâåðõíîñòè çâåçä, à òàêæå èõ ïåðåìåùåíèÿ ïî ïîâåðõ-
íîñòè ñ òå÷åíèåì âðåìåíè. Â öåëîì, õàðàêòåð òàêèõ ñìåùåíèé ñîâïàäàåò ñ
óñòàíîâëåííûì ðàíåå äëÿ FK Com è HD199178 [7].

Ñâîäêà îñíîâíûõ ñâåäåíèé îá èçó÷åííûõ íàìè îáúåêòàõ - êàíäèäàòàõ â
çâåçäû òèïà FK Com, ïðèâîäèòñÿ â òàáë.1 â [2]. Îáúåêòû èç ñïèñêà,
îïóáëèêîâàííîãî íàìè â [2], ìîãóò ðàññìàòðèâàòüñÿ, êàê ïîòåíöèàëüíûå
êàíäèäàòû â çâåçäû òàêîãî òèïà. Äëÿ îêîí÷àòåëüíîãî èçó÷åíèÿ íàìè áûëè
îòîáðàíû 4 îáúåêòà ñ ëó÷øèìè êðèâûìè áëåñêà, íàèáîëåå ïðîÿâëÿþùèå
ñâîéñòâà ðåãóëÿðíîé âðàùàòåëüíîé ìîäóëÿöèè.

Â íàñòîÿùåé ðàáîòå ïî ðåçóëüòàòàì àíàëèçà ôîòîìåòðè÷åñêèõ íàáëþäåíèé
ñ êîñìè÷åñêèì òåëåñêîïîì Êåïëåð áûëà èññëåäîâàíà çâåçäà KIC 7732964,
êîòîðàÿ â [3,4] áûëà ïðåäëîæåíà â êà÷åñòâå ïîòåíöèàëüíîãî êàíäèäàòà â
çâåçäû ýòîãî òèïà. Íàø àíàëèç è èìåþùèåñÿ â ëèòåðàòóðå äàííûå ìîãëè áû
ñäåëàòü KIC 7732964 ïðèâëåêàòåëüíûì îáúåêòîì äëÿ óñòàíîâëåíèÿ ïðèíàä-
ëåæíîñòè ê ãðóïïå çâåçä òèïà FK Com, åñëè áû íå óêàçàíèÿ â [4] î òîì,
÷òî ýòî ìîæåò áûòü çâåçäà êàðëèê èëè ñóáêàðëèê, à íå ãèãàíò. Òàêæå ñëåäóåò
èìåòü â âèäó, ÷òî íàéäåííûå áûñòðîå âðàùåíèå è âûñîêàÿ âñïûøå÷íàÿ
àêòèâíîñòü áîëåå õàðàêòåðíû äëÿ çâåçä êàðëèêîâ è ñóáãèãàíòîâ [8-10].
Èñïîëüçóÿ äàííûå Gaia î ïàðàëëàêñå KIC 7732964 ( 48095 . ), ìîæíî
íàéòè àáñîëþòíóþ çâåçäíóþ âåëè÷èíó îáúåêòà, êîòîðàÿ òàêæå ñâèäåòåëüñòâóåò,
÷òî èçó÷àåìàÿ çâåçäà ñêîðåå ÿâëÿåòñÿ êàðëèêîì, ÷åì ãèãàíòîì.

Êàê è äëÿ äðóãèõ êàíäèäàòîâ, â ñëó÷àå KIC 7732964 òðåáóþòñÿ äîïîë-
íèòåëüíûå ñïåêòðàëüíûå íàáëþäåíèÿ, êàê ñ öåëüþ àíàëèçà ïîñòîÿíñòâà
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ëó÷åâîé ñêîðîñòè çâåçäû (îòñóòñòâèÿ äâîéñòâåííîñòè), òàê è äëÿ óòî÷íåíèÿ
âåëè÷èíû ïàðàìåòðà óñêîðåíèÿ ñèëû òÿæåñòè (äëÿ íåãî â [4] ïðèâîäèòñÿ
î÷åíü øèðîêèé äèàïàçîí) è ñïåêòðàëüíîé êëàññèôèêàöèè G6-7IV-III.

Àâòîðû áëàãîäàðíû ðåöåíçåíòó çà ïîëåçíûå çàìå÷àíèÿ.
Èññëåäîâàíèå (ðàçäåë ñòàòüè 2) âûïîëíåíî ïðè ïîääåðæêå (ÈÑÑ, ÂÁÏ)

ãðàíòà ÐÔÔÈ (ïðîåêò 21-52-53022).
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KIC 7732964 - POSSIBLE CANDIDATE FOR
FK COM TYPE STARS

E.S.DMITRIENKO1, I.S.SAVANOV2, V.B.PUZIN1

The article provides a brief overview of our previous research for finding
candidates of the FK Com giant stars and the analysis of the data for new
candidate KIC 7732964. To determine whether KIC 7732964 belongs to this group
of stars, further work is required to study the evolutionary status of the star (dwarf,
sub-dwarf, or giant). The star is characterized by fast rotation and high flare
activity which are more typical for dwarf and subgiant stars. As for the other
candidates, additional spectral observations of KIC 7732964 are required in order
to establish the absence of its binarity and to clarify the value of the gravity
parameter logg and its spectral classification.

Keywords: stars: activity: spots: photometry: variability

ËÈÒÅÐÀÒÓÐÀ

1. A.V.Tutukov, A.V.Fedorova, Astron. Rep., 54, 156, 2010.
2. I.S.Savanov, Astrophys. Bull., 74, 288, 2019.
3. S.B.Howell, E.Mason, P.Boyd et al., Astrophys. J., 831, 27, 2016.



201KIC 7732964 - ÊÀÍÄÈÄÀÒ  Â  ÇÂÅÇÄÛ  ÒÈÏÀ  FK Com

4. J.Sikora, J.Rowe, S.B.Howell et al., Mon. Not. Roy. Astron. Soc., 496, 295,
2020.

5. J.R.A.Davenport, Astrophys. J., 829, 23, 2016.
6. V.B.Puzin, I.S.Savanov, E.S.Dmitrienko, Astron. Rep., 58, 471, 2014.
7. V.B.Puzin, I.S.Savanov, E.S.Dmitrienko, Astron. Rep., 61, 693, 2017.
8. I.S.Savanov, E.S.Dmitrienko, Astron. Rep., 56, 116, 2012.
9. I.S.Savanov, E.S.Dmitrienko, Astron. Rep., 55, 890, 2011.
10. E.S.Dmitrienko, I.S.Savanov, Astron. Rep., 61, 122, 2017.



ÀÊÒÈÂÍÎÑÒÜ ÄÂÓÕ ÌÎËÎÄÛÕ ÇÂÅÇÄ ÑÎËÍÅ×ÍÎÃÎ
ÒÈÏÀ Ñ ÏËÀÍÅÒÍÛÌÈ ÑÈÑÒÅÌÀÌÈ ÈÇ

ÄÂÈÆÓÙÅÉÑß ÃÐÓÏÏÛ ÇÂÅÇÄ URSA MAJOR È
ÏÎÒÎÊÀ PSC-ERI

È.Ñ.ÑÀÂÀÍÎÂ
Ïîñòóïèëà 18 ôåâðàëÿ 2021

Ïðèíÿòà ê ïå÷àòè 3 ìàÿ 2021

Íà îñíîâå âûñîêîòî÷íîãî ìàòåðèàëà èç àðõèâà êîñìè÷åñêîé ìèññèè TESS ïðîâåäåíî
èññëåäîâàíèå ôîòîìåòðè÷åñêîé ïåðåìåííîñòè äâóõ ìîëîäûõ àíàëîãîâ Ñîëíöà, îáëàäàþùèõ
ïëàíåòíûìè ñèñòåìàìè - çâåçä HD 63433 (TOI 1726), ÷ëåíà äâèæóùåéñÿ ãðóïïû çâåçä Ursa
Major ñ âîçðàñòîì 414 ìëí.ëåò, è TOI 451 (CD-38 1467) èç çâåçäíîãî ïîòîêà Ðûáû-Ýðèäàí
(Psc-Eri) ñ âîçðàñòîì 120 ìëí. ëåò. Èçó÷åíû ïðîÿâëåíèÿ àêòèâíîñòè ýòèõ çâåçä ñ ïëàíåòíûìè
ñèñòåìàìè. Ïî âñåì äîñòóïíûì íàáëþäåíèÿì ìû âûïîëíèëè îöåíêó ïåðèîäîâ âðàùåíèÿ
çâåçä è àìïëèòóä ïåðåìåííîñòè áëåñêà, à òàêæå ïî ñòàíäàðòíîé ìåòîäèêå îöåíèëè âåëè÷èíû
ïàðàìåòðà çàïÿòíåííîñòè A â àáñîëþòíîé ìåðå. Ïëîùàäü ïÿòåí íà ïîâåðõíîñòè HD 63433
è TOI 451 ñóùåñòâåííî ïðåâîñõîäèò ïëîùàäü ïÿòåí íà Ñîëíöå è ñîñòàâëÿåò 24500 ì.ä.ï.
è 12600-33200 ì.ä.ï., ñîîòâåòñòâåííî. Îöåíêè âåëè÷èí öèêëîâ àêòèâíîñòè TOI 451 áûëè
ïðîâåäåíû ïî äàííûì èç àðõèâà íàáëþäåíèé îáçîðà All Sky Automated Survey è óêàçàëè
íà âîçìîæíûå öèêëû àêòèâíîñòè â 125 è 1280 ñóòîê. Äàííûå äëÿ HD 63433 ñâèäåòåëüñòâóþò
î íàëè÷èè äîëãîâðåìåííûõ èçìåíåíèé áëåñêà, íî îíè íåäîñòàòî÷íû äëÿ êîëè÷åñòâåííûõ
îöåíîê.

Êëþ÷åâûå ñëîâà: çâåçäû: àêòèâíîñòü: ïÿòíà: ôîòîìåòðèÿ: ïåðåìåííîñòü:
ïëàíåòíûå ñèñòåìû

1. Ââåäåíèå. Ïðè àíàëèçå íàáëþäàòåëüíîãî ìàòåðèàëà èç àðõèâà íàáëþ-
äåíèé êîñìè÷åñêîé ìèññèè Êåïëåð è åå ïðîäîëæåíèÿ Ê2 ñòàëè âîçìîæíû
âûñîêîòî÷íûå ôîòîìåòðè÷åñêèå èññëåäîâàíèÿ àêòèâíîñòè çâåçä ñ ïëàíåòíûìè
ñèñòåìàìè â ìîëîäûõ ñêîïëåíèÿõ (ñ âîçðàñòîì äî 1 ìëðä. ëåò) (ñì. â [1]).
Â òàêèõ ìîëîäûõ ñèñòåìàõ íà ôèçè÷åñêèå è õèìè÷åñêèå ñâîéñòâà ôîðìè-
ðóþùèõñÿ ïëàíåò â çíà÷èòåëüíîé ìåðå ìîãóò âëèÿòü êàê ïðîäîëæàþùèéñÿ
ïðîöåññ âûïàäåíèÿ ïëàíåòîçåìàëåé, òàê è ìàãíèòíàÿ àêòèâíîñòü öåíòðàëüíîé
ìîëîäîé çâåçäû (âûðàæàþùàÿñÿ â åå èçáûòî÷íîì ÓÔ è ðåíòãåíîâñêîì
èçëó÷åíèè, à òàêæå â êîðîíàëüíûõ âûáðîñàõ), êîòîðàÿ ìîæåò èçìåíÿòü
ôèçè÷åñêèå ñâîéñòâà àòìîñôåð áëèçêèõ ïëàíåò è äàæå ïðèâîäèòü ê ðàçðóøåíèþ
ýòèõ àòìîñôåð. Â íàøåì ñîâðåìåííîì ïîíèìàíèè äåìîãðàôèè ýêçîïëàíåò
ñèëüíî ïðåîáëàäàþò áîëåå ñòàðûå ïëàíåòíûå ñèñòåìû (>1 ìëðä. ëåò), â òî
âðåìÿ êàê ìåõàíèçìû ôîðìèðîâàíèÿ è ýâîëþöèè, îòâåòñòâåííûå çà ñîçäàíèå
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ïëàíåò, ïåðåæèâàþò ñâîè ñàìûå áûñòðûå èçìåíåíèÿ â ïåðâûå íåñêîëüêî
ñîòåí ìèëëèîíîâ ëåò ïîñëå îáðàçîâàíèÿ ïëàíåòíûõ ñèñòåì. Îáçîð ðåçóëüòàòîâ
ïðîãðàììû ïîèñêà ìîëîäûõ ïëàíåòíûõ ñèñòåì áûë îïóáëèêîâàí â [1]. Äëÿ
òîãî, ÷òîáû â ïîëíîé ìåðå èñïîëüçîâàòü íàáîð äàííûõ ìèññèè K2, àâòîðû
[1] ïðîâåëè èññëåäîâàíèå, íàçâàííîå èìè ïîèñê "çîäèàêàëüíûõ ýêçîïëàíåò âî
âðåìåíè (ZEIT)", ñ öåëüþ âûÿâëåíèÿ, õàðàêòåðèñòèêè è èçó÷åíèÿ ñòàòèñòè÷åñêèõ
ñâîéñòâ áëèçëåæàùèõ ìîëîäûõ ñêîïëåíèé, îáëàñòåé çâåçäîîáðàçîâàíèÿ è
àññîöèàöèé OB. Ê íàñòîÿùåìó âðåìåíè â ýòîé ñåðèè áûëî îïóáëèêîâàíî 10
ñòàòåé. Â õîäå àíàëèçà áûëè ðàññìîòðåíû îáúåêòû èç ñêîïëåíèé Ïëåÿäû,
Ãèàäû, ßñëè è àññîöèàöèè Sco-Cen (ïîäãðóïïà Upper Scorpius). Ïðèìåíåíèå
ñïåöèàëüíî ðàçðàáîòàííîé ìåòîäèêè ïîçâîëèëî â [1] âûÿâèòü íîâûå ïëàíåòíûå
ñèñòåìû, ïðèíàäëåæàùèå ÷ëåíàì óêàçàííûõ ñêîïëåíèé. Äàííûå òàáë.3 èç [1]
ïîñëóæèëè îñíîâîé äëÿ ôîðìèðîâàíèÿ ñïèñêà îáúåêòîâ èññëåäîâàíèÿ.

Ïî ìåðå äîñòóïíîñòè äàííûõ àðõèâà íàáëþäåíèé ìèññèè TESS ñïèñîê
ïîïîëíÿåòñÿ äîïîëíèòåëüíûìè îáúåêòàìè. ×òîáû èññëåäîâàòü ðàííþþ ýâîëþöèþ
ïëàíåòíûõ ñèñòåì, êîìàíäà TESS Hunt for Young and Maturing Exoplanets
(THYME) ïðîâîäèò ñîâìåñòíûé ïîèñê è äàëüíåéøèé àíàëèç õàðàêòåðèñòèê
òðàíçèòíûõ ïëàíåò â ìîëîäûõ çâåçäíûõ àññîöèàöèÿõ (~10-20 ìëí. ëåò) è â
áëèçëåæàùèõ ìîëîäûõ äâèæóùèõñÿ ãðóïïàõ (YMG) (âîçðàñò < 200 ìëí. ëåò)
[2]. Ýòà ïðîãðàììà ÿâëÿåòñÿ åñòåñòâåííûì ïðîäîëæåíèåì ZEIT.

Ðÿä ïðèìåðîâ íàøèõ èññëåäîâàíèé àêòèâíîñòè çâåçä èç äàííîãî ñïèñêà
ìîæíî íàéòè â ñëåäóþùèõ ðàáîòàõ. Â [3] íàìè áûëè ïðåäñòàâëåíû ðåçóëüòàòû
èçó÷åíèÿ Ì êàðëèêà EPIC 210490365 (Ê2-25, 2MASS J04130560+1514520),
ðàñïîëîæåííîãî â ñêîïëåíèè Ãèàäû (650-800 ìëí. ëåò). Ñ öåëüþ äàëüíåéøåãî
èññëåäîâàíèÿ ìîëîäûõ çâåçä ñ ïëàíåòíûìè ñèñòåìàìè áûëè âûáðàíû çâåçäû
EPIC 211901114 èç ñêîïëåíèÿ ßñëè è EPIC 205117205 (Ê2-33) èç ïîäãðóïïû
Upper Scorpius àññîöèàöèè Sco-Cen [4]. Â ðåçóëüòàòå àíàëèçà ìû çàðåãèñò-
ðèðîâàëè 32 è 7 âñïûøåê äëÿ EPIC 211901114 è K2-33, ñîîòâåòñòâåííî, à òàêæå
îöåíèëè ÷àñòîòû è àìïëèòóäû ýòèõ âñïûøåê, âðåìåíà èõ âîçãîðàíèÿ è
óãàñàíèÿ. Ïîëó÷åíû îöåíêè ýíåðãèè âñïûøåê: 3332 10521031  ..  è

3332 10021061  .. ýðã äëÿ EPIC 211901114 è Ê2-33, ñîîòâåòñòâåííî. Â äàëü-
íåéøåì áûëî ïðîâåäåíî èññëåäîâàíèå àêòèâíîñòè ïÿòè ìîëîäûõ çâåçä, îáëà-
äàþùèõ ïëàíåòíûìè ñèñòåìàìè: Ê2-231, EPIC 219388192, Ê2-136, Kepler-66
è Kepler-67 [5]. Âîçðàñò ýòèõ îáúåêòîâ áûë îïðåäåëåí ïî èõ ïðèíàäëåæíîñòè
ê ñêîïëåíèÿì. Áûëî èçó÷åíî ïîëîæåíèå îáúåêòîâ íà äèàãðàììàõ S-âîçðàñò,
S-ïåðèîä âðàùåíèÿ è S-÷èñëà Ðîññáè (S - äîëÿ çàïÿòíåííîé ïîâåðõíîñòè
çâåçäû), ñäåëàí âûâîä î åãî ñîîòâåòñòâèè îáùåìó õàðàêòåðó çàâèñèìîñòåé,
óñòàíîâëåííûõ íàìè ðàíåå äëÿ 1570 Ì êàðëèêîâ [6], à çàòåì äëÿ 18000 çâåçä
èç [7].

Â íàñòîÿùåé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà ïåðåìåííîñòè áëåñêà
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HD 63433 (TOI 1726, TIC 130181866), ÿðêîãî ìîëîäîãî àíàëîãà Ñîëíöà -
÷ëåíà äâèæóùåéñÿ ãðóïïû çâåçä Ursa Major ñ âîçðàñòîì 414 ìëí. ëåò [8],
è êàðëèêà ñîëíå÷íîãî òèïà TOI 451 (CD-38 1467) èç çâåçäíîãî ïîòîêà Psc-
Eri ñ âîçðàñòîì 120 ìëí. ëåò [9]. Ïîëó÷åííûå ðåçóëüòàòû ñîïîñòàâëåíû ñ
äàííûìè îá èçó÷åíííûõ íàìè ðàíåå çâåçä ñîëíå÷íîãî òèïà ñ ïëàíåòíûìè
ñèñòåìàìè èç ìîëîäîé àññîöèàöèè Tuc-Hor - DS Tuc è AB Pic [10,11].

2. Çâåçäû ñ ïëàíåòíûìè ñèñòåìàìè â ìîëîäûõ äâèæóùèõñÿ
ãðóïïàõ. Êîñìè÷åñêàÿ ìèññèÿ TESS ïðåäîñòàâëÿåò óíèêàëüíóþ âîçìîæíîñòü
äëÿ èññëåäîâàíèÿ ôîòîìåòðè÷åñêîé ïåðåìåííîñòè áëåñêà çâåçä (â òîì ÷èñëå
ñ ïëàíåòíûìè ñèñòåìàìè) â ìîëîäûõ äâèæóùèõñÿ ãðóïïàõ YMG (ñì., íàïðèìåð
[8]). YMG ÿâëÿþòñÿ äèíàìè÷åñêè íåñâÿçàííûìè àññîöèàöèÿìè çâåçä, êîòîðûå
èäåíòèôèöèðîâàíû íà îñíîâå èõ îáùåãî äâèæåíèÿ. Âîçðàñò YMG äîñòèãàåò
300 ìëí. ëåò, ÷òî ïîçâîëÿåò èçó÷àòü îáúåêòû â íåïðåðûâíîì äèàïàçîíå
âîçðàñòîâ, â îòëè÷èå îò àíàëèçà ìîëîäûõ çâåçäíûõ ñêîïëåíèé. Ïî ïëîòíîñòè
çâåçä YMG òàêæå îòëè÷àþòñÿ îò âûñîêîïëîòíûõ çâåçäíûõ ñêîïëåíèé, òàêèõ
êàê ßñëè èëè Ïëåÿäû. Êëàñòåðû YMG ìåíåå êîìïàêòíû, è ïîýòîìó çâåçäíûå
äèíàìè÷åñêèå âçàèìîäåéñòâèÿ â íèõ âñòðå÷àþòñÿ ðåæå. Êàê ñëåäñòâèå, èõ
ñâîéñòâà ìîãóò áûòü áîëåå õàðàêòåðíûìè äëÿ ïðåäøåñòâåííèêîâ ýêçîïëàíåòíûõ
ñèñòåì, êîòîðûå âðàùàþòñÿ âîêðóã òèïè÷íûõ çâåçä ïîëÿ. Äèíàìè÷åñêèå
èññëåäîâàíèÿ ïîêàçûâàþò, ÷òî çâåçäíûå âçàèìîäåéñòâèÿ â îòêðûòûõ ñêîïëåíèÿõ
âðÿä ëè ðàçðóøàþò ïëàíåòíûå ñèñòåìû, íî áîëåå ìÿãêèå âîçäåéñòâèÿ, òàêèå
êàê èçìåíåíèÿ ýêñöåíòðèñèòåòà ïëàíåòíûõ îðáèò, âïîëíå âîçìîæíû. Áîëü-
øèíñòâî èçâåñòíûõ YMG çíà÷èòåëüíî ìåíåå îòäàëåíû, ÷åì çâåçäíûå ñêîï-
ëåíèÿ, ÷òî îáåñïå÷èâàåò äîïîëíèòåëüíûå ïðåèìóùåñòâà äëÿ íàõîæäåíèÿ
äåòàëüíûõ õàðàêòåðèñòèê ýêçîïëàíåòíûõ ñèñòåì â YMG ñ ïîìîùüþ òàêèõ
ìåòîäîâ, êàê òðàíçèòíàÿ ñïåêòðîñêîïèÿ è èçìåðåíèÿ ëó÷åâîé ñêîðîñòè.

Â [10] ìû èññëåäîâàëè çâåçäó DS Tuc, ÷ëåíà Tuc-Hor YMG ñ áëèçêîé
ýêçîïëàíåòîé ñ ðàäèóñîì ìåæäó ðàäèóñàìè Íåïòóíà è Ñàòóðíà. Ïî íàøåé
îöåíêå ïåðèîä âðàùåíèÿ çâåçäû ðàâåí 2.85 ñóòîê. Ìåòîäîì ðåøåíèÿ îáðàòíîé
çàäà÷è âîññòàíîâëåíèÿ êàðò ïîâåðõíîñòíûõ òåìïåðàòóðíûõ íåîäíîðîäíîñòåé
ïðîâåäåí äåòàëüíûé àíàëèç êðèâîé áëåñêà. Íà ïîâåðõíîñòíûõ êàðòàõ èìåþòñÿ
êîíöåíòðàöèè ïÿòåí íà äâóõ äîëãîòàõ. Ïîëîæåíèÿ è ðàçìåðû ïÿòåí
ïðåòåðïåâàþò èçìåíåíèÿ è âðåìåíàìè íåñòàáèëüíû. Äîëÿ çàïÿòíåííîé
ïîâåðõíîñòè çâåçäû S ñîñòàâëÿåò âåëè÷èíó ïîðÿäêà 3.3%. Âïåðâûå ïîëó÷åíà
îöåíêà âîçìîæíîãî öèêëà àêòèâíîñòè DS Tuc â 1610 ñóò (4.4 ãîäà) ïî
íàáëþäåíèÿì All Sky Automated Survey.

Â [11] íàìè áûëè ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà àêòèâíîñòè êàðëèêà
ñïåêòðàëüíîãî êëàññà Ê1 AB Pic (HD 44627) - ÷ëåíà Tuc-Hor àññîöèàöèè,
îáëàäàþùåãî óäàëåííîé ïëàíåòîé. Çà èíòåðâàë íàáëþäåíèé ñ ìèññèåé TESS
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íà çâåçäå áûëî çàðåãèñòðèðîâàíî 48 âñïûøåê ñ ýíåðãèåé äî 351043 .  ýðã. Ìû
ïîëó÷èëè îöåíêè ïåðèîäà âðàùåíèÿ çâåçäû (3.86 ñóò) è âåëè÷èí ïàðàìåòðà
çàïÿòíåííîñòè A, ìåíÿþùèõñÿ â ïðåäåëàõ îò 54000 äî 95000 ì.ä.ï. Âîçìîæíî,
ïëîùàäü ïÿòåí íà ïîâåðõíîñòè çâåçäû öèêëè÷åñêè ìåíÿëàñü ñ õàðàêòåðíûì
âðåìåíåì 233 ñóò, àíàëîãîì êîòîðûõ ìîæåò áûòü ïåðèîäè÷íîñòü Ðèãåðà íà
Ñîëíöå. Îöåíêè áîëåå äëèòåëüíûõ öèêëîâ àêòèâíîñòè AB Pic óêàçàëè íà
âîçìîæíûå öèêëû àêòèâíîñòè â 258 ñóò, 1120 ñóò (3.1 ãîäà) è 2640 ñóò (7.2
ãîäà). Íàêîíåö, áûëè âûïîëíåíû îöåíêè äèàïàçîíà âîçìîæíûõ èçìåíåíèé
âåëè÷èíû ìàññû êîðîíàëüíûõ âûáðîñîâ (ÑÌÅ) äëÿ ýòîé çâåçäû.

Òàêèì îáðàçîì, ìîæíî çàêëþ÷èòü, ÷òî èçó÷åíèå ìîëîäûõ ïëàíåòíûõ
ñèñòåì, âîçðàñò êîòîðûõ îïðåäåëÿåòñÿ ïî èõ ïðèíàäëåæíîñòè ê ñêîïëåíèÿì,
ìîëîäûì àññîöèàöèÿì, ïîòîêàì, ìîæåò äàòü ïðåäñòàâëåíèå îá ýâîëþöèè
ïëàíåòàðíûõ àòìîñôåð è èõ ñîñòàâà, à òàêæå îá èçìåíåíèÿõ àðõèòåêòóðû
ïëàíåòíûõ ñèñòåì.

3. Ñèñòåìà HD 63433 èç äâèæóùåéñÿ ãðóïïû çâåçä Ursa Major.
Àâòîðû [8] îïóáëèêîâàëè ðåçóëüòàòû îòêðûòèÿ äâóõ ïëàíåò ó çâåçäû HD
63433 (TOI 1726, TIC 130181866), ìîëîäîãî àíàëîãà Ñîëíöà ñ ìàññîé

M.. 030990  . Çâåçäà ïðèíàäëåæèò ê êàðëèêàì ñïåêòðàëüíîãî êëàññà G5IV,
åå áëåñê â ôèëüòðàõ B è V ñîñòàâëÿåò 7m.59 è 6m.91, ñîîòâåòñòâåííî. Îáúåêò
îòîæäåñòâëåí ñ ðåíòãåíîâñêèì èñòî÷íèêîì 1RSX J074955.3+272152, ñîãëàñíî
[8] åãî ðåíòãåíîâñêàÿ ñâåòèìîñòü ðàâíà 51019  .LL bolx . Íà îñíîâå àíàëèçà
êèíåìàòè÷åñêèõ ñâîéñòâ, ñîäåðæàíèÿ ëèòèÿ è îöåíîê ïåðèîäà âðàùåíèÿ â [8]
ïîäòâåðæäåíî, ÷òî HD 63433 ÿâëÿåòñÿ ÷ëåíîì äâèæóùåéñÿ ãðóïïû çâåçä Ursa
Major, âîçðàñò êîòîðûõ ñîñòàâëÿåò 414 ± 23 ìëí. ëåò. Îñíîâûâàÿñü íà êðèâîé
áëåñêà èç àðõèâà ìèññèè TESS è îáíîâëåííûõ äàííûõ î çâåçäíûõ ïàðàìåòðàõ,
â [8] áûëè ïîëó÷åíû îöåíêè ðàäèóñîâ ïëàíåò, êîòîðûå ñîñòàâèëè 2.15 è 2.67
ðàäèóñîâ Çåìëè è îðáèòàëüíûå ïåðèîäû 7.11 è 20.55 ñóò. Ñîãëàñíî [8],
ýôôåêòèâíàÿ òåìïåðàòóðà çâåçäû ðàâíà 5640 Ê, à log g = 4.59.

Äëÿ HD 63433 â àðõèâå TESS èìåþòñÿ äàííûå îäíîãî ñåòà íàáëþäåíèé
ñ âðåìåííûì ðàçðåøåíèåì â 2 ìèí. Íàøà îáðàáîòêà áûëà àíàëîãè÷íà
ïðîâîäèìîé ðàíåå â ñëó÷àå èçìåðåíèé äëÿ äðóãèõ îáúåêòîâ èç àðõèâà
êîñìè÷åñêîãî òåëåñêîïà Êåïëåð è èç àðõèâà íàáëþäåíèé ìèññèè TESS (ñì.,
íàïðèìåð, [12,13]). Íà ðèñ.1 ïðåäñòàâëåíû: êðèâàÿ áëåñêà HD 63433 ïî
íàáëþäåíèÿì â ñåêòîðå 20, ñîîòâåòñòâóþùèé ñïåêòð ìîùíîñòè è ôàçîâàÿ
äèàãðàììà. Õîðîøî çàìåòíà ïåðèîäè÷åñêàÿ ìîäóëÿöèÿ áëåñêà, îáëàäàþùàÿ
çàìåòíîé ïåðåìåííîñòüþ àìïëèòóäû.

