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The discovery of  - ray emitting Seyfert galaxies has opened a new unified scheme of active
galactic nuclei (AGN) in which jetted Seyfert galaxies are viewed as young counterparts of radio
loud AGN. In this paper, we investigate the relationship between gamma-ray (  - ray) properties
of jetted Seyfert galaxies and those of traditionally radio galaxies, radio quasars and BL Lac objects.
Results show that jetted Seyfert galaxies appear as low luminosity tail of the radio loud AGNs on
the luminosity redshift ( zL 


) plane, indicating an evolutionary link between them. Nevertheless,

narrow-line Seyfert galaxies (NLS1s) do not share similar characteristics with Seyfert galaxies as
they possess higher luminosities and redshift than Seyfert galaxies, suggestive that NLS1s are more
evolved sources. Analyses of  - ray and radio core-dominance show that for each subclass of jetted

AGN, the beaming angle is wider for radio than for  - ray emissions. While Seyferts and radio
galaxies, on average, have similar low inclination to the line of sight, NLS1 objects have orientations
similar to quasars and BL Lacs. There is a significant correlation (r ~ 0.7) between the  - ray core

dominance and  - ray luminosity. The results are consistent with the revised unification scheme and
suggests that NLS1s are highly beamed sources whose parent populations can be found among the
regular Seyferts and/or radio galaxies

Keywords: galaxies: active galaxies: Seyferts: jets: gamma-rays

1. Introduction. Active galactic nuclei (AGNs) are classified according to

their appearance, luminosity and spectra, yielding a zoo of different names. The

differences among the various classes and subclasses of AGNs have been studied

[1-4], and several unification frameworks have been put forward to explain the

underlying similarities and/or differences [1,4]. In the context of the unification

frameworks, appearance of an AGN strongly depends on the viewing angle of the

complex arrangement of the torus-disk-jet system [5], and was pointed out that

all the different classes of AGNs are the same objects whose different manifes-

tations are caused by effects such as orientation, relativistic Doppler boosting, and

view-dependent probability due to torus obscuration In the traditional AGN

classification, radio-brightness categorizes AGNs into two broad classes, namely

radio-loud AGNs (RL-AGNs) and radio-quiet AGNs (RQ-AGNs). However, a

more fundamental physical difference between the traditional radio-loud and the

radio-quiet AGNs has been proposed [6] which is dependent on presence or lack

of strong relativistic jet in their structural morphologies. Consequently, the large
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AGN family is generally divided into two broad classes, namely jetted AGN and

non-jetted AGN. The jetted AGNs are characterized by strong relativistic jets,

while their non-jetted counterparts display jet-like collimated outflows that are

small, weak, and slow compared to those of jetted sources [7]. Jetted AGNs appear

to be more clustered, undergoes mergers, reside in more massive galaxies, and spin

faster than their non-jetted counterparts [6].

It is important to note that among traditional radio-quiet class of AGNs are

Seyfert galaxies, with radio-loudness parameter     10см6Å4400 ff . Two broad

categories of Seyfert galaxies have been identified based on the width of nuclear

emission lines, namely, Seyfert 1 and Seyfert 2. Seyfert 1 galaxies have a set of

broad emission lines, while Seyfert 2 galaxies have narrow emission lines.

However, a minority class of Seyfert 1 with narrow emission lines (NLS1s) which

have been detected in recent observations [9] pointed to a considerable overlap

in spectral properties of the two classes of Seyfert galaxies [10]. In general, radio-

loud Seyfert galaxies are believed to harbor powerful relativistic jets, with extended

radio structures [11-14]. Thus, the new unified scheme of AGNs supposedly,

embraces these jetted Seyfert galaxies as young counterparts of traditional radio-

loud AGNs or instead a part of a larger AGN class observed under particular

geometry and inclinations of the line of sight [15].

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

[9,16,17] and  - ray emitting compact steep spectrum sources (CSS) provides a

substantial evidence that jetted-AGNs are not formed by massive black holes alone

[18]; even low-mass AGNs with lower jet power can also launch relativistic jets

[16,19]. It has been pointed out [20] that the lack of small-mass jetted AGN in

the traditional radio-loud/radio-quiet AGN dichotomy was due to bright-source

selection bias. The relations between Eddington ratio and Eddington-scaled jet power

[21] divide jetted AGNs into two populations: one population comprises low-power

radio galaxies, low-excitation FR IIs (LERGs) and young radio sources, in which

their jet power dominates accretion power, while the other population is made up

of flat-spectrum radio quasars (FSRQ), NLS1s and high excitation FR II radio

galaxies (HERGs) in which accretion power dominates jet power. Padovani et al. [22]

pointed out that BL Lacs and FSRQs are jetted AGN, both belonging to blazar class,

and subsequently argued that the spectral energy distributions of blazars could serve

as representative of all jetted AGN sources. On the basis of different accretion modes;

weak accretion disc for BL Lacs, and strong disc for FSRQs [23,24], both hitherto

associated with FR 1s and FR 2s radio galaxies respectively, are presently being

accurately associated with FR (LERGs) and FR (HERGs) respectively [23-25].

Interestingly, Foschini [26] identified low-mass sources among FSRQ popu-

lation and argued that NLS1 galaxies are the most prominent AGNs in the low-

mass class using   2000HFWHM  km s-1, and the ratio between   3HOIII  .
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Berton et al., Foschini et al. [7,27] outlined some of the characteristic features

of NLS1 galaxies relative to quasars to include small-mass central black hole, high

accretion luminosity, prominent optical emission lines and relatively weak jet

power, consistent with [19] who showed via jet-disk luminosities that NLS1

galaxies are small-mass highly accreting compact objects whose physical charac-

teristics appear to be consistent with FSRQs.

The search for parent population of NLS1 sources revealed a connection with

Compact Steep Spectrum (CSS) sources that are characterized by signs of young

age [28] such as radio lobe structure of not more than 105 years, small linear size

and very fast variability [30]. Therefore, NLS1 radio galaxies might be young radio

sources that are still growing and evolving [28,29]. Although, there is still an

ongoing debate in the literature about the true nature of these NLS1s, there is

increasing evidence that NLS1s might be extreme objects on the evolutionary path

from radio-quiet Seyfert galaxies to radio-loud quasars [31] and as such, may be

low-mass analogues of high-redshift quasars [10,32-34]. In fact, Berton et al. [7]

pointed out that the radio-luminosity function of flat-spectrum NLS1 galaxies

suggest strongly that they might be the low-luminosity tail of FSRQs, suggesting

that there might be some forms of evolutionary link between radio-loud quasars

and NLS1s [31]. Furthermore, similarities between the nuclei of Seyfert galaxies

and radio-loud AGNs have often been pointed out [35-37] and numerous efforts

have been made to demonstrate a continuity in overall distributions of observed

properties of the jetted Seyfert galaxies and traditional radio-loud AGNs [33,38-

41]. In this regard, several authors [33,38] argued that in general, jetted Seyfert

galaxies, BL Lac objects and radio galaxies could share similar characteristics in

terms of jet luminosity-redshift ( zL ) relation, suggestive of similar underlying

environment. Thus, the shift in AGN evolutionary unification paradigm might be

from a small-mass highly accreting and low-redshift jetted Seyfert galaxies (analo-

gous of early quasars) through radio galaxies and moderate-mass highly accreting

radio-loud quasars to large-mass, poorly accreting black hole BL Lac objects - a

sequence of Young-Adult-Old scenario [42].

In lines with the predictions of the revised unified scheme for RL-AGN,

Berton et al. [14] investigated the different manifestations of young jetted AGNs

with a strong accretion disk and photon rich environments, and argued that when

the young object is observed along its relativistic jet, it appears as NLS1, but as

the inclination angle increases, the same object would appear as CSS or HERG.

However, when the same object is viewed along the line that intercept with the

molecular torus surrounding its nucleus, it then appears as a type-2 AGN in optical

band, and as a CSS in radio band. The scheme fits in nicely with the usual unified

model for older jetted-AGNs, in which HERGs form the parent population of

FSRQs [25]. In fact, Pei et al. [43] alluded to a possible unification of quasars
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with jetted Seyfert galaxies via relativistic beaming and source orientation as the authors

found that the radio core-dominance parameter is strongly correlated with luminosity

in a sample of quasars and Seyfert galaxies. Hence, the exercise to search for links

between jetted Seyfert galaxies and traditionally radio-loud AGNs is a worthy one and

is partly the motivation for current investigation. In this paper, we investigate these

effects using observed  - ray properties of a well-defined sample of jetted AGNs.

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

extragalactic radio sources is often studied at any frequency band   using an

important orientation parameters, namely, the core-to- extended luminosity ratio

expressed as a function of the viewing angle   in the form [44,45]:

    , cos1cos1
2
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where L
C
 and L

E
 are the core and extended luminosities respectively, R

T
 = R

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

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

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

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

and low luminosity sources [46,47].

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

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

mean viewing angle ( m ) of a sample in the form [48]:
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In a two-component beaming model, the total spectral luminosity L  may be

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

L
C
 is assumed to be relativistically beamed, L  is assumed to be isotropic [49].

Thus, following [45], the  - ray core-dominance parameter R  defined as the

ratio of the beamed to unbeamed luminosities can be expressed through equation

(1) as

. 1
EL

L
R


  (3)

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

L  is envisaged in  - ray emitting AGNs

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

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

its spectral flux density S  according to the relation:
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(4)

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

H
0
 and the present density parameter 0  according to the relation [50]:
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In flux limited sample with flux density cut-off at fSS  , equation (4) can be

written in the form [51]:
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where  fSSH   is the Heaviside step function defined by:
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Eq. (6) can be used to show a simple power law zL  relation [52] as

  , 1logloglog zLL c  (7)

where  zLL z   1logloglog  ,  and   is the slope of the zL z   ,  data.

However, for low density universe, it has been shown [51,53] that the slope of

the zL  relation   is not a constant over all values of z . In this scenario, 

is expected to decrease monotonically from   at 0z  down to some critical value,

c  at czz   and thereafter remains fairly constant. Thus, there should be a critical

luminosity L
c
 above which the sources would be detected as a function of z . This

should correspond to a given radio luminosity at czz  . Nevertheless, it has been

demonstrated observationally [52] and theoretically [53] that 30.zc   is consistent

with quasar/galaxy unification for popular radio source samples. In previous papers

[52,53], these effects were studied for various samples in the radio band. In this paper,

we extend the investigation to the  - ray band for jetted AGNs in the context of

the revised unification scheme.

3. Description of source sample. The current analysis is primarily based

on a catalogue of 661 extragalactic radio jets compiled by [11]. According to the

authors, a jet is a narrow radio feature that is at least four times as long as its

breath; separable from other extended structures by brightness contrast and aligned

with the radio nucleus of its parent object. From this catalogue, [44] made a sample

of 540 objects and calculated their 5 GHz radio core-dominance parameter R
R
.

However, it is well-known that many Seyfert galaxy samples are often

contaminated by spurious radio-loud objects [54,55]. As such, several objects

identified as Seyfert galaxies in the [44] compilation are known radio galaxies (for

example, 2121+248 and 0238-084 sources are known radio galaxies). Since studies

of this nature would require clean, bona-fide jetted AGN, this original sample
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cannot provide a good platform for testing the unification scheme of jetted AGN.

Nevertheless, this problem was palliated by [56], who by cross-correlating the [44]

sample with third Fermi Large Area Telescope (Fermi-LAT) catalogue, compiled

a sample of 80 gamma-ray emitting extragalactic radio jets from the [44]

compilation. These 80 jets include 44 quasars, 22 BL Lac objects, 11 radio galaxies

and 3 Seyfert galaxies. Arguably, most  - ray emitting AGNs are jetted sources

since the presence of powerful radio jets is of substantial importance for observing

a significant  - ray counterpart, even for misaligned sources [57]. Although flat-

spectrum radio quasars and BL Lac objects are still the dominant populations in

the Fermi LAT catalogues, there is a significant increase in the number of other

objects. From the fourth Fermi LAT AGN catalogue, [58] has made a new sample

of 1559 bona-fide  - ray emitting jetted AGN, which include 4 Seyfert galaxies

and 12 NLS1s. These objects were cross-correlated with a recent compilation by

[43], where relevant derived data are readily available. 3 of the 12 NLS1s do not

overlap with [43] and hence, do not have complete data and were excluded in

current investigation. Altogether, there are 93  - ray emitting jetted AGN with

complete relevant data for our investigation, namely 44 quasars, 22 BL Lacs, 11

radio galaxies, 7 Seyfert galaxies and 9 NLS1s.

Finally, we derive the  - ray core dominance parameter of all objects in the

sample using the empirical relations between it and radio core-dominance param-

eter given [45] by: logR
g
 = 2.1 logR

R
 + 1. Throughout the paper, we have adopted

the cosmology with H
0

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

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

parameters is deduced by Pearson Product Moment correlation coefficient r using

PYTHON.

4. Data analysis and results. We show the distributions of the sample

in redshift z  in Fig.1a. There is considerable overlap in z  for different subsamples

of the extragalactic radio jets. The distributions yield mean z -values 061.~z jm
for quasars, 0.31 for BL Lacs, 0.47 for NLSIs, 0.18 for radio galaxies and 0.18

for Seyferts. Obviously, radio galaxies and Seyferts are almost indistinguishable in

distribution of z . On average, the distribution of z  is consistent with a sequence

in which quasars > NLS1 > BL Lacs > Radio galaxies/Seyfert galaxies. NLS1s

appear somewhat between radio quasars and Seyfert galaxies, suggestive that NLS1s

could be an evolutionary phase between the Seyfert galaxies and quasars [32].

Simple Kolmogorov-Smirnoff (K - S) test shows that at 5% significance, the

hypothesis that the underlying distributions of the subsamples in z  are same is

not rejected with probability (p > 0.08)) in each case, which suggests that the

distributions of the objects in the parameter is continuous for the different

subclasses of objects. The cumulative z -distribution curves are shown in Fig.1b.
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Similarly, the distribution of logarithmic values of the  - ray luminosity L

of the different subsamples of the jetted AGNs is shown in Fig.2a. Apparently, while

Seyferts and radio galaxies are almost indistinguishable, occupying the low L

regime, BL Lacs, NLS1 and quasars are displaced to higher L . Nevertheless, the

Seyfert galaxies are observed to extend to the lowest L  regime below the bounds

of radio galaxies in a continuous distribution. The distributions yield mean logL
m

values of 43.82 erg/s for Seyfert galaxies, 43.81 erg/s for radio galaxies, 46.98 erg/s for

quasars, 45.69 erg/s  for NLS1s, and 45.48 erg/s for BL Lacs. Thus, on average,

the L  distribution appears to be consistent with a sequence in which quasars

> BL Lacs > NLS1 > radio galaxies/Seyfert galaxies. Apparently, the distribution is

continuous from Seyfert/radio galaxies at lowest L  through NLS1 and BL Lacs

to quasars at highest L  regime. Similarly, we carried out K-S test on the L

data of NLS1 and Seyfert galaxies and at 5% significance, the hypothesis that

Fig.1. Distributions of the 93 gamma ray objects in redshift.
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the distribution of L  is same is rejected with 510 . On the other hand

K-S test on the L  data of NLS1 and quasars shows that at 5% significance,

the hypothesis that the distribution of L  is same is not rejected with 10.~ .

The probability of the K - S test between radio quasars and BL Lacs, as well as

between BL Lacs and NLS1 is 0~  at 5%. The cumulative distribution curves

of L  are also shown in Fig.2b.

Furthermore, we show the distributions of our sample in  - ray core domi-

nance parameter (on logarithm values) in Fig.3. The distributions yield mean

values R
m
 of 69.6 for quasars, 31.7 for BL Lacs, 780.4 for NLS1s, 0.1 for radio

galaxies and 1.5 for Seyfert galaxies. This nicely compares with mean values

obtained for radio core-dominance ~9.8, 4.1, 16.6, 0.5 and 0.98, for quasars, BL

Lacs, NLS1, radio galaxies and Seyfert galaxies, respectively, with some scaling

factors. A summary of the results of all distributions is shown in Table 1.

To estimate the mean cone angle for observing  - ray emission of the different

subclasses of the jetted AGNs, the choice of R
T
 plays a key role [46,47]. Although

the community consensus appears to favour a unification of BL Lacs and FR I

radio galaxies, the discovery of some FSRQs with very low energies [59,60] and

BL Lacs with high energies in  - ray band by the Fermi-LAT [9] appear to break

the simple dichotomy between traditional low and high luminosity sources and

suggests that BL Lacs and FSRQs are a continuum in distributions of observational

properties. R
T
 should thus be a constant for all classes of the AGN. In fact, several

authors [61] have argued that R
T

 < 0.1 is satisfied by most objects. Hence, using

R
T

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

loud AGNs across different frequency bands [45,49,61], we estimate the mean cone

angles for  - ray and radio emissions of each subsample using equation (2). A

summary of the results is also shown in Table 1.

In line with equation (1), the distribution of the cone angles of different

subsamples as shown in Table 1 seems to suggest that the difference between the

different subclasses of jetted AGN arises due to varying orientation of their

emission axes to the line of sight. Perhaps, orientation effect can be playing a

Objects Number z log L  erg/s R
g

R
r

ô
g

o ô
r

o

Quasars 44 1.06±0.01 46.98±0.02 69.6± 4.2 9.8±0.6 18.27 27.13
BL Lacs 22 0.31±0.01 45.48±0.05 31.7± 4.2 4.1±0.3 21.87 30.68
NLS1 9 0.47±0.03 45.69±0.09 780.4±13.2 16.6±2.1 12.84 24.50

Galaxies 11 0.18±0.04 43.81±0.13 0.1±0.5 0.5±0.1 59.54 44.77
Seyferts 7 0.18±0.04 43.82±0.08 1.5±3.2 1.0±0.2 36.87 39.65

Table1

DISTRIBUTION OF CONE ANGLES OF JETTED AGNs
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significant role in explaining the underlying connection between the subclasses of

jetted AGN.

To investigate the evolution of  - ray luminosity of the different subsamples

of the jetted AGNs the scatter plot of zL   data is shown in Fig.4. There is a

tight correlation (r > 0.7) for the entire sample taken together. Radio quasars

apparently occupy the highest zL   range. Although the NLS1s possess higher

luminosities and redshift than the Seyfert galaxies, their position in the plot is such

that they form the lower luminosity counterpart of the radio quasars. When the

different subclasses are considered separately, the following results were obtained:

  47451log015log .z.L  , with correlation coefficient r ~ 0.7, for quasars;

Fig.3. Distribution of gamma ray core-dominance parameter.
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  87441log181log .z.L  , with r ~ 0.9 for BL Lacs;   z.L 1log3710log

+43.23, with r ~ 0.8 for radio galaxies;   04431log12log .zL  , with r ~ 0.7

for Seyfert galaxies, and   02441log2810log .z.L  , with r ~ 0.8 for NLS1s.

These correlations suggest that the samples follow similar evolutionary track from

jetted Seyfert galaxies at lowest zL   regime, to quasars at highest zL   range.

To investigate the effects of relativistic beaming in the sample, the scatter plot

of  - ray core-dominance parameter R against  - ray luminosity of the different

subsamples is shown in Fig.5a. There is a somewhat positive trend in the gRL 
relation of the entire sample. Regression analysis of the data yields

739log420log .R.L g   with correlation coefficient r ~ +0.5. However, when

considered separately, the results are as follows: 7312log230log .R.L g   with

r ~ +0.1 for quasars; 7312log230log .R.L g   with r ~ 0.1 for BL Lacs;

9230log680log .R.L g   with r ~ +0.1 for radio galaxies; 7115log360log .R.L g 

with r ~ 0.2 for Seyfert galaxies and 4834log820log .R.L g   with r ~ 0.5 for

NLS1s. It is thus arguable from current analyses that NLS1s are more highly

beamed than quasars and BL Lacs.

To investigate the parent population of the highly beamed NLS1s, which

appears to be more relevant in recent investigations [43], we re-plotted the gRL 
data, excluding quasars and BL Lacs in Fig.5b. The scatter is substantially reduced

and there is a clear correlation with correlation coefficient 70.r  . Thus, the

RL   data of current sample suggests that relativistic beaming and orientation

effects may be necessary in explaining the underlying connection between NLS1s

and jetted Seyferts and/or radio galaxies. We interpret this result to mean that

the misaligned parent population of NLS1s could be found among Seyfert galaxies

and/or radio galaxies.

Fig.5: Scatter plot of  -ray luminosity against  -ray Core-dominance parameter of 93-jetted
AGN.

BL
G
NLS1
Q
Seyferts

log(  -ray core dominance)

-2

lo
g
(

 -  
ra

y 
lu
m

in
o
si
ty

)

41

43

45

47

49
a

0 2 4 6
41

43

G
NLS1
Seyferts

log(  -ray core dominance)

-2 0 2 4

b

45

47



179ON  THE  UNIFIED  SCHEME  OF  -EMITTING  AGN

5. Discussion. Seyfert galaxies present rich and multifaceted astrophysical

phenomena where emission and absorption lines provide diagnostics for compo-

sition of the surrounding torus. Only a small fraction of Seyfert galaxies are radio-

loud and exhibit core-jet radio structures. The detection of GeV gamma-ray

emitting radio-loud Seyfert galaxies, with a beamed relativistic jet in Fermi LAT

observations in 2008, was remarkable for AGN phenomena [9]. Thus, they could

be considered a distinct subclass of AGNs emitting GeV gamma-rays under

evolutionary and/or orientation interpretations.

We have shown in our results that the  - ray luminosity L  distribution of

the sample is continuous with jetted Seyfert galaxies somewhat occupying the

lowest L  regime while quasars occupy the highest L  regime of the distribution.

Since  - ray emission is strongly believed to originate from the jets, the lower

jet power of Seyfert galaxies is suggestive of a very weak accretion mode [26,7],

typical of young jetted sources [14]. It is interesting to observe that NLSIs possess

much higher luminosity (being up to 2 orders of magnitude more luminous in

the  - ray band) than the other jetted Seyfert galaxies. The result supports the

supposition that NLS1s are a distinct subclass of AGN and are the most prominent

AGNs in the low-mass class [26]. Perhaps, the high luminosity of NLS1 can

be interpreted in terms of strong relativistic beaming effect at small orientation

angles to the line of sight [12].

Another important aspect of our results is the high  - ray core-dominance

parameter exhibited by NLS1s in the sample. In fact, it has been argued that

the detection of extended radio emissions in  - ray-emitting NLS1s is of primary

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

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

exhibit a core with significantly higher luminosity than that of extended emissions

[12]. Nevertheless, three of the nine NLS1s, namely: PMN J0948+0022, FBQS

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

at kpc scales  with high radio-core dominance parameter [12] comparable to those

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

dominance is relativistic Doppler boosting of the cores [49] and this suggests that

relativistic beaming is playing a significant role in NLS1s. It can thus be argued

that the low jet luminosity of Seyfert and radio galaxies could have arisen due

to their larger cone angles to the line of sight, leading to de-beamed jet luminosity

Perhaps, the  - ray emitting NLS1s are analogous to early (low z ) quasars whose

parent populations could be found among regular Seyfert or radio galaxy popu-

lations.

Actually, it can be argued from the distributions of the average cone angles

derived from current analysis that when the young object is observed along its

relativistic jet, it appears as NLS1, but as the inclination angle increases, the same
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object would appear as a Seyfert galaxy or a radio galaxy. The distributions of

average cone angles for the different subclasses of AGNs apparently show that in

the context of the revised unification scheme, NLS1s are observed at significantly

higher inclinations than Seyferts and radio galaxies. Perhaps, the very narrow

beam angle for observation of  - ray emission from NLS1s could account for the

yet small number of  - ray emitting NLS1s so far detected by the Fermi-LAT

[58]. On the other hand, the distributions of average viewing angles do not

apparently show that Seyfert galaxies are observed at significantly different incli-

nations from radio galaxies. Thus, current results suggest that orientation effect may

not be the major difference between Seyferts and radio galaxies and that relativistic

beaming is less important in these objects.

It is obvious from the distribution of the objects in z  that there is no tendency

for jetted Seyfert galaxies to be located at high redshifts, which is consistent with

the supposition that jetted Seyfert galaxies are nearby low-luminosity versions of

the same phenomenon observed in quasars. The low L  - low z  result for Seyfert

galaxies can be interpreted to mean that jetted Seyferts are young growing sources

[62]. If this is actually the case, then the evolutionary connection between jetted

Seyferts and quasars is suggested in which the  - ray source starts out at lowest

redshifts as Seyfert galaxy and evolves into a quasar as the source ages [15,42].

6. Conclusion. We have investigated the relationship between jetted Seyfert

galaxies and other subclasses of radio loud AGNs using observed  - ray properties

of a sample of jetted AGN. We showed from the distributions of  - ray luminosity

that jetted Seyfert galaxies form the low luminosity tail of traditionally radio loud

AGN which is consistent with the scenario that jetted Seyfert galaxies are young

growing objects. Furthermore, distributions of the objects on luminosity-redshift

(L- z ) plane shows that different subclasses of jetted AGN possess similar evolu-

tionary histories. In particular Seyfert galaxies and radio galaxies are located in

similar environments. NLS1 sources are, however, more evolved sources compared

to Seyfert galaxies. There is a significant RL   correlation (r ~ 0.7) in NLS1 objects,

which has been interpreted in terms of a connection via relativistic beaming and

orientation. In all subclasses of jetted AGN, the beam angle for radio on average,

is wider than that of  - ray emission, All these results suggest that in addition to

evolutionary link between jetted Seyfert galaxies and other radio loud AGNs,

relativistic beaming and orientation effects can also be playing a significant role.
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ÎÁ ÓÍÈÔÈÖÈÐÎÂÀÍÍÎÉ ÑÕÅÌÅ  -ÈÇËÓ×ÀÞÙÈÕ
ÀÊÒÈÂÍÛÕ ßÄÅÐ ÃÀËÀÊÒÈÊ ÑÎ ÑÒÐÓßÌÈ

À.È.ÀÓÄÓ1,2, Ô.Ê.ÎÄÎ1, Ý.Ó.ÈÈÄÀ1, Î.ÎÊÈÊÅ3, À.À.ÓÁÀ×ÓÊÂÓ1

Îòêðûòèå ñåéôåðòîâñêèõ ãàëàêòèê ñ ãàììà-èçëó÷åíèåì ïîçâîëèëî ïðåä-

ñòàâèòü íîâóþ óíèôèöèðîâàííóþ ñõåìó àêòèâíûõ ÿäåð ãàëàêòèê (ÀßÃ), â

êîòîðîé ñåéôåðòîâñêèå ãàëàêòèêè ñî ñòðóÿìè (äæåòû) ðàññìàòðèâàþòñÿ êàê

ìîëîäûå àíàëîãè ðàäèîãðîìêèõ ÀßÃ. Â ýòîé ñòàòüå èññëåäîâàíà âçàèìîñâÿçü

ìåæäó ñâîéñòâàìè ãàììà-èçëó÷åíèÿ ñåéôåðòîâñêèõ ãàëàêòèê ñî ñòðóÿìè  è

ñâîéñòâàìè ðàäèîãàëàêòèê, ðàäèîêâàçàðîâ è ëàöåðòèäîâ. Ðåçóëüòàòû ïîêà-

çûâàþò, ÷òî íà äèàãðàììå ñâåòèìîñòü - êðàñíîå ñìåùåíèå ( zL  ), ñåéôåð-

òîâñêèå ãàëàêòèêè ñî ñòðóÿìè âûãëÿäÿò êàê õâîñò íèçêîé ñâåòèìîñòè ðàäèî-

ãðîìêèõ àêòèâíûõ ÿäåð, ÷òî óêàçûâàåò íà ýâîëþöèîííóþ ñâÿçü ìåæäó íèìè.

Îäíàêî ñåéôåðòîâñêèå ãàëàêòèêè ñ óçêèìè ëèíèÿìè (NLS1) íå èìåþò ñõîæèõ

õàðàêòåðèñòèê ñ ñåéôåðòîâñêèìè ãàëàêòèêàìè, ïîñêîëüêó îíè îáëàäàþò áîëüøåé

ñâåòèìîñòüþ è êðàñíûì ñìåùåíèåì, ÷åì ñåéôåðòîâñêèå ãàëàêòèêè, ÷òî

ïîçâîëÿåò ïðåäïîëîæèòü, ÷òî NLS1 ÿâëÿþòñÿ áîëåå ðàçâèòûìè èñòî÷íèêàìè.

Àíàëèç ïàðàìåòðîâ äîìèíèðîâàíèÿ ÿäeð (  -èçëó÷åíèÿ è ðàäèîèçëó÷åíèÿ)

ïîêàçûâàåò, ÷òî äëÿ êàæäîãî ïîäêëàññà AGN ñî ñòðóÿìè óãîë èçëó÷åíèÿ

øèðå äëÿ ðàäèîèçëó÷åíèÿ, ÷åì äëÿ  -èçëó÷åíèÿ. Â òî âðåìÿ êàê ñåéôåðòîâñêèå

ãàëàêòèêè è ðàäèîãàëàêòèêè â ñðåäíåì èìåþò îäèíàêîâîå ìàëîå íàêëîíåíèå

ê ëó÷ó çðåíèÿ, îáúåêòû NLS1 èìåþò îðèåíòàöèþ, àíàëîãè÷íóþ êâàçàðàì è

BL Lacs. Ñóùåñòâóåò çíà÷èìàÿ êîððåëÿöèÿ (r ~ 0.7) ìåæäó ïàðàìåòðîì

äîìèíèðîâàíèÿ ÿäðà  -èçëó÷åíèÿ è ñâåòèìîñòüþ  -èçëó÷åíèÿ. Ðåçóëüòàòû

ñîãëàñóþòñÿ ñ ïåðåñìîòðåííîé óíèôèöèðîâàííîé ñõåìîé è ïðåäïîëàãàþò, ÷òî

NLS1 ïðåäñòàâëÿþò ñîáîé ñèëüíûe ëó÷åâûå èñòî÷íèêè, ÷üè ðîäèòåëüñêèå

ïîïóëÿöèè ìîæíî íàéòè ñðåäè îáû÷íûõ ñåéôåðòîâñêèõ ãàëàêòèê è/èëè

ðàäèîãàëàêòèê.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: àêòèâíûå ãàëàêòèêè: ñåéôåðòû: äæåòû: ãàììà

     èçëó÷åíèå
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HOST GALAXIES
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Using the apparent-magnitude limited active galactic nucleus (AGN) host galaxy sample of
the Sloan Digital Sky Survey Data Release 12 (SDSS DR12), we investigate the environmental
dependence of the u-r, u-g, g-r, r-i and i-z colors of AGN host galaxies. We divide the whole
apparent-magnitude limited AGN sample into many subsamples with a redshift binning size of

010.z  , and analyze the environmental dependence of all five galaxy colors of subsamples in
each redshift bin. It turns out that overall, all five galaxy colors of AGN host galaxies are weakly
correlated with the local environment.

Keywords: galaxies: fundamental parameters - galaxies: statistics

1. Introduction. For a long time, there have been many studies that focus

on the issue of the active galactic nuclei (AGNs) [1-9]. Carter et al. [1] showed

that the AGN fraction is insensitive to the local environment. Kauffmann et al.

[2] showed that galaxies in dense environments are less likely to host a powerful

optical AGN (    L710OIIIL ), but did not find the environmental dependence for

the presence of weaker optical AGN. Using a large sample of local galaxies of the

SDSS, Choi et al. [3] compared AGN host galaxies with non-AGN galaxies at

matched luminosity, velocity dispersion, color, color gradient, or concentration

index, to explore how AGN activity is related to galaxy properties. LaMassa et al.

[4] studied a combined sample of 264 star-forming, 51 composite, and 73 active

galaxies using optical spectra from the Sloan Digital Sky Survey (SDSS) and mid-

infrared (mid-IR) spectra from the Spitzer Infrared Spectrograph. Manzer and De

Robertis [5] explored possible environmental triggers of nuclear activity through a

statistical analysis of a large sample of galaxy groups. Bufanda et al. [6] analyzed

the fraction of galaxies in clusters hosting AGN as a function of redshift and cluster

richness for X-ray-detected AGN associated with clusters of galaxies in Dark Energy

Survey (DES) Science Verification data. By investigating 2727 galaxies observed by

MaNGA, Wylezalek et al. [7] developed spatially resolved techniques for identifying

signatures of AGNs. Comparat et al. [8] compiled an N-body simulation-based

mock catalogue for X-ray-selected AGN samples. Liu et al. [9] presented a new,
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complete sample of 14584 broad-line AGNs at 350.z  .

As is well-known, galaxy colors strongly depend on the environment [10-16].

Brown et al. [10] and Zehavi et al. [11] demonstrated that clustering of galaxies

strongly depends on color. Blanton et al. [13] observed that local density is a

strong function of all colors. Blanton et al. [14] argued that galaxy color is the

galaxy property most predictive of the local environment. Zehavi et al. [12]

examined g - r color dependence of the galaxy two-point correlation function, and

claimed that redder galaxies exhibit a higher amplitude and steeper correlation

function at all luminosity. Zhang & Deng [16] found that the redder galaxies

preferentially inhabit the dense groups and clusters. Deng et al. [15] divided an

apparent magnitude-limited Main galaxy sample [17] at redshift 20020 .z.   into

subsamples with a redshift binning size of 010.z   and investigated the envi-

ronmental dependence of the u - r, u - g, g - r, r - i and i - z colors of the subsamples

in each redshift bin. It was found that strong environmental dependence exists

in the redshift region 150020 .z.  .

The primary goal of this study is to compare the environmental dependence

of colors of AGN host galaxies with the one of general galaxies. Considering the

comparison with the result of Deng et al. [15] we attempt to explore the

environmental dependence of the u - r, u - g, g - r, r - i and i - z colors of AGN

host galaxies. The outline of this paper is as follows. In Section 2, we describe

the AGN host galaxy sample. The statistical method is described in Section 3. In

Section 4, we present the environmental dependence of all five galaxy colors of AGN

host galaxies. Our main results and conclusions are summarized in Section 5.

In calculating the distance, we used a cosmological model with a matter density

of 300 . , a cosmological constant of 70. , and a Hubble constant of

H
0

 = 70 km s-1
 Mpc-1.

2. Data. SDSS Data Release 12 (DR12) [18] is the final public release of

spectroscopic data from the SDSS-III BOSS. In this work, the data of the Main

galaxy sample [17] was downloaded from the Catalog Archive Server of SDSS Data

Release 12 [18] by the SDSS SQL Search (with SDSS flag: LEGACY_TARGET1

& (64 | 128 | 256) > 0). We extract 631968 Main galaxies with the spectroscopic

redshift 20020 .z.  .

The galSpecExtra table contains estimated parameters for all galaxies in the

MPA-JHU spectroscopic catalogue. BPT classification in this table is based on the

methodology of Brinchmann et al. [19]:

All. The set of all galaxies in the sample regardless of the S/N of their

emission lines.

SF. The star-forming galaxies. These are the galaxies with S/N > 3 in all four

BPT lines that lie below lower line in Fig.1 of Brinchmann et al. [19]. This
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lower line is taken from equation (1) of Kauffmann et al. [20].

C. The composite galaxies. They are the objects with S/N > 3 in all four BPT

lines that are between the upper and lower lines in Fig.1 of Brinchmann et al.

[19]. The upper line has been taken from equation (5) of Kewley et al. [21].

AGN. The AGN population consists of the galaxies above the upper line in

Fig.1 of Brinchmann et al. [19]. This line corresponds to the theoretical upper

limit for pure starburst models.

Low S/N AGNs. They have [NII] 60H6584 .  (and S/N > 3 in both lines)

[20], and still are classified as an AGN even if their [OIII]5007 and/or H  have

too low S/N. Miller et al. [22] called such AGNs the "two-line AGNs".

Fig.1. u-r color distribution at both extremes of density in different redshift bins: solid line
for the sample at high density, dashed line for the sample at low density. The error bars of dashed
lines are 1  Poissonian errors. Error-bars of solid lines are omitted for clarity.

u - r

1.2

F
ra

ct
io

n

0
2.2 3.2

u - r

1.2 2.2 3.2

u - r

1.2 2.2 3.2

0.2

0.4

0.6
z=0.08-0.09 z=0.09-0.10 z=0.10-0.11

1

F
ra

ct
io

n

0

0.2

0.4

0.6
z=0.05-0.06 z=0.06-0.07 z=0.07-0.08

2 3 1 2 3 1 2 3

0.8

F
ra

ct
io

n

0

0.2

0.4

0.6
z=0.02-0.03 z=0.03-0.04 z=0.04-0.05

1.8 2.8 0.8 1.8 2.8 0.8 1.8 2.8



188 XIN-FA DENG,  ZHI-YONG WU

Low S/N SF. The remaining galaxies with S/N > 2 in H  are considered

low S/N star formers.

Unclassifiable. Those remaining galaxies that are impossible to classify using

the BPT diagram. This class is mostly made up of galaxies with no or very weak

emission lines.

Deng & Wen [23] selected C, AGN and Low S/N AGN populations and

constructed an apparent magnitude-limited AGN sample which contains 122923

AGN host galaxies. In this work, we use this AGN sample.

Deng et al. [15] argued that when all analyses are limited in the redshift bin

010.z  . K-corrections are less important and can be ignored. Following Deng

et al. [15], we use the observed color (not apply K-correction).

Fig.1. (The end).
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3. Statistical method. Following Deng [24], we measure the projected local

density 
2
55
dN   (Galaxies Mpc-2), where d

5
 is the distance to the 5th

nearest neighbor within ±1000 km/s in redshift [25-27] and divide this AGN

sample into subsamples with a redshift binning size of 010.z  . In each

subsample, we arrange galaxies in a density order from smallest to largest, select

approximately 5% of the galaxies, construct two samples at both extremes of

density, and compare the distribution of the u - r, u - g, g - r, r - i and i - z colors

of AGN host galaxies in the lowest density regime with those in the densest

regime.

4. The environmental dependence of all five galaxy colors of

AGN host galaxies. Fig.1 shows u - r color distributions at both extremes of

density in different redshift bins for the apparent magnitude-limited AGN sample.

As seen form this figure, overall, u - r color of AGN host galaxies is weakly

correlated with the local environment. We also notice that other color indices

demonstrate similar behavior.

The Kolmogorov-Smirnov (KS) test can show the degree of similarity or

difference between two independent distributions in a figure by calculating a

probability value. A large probability implies that it is very likely that the two

distributions are derived from the same parent distribution. Conversely, a low

probability implies that the two distributions are different. The probability of the

two distributions coming from the same parent distribution is listed in Table 1,

which is much larger than that obtained by Deng [24] (see Table 1 of [24]) and

even is much larger than 0.05 (5%, is the standard in a statistical analysis). Such

a result shows that two independent distributions in these two figures are very

similar. This is in good agreement with the conclusion obtained by the histogram

figures.

The redshift ranges of the AGN sample in this work is the same as one of

the apparent-magnitude limited Main galaxy sample of the SDSS used by Deng

et al. [15]. Using the same method, Deng et al. [15] investigated the environ-

mental dependence of u - r, u - g, g - r, r - i and i - z colors in all redshift bins

of the apparent-magnitude limited Main galaxy sample. It was found that overall,

all the five colors strongly correlate with local environment: red galaxies tend to

be located in dense regions, while blue galaxies tend to be located in low density

regions. Deng et al. [15] also noted that with increasing redshift, the environ-

mental dependence of galaxy colors becomes weak, especially in high redshift

region 200170 .z.  . Deng et al. [15] believed that this is likely due to these

subsamples with high redshifts only containing luminous and red galaxies.

Deng [28] demonstrated that there still is a strong environmental dependence

of galaxy age in faint volume-limited Main galaxy sample, but Deng & Wen [23]
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reported that in the faint volume-limited AGN host galaxy sample, the environ-

mental dependence of the age is fairly weak. Zheng et al. [29] presented the stellar

age and metallicity distributions for 1105 galaxies on the SDSS-IV MaNGA

(Mapping Nearby Galaxies at APO) [30] integral field spectra, and also found that

the galaxy age depends on local density. Thus, Deng & Wen [23] believed that

the environmental dependence of the age of AGN host galaxies is likely different

from the one of general galaxies. Here, we again note that the environmental

dependence of colors of AGN host galaxies is different from the one of general

galaxies.

5. Summary. In this study, we use the apparent-magnitude limited AGN

sample of the SDSS DR12 [18] which contains 122923 AGN host galaxies and

investigate the environmental dependence of the u - r, u - g, g - r, r - i and i - z colors

of AGN host galaxies. Following Deng [24], we divide the whole apparent-

magnitude limited AGN sample into many subsamples with a redshift binning

size of 010.z  , and analyze the environmental dependence of all five galaxy

colors of subsamples in each redshift bin. The histogram figure and the (KS) test

Redshift Galaxy P (u-r) P (u-g) P (g-r) P (r-i) P (i-z)
bins number

0.02-0.03 3433 0.0845 0.353 0.0638 0.231 0.601
0.03-0.04 5105 1.854e-09 4.008e-07 1.036e-09 1.067e-06 0.000411
0.04-0.05 6281 0.000153 0.00206 5.935e-07 5.182e-05 0.000107
0.05-0.06 7757 6.633e-08 0.000115 6.239e-11 1.611e-12 0.000532
0.06-0.07 10503 1.081e-07 0.000116 1.545e-11 6.239e-13 3.256e-06
0.07-0.08 13062 0.000406 0.0108 5.291e-08 9.659e-05 0.0216
0.08-0.09 12860 7.808e-08 9.738e-07 7.808e-08 2.828e-07 0.0820
0.09-0.10 9824 4.376e-05 0.00918 2.531e-06 3.096e-09 0.00382
0.10-0.11 8186 0.00647 0.0550 0.000103 7.116e-06 0.000140
0.11-0.12 9109 0.110 0.151 0.0116 0.00934 0.00597
0.12-0.13 8136 0.0652 0.415 9.765e-05 3.324e-07 0.00299
0.13-0.14 7650 9.127e-06 0.000191 9.041e-09 1.246e-10 0.000477
0.14-0.15 6412 0.138 0.682 9.366e-05 6.631e-06 0.274
0.15-0.16 4787 0.00211 0.110 2.894e-05 8.245e-08 0.0326
0.16-0.17 3445 0.782 0.926 0.111 0.0256 0.601
0.17-0.18 2710 0.543 0.748 0.171 0.0174 0.0507
0.18-0.19 2190 0.506 0.0313 0.403 0.314 0.179
0.19-0.20 1473 0.879 0.961 0.961 0.616 0.879

Table 1

K-S PROBABILITIES OF DIFFERENT COLORS THAT TWO

SAMPLES AT BOTH EXTREMES OF DENSITY ARE DRAWN

FROM THE SAME DISTRIBUTION
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show that overall, all five galaxy colors of AGN host galaxies are weakly correlated

with the local environment.
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ÇÀÂÈÑÈÌÎÑÒÜ ÐÀÇËÈ×ÍÛÕ ÖÂÅÒÎÂ
ÐÎÄÈÒÅËÜÑÊÈÕ ÃÀËÀÊÒÈÊ ÀÊÒÈÂÍÛÕ

ÃÀËÀÊÒÈ×ÅÑÊÈÕ ßÄÅÐ (ÀßÃ) ÎÒ
ÎÊÐÓÆÀÞÙÅÉ ÑÐÅÄÛ

ÊÑÈÍ-ÔÀ ÄÝÍÃ, ×ÆÈ-ÞÍ ÂÓ

Èñïîëüçóÿ îãðàíè÷åííóþ ïî âèäèìîé âåëè÷èíå âûáîðêó ðîäèòåëüñêèõ

ãàëàêòèê  àêòèâíûõ ãàëàêòè÷åñêèõ ÿäåð (ÀßÃ) èç Sloan Digital Sky Survey

Data Release 12 (SDSS DR12), èññëåäîâàíà çàâèñèìîñòü öâåòîâ u-r, u-g,

g-r, r-i è i-z ðîäèòåëüñêèõ ãàëàêòèê ÀßÃ îò îêðóæàþùåé ñðåäû. Âñÿ âûáîðêà

ñ îãðàíè÷åííîé âèäèìîé âåëè÷èíîé  áûëà ðàçáèòà ïî êðàñíîìó ñìåùåíèþ

010.z   íà ìíîæåñòâî ïîäâûáîðîê è äëÿ êàæäîé èç íèõ àíàëèçèðîâàíà

çàâèñèìîñòü âñåõ ïÿòè öâåòîâ ãàëàêòèê (â êàæäîì áèíå ïî êðàñíîìó ñìåùåíèþ)
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îò îêðóæàþùåé ñðåäû. Îêàçàëîñü, ÷òî â öåëîì âñå öâåòà  ðîäèòåëüñêèõ

ãàëàêòèê ÀßÃ ñëàáî êîððåëèðóþò ñ ìåñòíûì îêðóæåíèåì.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: ôóíäàìåíòàëüíûå ïàðàìåòðû - ãàëàêòèêè:

      ñòàòèñòèêà
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High-redshift blazars detected in the  -ray band are the most powerful steady objects in the
universe. Multiwavelength observations of these distant objects are of particular interest as they can
help to understand the  -ray evolution of blazars as well as the formation and propagation of
relativistic jets in the early epochs of the Universe. In this study, we investigate the origin of
broadband emission from 7 blazars with redshifts greater than 2.5 by analyzing the data accumulated
with Swift UVOT/XRT and Fermi-LAT. We observe several flaring periods with significant increases
in flux and hardening of the photon index in the high-energy  -ray band for PKS 1830-211
(z = 2.507), LQAC 247-061 (z = 2.578), TXS 0536+145 (z = 2.690), and 4C+41.32 (z = 2.550).
PKS 1830-211 was in an extraordinarily bright state on MJD 58596.49 when the 3-day averaged
flux increased up to 

5
10)040741(


 ..  photon cm

-2
 s

-1
. The X-ray emission of PKS 1830-211 is also

strongly variable and is characterized by a hard photon index in the range of 0.34-0.94. To model
the time-averaged broadband spectral energy distribution of the considered sources, we used a one-
zone leptonic emission mechanism for the inverse Compton scattering, considering both synchrotron
and external photons. We estimated the corresponding parameters of the emitting particles as well
as the energetics of the jet.

Keywords: radiation mechanisms: non-thermal: X-rays: gamma-rays: blazars

1. Introduction. Blazars belong to the subclass of active galactic nuclei which

have a jet that is making small angle in respect with the observer. The emission

from blazars is observed in a broad range from radio to high energy (HE; >100

MeV)  -ray bands [1]. This emission is most likely produced in a compact emitting

region and is characterized by fast and significant variability in almost all wave-

lengths, with the most rapid changes occurring in the  -ray band, often being order

of minutes (e.g., [2-10]). A recent review by Padovani et al. [1] provides more

information on blazars and their multiwavelength emission properties.

Blazars are typically classified into two subcategories: flat-spectrum radio

quasars (FSRQs) and BL Lacertae objects [11]. FSRQs have strong broad emission

lines in their optical spectrum, while BL Lacs show weak or no lines. The

broadband spectral energy distribution (SED) of blazars has two broad peaks [1].

The low-energy component, which usually is explained as synchrotron emission

by relativistic electrons, has a peak between the infrared and X-ray bands, and

this peak is used to further categorize blazars as low, intermediate, or high
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synchrotron peaked sources based on their synchrotron peak frequency S  in the

rest frame. When 1410S  Hz, blazars are referred to as low synchrotron peaked

(LSP) sources, while intermediate synchrotron peaked (ISP) and high synchrotron

peaked (HSP) sources have S  values between 1014 and 1015
 Hz and >1015

 Hz,

respectively [12,13].

Various models have been proposed to explain the double-peaked SED of

blazars. While it is widely agreed that the low-energy component is due to the

synchrotron radiation of electrons, the origin of the second component is a topic

of ongoing debate. In conventional leptonic scenarios, this component is produced

when synchrotron-emitting electrons inverse Compton scatter either internal

photons (synchrotron self-Compton (SSC) [14-16]) or external photons (external

inverse Compton (EIC) [17-19]). The nature of the external photon fields depends

on the location of the emitting region, and can be dominated by photons directly

emitted from the accretion disk [20,21], disk photons reflected from the broad-

line region (BLR; [19]) or IR photons emitted from the dusty torus [17].

Recently, after the association of TXS 0506+056 with the IceCube-170922A

neutrino event [22,23], the models involving energetic protons to explain the

second component in the SED have become more favorable. The HE component

can be caused by either proton synchrotron emission [24] or secondary particles

resulting from pion decay [24-28]. In these hadronic or lepto-hadronic scenarios,

also emission of very high energy neutrinos is expected [23,29-37].

Blazars are the dominant sources in the extragalactic  -ray sky. Because of

the relativistic amplification of their emission, sources even at high redshift are

observed. For example, the Fermi Large Area Telescope (LAT) 12-Year Point

Source Catalog (data release 3 (DR3) [38]) contains 38 blazars detected beyond

z = 2.5 and 11 beyond z = 3.0. The investigation of the multiwavelength properties

of these high redshift blazars is especially important as they are the most powerful

non-explosive astrophysical sources and their study can be crucial for understand-

ing the jet formation and propagation around supermassive black holes.

Associated name 4FGL name Class z

PKS 1830-211 J1833.6-2103 FSRQ 2.507
LQAC 247-061 J1628.8-6149 FSRQ 2.578

4C +41.32 J1625.7+4134 FSRQ 2.550
PKS 2311-452 J2313.9-4501 BCU 2.884

PMN J0833-0454 J0833.4-0458 FSRQ 3.450
PKS 2318-087 J2320.8-0823 FSRQ 3.164
TXS 0536+145 J0539.6+1432 FSRQ 2.690

Table 1

LIST OF  -RAY EMITTING BLAZARS WITH REDSHIFT BEYOND 2.5
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Sahakyan et al. [39] have already studied the multiwavelength characteristics

of the majority of high redshift blazars (33) detected in the HE  -ray band, with

a redshift greater than 2.5. The selection of high redshift blazars in Sahakyan et

al. [39] was based on the first eight years of Fermi-LAT observations, while the

most recent available Fermi-LAT catalogue is now based on 12 years of data.

Therefore, there are additional 7 sources which are newly classified as high redshift

blazars. The list of these objects is given in Table 1, providing for each source

its name, 4FGL associated name, its type and redshift. In order to investigate

the multiwavelength properties of these newly classified high redshift blazars, the

data accumulated from their observations in the optical/UV, X-ray and  -ray

bands was analyzed, and the results were modeled within a leptonic scenario.

The paper is structured as follows: The data analysis is presented in Section

2, the SED modeling and results are given in Section 3 and Summary is provided

in Section 4.

2. Data analysis. In the  -ray band the selected sources were continuously

monitored with Fermi-LAT since 2008. Also, they were observed multiple times

in the optical/UV and X-ray bands with Swift telescope. All the available data

in the mentioned bands were analyzed to investigate the multiwavelength properties

of the selected sources.

2.1. Fermi-LAT data analysis. Onboard the Fermi Gamma-ray Space

Telescope, the Large Area telescope (LAT) is a pair-conversion telescope operating

in the energy range from 30 MeV to 500 GeV. It scans the entire sky every ~3

hours, continuously monitoring the  -ray emission from Galactic and extraga-

lactic sources. More details on the LAT instrument are given in Atwood et al.

2009 [40].

In the current study, the data accumulated between 2008 August 04 and 2022

December 04 (MET 239557417-691804805) were analyzed using the standard

Fermi Science Tools version 1.2.1. The data was processed using the

P8R3_SOURCE_V3 instrument response function for the PASS 8 data. The

events in the energy range from 100 MeV to 500 GeV were downloaded from a

12o region of interest (ROI) centered on the position of each source. In gtselect

tool with a filter of "evclass = 128, evtype = 3", only the events which have high

probability of being photons were selected. Also, a filter of a zenith angle of >90o

was applied to remove contamination by photons from Earth's atmosphere. In the

gtmktime tool a filter of "(DATAQUAL > 0) &&(LATCONFIG == 1)" was applied

to select good time intervals. Then the events are binned into a 916916 oo .. 

square region into pixels of 1010 oo ..   and into 37 equal logarithmically spaced

energy bins with gtbin tool. For each source, a model file describing the sources

included in the region of interest was created using the Fermi-LAT fourth source
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catalog Data Release 3 (4FGL-DR3) [38]. The significance of the source detection

is quantified using test statistics TS defined as TS = 2log(L
1

 /L
0
), where L

0
 and

L
1
 are the likelihoods of the model without source (null hypothesis) and alternative

likelihood (with source), respectively. The model file includes all the sources

within ROI+5o around the targets; the spectral parameters of the other sources

within the ROI were left free, while those outside the ROI were fixed to their

catalog values. The model file includes also diffuse and isotropic backgrounds,

which were modeled with standard gll_iem_v07 and iso_P8R3_SOURCE_V3_v1

models with the normalization considered as a free parameter. The entire data

was initially analyzed using a binned maximum likelihood analysis implemented

in gtlike tool.

After analyzing the data from the entire period, the  -ray variability of the

selected sources was investigated. Initially, the whole time period was divided into

short equal periods and the unbinned likelihood analysis was applied to estimate

the flux and the photon index. The duration of the time bin was selected based

on the overall detection significance of the source. In general, several tens of days

were selected to ensure that periods with source detection exceeded the periods

for which only upper limits were observed. As a next step, in order to better

investigate the evaluation of  -ray flux in time, the light curves were computed

with the help of the adaptive binning method. In this approach, the time bin

widths are non-equal and are defined by requiring a constant relative flux

uncertainty. This implies that during the low-flux state the time bins are wider,

and they are narrower when the source is in a flaring state. So, these light curves

are informative, allowing to investigate the flux variations in short time scales and

identify flaring periods [41-44,7].

The  -ray light curves of selected sources are shown in Fig.1. For each source,

when the light curve generated with the adaptive binning method is with reasonable

time bins, the light curves generated with fixed bins (circle) and with adaptive

bins are shown. The light curves for PKS 1830-211 and LQAC 247-061 were

downloaded from the Fermi-LAT Light Curve Repository, as the ROI around

these sources contains a lot of objects, making the analysis difficult. The most

variable source in the sample is PKS 1830-211 (Fig.1a) which shows high

amplitude flux changes in the 3-day binned light curve. The  -ray emission of

this source increases time to time but the largest flare was observed during MJD

58572-58605 when the flux increased up to   510040741  ..  photon cm-2
 s-1 on

MJD 58596.49. It should be noted that the average flux of  -ray emission from

this source is   610190011  ..  photon cm-2
 s-1, so the flux increases ~17.22 times.

The time-averaged  -ray spectrum of PKS 1830-211 is well explained with the

index of 340662 ..   but during the brightening the hardest index of

030222 ..   was observed on MJD 58596.49. The  -ray light curve of LQAC
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247-061 with 7-day bins shows (Fig.1b) several flaring periods although with

smaller amplitudes as compared to PKS 1830-211: the maximum weekly flux of

this source was   710341875  ..  photon cm-2
 s-1 observed on MJD 59222.42. The

adaptively binned light curve of TXS 0536+145 above 285.38 MeV (Fig.1c) shows

that the source was in an active emission state between MJD 55872-56138 when

the flux above 285.38 MeV increased up to   710390811  ..  photon cm-2
 s-1 on

MJD 55945.22. On average, the  -ray spectral index of this source is around

682.  but during the flares occasionally it hardens, for example, on MJD

56014.81 the index was 160002 ..  . Among the considered sources, the light

curve generated with the help of the adaptive binning method shows that 4C+41.32

also has a variable  -ray emission (Fig.1d); the averaged  -ray flux of the source

was   910940243  ..  photon cm-2
 s-1 which increased up to   910120755  ..

photon cm-2
 s-1 on MJD 56177.66. It should be noted that during this bright period

the photon index hardened to 110102 ..  . For the other remaining three

sources (PKS 2311-452, PKS 2318-087 and PMN J0833-0454), no flux changes

Fig.1. The  -ray light curve of selected sources. The light curves generated with the help of
adaptive binning are shown as empty squares while solid circles are regular/normal time binning.
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were observed in long- and short-time scales.

2.2. Swift observations of selected sources. With three instruments -

UVOT, XRT and BAT, the Swift satellite launched in 2004 is a good instrument

to study the multiwavelength emission from blazars because of its wide energy

coverage. These observations are especially crucial for high redshift blazars which

typically have the peak of the HE component at the sub-MeV band, so the X-

ray observations can help to constrain the increasing spectrum of the HE

component.

Among the considered sources, TXS 0536+145, PMN J0833-0454, LQAC

247-061 and PKS 1830-211 have at least once been observed with the Swift

satellite. All the data acquired from the XRT and UVOT observations were

downloaded and analyzed. The XRT data were all processed using the Swift_xrtproc

automatic tool [45]. This tool automatically downloads the Swift data either from

SSDC archive1 or from Swift UK archive2 and processes them applying the

standard analysis methods. In particular, the Level1 raw data was processed using

the XRTPIPELINE script, which included reduction, calibration and cleaning of

the data, using standard filtering criteria and the latest CALDB calibration files.

The sources' counts were obtained from a circular region of a 20-pixel radius (47'')

centered on the sources' position, while background counts were taken from an

annular ring centered at the source. Finally, the ungrouped data was loaded into

XSPEC version 12.11 for spectral fitting, where the source spectrum was modeled

as a power-law with Galactic absorption column density obtained from the

N_H HEASARC tool3 [46-48].

The Swift XRT data analysis results are presented in Table 2. TXS 0536+145 and

LQAC 247-061 each have only 3 observations when the count rate was above 20,

so the spectral analysis was executed, and PMN J0833-0454 has only 2. The

2.0-10 keV X-ray flux of PMN J0833-0454 is at the level of 1310861 . erg cm-2
 s-1,

instead, the spectral index is 530901X ..   and 470172X ..   which is

unusually soft for FSRQs. However, it should be noted that the peak of the

synchrotron component of PMN J0833-0454 at higher frequencies is 1014-1015
 Hz,

which is not typical for FSRQs. Similarly, the 2.0-10 keV X-ray flux of TXS

0536+145 and LQAC 247-061 is   1210282910  .. erg cm-2
 s-1 and

  1210791001  .. erg cm-2
 s-1, respectively, and their indices are 1.45-1.88 and

1.05-1.39, respectively. PKS 1830-211 is the most variable source in the X-ray

band; the variation of 2.0-10 keV X-ray flux and photon index is shown in Fig.2.

In different observations the change of the flux is evident, the highest flux of

1 https://www.ssdc.asi.it
2 https://www.swift.ac.uk/archive/
3 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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  1110440412  .. erg cm-2
 s-1 was observed on MJD 58583.10. The spectral index

in the X-ray band is relatively hard, changing from 0.34±0.14 to 0.94±0.25 (lower

panel in Fig.2), so it defines the rising spectrum of the HE component.

