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The discovery of vy -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 (y - 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 (Ly — z ) 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 y -ray and radio core-dominance show that for each subclass of jetted
AGN, the beaming angle is wider for radio than for y - 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 (»~ 0.7) between the y -ray core
dominance and y -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


https://doi.org/10.54503/0571-7132-2023.66.2-169

170 ALLAUDU ET AL.

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 f (4400A)/ f (6 CM)< 10 . 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 AGNSs 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 y -ray emitting narrow-line Seyfert 1 (NLS1) galaxies
[9,16,17] and vy -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), NLSIs 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 FWHM(Hp)< 2000 kms'!, and the ratio between [OII]/HB <3.
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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 NLSI1
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 10’ 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 NLSIs, 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 NLSIs [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 ( L—z) 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 Y -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 v 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]:

R, _Le _ ﬁ[(l—Bcosd))_"m +(1+Bcos¢)_"+°‘ ], (1)
L, 2
where L. and L, are the core and extended luminosities respectively, R, =R
(6=90°), n is a jet model dependent parameter (n=2 for continuous jet model
and n=3 for blob model) while o is the spectral index (S, ~ v*®). The
distributions of observed R, for various samples have been shown by several
authors in the past to be quite consistent with the OUS for both high-luminosity
and low luminosity sources [46,47].
A coarse treatment of Eq. (1) suggests that once R, is known, the mean value
of the distribution of core-dominance parameter R can be used to estimate the
mean viewing angle (¢,,) of a sample in the form [48]:

2Rm ]—l/m—a

=~ 1=
¢, = cos [ ) Q)

In a two-component beaming model, the total spectral luminosity L, may be
expressed as a sum of the core- and extended components: L, = L.+ L, . While
L, is assumed to be relativistically beamed, L, is assumed to be isotropic [49].
Thus, following [45], the y-ray core-dominance parameter R, defined as the
ratio of the beamed to unbeamed luminosities can be expressed through equation
(1) as

LV
R +1= Z (3)
Equation (3) above suggests that if L, is isotropic, a correlation between R, and
L, is envisaged in vy -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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L,=8,d1+z)", “4)
where d, is the luminosity distance which depends on the present Hubble constant
H, and the present density parameter Q, according to the relation [50]:

2¢c 1/2

Qyz+(Qy —2)(Q z+1)"" —1].
e (07002201 1) 5
In flux limited sample with flux density cut-off at S, =S, equation (4) can be
written in the form [51]:

L, =4nd}S,H(S,~S, )1+2)"", (6)

d, =

where H (SV—Sf) is the Heaviside step function defined by:
0 if S <S8
_o = v <9y
H(S.~$,) {1 if s, >Sf}'
Eq. (6) can be used to show a simple power law L—z relation [52] as
logL, =logL,+Blog(1+z), (7)
where logL, :logLV,Z+Blog(l+z) and B is the slope of the L, —z data.
Howeyver, for low density universe, it has been shown [51,53] that the slope of
the L—z relation B is not a constant over all values of z. In this scenario,
is expected to decrease monotonically from « at z=0 down to some critical value,
B, at z=z. and thereafter remains fairly constant. Thus, there should be a critical
luminosity L above which the sources would be detected as a function of z. This
should correspond to a given radio luminosity at z =z,. Nevertheless, it has been
demonstrated observationally [52] and theoretically [53] that z, =0.3 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 Yy -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,.

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 y -ray emitting AGNs are jetted sources
since the presence of powerful radio jets is of substantial importance for observing
a significant y - 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 y -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 NLSIs do not
overlap with [43] and hence, do not have complete data and were excluded in
current investigation. Altogether, there are 93 vy -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 NLSIs.

Finally, we derive the y -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: logRg=2.1 logR,+ 1. Throughout the paper, we have adopted
the cosmology with H,=70kms"' Mpc' and Q,=Q,+Q, =1 (Q, =03;
Q, =0.7). For analyses in this paper, the degree of relationship between source
parameters is deduced by Pearson Product Moment correlation coefficient » 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 Zjy ~1.06
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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Fig.1. Distributions of the 93 gamma ray objects in redshift.

Similarly, the distribution of logarithmic values of the y-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, NLSI 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
values of 43.82erg/s for Seyfert galaxies, 43.81erg/s for radio galaxies, 46.98 erg/s for
quasars, 45.69erg/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 NLSI 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
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Fig.2. Distributions of the 93 objects in gamma ray luminosity.
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the distribution of L, is same is rejected with p<107. 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 p~0.1.
The probability of the K-S test between radio quasars and BL Lacs, as well as
between BL Lacs and NLS1 is p~0 at 5%. The cumulative distribution curves
of L, are also shown in Fig.2b.

Furthermore, we show the distributions of our sample in y-ray core domi-
nance parameter (on logarithm values) in Fig.3. The distributions yield mean
values R of 69.6 for quasars, 31.7 for BL Lacs, 780.4 for NLSls, 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, NLSI, 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 v -ray emission of the different
subclasses of the jetted AGNs, the choice of R, 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 7y -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, should thus be a constant for all classes of the AGN. In fact, several
authors [61] have argued that R, <0.1 is satisfied by most objects. Hence, using
R,=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 y-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

Tablel
DISTRIBUTION OF CONE ANGLES OF JETTED AGNs
Objects | Number z log L, erg/s R, R (bg" b’

Quasars 4 1.06£0.01 | 46.981£0.02 | 69.6x 4.2 | 9.810.6 | 18.27 | 27.13
BL Lacs 22 0.31£0.01 | 45.4810.05 | 31.7£4.2 | 41x0.3 | 21.87 | 30.68

NLSI 9 0.47£0.03 | 45.69+0.09 | 780.4%£13.2 | 16.612.1 | 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 1.01£0.2 | 36.87 | 39.65
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significant role in explaining the underlying connection between the subclasses of
jetted AGN.

To investigate the evolution of y -ray luminosity of the different subsamples
of the jetted AGNs the scatter plot of L,—z 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 L, —z range. Although the NLSIs 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:
logLY = 5.0llog(1 + z)+ 45.47, with correlation coefficient r~ 0.7, for quasars;
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Fig.4. Scatter plot of y -ray luminosity Lﬁ/ against redshift z for the 93 objects.
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logL, =1.18log(l +z)+44.87 , with r~0.9 for BL Lacs; logL, =10.37log(1+z)+
+43.23, with r~0.8 for radio galaxies; logL, :1210g(1+z)+ 43.04, with r~0.7
for Seyfert galaxies, and logZ, =10.28log (1 + z)+44.02 , with r~0.8 for NLSIs.
These correlations suggest that the samples follow similar evolutionary track from
jetted Seyfert galaxies at lowest L, —z regime, to quasars at highest L,—z range.

To investigate the effects of relativistic beaming in the sample, the scatter plot
of y-ray core-dominance parameter R against y-ray luminosity of the different
subsamples is shown in Fig.5a. There is a somewhat positive trend in the L-R,
relation of the entire sample. Regression analysis of the data yields
logL, =-0.42logR,+9.73 with correlation coefficient r~ +0.5. However, when
considered separately, the results are as follows: logL, =-0.23logR,+12.73 with
r~+0.1 for quasars; logL, =-0.23logR,+12.73 with r~0.1 for BL Lacs;
log L, =0.68log R, —30.92 with r~+0.1 for radio galaxies; logL, =0.36logR,—15.71
with r~0.2 for Seyfert galaxies and logLZ, =0.82logR,—34.48 with r~0.5 for
NLSIs. 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 NLSIs, which
appears to be more relevant in recent investigations [43], we re-plotted the L - R,
data, excluding quasars and BL Lacs in Fig.5b. The scatter is substantially reduced
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Fig.5: Scatter plot of y -ray luminosity against y -ray Core-dominance parameter of 93-jetted
AGN.

and there is a clear correlation with correlation coefficient »~+0.7. Thus, the
L,—R 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.
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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 y-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 y -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 y-ray band) than the other jetted Seyfert galaxies. The result supports the
supposition that NLSIs 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 y-ray core-dominance
parameter exhibited by NLSIs in the sample. In fact, it has been argued that
the detection of extended radio emissions in y - 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 NLSIs. 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 y -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 y -ray emission from NLS1s could account for the
yet small number of y-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 vy -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 y - ray properties
of a sample of jetted AGN. We showed from the distributions of vy - 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 L,— R correlation (#~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 y -ray emission, All these results suggest that in addition to
evolutionary link between jetted Seyfert galaxies and other radio loud AGNSs,
relativistic beaming and orientation effects can also be playing a significant role.
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Ob YHUOULIMPOBAHHON CXEME y-MU3JYUYAIOILINX
AKTHUBHbIX AAEP I'AJJIAKTUK CO CTPYAMHA

ANAYAY!?2 ©.K.OHO!, B.Y.MUIA!, O.OKHKE?, A.A.'YBAUYKBY!

OTKpbITHE Celi(pepTOBCKUX IJIAKTUK C FaMMa-U3ay4eHUeM MO3BOJIMIIO Tpel-
CTaBUTb HOBYIO YHU(PUIIMPOBAHHYIO CXEMY aKTUMBHBIX siaep rajgaktuk (AAD), B
KOTOpO# ceiiepTOBCKUE TajlaKTUKKU CO CTPYSIMU (JIXKEThI) pacCMaTpUBaIOTCS Kak
MoJiofible aHaioru pamuorpoMkux ASII. B aToli cTaThe uccienoBaHa B3aMMOCBS3b
MEKIIy CBOMCTBAMM TaMMa-M3IyIeHUs Ceii(epTOBCKUX TaJJaKTUK CO CTPYSIMH U
CBOWMCTBAMM pPaaMOTraJIaKTUK, PaavMoKBa3apoB W JalepTUaoB. Pe3ynbTaThl moka-
3bIBAIOT, YTO Ha JMarpaMMe CBETMMOCTb - KPacHOe cMelleHue (L, —z ), ceiidep-
TOBCKHE TAJIAKTUKHU CO CTPYSIMU BBIIVISIIAT KaK XBOCT HU3KOI CBETUMOCTU PaIno-
IPOMKUX aKTUBHBIX SIIEP, YTO YKa3bIBAeT HA SBOJIOLMOHHYIO CBS3b MEXAY HUMU.
OnHako ceiipepToBCKME TalaKTUKU ¢ y3KUMU JuHUsIMU (NLS1) He UMeroT cXoxXux
XapaKTEPUCTHUK C CelihepTOBCKUMM TajlaKTMKaMU, TTOCKOJIbKY OHM 00J1afatoT OoJIbiiieit
CBETUMOCTbIO U KPACHBIM CMeEIlEHWEeM, 4YeM ceidepToBcKUe TajaKTUKU, 4TO
MO3BOJISIET MPEANOI0XUTh, UTo NLS1 sBiisitoTcs 6oJiee pa3BUTBIMU UCTOYHUKAMU.
AHaiu3 napaMeTpoB JOMUHUPOBAHUS siaep (7Y -U3TYyYEHUS U PAIUOU3ITydYeHMUS)
MOKa3bIBaeT, 4To sl Kaxaoro moxakiaacca AGN co CTpysIMM yroj M3Iy4eHUs
1mMpe ISl paavuon3IydeHus1, YeM UTsl ¥ -u3nydeHust. B To BpeMst Kak celidepToBCKue
TaJJaKTUKK M PaIuOTAIAKTUKI B CPETHEM MMEIOT OOMMHAKOBOE Majoe HAaKJIOHEHUE
K JIyuy 3peHus], 00beKThl NLS1 MMeIoT opreHTaluuo, aHAIOTMYHYIO KBa3apaMm U
BL Lacs. CymectByeT 3Haummasi koppeisiuust (r~ 0.7) Mexay napaMeTpom
JTOMUHWPOBAHUS spa Y -U3JTy4eHUs] U CBETUMOCTBIO Y -U3JTydeHUsl. Pe3ynprarhl
COMJIACYIOTCS C MEPECMOTPEHHON YHUMDUILIMPOBAHHON CXEMOI 1 Mpearnoaraior, YTo
NLSI1 npeacraBisitoT coboif CUIbHbBIE JTy4eBble UCTOYHUKU, YbU POAUTEIHCKUE
MOMYJISMM MOXHO HAWTM cpeay OOBIYHBIX CeU(EepPTOBCKUX TalaKTUK W/WIU
paauoragakTHK.

KitoueBbie croBa: earakmuku: akmusHbvie 2aiaKmuki: celighepmol: 0Jcemopl: eamMma
uzny4erue
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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 DRI12), 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
Az=0.01, 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 (AGNSs) [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 (L[OIII] >10’ Lg ), 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 z<0.35.

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 0.02<z<0.2 into
subsamples with a redshift binning size of Az=0.01 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 0.02<z<0.15.

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 Q,=0.3, a cosmological constant of Q, =0.7, and a Hubble constant of
H,=70kms" Mpc™.

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 0.02<z<0.2.

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]6584/Ha > 0.6 (and S/N >3 in both lines)
[20], and still are classified as an AGN even if their [OIIT]5007 and/or HB have
too low S/N. Miller et al. [22] called such AGNs the "two-line AGNs".
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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 1o Poissonian errors. Error-bars of solid lines are omitted for clarity.
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Low S/N SF. The remaining galaxies with S/N >2 in Ha are considered

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

Az=0.01. K-corrections are less important and can be ignored. Following Deng
et al. [15], we use the observed color (not apply K-correction).
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3. Statistical method. Following Deng [24], we measure the projected local
density ZS :N/ nd52 (Galaxies Mpc™?), where d, 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 Az=0.01. 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 0.17<z<0.20. 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.

Table 1

K-S PROBABILITIES OF DIFFERENT COLORS THAT TWO
SAMPLES AT BOTH EXTREMES OF DENSITY ARE DRAWN

FROM THE SAME DISTRIBUTION

Redshift | Galaxy P (u-r) P (u-g) P(g-r P (r-i) P(i-2)
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 1.067¢-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 6.633¢-08 0.000115 6.23%-11 1.611e-12 | 0.000532
0.06-0.07 10503 1.081e-07 0.000116 1.545¢e-11 6.239¢-13 | 3.256e-06
0.07-0.08 13062 0.000406 0.0108 5.291e-08 9.659%-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 3.096¢-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 9.765¢-05 3.324¢-07 0.00299
0.13-0.14 7650 9.127¢-06 0.000191 9.041e-09 1.246e-10 | 0.000477
0.14-0.15 6412 0.138 0.682 9.366¢-05 6.631¢-06 0.274
0.15-0.16 4787 0.00211 0.110 2.894e-05 8.245¢e-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

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 Az=0.01, and analyze the environmental dependence of all five galaxy
colors of subsamples in each redshift bin. The histogram figure and the (KS) test
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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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3ABUCUMOCTD PA3JIMYHBIX LIBETOB
POOUTEJIBCKUX TAJAKTUK AKTUBHBIX
TAJIAKTUYECKUX SAOEP (AAT) OT
OKPYXAIOIIIEN CPEIBI

KCHUH-®A ABHI, YXKHN-IOH BY

Hcrionb3ys orpaHnyeHHYIO 110 BUAMMOM BETWYMHE BBIOOPKY POIUTETBCKUX
raJlakTUK aKTUBHBIX Talaktudeckux siaep (AAID) m3 Sloan Digital Sky Survey
Data Release 12 (SDSS DRI12), uccienoBaHa 3aBUCUMOCTb LIBETOB U-F, U-g,
g-r, r-i n i-z ponutenbckux ragaktuk AAI ot okpyxarwouiei cpeabl. Bes Boibopka
C OTpaHUYEHHOI BUIMMON BEJIMUYMHON Oblla pa3duTa Mo KpacHOMY CMEUIEHMIO
Az=0.01 Ha MHOXECTBO MOABBIOOPOK U I KaXJOW M3 HUX aHAJIM3MPOBaHa
3aBUCUMOCTb BCEX MSITU LIBETOB TaJIaKTUK (B KaXXIOM OMHE M0 KPaCHOMY CMEIIEHUIO)
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OT OoKpyxatoleil cpenbl. OKa3anoch, YTO B 1IeJIOM BCE LIBETa POAUTEIbCKUX
rajakTtuk ASID ciabo KoppeaupyroT ¢ MECTHBIM OKPYXKEHUEM.

KrtoueBble cioBa: earakmuku: pyHoameHmaisHvle napamempsl - 2AAaAKMUKU:
cmamucmuka
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High-redshift blazars detected in the 7y -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 7y -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 7y -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 (1.74 £0.04) - 107 photon cm™s™. 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) 7 -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 y -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 v in the
rest frame. When vg < 10'* Hz, blazars are referred to as low synchrotron peaked
(LSP) sources, while intermediate synchrotron peaked (ISP) and high synchrotron
peaked (HSP) sources have v, values between 10" and 10" Hz and >10" 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 v -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.

Table 1
LIST OF y-RAY EMITTING BLAZARS WITH REDSHIFT BEYOND 2.5
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
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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 7 -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 7 -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 y -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 Y -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
PS8R3 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
12° 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 >90°
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 16°.9x16°.9
square region into pixels of 0°.1x0°1 and into 37 equal logarithmically spaced
energy bins with grbin 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 7.5 defined as 7.S=2log(L, /L,), where L, and
L, 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+5° 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_PSR3 SOURCE_V3 vl
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 Yy -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 y -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 v -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 7y -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 (1.74+0.04)-10~ photoncm™s” on
MID 58596.49. It should be noted that the average flux of y -ray emission from
this source is (1.01+0.19)-107° photoncm™s™, so the flux increases ~17.22 times.
The time-averaged v -ray spectrum of PKS 1830-211 is well explained with the
index of I, =2.66+0.34 but during the brightening the hardest index of
[, =222£0.03 was observed on MJD 58596.49. The 7 -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 (5.87+1.34)-10” photoncm™s™ 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 (1.81+0.39)-107" photoncm™s™ on
MJD 55945.22. On average, the 7y -ray spectral index of this source is around
I, =2.68 but during the flares occasionally it hardens, for example, on MJD
56014.81 the index was I, =2.00£0.16. 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 y -ray emission (Fig.1d); the averaged Y -ray flux of the source
was (3.2440.94)-10° photon cm™s” which increased up to (5.75+0.12)-107
photoncm™s™ on MJD 56177.66. It should be noted that during this bright period
the photon index hardened to I,=2.10%0.11. For the other remaining three
sources (PKS 2311-452, PKS 2318-087 and PMN J0833-0454), no flux changes
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Fig.1. The y -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 archive' or from Swift UK archive’ and processes them applying the
standard analysis methods. In particular, the Levell 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 tool® [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
2.0-10keV X-ray flux of PMN J0833-0454 is at the level of 1.86-10 " ergem™s™,
instead, the spectral index is I'y =1.90+0.53 and Iy =2.17+0.47 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 10'*-10" Hz,
which is not typical for FSRQs. Similarly, the 2.0-10keV X-ray flux of TXS
0536+145 and LQAC 247-061 is (0.91—2.28)-10‘12 ergcm” s’ and
(1.00—1.79)~10’12 ergem?s”, 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

! 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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Table 2
SWIFT XRT ANALYSIS RESULTS
Object Observation ID Date Fa.o-u 0 keV'| Index |C-Stat(d.o.f)
PMN J0833-0454 | 00034962002 2017-12-13 0.171£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 1.7840.7 | 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 |1.4910.32 1.14(75)
TXS 0536+145 00032331002 2012-04-18 091+0.4 |1.88%0.36 0.99(58)
TXS 0536+145 00032331003 2012-11-15 14£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 | 17.2743.15 |0.54%0.11 1.37(357)
PKS 1830-211 00038422021 2016-05-04 | 18.814£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)

I XRT flux in units of 10”ergcm?s’

(2.41£0.44)-10" ergem™s” 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 Archive’. 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

4 http://irsa.ipac. caltech.edu/applications/DUST/
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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.

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 Lo making an angle of 0
relative to the observer's line of sight.
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For a small viewing angle, the emission is amplified by a beaming factor of
[,,=3. It is assumed that the emitting electrons have a power-law with an
exponential cutoff energy distribution in the form of

N(y.)=Nov.”exp (Ve Yeu)s Ve > Vo (1
where p is the power-law index of electrons, vy, is the cut-off energy and vy, .,
is the minimal energy. The total electron energy (consequently, N, 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 v -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 R, =0.9R,;, and
an outer boundary of R, =1.2R,, where Ry, =107 Ly ,./10° ergs! [52]. It
is assumed that L, , corresponds to 10% of the disk luminosity L, . 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, p, v, »
You» O, 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 (x10?) and
cutoff energy (x10%) of the electron distribution, respectively, 4 - magnetic field

Table 3

PARAMETERS OBTAINED FROM THE MODELING OF
MULTIWAVEWLENGTH SEDs

Sources Y min Y cut B (G) o 3 Lt |L|L,

PKS 1830-211 |7.531£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 |1.3310.07 |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 3.2310.56| 1.624+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 | 8.5720.76 |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, in units of 10*ergs™”, 8 - variability time in unit
of 10" day, 9 and 10 - the power of the jet in the form of the relativistic electrons
L, and magnetic field L, in units of 10" ergs™ and 10*ergs™. The presented
SEDs have sufficient data spanning from radio (archival) to HE v -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.
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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 7y -ray data,
so the increase of the synchrotron component will imply discrepancy with the
X-ray and vy -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 2.491+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 - (12.94+1.82)-10° and (8.57+0.76)-10°, respectively. The cut-off
energy is estimated to be (5.99+0.41)-10°, (2.75+0.27)-10° and (1.62 +0.14)-10°
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 ¢ = 3.73 days which corresponds to R = 3.37-10" 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 L, = nchf r? U, and Ly = chR,f r’v 5 » respectively. The corresponding
values are given in Table 3. For all the considered sources, the jet is particle-
dominated with Z,/L, >1. The highest total luminosity of L,, = L,+ L, =3.17-10%
ergs’ is estimated for PKS 1830-211, while PMN J0833-0454 has the lowest
luminosity of 5.52-10* ergs”. 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 (0.01—9)-1046 ergs’.

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
Y -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 7y -ray emission from PKS 1830-211, LQAC 247-061, TXS 0536+145
and 4C+41.32 varies in time. In the y-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 (1.74+0.04)-107°
photoncm?™s™.

- In several occasions the 7y -ray spectral index of the considered sources
hardened significantly. For example, on MJD 56014.81 the index of TXS 0536+145
was I, =2.00+0.16 or I', =2.10+0.111 index was observed for 4C+41.32 on
MID 56177.66.

- The most variable source in the X-ray band is PKS 1830-211. Its 2.0-
10keV flux increased up to (2.41+0.44)-10"" ergcm™s™ 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 (1.62—12.94)-103 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 (0.05 -3. 17)-1046 ergs' and
the disc luminosity (upper limit) is in the range of (0.01—9)-1046 ergs™.
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MHOTOBOJTHOBLIE CBOMCTBA W3BPAHHBIX
BbJIASAPOB C BOJIbIIMM KPACHBIM CMEIIEHHWEM

I"APYTIOHAH

bnazapbl ¢ 6oMbIIMM KpacHBIM CMellieHUeM, OOHapyXeHHbIE B Y -Auana3oHe,
SBJSIOTCS CaMBIMU MOIIHBIMM YCTOWUYMBBIMU OOBeKTaMM BO BceleHHOIA.
MHOTrOBOJIHOBBIE HAOMIONCHMS 33 3TUMHU JAIEKUMU OOBbEKTaM OCOOEHHO MHTEPECHBI,
TaK KaKk OHW MOTYT IOMOYb MOHSATh 3BOJIIOLIMIO Y -U3JIydeHUs 6J1a3apoB, a TakXKe
dopMupoBaHUE U paCIPOCTPAHEHUE PEIITUBUCTCKUX CTPYH B paHHUE SIIOXU
Bcenennoii. B jaHHOM McclienoBaHMM Mbl pacCMaTpUBaeM MPOUCXOXKICHUE 1IMPOKO-
MOJIOCHOM 3MHMCCUMU 7-M 0Oyia3apoB, C KpPacHBIMU CMEIIEHUSIMU Oosblae 2.5,
aHAIM3UPYS AaHHBIe, HaKomieHHbIe ¢ momompio Swift UVOT / XRT n Fermi-
LAT. HabmonaeTcst HeCKOJIbKO MEePUMOIOB BCIBILLEK CO 3HAYUTETbHBIM YBEJIUYCHUEM
MOTOKa U U3MeHeHreM (POTOHHOTO MHAEKCA B BHICOKOSHEPIETUUECKOM Y -AMara3oHe
ot PKS 1830-211 (z=2.507), LQAC 247-061 (z=2.578), TXS 0536+145
(z=2.690) 1 4C+41.32 (z=2.550). PKS 1830-211 6bl1 B Upe3BbIYATHO SIPKOM
coctogHn Ha MIJID 58596,49, Korma cpemHMiT MOTOK 3a 3 OHS YBEJIWYHWJICS IO
(1.74+0.04)-107° photoncm™s'. Pentrenosckoe nsmyuenue PKS 1830-211 taksxke
CUJIHO U3MEHUMBO U XapaKTepusyeTcsl (pOTOHHBIM MHACKCOM B auamna3oHe (.34-
0.94. JInst MmogenupoBaHUsI YCPEAHEHHOIO BO BPEMEHU IIIMPOKOMOJOCHOTO CITeKT-
PATLHOTO pacIpeaesieHIsT SHEPTUU PacCMAaTPUBAEMbIX MICTOYHUKOB, MbI MCTIOIb30BAII
OJHO30HHBIN JICTITOHHBIM MEXaHW3M U3JIy4eHUsI, KOTAa IJig 0OpaTHOTO KOMIITO-
HOBCKOTI'O pacCesiHUsI YUUTBIBAIOTCS KaK CUHXPOTPOHHbBIE, TaK U BHEIIHUE (POTOHBI.
B pesynbrare ObUIM OLIEHEHBI COOTBETCTBYIOIIME MapaMeTPhl M3TyJaroIX YaCTHII,
a TakxKe DHEepreTuka CTpyM.

KitoueBbie clioBa: Mmexanuzmvl u3Ay4eHus: Hemenio80u. PeHMEeHOBCKUe AYYU:
Y -ayuu: 6aa3zapol
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TYC 1417-891-1 AND TYC 1478-742-1: ECLIPSING
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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 P=~8.0 day and for TYC 1478-742-1, P=13.6 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, AV >2.5 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=09" 51™39°.93, DEC =20°1223".8) and TYC
1478-742-1 (RA = 14"48™28°.91, DEC = +15°05'12".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 <1.75Rg ) 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.

Table 1
TESS OBSERVATIONS OF TWO STARS FROM THE MAST
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

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 P ~8.0 day for
TYC 1417-891-1 and near P~13.6 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
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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 Am, = 0.75 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=28.00405 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.
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Fig.3. LAMOST moderate-resolution CCD spectra for TYC 1417-891-1 and TYC 1478-742-1
in the range 3900-9100 A .



216 K.K.GIGOYAN ET AL.

Table 2
LAMOST DATA FOR TWO STARS
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

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 1/352/
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].

Table 3

SOME IMPORTANT GAIA EDR3 DATA FOR DWARF STARS
TYC 1417-891-1 AND TYC 1478-742-1

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

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 1V/39/tic82), giving the important physical parameters
for stars, parallaxes, proper motions, TESS T-magnitudes, temperatures, masses,
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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.

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
IMASS J-H color 0.351 0.644 0454 .
OMASS 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 (Lg) 1.949(+0.018) | 0.018(£0.005) | 0.348(£0.009)
T, (K) 5678 3348 5200
Dist (pc) 261.20(£3.21) | 271.16(£9.81) | 117.42(£0.749) | 1981.76(+446.77)

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 STScl 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 =22.920mas/yr for second faint object B. The TIC V8.2 [22] catalogue
distances are consequently »=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
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for faint object (M(G)=+10.20, BP-RP=2.658 mag, 7, = 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-MS35 subtype dwarfs (Cifuentes et al. [26]). As a
supplement, 2MASS (Skrutskie et al. [27]) /- 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.

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 ~ 1.5arcmin x 1.5arcmin.

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 (» ~1980
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.
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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 2arcmin x 2 arcmin .

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 P~8.0 day and P~13.6 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.
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SATMEHHBIE TTEPEMEHHBIE 3BE3/1bl TYC 1417-891-1
N TYC 1478-742-1. GAIA EDR3 U TESS
OOTOMETPUYECKUE NAHHBIE

K.IK.TUTOAH!, K.C.TUTOAH!, A.CAPKUCCUAH?, M.MEDTA?,
IP.KOCTAHOAH!, ®..PAXMATYJIJIAEBA3

Ha ocHoBe kpuBbix 6jecka u3 6a3 naHHbix TESS (Transiting Exoplanet Survey
Satellite) oobekThl TYC 1417-891-1 u TYC 1478-742-1 knaccuduLimpoBaHbl KaK
3aTMEHHbIe nepeMeHHble Tuma - Anroi (EA) ¢ opOutaibHBIM MepuoaomM P~ 8.0
IHSI U1 P~13.6 nHsA, cooTBeTCTBeHHO. [IpuBOasATCS BaxKHble (PU3MUYECKre XapakTe-
puctuku u3 6a3 maHHbpIXx Gaia EDR3 m TESS, a takke LAMOST cnekrpsl.
OOBEKTBI CPAaBHUTEIBLHO SIPKHME M HaxomsaTcst Ha paccTossHum 260.59 (£3.21) (TYC
1417-891-1)nc u 117.42 (£0.74) (TYC 1478-742-1) nc. PaccmoTpeHa mpupojaa
OYEHb C1abbIX OOBEKTOB BOKPYI 3TUX 3BE3/.

KntoueBbie cioBa: nepementvie: 3ammenuble nepemennvie: TESS u Gaia EDR3
daHHble
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AKTUBHOCTDb 3BE3J1bl Gl 414A C ABYMA
IUNIAHETAMU W EE BJIMAHWE HA ITOTEPIO MACCBHI
ATMOCO®EPOU TIJTAHETHI Gl 414A b
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IpencraBieHbl pe3ybTaThl UCCIIENOBAHUS MPOSIBICHU aKTMBHOCTH KapjiMKa CIEKTPaTIbHOTO
k1acca K7 Gl 414A ¢ gByms muiaHetamu, omHa u3 KoTopeix (twranHeta Gl 414A b) mpu sKcueH-
Tpucutere e = 0.45 Ha TIPOTSKEHUM OOJbBIICH YaCTU CBOE OpPOUTBHI HAXOOUTCS B Tpeaesiax 30HbI
obutaemocty. Hair aHanu3 mokasaj, 4to HauboJjiee JOCTOBEPHBIM OMNpee/ieHueM Mepruoa BpalleHUst
Gl 414A crenyeT mpu3HATh pe3yabTaThl aHaaM3a (POTOMETPUUYECKMX HAOMIONCHMIT 3BE3IbI, BBHIIOJ-
HeHHBIX 0030poM Kilodegree Extremely Little Telescope (KELT), ykasbBaioinye Ha TEpUOI €€
BpamieHuss P = 42 cyr. OgHako IO IIeprOAOrpaMMaM, TOCTPOCHHBIM IIO APYTrUM HaOTIOACHUSIM
Gl 414A, HammuMe Takoro IiepMoja He IoATBepxkmaeTcd. LMK monroBpeMeHHON aKTMBHOCTU
3Be3ibl cocrapisieT BenmumHy Topsiaka 3800 cyt (10.4 set). IMomydeHHBIE pe3ynbTaThl U3YYEHUS
AaKTUBHOCTU 3BE3[bI WCIIONIB30BaHBI IS OLIEHKW ToTepu BemiecTtBa armocdeps! rmiaHeTsl Gl 414A b
M0 anmpoKCHMalMOHHON ¢dhopMyJie Uil MOJIEIU TOoTepu atMochepbl ¢ OrpaHUYEHUEM IO SHEPrUU.
ITo 486 ouenkam mapameTpa S,, ObUTM BBLITIOJHEHbI PacyeThl TMOTEPM BellecTBa arMocdepoit
Gl 414A b B TeueHue uHTepBaia B 5805 cyt (15.9 ner). BeauuuHbI 3THX MOTEPh B OCHOBHOM JIeXaT
B unteppaie log(M, ) or 7.15 mo 7.50, a meamanHoe 3HaueHue pasHo 7.30. Ilpu Bemuuune
skcueHTpucuteta 0.45 paccTostHue OT LeHTpaibHOM 3Be3nmbl 10 Gl 414A b BapbupyeTcs B Ipezesiax
or 0.13 mo 0.34 a.e., WISl HUX TIOJNYYEHBI OLEHKM TOTEpH Bellectsa armocdepsl - 16.21-107 r/c u
2.37-10’ r/c, COOTBETCTBEHHO.

KitoueBbie cioBa: 36e30bl: aKMueHOCHb: NAMHA: ¢0m0/nempuﬂ: NepemerHHoCnb.
naaHemHsvle cucmemol. ammocd)epbt JK30naaHem

1. Beedenue. Asropnl [1] cooBLUM 06 OTKPLITUM IBYX IUIAHET, BPALLAIOLLIXCS
Bokpyr Onuskoro (D= 11.9 nk) kapauka Gl 414A cnexkrpaibHoro kinacca K7.
Gl 414A b sBsieTcs TUIAaHETOM TUTA CYO-HENTYH ¢ Maccoi mopsiaka M sini=7.60 M g
n Gosbioil momyocklo opoutkl 0.23 a.e. Bropasg mnanera, Gl 414A c, sBusieTcd
00BEKTOM THMA CyO-caTypH ¢ M sini =53.83M g n 6onbuIoii noiyocso 1.43 a.e.
st oOHapyKeHUsI TUIAHETHOM CUCTEMBbI ObLTY MCIIONBb30BaHbI JaHHbBIE CIIEKTPaIbHBIX
HaomoneHuin Keck/HIRES n Automated Planet Finder at Lick Observatory, a
Takxe (potomerpuueckue naHHble 003opa KELT. ABropsl [1] monyunnu oueHKu
Mepuoa BpallleHUsT 3BE3bl U JOJTOCPOYHOIO LIMKJIA €€ MAarHUTHOI aKTMBHOCTH.

3Be3ma Gl 414A, ussectHas kak HD 97101A u HIP 54646A, sBisgeTcsa SpKuM
K7V xapaukoMm, ee OGieck cocrapisieT B ¢uiabrpax B=9".67, V= 8".864,
R=28".691. Ona umeer crrytTHuK HD 97101B - KapiamK CIeKTpaJlbHOTO Kjacca
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M2V ¢ 6raeckom V=9".98. 3Be3nbl 00pa3yloT IMUPOKYIO Mapy ¢ pacCTOTHUEM B
408 a.e. (COOTBETCTBYyIOIEEe YIJIOBOe pacctosiHue - 34.34 yri. c).

HMurepec K miaHeTHoU cucteMe Gl 414A o0yciioBieH TeM, YTO MpPU 3HAUYEHUU
6ostpioi TTomyocu opouthl 0.23a.e. 1 skcueHTprcuteTe 0.45 paccrostHue mexny Gl
414A b u 3Be3noii Bappupyetcd ot 0.13 go 0.34a.e., 1 Ha TPOTSKEHUM OOJIBLIIEH
YyacTM CBOeli OpOUTHI TlaHeTa OydeT HaXOAUThCS B Tpeaesiax OOMTaeMOW 30HbI.
IIpaBna, ciemyeT NpUHSTH BO BHUMAHUE, UTO TJIaHETa UMeeT MUHUMAIbHYIO Maccy
7.6 M ¢ , KOTOpasi, BEPOSITHO, YKA3bIBaeT Ha HAIWYME 3HAYUTETbHOU O0OIOYKH,
Ooraroit JieTyuyrMu BelliecTBaMU. BO3MOXHO 3TO 0OCTOSITETLCTBO MOHMKAET 1IAHCHI
Ha 00MTaeMOCTh. PaBHOBECHBIE TEMITEPATYPBI IUIAHET b U ¢ coCTaBysoT T, s 308.6
+335K n Teq,c =124.7 £ 13.5 K, COOTBETCTBEHHO.

B mepBoil yacti HacToflLEeil pabOThI IpPeACTaBIeHBl pe3yIbTaThl aHAIMU3a
nposieneHnii aktuBHocT Gl 414A. Bo BTOpoii - MOJydYeHHBIE pe3yJbTaThl
HCIIOJIb30BaHbI JJI OLIEHKM IToTepu BemiecTBa atMocdepsl miaHeTel Gl 414A b.

2. Ilpoaenrenus axkmuenocmu Gl 414A. Cornacto [1], abdexTuBHas
Temiepatypa 3Be3abl paBHa 4120 £ 109 K, yckopeHue cuiibl Tsokectu logg =4.65 &
0.04, pammyc R/Rg =0.680+0.14, cBerumocts L/Ly =0.119+0.013 u Mmacca
M/Mg =0.650+0.08. Bo3pact 3Be3nsl paBeH 12.4 + 5.2 mupnser. O6bekt Gl
414A otoxnectnieH ¢ ucrounnkoM Gaia EDR3 732857558276385664, ero mapajuiakc
cocrapisieT © (mas) = 84.1766 = 0.0258.

Kak yka3spiBasoch, 3Be3ma objagaeT crnyTHukomM HD 97101B - kapaukom
CIIEKTpasIbHOro Kiacca M2V ¢ addekTrBHOI Temmeparypoii 3663+ 70, panuycom
R/R@ =0.548£0.017 , CBETUMOCTBIO L/L@ =0.048+0.005 u maccoun M/M@ =
=0.542+0.022 . I1To He3aBUCHUMOI OLIeHKE ero Bo3pact paBeH 11.2+ 5.9 mupn ner.
OTMeTHM, YTO TIEPEUUCIICHHbIC HAMU CBOICTBA 3BE3I IIPUBOASATCI COMIACHO JAHHBIM
[1] (Tabm.1).