Íà ïîñòðîåííîì íàìè ïî âñåìó íàáîðó äàííûõ ñïåêòðå ìîùíîñòè
èìååòñÿ øèðîêèé ïèê, ñîîòâåòñòâóþùèé âåëè÷èíå ïåðèîäà âðàùåíèÿ çâåçäû
Ð = 6.47 ± 0.15 ñóò. Âîçìîæíî ïðèñóòñòâèå íåðàçðåøåííîãî ïèêà ñ âåëè÷èíîé
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Ð1 ïîðÿäêà 8.5 ñóò, ïðèðîäà êîòîðîãî íå ÿñíà. Çíà÷èòåëüíàÿ ðàçíèöà ìåæäó
Ð è Ð1 íå ïîçâîëÿåò ðàññìàòðèâàòü äèôôåðåíöèàëüíîå âðàùåíèå â êà÷åñòâå
ïðè÷èíû ïîÿâëåíèÿ Ð1, õîòÿ ïî ôîðìå èçìåíåíèÿ áëåñêà çâåçäû (ðèñ.1, ñëåâà),
ìîæíî ïðåäïîëîæèòü, ÷òî çâåçäà îáëàäàåò äèôôåðåíöèàëüíûì âðàùåíèåì
(îöåíêà âåëè÷èíû åãî ïàðàìåòðîâ íå ïðåäñòàâëÿåòñÿ âîçìîæíîé). Â [8] áûëà
ïðèâåäåíà âåëè÷èíà ïåðèîäà âðàùåíèÿ HD 63433 - 6.45 ± 0.05 ñóò, ñîâïàäàþùàÿ
ñ ïîëó÷åííîé íàìè.

Àìïëèòóäà ïåðåìåííîñòè áëåñêà ëåæèò â ïðåäåëàõ 1-2% îò óðîâíÿ ñðåäíåãî
áëåñêà çâåçäû. Ïî ñòàíäàðòíîé ìåòîäèêå íàìè áûëè îöåíåíû âåëè÷èíû
ïàðàìåòðà çàïÿòíåííîñòè HD 63433, êîòîðûå äîñòèãàþò 3% îò ïëîùàäè
ïîâåðõíîñòè çâåçäû. Ïðèíèìàÿ îöåíêó ðàäèóñà çâåçäû R = 0.912 ± 0.034
ðàäèóñîâ Ñîëíöà èç [8], ìîæíî ïîëó÷èòü âåëè÷èíó ïëîùàäè ïîâåðõíîñòè À
çâåçäû â àáñîëþòíîé ìåðå (â ìèëëèîííûõ äîëÿõ âèäèìîé ïîëóñôåðû Ñîëíöà,
ì.ä.ï.). Íà Ñîëíöå ñðåäíèå ïî ðàçìåðàì ïÿòíà èìåþò ïëîùàäü 10-200 ì.ä.ï.
(äåòàëè ñì. â [14]). Ïëîùàäü ïÿòåí íà ïîâåðõíîñòè HD 63433 ìíîãîêðàòíî
ïðåâîñõîäèò ìàêñèìàëüíóþ ïëîùàäü ïÿòåí íà Ñîëíöå è ñîñòàâëÿåò âåëè÷èíó
ïîðÿäêà 24500 ì.ä.ï.

4. Ñèñòåìà TOI 451 èç çâåçäíîãî ïîòîêà Psc-Eri. Àâòîðû [9]
ïðåäñòàâèëè ðåçóëüòàòû îòêðûòèÿ è èçó÷åíèÿ ìîëîäîé ïëàíåòíîé ñèñòåìû TOI
451 (CD-38 1467, TIC 257605131). TOI 451 ÿâëÿåòñÿ ÷ëåíîì çâåçäíîãî ïîòîêà
Psc-Eri, ïî ïðèíàäëåæíîñòè ê íåìó îïðåäåëåí âîçðàñò çâåçäû - 120 ìëí. ëåò.
Â [9] áûëî ïîäòâåðæäåíî ÷ëåíñòâî çâåçäû â ïîòîêå ïî åå êèíåìàòèêå, ñîäåðæàíèþ
ëèòèÿ, âðàùåíèþ è ÓÔ-èçáûòêó. ÒÎI 451 ÿâëÿåòñÿ ÷ëåíîì øèðîêîé äâîéíîé
ïàðû ñ êîìïàíüîíîì (ÒÎI 451 Â), âåðîÿòíî, òàêæå äâîéíûì Ì êàðëèêîì. Ïî
íàáëþäàåìûì òðàíçèòàì àâòîðû [9] ñäåëàëè âûâîä î íàëè÷èè îêîëî çâåçäû
òðåõ ïëàíåò ñ ïåðèîäàìè îáðàùåíèÿ 1.9, 9.2 è 16 ñóò ñ ðàäèóñàìè 1.9, 3.1
è 4.1 ðàäèóñîâ Çåìëè, ñîîòâåòñòâåííî. Çâåçäà èìååò ïî÷òè ñîëíå÷íóþ ìàññó,
áëèçêèå ê ñîëíå÷íûì ïàðàìåòðû àòìîñôåðû: Ò

ýôô
 = 5481 è óñêîðåíèå ñèëû

òÿæåñòè log g = 4.56.

Ðèñ.1. Ñëåâà - êðèâàÿ áëåñêà äëÿ HD 63433, â öåíòðå - ñïåêòð ìîùíîñòè ïåðåìåííîñòè
áëåñêà, ñïðàâà - ôàçîâàÿ äèàãðàììà ïåðåìåííîñòè áëåñêà (ãîðèçîíòàëüíûå ëèíèè õàðàêòåðèçóþò
âåëè÷èíó àìïëèòóäû ïåðåìåííîñòè áëåñêà). Äàííûå ïðèâåäåíû äëÿ íàáëþäåíèé â ñåêòîðå 20.
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Áëåñê TOI 451 ñîñòàâëÿåò â ôèëüòðàõ V = 11m.0 è H = 9m.3, ñîîòâåòñòâåííî.
Ñèñòåìà îáëàäàåò èíôðàêðàñíûì èçáûòêîì, óêàçûâàþùèì íà íàëè÷èå äèñêà [9].

Äëÿ TOI 451 â àðõèâå TESS èìåþòñÿ äàííûå òðåõ ñåòîâ íàáëþäåíèé -
4, 5 è 31.

Â òå÷åíèå ïåðâûõ äâóõ ñåòîâ íàáëþäåíèé çâåçäà ïðîÿâëÿëà ìåíüøóþ
àêòèâíîñòü ïî ñðàâíåíèþ ñ ïîñëåäíèì ñåòîì, îòñòîÿùèì ïî âðåìåíè îò
ïåðâûõ íà 720 ñóò. Çà óêàçàííûé ïðîìåæóòîê âðåìåíè àêòèâíîñòü çâåçäû
ïðåòåðïåëà çíà÷èòåëüíûå èçìåíåíèÿ. Ïåðåìåííîñòü áëåñêà â ñåòàõ 5 è 4 áûëà
ìåíåå ðåãóëÿðíîé, î ÷åì ñâèäåòåëüñòâóþò ñïåêòðû ìîùíîñòè (ñðåäíèå
äèàãðàììû íà ðèñ.2). Ïåðèîä âðàùåíèÿ çâåçäû (Ð = 5.2 ñóò) íàèáîëåå ÿâíî
ïðîÿâëÿåòñÿ ëèøü â òå÷åíèå ïîñëåäíåãî ñåòà, à â ñåòå 4 äîìèíèðóþùèì
ÿâëÿåòñÿ ïåðèîä Ð/2, ñîñòàâëÿþùèé 2.6 ñóò.

Àìïëèòóäà ïåðåìåííîñòè áëåñêà çâåçäû èçìåíÿåòñÿ îò 0.5 äî 1.5% îò
óðîâíÿ ñðåäíåãî áëåñêà. Êàê è â ñëó÷àå HD 63433, ìû îöåíèëè èçìåíåíèÿ
âåëè÷èíû ïàðàìåòðà çàïÿòíåííîñòè TOI 451, êîòîðûå äîñòèãàþò 3% îò
ïëîùàäè åå ïîâåðõíîñòè. Ïðèíèìàÿ îöåíêó ðàäèóñà çâåçäû R = 0.912 ± 0.034
ðàäèóñîâ Ñîëíöà èç [8], ìîæíî ïîëó÷èòü âåëè÷èíó ïëîùàäè ïîâåðõíîñòè À
çâåçäû â àáñîëþòíîé ìåðå (â ìèëëèîííûõ äîëÿõ âèäèìîé ïîëóñôåðû Ñîëíöà,
ì.ä.ï.). Ïëîùàäü ïÿòåí íà ïîâåðõíîñòè TOI 451 ïðåâîñõîäèò ïëîùàäü ïÿòåí
íà Ñîëíöå è ëåæèò â ïðåäåëàõ 12600-33200 ì.ä.ï.

Ðèñ.2. Ñëåâà - êðèâàÿ áëåñêà äëÿ TOI 451, â öåíòðå - ñïåêòð ìîùíîñòè ïåðåìåííîñòè
áëåñêà, ñïðàâà - ôàçîâàÿ äèàãðàììà ïåðåìåííîñòè áëåñêà (ãîðèçîíòàëüíûå ëèíèè õàðàêòåðèçóþò
âåëè÷èíó àìïëèòóäû ïåðåìåííîñòè áëåñêà). Äàííûå ïðèâåäåíû äëÿ íàáëþäåíèé â ñåêòîðàõ
4, 5 è 31.
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5. Öèêëû àêòèâíîñòè. Îöåíêà âîçìîæíûõ öèêëîâ àêòèâíîñòè HD
63433 è TOI 451 áûëà ïðîâåäåíà ïî äàííûì èç àðõèâà íàáëþäåíèèé îáçîðà
All Sky Automated Survey www.astrouw.edu.pl.asas. Âñåãî áûëî ðàññìîòðåíî 120
è 695 îöåíîê áëåñêà çâåçä â ôèëüòðå V. Äàííûå äëÿ HD 63433 íåñîìíåííî
óêàçûâàþò íà íàëè÷èå äîëãîâðåìåííûõ èçìåíåíèé áëåñêà, íî îíè ñëèøêîì
ìàëî÷èñëåííû, ÷òîáû íà èõ îñíîâå ñäåëàòü êîëè÷åñòâåííûå çàêëþ÷åíèÿ î

Ðèñ.4. Ââåðõó - êðèâàÿ áëåñêà TOI 451 ïî äàííûì èç àðõèâà íàáëþäåíèé All Sky
Automated Survey. Âíèçó - ñïåêòð ìîùíîñòè äëÿ äèàïàçîíîâ ïåðèîäîâ 1-2000 ñóò. Âåðòè-
êàëüíûìè ëèíèÿìè îòìå÷åíû öèêëû ïðîäîëæèòåëüíîñòüþ 125, 640 è 1280 ñóò.

Ðèñ.3. Êðèâàÿ áëåñêà HD 63433 ïî äàííûì èç àðõèâà íàáëþäåíèé All Sky Automated Survey.
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âåëè÷èíå öèêëà àêòèâíîñòè çâåçäû (ðèñ.3). Íà îñíîâå ïîñòðîåííîãî ñïåêòðà
ìîùíîñòè äëÿ TOI 451 ìîæíî ïðåäïîëîæèòü ñóùåñòâîâàíèå âîçìîæíûõ öèêëîâ
àêòèâíîñòè â 1280 ñóò, 640 ñóò (âîçìîæíî àðòåôàêò, ïîëîâèííàÿ âåëè÷èíà
öèêëà) è 125 ñóò (ðèñ.3, íèæíÿÿ äèàãðàììà).

Íåîáõîäèìû íîâûå ôîòîìåòðè÷åñêèå íàáëþäåíèÿ äëÿ óñòàíîâëåíèÿ öèêëîâ
ñ áîëüøåé ïðîäîëæèòåëüíîñòüþ.

Íàéäåííûå íàìè öèêëû àêòèâíîñòè TOI 451 ïî ñâîåé âåëè÷èíå
ñîïîñòàâèìû ñ 1120 ñóò (3.1 ãîäà) è 2640 ñóò (7.2 ãîäà) öèêëàìè àêòèâíîñòè
AB Pic [11] è ñ 4.4-ëåòíèì öèêëîì àêòèâíîñòè çâåçäû DS Tuc [10].

6. Çàêëþ÷åíèå. Íà îñíîâå âûñîêîòî÷íîãî ìàòåðèàëà èç àðõèâà êîñìè-
÷åñêîé ìèññèè TESS ïðîâåäåíî èññëåäîâàíèå ôîòîìåòðè÷åñêîé ïåðåìåííîñòè
äâóõ ìîëîäûõ àíàëîãîâ Ñîëíöà, îáëàäàþùèõ ïëàíåòíûìè ñèñòåìàìè - çâåçä
HD 63433 (TOI 1726), ÷ëåíà äâèæóùåéñÿ ãðóïïû çâåçä Ursa Major, è TOI
451, ÷ëåíà çâåçäíîãî ïîòîêà Psc-Eri. Ïî âñåì äîñòóïíûì íàáëþäåíèÿì ìû
âûïîëíèëè îöåíêó ïåðèîäîâ âðàùåíèÿ çâåçä è àìïëèòóäû ïåðåìåííîñòè
áëåñêà, à òàêæå ïî ñòàíäàðòíîé ìåòîäèêå îöåíèëè âåëè÷èíû ïàðàìåòðà
çàïÿòíåííîñòè A â àáñîëþòíîé ìåðå. Ïëîùàäü ïÿòåí íà ïîâåðõíîñòè HD
63433 è TOI 451 ñóùåñòâåííî ïðåâîñõîäèò ïëîùàäü ïÿòåí íà Ñîëíöå è,
ñîîòâåòñòâåííî, ñîñòàâëÿåò 24500 ì.ä.ï. è 12600-33200 ì.ä.ï. Óñòàíîâëåíî, ÷òî
îáà ìîëîäûõ ñîëíå÷íûõ àíàëîãà îáëàäàþò âûñîêîé ïÿòåííîé àêòèâíîñòüþ.

Â òàáë.1 ïðèâåäåíû îñíîâíûå ñâåäåíèÿ î ñâîéñòâàõ èññëåäóåìûõ íàìè
çâåçä, äàííûå äëÿ DS Tuc âçÿòû èç [10], à äëÿ AB Pic - èç [11]. Îäíàêî
ñîãëàñíî ðåçóëüòàòàì òàáë.1 ìîæíî çàêëþ÷èòü, ÷òî àêòèâíîñòü äâóõ áîëåå
ìîëîäûõ îáúåêòîâ DS Tuc è AB Pic âûøå (îíè âðàùàþòñÿ áûñòðåå è èìåþò
áîëüøèå çíà÷åíèÿ ïàðàìåòðà çàïÿòíåííîñòè À), ÷åì ó ðàññìàòðèâàåìûõ çâåçä
HD 63433 è TOI 451.

Íåñîìíåííî, îáå èçó÷åííûå íàìè ïëàíåòíûå ñèñòåìû (â îñîáåííîñòè, HD
63433 âñëåäñòâèå ñâîåé ÿðêîñòè) îòêðûâàþò ïðåêðàñíûå ïåðñïåêòèâû äëÿ
òðàíçèòíîé ñïåêòðîñêîïèè êàê ñ ïîìîùüþ Êîñìè÷åñêîãî òåëåñêîïà Õàááëà
è Êîñìè÷åñêîãî òåëåñêîïà Äæåéìñà Óýááà, òàê è, â ïåðñïåêòèâå, êîñìè÷åñêîé
ìèññèè Ñïåêòð-ÓÔ. Ïðåäïîëàãàåìûå èññëåäîâàíèÿ ïðåäîñòàâÿò âîçìîæíîñòü
èçó÷åíèÿ àòìîñôåð ïëàíåò, êîòîðûå, âåðîÿòíî, âñå åùå íàõîäÿòñÿ â ïðîöåññå

HD 63433 TOI 451 DS Tuc AB Pic

Ò
ýôô

, Ê 5640 5481 5428 5027
Ð, ñóò. 6.47 5.20 2.85 3.86
À, ì.ä.ï. 24500 12600-33200 66700 54000-95000
Ð öèêë., ñóò. - 125, 640, 1280 1610 258, 1120, 2640
Âîçðàñò, ìëí. ëåò 414 120 45 45

Òàáëèöà 1
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ñâîåé ýâîëþöèè. Òàêèì îáðàçîì, ðàññìîòðåííûå ñèñòåìû ìîãóò ñûãðàòü
âàæíóþ ðîëü â íàøåì ïîíèìàíèè ýâîëþöèè ïëàíåòàðíûõ ñèñòåì â òå÷åíèå
ïåðâîãî ìèëëèàðäà (è äàæå íåñêîëüêèõ ñîòåí ìèëëèîííîâ) ëåò ïîñëå èõ
îáðàçîâàíèÿ.

Àâòîð ïðèçíàòåëåí ïðàâèòåëüñòâó Ðîññèéñêîé Ôåäåðàöèè è Ìèíèñòåðñòâó
âûñøåãî îáðàçîâàíèÿ è íàóêè ÐÔ çà ïîääåðæêó ïî ãðàíòó 075-15-2020-780
(N13.1902.21.0039) (Ðàçäåëû ñòàòüè 2, 3 è 5).

Ó÷ðåæäåíèå Ðîññèéñêîé àêàäåìèè íàóê Èíñòèòóò àñòðîíîìèè ÐÀÍ,
Ìîñêâà, Ðîññèÿ, e-mail: igs231@mail.ru

ACTIVITY OF TWO YOUNG SOLAR-TYPE STARS WITH
PLANETARY SYSTEMS FROM URSA MAJOR MOVING

GROUP AND PSC-ERI STREAM

I.S.SAVANOV

Using high-precision data from archive of the TESS space mission the
photometric variability of two young Solar analogues with planetary systems - stars
HD 63433 (TOI 1726), a member of the Ursa Major moving group of stars with
an age of 414 million years, and TOI 451 (CD-38 1467) from the Pisces-Eridani
star stream (Psc-Eri) with an age of 120 million years, was studied. The
manifestations of the activity of these stars with planetary systems are studied.
From available observations we estimated the rotation periods of the stars and the
amplitude of the brightness variability. Using the standard method, we estimated
the values of the spot parameter A in absolute measure. The area of spots on the
surface of HD 63433 and TOI 451 significantly exceeds the area of spots on the
Sun and is 24500 m.s.h. and 12600-33200 m.s.h., respectively. Estimates of TOI
451 activity cycle were done from data from the All Sky Automated Survey
observation archive and indicated possible activity cycles of 125 and 1280 days.
The data for HD 63433 posess long-term changes in brightness but they are
insufficient for quantitative estimates.

Keywords: stars: activity: spots: photometry: variability: planetary systems
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PV CEP È V350 CEP: ÇÂÅÇÄÛ ÍÀ ÏÓÒÈ ÌÅÆÄÓ
ÔÓÎÐÀÌÈ È ÝÊÑÎÐÀÌÈ

À.Ð.ÀÍÄÐÅÀÑßÍ1, Ò.Þ.ÌÀÃÀÊßÍ1, Ò.À.ÌÎÂÑÅÑßÍ1, À.Â.ÌÎÈÑÅÅÂ2

Ïîñòóïèëà 3 ìàðòà 2021

Íà îñíîâå íîâûõ íàáëþäåíèé 2015-2020ãã. è ëèòåðàòóðíûõ äàííûõ ðàññìîòðåíû
íåîáû÷íûå ýðóïòèâíûå ïåðåìåííûå PV Cep è V350 Cep. Ïîêàçàíî, ÷òî PV Cep ïðåòåðïåëà
î÷åðåäíóþ âñïûøêó ñ ïîñëåäóþùèì ïàäåíèåì áëåñêà, â öåëîì ïðîäîëæàâøóþñÿ ñ 2011 äî
2019ãã., è ê íàñòîÿùåìó âðåìåíè íàõîäèòñÿ â ãëóáîêîì ìèíèìóìå. Âñïûøêà ñîïðîâîæäàëàñü
çíà÷èòåëüíûìè èçìåíåíèÿìè â èíòåíñèâíîñòè è ïðîôèëÿõ ðÿäà ëèíèé, âêëþ÷àÿ H ,
[SII] è [OI]. Çàïðåùåííûå ëèíèè â öåëîì èìåþò îòðèöàòåëüíóþ ëó÷åâóþ ñêîðîñòü è ïðè
ýòîì  ðàçäåëÿþòñÿ íà ÷åòûðå êîìïîíåíòà, ñêîðîñòè è îòíîñèòåëüíûå èíòåíñèâíîñòè êîòîðûõ
ïåðåìåííû. V350 Cep ôàêòè÷åñêè âñå âðåìÿ îñòàåòñÿ íà óðîâíå ìàêñèìàëüíîãî áëåñêà,
ñïåêòð åå ïðàêòè÷åñêè íå èçìåíÿåòñÿ. Èìåþùèåñÿ äàííûå äàþò îñíîâàíèå äîïóñòèòü, ÷òî
âûðàæåííûé P Cyg ïðîôèëü ëèíèè H , â ñïåêòðå V350 Cep ïîÿâèëñÿ ñïóñòÿ íåñêîëüêî
ëåò ïîñëå ïîäúåìà ñâåòèìîñòè, â 1986ã. Ñâåòèìîñòü çâåçä â òåêóùåì ñîñòîÿíèè îöåíåíà êàê
20 L  è 3.3 L , ñîîòâåòñòâåííî. Ñäåëàí âûâîä, ÷òî îáå çâåçäû ìîãóò ÿâëÿòüñÿ òàê
íàçûâàåìûìè ïðîìåæóòî÷íûìè îáúåêòàìè ìåæäó êëàññàìè ôóîðîâ è ýêñîðîâ.

Êëþ÷åâûå ñëîâà: PMS-çâåçäû: ôóîðû: ýêñîðû: çâåçäû PV Cep è V350 Cep

1. Ââåäåíèå. Òûñÿ÷è îáíàðóæåííûõ ê íàñòîÿùåìó âðåìåíè ìîëîäûõ
çâåçä ìàëîé ( MM 2 ) ìàññû, èìåíóåìûå êàê çâåçäû òèïà T Tau, ïîäðàç-
äåëÿþòñÿ íà äâà îñíîâíûõ ïîäêëàññà:

- êëàññè÷åñêèå çâåçäû òèïà T Tau, èëè CTTS (ñ ñèëüíîé îïòè÷åñêîé
ïåðåìåííîñòüþ, ðàçâèòûì ýìèññèîííûì ñïåêòðîì, ÷àñòî ÿðêî âûðàæåííûìè
ïðèçíàêàìè êîëëèìèðîâàííîãî èñòå÷åíèÿ);

- "ñëàáûå" çâåçäû òèïà T Tau, èëè WTTS (êîëåáàíèÿ áëåñêà ñëàáûå,
ýìèññèîííûé ñïåêòð ÷àñòî îãðàíè÷èâàåòñÿ íåñèëüíîé ýìèññèåé H , èñòå÷åíèå
âåùåñòâà íàáëþäàåòñÿ ðåäêî).

Ðàçëè÷èå ìåæäó ýòèìè ïîäêëàññàìè ïðîÿâëÿåòñÿ è â äðóãèõ îáëàñòÿõ
ñïåêòðà. Ñîãëàñíî íàèáîëåå ðàñïðîñòðàíåííîé òî÷êå çðåíèÿ, â îñíîâíîì
ïîäòâåðæäåííîé íàáëþäàòåëüíî, ôàêòîðîì, îïðåäåëÿþùèì ïðèíàäëåæíîñòü
çâåçäû ê òîìó èëè èíîìó êëàññó, ÿâëÿåòñÿ òåìï ìàãíèòîãèäðîäèíàìè÷åñêîé
àêêðåöèè âåùåñòâà èç îêîëîçâåçäíîãî äèñêà íà çâåçäó.

Íàèáîëüøèé èíòåðåñ äëÿ ïîíèìàíèÿ ýòîãî ÿâëåíèÿ ïðåäñòàâëÿþò ýðóïòèâ-
íûå ìîëîäûå çâåçäû, äåìîíñòðèðóþùèå ðåçêèå è èíîãäà ÷ðåçâû÷àéíî ïðîäîë-
æèòåëüíûå ïîäúåìû ÿðêîñòè, ñîïðîâîæäàþùèåñÿ èçìåíåíèÿìè â ñïåêòðå è
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âûáðîñàìè âåùåñòâà. Ñðåäè íèõ ñàìûìè èçâåñòíûìè è ñàìûìè ðåäêèìè
(èçâåñòíî ìåíåå äâóõ äåñÿòêîâ íà òåêóùèé ìîìåíò) ÿâëÿþòñÿ îáúåêòû òèïà
FU Ori (ôóîðû), ó êîòîðûõ âðåìÿ ìàêñèìàëüíîé ÿðêîñòè ìîæåò äëèòüñÿ,
ñîãëàñíî ñòàòèñòè÷åñêèì îöåíêàì, òûñÿ÷è ëåò. Äðóãèìè, òàêæå âåñüìà ðåäêèìè
è èíòåðåñíûìè êëàññàìè ÿâëÿþòñÿ îáúåêòû òèïà EX Lup (ýêñîðû) è òàê
íàçûâàåìûå ïðîìåæóòî÷íûå îáúåêòû. Õîòÿ èõ ïîäúåìû ÿðêîñòè (íå ñòîëü
ïðîäîëæèòåëüíûå, êàê ó ôóîðîâ) òàêæå ïðèíÿòî îáúÿñíÿòü èçìåíåíèÿìè â
òåìïå àêêðåöèè, äåòàëè è ìåõàíèçìû ýòîãî ôåíîìåíà äî ñèõ ïîð íåÿñíû,
â òîì ÷èñëå è ââèäó íåáîëüøîãî êîëè÷åñòâà íàáëþäàåìûõ ïðèìåðîâ. Ïîýòîìó
ðàñøèðåíèå è äîïîëíåíèå èìåþùèõñÿ ñâåäåíèé îá ýðóïòèâíûõ çâåçäàõ íà
ðàííåé ñòàäèè ýâîëþöèè ÿâëÿåòñÿ âåñüìà âàæíûì.

Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà äàëüíåéøåìó èçó÷åíèþ äâóõ èçâåñòíûõ
ýðóïòèâíûõ çâåçä PV Cep è V350 Cep, ïðèðîäà ïåðåìåííîñòè êîòîðûõ äî
ñèõ ïîð íå âïîëíå óÿñíåíà.

Ïåðåìåííîñòü çâåçäû, PV Cep, è ñâÿçàííîé ñ íåé êîìåòàðíîé òóìàííîñòè
GM1-29 (RNO 125) áûëà îáíàðóæåíà â 1977ã. [1,2]. Ðåçêîå ïîâûøåíèå
ÿðêîñòè PV Cep íàïîìèíàëî âñïûøêó ôóîðà, îäíàêî óæå ïåðâûå ñïåêòðû
ýòîé çâåçäû ïîêàçàëè ñõîæåñòü ñ êëàññè÷åñêèìè çâåçäàìè òèïà T Tau [2-4].
Âïîñëåäñòâèè Õåðáèã ïðåäâàðèòåëüíî îòíåñ PV Cep ê ââåäåííîìó èì êëàññó
ýêñîðîâ [5], îäíàêî ïîçæå èñêëþ÷èë ýòîò îáúåêò èç ñïèñêà [6], ïîñêîëüêó
äàëüíåéøèå èññëåäîâàíèÿ óêàçàëè íà ñëèøêîì çàìåòíûå ðàçëè÷èÿ PV Cep è
òèïè÷íûõ ýêñîðîâ. Îòìåòèì, ÷òî â ïîñëåäóþùèå ãîäû PV Cep ïðåòåðïåëà
åùå íåñêîëüêî ïîäúåìîâ è ïàäåíèé áëåñêà (ñì äàëåå). Ïîäîáíî ìíîãèì
äðóãèì àêòèâíûì çâåçäàì òèïà T Tau îíà ÿâëÿåòñÿ èñòî÷íèêîì ïðîòÿæåííîãî
ïîòîêà Õåðáèãà-Àðî [7,8] è áèïîëÿðíîãî ìîëåêóëÿðíîãî èñòå÷åíèÿ [9]. Íåñìîòðÿ
íà íåìàëîå ÷èñëî ïîñëåäóþùèõ èññëåäîâàíèé, ñðåäè êîòîðûõ ñëåäóåò îòìåòèòü
ðàáîòû [10-13], êîòîðûå áóäóò ðàññìîòðåíû äàëåå, PV Cep âî ìíîãîì îñòàåòñÿ
çàãàäî÷íûì îáúåêòîì.

Ïåðåìåííàÿ çâåçäà V350 Cep, ðàñïîëîæåííàÿ â ñêîïëåíèè âíóòðè
òóìàííîñòè NGC 7129, âïåðâûå áûëà óïîìÿíóòà â ðàáîòå [14]. Àâòîðû
îáðàòèëè âíèìàíèå, ÷òî ýòîò îáúåêò íå áûë âèäåí íà êàðòàõ Ïàëîìàðñêîãî
Àòëàñà (1954ã.), à â 1977ã. äîñòèã áëåñêà â 16m.5 (V).  Â ðàáîòå [15] áûëà
ïðåäñòàâëåíà èñòîðè÷åñêàÿ êðèâàÿ áëåñêà V350 Cep. Áîëåå ïîçäíèå äàííûå
áûëè ñîáðàíû Õåðáèãîì [6]. Ðåçóëüòàòû îäíîçíà÷íî óêàçûâàþò, ÷òî ðîñò
áëåñêà ýòîé çâåçäû íà÷àëñÿ ïðèìåðíî â 1971-1972ãã. è ñ 1978ã., äîñòèãíóâ
ìàêñèìóìà, çâåçäà óæå ïî÷òè 50 ëåò îñòàåòñÿ íà òîì æå óðîâíå, ïîêàçûâàÿ
ëèøü ñëàáûå êîëåáàíèÿ. Äâà ðàçà (â 2009 è 2016ãã.) íàáëþäàëèñü áîëåå
ãëóáîêèå ìèíèìóìû (äî .771V m ) ïðîòÿæåííîñòüþ â íåñêîëüêî ìåñÿöåâ
ñ ïîñëåäóþùèì âîçâðàùåíèåì áëåñêà ê ñðåäíåìó çíà÷åíèþ [16,17].