Along with XRT observations, the considered sources were observed also in

the optical/UV bands with the UVOT instrument. The Swift-UVOT data in six

different filters, including three optical (V, B, and U) and three ultraviolet (W1,

M2, and W2), was processed using the latest version of HEAsoft, 6.29, and the

HEASARC CALDB. A 5-arcsec radius region centered at the source was used to

extract the source counts, while the background counts were obtained from a region

of 20-arcsec radius located away from the source. The uvotsource tool was used

to determine the magnitude of the data, which was then corrected for the effects

of reddening and galactic extinction, using the E(B - V ) reddening coefficient

available from the Infrared Science Archive4. Among the considered sources, TXS

0536+145, PMN J0833-0454 and LQAC 247-061 are relatively weak in the

optical/UV bands and no measurements are available.

Instead, from PKS 1830-211, even being observed more than 90 times at its

position of RA  = 278.42, Dec = -21.06, no significant counts are observed, however

Object Observation ID Date F
(2.0-10)

 keV1 Index C-Stat(d.o.f.)

PMN J0833-0454 00034962002 2017-12-13 0.17±0.37 2.17±0.47 0.98(34)
PMN J0833-0454 00034962003 2017-12-17 0.19±0.23 1.91±0.53 0.87(26)
LQAC 247 -061 00085339012 2015-05-08 1.78±0.7 1.05±0.47 0.83(37)
LQAC 247 -061 00085339014 2015-05-13 1.36±0.47 1.39±0.36 0.88(55)
LQAC 247 -061 00085339020 2015-06-03 1.02±0.38 1.08±0.4 0.77(55)
TXS 0536+145 00032331001 2012-04-04 2.28±0.6 1.49±0.32 1.14(75)
TXS 0536+145 00032331002 2012-04-18 0.91±0.4 1.88±0.36 0.99(58)
TXS 0536+145 00032331003 2012-11-15 1.4±0.6 1.45±0.31 0.62(79)
PKS 1830-211 00081222001 2015-04-25 17.01±2.12 0.64±0.08 1.77(461)
PKS 1830-211 00038422024 2016-05-18 16.68±2.0 0.57±0.09 1.56(438)
PKS 1830-211 00038422016 2016-04-19 18.55±1.85 0.54±0.1 1.23(424)
PKS 1830-211 00038422022 2016-05-06 17.79±1.85 0.66±0.1 1.57(390)
PKS 1830-211 00038422028 2016-06-05 15.69±1.65 0.55±0.11 1.22(374)
PKS 1830-211 00038422014 2010-10-27 17.27±3.15 0.54±0.11 1.37(357)
PKS 1830-211 00038422021 2016-05-04 18.81±2.19 0.53±0.11 1.7(354)
PKS 1830-211 00038422023 2016-05-11 17.64±1.61 0.6±0.11 1.29(348)
PKS 1830-211 00038422070 2019-06-02 16.94±1.84 0.64±0.12 1.39(347)
PKS 1830-211 00038422013 2010-10-26 15.51±1.69 0.62±0.11 1.38(347)

Table 2

SWIFT XRT ANALYSIS RESULTS

1 XRT flux in units of 10
12

 erg cm
-2

 s
-1

4 http://irsa.ipac. caltech.edu/applications/DUST/
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a significant source at the position of RA = 278.42, Dec = -21.059 is present;

however, no obvious association with PKS 1830-211 is available. Considering the

complex nature of PKS 1830-211 and the region of the sky (it is possible

microlensing/milli-lensing substructures with two foreground lensing galaxies), in

order to avoid possible miss-association of the UVOT observations, we dropped

the UVOT data for this object.

3. Modeling of multiwavelength SEDs. In order to investigate the origin

of broadband emission from the considered sources, the data analyzed here were

combined with the archival data retrieved using VOU-blazar tool [49]. This tool

accesses over 70 catalogs and databases world-wide and returns all the available

multifrequency data. The SEDs composed with data retrieved from VOU-blazar

tool and analyzed here, are shown in Fig.3. Since no X-ray measurements are

available for PKS 2311-452 and PKS 2318-087, they were not considered during

the modeling.

All the considered sources show the characteristic double peaked structure

which is modeled within a leptonic one-zone scenario. In this scenario, the

electrons are injected and interact with a spherical region of radius R. The emitting

region contains a tangled magnetic field of intensity B. This magnetized region

moves along the jet with a bulk Lorentz factor of jet  making an angle of 

relative to the observer's line of sight.

Fig.2. The variation of 2.0-10 keV X-ray flux and 0.3-10.0 keV X-ray photon index of PKS

1830-211.
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For a small viewing angle, the emission is amplified by a beaming factor of

 jet . It is assumed that the emitting electrons have a power-law with an

exponential cutoff energy distribution in the form of

    minecute
p
ee NN   , exp0

(1)

where p is the power-law index of electrons, cut  is the cut-off energy and min

is the minimal energy. The total electron energy (consequently, N
0
 as well) is

considered as a free parameter during the fitting.

In this interpretation, the first peak in the SED is accounted for by synchro-

tron radiation produced as a result of the interaction between the relativistic

electrons and the magnetic field within the emitting region. The second peak,

ranging from X-rays to HE  -rays, arises from the inverse Compton scattering

of synchrotron (SSC [14-16]) and broad line region (BLR [50,51]) photons. The

BLR is modeled as a spherical shell with a lower boundary of BLRin R.R 90  and

an outer boundary of BLRin R.R 21  where 4517 1010 BLRBLR LR   erg s-1 [52]. It

is assumed that L
BLR

 corresponds to 10% of the disk luminosity L
disk

. The disk

emission is approximated as a mono-temperature black body which is estimated

by modeling the blue bump in the optical/UV band, if visible. An upper limit

is derived by ensuring that the disk emission does not exceed the non-thermal

emission observed from the jet, when the additional UV component is not

distinguished.

During the SED modeling the free parameters to estimate are N
0
, p, min ,

cut ,  , R and B. These parameters were optimized, i.e., to find the optimal

values of the parameters best describing the data, the publicly available code JetSet

was used [53-56].

3.1. Results of modeling. The SEDs modeled with the synchrotron/SSC

plus external Compton scattering of BLR photons are shown in Fig.3, and the

corresponding parameters are given in Table 3, where the column 1 is the object

name, 2 and 3 - the Lorentz factors corresponding to the minimum ( 210 ) and

cutoff energy ( 310 ) of the electron distribution, respectively, 4 - magnetic field

Table 3

PARAMETERS OBTAINED FROM THE MODELING OF

MULTIWAVEWLENGTH SEDs

Sources min cut B (G)   L
d

t
var

L
e

L
B

PKS 1830-211 7.53±0.32 5.99±0.41 0.11±0.0 1.79±0.08 13.8±0.31 0.55 9.23 30 0.07
LQAC 247-061 0.27±0.03 2.75±0.27 15.82±1.74 1.97±0.08 12.28±0.84 9.00 2.18 0.21 55
TXS 0536+145 1.33±0.07 12.94±1.82 3.92±0.21 2.96±0.06 14.27±0.63 0.34 3.66 0.68 16

4C +41.32 3.23±0.56 1.62±0.14 0.32±0.03 1.74±0.21 12.32±0.77 0.01 37.3 2.05 6.58
PMN J0833-0454 0.69±0.06 8.57±0.76 9.44±0.91 2.49±0.07 14.58±1.01 0.8 2.60 0.21 33.8
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in units of G, 5 - slope of electron energy distribution, 6 - Doppler factor, 7

- accretion disk luminosity L
d
 in units of 1046

 erg s-1, 8 - variability time in unit

of 10-1 day, 9 and 10 - the power of the jet in the form of the relativistic electrons

L
e
, and magnetic field L

B
 in units of 1045

 erg s-1 and 1046
 erg s-1. The presented

SEDs have sufficient data spanning from radio (archival) to HE  -ray bands

(analyzed here), allowing to shape both low- and high-energy peaks. The model

utilized is able to effectively explain the multiwavelength data for nearly all of

the sources.

Fig.3. The modeling of multiwave-
length SEDs of considered sources.
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There is discrepancy for PKS 1830-211, the low-energy data are underesti-

mated by the applied model. However, 1) the region around this source is rather

complex, so maybe some of the data are contaminated by the contribution from

other sources and 2) the magnetic field and electron content (both affecting the

synchrotron component) are strongly constrained by the X-ray and  -ray data,

so the increase of the synchrotron component will imply discrepancy with the

X-ray and  -ray data. The modeling shows that the multiwavelength data of PKS

1830-211, LQAC 247-061 and 4C+41.32 can be explained when the power-law

index of emitting electrons is relatively hard, 1.79±0.08, 1.97±0.08, 1.74±0.21,

respectively. Whereas, a soft index of correspondingly 2.96±0.06 and 2.49±0.07  is

required to explain the data of TXS 0536+145 and PMN J0833-0454. Because of

this soft index, the fit resulted in a higher value for the cut-off energy for those

two sources -   3108219412  ..  and   310760578  .. , respectively. The cut-off

energy is estimated to be   310410995  .. ,   310270752  ..  and   310140621  ..

for PKS 1830-211, LQAC 247-061 and 4C+41.32, respectively. The modeling

shows that the magnetic field in the emitting region is within 0.1-15.8 G, where

the lowest magnetic field of 0.1±0.01 G is estimated for PKS 1830-211, while

the maximum of 15.82±1.74 - for LQAC 247-061. For the considered sources,

the Doppler boosting factor varies in a small range of 12.28-14.58 which is a

typical value usually estimated for the FSRQs. The modeling allowed to estimate

also the variability time or the size of the emitting region. The variability time is

of the order of sub-day scales for all the considered sources, except for 4C+41.31,

for which t
var

 = 3.73 days which corresponds to 1610373  .R  cm, considering its

redshift of z = 2.55.

By applying the model, it is possible to evaluate the luminosity of the jet.

The jet power carried by the electrons and magnetic field is computed using the

relations ebe UcRL 22   and BbB UcRL 22  , respectively. The corresponding

values are given in Table 3. For all the considered sources, the jet is particle-

dominated with 1Be LL . The highest total luminosity of 4610173  .LLL Betot

erg s-1 is estimated for PKS 1830-211, while PMN J0833-0454 has the lowest

luminosity of 4410525 .  erg s-1. The modeling allows to put un upper limit on

the disk luminosity, requiring that it does not overproduce the synchrotron

component. The disc luminosity varies in the range of   46109010 .  erg s-1.

4. Summary. High redshift blazars are often studied in different bands,

providing substantial information on the processes responsible for particle accel-

eration as well as on the properties of the jet plasma close to supermassive black

holes. The high redshift blazars observations in the HE and very high energy

 -ray bands is also important, as they may provide information on the density

of extragalactic background light. Up to now, 38 blazars are observed beyond the
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redshift of 2.5 which is sufficient enough to have an in-depth view of the processes

taking place in these extreme objects.

In the current paper, the multiwavelength emission properties of 7 high redshift

blazars are investigated by analyzing the Fermi-LAT and Swift XRT/UVOT data

accumulated between 2008 and 2022. The main findings can be summarized as

follows:

- The  -ray emission from PKS 1830-211, LQAC 247-061, TXS 0536+145

and 4C+41.32 varies in time. In the  -ray band, the most variable source is

PKS 1830-21 showing multiple periods of flux enhancement; the brightest flare

was observed on MJD 58596.49 when the flux increased up to   510040741  ..

photon cm-2
 s-1.

- In several occasions the  -ray spectral index of the considered sources

hardened significantly. For example, on MJD 56014.81 the index of TXS 0536+145

was 160002 ..   or 110102 ..  1 index was observed for 4C+41.32 on

MJD 56177.66.

- The most variable source in the X-ray band is PKS 1830-211. Its 2.0-

10 keV flux increased up to   1110440412  ..  erg cm-2
 s-1 on MJD 58583.10 and

the X-ray photon index is very hard, varying in the range of 0.34-0.94.

- The multiwavelength emission of PKS 1830-211, LQAC 247-061, TXS

0536+145, 4C+41.32 and PMN J0833-0454 was modeled within a one-zone

leptonic scenario considering the Inverse Compton scattering of both synchrotron

and BLR photons. The power-law index of the emitting electrons is in the range

of 1.79-2.96, the cut-off energy in   3109412621  ..  and the magnetic field in

the emitting region is within 0.11-15.82.

- The modeling allowed to estimate the energetics of the jet of the considered

sources. The total jet luminosity varies in the range of   4610173050  ..  erg s-1 and

the disc luminosity (upper limit) is in the range of   46109010 .  erg s-1.
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ÌÍÎÃÎÂÎËÍÎÂÛÅ ÑÂÎÉÑÒÂÀ ÈÇÁÐÀÍÍÛÕ
ÁËÀÇÀÐÎÂ Ñ ÁÎËÜØÈÌ ÊÐÀÑÍÛÌ ÑÌÅÙÅÍÈÅÌ

Ã.ÀÐÓÒÞÍßÍ

Áëàçàðû ñ áîëüøèì êðàñíûì ñìåùåíèåì, îáíàðóæåííûå â  -äèàïàçîíå,

ÿâëÿþòñÿ ñàìûìè ìîùíûìè óñòîé÷èâûìè îáúåêòàìè âî Âñåëåííîé.

Ìíîãîâîëíîâûå íàáëþäåíèÿ çà ýòèìè äàëåêèìè îáúåêòàìè îñîáåííî èíòåðåñíû,

òàê êàê îíè ìîãóò ïîìî÷ü ïîíÿòü ýâîëþöèþ  -èçëó÷åíèÿ áëàçàðîâ, à òàêæå

ôîðìèðîâàíèå è ðàñïðîñòðàíåíèå ðåëÿòèâèñòñêèõ ñòðóé â ðàííèå ýïîõè

Âñåëåííîé. Â äàííîì èññëåäîâàíèè ìû ðàññìàòðèâàåì ïðîèñõîæäåíèå øèðîêî-

ïîëîñíîé ýìèññèè 7-è áëàçàðîâ, ñ êðàñíûìè ñìåùåíèÿìè áîëüøå 2.5,

àíàëèçèðóÿ äàííûå, íàêîïëåííûå ñ ïîìîùüþ Swift UVOT / XRT è Fermi-

LAT. Íàáëþäàåòñÿ íåñêîëüêî ïåðèîäîâ âñïûøåê ñî çíà÷èòåëüíûì óâåëè÷åíèåì

ïîòîêà è èçìåíåíèåì ôîòîííîãî èíäåêñà â âûñîêîýíåðãåòè÷åñêîì  -äèàïàçîíå

äëÿ PKS 1830-211 (z = 2.507), LQAC 247-061 (z = 2.578), TXS 0536+145

(z = 2.690) è 4C+41.32 (z = 2.550). PKS 1830-211 áûë â ÷ðåçâû÷àéíî ÿðêîì

ñîñòîÿíèè íà MJD 58596,49, êîãäà ñðåäíèé ïîòîê çà 3 äíÿ óâåëè÷èëñÿ äî

  510040741  .. photon cm-2
 s-1. Ðåíòãåíîâñêîå èçëó÷åíèå PKS 1830-211 òàêæå

ñèëüíî èçìåí÷èâî è õàðàêòåðèçóåòñÿ ôîòîííûì èíäåêñîì â äèàïàçîíå 0.34-

0.94. Äëÿ ìîäåëèðîâàíèÿ óñðåäíåííîãî âî âðåìåíè øèðîêîïîëîñíîãî ñïåêò-

ðàëüíîãî ðàñïðåäåëåíèÿ ýíåðãèè ðàññìàòðèâàåìûõ èñòî÷íèêîâ, ìû èñïîëüçîâàëè

îäíîçîííûé ëåïòîííûé ìåõàíèçì èçëó÷åíèÿ, êîãäà äëÿ îáðàòíîãî êîìïòî-

íîâñêîãî ðàññåÿíèÿ ó÷èòûâàþòñÿ êàê ñèíõðîòðîííûå, òàê è âíåøíèå ôîòîíû.

Â ðåçóëüòàòå áûëè îöåíåíû ñîîòâåòñòâóþùèå ïàðàìåòðû èçëó÷àþùèõ ÷àñòèö,

à òàêæå ýíåðãåòèêà ñòðóè.

Êëþ÷åâûå ñëîâà: ìåõàíèçìû èçëó÷åíèÿ: íåòåïëîâîé: ðåíòãåíîâñêèå ëó÷è:

        -ëó÷è: áëàçàðû
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TYC 1417-891-1 AND TYC 1478-742-1: ECLIPSING
VARIABLE STARS. THE GAIA EDR3 AND TESS

PHOTOMETRIC DATA

K.K.GIGOYAN1, K.S.GIGOYAN1, A.SARKISSIAN2, M.MEFTAH2,
G.R.KOSTANDYAN1, F.RAHMATULLAEVA3
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Based on the TESS (Transiting Exoplanet Survey Satellite) phase dependent light curves, we
confirm the eclipsing type variability nature for two G-type dwarfs: TYC 1417-891-1 and TYC 1478-
742-1. Both objects show EA (Algol-type) light curves morphology. Orbital period for TYC 1417-
891-1 is 8.0P  day and for TYC 1478-742-1, 13.6P  day. We present Gaia EDR3 and TESS
catalogue important physical parameters as well as LAMOST spectra. Both objects are relatively bright
and are located at a distance of 260.59 (±3.21) pc (TYC 1417-891-1) and 117.42 (±0.74) pc (TYC
1478-742-1). The TESS light curve of TYC 1478-742-1 shows also flares as well. We discuss possible
nature of the secondary and faint objects around these stars.

Keywords: variables: eclipsing variables: TESS and Gaia data

1. Introduction. Variable stars are an important and dynamic area of

modern astronomical research. Brightness variability is seen for most stars.

Variability provides extra observational information (periods, amplitudes, etc.)

which can be used to determine physical parameters such as a mass, radius,

luminosity, and rotation rates. These parameters can be used to deduce some

characteristics of the stars. The study of variability allows us to directly observe

changes in the stars: both the rapid and sometimes violent changes associated

especially with stellar birth and death, and also changes associated with stellar

evolution. Variable stars are classified as several broad classes: pulsating, eclipsing,

rotating, eruptive, cataclysmic, and other. Each class of variable stars is divided

into several subclasses. More detail, the improved system of variability classification

is presented by authors of the "General Catalogue of Variable Stars" (GCVS) [1].

Historically, there are three basic classes of eclipsing variables, based solely

on the overall light curve shape, EA (Algol), EB (Beta Lyrae), and EW (W Ursae

Majoris) - types. An overview of variable stars, in general, the techniques for

discovering and studying variable stars, and description of the main types of

variable stars are presented also in the book of John Percy [2] and in papers by

Drake et al. [3,4]. Correct class determination of the variables can be very
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important for studies of stellar populations. Some types of variable stars, such as

RR Lyrae stars and Cepheids, are excellent tools to study our Galaxy. Long period

variables (LPV, 2.5V   mag or Miras), which are Asymptotic Giant Branch

(AGB) stars, are also very important distance indicators (Whitelock et al. [5]).

The number of discovered variable stars increases dramatically, particularly in

the last two decades. Catalogs of about 47055 periodic variables in Northern and

37745 in Southern hemisphere were published by Drake et al. [3,4], based on

the Catalina Sky Survey (CSS). Data for near 11 6000 variables were presented

by Christy et al. [6], based on All-Sky Automated Survey for Supernovae (ASAS

-SN) observations. A new catalogue of 6330  eclipsing variables was presented by

Malkov et al. [7]. A new version of the catalogue of eclipsing variables is presented

by Avvakumova et al. [8]. This catalogue contains parameters and morphological

types of light curves for some 7200 stars. Eclipsing binaries, from the surveys

ASAS, NSVS, and LINEAR are analyzed by Lee [9]. An updated catalog of 4680

northern eclipsing binaries with Algol-type light curve morphology was presented

by Papageorgiou et al. [10]. Data for near 220000 variables have been identified

in the ASAS-SN survey (Jayasinghe et al. [11]). Recently, more than 40000

eclipsing binary candidates identified by the ASAS-SN, were also presented by

Rowan et al. [12]. These new results, undoubtedly, are very important for the

further versions of the GCVS [1].

In the frame of the red dwarf stars research program, we analyse phase

dependent light curves for all FBS M dwarfs (Gigoyan et al. [13]) using the

Presearch of Data Conditioning Simple Aperture Photometry (PDCSAP) at the

Mikulski Archive for Space Telescopes (MAST). During the analysis of the TESS

(Transiting Exoplanet Survey Satellite, Ricker et al. [14,15]) data, our attention

was drawn there on phased light curves of Target Numbers 88063457 and

462578519. These two objects were associated in SIMBAD astronomical data base

with the stars TYC 1417-891-1 (RA = 09h 51m39s.93, DEC = 20o12'23".8) and TYC

1478-742-1 (RA = 14h48m28s.91, DEC = +15o05'12".3), without information on

spectral types and variability. We classified these two objects as Algol-type eclipsing

binaries and analyzed their TESS phase dependent light curves. The purpose of

this paper is to present most important physical parameters from the Gaia EDR3

and TESS catalogues. We also discuss possible nature of the secondary and faint

objects around these eclipsing variables.

This paper is structured as follows. In Section 2, we present the TESS light

curves for TYC 1417-891-1 and TYC 1478-742-1. Section 3 presents LAMOST

moderate-resolution spectra for these two objects. Photometric data, cross-corre-

lations with Gaia EDR3 and TESS catalogues and important physical parameters

are considered in Section 4. Finally, in Section 5, we discuss the results obtained

for these two stars, and we provide the concluding remarks.
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2. TESS light curves. The Transiting Exoplanet Survey Satellite is an

ongoing NASAs Astrophysics Explorer Mission designed to detect exoplanets around

the nearest M dwarfs, ideal to follow-up observations for further characterization.

TESS was launched on 2018 April 18, and the TESS Prime Mission (PM) ran

from 2018 July 25 to 2020 July 4. During its 2 years PM, TESS observed ~73%

of the sky across 26 observing "Sectors", resulting in observing times ranging from

~1 month near the ecliptic to ~1 year near the poles. It monitored bright stars

with a 2 minutes short cadence and provided full-frame images every 30 minutes.

The wide red bandpass of the TESS cameras (600-1000 nm) makes TESS capable

of detecting Earth and super-Earth - sized exoplanets (  R.R 751 ) transiting M

dwarfs. TESS observed TYC 1417-891-1 twice: during its second year of  operation

in its highcadence, two minutes cadence mode in Sector 45 (2021 June, and

December), and also in Sector 46 (2021 March, and 2022 January). TESS observed

TYC 1478-742-1 in 23 April 2022, in Sector 51, as well in two-minute cadence

mode. Table 1 presents TESS observational data for TYC 1417-891-1 and TYC

1478-742-1 from the MAST.

We downloaded the PDCSAP light curves for these stars from the MAST using

the lightkurve package (Barenstein et al. [16]).

Fig.1 and 2 show TESS SAP (Simple Aperture Photometry) original light

curves of TYC 1417-891-1 and of TYC 1478-742-1 from Sectors 46 and 51. Both

objects show TESS light curves with almost flat maxima. We classify both objects

as Algol-type eclipsing variables. For TYC 1417-891-1 both minimum (primary

and secondary) are very well expressed on TESS phase dependent light curves.

For TYC 1478-742-1 there is a gap in the TESS data when the primary eclipse

would be appeared. The TESS light curve of this object also shows flares. We

used Box Least Squares (BLS, Kovacs et al. [17]) periodogram analysis method

to estimate the orbital periods. We determined the orbital period 8.0P  day for

TYC 1417-891-1 and near 13.6P  days for TYC 1478-742-1. Important note,

both objects have monitored photometric data in Catalina Sky Survey (Drake et

al. [3,4] database also. Their CSS identifiers are consequently CSS J095139.9+201222

and CSS J144828.9+150511. The CSS light curves do not present the primary

Star TESS target name Data of observations Exposure length (sec.)

TYC 1417-891-1 88063457 2021-11-07 120
--- --- 2022-01-24 120

TYC 1478-742-1 462578519 2022-04-23 120

Table 1

TESS OBSERVATIONS OF TWO STARS FROM THE MAST
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Fig.1. The TESS SAP original flux time series photometry of TYC 1417-891-1 from Sector
46. The X-axis show the time in Barycentric Julian Days (BJD) and Y-axis shows the normalized

TESS SAP flux.
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Fig.2. The TESS SAP original flux time series photometry of TYC 1478-742-1 from Sector
51. The X and Y axis description is the same, as in Fig.1.
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and secondary eclipses for both objects as well, such as TESS light curves. Only

the CSS phase dependent light curve for TYC 1478-742-1 shows flare with

amplitude 750mv .  mag. We want to note also, that photometric data for TYC

1417-891-1 is available in AAVSO VSX database, with name VSSP J095139.94+

201223.2, P = 8.00405 days, Mag. range = 11.325(0.08) in V-band, spectral type

G6, and variability type EA+UV (UV - eruptive variables of the UV Ceti types).

There are no data for the second object TYC 1478-742-1 in AAVSO VSX

database.

Fig.3. LAMOST moderate-resolution CCD spectra for TYC 1417-891-1 and TYC 1478-742-1

in the range 3900-9100 Å .
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3. LAMOST Spectra. Moderate-resolution CCD spectra for TYC 1417-

891-1 and TYC 1478-742-1 were secured by LAMOST (Large Sky Area Multi-

Object Fiber Spectroscopic Telescope) observations (Cui et al. [18], spectrum is

available on-line at http://dr7.lamost.org./search/). In Table 2, we provide infor-

mation on LAMOST spectral observations.

Fig.3 present the LAMOST moderate-resolution spectra for TYC 1417-891-

1 and TYC 1478-742-1.

4. Photometric data, physical parameters.

4.1. Gaia EDR3 data. Gaia EDR3 (Brown et al. [19]) provides high-

precision astrometry, three-band photometry, radial velocities, effective tempera-

tures, and information on numerous astrophysical parameters for approximately 1.8

billion sources brighter than G = 21.0 magnitude (CDS VizieR Catalogue I/352/

gedr3dis). In Table 3 we give some important Gaia EDR3 data for TYC 1478-

742-1 and for TYC 1417-891-1 in 10 arcsec search radius (A - for the bright,

primary source and B-for the secondary faint source). We used the distance

information for both objects derived from Gaia EDR3 by Bailer-Jones et al. [20].

4.2. Photometric and other data used. We have cross-matched these

two dwarfs with the TESS Input Catalog, Version 8.2 (TIC V8.2, Paegert et al.

[22], CDS VizieR Catalog IV/39/tic82), giving the important physical parameters

for stars, parallaxes, proper motions, TESS T-magnitudes, temperatures, masses,

Star LAMOST designation Obs. identifier Data of obs. Subclass

TYC 1417-891-1 J095139.94+201223.3 286412016 2014-12-26     G5V
TYC 1478-742-1 J144828.92+150512.2 350111159 2015-05-26     G8V

Table 2

LAMOST DATA FOR TWO STARS

Star Gaia EDR3 Name G-mag BP mag BP-RP mag R (pc)

TYC 1417-891-1A 627614504288922112 11.089 11.448 0.885 261.97
               B 627614504288958464 17.292 18.707 2.658 275.67

TYC 1478-742-1A 1186217744648523008 11.265 11.738 1.117 124.17
               B 1186217740354601600 17.648 17.837 0.967 1943.05

Table 3

 SOME IMPORTANT GAIA EDR3 DATA FOR DWARF STARS

TYC 1417-891-1 AND TYC 1478-742-1
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and luminosities in solar units (Stassun et al. [23]). This catalogue also gives data

for two objects in 10 arcsec. search radius around positions of TYC 1417-891-1

and TYC 1478-742-1. Table 4 includes other very important physical parameters

from the TIC V8.2. The bright and faint components are noted as A and B, as

in Table 1.

5. Discussion and conclusions. Further works. Algol-type eclipsing

variables are binaries (semi-detached systems) with spherical or slightly ellipsoidal

components. Various sub-classes of semi-detached systems can be separated (for

example hot and cool Algol-types). For cool semi-detached systems the component

is of types G and later (see paper by Malkov et al. [7] for more detail). With

the help of standard image visualization and analysis is software SAOImage ds9,

we search STScI Digitized Sky Survey POSS2 and POSS1 images around position

of each object. Obviously, the DSS2 I (infrared) and B (blue) direct images of

this two primary and bright objects A are elongated. Fig.4 presents DSS2 I finder

chart for TYC 1417-891-1 (the primary bright star is circled as A, and the

secondary faint object as B, as it is presented in Table 3 and 4 for this objects).

Such images are very characteristic for numerous of nearby dwarf binary systems

(particularly such as GJ 2069, which is also eclipsing binary, see more detail

Lopez-Morales & Clements [24]). The Gaia EDR3 catalog gives proper motion

(pm) value = 22.920 mas/yr for second faint object B. The TIC V8.2 [22] catalogue

distances are consequently r = 261.201 (±3.218) pc and r = 271.164 (±9.812) pc for

TYC 1417-891-1 A and B components (Table 4). If these objects (circled as A

and B in Fig.4) are gravitationally bound, i.e. they are physical companions at

the same distances, then their G-band absolute magnitudes can be obtained M(G)

= +6.0 for bright A star and M(G) = +10.20 for faint object B. Such parameters

Table 4

TIC v8.2 CATALOG DATA FOR TYC 1478-742-1 AND FOR

TYC 1417-891-1

Star                TYC 1417-891-1                TYC 1478-742-1

A B A B

TIC number 88063457 88063458 462578519 1100510113
2MASS J-H color 0.351 0.644 0.454 -
2MASS H-K color 0.056 0.291 0.111 -

Rad ( R ) 1.443(±0.405) 0.405(±0.017) 0.727(±0.037) -
Mass ( M ) 1.010(±0.126) 0.397(±0.025) 0.884(±0.107) -
Lum ( L ) 1.949(±0.018) 0.018(±0.005) 0.348(±0.009)

T
eff
 (K) 5678 3348 5200

Dist (pc) 261.20(±3.21) 271.16(±9.81) 117.42(±0.749) 1981.76(±446.77)
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for faint object (M(G) = +10.20, BP-RP = 2.658 mag, T
eff 

 = 3348 K) placed it in

red dwarfs sequence on Hertzsprung-Russell diagram (see Fig.5 by Babusiaux et

al. [25]) and is typical for M4-M5 subtype dwarfs (Cifuentes et al. [26]). As a

supplement, 2MASS (Skrutskie et al. [27]) J - H = 0.644 and H - K = 0.291 Near-

Infrared (NIR) colors for this object (Table 4) also indicate the belonging to the

group of dwarf M stars (see NIR JHK colors of M dwarfs in papers by Bessell

and Brett [28] and Bessell [2]). Most probably, TYC 1417-891-1 is a triple system,

with two very close and bright stars, having practically equal magnitudes, and third

component as M dwarf.

The primary and bright object A for the second object TYC 1478-742-1 is

also elongated on POSS2 I and B finder charts. Gaia EDR3 and TESS databases

gives very different distance values for bright A and for faint B sources ( 1980r

pc for faint object B). In Fig.5a and b we present POSS2 B (a) (for Equinox

J2000) and POSS1 B (b) (for Equinox B1950) direct images for object TYC 1478-

742-1. Meanwhile, Gaia EDR3 and TESS catalogs show proper motion for object

B (the Gaia EDR3 catalogue data is 22.92 mas/yr for proper motion). On DSS1

B (equinox B1950) chart we see very faint object, which we indicate by arrow

(Fig.5b). This object is not visible on DSS2 B and I chart (Fig.5a). We note,

that the scaling factor of DSS2 is 1.6 time better than DSS1. This point needs

to study more detail in the future. For this faint object there are no 2MASS JHK

photometric data and Gaia EDR3 BP-RP = 0.967 mag. The TESS light curve

shows flares.

Fig.4. POSS2 I finder chart for TYC 1417-891-1 (A for bright and B for faint and very close
object) taken in 1996. Obviously, the bright star A is elongated. Field is .arcmin51arcmin51 ..~ 
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High-spatial-resolution CCD imaging and speckle interferometry in the future

allow us to study the nature of the companions around these objects in more detail.

Our conclusions can be summarized as follows:

(a) Based on TESS phase dependence light curves, we confirm EA-type

eclipsing variability nature for objects TYC 1417-891-1 and TYC 1478-742-1

consequently with orbital period 8.0P  day and 13.6P  day. EA-variability type

for TYC 1478-742-1 we present for the first time.

(b) Using Gaia EDR3 and TESS data bases, we present some very important

physical characteristics for two objects, such as, mass, radius, luminosities, effective

temperatures, etc. They are spectral subtypes G5V (TYC 1417-891-1) and G8V

(TYC 1478-742-1) and consequently at a distances 261 pc and 124 pc.

(c) Most probably TYC 1417-891-1 present a triple system having two bright

and very close companions, and third very faint companion as M dwarf.

Acknowledgements. This work is supported by ERASMUS+2019-1FRO-

KA 107-061818. KKG and KSG are grateful to Administration of OVSQ

Observatory an LATMOS Laboratory (France) for organizing their visit to LATMOS

Laboratory during June and July 2022. This research has made use of the VizieR

catalogue access tool, CDS, Strasbourg, France, and Two Micron All-Sky Survey,

which is a joint project of the University of Massachusetts and the Infrared

Processing and Analysis Center, funded by NASA and NSF. We used LAMOST

telescope spectra. The LAMOST is a National Major Scientific project build by

the Chinee Academy of Sciences. This work has made use of data from European

Space Agency (ESA) mission Gaia. This paper includes data collected by the TESS

Fig.5. a) POSS2 blue image of TYC 1478-742-1 taken in 1996. Circled (B) is the very close
and faint object existing in Gaia EDR3 and TESS catalogues, b) POSS1 B image of the same
object. Arrow indicate the very faint object in south-east direction. For this object there are no

data in Gaia EDR3 and TESS catalogues. Field is .arcmin2arcmin2 



220 K.K.GIGOYAN  ET  AL.

mission, which are publicly available from the Mikulski Archive for Space

Telescopes (MAST).

We thank Prof. Michelle Kunimoto and Oleg Malkov for helpful comments

and suggestions. Authors thank also our anonymous referee for valuable suggestions

and contributions.

1 NAS RA V.Ambartsumian Byurakan Astrophysical Observatory (BAO),

 Armenia, e-mail: karengigoyan@bao.sci.am
2 Universite de Versailles Saint-Quentin, CNRS/INSU, LATMOS-OPSL,

 France,
3 Institute of Astrophysics of the National Academy of Sciences of Tajikistan,

 Dushanbe, Tajikistan

ÇÀÒÌÅÍÍÛÅ ÏÅÐÅÌÅÍÍÛÅ ÇÂÅÇÄÛ TYC 1417-891-1
È TYC 1478-742-1. GAIA EDR3 È TESS

ÔÎÒÎÌÅÒÐÈ×ÅÑÊÈÅ ÄÀÍÍÛÅ

K.K.ÃÈÃÎßÍ1, K.Ñ.ÃÈÃÎßÍ1, À.ÑÀÐÊÈÑÑÈÀÍ2, M.ÌÅÔÒÀ2,
Ã.Ð.ÊÎÑÒÀÍÄßÍ1, Ô.Ä.ÐÀÕÌÀÒÓËËÀÅÂÀ3

Íà îñíîâå êðèâûõ áëåñêà èç áàç äàííûõ TESS (Transiting Exoplanet Survey

Satellite) îáúåêòû TYC 1417-891-1 è TYC 1478-742-1 êëàññèôèöèðîâàíû êàê

çàòìåííûå ïåðåìåííûå òèïà - Àëãîë (ÅÀ) ñ îðáèòàëüíûì ïåðèîäîì 8.0P

äíÿ è 13.6P  äíÿ, ñîîòâåòñòâåííî. Ïðèâîäÿòñÿ âàæíûå ôèçè÷åñêèå õàðàêòå-

ðèñòèêè èç áàç äàííûõ Gaia EDR3 è TESS, à òàêæå LAMOST ñïåêòðû.

Îáúåêòû ñðàâíèòåëüíî ÿðêèå è íàõîäÿòñÿ íà ðàññòîÿíèè 260.59 (±3.21) (TYC

1417-891-1) ïñ è 117.42 (±0.74) (TYC 1478-742-1) ïñ. Ðàññìîòðåíà ïðèðîäà

î÷åíü ñëàáûõ îáúåêòîâ âîêðóã ýòèõ çâåçä.

Êëþ÷åâûå ñëîâà: ïåðåìåííûå: çàòìåííûå ïåðåìåííûå: TESS è Gaia EDR3

      äàííûå
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ÀÊÒÈÂÍÎÑÒÜ ÇÂÅÇÄÛ Gl 414A Ñ ÄÂÓÌß
ÏËÀÍÅÒÀÌÈ È ÅÅ ÂËÈßÍÈÅ ÍÀ ÏÎÒÅÐÞ ÌÀÑÑÛ

ÀÒÌÎÑÔÅÐÎÉ ÏËÀÍÅÒÛ Gl 414A b

È.Ñ.ÑÀÂÀÍÎÂ
Ïîñòóïèëà 29 ÿíâàðÿ 2023

Ïðèíÿòà ê ïå÷àòè 22 ìàÿ 2023

Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ïðîÿâëåíèé àêòèâíîñòè êàðëèêà ñïåêòðàëüíîãî
êëàññà K7 Gl 414A ñ äâóìÿ ïëàíåòàìè, îäíà èç êîòîðûõ (ïëàíåòà Gl 414A b) ïðè ýêñöåí-
òðèñèòåòå å = 0.45 íà ïðîòÿæåíèè áîëüøåé ÷àñòè ñâîåé îðáèòû íàõîäèòñÿ â ïðåäåëàõ çîíû
îáèòàåìîñòè. Íàø àíàëèç ïîêàçàë, ÷òî íàèáîëåå äîñòîâåðíûì îïðåäåëåíèåì ïåðèîäà âðàùåíèÿ
Gl 414A ñëåäóåò ïðèçíàòü ðåçóëüòàòû àíàëèçà ôîòîìåòðè÷åñêèõ íàáëþäåíèé çâåçäû, âûïîë-
íåííûõ îáçîðîì Kilodegree Extremely Little Telescope (KELT), óêàçûâàþùèå íà ïåðèîä åå
âðàùåíèÿ Ð = 42 ñóò. Îäíàêî ïî ïåðèîäîãðàììàì, ïîñòðîåííûì ïî äðóãèì íàáëþäåíèÿì
Gl 414A, íàëè÷èå òàêîãî ïåðèîäà íå ïîäòâåðæäàåòñÿ. Öèêë äîëãîâðåìåííîé àêòèâíîñòè
çâåçäû ñîñòàâëÿåò âåëè÷èíó ïîðÿäêà 3800 ñóò (10.4 ëåò). Ïîëó÷åííûå ðåçóëüòàòû èçó÷åíèÿ
àêòèâíîñòè çâåçäû èñïîëüçîâàíû äëÿ îöåíêè ïîòåðè âåùåñòâà àòìîñôåðû ïëàíåòû Gl 414A b
ïî àïïðîêñèìàöèîííîé ôîðìóëå äëÿ ìîäåëè ïîòåðè àòìîñôåðû ñ îãðàíè÷åíèåì ïî ýíåðãèè.
Ïî 486 îöåíêàì ïàðàìåòðà S

HK
 áûëè âûïîëíåíû ðàñ÷åòû ïîòåðè âåùåñòâà àòìîñôåðîé

Gl 414A b â òå÷åíèå èíòåðâàëà â 5805 ñóò (15.9 ëåò). Âåëè÷èíû ýòèõ ïîòåðü â îñíîâíîì ëåæàò
â èíòåðâàëå log(M

loss
) îò 7.15 äî 7.50, à ìåäèàííîå çíà÷åíèå ðàâíî 7.30. Ïðè âåëè÷èíå

ýêñöåíòðèñèòåòà 0.45 ðàññòîÿíèå îò öåíòðàëüíîé çâåçäû äî Gl 414A b âàðüèðóåòñÿ â ïðåäåëàõ
îò 0.13 äî 0.34 à.å., äëÿ íèõ ïîëó÷åíû îöåíêè ïîòåðè âåùåñòâà àòìîñôåðû - 

7
102116 . ã/ñ è

7
10372 . ã/ñ, ñîîòâåòñòâåííî.

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

       ïëàíåòíûå ñèñòåìû: àòìîñôåðû ýêçîïëàíåò

1. Ââåäåíèå. Àâòîðû [1] ñîîáùèëè îá îòêðûòèè äâóõ ïëàíåò, âðàùàþùèõñÿ

âîêðóã áëèçêîãî (D = 11.9 ïê) êàðëèêà Gl 414A ñïåêòðàëüíîãî êëàññà K7.

Gl 414A b ÿâëÿåòñÿ ïëàíåòîé òèïà ñóá-íåïòóí ñ ìàññîé ïîðÿäêà  M.iM 607sin

è áîëüøîé ïîëóîñüþ îðáèòû 0.23 à.å. Âòîðàÿ ïëàíåòà, Gl 414A c, ÿâëÿåòñÿ

îáúåêòîì òèïà ñóá-ñàòóðí ñ  M.iM 8353sin  è áîëüøîé ïîëóîñüþ 1.43 à.å.

Äëÿ îáíàðóæåíèÿ ïëàíåòíîé ñèñòåìû áûëè èñïîëüçîâàíû äàííûå ñïåêòðàëüíûõ

íàáëþäåíèé Keck/HIRES è Automated Planet Finder at Lick Observatory, à

òàêæå ôîòîìåòðè÷åñêèå äàííûå îáçîðà KELT. Àâòîðû [1] ïîëó÷èëè îöåíêè

ïåðèîäà âðàùåíèÿ çâåçäû è äîëãîñðî÷íîãî öèêëà  åå ìàãíèòíîé àêòèâíîñòè.

Çâåçäà Gl 414A, èçâåñòíàÿ êàê HD 97101A è HIP 54646A, ÿâëÿåòñÿ ÿðêèì

K7V êàðëèêîì, åå áëåñê ñîñòàâëÿåò â ôèëüòðàõ B = 9m.67, V = 8m.864,

R = 8m.691. Îíà èìååò ñïóòíèê HD 97101Â - êàðëèê ñïåêòðàëüíîãî êëàññà
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M2V ñ áëåñêîì V = 9m.98. Çâåçäû îáðàçóþò øèðîêóþ ïàðó ñ ðàññòîÿíèåì â

408 à.å. (ñîîòâåòñòâóþùåå óãëîâîå ðàññòîÿíèå - 34.34 óãë. ñ).

Èíòåðåñ ê ïëàíåòíîé ñèñòåìå Gl 414A îáóñëîâëåí òåì, ÷òî ïðè çíà÷åíèè

áîëüøîé ïîëóîñè îðáèòû 0.23 à.å. è ýêñöåíòðèñèòåòå 0.45 ðàññòîÿíèå ìåæäó Gl

414A b è çâåçäîé âàðüèðóåòñÿ îò 0.13 äî 0.34 à.å., è íà ïðîòÿæåíèè áîëüøåé

÷àñòè ñâîåé îðáèòû ïëàíåòà áóäåò íàõîäèòüñÿ â ïðåäåëàõ îáèòàåìîé çîíû.

Ïðàâäà, ñëåäóåò ïðèíÿòü âî âíèìàíèå, ÷òî ïëàíåòà èìååò ìèíèìàëüíóþ ìàññó

7.6 M , êîòîðàÿ, âåðîÿòíî, óêàçûâàåò íà íàëè÷èå çíà÷èòåëüíîé îáîëî÷êè,

áîãàòîé ëåòó÷èìè âåùåñòâàìè. Âîçìîæíî ýòî îáñòîÿòåëüñòâî ïîíèæàåò øàíñû

íà îáèòàåìîñòü. Ðàâíîâåñíûå òåìïåðàòóðû ïëàíåò b è c ñîñòàâëÿþò T
eq,b

 = 308.6

± 33.5 K è T
eq,c

 = 124.7 ± 13.5 K, ñîîòâåòñòâåííî.

Â ïåðâîé ÷àñòè íàñòîÿùåé ðàáîòû ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà

ïðîÿâëåíèé àêòèâíîñòè Gl 414A. Âî âòîðîé - ïîëó÷åííûå ðåçóëüòàòû

èñïîëüçîâàíû äëÿ îöåíêè ïîòåðè âåùåñòâà àòìîñôåðû ïëàíåòû Gl 414A b.

2. Ïðîÿâëåíèÿ àêòèâíîñòè Gl 414A. Ñîãëàñíî [1], ýôôåêòèâíàÿ

òåìïåðàòóðà çâåçäû ðàâíà 4120 ± 109 Ê, óñêîðåíèå ñèëû òÿæåñòè logg = 4.65 ±

0.04, ðàäèóñ 1406800 ..RR  , ñâåòèìîñòü 01301190 ..LL   è ìàññà

0806500 ..MM  . Âîçðàñò çâåçäû ðàâåí 12.4 ± 5.2 ìëðä ëåò. Îáúåêò Gl

414A îòîæäåñòâëåí ñ èñòî÷íèêîì Gaia EDR3 732857558276385664, åãî ïàðàëëàêñ

ñîñòàâëÿåò   (mas) = 84.1766 ± 0.0258.

Êàê óêàçûâàëîñü, çâåçäà îáëàäàåò ñïóòíèêîì HD 97101Â - êàðëèêîì

ñïåêòðàëüíîãî êëàññà M2V ñ ýôôåêòèâíîé òåìïåðàòóðîé 3663 ± 70, ðàäèóñîì

01705480 ..RR  , ñâåòèìîñòüþ 00500480 ..LL   è ìàññîé MM

02205420 ..  . Ïî íåçàâèñèìîé îöåíêå åãî âîçðàñò ðàâåí 11.2 ± 5.9 ìëðä  ëåò.

Îòìåòèì, ÷òî ïåðå÷èñëåííûå íàìè ñâîéñòâà çâåçä ïðèâîäÿòñÿ ñîãëàñíî äàííûì

[1] (òàáë.1).

Àâòîðû [1] ïðîâåëè àíàëèç ôîòîìåòðè÷åñêèõ íàáëþäåíèé Gl 414A,

âûïîëíåííûõ â òå÷åíèå 6 ëåò îáçîðîì Kilodegree Extremely Little Telescope

(KELT). Ïîñòðîåííûé ñïåêòð ìîùíîñòè (ðèñ.2 â [1]) óêàçûâàåò íà íàëè÷èå

ïèêà, ñîîòâåòñòâóþùåãî ïåðèîäó âðàùåíèÿ çâåçäû Ð = 42 ñóò. Ñîãëàñíî [1],

âàðèàöèè âåëè÷èíû Ð îò ñåçîíà ê ñåçîíó ìîãóò ñîñòàâëÿòü âåëè÷èíó ïîðÿäêà

4 ñóò. Ïî ïîëó÷åííûì ñïåêòðàì Keck/HIRES àâòîðû [1] îïðåäåëèëè çíà÷åíèÿ

ïîêàçàòåëÿ çâåçäíîé àêòèâíîñòè ïàðàìåòðà S
HK

, èçìåðåííîãî ïî ëèíèÿì CaII

H è K è ïîñòðîèëè ñïåêòðû ìîùíîñòè äëÿ âåëè÷èí S
HK

. Áûë íàéäåí ïèê

äëÿ ïåðèîäà, ðàâíîãî 75.4 ñóò, ÷òî ïðèìåðíî â äâà ðàçà áîëüøå âåëè÷èíû Ð.

Êîìáèíèðóÿ ýòîò ðåçóëüòàò ñ ðåçóëüòàòîì àíàëèçà äàííûõ î ïåðåìåííîñòè

ëó÷åâîé ñêîðîñòè çâåçäû, â [1] áûëî ñäåëàíî ïðåäïîëîæåíèå î òîì, ÷òî

âåëè÷èíà ïåðèîäà âðàùåíèÿ çâåçäû ñîñòàâëÿåò îêîëî 40 ñóò.

Êðîìå òîãî, â [1] áûë ñäåëàí âûâîä î íàëè÷èè ïåðåìåííîñòè âåëè÷èí
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S
HK

 ñ õàðàêòåðíûìè âðåìåíàìè 4554 è 2979 ñóò, ÷òî ïî ìíåíèþ ýòèõ àâòîðîâ

ñîîòâåòñòâóåò öèêëè÷íîñòè â 3000 ñóò, íàéäåííîé ïî äàííûì äëÿ ëó÷åâîé

ñêîðîñòè.

Íà ðèñ.1 ïðåäñòàâëåíû ðåçóëüòàòû íåçàâèñèìîãî àíàëèçà äàííûõ äëÿ

ïàðàìåòðà S
HK

, ïðèâåäåííîãî â òàáë.2 â [1]. Âñåãî áûëî èñïîëüçîâàíî 486

îöåíîê ïàðàìåòðà S
HK

. Íà ïîñòðîåííîì ñïåêòðå ìîùíîñòè, â èíòåðâàëå

ïåðèîäîâ 1-100 ñóò, çàìåòíî âûäåëÿåòñÿ ïèê, ñîîòâåòñòâóþùèé âåëè÷èíå

ïåðèîäà ïðÿäêà 76 ñóò. Êàê è óêàçûâàëîñü â [1], èìååòñÿ íàáîð ïèêîâ â

Ðèñ.1. Ââåðõó - äàííûå äëÿ ïàðàìåòðà S
HK

 èç [1]; ñðåäíÿÿ ïàíåëü - ñïåêòð ìîùíîñòè

äëÿ èíòåðâàëà 1-6000 ñóò; íèæíÿÿ ïàíåëü - ñïåêòð ìîùíîñòè äëÿ èíòåðâàëà 10-100 ñóò. Îñü
àáñöèññ íà ñðåäíåé ïàíåëè äàíà â ëîãàðèôìè÷åñêîì ìàñøòàáå.
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îáëàñòè îêîëî 40 ñóò. Ïî íàøåìó ìíåíèþ, ïèêè ïðèìåðíî òàêîé æå àìïëèòóäû

èìåþòñÿ è äëÿ âåëè÷èí ïîðÿäêà 47 è 62 ñóò. Âîçìîæíî èìååò ìåñòî

öèêëè÷íîñòü ñ õàðàêòåðíûì âðåìåíåì â 3870 ñóò. Îòìåòèì, ÷òî ýòè ðåçóëüòàòû

ïîëó÷åíû ïî îáúåäèíåííîìó ìàññèâó äàííûõ èç [1].

Ïî äàííûì ìíîãîëåòíåãî îáçîðà Kamogata Wide-field Survey (KWS) [http:/

/kws.cetus-net.org] íàìè áûëà âûïîëíåíà åùå îäíà ïîïûòêà ïðîâåäåíèÿ àíàëèçà

ïðîÿâëåíèé àêòèâíîñòè Gl 414A. Â îáçîðå ïðåäñòàâëåíû íàáëþäåíèÿ çâåçäû â

Ðèñ.2. Ââåðõó - áëåñê GJ 414A â ôèëüòðå V ïî äàííûì îáçîðà Kamogata Wide-field

Survey (KWS); ñðåäíÿÿ ïàíåëü - ñïåêòð ìîùíîñòè äëÿ èíòåðâàëà 1-6000 ñóò; íèæíÿÿ ïàíåëü

- ñïåêòð ìîùíîñòè äëÿ èíòåðâàëà 10-100 ñóò. Îñü àáñöèññ íà ñðåäíåé ïàíåëè äàíà â
ëîãàðèôìè÷åñêîì ìàñøòàáå.
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ôèëüòðàõ V è Ic, íî ìû îãðàíè÷èëèñü òîëüêî àíàëèçîì äàííûõ äëÿ ôèëüòðà

V, îáëàäàþùèõ áîëåå äëèòåëüíûì èíòåðâàëîì íàáëþäåíèé â 4424 ñóò (12.1 ëåò)

(HJD 2455530.332 - 2459955.290).

Âñåãî áûëè ðàññìîòðåíû 1342 îöåíêè áëåñêà çâåçäû â ôèëüòðå V.

Ïðåäñòàâëåííûå íà ðèñ.2 (ââåðõó) äàííûå íåñîìíåííî ñâèäåòåëüñòâóþò î

ïðèñóòñòâèè öèêëè÷íîñòè â èçìåíåíèè åå áëåñêà. Íà îñíîâå ïîñòðîåííîãî

ñïåêòðà ìîùíîñòè äëÿ áëåñêà Gl 414A ìîæíî ïðåäïîëîæèòü ñóùåñòâîâàíèå

âîçìîæíûõ öèêëîâ àêòèâíîñòè áîëåå 3000 ñóò è ïåðåìåííîñòè íà øêàëå

âðåìåíè ïîðÿäêà 10 - 100 ñóò (âåðîÿòíûé ïåðèîä âðàùåíèÿ çâåçäû), (ðèñ.2,

íèæíÿÿ äèàãðàììà). Ïðåäñòàâëÿåòñÿ âîçìîæíûì ñîïîñòàâëåíèå ðåçóëüòàòîâ

àíàëèçà ïåðåìåííîñòè áëåñêà çâåçäû è èçìåðåííîãî èíäåêñà S
HK

, õàðàêòåðè-

çóþùåãî õðîìîñôåðíóþ àêòèâíîñòü çâåçäû (ðèñ.1 è 2). Öèêëû äîëãîâðåìåííîé

àêòèâíîñòè â îáîèõ ñëó÷àÿõ ñîñòàâëÿþò âåëè÷èíó ïîðÿäêà 3800 ñóò (10.4 ëåò).

Â îáëàñòè 10 - 100 ñóò ñèòóàöèÿ ñîâåðøåííî äðóãàÿ - íà ðèñ.2 îòñóòñòâóþò

ïèêè â îáëàñòè 40 ñóò, íî èõ ìîæíî âèäåòü â îáëàñòÿõ îêîëî 47, 62 è 76

ñóò, à òàêæå èìååòñÿ íàáîð ïèêîâ â îáëàñòè 20 ñóò. Îòìåòèì, ÷òî íè â îäíîì

èç ðàññìàòðèâàåìûõ íàìè ñëó÷àåâ íåò òàêîãî ÿðêî âûðàæåííîãî ïèêà, êàê íà

ðèñ.2 â [1], õàðàêòåðèçóþùåãî ïåðèîä âðàùåíèÿ çâåçäû (42.48 ñóò).

Â àðõèâå TESS äëÿ Gl 414A äîñòóïíû òîëüêî äàííûå 22-ãî ñåòà íàáëþ-

äåíèé. Íàøà îáðàáîòêà áûëà àíàëîãè÷íà ïðîâîäèìîé ðàíåå â ñëó÷àå èçìåðåíèé

äëÿ äðóãèõ îáúåêòîâ èç àðõèâîâ êîñìè÷åñêîãî òåëåñêîïà Êåïëåð è ìèññèè

TESS (ñì., íàïðèìåð, [2]). Ê ñîæàëåíèþ, êà÷åñòâî è ïðîäîëæèòåëüíîñòü

íàáëþäåíèé íå äàþò íèêàêîé âîçìîæíîñòè äëÿ óñòàíîâëåíèÿ ïåðèîäè÷åñêîé

ìîäóëÿöèÿ áëåñêà îáúåêòà.

Òàêèì îáðàçîì, íàèáîëåå äîñòîâåðíûì ñëåäóåò ïðèçíàòü ðåçóëüòàòû àíàëèçà

ôîòîìåòðè÷åñêèõ íàáëþäåíèé Gl 414A, âûïîëíåííûõ îáçîðîì Kilodegree

Extremely Little Telescope (KELT), óêàçûâàþùèå íà ïåðèîä âðàùåíèÿ çâåçäû

Ð = 42 ñóò. Îòìåòèì, îäíàêî, ÷òî íà ïåðèîäîãðàììàõ, ïîñòðîåííûõ ïî äðóãèì

íàáëþäåíèÿì Gl 414A, ìû íå âèäèì ïèêîâ, ñîîòâåòñòâóþùèõ ýòîìó ïåðèîäó.

Â îòíîøåíèè öèêëà äîëãîâðåìåííîé àêòèâíîñòè ìîæíî ñ óâåðåííîñòüþ

çàêëþ÷èòü, ÷òî åãî äëèòåëüíîñòü ñîñòàâëÿåò îêîëî 3800 ñóò (10.4 ëåò).

3. Ïîòåðÿ âåùåñòâà àòìîñôåðû Gl 414A b. Êàê óêàçûâàëîñü

âûøå, Gl 414A b ÿâëÿåòñÿ ïëàíåòîé òèïà ñóá-íåïòóí ñ ìàññîé ïîðÿäêà

 M.iM 607sin  è áîëüøîé ïîëóîñüþ îðáèòû 0.23 à.å. Ýêçîïëàíåòà òèïà ñóá-

íåïòóíà ñ òå÷åíèåì âðåìåíè òåðÿåò ñâîþ ãåëèåâî-âîäîðîäíóþ àòìîñôåðó. Äëÿ

ïîäñ÷åòà òàêîé ïîòåðè áåç äåòàëüíîãî ìîäåëèðîâàíèÿ ñèñòåìû â íàøåì

èññëåäîâàíèè èñïîëüçîâàëàñü àïïðîêñèìàöèîííàÿ ôîðìóëà (ñì., íàïðèìåð,

[3,4]), îáû÷íî ïðèíÿòàÿ â ëèòåðàòóðå, êàê ìîäåëü ïîòåðè àòìîñôåðû ñ

îãðàíè÷åíèåì ïî ýíåðãèè. Â ýòîé ìîäåëè ïðåäïîëàãàåòñÿ, ÷òî ïîòîê æåñòêîãî
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ÓÔ-èçëó÷åíèÿ ïîãëîùàåòñÿ â òîíêîì ñëîå ðàäèóñà R
XUV 

, ãäå îïòè÷åñêàÿ

òîëùèíà äëÿ çâåçäíûõ XUV-ôîòîíîâ ðàâíà åäèíèöå è âêëþ÷åí ó÷åò ïðèëèâíîãî

ýôôåêòà:

 
, 

2






tidep

XUVpXUVXUVp

KGM

RRF

dt

dM
(1)

ãäå XUV  - ïàðàìåòð ýôôåêòèâíîñòè íàãðåâà ( 1020 ..XUV   äëÿ ìèíè-

íåïòóíîâ è ñóïåð-çåìåëü); G - ãðàâèòàöèîííàÿ ïîñòîÿííàÿ; F
XUV

 - ïîòîê

XUV-ôîòîíîâ; R
p
 - ðàäèóñ ïëàíåòû; M

p
 - ìàññà ïëàíåòû; R

XUV
 - ðàäèóñ

ïîãëîùåíèÿ XUV-ôîòîíîâ;  tideK  - ïðèëèâíûé ïàðàìåòð. Ïîäðîáíîñòè

èñïîëüçîâàíèÿ ñîîòíîøåíèÿ (1) ìîæíî íàéòè âî ìíîãèõ ëèòåðàòóðíûõ

èñòî÷íèêàõ, â òîì ÷èñëå â [3-5].