ABtopnl [1] mpoBesm aHanu3 doromeTpuyeckux HaomoneHuin Gl 414A,
BBIIIOJIHEHHBIX B TeueHue 6 jieT 063opom Kilodegree Extremely Little Telescope
(KELT). ITocTpoeHHbI# crieKTp MOILIHOCTU (purc.2 B [1]) yka3blBaeT Ha Hajauuue
M1Ka, COOTBETCTBYIOLLIEro Mepuoay BpalueHust 3Be3abl P=42cyt. CornacHo [1],
BapHalliy BEJIMYMHBI P OT Ce30HA K CE30HY MOTYT COCTABJIITh BEJIMUMHY MOPSIKA
4 cyr. 1o monyuennsM criektpam Keck/HIRES aBropsr [1] onpenenvian 3HaYeHMS
noKasaTe/Isl 3BE3IHOM aKTUBHOCTU MapameTpa S, , M3MepeHHoro 1o auHuaM Call
H n K 1 noctponnn CrieKTpbl MOLIHOCTU I BeIMYMH S, . Bbul Haiigen nuk
IJIs iepuozaa, paBHOTO 75.4CyT, 4TO MPUMEPHO B JBa pas3a 00Jblle BeJTUUYUHbI P.
KoMOuHMPYsT 3TOT pe3yabTaT ¢ pe3yJibTaTOM aHajau3a JAHHBIX O MepPeMEHHOCTU
JIyueBON CKOPOCTHM 3Be3lbl, B [1] ObUIO caenaHO MPearnojiokeHue O TOM, 4TO
BeJIMYMHA TIepHoa BpallleHWsT 3Be3Ibl COCTaBIsAeT OKOoJIo 40 CyT.

Kpome Toro, B [1] OblI caeiaH BBIBOA, O HAIWYMU MEPEMEHHOCTH BEJIWYUH
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S, € XapakTepHbIMU BpeMeHamu 4554 u 2979 ¢yT, 4TO 1O MHEHMIO 3THX aBTOPOB
cooTBeTcTBYeT HUKIMYHOCTY B 3000 cyT, HaliieHHOM 1O JAaHHBIM IS Jy4eBOM

CKOPOCTH.

Ha pI/IC.l npeacTaBJCHbl PE3yJbTaTbl HEC3aBMCHMMOI'O aHalivM3a OaHHbIX IJIA

napameTpa S,

npuBegeHHOro B Ta6ia.2 B [1]. Becero 6nu10 Mcnonb3oBaHo 486

OLEHOK mapamerpa S,,.. Ha moCTpOEHHOM CHEKTpe MOILUHOCTH, B MHTEPBaJE
nepuoaoB 1-100 cyT, 3aMeTHO BbIAEISETCSI MUK, COOTBETCTBYIOLUIMI BEJIUYMHE
nepuona npsiaka 76 cyr. Kak u ykaswsiBajock B [1], mMeeTrcsa Habop IMHUKOB B

1.4 E

w 1.0

I[III

0.6

j

53000 54400 55800 57200

JD-2400000
1.0 :

0.8

0.6

\lll\‘\\\

‘r

0.4

Amnautypa

0.2

0.0 1 10 100

MNepuop, cyTku
1.0

0.8
0.6

0.4 \ .

Amnautyga

0.2

0.0
20 40 60

Mepuopa, cyTku

58600 60000

1000

80 100

Puc.1. Beepxy - maHHble Ui nmapamerpa Sy, u3 [1]; cpenHsas maHenb - CHEKTP MOLUIHOCTH
s uHTepBaga 1-6000 cyT; HUXKHSS MaHENb - CHEKTP MOIMHOCTH mist uHTepBaia 10-100 cyr. Ochb

abcumcc Ha C]:)Cl[HCfI maHCJIM JaHa B J'[Ol'apI/ICbMI/I‘{CCKOM maciirabe.
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obnactu okojio 40cyt. [To HalleMy MHEHUIO, MKW TIPUMEPHO TAKOM K& aMILTUTYIbI
MMEIOTCS W IS BeIWYMH Topsinka 47 m 62 cyT. Bo3MOXHO HMeeT MecTo
LIMKJIMYHOCTh ¢ XapakTepHbIM BpemeHeM B 3870 cyT. OTMETUM, UTO 3TU PE3YIbTaThl

MOJYyYEHBI MO 00BeAMHEHHOMY MAacCHUBY HAaHHBIX u3 [1].

ITo panHbIM MHOTOJIETHEro 0630opa Kamogata Wide-field Survey (KWS) [http:/
/kws.cetus-net.org] HaMu ObUIA BHITIONHEHA e11e OHA TOIBITKA TTPOBSICHNS aHAIN3a
nposeiaeHnii aktuBHocTh Gl 414A. B 0030pe TipeacTaBieHbl HaOMOneHNS 3Be3Ibl B
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Puc.2. BBepxy - 6aeck GJ 414A B ¢unbtpe V mo maHHbeIM o030opa Kamogata Wide-field
Survey (KWS); cpenHsis maHesb - CIEKTP MOLIHOCTH it MHTepBaia 1-6000 cyT; HVXHSS TaHe b
- crekTp MoluHocty st MHTepBasa 10-100 cyt. Och abcuucc Ha cpeiHeil NaHen W JaHa B
JorapupMUIECKOM MaciuTabe.
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¢unbrpax V u Ic, HO Mbl OrpaHUYWINCH TOJBKO AaHAJIM30M JAaHHBIX WIS (DUIbTpa
V, obnanaroiux 6ojiee AJIUTEIbHBIM MHTEPBAIOM HabmoaeHuit B 4424 cyt (12.1 aer)
(HJD 2455530.332 - 2459955.290).

Bcero 6nutm paccmorpeHbl 1342 oueHkM Ojecka 3Be3nbl B (uibTpe V.
IIpencraBiaeHHble Ha puc.2 (BBEpXy) JHaHHbIE HECOMHEHHO CBUAETEIbCTBYIOT O
MPUCYTCTBUU LIUKJIIMYHOCTA B U3MEHEHUM ee Onecka. Ha ocHOBe MOCTPOEHHOTO
crekTpa MoiHocTy aus 6jaecka Gl 414A MOXHO MPEeANoNOXUTb CYLIECTBOBAaHUE
BO3MOXXHBIX LMKIOB akTUBHOCTU Oosiee 3000 cyT M mepeMEeHHOCTHM Ha IIKaje
BpeMeHM nopsiaka 10 - 100 cyT (BeposTHBIN IepUOI BpallleHUS 3Be3abl), (puC.2,
HUKHSIS auarpaMmma). [IpencraBisieTcs BO3MOXHBIM COITOCTaBIIEHUE Pe3yabTaToOB
aHaJIM3a NMEPEMEHHOCTH OJIeCKa 3BE3/Ibl M MBMEPEHHOTO MHIEKCA S, , XapaKTepH-
3yIOLIEr0 XpoMOCc(epHYI0 aKTMUBHOCTD 3Be3bl (puc.l u 2). IIukiibl goaroBpeMeHHON
AaKTUBHOCTHU B 000MX CIIy4dasiX COCTaBJSIOT BeauunHy mopsiaka 3800cyt (10.4 ner).
B o6Gmactu 10- 100 cyT cuTyauus COBEpIISHHO Apyras - Ha pUC.2 OTCYTCTBYIOT
miku B obmact 40 cyr, HO MX MOXHO BMIETHL B o0macTsax okoso 47, 62 u 76
CyT, a TaKXe UMeeTcs Habop mukoB B objacty 20cyT. OTMETUM, YTO HU B OTHOM
M3 paccMaTpUBAeMbIX HAMU CJIydaeB HeT TaKOIo SIPKO BBIPAXKEHHOTO THMKa, KaK Ha
puc.2 B [1], xapakTepu3ylolero Iepuoi BpaileHus 3Be3abl (42.48 cyT).

B apxuse TESS mnsa Gl 414A nmocTynHBI TOJIBKO JaHHBIE 22-TO ceTa HalJIo-
JeHuit. Haia o6paboTka Oblia aHaJIorMyHa MpOBOAMMON paHee B clydae U3MEpeHUi
JJIT IPYTUX OOBEKTOB U3 apXMBOB KOCMUUYECKOTO TejecKona Kemaep u muccuu
TESS (cM., Hanmpumep, [2]). K coxaneHuo, KayecTBO U IPOAOJKUTEIHHOCTD
HaOJII0ACHUI HEe JAI0T HUKAKON BO3MOXHOCTH [IJIs1 YCTAHOBJICHUS MIEPUOAUYECKOI
MOy O1ecka oObeKTa.

Takum obpazom, HanboIee JOCTOBEPHBIM ClieAyeT ITPU3HAThL Pe3yJIbTaThl aHAIM3a
doromeTpruueckux HaomoaeHuit Gl 414A, BeimosHeHHBIX 0030poM Kilodegree
Extremely Little Telescope (KELT), yka3biBarolye Ha IEPUO BpallleHUsI 3Be3IbI
P=42cyr. OrMeTM, OJHAKO, YTO Ha MEepHOJOrpaMMax, MOCTPOSHHBIX IO APYTUM
HaomoneHusiM Gl 414A, Mbl He BUAMM MUKOB, COOTBETCTBYIOIIMX 3TOMY IIEPUOLIY.
B oTHomeHMM HUKJIA JOJTOBPEMEHHOM aKTUBHOCTH MOXHO C YBEPEHHOCTBHIO
3aKJII0YUTh, UTO €0 JIMTEJIbHOCTh cocTaBisier okoyio 3800 cyt (10.4 ner).

3. Ilomeps eewecmea ammocgpepor Gl 414A b. Kak ykaswiBanoch
Boiie, Gl 414A b gaBnsieTcd IUTaHETOM TUIA CYO-HEIITYH C Maccoil Imopsaka
M sini =7.60M g m O0OnBLION MOIYyOChI0 OpouTHI (.23 a.e. DK30IUTaHETA THTIA CYO-
HEIITyHa ¢ TeYCHUEM BPEMEHU TepsIeT CBOIO TeJIMeBO-BOMOPOIHYI0 aTMocdepy. st
rojicyeTa Takoil MoTepu 0€3 AeTaJbHOrO0 MOJESJIMPOBAHMSI CUCTEMbl B HalleM
HCCIIeIOBAaHNN HCTIOB30BAJIach aIlllPOKCUMAIIMOHHAA hopMyia (CM., HaIIpuMep,
[3,4]), oOblYHO TpUHSATas B JUTEpaType, Kak MOIedb IMOTepu aTMocdepbl ¢
OrpaHUYEHMEM IO dHepruu. B aToil Moaenu mpeanoaaraercsi, 4YTo MOTOK KECTKOro
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y(D—I/ISIIy‘IGHI/IH noriaomaeTrcda B TOHKOM CJIOC paauycCa RXUV’ rac OoITU4YeCcKasd

TOJIIWHA OJIA 3BE3IHbIX XUV—(I)OTOHOB paBHa €AMHUILIC M BKITIIOYCH YUET IIPUIIMBHOIO

addekTa:

dM, &y Py R, Ry

dt— GM,K,.@€) )
TOE €y, - NapaMeTp 3(P¢hEeKTUBHOCTH HArpeBa (&, =0.2+0.1 LA MUHU-
HENTYHOB W Cymep-3eMeiib); G - IpaBUTALMOHHAs IMOCTOsAHHAs, F, - MOTOK
XUV-(}poToHOB; Rp - paguycC IJIaHETHI; Mp - Macca IUIaHeTl; R, - pamuyc

nontomennss XUV-@oronos; K, (&) - npwiuBHBIA napamerp. IlompobHocTu
WCITOJIb30BaHUS COOTHOLIEHUS (1) MOXHO HAWTM BO MHOTMX JIMTE€PaTypHBIX
WCTOYHMKAX, B TOM 4ucie B [3-5].

OcHoBHbIe n1aHHble o TiaHeTe Gl 414A b 6butn B3sTHI U3 [1]. L1 BbruMciieHUi
no opmyie (1) TpebGyroTcs OLeHKM BeMuuHbL F,,, (motoka XUV-boToHoB). s
9TOM 11eJIM HaMM ObUIM MCIONIb30BAHbI AHATUTUYECKHUE 3aBUCUMOCTH, TOTYYEHHbIE
B [6] u cBasbiBarolMe BenuuuHy F,,, motoka u napamerp logR), s 3Be3l
crnekTpaibHbIX KiaccoB oT F mo M. Kak ykasbiBasioch B [1], Gl 414A saBnsiercs
JIOCTaTOYHO akTMBHOW K-3Be3moil. ABTOpHI [1] OTMETHIN, YTO MEIMAaHHOE 3HAYeHUE
napamerpa S, (IOKa3aTess 3BE3IHONM AKTUBHOCTH, U3MEPEHHOIO MO JIMHUAM
Call H n K B monyyenasix uMn criektpax Keck/HIRES) cocrasiser 0.98, a
COOTBETCTBYIOILAsl eMy BeinnuuHa logR, paBHa -4.72. DT 3HaYEHUs B LEIOM
COIIacyIoTCsl ¢ JaHHBIMU [7], HO, BO3MOXHO, COOTBETCTBYIOT HECKOJIBKO OoJee
HU3KOMY YPOBHIO aKTUBHOCTM, YeM 3HAUEHMSI, yKa3aHHbIE B [7], COIJIaCHO KOTOPbIM
S =1.14 n logR',, =-4.50. Pacxoxnenusa mexny logR',, u3 [7] u maHHBIMU
[1] BO3MOXHO 0OYCIOBIIEHBI PA3IMUUSIMU B METOAOJIOTUN U KaJMOPOBKaXx, UCIIOb-
3YEMBIX I IpeoOpasoBaHua mexay S, 1 logR', . Crenyer UMETh B BULY TaKXe
LMKJIMYECKYIO MEPEeMEHHOCTh XpOMOC(hepHON aKTUBHOCTM 3Be3dbl (CM. BBILIE),
TaKXKe, BO3MOXHO, MPUBOIAILYIO K pa3dpocy B OLEHKaX BeIWYuH logR',, .

PacuyeTnl mo cootHomeHuto (1) mokaszanu, 4yTo MOTEPsl BelllecTBa aTMOCGhepbl
MeHsIeTcsl oT 3HayeHus 2.0-107 r/c 4asl BeIMYUHBI logR',, =-4.72 1o 5.23-10’
r/c mna logR', =-4.50, T.e mpumepHo B 2.6 pasa. CornacHo [1] xpomocdepHas
aKTUBHOCTH 3BE3IbI 00JIafacT MUKJINISCKUMI M3MEHEHUSIMI Ha IITKalie BpeMeHHU
nopsaka 3000 cyr. Pacnonaras 486 oueHkamu mapameTpa S, Mbl BBITOJHWIN
pacueThl TToTepu BellecTBa atMocdepoir Gl 414A b B TeueHue uHTepBaia B 5805
cyt (15.9 ner). Ina nepesona Bennuun S, B logR', Hamm ObU1a UCIIOJIB30BaHA
KanubpoBska u3 [8]. Ilapamerpsl 3Be3abl (7, oo 1 TIOKa3aTesb LBeTa (B-V)) 6pu1M
B34ITHL U3 [1].

Ha puc.3 (BBepxy) npeacrapieH rpaduk M3MEHEHWI BEJIMUMH MOTEPU BEIECTBa
atMocdepbl Tu1aHeThl b co BpeMeHeM. I1oCKobKy B HaIlIMX pacyeTax BapbUpOBAIHCH
OLEHKM BeinuuHbl F,, (moTtoka XUV-()OTOHOB), TO BIIOJIHE €CTECTBEHHO, YTO 110
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XapakTepy LUMKIUYECKOr0 M3MEHEHUSI BEJIWYMHBI MOTEPU BeEleCTBA IOBTOPSIOT
3aBUCUMOCTb MHIIEKCA XpOMOC(EepHOI aKkTMBHOCTU. BHM3y Ha pUCyHKe TIpeacTaB/ieHa
TUCTOrpaMMa IS OLIEHOK TTOTepHU BelllecTBa atMocdephl. BemmunHbI MOTepy BellecTBa
arMocdepbl IUIAHETBl b B OCHOBHOM Jiexar B uHTepBase log(M, ) ot 7.15 mo 7.50,
MenMaHHoe 3HayeHue paBHO 7.30. CpaBHUTEIbHO HU3KAs BeJIMYMHA TTIOTEPU BellleCTBa
atMocepbl TIAHETHI b, MPeEXIe BCErO, BEPOSTHO CBSI3aHA CO 3HAUYUTENIBHBIM €¢
yaajeHueM OT 3Be3lbl (OoJiblliasi Mmoayoch opouthl coctaBisieT (.23 a.e.). Kpome
TOTO, MOAYEPKHEM, UYTO Mbl OCUMTAIA JOCTATOYHBIM MCIOJb30BaHUE aIllpPOKCUMa-
LIMOHHOM (hOPMYJIbl, COOTBETCTBYIOLLIEN MOJIENN TIOTEPU aTMOCHEPDI C OrpaHUYEHUEM
MO0 BHEPruu, MOCKOJIbKY HAC MHTEpPEeCcOBaJ OTBET Ha BOMPOC 00 M3MEHEHUSIX B
MoTepe BelllecTBa B ClIyyae BapyallM YPOBHSI JOJITOBPEMEHHON aKTUBHOCTY 3BE3/Ibl.
s maaHeThl ¢, 3HAUYUTEJbHO YAAJEHHOW OT 3Be3bl (O0Jbliast Moayoch OpOUTHI
paBHa 1.43a.e. [1]) BemunHa MoTepu BelllecTBa aTMocdephl elle 0ojee HU3Kas -
nopsiaka 5.23-107 r/c.

CornacHo [1] 3oHa obutaeMoctu BOKpyr Gl 414A nexXxuT B MHTEpBaje OT
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Puc.3. Bepxy - motepst BelectBa atMocdepbl ITaHEThl b CO BpeMEHEM; BHU3Y - TUCTOrpaMma
U OLIEHOK TIOTEPM BEILIECTBA aTMOC(hephl TUIAHETHI b.
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0.37a.e. mo 0.70a.e, ogHaKo OoJsiee ONTMMMCTMYHAS OlLIEHKA BEJIMYMHBLI BHYTPEHHE
rpaHuLbl coctaasieT 0.21a.e. [TnaHera ¢ JexxuT BHe 30HbI oduTaemoctu. [lnaHera
b 4acTUYHO 3aXOAUT B 30HY obuTaeMocTu. Kak ObUIO OTMEUYEHO BBILIE, PACCTOSTHUE
oT ueHTpanbHOU 3Be3abl 10 Gl 414A b Bapbupyetcsa ot 0.13 go 0.34a.e., u Ha
MPOTSKEHUU OOJIbLLIEH YacTU CBOeil OpOUTHI TIJIaHeTa HaXOAUTCS B IIpeaesiax 3Toi
obuTaemoii 3oHbI. [Ipu 3TOM, MoTEpst BelecTBa aTMOcephl IUTAHEThl b COCTaBIsIET
5.23-107 r/c mpuU BeIMUUHE logR',, =-4.50 u m1a paccTOsSHMS TTaHETBI OT
3Be3/bl, COOTBETCTBYIOLIETO BeIMuuHe Oosnblioi monyocu 0.23a.e. s pacctostHui
0.13a.e. u 0.34a.e. moteps BelecTBa aTMocdepsl paBHa 16.21-107 r/c u 2.37-107
r/c, coorBeTcTBeHHO. Tab.1 comep:KuT pe3yIbTaTbl YUCICHHBIX OLICHOK, TTOMYYeHHbBIX
MpU BapbUPOBAHUM MapaMeTPOB - aKTUBHOCTU 3BE3/bl, PACCTOSIHUM 10 TUIAHETHI.

Tabauya 1
OLUEHKHW TTIOTEPU BELUIECTBA ATMOC®EPHI Gl 414A b
ITapameTp Ilotepst BelectBa armocdepsl TUIAHETHI, T/C
logR,=-4.72,a=023ae. 2.0-107
logR}, =-4.50, a=0.23a.. 5.23-107
logR',, =-4.50, a=0.13a.e. 16.21-107
logR', =-4.50, a=0.34a.e. 2.37-10’

4. 3akarwuerue. TpencraBieHsl pe3y/bTaThl AHAIKM3A TIPOSBICHUI aKTUBHOCTU
Kapyika cniekrpaibHoro kiacca K7 Gl 414A ¢ nByms ninaHetamu. 3Be3na obanaer
crytHukoM HD 97101B - kapiaukom criekTpaibHOro kiaacca M2V. OTIMYUTEbHOR
ocobeHHocThlo T1aHeThl Gl 414A b gBisieTcsi TO, YTO NPU IKCLUEHTPUCUTETE
e=0.45 Ha npoTskeHUU OOJbllIe YacTU CBOEW OpOUTHI TUIAaHETAa HAaXOAUTCS B
npenenax 30Hbl oouTaeMocTy. Hainr aHanu3 rmokasai, 4To HauboJsiee 10CTOBEPHbBIM
pe3yabTaToM ofnpeneneHus mnepuoaa BpaiieHuss Gl 414A ciemyeT Tpu3HaTh
pe3ynbpTaThl aHaiam3a (OTOMETPUYECKUX HAOMIONCHMI 3BE3IbI, BBITIOJTHEHHBIX
o030opoM Kilodegree Extremely Little Telescope (KELT), yka3sbiBatolyie Ha Mepuo,
BpaieHus 3Be3nbpl P=42cyt. [Ipn 3TOM, HAa mepromOrpaMMax, MOCTPOCHHBIX 110
apyruM HaomoneHusM Gl 414A, Mbl He BUAUMM IIMKOB, COOTBETCTBYIOIMX 3TOMY
nepuony. LMK nonroBpeMeHHON aKTUBHOCTU 3BE3Ibl COCTARSET BEJIMUMHY MOpPSIIKA
3800cyt (10.4 ner).

[MomyueHHbIe pe3yabTaThl M3YUYEeHMST aKTMBHOCTHM 3BE3IbI MCIIOJIB30BaHBI IS
OLICHKM TIoTepu BelecTBa atMocdepsl riaHeThl Gl 414A b. B maHHOM uccrienoBaHUM
ObUIa TIpMMEHEHa alpPOKCUMAIIMOHHAST (POpMyJIa, COOTBETCTBYIOLIAST MOIEIIN TTOTepH
atMocdepbl C orpaHUYEHUEM 110 3Hepruu. Ui BbIMMCIIEHU TT0 YKa3aHHOM (opmyJie

OLEHKU BeanuuHbl F, . (motok XUV-(OTOHOB) ObUIM YCTAHOBIEHBI IIO
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AHAJIMTMYECKOM 3aBUCUMOCTH, CBA3bIBAIOILEN F, .\, ¥ TapameTp logR |, Ui 3Be3N
CIIeKTpasbHbIX KaccoB F-M. PacueTsl mokaszanu, yTo motepsl BelecTBa aTMochepbl
MeHsieTcsl OT 3HauyeHus 2.0-107 r/c no 5.2- 107 r/c B 3aBUCUMOCTH OT MPUHUMAEMOi
BenmuuHbl logR',, . Tlo 486 ouenkam nmapamerpa S, ObLIM BBIOJHEHBI PACYETHI
notepu BelectBa atMocgepoit Gl 414A b B TeueHune uHTepBaia B 5805 cyt (15.9
JieT). BennuuHbl moTepu BelllecTBa aTMOoc(epbl TIaHeTbl b B OCHOBHOM JieXaT B
unrepsane log(M, ) or 7.15 o 7.50, a MmenuanHoe 3HaYeHue coctasiser 7.30. Ipu
BeJIMuMHe BKcueHTpucuteta (.45 paccTossHue OT LIEHTpPaJdbHOW 3Be3Ibl 10
Gl 414A b Bapbupyetrcsa ot 0.13 mo 0.34a.e. [Ins 3TMX pacCTOSITHUIN TOJy4eHBI
OLIEHKM TIOTepy BelecTsa arMocdepsr: 16.21-107 r/cu 2.37- 107 I/C, COOTBETCTBEHHO.

HccnenoBaHue BhIMOJHEHO B paMKax IpoekTa "UcciaemoBaHue 3Be3/ ¢ 3K30-
1aHeTamMu’ o rpanty IpaButennscTBa P mist mpoBemeHMsT HAyIHBIX UCCIIETOBAHMIA,
MPOBOAMMBIX IO/ PYKOBOJACTBOM BeAyllIMX Y4eHbIX (cornaiieHust Ne 075-15-2019-
1875 u Ne 075-15-2022-1109).

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

THE ACTIVITY OF Gl 414A WITH TWO PLANETS
AND ITS EFFECT ON THE MASS LOSS OF THE
PLANET GI 414A b ATMOSPHERE

[.S.SAVANOV

We present the results of the analysis of the manifestations of the activity of
K7 dwarf GI 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. , calculations of mass loss from

HK>

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, ) 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 16.21-107 g/s and
2.37-107 g/s, respectively.

Keywords: stars: activity: spots: photometry: variability: planetary systems: exoplanet
atmospheres

JIUTEPATYPA

C.M.Dedrick, B.J.Fulton, H.A.Knutson et al., Astron. J., 161, 86, 2021.
1.5.Savanov, E.S.Dmitrienko, Astron. Lett., 46, 177, 2020.

T.T.Koskinen, P.Lavvas, M.Huang et al., Astrophys. J., 929, 52, 2022.
N.V.Erkaev, Yu.N.Kulikov, H.Lammer et al., Astron. Astrophys., 472, 329, 2007.
FE.S.Kalinicheva, V.I1.Shematovich, 1.S.Savanov, Astron. Rep., 66, 1319, 2022.
A.G.Sregjith, L.Fossati, A.Youngbloodet al., Astron. Astrophys., 644, A67, 2020.
S. Boro Saikia, C.J.Marvin, S.V.Jeffers et al., Astron. Astrophys., 616, A108, 2018.
D.Lorenzo-Oliveira, F.C.Freitas, J Melendez et al., Astron. Astrophys., 619,
A73, 2018.

O 3 O\ WL AL DN =



ACTPODODMUMI3INUKA

TOM 66 MAM, 2023 BBITTYCK 2

DOI: 10.54503/0571-7132-2023.66.2-233

ASASSN-19fy: OCOBEHHOCTHU KAPJIMKOBOM HOBOW
B "TIPOBAJIE" TIEPMOJIOB
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A.A.COCHOBCKU!, T.'U. KOXNPOBA3, ®.Ix. PAXMATYJIJIAEBA?
IMocrymmra 10 maprta 2023

doToMeTpUUYEeCKUE MCCIeIOBaHUSI KapJIMKOBOM HOBOW B "mpoBaie” mepuomoB ASASSN-19fy
obputn TIpoBeneHbl B 2020-20211T. B TeueHne 24 Hodeil B KpbIMcKoil acTpodu3ndecKoil oocepBaToprun
PAH u Ttpex Houeli B MexayHapomHOil acTpoHOMUYecKoil obcepBatopum CaHmiox MHcTuTyTa
actpopmsukn HAH Pecnyonmuku Tamkukucran. HaGmromeHHWsT OXBaTWiIM CBEPXBCIIBILIKY, IBa
MOBTOPHBIX TOSIPYAHUST U MEUIEHHOE BO3BpallleHWE K ITOBCIIBIIIEYHOMY COCTOSIHMIO. B TeueHue
3TOr0 BpeMEHM HaOJIOIATMCh CBEPXTOPObI, B 3BOJIOLIMM KOTOPBIX ObLIM BBIIEJICHBI CTAAMM Pa3BUTHIX
cBepxrop6oB "B", ux 3aryxanus "C" um mepexonm mexay HuMmH. CpegHuil mepHoOi CBEpPXropOOB Ha
cramuu "B" cocraBun 0.09278(13) cyT, HaiimeHO €ro yBeJW4YeHUE B TEYEHME 3TOM CTaauud CO
ckopoctelo (dP/dT)/ P = 10-107° . Ha cramum "C" mepuon cBepxrop6os GbuUr paseH 0.092289(15)
cyt. Ilokazano, uro ASASSN-19fy saBnsercs nBeHamaThiM OOBEKTOM, TOMOJHUBIINM TPYIITY
JIOJITOTIEPUOAMYECKUX KapJUKOBBIX HOBBIX, MMEIOLIMX CXOACTBO CO 3Be3mamu Tuma WZ Sge.

KitoueBble crioBa: 36e30bi: Kapaukogvie Hogble: scnvluku: ceepxeopovl: ASASSN-19fy

1. Beedernue. ASASSN (All-Sky Automated Survey for Supernova) [1]
PETYIISIPHO COOOIIAeT O Pa3MYHBIX BCIBIXHYBIIMX OOBEKTaX, CPeIr KOTOPBIX
MOMAagaloTCsl W TEeCHble JBOMHBIE CHCTeMbl Ha MO3AHENH CTaaiuM DSBOJIOLUU -
KaTaKJIU3MMUYECKHUE MepEeEMEHHbIEC Pa3TIMYHbIX TUIIOB [2], B TOM YUC/Ie KapJIUKOBbIE
HoBble Tuma SU UMa ¢ opOGuTalbHBIMUA ITepuogaMu OT 76 MuH 10 34 18 MUH.
B Takux cucteMax BeILECTBO CO 3BE3IbI-A0HOPA - 3BE3Mbl MO3AHETO CIEKTPAILHOIO
Kjacca, 3aIrojJHUBIIEH CBolO MojocTh Pollla, neperekaeT Ha cocenHUit Oebli
KapJIMK 4Yepe3 BHYTPeHHIO TOo4Ky Jlarpamka, oOpasysl BOKPYT ITOCJIECIHETO
aKKpeLVOHHbIN nuck. Jonronepuonnyeckas rpaHuiia o0JacTu onpeaeaeHus 38e3/
tuna SU UMa BkitouaeT B cebsl Tak HadbiBaeMblil "mpoBan” (uau "mpoben”) B
pacnpeneseHu opouTaNibHbIX MepuonoB (2.15-3.184), a kopoTKonepuoanuecKas
rpaHUIA XapaKTepu3yeTcsT OOJBIINM YKciIoM cucteM roaTuria WZ Sge [3]. T1poBan
B pacrnpeiejeHur TepUuoiOB COACPXKUT CYLIECTBEHHbIA AeUIUT KapJUKOBBIX
HOBbIX. COIIaCHO CTaHIAPTHOW TEOPUU BBOMIOLMHU [3], B 3TOM MHTEpBAJIE NMEPHUOIOB
3BE€3/lbl HE JOJIKHBI BCIBIXMBATh, MTOCKOJbKY Ha 9TOM 3Tale >XKU3HU OHU YXOJIST
noa mosiocth Poliia n akkpeuust Ha Geiblif KapJauk npekpaiiaercs. ToTt ¢akr, 4To
B PeaJIbHOCTU OTHOCUTEIFHO HEOOJBIIOE KOJIMYECTBO KapJIMKOBBIX HOBBIX BCE K€
roragaeT B "IpoBai”, OOBSICHIIOT TEM, YTO 3TH OOBEKTHI WMJIM "pOOMIIMCH" KakK
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KaTaKJIM3MUYECKHe ¢ TieprogaMu BHYTPU Hero [4], Wiy UX KOMIIOHEHTHI-TOHOPHI
o0J1agaay ITOHMKEHHON METAIMYHOCTEIO [5,6].

Kapnukosbie HoBble TMIIa SU UMa yHUKaIbHBI T€M, UTO AEMOHCTPUPYIOT J1Ba
TUIIAa BCHBIIEK: "OOBIYHBIE" M "CBEPXBCHBIIIKM', KOTOpPBIE Spye M ITPOIOJIKM-
TesbHee, YeM oObIuHBIe [2]. Bo BpeMs cBepXBCIIbIIIEK HAOIIONAIOTCS TaK Ha3bIBaeMbIe
"CBepXTOpOBI" - KoJIeOaHUS IPKOCTH, TIEPHOA KOTOPBIX Ha HECKOJIBKO ITPOIICHTOB
MPEeBOCXOAUT OpOUTANbHBIN. OHU TIOSIBISIOTCS Y KapJIMKOBBIX HOBBIX Tua SU
UMa B npeueccupyoieM dIUNTHYSCKOM AUCKE BCISACTBUE BOSHUKHOBEHMUS B
HeM TIpWJIMBHOTO 3:1 pe3oHaHca MeEXIy BpalllcHUEM B aKKPELIMOHHOM IHMCKE U
OpOUTAILHBIM TIEPUOIOM [7,8], y KOTOPhIX OTHOLIEHUE MAcC JIOHOpa m, K 6enomy
KapIIMKy m, YIOBJIETBOPAET ycaoButo m,/m, <0.25 [7,9,10]. [lepromnsl cBepXropooB
9BOJIIOLMOHUPYIOT [11]: OHM MakcHMMalbHbl U MOCTOSIHHBI Ha CTalWM MX pOCTa
"A", usMeHsg0TCcd Ha ctaguy "B" M1 MUHMMAaJIbHBI U TTIOCTOSIHHBI Ha ctaguu "C".
JIuTeIbHOCTh 3TUX CTaIMil pa3inyHa Y KOPOTKOMEPUOANYESCKUX U JOJTONePUOI-
yeckux cucrteM. Kpome atoro, y 3Be3n tuna WZ Sge penko HaGirogaeTcs SpKo
BeipaxkeHHas cragusg "C" [12]. Teopetmuecku opOUTAJbHBIE NMEPUOIBI CHUCTEM,
aKKpelLMOHHbIE JUCKU KOTOPBIX MOTYT OKa3aTbcsl Ha rpaHuile 3:1 pe3oHaHca (T.e.,
Npe/iesa NPUIMBHON HECTAOMIbHOCTH), TOJKHBI HAXOAUThCS BOIM3U JOATONEpUOnn-
YyecKo# rpaHuilbl "poBana” repuoAoB. HabmoneHus AeiicTBUTEIbHO MOKA3bIBAIOT
MOHOTOHHOE yObIBaHME YMCa U3BECTHBIX KapauKOBbIX HOBbIX TUNa SU UMa 1o
Mepe TpubIKeHus1 K aToi rpaHule [13,14]. M3BeCTHO TakxKe, YTO HEKOTOpPbIE
cuctemsl B "mipoBajie” (Hampumep, NY Ser m V1006 Cyg [13]) nHOTIA TeMOHCT-
PUPYIOT IOJTO IJISIIMECcs BCIBIIIKU, HAIIOMMHAMOLIWE CBEPXBCHBIIIKMA, HO 0e3
pPETUCTPUPYEMBIX CBEPXTOpOOB, T.€., pe3oHaHC 3:1 B TaKux BCIbIIIKAX He ObLI
JOCTUTHYT. M3-3a MaJloro 4uciia KapJMKOBBIX HOBBLIX B "MpoBaje" MepuoaoB U,
TeM OoJjiee, BbILIE HETO, MX CBOMCTBA IUIOXO U3YYEHBI.

ITo pannbIM ASAS-SN sgapkas Bcmbimka ASASSN-19fy BnepBbie Oblna
3apeructpupoBana 20 ampenst 2014r. m coctasisma V'=13".9. B mapre 2019r.
BHOBb ObLJIO 3aMeUeHO MosipyaHue (pedpaliTeHUHT) 3TOro odobekTa: 9 Mapra ero
Gieck coctaBisl g= 14™.9, 1o 3TOro oH oueHuBaICa Kak g= 19™.6 [15]. Cienyroluast
3auKCcHpoOBaHHAag BCIBIIKA Mpou3onnia yxe 5 asrycra 2020r., korma OOBEKT
poctur 14™.14 [16]. JanpHeiile HaOMIOAEHUS OATBEPIUIM IIPEAIIOI0KEHUS O
BO3MOXHOW MPUPOJE 3TOro 00bekTa Kak KapaukoBoit HoBoit Tuna SU UMa. Ero
OJIecK 4yepe3 Helelio MOoCiie Havayia BCITBIIIKK cocTaBui 14™.2, ObITM OTMEYEHBI
cBepxrop6el ¢ amruatynoit 0™.27 m mepuomom 0.0889  0.0033 cyr [17]. DToT
MepUoI ObUT IO3XKEe YTOUHEH 110 0oJiee IIMTEJIbHBIM HAOIIOASHUSM M COCTaBUJI
0.09277(5) cyr [18]. OcnabeBath BCIbIIIKA Havyaja 15 aBrycra, a yxe 20 aBrycra
npousolio neppoe [19], a 3ateM BTopoe [20] MOBTOpHOE MOsIpYaHUE.