Îäíàêî è V350 Cep íå îêàçàëàñü ôóîðîì, ïî êðàéíåé ìåðå, êëàññè÷åñêèì,
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ïîñêîëüêó óæå ïåðâûå ñïåêòðàëüíûå íàáëþäåíèÿ ïîêàçàëè, ÷òî ýòî - çâåçäà
òèïà T Tau, ñ ñèëüíûì è î÷åíü ðàçâèòûì ýìèññèîííûì ñïåêòðîì [3], ÷òî
âïîñëåäñòâèè áûëî ïîäòâåðæäåíî ìíîãî÷èñëåííûìè íàáëþäåíèÿìè, íàïðèìåð,
[18-20]. Âñå àâòîðû îòìå÷àþò ýìèññèîííûé õàðàêòåð ñïåêòðà V350 Cep ñ
ñèëüíûìè áàëüìåðîâñêèìè ëèíèÿìè. Òàêæå áûëè âèäíû çàïðåùåííûå ëèíèè
[OI] è ìíîæåñòâî ëèíèé êàê èîíèçîâàííîãî, òàê è íåéòðàëüíîãî æåëåçà.
Äåòàëüíûé àíàëèç V350 Cep, ïðîâåäåííûé ñî ñïåêòðîãðàôàìè âûñîêîãî
ðàçðåøåíèÿ [6,21], ïîêàçàë, â ÷àñòíîñòè, î÷åâèäíûå ïðèçíàêè èñòå÷åíèÿ
âåùåñòâà èç çâåçäû. Õåðáèã [6] óêàçàë, ÷òî V350 Cep âðÿä ëè ìîæíî îòíåñòè
è ê ýêñîðàì, ïîñêîëüêó, â ÷àñòíîñòè, ýòà çâåçäà íå ïîêàçûâàåò õàðàêòåðíûõ
(äëÿ ïîñëåäíèõ) âñïûøåê, à ïðàêòè÷åñêè ïîñòîÿííî íàõîäèòñÿ íà ìàêñèìàëüíîì
óðîâíå áëåñêà. Ñïåêòðàëüíûé êëàññ V350 Cep áûë â èòîãå äîñòàòî÷íî íàäåæíî
îöåíåí êàê M2 [18,6].

Â íàñòîÿùåé ðàáîòå ìû ïðèâîäèì íîâûå ñïåêòðû PV Cep è V350 Cep,
ïîëó÷åííûå â òå÷åíèå ïîñëåäíèõ ïÿòè ëåò, è ñîïîñòàâëÿåì ýòè ðåçóëüòàòû
ñ äðóãèìè äàííûìè.

2. Íàáëþäåíèÿ. Íàáëþäåíèÿ îáîèõ îáúåêòîâ ïðîâîäèëèñü íà 2.6-ì
òåëåñêîïå Áþðàêàíñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè. Ìû èñïîëüçîâàëè
ñïåêòðàëüíóþ êàìåðó SCORPIO â ãëàâíîì ôîêóñå òåëåñêîïà, ñ ïîìîùüþ
êîòîðîé ìîæíî ïîëó÷àòü êàê ïðÿìûå èçîáðàæåíèÿ, òàê è äëèííîùåëåâûå
ñïåêòðû. Àíàëîãè÷íàÿ êàìåðà óñòàíîâëåíà è íà 6-ì òåëåñêîïå ÁÒÀ ÑÀÎ ÐÀÍ
[22].  Â êà÷åñòâå äåòåêòîðà âíà÷àëå èñïîëüçîâàëàñü ÏÇÑ-ìàòðèöà TK SI-003A

10441044 , à ïîñëå àâãóñòà 2016ã. ìàòðèöà E2V CCD42-40 20802080 . Ïðè
ñúåìêå ñïåêòðîâ øèðèíà ùåëè ñîñòàâëÿëà 1".5, à äëèíà îêîëî 5'. Ïîëå çðåíèÿ
â ðåæèìå ïîëó÷åíèÿ ïðÿìûõ èçîáðàæåíèé ñîñòàâëÿëî îêîëî 11' ïðè ìàñøòàáå
0.67"/ïèêñ. Â êà÷åñòâå äèñïåðãèðóþùåãî ýëåìåíòà èñïîëüçîâàëèñü îáúåìíî-
ôàçîâûå ãîëîãðàôè÷åñêèå ðåøåòêè ñ 600 øòð/ìì è 1800 øòð/ìì, îáåñïå÷è-
âàþùèå ñïåêòðàëüíîå ðàçðåøåíèå R, ñîîòâåòñòâåííî îêîëî 800 è 2500.

Äëÿ êàëèáðîâêè â êà÷åñòâå ñïåêòðîâ ñðàâíåíèÿ èñïîëüçîâàëàñü ëàìïà
Ne+Ar. Îáùåå âðåìÿ ýêñïîçèöèè áûëî ðàññ÷èòàíî òàêèì îáðàçîì, ÷òîáû â
ñïåêòðàõ ïîñëå îáðàáîòêè è îïòèìàëüíîé ýêñòðàêöèè îáåñïå÷èâàëîñü
ñîîòíîøåíèå ñèãíàë/øóì áîëåå 100.

Â òàáë.1 ïðèâåäåíà ñâîäêà âñåõ ñïåêòðàëüíûõ íàáëþäåíèé PV Cep â
Áþðàêàíå è ÑÀÎ. Íà 6-ì òåëåñêîïå ÑÀÎ ÐÀÍ ñ ïîìîùüþ ðåäóêòîðà
ñâåòîñèëû ïåðâè÷íîãî ôîêóñà SCORPIO-2 [23] è ñ ÏÇÑ E2V 261-84 â
êà÷åñòâå äåòåêòîðà áûë ïîëó÷åí îäèí ñïåêòð 23 äåê. 2020ã. Øèðèíà ùåëè
ñïåêòðîãðàôà ñîñòàâëÿëà 1" ïðè äëèíå îêîëî 6'. Äëÿ V350 Cep â Áþðàêàíå
áûë ïîëó÷åí îäèí ñïåêòð 22 ñåíò. 2015ã. ñ îáùåé ýêñïîçèöèåé 20 ìèí è ñ
ðàçðåøåíèåì îêîëî 2500.
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Îáðàáîòêà ñïåêòðîâ ñ 2.6-ì òåëåñêîïà áûëà ïðîèçâåäåíà ñ ïîìîùüþ
ïðîãðàììû ESO-MIDAS, îáðàáîòêà äàííûõ SCORPIO-2 âûïîëíÿëàñü â ñðåäå
IDL ñ ïîìîùüþ ïðîãðàìì, ðàçðàáîòàííûõ â ÑÀÎ ÐÀÍ. Äëÿ îáåèõ çâåçä
áûëè èçìåðåíû ýêâèâàëåíòíûå øèðèíû è ðàäèàëüíûå ñêîðîñòè âñåõ îñíîâíûõ
ëèíèé. Ñïåêòðû PV Cep äëÿ óäîáñòâà ñîïîñòàâëåíèÿ áûëè íîðìèðîâàíû ê
êîíòèíóóìó.

3. Ðåçóëüòàòû è îáñóæäåíèå.

3.1. Ôîòîìåòðè÷åñêèå äàííûå è êðèâàÿ áëåñêà PV Cep . Õîòÿ
ìû ïåðèîäè÷åñêè ïîëó÷àëè ïðÿìûå èçîáðàæåíèÿ PV Cep, íà êîòîðûõ áûëè
õîðîøî çàìåòíû ñèëüíûå êîëåáàíèÿ áëåñêà çâåçäû è èçìåíåíèÿ ôîðìû
ñâÿçàííîé ñ íåé òóìàííîñòè GM 1-29 (RNO 125), ôîòîìåòðè÷åñêèõ îöåíîê
áëåñêà íå äåëàëîñü, ïîñêîëüêó äàííàÿ çâåçäà íàõîäèòñÿ ïîä ïîñòîÿííûì
ìîíèòîðèíãîì ãðóïïû AAVSO. Áàçà äàííûõ AAVSO íà÷èíàåòñÿ ñ 2010ã., à
ôîòîìåòðèÿ 2004-2010ãã. ïðåäñòàâëåíà â ðàáîòå [12].

Ðàññìîòðåíèå ñâîäíîé êðèâîé áëåñêà PV Cep, ñîñòàâëåííîé íà îñíîâå ýòèõ
äàííûõ, ïîêàçûâàåò, ÷òî ñ 2006ã. çâåçäà íà÷àëà ïàäàòü â ÿðêîñòè ñ .513R m
äî .515R m , à ïîñëå 2008ã. áûñòðî óøëà â ìèíèìóì ( 417561R mm ..  ). Â
òå÷åíèå 2010ã. áëåñê PV Cep âîëíîîáðàçíî ïîäíÿëñÿ, à ïîòîì óïàë ñ àìïëèòóäîé
ïðèìåðíî 1m-1m.5. Íàêîíåö, ïðàêòè÷åñêè ñ íà÷àëà 2011ã. çâåçäà íà÷àëà
ïîñòåïåííî è ïî÷òè íåïðåðûâíî ðàñòè â áëåñêå, ê êîíöó 2016ã., äîñòèãíóâ
ïðàêòè÷åñêè ìàêñèìóìà ( .613R m ). Ïîñëå ýòîãî íà÷àëñÿ áûñòðûé ñïàä
ÿðêîñòè, íà êîòîðûé íàëàãàëèñü îòäåëüíûå ëîêàëüíûå è êðàòêîâðåìåííûå
ìèíèìóìû (îñîáåííî çàìåòíûé èç íèõ ïðîèçîøåë îñåíüþ 2017ã.). Ê ñåðåäèíå
2019ã. çâåçäà îêîí÷àòåëüíî óøëà â ìèíèìóì ( 31717R mm . ), ãäå è ïðåáûâàåò
äî íàñòîÿùåãî âðåìåíè (êîíåö 2020ã.). Òàêèì îáðàçîì, íà ïðîòÿæåíèè ïîñëåä-
íèõ 15 ëåò PV Cep ïðåòåðïåëà äâà êðóïíîìàñøòàáíûõ (è ïî àìïëèòóäå -

Äàòà íàáëþäåíèÿ Ñïåêòðàëüíûé äèàïàçîí Ðàçðåøåíèå Îáùàÿ ýêñïîçèöèÿ
( Å ) ( / ) (ìèí)

20.09.2015 4100-6800 800 30
10.06.2016 5800-6800 2500 40
24.08.2016 5800-6800 2500 15
21.12.2016 5800-6900 2500 45
24.06.2017 5800-6900 2500 40
25.06.2017 5800-6900 2500 40
20.06.2018 5800-6800 2500 60
23.12.2020 3650-7300 1300 40

Òàáëèöà 1

ÆÓÐÍÀË ÍÀÁËÞÄÅÍÈÉ PV Cep ÍÀ 2.6-ì È 6-ì ÒÅËÅÑÊÎÏÀÕ
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3m-4m, è ïî ïðîòÿæåííîñòè - íåñêîëüêî ëåò) ïîäúåìà áëåñêà. Àíàëèç áîëåå
ñòàðûõ ëèòåðàòóðíûõ äàííûõ ïîçâîëÿåò âûäåëèòü è äðóãèå ìàêñèìóìû íà
ïðîòÿæåíèè 1950-2005ãã. (Kun et al., íå îïóáëèêîâàíî), îäíàêî ìîæíî ïîäî-
çðåâàòü, ÷òî  PV Cep äîñòèãàëà ìàêñèìàëüíîãî áëåñêà (ïîðÿäêà R = 11m) òîëüêî
âî âðåìÿ ñàìîé ìîùíîé ýðóïöèè 1976-1978ãã., êîãäà îíà è áûëà îòêðûòà [4].

Íà ðèñ.1 ïîêàçàíà êðèâàÿ áëåñêà PV Cep â öâåòå R çà 2015-2020ãã.,
ñîñòàâëåííàÿ ïî äàííûì AAVSO, íà êîòîðîé ñòðåëêàìè ïîìå÷åíû äàòû
íàøèõ íàáëþäåíèé. Kðèâàÿ AAVSO îáðûâàåòñÿ ðàíüøå êîíöà 2020ã., êîãäà
áûë ïîëó÷åí ïîñëåäíèé ñïåêòð, íî íàøè íàáëþäåíèÿ ïîäòâåðæäàþò, ÷òî âåñü
2020ã. PV Cep îñòàâàëàñü â ãëóáîêîì ìèíèìóìå (R = 17m.3 - 17m.5).

3.2. Îáùèé õàðàêòåð ñïåêòðà PV Cep è åãî èçìåíåíèÿ. Â
öåëîì ñïåêòð PV Cep â îïòè÷åñêîì è áëèæíåì èíôðàêðàñíîì äèàïàçîíå áûë
ïîäðîáíî îïèñàí â ñòàòüÿõ [4,10,12,13]. Âêðàòöå ýòè ðåçóëüòàòû ìîæíî
ñóììèðîâàòü ñëåäóþùèì îáðàçîì. Çâåçäà èìååò ñïåêòð, õàðàêòåðíûé äëÿ
âåñüìà àêòèâíûõ çâåçä òèïà T Tau: î÷åíü ñèëüíàÿ ýìèññèÿ â ëèíèè H ,
òàêæå çàìåòíûå ýìèññèè ñåðèé Ïàøåíà è Áðåêêåòà, ÈÊ-òðèïëåòà CaII,
ìíîãî÷èñëåííûå ëèíèè FeII è FeI, à â ÈÊ-äèàïàçîíå - è ìíîãèõ äðóãèõ
ýëåìåíòîâ, î÷åíü çàìåòíûå àáñîðáöèîííûå ëèíèè NaD, ëèíèè ñ íàèáîëüøèì
óðîâíåì âîçáóæäåíèÿ - íå ñèëüíûå, íî ÷åòêî çàìåòíûå 5875  è 6678  HeI.
Êðîìå òîãî, â ñïåêòðå PV Cep íàáëþäàåòñÿ íåìàëîå ÷èñëî çàïðåùåííûõ
ëèíèé óäàðíîãî âîçáóæäåíèÿ: â îïòè÷åñêîì äèàïàçîíå - ýìèññèè [OI] è
[SII], â áëèæíåì ÈÊ òàêæå ìíîãî÷èñëåííûå [FeII].

Ñëåäóåò îòìåòèòü, ÷òî çâåçäà èìååò î÷åíü êðàñíûé öâåò, âñëåäñòâèå ÷åãî
êîðîòêîâîëíîâàÿ ÷àñòü îïòè÷åñêîãî äèàïàçîíà íàáëþäàëàñü ðåäêî. Ïîýòîìó

Ðèñ.1. Êðèâàÿ áëåñêà PV Cep â öâåòå R. Ñòðåëêè îáîçíà÷àþò äàòû ïîëó÷åíèÿ ñïåêòðîâ.
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îáíàðóæåíèå â ýïîõó íàèâûñøåãî ïîäúåìà áëåñêà (1978ã.) ñèëüíîé ýìèññèîííîé
ëèíèè K CaII è òèïè÷íîé äëÿ ñàìûõ àêòèâíûõ T Tau-çâåçä ôëóîðåñöåíöèè
â ëèíèÿõ FeI [10] îñòàåòñÿ åäèíñòâåííûì â ñâîåì ðîäå. Âîïðîñ î ñïåêòðàëüíîì
êëàññå PV Cep ìû ðàññìîòðèì îòäåëüíî. Ïðåäûäóùèå èññëåäîâàíèÿ âûÿâèëè
òàêæå çàìåòíóþ ïåðåìåííîñòü îòäåëüíûõ ñïåêòðàëüíûõ ëèíèé, ñâÿçàííóþ,
ïî-âèäèìîìó, ñ óðîâíåì áëåñêà çâåçäû.

Ñîïîñòàâëÿÿ òàáë.1 è êðèâóþ áëåñêà PV Cep, ìû âèäèì, ÷òî ïîëó÷åííûå
íàìè ñïåêòðû ñîîòâåòñòâóþò ïðàêòè÷åñêè âñåì óðîâíÿì ÿðêîñòè çâåçäû. Äëÿ
ñðàâíåíèÿ ìû ïðèâîäèì íà ðèñ.2 îáùèé âèä ñïåêòðà PV Cep â ìàêñèìóìå
è â ìèíèìóìå áëåñêà. Êàêèõ-ëèáî î÷åíü ñóùåñòâåííûõ èçìåíåíèé ïî
ñðàâíåíèþ ñ äàííûìè äðóãèõ àâòîðîâ íå ïðîèçîøëî; â òî æå âðåìÿ ðàçëè÷èÿ
ìåæäó îáîèìè ñïåêòðàìè ñîâåðøåííî î÷åâèäíû. Ïðåæäå âñåãî áðîñàåòñÿ â
ãëàçà íàìíîãî âîçðîñøàÿ èíòåíñèâíîñòü çàïðåùåííûõ ëèíèé, â òî âðåìÿ êàê
êëàññè÷åñêèé íàáîð ýìèññèé FeI è FeII îñîáûõ èçìåíåíèé íå ïðåòåðïåâàåò.
Â ÷àñòíîñòè, íåñìîòðÿ íà îñëàáåâøèé óðîâåíü êîíòèíóóìà, õîðîøî çàìåòíî,
÷òî â ñèíå-çåëåíîé ( Å55005000  ) îáëàñòè ñïåêòðà ñòðóêòóðà "ëåñà" èç
ìíîãî÷èñëåííûõ ëèíèé ìåòàëëîâ ïðàêòè÷åñêè îäíà è òà æå. Îòìåòèì, ÷òî

Ðèñ.2. Îáùèé âèä ñïåêòðà PV Cep 20.09.2015 (â ìàêñèìóìå) è 23.12.2020 (â ìèíèìóìå).
Äëÿ óäîáñòâà îáå ñïåêòðîãðàììû íîðìèðîâàíû ê êîíòèíóóìó. Ñïåêòð 23.12.2020 ñìåùåí
íà 5 óñëîâíûõ åäèíèö ââåðõ.
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èíòåíñèâíîñòü ëèíèè 5875  HeI òàêæå îñòàåòñÿ ïî÷òè íåèçìåííîé; ò.å.
óðîâåíü âîçáóæäåíèÿ âáëèçè çâåçäû òîæå ñîõðàíÿåòñÿ âî âðåìÿ êîëåáàíèé
áëåñêà.

Ïîñêîëüêó ëèíèè H è K CaII íå ïîïàäàëè â ñïåêòðàëüíûé äèàïàçîí
íàøèõ ñïåêòðîâ, ìû íå ìîãëè ïðîâåðèòü, ñîõðàíÿåòñÿ ëè â ñïåêòðå ôëóî-
ðåñöåíöèÿ â ëèíèÿõ FeI. Âñå æå îòìåòèì, ÷òî ïîäâåðæåííûå ôëóîðåñöåíöèè
ëèíèè íåéòðàëüíîãî æåëåçà â êðàñíîé îáëàñòè ñïåêòðà 6138  FeI è 916592.
FeI ïðèñóòñòâóþò ïîñòîÿííî, íî èõ ýêâèâàëåíòíûå øèðèíû ìåíüøå â äâà
ðàçà, ÷åì, íàïðèìåð, â ñïåêòðå çâåçäû HLk  120, ñ êîòîðîé PV Cep ÷àñòî
ñðàâíèâàþò è ãäå ýòî ÿâëåíèå ÷åòêî âûðàæåíî [24].

Íàèáîëåå èíòåíñèâíàÿ ýìèññèÿ â ñïåêòðå PV Cep - ëèíèÿ H  - ïîêàçûâàåò
õîðîøî çàìåòíûå èçìåíåíèÿ ïðîôèëÿ, çàâèñÿùèå îò óðîâíÿ áëåñêà. Êàê
îòìå÷àëîñü ïðàêòè÷åñêè âî âñåõ ïðåäûäóùèõ èññëåäîâàíèÿõ, îíà ñîñòîèò èç
äâóõ êîìïîíåíòîâ, ðàçäåëåííûõ öåíòðàëüíîé àáñîðáöèåé. Îòìåòèì, ÷òî
äâóãîðáàÿ ñòðóêòóðà íàáëþäàëàñü è ó ïåðâûõ ÷ëåíîâ ñåðèè Ïàøåíà â áëèæíåì
ÈÊ [13]. Íà ðèñ.3 ïîêàçàíû ó÷àñòêè íàøèõ ñïåêòðîâ, íîðìèðîâàííûõ ê

Ðèñ.3. Íîðìèðîâàííûå ê êîíòèíóóìó ó÷àñòêè ñïåêòðà PV Cep, ñîîòâåòñòâóþùèå ðàçëè÷íûì
äàòàì íàáëþäåíèé. Âèäíû ñèëüíûå èçìåíåíèÿ ïðîôèëåé è èíòåíñèâíîñòè ëèíèé H  è
[OI], â òî âðåìÿ êàê ýìèññèè FeII îñòàþòñÿ íåèçìåííûìè. Ïî îñè îðäèíàò îòëîæåíû
ïðîèçâîëüíûå åäèíèöû ïîòîêà; ñïåêòðû 2016-2017ãã. ñäâèíóòû íà 4 åäèíèöû ïî îòíîøåíèþ
äðóã ê äðóãó, à ñïåêòð 2018ã. - íà 6 åäèíèö.
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êîíòèíóóìó, âêëþ÷àþùèå â ñåáÿ è ëèíèþ H . Èç ðèñóíêà âèäíî, ÷òî, ïî
ìåðå ïàäåíèÿ áëåñêà öåíòðàëüíàÿ àáñîðáöèîííàÿ êîìïîíåíòà ñòàíîâèòñÿ âñå
ñëàáåå, â òî âðåìÿ êàê 10 èþíÿ è îñîáåííî 21 äåêàáðÿ 2016ã. (êàê ðàç â
ìîìåíò ìàêñèìàëüíîãî áëåñêà) îíà îïóñêàëàñü äàæå íèæå óðîâíÿ êîíòèíóóìà
(EW ñîñòàâëÿëà îêîëî 0.8Å ). Îäíàêî äåéñòâèòåëüíî ÿðêî âûðàæåííûé ïðîôèëü
P Cyg íàáëþäàëñÿ ëèøü â ïåðèîä àáñîëþòíîãî ìàêñèìóìà 1977-1978ãã. [4].

Ïðåäñòàâëåíèå î âðåìåííîì ïîâåäåíèè òèïè÷íûõ ëèíèé â ñïåêòðå PV
Cep äàþò ãðàôèêè èçìåíåíèÿ ýêâèâàëåíòíûõ øèðèí, ïðèâåäåííûå íà ðèñ.4.
Äëÿ áîëåå íàãëÿäíîãî ñîïîñòàâëåíèÿ ýòèõ èçìåíåíèé ñ óðîâíåì âèäèìîãî
áëåñêà çâåçäû íà ðèñ.5 ìû ïðåäñòàâèëè çàâèñèìîñòü ýêâèâàëåíòíûõ øèðèí
ýìèññèé H  è [OI] îò m(R). Îøèáêè èçìåðåíèÿ ýêâèâàëåíòíûõ øèðèí â

Ðèñ.4. Èçìåíåíèÿ âî âðåìåíè ýêâèâàëåíòíûõ øèðèí ýìèññèîííûõ ëèíèé â ñïåêòðå
PV Cep. Äëÿ ëèíèè H  èçìåðÿëàñü EW ýìèññèÿ â öåëîì; äëÿ ëèíèé [SII] ïðèâîäèòñÿ
ñóììàðíàÿ EW îáåèõ ëèíèé äóáëåòà.
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íàøåì ñëó÷àå çàâèñÿò â îñíîâíîì îò òî÷íîñòè ïðîâåäåíèÿ óðîâíÿ íåïðåðûâíîãî
ñïåêòðà è íå ïðåâîñõîäÿò, ïî íàøèì îöåíêàì, 10-15%. Èç ðèñ.4 è 5 ìîæíî
çàêëþ÷èòü, ÷òî ýêâèâàëåíòíûå øèðèíû çàïðåùåííûõ ëèíèé ïî ìåðå óìåíü-
øåíèÿ áëåñêà îäíîçíà÷íî ðàñòóò, â òî âðåìÿ êàê ýêâèâàëåíòíàÿ øèðèíà îäíîé
èç íàèáîëåå ñèëüíûõ ðàçðåøåííûõ ýìèññèé ( Å6517  FeII) ïðàêòè÷åñêè íå
èçìåíÿåòñÿ. Ëèíèÿ H  âåäåò ñåáÿ íåîäíîçíà÷íûì îáðàçîì. Àâòîðû ïðåä-
øåñòâóþùèõ èññëåäîâàíèé ïðèøëè ïðèìåðíî ê òàêèì æå âûâîäàì. Ñòîèò
îòìåòèòü, ÷òî, ñîãëàñíî [12], ýêâèâàëåíòíàÿ øèðèíà H  â 2004-2009ãã. áûëà
âåñüìà âåëèêà (>100Å ), ïðàêòè÷åñêè êàê ïðè ìàêñèìóìå áëåñêà 1977-1979ãã.
(ñì ñâîäíûé ãðàôèê â [10]; â ïîñëåäíèå ãîäû òàêèõ çíà÷åíèé îíà íå äîñòèãàåò).

3.3. Ëó÷åâûå ñêîðîñòè. Åùå ñ ñàìûõ ïåðâûõ íàáëþäåíèé ñòàëî î÷åâèäíî,
÷òî PV Cep îêðóæåíà ðàñøèðÿþùåéñÿ îáîëî÷êîé. Êðîìå òîãî, ïîñòåïåííî
âûÿñíèëîñü, ÷òî çâåçäà ÿâëÿåòñÿ èñòî÷íèêîì áèïîëÿðíîãî èñòå÷åíèÿ. Ïîýòîìó
âîïðîñ î ïðèíàäëåæíîñòè ëèíèé â åå ñïåêòðå òåì èëè èíûì èçëó÷àþùèì
îáëàñòÿì (àêòèâíûì ó÷àñòêàì áëèç ïîâåðõíîñòè, âíóòðåííåìó äèñêó, èñòå-
êàþùåé ìàòåðèè, êîëëèìèðîâàííîìó äæåòó) äîñòàòî÷íî âàæåí. Ëó÷åâûå
ñêîðîñòè â íåìàëîé ñòåïåíè ïðîÿñíÿþò êàðòèíó. Ïðè ñðàâíåíèè íàøèõ
äàííûõ ñ ïðåäûäóùèìè èçìåðåíèÿìè ìû ïðèâåëè âñå ðåçóëüòàòû ê

Ðèñ.5. Âçàèìîñâÿçü ìåæäó âèäèìûì áëåñêîì PV Cep â öâåòå R è ýêâèâàëåíòíûìè
øèðèíàìè ýìèññèîííûõ ëèíèé H  è Å6300  [OI].
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ãåëèîöåíòðè÷åñêèì ëó÷åâûì ñêîðîñòÿì, êîòîðûå è èñïîëüçóþòñÿ íèæå.
Ïîñêîëüêó ôîòîñôåðíûå àáñîðáöèè â ñïåêòðå PV Cep íå íàáëþäàþòñÿ,

íàèáîëåå áëèçêóþ ê ëó÷åâîé ñêîðîñòè ñîáñòâåííî çâåçäû ñêîðîñòü èç âèäèìûõ
ëèíèé äîëæíû èìåòü îáðàçóþùèåñÿ áëèçêî ê ïîâåðõíîñòè ëèíèè FeII è FeI.
Ìû ïîëó÷èëè ñðåäíþþ ñêîðîñòü ïÿòè ëèíèé FeII è FeI -15 ± 11 êì ñ-1, ÷òî
ïðåêðàñíî ñîãëàñóåòñÿ ñ èçìåðåíèÿìè Õåðáèãà (-19 êì ñ-1), ïðèâåäåííûìè â
[4], è îöåíêîé -13 êì ñ-1 â ðàáîòå [25], à òàêæå ñ áëèçêèìè ê íóëåâûì
çíà÷åíèÿì ñêîðîñòÿìè ðàçðåøåííûõ ýìèññèé â áëèæíåé ÈÊ îáëàñòè [25,13].

Ýìèññèîííûå êîìïîíåíòû ëèíèè H , î÷åâèäíî, îáðàçóþòñÿ â îñíîâíîì
â ðàñøèðÿþùåéñÿ îáîëî÷êå, ñîçäàííîé ïðè èñòå÷åíèè âåùåñòâà. Îòìåòèì
âåñüìà áîëüøóþ îáùóþ øèðèíó ýìèññèè (íàøè îöåíêè äàþò FWZI ïîðÿäêà
1200-1500 êì ñ-1), íà ÷òî óêàçûâàëè è äðóãèå àâòîðû. Êàê ìîæíî âèäåòü  èç
ðèñ.3, îíà ïðàêòè÷åñêè íå çàâèñèò îò óðîâíÿ áëåñêà, òàê æå êàê è ñêîðîñòü
îñíîâíîãî ýìèññèîííîãî êîìïîíåíòà (84 ± 19 êì ñ-1). Àáñîðáöèîííûé æå
êîìïîíåíò H  èçìåíÿåòñÿ íå òîëüêî ïî èíòåíñèâíîñòè (îò ïðîôèëÿ òèïà
P Cyg äî ïî÷òè ïîëíîãî èñ÷åçíîâåíèÿ), íî è ïî ëó÷åâîé ñêîðîñòè. Îöåíêè
ïî ñïåêòðàì 2016-2018ãã. äàþò çíà÷åíèÿ â ïðåäåëàõ îò -120 äî -180 êì ñ-1

(îòìåòèì, ÷òî â ýïîõó ìàêñèìóìà 1977ã. íàáëþäàëèñü è åùå áîëüøèå ñìåùåíèÿ
[25]). Ïðè ìèíèìàëüíîì áëåñêå çâåçäû â êîíöå 2020ã. ñìåùåíèå àáñîðáöèè
H  ñîñòàâèëî âñåãî -80 êì ñ-1.