Îñíîâíûå äàííûå î ïëàíåòå Gl 414A b áûëè âçÿòû èç [1]. Äëÿ âû÷èñëåíèé

ïî ôîðìóëå (1) òðåáóþòñÿ îöåíêè âåëè÷èíû F
XUV

 (ïîòîêà XUV-ôîòîíîâ). Äëÿ

ýòîé öåëè íàìè áûëè èñïîëüçîâàíû àíàëèòè÷åñêèå çàâèñèìîñòè, ïîëó÷åííûå

â [6] è ñâÿçûâàþùèå âåëè÷èíó F
XUV

 ïîòîêà è ïàðàìåòð logR'
HK  

äëÿ çâåçä

ñïåêòðàëüíûõ êëàññîâ îò F äî M. Êàê óêàçûâàëîñü â [1], Gl 414A ÿâëÿåòñÿ

äîñòàòî÷íî àêòèâíîé K-çâåçäîé. Àâòîðû [1] îòìåòèëè, ÷òî ìåäèàííîå çíà÷åíèå

ïàðàìåòðà S
HK

 (ïîêàçàòåëÿ çâåçäíîé àêòèâíîñòè, èçìåðåííîãî ïî ëèíèÿì

CaII H è K â ïîëó÷åííûõ èìè ñïåêòðàõ Keck/HIRES) ñîñòàâëÿåò 0.98, à

ñîîòâåòñòâóþùàÿ åìó âåëè÷èíà logR'
HK

 ðàâíà -4.72. Ýòè çíà÷åíèÿ â öåëîì

ñîãëàñóþòñÿ ñ äàííûìè [7], íî, âîçìîæíî, ñîîòâåòñòâóþò íåñêîëüêî áîëåå

íèçêîìó óðîâíþ àêòèâíîñòè, ÷åì çíà÷åíèÿ, óêàçàííûå â [7], ñîãëàñíî êîòîðûì

S
HK

 = 1.14 è logR'
HK

 
 
= -4.50. Ðàñõîæäåíèÿ ìåæäó logR'

HK  
èç [7] è äàííûìè

[1] âîçìîæíî îáóñëîâëåíû ðàçëè÷èÿìè â ìåòîäîëîãèè è êàëèáðîâêàõ, èñïîëü-

çóåìûõ äëÿ ïðåîáðàçîâàíèÿ ìåæäó S
HK

 è logR'
HK

. Ñëåäóåò èìåòü â âèäó òàêæå

öèêëè÷åñêóþ ïåðåìåííîñòü õðîìîñôåðíîé àêòèâíîñòè çâåçäû (ñì. âûøå),

òàêæå, âîçìîæíî, ïðèâîäÿùóþ ê ðàçáðîñó â îöåíêàõ âåëè÷èí logR'
HK

.

Ðàñ÷åòû ïî ñîîòíîøåíèþ (1) ïîêàçàëè, ÷òî ïîòåðÿ âåùåñòâà àòìîñôåðû

ìåíÿåòñÿ îò çíà÷åíèÿ 71002 .  ã/ñ äëÿ âåëè÷èíû logR'
HK

 = -4.72  äî 710235 .

ã/ñ äëÿ logR'
HK

 = -4.50, ò.å ïðèìåðíî â 2.6 ðàçà. Ñîãëàñíî [1] õðîìîñôåðíàÿ

àêòèâíîñòü çâåçäû îáëàäàåò öèêëè÷åñêèìè èçìåíåíèÿìè íà øêàëå âðåìåíè

ïîðÿäêà 3000 ñóò. Ðàñïîëàãàÿ 486 îöåíêàìè ïàðàìåòðà S
HK

, ìû âûïîëíèëè

ðàñ÷åòû ïîòåðè âåùåñòâà àòìîñôåðîé Gl 414A b â òå÷åíèå èíòåðâàëà â 5805

ñóò (15.9 ëåò). Äëÿ ïåðåâîäà âåëè÷èí S
HK

 â logR'
HK  

íàìè áûëà èñïîëüçîâàíà

êàëèáðîâêà èç [8]. Ïàðàìåòðû çâåçäû (Ò
ýôô

 è ïîêàçàòåëü öâåòà (B - V )) áûëè

âçÿòû èç [1].

Íà ðèñ.3 (ââåðõó) ïðåäñòàâëåí ãðàôèê èçìåíåíèé âåëè÷èí ïîòåðè âåùåñòâà

àòìîñôåðû ïëàíåòû b ñî âðåìåíåì. Ïîñêîëüêó â íàøèõ ðàñ÷åòàõ âàðüèðîâàëèñü

îöåíêè âåëè÷èíû F
XUV

 (ïîòîêà XUV-ôîòîíîâ), òî âïîëíå åñòåñòâåííî, ÷òî ïî
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õàðàêòåðó öèêëè÷åñêîãî èçìåíåíèÿ âåëè÷èíû ïîòåðè âåùåñòâà ïîâòîðÿþò

çàâèñèìîñòü èíäåêñà õðîìîñôåðíîé àêòèâíîñòè. Âíèçó íà ðèñóíêå ïðåäñòàâëåíà

ãèñòîãðàììà äëÿ îöåíîê ïîòåðè âåùåñòâà àòìîñôåðû. Âåëè÷èíû ïîòåðè âåùåñòâà

àòìîñôåðû ïëàíåòû b â îñíîâíîì ëåæàò â èíòåðâàëå log(M
loss

) îò 7.15 äî 7.50,

ìåäèàííîå çíà÷åíèå ðàâíî 7.30. Ñðàâíèòåëüíî íèçêàÿ âåëè÷èíà ïîòåðè âåùåñòâà

àòìîñôåðû ïëàíåòû b, ïðåæäå âñåãî, âåðîÿòíî ñâÿçàíà ñî çíà÷èòåëüíûì åå

óäàëåíèåì îò çâåçäû (áîëüøàÿ ïîëóîñü îðáèòû ñîñòàâëÿåò 0.23 à.å.). Êðîìå

òîãî, ïîä÷åðêíåì, ÷òî ìû ïîñ÷èòàëè äîñòàòî÷íûì èñïîëüçîâàíèå àïïðîêñèìà-

öèîííîé ôîðìóëû, ñîîòâåòñòâóþùåé ìîäåëè ïîòåðè àòìîñôåðû ñ îãðàíè÷åíèåì

ïî ýíåðãèè, ïîñêîëüêó íàñ èíòåðåñîâàë îòâåò íà âîïðîñ îá èçìåíåíèÿõ â

ïîòåðå âåùåñòâà  â ñëó÷àå âàðèàöèè óðîâíÿ äîëãîâðåìåííîé àêòèâíîñòè çâåçäû.

Äëÿ ïëàíåòû ñ, çíà÷èòåëüíî óäàëåííîé îò çâåçäû (áîëüøàÿ ïîëóîñü îðáèòû

ðàâíà 1.43 à.å. [1]) âåëè÷èíà ïîòåðè âåùåñòâà àòìîñôåðû åùå áîëåå íèçêàÿ -

ïîðÿäêà 710235 .  ã/ñ.

Ñîãëàñíî [1] çîíà îáèòàåìîñòè âîêðóã Gl 414A ëåæèò â èíòåðâàëå îò

Ðèñ.3. Ââåðõó - ïîòåðÿ âåùåñòâà àòìîñôåðû ïëàíåòû b ñî âðåìåíåì; âíèçó - ãèñòîãðàììà
äëÿ îöåíîê ïîòåðè âåùåñòâà àòìîñôåðû ïëàíåòû b.
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0.37 à.å. äî  0.70 à.å, îäíàêî áîëåå îïòèìèñòè÷íàÿ îöåíêà âåëè÷èíû âíóòðåííåé

ãðàíèöû ñîñòàâëÿåò 0.21 à.å. Ïëàíåòà ñ ëåæèò âíå çîíû îáèòàåìîñòè. Ïëàíåòà

b ÷àñòè÷íî çàõîäèò â çîíó îáèòàåìîñòè. Êàê áûëî îòìå÷åíî âûøå, ðàññòîÿíèå

îò öåíòðàëüíîé çâåçäû äî Gl 414A b âàðüèðóåòñÿ îò 0.13 äî 0.34 à.å., è íà

ïðîòÿæåíèè áîëüøåé ÷àñòè ñâîåé îðáèòû ïëàíåòà íàõîäèòñÿ â ïðåäåëàõ ýòîé

îáèòàåìîé çîíû. Ïðè ýòîì, ïîòåðÿ âåùåñòâà àòìîñôåðû ïëàíåòû b ñîñòàâëÿåò
710235 .  ã/ñ ïðè âåëè÷èíå logR'

HK
 = -4.50 è äëÿ ðàññòîÿíèÿ ïëàíåòû îò

çâåçäû, ñîîòâåòñòâóþùåãî âåëè÷èíå áîëüøîé ïîëóîñè 0.23 à.å. Äëÿ ðàññòîÿíèé

0.13 à.å. è 0.34 à.å. ïîòåðÿ âåùåñòâà àòìîñôåðû ðàâíà 7102116 .  ã/ñ è 710372 .

ã/ñ, ñîîòâåòñòâåííî. Òàáë.1 ñîäåðæèò ðåçóëüòàòû ÷èñëåííûõ îöåíîê, ïîëó÷åííûõ

ïðè âàðüèðîâàíèè ïàðàìåòðîâ - àêòèâíîñòè çâåçäû, ðàññòîÿíèè äî ïëàíåòû.

4. Çàêëþ÷åíèå. Ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà ïðîÿâëåíèé àêòèâíîñòè

êàðëèêà ñïåêòðàëüíîãî êëàññà K7 Gl 414A ñ äâóìÿ ïëàíåòàìè. Çâåçäà îáëàäàåò

ñïóòíèêîì HD 97101Â - êàðëèêîì ñïåêòðàëüíîãî êëàññà M2V. Îòëè÷èòåëüíîé

îñîáåííîñòüþ ïëàíåòû Gl 414A b ÿâëÿåòñÿ òî, ÷òî ïðè ýêñöåíòðèñèòåòå

å = 0.45 íà ïðîòÿæåíèè áîëüøåé ÷àñòè ñâîåé îðáèòû ïëàíåòà íàõîäèòñÿ â

ïðåäåëàõ çîíû îáèòàåìîñòè. Íàø àíàëèç ïîêàçàë, ÷òî íàèáîëåå äîñòîâåðíûì

ðåçóëüòàòîì îïðåäåëåíèÿ ïåðèîäà âðàùåíèÿ Gl 414A ñëåäóåò ïðèçíàòü

ðåçóëüòàòû àíàëèçà ôîòîìåòðè÷åñêèõ íàáëþäåíèé çâåçäû, âûïîëíåííûõ

îáçîðîì Kilodegree Extremely Little Telescope (KELT), óêàçûâàþùèå íà ïåðèîä

âðàùåíèÿ çâåçäû Ð = 42 ñóò. Ïðè ýòîì, íà ïåðèîäîãðàììàõ, ïîñòðîåííûõ ïî

äðóãèì íàáëþäåíèÿì Gl 414A, ìû íå âèäèì ïèêîâ, ñîîòâåòñòâóþùèõ ýòîìó

ïåðèîäó. Öèêë äîëãîâðåìåííîé àêòèâíîñòè çâåçäû ñîñòàâëÿåò âåëè÷èíó ïîðÿäêà

3800 ñóò (10.4 ëåò).

Ïîëó÷åííûå ðåçóëüòàòû èçó÷åíèÿ àêòèâíîñòè çâåçäû èñïîëüçîâàíû äëÿ

îöåíêè ïîòåðè âåùåñòâà àòìîñôåðû ïëàíåòû Gl 414A b.  Â äàííîì èññëåäîâàíèè

áûëà ïðèìåíåíà àïïðîêñèìàöèîííàÿ ôîðìóëà, ñîîòâåòñòâóþùàÿ ìîäåëè ïîòåðè

àòìîñôåðû ñ îãðàíè÷åíèåì ïî ýíåðãèè. Äëÿ âû÷èñëåíèé ïî óêàçàííîé ôîðìóëå

îöåíêè âåëè÷èíû F
XUV

 (ïîòîê XUV-ôîòîíîâ) áûëè óñòàíîâëåíû ïî

Ïàðàìåòð Ïîòåðÿ âåùåñòâà àòìîñôåðû ïëàíåòû, ã/ñ

logR'
HK

 = -4.72, à = 0.23 à.å.
71002 .

logR'
HK

 = -4.50, à = 0.23 à.å.
710235 .

logR'
HK

 = -4.50, à = 0.13 à.å.
7102116 .

logR'
HK

 = -4.50, à = 0.34 à.å.
710372 .

Òàáëèöà 1

ÎÖÅÍÊÈ ÏÎÒÅÐÈ ÂÅÙÅÑÒÂÀ ÀÒÌÎÑÔÅÐÛ Gl 414A b
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àíàëèòè÷åñêîé çàâèñèìîñòè, ñâÿçûâàþùåé F
XUV

 è ïàðàìåòð logR'
HK  

äëÿ çâåçä

ñïåêòðàëüíûõ êëàññîâ F - M. Ðàñ÷åòû ïîêàçàëè, ÷òî ïîòåðÿ âåùåñòâà àòìîñôåðû

ìåíÿåòñÿ îò çíà÷åíèÿ 71002 .  ã/ñ äî 71025 .  ã/ñ â çàâèñèìîñòè îò ïðèíèìàåìîé

âåëè÷èíû logR'
HK

. Ïî 486 îöåíêàì ïàðàìåòðà S
HK

 áûëè âûïîëíåíû ðàñ÷åòû

ïîòåðè âåùåñòâà àòìîñôåðîé Gl 414A b â òå÷åíèå èíòåðâàëà â 5805 ñóò (15.9

ëåò). Âåëè÷èíû ïîòåðè âåùåñòâà àòìîñôåðû ïëàíåòû b â îñíîâíîì ëåæàò â

èíòåðâàëå log(M
loss

) îò 7.15 äî 7.50, à ìåäèàííîå çíà÷åíèå ñîñòàâëÿåò 7.30. Ïðè

âåëè÷èíå ýêñöåíòðèñèòåòà 0.45 ðàññòîÿíèå îò öåíòðàëüíîé çâåçäû äî

Gl 414A b âàðüèðóåòñÿ îò 0.13 äî 0.34 à.å. Äëÿ ýòèõ ðàññòîÿíèé ïîëó÷åíû

îöåíêè ïîòåðè âåùåñòâà àòìîñôåðû: 7102116 .  ã/ñ è 710372 .  ã/ñ, ñîîòâåòñòâåííî.

Èññëåäîâàíèå âûïîëíåíî â ðàìêàõ ïðîåêòà "Èññëåäîâàíèå çâåçä ñ ýêçî-

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

ïðîâîäèìûõ ïîä ðóêîâîäñòâîì âåäóùèõ ó÷åíûõ (ñîãëàøåíèÿ ¹ 075-15-2019-

1875 è ¹ 075-15-2022-1109).

Ó÷ðåæäåíèå Ðîññèéñêîé àêàäåìèè íàóê Èíñòèòóò àñòðîíîìèè ÐÀÍ,

Ìîñêâà, Ðîññèÿ, e-mail: igs231@mail.ru

THE ACTIVITY OF Gl 414A WITH TWO PLANETS
AND ITS EFFECT ON THE MASS LOSS OF THE

PLANET Gl 414A b ATMOSPHERE

I.S.SAVANOV

We present the results of the analysis of the manifestations of the activity of

K7 dwarf Gl 414A with two planets, one of which (planet Gl 414A b) with an

eccentricity of e = 0.45 is located within the habitable zone for the most part of

its orbit. Our analysis showed that the most reliable result of determining the

rotation period of Gl 414A should be obtained while the analysis of photometric

observations of the star performed by the KELT survey, indicating the rotation

period of the star P = 42 days, which, however, is absent on periodograms

constructed from other observations. The cycle of the long-term activity of the

star is about 3800 days (10.4 years). The obtained results of stellar activity were

used for the mass loss estimations of the atmosphere of the planet Gl 414A b

by an approximation formula for an energy-limited atmospheric loss model. On

the base of 486 estimates of the parameter S
HK

, calculations of mass loss from

the atmosphere of Gl 414A b were performed during the interval of 5805 days
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(15.9 years). The values of mass loss from planet b atmosphere are mainly in

the range log(M
loss

) from 7.15 to 7.50, the median value is 7.30. With an

eccentricity of 0.45 the distance from the star to Gl 414A b varies from 0.13 to

0.34 AU, for these distances estimates of mass loss are equal to 7102116 .  g/s and
710372 .  g/s, respectively.

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

     atmospheres
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ASASSN-19fy: ÎÑÎÁÅÍÍÎÑÒÈ ÊÀÐËÈÊÎÂÎÉ ÍÎÂÎÉ
Â "ÏÐÎÂÀËÅ" ÏÅÐÈÎÄÎÂ

O.È.ÀÍÒÎÍÞÊ1, Å.Ï.ÏÀÂËÅÍÊÎ1, Ê.À.ÀÍÒÎÍÞÊ1,2, Í.Â.ÏÈÒÜ1,
À.À.ÑÎÑÍÎÂÑÊÈÉ1, Ã.È.ÊÎÕÈÐÎÂÀ3, Ô.Äæ.ÐÀÕÌÀÒÓËËÀÅÂÀ3

Ïîñòóïèëà 10 ìàðòà 2023

Ôîòîìåòðè÷åñêèå èññëåäîâàíèÿ êàðëèêîâîé íîâîé â "ïðîâàëå" ïåðèîäîâ ASASSN-19fy
áûëè ïðîâåäåíû â 2020-2021ãã. â òå÷åíèå 24 íî÷åé â Êðûìñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè
ÐÀÍ è òðåõ íî÷åé â Ìåæäóíàðîäíîé àñòðîíîìè÷åñêîé îáñåðâàòîðèè Ñàíãëîõ Èíñòèòóòà
àñòðîôèçèêè ÍÀÍ Ðåñïóáëèêè Òàäæèêèñòàí. Íàáëþäåíèÿ îõâàòèëè ñâåðõâñïûøêó, äâà
ïîâòîðíûõ ïîÿð÷àíèÿ è ìåäëåííîå âîçâðàùåíèå ê äîâñïûøå÷íîìó ñîñòîÿíèþ. Â òå÷åíèå
ýòîãî âðåìåíè íàáëþäàëèñü ñâåðõãîðáû, â ýâîëþöèè êîòîðûõ áûëè âûäåëåíû ñòàäèè ðàçâèòûõ
ñâåðõãîðáîâ "Â", èõ çàòóõàíèÿ "Ñ" è ïåðåõîä ìåæäó íèìè. Ñðåäíèé ïåðèîä ñâåðõãîðáîâ íà
ñòàäèè "Â" ñîñòàâèë 0.09278(13) ñóò, íàéäåíî åãî óâåëè÷åíèå â òå÷åíèå ýòîé ñòàäèè ñî
ñêîðîñòüþ 

5
1010)//(


PdTdP . Íà ñòàäèè "Ñ" ïåðèîä ñâåðõãîðáîâ áûë ðàâåí 0.092289(15)

ñóò. Ïîêàçàíî, ÷òî ASASSN-19fy ÿâëÿåòñÿ äâåíàäöàòûì îáúåêòîì, ïîïîëíèâøèì ãðóïïó
äîëãîïåðèîäè÷åñêèõ êàðëèêîâûõ íîâûõ, èìåþùèõ ñõîäñòâî ñî çâåçäàìè òèïà WZ Sge.

Êëþ÷åâûå ñëîâà: çâåçäû: êàðëèêîâûå íîâûå: âñïûøêè: ñâåðõãîðáû: ASASSN-19fy

1. Ââåäåíèe. ASASSN (All-Sky Automated Survey for Supernova) [1]

ðåãóëÿðíî ñîîáùàåò î ðàçëè÷íûõ âñïûõíóâøèõ îáúåêòàõ, ñðåäè êîòîðûõ

ïîïàäàþòñÿ è òåñíûå äâîéíûå ñèñòåìû íà ïîçäíåé ñòàäèè ýâîëþöèè -

êàòàêëèçìè÷åñêèå ïåðåìåííûå ðàçëè÷íûõ òèïîâ [2], â òîì ÷èñëå êàðëèêîâûå

íîâûå òèïà SU UMa c îðáèòàëüíûìè ïåðèîäàìè îò 76 ìèí äî 3 ÷ 18 ìèí.

Â òàêèõ ñèñòåìàõ âåùåñòâî ñî çâåçäû-äîíîðà - çâåçäû ïîçäíåãî ñïåêòðàëüíîãî

êëàññà, çàïîëíèâøåé ñâîþ ïîëîñòü Ðîøà, ïåðåòåêàåò íà ñîñåäíèé áåëûé

êàðëèê ÷åðåç âíóòðåííþþ òî÷êó Ëàãðàíæà, îáðàçóÿ âîêðóã ïîñëåäíåãî

àêêðåöèîííûé äèñê. Äîëãîïåðèîäè÷åñêàÿ ãðàíèöà îáëàñòè îïðåäåëåíèÿ çâåçä

òèïà SU UMa âêëþ÷àåò â ñåáÿ òàê íàçûâàåìûé "ïðîâàë" (èëè "ïðîáåë") â

ðàñïðåäåëåíèè îðáèòàëüíûõ ïåðèîäîâ (2.15-3.18 ÷), à êîðîòêîïåðèîäè÷åñêàÿ

ãðàíèöà õàðàêòåðèçóåòñÿ áîëüøèì ÷èñëîì ñèñòåì ïîäòèïà WZ Sge [3]. Ïðîâàë

â ðàñïðåäåëåíèè ïåðèîäîâ ñîäåðæèò ñóùåñòâåííûé äåôèöèò êàðëèêîâûõ

íîâûõ. Ñîãëàñíî ñòàíäàðòíîé òåîðèè ýâîëþöèè [3], â ýòîì èíòåðâàëå ïåðèîäîâ

çâåçäû íå äîëæíû âñïûõèâàòü, ïîñêîëüêó íà ýòîì ýòàïå æèçíè îíè óõîäÿò

ïîä ïîëîñòü Ðîøà è àêêðåöèÿ íà áåëûé êàðëèê ïðåêðàùàåòñÿ. Òîò ôàêò, ÷òî

â ðåàëüíîñòè îòíîñèòåëüíî íåáîëüøîå êîëè÷åñòâî êàðëèêîâûõ íîâûõ âñå æå

ïîïàäàåò â "ïðîâàë", îáúÿñíÿþò òåì, ÷òî ýòè îáúåêòû èëè "ðîäèëèñü" êàê
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êàòàêëèçìè÷åñêèå ñ ïåðèîäàìè âíóòðè íåãî [4], èëè èõ êîìïîíåíòû-äîíîðû

îáëàäàëè ïîíèæåííîé ìåòàëëè÷íîñòüþ [5,6].

Êàðëèêîâûå íîâûå òèïà SU UMa óíèêàëüíû òåì, ÷òî äåìîíñòðèðóþò äâà

òèïà âñïûøåê: "îáû÷íûå" è "ñâåðõâñïûøêè", êîòîðûå ÿð÷å è ïðîäîëæè-

òåëüíåå, ÷åì îáû÷íûå [2]. Âî âðåìÿ ñâåðõâñïûøåê íàáëþäàþòñÿ òàê íàçûâàåìûå

"ñâåðõãîðáû" - êîëåáàíèÿ ÿðêîñòè, ïåðèîä êîòîðûõ íà íåñêîëüêî ïðîöåíòîâ

ïðåâîñõîäèò îðáèòàëüíûé. Îíè ïîÿâëÿþòñÿ ó êàðëèêîâûõ íîâûõ òèïà SU

UMa â ïðåöåññèðóþùåì ýëëèïòè÷åñêîì äèñêå âñëåäñòâèå âîçíèêíîâåíèÿ â

íåì ïðèëèâíîãî 3:1 ðåçîíàíñà ìåæäó âðàùåíèåì â àêêðåöèîííîì äèñêå è

îðáèòàëüíûì ïåðèîäîì [7,8], ó êîòîðûõ îòíîøåíèå ìàññ äîíîðà m
2
 ê áåëîìó

êàðëèêó m
1
 óäîâëåòâîðÿåò óñëîâèþ m

2
 /m

1
 < 0.25 [7,9,10]. Ïåðèîäû ñâåðõãîðáîâ

ýâîëþöèîíèðóþò [11]: îíè ìàêñèìàëüíû è ïîñòîÿííû íà ñòàäèè èõ ðîñòà

"À", èçìåíÿþòñÿ íà ñòàäèè "Â" è ìèíèìàëüíû è ïîñòîÿííû íà ñòàäèè "Ñ".

Äëèòåëüíîñòü ýòèõ ñòàäèé ðàçëè÷íà ó êîðîòêîïåðèîäè÷åñêèõ è äîëãîïåðèîäè-

÷åñêèõ ñèñòåì. Êðîìå ýòîãî, ó çâåçä òèïà WZ Sge ðåäêî íàáëþäàåòñÿ ÿðêî

âûðàæåííàÿ ñòàäèÿ "Ñ" [12]. Òåîðåòè÷åñêè îðáèòàëüíûå ïåðèîäû ñèñòåì,

àêêðåöèîííûå äèñêè êîòîðûõ ìîãóò îêàçàòüñÿ íà ãðàíèöå 3:1 ðåçîíàíñà (ò.å.,

ïðåäåëà ïðèëèâíîé íåñòàáèëüíîñòè), äîëæíû íàõîäèòüñÿ âáëèçè äîëãîïåðèîäè-

÷åñêîé ãðàíèöû "ïðîâàëà" ïåðèîäîâ. Íàáëþäåíèÿ äåéñòâèòåëüíî ïîêàçûâàþò

ìîíîòîííîå óáûâàíèå ÷èñëà èçâåñòíûõ êàðëèêîâûõ íîâûõ òèïà SU UMa ïî

ìåðå ïðèáëèæåíèÿ ê ýòîé ãðàíèöå [13,14]. Èçâåñòíî òàêæå, ÷òî íåêîòîðûå

ñèñòåìû â "ïðîâàëå" (íàïðèìåð, NY Ser è V1006 Cyg [13]) èíîãäà äåìîíñò-

ðèðóþò äîëãî äëÿùèåñÿ âñïûøêè, íàïîìèíàþùèå ñâåðõâñïûøêè, íî áåç

ðåãèñòðèðóåìûõ ñâåðõãîðáîâ, ò.å., ðåçîíàíñ 3:1 â òàêèõ âñïûøêàõ íå áûë

äîñòèãíóò. Èç-çà ìàëîãî ÷èñëà êàðëèêîâûõ íîâûõ â "ïðîâàëå" ïåðèîäîâ è,

òåì áîëåå, âûøå íåãî, èõ ñâîéñòâà ïëîõî èçó÷åíû.

Ïî äàííûì ASAS-SN ÿðêàÿ âñïûøêà ASASSN-19fy âïåðâûå áûëà

çàðåãèñòðèðîâàíà 20 àïðåëÿ 2014ã. è ñîñòàâëÿëà V = 13m.9. Â ìàðòå 2019ã.

âíîâü áûëî çàìå÷åíî ïîÿð÷àíèå (ðåáðàéòåíèíã) ýòîãî îáúåêòà: 9 ìàðòà åãî

áëåñê ñîñòàâëÿë g = 14m.9, äî ýòîãî îí îöåíèâàëñÿ êàê g = 19m.6 [15]. Ñëåäóþùàÿ

çàôèêñèðîâàííàÿ âñïûøêà ïðîèçîøëà óæå 5 àâãóñòà 2020ã., êîãäà îáúåêò

äîñòèã 14m.14 [16]. Äàëüíåéøèå íàáëþäåíèÿ ïîäòâåðäèëè ïðåäïîëîæåíèÿ î

âîçìîæíîé ïðèðîäå ýòîãî îáúåêòà êàê êàðëèêîâîé íîâîé òèïà SU UMa. Åãî

áëåñê ÷åðåç íåäåëþ ïîñëå íà÷àëà âñïûøêè ñîñòàâèë 14m.2, áûëè îòìå÷åíû

ñâåðõãîðáû ñ àìïëèòóäîé 0m.27 è ïåðèîäîì 0.0889 ± 0.0033 ñóò [17]. Ýòîò

ïåðèîä áûë ïîçæå óòî÷íåí ïî áîëåå äëèòåëüíûì íàáëþäåíèÿì è ñîñòàâèë

0.09277(5) ñóò [18]. Îñëàáåâàòü âñïûøêà íà÷àëà 15 àâãóñòà, à óæå 20 àâãóñòà

ïðîèçîøëî ïåðâîå [19], à çàòåì âòîðîå [20] ïîâòîðíîå ïîÿð÷àíèå.

2. Íàáëþäåíèÿ. Ôîòîìåòðè÷åñêèå íàáëþäåíèÿ êàðëèêîâîé íîâîé
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ASASSN-19fy ïðîâîäèëèñü ñ àâãóñòà ïî îêòÿáðü 2020ã. è â èþíå 2021ã. íà

òåëåñêîïàõ Êðûìñêîé Àñòðîôèçè÷åñêîé îáñåðâàòîðèè K-380 (0.38 ì, ÏÇÑ

Apogee E47), ÀÇÒ-11 (1.25 ì, ÏÇÑ FLI PL230 Proline), ÇÒØ (2.6 ì, ÏÇÑ

Apogee E47) è íà òåëåñêîïå Öåéññ-1000 îáñåðâàòîðèè Ñàíãëîõ (1.00 ì, ÏÇÑ

FLI 16803 Proline). Èñïîëüçîâàëîñü íåñêîëüêî çâåçä ñðàâíåíèÿ: USNO-B1.0

1417-0314989, èìåþùàÿ R = 13m.81, äëÿ ÿðêîãî ñîñòîÿíèÿ îáúåêòà; USNO-

B1.0 1417-0314938, R = 15m.77, êîãäà îáúåêò íàõîäèëñÿ â ñïîêîéíîì ñîñòîÿíèè.

Ýêñïîçèöèÿ ïîäáèðàëàñü òàêîé äëèòåëüíîñòè, ÷òîáû òî÷íîñòü åäèíè÷íîé

îöåíêè áëåñêà áûëà íå õóæå 0m.01 - 0m.02 âî âðåìÿ âñïûøåê è íå õóæå 0m.05

â õîäå âîçâðàùåíèÿ ñèñòåìû â ñïîêîéíîå ñîñòîÿíèå. Ñâîäêà î äàííûõ

ïðèâåäåíà â òàáë.1. Íàáëþäåíèÿ îõâàòèëè íåñêîëüêî ñòàäèé âñïûøå÷íîé

Äàòà - Òåëåñêîï Ïîëîñà Êîë. îöåíîê Ñòàäèè âñïûøå÷íîé
JD 2400000+… áëåñêà àêòèâíîñòè

11.08.2020 - 59073 Ê-380 w 240 ñâåðõâñïûøêà
12.08.2020 - 59074 Ê-380 w 395 ñâåðõâñïûøêà
12.08.2020 - 59074 ÀÇÒ-11 V, Ic 133 ñâåðõâñïûøêà
13.08.2020 - 59075 Ê-380 w 807 ñâåðõâñïûøêà
13.08.2020 - 59075 ÀÇÒ-11 V, Ic 133 ñâåðõâñïûøêà
13.08.2020 - 59075 Öåéññ-1000 V, Rñ, Iñ 8 ñâåðõâñïûøêà
14.08.2020 - 59076 Ê-380 w 602 ñâåðõâñïûøêà
14.08.2020 - 59076 Öåéññ-1000 V, Rc, Ic 25 ñâåðõâñïûøêà
15.08.2020 - 59077 Ê-380 w 150 ñâåðõâñïûøêà
15.08.2020 - 59077 Öåéññ-1000 V, Rc, Ic 28 ñâåðõâñïûøêà
16.08.2020 - 59078 Ê-380 w 72 ñâåðõâñïûøêà
17.08.2020 - 59079 Ê-380 w 61 ñâåðõâñïûøêà
18.08.2020 - 59080 Ê-380 w 65 ïîâòîðíîå ïîÿð÷àíèå (1)
19.08.2020 - 59081 ÀÇÒ-11 w 57 ïîâòîðíîå ïîÿð÷àíèå (1)
21.08.2020 - 59083 ÀÇÒ-11 w 30 ïîâòîðíîå ïîÿð÷àíèå (1)
23.08.2020 - 59085 ÀÇÒ-11 w 39 ïîâòîðíîå ïîÿð÷àíèå (1)
24.08.2020 - 59086 ÀÇÒ-11 w 30 ïîâòîðíîå ïîÿð÷àíèå (1)
25.08.2020 - 59087 ÀÇÒ-11 w 20 ïîâòîðíîå ïîÿð÷àíèå (2)
26.08.2020 - 59088 ÀÇÒ-11 w 17 ïîâòîðíîå ïîÿð÷àíèå (2)
27.08.2020 - 59089 ÀÇÒ-11 w 54 ïîâòîðíîå ïîÿð÷àíèå (2)
28.08.2020 - 59090 ÀÇÒ-11 w 26 ïîâòîðíîå ïîÿð÷àíèå (2)
29.08.2020 - 59091 ÀÇÒ-11 w 43 ïîâòîðíîå ïîÿð÷àíèå (2)
08.09.2020 - 59101 ÀÇÒ-11 w 50 çàòóõàíèå ñâåðõâñïûøêè
09.09.2020 - 59102 ÀÇÒ-11 w 46 çàòóõàíèå ñâåðõâñïûøêè
09.09.2020 - 59102 ÇÒØ w 374 çàòóõàíèå ñâåðõâñïûøêè
10.09.2020 - 59103 ÇÒØ w 387 çàòóõàíèå ñâåðõâñïûøêè
11.09.2020 - 59104 ÀÇÒ-11 w 55 çàòóõàíèå ñâåðõâñïûøêè
14.09.2020 - 59107 ÀÇÒ-11 w 79 çàòóõàíèå ñâåðõâñïûøêè
13.10.2020 - 59136 ÇÒØ w 189 çàòóõàíèå ñâåðõâñïûøêè
07.06.2021 - 59373 ÇÒØ w 289 ñïîêîéíîå ñîñòîÿíèå

Òàáëèöà 1

ÆÓÐÍÀË ÍÀÁËÞÄÅÍÈÉ
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àêòèâíîñòè ýòîé ñèñòåìû: ÷àñòü ñâåðõâñïûøêè, äâà ïîâòîðíûõ ïîÿð÷àíèÿ

áëåñêà è ñïîêîéíîå ñîñòîÿíèå áëåñêà. Ïðåèìóùåñòâåííî íàáëþäåíèÿ

ïðîâîäèëèñü â èíòåãðàëüíîì ñâåòå ("w") ñ ìàêñèìóìîì ÷óâñòâèòåëüíîñòè,

áëèçêèì ê ñèñòåìå Êóçèíñà Rc, íî â íåêîòîðûå äàòû âî âðåìÿ ñâåðõâñïûøêè

áûëè âûïîëíåíû èçìåðåíèÿ â ïîëîñàõ Äæîíñîíà-Êóçèíñà V, Rñ, Iñ. Â öåëîì

íàáëþäåíèÿ îõâàòèëè 24 íî÷è â ÊðÀÎ è òðè íî÷è íà Ñàíãëîõå. Òàêæå

èñïîëüçîâàëèñü äîñòóïíûå äàííûå äðóãèõ íàáëþäàòåëåé ýòîé ñèñòåìû èç

ñåòè AAVSO (American Association of Variable Star Observers, https://

www.aavso.org).

3. Êðèâûå áëåñêà.

3.1. Äîëãîâðåìåííàÿ êðèâàÿ áëåñêà. Ïîëíàÿ êðèâàÿ áëåñêà ñèñòåìû

ASASSN-19fy, ïîëó÷åííàÿ â 2020 è 2021ãã., âêëþ÷àþùàÿ ðàçíûå ñòàäèè

âñïûøå÷íîé àêòèâíîñòè, ïðåäñòàâëåíà íà ðèñ.1. Êðèâàÿ áëåñêà äåìîíñòðèðóåò

÷àñòü ñâåðõâñïûøêè, äâà ïîÿð÷àíèÿ è ìåäëåííîå çàòóõàíèå ñâåðõâñïûøêè.

Äëÿ ïîñòðîåíèÿ êðèâîé èñïîëüçîâàëèñü äàííûå, ïîëó÷åííûå â ïðîöåññå

íàøèõ íàáëþäåíèé, à òàêæå èç îòêðûòîé ñåòè íàáëþäàòåëåé AAVSO.

Ñâåðõâñïûøêà äî íàñòóïëåíèÿ ïîÿð÷àíèé äëèëàñü îêîëî 12 ñóò (JD 2459067-

2459079), íàøè íàáëþäåíèÿ ïðèøëèñü íà âòîðóþ ïîëîâèíó ïëàòî ñâåðõ-

âñïûøêè. Ìàêñèìàëüíûé áëåñê îáúåêòà â àâãóñòå 2020ã. äîñòèã ~14m,

îñëàáëåíèå íà ñòàäèè ïëàòî ïðîèñõîäèëî ñî ñêîðîñòüþ 0m.13/ñóò.

×åðåç äâîå ñóòîê ïîñëå çàâåðøåíèÿ ïëàòî ñâåðõâñïûøêè è áûñòðîãî

çàòóõàíèÿ äî ~17m ïðîèçîøëî ïîâòîðíîå ïîÿð÷àíèå ñèñòåìû. Âñåãî â èíòåðâàëå

Ðèñ.1. Îáùàÿ êðèâàÿ áëåñêà ASASSN-19fy çà 2020 è 2021ãã. Îòêðûòûìè òðåóãîëüíèêàìè

ïîêàçàíû äàííûå èç ñåòè AAVSO (ôîòîìåòðè÷åñêàÿ ñèñòåìà, áëèçêàÿ ê V ), çàïîëíåííûìè
êðóæêàìè - íàáëþäåíèÿ íà òåëåñêîïàõ Ê-380 è ÀÇÒ-11 ("w"), îòêðûòûìè áîëüøèìè êðóæêàìè
- íàáëþäåíèÿ íà òåëåñêîïå ÇÒØ ("w").

Þëèàíñêàÿ äàòà (HJD) 2400000+...
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JD 2459080-2459091 íàìè çàðåãèñòðèðîâàíû äâà òàêèõ ñîáûòèÿ, êàæäîå èç

êîòîðûõ äëèëîñü îêîëî ÷åòûðåõ ñóòîê è èìåëî àìïëèòóäó îêîëî 2m.5. Ïðîôèëü

êàê ïåðâîãî, òàê è âòîðîãî ïîÿð÷àíèÿ ïðåäñòàâëÿë áîëåå ïîëîãóþ âîñõîäÿùóþ

âåòâü ïî ñðàâíåíèþ ñ íèñõîäÿùåé, ÷òî ñîîòâåòñòâîâàëî ðàçâèòèþ âñïûøêè

"èçíóòðè âîâíå" [21]. Â ïðåäïîëîæåíèè, ÷òî ÷àñòîòà ïîòåíöèàëüíî âîçìîæíûõ

ïîñëåäóþùèõ ïîÿð÷àíèé áûëà áû òàêîé, êàê è ïðåäûäóùèõ, òàêîå ñîáûòèå

ìîãëî áû ñëó÷èòüñÿ â èíòåðâàëå JD 2459091-2459101, ãäå íàáëþäåíèÿ

îòñóòñòâîâàëè. Íà êðèâîé áëåñêà âèäíî, ÷òî ïîÿð÷àíèÿ íàêëàäûâàëèñü íà

ìåäëåííîå îñëàáåâàíèå áëåñêà êàðëèêîâîé íîâîé, èìåâøåå ñêîðîñòü,

ñîïîñòàâèìóþ ñî ñêîðîñòüþ îñëàáåâàíèÿ áëåñêà â òå÷åíèå ïëàòî ñâåðõâñïûøêè.

Â èíòåðâàëå JD 2459101-2459108 (ò.å., ñïóñòÿ ~30 ñóò ïîñëå îêîí÷àíèÿ

îñíîâíîé âñïûøêè), ASASSN-19fy âñå åùå íå äîñòèã äîâñïûøå÷íîãî óðîâíÿ

áëåñêà, õîòÿ è áûë áëèçîê ê íåìó. Â íî÷ü JD 2459136 áëåñê îáúåêòà

êîëåáàëñÿ â ïðåäåëàõ ~19m.6-20m.1, ýòî óæå ñîîòâåòñòâîâàëî ñïîêîéíîìó

ñîñòîÿíèþ. Îòñþäà ìîæíî çàêëþ÷èòü, ÷òî àìïëèòóäà âñïûøêè ñîñòàâèëà

øåñòü çâåçäíûõ âåëè÷èí.

3.2. Èíäèâèäóàëüíûå êðèâûå áëåñêà è öâåòà âî âðåìÿ ñâåðõ-

âñïûøêè è íà ñòàäèè ïîÿð÷àíèé. Íà ðèñ.2 ïðèâåäåíû êðèâûå áëåñêà

äëÿ 4 íî÷åé, âî âðåìÿ êîòîðûõ õîðîøî âèäíû ñâåðõãîðáû. Ýòè íàáëþäåíèÿ

îòíîñÿòñÿ ê îêîí÷àíèþ ñòàäèè ïëàòî ñâåðõâñïûøêè (ñòàäèè "Â"). Çà

èñêëþ÷åíèåì ïåðâîé íî÷è (JD 2459073), ñâåðõãîðáû èìåþò àñèììåòðè÷íûé

ïðîôèëü ñ ÿâíûì èëè âîçìîæíûì âòîðûì ãîðáîì çà ïåðèîä. Äëÿ íî÷è JD

2459073 ïðîôèëü ñâåðõãîðáà èìååò ïî÷òè ñèììåòðè÷íûé ïåðâûé ãîðá è

ïðàêòè÷åñêè ïîëíîå îòñóòñòâèå âòîðîãî ãîðáà. Àìïëèòóäà ñâåðõãîðáîâ ñîñòàâëÿëà

â ñðåäíåì 0m.25.

Ðèñ.2. Èíäèâèäóàëüíûå êðèâûå áëåñêà ñâåðõãîðáîâ ASASSN-19fy âî âðåìÿ ñâåðõâñïûøêè
â 2020ã. Èñïîëüçîâàëàñü çâåçäà ñðàâíåíèÿ USNO-B1.0 1417-0314989, èìåþùàÿ R = 13

m
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Ïåðèîäîãðàììà äëÿ íàáëþäàåìûõ ñâåðõãîðáîâ, ïîëó÷åííàÿ ìåòîäîì

Ñòåëëèíãâåðôà, ðåàëèçîâàííîãî â ïàêåòå ïðîãðàìì ISDA [22], ïðèâåäåíà íà

pèñ.3 (ââåðõó). Íàèáîëåå çíà÷èìûé ïèê èç ñåðèè ñóòî÷íî-ñîïðÿæåííûõ

ïèêîâ óêàçûâàåò íà ïåðèîä 0.09278(13) ñóò, òàêèì îáðàçîì, îáúåêò ïîïàäàåò

â "ïðîâàë" ïåðèîäîâ. Íà ðèñ.3 (âíèçó) ïðèâåäåíà ñîîòâåòñòâóþùàÿ ñðåäíÿÿ

ôàçîâàÿ êðèâàÿ áëåñêà.

Ïðèìåðû êðèâûõ áëåñêà è ïîêàçàòåëåé öâåòà â íàèáîëåå äàëåêèõ äðóã îò

äðóãà ïîëîñàõ V è Iñ ïðèâåäåíû íà ðèñ.4. Ïðîôèëè êðèâûõ áëåñêà â ïîëîñàõ

Ðèñ.3. Ïåðèîäîãðàììà è cðåäíÿÿ ôàçîâàÿ êðèâàÿ ASASSN-19fy äëÿ ñâåðõãîðáîâ 2020ã.
íà ñòàäèè "B". Èç àíàëèçèðóåìûõ äàííûõ ïðåäâàðèòåëüíî áûë âû÷òåí òðåíä, ñîîòâåòñòâóþùèé

ïðîôèëþ ïëàòî ñâåðõâñïûøêè.
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Ðèñ.4. Ïðèìåð êðèâûõ áëåñêà â ïîëîñàõ V è Ic è ïîêàçàòåëåé öâåòà V -Ic (â îòíîñèòåëüíûõ
âåëè÷èíàõ) âî âðåìÿ ñâåðõâñïûøêè ASASSN-19fy. Èñïîëüçîâàëàñü çâåçäà ñðàâíåíèÿ USNO-
B1.0 1417-0314989, èìåþùàÿ R = 13

m
.81.

HJD 2400000+...

Î
òí

î
ñè

òå
ë
üí

àÿ
 ç

â.
 â

åë
.

59074.32
-0.2

59074.36 59074.40 59075.26 59075.30 59075.34

HJD 2400000+...

-0.3

-0.4

-0.2

-0.3

-0.4

0.0

-0.4

0.4

0.0

-0.4

0.4

V

Ic

V

Ic

Ðèñ.5. Ïðèìåð èíäèâèäóàëüíûõ êðèâûõ áëåñêà ASASSN-19fy âî âðåìÿ ïîÿð÷àíèé.
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V è Iñ äîñòàòî÷íî õîðîøî ïîâòîðÿþò äðóã äðóãà, à ïîêàçàòåëü öâåòà V - Iñ

íå ïîêàçûâàåò çíà÷èìîé çàâèñèìîñòè îò áëåñêà ñâåðõãîðáà.

Ñâåðõãîðáû ïðîäîëæàëè íàáëþäàòüñÿ è íà ñòàäèè ïîÿð÷àíèé. Àìïëèòóäà

ñâåðõãîðáîâ óìåíüøàëàñü îáðàòíî ïðîïîðöèîíàëüíî èõ ÿðêîñòè, êðèâûå áëåñêà

ñ ìàêñèìàëüíîé àìïëèòóäîé îêîëî 0m.4 ïðèâåäåíû íà ðèñ.5.

3.3. Èíäèâèäóàëüíûå êðèâûå áëåñêà íà ñòàäèè ìåäëåííîãî

âîçâðàùåíèÿ ê äîâñïûøå÷íîìó ñîñòîÿíèþ. ×åðåç 20 ñóò ïîñëå çàâåð-

øåíèÿ ïëàòî ñâåðõâñïûøêè íàøè íàáëþäåíèÿ ïðèøëèñü óæå íà áîëåå

"ñïîêîéíóþ" ÷àñòü êðèâîé áëåñêà, ñòàäèþ ìåäëåííîãî îñëàáëåíèÿ âñïûøêè áåç

ïîÿð÷àíèé. Íà ðèñ.6 ïîêàçàíû êðèâûå áëåñêà äëÿ íî÷åé, ïîëó÷åííûõ íà ÇÒØ

â èíòåðâàëå äåâÿòü ìåñÿöåâ. Êðèâûå õàðàêòåðèçóþòñÿ ÿðêî âûðàæåííûìè

êâàçè-ïåðèîäè÷åñêèìè êîëåáàíèÿìè (QPO) ñ õàðàêòåðíûì âðåìåíåì îêîëî

25-30 ìèí è èçìåíÿþùåéñÿ àìïëèòóäîé, â îòäåëüíûõ ñëó÷àÿõ äîñòèãàþùåé

0m.2. Ýòè êîëåáàíèÿ íàêëàäûâàþòñÿ íà áîëåå ìåäëåííóþ ìîäóëÿöèþ áëåñêà

ñðàâíèìîé àìïëèòóäû è â öåëîì çàòðóäíÿþò ïîèñê îðáèòàëüíîãî ïåðèîäà.

Íàëè÷èå òàêèõ QPO ïîäîáíî òàêèì æå êîëåáàíèÿì, çàðåãèñòðèðîâàííûì ó

äðóãîé êàðëèêîâîé íîâîé â "ïðîâàëå" ïåðèîäîâ - V1006 Cyg [23,24].

4. Ýâîëþöèÿ ïåðèîäà ñâåðõãîðáîâ. Ìû îïðåäåëèëè ìîìåíòû

ìàêñèìóìîâ áëåñêà ñâåðõãîðáîâ âî âðåìÿ ñâåðõâñïûøêè è ïîÿð÷àíèé (òàáë.2),

è âû÷èñëèëè ðàçíîñòè Î-Ñ íàáëþäåííûõ (Î) è ðàñ÷åòíûõ (Ñ) ìîìåíòîâ,

èñïîëüçóÿ ýôåìåðèäó

  , 0927803732459071C HJD E.. 

ãäå Å - íîìåð öèêëà. Ðåçóëüòàò ïðåäñòàâëåí íà ðèñ.7.

Ðèñ.6. Êðèâûå áëåñêà ASASSN-19fy âî âíåâñïûøå÷íîì ñîñòîÿíèè äëÿ 2020 è 2021ãã.
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Ïîâåäåíèå Î-Ñ ÿñíî óêàçûâàåò íà ñòàäèè "Â" è "Ñ" â ýâîëþöèè ñâåðõãîðáîâ

è ðåçêèé ïåðåõîä ìåæäó ýòèìè ñòàäèÿìè, ñëó÷èâøèéñÿ íàêàíóíå ïåðâîãî

ïîÿð÷àíèÿ. Õîä Î-Ñ íà ñòàäèè "Â" õîðîøî àïïðîêñèìèðóåòñÿ ïàðàáîëîé,

ñîîòâåòñòâóþùåé óâåëè÷åíèþ ïåðèîäà ñ ïðîèçâîäíîé   51010 PdTdP .

Ïåðèîä íà ñòàäèè "Ñ" ñîñòàâèë 0.092289(15) ñóò.

5. Îáñóæäåíèå è çàêëþ÷åíèå. Ïðåäñòàâëåííûå âûøå ðåçóëüòàòû

ïîêàçûâàþò, ÷òî îáúåêò ASASSN-19fy, íàõîäÿùèéñÿ â "ïðîâàëå" ïåðèîäîâ,

HJD O-C HJD O-C HJD O-C
(2400000+…) (ñóò.) (2400000+…) (ñóò.) (2400000+…) (ñóò.)

59072.3940 0.00042 59074.5240 -0.00352 59079.3620 0.0099
59072.4870 0.00064 59075.2650 -0.00476 59080.2920 0.01212
59073.3220 0.00062 59075.3600 -0.00254 59080.3820 0.00934
59073.4140 -0.00016 59075.4550 -0.00032 59081.3020 0.00154
59073.5080 0.00106 59076.2870 -0.00334 59083.3370 -0.00462
59074.3400 -0.00196 59076.3800 -0.00312 59085.2830 -0.007
59074.4320 -0.00274 59076.4750 -0.0009 59090.3460 -0.0469
59074.4330 -0.00174 59078.3400 0.0085 59091.3670 -0.04648

Òàáëèöà 2

ÌÎÌÅÍÒÛ ÌÀÊÑÈÌÓÌÎÂ ÁËÅÑÊÀ (HJD)

Ðèñ.7. Çàâèñèìîñòü Î-Ñ äëÿ ìàêñèìóìîâ ñâåðõãîðáîâ âî âðåìÿ ñâåðõâñïûøêè è ïîÿð÷à-

íèé ó ASASSN-19fy. Ïóíêòèðíàÿ ëèíèÿ ïðîâåäåíà ÷åðåç ïåðåõîä Î-Ñ ìåæäó ñòàäèÿìè
ðàçâèòèÿ ñâåðõãîðáîâ "Â" è "Ñ".
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äåìîíñòðèðóåò ÷åðòû, ñâîéñòâåííûå êàê çâåçäàì òèïà SU UMa, âêëþ÷àÿ

äîëãîïåðèîäè÷åñêèå êàðëèêîâûå íîâûå â "ïðîâàëå", òàê è êîðîòêîïåðèîäè÷åñêèì

êàðëèêîâûì íîâûì òèïà WZ Sge. Ìû âûäåëèëè ñòàäèè "Â" è "Ñ" [11] â

ýâîëþöèè ñâåðõãîðáîâ, îïðåäåëèëè, ÷òî ñðåäíèé ïåðèîä íà ñòàäèè "Â" ñîîò-

âåòñòâîâàë 0.09278(13) ñóò è óâåëè÷èâàëñÿ ñ ïðîèçâîäíîé   51010 PdTdP .

Ýòè õàðàêòåðèñòèêè ñîãëàñóþòñÿ ñ èçâåñòíûìè ýìïèðè÷åñêèìè äàííûìè,

ïðèâåäåííûìè Êàòî è äð. [11] äëÿ êàðëèêîâûõ íîâûõ òèïà SU UMa. Â òî

æå âðåìÿ äîëãîâðåìåííàÿ êðèâàÿ áëåñêà ASASSN-19fy ñîäåðæèò ïî êðàéíåé

ìåðå äâà ïîÿð÷àíèÿ, íàáëþäàâøèõñÿ íà ôîíå ìåäëåííîãî âîçâðàùåíèÿ ê

òîìó áëåñêó, êîòîðûé îáúåêò èìåë äî âñïûøêè. Ýòà îñîáåííîñòü äî ïîñëåäíåãî

âðåìåíè ñ÷èòàëàñü óíèêàëüíîé ÷åðòîé èìåííî êîðîòêîïåðèîäè÷åñêèõ êàðëè-

êîâûõ íîâûõ òèïà WZ Sge [25]. Îäíàêî â ïîñëåäíèå ãîäû ñòàëè ïîÿâëÿòüñÿ

ñîîáùåíèÿ î íàáëþäåíèè îò îäíîãî äî ïÿòè ïîÿð÷àíèé ó íåêîòîðûõ èç 11

äîëãîïåðèîäè÷åñêèõ ñèñòåì, íàõîäÿùèõñÿ êàê â "ïðîâàëå", òàê è âûøå íåãî

(V1006 Cyg, MN Dra, ASASSN-14ho, CSS101212:002657+284933, ASASSN-

18aan, ASASSN-19ax, QZ Ser, MIS 1448, OGLE-BLG-DN-0174, OGLE-BLG-

DN-0595, ASASSN-15cm [23,26-34]). Òàêèì îáðàçîì, ASASSN-19 fy ÿâëÿåòñÿ

12-ì ÷ëåíîì ýòîé ãðóïïû. Ïðèðîäà ïîÿð÷àíèé â íàñòîÿùåå âðåìÿ îêîí÷àòåëüíî

íå âûÿñíåíà (ñì. îáçîð ñâîéñòâ ïîÿð÷àíèé ó êàðëèêîâûõ íîâûõ òèïà WZ

Sge è ðàçëè÷íûõ ïðåäïîëîæåíèé îá èõ ïðè÷èíå â ñòàòüå Ìåéåð è Ìåéåð-

Õîôìåéñòåð [35]). Â ÷àñòíîñòè, àâòîðû çàìåòèëè, ÷òî ÷àùå âñåãî ïîÿð÷àíèÿ

èìåþò áîëåå êðóòóþ âîñõîäÿùóþ âåòâü è áîëåå ïîëîãóþ íèñõîäÿùóþ, ò.å.,

ðàçâèòèå âñïûøêè èäåò èç âíåøíèõ ÷àñòåé àêêðåöèîííîãî äèñêà âî âíóòðåííèå.

Ãîðàçäî ðåæå íàáëþäàþòñÿ ïîÿð÷àíèÿ ñ ïðîòèâîïîëîæíîé àñèììåòðèåé

ïðîôèëÿ, ÷òî ñîîòâåòñòâóåò ðàñïðîñòðàíåíèþ âñïûøêè èç âíóòðåííèõ ÷àñòåé

äèñêà âî âíåøíèå. Èìåííî òàêàÿ îñîáåííîñòü ïîÿð÷àíèé áûëà çàðåãèñòðèðîâàíà

íàìè ó ASASSN-19fy.

Êàòî [27] ïðåäïîëîæèë, ÷òî òðåáóåòñÿ äîïîëíèòåëüíûé ðåçåðâóàð âåùåñòâà,

÷òîáû îáåñïå÷èâàòü ïîÿâëåíèå ïîÿð÷àíèé ïîñëå ñâåðõâñïûøêè. Ó çâåçä òèïà

WZ Sge ýòî ìîæåò áûòü âåùåñòâî çà ïðåäåëàìè 3:1 ðåçîíàíñíîé îðáèòû. Ó

äîëãîïåðèîäè÷åñêèõ ñèñòåì, íàõîäÿùèõñÿ âáëèçè ãðàíèöû ñòàáèëüíîñòè 3:1

ðåçîíàíñà, ñëàáîñòü ðåçîíàíñà ìîæåò ïðèâåñòè ê ïðåæäåâðåìåííîìó èñòîùåíèþ

âñïûøêè è îáðàçîâàíèþ çàïàñà íåàêêðåöèðîâàííîãî âåùåñòâà. Îäíàêî

íåîáõîäèìû êàê íàáëþäåíèÿ ó äðóãèõ êàðëèêîâûõ íîâûõ ýòîãî ýôôåêòà, òàê

è òåîðåòè÷åñêèå ïîäòâåðæäåíèÿ ïðåäëîæåííîé èäåè.

Àâòîðû ðàáîòû áëàãîäàðíû êîëëåêòèâó, îáåñïå÷èâàþùåìó èñïîëüçîâàíèå

ðåñóðñà The International Variable Star Index (áàçà äàííûõ AAVSO). ×àñòü

íàáëþäàòåëüíûõ äàííûõ, ïîëó÷åííûõ è îáðàáîòàííûõ ÊÀÀ, âûïîëíåíû ïðè

ïîääåðæêå ãðàíòà Ìèíèñòåðñòâà íàóêè è âûñøåãî îáðàçîâàíèÿ Ðîññèéñêîé
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Ôåäåðàöèè 075-15-2022-250 (13.ÌÍÏÌÓ.21.0003) "Ìíîãîâîëíîâîå èññëå-

äîâàíèå íåñòàöèîíàðíûõ ïðîöåññîâ âî Âñåëåííîé".

1 ÔÃÁÓÍ, Êðûìñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ,

 Ðåñïóáëèêà Êðûì, e-mail: eppavlenko@gmail.com
2 Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ Ðîññèéñêîé àêàäåìèè íàóê,

 Íèæíèé Àðõûç, Ðîññèÿ
3 Èíñòèòóò àñòðîôèçèêè, Íàöèîíàëüíàÿ àêàäåìèÿ íàóê, Ðåñïóáëèêà

 Òàäæèêèñòàí

ASASSN-19fy: THE FEATURES OF A DWARF
NOVA IN THE "PERIOD GAP"

O.I.ANTONYUK1, E.P.PAVLENKO1, K.A.ANTONYUK1,2, N.V.PIT1,
A.A.SOSNOVSKIJ1, G.I.KOKHIROVA3, F.D.RAKHMATULLAEVA3

Photometric investigations of the dwarf nova ASASSN-19fy in the period gap

were carried out in 2020-2021 during 24 nights in the Crimean astrophysical

observatory of RAS and 3 nights in Sanglokh International astronomical obser-

vatory of Institute of Astrophysics, National Academy of Sciences of Tajikistan.