2. Habawoenus. PoroMerprueckue HAGIIONEHUS KapIMKOBON HOBOIA
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ASASSN-19fy npoBoawiuck ¢ aprycta 1o okts1opb 2020r. u B utoHe 2021T. Ha
teneckonax KpeiMckoit Actpodusnueckoit ooceparopun K-380 (0.38 m, T13C
Apogee E47), A3T-11 (1.25m, IT13C FLI PL230 Proline), 3TII (2.6 M, T13C
Apogee E47) u Ha teneckone lleiicc-1000 obcepBaropun Canrnox (1.00m, I13C
FLI 16803 Proline). Mcrmonb3oBaiaoch HeCKOJBKO 3Be3n cpaBHeHus: USNO-B1.0
1417-0314989, nmeromasgs R=13".81, nns sapkoro coctosiHug obbekra; USNO-
B1.0 1417-0314938, R=15".77, xorma o0beKT HAXOOWJICSI B CTIOKOMHOM COCTOSTHU.
DKCro3uius Moadupanach TakKoi JIUTEIbHOCTU, YTOOBI TOYHOCTb €IMHUYHOM
oleHKM Ojecka Obuta He xyxe 07.01-0".02 Bo Bpems Bemblek 1 He Xyxke 0™.05
B XOIe BO3BpallleHWsI CUCTEMBI B CITOKOIHOe cocTossHre. CBomKa O IaHHBIX
npuBeneHa B Tabn.1. HaGmromeHWsI OXBaTWMIM HECKOJIBKO CTAIWii BCITBIIICYHOMN

Tabauya 1
KYPHAJI HABJIIOJEHUN
Hara - Teneckon | Ilosoca | Kos. oneHok Craguy BCHBILICYHOMN
JD 2400000+... Onecka AKTUBHOCTH

11.08.2020 - 59073 K-380 w 240 CBEPXBCIIBILLIKA
12.08.2020 - 59074 K-380 A 395 CBEPXBCIIBILLIKA
12.08.2020 - 59074 A3T-11 V, Ic 133 CBEPXBCITBILIKA
13.08.2020 - 59075 K-380 w 807 CBEPXBCIIBILLKA
13.08.2020 - 59075 A3T-11 V, Ic 133 CBEPXBCITBILLKA
13.08.2020 - 59075 | Leiicc-1000 |V, Rc, Ic 8 CBEPXBCITBILIKA
14.08.2020 - 59076 K-380 A 602 CBEPXBCIIBILLIKA
14.08.2020 - 59076 | Leticc-1000 [V, Rc, Ic 25 CBEPXBCIIBILLKA
15.08.2020 - 59077 K-380 A 150 CBEPXBCIIBILLIKA
15.08.2020 - 59077 | Leiicc-1000 |V, Rc, Ic 28 CBEPXBCIIBIIIKA
16.08.2020 - 59078 K-380 w 72 CBEPXBCIIBILLKA
17.08.2020 - 59079 K-380 w 61 CBEPXBCIIBILLKA
18.08.2020 - 59080 K-380 A 65 noBropHoe mosipuanue (1)
19.08.2020 - 59081 A3T-11 A 57 noBTopHoe mosipuanue (1)
21.08.2020 - 59083 A3T-11 w 30 noBTopHOe mosipuanue (1)
23.08.2020 - 59085 A3T-11 w 39 MoBTOpHOE TMosipyaHue (1)
24.08.2020 - 59086 A3T-11 w 30 noBTopHOe MosipuaHue (1)
25.08.2020 - 59087 A3T-11 w 20 MOBTOPHOE TosipyaHue (2)
26.08.2020 - 59088 A3T-11 w 17 MOBTOpHOE TosipuaHue (2)
27.08.2020 - 59089 A3T-11 AU 54 MOBTOpHOE TMosipyaHue (2)
28.08.2020 - 59090 A3T-11 AU 26 MOBTOpHOE TMosipyaHue (2)
29.08.2020 - 59091 A3T-11 w 43 MOBTOpHOE TosipyaHue (2)
08.09.2020 - 59101 A3T-11 w 50 3aTyXaHWE CBEPXBCITBILIKKA
09.09.2020 - 59102 A3T-11 w 46 3aTyXaHWE CBEPXBCITBIIKHA
09.09.2020 - 59102 3T A 374 3aTyXaHUE CBEPXBCIIBILLIKHU
10.09.2020 - 59103 3T w 387 3aTyXaHUEe CBEPXBCIIBIIIKI
11.09.2020 - 59104 A3T-11 AU 55 3aTyXaHUEe CBEPXBCIIBIILIKU
14.09.2020 - 59107 A3T-11 w 79 3aTyXaHWUE CBEPXBCIBILLIKHA
13.10.2020 - 59136 3T w 189 3aTyXaHUE CBEPXBCIBILLKHA
07.06.2021 - 59373 3TII w 289 CIMIOKOWHOE COCTOSTHUE
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AKTUBHOCTM 3TOM CHUCTEMbI: YaCTh CBEPXBCIHBIIIKM, BA MOBTOPHBIX MOSIPYAHUS
Osiecka U CITOKOWHOE cocTossHMe Osiecka. [IpenmylliecTBEHHO HaOJIOAeHUS
MMPOBOMWINCH B MHTeTpabHOM cBeTe ("W'") ¢ MaKCMMyMOM YYBCTBUTEJIBHOCTH,
om3kuM K cucteMe KysuHca Re, HO B HEKOTOpbIE AaThl BO BPEMSI CBEPXBCIIBILIKHU
OBITM BBITIOJTHEHBI U3MepeHus B nosocax xxoHcoHa-Ky3uHca V, Re, Ic. B nenom
HaOmoneHus1 oxsatuiau 24 Houu B KpAO u Tpu Houm Ha CaHrioxe. Takxke
UCTIOJIb30BAIUCH IOCTYITHBIE MaHHbIE IPYrMX HaOJrofaTeseid 9TOM CHCTEMBI U3
cetu AAVSO (American Association of Variable Star Observers, https://
WWW.aavso0.01g).

3. Kpuevie 6aecka.

3.1. loneoepemennasn kpueas Oaecka. IoaHast KpuBas GJieCKa CUCTEMBI
ASASSN-19fy, nonyuyenHas B 2020 u 2021rr., BKJIOUalouiasi pasHble CTaauu
BCITbIIIIEYHOM aKTUBHOCTH, MpeAcTaBieHa Ha puc.l. Kpusas Giaecka 1eMOHCTpUpYeT
YacTb CBEPXBCIIBILIKHU, IBa MOSIPYaHUsI U MEJICHHOE 3aTyXaHWe CBEPXBCIIBILIKU.
s TmocTpoeHUsT KPpUBOI MCITOIB30BAMCh JaHHBIC, TOJYYEHHBIE B IIpOIIeCcCe
HalllMX HaOJIOJeHMI, a TakXke M3 OTKPbITO ceTu Habmonmareneit AAVSO.

CBepXBCITBILIKA IO HACTYIUIEHUS TOSpUaHuil miack okono 12cyt (JD 2459067-
2459079), Hailium HaGAOAEHUS MPUIIIKMCL Ha BTOPYIO TOJOBUHY IIJIaTO CBEPX-
BCIBIIIKK. MaKCUMaJIbHBIN Oyieck o0bekTa B aBrycre 2020r. goctur ~147,
ociabjeHne Ha CTaauy TUIaTO MPOMCXOIUIIO CO CKopocThio 0™.13/cyT.

Yepes mBoe CYTOK ITOCJIE 3aBEpIICHMS TUIATO CBEPXBCIIBIIIKA W OBICTPOTO
3aTyXaHust 1o ~17" TpoM30I1UI0 TTOBTOPHOE MOsIpYaHre cUcTeMbl. Beero B mHTEpBaje
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Puc.1. O6was kpusast 61ecka ASASSN-19fy 3a 2020 u 2021rr. OTKPBITBIMU TPEYTrOJIbHUKAMU
rnokaszaHbl gaHHble U3 cetu AAVSO (dotomerpuueckasi cucrema, Onuskast K V'), 3aroJHEeHHbIMU

KpyXKamu - HaOmoneHust Ha Teeckorax K-380 u A3T-11 ("w"), OTKpBITBIMU OOJIBILIMMU KPYXKKaMKU

- Habmomenust Ha Teneckorne 3TII ("w").
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JD 2459080-2459091 Hamu 3aperdMCTPUPOBaHbI IBa TaKUX COOBITUS, KaxKaoe M3
KOTOPBIX JUTHJIOCH OKOJIO YETHIPEX CYTOK M MMEIIO aMILUTATYmy okoo 2™.5. ITpodws
KakK TIepBOTo, TaK U BTOPOTO TMOSpUYAHUS MIPEACTABIIST 00Jiee TOJIOTYI0 BOCXOISIIYIO
BETBb I10 CPAaBHEHUIO C HUCXOJSIEH, YTO COOTBETCTBOBAIO PAa3BUTUIO BCIIBILIKU
"usHyTpu BoBHe" [21]. B mpenmnosoxkeHn, YTO 4acToTa NOTEeHUMAJIbHO BO3MOXKHBIX
MOCJIeAYIOIINUX NOsipYaHuii Obla Obl TaKOM, KaK U MPeabIayllnX, TaKoe COObITUE
MoOrjo Obl ciayuyuThcsa B uHTepBaje JD 2459091-2459101, rme HabaoaeHUs
oTcyTcTBoBaiM. Ha KpuBoil Ojecka BUAHO, YTO MOSIpYaHUs HaKJIaAbIBaJIMCh Ha
MeIJIeHHOe ociabeBaHMe OJjiecka KapJUKOBOW HOBOI, MMeBIIEee CKOPOCTh,
COMOCTABUMYIO CO CKOPOCTBIO OC/IabeBaHMsI OJiecKa B TeUeHUE TUIaTO CBEPXBCIIBILLIKY.
B wunrepBane JD 2459101-2459108 (t.e., cnycts ~30 cyT mocjie OKOHYAHUS
ocHOBHOI BcrmbllKK), ASASSN-19fy Bce ellle He JOCTUT TOBCHBILLIEYHOTO YPOBHS
Gilecka, XoTd W ObUT OMM30K K HeMy. B Houb JD 2459136 6Gieck oObekTa
Koyebasics B mpemenaax ~19™.6-20".1, 3TO yXe COOTBETCTBOBAJIO CIOKOWHOMY
cocrossHMIo. OTCI0IAa MOXHO 3aKJIFOUMTh, YTO aMILIATYIA BCIBIIIKM COCTaBUJIA
LIECTh 3BE3IHBIX BEJIUYMH.

3.2. UHousudyasvHbie Kpusvle baecka U ueema 60 8peMs C8epx-
8CNbIUKU U Ha cmaoduu nospyanull. Ha puc.2 npuBeneHbl KpuBbie Oiecka
I 4 HOuel, BO BpeMsl KOTOPBIX XOPOLIO BUIHBI CBEPXTOpObl. DT HAOIIOAEHUS
OTHOCSITCA K OKOHYAaHHWIO CTaAWM IIJIaTO CBepXBCIBINKMW (ctamuu "B"). 3a
uckioueHueM neppoii Houu (JD 2459073), cBepXropObl UMEIOT aCUMMETPUUHBII
Mpouiib ¢ SBHBIM WIM BO3MOXHBIM BTOPbIM ropOooM 3a nepuod. s Houu JD
2459073 mpodunb cBepxropba MMeeT MOUYTU CHMMETPUUHBIA MEepBbIA ropd u
MPAKTUYECKH TOJTHOE OTCYTCTBHME BTOPOro ropda. AMILIMTYIa CBEpXTOpOOB COCTaRIIsLIA
B cpemHeM 0M.25.
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Puc.2. MuauBuayanbHble KpuBblie Oecka cBepxropooB ASASSN-19fy Bo BpeMsi CBEpXBCIBILIKYU
B 2020r. Mcmonb3oBanack 3Be3ma cpaBHeHuss USNO-B1.0 1417-0314989, umeromas R = 13".81.
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Ilepuogorpamma mjsi HaGMIOZAEMbIX CBEpPXTopOOB, IMOJydeHHass METOI0M
CrenuHreepda, peaim3oBaHHOTO B ImakeTe IporpaMM ISDA [22], mpuBeneHa Ha
puc.3 (BBepxy). Haubosee 3HauMMbIiA MUK W3 CEPUU CYTOUHO-COIMPSKEHHBIX
MUKOB yKa3beiBaeT Ha nepuoa 0.09278(13) cyt, TakuMm ob6pa3oM, 0OBbEKT MOoIagaeT
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Puc.3. Tlepuomorpamma u cpenHsisi dazoBast kpuBast ASASSN-19fy mia cBepxrop6os 2020r.
Ha craguu "B". 3 aHanm3upyemMbIX JaHHBIX MPEIBAPUTETBHO ObLT BBIUTEH TPEHI, COOTBETCTBYIOIIMIA
NnpoduIio TUIATO CBEPXBCIBILLIKHY.

B "mpoBan" mepuonoB. Ha puc.3 (BHM3Yy) mpuBemeHa COOTBETCTBYIOIIAS CPETHSS
(hazoBag kpuBas OJecka.

IIpumepsl KpUBBIX OjiecKa M MoKasaTeseil 1iBeTa B Haubojee JaleKux APYr OT
npyra nojocax V' u Ic npuBeneHsl Ha puc.4. ITpoduian Kpusbix 6jecka B mojocax
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Puc.4. IIpumep KpuBbIX 0jecKa B mmojiocax V' u Ic n mokasateneiil mBeta V' -Ic (B OTHOCUTETBHBIX
BeJIMUMHAxX) BO BpeMsi cBepxBenblliku ASASSN-19fy. Mcnonb3oBanachk 3Be3na cpaBHeHus: USNO-
B1.0 1417-0314989, wumeromas R = 13™.81.

T T T T 3_6 T T T T T
3.0 F 1 oo % .
oo °
— e, 138F .0 * .
32 r * ° o. 1 I .o 7
° . o
I [ ) ..o‘.o. 1401 .o % 0 o
34 e I o -
o' 0.'. ° o o o "
r 14.21 . n
3.6 1 L | ! | L L | 1 I 1 1 | 1 1 L
59083.30 59083.34 59083.38  59085.26 59085.30 59085.34
3.4 T T T — 3.8 e B
r % 1 - ...0 4
36 - o~ 401, . A
L [ 4 L ° [ ) (] -
K ° L ® °
3.8 - ° 142+ ° .. o o%% _
° [ ] [ ] o® ..0
r o® [N b r ° '.. o’ B
40 | Ha4f e -
L | L | I | | 1 1 | 1 1 L 1 1 1 1
59087.26 59087.30 59087.34 59091.28 59091.32 59091.36
HID HID

Puc.5. Tlpumep wHmuBuOyanbHbIX KpuBbix Onecka ASASSN-19fy Bo Bpems mosipuaHUid.
Ucnonb3oBanack 3Be3ma cpaBHeHus USNO-BI1.0 1417-0314989, umeromas R = 13™.81.
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V' n Ic pocTtaTo4yHO XOpPOILO TOBTOPSIIOT IPYr Apyra, a nokasaTeib LBeta V- Ic
He TT0Ka3bIBaeT 3HAUMMOI 3aBUCUMMOCTU OT OJiecKa cBepxropoa.

Caepxrop0Obl MpoaoKaIv HabM0aaThC U Ha CTaAUKM MOsSIpYaHuil. AMIUIUTYIA
CBEPXTOpOOB yMEHBIIAIACH OOPATHO MPOIMOPLIMOHATILHO MX SIPKOCTH, KPUBBIE OJiecKa
C MaKCUMAaJbHOUM aMIUTATYIoi okono 0™.4 TpuBeneHBI Ha pHC.S.

3.3. HUHnoueudyarvHuvie Kpuevie Oaecka Ha cmaduu MeO0AeHHO20
6038paujeHus K doscnvliuieyHomy cocmosaHuro. Yepes 20 cyt mocie 3aBep-
IIEHWST TIIATO CBEPXBCIBIIIKM HaI HAOMIONeHWs NPUILIACh yXe Ha Oolee
"CITOKOIHYI0" YacTb KpUBOK OJiecka, CTalyio MEAJIEHHOIO OCIa0IeHUsT BCIIBIILKY 0e3
nosipuanuii. Ha puc.6 mokasaHbl KpuBble OjiecKa it Houel, rmonydeHHbix Ha 3TLL
B MHTEpBajie IEBITb MecslieB. KpuBble XapaKTepH3yIOTCS SIPKO BBIPAXKEHHBIMU
KBazu-mepuonuueckumu Kojebanusimu (QPO) ¢ xapakTepHbIM BpeMEHEM OKOJIO
25-30 MUH U U3MEHSIOLIENCS aMIUIUTYI0M, B OTAEJIbHBIX CIAydasix JOCTUTaoIIei
0™.2. D1n KonebaHWsT HAKJIAmbIBAIOTCS Ha Oojiee MEUTEHHYIO MOMYJIAIMIO OecKa
CPaBHUMOM aMIUTUTYIbl W B LIEJIOM 3aTPYIAHSIOT TOMCK OpPOMTAIBHOIO TEepUoa.
Hanuuue taknx QPO mogobHO TakuMM Xe KoJaebaHWsSIM, 3aperdCTpUpPOBaHHBIM Y
JIPYroii KapJuKoBOil HOBoi B "mpoBajie” mepuonos - V1006 Cyg [23,24].
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Puc.6. Kpusbie Ginecka ASASSN-19fy Bo BHeBcmblllieuHOM coctostHuu mist 2020 u 2021rr.

4. Deoawuyus nepuoda ceepxeop6oe. Mbl ompenenvii MOMEHTHI
MaKCHMMYyMOB 0JiecKa CBEpXropOOB BO BpeMsl CBEPXBCIIbILLIKY W MosgpyaHuii (Tab:1.2),
u Bbruucauau pazHoctu O-C HabomoaeHHbIX (O) u pacueTHbIX (C) MOMEHTOB,
UCTIOB3YS dheMepuLy

HJD (C)=2459071.373 +0.09278 - E,

rne E - Homep uukia. PesynbTaT mpeacTaBieH Ha puc.?.
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Tabauya 2
MOMEHTHI MAKCUMYMOB BJIECKA (HJD)
HJD 0-C HJD 0-C HJD 0-C
(2400000+...) | (cyr.) || (2400000+..) | (cyr.) || (2400000+..) | (cyT.)
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
0.02 T T T T
i 0 98, i
1 B R
0004 ©Qo00" O™ :
- 8§38 e
3 ) |
o -0.024 P...=0.09278d I -
o P, =10-10" ! _
|
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Puc.7. 3aBucumocts O-C 111 MAaKCMMyMOB CBEPXTOpOOB BO BPEMSI CBEPXBCITBILIKK U TOsSIpYa-
Huit 'y ASASSN-19fy. TlyHkTupHas nauHusI TpoBeneHa uepe3 mnepexonq O-C Mexay cragusiMu
pasButus ceepxropbos "B" u "C".

INosenenne O-C sgcHo ykaspiBaeT Ha ctanuy "B" n "C" B aBomonmm cBepXropoos
U pe3KUil Tepexol MeXIy STUMU CTAAvusIMM, CIAYYUMBIINICS HAKaHYHE IepPBOTO
rosipyanmusa. Xon O-C Ha cragum "B" XopoIlo ammpoKcuMupyeTcs mapaboJioil,
COOTBETCTBYIOILIICH YBEJIMUEHUIO TepUoAa C MPOU3BOJHOMN (dP/dT)/P:IO-IO_S.

Ilepuon Ha cragum "C" coctaBun 0.092289(15) cyr.

5. Obcyxucdenue u 3axatueHue. TlpencraBieHHbIE BBILIE PE3YIbTATHI
MMOKa3bIBaIOT, YTO 00BeKT ASASSN-19fy, Haxomsdmmiica B "mpoBaje” IMepuoaos,
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JEeMOHCTPUPYET YepThl, CBOMCTBeHHbIe KakK 3Be3mam Tuna SU UMa, BKiouyast
JIOJITOTIEPUOIMYECKIE KapIMKOBbIE HOBBIE B "MpoBaJie”, TaK U KOPOTKOIEPUOAUUECKIM
KapJIMKOBBIM HOBBIM THIa WZ Sge. Mpl Beimemwim craguu "B" m "C" [11] B
BBOJIIOLIUU CBEPXTOPOOB, OMNpeaenav, YTO CpeaHuil nepruoa Ha craguu "B" coot-
BercTBOoBad 0.09278(13) CcyT U yBeIUUUBAJICS C TIPOM3BOIHOMN (dP/ dT )/ P=10-10".
OTU XapaKTepPUCTUKHU COMNIACYIOTCS C M3BECTHBIMU SMITMPUUYECKUMM JTaHHBIMU,
npuBeaeHHBIMU KaTto u np. [11] mng xapiukoBbix HOBbIX THHa SU UMa. B To
JKe BpeMsl TojroBpeMeHHas kpuBasi oiiecka ASASSN-19fy coaepxuT mo KpaiiHeit
Mepe JIBa TOogpYaHUsI, HAOMIOMaBIIUXCS HAa (hOHE MeIJICHHOTO BO3BpalleHUS K
TOMY OJIECKY, KOTOPbII OOBEKT UMEJT 0 BCMBIIIKHA. DTa 0COOEHHOCTh JI0 TTOCIEIHETO
BpEMEHU CUMUTAJIACh YHUKAJIBLHON YepTOil UMEHHO KOPOTKOMNEPUOAUYECKUX Kapsiu-
KOBbIX HOBbIX TMNa WZ Sge [25]. OnHako B TOCJAEAHKWE TOAbI CTAIU MOSIBASTHCS
CoO001IeHUs 0 HAOIIOAEHUU OT OJHOIO 10 MITHU MOSpPUYaHUIl Y HEKOTOpPHIX 13 11
JIOJITONIEPUOIMYECKUX CUCTEM, HAXOMSIIMXCs Kak B "MpoBaje”, TaKk U BbIIlIe HETO
(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]). Takum o6pazom, ASASSN-19 fy aBisgercs
12-M yneHoMm 3To¥ rpymibl. [Iprpona nosgpyaHuii B HacTosIIee BpeMsl OKOHYATEIbHO
He BbISICHEHa (CM. 0030p CBOWCTB MOSIpYaHUI y KapJWKOBBIX HOBBIX TUIAa WZ
Sge 1 pasaMuHBIX MPEANOJOXEeHU 00 UX MpPUYMHE B cTaThe Meiiep u Meiiep-
Xogpwmeiictep [35]). B yacTHOCTH, aBTOpbI 3aMETWJIM, YTO Yallle BCEro MosipuaHusl
UMEIOT 0oJiee KPYTYIO0 BOCXOJSIIYIO BETBb U 0ojiee MOJIOTYI0 HUCXOAMIIYIO, T.C.,
pa3BUTUE BCMBILIKU WAET U3 BHEIIIHUX YacTell aKKPELIMOHHOIO JUCKA BO BHYTPEHHHUE.
l'opasno pexe HaOMIOmAIOTCA IOSIPYAHMSI C IMPOTUBOIIOJOXHON acUMMETpUei
Mpouisi, YTO COOTBETCTBYET PACIPOCTPAaHEHMUIO BCIIBILIKYA M3 BHYTPEHHMX 4yacTeit
JIMcKa BO BHelIHMe. MMEeHHO Takasi 0COOCHHOCTD IOsIpUaHuii ObLia 3aperucTpupoBaHa
Hamn y ASASSN-19fy.

Karo [27] npenmonoxwi, 4to TpedyeTcs JOIOTHUTEIBHBIN pe3epByap BEIIECTBa,
yTOOBI 00ECIIeYnBaTh MOSIBJIEHUE MOSIPYaHUIA TTOCTIE CBEPXBCIBIIIKU. Y 3Be3/ TUIIA
WZ Sge 3T0 MOXeT ObITh BElIeCTBO 3a MpeaeaaMu 3:1 pe3oHaHCHOW OpOUTHI. Y
JIOJTONIEPUOINYECKUX CUCTEM, HAXOASIIMXCS BOJIM3U I'paHULIbI cTaOUIbHOCTHU 3:1
pe3oHaHca, c1aboCTh Pe30HaHCa MOXKET MPUBECTU K TIPEKIEBPEMEHHOMY UCTOLLEHUIO
BCIBIIIKA M OOpa3oBaHUIO 3allaca HeaKKpeLUMpOBAaHHOro BemiecTBa. OmHAKO
HeoOX0oAMMBI KaK HaOMI0AeHUS Y IPYTUX KapJIMKOBBIX HOBBIX 3TOro 3d@deKkTa, TaKk
U TEOpPEeTUYECKUE TTOATBEPXKIACHUS MPEeIJOXEHHON UACH.

ABTOpPBI pabOThI OJarogapHbl KOJJIEKTUBRY, 00eCeunBalolleMy UCIOJIb30BaHUE
pecypca The International Variable Star Index (6a3a manHbix AAVSO). Yactb
Ha0MI0MaTeIbHBIX TaHHBIX, MOTYYeHHbIX U 00paboTaHHbIX KAA, BBITIOJHEHBI MTPU
noaaepKKe rpaHTa MUHUCTEPCTBA HAyKW U BHICIIETO oOpa3oBaHMs1 Poccuiickoii
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Hwxunit Apxei3, Poccus
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ASASSN-19fy: THE FEATURES OF A DWARF
NOVA IN THE "PERIOD GAP"

O.LANTONYUK!, E.P.PAVLENKO!, KA ANTONYUK!'?, N.V.PIT!,
A.A.SOSNOVSKIJY, G.I.LKOKHIROVA?, F.D.RAKHMATULLAEVA?

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 (dP/ dT)/P =10-107. 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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CnenaHa MoOMNbITKa OOBbSICHUTh BHE3aITHOE M3MEHEHUE TTOBEPXHOCTHOM CTPYKTYpbl MATHUTHOTO
mons 3Be3nsl HD190073, tuma HAe/Be, mpu mpenmnonoXxeHUn MepeMEHHONW HECTallMOHAPHOCTH
BEPXHMX CJIOEB 3BE€3/Ibl, KOTOpasi TIPOMCXOMUT BCIIENCTBUE aKKPEIMU U ropeHust aeitepusi. OmHoOBpe-
MEHHO TPUBEIeHbI JaHHbIe, KOTOPbIE MPOTHBOPEYAT MPEANOJIOXKEHUIO TeHepallui MAarHUTHOTO TTOJISt
BHYTPU KOHBEKTUBHOTO sipa.

KntoueBnie cioBa: Ae/Be 36e30vi: HD190073: macnummuoe none

1. Beedenue. B pabGore [1] omucbiBaeTcsl BHE3alHOE (C TOYKU 3PEHUS
JUTUTEJIbHOCTU KU3HU 3Be3abl 1o [1aBHo# mocienoBatenbHoctu (I'T1)) dopmu-
poBaHMe HOBOro MarHuTHoro poraropa Ae/Be Xepoura (HAe/Be) HD190073 u
JleJlaeTcs TMOMbITKa 00bsICHEHUS BTOro sBjieHUs. Halle npencraBieHre 00 3ToM
COOBITUM CYILECTBEHHO OTiauyaeTcsl. B naHHOW paboTe BHe3amHOe MOSIBIEHUE
JIUMOJIbBHOTO MAarHWTHOTO MOJISI OOBSICHSIETCS C TOUKW 3pEHUS ClieHapHusl IPOuC-
XOXICHUS] M DBOJIOINKM MAarHUTHBIX Ap 3Be3l, PAaCCMOTPEHHOIO B psae paboT
[2-5]. OnHako cHayaja BCEro pacCCMOTPUM CTPYKTYPY MAarHUTHOTO IOJISI 3BE3/bI.

2. Modeav maenumnoeo noas HAe/Be 36e30o0 HD190073. B pa6ore [1]
TIPUBOJSITCSI OCHOBHbIC, HEOOXOAMMBbIC HaM, MapameTpbl 3Besubl T,,= 9250 K,
R =3.6Rg . B pabore [6] onpeneneHsl cpenHee 3HaYeHUe vsini=4.3KM/c 1 Tiepron
BpaitieHust 38e31bl P=39.8 cyT. cronb3yst u3BeCTHYIO (pOpMyITy TUHEHHON CKOPOCTU
9KBaTopuainbHOM obmacty v=>50.6R/P=4.55km/c [7], momydyaeM BeIWYMHY yIa
i=71° (upu npenmnojoxeHuu, yto GopMmyna meiicTBUTENbHA Wi 3Be3n HAe/Be).
B paGote [6] mpuBeneHBl JaHHBIE O MPEASTbHBIX BEIMUYMHAX CUHYCOMIATBEHOTO
HW3MEHEHMST MPOAO0IBHOTO MAarHUTHOTO MOl Be = —35 ++55 I'c. HabmonateabHble
JaHHble 2012r. Xopol1o BOCIIPOM3BOASTCS C TOMOLIBIO CUHYCOUIATbHOU KPUBOH,
YTO TOBOPUT 00 OOHAPYKEHUHN BpalllaTeJIbHOM MePUOIUUYHOCTU U3MEHEHU mapa-
MeTpoB. Takum oOpa3om, B 3TOT MEpUOA BpeMEeHU 3Be31a Bejla cebs KaK HAaKJIOHHBII
MAaTHUTHBIA poTtatop. M3-3a HETOCTATOYHOrO KOJWYECTBA AAHHBIX HEBO3MOXHO
TOYHO OMpPEAeIUTh CTPYKTYPY MarHUTHOTIO TOJISI 3B€3/Ibl, IO3TOMY MpearnoaracM
HanOoJiee BEPOSITHYIO MOJE/b LIEHTPATLHOTO MarHUTHOTO AuTofsl. MonenvpoBaHue


https://doi.org/10.54503/0571-7132-2023.66.2-245

246 [O.B.IVTATOJIEBCKU

BBITIOJTHEHO METOJIOM, pa3paboTaHHBIM B [8]. B pesysbTaTe mojgydeHbl caeayolme
MapaMeTphbl: CpeAHee TOBEPXHOCTHOEe MarHuTHoe noJie Bs=451'c, MarHUTHOE MoJjie
Ha MarHUTHBIX Ioyocax Bp= 166 Ic, yroq HakKiloHa OCH AMIIOJS K IJIOCKOCTHU
9KBaTtopa BpameHusT o =30°. OueBHMIHO, YTO 3Be3da HMMeeT BCe TPH3HAKHU
MarHUTHBIX Ap-00BEKTOB, KpOMe OTHOCUTebHOI cinaboctu mojisi. Ho HAe/Be
3Be3[bl, KaK MIpaBujo, 00JagalT ClIa0bIM M JaXe O4YeHb CJIA0BIM IIOJIEM, YTO
UMeeT CBOM oOBbsCHEeHUs (CM. Jajee, pasnen 5). B HacTosiiee Bpemsi U3BECTHBI
" Ipyrve TpuMepbl MarHUTHBEIX HAe/Be 3Be3n, mampumep HD72106, 101412,
200775, V381 Ori [9]. Ha puc.l npuBeneHa auarpaMMa 3BOJIOLIMOHHBIX TPEKOB,
rae usydaeMas 3sesnga HD190073 obo3HaueHa 3Be310UYKOM, a OCTaIbHbIE KPY>KKaMU.
ITpuxoBoit MMHUEl NMokazaHa JuHUS poxaeHus [10], Ha KOTopoii 3Be3Abl YACTUIHO
OCBOOOXIAIOTCSI OT Ta30MbBLIEBOrO0 00JaKa M CTAHOBITCS BUAWMBIMHU. 3Be3da
HD190073 nHaxoauTcsl Ha TIOJOBUHE MYTHU MEXAY JMHUEH poxiaeHust u ZAMS.
DTO 3HAYMUT, YTO OHA BCE €llle OKpYyKeHa 00O0JIOUKOI, a BHYTPEHHSISI MarHUTHasI
CTPYKTYpa MarHUTHOTO TOJII ellle He ycrena chopMUPOBATLCS 10 KOHIIA. B aToT
Mepuoa  akKpelLus MpoaoKaeTcs, HO B 0ojiee claboii CTereHU, YeM B MepUuo
"0 TUHUU POXACHUS", a TaKKe MPOAOJIKAETCSI TOBEPXHOCTHOE TOpPEeHUE JeUTepust
[10], 3Be3ma mpomokaeT coKkpallaTbes.

Cnenyet ciaenaTh OTAEJbHOE 3aMeYaHUe OTHOCUTEIBbHO CUJIbHOTO OTKJIOHEHMSI
ssesnet HD200775 (T, = 17000 K) or ZAMS. OHa HaxoouTCs BHE 30HBI
BUAMMOCTU 3Be3ibl B cranuu HAe/Be, HO MOCKOJbKY MarHUTHOE TOJie Y Hee
U3MEpEeHO U BUIHBI (poTOChepHbBIe CIIEKTpabHbIC TUHUM, TO 3TO 3HAUMUT, YTO OHA
yXe mpounuia MoMeHT ZAMS m sBomomuMoHMpYeT B mpeaeiax Itojocekl I'TI.

40T ® HD200775 ]
30 | .
2.0
1.0 F .
0.0 i 1 1 1 1 1 1 1 ]
4.4 4.2 4.0 3.8
IogTeff

Puc.1. OBomounoHHble TpeKHU Ha auarpamme [epuiumnpyHra-Peccena n nonoxeHue M3ydyaeMbIx
HAe/Be 3Be3n Ha Heil (cM. TekcT). 3Be3noukoil ormeueHo mnojoxeHue HD190073.
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CrnenyeT 3aMeTUTh, YTO Y BMUCCHUOHHBIX 3Be3J] aOCOJI0THas OoJioMeTpuyecKast
BesimunHa Mb MOXeT ObITh omnpezeseHa ¢ OOJIBIION OLIMOKOIA.

3. Ihasnas npobaema: nogedenue macHumuoeo noas HDI190073
Cco gpemenem. PaccMoTpuM Ternepb pe3ysibTaThl ucciaenoBanus 38e3npl HD190073,
BBIIIOJIHEHHOTO B paboTe [6], M mOmbITaeMCs IpOaHAIM3UPOBATh IPUBEACHHbIA B
aTol paboTe cueHapuit SBOMIOLIMM €€ MarHUTHOro MnoJisl. Bee HabmoneHus nokasanu
TIPU3HAKN 3eeMaHOBCKOro 3¢deKkra B CIeKTpaX, YTO yKa3blBaeT Ha TO, 4YTO
HD190073 3Be3ma MarHuTHas1. ABTOPBI CYMTAIOT, YTO MAarHUTHOE I10JI€, 3aMETHOE
B T€YEHME MHOI'MX JIET, UMEET PEJIUKTOBOE MPOUCXOXKICHUE.

3a 2005-2009rr. 3eemMaHOBCcKUIA 3(heKT Kazaiacs MOCTOSIHHbIM. B aTOT nepuon
He OBbLTO 3aMETHBIX M3MEHEHU HU B (POTOCHEpHBIX CIIEKTPATbHBIX JIMHMAX, HU
B JIMHUSX OKpyxXalomieii obojouku. B cBsa3u ¢ stum Karama [1] npegnoxur 3
TUITOTE3Bl OTCYTCTBUSI TIEPEMEHHOCTHM MAarHUTHOTO IIOJIS: 1) 3Be3ma BUOHA C
MOJII0Ca BpallleHUs, 2) MarHUTHAs. OCh M OCh BpallleHUsI COBHAAalOT, 3) IIepUO
BpallleHUsI CAWILKOM BEJUK MO CPaBHEHMIO C JJIUTEbHOCTbIO HaOmoneHuin. Ho
B 2012r. [6] ObLIO 3aMEYE€HO, YTO BEIMYMHA MATCHUTHOIO ITOJIS M3MEHSETCS C
nepuoaom 40 mHeil, mosTomy rumnote3a 1) uckmouaercd. bosee Toro, ¢akr
MepUOIMYHOCTY BpalleHus1 okoso 40 nHeil onpoBepraeT rurnotesy 3). IToatomy
Katana octaBuit 111 pacCMOTpeHUs] €AMHCTBEHHbIN BapuaHT - 10 2011r. MarHuTHas
OCh COBMAIaja C OChIO BpaIlleHMSI.

3a 2009 u 2011rr. mpou3ouLIM U3MEHEHUsI, KOTOpbIE MOBAUSIIA Ha KOH(pU-
rypaiuio (HakjioH) MarHuTHoro mnosis. Tlepron nameHeHuid, paBHbIid 40 cyT, TOAXOAUT
IOYTH KO BceM JaHHBIM 2012r., HO He OYeHb XOPOIIO MOAXOAUT K JaHHbIM 2011r.
Hannbie 2011r., HEe OTJIMYAIOTCSI CUJIBHOM MEPEeMEHHOCThIO, OHU 00Jiee XaOTUYHBbI,
yeM gaHHble 2012r. ABTOpBI [6] HpeanoaraioT, YTo B TeUEHUE Ce30HA HAOIIOIeHUIA
2011r. cTpykTypa 1oJjsi IOMEHsIa CBOIO BHYTPEHHIOIO T€OMETPHUIO, U Bapualuu
M3-3a BpallleHUS COCTABISIM JIMIIb HE3HAYMTEJIbHYIO 4YacThb HaOJI0JaeMbIX
usMeHeHuit. B 2011r. MarHuTHOE MoJie elle He JOCTUTIO CTaOUIbHOU AUMOJbHOMN
KOH(UTYpaLUN.

B 2012r. Bo3HUMKIIA YK€ CTaOWIbHASI CUHYCOMIATIbHAST MOAYJISILIMSI MAarHUTHOTO
nojisg (Bcero 3a Tpu ropaal). ECTeCTBEHHO MPEAIOIOXUTb, YTO 3Ta MOMYJSLIMS
npoucxoauia us-3a BpaleHuss ¢ nepuogoM 40 cyr. Takum o0pa3om, B 3TOT
Tepuol 3Be31a Besla cebsl yxke KaK HAaKJIOHHBIM MarHWTHBIA poTaTop.

4. BozmoxucHoe obssicHeHUe nogederHus mMmacHuUmHozo noas. CormacHo
paborthl [6] moBemeHue MarHutHoro mosst HD190073 3aximiouaeTcst B CIEMYIOLIEM.
BosHMKIIIEE KOHBEKTUBHOE SIPO TeHEPUPYET MOJIOMAAIBHOE TUMHAMO-TIONE, KOTOPOE
B3aVMOZIENCTBYET € TIOJIOMIAIBHEIM PEJIVKTOBBIM TIOJIEM Ha TPaHMIIE KOHBEKTHBHOIO
spa. BzaumoneiicTye MeXIy HUMU BbI3bIBAET U3MEHEHUE TEOMETPHU, TI0JIE CTAHOBUTCS
HaKJIOHHBIM, T.€. BOBHUKAeT KOH(UTypalusl HAKJIOHHOI'O MarHUTHOTO poTaTopa.
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JaHHas Turote3a TpeOyeT, YTOObl HaYaJlbHbIM YCJIOBUEM OBLIO COBMAACHUE OCU
BpallleHUsI W HampaBJeHUs! TMOJOMAAIBHOTrO Tosl. OMNBIT MOKAa3bIBAaeT, YTO 3TO
JIOCTaTOYHO peakKoe cobbiTue. Bropoe TpeboBaHMe 3aKiouaeTcss B HEOOXOAMMOCTH
BO3HUKHOBEHUSI TeHEpalUU AOCTATOUHO CUJIBHOTO IMOJOMAAIBHOIO IOJis, CpaB-
HUMOTO C PEeJIMKTOBLIM. TpeThe TpeboBaHME 3aKII0UYAeTCSl B TOM, YTOOBI BpallleHUe
KOHBEKTUBHOTI'O S/Ipa U 3BE3IBI MPOUCXOANIO Obl C OMMHAKOBBLIM TlepruogoM. MHaue
Ha rpaHMIle KOHBEKTUBHOIO Siipa MOTYT BO3HUKHYTh 3HAYUTE/IbHbIE HECTAOMIBbHOCTU
[11]. TpyaHOCTH TIpeACTAaBAEHHOIO IMPEAIIOIOKEHNS 3aKIII0YAIOTCS B CIACAYIOIIEM:

a) T'unore3a (popMUpOBaHUS MArHUTHOTO TOJII B KOHBEKTUBHBIX sipax Ap
3Be3/ B HacTosiliee BpeMsl He umeeT (puinyeckux ocHoBaHuit [3]. Tema auckyTu-
poBayiach B TeYeHHE MHOIHMX JIET, TIOKA He YTBEpAWIACh PeJIMKTOBAs rurtoTesa [12-14].
IMoanepxxka peauMKTOBOM TUIOTE3bI, B YaCTHOCTU, (popmyiupyercss B [3]. DTo
[JIaBHAsl MPUYMHA, OTBEPrarollas TMIoTe3y MarHUTHOIO IMHAMO B MarHUTHBIX
3Be3/IaXx.