Ñèëüíûå è óçêèå àáñîðáöèè NaD, êàê è ó ìíîãèõ ïîäîáíûõ çâåçä, òàêæå
ôîðìèðóþòñÿ, íåñîìíåííî, â ðàñøèðÿþùåéñÿ îáîëî÷êå. Ïðèìå÷àòåëüíî, ÷òî
èõ èíòåíñèâíîñòü ìåíÿåòñÿ î÷åíü çàìåòíî, âïëîòü äî ïîëíîãî èñ÷åçíîâåíèÿ,
îäíàêî ïðè ýòîì íå çàâèñèò îò óðîâíÿ âèäèìîãî áëåñêà. Èõ ëó÷åâàÿ ñêîðîñòü
âñå âðåìÿ îñòàåòñÿ îòðèöàòåëüíîé, îäíàêî åå àáñîëþòíîå çíà÷åíèå èçìåíÿåòñÿ,
âûõîäÿ çà ïðåäåëû îøèáîê èçìåðåíèé. Â ÷àñòíîñòè, â íàøèõ ñïåêòðàõ 2016-
2017ãã. îíà íàõîäèëàñü â äèàïàçîíå îò -118 äî -159 êì ñ-1, à â êîíöå 2020ã.
áûëà ðàâíà -45 êì ñ-1, ò.å. ñíèçèëàñü ïîäîáíî àáñîðáöèè H .

Ïîäîáíûå âàðèàöèè óêàçûâàþò, ÷òî èíòåíñèâíîñòü è ñêîðîñòü èñòå÷åíèÿ
ìàòåðèè êîëåáëåòñÿ äîâîëüíî çàìåòíî è, âåðîÿòíî, ñâÿçàíà è ñ èçìåíåíèÿìè
â âèäèìîì áëåñêå çâåçäû.

3.4. Çàïðåùåííûå ëèíèè. Ñèëüíûå è øèðîêèå çàïðåùåííûå ëèíèè
[OI] è [SII], òèïè÷íûå, êàê âûÿñíèëîñü âïîñëåäñòâèè, äëÿ îáúåêòîâ ñ
êîëëèìèðîâàííûì èñòå÷åíèåì, áûëè îáíàðóæåíû â ñïåêòðå  PV Cep ñðàçó
æå ïîñëå îòêðûòèÿ. Èõ ìíîãîêîìïîíåíòíàÿ ñòðóêòóðà áûëà âïåðâûå îïèñàíà
â [25]. Çàìåòíî èçìåíÿåòñÿ íå òîëüêî îáùàÿ ýêâèâàëåíòíàÿ øèðèíà ýòèõ
ëèíèé, íî è ëó÷åâûå ñêîðîñòè è îòíîñèòåëüíûå èíòåíñèâíîñòè êîìïîíåíòîâ.
Îñîáåííî õîðîøî ýòè ÿâëåíèÿ âûðàæåíû ó ëèíèé [SII] [10]. ×àñòî ïðè
äîñòàòî÷íîì ðàçðåøåíèè â êàæäîé èç ëèíèé äóáëåòà ìîæíî âûäåëèòü ÷åòûðå
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êîìïîíåíòà; ñ äðóãîé ñòîðîíû, èíîãäà îíè ñëèâàþòñÿ â îäíó î÷åíü øèðîêóþ
(>400 êì ñ-1) ýìèññèîííóþ ïîëîñó. Ëèíèè [OI] òàêæå äåëÿòñÿ íà êîìïîíåíòû,
íî èç-çà áîëüøåé èíòåíñèâíîñòè è øèðèíû îíè âûðàæåíû ìåíåå îò÷åòëèâî.

Ýòè îñîáåííîñòè çàòðóäíÿþò òî÷íûå èçìåðåíèÿ, íî â ñðåäíåì ëó÷åâûå
ñêîðîñòè êîìïîíåíòîâ [SII] â ðàññìàòðèâàåìûõ â äàííîé ðàáîòå ñïåêòðàõ
ìîæíî îöåíèòü ñëåäóþùèìè çíà÷åíèÿìè: -230, -170, -50 è +70 êì ñ-1 (ïðè÷åì
êîìïîíåíò ñ ïîëîæèòåëüíîé ñêîðîñòüþ ìåíÿåòñÿ îñîáåííî ñèëüíî è ÷àñòî
âîâñå îòñóòñòâóåò). Ñõåìàòè÷åñêè èõ âèä ïîêàçàí íà ðèñ.6.

Ñ ó÷åòîì âñåãî ñêàçàííîãî, ïðè ñðàâíåíèè ýòèõ ðåçóëüòàòîâ ñ äàííûìè
ïðåäûäóùèõ ðàáîò, ìû îáíàðóæèâàåì î÷åíü õîðîøåå ñîãëàñèå. Òàê, àâòîðû
ðàáîòû [25] âûäåëÿþò â ëèíèè [OI] êîìïîíåíòû ñ -246, -133 è -55 êì ñ-1;
â ñòàòüå [26] äëÿ [OI] ïðèâîäÿòñÿ çíà÷åíèÿ -275 è -60 êì ñ-1 (ïðè îáùåé
øèðèíå ëèíèè îò -455 äî +255 êì ñ-1), à äëÿ [SII] -300 è -75 êì ñ-1; â ðàáîòå
[27] äëÿ [OI] ïðè îáùåì äèàïàçîíå îò -400 äî +50 êì ñ-1 ïåðå÷èñëåíû
êîìïîíåíòû -300, -170, -100 è -50 êì ñ-1. Òàêèì îáðàçîì, êîìïîíåíòû ñ
ïîëîæèòåëüíîé ëó÷åâîé ñêîðîñòüþ íàáëþäàþòñÿ ðåäêî, ïî-âèäèìîìó, èç-çà

Ðèñ.6. Âèä è èçìåíåíèÿ ëèíèé [SII] â ñïåêòðå PV Cep â 2016-2018ãã. Çíà÷åíèÿ äëèí
âîëí, ñîîòâåòñòâóþùèå íóëåâîé ëó÷åâîé ñêîðîñòè, ïîêàçàíû ïóíêòèðîì. Îáîçíà÷åíû òàêæå
ïðåäåëû äëÿ FWZI ëèíèé. Ñïåêòðû íîðìèðîâàíû íà êîíòèíóóì è ñäâèíóòû ïî îòíîøåíèþ
äðóã ê äðóãó ïî îñè îðäèíàò íà 0.5 ïðîèçâîëüíûõ åäèíèö ïîòîêà.
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èõ ñëàáîé èíòåíñèâíîñòè.
Äëÿ ïîíèìàíèÿ äàííîãî ÿâëåíèÿ êðàéíå âàæåí ôàêò îáíàðóæåíèÿ

ïîäîáíîãî æå ðàñùåïëåíèÿ ó ñèëüíûõ ýìèññèîííûõ ëèíèé [FeII], êîòîðûå
äîâîëüíî ìíîãî÷èñëåííû â áëèæíåé ÈÊ îáëàñòè ñïåêòðà (ïðè÷åì èõ
èíòåíñèâíîñòü ñèëüíî ìåíÿåòñÿ) [13]. Îñîáåííî ÷åòêî êîìïîíåíòû âûÿâëÿþòñÿ
ó 1.257 è 1.644 m  ëèíèé [FeII], ñ ëó÷åâûìè ñêîðîñòÿìè -265, -99, +50 è
+165 êì ñ-1. Â òîé æå ðàáîòå ïîêàçàíî, ÷òî èçëó÷åíèå îò êîìïîíåíòîâ ñ
áîëüøîé àáñîëþòíîé ñêîðîñòüþ ôàêòè÷åñêè ïðèíàäëåæèò êîëëèìèðîâàííîìó
ïîòîêó, èñòåêàþùåìó èç PV Cep, à  ñ ìàëîé - ñêîíöåíòðèðîâàíî âîêðóã
çâåçäû.

Òàêèì îáðàçîì, ëîãè÷íî ïðåäïîëîæèòü, ÷òî ìíîãîêîìïîíåíòíàÿ ñòðóêòóðà
ëèíèé [OI] è [SII] èìååò òó æå ïðèðîäó. Îäíàêî, êàê ìû âèäèì, äåéñòâèòåëüíî
õîðîøåå ñîãëàñèå ïî ñêîðîñòÿì ìåæäó íèìè è [FeII] íàáëþäàåòñÿ òîëüêî äëÿ
âûñîêîñêîðîñòíîãî ñèíåñìåùåííîãî êîìïîíåíòà, êîòîðûé ê òîìó æå ìåíåå
âñåãî ïîäâåðæåí êîëåáàíèÿì èíòåíñèâíîñòè; ñ äðóãîé ñòîðîíû, âûñîêîñêî-
ðîñòíîé êðàñíîñìåùåííûé êîìïîíåíò âîîáùå íè ðàçó íå íàáëþäàëñÿ â
îïòè÷åñêîì äèàïàçîíå.

Ýòî îáñòîÿòåëüñòâî äîâîëüíî åñòåñòâåííî îáúÿñíÿåòñÿ êîìáèíàöèåé äâóõ
ôàêòîðîâ. Âî-ïåðâûõ, â íåïîñðåäñòâåííûõ îêðåñòíîñòÿõ PV Cep èìåþò ìåñòî
ïîñòîÿííûå è äîâîëüíî êðàòêîâðåìåííûå âàðèàöèè îêîëîçâåçäíîãî ïîãëîùåíèÿ,
âûçâàííûå îáðàçîâàíèåì è ïåðåðàñïðåäåëåíèåì ïûëåâûõ ÷àñòèö â äèñêå â
ïðîöåññå èñòå÷åíèÿ è îòäåëüíûõ âûáðîñîâ âåùåñòâà [12]. Ñðåäíåå çíà÷åíèå
ýòîãî ïîãëîùåíèÿ, îöåíåííîå ïî ëèíèÿì [FeII], ñîñòàâëÿåò ïîðÿäêà AV = 10m

[13]. Íà çàìåòíîå âëèÿíèå îêîëîçâåçäíûõ ïûëåâûõ îáëàêîâ óêàçûâàåò òàêæå
çàâèñèìîñòü ýêâèâàëåíòíîé øèðèíû ýìèññèè H  îò áëåñêà PV Cep (ðèñ.5),
èìåþùàÿ îñîáåííîñòè, õàðàêòåðíûå äëÿ çâåçä òèïà UX Ori [28]. Ïîñêîëüêó
íàêëîí îñè îêîëîçâåçäíîãî äèñêà PV Cep ê êàðòèííîé ïëîñêîñòè íåçíà÷èòåëåí
[29], ëîãè÷íî ïðåäïîëîæèòü, ÷òî âáëèçè çâåçäû èçëó÷åíèå êðàñíîñìåùåííîé
(òî åñòü, ïðîòèâîïîëîæíîé îò íàñ) âåòâè èñòå÷åíèÿ â îïòè÷åñêîì äèàïàçîíå
ïîïðîñòó ýêðàíèðóåòñÿ ýòèì äèñêîì è ñòàíîâèòñÿ õîðîøî ðàçëè÷èìûì òîëüêî
â áëèæíåì ÈÊ. Âî-âòîðûõ, êàê îáîñíîâàííî ïðåäïîëàãàåòñÿ â ðàáîòå [13],
íàáëþäàâøèéñÿ àâòîðàìè íåáîëüøîé (2"-3") ýìèññèîííûé ñãóñòîê (ôàêòè÷åñêè
ìèíèàòþðíûé äæåò) ìîã áûòü âûáðîøåí PV Cep â õîäå âñïûøêè 2004-
2005ãã., çàôèêñèðîâàííîé â [12]; ýòî çàñòàâëÿåò ïîäîçðåâàòü, ÷òî è ïðè
ìåíüøèõ ïî àìïëèòóäå ïðîÿâëåíèÿõ àêòèâíîñòè âîêðóã çâåçäû (ïî êðàéíåé
ìåðå âäîëü îñè èñòå÷åíèÿ) ïîÿâëÿþòñÿ íåáîëüøèå êîíäåíñàöèè, èçëó÷àþùèå
â çàïðåùåííûõ ëèíèÿõ. Ðàçëè÷èÿ â èõ ïëîòíîñòÿõ, ñêîðîñòÿõ è ðàçìåðàõ è
ñîçäàþò äîñòàòî÷íî áûñòðî âàðüèðóþùèå ïðîôèëè ëèíèé [OI] è [SII].

Ëîãè÷íûì óìîçàêëþ÷åíèåì èç âûøåèçëîæåííîãî ÿâëÿåòñÿ ïðåäïîëîæåíèå,
÷òî è ïîñëå îïèñàííîãî â ðàçäåëå 3.1 ìàêñèìóìà áëåñêà íà ðóáåæå 2016-
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2017ãã. ìîæíî îæèäàòü ïîÿâëåíèÿ ïîäîáíîãî æå ñãóñòêà, êîòîðûé â áëèæàéøèå
ãîäû ñòàíåò âîçìîæíûì íàáëþäàòü íåïîñðåäñòâåííî (è òåì ñàìûì ïîëó÷èòü
ïîäòâåðæäåíèå äàííîé ãèïîòåçû). Àíàëîãè÷íûå íàáëþäåíèÿ îáðàçîâàíèÿ íîâûõ
íà÷àëüíûõ ñãóñòêîâ â äæåòàõ ïîñëå âñïûøåê êðàéíå ðåäêè è îòìå÷àëèñü,
íàñêîëüêî íàì èçâåñòíî, ïîêà òîëüêî ó ñïóòíèêà Z CMa [30] è íîâîîòêðûòîãî
ôóîðà V2494 Cyg [31]. Êàê îáúåêò, èñïûòûâàþùèé äîñòàòî÷íî ÷àñòûå è
ìîùíûå âñïûøêè, PV Cep â ýòîì ñìûñëå îòêðûâàåò õîðîøèå âîçìîæíîñòè
äëÿ ïðîâåðêè è òùàòåëüíîãî èññëåäîâàíèÿ äàííîãî ìåõàíèçìà.

4. V350 Cep. Çâåçäû PV Cep è V350 Cep íå òîëüêî áûëè îòêðûòû
îäíîâðåìåííî, íî äîâîëüíî ïîõîæè è ïî îáùåìó âèäó ñïåêòðà, ïîýòîìó
âïîëíå ëîãè÷íî ñðàâíèòü îáà îáúåêòà.

Êàê óæå óêàçûâàëîñü âûøå, V350 Cep ñ 1978ã. ïðàêòè÷åñêè âñå âðåìÿ
íàõîäèòñÿ â ìàêñèìóìå; ñîîòâåòñòâåííî, ïîëó÷åííûé íàìè è ðàññìàòðèâàåìûé
â äàííîé ðàáîòå ñïåêòð îòíîñèòñÿ ê ñïîêîéíîìó ïåðèîäó â ñîñòîÿíèè çâåçäû.
Ïî îáùåìó âèäó îí âïîëíå ñîãëàñóåòñÿ ñ ðåçóëüòàòàìè ïðåäûäóùèõ íàáëþäåíèé.
Íåêîòîðûå ôðàãìåíòû ïîêàçàíû íà ðèñ.7.

Èçìåðåííûå ýêâèâàëåíòíûå øèðèíû íàèáîëåå õàðàêòåðíûõ ëèíèé FeI, FeII
è HeI ïîêàçàëè ïðåâîñõîäíîå ñîãëàñèå ñî çíà÷åíèÿìè 1990ã., ïðèâåäåííûìè â
[19]. Èíòåíñèâíîñòü ôëóîðåñöåíòíûõ ëèíèé FeI â íàøåì ñïåêòðå íåñêîëüêî
ñíèæåíà ïî ñðàâíåíèþ ñ ïåðèîäîì 1978-1994ãã. [20]. Òàêæå ïðàêòè÷åñêè íå
èçìåíèëèñü èíòåíñèâíîñòè çàïðåùåííûõ ëèíèé [OI] è [SII].  Ëèíèÿ H  â
íàøåì ñïåêòðå 2015ã. èìååò âûðàæåííûé ïðîôèëü P Cyg (ðèñ.7). Ïî ýêâèâàëåíò-
íîé øèðèíå (îêîëî -24Å  äëÿ îñíîâíîãî ýìèññèîííîãî êîìïîíåíòà, è 0.2Å  äëÿ
àáñîðáöèîííîãî, êîòîðûé îïóñêàåòñÿ íèæå óðîâíÿ êîíòèíóóìà) îíà ñîîòâåòñòâóåò
äàííûì 1990, 1994, 2005 è 2007ãã. [19,6,21]. Ëó÷åâûå ñêîðîñòè çàïðåùåííûõ
ýìèññèé îêàçàëèñü îòðèöàòåëüíûìè: -117 êì ñ-1 äëÿ [OI] è -97 êì ñ-1 äëÿ [SII].
Äëÿ ëèíèè H  áûëè ïîëó÷åíû çíà÷åíèÿ +46 è -270 êì ñ-1 (ýìèññèîííûå ïèêè)
è -167 êì ñ-1 (àáñîðáöèîííûé êîìïîíåíò). Ýòè çíà÷åíèÿ äëÿ H  î÷åíü

Ðèñ.7. Ôðàãìåíòû íîðìèðîâàííîãî ê êîíòèíóóìó ñïåêòðà V350 Cep, ïîêàçûâàþùèå P
Cyg ïðîôèëü ëèíèè H , çàïðåùåííûå ëèíèè [OI] è [SII], è ôëóîðåñöåíòíûå ëèíèè FeI.
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õîðîøî ñîãëàñóþòñÿ ñ ðåçóëüòàòàìè 2005 è 2007ãã.
Òàêèì îáðàçîì, àêòèâíîñòü V350 Cep ñî âðåìåíè ïîäúåìà áëåñêà, ò.å.  óæå

áîëåå 40 ëåò, íàõîäèòñÿ íà ïðàêòè÷åñêè íåèçìåííîì óðîâíå. Îäíàêî
ñîïîñòàâëåíèå èìåþùèõñÿ ëèòåðàòóðíûõ äàííûõ î ïðîôèëå ëèíèè H  ïðèâîäèò
íàñ ê ëþáîïûòíîìó è ðàíåå íèãäå íå óïîìèíàâøåìóñÿ çàêëþ÷åíèþ. À èìåííî,
îò ìîìåíòà ïåðâûõ íàáëþäåíèé (1978) è äî èþëÿ 1985ã. âêëþ÷èòåëüíî
[18,32,20] ïðîôèëü P Cyg â ëèíèè H  íå íàáëþäàëñÿ, â òî âðåìÿ êàê ñ
îêòÿáðÿ 1986 ã. îí ïðèñóòñòâóåò ïîñòîÿííî [20,19,6,21 è íàñòîÿùàÿ ðàáîòà].

Âûøåïåðå÷èñëåííûå ôàêòû óêàçûâàþò, ÷òî V350 Cep îêðóæåíà àêêðå-
öèðóþùèì äèñêîì, êîòîðûé íå òîëüêî ñîçäàåò èçáûòîê â äàëåêîì ÈÊ
äèàïàçîíå, íî è èíîãäà ïðîÿâëÿåò ñåáÿ â UX Ori-ïîäîáíûõ îñëàáëåíèÿõ
áëåñêà [33]. Âïðî÷åì, íà ïîãëîùåíèè íàëè÷èå äèñêà ñêàçûâàåòñÿ íå ñèëüíî:
AV = 1m.2 [34]. Ïîñëå ïîäúåìà áëåñêà âîêðóã çâåçäû îáðàçîâàëàñü äîâîëüíî
ïëîòíàÿ ðàñøèðÿþùàÿñÿ îáîëî÷êà ñ äèàïàçîíîì ñêîðîñòåé â íåñêîëüêî ñîò
êèëîìåòðîâ â ñåêóíäó è èç-çà ïîñòåïåííîãî óâåëè÷åíèÿ ïëîòíîñòè â íåé
ïîÿâèëèñü ïðîôèëè òèïà P Cyg. Âîïðîñ î ñóùåñòâîâàíèè ó V350 Cep
êîëëèìèðîâàííîãî ïîòîêà ïîêà îñòàåòñÿ îòêðûòûì. Ñ îäíîé ñòîðîíû, ïîäîáíûé
ïîòîê íå áûë îáíàðóæåí ïðÿìûìè íàáëþäåíèÿìè (ðåçóëüòàòû [19] íå âïîëíå
óáåäèòåëüíû); ñ äðóãîé ñòîðîíû, íå èñêëþ÷åíî, ÷òî V350 Cep ìîæåò áûòü
èñòî÷íèêîì îáúåêòà Õåðáèãà-Àðî ÍÍ 235 [35], õîòÿ äîâîëüíî ñëàáûå
çàïðåùåííûå ëèíèè [OI] è [SII], âî âñÿêîì ñëó÷àå, óêàçûâàþò íà
íåçíà÷èòåëüíóþ èíòåíñèâíîñòü óäàðíîãî âîçáóæäåíèÿ â îáîëî÷êå ñàìîé çâåçäû.

5. Îáñóæäåíèå. Îòñóòñòâèå êàêèõ-ëèáî ôîòîñôåðíûõ ëèíèé â ñïåêòðå
PV Cep âåñüìà çàòðóäíÿåò åå êëàññèôèêàöèþ è îïðåäåëåíèå äðóãèõ ïàðàìåòðîâ.
Ñïåêòðàëüíûé òèï A5 áûë îöåíåí â [4] äîâîëüíî óñëîâíî. Â ðàáîòå [10]
óïîìèíàåòñÿ åäèíñòâåííûé ñëó÷àé, êîãäà â 1978ã. â ñèíåé îáëàñòè ñïåêòðà
PV Cep íàáëþäàëèñü àáñîðáöèîííûå ëèíèè, ñîîòâåòñòâóþùèå ïîçäíåìó òèïó
(G8-K0); ïîñêîëüêó ïîäîáíûé ñïåêòð íèêîãäà áîëåå íå íàáëþäàëñÿ, ê ýòîé
îöåíêå òîæå ñëåäóåò îòíåñòèñü ñ îñòîðîæíîñòüþ.

Òî÷íî òàê æå ðàçíèëèñü ïðèíÿòûå äëÿ ðàñ÷åòîâ îöåíêè ðàññòîÿíèÿ PV
Cep (âçÿòûå àâòîðàìè â îñíîâíîì èç ðàçëè÷íûõ çâåçäíî-àñòðîíîìè÷åñêèõ
èññëåäîâàíèé): 500 ïê [4], 440 ïê [27], 280 ïê [34] è 325 ïê [12]. Â íàñòîÿùåå
âðåìÿ, áëàãîäàðÿ äîñòóïíîñòè äàííûõ îáñåðâàòîðèè Gaia, ïàðàëëàêñ PV Cep
èçâåñòåí âåñüìà òî÷íî; îí ñîîòâåòñòâóåò ðàññòîÿíèþ 340 ïê [36].

Òàêæå è îöåíêà ïîãëîùåíèÿ â íàïðàâëåíèè íà PV Cep ïðåäñòàâëÿåò ñîáîé
äîñòàòî÷íî òðóäíóþ çàäà÷ó. Öâåò çâåçäû è áûñòðîå ïàäåíèå èíòåíñèâíîñòè
êîíòèíóóìà â ñèíåé îáëàñòè óêàçûâàþò ëèøü, ÷òî ïîãëîùåíèå çíà÷èòåëüíî.
Îñíîâíàÿ åãî ÷àñòü, íåñîìíåííî, âîçíèêàåò â îêîëîçâåçäíîì äèñêå. Îíî
çàìåòíî ìåíÿåòñÿ âî âðåìåíè, ñóùåñòâåííî âëèÿÿ íà íàáëþäàåìûå êîëåáàíèÿ
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áëåñêà PV Cep. Áîëåå òîãî, êàê ïîêàçàíî â [13], íàáëþäàåòñÿ ñóùåñòâåííàÿ
ðàçíèöà â ïîãëîùåíèè ìåæäó ñåâåðíîé è þæíîé (èçëó÷åíèå êîòîðîé ïðîõîäèò
÷åðåç äèñê) äîëÿìè èñòåêàþùåãî ïîòîêà.

Íåóäèâèòåëüíî, ÷òî îöåíêà áîëîìåòðè÷åñêîé ñâåòèìîñòè PV Cep îêàçûâàåòñÿ
íåïðîñòîé çàäà÷åé. Åñëè ðàññìîòðåòü ñàìûå ïîñëåäíèå ðàáîòû, òî â [12]
áîëîìåòðè÷åñêàÿ ñâåòèìîñòü ñîáñòâåííî çâåçäû áûëà îöåíåíà â L17  (ïðè
ñïåêòðàëüíîì êëàññå G8, âçÿòîì èç [10]), à ñâåòèìîñòü àêêðåöèîííîãî äèñêà,
êîòîðûé è ñîçäàåò çíà÷èòåëüíóþ äîëþ îáùåãî èçëó÷åíèÿ PV Cep, îêàçàëàñü
çíà÷èòåëüíî áîëüøåé: L40  ïðè íèçêîì óðîâíå áëåñêà è L80  â ìàêñèìóìå
2006ã. Îäíàêî â ðàáîòå [13] îöåíêà àêêðåöèîííîé ñâåòèìîñòè ïî äàííûì
2012ã. îêàçàëàñü íà ïîðÿäîê ìåíüøåé: L5.7 , ÷òî àâòîðû îáúÿñíÿþò
äàëüíåéøèì ñíèæåíèåì òåìïà àêêðåöèè. Åñëè ó÷åñòü, ÷òî â  [13] èñïîëüçóåòñÿ
ÿâíî çàâûøåííîå ðàññòîÿíèå äî îáúåêòà (500 ïê ïðè ðåàëüíîì 340 ïê), ýòî
ðàñõîæäåíèå îêàæåòñÿ åùå áîëåå ñèëüíûì. Òàêèì îáðàçîì, ìîæíî ïðèíÿòü,
÷òî â íàñòîÿùåì ñîñòîÿíèè ãëóáîêîãî ìèíèìóìà áëåñê PV Cep îïðåäåëÿåòñÿ
ïðàêòè÷åñêè òîëüêî èçëó÷åíèåì ñîáñòâåííî çâåçäû, ò.å. LL 20bol  .

Ñèòóàöèÿ ñ V350 Cep, ñïåêòðàëüíûé êëàññ êîòîðîé íàäåæíî èçâåñòåí,
ïðîùå. Ðàññòîÿíèå äî ñêîïëåíèÿ NGC 7129, â êîòîðîå âõîäèò ýòà çâåçäà,
îöåíèâàëîñü ðàçíûìè àâòîðàìè îò 800 äî 1260 ïê. Îäíàêî ïàðàëëàêñû, ïîëó÷åííûå
ñ ïîìîùüþ êîñìè÷åñêîé îáñåðâàòîðèè Gaia, ïîçâîëèëè ïîëó÷èòü äîâîëüíî
òî÷íîå çíà÷åíèå 900 ïê [37]. Îöåíèâ ñðåäíåå çíà÷åíèå V äëÿ V350 Cep ïî
êðèâîé áëåñêà 1993-2014ãã. êàê 16m.1 [16], ïðèíÿâ âûøåóêàçàííûå çíà÷åíèÿ
ðàññòîÿíèÿ è ïîãëîùåíèÿ, à òàêæå ó÷èòûâàÿ áîëîìåòðè÷åñêóþ ïîïðàâêó äëÿ
ñïåêòðàëüíîãî êëàññà Ì2 [38], ìû ïîëó÷èëè äëÿ ïîñëåâñïûøå÷íîé ñâåòèìîñòè
ýòîãî îáúåêòà îöåíêó L.33 . Ê ñîæàëåíèþ, âûäåëèòü ñîñòàâëÿþùóþ
àêêðåöèîííîé ñâåòèìîñòè ïî èìåþùèìñÿ äàííûì íåâîçìîæíî.

Ãëàâíûé âîïðîñ - íåîáû÷íûé õàðàêòåð ïåðåìåííîñòè îáåèõ çâåçä è èõ
êëàññèôèêàöèÿ - ïî-ïðåæíåìó îñòàåòñÿ îòêðûòûì. Ðàññìîòðèì âíà÷àëå
V350 Cep. Î÷åâèäíî, ÷òî ïîäúåì áëåñêà çâåçäû âûçâàí ðåçêèì ðîñòîì òåìïà
àêêðåöèè, íî ïîñëåäóþùåå óñòîé÷èâîå ñîñòîÿíèå íà ìàêñèìàëüíîì óðîâíå â
ñâîåì ðîäå óíèêàëüíî. Íåäàâíî îïóáëèêîâàííàÿ åùå îäíà èñòîðè÷åñêàÿ êðèâàÿ
áëåñêà 1970-1985ãã. ïîäòâåðæäàåò, ÷òî ðîñò ÿðêîñòè íà÷àëñÿ èìåííî â 1971-
1972ãã. è íèêàêèõ äðóãèõ çàìåòíûõ âñïûøåê ñ 1885ã. íå ïðîèñõîäèëî [33].