Observations covered superoutburst, two rebrightenings and slow return to quies-

cence. During this time superhumps have been observed. The stage of developed

superhumps "B", their dying stage "C" as well as transition between them were

identified. The mean superhump period at stage "B" was 0.09278(13) days, it

increased with a rate of   51010 PdTdP . At stage "C" the superhump period

was 0.092289(15) days. It is shown that ASASSN-19fy is the twelfth object to

join the group of long-period dwarf novae resembling WZ Sge-type stars.

Keywords: stars: dwarf novae: outbursts: superhumps: ASASSN-19fy
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Ïðèíÿòà ê ïå÷àòè 22 ìàÿ 2023

Ñäåëàíà ïîïûòêà îáúÿñíèòü âíåçàïíîå èçìåíåíèå ïîâåðõíîñòíîé ñòðóêòóðû ìàãíèòíîãî
ïîëÿ çâåçäû HD190073, òèïà ÍÀå/Âå, ïðè ïðåäïîëîæåíèè ïåðåìåííîé íåñòàöèîíàðíîñòè
âåðõíèõ ñëîåâ çâåçäû, êîòîðàÿ ïðîèñõîäèò âñëåäñòâèå àêêðåöèè è ãîðåíèÿ äåéòåðèÿ. Îäíîâðå-
ìåííî ïðèâåäåíû äàííûå, êîòîðûå ïðîòèâîðå÷àò ïðåäïîëîæåíèþ ãåíåðàöèè ìàãíèòíîãî ïîëÿ
âíóòðè êîíâåêòèâíîãî ÿäðà.

Êëþ÷åâûå ñëîâà: Ae/Be çâåçäû: HD190073: ìàãíèòíîå ïîëå

1. Ââåäåíèå. Â ðàáîòå [1] îïèñûâàåòñÿ âíåçàïíîå (ñ òî÷êè çðåíèÿ

äëèòåëüíîñòè  æèçíè çâåçäû äî Ãëàâíîé ïîñëåäîâàòåëüíîñòè (ÃÏ))  ôîðìè-

ðîâàíèå íîâîãî ìàãíèòíîãî ðîòàòîðà Àå/Âå Õåðáèãà (ÍÀå/Âå) HD190073 è

äåëàåòñÿ ïîïûòêà îáúÿñíåíèÿ ýòîãî ÿâëåíèÿ. Íàøå ïðåäñòàâëåíèå îá ýòîì

ñîáûòèè ñóùåñòâåííî îòëè÷àåòñÿ. Â äàííîé ðàáîòå âíåçàïíîå ïîÿâëåíèå

äèïîëüíîãî ìàãíèòíîãî ïîëÿ îáúÿñíÿåòñÿ ñ òî÷êè çðåíèÿ ñöåíàðèÿ ïðîèñ-

õîæäåíèÿ è ýâîëþöèè ìàãíèòíûõ Àð çâåçä, ðàññìîòðåííîãî â ðÿäå ðàáîò

[2-5]. Îäíàêî ñíà÷àëà âñåãî ðàññìîòðèì ñòðóêòóðó ìàãíèòíîãî ïîëÿ çâåçäû.

2. Ìîäåëü ìàãíèòíîãî ïîëÿ ÍÀå/Âå çâåçäû HD190073. Â ðàáîòå [1]

ïðèâîäÿòñÿ îñíîâíûå, íåîáõîäèìûå íàì, ïàðàìåòðû çâåçäû: T
eff

 = 9250 K,

R.R 63 . Â ðàáîòå [6] îïðåäåëåíû ñðåäíåå çíà÷åíèå v sini =4.3 êì/ñ è ïåðèîä

âðàùåíèÿ çâåçäû P = 39.8 ñóò. Èñïîëüçóÿ èçâåñòíóþ ôîðìóëó ëèíåéíîé ñêîðîñòè

ýêâàòîðèàëüíîé îáëàñòè v = 50.6R/P = 4.55 êì/ñ [7], ïîëó÷àåì  âåëè÷èíó óãëà

i = 71î (ïðè ïðåäïîëîæåíèè, ÷òî ôîðìóëà äåéñòâèòåëüíà äëÿ çâåçä ÍÀå/Âå).

Â ðàáîòå [6] ïðèâåäåíû äàííûå î ïðåäåëüíûõ âåëè÷èíàõ ñèíóñîèäàëüíîãî

èçìåíåíèÿ ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ 5535 Be  Ãñ. Íàáëþäàòåëüíûå

äàííûå 2012ã. õîðîøî âîñïðîèçâîäÿòñÿ ñ ïîìîùüþ ñèíóñîèäàëüíîé êðèâîé,

÷òî ãîâîðèò îá îáíàðóæåíèè âðàùàòåëüíîé ïåðèîäè÷íîñòè èçìåíåíèé ïàðà-

ìåòðîâ. Òàêèì îáðàçîì, â ýòîò ïåðèîä âðåìåíè çâåçäà âåëà ñåáÿ êàê íàêëîííûé

ìàãíèòíûé ðîòàòîð. Èç-çà íåäîñòàòî÷íîãî êîëè÷åñòâà äàííûõ íåâîçìîæíî

òî÷íî îïðåäåëèòü ñòðóêòóðó ìàãíèòíîãî ïîëÿ çâåçäû, ïîýòîìó ïðåäïîëàãàåì

íàèáîëåå âåðîÿòíóþ  ìîäåëü öåíòðàëüíîãî ìàãíèòíîãî äèïîëÿ. Ìîäåëèðîâàíèå
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âûïîëíåíî  ìåòîäîì, ðàçðàáîòàííûì â [8]. Â ðåçóëüòàòå ïîëó÷åíû ñëåäóþùèå

ïàðàìåòðû: ñðåäíåå ïîâåðõíîñòíîå ìàãíèòíîå ïîëå Bs = 45 Ãñ, ìàãíèòíîå ïîëå

íà ìàãíèòíûõ ïîëþñàõ Bp = ±66 Ãñ, óãîë íàêëîíà îñè äèïîëÿ ê ïëîñêîñòè

ýêâàòîðà âðàùåíèÿ o30 . Î÷åâèäíî, ÷òî çâåçäà èìååò âñå ïðèçíàêè

ìàãíèòíûõ Àð-îáúåêòîâ, êðîìå îòíîñèòåëüíîé ñëàáîñòè ïîëÿ. Íî ÍÀå/Âå

çâåçäû, êàê ïðàâèëî, îáëàäàþò ñëàáûì è äàæå î÷åíü ñëàáûì ïîëåì, ÷òî

èìååò ñâîè îáúÿñíåíèÿ (ñì. äàëåå, ðàçäåë 5). Â íàñòîÿùåå âðåìÿ èçâåñòíû

è äðóãèå ïðèìåðû ìàãíèòíûõ ÍÀå/Âå çâåçä, íàïðèìåð HD72106, 101412,

200775, V381 Ori [9]. Íà ðèñ.1 ïðèâåäåíà äèàãðàììà ýâîëþöèîííûõ òðåêîâ,

ãäå èçó÷àåìàÿ çâåçäà HD190073 îáîçíà÷åíà çâåçäî÷êîé, à îñòàëüíûå êðóæêàìè.

Øòðèõîâîé ëèíèåé ïîêàçàíà ëèíèÿ ðîæäåíèÿ [10], íà êîòîðîé çâåçäû ÷àñòè÷íî

îñâîáîæäàþòñÿ îò ãàçîïûëåâîãî îáëàêà è ñòàíîâÿòñÿ âèäèìûìè. Çâåçäà

HD190073 íàõîäèòñÿ íà ïîëîâèíå ïóòè ìåæäó ëèíèåé ðîæäåíèÿ è ZAMS.

Ýòî çíà÷èò, ÷òî îíà âñå åùå îêðóæåíà îáîëî÷êîé, à âíóòðåííÿÿ ìàãíèòíàÿ

ñòðóêòóðà ìàãíèòíîãî ïîëÿ åùå íå óñïåëà ñôîðìèðîâàòüñÿ äî êîíöà. Â ýòîò

ïåðèîä  àêêðåöèÿ ïðîäîëæàåòñÿ, íî â áîëåå ñëàáîé ñòåïåíè, ÷åì â ïåðèîä

"äî ëèíèè ðîæäåíèÿ", à òàêæå ïðîäîëæàåòñÿ ïîâåðõíîñòíîå ãîðåíèå äåéòåðèÿ

[10], çâåçäà ïðîäîëæàåò ñîêðàùàòüñÿ.

Ñëåäóåò ñäåëàòü îòäåëüíîå çàìå÷àíèå îòíîñèòåëüíî ñèëüíîãî îòêëîíåíèÿ

çâåçäû HD200775 (Ò
ýôô

 = 17000 Ê) îò ZAMS. Îíà íàõîäèòñÿ âíå çîíû

âèäèìîñòè çâåçäû â ñòàäèè ÍÀå/Âå, íî ïîñêîëüêó ìàãíèòíîå ïîëå ó íåå

èçìåðåíî è âèäíû ôîòîñôåðíûå ñïåêòðàëüíûå ëèíèè, òî ýòî çíà÷èò, ÷òî îíà

óæå ïðîøëà ìîìåíò ZAMS è ýâîëþöèîíèðóåò â ïðåäåëàõ ïîëîñû ÃÏ.

Ðèñ.1. Ýâîëþöèîííûå òðåêè íà äèàãðàììå Ãåðöøïðóíãà-Ðåññåëà è ïîëîæåíèå èçó÷àåìûõ
ÍÀå/Âå çâåçä íà íåé (ñì. òåêñò). Çâåçäî÷êîé îòìå÷åíî ïîëîæåíèå HD190073.
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Ñëåäóåò çàìåòèòü, ÷òî ó ýìèññèîííûõ çâåçä àáñîëþòíàÿ áîëîìåòðè÷åñêàÿ

âåëè÷èíà Mb ìîæåò áûòü îïðåäåëåíà ñ áîëüøîé îøèáêîé.

3. Ãëàâíàÿ ïðîáëåìà: ïîâåäåíèå ìàãíèòíîãî ïîëÿ HD190073

ñî âðåìåíåì. Ðàññìîòðèì òåïåðü ðåçóëüòàòû èññëåäîâàíèÿ çâåçäû HD190073,

âûïîëíåííîãî â ðàáîòå [6], è ïîïûòàåìñÿ ïðîàíàëèçèðîâàòü ïðèâåäåííûé â

ýòîé ðàáîòå ñöåíàðèé ýâîëþöèè åå ìàãíèòíîãî ïîëÿ. Âñå íàáëþäåíèÿ ïîêàçàëè

ïðèçíàêè çååìàíîâñêîãî ýôôåêòà â ñïåêòðàõ, ÷òî óêàçûâàåò íà òî, ÷òî

HD190073 çâåçäà ìàãíèòíàÿ. Àâòîðû ñ÷èòàþò, ÷òî ìàãíèòíîå ïîëå, çàìåòíîå

â òå÷åíèå ìíîãèõ ëåò, èìååò ðåëèêòîâîå ïðîèñõîæäåíèå.

Çà 2005-2009ãã. çååìàíîâñêèé ýôôåêò êàçàëñÿ ïîñòîÿííûì. Â ýòîò ïåðèîä

íå áûëî çàìåòíûõ èçìåíåíèé íè â  ôîòîñôåðíûõ ñïåêòðàëüíûõ ëèíèÿõ, íè

â ëèíèÿõ îêðóæàþùåé îáîëî÷êè. Â ñâÿçè ñ ýòèì Êàòàëà [1] ïðåäëîæèë 3

ãèïîòåçû îòñóòñòâèÿ ïåðåìåííîñòè ìàãíèòíîãî ïîëÿ: 1) çâåçäà âèäíà ñ

ïîëþñà âðàùåíèÿ, 2) ìàãíèòíàÿ îñü è îñü âðàùåíèÿ ñîâïàäàþò, 3) ïåðèîä

âðàùåíèÿ ñëèøêîì âåëèê ïî ñðàâíåíèþ ñ äëèòåëüíîñòüþ íàáëþäåíèé. Íî

â 2012ã. [6] áûëî çàìå÷åíî, ÷òî âåëè÷èíà ìàãíèòíîãî ïîëÿ èçìåíÿåòñÿ ñ

ïåðèîäîì 40 äíåé, ïîýòîìó ãèïîòåçà 1) èñêëþ÷àåòñÿ. Áîëåå òîãî, ôàêò

ïåðèîäè÷íîñòè âðàùåíèÿ  îêîëî 40 äíåé îïðîâåðãàåò ãèïîòåçó 3). Ïîýòîìó

Êàòàëà îñòàâèë äëÿ ðàññìîòðåíèÿ åäèíñòâåííûé âàðèàíò - äî 2011ã. ìàãíèòíàÿ

îñü ñîâïàäàëà ñ îñüþ âðàùåíèÿ.

Çà 2009 è 2011ãã. ïðîèçîøëè èçìåíåíèÿ, êîòîðûå ïîâëèÿëè íà êîíôè-

ãóðàöèþ (íàêëîí) ìàãíèòíîãî ïîëÿ. Ïåðèîä èçìåíåíèé, ðàâíûé 40 ñóò, ïîäõîäèò

ïî÷òè êî âñåì äàííûì 2012ã., íî íå î÷åíü õîðîøî ïîäõîäèò ê äàííûì 2011ã.

Äàííûå 2011ã., íå îòëè÷àþòñÿ ñèëüíîé ïåðåìåííîñòüþ, îíè áîëåå õàîòè÷íû,

÷åì äàííûå 2012ã. Àâòîðû [6] ïðåäïîëàãàþò, ÷òî â òå÷åíèå ñåçîíà íàáëþäåíèé

2011ã. ñòðóêòóðà ïîëÿ ïîìåíÿëà ñâîþ âíóòðåííþþ ãåîìåòðèþ, è âàðèàöèè

èç-çà âðàùåíèÿ ñîñòàâëÿëè ëèøü íåçíà÷èòåëüíóþ ÷àñòü íàáëþäàåìûõ

èçìåíåíèé. Â 2011ã. ìàãíèòíîå ïîëå åùå íå äîñòèãëî ñòàáèëüíîé äèïîëüíîé

êîíôèãóðàöèè.

Â 2012ã. âîçíèêëà óæå ñòàáèëüíàÿ ñèíóñîèäàëüíàÿ ìîäóëÿöèÿ ìàãíèòíîãî

ïîëÿ (âñåãî çà òðè ãîäà!). Åñòåñòâåííî ïðåäïîëîæèòü, ÷òî ýòà ìîäóëÿöèÿ

ïðîèñõîäèëà èç-çà âðàùåíèÿ ñ ïåðèîäîì 40 ñóò. Òàêèì îáðàçîì, â ýòîò

ïåðèîä çâåçäà âåëà ñåáÿ óæå êàê íàêëîííûé ìàãíèòíûé ðîòàòîð.

4. Âîçìîæíîå îáúÿñíåíèå ïîâåäåíèÿ ìàãíèòíîãî ïîëÿ. Ñîãëàñíî

ðàáîòû [6]  ïîâåäåíèå ìàãíèòíîãî ïîëÿ HD190073  çàêëþ÷àåòñÿ â ñëåäóþùåì.

Âîçíèêøåå êîíâåêòèâíîå ÿäðî ãåíåðèðóåò ïîëîèäàëüíîå äèíàìî-ïîëå, êîòîðîå

âçàèìîäåéñòâóåò ñ ïîëîèäàëüíûì ðåëèêòîâûì ïîëåì íà ãðàíèöå  êîíâåêòèâíîãî

ÿäðà. Âçàèìîäåéñòâèå ìåæäó íèìè âûçûâàåò èçìåíåíèå ãåîìåòðèè, ïîëå ñòàíîâèòñÿ

íàêëîííûì, ò.å. âîçíèêàåò êîíôèãóðàöèÿ íàêëîííîãî ìàãíèòíîãî ðîòàòîðà.
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Äàííàÿ ãèïîòåçà òðåáóåò, ÷òîáû íà÷àëüíûì óñëîâèåì áûëî ñîâïàäåíèå îñè

âðàùåíèÿ è íàïðàâëåíèÿ ïîëîèäàëüíîãî ïîëÿ. Îïûò ïîêàçûâàåò, ÷òî ýòî

äîñòàòî÷íî ðåäêîå ñîáûòèå. Âòîðîå òðåáîâàíèå çàêëþ÷àåòñÿ â íåîáõîäèìîñòè

âîçíèêíîâåíèÿ ãåíåðàöèè äîñòàòî÷íî ñèëüíîãî ïîëîèäàëüíîãî ïîëÿ, ñðàâ-

íèìîãî ñ ðåëèêòîâûì. Òðåòüå òðåáîâàíèå çàêëþ÷àåòñÿ â òîì, ÷òîáû âðàùåíèå

êîíâåêòèâíîãî ÿäðà è çâåçäû ïðîèñõîäèëî áû ñ îäèíàêîâûì ïåðèîäîì. Èíà÷å

íà ãðàíèöå êîíâåêòèâíîãî ÿäðà ìîãóò âîçíèêíóòü çíà÷èòåëüíûå íåñòàáèëüíîñòè

[11]. Òðóäíîñòè ïðåäñòàâëåííîãî ïðåäïîëîæåíèÿ çàêëþ÷àþòñÿ â ñëåäóþùåì:

à) Ãèïîòåçà ôîðìèðîâàíèÿ ìàãíèòíîãî ïîëÿ â êîíâåêòèâíûõ ÿäðàõ Àð

çâåçä â íàñòîÿùåå âðåìÿ íå èìååò ôèçè÷åñêèõ îñíîâàíèé [3]. Òåìà äèñêóòè-

ðîâàëàñü â òå÷åíèå ìíîãèõ ëåò, ïîêà íå óòâåðäèëàñü ðåëèêòîâàÿ ãèïîòåçà [12-14].

Ïîääåðæêà ðåëèêòîâîé ãèïîòåçû, â ÷àñòíîñòè, ôîðìóëèðóåòñÿ â [3]. Ýòî

ãëàâíàÿ ïðè÷èíà, îòâåðãàþùàÿ ãèïîòåçó ìàãíèòíîãî äèíàìî â ìàãíèòíûõ

çâåçäàõ.

á) Ïîëîèäàëüíîå ìàãíèòíîå ïîëå, âîçíèêøåå â îáëàñòè êîíâåêòèâíîãî

ÿäðà, íå óñïååò âñïëûòü äî êîíöà æèçíè (t = 109 ëåò) çâåçäû íà ÃÏ [15,16],

òîãäà êàê ó çâåçäû HD190073, âîçðàñò êîòîðîé âñåãî 610t  ëåò, ïåðåîðèåí-

òàöèÿ ïî âñåìó îáúåìó çâåçäû è âñïëûòèå íîâîé ñòðóêòóðû ïðåäïîëàãàåòñÿ

â òå÷åíèå îäíîãî-äâóõ ëåò (ðàçäåë 3). Ó÷èòûâàÿ ìåäëåííóþ ñêîðîñòü âñïëûòèÿ

ìàãíèòíûõ ñòðóêòóð ìîæíî áûëî áû ñðàçó îòêàçàòüñÿ îò ïðåäëàãàåìîãî

àâòîðàìè ñöåíàðèÿ. Íî ðàññìîòðèì è äðóãèå ñâîéñòâà ìàãíèòíûõ ïîëåé

çâåçä, íå ïîääåðæèâàþùèå ïðåäëàãàåìóþ ãèïîòåçó.

â) Íàïðÿæåííîñòü ìàãíèòíîãî äèíàìî-ïîëÿ çàâèñèò îò ñêîðîñòè âðàùåíèÿ

çâåçäû, à òàêàÿ çàâèñèìîñòü ó ìàãíèòíûõ çâåçä îòñóòñòâóåò (ðèñ.2, ñì. ðàçä. 4ã).

Ðèñ.2. Çàâèñèìîñòü ïåðèîäà âðàùåíèÿ ìàãíèòíîé çâåçäû îò âåëè÷èíû ìàãíèòíîãî
ïîëÿ (ïîÿñíåíèå â òåêñòå).
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Ñëåäóåò îæèäàòü òàêæå ñóùåñòâîâàíèå çàâèñèìîñòè  Plog , ïîòîìó ÷òî

÷åì áûñòðåå ñêîðîñòü âðàùåíèÿ, òåì ñèëüíåå ãåíåðèðóåìîå ïîëå, è òåì

ñèëüíåå åãî âëèÿíèå íà âåëè÷èíó ðåëèêòîâîãî ïîëÿ è íà óãîë  , â ñîîòâåòñòâèè

ñ ïðåäïîëîæåíèåì [6]. Òàêàÿ çàâèñèìîñòü ïðèâåäåíà íà ðèñ.3, ãäå ëèíåéíàÿ

ðåãðåññèÿ (1) íå ïîêàçûâàåò íàëè÷èÿ çàâèñèìîñòè.

    . 135224423 effT....  (1)

Òàêèì îáðàçîì, íåò ïðèçíàêîâ ðàáîòû äèíàìî-ìåõàíèçìà è åãî âëèÿíèÿ

íà íàêëîí  .

Äðóãîå çàìå÷àíèå ñîñòîèò â òîì, ÷òî ìàãíèòíûå çâåçäû ñ logP > 2 ôàêòè-

÷åñêè íå âðàùàþòñÿ (ðèñ.2), äèíàìî-ìåõàíèçì ó íèõ íå ìîã ãåíåðèðîâàòü

ìàãíèòíîå ïîëå âîîáùå. Â òî æå âðåìÿ çâåçäû â äèàïàçîíå logP > 2 èìåþò

ìàãíèòíîå ïîëå è ó íèõ íàáëþäàþòñÿ âñå óãëû  , êàê ó áûñòðî âðàùàþùèõñÿ

ìàãíèòíûõ çâåçä â äèàïàçîíå logP = 0.5 - 1.

ã) Ðàññìîòðèì çàâèñèìîñòü íà ðèñ.2 logP(logBs) [17] áîëåå ïîäðîáíî.

Ëåâàÿ ÷àñòü çàâèñèìîñòè ïîêàçûâàåò, ÷òî ÷åì ñèëüíåå ìàãíèòíîå ïîëå, òåì

ìåäëåííåå âðàùàåòñÿ çâåçäà. Ýòà çàâèñèìîñòü, íàðÿäó ñ äðóãèìè äàííûìè,

ïîêàçûâàåò, ÷òî ìàãíèòíîå ïîëå íå ãåíåðèðóåòñÿ ïóòåì äèíàìî-ìåõàíèçìà, íî

îíà ÿâëÿåòñÿ ñëåäñòâèåì ïðîèçîøåäøåãî "ìàãíèòíîãî" òîðìîæåíèÿ ìàãíèòíûõ

ïðîòîçâåçä. ×åòêîñòü çàâèñèìîñòè ñâèäåòåëüñòâóåò î òîì, ÷òî  îíà íå èñêàæåíà

â òå÷åíèå ýâîëþöèè êàêèì-ëèáî äîïîëíèòåëüíûì ýôôåêòîì. Îäíàêî ïðàâàÿ

ïîëîâèíà çàâèñèìîñòè êàê áóäòî ïðîòèâîðå÷èò ëåâîé, íî îíà âîçíèêàåò

âñëåäñòâèå áîëåå òåñíîãî âçàèìîäåéñòâèÿ ñèëüíîãî ïîëÿ ñ îêðóæàþùèì

Ðèñ.3. Ñðåäíÿÿ âåëè÷èíà óãëà   íå çàâèñèò îò âåëè÷èíû ïåðèîäà âðàùåíèÿ. Çâåçäû
ñ Ð > 100d ôàêòè÷åñêè íå âðàùàþòñÿ.
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ïðîòîçâåçäó îáëàêîì. Â ðàáîòå [18] äåëàåòñÿ ïðåäïîëîæåíèå, ÷òî ïðè ñèëüíûõ

ïîëÿõ ìàãíèòîñôåðà ïðîòîçâåçäû íà÷èíàåò âëèÿòü íà áîëüøèå îáúåìû

îêðóæàþùèõ îáëàêîâ, òåðÿÿ ýôôåêòèâíîñòü ïîòåðè ìîìåíòà âðàùåíèÿ.

Äîïîëíèòåëüíî ê ñêàçàííîìó ñëåäóåò ðàññìîòðåòü ñëåäóþùóþ îñîáåííîñòü

ðèñ.2. Ïðîöåññ ïîòåðè ìîìåíòà âðàùåíèÿ ñ ó÷àñòèåì ìàãíèòíîãî ïîëÿ

ïðîèçîøåë òîëüêî â ñëó÷àå òåõ çâåçä, êîòîðûå  èìåþò 522log .P  , òîãäà

êàê îáúåêòû ñ 522log .P   íå èñïûòûâàëè "ìàãíèòíîãî" òîðìîæåíèÿ [18].

Ïðåäïîëàãàåòñÿ [19], ÷òî ìàëûé ìîìåíò âðàùåíèÿ èì äîñòàëñÿ îò ñàìîãî

"ìåäëåííîãî" êîíöà íà÷àëüíîãî ðàñïðåäåëåíèÿ ñêîðîñòåé âðàùåíèÿ ìàãíèòíûõ

ïðîòîçâåçä. Ýòî ñâîéñòâî äîïîëíèòåëüíî ìîæíî âèäåòü èç ðèñ.4, ãäå ïîêàçàíî

ðàñïðåäåëåíèå çâåçä ïî ïåðèîäàì âðàùåíèÿ N/N
max

(logP). Ïî õàðàêòåðó

ðàñïðåäåëåíèÿ ìàãíèòíûå çâåçäû  ñîñòîÿò èç äâóõ ãðóïï ñ 522log .P   è

522log .P  , îáîçíà÷åííûõ êàê À è Â. Ðàñïðåäåëåíèå ïåðèîäîâ çâåçä

ãðóïïû À áëèçêî ê ãàóññîâîìó, òîãäà êàê ðàñïðåäåëåíèå ïåðèîäîâ çâåçä

ãðóïïû Â íàðóøàåò ýòó çàêîíîìåðíîñòü. Ïðè ïîñòðîåíèè çàâèñèìîñòåé îò

âåëè÷èíû ìàãíèòíîãî ïîëÿ ñ èñïîëüçîâàíèåì çâåçä ñ 522log .P   âîçíèêàåò

áîëüøîé ðàçáðîñ òî÷åê, íî åñëè èñïîëüçîâàòü îáúåêòû ñ 522log .P  , òî

ðàçáðîñ ïîëó÷àåòñÿ ìèíèìàëüíûì. Òàêèì îáðàçîì, ïðîèñõîæäåíèå è ýâîëþöèÿ

çâåçä ãðóïïû Â ÷åì-òî îòëè÷àþòñÿ îò çâåçä ãðóïïû À. Ïðåäïîëîæèòåëüíî,

îíè íå èñïûòûâàëè  ïîòåðþ ìîìåíòà âðàùåíèÿ ñ ó÷àñòèåì ìàãíèòíîãî ïîëÿ.

Íà ðèñ.2 âèäíî, ÷òî ïåðèîäû âðàùåíèÿ ýòèõ çâåçä íå çàâèñÿò îò âåëè÷èíû

ìàãíèòíîãî ïîëÿ, âñå îíè èìåþò  ïîëå ïîðÿäêà 5 êÃñ. Ýòî ñâÿçàíî ñ êðàéíåé

èçáèðàòåëüíîñòüþ ìåòîäèêè  èçìåðåíèé [20] ó çâåçä SrCrEu òèïà ïî âåëè÷èíàì

Bs è v sini. Îöåíêè Bs âîçìîæíû òîëüêî ó òåõ îáúåêòîâ, ó êîòîðûõ Bs

Ðèñ.4. Ðàñïðåäåëåíèå ìàãíèòíûõ çâåçä ðàçíûõ òèïîâ ïåêóëÿðíîñòè ïî âåëè÷èíàì
ïåðèîäîâ âðàùåíèÿ.
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ìàêñèìàëüíû à v sini ìèíèìàëüíû. Äëÿ çâåçä äðóãèõ òèïîâ ïåêóëÿðíîñòè

äàííàÿ ìåòîäèêà íå èñïîëüçîâàëàñü, ïîýòîìó íà ðèñ.4 íåò îáúåêòîâ ñ

522log .P  , íî î÷åâèäíî, ÷òî îíè äîëæíû áûòü.

ä) Êîíâåêòèâíîå ÿäðî èìååòñÿ ó âñåõ ìàãíèòíûõ Àð-çâåçä, íî íåò ïðèç-

íàêîâ òîãî, ÷òî ãåíåðèðóåìîå â íåì ïîëîèäàëüíîå ìàãíèòíîå ïîëå êàê-òî

âëèÿåò íà ñòðóêòóðó è âåëè÷èíó ïîëÿ âñåõ èçâåñòíûõ ìàãíèòíûõ çâåçä â

òå÷åíèå èõ ýâîëþöèè. Åñëè âñïëûòèå èñêàæåííîãî ìàãíèòíîãî ïîëÿ â êàêîé-

ëèáî çâåçäå ïðîèñõîäèò â ïåðèîä ýâîëþöèè íà ÃÏ, òî ýòî ÿâëåíèå áóäåò

çàìå÷åíî. ×åì áîëüøå âîçðàñò çâåçäû, òåì ñèëüíåå äîëæåí áûòü èçìåíåí

óãîë  . Èññëåäîâàíèå ìàãíèòíûõ êîíôèãóðàöèé Àð-çâåçä ïîêàçàëî èõ

èñêëþ÷èòåëüíóþ ñòàáèëüíîñòü â òå÷åíèå âñåãî âðåìåíè æèçíè íà ÃÏ [21,22],

êîòîðàÿ îáåñïå÷èâàåòñÿ âûñîêîé ïðîâîäèìîñòüþ è äèíàìè÷åñêîé ñòàáèëüíîñòüþ

çâåçäíîãî âåùåñòâà.  Íà ðèñ.5 ïîêàçàíà çàâèñèìîñòü óãëîâ íàêëîíà ìàãíèòíûõ

äèïîëåé ê ïëîñêîñòè ýêâàòîðà âðàùåíèÿ ó çâåçä ðàçíûõ âîçðàñòîâ [21].

Ëèíåéíàÿ ðåãðåññèÿ íå ïîêàçûâàåò íèêàêèõ ïðèçíàêîâ çàâèñèìîñòè, ñòðóêòóðû

ìàãíèòíîãî ïîëÿ Àð-çâåçä ñîâåðøåííî ñòàáèëüíû âî âðåìåíè.

    . log48817040 t..  (2)

Ìàãíèòíûå çâåçäû âðàùàþòñÿ òâåðäîòåëüíî. Òàêèì îáðàçîì, â äàííîì ñëó÷àå

íåò ïðèçíàêîâ ðàáîòû äèíàìî-ìåõàíèçìà è åãî âëèÿíèÿ íà ñòðóêòóðó ìàãíèòíûõ

ïîëåé Àð-çâåçä.

å) Èòàê, ãåíåðèðóåìîå â ÿäðå ïîëå, êàê ïðåäïîëàãàåòñÿ â [6], äîëæíî

âëèÿòü, â ïåðâóþ î÷åðåäü, íà íàêëîí ìàãíèòíîãî ïîëÿ â çâåçäå. Îäíàêî

õîðîøî èçâåñòíî ïðåèìóùåñòâåííîå íàïðàâëåíèå ìàãíèòíûõ ïîëåé ïî

Ðèñ.5. Äåìîíñòðàöèÿ ñòàáèëüíîñòè âåëè÷èíû óãëà   ñî âðåìåíåì.
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îòíîøåíèþ ê ïëîñêîñòè ýêâàòîðà âðàùåíèÿ,  îíî õàðàêòåðíî ìàëûìè óãëàìè

 . Â íàñòîÿùåå âðåìÿ ýòî ñâîéñòâî îáúÿñíÿåòñÿ èçáèðàòåëüíîñòüþ ìåõàíèçìà

ïîòåðè ìîìåíòà âðàùåíèÿ ìàãíèòíûõ ïðîòîçâåçä ïî îòíîøåíèþ ê îðèåíòàöèè
o20  ìàãíèòíîãî ïîëÿ [19,21,23-25] è íèêîèì îáðàçîì íå ñâÿçàíî ñ

ãåíåðàöèåé ìàãíèòíîãî ïîëÿ â êîíâåêòèâíîì ÿäðå. Ýòà çàâèñèìîñòü ïîêàçàíà

íà ðèñ.6à è îíà ÷åòêî ïîêàçûâàåò ïðåèìóùåñòâåííóþ îðèåíòàöèþ ìàãíèòíûõ

Ðèñ.6. Äåìîíñòðàöèÿ çàâèñèìîñòè ïîòåðè ìîìåíòà âðàùåíèÿ îò óãëà  . à) Êîëè÷åñòâî

çâåçä ñ ìàëûìè óãëàìè   ïðåîáëàäàåò. b) Äîëÿ çâåçä ñ ìàëûìè óãëàìè   áîëüøå ñðåäè
ìàññèâíûõ îáúåêòîâ. Îáúÿñíåíèå â òåêñòå.
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äèïîëåé âíóòðè çâåçä. Êîëè÷åñòâî çâåçä íà 1o â äèàïàçîíå 
o200   â 7 ðàç

ïðåâûøàåò êîëè÷åñòâî çâåçä íà 1o â äèàïàçîíå o9020  . Ïðîöåññ îòáîðà

çâåçä ñ o20  ïðîèñõîäèò íà ñòàäèè ýâîëþöèè ìàãíèòíûõ ïðîòîçâåçä, è

åñëè áû ñóùåñòâîâàë ýôôåêò ïåðåîðèåíòàöèè   ïîä äåéñòâèåì ãåíåðè-

ðîâàííûõ ìàãíèòíûõ ïîëåé, òî çàâèñèìîñòü íà ðèñ.6à èñ÷åçëà áû. Ñ äðóãîé

ñòîðîíû, åñëè áû èåðàðõèÿ íà÷àëüíûõ ìàãíèòíûõ ïîëåé îêàçàëàñü áû ïîä

äåéñòâèåì èåðàðõèè ãåíåðèðîâàííûõ ïîëåé, òî âðÿä ëè ýòî ïðèâåëî ê

íàáëþäàåìîé íà ðèñ.6a çàêîíîìåðíîñòè. Äîïîëíèòåëüíî ê ñêàçàííîìó ïðåä-

ñòàâëÿåì ðèñ.6b, ãäå ïîêàçàíà çàâèñèìîñòü ñðåäíåé âåëè÷èíû óãëà   ó çâåçä

ðàçíîé ìàññû. Îêàçûâàåòñÿ, ÷òî äîëÿ ìàëûõ óãëîâ   ó ìàññèâíûõ çâåçä

áîëüøå, ÷åì ó ìàëî ìàññèâíûõ. Êàê ýòî ñâÿçàíî ñ ïîòåðåé ìîìåíòà âðàùåíèÿ?

Ïîëó÷àåòñÿ, ÷òî òðåáîâàíèå ìàëîé âåëè÷èíû óãëà â ñëó÷àå ïîòåðè ìîìåíòà

âðàùåíèÿ ìàññèâíûõ çâåçä áîëåå êðèòè÷íî, ÷åì â ñëó÷àå ìàëîìàññèâíûõ

îáúåêòîâ.

æ) Î÷åâèäíî, ñëåäóåò îæèäàòü, ÷òî âåëè÷èíà óãëà íàêëîíà îñè äèïîëÿ

ê ïëîñêîñòè ýêâàòîðà âðàùåíèÿ   çàâèñèò îò âåëè÷èíû ìàãíèòíîãî ïîëÿ Bs

çâåçäû. Ïðè ñëàáîì ïîëå Bs âëèÿíèå ãåíåðèðóåìîãî ïîëÿ áóäåò ñèëüíåå.

Òàêàÿ çàâèñèìîñòü ïîêàçàíà íà ðèñ.7, ïðè÷åì ëèíåéíàÿ ðåãðåññèÿ è çäåñü íå

ïîêàçûâàåò íàëè÷èÿ çàâèñèìîñòè, à ýòî çíà÷èò, ÷òî íå ñóùåñòâóåò âëèÿíèÿ

ïðåäïîëàãàåìîãî äèíàìî-ïîëÿ íà âåëè÷èíû Bs ìàãíèòíûõ çâåçä è íà  îðèåí-

òàöèþ ìàãíèòíûõ ïîëåé.

    . 55031073822 Bs....  (3)

Â êîíöå äàííîãî ðàññóæäåíèÿ ñëåäóåò ñäåëàòü çàìå÷àíèå, ÷òî íàïðÿæåííîñòü

Ðèñ.7. Ñðåäíÿÿ âåëè÷èíà óãëà   íå çàâèñèò îò âåëè÷èíû ìàãíèòíîãî ïîëÿ çâåçäû.
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ðåëèêòîâîãî ìàãíèòíîãî ïîëÿ â çâåçäàõ êîëåáëåòñÿ â î÷åíü øèðîêèõ ïðåäåëàõ

è òðóäíî ïîíÿòü, èñêàæåíî ëè îíî âíåøíèìè âîçäåéñòâèÿìè â ïðîöåññå

ýâîëþöèè. Íî ñîõðàíåíèå òàêèõ çàìåòíûõ çàâèñèìîñòåé êàê logP(logBs) íà

ðèñ.2 è  N  íà ðèñ.6 ïîñëå ïîòåðè ìîìåíòà âðàùåíèÿ óêàçûâàåò íà îòñóòñò-

âèå çíà÷èòåëüíûõ èñêàæàþùèõ ýôôåêòîâ.

5. Íîâîå îáúÿñíåíèå ïîâåäåíèÿ ìàãíèòíîãî ïîëÿ HD190073.

Â äàííîé ðàáîòå ïðåäëàãàåòñÿ èíîå îáúÿñíåíèå ïîâåäåíèÿ ìàãíèòíîãî ïîëÿ

HD190073. Äëÿ ýòîãî ðàññìîòðèì âåðîÿòíóþ ðåëèêòîâóþ ãèïîòåçó ôîðìè-

ðîâàíèÿ è ýâîëþöèè ìàãíèòíûõ çâåçä â ïåðèîä ýâîëþöèè îò íåñòàöèîíàðíîé

ôàçû äî ZAMS, êîòîðàÿ îáñóæäàëàñü, â ÷àñòíîñòè, â [2,3,19]. Êàê áû íè áûëà

çàïóòàíà ïåðâîíà÷àëüíàÿ ñòðóêòóðà ìàãíèòíîãî ïîëÿ ó ìàãíèòíîé ïðîòîçâåçäû,

ïîëíûé âåêòîð âñåãäà áóäåò èìåòü íåêîòîðóþ ñðåäíþþ âåëè÷èíó è íàïðàâëåíèå.

Ïîñëå íåñòàöèîíàðíîé ôàçû, î÷åâèäíî, ìàãíèòíàÿ ñòðóêòóðà ïðîòîçâåçäû

óñëîæíÿåòñÿ ïî ñðàâíåíèþ ñ ðàííèì ïåðèîäîì âðåìåíè, íî îñíîâíàÿ ïîëîè-

äàëüíàÿ ñîñòàâëÿþùàÿ ïî âñåì ïðèçíàêàì ñîõðàíÿåòñÿ. Ýòî ìû âèäèì, â

÷àñòíîñòè, íà îñíîâàíèè çàâèñèìîñòè ïåðèîäà âðàùåíèÿ îò âåëè÷èíû ñðåäíåãî

ïîâåðõíîñòíîãî ìàãíèòíîãî ïîëÿ logP(logBs) (ðèñ.7), êîòîðàÿ ñôîðìèðîâàëàñü

íà ðàííèõ ýòàïàõ â ïåðèîä ïîòåðè ìîìåíòà âðàùåíèÿ ïðîòîçâåçäû. Ïîñëå

íåñòàöèîíàðíîé ôàçû âîçíèêàåò êîíâåêòèâíî óñòîé÷èâàÿ ëó÷èñòàÿ ìîëîäàÿ

çâåçäà, íî ñ êîíâåêòèâíûì ÿäðîì âíóòðè è àêêðåöèîííûì äèñêîì. Êîíâåê-

òèâíîå ÿäðî ðàçðóøàåò ìàãíèòíóþ ñòðóêòóðó âíóòðè ñåáÿ, íî âîêðóã ÿäðà

ïåðâîíà÷àëüíàÿ ñòðóêòóðà îñòàåòñÿ áåç èçìåíåíèé. Ïîñêîëüêó ìîëîäàÿ çâåçäà

äèíàìè÷åñêè ñòàáèëüíà, òî ïîñëå íåñòàöèîíàðíîé ôàçû â íåé ñîõðàíÿåòñÿ

êðóïíîìàñøòàáíàÿ ïîëîèäàëüíàÿ ñòðóêòóðà, à ìåëêîìàñøòàáíàÿ ñîñòàâëÿþùàÿ

ñðàçó æå íà÷èíàåò ïîäâåðãàòüñÿ îìè÷åñêîé äèññèïàöèè çà âðåìÿ, îáðàòíî

ïðîïîðöèîíàëüíîå êâàäðàòó ðàçìåðîâ ìàãíèòíûõ ÿ÷ååê (íåîäíîðîäíîñòåé). Ê

ìîìåíòó âûõîäà ÍÀå/Âå çâåçäû ê ZAMS ìåëêèå íåîäíîðîäíîñòè "âûãîðàþò"

è îñòàåòñÿ íà÷àëüíàÿ êðóïíîìàñøòàáíàÿ ïîëîèäàëüíàÿ ñòðóêòóðà, êîòîðàÿ â

ïåðâîì ïðèáëèæåíèè îïèñûâàåòñÿ òåîðåòè÷åñêèì ìàãíèòíûì äèïîëåì è ó

ìàãíèòíûõ çâåçä ìàëîé ìàññû ñîõðàíÿåòñÿ äî âîçðàñòà t = 109 ëåò. Íà ïîâåðõ-

íîñòè ÍÀå/Âå çâåçäû íàáëþäàåòñÿ ìåëêîìàñøòàáíàÿ ïîâåðõíîñòíàÿ  òóðáóëåíò-

íîñòü, îáðàçóþùàÿñÿ â ðåçóëüòàòå àêêðåöèè è ãîðåíèÿ äåéòåðèÿ [10]. Òóðáó-

ëåíöèÿ ðàçðóøàåò ïîâåðõíîñòíîå ìàãíèòíîå ïîëå è ýêðàíèðóåò âíóòðåííþþ

ñòðóêòóðó ïîëÿ, è òîëüêî èíîãäà åãî ìîæíî çàìåòèòü ó íåêîòîðûõ ìàãíèòíûõ

ÍÀå/Âå îáúåêòîâ, êîãäà ïîâåðõíîñòíàÿ íåñòàáèëüíîñòü ñëàáååò. Ïîñëå âûõîäà

çâåçäû íà ZAMS àêêðåöèÿ è ïîâåðõíîñòíîå ãîðåíèå äåéòåðèÿ ïðåêðàùàþòñÿ

è ñèëîâûå ëèíèè âíóòðåííåé ñòðóêòóðû ìàãíèòíîãî ïîëÿ âñïëûâàþò íà

ïîâåðõíîñòü. Ìåäëåííîå âðàùåíèå ìàãíèòíûõ çâåçä ïðèâîäèò ê èõ äèíàìè-

÷åñêîé ñòàáèëüíîñòè è äèôôóçèè õèìè÷åñêèõ ýëåìåíòîâ. Òàêèå çâåçäû
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ñòàíîâÿòñÿ òèïè÷íûìè ìàãíèòíûìè õèìè÷åñêè ïåêóëÿðíûìè îáúåêòàìè. Òàêîâà

íàøà òî÷êà çðåíèÿ íà ñöåíàðèé ýâîëþöèè ìàãíèòíûõ ÍÀå/Âå çâåçä. Â

ïåðèîä "äî ëèíèè ðîæäåíèÿ" íåò âîçìîæíîñòè íàáëþäàòü ïîâåðõíîñòü çâåçäû,

íî ïîñëå ýòîãî íàáëþäàþòñÿ ïåðèîäû âðåìåíè, êîãäà òóðáóëåíöèÿ ìîìåíòàìè

óìåíüøàåòñÿ è åñòü âîçìîæíîñòü ïîëó÷àòü ñïåêòðîñêîïè÷åñêèå äàííûå î

ïîâåðõíîñòíûõ ñëîÿõ. Â ìîìåíò òàêèõ "îêîí" ñòàíîâèòñÿ âèäèìîé àòìîñôåðà

è ìîæíî èçó÷èòü ïåðåìåííîñòü öèðêóëÿðíîé ïîëÿðèçàöèè. Òàêèå ïåðèîäû,

î÷åâèäíî, ìîãóò áûòü äîñòàòî÷íî êðàòêîâðåìåííûìè ïî ñðàâíåíèþ ñ

äëèòåëüíîñòüþ ôàçû ÍÀå/Âå, ÷òî è íàáëþäàåòñÿ ó çâåçäû HD190073. Óæå

ðàííèå íàáëþäåíèÿ ïîêàçûâàëè ñèëüíóþ ôîòîìåòðè÷åñêóþ è ñïåêòðàëüíóþ

ïåðåìåííîñòü çâåçä ÍÀå/Âå [10,26,27], âûçâàííóþ íåñòàáèëüíîñòüþ ïîâåðõ-

íîñòíûõ ñëîåâ. Ïåðåìåííàÿ èíòåíñèâíîñòü òóðáóëåíöèè âûçûâàåò íåñòàáèëüíîå

ïîâåäåíèå ñèëîâûõ ëèíèé ìàãíèòíîãî ïîëÿ, çàïóòûâàíèå, ïîòåðþ íàïðàâëåíèÿ

è íàïðÿæåííîñòè ïîëÿ. Ïðèâåäåííûé àíàëèç åùå ðàç ïîêàçûâàåò îòñóòñòâèå

ïðèçíàêîâ ìàãíèòíîãî äèíàìî â êîíâåêòèâíîì ÿäðå ìàãíèòíûõ çâåçä.

6. Çàêëþ÷åíèå. Èòàê, â êîíâåêòèâíîì ÿäðå êàê ó çâåçäû HD190073,

òàê è ó âñåõ ìàãíèòíûõ Àð-çâåçä íåò ïðèçíàêîâ ðàáîòû ìàãíèòíîãî äèíàìî.

Ïî âñåì ïðèçíàêàì ýòà çâåçäà íàõîäèòñÿ â ñòàäèè ýâîëþöèè "äî ZAMS", íà

ïîâåðõíîñòè êîòîðîé ïðîäîëæàþòñÿ íåñòàöèîíàðíûå ÿâëåíèÿ, âûçâàííûå ñëàáîé

àêêðåöèåé, à òàêæå òóðáóëåíöèåé èç-çà ïîâåðõíîñòíîãî ãîðåíèÿ äåéòåðèÿ. Îáà

ïðîöåññà êðàéíå íåñòàáèëüíûå âî âðåìåíè, â ðåçóëüòàòå ÷åãî ñïåêòðàëüíûå

ñâîéñòâà çâåçäû èçìåíÿþòñÿ â øèðîêèõ ïðåäåëàõ. Â ìèíèìóìå àêòèâíîñòè

ïîâåðõíîñòíûå ñëîè ñòàáèëèçèðóþòñÿ âìåñòå ñ ìàãíèòíûì ïîëåì. Â ìîìåíò

âûõîäà çâåçä íà ZAMS òóðáóëåíöèÿ è ãîðåíèå äåéòåðèÿ ïðåêðàùàþòñÿ, âåðõíèé

ñëîé àòìîñôåðû ñòàáèëèçèðóåòñÿ è ñèëîâûå ëèíèè âíóòðåííåãî äèïîëüíîãî

ìàãíèòíîãî ïîëÿ âñïëûâàþò íà ïîâåðõíîñòü. Â ïðîöåññå ðàññìîòðåíèÿ äàííîé

ïðîáëåìû åùå ðàç ïðèâåäåíû äàííûå ïðîòèâ ãèïîòåçû äèíàìî â ìàãíèòíûõ

çâåçäàõ. Èç ïðèâåäåííîãî ñïèñêà ëèòåðàòóðû âèäíî, ÷òî íà îñíîâàíèè ñîâðå-

ìåííûõ äàííûõ íàèáîëåå âåðîÿòíîé ãèïîòåçîé ïðîèñõîæäåíèÿ ìàãíèòíûõ

çâåçä ïðîäîëæàåò îñòàâàòüñÿ ðåëèêòîâàÿ.

Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ,

Ðîññèÿ, e-mail: glagol@sao.ru
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PECULIARITIES OF THE MAGNETIC FIELD BEHAVIOR
OF THE Ae/Be STAR HD190073

Yu.V.GLAGOLEVSKIJ

An attempt is made to explain the sudden change in the surface magnetic field

structure of the HAe/Be-type star HD190073 under the assumption of variable

non-stationarity of the upper layers of the star, which occurs due to accretion and

deuterium burning. At the same time, we present data that contradict the

assumption of magnetic field generation within the convective core.

Keywords: Ae/Be stars: HD190073: magnetic field
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ÔÎÒÎÌÅÒÐÈ×ÅÑÊÀß ÀÊÒÈÂÍÎÑÒÜ CQ Tau ÍÀ
ÂÐÅÌÅÍÍÎÌ ÈÍÒÅÐÂÀËÅ 125 ËÅÒ

Â.Ï.ÃÐÈÍÈÍ1,2, Ë.Â.ÒÀÌÁÎÂÖÅÂÀ1, Î.Þ.ÁÀÐÑÓÍÎÂÀ1,
Ä.Í.ØÀÕÎÂÑÊÎÉ3

Ïîñòóïèëà 29 ìàðòà 2023

Çâåçäà CQ Tau ïðèíàäëåæèò ñåìåéñòâó ìîëîäûõ çâåçä òèïà UX Ori è õàðàêòåðèçóåòñÿ
î÷åíü ñëîæíûì ôîòîìåòðè÷åñêèì ïîâåäåíèåì è ñëîæíîé ñòðóêòóðîé îêîëîçâåçäíîãî îêðóæåíèÿ.
Â íàøåé ñòàòüå íà îñíîâå îïóáëèêîâàííûõ ôîòîìåòðè÷åñêèõ íàáëþäåíèé ïîñòðîåíà êðèâàÿ
áëåñêà ýòîé çâåçäû ïðîäîëæèòåëüíîñòüþ 125 ëåò. Èç íåå ñëåäóåò, ÷òî â èçìåíåíèÿõ áëåñêà
çâåçäû êðîìå ñëó÷àéíîé ñîñòàâëÿþùåé, õàðàêòåðíîé äëÿ çâåçä òèïà UX Ori, ïðèñóòñòâóåò
òàêæå áîëüøàÿ ïî àìïëèòóäå ïåðèîäè÷åñêàÿ êîìïîíåíòà ñ ïåðèîäîì 10 ëåò. Åå ñóùåñòâîâàíèå
áûëî çàïîäîçðåíî ðàíåå. Íîâûå íàáëþäåíèÿ ïîäòâåðæäàþò åå ðåàëüíîñòü. Ýòî óêàçûâàåò íà
ñóùåñòâîâàíèå â îêðåñòíîñòè çâåçäû âòîðîãî êîìïîíåíòà. Ïîòîêè âåùåñòâà è âîëíû ïëîòíîñòè,
âûçâàííûå äâèæåíèåì êîìïàíüîíà, ïðèâîäÿò ê ïåðèîäè÷åñêèì èçìåíåíèÿì îêîëîçâåçäíîé
ýêñòèíêöèè è áëåñêà çâåçäû. Ýòîò ðåçóëüòàò îáñóæäàåòñÿ â êîíòåêñòå íåäàâíèõ íàáëþäåíèé
CQ Tau ñ âûñîêèì óãëîâûì ðàçðåøåíèåì.

Êëþ÷åâûå ñëîâà: çâåçäà òèïà UX Ori: ôîòîìåòðè÷åñêàÿ àêòèâíîñòü:

       ïåðèîäè÷åñêèå èçìåíåíèÿ

1. Ââåäåíèå. Çâåçäà CQ Tau (Sp = F5 IVe, Ìîðà è äð. [1]) ÿâëÿåòñÿ

îäíîé èç ñàìûõ àêòèâíûõ çâåçä òèïà UX Ori. Åå áëåñê â âèäèìîé îáëàñòè

ñïåêòðà íåïðåðûâíî èçìåíÿåòñÿ ñ àìïëèòóäîé îêîëî 3m. Çâåçäà äåìîíñòðèðóåò

âñå ïðèçíàêè, õàðàêòåðíûå äëÿ çâåçä ýòîãî ñåìåéñòâà, â òîì ÷èñëå òàê

íàçûâàåìûé, ýôôåêò "ïîãîëóáåíèÿ", çàêëþ÷àþùèéñÿ â ñìåùåíèè ïîêàçàòåëåé

öâåòà çâåçäû â ìèíèìóìàõ áëåñêà â ãîëóáóþ îáëàñòü ñïåêòðà. Ýòîò ýôôåêò

âïåðâûå íàáëþäàëñÿ èìåííî ó CQ Tau (Ãåòö è Âåíöåëü, [2]) è åãî ïåðâàÿ

èíòåðïðåòàöèÿ áûëà îñíîâàíà íà ïðåäïîëîæåíèè, ÷òî ýòà çâåçäà ÿâëÿåòñÿ

äâîéíîé è èìååò ñëàáûé ãîëóáîé êîìïàíüîí (Âåíöåëü [3]). Êîãäà ãëàâíûé

êîìïîíåíò ýêðàíèðóåòñÿ îêîëîçâåçäíûì ïûëåâûì îáëàêîì, èçëó÷åíèå ãîëóáîãî

êîìïàíüîíà íà÷èíàåò äîìèíèðîâàòü. Ê ãèïîòåçå î äâîéñòâåííîñòè CQ Tau

ìû åùå âåðíåìñÿ â êîíöå ñòàòüè, à ïîêà îòìåòèì, ÷òî îáíàðóæåíèå àíàëî-

ãè÷íîãî ýôôåêòà "ïîãîëóáåíèÿ" ó äðóãèõ çâåçä òèïà UX Ori çàêðûëî èäåþ

î äâîéñòâåííîñòè, êàê âîçìîæíîé ïðè÷èíå ýòîãî ýôôåêòà. Ïðèíÿòîå ñåé÷àñ

îáúÿñíåíèå ýòîãî ýôôåêòà ïðåäïîëàãàåò, ÷òî èñòî÷íèêîì ãîëóáîãî èçëó÷åíèÿ

çâåçä òèïà UX Ori ÿâëÿåòñÿ ðàññåÿííîå èçëó÷åíèå ïðîòîïëàíåòíûõ äèñêîâ,

âêëàä êîòîðîãî óñèëèâàåòñÿ âî âðåìÿ ãëóáîêèõ ìèíèìóìîâ [4]. Ïîäòâåðæäåíèåì
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ýòîé ìîäåëè ïîñëóæèëè íàáëþäåíèÿ âûñîêîé ëèíåéíîé ïîëÿðèçàöèè â

ìèíèìóìàõ áëåñêà ýòèõ çâåçä (ñì. [5] è öèòèðîâàííóþ òàì ëèòåðàòóðó). Íà

îñíîâàíèè ýòèõ íàáëþäåíèé áûëî âûñêàçàíî ïðåäïîëîæåíèå, ÷òî îêîëîçâåçäíûå

äèñêè çâåçä òèïà UX Ori íàêëîíåíû ïîä íåáîëüøèì óãëîì ê ëó÷ó çðåíèÿ,

÷òî è ÿâëÿåòñÿ îñíîâíîé ïðè÷èíîé èõ ñïåöèôè÷åñêîé ïåðåìåííîñòè.

Ýòî ïðåäïîëîæåíèå áûëî ïîääåðæàíî èíòåðôåðîìåòðè÷åñêèìè íàáëþ-

äåíèÿìè (ñì. Êðåïëèí è äð. [6]) è öèòèðîâàííóþ òàì ëèòåðàòóðó). Îäíàêî

â ñëó÷àå CQ Tau ñèòóàöèÿ îêàçàëàñü ñëîæíåå. Èíòåðôåðîìåòðèÿ â áëèæíåé

èíôðàêðàñíîé (ÈÊ) îáëàñòè ñïåêòðà ïîêàçàëà (Ýéñíåð è äð. [7]), ÷òî óãîë

íàêëîíà âíóòðåííåé îáëàñòè îêîëîçâåçäíîãî äèñêà ê ëó÷ó çðåíèÿ ðàâåí 42o,

÷òî ïðîòèâîðå÷èò ñòàòóñó çâåçäû òèïà UX Ori. Èíòåðôåðîìåòðè÷åñêèå

íàáëþäåíèÿ â ñóáìèëëèìåòðîâîì äèàïàçîíå ñïåêòðà îêàçàëèñü åùå áîëåå

íåîæèäàííûìè. Îíè ïîêàçàëè, ÷òî ïåðèôåðèéíàÿ ÷àñòü äèñêà íàáëþäàåòñÿ

ïî÷òè ñ ïîëþñà (×àïèëëîí è äð., [8]), è ýòîò ðåçóëüòàò áûë ïîäòâåðæäåí

íàáëþäåíèÿìè íà èíòåðôåðîìåòðå ALMA (Óáåéðà-Ãàáåëëèíè è äð. [9]).

Íå ìåíåå ñëîæíà è ìíîãîëåòíÿÿ êðèâàÿ áëåñêà çâåçäû (Ìèíèêóëîâ è äð.