6) IlosouganbHOE MarHUTHOE TMOJi€, BO3ZHUKIIEE B 00JaCTM KOHBEKTUBHOIO
sfipa, He ycrieeT BCIUIBITh 10 KoHLA xu3Hu (1= 10° ner) 3se3nnt Ha I'TI [15,16],
Toraa Kax y 3se3nsl HD190073, Bo3pacT KoTopoii Bcero 7 ~10° neT, mepeopueH-
Talys 10 BceMy 00beMY 3Be3/Ibl U BCILIBITUE HOBOM CTPYKTYPhI IIPEAIIOIaraeTcst
B TeUEHME OJHOIO-IABYX JIeT (pasaes 3). YUuThIBasi MeIJICHHYIO CKOPOCTh BCILIBITUS
MarHUTHBIX CTPYKTYp MOXHO ObUIO Obl cpady OTKas3aTbCsl OT IIpeiiaraeéMoro
apropamu cueHapusi. Ho paccMoTpuMm U Opyrue CBOMCTBA MAarHUTHBIX IOJEH
3Be3/, He TOAJIepXUBaOIIMe TpelIaraeMylo TUIIOTe3y.

B) HanpsokeHHOCTh MAarHUTHOTO TMHAMO-TIONS 3aBUCUT OT CKOPOCTU BpALLEHUS
3BE3/bI, a TAKAs 3aBUCHUMOCTh Y MATHUTHBIX 3B€3]] OTCYTCTBYET (pHC.2, CM. pa3n. 4T).
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Puc.2. 3aBHCMMOCTH TiepHMOZa BpAIIEHWS MAaTrHUTHOW 3BE3ObI OT BEJIMYMHBI MArHUTHOTO
mojist (TOSICHEHUE B TEKCTE).
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CrreyeT OXHMIATh TAKXKe CYIIECTBOBAHUE 3aBUCUMOCTH oc(log P), ITOTOMY YTO
yeM OBICTpee CKOpPOCTh BpallleHWs, TeM CUJIbHee TeHepHpyeMmoe Iojie, W TeM
CWJIBHEE €70 BIMSHUE Ha BEJIMUMHY PEJIMKTOBOTO ITOJIST M Ha YTOJI O , B COOTBETCTBUU
¢ mpenmosoxenneM [6]. Takasg 3aBHCMMOCTh TIpUBEIeHa Ha pUC.3, IIe TUHEeHHAas
perpeccus (1) He TTOKa3bIBaeT HAIMUKS 3aBUCHMOCTH.

o=(234+42)+(2.5+3.1)T,, . (1)

Takum 06pa3oM, HET MPU3HAKOB PabOThl IMHAMO-MEXaHM3Ma U €ro BIUSHUS
HAa HAKJOH o .
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Puc.3. CpenHsas BenuuMHa yrja o He 3aBUCUT OT BEJIUWYMHBI TEpHOAa BpalleHUs. 3BE3Mbl
¢ P>100¢ dpakTyecku He BpalllaroTCs.

Jpyroe 3amMe4aHre COCTOUT B TOM, UTO MarHUTHBIE 3Be31bl C logP> 2 dakTu-
Yecku He Bpaujarorcs (puc.2), TMHAMO-MEXaHU3M y HMX HE MOT T€HepUpOBaTh
MarHUTHOE ToJjie BooOIe. B To ke BpeMs 3Be3nbl B Auarna3oHe logP> 2 umeror
MarHMTHOE MoJie U Y HUX HaOII0Aa0TCs BCe YIVIbl o , KaK Y ObICTPO BpalLAIOILIMXCS
MarHUTHBIX 3Be3l B auamnasoHe logP=0.5-1.

r) Paccmorpum 3aBucumocth Ha puc.2 logP(logBs) [17] Gosee mompoOHO.
JleBast yacTb 3aBUCUMOCTHU MOKa3bIBAET, YTO YEM CUJIbHEE MAarHUTHOE TOJie, TEM
MeJUIeHHee BpalllaeTcsl 3Be3aa. DTa 3aBUCMMOCTb, HApsiAy C APYTMMU AAHHBIMMU,
MOKa3bIBAaET, YTO MATHUTHOE T10JIe HE TEHEPUPYETCS MyTeM IMHAMO-MeXaHU3Ma, HO
OHa SIBJISIETCS CJCICTBHEM IPOM3OIIEAIIEr0 "MAarHUTHOTO" TOPMOSKEHHST MATHUTHBIX
MpoTo3Be31. YeTKOCTh 3aBUCUMOCTH CBUIIETEJIBCTBYET O TOM, UTO OHA HE MCKaKeHa
B T€UEHHWE BBOJIIOLIMU KaKUM-JIMOO0 JOMOJIHUTEIbHBIM 3 dekToM. OnHaKo TpaBast
MOJIOBMHA 3aBUCUMOCTU KakK OyITO MPOTUBOPEYMUT JIEBOM, HO OHA BO3HUKAET
BCJIEICTBUE 00Jiee TECHOTO B3aMMOAECHCTBUS CUJBHOTO MOJISI C OKPYXAIOLIUM
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MpoTo3Be3ny obnakoM. B paGote [18] menmaeTcs mpeamnonoxeHye, YTo IpU CHJIbHBIX
MOJISIX MarHutocdepa MPOTO3Be3Abl HAYMHAET BAUSATH Ha OOJbIIME OO0BEMBI
OKpYyXalolux 00akoB, Tepsis 3¢h@MEKTUBHOCTh NOTEPU MOMEHTA BpalLlEHUS.
JIomoMHUTEIbHO K CKa3aHHOMY CJIEyeT pacCMOTPETh CJEAYIOIIYI0 OCOOEHHOCTh
puc.2. Ilpouecc moTepd MOMEHTa BpallleHUSI C y4acTMEM MArHUTHOTO TIOJsI
IIPOU3OIIIENT TOJIBKO B CIIy4ae Te€X 3BE3[l, KOTOpble HUMEIT logP< 2-2.5, Torma
Kak 00BbeKThI ¢ log P=2—2.5 He UCHBITBIBAIM "MarHUTHOro" TopMoxeHust [18].
IMpennonaraercst [19], yTo Majblii MOMEHT BpallleHUS UM JOCTAJICSI OT CaMOTro
"MeIJICHHOTO" KOHIIa HAaYaJIbHOTO pacIIpeliesIeHHsI CKOPOCTei BpallleH!sT MATHUTHBIX
MPOTO3BE31. DTO CBOMCTBO JOIMOJIHUTEILHO MOXHO BUAETH U3 pUC.4, Ilie TOKa3aHO
pacnpesenenue 3Be3n no mnepuonam Bpawenus N/N, (logP). Ilo xapakrepy
pacripeieJICHUs] MATHUTHBIE 3BE3bl COCTOSAT U3 ABYX rpynm ¢ logP<2-25 u
logP=2-2.5, obo3HaueHHbIX Kak A u B. PacnpeneneHue nepuoaoB 3Be3l
Ipynmbel A OJM3KO K TayCCOBOMY, TOTJa KaK paclipeleeHue IMepuoaoB 3Be3[
rpynmbsl B HapyiiaeT 3Ty 3aKOHOMepPHOCTh. [1py mocTpoeHur 3aBUCMMOCTEI OT
BEJIMYMHBI MATHUTHOTO TIOJISI C MCIIOJIb30BaHUEM 3Be3ll ¢ log P= 2 — 2.5 BO3HUKAeET
0OJIBIION pa3dpoC TOUEK, HO €CJIM MCIOJIb30BaTh OOBEKTHI ¢ logP<2-2.5, TO
pazdpoc MoyJyaeTcsi MUHUMaJIbHbIM. TakuM 00pa3oM, TPOUCXOXKIEHVE W SBOJTIOLIMS
3Be31 Ipynnbl B yeM-To oTimyatorcst ot 3Be3n rpymnnbl A. [TpeanoaoXuTeabHo,
OHM HE MCIBITHIBAIM TIOTEPIO0 MOMEHTA BpallleHUsI ¢ y4acTMeM MarHUTHOTO TOJIS.
Ha puc.2 BumgHO, 4TO Mepuoabl BpallleHUsI 3TUX 3Be3ll He 3aBUCST OT BEJIMYMHBI
MarHUTHOTO MOJIS, BCe OHU MMEIOT TIojie mopsiaka SKI'c. BTo cBsI3aHO ¢ KpaitHeit
U30UpaTeIbHOCTBIO MeTonuKu u3mepenmii [20] y 3Be3n SrCrEu tuna mo BeamuynHam
Bs u vsini. OueHku Bs BO3MOXHBI TOJBKO y TeX OOBEKTOB, Yy KOTOPBIX Bs
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Puc.4. PacnpeﬂeneHI/Ie MArHMTHBIX 3BE€31 PasHbIX TUIIOB IMEKYJLAPHOCTU I10 BEJIMYMHAM
NE€PUOAOB BpaAILLICHUA.
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MaKCUMaJIbHBI a VSini MUHUMAaJIbHBI. 19 3Be3m APYruX THUIIOB MEKYISIPHOCTHU
JaHHasl METOIMKAa He WCIIOJb30Bajach, IMO3TOMY Ha puc.4 HeT OOBEKTOB C
logP=2-2.5, HO OYEBUAHO, YTO OHU HOJKHBI OBITh.

1) KoHBEKTHBHOE SIpO MMEETCS Y BCEX MarHUTHBIX Ap-3Be31, HO HET MpHU3-
HAKOB TOro, 4YTO T€HEPMPYEMOE B HEM MOJOMAATBLHOE MAarHWTHOE ITOJE KaK-TO
BIMSIET Ha CTPYKTYPY M BEJIMUYMHY IIOJISI BCEX M3BECTHBIX MArHUTHBLIX 3Be3l B
T€YEHUE MX 3BOMIOLMU. ECaM BCILIBITHE MCKAXKEHHOTO MAarHUTHOI'O MOJIST B KAKOM-
MO0 3Be3[e MPOUCXOAUT B Iepuof 3Bomoumu Ha I'Tl, To 3T0 SBIeHUME OymeT
3aMedeHO. YeM Oosibllle BO3pacT 3BE3[bl, TEM CUJIbHEE HOJDKEH OBITh M3MEHEH
yron o . McciaenoBaHue MarHUTHBIX KOH(UTypaluii Ap-3Be3l MOKa3alo MX
HUCKITIOYMTEIBHYIO CTAOMIIBHOCTh B TeYeHME Bcero BpeMeHM Xu3Hu Ha I'TI [21,22],
KOTOpasi 00eCIIeUrBaeTCs BEICOKOM IIPOBOAMMOCTBIO Y TMHAMUYECKOM CTA0MIBHOCTBIO
3BE3MHOrO BellecTBa. Ha puc.5 mokazaHa 3aBUCHMMOCTb YIJIOB HAKJTIOHA MarHUTHBIX
JUTIOJIE K TIJIOCKOCTM 3KBaTopa BpallleHUsl y 3Be3l pa3HbIX Bo3pacToB [21].
JluneliHas perpeccusl He IMOKa3bIBaeT HUKAKMX IIPU3HAKOB 3aBUCUMOCTU, CTPYKTYPBI
MarHUTHOTO MOJs1 Ap-3Be3/l COBEPIICHHO CTA0MJIbHBI BO BPEMEHMU.

o=(40+70)—- (1.8 +8.4)log. )

MarHuTtHbIe 3Be3/Ibl BpalllaloTCsl TBEpAOTEIbHO. TakuM 00pa3oM, B JaHHOM CJyyae
HET NPU3HAKOB PabOTHI AMHAMO-MEXaHM3Ma M €T0 BIMSHMS Ha CTPYKTYPY MAarHUTHBIX
nojeit Ap-3Be3.

e) Urak, reHepupyeMoe B sIpe ToJie, KaK IIpearioaraerca B [6], HODKHO
BIMSATH, B IIEPBYIO OYepedb, Ha HAKJIOH MarHUTHOIO MoJyisl B 3Be3me. OmHako
XOPOIIIO M3BECTHO MPEUMYILECTBEHHOE HAIlpaBJIeHUE MArHUTHBIX TIOJICH TI0
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Puc.5. lemoHcTpaumsi CTaOMJIBHOCTA BEJIMYMHBI YIJIa O CO BpPEMEHEM.
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OTHOILIEHMIO K TJTOCKOCTH 3KBaTOpa BpaIllEHWSI, OHO XapaKTepHO MaJbIMU yIilaMu
o . B HacTosIIIee BpeMs 3TO CBOMCTBO OOBSICHSIETCST M30MPATETbHOCTBIO MeXaH3Ma
IMOTEPY MOMEHTA BpalLleHNs] MATHUTHBIX IPOTO3BE3] [0 OTHOIIEHWIO K OPUEHTALIUN
o <20° mMarautHoro moisg [19,21,23-25] m HUKOMM 00pa3oM He CBS3aHO C
reHepalnyeil MarHUTHOTO T10J151 B KOHBEKTUBHOM SIApe. DTa 3aBUCMMOCTb ITOKa3aHa
Ha prc.6a ¥ OHA YETKO IMOKA3bIBAET MPENMYILLIECTBEHHYIO OPUEHTALIMIO MATHUTHBIX
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Puc.6. JeMoHCTpalusi 3aBUCMMOCTH TIOTEPM MOMEHTa BpalllgHUs OT ymia o . a) KomndyectBo
3Be3ll ¢ MaJbIMUA yrjaMud o mpeobiagaer. b) Jloas 3Be3n ¢ MaJbIMU yIrjaMud oo OOJIblE Cpeau
MACCUBHBIX 00BeKTOB. OOBSCHEHUE B TEKCTE.
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muronieit BHyTpu 3Be3n. KosmmuecTtso 38e3n Ha 1° B muanasone o =0-—20° B 7 pas
MpEeBBIIAET KOJIUYECTBO 3Be3/ Ha 1° B quamasoHe o =20 -90°. Ilporecc orbopa
3Be31 ¢ o <20° MPOMCXOOUT HAa CTAAUU SBOIOLIMUA MATHUTHBIX MPOTO3BE3ld, U
ecnu Obl cyliecTBoBal 3¢@eKT NMepeopueHTalMy o MOoI AcHCTBUEM TeHepu-
POBaHHBIX MAarHUTHEIX TOJIEH, TO 3aBUCUMOCTD Ha puc.6a mcyesia 6b1. C mpyroi
CTOpPOHBI, eclI OBl MepapXusi HayaJbHBIX MarHUTHBIX IIOJIEM OKa3ajach OBl ITOJ
JIEUCTBUEM MEpapXyMM T€HEPHUPOBAHHBIX MOJIEM, TO BPSA JU 3TO IIPUBEIO K
HabMromaeMoit Ha prc.6a 3aKOHOMEPHOCTH. JOTIOTHUTEIBHO K CKa3aHHOMY Mpe-
CTaB/IsieM puc.6b, Te moKasaHa 3aBUCHUMOCTb CPEIHEN BEJIMUMHBI yIjla O Y 3BE3[I
pasHoit macchl. OKa3bIBaeTCsl, UTO IOJSI MaJibIX YIJIOB O Y MACCHUBHBIX 3Be3]
0oJIblIIe, YeM Yy MaJlo MacCcUMBHBIX. Kak 3To CBSI3aHO C moTepeil MOMEHTa BpallieHUs1?
IMonyyaeTcs, yTo TpeboBaHME MajOl BEJIMYMHEI yIJia B Cllydae IIOTEPU MOMEHTA
BpallleHWSI MAaCCHUBHBIX 3Be3l 0ojice KPUTUYHO, YEM B CIydyae MaJOMacCHUBHBIX
OOBEKTOB.

K) OueBUOHO, CIeayeT OXWUAaTh, YTO BEJIMYMHA YIVIa HAKJIOHA OCHU JTUIIOJS
K IJTOCKOCTHM 3KBaTOpa BpallleHUs O 3aBUCUT OT BEJIMYMHBI MAarHUTHOTO TOJS Bs
3Be3nbl. Ilpyu cmabom mose Bs BAWSHWE T€HEPUMPYEMOIo MOJsI OyIdeT CHJIbHEE.
Taxkast 3aBUCMMOCTD MOKa3aHa Ha puc.7, IpuYeM JIMHEHHas perpeccusi U 31ech He
MOKa3bIBACT HAJIWYMS 3aBUCHUMOCTH, a 3TO 3HAYUT, YTO HE CYIIECCTBYET BIVSHUS
MPEIoJIaraéMoro TMHAMO-TIONSI Ha BEJIMYMHBI Bs MarHUTHBIX 3B€31] U HA OpPHEH-
TallMI0 MAaTHUTHBIX IOJICH.

o =(22.843.7)+(0.31+0.55)Bs. 3)

B xoH1Ie maHHOTO pacCykKacHuA CICayeT cacjaTtb 3aMCYaHUE, YTO HAIIPSPKECHHOCTD
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Puc.7. CpeﬂHHH BE€JIMYMHA yrjla o HE 3aBUCUT OT BCJIMYMHBI MArHUTHOIO IIOJISA 3BE3JIbI.
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PEIMKTOBOIO MarHUTHOTO TOJIS B 3B€3aX KOJe0JeTCsl B OUeHb IIMPOKUX Mpenesax
U TPYAHO TIOHSTb, MCKAXEHO JIM OHO BHEIIHWMHU BO3IEUCTBUSIMHU B MPOILIECCE
sBoiolMu. Ho coxpaHeHMe TakuMx 3aMETHbIX 3aBUCUMOcCTel kak logP(logBs) Ha
puc.2 u N (oc) Ha puc.6 IMocIe MOTepy MOMEHTA BpAIlICHUST yKa3bIBaeT Ha OTCYTCT-
BHME€ 3HAUUTEJbHBIX UCKaXKAMOIUX 2GOEKTOB.

5. Hoeoe obssachenue noeedenus maeHumuoz2o noas HDI190073.
B nanHoit pabote npemiiaraeTcs MHOE OObSICHEHWE MOBEACHUSI MAaTHUTHOTO TMOJIst
HD190073. Insa aTOoro pacCMOTPpUM BEPOSITHYIO PEJUKTOBYIO TMIIOTE3y (DopMu-
POBAHUS Y IBOJIIOLMM MAarHUTHBIX 3B€3]] B MEPUO/ IBOJIOLIMU OT HECTalMOHAPHOM
dazbl 1o ZAMS, koTtopas obcyxXaanach, B YaCTHOCTH, B [2,3,19]. Kak O6b1 HM Oblia
3aITyTaHa TiepBOHAYAIbHAS CTPYKTypa MarHUTHOTO TIOJISI Y MAaTHUTHOM TTPOTO3BE3MBI,
TIOJTHBIN BEKTOP BCEraa OyaeT MMeTh HEKOTOPYIO CPEAHIOI BEJIMUMHY M HalpaBlieHUE.
IMocne HecrammoHapHOU (a3bl, OYEBUIHO, MArHUTHAS CTPYKTypa IPOTO3BE3IbI
YCIIOKHSIETCST TI0 CPAaBHEHWIO C PaHHHMM IIEPHUOIOM BpeMEeHHU, HO OCHOBHAST TIOJIOM-
JajgbHas COCTaBJSIONIAs MO BCeM IpU3HAKaM COXpaHsieTCs. DTO Mbl BUAMM, B
YaCTHOCTH, Ha OCHOBAaHWH 3aBUCUMOCTH TIEPHOMA BPAIIEHUSI OT BEIMYMHBI CPETHETO
MOBEPXHOCTHOTO MarHUTHOro noJis logP(logBs) (puc.7), Kotopas chpopMUpoBaIach
Ha paHHUX 3Tanax B MEepUoJ] MOTepH MOMEHTa BpallleHUs MpoTo3Be3asl. Ilocie
HecTallMoHapHOU (ha3bl BO3ZHMKAET KOHBEKTUBHO YCTOMYMBASI JIyIMCTasT MOJIOAAS
3Be3la, HO ¢ KOHBEKTUBHBIM SIIPOM BHYTPH M aKKPEIIMOHHBIM TuCcKOoM. KoHBeK-
TUBHOE SIIPO paspylllaeT MarHUTHYIO CTPYKTYPY BHYTpPU ce0si, HO BOKPYT siApa
IepBOHAYATbHAS CTPYKTYpa ocTaeTcs 6e3 nameHeHmit. [1ocKobKy Motomast 3Be3ma
IUHAMHWYECKH CTaOMJIbHA, TO TTOCJIe HeCTallMOHAPHOM (ha3bl B HEM COXpaHSIEeTCS
KpyInHoMaciirabHasi rojouaaibHas CTPYKTYpa, a MeJKoMaciuTabHasl COCTaBIsTIoIast
cpasy ke HauMHaeT ITOABEPTaThbCsd OMWYECKON MUCCHUIIAIIMU 3a BpeMs, 0OpaTHO
MPOIOPLUMOHAILHOE KBapaTy pa3MepOB MarHUTHBIX siueek (HeomHopomHocTelt). K
MoMeHTY Beixoga HAe/Be 3Be3nbl K ZAMS Mekue HeOOZHOPOJHOCTH "BBITOPAIOT"
1 OCTaeTcs HauyaxbHas KPYITHOMACIITAOHas MOJONIaabHas CTPYKTypa, KOTopasi B
IIepBOM TPUOIIDKEHUH ONMMCHIBACTCS TEOPETUYECKUM MArHUTHBIM TUTIONEM U Y
MarHUTHBIX 3Be3] Maloil Macchl coxpaHsieTcst 1o Bo3pacta =10’ net. Ha moBepx-
Hoct HAe/Be 3Be3nbl HabItonaercst MeJKoMacllTabHasi TOBEpXHOCTHAsI TypOyJIeHT-
HOCTb, OOpa3sylolascs B pe3yjabrare akkpeuuu u ropeHus aeitepus [10]. TypOy-
JIEHIIMS pa3pylIaeT MOBEPXHOCTHOE MarHUTHOE TMOJie U 3KPaHUPYET BHYTPEHHIOIO
CTPYKTYPY TIOJISI, ¥ TOJIbKO MHOTAA €r0 MOXHO 3aMETUTh Y HEKOTOPBIX MAaTHUTHBIX
HAe/Be 00bekTOB, KOT/Ia TIOBEPXHOCTHAsI HECTaOMITBHOCTD cnabeeT. [locie Berxoma
3Be3ibl HAa ZAMS akkpenys U MOBEPXHOCTHOE TOpeHMe AeUTepus MpeKpalaroTcs
U CWJIOBBIE JIMHUM BHYTPEHHEW CTPYKTYpPhl MAarHUTHOTO TIOJIsSI BCILIBIBAIOT Ha
IMOBEPXHOCTh. MemIeHHOe BpallleHNe MaTHUTHBIX 3BE3I MPUBOINT K UX JTUHAMM-
YecKoi CcTabuIbHOCTM M IUbdY3uM XMMHUYECKUX 3JeMEHTOB. Takue 3Be3bl
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CTAHOBSITCSl TUTIMYHBIMU MarHUTHBIMM XUMWYECKU MEKYJISIPHBIMU 00beKTaMu. Takosa
Hallla TOYKa 3peHusI Ha clieHapuil sBomouuu MarHuTHbix HAe/Be 3Be3n. B
Mepro "o JIMHUM POXACHUSA HET BOZMOXHOCTH HAOJIONATh TTOBEPXHOCTH 3BE3IIHI,
HO TOCJIe 9TOro HaOIIOMAlOTCs MEePUObl BpeMEHU, Koraa TypOyIeHIMsl MOMEHTaMu1
YMEHbBILIAeTCS U €CTh BO3MOXKHOCTb MOJy4YaTh CIEKTPOCKOMMWYECKUE AaHHbIE O
ITOBEPXHOCTHBIX CITOSIX. B MOMEHT Takux "OKOH" CTAaHOBHUTCS BUIUMOI aTMocdepa
1 MOXHO M3YyYUTbh MEPEMEHHOCTh LIMPKYJISIPHON moJisipu3aiuu. Takue nepuomsbl,
OYEBUIHO, MOTYT OBITh JOCTAaTOYHO KPAaTKOBPEMEHHBIMU IO CPaBHEHHUIO C
IuTenbHOCTRIO a3kl HAe/Be, uto m Habmomaercs y 3Be3nsl HD190073. Yxke
paHHUE HaOIIOAEHMS TTOKA3bIBAIM CUJIbHYIO (DOTOMETPUUYECKYIO U CIEKTPATbHYIO
rmepeMeHHOCTH 3Be3n HAe/Be [10,26,27], BEI3BaHHYIO HECTAOMILHOCTBIO TTOBEPX-
HOCTHBIX cjloeB. [lepeMeHHasi MTHTEHCUBHOCTh TypOy/I€HIIMU BbI3bIBAET HECTAOMIIBHOE
MOBEJICHUE CWJIOBBIX JJUHUI MarHUTHOIO TOJIs, 3aITyThIBaHWE, TOTEPIO HAIIPABICHUS
1 HanpsKeHHOCTH MoJist. [1prBeaeHHbI aHaIu3 elle pa3 MoKa3bIiBaeT OTCYTCTBUE
MMPU3HAKOB MarHUTHOTO TWHAMO B KOHBEKTMBHOM SIIpE€ MAarHUTHBIX 3BE3I.

6. 3akawyenue. tak, B KOHBEKTUBHOM sape Kak y 3Be3nsl HD190073,
TaK M Y BCEX MAaTHUTHBIX ApP-3Be3]] HET MPU3HAKOB PaObOTHI MATHUTHOTO JTWHAMO.
ITo BceM mpu3HaKaM 3Ta 3Be37a HaXOAUTCS B cTamuy 3Bomonuu "mo ZAMS", Ha
TTOBEPXHOCTH KOTOPOI TIPOIOIIKAIOTCS HECTAIIMOHAPHBIE SBIICHUS, BBI3BAHHBIC CIA00H
aKKpelMei, a Takxke TypOyJieHIIMel U3-3a MOBEPXHOCTHOTO ropeHus neirepust. Oba
rpoliecca KpaiiHe HecTaOWIbHble BO BPEMEHU, B pE3yJbTaTe YEero CIeKTpaJbHbIE
CBOICTBA 3Be3Ibl U3MEHSIIOTCS B LIMPOKUX MpeaeiaaX. B MUHMMyMe aKTUBHOCTHU
ITOBEPXHOCTHBIC CJIOM CTAOMIIM3MPYIOTCS BMECTE ¢ MAaTHUTHBIM ITTOJIeM. B MoMeHT
BbIXoza 3Be3l Ha ZAMS TypOy/IeHLIuSI U TOpeHre AeUTepUsl TIPeKpallaloTCsl, BEpXHUI
cIIoi aTMocdephl CTAOMINM3UPYETCS U CHJIOBbIE TMHUW BHYTPEHHETO ITHUIIOJBLHOTO
MarHMTHOTO TTOJIST BCIUTBIBAIOT Ha TTOBEPXHOCTh. B Iporiecce paccMOTpeHUsT TaHHOMN
Mpo0JIeMbl ellle pa3 MPUBEACHbI JaHHbIC MPOTUB TUIOTE3bl JMHAMO B MAarHUTHBIX
3Be31ax. M3 mpuBeieHHOTO CITMCKA JIMTEPATYpPhl BUITHO, YTO HA OCHOBAHUU COBpE-
MEHHBIX JaHHBIX HaubOojee BEPOSTHON TUIIOTE30i IPOMCXOXKIECHUS MATHUTHBIX
3BE3]] MPOJOJIKAET OCTABAThCsI PEIMKTOBAS.

CreuuanbHas actpodusnueckass obcepsaropuss PAH,
Poccust, e-mail: glagol@sao.ru
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PECULIARITIES OF THE MAGNETIC FIELD BEHAVIOR
OF THE Ae/Be STAR HDI190073

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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OOTOMETPUYECKAA AKTUBHOCTb CQ Tau HA
BPEMEHHOM WHTEPBAJIE 125 JIET

B.IL.LTPUHUH'?, J1.B.TAMBOBLEBA!, O.;0.BAPCYHOBA!,

JI.H.INAXOBCKOM?
IMocrynuna 29 mapra 2023

3Be3sma CQ Tau mpuHAmIEKUT ceMeicTBY Mojonbix 3Be3m thma UX Ori M xapaKTepH3yeTcs
OYEHb CIIOKHBIM (POTOMETPUUYECKUM TOBEAECHUEM M CJIOXHOM CTPYKTYPO OKOJIO3BE3THOTO OKPYXKEHMUSI.
B Haieit cratbe Ha OCHOBE OMYOJIMKOBAHHBIX (DOTOMETPUYECKMX HAOIIONCHUI MOCTpOeHa KpWBast
Oyecka 3TOW 3BE3IbI MPOAOKUTENLHOCTRIO 125 ner. M3 Hee ciemyer, uto B M3MEHEHMSIX Oiecka
3Be3Ibl KPOME CJIydailHOM cocTaBisiiolieid, xapaktepHou mist 3Be3n tura UX Ori, mpucyTCTBYeT
Takke OOJIbIIIas 1O aMIUIUTYIE Mepuoanveckas KoMmoHeHTa ¢ nepuonoM 10 ner. Ee cyiiectBoBaHue
ObUTO 3amomo3peHo paHee. HoBble HaGIIOACHUST TTOATBEPKIAIOT €€ PeabHOCTb. DTO yKa3bIBaeT Ha
CYILIECTBOBaHME B OKPECTHOCTHU 3BE3/Ibl BTOPOTrOo KOMITOHeHTa. [10TOKM BelllecTBa U BOJIHBI TUIOTHOCTH,
BbI3BAHHbIC NBMXXKEHMEM KOMIIAHbOHA, MPUBOMST K TEPUOTUYECKUM U3MEHEHUSIM OKOJIO3BE3THOM
SKCTUHKIMU W Ojiecka 3Be3lbl. DTOT pe3y/bTaT 00CYXIAeTCsl B KOHTEKCTe HeTaBHUX HaOMIONEHMIM
CQ Tau ¢ BBICOKMM YIJIOBBIM pa3pelIeHUEM.

KntoueBnie cioBa: 36ezda muna UX Ori: homomempuueckas aKkmueHocms:

nepuo@uwecm{e U3MEHEHUA

1. Bsedenue. 3se3na CQ Tau (Sp=F5 IVe, Mopa u ap. [1]) asiasgerca
OIHOM M3 caMbIX akTUBHBIX 3Be3a Tuna UX Ori. Ee Gieck B BUIMMOI 00JacTu
CITEKTpa HETIPePhIBHO M3MEHSIETCSI C aMIUTUTYIOi oKoso 3. 3Be3ma JeMOHCTPUpPYET
BCe MPU3HAKM, XapaKTepHbIe IS 3Be3l 3TOTO CEeMEWCTBa, B TOM YHUCIE TakK
Ha3bIBaeMbIi, a(pdexT "moroaydoeHns”, 3aKIo4Yalolniics B CMELLIEHN oKa3aTeei
LIBETa 3Be3/Ibl B MMHUMYMax OJjiecka B roiyoywo o01acTb criekTpa. OToT 3¢deKT
BrepBble Habmomancss umeHHo y CQ Tau (I'etu u Benuens, [2]) u ero mepsast
WHTepIpeTalusl OblIa OCHOBAHA Ha MPEAMNOJIOXEHUU, YTO 3Ta 3Be3da SIBISIETCS
JIBOMHOUN U MMeeT ciadbiii ronyboit komnaHboH (BeHuenb [3]). Korma rinaBHbIN
KOMIIOHEHT 3KpaHUPYETCsl OKOJIO3BE3IHBIM MbLIEBBIM 00JIaKOM, U3JTyYeHHUE TOIyOoro
KOMMNaHbOHA HayMHaeT JoMMHMUpoBaTh. K rumnorede o aBoiictBeHHocTH CQ Tau
MBI €llle BepHeMCsI B KOHIIE CTaThbU, a TI0OKA OTMETUM, UTO OOHApyXeHUe aHaJIO-
ruyHoro addekra "moronyoenusa” y apyrux 3se3n thia UX Ori 3aKpbIIo MIEHO
0 JIBOMCTBEHHOCTHM, KaK BO3MOXHON MpuuuHe 3Toro a¢gdexra. [IpuHsaroe ceituac
00bsiCHEHUE 3TOTrO 3(pdekTa mpearnoaaraeT, YTo UCTOYHUKOM TOyOOTro U3TYyYeHUS
3Be3n tuia UX Ori siBisieTcsl paccessHHOE M3IyYeHUe MPOTOILIAaHETHBIX AUCKOB,
BKJIaJT KOTOPOTO YCWJIMBAETCS BO BpeMs ITyOOKMX MUHUMYMOB [4]. ITonrBepaeHnem
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9TOM MOJEIU TOCHYXWIM HaOMI0JeHUS] BHICOKON JIMHEHHON Moasipu3aluu B
MMUHUMYMax Oyiecka 3TuX 3Be3l (CM. [5] U LMTUPOBAHHYIO TaM JuTepatypy). Ha
OCHOBAaHUHU 3THX HAOMIONEHWIA ObIJIO BBICKA3aHO TIPEATIONIOXEHNE, YTO OKOJI03BE3IHbBIE
mucky 3Be3n tina UX Ori HakJIOHEHBI I10J, HeOOJIbIINM YIJIOM K JIy4y 3peHUs,
YTO U SIBJSIETCSI OCHOBHOM MPUYMHON UX CIieln(UIECKON MepeMEeHHOCTH.

DTO TpearnojoxeHue ObLIO MoaAepX)aHO MHTepdHEepOMETPUUECKUMU HaOJII0-
neHussMu (cM. Kpermma m 1p. [6]) ¥ LIUTUPOBAHHYIO TaM JATepaTypy). OmHAKO
B ciayyae CQ Tau cutyaius okasajach ciioxHee. MHTepdepoMeTpust B OMKHe
uHdpakpacHoit (MK) obnactu criektpa nmokaszana (DiicHep v Ap. [7]), 4To yrona
HaKJIOHAa BHYTpEeHHEW 00JIJaCTH OKOJIO3BE3IHOTrO AMCKA K JIydy 3peHUsT paBeH 42°,
YTO MPOTUBOPEYUT crartycy 3Be3abl Tuma UX Ori. MHTepdepomeTpuueckue
HaOJIIoAeHUsI B CYOMWJIJIMMETPOBOM [JMaIla30He CIIeKTpa OKasajluch elle 0osiee
HeoxXuaaHHbIMU. OHUM TOKa3auau, YTo nepudepuitHas 4yacThb AUCKa HabaogaeTcs
nmoutu ¢ nomoca (YanwmioH u ap., [8]), ¥ 3ToT pe3yabTarT ObUT MOATBEPXKICH
HaOmoneHusimu Ha uHTepdepomerpe ALMA (Yo6eiipa-T'abesimau u ap. [9]).

He meHee cioxHa u MHOTOJIETHSISI KprBasi Ojecka 3Be3abl (MUHUKYIOB U JIp.
[10]; LaxoBckoit u ap. [11]; I'puaun u ap. [12]). [To gaHHBIM 3TUX PabOT MbI
MOXEM TIPOCIeAUTh 3a (hoToMeTpruUecKoil akTuBHOCThIO CQ Tau B TeueHUE OKOJIO
100 ner. IlepBble HaOMIOAEHUS BBHITIOJIHSINCH poTOrpapmuecKumM MeToIoM U U3
HUX CJIeyeT, UTO B TeUeHHE JOBOJbHO IJIUTE]bHOro BpeMeHU (oKojio 50 jeT)
3Be3nga Oblia sIpKoit m ee Oneck (uykrympoBan B mpemenax 0™.4-0".7 [12]). B
cepearHe MpOoIIIoro Beka ¢oTtomeTrpruueckass akTuBHocTh CQ Tau mpetepnena
CUJIBHBIE U3MEHEHUSI: Y 3Be3/Ibl CTal HAOMI0AaThCsl NTyOOKMEe MUHUMYMBI OJiecKa,
¢ amrumTynoit mo 2™-3". Kpome cToxacTUuecKoil ImepeMeHHOCTH B M3MEHEHUSIX
Oyiecka 3Be3bl CTaJIu HAOMIONAThCS MPOAOKUTEIbHBIC UKIbI. AHAIU3 (OTOMET-
puueckoro psga nokasan (Lllaxosckoit u ap. [11]), uyTo y 3Be3abl HAOIIOIAIOTCS
JIBa OCHOBHBIX Tieproa: okosio 20-21 roma U mMpuMEPHO BIBOE MEHBILWMI, PO -
KUTEJbHOCTHIO 0KoJs10 10 ser. Tlocae ux ynaaeHust oOHapyKUJcs elle OauH, 0ojee
KOPOTKUI MEepUO, MPOJOKUTEILHOCTBIO OKOJIO 3 JIeT.

