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We explore the distribution of position angles (PA) of galaxies in clusters. We selected for
study the isolated clusters, since the distribution of the galaxy orientation in clusters with close
neighbors could be altered by the gravitational influence of the latter. We assume that galaxies are
aligned, if their number at one 90o position angle interval is more than twice higher than at the
other 90o interval. We study the galaxy PA distribution at the outer regions of clusters with smaller
space density, where the probability of the PA variation in the result of interactions between galaxies
is smaller than at the dense central regions. We found that the alignment of galaxies is more often
observed in poor clusters and concluded that originally galaxies were aligned, but in the result of
accretion in time of field galaxies with arbitrary orientations and also due to the mutual interactions
the relative number of aligned galaxies decreases.

Keywords: galaxies: clusters - galaxies: alignment - galaxies: large-sale structure

1. Introduction. According to pancake scenario [1-3] galaxies form in the
result of the gas-dust cloud collapse. At such case the position angles (PA) of
galaxies will naturally be aligned independent on the cluster mass. According to
Miller & Smith [4], Salvador-Sole & Solanes [5] Usami & Fujimoto [6], the
galaxies could be aligned also at the hierarchical scenario of the cluster origin due
to the cluster tidal field. At the latter scenario the galaxies will be aligned
predominantly in rich clusters. Thus the alignment of galaxies in clusters is a clue
for the explanation of their origin. Therefore a lot of efforts have been undertaken
in the past for study the distribution of the PA of galaxies in clusters. Some
evidence on the alignment of galaxies with the parent cluster were reported by
Sastry [7], Adams, Strom & Strom [8], Carter & Metcalfe [9], Binggeli [10],
Struble & Peebles [11], Rhee & Katgert [12], Lambas et al. [13], Flin & Olowin
[14], Fong, Stevenson & Shanks [15]. More certainly the alignment was found
between orientations of the cluster and of the BCG (cD) [7-9,16-22]. Plionis et
al. [23] and Rong, Zhang & Liao [24] found evidence that significant galaxy
alignment is present in dynamically young clusters. Meanwhile, Dekel [25], van
Kampen & Rhee [26], Trevese, Cirimele & Flin [27], Djorgovski [28] and
Cabanela & Aldering [29] found no galaxy alignment, except the alignment of
the BCG with its parent cluster. Chen et al. [30] found a statistically significant
galaxy-filament correlation, but not on the galaxy-cluster alignment. Thus, the
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results on the study of the galaxy alignment in clusters were contradictory.
In this paper we undertook new search for alignment of galaxies and showed

that galaxies are aligned mostly in poor clusters. We suggest that the primordial
orientations of member galaxies were ordered at the cluster origin, but later on
the assembly of field galaxies by the cluster and interactions between galaxies
within the cluster introduce disorder in the galaxy orientations. We showed also
that clusters in which the primordial alignment of galaxies preserved, do rotate.

2. The data. We study the possible alignment of galaxies in ACO [31]
clusters. Many ACO clusters are themselves clustered [32-34]. The gravitational
influence of the nearby cluster may affect on the orientation of galaxies in the
studied cluster. In order to avoid this effect we studied isolated clusters. We
compiled a list of 73 strongly isolated clusters with nearest neighbor located on
sky at the projected distance >10 Mpc (Table 1). For comparison we studied also
the clusters with smaller degree of isolation, with 5 to 9 Mpc projected distance

Table 1

THE LIST OF ISOLATED CLUSTERS WITH NEARBY NEIGHBOR
AT PROJECTED DISTANCE >10 Mpc

Cluster z N2

A595 0.0666 48
A602 0.0619 62
A634 0.0265 102
A635 0.0925 34
A660 0.0642 25
A671 0.0502 98
A690 0.0788 49
A692 0.0894 50
A695 0.0687 27
A699 0.0851 31
A724 0.0933 46
A727 0.0951 58
A744 0.0729 32
A757 0.0517 49
A779 0.0225 115
A819 0.0759 20
A834 0.0709 35
A858 0.0863 26
A1024 0.0734 49
A1028 0.0908 26
A1035 0.0684 59
A1066 0.0690 83
A1126 0.0646 33
A1139 0.0398 50
A1142 0.0349 64

Cluster z N2

A1168 0.0906 41
A1169 0.0586 79
A1238 0.0733 68
A1270 0.0692 63
A1307 0.0817 67
A1314 0.0335 119
A1371 0.0398 61
A1424 0.0768 72
A1480 0.0734 31
A1507 0.0604 57
A1516 0.0769 60
A1541 0.0893 79
A1552 0.0858 74
A1564 0.0792 52
A1599 0.0855 25
A1609 0.0891 27
A1616 0.0833 48
A1630 0.0648 36
A1684 0.0862 27
A1692 0.0842 49
A1750 0.0852 91
A1781 0.0618 45
A1783 0.0690 50
A1809 0.0791 94
A1812 0.0630 28

Cluster z N2

A1825 0.0595 30
A1827 0.0654 41
A1849 0.0963 27
A1864 0.0870 51
A1890 0.0574 83
A2018 0.0878 50
A2019 0.0807 24
A2022 0.0578 78
A2048 0.0972 61
A2082 0.0862 24
A2107 0.0411 130
A2108 0.0919 48
A2110 0.0980 27
A2122 0.0661 72
A2142 0.0909 123
A2148 0.0877 30
A2162 0.0322 47
A2178 0.0928 24
A2205 0.0876 39
A2255 0.0806 122
A2366 0.0529 53
A2593 0.0413 138
A2630 0.0667 37
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to the nearest neighbor on sky. The list of the mild isolated 25 clusters is presented
in Table 2. Redshifts of the selected clusters are z < 0.1 and they contain more
than 20 galaxies within area with 2 Mpc radius. It is assumed that member galaxies
of the most ACO clusters are located within 2 Mpc of the Abell radius [32], defined
as R

A
 = 1'.7/z (H0 = 72 km s-1

 Mpc-1) [35]. The member galaxies of clusters were
retrieved from the SDSS-DR9 [36]. The galaxies with the primary mode (marked
in the catalog as 1) and good quality of observations (marked by 3) were retrieved.
According to [37] we retrieved galaxies with velocities within ±1500 km s-1 of the
cluster velocity. PAs are those at r band.

At the corresponding columns of Tables 1 and 2 the following information is
given: the cluster designation, the redshift of the cluster and the number of galaxies
in the cluster within 2 Mpc radius. The parameters of clusters are from NED1.

3. Analysis. We used a simple method for search of the alignment of the
orientation of galaxies in clusters. We divided the range of PAs of galaxies in each
cluster into two 90o sections so that to have a high number N

h
 of galaxies at one

section and a small number N
s
 of galaxies at the other section. We assume that

there is an alignment signal, if the number of galaxies at one 90o section is by
at least 2 times higher than at the other 90o section.

A primordial galaxy alignment in clusters could be severely damped by the
violent relaxation, by the exchange of angular momentum in galaxy interactions
over a Hubble time [38] that mostly occur in the dense cluster environment.
Therefore, we first searched the orientation of galaxies in the outer area of clusters

1 The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory,
California Institute of Technology, under contract with the National Aeronautics and Space Administration.

Cluster z N2

A912 0.0446 21
A933 0.0956 47
A1100 0.0463 53
A1149 0.0710 37
A1185 0.0325 182
A1205 0.0754 46
A1267 0.0329 28
A1291 0.0527 84
A1468 0.0844 31

Table 2

THE LIST OF MILD ISOLATED CLUSTERS WITH THE NEARBY
NEIGHBOR AT PROJECTED DISTANCE 5 < d < 9 Mpc

Cluster z N2

A1589 0.0725 100
A1638 0.0620 33
A1650 0.0838 59
A1663 0.0843 60
A1691 0.0721 75
A1775 0.0717 60
A1795 0.0625 103
A1831 0.0615 37
A1927 0.0945 35

Cluster z N2

A1983 0.0436 149
A1991 0.0587 99
A2029 0.0773 77
A2065 0.0726 115
A2089 0.0711 60
A2092 0.0669 50
A2149 0.0679 40
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Cluster I
PA

N
h

N
s 21)/( sh NN

A595 37-122 12 3 4.0
A635A 78-165 8 2 4.0
A660A 160-69 12 4 2.2
A695A 26-107 9 3 3.0
A699A 82-158 12 6 2.0
A724 171-81 14 3 4.7

A744A 2-86 7 3 2.3
A819A 23-113 7 3 2.3
A834 18-106 15 4 3.75
A858 56-136 8 2 4.0

A1028A 1-89 9 4 2.25
A1035A 69-158 8 4 2.0
A1126A 18-108 11 5 2.2
A1139 6-96 12 6 2.0
A1168 3-84 12 5 2.4
A1169 20-108 23 8 2.9

A1238A 102-10 23 7 3.3
A1270 69-159 17 7 2.4
A1307 164-74 24 11 2.2
A1371 39-121 18 7 2.6

A1480A 161-70 11 5 2.2
A1516A 76-160 18 8 2.25
A1541 64-144 25 7 3.6
A1552 131-41 24 12 2.0

A1599A 100-3 7 3 2.3
A1616A 2-89 16 6 2.7
A1684A 68-156 8 4 2.0
A1781A 68-156 19 7 2.7
A1783A 88-167 12 3 4.0
A1809A 15-103 24 12 2.0
A1812A 32-122 12 4 3.0
A1825A 115-20 11 5 2.2
A1849A 73-150 9 2 4.5
A2018A 44-131 21 7 2.6
A2019A 75-156 9 4 2.25
A2082A 144-40 11 1 11.0
A2108 32-108 12 3 4
A2110 91-180 11 3 3.7

A2122A 51-141 22 11 2.0
A2148 108-18 8 3 2.3

A2178A 51-133 9 4 2.25
A2366A 85-170 9 4 2.25
A2630A 44-132 10 2 5

Table 3

THE LIST OF STRONGLY ISOLATED CLUSTERS WITH THE
ALIGHNMENT SIGNAL FOR GALAXIES AT THE RING

WITH RADII 21  Mpc
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at the ring with cluster-centric radii 21  Mpc.
The results of counts in the outer ring of clusters with a smaller degree of

isolation is presented in Table 3. In the corresponding columns of Table 3 the
following information is given: 1st - the cluster designation; 2d - the interval of
PAs at which the high number of galaxies are distributed; 3d - the number N

h

of galaxies at this section; 4th - the number of galaxies at the opposite section;
5th - the ratio N

h
 / N

s
 at the searched region. In these clusters the alignment signal

was found only for 8 out of 26 clusters, 32%.

At the ring with cluster-centric radii 21  Mpc 43 clusters out of 73, i.e 59%
have alignment signal (Table 3). Note that in the case of a random distribution
of PAs the numbers of galaxies in two 90o intervals could occasionally differ from
each other by more than 2 times. In order to verify whether the found number
of clusters with alignment signal are real or are a result of random distribution
of the galaxy PAs we applied non-parametric bootstrapping statistical test making
1000 simulations. The same statistical test was applied below for checking the
reality of the found alignments in other cluster samples.

The probability that in 43 clusters out of 73 the ratio N
h

 /N
s
 exceeds 2 is

real and is not a result of random distribution is 58.90% of success and a 95
percent confidence interval from 46.76% to 70.29% with a p-value = 0.01597.
The p-value or probability value (>0.05) is the probability of obtaining test results
at least as extreme, as the results actually observed during the test, assuming that
the null hypothesis is correct. Hence, the probability that the found galaxy
alignments at rings are real, is sufficiently high.

The orientations of 19 clusters with an alignment signal studied in this paper
were determined by Plionis [19]. In Fig.1 the distribution of PAs of galaxies in

Cluster I
PA

N
h

N
s 21)/( sh NN

A933 24-111 18 8 2.25
A1100 83-180 15 7 2.1
A1119 63-157 8 4 2.0
A1205 96-171 8 4 2.0
A1267 43-140 13 4 3.25
A1468 124-6 9 4 2.25
A1775 45-132 37 17 2.2
A1927 57-141 17 4 4.25
A2149 16-104 12 4 3.0

Table 4

THE LIST OF THE MILD ISOLATED CLUSTERS WITH THE
ALIGHNMENT SIGNAL FOR GALAXIES AT THE RING

WITH RADII 21  Mpc
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Fig.1. The comparison of the distribution of PAs of galaxies in clusters with the alignment
signal with the cluster PA from Plionis [19] shown by dotted line. In cases of A1783 and A2122
the interval of the errors of the PA of the large axes of the cluster are also shown.
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these clusters and the PAs of the cluster large axis determined by Plionis [19]
are shown. The PAs of the large axes of 14 clusters are within an interval of
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PAs of aligned galaxies. For 2 clusters, A1783 and A1812, the PA of their large
axes fall into the interval of PAs of aligned galaxies, if to take into account the
errors of the PA measurements [19] about 30o. The PAs of large axes of only
3 clusters, A1126, A1139, and A1812 are out of the 90o interval of the PAs of
galaxies with alignment signal. The probability of 16 chance coincidences out of
19 is sufficiently small, 0.01. Even with the exclusion of A1783 and A1812, the
probability of the chance coincidences of 14 out of 19 is still small, 0.02. The
coincidence of the cluster large axes orientation with the interval of PAs of the
majority of the cluster galaxies shows that the applied simple method for searching
the alignment of galaxies in clusters is reliable.

The results of counts in the outer ring of clusters with a smaller degree of
isolation and at the central area of strongly isolated clusters are presented
respectively in Table 4 and Table 5 identical to Table 3.

In the outer ring of clusters with a smaller degree of isolation the alignment signal
is found only for 8 out of 25 clusters, 32%. The probability that the found alignment
signal in the ring of 8 out of 25 clusters is real, is 32.00% of success with a 95
percent confidence interval from 14.94% to 53.50% with a p-value =  0.01078.

At the central region of strongly isolated clusters the alignment signal is found
for 27 clusters, 36%, out of the studied 73. The probability that the alignment
at the central area of clusters does not occur by chance and is real is 36.98%
of success with the 95 percent confidence interval from 25.97% to 49.08% and
p-value = 0.01442. Hence, the found alignment of galaxies in both cluster samples
are caused rather by random distribution of the galaxy PAs and are not real.

3.1. The dependence of the alignment on the cluster richness. The
alignment of galaxies could depend on the richness of clusters and/or on the absolute
magnitude of the observed galaxies, i.e. on the cluster redshift. In order to find
out whether the alignment signal depends on the cluster richness or distance we
split the list of 73 strongly isolated clusters into two parts: with low and high redshift
clusters, and also poor and rich ones. In the consecutive lanes of Table 6 the average
redshift z, the average number N2 of galaxies, the minimal absolute magnitude <M

r
>

in r-band for the average redshift, the number N
as
 of galaxies with alignment signal

and the ratio N
as /Nt

 of the number of clusters with alignment signal to the total
number of clusters are presented for nearby (column 2) and distant (column 3)
clusters. In Table 7 the same data are presented for samples of rich and poor
clusters.

Table 6 shows that difference between relative numbers of galaxies with
alignment signal in nearby and distant clusters is not high, although the distant
clusters are on average by 1.5 times farther and the limiting absolute M

r

magnitudes of galaxies in this clusters differ by about 1m. The average total
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numbers of galaxies in clusters of both samples also do not differ from each other
significantly. The relative number of nearby clusters with the alignment signal is
0.51 with 50.06% of success and 95 percent confidence interval from 38.71% to

Cluster I
PA

N
h

N
s 21)/( sh NN

A595 37-122 12 3 2.1
A660A 160-69 12 4 2.0
A695A 26-107 9 3 2.7
A727 16-106 22 17 2.8

A744A 2-86 7 3 4.5
A834 18-106 15 4 3.0

A1028A 1-89 9 4 2.25
A1126A 18-108 11 5 3.0
A1168 3-84 12 5 2.7

A1238A 102-10 23 7 2.75
A1371 39-121 18 7 2.0
A1541 64-144 25 7 2.5
A1552 131-41 24 12 2.2

A1564A 32-122 13 12 2.25
A1599A 100-3 7 3 2.0
A1616A 2-89 16 6 2.7
A1630A 7-96 7 4 2.6
A1692 9-96 17 9 3.0

A1750A 13-103 36 23 2.7
A1781A 68-156 19 7 2.1
A1812A 32-122 12 4 3.0
A2019A 75-156 9 4 2.7
A2048 0-90 19 14 2.1

A2082A 144-40 11 1 3.0
A2108 32-108 12 3 3.1

A2122A 51-141 22 11 2.2
A2205A 46-136 14 10 2.0

Table 5

THE LIST OF CLUSTERS WITH ALIGNED GALAXIES AT THE
CLUSTER CENTRAL REGION

Nearby clusters Distant clusters

<z> 0.0565 ± 0.0143 0.0860 ± 0.0066
<N2> 62 ± 30 50 ± 26
<M

r
> -19.09 -20.02

N
as

19 24
N

as /Nt
0.51 ± 0.12 0.65 ± 0.13

Table 6

THE PARAMETERS OF THE NEARBY AND DISTANT CLUSTERS
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62.59% with a p-value = 3.182e-03. The relative number of distant clusters with
the alignment signal is 0.65, with 64.38% of success and a 95 percent confidence
interval from 52.30% to 75.25% with a p-value = 1.818e-04.

The situation is different when we compare rich and poor clusters. Table 7
shows that the differences between the average redshifts and the limiting absolute
magnitudes M

r
 of these two samples are smaller in comparison to those in nearby

and distant clusters. However, the relative number of poor clusters with the
alignment signal is by about 2.6 times higher in comparison to rich ones. The
relative number of rich clusters with the alignment signal is 0.40 with 39.72%
of success and a 95 percent confidence interval from 28.45% to 51.85% with a
p-value = 1.173e-02. The relative number of poor clusters with the alignment signal
is 0.76 with 75.34% of success and a 95 percent confidence interval from 63.85%
to 84.68% with a p-value = 1.514e-15. Thus, in poor clusters the probability of
the reality of the found alignment is sufficiently high, about 80%.

4. Discussion and conclusions. By study of the distribution of PAs of
galaxies in the ring with radii 21  Mps of 73 strongly isolated clusters the
alignment signal is found in 43 clusters, i.e. in about 60%. Such high number
of clusters with aligned galaxies may not be caused by a chance distribution of
the galaxy PAs. Among the less isolated clusters and in the central dense area
of clusters with 1 Mpc radius the alignment signal is found respectively in about
37% and 29% of clusters, that is close to the expected number of a chance
occurrence of the alignment signal, the ratio N

h
 /N

s
 > 2. The separate analysis of

clusters of different richnesses and distances showed that the alignment depends
on the cluster richness. Alignment is found in about 75% of poor clusters with
on average 35 galaxies within 2 Mpc. The probability that this is not due by a
random distribution of the galaxy PAs is sufficiently high. This evidences in favor
of the pancake scenario [1,2] of the cluster formation. If so, clusters could preserve
the angular momentum of the primordial gas cloud.

Rich clusters Poor clusters

z 0.0655 ± 0.0207 0.0774 ± 0.0143
<N2> 77 ± 25 35 ± 9
<M

r
> -19.47 -19.78

N
as

15 28
N

as /Nt
0.40 ± 0.10 0.76 ± 0.14

Table 7

THE PARAMETERS OF POOR AND RICH CLUSTERS



518 H.M.TOVMASSIAN,  J.P.TORRES-PAPAQUI

According to Miller & Smith [4], Salvador-Sole & Solanes [5] Usami &
Fujimoto [6], the galaxies could as well be aligned in the hierarchical scenario
due to the tidal field of the cluster. However, the tidal field of the cluster would
apparently be more effective in rich clusters with higher mass and the alignment
would be observed in rich clusters. Whereas, we found the opposite.

During the cluster evolution the primordial alignment of galaxies could be
altered. The alignment rate will decrease in the result the gravitational influence
of nearby clusters and mutual interactions between galaxies. Apparently the rate
of interactions is higher in rich clusters and especially at the cluster dense central
regions. The gravitational influence would apparently have a smaller effect on the
orientation of massive galaxies. Therefore, the alignment of only very massive
BCGs (cDs) has been found with the cluster orientation [7-10,17-22]. The
inclusion to the cluster content the faint field galaxies by the hierarchical assembly
([39] and references therein) with arbitrary orientations will certainly decrease the
relative number of aligned galaxies. The poorer is the cluster, i.e. the less massive
it is, the smaller amount of field galaxies would be assembled. Thus, the primordial
alignment is better preserved in poor clusters, in which both reasons for altering
it, interactions between galaxies and assembly of the field galaxies, are less effective.
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Î ÍÀÏÐÀÂËÅÍÍÎÑÒÈ ÃÀËÀÊÒÈÊ Â ÑÊÎÏËÅÍÈßÕ

Ã.Ì.ÒÎÂÌÀÑßÍ1, Õ.-Ï.ÒÎÐÐÅÑ-ÏÀÏÀÊÈ2

Â ðàáîòå ïðèâîäÿòñÿ èññëåäîâàíèå ðàñïðåäåëåíèÿ ïîçèöèîííûõ óãëîâ
ãàëàêòèê â ñêîïëåíèÿõ. Áûëè îòîáðàíû èçîëèðîâàííûå ãàëàêòèêè, ïîñêîëüêó
îðèåíòàöèè ãàëàêòèê â ñêîïëåíèÿõ ñ áëèçêèìè ñîñåäÿìè áóäóò èçìåíåíû èç-
çà ãðàâèòàöèîííîãî âîçäåéñòâèÿ ïîñëåäíèõ. Ïðåäïîëîãàåòñÿ, ÷òî ãàëàêòèêè
èìåþò îáùóþ íàïðàâëåííîñòü, åñëè èõ êîëè÷åñòâî â îäíîì 90-ãðàäóñíîì
èíòåðâàëå áîëåå äâóõ ðàç ïðåâûøàåò èõ êîëè÷åñòâî â äðóãîì 90-ãðàäóñíîì
èíòåðâàëå. Ïðîâåäåíû èññëåäîâàíèÿ ðàñïðåäåëåíèÿ ïîçèöèîííûõ óãëîâ ãàëàêòèê
âî âíåøíèõ îáëàñòÿõ ñêîïëåíèé, ãäå âåðîÿòíîñòü èçìåíåíèÿ ïîçèöèîííûõ
óãëîâ â ðåçóëüòàòå âçàèìîäåéñòâèÿ ñ äðóãèìè ãàëàêòèêàìè ìåíüøå, ÷åì â
áîëåå ïëîòíûõ öåíòðàëüíûõ îáëàñòÿõ. Îáíàðóæåíî, ÷òî íàïðàâëåííîñòü
ãàëàêòèê ÷àùå íàáëþäàåòñÿ â áåäíûõ ñêîïëåíèÿõ, ÷òî ãàëàêòèêè ïåðâîíà÷àëüíî
èìåëè îáùóþ íàïðàâëåííîñòü, îäíàêî ñ òå÷åíèåì âðåìåíè â ðåçóëüòàòå
àêêðåöèè ãàëàêòèê ïîëÿ ñ ïðîèçâîëüíûìè îðèåíòàöèÿìè, à òàêæå èç-çà
âçàèìíîãî âîçäåéñòâèÿ ñ äðóãèìè ãàëàêòèêàìè, êîëè÷åñòâî ãàëàêòèê, èìåþùèõ
îáùóþ íàïðàâëåííîñòü, óìåíüøàåòñÿ.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: ñêîïëåíèÿ - ãàëàêòèêè: íàïðàâëåííîñòü - ãàëàêòèêè
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We report the results of broadband observations of distant blazar PKS 0537-286 ( 13.z )
using data spanning more than ten years from the Fermi Large Area Telescope together with Swift
UVOT/XRT archival data taken between 2005 and 2017. In the  -ray band, the peak flux above
100 MeV, 

710)560236( 
  ..F photon cm-2

 s-1 observed on MJD 57874 within one week, cor-
responds to 4910462  .L erg s-1 isotropic  -ray luminosity. The Swift XRT data analyses show
that the X-ray emission is characterized by a significantly hard photon index, 31ray-X . , and an
X-ray flux of 

12104  erg cm-2
 s-1, which is almost constant over twelve years. The spectral energy

distribution is modeled within one-zone leptonic models assuming the emission region is within the
broad-line region. The observed X-ray and  -ray data are modeled as inverse Compton scattering
of (i) only synchrotron photons and (ii) synchrotron and external photons on the electron population
that produces the radio-to-optical emission. The modeling shows that the nonthermal electrons in
the jet of PKS 0537-286 have a hard power-law index (<1.9) and that the jet should be particle
dominated with a luminosity within 1045-1046

 erg s-1.

Keywords: PKS 0537-286:  -rays: blazars

1. Introduction. The recent observations in the High Energy  -ray band
(HE >100 MeV) show that the extragalactic  -ray sky is dominated by the
emission from Active Galactic Nuclei (AGN) of different types [1]. Interestingly,
the  -ray emission was observed not only from the most extreme subclass of
AGNs (blazars) but also from radio galaxies [2-5] and Seyfert galaxies [6]. This
provides an exceptional chance to investigate the relativistic processes under
different conditions.

In the unification scheme of AGNs [7], blazars are a subclass of AGNs with
relativistic jets oriented close to our line of sight. Blazars are known to emit
electromagnetic emission ranging from radio to very high energy  -ray bands
(VHE > 100 GeV) which is characterized by high amplitude and short time scale
variability. The most extreme time scale variability is observed in the HE and
VHE  -ray bands when the flux amplification time scale can be as short as
minute scales (e.g., [8-10]). Depending on the emission line properties, blazars
are usually sub-grouped into flat spectrum radio quasars (FSRQs) and BL Lac
objects, where BL Lacs have no or weak emission lines, while in FSRQs the
emission lines are stronger and quasar-like [7]. Blazars being powerful sources were
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always considered as effective neutrino emitters. This association was strengthened
by the recent association of TXS 0506+056 with the neutrino event IceCube-
170922A [11-13] which opened new perspectives for studying blazars, using
multimessenger data (e.g., [14-18]).

The blazar spectral energy distribution (SED) is characterized by two broad
peaks of which the lower energy (IR/optical/UV/) one is due to the synchrotron
emission of electrons in the jet while the origin of the second peak (at HE  -
ray band) is unknown. It is commonly described by inverse Compton scattering
of the synchrotron photons or photons external to the jet (e.g., for the modeling
of the SED of several well-known blazars see [19-22]). The exact nature of the
photon fields depends on the localization of the emission region, which is
unknown [23].

Due to the small inclination angle and large bulk motion, the emission from
blazars is significantly amplified by relativistic beaming because of which the
blazars are observed even at very high redshifts. For example, in the fourth catalog
of AGNs detected by the Fermi Large Area Telescope (Fermi-LAT), the most
distant blazar observed to date is GB 1508+5714 at 14.z   [24]. At this distance,
the source should be extremely powerful and extremely efficient to emit detectable
electromagnetic flux. These objects typically host a black hole with a mass of

M
910 , so it is important to investigate them to understand the extreme

environments around supermassive black holes. Also for the high redshift blazars,
the produced  -rays during their propagation can be absorbed due to the
interaction with the extragalactic background light (EBL) photons, so the observed
flux could help measure the density of EBL. So the distant blazars are ideal targets
not only for studying the physical processes in the extreme conditions but also
for understanding the structure and evolution of the Universe.

PKS 0537-286, at 1043.z  , is a luminous blazar included in the fourth catalog
of AGNs detected by Fermi-LAT. It has been frequently observed in the X-ray
band with various instruments (ASCA [25], ROSAT [26], XMM [27]) which
showed that it is a very bright source with a luminosity of 4710rayxL erg s-1

between 0.1-1 keV. Considering multiple observations of PKS 0537-286 with the
Neil Gehrels Swift observatory (Swift) carried out between 2005 and 2017 which
provide data in both optical/UV and X-ray bands as well as more than ten years
of data in the  -ray band accumulated by Fermi-LAT, PKS 0537-286 has
become an ideal object for exploring the physics of distant blazars. This motivated
us to look at the origin of the multiwavelength emission from PKS 0537-286 from
a new standpoint.

The paper is structured as follows. The results of the X-ray and  -ray data
analyses are presented in Section 2. The modeling of broadband SED is discussed
in Section 3. Discussion and conclusions are presented in Section 4.
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2. Multiwavelength Observations and data analysis . The observation
of blazars in the multiwavelength bands provides information not only on their
emission properties in the single bands but also are crucial for understanding the
physics of jets through the theoretical modeling of the observed data. In this paper,
the origin of the multiwavelength emission from PKS 0537-286 is studied by
analyzing Swift UVOT/XRT and Fermi-LAT data.

2.1. Swift telescope observations of PKS 0537-286 . Swift [28]

observed PKS 0537-286 16 times between 2005 and 2017. All UVOT and XRT

data, expect ObsidID 30816011 with an extremely short exposure (159.4 sec), were
extracted and analyzed. The XRT exposures range from 0.11 ks (ObsID 30816011)
to 14.87 ks (ObsID 35240002), and all the observations were made in the photon
counting mode and no evidence of pile-up was found. The XRT data were first
calibrated and cleaned with standard filtering criteria using the most recent calibra-
tion databases with the xrtpipeline software module distributed with the XRT Data
Analysis Software (version v3.5.0). Events for the spectral analysis were selected
within a 20-pixel (47") circle with the source at the center, while the background
region had an annulus with the same center and inner and outer radii of 51 (120")
and 85 pixels (200"), respectively. As the count rate in most of the observations
was low, the Cash statistics [29] on ungrouped data was used. Spectral analysis was
performed using XSPEC version 12.10.1. The spectra were fitted with an absorbed
power-law model in the energy range from 0.3 keV to 10 keV with a neutral
hydrogen column density fixed to its Galactic value of 20

H 10222  .N cm-2. The
results are given in Table 1 where for each observation, the ObisdID, date, exposure,
photon index  , flux and C-stat/d.o.f. are provided. The X-ray flux (0.3-10 keV)
varies in the narrow range of   1210584013  ..F  erg cm-2

 s-1 being almost
constant during the twelve years of observation of PKS 0537-286. Interestingly, the
X-ray emission is characterized by a substantially hard photon index of <1.3 which
implies that in  F  representation the X-ray spectrum has an increasing shape.

Considering only the observations with counts >100, which allow confidential
estimation of the parameters, the hardest photon index is 1.03 ± 0.19 observed on
May 12, 2017.

The data from the Swift UVOT observations were used to estimate the fluxes
of the source in the optical and UV bands. The UVOT observation takes data
in six bands, UVW2 (188 nm), UVM2 (217 nm), UVW1 (251 nm), U (345 nm),
B (439 nm) and V (544 nm). The source counts were extracted from an aperture
of 5".0 radius around the source. The background counts were taken from the
neighboring circular region having a radius of 20" located close to the source region
and not being contaminated with any signal from the nearby sources. Uvotsource
tool was used to convert the source counts into fluxes using the conversion factors
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provided in [30]. The data were corrected for dust contamination using the
reddening coefficient E(B - V) from the infrared science archive1. Initially, all
observations were processed and no variability in a single filter was found. For
most of the observations, in several filters, the counts were not enough to measure
the source magnitude and only for ObsidIDs 30816008, 30816009 and 3524002
five filters were available. The Swift UVOT observations of PKS 0537-286 in
magnitudes for these ObsidIDs are given below Table 1 (last lines).

2.2. Fermi LAT observations of PKS 0537-286 . Fermi-LAT is a pair
conversation telescope sensitive to the photons in the energy range from 100 MeV
to 300 GeV [31]. Launched on June 11, 2008, it is always on survey mode since
August 2008 and scans the entire sky every three hours, providing the deepest view
of the HE  -ray sky.

Obs. ID Date Exp. Time (s) a Fluxb C
stat

 (d.o.f.)

30816001 Oct 27, 2006 3040 1.09 ± 0.17 4.18 ± 0.74 1.07 (156)
30816003 Oct 30, 2006 3894 1.33 ± 0.13 4.09 ± 0.55 1.12 (197)
30816004 Oct 31, 2006 4425 1.27 ± 0.14 3.62 ± 0.50 0.97 (201)
30816005 Feb 10, 2008 6708 1.10 ± 0.11 4.58 ± 0.42 1.23 (278)
30816006 Feb 12, 2008 5274 1.01 ± 0.13 4.14 ± 0.57 1.11 (226)
30816007 Feb 14, 2008 4822 1.11 ± 0.13 4.16 ± 0.57 1.14 (215)
30816008 Oct 07, 2008 1593 1.04 ± 0.29 3.29 ± 0.98 0.68 (65)
30816009 Mar 12, 2010 1076 1.00 ± 0.34 3.82 ± 1.34 0.91(51)
30816010 Mar 12, 2010 2018 0.93 ± 0.32 2.07 ± 0.69 1.28(49)
30816012 Sep 06, 2011 3931 1.06 ± 0.18 3.01 ± 0.57 0.86(135)
35240001 Nov 23, 2005 9038 1.17 ± 0.10 3.51 ± 0.37 0.87(306)
35240002 Dec 8, 2005 14750 1.13 ± 0.08 3.84 ± 0.40 1.08(407)
36783001 May 17, 2007 5414 1.32 ± 0.11 4.20 ± 0.48 1.12(257)
36783002 May 10, 2017 1933 1.28 ± 0.20 4.28 ± 0.87 1.09(116)
36783003 May 12, 2017 2238 1.03 ± 0.19 4.52 ± 0.91 0.98(123)

              Swift UVOT

U W1 M2 B V

30816008 20.8 ± 1.2 21.5 ± 1.8 21.9 ± 4.4 19.7 ± 0.4 19.3 ± 0.6
30816009 21.0 ± 1.0 20.2 ± 0.5 21.0 ± 0.9 20.0 ± 0.3 18.7 ± 0.3
35240002 20.8 ± 0.1 22.0 ± 2.1 21.3 ± 1.1 19.5 ± 0.3 18.8 ± 0.3

1 https://irsa.ipac.caltech.edu/applications/DUST/

Notes: a Photon index from X-ray data analysis. b X-ray flux in the energy range 0.3-10 keV
in units of 1210  erg cm-2

 s-1 (corrected for the Galactic absorption).

Table 1

FITTING RESULTS OF THE DATA OBTAINED BY THE XRT
INSTRUMENT ON BOARD SWIFT
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In this paper, the publicly available Fermi-LAT data accumulated from 4th August
2008 to 4th August 2018 (ten years) were downloaded and analyzed. The past 8 events
in the energy range from 100 MeV to 500 GeV with the highest probability of being
photons ("event class = 128" and "evtype = 3") were analyzed with the Fermi Sciences
Tools 1.2.1 software package. The photons from the 12o region centered on the
 -ray position of PKS 0537-286 (RA, Dec) = (84.99, -28.66) were downloaded and
binned into a .916.916 oo   square region of interest (ROI) with a stereographic
projection into pixels of .10.10 oo   and into 35 equal logarithmically-spaced energy
bins using gtbin tool. The standard binned likelihood analysis was performed following
the recommendation by Fermi-LAT collaboration, and the results were compared by
performing the same analysis using Fermipy and Enrico python packages. The fitting
model includes diffuse emission components and  -ray sources within ROI (the
model file is created based on the most recent 4FGL [1]). The Galactic and
isotropic  -ray backgrounds were modeled using the standard gll_iem_v06 and
iso_P8R2_SOURCE_V6_v06 models. During the fit, the normalization of back-
ground models, as well as fluxes and spectral indices of the sources within ROI,
are left as free parameters.

The time-averaged  -ray spectrum of PKS 0537-286 was first modeled using a
log-parabola [32] as in 4FGL then assuming a power-law shape. The latter will be
used in the light-curve and the SED calculations. As when shorter periods or narrow
energy intervals are used a power-law can be a good approximation of the spectrum.
When log-parabola is considered, the spectrum of PKS 0537-286 is best described
when 030702 ..   and 030090 ..   with the corresponding integral flux of

  810150194 
  ..F photon cm-2

 s-1. The Test Statistics (TS),  0loglog2 LLTS  ,

Fig.1. The  -ray light curve and the photon index. The light curves were calculated using 30-
day bins. For clarity, the periods with the upper limits are not shown.
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where L and L0 are the likelihoods with or without the source, is TS = 1824.5 above
100 MeV, corresponding to a  742.  detection significance. The  -ray flux of PKS
0537-286 is impressive when considering its distance ( 13.z  ). The spectral param-
eters, when the power-law model is considered, are   810190404 

  ..F photon cm-

2
 s-1 and 030732 ..  . This power-law model was used to compute the spectrum
of PKS 0537-286 by separately running gtlike for 6 energy bands (Fig.2).

The  -ray flux and photon evolution in time were investigated by generating
the light curves using the unbinned likelihood analysis method implemented in the
gtlike tool. The flux and photon index were measured in each time interval,
restricting the energy range to (0.1-300) GeV and assuming a power-law spectrum
for PKS 0537-286. To reduce the uncertainties in the estimations, the photon
indices of all background sources (except PKS 0537-286) are fixed to the best guess
values obtained in the analysis of the entire 10 years of data. Since no variability
is expected for the background diffuse emission, the normalization of both back-
ground components is also fixed to the values obtained for the whole period.

Fig.2. The broadband SED of PKS 0537-286. Upper panel: The modeling considering only the SSC
model. Lower panel: The modeling considering both synchrotron (SSC) and external photons (EIC).
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Initially, the light curves were generated using a 7-day time binning. There is
clear evidence of flux variation in short time scales, although in many periods only
upper limits TS < 16 are derived. The highest flux measured in week scale is
  710560236  ..  photon cm-2

 s-1, which nearly 15 times exceeds the average flux
reported above. This flux was observed during the major flare that occurred around
MJD 57874. However, the light curve contains a large number of periods with only
upper limits, which prevents the detailed study of the variability in short time scales.
For a more quantitative investigation of the evolution of the  -ray flux in time, the
light curve is generated with a month time binning (Fig.1).  Again, a clear indication
of flux variability is evident with several times when the flux was above 10-7

 photon
cm-2

 s-1. One of such periods starts from MJD 56272 and lasts for 30 days. The
highest flux corresponds to   710190322  ..  photon cm-2

 s-1 observed during the
major flare mentioned above. The photon index does not show significant changes,
most of the time it varying in the range of >2.5. These analyses show that the
 -ray emission from PKS 0537-286 is variable in both short and long time scales.

3. Broadband SEDs. The broadband observations of blazars are unique
tools to explore their physics. The data ranging from radio to VHE  -ray band
can allow to probe the physical processes at large energy intervals and to estimate
several important parameters of the jet. The multiwavelength archival data from
the observation of PKS 0537-286 are shown in Fig.2 with gray color. As has
been discussed in the previous section, there is no variability in the X-ray band
and the data are not enough for searching variability in the optical/UV bands.
To increase the statistics, all the Swift observations were merged and analyzed
which provides the fluxes in the mentioned bands. These data are shown in Fig.2
with squares and triangles respectively. Since there are no simultaneous multiwave-
length data available for testing PKS 0537-286 jet physics in different periods,
and as the main purpose of the current paper is to estimate the main parameters
of the jet of PKS 0537-286 in the average state, even if the  -ray emission varies
in some periods, the  -ray flux averaged over 10 years of observations was used
in the modeling (black circles in Fig.2).

3.1. Modeling of the SED. The SED shown in Fig.2 has a typical double-
peaked structure. The low-energy peak (from radio to optical/UV) is most likely
due to the non-thermal synchrotron emission of relativistic electrons, while the
second component can be produced from the Inverse Compton (IC) scattering of
low energy synchrotron photons (Synchrotron Self Compton; SSC) [33-35] or
scattering of photons external to the jet (External Compton (EIC). The external
photon field can be either the photons reflected by Broad Line Region (BLR)
clouds [36] or by photons from a dusty torus [37,38]. Domination of one of the
components mostly depends on the localization of the emitting region, which is
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unknown. Thus, in the modeling, both photons fields are considered for modeling
the HE component in the SED of PKS 0537-286.

In the modeling, it is assumed that the multiwavelength emission is produced
in a single zone (one-zone scenarios). The emission region is a spherical blob
moving relativistically along the jet with a bulk Lorentz factor of jet . The
produced emission will be Doppler boosted with   1

jet cos1  , where   is
the angle between the direction of observation and the axis of the jet. In this
work, we assume 20 , which is typical for the bright blazars. The blob has
tangled magnetic field with the magnitude of B and it is filled with nonthermal
electrons which have a power-law with exponential cut-off distribution given by

     cuteeee NN   -exp0 (1)

between min  and max , and N0 defines the total energy of the electrons U
e
. The

electrons with the energy distribution given by Eq. (1), under the magnetic field
will produce synchrotron emission which can explain the observed low energy
component.

The produced synchrotron photons can serve as the target photon field for the
IC scattering. In addition to these photons, it is assumed, that the emission region
is within the broad BLR and the disc photons reflected from the BLR clouds can
also be IC up-scattered and explain the observed HE component. The density of
the BLR photons, 24 BLRdiscBLR RLu  , depends on the disc luminosity L

disc
, on

the fraction of the photons reflected from BLR ( 10. ) and on the radius of BLR
(R

BLR
) for which a relation of  4517 1010 discBLR LR   cm is assumed [38]. The disc

luminosity is constrained by fitting a blackbody to the UV excess (Fig.2), which
is likely caused by direct thermal emission from the accretion disc.

Using the observed data, additional constraints on the model parameters can
be derived. For example, knowing the variability, the limit on the blob radius
can be imposed from the relation   1610361  .zctR  cm. Also, knowing the
peak of the low and high energy components, additional constraints on the
magnetic field and blob radius can be derived. All the parameters constrained from
the observations are given as initial values for the parameter search, and through
minuit optimization parameters best describing the data are obtained2.

3.2. Modeling results. The SED modeling results are shown in Fig.2. The
radio data are treated as upper limits during the modeling, as the emission in
this band is produced from the low-energy electrons, which can propagate longer
and are perhaps from more extended regions. Initially, the SED is modeled
assuming that only synchrotron photons are inverse Compton up-scattered to higher
energies, neglecting the external photons (solid line in Fig.2 upper panel). As the

2 The fit is done using jetset package (https://jetset.readthedocs.io/en/latest/).
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X-ray data are defining the low-energy tail of the SSC components, it allows to
estimate 481. . For a softer power-law index of electrons, the rising shape of
the X-ray data cannot be reproduced. The cut-off energy of electrons  is 45138.cut 
well defined by the peak of the HE component. The minimum energy of the
electrons was estimated to be at 347.min  , and the magnetic field B = 44.8 mG
to have an energy density of 51008  .U B erg cm-3. The modeling also allows to
estimate the jet power in the form of the magnetic field and electron kinetic energy,
calculated by BbB UcRL 22   and ebe UcRL 22  , respectively. The jet power
in electrons is  and that in the magnetic field is 4610051 . erg s-1. The jet is strongly
particle dominated, required to explain the dominance of the HE component.

The results of the SED modeling when both internal and external photons
are considered (SSC+EIC) is shown in Fig.2 (lower panel). The direct disc
emission peaking at UV band (dashed line) is shown with a blackbody luminosity

461074 .  erg s-1 found by data fitting. In this case, the IC scattering of the
synchrotron photons explains the observed X-ray flux while the  -ray data are
due to IC up-scattering of BLR photons. Since the averaged energy of BLR
reflected photons exceeds the synchrotron ones, this results in lower cut-off energy
of the electrons 6694.cut  . In this case, again the X-ray data (at least lower
part) are modeled by SSC which defines the power-law index of the electrons

951. . We note that a harder power-law index will better explain the hard
X-ray data but it will increase also the energy of electrons and the predicted
emission in the  -ray band will overshoot the observed  -ray data. The estimated
magnetic field B = 0.81 G is higher than in the case of pure SSC modeling yielding
to 28Be UU , which makes the system closer to the equipartition condition
( 1Be UU ). The jet energy carried by particles (electrons) and the magnetic field
corresponds to 4510551 . erg s-1 and 4310515 . erg s-1, respectively.

4. Discussion and Conclusion. We report on the results of the mul-
tiwavelength observations of PKS 0537-286. Being among the most distant blazars
observed in the  -ray band ( 13.z  ), PKS 0537-286 is an interesting target not
only for investigating the physics of blazars in general but also it can provide
information on the environment of supermassive black holes in the early Universe.

Swift XRT observations of PKS 0537-286 in different years show that its X-ray
emission is nearly constant, changing in a narrow interval of   12

rayX 10584013 
  ..F

erg cm-2
 s-1. The X-ray emission is characterized by a remarkably hard photon

index, 31ray-X .  which indicates that the second component in the SED,
although having a peak below the  -ray band, energetically dominates. In the
Swift UVOT observations, all filters are not always available which prevents
detailed variability studies in the optical band. In the available filters, the flux was
estimated to be of the order of 1210  erg cm-2

 s-1 which is the same order as
the reported archival flux of PKS 0537-286.
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Though its large distance (26.9 Gpc), PKS 0537-286 is a bright source in the
 -ray band. Its averaged  -ray spectrum is best described with a log-parabolic
model with 00702 ..  , 030090 ..   and   810150194 

  ..F photon cm-

2
 s-1. The temporal analyses of the  -ray data show that the source is variable both
in short and long time scales. For example, during a week around MJD 57874,
the source flux significantly increased up to   710560236  ..  photon cm-2

 s-1 with
a photon index of 2.53 ± 0.09. Using the distance of PKS 0537-286, the averaged
flux corresponds to 4810441  .L erg s-1 which increases to 4910462  .L erg s-1

during the flare. Yet, considering 20 , the total power emitted in the  -ray band
in the proper frame of the jet is 452

 , 10812   .LLem erg s-1 during the quiescent
state and 46

 , 1013  .Lem erg s-1 during the flare.
The multiwavelength SED of PKS 0537-286 was modeled within one-zone

synchrotron/SSC and SSC+EIC scenarios. When only the synchrotron photons
are considered for the IC scattering, the data can be reproduced when the energy
distribution of the emitted nonthermal electrons has a hard power-law index

481.  which extends up to 45138.cut  . As the second peak energetically
dominates, the emission region in the jet should be strongly particle dominated

41042  .UU Be  and the total luminosity of the jet 4610  erg s-1 be carried by
the particles. Alternatively, when the contribution from BLR reflected photons is
considered, the required parameters are more relaxed. For example, 951. ,  and

6694.cut   the system is not far from the equipartition condition 28Be UU .
This modeling has an advantage considering the required total jet power (the total
luminosity of the jet is 4510601  .  erg s-1) but it fails to well reproduce the
observed hard X-ray data. We note, however, that the luminosity estimated in the
previous case is well within the range of luminosities usually estimated for FSRQs.

The multiwavelength studies of distant blazar PKS 0537-286 show that it is
a powerful emitter in the X-ray and  -ray bands. The integrated luminosity of
these components exceeds that of the low-energy component (from radio to optical
bands). Through theoretical modeling of the SED several parameters were con-
strained which allowed a quantitative evaluation of the source parameters/properties.
Considering the significant number (>100) of high redshift blazars ( 02.z  )
detected in the HE  -ray band, their detailed multiwavelength study can shed
light on the understanding of the objects in the distant Universe.
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ÌÍÎÃÎÂÎËÍÎÂÎÅ ÈÇÓ×ÅÍÈÅ ÄÀËÅÊÎÃÎ
ÁËÀÇÀÐÀ PKS 0537-286

Í.ÑÀÀÊßÍ1,2, Ä.ÈÑÐÀÅËßÍ1, Ã.ÀÐÓÒÞÍßÍ1

Ïðåäñòàâëåíû ðåçóëüòàòû ìíîãîâîëíîâûõ íàáëþäåíèé äàëåêîãî áëàçàðà
PKS 0537-286 ( 13.z  ). Èñïîëüçîâàíû äàííûå, íàêîïëåííûå â òå÷åíèå áîëåå
÷åì äåñÿòè ëåò òåëåñêîïîì Fermi-LAT âìåñòå ñ àðõèâíûìè äàííûìè Swift
UVOT/XRT, çà ïåðèîä 2005-2017ãã. Â  -äèàïàçîíå âûøå 100 ÌýÂ ìàêñè-
ìàëüíûé ïîòîê áûë ðåãèñòðèðîâàí 30.04.2017 â òå÷åíèå îäíîé íåäåëè

  710560236 
  ..F  photon cm-2

 s-1, ÷òî ñîîòâåòñòâóåò 4910462  .L ýðã ñ-1

èçîòðîïíîé ñâåòèìîñòè. Àíàëèç äàííûõ Swift XRT ïîêàçûâàåò, ÷òî
ðåíòãåíîâñêîå èçëó÷åíèå õàðàêòåðèçóåòñÿ çíà÷èòåëüíî æåñòêèì ôîòîííûì
èíäåêñîì 31ray-X . , à åãî ïîòîê ñîñòàâëÿåò 12-104  ýðã ñì-2

 ñ-1, îñòàâàÿñü
ïî÷òè ïîñòîÿííûì íà ïðîòÿæåíèè äâåíàäöàòè ëåò. Ñïåêòðàëüíîå ðàñïðåäåëåíèå
ýíåðãèè ìîäåëèðîâàíà â ðàìêàõ îäíîçîííîé ëåïòîííîé ìîäåëè, ïðè ïðåäïî-
ëîæåíèè, ÷òî îáëàñòü èçëó÷åíèÿ íàõîäèòñÿ â îáëàñòè øèðîêîé ëèíèè.
Íàáëþäàåìûå ðåíòãåíîâñêèå è äàííûå ìîäåëèðîâàíû ñ ïðèâëå÷åíèåì îáðàòíîãî
êîìïòîíîâñêîãî ðàññåÿíèÿ à) òîëüêî ñèíõðîòðîííûõ ôîòîíîâ è á) ñèíõðî-
òðîííûõ è âíåøíèõ ôîòîíîâ íà ïîïóëÿöèè ýëåêòðîíîâ, êîòîðàÿ èçëó÷àåò îò
ðàäèî äî îïòè÷åñêîãî äèàïàçîíà. Ìîäåëèðîâàíèå ïîêàçûâàåò, ÷òî à) â ñòðóå
ñî ñâåòèìîñòüþ ìåæäó 1045

 - 1046
 ýðã ñ-1 äîëæíû äîìèíèðîâàòü ÷àñòèöû, á)

íåòåïëîâûå ýëåêòðîíû â ñòðóå PKS 0537-286 èìåþò æåñòêèé ñòåïåííîé
èíäåêñ (<1.9).

Êëþ÷åâûå ñëîâà: PKS 0537-286:  -èçëó÷åíèå: áëàçàðû
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ÏÏÍ ÄÂÈÆÅÍÈÅ S-ÇÂÅÇÄ ÂÎÊÐÓÃ SGR A*

Ð.È.ÃÀÉÍÓÒÄÈÍÎÂ1.2

Ïîñòóïèëà 1 ìàðòà 2020
Ïðèíÿòà ê ïå÷àòè 26 àâãóñòà 2020

Â äàííîé ðàáîòå ðàññìîòðåíû óðàâíåíèÿ äâèæåíèÿ â ðàìêàõ ïàðàìåòðèçîâàííîãî
ïîñò-íüþòîíîâñêîãî (ÏÏÍ) ôîðìàëèçìà äëÿ íåñêîëüêèõ S-çâåçä, áëèæàéøèõ ê ðåëÿòèâèñòñêè
êîìïàêòíîìó îáúåêòó Sgr A* â öåíòðå Ãàëàêòèêè. Ó÷òåí ýôôåêò ðàçíèöû ïåðèîäîâ ìåæäó
íüþòîíîâñêèìè è ïîñò-íüþòîíîâñêèìè îðáèòàìè. Ïåðèîä ëó÷øåé àïïðîêñèìèðóþùåé
ÏÍ-îðáèòû çâåçäû S2 ïðåâîñõîäèò ïåðèîä íüþòîíîâñêîé îðáèòû íà 16 äíåé. Èçìåðåíû
ÏÏÍ ïàðàìåòðû PPN  è PPN . Äëÿ ôèòòèíãà òðàåêòîðèé ÏÏÍ äâèæåíèÿ èñïîëüçîâàíû
áàéåñîâñêèå ìåòîäû. Ïîëó÷åíû ïîñòåðèîðíûå îöåíêè PPN  è PPN : 420

650970 .
.. 

  è 460
600810 .
.. 

 ,
ñîîòâåòñòâåííî. Ðåçóëüòàò ïîäòâåðæäàåò ïðåäñêàçàíèÿ îáùåé òåîðèè îòíîñèòåëüíîñòè äëÿ
ïîñò-íüþòîíîâñêèõ óðàâíåíèé äâèæåíèÿ â óñëîâèÿõ áëèçîñòè ê Sgr A*.

Êëþ÷åâûå ñëîâà: ãàëàêòè÷åñêèé öåíòð: S-çâåçäû: ðåëÿòèâèñòñêàÿ íåáåñíàÿ
       ìåõàíèêà: ãðàâèòàöèÿ: ïîñò-íüþòîíîâñêîå ïðèáëèæåíèå:
      ïàðàìåòðèçîâàííûé ïîñò-íüþòîíîâñêèé ôîðìàëèçì

1. Ââåäåíèå. S-çâåçäàìè íàçûâàþò ñêîïëåíèå çâåçä, äâèæóùèõñÿ âîêðóã
ðåëÿòèâèñòñêè êîìïàêòíîãî îáúåêòà Sgr A* â öåíòðå Ãàëàêòèêè. Áîëüøàÿ ÷àñòü
ýòèõ çâåçä èìååò îðáèòû ñ âûñîêèìè ýêñöåíòðèñèòåòàìè. Òàêèì îáðàçîì, îíè
äîñòèãàþò âûñîêèõ ñêîðîñòåé â ïåðèöåíòðå (~0.01 ñêîðîñòè ñâåòà). Áëàãîäàðÿ
ýòîìó, à òàêæå áëèçîñòè ê ñâåðõìàññèâíîìó îáúåêòó, ñêîïëåíèå S-çâåçä ÿâëÿåòñÿ
óíèêàëüíûì íàáëþäàåìûì îáðàçîâàíèåì äëÿ èññëåäîâàíèé. Äëÿ S-çâåçä
âåëè÷èíû 22 c  è 2cN  èìåþò ïîðÿäêè ~10-4, â òî âðåìÿ êàê äëÿ äâîéíûõ
ñèñòåì íåéòðîííûõ çâåçä îíè ñîñòàâëÿþò ~10-6. Òàêèì îáðàçîì, ïîñò-
íüþòîíîâñêèå îðáèòàëüíûå ïîïðàâêè S-çâåçä ÿâëÿþòñÿ òåñòîì äëÿ íîâîé
îáëàñòè ýôôåêòîâ ðåëÿòèâèñòñêîé ãðàâèòàöèè. Ìû ðàññìàòðèâàåì ïðèìåíåíèå
ïîñò-íüþòîíîâñêèõ çàêîíîâ îðáèòàëüíîãî äâèæåíèÿ, à òàêæå âèçóàëüíûå
ðàçëè÷èÿ îò íüþòîíîâñêèõ. Ïîñò-íüþòîíîâñêèå ýôôåêòû òàêæå ìîãóò áûòü
èñïîëüçîâàíû äëÿ ïðîâåðêè ðàçëè÷íûõ òåîðèé ãðàâèòàöèè. Â äàííîé ðàáîòå
ïîëó÷åíà îöåíêà äëÿ ïîñò-íüþòîíîâñêèõ ïàðàìåòðîâ (ÏÏÍ ïàðàìåòðîâ) PPN
è PPN . Õîòÿ ýòè ïàðàìåòðû óæå áûëè èçìåðåíû â ñîëíå÷íîé ñèñòåìå è
ñèñòåìàõ äâîéíûõ íåéòðîííûõ çâåçä, â íàøåì ñëó÷àå èõ ìîæíî îöåíèòü èç
ïðÿìûõ íàáëþäåíèé ïîñò-íüþòîíîâñêèõ îðáèò, íå èñïîëüçóÿ ìîäåëèðîâàíèå
÷àñòîò ïóëüñàðîâ. Ñîâðåìåííûå íàáëþäåíèÿ S-çâåçä [1-4] ïðåäîñòàâëÿþò íàì
òàêóþ âîçìîæíîñòü.
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Íà÷àëî ýòèõ íàáëþäåíèé ïðèøëîñü íà 1992ã. Ñ òåõ ïîð íàêîïèëèñü
áîëüøèå ìàññèâû íàáëþäàòåëüíûõ äàííûõ. Ñêîïëåíèå S-çâåçä ÷àñòî
èñïîëüçîâàëîñü â ðàçíîîáðàçíûõ èññëåäîâàíèÿõ [5-14]. Â ðàáîòå [15] àâòîðû
ïîêàçàëè, ÷òî îáíàðóæåíèå íîâîé çâåçäû, áîëåå áëèçêîé ê ãðàâèòèðóþùåìó
öåíòðó, ÷åì óæå èçâåñòíûå S-çâåçäû, ìàëîâåðîÿòíî.

Çâåçäà S2 (èíîãäà òàêæå îáîçíà÷àåìàÿ êàê S0-2) - íàèáîëåå ïîïóëÿðíàÿ
èç S-çâåçä, ïîñêîëüêó îíà èìååò ñàìûå òî÷íûå íàáëþäåíèÿ âèçóàëüíûõ
ïîëîæåíèé è ëó÷åâûõ ñêîðîñòåé, à òàêæå îäèí èç íàèìåíüøèõ ïåðèîäîâ
îáðàùåíèÿ - 16 ëåò. Ýòà çâåçäà ïðîøëà ïåðèöåíòð ñâîåé îðáèòû äâàæäû ñ
ìîìåíòà íà÷àëà íàáëþäåíèé. Ïåðâîå ïðîõîæäåíèå ïðîèçîøëî â 2002ã.,
ñëåäóþùåå - â ìàå 2018ã. S2 ñûãðàëà êëþ÷åâóþ ðîëü âî ìíîãèõ ðàáîòàõ:
èçìåðåíèå ðàññòîÿíèÿ äî öåíòðà Ãàëàêòèêè R0 è ìàññû Sgr A* M  [16,4,17];
èññëåäîâàíèå âðàùåíèÿ ÷åðíîé äûðû â öåíòðå Ãàëàêòèêè [18-21]; èññëåäîâàíèå
àêêðåöèîííûõ ïîòîêîâ è çâåçäíîãî âåòðà [22,23]; ïðèìåíåíèå ðàçëè÷íûõ
òåîðèé ãðàâèòàöèè: [24-26] - ãðàâèòàöèÿ Þêàâû, [27] - ñêàëÿðíîå ïîëå,
[28,29] - nR  òåîðèè, [30] - íåëîêàëüíàÿ ãðàâèòàöèÿ è ïðî÷èå òåîðèè: [31-
33]; ïðîâåðêà ýôôåêòîâ ÎÒÎ [34,35]; è ïðî÷èå èññëåäîâàíèÿ [36,10].
Ïðîõîæäåíèå ïåðèöåíòðà çâåçäîé S2 â ìàå 2018ã. èñïîëüçîâàëîñü ïðè èññëå-
äîâàíèè ãðàâèòàöèîííîãî êðàñíîãî ñìåùåíèÿ [3,37].

Çâåçäû S2, S38 è S55 (òàêæå èçâåñòíàÿ êàê S0-102) èìåþò íàèìåíüøèå
ïåðèîäû îáðàùåíèÿ, è ïîýòîìó ïðåäñòàâëÿþò íàèáîëüøèé èíòåðåñ äëÿ íàñ.
S55 îáëàäàåò ñàìûì êîðîòêèì ïåðèîäîì. Îí ñîñòàâëÿåò ~12 ëåò.

Áëèçîñòü ê ñâåðõìàññèâíîé ÷åðíîé äûðå è âûñîêèå ñêîðîñòè S-çâåçä
ÿâëÿþòñÿ îñíîâîé äëÿ èññëåäîâàíèé ïîñò-íüþòîíîâñêîãî äâèæåíèÿ [38,41],
êîòîðîå ÿâëÿåòñÿ ãëàâíîé òåìîé äàííîé ðàáîòû. Ðàññìîòðåíû íå ïðîñòî ïîñò-
íüþòîíîâñêèå, à ïàðàìåòðèçîâàííûå ïîñò-íüþòîíîâñêèå çàêîíû äâèæåíèÿ.
Èñïîëüçîâàíû ìåòîäû áàéåñîâñêîé ñòàòèñòèêè äëÿ ïîëó÷åíèÿ îöåíîê PPN
è PPN  èç ïîñòåðèîðíûõ ðàñïðåäåëåíèé.

2. Íàáëþäàòåëüíûå äàííûå. S-çâåçäû èìåþò äâà òèïà íàáëþäàòåëüíûõ
äàííûõ: âèçóàëüíûå ïîëîæåíèÿ çâåçä, ò.å. àñòðîìåòðè÷åñêèå äàííûå (ïðÿìîå
âîñõîæäåíèå   è ñêëîíåíèå  , îòíîðìèðîâàííûå íà ãðàâèòèðóþùèé öåíòð
- Sgr A*), è ëó÷åâûå ñêîðîñòè (RV) çâåçä - ñïåêòðîñêîïè÷åñêèå äàííûå. Sgr
A* òàêæå äâèæåòñÿ ïî íåáåñíîé ñôåðå, ïîýòîìó âèçóàëüíûå ïîëîæåíèÿ çâåçä
ïðèâîäÿòñÿ ñ íîðìèðîâêîé íà ïîëîæåíèå Sgr A* â íà÷àëüíóþ ýïîõó (1992.224).
Íàáëþäàåìûå ëó÷åâûå ñêîðîñòè ïðèâåäåíû áåç ó÷åòà ýôôåêòà Äîïëåðà âòîðîãî
ïîðÿäêà. Ïîýòîìó ìû íå ìîæåì íàïðÿìóþ ñîïîñòàâëÿòü ìîäåëèðóåìûå íàìè
ëó÷åâûå ñêîðîñòè ñ íàáëþäàåìûìè. Ñóùåñòâóåò íåîáõîäèìîñòü èõ ïðåîáðà-
çîâàíèÿ ïî ôîðìóëå (16).

Ñîâðåìåííûå íàáëþäåíèÿ ïðåäñòàâëåíû â ðàáîòàõ [1-4]. Íàèáîëåå
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ïîäðîáíûå äàííûå ïðèâåäåíû â ñòàòüå [4]. Îòòóäà ìû èñïîëüçóåì äàííûå
äëÿ çâåçä S2 (145 àñòðîìåòðè÷åñêèõ è 44 RV èçìåðåíèé), S38 (116 àñòðî-
ìåòðè÷åñêèõ è 5 RV èçìåðåíèé) è S55 (44 àñòðîìåòðè÷åñêèõ è 2 RV
èçìåðåíèÿ). Ýòè äàííûå ïîëó÷åíû íà êîìïëåêñå VLT. Â ðàáîòå [2] ñîäåðæèòñÿ
12  íîâûõ RV èçìåðåíèé S2, â òî âðåìÿ êàê îñòàâøèåñÿ èçìåðåíèÿ äóáëèðóþò
äàííûå [1,4]. Ðàáîòà [1] ñîäåðæèò 34 RV èçìåðåíèÿ S2, 1 RV èçìåðåíèå S38,
è 34 àñòðîìåòðè÷åñêèõ èçìåðåíèÿ S38. Ýòè äàííûå ïîëó÷åíû â îáñåðâàòîðèè
èìåíè Êåêà. Ñàìûå ñâåæèå äàííûå äëÿ çâåçäû S2 ïðèâåäåíû â ñòàòüå [3],
ãäå íîâûìè ÿâëÿþòñÿ 11 àñòðîìåòðè÷åñêèõ è 28 RV èçìåðåíèé, íåêîòîðûå
èç êîòîðûõ ïîëó÷åíû íà òåëåñêîïå Ñóáàðó.

Â êîíå÷íîì èòîãå ìû èìååì ìàññèâ èç 156 àñòðîìåòðè÷åñêèõ ïîëîæåíèé
è 118 ëó÷åâûõ ñêîðîñòåé äëÿ S2, 150 ïîëîæåíèé è 6 ëó÷åâûõ ñêîðîñòåé äëÿ
S38 è 44 ïîëîæåíèÿ è 2 ëó÷åâûå ñêîðîñòè äëÿ S55. Âñå èçìåðåíèÿ ëó÷åâûõ
ñêîðîñòåé óæå èìåþò VLSR-êîððåêöèþ. Àñòðîìåòðè÷åñêèå ïîçèöèè, âçÿòûå
èç ðàçíûõ ðàáîò, èìåþò ñëåãêà îòëè÷àþùóþñÿ íîðìèðîâêó íà ãðàâèòèðóþùèé
öåíòð, è ïîýòîìó îíè ñîîòâåòñòâóþò íåìíîãî îòëè÷àþùèìñÿ ñèñòåìàì îòñ÷åòà.

3. Ôèòòèíã îðáèò.

3.1. Ìåòîäû ñðàâíåíèÿ. Êàê èçâåñòíî, íà ïëîñêîñòè êåïëåðîâû îðáèòû
îïðåäåëÿþòñÿ 4 ïàðàìåòðàìè: áîëüøàÿ ïîëóîñü a, ýêñöåíòðèñèòåò e, àðãóìåíò
ïåðèöåíòðà   è ýïîõà ïðîõîæäåíèÿ ïåðèöåíòðà tper. Ýòè ïàðàìåòðû ñîîò-
âåòñòâóþò ôàçîâîìó âåêòîðó ( yxyx   , , , ) íà ôèêñèðîâàííóþ ýïîõó. Â ðàìêàõ
íüþòîíîâñêîãî äâèæåíèÿ êåïëåðîâû ïàðàìåòðû ïîñòîÿííû, íî â ïîñò-
íüþòîíîâñêîì ñëó÷àå îíè ñòàíîâÿòñÿ îñêóëèðóþùèìè. Ïîýòîìó äëÿ íàñ
èìååò ñìûñë èñïîëüçîâàòü äðóãèå ïàðàìåòðû, íàïðèìåð âûøåóïîìÿíóòûé
íà÷àëüíûé ôàçîâûé âåêòîð ( 0000  , , , yxyx  ). Òàêèå ïàðàìåòðû ìîæíî èñïîëü-
çîâàòü â êà÷åñòâå íà÷àëüíûõ äàííûõ äëÿ èíòåãðàòîðà Ðóíãå-Êóòòû 4 ïîðÿäêà,
ñ ïîìîùüþ êîòîðîãî ìû áóäåì ïîëó÷àòü ìîäåëèðóåìóþ òðàåêòîðèþ â åå
ñîáñòâåííîé ïëîñêîñòè. ×òîáû ïîâåðíóòü ñàìó ïëîñêîñòü îðáèòû, ìû èñïîëü-
çóåì îñòàâøèåñÿ 2 ïàðàìåòðà: íàêëîíåíèå i è äîëãîòó âîñõîäÿùåãî óçëà  .

Ïîëó÷àåìûå òðàåêòîðèè â ïîñò-íüþòîíîâñêîì è íüþòîíîâñêîì ñëó÷àå
äîëæíû ïîëó÷àòüñÿ ðàçëè÷íûìè äëÿ îäèíàêîâûõ íà÷àëüíûõ äàííûõ
( 0000  , , , yxyx  ). Àïîöåíòð íüþòîíîâñêîé îðáèòû äîëæåí áûòü ìåíüøå, ÷åì ó
ïîñò-íüþòîíîâñêîé. Ïîñëåäíÿÿ òàêæå èìååò ýôôåêò ñìåùåíèÿ ïåðèöåíòðà,
íî îí ïðîÿâëÿåòñÿ êðàéíå ñëàáî.

Â òàáë.1 ïðèâåäåíû çíà÷åíèÿ ñìåùåíèÿ ïåðèöåíòðà äëÿ íåêîòîðûõ
S-çâåçä. Âåëè÷èíà   åñòü ñìåùåíèå ïåðèöåíòðà íà îäèí ñèíîäè÷åñêèé
ïåðèîä. Òàêèå ñìåùåíèÿ áóäóò åäâà âèäèìû íàïðÿìóþ äàæå ïîñëå ñòà ëåò
íàáëþäåíèé.

Ìû òàêæå ìîæåì èñïîëüçîâàòü ðàçíûå íà÷àëüíûå çíà÷åíèÿ ( 0000  , , , yxyx  )
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äëÿ íüþòîíîâñêîãî è ïîñò-íüþòîíîâñêîãî ñëó÷àåâ, ÷òîáû ïîëó÷èòü îðáèòû
îäèíàêîâîãî ðàçìåðà. Ðàçíèöà áóäåò çàêëþ÷àòüñÿ â òîì, ÷òî â ïîñò-íüþòî-
íîâñêîì ñëó÷àå ñêîðîñòü â ïåðèöåíòðå áóäåò ìåíüøå, ÷åì â íüþòîíîâñêîì.
Ïîýòîìó äëÿ ýòèõ îðáèò áóäóò îòëè÷àòüñÿ èõ ïåðèîäû. Â ïîñò-íüþòîíîâñêîì
ñëó÷àå ïåðèîä äîëæåí ïîëó÷èòüñÿ áîëüøå. Òàêèì îáðàçîì, ìû ïîëó÷àåì
÷èñòî êèíåìàòè÷åñêèé ýôôåêò íåêîòîðîé "çàäåðæêè". Â ýòîì çàêëþ÷àåòñÿ
çíà÷èòåëüíàÿ êà÷åñòâåííàÿ ðàçíèöà ìåæäó íüþòîíîâñêèì è ïîñò-íüþòîíîâñêèì
äâèæåíèåì. Â íàøåì ñëó÷àå, ìû áóäåì èñïîëüçîâàòü òåõíèêó MCMC (Markov
chain Monte Carlo), ÷òîáû ïîëó÷èòü íàèëó÷øèå àïïðîêñèìèðóþùèå ïîñò-
íüþòîíîâñêèå è íüþòîíîâñêèå îðáèòû è ñðàâíèòü èõ ïåðèîäû.

3.2. ÏÏÍ óðàâåíåíèÿ äâèæåíèÿ. Ðàññìîòðèì ðåøåíèå Øâàðöøèëüäà
óðàâíåíèé Ýéíøòåéíà
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ãäå 2cGM - ýòî ãðàâèòàöèîííûé ðàäèóñ è 2222 sin  ddd  - ìåòðèêà
íà åäèíè÷íîé ñôåðå. Èñïîëüçîâàííàÿ çäåñü ñèñòåìà êîîðäèíàò íàçûâàåòñÿ
ñòàíäàðòíîé (èëè øâàðöøèëüäîâñêîé) (   , , , rt ). Óãëîâûå êîîðäèíàòû   ,
èìåþò ïðèâû÷íûé ãåîìåòðè÷åñêèé ñìûñë ïîëÿðíîãî è àçèìóòàëüíîãî óãëîâ.
Êðóã îäèíàêîâîé ðàäèàëüíîé êîîðäèíàòû r èìååò äëèíó r2 . Íî r íå ðàâíî
ðàññòîÿíèþ îò êðóãà äî åãî öåíòðà. Â ýòîì çàêëþ÷àåòñÿ ãåîìåòðè÷åñêèé
ñìûñë êîîðäèíàò Øâàðöøèëüäà [42].

Èìååò ñìûñë ðàññìîòðåòü èíóþ ñèñòåìó êîîðäèíàò - èçîòðîïíóþ (   , , ,t ).
Îíà ÷àñòî èñïîëüçóåòñÿ â çàäà÷àõ ðåëÿòèâèñòñêîé íåáåñíîé ìåõàíèêè, â òî
âðåìÿ êàê êîîðäèíàòû Øâàðöøèëüäà ÿâëÿþòñÿ "÷åðåñ÷óð òî÷íûìè" ([43],
ñ.1097). Ïðè ïðåîáðàçîâàíèè êîîðäèíàò èç øâàðöøèëüäîâñêèõ â èçîòðîïíûå
çàòðàãèâàåòñÿ òîëüêî ðàäèàëüíàÿ êîîðäèíàòà
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ãäå âèäíî, ÷òî r è   àñèìïòîòè÷åñêè ýêâèâàëåíòíû. Îäíàêî íàáëþäàåìûå

Çâåçäà S2 S38 S55

 12' 7'.1 6'.7
 45"/ãîä 22"/ãîä 31"/ãîä

100 ëåò  1o15' 37' 52'

Òàáëèöà 1

ÂÅËÈ×ÈÍÛ ÑÌÅÙÅÍÈß ÏÅÐÈÖÅÍÒÐÀ ÄËß S-ÇÂÅÇÄ
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íàïðÿìóþ ðàññòîÿíèÿ ìåæäó Sgr A* è S-çâåçäàìè ñîîòâåòñòâóþò åâêëèäîâîé
ãåîìåòðèè íàøåé îòäàëåííîé íàáëþäàòåëüíîé ñèñòåìû îòñ÷åòà. Ñëåäîâàòåëüíî,
ýâîëþöèÿ ïàðàìåòðîâ îðáèòû ïîä÷èíåíà êîíêðåòíîìó âèäó óðàâíåíèé
äâèæåíèÿ.