[10]; Øàõîâñêîé è äð. [11]; Ãðèíèí è äð. [12]). Ïî äàííûì ýòèõ ðàáîò ìû

ìîæåì ïðîñëåäèòü çà ôîòîìåòðè÷åñêîé àêòèâíîñòüþ CQ Tau â òå÷åíèå îêîëî

100 ëåò. Ïåðâûå íàáëþäåíèÿ âûïîëíÿëèñü ôîòîãðàôè÷åñêèì ìåòîäîì è èç

íèõ ñëåäóåò, ÷òî â òå÷åíèå äîâîëüíî äëèòåëüíîãî âðåìåíè (îêîëî 50 ëåò)

çâåçäà áûëà ÿðêîé è åå áëåñê ôëóêòóèðîâàë â ïðåäåëàõ 0m.4-0m.7 [12]). Â

ñåðåäèíå ïðîøëîãî âåêà ôîòîìåòðè÷åñêàÿ àêòèâíîñòü CQ Tau ïðåòåðïåëà

ñèëüíûå èçìåíåíèÿ: ó çâåçäû ñòàëè íàáëþäàòüñÿ ãëóáîêèå ìèíèìóìû áëåñêà,

ñ àìïëèòóäîé äî 2m-3m. Êðîìå ñòîõàñòè÷åñêîé ïåðåìåííîñòè â èçìåíåíèÿõ

áëåñêà çâåçäû ñòàëè íàáëþäàòüñÿ ïðîäîëæèòåëüíûå öèêëû. Àíàëèç ôîòîìåò-

ðè÷åñêîãî ðÿäà ïîêàçàë (Øàõîâñêîé è äð. [11]), ÷òî ó çâåçäû íàáëþäàþòñÿ

äâà îñíîâíûõ ïåðèîäà: îêîëî 20-21 ãîäà è ïðèìåðíî âäâîå ìåíüøèé, ïðîäîë-

æèòåëüíîñòüþ îêîëî 10 ëåò. Ïîñëå èõ óäàëåíèÿ îáíàðóæèëñÿ åùå îäèí, áîëåå

êîðîòêèé ïåðèîä, ïðîäîëæèòåëüíîñòüþ îêîëî 3 ëåò.

Ó÷èòûâàÿ áîëüøóþ ïðîäîëæèòåëüíîñòü öèêëîâ àêòèâíîñòè, äëÿ èõ ïîä-

òâåðæäåíèÿ íóæíû íîâûå íàáëþäåíèÿ. Ïîñëåäíåå ïî âðåìåíè íàáëþäåíèå

áëåñêà CQ Tau, èñïîëüçîâàííîå â ñòàòüÿõ [11,12], áûëî âûïîëíåíî â 2003ã.

Ñ òåõ ïîð ïðîøëî îêîëî 20 ëåò è ïîÿâèëàñü âîçìîæíîñòü ïðîäëèòü êðèâóþ

áëåñêà çâåçäû. Íèæå ìû ðàññìîòðèì, ÷òî äàåò ýòî íàáëþäåíèå äëÿ èçó÷åíèÿ

ôîòîìåòðè÷åñêîé àêòèâíîñòè CQ Tau è ñòðóêòóðû åå áëèæàéøåãî îêîëîçâåçäíîãî

îêðóæåíèÿ.

2. Èñòîðè÷åñêàÿ êðèâàÿ áëåñêà CQ Tau. Íà ðèñ.1 ïîêàçàíà êðèâàÿ

áëåñêà çâåçäû â ïîëîñå Â, ïîñòðîåííàÿ ïî äàííûì [10-12], äîïîëíåííûì

íîâûìè íàáëþäåíèÿìè èç áàç äàííûõ ASAS è AAVSO. Â òåõ ñëó÷àÿõ, êîãäà
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â òå÷åíèå îäíîé íî÷è áûëî âûïîëíåíî íåñêîëüêî íàáëþäåíèé, ìû âûáèðàëè

íàèáîëåå òî÷íîå èç íèõ. Ïðîäîëæèòåëüíîñòü íîâîé ïîðöèè íàáëþäåíèé

ñîñòàâèëà 18.3 ãîäà. Ñ èõ ó÷åòîì ïîëíàÿ ïðîäîëæèòåëüíîñòü êðèâîé áëåñêà

CQ Tau ðàâíà 125 ã. Êðîìå íàáëþäåíèé, âûïîëíåííûõ àâòîðàìè óêàçàííûõ

âûøå ñòàòåé, ïðè ïîñòðîåíèè êðèâîé áëåñêà CQ Tau èñïîëüçîâàëèñü òàêæå

îïóáëèêîâàííûå íàáëþäåíèÿ äðóãèõ àâòîðîâ, ññûëêè íà êîòîðûå ïðèâåäåíû

â [11-12].

Êàê èçâåñòíî, íàáëþäåíèÿ â áàçå äàííûõ ASAS è ÷àñòü íàáëþäåíèé

AAVSO âûïîëíÿëèñü â ïîëîñå V. Äëÿ òðàíñôîðìàöèè ýòèõ íàáëþäåíèé â

ïîëîñó B ìû âîñïîëüçîâàëèñü UBVRI ôîòîìåòðèåé Áåðäþãèíà è äð. [13]. Ñ

ïîìîùüþ ýòèõ íàáëþäåíèé áûëà ïîëó÷åíà ïåðåõîäíàÿ ôóíêöèÿ, ñâÿçûâàþùàÿ

çâåçäíûå âåëè÷èíû CQ Tau â ïîëîñàõ B è V: B = -0.18V  
2

 + 4.73V - 18.54. Êàê

ïîêàçàíî â Ïðèëîæåíèè, ýòî ñîîòíîøåíèå îáåñïå÷èâàåò òî÷íîñòü ïåðåõîäà îò

V ê B îêîëî 5%. Ýòîãî âïîëíå äîñòàòî÷íî äëÿ íàøèõ öåëåé, ó÷èòûâàÿ

àìïëèòóäó èçìåíåíèé áëåñêà çâåçäû â 3 çâåçäíûõ âåëè÷èíû.

Íåïîñðåäñòâåííî èç êðèâîé áëåñêà CQ Tau (ðèñ.1) âèäíî, ÷òî áîëüøîé

öèêë ôîòîìåòðè÷åñêîé àêòèâíîñòè ïðîäîëæèòåëüíîñòüþ 20-21 ëåò â íîâûõ

íàáëþäåíèÿõ íå ïðîñëåæèâàåòñÿ, òîãäà êàê 10-ëåòíèé öèêë, íàïðîòèâ, õîðîøî

âèäåí. Ýòî ïîäòâåðæäàåò è ïåðèîäîãðàììíûé àíàëèç ôîòîìåòðè÷åñêè íàèáîëåå

àêòèâíîé ÷àñòè êðèâîé áëåñêà çâåçäû (MJD > 35000), ïðåäñòàâëåííûé íà

ðèñ.2. Îí ïîêàçûâàåò íàëè÷èå äâóõ çíà÷èìûõ ïåðèîäîâ: 10 ëåò è 321.1 äíÿ.

Ïîñëåäíèé èç íèõ ÿâëÿåòñÿ ãîäè÷íî-ñîïðÿæåííûì ê 10-ëåòíåìó ïåðèîäó è

îòðàæàåò íàëè÷èå ãîäè÷íûõ ïåðåðûâîâ â íàáëþäåíèÿõ. Èç ðèñ.1 âèäíî

òàêæå, ÷òî ïåðâûé äâàäöàòèëåòíèé öèêë áûë íà ñàìîì äåëå ðåçóëüòàòîì

ñëîæåíèÿ äâóõ äåñÿòèëåòíèõ öèêëîâ. Íà ñëåäóþùåì 20-è ëåòíåì èíòåðâàëå

Ðèñ.1. Ñâîäíàÿ êðèâàÿ áëåñêà CQ Tau â ïîëîñå B ïî äàííûì îïóáëèêîâàííûõ íàáëþ-
äåíèé. Ïåðâîå íàáëþäåíèå áûëî ñäåëàíî â Ìîñêâå â 1895ã.

JD = 2400000+
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âðåìåíè áîëüøîé öèêë åùå çàìåòåí, íî óæå îò÷åòëèâî âèäíî, ÷òî îí ñîñòîèò

èç äâóõ ïîñëåäîâàòåëüíûõ 10-ëåòíèõ öèêëîâ.

Â ïåðèîäîãðàììå îñòàòêà ïîñëå âû÷èòàíèÿ 10-ëåòíåãî ïåðèîäà ìû íå íàøëè

çíà÷èìûõ ñëåäîâ òðåõëåòíåãî ïåðèîäà, íàéäåííîãî â [11]). Òàêèì îáðàçîì,

ïðîâåäåííûé ïåðèîäîãðàììíûé àíàëèç ôîòîìåòðè÷åñêîé àêòèâíîñòè CQ Tau â

îïòè÷åñêîé îáëàñòè ñïåêòðà ïîäòâåðäèë ðåàëüíîñòü òîëüêî 10-ëåòíåãî ïåðèîäà.

Íà ðèñ.3 ïîêàçàíà ñâåðòêà ñ ïåðèîäîì 10 ëåò îïòè÷åñêîé êðèâîé áëåñêà

CQ Tau, íà÷èíàÿ ñ MJD = 35000. Âèäíî, ÷òî 10-ëåòíèé ïåðèîä ïðîÿâëÿåòñÿ

â îñíîâíîì â ïåðèîäè÷åñêîé ìîäóëÿöèè áëåñêà â ÿðêîì ñîñòîÿíèè çâåçäû

è àìïëèòóäû ìèíèìóìîâ. Èç êðèâîé áëåñêà CQ Tau âèäíî, ÷òî 10-ëåòíÿÿ

ìîäóëÿöèÿ íàáëþäàåòñÿ íà ôîíå ìíîãîëåòíåãî ñèñòåìàòè÷åñêîãî óâåëè÷åíèÿ

âíåçàòìåííîãî áëåñêà çâåçäû.

3. Îáñóæäåíèå è çàêëþ÷åíèå. Íàëè÷èå 10-ëåòíåãî ïåðèîäà ôîòîìåò-

ðè÷åñêîé àêòèâíîñòè CQ Tau óêàçûâàåò íà ñóùåñòâîâàíèå êîìïàíüîíà â

îêðåñòíîñòè çâåçäû. Îá ýòîì æå ñâèäåòåëüñòâóþò ðåçóëüòàòû íàáëþäåíèé CQ

Tau ñ âûñîêèì óãëîâûì ðàçðåøåíèåì [9,14,15]. Îíè ïîêàçàëè, ÷òî â

öåíòðàëüíîé ÷àñòè ïðîòîïëàíåòíîãî äèñêà çâåçäû èìååòñÿ îáøèðíàÿ ïîëîñòü

Ðèñ.2. Ïåðèîäîãðàììà Ëîìá-Ñêýðãëà íàèáîëåå àêòèâíîé ÷àñòè (JD > 35000) ôîòîìåòðè-
÷åñêîãî ðÿäà CQ Tau.
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ñëàáî çàïîëíåííàÿ âåùåñòâîì. Òàêèå ïîëîñòè îáðàçóþòñÿ â ìîëîäûõ äâîéíûõ

ñèñòåìàõ ïîä äåéñòâèåì ïðèëèâíûõ âîçìóùåíèé, âûçâàííûõ îðáèòàëüíûì

äâèæåíèåì êîìïàíüîíîâ (Àðòèìîâè÷ è Ëþáîâ [16]). Ïåðèîäè÷åñêèå âîçìó-

ùåíèÿ ïðèâîäÿò ê îáðàçîâàíèþ ñïèðàëüíûõ âîëí ïëîòíîñòè, è îíè ðåàëüíî

íàáëþäàþòñÿ íà èçîáðàæåíèÿõ äèñêà CQ Tau [9,17-19]. Îäíàêî ïîïûòêè

îáíàðóæèòü êîìïàíüîí ïîêà ê óñïåõó íå ïðèâåëè [18].

Ïî äàííûì [9] ïîëîñòü â ïðîòîïëàíåòíîì äèñêå CQ Tau ïðîñòèðàåòñÿ îò

15 äî 25 à.å. Âûïîëíåííîå ýòèìè àâòîðàìè ÷èñëåííîå ìîäåëèðîâàíèå ïîêàçàëî,

÷òî òàêàÿ ïîëîñòü ìîæåò áûòü îáðàçîâàíà ïëàíåòîé ñ ìàññîé 6-9 M
Jup

,

äâèæóùåéñÿ ïî êðóãîâîé îðáèòå ðàäèóñîì 20 à.å. Ïðè ìàññå çâåçäû 1.67 М

îðáèòàëüíûé ïåðèîä ïëàíåòû áóäåò ðàâåí 69 ãîäàì, ÷òî íàõîäèòñÿ â ÿâíîì

ïðîòèâîðå÷èè ñ ôîòîìåòðè÷åñêèì ïåðèîäîì 10 ëåò.

Ñóùåñòâóåò ëè âîçìîæíîñòü óñòðàíèòü ýòî ïðîòèâîðå÷èå? Ìû ïîëàãàåì,

÷òî òàêàÿ âîçìîæíîñòü ñóùåñòâóåò, åñëè îòêàçàòüñÿ îò ïðåäïîëîæåíèÿ î êðóãîâîé

îðáèòå êîìïàíüîíà è óâåëè÷èòü åãî ìàññó. Ñîãëàñíî ìîäåëÿì Àðòèìîâè÷à è

Ëþáîâà [16] â ýòîì ñëó÷àå ìîæíî ïîëó÷èòü ïîëîñòü òàêîãî æå ðàçìåðà ïðè

ìåíüøåì çíà÷åíèè áîëüøîé ïîëóîñè îðáèòû è ñîîòâåòñòâåííî, ïðè ìåíüøåì

ïåðèîäå. Ñëåäóåò òàêæå èìåòü â âèäó, ÷òî ïî äàííûì èíòåðôåðîìåòðèè â

áëèæíåé ÈÊ îáëàñòè ñïåêòðà (Ýéñíåð è äð. [7]) âíóòðåííèé äèñê CQ Tau

Ðèñ.3. Ñâåðòêà ñ ïåðèîäîì 10 ëåò ôîòîìåòðè÷åñêè àêòèâíîé ÷àñòè êðèâîé áëåñêà CQ Tau.
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íàêëîíåí îòíîñèòåëüíî âíåøíåãî. Ýòî îçíà÷àåò, ÷òî îðáèòà ìàëîìàññèâíîãî

êîìïàíüîíà òàêæå ìîæåò áûòü íàêëîíåíà îòíîñèòåëüíî ïëîñêîñòè ïåðâè÷íîãî

äèñêà. Ýòè âîïðîñû ìû ïëàíèðóåì ðàññìîòðåòü áîëåå äåòàëüíî â ñëåäóþùåé

ñòàòüå. Îñòàåòñÿ òàêæå îòêðûòûì ãëàâíûé âîïðîñ: ÷òî ñëó÷èëîñü â îêðóæåíèè

çâåçäû, ÷òî ïðèâåëî ê ðàäèêàëüíîìó èçìåíåíèþ åå ôîòîìåòðè÷åñêîé àêòèâíîñòè

â ñåðåäèíå ïðîøëîãî âåêà?

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå ãðàíòà Ìèíèñòåðñòâà Âûñøåãî

Îáðàçîâàíèÿ è Íàóêè ÐÔ 075-15-2020-780. Ïðè ïîñòðîåíèè êðèâîé áëåñêà

CQ Tau èñïîëüçîâàíû äàííûå àðõèâîâ ASAS è AAVSO.

1 Ãëàâíàÿ (Ïóëêîâñêàÿ) Àñòðîíîìè÷åñêàÿ Îáñåðâàòîðèÿ ÐÀÍ,

 Ñ.-Ïåòåðáóðã, Ðîññèÿ, e-mail: vgcrao@mail.ru
2 Àñòðîíîìè÷åñêèé èíñòèòóò èì. Â.Â.Ñîáîëåâà, Ñàíêò-Ïåòåðáóðãñêèé

 ãîñóäàðñòâåííûé óíèâåðñèòåò, Ñ.-Ïåòåðáóðã, Ðîññèÿ
3 Êðûìñêàÿ Àñòðîôèçè÷åñêàÿ Îáñåðâàòîðèÿ ÐÀÍ, Êðûì, Íàó÷íûé, Ðîññèÿ

ÏÐÈËÎÆÅÍÈÅ

Êàê áûëî îòìå÷åíî âûøå, ôîòîìåòðè÷åñêèå íàáëþäåíèÿ CQ Tau èç

àðõèâîâ ASAS è AAVSO âûïîëíÿëèñü ïðåèìóùåñòâåííî â îäíîé ïîëîñå V.

×òîáû èñïîëüçîâàòü èõ ïðè ïîñòðîåíèè ñâîäíîé êðèâîé áëåñêà CQ Tau â

ïîëîñå Â, ìû îïðåäåëèëè ïåðåõîäíûå êîýôôèöèåíòû äëÿ òðàíñôîðìàöèè

áëåñêà â ïîëîñå V ê ïîëîñå B. Äëÿ ýòîé öåëè áûëè èñïîëüçîâàíû ôîòî-

ìåòðè÷åñêèå íàáëþäåíèÿ CQ Tau èç ñòàòüè Áåðäþãèíà è äð. [13]. Îíè

Ðèñ.4. Çâåçäíûå âåëè÷èíû CQ Tau â ïîëîñàõ B è V ïî äàííûì [13].

V

B

9.5
10.0

9.8 10.1 10.4 10.7 11.0 11.3
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ïðåäñòàâëåíû íà ðèñ.4. Òàì æå ïðèâåäåíà ïóíêòèðíàÿ ëèíèÿ, îïðåäåëÿåìàÿ

ïîëèíîìîì âòîðîé ñòåïåíè, ïîëó÷åííûì ïðè ïîäãîíêå ê íàáëþäåíèÿì ìåòîäîì

íàèìåíüøèõ êâàäðàòîâ.

Ïóíêòèðíàÿ ëèíèÿ íà ðèñ.4 îïðåäåëÿåò ôóíêöèîíàëüíóþ ñâÿçü ìåæäó

âåëè÷èíàìè B è V è îïèñûâàåòñÿ ñîîòíîøåíèåì: B = -0.18V  
2

 + 4.73V - 18.54.

Âèäíî, ÷òî òî÷íîñòü ïåðåõîäà îò V ê B ñ ïîìîùüþ ýòîãî ñîîòíîøåíèÿ äëÿ

áîëüøèíñòâà íàáëþäåíèé, ïðåäñòàâëåííûõ íà ðèñ.2, íå õóæå 0m.05.

PHOTOMETRIC ACTIVITY OF CQ Tau FOR 125 YEARS

V.P.GRININ1,2, L.V.TAMBOVTSEVA1, O.Yu.BARSUNOVA1,
D.N.SHAKHOVSKOY3

The star CQ Tau belongs to the UX Ori type star family. It has the very

complex photometric behavior and complex structure of circumstellar environment.

In this paper we constructed the historical 125 years light curve of this star on

the base of the published photometric observations. It shows that besides a random

component characteristic of UX Ori type stars, the large amplitude periodic

component with the 10 year period is also present. Its existence was suspected

earlier, and new observations support its reality. It points to an existence of the

second component close to the star. The density waves and matter flows caused

by the companion motion lead to periodic changes in the circumstellar extinction

and brightness of the star. This result is discussed in context of the recent

observations of CQ Tau with high angular resolution.

Keywords: UX Ori type star: photometric activity: periodic changes
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ÊÐÓÏÍÎÌÀÑØÒÀÁÍÛÅ ÝËÅÊÒÐÈ×ÅÑÊÈÅ ÒÎÊÈ Â
ÏÐÎÖÅÑÑÀÕ ÍÀÃÐÅÂÀ ÊÎÐÎÍÛ ÍÀÄ ÀÊÒÈÂÍÛÌÈ

ÎÁËÀÑÒßÌÈ ÍÀ ÑÎËÍÖÅ

Þ.À.ÔÓÐÑßÊ
Ïîñòóïèëà 1 ôåâðàëÿ 2023

Ïðèíÿòà ê ïå÷àòè 22 ìàÿ 2023

Â ðàáîòå ñòàâèòñÿ çàäà÷à èçó÷èòü ðîëü êðóïíîìàñøòàáíûõ ýëåêòðè÷åñêèõ òîêîâ, ðàñïðî-
ñòðàíÿþùèõñÿ â âåðõíèå ñëîè ñîëíå÷íîé àòìîñôåðû, â ïðîöåññàõ íàãðåâà êîðîíû Ñîëíöà. Äëÿ
îáíàðóæåíèÿ è âû÷èñëåíèÿ âåëè÷èíû êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà áûëè èñïîëü-
çîâàíû äàííûå î ðàñïðåäåëåíèè êîìïîíåíòîâ âåêòîðà ìàãíèòíîãî ïîëÿ â ôîòîñôåðå, ïðåäîñòàâ-
ëÿåìûå èíñòðóìåíòîì Helioseismic and Magnetic Imager (HMI) íà áîðòó Solar Dynamics Obser-
vatory (SDO). Äëÿ îöåíêè òåìïåðàòóðû â êîðîíå íàä àêòèâíûìè îáëàñòÿìè (ÀÎ) èñïîëüçîâàíû
ôîòîãåëèîãðàììû êîðîíû Ñîëíöà â êàíàëàõ óëüòðàôèîëåòîâîãî èçëó÷åíèÿ 131, 171, 193 è
211Å , ïðåäîñòàâëÿåìûå èíñòðóìåíòîì Atmospheric Imaging Assembly (AIA/SDO). Èçó÷åíà
äèíàìèêà êðóïíîìàñøòàáíîãî òîêà è ñðåäíåé òåìïåðàòóðû â 9-òè îáëàñòÿõ ñ ðàçíûì óðîâíåì
âñïûøå÷íîé àêòèâíîñòè, ïîñòðîåíû êàðòû ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ òåìïåðàòóðû â
êîðîíå íàä ÀÎ. Ïîëó÷åíû ñëåäóþùèå ðåçóëüòàòû: 1. Íàãðåâ êîðîíàëüíîãî âåùåñòâà çà ñ÷åò
îìè÷åñêîé äèññèïàöèè êðóïíîìàñøòàáíûõ ýëåêòðè÷åñêèõ òîêîâ èäåò â ñòàöèîíàðíîì ðåæèìå.
2. Ïîâûøåíèå ñðåäíåé òåìïåðàòóðû â êîðîíå íàä ÀÎ âî âðåìÿ ñîëíå÷íûõ âñïûøåê äî

çíà÷åíèé 5636log ..T   (2.0-3.2 ÌÊ) îáóñëîâëåíî íå òîëüêî íàãðåâîì êîðîíàëüíûõ ñòðóêòóð

êðóïíîìàñøòàáíûìè ýëåêòðè÷åñêèìè òîêàìè, íî è èíûìè ïðîöåññàìè íà êîðîíàëüíûõ âûñîòàõ.
3. Äëÿ îáëàñòåé NOAA 11899 è 12494 îáíàðóæåíî ñíèæåíèå çíà÷åíèé ñðåäíåé òåìïåðàòóðû

â êîðîíå äî 75log .T   (0.5-0.6 ÌÊ) ïðè îäíîâðåìåííîì ïàäåíèè çíà÷åíèé âåëè÷èíû

êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà äî íóëÿ. Äàííûå íàáëþäåíèÿ óêàçûâàþò íà âûêëþ÷åíèå
ìåõàíèçìà íàãðåâà êîðîíû çà ñ÷åò îìè÷åñêîé äèññèïàöèè ýëåêòðè÷åñêèõ òîêîâ ïðè íóëåâûõ
(â ïðåäåëàõ îøèáîê âû÷èñëåíèé) çíà÷åíèÿõ êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà. 4. Â
îáëàñòÿõ NOAA 12192 è 12371 ïðè ïîñòðîåíèè êàðò ðàñïðåäåëåíèÿ òåìïåðàòóðû â êîðîíå
âíå âñïûøå÷íûõ ñîáûòèé îáíàðóæåíû ãîðÿ÷èå ñòðóêòóðû ñ òåìïåðàòóðîé 10  ÌÊ, êîòîðûå,
ïî-âèäèìîìó, îáîçíà÷àþò ìåñòîïîëîæåíèå êàíàëà êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà
íà êîðîíàëüíûõ âûñîòàõ. Äëÿ îáëàñòè NOAA 12192 ýòî ïðåäïîëîæåíèå ïîäòâåðæäàåòñÿ
ðåçóëüòàòàìè âûïîëíåííîãî â 2016ã. ÷èñëåííîãî ìîäåëèðîâàíèÿ.

Êëþ÷åâûå ñëîâà: Ñîëíöå: àêòèâíûå îáëàñòè: ìàãíèòíîå ïîëå: ýëåêòðè÷åñêèå

      òîêè: óëüòðàôèîëåòîâîå èçëó÷åíèå: íàãðåâ êîðîíû

1. Ââåäåíèå. Ïðîáëåìà íàãðåâà ñîëíå÷íîé êîðîíû äî òåìïåðàòóð ñâûøå

1 ÌÊ, ïðè òîì, ÷òî íèæåëåæàùèå ñëîè ñîëíå÷íîé àòìîñôåðû èìåþò

ñóùåñòâåííî áîëåå íèçêóþ òåìïåðàòóðó, îñòàåòñÿ îäíîé èç íåðåøåííûõ â

ïîëíîé ìåðå çàäà÷ ñîâðåìåííîé ôèçèêè Ñîëíöà.

Ñëåäóåò çàìåòèòü, ÷òî åùå âî âòîðîé ïîëîâèíå XIX-ãî - íà÷àëå XX-ãî

âåêîâ èçó÷åíèå âíåøíèõ ñëîåâ ñîëíå÷íîé àòìîñôåðû áûëî ñîïðÿæåíî ñ
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îãðîìíûìè òðóäíîñòÿìè, ïîñêîëüêó èíîãäà èññëåäîâàòåëÿì ïðèõîäèëîñü

ïðåîäîëåâàòü ðàññòîÿíèÿ òûñÿ÷è êèëîìåòðîâ, ÷òîáû ïîïàñòü íà ïîëîñó ïîëíîãî

ñîëíå÷íîãî çàòìåíèÿ è áóêâàëüíî çà íåñêîëüêî ìèíóò ïîïûòàòüñÿ ñäåëàòü

ñíèìêè õðîìîñôåðû Ñîëíöà è ðàñïîëîæåííîé âûøå êîðîíû. Âåñüìà

ïîêàçàòåëüíûì ÿâëÿåòñÿ òîò ôàêò, ÷òî "ñ ìîìåíòà îòêðûòèÿ êîðîíû â 1851ã.

è äî 1930ã. åå íàáëþäàëè â îáùåé ñëîæíîñòè â òå÷åíèå ÷àñà" [1, ñ.215].

Â 1930ã. ôðàíöóçñêèé îïòèê Áåðíàð Ëèî ñîçäàë ïåðâûé â ìèðå âíåçàò-

ìåííûé êîðîíîãðàô, îçíàìåíîâàâ íîâûé ýòàï â èçó÷åíèè âíåøíèõ ñëîåâ

ñîëíå÷íîé àòìîñôåðû - ïðè áëàãîïðèÿòíûõ ïîãîäíûõ óñëîâèÿõ ìîæíî áûëî

ïîëó÷àòü åæåäíåâíûå èçîáðàæåíèÿ êîðîíû ñ îäíîé òî÷êè ìåñòíîñòè.

Ñ 1945ã. íà÷èíàþòñÿ íàáëþäåíèÿ ñîëíå÷íîé êîðîíû â ðàäèîäèàïàçîíå,

à ñ çàïóñêîì ïåðâîãî èñêóññòâåííîãî ñïóòíèêà Çåìëè â 1957ã. è íà÷àëîì

êîñìè÷åñêîé ýðû çà ïðåäåëû çåìíîé àòìîñôåðû áûëî îòïðàâëåíî ìíîæåñòâî

êîñìè÷åñêèõ èññëåäîâàòåëüñêèõ àïïàðàòîâ, ÷àñòü êîòîðûõ áûëà ïðåäíàçíà÷åíà

äëÿ èçó÷åíèÿ Ñîëíöà è, â ÷àñòíîñòè, ñîëíå÷íîé êîðîíû, â øèðîêîì äèàïàçîíå

äëèí ýëåêòðîìàãíèòíûõ âîëí - îò ðàäèîäèàïàçîíà äî ðåíòãåíîâñêîãî è

ãàììà-èçëó÷åíèÿ. Îäíàêî, íåñìîòðÿ íà äåñÿòèëåòèÿ èññëåäîâàíèé, áîëüøîå

êîëè÷åñòâî òåîðåòè÷åñêèõ ðàáîò è ìàññû ïîñòóïàþùåé èíôîðìàöèè (ê ïðèìåðó,

åæåäíåâíûé îáúåì äàííûõ òîëüêî èíñòðóìåíòà Atmospheric Imaging Assembly

(AIA) [2], óñòàíîâëåííîãî íà áîðòó êîñìè÷åñêîãî àïïàðàòà Solar Dynamics

Observatory (SDO) [3], ñîñòàâëÿåò îêîëî 2 Táàéò), ïðîáëåìà íàãðåâà êîðîíû

Ñîëíöà âñå åùå îñòàåòñÿ äàëåêîé îò îêîí÷àòåëüíîãî ðåøåíèÿ.

Ðàçëè÷íûìè èññëåäîâàòåëÿìè è èññëåäîâàòåëüñêèìè ãðóïïàìè âûäåëÿþòñÿ

äîñòàòî÷íî ìíîãî ìåõàíèçìîâ íàãðåâà êîðîíàëüíîãî âåùåñòâà, êîòîðûå ìîæíî

ðàçäåëèòü íà äâå ãðóïïû - âíåøíèå (â ýòîì ñëó÷àå òàê íàçûâàåìàÿ "ñâîáîäíàÿ"

ìàãíèòíàÿ ýíåðãèÿ ïðèâíîñèòñÿ èçâíå) è âíóòðåííèå (íàãðåâ ïëàçìû îñóùåñò-

âëÿåòñÿ çà ñ÷åò êîíâåðòàöèè ñâîáîäíîé ýíåðãèè ìàãíèòíîé ïåòëè). Ê âíåøíèì

ìåõàíèçìàì íàãðåâà îòíîñÿòñÿ: èñïàðåíèå õðîìîñôåðíîé ïëàçìû â êîðîíó

[4,5], äèññèïàöèÿ àëüôâåíîâñêèõ âîëí [6,7], öèêëîòðîííîå ïîãëîùåíèå

ãåíåðèðóåìûõ âî âðåìÿ âñïûøêè ýëåêòðîìàãíèòíûõ âîëí [8] è äð. Ñðåäè

âíóòðåííèõ ìåõàíèçìîâ íàãðåâà êîðîíû âûäåëÿþò ìèêðîâñïûøêè (íàíî-

âñïûøêè), îáóñëîâëåííûå ïåðåñîåäèíåíèÿìè âíóòðè ìàãíèòíîé ïåòëè [9],

òèðèíã (ðàçðûâíóþ) íåóñòîé÷èâîñòü [10], îìè÷åñêóþ äèññèïàöèþ ýëåêòðè÷åñêèõ

òîêîâ [11] è äð.

Åñëè ãîâîðèòü îá ýëåêòðè÷åñêèõ òîêàõ íà êîðîíàëüíûõ âûñîòàõ è èõ ðîëè

â íàãðåâå êîðîíàëüíîãî âåùåñòâà, òî çäåñü ñóùåñòâóåò ìíîæåñòâî ïðîáëåì.

Âî-ïåðâûõ, íà ñåãîäíÿøíèé äåíü îòñóòñòâóþò ðåãóëÿðíûå íàáëþäåíèÿ ñ

öåëüþ âû÷èñëåíèÿ âåêòîðà ìàãíèòíîãî ïîëÿ â êîðîíå, è, êàê ñëåäñòâèå,

ïðÿìîå âû÷èñëåíèå ýëåêòðè÷åñêèõ òîêîâ, ïî ñóòè, íåâîçìîæíî. Â óñëîâèÿõ

îòñóòñòâèÿ ðåãóëÿðíûõ íàáëþäåíèé, èíôîðìàöèþ î âåêòîðå ìàãíèòíîãî ïîëÿ
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è âåêòîðå ýëåêòðè÷åñêîãî òîêà íà êîðîíàëüíûõ âûñîòàõ ïîëó÷àþò íà îñíîâå

ìîäåëüíûõ ðàñ÷åòîâ [12-18]. Èíòåðåñíàÿ ìåòîäèêà îöåíêè ýëåêòðè÷åñêèõ

òîêîâ â êîðîíå áûëà ïðåäëîæåíà â ðàáîòå [19]. Ñóòü ìåòîäà ñâîäèëàñü ê

èçìåðåíèþ ñòåïåíè âðàùåíèÿ ïëîñêîñòè ïîëÿðèçàöèè ëèíåéíî ïîëÿðèçîâàííîãî

èçëó÷åíèÿ îò äàëåêîãî êîñìè÷åñêîãî îáúåêòà (â ðàññìàòðèâàåìîé ðàáîòå ýòî

ðàäèîèñòî÷íèê 3Ñ 228) ïðè åãî ïðîõîæäåíèè ñêâîçü âíåøíèå ñëîè êîðîíû

Ñîëíöà, â êîòîðûõ ïðèñóòñòâóþò ìàãíèòíûå ïîëÿ (ýôôåêò Ôàðàäåÿ). Ïîñêîëüêó

ñòåïåíü âðàùåíèÿ ïëîñêîñòè ïîëÿðèçàöèè ïîñðåäñòâîì íåêèõ ñîîòíîøåíèé

ñâÿçàíà ñ ìàãíèòíûìè ïîëÿìè â êîðîíå, à ìàãíèòíûå ïîëÿ, â ñâîþ î÷åðåäü,

ñâÿçàíû ñ ýëåêòðè÷åñêèìè òîêàìè (çàêîí Àìïåðà), òî äàííûå ñâÿçè ïîçâîëÿþò

ïîñëå ðÿäà ïðåîáðàçîâàíèé ïîëó÷èòü ôîðìóëó äëÿ âû÷èñëåíèÿ ýëåêòðè÷åñêîãî

òîêà.

Åùå îäèí ìåòîä áûë ðàçðàáîòàí àñòðîíîìàìè Êðûìñêîé àñòðîôèçè÷åñêîé

îáñåðâàòîðèè êîíöà 80-õ - íà÷àëà 90-õ ãã. XX-ãî âåêà [20,21], âîçðîæäåí è

äîðàáîòàí â íåäàâíåé ðàáîòå [22]. Íà îñíîâå íàäåæíûõ íàáëþäàòåëüíûõ

äàííûõ î ðàñïðåäåëåíèè êîìïîíåíòîâ âåêòîðà ìàãíèòíîãî ïîëÿ íà óðîâíå

ôîòîñôåðû áûëè îáíàðóæåíû êðóïíîìàñøòàáíûå ýëåêòðè÷åñêèå òîêè, êîòîðûå,

èñõîäÿ èç ðÿäà êîñâåííûõ ïðèçíàêîâ, ïîäíèìàþòñÿ âûñîêî â õðîìîñôåðó è

êîðîíó, è, ñëåäîâàòåëüíî, äîëæíû ïðèíèìàòü ó÷àñòèå â ðàçëè÷íûõ ïðîöåññàõ

â âåðõíèõ ñëîÿõ ñîëíå÷íîé àòìîñôåðû. Áûëà ïîêàçàíà ñâÿçü êðóïíîìàñøòàáíûõ

ýëåêòðè÷åñêèõ òîêîâ ñî âñïûøêàìè. Âåðîÿòíî, ýòè òîêè, âåëè÷èíîé ïîðÿäêà

1013
 À, èãðàþò ðîëü è â ïðîöåññàõ íàãðåâà êîðîíàëüíîãî âåùåñòâà íàä àêòèâíîé

îáëàñòüþ (ÀÎ) (çäåñü ïîä àêòèâíîé îáëàñòüþ ïîäðàçóìåâàåòñÿ ãðóïïà ñîëíå÷íûõ

ïÿòåí è àòìîñôåðà Ñîëíöà íàä íåé).

Ïðîâåäåííûé ñ ïîìîùüþ èíñòðóìåíòîâ êîñìè÷åñêîãî àïïàðàòà SOHO â

êîíöå XX-ãî âåêà ñòåðåîñêîïè÷åñêèé àíàëèç êîðîíàëüíûõ ìàãíèòíûõ ïåòåëü

ïîçâîëèë îáíàðóæèòü ëèøü íåçíà÷èòåëüíûå èçìåíåíèÿ òåìïåðàòóðû

êîðîíàëüíûõ ïåòåëü ñ âûñîòîé [23,24]. Àíàëîãè÷íûå ðåçóëüòàòû áûëè ïîëó÷åíû

è íà îñíîâå àíàëèçà äàííûõ íàáëþäåíèé êîñìè÷åñêîãî àïïàðàòà TRACE [25].

Ìàëûé ãðàäèåíò òåìïåðàòóðû íà êîðîíàëüíîì ó÷àñòêå ìàãíèòíîé ïåòëè îçíà÷àåò,

÷òî èñòî÷íèê íàãðåâà äîëæåí íàõîäèòüñÿ â òåïëîâîì áàëàíñå ñ ðàäèàöèîííûìè

ïîòåðÿìè, ïîñêîëüêó ïðè èíûõ óñëîâèÿõ íåâîçìîæíî îáåñïå÷èòü íàáëþäàåìóþ

êâàçèñòàöèîíàðíîñòü ìàãíèòíîé ïåòëè íà ïðîòÿæåíèè çíà÷èòåëüíîãî âðåìåííîãî

èíòåðâàëà. Â ðàáîòå [26] âûñêàçàíî ïðåäïîëîæåíèå, ÷òî âåðîÿòíûì ìåõàíèçìîì

íàãðåâà êîðîíàëüíûõ ïåòåëü â ïîäîáíûõ ñëó÷àÿõ ÿâëÿåòñÿ îìè÷åñêàÿ äèññèïàöèÿ

ýëåêòðè÷åñêèõ òîêîâ. Â óñëîâèÿõ ñïîêîéíîé êîðîíû íàãðåâ ïëàçìû è óñêîðåíèå

÷àñòèö â ìàãíèòíîé ïåòëå ñâÿçàíû ñî ñòîëêíîâåíèÿìè èîíîâ ñ íåéòðàëüíûìè

àòîìàìè (òàê íàçûâàåìàÿ ïðîâîäèìîñòü Êàóëèíãà [27]). Òåîðåòè÷åñêèå ðàñ÷åòû

ïîêàçûâàþò, ÷òî íàëè÷èå â êîðîíå äàæå íåáîëüøîãî êîëè÷åñòâà (ïîðÿäêà

10-5 îò îáùåé ìàññû) íåéòðàëüíûõ àòîìîâ ãåëèÿ îáåñïå÷èâàåò ðîñò ñîïðîòèâ-
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ëåíèÿ ìàãíèòíîé ïåòëè äî àíîìàëüíûõ çíà÷åíèé [28,29], íåîáõîäèìûõ äëÿ

ýôôåêòèâíîãî íàãðåâà êîðîíàëüíîãî âåùåñòâà ýëåêòðè÷åñêèìè òîêàìè. Îäíàêî

êîðîíàëüíûå ñòðóêòóðû íàä ÀÎ ÷àñòî èìåþò áîëåå âûñîêóþ òåìïåðàòóðó, â

äèàïàçîíå îò íåñêîëüêèõ åäèíèö äî äåñÿòêîâ ÌÊ. Â ïîäîáíûõ óñëîâèÿõ

ñóùåñòâîâàíèå íåéòðàëüíûõ àòîìîâ ñòàíîâèòñÿ íåâîçìîæíûì, à ïðè÷èíîé

ðåçêîãî óâåëè÷åíèÿ ñîïðîòèâëåíèÿ ïëàçìû ñòàíîâèòñÿ âîçáóæäåíèå ïëàçìåííûõ

íåóñòîé÷èâîñòåé.

Åùå îäíèì âàæíûì âîïðîñîì, ñâÿçàííûì ñ íàãðåâîì êîðîíû ïîñðåäñòâîì

îìè÷åñêîé äèññèïàöèè ýëåêòðè÷åñêèõ òîêîâ, ÿâëÿåòñÿ õàðàêòåðíûé ìàñøòàá

îáëàñòè ýíåðãîâûäåëåíèÿ. Ïðè õàðàêòåðíûõ ðàçìåðàõ ñîëíå÷íûõ ïÿòåí (ñèëîâûõ

ìàãíèòíûõ òðóáîê, ~109
 ñì), âðåìÿ äèññèïàöèè ýëåêòðè÷åñêîãî òîêà, äàæå ïðè

óñëîâèè àíîìàëüíûõ çíà÷åíèé ïðîâîäèìîñòè ïëàçìû, îêàçûâàåòñÿ ñëèøêîì

áîëüøèì, ÷òîáû îáåñïå÷èòü ýôôåêòèâíûé íàãðåâ êîðîíàëüíîãî âåùåñòâà.

Íàãðåâ êîðîíû ýëåêòðè÷åñêèìè òîêàìè â êâàçèñòàöèîíàðíîì ðåæèìå ñòàíîâèòñÿ

âîçìîæíûì ëèøü íà ìàñøòàáàõ â 108
 ñì è ìåíåå. Òàêèì îáðàçîì, ãîâîðÿ î

íàãðåâå êîðîíàëüíîãî âåùåñòâà ïîñðåäñòâîì îìè÷åñêîé äèññèïàöèè ýëåêòðè-

÷åñêèõ òîêîâ, ñëåäóåò ó÷èòûâàòü òîíêóþ ñòðóêòóðó ìàãíèòíîãî ïîëÿ è ýëåêòðè-

÷åñêèõ òîêîâ. Ïîäîáíûå óòâåðæäåíèÿ, ñ ïðèâåäåííûìè ðàñ÷åòàìè, ñîäåðæàòñÿ

â öåëîì ðÿäå èññëåäîâàíèé [ñì., íàïð., 30,31].

Â ðàáîòå ïîñòàâëåíà çàäà÷à ñîïîñòàâëåíèÿ äèíàìèêè êðóïíîìàñøòàáíîãî

ýëåêòðè÷åñêîãî òîêà â îáëàñòÿõ ñ ðàçëè÷íûì óðîâíåì âñïûøå÷íîé àêòèâíîñòè

ñ âðåìåííûìè âàðèàöèÿìè òåìïåðàòóðû â êîðîíå íàä ÀÎ è îöåíêè ðîëè

ýëåêòðè÷åñêèõ òîêîâ â ïðîöåññàõ íàãðåâà êîðîíàëüíîãî âåùåñòâà.

2. Äàííûå íàáëþäåíèé. Â ðàáîòå èñïîëüçîâàíû äàííûå èíñòðóìåíòîâ

AIA/SDO [2] è HMI/SDO (Helioseismic and Magnetic Imager) [32]. Äîñòóï ê

äàííûì îñóùåñòâëÿåòñÿ ÷åðåç ñàéò Joint Science Operation Center (JSOC)

http://jsoc2.stanford.edu/ajax/lookdata.html.

Äàííûå èíñòðóìåíòà HMI/SDO î ïðîñòðàíñòâåííîì ðàñïðåäåëåíèè êîìïî-

íåíòîâ âåêòîðà ìàãíèòíîãî ïîëÿ íà óðîâíå ôîòîñôåðû Ñîëíöà ïðèìåíåíû äëÿ

èçó÷åíèÿ ñòðóêòóðû âåðòèêàëüíûõ è ãîðèçîíòàëüíûõ ìàãíèòíûõ ïîëåé â

èññëåäóåìûõ îáëàñòÿõ, âîññòàíîâëåíèÿ ïîòåíöèàëüíûõ ïîïåðå÷íûõ ìàãíèòíûõ

ïîëåé, îáíàðóæåíèÿ è âû÷èñëåíèÿ âåëè÷èí ëîêàëüíûõ âåðòèêàëüíûõ è êðóïíî-

ìàñøòàáíûõ ýëåêòðè÷åñêèõ òîêîâ. Ïðîñòðàíñòâåííîå ðàçðåøåíèå èñïîëüçóåìûõ

äàííûõ HMI/SDO ñîñòàâëÿåò 0.5"/ïèêñåë (ïîðÿäêà 360 êì íà óðîâíå ñîëíå÷íîé

ôîòîñôåðû), âðåìåííîå ðàçðåøåíèå â çàâèñèìîñòè îò òèïà äàííûõ - 45 èëè

720 ñ. Çäåñü èñïîëüçîâàíû SHARP (Spaceweather HMI Active Region Patch) [33]

ìàãíèòîãðàììû ðàñïðåäåëåíèÿ êîìïîíåíòîâ âåêòîðà ìàãíèòíîãî ïîëÿ â ôîòî-

ñôåðå (öèëèíäðè÷åñêèå êîîðäèíàòû, ñåðèÿ äàííûõ hmi.sharp_cea_720s) ñ

âðåìåííûì ðàçðåøåíèåì 720 ñ.
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Äëÿ ìèíèìèçàöèè îøèáîê â âû÷èñëåíèè ýëåêòðè÷åñêîãî òîêà, îáóñëîâ-

ëåííûõ ýôôåêòîì ïðîåêöèè è ñ öåëüþ âîâëå÷åíèÿ â ðàñ÷åò ìàêñèìàëüíî

âîçìîæíîãî êîëè÷åñòâà ïèêñåëåé, â êîòîðûõ ñ âûñîêîé ñòåïåíüþ äîñòîâåðíîñòè

ðàçðåøåíà  -íåîïðåäåëåííîñòü îïðåäåëåíèÿ àçèìóòà ïîïåðå÷íîãî ìàãíèòíîãî

ïîëÿ, âðåìÿ ìîíèòîðèíãà êàæäîé îáëàñòè ñîâïàäàåò ñ âðåìåííûì èíòåðâàëîì

íàõîæäåíèÿ åå â ïðåäåëàõ ±35o îò öåíòðàëüíîãî ìåðèäèàíà (4-6 ñóò).

Äàííûå èíñòðóìåíòà AIA/SDO èñïîëüçîâàíû äëÿ îöåíêè èíòåíñèâíîñòè

óëüòðàôèîëåòîâîãî (ÓÔ) èçëó÷åíèÿ â êàíàëàõ 131, 171, 193 è 211Å , âû÷èñëåíèÿ

òåìïåðàòóðû íà êîðîíàëüíûõ âûñîòàõ è ïîñòðîåíèÿ êàðò ðàñïðåäåëåíèÿ

òåìïåðàòóðû â êîðîíå íàä ÀÎ âíå ñîëíå÷íûõ âñïûøåê. Èñïîëüçóåìûå

äàííûå AIA/SDO ïðåäñòàâëÿþò ñîáîé ôîòîãåëèîãðàììû ïîëíîãî äèñêà Ñîëíöà,

ïîëó÷åííûå â ñîîòâåòñòâóþùåì êàíàëå ÓÔ-èçëó÷åíèÿ ñ âðåìåííûì ðàçðåøåíèåì

12 ñ è ïðîñòðàíñòâåííûì ðàçðåøåíèåì 0.6"/ïèêñåë (ñåðèÿ aia.lev1_euv_12s). Ñ

ïðèìåíåíèåì èíñòðóìåíòàðèÿ, ðàçìåùåííîãî íà ñàéòå JSOC, èç ïîëíîäèñêîâûõ

ôîòîãåëèîãðàìì áûëè âûðåçàíû ó÷àñòêè, ðàâíûå ïî ðàçìåðàì SHARP-

ìàãíèòîãðàììàì èññëåäóåìûõ îáëàñòåé è ñîîòâåòñòâóþùèå èì ïî âðåìåíè.

Â ðàáîòå èññëåäîâàíû 9 ÀÎ 24-ãî öèêëà ñîëíå÷íîé àêòèâíîñòè. Îáëàñòè

äëÿ àíàëèçà îòáèðàëèñü ñîãëàñíî ñëåäóþùèì êðèòåðèÿì:

1. Íà âðåìåííîì èíòåðâàëå ìîíèòîðèíãà îáëàñòü äîëæíà íàõîäèòñÿ âáëèçè

ôàçû ìàêñèìóìà ñâîåãî ðàçâèòèÿ èëè íà ôèíàëüíîé ñòàäèè ýâîëþöèè, èìåÿ

ïðè ýòîì íèçêèå çíà÷åíèÿ ñêîðîñòè çàòóõàíèÿ ìàãíèòíîãî ïîòîêà â ðàçâèòîì

ïÿòíå. Ìàêñèìóì ðàçâèòèÿ îáëàñòè îöåíèâàëñÿ ïî ìàãíèòíîìó ïîòîêó.

2. Áûëè âûáðàíû ïî òðè îáëàñòè ñ ðàçíûì óðîâíåì âñïûøå÷íîé àêòèâíîñòè

- íèçêèì, ñðåäíèì è âûñîêèì. Ïîä íèçêîé àêòèâíîñòüþ ïîäðàçóìåâàåòñÿ

ôèêñàöèÿ çà âðåìÿ ìîíèòîðèíãà ÀÎ òîëüêî âñïûøåê ðåíòãåíîâñêîãî êëàññà

Ñ (â èññëåäóåìîé âûáîðêå ýòî îáëàñòè NOAA 11899, 12494 è 12674). Ïîä

ñðåäíåé àêòèâíîñòüþ ïîäðàçóìåâàåòñÿ ôèêñàöèÿ â ÀÎ çà âðåìÿ ìîíèòîðèíãà

âñïûøåê â òîì ÷èñëå ðåíòãåíîâñêèõ êëàññîâ Ì (îáëàñòè NOAA 11476, 12222

è 12371). Âûñîêèé óðîâåíü âñïûøå÷íîé àòèâíîñòè îçíà÷àåò, ÷òî çà âðåìÿ

ìîíèòîðèíãà â ÀÎ áûëà çàôèêñèðîâàíà ìèíèìóì îäíà âñïûøêà ðåíòãåíîâñêîãî

êëàññà X1.0 è âûøå (îáëàñòè NOAA 11890, 12158 è 12192 àíàëèçèðóåìîé

âûáîðêè). Ïîäîáíûé îòáîð ÀÎ äëÿ àíàëèçà ïîçâîëÿåò âûÿâèòü âîçìîæíóþ

ðàçíîñòü â çíà÷åíèÿõ ñðåäíåé òåìïåðàòóðû â êîðîíå íàä ÀÎ â îáëàñòÿõ ñ

ðàçíûì óðîâíåì âñïûøå÷íîé àêòèâíîñòè è ñóùåñòâåííî ðàçëè÷íûìè

çíà÷åíèÿìè âåëè÷èíû êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà. Äëÿ îöåíêè

óðîâíÿ âñïûøå÷íîé àêòèâíîñòè ÀÎ èñïîëüçîâàëèñü äàííûå ñïóòíèêà GOES-

15 (Geostationary Operational Environmental Satellite) î ïîòîêå ðåíòãåíîâñêîãî

èçëó÷åíèÿ â äèàïàçîíå 1-8 Å  íà îðáèòå Çåìëè, äîñòóïíûå ïî àäðåñó https:/

/www.ngdc.noaa.gov/stp/satellite/goes/index.html.

Îñíîâíàÿ èíôîðìàöèÿ îá ÀÎ èññëåäóåìîé âûáîðêè ïðåäñòàâëåíà â òàáë.1.
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Ïåðâûé ñòîëáåö òàáëèöû îòîáðàæàåò íîìåð îáëàñòè (ïî êëàññèôèêàöèè

NOAA), âòîðîé - âðåìÿ åå ìîíèòîðèíãà. Òðåòèé, ÷åòâåðòûé è ïÿòûé ñòîëáöû

òàáëèöû ñîäåðæàò äàííûå, ñâÿçàííûå ñî âñïûøå÷íîé àêòèâíîñòüþ îáëàñòè:

èíôîðìàöèþ î íàèáîëåå ìîùíîé âñïûøêå, çàôèêñèðîâàííîé â ÀÎ çà âðåìÿ

åå íàõîæäåíèÿ íà âèäèìîì äèñêå Ñîëíöà (ðåíòãåíîâñêèé êëàññ è äàòà),

ðåíòãåíîâñêèé êëàññ è äàòó íàèáîëåå ìîùíîé âñïûøêè, çàôèêñèðîâàííîé â

ÀÎ çà âðåìÿ åå ìîíèòîðèíãà, à òàêæå âñïûøå÷íûé èíäåêñ ÀÎ (FI). Ñîãëàñíî

îïðåäåëåíèþ, âåëè÷èíà FI ðàâíà 1 (100), åñëè â ÀÎ åæåäíåâíî çà âðåìÿ åå

íàõîæäåíèÿ íà âèäèìîì äèñêå Ñîëíöà ôèêñèðóåòñÿ îäíà âñïûøêà

ðåíòãåíîâñêîãî êëàññà Ñ1.0 (Õ1.0). Áîëåå äåòàëüíî îá ýòîì ïàðàìåòðå ìîæíî

óçíàòü èç [34]. Ïîñëåäíèå äâà ñòîëáöà îòîáðàæàþò äàííûå, êîòîðûå áóäóò

áîëåå äåòàëüíî îïèñàíû è ïðîàíàëèçèðîâàíû íèæå - óñðåäíåííîå çà âðåìÿ

ìîíèòîðèíãà îáëàñòè çíà÷åíèå êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà distrI

(çäåñü è äàëåå ïî òåêñòó óñðåäíåíèå ïî âðåìåíè îáîçíà÷àåòñÿ ãîðèçîíòàëüíîé

÷åðòîé ñâåðõó) è óñðåäíåííîå çà âðåìÿ ìîíèòîðèíãà ñðåäíåå çíà÷åíèå

òåìïåðàòóðû â êîðîíå íàä ÀÎ (â ëîãàðèôìè÷åñêîé øêàëå)  Tlog .

3. Ïðèìåíÿåìûå ìåòîäû âû÷èñëåíèÿ àíàëèçèðóåìûõ ïàðàìåòðîâ.

Äëÿ ïîëó÷åíèÿ äàííûõ î êðóïíîìàñøòàáíîì ýëåêòðè÷åñêîì òîêå I
distr

 èñïîëü-

çîâàíà ìåòîäèêà, îïèñàííàÿ â [22]. Äëÿ îáíàðóæåíèÿ ýëåêòðè÷åñêîãî òîêà,

Íîìåð Âðåìÿ Íàèáîëåå Íàèáîëåå ìîùíàÿ FI distrI  Tlog
îáëàñòè ìîíèòîðèíãà ìîùíàÿ âñïûøêà çà âðåìÿ 1012

 À
(NOAA) îáëàñòè âñïûøêà ìîíèòîðèíãà ÀÎ

        Îáëàñòè ñ íèçêîé àêòèâíîñòüþ

11899 17.11.2013-20.11.2013 Ì1.0 15.11.2013 Ñ1.7 17.11.2013 3.85 1.34 5.780
12494 05.02.2016-07.02.2016 C5.2 04.02.2016 C1.5 06.02.2016 1.77 8.23 6.117
12674 03.09.2017-06.09.2017 Ñ5.2 30.08.2017 Ñ1.1 04.09.2017 0.76 -5.98 6.183

        Îáëàñòè ñî ñðåäíåé àêòèâíîñòüþ

11476 09.05.2012-13.05.2012 Ì5.7 10.05.2012 Ì5.7 10.05.2012 30.55 -5.01 6.168
12222 30.11.2014-04.12.2014 M6.1 04.12.2014 M6.1 04.12.2014 10.65 -3.83 6.176
12371 20.06.2015-23.06.2015 Ì7.9 25.06.2015 Ì6.5 22.06.2015 18.83 23.60 6.208

        Îáëàñòè ñ âûñîêîé àêòèâíîñòüþ

11890 07.11.2013-10.11.2013 X3.3 05.11.2013 X1.1 08.11.2013 55.63 -8.56 6.197
12158 09.09.2014-12.09.2014 X1.6 10.09.2014 X1.6 10.09.2014 13.00 -12.53 6.202
12192 22.10.2014-25.10.2014 Õ3.1 24.10.2014 Õ3.1 24.10.2014 101.64 58.14 6.225

Òàáëèöà 1

ÂÐÅÌß ÌÎÍÈÒÎÐÈÍÃÀ È ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ

ÈÑÑËÅÄÓÅÌÛÕ ÀÎ
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ðàñïðåäåëåííîãî íà áîëüøîé ïëîùàäè, îñóùåñòâëÿåòñÿ àíàëèç ïîïåðå÷íûõ

ìàãíèòíûõ ïîëåé ÀÎ. Ñ èñïîëüçîâàíèåì IDL-êîäà Ñàêóðàè [35] âîññòàíàâ-

ëèâàåòñÿ ïîòåíöèàëüíîå ïîïåðå÷íîå ìàãíèòíîå ïîëå îáëàñòè. Â êàæäîì ïèêñåëå

SHARP-ìàãíèòîãðàììû ÀÎ âåêòîð íàáëþäàåìîãî ïîïåðå÷íîãî ìàãíèòíîãî

ïîëÿ ðàñêëàäûâàåòñÿ íà äâå ñîñòàâëÿþùèå - ïîòåíöèàëüíóþ ||tB  (êîìïîíåíò

íàïðàâëåí âäîëü âåêòîðà ïîòåíöèàëüíîãî ïîïåðå÷íîãî ìàãíèòíîãî ïîëÿ) è

íåïîòåíöèàëüíóþ, tB , íàïðàâëåííóþ ïåðïåíäèêóëÿðíî âåêòîðó ïîòåíöèàëüíîãî

ïîëÿ. Àíàëèçèðóÿ ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå âåêòîðà íåïîòåíöèàëüíîãî

êîìïîíåíòà ïîïåðå÷íîãî ìàãíèòíîãî ïîëÿ, â îêðåñòíîñòè íàèáîëåå ðàçâèòûõ

ïÿòåí â ÀÎ ìîæíî îáíàðóæèòü ðåãóëÿðíûå âèõðåâûå ñòðóêòóðû âåêòîðà tB ,

êîòîðûå îáóñëîâëåíû ïðèñóòñòâèåì êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà.

Âåëè÷èíà êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà äëÿ çàäàííîãî ìîìåíòà

âðåìåíè âû÷èñëÿåòñÿ ïî êàðòå ðàñïðåäåëåíèÿ âåðòèêàëüíîãî òîêà (çäåñü, êàê

è â äðóãèõ íàøèõ ðàáîòàõ, ïðèìåíÿåòñÿ èíòåãðàëüíûé ìåòîä âû÷èñëåíèÿ

âåðòèêàëüíûõ ýëåêòðè÷åñêèõ òîêîâ [36]) êàê ðåçóëüòèðóþùèé ýëåêòðè÷åñêèé

òîê âíóòðè êîíòóðà C, êîòîðûé îïðåäåëÿåòñÿ ïî ïåðâîé çà âðåìÿ ìîíèòîðèíãà

îáëàñòè êàðòå ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ âåêòîðà tB  â îêðåñòíîñòè

îäíîãî èç ðàçâèòûõ ïÿòåí ÀÎ, à åãî ôîðìà íå ìåíÿåòñÿ íà ïðîòÿæåíèè

âðåìåíè ìîíèòîðèíãà îáëàñòè. Ïîñòðîåíèå êîíòóðà C âîêðóã ïÿòíà çàäàåòñÿ

ñëåäóþùèìè óñëîâèÿìè: 1) âíóòðè êîíòóðà âåêòîð tB  äîëæåí èìåòü îäíî

ïðåîáëàäàþùåå íàïðàâëåíèå çàêðóòêè (ïî ÷àñîâîé ñòðåëêå èëè ïðîòèâ ÷àñîâîé

ñòðåëêè); 2) êîíòóð C î÷åð÷èâàåòñÿ â íåêîòîðîé îêðåñòíîñòè âáëèçè ïÿòíà,

òàê êàê âèõðåâîå ìàãíèòíîå ïîëå, îáóñëîâëåííîå ýëåêòðè÷åñêèì òîêîì, óáûâàåò

ñ ðàññòîÿíèåì; ôîðìà êîíòóðà C, òàêèì îáðàçîì, äîëæíà áûòü áëèçêà ê

îêðóæíîñòè (îâàëó).