V350 Cep áûëà ïðåäâàðèòåëüíî îòíåñåíà ê êëàññó âîçìîæíûõ ýêñîðîâ [5],
à âïîñëåäñòâèè èñêëþ÷åíà îòòóäà [6], ïðåæäå âñåãî ââèäó îòñóòñòâèÿ
ðåêóððåíòíûõ âñïûøåê (õîòÿ ïî ñâåòèìîñòè îíà ñîîòâåòñòâóåò òèïè÷íûì
ýêñîðàì). Ñ äðóãîé ñòîðîíû, ïî êðèâîé áëåñêà îáúåêò â òî÷íîñòè ñîîòâåòñòâóåò
êëàññè÷åñêèì ôóîðàì ñ ìåäëåííûì íàðàñòàíèåì ñâåòèìîñòè, íàïðèìåð, V1515
Cyg, ïðè÷åì ïîñëå 1997ã. íàáëþäàåòñÿ äàæå õàðàêòåðíîå äëÿ ìíîãèõ ôóîðîâ
î÷åíü ìåäëåííîå ïîíèæåíèå áëåñêà [16]. Âîçìîæíàÿ ñâÿçü ñ êîëëèìèðîâàííûì
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èñòå÷åíèåì òàêæå ðîäíèò V350 Cep ñ ôóîðàìè. Ñòîèò îòìåòèòü òàêæå âïå÷àò-
ëÿþùóþ íåèçìåííîñòü ñïåêòðàëüíûõ õàðàêòåðèñòèê íà ïðîòÿæåíèè ïðàêòè÷åñêè
40 ëåò (íå ñ÷èòàÿ ëèíèè H ). P Cyg-êîìïîíåíòû â ëèíèÿõ H  è NaD ñ
øèðîêèì è ïî÷òè ïðÿìîóãîëüíûì ïðîôèëåì òàêæå íàïîìèíàþò ôóîðû
[6,21]. Äîâîëüíî íèçêàÿ ñâåòèìîñòü V350 Cep íåòèïè÷íà äëÿ  ôóîðîâ, íî
âñå æå íå èñêëþ÷èòåëüíà. Îäíàêî â îñòàëüíîì èçîáèëóþùèé ýìèññèÿìè
ñïåêòð V350 Cep ñîîòâåòñòâóåò çâåçäàì CTTS, à íå ôóîðàì. Ìû ñêëîííû
ñîãëàñèòüñÿ ñ ïðåäïîëîæåíèåì, âûñêàçàííûì â [16], î ñõîäñòâå ìåæäó V350
Cep è V1647 Ori - íåäàâíî îáíàðóæåííûì ýðóïòèâíûì îáúåêòîì, ñî÷åòàþùèì
â ñåáå ïðèçíàêè è ôóîðà, è ýêñîðà.

Ñîáðàííûå ê íàñòîÿùåìó ìîìåíòó íàáëþäàòåëüíûå ôàêòû ïîçâîëÿþò ñ
äîñòàòî÷íîé óâåðåííîñòüþ ñäåëàòü âûâîä î ñóùåñòâîâàíèè öåëîãî êëàññà
ïðîìåæóòî÷íûõ îáúåêòîâ ìåæäó ôóîðàìè è ýêñîðàìè, ê êîòîðîìó ìîæíî
îòíåñòè (õîòÿ áû ïðåäïîëîæèòåëüíî) ïî÷òè äâà äåñÿòêà îáúåêòîâ, ïðè÷åì
ïîëîâèíà èç íèõ âèäíà òîëüêî â ÈÊ äèàïàçîíå. Ñóäÿ ïî âñåìó, V350 Cep
òîæå ïðèíàäëåæèò ê èõ ÷èñëó. Åñëè ïîñëåäóþùèå íàáëþäåíèÿ ïîäòâåðäÿò
ñòàáèëüíîñòü èëè äàëüíåéøåå óñèëåíèå P Cyg êîìïîíåíòà â ëèíèè H ,
ìîæíî áóäåò äîïóñòèòü, ÷òî V350 Cep ïîñòåïåííî ïðîäîëæàåò ðàçâèòèå ê
ñîñòîÿíèþ òèïè÷íîãî ôóîðà. Â çàêëþ÷åíèå îòìåòèì, ÷òî âàæíóþ èíôîðìàöèþ
äëÿ êëàññèôèêàöèè ôóîðîâ è ôóîðîïîäîáíûõ îáúåêòîâ ìîæíî ïîëó÷èòü èç
èíôðàêðàñíûõ ñïåêòðîâ. Ê ñîæàëåíèþ, íàñêîëüêî íàì èçâåñòíî, ÈÊ
ñïåêòðîñêîïèÿ V350 Cep ïîêà íå ïðîâîäèëàñü.

PV Cep, êîòîðàÿ, â îòëè÷èå îò V350 Cep, ïîêàçûâàåò ïîâòîðíûå ýðóïöèè,
òàêæå íå ìîæåò áûòü îòíåñåíà ê ýêñîðàì ïî öåëîìó ðÿäó ïðè÷èí, äåòàëüíî
ðàññìîòðåííûõ â  èññëåäîâàíèÿõ [39] è [13]. Óïîìÿíåì ëèøü îñíîâíûå: PV
Cep ÿâëÿåòñÿ îáúåêòîì áîëüøåé ìàññû è ñâåòèìîñòè, ÷åì êëàññè÷åñêèå
ýêñîðû. Îíà îêðóæåíà äîâîëüíî ìàññèâíûì àêêðåöèîííûì äèñêîì. Ïî ðàñ÷åòàì
[40] è [12] âî âðåìÿ è ñðàçó ïîñëå âçðûâà ñêîðîñòü àêêðåöèè áûëà ïðèìåðíî

M
610  ã-1, à âïîñëåäñòâèè îíà ïîíèçèëàñü äî M

710  ã-1 [13], íî äàæå è
ýòî çíà÷åíèå áîëüøå, ÷åì â êëàññè÷åñêèõ CTTS çâåçäàõ. Íåñîìíåííî, PV Cep
íàõîäèòñÿ íà áîëåå ðàííåé ýâîëþöèîííîé ñòàäèè, ÷åì ýêñîðû. Íàêîíåö, îíà
ñâÿçàíà ñ áèêîíè÷åñêîé êîìåòàðíîé òóìàííîñòüþ è ãåíåðèðóåò ìîùíûé è
ïðîòÿæåííûé (2.6 ïê) êîëëèìèðîâàííûé ïîòîê [7,8], ÷òî ñîâåðøåííî íå-
õàðàêòåðíî äëÿ ýêñîðîâ.

Âåñüìà ïðèìå÷àòåëüíî, îäíàêî, ÷òî ïðàêòè÷åñêè âñå ïåðå÷èñëåííûå âûøå
ñâîéñòâà, íàîáîðîò, õàðàêòåðíû äëÿ ôóîðîâ. Îò êëàññè÷åñêèõ ôóîðîâ, â ñâîþ
î÷åðåäü, PV Cep îòëè÷àåòñÿ î÷åíü ðàçâèòûì ýìèññèîííûì ñïåêòðîì è,
ðàçóìååòñÿ, ïîâòîðíûìè ýðóïöèÿìè. Òåì ñàìûì îíà, êàê è V350 Cep,
îêàçûâàåòñÿ îáúåêòîì, íàïîìèíàþùèì V1647 Ori, ïðîìåæóòî÷íûì ìåæäó
ôóîðàìè è ýêñîðàìè. ×èñëî òàêèõ "ïðîìåæóòî÷íûõ" îáúåêòîâ â ïîñëåäíèå
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ãîäû ðàñòåò; ê íèì ìîãóò ïðèíàäëåæàòü, â ÷àñòíîñòè, V346 Nor, V2492 Cyg,
V1180 Cas. Ìû ïëàíèðóåì â äàëüíåéøåì âåðíóòüñÿ ê âîïðîñàì êëàññèôèêàöèè
ìîëîäûõ ýðóïòèâíûõ çâåçä.

Àâòîðû ïðèçíàòåëüíû íàáëþäàòåëÿì AAVSO çà ïðåäîñòàâëåíèå äàííûõ,
èìåþùèõ íåîöåíèìîå çíà÷åíèå äëÿ èññëåäîâàíèÿ ïåðåìåííûõ çâåçä. Íàáëþ-
äåíèÿ íà òåëåñêîïàõ ÑÀÎ ÐÀÍ âûïîëíÿþòñÿ ïðè ïîääåðæêå Ìèíèñòåðñòâà
íàóêè è âûñøåãî îáðàçîâàíèÿ Ðîññèéñêîé Ôåäåðàöèè (âêëþ÷àÿ ñîãëàøåíèå
No05.619.21.0016, óíèêàëüíûé èäåíòèôèêàòîð ïðîåêòà RFMEFI61919X0016).

Àâòîðû áëàãîäàðÿò ðåöåíçåíòà çà öåííûå ñîâåòû è êîììåíòàðèè.
Äàííàÿ ðàáîòà áûëà ÷àñòè÷íî ôèíàíñîâî ïîääåðæàíà Êîìèòåòîì ïî íàóêå

ÐÀ â ðàìêàõ íàó÷íîãî ïðîåêòà 18T-1C329.

1 Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.À.Àìáàðöóìÿíà ÍÀÍ ÐÀ,
 e-mail: hasmik.andreasyan@gmail.com
2 Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ

PV CEP AND V350 CEP: STARS ON THE WAY
BETWEEN FUORS AND EXORS

H.R.ANDREASYAN1, T.Yu.MAGAKIAN1, T.A.MOVSESSIAN1, A.V.MOISEEV2

On the base of new observations in 2015-2020 and literature data unusual
eruptive variables PV Cep and V350 Cep are considered. It was shown that PV
Cep underwent another outburst followed by a decrease in brightness, which
generally lasted from 2011 to 2019, and currently the star is in a deep minimum.
The outburst was accompanied by significant changes in the intensity and profiles
of a number of lines, including H , [SII], and [OI]. The forbidden lines generally
have negative radial velocities and are divided into four components, the velocities
and relative intensities of which are variable. V350 Cep practically all the time
remains at the maximum brightness level, its spectrum virtually does not change
last years. The available data suggest that the pronounced P Cyg profile of the
H  line in the spectrum of V350 Cep appeared only several years after the

luminosity rise, in 1986. The luminosities of the stars in the current state are
estimated as 20 L  and 3.3 L , respectively. It is concluded that both stars can
represent so-called intermediate objects between the fuor and exor classes.

Keywords: PMS-stars: fuors: exors: stars PV Cep and V350 Cep
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We study the modulation of galactic cosmic rays due to magnetic clouds observed during solar
cycles 23 and 24 (1996-2018). We utilize solar wind plasma and field data together with cosmic
ray intensity (CRI) data during the passage of magnetic clouds and associated structures. We apply
superposed epoch analysis to analyze these data. We study the relative importance of magnetic
clouds and their associated structures in modulating the cosmic rays. We observe significant differ-
ences in the amplitudes and time profiles of transient depressions in cosmic ray intensity due to
magnetic regimes of different field strengths and topologies. We discuss the observed results in light
of differences in the simultaneous plasma and magnetic field properties.

Keywords: cosmic ray: interplanetary space: magnetic cloud: solar wind: interplanetary
  magnetic field

1. Introduction. Magnetic clouds are high-field structures propagating in the
interplanetary space. They are a subset of interplanetary coronal mass ejection
(ICME) characterized by the high magnetic field, low proton temperature, low
plasma beta, and smoothly rotating magnetic field [1,2]. ICMEs can significantly
affect near-Earth space, geomagnetic activity [3-7] and galactic cosmic ray (GCR)
intensity [8-20] in the interplanetary space, especially when they are driving shock
and forming shock-sheath region ahead [21-24].

Moreover, there is some evidence that magnetic clouds (MC) structures are
more geo-effective (i.e., effective in producing geomagnetic disturbances) as well
GCR-effective (i.e., effective in depressing the GCR intensity) than the ICME
structures that are not magnetic clouds [25-27].

In this work, we concentrate specifically on the role of MCs and their
associated feature in transient GCR-modulation using a large set of MC data for
the last two solar cycles 23 and 24. These MCs provide an exciting set of
interplanetary structures. Some of them are just high-field closed magnetic struc-
tures with specific field topology (isolated MCs). Some of these closed high field
structures are followed by high-speed solar (HSS) wind streams, presumably from
the open field region of coronal holes (MCs followed by HSS). In addition, many
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other MCs are associated with a shock-sheath region preceding them (shock-
associated MCs). The shock-sheath region forms ahead of an MC due to the
interaction between high-speed MCs and slower ambient solar wind plasma and
magnetic field. The magnetic field is high both in the MC and the shock-sheath
region. However, in contrast to the smooth and closed magnetic field (flux rope)
inside the MC, the magnetic field in the shock-sheath region is usually turbulent
[11,28,29]. Thus, by studying the effectiveness of these high magnetic field regions
with different field properties and topologies, we can isolate the magnetic regime
most important for transient cosmic ray modulation. Consequently, we can identify
physical mechanisms playing an important role in the transient modulation of
cosmic rays.

Forbush decreases (sudden decreases in GCR intensity within about a day
followed by a slower recovery of intensity in few days) play an important role
in transient modulation of GCRs. Such depression is often observed during the
passage of shock-sheath-associated magnetic clouds. However, the role of the
turbulent magnetic field (in shock-sheath region) and smooth magnetic field (in
MCs), their relative contribution in generating Forbush decreases has been debated
for quite some time [22,28,30] after their identification from space observations
[1]. The relative contribution of the shock-sheath and MC regions to Forbush
decreases has generally been inconclusive. It ranges from essentially no role of
MCs [22,28,31] to some minor role [11,22] or even equal role [25] of MCs in
transient modulation of GCRs due to shock-associated magnetic clouds. In this
work, we intend to focus our study on the following points: (a) whether an isolated
MC, without any additional associated feature preceding or following it, is effective
in transient modulation of cosmic rays, (b) does a high-speed solar wind stream
(HSSWS) following a magnetic cloud has any significant influence in modulating
the cosmic ray intensity, and (c) what is the relative importance of shock-sheath
and magnetic cloud regions of different field properties in transient modulation
of cosmic rays.  This work aims to provide further insight into the phenomenon
of transient Forbush decreases after performing a systematic study using magnetic
clouds with different associated features detected during solar cycles 23 and 24.

2. Data and analysis. We have utilized the magnetic clouds observed in
the near-Earth space for two consecutive solar cycles 23 and 24 (1996-2018)
[http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm]. Neutron
monitor data of two stations, Oulu [https://cosmicrays.oulu.fi/] and Moscow
[http://cr0.izmiran.ru/mosc/main.htm] were used as a measure of galactic cosmic
ray intensity. Interplanetary plasma and field data [https://omniweb.gsfc.nasa.gov/
form/dx1.html] were also utilized. In this work, hourly data of GCR intensity
and interplanetary plasma and field parameters were subjected to superposed epoch



243MODULATION  OF  GALACTIC  COSMIC  RAYS

analysis with respect to MCs of different specified groups, detected during con-
tinuous 23 years spanning two recent solar cycles 23 and 24. For the data analysis,
all the detected MCs were divided into three groups: (A) In this group of magnetic
clouds, the solar wind disturbances (sudden enhancement in solar wind plasma
velocity, plasma density, temperature, and pressure, as well as an interplanetary
magnetic field) were observed a few hours before the MC arrival (shock-associated
magnetic clouds). (B) In this group of MCs, no disturbance in plasma and field
parameters is detected ahead of MCs, but they were followed by the high-speed
solar wind. (C) This group of MCs was just the high magnetic field structures
of magnetic clouds without any disturbance before or after it.

Cosmic ray and plasma/field data were analyzed using superposed epoch
analysis, with reference to all the above groups of MCs. For the analysis of cosmic
ray, plasma, and field data during the passage of group (A) magnetic clouds (i.e.,
shock-sheath associated MCs), the epochs were systematically shifted as (i) start
time of shock (ii) start time of MC, (iii) time of maximum magnetic field strength
and (iv) time of maximum sigma in magnetic field vector (SigmaF) during the
passage of shock-sheath-MC structure. Superposed Epoch analysis of neutron
monitor, and solar wind plasma and field data has also been performed with
respect to the arrival time of MCs (not associated with shock-sheath region), both
followed (group B) and not followed (group C) by high-speed solar wind streams
presumably originating in coronal holes.

In addition to superposed epoch analysis, correlation analysis has also been
performed between the magnitude of cosmic ray decrease due to the passage of
individual MCs and corresponding magnitudes of various solar wind plasma and
field parameters and their functions.

3. Results and discussion. A magnetic cloud moving in interplanetary
space, if fast enough, forms a shock-sheath region ahead of it due to its interaction
with the slower ambient solar wind plasma and interplanetary magnetic field. Thus,
a unified structure (shock-sheath-MC) may pass a point in space (e.g., Earth/
spacecraft) during its propagation into the interplanetary space. At the time of
shock crossing, there is a sudden jump in the plasma parameters (solar plasma
velocity, density, and temperature) and the interplanetary magnetic field strength.
Plasma density and temperature remain enhanced during the passage of the sheath
region (sheath duration is usually 1  day), while these interplanetary plasma
parameters are much lower during the passage of MC. On the other hand, the
magnetic field strength remains enhanced both during the passage of the shock-
sheath and MC region. However, although enhanced, the magnetic field within
the shock-sheath region is turbulent. It is magnetically quit (non-turbulent) with
smooth field lines inside the MC [28,32].



244 M.FADAAQ,  B.BADRUDDIN

However, slow MCs propagating in interplanetary space with nearly the same
speed as the ambient solar wind are unlikely to form a shock-sheath region in
front of them. Such MCs are a low density, the low-temperature region of the
high magnetic field with specific field topology. We call them MCs not associated
with shock or MCs without shock.

In Fig.1a, we have plotted the superposed epoch analysis results of hourly data
of cosmic ray intensity together with interplanetary plasma and field data. Cosmic
ray intensity data from two neutron monitoring stations, Oulu and Moscow, are
plotted in this figure. Interplanetary plasma and field data plotted in this figure
are: Solar wind velocity V, Interplanetary magnetic field (IMF) strength B, its
north-south component Bz, Sigma in IMF vector F , "Normalized F " BF ,
and Interplanetary electric field BV/1000.

The superposed epoch plots have been generated using these data from 3 days
(72 hours) before the epoch (zero hour) till nine days (216 hours) after the epoch
time. In this Fig.1a, the epoch time is the start time (arrival) of shock disturbance
of the shock-associated magnetic cloud crossing the near-Earth space observed during
1996-2018. This figure provides the plasma, field, and cosmic-ray behavior for three
days before the arrival of shock-associated MCs, at the shock time, during the
passage of the sheath region, during magnetic clouds, and up to several days after
the passage of shock-sheath-MC structures. Simultaneous plots of neutron monitor
data provide cosmic-ray behavior before, during, and after the passage of such
structures. The selected plasma and field parameters enable us to identify, and
distinguish between, the shock-sheath-MC structures and/or help us in understand-
ing the physical mechanism of transient modulation of galactic cosmic rays.

Fig.1a provides the average cosmic ray response to the passage of shock-
associated MC of two solar cycles (23 & 24), in addition to useful information
about plasma and field properties during the passage of distinct regions of the
structure. Examination of Fig.1a shows that the GCR intensity started decreasing
near the zero hour (arrival of shock); it reached a minimum intensity level in
two steps. The first step (~85% of total decrease) happens within the first few
(~8) hours. During the second step, the slower one ~15% of the total decrease
occurs in ~16 hours. Thus, the total average duration of intensity decrease being
~24 hours. After reaching a minimum level, the intensity starts increasing
(recovering), and complete recovery to the pre-decrease level takes several days.

From the average pattern of variations/changes in the GCR intensity and
interplanetary plasma/field parameters before, during, and after the passage of
shock-sheath-MC structure, we observe the following (see Fig.1a). A sudden
increase in parameters B, V, F , BF , and BV/1000 indicates the arrival of
shock front of the shock-sheath-MC structure. Almost at the same time, we notice
a fast decrease in GCR intensity at both the neutron monitors at Oulu and
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Moscow.
The whole intensity decrease (start till minimum) appears to proceed in two

steps. The first and faster step of decrease occurs during the first few hours of
the passage of the high magnetic region. During this short period, F  is quite
high (~2-3 times the ambient value), and "normalized F " (i.e., BF ) remains
higher than its ambient value.

Considering the duration of enhanced "normalized F  ( BF )" above its
normal (ambient) value as the duration of sheath passage, and below normal value
as the duration of magnetic cloud, the first and faster step of GCR intensity
decrease happens during the passage of sheath region.

After the passage of the sheath region, the GCR intensity decreases at a slower

Fig.1a. Superposed epoch analysis results of hourly neutron monitor data of Oulu [CRI(O) (%)]
and Moscow [CRI(M) (%)] stations, magnetic field [B (nT)], solar wind velocity [V (km s-1)], north-
south component of magnetic field [Bz (nT)], sigma in magnetic field vector [Sigma F(nT)],
normalized Sigma F [SigmaF/B] and interplanetary electric field [BV/1000 (mV/m)] during the
passage of shock-associated magnetic clouds observed in solar cycle 23&24 (1996-2018); Epoch (zero
time) corresponds to start time of shock.
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rate and the intensity reaches its lowest level after a few hours. This minimum
intensity level is interestingly observed at a time when the "normalized F
( BF )" reaches its minimum level, F  again reaches its normal (ambient) level,
and at the time of polarity reversal in the magnetic cloud. Thus, the intensity
minimum during the passage of shock-sheath-MC structure appears to happen
when the magnetic field variance in MC is at its minimum (lowest BF ) at
the time of passage of central axis (time of polarity reversal).

Although the set of MCs used for this plot consists of MCs of all possible
polarities, the average Bz behavior shows a southward to northward (SN) turning
MC [1,32,33]. Considering the field rotation in the average polarity profile (SN
polarity) and BF  value returning to a normal level, the average duration of
passage of the shock-sheath-MC structure can be taken as ~48 hours.

The GCR intensity starts recovering ~24 hours after the onset, suggesting that
intensity starts recovering even when the MC structure has to cross the point of
observation (e.g., Earth). The complete recovery takes several days even after the
passage of MC and associated structure.

The parameter "normalized F  (i.e., BF )" appears to be a good additional
parameter in the identification of shock arrival, as well as in distinguishing between
the sheath and MC durations during the passage of shock-sheath-MC structure
[27].

To distinguish between the effect of shock-sheath and MC in transient
modulation of GCR intensity, we performed the superposed epoch analysis of all
the earlier utilized parameters in Fig.1a, but taking the epoch (zero hour) as the
MC start time (see, Fig.1b). We observe from Fig.1b that the GCR intensity
decrease starts earlier than the arrival of MCs in shock-associated MCs, and major
parts of the decrease happen before the arrival of the MC. However, the minimum
intensity is attained during the passage of the MC. This intensity minimum
happens when BF  is lowest, and Bz is highest (southward) in the MC.
However, the intensity minimum occurs somewhat later than the time of highest
field strength (B). The intensity starts increasing (recovering) even though the MC
is still passing the observation point, as evident from the time profile plot of
parameters B, Bz, and BF .

In the past, studies have suggested that the amplitude of transient GCR
intensity decrease is well correlated (inversely) with the strength of the magnetic
field [25,27]. Thus, it will be interesting to see that whether the time of GCR
intensity minimum also occurs at the same time as the maximum field intensity.
For this purpose, we performed the superposed epoch analysis of the same set
of data as in Fig.1a and Fig.1b, but the epoch shifted to the time of maximum
field intensity in each shock-associated MC. We observe (see Fig.1c) that the GCR
intensity minimum occurs not at the time of field maximum but several hours
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after the field maximum during the passage of shock-associated MCs.
We observed in Fig.1a that most of the GCR intensity decrease occurs during

the passage of sheath, the region of high F  and BF . There are some
evidences [14] that the amplitude of F  may be correlated (inversely) with the
magnitude of GCR intensity decrease during the passage of shock-associated
coronal mass ejections. Thus, it seems prudent to see if the GCR intensity
minimum occurs when F  is maximum during the passage of shock-associated
MCs. For this proposed, we performed superposed epoch analysis of the same set
of GCR-intensity and interplanetary plasma/field data as in Fig.1a, but the epoch
shifted at the time of the maximum value of F  during the passage of each shock-

Fig.1b. Superposed epoch analysis results of hourly neutron monitor data of Oulu [CRI(O) (%)]
and Moscow [CRI(M) (%)] stations, magnetic field [B (nT)], solar wind velocity [V (km s-1)], north-
south component of magnetic field [Bz (nT)], sigma in magnetic field vector [Sigma F(nT)],
normalized Sigma F [Sigma F/B] and interplanetary electric field [BV/1000 (mV/m)] during the
passage of shock-associated magnetic clouds observed in the solar cycle 23&24 (1996-2018); Epoch
(zero time) corresponds to start time of MCs.
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associated MCs (see Fig.1d). We observe that GCR intensity minimum does not
occur at the same time as the F  maximum, but the time of intensity minimum
lags by a few hours the time of F  maximum, during the passage of shock-
associated MCs.

All the MCs, observed in near-Earth space are not associated with a shock-
sheath region. Some of them are just the structures of high field strength with
specific plasma and field properties [25,32]. Thus, it is important to know whether
these high fields magnetically quiet structures can also produce a significant
decrease in GCR intensity when they are not accompanied by a magnetically
turbulent high field shock-sheath region. We have performed superposed epoch

Fig.1c. Superposed epoch analysis results of hourly neutron monitor data of Oulu [CRI(O) (%)]
and Moscow [CRI(M) (%)] stations, magnetic field [B (nT)], solar wind velocity [V (km s-1)], north-
south component of magnetic field [Bz (nT)], sigma in magnetic field vector [Sigma F (nT)],
normalized Sigma F [Sigma F/B] and interplanetary electric field [BV/1000 (mV/m)] during the
passage of shock-associated magnetic clouds observed in the solar cycle 23 & 24 (1996-2018); Epoch
(zero time) corresponds to time of maximum field strength (B-max).
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analysis of the same set of cosmic ray and solar wind plasma/field data (as in
earlier plotted figures), with respect to the arrival time of MCs not-associated with
shock. We observe (see Fig.2a) that passage of such structures does not produce
Forbush-type decrease as observed in case of shock-associated MCs (e.g., Fig.1a).

Further, GCR intensity decrease during and after the passage of such MCs
is slowly varying depression of small amplitude followed by a slow recovery (see
Fig.2a). Such time profiles are generally observed during the passage of high-speed
solar wing streams [14,34,35]. From the time profile of B and BF  in this
figure, it appears that the average duration of magnetic clouds is ~24 hours. A
careful examination of Fig.2a shows that after MC passage, the cosmic ray
intensity remains depressed for quite some time.

Fig.1d. Superposed epoch analysis results of hourly neutron monitor data of Oulu [CRI(O) (%)]
and Moscow [CRI(M) (%)] stations, magnetic field [B (nT)], solar wind velocity [V (km s-1)], north-
south component of magnetic field [Bz (nT)], sigma in magnetic field vector [Sigma F(nT)],
normalized Sigma F [Sigma F/B] and interplanetary electric field [BV/1000 (mV/m)] during the
passage of shock-associated magnetic clouds observed in the solar cycle 23&24 (1996-2018); Epoch
(zero time) corresponds to time of F  maximum.
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It is interesting to note from this figure that there is a significant enhancement
in the solar wind velocity after the passage of MC. Thus, it is also a possibility
that this enhanced solar wind speed after MC passage may also have influenced
the cosmic ray intensity time profile [30,34,36].

In order to see whether this depression, although small, is due to MCs or
it is influenced by enhanced solar wind speed following MCs not-associated with
shocks, we divided this set of MC into two groups. One, those MCs followed by
significant enhancement of solar wind velocity. Two, those MCs following which
there is no enhancement in solar wind up to at least ~24 hours after their passage.

We performed the superposed epoch analysis of the same set of neutron
monitor and interplanetary plasma/field data as in earlier figures, with epoch (zero
hour) as the arrival time of MCs followed by the solar wind of high speed. We

Fig.2a. Superposed epoch analysis results of cosmic ray and plasma/field data during the passage
of MCs not associated with shock observed during the solar cycle 23&24 (1996-2018); Epoch (zero
time) corresponds to start time of MC.

C
R
I(O

)

-0.53

Hours

0-96 96 192

0.53

C
R
I(M

)

-0.53

0.53

B

3.7

11.1

V

378

432

B
z

-1.7

1.7


F

1

3


F/

B

0.15

0.45

BV
/
10

00

2.2

4.4



251MODULATION  OF  GALACTIC  COSMIC  RAYS

observe (see Fig.2b) that the GCR intensity decrease is small, slowly decreasing
with time, and follows the solar wind time profile inversely, as expected during
the passage of high-speed solar wind streams from coronal holes [35,36].

A superposed epoch analysis result, with the epoch as the arrival time of MCs
not-followed by the high-speed solar wind, is plotted in Fig.2c. From this figure,
we notice that such MCs do not produce a large-amplitude, long-lasting decrease
in GCR intensity (see Table 1). The effect of such MCs, if any, is very small
and transient. It may also be mentioned here that the magnetic field strength in
the MC of the two groups is almost equal (see Fig.2b and 2c).These results are
consistent with the suggestion that high field magnetically quiet regions (e.g., MCs)
are not efficient in the transient modulation of GCR intensity (or producing
Forbush decreases) unless they are preceded by the magnetically turbulent structure

Fig.2b. Superposed epoch analysis results of cosmic ray and plasma/field data during the passage
of MCs not associated with shock and followed by high-speed solar wind streams observed during
the solar cycle 23&24 (1996-2018); Epoch (zero time) corresponds to start time of MC.
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of shock-sheath regions.
In addition to superposed epoch analysis, we have also applied correlation

analysis. In the superposed epoch plots, we notice that during the passage of MCs
and their associated structures (e.g., shock, sheath), there is a significant enhance-
ment in solar wind plasma velocity V, interplanetary magnetic field B, and sigma
in magnetic field vector F . Further, these parameters attain a peak value
sometime during their passage. We denote these maximum values as Vmax, Bmax,
and maxF)( , respectively. These maximum values are different during the passage
of individual MC-associated structures. Moreover, the magnitudes of GCR intensity
decreases during the passage of individual MC-associated structures are quite
variable [25,32].