Ïðåèìóùåñòâà èçîòðîïíîé ñèñòåìû êîîðäèíàò ïðîÿâëÿþòñÿ â ñàìîì âèäå
ñîîòâåòñòâóþùåé ìåòðèêè

 . 
2

1

2
1

2
1

222
4

22
2

2

2 
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





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






 dddtcds

(3)

Ïðîñòðàíñòâåííàÿ åå ÷àñòü êîíôîðìíî åâêëèäîâà. Òàêèì îáðàçîì, ñôåðè÷åñêèå
èçîòðîïíûå êîîðäèíàòû (   , , ,t ) ìîæíî ïðåîáðàçîâàòü â äåêàðòîâû èçîòðîï-
íûå êîîðäèíàòû (t, x, y, z), ñîõðàíÿÿ ôîðìó ìåòðèêè. Òàêèå êîîðäèíàòû
îòëè÷àþòñÿ îò äåêàðòîâûõ â ïðèâû÷íîì ñìûñëå ýòîãî ñëîâà. Íî â íàøåì
ïðèáëèæåíèè èõ ìîæíî ñ÷èòàòü èìåííî îáû÷íûìè äåêàðòîâûìè êîîðäèíàòàìè.
Ìåòðèêà â òàêîé ñèñòåìå èìååò âèä

. 
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Äàëåå, ââåäåì âåëè÷èíó íüþòîíîâñêîãî ïîòåíöèàëà 
22 x cGMN

. 
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
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




 

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(5)

×òîáû ïîëó÷èòü ïîñò-íüþòîíîâñêóþ àïïðîêñèìàöèþ ïåðâîãî ïîðÿäêà,
ðàçëîæèì 00g  äî ïîðÿäêà )( 6cO  è xxg  äî ïîðÿäêà )( 4cO

    . 21221 24
2

226
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2

2
2 xdcO

c
dtccO
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ds NNN 
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
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









 

(6)

Â ðàìêàõ ïàðàìåòðèçîâàííîãî ïîñò-íüþòîíîâñêîãî ôîðìàëèçìà ýòî ðàçëî-
æåíèå âûãëÿäèò êàê

    , 21221 24
2PPN

226
4

2

PPN2
2 xdcO

c
dtccO

cc
ds NNN 






 
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


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

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
 

(7)

ãäå çíà÷åíèÿ PPN  è PPN  ðàçëè÷íû äëÿ ðàçëè÷íûõ òåîðèé ãðàâèòàöèè.
Ñëó÷àé 1PPN   è 1PPN   ñîîòâåòñòâóåò îáùåé òåîðèè îòíîñèòåëüíîñòè.
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Äåëåíèå (7) íà 22dtc  ïðèâîäèò ê
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 . 2221

212211
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Âîçüìåì êâàäðàòíûé êîðåíü ñ òî÷íîñòüþ )( 6cO

     . 
2
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21
82

11 6
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PPN4
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






 cO

cccccdt
ds

c
NNN xxx 

(9)

Óðàâíåíèÿ äâèæåíèÿ ìîãóò áûòü ïîëó÷åíû èç âàðèàöèîííîãî ïðèíöèïà

, 0





  dt
dt
dsds (10)

ãäå ds/dt îïðåäåëåíî èç (9). Óìíîæàÿ (9) íà 2c , èçáàâëÿÿñü îò ïîñòîÿííîãî
÷ëåíà è îïóñêàÿ )( 6cO , ïîëó÷èì Ëàãðàíæèàí

    . 
2

12121
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1
2 2PPN2PPN2

22


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N
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(11)

Ñîîòâåòñòâóþùèå óðàâíåíèÿ äâèæåíèÿ áóäóò èìåòü âèä

    . 2221 PPN2

2

PPN2PPNPPN cccc N
N

N
xxxx


 





 











  (12)

Ýòî ÏÏÍ óðàâíåíèÿ äâèæåíèÿ. ×òîáû ïîëó÷èòü ÏÍ óðàâíåíèÿ, íóæíî
ïîäñòàâèòü âåëè÷èíû 1PPN   è 1PPN   â (12)

. 441 2

2

2 cccc N
N

N
xxxx


 





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









  (13)

Îáå ñèñòåìû (12), (13) ñâîäÿòñÿ ê íüþòîíîâñêèì óðàâíåíèÿì äâèæåíèÿ
( N x ) ïðè ðàññìîòðåíèè ïðåäåëà áåñêîíå÷íîé ñêîðîñòè ñâåòà.

3.3. Ðàñïðîñòðàíåíèå ñâåòà. Ïðÿìîå èíòåðïðåòèðîâàíèå ìîäåëüíîé
òðàåêòîðèè êàê íàáëþäàåìîé íåêîððåêòíî, ïîñêîëüêó ÏÍ ýôôåêòû çàòðàãèâàþò
òàêæå ðàñïðîñòðàíåíèå ñâåòà.

S-çâåçäû äîñòèãàþò âûñîêèõ ñêîðîñòåé â ïåðèöåíòðå, à çíà÷èò íóæíî
ó÷èòûâàòü ýôôåêò Äîïëåðà âòîðîãî ïîðÿäêà. Èçìåíåíèå ÷àñòîòû ìîæíî
íàéòè ïî ôîðìóëå

, 
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c
(14)

ãäå   - íàáëþäàåìàÿ, à 0  - èñïóùåííàÿ ÷àñòîòà, 

 - ñêîðîñòü èñòî÷íèêà
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îòíîñèòåëüíî íàáëþäàòåëÿ è   - óãîë ìåæäó âåêòîðîì ñêîðîñòè 

 è

íàïðàâëåíèåì îò èñòî÷íèêà ê íàáëþäàòåëþ.
S-çâåçäû ðàñïîëîæåíû áëèçêî ê ñâåðõìàññèâíîìó îáúåêòó. Ãðàâèòàöèîííîå

ïîëå äîñòàòî÷íî ñèëüíî, ÷òîáû ãðàâèòàöèîííîå êðàñíîå ñìåùåíèå ñòàëî
íàáëþäàåìûì ýôôåêòîì. Ïîýòîìó ìû äîëæíû ó÷åñòü è åãî.

. 1 2
00

0 






 

c

g N
(15)

Â ðåçóëüòàòå, ó÷åò ýôôåêòà Äîïëåðà (14) è ãðàâèòàöèîííîãî êðàñíîãî
ñìåùåíèÿ (15) ïðèâîäèò ê ôîðìóëå

. 
2

RVRV
2

2

2
modelobs

cccc
N 



 (16)

Åùå îäíèì âàæíûì ýôôåêòîì â ðàñïðîñòðàíåíèè ñâåòà ÿâëÿåòñÿ çàäåðæêà
Ðåìåðà, âûçâàííàÿ êîíå÷íîñòüþ ñêîðîñòè ðàñïðîñòðàíåíèÿ ñâåòà. Ðàçíèöà
ìåæäó áëèæàéøåé ê íàì è íàèáîëåå îòäàëåííîé òî÷êàìè îðáèòû äëÿ íåêîòîðûõ
S-çâåçä äîñòèãàåò íåñêîëüêèõ ñâåòîâûõ äíåé. Ïîýòîìó äàííûé ýôôåêò òàêæå
äîëæåí áûòü ó÷òåí.

×òî êàñàåòñÿ ãðàâèòàöèîííîãî ëèíçèðîâàíèÿ, òî S-çâåçäû ðàñïîëîæåíû
íå íàñòîëüêî áëèçêî ê Sgr A*, ÷òîáû îíî áûëî äåòåêòèðóåìî. Ïîýòîìó ìû
íå áóäåì ðàññìàòðèâàòü ýòîò ýôôåêò.

3.4. ÏÏÍ ïàðàìåòðû Áðóìáåðãà. Çàäà÷à äâèæåíèÿ áåçìàññîâîé
÷àñòèöû â ñòàòè÷íîì ãðàâèòàöèîííîì ïîëå òàêæå áûëà ðàññìîòðåíà Áðóìáåðãîì
[44]. Îí ðàññìîòðåë îáùåå ðåøåíèå äëÿ ðàçíûõ ñèñòåì êîîðäèíàò. Âûáîð
êîíêðåòíîé êîîðäèíàòíîé ñèñòåìû îïðåäåëÿåòñÿ ïàðàìåòðîì  : 1
ñîîòâåòñòâóåò ñòàíäàðòíûì (øâàðöøèëüäîâñêèì) êîîðäèíàòàì, 0  ñîîò-
âåòñòâóåò èçîòðîïíûì è ãàðìîíè÷åñêèì êîîðäèíàòàì. Òàêæå îí îïðåäåëèë
íàáîð ïàðàìåòðîâ (A, B, K), êîòîðûé îáîáùàåò çàäà÷ó äëÿ ðàçëè÷íûõ òåîðèé
ãðàâèòàöèè, òî÷íî òàê æå, êàê è ÏÏÍ ïàðàìåòðû. Â ðàáîòå [44] ïðèâåäåíû
çíà÷åíèÿ ýòèõ ïàðàìåòðîâ äëÿ ÎÒÎ

 . 12, 2  KBA (17)

Ýòè êîîðäèíàòû çàâèñÿò îò âûáîðà êîîðäèíàòíîé ñèñòåìû  . Â [44]
òàêæå âûâåäåíû ÏÍ óðàâíåíèÿ äâèæåíèÿ äëÿ øâàðöøèëüäîâñêèõ êîîðäèíàò
( 1 ):

. 23221 2
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2 cccxcc N
N

N
xxxxxx
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
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




  (18)

Â ýòîì ñëó÷àå íàáëþäàåìûå íàïðÿìóþ (îòäàëåííûì íàáëþäàåòåëåì) îðáèòû
ìîãóò áûòü ðàññ÷èòàíû ñ ïîìîùüþ èíòåãðèðîâàíèÿ óðàâíåíèé (18).
Íàáëþäàåìàÿ ýâîëþöèÿ îðáèòàëüíûõ ïàðàìåòðîâ äëÿ øâàðöøèëüäîâñêèõ
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êîîðäèíàò ( 1 ) áóäåò îòëè÷àòüñÿ îò òàêîâîé äëÿ ñèñòåìû èçîòðîïíûõ
êîîðäèíàò ( 0 ), êîòîðàÿ ÿâëÿåòñÿ êîíôîðìíî åâêëèäîâîé.

3.5. Èñïîëüçîâàííûå òåõíèêè. Ìîäåëü ñòðîèòñÿ ñëåäóþùèì îáðàçîì:
- Ïàðàìåòðû ( 0000  , , , yxyx  ) èñïîëüçóþòñÿ â êà÷åñòâå íà÷àëüíîãî

ïðèáëèæåíèÿ äëÿ èíòåãðàòîðà Ðóíãå-Êóòòû 4 ïîðÿäêà, ñ ïîìîùüþ êîòîðîãî
÷èñëåííî èíòåãðèðóþòñÿ óðàâíåíèÿ äâèæåíèÿ (13) (èëè (12) äëÿ îïðåäåëåííûõ
ïàðàìåòðîâ PPN , PPN ). Öåíòðàëüíàÿ ãðàâèòèðóþùàÿ ìàññà Sgr A* M
èñïîëüçóåòñÿ â êà÷åñòâå ïàðàìåòðà. Â ðåçóëüòàòå ïîëó÷àåòñÿ ìàññèâ ôàçîâûõ
âåêòîðîâ ( yxyx   , , , ), êîòîðûé íà ñàìîì äåëå ÿâëÿåòñÿ ïðåäñòàâëåíèåì òðàåêòîðèè
â åå ñîáñòâåííîé ïëîñêîñòè.

- Ïðîèçâîäèòñÿ ïîâîðîò òðàåêòîðèè íà óãëû i è  .
- Ïîñëå âðàùåíèÿ îðáèòà ïðåîáðàçóåòñÿ â íàáëþäàåìûå ïðÿìîå âîñõîæäåíèå

è ñêëîíåíèå ïóòåì äåëåíèÿ íà ðàññòîÿíèå äî öåíòðà Ãàëàêòèêè R0 è ó÷åòà
ñîáñòâåííîãî äâèæåíèÿ Sgr A* 


SgrA , 


SgrA
 .

- Ïîëó÷åííûå â ðåçóëüòàòå èíòåãðèðîâàíèÿ ëó÷åâûå ñêîðîñòè ïðåîáðàçóþòñÿ
â íàáëþäàåìûå RV ïî ôîðìóëå (16). Íà ýòîì ýòàïå òàêæå äîëæíî áûòü
ó÷òåíî ñîáñòâåííîå äâèæåíèå Sgr A* 

SgrAr .
- Ìîäåëüíûå  ,   è RV èíòåðïîëèðóþòñÿ. Íà ýòîì øàãå ó÷èòûâàåòñÿ

çàäåðæêà Ðåìåðà.
Â êîíå÷íîì èòîãå ìû èìååì 13 ïàðàìåòðîâ: 6 èç íèõ îïðåäåëÿþò îðáèòó,

2 ïàðàìåòðà - ýòî PPN  è PPN , êîòîðûå ìû õîòèì îïðåäåëèòü, à îñòàâøèåñÿ
5 ïàðàìåòðîâ (M , R0, 

SgrA , 


SgrA
 , 

SgrAr ) ìû áóäåì ñ÷èòàòü ïîñòîÿííûìè.
Èõ çíà÷åíèÿ ìîæíî íàéòè â ðàáîòå [4].

Åñëè æå ìû ðàññìîòðèì 3 çâåçäû (S2, S38, S55), òî ïîëó÷èì 18 îðáèòàëüíûõ
ïàðàìåòðîâ è 2 ÏÏÍ ïàðàìåòðà  ,  . Ìû èñïîëüçóåì MCMC-ñýìïëèðîâàíèå
(ðåàëèçîâàííîå â áèáëèîòåêå emcee äëÿ ÿçûêà Python), ÷òîáû íàéòè ïîñòå-
ðèîðíîå ðàñïðåäåëåíèå ýòèõ ïàðàìåòðîâ è èõ îöåíêè.

4. Ðåçóëüòàòû.

4.1. Ðàçíèöà ïåðèîäîâ îáðàùåíèÿ. Íà ðèñ.1 ïðåäñòàâëåíî ðàçëè÷èå
ìåæäó íàèëó÷øèìè àïïðîêñèìèðóþùèìè ïîñò-íüþòîíîâñêîé è íüþòîíîâñêîé
îðáèòàìè çâåçäû S2. Ñåðàÿ êðèâàÿ ñîîòâåòñòâóåò ïîñò-íüþòîíîâñêîé òðàåê-
òîðèè, à ÷åðíàÿ - íüþòîíîâñêîé. Íåòðóäíî çàìåòèòü ðàñòóùèé ñî âðåìåíåì
çàçîð ìåæäó ýòèìè äâóìÿ ñëó÷àÿìè. Ýòî è åñòü òà ñàìàÿ "çàäåðæêà", î
êîòîðîé ìû ãîâîðèëè ðàíåå.

Âåëè÷èíà ýòîé "çàäåðæêè" ñîñòàâëÿåò 16 äíåé çà îäèí îðáèòàëüíûé ïåðèîä.
Ýòà âåëè÷èíà íå ìàëà, ïîñêîëüêó íåòî÷íîñòè ïî âðåìåííîé øêàëå î÷åíü
ñóùåñòâåííû äëÿ íàáëþäåíèé S-çâåçä, ÷òî íåòðóäíî çàìåòèòü õîòÿ áû íà
ãðàôèêå ëó÷åâûõ ñêîðîñòåé, íà êîòîðîì íàáëþäàåòñÿ ñèëüíûé íàêëîí âî âðåìÿ
ïðîõîæäåíèé ïåðèöåíòðà, ñâÿçàííûé ñ äâèæåíèåì ñ âûñîêîé ñêîðîñòüþ. Ýòà
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íåòî÷íîñòü âî âðåìåíè âëå÷åò çà ñîáîé íåïðàâèëüíîå îïðåäåëåíèå ïîëîæåíèÿ
ýòèõ íàêëîíîâ. Ýòîò ýôôåêò áóäåò åùå áîëåå çíà÷èòåëåí â áóäóùåì, êîãäà
çâåçäà S2 ñîâåðøèò åùå áîëüøåå ÷èñëî îáîðîòîâ ïî ñâîåé îðáèòå.

Ñîãëàñíî íàøèì îöåíêàì, äàòà ñëåäóþùåãî ïðîõîæäåíèÿ ïåðèöåíòðà
çâåçäû S2 - ýòî 18 ìàÿ 2034ã.

4.2. Îöåíêè ÏÏÍ ïàðàìåòðîâ. Ìû çàïóñòèëè ïðîöåññ MCMC,
êîòîðûé ìîäåëèðîâàë îäíîâðåìåííî äâèæåíèå S2, S38 è S55 äëÿ çàäàííûõ
ïàðàìåòðîâ PPN  è PPN . Íà ðèñ.2 ïðèâåäåíû ïîñòåðèîðíûå ðàñïðåäåëåíèÿ
ïàðàìåòðîâ PPN  è PPN  â ïðîåêöèè íà èõ ïîäïðîñòðàíñòâî.

Ïðîöåññ MCMC áûë çàïóùåí ñ 10000 èòåðàöèÿìè. Îöåíêè ÏÏÍ ïàðàìåòðîâ
òàêîâû

, 810, 970 460
600PPN

420
650PPN

.

.
.
. .. 



 

ãäå ïîãðåøíîñòè îïðåäåëåíû êàê êâàíòèëè óðîâíåé 1/6 è 5/6 ïîñòåðèîðíûõ
ðàñïðåäåëåíèé.

Íåñìîòðÿ íà òî, ÷òî ðåçóëüòàò ñîîòâåòñòâóåò ïðåäñêàçàíèÿì ÎÒÎ, òàêîé ìåòîä
îïðåäåëåíèÿ PPN  è PPN  îêàçàëñÿ êðàéíå íåòî÷íûì. Ïðè÷èíîé òîìó ÿâëÿåòñÿ
íåñèëüíîå âëèÿíèå îòêëîíåíèé ÏÏÍ ïàðàìåòðîâ íà íàáëþäàåìóþ êàðòèíó.

Ðèñ.1. Ðàçíèöà ìåæäó íüþòîíîâñêîé è ïîñò-íüþòîíîâñêîé îðáèòàìè S2.
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Ïîñòåðèîðíûå îöåíêè îðáèòàëüíûõ ïàðàìåòðîâ S-çâåçä ïðèâåäåíû â òàáë.2.
Íåòðóäíî çàìåòèòü, ÷òî ýòè ïàðàìåòðû îïðåäåëåíû íàìíîãî òî÷íåå, ÷åì ÏÏÍ
ïàðàìåòðû. Íà ðèñ.3 èçîáðàæåíû íàèëó÷øèå àïïðîêñèìèðóþùèå ÏÍ îðáèòû
äëÿ ýòèõ çâåçä è êðèâàÿ ëó÷åâûõ ñêîðîñòåé çâåçäû S2.

Çâåçäà x0,  y0,  0x , êì ñ-1
0y , êì ñ-1 i, o  , o

S2 04
51822954 .
.. 


98
02537481 .
.. 


620
79084219 .
.. 

 990
22074604 .
.. 


070
06086133 .
.. 


080
08010226 .
.. 



S38 5
250102


1
769295


5
267


1
3588


62
809169 .
.. 


140
1103993 .
.. 



S55 08
332342 .


80
1218724 .
.. 

 86
118344 .
.. 

 31
5291004 .
.. 


41
017152 .
.. 


70
503323 .
.. 



Òàáëèöà 2

ÎÐÁÈÒÀËÜÍÛÅ ÏÀÐÀÌÅÒÐÛ S-ÇÂÅÇÄ

Ðèñ.2. Ïîñòåðèîðíîå ðàñïðåäåëåíèå, óãëîâîé ãðàôèê PPN , PPN .
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5. Âûâîä. Â äàííîé ðàáîòå èñïîëüçîâàíû ïîñò-íüþòîíîâñêèå óðàâíåíèÿ
äâèæåíèÿ äëÿ ïðîâåäåíèÿ àíàëèçà îðáèòàëüíûõ ïàðàìåòðîâ íåñêîëüêèõ
S-çâåçä. Äëÿ çâåçäû S2 íàèëó÷øèé àïïðîêñèìèðóþùèé îðáèòàëüíûé ïåðèîä
â ïîñò-íüþòîíîâñêîì ñëó÷àå îêàçàëñÿ íà 16 äíåé äëèííåå, ÷åì òàêîâîé â
íüþòîíîâñêîì. Ýòà ðàçíèöà âåëèêà. Â ñëó÷àå äâèæåíèÿ S-çâåçä, íåòî÷íîñòè
âî âðåìåííîé îñè îêàçûâàþòñÿ ñóùåñòâåííûìè, îñîáåííî âî âðåìÿ
ïðîõîæäåíèÿ ïåðèöåíòðà. Ó÷èòûâàÿ ýòîò ýôôåêò, ìû ïîëó÷èëè ïàðàìåòðû
îðáèò çâåçä S2, S38 è S55, ïðåäñòàâëåííûå â òàáë.2. Äàòà ñëåäóþùåãî
ïðîõîæäåíèÿ ïåðèöåíòðà çâåçäû S2, ïðåäñêàçûâàåìàÿ íàìè - 18 ìàÿ 2034ã.

Ïîìèìî ýòîãî, ìû îöåíèëè ÏÏÍ ïàðàìåòðû. Ñ ïîìîùüþ ìåòîäîâ
áàéåñîâñêîé ñòàòèñòèêè áûë ïðîèçâåäåí ôèòòèíã îðáèò è êðèâûõ ëó÷åâûõ
ñêîðîñòåé, ïîëó÷àåìûõ èç ïàðàìåòðèçîâàííûõ ïîñò-íüþòîíîâñêèõ çàêîíîâ
äâèæåíèÿ. Ïîñòåðèîðíûå îöåíêè PPN  è PPN  - 420

650970 .
.. 

  è 460
600810 .
.. 

 , ñîîò-
âåòñòâåííî. Äëÿ îðáèòàëüíûõ äâèæåíèé S-çâåçä âåëè÷èíû 22 c  è 2cN
èìåþò ïîðÿäêè ~10-4. Ïîýòîìó íàø ðåçóëüòàò ïîäòâåðæäàåò ïðåäñêàçàíèÿ
îáùåé òåîðèè îòíîñèòåëüíîñòè äëÿ ïîñò-íüþòîíîâñêèõ óðàâíåíèé äâèæåíèÿ
(ñîîòâåòñòâóþùèõ èçîòðîïíûì è ãàðìîíè÷åñêèì ñèñòåìàì êîîðäèíàò) â
óñëîâèÿõ áëèçîñòè ê Sgr A*.

Äàííàÿ ðàáîòà âûïîëíåíà ïî ãîñóäàðñòâåííîìó êîíòðàêòó ÑÀÎ ÐÀÍ,
îäîáðåííîìó ìèíèñòåðñòâîì íàóêè è âûñøåãî îáðàçîâàíèÿ Ðîññèéñêîé
Ôåäåðàöèè.

1 Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ,
 Ðîññèÿ, e-mail: roustique.g@gmail.com
2 Ñàíêò-Ïåòåðáóðãñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Ðîññèÿ

Ðèñ.3. Ñëåâà: òðàåêòîðèè çâåçä S2, S38 è S55; Ñïðàâà: ëó÷åâûå ñêîðîñòè S2.
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PPN MOTION OF THE S-STARS AROUND SGR A*

R.I.GAINUTDINOV1.2

Parametrized Post-Newtonian (PPN) equations of motion for several S-stars
nearest to the Galactic Center compact relativistic object SgrA* are considered. The
effect of the orbital periods difference between Newtonian and Post-Newtonian
cases is taken into account. The best fit PN orbit of S2 has a period which is
16 days longer than Newtonian one. The PPN parameters PPN  and PPN  are
measured. Bayesian sampling is used to fit the trajectories of the PPN laws of
motion. Posterior estimates of PPN  and PPN  are 420

650970 .
.. 

  and 460
600810 .
.. 



respectively. The result confirms General Relativity prediction for the Post-
Newtonian equations of motion in the conditions of orbital motions in vicinity
of the SgrA*.

Keywords: galactic center: S-stars: relativistic celestial mechanics: gravitation:
post-Newtonian approximation: parametrized post-Newtonian formalism
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ÑÏÅÊÒÐÎÑÊÎÏÈß È ÊÈÍÅÌÀÒÈÊÀ V1117 Her -
ÂÛÑÎÊÎØÈÐÎÒÍÎÉ ÇÂÅÇÄÛ ÒÈÏÀ UX Ori

È.Ñ.ÏÎÒÐÀÂÍÎÂ, Ì.Â.ÅÑÅËÅÂÈ×
Ïîñòóïèëà 26 ìàðòà 2020

Ïðèíÿòà ê ïå÷àòè 26 àâãóñòà 2020

Â ðàáîòå îáñóæäàþòñÿ ðåçóëüòàòû, ïîëó÷åííûå íà îñíîâå èññëåäîâàíèÿ ñïåêòðîâ íèçêîãî
ðàçðåøåíèÿ è êèíåìàòèêè çâåçäû V1117 Her, ðàñïîëîæåííîé íà âûñîêîé ãàëàêòè÷åñêîé
øèðîòå b = +33o.8. Ïîêàçàíî, ÷òî çâåçäà îáëàäàåò ôîòîñôåðíûì ñïåêòðîì êëàññà A7 IV,
ñâåòèìîñòüþ LL 26  è ñïåêòðàëüíûìè ïðèçíàêàìè àêêðåöèîííîé àêòèâíîñòè. Ýòî
ïîäòâåðæäàåò åå ïðåæíþþ êëàññèôèêàöèþ êàê ìîëîäîé Ae çâåçäû Õåðáèãà, äåìîíñòðèðóþùåé
ôîòîìåòðè÷åñêóþ ïåðåìåííîñòü òèïà UX Ori. Âìåñòå ñ òåì, ïàðàëëàêñ V1117 Her â êàòàëîãå
GAIA DR2 ñîîòâåòñòâóåò ðàññòîÿíèþ äî íåå 41.D  êïê, ÷òî îçíà÷àåò âîçâûøåíèå çâåçäû
íàä ïëîñêîñòüþ Ãàëàêòèêè 800Z ïê. Ïðè ýòîì êèíåìàòèêà çâåçäû óêàçûâàåò íà åå áîëåå
âåðîÿòíîå ôîðìèðîâàíèå in situ, âíå ïëîñêîñòè ìîëîäîãî äèñêà. Êðàòêî îáñóæäàåòñÿ
âîçìîæíûé ñöåíàðèé îáðàçîâàíèÿ V1117 Her.

Êëþ÷åâûå ñëîâà: V1117 Her: ñïåêòðîñêîïèÿ: êèíåìàòèêà: çâåçäà òèïà UX Ori

1. Ââåäåíèå. Ôîòîìåòðè÷åñêàÿ ïåðåìåííîñòü çâåçäû V1117 Her áûëà
îòêðûòà Ë.Ï.Öåðàññêîé íà Àñòðîíîìè÷åñêîé îáñåðâàòîðèè Ìîñêîâñêîãî
óíèâåðñèòåòà â ìàå 1929ã., î ÷åì â ïå÷àòè áûëî ñîîáùåíî äèðåêòîðîì îáñåð-
âàòîðèè Áëàæêî [1]. Õàðàêòåð ïåðåìåííîñòè V1117 Her áûë óñòàíîâëåí óæå
â íàøå âðåìÿ [2]. Íà îñíîâå àðõèâíîé ôîòîìåòðèè, îõâàòûâàþùåé ïðîìåæóòîê
âðåìåíè ïîðÿäêà 14 ëåò, àâòîðàìè [2] áûëî ïîêàçàíî, ÷òî çâåçäà èñïûòûâàåò
ãëóáîêèå êâàçèïåðèîäè÷åñêèå îñëàáëåíèÿ áëåñêà ñ ìàêñèìàëüíîé àìïëèòóäîé

782m.V  . Öâåòîâîå ïîâåäåíèå çâåçäû âî âðåìÿ îñëàáëåíèé áëåñêà óêàçûâàåò
íà òî, ÷òî ïðè÷èíîé ôîòîìåòðè÷åñêîé ïåðåìåííîñòè V1117 Her ÿâëÿþòñÿ
çàòìåíèÿ ïûëåâûìè ñòðóêòóðàìè. Ñïåêòðàëüíûé êëàññ A8-A9, ýìèññèÿ â
ëèíèè H  è èíôðàêðàñíûé èçáûòîê, ñâèäåòåëüñòâóþùèé î íàëè÷èè îêîëî-
çâåçäíîãî äèñêà, òàêæå ïîñëóæèëè àðãóìåíòàìè â ïîëüçó êëàññèôèêàöèè
V1117 Her êàê ìîëîäîé ïåðåìåííîé òèïà UX Ori [2].

Ïîäãðóïïà çâåçä òèïà UX Ori (UXORû) âêëþ÷àåò â îñíîâíîì çâåçäû
Ae/Be Õåðáèãà è Ò Òåëüöà, íàõîäÿùèåñÿ íà ñòàäèè ýâîëþöèè äî Ãëàâíîé
Ïîñëåäîâàòåëüíîñòè (ÃÏ) è îêðóæåííûå ïðîòîïëàíåòíûìè äèñêàìè, êîòîðûå
íàêëîíåíû ïîä íåáîëüøèìè óãëàìè ê ëó÷ó çðåíèÿ (ò.å. íàáëþäàþòñÿ ïðàê-
òè÷åñêè ñ ðåáðà). Òàêàÿ îðèåíòàöèÿ ïðèâîäèò ê ýôôåêòó ïåðåìåííîãî
ýêðàíèðîâàíèÿ çâåçäû íåîäíîðîäíîñòÿìè âî âíóòðåííåì ãàçîïûëåâîì äèñêå,
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÷òî â ñâîþ î÷åðåäü âûðàæàåòñÿ â ñèëüíîé ôîòîìåòðè÷åñêîé àêòèâíîñòè (ñì.
[3,4] è ññûëêè òàì). Èìåÿ âîçðàñò â ñðåäíåì ìåíåå 10 ìëí. ëåò, UXORû
ïðèíàäëåæàò ê ìîëîäîé ïîïóëÿöèè òîíêîãî äèñêà Ãàëàêòèêè ñ âåðòèêàëüíûì
ìàñøòàáîì 1000 Z  ïê â îêðåñòíîñòè Ñîëíöà. Äëÿ çåìíîãî íàáëþäàòåëÿ ýòî
îçíà÷àåò, ÷òî áîëüøèíñòâî çâåçä òèïà UX Ori áóäóò ðàñïîëàãàòüñÿ â äèàïàçîíå
ãàëàêòè÷åñêèõ øèðîò o20b .  Ýòî ïîäòâåðæäàåòñÿ, íàïðèìåð, ñòàòèñòèêîé
ðàñïðåäåëåíèÿ ïî íåáåñíîé ñôåðå ðîäîíà÷àëüíèêîâ ãðóïïû - çâåçä Ae/Be
Õåðáèãà [5].

V1117 Her ëåæèò íà ãàëàêòè÷åñêîé øèðîòå b = +33o.8, èçîëèðîâàííî îò
àêòèâíûõ â íàñòîÿùèé ìîìåíò îáëàñòåé çâåçäîîáðàçîâàíèÿ è ìîëîäûõ
àññîöèàöèé. Òàêîå ïîëîæåíèå çâåçäû ìîæåò áûòü îáúÿñíåíî â ðàìêàõ òðåõ
âîçìîæíîñòåé: 1) îøèáî÷íîé êëàññèôèêàöèè V1117 Her êàê ìîëîäîé çâåçäû
òèïà UX Ori; 2) òåêóùåå ïîëîæåíèå V1117 Her ÿâëÿåòñÿ ñëåäñòâèåì åå
êèíåìàòè÷åñêîé ýâîëþöèè ïîñëå ðîæäåíèÿ â êàêîé-ëèáî íèçêîøèðîòíîé
àññîöèàöèè; 3) çâåçäà ñôîðìèðîâàëàñü in situ, âûñîêî íàä ïëîñêîñòüþ Ãàëàêòèêè.
Ïîñëåäíèé ñöåíàðèé ïðåäñòàâëÿåò îñîáåííûé èíòåðåñ, ïîñêîëüêó äî ñèõ ïîð
íåò äîñòîâåðíûõ íàáëþäàòåëüíûõ ïîäòâåðæäåíèé âîçìîæíîñòè çâåçäî-
îáðàçîâàíèÿ âíå ñèñòåìû ãèãàíòñêèõ ìîëåêóëÿðíûõ îáëàêîâ òîíêîãî äèñêà
Ãàëàêòèêè (ñì. îáçîð ïðîáëåìû â [6]). Â ðàáîòå [2] àâòîðû ðàññìîòðåëè
âîçìîæíîñòü ïðîèñõîæäåíèÿ V1117 Her â îäíîé èç áëèçêèõ íèçêîøèðîòíûõ
îáëàñòåé çâåçäîîáðàçîâàíèÿ â ñîçâåçäèÿõ Çìåè (Serpens) èëè Îðëà (Aquila).
Îäíàêî îíè áûëè îãðàíè÷åíû îòñóòñòâèåì íàäåæíîãî ðàññòîÿíèÿ äî çâåçäû.
Ìû èñïîëüçîâàëè íîâûå äàííûå àñòðîìåòðè÷åñêîãî êàòàëîãà GAIA DR2 â
ñî÷åòàíèè ñ îðèãèíàëüíûìè ñïåêòðàëüíûìè íàáëþäåíèÿìè è àðõèâíîé
ôîòîìåòðèåé äëÿ íîâîãî ïîäõîäà ê âîïðîñó î êëàññèôèêàöèè V1117 Her,
èññëåäîâàíèþ åå êèíåìàòèêè è ïðîèñõîæäåíèÿ.

2. Ñïåêòðîñêîïèÿ V1117 Her. V1117 Her íàáëþäàëàñü íàìè äâàæäû:
18.07.2017 è 03.04.2019 íà Ñàÿíñêîé ñîëíå÷íîé îáñåðâàòîðèè ÈÑÇÔ ÑÎ
ÐÀÍ ñ ïîìîùüþ 1.6-ì òåëåñêîïà ÀÇÒ 33-ÈÊ è ñïåêòðîãðàôà íèçêîãî
ðàçðåøåíèÿ ADAM [7,8]. Òåõíè÷åñêèå äåòàëè íàáëþäåíèé ïðèâîäÿòñÿ â
òàáë.1.

Äàòà Ãðèçìà Ñïåêòðàëüíûé Øèðèíà ùåëè Ðàçðåøåíèå Ñóììàðíàÿ
äèàïàçîí, Å óãë. ñ / ýêñïîçèöèÿ, ñ

18.07.2017 VPHG600G 3900-7200 1.5 ~1100 600
03.04.2019 VPHG600G 3900-7200 2.0 ~900 1200

Òàáëèöà 1

ÆÓÐÍÀË ÍÀÁËÞÄÅÍÈÉ V1117 Her ÍÀ ÑÀßÍÑÊÎÉ ÑÎËÍÅ×ÍÎÉ
ÎÁÑÅÐÂÀÒÎÐÈÈ ÈÑÇÔ ÑÎ ÐÀÍ
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Êàæäóþ íî÷ü ïîëó÷àëèñü êàëèáðîâî÷íûå êàäðû íóëåâîãî òîêà (bias), êàäðû
ïëîñêîãî ïîëÿ è ñïåêòð ñðàâíåíèÿ Ne-Ar ëàìïû äëÿ ïîñòðîåíèÿ øêàëû äëèí
âîëí. Â íî÷ü 03.04.2019 ñ òîé æå êîíôèãóðàöèåé ïðèáîðà è íà áëèçêîì
çåíèòíîì ðàññòîÿíèè äîïîëíèòåëüíî áûëè ïðîâåäåíû íàáëþäåíèÿ ñïåêòðîôî-
òîìåòðè÷åñêîãî ñòàíäàðòà Feige 98. Ïåðâè÷íàÿ îáðàáîòêà èçîáðàæåíèé âûïîë-
íÿëàñü ñ ïîìîùüþ ñòàíäàðòíîé ìåòîäèêè è èíñòðóìåíòîâ ïàêåòà IRAF. Ýêñòðàê-
öèÿ îäíîìåðíîãî ñïåêòðà è åãî ïðèâÿçêà ê øêàëå äëèí âîëí áûëè îñóùåñòâëåíû
ñ ïîìîùüþ ïðîöåäóð ìîäóëÿ longslit. Ñïåêòð Feige 98 áûë èñïîëüçîâàí äëÿ
êàëèáðîâêè ñïåêòðà V1117 Her â åäèíèöàõ àáñîëþòíîãî ïîòîêà. Ïðè îñóùåñò-
âëåíèè êàëèáðîâêè êðèâàÿ ñïåêòðàëüíîé ÷óâñòâèòåëüíîñòè áûëà òàêæå ñêîððåê-
òèðîâàíà çà àòìîñôåðíóþ ýêñòèíêöèþ.

Ïðè íèçêîì ðàçðåøåíèè íàèáîëåå õàðàêòåðíûìè äåòàëÿìè ñïåêòðà V1117
Her ÿâëÿþòñÿ ëèíèè áàëüìåðîâñêîé ñåðèè âîäîðîäà, óêàçûâàþùèå íà ñïåêò-
ðàëüíûé êëàññ À. Â îòëè÷èå îò îñòàëüíûõ ÷ëåíîâ ñåðèè, â ëèíèè H  íà
ôîíå ôîòîñôåðíûõ êðûëüåâ íàáëþäàåòñÿ ýìèññèîííîå ÿäðî. Åãî ýêâèâàëåíòíàÿ
øèðèíà ñîñòàâèëà ñîãëàñíî íàøèì èçìåðåíèÿì EW = -5.5 Å  è EW = -6.45 Å
íà ñïåêòðàõ çà 18.07.2017 è 03.04.2019, ñîîòâåòñòâåííî. Ïðèìå÷àòåëüíîé
îñîáåííîñòüþ ñïåêòðà ïîëó÷åííîãî 18.07.2017 ñòàëà ñëàáàÿ àáñîðáöèîííàÿ
äåòàëü ñ êîðîòêîâîëíîâîé ñòîðîíû îò ðåçîíàíñíîãî äóáëåòà NaI D,  âåðîÿòíî
ñîîòâåòñòâóþùàÿ ëèíèè HeI 5876 Å .

Äëÿ ïðîÿñíåíèÿ ýòîãî âîïðîñà ìû äîïîëíèòåëüíî èññëåäîâàëè ñïåêòð
íåñêîëüêî áîëüøåãî ðàçðåøåíèÿ (R ~ 1800), ïîëó÷åííûé èç àðõèâà DR4
îáçîðà LAMOST [9,10] è îõâàòûâàþùèé äèàïàçîí äëèí âîëí ~3900-9000 Å

Ðèñ.1. Ó÷àñòîê ñïåêòðà V1117 Her íèçêîãî ðàçðåøåíèÿ ïî äàííûì LAMOST DR4 [9,10].
Ñåðîé ëèíèåé ïîêàçàí ñïåêòð çâåçäû A7V èç áèáëèîòåêè MILES [12]. Íà ðèñóíêå îòìå÷åíà
èäåíòèôèêàöèÿ îñíîâíûõ ëèíèé.

F/
F c

Å ,

4000
0

5000 6000 7000 8000

H

1

2

0.5

1.5
H H

H

HeI 5876 NaI D OI 7774



550 È.Ñ.ÏÎÒÐÀÂÍÎÂ,  Ì.Â.ÅÑÅËÅÂÈ×

(ðèñ.1). Ñðàâíåíèå åãî ñî ñïåêòðàìè ñòàíäàðòîâ èç àòëàñà Ïèêëñà [11] è
áèáëèîòåêè MILES [12] ïîçâîëèëî òî÷íåå îïðåäåëèòü ñïåêòðàëüíûé êëàññ
V1117 Her êàê ~A7, â ñîãëàñèè ñ ïðåäûäóùåé òåìïåðàòóðíîé êëàññèôèêàöèåé
[2]. Òàêèå èíäèêàòîðû ñâåòèìîñòè [13] , êàê: 1) êðûëüÿ âîäîðîäíûõ ëèíèé,
2) èíòåíñèâíîñòü FeII-TiII "ëåñà" â îáëàñòè 4400-4600Å  è 3) ôîðìà ñïåêòðà
â ðàéîíå âûñøèõ ÷ëåíîâ ñåðèè Ïàøåíà ÿâíî óêàçûâàþò íà ïðèíàäëåæíîñòü
V1117 Her ê IV êëàññó ñâåòèìîñòè. Çàïîäîçðåííàÿ íàìè ëèíèÿ ïîãëîùåíèÿ
HeI 5876Å  îò÷åòëèâî íàáëþäàåòñÿ íà äàííîì ñïåêòðå, òàêæå êàê è çàìåòíàÿ
àáñîðáöèÿ OI 7774Å , ïðèíàäëåæàùàÿ íåðàçðåøàåìîìó òðèïëåòó êèñëîðîäà.
Îáå ýòè ëèíèè íå õàðàêòåðíû äëÿ A çâåçä ÃÏ, âìåñòå ñ òåì îíè ÷àñòî
íàáëþäàþòñÿ â ñïåêòðàõ Ae çâåçä Õåðáèãà è ÿâëÿþòñÿ èíäèêàòîðàìè àêêðå-
öèîííîé àêòèâíîñòè ìîëîäûõ çâåçä [14,15].

Ãåëèîöåíòðè÷åñêàÿ ëó÷åâàÿ ñêîðîñòü V1117 Her áûëà èçìåðåíà êðîññ-êîððåëÿöèåé
íàáëþäàåìûõ ñïåêòðîâ ñî ñïåêòðîì ñòàíäàðòà â äèàïàçîíå 4000-5500Å . Ñðåäíåå
çíà÷åíèå ïî äâóì Ñàÿíñêèì ñïåêòðàì ñîñòàâèëî RV = -7 ± 4 êì/ñ è â ïðåäåëàõ
îøèáêè ñîâïàäàåò ñ âåëè÷èíîé RV = -8.2 êì/ñ, ïðèâîäèìîé â êàòàëîãå LAMOST
DR4 [9,10].

3. Ñïåêòðàëüíîå ðàñïðåäåëåíèå ýíåðãèè è ïàðàìåòðû V1117 Her.
C ó÷åòîì èçâåñòíîãî ðàññòîÿíèÿ äî çâåçäû (ñì. ðàçä.4) ìîæíî ïîëó÷èòü
îöåíêó åå ñâåòèìîñòè èç ñïåêòðàëüíîãî ðàñïðåäåëåíèÿ ýíåðãèè (SED). Îíî
áûëî ïîñòðîåíî íàìè (ðèñ.2) â äèàïàçîíå 0.15-22 m  íà îñíîâå àðõèâíûõ
äàííûõ ôîòîìåòðèè è âîñïðîèçâîäèò àíàëîãè÷íûé ãðàôèê â ðàáîòå Êóí è
äð. [2]. Ñîãëàñíî òðåõìåðíîé êàðòå ðàñïðåäåëåíèÿ ïîãëîùàþùåé ìàòåðèè â
Ãàëàêòèêå [16], ìåæçâåçäíîå ïîêðàñíåíèå â íàïðàâëåíèè V1117 Her íåâåëèêî:
E(B - V ) = 0.06. Â ýòîì ñëó÷àå ïîãëîùåíèå ñîñòàâëÿåò A

v
 = 0m.19 ïðè èñïîëü-

çîâàíèè ñòàíäàðòíîãî çàêîíà Rv = 3.1. Íàáëþäàåìûå òî÷êè SED áûëè
ñêîððåêòèðîâàíû íà îñíîâå ýòîãî çíà÷åíèÿ, èñïîëüçóÿ êðèâóþ ìåæçâåçäíîé
ýêñòèíêöèè [17]. Êàê âèäíî èç ðèñ.2, â áëèæíåì óëüòðàôèîëåòîâîì è
îïòè÷åñêîì äèàïàçîíàõ íàáëþäàåìûå òî÷êè õîðîøî àïïðîêñèìèðóþòñÿ
ôîòîñôåðíûì ñïåêòðîì èç ñåòêè ìîäåëåé MARCS [18] ñ ïàðàìåòðàìè
T

eff
 = 7250 K, logg = 4.0 è ñîëíå÷íûì õèìè÷åñêèì ñîñòàâîì. Íåáîëüøèå

îñòàòî÷íûå ðàçëè÷èÿ ìîãóò áûòü îáúÿñíåíû ôîòîìåòðè÷åñêîé ïåðåìåííîñòüþ
çâåçäû è íåñèíõðîííîñòüþ íàáëþäåíèé, èñïîëüçîâàííûõ ïðè ïîñòðîåíèè
SED. Íà äëèíàõ âîëí m51  .  õàðàêòåðíîé äåòàëüþ SED ÿâëÿåòñÿ ÈÊ
èçáûòîê, êîòîðûé ïðîñëåæèâàåòñÿ äî äîñòóïíîé íàì ãðàíèöû - ïîëîñû W4
(22 m ). Èíòåãðèðîâàíèå SED â äèàïàçîíå 0.15-22 m  äàåò çíà÷åíèå ïîëíîãî
íàáëþäàåìîãî ïîòîêà 10

obs 10134  .F  ýðã ñì-2
 ñ-1, ÷òî ñ ó÷åòîì ðàññòîÿíèÿ â

1417 ïê ïðèâîäèò ê ïîëíîé ñâåòèìîñòè ñèñòåìû "çâåçäà+äèñê" L.L 825tot  .
Âêëàä èíôðàêðàñíîãî èçáûòêà â ïîëíóþ ñâåòèìîñòü ñîñòàâëÿåò LIR/Ltot = 0.3,
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ò.å. ïîðÿäêà 30%. Ïîëó÷åííîå çíà÷åíèå ñâåòèìîñòè ïîäòâåðæäàåò ñïåêòðàëüíóþ
êëàññèôèêàöèþ V1117 Her êàê ñóáãèãàíòà. Ñâåòèìîñòü çâåçäû, êàê è âåëè÷èíà
åå ÈÊ èçáûòêà òèïè÷íû äëÿ ìîëîäûõ çâåçä Ae Õåðáèãà ñ àêêðåöèîííûìè
äèñêàìè [19,20].

Îáðàùàåò íà ñåáÿ âíèìàíèå òî îáñòîÿòåëüñòâî, ÷òî ïðîêàëèáðîâàííûé â
àáñîëþòíûõ ïîòîêàõ îïòè÷åñêèé ñïåêòð V1117 Her çà 03.04.2019 íà ðèñ.2
ëåæèò çàìåòíî íèæå BVRI ôîòîìåòðèè, ïîëó÷åííîé âáëèçè ÿðêîãî ñîñòîÿíèÿ
çâåçäû. Îòíîøåíèå ïîòîêîâ íà öåíòðàëüíîé äëèíå âîëíû ôèëüòðà V (5500 Å )
ñîñòàâëÿåò Fphot /Fspec = 5.96, ÷òî ñîîòâåòñòâóåò ðàçíîñòè çâåçäíûõ âåëè÷èí

91m.m  . Îòñþäà ëåãêî îïðåäåëèòü, ÷òî ñïåêòðàëüíûå íàáëþäåíèÿ çâåçäû
áûëè ïîëó÷åíû ïðè áëåñêå 414m.V  , ò.å. âáëèçè ìèíèìóìà. Ýòî ïîäòâåðæ-
äàåòñÿ ôîòîìåòðèåé AAVSO, ñîãëàñíî êîòîðîé â íî÷ü 29.03.2019, áëèæàéøóþ
â àðõèâå ê äàòå íàøèõ ñïåêòðàëüíûõ íàáëþäåíèé, áëåñê V1117 Her ñîñòàâëÿë

814m.V  . Òàêèì îáðàçîì, ðîñò ýìèññèè â ëèíèè H  íàáëþäàâøèéñÿ 03.04.2019
ìîæíî îáúÿñíèòü ò.í. êîðîíîãðàôè÷åñêèì ýôôåêòîì, õàðàêòåðíûì äëÿ çâåçä
òèïà UX Ori [25]. Ïðèìå÷àòåëüíî òàêæå, ÷òî äëÿ ïðèâåäåíèÿ ñïåêòðà, ïîëó÷åííîãî
â ìèíèìóìå áëåñêà, ê ÿðêîìó ñîñòîÿíèþ òðåáóåòñÿ íåéòðàëüíûé ñäâèã, ò.å. áåç
äîïîëíèòåëüíîé êîððåêöèè çà îêîëîçâåçäíîå ïîêðàñíåíèå. Âîçìîæíîå îáúÿñ-
íåíèå ñîcòîèò â òîì, ÷òî çàòìåíèå áûëî âûçâàíî äîñòàòî÷íî êðóïíîé ïûëüþ.

Ðèñ.2. Ñïåêòðàëüíîå ðàñïðåäåëåíèå ýíåðãèè V1117 Her. Ñèìâîëàìè ïîêàçàíû äàííûå
ôîòîìåòðèè: â FUV è NUV ôèëüòðàõ GALEX (îòêðûòûå êðóæêè) [21], BVRI (çâåçäî÷êè) ïî
äàííûì [2], JHK 2MASS (òðåóãîëüíèêè) [22], WISE 3.4, 4.6, 12, 22 m  (÷åðíûå êðóæêè) [23],
AKARI S9W (ðîìáèê) [24]. Ñåðîé ëèíèåé ïîêàçàí ìîäåëüíûé ñïåêòð Teff = 7250 K, logg = 4.0,
ïðèâåäåííûé ê ðàññòîÿíèþ 1417 ïê. ×åðíàÿ ëèíèÿ ñîîòâåòñòâóåò îïòè÷åñêîìó ñïåêòðó, ïîëó÷åí-
íîìó íà Ñàÿíñêîé îáñåðâàòîðèè 03.04.2019 âî âðåìÿ ôîòîìåòðè÷åñêîãî ìèíèìóìà çâåçäû è
ñêîððåêòèðîâàííîìó çà ìåæçâåçäíîå ïîãëîùåíèå Av = 0m.19. Îñè ïðèâîäÿòñÿ â ëîãàðèôìè÷åñêîì
ìàñøòàáå.
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Õîòÿ äàííûå î öâåòîâîì ïîâåäåíèè çâåçäû âî âðåìÿ çàòìåíèé îãðàíè÷åíû,
è ýòîò âîïðîñ çàñëóæèâàåò áîëåå ïîëíîãî èññëåäîâàíèÿ ñ ïîìîùüþ
ìíîãîöâåòíîãî ôîòîìåòðè÷åñêîãî ìîíèòîðèíãà.

4. Êèíåìàòèêà. Àñòðîìåòðè÷åñêèå ïàðàìåòðû V1117 Her áûëè ïîëó÷åíû
íàìè èç êàòàëîãà GAIA DR2 [26,27]. Ñîãëàñíî ýòèì äàííûì ïàðàëëàêñ çâåçäû
ðàâíÿåòñÿ 03507060 ..   ìñä, ÷òî ñîîòâåòñòâóåò ðàññòîÿíèþ 74

6751416 
 .D   ïê.

Ñîáñòâåííûå äâèæåíèÿ V1117 Her ïî ïðÿìîìó âîñõîæäåíèþ è ñêëîíåíèþ
ñîñòàâëÿþò 0460735 ..   ìñä/ãîä è 0400826 ..   ìñä/ãîä, ñîîòâåòñò-
âåííî. Èñïîëüçîâàíèå äàííûõ GAIA äëÿ îïðåäåëåíèÿ ðàññòîÿíèé äî èíäèâè-
äóàëüíûõ îáúåêòîâ òðåáóåò êðèòè÷åñêîãî ïîäõîäà è àíàëèçà äîñòîâåðíîñòè
èìåþùåãîñÿ àñòðîìåòðè÷åñêîãî ðåøåíèÿ. Â ÷àñòíîñòè, ìîëîäûå çâåçäû çà÷àñòóþ
îáëàäàþò êîìïëåêñíûì îêîëîçâåçäíûì îêðóæåíèåì, âëèÿþùèì íà èõ
ôîòîìåòðè÷åñêèé ïðîôèëü è, êàê ñëåäñòâèå, òî÷íîñòü ïîçèöèîíèðîâàíèÿ ïðè
àñòðîìåòðè÷åñêèõ íàáëþäåíèÿõ. Ñïîñîá, ðåêîìåíäîâàííûé íàó÷íîé ãðóïïîé
GAIA, ñîñòîèò â èñïîëüçîâàíèè êðèòåðèÿ RUWE, õàðàêòåðèçóþùåãî êà÷åñòâî
àïïðîêñèìàöèè íàáëþäàòåëüíûõ äàííûõ ïðèíÿòîé àñòðîìåòðè÷åñêîé ìîäåëüþ
[28]. Çíà÷åíèå RUWE < 1.4 ãîâîðèò î íàäåæíîñòè ðåøåíèÿ. Äëÿ V1117 Her
RUWE = 1.1, ÷òî ïîäòâåðæäàåò çíà÷èìîñòü ïðèâîäèìîé â êàòàëîãå âåëè÷èíû
ïàðàëëàêñà.

Íà îñíîâå øåñòè àñòðîìåòðè÷åñêèõ ïàðàìåòðîâ: êîîðäèíàò, ñîáñòâåííûõ
äâèæåíèé, ïàðàëëàêñà è ëó÷åâîé ñêîðîñòè ìîæíî âû÷èñëèòü UVW êîìïîíåíòû
âåêòîðà ñêîðîñòè çâåçäû, îáû÷íî èñïîëüçóåìûå äëÿ àíàëèçà çâåçäíîé
êèíåìàòèêè. Êîìïîíåíòû ñêîðîñòè ðàññ÷èòûâàþòñÿ â ãåëèîöåíòðè÷åñêîé
ïðÿìîóãîëüíîé ñèñòåìå êîîðäèíàò, ãäå îñü U íàïðàâëåíà íà öåíòð Ãàëàêòèêè,
îñü V ïîëîæèòåëüíà â íàïðàâëåíèè ãàëàêòè÷åñêîãî âðàùåíèÿ, à îñü W
íàïðàâëåíà íà ñåâåðíûé ãàëàêòè÷åñêèé ïîëþñ. Ïîñêîëüêó V1117 Her íàõîäèòñÿ
íå â áëèæàéøåé îêîëîñîëíå÷íîé îêðåñòíîñòè, à óäàëåíà íà ðàññòîÿíèå ïîðÿäêà
1.5 êïê, òî äëÿ ïðèâåäåíèÿ ñêîðîñòåé ê ìåñòíîìó ñòàíäàðòó ïîêîÿ (LSR)
ïîìèìî ïåêóëÿðíîãî äâèæåíèÿ Ñîëíöà íåîáõîäèìî ó÷èòûâàòü òàêæå è
äèôôåðåíöèàëüíîå âðàùåíèå Ãàëàêòèêè. Äëÿ ýòîãî ìû âîñïîëüçîâàëèñü
ëèíåéíîé ìîäåëüþ Îîðòà. Ñîîòâåòñòâåííî, ëó÷åâàÿ ñêîðîñòü è ñîáñòâåííûå
äâèæåíèÿ, ïðåäâàðèòåëüíî ïåðåâåäåííûå â ãàëàêòè÷åñêèå êîîðäèíàòû,
êîððåêòèðîâàëèñü ñîãëàñíî ñëåäóþùèì ôîðìóëàì (ñì., íàïðèìåð [29]):

 
. 2sin2sin2

coscos2
cossin2 2

klbA

kbBlA
blADRVRV

obsbb

obsll

obs






Çäåñü l è b - ãàëàêòè÷åñêèå äîëãîòà è øèðîòà, ñîîòâåòñòâåííî; D - ðàññòîÿíèå
äî çâåçäû, A = 16.29 êì ñ-1

 êïê-1 è B = -11.9 êì ñ-1
 êïê-1 - ïîñòîÿííûå Îîðòà,
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çíà÷åíèÿ êîòîðûõ ïðèâîäÿòñÿ ñîãëàñíî [30]; k = 4.74 - ìíîæèòåëü ïåðåõîäà
îò óãëîâîãî ïåðåìåùåíèÿ ê ëèíåéíîé ñêîðîñòè. Íèæíèé èíäåêñ obs îçíà÷àåò
íàáëþäàåìîå çíà÷åíèå ïàðàìåòðà.

UVW êîìïîíåíòû âåêòîðà ñêîðîñòè âû÷èñëÿþòñÿ ñîãëàñíî ôîðìóëàì,
èçâåñòíûì â çâåçäíîé àñòðîíîìèè:

, cossin
sinsincoscossin
sincossincoscos

bVbRVW
blVlVblRVV
blVlVblRVU

b

bl

bl







ãäå ll kDV 
 è bb kDV  , à D èìååò ðàçìåðíîñòü êïê. Îøèáêè ìîãóò áûòü

îöåíåíû ñîãëàñíî ìåòîäèêå [31]. Ïîëó÷åííûå çíà÷åíèÿ íåîáõîäèìî òàêæå
ñêîððåêòèðîâàòü çà ïåêóëÿðíóþ ñêîðîñòü Ñîëíöà    7.3 12.2, ,111 , , .WVU 

êì/ñ [32].
Â ðåçóëüòàòå, êîìïîíåíòû ñêîðîñòè V1117 Her ñîñòàâëÿþò (U,V,W)LSR =

(10±2.4, -50.5±3.8, 15.4±2.1) êì/ñ. Êàê âèäíî, â ñêîðîñòè çâåçäû îòíîñèòåëüíî
ìåñòíîãî öåíòðîèäà äîìèíèðóåò âðàùàòåëüíàÿ V êîìïîíåíòà, ÷òî õàðàêòåðíî äëÿ

íàñåëåíèÿ äèñêà. Ïðè ýòîì, âåëè÷èíà ïîëíîé ñêîðîñòè   753
21222

tot .WVUV 
êì/ñ ñîãëàñíî ñòàòèñòè÷åñêîìó êðèòåðèþ [33] ÿâëÿåòñÿ ïîãðàíè÷íîé ìåæäó
òîíêèì è òîëñòûì äèñêîì. Ýòî ñîãëàñóåòñÿ ñ òåêóùèì óäàëåíèåì V1117 Her
îò ïëîñêîñòè Ìëå÷íîãî Ïóòè, êîòîðîå ñîñòàâëÿåò 804sin  ZbDZ  ïê, ãäå

16Z  ïê [34] - âîçâûøåíèå Ñîëíöà ê ñåâåðó îò ãàëàêòè÷åñêîé ïëîñêîñòè.
Òåêóùåå çíà÷åíèå Vtot òàêæå çàâåäîìî ìåíüøå ïåêóëÿðíîé ñêîðîñòè â íåñêîëüêî
ñîòåí êì/ñ, êîòîðàÿ ïîçâîëèëà áû îòíåñòè V1117 Her ê ò.í. "çâåçäàì-áåãëåöàì"
[35].

Òåì íå ìåíåå, íåîáõîäèìî ðàññìîòðåòü âîçìîæíîñòü òîãî, ÷òî çâåçäà,
äâèæóùàÿñÿ ïî áàëëèñòè÷åñêîé òðàåêòîðèè ïîñëå âûáðîñà èç íèçêîøèðîòíîé
àññîöèàöèè, íàõîäèòñÿ âáëèçè àïîöåíòðà ñâîåé îðáèòû è ïîòåðÿëà çíà÷èòåëüíóþ
÷àñòü íà÷àëüíîé ñêîðîñòè Vinit. Äëÿ ýòîãî ìû âûïîëíèëè ðàñ÷åò äâèæåíèÿ V1117
Her â ãðàâèòàöèîííîì ïîòåíöèàëå Ãàëàêòèêè ñ ïîìîùüþ èíòåãðàòîðà GalPy [36],
èñïîëüçóÿ â êà÷åñòâå íà÷àëüíûõ ïàðàìåòðîâ òåêóùèå çíà÷åíèÿ êîîðäèíàò è
ñêîðîñòè çâåçäû. Åãî ðåçóëüòàò ïîêàçûâàåò, ÷òî ïåðåñå÷åíèå îðáèòû V1117 Her
ñ ãàëàêòè÷åñêèì ýêâàòîðîì (b = 0o) ïðîèçîøëî 18.5 ìëí. ëåò íàçàä. Åñëè ïðåä-
ïîëîæèòü ðîæäåíèå çâåçäû ãäå-òî â ïëîñêîñòè Ãàëàêòèêè, òî ïðèâîäèìàÿ âûøå
âåëè÷èíà ÿâëÿåòñÿ îöåíêîé åå êèíåìàòè÷åñêîãî âîçðàñòà. Íà÷àëüíîå çíà÷åíèå
ïîëíîé ñêîðîñòè â ýòîì ñëó÷àå ñîñòàâëÿëî áû Vinit = 148 êì/ñ.

5. Îáñóæäåíèå è çàêëþ÷èòåëüíûå çàìå÷àíèÿ. Ñîãëàñíî íîâûì
äàííûì GAIA DR2, V1117 Her óäàëåíà îò Ñîëíöà íà 1.4 êïê, ÷òî îçíà÷àåò
åå âîçâûøåíèå íàä ïëîñêîñòüþ Ãàëàêòèêè íà 804 ïê - âåëè÷èíó íå õàðàêòåðíóþ
â îêðåñòíîñòÿõ Ñîëíöà äëÿ çâåçä íà ñòàäèè ýâîëþöèè äî ÃÏ. Âìåñòå ñ òåì,
íàøà îöåíêà ïîëíîé ñâåòèìîñòè ñèñòåìû "çâåçäà+äèñê" L.L 825tot  , âåëè÷èíà
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ÈÊ èçáûòêà LIR/Ltot = 0.3, à òàêæå äîïîëíèòåëüíî îáíàðóæåííûå ñïåêòðàëüíûå
ïðèçíàêè àêêðåöèè ïîäòâåðæäàþò ïðåæíþþ êëàññèôèêàöèþ [2] V1117 Her
êàê Ae çâåçäû Õåðáèãà. Ýòè äâà ðåçóëüòàòà âñòóïàþò â ïðîòèâîðå÷èå â ðàìêàõ
ñîâðåìåííîé ïàðàäèãìû çâåçäîîáðàçîâàíèÿ èñêëþ÷èòåëüíî â íèçêîøèðîòíûõ
ìîëåêóëÿðíûõ îáëàêàõ, àññîöèèðîâàííûõ ñ ïëîñêîñòüþ Ìëå÷íîãî Ïóòè èëè
Ïîÿñîì Ãóëäà.

Èñõîäÿ èç êèíåìàòèêè V1117 Her, îäíî èç âîçìîæíûõ îáúÿñíåíèé
ñîñòîèò â òîì, ÷òî ïîñëå ðîæäåíèÿ ãäå-òî â ãàëàêòè÷åñêîé ïëîñêîñòè çâåçäà
ïîëó÷èëà äîñòàòî÷íî áîëüøóþ íà÷àëüíóþ ñêîðîñòü Vinit = 148 êì/ñ. Ýòà ñêîðîñòü
ïîçâîëèëà áû åé çà âðåìÿ ïîðÿäêà 18.5 ìëí. ëåò äîáðàòüñÿ äî ñâîåãî òåêóùåãî
ìåñòîïîëîæåíèÿ. Äâà îñíîâíûõ ìåõàíèçìà ïðèîáðåòåíèÿ áîëüøèõ íà÷àëüíûõ
ñêîðîñòåé çâåçäàìè-áåãëåöàìè ñîñòîÿò â èõ âûáðîñå èç äâîéíîé ñèñòåìû
ëèáî â ðåçóëüòàòå âçðûâà îäíîãî èç êîìïîíåíòîâ êàê ñâåðõíîâîé [35], ëèáî
äèíàìè÷åñêîãî âçàèìîäåéñòâèÿ â ïëîòíîì îêðóæåíèè ìîëîäîãî ñêîïëåíèÿ
[37]. Â ðàìêàõ ñöåíàðèÿ ñî ñâåðõíîâîé ïðàêòè÷åñêè íåâîçìîæíî îáúÿñíèòü
ñóùåñòâîâàíèå âîêðóã V1117 Her àêêðåöèîííîãî äèñêà, êîòîðûé â ñëó÷àå
áëèçêîé âñïûøêè äîëæåí áûë áû ïðàêòè÷åñêè ñðàçó èñ÷åçíóòü â ðåçóëüòàòå
ôîòîèñïàðåíèÿ. Ê òîìó æå, íà÷àëüíàÿ ñêîðîñòü êîìïîíåíòà, ïîêèäàþùåãî â
ýòîì ñëó÷àå ñèñòåìó, ñîñòàâëÿåò ïîðÿäêà 300-400 êì/ñ [38], ÷òî ïðåâîñõîäèò
ïîëó÷åííóþ íàìè äëÿ V1117 Her îöåíêó Vinit. Â ñöåíàðèè äèíàìè÷åñêîãî
âûáðîñà îãðàíè÷åíèÿ íà íà÷àëüíûå ñêîðîñòè ìÿã÷å: ~100-200 êì/ñ [39].
Îäíàêî äîñòàòî÷íî ýôôåêòèâåí ýòîò ìåõàíèçì ëèøü â ïëîòíûõ öåíòðàëüíûõ
îáëàñòÿõ ìîëîäûõ ñêîïëåíèé, ñîñòîÿùèõ èç íåñêîëüêèõ äåñÿòêîâ çâåçä ðàííèõ
ñïåêòðàëüíûõ êëàññîâ, âêëþ÷àÿ äâîéíûå è êðàòíûå ñèñòåìû. Èñõîäÿ èç
ýòîãî, ìåñòîì ðîæäåíèÿ V1117 Her ìîãëî áû áûòü ãðàâèòàöèîííî-ñâÿçàííîå
çâåçäíîå ñêîïëåíèå âîçðàñòîì ïîðÿäêà 20 ìëí. ëåò. Îäíàêî áåçîòíîñèòåëüíî
ìåõàíèçìà íà÷àëüíîãî óñêîðåíèÿ è âîïðîñà âûæèâàåìîñòè äèñêà, ñàìà ïî
ñåáå îöåíêà êèíåìàòè÷åñêîãî âîçðàñòà çâåçäû ïî÷òè â äâà ðàçà ïðåâîñõîäèò
õàðàêòåðíîå âðåìÿ çàòóõàíèÿ àêòèâíîé àêêðåöèè ó Ae/Be çâåçä Õåðáèãà [40].
Â òî æå âðåìÿ  àêêðåöèîííûå ïðèçíàêè îò÷åòëèâî íàáëþäàþòñÿ â ñïåêòðå
V1117 Her. Ýòî ñëóæèò âåñîìûì àðãóìåíòîì ïðîòèâ ïðåäïîëîæåíèÿ î ðîæäåíèè
V1117 Her â ïëîñêîñòè Ãàëàêòèêè è, êàê ñëåäñòâèå, îöåíêè åå êèíåìàòè÷åñêîãî
âîçðàñòà, ïðèâîäèìîé âûøå. Áîëåå åñòåñòâåííûì ïðåäïîëîæåíèåì ÿâëÿåòñÿ
òî, ÷òî çâåçäà ñôîðìèðîâàëàñü in situ, âûñîêî íàä ïëîñêîñòüþ äèñêà, íåñêîëüêî
ìèëëèîíîâ ëåò íàçàä, à åå òåêóùàÿ êèíåìàòèêà îòðàæàåò êèíåìàòèêó ðîäè-
òåëüñêîãî îáëàêà èçíà÷àëüíî íàõîäèâøåãîñÿ âíå ìîëîäîãî òîíêîãî äèñêà.

V1117 Her ðàñïîëàãàåòñÿ â ïðîåêöèè íà öåíòðàëüíóþ îáëàñòü Ãàëàêòèêè,
çà ïðåäåëàìè áëèæàéøèõ ê Ñîëíöó è õîðîøî èçó÷åííûõ îáëàñòåé
çâåçäîîáðàçîâàíèÿ. Ñîãëàñíî "Íîâîìó ñïèñêó OB àññîöèàöèé" Ìåëüíèê è
Åôðåìîâà [41] ïî ãàëàêòè÷åñêîé äîëãîòå V1117 Her ãðàíè÷èò ñ OB àññîöèàöèÿìè



555ÑÏÅÊÒÐÎÑÊÎÏÈß  È  ÊÈÍÅÌÀÒÈÊÀ  V1117 Her

â ñîçâåçäèÿõ Ùèòà è Çìåè: Sct OB3 è Ser OB2, ðàñïîëàãàþùèìèñÿ, îäíàêî,
âáëèçè ïëîñêîñòè Ìëå÷íîãî Ïóòè íà ðàññòîÿíèè â 1.3 êïê è 1.6 êïê,
ñîîòâåòñòâåííî [42]. Ïðîñòðàíñòâåííî V1117 Her îêàçûâàåòñÿ ñðàâíèòåëüíî
áëèçêà ê íèì, õîòÿ ñöåíàðèé íåïîñðåäñòâåííîãî âûáðîñà çâåçäû èç
íèçêîøèðîòíîé àññîöèàöèè áûë âûøå îöåíåí íàìè êàê ìàëîâåðîÿòíûé. Òåì
íå ìåíåå, ìîæíî ïðåäïîëîæèòü, ÷òî àêòèâíûå ïðîöåññû â ýòèõ OB àññîöèàöèÿõ,
òàêèå êàê âñïûøêè ñâåðõíîâûõ è èíòåíñèâíûå âåòðà îò ìàññèâíûõ çâåçä, âñå
æå ìîãëè îêàçàòü âëèÿíèå íà ôîðìèðîâàíèå V1117 Her. Ïðèìå÷àòåëüíî, ÷òî
â àññîöèàöèè Ser OB2 èçâåñòåí òàê íàçûâàåìûé "äûìîõîä" (chimney, spur),
ñâèäåòåëüñòâóþùèé î âûáðîñå ãîðÿ÷åãî èîíèçîâàííîãî ãàçà ïåðïåíäèêóëÿðíî
ê ãàëàêòè÷åñêîé ïëîñêîñòè íà ðàññòîÿíèå êàê ìèíèìóì â 200 ïê [43]. Òàêèå
"äûìîõîäû" èãðàþò âàæíóþ ðîëü â ïîñòàâêå ãàçà íà áîëüøèå âûñîòû íàä
ìîëîäûì äèñêîì [44]. Âîçìîæíî, ÷òî èõ ýíåðãåòèêà è îõëàæäàþùèéñÿ ãàç
ìîãóò ïîðîæäàòü ëîêàëüíûå ýïèçîäû çâåçäîîáðàçîâàíèÿ, ïðèìåðîì êîòîðîãî
ìîæåò áûòü è V1117 Her. Îäíàêî äåòàëüíîå îáñóæäåíèå ïîäîáíîãî ñöåíàðèÿ
íàõîäèòñÿ çà ðàìêàìè íàñòîÿùåé ñòàòüè.

Äàëüíåéøåå èññëåäîâàíèå âîïðîñà ïðîèñõîæäåíèÿ V1117 Her ÿâëÿåòñÿ
âàæíûì äëÿ ëó÷øåãî ïîíèìàíèÿ âîçìîæíûõ ôîðì è ìåñò çâåçäîîáðàçîâàíèÿ
â Ãàëàêòèêå. Â ïåðâóþ î÷åðåäü íåîáõîäèìî ïîëó÷åíèå ñïåêòðîâ çâåçäû âûñîêîãî
ðàçðåøåíèÿ, ÷òî, ó÷èòûâàÿ áëåñê çâåçäû, òðåáóåò ïðèìåíåíèÿ êðóïíûõ òåëåñêîïîâ.
Òàêæå ïðåäñòàâëÿåò áîëüøîé èíòåðåñ äîïîëíèòåëüíîå èññëåäîâàíèå àññîöèàöèé
Ser OB2 è Sct OB3 ñ öåëüþ èçó÷åíèÿ âëèÿíèÿ àêòèâíûõ ïðîöåññîâ â íèõ íà
âíåøíåå îêðóæåíèå è âîçìîæíîå ñòèìóëèðîâàíèå çâåçäîîáðàçîâàíèÿ íà äàëåêîé
ïåðèôåðèè.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå Ãðàíòà ÐÔÔÈ ¹18-32-00501. Íàáëþ-
äåíèÿ íà Ñàÿíñêîé ñîëíå÷íîé îáñåðâàòîðèè îñóùåñòâëåíû ñ èñïîëüçîâàíèåì
îáîðóäîâàíèÿ ÖÊÏ "Àíãàðà" è ïðè ïîääåðæêå áàçîâîãî ôèíàíñèðîâàíèÿ
ïðîãðàììû ÔÍÈ II.16.

Àâòîðû áëàãîäàðÿò ðåöåíçåíòà Î.Þ.Áàðñóíîâó çà âíèìàòåëüíîå ïðî÷òåíèå
ðóêîïèñè è çàìå÷àíèÿ, ïîçâîëèâøèå óëó÷øèòü åå òåêñò.

Èíñòèòóò ñîëíå÷íî-çåìíîé ôèçèêè ÑÎ ÐÀÍ, Èðêóòñê,
e-mail: ilya.astro@gmail.com
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SPECTROSCOPY AND KINEMATICS OF V1117 Her -
THE HIGH-LATITUDE UX Ori TYPE STAR

I.S.POTRAVNOV, M.V.ESELEVICH

We present results based on our studies of low-resolution spectra and kine-
matics of the star V1117 Her, which is located at the high galactic latitude
b=+33o.8. It was shown, that the star possesses A7 IV photospheric spectrum,
luminosity LL 26  and spectral signatures of the accretion activity. This
confirms its previous classification as young Ae Herbig star with UX Ori type
photometric variability. However, the parallax of V1117 Her in GAIA DR2
catalogue corresponds to the distance of 41.D   kpc and its height above the
Galactic plane is of about 800Z  pc. The kinematics of the star indicates the
most probable formation in situ, outside the plane of the young disk. Possible
scenario of V1117 Her formation is briefly discussed.