YuuteiBas OOJIBIIYIO TIPOAOJIKUTETHLHOCT [IUKJIOB AKTUBHOCTH, JJIS X IO -
TBEPXKIEHUS HYXXHBbI HOBble HabmoaeHus. [locaenHee no BpeMeHU HaOIOICHUE
onecka CQ Tau, ncnonw3oBaHHoe B cTaThsax [11,12], 6su10 BeImoHEHO B 2003T.
C tex nmop mpouuio okojo 20 JeT U MOoSIBUJIACh BO3MOXHOCTb MPOJJIUTh KPUBYIO
6necka 3Be3nbl. Huxke Mbl pacCMOTPUM, YTO AAaeT 3TO HAOMIOACHUE TSI U3YYEHUS
oromerpuueckoii akTuBHOCTH CQ Tau u CTpyKTYphI €€ OIMKANMILIEr0 OKOJIO3BE3THOTO
OKPY>KEHUS.

2. Ucmopuueckasn kpusas 6aecka CQ Tau. Ha puc.l nokazaHa Kpusast
Osiecka 3Be3nbl B Tosioce B, mocTpoeHHas 1o AaHHbIM [10-12], nomoaHeHHBIM
HOBBIMU HaOmoneHusMu n3 6a3 ganHbIx ASAS 1 AAVSO. B tex ciyyasx, Koraa
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B T€UEHUE OJHON HOUM OBbLIO BBIMOJHEHO HECKOJIbKO HAOMIOAEHUIA, Mbl BRIOUpAIU
Haubosiee TOYHOe U3 HUX. [IpOAOKMTENBLHOCTh HOBOM MOPUMMU HAOMIOICHUI
cocraBuia 18.3 roga. C ux yuyeToM MoJyiHasi MPOAOJIKUTEIbHOCTh KPUBOI Osiecka
CQ Tau pasna 125 r. Kpome HabOmoaeHNi, BEITIOJHEHHBIX aBTOPaAMU YKa3aHHbBIX
BbILLIE CTaTeil, MIpU MOCTPOeHUM KpuBoil Ojaecka CQ Tau MCHonb30BaIUCh TaKXkKe
OITyOJIMKOBaHHBIC HAOTIONEHUS IPYTUX aBTOPOB, CChIJIKM HA KOTOPhIE MPUBEACHBI
B [11-12].

Kak m3BecTtHO, HabGmomeHus B 0a3e gaHHBIX ASAS M 4YacTh HaOIIOAEHMIA
AAVSO BoinosnHsuch B nosnoce V. s TpaHcopmauuy 3TUX HaOJMOAeHUN B
nosiocy B mbl Bocnionb3oBanuchk UBVRI potomerpueit bepmroruna un np. [13]. C
MOMOIIBIO 3TUX HAOMIOACHUI ObLIa TOJydeHa rmepexoaHast (pyHKIMsI, CBI3bIBArOIIAsT
3Be3iHble BearnunHbl CQ Tau B nonocax Bu V: B=-0.18V>+4.73V-18.54. Kax
MoKazaHo B [lpunoxcenuu, 3T0 COOTHOILLIEHUE o0ecreuynBaeT TOYHOCTh TMepexoaa oT
V X B okoio 5%. DToro BIIOJIHE DOCTATOYHO I HAINWX IIeJieid, YIUThIBast
AMIUIUTYQy M3MEHEHMI OjieckKa 3Be3lbl B 3 3BE3IHBLIX BEJIMUYWHBLI.

HenocpencrBeHHo u3 kpuBoii oiecka CQ Tau (puc.l) BugHO, 4TO GOJBIION
LUK (POTOMETPUYECKON aKTUBHOCTU MPOAOKUTEIbHOCTBIO 20-21 €T B HOBBIX
HaOJIIONEHMSIX HE MPOCJIEXUBAETCs, Torna Kak 10-1eTHuiA MK, HaMpOTUB, XOPOILIO
BUIECH. DTO MOATBEPXKIACT U MIEPUOJOTpaMMHBIN aHaIU3 (DOTOMETPUUYECKM Haubosee
aKTUBHOI yacTu KpuBoi Oyiecka 3Be3anl (MJD > 35000), mpeacTaBieHHbI Ha
puc.2. OH 1Moka3blBaeT HaJMuMe IBYX 3HaUYUMbIX nepuonoB: 10 get u 321.1 gHs.
IMocnenHuit U3 HUX SIBISIETCS TOAUYHO-COMPSKEHHBIM K 10-1eTHEMY TepUoay U
oTpaXkaeT HajJuyuhe TOAMYHBIX TEepepblBOB B HaOmwomeHusix. M3 puc.l BUAHO
TaKXe, YTO TEPBBIA NBAAUATWICTHUN IUKJ ObLT HA CaMOM Jejie pe3yJIbTaToM
CJIOXKEHMS ABYX JAecSITUIeTHUX UUKI0B. Ha cnenyromem 20-1 JeTHeM MHTepBaje
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Puc.1. CBognas kpuBasti 6iecka CQ Tau B mosioce B nMo JaHHBIM OIyOJIMKOBaHHBIX HaOIIO-
nenuii. IlepBoe HaOmomeHue OBLIO caelaHo B MockBe B 1895r.



260 B.IL.TPUHUH W AOP.

BpEMEHU OOJIBIION UKI €1E 3aMETEH, HO YK€ OTYETIIMBO BUAHO, YTO OH COCTOUT
U3 JIBYX TMocieaoBaTebHbIX 10-T€THUX IIUKIIOB.

B nepuonorpamme octatka nociie BbluMTaHus 10-7eTHEro reproaa Mbl He HalllTi
3HAYMMBIX CJIEIIOB TpexJeTHero rnepuoaa, HaitneHHoro B [11]). Takum obGpasom,
MPOBENEHHbIN MEPUONOrPaMMHbIN aHaTU3 hoToMeTprueckoi aktuBHocTH CQ Tau B
ONTUYECKOM 001aCTH CIeKTpa MOATBEPIUI pealbHOCTh TOIbKO 10-j1eTHero nepuona.

30

25+

20 4 P.=10ner

P,=332.1d
154
99.9%

99%
10+ 95%

MowHocTb

1 ' I N 1 I N 1 N

0.000 0.002 0.004 0.006 0.008 0.010
YactoTa

Puc.2. [Mepuonorpamma Jlom6-Ckapria Haubosee aktuBHoi yactu (JD > 35000) dbotomerpu-
yeckoro psga CQ Tau.

Ha puc.3 nokazana cBepTka ¢ nepuogoM 10 jieT onTuyeckoit KpuBoii Ojecka
CQ Tau, HauuHas ¢ MJD =35000. BunHo, yto 10-jeTHUI TIepuoa MPOSIBISETCS
B OCHOBHOM B II€PUOAMYECKON MOAYJSILMU OJIecKa B SIPKOM COCTOSIHUM 3BE3IIbl
A aMIUIMTyIbel MUHMMYMOB. M3 xpusoii 6i1ecka CQ Tau BumHo, yto 10-1eTHSS
MOIYJISILIMS HaOmomaeTcss Ha (POHE MHOTOJIETHETO CUCTeMAaTUUECKOTO YBEIMYEHUS
BHE3aTMEHHOI'O 0JIecKa 3Be3/Ibl.

3. O6cyxncoenue u 3akawverue. Hammuue 10-netHero neprona poromer-
puueckoit aktTuBHocTM CQ Tau ykasbpiBaeT Ha CYIIECTBOBaHME KOMIIaHbOHA B
OKPECTHOCTHU 3Be3bl. OO 3TOM XK€ CBUAETEJbCTBYIOT pe3y/ibTaThl HabmoneHuin CQ
Tau c BbIcOKMM YyIJIOBbIM paspeiieHuem [9,14,15]. OHu mnokazaju, 4TO B
LIEHTPAJIbHOM YaCTH MPOTOILJIAHETHOIO TMCKa 3BE3/Ibl MMEETCsl OOLIMpPHAs MOJOCTh
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Puc.3. Ceeptka ¢ nepuonom 10 sieT hoTomeTpuyecku akTUBHOM yacTtu KpuBoii 6iecka CQ Tau.

cnabo 3amoJIHEHHAs1 BELIECTBOM. TaKue MojJocTh 00pa3yroTcsl B MOJIOJBIX ABOMHBIX
cHUCTeMax IMOJ NEeMCTBUEM MPUJIMBHBIX BO3MYLIEHMI, BbI3BAHHBIX OPOUTATBHBIM
JIBIDKEHEM KOMITAaHLOHOB (ApTumoBuY u JI1o60B [16]). Tlepuoandeckne Bo3my-
IIEHNST TIPUBOAIT K 00pPa30BaHMIO CIIMPATBHBIX BOJH ITUIOTHOCTH, M OHU PeabHO
HaOmonatoTcss Ha uzobpaxkeHusx aucka CQ Tau [9,17-19]. OgHako TMOMNBITKU
O0OHapyXUThb KOMITAHbOH TOKa K ycrexy He npusenu [18].

ITo nanHbIM [9] mosocTh B mpoTtoryiaHeTHOM aucke CQ Tau mpoctupaeTcst ot
15 mo 25a.e. BblloHEHHOE 3TUMU ABTOPaMU YMCIIEHHOE MOJEJIMPOBaHYE M0Ka3alo,
YTO Takas IOJOCTb MOXET ObITh OOpa3oBaHa ILIAHETOM C Maccoit 6-9 M,
IBIEKYLLEHcsS TIo KpyroBoii opoute pammycom 20 a.e. [Ipu macce 3Be3nbr 1.67 Mg
OpOUTAIBHBIN TTePUON TIaHETHI OyIeT paBeH 69 romaM, YTO HAXOMUTCSI B SBHOM
MPOTUBOPEYNHU C (hoTOMETpUUeCKUM nepuoaom 10 Jer.

CyuiecTByeT JM1 BO3MOXHOCTb YCTPAHUTh 3TO MpoTuBopeure? Mbl mnojaraem,
YTO TakKasl BO3MOXKHOCTb CYLLIECTBYET, €CJIM OTKA3aThCsl OT MPEATNOIOKEHMsI O KPYTOBOM
opbuTe KOMNaHbOHA U YBEJUUUTH ero maccy. CoriacHo MojaeassM ApTHMOBUYA U
Jlio6oBa [16] B 3TOM cilyyae MOXKHO IIOJYYUTH IIOJIOCTh TAKOIO KE pasMmepa Ipu
MEHbIIIEM 3HAYeHUU OOJIBIION MOJYyOCU OPOUTHI U COOTBETCTBEHHO, TIPU MEHbIIEM
nepuoze. CrenyeT Takke MMETb B BHAY, YTO MO AAHHBIM WHTEpHEPOMETPUM B
omxHeir UK obnactu cniektpa (BiicHep u ap. [7]) BHyTpeHHuit nmuck CQ Tau
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HaKJIOHEH OTHOCUTEJIbHO BHEIIIHET0. DTO O03HAyaeT, YTo OpOMTa MaJJOMaCCUBHOIO
KOMITaHbOHA TaKXKe MOXKET ObITh HAKJIOHEHA OTHOCUTEIbHO TUIOCKOCTY MEPBUYHOTO
JIUCKa. DTU BOIPOCHI Mbl TIJIAHUPYEM PACCMOTPETh 0oJiee NeTalbHO B CIEMyIOIE
ctatbe. OcTaeTcsl Takke OTKPBITHIM IVIaBHbBII BOMPOC: YTO CAYYUJIOCH B OKPYXKEHUU
3BE3/Ibl, YTO MPUBEJIO K PAIUKATLHOMY U3MEHEHHUIO e (DOTOMETPUUYECKON aKTMBHOCTH
B cepellHe MpOoIUIoro Beka?

PabGota BeinonHeHa rpu GUHAHCOBOM ToaaepXkKe TpaHTa MuHuctepcTBa Briciero
O6pazoBanusg U Hayku P® 075-15-2020-780. I1pu mocTpoeHUH KpUBOi Giiecka
CQ Tau wucrnonb3oBaHbl AaHHbIe apxuBoB ASAS u AAVSO.

! TnaBnag (IlynkoBckast) AcrpoHommueckass Ob6cepBaropust PAH,
C.-Iletepoypr, Poccus, e-mail: vgcrao@mail.ru

2 AcrpoHoMmuueckuit mHCTUTYT M. B.B.Cob6oneBa, CaHkt-IleTepOyprckuit
rocynapctBeHHbIn yHuBepcurer, C.-IletepOypr, Poccus

3 Kpeimckast Actpodusuueckas O6cepBatopust PAH, Kpeim, Hayunsiii, Poccus

HPHIOXKEHHUE

Kak Obl10 oTMeueHO Bbile, oromeTpuyeckue HabmomeHuss CQ Tau us
apxuBoB ASAS 1 AAVSO BBINOJHSIUCH MPEUMYIIIECTBEHHO B OAHOM Tojoce V.
YT006BI MCIIOAB30BaTh UX IPU ITOCTPOEHUU CBOAHOIN KpuBoil Oiiecka CQ Tau B
rnojioce B, Mbl ONpeaeanu nepexoaHbie KodGULIMEHTbI LIS TpaHchopMaluu
Osecka B mojoce V K mojoce B. IInsg sToi uend ObUIM MCIOJIb30BaHbl (OTO-
MmeTpuueckue HabmomeHns CQ Tau u3 cratem bepmiormna m gp. [13]. Ounm
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Puc.4. 3Besnnbie BenmmunHbl CQ Tau B mosocax B u V mo maHHbIM [13].
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npeacTaBiieHbl Ha puc.4. Tam e TipuBeAeHa MYHKTUPHAS JIMHUS, OmpeaeisieMast
MOJIMHOMOM BTOPOI CTEMNeHU, MOJTyYeHHBIM MPU TOATOHKE K HAOMOACHUSIM METOIOM
HaMMEHBIINX KBaApaToB.

IlynkTupHast nuHMs1 Ha puc.4 ompenensieT (PyHKUMOHAIBHYIO CBSI3b MEXAY
BeIMUMHAMU B 1 V u omuckiBaeTcs cooTHoleHueM: B=-0.18V*+4.73V-18.54.
BupHo, yTo TOYHOCTH mepexoma OoT V' K B ¢ IMOMOIIBIO 3TOr0 COOTHOIICHMS ISt
GOJNBIIMHCTBA HAOIOOEHWI, TIpeACTaBIeHHBIX Ha puc.2, He xyxke 0™.05.

PHOTOMETRIC ACTIVITY OF CQ Tau FOR 125 YEARS

V.P.GRININ!?, LV.TAMBOVTSEVA!, O.Yu.BARSUNOVA!,
D.N.SHAKHOVSKOY?

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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KPYITHOMACIUTABHBIE SJIEKTPUYECKHUE TOKH B
IMPOUECCAX HAT'PEBA KOPOHbBI HAII AKTWMBHBIMU
OBJIACTAMU HA COJIHLIE

10.A. ®YPCAK

IMoctymuta 1 ¢eBpans 2023
IMpungara k meuatu 22 masg 2023

B paGote craBuTCS 3amaya U3YduTb POJIb KPYMTHOMACIITAOHBIX 3JEKTPUUECKUX TOKOB, PACIpO-
CTPAHSIIOLIMXCS B BEPXHUE CIIOM COJTHEYHOM atMocdepsl, B Tipolieccax HarpeBa KopoHbl ConHua. s
OOHApYXEHUS] Y BBIYMCICHUS] BEJIMYMHBI KPYITHOMACIITAOHOTO 3JIEKTPUYECKOro TOKA ObLIM MCIOJIb-
30BaHbl JaHHbIE O pacnpeneeHM KOMITOHEHTOB BEKTOpa MarHMUTHOTO ToJ1s B hoTocdepe, nmpeaocraB-
nssemble nHCTpymeHTOM Helioseismic and Magnetic Imager (HMI) na 6opty Solar Dynamics Obser-
vatory (SDO). [Inst onleHKM TemIiepaTypbl B KOPOHE Hall aKTUBHBIMU obsactsmu (AO) MCIIONb30BaHbL
¢ororemmorpammel  kopoHsl CosHIIA B KaHajiax yiabTpaduonetoBoro umanydeHust 131, 171, 193 u
211 A, npenocraBnsieMble MHcTpymMeHTOM Atmospheric Imaging Assembly (AIA/SDO). Usyuena
MMHAMUKa KPYIMTHOMACIITAOHOTO TOKA M CPEeNHEeW TeMIlepaTypbl B 9-T 00JIaCTSX C pa3HbIM yPOBHEM
BCIBILIEYHON aKTUBHOCTM, MOCTPOEHBI KapThl MPOCTPAHCTBEHHOTO pACHpeeeHrsT TeMIlepaTypbl B
kopoHe Ham AO. TlonyueHbl cnenyioiue pe3ynbTarbl: 1. HarpeB KOpoHaJbHOrO BelllecTBa 3a CYeT
OMMYECKOI JAMCCUIALMU KPYITHOMACIUTAOHBIX 3JIEKTPUYECKMX TOKOB MIET B CTALIMOHAPHOM DPEXHME.
2. TloBbllieHMe cpeaHelt TemrepaTypbl B KopoHe Ham AQO BO BpeMsi COJHEYHBIX BCIIBILIEK 10

3HayeHWil < log7 >= 6.3 - 6.5 (2.0-3.2 MK) 00ycJI0BJIEHO HE TOJIBKO HarpeBOM KOPOHAJIBHBIX CTPYKTYP

KPYITHOMACIITAOHBIMU 3JIEKTPMYECKUMU TOKAMM, HO ¥ MHBIMU TPOLIECCAMKM Ha KOPOHATbHBIX BBICOTAX.
3. Ins obnacteit NOAA 11899 u 12494 oGHapyXeHO CHWXXEHUE 3HAueHWIl CpeaHeil Temreparypbl

B KopoHe Mo <logT7 >=5.7 (0.5-0.6 MK) mpu OmHOBpeMEHHOM TaleHUM 3HAYCHUI BETUUMHBI
KPYITHOMACIITAOHOTO 2JIEKTPUUYECKOro ToKa 0 HyJisl. laHHbIe HAaOMIOAeHNMST yKa3bIBalOT Ha BBIKITIOUEHUE
MeXaHM3Ma HarpeBa KOPOHbI 32 CYET OMUYECKON TUCCUITALUMU JEKTPUYECKUX TOKOB MPU HYJEBBIX
(B mpexpenax OMIMOOK BBIYMCICHUMI) 3HAYEHUSIX KPYIMHOMACHITAOHOIO 3JIeKTpuueckoro Toka. 4. B
obnactsix NOAA 12192 u 12371 npu NMOCTPOEHMM KapT pacrpeiesieHus] TeMIepaTypbl B KOPOHE
BHE BCIBILIEYHbIX COOBITUII OOHAPYKEHBI TOpsSiuUMe CTPYKTYphI ¢ TemrepaTypoit > 10 MK, koropsie,
M0-BUIMMOMY, 0003HAYalOT MECTOIMOJIOXKEHUE KaHajla KPYIMHOMACIITAOHOTO 3JIEKTPUYECKOTO TOKa
Ha KOpOHaJbHBIX BbicoTax. st obmactu NOAA 12192 310 mpeanonoxeHue MOATBEPKIASTCs
pe3yabTaTaMu BBIMIOJIHEHHOTO B 2016r. YMCICHHOTO MOAETMPOBAHUS.

KuttoueBrle ciioBa: CO./[HL{e.' aKmueHsle 004acmu: MaeHUMHoe noae:sneKmpuvecKue

moKu: yrbmpaghuonsemoeoe usnyyerue: Hazpee KopoHbsl

1. Beederue. Ipobiaema HarpeBa COMHEYHON KOPOHEI IO TEMIIEPATYP CBBILIE
1 MK, npu TOM, YTO HUXeJeXalllue CJIOM COJIHEYHON aTMochepbl MMEIOT
CYILECTBEHHO 0o0Jjiee HM3KYIO TeMIIEpaTypy, OCTaeTCs OMHOI M3 HEpELIEHHBIX B
MOJIHOI Mepe 3agay coBpeMeHHoI ¢u3nku CoHIa.

Crenyer 3aMeTUTh, YTO ellle BO BTopoil mojoBuHe XIX-ro - Havane XX-ro
BEKOB M3Yy4Y€HHME BHEIIHUX CJIOEB COJHEUYHOM aTMOc(ephbl ObLIO COIPSIKEHO C
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OTPOMHBIMU TPYAHOCTSIMM, MOCKOJIbKY MHOIJA MCCIASAOBATEISIM TMPUXOAUIOCH
MPeoa0JIeBaTh PACCTOSTHUS THICSIM KMJIOMETPOB, YTOOBI MOIACTh Ha IOJIOCY MOJHOTO
COJTHEUHOT'O 3aTMEHMsI M OYKBAJIbHO 32 HECKOJHKO MUHYT IOMBITATHCS CHEIATh
CHUMKM Xpomocgepbl CosHIIa M PpacIojioKeHHOH BblllIe KOpPOHBI. Becbma
MOKa3aTeJIbHbIM SIBJISIETCSI TOT (DAKT, YTO ""C MOMEHTAa OTKPBITUS KOPOHHI B 1851r.
u 1o 1930r. ee HabGmomaau B OOIIEH CIIOXHOCTM B TedyeHWe daca” [1, ¢.215].

B 1930r. ¢panuysckuit ontuk bepHap JIvo co3man nepBbiii B MUpe BHe3aT-
MEHHBII KOpoHorpad, 03HaMeHOBAB HOBBIM 3Tall B U3YyYEHUU BHEIIHUX CJIOEB
COJTHEYHOM aTMOcGephl - MIPpU OJIarONPUSTHLIX MOTOIHBIX YCIIOBUSX MOXHO OBLIO
MOJIyyaTh €XeIHEBHbIE U300pakeHUsI KOPOHBI ¢ OJHON TOYKW MECTHOCTH.

C 1945r. HaunMHalOTCS HAOMIONCHUSI COJTHEUHOM KOPOHBI B paauoaudara3oHe,
a C 3aIlyCKOM IIEpBOr0 MCKYCCTBEHHOIO CIIyTHMKAa 3emiaud B 1957r. m Havamiom
KOCMUYECKON 3pbl 3a TIpeesibl 3eMHOM aTMOCcdepbl ObUIO OTIPABIEHO MHOXECTBO
KOCMUYECKHX MCCIeI0BATEILCKUX allllapaToB, YacTh KOTOPBIX ObLIa MpeIHa3HaYeHa
st u3yaennst CoJHIA Y, B YACTHOCTH, COJTHEYHOI KOPOHBI, B IIIMPOKOM JTMAITa30He
JJIMH 2JIEKTPOMAarHUTHBIX BOJIH - OT paaMoaMaria3oHa A0 PEHTIeHOBCKOro U
ramMa-usiaydeHus. OgHaKo, HECMOTpPsI Ha IeCITUIETUS UCCIeA0BaHUI, OOIbIIOE
KOJIMYECTBO TEOPETMUECKMX PadOT M MacChl MOCTyMaroleil nHhopMaluu (K IpuMmepy,
eXXeTHEBHBIII 00beM JaHHBIX TOJIBKO MHCTpyMeHTa Atmospheric Imaging Assembly
(AIA) [2], ycTaHOBIIEeHHOTO Ha 0OpTYy KocMmuueckoro ammaparta Solar Dynamics
Observatory (SDO) [3], cocTtaBisier okosio 2 T6aiiT), mpobjema HarpeBa KOPOHbI
ConHlIa Bce ellle ocTaeTcsl JaleKoi OT OKOHYATEIbHOTO pelleHUs.

PaznuuHbiMM viccaenoBaTe sIMA M UCCIIEIOBATEIbCKUMU TPYIITIaMU BbIIEISIIOTCS
JIOCTATOYHO MHOTO MEXaHM3MOB HarpeBa KOPOHAJILHOTO BEIIECTBA, KOTOPhIE MOXHO
pa3aesuTh Ha JBe TPYIIbI - BHELIHKME (B 9TOM CJydae TakK HasbiBaeMasl "cBoOomgHas"
MarHUTHAas1 SHEPIysi MPYBHOCUTCS M3BHE) U BHYTPeHHME (HArpeB IJIa3Mbl OCYILIECT-
BJISIETCS 3a CUET KOHBEpPTAllMM CBOOOIHOM SHEPIrMU MarHUTHOU nemin). K BHeLIHUM
MeXaHM3MaM HarpeBa OTHOCSITCSI: UCMapeHUe XpoMOC(hepHOli TIa3Mbl B KOPOHY
[4,5], muccumanyg aabGBEHOBCKMX BOJH [6,7], LMKIOTPOHHOE MOIJIOLIEHIE
TeHEepUPYEMBIX BO BpPEMS BCIBIIIKU 3JIEKTPOMArHUTHBIX BOH [8] u ap. Cpenu
BHYTPEHHUX MEXaHM3MOB HarpeBa KOPOHBI BBIACISIIOT MUKPOBCIIBILIKM (HAHO-
BCIBILLIKK), OOYCJIOBJIEHHBIC MEPECOSAMHEHUSIMU BHYTPU MarHUTHON meTiu [9],
TUPUHT (Pa3pbIBHYIO) HEYCTOMUMBOCTD [10], OMUYECKYIO IUCCUTIALIMIO SIEKTPUUECKUX
TOoKOB [11] 1 mp.

Ecau roBoputh 00 31€KTpUYECKUX TOKAX Ha KOPOHAJIBHBIX BBICOTAX U UX POJIU
B HarpeBe KOPOHAJIBHOTO BEIECTBA, TO 3[eCh CYIIECTBYET MHOXECTBO IIPOOIIEM.
Bo-miepBBIX, Ha CErOAHSILIHUI eHb OTCYTCTBYIOT PEryJsipHble HAOJIOACHUS C
LIeJIbI0 BBIYMCIEHUSI BEKTOpa MArHUTHOTO TOJSI B KOPOHE, U, KaK CJeACTBUE,
MPSIMOE BBIYKUCIIEHNE 3IEKTPUUYECKUX TOKOB, IO CYTH, HEBO3MOXHO. B ycioBusx
OTCYTCTBMSI PETYISIPHBIX HAOM0AeHUI, HGMOPMALIMIO O BEKTOPE MAarHUTHOTO MOJIS
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U BEKTOPE JIEKTPUUECKOTO TOKA HAa KOPOHAJIBHBIX BBICOTAX MOJIy4yalOT Ha OCHOBE
MOJIIeJIbHBIX pacyeToB [12-18]. MHTepecHass MeTOmMKa OLIEHKU 3JIEKTPUYECKUX
TOKOB B KOpOHe ObLia mpeioxeHa B pabdote [19]. CyTrb Meroma cBoauiach K
M3MEPEHMIO CTETNeHU BpalleHUsI IIOCKOCTHY TMOJIIpU3allii JUHEMHO MOJISIpU30BAHHOIO
U3TYYEHUST OT JAJeKOro KOCMMYECKOro o0beKra (B paccMaTpuBaeMoOil paboTe 3TO
pagrouctoyHuk 3C 228) mpu ero MpOXOXACHUM CKBO3b BHEIIHWE CJIOW KOPOHbI
CoIHIIa, B KOTOPBIX TTPUCYTCTBYIOT MarHUTHEIE Hons (3¢ dekT Papanest). [1ocKoIBKY
CTeleHb BpallleHUs TUIOCKOCTU MOJISIPU3aLMU TTOCPEACTBOM HEKMX COOTHOILICHUI
CBSI3aHA ¢ MArHUTHBIMU TIOJIIMUA B KOPOHE, & MATHUTHEIC TIOJIS, B CBOIO OYepelb,
CBSI3aHBI C 2JIEKTPUYECKUMU TOKAMU (3aKOH AMIIEpa), TO JaHHBIC CBSI3U TO3BOJISIIOT
rocJie psija npeodpa3oBaHUl MOIYUYUTh (DOPMYITY JUISI BBIYUCIIEHMS SJIEKTPUIECKOTO
TOKA.

Ewe onuH meton ObuT pa3paboraH acTpoHoMaMu KpbIMcKoit acTpodu3nyeckoit
obcepBaropun KoHua 80-x - Havanma 90-x rr. XX-ro Beka [20,21], Bo3poxIeH u
nopabotaH B HemaBHeil pabore [22]. Ha ocHOBe HajeXHbIX HaOMOAaTeIbHbIX
JAHHBIX O pacrnpeliejeHU KOMIIOHEHTOB BEKTOpa MArHUTHOIO IOJISI Ha YpPOBHE
(otocepnl ObLTM OOHAPYKEHBI KPYITHOMACILTAOHbIE JIEKTPUUECKUE TOKU, KOTOPHIE,
HUCXOJS U3 psiia KOCBEHHbBIX MPU3HAKOB, MOJIHUMAIOTCS BBICOKO B XpoMocdepy u
KOPOHY, U, CJIeAOBaTebHO, JODKHBI MPUHUMATh yJacTUe B Pa3IUYHbBIX ITpoleccax
B BEpXHUX CJIOSIX COIHEYHOI atMocdepbl. bbina rmokazaHa cBsi3b KpYIMHOMACIITAOHBIX
SJIEKTPUYECKUX TOKOB CO BCITBIIIKAMK. BeposITHO, 3TH TOKU, BEIMYMHON MOpPSIIKa
10" A, urparot posib U B TIPOLIECCaX HAarpeBa KOPOHAIBHOTO BELIECTBA HAJl AKTUBHOI
obnacthio (AQO) (3mech Mo aKTUBHOM 001aCThIO TTOAPa3yMeBaeTCs TPYIa COTHEUHbBIX
ngateH u atmocepa ConHIA Han Heil).

ITpoBeneHHBIN ¢ MOMOIIBI0O MHCTPYMEHTOB KocMuyeckoro armapara SOHO B
KOHILIe XX-To BeKa CTepeOCKOMUYECKUI aHAIU3 KOPOHAJIbHBIX MAarHUTHBIX TeTesIb
MMO3BOJIMJI OOHAPYXUTh JIMIIL HE3HAUMWTEJIbHBIE WM3MEHEHUS TeMIlepaTyphl
KOPOHAJIbHBIX TeTeJb ¢ BBICOTOM [23,24]. AHaIOIrMUHBIE Pe3yJIbTaThl ObUTA MOJYYeHbI
M Ha OCHOBE aHaIM3a JaHHBIX HabmogeHuii kocMudeckoro ammapata TRACE [25].
MaJtblii TpaIUeHT TeMIepaTyphl Ha KOPOHATBHOM YYACTKe MATHUTHOM METIIM O3HAYAET,
YTO MCTOUYHMK Harpesa JOJDKEH HAXOIMUTHCS B TEIJIOBOM OanaHce ¢ pagualliOHHBIMU
MOTePSIMU, TTIOCKOJIBKY MPU MHBIX YCIOBUSIX HEBO3MOXHO OOECIEUUTh HAOMIOIAEMYIO
KBA3UCTALMOHAPHOCTh MATHUTHOM METIA Ha MPOTSLDKEHUM 3HAUUTEIbHOTO BPEMEHHOTO
nHTepBasia. B pabote [26] BBICKa3aHO MpeIITOJIoKeHNEe, YTO BEPOSITHEIM MEXaHU3MOM
HarpeBa KOpOHAJIBHBIX MeTeJIb B MOIOOHBIX CyJasiX SBJISICTCS] OMUYECKast TUCCUTALIVS
BJIEKTPUYECKMX TOKOB. B yCIOBUSIX CIIOKOMHOM KOPOHBI HATPEB IUIA3MBI U YCKOPEHUE
YaCTU1l B MATHUTHOM TeTJIe CBSA3aHbl CO CTOJIKHOBEHUSIMA MOHOB C HEUTpaTbHBIMU
aToMaMU (TakK HasbIBaeMas nipoBoaumocTs Kaynunra [27]). TeopeTuueckue pacyeThbl
MMOKA3BIBAIOT, UYTO HAJWUYME B KOPOHE Jaxe HeOOJBIIOro KOJIMYecTBa (MOpsaKa
10” oT o6LIeil Macchl) HERTPAIBHBIX ATOMOB IeJIisl 06eCIeuyrBaeT POCT COMPOTHB-
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JIEHUsI MarHUTHOM TMETAW 10 aHOMaJIbHbIX 3HAUeHUU [28,29], HEOOXOAUMBIX TSI
3(heKTUBHOrO HarpeBa KOPOHATLHOIO BEILLECTBA MEKTPUUECKUMU ToKaMu. OnHaKO
KOpOHaJIbHbIE CTPYKTYphl Haj AO yacTo UMeIOT 00Jiee BBICOKYIO TeMIlepaTypy, B
JIMana3oHe OT HECKOJbKUX eduHull 10 aecsatkoB MK. B mogoOHBIX YCIOBUSIX
CYLLIECTBOBaHUE HEUTPaJIbHBIX aTOMOB CTAHOBMTCS HEBO3MOXHBIM, a MPUYUHON
PE3KOTO YBEJIMIEHMST COTIPOTUBIICHUS TIIa3Mbl CTAHOBUTCST BO30YKIEHIE TIIIa3MEHHBIX
HEYCTOMUYMBOCTEM.

Euie oqHUM BaxKHBIM BOMPOCOM, CBSI3aHHBIM C HarpeBOM KOPOHBI MOCPEACTBOM
OMUYECKON TUCCUTIAIINN 3JIEKTPUICCKUX TOKOB, SIBJISIETCST XapaKTepHBIM MacIiTad
obsiacti sHeproBbiaeaeHYs. [1py xapakTepHbIX pa3Mepax COMHEYHbIX MITEH (CUIOBBIX
MarHUTHBIX TPYO6OK, ~10°cM), BpeMsl TMCCUMALIMN 2EKTPUYECKOTO TOKa, Aaxe Mpu
YCIIOBUY aHOMAJIbHBIX 3HAYEHUI IMPOBOIMMOCTHU TIIa3MBbl, OKAa3bIBAETCS CIIUIIIKOM
0OJIBLIIUM, YTOOBI 00ecreuuTh 3(GEKTUBHBIA HAarpeB KOPOHAJILHOIO BEIECTBA.
HarpeB KOpoHBI 2/IEKTPUYECKMMU TOKAMU B KBA3UCTALIMOHAPHOM PEXMME CTAHOBUTCSI
BO3MOXKHBIM JIMIIL Ha Maciutabax B 10°cm u meHee. Takum o6pa3oM, roBops O
HarpeBe KOpOHAJIbHOIO BEIIeCTBA MOCPEACTBOM OMUYECKON TUCCUTIALIMM DIEKTPU-
YEeCKUX TOKOB, CJEIYeT YIYUThIBATH TOHKYIO CTPYKTYPY MarHUTHOTO TOJISI U DJIEKTPU-
YeCKMX TOKOB. [10M00OHBIE YTBepKICHNS, C TIPUBSICHHBIMU pacdeTaMu, COMepKaTcs
B LIEJIOM psie McciaeqoBaHuii [cMm., Hamp., 30,31].

B pabGote mocrasiieHa 3aaya COMOCTABAEHUSI AMHAMUKM KPYITHOMACIIITAOHOTO
3JIEKTPUYECKOTO TOKA B OOJIACTSX C Pa3TMIHBIM YPOBHEM BCIIBIILIEYHON aKTMBHOCTH
C BPEMEHHbIMU BapHalUsIMU TeMrepaTrypbl B KopoHe Haa AO M OLEHKMU DO
9JIEKTPUYECKMX TOKOB B MpoOlieccax HarpeBa KOPOHAJIbHOTO BEllEeCTBA.

2. lanuble Habarwoenuli. B paboTe UCIONB30BAHLI TAHHBIE UHCTPYMEHTOB
AIA/SDO [2] m HMI/SDO (Helioseismic and Magnetic Imager) [32]. locTtyn K
JNIaHHBIM ocyllecTBasgeTcs yepe3 calT Joint Science Operation Center (JSOC)
http://jsoc2.stanford.edu/ajax/lookdata.html.

Hannbie nacTpyMeHTa HMI/SDO 0 mpocTpaHCTBEHHOM pacipeIeieHI KOMIIO-
HEHTOB BEKTOpa MarHUTHOTO M0OJs Ha ypoBHe (oTocdepnbl ColiHila TPUMEHEHbI IS
WU3YYEeHUST CTPYKTYPbl BEPTUKAJIbHBIX W TOPU3OHTAIBbHBIX MArHMTHBIX TOJiEl B
HCCITeMyeMBIX 00JIaCTSX, BOCCTAHOBIICHUSI TTOTEHIIMATBHBIX TTOITEPEUHBIX MATHUTHBIX
TToJieit, OOHapy>KeHVST Y BIYMCICHMS BEJIMIMH JIOKATbHBIX BEPTUKAIBHBIX Y KPYITHO-
MAaCILUTaOHBIX MEKTPUUECKMX TOKOB. IIpoCTpaHCTBEHHOE pa3pellieHre UCOIb3yeMbIX
nmanHeix HMI/SDO cocrapister 0.5"/mukcen (rmopsimka 360 KM Ha YpOBHE COJTHEYHOM
(otochepnl), BpeMEHHOE paspellieHue B 3aBUCMMOCTU OT TUIA JaHHBbIX - 45 wiu
720 c. 3nech ucnonb3oBaHbl SHARP (Spaceweather HMI Active Region Patch) [33]
MarHATOTpaMMBI pacrpeneeHNsT KOMITOHEHTOB BEKTOpa MarHUTHOTO TIONS B (hOTO-
chepe (UMIMHAPUYECKHE KOOPAMHATHI, cepusl AaHHbIX hmi.sharp cea 720s) c
BpeMEHHBIM paspenreHreM 720 c.
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st MUHUMUM3aUMY OIIMOOK B BHIYMCICHUHU 3JIEKTPUUECKOTO TOKa, 00YCI0B-
JICHHBIX 3((PeKTOM TMPOEKIMN U C LIeJbIO BOBJICUEHUSI B pacueT MaKCHMAaJIbHO
BO3MOXHOTO KOJIMUECTBA MMUKCEJIEH, B KOTOPBIX C BEICOKOM CTEIEHBIO JOCTOBEPHOCTHU
paspelleHa © -HeonpeAeIEHHOCTD OIpeeieH!sT a3UMyTa MOMepeyHOro MarHUTHOTO
TOJIsI, BpeMSI MOHUTOPUHTA KaxKA0M 00J1aCTU COBIAAaeT C BpEMEHHBIM MHTEPBAJIOM
HaxOoXIeHUS ee B mpeaeiax +35° oT LieHTpanbHOro MepuanaHa (4-6 cyr).