Ñ öåëüþ ìèíèìèçàöèè îøèáîê â âû÷èñëåíèè âåëè÷èíû êðóïíîìàñøòàáíîãî

òîêà, êîòîðûå ìîãóò âîçíèêàòü çà ñ÷åò ýâîëþöèîííûõ èçìåíåíèé â ÀÎ (â

ïåðâóþ î÷åðåäü, äâèæåíèé ïÿòåí), îñóùåñòâëÿåòñÿ ïðèâÿçêà êîíòóðà C ê

öåíòðó òÿæåñòè ïÿòíà. Öåíòð òÿæåñòè ïÿòíà âû÷èñëÿåòñÿ îòäåëüíî äëÿ

êàæäîãî 12-ìèíóòíîãî èíòåðâàëà íà ïðîòÿæåíèè âðåìåíè ìîíèòîðèíãà îáëàñòè.

Ñìåùåíèå öåíòðà òÿæåñòè äàæå íà îäèí ïèêñåëü íà ìàãíèòîãðàììå ïðèâîäèò

ê ñìåùåíèþ êîíòóðà C íà òî æå êîëè÷åñòâî ïèêñåëåé. Ïðèìåð êàðòû

ðàñïðåäåëåíèÿ âåêòîðà tB  è êàðòû ðàñïðåäåëåíèÿ âåðòèêàëüíîãî ýëåêòðè÷åñêîãî

òîêà äëÿ îáëàñòè NOAA 11899 èññëåäóåìîé âûáîðêè ïðåäñòàâëåí íà ðèñ.1.

Êîíòóð C, îãðàíè÷èâàþùèé ïëîùàäü, âíóòðè êîòîðîé âû÷èñëÿëàñü âåëè÷èíà

êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà, ïîêàçàí íà ðèñóíêå æèðíîé ÷åðíîé

êðèâîé.

Çäåñü ñëåäóåò ñäåëàòü òðè âàæíûõ çàìå÷àíèÿ îòíîñèòåëüíî ðàçìåðîâ è

ëîêàëèçàöèè êîíòóðà Ñ:
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1. Êðóïíîìàñøòàáíûé ýëåêòðè÷åñêèé òîê çàìûêàåòñÿ â ïðåäåëàõ ÀÎ.

Åñëè ðàññìàòðèâàòü êëàññè÷åñêóþ áèïîëÿðíóþ ãðóïïó ïÿòåí, òî â òàêîì

ñëó÷àå êðóïíîìàñøòàáíûé ýëåêòðè÷åñêèé òîê â îêðåñòíîñòè ëèäèðóþùåãî

ïÿòíà áóäåò èìåòü îäèí çíàê, à âáëèçè õâîñòîâîãî ïÿòíà ÀÎ - ïðîòèâîïî-

ëîæíûé (ñîîòâåòñòâåííî, çàêðóòêà âåêòîðà tB  â ëèäåðå è õâîñòå ãðóïïû

ïÿòåí áóäåò èìåòü ïðîòèâîïîëîæíûå íàïðàâëåíèÿ).

2. Èíòåãðèðîâàíèå ïî ëþáîìó èíîìó êîíòóðó, ðàâíîìó ïî ïëîùàäè

êîíòóðó C, âíå îêðåñòíîñòåé ïÿòíà ñ ÿâíî âûðàæåííîé âèõðåâîé ñòðóêòóðîé

âåêòîðà tB , äàåò íàì âåëè÷èíó ðåçóëüòèðóþùåãî òîêà, ñòðåìÿùóþñÿ ê

íóëåâûì çíà÷åíèÿì.

3. Åñëè êîíòóð Ñ ñäåëàòü áîëüøèì, îõâàòûâàþùèì âñþ ÀÎ, òî öèðêóëÿöèÿ

âåêòîðà ìàãíèòíîãî ïîëÿ ïî êîíòóðó îáðàùàåòñÿ â íóëü, è ïîëíûé ýëåêòðè-

÷åñêèé òîê âíóòðè òàêîãî êîíòóðà òàêæå áóäåò ðàâåí íóëþ [37-39] (ýêðàíè-

ðîâàííîñòü ïîëíîãî ýëåêòðè÷åñêîãî òîêà â ïðîâîäÿùåé ñðåäå [40,41]).

Ïðè âû÷èñëåíèè òåìïåðàòóðû êîðîíû Ñîëíöà èñïîëüçóþòñÿ äàííûå îá

èíòåíñèâíîñòè ÓÔ-èçëó÷åíèÿ. Ñóùåñòâóþò êàê ìèíèìóì äâà ïîäõîäà. Òàê, â

ðÿäå èññëåäîâàíèé êîíöà XX-ãî - íà÷àëà XXI-ãî âåêîâ äëÿ îöåíêè òåìïå-

ðàòóðû êîðîíàëüíûõ ïåòåëü èñïîëüçîâàëîñü ñîîòíîøåíèå èíòåíñèâíîñòåé ÓÔ-

èçëó÷åíèÿ â êàíàëàõ 171 è 195 Å  (äàííîå ñîîòíîøåíèå ÷óâñòâèòåëüíî ê

äèàïàçîíó òåìïåðàòóð 1.1-1.5 ÌÊ) [23] èíñòðóìåíòà EIT/SOHO, èëè æå

ñîîòíîøåíèå èíòåíñèâíîñòåé èçëó÷åíèÿ â äèàïàçîíàõ 284 è 195 Å  [24],

êîòîðîå ÷óâñòâèòåëüíî ê òåìïåðàòóðíîìó èíòåðâàëó 1.5-2.5 ÌÊ.

Ðèñ.1. Ñëåâà - ôðàãìåíò ìàãíèòîãðàììû (ôîí) ìîäóëÿ âåðòèêàëüíîãî êîìïîíåíòà âåêòîðà

ìàãíèòíîãî ïîëÿ |B
z
| îáëàñòè NOAA 11899 àíàëèçèðóåìîé âûáîðêè íà ìîìåíò íà÷àëà åå

ìîíèòîðèíãà (00:00UT 17 íîÿáðÿ 2013ã.), ìàñøòàáèðîâàí îò -500 Ãñ (÷åðíîå) äî 500 Ãñ (áåëîå)
ñ íàëîæåííîé êàðòîé ðàñïðåäåëåíèÿ âåêòîðà tB  (÷åðíûå ñòðåëêè). Ñïðàâà - êàðòà ðàñïðåäåëåíèÿ

ïëîòíîñòè ëîêàëüíîãî âåðòèêàëüíîãî ýëåêòðè÷åñêîãî òîêà â ÀÎ äëÿ òîãî æå ìîìåíòà âðåìåíè,
ìàñøòàáèðîâàíà îò -0.01 À ì

-2
 (÷åðíîå) äî 0.01 À ì

-2
 (áåëîå). Æèðíîé ÷åðíîé êðèâîé íà

èçîáðàæåíèÿõ ïîêàçàí êîíòóð C, îãðàíè÷èâàþùèé ïëîùàäü, âíóòðè êîòîðîé âû÷èñëÿëàñü

âåëè÷èíà êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà I
distr

. Ðàçìåðû èçîáðàæåíèé 145270  Ìì.

 tz |B| B j
z
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Â îñíîâå âòîðîãî ìåòîäà ëåæèò ôîðìóëà:

    , 
0



 dTTDEMTKF ii (1)

ãäå F
i
 - èíòåíñèâíîñòü (ïîòîê) ÓÔ-èçëó÷åíèÿ â i-îì äèàïàçîíå, K

i
(T ) -

ôóíêöèÿ îòêëèêà â êàíàëå i, à  TDEM  - ïëàçìåííàÿ äèôôåðåíöèàëüíàÿ

ìåðà ýìèññèè â êîðîíå [42]. Äëÿ ïîëó÷åíèÿ äàííûõ î òåìïåðàòóðå â êîðîíå

ñ èñïîëüçîâàíèåì ýòîãî ìåòîäà èçíà÷àëüíî íåîáõîäèìî âû÷èñëèòü âåëè÷èíó

DEM, ðåàëèçîâàâ èíâåðñèþ âûðàæåíèÿ (1) è èìåÿ äàííûå î âåëè÷èíàõ K
i

è F
i
.

Â ïîñëåäíèå äåñÿòèëåòèÿ èìåííî âòîðîé ïîäõîä ÿâëÿåòñÿ äîìèíèðóþùèì

ïðè îïðåäåëåíèè òåìïåðàòóðû íà êîðîíàëüíûõ âûñîòàõ. Îäíàêî ñëåäóåò

ó÷èòûâàòü ðÿä âàæíûõ ìîìåíòîâ, ïðèìåíÿÿ äàííûé ìåòîä. Òàê, âåëè÷èíà

K
i
(T ) ÿâëÿåòñÿ íå òîëüêî ôóíêöèåé òåìïåðàòóðû, íî çàâèñèò è îò ðÿäà èíûõ

ïàðàìåòðîâ [43-45], êîòîðûå íå âñåãäà ìîæíî ó÷åñòü â ïîëíîé ìåðå. Â ðàáîòå

[45] íåîïðåäåëåííîñòü â âû÷èñëåíèè K
i
(T ) áûëà îöåíåíà ìèíèìóì â 20%.

Åñòåñòâåííî, ÷òî ýòè îøèáêè áóäóò âëèÿòü íà òî÷íîñòü îïðåäåëåíèÿ âåëè÷èíû

DEM ïðè èíâåðñèè.

Ïîìèìî ýòîãî, èíâåðñèÿ ñîçäàåò íåñêîëüêî ïðîáëåì ñ åäèíñòâåííîñòüþ

ðåøåíèé, à â îòäåëüíûõ ñëó÷àÿõ ðåøåíèå ïðîñòî íå ñóùåñòâóåò. Äëÿ ðåàëèçàöèè

èíâåðñèè áûëî ðàçðàáîòàíî ìíîæåñòâî ìåòîäîâ [46-51 è äð.], êàæäûé èç

êîòîðûõ îòëè÷àåòñÿ êàê íàáîðîì èñõîäíûõ óðàâíåíèé äëÿ ðåàëèçàöèè èíâåðñèè

âûðàæåíèÿ (1), òàê è òî÷íîñòüþ, è ñêîðîñòüþ ðàáîòû êîäà. Îäíèì èç íàèáîëåå

íàäåæíûõ ìåòîäîâ, ñóùåñòâóþùèõ íà ñåãîäíÿ, ÿâëÿåòñÿ ìåòîä ðåãóëÿðèçàöèè

(Regularized Inversion Method, RIM) [52].

Â ñâÿçè ñ óêàçàííûìè îñîáåííîñòÿìè âòîðîãî ìåòîäà âû÷èñëåíèÿ òåìïå-

ðàòóðû â êîðîíå, àâòîð çäåñü ðåàëèçóåò ïîäõîä, áëèçêèé ê ïåðâîìó ìåòîäó.

Äåòàëüíîå åãî îïèñàíèå, âîçìîæíîñòè ïðèìåíåíèÿ, ñðàâíåíèå ñ ñóùåñòâóþ-

ùèìè ïîäõîäàìè, à òàêæå âîçíèêàþùèå â ïðîöåññå ðàáîòû ïðîáëåìû áóäóò

îïèñàíû â îòäåëüíîé ñòàòüå. Çäåñü æå ïðèâîäèòñÿ òîëüêî êðàòêîå îïèñàíèå.

Äëÿ ðåàëèçàöèè ìåòîäà èñïîëüçóåòñÿ èíôîðìàöèÿ îá èíòåíñèâíîñòè ÓÔ-

èçëó÷åíèÿ â íåñêîëüêèõ äèàïàçîíàõ (çäåñü - êàíàëû AIA/SDO 131, 171, 193

è 211Å ), à òàêæå èíôîðìàöèÿ î òåìïåðàòóðíîé çàâèñèìîñòè ôóíêöèè îòêëèêà

K
i
(T ) àíàëèçèðóåìûõ äèàïàçîíîâ (ðèñ.2). Â äàííîì ïîäõîäå âûïîëíÿåòñÿ

ñëåäóþùàÿ ïîñëåäîâàòåëüíîñòü äåéñòâèé:

1. Äëÿ êàæäîé èç èññëåäóåìûõ ÀÎ è äëÿ êàæäîãî ìîìåíòà âðåìåíè çà

âåñü èíòåðâàë ìîíèòîðèíãà âû÷èñëÿþòñÿ ñóììàðíûå èíòåíñèâíîñòè ÓÔ-

èçëó÷åíèÿ â êàæäîì èç àíàëèçèðóåìûõ êàíàëîâ.

2. Íàõîäèòñÿ îòíîøåíèå ñóììàðíûõ èíòåíñèâíîñòåé ÓÔ-èçëó÷åíèÿ äëÿ

ïàð äèàïàçîíîâ F
193

 /F
171

, F
193

 /F
211

, F
193

 /F
131

, F
171

 /F
211

, F
171

 /F
131

, F
211

 /F
131

 (äëÿ
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äàëüíåéøåé îöåíêè ñðåäíåé òåìïåðàòóðû â êîðîíå) è îòíîøåíèå èíòåí-

ñèâíîñòåé èçëó÷åíèÿ â êàæäîì ïèêñåëå ôîòîãåëèîãðàìì äëÿ òåõ æå ïàð

êàíàëîâ (äëÿ ïîñòðîåíèÿ êàðò ðàñïðåäåëåíèÿ òåìïåðàòóðû â êîðîíå).

3. Ñîïîñòàâëÿÿ ãðàôèê òåìïåðàòóðíîé çàâèñèìîñòè ôóíêöèè îòêëèêà

K
i
(T ) èññëåäóåìûõ äèàïàçîíîâ è ïîëó÷åííûå çíà÷åíèÿ îòíîøåíèé ñóììàðíûõ

èíòåíñèâíîñòåé ÓÔ-èçëó÷åíèÿ, äåëàåòñÿ îöåíêà ñðåäíåé òåìïåðàòóðû â êîðîíå

íàä ÀÎ äëÿ êàæäîãî ìîìåíòà âðåìåíè çà âåñü âðåìåííîé èíòåðâàë ìîíèòîðèíãà

îáëàñòè.

4. Ñîïîñòàâëÿÿ ãðàôèê òåìïåðàòóðíîé çàâèñèìîñòè ôóíêöèè îòêëèêà

K
i
(T ) äëÿ èññëåäóåìûõ äèàïàçîíîâ è ïîïèêñåëüíûå çíà÷åíèÿ îòíîøåíèé

èíòåíñèâíîñòåé ÓÔ-èçëó÷åíèÿ, ñòðîÿòñÿ êàðòû ðàñïðåäåëåíèÿ òåìïåðàòóðû â

êîðîíå íàä ÀÎ äëÿ êàæäîãî ìîìåíòà âðåìåíè çà âåñü âðåìåííîé èíòåðâàë

ìîíèòîðèíãà îáëàñòè.

Òàêèì îáðàçîì, êàê óæå áûëî ñêàçàíî, ïðèìåíÿåìûé ïîäõîä îöåíêè

òåìïåðàòóðû â êîðîíå íàä ÀÎ áëèæå ê ïåðâîìó èç îïèñàííûõ ìåòîäîâ,

îäíàêî îòëè÷àåòñÿ îò íåãî èñïîëüçîâàíèåì ôóíêöèè îòêëèêà K
i
(T ) êàê

ìàðêåðà ñîîòâåòñòâèÿ îïðåäåëåííîé òåìïåðàòóðå èëè òåìïåðàòóðíîìó äèàïàçîíó.

4. Ðåçóëüòàòû.

4.1. Çàâèñèìîñòü ìåæäó êðóïíîìàñøòàáíûì ýëåêòðè÷åñêèì

òîêîì è ñðåäíåé òåìïåðàòóðîé â êîðîíå íàä ÀÎ. Ñ ïðèìåíåíèåì

Ðèñ.2. Çàâèñèìîñòü ôóíêöèÿ îòêëèêà (K
i
) - òåìïåðàòóðà (logT) äëÿ àíàëè-

çèðóåìûõ êàíàëîâ ÓÔ-èçëó÷åíèÿ èíñòðóìåíòà AIA/SDO.
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âûøåîïèñàííûõ ìåòîäèê, â îáëàñòÿõ àíàëèçèðóåìîé âûáîðêè áûëè îáíàðóæåíû

êðóïíîìàñøòàáíûå ýëåêòðè÷åñêèå òîêè I
distr

, ðàññ÷èòàíû èõ âåëè÷èíû, à òàêæå

âû÷èñëåíà ñðåäíÿÿ òåìïåðàòóðà â êîðîíå íàä ÀÎ (<logT >). Â êàæäîì ñëó÷àå

áûëè ñîïîñòàâëåíû ìåæäó ñîáîé äèíàìèêà êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî

òîêà è âðåìåííûå âàðèàöèè ñðåäíåé òåìïåðàòóðû â êîðîíå íàä ÀÎ çà âåñü

âðåìåííîé èíòåðâàë ìîíèòîðèíãà îáëàñòè. Èíôîðìàöèÿ îá óñðåäíåííûõ çà

âðåìÿ ìîíèòîðèíãà âåëè÷èíàõ distrI  è  Tlog  ïðåäñòàâëåíà â øåñòîì è

ñåäüìîì ñòîëáöàõ òàáë.1. Èç äàííûõ äâóõ ïîñëåäíèõ ñòîëáöîâ òàáëèöû

ñëåäóåò:

1. Ïîëó÷åííûå çíà÷åíèÿ óñðåäíåííîé çà âðåìÿ ìîíèòîðèíãà ñðåäíåé

òåìïåðàòóðû â êîðîíå íàä ÀÎ ìàëî ðàçëè÷àþòñÿ äëÿ îáëàñòåé àíàëèçèðóåìîé

âûáîðêè è íàõîäÿòñÿ â äèàïàçîíå 256006log ..T   (1.0-1.8 ÌÊ). Åäèíñò-

âåííûì èñêëþ÷åíèåì ÿâëÿåòñÿ îáëàñòü NOAA 11899, äëÿ êîòîðîé 7805log .T 

(0.6 ÌÊ). Áîëåå íèçêîå çíà÷åíèå òåìïåðàòóðû ìîæíî îáúÿñíèòü òåì, ÷òî

îáëàñòü NOAA 11899 íà âðåìÿ ìîíèòîðèíãà íàõîäèëàñü íà ôèíàëüíîé ñòàäèè

ýâîëþöèè. Ýòî, â ñâîþ î÷åðåäü, óêàçûâàåò íà ïîòåíöèàëüíóþ (èëè áëèçêóþ

ê ïîòåíöèàëüíîé) êîíôèãóðàöèþ ìàãíèòíûõ ïîëåé â ÀÎ è, ñëåäîâàòåëüíî, íà

ìèíèìàëüíîå êîëè÷åñòâî ïðîöåññîâ è ÿâëåíèé, îáóñëîâëåííûõ íåïîòåíöèàëü-

íûìè ìàãíèòíûìè ïîëÿìè (ýëåêòðè÷åñêèìè òîêàìè), êîòîðûå ìîãëè èãðàòü

îïðåäåëåííóþ ðîëü â íàãðåâå êîðîíàëüíîãî âåùåñòâà. Äàííîå ïðåäïîëîæåíèå

ïîäòâåðæäàåòñÿ î÷åíü íèçêèì çíà÷åíèåì âåëè÷èíû ðàñïðåäåëåííîãî òîêà â

îáëàñòè NOAA 11899 (ñì. øåñòîé ñòîëáåö òàáë.1).

2. Íåçíà÷èòåëüíûé ðàçáðîñ â çíà÷åíèÿõ ñðåäíåé òåìïåðàòóðû â êîðîíå

íàä ÀÎ ïðè äîñòàòî÷íî áîëüøîì ðàçáðîñå â çíà÷åíèÿõ âåëè÷èíû êðóïíî-

ìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà âîçìîæíî óêàçûâàåò íà òî, ÷òî ýëåêòðè÷åñêèå

òîêè íàãðåâàþò êîðîíàëüíîå âåùåñòâî â ñòàöèîíàðíîì (êâàçèñòàöèîíàðíîì)

ðåæèìå.

Èçó÷åíèå ãðàôèêîâ âðåìåííûõ âàðèàöèé âåëè÷èíû êðóïíîìàñøòàáíîãî

ýëåêòðè÷åñêîãî òîêà è ñðåäíåé òåìïåðàòóðû â êîðîíå íàä ÀÎ (ñì. ðèñ.3,

ïîêàçàíû íàèáîëåå èíòåðåñíûå ñëó÷àè) ïîçâîëÿåò ñäåëàòü ñëåäóþùèå âûâîäû:

1. Âíå âñïûøå÷íûõ ñîáûòèé ñðåäíÿÿ òåìïåðàòóðà â êîðîíå íàä ÀÎ çà

âðåìÿ èõ ìîíèòîðèíãà äëÿ ïîäàâëÿþùåãî áîëüøèíñòâà ñëó÷àåâ ðàâíà

26log .T   (~1.5 ÌÊ). Ó÷èòûâàÿ ñóùåñòâåííî ðàçëè÷íûå âåëè÷èíû è

äèíàìèêó êðóïíîìàñøòàáíîãî òîêà â îáëàñòÿõ ñ ðàçíûì óðîâíåì âñïûøå÷íîé

àêòèâíîñòè è îòñóòñòâèå ñóùåñòâåííûõ èçìåíåíèé â âåëè÷èíå ñðåäíåé

òåìïåðàòóðû, âûñêàçàííîå âûøå ïðåäïîëîæåíèå î êâàçèñòàöèîíàðíîì íàãðåâå

êîðîíàëüíîãî âåùåñòâà çà ñ÷åò îìè÷åñêîé äèññèïàöèè êðóïíîìàñøòàáíûõ

ýëåêòðè÷åñêèõ òîêîâ ïîäòâåðæäàåòñÿ.

2. Âî âðåìÿ ñîëíå÷íûõ âñïûøåê âûñîêèõ ðåíòãåíîâñêèõ êëàññîâ

ôèêñèðóåòñÿ ïîâûøåíèå ñðåäíåé òåìïåðàòóðû â êîðîíå íàä ÀÎ äî çíà÷åíèé
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5636log ..T   (2.0-3.2 ÌÊ). Ïðè ýòîì êîððåëÿöèÿ ìåæäó èçìåíåíèÿìè

âåëè÷èíû ñðåäíåé òåìïåðàòóðû è äèíàìèêîé êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî

Ðèñ.3. Äèíàìèêà êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà I
distr

 (÷åðíàÿ æèðíàÿ êðèâàÿ)
è ñðåäíåé òåìïåðàòóðû â êîðîíå íàä ÀÎ <logT > (ñåðàÿ æèðíàÿ êðèâàÿ) äëÿ òðåõ îáëàñòåé
àíàëèçèðóåìîé âûáîðêè ñ ðàçíûì óðîâíåì âñïûøå÷íîé àêòèâíîñòè. Ïðîäåìîíñòðèðîâàíû

íàèáîëåå èíòåðåñíûå ñëó÷àè (áîëåå äåòàëüíî ñì. òåêñò). Òîíêîé ñåðîé êðèâîé ïîêàçàí ïîòîê
ðåíòãåíîâñêîãî èçëó÷åíèÿ â äèàïàçîíå äëèí âîëí 1-8 Å  íà îðáèòå Çåìëè (ïî äàííûì
êîñìè÷åñêîãî àïïàðàòà GOES-15). Óêàçàíû ðåíòãåíîâñêèå êëàññû íàèáîëåå ìîùíûõ âñïûøåê,

àññîöèèðîâàííûõ ñ àíàëèçèðóåìûìè ÀÎ.
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òîêà îòñóòñòâóåò. Òîêè, îäíàêî, ñïîñîáíû íàãðåâàòü îòäåëüíûå êîðîíàëüíûå

ñòðóêòóðû äî òåìïåðàòóð â 10 ÌÊ è âûøå íà âðåìåííûõ ìàñøòàáàõ,

õàðàêòåðíûõ äëÿ âñïûøå÷íûõ ïðîöåññîâ, ïðè óñëîâèè ôèëàìåíòàöèè òîêîâûõ

êàíàëîâ äî ìàñøòàáîâ ïîðÿäêà 107
 ñì, ÷òî ïîäòâåðæäàåòñÿ ðàñ÷åòàìè,

âûïîëíåííûìè â [30,31,53]. Îäíàêî ìîæíî óòâåðæäàòü, ÷òî äîïîëíèòåëüíûé

íàãðåâ êîðîíû âî âðåìÿ âñïûøåê îáóñëîâëåí íå òîëüêî ýëåêòðè÷åñêèìè

òîêàìè, íî è ðÿäîì èíûõ ïðîöåññîâ íà êîðîíàëüíûõ âûñîòàõ.

3. Íà ãðàôèêå âðåìåííûõ âàðèàöèé êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî

òîêà è ñðåäíåé òåìïåðàòóðû â êîðîíå äëÿ îáëàñòè NOAA 12494 (ðèñ.3, âåðõíèé

ãðàôèê) ìîæíî îòìåòèòü ïàäåíèå ñðåäíåé òåìïåðàòóðû â êîðîíå íàä ÀÎ äî

75log .T   (0.5-0.6 ÌÊ) ïðè îäíîâðåìåííîì ïàäåíèè âåëè÷èíû êðóïíî-

ìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà äî çíà÷åíèé, áëèçêèõ ê íóëþ. Ïîäîáíàÿ

êàðòèíà íàáëþäàåòñÿ òàêæå äëÿ îáëàñòè NOAA 11899 àíàëèçèðóåìîé âûáîðêè:

ñðåäíÿÿ òåìïåðàòóðà íàä ÀÎ, êàê ýòî ñëåäóåò èç äàííûõ òàáë.1, ñîñòàâëÿåò

7805log .T   (0.6 ÌÊ), ïðè ýòîì óñðåäíåííîå çà âðåìÿ ìîíèòîðèíãà çíà÷åíèå

âåëè÷èíû êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà (ñ ó÷åòîì âîçìîæíûõ îøèáîê

âû÷èñëåíèé) ñòðåìèòñÿ ê íóëåâûì çíà÷åíèÿì. Äàííûå íàáëþäåíèÿ óêàçûâàþò

íà âûêëþ÷åíèå ìåõàíèçìà íàãðåâà êîðîíàëüíîãî âåùåñòâà íàä ÀÎ ïîñðåäñòâîì

îìè÷åñêîé äèññèïàöèè êðóïíîìàñøòàáíûõ ýëåêòðè÷åñêèõ òîêîâ.

4.2. Êàðòû ðàñïðåäåëåíèÿ òåìïåðàòóðû â êîðîíå íàä ÀÎ âíå

âñïûøå÷íûõ ñîáûòèé. Âåðîÿòíîå îáíàðóæåíèå êàíàëîâ êðóïíî-

ìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà íà êîðîíàëüíûõ âûñîòàõ. Êðîìå

ðàñ÷åòà ñðåäíåé òåìïåðàòóðû, äëÿ êàæäîé îáëàñòè àíàëèçèðóåìîé âûáîðêè

áûëè ïîñòðîåíû êàðòû ðàñïðåäåëåíèÿ òåìïåðàòóðû â êîðîíå. Ïðèìåð ïîäîáíîé

êàðòû äëÿ ÀÎ NOAA 12371 íà ìîìåíò íà÷àëà åå ìîíèòîðèíãà (00:00 UT 20

èþíÿ 2015ã.) ïðåäñòàâëåí íà íèæíåé ïàíåëè ðèñ.4. Âåðõíÿÿ ïàíåëü ðèñ.4

ÿâëÿåòñÿ ôðàãìåíòîì ïîëíîäèñêîâîé ôîòîãåëèîãðàììû êîðîíû Ñîëíöà,

êîòîðûé ñîäåðæèò äàííûå îá èíòåíñèâíîñòè ÓÔ-èçëó÷åíèÿ íàä àíàëèçèðóåìîé

îáëàñòüþ â êàíàëå 171Å  èíñòðóìåíòà AIA/SDO äëÿ òîãî æå ìîìåíòà âðåìåíè.

Ìîæíî óáåäèòüñÿ, ÷òî ïåòåëüíûå ñòðóêòóðû, âèäèìûå íà ôîòîãåëèîãðàììå,

äîñòàòî÷íî õîðîøî âîññîçäàþòñÿ è íà êàðòå ðàñïðåäåëåíèÿ òåìïåðàòóðû, à

ïîëó÷åííûå çíà÷åíèÿ òåìïåðàòóðû íàõîäÿòñÿ â äîïóñòèìûõ ïðåäåëàõ. Äàííûé

ðåçóëüòàò ïîçâîëÿåò óáåäèòüñÿ, ÷òî ñîçäàííàÿ ïðîãðàììà îöåíêè òåìïåðàòóðû

â êîðîíå íàä ÀÎ ðàáîòàåò êîððåêòíî.

Äëÿ îáëàñòåé NOAA 12192 è 12371, îáëàäàþùèõ íàèáîëåå âûñîêèìè

çíà÷åíèÿìè âåëè÷èíû êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà (ñì. øåñòîé

ñòîëáåö òàáë.1), ïîñòðîåíèå êàðò ðàñïðåäåëåíèÿ òåìïåðàòóðû â êîðîíå ïîçâîëèëî

îáíàðóæèòü âíå âñïûøå÷íûõ ñîáûòèé äëÿ ÀÎ NOAA 12192 ëîêàëèçîâàííóþ

îáëàñòü ñ òåìïåðàòóðîé 10  ÌÊ, à äëÿ îáëàñòè NOAA 12371 - ãîðÿ÷èå
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êîðîíàëüíûå ïåòëè ñ òàêîé æå òåìïåðàòóðîé (ðèñ.5, îòìå÷åíû ñòðåëêàìè).

Åñòü îñíîâàíèÿ ïîëàãàòü, ÷òî ïîäîáíûå âûñîêîòåìïåðàòóðíûå êîðîíàëüíûå

ñòðóêòóðû îáîçíà÷àþò ìåñòîïîëîæåíèå êàíàëà êðóïíîìàñøòàáíîãî ýëåêòðè-

÷åñêîãî òîêà, à âûñîêàÿ òåìïåðàòóðà â íèõ îáóñëîâëåíà îìè÷åñêîé äèññèïàöèåé

ýëåêòðè÷åñêîãî òîêà. Äëÿ îáëàñòè NOAA 12192 ñóùåñòâîâàíèå äîñòàòî÷íî

áîëüøîãî ïî àáñîëþòíîé âåëè÷èíå ýëåêòðè÷åñêîãî òîêà íà êîðîíàëüíûõ âûñîòàõ

ïîäòâåðæäàåòñÿ ðåçóëüòàòàìè ÷èñëåííîãî ìîäåëèðîâàíèÿ, âûïîëíåííîãî â 2016ã.

â ðàáîòå [54]. Ðèñ.2d, å â äàííîé ñòàòüå äåìîíñòðèðóåò ïðèñóòñòâèå ýëåêòðè÷åñêîãî

òîêà â ÀÎ, ðàñïðîñòðàíÿþùåãîñÿ äî âûñîò ïîðÿäêà 30 Ìì è ïðîñòðàíñòâåííî

ñîâïàäàþùåãî ñ ïðåäïîëàãàåìûì ðàíåå íàìè [22] íàïðàâëåíèåì êðóïíî-

Ðèñ.4. Ââåðõó - ôîòîãåëèîãðàììà îáëàñòè NOAA 12371 àíàëèçèðóåìîé âûáîðêè â êàíàëå
171 Å  èíñòðóìåíòà AIA/SDO íà ìîìåíò íà÷àëà åå ìîíèòîðèíãà. Âíèçó - êàðòà ðàñïðåäåëåíèÿ

òåìïåðàòóðû â êîðîíå íàä ÀÎ äëÿ òîãî æå ìîìåíòà âðåìåíè. Âèäíî, ÷òî ïåòåëüíûå êîðîíàëüíûå
ñòðóêòóðû äîñòàòî÷íî õîðîøî âîññîçäàþòñÿ ñîçäàííîé ïðîãðàììîé.

I, DN

0 2000

logT
5.7 7.06.26.0 6.5

AR NOAA 12371
00:00 UT 20 Jun 2015
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ìàñøòàáíîãî òîêà. Ñëåäóåò îáðàòèòü âíèìàíèå íà õàðàêòåðíûé ìàñøòàá òîêîâîãî

êàíàëà: â îáëàñòè NOAA 12192 ïðåäïîëàãàåìûé êàíàë êðóïíîìàñøòàáíîãî

ýëåêòðè÷åñêîãî òîêà èìååò øèðèíó ïîðÿäêà   81043   ñì, à â ÀÎ NOAA 12371

- åùå ìåíüøå. Ñîãëàñíî ðàñ÷åòàì, âûïîëíåííûì â [30,31], âðåìÿ äèññèïàöèè

ýëåêòðè÷åñêîãî òîêà â ïîäîáíûõ óñëîâèÿõ áóäåò ïîðÿäêà 106
 ñ, ÷òî ìîæåò

ðàññìàòðèâàòüñÿ êàê ñòàöèîíàðíîå (êâàçèñòàöèîíàðíîå) ýíåðãîâûäåëåíèå.

5. Âûâîäû è îáñóæäåíèå. Ñîïîñòàâëåíèå äèíàìèêè êðóïíîìàñøòàáíîãî

ýëåêòðè÷åñêîãî òîêà ñ âðåìåííûìè âàðèàöèÿìè ñðåäíåé òåìïåðàòóðû â êîðîíå

äëÿ 9 ÀÎ ñ ðàçíûì óðîâíåì âñïûøå÷íîé ïðîäóêòèâíîñòè, à òàêæå ïîñòðîåíèå

Ðèñ.5. Ââåðõó - êàðòà ðàñïðåäåëåíèÿ òåìïåðàòóðû â êîðîíå íàä ÀÎ NOAA 12192 íà

ìîìåíò íà÷àëà åå ìîíèòîðèíãà. Âèäíà ñòðóêòóðà ñ òåìïåðàòóðîé âûøå 10 ÌÊ (îòìå÷åíà
ñòðåëêîé), êîòîðóþ ìîæíî àññîöèèðîâàòü ñ êàíàëîì êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî
òîêà â êîðîíå. Âíèçó - êàðòà ðàñïðåäåëåíèÿ òåìïåðàòóðû â êîðîíå íàä ÀÎ NOAA 12371

íà ìîìåíò íà÷àëà åå ìîíèòîðèíãà. Ñòðåëêàìè íà ðèñóíêå îòìå÷åíû ãîðÿ÷èå ïåòåëüíûå
ñòðóêòóðû, êîòîðûå, âåðîÿòíî, òàêæå ñâÿçàíû ñ êðóïíîìàñøòàáíûì ýëåêòðè÷åñêèì òîêîì.

logT
5.7 7.06.26.0 6.5

AR NOAA 12192

AR NOAA 12371
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êàðò ðàñïðåäåëåíèÿ òåìïåðàòóðû íàä ÀÎ âíå âñïûøå÷íûõ ñîáûòèé, ïîçâîëÿåò

ñäåëàòü ñëåäóþùèå âûâîäû:

1. Íàãðåâ êîðîíàëüíîãî âåùåñòâà çà ñ÷åò îìè÷åñêîé äèññèïàöèè êðóïíî-

ìàñøòàáíûõ ýëåêòðè÷åñêèõ òîêîâ, âåðîÿòíî, èäåò â ñòàöèîíàðíîì ðåæèìå.

2. Ïîâûøåíèå ñðåäíåé òåìïåðàòóðû â êîðîíå íàä ÀÎ âî âðåìÿ ñîëíå÷íûõ

âñïûøåê äî çíà÷åíèé <logT > = 6.3 - 6.5 (2.0-3.2 ÌÊ) îáóñëîâëåíî íå òîëüêî

äèññèïàöèåé êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà, íî è ðÿäîì èíûõ

ïðîöåññîâ íà êîðîíàëüíûõ âûñîòàõ.

3. Äëÿ ÀÎ NOAA 12494 îáíàðóæåíî ñíèæåíèå çíà÷åíèé ñðåäíåé òåìïå-

ðàòóðû â êîðîíå ñ <logT > = 6.2 (1.5 ÌÊ) äî <logT > = 5.7 (0.5-0.6 ÌÊ) ïðè

îäíîâðåìåííîì ïàäåíèè âåëè÷èíû êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà äî

íóëÿ. Òàêæå äëÿ îáëàñòè NOAA 11899 çàôèêñèðîâàíî íèçêîå çíà÷åíèå óñðåä-

íåííîé çà âðåìÿ ìîíèòîðèíãà ñðåäíåé òåìïåðàòóðû â êîðîíå ( 7805log .T  ).

Äëÿ ýòîé æå îáëàñòè îòìå÷åíî è êðàéíå íèçêîå çíà÷åíèå âåëè÷èíû óñðåäíåííîãî

çà âðåìÿ ìîíèòîðèíãà êðóïíîìàñøòàáíîãî òîêà ( 1210341  .Idistr  À). Äàííûå

íàáëþäåíèÿ óêàçûâàþò íà âûêëþ÷åíèå ìåõàíèçìà íàãðåâà êîðîíû çà ñ÷åò

îìè÷åñêîé äèññèïàöèè ýëåêòðè÷åñêèõ òîêîâ ïðè íóëåâûõ (â ïðåäåëàõ îøèáîê

âû÷èñëåíèé) çíà÷åíèÿõ êðóïíîìàñøòàáíîãî òîêà.

4. Â îáëàñòÿõ NOAA 12192 è 12371 ïðè ïîñòðîåíèè êàðò ðàñïðåäåëåíèÿ

òåìïåðàòóðû â êîðîíå âíå âñïûøå÷íûõ ñîáûòèé îáíàðóæåíû ãîðÿ÷èå ñòðóêòóðû

ñ òåìïåðàòóðîé 10  ÌÊ, êîòîðûå, ïî-âèäèìîìó, îáîçíà÷àþò ñîáîé ìåñòîïî-

ëîæåíèå êàíàëà êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà íà êîðîíàëüíûõ

âûñîòàõ. Äëÿ îáëàñòè NOAA 12192 ýòî ïðåäïîëîæåíèå ïîäòâåðæäàåòñÿ

ðåçóëüòàòàìè âûïîëíåííîãî â 2016ã. ÷èñëåííîãî ìîäåëèðîâàíèÿ.

Àâòîð ïðèçíàòåëåí êîëëåãàì ïî èññëåäîâàòåëüñêîé ãðóïïå, ñîòðóäíèêàì
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LARGE-SCALE ELECTRIC CURRENTS IN
CORONAL HEATING PROCESSES ABOVE

SOLAR ACTIVE REGIONS

Yu.A.FURSYAK

The aim of this paper is to study the role of large-scale electric currents

extending into the upper layers of the solar atmosphere in the processes of solar

corona heating. To detect and calculate the magnitude of the large-scale electric

current, data on the distribution of the magnetic field vector components in the

photosphere provided by the Helioseismic and Magnetic Imager (HMI) instrument

on board the Solar Dynamics Observatory (SDO) were used. To estimate the

temperature in the corona above active regions (ARs), we used photoheliograms

of the solar corona in the ultraviolet radiation channels 131, 171, 193, and 211 Å

provided by the Atmospheric Imaging Assembly (AIA/SDO) instrument. The

dynamics of the large-scale electric current and average temperature in 9 ARs with

different levels of flare productivity has been studied, and maps of the spatial

distribution of temperature in the corona above the ARs have been constructed.

The following results are obtained: 1. The heating of the coronal matter due to

the ohmic dissipation of large-scale electric currents proceeds in a stationary mode.

2. The increase in the average temperature in the corona above the AR during

solar flares to 5636log ..T   (2.0-3.2 MK) is due not only to the heating

of coronal structures by large-scale electric currents, but also to other processes

at coronal heights. 3. For the NOAA 11899 and 12494 ARs, a decrease in the

values of the average temperature in the corona to 75log .T   (0.5-0.6 MK)

was found with a simultaneous decrease of the large-scale electric current to zero

values. These observations indicate that the mechanism of coronal heating due to

ohmic dissipation of electric currents is turned off at zero (within the calculation

errors) values of the large-scale electric current. 4. In the regions NOAA 12192

and 12371, when constructing temperature distribution maps outside flare events,

hot coronal structures with a high ( 10  MK) temperature were found, which

probably mark the location of a large-scale electric current channel at coronal

heights. For the AR NOAA 12192, this assumption is confirmed by the results

of the numerical simulation performed in 2016.

Keywords: Sun: active regions: magnetic field: electric currents: ultraviolet radia-

      tion: coronal heating
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ÝÂÎËÞÖÈß ÑÏÅÊÒÐÀËÜÍÛÕ ËÈÍÈÉ Â
ÍÅÎÄÍÎÐÎÄÍÎÉ ÀÒÌÎÑÔÅÐÅ, ÎÑÂÅÙÀÅÌÎÉ

ÍÅÑÒÀÖÈÎÍÀÐÍÛÌÈ ÈÑÒÎ×ÍÈÊÀÌÈ ÝÍÅÐÃÈÈ

À.Ã.ÍÈÊÎÃÎÑßÍ
Ïîñòóïèëà 26 àïðåëÿ 2023

Ðàññìàòðèâàåòñÿ âëèÿíèå íåîäíîðîäíîñòè ðàññåèâàþùåé è ïîãëîùàþùåé ñðåäû êîíå÷íîé
òîëùèíû íà ýâîëþöèþ ñïåêòðàëüíûõ ëèíèé, âîçíèêàþùèõ ïðè îñâåùåíèè åå íåñòàöèîíàð-
íûìè èñòî÷íèêàìè ýíåðãèè. Îñîáîå âíèìàíèå óäåëÿåòñÿ ðîëè ðàññåÿíèÿ â íåïðåðûâíîì
ñïåêòðå. Ïðèíèìàåòñÿ, ÷òî íåîäíîðîäíîñòü îáóñëîâëåíà èçìåíåíèåì êîýôôèöèåíòà ðàññåÿíèÿ
ñ ãëóáèíîé, êîòîðîå ìîæåò áûòü êàê âîçðàñòàþùèì, òàê è óáûâàþùèì, ïðè ïðèáëèæåíèè
ê îñâåùàåìîé ãðàíèöå. Èçó÷àþòñÿ äâà òèïà íåñòàöèîíàðíîñòè âíåøíåãî èñòî÷íèêà ýíåðãèè,
èìåþùèå ôîðìó )(t  - ôóíêöèè Äèðàêà è H(t) - ôóíêöèè åäèíè÷íîãî ñêà÷êà Õåâèñàéäà.
Èññëåäóåòñÿ âîïðîñ îá èñïîëüçîâàíèè íàáëþäàåìûõ èçìåíåíèé ïðîôèëåé ñïåêòðàëüíûõ
ëèíèé ïî âðåìåíè äëÿ îïðåäåëåíèÿ èõ îïòè÷åñêèõ õàðàêòåðèñòèê, ÷àñòîòíîé çàâèñèìîñòè
âíåøíèõ èñòî÷íèêîâ ýíåðãèè, à òàêæå ôèçè÷åñêèõ ñâîéñòâ ñàìîé îñâåùàåìîé ñðåäû.

Êëþ÷åâûå ñëîâà: íåîäíîðîäíàÿ àòìîñôåðà: ðàñïðåäåëåíèå ïëîòíîñòè âåðîÿò-

     íîñòè: êóìóëÿòèâíàÿ ôóíêöèÿ ðàñïðåäåëåíèÿ: ýâîëþöèÿ

      ïðîôèëåé ñïåêòðàëüíûõ ëèíèé

1. Ââåäåíèå. Â ðàáîòå [1] îïèñàí ìåòîä ðåøåíèÿ çàäà÷ ïåðåíîñà èçëó÷åíèÿ

â ÷àñòîòàõ ñïåêòðàëüíûõ ëèíèé, îáðàçóåìûõ â ñðåäàõ ïîä âîçäåéñòâèåì

èñòî÷íèêîâ ýíåðãèè, çàâèñÿùèõ îò âðåìåíè. Îí îñíîâàí íà ïîñòðîåíèè

ðåøåíèÿ ñîîòâåòñòâóþùåé ñòàöèîíàðíîé çàäà÷è â âèäå ðÿäîâ Íåéìàíà ñ

èñïîëüçîâàíèåì òàê íàçûâàåìîãî ìåòîäà èíâàðèàíòíîãî ïîãðóæåíèÿ [2-4] è

ïîëó÷åííûõ â [5] ðåêóððåíòíûõ ñîîòíîøåíèé. Ïðè ýòîì ïðåäëàãàëñÿ ñïîñîá,

ïîçâîëÿþùèé îïðåäåëèòü ôóíêöèè ðàñïðåäåëåíèÿ âåðîÿòíîñòåé òåõ èëè èíûõ

íàáëþäàåìûõ âåëè÷èí ñ ó÷åòîì îáåèõ ïðè÷èí òðàòû âðåìåíè ôîòîíàìè â

ïðîöåññå äèôôóçèè â ñðåäå. Ñîïîñòàâëåíèå âðåìåííûõ èçìåíåíèé ïðîôèëåé

ñïåêòðàëüíûõ ëèíèé, ïîëó÷àåìûõ â ðåçóëüòàòå òåîðåòè÷åñêîãî ðàññìîòðåíèÿ

òîé èëè èíîé êîíêðåòíîé çàäà÷è ñ íàáëþäàåìûìè èçìåíåíèÿìè, äàåò

ïðåäñòàâëåíèå êàê îá èñòî÷íèêàõ äåéñòâóþùèõ èñòî÷íèêîâ, òàê è î ôèçè÷åñêèõ

ñâîéñòâàõ ñàìîé ñðåäû. Â ñâÿçè ñ ýòèì âîçíèêàåò íåîáõîäèìîñòü â ïðåäâàðè-

òåëüíîì òåîðåòè÷åñêîì èññëåäîâàíèè âëèÿíèÿ ðàçëè÷íûõ ôàêòîðîâ, òàêèõ êàê

ëîêàëüíûå îïòè÷åñêèå ñâîéñòâà ñðåäû, åå òîëùèíà, ëîêàëèçàöèÿ è õàðàêòåð

âíåøíèõ èñòî÷íèêîâ ýíåðãèè, ñïåöèôèêà ïðîöåññà äèôôóçèè ëèíåé÷àòîãî
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èçëó÷åíèÿ, íåîäíîðîäíîñòü ñðåäû  è ò.ä. íà èçìåíåíèÿ âî âðåìåíè ðàçëè÷íûõ

íàáëþäàåìûõ âåëè÷èí. ×àñòü óêàçàííûõ ôàêòîðîâ îáñóæäàëàñü â ïîñëåäíèõ

íàøèõ ðàáîòàõ, èç êîòîðûõ ïîìèìî [1] îòìåòèì ðàáîòó [6], ãäå íà ïðèìåðå

ïîëíîñòüþ íåêîãåðåíòíîãî ðàññåÿíèÿ ðàññìàòðèâàåòñÿ ðîëü çàêîíà ïåðåðàñïðå-

äåëåíèÿ èçëó÷åíèÿ ïî ÷àñòîòàì â ýâîëþöèè ëèíåé÷àòîãî ñïåêòðà â ïðîöåññå

äèôôóçèè â ñðåäå.

Öåëü íàñòîÿùåé ðàáîòû âûÿâèòü âëèÿíèå íåîäíîðîäíîñòè ñðåäû íà

ýâîëþöèþ ñïåêòðàëüíûõ ëèíèé. Î÷åâèäíî, ÷òî â äåéñòâèòåëüíîñòè êàæäîå

èç ëîêàëüíûõ îïòè÷åñêèõ ñâîéñòâ ñðåäû ìîæåò ìåíÿòüñÿ îò òî÷êè ê òî÷êå

â íåé. Îñîáóþ âàæíîñòü ïðè ýòîì ïðåäñòàâëÿåò èçìåíåíèå ñ ãëóáèíîé â

ñðåäå âåðîÿòíîñòè ïåðåèçëó÷åíèÿ êâàíòà ïðè ýëåìåíòàðíîì àêòå ðàññåÿíèÿ  ,

îò êîòîðîé â çíà÷èòåëüíîé ñòåïåíè çàâèñèò ïîâåäåíèå íàáëþäàåìîé ñïåêò-

ðàëüíîé ëèíèè â òå÷åíèå âðåìåíè. Ó÷åò íåîäíîðîäíîñòè ñðåäû òàêîãî òèïà,

íàðÿäó ñ åãî âàæíîñòüþ, ÿâëÿåòñÿ, ïî-âèäèìîìó, è áîëåå ñëîæíûì ñ òî÷êè

çðåíèÿ åãî òåîðåòè÷åñêîé ðåàëèçàöèè. Äëÿ áîëåå ÿñíîãî ïðåäñòàâëåíèÿ

ïîëó÷àåìûõ ðåçóëüòàòîâ õàðàêòåðèñòèêè íåïðåðûâíîãî ñïåêòðà, òàêèå êàê

êîýôôèöèåíòû ïîãëîùåíèÿ è ðàññåÿíèÿ, â ðàáîòå ñ÷èòàþòñÿ íåçàâèñÿùèìè

îò îïòè÷åñêîé ãëóáèíû, íåñìîòðÿ íà òî, ÷òî èõ ó÷åò íå ïðèâîäèò ê êàêèì-

ëèáî ïðèíöèïèàëüíûì òðóäíîñòÿì.

Ñòðóêòóðà ðàáîòû ñëåäóþùàÿ: âòîðîé ðàçäåë ïîñâÿùåí ïîñòàíîâêå ñîîò-

âåòñòâóþùåé ñòàöèîíàðíîé çàäà÷è ñ îïèñàíèåì òèïà ðàññìàòðèâàåìîé íåîäíî-

ðîäíîñòè. Â ñëåäóþùåì ðàçäåëå ñòðîÿòñÿ ðÿäû Íåéìàíà äëÿ íàáëþäàåìûõ

âåëè÷èí, ïîçâîëÿþùèå âûÿâèòü ýâîëþöèþ ñïåêòðàëüíûõ ëèíèé. Ñëåäóþùèå

ðàçäåëû ðàáîòû ïîñâÿùåíû ðåøåíèþ íåñòàöèîíàðíîé çàäà÷è è îáñóæäåíèþ

åå ñëåäñòâèé. Ïîëó÷åííûå ðåçóëüòàòû ïîäûòîæèâàþòñÿ â çàêëþ÷èòåëüíîì

ðàçäåëå.

2. Êîýôôèöèåíò ïåðåèçëó÷åíèÿ êâàíòà ïðè ýëåìåíòàðíîì àêòå

ðàññåÿíèÿ. Èçâåñòíî, ÷òî ïðè îïðåäåëåííûõ ôèçè÷åñêèõ óñëîâèÿõ è ïåðåõîäàõ

ìåæäó ýíåðãåòè÷åñêèìè óðîâíÿìè, ïîìèìî ñïîíòàííûõ ïåðåõîäîâ, ïðèõîäèòñÿ

ïðèíèìàòü âî âíèìàíèå òàêæå ïåðåõîäû, îáóñëîâëåííûå ñòîëêíîâåíèÿìè. Â

îáùåì ñëó÷àå ïîñëåäíèå ìîãóò ïðîèñõîäèòü êàê ñ âåðõíåãî óðîâíÿ íà íèæíèé

óðîâåíü, òàê è â îáðàòíîì íàïðàâëåíèè. Â ðàìêàõ äâóõóðîâåííîé ìîäåëè ìû

îãðàíè÷èìñÿ ðàññìîòðåíèåì îòíîñèòåëüíî áîëåå ïðîñòîãî ñëó÷àÿ, êîãäà ïðåèìó-

ùåñòâåííóþ ðîëü èãðàþò ñòîëêíîâèòåëüíûå ïåðåõîäû òèïà 12  . Òàêîå

èìååò ìåñòî ïðè îòíîñèòåëüíî íèçêèõ òåìïåðàòóðàõ è äîñòàòî÷íî âûñîêèõ

êîíöåíòðàöèÿõ ñâîáîäíûõ ýëåêòðîíîâ. Ïðèìåðîì ìîãóò ñëóæèòü, íàïðèìåð,

ïðîÿâëÿþùèå íåñòàöèîíàðíîñòü ñâåðõãèãàíòû ðàííèõ òèïîâ êàê ñ âîäîðîäíûìè,

òàê è ñ ãåëèåâûìè àòìîñôåðàìè [7,8]. Ïîñêîëüêó äàííûå óñëîâèÿ ìîãóò

ìåíÿòüñÿ, íàïðèìåð, ñ èçìåíåíèåì ñòåïåíè èîíèçàöèè ñ ãëóáèíîé, òî, åñòåñò-
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âåííî, áóäåò ìåíÿòüñÿ è çíà÷åíèå êîýôôèöèåíòà  , äëÿ êîòîðîãî ìîæíî

íàïèñàòü

 
       

, 

1

1

21
21

2121

21











A

nnA

A

ee (1)

ãäå A
21
 - ýéíøòåéíîâñêèé êîýôôèöèåíò ñïîíòàííîãî ïåðåõîäà,   - îïòè÷åñêàÿ

ãëóáèíà â àòìîñôåðå, n
e
 - ýëåêòðîííàÿ ïëîòíîñòü. Äàëåå (ñì., íàïðèìåð, [9])

    , 10638 21
221

6
21   Tg. (2)

ãäå T - òåìïåðàòóðà, g
2
 - ñòàòèñòè÷åñêèé âåñ âåðõíåãî óðîâíÿ è 21  - òàê

íàçûâàåìàÿ, ñèëà ñòîëêíîâåíèé (collision strength), ÿâëÿþùàÿñÿ îáû÷íî

âåëè÷èíîé ïîðÿäêà íåñêîëüêèõ åäèíèö.

Íèæå ìû îãðàíè÷èìñÿ èññëåäîâàíèåì ïðîñòåéøèõ äâóõ ñëó÷àåâ, êîãäà

ôóíêöèîíàëüíàÿ çàâèñèìîñòü âòîðîãî ñëàãàåìîãî â çíàìåíàòåëå (1) çàäàåòñÿ

ýêñïîíåíöèàëüíûì çàêîíîì, íåçàâèñèìî îò òîãî, ðàñòåò èëè óáûâàåò êîýôôè-

öèåíò ðàññåÿíèÿ ñ ãëóáèíîé â àòìîñôåðå. Çàäà÷à ïðè òàêîé ïîñòàíîâêå

çàñëóæèâàåò îñîáîå âíèìàíèå òàêæå â ñâÿçè ñ òåì, ÷òî ñîîòâåòñòâóþùèå èì

çàäà÷è ïåðåíîñà èçëó÷åíèÿ â ñðåäå êîíå÷íîé òîëùèíû óäàåòñÿ ðåøèòü

àíàëèòè÷åñêè â çàìêíóòîì âèäå, ÷òî â çíà÷èòåëüíîé ìåðå ñïîñîáñòâóåò

êîíòðîëþ òî÷íîñòè ïîëó÷àåìûõ ðåçóëüòàòîâ. Èõ ïðîñòåéøèå ñêàëÿðíûå àíàëîãè

áûëè ðàññìîòðåíû íàìè â [10]. Â çàêëþ÷åíèå äàííîãî ðàçäåëà îòìåòèì, ÷òî

äàëüíåéøåå èçëîæåíèå ïðè íåîáõîäèìîñòè ìîæåò áûòü ëåãêî îáîáùåíî, åñëè

ïðèíèìàòü â ðàñ÷åò òàêæå óäàðû ïåðâîãî ðîäà.

3. Ïîñòàíîâêà è ðåøåíèå ñòàöèîíàðíîé çàäà÷è. Ðàññìîòðèì äëÿ

ïðîñòîòû îäíîìåðíóþ ðàññåèâàþùóþ è ïîãëîùàþùóþ àòìîñôåðó îïòè÷åñêîé

òîëùèíû 0 , èçìåðÿåìîé â öåíòðå ñïåêòðàëüíîé ëèíèè, êîòîðàÿ ñî ñòîðîíû

ãðàíèöû 0  îñâåùàåòñÿ èçëó÷åíèåì åäèíè÷íîé èíòåíñèâíîñòè â íåïðå-

ðûâíîì ñïåêòðå. Ïàäàþùèå êâàíòû ïîäâåðãàþòñÿ â ñðåäå ïîãëîùåíèþ è ðàññåÿíèþ

êàê â ÷àñòîòàõ ñïåêòðàëüíîé ëèíèè, òàê è â íåïðåðûâíîì ñïåêòðå. Â îáîèõ

ñëó÷àÿõ ðàññåÿíèå ïðåäïîëàãàåòñÿ ìîíîõðîìàòè÷åñêèì. Òàêîå ïðèáëèæåíèå

ïîçâîëÿåò, îòâëåêàÿñü îò ýôôåêòîâ ïåðåðàñïðåäåëåíèÿ ïî ÷àñòîòàì, îò÷åòëèâî

âûÿâèòü âëèÿíèå íåîäíîðîäíîñòè ñðåäû, à òàêæå ðàññåÿíèÿ â êîíòèíóóìå íà

ðàçëè÷íûå õàðàêòåðèñòèêè íàáëþäàåìûõ ñïåêòðàëüíûõ ëèíèé è èõ ýâîëþöèþ.

Ðèñ.1. Ñõåìàòè÷åñêîå èçîáðàæåíèå ïðîöåññà äèôôóçíîãî îòðàæåíèÿ è ïðîïóñêàíèÿ
ñðåäîé êîíå÷íîé îïòè÷åñêîé òîëùèíû.

) ,g( 0x
I

0

0  ) ,( 0 x
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Ãëîáàëüíûå îïòè÷åñêèå ñâîéñòâà àòìîñôåðû â ðàçëè÷íûõ ÷àñòîòàõ îïèñû-

âàþòñÿ, êàê îáû÷íî, êîýôôèöèåíòàìè îòðàæåíèÿ  0 ,  x  è ïðîïóñêàíèÿ

 0 , xq . Áåçðàçìåðíàÿ ÷àñòîòà x îòñ÷èòûâàåòñÿ îò öåíòðà ñïåêòðàëüíîé ëèíèè

â åäèíèöàõ äîïëåðîâñêèõ ïîëóøèðèí.