Keywords: V1117 Her: spectroscopy: kinematics: UX Ori type stars
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ÃÎÐÁÛ È ÑÂÅÐÕÃÎÐÁÛ Â ÑÈÑÒÅÌÅ ÊÀÐËÈÊÎÂÎÉ
ÍÎÂÎÉ ÒÈÏÀ SU UMa 1RXS J161659.5+620014

Å.Ï.ÏÀÂËÅÍÊÎ, À.À.ÑÎÑÍÎÂÑÊÈÉ, Ê.À.ÀÍÒÎÍÞÊ,
Ý.Ð.ËÞÌÀÍÎÂ, Í.Â.ÏÈÒÜ, Î.È.ÀÍÒÎÍÞÊ

Ïîñòóïèëà 20 àïðåëÿ 2020

Ôîòîìåòðè÷åñêèå èññëåäîâàíèÿ êàðëèêîâîé íîâîé òèïà SU UMa 1RXS J161659.5+
620014 áûëè âûïîëíåíû íà 2.6-ì è 1.25-ì òåëåñêîïàõ Êðûìñêîé àñòðîôèçè÷åñêîé îáñåð-
âàòîðèè â 2017 è 2018ãã. â íåàêòèâíîì ñîñòîÿíèè ñèñòåìû, âî âðåìÿ íîðìàëüíûõ âñïûøåê
è âî âðåìÿ ñâåðõâñïûøêè. Íàéäåíî, ÷òî èíòåðâàë ìåæäó ñîñåäíèìè íîðìàëüíûìè âñïûø-
êàìè ñîñòàâëÿë îêîëî 11 ñóò. â 2017ã. Íàáëþäåíèÿ â 2017ã. â ñïîêîéíîì ñîñòîÿíèè ñèñòåìû
ïîçâîëèëè îáíàðóæèòü îðáèòàëüíûé ïåðèîä 0.06888(2) ñóò. Íàáëþäåíèÿ â 2018ã. ïîêàçàëè
õîðîøóþ âîñïðîèçâîäèìîñòü õàðàêòåðèñòèê ñâåðõâñïûøêè ñî ñâåðõâñïûøêàìè ïðåäûäóùèõ
ëåò. Áûë óòî÷íåí ïåðèîä ïîëîæèòåëüíûõ ñâåðõãîðáîâ íà ñòàäèè "Ñ", ðàâíûé 0.071044(15)
ñóò. è îïðåäåëåíû èõ öâåòîâûå èíäåêñû.

Êëþ÷åâûå ñëîâà: 1RXS J161659.5+620014: êàòàêëèçìè÷åñêèå ïåðåìåííûå:
êàðëèêîâûå íîâûå: îòðèöàòåëüíûå ñâåðõãîðáû

1. Ââåäåíèå. Êàðëèêîâûå íîâûå òèïà SU UMa îòíîñÿòñÿ ê ïîäêëàññó
êàòàêëèçìè÷åñêèõ ïåðåìåííûõ çâåçä. Â ñèñòåìàõ òèïà SU UMa çâåçäà-äîíîð
ïîçäíåãî ñïåêòðàëüíîãî êëàññà (M-L) çàïîëíÿåò ñâîþ ïîëîñòü Ðîøà è ÷åðåç
âíóòðåííþþ òî÷êó Ëàãðàíæà òåðÿåò âåùåñòâî íà íåìàãíèòíûé áåëûé êàðëèê
ñ ìàññîé â òðè è áîëåå ðàç ïðåâûøàþùåé ìàññó êîìïîíåíòà-äîíîðà [1].
Âåùåñòâî äîíîðà íå ñðàçó àêêðåöèðóåò íà áåëûé êàðëèê, à îáðàçóåò âîêðóã
íåãî àêêðåöèîííûé äèñê, êîòîðûé âðåìÿ îò âðåìåíè âñïûõèâàåò, ÷òî
âûçûâàåòñÿ òåïëîâîé íåñòàáèëüíîñòüþ äèñêà [2-4]. Ñèñòåìû òèïà SU UMa
ïîêàçûâàþò äâà òèïà âñïûøåê - òàê íàçûâàåìûå "íîðìàëüíûå" âñïûøêè è
"ñâåðõâñïûøêè". Íîðìàëüíûå âñïûøêè âîçíèêàþò ñ èíòåðâàëîì îò íåñêîëüêèõ
ñóòîê äî äåñÿòêîâ ñóòîê, äëÿòñÿ 2-4 ñóò. è èìåþò àìïëèòóäó 2m-5m. Îíè
ðàñïîëàãàþòñÿ ìåæäó ñâåðõâñïûøêàìè, àìïëèòóäû êîòîðûõ áîëüøå, ÷åì
àìïëèòóäû íîðìàëüíûõ âñïûøåê, à äëèòåëüíîñòè - îò 10 ñóò. è áîëåå. Â
ìèíèìóìå áëåñêà ìåæäó âñïûøêàìè ïðè áëàãîïðèÿòíîì íàêëîíå îðáèòû
ìîæíî íàáëþäàòü "ãîðáû" - êîëåáàíèÿ áëåñêà ñ îðáèòàëüíûì ïåðèîäîì, à âî
âðåìÿ ñâåðõâñïûøåê - êîëåáàíèÿ áëåñêà ñ ïåðèîäîì "ïîëîæèòåëüíûõ ñâåðõ-
ãîðáîâ", íà íåñêîëüêî ïðîöåíòîâ ïðåâîñõîäÿùèõ îðáèòàëüíûé ïåðèîä.

Âïåðâûå ñâåðõãîðáû áûëè îòêðûòû íåçàâèñèìî Ôîãòîì [5] è Óîðíåðîì
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[6] âî âðåìÿ ñâåðõâñïûøêè 1972ã. êàðëèêîâîé íîâîé òèïà SU UMa VW Hyi.
Åñëè "ãîðáû" ñâÿçûâàþò ñ óñëîâèÿìè âèäèìîñòè "ãîðÿ÷åãî ïÿòíà" è/èëè
"ãîðÿ÷åé ëèíèè" [1,7], òî ïðè÷èíà "ñâåðõãîðáîâ" ïðèíöèïèàëüíî èíàÿ. Ñîãëàñíî
ñîâðåìåííûì ïðåäñòàâëåíèÿì [8-10], ñâåðõãîðáû ÿâëÿþò ñîáîé ïðèëèâíûå
âûñâîáîæäåíèÿ ýíåðãèè â äèñêå. Îíè ïðîèñõîäÿò, êîãäà ðàäèóñ äèñêà äîñòèãàåò
ðåçîíàíñíîé îðáèòû, ñîîòâåòñòâóþùåé ðåçîíàíñó 3:1, ïðè ýòîì äèñê èç êðóãîâîãî
ïðåîáðàçóåòñÿ â ýëëèïòè÷åñêèé è ïîêàçûâàåò àïñèäàëüíóþ ïðåöåññèþ. Èñòî÷íèê
ñâåðõãîðáîâ íàõîäèòñÿ âî âíåøíèõ ÷àñòÿõ äèñêà, â òîì ìåñòå, ãäå îðáèòû
÷àñòèö ïåðåñåêàþòñÿ, à èõ ïåðèîä P

sh
 ñâÿçàí ñ îðáèòàëüíûì P

orb
 è ïðåöåññèîííûì

P
prec

 ïåðèîäàìè ñîîòíîøåíèåì:

. 111 shorbprec PPP 

Äîñòè÷ü äàííîé ðåçîíàíñíîé îðáèòû ìîãóò òîëüêî ñèñòåìû ñ îòíîøåíèåì
ìàññ q = m2/m1 < 0.25, ãäå m2 è m1 - ìàññû äîíîðà è áåëîãî êàðëèêà ñîîò-
âåòñòâåííî, ïîñêîëüêó äëÿ ñèñòåì ñ áîëüøèì q ðàäèóñ 3:1 ðåçîíàíñà áóäåò
íàõîäèòüñÿ óæå çà ãðàíèöåé ïðèëèâíîãî ðàäèóñà.

Êàòî è äð. [11] âûäåëèëè è èññëåäîâàëè òðè ñòàäèè â èçìåíåíèè ïåðèîäà
ñâåðõãîðáîâ â òå÷åíèå ñâåðõâñïûøêè. Ýòî ñòàäèÿ À, êîòîðàÿ õàðàêòåðèçóåòñÿ
ïîñòîÿííûì ïåðèîäîì; ñòàäèÿ Â - ñ ðàçâèòûìè ñâåðõãîðáàìè è ñèñòåìàòè-
÷åñêèìè èçìåíåíèÿìè ýòîãî ïåðèîäà, ïðè÷åì, åãî ñðåäíÿÿ âåëè÷èíà ìåíüøå,
÷åì íà ñòàäèè À; ñòàäèÿ Ñ - ñ ïåðèîäîì, ìåíüøèì, ÷åì íà ñòàäèè Â, âèäèìàÿ
íà ïîçäíåé ôàçå ñâåðõâñïûøêè äî ïîñò-ñâåðõâñïûøå÷íîé ôàçû. Íà äàííîì
ýòàïå ïðåäïîëàãàåòñÿ, ÷òî ñòàäèÿ À õàðàêòåðèçóåòñÿ ñêîðîñòüþ äèíàìè÷åñêîé
ïðåöåññèè íà ðàäèóñå 3:1 ðåçîíàíñà, ñòàäèÿ Â îòðàæàåò ðîñò ãàçîâîãî äàâëåíèÿ
â äèñêå [12-14]. Ïðîèñõîæäåíèå ñòàäèè Ñ âñå åùå îñòàåòñÿ íåÿñíûì. Çâåçäû
òèïà WZ Sge ðåäêî ïîêàçûâàþò ÿðêî âûðàæåííûé ïåðåõîä ê ñòàäèè Ñ.

Â 80-å ãîäû ïîñëåäîâàë ðÿä ðàáîò ïî êîëîðèìåòðèè ñâåðõãîðáîâ. Àâòîðû
îòìå÷àëè, ÷òî â îñíîâíîì ñâåðõãîðáû "êðàñíûå", ò.å., ïîêàçàòåëè öâåòà
íàèáîëåå êðàñíûå, êîãäà ÿðêîñòü ñâåðõãîðáà äîñòèãàåò ìàêñèìàëüíîãî çíà÷åíèÿ
[1]. Îäíàêî ýòî åäèíè÷íûå äàííûå, è àâòîðû îòìå÷àëè, ÷òî äëÿ ïîëíîòû
êàðòèíû äàííûõ íàáëþäåíèé ÿâíî íå õâàòàåò.

Èçâåñòíî, ÷òî êðîìå ïîëîæèòåëüíûõ ñâåðõãîðáîâ, àêêðåöèîííûå äèñêè
ìîãóò äåìîíñòðèðîâàòü è îòðèöàòåëüíûå ñâåðõãîðáû, ïåðèîä êîòîðûõ íà
íåñêîëüêî ïðîöåíòîâ ìåíüøå îðáèòàëüíîãî [15]. Â îòëè÷èå îò ïîëîæèòåëüíûõ
ñâåðõãîðáîâ, êîòîðûå áûâàþò òîëüêî âî âðåìÿ ñâåðõâñïûøåê, îíè íàáëþäàþòñÿ
ó êàòàêëèçìè÷åñêèõ ïåðåìåííûõ è ðîäñòâåííûõ îáúåêòîâ íà ðàçëè÷íûõ ýòàïàõ
ýâîëþöèè (äëÿ ðàçëè÷íûõ îðáèòàëüíûõ ïåðèîäîâ) [15-17]. ×èñëî èçâåñòíûõ
òàêèõ ñèñòåì íåâåëèêî, à èõ ïðîèñõîæäåíèå ñâÿçûâàþò ñ íîäàëüíîé ïðåöåññèåé
íàêëîííîãî äèñêà (cì., íàïðèìåð, [16]). Ó êàðëèêîâîé íîâîé V1504 Cyg ïî
äàííûì êîñìè÷åñêîãî òåëåñêîïà Êåïëåð Îñàêè è Êàòî [18] îáíàðóæèëè
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ñèëüíóþ êîððåëÿöèþ èçìåíåíèÿ äëèòåëüíîñòè èíòåðâàëà (öèêëà) ìåæäó
íîðìàëüíûìè âñïûøêàìè ñ ïîÿâëåíèåì (èëè èñ÷åçíîâåíèåì) îòðèöàòåëüíûõ
ñâåðõãîðáîâ. Ó áîëüøèíñòâà êàòàêëèçìè÷åñêèõ ïåðåìåííûõ öèêë îòíîñèòåëüíî
ñòàáèëåí, îäíàêî åñòü íåñêîëüêî ñèñòåì, ãäå ÷àñòîòà íîðìàëüíûõ âñïûøåê
ìîæåò èçìåíÿòüñÿ äðàìàòè÷åñêè îò S (êîðîòêèé öèêë) äî L (äëèííûé öèêë),
ñîãëàñíî èññëåäîâàíèÿì Ñìàêà [19]. Îñàêè è Êàòî [18] ïðåäïîëîæèëè, ÷òî
ïîÿâëåíèå îòðèöàòåëüíûõ ñâåðõãîðáîâ ìîæåò óìåíüøàòü ÷àñòîòó íîðìàëüíûõ
âñïûøåê. Îäíàêî ýòî ñïðàâåäëèâî, êàê çàìåòèëè àâòîðû, äëÿ âñïûøåê òèïà
"inside-out" ("èçâíå-âîâíóòðü"), ó êîòîðûõ òåïëîâàÿ íåñòàáèëüíîñòü ñíà÷àëà
çàðîæäàåòñÿ âî âíåøíèõ ÷àñòÿõ äèñêà, à çàòåì ðàñïðîñòðàíÿåòñÿ âî âíóòðåííèå.
Ñâÿçü ïîÿâëåíèÿ èëè/è èñ÷åçíîâåíèÿ îòðèöàòåëüíûõ ñâåðõãîðáîâ ñ èçìåíåíèåì
÷àñòîòû öèêëà, ïðåäñêàçàííàÿ Îñàêè è Êàòî, áûëà íàéäåíà åùå äëÿ V503 Cyg
[20,21] è NY Her [22] ïî íàçåìíûì íàáëþäåíèÿì.

Öåëüþ íàøåé ðàáîòû áûëî èññëåäîâàíèå ïåðèîäè÷åñêèõ ïðîöåññîâ ó
1RXS J161659.5+620014 íà ðàçíûõ ñòàäèÿõ âñïûøå÷íîé àêòèâíîñòè, èçó÷åíèå
öâåòîâûõ õàðàêòåðèñòèê ñâåðõãîðáîâ, à òàêæå îïðåäåëåíèå õàðàêòåðèñòèê
ñàìîé âñïûøå÷íîé àêòèâíîñòè â òå÷åíèå ñåçîíà íàáëþäåíèé.

1.1. 1RXS J161659.5+620014. Ïåðâîíà÷àëüíî îáúåêò áûë âûäåëåí
êàê ðåíòãåíîâñêèé, îí çàíåñåí â êàòàëîã ROSAT. Îáúåêò òàêæå èçâåñòåí êàê
MASTER OT J161700.81+620024.9 [23] (äàëåå - 1RXS J1616), àâòîðû îáíàðó-
æèëè åãî â ÿðêîì ñîñòîÿíèè 11 ñåíòÿáðÿ 2012ã. è ïðåäïîëîæèëè, ÷òî ýòî
êàðëèêîâàÿ íîâàÿ. ×åðåç íåñêîëüêî ëåò áûëî ïîäòâåðæäåíî, ÷òî îáúåêò ÿâëÿåòñÿ
êàðëèêîâîé íîâîé òèïà SU UMa [24]. Åãî áëåñê âî ñâåðõâñïûøêå 2017ã. áûë
14m.9. Ïåðèîä ñâåðõãîðáîâ íà ñòàäèè B îêàçàëñÿ ðàâåí 0.071370 ñóò., à íà
ñòàäèè C - 0.071063 ñóò.

Îðáèòàëüíûé ïåðèîä ñèñòåìû ê íàñòîÿùåìó âðåìåíè áûë íåèçâåñòåí.
Êàòî è äð. [24] îïðåäåëèëè ýòîò îáúåêò êàê àêòèâíóþ êàðëèêîâóþ íîâóþ
(ò.å., ñ êîðîòêèì ñâåðõöèêëîì ~90 ñóò.) è çàìåòèëè ó íåå «íå÷àñòûå» äëÿ
òàêîãî ñâåðõöèêëà íîðìàëüíûå âñïûøêè. Àâòîðû ïðåäïîëîæèëè, ÷òî óâåëè÷åíèå
èíòåðâàëà ìåæäó âñïûøêàìè ìîãëî ïðîèçîéòè èç-çà íàêëîíà àêêðåöèîííîãî
äèñêà íàä îðáèòàëüíîé ïëîñêîñòüþ (â ýòîì ñëó÷àå àêêðåöèîííàÿ ñòðóÿ áîëüøóþ
÷àñòü âðåìåíè ïîïàäàåò íå â êðàé äèñêà, à â åãî öåíòðàëüíûå ÷àñòè, è
òðåáóåòñÿ áîëüøå âðåìåíè äëÿ äîñòèæåíèÿ êðèòè÷åñêèõ óñëîâèé, íåîáõîäèìûõ
äëÿ çàïóñêà òåïëîâîé íåñòàáèëüíîñòè). Âñëåäñòâèå ýòîãî ìîæíî áûëî áû
îæèäàòü ïîÿâëåíèå íîäàëüíîé ïðåöåññèè äèñêà è îòðèöàòåëüíûõ ñâåðõãîðáîâ
íà êðèâûõ áëåñêà.

2. Íàáëþäåíèÿ. Íàáëþäåíèÿ áûëè âûïîëíåíû íà äâóõ òåëåñêîïàõ
ÊðÀÎ: 2.6-ì òåëåñêîïå èì. Ã.À.Øàéíà (ÇÒØ) ñ ÏÇÑ êàìåðîé Apogee Alta
E47 è 1.25-ì òåëåñêîïå (ÀÇÒ-11) c ÏÇÑ êàìåðîé ProLine PL230. Æóðíàë
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íàáëþäåíèé ïðåäñòàâëåí â òàáë.1, ãäå óêàçàíû íà÷àëî-êîíåö íàáëþäåíèé,
÷èñëî ýêñïîçèöèé, òåëåñêîï, öâåòîâàÿ ñèñòåìà è ñòàòóñ âñïûøå÷íîé àêòèâíîñòè.
Â êà÷åñòâå çâåçäû ñðàâíåíèÿ èñïîëüçîâàëàñü çâåçäà USNO B1 = 1519-0236952
(B = 14.74, R = 13.00, I = 12.53). Âñå íàáëþäåíèÿ 2017ã. ïðîâîäèëèñü áåç
ïðèìåíåíèÿ ñâåòîôèëüòðîâ, à âî âðåìÿ ñâåðõâñïûøêè - â ïîëîñàõ ôîòîìåòðè-
÷åñêîé ñèñòåìû Äæîíñîíà-Êóçèíñà BVRc (çà èñêëþ÷åíèåì ïåðâîé íî÷è,
êîãäà îáúåêò íàáëþäàëñÿ â èíòåãðàëüíîì ñâåòå). Êðèâûå ðåàêöèè îáîèõ
ÏÇÑ-ôîòîìåòðîâ èìåþò ìàêñèìóìû ÷óâñòâèòåëüíîñòè â êðàñíîé îáëàñòè
ñïåêòðà. Òî÷íîñòü åäèíè÷íîé îöåíêè áëåñêà ïî íàáëþäåíèÿì íà ÇÒØ ñîñòàâèëà
0m.005-0m.07, à íà ÀÇÒ-11 - 0m.02-0m.07 â çàâèñèìîñòè îò ÿðêîñòè îáúåêòà
è ïîãîäíûõ óñëîâèé íàáëþäåíèé.

3. 2017ã.: íîðìàëüíûå âñïûøêè è ãîðáû íà êðèâûõ áëåñêà â
ñïîêîéíîì ñîñòîÿíèè. Íàøè íàáëþäåíèÿ â 2017ã. âíå ñâåðõâñïûøêè
îõâàòèëè äâå íîðìàëüíûå âñïûøêè è ôðàãìåíòû ñïîêîéíîãî ñîñòîÿíèÿ
ìåæäó íèìè. Êðèâàÿ áëåñêà ïðèâåäåíà íà ðèñ.1. (ñëåâà). Àìïëèòóäà âñïûøåê,
êàê âèäíî èç ðèñóíêà, áûëà íå ìåíåå 2m.0. Ïðîïóñêè â íàáëþäåíèÿõ íå äàþò
âîçìîæíîñòè òî÷íî îïðåäåëèòü äëèíó öèêëà (èíòåðâàë ìåæäó ñîñåäíèìè
âñïûøêàìè). Åñëè ïðåäïîëîæèòü, ÷òî îíè õîðîøî âîñïðîèçâîäÿòñÿ, òî èõ

Íà÷àëî-êîíåö N Òåëåñêîï Öâåòîâàÿ Ñòàòóñ
íàáëþäåíèé ñèñòåìà âñïûøå÷íîé

HJD 2458000+… àêòèâíîñòè

038.17486-038.32644 223 ÇÒØ Áåç ôèëüòðà Ìèíèìóì
039.17447-039.36167 257 ÇÒØ Áåç ôèëüòðà Ìèíèìóì
043.20146-043.36860 77 ÀÇÒ-11 Áåç ôèëüòðà Âñïûøêà
044.22010-044.37231 72 ÀÇÒ-11 Áåç ôèëüòðà Âñïûøêà
045.19102-045.28075 43 ÀÇÒ-11 Áåç ôèëüòðà Ìèíèìóì
046.20416-046.28762 40 ÀÇÒ-11 Áåç ôèëüòðà Ìèíèìóì
050.18918-050.27813 41 ÀÇÒ-11 Áåç ôèëüòðà Ìèíèìóì
051.19126-051.31055 57 ÀÇÒ-11 Áåç ôèëüòðà Ìèíèìóì
053.25747-053.28090 12 ÀÇÒ-11 Áåç ôèëüòðà Âñïûøêà
054.20112-054.33112 61 ÀÇÒ-11 Áåç ôèëüòðà Âñïûøêà
262.29500-262.37608 543 ÇÒØ Áåç ôèëüòðà Ñâåðõâñïûøêà
264.27756-264.54642 1152 ÇÒØ BVRc Ñâåðõâñïûøêà
265.26600-265.54503 1209 ÇÒØ BVRc Ñâåðõâñïûøêà
266.25976-266.54530 1212 ÇÒØ BVRc Ñâåðõâñïûøêà
268.30443-268.31101 10 ÀÇÒ-11 Áåç ôèëüòðà Ñâåðõâñïûøêà
269.35477-269.36144 10 ÀÇÒ-11 Áåç ôèëüòðà Ñâåðõâñïûøêà

Òàáëèöà 1

ÆÓÐÍÀË ÍÀÁËÞÄÅÍÈÉ
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ïîÿâëåíèå íå ïðîòèâîðå÷èò ~11-äíåâíîìó öèêëó (ðèñ.1, ñïðàâà).
Äëÿ àíàëèçà ïåðåìåííîñòè áëåñêà â ñïîêîéíîì ñîñòîÿíèè ìû èñêëþ÷èëè

äàííûå òðåõ íî÷åé, ïðèõîäÿùèåñÿ íà íîðìàëüíûå âñïûøêè, âû÷ëè òðåíä,
ñîîòâåòñòâóþùèé íåáîëüøèì êîëåáàíèÿì ñðåäíåãî áëåñêà îò íî÷è ê íî÷è è
ïðîâåëè àíàëèç âðåìåííûõ ðÿäîâ, èñïîëüçóÿ ìåòîä Ñòåëëèíãâåðôà, ðåàëèçî-
âàííûé â ïàêåòå ïðîãðàìì ISDA [25]. Ðåçóëüòàò ïðèâåäåí íà ðèñ.2.

Ðèñ.1. Ñëåâà: êðèâàÿ áëåñêà 2017ã., îõâàòèâøàÿ äâå âñïûøêè è ñïîêîéíîå ñîñòîÿíèå.
Ñïðàâà: ñâåðòêà äàííûõ ñ âåðîÿòíûì öèêëîì âñïûøåê 10.8 ñóò. Çàïîëíåííûìè êðóæêàìè
ïîêàçàíû äàííûå ïåðâîãî öèêëà, à îòêðûòûìè - âòîðîãî. Ïîñêîëüêó êðèâûå ðåàêöèè ñâåòî-
ïðèåìíèêîâ èìåþò ìàêñèìàëüíóþ ÷óâñòâèòåëüíîñòü â êðàñíîé îáëàñòè ñïåêòðà, íóëü-ïóíêò
øêàëû çâåçäíûõ âåëè÷èí óñëîâíî ïðèíÿò äëÿ Rc.
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Ïåðèîäîãðàììà óêàçûâàåò íà íàèáîëåå çíà÷èìûé ïèê 0.06888(2) ñóò.
ñðåäè ïèêîâ, ðàçäåëåííûõ ñóòî÷íîé ñêâàæíîñòüþ. Ñðåäíÿÿ êðèâàÿ áëåñêà,
ïîñòðîåííàÿ ïî ýòèì íî÷àì, èìååò îäèí ãîðá ñ àìïëèòóäîé îêîëî 0m.4,
äëÿùèéñÿ ~0.4 ïåðèîäà è ðåçêîå (çàòìåíîîáðàçíîå) êðàòêîâðåìåííîå îñëàáëåíèå
áëåñêà íà ôàçå 0.55, íàïîìèíàÿ ñâîèì âèäîì èçâåñòíûå îðáèòàëüíûå êðèâûå,
ïðèâåäåííûå, íàïðèìåð, â [1,26]. Íà ýòèõ êðèâûõ ãîðá îáúÿñíÿåòñÿ ðàçëè÷íûìè
óñëîâèÿìè âèäèìîñòè ãîðÿ÷åãî ïÿòíà íà äèñêå â ïðîöåññå äâèæåíèÿ ïî
îðáèòå. Äëÿ ïðîâåðêè ïðåäïîëîæåíèÿ, ÿâëÿåòñÿ ëè îáíàðóæåííûé ïåðèîä
îðáèòàëüíûì ïåðèîäîì, ìû îïðåäåëèëè âåëè÷èíó èçáûòêà ïåðèîäà   [1],
èñïîëüçóÿ âåëè÷èíó ïåðèîäà ñâåðõãîðáîâ íà ñòàäèè Â, âçÿòóþ èç [24].

  , orborbsh PPP 

ãäå P
sh
 - ïåðèîä ïîëîæèòåëüíûõ ñâåðõãîðáîâ, P

orb
 - ïðåäïîëîæèòåëüíî

îðáèòàëüíûé ïåðèîä, íàéäåííûé ïî íàøèì äàííûì.
Ïî íàøèì äàííûì ìû ïîëó÷èëè çíà÷åíèå 0360. . Íà ðèñ.3 ïðèâåäåíà

ýìïèðè÷åñêàÿ çàâèñèìîñòü ìåæäó âåëè÷èíàìè îðáèòàëüíîãî ïåðèîäà è   äëÿ
ïîëîæèòåëüíûõ è îòðèöàòåëüíûõ ñâåðõãîðáîâ, êóäà ìû òàêæå íàíåñëè íàéäåí-
íóþ íàìè âåëè÷èíó äëÿ 1RXS J1616 â ïðåäïîëîæåíèè, ÷òî îáíàðóæåííûå
ïåðèîäè÷åñêèå èçìåíåíèÿ áëåñêà ïðîèñõîäÿò ñ îðáèòàëüíûì ïåðèîäîì. Èç
ðèñóíêà âèäíî, ÷òî ïîëîæåíèå   äëÿ 1RXS J1616 õîðîøî óêëàäûâàåòñÿ íà
ýìïèðè÷åñêóþ çàâèñèìîñòü è, ñëåäîâàòåëüíî, ãèïîòåçà îðáèòàëüíîãî ïåðèîäà
âåðíà. Òàêèì îáðàçîì, ìû íå îáíàðóæèëè îòðèöàòåëüíûå ñâåðõãîðáû â
ìèíèìóìå áëåñêà ïðè öèêëå 11 ñóò.

Êðàòêîâðåìåííîå îñëàáëåíèå áëåñêà íà ôàçå 0.58 âåðîÿòíî ñâÿçàíî ñ

Ðèñ.3. Èçáûòîê ïåðèîäà   äëÿ ïîëîæèòåëüíûõ (positive) è îòðèöàòåëüíûõ (negative) ñâåðõ-
ãîðáîâ (çàïîëíåííûå êðóæêè è êâàäðàòû, ñîîòâåòñòâåííî). Äàííûå âçÿòû èç [26-39]. Çâåçäî÷êîé
îáîçíà÷åíî ïîëîæåíèå 1RXS J1616, ïîëó÷åííîå ïî íàøèì äàííûì.
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êàñàòåëüíûì çàòìåíèåì äèñêà âòîðè÷íûì êîìïîíåíòîì. Íà ðèñ.4 ïîêàçàíû
ñâåðòêè ñ îðáèòàëüíûì ïåðèîäîì äëÿ íàèáîëåå òî÷íûõ äàííûõ, ïîëó÷åííûõ
íà ÇÒØ ïî äâóì íî÷àì. Ïîñêîëüêó â òå÷åíèå íî÷è ðÿä íàáëþäåíèé îõâàòûâàë
íåñêîëüêî îðáèòàëüíûõ öèêëîâ, ñâåðòêè ïðèâåäåíû äëÿ êàæäîãî öèêëà.
Âèäíî, ÷òî ïðîôèëü êðèâîé áëåñêà íåñêîëüêî èçìåíÿåòñÿ îò öèêëà ê öèêëó,
ïðè÷åì ýòè èçìåíåíèÿ áîëüøå â èíòåðâàëå ôàç 0.62-0.22, ÷åì â èíòåðâàëå
0.22-0.62, ãäå íàáëþäàåòñÿ ãîðá. Ïîäîáíàÿ íåñòàáèëüíîñòü êðèâûõ áûëà
îòìå÷åíà íàìè ðàíåå äëÿ äðóãîé êàðëèêîâîé íîâîé ñ ÷àñòíûì çàòìåíèåì
1RXS J0038 [26].

4. 2018ã.: ñâåðõâñïûøêà è ñâåðõãîðáû.

4.1. Ïåðèîä ñâåðõãîðáîâ. Áîëüøàÿ ÷àñòü íàøèõ íàáëþäåíèé 2018ã.
ïðèøëàñü íà âòîðóþ ïîëîâèíó ïëàòî âñïûøêè. Ïåðèîäîãðàììà, ïîñòðîåííàÿ
â îêðåñòíîñòè îæèäàåìîãî ïåðèîäà ñâåðõãîðáîâ ïî âñåì äàííûì ïëàòî è
ñâåðòêà ñ íàèáîëåå çíà÷èìûì ïåðèîäîì ïðèâåäåíû íà ðèñ.5. Ñðåäíèé ïåðèîä
ñâåðõãîðáîâ îêàçàëñÿ ðàâíûì 0.071164(60) ñóò. Ïðîôèëü ôàçîâîé êðèâîé
áëåñêà àñèììåòðè÷åí, ïðåäñòàâëÿåò ñîáîé ðåçêèé ïîäúåì áëåñêà è íåáîëüøîé

Ðèñ.4. Ïðèìåðû ôàçîâûõ êðèâûõ áëåñêà äëÿ îòäåëüíûõ îðáèòàëüíûõ öèêëîâ äâóõ íî÷åé
íàáëþäåíèé. Óêàçàíû èíòåðâàëû þëèàíñêîé äàòû (òðè ïîñëåäíèå öèôðû) äëÿ ñîîòâåòñòâóþùèõ
êðèâûõ. Ïóíêòèðíàÿ ëèíèÿ íà ôàçå 0.58 ñîîòâåòñòâóåò ôàçå çàòìåííîîáðàçíîãî ìèíèìóìà.
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âòîðè÷íûé ãîðáèê íà íèñõîäÿùåé âåòâè. Ñðåäíÿÿ àìïëèòóäà ïðîôèëÿ
ñâåðõãîðáà - îêîëî 0m.15. Â òàáë.2 ïðèâåäåíû ãåëèîöåíòðè÷åñêèå ìîìåíòû
ìàêñèìóìîâ ñâåðõãîðáîâ.

Äàëåå áûëè îïðåäåëåíû âåëè÷èíû Î-Ñ (ðàçíîñòè íàáëþäåííûõ (Î) è
ðàññ÷èòàííûõ (Ñ) ìîìåíòîâ ìàêñèìóìîâ áëåñêà ñâåðõãîðáîâ), ðàññ÷èòàííûå
äëÿ ïåðèîäà 0.071373 ñóò., ñ êîòîðûì îïðåäåëÿëèñü àíàëîãè÷íûå âåëè÷èíû
Î-Ñ äëÿ ñâåðõâñïûøêè 2017ã. [24]. Ìû ñðàâíèëè õîä Î-Ñ äëÿ ðàçëè÷íûõ
ñâåðõâñïûøåê, íàáëþäàâøèõñÿ â 2016, 2017 [24] è 2018ãã. (íàøè äàííûå).
Ðåçóëüòàò ïðåäñòàâëåí íà ðèñ.6. Òàì æå ïðèâåäåíà è íàøà êðèâàÿ áëåñêà
ñâåðõâñïûøêè 2018ã. Íàáëþäåíèÿ, î÷åâèäíî, ïðèøëèñü íà åå âòîðóþ ïîëîâèíó.

Èç äèàãðàììû âèäíà õîðîøàÿ âîñïðîèçâîäèìîñòü äàííûõ Î-Ñ äëÿ
ðàçëè÷íûõ ñâåðõâñïûøåê. Â ÷àñòíîñòè, ïî âñåì äàííûì îïðåäåëåí èçëîì
çàâèñèìîñòè Î-Ñ îò íîìåðà öèêëà â ðàéîíå Å = 0, ñîîòâåòñòâóþùèé ïåðåõîäó
îò ñòàäèè Â ê ñòàäèè Ñ â ýâîëþöèè ïåðèîäà ñâåðõãîðáîâ. Ïåðèîä íà ñòàäèè
Ñ, îïðåäåëåííûé ñ ïîìîùüþ ìåòîäà Î-Ñ ïî âñåì äîñòóïíûì äàííûì 2016-
2018ãã., îêàçàëñÿ ðàâåí 0.071044(15) ñóò. Îí ìåíüøå ïåðèîäà, ïîëó÷åííîãî

262.325 264.466 265.461 266.386
264.324 265.32 265.532 266.455
264.395 265.388 266.313 266.525

Òàáëèöà 2

ÌÎÌÅÍÒÛ ÌÀÊÑÈÌÓÌÎÂ ÑÂÅÐÕÃÎÐÁÎÂ Â
ÏÎËÎÑÅ Rc HJD 2458000+…

Ðèñ.5. Ïåðèîäîãðàììà â îêðåñòíîñòè ïåðèîäà ñâåðõãîðáîâ, ïîñòðîåííàÿ ïî äàííûì òðåõ
íî÷åé ñâåðõâñïûøêè 2018ã. â ïîëîñå Rñ è ñîîòâåòñòâóþùàÿ ñâåðòêà ñ ïåðèîäîì 0.071164 ñóò.
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íàìè ïåðèîäîãðàììíûì ìåòîäîì, ïîñêîëüêó â ïîñëåäíåì ñëó÷àå â âûáîðêó
äàííûõ áûëè âêëþ÷åíû è äàííûå ïåðâîé íî÷è, ïðèõîäÿùåéñÿ íà ñòàäèþ Â
ñ áîëüøèì ïåðèîäîì. Ñóùåñòâåííîå îòêëîíåíèå ïîñëåäíåé òî÷êè íà äèàãðàììå
âûçâàíî, î÷åâèäíî, òåì, ÷òî îíà ïðèõîäèòñÿ íà îêîí÷àíèå ñòàäèè Ñ (èëè
ïîñëå íåå), êîãäà îñíîâíîé (åñëè íå åäèíñòâåííûé) âêëàä â èçìåíåíèå áëåñêà
óæå âíîñèë îðáèòàëüíûé ïåðèîä.

4.2. Êîëîðèìåòðèÿ ñâåðõãîðáîâ. Èñõîäíûå êðèâûå áëåñêà â ïîëîñàõ
BVRc ïðèâåäåíû äëÿ êàæäîé èç òðåõ íî÷åé ïëàòî ñâåðõâñïûøêè íà ðèñ.7.

Âèäíî, ÷òî cðåäíèå àìïëèòóäû êðèâûõ ñâåðõãîðáîâ ñëåãêà èçìåíÿþòñÿ îò
íî÷è ê íî÷è â ïðåäåëàõ 0m.25-0m.13 â ïîëîñå B, 0m.27-0m.17 â ïîëîñå V è
0m.29-0m.16 â ïîëîñå Rc, ò.å., àìïëèòóäà íåìíîãî óâåëè÷èâàëàñü ñ äëèíîé
âîëíû. ×òîáû ñðàâíèòü íàøè ðåçóëüòàòû ñ äàííûìè èññëåäîâàíèé ïîêàçàòåëåé
öâåòà äðóãèõ àâòîðîâ (êîòîðûå ïðåäñòàâëåíû â êðàéíèõ ïîëîñàõ èç íàáëþ-
äàâøèõñÿ ïîëîñ ñïåêòðà), ìû âû÷èñëèëè ïîêàçàòåëè öâåòà B-Rc, à ÷òîáû
óâåëè÷èòü ñòàòèñòè÷åñêóþ çíà÷èìîñòü, ñäåëàëè ýòî ïî âñåì òðåì íî÷àì

Ðèñ.6. Ââåðõó: õîä Î-Ñ äëÿ ìîìåíòîâ ìàêñèìóìîâ áëåñêà â çàâèñèìîñòè îò íîìåðà
öèêëà Å. Çàïîëíåííûìè êâàäðàòàìè îáîçíà÷åíû íàøè äàííûå 2018 ã., êðóæêàìè è îòêðûòûìè
êâàäðàòàìè - äàííûå 2016 è 2017ãã., ñîîòâåòñòâåííî. Íà÷àëüíûå ýïîõè äëÿ ðàçíûõ ñâåðõ-
âñïûøåê ñìåùåíû äî íàèëó÷øåãî ñîâïàäåíèÿ Î-Ñ. Âíèçó: Êðèâàÿ áëåñêà 2018ã. ïî íàøèì
äàííûì. Öèêë Å = -25 ñîîòâåòñòâóåò JD = 2458262.3, à Å = -40 - JD = 2458268.3.
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(ðèñ.8). Óñðåäíåííàÿ êàðòèíà âûãëÿäèò òàê: ñðåäíÿÿ àìïëèòóäà êðèâîé â
ïîëîñå Rc ïî òðåì íî÷àì ñîñòàâèëà 0m.17, à ïîêàçàòåëÿ öâåòà B-Rc âñåãî
0m.027, ïðè÷åì, ïîêàçàòåëü öâåòà B-Rc èìååò òåíäåíöèþ áûòü íàèáîëåå
"ãîëóáûì" â ìèíèìóìå áëåñêà ñâåðõãîðáà è íàèáîëåå "êðàñíûì" â åãî
ìàêñèìóìå (áîëåå òî÷íî - îí íàèáîëåå "êðàñíûé" îò ìàêñèìóìà äî ñåðåäèíû
íèñõîäÿùåé âåòâè, è íàèáîëåå "ãîëóáîé" îò ìèíèìóìà äî ñåðåäèíû âîñõîäÿùåé
âåòâè ïðîôèëÿ ñâåðõãîðáîâ).

Íà ñåãîäíÿøíèé äåíü â ëèòåðàòóðå èìååòñÿ íå î÷åíü ìíîãî äàííûõ ïî
êîëîðèìåòðèè ïîëîæèòåëüíûõ ñâåðõãîðáîâ. Îäíàêî èçâåñòíî, ÷òî äëÿ ñèñòåì
òèïà WZ Sge ãîëóáîé ïèê ïîêàçàòåëÿ öâåòà èìååò òåíäåíöèþ ñîâïàäàòü ñ
ìèíèìóìîì íà êðèâîé áëåñêà ïîëîæèòåëüíîãî ñâåðõãîðáà, íàïðèìåð, ïîêàçàòåëè
öâåòà g'-Ic äëÿ CSS130418:174033+414756 [40]; HV Vir è OT J012059.6+325545
[41]; g'-I' äëÿ EZ Lyn [42]; B-I äëÿ SSS J122221.7-311525 [43]. Îïèñàíèå
ôîòîìåòðè÷åñêîé ñèñòåìû SDSS (Sloan Digital Sky Survey) u'g'r'i'z' è åå ñâÿçü
ñ ñèñòåìîé Äæîíñîíà-Êóçèíñà UBVRcIc äàíû â ðàáîòå [44]. Â òî æå âðåìÿ,
Ìàöóè è äð. [45] ñîîáùèëè î òîì, ÷òî ãîëóáîé ïèê íà êðèâîé ïîêàçàòåëÿ
öâåòà g'-Ic ïðèõîäèòñÿ íà âîñõîäÿùóþ âåòâü ïðîôèëÿ ïîëîæèòåëüíîãî
ñâåðõãîðáà ó V455 And. Ïîäîáíîå ïîâåäåíèå çàìå÷åíî Øóãàðîâûì è äð. [46]
ó RZ Leo äëÿ ïîêàçàòåëÿ öâåòà B - Rc. Îòìåòèì, ÷òî íàø ðåçóëüòàò ñîãëàñóåòñÿ

Ðèñ.7. Êðèâûå áëåñêà äëÿ òðåõ ïîñëåäîâàòåëüíûõ íî÷åé ïëàòî ñâåðõâñïûøêè â ïîëîñàõ
BVRc.
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ñ äàííûìè èç ëèòåðàòóðû. Âûøåóïîìÿíóòûå àâòîðû çàìå÷àþò, ÷òî ðàçëè÷íîå
ïîâåäåíèå ïîêàçàòåëåé öâåòà ìîæåò çàâèñåòü îò ñòàäèè ðàçâèòèÿ ñâåðõãîðáîâ.
Ïî èõ ìíåíèþ, îñîáåííîñòè ïîêàçàòåëåé öâåòà ìîãóò èìåòü ðàçíóþ ïðè÷èíó
- ýôôåêò äàâëåíèÿ â àêêðåöèîííîì äèñêå èëè óêàçûâàòü íà õîëîäíóþ
îáëàñòü âî âíåøíèõ åãî ÷àñòÿõ çà ïðåäåëàìè 3:1 ðåçîíàíñíîãî ðàäèóñà.
Ñîâåðøåííî î÷åâèäíî, ÷òî íåîáõîäèìî ïðîäîëæåíèå êîëîðèìåòðè÷åñêèõ
èññëåäîâàíèé ïîëîæèòåëüíûõ ñâåðõãîðáîâ íà ðàçíûõ ñòàäèÿõ èõ ðàçâèòèÿ ó
ðàçíûõ ñèñòåì äëÿ óâåëè÷åíèÿ ñòàòèñòèêè è â êîíå÷íîì èòîãå - äëÿ ïîíèìàíèÿ
îñîáåííîñòåé àêêðåöèîííîãî äèñêà.

5. Çàêëþ÷åíèå.
1. Ïî äàííûì 2017ã. èíòåðâàë ìåæäó ñîñåäíèìè íîðìàëüíûìè âñïûøêàìè

ñîñòàâèë îêîëî 11 ñóò.
2. Âïåðâûå îáíàðóæåí îðáèòàëüíûé ïåðèîä ñèñòåìû 0.06888 ñóò.
3. Îïðåäåëåíû öâåòîâûå õàðàêòåðèñòèêè äëÿ ñòàäèè Ñ ñâåðõãîðáîâ:

ïîêàçàòåëü öâåòà B - Rñ íàèáîëåå "êðàñíûé" îò ìàêñèìóìà äî ñåðåäèíû
íèñõîäÿùåé âåòâè, è íàèáîëåå "ãîëóáîé" îò ìèíèìóìà äî ñåðåäèíû âîñõîäÿùåé
âåòâè ïðîôèëÿ ñâåðõãîðáîâ.

Ðèñ.8. Ñðåäíèé ïðîôèëü êðèâîé áëåñêà â ïîëîñå Rc è ïîêàçàòåëÿ öâåòà B-Rc ïî òðåì
íî÷àì ñâåðõâñïûøêè 2018ã. Ðàçìåð çíà÷êà ñîèçìåðèì ñ îøèáêîé. Ëèíèè ïðîâåäåíû ÷åðåç
ìàêñèìóì è ìèíèìóì êðèâîé áëåñêà.
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4. Âîïðåêè ïðåäïîëîæåíèþ, ìû íå îáíàðóæèëè íàëè÷èÿ îòðèöàòåëüíûõ
ñâåðõãîðáîâ ó 1RXS J1616. Âåðîÿòíî, èõ ïîÿâëåíèå äîëæíî áûëî áû
ñîîòâåòñòâîâàòü öèêëó íîðìàëüíûõ âñïûøåê áîëüøå 11 ñóò., à äàííûé öèêë
ìîæíî êëàññèôèöèðîâàòü êàê îòíîñèòåëüíî êîðîòêèé öèêë "S" äëÿ 1RXS
J1616 â 2017ã.

Àíàëèç íàáëþäåíèé êàðëèêîâîé íîâîé 1RXS J1616 âûïîëíåí çà ñ÷åò
ãðàíòà Ðîññèéñêîãî íàó÷íîãî ôîíäà (ïðîåêò ¹ 19-72-10063).

ÔÃÁÓÍ "Êðûìñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ",
Ðîññèÿ, e-mail: eppavlenko@gmail.com

HUMPS AND SUPERHUMPS IN THE SU UMa-TYPE
DWARF NOVA, 1RXS J161659.5+620014

E.P.PAVLENKO, A.A.SOSNOVSKIJ, K.A.ANTONIUK, E.R.LUMANOV,
N.V.PIT, O.I.ANTONIUK

Photometric investigations of the SU UMa-type dwarf nova, 1RXS J161659.5+
620014 were carried out at 2.6-m and 1.25-m telescopes of the Crimean
Astrophysical Observatory in 2017 and 2018 years during quiescent, normal
outbursts and superoutburst. We found the interval between normal outbursts to
be about 11 d in 2017. Observations in 2017 during quiescence allowed to find
the orbital period 0.06888(2) d. Observations in 2018 displayed good reproduc-
ibility of the the superoutburst characteristics with these of previous years. We
improved a period of positive superhumps at stage "C" to be 0.071044(15) d. The
color indexes of superhumps were defined.

Keywords: 1RXS J161659.5+620014: cataclysmic variable: dwarf nova: negative
superhumps
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Î ÄÈÔÔÅÐÅÍÖÈÀËÜÍÎÌ ÂÐÀÙÅÍÈÈ ÇÂÅÇÄ
ÑÏÅÊÒÐÀËÜÍÎÃÎ ÊËÀÑÑÀ À

È.Ñ.ÑÀÂÀÍÎÂ1, Å.Ñ.ÊÀËÈÍÈ×ÅÂÀ1, Å.Ñ.ÄÌÈÒÐÈÅÍÊÎ2

Ïîñòóïèëà 23 àïðåëÿ 2020
Ïðèíÿòà ê ïå÷àòè 26 àâãóñòà 2020

Ëèòåðàòóðíûå äàííûå óêàçûâàþò íà çíà÷èòåëüíûé ðîñò ïàðàìåòðà äèôôåðåíöèàëüíîãî
âðàùåíèÿ   ó çâåçä, ãîðÿ÷åå 6700 Ê. Èç àíàëèçà ôîðìû êðèâûõ áëåñêà è íàëè÷èÿ
ñïåöèôè÷åñêîãî íàáîðà ïèêîâ íà ñïåêòðàõ ìîùíîñòè ìû óñòàíîâèëè, ÷òî 47 èç 57
èññëåäîâàííûõ îáúåêòîâ ñ Òýôô âûøå 7500 K ìîãóò áûòü îòíåñåíû ê ïóëüñèðóþùèì çâåçäàì,
è ëèøü 10 - ê çâåçäàì ñ ïåðåìåííîñòüþ áëåñêà âñëåäñòâèå âðàùàòåëüíîé ìîäóëÿöèè. Ïîñëå
èñêëþ÷åíèÿ ïóëüñèðóþùèõ ïåðåìåííûõ, äëÿ çâåçä ñ Òýôô âûøå 7500 Ê ñðåäíÿÿ âåëè÷èíà

0100510 ..   ðàä/ñóò. Ýòîò âûâîä íå ïîçâîëÿåò ñ÷èòàòü ïðàâîìåðíûì ñäåëàííîå íàìè
ðàíåå ïðåäïîëîæåíèå îá èíòåðïðåòàöèè ïèêîâ íà ñïåêòðàõ ìîùíîñòè äëÿ ROTD çâåçä, êàê
îáóñëîâëåííûõ ïðîÿâëåíèÿìè âîçìîæíîãî äèôôåðåíöèàëüíîãî âðàùåíèÿ. Åùå îäíî
íåçàâèñèìîå ñâèäåòåëüñòâî î íèçêîì çíà÷åíèè ïàðàìåòðà   äëÿ çâåçä ñïåêòðàëüíîãî êëàññà
À áûëî ïîëó÷åíî ïðè ïîñòðîåíèè çååìàí-äîïëåðîâñêèõ êàðò äëÿ çâåçäû  Gem - îöåíêà
ïàðàìåòðà äèôôåðåíöèàëüíîãî âðàùåíèÿ çâåçäû ñîñòàâèëà âåëè÷èíó 0.0073 ± 0.0023 ðàä/ñóò.

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

1. Ââåäåíèå. Ôîòîìåòðè÷åñêèå íàáëþäåíèÿ âûñîêîé òî÷íîñòè, ïîëó÷åííûå
ñ êîñìè÷åñêèì òåëåñêîïîì Êåïëåð, îòêðûëè âîçìîæíîñòü èññëåäîâàíèÿ
ðàçëè÷íîãî ðîäà ïåðåìåííîñòè çâåçä, â òîì ÷èñëå, âûçâàííîé èõ  âðàùàòåëüíîé
ìîäóëÿöèåé âñëåäñòâèå ïðèñóòñòâèÿ ïÿòåí íà  ïîâåðõíîñòè. Íàáëþäàòåëüíûå
ïðîÿâëåíèÿ äèôôåðåíöèàëüíîãî âðàùåíèÿ (ÄÂ) çâåçä ìîãóò áûòü èññëåäîâàíû
íåñêîëüêèìè ìåòîäàìè, èõ îïèñàíèå è îáñóæäåíèå ïîëó÷åííûõ ðåçóëüòàòîâ
ìîæíî íàéòè, íàïðèìåð, â [1]. Â íàñòîÿùåå âðåìÿ øèðîêîå ïðèìåíåíèå ïîëó÷èë
îäèí èç íèõ, îñíîâàííûé íà àíàëèçå ðàçëè÷èÿ ïåðèîäîâ, óñòàíîâëåííûõ ïî
ðàñùåïëåíèþ ïèêîâ â ñïåêòðàõ ìîùíîñòè ïåðåìåííîñòè áëåñêà çàïÿòíåííûõ
çâåçä. Ïðè èñïîëüçîâàíèè ýòîãî ìåòîäà â [2,3] áûëè óñòàíîâëåíû ïàðàìåòðû
ÄÂ äëÿ ïðåäñòàâèòåëüíûõ âûáîðîê ñ ÷èñëîì çâåçä â íåñêîëüêî äåñÿòêîâ òûñÿ÷.
Àâòîðû [2,3] ïî íàáëþäåíèÿì ñ òåëåñêîïîì Êåïëåð âûïîëíèëè àíàëèç êðèâûõ
áëåñêà 18616 è 12300 îáúåêòîâ, ñîîòâåòñòâåííî, è óñòàíîâèëè âåëè÷èíû ïàðàìåòðîâ
èõ äèôôåðåíöèàëüíîãî âðàùåíèÿ   è  . Çàêîí äèôôåðåíöèàëüíîãî âðàùåíèÿ
îïèñûâàåòñÿ óðàâíåíèåì âèäà      2sin1eq , ãäå   - øèðîòà,

 eq .
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Â [2] àíàëèç áûë ïðîâåäåí  íà îñíîâå äàííûõ íàáëþäåíèé îãðàíè÷åííîãî
âðåìåííîãî èíòåðâàëà Q3. Äàííûå [3] áûëè ïîëó÷åíû ïî áîëåå îáøèðíîé
âûáîðêå Q1-Q14. Ýòî íàèáîëåå ìíîãî÷èñëåííûå îäíîðîäíûå äàííûå îïðå-
äåëåíèé   è  , ïîçâîëÿþùèå ïðîâîäèòü èõ ñòàòèñòè÷åñêèé àíàëèç. Îíè
õàðàêòåðèçóþò èçìåíåíèÿ ïàðàìåòðîâ ÄÂ äëÿ îáúåêòîâ â øèðîêîì äèàïàçîíå
ýôôåêòèâíûõ òåìïåðàòóð - îò 3200 Ê äî 12000 Ê. Íà îñíîâàíèè äàííûõ,
ïðåäñòàâëåííûõ â [3], ìîæíî ñäåëàòü çàêëþ÷åíèå î çíà÷èòåëüíîì ðîñòå
ïàðàìåòðà   ó çâåçä ãîðÿ÷åå 6700 Ê, äëÿ êîòîðûõ âåëè÷èíà ïàðàìåòðà 
ìîæåò äîñòèãàòü 0.6 ðàä/ñóò. è âûøå.

Ðåçóëüòàòû ðÿäà äðóãèõ èññëåäîâàíèé òàêæå óêàçûâàþò íà âîçìîæíîå
íàëè÷èå çíà÷èòåëüíîãî óâåëè÷åíèÿ âåëè÷èíû ïàðàìåòðà   ó ðÿäà çâåçä
ñïåêòðàëüíûõ êëàññîâ - À è áîëåå ðàííèõ. Ìåòîä îïðåäåëåíèÿ ïàðàìåòðà ÄÂ,
îñíîâàííûé íà  ñïåêòðàëüíûõ íàáëþäåíèÿõ è ñâÿçàííûé ñ àíàëèçîì ôóðüå-
ïðåîáðàçîâàíèÿ ïðîôèëåé ëèíèé â ñïåêòðàõ áûñòðîâðàùàþùèõñÿ çâåçä, áûë
ðàçâèò â èññëåäîâàíèè [4] è ïðåäñòàâëåí â ñåðèè ñòàòåé (ñì. â [5]). Ðåçóëüòàòû
ýòèõ èññëåäîâàíèé íàõîäÿòñÿ â õîðîøåì ñîãëàñèè ñ äàííûìè èç [3] äëÿ
îáúåêòîâ ñ òåìïåðàòóðàìè âûøå 8000 Ê.

Êðîìå òîãî, àâòîðû [6] âûïîëíèëè îöåíêè ïàðàìåòðîâ ÄÂ äëÿ 2562 çâåçä
ñïåêòðàëüíûõ êëàññîâ  Ê-À. Ìåòîäèêà ïðèìåíÿåìîãî àíàëèçà áûëà îñíîâàíà
íà ÷àñòîòíîì àíàëèçå è ñõîæà ñ èñïîëüçóåìîé â [3]. Ê ñîæàëåíèþ, àâòîðû
[6] íå îïóáëèêîâàëè ðåçóëüòàòû îïðåäåëåíèé ïàðàìåòðîâ ÄÂ äëÿ èíäèâè-
äóàëüíûõ îáúåêòîâ.

Äàííûå àíàëèçà [7] ïðèâåëè ê óñòàíîâëåíèþ â ñïåêòðå ìîùíîñòè À-Â
çâåçä ñïåöèôè÷åñêîãî íàáîðà ÷àñòîò, âêëþ÷àþùåãî îòäåëüíûé èçîëèðîâàííûé
ïèê è ìàññèâ ìåíüøèõ ïî àìïëèòóäå ÷àñòè÷íî-ðàçðåøàåìûõ ïèêîâ. Â [8]
áûëà ñäåëàíà ïîïûòêà èíòåðïðåòèðîâàòü ïðîèñõîæäåíèå ïèêîâ íà ñïåêòðàõ
ìîùíîñòè íàëè÷èåì ãðóïï ïÿòåí, ðàñïîëîæåííûõ íà ðàçëè÷íûõ øèðîòàõ
çâåçäû, êîòîðàÿ îáëàäàåò ÄÂ. Íàéäåííûå â [8] çíà÷åíèÿ   äëÿ 12 çâåçä
òèïà ROTD ëåæàò â èíòåðâàëå âåëè÷èí 0.45-0.7 ðàä/ñóò. Âûïîëíåííûé àíàëèç
ïîçâîëèë çàêëþ÷èòü, ÷òî, â ïðèíöèïå, ïðè÷èíà ïîÿâëåíèÿ ïèêîâ ìîæåò áûòü
îáóñëîâëåíà ÄÂ çâåçäû ñ ïÿòíàìè, è â [8] ìû íå îòâåðãëè ýòó ãèïîòåçó.

Íîâûå âûñîêîòî÷íûå ñïåêòðîïîëÿðèìåòðè÷åñêèå íàáëþäåíèÿ çâåçä ñïåêò-
ðàëüíîãî êëàññà À (ñì., íàïðèìåð, [9]) ïîçâîëÿþò ïðè èññëåäîâàíèè ìàãíèòíûõ
ïîëåé è ïîñòðîåíèè ìàãíèòíûõ êàðò ïîâåðõíîñòåé ýòèõ îáúåêòîâ ïîëó÷èòü
îöåíêè ïåðèîäà âðàùåíèÿ Ð è ïàðàìåòðà ÄÂ  . Â ñëó÷àå, åñëè äëÿ çâåçä
ñïåêòðàëüíîãî êëàññà À âåëè÷èíà ïàðàìåòðà   äåéñòâèòåëüíî  â íåñêîëüêî
ðàç ïðåâûøàåò ñîëíå÷íîå çíà÷åíèå, òî åãî ó÷åò, íåñîìíåííî, íåîáõîäèì ïðè
èññëåäîâàíèè ìàãíèòíîé àêòèâíîñòè è ïðè ïðîâåäåíèè äîïëåð-çååìàíîâñêîãî
êàðòèðîâàíèÿ. Ìîæíî çàêëþ÷èòü, ÷òî èçó÷åíèå ðåçóëüòàòîâ îïðåäåëåíèé 
äëÿ çâåçä ñïåêòðàëüíûõ êëàññîâ - À è áîëåå ðàííèõ -  äî íàñòîÿùåãî âðåìåíè
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îñòàåòñÿ àêòóàëüíûì è ïðîäîëæàåò ïðèâëåêàòü âíèìàíèå èññëåäîâàòåëåé.

2. Àíàëèç äèôôåðåíöèàëüíîãî âðàùåíèÿ îáúåêòîâ ñ òåìïå-
ðàòóðîé ôîòîñôåðû áîëåå 7500  Ê. Öåëü íàøåãî èññëåäîâàíèÿ ñîñòîèò
â äåòàëüíîì àíàëèçå ïàðàìåòðà   äëÿ çâåçä ñ òåìïåðàòóðîé ôîòîñôåðû
áîëåå 7500 Ê. Äëÿ ýòîãî ìû ðàññìîòðåëè äàííûå îïðåäåëåíèé ïàðàìåòðîâ ÄÂ
èç [3]. Îáúåêòîâ ñ Ò

ýôô
 áîëåå 7500 Ê â ñïèñêå [3] îêàçàëîñü 57. Äëÿ êàæäîãî

èç íèõ ïî äàííûì àðõèâà Êåïëåð äëÿ ñåòà íàáëþäåíèé Q3 ìû ïîñòðîèëè
ñïåêòðû ìîùíîñòè è ïðîàíàëèçèðîâàëè ôàçîâûå äèàãðàììû, ñîîòâåòñòâóþùèå
äîìèíèðóþùåìó ïåðèîäó. Ïðèìåðû ðàññìîòðåííûõ äèàãðàìì ïðåäñòàâëåíû
íà ðèñ.1.

Ðèñ.1. Ïðèìåðû êðèâûõ áëåñêà, ñïåêòðîâ ìîùíîñòè è ôàçîâûõ äèàãðàìì äëÿ 6 îáúåêòîâ
èç [3] ñ Òýôô áîëåå 7500 Ê (ïîÿñíåíèÿ ñì. â òåêñòå).
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Ãëàâíûé ðåçóëüòàò íàøåãî àíàëèçà ñîñòîèò â òîì, ÷òî çíà÷èòåëüíîå
êîëè÷åñòâî êðèâûõ áëåñêà ïî ñâîåé ôîðìå, à ñïåêòð ìîùíîñòè ïî íàëè÷èþ
ñïåöèôè÷åñêîãî íàáîðà ïèêîâ, ìîãóò áûòü èíòåðïðåòèðîâàíû, êàê ïðèíàäëå-
æàùèå ïóëüñèðóþùèì çâåçäàì, à íå çâåçäàì ñ âðàùàòåëüíîé ìîäóëÿöèåé
áëåñêà (ROT). Â äîïîëíåíèå ê ýòîìó, ïåðèîäû ìíîãèõ òàêèõ îáúåêòîâ
ñîñòàâëÿþò ìåíåå 0.5-0.8 ñóò. Ïðèìåðû êðèâûõ áëåñêà,  ñïåêòðîâ ìîùíîñòè
è ôàçîâûõ äèàãðàìì äëÿ ïóëüñèðóþùèõ çâåçä ïðåäñòàâëåíû íà äèàãðàììàõ
â âåðõíèõ 4-õ ðÿäàõ íà ðèñ.1. Âñåãî îáúåêòîâ, êîòîðûå ïî íàøåìó ìíåíèþ
ìîãóò áûòü îòíåñåíû ê ïóëüñèðóþùèì, îêàçàëîñü 47 èç 57. Òðè çâåçäû (KIC
3865742, KIC 8177087 è KIC 10558302) ìîãëè áû áûòü îòíåñåíû ê ROT
îáúåêòàì óñëîâíî, îäíàêî ôîðìû èõ êðèâûõ áëåñêà ïîêàçûâàþò îòëè÷èÿ îò
òèïè÷íîé äëÿ çâåçäû ñ âðàùàòåëüíîé ìîäóëÿöèåé áëåñêà, ýòè çâåçäû èìåþò
íà ñïåêòðå ìîùíîñòè ïèêè ñ áîëüøåé ïîëóøèðèíîé. Ëèøü îñòàëüíûå 10
ìîãóò ðàññìàòðèâàòüñÿ êàê îáúåêòû ñ âðàùàòåëüíîé ìîäóëÿöèåé áëåñêà (â
êà÷åñòâå ïðèìåðîâ ñì. 2 íèæíèõ ðÿäà íà ðèñ.1).

Ðèñ.2. Ââåðõó: Äèàãðàììà çàâèñèìîñòè ïàðàìåòðà   îò ýôôåêòèâíîé òåìïåðàòóðû. Âíèçó:
Äèàãðàììà èçìåíåíèé ïàðàìåòðà   îò ïåðèîäà âðàùåíèÿ Ð. Òåìíûå êðóïíûå êðóæêè -
èçìåðåíèÿ äëÿ 10 çâåçä èç [3] ñ âðàùàòåëüíîé ìîäóëÿöèåé áëåñêà, ìåëêèå ñåðûå êðóæêè -
äàííûå [3], êðåñòèêè - äàííûå èç [5],  ðîìáû - äàííûå [8]. Çâåçäî÷êà - äàííûå äëÿ çâåçäû
 Gem. Øòðèõîâàÿ ëèíèÿ - ñðåäíåå çíà÷åíèå   äëÿ 10 çâåçä èç [3]. Îòêðûòûé êðóæîê íà
âåðõíåé äèàãðàììå - äàííûå äëÿ Ñîëíöà. Òðè ëèíèè íà íèæíåé äèàãðàììå (ñíèçó-ââåðõ) -
èçìåíåíèÿ ïàðàìåòðà   äëÿ 3 çíà÷åíèé ìàññ çâåçä - 1, 1.2 è 1.275 M  èç [12]. Íà íèæíåé
äèàãðàììå ñåðûìè êðóæêàìè ïðèâåäåíû äàííûå [3] òîëüêî äëÿ çâåçä ñ Òýôô áîëåå 7500 Ê.




, 
ðà

ä
/
ñó

ò.

P, ñóò.

0

0.01

2 4 6 8 10 12

0.10

1.00

T
eff
, K

2000 4000 6000 8000 10000 12000 14000 16000

0.01

0.10

1.00



577Î  ÄÈÔÔÅÐÅÍÖÈÀËÜÍÎÌ  ÂÐÀÙÅÍÈÈ  A  ÇÂÅÇÄ

Òàêèì îáðàçîì, äëÿ îêîí÷àòåëüíîãî àíàëèçà íàìè áûëî îòîáðàíî 10 çâåçä.
Ó ìíîãèõ èç íèõ íà ñïåêòðå ìîùíîñòè èìåþòñÿ ïèêè äëÿ ïîëîâèííîãî
çíà÷åíèÿ âåëè÷èíû ïåðèîäà âðàùåíèÿ, êîòîðûå ïðèíÿòî îáúÿñíÿòü íàëè÷èåì
ïÿòåí íà ïðîòèâîïîëîæíûõ ÷àñòÿõ ïîâåðõíîñòè. Ýòî îáñòîÿòåëüñòâî ìîãëî áû
ñëóæèòü äîïîëíèòåëüíûì àðãóìåíòîì â ïîëüçó âðàùàòåëüíîãî õàðàêòåðà
èçìåíåíèé èõ êðèâûõ áëåñêà.

Íà ðèñ.2 ïðåäñòàâëåíà äèàãðàììà çàâèñèìîñòè ïàðàìåòðà   îò ýôôåê-
òèâíîé òåìïåðàòóðû, íà êîòîðîé êðóïíûìè òåìíûìè êðóæêàìè âûäåëåíî
ïîëîæåíèå 10 ðàññìîòðåííûõ íàìè îáúåêòîâ. Ïîñëå èñêëþ÷åíèÿ äàííûõ äëÿ
çâåçä, ïåðåìåííîñòü áëåñêà êîòîðûõ îáóñëîâëåíà ïóëüñàöèÿìè, áûëî íàéäåíî,
÷òî äëÿ çâåçä ñ Ò

ýôô
 âûøå 7500 Ê ñðåäíÿÿ âåëè÷èíà   ñîñòàâëÿåò 0.051 ±

0.01 ðàä/ñóò. (ïóíêòèðíàÿ ëèíèÿ). Îòìåòèì, ÷òî îòáîð óêàçàííûõ 10 îáúåêòîâ
ïðîâîäèëñÿ òîëüêî íà îñíîâå àíàëèçà ôîðìû èõ êðèâûõ áëåñêà è ïèêîâ íà
ñïåêòðå ìîùíîñòè, áåç ðàññìîòðåíèÿ ñîîòâåòñòâóþùèõ âåëè÷èí ïàðàìåòðà
 . Òàêèì îáðàçîì, äåòàëüíîå èññëåäîâàíèå ñâîéñòâ äèôôåðíöèàëüíîãî
âðàùåíèÿ äëÿ çâåçä ñ Ò

ýôô
 áîëåå 7500 èç [3] ïðèâîäèò ê âûâîäó î áîëåå

íèçêîì çíà÷åíèè ïàðàìåòðà   äëÿ íèõ, ÷åì áûëî ïîëó÷åíî â [3,5].

3. Îáñóæäåíèå ðåçóëüòàòîâ. Àíàëèç íàáëþäàòåëüíûõ äàííûõ àðõèâà
êîñìè÷åñêîãî òåëåñêîïà Êåïëåð ïîçâîëèë àâòîðó [10] âûäåëèòü ñðåäè À çâåçä
íîâûé òèï îáúåêòîâ ROTD. Îíè îáëàäàþò ïåðåìåííîñòüþ áëåñêà, îáóñëîâ-
ëåííîé âðàùàòåëüíîé ìîäóëÿöèåé ïÿòåí íà ïîâåðõíîñòè, à êðîìå òîãî ñïåêòðû
ìîùíîñòè ýòèõ îáúåêòîâ ñîäåðæàò õàðàêòåðíûå îñîáåííîñòè, âêëþ÷àþùèå
óçêèé ïèê, à òàêæå íà ìåíüøèõ ÷àñòîòàõ - øèðîêèé ïèê, ñîñòîÿùèé èç
ìíîãî÷èñëåííûõ äåòàëåé. Òàêèå ãðóïïû ïèêîâ ìîãëè áû ñîîòâåòñòâîâàòü
ïÿòíàì, ðàñïîëîæåííûì íà ðàçëè÷íûõ øèðîòàõ çâåçäû, îáëàäàþùåé
äèôôåðåíöèàëüíûì âðàùåíèåì. Îäíàêî òàêàÿ êîíôèãóðàöèÿ ïèêîâ íèêîãäà
íå íàáëþäàëàñü â ñïåêòðàõ ìîùíîñòè õîëîäíûõ, àêòèâíûõ äèôôåðåíöèàëüíî
âðàùàþùèõñÿ çâåçä. Â [10] (ñì. òàêæå ññûëêè â ñòàòüå) áûëè ðàññìîòðåíû
àëüòåðíàòèâíûå îáúÿñíåíèÿ, êîòîðûå ñîñòîÿëè â ïðåäïîëîæåíèÿõ ëèáî î
íàëè÷èè ïëàíåòû èëè òåë íà ñèíõðîííîé îðáèòå, ëèáî î ñóùåñòâîâàíèè
ýôôåêòà îòðàæåíèÿ â ñèñòåìàõ áåç çàòìåíèÿ è ïðî÷åå.

Ïðèíöèïèàëüíî íîâîå îáúÿñíåíèå îñîáåííîñòåé ñïåêòðà ìîùíîñòè çâåçä
ROTD áûëî äàíî â [11]. Àâòîðû [11] ñâÿçàëè ïðèñóòñòâèå ãðóïï ïèêîâ ñ
êîëåáàíèÿìè íàáîðà ìîä âîëí Ðîññáè. Ýòè ìîäû áûëè îáíàðóæåíû àâòîðàìè
[11] ó çâåçä ñïåêòðàëüíûõ êëàññîâ Â, À è F Ãëàâíîé ïîñëåäîâàòåëüíîñòè, ó
çàïÿòíåííûõ çâåçä, ó îáúåêòîâ òèïà  Dor è äð. Â ðàìêàõ ïðåäïîëîæåíèÿ
î ïðèñóòñòâèè ó 12 èññëåäóåìûõ â [8] çâåçä òèïà ROTD äèôôåðåíöèàëüíîãî
âðàùåíèÿ, äëÿ íèõ áûëè íàéäåíû çíà÷åíèÿ ïàðàìåòðà  . Óñòàíîâëåíî, ÷òî
ýòè çíà÷åíèÿ ëåæàò â èíòåðâàëå âåëè÷èí 0.45-0.7 ðàä/ñóò. Ïîëó÷åííûå
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ðåçóëüòàòû áûëè ñîïîñòàâëåíû ñ óæå ðàññìîòðåííûìè âûøå äàííûìè èç
ëèòåðàòóðíûõ èñòî÷íèêîâ, ñîäåðæàùèõ ñâåäåíèÿ î ïàðàìåòðàõ ÄÂ çâåçä.

Â [8] áûëî ïîêàçàíî, ÷òî çàêëþ÷åíèå î çíà÷èòåëüíîì ðîñòå ïàðàìåòðà 
ó çâåçä, ãîðÿ÷åå 6700 Ê, ìîæåò áûòü ñäåëàíî ïî äâóì íåçàâèñèìûì èñòî÷íèêàì,
èñïîëüçóþùèì ðàçëè÷íûå ìåòîäèêè îïðåäåëåíèÿ ýòîãî ïàðàìåòðà è êîñâåííî,
ïî äàííûì èññëåäîâàíèÿ [6]. Ñðåäíÿÿ âåëè÷èíà ïàðàìåòðà äèôôåðåíöèàëüíîãî
âðàùåíèÿ   ïî èçìåðåíèÿì äëÿ 12 èçó÷åííûõ íàìè çâåçä òèïà ROTD
ñîñòàâèëà 0.61±0.10 ðàä/ñóò., ÷òî ñîãëàñóåòñÿ ñî ñðåäíèìè âåëè÷èíàìè   ïî
äàííûì ëèòåðàòóðíûõ èñòî÷íèêîâ [8,3]. Â ýòîì ñëó÷àå â [8] ìû ïîñ÷èòàëè
ïðàâîìåðíûì âûâîä î òîì, ÷òî ñòðóêòóðà ïèêîâ íà ñïåêòðàõ ìîùíîñòè äëÿ
ROTD çâåçä îáóñëîâëåíà âîçìîæíûì íàëè÷èåì ó ýòèõ îáúåêòîâ äèôôåðåí-
öèàëüíîãî âðàùåíèÿ. Îäíàêî, êàê ïîêàçàë àíàëèç, ïðîâåäåííûé â ïåðâîé
÷àñòè íàøåé ñòàòüè, ïîñëå èñêëþ÷åíèÿ äàííûõ äëÿ çâåçä, ïåðåìåííîñòü
áëåñêà êîòîðûõ îáóñëîâëåíà ïóëüñàöèÿìè, ó çâåçä ñ Ò

ýôô
 âûøå 7500 Ê

ñðåäíÿÿ âåëè÷èíà   ñîñòàâëÿåò âñåãî 0.051 ± 0.01 ðàä/ñóò. (÷òî áëèçêî ê
ñîëíå÷íîìó çíà÷åíèþ 070.  ðàä/ñóò.). Â ýòîì ñëó÷àå íåò îñíîâàíèé
ñ÷èòàòü ïðàâîìåðíûì ñäåëàííîå íàìè ðàíåå â [8] ïðåäïîëîæåíèå îá èíòåðïðå-
òàöèè íàáîðîâ ïèêîâ íà ñïåêòðàõ ìîùíîñòè äëÿ ROTD çâåçä, êàê îáóñëîâ-
ëåííûõ ïðîÿâëåíèÿìè âîçìîæíîãî äèôôåðåíöèàëüíîãî âðàùåíèÿ.