Since the maximum speed Vmax, magnetic field strength Bmax and/or maxF)(

Fig.2c. Superposed epoch analysis results of cosmic ray and plasma/field data during the passage
of MCs not associated with shock and not followed by high-speed solar wind streams observed
during the solar cycle 23&24 (1996-2018); Epoch (zero time) corresponds to start time of MC.
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of the interplanetary structures are likely to play an important role in transient
modulation of GCRs, we utilized these parameters for the correlation analysis with
the magnitude of GCR intensity decrease during the passage of MCs and associated
structures. Not only these exclusive parameters (Vmax, Bmax, maxF)( ), but a certain
combination of these parameters (e.g., VmaxBmax, maxmax FV  ) have been explored in
this correlation study (see Fig.3). Out of these, the parameter that best correlates
with the magnitude of transient decrease (Forbush decrease) is VmaxBmax (R = -0.722).
A best-fit relationship [CRI (%) = (0.0002299 ± 0.0000174) VmaxBmax + (0.9404 ±
0.23905)], obtained from the linear fit to the data, may be useful in estimating
the possible amplitude of transient/Forbush decrease using plasma/field parameters
during the passage of magnetic clouds in space.

4. Conclusions. From the analysis presented in this paper, we reached the
following conclusions:

- During the passage of shock-associated magnetic clouds, the GCR intensity
decrease is Forbush-type; it reaches its minimum intensity in two stages of
different rate of decrease. In the first stage, which starts at shock arrival, the
intensity decreases at a faster rate, with most of the decrease (~85%) happening
during this stage within a few hours. This time corresponds to the duration of
the sheath region. During the second stage, the intensity decreases at as lower
rate. This part is only ~15% of the total decrease, and it happens during the
passage of part of the MC. The intensity minimum appears to occur at the central

S.No. Structure [CRI(O)] [CRI(M)] [B]max [V]max [-Bz]min [ F ]max [ F/B ]max [BV/1000]max

1 MCs associated
2.050 1.783 14.099 496.491 -2.084 6.340 0.511 7.510

with shock

2 MCs not-associated
0.505 0.493 11.118 403.333 -2.002 3.263 0.486 4.288

with shock

3 MCs not-associated

with shock and 0.592 0.623 11.890 404.254 -5.097 3.677 0.523 4.557

followed by HSSWS

4 MCs not-associated

with shock and
0.578 0.339 10.153 396.798 -3.540 2.727 0.448 3.926

not-followed

by HSSWS

Table 1

THE AVERAGE MAGNITUDE OF CRI DECREASE (%) AND MAXI-
MUM VALUE OF DIFFERENT PARAMETERS DURING THE PASSAGE
OF MCs AND ASSOCIATED STRUCTURES OF SOLAR CYCLE 23&24

OBTAINED FROM THE SUPERPOSED EPOCH PLOTS
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axis of the MC. After the passage of the magnetic cloud's central axis, intensity
appears to start increasing (recovering) slowly, and this recovery takes a few days'
time.

- During the passage of MC, not-associated with shock, and not followed by
the high-speed solar wind, a small decrease in GCR intensity may happen only
for the duration of MC passage. These MCs appear to be relatively low GCR
density regions, and when they cross the point of observation, the detector records
a small local decrease in GCR intensity till the passage of the low-density region

Fig.3. Scatter plots between magni-
tude of Forbush decreases and peak val-
ues in different plasma/field parameters
during the passage of MC and associated
structures observed during solar cycle 23
and 24 (1996-2018).
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of MC.
- These results suggest that a high magnetic field region is not an efficient

transient modulator of GCRs unless the region is magnetically turbulent also.
- During the passage of MCs, not associated with the shock-sheath region but

followed by high-speed solar wind streams, the GCR intensity depresses slowly
for a longer time followed by a slow recovery.

- The turbulent sheath region scatters the cosmic ray particles efficiently and
is most likely the dominant mechanism for Forbush-type decreases.

- There is some time lag between the minimum GCR intensity and Bmax as
well as maxF  during the passage of shock-associated MCs; intensity minimum
lags both Bmax and maxF  by a few hours.

- The magnitude of transient GCR intensity decrease due to MC and
associated structures is best correlated with a parameter VmaxBmax. It shows the
importance of the speed of MCs in the GCR intensity modulation. Faster MCs
are likely to compress more strongly the preceding ambient plasma and magnetic
field ahead of it, resulting in astronger and more fluctuating field in the compressed
region of the sheath.
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ÌÎÄÓËßÖÈß ÃÀËÀÊÒÈ×ÅÑÊÈÕ ÊÎÑÌÈ×ÅÑÊÈÕ
ËÓ×ÅÉ ÌÀÃÍÈÒÍÛÌÈ ÎÁËÀÊÀÌÈ È ÑÂßÇÀÍÍÛÕ Ñ

ÍÈÌÈ ÑÒÐÓÊÒÓÐÀÌÈ Â ÌÅÆÏËÀÍÅÒÍÎÌ
ÏÐÎÑÒÐÀÍÑÒÂÅ: 1996-2018ãã.

Ì.ÔÀÄÀÀÊ, Á.ÁÀÄÐÓÄÄÈÍ

Èññëåäîâàíà ìîäóëÿöèÿ ãàëàêòè÷åñêèõ êîñìè÷åñêèõ ëó÷åé ìàãíèòíûìè
îáëàêàìè, íàáëþäàåìûõ âî âðåìÿ 23 è 24 ñîëíå÷íûõ öèêëîâ (1996-2018ãã.).
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Èñïîëüçîâàíû äàííûå î ïëàçìå è ïîëå ñîëíå÷íîãî âåòðà âìåñòå ñ äàííûìè
îá èíòåíñèâíîñòè êîñìè÷åñêèõ ëó÷åé âî âðåìÿ ïðîõîæäåíèÿ ìàãíèòíûõ
îáëàêîâ è ñâÿçàííûõ ñ íèìè ñòðóêòóð. Ïðèìåíåí "íàëîæåííûé àíàëèç ýïîõ"
(superposed epoch analysis) äëÿ àíàëèçà ýòèõ äàííûõ. Ìû èññëåäîâàëè îòíî-
ñèòåëüíóþ âàæíîñòü ìàãíèòíûõ îáëàêîâ è ñâÿçàííûõ ñ íèìè ñòðóêòóð â
ìîäóëÿöèè êîñìè÷åñêèõ ëó÷åé. Îáíàðóæåíû çíà÷èòåëüíûå ðàçëè÷èÿ â
àìïëèòóäàõ è âðåìåííûõ ïðîôèëÿõ òðàíçèåíòíûõ äåïðåññèé â èíòåíñèâíîñòè
êîñìè÷åñêèõ ëó÷åé èç-çà ìàãíèòíûõ ðåæèìîâ ïðè  ðàçëè÷íûõ íàïðÿæåííîñòÿõ
ïîëÿ è òîïîëîãèè. Íàáëþäàåìûå ðåçóëüòàòû  îáñóæäåíû â ñâåòå ðàçëè÷èé
â îäíîâðåìåííûõ ñâîéñòâàõ ïëàçìû è ìàãíèòíîãî ïîëÿ.

Êëþ÷åâûå ñëîâà: êîñìè÷åñêèå ëó÷è: ìåæïëàíåòíîå ïðîñòðàíñòâî: ìàãíèòíîå
   îáëàêî: ñîëíå÷íûé âåòåð: ìåæïëàíåòíîå ìàãíèòíîå ïîëå
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ÌÍÎÃÎÑËÎÉÍÛÅ ÑÔÅÐÈ×ÅÑÊÈÅ ÇÂÅÇÄÍÛÅ
ÑÊÎÏËÅÍÈß ÎÄÍÎÐÎÄÍÎÉ ÏËÎÒÍÎÑÒÈ

Ã.Ñ.ÁÈÑÍÎÂÀÒÛÉ-ÊÎÃÀÍ
Ïîñòóïèëà 14 ôåâðàëÿ 2021

Ðàññìîòðåíû ðàçëè÷íûå ðåøåíèÿ êèíåòè÷åñêîãî óðàâíåíèÿ, îïðåäåëÿþùèå ðàâíîâåñèå
ãðàâèòèðóþùåãî øàðà îäíîðîäíîé ïëîòíîñòè ñ êâàäðàòè÷íûì ãðàâèòàöèîííûì ïîòåíöèàëîì
è ëèíåéíîé çàâèñèìîñòüþ ãðàâèòàöèîííîé ñèëû îò ðàäèóñà. Ïîëó÷åíû íîâûå àíàëèòè÷åñêèå
ðåøåíèÿ äëÿ îäíîðîäíîãî øàðà ñ ïîëîé ñôåðîé è öåíòðàëüíîé ìàññîé âíóòðè øàðà. Ïîëó÷åíû
òàêæå ðåøåíèÿ, ñîñòîÿùèå èç ïðîèçâîëüíîãî ÷èñëà ñôåðè÷åñêèõ ñëîåâ ñ îäèíàêîâîé ïëîòíîñòüþ,
íî ñ ðàçíûìè ðàâíîâåñíûìè ôóíêöèÿìè ðàñïðåäåëåíèÿ.

Êëþ÷åâûå ñëîâà: Øàðîâûå ñêîïëåíèÿ: êâàäðàòè÷íûé ïîòåíöèàë: ðàâíîâåñèå

1. Ââåäåíèå. Îäíîðîäíûå ñêîïëåíèÿ ñ êâàäðàòè÷íûì ãðàâèòàöèîííûì
ïîòåíöèàëîì, â ñèëó ñâîåé ïðîñòîòû, àíàëèòè÷åñêè ðàññìàòðèâàëèñü ìíîãèìè
àâòîðàìè, ñì. [1-7]. Áûëè ïîëó÷åíû ðåøåíèÿ äëÿ îäíîðîäíûõ öèëèíäðè÷åñêèõ
ìîäåëåé ýëëèïòè÷åñêîãî ñå÷åíèÿ, ýëëèïñîèäàëüíûõ ôèãóð îäíîðîäíîé
ïëîòíîñòè, à òàêæå ýëëèïòè÷åñêèõ ïëîñêèõ äèñêîâ ñ ðàñïðåäåëåíèåì ïîâåðõ-
íîñòíîé  yx  ,  ïëîòíîñòè â âèäå

  . 1 , 2

2

2

2

0 





yxyx (1)

Ðàâíîâåñèå áåññòîëêíîâèòåëüíûõ ñàìîãðàâèòèðóþùèõ ñêîïëåíèé îïðå-
äåëÿåòñÿ ðåøåíèåì, ñëåäóþùèì èç áåññòîëêíîâèòåëüíîãî êèíåòè÷åñêîãî
óðàâíåíèÿ Áîëüöìàíà ñ ñàìîñîãëàñîâàííûì ãðàâèòàöèîííûì ïîëåì, îïðå-
äåëÿåìûì óðàâíåíèåì Ïóàññîíà. Ýòîò ïîäõîä âïåðâûå áûë ñôîðìóëèðîâàí
Ä.Äæèíñîì äëÿ èññëåäîâàíèÿ çâåçäíûõ ñêîïëåíèé [8,9], è âïîñëåäñòâèè áûë
èñïîëüçîâàí À.À.Âëàñîâûì äëÿ èññëåäîâàíèÿ áåññòîëêíîâèòåëüíîé ïëàçìû â
ýëåêòðè÷åñêèõ è ìàãíèòíûõ ïîëÿõ [10]. Àíàëèòè÷åñêèå ðàâíîâåñíûå ðåøåíèÿ
äëÿ êðóãîâûõ è ýëëèïòè÷åñêèõ äèñêîâ áûëè ïîëó÷åíû â ðàáîòàõ [3,11,12].
Äëÿ ðàâíîâåñíûõ öèëèíäðîâ ñ êðóãîâûì è ýëëèïòè÷åñêèì ñå÷åíèåì ðåøåíèÿ
áûëè ïîëó÷åíû â ðàáîòàõ [1,12,13]. Äëÿ îäíîðîäíûõ ýëëèïñîèäîâ è ñôåðîèäîâ
(ýëëèïñîèäîâ âðàùåíèÿ) ðåøåíèÿ áûëè ïîëó÷åíû â [2,12]. Â ïîñëåäíåì
ñëó÷àå ðåøåíèå ïîëó÷åíî äëÿ ñëó÷àÿ, êîãäà â íàïðàâëåíèÿõ, ïåðïåíäèêóëÿðíûõ
îñè ñèììåòðèè ñôåðîèäà, ãðàâèòàöèîííîå ïðèòÿæåíèå óðàâíîâåøèâàåòñÿ
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öåíòðîáåæíîé ñèëîé, è ïîëó÷åííîå òàêèì æå ñïîñîáîì ðåøåíèå äëÿ îäíîðîäíîãî
øàðà íå îáëàäàåò ñôåðè÷åñêîé ñèììåòðèåé â ïðîñòðàíñòâå ñêîðîñòåé. Ïåðâàÿ
ñôåðè÷åñêè-ñèììåòðè÷íàÿ â ïðîñòðàíñòâå ñêîðîñòåé, ðàâíîâåñíàÿ ìîäåëü
ñêîïëåíèÿ, ñîñòîÿùàÿ èç çâåçä, âðàùàþùèõñÿ ïî êðóãîâûì îðáèòàì, áûëà
ïîñòðîåíà â ðàáîòå Ýéíøòåéíà [14], â ðàìêàõ îáùåé òåîðèè îòíîñèòåëüíîñòè,
äëÿ ïðîèçâîëüíîãî ñôåðè÷åñêè-ñèììåòðè÷íîãî ðàñïðåäåëåíèÿ ïëîòíîñòè, â òîì
÷èñëå îäíîðîäíîãî. Óñòîé÷èâîñòü íüþòîíîâñêîãî àíàëîãà îäíîðîäíîé ìîäåëè èç
êðóãîâûõ ãðàâèòèðóþùèõ ÷àñòèö èññëåäîâàíà â ðàáîòàõ [15,16]. Îäíîðîäíàÿ
ìîäåëü, ñôåðè÷åñêè-ñèììåòðè÷íàÿ â ïðîñòðàíñòâå ñêîðîñòåé, áûëà ïîñòðîåíà â
[17], à ìîäåëü ñ ðàäèàëüíûìè îðáèòàìè áûëà ðàññìîòðåíà â [18]. Â íàñòîÿùåé
ðàáîòå ïîëó÷åíû ðåøåíèÿ äëÿ îäíîðîäíîãî øàðà ñ íåêðóãîâûìè òðàåêòîðèÿìè
÷àñòèö, ñîõðàíÿþùèõ ñôåðè÷åñêóþ ñèììåòðèþ â ôàçîâîì ïðîñòðàíñòâå, ó êîòîðûõ
â öåíòðå íàõîäèòñÿ ïîëàÿ ñôåðà. Ïîëó÷åíû òàêæå íîâûå ðåøåíèÿ, ñîñòîÿùèå
èç ïðîèçâîëüíîãî ÷èñëà ñôåðè÷åñêèõ ñëîåâ ñ îäèíàêîâîé ïëîòíîñòüþ, íî ñ
ðàçíûìè ðàâíîâåñíûìè ôóíêöèÿìè ðàñïðåäåëåíèÿ.

2. Èíòåãðàëû äâèæåíèÿ è òðàåêòîðèè ÷àñòèö. Êèíåòè÷åñêîå
óðàâíåíèå äëÿ ôóíêöèè ðàñïðåäåëåíèÿ çâåçä ñòàöèîíàðíîãî, ñôåðè÷åñêè-
ñèììåòðè÷íîãî ñêîïëåíèÿ  trrf vv  , ,  ñ ïîñòîÿííîé ïëîòíîñòüþ  , â ñôåðè-
÷åñêîé ñèñòåìå êîîðäèíàò (  vvv  , , , , , rr ), çàïèñûâàåòñÿ â âèäå [19]
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Çäåñü èíòåãðèðîâàíèå âåäåòñÿ ïî îãðàíè÷åííîé îáëàñòè ôàçîâîãî ïðîñòðàíñòâà
è èñïîëüçóþòñÿ óñëîâèÿ

. , 0 222
 






 vvvt (3)

Ðåøåíèå óðàâíåíèÿ (2) ÿâëÿåòñÿ ôóíêöèåé äâóõ èíòåãðàëîâ äâèæåíèÿ, óãëîâîãî
ìîìåíòà L è ïîëíîé ýíåðãèè E:
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Çäåñü îáîçíà÷åíèÿ M,  , r0 - ñîîòâåòñòâåííî, îïðåäåëÿþò ìàññó, ïëîòíîñòü
è ðàäèóñ ñôåðè÷åñêîãî ñêîïëåíèÿ, äâà èç êîòîðûõ çàäàþòñÿ ïðîèçâîëüíî. Â
îïðåäåëåíèè ýíåðãèè E ïðîèçâîëüíàÿ ïîñòîÿííàÿ âûáèðàåòñÿ èç óñëîâèÿ
íåïðåðûâíîñòè ýíåðãèè íà ãðàíèöå ñ âàêóóìîì, ãäå îñòàåòñÿ òîëüêî îáðàùàþ-
ùàÿñÿ â íóëü íà áåñêîíå÷íîñòè ãðàâèòàöèîííàÿ ýíåðãèÿ rGMEg  , ðàâíàÿ

00
rGMEg   íà ãðàíèöå ñêîïëåíèÿ. Çàâèñèìîñòè çâåçäíûõ ñêîðîñòåé îò
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ðàäèóñà, ïðè ðàçëè÷íûõ çíà÷åíèÿõ èíòåãðàëîâ E, L èìåþò âèä
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Â [20] ïîëó÷åíî ðåøåíèå äëÿ òðàåêòîðèè äâèæåíèÿ ÷àñòèöû â ãðàâèòàöèîííîì
ïîòåíöèàëå 22kr . Çàìêíóòûå òðàåêòîðèè äâèæåíèÿ ÿâëÿþòñÿ ýëëèïñàìè
ñ öåíòðîì â íà÷àëå êîîðäèíàò. Ìàêñèìàëüíîå è ìèíèìàëüíîå çíà÷åíèå
ðàäèóñà òðàåêòîðèè r

±
 äîñòèãàåòñÿ ïðè 0rv , îïðåäåëÿåìîå èç (5) â âèäå
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Ðàäèóñ ìàêñèìàëüíîãî óäàëåíèÿ ÷àñòèöû îò öåíòðà r+, ðàâíûé áîëüøåé
ïîëóîñè ýëëèïñà òðàåêòîðèè, ñîîòâåòñòâóåò íóëåâîé ðàäèàëüíîé ñêîðîñòè rv
è ìèíèìóìó òàíãåíöèàëüíîé ñêîðîñòè tv , òàê ÷òî
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Ñîîòâåòñòâåííî, ïðè ìèíèìàëüíîì ðàäèóñå óäàëåíèÿ ÷àñòèöû îò öåíòðà,
ðàâíîì ìåíüøåé ïîëóîñè ýëëèïñà òðàåêòîðèè, ðàäèàëüíàÿ ñêîðîñòü ïðîõîäèò
÷åðåç íóëü, à òàíãåíöèàëüíàÿ - ÷åðåç ñâîé ìàêñèìóì.
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Ìàêñèìóì ðàäèàëüíîé ñêîðîñòè rmv  äîñòèãàåòñÿ íà ðàäèóñå rmrv , ïðè ðàâåíñòâå
íóëþ ïðîèçâîäíîé drd r

2v . Èç (5) èìååì
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Ïðè ðàâåíñòâå íóëþ ïîäêîðåííîãî âûðàæåíèÿ â (6)-(8) ïîëó÷àåì ðàâåíñòâî

  rr , ÷òî îïðåäåëÿåò êðóãîâóþ îðáèòó, äëÿ êîòîðîé
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Ñ ó÷åòîì (4), îòñþäà ïîëó÷àåì ñêîðîñòü äâèæåíèÿ ïî êðóãó
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êîãäà öåíòðîáåæíàÿ ñèëà óðàâíîâåøèâàåò ãðàâèòàöèþ øàðà âíóòðè ðàäèóñà
r. Ïðè L = 0 âñå ÷àñòèöû äâèæóòñÿ ïî ðàäèóñàì, òàê ÷òî
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(12)

3. Àíàëèòè÷åñêèå ñôåðè÷åñêè-ñèììåòðè÷íûå ðåøåíèÿ äëÿ øàðà.

3.1. Îäíîðîäíûé øàð. Ôóíêöèÿ ðàñïðåäåëåíèÿ äëÿ îäíîðîäíîãî øàðà
Ýéíøòåéíà ñ ðàäèóñîì r0 çàïèñàíà â [16] â âèäå
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 vv (13)

Èñïîëüçóÿ èíòåãðàëû äâèæåíèÿ (4), (5) äëÿ øàðà ñ ðàäèóñîì r0, ðåøåíèå
ìîæíî çàïèñàòü â âèäå
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Â ðàáîòå [17] ðàññìîòðåíà ôóíêöèÿ ðàñïðåäåëåíèÿ îäíîðîäíîãî øàðà,
ñôåðè÷åñêè-ñèììåòðè÷íàÿ â ôàçîâîì ïðîñòðàíñòâå, â âèäå
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Çäåñü  x  - ôóíêöèÿ Õåâèñàéäà, ðàâíàÿ åäèíèöå ïðè ïîëîæèòåëüíîì, è
íóëþ ïðè îòðèöàòåëüíîì çíà÷åíèè àðãóìåíòà. Â ïîñëåäíåì âûðàæåíèè (15)
ïîëîæåíî 1342  G , è 22222222 rrE trtr  vvvv . Âûðàæåíèå
äëÿ ïëîòíîñòè çàïèñûâàåòñÿ â âèäå
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(16)

Ïðåäåëû èíòåãðèðîâàíèÿ ïî ôàçîâîìó ïðîñòðàíñòâó îïðåäåëÿþòñÿ óñëîâèåì
ïîëîæèòåëüíîñòè àðãóìåíòà ôóíêöèè  x . Ïðè ýòîì óñëîâèè ïîñëå
èíòåãðèðîâàíèÿ ïî 2

td v  è rd v  ïîëó÷àåì [21]



263ÑÔÅÐÈ×ÅÑÊÈÅ  ÇÂÅÇÄÍÛÅ  ÑÊÎÏËÅÍÈß

  
 

. 
2

1
1

1

, 
1

1
2

11

1

1

2
1

1
2

22

2

2211

0 222

2

2

2

22



























dxx
r
r

d

r
r

r

d

r

r

r
r

r
r

rt

t
r

v
v

v

vv

vv

(17)

Òàêèì îáðàçîì, â âûðàæåíèè äëÿ   ïîëó÷àåì òîæäåñòâî â (15), ÷òî
ïîäòâåðæäàåò ñàìîñîãëàñîâàííîñòü âûáîðà ôóíêöèè ðàñïðåäåëåíèÿ (15).

Ôóíêöèþ ðàñïðåäåëåíèÿ äëÿ îäíîðîäíîãî øàðà ñ ÷èñòî ðàäèàëüíûìè
îðáèòàìè ìîæíî çàïèñàòü â âèäå [18]
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(18)

3.2. Øàð ñ âûðåçàííûì ÿäðîì. Åñëè âñå ÷àñòèöû èìåþò óãëîâîé
ìîìåíò L, òî ìèíèìàëüíîå ðàññòîÿíèå ÷àñòèöû îò öåíòðà ñîñòàâëÿåò


 tmin Lr v , ïîýòîìó âíóòðè òàêîãî øàðà îáðàçóåòñÿ ïóñòàÿ ñôåðà äàííîãî

ðàäèóñà. Åñëè ïëîòíîñòü âåùåñòâà âîêðóã ýòîé ñôåðû îäíîðîäíà, ëåãêî íàéòè
àíàëèòè÷åñêè òðàåêòîðèè ÷àñòèö, ëåòàþùèõ âíå ïóñòîé ñôåðû. Îäíàêî íàëè÷èå
ïóñòîé ñôåðû ïðèâîäèò ê îòêëîíåíèÿì îò êâàäðàòè÷íîé çàâèñèìîñòè ãðàâèòà-
öèîííîãî ïîòåíöèàëà â âåùåñòâå, ãäå òðàåêòîðèè ÷àñòèö ñòàíîâÿòñÿ íåçàìê-
íóòûìè. Â òàêèõ óñëîâèÿõ íå óäàåòñÿ ïîëó÷èòü àíàëèòè÷åñêîãî ðåøåíèÿ.
×òîáû ñîõðàíèòü êâàäðàòè÷íóþ çàâèñèìîñòü è ïîëó÷èòü àíàëèòè÷åñêîå ðåøåíèå
äëÿ ðàâíîâåñíîãî ñôåðè÷åñêè-ñèììåòðè÷íîãî ñêîïëåíèÿ, ïîìåñòèì â öåíòð
ñêîïëåíèÿ òåëî, îáðàçîâàííîå ïðè ñæàòèè â òî÷êó ìàññû 34 3

minc rM  ,
ðàâíîé ìàññå îäíîðîäíîãî øàðà ñ ðàäèóñîì âîéäà, è c ïëîòíîñòüþ ñêîïëåíèÿ.
Â ýòîì ñëó÷àå ãðàâèòàöèÿ â âåùåñòâå âîêðóã ïîëîé ñôåðû áóäåò òàêîé æå,
êàê è â ñëó÷àå ïîëíîñòüþ îäíîðîäíîãî øàðà è ñîîòíîøåíèÿ (4)-(13) îñòàþòñÿ
ñïðàâåäëèâûìè ïðè minrr  .

Ðàññìîòðèì îäíîðîäíûé øàð ðàäèóñà r0 ñ ïîëîé ñôåðîé â öåíòðå ñ
ðàäèóñîì r1. Òàêàÿ êîíôèãóðàöèÿ âîçíèêàåò èç ñêîïëåíèÿ òåë, äâèæóùèõñÿ
ïî îäèíàêîâûì ýëëèïñàì âîêðóã öåíòðà øàðà, ó êîòîðûõ ìàëàÿ è áîëüøàÿ
ïîëóîñè ýëëèïñà r1 è r0 ðàâíû, ñîîòâåòñòâåííî, r

-
 è r+, îïðåäåëåííûõ â (7)

è (8). Ïðè çàäàííûõ r1 è r0 íàõîäèì èíòåãðàëû äâèæåíèÿ ÷àñòèö E   è L
â âèäå
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 (19)

Ôóíêöèÿ ðàñïðåäåëåíèÿ îäíîðîäíîãî øàðà ñ âàêóóìíîé ñôåðîé â öåíòðå (ñì.
ðèñ.1), èìååò âèä
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(20)

Ðåøåíèå (20) ÿâëÿåòñÿ îáîáùåíèåì ðåøåíèÿ (18) äëÿ ÷èñòî ðàäèàëüíûõ
îðáèò íà ñëó÷àé ÷àñòèö ñ íåíóëåâûì óãëîâûì ìîìåíòîì: ïðè L0 = r1 = 0 èç
(20) ñëåäóåò ðåøåíèå (18).

3.3. Ìíîãîñëîéíûé øàð îäíîðîäíîé ïëîòíîñòè. Ñ ïîìîùüþ
ðåøåíèé (18) è (20) ìîæíî ïîñòðîèòü áîëåå ñëîæíóþ ðàâíîâåñíóþ ìîäåëü
øàðà îäíîðîäíîé ïëîòíîñòè, ñîñòîÿùåãî èç íåñêîëüêèõ ñëîåâ ñ ðàçëè÷íûìè
ôóíêöèÿìè ðàñïðåäåëåíèÿ. Â öåíòðå øàðà ñ ïîëûì ÿäðîì âìåñòî öåíòðàëüíîé
òÿãîòåþùåé ìàññû ìîæíî ïîìåñòèòü øàð ñ ðàäèàëüíûìè îðáèòàìè è ïîëó÷èòü
ðåøåíèå â âèäå
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(21)

Ðèñ.1. Ñõåìàòè÷åñêàÿ ôèãóðà øàðà ñ ïîëûì ÿäðîì è öåíòðàëüíûì öåíòðîì òÿãîòåíèÿ
(íàïðèìåð, ñâåðõìàññèâíàÿ ÷åðíàÿ äûðà) è òðàåêòîðèÿìè ÷àñòèö â âèäå îäèíàêîâûõ ýëëèïñîâ
ñ öåíòðàìè â íà÷àëå êîîðäèíàò1.

1 Äàííûé ðèñóíîê ñäåëàë Î.Þ.Öóïêî, êîòîðîìó àâòîð âûðàæàåò ñâîþ èñêðåííþþ
áëàãîäàðíîñòü.
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Ýòîò øàð ìîæíî îêðóæèòü åùå îäíèì ñëîåì âåùåñòâà ñ ôóíêöèåé ðàñïðå-
äåëåíèÿ (22), â êîòîðîé âìåñòî ãðàíèö ñëîÿ (r1, r2), çàäàòü ãðàíèöû (r2, r3).
Òàêèì æå ñïîñîáîì ìîæíî ïîëó÷èòü ìíîãîñëîéíóþ ìîäåëü øàðà, ãäå êàæäûé
ñëîé îïðåäåëÿåòñÿ ôóíêöèåé ðàñïðåäåëåíèÿ òèïà (22) è çàäàííîé òîëùèíîé
( ii rr 1 ), ãäå 0210 r...rr  , r0 - âíåøíÿÿ ãðàíèöà øàðà îäíîðîäíîé
ïëîòíîñòè.

Â öåíòðàëüíîé îáëàñòè ìíîãîñëîéíîãî øàðà, íàðÿäó ñ êîíôèãóðàöèåé ñ
ðàäèàëüíûìè îðáèòàìè (18), ìîæåò ðàñïîëàãàòüñÿ øàð ñ êðóãîâûìè îðáèòàìè
(13), à òàêæå øàð ñ áîëåå ñëîæíîé ôóíêöèåé ðàñïðåäåëåíèÿ (15). Âìåñòî
ëþáîãî øàðîâîãî ñëîÿ ïðè r

k
 < r < r

k+1 ñ ôóíêöèåé ðàñïðåäåëåíèÿ (20), ìîæåò
ðàñïîëàãàòüñÿ ñëîé ñ êðóãîâûìè îðáèòàìè è ôóíêöèåé ðàñïðåäåëåíèÿ (13).