Hanuble nHcTpyMeHTa AIA/SDO ucnoab30BaHbI 1Tl OLIEHKY MHTEHCUBHOCTHU
yisrpaduonerooro (Y®) uanydenus B kadanax 131, 171, 193 u 211 A, BeruncieHus
TEMITEpaTypbl Ha KOPOHAJIBHBIX BBICOTAX M TOCTPOECHMSI KapT paclpeaesieHUs
TeMmIiepatypbl B KopoHe Haa AQ BHe COJIHEYHBIX BCIIbILIEK. Kcrmonab3yeMble
nJaHHble AIA/SDO npencTapisiioT coboii (hoToreMorpaMMsbl TojiHoro avcka ColtHila,
TOJTyYeHHEIE B COOTBETCTBYIOIIEM KaHate Y D-n3nydeHns ¢ BpeMeHHBIM pa3pellieHAeM
12 ¢ u mpocTpaHCTBeHHEBIM paspeieHneM 0.6"/mukcen (cepus aia.levl euv 12s). C
MpUMEHEHUEM MHCTPYMEHTapusl, pa3MmellieHHoro Ha caiite JSOC, u3 MoTHOAMCKOBBIX
(poTorenvorpaMm ObLIM BbIpe3aHbl ydyacTKHM, paBHble Mo padmepam SHARP-
MarHUTOrpaMMaM MUcCleAyeMbIX 00JacTell 1 COOTBETCTBYIOLIME MM IO BPEMEHHU.

B pa6ore uccinegoBanbsl 9 AO 24-ro LHMKIa COTHEUHON akTUBHOCTU. O6nacTu
JIJISL aHAJIM3a OTOMPAICh COMJIACHO CJIEAYIOLINM KPUTEPUSIM:

1. Ha BpeMeHHOM MHTepBajie MOHUTOPUHTA 00JIACTh TOJKHA HAXOAUTCS BOJIU3U
(hazbl MaKCMMyMa CBOETO Pa3BUTUS WM Ha (pUHANIBHOW CTAaAUN 3BOJIOLUM, UMEs
MPU 5TOM HU3KHWE 3HAUECHUSI CKOPOCTH 3aTYXaHUSI MATHUTHOTO ITOTOKA B Pa3BUTOM
MnsATHe. MakcUMyM pa3BUTHS OOJIACTH OLIEHUBAJICS MO MAarHUTHOMY ITOTOKY.

2. Bbuu BhIOpaHbI MO TPU 00JIACTU C Pa3HBIM YPOBHEM BCITBILLIEYHON aKTUBHOCTHU
- HU3KUM, CPEOHUM M BHICOKMM. [1om HU3KOI aKTUBHOCTHIO IMOJpa3yMeBaeTCs
¢ukcanusg 3a BpeMst MOHUTOpUHTa AQ TOJIBKO BCIIBIILIEK PEHTTEHOBCKOTO Kjacca
C (B uccrnemyeMoii BeIcopke 310 obmacti NOAA 11899, 12494 u 12674). Ilox
CcpegHell aKTUBHOCTBIO TToApasymMeBaeTcsl ¢ukcaums B AO 3a BpeMsT MOHUTOPHMHTa
BCITBILIIEK B TOM YKCJIe PEHTTeHOBCKUX KitaccoB M (obmactt NOAA 11476, 12222
u 12371). Beicokuii ypoBeHb BCIIBILIEUHON aTUBHOCTU O3HAyaeT, YTO 3a BpeMsl
MoHuTOprHIa B AO Obl1a 3ahMKCUpOBaHA MUHUMYM OJIHA BCTIBILIKA PEHTIEHOBCKOTO
kiacca X1.0 u Bbie (oomactu NOAA 11890, 12158 u 12192 aHanuszupyemoit
BbIOOPKM). [TogoOHBIM 0TOOp AO mis aHaaM3a MO3BOJISET BBISBUTh BO3MOXHYIO
pa3HOCTh B 3HAUYEHMSIX CPelHeN TemIiepaTrypbl B KopoHe Haa AO B 00JacTsx ¢
pa3HBIM YPOBHEM BCIIBIIIEYHON AaKTUBHOCTU U CYIIECTBEHHO pa3iUuYHBbIMU
3HAYEHUSIMU BEIMUMHBI KPYITHOMACIITAOHOTO 3JIEKTPUUECKOro Toka. /s oueHKu
YPOBHSI BCIbILIEYHOU akKTUBHOCTU AO KMCHoJIb30BaAIUCH AaHHbIe criyTHUKa GOES-
15 (Geostationary Operational Environmental Satellite) o moToke peHTIeHOBCKOTO
U3JIy4yeHud B auanasoHe 1-8 A Ha opbOute 3eMim, HOCTYIHBIE N0 aapecy https:/
/www.ngdc.noaa.gov/stp/satellite /goes/index.html.

OcHoBHast nHpopMaiust 06 AO rcciaeayeMoit BBIOOpKY MpeacTaBieHa B Tao. 1.
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IlepBolit cTONGEL TAOAUIIBI OTOOpaxkaeT HoMmep objactu (o KjaaccudUKaLUU
NOAA), BTOpOi1 - BpeMsl €€ MOHUTOpUHTA. TpeTuii, YeTBEPThINA U TSITHINA CTOIOLIBI
TabIUILILI COAEPKAT TaHHbBIEC, CBSI3AHHBIEC CO BCIBIIICYHOM aKTUBHOCTBIO 00JIaCTH:
nHpopMalnio 0 HanbdoJjee MOIIIHOM BCHBIIKE, 3adpukcupoBaHHoil B AO 3a BpeMs
ee HaxoxnmeHusi Ha BuauMoM aucke CojHUA (PEeHTTeHOBCKMI KJacC M J1aTa),
PEHTTeHOBCKUIA KJIacC U AaTy HauboJiee MOLIHOM BCIBIIIKY, 3a(DUKCUPOBAHHOM B
AOQO 3a Bpems1 ee MOHUTOPHYHTA, a Takxke BenblieuHbiin nHaeke AO (FI). CornacHo
onpenenenuto, sennunHa FI paBHa 1 (100), ecaiu B AO exxegHEeBHO 3a BpeMs ee

Tabauya 1
BPEMA MOHUTOPUHTA U XAPAKTEPUCTUKUA
NUCCIEAYEMBIX AO
Howmep Bpewmst Haubonee |Haubonee mourHasi| FI | lusr [<logl>
obactu MOHMTOpPHMHTA MOILIHAA BCITBILIIKA 33 BPEMsI 1012 A
(NOAA) objactu BCIIBILIIKA MmoHuTopuHra AQO
O06sacTM ¢ HU3KOM aKTMBHOCTHIO
11899 |17.11.2013-20.11.2013 | M1.0 15.11.2013| C1.7 17.11.2013 3.85| 1.34| 5.780
12494 105.02.2016-07.02.2016 | C5.2 04.02.2016 | C1.5 06.02.2016 1.77| 8.23| 6.117
12674 |03.09.2017-06.09.2017 | C5.2 30.08.2017 | CI.1 04.09.2017 0.76| -5.98| 6.183
OO6Jsiactu co cpefHeil aKTUBHOCTBIO
11476 ]09.05.2012-13.05.2012 | M5.7 10.05.2012| M5.7 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 | M7.9 25.06.2015| M®6.5 22.06.2015 | 18.83| 23.60| 6.208
O06macTy ¢ BBICOKOM aKTHMBHOCTBHIO
11890 [07.11.2013-10.11.2013 | X3.3 05.11.2013 | X1.1 08.11.2013 | 55.63| -8.56| 6.197
12158 109.09.2014-12.09.2014 | X1.6 10.09.2014 | X1.6 10.09.2014 | 13.00|-12.53| 6.202
12192 |22.10.2014-25.10.2014 | X3.1 24.10.2014 | X3.1 24.10.2014 |101.64| 58.14| 6.225

HaxoXJaeHusl Ha BuaumMoM aucke ConHua ¢GUKCUpPYeTcs OAHA BCMBILIKA
peHtreHoBcKoro kiacca C1.0 (X1.0). bonee mertanbHO 00 3TOM mapamMeTpe MOXKHO
y3Hath u3 [34]. Ilocnennue nBa crojdlia OTOOpaXaloT JaHHBIE, KOTOpPbIE OyoyT
OoJiee JeTaJbHO OMMCAHBI U MPOAHATU3UPOBAHbI HIKE - YCPEIHEHHOE 3a BpeMsl
MOHMTOpHMHIa 00J1aCTU 3HAYeHUE KPYITHOMACILITAOHOTO 2JEKTPUYECKOIro TOKa m
(3dech U Jajee Mo TeKCTy yCpeAHEeHUE MO BpeMEHM 0003HAYaeTCsl TOPU3OHTATBHOM
YyepToil CBEpPXy) M YCpPeAHEHHOE 3a BpeMs MOHMTOPUHIA CpeaHee 3HaYeHUe
TeMmIiepatypbl B KopoHe Hajg AO (B jorapudmuyeckoi mkaine) <log7 >.

3. Ilpumensiemvie Memoobl 8blMUCACHUS AHAAUZUPYEMbIX NAPAMEMPOE.
JIJist TIOJTy4eHMsl JaHHBIX O KPYITHOMACLITAOHOM 3JIEKTPUYECKOM TOKE [, UCIIOJIb-
30BaHa MeTOAMKA, onucaHHas B [22]. s oGHapyKeHUsT 2JEKTPUYECKOro TOKa,
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pacrnpeieieHHOTO Ha OOJIbLION TUIOIIAAU, OCYIIECTBISIETCSl aHAIU3 TOIMepPeUyHbIX
MarHuTHBIX TToJieit AO. C ucrnonp3oBanueM IDL-koma Cakypau [35] BoccTtaHaB-
JIMBaeTCs TIOTEHIIMAIBHOE TIOTIepeYHOe MAarHUTHOE TTojie 00IacTH. B KaskmoM mmkcee
SHARP-MarautorpamMmbel AO BeKTOp HaOJII0OZaeMOTO MOIEPEYHOIO0 MarHUTHOTO
TIOJIST PACKJIA/IBIBACTCST Ha JIBE COCTABIISIIOLLNE - TIOTCHUMAIbHYIO B, (KOMITOHEHT
HampapieH BIOJb BEKTOpa MOTEHIIMAIBHOTO TTOMEPEYHOT0 MATHUTHOTO IIONS) U
HEMOTeHLIMANBHYIO, B, , HAMIPaBIEHHYIO MEPIIEHANKYISIPHO BEKTOPY MOTEHLIMAIBHOTO
MoJsl. AHAIU3UPYS TTPOCTPAHCTBEHHOE pacIipelie/ieHe BEKTOpa HEMOTeHIIUAIbHOTO
KOMITOHEHTA ITOIePEYHOTO MAarHUTHOTO TIOJISI, B OKPECTHOCTH HanboJiee pa3BUTHIX
naTeH B AO MOXHO OOHapyXUTh peryJsipHble BUXPEBbIE CTPYKTYpPHI BekTopa B, ,
KOTOpbIe 00YCIOBIEHbI TPUCYTCTBUEM KPYITHOMACIITAOHOTO 3JICKTPUUYSCKOTO TOKA.

BenmmumHa KpyImHOMACIITAGHOTO 3JICKTPHUYECKOTO TOKa TS 3aIaHHOTO MOMEHTA
BpEeMEHU BBIYMCIISIETCS TI0 KapTe pachnpeaeieHus] BEpTUKAIbHOIO TOKa (31eCh, Kak
W B JAPYrMX HalUX paboTax, MPUMEHSIETCS WHTETPAIbHBIA METOJ BBIYMCICHUS
BEPTUKAJIbHBIX 3JIEKTPUUYECKUX TOKOB [36]) Kak pe3yJbTUPYIOLIUIA 3JICKTPUIECKIIA
TOK BHYTpHU KOHTypa C, KOTOPBI omnpeaessieTcs: 1o MepBoil 3a BpeMsl MOHUTOPUHTA
obJacTy KapTe MPOCTPAHCTBEHHOTO paclpeneseHus BeKTopa B, B OKpecTHOCTH
ogHoro u3 pa3BuThix msaTeH AO, a ero ¢opMma He MEHSETCS Ha MIPOTSKECHUU
BpeMeHU MOHUTOpHUHTa objacTu. [ToctpoeHue KoHTypa C BOKPYT MSITHA 3aJaeTcsl
CIEOYIOUIMMHA yCIOBUSIMU: 1) BHYTpY KOHTypa BeKTOp B, HOMXeH UMETh OJHO
Mpeobyanaroliee HarparieHNe 3aKPYTKU (IT0 YaCOBOM CTPEJIKe WM TIPOTHB YaCcOBOM
cTpeiku); 2) Koutyp C ouepurBaeTcsl B HEKOTOPOI OKPECTHOCTU BOJIM3M TISITHA,
TaK KaK BUXPEBOE MarHUTHOE I0Jie, OOYCIOBICHHOE 3JIEKTPUUYECKMM TOKOM, YObIBAeT
¢ paccrosiHueMm; dopma KoHTypa C, TakuM oOpa3oMm, JOJKHa ObITh OaM3Ka K
OKpYXXHOCTH (OBaiy).

C uesibl0o MUHUMU3alWY OIIMOOK B BBIMUCICHUYN BEJIMUMHBI KPYITHOMACILITAOHOTO
TOKa, KOTOpble MOTYT BO3HMKATh 3a CUET 3BOJIOLUMOHHBLIX M3MeHeHuil B AO (B
MepBYyI0 ovepelb, ABVXKEHMI TISITEH), OCYIIECTBIsIeTCsl MpuBs3ka KoHTypa C K
LIEHTPY TSDKECTU TaTHA. LIeHTp TsKecTW MSITHAa BBIYMCISIETCS OTIAENbHO JUIS
Kaxzaoro 12-MUHYTHOrO MHTEpBajia Ha MPOTSKEHUMU BpEMEHU MOHUTOPMHIA 00J1acTu.
CMeleHMe LIeHTpa TSDKeCTU IaXe Ha OJWH MUKCeJIb HA MarHUTOrpaMMe TTPUBOAUT
K cMelleHUI0 KoHTypa C Ha TO Xe KojJudecTBO mnukceneit. Ilpumep KapThl
pacripeniesieHus1 Bektopa B, 1 KapThl pacnpesieieH! sl BEpTUKATBHOIO JIEKTPUYECKOTO
toka jisi obmactu NOAA 11899 uccinenyemoli BEIOOPKM TIpeAcTaBlieH Ha puc.l.
Kontyp C, orpaHuuyuBarolIyii mioanb, BHYTPU KOTOPO BBHIYMCIISUIACH BEJIMYMHA
KPYITHOMACIITAOHOTO 3JIEKTPUIECKOTO TOKA, TTOKa3aH Ha PUCYHKE KUPHOM YepHOI
KPUBOM.

3aech cledayeT caesiaTh TPU BaXKHbBIX 3aMeUaHUsS OTHOCHUTEJILHO pa3MepoB U
Jiokanu3zaiuu KoHtypa C:
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|B, |+B,, i.

Puc.1. CneBa - cdparmeHT MarHUTOrpaMMbl ((hOH) MOMYJISI BEPTUKATHHOTO KOMIIOHEHTa BEKTOpa
MArHUTHOTO TOJIST |BZ| obmactm NOAA 11899 anamm3upyeMoil BBIOOPDKM Ha MOMEHT Hayajla ee
monutopunra (00:00UT 17 Hosiopss 2013r.), maciurabuposan ot -500 I'c (yepnoe) mo 500 I'c (Gemnoe)
C HaJIOXEHHOI KapToil pacnpesie/ieHus Bektopa B, (uepHble cTpenku). CrpaBa - KapTa pacrpeiesieHus
IJIOTHOCTH JIOKATbHOTO BEPTUKAIBLHOTO 3JIEKTPUYECKOro Toka B AO ISl TOrO Xe MOMEHTa BPEMEHH,
Macmtabuposaa ot -0.01 A M (ueproe) nmo 0.01 A M> (6enoe). JKupHOit 4epHOW KpHBOW Ha
M300pakeHUsIX TMoKa3zaH KOHTYp C, OrpaHWYMBAIOIIMI TUIOLIAAb, BHYTPHM KOTOPOM BBIUMCIISIACH
BeJIMUMHA KPYITHOMACIITAOHOro 3jeKTpudeckoro toka I, . Pasmepbl m3obpaxenmii 270x 145 Mwm.

distr®

1. KpynHomacilTaOHbI 37€KTpUUYECKU TOK 3aMblkaeTcs B mpeaenax AO.
Ecau paccMarpuBaTh KJIaCCMYECKYIO OWUMOJISIPHYIO TPYINY MSITEH, TO B TaKOM
cayJae KpyITHOMACIITAOHBIN 2JIEKTPUIECKUIT TOK B OKPECTHOCTH JIMIMPYIOIIETO
MATHA OyJdeT MMEeTh OJMH 3HaK, a BOJM3M XBOCTOBOro msaTHa AO - MpOTUBOIIO-
JIOXHBIN (COOTBETCTBEHHO, 3aKpyTKa BeKTopa B, B Juaepe W XBOCTE TPYIIIbI
IISITeH OyIeT MMETh TIPOTUBOIIOIOXKHBIE HATIPABIICHMST).

2. WHTerpupoBaHue Mo J0O00MYy MHOMY KOHTYpPY, PaBHOMY MO ILIOLIAAW
KOHTYpY C, BHE OKPECTHOCTE! MSITHA C SIBHO BBIPAXKEHHON BUXPEBOU CTPYKTYpOi
BeKTOpa B, , JaeT HaM BeJIUYMHY DPE3YJbTUPYIOLIET0 TOKA, CTPEMSILIyIOCS K
HYJIEBBIM 3HAUCHMSIM.

3. Ecnu xonTyp C caenaTh OOJBIIMM, OXBaThIBalOIIMM BClo AO, TO LUPKYJISILIMS
BEKTOpa MarHUTHOTO TIOJISI TTI0 KOHTYpY oOpaliaeTcsl B HyJb, M TIOJHBIN 3JIEKTPH-
YeCKMII TOK BHYTPU TaKOTO KOHTYpa Takke OymeT paBeH Hymo [37-39] (skpaHu-
POBAHHOCTB TOJHOTO 3JIEKTPUUECKOro ToKa B mpoBoasiei cpene [40,41]).

ITpu BbUMCIeHMM TeMnepaTypbl KOpoHbl CoJIHIIA MCIIOJIb3YIOTCSl TaHHbIE 00
MHTeHCUBHOCTH Y D-m3mydeHus. CyliecTBYIOT KaK MUHUMYM JIBa Moaxona. Tak, B
psiie uccieqoBaHuil KoHa XX-ro - Hayaiga XXI-ro BEKOB ISl OLIEHKU TeMIle-
paTypsl KOPOHAJIBHBIX TIETEITh UCIIOIB30BATIOCH COOTHOIIIEHNEe MHTEHCUBHOCTEH Y D-
u3lydeHus B KaHainax 171 m 195A (maHHOE COOTHOILEHUE YyBCTBUTEILHO K
nuamnaszoHy temnepatyp 1.1-1.5 MK) [23] unctpymenra EIT/SOHO, win xe
COOTHOILEHUE MHTEHCUBHOCTEN M3IydyeHUs B aAuanazoHax 284 u 195A [24],
KOTOpPO€ YYBCTBUTEILHO K TeMIlepaTypHoMYy MHTepBany 1.5-2.5 MK.
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B ocHoBe BTOpOro Meroma JIieXHUT (popMya:
F, = [K,(T)DEM(T)dT (1)
0

rae F, - MHTEHCUBHOCTb (MOTOK) Y@-usnyyeHus B i-om auanasone, K(7T') -
(GyHKUMS OTKIMKa B KaHaie i, a DEM (T) - ria3MeHHas auddepeHuraIbHas
Mepa SMuccuu B KopoHe [42]. it mojiydeHUsl JaHHBIX O TeMIepaTrype B KOpOHe
C UCIOJIb30BAaHMEM 3TOr0 METOoJa M3HAYAIbHO HEOOXOAMMO BBIYMCIUTD BETUUMHY
DEM, peann3oBaB MHBEPCHUIO BbIpaxeHus (1) U umes DaHHbIE O BeauuuHax K

B nocneaHue aecaTuiieTMs! MMEHHO BTOPOM MOAXOJ SIBISIETCS JOMUHUPYIOILUM
MIpA OIIPEIeICHNN TeMIIepaTyphl Ha KOPOHAIBHBIX BBICOTax. OMHAKO ciemyeT
VUUTBIBATh DS BaXXHBIX MOMEHTOB, MPUMEHSIS NaHHbIA MeTon. Tak, BeJIuyuHa
K(T) sBnsieTcs He TONBKO (DYHKIMEN TeMIEpaTyphl, HO 3aBUCUT U OT Psiia WHbIX
nmapameTpoB [43-45], KoTopble He BCerjga MOXHO y4eCThb B MOJHOW Mepe. B pabote
[45] HeonpeneneHHocTh B BoruncieHnn K(7) Oblia oueHeHa MUHUMYM B 20%.
EcrectBeHHO, YTO 3TV OLIMOKM OyIyT BIUSITh HA TOYHOCTH OIPENeIEHUS BEIMUMHBI
DEM npu uHBepcuu.

ITomuMo 3TOTO, MHBEPCHS CO3MAET HECKOJBKO MPOOJEM C €IUHCTBEHHOCTbHIO
pellieHui, a B OTAENbHBIX CIy4asix pellieHre MPOCTO He cyllecTByeT. st peanuzanuu
MHBEpCUU OBUIO pa3paboTaHO MHOXECTBO METOmOB [46-51 m ap.], Kaxkmblii U3
KOTOPBIX OTJIMYAETCSI KaK HAOOPOM MCXOMHBIX YPaBHEHMIA [UIs1 peaiu3aliMii WHBEPCUU
BbIpaxkeHUsI (1), TaK U TOUHOCTBIO, U CKOPOCTBIO PaboThl Koga. OqHUM U3 Harbosee
HaJeXXHBIX METOIIOB, CYIIIECTBYIOIINX HA CETOMHSI, SIBJISIETCSI METOM PETY/ISIpU3aLiT
(Regularized Inversion Method, RIM) [52].

B cBs13u ¢ yKazaHHBIMM OCOOEHHOCTSIMM BTOPOTO METO/a BbIUMCICHUS TEMIIe-
paTypbl B KOPOHE, aBTOp 3[E€Ch peau3yeT MOoaxoid, OJU3KUI K MEPBOMY METOMY.
HeTajibHOE €ro onucaHue, BO3MOXHOCTU MPUMEHEHMsI, CPABHEHUE C CYILLECTBYIO-
MMM TIOIXOMaMHU, a TakKe BO3HUKAIOLIME B Mpoliecce paboThl MPpobaeMbl OyayT
OIMCaHBI B OTHEJIBHOM CTaThe. 3IeCh K& TIPUBOMUTCS TOJBKO KpPaTKOE OIMCAHHUeE.
I peanmzaliii MeTOIa MCHOJIb3yeTcss MHGopMaiusi 06 MHTEHCUBHOCTH YD-
U3Ty4YeHUs] B HECKOJbKUX OMamnasoHax (3aech - kaHanbl AIA/SDO 131, 171, 193
u 211 A ), a Takxe nHGOPMALIUS O TEMIIEPATYPHOI 3aBUCUMOCTU (DYHKLIMU OTKJIMKA
K(T) aHanusupyembIX AManasoHOB (puc.2). B naHHOM momxome BBINOJIHAETCS
cleytolliast MoceN0BaTeIbHOCTb JeHCTBUIA:

1. Ina kaxaoi u3 ucciaeayembix AO U J1J1s1 KaXJI0ro MOMEHTa BPEMEHM 3a
BeCh MHTEpPBaJl MOHUTOPHMHTA BBIYMCISIOTCS CyMMapHble MHTEHCHBHOCTH YD-
U3JyYEeHUs B KaXKIOM M3 aHAJIU3UPYEMbIX KaHaJIOB.

2. HaxomwuTcs OTHOILIIEHME CYMMAapHBIX MHTeHCUBHOCTe Y ®-u3mydeHUs I
Hap nuarasoHoB F193/F171’ F193/F211’ l:193/13131’ l—7171/13211’ l—7171/13131’ F211/F131 (ans
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JaJbHEHIe OleHKN CpemTHel TeMIlepaTyphl B KOPOHE) W OTHOIIEHWE WHTEH-
CUBHOCTEl WM3JIydeHUs B KaXIOM IHMKcelle (oTorerorpaMM Ui TeX Xe Tap
KaHaJIOB (IJIs1 TIOCTPOEHUS KapT paclpeesieHnsl TEMIIEPATYPhl B KOPOHE).

102

= 10 ,-"‘~\171A
2 193 A
= k- 7 A 1
“I’; 102 2114 131A
5,
=
D 10-26
g
by
=
h
S 107

10—28

5.0 5.5 6.0 6.5 7.0 7.5 8.0

logT

Puc.2. 3aBucumocts yHkums oTkimka (K) - remneparypa (logT) misa ananm-
3UpyeMbIX KaHaoB Y @-uznydeHns nHcrpymeHTa AIA/SDO.

3. ComnocraBigsd rpaduK TeMIIEpaTypHOUl 3aBUCMMOCTU (YHKIIUM OTKJIMKA
K(T) uccnenyeMbIx IManasoHOB U TIOJYyYEHHbIE 3HAUYEHUS OTHOILEHUI CyMMapHBIX
WHTEHCUBHOCTE YMD-U3TydeHus1, JeaeTcs OlieHKa CpeIHei TeMrepaTypbl B KOPOHE
Hag AO Ui KaXkI0ro MOMEHTa BpeMEHM 3a BeCh BPEMEHHOM MHTepBal MOHUTOPUHTA
o0yacTu.

4. CormocTaBigsd Tpad@uK TeMIlepaTypHOUl 3aBUCHMMOCTM (YHKIUM OTKJIMKA
K(T) mna uccienyeMbIX AMAra3’OHOB U MOMUKCEIbHbIE 3HAYEHMs OTHOLIEHMIA
MHTEHCUBHOCTEM YD-U3ITydeHUs, CTPOSITCS KapThl pacipeaeieHAs TeMITepaTyphl B
KopoHe Hag AO 1151 KaXI0ro MOMEHTa BPEMEHHU 3a BeCh BPEMEHHON WMHTepBas
MOHUTOPUHTIA O0OJIACTH.

TakuM o0pa3omM, Kak yxe ObLJIO CKa3aHO, MPUMEHSEMBblid MOAXOH OLEHKHU
TeMmIepaTypbl B KopoHe Hajg AQO Oauxke K MEpBOMY M3 OMNMCAHHBIX METOMAOB,
OIHAKO OTJIMYAETCA OT HEro MCIOJIb30BaHUEM (yHKuMU oTkiuka K(7T) xak
MapKepa COOTBETCTBUSI OIPeAeIeHHOM TeMIlepaType I TeMIIepaTypHOMY AVAMa30HYy.

4. Pezyasvmamul.

4.1. 3asucumocms mencoy KpynHOMACUIMAOHbIM 31eKMPUUECKUM
mokom u cpedneil memnepamypoil 6 kopone Hao AQO. C npumeHeHrEM
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BBILLIEONTCAHHBIX METOIUK, B 00/1aCTSIX aHATM3UPYEMOIi BHIOOPKU ObLIM OOHAPYKEHbI
KPYITHOMACIUTAOHbIE SIEKTPUYECKUE TOKU [, , PACCYUTAHBI MX BEJMYUHBI, 4 TAKKE
BbIUMCJIEHA CpefHsisl Temriepatypa B KopoHe Han AO (<logT>). B kaxaom ciydyae
ObUTM COMOCTABIEHbI MEXITY COOOI TMHAMMKA KPYITHOMACIITAOHOTO 3JIEKTPUUYECKOrO
TOKa YW BpEMEHHbIE Bapualluyd CpefdHell TemmepaTypbl B KopoHe Haa AO 3a Bech

BpPEMEHHOI MHTepBajl MOHUTOpUHra obiactu. MHbopmalus 06 ycpeaHeHHBIX 3a

BpeMsI MOHWTOPUHTA BenuuuHax [,, U <logl > mpeacrapieHa B IIECTOM U
ceaIbMOM cTojOouax Tab;a.1. M3 gaHHBIX ABYX MOCJIEIHUX CTOJOLIOB TaOaUIIbI
clieyer:

1. IlosyyeHHbIe 3HAYEHMSI YCPEIHEHHOU 3a BpeMsI MOHMTOPMHIA CpeaHei
TeMneparypbl B KopoHe Hag AO Majo pazinuyarorcs njisl obnacteil aHamu3upyeMon
BBIOOPKM W HaxoAsTcs B auanazoHe < logl7 >=6.00—6.25 (1.0-1.8 MK). EauHcr-
BEHHBIM MCKTIOUeHUeM siBiisietcst ooactb NOAA 11899, mwis koTopoit < @ >=15.780
(0.6 MK). Bonee HM3KOe 3HAUYECHME TEMIIEPATypPbl MOXHO OOBSICHUTH TEM, YTO
ob6nactb NOAA 11899 Ha BpeMsi MOHUTOPUHTA HaxoAuaach Ha (pMHABHOM cTaauu
9BOJIIOLMM. DTO, B CBOIO OYepelb, yKa3blBaeT Ha MOTEHIMATbHYIO (MU OJIU3KYIO
K MOTEHIIMaIbHOI) KOH(UTYpALIMIO MarHUTHBIX nojeit B AO u, cienoBaTesibHO, Ha
MUHUMAaJIbHOE KOJIMYECTBO TMPOLIECCOB U SIBAEHUI, O0YCIOBICHHbBIX HEITOTEHIIMAb-
HBIMU MAarHUTHBIMU MOJISIMU (JIEKTPUYECKUMU TOKAMU), KOTOPbIE MOIJIM UrpaTh
onpenesicHHYIO POJIb B HArpeBe KOPOHAIBHOTO BelllecTBa. JJaHHOe MpemmonokeHne
TOATBEPXKIAETCS OYEHb HU3KUM 3HAYEHWEM BEJIMUMHBI paclpeie/ieHHOro ToKa B
obmactu NOAA 11899 (cm. 1iecroit cronben; tabs.1).

2. He3HauutenbHbIN pa3dbpoc B 3HAYEHUSIX CPeIHEl TeMmIlepaTypbl B KOPOHE
Hanx AO mpu JOCTaTOYHO OOJIBIIOM pa3dpoce B 3HAUEHUSIX BEJIMYMHBI KPYITHO-
MAacCILITaOHOTO JIEKTPUIECKOTrO TOKA BO3MOXKHO YKa3bIBA€T Ha TO, UTO JIEKTPUYECKIE
TOKM HaTrpeBaroT KOPOHAIBHOE BEIIECTBO B CTAIIMOHAPHOM (KBa3WCTAaIlMOHAPHOM)
pexuMe.

N3ydyeHue rpadmkoB BpeMEHHBIX BapAallMii BEAWYWHBI KPYITHOMACIITaOHOTO
BJIEKTPUUECKOTO TOKAa U CpeldHeil Temrieparypbl B KopoHe Haag AO (cM. puc.3,
MOKa3aHbl Haubosiee MHTEPECHbIE CITyYau) MO3BOJISIET ClENaTh CIEAYIOLIE BbIBOIBI:

1. BHe BCIBILIEYHBIX COOBITHI CpedHsIsT TeMIiiepaTypa B KopoHe Ham AO 3a
BpeMSI WX MOHUTOPUHTA IJis IIOHABJISIONIETO OOJBIIMHCTBA CIIyd9acB paBHA
<logT >=6.2 (~1.5 MK). YuuteiBas CyllIeCTBEHHO pa3JIMYHbIe BEJIUYMHBI U
JUHAMUKY KPYITHOMACIITAOHOTO TOKA B 00J1aCTSIX C pa3HbIM YPOBHEM BCITbILLIEYHOM
AKTUBHOCTM M OTCYTCTBHME CYIICCTBEHHBIX M3MEHEHHWI B BEIWYMHE CpemHeit
TeMIepaTyphbl, BBICKA3aHHOE BbILIE MPEANOIO0KEHUE O KBa3UCTallMOHAPHOM Harpene
KOPOHAJIBHOTO BEILIeCTBA 32 CYET OMMYECKOW MUCCHUIIALIMU KPYMHOMACIITaOHbBIX
BJIEKTPUIECKUX TOKOB MOATBEPKIAETCS.

2. Bo BpeMsi COJIHEUHBIX BCHBILIEK BbICOKMX PEHTTEHOBCKMX KJIacCOB
(bukcupyetcs MoBbIIlIEHUE CpeHell TeMIlepaTypbl B KopoHe Han AO 10 3HaYeHU I
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<logT >=6.3-6.5 (2.0-3.2 MK). IIpu 3TOM KOppeasiLius MeXay U3MEHEHUSIMU
BEJTMUMHBI CpeTHEM TeMITepaTypbl M TMHAMHUKON KPYITHOMACIITAOHOTO SJIEKTPIYECKOTO

100 8
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g =
~— (@2}
N ko)
E oo 6~ €
_SOF 1 1 1 1 I 15 J
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Puc.3. IlunamMuka KpynHoMaciuTabHOro 21€KTPUYECKOro Toka [, (4epHast XUpHas KpuBas)
u cpenHeit Temmneparypel B kopoHe Ham AO <log7 > (cepast xupHas KpuBas) IUISI Tpex obnacteit
aHaJIU3MPYeMOll BBIOOPKM C Pa3HbIM YPOBHEM BCIIbIILIEYHOM akTUBHOCTU. [IpoaeMOHCTpUpOBaHbI
HauboJiee MHTEPeCHbIe ciiydyau (0osiee IeTabHO CM. TeKCT). TOHKOI cepoii KpMBO# MOKa3aH MOTOK
PEHITEHOBCKOIO H3IyYeHHUs] B OMara3oHe UIMH BoxH 1-8 A Ha opbure 3emm (IO DaHHBIM

kocmmueckoro anmapata GOES-15). YkazaHbl peHTTeHOBCKME KJIaCChl Hanbo0JIee MOIIHBIX BCITBIIIEK,
aCCOLIMMPOBAHHBIX C aHanusupyeMbiMu AO.
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TOKa OTCYTCTBYeT. TOKU, OHAKO, CLIOCOOHBI HarpeBaTh OTAEIbHbIE KOPOHATbHbBIC
CTpyKTYyphl g0 Temrmepatyp B 10 MK u Bbile Ha BpeMeHHBIX MacluTabax,
XapaKTEePHBIX IS BCIIBIICYHBIX TIPOLIECCOB, TIPU YCJIOBUU (PUJIAMEHTALIMM TOKOBBIX
KaHaJOB 10 MacliTaboB mopsaka 107 cM, 4YTO MOATBEPXKIAETCS pacyeTaMu,
BeIoTHeHHBIMA B [30,31,53]. OnHako MOXKXHO yTBEPXKIaTh, UTO JOIOJTHUTEILHbBIN
HarpeB KOPOHBI BO BpeMs BCITBILIEK OOYCJIOBJIEH HE TOJBKO SJIEKTPUUECKUMU
TOKaMH, HO U PSIIOM MHBIX MPOLIECCOB HAa KOPOHAJIBHBIX BHICOTAX.

3. Ha rpaduke BpeMeHHBIX BapualMii KpyMHOMACIITAOHOTO 3JeKTPUUECKOTO
TOKa U cpeHel TeMriepatypbl B KopoHe s obaacti NOAA 12494 (puc.3, BepxHuUit
rpacuK) MOXHO OTMETUTh TaJeHUE CpelHeil TeMrepaTypbl B KopoHe Hag AO 1o
<logT >=5.7 (0.5-0.6 MK) mpu OomHOBpeMEHHOM ITaJcHNM BEIUYMHBI KPYITHO-
MacCIITaOHOTO BJIEKTPUYECKOrO TOKa 10 3HauYeHUi, 6au3kux K Hysto. [TomobGHas
KapThHa HabmonpaeTcs Takke st ooaact NOAA 11899 ananuzupyemMoil BHIOOPKU:
cpenHsas Temriepatypa Hag AQ, Kak 3TO cliedyeT M3 JaHHbIX Tabj.1, cocTaBisieT
<logT >=5.780 (0.6 MK), npu 3TOM yCpemHeHHOE 3a BpeMsl MOHUTOPMHIA 3HAYEHUE
BEJIMYMHBI KPYITHOMACILITAOHOTO 3JIEKTPUYECKOIo TOKa (C y4eTOM BO3MOKHBIX OILIMOOK
BBIYMCIIEHUI) CTPEMUTCS K HyJIEBBIM 3HAUeHUsIM. JlaHHbIe HAOMIOACHMS YKa3bIBalOT
Ha BBIKJTIOUEHME MEXaHM3Ma HarpeBa KOPOHAJIbHOTrO BelecTBa Ham AQO MocpeacTBOM
OMUYECKON IUCCUTIALIMU KPYITHOMACIITAOHBIX 3JEKTPUUECKUX TOKOB.