Òåîðåòè÷åñêèå èññëåäîâàíèÿ [12,13] äîïóñêàþò ïðèñóòñòâèå ó çâåçä ñïåêò-
ðàëüíûõ êëàñcîâ F çíà÷èòåëüíîé âåëè÷èíû ïàðàìåòðà äèôôåðåíöèàëüíîãî
âðàùåíèÿ. Ñîãëàñíî [13] âåëè÷èíà ïàðàìåòðà   ðåçêî óâåëè÷èâàåòñÿ ïðè
ïåðåõîäå ê îáúåêòàì ñ Ò

ýôô
 âûøå 7000 Ê è ìîæåò äîñòèãàòü 0.7 ðàä/ñóò.

Ïîâåäåíèå ýòîãî ïàðàìåòðà îïèñûâàåòñÿ ñòåïåííîé ôóíêöèåé ñ áîëüøèì
ïîêàçàòåëåì ñòåïåíè (óðàâíåíèå 5 â [13]). Ðàñ÷åòû [13] ïðèâîäÿòñÿ äëÿ çâåçä
ñ Ò

ýôô
 âïëîòü äî 6700 Ê. Àâòîðû [12] óêàçûâàþò íà ñîïîñòàâèìûå âåëè÷èíû

ïàðàìåòðà   äëÿ îáúåêòîâ ýòîãî æå òåìïåðàòóðíîãî äèàïàçîíà, ïðè ýòîì
äëÿ çâåçäû ñ 1.275 ìàññîé Ñîëíöà (ìàêñèìàëüíîé ïðè ðàñ÷åòàõ) â [12] áûëî
ïðèâåäåíî çíà÷åíèå 0.58 ðàä/ñóò. (ðèñ.3 â [12]). Íà ðèñ.2 ïðåäñòàâëåíû
çàâèñèìîñòè èçìåíåíèé ïàðàìåòðà   äëÿ 3 çíà÷åíèé ìàññ çâåçä - 1, 1.2
è 1.275 M  èç [12]. Ìîæíî çàêëþ÷èòü, ÷òî òåîðåòè÷åñêèå ðàñ÷åòû [12,13]
ïîêàçàëè, ÷òî âûñîêèå çíà÷åíèÿ   äîñòèæèìû äëÿ F çâåçä. Âàæíî îòìåòèòü,
îäíàêî, ÷òî îíè áûëè âûïîëíåíû äëÿ çâåçä ñ Ò

ýôô
 íèæå 6500-6700 Ê, à

ðàññìàòðèâàåìûå â íàøåì èññëåäîâàíèè îáúåêòû ãîðÿ÷åå è èìåþò áîëüøèå
ìàññû. Ïðèìåíèìîñòü ðåçóëüòàòîâ ðàñ÷åòîâ [12] äëÿ ãîðÿ÷èõ À çâåçä íå
î÷åâèäíà. Òðåáóþòñÿ íîâûå òåîðåòè÷åñêèå èññëåäîâàíèÿ ïîäîáíûå [14] äëÿ
äàëüíåéøåãî ñîïîñòàâëåíèÿ ñ íàáëþäàòåëüíûìè ïðîÿâëåíèÿìè äèôôåðåí-
öèàëüíîãî âðàùåíèÿ ó çâåçä ñïåêòðàëüíîãî êëàññà À. Ñîãëàñíî [14] ïîâåðõ-
íîñòíûå ñëàáûå ìàãíèòíûå ïîëÿ  ó ãîðÿ÷èõ çâåçä ìîãóò áûòü îáóñëîâëåíû
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ïðèñóòñòâèåì íåáîëüøèõ êîíâåêòèâíûõ çîí, ñâÿçàííûõ ñ çîíàìè èîíèçàöèè
âîäîðîäà è ãåëèÿ (ñì. ðèñ.2 â [14]).

Â ïîñëåäíèå ãîäû â ëèòåðàòóðå áûëè îïóáëèêîâàíû ðåçóëüòàòû àíàëèçà
âûñîêîòî÷íûõ ñïåêòðîïîëÿðèìåòðè÷åñêèõ íàáëþäåíèé ÿðêèõ çâåçä ñïåêòðàëüíîãî
êëàññà À, êîòîðûå â òîì ÷èñëå ñîäåðæàò îöåíêè ïàðàìåòðà èõ äèôôåðåíöèàëüíîãî
âðàùåíèÿ. Íàïðèìåð, îòìåòèì ðàáîòó [9], àâòîðû êîòîðîé âûïîëíèëè èññëå-
äîâàíèå ÿðêîé çâåçäû ñïåêòðàëüíîãî êëàññà À  Gem (Ò

ýôô
 = 9150 ± 310 Ê) -

ìåòàëëè÷åñêîé (Am) çâåçäû ñ óìåðåííî âûðàæåííûìè àíîìàëèÿìè õèìè÷åñêîãî
ñîñòàâà (ñì. ññûëêè â [9]). Ýòîò àíàëèç áûë îñíîâàí íà 25 ñåòàõ âûñîêîäèñ-
ïåðñèîííûõ ñïåêòðîïîëÿðèìåòðè÷åñêèõ íàáëþäåíèé. Ê ÷èñëó íàèáîëåå çíà-
÷èìûõ ðåçóëüòàòîâ [9] ñëåäóåò îòíåñòè îáíàðóæåíèå ìàãíèòíîãî ïîëÿ ó ýòîé
Am çâåçäû. Äî íåäàâíåãî âðåìåíè ñ÷èòàëîñü, ÷òî çâåçäû òîëüêî îäíîãî èç
òèïîâ õèìè÷åñêîé ïåêóëÿðíîñòè - Ap/Bp çâåçäû - ÿâëÿþòñÿ ìàãíèòíûìè. Â
ïðèíöèïå, ãèïîòåòè÷åñêè âîçìîæíî, ÷òî  Gem îòíîñèòñÿ ê ìàãíèòíûì
çâåçäàì ñî ñâåðõñëàáûì ðåëèêòîâûì ïîëåì. Àâòîðû [9] èç àíàëèçà ïåðåìåííîñòè
ïðîôèëåé ëèíèé óñòàíîâèëè ïåðèîä ee âðàùåíèÿ Ð = 8.975 ñóò. Ïðè ïîñòðîåíèè
çååìàí-äîïëåðîâñêèõ êàðò â [9] áûëà ïîëó÷åíà îöåíêà ïàðàìåòðà ÄÂ  Gem,
êîòîðàÿ ñîñòàâèëà âåëè÷èíó 0.0073 ± 0.0023 ðàä/ñóò. (ñèìâîë çâåçäî÷êà íà
ðèñ.2).  Ýòà âåëè÷èíà ñóùåñòâåííî íèæå îöåíîê  , ïðèâåäåííûõ â [3] äëÿ
çâåçä ñ Ò

ýôô
 áîëüøå 7500 Ê.

4. Çàêëþ÷åíèå. Äëÿ èçó÷åíèÿ õàðàêòåðà èçìåíåíèé ïàðàìåòðîâ ÄÂ
çâåçä ñïåêòðàëüíûõ êëàññîâ - À è áîëåå ðàííèõ, òðåáóþòñÿ íîâûå íàáëþ-
äàòåëüíûå è òåîðåòè÷åñêèå èññëåäîâàíèÿ. Â [1] áûëî ïîêàçàíî, ÷òî çàêëþ÷åíèå
î çíà÷èòåëüíîì ðîñòå ïàðàìåòðà   ó çâåçä, ãîðÿ÷åå 6700 Ê, ìîæåò áûòü
ñäåëàíî ïî äâóì íåçàâèñèìûì èñòî÷íèêàì [3,5], èñïîëüçóþùèì ðàçëè÷íûå
ìåòîäèêè îïðåäåëåíèÿ ýòîãî ïàðàìåòðà è êîñâåííî, ïî äàííûì èññëåäîâàíèÿ
[6]. Ãëàâíûé ðåçóëüòàò íàøåé ðàáîòû ñîñòîèò â òîì, ÷òî èç àíàëèçà ôîðìû
êðèâûõ áëåñêà è íàëè÷èÿ ñïåöèôè÷åñêîãî íàáîðà ïèêîâ íà ñïåêòðàõ ìîùíîñòè
áûëî íàéäåíî, ÷òî 47 èç 57 îáúåêòîâ èç [3], ñ Ò

ýôô
 âûøå 7500 Ê, ìîãóò áûòü

îòíåñåíû ê ïóëüñèðóþùèì çâåçäàì, è ëèøü 10 - ê çâåçäàì ñ ïåðåìåííîñòüþ
áëåñêà âñëåäñòâèå âðàùàòåëüíîé ìîäóëÿöèè. Ïîñëå èñêëþ÷åíèÿ äàííûõ äëÿ
çâåçä ñ ïóëüñàöèîííîé  ïåðåìåííîñòüþ, äëÿ îñòàâøèõñÿ 10 îáúåêòîâ ñðåäíÿÿ
âåëè÷èíà   ñîñòàâèëà 0.051 ±  0.01 ðàä/ñóò., ÷òî ñîïîñòàâèìî ñ ñîëíå÷íûì
çíà÷åíèåì 070.  ðàä/ñóò. Â ýòîì ñëó÷àå íåò îñíîâàíèé ñ÷èòàòü ïðàâîìåðíûì
íàøå ïðåäïîëîæåíèå [8] îá èíòåðïðåòàöèè ïèêîâ íà ñïåêòðàõ ìîùíîñòè äëÿ
ROTD çâåçä, êàê îáóñëîâëåííûõ ïðîÿâëåíèÿìè âîçìîæíîãî ÄÂ.

Ïðè ïîñòðîåíèè çååìàí-äîïëåðîâñêèõ êàðò äëÿ  Gem â [9] áûëà ïîëó÷åíà
îöåíêà ïàðàìåòðà ÄÂ çâåçäû, êîòîðàÿ ñîñòàâèëà âåëè÷èíó 0.0073 ± 0.0023 ðàä/
ñóò., â ñëó÷àå åñëè äëÿ çâåçä ñïåêòðàëüíîãî êëàññà À âåëè÷èíà ïàðàìåòðà 
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äåéñòâèòåëüíî â íåñêîëüêî ðàç ïðåâûñèò ñîëíå÷íîå çíà÷åíèå, òî íåñîìíåííî,
÷òî ó÷åò ÄÂ áóäåò íåîáõîäèì ïðè èññëåäîâàíèè ìàãíèòíîé àêòèâíîñòè è
ïðîâåäåíèè äîïëåð-çååìàíîâñêîãî êàðòèðîâàíèÿ ýòèõ çâåçä.

Èññëåäîâàíèå âûïîëíåíî çà ñ÷åò ãðàíòà Ðîññèéñêîãî íàó÷íîãî ôîíäà
(ïðîåêò ¹ 18-12-00423).

1 Ó÷ðåæäåíèå Ðîññèéñêîé àêàäåìèè íàóê Èíñòèòóò àñòðîíîìèè ÐÀÍ,
 Ìîñêâà, Ðîññèÿ, e-mail: igs231@mail.ru
2 Ìîñêîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Ì.Â.Ëîìîíîñîâà,
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ON THE DIFFERENTIAL ROTATION OF A STARS

I.S.SAVANOV1, E.S.KALINICHEVA1, E.S.DMITRIENKO2

Literature data indicate a significant increase of the differential rotation
parameter   for stars hotter than 6700 K. From the analysis of the light curves
and the presence of a specific set of peaks on the power spectra we found that
47 of the 57 investigated objects with T

eff
 above 7500 K can be attributed to

pulsating stars and only 10 - to stars with brightness variability due to rotational
modulation. After excluding pulsating variables for stars with a T

eff
 above 7500 K

the average value of 0100510 ..   rad/day. This conclusion does not allow us
to consider assumption about the interpretation of peaks in the power spectra for
ROTD stars as a possible manifestation of differential rotation valid. Another
independent evidence of the low value of the parameter   for stars of spectral
class A was obtained from the Zeeman-Doppler imaging for the star  Gem -
the estimation of the parameter of the differential rotation of the star was 0.0073
± 0.0023 rad/day.

Keywords: stars: activity: spots: photometry: variability: differential rotation
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ÈÑÑËÅÄÎÂÀÍÈÅ ÄÂÎÉÍÎÉ ÇÂÅÇÄÛ ADS 7251 ÏÎ
ÍÀÁËÞÄÅÍÈßÌ Â ÏÓËÊÎÂÅ ÍÀ 65-ñì ÐÅÔÐÀÊÒÎÐÅ

Ñ 1962 ÏÎ 2018ãã.

Í.À.ØÀÕÒ, Ä.Ë.ÃÎÐØÀÍÎÂ, È.Ñ.ÈÇÌÀÉËÎÂ, Ë.Ã.ÐÎÌÀÍÅÍÊÎ
Ïîñòóïèëà 26 ìàÿ 2020

Ïðèíÿòà ê ïå÷àòè 26 àâãóñòà 2020

Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ äâîéíîé çâåçäû ADS 7251 (STF 1321) íà
îñíîâàíèè îäíîðîäíîãî ðÿäà íàáëþäåíèé íà 65-ñì ðåôðàêòîðå ñ 1962 ïî 2018ãã. â Ïóëêîâå.
Îøèáêè ñðåäíåãîäîâîãî ïîëîæåíèÿ  ,   ðàâíû 0".004 è 0o.02 äëÿ ôîòîãðàôè÷åñêèõ è
0".003, 0o.01 äëÿ ÏÇÑ íàáëþäåíèé. Ïî ïîëó÷åííûì îòíîñèòåëüíûì ïîëîæåíèÿì è òî÷íîìó
ïàðàëëàêñó Gaia, ðàññ÷èòàíà íîâàÿ îðáèòà. Äëÿ ñðàâíåíèÿ èñïîëüçîâàëèñü ñîâðåìåííûå
íàáëþäåíèÿ Hipparcos è Gaia, à òàêæå äàëåêî îòñòîÿùèå ïî âðåìåíè íàáëþäåíèÿ XIX â.,
âûïîëíåííûå Ñòðóâå. Èññëåäîâàíèå ïîêàçàëî ëó÷øóþ ñõîäèìîñòü ñ óäàëåííûìè íàáëþ-
äåíèÿìè ïðè èñïîëüçîâàíèè ïàðàëëàêñà Gaia. Îøèáêè, ðàññ÷èòàííûå ïî O-C, ñîñòàâëÿþò

011"0008"0 ..  . Îíè ñðàâíèâàþòñÿ ñ îøèáêàìè, ïîëó÷åííûìè äëÿ äðóãèõ, áëèçêèõ ê Ñîëíöó
äâîéíûõ çâåçä, à òàêæå ñ ñîîòâåòñòâóþùèìè îöåíêàìè, ïîëó÷åííûìè äëÿ çâåçä,
âðàùàþùèõñÿ âîêðóã öåíòðàëüíîãî òåëà Ãàëàêòèêè è íàáëþäàâøèõñÿ íà òåëåñêîïàõ Keck
è VLT. Îòìå÷àåòñÿ àêòóàëüíîñòü íàáëþäåíèé êîìïîíåíòîâ ADS 7251 A è B êàê âîçìîæíûõ
ðîäèòåëüñêèõ çâåçä ýêçîïëàíåò.

Êëþ÷åâûå ñëîâà: äâîéíàÿ çâåçäà ADS 7251, GJ 338: îðáèòà: ìàññà: ïàðàëëàêñ:
     61 Cyg, S0-2, S0-102: öåíòð Ãàëàêòèêè

1. Ââåäåíèå. Äàííîå èññëåäîâàíèå âûïîëíåíî â ðàìêàõ ïðîãðàììû
Ïóëêîâñêîé îáñåðâàòîðèè íàáëþäåíèé äâîéíûõ è êðàòíûõ çâåçä â îêðåñòíîñòÿõ
Ñîëíöà. Öåëüþ ïðîãðàììû ÿâëÿåòñÿ ïîëó÷åíèå îäíîðîäíûõ è ïëîòíûõ ðÿäîâ
íàáëþäåíèé äëÿ îïðåäåëåíèÿ îðáèò, ïàðàëëàêñîâ è îöåíêè ìàññ, à òàêæå äëÿ
ïîëó÷åíèÿ ôîòîìåòðè÷åñêèõ ïàðàìåòðîâ èçáðàííûõ çâåçä. ×àñòü ðåçóëüòàòîâ
ïîñëåäíèõ ëåò èçëîæåíà â [1-5]. Ñðåäè çâåçä ïðîãðàììû íàèáîëåå äîëãîâðå-
ìåííûå ðÿäû ïîëîæåíèé îòíîñÿòñÿ ê òàêèì çâåçäàì êàê ADS 14636 (61 Cyg),
ADS 7251 è äð., êîòîðûå ìíîãî ëåò íàáëþäàþòñÿ íà ïóëêîâñêèõ èíñòðóìåíòàõ:
íîðìàëüíîì àñòðîãðàôå è 26-äþéìîâîì ðåôðàêòîðå (65 ñì).

Íàñòîÿùàÿ ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì èññëåäîâàíèÿ áëèçêîé ê Ñîëíöó
äâîéíîé çâåçäû - øèðîêîé ïàðû ADS 7251, ÷àñòü ôîòîãðàôè÷åñêèõ íàáëþäåíèé
êîòîðîé áûëà ïðåäñòàâëåíà ðàíåå â [6-8]. Â äàííîé ðàáîòå ðàññìîòðåí áîëåå
ïðîäîëæèòåëüíûé ðÿä, îõâàòûâàþùèé íàáëþäåíèÿ â Ïóëêîâñêîé îáñåðâàòîðèè
íà 26-äþéìîâîì ðåôðàêòîðå (D = 650 ìì, F = 10413 ìì) â 1962-2018ãã., â
êîòîðûé âõîäÿò òàêæå ðåçóëüòàòû, ïîëó÷åííûå ñ ïîìîùüþ ÏÇÑ êàìåðû.
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Íàáëþäåíèÿ ADS 7251 ÿâëÿþòñÿ âåñüìà àêòóàëüíûìè áëàãîäàðÿ óíèêàëüíûì
õàðàêòåðèñòèêàì ýòîé çâåçäû è ñâÿçàííûì ñ íèìè ðÿäîì ñîâðåìåííûõ çàäà÷.
Îòìåòèì ãëàâíûå ìîìåíòû, ïðèìåíèòåëüíî ê êîòîðûì ýòè íàáëþäåíèÿ
ïðåäñòàâëÿþò èíòåðåñ:

1) Çâåçäà âõîäèò â ñïèñêè áëèæàéøèõ ê Ñîëíöó îáúåêòîâ, êîòîðûå,
ñîãëàñíî èõ ñïåêòðàëüíîìó êëàññó è äðóãèì ôèçè÷åñêèì õàðàêòåðèñòèêàì,
ìîãóò îáëàäàòü ïëàíåòîïîäîáíûìè ñïóòíèêàìè, â òîì ÷èñëå, íàõîäÿùèìèñÿ
â îáèòàåìîé çîíå. Íàáëþäåíèÿ ADS 7251 âåäóòñÿ íà ðàçíûõ èíñòðóìåíòàõ
è â ðàçíûõ äèàïàçîíàõ âîëí. Èçâåñòíî, ÷òî ïî íàáëþäåíèÿì íà ñïåêòðîãðàôå
CARMENES ó êîìïîíåíòà B îáíàðóæåíà ïëàíåòà ñ ïåðèîäîì îáðàùåíèÿ 24.0
äíÿ è, ïðåäïîëîæèòåëüíî, ñ ìàññîé 10 ìàññ Çåìëè [9].

2) Íà äîëãîñðî÷íóþ ïåðñïåêòèâó ðàññ÷èòàíû íàáëþäåíèÿ ADS 7251 â
ñðåäíåì èíôðàêðàñíîì (MIR) äèàïàçîíå ñ ïëàíèðóåìûì ïðÿìûì îáíàðóæåíèåì
ýêçîïëàíåò [10].

3) ADS 7251 âõîäèò â ñïèñîê çâåçä, èñïîëüçóåìûõ äëÿ êàëèáðîâêè
ñîîòíîøåíèÿ ìåæäó ìàññîé è èçâåñòíûìè ðàäèóñîì è ýôôåêòèâíîé
òåìïåðàòóðîé [11].

4) Îáà êîìïîíåíòà çâåçäû ADS 7251 îáëàäàþò ïî÷òè îäèíàêîâîé ÿðêîñòüþ
è ïðèíàäëåæàò ê áëèçêèì ñïåêòðàëüíûì êëàññàì, ÷òî ñâîäèò ê ìèíèìóìó
ýôôåêò àòìîñôåðíîé äèñïåðñèè è îøèáêó óðàâíåíèÿ áëåñêà è ÿâëÿåòñÿ
âàæíûì îáñòîÿòåëüñòâîì äëÿ íàáëþäàòåëåé. Òàêæå íóæíî îòìåòèòü âûãîäíîå
äëÿ Ïóëêîâà ðàñïîëîæåíèå çâåçäû íà íåáåñíîé ñôåðå (   , ), áëàãîäàðÿ
êîòîðîìó ìû íàáëþäàåì åå â âåñåííèé ïåðèîä áëèçêî ê çåíèòó è ïðè
íàèáîëåå óäà÷íûõ ïîãîäíûõ óñëîâèÿõ, ÷òî ïîâûøàåò òî÷íîñòü ïîëîæåíèé è
ôîòîìåòðè÷åñêèõ õàðàêòåðèñòèê.

5) Ïî èìåþùèìñÿ äàííûì åñòü âîçìîæíîñòü ïîñòðîèòü íîâóþ îðáèòó,
ñðàâíèâ åå:

à) ñ îðáèòàìè, ïîëó÷åííûìè ïî áîëåå ðàííèì íàáëþäåíèÿì, ñì. ×àíã, [12],
á) ñ íàáëþäåíèÿìè èç êîñìîñà Hipparcos è Gaia è
ñ) ñ äàëåêî îòñòîÿùèìè ïî âðåìåíè íàáëþäåíèÿìè Â.ß.Ñòðóâå è Î.Â.Ñòðóâå

[13,14].
6) Îòäåëüíûé èíòåðåñ ïðåäñòàâëÿåò àíàëèç èçìåíåíèÿ îðáèòû ñ èñïîëüçî-

âàíèåì íîâîãî ïàðàëëàêñà Gaia è ñðàâíåíèå ýôåìåðèä ñ íàáëþäåíèÿìè.
7) Íà îñíîâå ïðîäîëæèòåëüíîãî îäíîðîäíîãî ðÿäà íàáëþäåíèé ïðåäñòàâëÿåò

èíòåðåñ ïðîâåðêà óêëîíåíèé îò îðáèòàëüíîãî äâèæåíèÿ è íàëè÷èÿ
ïåðèîäè÷íîñòè â ýòèõ óêëîíåíèÿõ, ÷òî ìîæåò áûòü âûçâàíî ãðàâèòàöèîííûì
âëèÿíèåì âîçìîæíîãî ñïóòíèêà ñ äîëãîïåðèîäè÷åñêîé îðáèòîé.

8) Â ñâÿçè ñ ïðîáëåìîé àíèçîòðîïèè ðàñïðåäåëåíèÿ ïîëþñîâ îðáèò
äâîéíûõ çâåçä è âîçìîæíîãî âëèÿíèÿ ãàëàêòè÷åñêîãî ãðàâèòàöèîííîãî ïîëÿ
íà èõ îðèåíòàöèþ (ñì. [15]), ïðåäñòàâëÿåòñÿ àêòóàëüíûì èçó÷åíèå ïàðàìåòðîâ
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îðèåíòàöèè îðáèò äâîéíûõ çâåçä, ïîëîæåíèÿ èõ ïîëþñîâ è íàïðàâëåíèé íà
ïåðèàñòð â ãàëàêòè÷åñêîé ñèñòåìå êîîðäèíàò.

2. Îñíîâíûå äàííûå î çâåçäå ADS 7251. Ìû ïðåäñòàâëÿåì ðåçóëüòàòû
íàáëþäåíèé äâîéíîé çâåçäû ADS 7251 (Gliese 338, STF 1321, HD 79210/
HD 79211). Îáà êîìïîíåíòà äâîéíîé ñèñòåìû ADS 7251 ïðèíàäëåæàò ê
êëàññó ïîçäíèõ êðàñíûõ êàðëèêîâ, îáëàäàþùèõ ìåíüøèì ðàçìåðîì è ñâåòèìîñòüþ
÷åì Ñîëíöå. ADS 7251 - õîðîøî èçâåñòíàÿ øèðîêàÿ ïàðà: "172000  ;

o
2000 92 , ãäå   - óãëîâîå ðàññòîÿíèå ìåæäó êîìïîíåíòàìè çâåçäû,   -

ïîçèöèîííûé óãîë. Åå ïàðàìåòðû ïðèâåäåíû â òàáë.1, ãäå [16] - äàííûå èç
Gaia Data Release2, 2018. Çâåçäíàÿ âåëè÷èíà, ñïåêòð è ëó÷åâàÿ ñêîðîñòü âçÿòû
èç [17-19]. Ïîçèöèîííûå íàáëþäåíèÿ ïîêðûâàþò äóãó îðáèòû â 50o, èç íèõ
16o ñîäåðæàò íàáëþäåíèÿ â Ïóëêîâå.

3. Íàáëþäåíèÿ è îáðàáîòêà. Çâåçäà ADS 7251 íàáëþäàåòñÿ íà
ïóëêîâñêîì 65-ñì ðåôðàêòîðå áëèçêî ê ìåðèäèàíó íà çåíèòíîì ðàññòîÿíèè
íå áîëåå 10o. Â íàñòîÿùåé ðàáîòå èñïîëüçîâàíû 206 àñòðîíåãàòèâîâ, ïîëó-
÷åííûõ â 1962-1999ãã., èçìåðåííûõ íà àâòîìàòè÷åñêîé ìàøèíå "Ôàíòàçèÿ"
[20,21]. Òàêæå áûëè èñïîëüçîâàíû 69 ÏÇÑ-íàáëþäåíèé, ïîëó÷åííûõ â 2004-
2018ãã. ñ ïîìîùüþ ÏÇÑ-êàìåðû FLI PRO Line 09000 c ðàçìåðîì ïîëÿ
12 êâ. ìèí. Îøèáêè îäíîãî ñðåäíåãîäîâîãî ïîëîæåíèÿ ñîñòàâëÿþò: 0".004 ïî
  è 0o.02 ïî   äëÿ ôîòîãðàôè÷åñêèõ íàáëþäåíèé è ñîîòâåòñòâåííî 0".003
è 0o.01 äëÿ ÏÇÑ-íàáëþäåíèé. Íà ðèñ.1 äàíû îòíîñèòåëüíûå ïîëîæåíèÿ
êîìïîíåíòà B îòíîñèòåëüíî A, ïîëó÷åííûå ïî íàøèì íàáëþäåíèÿì, à òàêæå
ñðàâíåíèå ñ ýôåìåðèäîé è íàáëþäåíèÿìè äðóãèõ àâòîðîâ.

Îáðàáîòêà íàáëþäåíèé âåëàñü òàê æå, êàê â ñòàòüÿõ [3,4,6], ïî ìåòîäèêå,
èçëîæåííîé â ðàáîòàõ [22,23]. Ïîñòðîåíèå îðáèòû ïðîèçâîäèëîñü ñ
èñïîëüçîâàíèåì ìåòîäà ïàðàìåòðîâ âèäèìîãî äâèæåíèÿ (ÏÂÄ), ðàçðàáîòàííîãî
â Ïóëêîâñêîé îáñåðâàòîðèè äëÿ îïðåäåëåíèÿ äîëãîâðåìåííûõ îðáèò,

A B Ref

R.A. 09h14m22s.775 09h14m24s.683 [16]
Deñ. +52o41'11".79 +52o41'10".906 [16]

tr 157.8796 ± 0.0366 mas 157.8851 ± 0.0414 mas [16]
G mag 6m.97 7m.05 [16]
V mag 7m.63 7m.72 [17]

Sp K7 V Ì0 V [18]
V

r
11.14 ± 0.10 km/s 12.50 ± 0.10 km/s [19]
10.77 ± 0.14 km/s 11.98 ± 0.18 km/s [16]

Òàáëèöà 1

ÄÀÍÍÛÅ Î ÊÎÌÏÎÍÅÍÒÀÕ ÇÂÅÇÄÛ ADS 7251



586 Í.À.ØÀÕÒ  È  ÄÐ.

íàáëþäàåìûõ ïî êîðîòêîé äóãå. Ìåòîä è åãî ïðèìåíåíèå äåòàëüíî îïèñàíû
àâòîðàìè ðàáîò [22-24]. Îòìåòèì, ÷òî â ðàáîòå [24] ìåòîä áûë èñïîëüçîâàí
äëÿ ñèñòåìû "çâåçäà S0-2 + öåíòðàëüíîå òåëî Ãàëàêòèêè". Â ýòîì ñëó÷àå ìû
ðàññìàòðèâàëè ñèñòåìó êàê äâîéíóþ çâåçäó, à â íàñòîÿùåé ðàáîòå èñïîëüçîâàëè
åå äëÿ ñðàâíåíèÿ.

Â ìåòîäå ÏÂÄ äëÿ íàáëþäàåìîé äóãè îðáèòû îïðåäåëÿþòñÿ ïÿòü ïàðàìåòðîâ
âèäèìîãî äâèæåíèÿ íà ñðåäíèé ìîìåíò èíòåðâàëà íàáëþäåíèé (ñì. ðèñ.2):
ðàññòîÿíèå   ìåæäó êîìïîíåíòàìè, ïîçèöèîííûé óãîë  , âèäèìîå îòíîñè-
òåëüíîå äâèæåíèå êîìïîíåíò  , åãî íàïðàâëåíèå -   è ðàäèóñ êðèâèçíû
äóãè íàáëþäåíèé c . Êðîìå ýòîãî, äëÿ îïðåäåëåíèÿ îðáèòû íåîáõîäèìû
äîïîëíèòåëüíûå ïàðàìåòðû: ñóììà ìàññ êîìïîíåíòîâ MAB, èõ îòíîñèòåëüíàÿ
ëó÷åâàÿ ñêîðîñòü rV , ðàâíàÿ V

r(B) - Vr(A), è tr  -  ãîäè÷íûé ïàðàëëàêñ çâåçäû.
Òðèãîíîìåòðè÷åñêèé ïàðàëëàêñ tr  è ëó÷åâàÿ ñêîðîñòü V

r
 êîìïîíåíòîâ áûëè

âçÿòû èç äàííûõ,  ïðèâåäåííûõ â ññûëêàõ â òàáë.1. Îòíîñèòåëüíûå ïîëîæåíèÿ
êîìïîíåíòîâ, ïîëó÷åííûå ïî ôîòîãðàôè÷åñêèì íàáëþäåíèÿì 1962-1999ãã.,
äàíû â íàøåé ïðåäûäóùåé ðàáîòå [6]. Â íàñòîÿùåé ñòàòüå â òàáë.2 ïðèâîäÿòñÿ

Ðèñ.1. Òðàåêòîðèÿ âòîðè÷íîé êîìïîíåíòû ADS 7251 îòíîñèòåëüíî ãëàâíîé â ïðÿìîóãîëüíûõ
êîîðäèíàòàõ,  sinX ,  cosY , â ñåêóíäàõ äóãè. Ñâåòëûå êðóæêè - ïóëêîâñêèå ôîòî-
ãðàôè÷åñêèå íàáëþäåíèÿ, æèðíûå êðóæêè - ïóëêîâñêèå ÏÇÑ-íàáëþäåíèÿ, òðåóãîëüíèêè -
äàííûå èç Âàøèíãòîíñêîãî êàòàëîãà äâîéíûõ çâåçä WDS. Óêàçàíû ðåçóëüòàòû íàáëþäåíèé
ñïóòíèêîâ Hipparcos è Gaia (êîñûå êðåñòû), à òàêæå ýôåìåðèäíûå çíà÷åíèÿ íà áëèæàéøèå ãîäû
(çâåçäî÷êè). Ïóíêòèðíàÿ êðèâàÿ è òåìíûå çâåçäî÷êè - ýôåìåðèäà, âû÷èñëåííàÿ äî 2025ã.,
ñîãëàñíî îðáèòå ×àíã [12], ñïëîøíàÿ êðèâàÿ è ñâåòëûå çâåçäî÷êè - ñîãëàñíî ïóëêîâñêèì äàííûì.
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Ðèñ.2. Ïàðàìåòðû âèäèìîãî äâèæåíèÿ. Îáîçíà÷åíèÿ â òåêñòå.

n

N

T

E A

C

C

BT

n
N

N













B'





C

C

ñðåäíåãîäîâûå ïîëîæåíèÿ   ("),  (o) íà ìîìåíò íàáëþäåíèé è èõ îøèáêè

  ("),   (
o) ïî ÏÇÑ-íàáëþäåíèÿì â 2004-2018ãã.

4. Îñíîâíûå ðåçóëüòàòû. Ïàðàìåòðû âèäèìîãî äâèæåíèÿ, ïîëó÷åííûå
èç ïóëêîâñêèõ íàáëþäåíèé ïàðû ADS 7251, à òàêæå äîïîëíèòåëüíûå
ïàðàìåòðû, ïðèâåäåíû â òàáë.3.

Ìîìåíò N   (")   (")   (o)   (
o)

2004.161 5 17.2577 0.0027 94.2822 0.0039
2005.160 10 17.2516 0.0008 94.6060 0.0063
2006.146 2 17.2269 - 94.9308 -
2008.059 5 17.1913 0.0056 95.4858 0.0198
2009.071 5 17.1831 0.0047 95.7597 0.0149
2010.047 5 17.1679 0.0026 96.0562 0.0057
2011.131 5 17.1513 0.0031 96.4019 0.0058
2012.041 5 17.1349 0.0022 96.7013 0.0109
2014.207 5 17.1103 0.0022 97.3626 0.0056
2015.190 5 17.0851 0.0026 97.7055 0.0119
2015.980 5 17.0750 0.0005 97.9466 0.0026
2016.978 5 17.0545 0.0028 98.2462 0.0142
2018.187 7 17.0472 0.0013 98.6689 0.0102

Òàáëèöà 2
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Îöåíêè ñóììû ìàññ êîìïîíåíòîâ ADS 7251 MAB äåëàëèñü íåîäíîêðàòíî
ðàçíûìè àâòîðàìè, èõ ðåçóëüòàòû ïðåäñòàâëåíû â òàáë.4. Äèíàìè÷åñêàÿ ìàññà
Mdyn ïîëó÷åíà ïðÿìûì ìåòîäîì, îñíîâàííûì íà çàêîíå âñåìèðíîãî òÿãîòåíèÿ
è íàáëþäåíèè äâèæåíèÿ êîìïîíåíòîâ äâîéíîé çâåçäû. Msp - ìàññà, ïîëó÷åííàÿ
â ðåçóëüòàòå âûñîêîòî÷íûõ íàáëþäåíèé èíòåðôåðîìåòðà è ñïåêòðîãðàôà, ñ
ïîìîùüþ êîòîðûõ îïðåäåëåíû ðàäèóñû R* è ýôôåêòèâíûå òåìïåðàòóðû Teff.
Ìû ïðèíÿëè çäåñü çíà÷åíèå M.M AB 11 , ïîëó÷åííîå â íàøåé ïðåäûäóùåé
ðàáîòå [6], êîòîðîå òàêæå áëèçêî ê îöåíêàì, âûïîëíåííûì â ïîñëåäíèå ãîäû
äðóãèìè àâòîðàìè. Îòäåëüíî ìû ðàññìîòðåëè âàðèàíò îðáèòû, ïîëó÷àåìîé ïî
íàøèì íàáëþäåíèÿì â òîì ñëó÷àå, åñëè ïðåäïîëîæèòü ñóììó ìàññ êîìïîíåíòîâ
ðàâíîé 1.33 M , ñîãëàñíî [9].

Êàê óæå îòìå÷àëîñü â ïðåäûäóùèõ íàøèõ ðàáîòàõ, ìåòîä ÏÂÄ ïîçâîëÿåò
ïîëó÷èòü îäíîçíà÷íûå ýëåìåíòû îðáèòû ïðè èìåþùåìñÿ òî÷íîì ïàðàëëàêñå,
îòíîñèòåëüíîé ëó÷åâîé ñêîðîñòè êîìïîíåíòîâ è êîíòðîëüíûõ íàáëþäåíèÿõ,
à èìåííî, îòíîñèòåëüíûõ ïîëîæåíèÿõ, äàëåêî îòñòîÿùèõ ïî âðåìåíè. Êîíò-
ðîëüíûå íàáëþäåíèÿ ïîçâîëÿþò îïðåäåëèòü (âûáðàòü) çíàê óãëà   ìåæäó
âåêòîðîì ïîëîæåíèÿ è êàðòèííîé ïëîñêîñòüþ ( trcos  r , ãäå tr  -
òðèãîíîìåòðè÷åñêèé ïàðàëëàêñ, r - âåëè÷èíà ðàäèóñ-âåêòîðà ìåæäó êîìïî-
íåíòàìè).

T T0
    c MA + MB rV tr

(ã.) (ã.) (") (o) ("/ã.) (o) (") ( M ) (êì/ñ) (")

1962- 1990.18 17.4915± 89.971± 0.09310± 190.688± 22.59± 1.1 1.36± 0.15788±
2018 0.0020 0.006 0.0008 0.040 0.55 0.20 0.00003

Òàáëèöà 3

ÏÀÐÀÌÅÒÐÛ ÂÈÄÈÌÎÃÎ ÄÂÈÆÅÍÈß ADS 7251

MAB ( M ) MB/(MA+MB) MA( M ) MB( M ) Ìåòîä         Ññûëêè

0.91 0.505 0.45 0.46 Mdyn Hopmann,1954 [25]
2.26 0.50 1.13 1.13 Mdyn Güntzel-Lingner, 1955 [26]
1.14 0.64 0.41 0.73 Mdyn Chang, 1972 [12]
1.10 0.49 0.56 0.54 Mdyn Ãîðøàíîâ, Øàõò, 2010 [6]
1.22 0.49 0.62 0.60 Msp Boyajian et al, 2012 [27]
1.03 0.50 0.52 0.51 Msp Jaime et al., 2014 [28]
1.33 0.48 0.69 0.64 Mdyn Gonzàles-Àlvares et al. [9]

Òàáëèöà 4
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Íà ðèñ.3 äàíû äâå îðáèòû äëÿ ðàçíûõ çíà÷åíèé óãëà  . Ñïëîøíîé
ëèíèåé ïðîâåäåíà îðáèòà, õîðîøî ñîãëàñóþùàÿñÿ ñ íàáëþäåíèÿìè Â.ß.Ñòðóâå
è Î.Â.Ñòðóâå 1821-1878ãã. [13,14].

Íà ðèñ.4 äàíû äâå îðáèòû, îäíà èç êîòîðûõ âû÷èñëåíà ñ ñîâðåìåííûì
ïàðàëëàêñîì Gaia, äðóãàÿ ñ íàèáîëüøèì çíà÷åíèåì èç îöåíîê Hipparcos.
Èñïîëüçîâàíû âåëè÷èíû èç áàçû äàííûõ SIMBAD äëÿ êîìïîíåíòà A:

036608796157tr ..   mas (Gaia) è 31608172tr ..   mas (Hip), ïðè÷åì íà
ðèñóíêå îáîçíà÷åíû èõ îêðóãëåííûå çíà÷åíèÿ 0".158 è 0".172. Äëÿ êîíòðîëÿ
íà ðèñ.4 òàêæå ïðèâåäåíû íàáëþäåíèÿ Ñòðóâå 1821-1878ãã., êîòîðûì, êàê
âèäíî, ëó÷øå ñîîòâåòñòâóåò îðáèòà, ïîëó÷åííàÿ ñ ïàðàëëàêñîì Gaia.

Íà ðèñ.1, 3, 4 è äàëåå íà ðèñ.5 ïóëêîâñêèå ðåçóëüòàòû äàíû ñîãëàñíî
îðáèòå Pulk II, ñì. òàáë.5. Îðáèòàëüíûå ýëåìåíòû, ïîëó÷åííûå êàê ïî
ïóëêîâñêîìó ðÿäó, òàê è ïî äðóãèì íàáëþäåíèÿì, ïðèâîäÿòñÿ â òàáë.5. Â
ñòðîêàõ 1 è 2 äàíû çíà÷åíèÿ ýëåìåíòîâ, ïîëó÷åííûå äðóãèìè àâòîðàìè [12],
[9], ñ êîòîðûìè ìû ñðàâíèëè íàøè ðåçóëüòàòû. Ïðè ýòîì ðàáîòà [12]
îòíîñèòñÿ ê íàèáîëåå óäàëåííîé ïî âðåìåíè, ðàáîòà [9] ÿâëÿåòñÿ íàèáîëåå
áëèçêîé ïî âðåìåíè. Ðåçóëüòàòû, ïîëó÷åííûå ïî ïóëêîâñêèì íàáëþäåíèÿì
è îòìå÷åííûå æèðíûì øðèôòîì, äàíû â ñòðîêàõ 3 (Pulk I) è 5 (Pulk II).
Ïðè ýòîì óêàçàíî, êàêîå çíà÷åíèå ñóììû ìàññ èñïîëüçîâàëîñü. Â ñòðîêå 4

Ðèñ.3. Äâå îðáèòû ADS 7251 è ñðàâíåíèå ñ íàáëþäåíèÿìè Ñòðóâå. Ñïëîøíàÿ êðèâàÿ
ñîîòâåòñòâóåò 427o . , øòðèõîâàÿ - 427o . . Ñâåòëûå êðóæêè - íàáëþäåíèÿ Ñòðóâå
â 1821-1878ãã. ×åðíûå êðóæêè - íàáëþäåíèÿ â Ïóëêîâå â 1962-2018ãã. P1 è P2 - ïîëîæåíèÿ
ïåðèàñòðà.
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äàíû ðåçóëüòàòû [7,8], ïîëó÷åííûå íàìè ðàíåå òîëüêî ïî ôîòîãðàôè÷åñêèì
íàáëþäåíèÿì.

Ñðàâíåíèå ïîêàçàëî, ÷òî ñ ïðîäîëæåíèåì âðåìåíè íàáëþäåíèé ïîëó÷àåìûé
ïåðèîä îáðàùåíèÿ óâåëè÷èâàåòñÿ. Âû÷èñëåííûå ýôåìåðèäû äëÿ íàøåé îðáèòû
Pulk II è [12] äàíû íà ðèñ.1 è ðèñ.5.

Íà ðèñ.5 ïðèâîäèòñÿ ñðàâíåíèå ìåæäó ñîáîé ýôåìåðèä, âû÷èñëåííûõ ïî
ðàçëè÷íûì îðáèòàì, à òàêæå íàøèõ ÏÇÑ-íàáëþäåíèé. Ýôåìåðèäà, ïîñ÷èòàííàÿ

Ðèñ.4. Äâå îðáèòû ADS 7251, ïîñòðîåííûå ñ ðàçíûìè çíà÷åíèÿìè ïàðàëëàêñà. Îáîçíà-
÷åíèÿ - êàê íà ðèñ.3.
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Ðèñ.5. Ñðàâíåíèå ýôåìåðèä îòíîñèòåëüíûõ ðàññòîÿíèé ñ, âû÷èñëåííûõ ïî ðàçëè÷íûì
îðáèòàì, ñ ïóëêîâñêèìè ÏÇÑ-íàáëþäåíèÿìè. ×åðíûå ðîìáû (1) - ïî îðáèòå èç ðàáîòû
[12], òðåóãîëüíèêè (2) - ïî îðáèòå èç [9], êâàäðàòû (3) - ïî îðáèòàì Pulk I è Pulk II èç
íàñòîÿùåé ðàáîòû (îáå ýôåìåðèäû ñîâïàëè), ïóñòûå ðîìáû (4) - íàøè ÏÇÑ-íàáëþäåíèÿ.
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ïî îáåèì îðáèòàì, ïîëó÷åííûì â íàñòîÿùåé ðàáîòå, ïîêàçûâàåò â öåëîì
óäîâëåòâîðèòåëüíîå ñîãëàñèå ñ ýôåìåðèäîé ïî îðáèòå, ïîñòðîåííîé â ñòàòüå
[9] ïî ëèòåðàòóðíûì äàííûì çà 200 ëåò íàáëþäåíèé ïàðû ADS 7251. Îäíàêî
ýôåìåðèäà ïî îðáèòå èç áîëåå ðàííåé ðàáîòû [12] çàìåòíî óêëîíÿåòñÿ îò âñåõ
âûøåóïîìÿíóòûõ ýôåìåðèä è îò íàáëþäåíèé. Ýòî åùå ðàç ïîäòâåðæäàåò
íåîáõîäèìîñòü ïðîâåäåíèÿ íîâûõ íàáëþäåíèé äëÿ óòî÷íåíèÿ îðáèò.

5. Îöåíêà òî÷íîñòè. Ïî âû÷èñëåííûì äëÿ ìîìåíòà âðåìåíè t
êîîðäèíàòàì C , C  è êîîðäèíàòàì ( O , O ), ïîëó÷åííûì èç íàáëþäåíèé
â òîò æå ìîìåíò, ìîæíî áûëî ïîñ÷èòàòü ðàçíîñòü (O-C), õàðàêòåðèçóþùóþ
òî÷íîñòü ïîñòðîåííîé îðáèòû âáëèçè íà÷àëüíîãî ìîìåíòà, èëè â ïðåäåëàõ
íàáëþäàåìîé äóãè:

      . sinC-O 2
COCO

22
O t

Çäåñü èíäåêñû "O" îòíîñÿòñÿ ê íàáëþäåíèÿì, ïî êîòîðûì îïðåäåëåíà
îðáèòà, "Ñ" - îòíîñèòåëüíûå ïîëîæåíèÿ, âû÷èñëåííûå ïî ýòîé îðáèòå.

Â òàáë.5 â ñòîëáöå 9 ìû äàåì çíà÷åíèå îøèáêè (O-C)
t
 äëÿ íàøåé îðáèòû

äëÿ îáùåãî (ôîòîãðàôè÷åñêèå ïëþñ ÏÇÑ) ðÿäà íàáëþäåíèé 1962-2018ãã.,

ñîñòîÿùåãî èç 45 íîðìàëüíûõ òî÷åê. Âíåøíÿÿ îøèáêà îðáèòàëüíûõ ýëåìåíòîâ,
ïðèâåäåííàÿ â òàáë.5, áûëà ïîëó÷åíà ìåòîäîì âàðèàöèé ýëåìåíòîâ îðáèòû,
ïðåäëîæåííûì Êèñåëåâûì [22] è èñïîëüçîâàâøèìñÿ ðàíåå. Îøèáêè ýëåìåíòîâ
òîãî æå ïîðÿäêà, êàê îøèáêè, ïðåäñòàâëåííûå â òàáë.5, áûëè ïîëó÷åíû òàêæå

à, à.å. P, ãîä e  , o i, o  , o T
P
, ãîä (O-C), "  Ïðèìå÷àíèå

102.6 975 0.28 44 ±21 173.8 2260 0.017 Ñhang, [12]

130.9 1295 0.01 109.1 37 32.4 1513 - Gonzàles-Àlvares
et al. [9]

145.8 1526.6 0.135 359.6 137.7 43.0 1805.2 0.011 Pulk I,
MAB = 1.33 M

136.9 1528.0 0.08 210 141 216.6 1882.8 0.011 Pulk, [7, 8]
MAB = 1.22 M

163.1 1986.3 0.241 32.1 141.7 48.7 1937.2 0.011 Pulk II,
±12.1 ±246.4 ±0.062 ±6.6 ±1.8 ±3.1 ±23.2 MAB = 1.1 M

Òàáëèöà 5

ÏÀÐÀÌÅÒÐÛ ÎÐÁÈÒ ADS 7251, ÏÎËÓ×ÅÍÍÛÅ ÏÎ ÐÀÇÍÛÌ
ÍÀÁËÞÄÀÒÅËÜÍÛÌ ÄÀÍÍÛÌ

Ïðèìå÷àíèå: Ïðè âû÷èñëåíèè ýôåìåðèäû, ñîîòâåòñòâóþùåé îðáèòå Chang, (ñì. ðèñ.1),
ñîãëàñíî íàøåìó àëãîðèòìó, áûëî èñïîëüçîâàíî çíà÷åíèå íàêëîííîñòè ðàâíîå 180o-21°.
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ïðè èõ âû÷èñëåíèè ñ ïîìîùüþ ìåòîäà Ìîíòå-Êàðëî.

6. Ñðàâíåíèå íàáëþäåíèé ñ âû÷èñëåííîé îðáèòîé. Îòìåòèì, ÷òî
äëÿ çâåçäû ADS 7251 îáùàÿ îøèáêà O-C ïî âñåìó ðÿäó ðàâíà 0".011.
Îòäåëüíî ïî íàøèì ÏÇÑ-íàáëþäåíèÿì ñ 2004 ïî 2018ãã. ïîëó÷åíà îøèáêà,
ðàâíàÿ 0".008. Îøèáêà, ïîëó÷åííàÿ ïî ôîòîãðàôè÷åñêèì íàáëþäåíèÿì 1962-
1997ãã., ðàâíà 0".009.

Â çàêëþ÷åíèå áûëî èíòåðåñíî ñðàâíèòü ñîîòâåòñòâóþùèå âåëè÷èíû äëÿ
äðóãèõ çâåçä è ïðèìåíèòü ê íèì íàø ìåòîä îïðåäåëåíèÿ îðáèòû ïî êîðîòêîé
äóãå, åñëè â ïóáëèêàöèÿõ èìåëèñü èñõîäíûå äàííûå, àíàëîãè÷íûå íàøèì
íàáëþäåíèÿì.

Îñíîâûâàÿñü íà íàøåì îïûòå ïðèìåíåíèÿ ìåòîäà ÏÂÄ ê çâåçäå S0-2,
âðàùàþùåéñÿ âîêðóã öåíòðàëüíîãî òåëà Ãàëàêòèêè (ñì., Kiselev et al. [24]),
ìû ïîñòàðàëèñü âû÷èñëèòü îðáèòó íàèáîëåå áëèçêîé ê öåíòðó Ãàëàêòèêè
çâåçäû S0-102 è ïðîâåðèëè âîçìîæíîñòü èñïîëüçîâàíèÿ ìåòîäà äëÿ áîëåå
ñîâðåìåííûõ íàáëþäåíèé S0-2. Ïðè ýòîì ìû âîñïîëüçîâàëèñü îïóáëèêî-
âàííûìè äàííûìè òåëåñêîïîâ Keck [29] è VLT [30] äëÿ S0-102 è Keck [31]
äëÿ S0-2. Âî âñåõ ñëó÷àÿõ ìû èñïîëüçîâàëè îòíîñèòåëüíî êîðîòêèå äóãè
íàáëþäåíèé èç îïóáëèêîâàííûõ äàííûõ.

Ýëåìåíòû îðáèò çâåçäû S0-102, âû÷èñëåííûõ àâòîðàìè ðàáîò [29,30] è
çíà÷åíèÿ (Î-Ñ)

t
 ïðèâåäåíû â òàáë.6 â 1 è 3 ñòðîêàõ ñâåðõó. Òàêæå â òàáë.6

ïðèâåäåíû îðáèòû (2 è 4 ñòðî÷êè òàáëèöû), ïîëó÷åííûå íàìè ìåòîäîì ÏÂÄ
ïî îïóáëèêîâàííûì â [29,30] îòíîñèòåëüíûì ïîëîæåíèÿì R.A. , Dec . Â 5
ñòðîêå äàíà îðáèòà çâåçäû S0-2, âû÷èñëåííàÿ íàìè ïî äàííûì èç ðàáîòû [31].

Äëÿ çâåçä, îòìå÷åííûõ â ïåðâîì ñòîëáöå òàáëèöû æèðíûì øðèôòîì,
îðáèòû âû÷èñëåíû íàìè ìåòîäîì ÏÂÄ ñ èñïîëüçîâàíèåì âûáðàííîé èç
íàáëþäåíèé êîðîòêîé äóãè. Ïðîñòûì øðèôòîì îòìå÷åíû îðáèòû àâòîðîâ
[29,30]. Â ïîñëåäíåì ñòîëáöå òàáë.6 äàíû âåëè÷èíû (Î-Ñ). Æèðíûì øðèôòîì

Star P, ã. a, a.e. e i,o  , o  , o T
P
, ã. ,M M D, êïê (O-C),"

S0-102 [29] 11.50 815 0.68 151* 185 175 2009.5 61014 . 7.7 0".007
S0-102 ÏÂÄ 11.53 815 0.67 33 182 172.8 2009.5 6104.1 7.35 8
S0-102 [30] 13.10 893 0.74 141.7* 133.5 129.9 2009.31 610154 . 8.19 13
S0-102 ÏÂÄ 11.44 816 0.84 48.9 216.3 182.5 2010.3 6104.15 8.19 5
S0-2 ÏÂÄ 14.06 925 0.82 55.4 235.3 26.24 2002.6 6104.1 7.7 13

Òàáëèöà 6

ÏÐÈÌÅÐÛ ÎÐÁÈÒ ÇÂÅÇÄ S0-102 È S0-2. ÂÅËÈ×ÈÍÀ (Î-Ñ)

Ïðèìå÷àíèå: Â äâóõ ñëó÷àÿõ, îòìå÷åííûõ çâåçäî÷êîé (*), ìû, ñîãëàñíî íàøåìó àëãîðèòìó
âû÷èñëåíèÿ ýôåìåðèäû, èñïîëüçîâàëè âåëè÷èíó íàêëîííîñòè êàê 180o-i, ò.å. 29o è 38o.3,
ñîîòâåòñòâåííî.
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âûäåëåíû (O-C), ïîëó÷åííûå ïî âûáðàííîé äóãå, ïðîñòûì øðèôòîì - ïî
âñåìó èìåþùåìóñÿ íàáëþäàòåëüíîìó ðÿäó.

Ìîæíî îòìåòèòü, ÷òî äëÿ çâåçäû 61 Ñóg [4], îðáèòà êîòîðîé òàêæå áûëà
ïîëó÷åíà ïî ìíîãîëåòíåìó ðÿäó ïóëêîâñêèõ íàáëþäåíèé, îøèáêà (O-Ñ)
ñîñòàâëÿëà 019"0016"0 ..   â çàâèñèìîñòè îò îòíîñèòåëüíîé äëèíû äóãè.

7. Çàêëþ÷åíèå. Âûïîëíåíî äèíàìè÷åñêîå èññëåäîâàíèå îòíîñèòåëüíîãî
äâèæåíèÿ øèðîêîé ïàðû ADS 7251 â îäíîðîäíîé èíñòðóìåíòàëüíîé ñèñòåìå.
Äàííàÿ ðàáîòà ïðîâîäèëàñü íà îñíîâå êëàññè÷åñêèõ íàáëþäåíèé íà äëèííî-
ôîêóñíîì èíñòðóìåíòå ñ ïðèâëå÷åíèåì ðåçóëüòàòîâ êîñìè÷åñêèõ íàáëþäåíèé
è ñðàâíåíèåì ñ íàçåìíûìè íàáëþäåíèÿìè íà áîëüøèõ èíñòðóìåíòàõ. Èññëå-
äîâàíèå ïðîâîäèëîñü íà îñíîâå îäíîðîäíîãî ðÿäà ìíîãîëåòíèõ íàáëþäåíèé,
ìàêñèìàëüíî îñâîáîæäåííîãî îò âëèÿíèÿ ñèñòåìàòè÷åñêèõ îøèáîê: èñïîëüçîâàëñÿ
îäèí èíñòðóìåíò, ïî âîçìîæíîñòè ïðèìåíÿëñÿ îäèí ñîðò ýìóëüñèè ôîòî-
ïëàñòèíîê, èçìåðåíèå ïëàñòèíîê ïðîèçâîäèëîñü íà îäíîé èçìåðèòåëüíîé ìàøèíå.
Îïðåäåëåíà íîâàÿ îðáèòà ñ èñïîëüçîâàíèåì ñîâðåìåííîãî çíà÷åíèÿ ïàðàëëàêñà
Gaia. Â ñâÿçè ñ ðàçíûìè îöåíêàìè ìàññ êîìïîíåíòîâ ìû äàåì äâà âàðèàíòà
îðáèòû, îòìå÷åííûõ æèðíûì øðèôòîì â òàáë.5. Íàáëþäåíèÿ ïîêàçàëè õîðîøóþ
ñõîäèìîñòü ñ ïîëîæåíèÿìè Hipparcos è Gaia. Êðîìå òîãî, âû÷èñëåííàÿ ýôåìåðèäà
äîñòàòî÷íî õîðîøî ñîãëàñóåòñÿ ñ îòäàëåííûìè ïî âðåìåíè íàáëþäåíèÿìè
íàøèõ ïðåäøåñòâåííèêîâ Â.ß.Ñòðóâå è Î.Â.Ñòðóâå.

Òàêæå ïîêàçàíà ýôôåêòèâíîñòü ðàçðàáîòàííîãî â ÃÀÎ ìåòîäà ÏÂÄ,
ïðèìåíÿåìîãî äëÿ îïðåäåëåíèÿ ïàðàìåòðîâ âèçóàëüíî-äâîéíûõ çâåçä, â ðÿäå
ñëó÷àåâ, ñ èñïîëüçîâàíèåì òîëüêî îòíîñèòåëüíî êîðîòêîé íàáëþäàòåëüíîé
äóãè. Ñðàâíåíèå ïîêàçàëî, ÷òî ïðè äîñòàòî÷íîì ÷èñëå íàáëþäåíèé â òå÷åíèå
îäíîãî ñåçîíà è ïðîäîëæåíèåì íàáëþäåíèé â òå÷åíèå ìíîãèõ ëåò, òî÷íîñòü
ïîëîæåíèé íà äëèííîôîêóñíîì 65-ñì ðåôðàêòîðå ñîïîñòàâèìà ñ íàáëþäåíèÿìè
íà áîëüøèõ òåëåñêîïàõ. Íàáëþäåíèÿ ïðîäîëæàþòñÿ, åñòü âîçìîæíîñòü äëÿ
óëó÷øåíèÿ îðáèòû íà îñíîâå îäíîðîäíûõ íàáëþäåíèé.

Äàëüíåéøåå èññëåäîâàíèå ïðåäïîëàãàåò áîëåå ïîäðîáíîå ñðàâíåíèå îðáèò,
à òàêæå àíàëèç, îòíîñÿùèéñÿ ê ï.7, 8 Ââåäåíèÿ.

Â çàêëþ÷åíèå ìû õîòèì îòìåòèòü, ÷òî íàáëþäàòåëüíûé ìàòåðèàë,
ïîëó÷åííûé â ðåçóëüòàòå ìíîãîëåòíèõ íàáëþäåíèé â Ïóëêîâå è ñîäåðæàùèé,
êðîìå ïîëîæåíèé, òàêæå è ôîòîìåòðè÷åñêèå äàííûå îá ýòîé çâåçäå, íå
èñ÷åðïàí. Èìååòñÿ ðÿä íàáëþäåíèé íà ïóëêîâñêîì íîðìàëüíîì àñòðîãðàôå.
Äàííûå ïî ôîòîìåòðèè ìîæíî èñïîëüçîâàòü äëÿ èññëåäîâàíèÿ êîìïîíåíòîâ
A è B, ÿâëÿþùèõñÿ ïåðåìåííûìè âñïûõèâàþùèìè çâåçäàìè òèïà UV Ceti.
Â ñâÿçè ñ ýòèì ìû âûðàæàåì íàäåæäó íà äàëüíåéøåå èñïîëüçîâàíèå
èíñòðóìåíòà â ñîâðåìåííûõ íàó÷íûõ öåëÿõ.
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RESEARCH OF THE ADS 7251 DOUBLE STAR BY
MEANS OF PULKOVO OBSERVATIONS WITH 65-cm

REFRACTOR FROM 1962 TO 2018

N.A.SHAKHT, D.L.GORSHANOV, I.S.IZMAILOV, L.G.ROMANENKO

The paper represents the results of a study of the binary star ADS 7251
(STF 1321), based on a homogeneous series of observations with 65-cm refractor
from 1962 to 2018 in Pulkovo. The errors of the average annual position  , 
are 0".004 and 0o.02 for photographic and 0".003, 0o.01 for CCD observations.
Based on the obtained relative positions and the precise Gaia parallax, a new orbit
is calculated. For comparison, we used modern observations of Hipparcos and
Gaia, as well as Struve observations of XIX century. The study showed the best
convergence with the observations of the past years using Gaia parallax. The errors
calculated by O-C are 011"0008"0 ..  . They are compared with errors obtained
for other binary stars close to the Sun, as well as with the corresponding estimates
obtained for star rotating around the central body of the Galaxy and observed on
Keck and VLT telescopes. The relevance of observations of the components of
ADS 7251 A and B as possible parent stars of exoplanets is noted.

Keywords: binary ADS 7251, GJ 338: orbit: mass: parallax: 61 Cyg, S0-2, S0-102:
     Galaxy Center
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ÑÏÅÊÒÐÀËÜÍÛÅ ÍÀÁËÞÄÅÍÈß ÝÌÈÑÑÈÎÍÍÛÕ
ÇÂÅÇÄ Â ÎÁËÀÑÒÈ Cyg OB7

Í.Ä.ÌÅËÈÊßÍ
Ïîñòóïèëà 29 ìàÿ 2020

Ïðèíÿòà ê ïå÷àòè 26 àâãóñòà 2020

Â ðàáîòå ïðèâîäÿòñÿ ðåçóëüòàòû ñïåêòðàëüíûõ íàáëþäåíèé èçâåñòíûõ ýìèññèîííûõ
çâåçä â îáëàñòè Cyg OB7. Ïîëó÷åíû 64 ñïåêòðà äëÿ 9 ýìèññèîííûõ çâåçä çà ïåðèîä 2001-
2007ãã. Íà âñåõ ñïåêòðàõ èçìåðåíû ýêâèâàëåíòíûå øèðèíû íàèáîëåå õàðàêòåðíûõ äëÿ çâåçä
òèïà Ò Òåëüöà ñïåêòðàëüíûõ ëèíèé. Îòìå÷åíî, ÷òî âñå ñïåêòðàëüíûå ëèíèè ïîêàçûâàþò
ñèëüíûå èçìåíåíèÿ. Ñïåêòðû èññëåäîâàííûõ çâåçä íàõîäÿòñÿ â ñïåêòðàëüíîì äèàïàçîíå
Ê8-Ì4. Äâå çâåçäû (¹12 è 23) ïîêàçûâàþò îòðèöàòåëüíûé áàëüìåðîâñêèé ñêà÷îê. Íà
ñïåêòðàõ çâåçä ¹23 è 86 çàðåãèñòðèðîâàíû çàïðåùåííûå ëèíèè [OIII] 4959 Å  è 5007 Å
è [SII] 6716/31 Å , õàðàêòåðíûå äëÿ êëàññè÷åñêèõ çâåçä òèïà T Tau.

Êëþ÷åâûå ñëîâà: ýìèññèîííûå çâåçäû: T Tau çâåçäû: Cyg OB7

1. Ââåäåíèå. Îòêðûòèå çâåçäíûõ àññîöèàöèé èìåëî âàæíîå çíà÷åíèå â
èçó÷åíèè ïðîáëåìû ýâîëþöèè çâåçä, òàê êàê ðåøåíèå ìíîãèõ âîïðîñîâ çâåçäíîé
êîñìîãîíèè òåñíî ñâÿçàíî ñ îòêðûòèåì è èçó÷åíèåì ýòèõ ôèçè÷åñêè íåóñòîé-
÷èâûõ ñèñòåì [1-2]. Îáíàðóæåíèå è èññëåäîâàíèå Ò àññîöèàöèé ïóòåì H
îáçîðîâ î÷åíü ýôôåêòèâíû. Òàêèå îáçîðû íàìè íà÷àòû åùå â 1979ã. íà 40"
òåëåñêîïå ñèñòåìû Øìèäòà Áþðàêàíñêîé îáñåðâàòîðèè ñ ïîìîùüþ 4o

îáúåêòèâíîé ïðèçìû. Íàáëþäåíèÿ ïðîâîäèëèñü â íåñêîëüêèõ ïîëÿõ îáëàñòåé
Öåôåÿ è Ëåáåäÿ, ãäå îáíàðóæåíû áîëüøå 200 íîâûõ H  çâåçä [3-9]. Ïðåäâà-
ðèòåëüíûé àíàëèç íàøèõ ïåðâûõ íàáëþäåíèé ïîçâîëèë âìåñòå ñ H  ýìèññèîí-
íûìè çâåçäàìè îáíàðóæèòü òàêæå ïåðâûå âñïûõèâàþùèå çâåçäû â ýòèõ
îáëàñòÿõ [3,4], êîòîðûå òåñíî ñâÿçàíû ñî çâåçäàìè òèïà Ò Òåëüöà [10].
Îñîáåííî ïëîäîòâîðíûìè îêàçàëèñü íàáëþäåíèÿ, íà÷àòûå â 2000ã. íà 2.6-ì
òåëåñêîïå Áþðàêàíñêîé îáñåðâàòîðèè â îáëàñòè Cyg OB7 [11-20]. Èññëåäîâàíèÿ
ýòîé îáëàñòè ïîçâîëèëè îáíàðóæèòü ìíîæåñòâî èíòåðåñíûõ îáúåêòîâ. Òîëüêî
â íåáîëüøîì ó÷àñòêå ñ ðàçìåðàìè 14' õ 14' îáíàðóæåíû 11 íîâûõ H  çâåçä,
îäíà èç êîòîðûõ ïîêàçàëà âñïûøå÷íóþ àêòèâíîñòü [18], äâå êîìåòàðíûå
òóìàííîñòè, ñâÿçàííûå ñ ýìèññèîííûìè çâåçäàìè è òðè ãðóïïû HH îáúåêòîâ.
Çàðåãèñòðèðîâàíî îáðàçîâàíèå íîâîãî òóìàííîãî îáúåêòà â áëèæíèõ èíôðà-
êðàñíûõ ëó÷àõ [11]. Ôîòîìåòðè÷åñêèå èññëåäîâàíèÿ çâåçä îáëàñòè ïîçâîëèëè
çàðåãèñòðèðîâàòü íåïðàâèëüíûå èçìåíåíèÿ áëåñêà ó 42-õ çâåçä îáëàñòè, â
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÷àñòíîñòè ó çâåçä ñ H  ýìèññèåé [20]. Äëÿ 9 ýìèññèîííûõ çâåçä ïîëó÷åíû
ñïåêòðû â ïåðèîä 2001-2007ãã. Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà èññëåäîâàíèþ
ñïåêòðàëüíûõ õàðàêòåðèñòèê ýòèõ çâåçä.

2. Íàáëþäåíèÿ. Â ðàáîòå ïðèâîäÿòñÿ ðåçóëüòàòû ñïåêòðàëüíûõ íàáëþ-
äåíèé, âûïîëíåííûõ íà 2.6-ì òåëåñêîïå Áþðàêàíñêîé îáñåðâàòîðèè èì.
Â.À.Àìáàðöóìÿíà â 2000-2005ãã., ñ ïðèìåíåíèåì ñïåêòðàëüíûõ êàìåð
ByuFOSC-2 [21] è SCORPIO [22], óñòàíîâëåííûõ â ïåðâè÷íîì ôîêóñå
òåëåñêîïà. Ïðè ðàáîòå ñ ByuFOSC-2 â êà÷åñòâå ñâåòîïðèåìíèêà èñïîëüçîâàíà
CCD êàìåðà ñî ñâåòî÷óâñòâèòåëüíûì ýëåìåíòîì ôèðìû "Tomson", ñ ðàçìåðàìè
1060 õ 1028 ïèêñåëü. Íàáëþäåíèÿ ñî ñïåêòðàëüíîé êàìåðîé ByuFOSC-2
îõâàòûâàþò ñïåêòðàëüíóþ îáëàñòü 4200-6600Å  ñ ïðîñòðàíñòâåííûì ðàçðå-
øåíèåì 0".65. Ñ ïðèåìíîé àïïàðàòóðîé SCORPIO èñïîëüçóåòñÿ ÏÇÑ ìàòðèöà
ñ ðàçìåðàìè 2063 õ 2058 ïèêñåëü. Ïðè ïðÿìûõ íàáëþäåíèÿõ îõâàòûâàåòñÿ
îáëàñòü ðàçìåðàìè 14' õ 14' ñ ïðîñòðàíñòâåííûì ðàçðåøåíèåì 0.42 ïèêñåëü.
Â ñïåêòðàëüíîé ìîäå èñïîëüçóåòñÿ ãðèçìà ñ äèñïåðñèîííîé ðåøåòêîé 600
øòðèõ/ìì. Â ðåçóëüòàòå ïîëó÷àåòñÿ ëèíåéíàÿ äèñïåðñèÿ 1.7Å /pix. Ñ ïîìîùüþ
ñïåêòðàëüíîé êàìåðû SCORPIO îõâàòûâàåòñÿ ñïåêòðàëüíàÿ îáëàñòü 3900-
7300Å . Îáå ñïåêòðàëüíûå êàìåðû ïîçâîëÿþò ïðîâîäèòü íàáëþäåíèÿ êàê â
ðåæèìå ïîëó÷åíèÿ ïðÿìûõ èçîáðàæåíèé ñ øèðîêîïîëîñíûìè è óçêîïîëîñíûìè
ôèëüòðàìè, òàê è â ðåæèìå ñïåêòðîñêîïèè ñ äëèííîé ùåëüþ. Áîëåå ïîäðîáíàÿ
èíôîðìàöèÿ îá èñïîëüçîâàííûõ àïïàðàòóðàõ, ôèëüòðàõ, î ìåòîäèêå íàáëþäåíèé
è ïîëó÷åííîì íàáëþäàòåëüíîì ìàòåðèàëå ïðåäñòàâëåíà â íàøèõ ðàííèõ
ðàáîòàõ [11-14]. Â íàñòîÿùåé ðàáîòå èñïîëüçîâàíû òàêæå ñïåêòðàëüíûå
íàáëþäåíèÿ, ïîëó÷åííûå â 2007ã. íà 1.82-ì òåëåñêîïå îáñåðâàòîðèè Àçèàãî
(Èòàëèÿ) ñ ïîìîùüþ ïðèåìíîé àïïàðàòóðû AFOSC (Asiago Faint Object
Spectrograph and Camera). Ïîäðîáíîå îïèñàíèå ðàáîòû ñïåêòðàëüíîé êàìåðû
AFOSC è õàðàêòåðèñòèê 1.82-ì òåëåñêîïà ïðèâîäÿòñÿ â [23]. Íàèáîëåå
âàæíûìè ïðåèìóùåñòâàìè ñïåêòðàëüíîé êàìåðû AFOSC ÿâëÿþòñÿ íàáëþäåíèÿ
âûñîêîãî êà÷åñòâà è ãèáêîñòü âûïîëíåíèÿ ðàçëè÷íûõ âèäîâ íàáëþäåíèé.
Ïðè íàáëþäåíèÿõ ñî ñïåêòðàëüíîé êàìåðîé AFOSC áûëè èñïîëüçîâàíû òðè
ðàçíûå ãðèçìû: 1) ãðèçìà 4 (ñïåêòðàëüíàÿ îáëàñòü 3360-7740Å , ñ Å5800cen  ),
2) ãðèçìà 6 (ñïåêòðàëüíàÿ îáëàñòü 3300-4900Å ,  ñ Å4000cen  ), è 3) ãðèçìà
8 (ñïåêòðàëüíàÿ îáëàñòü 6250-8050Å , ñ Å7000cen  ) (ñì. [23]).

Îòìåòèì, ÷òî ñïåêòðû 9 çâåçä ïîëó÷åíû ñ ñïåêòðàëüíîé êàìåðîé SCOR-
PIO. Ñ ïîìîùüþ ByuFOSC ïîëó÷åíû ñïåêòðû 5 çâåçä (¹8, 10, 12, 22, 23).
Ñ ñïåêòðàëüíîé êàìåðîé AFOSC ïîëó÷åíû ñïåêòðû 6 çâåçä ãðèçìîé 4, è ïî
5 çâåçä ãðèçìàìè 6 è 8.