Ïðèìåíÿÿ ìåòîä èíâàðèàíòíîãî ïîãðóæåíèÿ, äëÿ îïðåäåëåíèÿ óïîìÿíóòûõ

ôóíêöèé, ïðèõîäèì ê ñëåäóþùåé íåëèíåéíîé ñèñòåìå äèôôåðåíöèàëüíûõ

óðàâíåíèé

           ,  ,1
2

 ,2
2

0
0

0
0
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x
xx
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(3)

            ,  ,1 ,
2

 , 00
0

0
0







xxq
x

xqx
d

dq
(4)

ñ íà÷àëüíûìè óñëîâèÿìè   00 ,  x ,   10 , xq , ãäå   - äåëüòà-ôóíêöèÿ Äèðàêà.

Â óðàâíåíèÿõ ïðèíÿòû îáîçíà÷åíèÿ:  x  - ïðîôèëü êîýôôèöèåíòà ïîãëîùåíèÿ

â ñïåêòðàëüíîé ëèíèè, êîòîðàÿ ïðè íèæå ïðèâîäèìûõ ðàñ÷åòàõ ïðèíèìàåòñÿ

äîïëåðîâñêîé,   è   ïðåäñòàâëÿþò ñîáîé îòíîøåíèÿ êîýôôèöèåíòîâ ñîîò-

âåòñòâåííî ïîãëîùåíèÿ è ðàññåÿíèÿ â íåïðåðûâíîì ñïåêòðå ê êîýôôèöèåíòó

ïîãëîùåíèÿ â öåíòðå ëèíèè è      xx . Ïðè ðàçâèòîì íàìè òåîðåòèêî-

ãðóïïîâîì ïîäõîäå îñíîâíûìè âåëè÷èíàìè, õàðàêòåðèçóþùèìè ãëîáàëüíûå

îïòè÷åñêèå ñâîéñòâà ñðåäû, ÿâëÿþòñÿ ôóíêöèè    00  ,1 ,  xxP  è   0 ,xS

   00  , ,  xqx  (ñì. [10]), äëÿ êîòîðûõ óðàâíåíèÿ (3) è (4) çàïèñûâàþòñÿ

â âèäå

 
        ,  , , , ,

1
0000

0




xSxnxPxm
d

dP

x (5)

 
        ,  , , , ,

1
0000

0




xSxmxPxn
d

dS

x (6)

ãäå    00  ,1 ,  xnxm ,     2 , , 00  x
~

xn  è         xxx
~

 00 , .

Ïîâòîðíîå äèôôåðåíöèðîâàíèå ñèñòåìû óðàâíåíèé (5), (6) ïî 0  ïðèâîäèò

ê ñëåäóþùåé ïàðå äèôôåðåíöèàëüíûõ óðàâíåíèé âòîðîãî ïîðÿäêà:
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Íàñ èíòåðåñóþò êëàññû ðåøåíèé óðàâíåíèé (7) è (8), îòíîñÿùèåñÿ ê

ñëó÷àÿì, êîãäà âûðàæåíèÿ â êâàäðàòíûõ ñêîáêàõ ïðåâðàùàþòñÿ òîæäåñòâåííî

â íóëü ïðè ïðîèçâîëüíûõ çíà÷åíèÿõ ÷àñòîòû è îïòè÷åñêîé òîëùèíû. Ýòî

ïîçâîëÿåò ïîíèæåíèåì ïîðÿäêà óðàâíåíèé ïîëó÷èòü èñêîìûå ðåøåíèÿ â

ÿâíîì âèäå. Äàííûå êëàññû ñîîòâåòñòâóþò âåëè÷èíàì  0 ,  x
~

 âèäà
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Êàê âèäèì, ôóíêöèîíàëüíûé âèä êîýôôèöèåíòà ðàññåÿíèÿ ñîîòâåòñòâóåò

ñôîðìóëèðîâàíîé çäåñü ôèçè÷åñêîé çàäà÷å. Ïîëó÷àåìûå â ðåçóëüòàòå óðàâíåíèÿ

ëåãêî ðåøàþòñÿ àíàëèòè÷åñêè, àíàëîãè÷íî òîìó, êàê ýòî ïîêàçàíî â [10] ïðè

ñêàëÿðíîé ïîñòàíîâêå çàäà÷è. Â äàííîé ðàáîòå èçó÷àåìûå îïòè÷åñêèå õàðàêòå-

ðèñòèêè àòìîñôåðû èùóòñÿ â âèäå ðÿäîâ Íåéìàíà, ïîýòîìó àíàëèòè÷åñêèå

ðåçóëüòàòû ìîãóò ÿâëÿòüñÿ ëèøü êîíòðîëåì òî÷íîñòè ïðè ÷èñëåííûõ ðàñ÷åòàõ

Ðèñ.3. Òî æå, ÷òî íà ðèñ.1, äëÿ ñðåäû âòîðîãî òèïà òîé æå îïòè÷åñêîé òîëùèíû è äëÿ

òåõ æå  ÷àñòîò.

Ðèñ.2. Ôóíêöèÿ )0 ,(x
~
 , îïðåäåëÿþùàÿ õàðàêòåð äèôôóçèè ëèíåé÷àòîãî èçëó÷åíèÿ â ñðåäå

ïåðâîãî òèïà ñ îïòè÷åñêîé òîëùèíîé 3
0
  ïðè çàäàííûõ çíà÷åíèÿõ ïàðàìåòðîâ, îïèñûâàþùèõ

åå ëîêàëüíûå îïòè÷åñêèå ñâîéñòâà. ×èñëà ïðè êðèâûõ îáîçíà÷àþò áåçðàçìåðíûå ÷àñòîòû.
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è ïîòîìó íà íèõ çäåñü ìû íå îñòàíîâèìñÿ. Çàäàâàÿ çíà÷åíèå êîýôôèöèåíòà

ðàññåÿíèÿ íà ãðàíèöå ñðåäû 0 , ìîæíî âûáðàòü ôóíêöèþ  0 ,  x
~

 òîãî

èëè èíîãî âèäà, èñõîäÿ èç ñîîáðàæåíèé íàãëÿäíîãî ïðåäñòàâëåíèÿ âëèÿíèÿ

íåîäíîðîäíîñòåé ñðåäû íà ýâîëþöèþ ñïåêòðàëüíûõ ëèíèé. Áóäóò ðàññìîòðåíû

äâå çàäà÷è, ðàçëè÷àþùèåñÿ äðóã îò äðóãà ôóíêöèîíàëüíîé çàâèñèìîñòüþ óêàçàííîé

âåëè÷èíû îò îïòè÷åñêîé ãëóáèíû. Â îäíîì ñëó÷àå  0 ,  x
~

 âîçðàñòàåò ñ

óâåëè÷åíèåì îïòè÷åñêîé òîëùèíû (ðèñ.2), ãäå ïðèíÿòî   500 . , â äðóãîì -

óáûâàåò (ðèñ.3) è   900 . .

Ïðèâåäåííûå íà ðèñóíêàõ êðèâûå ïîêàçûâàþò, ÷òî èçìåíåíèÿ    ,x
~

 ñ

ãëóáèíîé, êàê è ñëåäîâàëî îæèäàòü, â îñíîâíîì ïðîèñõîäÿò â öåíòðàëüíûõ

÷àñòîòàõ ñïåêòðàëüíîé ëèíèè, òàì ãäå ðîëü ìíîãîêðàòíîãî ðàññåÿíèÿ âåëèêà.

Ñðàâíåíèå êðèâûõ íà ðÿäîì íàõîäÿùèõñÿ ïàíåëÿõ ïîêàçûâàåò ñóùåñòâåííóþ

ðîëü ðàññåÿíèÿ â íåïðåðûâíîì ñïåêòðå â êðûëüÿõ ëèíèè, ãäå îïòè÷åñêàÿ

òîëùèíà â ëèíèè ìàëà è ðàññåÿíèåì â ëèíèè ìîæíî ïðåíåáðå÷ü. Ñëåäóåò

çàìåòèòü, ÷òî ïðèâåäåííûå çíà÷åíèÿ îïòè÷åñêèõ ïàðàìåòðîâ, õàðàêòåðèçóþùèõ

ðàññåèâàþùóþ è ïîãëîùàþùóþ ñðåäó, âûáðàíû íàìè èç ñîîáðàæåíèé äàëüíåé-

øåãî èñïîëüçîâàíèÿ ïîëó÷àåìûõ ðåçóëüòàòîâ â êîíêðåòíûõ àñòðîôèçè÷åñêèõ

çàäà÷àõ. Òàê, íàïðèìåð, âûáðàííîå çíà÷åíèå îïòè÷åñêîé òîëùèíû ñîîòâåòñòâóåò

ïðèìåðíî òîé âåëè÷èíå, âûøå êîòîðîé ïîëó÷àåìûå ðåçóëüòàòû âûõîäÿò íà

àñèìïòîòè÷åñêîå ïëàòî. Ïðè áîëåå íèçêèõ çíà÷åíèÿõ ðîëü ìíîãîêðàòíîãî

ðàññåÿíèÿ áûëà áû åñòåñòâåííî ïðèóìåíüøåíà. Òàêæå äëÿ íàãëÿäíîãî ïðåä-

ñòàâëåíèÿ ðîëè ðàññåÿíèÿ â êîíòèíóóìå âûáðàíî íåñêîëüêî áîëüøåå, ÷åì

âñòðå÷àåòñÿ îáû÷íî íà ïðàêòèêå, çíà÷åíèå ïàðàìåòðà  .

4. Ðÿäû Íåéìàíà. Ïîäõîä ê ðåøåíèþ çàâèñÿùèõ îò âðåìåíè çàäà÷

òåîðèè ïåðåíîñà èçëó÷åíèÿ, îñíîâàííûé íà ïîñòðîåíèè ðÿäîâ Íåéìàíà,

ðàçðàáàòûâàëñÿ â ðàáîòàõ [11-14]. Â ïðîñòåéøèõ ìîäåëüíûõ çàäà÷àõ óêàçàííûå

ðÿäû ïðåäñòàâëÿþò ñîáîé ðàçëîæåíèÿ èñêîìûõ ðåøåíèé ïî ñòåïåíÿì âåðîÿò-

íîñòè ïåðåèçëó÷åíèÿ êâàíòîâ ïðè ýëåìåíòàðíîì àêòå ðàññåÿíèÿ. Ôèçè÷åñêèé

ñìûñë êàæäîãî ñëàãàåìîãî ðÿäîâ, î÷åâèäíî, òàêîé æå, êàê ó èñêîìîé âåëè÷èíû,

îäíàêî îòíîñèòñÿ ê îïðåäåëåííîìó êîëè÷åñòâó àêòîâ ðàññåÿíèÿ. Â ðàññìàò-

ðèâàåìîé íàìè çàäà÷å îáðàçîâàíèÿ ñïåêòðàëüíûõ ëèíèé â íåîäíîðîäíîé

ñðåäå óêàçàííûå ðÿäû íå ÿâëÿþòñÿ ñòåïåííûìè:

        ,  , ,,  , ,
0

00
1

00 









n

n
n

n xqxqxx (11)

îäíàêî ìåòîä èõ ïîñòðîåíèÿ òàêîé æå, êàê è â ðàññìîòðåííûõ íàìè â [1,5,6]

çàäà÷àõ. Ñóòü ñïîñîáà çàêëþ÷àåòñÿ â ïîñòðîåíèè ñîîòâåòñòâóþùèõ ðåêóððåíòíûõ

ñîîòíîøåíèé ñ èñïîëüçîâàíèåì ìåòîäà èíâàðèàíòíîãî ïîãðóæåíèÿ, ïðè êîòîðîì

ïðåäâàðèòåëüíî âû÷èñëÿþòñÿ ïåðâûå ÷ëåíû ðÿäîâ, íå ñâÿçàííûå ñ äâóêðàòíûì

îòðàæåíèåì. Ìû èìååì
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Ïðèâåäåííûå ôîðìóëû èìåþò ïðîçðà÷íûé ôèçè÷åñêèé ñìûñë è ìîãóò áûòü

íàïèñàíû íåïîñðåäñòâåííî. Îñòàëüíûå ÷ëåíû ðÿäîâ, n  è nq , âûðàæàþòñÿ

÷åðåç âñïîìîãàòåëüíûå ôóíêöèè n  è n  ñîãëàñíî ôîðìóëàì
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Ïîñëåäíèå, â ñâîþ î÷åðåäü, âûðàæàþòñÿ ÷åðåç ïðåäûäóùèå, óæå íàéäåííûå,

÷ëåíû ñîîòâåòñòâóþùèõ ðÿäîâ
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Êàê ìû âèäèì êàæäûé øàã èòåðàöèîííîãî ïðîöåññà ñîïðîâîæäàåòñÿ

âû÷èñëåíèåì èíòåãðàëîâ (16) è (17). Ñõîäèìîñòü ðÿäîâ Íåéìàíà ïðè çàäàííîé

÷àñòîòå, ðàçóìååòñÿ çàâèñèò îò îïòè÷åñêîé òîëùèíû ñðåäû è çíà÷åíèÿ êîýôôè-

öèåíòà ðàññåÿíèÿ. Î÷åâèäíî òàêæå, ÷òî íàèáîëåå áûñòðàÿ ñõîäèìîñòü ïðîèñ-

õîäèò â êðûëüÿõ ëèíèè, ãäå ñðåäà îòíîñèòåëüíî ïðîçðà÷íà è êîëè÷åñòâî ðàññåÿíèé,

ïðåòåðïåâàåìûõ êâàíòàìè, ìàëî. Â ðàññìàòðèâàåìîé íàìè çàäà÷å òîëùèíà ñðåäû

îòíîñèòåëüíî íåâåëèêà, ïîýòîìó äàæå â öåíòðàëüíûõ ÷àñòîòàõ ÷èñëî èòåðàöèé,

â çàâèñèìîñòè îò òðåáóåìîé òî÷íîñòè, îêàçûâàåòñÿ ïîðÿäêà 6-8.

5. Âðåìåííûå èçìåíåíèÿ ãëîáàëüíûõ îïòè÷åñêèõ õàðàêòåðèñòèê

ñðåäû. Íàëè÷èå ðÿäîâ Íåéìàíà ïîçâîëÿåò ïîñòðîèòü ðåøåíèÿ çàäà÷ îá

îáðàçîâàíèè ñïåêòðàëüíûõ ëèíèé â ñðåäàõ, îñâåùàåìûõ íåñòàöèîíàðíûìè

èñòî÷íèêàìè ýíåðãèè. Êàê è â ðàáîòàõ [1,6], ìû îãðàíè÷èìñÿ ðàññìîòðåíèåì
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âíåøíèõ èñòî÷íèêîâ ýíåðãèè äâóõ òèïîâ, à èìåííî, èñòî÷íèêîâ ôîðìû

 t -îáðàçíîãî ïóëüñà è ôîðìû, çàäàþùåéñÿ ôîðìóëîé Õåâèñàéäà H(t) äëÿ

åäèíè÷íîãî ñêà÷êà. Çíàÿ ðåøåíèÿ çàäà÷ óêàçàííûõ äâóõ òèïîâ, ââèäó èõ

ëèíåéíîñòè íåñëîæíî ïîñòðîèòü ðåøåíèÿ è äëÿ èñòî÷íèêîâ ñ áîëåå ñëîæíûìè

ðàñïðåäåëåíèÿìè âî âðåìåíè.

Êàê èçâåñòíî (ñì., íàïðèìåð, [15]), âðåìÿ, çàòðà÷èâàåìîå êâàíòàìè â ïðîöåññå

äèôôóçèè â ñðåäå ñîñòîèò èç äâóõ ñîñòàâëÿþùèõ: t
1
 - âðåìåíè, òåðÿåìîãî íà

ïðåáûâàíèå àòîìà â âîçáóæäåííîì ñîñòîÿíèè, è t
2
 - âðåìåíè, íåîáõîäèìîãî íà

ïðîõîæäåíèå ïóòè ìåæäó äâóìÿ ïîñëåäîâàòåëüíûìè àêòàìè ðàññåÿíèÿ. Ïðè

ðåøåíèè çàâèñÿùèõ îò âðåìåíè çàäà÷ ïåðåíîñà èçëó÷åíèÿ â ëèíèè ÷àùå âñåãî

îãðàíè÷èâàëèñü ó÷åòîì ëèáî ïåðâîé èç óêàçàííûõ ïðè÷èí, ëèáî - âòîðîé. Áîëåå

ïðîñòîé ïåðâûé ñëó÷àé ñâîäèòñÿ, ïî ñóòè, ê îïðåäåëåíèþ ñðåäíåãî ÷èñëà ðàññåÿ-

íèé. Îòíîñèòåëüíî ñëîæíûì ÿâëÿåòñÿ âòîðîé ñëó÷àé, êîòîðûé ðàññìàòðèâàëñÿ

ðàçëè÷íûìè àâòîðàìè ðàçíûìè ìåòîäàìè [15-18], â ÷àñòíîñòè, ñ èñïîëüçîâàíèåì

ïðåîáðàçîâàíèÿ Ëàïëàñà. Îäíàêî äàæå çäåñü ðåçóëüòèðóþùèå óðàâíåíèÿ, íåñìîòðÿ

íà èõ âíåøíåå ñõîäñòâî ñ àíàëîãè÷íûìè  óðàâíåíèÿìè â ñòàöèîíàðíûõ çàäà÷àõ,

ñòàëêèâàþòñÿ ñ çíà÷èòåëüíûìè òðóäíîñòÿìè ïðè èõ ÷èñëåííîì ðåøåíèè.

Èìåÿ â ðàñïîðÿæåíèè ðåøåíèå ñòàöèîíàðíîé çàäà÷è â âèäå ðÿäîâ Íåéìàíà,

íåñëîæíî ïîñòðîèòü, êàê áûëî ïîêàçàíî â [1,5,6], ñîîòâåòñòâóþùèå ðåøåíèÿ

ðàññìàòðèâàåìûõ íàìè íåñòàöèîíàðíûõ çàäà÷:
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Ðèñ.4. Ðàñïðåäåëåíèÿ ïëîòíîñòè âåðîÿòíîñòåé (ÐÏÂ) îòðàæåíèÿ (ñëåâà) è ïðîõîæäåíèÿ

(ñïðàâà) äëÿ ðàçíûõ ÷àñòîò è îòìå÷åííûõ çíà÷åíèé èñõîäíûõ ïàðàìåòðîâ.
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òàê íàçûâàåìûå ðàñïðåäåëåíèÿ Ýðëàíãà-n. Áåçðàçìåðíàÿ âðåìåííàÿ ïåðåìåííàÿ

ttz   èçìåðÿåòñÿ â åäèíèöàõ  2121 ttttt  . Ôèçè÷åñêèé ñìûñë ñëàãàåìûõ

â ðÿäàõ (20) î÷åâèäåí: îíè îïèñûâàþò ïëîòíîñòü âåðîÿòíîñòè âûõîäà êâàíòà

÷åðåç îäíó èç ãðàíèö â ðåçóëüòàòå îïðåäåëåííîãî êîëè÷åñòâà  n  ðàññåÿíèé.

Òèïè÷íûå ïðèìåðû ôóíêöèé ïëîòíîñòè âåðîÿòíîñòåé (ÐÏÂ - PDF, probabil-

ity density function) ïðèâåäåíû íà ðèñ.4, 5.

Ðàñïðåäåëåíèÿ ïëîòíîñòè âåðîÿòíîñòåé ñîäåðæàò áîãàòóþ èíôîðìàöèþ î

ôèçè÷åñêèõ ñâîéñòâàõ ñðåäû è îïòè÷åñêèõ õàðàêòåðèñòèêàõ ñàìèõ ýâîëþöèîíè-

ðóþùèõ ñïåêòðàëüíûõ ëèíèé, íåçàâèñèìî îò òîãî, â ðåçóëüòàòå îòðàæåíèÿ èëè

ïðîõîæäåíèÿ îíè íàáëþäàþòñÿ. Êðèâûå ïîñòðîåíû â ïðåäïîëîæåíèè, ÷òî

ñðåäà îñâåùàåòñÿ èçëó÷åíèåì åäèíè÷íîé èíòåíñèâíîñòè â íåïðåðûâíîì ñïåêòðå.

Âàæíåéøèìè ïàðàìåòðàìè óêàçàííûõ ðàñïðåäåëåíèé ÿâëÿþòñÿ ëîêàëèçàöèÿ

ìàêñèìóìà è åãî âåëè÷èíà, äëèòåëüíîñòü ïðîöåññà ýâîëþöèè, òåìïû ïîäúåìà

è ñïóñêà êðèâûõ, äîëè ýíåðãèè, èçëó÷àåìûå äî è ïîñëå ìàêñèìóìà è ò.ä.

Ìàêñèìàëüíîå çíà÷åíèå êðèâûõ äîñòèãàåòñÿ ïðè 1z , ÷òî îáóñëîâëåíî

ñâîéñòâîì ôóíêöèé  zFn . Ñîïîñòàâëåíèå äàííîãî çíà÷åíèÿ ñ ðåàëüíûì

âðåìåíåì, ïðè êîòîðîì äîñòèãàåòñÿ ìàêñèìóì â òîé èëè èíîé ñïåêòðàëüíîé

ëèíèè, ïîçâîëÿåò îïðåäåëèòü t , ÷òî, â ñâîþ î÷åðåäü, ïðåäîñòàâëÿåò ïðèíöè-

ïèàëüíóþ âîçìîæíîñòü ñîñòàâèòü ïðåäñòàâëåíèå î ïëîòíîñòè è, â îáùåì

ñëó÷àå, òàêæå î ñòåïåíè èîíèçàöèè àòîìîâ (èîíîâ) äàííîãî ýëåìåíòà. Ýòî

ïîçâîëÿåò îïðåäåëèòü îïòè÷åñêóþ òîëùèíó ñðåäû â äàííîé ëèíèè, ÷òî, â

ñâîþ î÷åðåäü, äàåò âîçìîæíîñòü ñðàâíåíèåì íàáëþäàåìîãî ïðîôèëÿ ñ òåîðåòè-

÷åñêèì îöåíèòü çíà÷åíèå âåëè÷èíû êîýôôèöèåíòà ðàññåÿíèÿ. ×òî æå êàñàåòñÿ

âåëè÷èíû ìàêñèìàëüíîãî çíà÷åíèÿ, òî îíà â îáùåì ñëó÷àå çàâèñèò îò öåëîãî

ðÿäà ïàðàìåòðîâ, èç êîòîðûõ íàèáîëüøåå âëèÿíèå îêàçûâàþò êîýôôèöèåíòû

ðàññåÿíèÿ â ñïåêòðàëüíîé ëèíèè è â íåïðåðûâíîì ñïåêòðå. Âëèÿíèå ïîñëåäíåãî

Ðèñ.5. Òî æå, ÷òî íà ðèñ.4, ñ ó÷åòîì ðîëè ðàññåÿíèÿ â êîíòèíóóìå.
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ëåãêî îáíàðóæèòü, ñðàâíèâàÿ ïðàâûå ïàíåëè ðèñ.4 è 5. Ñ äðóãîé ñòîðîíû,

ñðàâíåíèå ëåâûõ ïàíåëåé óêàçûâàåò íà äîïîëíèòåëüíóþ íåïðåðûâíóþ ýìèññèþ,

îáóñëîâëåííóþ ðàññåÿíèåì â êîíòèíóóìå. Ñëåäóåò òàêæå îòìåòèòü, ÷òî âåëè÷èíû

íàáëþäàåìûõ çíà÷åíèé ìàêñèìóìîâ ó ðàçëè÷íûõ ëèíèé, ââèäó ëèíåéíîñòè

çàäà÷è, ïîçâîëÿþò îïðåäåëèòü îòëè÷èå èíòåíñèâíîñòè ïàäàþùåãî íà ñðåäó

èçëó÷åíèÿ îò åäèíèöû, ïðèíÿòîãî â íàøåé çàäà÷å. Äðóãèìè ñëîâàìè, îáëàäàÿ

ðåçóëüòàòàìè íàáëþäåíèé äëÿ ðàçëè÷íûõ ñïåêòðàëüíûõ ëèíèé, ìîæíî ñîñòàâèòü

ïðåäñòàâëåíèå î ÷àñòîòíîé çàâèñèìîñòè ýíåðãèè, ïàäàþùåé íà ñðåäó.

Àíàëîãè÷íûå êðèâûå ìîæíî ïîñòðîèòü è äëÿ âòîðîãî èç ðàñïðåäåëåíèé

(9) âåëè÷èíû  0 ,  x
~

 ïî ãëóáèíå, ïðè êîòîðîé êàðòèíà, êàê ìû óáåäèìñÿ

íèæå, áîëåå ñëîæíàÿ äëÿ ïîäîáíîãî àíàëèçà. Â çàêëþ÷åíèå ðàçäåëà îòìåòèì

ðàçëè÷èå â äëèòåëüíîñòè ïðîöåññà äëÿ ëèíèé, âîçíèêàþùèõ ïðè îòðàæåíèè

îò ñðåäû è ïðè ïðîõîæäåíèè ÷åðåç íåå. Åñòåñòâåííî, îíà êîðî÷å äëÿ âòîðûõ

èç óêàçàííûõ ëèíèé, ââèäó âîçìîæíîñòè êâàíòîâ ïîêèäàòü ñðåäó áåç ðàññåÿíèÿ.

6. Ýâîëþöèÿ ïðîôèëåé ñïåêòðàëüíûõ ëèíèé. Íàãëÿäíîå ïðåäñòàâ-

ëåíèå îá ýâîëþöèè ñïåêòðàëüíûõ ëèíèé â íåîäíîðîäíîé ñðåäå ìîæíî ïîëó÷èòü

èç èçìåíåíèé èõ ïðîôèëåé â ïåðèîäû äî è ïîñëå ìàêñèìóìà. Ïðè ýòîì

ìîãóò áûòü èñïîëüçîâàíû òàêèå ñêàëÿðíûå ïàðàìåòðû, êàê ýêâèâàëåíòíàÿ

øèðèíà è ïîëóøèðèíà ëèíèé, èíòåíñèâíîñòü â öåíòðå ëèíèè.

Ðèñ.6, 7 ïîêàçûâàþò ïðîöåññ ïîÿâëåíèÿ è óñèëåíèÿ ñïåêòðàëüíûõ ëèíèé

äî äîñòèæåíèÿ ñâîèõ ìàêñèìàëüíûõ çíà÷åíèé. Ëåãêî îáíàðóæèòü ðàçëè÷èÿ

â ñêîðîñòè ïðîöåññà â ðàçíûõ ïðîìåæóòêàõ âðåìåíè, ïðîòåêàþùèõ ñ øàãîì

10.z  . Êàê è ñëåäîâàëî îæèäàòü, äîïîëíèòåëüíàÿ íåïðåðûâíàÿ ýìèññèÿ,

ïîÿâëÿþùàÿñÿ ïðè ðàññåÿíèè â íåïðåðûâíîì ñïåêòðå, ïðèâîäèò ê îñëàáëåíèþ

Ðèñ.6. Ýâîëþöèÿ ïðîôèëÿ ñïåêòðàëüíîé ëèíèè, îáðàçóåìîé a) ïðè îòðàæåíèè îò ñðåäû

è b) ïðè ïðîïóñêàíèè, äî äîñòèæåíèÿ ÐÏÂ ñâîåãî ìàêñèìàëüíîãî çíà÷åíèÿ. Äëÿ íàãëÿäíîñòè
ãðàôèêè ñíàáæåíû ñòðåëêàìè, óêàçûâàþùèìè íà íàïðàâëåííîñòü ôîðìèðîâàíèÿ ëèíèé ïî
âðåìåíè.
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èíòåíñèâíîñòè ñïåêòðàëüíîé ëèíèè, îáðàçóþùåéñÿ ïðè îòðàæåíèè. Íàïîìíèì,

÷òî äî ñèõ ïîð ðàññìàòðèâàåòñÿ ëèøü ïåðâûé èç íàìå÷àåìûõ äëÿ èçó÷åíèÿ

ñëó÷àåâ íåîäíîðîäíîñòè, êîãäà ïðîöåññ äèôôóçèè èçëó÷åíèÿ â ëèíèè âîçðàñòàåò

ñ ïðèáëèæåíèåì ê îñâåùàåìîé ñíàðóæè ãðàíèöå ñðåäû.

Ïðè íåîäíîðîäíîñòè òèïà èçîáðàæåííîé íà ðèñ.3 äèôôóçèÿ èçëó÷åíèÿ

â ÷àñòîòàõ ëèíèè áîëåå èíòåíñèâíà â áîëåå ãëóáîêèõ îòíîñèòåëüíî íàáëþäàòåëÿ

ñëîÿõ àòìîñôåðû, ÷òî ïðèâîäèò ê ïîÿâëåíèþ ïðè îòðàæåíèè ëèíèé îñîáîé

äâóãîðáîé ôîðìû (ðèñ.8, 9).

Òàêæå, êàê è ïðè ðàñïðåäåëåíèè ïåðâîãî òèïà, ðàññåÿíèå â êîíòèíóóìå

âûðàæàåòñÿ â ïîÿâëåíèè äîïîëíèòåëüíîãî íåïðåðûâíîãî ñïåêòðà ñ íàëîæåííûì

íà íåãî ëèíèè ñ äâóõâåðøèííûì ïðîôèëåì ðèñ.9. Ïðåäñòàâëÿåò èíòåðåñ òîò

ôàêò, ÷òî ïðè áîëüøèõ çíà÷åíèÿõ êîýôôèöèåíòà ðàññåÿíèÿ â êîíòèíóóìå â

Ðèñ.7. Òî æå, ÷òî íà ðèñ.6 ñ ó÷åòîì ðàññåÿíèÿ â íåïðåðûâíîì ñïåêòðå.
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0
 x

~
 âòîðîãî òèïà â (9)

áåç ó÷åòà ðàññåÿíèÿ â íåïðåðûâíîì ñïåêòðå.
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öåíòðàëüíîé ÷àñòîòå ìîæåò íàáëþäàòüñÿ óçêàÿ ëèíèÿ ïîãëîùåíèÿ. Ïî âåëè÷èíå

öåíòðàëüíîãî ïðîâàëà â ìàêñèìóìå ìîæíî ñóäèòü î ïåðåïàäå ðîëè ðàññåÿíèÿ

ïðè ïåðåõîäå ñ ãëóáîêèõ ñëîåâ ê îñâåùàåìîé ãðàíèöå.

Ïîñëå äîñòèæåíèÿ ìàêñèìóìà ñïåêòðàëüíàÿ ëèíèÿ íà÷èíàåò îñëàáåâàòü,

ïðîõîäÿ ïðèìåðíî òå æå ýòàïû, ÷òî ïðè ïîäúåìå, íî ãîðàçäî ìåäëåííåå.

Òèïè÷íûé ïðèìåð îñëàáëåíèÿ ëèíèè ïîñëå ìàêñèìóìà ïðèâåäåí íà ðèñ.10,

äëÿ ïîñòðîåíèÿ êîòîðîãî ïðèíÿòî 1 z , ÷òî íà ïîðÿäîê ïðåâîñõîäèò çíà÷åíèå

àíàëîãè÷íîé âåëè÷èíû, ïðèíÿòîé ïðè îïèñàíèè óñèëåíèÿ ëèíèè â ïðåä-

ìàêñèìóìíûé ïåðèîä. Ïðåäñòàâëÿåò èíòåðåñ òîò ôàêò, ÷òî ëèíèÿ, îáðàçóåìàÿ

ïîñëå ïðîõîæäåíèÿ èçëó÷åíèÿ ÷åðåç ñðåäó, ìîæåò íàáëþäàòüñÿ â âèäå ñëàáîé

äâóãîðáîé ýìèññèîííîé ëèíèè. Ýòî ïðîèñõîäèò íà ïîñëåäíåì ýòàïå ïåðåä

èñ÷åçíîâåíèåì, êîãäà ñíàðóæè ïàäàþùåå èçëó÷åíèå ïðàêòè÷åñêè îòñóòñòâóåò

Ðèñ.9. Òî æå, ÷òî íà ðèñ.8, ñ ó÷åòîì ðàññåÿíèÿ â íåïðåðûâíîì ñïåêòðå.
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Ðèñ.10. Ýâîëþöèÿ ïðîôèëåé ñïåêòðàëüíûõ ëèíèé, îáðàçóåìûõ íà ãðàíèöàõ ñðåäû ïîñëå

ìàêñèìóìà ÐÏÂ ïðè îòìå÷åííûõ çíà÷åíèÿõ âàæíåéøèõ ïàðàìåòðîâ. Îñëàáëåíèå ïðîèñõîäèò
ïðèìåðíî íà ïîðÿäîê ìåäëåííåå, íåæåëè ïðè óñèëåíèè ëèíèé â ïåðèîä äî ìàêñèìóìà.
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è ñðåäà èçëó÷àåò ëèøü áëàãîäàðÿ íåáîëüøîìó îñòàòî÷íîìó êîëè÷åñòâó êâàíòîâ,

ïðîäîëæàþùèõ äèôôóíäèðîâàòü â ñðåäå. Ïðèìåðíî ïîõîæèì ïðîôèëåì

îáëàäàåò è íåñêîëüêî áîëåå ñèëüíàÿ ëèíèÿ, îáðàçóåìàÿ íà ïðîòèâîïîëîæíîé

ãðàíèöå è, ïî ñóòè, â ýòîò ïåðèîä ðàçëè÷èå ìåæäó ãðàíèöàìè ôàêòè÷åñêè

èñ÷åçàåò. Óêàçàííûé ýôôåêò ïðîÿâëÿåòñÿ òåì ëó÷øå, ÷åì âûøå çíà÷åíèå

ïàðàìåòðà   â ñðåäå (ñì. òàêæå [6]).

7. Ýâîëþöèÿ ñïåêòðàëüíûõ ëèíèé ïðè îñâåùåíèè ñðåäû èñòî÷-

íèêàìè ôîðìû åäèíè÷íîãî ñêà÷êà. Â íàñòîÿùåì ðàçäåëå ðàññìîòðèì

ïðîöåññ âîçíèêíîâåíèÿ è óñòàíîâëåíèÿ ñòàöèîíàðíîãî ðåæèìà äëÿ ñïåêòðàëüíîé

ëèíèè ïðè äëèòåëüíîì âîçäåéñòâèè ïîñòîÿííîãî èñòî÷íèêà îñâåùåíèÿ

åäèíè÷íîé èíòåíñèâíîñòè (ôîðìû H(t) - ôóíêöèè Õåâèñàéäà). Ïðîöåññ

îïèñûâàåòñÿ, òàê íàçûâàåìîé, êóìóëÿòèâíîé ôóíêöèåé ðàñïðåäåëåíèÿ (ÊÔÐ),

îïèñûâàþùåé ýâîëþöèþ ïðîôèëåé ëèíèé äî íåêîòîðîãî îïðåäåëåííîãî

ìîìåíòà âðåìåíè 0z . Íà ðèñ.11, 12 ïðèâîäÿòñÿ ãðàôèêè óêàçàííîé ôóíêöèè

äëÿ ñïåêòðàëüíûõ ëèíèé, îáðàçîâàííûõ íà îáåèõ ãðàíèöàõ ñðåäû äëÿ

ðàññìîòðåííûõ â ðàáîòå äâóõ ðàñïðåäåëåíèé êîýôôèöèåíòà ðàññåÿíèÿ ïî

ãëóáèíå. Óæå ïîâåðõíîñòíîå èõ ðàññìîòðåíèå ïîçâîëÿåò ñäåëàòü ðÿä âàæíûõ

çàêëþ÷åíèé. Ïðåæäå âñåãî, â ñîãëàñèè ñ çàìå÷àíèÿìè, ñäåëàííûìè â ïðåäû-

äóùèõ ðàçäåëàõ, ëèíèè, âîçíèêàþùèå ïðè îòðàæåíèè îò ñðåäû, óñòàíàâ-

ëèâàþòñÿ ïîçæå, íåæåëè òå, êîòîðûå âîçíèêàþò ïîñëå ïðîõîæäåíèÿ ïàäàþùåãî

èçëó÷åíèÿ íà ñðåäó.

Äàëåå, íåòðóäíî çàìåòèòü, ÷òî ðàçëè÷íûå ÷àñòè ïðîôèëåé ëèíèé òàêæå

óñòàíàâëèâàþòñÿ ñ ðàçëè÷íîé ñêîðîñòüþ. Äåéñòâèòåëüíî, êðûëüÿ ëèíèé â

ñïåêòðàõ óñòàíàâëèâàþòñÿ, â ñðåäíåì, ðàíüøå èõ ÿäåð. Â îáùåé ñëîæíîñòè,

ëèíèè, êàê òå, òàê è äðóãèå, óñòàíàâëèâàþòñÿ ïðèìåðíî â òå÷åíèå ïðîìåæóòêà

Ðèñ.11. Ýâîëþöèÿ ñïåêòðàëüíîé ëèíèè, îáðàçóåìîé ïðè îòðàæåíèè (ñëåâà) è ïðîõîæ-

äåíèÿ (ñïðàâà) â ðàçíûõ åå ÷àñòîòàõ çà âðåìÿ 
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âðåìåíè 105 0  z . Î÷åâèäíî òàêæå, ÷òî äëÿ çàäàííîé ñðåäû ïðîôèëè

ëèíèé, îáðàçóþùèåñÿ ïðåèìóùåñòâåííî â ðåçóëüòàòå ðàññåÿíèÿ,  óñòàíàâëè-

âàþòñÿ ïîçæå äðóãèõ. Ââèäó ëèíåéíîñòè çàäà÷è, ïðîôèëè ëèíèé, ïîëó÷åííûå

â ðåçóëüòàòå íàñûùåíèÿ, äîëæíû ñ òî÷íîñòüþ äî ïîñòîÿííîãî ìíîæèòåëÿ

ñîâïàäàòü ñ ðåøåíèÿìè ñîîòâåòñòâóþùèõ ñòàöèîíàðíûõ çàäà÷ ïåðåíîñà

èçëó÷åíèÿ. Çíà÷åíèå æå ñàìîãî ìíîæèòåëÿ îïðåäåëÿåò èíòåíñèâíîñòü èçëó÷åíèÿ,

ïàäàþùåãî íà ñðåäó â äåéñòâèòåëüíîñòè. Ýòî ïîçâîëÿåò ïî íàáëþäàåìûì

èçìåíåíèÿì ñïåêòðàëüíûõ ëèíèé ñîñòàâèòü ïðåäñòàâëåíèå î ÷àñòîòíîì

ðàñïðåäåëåíèè ïàäàþùåé èçâíå ýíåðãèè.

8. Çàêëþ÷åíèå. Â ðàáîòå èçó÷àåòñÿ åùå îäèí âàæíûé àñïåêò â íà÷àòîì

â [1,5,8] èññëåäîâàíèè âðåìåííûõ èçìåíåíèé ñïåêòðîâ, îáóñëîâëåííûõ

íåñòàöèîíàðíîñòüþ ëó÷èñòîé ýíåðãèè, èçëó÷àåìîé âíåøíèìè èñòî÷íèêàìè.

Ðàññìîòðåíî âëèÿíèå íåîäíîðîäíîñòè ñðåäû íà âðåìåííûå èçìåíåíèÿ ñïåêò-

ðàëüíûõ ëèíèé, îáðàçóåìûõ ïðè âûõîäå èç ïîãëîùàþùåé è ðàññåèâàþùåé

ñðåäû êîíå÷íîé îïòè÷åñêîé òîëùèíû. Ïðè ýòîì îñîáîå âíèìàíèå óäåëÿëîñü

ðàññåÿíèþ â íåïðåðûâíîì ñïåêòðå, èãðàþùåãî îñîáî âàæíóþ ðîëü â öåëîì

ðÿäå íåñòàöèîíàðíûõ àñòðîôèçè÷åñêèõ ÿâëåíèé. Ïîêàçàíî, ÷òî ïðè îïðå-

äåëåííûõ çàêîíàõ èçìåíåíèÿ êîýôôèöèåíòà ðàññåÿíèÿ ñ ãëóáèíîé â ñðåäå

ïðè îòðàæåíèè îò íåå îáðàçóþòñÿ ýìèññèîííûå ëèíèè ñ ñïåöèôè÷åñêèì

äâóãîðáûì ïðîôèëåì. Ïîÿâëåíèå äîïîëíèòåëüíîé íåïðåðûâíîé ýìèññèè ïðè

îòðàæåíèè îò ñðåäû ñîïðîâîæäàåòñÿ îñëàáëåíèåì ýìèññèîííûõ ëèíèé, à

òàêæå àáñîðáöèîííûõ ëèíèé, îáðàçóþùèõñÿ ïðè ïðîõîæäåíèÿ èçëó÷åíèÿ

÷åðåç ñðåäó. Â îáùåé ñëîæíîñòè, äèíàìè÷åñêèå õàðàêòåðèñòèêè ýâîëþöèè

ñïåêòðîâ, íàáëþäàåìûõ íà ãðàíèöàõ ñðåäû, ñîäåðæàò äîñòàòî÷íî áîãàòóþ

èíôîðìàöèþ êàê î ôèçè÷åñêèõ ñâîéñòâàõ è ãåîìåòðè÷åñêèõ ïàðàìåòðàõ ñðåäû,

òàê è îá îïòè÷åñêèõ ïàðàìåòðàõ èçó÷àåìûõ ñïåêòðàëüíûõ ëèíèé è êîíòèíóóìà.

Ðèñ.12. Òî æå, ÷òî íà ðèñ.11 äëÿ 0.9)0(  .
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Êàëèáðîâêà ïðîôèëåé ëèíèé àáñîðáöèîííîãî ñïåêòðà â äàëåêèõ êðûëüÿõ

ïîçâîëÿåò îïðåäåëèòü ñïåêòðàëüíóþ çàâèñèìîñòü ïàäàþùåãî íà ñðåäó íåïðå-

ðûâíîãî èçëó÷åíèÿ. Â ñâîþ î÷åðåäü, äëèòåëüíîñòü ïðîöåññà ýâîëþöèè ñïåêòðîâ

ïðè ðàññìîòðåííûõ ýíåðãåòè÷åñêèõ èñòî÷íèêàõ ôîðìû  t  - ôóíêöèè Äèðàêà

è H(t) - ôóíêöèè åäèíè÷íîãî ñêà÷êà Õåâèñàéäà ïîçâîëÿþò ñóäèòü îá óðîâíå

äèôôóçèè èçëó÷åíèÿ â ñðåäå è âîçìîæíîì åãî ïåðåðàñïðåäåëåíèè ïî ÷àñòîòàì.

Âûáðàííûå â ðàáîòå äëÿ èëëþñòðàöèè çàêîíû, îïðåäåëÿþùèå íåîäíîðîäíîñòü

ðàññåèâàþùåé è ïîãëîùàþùåé ñïîñîáíîñòè îïòè÷åñêè àêòèâíîé ñðåäû, ñîîò-

âåòñòâóþò íåêîòîðûì ÷àñòíûì ôèçè÷åñêèì óñëîâèÿì, îñóùåñòâëÿþùèìñÿ

ïðè îïðåäåëåííûõ óñëîâèÿõ â ðàçëè÷íûõ àñòðîôèçè÷åñêèõ îáúåêòàõ. Â òî æå

âðåìÿ ìåòîä, ïðèìåíÿåìûé â ðàáîòå è îñíîâàííûå íà íåì ðàññóæäåíèÿ, ëåãêî

ìîãóò áûòü îáîáùåíû ïðè îáðàùåíèè ê îòíîñèòåëüíî áîëåå îáùèì è

ðåàëèñòè÷íûì ìîäåëüíûì çàäà÷àì.

Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.À.Àìáàðöóìÿíà,

Àðìåíèÿ, e-mail: nikoghoss@bao.sci.am

SPECTRAL LINES EVOLUTION IN AN
INHOMOGENEOUS ATMOSPHERE ILLUMINATED

BY NON-STATIONARY ENERGY SOURCES

A.G.NIKOGHOSSIAN

The effect of inhomogeneity of a scattering and absorbing medium of finite

thickness on the evolution of spectral lines arising when it is illuminated by non-

stationary energy sources is considered. Special attention is paid to the role of

scattering in a continuous spectrum. It is assumed that the inhomogeneity is due

to changes in the scattering coefficient with depth, which may be either increasing

or decreasing as one approaches the illuminated boundary. The non-stationarity

of the extrinsic energy source of two types is studied: the Dirac  t  - function

form and the Heaviside H(t) - unit jump function. The question of using the

observed changes of line profiles in time to determine both their various optical

characteristics and the physical properties of the radiating medium itself is

investigated.

Keywords: inhomogeneous atmosphere: probability density distribution: cumulative

     distribution function: evolution of spectral lines profiles
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ÀÍÀËÈÒÈ×ÅÑÊÈÅ ÏÐÈÁËÈÆÅÍÈß ÔÓÍÊÖÈÉ
ÝÌÄÅÍÀ È ÏÐÎÔÈËÅÉ ÏËÎÒÍÎÑÒÈ Â

ÇÀÌÊÍÓÒÎÌ ÂÈÄÅ

Ã.A.ÑÀÈßÍ
Ïîñòóïèëà 19 äåêàáðÿ 2022

Ïðèíÿòà ê ïå÷àòè 22 ìàÿ 2023

Ïðåäñòàâëåíû àíàëèòè÷åñêèå ïðèáëèæåíèÿ òî÷íûõ ðåøåíèé íåëèíåéíîãî èíòåãðàëüíîãî
óðàâíåíèÿ òèïà Âîëüòåððû âòîðîãî ðîäà äëÿ êëàññè÷åñêèõ ãàçîâûõ ïîëèòðîï â çàìêíóòîé ôîðìå.
Ýòî óðàâíåíèå ðàññìàòðèâàåòñÿ â êà÷åñòâå èíòåãðàëüíîãî ýêâèâàëåíòà äèôôåðåíöèàëüíîãî óðàâíåíèÿ
Ëåéíà-Ýìäåíà ñ ãðàíè÷íûìè óñëîâèÿìè, îïèñûâàþùåãî èçâåñòíûå ïîëèòðîïíûå ìîäåëè â
ðàìêàõ çàäà÷è Êîøè. Ñ ïîìîùüþ ëèíåéíîãî ïðèáëèæåíèÿ ýòîãî èíòåãðàëüíîãî óðàâíåíèÿ è
îáùèõ ýâðèñòè÷åñêèõ ñîîáðàæåíèé ôèçè÷åñêîãî õàðàêòåðà, à òàêæå ñ ïîìîùüþ ãðàôè÷åñêîãî
ìîäåëèðîâàíèÿ è âàðüèðîâàíèÿ ïàðàìåòðîâ àïïðîêñèìèðóþùèõ ôóíêöèé, ïîëó÷åíû ïðèáëèæåííûå
âûðàæåíèÿ ôóíêöèé Ýìäåíà è áåçðàçìåðíîé ïëîòíîñòè â çàìêíóòîì âèäå ñî ñðåäíåêâàäðàòè÷íîé
òî÷íîñòüþ îò ~10

-4
 äî íåñêîëüêèõ ïðîöåíòîâ äëÿ ñåðèè çíà÷åíèé ïîêàçàòåëÿ ïîëèòðîïû n,

ïðåäñòàâëÿþùèõ ïðàêòè÷åñêèé èíòåðåñ (   6, 4, 3, ,50.n ). Ïîëó÷åííîå íàìè ðàíåå ïðèáëèæåíèå
ïðîñòðàíñòâåííîé ïëîòíîñòè èçîòåðìè÷åñêîé ìîäåëè ñðàâíèâàåòñÿ ñ ïñåâäîèçîòåðìè÷åñêèì çàêîíîì,
îïèñûâàþùèì ðàñïðåäåëåíèå ïëîòíîñòè òåìíîé ìàòåðèè âîêðóã ñïèðàëüíûõ ãàëàêòèê è
èñïîëüçóåìûì ðàçíûìè àâòîðàìè äëÿ èññëåäîâàíèÿ èõ êðèâûõ âðàùåíèÿ.

Êëþ÷åâûå ñëîâà: ïîëèòðîïû: óðàâíåíèå Ëåéíà-Ýìäåíà: íåëèíåéíîå èíòåãðàëüíîå

      óðàâíåíèå òèïà Âîëüòåððû âòîðîãî ðîäà: ôóíêöèÿ Ýìäåíà

1. Ââåäåíèå. Êàê èçâåñòíî, äëÿ ïîëèòðîï ñ ïîêàçàòåëÿìè 5 1, ,0n  íå

ñóùåñòâóåò òî÷íûõ ðåøåíèé óðàâíåíèÿ Ëåéíà-Ýìäåíà (äàëåå - ËÝ-óðàâíåíèå)

â çàìêíóòîì âèäå [1-3]. Îäíàêî ýòî íå èñêëþ÷àåò âîçìîæíîñòè ïîèñêà

ïðèáëèæåííûõ ðåøåíèé òàêîãî òèïà. Ââèäó ñëîæíîñòè ïðîáëåìû, àíàëèòè-

÷åñêèå èëè ïîëóàíàëèòè÷åñêèå ïîäõîäû ìîãóò çäåñü ñî÷åòàòüñÿ ñ èíòóèòèâíûìè

ïðåäïîëîæåíèÿìè î âîçìîæíîì ôóíêöèîíàëüíîì âèäå ïðèáëèæåííûõ ðåøåíèé.

Ñóùåñòâóåò ìíîæåñòâî ìåòîäîâ ïîëó÷åíèÿ àíàëèòè÷åñêèõ ïðèáëèæåíèé

ôóíêöèé Ýìäåíà: ðàçëîæåíèÿ â ñòåïåííûå ðÿäû [1-6], ìåòîä âñïîìîãàòåëüíûõ

ôóíêöèé [7], Ïàäå-àïïðîêñèìàöèè [8], ïîëèíîìû Àäîìÿíà [9-11], îðòîãî-

íàëüíûå ïîëèíîìû [12,13] è ïîëèíîìû Áåðíñòåéíà [14] è ò.ä. Â íàñòîÿùåé

ðàáîòå ìû íå ñòðåìèëèñü ê ïðîäîëæåíèþ ýòîé òðàäèöèè, à òàêæå íå ïûòàëèñü

íàéòè êàêèå-òî íîâûå èòåðàöèîííûå ïðîöåäóðû âçàìåí èçâåñòíûõ [15] äëÿ

ïîëó÷åíèÿ ìàêñèìàëüíî âûñîêîé òî÷íîñòè ïðèáëèæåíèÿ. Êàê ïðàâèëî, îíè
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ïðèâîäÿò ê óñëîæíåíèþ àïïðîêñèìèðóþùèõ ôóíêöèé è íåèçâåñòíî, â êàêîé

ñòåïåíè ìîãóò ïðåäñòàâëÿòü èíòåðåñ ñ ôèçè÷åñêîé òî÷êè çðåíèÿ, õîòÿ ñ èõ

ïîìîùüþ äîñòèãàåòñÿ âûñîêàÿ ñòåïåíü ïðèáëèæåíèÿ. Íàñ èíòåðåñîâàëè

ïðèáëèæåíèÿ ôóíêöèé Ýìäåíà â âèäå ïðîñòûõ (ýëåìåíòàðíûõ) ôóíêöèé èëè

èõ êîìáèíàöèé (ïóñòü äàæå ñ íåçíà÷èòåëüíûì óùåðáîì äëÿ òî÷íîñòè ïðèáëè-

æåíèÿ), èìåþùèõ, ïî âîçìîæíîñòè, êîìïàêòíûé âèä,  êàê, íàïðèìåð, â [16],

êîòîðûå, êàê ìû íàäååìñÿ, ìîãëè áû óïðîñòèòü ðàñ÷åòû ôèçè÷åñêèõ õàðàêòå-

ðèñòèê ïîëèòðîï  â àíàëèòè÷åñêîì ïëàíå èëè â ïëàíå óäîáñòâà èõ ïðèìåíåíèÿ

â ïðîöåññå ÷èñëåííîãî èíòåãðèðîâàíèÿ. Â äàëüíåéøåì, â êà÷åñòâå îöåíêè

áëèçîñòè òî÷íîé è àïïðîêñèìèðóþùåé ôóíêöèé, áóäåò èñïîëüçîâàòüñÿ

ñðåäíåêâàäðàòè÷íîå ïðèáëèæåíèå  , îïðåäåëÿåìîå ïî ôîðìóëå

 
, 
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N

fy
(1)

ãäå y
i
 - òî÷íîå çíà÷åíèå ôóíêöèè Ýìäåíà (èëè ïðîñòðàíñòâåííîé ïëîòíîñòè)

â i-é òî÷êå, ïîëó÷åííîå ÷èñëåííûì èíòåãðèðîâàíèåì, f
i
 - çíà÷åíèå àïïðîêñè-

ìèðóþùåé åå ôóíêöèè â òîé æå òî÷êå, N - ÷èñëî òî÷åê, âûáðàííûõ äëÿ

âû÷èñëåíèÿ. Âî âñåõ ãðàôèêàõ, ïðèâîäèìûõ íèæå, èñïîëüçóþòñÿ çíà÷åíèÿ

y
i
, ïîëó÷åííûå â [17]. Âàæíî çàìåòèòü, ÷òî íåêîòîðûå ïîëèòðîïíûå ìîäåëè

äîïóñêàþò íå îäíî áëèçêîå ïî òî÷íîñòè ïðèáëèæåíèå ê ôóíêöèè Ýìäåíà è

ïðîñòðàíñòâåííîé ïëîòíîñòè â çàìêíóòîé ôîðìå.

Â ðàçäåëå 1 íàøåé ðàáîòû [18]1 áûëî ïðåäñòàâëåíî íåëèíåéíîå èíòåãðàëüíîå

óðàâíåíèå òèïà Âîëüòåððû âòîðîãî ðîäà â êà÷åñòâå ýêâèâàëåíòà äèôôåðåí-

öèàëüíîãî ËÝ-óðàâíåíèÿ ñ ãðàíè÷íûìè óñëîâèÿìè â ðàìêàõ ðåøåíèÿ çàäà÷è

Êîøè. Çäåñü ìû ïîëüçóåìñÿ òåðìèíîì "íåëèíåéíîå èíòåãðàëüíîå óðàâíåíèå"

è â äàëüíåéøåì áóäåì ãîâîðèòü î ðåøåíèÿõ ïðèìåíèòåëüíî ê íåìó. Äàëåå,

íåîáõîäèìî èìåòü â âèäó, ÷òî ïðåäëàãàåìûå â ðàáîòå àïïðîêñèìàöèè ôóíêöèé

Ýìäåíà è ïðîñòðàíñòâåííîé ïëîòíîñòè ïîëèòðîï â çàìêíóòîé ôîðìå íå

îáÿçàòåëüíî âûòåêàþò íåïîñðåäñòâåííî èç ýòîãî óðàâíåíèÿ èëè åãî ëèíåéíîãî

ïðèáëèæåíèÿ, íî íåêîòîðûå ìîãóò áûòü îáîñíîâàíû ñ åãî ïîìîùüþ ëèáî

àíàëèòè÷åñêè, ëèáî ÷èñëåííî. Íà ãðàôèêàõ ôóíêöèé, ïðåäñòàâëåííûõ â

òåêñòå, ïðîôèëè ïëîòíîñòè è ôóíêöèè Ýìäåíà ïðèâîäÿòñÿ ïðàêòè÷åñêè â òîì

æå ïîðÿäêå, ÷òî è â òåêñòå. Òî÷êè íà ãðàôèêàõ, ñîîòâåòñòâóþùèõ òî÷íûì

ðåøåíèÿì ËÝ-óðàâíåíèÿ, ïîëó÷åííûì â [17], èñïîëüçóþòñÿ çäåñü â êà÷åñòâå

ñòàíäàðòà ñðàâíåíèÿ äëÿ îöåíêè òî÷íîñòè íàøèõ ïðèáëèæåíèé.

2. Ïðèáëèæåííûå àíàëèòè÷åñêèå ðåøåíèÿ. Óïîìÿíóòîå âûøå

íåëèíåéíîå èíòåãðàëüíîå óðàâíåíèå â ðàìêàõ êëàññè÷åñêîé òåîðèè ñôåðè÷åñêèõ

ãàçîâûõ ïîëèòðîï èìååò âèä:

Â ðàáîòå [18] â ôîðìóëå (33) âìåñòî ñòåïåíè "  " äîëæíî áûòü "  "
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      . 11
0



 dxxxxn (2)

Îíî cïðàâåäëèâî äëÿ ïîêàçàòåëåé ïîëèòðîïû n  ïðè ãðàíè÷íûõ óñëîâèÿõ

    . 00, 10  (3)

Â ñëó÷àå èçîòåðìè÷åñêîé ñôåðû àíàëîãîì óðàâíåíèÿ (1) ÿâëÿåòñÿ óðàâíåíèå

    


 
0

1 dxxe x
(4)

ñ ãðàíè÷íûìè óñëîâèÿìè

    . 00, 00  (5)

Â ïðèâåäåííûõ âûøå óðàâíåíèÿõ    è    ÿâëÿþòñÿ ôóíêöèÿìè Ýìäåíà

äëÿ êàæäîãî ñëó÷àÿ ñîîòâåòñòâåííî, ò.å., áåçðàçìåðíûìè ãðàâèòàöèîííûìè

ïîòåíöèàëàìè óêàçàííûõ ïîëèòðîï.

Ïîìèìî óñëîâèé, íàëîæåííûõ íà ôóíêöèþ Ýìäåíà â ðàìêàõ çàäà÷è Êîøè,

ìîæíî òàêæå íàëîæèòü è äîïîëíèòåëüíûå åñòåñòâåííûå òðåáîâàíèÿ, êîòîðûì

äîëæíû óäîâëåòâîðÿòü ýòè ôóíêöèè, âûòåêàþùèå èç ôèçè÷åñêèõ ñîîáðàæåíèé

- ýòî ÷åòíîñòü îòíîñèòåëüíî ïåðåìåííîé  , ñóùåñòâîâàíèå ó íåå òî÷êè

ïåðåãèáà ïðè 1n , êîíå÷íîñòü ìàññû ïîëèòðîïû, çàâèñÿùàÿ îò n.

Â êà÷åñòâå ïåðâîãî øàãà ïðåîáðàçóåì èñõîäíîå íåëèíåéíîå èíòåãðàëüíîå

óðàâíåíèå (2) â ìíîãîìåðíîå èíòåãðàëüíîå óðàâíåíèå ñ ó÷àñòèåì èíòåãðàëîâ

ïîâûøàþùåéñÿ êðàòíîñòè, êàê ýòî ïîêàçàíî â [18]. Åñëè ââåñòè îáîçíà÷åíèå

    n , òî óðàâíåíèå (2), ïîñëå âîçâåäåíèÿ åãî îáåèõ ÷àñòåé â n-þ

ñòåïåíü, ìîæíî çàïèñàòü â âèäå:

          









 
























0 00

... 11111
x

xd
x

x
xxdx

x
xxnndx

x
xxn (6)

Çäåñü ïåðâîå ïðèáëèæåíèå äàåò ëèíåéíîå èíòåãðàëüíîå óðàâíåíèå òèïà

Âîëüòåððû âòîðîãî ðîäà, çàâèñÿùåå îò ïîêàçàòåëÿ ïîëèòðîïû êàê îò ïàðàìåòðà.