4.2. Kapmul pacnpedesernuss memnepamypsl 6 KopoHe Had AO eHe
écnovluledHblX cobbimuil. Beposmuoe obOHapydcenue KaHaio08 KpynHO-
macumabdHo20 IMeKmpu4ecKkoe0 moka Ha KOPOHAAbHbIX ébicomax. Kpome
pacueTra cpeHell TeMmepaTyphbl, Uil KaXI0i 00JacTu aHAIUM3UPpyeMOoll BbIOOPKU
ObUTM MOCTPOEHBI KapThl pacipeesieHus1 TeMIiepaTypbl B KopoHe. [Ipumep nonooHoi
kapthl 11 AO NOAA 12371 Ha MoMeHT Haudasia ee MmoHuTopuHra (00:00 UT 20
utoHs1 2015r.) npeacrapiieH Ha HUXKHe maHenu puc.4. BepxHss maHenb puc.4
sIBJIsIeTCS (pparMEHTOM IOJIHOIMCKOBOM (hoTorenrorpaMmbl KopoHbl CojHIIA,
KOTOPBIN CONEPKUT MaHHBIe 00 MHTEHCHMBHOCTH Y PD-M3TydeHWST Hall aHAIM3UPYeMOI
obmacteio B KaHaite 171 A uncrpymenrta AIA/SDO st TOro e MOMEHTA BpEMEHM.
MoHO yOeauThCs, YTO TeTebHbIE CTPYKTYPhI, BUIUMbIE Ha (poTorermorpaMme,
JIOCTAaTOYHO XOPOIIIO BOCCO3MAIOTCS M Ha KapTe paclipefe/IeHUs] TeMIlepaTypsl, a
MOJIyYeHHbIE 3HAYECHUS TEMIIEPATYPbl HAXOJSATCS B JOIMYCTUMBIX npeaenax. JaHHbIiA
pe3yJIbTaT MO3BOJSET YOSAUThCS, UYTO CO3IaHHAsI MporpaMma OLIEHKH TeMIIepaTyphbl
B kKopoHe Hag AO paboTaeT KOPpPEKTHO.

Hns obnacreit NOAA 12192 un 12371, obnagamoimux HaubOoliee BBICOKMMU
3HAYEHUSMHU BEJIMYMHBI KPYITHOMACIITAOHOTO 3JIEKTPUYECKOTO TOKa (CM. 111eCTOM
cronbell Tabi. 1), mocTpoeHWe KapT pacnpenesieHrs TeMIlepaTypbl B KOPOHE MO3BOJIO
O00HApYXKUTh BHE BCIBIIEYHbIX cOObITHI 11 AO NOAA 12192 noKaan3oBaHHYIO
obnacth ¢ Temmneparypoir >10 MK, a mrg obmactu NOAA 12371 - ropstume
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L

AR NOAA 12371
00:00 UT 20 Jun 2015 5.7 6.0 6.2 6.5 7.0

Puc.4. Beepxy - dororemmorpamma obiaacti NOAA 12371 aHamu3upyeMoli BEIOOPKM B KaHajle
171 A unctpymenta AIA/SDO Ha MOMEHT Hayaja ee MOHUTOPMHTA. BHU3Y - KapTa pacrpeneieHust
TeMIiepaTypbl B KopoHe Hag AO [Uisl TOro e MOMeHTa BpeMeHU. BuitHO, uTo neTtesibHble KOPOHAIbHBIE
CTPYKTYPBI JOCTaTOYHO XOPOIIIO BOCCO3[AIOTCS CO3MaHHOW IMPOTPaAaMMOIA.

KOPOHAaJIbHbIE METJIM C TaKOM Xe TeMmepaTypoid (puc.5, OTMEUEHbI CTPEIKaMM).
EcTb ocHOBaHUs Tojarath, YTO MOAOOHBIE BEICOKOTEMIIEPATyPHbIE KOPOHATbHbIE
CTPYKTYPBI 0003HAYAIOT MECTOTIOJIOKEHNE KaHajla KPYITHOMACIITAOHOTO 3JIEKTPH-
YeCcKOro TOKa, a BEICOKAsT TeMIIepaTypa B HUX OOYCIIOBTICHa OMUYECKOM TMCCUTIAINEH
afiekTpuueckoro Toka. st obiaactu NOAA 12192 cyiiecTBoBaHME JOCTATOYHO
OOJIBIIIOTO TT0 A0COTIOTHOM BEJIMUYMHE JICKTPHMUYECKOTO TOKA Ha KOPOHATBHBIX BBICOTAX
MOATBEPKIACTCS Pe3y/IbTATaMK YMCIEHHOIO MOACIMPOBAHUS, BIIOJIHEHHOrO B 2016r.
B paborte [54]. Puc.2d, e B maHHOI cTaTbe TEMOHCTPUPYET IPUCYTCTBUE IEKTPUIESCKOTO
ToKa B AO, pacpoCTpaHsIIOLIErocs 10 BEICOT nopsaka 30 MM 1 mpoCcTpaHCTBEHHO
COBIMAJAIOIIETO € TIpearnoJjiaraéMbIM paHee Hamu [22] HarpaBlieHUEM KpYIHO-
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MaciurabHoro Toka. CriemyeT 00paTUTh BHUMAaHHUE Ha XapaKTepHbIN MacilTab TOKOBOIO
kaHaya: B objactu NOAA 12192 npearosaraeMblii KaHajl KpPYIMHOMACIITaOHOIO
3JIEKTPUYECKOTO TOKA UMEET IIUPUHY TIOPSIIKA (3 - 4)- 10® cMm, a B AO NOAA 12371
- emre MeHblre. ComtacHO pacdeTaM, BBITOJMHEHHBIM B [30,31], BpeMs aquccuriaiiu
3EKTPUUYECKOTO TOKAa B MONOOHBIX YCIOBUSIX OymeT mopsaka 10°c, uTo moxer
paccMaTpUBAThCS KAaK CTALIMOHAPHOE (KBa3UCTALIMOHAPHOE) SHEPTOBBIICICHHUE.

5. Bvi6oowvr u o6cyxcoenue. ConocrapieHue IMHAMUKY KPYITHOMACIITaGHOTO
SJIEKTPUYECKOTO TOKA C BPEMEHHBIMU BAPUALMAMU CPEIHEN TEMIIEPATyPhl B KOPOHE
1151 9 AO ¢ pasHbIM YPOBHEM BCITBILIEYHOM MPOAYKTUBHOCTH, @ TAKXKE TOCTPOECHKE

AR NOAA 12192 — (oG T
5.7 6.0 6.2 6.5 7.0

AR NOAA 12371

Puc.5. Beepxy - kapra pacmnpeneneHust temrnepatypbl B kopoHe Hanm AO NOAA 12192 Ha
MOMEHT Hayajla ee MOHMTOpMHTra. BumHa cTpykTypa ¢ Temmepartypoii Bbimie 10 MK (oTMeueHa
CTPEJIKOi1), KOTOPYI0 MOXHO aCCOLUMUPOBATh C KAaHAJIOM KPYITHOMACIITAGHOTO 3JIEKTPUUCCKOTO
TOKa B KOopoHe. BHM3y - Kapra pacmpeneiieHus1 TemiiepaTypbl B kopoHe Ham AO NOAA 12371
Ha MOMEHT Hayajia ee MOHUTOpWHTa. CTpeJikaMM Ha PUCYHKE OTMEUYeHBI TOpsiuue TMeTesIbHbIe
CTPYKTYPBI, KOTOPBIE, BEPOSITHO, TaKXKe CBA3AHBI C KPYITHOMACIITAOHBIM 3JIEKTPUYECKMM TOKOM.
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KapT pacrpenesneHus: Temrneparypbl Hal AO BHE BCIBIIIEYHBIX COOBITUI, TTO3BOJISIET
cleslaTh CJAeNYIOLIMEe BbIBOIBI:

1. HarpeB KopoHaIbHOTO BEIIECTBA 32 CYET OMMUYECKOM AMCCUTIALINN KPYITHO-
MacIlITaOHbIX 3JEKTPUUECKHUX TOKOB, BEPOSITHO, UAET B CTALIMOHAPHOM pPEXUME.

2. IloBblllIeHUE cpenHel TeMrepaTypbl B KopoHe Hag AO BO BpeMs COJTHEUHBIX
BernbIlek 10 3Hadennit <log7>=6.3-6.5 (2.0-3.2 MK) 00ycioBiIeHO HE TOJBKO
JUCCUIAlME KPYMHOMACIITAOHOTO 2JIEKTPUYECKOTO TOKAa, HO W PSIIOM WHBIX
MPOLIECCOB Ha KOPOHAIbHBIX BbICOTAX.

3. Inss AO NOAA 12494 obHapyXeHO CHUXXKEHUE 3HAYEHMI CpeaHeil TemIie-
patypel B KopoHe ¢ <log7>=6.2 (1.5 MK) mo <log7>=15.7 (0.5-0.6 MK) mipu
OTHOBPEMEHHOM TMaJICHUM BEJIMUMHbBI KPYITHOMACIITAOHOIO 3JIEKTPUYECKOIo TOKa 0
Hyss. Takxke mis obaactu NOAA 11899 3acbukcrupoBaHO HU3KOE 3HAYEHUE yCpel-
HEHHOI1 3a BpeMsl MOHUTOPUHTA CpeAHell TemmepaTypbl B KopoHe (< log7 >=5.780).
st 9101 Ke 001acT OTMEYEHO M KpaifHe HU3KOe 3HaUe€HUe BEIMYMHBI YCPETHEHHOTO
3a BpeMs MOHMTOPMHTA KPYITHOMACIITa6HOro Toka (1, =1.34-10' A). JlaHHbIe
HaOJIONEHMST YKa3blBalOT Ha BBIKIIOYEHME MEXaHM3Ma HarpeBa KOPOHbBI 3a CYET
OMUYECKOI TUCCUTIALIMM DJIEKTPUUECKUX TOKOB MPU HYJIEBbIX (B Mpeaeaax olnooK
BBIUMCJIEHUIA) 3HAUEHUSIX KPYITHOMACIITAOHOTO TOKa.

4. B obmactsax NOAA 12192 u 12371 nipu mocTpoeHUU KapT pachpeaesieHus:
TeMIIepaTypbl B KOPOHE BHE BCIIBIIIEYHBIX COOBITUI OOHAPY>KEHBI TOPSTIUE CTPYKTYPhI
¢ TeMriepatypoii =10 MK, koTtopble, HO-BUAUMOMY, 0003HAYAIOT COO0OI MECTOIO-
JIOXXeHUE KaHajla KPYMHOMACIITaOHOTO 3JeKTPUUYECKOIro TOKa Ha KOPOHAJbHBIX
BoicoTax. Jus obmactu NOAA 12192 310 mpeamnojioxeHue MOATBEPXKIAeTCS
pe3yabTaTaMU BBITIOJIHEHHOro B 2016r. YMCIEHHOIO MOACIUPOBAHMUS.

ABTOp MpM3HATEJIEH KOJUIeTaM II0 MCCIIEIOBATEIbCKOM TPYIIIE, COTPYIHUKAM
Otnena ¢pusnku ConHua u conmHeyHoit cucteMbl B.M.Adopamenko, A.C.KyneHko,
0.K.Kyuenko, A.B.XKykosoii, A.A.IlnotHukosy, [.B.JIutBuiiko u P.A.Cyneiima-
HOBOI 32 aKTUBHOE OOCYXJIeHUE pabOoThl. ABTOp OJiarofapuT pelieH3eHTa 32 UHTepec
K paboTe U mojie3Hble 3aMevyaHus. McciaenoBaHue BBINIOJHEHO MpPU MOIIEPXKKE
rpantoM PH® Ne22-72-00124.

Kpreimckas actpodusmueckas obcepBaropusi PAH, Pecny6imka KpeiM,
Poccust, e-mail: yuriy fursyak@mail.ru
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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 A
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 <@>z 6.3-6.5 (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 <log7 >=5.7 (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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OBOJIIOLNA CITEKTPAJIBHBIX JIUHUN B .
HEOAHOPOJHOU ATMOC®EPE, OCBELLIAEMOU
HECTAIUMOHAPHBIMU NMCTOYHUKAMU SHEPTUHA

A.T'HUKOI'OCAH
Moctynuna 26 anpenst 2023

PaccmarpuBaeTcsl BIMsSIHME HEOTHOPOMTHOCTA PacCEMBAIOLIEH M MOMIOILAIOIEH Cpeibl KOHEUHOM
TOJIIIMHBI HAa 3BOJIIOLMIO CIEKTPAIbHBIX JIMHMM, BO3ZHMKAIOIIMX MPU OCBELICHUU ee HecTallMoHap-
HBIMU MCTOYHMKamMu SHepruu. Ocoboe BHMMaHME YIEISETCSI POJIM pPAcCesTHUsT B HEMpPEPbIBHOM
cnekrpe. [IprHUMaeTCs, YTO HEOMHOPOIHOCTh OOYCJIOBIeHAa U3MEHEHEeM KO3(h(UIIMEeHTa paccestHUs
C mIyOMHOM, KOTOpOE MOXET ObITh KaK BO3pACTalOIMM, TaK W YOBIBAIOIIMM, MPU MPUOIMKEHUH
K OcBelllaeMoii rpaHuiie. M3y4aiorcsl iBa TUIA HECTALIMOHAPHOCTM BHEIIHET0 MCTOYHWKA DSHEPTUU,
umetonue Gopmy 8(¢) - dynkumm Hupaka u H(f) - GyHKIMM €OUHUYHOTO CKadyka XeBHcaiina.
Hccnenyercss Bompoc 00 MCHOAb30BaHWM HAOJMIOAaeMbIX M3MEHEHUN Npoduieil CreKTpaTbHBIX
JIMHUI IO BPeMEHM ISl OTpPENeSieHUs] UX ONTUYECKUX XapaKTePUCTUK, YACTOTHOW 3aBUCUMOCTHU
BHELIHUX KMCTOYHUKOB JHEPIMM, a Takke (DU3MUYECKMX CBOMCTB CaMOM OCBELIAeMOM Cpebl.

KutoueBble ciioBa: HeodHopoonas ammocgepa: pacnpedenerue nAOMHOCMU 8ePosim-
HOCMU. KYMYAAmMUeras ¢yHKI4LIﬂ pacnpeéeﬂeﬁuﬂ: 9604H0UUA

npoghuneli cneKmpanrbHulX AUHULL

1. Bsedenue. B paborte [1] omucaH MeTOL PELIEHN 3a1a4 [IeEpeHOca U3TyYEHNS
B 4YacTOTax CHEKTpaJbHbIX JMHMI, oOpa3yeMbIX B cpeldax IOI BO3ACHCTBUEM
MCTOYHUKOB SHEPIWM, 3aBUCAIINX OT BpeMeHW. OH OCHOBaH Ha ITOCTPOSHUU
pelIeHrsI COOTBETCTBYIOILEH CTallMOHApHOW 3amauu B Buae psmoB HelimMaHa c
WCIOJIb30BaHMEM TaK Ha3bIBAEMOro METO/Aa WHBAPWAHTHOTO MorpyxxeHus [2-4] u
MOJYYEHHBIX B [5] peKyppeHTHbIX cooTHoleHui. [Tpu aTOM mipeanaraics crocoo,
TO3BOJISIIOIIMI OMpeAeuTb GYHKIMK pacTipeesieHUs] BEPOSTHOCTEN TeX WU MHbBIX
HaOJIONAaEMbIX BEJIUMYMH C YYETOM OOeuX NMPUYMH TpaThl BpeMeHU (OTOHaMM B
npouecce nuddysuu B cpeae. CorocraBieHe BpEMEHHbBIX U3MEHEHUI Tpoduieit
CTIeKTpaJbHbIX JUHUIA, MOTyYaeMbIX B pe3yJibTaTe TEOPETUUYECKOTO PACCMOTPEHMS
TOH WM MHOW KOHKPETHOW 3aJauyd C HaOJI0JaeMbIMU W3MEHEHMSIMM, AaeT
MpecTaBIeHUe Kak 00 MCTOUHMKAX AEUCTBYIOIIMX UCTOYHUKOB, TaK U O (PU3MYECKUX
CBOMCTBax caMoil cpenbl. B CBSI3M ¢ 9TMM BO3HUKAET HEOOXOAWMOCTh B TIpeaBaAPU-
TEJIbHOM TEOPETUYECKOM MCCIIENOBAHUM BIVSHUST Pa3IMYHbIX (PaKTOPOB, TAKMX KaK
JIOKaJIbHbIE ONTUYECKNE CBOMCTBA Cpellbl, €€ TOJIIMHA, JOKaIU3alusl U XapakTep
BHEIIIHUX MCTOYHUKOB BHEPIUM, creuuduka mnpouecca nuddy3un JUHeiHyaToro
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WU3JIyYEHUS], HEOMHOPOMHOCTb CPeAbl U T.JI. HA U3MEHEHUS BO BPEMEHM Pa3INYHbIX
HabogaeMbIX BeJIMYMH. YacTh yKazaHHBIX (haKTOpOB OOCYKIalach B MOCIEIHUX
Hammx paborax, M3 KOTOpbIX MoMuMO [1] ormeruMm paboty [6], roe Ha mpumepe
MOJIHOCTBIO HEKOTEPEHTHOTO PacCEesIHUS pacCMaTpYBaEeTCs POJib 3aKOHaA Tepepacpe-
JIeJIEHVs] U3JTyYeHNs 10 4acTOTaM B 3BOJIIOLMU JIMHEMYATOIO CIEKTpa B IIpoLecce
muddy3um B cpene.

Lleny Hacrosiieir paboThl BBISIBUTH BIUSHUE HEOAHOPOMIHOCTU CPEIbl Ha
9BOJIIOLIMIO CMEKTPaIbHbIX JUHUIA. OUeBUIHO, YTO B AEUCTBUTEIHLHOCTU KaxkIoe
U3 JIOKAJIbHBIX ONTUYECKUX CBOUCTB CPEAbl MOXET MEHSTHCS OT TOUKU K TOUYKE
B Hel. OcoOyio BaXHOCTb MPU 3TOM IMpPENCTaBseT U3MEHEHWE C TIyOMHOI B
cpelle BEpOSITHOCTU TIEPEU3TYYCHUST KBaHTA TIPU JIEMEHTAPHOM aKTe pPacCesiHUs A ,
OT KOTOpOI B 3HAYUTEJIbHOW CTETIEHU 3aBUCUT MOBeAeHUE Hab01aeMoil CrieKT-
pabHOU JIMHUM B TEYEHUE BPEMEHU. YUET HEOTHOPOJHOCTH CPENbI TAKOTO THMA,
Hapsily ¢ €ro BaXXHOCTBIO, SIBJISIETCS, MO-BUAMMOMY, U 00JIee CIIOXHBIM C TOYKU
3peHMsI €ro TeopeThuueckoi peanmzaumu. st Gosiee SICHOTO TpeacTaBIEeHUS
MOJTy4aeMbIX PE3YJIbTATOB XapaKTEPUCTUKUA HEMPEPBIBHOTO CIEKTPAa, TaKUE Kak
KO3 GUIIMEHTHI MOMIOLIEHUST M paccesiHUs, B paboTe CUYMTAIOTCSl HE3aBUCSILIMMU
OT ONTHUYECKOU TJTyOUHBI, HECMOTPS Ha TO, UTO MX YYE€T HE MPUBOAUT K KaKUM-
JIMO0 TTPUHLMITUATBHBIM TPYIHOCTSIM.

CrpykTypa paboThl cieayoliiasi: BTOPOil pa3aena MOoCBsSIeH MOCTAaHOBKE COOT-
BETCTBYIOLLECH CTAMOHAPHOM 3a1a4M C OMMCAHUEM THUIIA PACCMATPUBAEMOU HEOMHO-
ponHoctu. B crnenyromem pasnene ctpostcd psabl HeitMaHa g HabomaeMbIx
BEJIMYMH, TIO3BOJISIONIUE BbISIBUTh 3BOJIIOLIMIO CIIEKTPaIbHbIX JUHUHA. Cleaytoniue
pasnesnibl paboThl MOCBSILEHBI PELIEHNIO HECTALIMOHAPHOM 3a1aur 1 0OCYXXIEHUIO
ee cneacteuil. IlonydeHHbIE pe3ysnbTaThl MOIBITOXUBAIOTCS B 3aKJIIOYUTETbHOM
paszzere.

2. Koagpgpuyuenm nepeusnyuenus KeanHma npu 31eMeHMAPHOM aAKmMe
paccearus. I3BecTHO, UTO TpU OTpeNeeHHbIX (PU3MYECKMX YCTIOBUSIX U TIepexonax
MEXIY SHEPreTUUYECKUMU YPOBHIMU, TIOMUMO CIIOHTAHHBIX TIEPEXOIOB, TTPUXOIUTCS
MPUHUMATh BO BHUMaHUE TaKXkKe Mepexobl, 00YCIOBIEHHbIE CTOJKHOBEHUSIMU. B
00I1IeM CiTydyae TIOCIIeTHIE MOTYT IPOMCXOANTH KaK C BEPXHETO YPOBHS Ha HYDKHUI
YpOBEHb, TaK M B 00paTHOM HampaBJIeHNU. B paMKax IByXypOBEHHOI MOIEIN MBI
OrPaHUYMMCST PACCMOTPEHMEM OTHOCUTEIBHO 00Jlee MPOCTOro CiIyyasi, Koraa MmpeuMy-
IIECTBEHHYIO POJIb UTPAIOT CTOJIKHOBUTEJIbHBIC Tepexombl Tuia 2 — 1. Takoe
MMEEeT MECTO MPH OTHOCUTEIFHO HU3KMX TeMIlepaTypaxX M JOCTaTOYHO BBICOKHUX
KOHLIEHTpaLUsIX CBOOOIHBIX 2JIEKTPOHOB. [IprMepoM MOTYT CIYKUTh, HallpuMep,
TIPOSIBIISTIONIIE HECTAIIMOHAPHOCTb CBEPXTUTAHTHI paHHUX TUITOB KaK C BOIOPOTHBIMIU,
Tak U ¢ reaueBbiMu atMmocdepamu [7,8]. TlockKonabKy maHHbBIE YCJIOBUSI MOTYT
MEHSIThCS, HallpUMep, ¢ UBMEHEHUEM CTelleHW MOHU3ALMU ¢ TIyOMHOM, TO, eCTecT-
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BEHHO, OyIeT MEHAThCS M 3HaueHWe Ko3(pGUIMEeHTa A, DI KOTOPOTO MOXKHO
HaITicaTh

7Y [ R S—

) Ay, ()i (7) 1+ n,(t) 16y (7) (1)

21

rae A,, - SUHINTEHHOBCKUI KOI(PMUILMEHT CIOHTAHHOIO TIEPEXOA, T - ONTHYECKAd
ryorHa B atMOChepe, 7, - SJIEKTPOHHAs IUIOTHOCTD. [lanee (cM., Hanpumep, [9])

Ky, (t)=8.63-10°Q,, /g, T"*(x), ()

rae T - temnepatypa, g, - CTATUCTUYECKUI BEC BEPXHETO YPOBHA U Q) - TaK
Ha3biBaeMas, cuja CTOJIKHOBeHMI (collision strength), sBiastolasics OObIYHO
BEJIMYMHON MOpsiaiKa HECKOJIbKUX €TUHUILI.

Huke Mbl orpaHMYMMCST UCCIeTOBaHUEM TPOCTEUIIMX ABYX CJly4yaeB, Koraa
(byHKUMOHANIbHASI 3aBUCMMOCTb BTOPOT'O cjlaraeMoro B 3HameHaresie (1) 3amaercs
9KCMOHEHIMATIbHBIM 3aKOHOM, HE3aBUCUMO OT TOTO, pacTeT WM YObIBaeT Koo du-
LIMEHT paccesiHus ¢ MIyOMHON B atMocdepe. 3agaya Mpu TaKoil MOCTaHOBKE
3aCIyXXMBaeT 0cO00e BHMMAaHUE TakKe B CBSI3U C TEM, UTO COOTBETCTBYIOLIUE UM
3aJa4d TepeHoca M3JYyYeHMs] B cpele KOHEYHOU TOMIIMHBI YOAeTCs PelIUThb
AHAIUTUYECKM B 3aMKHYTOM BHUJIE, YTO B 3HAUMTEJbHOW Mepe CIocoOCTBYET
KOHTPOJIIO TOYHOCTH TOJTy4aeMbIX pe3yibraToB. MX mpocTeifiiiie cKalsspHble aHaIOTu
ObLIM paccMoTpeHbl Hamu B [10]. B 3akimroueHre JaHHOTO pasziesia OTMETUM, YTO
JaybHei1ee U3I0KeHUE MPU HEOOXOIUMOCTU MOXET ObITh JIETKO 0000IIEHO, eCIu
MMPUHUMATh B pacyeT TakKe ymaphbl IepBOrO poja.

3. Ilocmanoséka u peweHue cmayuoHapHou 3ada4u. PaccmoTpum uist
IPOCTOTHI OJHOMEPHYIO PACCEUBAOILYIO U MOIIOLIAIOLIYI0 aTMOC(EPY ONTHUECKOI
TOJILIMHBI T,, U3MEPSIEMOI B LIEHTPE CIEKTPAIbHOW JTMHUU, KOTOPAsi CO CTOPOHBI
TPaHMLIBI T =T, OCBELIAETCS M3TyYeHHEM €IMHUYHOI WHTEHCUBHOCTH B HETIpe-
pbIBHOM criekTpe. [lagaroliye KBaHThI OABEPraroTCd B Cpele MOMIOLIECHUIO M PACCESIHIIO
KaK B YacTOTaX CIIEKTPaJbHOM JIMHWM, TaK M B HENPEpHIBHOM CIieKTpe. B obomx
CIIy4asix paccesiHhe IPEeAroaraeTcss MOHOXpOMaThyecKuM. Takoe MpUOIKeHHUE
ITO3BOJISIET, OTBJIEKASACh OT 3(PHeKTOB mepepacrpeeaeHus Mo YacToTaM, OTYETIIMBO
BBISIBUTH BIIVISTHME HEOTHOPOTHOCTH CPEIbI, a TAKXKE paccesiHUs B KOHTUHYYME Ha
pasIMYHbIe XapaKTEPUCTUKU HAOIIONAEMBIX CIIEKTPATBbHBIX JIMHUIA U UX 3BOJIOLIUIO.

g(x,t,) 0

- 1 _ l o |~
B | 1 —
0 T p(x,1,)

Puc.1. Cxematmueckoe wu3obpaxkeHue mpoliecca OU(p@dY3HOro OTpPaXKeHUST U IPOIYCKAHMS
Cpeloil KOHEYHOH ONTUYECKON TOJIIMHBI.
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I'moGanbHbIe ONTUYECKUE CBOMCTBA aTMOCGhepPhl B Pa3IMYHbIX YaCTOTaX OMUCHI-
BalOTCSl, KaK OObIYHO, KO3(pdUIMEeHTaMU OTpaxkKeHUs p(x, ro) U TPOMYCKAHMUS
q(x, T, ) bespasmepHas yactoTa X OTCUMTBHIBAETCS OT LIEHTPA CIEKTPATbHOU JTUHUU
B €IMHULIAX JOIJIEPOBCKUX TOJYIIUPHYH.

ITpumeHssT MeTol THBAPUAHTHOTO MOTPYXXEHUS, IJIS1 OTIPEAETIEHNS YITIOMSHYTBIX
(byHKUMIA, TPUXOAUM K CJeAylollleil HeTMHeHOW cucteMe nuddepeHImantbHbIX
ypaBHEHUM

j_ri =2v(x)p(x, o)+ %(x)ﬂ/[l +p(x, To)]z ’ 3)
ﬂ:—v(x)q(x, ’QJ‘FW‘](X’ 1:0)[1+p(X, 170)]’ “4)

dr, 2
C HaYaJIbHBIMU YCJIOBUSIMU p(x, 0) =0, q(x, 0) =1, tme 8 - meawpra-dyHkuys Jdupaka.
B ypaBHEHUSIX IPUHATHI O003HAYEHUST: O (x) - npodrib KoaddUiMeHTa MOrToIEeHMS
B CIMIEKTPaJIbHOM JMHUU, KOTOpasl MPU HUKE TPUBOAMMBIX pacyeTax MpUHUMAETCS
JIOTUIEPOBCKOM, 3 U y MPEeACTaBIsIIOT cOO0M OTHOLUEHUSI KO3(MPULIUEHTOB COOT-
BETCTBEHHO TMOMIOLICHUST U pacCesiHUsI B HEMPEPHIBHOM CIIEKTpe K K0o3(hdULIEeHTY
TMOIJIOIIEHMSI B LIGHTPE JIMHUW U V (x) =q (x) + B +v. Ilpu pa3BUTOM HaAMU TEOPETUKO-
IPYMNITIOBOM MOJXO/A€ OCHOBHBIMU BEJWUMHAMM, XapaKTEePU3YIOLIUMU TJ100aIbHbIE
OITUYECKKE CBOWICTBA CPEIBI, SBISIOTCH (QYHKLINN P(x, ro): 1/ p(x, ro) u S(x, ro):
= p(x,ro)/q(x,ro) (cM. [10]), nnst koTopbiX ypaBHeHMST (3) U (4) 3amUCHIBAIOTCS
B BHUIE
dpP

ﬁmzm(x, 79)P(x, 7 )= n(x, 7 )S(x, 7o) )
A

rae m(x, Ty ) =1- n(x, Ty ) , n(x, T ) = X(x, T, )/2 u X(x, Ty ) = [7»(10 )a (x)+ y]/v (x) .
[MoBropHOE M1 bepeHIMpOBaHKUE CUCTEMBI ypaBHeHHUII (5), (6) O 1, MPUBOIUT
K cienytoleil nape nuddepeHIMalbHbIX YPaBHEHUI BTOPOTO MOpsIIKa:

d*P X'(x, To) dpP ~ 2 X'(x, ) 3
yE e e (N LR e M) LESA RS
d*s  N(x,t,) dS ~ 2 2(x, 1) B
dTg - X(x’ TO) dTO —{(I—K(x, ‘CO))V (X)+mV(X):|S(x, TO)—O. (8)

Hac uHTepecytor kiaccel peuieHuit ypaBHeHuil (7) u (8), oTHocsIIMecs K
CiTy4yasiM, KOTJa BBIpaXKeHWsT B KBaJPaTHBIX CKOOKaX MPeBPALLAlOTCS TOXIECTBEHHO
B HYJb TIPU TTPOM3BOJIBHBIX 3HAYCHMSIX YACTOTHI M ONMTUYECKON TOJIIWHBL. DTO
TTO3BOJIIET ITOHVDKEHWEM TTOpsiIKa YpaBHEHUI TOJYYUTh MCKOMBIE pellleHus B
SIBHOM Buje. JIaHHbIE KJIacChl COOTBETCTBYIOT BEJIMYMHAM X(x, ro) BUAA
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Mx, 7o) = [1 + a(x)ew(x)r‘) ]71, )
e

a(x):1:x(x,o): (-2 (0)a(x)+p "

Ar0) 2 0)a()+y (10)

Kak BuauM, pyHKIIMOHATBHBINM BUI KO3 hUIIMEHTa paccesiHUs COOTBETCTBYET
cchopMypoBaHoii 31ech usznyeckoit 3anayde. Ilomydyaemble B pe3ysibTaTe ypaBHEHUS
JIETKO pellaoTcsl aHATMTUYECKU, aHAJIOTUYHO TOMY, KakK 3To MokasaHo B [10] mpu
CKaJISIPHOM TTOCTAHOBKE 3amavn. B maHHo# paboTe M3ydaeMble ONTUIECKUE XapaKTe-
pUCTUKU aTMocepbl MILyTcs B Buae psaoB HeiimMaHa, mosToMy aHaauTUYecKue

PEIYJIbTAaTbl MOT'YT ABJIATHCA JUIIb KOHTPOJIEM TOYHOCTU ITPU YMCJICHHBIX pacyeTax

10— — 5
x,7) =1/(1+ax)e )
1, =3,p=10" —
0.8F y=0,10)=05 7
= 0.6 : 0
X —] N1
< 04} 25 1 X\ %8
2.5
130
0.2F 1 Ax,T) = V(1 +ax)e ™)
30 1, =3,p=10"
i y=0.1,L0)= 0.5
00 1 L 1 L 1 Il L Il 1 L
0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
T T

Puc.2. ®yukumst A(x,0) , onpexessionias xapakrep auddysnn JIMHEYaToro U3TydeHusI B cpenie
HEPBOro TUIA C ONTUYECKOM TOMIMHON T, =3 IpU 3aJaHHBIX 3HAYEHUSIX IAPAMETPOB, OIMCBHIBAIOILIMX
ee JIOKAIbHbIE ONTHYECKME CBOiCTBA. UMcia TpY KPMBBIX OOO3HAYAIOT Oe3pasMEpHbBIE YaCTOTHI.

1.0 T T T T T e = ==
2.0 — . 1.5
i
0.8
2.5
© 0.6
= AMx,T) = U(1+a()e ")
< o4t T =35 =10° U T = U1+ ae™)
Y =0,A(0)= 0.9 3.0 - 3.p- 10°
021 1 T =0.1,A(0) = 0.9 7
3.0 ! 40
0.0 1 1 1 1 1 MEPEPErE P L PRI TSRS RS PR Y
0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0

T T

Puc.3. To xe, uro Ha puc.l, mIg cpenbl BTOPOTO THUIIA TOM K€ ONTUYECKONM TOJNIIMHBI M IS
TeX X€ 4YacToT.
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1 MOTOMY Ha HMX 3/€Cb Mbl HE OCTAaHOBUMCS. 3ajaBasl 3HaueHUe KoddduimeHra
paccesiHUSI Ha TpaHMlE cpelbl T=0, MOXHO BbIOpaTh (PYHKIIUIO X(x, ro) TOro
WM WHOTO BHIA, MCXOAS M3 COOOpaKeHMI HAIVISIAHOTO TIPEICTABICHUS BIWSTHUS
HEOTHOPOJHOCTEH Cpellbl Ha BOJIOLUIO CIIEKTPaTbHBIX JMHUA. ByayT paccMOTpeHbl
JBE 3a/1a4M, pazTAYaroLLMecs] ApYT OT Apyra (PyHKUMOHATBHON 3aBICHMOCTBIO YKa3aHHOM
BEJIMUMHBI OT ONTHUYECKOW TIyOMHBI. B omHOM cirydae X(x, 1:0) BO3pacTaeT ¢
YBEJIMYEHUEM ONTUYECKOW TOJIIMHBI (pUC.2), Tae MPUHSITO x(o): 0.5, B Ipyrom -
yopiBaer (puc.3) u A(0)=0.9.

INpuBeneHHBIE HA PUCYHKAX KPUBBIE MOKA3bIBAIOT, YTO M3MEHEHMUS X(x, r) c
[JTyOUMHOM, KaK U CJIeJ0BAIO OXMIaTh, B OCHOBHOM IPOMCXOMAST B LIEHTPATbHbIX
YacTOTax CHEKTPAJIbHOM JMHUM, TaM TI€ POJIb MHOTOKPATHOTO pacCesiHUsI BeIMKa.
CpaBHeHME KPUBBIX Ha PSIIOM HAXOMSIIMXCS TIAHEISIX ITOKA3hIBAeT CYIIECTBEHHYIO
pOoJib paccessHUs B HEMPEPBIBHOM CIEKTPE B KPbUIbSIX JUHMU, II€ ONTUYECKas
TOJIIIIMHA B JIMHUU Majla U paccesiHUeM B JIMHUU MOXHO MpeHeOpeub. ChemyeT
3aMETHTh, YTO TIPUBEICHHBIC 3HAYCHMS ONITUIESCKMX TTapaMeTPOB, XapaKTepU3YIOIIIX
pacceuBalolIyIO 1 MOMIOLIAIOIIYIO CPEy, BHIOpaHbl HAMU U3 COOOpPaKeHUH NabHEe-
IIEr0 MCIOJIb30BaHUSI MOJyYaeMbIX Pe3yIbTaTOB B KOHKPETHBIX acTPO(PU3NUECKUX
3amadax. Tak, HarpuMep, BEIOpaHHOE 3HAYCHNE ONTUIECKOM TOJIITMHBI COOTBETCTBYET
MPUMEPHO TOW BEJIMYMHE, BbILIE KOTOPOW IMOJyyaeMble pe3yabTaThl BHIXOAST Ha
acuMmnToTuyeckoe 1iaro. [Ipu Gonee HU3KUX 3HAUYEHUSIX POJIb MHOTOKPaTHOIO
paccesiHUs ObUla Obl €CTECTBEHHO MpUYMeHbllleHa. TakxKe AJIs1 HarJISIAHOTO Tpei-
CTaBJICHMSI POJIM pacCesiHUsI B KOHTMHYYMe BBIOPAaHO HECKOJbKO OoJiblliee, YeM
BCTpeyaeTcsl OObIYHO Ha MPaKTUKEe, 3HAUEHUE MapameTpa v .