3. Ðåçóëüòàòû íàáëþäåíèé. Êàê áûëî îòìå÷åíî âûøå âñå ïðîãðàììíûå
çâåçäû ÿâëÿþòñÿ íåïðàâèëüíûìè ïåðåìåííûìè. Â òàáë.1 ïðèâîäÿòñÿ âåëè÷èíû
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ýòèõ çâåçä â B, V, R, I ëó÷àõ â èõ ìèíèìóìå, è çàðåãèñòðèðîâàííûå
àìïëèòóäû èçìåíåíèÿ áëåñêà, âçÿòûå èç ðàáîòû [20]. Èç äàííûõ òàáëèöû

âèäíî, ÷òî ñàìàÿ ñëàáàÿ çâåçäà, äëÿ êîòîðîé áûë ïîëó÷åí ñïåêòð, èìååò
âåëè÷èíó m

B
 = 19m.54 (¹86), à ñàìàÿ ÿðêàÿ - m

B
 = 14m.7 (¹22). Çàðåãèñò-

ðèðîâàííûå àìïëèòóäû èçìåíåíèÿ áëåñêà íàõîäÿòñÿ â ïðåäåëàõ îò 0m.21 äî
2m.16. Íîìåðà çâåçä â òàáë.1 ñîîòâåòñòâóþò íîìåðàì, ïîëó÷åííûì â ðàáîòå
[20], ãäå ïðèâîäèòñÿ òàêæå êàðòà îòîæäåñòâëåíèÿ çâåçä.

N m
B

m
V

m
R

m
I

B V R I

8 18m.25 17m.68 17m.23 15m.55 0m.74 1m.0 1m.06 1m.13
10 15.96 15.51 14.93 13.34 0.59 0.66 0.47 0.65
12 16.85 15.99 15.42 13.7 0.22 0.21 0.32
22 14.7 14.35 14.23 13.93 - - 0.99
23 16.56 16.72 16.44 14.32 0.84 1.97 2.16 -
38 15.89 14.99 15.51 12.96 - 0.99 0.24
70 18.18 17.24 16.97 14.83 0.21 0.41 0.31
71 19.36 17.59 17.15 15.18 1.5 0.98 0.99 1.12
86 19.54 18.75 18.63 18.15 0.43 0.65 1.8

Tàáëèöà 1

ÔÎÒÎÌÅÒÐÈ×ÅÑÊÈÅ ÄÀÍÍÛÅ ÏÐÎÃÐÀÌÌÍÛÕ ÇÂÅÇÄ [20]
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Íà ðèñ.1 äëÿ èëëþñòðàöèè ïðèâîäÿòñÿ ïî îäíîìó ñïåêòðó âñåõ 9 çâåçä,
ïîëó÷åííîìó ñ ïîìîùüþ ïðèåìíîé àïïàðàòóðû SCORPIO â 2004ã. Íà
ðèñóíêå ïî îñè àáñöèññ ïðèâîäèòñÿ äëèíà âîëíû â àíãñòðåìàõ, à ïî îñè
îðäèíàò - èíòåíñèâíîñòü â ïðîèçâîëüíûõ åäèíèöàõ.

Íà ðèñ.1, âñå çâåçäû, êðîìå çâåçäû ¹22, ÿâëÿþòñÿ ýìèññèîííûìè. Çâåçäà
¹22 âêëþ÷åíà íàìè â ñïèñîê ýìèññèîííûõ çâåçä ïî ðåçóëüòàòàì ñïåêòðàëüíûõ
íàáëþäåíèé ñ ïîìîùüþ ïðèåìíîé àïïàðàòóðû ByuFOSC â 2001ã. [13], ãäå
÷åòêî çàðåãèñòðèðîâàíû ýìèññèîííûå ëèíèè H  è H , ñ ñîîòâåòñòâåííûìè
ýêâèâàëåíòíûìè øèðèíàìè 3.2Å  è 2.4Å . Â äàëüíåéøèõ ñïåêòðàëüíûõ
íàáëþäåíèÿõ, âûïîëíåííûõ â 2004 è 2007ãã., çâåçäà íå ïîêàçûâàëà ïðèçíàêîâ
ýìèññèè. Íà ðèñ.2a ïîêàçàí ñïåêòð ýòîé çâåçäû, ïîëó÷åííûé â 2001ã., ãäå

Ðèñ.1. Ñïåêòðû ïðîãðàììíûõ çâåçä
ïîëó÷åííûå ñ ïîìîùüþ SCORPIO â 2004ã.
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ñòðåëêàìè óêàçàíû ýìèññèîííûå ëèíèè H  è H . Íà ñïåêòðàõ, ïîëó÷åííûõ
â 2004 è â 2007ãã., ýìèññèÿ â H  è H  îòñóòñòâóåò, íî âèäíû àáñîðáöèîííûå
ëèíèè CaII H è Ê ñëàáîé èíòåíñèâíîñòè (ñì. ðèñ.2b), è î÷åíü ñëàáoå CaI
4227Å . Çàðåãèñòðèðîâàíà òàêæå ëèíèÿ LiI 6707Å . Êàê èçâåñòíî ëèíèÿ CaI
4227Å  ïðàêòè÷åñêè îòñóòñòâóåò â ñïåêòðàõ çâåçä òèïà Î è Â, è, ìàêñèìàëüíîé
èíòåíñèâíîñòè äîñòèãàåò ó çâåçä ñïåêòðàëüíîãî êëàññà M. Ëèíèè CaII H è Ê,
îòñóòñòâóþò ó çâåçä êëàññà Î, äîñòèãàþò ìàêñèìàëüíîé èíòåíñèâíîñòè ó çâåçä
êëàññà Ê0, è ìîæíî ñëåäèòü çà íèìè â íåêîòîðûõ ñëó÷àÿõ äî ñïåêòðàëüíîãî
êëàññà M1. Ëèíèÿ Mgb ïî èíòåíñèâíîñòè ñðàâíèìà ñ ëèíèåé NaD. Íà
ñïåêòðàõ âèäíû òàêæå ñëàáûå ïîëîñû TiO, êîòîðûå çàìå÷àþòñÿ ó çâåçä êëàññà
K8-M0. Ïåðå÷èñëåííûå ñïåêòðàëüíûå îñîáåííîñòè çâåçäû, à òàêæå ðàñïðåäåëåíèå
ýíåðãèè â ñïåêòðå, ïîçâîëÿþò îòíåñòè åå ê ñïåêòðàëüíîìó êëàññó K8.

Â òàáë.2 ïðèâîäÿòñÿ ìèíèìàëüíûå è ìàêñèìàëüíûå çíà÷åíèÿ ýêâèâàëåíòíûõ
øèðèí çàðåãèñòðèðîâàííûõ ýìèññèîííûõ ëèíèé, èçìåðåííûå äëÿ âñåõ íàøèõ
ïðîãðàììíûõ çâåçä. Äëÿ èçìåðåíèé âûáðàíû íàèáîëåå õàðàêòåðíûå ëèíèè
äëÿ çâåçä òèïà T Tau. Èñïîëüçîâàíû ñïåêòðû, ïîëó÷åííûå íà 2.6-ì òåëåñêîïå
Áþðàêàíñêîé îáñåðâàòîðèè â 2001, 2004 è 2005ãã., è ñïåêòðû, ïîëó÷åííûå
íà 1.82-ì òåëåñêîïå îáñåðâàòîðèè Ïàäîâà â 2007ã. Â òàáëèöå ïðèâîäÿòñÿ
ðåçóëüòàòû èçìåðåíèé ýêâèâàëåíòíûõ øèðèí, óâåðåííî îòîæäåñòâëåííûõ è
íàèáîëåå õàðàêòåðíûõ ñïåêòðàëüíûõ ëèíèé. Îòìåòèì, ÷òî áóêâîé "w" â
òàáëèöå îòìå÷åíû òå ñëó÷àè, êîãäà èçìåðÿåìàÿ ëèíèÿ ñëàáà è âåëè÷èíà
ýêâèâàëåíòíîé øèðèíû ëèíèè íàõîäèòñÿ íà óðîâíå îøèáîê èçìåðåíèé.

Ðåçóëüòàòû èçìåðåíèé ýêâèâàëåíòíûõ øèðèí ïîêàçûâàþò, ÷òî ïî÷òè âî
âñåõ ñëó÷àÿõ çàðåãèñòðèðîâàíû èçìåíåíèÿ èõ çíà÷åíèé ñî âðåìåíåì. Ó âñåõ
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Ðèñ.2. a) Ïîêàçàí ñïåêòð çâåçäû ¹22, ïîëó÷åííûé â 2001ã., ñòðåëêàìè ïîêàçàíû
ýìèññèîííûå ëèíèè H  è H . b) ïîêàçàíû ëèíèè ïîãëàùåíèÿ CaII H è K, ïîëó÷åííûå
â 2007ã.
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çâåçä çàðåãèñòðèðîâàíà ñèëüíàÿ ýìèññèÿ â H . Â ñëó÷àå çâåçäû ¹12 ìîæíî
ïðîñëåäèòü çà ýìèññèîííûìè ëèíèÿìè âîäîðîäà ñåðèè Áàëüìåðà äî H10.
Ïîäðîáíî îñòàíîâèìñÿ íà îáñóæäåíèè ñïåêòðàëüíûõ õàðàêòåðèñòèê êàæäîé
çâåçäû îòäåëüíî.

3.1. Çâåçäà ¹8, êàê ýìèññèîííàÿ, îáíàðóæåíà âî âðåìÿ ïîèñêà ýìèññèîííûõ
çâåçä â 2000ã. [11]. Áûëà îáíàðóæåíà ñâÿçàííàÿ ñî çâåçäîé êîìåòàðíàÿ
òóìàííîñòü ìàëûõ ðàçìåðîâ, ïåðåìåííàÿ â ëèíèÿõ [SII]6716/31Å  è H  [13],
êîòîðàÿ ïîçæå ïîâòîðíî áûëà îáíàðóæåíà è ïîëó÷èëà íàçâàíèå CN2 [24].
Ôîòîìåòðè÷åñêèå èññëåäîâàíèÿ ïîçâîëèëè îáíàðóæèòü íåïðàâèëüíûå èçìåíåíèÿ
áëåñêà çâåçäû ñ äîñòàòî÷íî áîëüøèìè àìïëèòóäàìè [20]. Íåïðàâèëüíûå
èçìåíåíèÿ èíòåíñèâíîñòè ýìèññèîííûõ ëèíèé çàðåãèñòðèðîâàíû è ïðè
ñïåêòðàëüíûõ èññëåäîâàíèÿõ. Çàðåãèñòðèðîâàíû ñèëüíûå èçìåíåíèÿ ýêâè-
âàëåíòíûõ øèðèí ëèíèé H  ( Å61Å16  ) è H  ( Å452Å76 ..  ),
çàïðåùåííûõ ëèíèé [OI] 6300Å  è 6363Å  (ñì. òàáë.2). Ëèíèè èçëó÷åíèÿ
Fe I ñëàáûå. Íà ñïåêòðå, ïîëó÷åííîì â 2001ã., âèäíà ýìèññèÿ â ëèíèè HeI
5876Å  ïî ýêâèâàëåíòíîé øèðèíå, ñðàâíèìîé ñ ëèíèåé ïîãëîùåíèÿ NaD. Ïî
ñïåêòðàì, ïîëó÷åííûì â 2004ã., ëèíèÿ èçëó÷åíèÿ HeI 5876Å  îñëàáëà, à
ëèíèÿ ïîãëîùåíèÿ NaD íà ñïåêòðå îòñóòñòâóåò. Íà ñïåêòðàõ, ïîëó÷åííûõ â
2007ã., ëèíèÿ ïîãëîùåíèÿ NaD îïÿòü ïîÿâëÿåòñÿ, íî îòñóòñòâóåò èçëó÷åíèå
â ëèíèè HeI 5876Å .  Âèäíà òàêæå ñëàáàÿ ýìèññèÿ HeI 6678Å . Íà ñïåêòðàõ
çâåçäû, ïîëó÷åííûõ â 2004ã., ÷åòêî âûäåëÿåòñÿ ëèíèÿ ïîãëîùåíèÿ Li 6707Å ,

   Ñï. Ëèíèè - )ÅEW(

¹8 ¹10 ¹12 ¹22 ¹23 ¹38 ¹70 ¹71 ¹86

H (min) 16 17 72 - 25.1 5.4 74.5 35.4 80.4
H (max) 61 26.1 87 3.2 52.9 7 - - 114
H (min) 6.7 2.6 30.3 - 25.1 0.4 20.4 16.4 >0
H (max) 52.4 10.9 35.5 2.4 54.8 6.9 - - 19

SII6716/31(min) 1.2 20.2
SII6716/31(max) 6 28.8
Li 6707(min) w w w -0.5 -1 -0.9 w - w
Li 6707(max) -1.6 -1.15 -1.96 -1 -4.5 -1.1 -0.83 - -2.2
OI 6300(min) w w 1.6 - 1.4 <1 w - 44
OI 6300(max) 3.15 3 4.2 - 8 1.4 4.6 - 56.1
OI 6363(min) w w 0.43 - 0.4 w w - 14.5
OI 6363(max) 1.4 1.2 1.15 - 2.2 0.5 1.7 - 17.7

Òàáëèöà 2

ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ ÇÀÐÅÃÈÑÒÐÈÐÎÂÀÍÍÛÕ
ÑÏÅÊÒÐÀËÜÍÛÕ ËÈÍÈÉ
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êîòîðàÿ òàêæå ïîêàçûâàåò èçìåíåíèÿ ñî âðåìåíåì. Çàìå÷àþòñÿ íåêîòîðûå
ñëàáûå ïîëîñû ïîãëîùåíèÿ TiO. Íåïðàâèëüíûå èçìåíåíèÿ áëåñêà çâåçäû
[20] è ýêâèâàëåíòíûõ øèðèí, à òàêæå íàáëþäàåìûå ñïåêòðàëüíûå õàðàêòå-
ðèñòèêè ñâèäåòåëüñòâóþò î ïðèíàäëåæíîñòè çâåçäû ê òèïó Ò Òåëüöà ñïåêò-
ðàëíîãî êëàññà M0.

3.2. Çâåçäû ¹10, 38, 70 è 71 èìåþò ïîõîæèå ðàñïðåäåëåíèÿ ýíåðãèè â
ñïåêòðàõ. Îòìåòèì, ÷òî ñïåêòðû çâåçä ¹70 è 71 ïîëó÷åíû òîëüêî â 2004ã.
Âñå ÷åòûðå çâåçäû ïîêàçûâàþò íåïðàâèëüíûå èçìåíåíèÿ èíòåãðàëüíîãî áëåñêà
[20]. Çâåçäû ¹10, 38 ïîêàçûâàþò òàêæå èçìåíåíèÿ èíòåíñèâíîñòåé ñïåêò-
ðàëüíûõ ëèíèé. Ó âñåõ ýòèõ çâåçä íàáëþäàþòñÿ: ëèíèÿ ïîãëîùåíèÿ Li
6707Å , ýìèññèîííûå ëèíèè âîäîðîäà è çàïðåùåííûå ëèíèè íåéòðàëüíîãî
êèñëîðîäà [OI] 6300Å  è 6363Å , à òàêæå äðóãèå ëèíèè, õàðàêòåðíûå äëÿ
çâåçä òèïà Ò Òåëüöà. Âñå ñïåêòðàëüíûå ëèíèè ïåðåìåííû, íî åñëè èíòåíñèâ-
íîñòü ëèíèè H  ó çâåçäû ¹38 âñåãäà - Å10EWH  , òî ó òðåõ îñòàëüíûõ
- Å10EWH  . Íà ñïåêòðàõ çâåçä õîðîøî âèäíà MgI 5167-83Å  è ïîëîñû
TiO, õàðàêòåðíûå äëÿ çâåçä ñïåêòðàëüíîãî êëàññà M. Ïî ïåðå÷èñëåííûì
ñïåêòðàëüíûì õàðàêòåðèñòèêàì çâåçäà ¹10 èìååò ñïåêòðàëüíûé êëàññ M1,
çâåçäà ¹71 - M3 è çâåçäû ¹38 è 70 èìåþò ñïåêòðàëüíûé êëàññ M4.

3.3. Ñïåêòðû çâåçä ¹12, 23 è 86 íàèáîëåå èíòåðåñíû. Ñïåêòðû ïåðâûõ
äâóõ çâåçä ïîëó÷åíû ïðè âñåõ íàáëþäàòåëüíûõ ïåðèîäàõ, à ïðè íàáëþäåíèÿõ,
âûïîëíåííûõ â 2007ã. ñïåêòðû ýòèõ çâåçä ïîëó÷åíû ñ ïîìîùüþ òðåõ ãðèçì,
îõâàòûâàþùèõ ðàçíûå ó÷àñòêè ñïåêòðà. Îòìåòèì, ÷òî â êàæäûé ïåðèîä
íàáëþäåíèé ïîëó÷åíû ïî äâà ñïåêòðà äëÿ êàæäîé çâåçäû â òå÷åíèå îäíîé
íî÷è. Íèêàêèõ îñîáûõ èçìåíåíèé ïðè ñðàâíåíèè ïîëó÷åííûõ ïàð ñïåêòðîâ
íå îáíàðóæåíî. Íî çíà÷èòåëüíûå èçìåíåíèÿ â ñïåêòðàõ çâåçä çàðåãèñòðèðîâàíû
â ðàçíûå ãîäû.

Íà ñïåêòðå ¹12 ïðèñóòñòâóþò ëèíèè èçëó÷åíèÿ èîíèçîâàííîãî æåëåçà
Å4923 , 5018Å , 5169Å  è 5316Å . ×åòêî âûäåëÿþòñÿ çàïðåùåííûå ëèíèè

[OI] Å3006  è 6363Å . Íà ñïåêòðå õîðîøî âèäíà ëèíèÿ èçëó÷åíèÿ HeI
5876Å , êîòîðàÿ ïî èíòåíñèâíîñòè âäâîå ïðåâûøàåò èíòåíñèâíîñòü ëèíèè
ïîãëîùåíèÿ NaD ( Å63ÅEW5876 . ; Å1.7EWNaD  ). Íà ñïåêòðàõ çâåçäû
ìîæíî òàêæå çàìåòèòü ëèíèþ èçëó÷åíèÿ HeI 6678Å  è ëèíèþ ïîãëîùåíèÿ
LiI 6707Å . Â 2004ã. óñèëåíû ýìèññèîííûå ëèíèè èîíèçîâàííîãî æåëåça,
òîãäà êàê â 2005ã. îíè ïðàêòè÷åñêè îòñóòñòâóþò èëè ñèëüíî îñëàáëåíû, íî
ïîÿâëÿþòñÿ ñëàáûå ñëåäû ïîëîñ TiO. Â 2007ã. ëèíèè èîíèçîâàííîãî æåëåçà
âíîâü óñèëåíû, íî îòñóòñòâóåò ëèíèÿ ïîãëîùåíèÿ LiI 6707Å . Íà ðèñ.3
ïîêàçàí ñïåêòð çâåçäû ¹12, ïîëó÷åííûé â 2007ã. ñ ïîìîùüþ ïðèåìíîé
àïïàðàòóðû AFOSC ñ ãðèçìîé 6. Îõâàòûâàåòñÿ ñïåêòðàëüíàÿ îáëàñòü 3600-
4900Å . Íà ðèñóíêå õîðîøî âèäíû îòðèöàòåëüíûé áàëüìåðîâñêèé ñêà÷îê è
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ñèëüíûå ëèíèè èçëó÷åíèÿ âîäîðîäà äî H10. Îòìåòèì, ÷òî èçìåíÿåòñÿ òàêæå
ðàñïðåäåëåíèå ýíåðãèè â ñïåêòðå, çâåçäà ñòàíîâèòñÿ áîëåå ãîëóáîé. Íà ñïåêòðå,
ïîëó÷åííîì ñ ãðèçìîé ¹6 (AFOSC), çàðåãèñòðèðîâàíû ñèëüíûå ýìèññèîííûå
ëèíèè CaII H&K, CaI 4227Å  è, ïî-âèäèìîìó, âèäåí ñëàáûé ñëåä èçëó÷åíèÿ
HeII 4686Å , ÷òî òàêæå ñâèäåòåëüñòâóåò î âûñîêîé òåìïåðàòóðå çâåçäû. Â
öåëîì, âî âðåìÿ íàáëþäåíèé ñïåêòð çâåçäû èçìåíÿåòñÿ îò Ê8 äî M1.

Ýìèññèîííàÿ çâåçäà ¹23 îáíàðóæåíà â 2000ã. [11]. Áûëî ïîêàçàíî, ÷òî

îíà âìåñòå ñî çâåçäàìè ¹8, 10 è 12, ïî âñåé âåðîÿòíîñòè, ñîñòàâëÿåò
íåóñòîé÷èâóþ ôèçè÷åñêóþ ñèñòåìó òèïà Òðàïåöèè [13]. Íà ñïåêòðàõ çâåçäû
âèäíû ïî÷òè âñå ýìèññèîííûå ëèíèè, çàðåãèñòðèðîâàííûå ó çâåçäû ¹12,
êðîìå ýìèññèè â ëèíèè HeI 5876Å  è âîäîðîäíûõ ëèíèé êîðî÷å H  (ïî-
âèäèìîìó ýìèññèÿ ëèíèè CaII H ÷àñòè÷íî óñèëåíà ýìèññèåé â H ) (ðèñ.4a).
Èíòåðåñíûìè îòëè÷èÿìè îò çâåçäû ¹12 ÿâëÿþòñÿ íàëè÷èå íà ñïåêòðàõ
ñëàáûõ ýìèññèîííûõ ëèíèé SII6716/6731Å  (ðèñ.4b), à òàêæå î÷åíü ñëàáûå
ñëåäû äâàæäû èîíèçîâàííîãî êèñëîðîäà [OIII] 4959Å  è 5007Å . Èç ëèíèé
ïîãëîùåíèÿ ñëåäóåò îòìåòèòü íàëè÷èå òðèïëåòà Mgb (5167, 5172, 5183Å ),
íåêîòîðûõ ñëàáûõ ìîëåêóëÿðíûõ ïîëîñ TiO è ïðèñóòñòâèå LiI 6707Å
çíà÷èòåëüíîé èíòåíñèâíîñòè. Íà ðèñ.4c ïðèâîäèòñÿ ó÷àñòîê ëèíèé SII6716/
6731Å  íà ñïåêòðå, ïîëó÷åííûé â 2007ã. íà 1.82-ì òåëåñêîïå ñ ïîìîùüþ
ïðèåìíîé àïïàðàòóðû AFOSC. Ñïåêòð ïîëó÷åí ñ ãðèçìîé ¹8. Íà ðèñóíêå
âèäíî, ÷òî ëèíèÿ LiI 6707Å  ñëàáåå, ÷åì íà ðèñ.4b. Íà ñïåêòðàõ çâåçäû

Ðèñ.3. Ñïåêòð çâåçäû ¹12, ïîëó÷åííûé â 2007ã. ñ ïîìîùüþ ãðèçìû 6 ïðèåìíîé
àïïàðàòóðû AFOSC. Îõâàòûâàåòñÿ ñïåêòðàëüíàÿ îáëàñòü 3600-4900 Å .
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âèäíû âñå ýìèññèîííûå ëèíèè, õàðàêòåðíûå äëÿ çâåçä òèïà T Tau. Íàëè÷èå
ìîëåêóëÿðíûõ ïîëîñ TiO è ðàñïðåäåëåíèå ýíåðãèè â ñïåêòðå çâåçäû ïîçâîëÿþò
îòíåñòè åå ê ñïåêòðàëüíîìó êëàññó M0.

Ýìèññèîííàÿ çâåçäà ¹86, à òàêæå êîìåòàðíàÿ òóìàííîñòü, ñâÿçàííàÿ ñî

çâåçäîé, îáíàðóæåíû íàìè â 2000ã. [11] è ïîâòîðíî â 2003ã. [24]. Çàðåãèñò-
ðèðîâàíà ïåðåìåííîñòü ÿðêîñòè çâåçäû ñ íàèáîëüøåé àìïëèòóäîé èçìåíåíèÿ
áëåñêà â áëèæíèõ èíôðàêðàñíûõ ëó÷àõ   81Im m. [20]. Íà ðèñ.5a, b ïîêàçàíû
ñïåêòðû çâåçäû, ïîëó÷åííûå â 2004 è 2005ãã. Íà ñïåêòðàõ çâåçäû, ïîëó÷åííîé
â 2004ã. (4à), óâåðåííî îòîæäåñòâëåíû ýìèññèîííûå ëèíèè H , [OIII] 4959Å
è 5007Å , HeI 5876Å  è ðÿäîì ïî÷òè âäâîå ñèëüíàÿ ýìèññèÿ ëèíèè NaD (ñì.
ðèñ.5ñ), ýìèññèÿ â ëèíèÿõ [OI] 6300Å  è 6363Å , H  è ëèíèè [SII] 6716/31Å ,
íà ñïåêòðå çàìå÷àþòñÿ òàêæå ñëàáûå ýìèññèè èîíèçîâàííîãî æåëåçà. Ñëåäóåò
îòìåòèòü, ÷òî èç 9 ïðîãðàììíûõ çâåçä òîëüêî ó çâåçäû ¹86 çàðåãèñòðèðîâàíà
ëèíèÿ NaD â ýìèññèè. Ìîæíî çàìåòèòü ñëàáûé ñëåä ëèíèè ïîãëîùåíèÿ
Li 6707Å , êîòîðàÿ, ïî-âèäèìîìó, ÷àñòè÷íî çàëèòà èíòåíñèâíûì êðûëîì

È
íò

åí
ñè

âí
îñ

òü

Äëèíà âîëíû (Å )

4000 4500

¹23-gr6 a b

HHH

CaII K

CaII H+H

CaI4227

¹23-2004

HeI6678

LiI6707

[SII]6716/31

Äëèíà âîëíû (Å )

6700

È
íò

åí
ñè

âí
îñ

òü

Äëèíà âîëíû (Å )

6700

c

Ðèñ.4. Ñïåêòð çâåçäû ¹23, ïîëó÷åí-
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ëèíèè [SII] 6716Å . Íà ñïåêòðàõ, ïîëó÷åííûõ â 2005ã.(ðèñ.4b), óâåðåííî
îòîæäåñòâëÿþòñÿ òîëüêî ýìèññèè â ëèíèÿõ [OI] 6300 è 6363Å , H  è [SII]
6716/31Å . Íå âèäíà òàêæå ýìèññèÿ â H  è [OIII]4959Å  è 5007Å  âåðîÿòíî
èç-çà ñëàáîãî ñèãíàëà â ýòîé îáëàñòè ñïåêòðà. Îòìåòèì, ÷òî âî âðåìÿ
íàáëþäåíèé â 2005ã. çâåçäà íàõîäèëàñü â ìèíèìóìå áëåñêà. Íà ñïåêòðàõ,
ïîëó÷åííûõ â 2005ã., ëèíèÿ HeI 5876Å  îòñóòñòâóåò. Ëèíèÿ NaD â ýìèññèè
èëè â ïîãëîùåíèè íå çàðåãèñòðèðîâàíà.

Íàëè÷èå õàðàêòåðíûõ äëÿ ïåðåìåííûõ òèïà Ò Òåëüöà ýìèññèîííûõ ëèíèé,

èõ ñèëüíàÿ ïåðåìåííîñòü, à òàêæå íåïðàâèëüíûå èçìåíåíèÿ ÿðêîñòè çâåçäû
[20] óêàçûâàþò íà åå ïðèíàäëåæíîñòü ê ýòîìó òèïó ïåðåìåííûõ. Ïî ðàñïðå-
äåëåíèþ ýíåðãèè â ñïåêòðå çâåçäû è ïðè íàëè÷èè ñëàáûõ ïîëîñ TiO çâåçäó
ìîæíî îòíåñòè ê ñïåêòðàëüíîìó êëàññó M0.

4. Çàêëþ÷åíèå. Äëÿ 9 çâåçä â ðàçíûå ãîäû ïîëó÷åíû 64 ñïåêòðà. Íà
êàæäîé èç íèõ èçìåðåíû ýêâèâàëåíòíûå øèðèíû ñïåêòðàëüíûõ ëèíèé íàèáîëåå
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c

H

H
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[SII]6716/31

Äëèíà âîëíû (Å )
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Ðèñ.5. Ñïåêòðû çâåçäû ¹86, ïîëó÷åí-
íûå â 2004ã. (a) è 2005ã. (b), ó÷àñòîê ñïåêòðà
(2004ã.) ëèíèé HeI 5876Å  è NaD (c).



607ÍÀÁËÞÄÅÍÈß  ÝÌÈÑÑÈÎÍÍÛÕ  ÇÂÅÇÄ  Â ÎÁËÀÑÒÈ  Cyg OB7

õàðàêòåðíûõ äëÿ çâåçä òèïà T Tau. Óæå ïåðâûå ðåçóëüòàòû íàøåãî ïîèñêà H
îáúåêòîâ ïîçâîëèëè ïðåäïîëîæèòü î íàëè÷èè íîâîé T àññîöèàöèè â îáëàñòè
Cyg OB7 [13]. Îäíàêî òîëüêî íàëè÷èå ýìèññèè â H  åùå íå äîêàçûâàåò
ïðèíàäëåæíîñòü çâåçäû ê ïåðåìåííûì òèïà T Tau. Ëèíèåé H  îáëàäàþò
ìíîãèå çâåçäû, â òîì ÷èñëå è âñïûõèâàþùèå çâåçäû òèïà UV Ceti, íî
èçâåñòíî, ÷òî ýêâèâàëåíòíàÿ øèðèíà ëèíèè H  ó çâåçä òèïà T Tau, â îòëè÷èå
îò âñïûõèâàþùèõ çâåçä, âñåãäà áîëüøå 5-10Å  [25]. Èíòåíñèâíîñòè ýìèññèîííûõ
ëèíèé âîäîðîäà ó çâåçä òèïà T Tau ñòðîãî êîððåëèðóþò ìåæäó ñîáîé, è ïðè
èçìåíåíèÿõ áëåñêà îäíîâðåìåííî óñèëèâàþòñÿ èëè îñëàáåâàþò. Íåïðàâèëüíûå
èçìåíåíèÿ áëåñêà ó çâåçä òèïà T Tau ñîïðîâîæäàþòñÿ èçìåíåíèÿìè èõ
ñïåêòðîâ, ÷òî ñèëüíî çàòðóäíÿåò îïðåäåëåíèå ñïåêòðàëüíîãî êëàññà. Èñïîëüçóÿ
èçâåñòíûå êðèòåðèè êëàññèôèêàöèè çâåçä [25], áûëè îïðåäåëåíû ñðåäíèå
ñïåêòðàëüíûå êëàññû íàøèõ ïðîãðàììíûõ çâåçä. Ñïåêòðàëüíûå êëàññû
ïðîãðàììíûõ çâåçä íàõîäÿòñÿ â èíòåðâàëå K8-M4. Íà ñïåêòðàõ çâåçä ¹12 è
23, ïîëó÷åííûõ ñ ïîìîùüþ ãðèçìû ¹6 (AFOSC), çàðåãèñòðèðîâàí îòðèöà-
òåëüíûé áàëüìåðîâñêèé ñêà÷îê, à ó çâåçäû ¹12 ëèíèè èçëó÷åíèÿ âîäîðîäà
ïðîñëåæèâàþòñÿ äî H10. Ó âñåõ çâåçä, êðîìå çâåçäû ¹22, çàðåãèñòðèðîâàíû
ñèëüíûå ýìèññèîííûå ëèíèè, à òàêæå ëèíèÿ ïîãëîùåíèÿ LiI 6707, õàðàêòåðíàÿ
äëÿ çâåçä òèïà T Tau. Íà ñïåêòðàõ çâåçä ¹23 è 86 çàðåãèñòðèðîâàíû òàêæå
çàïðåùåííûå ëèíèè [OIII] 4959Å  è 5007Å  è [SII] 6716/31Å , õàðàêòåðíûå
äëÿ êëàññè÷åñêèõ çâåçä òèïà T Tau è ñâèäåòåëüñòâóþùèå î íàëè÷èè ìîëåêó-
ëÿðíûõ âûáðîñîâ. Íåïðàâèëüíûå èçìåíåíèÿ ÿðêîñòè çâåçä [20], ñèëüíûå
èçìåíåíèÿ èíòåíñèâíîñòåé ýìèññèîííûõ ëèíèé è çàðåãèñòðèðîâàííûå ñïåêò-
ðàëüíûå õàðàêòåðèñòèêè ïîäòâåðæäàþò ðàíåå ñäåëàííîå ïðåäïîëîæåíèå î íàëè÷èè
â ýòîé îáëàñòè íîâîé T àññîöèàöèè [13].

Àâòîð áëàãîäàðèò Ð.Íàâàñàðäÿí, áûâøóþ ñîòðóäíèöó Àñòðîíîìè÷åñêîé
îáñåðâàòîðèè Ïàäîâà (Èòàëèÿ), çà ïîëó÷åííûå ïî íàøåé ïðîñüáå ñïåêòðû
çâåçä íà 182-ñì òåëåñêîïå îáñåðâàòîðèè Ïàäîâà â 2007ã.

Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.À.Àìáàðöóìÿíà,
Àðìåíèÿ, e-mail: nmelikia@bao.sci.am
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SPECTRAL OBSERVATIONS OF EMISSION
STARS IN CYG OB7

N.D.MELIKIAN

The results of spectral observations of known emission stars in Cyg OB7 are
presented. 64 spectrums of 9 emission stars received in the period 2001-2007. On
all spectrums equivalent widths of the most characteristic spectral lines for T Tau
type stars were measured. It is shown that all spectral lines during the observations
show strong changes. The spectral classes of studied stars are in the spectral range
K8-M4. Two stars (¹12 and 23) are show negative Balmer Jump. On the
spectrums of stars ¹23 and 86, forbidden emission lines of [OIII] 4959Å  and
5007Å , as well as [SII] 6716/31Å , characteristics of classical T Tau type stars,
are registered.

Keywords: emission stars: T Tau stars: Cyg OB7
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ÈÑÑËÅÄÎÂÀÍÈÅ ÍÅÊÎÒÎÐÛÕ ÏÐÎßÂËÅÍÈÉ
ÍÅÑÒÀÖÈÎÍÀÐÍÎÑÒÈ Â ÑÏÅÊÒÐÀÕ
ÑÂÅÐÕÃÈÃÀÍÒÎÂ ÐÀÍÍÈÕ ÒÈÏÎÂ

À.Ã.ÍÈÊÎÃÎÑßÍ
Ïîñòóïèëà 12 èþíÿ 2020

Â ñòàòüå ïðîâîäèòñÿ òåîðåòè÷åñêîå èññëåäîâàíèå èçìåíåíèé íåêîòîðûõ õàðàêòåðèñòèê
ñïåêòðîâ ñâåðõãèãàíòîâ ðàííèõ òèïîâ, îáóñëîâëåííûõ ðàññåÿíèåì èçëó÷åíèÿ â íåïðåðûâíîì
ñïåêòðå. Â êà÷åñòâå ìåõàíèçìà ðàññåÿíèÿ ðàññìàòðèâàåòñÿ òîìñîíîâñêîå ðàññåÿíèå íà ñâîáîäíûõ
ýëåêòðîíàõ, õîòÿ ïðèìåíÿåìûé ïîäõîä ÿâëÿåòñÿ äîñòàòî÷íî îáùèì. Âûÿâëåíà ïðè÷èíà
èçìåíåíèé â ñïåêòðàëüíîì êëàññå çâåçäû ïðè ïîñòîÿíñòâå áîëîìåòðè÷åñêîé ñâåòèìîñòè è
ïîâåõíîñòíîé òåìïåðàòóðû, ïðèâîäÿòñÿ óñëîâèÿ, íåîáõîäèìûå äëÿ èõ îñóùåñòâëåíèÿ.
Èçó÷àåòñÿ âëèÿíèå ðàññåÿíèÿ â êîíòèíóóìå íà âåëè÷èíû ñêà÷êîâ èíòåíñèâíîñòåé â âîäî-
ðîäíîì ñïåêòðå â çàâèñèìîñòè îò ñòåïåíè èîíèçàöèè. Âûÿâëåíû óñëîâèÿ, ïðè êîòîðûõ
íà÷èíàåò äåéñòâîâàòü ìåõàíèçì Øóñòåðà îáðàçîâàíèÿ ýìèññèîííûõ ëèíèé êàê â èçîòåð-
ìè÷åñêîé àòìîñôåðå, òàê è â àòìîñôåðå ñ òåìïåðàòóðíûì ãðàäèåíòîì.

Êëþ÷åâûå ñëîâà: çâåçäû ñóïåðãèãàíòû: ñêà÷êè èíòåíñèâíîñòè: ýìèññèîííûå
     ëèíèè: òîìñîíîâñêîå ðàññåÿíèå

1. Ââåäåíèå. Ñðåäè ñâåðõãèãàíòîâ ðàííèõ òèïîâ âàæíîå ìåñòî çàíèìàþò
çâåçäû ñïåêòðàëüíîãî êëàññà À è ñìåæíûõ ïîäêëàññîâ òèïîâ B è F. Ýòè
çâåçäû âèçóàëüíî íàèáîëåå ÿðêèå íå òîëüêî â íàøåé ãàëàêòèêå, íî è â äðóãèõ
ãàëàêòèêàõ. Èìåþòñÿ áåññïîðíûå äîêàçàòåëüñòâà îá èñòå÷åíèè âåùåñòâà è
ñóùåñòâîâàíèè ðàñøèðÿþùèõñÿ îáîëî÷åê ó âñåõ óêàçàííûõ îáúåêòîâ. ßâëÿÿñü
÷àñòüþ ÿðêèõ ãîëóáûõ ïåðåìåííûõ (LBV) çâåçä, îíè õàðàêòåðèçóþòñÿ
îòíîñèòåëüíî ñïîêîéíûì ñîñòîÿíèåì, ïðåðûâàþùèìñÿ âðåìÿ îò âðåìåíè
èçâåðæåíèÿìè çâåçäíîé ìàòåðèè. Îáîëî÷êè óñêîðÿþòñÿ âñëåäñòâèå äàâëåíèÿ
èçëó÷åíèåì è îáðàçóþò áîëåå èëè ìåíåå íåïðîçðà÷íûå âåòðû ñ îòíîñèòåëüíî
íåáîëüøîé êîíå÷íîé ñêîðîñòüþ [1,2].

Õîðîøî óñòàíîâëåíî, ÷òî â ôîðìèðîâàíèè ñïåêòðîâ óêàçàííûõ çâåçä
âàæíóþ ðîëü èãðàåò ðàññåÿíèå èçëó÷åíèÿ â íåïðåðûâíîì ñïåêòðå. Èç ðÿäà
âîçìîæíûõ ìåõàíèçìîâ ðàññåÿíèÿ îáû÷íî ðàññìàòðèâàåòñÿ òîìñîíîâñêîå
ðàññåÿíèå íà ñâîáîäíûõ ýëåêòðîíàõ. Âûñîêàÿ òåìïåðàòóðà è ðàçðåæåííàÿ
ïëàçìà ñ âûñîêîèîíèçîâàííûì âîäîðîäîì è, ÷àñòè÷íî, ãåëèåì äåëàþò äàííûé
ìåõàíèçì îñíîâíûì [3].

Ïîíèìàíèå î âàæíîñòè ó÷åòà ÿâëåíèÿ ðàññåÿíèÿ â íåïðåðûâíîì ñïåêòðå
âîñõîäèò ê ðàáîòàì Øóñòåðà [4]. Ìåõàíèçì òîìñîíîâñêîãî ðàññåÿíèÿ íà
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ñâîáîäíûõ ýëåêòðîíàõ â ïðèìåíåíèè ê àòìîñôåðàì çâåçä ðàííèõ òèïîâ
ðàññìàòðèâàëñÿ Àìáàðöóìÿíîì â [5]. Îí ïðèøåë ê âûâîäó, ÷òî öâåòîâûå
òåìïåðàòóðû óêàçàííûõ çâåçä ìîãóò îòëè÷àòüñÿ îò ýôôåêòèâíûõ òåìïåðàòóð,
ïîýòîìó çàìåíà ïîñëåäíèõ öâåòîâûìè òåìïåðàòóðàìè ïðèâåäåò ê óìåíüøåíèþ
îöåíî÷íûõ çíà÷åíèé ðàäèóñîâ òàêèõ çâåçä. Äëÿ òåìïåðàòóð  ïîðÿäêà 105Ê
îí îïðåäåëèë âåðõíèé ïðåäåë ïëîòíîñòè ãàçà, íèæå êîòîðîãî ìåõàíèçì
òîìñîíîâñêîãî ðàññåÿíèÿ ñòàíîâèòñÿ âàæíûì.

Îäíèì èç ýôôåêòîâ ðàññåÿíèÿ â íåïðåðûâíîì ñïåêòðå ÿâëÿåòñÿ åãî
âëèÿíèå íà ëèíåé÷àòûé ñïåêòð. Â ÷àñòíîñòè, îò îòíîñèòåëüíîé ðîëè äàííîãî
ðàññåÿíèÿ çàâèñèò ïîÿâëåíèå ëèíèé â àáñîðáöèè èëè â ýìèññèè. Çàäà÷à î
âûÿâëåíèè óñëîâèé îáðàçîâàíèÿ ýìèññèîííûõ ëèíèé â àòìîñôåðàõ çâåçä
ðàññìàòðèâàëàñü â ðÿäå ðàáîò, íàïðèìåð, â [6-8], à òàêæå â [9], ãäå èñïîëüçîâàëñÿ
ïðèíöèï èíâàðèàíòíîñòè Àìáàðöóìÿíà [10,11] è ðÿä äðóãèõ ðåçóëüòàòîâ,
ïîëó÷åííûõ â [12,13].

Ñèëüíî âûðàæåííàÿ íåñòàöèîíàðíîñòü ìàññèâíûõ çâåçä âûñîêîé ñâåòèìîñòè
ïðîÿâëÿåòñÿ â èçìåí÷èâîñòè íå òîëüêî èõ ñïåêòðàëüíîãî êëàññà, íî è ýìèññèè
è ïîãëîùåíèÿ, ñïåêòðàëüíûõ ñêà÷êîâ, ïðîôèëåé ëèíèé è ò.ä. Ïîäðîáíîå è
âñåñòîðîííåå èññëåäîâàíèå óêàçàííûõ ÿâëåíèé íåñîìíåííî ñïîñîáñòâóåò
ëó÷øåìó ïîíèìàíèþ ýâîëþöèè óêàçàííûõ çâåçä, íàõîäÿùèõñÿ íà ñòàäèÿõ
ðàçâèòèÿ ïîñëå âûãîðàíèÿ âîäîðîäà. Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà òåîðå-
òè÷åñêîìó èññëåäîâàíèþ ïðîÿâëåíèé ðàçëè÷íîãî ðîäà íåñòàöèîíàðíîñòåé
óêàçàííûõ çâåçä è îáîáùåíèèþ ðåçóëüòàòîâ, ïîëó÷åííûõ ðàíåå íàìè â [9,14].

Ïëàí èçëîæåíèÿ ìàòåðèàëà òàêîå: â ñëåäóþùåì ðàçäåëå â ïðèáëèæåíèè
ñåðîé àòìîñôåðû èññëåäóåòñÿ ýôôåêò äðåéôà ÷àñòîòíîãî ðàñïðåäåëåíèÿ ñïåêòðà
çâåçäû, îáóñëîâëåííûé ðàññåÿíèåì èçëó÷åíèÿ â íåïðåðûâíîì ñïåêòðå.
Îáñóæäàþòñÿ âîçìîæíûå îøèáêè, êîòîðûå ìîãóò âîçíèêíóòü ïðè èíòåðïðå-
òàöèè íåêîòîðûõ íàáëþäàòåëüíûõ äàííûõ. Â ðàçäåëå 3 îïèñûâàåòñÿ âëèÿíèå
òîìñîíîâñêîãî ðàññåÿíèÿ â êîíòèíóóìå íà âåëè÷èíû ëàéìàíîâñêîãî, áàëüìåðîâ-
ñêîãî è ïàøåíîâñêîãî ñêà÷êîâ â ñïåêòðå âîäîðîäà â çàâèñèìîñòè îò ñòåïåíè
èîíèçàöèè. Â ïîñëåäóþùèõ òðåõ ðàçäåëàõ èññëåäóåòñÿ âîïðîñ îá óñëîâèÿõ
ïîÿâëåíèÿ ýìèññèîííûõ ëèíèé, ñâÿçàííûõ ñ äåéñòâèåì ìåõàíèçìà Øóñòåðà.
Îñîáîå âíèìàíèå óäåëÿåòñÿ àòìîñôåðå ñ ãðàäèåíòîì òåìïåðàòóðû è ðàçëè÷íûì
ìåõàíèçìàì ðàñïðåäåëåíèÿ ïî ÷àñòîòàì âíóòðè ëèíèé.

2. ×àñòîòíîå ðàñïðåäåëåíèå ïîòîêà èçëó÷åíèÿ, âûõîäÿùåãî èç
ñåðîé àòìîñôåðû. Ìû íà÷íåì ñ èññëåäîâàíèÿ âëèÿíèÿ ðàññåÿíèÿ â
êîíòèíóóìå íà íàáëþäàåìûé ñïåêòð. Ñëåäóåò îãîâîðèòüñÿ, ÷òî äëÿ ïðèâîäèìûõ
íèæå ðàññóæäåíèé ñàì òèï ìåõàíèçìà íå âàæåí, õîòÿ èìååòñÿ â âèäó èìåííî
òîìñîíîâñêîå ðàññåÿíèå íà ñâîáîäíûõ ýëåêòðîíàõ, èãðàþùåå âàæíóþ ðîëü â
ôîðìèðîâàíèè ñïåêòðîâ ðàññìàòðèâàåìûõ íàìè çâåçä-ñâåðõãèãàíòîâ ðàííèõ
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òèïîâ.
Óðàâíåíèå ïåðåíîñà èçëó÷åíèÿ â ðàññìàòðèâàåìîé íàìè çàäà÷å ïèøåòñÿ

â âèäå

    , TBJI
dr
dI


  (1)

ãäå   è   - êîýôôèöèåíòû èñòèííîãî ïîãëîùåíèÿ è ðàññåÿíèÿ â íåïðå-
ðûâíîì ñïåêòðå, îòíåñåííûå ê åäèíèöå äëèíû,  TB  - ôóíêöèÿ Ïëàíêà è

. 
4 


 
dIJ (2)

Îáû÷íîå ãðàíè÷íîå óñëîâèå â ðàññìàòðèâàåìîé çàäà÷å   0 0, I  ïðè 0 .
Õîðîøî èçâåñòíî (ñì., íàïðèìåð, [15,16]), ÷òî ÿâëåíèå ðàññåÿíèÿ íå

âëèÿåò íà âèä óñëîâèÿ ëó÷èñòîãî ðàâíîâåñèÿ, ïîñêîëüêó ïðè òàêîì ïðîöåññå
ñóùåñòâóåò áàëàíñ ìåæäó ïàäàþùåé è ðàññåÿííîé ýíåðãèÿìè è ñîîòâåò-
ñòâóþùèå èì ÷ëåíû â óñëîâèè ëó÷èñòîãî ðàâíîâåñèÿ âçàèìíî óíè÷òîæàþòñÿ.
Ïîýòîìó èìååì

  . 
00







  dTBdJ (3)

Ðàññìîòðèì ñåðóþ ïîëóáåñêîíå÷íóþ âîäîðîäíóþ àòìîñôåðó, êîòîðàÿ ñíàðóæè
íå îñâåùàåòñÿ. Â êà÷åñòâå ñðåäíåãî êîýôôèöèåíòà ïîãëîùåíèÿ âûáåðåì
ïëàíêîâñêîå ñðåäíåå [15,16], çàäàþùååñÿ ôîðìóëîé

 

 
. 

0

0

















dTB

dTB

(4)

Çàìåíÿÿ â óðàâíåíèè (1)    íà   è èíòåãðèðóÿ îáå ÷àñòè óðàâíåíèÿ ïî
âñåì ÷àñòîòàì, ìîæåì íàïèñàòü

    , 1 TBJI
d
dI




 
(5)

ãäå drd  ,  , è

    . , 
00







  dTBTBdJJ (6)

Òåïåðü óñëîâèå ëó÷èñòîãî ðàâíîâåñèÿ (3) ìîæåò áûòü çàïèñàíî â âèäå

  , 
4

4TacTBJ


 (7)

ãäå a - ïîñòîÿííàÿ Ñòåôàíà. Óðàâíåíèå ïåðåíîñà (5) ïðèîáðåòàåò âèä
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    ,  , TBtI
dr
dI

 (8)

è çàäà÷à ñâîäèòñÿ ê ðåøåíèþ êëàññè÷åñêîãî óðàâíåíèÿ Ìèëíà îòíîñèòåëüíî
J(t), ãäå   1t , (ïðåäïîëàãàåòñÿ, ÷òî êîýôôèöèåíòû ïîãëîùåíèÿ è
ðàññåÿíèÿ íå ìåíÿþòñÿ ñ ãëóáèíîé)

     



0

Ei
2
1 tdtttJtJ (9)

ñ õîðîøî èçâåñòíûì ðåøåíèåì

    , tqtFtJ  (10)

ãäå q(t) - ôóíêöèÿ Õîïôà. Ñ ó÷åòîì (6) äëÿ ãðàäèåíòà òåìïåðàòóðû íàõîäèì

     . 41tqtTtT eff  (11)

Òàêèì îáðàçîì, ôóíêöèîíàëüíûé âèä òåìïåðàòóðíîãî ãðàäèåíòà ñîõðàíÿåòñÿ,
îäíàêî íåïðîçðà÷íîñòü ñðåäû â íàøåé çàäà÷å îáóñëîâëåíà êàê èñòèííûì
ïîãëîùåíèåì, òàê è ðàññåÿíèåì.

Ðèñ.1à äåìîíñòðèðóåò õîä òåìïåðàòóðû ñ îïòè÷åñêîé ãëóáèíîé â çàâèñèìîñòè
îò  . Êàê è ñëåäîâàëî îæèäàòü, êîãåðåíòíîìó òîìñîíîâñêîìó ðàññåÿíèþ
ïîäâåðãàþòñÿ êâàíòû âñåõ äëèí âîëí, ÷òî ïðèâîäèò ê óâåëè÷åíèþ íåïðîç-
ðà÷íîñòè ñðåäû, çàòðóäíÿÿ òåì ñàìûì âûõîä êâàíòîâ èç íåå, àíàëîãè÷íî
êëàññè÷åñêîìó ïîêðîâíîìó ýôôåêòó. Â ðåçóëüòàòå, î÷åâèäíî, ÷òî ðîñò òåìïå-
ðàòóðû ñ ãëóáèíîé â ñðåäå ñòàíîâèòñÿ êðó÷å. Âàæíî ïîä÷åðêíóòü, ÷òî ýòî
ïðîèñõîäèò ïðè ïîñòîÿíñòâå ýôôåêòèâíîé òåìïåðàòóðû (êàê è ïîâåðõíîñòíîé
òåìïåðàòóðû â ïðèáëèæåíèè Ýääèíãòîíà) è èíòåãðàëüíîãî ïîòîêà. Îòñþäà,
â ñâîþ î÷åðåäü, ñëåäóåò, ÷òî çâåçäà, â ïîâåðõíîñòíûõ ñëîÿõ àòìîñôåðû
êîòîðîé èìåþò ìåñòî ïðîöåññû ðàññåÿíèÿ, íå ìåíÿåò ñâîþ áîëîìåòðè÷åñêóþ

Ðèñ.1. a) Èçìåíåíèå òåìïåðàòóðû ñ ãëóáèíîé ïðè îòìå÷åííûõ çíà÷åíèÿõ  . b)  Ñïåêò-
ðàëüíîå ðàñïðåäåëåíèÿ ïîòîêîâ âûõîäÿùåãî èçëó÷åíèÿ ïðè îòìå÷åííûõ çíà÷åíèÿõ  .

T
/
T
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
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ñâåòèìîñòü. Â òî æå âðåìÿ íàáëþäàòåëü, î÷åâèäíî, îáíàðóæèò èçìåíåíèÿ â
ñïåêòðå çâåçäû â âèäå ñìåùåíèÿ ïîòîêà èçëó÷åíèÿ â  ñòîðîíó êîðîòêèõ âîëí.
Ýòî âèäíî íà ðèñ.1b, ãäå ïîêàçàíà çàâèñèìîñòü ñïåêòðàëüíîãî ðàñïðåäåëåíèÿ
ïîòîêîâ èçëó÷åíèÿ îò   â ïðèáëèæåíèè Ýääèíãòîíà

   
  , 

1
3100

0
 ,

23 








 pe
dE.

H
H

(12)

ãäå ekTh ,    
2
11

4
3 , p .  Èç ïðèâåäåííîé êàðòèíû ÿâñòâóåò, ÷òî

ñïåêòðàëüíûé êëàññ çâåçäû ïåðåìåùàåòñÿ â ñòîðîíó áîëåå ðàííèõ êëàññîâ áåç
èçìåíåíèé â ñâåòèìîñòè. Íà äèàãðàììå Ãåðöøïðóíãà-Ðàññåëà ýòî ïðåäñòàâëÿåòñÿ
êàê äðåéô âëåâî ïàðàëåëëüíî ãîðèçîíòàëüíîé îñè ñïåêòðàëüíûõ êëàññîâ.

Êîëè÷åñòâåííóþ êàðòèíó ñìåùåíèÿ ñïåêòðàëüíîãî êëàññà äåìîíñòðèðóåò
ðèñ.2. Ïîêàçàíî êàê è â êàêîé ìåðå ïðîöåññû ðàññåÿíèÿ âëèÿþò íà íàáëþ-
äàåìûé ñïåêòð. Â ÷àñòíîñòè, èç ðèñ.2à ìîæíî çàêëþ÷èòü, ÷òî äàæå íåáîëüøèå
èçìåíåíèÿ âåëè÷èíû   ïðèâîäÿò ê ñìåùåíèþ ñïåêòðà íà íåñêîëüêî ïîäêëàññîâ.
Â íà÷àëå ðàáîòû îòìå÷àëîñü, ÷òî òàêèå èçìåíåíèÿ ìîãóò ïðèâåñòè ê îøèáêàì
ïðè îöåíêå ðàäèóñîâ çâåçä ñ èñïîëüçîâàíèåì õîðîøî èçâåñòíîé ôîðìóëû [15,16]

, 4 42
effTRL  (13)

â êîòîðîé ýôôåêòèâíàÿ òåìïåðàòóðà çàìåíÿåòñÿ öâåòîâîé. Çäåñü ìû óêàæåì
íà òàêæå äðóãèå âîçìîæíûå îøèáêè, êîòîðûå ìîãóò âîçíèêíóòü ïðè èñïîëü-
çîâàíèè äèàãðàììû (L vs T

eff
) Ãåðöøïðóíãà-Ðàññåëà äëÿ ïåêóëÿðíûõ çâåçä

ðàññìàòðèâàåìîãî òèïà. Äåéñòâèòåëüíî, ïðè èçâåñòíîé ñâåòèìîñòè çâåçäû, à
òàêæå åå ðàäèóñà, èçìåðåííîãî íåçàâèñèìûì ïóòåì, ñïåêòðàëüíûé êëàññ,
îïðåäåëåííûé ñ ïîìîùüþ äèàãðàììû, ìîæåò îòëè÷àòüñÿ îò ðåàëüíîãî.

Ðèñ.2. a) Èçìåíåíèÿ â ñïåêòðàëüíîì êëàññå ïðè óâåëè÷åíèè ðîëè ðàññåÿíèÿ â íåïðå-
ðûâíîì ñïåêòðå. b) Çàâèñèìîñòü ìàêñèìàëüíîãî çíà÷åíèÿ íàáëþäàåìîãî ïîòîêà îò  .


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Îáðàòèìñÿ òåïåðü ê âîïðîñó î òîì, ïðè êàêèõ óñëîâèÿõ ýôôåêò òîìñîíîâ-
ñêîãî ðàññåÿíèÿ ñòàíîâèòñÿ âàæíûì. Äàííûé âîïðîñ äëÿ ãåëèåâîé àòìîñôåðû,
â ïðèìåíåíèè ê çâåçäàì òèïà WR ïðè T = 105

 K, áûë ðàññìîòðåí Àìáàðöóìÿíîì
â [5]. Ñ èñïîëüçîâàíåì ôîðìóëû äëÿ ñðåäíåãî êîýôôèöèåíòà ïîãëîùåíèÿ èç
[17,18] äëÿ âåðõíåãî ïðåäåëà ïëîòíîñòè ãàçà îí ïîëó÷èë 9-10  ã/ñì3, ÷òî
ñîîòâåòñòâóåò ïëîòíîñòè ýëåêòðîíîâ ïîðÿäêà 1015

 ñì-3. Âû÷èñëåííûå íàìè
àíàëîãè÷íûå îöåíêè äëÿ âîäîðîäíîãî ñïåêòðà ïðè T = 104

 K ñîñòàâëÿþò
-1310  ã/ñì3 è, ñîîòâåòñòâåííî, 1110en  ñì-3.

Ïðåäñòàâëÿåò áîëüøîé èíòåðåñ òàêæå âëèÿíèå ðàññåÿíèÿ â íåïðåðûâíîì
ñïåêòðå â ðàçëè÷íûõ äèàïàçîíàõ ñïåêòðà. Äëÿ ýòîé öåëè ðàññìîòðèì âîäî-
ðîäíûé ñïåêòð, êîýôôèöèåíò ïîãëîùåíèÿ äëÿ êîòîðîãî çàäàåòñÿ èçâåñòíîé
ôîðìóëîé (ñì., íàïðèìåð, [16])

    ,  1112

0
3

1
3

kTh

ii

kTe ee
ikT

nnTC i 







 
















  (14)

ãäå êîýôôèöèåíòû Ãàóíòà ïðèíÿòû ðàâíûìè åäèíèöå è

 
  23

62

233
2

mktch
kTeTC




 (15)

(äëÿ îñòàëüíûõ âåëè÷èí ïðèíÿòû îáû÷íûå îáîçíà÷åíèÿ: h è k - ïîñòîÿííûå
Ïëàíêà è Áîëüöìàíà, e è m - çàðÿä è ìàññà ýëåêòðîíà). Âåëè÷èíà i0
îïðåäåëÿåòñÿ èç óñëîâèÿ ih  . Äëÿ T = 104

 K ýòî äàåò

   . 11210446100574431107136 6
3

5 kThe e.......nn. 


 


 (16)

Äëÿ íàñ ïðåäñòàâëÿþò èíòåðåñ ïåðâûå áîëåå âûñîêèå ïî âåëè÷èíå ñëàãàåìûå
â ñêîáêàõ, êîòîðûå ñîîòâåòñòâóþò ïîñëåäîâàòåëüíî ñåðèÿì Ëàéìàíà, Áàëüìåðà
è Ïàøåíà. Íàì íåîáõîäèìû îñðåäíåííûå ïðèáëèæåííûå çíà÷åíèÿ êîýôôè-
öèåíòîâ ïîãëîùåíèÿ äëÿ êàæäîãî èç óêàçàííûõ äèàïàçîíîâ â êîðîòêîâîëíîâîé
îêðåñòíîñòè ñêà÷êîâ óêàçàííûõ ñåðèé. Ïðåäñòàâëÿÿ ýòè âåëè÷èíû â âèäå


  nAne  ñì-1, íàõîäèì ñîîòâåòñòâåííî 321032  .A , 361041 . , 371045 . .

Ñ äðóãîé ñòîðîíû, äëÿ òîìñîíîâñêîãî ðàññåÿíèÿ ìû èìååì 0 en , ãäå
âåëè÷èíà

, 
3

8
2

2

2

0 









mc
e

(17)

âûðàæàþùàÿñÿ ÷åðåç êëàññè÷åñêèé ðàäèóñ ýëåêòðîíà, ðàâíà 25-106.65   ñì2. Òîãäà,
â ïðåäïîëîæåíèè, ÷òî âîäîðîä ïîëíîñòüþ èîíèçîâàí, èìååì 171092 

  n.
â îêðåñòíîñòè ëàéìàíîâñêîãî ñêà÷êà è 1111084  n. , 1121021  n.  äëÿ áàëüìå-
ðîâñêîãî è ïàøåíîâñêîãî ñêà÷êîâ, ñîîòâåòñòâåííî. Ìû âèäèì, ÷òî â ðàçðåæåííîé
ïëàçìå ýôôåêò òîìñîíîâñêîãî ðàññåÿíèÿ íà÷èíàåò ïðîÿâëÿòüñÿ ñ ýëåêòðîííûõ



617ÈÑÑËÅÄÎÂÀÍÈÅ  ÍÅÑÒÀÖÈÎÍÀÐÍÎÑÒÈ  Â  ÑÏÅÊÒÐÀÕ

ïëîòíîñòåé 1012
 ñì-3 è íèæå, ÷òî ïðè ïîëíîñòüþ èîíèçîâàííîì âîäîðîäå

ñîîòâåòñòâóåò ïëîòíîñòÿì ïîðÿäêà 10-12
 ã/ñì3. Ýòîò ðåçóëüòàò ñîãëàñóåòñÿ ñ

ðåçóëüòàòîì, ïîëó÷åííûì Àìáàðöóìÿíîì â ñâÿçè ñ çâåçäàìè WR. Â òî æå âðåìÿ
âèäíî, ÷òî ýôôåêò òîìñîíîâñêîãî ðàññåÿíèÿ íà÷èíàåò ïðîÿâëÿòüñÿ, â ïåðâóþ
î÷åðåäü, â äëèííîâîëíîâîé îáëàñòè ñïåêòðà, â òî âðåìÿ êàê äàííûé ýôôåêò â
UV îáëàñòè ñòàíîâèòñÿ èçìåðèìûì ëèøü ïðè ïëîòíîñòÿõ íèæå 10-6, 10-7

 ã/ñì3.

3. Âëèÿíèå òîìñîíîâñêîãî ðàññåÿíèÿ íà ñêà÷êè èíòåíñèâíîñòåé.
Ðàññìîòðèì âëèÿíèå ìíîãîêðàòíîãî êîãåðåíòíîãî ðàññåÿíèÿ íà ñêà÷êè èíòåí-
ñèâíîñòåé â âîäîðîäíîì ñïåêòðå. Äëÿ ýòîé öåëè îáðàòèìñÿ ê èñõîäíîé
çàäà÷å, çàäàâàåìîé óðàâíåíèåì ïåðåíîñà èçëó÷åíèÿ (1), êîòîðàÿ â ýääèíã-
òîíîâñêîì ïðèáëèæåíèè ñâîäèòñÿ ê ñèñòåìå óðàâíåíèé

     , 
3
1, 

3
1 TBJk

d
HdHk

d
dJ





 





(18)

ãäå, êàê è âûøå, drd  ,  k  è   2HH . Äàííóþ ñèñòåìó
ìîæíî ñâåñòè ê ðåøåíèþ óðàâíåíèÿ

   , 2
2

2

TBJ
d
Jd


 


(19)

ãäå    kk32 .

Ïðè ðåøåíèè (19) â ðàçëîæåíèè  TB  ïî   îãðàíè÷èìñÿ ïåðâûìè äâóìÿ
÷ëåíàìè, òàê ÷òî       10TBTB , ãäå [16]

  . 1
8
3 1

0

0


 


 kThe
kT
h

(20)

Óðàâíåíèå (20) ðåøàåòñÿ ïðè îáû÷íûõ ïðåäïîëîæåíèÿõ îá îòñóòñòâèè ïàäàþùåãî
èçâíå èçëó÷åíèÿ è îãðàíè÷åííîñòè ðåøåíèÿ íà áîëüøèõ ãëóáèíàõ. Ìû èìååì

    , 13210 0 






































 TBH (21)

÷òî ïîçâîëÿåò îïðåäåëèòü èñêîìûå çíà÷åíèÿ ñêà÷êîâ 
00  HH , ãäå 

0
H

è 
0

H  - âûõîäÿùèå ïîòîêè èçëó÷åíèÿ íåïîñðåäñòâåííî äî è ïîñëå ñêà÷êà.
Çíàíèå   0

 è   0
 èç (16) ïðèâîäèò ê òðåáóåìîìó ðåçóëüòàòó.

Ðèñ.3, 4 ïîêàçûâàþò çàâèñèìîñòü ëàéìàíîâñêîé, áàëüìåðîâñêîé è ïàøå-
íîâñêîé ñêà÷êîâ  

00
log  HHD  îò îòíîñèòåëüíîé ðîëè òîìñîíîâñêîãî

ðàññåÿíèÿ  . Íà êàæäîì ðèñóíêå èçîáðàæåíû äâå êðèâûå, êîòîðûå îòíîñÿòñÿ
ê èçîòåðìè÷åñêîé àòìîñôåðå (ïóíêòèð) è ê àòìîñôåðå ñ òåìïåðàòóðíûì
ãðàäèåíòîì â ëèíåéíîì ïðèáëèæåíèè (ñïëîøíàÿ ëèíèÿ). Ïðèâåäåííûå êðèâûå
ïîçâîëÿþò äåëàòü ðÿä âàæíûõ âûâîäîâ. Êàê è ìîæíî áûëî îæèäàòü, ñêà÷êè,
îáðàçóåìûå â àòìîñôåðå ñ ìåíÿþùåéñÿ ñ ãëóáèíîé òåìïåðàòóðîé áîëüøå,
íåæåëè ñêà÷êè â èçîòåðìè÷åñêîé àòìîñôåðå.
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Äàëåå, ïðîöåññ ðàññåÿíèÿ â èçîòåðìè÷åñêîé àòìîñôåðå ïðèâîäèò ê
ïîÿâëåíèþ ñêà÷êîâ â ðåçóëüòàòå òîãî, ÷òî êâàíòû ñ ÷àñòîòîé äî è ïîñëå
ñêà÷êîâ âûõîäÿò èç ðàçíûõ ãëóáèí è ÷èñëî ðàññåÿíèé ïðåòåðïåâàåìûå èìè
ïðåæäå, ÷åì ïîêèíóòü àòìîñôåðó, ðàçëè÷íî.

Óâåëè÷åíèå ðîëè ðàññåÿíèÿ, åñòåñòâåííî, áîëüøå ñêàçûâàåòñÿ íà êâàíòû,
êîòîðûå âûõîäÿò èç áîëåå ãëóáîêèõ ñëîåâ àòìîñôåðû, ïîýòîìó  âåëè÷èíû
ñêà÷êîâ, êàê ïðàâèëî, ðàñòóò ñ óâåëè÷åíèåì  . Äàííûé ýôôåêò àíàëîãè÷åí
ïîâåäåíèþ ïðîôèëåé ëèíèé ïîãëîùåíèÿ â ÿäðå è êðûëüÿõ ñ óâåëè÷åíèåì
âåðîÿòíîñòè ïåðåèçëó÷åíèÿ êâàíòà ïðè ýëåìåíòàðíîì àêòå ðàññåÿíèÿ. Áîëåå
ñëîæíàÿ êàðòèíà íàáëþäàåòñÿ â ñëó÷àå àòìîñôåðû ñ òåìïåðàòóðíûì ãðàäèåíòîì,
ãäå ñêà÷êè îáðàçóþòñÿ è ïðè îòñóòñòâèè ðàññåÿíèÿ. Çäåñü ïîâåäåíèå âåëè÷èíû
ñêà÷êà îò   çàâèñèò îò îòíîñèòåëüíîé ðîëè ïðîöåññîâ èñòèííîãî ïîãëîùåíèÿ

Ðèñ.3. Çàâèñèìîñòü ëàéìàíîâñêîãî (ñëåâà) è áàëüìåðîâñêîãî (ñïðàâà) ñêà÷êîâ îò òîìñî-
íîâñêîãî ðàññåÿíèÿ â èçîòåðìè÷åñêîé àòìîñôåðå (ïóíêòèð) è àòìîñôåðå ñ òåìïåðàòóðíûì
ãðàäèåíòîì (ñïëîøíàÿ ëèíèÿ).


0
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a

0
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
0 1 2 3 4 5
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a
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0.4


0
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P
a

0.0
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0.1

0.2

0.3

Ðèñ.4. Çàâèñèìîñòè, àíàëîãè÷íûå èçîáðàæåííûì íà ðèñ.3 äëÿ ïàøåíîâñêîãî ñêà÷êà.
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è òîìñîíîâñêîãî ðàññåÿíèÿ â ðàçëè÷íûõ ó÷àñòêàõ ñïåêòðà.

4. Ïðîñòåéøàÿ çàäà÷à êîãåðåíòíîãî ðàññåÿíèÿ â ëèíèè è â
íåïðåðûâíîì ñïåêòðå. Ïðåæäå ÷åì îáðàòèòüñÿ ê ñàìîé çàäà÷å, ïîäëåæàùåé
ðåøåíèþ, ðàññìîòðèì âíà÷àëå âñïîìîãàòåëüíóþ çàäà÷ó è ââåäåì íåêîòîðûå
âåëè÷èíû, êîòîðûå êîíòðîëèðóþò ïðîöåññ ðàññåÿíèÿ â àòìîñôåðå.

Ïóñòü èìååòñÿ ïîëóáåñêîíå÷íàÿ îäíîìåðíàÿ è èçîòåðìè÷åñêàÿ àòìîñôåðà,
ñïîñîáíàÿ ðàññåèâàòü êàê â ëèíèè, òàê è â íåïðåðûâíîì ñïåêòðå. Äàëåå,
ïðåäïîëîæèì, ÷òî îíà îñâåùàåòñÿ èçëó÷åíèåì åäèíè÷íîé èíòåíñèâíîñòè â
íåïðåðûâíîì ñïåêòðå, êîòîðîå ðàññåèâàåòñÿ â íåé. Îáîçíà÷àÿ ÷åðåç n1 ïëîòíîñòü
íåéòðàëüíûõ àòîìîâ, äëÿ âåðîÿòíîñòè ðàññåÿíèÿ ôîòîíà â íåïðåðûâíîì
ñïåêòðå p1 ìîæíî íàïèñàòü

  , 
01

0
1 




 e

e

nn
np (22)

ãäå   è   - êîýôôèöèåíòû ïîãëîùåíèÿ â íåïðåðûâíîì ñïåêòðå è ëèíèè,
ðàññ÷èòàííûå íà îäèí àòîì âîäîðîäà. Ìû ïðåäïîëàãàåì, ÷òî àòîìû ìîãóò
íàõîäèòüñÿ â äâóõ ñîñòîÿíèÿõ - èîíèçîâàííîì è íåéòðàëüíîì, íàõîäÿñü ïðè
ýòîì íà îñíîâíîì óðîâíå. Ïîëàãàÿ, ÷òî êîëè÷åñòâî ñâîáîäíûõ ýëåêòðîíîâ
îïðåäåëÿåòñÿ òîëüêî èîíèçàöèåé âîäîðîäíûõ àòîìîâ, ôîðìóëe (22) ìîæíî
ïðèäàòü áîëåå êîìïàêòíóþ ôîðìó

    , 1 



x

xp (23)

ãäå ïðèíÿòû ñëåäóþùèå îáîçíà÷åíèÿ:   001   nn , 0  - êîýôôèöèåíò
ïîãëîùåíèÿ â öåíòðàëüíîé ÷àñòîòå ñïåêòðàëüíîé ëèíèè,  x  - ïðîôèëü
êîýôôèöèåíòà ïîãëîùåíèÿ â ëèíèè, x - áåçðàçìåðíàÿ ÷àñòîòà, èçìåðÿåìàÿ
ñìåùåíèåì îò öåíòðàëüíîé ÷àñòîòû â äîïëåðîâñêèõ øèðèíàõ è   - îòíîøåíèå
êîýôôèöèåíòà ïîãëîùåíèÿ â êîíòèíóóìå ê êîýôôèöèåíòó ïîãëîùåíèÿ â
öåíòðå ëèíèè.

Àíàëîãè÷íî (23), äëÿ âåðîÿòíîñòè ðàññåÿíèÿ êâàíòà âíóòðè ëèíèè áóäåì
èìåòü

   
  , 2 



x

xxp (24)

ãäå   - êîýôôèöèåíò ïåðåèçëó÷åíèÿ êâàíòà ïðè ýëåìåíòàðíîì àêòå ðàññåÿíèÿ,
Ôóíêöèÿ ïåðåðàñïðåäåëåíèÿ ïî ÷àñòîòàì áóäåò ñîñòîÿòü èç äâóõ êîìïîíåíòîâ:

   01 xxxr   è  02 xxr  , ñîîòâåòñòâåííî äëÿ ñïåêòðàëüíîé ëèíèè è
íåïðåðûâíîãî ñïåêòðà (   -  äåëüòà-ôóíêöèÿ Äèðàêà). Íåòðóäíî âèäåòü, ÷òî
ýòè äâà ïðîöåññà ìîãóò áûòü îáúåäèíåíû è ðàññìàòðèâàòüñÿ êàê îäèí ïðîöåññ
ðàññåÿíèÿ ñ êîýôôèöèåíòîì ~ , ãäå
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   
  . 





x
xx~ (25)

ßâíîå âûðàæåíèå êîýôôèöèåíòà îòðàæåíèÿ äëÿ ìîíîõðîìàòè÷åñêîãî ðàññåÿíèÿ,
ïîëó÷åííîå ñ èñïîëüçîâàíèåì ïðèíöèïà èíâàðèàíòíîñòè, èìååò âèä [19]

   , 1221



 ~~
~x (26)

êîòîðûé ñ ó÷åòîì (25) ìîæíî íàïèñàòü

     
   

, 
xux
xux

x



 (27)

ãäå äëÿ êðàòêîñòè ââåäåíû îáîçíà÷åíèÿ:      xx ,        x~xu 1 .
Ôóíêöèÿ  x  îáëàäàåò âåðîÿòíîñòíûì ñìûñëîì è ïðåäñòàâëÿåò ñîáîé
âåðîÿòíîñòü îòðàæåíèÿ êâàíòà îò ïîëóáåñêîíå÷íîé èçîòåðìè÷åñêîé àòìîñôåðû.
Ïðè êîãåðåíòíîì ðàññåÿíèè îíà ñîâïàäàåò ñ ïðîôèëåì îáðàçóþùåéñÿ ëèíèè,
äëÿ êîòîðîé íèæå ïðèíÿòî îáîçíà÷åíèå  xR .