4. Îáñóæäåíèå. Ðåøåíèÿ êèíåòè÷åñêîãî óðàâíåíèÿ äëÿ îäíîðîäíîãî
øàðà èç ãðàâèòèðóþùèõ ÷àñòèö (çâåçä) áûëè ïîëó÷åíû ðàçëè÷íûìè àâòîðàìè,
ìíîãèå èç êîòîðûõ ðàññìàòðèâàëè ôóíêöèè ðàñïðåäåëåíèÿ, íå èìåþùèå
ñôåðè÷åñêîé ñèììåòðèè [2,5,6]. Ðàññìàòðèâàëèñü òàêæå òðè òèïà ìîäåëåé ñî
ñôåðè÷åñêè-ñèììåòðè÷íîé ôóíêöèåé ðàñïðåäåëåíèÿ: ìîäåëü ñ êðóãîâûìè
îðáèòàìè [14], ìîäåëü ñ ðàäèàëüíûìè îðáèòàìè [18] è ìîäåëü áîëåå îáùåãî
òèïà [17]. Â íàñòîÿùåé ðàáîòå ïîëó÷åíû íîâûå ðåøåíèÿ äëÿ îäíîðîäíîãî
øàðà, èìåþùèå â öåíòðå ïîëóþ ñôåðó ñ öåíòðàëüíîé òÿãîòåþùåé ìàññîé,
÷òî ìîæåò èìèòèðîâàòü îáëàñòü ãàëàêòè÷åñêîãî ÿäðà ñî ñâåðõìàññèâíîé ÷åðíîé
äûðîé â öåíòðå. Ïîëó÷åííûå ðåøåíèÿ îïèñûâàþò ìîäåëü ñ ýëëèïòè÷åñêèìè
òðàåêòîðèÿìè, ïðîìåæóòî÷íóþ ìåæäó ìîäåëüþ ñ ðàäèàëüíûìè (L = 0) è
êðóãîâûìè ( 0rv ) òðàåêòîðèÿìè. Íà îñíîâå ýòèõ ðåøåíèé ïîëó÷àåì ìíîãî-
ñëîéíóþ ñôåðè÷åñêóþ ìîäåëü îäíîðîäíîé ïëîòíîñòè êàê ñ ïîëûì, òàê è ñ
çàïîëíåííûì ÿäðîì, ñ ðàçëè÷íûìè ôóíêöèÿìè ðàñïðåäåëåíèÿ â ÿäðå è â
îòäåëüíîì ñëîå, êîòîðûå äîëæíû ïðèíàäëåæàòü îäíîìó èç ÷åòûðåõ, óêàçàííûõ
âûøå, áàçîâûõ ðåøåíèé.

Äàííàÿ ðàáîòà ÷àñòè÷íî ïîääåðæàíà ãðàíòîì ÐÔÔÈ 20-02-000455.
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MULTILAYER SPHERICAL STELLAR
CLUSTERS WITH UNIFORM DENSITY

G.S.BISNOVATYI-KOGAN

Solutions of the kinetic equations are presented which describe equilibrium of
a gravitating uniform sphere with a quadratic gravitational potential, and linear
radial dependence of a gravitational force. New solutions are obtained for a uniform
sphere with an empty spherical space and central point mass inside. We obtain
also solutions describing a sphere, consisting of spherical layers at the same
density, but with different equilibrium distribution functions.

Keywords: spherical clusters: quadratic potential: equilibrium
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Â ðàáîòå îáñóæäàåòñÿ õèìè÷åñêèé ñîñòàâ îáîëî÷êè íåéòðîííîé çâåçäû (ÎÍÇ) ïðè
âûñîêèõ òåìïåðàòóðàõ è ïëîòíîñòÿõ. Ïðåäëîæåíà ìîäåëü íóêëåîñèíòåçà, îñíîâàííàÿ íà
ïðèáëèæåíèè ÿäåðíîãî ñòàòèñòè÷åñêîãî ðàâíîâåñèÿ (ßÑÐ). Ïðîâåäåíî èçó÷åíèå çàâèñèìîñòè
ðåçóëüòàòîâ íóêëåîñèíòåçà îò ïàðàìåòðîâ ñðåäû â ñòàòè÷åñêîì ïðèáëèæåíèè. Ðåçóëüòàòû
òåêóùåé ðàáîòû äåìîíñòðèðóþò êà÷åñòâåííîå ñõîäñòâî ñ áîëåå ðàííèìè ðàáîòàìè äðóãèõ
àâòîðîâ. Ïîêàçàíî, ÷òî ïðåäëîæåííàÿ ìîäåëü äàæå â ñòàòè÷åñêîì ïðèáëèæåíèè íåïëîõî
îïèñûâàåò ðàñïðîñòðàíåííîñòü ÿäåð.

Êëþ÷åâûå ñëîâà: ÿäåðíàÿ àñòðîôèçèêà: ÿäåðíîå ñòàòèñòè÷åñêîå ðàâíîâåñèå

1. Ââåäåíèå. Â ïðîöåññå ðàâíîâåñíîãî çâåçäíîãî íóêëåîñèíòåçà îáðàçóþòñÿ
õèìè÷åñêèå ýëåìåíòû âïëîòü äî æåëåçà, èìåþùåãî íàèáîëüøóþ ýíåðãèþ
ñâÿçè íà íóêëîí, ÷åãî íå õâàòàåò äëÿ îáúÿñíåíèÿ íàáëþäàåìîãî èçîáèëèÿ
ýëåìåíòîâ â ïðèðîäå [1]. Ñ÷èòàåòñÿ, ÷òî áîëåå òÿæåëûå ÿäðà îáðàçóþòñÿ â òàê
íàçûâàåìûõ s- è r-ïðîöåññàõ ìåäëåííîãî è áûñòðîãî ïðèñîåäèíåíèÿ íåéòðîíîâ
ÿäðàìè ñîîòâåòñòâåííî [2,3] (ðàññìàòðèâàþòñÿ ñêîðîñòè çàõâàòà íåéòðîíîâ

   ,n  ïî îòíîøåíèþ ê áåòà-ðåàêöèÿì  , äëÿ s-ïðîöåññà     ,n , à äëÿ
r-ïðîöåññà      ,n ). Ïðîöåññû íóêëåîñèíòåçà áûëè êëàññèôèöèðîâàíû â
ðàáîòå [4]. Äëÿ ïðîòåêàíèÿ r-ïðîöåññà íåîáõîäèìà ðåàëèçàöèÿ îïðåäåëåííûõ
óñëîâèé, íàïðèìåð, â âåùåñòâå äîëæíî áûòü äîñòàòî÷íî ñâîáîäíûõ íåéòðîíîâ
[5]. Ïðè áîëüøîì èçáûòêå íåéòðîíîâ, êîãäà îòíîøåíèå ÷èñëà íåéòðîíîâ ê
êîëè÷åñòâó çàðîäûøåâûõ ÿäåð n

n
/n

seeds
 ïðåâûøàåò 150, âîçìîæíî îáðàçîâàíèå

äàæå ñâåðõòÿæåëûõ ÿäåð [6]. ßäðà, çàõâàòûâàþùèå ñâîáîäíûå íåéòðîíû,
îáðàçóþò âñå áîëåå òÿæåëûå èçîòîïû ïðè ïîñòîÿííîì Z (Z - çàðÿäîâîå ÷èñëî),
ïîñòåïåííî ýíåðãèÿ ñâÿçè íåéòðîíà â ÿäðå óìåíüøàåòñÿ. Ïî äîñòèæåíèþ
îïðåäåëåííîãî çíà÷åíèÿ A (A - íóêëîííîå ÷èñëî) ðåàêöèÿ çàõâàòà íåéòðîíà
óðàâíîâåøèâàåòñÿ îáðàòíîé ðåàêöèåé ôîòîîòùåïëåíèÿ, ïîñëå ÷åãî ÿäðî
ïðåòåðïåâàåò áåòà-ðàñïàä ñ îáðàçîâàíèåì ýëåìåíòà (Z + 1, A), êîòîðûé ìîæåò
ïðèñîåäèíèòü åùå íåêîòîðîå êîëè÷åñòâî íåéòðîíîâ ïåðåä ïîñëåäóþùèì áåòà-
ðàñïàäîì. Ñ ïîìîùüþ òàêîãî ïðîöåññà âîçìîæíî îáðàçîâàíèå ñâåðõòÿæåëûõ
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ÿäåð ñ áîëüøèìè çíà÷åíèÿìè Z è A, êîòîðûå â ðåçóëüòàòå àêòèâíîñòè íåéòðîííîé
çâåçäû (ÍÇ) ìîãóò âûíîñèòüñÿ íàðóæó â ìåæçâåçäíîå ïðîñòðàíñòâî, âõîäÿ â
ñîñòàâ çâåçä ñëåäóþùåãî ïîêîëåíèÿ, ïëàíåò è äðóãèõ îáúåêòîâ [7].

Ñóùåñòâóþò ðàçëè÷íûå ñöåíàðèè, ïðèâîäÿùèå ê âûáðîñó âåùåñòâà ÎÍÇ
â îêðóæàþùóþ ñðåäó: ãîðÿ÷èé âåòåð ñ ïîâåðõíîñòè ÍÇ [8]; ðàçëè÷íûå
äèíàìè÷åñêèå ïðîöåññû, òàêèå êàê ýâîëþöèÿ òåñíîé äâîéíîé ñèñòåìû ÍÇ
ðàçëè÷íûõ ìàññ [9] è ñëèÿíèå äâóõ ÍÇ ñ ïîñëåäóþùèì îáðàçîâàíèåì ìàññèâíîé
ÍÇ èëè ÷åðíîé äûðû [10]. Òàêæå ñòîèò îòìåòèòü âàæíîñòü ðàññìîòðåíèÿ
áîëåå ãëóáîêèõ ñëîåâ ñóáúÿäåðíîé ïëîòíîñòè ÍÇ, â êîòîðûõ âîçìîæíî
ñóùåñòâîâàíèå êëàñòåðîâ, ñîñòîÿùèõ èç ëåãêèõ íåéòðîíîèçáûòî÷íûõ ÿäåð,
òàêèõ êàê 4H è 8He [11].

2. Îáîëî÷êè íåéòðîííûõ çâåçä. ÍÇ ÿâëÿþòñÿ ðåçóëüòàòîì ãðàâèòà-
öèîííîãî êîëëàïñà îáû÷íûõ çâåçä [12]. Ñòåïåíü íåéòðîíèçàöèè òàêèõ
êîìïàêòíûõ îáúåêòîâ íà ïîðÿäêè âûøå, ÷åì ó çâåçä-ïðåäøåñòâåííèö, ÷òî
äåëàåò èõ êàíäèäàòàìè äëÿ îáðàçîâàíèÿ òÿæåëûõ èçîòîïîâ ðàçëè÷íûõ
õèìè÷åñêèõ ýëåìåíòîâ. Â ðàáîòå ðàññìàòðèâàåòñÿ ÎÍÇ, êîòîðàÿ èìååò ïëîòíîñòü
109

 - 1013
 ã ñì-3; öåíòðàëüíûå îáëàñòè ÍÇ ìîãóò èìåòü ïëîòíîñòè, ïðåâîñõîäÿùèå

ïëîòíîñòü àòîìíîãî ÿäðà 1014
 ã ñì-3, èç-çà ÷åãî íåëüçÿ èñêëþ÷èòü íàëè÷èå

êâàðêîâîé ìàòåðèè, äëÿ îïèñàíèÿ êîòîðîé íóæíà ñïåöèàëüíàÿ òåîðèÿ.
Íà÷èíàÿ ñ òåìïåðàòóð T9 = 3 - 5 (T9 - òåìïåðàòóðà, íîðìèðîâàííàÿ íà 109

 K),
ôîòîÿäåðíûå ðåàêöèè ñóùåñòâåííî âëèÿþò íà îòíîñèòåëüíóþ ðàñïðîñòðà-
íåííîñòü õèìè÷åñêèõ èçîòîïîâ, ñêîðîñòè ÿäåðíûõ ðåàêöèé ìíîãî áîëüøå
ñêîðîñòåé áåòà-ðåàêöèé  i , ,      ,i  ñ-1 (i = n; p), â âåùåñòâå ìíîãî
ñâîáîäíûõ íåéòðîíîâ è ïðîòîíîâ: â òàêèõ óñëîâèÿõ ïðèìåíèìî ïðèáëèæåíèå
ßÑÐ [13,14]. Â òåêóùåé ðàáîòå ïàðàìåòðû ñðåäû T è   íå ìåíÿþòñÿ âî
âðåìåíè. Ñ÷èòàåòñÿ, ÷òî â êàæäûé ìîìåíò âðåìåíè âûïîëíåíî ßÑÐ, ÷òî
ïîçâîëÿåò ñ÷èòàòü êèíåòèêó òîëüêî ïî áåòà-ðåàêöèÿì, à äëÿ ÿäåðíûõ ðåàêöèé
- ïîëüçîâàòüñÿ ñîîòíîøåíèåì Ñàõà [15,16], î êîòîðîì áóäåò íàïèñàíî â
ñëåäóþùåì ðàçäåëå. Äëÿ óäîáñòâà ââåäåí áåçðàçìåðíûé ïàðàìåòð R, ðàâíûé
îòíîøåíèþ âñåõ ïðîòîíîâ ñèñòåìû ê ñóììàðíîìó êîëè÷åñòâó íåéòðîíîâ:
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ãäå ñóììèðîâàíèå èäåò ïî âñåì ÿäðàì. Â ñîâðåìåííîé ëèòåðàòóðå âìåñòî
ïàðàìåòðà R ÷àùå èñïîëüçóåòñÿ ïàðàìåòð Y

e
, êîòîðûé õàðàêòåðèçóåò êîëè÷åñòâî

ýëåêòðîíîâ íà áàðèîí è ðàâåí     
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Ïåðåõîä îò îäíîãî ïàðàìåòðà ê äðóãîìó îñóùåñòâëÿåòñÿ ñ ïîìîùüþ  1 RRYe .
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Ïðè âûñîêîé ïëîòíîñòè è òåìïåðàòóðå ýëåêòðîíû ìîæíî ñ÷èòàòü ðåëÿòè-
âèñòñêèìè, à âåùåñòâî - ïîëíîñòüþ èîíèçîâàííûì: 2cm~kT e , c~ev  [17].
Ñðåäíåå ÷èñëî ýëåêòðîíîâ ñ ýíåðãèåé   â ÿ÷åéêå ôàçîâîãî ïðîñòðàíñòâà
çàäàåòñÿ ôóíêöèåé Ôåðìè [18]:

, -exp1
1















 


kT

f e
e (2)

ãäå e  - õèìè÷åñêèé ïîòåíöèàë ýëåêòðîíà. Ýíåðãèÿ è èìïóëüñ ñîîòâåòñò-
âóþùåãî ýëåêòðîíà åñòü [19]:

  . 

-1

,

2

2

212242

c

mpcpcm e
e

v

v


(3)

Ïðè âûñîêèõ òåìïåðàòóðàõ 2cm~kT e  íåîáõîäèìî ó÷èòûâàòü ïîçèòðîíû,
àííèãèëÿöèÿ ïàðû ee  ðîæäàåò ãàììà-êâàíò, õèìè÷åñêèé ïîòåíöèàë êîòîðîãî
â ðàâíîâåñèè ðàâåí íóëþ 0 , òîãäà ee    [17].

Ïðåäïîëîæåíèå î ïîñòîÿíñòâå óñëîâèé ñðåäû íà âðåìåíàõ ýâîëþöèè
ñèñòåìû èìååò íåòî÷íîñòü. Ïðè òåìïåðàòóðàõ T9 >> 1 ÍÇ áûñòðî îõëàæäàþòñÿ
çà ñ÷åò íåéòðèííûõ ïîòåðü ýíåðãèè â õîäå ðåàêöèé [17]:

     
     












, b,1,

a1,,
eZAZA

ZAeZA
(4)

ãäå   è   - íåéòðèíî è àíòèíåéòðèíî, ñîîòâåñòâåííî. Ïðè îñòûâàíèè â
êîðå íåéòðîííûõ çâåçä îáðàçóåòñÿ íåðàâíîâåñíûé ñëîé [20], â êîòîðîì
àêêóìóëèðóåòñÿ áîëüøîå êîëè÷åñòâî ýíåðãèè. Ïî ìåðå îñòûâàíèÿ ïîñòåïåííî
âûêëþ÷àþòñÿ ôîòîðåàêöèè, ðåàêöèè ñ çàðÿæåííûìè ÷àñòèöàìè (âåðîÿòíîñòü
òóííåëèðîâàíèÿ ÷åðåç êóëîíîâñêèé áàðüåð ïàäàåò ñ óìåíüøåíèåì òåìïåðàòóðû)
[21]. Â óñëîâèè âûðîæäåíèÿ ýëåêòðîíîâ áåòà-ðàñïàä ïðîèñõîäèò ïðè 

ef ,
çàõâàò ýëåêòðîíîâ ïðè 

ef , çäåñü   - ýíåðãèÿ áåòà-ðàñïàäà, 
ef  - Ôåðìè

ýíåðãèÿ ýëåêòðîíîâ. Ïðè ïàäåíèè òåìïåðàòóðû T9 < 4 - 5 ÿäðà áûñòðî çàõâà-
òûâàþò íåéòðîíû      ,n , ïîñëå îáðàçîâàíèÿ ÿäåð ñ áîëüøèì èçáûòêîì
íåéòðîíîâ ñ íèìè ïðîèñõîäÿò áåòà-ðàñïàäû è çàõâàòû ýëåêòðîíîâ â çàâèñèìîñòè
îò çíà÷åíèé   è 

ef  äëÿ êàæäîãî ñîðòà ÿäåð. Â ðåçóëüòàòå ÿäðà àêêóìóëèðóþòñÿ
â íåðàâíîâåñíîì ñëîå, îãðàíè÷åííîì ïî A è Z [20].

Íèæå òåìïåðàòóðû T9 = 3 ïðèáëèæåíèå ßÑÐ íåêîððåêòíî, ðåàêöèè
ôîòîîòùåïëåíèé è çàõâàòà íåéòðîíîâ è ïðîòîíîâ íåîáõîäèìî ñ÷èòàòü ïî
êèíåòè÷åñêîé ìîäåëè (ÊÌ) [22,23]. Òàêæå õèìè÷åñêèé ñîñòàâ ìîæåò ìåíÿòüñÿ
ïðè ñæàòèè âåùåñòâà [7,24].

3. Ìîäåëü. Ðàñïðåäåëåíèå ýëåìåíòîâ áåðåòñÿ â ðàâíîâåñèè ïî Ñàõà:



270 À.Þ.ÈÃÍÀÒÎÂÑÊÈÉ
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(5)

Íåéòðîíû, ïðîòîíû è íåðåëÿòèâèñòñêèå è íåâûðîæäåííûå ÿäðà, ìîãóò áûòü
îïèñàíû èäåàëüíûì áîëüöìàíîâñêèì ãàçîì [18]:

,2ln
232








 



mkTV

NkT 
(6)

ãäå   - õèìè÷åñêèé ïîòåíöèàë, T - òåìïåðàòóðà, N/V = n - êîíöåíòðàöèÿ
÷àñòèö, m - ìàññà ÷àñòèöû,   - ñòàòèñòè÷åñêèé âåñ, k è   - ïîñòîÿííûå
Áîëüöìàíà è Ïëàíêà, ñîîòâåñòâåííî. Èç (5) è (6) ïîëó÷àåì:
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Çäåñü       
i

ii kTJZA -exp12 , , ãäå ñóììèðîâàíèå èäåò ïî îñíîâíîìó

è âñåì âîçáóæäåííûì ñîñòîÿíèÿì, J - ñïèí ÿäðà, i  - ýíåðãèÿ i âîçáóæäåííîãî
ñîñòîÿíèÿ íàä îñíîâíûì, à       ZAmmZAZmcZAQ np  , , 2   ÿâëÿåòñÿ
ýíåðãèåé ñâÿçè ÿäðà. Â äàëüíåéøåì áóäåì ñ÷èòàòü, ÷òî âñå âåùåñòâî íàõîäèòñÿ
òîëüêî â îñíîâíîì ñîñòîÿíèè, òîãäà    12 ,  JZA . Ðàâåíñòâî (7) äàåò
ðàñïðåäåëåíèå Ñàõà äëÿ êîíöåíòðàöèè ëþáîãî ýëåìåíòà ñèñòåìû  ZAn  ,  êàê
ôóíêöèè ñâîáîäíûõ íåéòðîíîâ n

n
 è ïðîòîíîâ n

p
. Äëÿ ìîäåëèðîâàíèÿ ïðîöåññîâ

óäîáíî ââåñòè áåçðàçìåðíûå âåëè÷èíû:

, ; ; ; 0

2

kT
x

kTkT
cm

kT
cpx ZZee 




 (8)

ãäå      2
 , , cmm ZAZAZZ    åñòü ðàçíèöà ýíåðãèé ìàòåðèíñêîãî è äî÷åðíåãî

ÿäåð. Êîíöåíòðàöèè ýëåêòðîíîâ è ïîçèòðîíîâ íàõîäÿòñÿ èç óñëîâèÿ íà ïîëíîå
÷èñëî ÷àñòèö [18]:
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(9)

Èíòåãðèðîâàíèå ïðîâîäèòñÿ ïî èìïóëüñíîìó ïðîñòðàíñòâó. Ñîâìåñòíî ñ
óñëîâèåì ýëåêòðîíåéòðàëüíîñòè ýòî äàåò ñèñòåìó äëÿ íàõîæäåíèÿ êîíöåíòðàöèè
ýëåêòðîíîâ è ïîçèòðîíîâ:
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Êîíöåíòðàöèè ýëåìåíòîâ ñèñòåìû èçìåíÿþòñÿ â ðåçóëüòàòå ïðîòåêàíèÿ
ðàçëè÷íûõ áåòà-ðåàêöèé (4), ñêîðîñòè êîòîðûõ äàþòñÿ ôåðìè-èíòåãðàëàìè [17].
Òàêæå äëÿ èõ ïîäñ÷åòà íóæíû çíà÷åíèÿ ïàðàìåòðîâ Ft1/2(A, Z) - ñðàâíèòåëüíûé
ïåðèîä ïîëóðàñïàäà1, êîòîðûå ìîæíî ïîñìîòðåòü, íàïðèìåð, â [25]:
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(11)

ãäå èíäåêñû (a) è (b) ñîîòâåòñòâóþò (4), à îáùèé âèä 2I  è 2I   äàåòñÿ
èíòåãðàëüíûìè âûðàæåíèÿìè [17]:
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Òàê êàê ðå÷ü èäåò î áîëüøèõ êîíöåíòðàöèÿõ, òî ïåðåéäåì ê ñëåäóþùèì
îáîçíà÷åíèÿì      aNZAnZAY   , , , ãäå N

a
 - ïîñòîÿííàÿ Àâîãàäðî,   -

ïëîòíîñòü. Òîãäà èçìåíåíèå ëþáîãî ýëåìåíòà ñèñòåìû çà ñ÷åò áåòà-ðåàêöèé
äàåòñÿ âûðàæåíèåì:

    
     . 1 ,1 ,

 , ,

deccapdeccap

deccapdeccap

WWZAYWWZAY

WWWWZAY
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(13)

Êðèòåðèåì âûáîðà âðåìåíè èíòåãðèðîâàíèÿ ÿâëÿåòñÿ âûõîä êîíöåíòðàöèé
âñåõ ýëåìåíòîâ íà ïîñòîÿííûå çíà÷åíèÿ (ðå÷ü èäåò î âðåìåíàõ ïîðÿäêà íåñêîëüêèõ
ñîòåí ñåêóíä): R äîëæíî âûõîäèòü íà ïîñòîÿííîå çíà÷åíèå. Àëãîðèòì ñ÷åòà â
âèäå áëîê-ñõåìû ïðèâåäåí íà ðèñ.1.

Äëÿ âû÷èñëåíèÿ èçìåíåíèé êîíöåíòðàöèè ýëåìåíòîâ ñèñòåìû èñïîëüçîâàí
ìåòîä Ðóíãå-Êóòòû 4 ïîðÿäêà òî÷íîñòè ñ âîçìîæíîñòüþ ðåãóëèðîâàòü øàã.
Äëÿ ïîäïðîãðàìì, âû÷èñëÿþùèõ ïåðåðàñïðåäåëåíèå ïî Ñàõà è êîíöåíòðàöèé
ýëåêòðîíîâ è ïîçèòðîíîâ (âàðüèðóÿ õèìè÷åñêèé ïîòåíöèàë), ðåàëèçîâàí ìåòîä
êàñàòåëüíûõ Íüþòîíà [26]. Îòíîñèòåëüíûå îøèáêè âñåõ ïîäïðîãðàìì

610 ~  è ìåíüøå.
Åñëè ïîäûíòåãðàëüíàÿ ôóíêöèÿ ïðåäñòàâèìà â âèäå   pxxexf   (âèä

âûðàæåíèé (12)), ãäå ôóíêöèÿ  xf  îãðàíè÷åíà íà ëþáîì êîíå÷íîì èíòåðâàëå

1 https://www-nds.iaea.org/relnsd/NdsEnsdf/QueryForm.html
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è õîðîøî àïïðîêñèìèðóåòñÿ êàêèì-íèáóäü ïîëèíîìîì ñòåïåíè 12  n , òî
òîãäà âåðíà ñëåäóþùàÿ êâàäðàòóðíàÿ ôîðìóëà [27,17]:

    , 
10




 

n

i
ii

xp xfAdxexxf (14)

ãäå x
i
 - êîðíè ïîëèíîìà Ëàãåððà  p

nL , à êîýôôèöèåíòû A
i
 îïðåäåëÿþòñÿ

ñèñòåìîé ëèíåéíûõ óðàâíåíèé:
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k
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(15)

Ðèñ.1. Áëîê-ñõåìà àëãîðèòìà.

ßÑÐ

ÊÌ

Ýëåìåíò Z A Ýëåìåíò Z A

n 0 1 Sc 21 40-52
H 1 1 Ti 22 40-54
He 2 4 V 23 42-56
C 6 12 Cr 24 44-58
O 8 16 Mn 25 46-60
Ne 10 20 Fe 26 48-62
Mg 12 24 Co 27 50-64
Si 14 28 Ni 28 52-66
S 16 32 Cu 29 54-66
S 16 40 Zn 30 56-66
Cl 17 40-43 Ga 31 58-66
Ar 18 36-46 Ge 32 60-66
K 19 40-48 As 33 62-66
Ca 20 40-50 Se 34 66

Òàáëèöà 1

ÂÊËÞ×ÅÍÍÛÅ Â ÑÈÑÒÅÌÓ ÈÇÎÒÎÏÛ
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lo
g(
 k
/
)

Z
23

-3

Ðèñ.2. Ñîñòàâ ÎÍÇ; (a), (c), (d) - ðåçóëüòàòû òåêóùåé ðàáîòû, (b) è (e) - ðàáîòû [16];
  - íà÷àëüíîå ðàñïðåäåëåíèå èçîòîïîâ òåêóùåé ðàáîòû,   - ðàáîòû [16];   - êîíå÷íîå
ðàñïðåäåëåíèå èçîòîïîâ òåêóùåé ðàáîòû,   - ðàáîòû [16]; óâåëè÷åííûå ìåòêè îáîçíà÷àþò
ñóììàðíûé âêëàä èçîòîïîâ ïðè îäíîì çàðÿäîâîì ÷èñëå Z; êàæäûé èçîòîï ïîäïèñàí ñâîèì
ìàññîâûì ÷èñëîì A; 4log   è 5] [2;9 T .
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ãäå k = 0, 1, ..., n - 1. Çíà÷åíèÿ A
i
 è x

i
 äëÿ ñõåìû, ñîñòîÿùåé èç 5 òî÷åê, ìîæíî

íàéòè, íàïðèìåð, â [17].
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Â òàáë.1 ïðèâåäåíû ðàññìàòðèâàåìûå â òåêóùåé ðàáîòå èçîòîïû.