Åãî ðåøåíèåì ÿâëÿåòñÿ ñôåðè÷åñêàÿ ôóíêöèÿ Áåññåëÿ íóëåâîãî ïîðÿäêà

 nj0 . Îäíàêî ãðàôè÷åñêîå ñðàâíåíèå ïðèáëèæåíèÿ ê òî÷íîé ôóíêöèè

Ýìäåíà, ïîëó÷åííîé ìåòîäîì ÷èñëåííîãî èíòåãðèðîâàíèÿ [17], ïîêàçûâàåò,

÷òî â êà÷åñòâå íà÷àëüíîãî ïðèáëèæåíèÿ ê íåé óäîáíåå áðàòü ôóíêöèþ

 nj 0 , ãäå n > 1, à   - íåêîòîðîå ïîëîæèòåëüíîå ÷èñëî ïîðÿäêà åäèíèöû

[19]. Ñîïîñòàâëåíèå ãðàôèêà òî÷íîé ôóíêöèè Ýìäåíà ñî ñôåðè÷åñêîé

ôóíêöèåé Áåññåëÿ ïîêàçûâàåò, ÷òî äëÿ ïîëó÷åíèÿ áîëåå óäà÷íîãî àíàëèòè-

÷åñêîãî ïðèáëèæåíèÿ â çàìêíóòîé ôîðìå, íåîáõîäèìî óìíîæèòü ýòó ôóíêöèþ

Áåññåëÿ íà íåêîòîðûé êîððåêòèðóþùèé ôàêòîð ìåíüøå åäèíèöû, êîòîðûé,

èñõîäÿ èç íåîáõîäèìîñòè ñîõðàíåíèÿ ÷åòíîñòè ôóíêöèè Ýìäåíà, òàêæå äîëæåí
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áûòü ÷åòíîé ôóíêöèåé, âîçìîæíî, çàâèñÿùåé îò ñâîáîäíîãî ïàðàìåòðà (èëè

ïàðàìåòðîâ). Âûáîð ýòîãî ôàêòîðà çàâèñèò, âîîáùå ãîâîðÿ, îò ïîêàçàòåëÿ

ïîëèòðîïû.

2.1. Ñëó÷àé n = 0.5. Ýòîò ïîêàçàòåëü áëèçîê ê îáëàñòè çíà÷åíèé

(0.5 < n < 1.0), êîòîðûå, êàê ñ÷èòàåòñÿ [20], ïðèáëèæåííî ñîîòâåòñòâóþò

óðàâíåíèþ ñîñòîÿíèÿ óëüòðàðåëÿòèâèñòñêîãî âûðîæäåííîãî íåéòðîííîãî ãàçà

â íåéòðîííûõ çâåçäàõ, õîòÿ òî÷íîå óðàâíåíèå ñîñòîÿíèÿ âåùåñòâà ïðè ñòîëü

âûñîêèõ ïëîòíîñòÿõ, ïîðÿäêà ÿäåðíîé è âûøå, íåèçâåñòíî (ñì., íàïðèìåð,

[21]) èç-çà íåóâåðåííîñòè â îïèñàíèè âçàèìîäåéñòâèÿ ìåæäó íåéòðîíàìè

(êðîìå òîãî, â óëüòðàðåëÿòèâèñòñêîì ñëó÷àå, âìåñòî áàðèîííîé ïëîòíîñòè,

êàê â îáû÷íîé òåîðèè ïîëèòðîï, â óðàâíåíèÿõ ñîñòîÿíèÿ ïðèñóòñòâóåò

ïëîòíîñòü ýíåðãèè). Óðàâíåíèå (2) ïðè n = 0.5 ïðèìåò âèä:

    . 11
0

21













 dx
x

xx (7)

Ââîäÿ, êàê áûëî óêàçàíî âûøå, ïîäñòàíîâêó    xx 21 , ìîæíî ïðèâåñòè

óðàâíåíèå ê âèäó

   
21

0

11





















 



dx
x

xx (8)

èëè

    . 11
0

2













 dx
x

xxx (9)

Ïðè òàêîì ïðåîáðàçîâàíèè íåëèíåéíîñòü èç ïîäûíòåãðàëüíîé ÷àñòè âûíîñèòñÿ

â ëåâóþ ÷àñòü óðàâíåíèÿ. Îäíàêî îíî íå ïîääàåòñÿ ðåøåíèþ â çàìêíóòîì

âèäå. Äëÿ íàõîæäåíèÿ åãî ïðèáëèæåííîãî ðåøåíèÿ, ñ ó÷åòîì òîãî, ÷òî

ôóíêöèÿ Ýìäåíà íå ïðåâûøàåò åäèíèöó, ôîðìàëüíî ðàçëîæèì ïðàâóþ ÷àñòü

óðàâíåíèÿ (8) â ðÿä Òåéëîðà ïî ñòåïåíÿì èíòåãðàëà êàê ïåðåìåííîé, ÷òî

àíàëîãè÷íî ðàçëîæåíèþ áèíîìà Íüþòîíà ñ ïîëóöåëîé ñòåïåíüþ (ñì. òàêæå

óðàâíåíèå (6) è  óðàâíåíèÿ (53)-(55) â ðàçäåëå 1 [18]):
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... 11
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1
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xd
x
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xxdx

x
xxdx

x
xx (10)

Îãðàíè÷èâøèñü ïåðâûìè äâóìÿ ÷ëåíàìè ðàçëîæåíèÿ â (10), ïîëó÷èì ëèíåéíîå

èíòåãðàëüíîå óðàâíåíèå Âîëüòåððû, ðåøåíèåì êîòîðîãî ÿâëÿåòñÿ ôóíêöèÿ

   20  j  èëè, ââèäó ïðèáëèæåííîñòè,     20 2 j . Íàïîìíèì,

÷òî    ïðåäñòàâëÿåò ñîáîé áåçðàçìåðíóþ ïëîòíîñòü ðàñïðåäåëåíèÿ (ïðîôèëü

ïëîòíîñòè). Îíà î÷åíü õîðîøî îïèñûâàåòñÿ ïðèâåäåííîé ñôåðè÷åñêîé

ôóíêöèåé Áåññåëÿ âïëîòü äî ðàññòîÿíèé 2  ïðè ðàäèóñå ïîëèòðîïû
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7526980521 . . Ãðàôè÷åñêîå ìîäåëèðîâàíèå ïîêàçûâàåò, ÷òî âêëàä îòáðî-

øåííûõ ÷ëåíîâ ðàçëîæåíèÿ (9) ìîæåò áûòü ó÷òåí ïðîñòûì âîçâåäåíèåì

ôóíêöèè Áåññåëÿ â íåêîòîðóþ ñòåïåíü, çàâèñÿùóþ îò ÷åòíîé ñòåïåíè  , à

èìåííî, â ñòåïåíü 3191 6 .  Êàê ñòåïåíü, òàê è çíàìåíàòåëü ðàññìàòðèâàëèñü

â êà÷åñòâå ïàðàìåòðîâ, êîòîðûå âàðüèðîâàëèñü âïëîòü äî äîñòèæåíèÿ ìèíè-

ìàëüíîãî çíà÷åíèÿ  :

     .2
3191

0

6
 j (11)

Îíî î÷åíü õîðîøî îïèñûâàåò ïðîôèëü ïëîòíîñòè ïîëèòðîïû ( 3108.9382  )

âïëîòü äî çíà÷åíèÿ 62. , ò.å., ïðàêòè÷åñêè, âî âñåé îáëàñòè åå îïðåäåëåíèÿ,

çà èñêëþ÷åíèåì êîíöåâîé ÷àñòè. Äëÿ ôóíêöèè Ýìäåíà, ïîñëå âîçâåäåíèÿ

(11) â êâàäðàò, ïðèáëèæåíèå èìååò âèä:

      
.2

31912

0

6
 j (12)

Òî÷íîñòü ýòîé àïïðîêñèìàöèè âïëîòü äî çíà÷åíèÿ 62.  ñîñòàâëÿåò
2102781  . , ÷òî ÷óòü õóæå, ÷åì äëÿ ïëîòíîñòè. Òàêèå ðàñõîæäåíèÿ åñòåñò-

âåííû äëÿ ïðåäñòàâëåííûõ ôóíêöèé, ïîñêîëüêó îíè íå ÿâëÿþòñÿ òî÷íûìè

ðåøåíèÿìè èíòåðåñóþùèõ íàñ óðàâíåíèé. Âîçìîæíî ñëàáîå óëó÷øåíèå

çíà÷åíèÿ   (äî 2102641 . ) ïóòåì çàìåíû ñòåïåíè 6 íà 6.04 â (11) è (12),

êîòîðîå ïðåäñòàâëåíî íèæå ãðàôè÷åñêè.

Ìîæíî, îäíàêî, ïîäîáðàòü áîëåå óäà÷íóþ ôóíêöèþ âî âñåé îáëàñòè

îïðåäåëåíèÿ, èñõîäÿ èç íåêîòîðûõ íàâîäÿùèõ ñîîáðàæåíèé, áåç ñòðîãîãî

ìàòåìàòè÷åñêîãî îáîñíîâàíèÿ. Ïðåäïîëîæèì, ÷òî ââèäó áëèçîñòè ïîêàçàòåëåé

ïîëèòðîï n = 0 è n = 0.5, áåçðàçìåðíàÿ ïëîòíîñòü, êàê è ôóíêöèÿ Ýìäåíà,

ïðè n = 0.5 äîëæíà ñîäåðæàòü òàêîå æå êâàäðàòè÷íîå âûðàæåíèå, êàê ôóíêöèÿ

Ýìäåíà äëÿ íåñæèìàåìîé æèäêîñòè 61 2 , íî â áîëåå îáîáùåííîì âèäå:

    , 1
2
0

2
21




















 (13)

ãäå 0  è   - ñâîáîäíûå ïàðàìåòðû, îïðåäåëÿåìûå ïóòåì ãðàôè÷åñêîãî

ìîäåëèðîâàíèÿ. Âàðèàöèè ýòèõ ïàðàìåòðîâ äàþò ìèíèìàëüíîå çíà÷åíèå
310414788  .  ïðè 7526980520 .  (ðàäèóñå ïîëèòðîïû) è 58740. , ÷òî

áëèçêî ê çíà÷åíèþ ïîêàçàòåëÿ ïîëèòðîïû. Òàêèì îáðàçîì, ïîëó÷àåì

  . 1

58740

2
0

2
21

.


















 (14)

Ýòîò ðåçóëüòàò ìîæíî óëó÷øèòü, åñëè çàìåíèòü ïîñòîÿííóþ ñòåïåíü 0.5874

íà ïåðåìåííóþ â âèäå ÷åòíîé ôóíêöèè  , èñõîäÿ èç òðåáîâàíèÿ ñèììåòðèè

ôóíêöèè Ýìäåíà. Ïðîâåðêà ïîêàçûâàåò, ÷òî íàèáîëåå ïðèåìëåìîé ÿâëÿåòñÿ

ôóíêöèÿ ÷åòâåðòîé ñòåïåíè 4E-D  , ãäå êîýôôèöèåíòû  D è E ïîäáèðàþòñÿ
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òàê, ÷òîáû îáåñïå÷èòü ìàêñèìàëüíóþ ñòåïåíü ïðèáëèæåíèÿ ê èñêîìîé òî÷íîé

ôóíêöèè. Òàê, äëÿ ïðîôèëÿ ïëîòíîñòè íàõîäèì:

 

400140506290

2
0

2
21 1






















..

(15)

ïðè 310691  . , òîãäà êàê äëÿ ôóíêöèè Ýìäåíà 3101731641  .  ïðè

D = 1.2618 è E = 0.00281. Òàêèì îáðàçîì, ìû èìååì:

    . 1

400281026181

2
0

2





















..

(16)

Çàìåòèì, ÷òî (16) ÿâëÿåòñÿ ïî÷òè òî÷íûì êâàäðàòîì (15), êàê è äîëæíî áûòü

â  èäåàëå, à ÷èñëåííîå èíòåãðèðîâàíèå óðàâíåíèÿ (7), ïîñëå ïîäñòàíîâêè â

íåãî ïëîòíîñòè (15), äàåò ïðèáëèæåíèå ê ôóíêöèè Ýìäåíà, îòëè÷àþùååñÿ îò

(16) íà 34 1010   . Çàìåòèì, ÷òî êâàäðàò ôóíêöèè (14) ïðèáëèæàåò

ôóíêöèþ Ýìäåíà ñ 31086697  . .

Âûðàæåíèå (14) óäîáíî äëÿ âûïîëíåíèÿ ïðÿìîãî èíòåãðèðîâàíèÿ â (7)

è ïîëó÷åíèÿ åùå îäíîãî ïðèáëèæåííîãî àíàëèòè÷åñêîãî âûðàæåíèÿ ôóíêöèè

Ýìäåíà ýòîé ìîäåëè, âåñüìà áëèçêîãî ê (16). Âû÷èñëåíèå äàåò:

Ðèñ.1. a) Ïðîôèëü ïëîòíîñòè ïîëèòðîïû ñ n = 0.5. Êðèâàÿ 1 (c õâîñòèêîì) çàäàíà

ôîðìóëîé (11), à 3 - ôîðìóëîé (15). Êðèâàÿ (2) îïèñûâàåò ïðîôèëü  ïëîòíîñòè (14),
êîòîðàÿ âèçóàëüíî ïî÷òè íåîòëè÷èìà îò ôóíêöèè 3. b) Ïðèáëèæåíèå ôóíêöèè Ýìäåíà
ïîëèòðîïû ñ n = 0.5. Ñïëîøíûå êðèâûå ïðåäñòàâëÿþò àïïðîêñèìèðóþùèå ôóíêöèè. Êðèâàÿ

1 îïèñûâàåòñÿ ôîðìóëîé (16), à ïóíêòèðíàÿ êðèâàÿ 3 - ôîðìóëîé (12). Êðèâàÿ 2 ÿâëÿåòñÿ
êâàäðàòîì (14) è ðàñïîëàãàåòñÿ ìåæäó (1) è (3). Îíà âèçóàëüíî ïî÷òè íåîòëè÷èìà îò (16)
è (17), êîòîðàÿ çäåñü íå ïðåäñòàâëåíà.
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B  - íåïîëíàÿ áåòà-ôóíêöèÿ, îïðåäåëÿåìàÿ èíòåãðàëîì [22]:
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Ïðè óêàçàííûõ âûøå çíà÷åíèÿõ 0.5874  è ,7526980520 .  ïîëó÷åííîå

ïðèáëèæåíèå ê ôóíêöèè Ýìäåíà îáðàùàåòñÿ â íóëü ïðè 738670512. (ñ

òî÷íîñòüþ ~10-7), ò.å., îõâàòûâàåò ïðàêòè÷åñêè âñþ îáëàñòü îïðåäåëåíèÿ ðåàëüíîé

ôóíêöèè Ýìäåíà. Ïðè ýòîì îòêëîíåíèå îò òî÷íîé ôóíêöèè íà ýòîì  èíòåðâàëå

ñîñòàâëÿåò 310481673  . . Ãðàôèêè ôóíêöèé (11), (12) è (14)-(16) ïðåäñòàâ-

ëåíû íà ðèñ.1a, b. Ôóíêöèè (16) è (17) ðàçëè÷àþòñÿ íà ~10-4-10-3 â çàâèñèìîñòè

îò òî÷êè âíóòðè îáëàñòè îïðåäåëåíèÿ.

2.2. Ñëó÷àè n = 1.5 è n = 2.0. Ïåðâûé ñëó÷àé îòíîñèòñÿ ê âûðîæäåííîìó

íåðåëÿòèâèñòñêîìó ýëåêòðîííîìó ãàçó â ìàëîìàññèâíûõ áåëûõ êàðëèêàõ.

Ïðèáëèæåííûå âûðàæåíèÿ ôóíêöèè Ýìäåíà äëÿ ýòèõ ïîëèòðîï, ñîäåðæàùèå

ñôåðè÷åñêóþ ôóíêöèþ Áåññåëÿ íóëåâîãî ïîðÿäêà, ïðèâåäåíû â [19], ïîýòîìó

ìû íà íèõ îñòàíàâëèâàòüñÿ íå áóäåì. Çàìåòèì ëèøü, ÷òî îíè îòëè÷àþòñÿ

âûñîêîé ñòåïåíüþ ïðèáëèæåíèÿ. Ïðè n = 1.5, 3100878  . , à ïðè n = 2,
310123214  .  ïðè íàéäåííûõ çíà÷åíèÿõ ïàðàìåòðîâ ôóíêöèé.

Íà ïðèìåðå ïîëèòðîïû ñ n = 2 ìû ïðîäåìîíñòðèðóåì îäèí ìåòîä íàõîæäåíèÿ

ïîñëåäîâàòåëüíûõ ïðèáëèæåíèé ðåøåíèÿ óðàâíåíèÿ (2), êîòîðûé ÿâëÿåòñÿ ÷àñòíûì

ñëó÷àåì ïðîöåäóðû,  èçëîæåííîé â Ïðèìå÷àíèè 1 [18] íà ïðèìåðå óðàâíåíèÿ

Ôðåäãîëüìà 2-ãî ðîäà. Îíà äàåò âîçìîæíîñòü ïîñòðîåíèÿ èòåðèðîâàííûõ ÿäåð

è ðÿäà Íåéìàíà, ñ ïîìîùüþ êîòîðîãî ìîæíî ïîëó÷èòü ðåçîëüâåíòíóþ ôóíêöèþ,

à çíà÷èò, è ðåøåíèå ëèíåéíîãî èíòåãðàëüíîãî óðàâíåíèÿ. Â òî æå âðåìÿ îí

ïîçâîëÿåò ïðåäñòàâèòü ðåøåíèå ïîëèòðîïíîãî óðàâíåíèÿ â âèäå ðÿäà ïî âîçðàñ-

òàþùèì ñòåïåíÿì  .

Óðàâíåíèå (1) ïðè n = 2 èìååò âèä

    . 11
0

2













 dx
x

xx (19)

Âìåñòî  ôóíêöèè  x  â ïîäûíòåãðàëüíîì âûðàæåíèè â (19) ïîäñòàâèì âñþ

ïðàâóþ ÷àñòü ýòîãî óðàâíåíèÿ (íàçîâåì ýòó ïîäñòàíîâêó "ìàòðåøêîé"). Áóäåì

èìåòü:
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Ïîâòîðÿÿ ýòó ïðîöåäóðó íåñêîëüêî ðàç, ïîëó÷èì ñëåäóþùåå ðàçëîæåíèå

   ïî ñòåïåíÿì ïåðåìåííîé   âïëîòü äî ïåðâûõ ÷åòûðåõ ÷ëåíîâ

  , ...
7560

11

606
1

642










 (21)

÷òî ñ òî÷íîñòüþ äî ÷ëåíîâ ïîðÿäêà 6  ñîâïàäàåò ñ ïîñëåäîâàòåëüíûìè

ïðèáëèæåíèÿìè Ïèêàðà è ñ ðàçëîæåíèåì    â ðÿä Òåéëîðà äëÿ ìàëûõ

çíà÷åíèé   (ñì. òàêæå [9,10] îòíîñèòåëüíî ïðèìåíåíèÿ ìåòîäà äåêîìïîçèöèè

Àäîìÿíà äëÿ ðåøåíèÿ ËÝ-óðàâíåíèÿ)

     
...

3265920

70183122

15120
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1 8
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ïðè n = 2.

2.3. Ñëó÷àé n = 3. Êàê èçâåñòíî, òàêàÿ ïîëèòðîïíàÿ ìîäåëü ïðèìåíÿåòñÿ

äëÿ îïèñàíèÿ çâåçä ãëàâíîé ïîñëåäîâàòåëüíîñòè è õîðîøî ñîãëàñóåòñÿ ñî

ñòàíäàðòíîé ìîäåëüþ Ýääèíãòîíà [23]. Êðîìå òîãî, îíà îïèñûâàåò ñîñòîÿíèå

âûðîæäåííîãî ðåëÿòèâèñòñêîãî ýëåêòðîííîãî ãàçà â áåëûõ êàðëèêàõ. Äëÿ

ýòîãî ñëó÷àÿ áûëî ïðåäëîæåíî âåñüìà õîðîøåå ïðèáëèæåíèå ôóíêöèè Ýìäåíà

â âèäå ãèïåðáîëè÷åñêîãî ñåêàíñà [16]:

. 
2

3
sech

3 33  








 








 


ee
(23)

Ñðåäíåêâàäðàòè÷íàÿ îöåíêà àïïðîêñèìàöèè ñîñòàâëÿåò 210706191  . . Åñëè

áû ýòî ðåøåíèå áûëî òî÷íûì, òî â êà÷åñòâå ðàñïðåäåëåíèÿ ïëîòíîñòè íóæíî

áûëî áû áðàòü ôóíêöèþ 3))3((  . Ïðîâåðêà ïîêàçûâàåò, ÷òî ïîñëåäíÿÿ

ôóíêöèÿ áëèçêà ê òî÷íîìó ïðîôèëþ ïëîòíîñòè ïîëèòðîïû íà âåëè÷èíó
210009541  . . Åå ìîæíî íåñêîëüêî óëó÷øèòü, åñëè ðàññìàòðèâàòü ïåðå-

ìåííóþ ñòåïåíü âèäà 23 dx , ãäå d - ñâîáîäíûé ïàðàìåòð. Âàðüèðóÿ d,

ìîæíî äîáèòüñÿ ìèíèìàëüíîãî îòêëîíåíèÿ ïðèáëèæåíèÿ îò òî÷íîãî ðàñïðå-

äåëåíèÿ ïëîòíîñòè, ïîëó÷åííîãî ìåòîäîì ÷èñëåííîãî èíòåãðèðîâàíèÿ. Îíî

èìååò ñëåäóþùèé âèä (ïðè 31013269  . ):
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Îäíàêî ôóíêöèÿ òèïà (24) íå óäîáíà äëÿ àíàëèòè÷åñêèõ ðàñ÷åòîâ. Ñ ýòîé

òî÷êè çðåíèÿ ãîðàçäî áîëåå ïîäõîäÿùèì ïðèáëèæåíèåì ïëîòíîñòè îêàçûâàåòñÿ

ôóíêöèÿ  2-exp q , ãäå êîýôôèöèåíò q íàõîäèòñÿ òàê æå, êàê è ïàðàìåòðû

ðàíåå îáñóæäàåìûõ ôóíêöèé. Ìèíèìóì   äîñòèãàåòñÿ ïðè çíà÷åíèè
210702521 .  äëÿ q = 0.427, ÷òî íåñêîëüêî õóæå ïðèâåäåííîãî âûøå çíà÷åíèÿ

äëÿ ôóíêöèè (24). Ãðàôè÷åñêè ôóíêöèè  2.4270-exp   è (24) î÷åíü áëèçêè

äðóã ê äðóãó (ñì. ðèñ.2à). Íîâîå ïðèáëèæåíèå ôóíêöèè Ýìäåíà ìîæíî

ïîëó÷èòü, åñëè ïîäñòàâèòü  2-exp q  â óðàâíåíèå (2) è ïðîèçâåñòè íåîáõîäèìîå

èíòåãðèðîâàíèå. Ïîñëå íåêîòîðûõ ïðåîáðàçîâàíèé ïîëó÷èì âûðàæåíèå:
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ãäå  2 ,23 z  - íèæíÿÿ íåïîëíàÿ ãàììà-ôóíêöèÿ, à  zerf  - ôóíêöèÿ îøèáîê.

Ïðè ýòèõ ïðåîáðàçîâàíèÿõ èñïîëüçîâàëèñü ñëåäóþùèå ñîîòíîøåíèÿ äëÿ

äàííûõ ôóíêöèé [23]:

     .  ,
2

1
,  , ,1 xerfxexxssxs xs 








 

(26)

Ïðè q  = 0.427 àïïðîêñèìàöèÿ (25) ôóíêöèè Ýìäåíà ñ òî÷íîñòüþ
2-103.21205   ñîãëàñóåòñÿ ñ ïîâåäåíèåì (23). Ìàêñèìàëüíîå ñðåäíå-

êâàäðàòè÷íîå îòêëîíåíèå ôóíêöèé (23) è (25) âî âñåé îáëàñòè îïðåäåëåíèÿ

ôóíêöèè Ýìäåíà ( 896848660 . ) ñîñòàâëÿåò 21054863 . .

Çàìåòèì, ÷òî ðàäèàëüíîå ðàñïðåäåëåíèå ìàññû (îòíîøåíèå ìàññû,

çàêëþ÷åííîé â îáúåìå ñ ðàäèóñîì   ê ïîëíîé ìàññå ïîëèòðîïû), ÷èñëåííî

ðàññ÷èòàííîå ïî îòêîððåêòèðîâàííîé ôóíêöèè (24), õîðîøî ñîãëàñóåòñÿ ñî

ñòàíäàðòíîé ìîäåëüþ Ñîëíöà [24]. Ïî ýòèì ðàñ÷åòàì ïîëó÷àåòñÿ, ÷òî ïî÷òè

95% ìàññû Ñîëíöà ñîñðåäîòî÷åíî â îáúåìå, çàíèìàþùåì ïðèìåðíî 22%

îáúåìà çâåçäû, ÷òî ïðèâîäèò ê çíà÷åíèþ ñðåäíåé äëÿ ýòîãî îáúåìà ïëîòíîñòè

â 6.204 ã/ñì3, òèïè÷íîé äëÿ ìåòàëëîâ.

Â ðàìêàõ îïèñûâàåìîãî ïîäõîäà, êàê è â ñëó÷àå ñ n = 1.5, ïðèáëèæåííîå

âûðàæåíèå äëÿ ôóíêöèè Ýìäåíà ìîæíî áûëî áû èñêàòü, èñïîëüçóÿ ñôåðè-

÷åñêóþ ôóíêöèþ Áåññåëÿ  30 j , ïîìíîæåííóþ íà êîððåêòèðóþùèé

ôàêòîð ñ êâàäðàòíûì ÷ëåíîì (ñì. [19]). Îäíàêî íàéäåííûå ïðèáëèæåíèÿ

óñòóïàþò ïî òî÷íîñòè ïîëó÷åííûì âûøå è ìû èõ ðàññìàòðèâàòü íå áóäåì.

Ãðàôè÷åñêîå ìîäåëèðîâàíèå ñ ïîìîùüþ ðàçëè÷íûõ ýëåìåíòàðíûõ ôóíêöèé

ïîêàçûâàåò îäíàêî, ÷òî ïðè 8968486653 ..   áîëåå òî÷íûì, ÷åì (23) è (25),

îêàçûâàåòñÿ ïðèáëèæåíèå:



310 Ã.À.ÑÀÈßÍ

  . 
89684866

1
874

9487650

2

2

2

.

.

x

x

.










 (27)

Ïðèáëèæåíèÿ (23) è (27) ñøèâàþòñÿ â òî÷êå 4.27325  è äàþò ñðåäíå-

êâàäðàòè÷íîå îòêëîíåíèå îò ôóíêöèè Ýìäåíà âî âñåé îáëàñòè îïðåäåëåíèÿ

íà óðîâíå îäíîãî ïðîöåíòà 2101.09537  . Èõ êîìáèíàöèÿ ìîæåò áûòü

ïðåäñòàâëåíà â âèäå

      , 273254
89684866

1
874

273254
3

sech
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ãäå  xH  - åäèíè÷íàÿ ôóíêöèÿ Õåâèñàéäà:   10 xH ,   00 xH . Ãðàôèêè

ôóíêöèé (23)-(25), (27) ïðåäñòàâëåíû íà ðèñ.2a, b.

2.4. Ñëó÷àè n = 4.0 è n = 6.0. Õîòÿ ýòè ïîëèòðîïíûå ìîäåëè íå

àññîöèèðóþòñÿ ñ êàêèìè-ëèáî èçâåñòíûìè êîíêðåòíûìè àñòðîôèçè÷åñêèìè

îáúåêòàìè, òåì íå ìåíåå, íåëüçÿ èñêëþ÷àòü âîçìîæíîñòè èõ ïðèìåíåíèÿ â

áóäóùåì â ðàìêàõ êîìïîçèòíûõ ïîëèòðîïíûõ ìîäåëåé, îòíîñÿùèõñÿ ê êëàññó

óæå çíàêîìûõ îáúåêòîâ èëè ñèñòåì.

Äëÿ íàõîæäåíèÿ ïðèáëèæåíèÿ ïëîòíîñòè ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ

â íèõ áóäåì èñõîäèòü èç ðàñïðåäåëåíèÿ ïëîòíîñòè â ìîäåëè Ïëàììåðà-

Ðèñ.2. a) Ïðèáëèæåíèå ïðîôèëÿ ïëîòíîñòè ïîëèòðîïû ñ n = 3. Êðèâûå, îïðåäåëÿåìûå
ôîðìóëàìè (23) â êóáè÷åñêîé ñòåïåíè è (24), ïðàêòè÷åñêè ñëèâàþòñÿ â (1) è ëîæàòñÿ íà òî÷êè,

ñîîòâåòñòâóþùèå òî÷íûì ðåøåíèÿì ËÝ-óðàâíåíèÿ. Ñàìàÿ íèæíÿÿ êðèâàÿ (2) îïèñûâàåòñÿ
ôîðìóëîé exp(-0.427x

2
). b) Ïðèáëèæåíèå ôóíêöèè Ýìäåíà ïîëèòðîïû ñ n = 3. Ãðàôèêè 1-3

îáðûâàþòñÿ íà ðàññòîÿíèè 89684866. . Ôóíêöèÿ (1) îïèñûâàåòñÿ ôîðìóëîé (23), 2 - ôîðìóëîé

(25) è 3 - ôóíêöèÿ (27) ïðè 273254. .  Ôóíêöèè 1 è 3 ñøèâàþòñÿ â òî÷êå 273254.
è îáðàçóþò êàê áû åäèíóþ êðèâóþ, îïèñûâàåìóþ ôîðìóëîé (28).
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Øóñòåðà:

 
 

, 
31

1
252

5


 (29)

ò.å., ïîëèòðîïû ñ n = 5, â êà÷åñòâå èñõîäíîãî ïðèáëèæåíèÿ. Äëÿ ýòîãî

ðàññìîòðèì íåêîòîðóþ óñëîâíóþ ïîëèòðîïíóþ ìîäåëü ñ   15n , ãäå ïàðàìåòð

1 . Ðàçëîæèì ôóíêöèþ ïëîòíîñòè ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ 
   15

â ðÿä ïî ñòåïåíÿì  , îãðàíè÷èâøèñü ïåðâûìè ÷åòûðüìÿ ÷ëåíàìè ðàçëîæåíèÿ.

Ïîõîæèé ìåòîä óæå ïðèìåíÿëñÿ â [25] ê ËÝ-óðàâíåíèþ â ïðåäïîëîæåíèè,

÷òî äàííûé ïàðàìåòð ÿâëÿåòñÿ ñóùåñòâåííî ìàëîé âåëè÷èíîé ïî ñðàâíåíèþ

ñ ïîêàçàòåëåì ñàìîé ïîëèòðîïû, à åùå ðàíåå òàêàÿ èäåÿ áûëà ïðåäëîæåíà

â ðàáîòå [26], â êîòîðîé ïðåäëàãàëèñü íîâûå ïðèáëèæåííûå àíàëèòè÷åñêèå

ðåøåíèÿ ËÝ-óðàâíåíèÿ. Ðàçëîæåíèå èìååò âèä:

                 333222515 ln!35ln!25ln51   (30)

èëè, èñïîëüçóÿ ïðåäñòàâëåíèå (29),
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31ln8531ln251
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1
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(31)

Ïðè n = 4, 51 , à ïðè n = 6, 51 . Ïîäñòàâëÿÿ óêàçàííûå çíà÷åíèÿ

ïàðàìåòðà   â ïðèâåäåííîå âûøå ðàçëîæåíèå, ïîëó÷èì:
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Ïðèâåäåííûå ðàçëîæåíèÿ äîñòàòî÷íî áëèçêè ê òî÷íûì ôóíêöèÿì ïðîñòðàíñò-

âåííîé ïëîòíîñòè äëÿ óêàçàííûõ ïîëèòðîïíûõ ìîäåëåé. Îäíàêî ïðîâåðêà

ïîêàçûâàåò, ÷òî ëó÷øåãî ïðèáëèæåíèÿ ìîæíî äîñòè÷ü, åñëè ñîõðàíèòü òðè

÷ëåíà ðàçëîæåíèÿ â êâàäðàòíûõ ñêîáêàõ ïðèâåäåííûõ âûðàæåíèé, à âêëàä

îïóùåííûõ ÷ëåíîâ ó÷åñòü ïóòåì âîçâåäåíèÿ ýòèõ ñêîáîê â íåêîòîðóþ ñòåïåíü,

çàâèñÿùóþ îò  . Ãðàôè÷åñêîå ìîäåëèðîâàíèå ïîêàçûâàåò, ÷òî ýòà ñòåïåíü

õîðîøî àïïðîêñèìèðóåòñÿ ýêñïîíåíöèàëüíîé ôóíêöèåé îò 2 , çàâèñÿùåé îò

ïàðàìåòðà, ïîäëåæàùåãî îïðåäåëåíèþ ñ ïîìîùüþ ìèíèìèçàöèè ñðåäíåêâàä-

ðàòè÷íîé îøèáêè àïïðîêñèìàöèè. Òàê, äëÿ ïîëèòðîïû n = 4 ïîëó÷àåì ïëîòíîñòü

ðàñïðåäåëåíèÿ â âèäå:

 
 

   
 

,31ln
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1
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1
1
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1
20.1585exp
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252
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 (34)
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ïðè 4103518536  . . Äëÿ ïîëèòðîïû  n = 6 íàèëó÷øåå ïðèáëèæåíèå èìååò

âèä:

 
 

   
 20.197exp

222

252

6 31ln
8

1
31ln

2

1
1

31

1













 (35)

ñ  31019808871  . . Cîîòâåòñòâóþùèå èì ãðàôèêè ïðåäñòàâëåíû íà ðèñ.3a.

Â ñëó÷àå ïîäñòàíîâêè ïðèâåäåííûõ ïðîôèëåé ïëîòíîñòè â óðàâíåíèå (2),

äëÿ ïîëó÷åíèÿ ïðèáëèæåíèé ôóíêöèé Ýìäåíà óêàçàííûõ ïîëèòðîïíûõ ìîäåëåé

âîçíèêàþò  ãðîìîçäêèå âûðàæåíèÿ, î ïðàêòè÷åñêîé ïîëüçå êîòîðûõ ãîâîðèòü

íå ïðèõîäèòñÿ. Ïðîùå âñåãî âû÷èñëèòü êîðíè 4-é è 6-é ñòåïåíè îò (34) è

(35) (êàê åñëè áû îíè áûëè òî÷íûìè ðåøåíèÿìè óðàâíåíèÿ (2)), êîòîðûå, êàê

îêàçàëîñü, îáåñïå÷èâàþò ñòåïåíü ïðèáëèæåíèÿ ê òî÷íûì ôóíêöèÿì Ýìäåíà íà

óðîâíå íåñêîëüêèõ ïðîöåíòîâ è ìåíåå ïðîöåíòà (ïðè n = 4, 2105563  .  âî

âñåé îáëàñòè îïðåäåëåíèÿ, à ïðè 070 . , 31039279  . , ÷òî îõâàòûâàåò

îñíîâíóþ îáëàñòü êîíöåíòðàöèè âñåé ìàññû ïîëèòðîïû. Ñîîòâåòñòâåííî, äëÿ

n = 6 òî÷íîñòü ïðèáëèæåíèÿ íà âûáðàííîì èíòåðâàëå ðàññòîÿíèé 160 

ñîñòàâëÿåò 2105941  . , â òî âðåìÿ êàê â äèàïàçîíå 080 . , 3100441  . .

Ýòè äàííûå óêàçûâàþò íà íåêîòîðîå ðàñõîæäåíèå ìåæäó òî÷íûìè ôóíêöèÿìè

Ýìäåíà è èõ ïðèáëèæåíèÿìè â õâîñòîâîé ÷àñòè, ÷òî ìîæíî óâèäåòü íà

ðèñ.3b, ãäå òî÷êè, êàê áûëî ñêàçàíî âûøå, ñîîòâåòñòâóþò òî÷íûì ðåøåíèÿì,

ïîëó÷åííûì â [17] ïóòåì ÷èñëåííîãî èíòåãðèðîâàíèÿ ËÝ-óðàâíåíèÿ. Îæèäàòü

òàêîé æå òî÷íîñòè ïðèáëèæåíèé äëÿ ôóíêöèé Ýìäåíà, êàê ýòî èìååò ìåñòî

äëÿ áåçðàçìåðíûõ ïðîôèëåé ïëîòíîñòè, êîíå÷íî, íåëüçÿ, ïîñêîëüêó ðå÷ü èäåò

î ïðèáëèæåííûõ âûðàæåíèÿõ â çàìêíóòîì âèäå, à íå òî÷íûõ ðåøåíèÿõ.

Ðèñ.3. a) Ïðèáëèæåíèå ïðîôèëåé ïëîòíîñòè ïîëèòðîï ñ n = 4 è n = 6. b) Ïðèáëèæåíèå

ôóíêöèé Ýìäåíà ïîëèòðîï ñ n = 4 è n = 6.
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2.5. Ñëó÷àé n . Ýòîò ñëó÷àé ñîîòâåòñòâóåò èçîòåðìè÷åñêîé ìîäåëè,

êîòîðàÿ îïèñûâàåòñÿ óðàâíåíèåì (3) ñ ãðàíè÷íûìè óñëîâèÿìè (4). Îí ïîäðîáíî

èññëåäîâàëñÿ ×àíäðàñåêàðîì [2]. Ïðè ìàëûõ çíà÷åíèÿõ àðãóìåíòà ýêñïîíåíòà

â (3) ìîæåò áûòü ïðèáëèæåííî çàìåíåíà íà 1, è òîãäà ìû ïîëó÷àåì ïîâåäåíèå

ôóíêöèè Ýìäåíà   62  â îêðåñòíîñòè öåíòðà. Äëÿ ïëîòíîñòè ýòî äàåò
  61 2  xe , ÷òî õàðàêòåðíî äëÿ âñåõ ïîëèòðîïíûõ ìîäåëåé. Ïîâåäåíèå

ôóíêöèè Ýìäåíà â ýòîé ìîäåëè ïðè ìàëûõ   ìîæíî óòî÷íèòü, åñëè ïðîèçâåñòè

çàìåíó

    , 1 xe x  (36)

÷òî ïîçâîëÿåò ñâåñòè (3) ê íåîäíîðîäíîìó ëèíåéíîìó èíòåãðàëüíîìó óðàâíåíèþ

    , 1
6

0

2

















 dx

x
xx (37)

ðåøåíèå êîòîðîãî íàõîäèòñÿ ýëåìåíòàðíî:

  . 
6

1
sh 2





 (38)

Àíàëèòè÷åñêîå ïðèáëèæåíèå ôóíêöèè Ýìäåíà äëÿ èçîòåðìè÷åñêîé ñôåðû

â çàìêíóòîì âèäå áûëî ïðåäëîæåíî è äåòàëüíî îïèñàíî íàìè â ðàáîòå [19].

Ïðèáëèæåíèå ïðîñòðàíñòâåííîé ïëîòíîñòè èìååò âèä:

   
 

,
2

1
2

0














 
 re (39)

  . 
43

41
2

2




 (40)

Åñëè ïðåäñòàâèòü, ÷òî ñïèðàëüíûå ãàëàêòèêè ïîãðóæåíû â èçîòåðìè÷åñåêîå ãàëî,

òî ïðè äàííîì ïðîôèëå ïëîòíîñòè ïîëó÷àåòñÿ êðèâàÿ âðàùåíèÿ (ñì. [19]) ñ

ïîñòîÿííîé ñêîðîñòüþ îðáèòàëüíîãî äâèæåíèÿ v íà áîëüøèõ ðàññòîÿíèÿõ îò

öåíòðà. Çäåñü v - áåçðàçìåðíàÿ âåëè÷èíà, ðàâíàÿ V/V
0
, V - îðáèòàëüíàÿ ñêîðîñòü,

V
0
 - íåêîòîðàÿ ïîñòîÿííàÿ ñêîðîñòü, îïðåäåëÿåìàÿ íèæå. Íà ìàëûõ ðàññòîÿíèÿõ

ñêîðîñòè ðàñòóò ëèíåéíî ( ~v ), ÷òî ïîëíîñòüþ ñîîòâåòñòâóåò íàáëþäàåìîé â

ýòèõ ãàëàêòèêàõ êàðòèíå. Ïîëó÷åííàÿ ñ ïîìîùüþ (39) òåîðåòè÷åñêàÿ êðèâàÿ

âðàùåíèÿ ñîõðàíÿåò ëèíåéíîñòü íà áîëüøåì ðàññòîÿíèè îò öåíòðà ãàëàêòèêè,

÷åì àíàëîãè÷íàÿ êðèâàÿ, âûâîäèìàÿ èç ïñåâäîèçîòåðìè÷åñêîãî çàêîíà [27,28]:

 
 

, 
1

1
20

cRr
r


 r (41)

(ãäå 0r  - öåíòðàëüíàÿ ïëîòíîñòü, r - ðàññòîÿíèå îò öåíòðà ñèñòåìû, à R
c
 -

ðàäèóñ åå ÿäðà), èñïîëüçóåìîãî ïðè îïèñàíèè ðàñïðåäåëåíèÿ õîëîäíîé òåìíîé

ìàòåðèè â ãàëî ãàëàêòèê â êà÷åñòâå àëüòåðíàòèâû ìîäåëè Íàâàððî-Ôðýíêà-
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Óàéòà [29,30]:

 
  

, 
1

1
20

ss RrRr
r


 r (42)

èìåþùåé îñîáåííîñòü â öåíòðå. Çäåñü 0  è ìàñøòàáíûé ðàäèóñ R
s
 - ïàðàìåòðû,

çàâèñÿùèå îò ãàëî. Â ïñåâäîèçîòåðìè÷åñêîé ìîäåëè àñèìïòîòè÷åñêàÿ ñêîðîñòü

V  íà êðèâîé âðàùåíèÿ ñòðåìèòñÿ ê çíà÷åíèþ cc RGV  40 . Â íàøåé

ìîäåëè 02VV  , à ìàêñèìóì êðèâîé âðàùåíèÿ 0551 V.Vm  . Ñðàâíåíèå (39)

è (41) ïðåäñòàâëåíî íà ðèñ.4a. Íà ðèñ.4b ïîêàçàíû êðèâûå âðàùåíèÿ íàøåé

ìîäåëè è ïñåâäîèçîòåðìè÷åñêîé ìîäåëè, ãäå â êà÷åñòâå áåçðàçìåðíîãî

ðàññòîÿíèÿ èñïîëüçóåòñÿ âåëè÷èíà r/R
c
.

Âîïðîñ î òîì, ìîãóò ëè ïðåäëîæåííûå íàìè ïðèáëèæåíèå ïðîôèëÿ

ïëîòíîñòè èçîòåðìè÷åñêîé ñôåðû è òåîðåòè÷åñêàÿ êðèâàÿ âðàùåíèÿ ñòàòü

àëüòåðíàòèâàìè óæå ñóùåñòâóþùèì ìîäåëÿì ñ òî÷êè çðåíèÿ ïîíèìàíèÿ

îñîáåííîñòåé ñïèðàëüíûõ ãàëàêòèê, òðåáóåò îòäåëüíîãî àíàëèçà ñ ïðèìåíåíèåì

íàáëþäàòåëüíîãî ìàòåðèàëà.

3. Âûâîäû è îáñóæäåíèå. Â íàñòîÿùåé ðàáîòå ïðèâåäåíû ïðèáëè-

æåíèÿ ôóíêöèé Ýìäåíà è ïðîôèëÿ áåçðàçìåðíîé ïëîòíîñòè äëÿ ðàçíûõ

ïîëèòðîïíûõ ìîäåëåé ñ ïîêàçàòåëÿìè ïîëèòðîïû   6, 4, 3, ,50.n . Ýòè

ïðèáëèæåíèÿ îòëè÷àþòñÿ äîñòàòî÷íî âûñîêîé òî÷íîñòüþ (îò 10-4 äî 10-2) è

ïðåäñòàâëåíû â çàìêíóòîì âèäå, ñîñòîÿùåì èç ýëåìåíòàðíûõ ôóíêöèé. Äëÿ

Ðèñ.4. a) Ñðàâíåíèå íàøåãî ïðîôèëÿ ïëîòíîñòè èçîòåðìè÷åñêîé ñôåðû (1) ñ ïñåâäî-
èçîòåðìè÷åñêèì ïðîôèëåì (2). b) Êðèâàÿ âðàùåíèÿ (1) ñîîòâåòñòâóåò íàøåìó ïðèáëèæåíèþ

èçîòåðìè÷åñêîãî ïðîôèëÿ ïëîòíîñòè, (2) - ïñåâäîèçîòåðìè÷åñêîìó çàêîíó.
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íàõîæäåíèÿ è îáîñíîâàíèÿ íåêîòîðûõ èç íèõ èñïîëüçîâàëîñü íåëèíåéíîå

èíòåãðàëüíîå óðàâíåíèå (2). Ïðè ýòîì èç íàëîæåííûõ ðàíåå íà èñêîìûå ôóíêöèè

Ýìäåíà óñëîâèé ôèçè÷åñêîãî õàðàêòåðà (÷åòíîñòü îòíîñèòåëüíî ñâîåé ïåðåìåííîé,

íàëè÷èå òî÷êè ïåðåãèáà ïðè n > 1, êîíå÷íîñòü ìàññû äëÿ îïðåäåëåííûõ n), çäåñü

èñïîëüçîâàëîñü òîëüêî óñëîâèå ÷åòíîñòè è, êîñâåííî, âòîðîå óñëîâèå. Ðàññìîòðåííûå

çíà÷åíèÿ ïîêàçàòåëÿ ïîëèòðîïû (âìåñòå ñ òåìè, ÷òî îáñóæäàëèñü â [19]) îõâàòûâàþò

äîñòàòî÷íî îáøèðíûé êëàññ àñòðîôèçè÷åñêèõ îáúåêòîâ, äëÿ êîòîðûõ ïîëó÷åííûå

ïðèáëèæåíèÿ ìîãóò îêàçàòüñÿ, êàê ìû íàäååìñÿ, ïðàêòè÷åñêè ïîëåçíûìè êàê ñ

ôèçè÷åñêîé, òàê è âû÷èñëèòåëüíîé òî÷åê çðåíèÿ.

Êàäðîâîå àãåíòñòâî, Êåëëè Ñåðâèñèñ, Êàíçàñ Ñèòè, ÑØÀ

e-mail: grigori_saiyan@hotmail.com

THEORY OF CLASSICAL GAS POLYTROPES IN THE
INTEGRAL REPRESENTATION. II. ANALYTIC

APPROXIMATIONS TO EMDEN FUNCTIONS AND
DENSITY PROFILES IN A CLOSED FORM

G.A.SAIYAN

Analytic approximations in closed forms to exact solutions of the nonlinear

integral Volterra type equation of the second kind are presented. This equation

is considered as the integral equivalent of the Lane-Emden differential equation

with boundary conditions, which describes known polytropic models within the

Cauchy problem. By means of a linear approximation to this integral equation

and general heuristic considerations of a physical nature, as well as by means of

graphical modeling and variation of the parameters of the approximating functions,

approximate expressions of the Emden functions and dimensionless density are

obtained in a closed form with a mean square accuracy from ~10-4 to a few

percents  for  a series of values of the polytropic index n of practical interest

(   6, 4, 3, ,50.n ). The earlier obtained approximation to the spatial density of

the isothermal model is compared with the pseudo isothermal law, which describes

the distribution of the density of dark matter around spiral galaxies and is used

by various authors to study their rotation curves.

Keywords: polytropes: Lane-Emden equation: Volterra type nonlinear integral

      equation of the second kind: Emden function
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Ê 100-ëåòíåìó þáèëåþ Ë.Â.Ìèðçîÿíà

Ë.Â.Ìèðçîÿí ðîäèëñÿ 1 ìàÿ 1923ã. â ã. Åðåâàíå â ñåìüå ñëóæàùåãî. Áóäó÷è

åùå ïîäðîñòêîì îí ëèøèëñÿ îòöà, íî íåñìîòðÿ íà òðóäíûå ìàòåðèàëüíûå è

ìîðàëüíî-ïñèõîëîãè÷åñêèå óñëîâèÿ, â 1947ã. ïîëó÷èë âûñøåå îáðàçîâàíèå ïî

ñïåöèàëüíîñòè "ìàòåìàòèêà" â Åðåâàíñêîì ãîñóäàðñòâåííîì óíèâåðñèòåòå.

Ïî èíèöèàòèâå àêàäåìèêà Â.À.Àìáàðöóìÿíà â 1947ã. Ë.Â.Ìèðçîÿí íà÷àë

ñâîþ íàó÷íóþ äåÿòåëüíîñòü â íåäàâíî ñîçäàííîé Áþðàêàíñêîé àñòðîôèçè÷åñêîé

îáñåðâàòîðèè ÀÍ Àðìåíèè. Ë.Â.Ìèðçîÿí çàíèìàë îòâåòñòâåííûå äîëæíîñòè,

ïðèíèìàë àêòèâíîå ó÷àñòèå â îñíîâàíèè è ñòàíîâëåíèè îáñåðâàòîðèè. Îí áûë

ó÷åíûì ñåêðåòàðåì è áîëåå ÷åòâåðòè âåêà çàìåñòèòåëåì äèðåêòîðà ïî íàó÷íîé

÷àñòè, çàâåäîâàë îòäåëîì ôèçèêè çâåçä è òóìàííîñòåé. Â 1951ã., ïîä ðóêîâîäñòâîì

Î.À.Ìåëüíèêîâà, Ë.Â.Ìèðçîÿí çàùèòèë êàíäèäàòñêóþ äèññåðòàöèþ, à â 1968

ãîäó äîêòîðñêóþ ïî òåìå: "Íåêîòîðûå âîïðîñû êèíåìàòèêè è ôèçèêè ìîëîäûõ

çâåçä". Ïîä åãî íåïîñðåäñòâåííûì ðóêîâîäñòâîì â íà÷àëå 70-õ ãîäîâ áûë

óñòàíîâëåí 2.6-ì òåëåñêîï Áþðàêàíñêîé îáñåðâàòîðèè.

Ë.Â.Ìèðçîÿí àâòîð äåñÿòêà êíèã è ó÷åáíèêîâ ïî àñòðîíîìèè, à òàêæå 200

íàó÷íûõ ðàáîò, îïóáëèêîâàííûõ â âåäóùèõ àñòðîíîìè÷åñêèõ èçäàíèÿõ. Ïîä

åãî ðåäàêöèåé áûëè èçäàíû íàó÷íûå ìîíîãðàôèè è íàó÷íî-ïîïóëÿðíûå êíèãè.

Îí áûë ÷ëåíîì íàó÷íî-èçäàòåëüñêîãî ñîâåòà Àðìÿíñêîé Ñîâåòñêîé Ýíöèêëî-

ïåäèè, ïðåäñåäàòåëåì íàó÷íî-îòðàñëåâîãî ñîâåòà ïî àñòðîíîìèè.

Íàó÷íûå ðàáîòû Ë.Â.Ìèðçîÿíà ïîñâÿùåíû øèðîêîìó êðóãó àñòðîôèçè÷åñêèõ

ïðîáëåì: íåñòàöèîíàðíûå çâåçäû, çâåçäíûå àññîöèàöèè, âñïûõèâàþùèå çâåçäû,

êîìåòû. Ë.Â.Ìèðçîÿí áûë àêòèâíûì çàùèòíèêîì áþðàêàíñêîé êîíöåïöèè î



ïðîèñõîæäåíèè è ýâîëþöèè íåáåñíûõ òåë, âûäâèíóòîé Â.À.Àìáàðöóìÿíîì. Â åãî

ðàáîòàõ ðàñøèðåíèå çâåçäíûõ àññîöèàöèé áûëî ïîäòâåðæäåíî ñ ïîìîùüþ ëó÷åâûõ

ñêîðîñòåé ïóòåì ïðèìåíåíèÿ èäåè "ñèíòåòè÷åñêîé àññîöèàöèè".

Íåîöåíèìà çàñëóãà Ë.Â.Ìèðçîÿíà â èññëåäîâàíèè âñïûõèâàþùèõ çâåçä.

Ôàêòè÷åñêè îí áûë ðóêîâîäèòåëåì ýòèõ èññëåäîâàíèé, âûïîëíÿåìûõ â ðàìêàõ

ìåæäóíàðîäíîé ïðîãðàììû. Ïîä åãî íåïîñðåäñòâåííûì ðóêîâîäñòâîì àñòðîíîìû

Àðìåíèè, Áîëãàðèè, Âåíãðèè, Ãðóçèè, Êàçàõñòàíà, Óçáåêèñòàíà óñïåøíî ïðîâîäèëè

êîìïëåêñíîå èññëåäîâàíèå âñïûõèâàþùèõ çâåçä â çâåçäíûõ àãðåãàòàõ è îêðåñòíîñòè

Ñîëíöà. Â ðåçóëüòàòå ýòèõ ðàáîò áûëî îáíàðóæåíî íåñêîëüêî ñîò íîâûõ âñïûõè-

âàþùèõ çâåçä â àññîöèàöèÿõ è ñêîïëåíèÿõ è ïðîâåäåíû ôîòîìåòðè÷åñêèå,

êàëîðèìåòðè÷åñêèå è ñïåêòðàëüíûå èññëåäîâàíèÿ. Ýòè èññëåäîâàíèÿ ïîëíîñòüþ

ïîäòâåðäèëè ïðåäïîëîæåíèå Â.À.Àìáàðöóìÿíà î òîì, ÷òî âñïûøå÷íàÿ ñòàäèÿ

ÿâëÿåòñÿ çàêîíîìåðíîé ôàçîé â æèçíè êðàñíûõ êàðëèêîâûõ çâåçä.

Áëàãîäàðÿ ñâîåé èñêëþ÷èòåëüíîé ðàáîòîñïîñîáíîñòè, âíóòðåííåé îðãàíè-

çîâàííîñòè, òðóäîëþáèþ è ÷åëîâå÷åñêèì êà÷åñòâàì, Ë.Â.Ìèðçîÿíó óäàâàëîñü

óñïåøíî ñîâìåùàòü íàó÷íóþ äåÿòåëüíîñòü ñ îðãàíèçàòîðñêîé, ïåäàãîãè÷åñêîé

è ðåäàêòîðñêîé. Áóäó÷è àñïèðàíòîì, Ë.Â.Ìèðçîÿí íà÷àë ñâîþ ïåäàãîãè÷åñêóþ

äåÿòåëüíîñòü â Åðåâàíñêîì ãîñóäàðñòâåííîì óíèâåðñèòåòå, êîòîðàÿ ïðîäîëæàëàñü

ïîëâåêà. Ïîä åãî ðóêîâîäñòâîì ìíîãèå àñïèðàíòû èç ðàçíûõ ñòðàí ìèðà óñïåøíî

çàùèòèëè êàíäèäàòñêèå äèññåðòàöèè è ïðîäîëæàþò óñïåøíî ðàáîòàòü â èçâåñòíûõ

îáñåðâàòîðèÿõ ìèðà.

Íåîáõîäèìî îñîáî îòìåòèòü íåîöåíèìóþ ðîëü àêàäåìèêà Ë.Â.Ìèðçîÿíà â

æóðíàëå "Àñòðîôèçèêà" êàê çàìåñòèòåëÿ ãëàâíîãî ðåäàêòîðà (1965-1988), à

çàòåì è ãëàâíîãî ðåäàêòîðà (1988-1998). Â òðóäíûå äëÿ Àðìåíèè äíè, â íà÷àëå

90-õ ãîäîâ, â îñíîâíîì áëàãîäàðÿ åãî óñèëèÿì æóðíàë, "Àñòðîôèçèêà" ïðîäîëæàë

èçäàâàòüñÿ.

Çà ñâîþ íàó÷íî-ïåäàãîãè÷åñêóþ äåÿòåëüíîñòü Ë.Â.Ìèðçîÿí áûë óäîñòîåí

çâàíèÿ çàñëóæåííîãî äåÿòåëÿ íàóêè Àðìåíèè, âûñîêèõ ïðàâèòåëüñòâåííûõ

íàãðàä. Â 1986ã. îí áûë èçáðàí ÷ëåí-êîððåñïîíäåíòîì ÀÍ ÀðìÑÑÐ, â 1996ã.

- äåéñòâèòåëüíûì ÷ëåíîì ÍÀÍ Àðìåíèè. Ë.Â.Ìèðçîÿí ïîëüçîâàëñÿ çàñëóæåííûì

óâàæåíèåì ìèðîâîãî àñòðîíîìè÷åñêîãî ñîîáùåñòâà. Îí áûë ÷ëåí-êîððåñïîíäåíòîì

Ìåæäóíàðîäíîé àêàäåìèè àñòðîíàâòèêè, ÷ëåíîì Ìåæäóíàðîäíîãî àñòðîíî-

ìè÷åñêîãî ñîþçà, ÷ëåíîì Àñòðîíîìè÷åñêîãî ñîâåòà ÀÍ ÑÑÑÐ, à ñ 1970 ïî

1975ãã. - ÷ëåíîì-ñîâåòíèêîì Ïàðèæñêîãî àñòðîôèçè÷åñêîãî èíñòèòóòà.

Ëþäâèã Âàñèëüåâè÷ Ìèðçîÿí áûë îäíèì èç ëó÷øèõ ïðåäñòàâèòåëåé áëåñòÿ-

ùåãî ïîêîëåíèÿ àðìÿíñêèõ àñòðîíîìîâ, îñíîâàâøèõ Áþðàêàíñêóþ îáñåðâàòîðèþ

è áþðàêàíñêîå íàïðàâëåíèå â íàóêå. Ë.Â.Ìèðçîÿí óøåë èç æèçíè â 1999ã.,

îñòàâèâ î ñåáå ïàìÿòü, êàê î ïðèíöèïèàëüíîì ÷åëîâåêå è ó÷åíîì, áåñêîðûñòíî

è áåççàâåòíî ïðåäàííîãî ñâîåìó äåëó.
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