5. Ëèíèè, îáðàçîâàííûå â ðåçóëüòàòå ìîíîõðîìàòè÷åñêîãî
ðàññåÿíèÿ. Õîðîøî èçâåñòíî (ñì., íàïðèìåð, [15,16]), ÷òî çàäà÷à îá îáðàçî-
âàíèè ñïåêòðàëüíûõ ëèíèé â ìîäåëè Ìèëíà-Ýääèíãòîíà ñ ó÷åòîì ïîãëîùåíèÿ
â êîíòèíóìå ñâîäèòñÿ ê ðåøåíèþ óðàâíåíèÿ ïåðåíîñà èçëó÷åíèÿ ñ èñòî÷-
íèêîâûì ÷ëåíîì, îïèñûâàþùåì ðàñïðåäåëåíèå ïåðâè÷íûõ èñòî÷íèêîâ ýíåðãèè,
ñëåäóþùåãî âèäà

      ,  ,   TBxux (28)

ãäå   - îïòè÷åñêàÿ ãëóáèíà, ðàññ÷èòàííàÿ â öåíòðå ëèíèè. Ïðè ðåøåíèè çàäà÷è
îáû÷íî ïîëüçóþòñÿ ðàçëîæåíèåì ôóíêöèè Ïëàíêà â ðÿä ïî ñòåïåíÿì 

     . 
!0







 

n

nn

n
BTB (29)

Â ðàáîòàõ ([12,13]) íàìè áûë ïðåäëîæåí ïðîñòîé ñïîñîá îïðåäåëåíèÿ ïðîôèëåé
ñïåêòðàëüíûõ ëèíèé, îáðàçîâàííûõ â àòìîñôåðàõ ñ ðàñïðåäåëåííûìè â íèõ
èñòî÷íèêàìè ýíåðãèè âèäà (29). Áûëî ïîêàçàíî, ÷òî ïðîôèëè ëèíèé â îáùåì
ñëó÷àå èñòî÷íèêîâ óêàçàííîãî âèäà ìîãóò áûòü ïîëó÷åíû ðåêóððåíòíûì
ïóòåì è âûðàæåíû ÷åðåç ïðîôèëü ëèíèè, îáðàçîâàííîé â èçîòåðìè÷åñêîé
àòìîñôåðå ñ    xux  . Çàìåòèì, ÷òî u(x) òàêæå îáëàäàåò âåðîÿòíîñòíûì
ñìûñëîì, ïðåäñòàâëÿÿ ñîáîé âåðîÿòíîñòü òîãî, ÷òî ïàäàþùèé êâàíò  ïðåòåðïèò
èñòèííîå ïîãëîùåíèå è áóäåò òåðìàëèçîâàí ëèáî â ÷àñòîòàõ ëèíèè, ëèáî â
íåïðåðûâíîì ñïåêòðå. Â ïåðâîé èç âûøåóïîìÿíóòûõ ðàáîò áûëî ïîêàçàíî,
÷òî ñóùåñòâóåò ïðîñòàÿ ñâÿçü ìåæäó ïðîôèëÿìè ëèíèé, îáðàçîâàííûõ â
èçîòåðìè÷åñêîé àòìîñôåðå R0 è ïðîôèëåì îòðàæåííîé ëèíèè R*:

    . 10   xRxR (30)
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Äàííîå ñîîòíîøåíèå äîïóñêàåò ïðîñòóþ âåðîÿòíîñòíóþ òðàêòîâêó, êîòîðàÿ
ñëåäóåò èç òîãî ôàêòà, ÷òî êâàíò, ïàäàþùèé íà ñðåäó, ëèáî äîëæåí îòðàçèòüñÿ
îò íåå, ëèáî áóäåò òåðìàëèçîâàí â íåé ïðè ìíîãîêðàòíîì ðàññåÿíèè. Òåïåðü,
èñïîëüçóÿ (27), ïîëó÷èì

 
   

. 1120 













xxu
xR (31)

Ðàññìîòðèì âîïðîñ î òîì, ïðè êàêèõ óñëîâèÿõ â äàííîì ïðîñòîì ñëó÷àå
èçîòåðìè÷åñêîé àòìîñôåðû ñïåêòðàëüíàÿ ëèíèÿ ìîæåò ïîÿâèòüñÿ â ýìèññèè.
Î÷åâèäíî, äëÿ ýòîãî íåîáõîäèìî è äîñòàòî÷íî, ÷òîáû     00 RxR . Èç (31)
íàõîäèì

  . 1  (32)

Ïîëó÷åííûé ðåçóëüòàò ìîæíî èíòåðïðåòèðîâàòü êàê ñðàâíåíèå äâóõ ïðîòèâî-
ïîëîæíî íàïðàâëåííûõ ïðîöåññîâ: ðàññåÿíèÿ â íåïðåðûâíîì ñïåêòðå ñ
ïîñëåäóþùèì ïîãëîùåíèåì â ëèíèè è, îáðàòíîãî ïðîöåññà, ðàññåÿíèÿ â
ëèíèè ñ ïîñëåäóþùèì ïîãëîùåíèåì â êîíòèíóóìå. Äðóãèìè ñëîâàìè, ôàêò
ïîÿâëåíèÿ ñïåêòðàëüíîé ëèíèè â ïîãëîùåíèè èëè ýìèññèè çàâèñèò îò
óðîâíÿ ïåðåêà÷êè êâàíòîâ ïðè ðàññåÿíèè îò ëèíèè â êîíòèíóóì, è íàîáîðîò
(ñì. ðèñ.5). Ìû âèäèì òàêæå, ÷òî óñëîâèþ (32) âåðîÿòíåå âñåãî áóäóò
óäîâëåòâîðÿòü ñëàáûå ëèíèè, îáðàçóþùèåñÿ â ñðàâíèòåëüíî ãëóáîêèõ ñëîÿõ
àòìîñôåðû. Ýòî îáñòîÿòåëüñòâî óêàçûâàåò íà âàæíîñòü ó÷åòà ãðàäèåíòà òåìïå-
ðàòóðû â ñðåäå.

Äàëåå, êàê ñëåäîâàëî îæèäàòü, ñòåïåíü èîíèçàöèè èãðàåò ðåøàþùóþ ðîëü
â âîçíèêíîâåíèè ýìèññèîííîé ëèíèè. Äëÿ èëëþñòðàöèè ìîæíî ïðèâåñòè
íåêîòîðûå îöåíêè îòíîñèòåëüíî ñòåïåíè èîíèçàöèè âîäîðîäà äëÿ òåìïåðàòóð

54 1010   K è ñïåêòðàëüíûõ ëèíèé ñ îòíîñèòåëüíî íåáîëüøèìè çíà÷åíèÿìè

Ðèñ.5. Ïðîôèëè ñïåêòðàëüíûõ ëèíèé, îáðàçóåìûõ â èçîòåðìè÷åñêîé àòìîñôåðå ïðè 0.9
(ñëåâà) è 0.5  (ñïðàâà) ïðè îòìå÷åííûõ çíà÷åíèÿõ ïàðàìåòðà   è -310 .
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9080 ..   â äîñòàòî÷íî øèðîêîé îáëàñòè äëèí âîëí 300-900 íì. Ìû èìååì

00  , ãäå 0  äëÿ ÷èñòî äîïëåðîâñêîãî óøèðåíèÿ ëèíèè çàäàåòñÿ [15,16]

, 
8 23

3
0

0 ki
i

k A
g
g




 (33)

ãäå 0  - äëèíà âîëíû öåíòðà ëèíèè, A
ki
 - ýéíøòåéíîâñêèå êîýôôèöèåíòû

ñïîíòàííûõ ïåðåõîäîâ è MkT2  - ñðåäíÿÿ òåïëîâàÿ ñêîðîñòü (äëÿ

îñòàëüíûõ âåëè÷èí èñïîëüçîâàíû îáùåïðèíÿòûå îáîçíà÷åíèÿ). ×òîáû ïîëó÷èòü
îöåíêè äëÿ ñòåïåíè èîíèçàöèè çàìåòèì, ÷òî ïðàâàÿ ÷àñòü íåðàâåíñòâà (32)
ïðè ïðèíÿòûõ íàìè çíà÷åíèÿõ ïàðàìåòðîâ åñòü âåëè÷èíà ïîðÿäêà 10-4 è ìåíåå,
â òî âðåìÿ êàê îòíîøåíèå 00   äëÿ ëèíèé ñ A

ki
 ïîðÿäêà 65 1010  ñ-1

ëåæèò â èíòåðâàëå 10-9 1010  . Ýòî îçíà÷àåò, ÷òî ñòåïåíü èîíèçàöèè ïîðÿäêà
105 è âûøå ÿâëÿåòñÿ äîñòàòî÷íîé äëÿ ïîÿâëåíèÿ ëèíèé â ýìèññèè, â îñîáåííîñòè
òåõ ëèíèé, êîòîðûå âîçíèêàþò ïðè ïåðåõîäàõ ìåæäó âûñîêèìè óðîâíÿìè.
Òàêàÿ âûñîêàÿ èîíèçàöèÿ âïîëíå îñóùåñòâèìà â âûñîêîòåìïåðàòóðíûõ è
ðàçðåæåííûõ îáîëî÷êàõ èçó÷àåìûõ íàìè çâåçä.

Ðàññìîòðèì òåïåðü àòìîñôåðó ñ ãðàäèåíòîì òåìïåðàòóðû. Â ëèíåéíîì
ïðèáëèæåíèè ìû èìååì

    , 10  
 TBTB (34)

ãäå   - îïòè÷åñêàÿ ãëóáèíà â íåïðåðûâíîì ñïåêòðå, îïðåäåëåííàÿ äëÿ ñðåäíåãî
ïëàíêîâñêîãî êîýôôèöèåíòà ïîãëîùåíèÿ è

. 



 



 (35)

Â ñîãëàñèè ñ [16], äëÿ íîðìèðîâàííîãî ïðîôèëÿ ëèíèè íàõîäèì

         , 0 0 xRPxPxR  (36)

ãäå

 
       

. 1
1

1
xuxx~x

xP
















(37)

Ïåðåõîä îò öåíòðà ëèíèè ê êðûëüÿì â ôóíêöèÿõ R0(x) è P(x) ïðîèñõîäèò
â âçàèìíî ïðîòèâîïîëîæíûõ íàïðàâëåíèÿõ è çàìêíóòîé àíàëèòè÷åñêîé ôîð-
ìóëû äëÿ óñëîâèÿ ïîÿâëåíèÿ ýìèññèîííîé ëèíèè íå ñóùåñòâóåò.

Ðèñ.6, 7 ïîêàçûâàþò ïðîôèëè ëèíèé, îáðàçîâàííûõ â àòìîñôåðå, â
êîòîðîé òåìïåðàòóðà ðàñòåò ñ ãëóáèíîé ëèíåéíî. Ðàññìîòðåíû äâà ñëó÷àÿ,
ñîîòâåòñòâóþùèå äâóì çíà÷åíèÿì 

 , îòíîñÿùèìñÿ ê äâóì ðàçëè÷íûì
(êîðîòêîâîëíîâûì è äëèííîâîëíîâûì) äèàïàçîíàì ñïåêòðà. Ìû âèäèì, ÷òî,
êàê è â ñëó÷àå èçîòåðìè÷åñêîé àòìîñôåðû, çäåñü òàêæå ïîðîã âëèÿíèÿ
ýëåêòðîííîãî ðàññåÿíèÿ âî ìíîãîì çàâèñèò îò âåëè÷èíû  . Îñîáåííî íàãëÿäíî
ýòî èëëþñòðèðóåò ðèñ.8, êîòîðûé ïîêàçûâàåò çàâèñèìîñòü íèæíåãî ïîðîãà



623ÈÑÑËÅÄÎÂÀÍÈÅ  ÍÅÑÒÀÖÈÎÍÀÐÍÎÑÒÈ  Â  ÑÏÅÊÒÐÀÕ

äëÿ ðàññåÿíèÿ â êîíòèíóóìå, ïðèâîäÿùåãî ê ïîÿâëåíèþ ýìèññèè.
Çíà÷åíèå óêàçàííîãî ïîðîãà ñóùåñòâåííî çàâèñèò òàêæå îò 

 , òî åñòü
îò òîãî, â êàêîé îáëàñòè íåïðåðûâíîãî ñïåêòðà ëèíèÿ ôîðìèðóåòñÿ. Ýòè äâà
ôàêòà âçÿòûõ âìåñòå ïîçâîëÿþò çàêëþ÷èòü, ÷òî íàèáîëåå âåðîÿòíûì ÿâëÿåòñÿ
ïîÿâëåíèå ýìèññèè ó ñëàáûõ ëèíèé, âîçíèêàþùèõ â äëèííîâîëíîâîé îáëàñòè
ñïåêòðà. Â îáùåé ñëîæíîñòè, ðàçëè÷èÿ ìåæäó ïðîôèëÿìè ëèíèé, îáðàçîâàííûõ
â èçîòåðìè÷åñêîé àòìîñôåðå è àòìîñôåðå ñ òåìïåðàòóðíûì ãðàäèåíòîì,
êîëè÷åñòâåííûå è, ãëàâíûì îáðàçîì, ïîâòîðÿþò äðóã äðóãà. Ïðîôèëè êàê
àáñîðáöèîííûõ, òàê è ýìèññèîííûõ ëèíèé ðàñøèðåíû, èìåþò êîëîêîëî-
îáðàçíûé âèä è ñóæàþòñÿ ïðè äàëüíåéøåì ðîñòå ðîëè ýëåêòðîííîãî ðàññåÿíèÿ,
Ïîñëåäíåå ñâÿçàíî ñ òåì, ÷òî ýòè ëèíèè îáðàçóþòñÿ, â ñðåäíåì, â áîëåå
ïîâåðõíîñòíûõ è îòíîñèòåëüíî íèçêîòåìïåðàòóðíûõ ñëîÿõ àòìîñôåðû.

Ðèñ.6. Ïðîôèëè ñïåêòðàëüíûõ ëèíèé äëÿ 0.9 , îáðàçóåìûõ â àòìîñôåðå ñ ãðàäèåíòîì
òåìïåðàòóðû ïðè 20.

  (ñëåâà) 02.
  (ñïðàâà) è ðàçëè÷íûõ  , ïðèíèìàþùèõ òå æå

çíà÷åíèÿ, ÷òî è íà ðèñ.5. Âî âñåõ ñëó÷àÿõ -310 .
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Ðèñ.7. Òî æå, ÷òî íà ðèñ.6 ïðè 0.5 .
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6. Ëèíèè ïðè ïîëíîì ïåðåðàñïðåäåëåíèè ïî ÷àñòîòàì . Â ñâÿçè
ñ ïîëó÷åííûìè ðåçóëüòàòàìè, âîçíèêàåò åñòåñòâåííûé âîïðîñ, â êàêîé ìåðå
è êàêèì îáðàçîì âîçìîæíîå ïåðåðàñïðåäåëåíèå ýíåðãèè â ÷àñòîòàõ ëèíèè ïðè
ìíîãîêðàòíîì ðàññåÿíèè ìîæåò âëèÿòü íà íàáëþäàåìûå ïðîôèëè. Ìîæíî
ïðåäïîëîæèòü, ÷òî òàêîå âëèÿíèå âîçìîæíî â èñêëþ÷èòåëüíûõ ñëó÷àÿõ ïðè
ïðîìåæóòî÷íûõ çíà÷åíèÿõ êîýôôèöèåíòà ðàññåÿíèÿ â ëèíèè. Â ñàìîì äåëå,
â ïðåäûäóùåì ðàçäåëå ìû óáåäèëèñü, ÷òî ýôôåêò òîìñîíîâñêîãî ðàññåÿíèÿ
ïðîÿâëÿåòñÿ îñîáåííî îò÷åòëèâî â ñëó÷àå ñëàáûõ ëèíèé ïðè íåáîëüøèõ
çíà÷åíèÿõ ïàðàìåòðà  . Â òî æå âðåìÿ, ýôôåêòû ïåðåðàñïðåäåëåíèÿ ñóùåñò-
âåííû ïðåèìóùåñòâåííî ó ñèëüíûõ ëèíèé. Òåì íå ìåíåå, êàê ìû óáåäèìñÿ
íèæå, âëèÿíèå ÷àñòîòíîãî ïåðåðàñïðåäåëåíèÿ èçëó÷åíèÿ â ëèíèè ïðè íàëè÷èè
ðàññåÿíèÿ â êîíòèíóóìå âåñüìà ñïåöèôè÷íî è çàñëóæèâàåò îòäåëüíîãî
ðàññìîòðåíèÿ.

Êàê è â ïðåäûäóùåì ðàçäåëå, áóäåò ïðèìåíÿòüñÿ òåîðèÿ, ðàçâèòàÿ íàìè
â [12]. Âíà÷àëå ðàññìîòðèì âîïðîñ îá îáðàçîâàíèè ñïåêòðàëüíûõ ëèíèé â
èçîòåðìè÷åñêîé àòìîñôåðå. Êîýôôèöèåíò îòðàæåíèÿ îò ïîëóáåñêîíå÷íîé
àòìîñôåðû  xx   ,  â äàííîì ñëó÷àå, î÷åâèäíî, çàâèñèò îò äâóõ ïåðåìåííûõ,
-  ÷àñòîò ïàäàþùåãî è îòðàæåííîãî êâàíòîâ. Ñ ó÷åòîì òîãî, ÷òî â àòìîñôåðå
çàäåéñòâîâàíû äâà ìåõàíèçìà ðàññåÿíèÿ, óðàâíåíèå äëÿ ôóíêöèè  , ïîëó÷åííîå
ïðèìåíåíèåì ïðèíöèïà èíâàðèàíòíîñòè, ïðèìåò âèä

             ,  ,1
22

 , 2
00 xxxxxxxxx 





 (38)

ãäå

        ,  , 000 




 xdxxxxx (39)

Ðèñ.8. Çàâèñèìîñòü ïîðîãà âëèÿíèÿ ýëåêòðîííîãî ðàññåÿíèÿ îò   ïðè îòìå÷åííûõ
çíà÷åíèÿõ ïàðàìåòðà, óêàçûâàþùåãî íà ãðàäèåíò òåìïåðàòóðû.
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è    xx   41
0 ;  x  - ïðîôèëü êîýôôèöèåíòà ïîãëîùåíèÿ, êîòîðûé â

ðàññìàòðèâàåìîé çàäà÷å ñ÷èòàåòñÿ äîïëåðîâñêèì è ðàâíûì )exp(- 2x . Ðåøåíèå
óðàâíåíèÿ (38) ïîçâîëÿåò îïðåäåëèòü èñêîìûé ïðîôèëü ñïåêòðàëüíîé ëèíèè

    .  ,10 




 xdxxxR (40)

Ðåçóëüòàòû ïðèâîäÿòñÿ íà ðèñ.9, ãäå ïîêàçàíû ïðîôèëè ëèíèé ñ 0.9  è
0.5  ïðè ðàçëè÷íûõ çíà÷åíèÿõ  . Ëèíèè èìåþò äâóõâåðøèííóþ ôîðìó,

÷òî, âïðî÷åì, õàðàêòåðíî äëÿ ïîëíîñòüþ íåêîãåðåíòíîãî ðàññåÿíèÿ. Òàêàÿ
ôîðìà ÷åò÷å ïðîÿâëÿåòñÿ ó ñëàáûõ ëèíèé (ïðàâûé ðèñóíîê), îäíàêî, â
îòëè÷èå îò ïðîôèëåé, îáû÷íî ïîëó÷àåìûõ ïðè äàííîì ìåõàíèçìå ðàññåÿíèÿ,

çäåñü öåíòðàëüíàÿ äåïðåññèÿ ïî âåëè÷èíå ìîæåò ïðåâîñõîäèòü âûñîòó ñàìèõ
ãîðáîâ. Îáðàùàåò íà ñåáÿ âíèìàíèå òàêæå òîò ôàêò, ÷òî â ðàçíûõ îáëàñòÿõ
îäíîé è òîé æå ëèíèè ìîæåò íàáëþäàòüñÿ êàê ýìèññèÿ, òàê è àáñîðáöèÿ,
â òî âðåìÿ êàê ïðè ìîíîõðîìàòè÷åñêîì ðàññåÿíèè ëèíèÿ öåëèêîì íàáëþäàåòñÿ
ëèáî â ýìèññèè, ëèáî â àáñîðáöèè. Øèðèíà ëèíèé, êàê ñëåäîâàëî îæèäàòü,
çàâèñèò îò çíà÷åíèÿ êîýôôèöèåíòà  .

Çàäà÷à îá îïðåäåëåíèè ïðîôèëåé ñïåêòðàëüíûõ ëèíèé, îáðàçîâàííûõ â
ïîëóáåñêîíå÷íîé àòìîñôåðå ïðè íàëè÷èè òåìïåðàòóðíîãî ãðàäèåíòà, ðàññìàò-
ðèâàëàñü íàìè â óïîìÿíóòîé âûøå ðàáîòå [12] áåç ó÷åòà ðàññåÿíèÿ èçëó÷åíèÿ
â êîíòèíóóìå. Ïðè èñòî÷íèêîâîì ÷ëåíå âèäà (28) â óðàâíåíèè ïåðåíîñà è
ðàçëîæåíèè ôóíêöèè Ïëàíêà (29) èñêîìàÿ èíòåíñèâíîñòü âûõîäÿùåãî èçëó-
÷åíèÿ ïðåäñòàâëÿåòñÿ â âèäå ðÿäà

   .  ,0 ,0
0





n

nn xIBxI (41)

Ðèñ.9. Ïðîôèëè ñïåêòðàëüíûõ ëèíèé, îáðàçóåìûõ â èçîòåðìè÷åñêîé àòìîñôåðå ïðè
ïîëíîì ïåðåðàñïðåäåëåíèè ïî ÷àñòîòàì äëÿ 0.9  (ñëåâà) è 0.5  (ñïðàâà) è îòìå÷åííûõ
çíà÷åíèÿõ  . Â îáîèõ ñëó÷àÿõ -310 .
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Êàê óæå óêàçûâàëîñü, âåëè÷èíû  xIn  ,0  îïðåäåëÿþòñÿ ðåêóððåíòíûì îáðàçîì,
â äàííîì ñëó÷àå ïîñðåäñòâîì

            ,  ,0 ,0 , ,0 ,0 1 xIxdxIxxpxxIx nnn 





  (42)

ãäå  xxp  , ,0   ïðåñòàâëÿåò ñîáîé âåðîÿòíîñòü òîãî, ÷òî êâàíò ñ ÷àñòîòîé x ,
ïîãëîùåííûé íà ãðàíèöå ñðåäû, âûéäåò èç íåå â âèäå êâàíòà ÷àñòîòû x. Ïðè
ó÷åòå ðàññåÿíèÿ â íåïðåðûâíîì ñïåêòðå âèä ôóíêöèè ïåðâè÷íûõ èñòî÷íèêîâ
(28) íå ìåíÿåòñÿ, ïîýòîìó óðàâíåíèå (42) ñîõðàíÿåò ñâîþ ñèëó è â äàííîì
ñëó÷àå, îäíàêî òåïåðü

             .  ,1
2
1 , ,0 00 xxxxxxxxpx  (43)

Â ðåçóëüòàòå ðÿäà íåñëîæíûõ âûêëàäîê ìîæíî ïîëó÷èòü ñëåäóþùåå ðåêóððåíò-
íîå ñîîòíîøåíèå äëÿ îïðåäåëåíèÿ èñêîìûõ âåëè÷èí  xIn  ,0

          ,  ,0
2

1 ,0 10 



 



  xIxh

xgx
xI nnn (44)

ãäå

   
        

    .  ,0,  ,1
2

1 00 


 






 dx
xgx
xxIhxx

x
xxg nn (45)

Ðåøåíèåì óðàâíåíèÿ (38) îïðåäåëÿåòñÿ g(x), à ïîñòîÿííûå h
n
 íàõîäÿòñÿ èç

ñèñòåìû àëãåáðàè÷åñêèõ óðàâíåíèé, ïîëó÷àåìûõ èç ñàìîãî ñîîòíîøåíèÿ (44).
Â ÷àñòíîñòè,

          ,  ,0
2

 ,0 0001 



 





 xIxh
bxgx

xI (46)

ãäå

   
    . 1 00



 


 dx
xgx
xxb (47)

Ðåçóëüòàòû ÷èñëåííûõ ðàñ÷åòîâ ïðèâîäÿòñÿ íà ðèñ.10, 11. Êàê è âûøå,
â êà÷åñòâå ïðèìåðîâ ðàññìàòðèâàþòñÿ ñèëüíûå ëèíèè ñ 0.9  è ñëàáûå ñ

0.5 , îáðàçóåìûå â ðàçëè÷íûõ äèàïàçîíàõ ñïåêòðà.
Êàê ìû âèäèì, îñíîâíûå îñîáåííîñòè, õàðàêòåðíûå ïðîôèëÿì ëèíèé,

îáðàçóåìûõ â èçîòåðìè÷åñêîé àòìîñôåðå, ñîõðàíÿþòñÿ è ïðè íàëè÷èè
òåìïåðàòóðíîãî ãðàäèåíòà â ñðåäå. Âìåñòå ñ òåì ñëåäóåò îòìåòèòü çàâèñèìîñòü
ôîðìû ïðîôèëåé ëèíèé îò îáëàñòè ñïåêòðà, ãäå îíè îáðàçóþòñÿ. Ëèíèè
øèðîêèå è èìåþò êîëîêîëîîáðàçíóþ ôîðìó â êîðîòêîâîëíîâîì äèàïàçîíå
ïðè áîëüøèõ çíà÷åíèÿõ ïàðàìåòðà 

 .
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7. Çàêëþ÷åíèå. Â ðàáîòå ìû èññëåäîâàëè òðè âàæíûõ àñïåêòà èçìåíåíèé
ñïåêòðîâ çâåçä-ñâåðõãèãàíòîâ ðàííèõ òèïîâ, îáóñëîâëåííûõ òîìñîíîâñêèì
ðàññåÿíèåì íà ñâîáîäíûõ ýëåêòðîíàõ. Íàðÿäó ñ êà÷åñòâåííûì îïèñàíèåì
ïðîèñõîäÿùèõ èçìåíåíèé, áûëè ïðèâåäåíû  êîëè÷åñòâåííûå îöåíêè, êîòîðûå,
â îáùåé ñëîæíîñòè, ñîãëàñóþòñÿ ñ ðåçóëüòàòàìè äðóãèõ àâòîðîâ è äàííûìè
íàáëþäåíèé. Ïîêàçàíî, ÷òî íåñìîòðÿ íà ìàëîñòü êîýôôèöèåíòà ýëåêòðîííîãî
ðàññåÿíèÿ, ïðè íåêîòîðûõ ôèçè÷åñêèõ óñëîâèÿõ âëèÿíèå äàííîãî ìåõàíèçìà
íà íåêîòîðûå íàáëþäàåìûå õàðàêòåðèñòèêè ñïåêòðîâ èçó÷àåìûõ çâåçä, òàêèå
êàê ÷àñòîòíîå ðàñïðåäåëåíèå êîíòèíóóìà, ñêà÷êè èíòåíñèâíîñòåé è ïîÿâëåíèå
ñïåêòðàëüíûõ ëèíèé â ýìèññèè, ìîæåò áûòü èçìåðèìî. Âìåñòå ñ òåì âàæíî
ïîä÷åðêíóòü, ÷òî äëÿ àäåêâàòíîãî îïèñàíèÿ ñïåêòðîâ ðàññìàòðèâàåìûõ çâåçä,

Ðèñ.10. Ïðîôèëè ñïåêòðàëüíûõ ëèíèé, îáðàçóåìûõ â àòìîñôåðå ñ òåìïåðàòóðíûì ãðàäèåíòîì
20.  ïðè ïîëíîì ïåðåðàñïðåäåëåíèè ïî ÷àñòîòàì äëÿ 0.9  (ñëåâà) è 0.5  (ñïðàâà)

è îòìå÷åííûõ çíà÷åíèÿõ  . Â îáîèõ ñëó÷àÿõ -310 .
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ñëåäóåò çàäà÷è ôîðìèðîâàíèÿ ñïåêòðàëüíûõ ëèíèé ðàññìàòðèâàòü ñîâìåñòíî
ñ òåìè èëè èíûìè äèíàìè÷åñêèìè ìîäåëÿìè. Äàëåå, ïðè ñàìîñîãëàñîâàííîé
ïîñòàíîâêå çàäà÷è, ñâÿçàííîé ñ àòìîñôåðîé è ñ òåìïåðàòóðíûì ãðàäèåíòîì,
íåîáõîäèìî ïðèíÿòü âî âíèìàíèå òàêæå èçìåíåíèå îïòè÷åñêèõ ñâîéñòâ
ñðåäû, îáóñëîâëåííîå èçìåíåíèÿìè ñ ãëóáèíîé ëîêàëüíûõ ïàðàìåòðîâ,
îïèñûâàþùèõ ýëåìåíòàðíûé àêò ðàññåÿíèÿ.

Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.À.Àìáàðöóìÿíà,
Àðìåíèÿ, e-mail: nikoghoss@bao.sci.am

INVESTIGATION OF SOME MANIFESTATIONS OF
NON-STATIONARITY IN THE SPECTRA OF THE

EARLY TYPE SUPERGIANTS

A.G.NIKOGHOSSIAN

The paper presents a theoretical study of changes in some spectral character-
istics of the early type supergiants due to the scattering of radiation in the
continuous spectrum. Thomson scattering on free electrons is regarded as a
scattering mechanism, although the approach used is fairly general. The cause of
changes in the star's spectral class at constant bolometric luminosity and surface
temperature is revealed, and conditions necessary for their implementation are
given. The effect of scattering in the continuum on the magnitude of intensity
jumps in the hydrogen spectrum depending on the degree of ionization is studied.
The conditions under which the Schuster mechanism of emission lines formation
starts to operate both in the isothermal atmosphere and in the atmosphere with
temperature gradient are brought out.

Keywords: supergiant stars: intensity discontinuities:emission lines:Thomson scattering
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Î ÔÓÍÄÀÌÅÍÒÀËÜÍÛÕ ÏÐÈ×ÈÍÀÕ ÑÕÎÄÑÒÂÀ È
ÐÀÇËÈ×ÈÉ ÑÏÅÊÒÐÎÂ ÌÀÑÑ ÐÀÇËÈ×ÍÛÕ

ÀÑÒÐÎÍÎÌÈ×ÅÑÊÈÕ ÎÁÚÅÊÒÎÂ

À.Â.ÒÓÒÓÊÎÂ, Á.Ì.ØÓÑÒÎÂ
Ïîñòóïèëà 29 èþíÿ 2020

Âûïîëíåíî ñðàâíåíèå ñïåêòðîâ ìàññ àñòðîíîìè÷åñêèõ îáúåêòîâ ðàçëè÷íîé ïðèðîäû:
êîñìè÷åñêîé ïûëè, àñòåðîèäîâ, ïëàíåò, çâåçä, çâåçäíûõ ñêîïëåíèé, ãàëàêòèê è ñêîïëåíèé
ãàëàêòèê. Ðàíåå àâòîðû îòìå÷àëè ñõîäñòâî (íà÷àëüíûõ) ôóíêöèé ìàññ îòíîñèòåëüíî ìàññèâíûõ
îáúåêòîâ (çâåçä, ãàëàêòèê, ñêîïëåíèé ãàëàêòèê). Â äàííîé ðàáîòå äèàïàçîí ìàññ àñòðîíî-
ìè÷åñêèõ îáúåêòîâ ðàñøèðåí äî ïðåäåëà è ñîñòàâëÿåò ïðèìåðíî 68 ïîðÿäêîâ âåëè÷èíû.
Ïîäòâåðæäåíî, ÷òî íà÷àëüíûå ñïåêòðû ìàññ îáúåêòîâ â àíñàìáëÿõ, ôîðìèðóþùèõñÿ ïóòåì
ôðàãìåíòàöèè (áûñòðûé ïðîöåññ), ìîãóò áûòü â ïåðâîì ïðèáëèæåíèè â ñòàòèñòè÷åñêè
çíà÷èìîì äèàïàçîíå ïðåäñòàâëåíû áàçîâîé (îïîðíîé) ôóíêöèåé 

2/  MdMdN , ãäå dN -
êîëè÷åñòâî îáúåêòîâ â äèàïàçîíå ìàññ [M, M+dM]. Ñìûñë ýòîé ôóíêöèè ñîñòîèò â òîì,
÷òî ïëîòíîñòü âåðîÿòíîñòè ôîðìèðîâàíèÿ îáúåêòà â èíòåðâàëå ìàññ [Ì, Ì+dÌ] íå çàâèñèò
îò ìàññû Ì èëè, äðóãèìè ñëîâàìè, ñâîäèòñÿ ê îòñóòñòâèþ âûäåëåííîãî ìàñøòàáà ìàññ.
Êðàòêî îáñóæäàþòñÿ ôèçè÷åñêèå ïðè÷èíû, îïðåäåëÿþùèå îòêëîíåíèÿ íà÷àëüíûõ ôóíêöèé
ìàññ îò îïîðíîé ôóíêöèè. Îòìå÷åíî, ÷òî ñïåêòðû ìàññ â àíñàìáëÿõ îáúåêòîâ, ôîðìèðóþùèõñÿ
â ðåçóëüòàòå ñëèÿíèé (êîàãóëÿöèè â ñëó÷àå ïûëè), ò.å. â îòíîñèòåëüíî ìåäëåííîì
ýâîëþöèîííîì ïðîöåññå, òàêæå ìîãóò áûòü áëèçêè ê âèäó îïîðíîé ôóíêöèè. Îñíîâíàÿ
ïðè÷èíà òàêîé óíèâåðñàëüíîñòè êðîåòñÿ â ñëó÷àéíîì õàðàêòåðå ïðîöåññîâ îáðàçîâàíèÿ è
ýâîëþöèè îáñóæäàåìûõ àíñàìáëåé àñòðîíîìè÷åñêèõ òåë.

Êëþ÷åâûå ñëîâà: ñïåêòð ìàññ: íà÷àëüíàÿ ôóíêöèÿ ìàññ

1. Ââåäåíèå . Ìàññà ÿâëÿåòñÿ îäíîé èç îñíîâíûõ õàðàêòåðèñòèê
àñòðîíîìè÷åñêèõ îáúåêòîâ: àñòåðîèäîâ, ïëàíåò, çâåçä, ãàëàêòèê è ò.ä. Â
àñòðîíîìè÷åñêèõ àíñàìáëÿõ (ìíîæåñòâàõ îäíîòèïíûõ îáúåêòîâ), ãäå ÷èñëî
îáúåêòîâ î÷åíü âåëèêî, åñòü âîçìîæíîñòü ïðèìåíÿòü ìåòîäû ñòàòèñòèêè.
Ñòàòèñòè÷åñêèå ðàñïðåäåëåíèÿ âåñüìà èíôîðìàòèâíû è îòðàæàþò îñíîâíûå
çàêîíîìåðíîñòè ôîðìèðîâàíèÿ è ýâîëþöèè îáúåêòîâ. Ê ðàñïðåäåëåíèþ îáúåêòîâ
ïî ìàññå ýòî îòíîñèòñÿ, ïîæàëóé, â ïåðâóþ î÷åðåäü. Ñòàòèñòè÷åñêèå
ðàñïðåäåëåíèÿ ìåíÿþòñÿ ñî âðåìåíåì, òàê êàê âñå îáúåêòû îáñóæäàåìûõ çäåñü
ìàñøòàáîâ ðîæäàþòñÿ, ýâîëþöèîíèðóþò è, â êîíå÷íîì èòîãå, ïðåêðàùàþò
ñâîå ñóùåñòâîâàíèå. Ïîýòîìó ëþáîå òåêóùåå ðàñïðåäåëåíèå ïî ìàññàì (îòìåòèì,
÷òî ìû íàáëþäàåì ÷àùå âñåãî íå íà÷àëüíîå ðàñïðåäåëåíèå, à èìåííî òåêóùåå)
ÿâëÿåòñÿ ðåçóëüòàòîì êàê çàêîíîìåðíîñòåé ðîæäåíèÿ îáúåêòîâ (ò.å. íà÷àëüíîãî
ðàñïðåäåëåíèÿ), òàê è ýâîëþöèîííûõ ïðîöåññîâ, äåéñòâîâàâøèõ íà ïðîòÿæåíèè
âðåìåíè îò ðîæäåíèÿ îáúåêòîâ äî íàñòîÿùåãî âðåìåíè. Åñëè ýâîëþöèîííûå
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ïðîöåññû â àíñàìáëå ïðîäîëæàëèñü äëèòåëüíîå âðåìÿ, ò.å. íà øêàëå t
a
, ìíîãî

áîëüøåé õàðàêòåðíîãî âðåìåíè t
ý
 îïðåäåëÿþùåãî ýâîëþöèîííîãî ïðîöåññà

äëÿ îòäåëüíûõ îáúåêòîâ, òî íàáëþäàåìîå ðàñïðåäåëåíèå ìîæåò ñèëüíî
îòëè÷àòüñÿ îò èñõîäíîãî. Òèïè÷íûé ïðèìåð - î÷åíü ñèëüíûå îòêëîíåíèÿ
íàáëþäàåìîé ôóíêöèè ìàññ (ÔÌ, PDMF) çâåçä ïîëÿ (t

à
 ~ ñðàâíèìî ñ

âîçðàñòîì Ãàëàêòèêè) îò íà÷àëüíîé ôóíêöèè ìàññ çâåçä (ÍÔÌ, IMF) â
îáëàñòè áûñòðî ýâîëþöèîíèðóþùèõ ìàññèâíûõ çâåçä (t

ý
 - ìèëëèîíû ëåò).

È íàîáîðîò, â î÷åíü ìîëîäîì çâåçäíîì ñêîïëåíèè íàáëþäàåìûé ñïåêòð ìàññ
çâåçä áëèçîê ê ÍÔÌ, ïîñêîëüêó эa tt  . Ñîáñòâåííî, òîëüêî â ýòèõ óñëîâèÿõ
è ìîæíî ãîâîðèòü î íàáëþäàåìîé ÍÔÌ, à íå âîññòàíîâëåííîé ñ
èñïîëüçîâàíèåì òåîðèè. Ïîíÿòíî, ÷òî äëÿ ïîñòðîåíèÿ àäåêâàòíîé êàðòèíû
ýâîëþöèè (ìîäåëè) ìû äîëæíû èìåòü õîðîøåå ïðåäñòàâëåíèå î ÍÔÌ è
ìàêñèìàëüíî ïîëíóþ ýâîëþöèîííóþ ìîäåëü, ïîçâîëÿþùóþ íàäåæíî îïèñàòü
ýâîëþöèþ ÔÌ. Ñðàâíåíèå ýòîé òåîðåòè÷åñêîé ÔÌ ñ íàáëþäàåìîé ÔÌ äàñò
âîçìîæíîñòü îöåíèòü êà÷åñòâî íàøåé ìîäåëè.

Â àñòðîôèçèêå îñîáîå âíèìàíèå óäåëÿåòñÿ èçó÷åíèþ ôóíêöèé ìàññ çâåçä
è ãàëàêòèê. Óæå ïåðâûå òàêèå èññëåäîâàíèÿ ïðèíåñëè ðåçóëüòàòû, êîòîðûå
íàòîëêíóëè èññëåäîâàòåëåé íà ïðåäñòàâëåíèÿ î íåêîòîðûõ îáùèõ çàêîíî-
ìåðíîñòÿõ â îïèñàíèè ôóíêöèé ìàññ. Öâèêêè [1] íà îñíîâàíèè èìåâøåéñÿ
â òî âðåìÿ èíôîðìàöèè î ìàññàõ ãàëàêòèê ïðåäïîëîæèë, ÷òî ñïåêòð ìàññ
ãàëàêòèê è èõ ñêîïëåíèé ìîæåò áûòü ïðåäñòàâëåí îäíîé ôóíêöèåé. Ýòî áûëà
äîãàäêà, êîòîðàÿ íå áûëà â òî âðåìÿ äîñòàòî÷íî ïîäêðåïëåíà íàáëþäåíèÿìè
è âïîñëåäñòâèè ïðàêòè÷åñêè áûëà çàáûòà.

Ïîñëå ïîÿâëåíèÿ â 1955ã. êëàññè÷åñêîé ðàáîòû Ñîëïèòåðà [2], êîòîðûé
âûâåë ýìïèðè÷åñêóþ ôóíêöèþ, îïèñûâàþùóþ ÍÔÌ çâåçä â äèàïàçîíå ìàññ
ïðèìåðíî 1-10 M , óæå 65 ëåò ïðàêòè÷åñêè âñå èññëåäîâàòåëè èñïîëüçóþò
äëÿ îïèñàíèÿ ÍÔÌ çâåçä ôóíêöèþ â âèäå ñòåïåííîãî ðàñïðåäåëåíèÿ

  dMMMdN  , ãäå M - ìàññà îáðàçîâàâøåéñÿ çâåçäû. Ýòó ôóíêöèþ íå
ñîâñåì êîððåêòíî íàçûâàþò ôóíêöèåé Ñîëïèòåðà, õîòÿ ýòî íàçâàíèå âåðíî
òîëüêî äëÿ çíà÷åíèÿ ïîêàçàòåëÿ 352. . Îáùèé âèä ÍÔÌ çâåçä íà âñåì
èíòåðâàëå çâåçäíûõ ìàññ áîëåå ñëîæåí. ÍÔÌ èìååò øèðîêèé ìàêñèìóì áëèç
0.4 M , ñîîòâåòñòâóþùèé õàðàêòåðíîìó ìàñøòàáó çâåçäíûõ ìàññ â àíñàìáëå
îáðàçóþùèõñÿ çâåçä, à òàêæå îáðåçàíèå íà ñàìûõ ìàëûõ è ñàìûõ áîëüøèõ
ìàññàõ. Âàæíåéøàÿ îñîáåííîñòü ÍÔÌ - ýòî åå óíèâåðñàëüíîñòü ïðàêòè÷åñêè
ïîâñþäó â íàøåé Ãàëàêòèêå. Â ðÿäå  ðàáîò (ñì., íàïðèìåð, [3]) èçó÷àëèñü
âàðèàöèè ïîêàçàòåëÿ   â óêàçàííîì äèàïàçîíå ìàññ 1-10 M  â ðàçëè÷íûõ
ãàëàêòè÷åñêèõ îáëàñòÿõ è, êàê ïðàâèëî, ðàçëè÷èÿ îêàçûâàëèñü â ïðåäåëàõ
ëèøü íåñêîëüêèõ äåñÿòûõ. Òàêèì îáðàçîì, âñå ÍÔÌ çâåçä â Ãàëàêòèêå
îêàçàëèñü â ýòîì èíòåðâàëå ìàññ äîâîëüíî áëèçêèìè ê íåêîòîðîìó "áàçîâîìó"
(îïîðíîìó) ðàñïðåäåëåíèþ   dMMMdN 2 . Ýòà î÷åâèäíàÿ óíèâåðñàëüíîñòü
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ÍÔÌ ÿâëÿåòñÿ âûçîâîì äëÿ òåîðèè çâåçäîîáðàçîâàíèÿ, ïîñêîëüêó èç îáùèõ
ñîîáðàæåíèé ÍÔÌ, êàçàëîñü áû, äîëæíà ìåíÿòüñÿ â çàâèñèìîñòè îò
ðàçíîîáðàçíûõ óñëîâèé è ìåõàíèçìîâ çâåçäîîáðàçîâàíèÿ.

Â èññëåäîâàíèÿõ ñïåêòðîâ ìàññ äðóãèõ îáúåêòîâ, îò ñàìûõ ìàññèâíûõ
(ñêîïëåíèé ãàëàêòèê) äî îòíîñèòåëüíî ìàëîìàññèâíûõ (àñòåðîèäîâ), îáíàðóæåíà
òà æå çàêîíîìåðíîñòü - áëèçîñòü âèäà ôóíêöèè ìàññ ê óíèâåðñàëüíîé
îïîðíîé ôóíêöèè. Íàèáîëåå ïîëíî ýòî ñõîäñòâî ïðîàíàëèçèðîâàíî â [4,5].
Åñëè â ðàáîòå Áèíäæåëè è Õàøåð [4] óïîð ñäåëàí èìåííî íà êîíñòàòàöèþ
ýòîãî ñõîäñòâà â øèðîêîì äèàïàçîíå ìàññ (36 ïîðÿäêîâ), òî â ðàáîòå Øóñòîâà
è Òóòóêîâà [5], â êîòîðîé ðàññìàòðèâàëñÿ äèàïàçîí ìàññ îò çâåçä äî ñêîïëåíèé
ãàëàêòèê (ïðèìåðíî 17 ïîðÿäêîâ), ñäåëàíà ïîïûòêà îáúÿñíèòü ïðè÷èíû
òàêîãî ñõîäñòâà.

Åùå îäíî ñóùåñòâåííîå çàìå÷àíèå. Ñïåêòð ìàññ ìåíÿåòñÿ â äâóõ îñíîâíûõ
è ïðîòèâîïîëîæíûõ ïî äåéñòâèþ ïðîöåññàõ. Ýòî ðàçðóøåíèå (ôðàãìåíòàöèÿ)
îáúåêòîâ è èõ ñëèÿíèå. Ôðàãìåíòàöèÿ îáúåêòà ïðèâîäèò ê ïîÿâëåíèþ íîâîãî
àíñàìáëÿ â êîðîòêîé øêàëå âðåìåíè. Íàïðèìåð, ôðàãìåíòàöèÿ ìîëåêóëÿðíîãî
îáëàêà è ïîÿâëåíèå ïðîòîçâåçäíîãî ñêîïëåíèÿ ïðîèñõîäèò â øêàëå âðåìåíè
êîðî÷å 1 ìëí ëåò, ò.å. ôîðìèðîâàíèå íà÷àëüíîãî ñïåêòðà ìàññ ïðîòåêàåò â
øêàëå, áîëåå êîðîòêîé ïî ñðàâíåíèþ ñî øêàëîé ýâîëþöèîííîãî èçìåíåíèÿ
ìàññû ëþáîé çâåçäû. À âîò äëÿ ãàëàêòèê ïîíÿòèå ÍÔÌ, ïî ñóùåñòâó,
íåïðèìåíèìî. Ãàëàêòèêè è ñêîïëåíèÿ ãàëàêòèê îáðàçîâàëèñü â ðåçóëüòàòå
ïðîòèâîïîëîæíîãî (ïî ñðàâíåíèþ ñî çâåçäàìè) è ãîðàçäî áîëåå äëèòåëüíîãî
ïðîöåññà - ïîñëåäîâàòåëüíîãî ñëèÿíèÿ îáúåêòîâ ìåíüøåãî ìàñøòàáà (ìèíèãàëî
òåìíîãî âåùåñòâà) è äàëüíåéøåé àêêóìóëÿöèè â îáðàçîâàâøèõñÿ ïîòåíöèàëüíûõ
ÿìàõ áàðèîííûõ ñãóñòêîâ - çàðîäûøåé áóäóùèõ ãàëàêòèê. Ìîæíî ëèøü ãîâîðèòü
î íåêîòîðîì íà÷àëüíîì ñïåêòðå (ôóíêöèè) ìàññ ìèíèãàëî è î íàáëþäàåìîé
ôóíêöèè ìàññ ãàëàêòèê. Â [5] îòìå÷åíî, ÷òî íåñìîòðÿ íà ñîâåðøåííî ðàçëè÷íûå
ìåõàíèçìû ôîðìèðîâàíèÿ àíñàìáëåé çâåçä (ôðàãìåíòàöèÿ) è ãàëàêòèê (ñëèÿíèå),
íàáëþäàåìàÿ ÔÌ ãàëàêòèê è ñêîïëåíèé ãàëàêòèê èìåþò âèä äîâîëüíî áëèçêèé
ê âèäó îïîðíîé ôóíêöèè. Íèæå ìû îáñóäèì ïðè÷èíû ýòîãî.

Â äàííîé ðàáîòå ìû åùå áîëåå ðàñøèðèëè äèàïàçîí ðàññìàòðèâàåìûõ
ìàññ êîñìè÷åñêèõ îáúåêòîâ - îò êîñìè÷åñêèõ ïûëèíîê (ìàññà îò 10-20

 ã) äî
ñêîïëåíèé ãàëàêòèê (1048

 ã), òàê ÷òî øèðèíà ðàññìàòðèâàåìîãî äèàïàçîíà
èìååò ïðàêòè÷åñêè ïðåäåëüíîå çíà÷åíèå - 68 ïîðÿäêîâ! Ãëàâíîå âíèìàíèå
óäåëåíî òåì îáúåêòàì, êîòîðûå íå áûëè îáñóæäåíû â [5], à òàêæå àíàëèçó
òåõ ôèçè÷åñêèõ ïðîöåññîâ, êîòîðûå îòâåòñòâåííû çà îòêëîíåíèÿ ñïåêòðîâ
ìàññ ðàññìàòðèâàåìûõ àíñàìáëåé òåë îò îïîðíîé ôóíêöèè. Â ðàçäåëå 2
îïèñàíû íåêîòîðûå îáùèå ñâîéñòâà ñïåêòðîâ ìàññ àíñàìáëåé àñòðîíîìè÷åñêèõ
îáúåêòîâ, ôîðìèðóþùèõñÿ â ðåçóëüòàòå ôðàãìåíòàöèè è/èëè ñëèÿíèÿ. Â
ðàçäåëå 3 ïðåäñòàâëåíû îñîáåííîñòè ðàñïðåäåëåíèé ïî ìàññàì àíñàìáëåé
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àñòðîíîìè÷åñêèõ îáúåêòîâ îò êîñìè÷åñêîé ïûëè äî ñêîïëåíèé ãàëàêòèê.

2. Ñïåêòðû ìàññ ïðè ôðàãìåíòàöèè è/èëè ñëèÿíèè. Ôðàãìåíòàöèÿ
è êîàãóëÿöèÿ (ñëèÿíèå) - ýòî äâà åñòåñòâåííûõ ÿâëåíèÿ, êîòîðûå ìîæíî
íàáëþäàòü â ïðèðîäå â ñàìûõ ðàçíîîáðàçíûõ ìàñøòàáàõ, ïðè÷åì ïðîöåññû
ïðîèñõîäÿò ñëó÷àéíûì îáðàçîì è, êàê ïðàâèëî, ìíîãîêðàòíî ñ òå÷åíèåì
âðåìåíè. Ìàòåìàòè÷åñêîå îïèñàíèå ýòèõ ïðîöåññîâ  äîâîëüíî íåïðîñòàÿ
çàäà÷à. Îäíî èç íàèáîëåå ïîëíûõ îïèñàíèé ìîæíî íàéòè â [6]. Ïðîöåññû
ôðàãìåíòàöèè è ñëèÿíèÿ îïðåäåëÿþò ýâîëþöèþ ñèñòåì ÷àñòèö, êîòîðûå
õàðàêòåðèçóþòñÿ ïðåæäå âñåãî ñâîèìè ðàçìåðàìè (èëè ìàññîé). Çäåñü ìû
ðàññìàòðèâàåì ëèøü ñàìûå ïðîñòûå âàðèàíòû: ìãíîâåííóþ ôðàãìåíòàöèþ è
ñòîõàñòè÷åñêóþ êîàãóëÿöèþ (âîçìîæíû ëèøü áèíàðíûå ñëèÿíèÿ), êîòîðûå,
÷àùå âñåãî, èìåþò ìåñòî â àñòðîíîìè÷åñêèõ óñëîâèÿõ.

Â [5] ìû ïðåäñòàâèëè íåêóþ "ôèëîñîôèþ" îáðàçîâàíèÿ ñïåêòðà ìàññ.
Ìíîæåñòâî êîíêóðèðóþùèõ ïðîöåññîâ îáðàçîâàíèÿ è ðàçðóøåíèÿ îáúåêòîâ
â ðàçëè÷íûõ àíñàìáëÿõ ìîæíî îïèñàòü â öåëîì íà ÿçûêå ñëó÷àéíûõ ïðîöåññîâ.
Åñëè ïðîöåññîâ ìíîãî è âñå îíè âíîñÿò ñðàâíèìûé âêëàä, èõ ñîâìåñòíûé
ðåçóëüòàò ìîæíî ïðåäñòàâèòü êàê íåêîòîðûé øóì. Íà íåêîòîðûõ ýòàïàõ
ìîãóò äîìèíèðîâàòü òå èëè èíûå ôàêòîðû, è òîãäà ìîæíî ãîâîðèòü îá
îïðåäåëåííîé (âûäåëåííîé) "ôèçèêå ïðîöåññà", âûçûâàþùåé îòêëîíåíèÿ îò
ñëó÷àéíîñòè. Ìû ïîëàãàëè, ÷òî çíà÷åíèå ïîêàçàòåëÿ íàêëîíà 2  îòðàæàåò
ñòàòèñòè÷åñêèå ñâîéñòâà àíñàìáëÿ îáúåêòîâ, îáðàçîâàâøèõñÿ â ïðîöåññå
ôðàãìåíòàöèè ðîäèòåëüñêîãî ìîëåêóëÿðíîãî îáëàêà. Ìû ïðîâåëè àíàëîãèþ
ïðîöåññà ôðàãìåíòàöèè ñ áåëûì øóìîì. Â êîíêðåòíîé çàäà÷å ôîðìèðîâàíèÿ
çâåçä â ðåçóëüòàòå ôðàãìåíòàöèè, ïîíÿòèå "áåëûé øóì" îçíà÷àåò, ÷òî ïðîöåññ
èäåò â óñëîâèÿõ îòñóòñòâèÿ âûäåëåííîãî ìàñøòàáà ìàññû, ÷òî ýêâèâàëåíòíî
ðàâíîðàñïðåäåëåíèþ âåùåñòâà ïî ëîãàðèôìó ìàññû çâåçä.

Ïîñêîëüêó â ýòîé ðàáîòå ìû ðàññìàòðèâàåì òàêæå òâåðäîòåëüíûå àñòðî-
íîìè÷åñêèå îáúåêòû (íàïðèìåð, àñòåðîèäû), òî ïîëåçíî ïðåäñòàâëÿòü, êàêèå
ðåçóëüòàòû (ñïåêòðû ìàññ) ìîæíî îæèäàòü ïðè ìãíîâåííîé ôðàãìåíòàöèè
òàêèõ îáúåêòîâ. Â ìèðîâîé ëèòåðàòóðå èìååòñÿ îãðîìíîå êîëè÷åñòâî ðàáîò êàê
òåîðåòè÷åñêèõ, òàê è ýêñïåðèìåíòàëüíûõ ïî ýòîìó âîïðîñó. Ìû ïðèâåäåì
çäåñü òîëüêî äâà ïðèìåðà.

B [7] óäàðíàÿ ôðàãìåíòàöèÿ õðóïêèõ ñôåð èçó÷åíà ÷èñëåííî ñ ïîìîùüþ
òðåõìåðíîé äèñêðåòíî-ýëåìåíòíîé ìîäåëè. Ðåçóëüòàòû âîñïðîèçâîäÿò ìíîãèå
ýêñïåðèìåíòàëüíûå íàáëþäåíèÿ ñâîéñòâ ôðàãìåíòîâ. Íà ðèñ.1 ñëåâà ïîêàçàíî
òåîðåòè÷åñêîå ðàñïðåäåëåíèå ìàññ ôðàãìåíòîâ äëÿ óäàðîâ õðóïêèõ òâåðäîòåëüíûõ
ñôåð î ìèøåíü ñ ðàçëè÷íûìè íà÷àëüíûìè ñêîðîñòÿìè (100-200 ì/c). Âèäíî,
÷òî ñïåêòð ìàññ îñêîëêîâ èìååò íàêëîí áëèçêèé ê -2. Ñïåêòð ìàññ ñàìûõ
êðóïíûõ ôðàãìåíòîâ îïèñûâàåòñÿ èçâåñòíûì ðàñïðåäåëåíèåì Âåéáóëëà. Íà
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ðèñ.1 ñïðàâà ïðèâåäåí ñïåêòð ìàññ ôðàãìåíòîâ â ðåàëüíîì ýêñïåðèìåíòå -
ýòî ñïåêòð ìàññ îñêîëêîâ àðòèëëåðèéñêîãî 155 ìì ñíàðÿäà (èç http://
www.inderscience.com/info/ingeneral/forthcoming/php?jcode=ijvp). Âèäíî, ÷òî
ñïåêòð ìàññ îñêîëêîâ èìååò íàêëîí áëèçêèé ê -1.9.

Êîàãóëÿöèÿ - ïðîöåññ íå ìåíåå ñëîæíûé, ÷åì ôðàãìåíòàöèÿ. Êàê ïðàâèëî,
ñëèÿíèÿ - ýòî áèíàðíûå ïðîöåññû. Ïðè îïèñàíèè êîàãóëÿöèè ÷àñòèö îáû÷íî
ðàññìàòðèâàþò èçìåíåíèå ñî âðåìåíåì t êîíöåíòðàöèè ÷àñòèö n(õ, t) íåêîòîðîé
ìàññû õ. Êîëè÷åñòâî ñëèÿíèé ÷àñòèö ìàññàìè x è y çà âðåìÿ [t; t+dt],
ñ÷èòàåòñÿ ðàâíûì 0.5n(x, t)n(y, t)K(x, y)dt, ãäå K - ÿäðî (Kernel), ò.å. âåñîâàÿ
ôóíêöèÿ, îïèñûâàþùàÿ êîíêðåòíîå áèíàðíîå âçàèìîäåéñòâèå. Äèôôåðåíöèèðóÿ
n(õ, t) ïî t, ïîëó÷èì íàáîð óðàâíåíèé, ÷àñòî íàçûâàåìûõ óðàâíåíèÿìè
êîàãóëÿöèè Ñìîëóõîâñêîãî [8]:
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Îáû÷íî ðàññìàòðèâàþò ÿäðà ñëåäóþùèõ âèäîâ:
- K(x, y) = 1;
- K(x, y) = x + y,  àääèòèâíîå ÿäðî;
- K(x, y) = xy, ìóëüòèïëèêàòèâíîå ÿäðî.
Ìóëüòèïëèêàòèâíîå ÿäðî èíòåðåñíî äëÿ îïèñàíèÿ ñëèÿíèé â àíñàìáëå

ãðàâèòèðóþùèõ òåë (íàïðèìåð, ñëèÿíèé ãàëàêòèê â ñêîïëåíèÿõ ãàëàêòèê).
Àääèòèâíîå ÿäðî óäîáíî ïðèìåíÿòü ïðè îïèñàíèè ñëèïàíèé íåéòðàëüíûõ
÷àñòèö, â êîòîðûõ ñå÷åíèå ñëèïàíèÿ îïðåäåëÿåòñÿ òîëüêî ãåîìåòðè÷åñêèìè
ðàçìåðàìè (ìàññîé) ÷àñòèö. Äëÿ èëëþñòðàöèè ýâîëþöèè ñïåêòðà ìàññ â àíñàìáëå
ñëèïàþùèõñÿ (â áèíàðíûõ ñëèÿíèÿõ) ÷àñòèö ìû ïðèâîäèì ðèñ.2, ïîñòðîåííûé

Ðèñ.1. Ñëåâà - òåîðåòè÷åñêîå ðàñïðåäåëåíèå ìàññ ôðàãìåíòîâ, âîçíèêàþùèõ ïðè óäàðíîé
ôðàãìåíòàöèè òâåðäûõ òåë. Ñïðàâà ñïåêòð ìàññ ôðàãìåíòîâ â ðåàëüíîì ýêñïåðèìåíòå - ñïåêòð
ìàññ îñêîëêîâ àðòèëëåðèéñêîãî 155 ìì ñíàðÿäà. Òî÷å÷íàÿ ëèíèÿ ñîîòâåòñòâóåò ñòåïåííîìó
çàêîíó ñ ïîêàçàòåëåì ñòåïåíè -1.9.
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íàìè ïî ðåçóëüòàòàì ïðîñòûõ ðàñ÷åòîâ ñ ïðîñòåéøèì ÿäðîì (K = 1). Â íåêîòîðîì
åäèíè÷íîì ïðîñòðàíñòâå áûë âçÿò àíñàìáëü èç N0 = 50000 ñëó÷àéíî
ðàñïðåäåëåííûõ â ôàçîâîì ïðîñòðàíñòâå îäèíàêîâûõ ÷àñòèö, ìàññà êîòîðûõ â
íà÷àëüíûé ìîìåíò âðåìåíè ñ÷èòàëàñü åäèíè÷íîé. Íà âðåçêå (ðèñ.2) ïîêàçàíà
äèíàìèêà èçìåíåíèÿ îáùåãî ÷èñëà ÷àñòèö N

t
 â àíñàìáëå. Âðåìÿ t äàíî â

åäèíèöàõ õàðàêòåðíîãî âðåìåíè, îïðåäåëÿâøåãîñÿ êàê ôóíêöèÿ ñðåäíåãî
ðàññòîÿíèÿ ìåæäó ÷àñòèöàìè.

Èíòåðåñíî îòìåòèòü, ÷òî îãèáàþùàÿ âñåõ ãðàôèêîâ íà ðèñ.2 èìååò âèä
ïðÿìîé ñ ïîêàçàòåëåì ñòåïåíè -2. Òàêèì îáðàçîì, ìîæíî ïðåäïîëîæèòü, ÷òî
åñëè ïðîöåññ ïðîòåêàåò âî âñåõ åäèíè÷íûõ îáúåìàõ íåêîòîðîãî áîëüøîãî
îáúåìà íåêîððåëèðîâàííî, òî îáùåå ðàñïðåäåëåíèå îáúåêòîâ ïî ìàññàì (ôóíêöèÿ
ìàññ) ìîæåò îêàçàòüñÿ áëèçêèì ê âèäó îïîðíîé ôóíêöèè. Åùå îäíà î÷åâèäíàÿ
îñîáåííîñòü ñîñòîèò â òîì, ÷òî â ïðîöåññå ñëèÿíèÿ íà÷àëüíîå ðàñïðåäåëåíèå
"çàáûâàåòñÿ", òàê ÷òî ïðèíÿòîå íàìè íà÷àëüíîå óñëîâèå (òåëà îäèíàêîâîé
ìàññû) âïîëíå ïðèåìëåìî.

3. Îñîáåííîñòè ðàñïðåäåëåíèé ïî ìàññàì àíñàìáëåé àñòðîíî-
ìè÷åñêèõ îáúåêòîâ.

3.1. Êîñìè÷åñêàÿ ïûëü. Êîãäà ìû ãîâîðèì î êîñìè÷åñêîé ïûëè, òî
ðå÷ü ìîæåò èäòè êàê î ìåæçâåçäíîé ïûëè, òàê è î ìåæïëàíåòíîé. Ýòè äâà
íàñåëåíèÿ îòëè÷àþòñÿ ïî ðÿäó õàðàêòåðèñòèê, íî â êîíòåêñòå äàííîé ðàáîòû
íàèáîëåå âàæíûì îòëè÷èåì ÿâëÿåòñÿ ìåõàíèçì îáðàçîâàíèÿ.

Ïðîöåññ îáðàçîâàíèÿ ìåæçâåçäíûõ ïûëèíîê ñîïðîâîæäàåò ïðàêòè÷åñêè

Ðèñ.2. Èçìåíåíèå ñïåêòðà ìàññ àíñàìáëÿ îáúåêòîâ âñëåäñòâèå êîàãóëÿöèè. Â ïðîöåññå
ñëèÿíèé ïîëíîå êîëè÷åñòâî îáúåêòîâ Nt óìåíüøàåòñÿ. Âðåìÿ t óêàçàíî â åäèíèöàõ
õàðàêòåðíîãî âðåìåíè (ñì. â òåêcòå).
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âñå ñîáûòèÿ ïîòåðè âåùåñòâà çâåçäàìè ðàçëè÷íûõ òèïîâ íà ñàìûõ ðàçíûõ
ñòàäèÿõ èõ ýâîëþöèè. Ïûëü íàéäåíà â âåòðå êðàñíûõ ñâåðõãèãàíòîâ [9],
âåòðå çâåçä Âîëüôà-Ðàéå [10], âåòðå ìàññèâíûõ ïðåäñâåðõíîâûõ çâåçä òèïà
Cas A [11] è äàæå â îñòàòêàõ ñâåðõíîâûõ. Àíàëèç îáîëî÷êè ñâåðõíîâîé Êðàáà
[12] ïîêàçàë íàëè÷èå â íåé îêîëî 0.1 M  ïûëè ñ ðàçìåðàìè ïûëèíîê a îò
10-6 äî 10-4

 ñì è ñî ñïåêòðîì ìàññ 2MdMdN . Òàêèì îáðàçîì, õîòÿ êðàñíûå
ãèãàíòû ñîëíå÷íûõ ìàññ îñòàþòñÿ îñíîâíûì ïîñòàâùèêîì ãàçà è ïûëè â
ìåæçâåçäíóþ ñðåäó, ìàññèâíûå çâåçäû, âåðîÿòíî, âíîñÿò ñâîé ñóùåñòâåííûé
âêëàä â êîëè÷åñòâåííûé è êà÷åñòâåííûé ñîñòàâ ìåæçâåçäíîé ïûëè.

Îáðàçîâàíèå ïûëèíîê â èñòå÷åíèÿõ âåùåñòâà èç çâåçä ïðîòåêàåò ïðèìåðíî
îäèíàêîâî (ñì., íàïðèìåð, [13,14]). Êîãäà òåìïåðàòóðà ãàçà ïàäàåò ïðè äâèæåíèè
ãàçà îò çâåçäû íàðóæó, à ïëîòíîñòü ãàçà åùå äîñòàòî÷íî âûñîêà, ïðîèñõîäèò
ïåðâè÷íàÿ êîíäåíñàöèÿ ïàðîâ âåùåñòâ, èç êîòîðûõ îáðàçóþòñÿ ñíà÷àëà
ìîëåêóëÿðíûå êëàñòåðû, ò.å. íåáîëüøèå ãðóïïû àòîìîâ èëè ìîëåêóë,
îáðàçóþùèå óñòîé÷èâóþ ãðóïïó - çàðîäûø ïûëèíêè. Ýòîò ïðîöåññ íàçûâàåòñÿ
íóêëåàöèåé. Ïðè ñòîëêíîâåíèÿõ ñ óæå ñôîðìèðîâàâøèìñÿ çàðîäûøåì ïûëèíêè,
àòîìû è ìîëåêóëû ìîãóò ïðèñîåäèíÿòüñÿ ê íåìó, ëèáî âñòóïàÿ â õèìè÷åñêèå
ðåàêöèè ñ àòîìàìè ïûëèíêè (õåìîñîðáöèÿ), ëèáî äîñòðàèâàÿ ôîðìèðóþùèéñÿ
êëàñòåð. Îáû÷íî ðîñò ïûëèíîê â ýòîì ðåæèìå îãðàíè÷èâàåòñÿ ðàçìåðîì
ïûëèíêè äî 10-5

 ñì, ïðè÷åì ïî óñëîâèÿì îáðàçîâàíèÿ âñå ýòè ïûëèíêè ñîñòîÿò
èç îòíîñèòåëüíî òóãîïëàâêèõ âåùåñòâ. Äàëåå, ïîñòóïèâ â ðàçðåæåííóþ, ãîðÿ÷óþ
ìåæçâåçäíóþ ñðåäó â ïîëå óëüòðàôèîëåòîâîãî èçëó÷åíèÿ çâåçä, ïûëü ìîæåò
áûòü ÷àñòè÷íî ðàçðóøåíà [15]. Äàëüíåéøèé ðîñò ïûëèíîê, à, âîçìîæíî, è
âîçîáíîâëåíèå èõ îáðàçîâàíèÿ, ïðîäîëæàåòñÿ â ïëîòíûõ ãèãàíòñêèõ
ìîëåêóëÿðíûõ îáëàêàõ (ÃÌÎ), õîðîøî ýêðàíèðîâàííûõ îò ðàçðóøèòåëüíîãî
äëÿ ïûëèíîê óëüòðàôèîëåòà. Ñêîðîñòü ðîñòà ðàçìåðà ïûëèíêè ìîæåò áûòü
îöåíåíà êàê dtda , ãäå   è   - ïëîòíîñòü è òåïëîâàÿ ñêîðîñòü
ïûëåîáðàçóþùèõ ìîëåêóë ïðè òåìïåðàòóðå T. Ïðè õàðàêòåðíûõ çíà÷åíèÿõ

2210 ~  ã/cì3 è 213102 T~   ñì/ñ, ñêîðîñòü èçìåíåíèÿ ðàçìåðà ïûëèíêè
ñîñòàâëÿåò 2119102 T~dtda   ñì/ñ. Ïðè õàðàêòåðíûõ âðåìåíàõ æèçíè ÃÌÎ

7103   ëåò ïûëèíêè ìîãóò âûðàñòè äî 10-4
 ñì. Äàëüíåéøèé ðîñò ïûëèíîê

âîçìîæåí òîëüêî â ïëîòíûõ, ïðîòîïëàíåòíûõ ãàçîïûëåâûõ äèñêàõ (ñì.,
íàïðèìåð, [16]), ãäå âêëþ÷àåòñÿ ìåõàíèçì êîàãóëÿöèè. Ïðîöåññû êîàãóëÿöèè,
çàâèñÿùèå îò ñâîéñòâ ïîâåðõíîñòè ïûëèíîê è èõ òåìïåðàòóð, âîçìîæíû
òîëüêî â òîì ñëó÷àå, êîãäà ñòîëêíîâåíèÿ ìåæäó ïûëèíêàìè ïðîèñõîäÿò ïðè
íèçêèõ îòíîñèòåëüíûõ ñêîðîñòÿõ ñîóäàðåíèé.

Êëàññè÷åñêèì â àñòðîôèçèêå ñ÷èòàåòñÿ ñïåêòð ìàññ (ñìåñè) ìåæâåçäíûõ
ïûëèíîê, ïðåäñòàâëåííûé â ðàáîòå [17], îïóáëèêîâàííîé åùå â 1977ã. Ðàñïðå-
äåëåíèå ÷àñòèö ïî ðàçìåðàì îïèñûâàåòñÿ î÷åíü ïðîñòûì çàêîíîì 53.adadN 
(ò.í. MRN ðàñïðåäåëåíèå). Îòìåòèì, ÷òî ýòîìó ðàñïðåäåëåíèþ ñîîòâåòñòâóåò
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ñïåêòð ìàññ   dMMMdN .831 , ò.å. çíà÷åíèå ïîêàçàòåëÿ áëèçêî ê îïèñû-
âàþùåìó îïîðíóþ ôóíêöèþ ìàññ çíà÷åíèþ -2. Â áîëåå ïîçäíèõ ðàáîòàõ
áûëî ïîêàçàíî, ÷òî â öåëîì ýòî ðàñïðåäåëåíèå âñå åùå ïðèìåíèìî (ñì.
[18,19]). Áîëåå ñîâðåìåííîå ðàñïðåäåëåíèå ìåæçâåçäíûõ ïûëèíîê ðàçëè÷íûõ
òèïîâ (ñèëèêàòíûõ è óãëåðîäíûõ) ïî ðàçìåðàì ïîêàçàíî íà ðèñ.3, àäàïòè-
ðîâàííîì èç [20].

Ñóùåñòâåííûì èçìåíåíèåì ïðåäñòàâëåíèé î ñïåêòðå ìàññ ìåæçâåçäíîé
ïûëè ÿâëÿåòñÿ òîò ôàêò, ÷òî íàñåëåíèå ìàëûõ è ñâåðõìàëûõ ÷àñòèö îêàçàëîñü
ãîðàçäî áîëåå ìíîãî÷èñëåííûì, ÷åì êàçàëîñü ðàíåå. Â ïîñëåäíèå ãîäû èäåò
ñóùåñòâåííîå óòî÷íåíèå ñïåêòðîâ ìàññ è äðóãèõ ñâîéñòâ ìåæçâåçäíûõ ïûëèíîê
(ñì., íàïðèìåð, [21]).