4. Ðåçóëüòàòû è îáñóæäåíèå. Ìîäåëèðîâàíèå ïðîâîäèòñÿ òàê, ÷òî
äëÿ êàæäîé ïëîòíîñòè 10 8, 6, ,4log   áåðóòñÿ ðàçíûå çíà÷åíèÿ òåìïåðàòóð

Ðèñ.3. Ñîñòàâ ÎÍÇ; (a), (c), (d) - ðåçóëüòàòû òåêóùåé ðàáîòû, (b) - ðàáîòû [16].
6log   è 4] [2;9 T . Îáîçíà÷åíèÿ òå æå, ÷òî íà ðèñ.2.
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T9 = 2, 3, ..., 10. Çíà÷åíèå ïàðàìåòðà R ïðè íà÷àëüíîì ðàñïðåäåëåíèè âñåãäà
áåðåòñÿ 0.85 ( 460.Ye  ), ÷òîáû èìåòü âîçìîæíîñòü ñðàâíèòü ðåçóëüòàòû ñ [16]
äëÿ ìàëåíüêèõ ïëîòíîñòåé 8 6, ,4log  . Â ãðàôèêè ñ ðåçóëüòàòàìè âêëþ÷åíû
òîëüêî 3 íàèáîëåå ðàñïðîñòðàíåííûõ èçîòîïà äëÿ êàæäîãî Z, ìàññîâàÿ äîëÿ
êîòîðûõ ïðåâûøàåò 0.1%. Ðåçóëüòàòû âû÷èñëåíèé îòîáðàæåíû ãðàôè÷åñêè íà
ðèñ.2-8. Ïî÷òè ñîâïàäàþùèå êîíöåíòðàöèè ðàçëè÷íûõ èçîòîïîâ îäíîãî ýëåìåíòà
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Ðèñ.4. Ñîñòàâ ÎÍÇ; (a), (b) - ðåçóëüòàòû òåêóùåé ðàáîòû, (c) - ðàáîòû [16]. 6log 
è 6] [5;9 T . Îáîçíà÷åíèÿ òå æå, ÷òî íà ðèñ.2.
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ðàçäâèíóòû ïî ãîðèçîíòàëè.
Ïðè òåìïåðàòóðàõ íèæå T9 = 4 - 5 êîíå÷íûé ñîñòàâ ïî÷òè íå îòëè÷àåòñÿ

îò íà÷àëüíîãî äëÿ âñåãî äèàïàçîíà âçÿòûõ ïëîòíîñòåé ââèäó íèçêîé ñêîðîñòè

Ðèñ.5. Ñîñòàâ ÎÍÇ; (a), (c), (d) - ðåçóëüòàòû òåêóùåé ðàáîòû, (b) - ðàáîòû [16].
8log   è 5] [2;9 T . Îáîçíà÷åíèÿ òå æå, ÷òî íà ðèñ.2.
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ðåàêöèé (ðèñ.2a, c, ðèñ.3a, c, d, ðèñ.4a, ðèñ.5a, c, d). Â ðàáîòå [16], ãäå
èñïîëüçîâàëàñü ÊÌ, òàêæå íåò îòëè÷èé â íà÷àëüíîì è êîíå÷íîì ñîñòàâàõ
ïðè íèçêèõ òåìïåðàòóðàõ (ðèñ.2b, ðèñ.3b, ðèñ.5b). Ñòîèò îòìåòèòü êà÷åñòâåííîå

Ðèñ.6. Ñîñòàâ ÎÍÇ; (a), (b) - ðåçóëüòàòû òåêóùåé ðàáîòû, (c) - ðàáîòû [16]. 8log 
è 8] [6;9 T . Îáîçíà÷åíèÿ òå æå, ÷òî íà ðèñ.2.
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ñõîäñòâî ñ ðåçóëüòàòàìè [28], ãäå íà äèàãðàììå 1 îòîáðàæåíû îáëàñòè, íà
êîòîðûõ â çàâèñèìîñòè îò óñëîâèé ñðåäû ( T , ) äîìèíèðóþò òå èëè èíûå
êîìïîíåíòû ñèñòåìû.

Ðèñ.7. Ñîñòàâ ÎÍÇ; (a), (b), (c) - ðåçóëüòàòû òåêóùåé ðàáîòû. 10log   è 8] [6;9 T .
Îáîçíà÷åíèÿ òå æå, ÷òî íà ðèñ.2.
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Ïðè âûñîêèõ òåìïåðàòóðàõ è ïëîòíîñòÿõ ïðåîáëàäàåò êàëüöèé (ðèñ.6a, b,
c) è ðèñ.8a, b, c), âêëàä ñâîáîäíûõ íåéòðîíîâ ñòàíîâèòñÿ ñóùåñòâåííåå. Ñ
ðîñòîì ïëîòíîñòè ýëåêòðîíû áîëüøå âûðîæäàþòñÿ T << T

d
 (çäåñü T

d
 -

òåìïåðàòóðà âûðîæäåíèÿ) è çàïîëíÿþò ñôåðó Ôåðìè [18], äåëàÿ ðàñïàä
íåéòðîíà çàïðåùåííûì â ñèëó ïðèíöèïà çàïðåòà Ïàóëè [21].

Ðèñ.8. Ñîñòàâ ÎÍÇ; (a), (b), (c) - ðåçóëüòàòû òåêóùåé ðàáîòû. 10log   è 10] [9;9 T .
Îáîçíà÷åíèÿ òå æå, ÷òî íà ðèñ.2.
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Ñòîèò èìåòü â âèäó, ÷òî ïðè 19 T  ÍÇ áûñòðî îõëàæäàþòñÿ áëàãîäàðÿ
ïðîöåññàì (4). Â òàêîì ñëó÷àå ðåçóëüòàòû, ïîëó÷åííûå â ýòîé ðàáîòå â
óñëîâèÿõ âûñîêèõ òåìïåðàòóð - íåêîððåêòíû. Ïðè áûñòðîì îõëàæäåíèè
ïîñòåïåííî è íåîäíîâðåìåííî çàêðûâàþòñÿ ðàçëè÷íûå êàíàëû ÿäåðíûõ ðåàêöèé:
ñíà÷àëà èñ÷åçàåò ïðîöåññ ñëèÿíèÿ òÿæåëûõ çàðÿæåííûõ ÿäåð (íå ó÷èòûâàþòñÿ
â òåêóùåé ðàáîòå), çàòåì ôîòîîòùåïëåíèÿ ïðîòîíîâ è íåéòðîíîâ [7].
Íàðóøàåòñÿ ßÑÐ, â ðåçóëüòàòå ÷åãî íåîáõîäèìî ïðèìåíÿòü ÊÌ äëÿ ÿäåðíûõ
ðåàêöèé âìåñòî èñïîëüçîâàíèÿ ðàñïðåäåëåíèÿ Ñàõà. Äëÿ ñðàâíåíèÿ ïîñòðîåíû
ðèñ.8b è c: îäèíàêîâûå óñëîâèÿ, âðåìÿ ýâîëþöèè ñèñòåìû â ñëó÷àå (b)
ñîñòàâëÿåò 500 ñ, â ñëó÷àå (c) - 5 ñ. Êàê âèäíî èç ãðàôèêîâ, õèìè÷åñêèé
ñîñòàâ ñóùåñòâåííî îòëè÷àåòñÿ. Ïîñëå íåñêîëüêèõ ñåêóíä ïîòåðü ýíåðãèè
òåìïåðàòóðà ìîæåò óïàñòü äî òåõ çíà÷åíèé, êîãäà áåòà-ðåàêöèè ïðàêòè÷åñêè
íå ìåíÿþò èìåþùèéñÿ ñîñòàâ. Â èòîãå ýâîëþöèÿ õèìè÷åñêîãî ñîñòàâà ðèñ.8c
ïîéäåò ïî äðóãîìó ïóòè è ðàñïðåäåëåíèå ðèñ.8b íå ðåàëèçóåòñÿ.

5. Çàêëþ÷åíèå. Â òåêóùåé ðàáîòå èññëåäîâàëñÿ õèìè÷åñêèé ñîñòàâ ÎÍÇ
ïðè ïîñòîÿííûõ óñëîâèÿõ ñðåäû â ïðèáëèæåíèè ßÑÐ. Ïðåäëîæåííàÿ ìîäåëü
äàæå â ñòàòè÷åñêîì ïðèáëèæåíèè íåïëîõî îïèñûâàåò ðàñïðîñòðàíåííîñòü
ÿäåð. Îäíàêî, êàê áûëî îòìå÷åíî â ïðåäûäóùåé ãëàâå, îõëàæäåíèå ãîðÿ÷åé
ÍÇ èç-çà íåéòðèííûõ ïîòåðü ýíåðãèè ìîæåò íàðóøèòü ßÑÐ è èçìåíèòü
òðàåêòîðèþ ýâîëþöèè ñèñòåìû (íåîäíîâðåìåííîå çàêðûòèå ðàçëè÷íûõ êàíàëîâ
ÿäåðíûõ ðåàêöèé).

Äëÿ òîãî ÷òîáû ìîäèôèöèðîâàòü ñòàòè÷åñêóþ ìîäåëü â äèíàìè÷åñêóþ,
íåîáõîäèìî èñïîëüçîâàòü ÊÌ äëÿ ó÷åòà ðåàêöèé çàõâàòà íåéòðîíîâ è ïðîòîíîâ
ïðè ïàäåíèè òåìïåðàòóðû íèæå çíà÷åíèé T9 = 3 - 5. Òàêæå íóæåí ó÷åò
ñîâðåìåííûõ ÿäåðíûõ äàííûõ äëÿ âû÷èñëåíèÿ ðåàêöèé (  ,n ), (  ,p ) è
îáðàòíûõ èì ðåàêöèé ôîòîîòùåïëåíèé. Èç-çà íåîäíîâðåìåííîãî âûêëþ÷åíèÿ
ðàçëè÷íûõ òèïîâ ðåàêöèé ðåàëèçóåòñÿ ñèòóàöèÿ ÷àñòè÷íîãî ðàâíîâåñèÿ, êîãäà
ðåàêöèè ñ ïðîòîíàìè ïðàêòè÷åñêè îòñóòñòâóþò, â òî âðåìÿ êàê ñêîðîñòè
ðåàêöèé ñ íåéòðîíàìè ïî-ïðåæíåìó áûñòðåå áåòà-ðåàêöèé. Â òàêèõ óñëîâèÿõ
íåîáõîäèìî èñïîëüçîâàòü ÊÌ äëÿ ðåàêöèé ñ ïðîòîíàìè, íî ñ÷èòàòü, ÷òî
ðåàëèçîâàíî ðàâíîâåñèå ïî ðåàêöèÿì ñ íåéòðîíàìè.

Àâòîð áëàãîäàðèò Ã.Ñ.Áèñíîâàòîãî-Êîãàíà çà ïîñòàíîâêó çàäà÷è, ïðîäîë-
æèòåëüíûå îáñóæäåíèÿ, öåííûå çàìå÷àíèÿ è êîíñòðóêòèâíóþ êðèòèêó. Ðàáîòà
âûïîëíåíà ïðè ïîääåðæêå ãðàíòà ÐÔÔÈ 20-02-00455.
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ON THE ISSUE OF THE FORMATION OF
NON-EQUILIBRIUM LAYER OF NEUTRON STAR SHELL

A.Y.IGNATOVSKIY1,2

The chemical composition of the neutron star shell at high temperatures and
densities is discussed. A model of nucleosynthesis based on the nuclear statistical
equilibrium approximation is proposed. The investigation of the dependence of the
nucleosynthesis results on the parameters of the medium in the static approxi-
mation is carried out. The results of the current work demonstrate a qualitative
similarity with the earlier work of other authors. It is shown that the proposed
model, even in the static approximation, describes well the abundance of nuclei.

Keywords: nuclear astrophysics: nuclear statistical equilibrium
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HOLOGRAPHIC RICCI DARK ENERGY

COSMOLOGICAL MODEL IN LYRA MANIFOLD
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We used modified holographic Ricci dark energy to find anisotropic LRS Bianchi type I
cosmological model in five-dimensions based on Lyra geometry. The exact solutions of the Einstein
field equations were obtained by using hybrid expansion law (HEL). We have investigated the
interacting and non-interacting dark energy and dark matter. It is found that at late times the
equation of state parameter (EOS) for non-interacting case behaves like a cosmological constant
whereas it behaves like phantom dark energy for interacting model. Some cosmological parameters
and stability of the models are discussed. The physical and geometric aspects of the models have
been analysed. They are consistent with the recent observational results.

Keywords:  LRS Bianchi type I space-time: Lyra geometry: modified holographic
Ricci dark energy: hybrid expansion law

1. Introduction. Supernova observations (SNeIa) point towards an acceler-
ated expansion of the universe and also various astrophysical observational evi-
dences have decided the fact that the universe experiences an early inflation as
well as late-time accelerated expansion [1–4]. In modern cosmology it believed
that this is caused by a mysterious form of energy termed as dark energy (DE)
[5] with positive energy density and negative pressure. The simplest candidate for
dark energy is the cosmological constant   with the equation of state 1 .
This includes the hurdle of fine-tunning and cosmic coincidence [6,7]. Further
investigations reveal that there are other types of DE, such as quintessence [8],
phantom [9,10], tachyon [11], dilation [12] with interacting dark energy models
like holographic [13] and agegraphic [14] models. Also, the cosmic viscosity is
successful in achieving to play a role of dark energy candidate causing the
acceleration of the universe [15-17]. From the observational fact of Wilkinson
Microwave Anisotropy Probe (WMAP) it is found that the dark energy occupies
68.3%, the dark matter occupies 26.8% of the total energy of the universe and
the rest 4.9% energy is baryonic matter [18].

The exact physical situation at very early stages of the formation of our
Universe is still unknown. The investigation of higher-dimensional space-time is
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important because it is believed that the cosmos at the early stage of evolution
of the universe might have had a higher dimensional era. A fifth dimension is
introduced by Kaluza and Klein [19,20] to unify gravity with electromagnetic
interaction. In view of Chodos and Detweller's [21] investigations, the present four-
dimensional stage of the universe could have been preceded by a higher-
dimensional stage, which becomes four-dimensional in the sense that extra
dimensions contract to unobserved planckian length scale due to dynamical
contraction. This contraction of the extra dimension is a result of cosmological
evolution. In view of the development of superstring theory and supergravity
theory, higher dimensional physics acquires a new degree of emphasis. A good
number of interior and exterior solutions of Einstein's equation in higher dimen-
sions have been derived by Yoshimura [22], Koikawa [23], Myers and Perry [24]
and Krori et al. [25]. Reddy and Venkateswara [26], Adhav et al. [27], Reddy
[28] and a host of authors have contribution to the study of higher dimensional
cosmological models in general relativity and also in other alternate theory of
gravitation. The higher-dimensional anisotropic DE cosmological models play an
important role in the study of early stages of evolution of the universe.

Holographic dark energy model is emerging from the holographic principle
which was first presented by 't Hooft [29]. This principle states that the entropy
of a system scales not with its volume, but also with its surface area. The energy
density of holographic dark energy is 2223  LMc plHDE , where L is the infrared
(IR) cut off radius, GM pl  812  is the Planck mass and c is constant according
to Li et al. [30]. Gao et al. [31] obtained a holographic dark energy model. In
this model the future event horizon is replaced by the inverse of the Ricci scalar
curvature. This model is "Ricci Dark Energy" (RDE) model. A new holographic
Ricci dark energy was proposed by Granda and Oliveros [32,33] with the density
of dark energy as  HHM plHDE


2

2
1

23  . In 2009, Chen and Jing [34]
modified this model as  1

32
2

1
23  HHHHM plMHRDE

 . Katore et al. [35],
Kumar and Yadav [36] and a considerable number of researchers have studied
cosmological models with anisotropic dark energy.

Several researchers were inspired by Einstein's geometrization of gravitation in
his theory of general relativity to geometrize other physical fields. Weyl [37]
proposed a unified theory to geometrize gravitation and electromagnetism. But this
theory was not considered as it was depended on non-integrability of length
transfer. Lyra [38] suggested a modification by introducing a gauge function into
the structure less manifold which removes the non-integrability condition of the
length of a vector under parallel transport. Sen [39] and Sen and Dunn [40]
suggested a new scalar-tensor theory of gravitation and constructed an analogue
of the Einstein field equations based on Lyra's geometry, which in normal gauge
may be written as
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, 
4
3

2
3

2
1

ij
k

kijjiijij TgRgR  (1)

where i  is the displacement vector, c = 1 and G8  and other symbols have
their usual meaning in the Riemannian geometry. A brief note on Lyra's geometry
is given by Beesham [41] and Singh and Singh [42]. According to Halford [43],

i  the displacement vector in Lyra geometry plays the role of cosmological
constant in the normal general relativistic treatment. Rahman et al. [44,45]
presented cosmological models in Lyra geometry. Singh and Desikan [46] pre-
sented the exact solutions for FRW cosmological model in Lyra's geometry with
constant deceleration parameter. These theories are the modified theories of the
gravitation or alternate theory of gravitation. The accelerating expansion of the
universe can be explained in the context of these modified theories of gravitation.
Motivated by the above investigationswe study here a higher dimensional (5D)
cosmological model in one of these modified theories of gravitation, i.e. Lyra
geometry. It is of great significance at the early stage of the universe.

The paper is organized as follows: The metric and field equations are given
in Section 2. The solution of the field equations are presented in Section 3. In
Section 4, some physical and geometrical representations of the model are
discussed. The stability of models, the cosmic parameter and statefinder diagnostic
parameters are discussed respectively in Section 5, Section 6 and Section 7. In
Section 8, results and discussions of various parameters are discussed. The paper
is devoted to some concluding remarks in Section 9.

2. The metric and field equations. The 5-D Bianchi type I metric is
given by

  , 222222222  dZdzdyYdxXdtds (2)

where X, Y and Z are functions of cosmic time t.
The field equations based on Lyra manifold in normal gauge as proposed by

Sen [39] and Sen and Dunn [40] is

 , 
4
3

2
3

2
1

ijij
k

kijjiijij TTgRgR  (3)

where i  is the displacement vector and is defined as

  0 ,0 ,0 ,0 ,ti  (4)

and in geometrised unit 18 G , c = 1, R
ij
 is the Ricci tensor, R is the Ricci

scalar, T
ij
 and ijT  are the energy momentum tensors for dark matter (pressure

less) and MHRDE. T
ij
 and ijT  defined as follows

 , 0 ,0 ,0 ,0 ,diag MA
i
jT  (5)
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(6)

where MA  is the energy density of the dark matter and MHRDE is the energy
density of the MHRDE and 

xMHRDEp , 
yMHRDEp , 

zMHRDEp , 
MHRDEp , are the

pressures on the x, y, z and   respectively. The skewness parameter   is the
deviations from MHRDE  on y and z axes. Here EOS parameter MHRDE  and
skewness parameter   can be functions of t.

The field equation (3) using Eqs. (4), (5) and (6) takes the form
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The energy conservation equation is
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where dot    denotes derivative with respect to the cosmic time t.

3. Solutions of the field equations. The spatial volume V is given by

, 42 RZXYV  (12)

where R is the average scale factor. The Hubble's parameter H is given by
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where H
x
, H

y
, H

z
 and H  are the directional Hubble parameters in the directions

of x, y, z and   axes respectively.
The anisotropy parameter A

p
 is given by
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Eq. (7) and Eq. (8) together yield

, exp1 
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where d1 is a constant of integration. To solve the Eq. (15), we take (according
to Adhav [47])
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Using Eq. (16), Eq. (15) takes the form

. 1 te
V
d

Y
Y

X
X 


(17)

Eqs. (7)-(10) are four field equations with seven unknowns X, Y, Z,  ,

MHRDE , MHRDE ,  and MA . So, in order to solve the system completely we
need extra three relations. We take the following relations (i), (ii) and (iii):

(i) Chen and Jing [34] proposed the MHRDE density as

 , 3 1
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2
1

 HHHHMHRDE
 (18)

where 1 , 2  and 3  are constants and 182  GM pl .
(ii) The average scale factor R(t) which is a combination of power law and

exponential law as proposed by Akarsu et al. [48] is given by
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where a1 and a2 are non-negative constants and R
p
 and t

p
 represents the present

value of scale factor and age of the universe.
The relation (19) is a combination of power and exponential law which is

commonly known as Hybrid Expansion Law (HEL). And also

    (iii) , 1
nt

Z  (20)

where n > 0 is a positive constant.
Eq. (12), on using Eq. (19) gives the spatial volume V of the model as
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Eq. (20) and Eq. (21) yield
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Eq. (17) gives
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where d2 is a constant of integration.
Eqs. (22) and (23) yield
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The deceleration parameter q is defined as
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2
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R
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(30)

3.1. Non-interacting dark energy and dark matter. In this section
we have assumed that there is no interaction between Dark Energy and Dark
Matter.
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Eq. (11) yields the conservation equation for matter and MHRDE as
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Eq. (31) implies 04  MAMA H

, 21 44
3

pttaa
MA etd  (33)

where d3 is an integrating constant. The expression for EOS parameter MHRDE
for MHRDE is obtained from Eq. (32) as
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Eqs. (18) and (29) lead to
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The skewness parameter   can be obtained from Eq. (16) using Eqs. (24) and
(25) as
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Eq. (34) on using the values of X, Y, Z, MHRDE , H yields,
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The displacement field vector   obtained from Eq. (9) on using Eqs. (26),
(27), (35) and (37) is given by
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3.2. Interacting dark energy and dark matter. We have considered that
there is an interaction between Dark Energy and Dark Matter. The Eq. (11) yields
the conservation equation for matter and MHRDE as
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where Q  is the interaction between Dark Energy (DE) and Dark Mater (DM).
Here 0Q  means that the energy flows from DE to DM, 0Q  means that
the energy flows in opposite direction and 0Q  means that there is no
interaction between DE and DM. In general, Q  is inversely proportional of time.
Wei and Cai [49] proposed

MAHQ  4 (41)

where 0  is a coupling constant.
Eqs. (39) and (41) implies

  1   ,14
4  RdMA (42)

where d4 is a constant of integration.
Eqs. (40) and (41) on using the values of X, Y, Z, MHRDE , H yields,
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4. Some physical and geometrical representation. The graphical
representations of various cosmological parameters for both the interacting case and
non-interacting case are discussed here. The numerical values used in the graphs are
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Fig.1. a) The plots of H (dashed line) and q (solid line) versus cosmic time t. b) The plots
of MA  and MHRDE  versus cosmic time t.
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5. Stability analysis. The stability conditions can be determined by testing
the sound speed. The square sound speed for any fluid is given as

,2
MHRDEMHRDEsq p  v  MHRDEMHRDEMHRDEp  . The positive value of 2

sqv  implies
that the model is stable whereas the negative value implies that the model is

Fig.2. a) The plot of Ap versus cosmic time t. b) The plot of MHRDE  versus cosmic time t.
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unstable. Also, the casualty condition must be satisfied. It means that the sound
speed is less than the speed of light. The Energy conditions, i.e. Weak Energy
Conditions (WEC), Dominant Energy Conditions (DEC) and Strong Energy
Conditions (SEC) are respectively given by

(I) 0MHRDE   (II) 0 MHRDEMHRDE p   (III) 04  MHRDEMHRDE p

6. Cosmic jerk parameter.  Cosmic jerk parameter is defined as the third
order derivative of the average scale factor w.r. to the cosmic time. It is a
dimensional quantity and it is given by Chiba and Nakamura [50]

  . 21 2
3 H

qqq
R
R

H
tj


 (45)

Using Eqs. (29) and (30) in Eq. (45), we get the expression of cosmic jerk
parameter as
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It is believed that the transition from the decelerating to the accelerating phase
of the universe isdue to a cosmic jerk parameter. This transition of the universe

Fig.4. a) The plots of   versus cosmic time t. b) The plots of 2
sqv  versus cosmic time.
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occurs for different models with a positive value of the jerk parameter and the
negative value of the deceleration parameter [51-53]. The CDM  model has a
constant jerk j = 1.

7. Statefinder parameters. Sahni et al. [54] first introduced the statefinder
parameters called {r, s} parameters to discriminate among the various DE models.
The {r, s} parameters depends on the average scale factor. The important property
of the {r, s} parameter is that it can explains the dynamics of the expansion of
the universe by using the higher derivatives of R and the deceleration parameter
q. The mathematical expression of {r, s} parameters are

. 
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For our model, the {r, s} parameters take the form

Fig.5. a) The plots of Energy conditions (for non-interacting case) versus cosmic time t. b) The
figure shows the plot of Energy conditions (for interacting case) versus cosmic time.
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Therefore r is related to s by the following expression:
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8. Results and discussions. It is observed from Fig.1a that H is a
decreasing function of t and vanishes for large values of t. From Fig.1a, it is seen
that the deceleration parameter q is positive at early stage of the universe and is
negative at later stage. This implies that the universe exhibits transition from the
decelerating to accelerating phase. Initially the universe is decelerating and ulti-
mately at late times it is accelerating. From Fig.2a, it is seen that A

p
 increases

sharply at early stage of the universe and then decreases and ultimately tends to
zero at late times. So, at early era the universe is anisotropic and at the late times
the universe becomes isotropic. From Fig.1b, it is observed that MA  is a

Fig.6. The plot of r versus s.
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decreasing function of t and tends to zero at late-times. From Fig.1b, it is seen
that MHRDE  is a decreasing function of t and tends to small value at late-times.
From Fig.2b, it is observed that MHRDE  tends to -1 at late times for non-
interacting case, where dashed line represents the non-interacting model and
interestingly it behaves like a cosmological constant [6]. Also, from Fig.2b, it is
observed that 1MHRDE  at late-times for interacting case. This depicts that the
model behaves like phantom dark energy [8]. It is observed from Fig.3, that 
increases sharply at early stage of the universe and then decreases and ultimately
tends to zero at late times. From Fig.3, it is seen that j tends to 1 at late times
and is positive throughout the entire age of the universe. From Fig.4a, it is seen
that   tends to zero at late times for both non-interacting (dashed line) case and
interacting (solid line) case. From Fig.4b, for non-interacting model (dashed line)
and interacting model (solid line), we see that 2

sqv  is positive for both the cases.
This confirms that our models are stable throughout the evolution of the universe.
WEC is satisfied for both non-interacting and interacting models, but the DEC
and SEC for both the models are violated which indicates that at late times our
models proceed to accelerating expanded models of the universe Fig.5a, b. Hence
our cosmological models are physically acceptable. From Fig.6, we observe that
the value of s is negative when 1r . Also, it is observed that universe starts from
an Einstein static era (  sr   , ) and goes to the CDM  model ( 0  ,1  sr ).

9. Conclusions. In this paper, we have studied interacting and non-
interacting DE and DM in the anisotropic five-dimensional Bianchi type-I
universe within the framework of Lyra geometry. The exact solutions of the
Einstein field equations in Lyra geometry are obtained by making use of MHRDE
proposed by Chen and Jing [34]. Also, we have used HEL which is a combination
of power law and exponential law. The anisotropy of the universe ultimately tends
to zero at later times and the universe becomes isotropic. The skewness parameter
  in this model also tends to zero at later age of the universe. Also, the equation
of state parameter for MHRDE, MHRDE  approaches -1 at late times and it behaves
like a cosmological constant for non-interacting model. But for interacting model

1MHRDE  which indicates the model behaves like phantom dark energy at late
times. The cosmic jerk parameter j approaches to 1 at late times of the evolution
of the universe and it is positive throughout the age of the universe. Also, it is
found that the sound speed is positive for non-interacting and interacting models
and therefore our models are stable throughout the evolution of the universe. The
statefinder diagnostic pair {r, s} is obtained. The trajectories in the {r, s} plane
corresponds to the CDM  model (as shown in Fig.6). The displacement field
vector   which plays an important role in the dynamics of the universe, tends
to zero at later age of the universe. The constant displacement vector field   in



309ANISOTROPIC  MHRDE  MODEL  IN  LYRA  MANIFOLD

Lyra geometry plays the role of cosmological constant   in normal relativistic
treatment [43]. Therefore, the displacement field behaves as a candidate for dark
energy. Interestingly, within the frame work of Lyra geometry while investigating
five-dimensional LRS Bianchi type-I model universe with time-dependent decel-
eration parameter our models (interacting and non-interacting) are dark energy
models of the universe which are consistent with the observational findings. It is
seen that all physical and geometrical aspects of the models are in good agreement
with the recent scenario of modern cosmology. It is observed that our models may
be useful for better understanding of higher-dimensional cosmological model in
early stage of the universe with modified holographic Ricci dark energy based
within the frame work of Lyra geometry.
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ÌÍÎÃÎÌÅÐÍÀß ÀÍÈÇÎÒÐÎÏÍÀß
ÊÎÑÌÎËÎÃÈ×ÅÑÊÀß ÌÎÄÅËÜ

ÌÎÄÈÔÈÖÈÐÎÂÀÍÍÎÉ ÃÎËÎÃÐÀÔÈ×ÅÑÊÎÉ
ÒÅÌÍÎÉ ÝÍÅÐÃÈÈ ÐÈ××È Â ÌÍÎÃÎÎÁÐÀÇÈÈ ËÈÐÛ

Ê.ÄÀÑ, Ä.ÁÕÀÐÀËÈ

×òîáû íàéòè àíèçîòðîïíóþ êîñìîëîãè÷åñêóþ ìîäåëü LRS Áüÿíêè òèïà
I â ïÿòè èçìåðåíèÿõ íà îñíîâå ãåîìåòðèè Ëèðû, èñïîëüçîâàíà ìîäèôè-
öèðîâàííàÿ ãîëîãðàôè÷åñêàÿ òåìíàÿ ýíåðãèÿ Ðè÷÷è. Òî÷íûå ðåøåíèÿ óðàâíåíèé
ïîëÿ Ýéíøòåéíà ïîëó÷åíû ñ ïîìîùüþ ãèáðèäíîãî çàêîíà ðàñøèðåíèÿ (HEL).
Çàäà÷à ðàññìîòðåíà êàê ïðè íàëè÷èè âçàèìîäåéñòâèÿ ìåæäó òåìíîé ýíåðãèåé
è òåìíîé ìàòåðèåé, òàê è ïðè åå îòñóòñòâèè. Îáíàðóæåíî, ÷òî íà ïîçäíèõ
ñòàäèÿõ ðàñøèðåíèÿ óðàâíåíèå ïàðàìåòðà ñîñòîÿíèÿ (EOS) äëÿ íåâçàèìîäåéñò-
âóþùåãî ñëó÷àÿ âåäåò ñåáÿ êàê êîñìîëîãè÷åñêàÿ ïîñòîÿííàÿ, òîãäà êàê äëÿ
âçàèìîäåéñòâóþùåé ìîäåëè îíî âåäåò ñåáÿ êàê ôàíòîìíàÿ òåìíàÿ ýíåðãèÿ.
Îáñóæäàþòñÿ íåêîòîðûå êîñìîëîãè÷åñêèå ïàðàìåòðû è óñòîé÷èâîñòü ìîäåëåé.
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Ôèçè÷åñêèå è ãåîìåòðè÷åñêèå àñïåêòû ìîäåëåé áûëè ïðîàíàëèçèðîâàíû è
ñîãëàñîâàíû ñ íåäàâíèìè ðåçóëüòàòàìè íàáëþäåíèé.

Êëþ÷åâûå ñëîâà: LRS Áüÿíêè: òèï I: ïðîñòðàíñòâî-âðåìÿ: ãåîìåòðèÿ Ëèðû:
      ìîäèôèöèðîâàííàÿ ãîëîãðàôè÷åñêàÿ òåìíàÿ ýíåðãèÿ Ðè÷÷è:
      çàêîí ãèáðèäíîãî ðàñøèðåíèÿ
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