Íåñìîòðÿ íà òî, ÷òî ðîñò ïûëè â ïåðâè÷íîé ïðîòîïëàíåòíîé òóìàííîñòè
ïðîèñõîäèò çà ñ÷åò êîàãóëÿöèè, çíà÷èòåëüíàÿ ÷àñòü ïûëè, íàáëþäàåìîé â
ñîâðåìåííîé Ñîëíå÷íîé ñèñòåìå, îáðàçîâàëàñü çà ñ÷åò äðîáëåíèÿ (ôðàãìåíòàöèè
òâåðäûõ òåë), âûâåòðèâàíèÿ è ò.ä. Ïðîöåññû àêêóìóëÿöèè íåáåñíûõ òåë âî
âíóòðåííåé Ñîëíå÷íîé ñèñòåìå ïðàêòè÷åñêè çàêîí÷èëèñü è ðàñïðåäåëåíèå

Ðèñ.3. a) Ðàñïðåäåëåíèå ìåæçâåçäíûõ ïûëèíîê ïî ðàçìåðàì ñîãëàñíî [17] (ðàñïðåäåëåíèå
MRN), b) îäíî èç òèïè÷íûõ ðàñïðåäåëåíèé, ïðåäñòàâëåííûõ â ðàáîòå Weingartner è Draine
[20] (ïðè Rv = 3.1).
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ìåëêèõ ÷àñòèö (ïûëè) îïðåäåëÿåòñÿ ñòîëêíîâåíèÿìè.
Ñïåêòð ìàññ ìàëûõ òâåðäûõ òåë ìàëîãî ðàçìåðà ìîæíî èññëåäîâàòü - ÷òî

íàçûâàåòñÿ in situ, íàïðèìåð â ëàáîðàòîðèÿõ èëè â ýêñïåðèìåíòàõ â îêîëîçåìíîì
êîñìè÷åñêîì ïðîñòðàíñòâå (ÎÊÏ). Â ÎÊÏ ïîñòîÿííî ïðèñóòñòâóåò òåõíîãåííûé
è åñòåñòâåííûé ìóñîð. Åñòåñòâåííàÿ ñîñòàâëÿþùàÿ (ïðèðîäíûé êîñìè÷åñêèé
ìóñîð - ïûëü, ìåòåîðîèäû) èíòåðåñíà íå òîëüêî ñ ÷èñòî íàó÷íîé, íî è ñ
ïðàêòè÷åñêîé òî÷êè çðåíèÿ. Ñïåêòð ìàññ ìåòåîðîèäîâ (è òåõíîãåííîãî êîñìè-
÷åñêîãî ìóñîðà) îïðåäåëÿþò èç íàáëþäåíèé ðàçëè÷íûìè ñïîñîáàìè: èç
ìåòåîðíûõ íàáëþäåíèé â îïòè÷åñêîì è ðàäèîäèàïàçîíàõ, àíàëèçà ïîâðåæäåíèé
ÊÀ, ñ ïîìîùüþ äàò÷èêîâ ñîóäàðåíèé. Êàê ïîêàçàë àíàëèç ìèêðîêðàòåðîâ íà
ïîâåðõíîñòè ñîëíå÷íûõ ïàíåëåé òåëåñêîïà "Õàááë", ïîòîê î÷åíü ìàëåíüêèõ
(ìèêðîííûõ) ÷àñòèö, ñîñòîÿùèõ â îñíîâíîì èç îêñèäà àëþìèíèÿ (ðåçóëüòàò
èñïîëüçîâàíèÿ òâåðäîãî òîïëèâà), íà îðáèòå òåëåñêîïà ïðåâûøàåò ïîòîê
ìåæïëàíåòíîé ïûëè, íî äëÿ ÷àñòèö ñðåäíèõ ðàçìåðîâ ïðåîáëàäàþò
ìèêðîìåòåîðîèäû (ïî ìàòåðèàëàì ESA Post-Flight Impact Analysis of HST
Solar Arrays - 2002).

Â ìåòåîðíîé àñòðîíîìèè ïðèíÿòî õàðàêòåðèçîâàòü ñïåêòð ìàññ ìåòåîðíûõ
÷àñòèö ñ ïîìîùüþ ò.í. èíäåêñà ìàññû (mass index s). Ðàñïðåäåëåíèå
ìåòåîðîèäîâ ïî ìàññàì îïèñûâàåòñÿ ñòåïåííûì ïðèáëèæåíèåì   sMMN  .
Èíäåêñ ìàññû ìåòåîðîâ s ìîæåò îòëè÷àòüñÿ äëÿ ñïîðàäè÷åñêèõ ìåòåîðîâ è
ìåòåîðíûõ ïîòîêîâ. Â ðàáîòå [22] ïðåäñòàâëåíû ðåçóëüòàòû îïðåäåëåíèÿ
èíäåêñà ìàññû ñïîðàäè÷åñêèõ ìåòåîðîâ ïî ÷åòûðåõëåòíèì ðàäàðíûì
íàáëþäåíèÿì ñ ïîìîùüþ îäíîãî èç ëó÷øèõ ðàäèî èíñòðóìåíòîâ äëÿ íàáëþ-
äåíèé ìåòåîðîâ - ðàäàðà CMOR (the Canadian Meteor Orbit Radar). Ïîëó÷åíî
ñðåäíåå çíà÷åíèå è îöåíåíû âàðèàöèè èíäåêñà s = 2.17 ± 0.07. Âàðèàöèè
õàðàêòåðèçóþò íàñåëåíèå ìåòåîðîèäîâ íà ðàçëè÷íûõ ó÷àñòêàõ çåìíîé îðáèòû.
Àíàëîãè÷íûå ðåçóëüòàòû ïîëó÷åíû íåäàâíî ñ ðàäàðîì, ðàñïîëîæåííûì â
þæíîì ïîëóøàðèè, â Àðãåíòèíå; â [23], îïóáëèêîâàíî ïîëó÷åííîå çà äåñÿòè-
ëåòíèé ïåðèîä íàáëþäåíèé çíà÷åíèå s = 2.0. Äëÿ ìåòåîðíûõ ïîòîêîâ çíà÷åíèÿ
èíäåêñà îáû÷íî ïîëó÷àþòñÿ íèæå. Â ðàáîòå [24] ïî íàáëþäåíèÿì Êâàäðàíòèä
è Ãåìèíèä ñ ðàäàðîì CMOR èíäåêñ ìàññû áûë îöåíåí êàê 1.55 è 1.65,
ñîîòâåòñòâåííî. Ïîëíûé ñïåêòð ìàññ îò ìåæïëàíåòíîé ïûëè äî àñòåðîèäîâ
ìîæíî íàéòè â [25].

3.2. Àñòåðîèäû è ïëàíåòû. Ñöåíàðèé îáðàçîâàíèÿ àñòåðîèäîâ îñòàåòñÿ
òåìîé ìíîãèõ èññëåäîâàíèé è ïîêà äàëåê îò ïîëíîòû è ñîãëàñîâàííîé
èíòåðïðåòàöèè ìíîãèõ åãî àñïåêòîâ. Îí, åñòåñòâåííî, ÿâëÿåòñÿ ÷àñòüþ îáùåé
òåîðèè êàðòèíû îáðàçîâàíèÿ è ðàííèõ ñòàäèé ýâîëþöèè Ñîëíå÷íîé ñèñòåìû.
Ñîãëàñíî îáùåïðèíÿòûì ïðåäñòàâëåíèÿì (ñì. [26]), îáðàçîâàíèå ïëàíåòíîé
ñèñòåìû â ïðîòîïëàíåòíîì äèñêå ïðîòåêàåò ñëåäóþùèì îáðàçîì. Ñíà÷àëà
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÷àñòèöû ïûëè îñåäàþò íà ïëîñêîñòü äèñêà, ãäå îáðàçóþò ñãóñòêè â ðåçóëüòàòå
äåéñòâèÿ ðàçëè÷íûõ ìåõàíèçìîâ: ãðàâèòàöèîííîé íåóñòîé÷èâîñòè, ïîòîêîâîé
íåóñòîé÷èâîñòè, òóðáóëåíòíîé êîíäåíñàöèè èëè ïðÿìîãî ñëèïàíèÿ. Â ðåçóëüòàòå
îáðàçóþòñÿ òåëà, ñîñòîÿùèå èç ëüäîâ è êàìåíèñòûõ âêëþ÷åíèé, ïðè÷åì äëÿ
âíóòðåííèõ, áîëåå áëèçêèõ ê çâåçäå îáëàñòåé, êàìåíèñòàÿ ñîñòàâëÿþùàÿ
ÿâëÿåòñÿ îñíîâíîé. Ñîãëàñíî êëàññè÷åñêèì ïðåäñòàâëåíèÿì îñíîâíóþ ðîëü â
äàëüíåéøåé ýâîëþöèè èãðàþò ò.í. ïëàíåòåçèìàëè. Ýòî òåëà, ðàçáðîñ íà÷àëüíûõ
ðàçìåðîâ êîòîðûõ ñîñòàâëÿåò îò ñîòåí ìåòðîâ äî íåñêîëüêî ñîòåí êèëîìåòðîâ.
Ïîñëå îêîí÷àíèÿ ïðîöåññà êîíäåíñàöèè ðîñò ïðîäîëæàåòñÿ ÷åðåç ïîïàðíûå
ñòîëêíîâåíèÿ ìåæäó ïëàíåòåçèìàëÿìè. Äëÿ òåë ðàçìåðîì áîëåå 1 êì ñòàíîâèòñÿ
ýôôåêòèâíîé ãðàâèòàöèîííàÿ ôîêóñèðîâêà, òåìï ñòîëêíîâåíèé âîçðàñòàåò è
ðàçìåðû ïëàíåòèçèìàëåé áûñòðî ðàñòóò. Ìàññèâíûå òåëà ðàñòóò ãîðàçäî áûñòðåå,
÷åì òåëà ìåíüøåãî ðàçìåðà è, â êîíöå êîíöîâ, íàñåëåíèå ïëàíåòèçèìàëåé
äåëèòñÿ íà íåáîëüøóþ ãðóïïó ñàìûõ êðóïíûõ òåë è îñòàâøååñÿ ìíîãî÷èñëåííîå
íàñåëåíèå ìåíüøèõ òåë. Â äàëüíåéøåì, ýòè ñàìûå êðóïíûå òåëà îïðåäåëÿþò
äèíàìèêó íàñåëåíèÿ òåë ìåíüøåãî ðàçìåðà, â ÷àñòíîñòè, ÷àñòîòó èõ ñòîëêíîâåíèé.

Â ðàííåé âíóòðåííåé Ñîëíå÷íîé ñèñòåìå ïðîöåññ ñòîëêíîâåíèé êàìåíèñòûõ
òåë îïðåäåëÿë Þïèòåð. Ðàíåå ðîæäåíèå Þïèòåðà îñòàíîâèëî ïðîöåññ
ôîðìèðîâàíèÿ äðóãèõ êðóïíûõ òåë (ïëàíåò) â ïðîìåæóòêå ìåæäó íèì è
Ìàðñîì, ïîýòîìó íåáîëüøèå îáúåêòû, ïîïàäàâøèå â ýòó îáëàñòü, ñòàëêèâàëèñü,
÷òî ïðèâåëî ê èõ ôðàãìåíòàöèè ñ ïîñëåäóþùèì âîçíèêíîâåíèåì àñòåðîèäîâ.

Èòàê, íàñåëåíèå àñòåðîèäîâ ñôîðìèðîâàëîñü â ïðîöåññå ñòîëêíîâèòåëüíîé
ýâîëþöèè, ïðèâîäÿùåé êàê ê àêêóìóëÿöèè, òàê è ê äðîáëåíèþ (ôðàãìåíòàöèè)
òåë. Òåîðåòè÷åñêèå èññëåäîâàíèÿ ýâîëþöèè ñòîëêíîâåíèé àñòåðîèäîâ (ñì.,
íàïðèìåð, [27-30]) íàïðàâëåíû íà ïîíèìàíèå òîãî, êàê ñòîëêíîâåíèÿ ñôîðìè-
ðîâàëè íàáëþäàåìûå îñîáåííîñòè íàñåëåíèÿ àñòåðîèäîâ. Êàê ïîêàçàíî â
ìîäåëè [31], ýâîëþöèþ ñòàëêèâàþùèõñÿ îáúåêòîâ â Ãëàâíîì ïîÿñå àñòåðîèäîâ
ìîæíî îïèñàòü èíòåãðîäèôôåðåíöèàëüíûì óðàâíåíèåì, èìåþùèì ñòàöèî-
íàðíîå ðåøåíèå   dMMMdN .831 . Íàáëþäàåìûå ñïåêòðû ìàññ àñòåðîèäîâ
çàìåòíî îòëè÷àþòñÿ äëÿ ðàçëè÷íûõ àñòåðîèäíûõ ñåìåéñòâ è äèàïàçîíîâ
àñòåðîèäíûõ ìàññ [32-34]. Íî âñå-òàêè íàáëþäàåòñÿ îáùèé õàðàêòåð - óñðåä-
íåííûå ïîêàçàòåëè íàêëîíîâ ñïåêòðîâ ìàññ áëèçêè ê -1.8 [35].

Ñïåêòð ìàññ àñòåðîèäîâ ìîæåò áûòü îöåíåí ïî ðàñïðåäåëåíèþ óäàðíûõ
êðàòåðîâ íà Ëóíå. Èññëåäîâàíèå ðàñïðåäåëåíèÿ 80000 êðàòåðîâ äèàìåòðîì
3-500 êì ïî ðàçìåðàì â ïðåäïîëîæåíèè ïðîïîðöèîíàëüíîñòè ïëîùàäè êðàòåðà
ìàññå àñòåðîèäà ïðèâîäèò ê ñòàíäàðòíîé ôóíêöèè ìàññ àñòåðîèäîâ ( 2 )
[36]. Ýòîò ìåòîä ïðè åãî äîðàáîòêå ïðåäñòàâëÿåòñÿ î÷åíü ïåðñïåêòèâíûì äëÿ
âîññòàíîâëåíèÿ ôóíêöèè ìàññ êîñìè÷åñêèõ îáúåêòîâ ñîîòâåòñòâóþùèõ ìàññ.

Ïëàíåòû çåìíîãî òèïà ÿâëÿþòñÿ ïðîäóêòàìè ñòîëêíîâèòåëüíîé àêêó-
ìóëÿöèè àñòåðîèäîâ ðàçëè÷íûõ ìàññ, âïëîòü äî ìàññ, ñðàâíèìûõ ñ êîíå÷íîé
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ìàññîé äëÿ äàííîé ïëàíåòû, ÷òî ñëåäóåò èç ïàðàìåòðîâ èõ îðáèò, çàìåòíî
îòëè÷àþùèõñÿ îò êðóãîâûõ. Îäíàêî âðåìÿ, íåîáõîäèìîå äëÿ ôîðìèðîâàíèÿ
ÿäðà ãèãàíòñêîé ïëàíåòû ïóòåì ñòîëêíîâåíèÿ ïëàíåòèçèìàëåé, íàìíîãî áîëüøå,
÷åì âðåìÿ æèçíè äèñêà [37]. Ýòà òðóäíîñòü ïðèâåëà ê ðàçðàáîòêå äðóãîãî
ñöåíàðèÿ àêêðåöèè, â êîòîðîì ÿäðà ðàñòóò çà ñ÷åò àêêðåöèè áîëåå ìåëêèõ
ñãóñòêîâ (pebbles, êàìåøêîâ, ãàëüêè) òâåðäîãî âåùåñòâà ñàíòèìåòðîâîãî ìàñøòàáà,
îáðàçîâàâøèõñÿ íåïîñðåäñòâåííî èç ïûëåâîãî âåùåñòâà [38]. Èç-çà èõ íåáîëüøîãî
ðàçìåðà ãàëüêà áîëüøå ïîäâåðæåíà âëèÿíèþ ñîïðîòèâëåíèÿ äâèæåíèþ â ãàçå
è ïîýòîìó ìîæåò áûòü ëåã÷å àêêðåöèðîâàíà ÿäðîì [39], ÷òî ïðèâîäèò ê áîëåå
áûñòðîìó îáðàçîâàíèþ ãèãàíòñêèõ ïëàíåò. Ïëàíåòû-ãèãàíòû ìîãóò áûòü òàêæå
ïðîäóêòàìè ïðÿìîé ãðàâèòàöèîííîé ôðàãìåíòàöèè ïåðèôåðèè ñàìîãî õîëîäíîãî
ãàçîïûëåâîãî ïðîòîïëàíåòíîãî äèñêà [40].

Êàê ìû âèäèì äàæå ýòî î÷åíü êðàòêîå èçëîæåíèå êîñìîãîíè÷åñêèõ
àñïåêòîâ ïîêàçûâàåò íàñêîëüêî ñëîæåí êîìïëåêñ ïðîöåññîâ, âåäóùèõ ê
îáðàçîâàíèþ ïëàíåò è ìàëûõ òåë Ñîëíå÷íîé ñèñòåìû. È ñíîâà, ïðèâëåêàÿ
èçëîæåííóþ âûøå "ôèëîñîôñêóþ" êîíöåïöèþ, ìîæíî ïîëàãàòü, ÷òî ñïåêòðû
ìàññ ýòèõ òåë ïîä÷èíÿþòñÿ çàêîíàì ñòàòèñòèêè ñëó÷àéíûõ ïðîöåññîâ.

Òåîðåòè÷åñêèå îöåíêè ñïåêòðà ìàññ, âûòåêàþùèå èç àêêóìóëÿöèîííûõ
ìîäåëåé, ïðèâîäÿò ê ñïåêòðó, áëèçêîìó ê îïîðíîìó (ñì. íàïðèìåð, [41]).
Åñòü è íåêîòîðûå íàáëþäàòåëüíûå ñâèäåòåëüñòâà ýòîãî. Â [42,43] îöåíêè
íàáëþäàåìîãî ðàñïðåäåëåíèÿ ýêçîïëàíåò ïî ìàññàì ïðåäñòàâëåíû ñîîòíîøåíèåì

  dMMMdN .51 . Íàáëþäàòåëüíàÿ ñòàòèñòèêà ðàñïðåäåëåíèÿ ìàññ ìàññèâíûõ
ñâîáîäíûõ ïëàíåò â ãàëàêòèêàõ (ñ êâàçàðàìè), êîòîðàÿ ïîëó÷åíà ñ èñïîëü-
çîâàíèåì ìåòîäîâ  ìèêðîëèíçèðîâàíèÿ, îïèñàíà êàê ñòåïåííàÿ ôóíêöèÿ ñ
ïîêàçàòåëåì -3 [44], èëè -2 [45].

Îòìåòèì, ÷òî óæå ðàííèå ðàáîòû ïî èçó÷åíèþ èñõîäíîãî ðàñïðåäåëåíèÿ
äâîéíûõ çâåçä ïî óãëîâûì ìîìåíòàì ïîçâîëèëè îöåíèòü, ÷òî äî ñîðîêà
ïðîöåíòîâ âñåõ çâåçä ìîãóò èìåòü ïëàíåòíûå ñèñòåìû [46]. Cåé÷àñ íàáëþäàåòñÿ
áîëåå 4000 ïëàíåò ìàññîé äî 1031

 ã. Íî ýòî ëèøü íåáîëüøàÿ äîëÿ ïëàíåò.
Ñïåêòð ìàññ ýòèõ ýêçîïëàíåò, åñòåñòâåííî, ÿâëÿåòñÿ ïðåäìåòîì èññëåäîâàíèÿ.
Íî, êàê îáû÷íî â àñòðîíîìèè, íà ïóòè ê âûÿâëåíèþ ðåàëüíîãî (ñïåêòðà ìàññ)
ëåæàò âåñüìà ñóùåñòâåííûå ýôôåêòû íàáëþäàòåëüíîé ñåëåêöèè ðàçëè÷íîé
ïðèðîäû. È ïîêà ÷òî ñòàòèñòèêó ìàññ ýêçîïëàíåò íåëüçÿ âêëþ÷èòü â ïîëíî-
öåííîå ðàññìîòðåíèå, õîòÿ óêàçàíèÿ íà ñîãëàñèå íàêëîíà ôóíêöèè ìàññ
ýêçîïëàíåò ñ îïîðíîé ôóíêöèåé èìåþòñÿ.

Â öåëîì, ìîæíî çàêëþ÷èòü, ÷òî â ïðîöåññå ðàçâèòîé ñòîëêíîâèòåëüíî -
àêêóìóëÿöèîííîé ýâîëþöèè òâåðäîãî âåùåñòâà ïðîòîïëàíåòíîãî äèñêà
ñòàíäàðòíûé âèä áåçìàññøòàáíîãî ñïåêòðà ìàññ ìàëûõ òåë ñîõðàíÿåòñÿ â
ïðåäåëàõ íåîïðåäåëåííîñòè îöåíêè â øèðîêîì èíòåðâàëå èõ ìàññ , äîñòèãàþùåãî
âåëè÷èíû îêîëî äâàäöàòè ïîðÿäêîâ.
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3.3. Êîðè÷íåâûå êàðëèêè è çâåçäû. Êîðè÷íåâûå êàðëèêè ñ ìàññàìè
1031-1032

 ã., çàíèìàþò ïðîìåæóòî÷íîå ïî ìàññàì ïîëîæåíèå ìåæäó ïëàíåòàìè
è çâåçäàìè. Èç àíàëèçà íàáëþäåíèé êîðè÷íåâûõ êàðëèêîâ ìîæíî ñäåëàòü
ðàçíûå âûâîäû îá îáðàçîâàíèè ýòèõ îáúåêòîâ. Äîïóñêàåòñÿ èõ îáðàçîâàíèå êàê
îäèíî÷íûõ îáúåêòîâ, òàê è â êà÷åñòâå ñïóòíèêîâ áîëåå ìàññèâíûõ çâåçä. Íå
èñêëþ÷åíî, ÷òî îäèíî÷íûå êîðè÷íåâûå êàðëèêè îáðàçóþòñÿ â áëèçêèõ
îêðåñòíîñòÿõ íåóñòîé÷èâûõ êðàòíûõ ñèñòåì ìîëîäûõ çâåçä, ðàñïàäàþùèõñÿ â
ìîìåíò îáðàçîâàíèÿ. Â ñîâðåìåííûõ êàòàëîãàõ îäèíî÷íûõ êîðè÷íåâûõ êàðëèêîâ
íåìíîãî, ÷òî îñëîæíÿåò âîññòàíîâëåíèå ôóíêöèè ìàññ ýòèõ îáúåêòîâ [47].
Ñóùåñòâóþùèå îöåíêè ïîêàçûâàþò, ÷òî ÷èñëî êîðè÷íåâûõ êàðëèêîâ ñ ìàññàìè

 M.M. 10010   â íåñêîëüêî ðàç ìåíüøå ÷èñëà çâåçä ñ ìàññîé ~0.5 M  [48].
Êîðè÷íåâûå êàðëèêè âñòðå÷àþòñÿ è ñðåäè äàëåêèõ ñïóòíèêîâ À-Ê çâåçä
Ãëàâíîé ïîñëåäîâàòåëüíîñòè [49,50]. Cîãëàñíî ïðîñòîé îöåíêå îðáèòàëüíûå
óãëîâûå ìîìåíòû ïîñëåäíèõ ñèñòåì çàìåòíî ïðåâîñõîäÿò ïðåäåëüíûå óãëîâûå
ìîìåíòû, íåîáõîäèìûå äëÿ îáðàçîâàíèÿ áîëåå òåñíûõ äâîéíûõ çâåçä ñî
ñðàâíèìûìè ìàññàìè êîìïîíåíòîâ òàêîé æå îáùåé ìàññû. Ýòî ÿâëÿåòñÿ
óáåäèòåëüíûì ñâèäåòåëüñòâîì òîãî, ÷òî îáðàçîâàíèå, ïî êðàéíå ìåðå, ýòèõ
êîðè÷íåâûõ êàðëèêîâ ÿâëÿåòñÿ ðåçóëüòàòîì ôðàãìåíòàöèè èñõîäíîãî ãàçîïû-
ëåâîãî ïðîòîçâåçäíîãî îáëàêà, à íå ïðîäóêòîì äåëåíèÿ èëè ôðàãìåíòàöèè
îêîëîçâåçäíîãî ïðîòîïëàíåòíîãî äèñêà. Òî åñòü, îíè ïî ïðîèñõîæäåíèþ ïîõîæè
íà çâåçäû ìàëûõ ìàññ, à íå íà ñâåðõìàññèâíûå ïëàíåòû. Íàáëþäàòåëüíûå
îöåíêè ñïåêòðà ìàññ êîðè÷íåâûõ êàðëèêîâ îñòàþòñÿ ðåäêèìè. Ðåäêèé ïðèìåð
- ðàáîòà [49], â êîòîðîé äëÿ êîðè÷íåâûõ êàðëèêîâ ñ ìàññîé  MM 505 
ñïåêòð ìàññ ìîæåò áûòü ïðåäñòàâëåí êàê   51.MMdN  .

Âèä íàáëþäàåìîé ôóíêöèè ìàññ çâåçä ïîäðîáíî îáñóæäàåòñÿ â [5]. Åùå
ðàç íàïîìíèì, ÷òî ñïåêòð ìàññ ãàçîâûõ îáëàêîâ è ïðîòîçâåçä ìàññîé 1-100 M
èç îêðåñòíîñòè Ñîëíöà â Ãàëàêòèêå ñîâïàäàåò ñ îïîðíûì, à âîò äëÿ çâåçä
îí îòëè÷àåòñÿ. Çäåñü ìû òîëüêî îòìåòèì, ÷òî îòëè÷èå ïîêàçàòåëÿ ñòåïåíè
ñîëïèòåðîâñêîé ôóíêöèè ìàññ îò ïîêàçàòåëÿ îïîðíîé ôóíêöèè ìàññ ÿâëÿåòñÿ,
âåðîÿòíî, ñëåäñòâèåì ïîòåðè ìàññû ìîëîäûìè ìàññèâíûìè çâåçäàìè â âèäå
çâåçäíîãî âåòðà, èíòåíñèâíîñòü êîòîðîãî ñèëüíî çàâèñèò îò ñîäåðæàíèÿ
ìåòàëëîâ. Â íåäàâíèõ ðàáîòàõ [51,52] ïîêàçàíî, ÷òî ïîêàçàòåëü   â ôóíêöèè
ìàññ ïðè ìåòàëëè÷íîñòè Z.Z 50  çàâèñèò îò Z êàê

, log352
Z
Z. 

òî åñòü, óìåíüøåíèå îáèëèÿ ìåòàëëîâ âñåãî â äâà ðàçà ïðèâîäèò ôóíêöèþ
ìàññ çâåçä ê ñòàíäàðòíîé. Îòìåòèì, ÷òî òàêîå èçìåíåíèå íàêëîíà íà÷àëüíîãî
ñïåêòðà ìàññ çâåçä íåîáõîäèìî îòñëåæèâàòü ïðè èññëåäîâàíèè ýâîëþöèè
çâåçäíîãî ñîñòàâà Ãàëàêòèêè.
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3.4. Çâåçäíûå ñêîïëåíèÿ, ãàëàêòèêè, ñêîïëåíèÿ ãàëàêòèê .
Ñïåêòðû ìàññ çâåçäíûõ àãðåãàòîâ îáñóæäàþòñÿ â [5] äîâîëüíî ïîäðîáíî.
Îòìåòèì, ÷òî ïðè âûÿñíåíèè ÍÔÌ ñêîïëåíèé íóæíî ó÷èòûâàòü, ÷òî, âî-
ïåðâûõ, áîëüøèíñòâî ñêîïëåíèé, âåðîÿòíî, ðàçðóøàþòñÿ â ìîìåíò îáðà-
çîâàíèÿ ïîñëå óäàëåíèÿ ãàçîâîé êîìïîíåíòû çâåçäíûì âåòðîì è èîíèçàöèåé
ãàçà ìîëîäûìè ìàññèâíûìè çâåçäàìè [53], è, âî-âòîðûõ, âðåìÿ æèçíè
ñêîïëåíèé îïðåäåëÿåòñÿ èõ ìàññîé, áóäó÷è äëÿ ñêîïëåíèé ìàëîé ìàññû ìíîãî
êîðî÷å õàááëîâñêîãî âðåìåíè. Íàêëîí ÍÔÌ ãàëàêòè÷åñêèõ çâåçäíûõ ñêîïëåíèé,
êàê ïðàâèëî, ñîâïàäàåò ñ íàêëîíîì îïîðíîé ôóíêöèè [54,55]. Ëîãè÷íî, ÷òî
ñïåêòð ìàññ ìîëîäûõ çâåçäíûõ ñêîïëåíèé â Ì31 ñîâïàäàåò ñî ñïåêòðîì ìàññ
èõ ïðåäøåñòâåííèêîâ - ãàçîâûõ îáëàêîâ è ñ îïîðíûì ñïåêòðîì [56]. Òàêîâ
æå ñïåêòð ìàññ ãèãàíòñêèõ ìîëåêóëÿðíûõ îáëàêîâ â Ì61 [57] è â íàøåé
Ãàëàêòèêå [58].

Ïðè àíàëèçå ôóíêöèè ìàññ ãàëàêòèê íåîáõîäèìî ó÷åñòü ýâîëþöèîííûå
ôàêòîðû, ñóùåñòâåííî åãî îïðåäåëÿþùèå. Êàê îòìå÷àëîñü âûøå, ñïåêòð ìàññ
ãàëàêòèê ÿâëÿåòñÿ ïðîäóêòîì ýâîëþöèè òèïà ñëèÿíèÿ (merging). Êàê âèäíî
èç ðèñ.2, ñïåêòð ìàññ ïðè ñëèÿíèÿõ ìîæåò áûòü âåñüìà ðàçëè÷íûì. Íî,
êîíå÷íî, "ðàííèå" ìîäåëüíûå ñïåêòðû (1-3) õàðàêòåðíû íå äëÿ ãàëàêòèê, à
äëÿ ýâîëþöèè ìèíèãàëî òåìíîãî âåùåñòâà, à ïîçäíèå ñïåêòðû (7-10)
îïèñûâàþò ïîâåäåíèå àíñàìáëÿ äëÿ ÷ðåçìåðíî áîëüøèõ âðåìåí. Ìîæíî
ïîêàçàòü, ÷òî äëÿ òèïè÷íûõ ñêîïëåíèé ãàëàêòèê õàðàêòåðíàÿ øêàëà âðåìåíè,
ïðèíÿòàÿ â ìîäåëÿõ, ïðåäñòàâëåííûõ íà ðèñ.2, ñîñòàâëÿåò ~107 ëåò, è çíà÷åíèÿ
t > 1000 îçíà÷àþò âûõîä çà âîçðàñò Âñåëåííîé. Èç ðèñ.2 ìîæíî ñäåëàòü åùå
îäèí âûâîä - ÷åì ìîëîæå ñêîïëåíèå, òåì êðó÷å íàêëîí ñïåêòðà ìàññ.
Äåéñòâèòåëüíî, èçó÷åíèå ñïåêòðà ìàññ ãàëàêòèê â äàëåêèõ ìîëîäûõ ñêîïëåíèÿõ
íà 83  z  ïîêàçàëî, ÷òî ïðè 3z  íàêëîí ôóíêöèè ìàññ ñîâïàäàåò ñ
íàêëîíîì îïîðíîé ôóíêöèè [59,60]. Òàêèå âåëè÷èíû z  îòâå÷àþò âîçðàñòàì
ñêîïëåíèé <109 ëåò. À âîò â îêðåñòíîñòÿõ Ãàëàêòèêè (R < 8 Ìïê), âîçðàñò
êîòîðîé íà ïîðÿäîê âûøå, íàêëîí ôóíêöèè ìàññ îêàçàëñÿ îêîëî -1.1 [61].

Áîëüøèíñòâî íàáëþäàåìûõ ãàëàêòèê îáúåäèíåíû â ïëîòíûå ñêîïëåíèÿ
ãàëàêòèê ìàññîé  MM 1512 1010  . Ìàññà ñêîïëåíèÿ M è åãî ðàäèóñ R
ñâÿçàíû ñîîòíîøåíèåì 220 R.M   [62]. Ñðåäíÿÿ ïëîòíîñòü ìåíÿåòñÿ ñ ìàññîé
êàê    211526 10103 MM  ã/ñì3, ÷òî ïðè ñîâðåìåííîé ïëîòíîñòè Âñåëåííîé
10-29

 ã/ñì3 [63] îçíà÷àåò, ÷òî ñòðóêòóðèðîâàíèå Âñåëåííîé â õîäå åå ðàñøèðåíèÿ
ïðîèçîøëî ïðè âîçðàñòå ïîðÿäêà ìèëëèàðäà ëåò. Ïðè ýòîì ñòðóêòóðíûå
ýëåìåíòû ìàñcîé áîëåå 1015

M  íå îáðàçîâûâàëèñü, à èõ äàëüíåéøåé
ãðàâèòàöèîííîé êîíöåíòðàöèè â ïîñëåäóþùåì ìåøàëî êîñìîëîãè÷åñêîå
ðàñøèðåíèå. Íàáëþäàåìûé ñïåêòð ìàññ ñêîïëåíèé ãàëàêòèê â óêàçàííîì âûøå
èíòåðâàëå ìàññ, êàê ïðàâèëî, áëèçîê ê îïîðíîìó ñïåêòðó [64,65].
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4. Çàêëþ÷åíèå. Ýòà ñòàòüÿ ÿâëÿåòñÿ ïðîäîëæåíèåì íà÷àòîãî íàìè ðàíåå
àíàëèçà íàáëþäàåìûõ ñïåêòðîâ ìàññ ðàçëè÷íûõ àñòðîíîìè÷åñêèõ îáúåêòîâ.
Âûïîëíåííûé àíàëèç ïîçâîëÿåò ïðåäïîëîæèòü, ÷òî (íà÷àëüíûå) ñïåêòðû ìàññ
âñåõ óêàçàííûõ îáúåêòîâ ìîãóò áûòü ïðåäñòàâëåíû (îïîðíîé) ñòåïåííîé
ôóíêöèåé ñ ïîêàçàòåëåì ñòåïåíè -2. Îñòàþùàÿñÿ íåîïðåäåëåííîñòü
íàáëþäàòåëüíûõ îöåíîê ïîêàçàòåëÿ ñòåïåíè íå ïðåâûøàåò íåñêîëüêèõ äåñÿòûõ.
Ãðàíè÷íûå çíà÷åíèÿ ìàññ êàæäîãî èç óêàçàííûõ îáúåêòîâ îïðåäåëÿþòñÿ
óñëîâèÿìè èõ îáðàçîâàíèÿ è ýâîëþöèè. Íàáëþäàåìàÿ ôóíêöèÿ îòäåëüíûõ
îáúåêòîâ ìàññ ÷àñòî îòëè÷àåòñÿ îò îïîðíîé ôóíêöèè â ñèëó ýôôåêòîâ
ýâîëþöèè. Íàïðèìåð, ôóíêöèÿ ìàññ ïðîòîçâåçäíûõ ãàçîâûõ îáëàêîâ ñîâïàäàåò
ñ îïîðíîé [57,58], íî íàêëîí ÍÔÌ çâåçä îòëè÷àåòñÿ îò îïîðíîé, ÷òî ìîæåò
áûòü îáúÿñíåíî áûñòðîé ïîòåðåé ìàññû ìîëîäûìè çâåçäàìè ìîùíûì çâåçäíîì
âåòðîì. Èíòåíñèâíîñòü çâåçäíîãî âåòðà ñèëüíî çàâèñèò îò ìåòàëëè÷íîñòè
çâåçä [51,52]. Äëÿ çâåçä íèçêîé ìåòàëëè÷íîñòè íàêëîí ÍÔÌ ñîâïàäàåò ñ
îïîðíîé ôóíêöèåé.

Ôèçè÷åñêîå ñîäåðæàíèå îïîðíîãî ñïåêòðà ìàññ ìîæåò îçíà÷àòü îòñóòñòâèå
âûäåëåííîãî ìàñøòàáà ìàññû â ïðåäåëàõ îáëàñòè ñóùåñòâîâàíèÿ îáúåêòîâ
äàííîãî ðîäà. Îòêëîíåíèå íàêëîíà ýòîé ôóíêöèè îò íàêëîíà îïîðíîé ôóíêöèè
îçíà÷àåò, ÷òî íóæíî èñêàòü ôèçè÷åñêèå ïðè÷èíû, ïðèâîäÿùèå ê îòêëîíåíèþ.
Ïðîâåäåííûé â ñòàòüå àíàëèç ôóíêöèé ìàññ àñòðîíîìè÷åñêèõ îáúåêòîâ:
ïûëè, àñòåðîèäîâ, ïëàíåò, çâåçä, ãàëàêòèê è ñêîïëåíèé ãàëàêòèê ïîçâîëÿåò
ñôîðìóëèðîâàòü ðÿä àêòóàëüíûõ çàäà÷, ðåøåíèå êîòîðûõ áóäåò ñïîñîáñòâîâàòü
ðàñøèðåíèþ íàøèõ ïðåäñòàâëåíèé îá óñëîâèÿõ ôîðìèðîâàíèÿ ñïåêòðà ìàññ
ðàçëè÷íûõ àñòðîíîìè÷åñêèõ îáúåêòîâ.
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ON THE FUNDAMENTAL REASONS FOR SIMILARITY
AND DIFFERENCES IN THE MASS SPECTRA OF

VARIOUS ASTRONOMICAL OBJECTS

A.V.TUTUKOV, B.M.SHUSTOV

The mass spectra of astronomical objects of various nature are compared: those
of cosmic dust, asteroids, planets, stars, star clusters, galaxies, and clusters of
galaxies. Previously, the authors noted the similarity of the (initial) mass functions



645Î  ÑÏÅÊÒÐÅ  ÌÀÑÑ  ÀÑÒÐÎÍÎÌÈ×ÅÑÊÈÕ  ÎÁÚÅÊÒÎÂ

of relatively massive objects (stars, galaxies, clusters of galaxies). In this paper, the
mass range of astronomical objects is extended to a limit of approximately 68
orders of magnitude. It is confirmed that the initial mass spectra of objects in
ensembles formed by fragmentation (fast process) can be represented in the first
approximation in a statistically significant range by the base (reference) function

2MdMdN , where dN is the number of objects in the mass range [M, M+dM].
The meaning of this function is that the probability density of object formation
in the mass range [M, M+dM] does not depend on the mass M, or, in other
words, it means absence of a dedicated mass scale. The physical reasons for
deviations of initial mass functions from the reference function are briefly
discussed. It is noted that mass spectra in ensembles of objects formed as a result
of merging (coagulation in the case of dust), i.e. in a relatively slow evolutionary
process, can also be close to the type of reference function. The main reason for
this universality lies in the random nature of the processes of formation and
evolution of the discussed ensembles of astronomical bodies.

Keywords: spectrum of masses: the initial mass function
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Ðàáîòà ÿâëÿåòñÿ âòîðîé ÷àñòüþ ïðåäûäóùåé ñòàòüè àâòîðà. Åå öåëü çàêëþ÷àåòñÿ â
èëëþñòðàöèè, íà ïðîñòûõ ïðèìåðàõ íåëèíåéíûõ çàäà÷ îäíîìåðíîé ÷èñòî ðàññåèâàþùåé
ñðåäû, ýôôåêòèâíîñòè èñïîëüçîâàíèÿ ââåäåííûõ ðàíåå âñïîìîãàòåëüíûõ ôóíêöèé, òàê
íàçûâàåìûõ ëèíåéíûõ îáðàçîâ (ËÎ) ôóíêöèè îòðàæåíèÿ-ïðîïóñêàíèÿ. Ñíà÷àëà ïîëó÷åíî
ÿâíîå àíàëèòè÷åñêîå ðåøåíèå íåëèíåéíîé "ïðÿìîé" çàäà÷è îïðåäåëåíèÿ ïîëåé âûõîäÿùåãî
èçëó÷åíèÿ èç "ñîñòàâíîé" ñðåäû, ñîñòîÿùåé èç îòðàæàþùåé ïîâåðõíîñòè è ñëîÿ êîíå÷íîé
òîëùèíû ñ èçâåñòíûìè îòðàæàþùèìè-ïðîïóñêàþùèìè ñâîéñòâàìè. Çàòåì ðåøåíû
íåëèíåéíûå "îáðàòíûå" çàäà÷è îïðåäåëåíèÿ: à) âíåøíèõ âîçáóæäàþùèõ ïîëåé ïî äàííûì
âûõîäÿùåãî èç ñðåäû èçëó÷åíèÿ, á) ïîëÿ íà "íåäîñòóïíîé" ãðàíèöå ñðåäû ïî íàáëþäåíèÿì
ñâåòîâîãî ðåæèìà íà îäíîé åå ãðàíèöå, â) èíòåíñèâíîñòåé èçëó÷åíèé, èäóùèõ â îäíîì
íàïðàâëåíèè ïî èçìåðåíèÿì ïîëåé â ïðîòèâîïîëîæíîì íàïðàâëåíèè, ã) íåêîòîðûõ
õàðàêòåðèñòèê ñðåäû ïî èçìåðåíèÿì èíòåíñèâíîñòåé, ïàäàþùèõ íà íåå èçâíå è âûõîäÿùåãî
÷åðåç îäíó åå ãðàíèöó èçëó÷åíèÿ, ä) ïîëÿ âíóòðè ñðåäû ïî èçìåðåíèÿì äâóõñòîðîííèõ
ïîëåé èçëó÷åíèÿ ëèøü íà îäíîé ãðàíèöå ñðåäû. Â êîíöå ïîêàçàíî, ÷òî â íåëèíåéíîé
çàäà÷å îñâåùåíèÿ ïîëóáåñêîíå÷íîé ñðåäû íå èìååò ìåñòî ÿâëåíèå "ïðîñâåòëåíèÿ" ñðåäû,
ñâåòîâîé ðåæèì êàê âíå, òàê è âíóòðè ñðåäû ñîâïàäàåò ñ ðåøåíèåì ëèíåéíîé çàäà÷è.

Êëþ÷åâûå ñëîâà: ïåðåíîñ èçëó÷åíèÿ: íåëèíåéíàÿ çàäà÷à

1. Ââåäåíèå. Â ïåðâîé ÷àñòè äàííîé ðàáîòû [1] áûëî ïîëó÷åíî ÿâíîå
ðåøåíèå ïðîñòîé íåëèíåéíîé çàäà÷è îòðàæåíèÿ-ïðîïóñêàíèÿ èçëó÷åíèÿ
îäíîìåðíûì è ÷èñòî ðàññåèâàþùèì ñëîåì êîíå÷íîé òîëùèíû, ñîñòîÿùåãî èç
äâóõóðîâíåâûõ àòîìîâ. Îíî ñâîäèëîñü ê ðåøåíèþ ôóíêöèîíàëüíîãî óðàâíåíèÿ
ïîëíîé èíâàðèàíòíîñòè Àìáàðöóìÿíà, íàïèñàííîãî äëÿ ââåäåííûõ íàìè
âñïîìîãàòåëüíûõ ôóíêöèé, íàçûâàåìûõ ëèíåéíûìè îáðàçàìè (ËÎ) îòðàæåíèÿ-
ïðîïóñêàíèÿ. Ïðè ýòîì óäàëîñü îïðåäåëèòü òàêæå ïîëå èçëó÷åíèÿ âíóòðè
ñðåäû.

Â íàñòîÿùåé ðàáîòå ïîêàçûâàåòñÿ, ÷òî èñïîëüçîâàíèå ËÎ ïîçâîëÿåò òàêæå
èññëåäîâàòü íåêîòîðûå áîëåå ñëîæíûå íåëèíåéíûå, â òîì ÷èñëå îáðàòíûå,
çàäà÷è ïåðåíîñà èçëó÷åíèÿ, èìåþùèå áîëåå øèðîêîå ïðèìåíåíèå. Â ïðÿìîé
ïîñòàíîâêå - ýòî çàäà÷è ïåðåíîñà â ñðåäàõ ñ ïîäñòèëàþùèìè ïîâåðõíîñòÿìè,
îáðàòíûìè æå ÿâëÿþòñÿ çàäà÷è âîññòàíîâëåíèÿ ïîëåé èçëó÷åíèÿ è îïòè÷åñêèõ
õàðàêòåðèñòèê ñðåäû ïðè îáû÷íî âñòðå÷àþùèõñÿ íà ïðàêòèêå ñëó÷àÿõ, êîãäà

ÒÎÌ 63 ÍÎßÁÐÜ, 2020 ÂÛÏÓÑÊ 4

À Ñ Ò Ð Î Ô È Ç È Ê À



650 Î.Â.ÏÈÊÈ×ßÍ

íàáëþäàòåëüíûé ìàòåðèàë íåäîñòàòî÷íî ïîëîí. Â ðàáîòå ïðèâîäÿòñÿ ÿâíûå
àíàëèòè÷åñêèå ðåøåíèÿ íåêîòîðûõ èç óêàçàííîãî ðîäà íåëèíåéíûõ çàäà÷.

2. Çàäà÷è ñ ïîäñòèëàþùåé ïîâåðõíîñòüþ. Â ëèíåéíîé òåîðèè
ïåðåíîñà èçëó÷åíèÿ çàäà÷è, êàñàþùèåñÿ àòìîñôåð ñ ïîäñòèëàþùèìè ðàññåè-
âàþùèìè è ïîãëîùàþùèìè ïîâåðõíîñòÿìè, èìåþò âàæíîå ïðèêëàäíîå
çíà÷åíèå. Â ýòîì ñëó÷àå èñêîìîå ïîëå èçëó÷åíèÿ îáðàçóåòñÿ â ðåçóëüòàòå
ìíîãîêðàòíîãî âçàèìîäåéñòâèÿ äâóõ îáúåêòîâ ñ çàðàíåå èçâåñòíûìè îòðà-
æàþùèìè-ïðîïóñêàþùèìè ñïîñîáíîñòÿìè (ñì., íàïðèìåð, [2,3]). Â àñòðî-
ôèçè÷åñêèõ ïðèëîæåíèÿõ ÷àùå ðàññìàòðèâàþòñÿ çàäà÷è, â êîòîðûõ ïîâåðõíîñòè
ðàñïîëàãàþòñÿ íèæå àòìîñôåðû (â ñëó÷àå ïëàíåò èìè ìîãóò îêàçàòüñÿ, íàïðèìåð,
òâåðäûé, æèäêèé, èëè ðàñòèòåëüíûé ïîêðîâû). Îäíàêî ñóùåñòâóþò òàêæå
çàäà÷è, â êîòîðûõ óêàçàííûå ïîâåðõíîñòè íàõîäÿòñÿ âûøå àòìîñôåðû, êàê,
íàïðèìåð, ïðè îáëà÷íîì ïîêðîâå, ñîçäàþùåé ïàðíèêîâûé ýôôåêò â ïëàíåòíûõ
àòìîñôåðàõ, à òàêæå ïîêðîâíûé ýôôåêò äëÿ îòäåëüíîé çâåçäû èëè ýôôåêò
îòðàæåíèÿ èçëó÷åíèÿ â ñëó÷àå òåñíûõ çâåçäíûõ ïàð. Ïîýòîìó èñïîëüçîâàíèå
ïîëó÷åííîãî ðàíåå íàìè àíàëèòè÷åñêîãî ðåøåíèÿ ïðîñòîé íåëèíåéíîé çàäà÷è
äëÿ àíàëèçà áîëåå ñëîæíûõ çàäà÷, ó÷èòûâàþùèõ íàëè÷èå ïîäñòèëàþùèõ
ïîâåðõíîñòåé, ïðåäñòàâëÿåò îñîáûé èíòåðåñ.

Ïóñòü èìååòñÿ ñèñòåìà, ñîñòîÿùàÿ èç äâóõ âçàèìîäåéñòâóþùèõ îáúåêòîâ,
óñëîâíî ðàññìàòðèâàåìûõ êàê ïîäñòèëàþùàÿ ïîâåðõíîñòü è àòìîñôåðà. Âîïðîñ
çàêëþ÷àåòñÿ â îïðåäåëåíèè ðîëè ïîäñòèëàþùåé ïîâåðõíîñòè, îáëàäàþùåé
íåëèíåéíûìè îïòè÷åñêèìè ñâîéñòâàìè, â îáùåì ñëó÷àå ïðåäñòàâëÿþò èíòåðåñ
ðîëü íåëèíåéíîñòè êàæäîé èç äâóõ ñîñòàâëÿþùèõ.

Ïóñòü â èçîòðîïíîé îäíîìåðíîé ñðåäå ãåîìåòðè÷åñêîé òîëùèíû L èìååò
ìåñòî ÷èñòîå èçîòðîïíîå ðàññåÿíèå, ïðè ýòîì ñî ñòîðîíû ëåâîé ãðàíèöû (ñì.
ðèñ.1) ïðèìûêàåò ïîâåðõíîñòü, îòðàæàþùàÿ è ïðîïóñêàþùàÿ ñïîñîáíîñòè
êîòîðîé èçâåñòíû Q .  Ïîñëåäíèå íåëèíåéíûì îáðàçîì çàâèñÿò îò ïàäàþùèõ
íà íèõ ñëåâà è ñïðàâà ïó÷êîâ (x, y). Äîïóñêàåòñÿ òàêæå, ÷òî ïîâåðõíîñòü
îáëàäàåò äâóñòîðîííèìè è íå çàâèñÿùèìè îò âíåøíåãî âîçáóæäåíèÿ

Ðèñ.1. Ñõåìà ñëîæåíèÿ ïîäñòèëàþùåé ïîâåðõíîñòè è ðàññåèâàþùåé-ïîãëîùàþùåé
ñðåäû (íàâåðõó). Îáîçíà÷åíèÿ ôèçè÷åñêèõ âåëè÷èí, îïèñûâàþùèõ ñîñòàâëÿþùèå ÷àñòè è
ñóììàðíóþ ñðåäó ïî îòäåëüíîñòè (âíèçó).

x x xy y y

Q
_

Q+ v u V U
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èçëó÷àòåëüíûìè ñïîñîáíîñòÿìè   . Äðóãèìè ñëîâàìè, âåëè÷èíû

      yxQ~yxQQ  , ; , (1)

ïðåäñòàâëÿþò èíòåíñèâíîñòè èçëó÷åíèÿ, íàïðàâëåííîãî âïðàâî "+" è âëåâî
"-" ïðè óñëîâèè, ÷òî íà ïîâåðõíîñòü ñëåâà è ñïðàâà ïàäàåò èçëó÷åíèå
èíòåíñèâíîñòè  x è y, ñîîòâåòñòâåííî. Ââåäåì â ðàññìîòðåíèå òàêæå âåëè÷èíû

   LyxUyxUU  ; ; , ,  ,    LyxVyxVV  ; ; , ,  , ïðåäñòàâëÿþùèå ñîáîé
èíòåíñèâíîñòè èçëó÷åíèÿ, âûõîäÿùåãî ñîîòâåòñòâåííî ÷åðåç ïðàâóþ è ëåâóþ
ãðàíèöû ñèñòåìû ïîâåðõíîñòü + àòìîñôåðà, êîãäà îíà ñëåâà è ñïðàâà îñâåùåíà
âíåøíèì èçëó÷åíèåì èíòåíñèâíîñòè x è y. Ïðè ýòîì îòðàæàþùèå è ïðîïóñ-
êàþùèå õàðàêòåðèñòèêè îòäåëüíûõ ñîñòàâëÿþùèõ ÷àñòåé äàííîé ñèñòåìû
ñ÷èòàþòñÿ çàäàííûìè:    ; , yxQ  äëÿ ïîäñòèëàþùåé ïîâåðõíîñòè è

   Lyxuyxuu  ; , ,  ,     Lyxyx  ; , , vvv   - äëÿ àòìîñôåðû ãåîìåòðè÷åñêîé
òîëùèíû L â îòñóòñòâèè ïðèìûêàþùåé ïîâåðõíîñòè.

Â âåðõíåé ÷àñòè ðèñ.1 ïîêàçàíî êàêèì îáðàçîì ïîâåðõíîñòü è àòìîñôåðà
îáúåäèíÿþòñÿ â åäèíóþ ñèñòåìó, âíèçó îòìå÷àþòñÿ îòðàæàþùèå-ïðîïóñêàþùèå
ðàäèàöèîííûå õàðàêòåðèñòèêè êàê êàæäîãî èç êîìïîíåíòîâ, òàê è ñðåäû,
ïîëó÷àþùåéñÿ â ðåçóëüòàòå èõ îáúåäèíåíèÿ.

Çàäà÷à çàêëþ÷àåòñÿ â îïðåäåëåíèè âåëè÷èí U è V ïî èçâåñòíûì Q , u,
v . Èíòåíñèâíîñòè èçëó÷åíèÿ, èäóùèå âïðàâî è âëåâî íà êîíòàêòíîé ãðàíèöå
àòìîñôåðû ñ ïîâåðõíîñòüþ, îáîçíà÷èì ÷åðåç p è s, ñîîòâåòñòâåííî.

Ôîðìóëû íåëèíåéíîãî ñëîæåíèÿ ñëîåâ (ñì., íàïðèìåð, [4]) äëÿ èñêîìûõ
âåëè÷èí â äàííîì ñëó÷àå ìîæíî çàïèñàòü â âèäå

       ,  ; , ,,  , ,   sxQyxVypuyxU (2)

 
 







 ,  ; ,

 ,

sxQp

yps v
(3)

ãäå âåëè÷èíû u è v èìåþò ÿâíûå ïðåäñòàâëåíèÿ [1]

    , , TyxxTyxyu  v (4)

à ËÎ        zTLzTLyxTLyxTT   ; ; ; ,  äàåòñÿ âûðàæåíèåì

  , 
1
1
qbz
bzqzT




 (5)

ïðè ýòîì âåëè÷èíà  Lqq   ïðåäñòàâëÿåò ïðîïóñêàþùóþ ñïîñîáíîñòü ñðåäû
ãåîìåòðè÷åñêîé òîëùèíû L â îäíîìåðíîé, ëèíåéíîé è êîíñåðâàòèâíîé çàäà÷å
ïåðåíîñà èçëó÷åíèÿ.

Âåëè÷èíà s â (3) ñ ó÷åòîì ñîîòíîøåíèé (4) è (5) íàõîäèòñÿ èç òðàíñöåí-
äåíòíîãî óðàâíåíèÿ
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    
 

, 
1

11

bqyQ

qybyQQqs









(6)

êîòîðîå ïðè îáîçíà÷åíèÿõ

        , 1, 1, 1 qybyCbqyBbqysqsA  (7)

ñ ó÷åòîì (1) ïðèìåò ïðîñòîé âèä

    , 0 ,  C~sB~sxQ~sA (8)

ãäå

       . 11, 1 qyybqC~ybqB~   (9)

Ðåøåíèå òðàíñöåíäåíòíîãî óðàâíåíèÿ (8) îòíîñèòåëüíî s, ìîæíî ñòðîèòü,
íàïðèìåð ñ ïîìîùüþ íàäëåæàùåãî âûáîðà èòåðàòèâíîé ñõåìû, ñ ó÷åòîì
óñëîâèé

    ,  ,или ; , yxyxQ~sxsxQ   (10)

îòðàæàþùèõ ôàêò îòñóòñòâèÿ ïðîöåññîâ ðàçìíîæåíèÿ ôîòîíîâ â ïîâåðõíîñòè.
Ïîñëå îïðåäåëåíèÿ s, çíà÷åíèå èñêîìîé âåëè÷èíû V íàõîäèòñÿ íåïîñðåäñòâåííî
èç âòîðîãî ñîîòíîøåíèÿ (2). Äðóãàÿ èñêîìàÿ âåëè÷èíà U îïðåäåëèòñÿ èç
ïåðâîãî ñîîòíîøåíèÿ (2) ñ ó÷åòîì âûðàæåíèé (4), (5)

      
  , 

1
11 ,

bqyp
pqbypyqyxU




 (11)

ãäå çíà÷åíèÿ âåëè÷èí p è p + y ñ ïîìîùüþ (3), (1) è (8) íàõîäÿòñÿ â âèäå:

 
  
 

 
  . 

1
21, 

1
1

bqysq
yqsyp

bqysq
qybyss

sA
CBsp











 (12)

Ñîîòíîøåíèå (3) ïîçâîëÿåò ïåðåïèñàòü âûðàæåíèå (11) òàêæå íåïîñðåä-
ñòâåííî â ôîðìå

       
 

 .  ; ,, 
1

11 ,
2











 sxQQ

bqyQ

QbqqQbyyqyxU (13)

Òàê ðåøàåòñÿ ïîñòàâëåííàÿ íàìè çàäà÷à â îáùåì ñëó÷àå, êîãäà ìíîãîêðàòíî
âçàèìîäåéñòâóþùèå ìåæäó ñîáîé ñîñòàâëÿþùèå ñèñòåìû îáëàäàþò íåëèíåé-
íûìè ñâîéñòâàìè.

Îïðåäåëåííûé èíòåðåñ ïðåäñòàâëÿþò òàêæå ÷àñòíûå ñëó÷àè ðàññìîòðåííîé
çàäà÷è, êîãäà êàêîé-ëèáî èç êîìïîíåíòîâ ñîñòàâíîé ñèñòåìû îáëàäàåò
ëèíåéíûìè ñâîéñòâàìè.

2.1. Ëèíåéíàÿ ïîâåðõíîñòü. Â äàííîì ñëó÷àå î÷åâèäíî:

    ,  ; ,,  ; ,   stxrsxQsrxtsxQ (14)

ïðè ýòîì âåëè÷èíàìè t  è r  îáîçíà÷åíû äâóñòîðîííèå îòðàæàþùèå è



653ÐÅØÅÍÈÅ  ÇÀÄÀ×È  ÄÈÔÔÓÇÈÈ  ÈÇËÓ×ÅÍÈß. II

ïðîïóñêàþùèå ñïîñîáíîñòè ïîäñòèëàþùåé ïîâåðõíîñòè â ëèíåéíîì ñëó÷àå.
Èç (8) è (9) èìååì

, 000
2

0  CsBsA (15)

ãäå ïðèíÿòû îáîçíà÷åíèÿ:

, , , 2
43210021000 yaxyayaxaaCybxbbBbqrA   (16)

    , 1, , 11 210 bqrbbqtbbqrqb   (17)

      . , , 1, 1, 1 43210 bqabqtaqbatqaqa   (18)

Ôèçè÷åñêîìó ðåøåíèþ óðàâíåíèÿ (15) ñîîòâåòñòâóåò ïîëîæèòåëüíûé çíàê
ïåðåä êâàäðàòíûì êîðíåì. Ïîñëå îïðåäåëåíèÿ s èç (15), âûõîäÿùåå ÷åðåç
ëåâóþ ãðàíèöó ñðåäû èçëó÷åíèå ñ ó÷åòîì (14) íàõîäèòñÿ èç ñîîòíîøåíèÿ (2)

  ,  ,   stxryxV (19)

à èçëó÷åíèå U(x, y), âûõîäÿùåå ÷åðåç ïðàâóþ ãðàíèöó ñðåäû, êàê è ðàíüøå,
íàõîäèòñÿ èç (11)-(13).

2.2. Ëèíåéíàÿ àòìîñôåðà. Â ýòîì ñëó÷àå äîñòàòî÷íî (ñì. [1]) â ëþáóþ
èç ôîðìóë (6)-(9) ïîäñòàâèòü 0b , ÷òîáû ñâåñòè âîïðîñ ê ðåøåíèþ óðàâíåíèÿ

         .  ,1или ; ,1 qysxQ~qsqysxQqs   (20)

Ïîëó÷åííîå óðàâíåíèå èìååò âåñüìà ïðîçðà÷íûé ôèçè÷åñêèé ñìûñë - âíóòðåííåå
ïîëå, èäóùåå ê ïîâåðõíîñòè, ñîñòîèò èç äâóõ êîìïîíåíòîâ: îò äîëè èçëó÷åíèÿ
ñàìîé ïîâåðõíîñòè - Q ,  êîòîðàÿ îòðàçèëàñü îò ëèíåéíîé ñðåäû è ÷àñòè
ïàäàþùåãî íà ïðàâóþ ãðàíèöó èçëó÷åíèÿ y, êîòîðàÿ áûëà ïðîïóùåíà àòìî-
ñôåðîé. Ïîñëå ðåøåíèÿ (20) èíòåíñèâíîñòü èçëó÷åíèÿ, âûõîäÿùàÿ ÷åðåç ïðàâóþ
ãðàíèöó, íàõîäèòñÿ èç (13) èëè (11) ïîäñòàíîâêîé 0b

        , 
1

211 ; , ,
q

yqqsyqsxqQyxU



 
(21)

à V(x, y) èç (2).

2.3. Îáà êîìïîíåíòà ëèíåéíûå. Ýòî íàèáîëåå ïðîñòîé ñëó÷àé, çàäà÷à
ñòàíîâèòñÿ ëèíåéíîé, ïîýòîìó ðåøåíèå ïðèâîäèòñÿ çäåñü ëèøü â ñïðàâî÷íûõ
öåëÿõ. Îíî ìîæåò áûòü ïîëó÷åíî ðàçíûìè ïóòÿìè, â ÷àñòíîñòè, èç óðàâíåíèÿ
(20) ñ ó÷åòîì ðàâåíñòâ (1), (14) íåòðóäíî ïîëó÷èòü

  
 

. 
11

1








rq

qyxtqs (22)

3. Íåëèíåéíûå çàäà÷è ïåðåíîñà â îáðàòíîé ïîñòàíîâêå . Ñ
òî÷êè çðåíèÿ àñòðîôèçè÷åñêîé èíòåðïðåòàöèè íàáëþäåíèé îáëàñòü îáðàòíûõ
çàäà÷ âîññòàíîâëåíèÿ èñòèííûõ õàðàêòåðèñòèê îáúåêòîâ ïî íàáëþäàåìûì
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âåëè÷èíàì ãîðàçäî øèðå è ðàçíîîáðàçíåå (ñì., íàïðèìåð, [3,5-9]). Áîëåå òîãî,
àíàëèç äèôôóçíûõ ïîëåé èçëó÷åíèÿ ñ ïîìîùüþ ìàòåìàòè÷åñêè òî÷íîé
ôîðìóëèðîâêè îáðàòíîé çàäà÷è ïîä÷àñ íàìíîãî ýôôåêòèâíåå è àêòóàëüíåå,
÷åì ïðÿìîå ìîäåëèðîâàíèå ïðîöåññîâ ìíîãîêðàòíîãî âçàèìîäåéñòâèÿ èçëó÷åíèÿ
ñ âåùåñòâîì. Äåéñòâèòåëüíî, èñõîäíûå ðàäèàöèîííûå ñâîéñòâà èññëåäóåìîãî
îáúåêòà, ÿâëåíèÿ èëè ôèçè÷åñêîé ñèòóàöèè ÷àùå ïðèõîäèòñÿ âîññòàíàâëèâàòü
èìåííî ïîñðåäñòâîì ïðàêòè÷åñêîãî èçìåðåíèÿ èíòåíñèâíîñòåé íàáëþäàåìûõ
ïîëåé èçëó÷åíèÿ. Îäíàêî, íåñìîòðÿ íà èõ ïðàêòè÷åñêóþ âàæíîñòü, îáðàòíûå
íåëèíåéíûå çàäà÷è ïåðåíîñà ëó÷èñòîé ýíåðãèè âñëåäñòâèå ìàòåìàòè÷åñêîé
ñëîæíîñòè âñå åùå îñòàþòñÿ ìàëî èçó÷åííûìè. Ïîýòîìó öåëåñîîáðàçíî
ïîïûòàòüñÿ ïîëó÷åííûå â [1] àíàëèòè÷åñêèå âûðàæåíèÿ ïðÿìîé çàäà÷è,
èñïîëüçîâàòü òàêæå äëÿ àíàëèçà çàäà÷ â îáðàòíîé ïîñòàíîâêå.

Äëÿ èëëþñòðàöèè íèæå ïðèâîäÿòñÿ íåêîòîðûå ïðîñòûå ïðèìåðû, òèïè÷íûå
äëÿ ìîäåëåé ðàçëè÷íûõ ýêñïåðèìåíòàëüíî-ïðàêòè÷åñêèõ ñèòóàöèé, êîãäà ïî
íàáëþäàåìûì âåëè÷èíàì îïðåäåëÿþòñÿ âåëè÷èíû, íåäîñòóïíûå èçìåðåíèþ
èëè òå èëè èíûå ëîêàëüíûå õàðàêòåðèñòèêè ñàìîé ñðåäû.

3.1. Îïðåäåëåíèå âíåøíèõ âîçáóæäàþùèõ ïîëåé ïî äàííûì
âûõîäÿùåãî èç ñðåäû èçëó÷åíèÿ. Îïðåäåëèòü èíòåíñèâíîñòè x è y,
âõîäÿùèõ â ñðåäó ïó÷êîâ ïî íàáëþäàåìûì çíà÷åíèÿì u è v , âûõîäÿùåãî
èç ñðåäû èçëó÷åíèÿ. Èç (4), ïîëó÷èì ñèñòåìó äâóõ óðàâíåíèé

 













. 
12 yxT

uyx

uyx
v

v

(23)

Åñëè ó÷åñòü ïåðâîå èç óðàâíåíèé (23), òî ðåøåíèå ýòîé ñèñòåìû íåòðóäíî
çàïèñàòü íåïîñðåäñòâåííî â âèäå:

   
 

   
  , 

12
, 

12 







v
vv

v
vvv

uT
uuTuy

uT
uTux (24)

ãäå ËÎ çàäàåòñÿ ôîðìóëîé (5). Âûðàæåíèÿìè (24) äàåòñÿ ÿâíîå ðåøåíèå
ïîñòàâëåííîé çàäà÷è.

3.2. Îïðåäåëåíèå èíòåíñèâíîñòè èçëó÷åíèÿ íà íåäîñòóïíîé äëÿ èçìåðåíèÿ
ãðàíèöå ñðåäû ïî íàáëþäåíèÿì ñâåòîâîãî ðåæèìà íà äðóãîé ãðàíèöå. Åñëè
íàáëþäàòåëþ äîñòóïíû èçìåðåíèÿ, ñäåëàííûå ëèøü ñî ñòîðîíû îäíîé èç
ãðàíèö ñðåäû (íàïðèìåð ëåâîé), òî ïî íàáëþäàåìûì íà ýòîé ãðàíèöå çíà÷åíèÿì
èíòåíñèâíîñòåé èçëó÷åíèÿ (ïàäàþùåãî x è îòðàæåííîãî v ) ìîæíî  îïðåäåëèòü
çíà÷åíèÿ ñîîòâåòñòâóþùèõ âåëè÷èí (âõîäÿùèõ y è âûõîäÿùèõ u  èíòåíñèâ-
íîñòåé) íà ïðîòèâîïîëîæíîé - (ïðàâîé) ãðàíèöå ñðåäû. Äëÿ ýòîãî äîñòàòî÷íî
ñ ó÷åòîì (5) ðåøèòü ñèñòåìó (23) îòíîñèòåëüíî y è u
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       , 112 vvv  xqxbqybxbqy (25)

       . 1112 qxqxbqubxbqu  vvv (26)

Â ïîëó÷åííûõ êâàäðàòíûõ óðàâíåíèÿõ ôèçè÷åñêèì ðåøåíèÿì ñîîòâåòñòâóåò
ïîëîæèòåëüíûé çíàê ïåðåä êâàäðàòíûì êîðíåì. Ïðè ýòîì, åñëè ðåøåíî ëèøü
îäíî èç (25), (26), òî ðåøåíèå äðóãîãî ìîæíî íåïîñðåäñòâåííî íàéòè èç (4).

3.3. Îïðåäåëåíèå èíòåíñèâíîñòåé èçëó÷åíèÿ â îäíîì èç íàïðàâ-
ëåíèé ïî èçìåðåíèÿì èíòåíñèâíîñòè ïðîòèâîïîëîæíî íàïðàâ-
ëåííîãî èçëó÷åíèÿ. Ïóñòü, êàê è âûøå, îáå ãðàíèöû ñðåäû îäíîâðåìåííî
îñâåùåíû ìîùíûìè ïó÷êàìè èçëó÷åíèÿ èíòåíñèâíîñòåé x è y, ñîîòâåòñòâåííî,
ïðè ýòîì èçâåñòíî, èäóùèå â îäíîì è òîì æå íàïðàâëåíèè (íàïðèìåð ñëåâà
íàïðàâî x è u). Òðåáóåòñÿ îïðåäåëèòü çíà÷åíèÿ àíàëîãè÷íûõ èíòåíñèâíîñòåé
èçëó÷åíèÿ ñîîòâåòñòâóþùèe îáðàòíîìó íàïðàâëåíèþ (ò. å. ñïðàâà íàëåâî y è v ):

   
 

  
   , 

11
1или

1
11

qbux
xqbuxuy

bquxq
qxbxubqxy








 (27)

    
    . 
1

11
bquxq

qubuxxq



v (28)

3.4. Îïðåäåëåíèå íåêîòîðûõ õàðàêòåðèñòèê ñðåäû ïî èçìåðåíèÿì èíòåí-
ñèâíîñòåé ïàäàþùåãî èçëó÷åíèÿ è èçëó÷åíèÿ, âûõîäÿùåãî ÷åðåç îäíó èç åå
ãðàíèö. Ïóñòü èçìåðåíû èíòåíñèâíîñòè ïàäàþùåãî íà ñðåäó èçëó÷åíèÿ (x, y)
è âûõîäÿùåãî (íàïðèìåð v ) ÷åðåç îäíó èç ãðàíèö èçëó÷åíèÿ. Òðåáóåòñÿ
îïðåäåëèòü êàê îïòè÷åñêóþ òîëùèíó  0 0,  ýòîé ñðåäû â íåâîçáóæäåííîì
ñîñòîÿíèè (ò.å. êîãäà x = 0, y = 0), òàê è âûÿâèòü çàêîí èçìåíåíèÿ îïòè÷åñêîé
òîëùèíû  yx  ,  â çàâèñèìîñòè îò èíòåíñèâíîñòåé (x, y) âíåøíåãî âîçáóæ-
äàþùåãî èçëó÷åíèÿ, ò.å. îïðåäåëèòü óðîâåíü ïðîñâåòëåíèÿ ñðåäû â çàâèñèìîñòè
îò âíåøíåãî âîçáóæäàþùåãî èçëó÷åíèÿ è, íàêîíåö, "ýêñïåðèìåíòàëüíûì"
ïóòåì íàéòè ëîêàëüíóþ õàðàêòåðèñòèêó b âåùåñòâà ñðåäû.

Ïîñðåäñòâîì âòîðîãî âûðàæåíèÿ (4), ñ ó÷åòîì (5), íåòðóäíî ïîëó÷èòü

   . 1 2

v
v





x

byxxyyyx
q (29)

Ïðè ýòîì (ñì. [10])

 
,q

2
01

1



(30)

ãäå ñîõðàíåíû âñå îáîçíà÷åíèÿ, èñïîëüçîâàííûå ðàíåå â [1]:
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           

      . , 
2

, 
2

0,  , , , ,

0120

120 0









L

L

dllnNBhlnlk

NBhdllkzLzLyxLyx

v

v

(31)

Èç ñîîòíîøåíèé (29), (30) îêîí÷àòåëüíî ïîëó÷èì çíà÷åíèå îïòè÷åñêîé òîëùèíû
íåâîçáóæäåííîé ñðåäû, âûðàæåííîå ÷åðåç èçìåðÿåìûå âåëè÷èíû v , x, y è
çíà÷åíèå b ìèêðî õàðàêòåðèñòèêè âåùåñòâà ðàññåèâàþùåé-ïîãëîùàþùåé ñðåäû

     . 1220
2

bz
x

y
x

bzxyyy











v
v

v
vv

(32)

Ñ ó÷åòîì (31) íàéäåì òàêæå ÷èñëî íåéòðàëüíûõ àòîìîâ

   . 144

12

2

12
bz

x
y

Bhx
bzxyyy

Bh
N 










v
v

vv
vv

v (33)

Óìåñòíî ïîä÷åðêíóòü, ÷òî ïîñðåäñòâîì ôîðìóë (32) è (33) îïðåäåëÿþòñÿ
ïàðàìåòðû íåâîçáóæäåííîé ñðåäû, íåñìîòðÿ íà òî, ÷òî èçìåðåíèÿ îòíîñèëèñü
èìåííî ðåàëüíî âîçáóæäåííîé ñðåäå. Î÷åâèäíî, ïðàâûå ÷àñòè ñîîòíîøåíèé
(32) è (33) èíâàðèàíòíû ïî îòíîøåíèþ ê ìîùíîñòè âíåøíåãî âîçáóæäàþùåãî
èçëó÷åíèÿ (x, y). Èç òåõ æå íàáëþäåíèé, ïîìèìî èñõîäíîé îïòè÷åñêîé
òîëùèíû  0  ñðåäû, íåòðóäíî îïðåäåëèòü òàêæå åå ðåàëüíóþ îïòè÷åñêóþ
òîëùèíó  z  êàê ôóíêöèþ îò ìîùíîñòè âîçáóæäàþùèõ ïîëåé x è y

      . 2
1

0 ,
0 v

v







  x
y

bz
dllzkz

L
(34)

Âåëè÷èíà b ÿâëÿåòñÿ îäíîé èç ëîêàëüíûõ õàðàêòåðèñòèê âåùåñòâà ñðåäû è
íåïîñðåäñòâåííî ñâÿçàíà ñ àòîìíûìè âåëè÷èíàìè

. 1
42 1

2
3
12

2

21

2112













g
g

h
c

A
BBb

v (35)

Ýòà âåëè÷èíà äî ñèõ ïîð ñ÷èòàëàñü çàðàíåå èçâåñòíîé. Åñëè æå òåïåðü
ïîñòàâèòü çàäà÷ó íåçàâèñèìîãî "ýêñïåðèìåíòàëüíîãî" îïðåäåëåíèÿ çíà÷åíèÿ
ýòîé âåëè÷èíû, òî ïîòðåáóþòñÿ äàííûå åùå îäíîãî íàáëþäåíèÿ. Äåéñòâèòåëüíî,
èñïîëüçóÿ ðåçóëüòàòû óæå äâóõ íàáëþäåíèé ( 111  , , vyx ) è ( 222  , , vyx ) èç èíâà-
ðèàíòà (32) íåòðóäíî ïîëó÷èòü òàêæå åå çíà÷åíèå:

    , 11 2
22

22
1

11

11 bz
x

ybz
x

y









v
v

v
v

(36)

     
      . 

1112222211

11222211

zyxzyx
xyxyb




vvvv

vvvv
(37)

Îòìåòèì, íàêîíåö, ÷òî âûøåïðèâåäåííûå ôîðìóëû â çíà÷èòåëüíîé ìåðå
óïðîùàþòñÿ, êîãäà ñðåäà îñâåùåíà ëèøü ñ îäíîé ñòîðîíû, ò.å., íàïðèìåð,
ïðè óñëîâèè 0y , 0x . Çäåñü ìû ñòàëêèâàåìñÿ ñ êëàññè÷åñêîé çàäà÷åé
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îïðåäåëåíèÿ îïòè÷åñêèõ ïàðàìåòðîâ ñðåäû ïîñðåäñòâîì èçìåðåíèÿ ïàäàþùåãî
x è îòðàæåííîãî v  îò ñðåäû èçëó÷åíèÿ:

      , 14, 120
0

0

120

0 xb
xBh

Nxb
x








v
v

vv
v

(38)

     
    , , 2

11222211

211122

0

0

vvvv
vvvv

v
v

xxxx
xxb

x
x







 (39)

ãäå  0 ,0 xvv  .

3.5. Îïðåäåëåíèå ïîëÿ èçëó÷åíèÿ âíóòðè ñðåäû ïî èçìåðåíèÿì
äâóõñòîðîííèõ ïîëåé íà îäíîé èç ãðàíèö ñðåäû . Â ïåðâîé ÷àñòè
äàííîãî èññëåäîâàíèÿ [1] çàäà÷à îïðåäåëåíèÿ ïîëÿ âíóòðè ñðåäû áûëà ðåøåíà
äâóìÿ ñïîñîáàìè: êàê ïðÿìàÿ çàäà÷à ñëîæåíèÿ äâóõ îòäåëüíûõ ñëîåâ ñ
çàðàíåå èçâåñòíûìè îòðàæàþùèìè-ïðîïóñêàþùèìè ñâîéñòâàìè è êàê îáðàòíàÿ
çàäà÷à, ñôîðìóëèðîâàííàÿ â âèäå çàäà÷è Êîøè äëÿ óðàâíåíèÿ ïåðåíîñà
èçëó÷åíèÿ. Çäåñü æå îíà áóäåò ðàññìàòðèâàòüñÿ â âèäå êëàññè÷åñêîé îáðàòíîé
çàäà÷è "äèñòàíöèîííîãî çîíäèðîâàíèÿ", êîãäà ïî äàííûì "èçìåðåíèé"
èíòåíñèâíîñòåé âõîäÿùåãî è âûõîäÿùåãî èçëó÷åíèé îïðåäåëÿåòñÿ âíóòðåííèé
ñâåòîâîé ðåæèì ñðåäû áåç êàêîãî-ëèáî èñïîëüçîâàíèÿ óðàâíåíèÿ ïåðåíîñà
èçëó÷åíèÿ. Áóäåì èñõîäèòü èç ôîðìóë íåëèíåéíîãî ñëîæåíèÿ ñëîåâ, ïîëó-
÷åííûõ âïåðâûå Àìáàðöóìÿíîì â [11,12].

Ïóñòü ñðåäà ãåîìåòðè÷åñêîé òîëùèíû L ñî ñòîðîíû ëåâîé è ïðàâîé
ãðàíèö îñâåùåíà èçëó÷åíèåì ñ èíòåíñèâíîñòÿìè x è y, ñîîòâåòñòâåííî.
Íåîáõîäèìî îïðåäåëèòü èíòåíñèâíîñòè âïðàâî (+) è âëåâî (-) íàïðàâëåííîãî
èçëó÷åíèÿ  LyxlI  ; , ;  íà ãëóáèíå l äàííîé ñðåäû ïî èçâåñòíîìó îòðàæåííîìó
èçëó÷åíèþ    LyxILyx  ; , ;0 ; , v . Ïðîâåäÿ ìûñëåííî ðàçðåç íà ïðîèçâîëüíîé
ãëóáèíå 0 < l < L, íåòðóäíî çàïèñàòü (ðèñ.2)

    .  ; ; , ; , ; , lLyxlIxLyx  vv (40)

Äåéñòâèòåëüíî, ñîîòíîøåíèå (40) ïîêàçûâàåò [11,12] (ñì. òàêæå [1]), ÷òî
âûõîäÿùåå èç ñëîÿ [0, L] ïîëå  Lyx  ; ,v  ïðè âíåøíåì âîçäåéñòâèè (x, y)
èíâàðèàíòíî ïî îòíîøåíèþ îòñåêàíèÿ îò èñõîäíîé ñðåäû åå ÷àñòè [l, L] ïðè

Ðèñ.2. Ñõåìà èëëþñòðèðóþùàÿ ýêâèâàëåíòíîñòü çàäà÷ î âûõîäÿùåì èçëó÷åíèè è ïîëÿ
èçëó÷åíèÿ âíóòðè ñðåäû.

x y

V(L) U(L)

x

V(L)
0 l L

I
_

I+

I+(l; x, y; L)

I
_
(l; x, y; L)

0 l



658 Î.Â.ÏÈÊÈ×ßÍ

ñîõðàíåíèè íà îñòàâøóþñÿ ÷àñòü [0, l] âîçäåéñòâèÿ (   lLyxlIx  ; ; , ; ,  ) â êà÷åñòâå
âíåøíåãî.

Èç ñîîòíîøåíèÿ (40) è ðèñ.2 ÿâñòâóåò, ÷òî îäíîé è òîé æå ïàðå
èçìåðÿåìûõ çíà÷åíèé ( x ;v ) ñîîòâåòñòâóåò ïðîèçâîëüíîå ÷èñëî çíà÷åíèé l è
L (ïðè 0 < l < L), äëÿ êîòîðûõ ðåøåíèå îáðàòíîé çàäà÷è 3.2. o âîññòàíîâëåíèè
âõîäÿùèõ è âûõîäÿùèõ èíòåíñèâíîñòåé y è u äëÿ ñëîÿ òîëùèíû L
îäíîâðåìåííî áóäóò äàâàòü ðåøåíèå òàêæå áîëåå îáùåé çàäà÷è î âîññòàíîâëåíèè
âíóòðåííèõ ïîëåé èçëó÷åíèÿ  LyxlI  ; , ;  íà ïðîèçâîëüíîé ãëóáèíå l ñëîÿ L.
Äåéñòâèòåëüíî, çàìåíàìè  LyxlIy  ; , ;  è    LyxlILyxu  ; , ; ; ,  , à òàêæå
   lqLq   è ïåðåîáîçíà÷åíèåì    LVLyx  ; ,v  óðàâíåíèÿ (25), (26) ïåðå-

ïèøóòñÿ óæå â âèäå

                 , 011
2

  LVxxlqLbVIlqbLVxIlbq (41)

                    . 0-111
2

  lqLVxxlqLbVIlqbLVxIlbq (42)

Ïîñëåäíèå íåòðóäíî âûâåñòè òàêæå íåïîñðåäñòâåííî. Äëÿ âûâîäà óðàâíåíèÿ
(41), íàïðèìåð, äîñòàòî÷íî â ïðàâîé ÷àñòè (40) èñïîëüçîâàòü âòîðóþ èç
ôîðìóë (4), è ó÷èòûâàòü (5). Ïðè ýòîì, åñëè îäíà èç âåëè÷èí  LyxlI  ; , ;

óæå îïðåäåëåíà èç ñîîòâåòñòâóþùåãî óðàâíåíèÿ (41) èëè (42), òî âòîðóþ
ìîæíî íàéòè óæå áåç ïðèâëå÷åíèÿ ñîîòâåòñòâóþùåãî óðàâíåíèÿ, ñ èñïîëü-
çîâàíèåì ëèøü îäíîãî èç ÿâíûõ âûðàæåíèé íåëèíåéíîãî ñëîæåíèÿ ñëîåâ:

         .  ; ,  ; , ; ; , ;   или    ; ; , ; , ; , ; lLyLyxlILyxlIlLyxlIxuLyxlI   v (43)

Ðàñêðûòûå ôîðìû ïîñëåäíèõ íåòðóäíî çàïèñàòü ïðè ïîìîùè (4):

         ,  ; , ; ; , ; ; , ; ; , ; LyxlIxTLyxlIxLyxlILyxlI l
  (44)

         ,  ; , ; ; , ; ; , ; ; , ; LyxlIyTyLyxlILyxlILyxlI lL



  (45)

ãäå ËÎ lT , lLT   äàþòñÿ âûðàæåíèåì (5), çäåñü íèæíèì èíäåêñîì äîïîë-
íèòåëüíî óêàçàíà òîëùèíà ñëîÿ, ê êîòîðîìó îòíîñèòñÿ äàííûé ËÎ. Òàêèì
îáðàçîì ñîîòíîøåíèÿ (41), (44) èëè æå (42), (45) îïðåäåëÿþò ïîëå âíóòðè
ñðåäû êàê ðåøåíèå îáðàòíîé çàäà÷è, òå æå èñêîìûå âåëè÷èíû îïðåäåëÿëèñü
â [1] ïóòåì ôîðìóëèðîâàíèÿ ïðÿìîé çàäà÷è ïîñðåäñòâîì ñèñòåìû (44), (45).

3.6. Âíóòðåííåå ïîëå â ïîëóáåñêîíå÷íîé ñðåäå. Ðàññìîòðèì ÷àñòíûé
ñëó÷àé "çàäà÷è 3.5", êîãäà îïòè÷åñêàÿ òîëùèíà ÷èñòî ðàññåèâàþùåé ñðåäû
áåñêîíå÷íà, ïðè ýòîì ïóñòü:

      .  , ;0 , ;, , 0
0 0







   IxlILxlIdllky
L

(46)

Èç (4), (5) è (30) ñëåäóåò, ÷òî ïðè ÷èñòîì ðàññåÿíèè:

  , xLV 
 (47)
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ò.å. îò ÷èñòî ðàññåâàþùåé ïîëóáåñêîíå÷íîé ñðåäû â íåëèíåéíîì ñëó÷àå,
àíàëîãè÷íî ëèíåéíîìó, ïîëíîñòüþ îòðàæàåòñÿ âñå èçëó÷åíèå, êîòîðîå âõîäèëî
â íåå èçâíå ÷åðåç åå âíåøíþþ ãðàíèöó. Ñ ó÷åòîì (47) è ôàêòà (ñðàâíèòü
ñ (30))

 
 

, 0
2

2

0 0






l

ldlk
lq

(48)

óðàâíåíèÿ (41), (42) ïðèìóò âèä:

    , 01
2

 



 xbxIIb (49)

    . 01
2

 



 xbxIIb (50)

Óðàâíåíèÿ (49) è (50), îïèñûâàþùèå ïîëÿ "âïåðåä" è "íàçàä" èäóùèõ
èçëó÷åíèé èäåíòè÷íû, áîëåå òîãî - íå çàâèñÿò îò ïàðàìåòðà ãëóáèíû, çíà÷èò
èìååò ìåñòî:

      , 0, const , ,  



 lxxlIxlI (51)

ò.å. íà êàæäîé ãëóáèíå ïîëóáåñêîíå÷íîé ñðåäû èíòåíñèâíîñòè "âïåðåä" è
"íàçàä" èäóùèõ èçëó÷åíèé ðàâíû ìåæäó ñîáîé, à ñàìî ïîëå îäíîðîäíî íà
âñåõ ãëóáèíàõ. Èç (51) ñ ó÷åòîì   xxI 

  ,0  (ñð. ñ (47)) èëè æå ïðÿìî èç
ðåøåíèÿ óðàâíåíèé (49), (50) áóäåì èìåòü:

    .  ,т.е., const xxlIxx  
 (52)

Òàêèì îáðàçîì, â íåëèíåéíîé çàäà÷å âíåøíåãî îñâåùåíèÿ ïîëóáåñêîíå÷íîé
ñðåäû, ñîñòîÿùåé èç äâóõóðîâíåâûõ àòîìîâ, ïðè ÷èñòîì ðàññåÿíèè êàê âûõîäÿùåå
èç ñðåäû èçëó÷åíèå, òàê è ïîëå âíóòðè íåå îäèíàêîâî íà âñåõ ãëóáèíàõ è
ðàâíî âõîäÿùåìó â ñðåäó èçëó÷åíèþ. Ýòîò æå ñâåòîâîé ðåæèì èìåë ìåñòî
òàêæå è â ëèíåéíîé çàäà÷å (ñì., íàïðèìåð, óðàâíåíèÿ (49)-(50) ïðè 0b ).
Áîëåå òîãî, äàæå â ïðåäåëüíîì ñëó÷àå áåñêîíå÷íî ìîùíîì îñâåùåíèè ñðåäû
èçâíå äàííàÿ íåëèíåéíàÿ çàäà÷à âñå æå ïðîäîëæàåò îñòàâàòüñÿ ëèíåéíîé. Ýòîò
ðåçóëüòàò îòíþäü íå ÿâëÿåòñÿ òðèâèàëüíûì, ïîñêîëüêó â íåì çàäåéñòâîâàíû
òðè áåñêîíå÷íîñòè: áåñêîíå÷íîå âðåìÿ âîçäåéñòâèÿ, áåñêîíå÷íî ìîùíîå âíåøíåå
îñâåùåíèå è áåñêîíå÷íàÿ îïòè÷åñêàÿ òîëùèíà ñðåäû. Â ðåçóëüòàòå èõ
âçàèìîäåéñòâèÿ îïòè÷åñêèå ñâîéñòâà ñðåäû íå ìåíÿþòñÿ, îíà íèñêîëüêî íå
ïðîñâåòëÿåòñÿ, âåçäå óñòàíàâëèâàåòñÿ ðåæèì ëèíåéíîãî îäíîðîäíîãî ñâåòîâîãî
ïîëÿ. Òî åñòü çäåñü âàæíî çíà÷åíèå îïòè÷åñêîé òîëùèíû, â îòëè÷èå îò ñëó÷àÿ
ñðåäû êîíå÷íîé îïòè÷åñêîé òîëùèíû, ãäå â òåõ æå óñëîâèÿõ ïðåâîñõîäñòâî
ïðèíàäëåæèò âåëè÷èíå ìîùíîñòè èçëó÷åíèÿ, êîòîðàÿ ïðîñâåòëÿåò ñðåäó, â
ïðåäåëå äîâåäÿ åå äî ïîëíîé ïðîçðà÷íîñòè. Â èíîì êîíòåêñòå íåëèíåéíàÿ
çàäà÷à îäíîìåðíîé ïîëóáåñêîíå÷íîé ñðåäû, ñîñòîÿùåé èç äâóõóðîâíåâûõ
àòîìîâ, ðàíåå ðàññìàòðèâàëàñü â [11-13], à áîëåå îáùèé ñëó÷àé òðåõóðîâíåâîãî
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àòîìà â [14].

4. Çàêëþ÷åíèå. Â ðàáîòå ïîêàçàíî, ÷òî çíàíèå ââåäåííîé â [15,16]
âñïîìîãàòåëüíîé ôóíêöèè - ËÎ îòðàæåíèÿ-ïðîïóñêàíèÿ â îäíîìåðíîé
íåëèíåéíîé çàäà÷å äâóõóðîâíåâîãî àòîìà ïðè ÷èñòîì ðàññåÿíèè ïîçâîëÿåò
ïîëó÷èòü ÿâíûå ðåøåíèÿ íåêîòîðûõ áîëåå ñëîæíûõ ïðÿìûõ è îáðàòíûõ
çàäà÷.

Âûðàæàþ èñêðåííþþ ïðèçíàòåëüíîñòü ïðîôåññîðó À.Ã.Íèêîãîñÿíó çà
âíèìàíèå ê ðàáîòå, öåííûå çàìå÷àíèÿ è ïîìîùü ïðè åå âûïîëíåíèè.

Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.À.Àìáàðöóìÿíà,
e-mail:  hovpik@gmail.com    hovpik@bao.sci.am

ANALYTICAL SOLUTION OF THE NON-LINEAR
PROBLEM OF RADIATION DIFFUSION IN

ONE-DIMENSIONAL PURE SCATTERING MEDIUM. II

H.V.PIKICHYAN

The work is the second part of the author's previous article. Using simple
examples of nonlinear problems of a one-dimensional purely scattering medium,
the purpose of it is to illustrate the efficiency of using previously introduced
auxiliary functions, the so-called linear images (LI) of the reflection-transmission
function. At first, an explicit analytical solution was obtained for the nonlinear
"direct" problem of determining the fields of the emerging radiation from a
"composite" medium consisting of a reflecting surface and a layer of finite thickness
with known reflecting-transmitting properties. Then the nonlinear "inverse" prob-
lems of determining: a) the external exciting fields according to the data of the
radiation emerging from the medium, b) fields on the "inaccessible" boundary of
the medium by means of observations of the light regime at one of its boundaries,
c) the intensities of radiation traveling in one direction from measurements of
fields in the opposite direction, d) some characteristics of the medium by
measuring the intensities of radiation incident on it from the outside and emerging
through the one of its boundaries, e) fields inside the medium, according to
measurements of two-sided radiation fields only at one boundary of the medium.
Finally, it is shown that in the nonlinear problem of illumination of a semi-
infinite medium the phenomenon of "enlightenment" of the medium does not
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occur, whereas the light regime both outside and inside the medium coincides with
the solution of the linear problem.

Keywords: radiation transfer: nonlinear problem
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ÊÐÀÒÊÈÅ ÑÎÎÁÙÅÍÈß

ÁÀÐÎÌÅÒÐÈ×ÅÑÊÀß ÔÎÐÌÓËÀ ÄËß
ÓËÜÒÐÀÐÅËßÒÈÂÈÑÒÑÊÈ ÂÛÐÎÆÄÅÍÍÎÃÎ

ÔÅÐÌÈ-ÃÀÇÀ

1. Ââåäåíèå. Áàðîìåòðè÷åñêàÿ ôîðìóëà äëÿ èäåàëüíîãî ãàçà ñâÿçûâàåò
êîíöåíòðàöèþ ãàçà n(x) â ñèëîâîì ïîòåíöèàëüíîì ïîëå U(x) ñ âûñîòîé x ïðè
çàäàííîé òåìïåðàòóðå T è êîíöåíòðàöèè n0 íà âûñîòå x = 0. Â îäíîðîäíîì
ãðàâèòàöèîííîì ïîëå áàðîìåòðè÷åñêàÿ ôîðìóëà èìååò âèä [1,2]

  , exp0 







kT
mgxnxn (1)

ãäå m - ìàññà ÷àñòèö ãàçà, g - óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ (óñêîðåíèå â
ãðàâèòàöèîííîì ïîëå), k - ïîñòîÿííàÿ Áîëüöìàíà.

Íà ïðàêòèêå ÷àñòî äîñòàòî÷íî çíàòü çàâèñèìîñòü êîíöåíòðàöèè îò ïîòåí-
öèàëüíîé ýíåðãèè ÷àñòèö â ñèëîâîì ïîëå. Â ýòîì ñëó÷àå áàðîìåòðè÷åñêàÿ
ôîðìóëà ïðèîáðåòàåò ôîðìó èçâåñòíîãî ðàñïðåäåëåíèÿ Áîëüöìàíà

  






kT
UnUn exp0 (2)

äëÿ ãàçà ñ óðàâíåíèåì ñîñòîÿíèÿ p = nkT ïðè ôèêñèðîâàííîé òåìïåðàòóðå
(èçîòåðìè÷åñêèé ñëó÷àé), ãäå p - äàâëåíèå ãàçà.

Èçâåñòíû áàðîìåòðè÷åñêèå ôîðìóëû è ðàñïðåäåëåíèÿ äëÿ äðóãèõ óðàâíåíèé
ñîñòîÿíèÿ ãàçîâ. Íàïðèìåð, â [3,4] äëÿ îïèñàíèÿ ïðîöåññîâ â ïëàçìå èñïîëü-
çóåòñÿ àíàëîãè÷íàÿ ôîðìóëà àäèàáàòè÷åñêîãî óðàâíåíèÿ ñîñòîÿíèÿ; â [5]
ïîëó÷åíà è ïðîàíàëèçèðîâàíà áàðîìåòðè÷åñêàÿ ôîðìóëà äëÿ ãàçà Âàí-äåð-
Âàëüñà; â [6] âûâåäåíà áàðîìåòðè÷åñêàÿ ôîðìóëà äëÿ òåïëîãî ôåðìè-ãàçà,
êîòîðàÿ â ôîðìå ðàñïðåäåëåíèÿ ïðèìåíÿëàñü â òåîðèÿõ èîííî-çâóêîâûõ âîëí
â ïëàçìå ñ êâàíòîâî-âûðîæäåííûìè ýëåêòðîíàìè [7,8].

×àíäðàñåêàð [9,10] ïîëó÷èë óðàâíåíèå ñîñòîÿíèÿ óëüòðàðåëÿòèâèñòñêè
âûðîæäåííîãî ãàçà, ò.å. ãàçà ñ ýíåðãèåé Ôåðìè, ñóùåñòâåííî ïðåâûøàþùåé
ýíåðãèþ ïîêîÿ ÷àñòèö. Ýòî óðàâíåíèå ìíîãîêðàòíî èñïîëüçîâàëîñü äëÿ
îïèñàíèÿ ïðîöåññîâ â íåäðàõ áåëûõ êàðëèêîâ [11,12] è â òåîðèÿõ âîëíîâûõ
ïðîöåññîâ â óëüòðàðåëÿòèâèñòñêè âûðîæäåííîé ïëàçìå [13-20]. Òåì íå ìåíåå,
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áàðîìåòðè÷åñêàÿ ôîðìóëà äëÿ ãàçà ñ óðàâíåíèåì ñîñòîÿíèÿ ×àíäðàñåêàðà
íèãäå íå ïðåäñòàâëÿëàñü.

Â äàííîé ñòàòüå ñîîáùàåòñÿ î ïðîñòîì âûâîäå áàðîìåòðè÷åñêîé ôîðìóëû
äëÿ óëüòðàðåëÿòèâèñòñêè âûðîæäåííîãî ãàçà, ïîä÷èíÿþùåãîñÿ óðàâíåíèþ
ñîñòîÿíèÿ ×àíäðàñåêàðà:

    , arcsinh3132 22




  AP (3)

â êîòîðîì 354 3hcmA   - êîýôôèöèåíò è 33
33

3

8
3

F

F

n
n

cm
nh

mc
p




  - ðåëÿòè-

âèñòñêèé ïàðàìåòð âûðîæäåíèÿ, ãäå P - äàâëåíèå ãàçà; n - êîíöåíòðàöèÿ
÷àñòèö ãàçà; m - èõ ìàññà; p

F
 - ðåëÿòèâèñòñêèé èìïóëüñ Ôåðìè; n

F
 -

êîíöåíòðàöèÿ ÷àñòèö ãàçà, ïðè êîòîðîé èìïóëüñ Ôåðìè ðàâåí mc; c -
ñêîðîñòü ñâåòà; h - ïîñòîÿííàÿ Ïëàíêà.

2. Âûâîä áàðîìåòðè÷åñêîé ôîðìóëû. Áóäåì ñëåäîâàòü ãàçîñòàòè-
÷åñêîìó ìåòîäó âûâîäà áàðîìåòðè÷åñêîé ôîðìóëû, ïðèìåíåííîìó â [6]. Äëÿ
ýòîãî ðàññìîòðèì óðàâíåíèå ãàçîñòàòè÷åñêîãî ðàâíîâåñèÿ

. 01


dx
dU

dx
dP

n (4)

Ïîäñòàâèì (3) â (4) è ïîëó÷èì îáûêíîâåííîå äèôôåðåíöèàëüíîå óðàâíåíèå.
Ðåøåíèå óðàâíåíèå ñ óñëîâèåì   00 nUn   äàåò

. 118
3232

0




































FFF n
n

n
n

n
AU (5)

Ðàçðåøàÿ (5) îòíîñèòåëüíî n, ïîëó÷èì ðàñïðåäåëåíèå óëüòðàðåëÿòèâèñòñêè
âûðîæäåííîãî ãàçà ×àíäðàñåêàðà â ñèëîâîì ïîëå U â ÿâíîì âèäå:

. 11664
512

23

22
F

32
0

32
02

3

































 Un

n
nUAn

n
nA

A
nn

F
F

F

F
(6)

Ïîäñòàâëÿÿ â íåå îäíîðîäíîå ñèëîâîå ïîëå U = mgx, ïîëó÷èì èñêîìóþ
áàðîìåòðè÷åñêóþ ôîðìóëó

. 11664
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2222
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
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
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
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
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


 xgmn

n
nmgxAn

n
nA

A
nn

F
F

F

F
(7)

Ôîðìóëû (6) è (7) - îñíîâíîé ðåçóëüòàò äàííîé ðàáîòû. Àíàëèçèðóÿ èõ,
ïîñòðîèì ãðàôèê çàâèñèìîñòè n(U) (ðèñ.1). Âèäíî, ÷òî îí èìååò äâå âåòâè,
â ïðîìåæóòêå ìåæäó êîòîðûìè çíà÷åíèÿ ôóíêöèè (6) êîìïëåêñíîçíà÷íûå.
Ïðàâàÿ âåòâü ïðè áîëüøèõ çíà÷åíèÿõ U ÿâëÿåòñÿ ëîæíîé. Îíà âîçíèêëà ïðè
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âîçâåäåíèè â êâàäðàò (5) ïðè ðåøåíèè èððàöèîíàëüíîãî óðàâíåíèÿ îòíîñèòåëüíî
n. Ëîæíóþ âåòâü íåîáõîäèìî îòáðîñèòü.

Â èòîãå, ôîðìóëà (6) ñïðàâåäëèâà ëèøü äî çíà÷åíèÿ U
F
, âûðàæàåìîãî
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, 11118 2
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êîòîðîå íàõîäèòñÿ, êàê íàèìåíüøèé êîðåíü ôóíêöèè (7). Çäåñü ðåëÿòèâèñòñêèé
ïàðàìåòð âûðîæäåíèÿ 0  ñîîòâåòñòâóåò n0.

3. Çàêëþ÷åíèå. Òàêèì îáðàçîì, ôîðìóëà (6) ïðè 0 < U < U
F
 åñòü ðàñïðå-

äåëåíèå ÷àñòèö â ñèëîâîì ïîëå, à (7) - áàðîìåòðè÷åñêàÿ ôîðìóëà äëÿ óëüòðà-
ðåëÿòèâèñòñêè âûðîæäåííîãî ãàçà, ïîä÷èíÿþùåãîñÿ óðàâíåíèþ ñîñòîÿíèÿ
×àíäðàñåêàðà [9,10]. Èõ ìîæíî èñïîëüçîâàòü â òåîðèÿõ íåëèíåéíûõ
ýëåêòðîñòàòè÷åñêèõ âîëí è ñòðóêòóð â ðåëÿòèâèñòñêîé âûðîæäåííîé ïëàçìå.

A barometric formula for ultra-relativistically degenerate Fermi-
gas. An exact explicit barometric formula for ultra-relativistically degenerate
Fermi-gas governed by the Chandrasekhar equation of state is derived.

Keywords: ultra-relativistically degenerate Fermi-gas: Chandrasekhar equation
      of state: barometric formula
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Ðèñ.1. Ãðàôèê çàâèñèìîñòè (6); ëîæíàÿ âåòâü îòìå÷åíà ïóíêòèðîì.
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Î ÂÛÁÐÎÑÅ V1118 Ori Â 2018-2020ãã.

1. Ââåäåíèå. Ïåðåìåííîñòü V1118 Ori áûëà îáíàðóæåíà â 1983ã. [1] è
âñêîðå çâåçäà áûëà êëàññèôèöèðîâàíà êàê EXor èëè Subfuor [2,3]. Â òàáë1.
ïðåäñòàâëåíû âñå âûáðîñû (outburst) V1118 Ori, ðåãèñòðèðîâàííûå ïîñëå
îáíàðóæåíèÿ çâåçäû â 1983ã. äî íàñòîÿùåãî âðåìåíè.

Ïðåäïîñëåäíèé âûáðîñ ïðîèçîøåë â ñåíòÿáðå 2015ã. Íàøè íàáëþäåíèÿ
ýòîãî âûáðîñà îõâàòèëè ïåðèîä 2014-2016ãã. Îñíîâíàÿ ÷àñòü äàííûõ íàøèõ
íàáëþäåíèé áûëà ïðèâåäåíà â ðàáîòå [16]. Ïîñëå ïóáëèêàöèè áûëè ïîëó÷åíû
íîâûå äàííûå, êîòîðûå ïîçâîëèëè äîïîëíèòü êðèâóþ áëåñêà (ðèñ.1, ñëåâà).

2. Ðåçóëüòàòû. Â íàñòîÿùåé ðàáîòå ïðåäñòàâëåíû äàííûå íàáëþäåíèé
ïîñëåäíåãî âûáðîñà â öâåòå V  íà 20-ñì òåëåñêîïå Øìèäòà-Êàññåãðåíà ñ ÏÇÑ
êàìåðîé, îõâàòûâàþùèå ïåðèîäû 09.11.2018-02.12.2019 è 09.28.2019-02.16.2020,
êîòîðûå ñîâïàëè ñ íà÷àëîì è êîíöîì âûáðîñà (ðèñ.1).

 Èç ðèñ.1 ñëåäóåò, ÷òî âûáðîñ ïðîèçîøåë â íà÷àëå ñåíòÿáðÿ 2018ã. è
çàâåðøèëñÿ â ñåðåäèíå ôåâðàëÿ 2020ã. Ìåæäó äâóìÿ ïåðå÷èñëåííûìè äàòàìè
âñïûøêà íàáëþäàëàñü ãðóïïîé èòàëüÿíñêèõ àñòðîíîìîâ [17,18] â ïîëîñàõ g,
r, i, z. Âûáðîñ áûë îáíàðóæåí èìè 9 ìàÿ 2019ã., ïîñëå ÷åãî çâåçäà ñòàëà

ÒÎÌ 63 ÍÎßÁÐÜ, 2020 ÂÛÏÓÑÊ 4

À Ñ Ò Ð Î Ô È Ç È Ê À

Ýïîõà  âñïûøêè                     Ëèòåðàòóðà

1983-1984 Õåðñò è äð. [1], Ïàðñàìÿí è Ãàñïàðÿí [2], Êîñàé [4]
1988-1990 Ïàðñàìÿí è äð. [5,6]
1992-1994 Ãàðñèà Ãàðñèà, Ìàìïàñî è Ïàðñàìÿí [7], Ïàðñàìÿí è äð. [8]
1996-1998 Õàéàêàâà è äð. [10], Ãàðñèà Ãàðñèà, Ïàðñàìÿí [9]
2004-2006 Âàaãåí è äð. [11], Âèëüÿìñ è äð. [12], Ãàðñèà Ãàðñèà,

Ïàðñàìÿí è äð. [13]
2007-2008 Ãàðñèà Ãàðñèà, Ïàðñàìÿí [14]
2015-2017 Äæàííèíè è äð. [15], Ãàðñèà Ãàðñèà, Ïàðñàìÿí [16]
2018-2019 Äàííàÿ ðàáîòà, Äæóíòà è äð. [17,18]

Òàáëèöà 1

ÐÅÃÈÑÒÐÈÐÎÂÀÍÍÛÅ ÂÛÁÐÎÑÛ V1118 Ori
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íåäîñòóïíîé äëÿ íàáëþäåíèé äî ñåðåäèíû àâãóñòà. Ïîñëå ýòîãî çâåçäà ðåãóëÿðíî
íàáëþäàëàñü äî êîíöà ñåíòÿáðÿ. Ñóäÿ ïî äàííûì (ðèñ.1, ñïðàâà), ïèê
ìàêñèìàëüíîé ÿðêîñòè V1118 Ori ïðèøåëñÿ íà ïåðèîä ñ èþíÿ ïî àâãóñò 2019ã.,
îäíàêî "ïîéìàòü" åãî íå óäàëîñü [18]. Áûë çàðåãèñòðèðîâàí ðåäêèé ñëó÷àé
î÷åíü áûñòðîãî ñíèæåíèÿ ñâåòèìîñòè. Äî 12 àâãóñòà ñâåòèìîñòü çâåçäû
óìåíüøèëàñü ïðèìåðíî íà 1m.5 çâåçäíûõ âåëè÷èí ñî ñêîðîñòüþ ïðèìåðíî
0m.033 çà ñóòêè. Ñîîòâåòñòâåííî, ñêîðîñòü ðîñòà ñîñòàâëÿëà 0m.018/ñóò. [18].

Îêàçàëîñü, ÷òî íàøè íàáëþäåíèÿ ÷àñòè÷íî (â äâóõ òî÷êàõ) ïåðåêðûâaþòñÿ
ñ íàáëþäåíèÿìè â öâåòå g Äæóíòà è äð. [18], ÷òî ïîçâîëèëî "ñøèòü" äàííûå
äâóõ ãðóïï è ïîëó÷èòü áîëåå èëè ìåíåå ïîëíóþ êàðòèíó âûáðîñà. Íà ðèñ.2
ïðèâîäèòñÿ êîìáèíèðîâàííàÿ êðèâàÿ ñâåòèìîñòè â óñëîâíûõ åäèíèöàõ, ãäå
çà åäèíèöó ïðèíÿòà ñâåòèìîñòü çâåçäû ïðè m17vm .

Ïîëó÷åííóþ êðèâóþ óäàëîñü àïïðîêñèìèðîâàòü (ðèñ.2) ñ ïîìîùüþ "ïèêîâîé"
ôóíêöèè Ãðàìà-Øàðëüå (GCAS, Gram-Charlier peak function use in chroma-
tography) èç ïàêåòà Origin 2019b:

    , 
!

1
2

4

3

2
0

2














 





i

iz zH
i
ae

w
AyzL

ãäå y0, A, w, t
c
, a3, a4 - íåêèå ïîñòîÿííûå ïàðàìåòðû,   wttz c , zzH 33

3  ,
36 24

3  zzH , êîòîðàÿ øèðîêî èñïîëüçóåòñÿ â õðîìàòîãðàôèè - ìåòîäå
ðàçäåëåíèÿ è àíàëèçà ñìåñåé âåùåñòâ, à òàêæå èçó÷åíèÿ ôèçèêî-õèìè÷åñêèõ
ñâîéñòâ âåùåñòâ, êîòîðûé îñíîâàí íà ðàñïðåäåëåíèè âåùåñòâ ìåæäó äâóìÿ
ôàçàìè - íåïîäâèæíîé (òâåðäàÿ ôàçà èëè æèäêîñòü, ñâÿçàííàÿ íà èíåðòíîì
íîñèòåëå) è ïîäâèæíîé (ãàçîâàÿ èëè æèäêàÿ ôàçà). Ìû ñïåöèàëüíî îáðàùàåì
âíèìàíèå íà ñõîäñòâî "õðîìàòîãðàôè÷åñêèõ" ïðîöåññîâ ñ ðàññìàòðèâàåìûì â

Ðèñ.1. Êðèâûå áëåñêà ïðåäïîñëåäíåé è ïîñëåäíåé âñïûøêè V1118 Ori.

JD

2456400

17.5

2457000 2457600 2458200 2458800

16.5

15.5

14.5

13.5

11.22.13 12.27.14 1.31.16 3.6.17 4.10.18 5.15.19 6.18.20

m
v

g



669ÊÐÀÒÊÈÅ  ÑÎÎÁÙÅÍÈß

äàííîé ñòàòüå âûáðîñîì, ãäå ïðîèñõîäèò àíàëîãè÷íûé, â ñàìûõ îáùèõ ÷åðòàõ,
ïðîöåññ. Çäåñü, âîçìîæíî, èìååò ìåñòî ïðîÿâëåíèå ãëóáèííîé ñâÿçè ìåæäó
ôèçè÷åñêèìè ïðîöåññàìè è ïîðîæäàåìûìè èìè ñòàòèñòè÷åñêèìè ðàñïðå-
äåëåíèÿìè. Èçâåñòíî, ÷òî ñîâåðøåííî ðàçíûå ïî ïðîèñõîæäåíèþ, íî ïîäîáíûå
ïðîöåññû ïðèâîäÿò ê îäèíàêîâûì ðàñïðåäåëåíèÿì. Íàïðèìåð, ñëó÷àéíûå
íåçàâèñèìûå ñîáûòèÿ, ïðîèñõîäÿùèå ñ çàäàííîé èíòåíñèâíîñòüþ, ïðèâîäÿò ê
ïóàññîíîâñêîìó èëè ñìåæíûì ðàñïðåäåëåíèÿì. Â äàííîé çàäà÷å  ïîäîáèå ñ
"õðîìàòîãðàôè÷åñêèìè" ïðîöåññàìè âûðàæàåòñÿ â íàëè÷èè íåïîäâèæíîãî (çâåçäà)
è ïîäâèæíîãî (âûáðîñ) êîìïîíåíòîâ ñ  èíäóöèðîâàííûìè èìè ïðîöåññàìè
(ïîòåðÿ ìàññû, èçìåíåíèå áëåñêà è ò.ä.).

Íà ðèñ.2 ïðèâîäÿòñÿ äâå àïïðîêñèìàöèè íàáëþäàòåëüíûõ äàííûõ. Ïåðâàÿ
ïîëó÷åíà íåïîñðåäñòâåííî âûøåóïîìÿíóòîé ôóíêöèåé GCAS (GC), à âòîðàÿ,
ñèìóëèðîâàííàÿ (S) àïïðîêñèìàöèÿ, ïîëó÷åíà ïóòåì âàðèàöèè ïàðàìåòðîâ
ïîëó÷åííîé ôóíêöèè GCAS â ïðåäåëàõ èõ îøèáîê. Ýòî ñäåëàíî ñ öåëüþ äàòü
áîëüøèé ñòàòèñòè÷åñêèé âåñ "ÿðêèì" òî÷êàì. Çíà÷åíèÿ ïàðàìåòðîâ ïðèâåäåíû
â òàáë.2.

Èç ðèñ.2 ñëåäóåò, ÷òî ìàêñèìóì ñâåòèìîñòè 85137513 mm ..   áûë äîñòèãíóò
â èíòåðâàëå 245866762458670JD  . Ñðåäíÿÿ ñêîðîñòü âîçãîðàíèÿ áëåñêà ïðè
ýòîì ñîñòàâëÿëà 01900180 mm ..  /ñóò, óãàñàíèÿ - 02600240 mm ..  /ñóò. Ñêîðîñòü
èçìåíåíèÿ ñâåòèìîñòè áîëåå äåòàëüíî ïðåäñòàâëåíà íà ðèñ.3.

Ôóíêöèÿ y0 A w t
c

a3 a4

GCAS 1±0.3 2092±619 52±17 653±43 -0.791±1.691 -0.118±1.065
S 1 2300 50 660 -0.791 -0.118

Òàáëèöà 2
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Ðèñ.2. Àïïðîêñèìàöèè êðèâîé áëåñêà ïîñëåäíåé âñïûøêè V1118 Ori.
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Êàê âèäíî, êðèâàÿ ñêîðîñòè èçìåíåíèÿ ñâåòèìîñòè ñëåäóåò õîäó êðèâîé
ñâåòèìîñòè, äîñòèãàÿ ñâîåãî ìàêñèìóìà ïðèìåðíî äî ïîëòîðà ìåñÿöà äî
ìàêñèìóìà ñâåòèìîñòè, ïîñëå ÷åãî ñïàäàåò ïàðàëëåëüíî ïðàâîìó êðûëó êðèâîé
ñâåòèìîñòè. Èíòåðïðåòàöèÿ ýòîé êðèâîé íå âõîäèò â çàäà÷ó äàííîé ðàáîòû
è òðåáóåò áîëåå âíèìàòåëüíîãî ðàññìîòðåíèÿ.

3. Çàêëþ÷åíèå. Ïðèâåäåíû íîâûå íàáëþäàòåëüíûå äàííûå î ïîñëåäíèõ
äâóõ âûáðîñàõ EXor V1118 Ori. Ïîñòðîåíà è àïïðîêñèìèðîâàíà êîìáèíè-
ðîâàííàÿ êðèâàÿ áëåñêà ïîñëåäíåãî âûáðîñà. Îïðåäåëåíû äàòû íà÷àëà, ìàêñè-
ìóìà è êîíöà âûáðîñà, çâåçäíàÿ âåëè÷èíà â ìàêñèìóìå, ñðåäíèå ñêîðîñòè
èçìåíåíèÿ çâåçäíîé âåëè÷èíû ïðè âîçãîðàíèè è óáûâàíèè áëåñêà.

On the outburst of V118 Ori. New observational data on the last two
outbursts of EXor star V1118 Ori are presented. The combined light curve of the
last outburst is derived and fitted. The dates of the outburst beginning, maximum
and ending, the maximal magnitude, and the rate of the brightness increasing and
decreasing were determined.

Keywords: V1118 Ori: outburst
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Ðèñ.3. Êðèâàÿ ñêîðîñòè èçìåíåíèÿ ñâåòèìîñòè, ñîïîñòàâëåííàÿ ñ êðèâîé áëåñêà V1118 Ori.



671ÊÐÀÒÊÈÅ  ÑÎÎÁÙÅÍÈß

ËÈÒÅÐÀÒÓÐÀ

1. G.M.Hurst, D.Chanal et al., IAU Circ., 3924, 1984.
2. E.S.Parsamian, K.G.Gasparian, Astrophysics, 27, 598, 1987.
3. G.H.Herbig, Low Mass Star Formation and Pre-Main Sequence Objects, ed.

Bo Reipurth, Munchen, 1990, p.223.
4. H.Kosai, IAU Circ., 3763, 1983.
5. E.S.Parsamian, M.A.Ibragimov, G.B.Oganian et al., Astrophysics, 36, 12, 1993.
6. E.S.Parsamian, K.G.Gasparian, G.B.Oganian et al., Astrophysics, 39, 201, 1996.
7. J.Garcia Garcia, A.Mampaso, E.Parsamian, Inf. Bull. Var. Stars, 4268, 1995.
8. E.S.Parsamian, R.Mujica, L.Corral et al., Astrophysics, 45, 393, 2002.
9. J.G.Garcia, E.S.Parsamian, Inf. Bull. Var. Stars, 4925, 2000.
10. T.Hayakawa, T.Ueda, M.Uemura et al., Inf. Bull. Var. Stars, 4615, 1998.
11. E.O.Waagen, P.Williams, G. de Scala et al., IAU Circ., 8626, 2005.
12. P.Williams, C.Bembrick, S.Lee, IAU Circ., 8460, 2005.
13. J.Garcia Garcia, E.S.Parsamian, J.C.Velazquez et al., Inf. Bull. Var. Stars,

5691, 2006.
14. J.Garcia Garcia, E.S.Parsamian, Inf. Bull. Var. Stars, 5829, 2008.
15. T.Giannini, D.Lorenzetti, S.Antoniucci et al., Astrophys J. Lett., 819, L5, 2016.
16. J.Garcia Garcia, E.S.Parsamian, Inf. Bull. Var. Stars, 6199, 2017.
17. A.Giunta, T.Giannini, S.Antoniucci et al., ATel #12774, 2017. 
18. A.Giunta, T.Giannini, F.Vitali et al., ATel #13298, 2017.



"Àñòðîôèçèêà"

ÏÐÀÂÈËÀ ÄËß ÀÂÒÎÐÎÂ

1. Ðóêîïèñè ìîãóò áûòü ïðåäñòàâëåíû â ïå÷àòíîì âèäå (hard copies) â
äâóõ ýêçåìïëÿðàõ, îòïå÷àòàííûå íà îäíîé ñòîðîíå ëèñòà ôîðìàòà À4, âìåñòå
ñ ñîîòâåòñòâóþùåé ýëåêòðîííîé âåðñèåé. Îäèí èç ýêçåìïëÿðîâ äîëæåí áûòü
ïîäïèñàí âñåìè àâòîðàìè. Óêàçûâàþòñÿ ñâåäåíèÿ îá àâòîðàõ: ôàìèëèÿ, èìÿ,
îò÷åñòâî, íàçâàíèå ó÷ðåæäåíèÿ, ýëåêòðîííûé àäðåñ.

2. Ðóêîïèñü ìîæåò áûòü íàáðàíà â âèäå ôàéëà ñ ðàñøèðåíèÿìè .doc, .docx,
.rtf, ÷åðåç 1.5 èíòåðâàëà, èñïîëüçóÿ Font 12pt.

3. Ðèñóíêè äîëæíû áûòü âûïîëíåíû ïðåäåëüíî àêêóðàòíî ñ ðàçáîð÷èâûìè
íàäïèñÿìè. Íåîáõîäèìûå îáúÿñíåíèÿ äàþòñÿ â ïîäïèñÿõ ê ðèñóíêàì, êîòîðûå
íå äîëæíû ïîâòîðÿòüñÿ â òåêñòå. Ðèñóíêè íåîáõîäèìî îòïðàâèòü â âèäå .jpg,
.bmp, .wmf, .eps ôàéëîâ. Ñ ó÷åòîì ôîðìàòà æóðíàëà ðàçìåðû ðèñóíêîâ ðåäàêöèåé
ìîãóò áûòü èçìåíåíû. Â òåêñòå ðèñóíêè íóìåðóþòñÿ â ïîðÿäêå î÷åðåäíîñòè
(ðèñ.1, ðèñ.2, è ò.ä.). Åñëè ðèñóíîê, ñîñòîèò èç äâóõ èëè áîëåå ïàíåëåé, òî
âîçìîæíû îáîçíà÷åíèÿ òèïà ðèñ.1à èëè ðèñ.1à, b.

4. Òàáëèöû äîëæíû èìåòü íîìåðà è èíôîðìàòèâíûå íàçâàíèÿ. Ïðèìå÷àíèÿ
äîëæíû áûòü ñâåäåíû ê ìèíèìóìó è ïðîíóìåðîâàíû íàäñòðî÷íûìè àðàáñêèìè
öèôðàìè.

5. Öèòèðîâàíèå ëèòåðàòóðû. Öèòèðóåìàÿ ëèòåðàòóðà äàåòñÿ ïîðÿäêîâûì
íîìåðîì â ñòðî÷êó â êâàäðàòíûõ ñêîáêàõ (íàïðèìåð, [5]) è ñîîòâåòñòâóåò
íîìåðó â ñïèñêå ëèòåðàòóðû. Ñïèñîê ëèòåðàòóðû äîëæåí áûòü îôîðìëåí
ñëåäóþùèì îáðàçîì:

à) Äëÿ æóðíàëüíûõ ñòàòåé óêàçûâàþòñÿ èíèöèàëû è ôàìèëèè àâòîðîâ
êóðñèâíûì øðèôòîì (â îðèãèíàëüíîé òðàíñêðèïöèè), íàçâàíèå æóðíàëà â
ïðèíÿòîì ñîêðàùåíèè (ñîêðàùåíèÿ äëÿ íåêîòîðûõ íàèáîëåå ÷àñòî âñòðå÷àåìûõ
æóðíàëîâ, ïðèìåíÿåìûõ â "Àñòðîôèçèêå", äàåòñÿ â ñàéòå æóðíàëà), íîìåð
òîìà æèðíûì øðèôòîì, íîìåð ïåðâîé ñòðàíèöû, ãîä èçäàíèÿ. Äëÿ ðóññêî-
ÿçû÷íûõ æóðíàëîâ, êîòîðûå ïåðåâîäÿòñÿ íà àíãëèéñêèé ÿçûê, â ñêîáêàõ
ïðèâîäÿòñÿ ñîîòâåòñòâóþùåå íàçâàíèå æóðíàëà íà àíãëèéñêîì, òîì, ñòðàíèöà
è ãîä ïóáëèêàöèè.

á) Äëÿ êíèã ñëåäóåò óêàçûâàòü èíèöèàëû è ôàìèëèþ àâòîðà êóðñèâîì,
ìåñòî è ãîä èçäàíèÿ.



6. Îôîðìëåíèå ðóêîïèñè. Íà ïåðâîé ñòðàíèöå äàåòñÿ íàçâàíèå ñòàòüè (ïî
âîçìîæíîñòè êðàòêî è èíôîðìàòèâíî), èíèöèàëû, ôàìèëèÿ êàæäîãî àâòîðà
è àííîòàöèÿ íà ðóññêîì ÿçûêå. Íà âòîðîé ñòðàíèöå ïðèâîäÿòñÿ íàçâàíèå
ñòàòüè,  èíèöèàëû, ôàìèëèÿ êàæäîãî àâòîðà è òåêñò àííîòàöèè íà àíãëèéñêîì
ÿçûêå, êîòîðûé äîëæåí ïîëíîñòüþ ñîîòâåòñòâîâàòü ðóññêîìó. Â àííîòàöèè
äîëæíû áûòü èçëîæåíû ãëàâíûå ðåçóëüòàòû ðàáîòû áåç ññûëîê íà ëèòåðàòóðó.
Ìàêñèìàëüíûé îáúåì àííîòàöèè íå äîëæåí ïðåâûøàòü 5% îñíîâíîãî òåêñòà.
Òàáëèöû, ñïèñîê ëèòåðàòóðû, ðèñóíêè è íàäïèñè ê ðèñóíêàì ïå÷àòàþòñÿ íà
îòäåëüíûõ ñòðàíèöàõ. Ðàñïîëîæåíèå òàáëèö è ðèñóíêîâ îòìå÷àåòñÿ íà ïîëÿõ
îñíîâíîãî òåêñòà. Àííîòàöèè, îñíîâíîé òåêñò, ñïèñîê ëèòåðàòóðû è òàáëèöû
äîëæíû èìåòü îäíó îáùóþ íóìåðàöèþ ñòðàíèö. Ñóììàðíûé îáúåì íå
äîëæåí ïðåâûøàòü 16 ñòàíäàðòíûõ ñòðàíèö. Îáúåì êðàòêîãî ñîîáùåíèÿ - íå
áîëåå 4 ñòðàíèö.

Ñòàòüÿ ñîñòîèò èç ïðîíóìåðîâàííûõ ðàçäåëîâ, íà÷èíàÿ ñ "1. Ââåäåíèå".
Íàçâàíèÿ ðàçäåëîâ ïå÷àòàþòñÿ êóðñèâîì â ñòðîêå, îíè äîëæíû áûòü êðàòêèìè
è ñîäåðæàòåëüíûìè. Ïîäðàçäåëû ìîãóò áûòü ïðîíóìåðîâàíû êàê 2.1, 2.2 è
ò.ä. Íåîáõîäèìûå ñîêðàùåíèÿ òåðìèíîâ èëè íàçâàíèé ìîãóò áûòü èñïîëü-
çîâàíû âî âñåé ñòàòüå, îäíàêî èõ îáúÿñíåíèå äàåòñÿ ëèøü îäèí ðàç ïðè
ïåðâîì óïîìèíàíèè.

7. Â ñëó÷àå ïðåäñòàâëåíèÿ äâóõ èëè áîëåå ñòàòåé îäíîâðåìåííî íåîáõîäèìî
óêàçàòü æåëàòåëüíûé ïîðÿäîê èõ ïóáëèêàöèè.

8. Ðóêîïèñè àâòîðàì íå âîçâðàùàþòñÿ.

9. Àâòîðàì ñòàòüè (íåçàâèñèìî îò èõ êîëè÷åñòâà) ïðåäñòàâëÿåòñÿ 10
îòòèñêîâ áåñïëàòíî.
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Êî÷èàøâèëè Í., Êî÷èàøâèëè È., Íàöâëèøâèëè Ð., Áåðàäçå Ñ., Âàðäîñà-

íèäçåÌ. Ìàññèâíàÿ äâîéíàÿ ñèñòåìà RY Sct - íîâîå ðåøåíèå
êðèâûõ áëåñêà 275

Êðóãîâ Ì.À. (ñì. Êîíäðàòüåâà Ë.Í.) 413
Êóâøèíîâà È.Á. (ñì. Ðîçãà÷åâà È.Ê.) 69
Êóñàêèí À.Â. (ñì. Êîíäðàòüåâà Ë.Í.) 413
Êóöåíêî À.Ñ. (ñì. Ôóðñÿê Þ.À.) 295
Ëîãà÷åâ Þ.È. (ñì. Ñòðóìèíñêèé À.Á.) 437
Ëþìàíîâ Ý.Ð. (ñì. Ïàâëåíêî Å.Ï.) 559
Ìàëàíóøåíêî Â.Ï. (ñì. Ñêëÿíîâ À.Ñ.) 227
Ìàëàùóê Â.Ì. (ñì. Àíäðååâà Î.À.) 137
Ìãåáðèøâèëè È. (ñì. Öèíàìäçãâðèøâèëè Ò.) 489
Ìäçèíàðèøâèëè Ò. (ñì. Öèíàìäçãâðèøâèëè Ò.) 489
Ìåëèêÿí Í.Ä. Ñïåêòðàëüíûå íàáëþäåíèÿ ýìèññèîííûõ çâåçä â îáëàñòè

Cyg OB7 597
Ìåëüíèêîâ Â.Ô. (ñì. Áàêóíèíà È.À.) 285
Ìèêàåëÿí À.Ì. (ñì. Àáðàìÿí À.Â.) 363
Ìèêàåëÿí À.Ì. (ñì. Ïàðîíÿí Ã.Ì.) 193



Ìèêàåëÿí Ã.À. (ñì. Ïàðîíÿí Ã.Ì.) 193
Ìèêàåëÿí Ã.À. (ñì. Àáðàìÿí À.Â.) 363
Ìîèñååâ À.Â. (ñì. Àêîïÿí Ñ.À.) 57
Ìîðãà÷åâ À.Ñ. (ñì. Áàêóíèíà È.À.) 285
Ìîð÷åíêî Å.Ñ. Ê âîïðîñó î ïðîèñõîæäåíèè îïòè÷åñêîãî èçëó÷åíèÿ â

èìïóëüñíîé ôàçå âñïûøåê dMe çâåçä. I. Îáñóæäåíèå ãàçî-
äèíàìè÷åñêèõ ìîäåëåé 111

Ìîð÷åíêî Å.Ñ. Ê âîïðîñó î ïðîèñõîæäåíèè îïòè÷åñêîãî èçëó÷åíèÿ â
èìïóëüñíîé ôàçå âñïûøåê dMe çâåçä. II. Íåïðåðûâíîå è
ëèíåé÷àòîå èçëó÷åíèå 501

Íàöâëèøâèëè Ð. (ñì. Êî÷èàøâèëè Í.) 275
Íå÷àåâà À.Á. (ñì. Çèìîâåö È.Â.) 463
Íèêîãîñÿí À.Ã. Èññëåäîâàíèå íåêîòîðûõ ïðîÿâëåíèé íåñòàöèîíàðíîñòè

â ñïåêòðàõ ñâåðõãèãàíòîâ ðàííèõ òèïîâ 611
Íîó Ì.È., Ýëüõàòèá Ì.Ì. Ôîòîìåòðè÷åñêîå èññëåäîâàíèå íåêîòîðûõ

ñèñòåì òèïà WUMa 81
Íîóõ Ì.È., Ýëüñàíõóðè Â.Õ. Êèíåìàòèêà è ýëëèïñîèä ñêîðîñòåé êðàñ-

íûõ ãèãàíòîâ ãàëî 207
Îìàð Á.Ê. (ñì. Êîíäðàòüåâà Ë.Í.) 413
Îðáèäàíñ À. (ñì. Ñóõàðåâ À.) 41
Ïàâëåíêî Å.Ï. (ñì. Áàáèíà Þ.Â.) 257
Ïàâëåíêî Å.Ï. (ñì. Ñêëÿíîâ À.Ñ.) 227
Ïàâëåíêî Å.Ï., Ñîñíîâñêèé À.À., Àíòîíþê Ê.À., Ëþìàíîâ Ý.Ð., Ïèòü Í.Â.,

Àíòîíþê Î.È. Ãîðáû è ñâåðõãîðáû â ñèñòåìå êàðëèêîâîé
íîâîé òèïà SU UMa 1RXS J161659.5+620014 559

Ïàðàíä Ê., Êàíãàâàðè À.Ã., Äåëõîø Ì. Äâà ýôôåêòèâíûõ âû÷èñëè-
òåëüíûõ àëãîðèòìà äëÿ ðåøåíèÿ íåëèíåéíûõ ñèíãóëÿðíûõ
óðàâíåíèé Ëåéíà-Ýìäåíà 159

Ïàðîíÿí Ã.Ì. (ñì. Àáðàìÿí À.Â.) 363
Ïàðîíÿí Ã.Ì., Ìèêàåëÿí À.Ì., Àáðàìÿí À.Â., Ìèêàåëÿí Ã.À. Òèïû

àêòèâíîñòè ãàëàêòèê, îòîáðàííûõ èç âûáîðêè HRC/BHRC. II 193
Ïàðñàìÿí Ý.Ñ. (ñì. Ãàðñèà Ãàðñèà Õ.) 667
Ïèêè÷ÿí Î.Â. Àíàëèòè÷åñêîå ðåøåíèå íåëèíåéíîé çàäà÷è äèôôóçèè

èçëó÷åíèÿ â îäíîìåðíîé ÷èñòî ðàññåèâàþùåé ñðåäå. II 649
Ïèòü Í.Â. (ñì. Ñêëÿíîâ À.Ñ.) 227
Ïèòü Í.Â. (ñì. Ïàâëåíêî Å.Ï.) 559
Ïîòðàâíîâ È.Ñ., Åñåëåâè÷ Ì.Â. Ñïåêòðîñêîïèÿ è êèíåìàòèêà V1117

Her - âûñîêîøèðîòíîé çâåçäû òèïà UX Ori 547
Ïóçèí Â. (ñì. Õîëòûãèí À.Ô.) 401
Ðàìèøâèëè Ã. (ñì. Äæàïàðèäçå Ä.) 319
Ðåâà È.Â. (ñì. Êîíäðàòüåâà Ë.Í.) 413



Ðåøåòíèêîâ Â.Ï., Òàðàêàíîâ Ï.À., Êîñòèíà Ì.Â. Ôîòîìåòðè÷åñêîå
èññëåäîâàíèå äâóõ ãàëàêòèê ñ X-ñòðóêòóðàìè 21

Ðèåïå Ï. (ñì. Êàðà÷åíöåâ È.Ä.) 9
Ðîçãà÷åâà È.Ê., Êóâøèíîâà È.Á. Ôèëàìåíòû êðóïíîìàñøòàáíîé ñòðóê-

òóðû è ïåðâè÷íûå ñêàëÿðíûå è âåêòîðíûå ãðàâèòàöèîííûå
âîçìóùåíèÿ 69

Ðîìàíåíêî Ë.Ã. (ñì. Øàõò Í.À.) 583
Ðÿáîâ Ì. (ñì. Ñóõàðåâ À.) 41
Ñààêÿí Í., Àðóòþíÿí Ã., Èñðàåëÿí Ä., Õà÷àòðÿí Ì. Èññëåäîâàíèå

ïðîèñõîæäåíèÿ ìíîãîâîëíîâîãî èçëó÷åíèÿ áëàçàðà B3 1343+451
ñ âûñîêèì êðàñíûì ñìåùåíèåì 375

Ñààêÿí Í., Èñðàåëÿí Ä.È., Àðóòþíÿí Ã. Ìíîãîâîëíîâîå èçó÷åíèå
äàëåêîãî áëàçàðà PKS 0537-286 521

Ñàâàíîâ È.Ñ. Ïðîãðàììà MAGREG äëÿ îïðåäåëåíèÿ âåëè÷èíû ïðî-
äîëüíîé êîìïîíåíòû ìàãíèòíîãî ïîëÿ çâåçä ïî ñïåêòðîïîëÿ-
ðèìåòðè÷åñêèì íàáëþäåíèÿì 103

Ñàâàíîâ È.Ñ. Î ìåäëåííîâðàùàþùèõñÿ Ap çâåçäàõ. Ïåðñïåêòèâû èõ
íàáëþäåíèé â ðàìêàõ êîñìè÷åñêîé ìèññèè TESS 391

Ñàâàíîâ È.Ñ., Êàëèíè÷åâà Å.Ñ., Äìèòðèåíêî Å.Ñ. Î äèôôåðåíöèàëüíîì
 âðàùåíèè çâåçä ñïåêòðàëüíîãî êëàññà A 573

Ñàäîâñêèé À.Ì. (ñì. Ñòðóìèíñêèé À.Á.) 437
Ñèìîí À.Î. (ñì. Ñêëÿíîâ À.Ñ.) 227
Ñêëÿíîâ À.Ñ., Ïàâëåíêî Å.Ï., Àíòîíþê Ê.À., Ïèòü Í.Â., Ìàëàíóøåíêî Â.Ï.,

Ùóðîâà À.Â., Çàîñòîðîæíûõ À.-Ì.À., Øóãàðîâ Ñ.Þ., Ñîñíîâ-
ñêèé À.À., Áàáèíà Þ.Â., Àíòîíþê Î.È., Ñèìîí À.Î., Æó÷êîâ Ð.ß.,
Ãóòàåâ À.Ã. Èçìåíåíèÿ ïåðèîäà îòðèöàòåëüíûõ ñâåðõãîðáîâ
êàðëèêîâûõ íîâûõ òèïà SU UMa. I. MN Dra (2012-2017ãã.) 227

Ñìèðíîâà À.À. (ñì. Àêîïÿí Ñ.À.) 57
Ñîêîëîâ È.Â. (ñì. Õîëòûãèí À.Ô.) 401
Ñîëîâüåâ À.À. (ñì. Êîðîëüêîâà Î.À.) 311
Ñîñíîâñêèé À.À. (ñì. Ñêëÿíîâ À.Ñ.) 227
Ñîñíîâñêèé À.À. (ñì. Ïàâëåíêî Å.Ï.) 559
Ñòðóìèíñêèé À.Á., Ãðèãîðüåâà È.Þ., Ëîãà÷åâ Þ.È., Ñàäîâñêèé À.Ì. Äâå

ôàçû ñîëíå÷íûõ âñïûøåê è ñòîõàñòè÷åñêèé ìåõàíèçì óñêîðå-
íèÿ ýëåêòðîíîâ è ïðîòîíîâ 437

Ñóõàðåâ À., Ðÿáîâ Ì., Áåçðóêîâñ Â., Îðáèäàíñ À., Áëåèäåðñ Ì., Óäîâè-
÷åíêî Ñ., Êåéð Ë., Ýãëèòèñ È., Äóáîâñêèé Ï. Èññëåäîâàíèå
áûñòðîé ïåðåìåííîñòè áëàçàðà OJ287 â ðàäèî è îïòè÷åñêîì
äèàïàçîíàõ 41

Òàðàêàíîâ Ï.À., Åæêîâ Ì.Þ., Êîñòèíÿ Ì.Â. Ôðàêòàëüíàÿ ðàçìåðíîñòü
êîñìè÷åñêîãî ìèêðîâîëíîâîãî ôîíà êàê òåñò äàííûõ KA "Planck" 325

Òàðàêàíîâ Ï.À. (ñì. Ðåøåòíèêîâ Â.Ï.) 21



Òàðàùóê Â.Ï. (ñì. Ãîïàñþê Î.Ñ.) 479
Òîâìàñÿí Ã.Ì. Î ðàçìåðàõ è ìàññàõ ñêîïëåíèé ãàëàêòèê 31
Òîâìàñÿí Ã.Ì., Òîððåñ-Ïàïàêè Õ.-Ï. Î íàïðàâëåííîñòè ãàëàêòèê â

ñêîïëåíèÿõ 509
Òîððåñ-Ïàïàêè Õ.-Ï. (ñì. Òîâìàñÿí Ã.Ì.) 509
Òóòóêîâ À.Â., Øóñòîâ Á.Ì. Î ôóíäàìåíòàëüíûõ ïðè÷èíàõ ñõîäñòâà è

ðàçëè÷èé ñïåêòðîâ ìàññ ðàçëè÷íûõ àñòðîíîìè÷åñêèõ îáúåêòîâ 631
Óäîâè÷åíêî Ñ. (ñì. Ñóõàðåâ À.) 41
Ôóðñÿê Þ.À., Àáðàìåíêî Â.È., Êóöåíêî À.Ñ. Äèíàìèêà ïàðàìåòðîâ ýëåê-

òðè÷åñêîãî òîêà â àêòèâíûõ îáëàñòÿõ Ñîëíöà è èõ ñâÿçü ñî
âñïûøå÷íûì èíäåêñîì 295

Õàíåé÷óê Â.È. (ñì. Àõòåìîâ Ç.Ñ.) 451
Õà÷àòðÿí Ì. (ñì. Ñààêÿí Í.) 375

Õîëòûãèí À.Ô., Ïóçèí Â.Á., Ñîêîëîâ È.Â., Êàðàòàåâà Ã.Ì. Ïîñèê ñâåðõ-

áûñòðîé ïåðåìåííîñòè ïðîôèëåé ëèíèé â ñïåêòðå  Per A 401
Öàï Þ.Ò. (ñì. Àõòåìîâ Ç.Ñ.) 451
Öèëõ Ò. (ñì. Êàðà÷åíöåâ È.Ä.) 9
Öèíàìäçãâðèøâèëè Ò., Øåðãåëàøâèëè Á., ×àðãåéøâèëè Á., Ìãåáðèøâèëè È.,

Ìäçèíàðèøâèëè Ò., Äæàïàðèäçå Ä. Ðåãóëÿðíûå è êîëåáàòåëüíûå
äâèæåíèÿ ÿðêèõ òî÷åê êîðîíû 489

×àðãåéøâèëè Á. (ñì. Äæàïàðèäçå Ä.) 319
×àðãåéøâèëè Á. (ñì. Öèíàìäçãâðèøâèëè Ò.) 489
Øàðûêèí È.Í. (ñì. Çèìîâåö È.Â.) 463
Øàõò Í.À., Ãîðøàíîâ Ä.Ë., Èçìàéëîâ È.Ñ., Ðîìàíåíêî Ë.Ã. Èññëåäî-

âàíèå äâîéíîé çâåçäû ADS 7251 ïî íàáëþäåíèÿì â Ïóëêîâå
íà 65-ñì ðåôðàêòîðå ñ 1962 ïî 2018ãã. 583

Øåðãåëàøâèëè Á. (ñì. Äóìáàäçå Ã.) 131
Øåðãåëàøâèëè Á. (ñì. Öèíàìäçãâðèøâèëè Ò.) 489
Øòåðöåð Í.È. (ñì. Ãîïàñþê Î.Ñ.) 479
Øóãàðîâ Ñ.Þ. (ñì. Ñêëÿíîâ À.Ñ.) 227
Øóñòîâ Á.Ì. (ñì. Òóòóêîâ À.Â.) 631
Ùóðîâà À.Â. (ñì. Ñêëÿíîâ À.Ñ.) 227
Ýãëèòèñ È. (ñì. Ñóõàðåâ À.) 41
Ýëüñàíõóðè Â.Õ. (ñì. Íîóõ Ì.È.) 207
Ýëüõàòèá Ì.Ì. Îðáèòàëüíîå ðåøåíèå íåêîòîðûõ êîíòàêòíûõ äâîéíûõ

çâåçä 217
Ýëüõàòèá Ì.Ì. (ñì. Íîó Ì.È.) 81



ÑÎÄÅÐÆÀÍÈÅ

Âûïóñê I

Ïàìÿòè àêàäåìèêà Ä.Ì.Ñåäðàêÿíà 5
Ïàìÿòè àêàäåìèêà Å.Òåðçÿíà 7
Äþæèíà íîâûõ êàíäèäàòîâ â êàðëèêîâûå ãàëàêòèêè ìåñòíîãî îáúåìà

È.Ä.Êàðà÷åíöåâ, Ï.Ðèåïå, Ò.Öèëõ 9
Ôîòîìåòðè÷åñêîå èññëåäîâàíèå äâóõ ãàëàêòèê ñ X-ñòðóêòóðàìè

Â.Ï.Ðåøåòíèêîâ, Ï.À.Òàðàêàíîâ, Ì.Â.Êîñòèíà 21
Î ðàçìåðàõ è ìàññàõ ñêîïëåíèé ãàëàêòèê

Ã.Ì.Òîâìàñÿí 31
Èññëåäîâàíèå áûñòðîé ïåðåìåííîñòè áëàçàðà OJ 287 â ðàäèî è îïòè-
÷åñêîì äèàïàçîíàõ

À.Ñóõàðåâ, Ì.Ðÿáîâ, Â.Áåçðóêîâñ, À.Îðáèäàíñ, Ì.Áëåèäåðñ,
Ñ.Óäîâè÷åíêî, Ë.Êåéð, È.Ýãëèòèñ, Ï.Äóáîâñêèé 41

Ïàíîðàìíàÿ ñïåêòðîñêîïèÿ ãàëàêòèê ñ î÷àãàìè çâåçäîîáðàçîâàíèÿ.
Èññëåäîâàíèå SBS 0750+603B

Ñ.À.Àêîïÿí, Ñ.Í.Äîäîíîâ, À.Â.Ìîèñååâ, À.À.Ñìèðíîâà 57
Ôèëàìåíòû êðóïíîìàñøòàáíîé ñòðóêòóðû è ïåðâè÷íûå ñêàëÿðíûå è
âåêòîðíûå ãðàâèòàöèîííûå âîçìóùåíèÿ

È.Ê.Ðîçãà÷åâà, È.Á.Êóâøèíîâà 69
Ôîòîìåòðè÷åñêîå èññëåäîâàíèå íåêîòîðûõ ñèñòåì òèïà W UMa

Ì.È.Íîó, Ì.Ì.Ýëüõàòèá 81
Èññëåäîâàíèå ñëàáûõ ãàëàêòè÷åñêèõ óãëåðîäíûõ çâåçä èç ïåðâîãî
áþðàêàíñêîãî ñïåêòðàëüíîãî îáçîðà íåáà. IV. GAIA DR2 äàííûå

Ã.Ð.Êîñòàíäÿí 91
Ïðîãðàììà MAGREG äëÿ îïðåäåëåíèÿ âåëè÷èíû ïðîäîëüíîé êîìïî-
íåíòû ìàãíèòíîãî ïîëÿ çâåçä ïî ñïåêòðîïîëÿðèìåòðè÷åñêèì íàáëþ-
äåíèÿì

È.Ñ.Ñàâàíîâ 103
Ê âîïðîñó î ïðîèñõîæäåíèè îïòè÷åñêîãî èçëó÷åíèÿ â èìïóëüñíîé
ôàçå âñïûøåê dMe çâåçä. I. Îáñóæäåíèå ãàçîäèíàìè÷åñêèõ ìîäåëåé

Å.Ñ.Ìîð÷åíêî 111
Êîëåáàíèÿ ýëëèïñîèäàëüíûõ ñîëíå÷íûõ àêòèâíûõ ðåãèîíîâ

Ã.Äóìáàäçå, Á.Øåðãåëàøâèëè 131
Êîðîíàëüíûå äûðû â ïåðèîä ìàêñèìàëüíîé àñèììåòðèè 24 öèêëà
ñîëíå÷íîé àêòèâíîñòè

Î.À.Àíäðååâà, Â.È.Àáðàìåíêî, Â.Ì.Ìàëàùóê 137
Õàðàêòåðèñòèêè ãîðÿ÷åãî êâàðêîâîãî âåùåñòâà ïðè óäåðæàíèè íåéòðèíî

Ã.Ñ.Àäæÿí 149
Äâà ýôôåêòèâíûõ âû÷èñëèòåëüíûõ àëãîðèòìà äëÿ ðåøåíèÿ íåëèíåéíûõ
ñèíãóëÿðíûõ óðàâíåíèé Ëåéíà-Ýìäåíà

Ê.Ïàðàíä, À.Ã.Êàíãàâàðè, Ì.Äåëõîø 131



ÑÎÄÅÐÆÀÍÈÅ
Âûïóñê 2

Çâåçäîîáðàçîâàíèå â òîíêèõ äèñêàõ ñïèðàëüíûõ ãàëàêòèê, âèäèìûõ
àíôàñ

Â.Å.Êàðà÷åíöåâà, È.Ä.Êàðà÷åíöåâ, Î.Ã.Êàøèáàäçå 177

Òèïû àêòèâíîñòè ãàëàêòèê, oòáðàííûõ èç âûáîðêè HRC/BHRC. II

Ã.Ì.Ïàðîíÿí, À.Ì.Ìèêàåëÿí, À.ÂÀáðàìÿí, Ã.À.Ìèêàåëÿí 193
Êèíåìàòèêà è ýëëèïñîèä ñêîðîñòåé êðàñíûõ ãèãàíòîâ ãàëî

Ì.È.Íîóõ, Â.Õ.Ýëüñàíõóðè 207

Îðáèòàëüíîå ðåøåíèå íåêîòîðûõ êîíòàêòíûõ äâîéíûõ çâåçä
Ì.Ì.Ýëüõàòèá 217

Èçìåíåíèÿ ïåðèîäà îòðèöàòåëüíûõ ñâåðõãîðáîâ êàðëèêîâûõ íîâûõ
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