4. Padwr Heiimana. Tlogxon X pellEHUIO 3aBUCALIMX OT BPEMEHU 3amay
TEOpPUHU TIepeHOCa M3IIyYeHMsI, OCHOBAaHHBIM Ha MocTpoeHMM psimoB Heiimana,
paspabarbiBajics B paborax [11-14]. B npocTeiiliix MOAeNbHBIX 3aJa4ax YKa3aHHbIE
PSAbI IPEACTABISIOT COOO0M Pa3oXeHUsT UCKOMBIX PELLIEHMIA 110 CTETIeHSIM BepOsIT-
HOCTH TIepEU3TyIeHHSI KBAHTOB TIPU 3JIEMEHTApHOM aKTe paccesHus. Ou3nuecKuit
CMBICIT KQXKIIOTO CJIaracMoro PSIIOB, OUEBUIHO, TAKOM 3Ke, KaK Y MICKOMOM BEIMIMHBI,
OIHAKO OTHOCHUTCS K OIpeJeIeHHOMY KOJIMYECTBY aKTOB paccesiHus. B paccmar-
puBaeMoil HaMu 3agaye OOpa3oBaHUs CHEKTPaJIbHBIX JUHWUU B HEONHOPOIHOM
cpene yKazaHHBIE PSObI He SIBISIOTCS CTEIIeHHBIMU:

p(r.7)= S pale o). alr.70)= 3 g, (5 10). (n
n=1 n=0

OITHAKO METOJ MX ITOCTPOCHMS TaKOM e, KaK U B paCCMOTPEHHBIX HaMHM B [1,5,6]
3agavyax. CyTb CI1oco0a 3aK/II0UaeTCcsl B MOCTPOEHUM COOTBETCTBYIOLIMX PEKYPPEHTHBIX
COOTHOILLIEHUIA C UCITOJIb30BAHUEM METO/Ia MHBAPMAHTHOTO TMOTPYKEHMUSsI, P KOTOPOM
MpeaBapUTETLHO BBIMUCIISIIOTCS TIEPBbIE WIEHBI PSIIOB, HE CBSI3aHHBIE C TIBYKPATHBIM
oTpaxeHueM. MBI numeem
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To

S e (1

ps(5)= [Hle oo e 04w, 1)

o )=e ()= [Tl Dl e v, g
a0 7) =1 Js ) eI 5

0
[IpuBeneHHbIE (OPMYJIBI UMEIOT MTPO3PAYHbBINA (PU3UUYECKHMI CMBICT U MOTYT ObITh
HamucaHbl HemocpencTBeHHO. OcTalbHble WIEHBI PSIIOB, p, W ¢, , BBIpaXaroTcs
yepe3 BcrioMoratesnbHble GyHKuMu @, u ¥, cormacHo (opmynam

pu(5.70)= [®, (1) >0y (), 16)
0

q,(x.79) = I‘P (x,7)e Wy (x)dx. (17)
0

INocnenHue, B CBOIO Oo4epedb, BRIpAXKAIOTCS Yepe3 MpeAbIayllye, yke HailleHHEIE,
YJIeHBI COOTBETCTBYIOLINX PSIIOB

1~ n-2

S AN RN Y Y MRS | EECNR
k=1
1~ n=2

L ) PN S AN ) ARSI
k=1

Kak ™Mbl BUAMM KaXIbIi 1Iar UTEPaAllMOHHOTIO Ipoliecca COMPOBOXKIAETCS
BEIUMCIIeHreM nHTerpaioB (16) u (17). CxomumocTs psmoB HelimaHa mipy 3amaHHOR
4yacToTe, pa3yMeeTcsl 3aBUCUT OT ONTUYECKOW TOJILMHBI Cpelibl U 3HaUeHUsT Koahdu-
LMeHTa paccestHusl. OueBUAHO Takke, YTO Haubosiee ObICTpasi CXOAMMOCTb MPOMC-
XOIUT B KPbUTLSIX JIMHUU, [€ CPeia OTHOCUTEIIBHO MTPO3PaYHa U KOJTMYECTBO PACCESTHUIA,
MpeTeprieBaeMbIX KBAaHTaMU, Majlo. B paccMaTpuBaeMoit HaMU 3a1a4e TOJIIMHA CPEeIbl
OTHOCUTEJIbHO HEBEJIUKA, MOATOMY AaXe B LIEHTPAIbHBIX YaCTOTaX YMCIIO UTepaluit,
B 3aBUCUMOCTH OT TpeOyeMOI TOUHOCTH, OKa3bIBaeTCs Iopsiaka 6-8.

5. BpemenHbie uzmenenus 2100a1bHbIX ONMUHECKUX XAPAKMEPUCMUK
cpedbl. Hanmnuue psooB HeiimMaHa MO3BOJISIET MOCTPOUTH PELIEHMs 3amad 00
00pa3oBaHUU CHEKTPAJIbHBIX JUHUN B Cpelax, OCBEIIaeMbIX HECTAallMOHAPHBIMU
UCTOYHUKaMU SHepruu. Kak u B paborax [1,6], MBI OrpaHUYMUMCST PACCMOTPEHUEM
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BHEILIHUX MCTOYHMKOB 3HEPTUU ABYX TUIIOB, a UMEHHO, MCTOYHUKOB (hOPMBI
8(t)—o6pa3H0ro nynabca u Gopmbl, 3agaroleiicsa dopmynoit Xepucaitna H(7) nns
eIVMHUYHOTO CcKaukKa. 3Has pelleHUs 3a1ay yKa3aHHBIX ABYX TUIIOB, BBUAY WX
JIMHEMTHOCTU HECJIOXKHO MOCTPOUTD PEIIeHUS U U1 UCTOYHUKOB C 00Jiee CJOKHBIMU
pacnpeneaeHUSIMA BO BpEeMEHU.

Kaxk m3BectHO (cM., Harpumep, [15]), BpeMs1, 3aTpaurBaeMoe KBaHTAMU B IIPOLIECCE
aubdy3nun B Cpeie COCTOUT U3 [IBYX COCTAaBIAMINMX: f, - BPEMEHU, TEPAEMOIO Ha
npeObIBaHME aTOMa B BO3OYXKIEHHOM COCTOSAHUM, U f, - BPEMEHU, HEOOXOIMMOrO Ha
MPOXOXKACHWE ITyTU MEXAY ABYMsS IIOCJAeHOBATEIbHBIMU aKTamu paccesHus. Ilpu
pelIeHUU 3aBUCSILMX OT BpeMEeHU 3aay MepeHoca U3TyYeHUsT B IMHUY Yallle BCEero
OTrpaHUYMBAIMCH YYETOM JIMOO TIEPBOI U3 YKa3aHHBIX MIPUUKMH, JIN0O - BTOpoii. bonee
MPOCTOM MEPBBIN CITyyall CBOIUTCS, IO CYTHU, K OIPENETICHUIO CPETHETO YMCIIA pacces-
Huil. OTHOCUTEJIBHO CJIOXKHBIM SIBJISIETCSI BTOPOM ClTydail, KOTOpBIil paccMaTprBascs
Pa3TMYHBIMK aBTOpaMU pa3HBIMKM MeTonaMmu [15-18], B yacTHOCTH, ¢ MCHOIL30BaAHMEM
npeobpazoBaHus Jlaruiaca. OmHaKO Jaxke 31eCh Pe3yJIbTUPYIOLIME YPaBHEHNSI, HECMOTPSI
Ha UX BHEIIHEe CXOACTBO C aHAJOTMYHBIMU YPaBHEHUSIMU B CTAllMOHAPHBIX 3aa4aXx,
CTAJIKUBAIOTCS C 3HAYUTEJTbHBIMU TPYIHOCTSIMU MPU UX YUCJICHHOM PELICHUMU.

Mmest B pacriopsbkeHUA pellieHre CTAllMOHAPHOM 3a1a4M B Buae psimoB Helimana,
HECJIOXKHO ITOCTPOUTh, KaK ObIIO MOKa3aHo B [1,5,6], COOTBETCTBYIOIIME PELLICHUS
paccMaTpuBaeMbIX HAMU HeCTAallMOHAPHBIX 3a1au:

p(x,10)= D P, (. 10)Fy(2).  qlx.te)=q,(x.70)F,(2), (20)
n=1 n=1
rac
ZZn—l .
Fn(Z):me , 1’121,2,... (21)
0.10 : : : . ,
0.08 00_5 3}"3,3 z(f(fla(x)e-w) Mo 1 (};*‘(")e'"”“
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Puc.4. Pacnipenenenust miotHocTn BepositHocteit (PIIB) oTpakeHwust (ciieBa) M MPOXOXKICHMS
(cipaBa) Ui pa3HbIX YaCTOT M OTMEYEHHBIX 3HAYEHUI HCXOJHBIX IMapameTpoB.
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Puc.5. To ke, uto Ha puc.4, C YUETOM DPOJU DACCESHHMS B KOHTHHYyyMeE.

TaK Ha3blBaeMble pacrpenesieHus1 DpiaHra-#. be3pasmepHas BpeMeHHas epeMeHHast
z=t/f U3MepsIeTCsl B eAMHULAX =1, /(t,+1, ). OUBMYECKUIA CMBICIT CIaraeMbIX
B psigax (20) oueBUIEH: OHU OMUCHIBAIOT IJIOTHOCTh BEPOSITHOCTU BBIXOJA KBAHTA
yepes OJHY U3 TpaHMIl B pe3yjabTaTe ONpeneSIeHHOTO KOJIMYEeCTBA # PACCESTHUIA.
Tunuunbie npuMepsl GyHKLMI TI0THOCTU BeposiTHocTelt (PI1B - PDF, probabil-
ity density function) mpuBeneHbl Ha puc.4, 5.

PacnipeneneHust IOTHOCTU BEPOSITHOCTEN comepxkat boraTyio MHGOpMaluio o
(buznyecKux CBOMCTBAX Cpelbl U ONTUYECKMX XapaKTePHCTUKAX CaMUX SBOJTIOLIMOHU-
PYIOIINX CIEKTPaIbHBIX JIMHMI, HE3aBUCUMO OT TOTO, B Pe3YJIbTaTe OTPAsKCHUS WIIH
MPOXOXAEHUsI OHM HabmonaroTcsl. KpuBble MOCTPOEHBI B IMPEANOIOKEHUU, YTO
cpena ocBelaeTcsl U3MydeHUeM eIMHUYHOM MHTEHCUBHOCTH B HETIPEPHIBHOM CITEKTPE.
BaxxaeimmMy mmapaMeTpaMy YKa3aHHBIX pacIpeieIeHUi SBISIOTCS JIOKATA3aIIvst
MakCMMyMa U €ro BeJIMYMHA, JJIUTEeJbHOCTh ITpoliecca DBOMIOLMN, TEMIIbl TTobeMa
U CITyCKa KPUBBIX, JOJM DHEPIUM, U3JydyaeMble 0 M TOCIe MakCuMyMa W T.1.

MakcumanbHOe 3HaUYeHNEe KPUBBIX JOCTUTAETCS TIPU z =1, 4TO OOYCIOBICHO
CBOMCTBOM (YHKLMIA F), (z) ComnocTaBjieHre AAHHOTO 3HAYEHMSI C pealbHbIM
BpeMEHEM, MPU KOTOPOM JOCTUTAeTCs MAKCUMYM B TOW WJIM MHOM CIEKTpaibHON
JIMHWUM, TI03BOJISIET OIPENENIUTD  , YTO, B CBOIO OYEPEb, PENOCTABIISIET IPUHIIM-
MUATbHYI0O BO3MOXKHOCTb COCTaBUTb MpeNCTaBIeHUE O IJIOTHOCTU U, B OOLIEM
cydyae, TaKKe O CTelleHM MOHM3allMd aTOMOB (MOHOB) JAHHOIO dJeMeHTa. DTo
TTO3BOJISIET OIPEACINTh ONTUYECKYI0 TOJNIIMHY Cpeabl B JaHHON JTWHWM, YTO, B
CBOIO OYepellb, JaeT BO3MOXKHOCTb CPAaBHEHMEM HaOI0qaeMoro npodusist ¢ TeopeTu-
YEeCKUM OLIEHUTh 3HaY€HUE BeTMYMHBI KoadduireHTa paccessHus. YTo xe Kacaercst
BEJIMIMHBI MAKCUMAJIBHOTO 3HAYEHHUsI, TO OHA B OOIIIEM CIydae 3aBUCUT OT 1IEJI0TO
psia mapamMeTpoB, U3 KOTOPBIX HauOOJIbIIIee BIUSIHUE 0Ka3bIBalOT KOA(MOUIIMEHTHI
paccesiHMSI B CIIEKTPaIbHOM JIMHUY U B HEMPEPLIBHOM CIieKTpe. BiusiHue nocnenHero
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JIETKO OOHApYXWTh, CpaBHWBas TpaBble MaHean puc.4d m 5. C Opyroil CTOPOHBI,
CpaBHEHUE JIEBBIX TTaHelleil YKa3bIBaeT Ha JOMTOTHUTEIBHYIO HETTPEPBIBHYIO SMUCCHIO,
00yCIIOBIIEHHYIO paccestHieM B KOHTUHYyyMe. CrieayeT TakKe OTMETHUTD, YTO BEMYMHBI
Ha0II0maeMbIX 3HAYeHWI MaKCUMYMOB Y Pa3IMYHBIX JIMHWM, BBUIY JTMHESHHOCTH
3aJa4M, TO3BOJISTIOT OIPENEUTh OTJIMYMEe WHTEHCUBHOCTH IMafalollero Ha Cpemy
M3JIyYEHUST OT €IUHMLIBI, TIPUHSITOIO B Hallei 3agade. Jpyrumu cioBamu, obmamgast
pe3yabTaTaMy HaOMIONEHWIA TSI Pa3IMYHBIX CITEKTPATbHBIX JIMHWI, MOKHO COCTABUTH
MpeICTaBIeHNe O YAaCTOTHOM 3aBHCUMOCTH SHEPTUU, Mafalolieil Ha cpemdy.
AHaJIOTMYHBIE KPUBBIE MOXHO TOCTPOUTE M JIJISI BTOPOTO M3 paciipeneaeHui
(9) BeTMUMHBI X(x, ro) MO TJIyOWHe, MPH KOTOpPOI KapTWHA, KaK MBI yOeauMcs
HIXe, OoJjiee CIIOXHAS UTS MOJOOHOTro aHanm3a. B 3akimoueHne pasmenia OTMETUM
pasinure B JUIMTETBHOCTH TIPOLECca Tl JIMHUM, BOSHMKAIOIIMX TTPU OTPaXXEHUU
OT Cpenbl U TIPU TIPOXOXKIECHNH Jepe3 Hee. EcTecTBeHHO, OHA KOpoYe TSI BTOPBIX
W3 YKa3aHHBIX JIMHWIA, BBUIY BO3MOXHOCTA KBAaHTOB TTOKMAAThH Cpely 0e3 paccesTHUs.

6. Deoaroyus npogureii cnekmpanvhHvix AuHuUl. HaraaHoe npencras-
JieHHe 00 3BOJIIOLMHU CIIEKTPAIbHbIX JIMHUI B HEOAHOPOAHOM Cpe/ie MOXKHO IMOJTyYUTh
U3 U3MEHEHMI uX Tpoduieild B mepuoabl A0 M Tocie Makcumyma. [Ipu sTtom
MOTYT OBITh WCITOJb30BaHbl TAKUE CKAJISIPHBIE MapaMeTpbl, KaK 3KBUBAJECHTHAs
IIUPUHA U TIOJYUIWUPUHA JIMHUN, UHTCHCUBHOCTh B LIEHTPE JIMHUMW.

Puc.6, 7 nokaspIBaOT MPOLECC MOSBICHUS M YCUICHMS CIIEKTPAIbHBIX JIMHUIA
JIO0 TOCTUXKEHUS CBOMX MaKCUMAaJbHbIX 3HaYe€HUI. JIerko oOHapyXWUTh pazanyusl
B CKOPOCTH TIPOIECCA B PA3HBIX MPOMEXYTKAX BPEMEHU, MPOTEKAMOIINX C IIarOM
Az=0.1. Kak u ciienoBajio oXuaaTb, JOMOJHUTEIbHAS HEMpPepbIBHAS 9MUCCUS,
TOSIBJISIIONIASICS TIPU PACCESTHUM B HETIPEPBIBHOM CHEKTPE, MTPUBOIUT K OCIA0JIEHUIO
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lx(x,r) =1/(1+a@xe™") o, =3p=10" 1 t . i
0.08 z=[0-12],Az = 0.1 vy =0.1,A(0) = 0.5 03@\ /

g a g
€ 0.06 g
(© [
= s 0.2
=3 =3
© 0.04 )
[N
= = 0.1
0.02 :
0.00 O‘OI 1 1 1 1 1 1 ¥
3 2 1 0 1 2 3 3 2 1 0 1 2 3
X X

Puc.6. DBomonys npoduiist CeKTPpaTbHOM JUHUU, 00pa3yeMoi a) TpU OTPAKEHUU OT CPEIbl
u b) npu nponyckaHuu, a0 goctukeHust PI1B cBoero makcuManbHOro 3HaueHus1. st HarsAHOCTH
rpadMKy CHAOXEHBbI CTpEJIKAaMH, YKa3bIBAlOIIMMU Ha HAMpaBJIeHHOCTb (OPMUPOBAHUST JIMHUN TIO
BpEMEHH.



HBOJIIOLMSA CITEKTPAJIbHBIX TUHUA

. . . . : r : — . . : . . ]
0.10 tx(“) s 3006 e Ao 0° j 0.3
0.08 Z=[1-121,A2=01 = y=0.1,1(0)=05 | —\ Y
Ug § 0.2
< 0.06 x
= =
g 0.04 g
EQ' N N 2 01
0.02 £ E
0.00 1 1 1 1 1 1 1 0‘0 L L L L L L
3 -2 A1 0 1 2 3 3 -2 A 0 1 2 3

X

Puc.7. To xe, uro Ha puc.6 C Yy4eTOM paccesiHds B HENPEPbIBHOM CIEKTpe.

MHTEHCUBHOCTH CITEKTPAIGHOM JIMHUW, 00pa3yloleiics Tipy oTpaskeHnH. HamoMHmM,
YTO O CUX IOp paccMaTpUBAETCs JUILb MEePBbI U3 HaMeYaeMbIX IJII U3yYEHMUSI
CJTy9aeB HEOMHOPOIHOCTH, KOra Ipotiece arudy3nn U3MydeHHs B JIMHUK BO3PACTaeT
¢ TIpUOIMKEHNEM K OCBEIIaeMOI CHAPYKM TPaHUIIE CPEIbI.

IIpu HEOMHOPOAHOCTH TUIIA U300paKeHHOW Ha puc.3 auddy3us uznydyeHus
B yacToTax JMHUM OoJiee MHTEHCHBHA B 0oJiee ITyOOKMX OTHOCUTEIBHO HaOIromaTe st
CI0sIX aTMOCGephl, YTO IMIPUBOIUT K TOSBICHUIO MIPU OTPaXXeHUU JTUHUN 0CO00i
IByropo6oit ¢opmsl (puc.8, 9).

Taxke, Kak ¥ MpH pacrpeaeieHU TIepBOTO THUIIA, paccesTHUE B KOHTUHYYME
BBbIpaXkaeTcsl B TIOSIBTICHUH JIOTTOJTHATEIFHOTO HETIPEPBIBHOTO CITEKTPa ¢ HAJIOKEHHBIM
Ha Hero JIMHUM C IABYXBEPIIMHHBIM MpoduieM puc.9. I1peacrapisier MHTEpeC TOT
(akT, yTO MpPU OOJBIIMX 3HAUCHUSIX KO (PUIIMEeHTa pacCesHUSI B KOHTUHYyME B
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Puc.8. Ipodwin crekTpasbHOM JUHUM, O0Opa3yeMbBIX IIPU OTPAXKEHUM OT CPeObl W IIPOITYC-
KaHWM €10 10 HocTixeHus Makcumyma PIIB mna pacnpenenenus A(x,t,) BTOporo tumna B (9)
6e3 yyera paccesiHUSI B HEINPEPBIBHOM CITEKTpeE.
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Puc.9. To xe, 4T0 Ha pHC.8, C y4eTOM paccesiHUs B HEMPEPHIBHOM CIIEKTpE.

LIEHTPaJIbHOM YacTOTe MOXeT HaOMoAaThCs y3Kask JUHUS TomioleHus. [1o BenmmunHe
LIEHTPAJIBHOTO MPOBajia B MAKCUMYME MOXHO CYyIWTb O TIEPEMNAJE POJIU PACCETHUS
MpU mepexoae ¢ MIyOOKMX CJIOEB K OCBElIaeMOi TpaHUIIE.

ITocne nocTukeHUs MakCMMyMa CIieKTpajibHasl JMHUS HauyMHaeT ocjiabeBaTh,
MpOXOoNsl MPUMEPHO Te XK€ 3Tarbl, YTO MPU MOIbEME, HO ropazno MeJIeHHee.
TunuunHbli MpuMep ocnabieHus JUHUM TTOCe MaKCUMyMa MpuBeJeH Ha puc.10,
IUTSI TIOCTPOEHUST KOTOPOTO TIPUHATO Az =1, 4TO Ha TIOPSIIOK TIPEBOCXOIUT 3HAUCHUE
QHAJIOTUYHON BEJIWYMHbBI, MPUHITON MpPU ONMUCAHUM YCUJICHUS JUHWMU B Tpea-
MakKCUMyMHBbIN niepuon. IpencrasisieT uHTepec TOT (hakT, UTO JIMHMUS, obpazyemast
MocJjie NPOXOXACHUS U3TYyYeHUS YEPE3 Cpeay, MOXKET HaOMIoAaThCs B BUIIE C1aboit
JIBYropOOil 9MUCCUOHHON JIMHUM. DTO MPOUCXOAUT Ha IMOCJAEAHEM ITare IMepen
HMCUE3HOBEHMEM, KOTJa CHapyXXu Maaarouiee U3TydyeHue MpakTUIeCK OTCYTCTBYET
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Puc.10. BBomonus npoduieil CIeKTpadbHbIX JIMHUIA, 00pa3yeMbIX Ha TpaHUIAX CpeObl IOCie
MakcumyMma PIIB mpu oTMeYeHHBIX 3HAueHMSIX BaKHe#Iux mapameTpoB. OcnabneHue MPOUCXOAUT
MPUMEPHO Ha MOPSIIOK MEUIEHHEE, HEXEMW MPpY YCWIEHWW JIMHUN B MEepuo] 1O MaKCHMyMa.
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U cpelia U3IydaeT JMILb Oarogapsi HeOOJIbILIOMY OCTaTOYHOMY KOJMYECTBY KBAaHTOB,
npoposkaromux aubdyHauposate B cpenae. [IpuMepHO MOXOXUM Mpoduiem
00JagaeT U HECKOJIbKO 0oJiee CUIbHAd JUHUS, oOpa3yemasl Ha TPOTUBOIIOI0XHOMN
rpaHulie W, MO CYTH, B BTOT MEPUOJ pa3iuuue MeXIy IpaHullaMu (baKTUYECKU
rcyesaeT. YKazaHHbI 2hGEKT MposIBAsSeTCs TeM Jiyyllle, YeM Bblllle 3HauYeHUE
mapamerpa A B cpege (cM. Takxke [6]).

7. Deoaroyus cnekmpaivHolX AUHUL NPU OCBEU,eHUU CPedbl UCMOoY -
HUKamu @opmvl e0UHUYHO20 CKA4Ka. B HacrosiueM pasmelie pacCMOTPUM
MPOLIECC BO3HUKHOBEHMS M YCTAHOBJIEHNS CTALIMOHAPHOTO PEXUMA TSI CTIEKTPATBHON
JIMHUM TpU JJUTEbHOM BO3AEWCTBUM ITOCTOSIHHOTO MCTOYHMKA OCBEILEHMUS
eIMHUYHOI mHTeHcHBHOCTH (dopmbl H(7) - ¢yukuum Xesucaiima). IIpouecc
OIMCHIBACTCSI, TaK Ha3bIBAGMOM, KyMYJISTUBHOI (pyHKIMel pactipeneneHus (KDP),
OTMCHIBAIOIIENH 3BOJIOLUIO TPOodUIel JUHUIK 10 HEKOTOPOro OMpeaesieHHOTO
MOMEHTa BpeMeHHU z,. Ha puc.11, 12 npuBondarca rpadmku ykazaHHOW QyHKINU
IUIS  CTIEKTPAIbHBIX JIMHWM, OOpa3oBaHHBIX Ha OOEMX TpaHMIIAX CpEIbl IS
paccMOTPEHHBbIX B paboTe ABYX pacripeleieHuil KoadduiimeHTa paccessHus o
nyorHe. Yke MOBEepXHOCTHOE MX PACCMOTPEHUE MO3BOJISIET CAeaTh Pl BaXKHbIX
3aKJioueHuid. [Ipexume Bcero, B cornacuu ¢ 3aME€YaHUSIMU, CIEJTaHHBIMUA B TIPE/IbI-
IyLIUX pasaenax, JUHUKU, BO3HUKAIOLIKWE MPU OTPaXe€HWU OT Cpedbl, yCTaHaB-
JIMBAIOTCS TIO3XKE, HEXEIM Te, KOTOPbIe BO3HUKAIOT MOCJIe TTPOXOXKACHUS Maaatoliero
U3JTyYEHUS Ha Cpemy.

[anee, HETPYIHO 3aMETUTh, YTO Pa3JIMUHbIE YACTU Mpoduei JMHUN Takxke
YCTaHABJIMBAIOTCS C Pa3IMUYHON CKOPOCTbIO. JleHCTBUTENbHO, KPbUIbsl JUHUMN B
CTIEKTPaxX YCTAHABIMBAIOTCS, B CPEIHEM, PaHblIe UX sgAep. B obuieit cioxHocTH,
JIMHUU, KaK Te, TaK W JIpyrve, yCTaHABIMBAIOTCS IPUMEPHO B TEYEHME TTPOMEKYTKA
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Puc.11. DBononus CrHeKTpaibHOM JWMHUM, 00pa3yeMoil NMpu OTpaXeHUM (cIeBa) U TPOXOXK-
neHus (cnpaBa) B Pa3HBIX €€ 4acToTax 3a Bpema z, mpu A(0)=0.5.
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Puc.12. To xe, uro Ha puc.ll mna A(0)=0.9.

BpeMeHU 5<z,<10. OueBUOHO TaKxe, YTO ISl 3aJaHHOW cpedpl Tpoduan
JIMHUM, 00pa3yrolmecs MPEeNMYIIECTBEHHO B pe3yJIbTaTe PacCesIHUSI, YCTaHABJIM-
BaIOTCS IMO3Xe ApYyruX. BBUoy nMHEHOCTH 3amauu, IpOoDWIn JIMHUINA, OTy4YeHHbIe
B pe3yJibTaTe HaCBIIIEHUS, JOKHBI C TOYHOCTBIO IO ITOCTOSIHHOIO MHOXUTEJIS
COBITAIaTh C PEIICHUSIMA COOTBETCTBYIOIIMX CTallMOHAPHBIX 3adad IlepeHoca
MITyYeHUsT. 3HAYEHNUE 3Ke CaMOr0 MHOKUTEIST OIpeesisieT MHTEHCUBHOCTD M3TYyIEeHMS,
MaJamllero Ha cpeay B JEWCTBUTEIbHOCTU. DTO MO3BOJISIET MO HAOII0JaeMbIM
W3MEHEHUSIM CHEKTPAIbHBIX JWHWMA COCTaBUTh MPEACTABICHHWE O YaCTOTHOM
pacnpeae/ieHuy Maaarolleil U3BHE SHEPIUM.

8. 3akawuenue. B pabGote u3ydyaercs elle OOUH BaXHBINA aCIEKT B HAYATOM
B [1,5,8] uccnemoBaHMM BpPEMEHHBIX WM3MEHEHUU CIEKTPOB, OOYCIOBIEHHBIX
HECTAllMOHAPHOCTHIO JTYYMCTOW SHEPTUU, U3TYyYaeMOM BHEITHUMU UCTOYHUKAMM.
PaccmoTpeHo BiMSIHME HEOTHOPOIHOCTU Cpe/ibl HA BPEMEHHbIE UBMEHEHMS CIIEKT-
pajibHbIX JMHUMI, oOpa3dyeMbIX MPU BbIXOAE M3 MOMIOIIAlolIell U paccerBarolleit
Cpellbl KOHEYHON ONTUYECKOU ToMIMHBIL. [Ipr a3TOM 0c060€ BHUMaHUE YAESIOCh
paccesiHAIO B HEMPEPLIBHOM CIIEKTpPE, UTPAIOLLEro 0CO00 BaXKHYIO POJib B LIEJOM
psiie HecTallMOHapHbIX acTpoduanueckux siBieHuit. [lokazaHo, YTO TIpU OIpe-
JIeJICHHBIX 3aKOHaX U3MEeHeHUs KoaddullmeHTa paccesiHusl ¢ TJIyOMHOU B cpeie
MpU OTpaXeHUU OT Hee oOpazyloTCsl IMUCCHOHHbBIE JIMHUU C CeUUuPUIECKUM
JIBYyroponiM npopusieM. ITosiBieHre TOMOIHUTENBHON HEMPEPHIBHON IMUCCUU TIpU
OTpPaXX€HUM OT CPEellbl COMPOBOXAAETCS OCJIA0JEHUEM 3MUCCUOHHBIX JIMHUM, a
Takxe abCOpOLIMOHHBIX JIMHUI, 00pa3ylolIUXcsl MPpU MPOXOXACHUST U3ITydeHMUS
yepe3 cpeny. B oOuiei CloXHOCTH, IMHAMUYECKHE XapaKTePUCTUKUA 3BOJIIOLIMU
CTIEKTPOB, HAOJIOAAEMBbIX Ha TPaHUIAX CPElbl, COAEpXKaT AOCTATOYHO Ooraryro
“HPOpMaLMIO KaK 0 (DU3MYECKHUX CBOMCTBAX M FEOMETPUUECKUX MapaMeTpax Cpelbl,
Tak 1 00 ONTUYECKUX MapaMeTpax M3ydyaeMbIX CIIEKTPabHbIX JUHUM U KOHTUHYYMA.
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Kanubposka npoduseit 1uHuit abCOpOLIMOHHOIO CHEKTpa B JATEKUX KPbLIbSIX
MO3BOJISIET OIPENEIUTh CIIEKTPATbHYIO 3aBUCUMOCTD MaNalollero Ha cpemy Herpe-
PBIBHOTO M3NTy4eHMsI. B CBOIO ouepens, IMTETbHOCTh TpOoIiecca SBOTIONMM CIIEKTPOB
MPU PACCMOTPEHHBIX IHEPTreTUYECKUX UCTOUHUKAX (POPMBI 6(t) - ¢yHkuuu dupaka
€ H(?Y) - GyHKIMY eMMHUTIHOTO CKayKa XeBucaiia MO3BOJISIOT CYIUTh 00 YPOBHE
M y3rn MATydeHNs B cpelie M BOZMOXKHOM €TI0 Mepepacipene/IeHIH 10 YaCTOTaM.
BriOpaHHbIe B paboTe 151 WUTIOCTPALIMKM 3aKOHBI, OMpPEAEIsIoNMe HEOQHOPOIHOCTh
pacceuBalolleil ¥ MOMIONIAIOIIEH CITOCOOHOCTU ONTUYECKU aKTMBHOM Cpeibl, COOT-
BETCTBYIOT HEKOTOPBIM YAaCTHBIM (PU3MUYECKUM YCIOBUSIM, OCYIIECTBIISIONIMCS
MpY OMpeaesIeHHbIX YCIOBUSIX B Pa3IMYHbIX acTpodusnueckux oobekTax. B 1o xxe
BpeMsl METOJI, IPUMEHSIEMbI B pab0OTe M OCHOBAHHBIE HA HEM PACCYXXIEHMSI, JIETKO
MOTYT ObITb O0O0OIIEHBI MPU OOpallleHUM K OTHOCUTEIbHO Oojee OOIIMM U
PEATMCTUYHBIM MOJIEbHBIM 3aauaM.

BropakaHckast actpodusuueckast oobcepBaTopusi uM. B.A.AmOapiymsiHa,
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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 S(t) - function
form and the Heaviside H(7) - 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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INpencrapineHpl aHAIMTHYECKWE TMPUOMVKEHUST TOYHBIX PEUICHWII HEIMHEWHOTO WHTErPATHHOTO
ypaBHeHuUsI Tuma BombTepphl BTOPOTro posa isi KIIacCUIeCKUX Ta30BbIX TMOJUTPOI B 3aMKHYTOM (hopme.
D10 ypaBHEHNE PACCMATPUBACTCSI B KAYECTBE MHTETPATHHOTO 3KBUBATIEHTA MUDepeHIIMATBHOTO YPAaBHEHUST
JleitHa-OMmaeHa ¢ TpaHWYHBIMU YCJIOBUSIMM, OIMCHIBAIOIIETO W3BECTHBIC TOJUTPOITHBIE MOJEIA B
pamkax 3amaun Ko, C TIOMOIIBIO JIMHEHHOTO TPUOMIKEHWS] 3TOTO WHTETPATHHOTO YpaBHEHUST U
OOIMX 3BPUCTUUYECKUX COOOpaXkeHWIT (PU3MUECKOTO XapakTepa, a TAKKe C IMOMOIIBbI0 Trpadhuueckoro
MOJIEJIMPOBAHMS I BAPBMPOBAHUSI TIAPAMETPOB ANMPOKCUMUPYIOIIMX (DYHKITHIA, TIOTy4eHbI IPUOIVDKEHHBIE
BbIpaXkeHUsT (GyHKIMIT DMaeHa U Ge3pa3MepHOli TJIOTHOCTU B 3aMKHYTOM BHJIE CO CPEIHEKBAIPATUYHOM
ToyHOCTBI0 OT ~10™ 10 HECKOJBKMX TIPOLEHTOB Ul CEPUM 3HAUEHWil TOKa3aTessl IOJIUTPOIBI 7,
TMIPEACTABJISIIONIMX TpakTudeckuii naTepec (7 = 0.5,3,4, 6,0 ). [lodydeHHOe HaMu paHee TTPUOIDKEHUE
TIPOCTPAHCTBEHHO! TUIOTHOCTA M30TEPMUYECKOI MOJIENTM CPABHUBAETCS C TICEBIOM30TEPMITIECKIM 3aKOHOM,
OMNUCHIBAIOIIMM pacIpe/ie/ieHue TIOTHOCTM TEMHOW MaTepuy BOKPYT CHUPAIbHBIX TalaKTHUK |
WCTIOJIb3YEMBbIM Pa3HBIMU aBTOPAMU JJISI WCCIIENOBAHUS WX KPUBBIX BPAILICHUSI.

KitoueBbie ciioBa: noaumponsi: ypaenerue Jletina-Imoena: HeauneliHoe unmeepatbHoe

ypaeHenue muna Boavmeppvr émopoeo poda: hynkuus Imoena

1. Beederue. Kak u3BecTHO, MIs IOJIUTPOIL ¢ nokasaresasamu n#0,1,5 He
CYLLECTBYET TOUHBIX pellleHui ypaBHeHMs1 JleiiHa-DmueHa (manee - JID-ypaBHeHUe)
B 3aMKHyTOM Buzae [1-3]. OgHako 3TO He MCKIII0YaeT BO3MOXHOCTU TOMCKa
MPUOTMXKEHHBIX PELlIeHWI TaKkoro Tumna. BBUay ClI0XXHOCTU MpoOieMbl, aHAJIUTHU -
YyecKre WY NOoJyaHATUTUYECKUE TIOAXOAbl MOTYT 3[1€Ch COUETAThCSl ¢ UHTYUTUBHBIMU
TIPEATOIOKEHUSIMUA O BO3MOXKHOM (PYHKITMOHATLHOM BUJIE TTPUOJIMOKEHHBIX PELLICHUIA.
CyllecTByeT MHOXECTBO METOAOB IOJYyUYEHUS AHAIMTUUYECKUX TNPUOIMKEHUMA
byHKIMI DMIeHa: pa3ioXXeHUs B CTETIEHHBIE psiabl [1-6], MeTom BCIIoMOraTeTbHBIX
¢dynkuwnit [7], [Mape-annpokcumanuu [8], moauHoMmbl AgomsiHa [9-11], oproro-
HajibHbIe MOJUHOMBI [12,13] u monvHoMbl bepHcTeitHa [14] v T.41. B HacTosiei
paboTe Mbl HE CTPEMMIUCH K TIPOJOJIKEHUIO 3TOM TPaavLIvK, a TAKKe He TIhITATNCh
HaWTU KaKue-TO HOBbIC UTePALMOHHBIE MTPOLIeAypbl B3aMEeH M3BECTHBIX [15] mis
MOJTyYeHUsI MAKCUMAaJIbHO BBICOKOM TOYHOCTU NMpubOmKkeHus. Kak mpaBuio, oHu
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MPUBOISAT K YCJAOXKHEHUIO alllPOKCUMUPYIOIIUX (DYHKIIMH U HEU3BECTHO, B KaKOi
CTEMEeHU MOTYT MPEeACTaBISITh MHTepeC ¢ (U3NUYECKON TOYKHU 3pEHUS, XOTS C UX
MMOMOIILIO JOCTUTAETCSI BBICOKAS CTeNeHb NpuommkeHus. Hac mHTepecoBamu
npubIkeHus1 GyHKUMN DMaeHa B BUAE MPOCTHIX (3JeMEHTApHbIX) DYHKLUMI Win
X KOMOMHAaLMit (ITyCTh AaXKe ¢ He3HAYUTEIbHBIM YILIEPOOM IJIsSi TOYHOCTU TTPUO/IU-
KEHMST), UMEIOIIIX, TT0 BOBMOXHOCTH, KOMITAKTHBIN BUI, Kak, Harpumep, B [16],
KOTOpbIe, KaK Mbl HaJieeMCsl, MOTJIM Obl YIIPOCTUThH pacyeThl (PU3NUECKUX XapaKTe-
PUCTUK TIOJUTPON B aHAJIUTUYECKOM IUIaHE WJIM B TUIaHE yI00CTBA MX MIPUMEHEHUSI
B IIpOlIeCCe YMCJIIEHHOTO WHTEeTpUpoBaHUs. B manbHelileM, B Ka4ecTBe OLICHKU
OJMM30CTM TOYHOW U aNmnpoKCUMUpYyIoled GyHKIuA, OyAeT HCIONb30BaThCs
CpelHeKBaapaTUYHOE MPUOIKEHUE G, oTpenessieMoe Mo opmyJe
vly=£F

v (1)
e y, - TOYHOE 3HauYeHKe (YHKUMU DMIEHA (MJIA TPOCTPAHCTBEHHOM IIOTHOCTH)
B [-il TOYKE, MOJTYYEHHOE YUCIECHHBIM WHTETPUPOBAHKEM, [, - 3HAYEHUE AIIPOKCH-
Mupylolleil ee YHKIIMU B TOM Xe TOouke, N - YMUCIO TOYEK, BHIOpAHHBIX IJISI
BhIuMCIIeHNsI. Bo Bcex rpadmkax, MpUBOAVMMBIX HUKE, VCIONb3YIOTCS 3HAUCHUS
Y, mojiydeHHbIe B [17]. BaxHO 3aMETUTh, YTO HEKOTOPBIE MMOJUTPOITHbIE MOIETH
JIOITYCKAIOT He OAHO OJIM3KOe MO TOYHOCTU MpUOIMKeHue K GyHKUNU DMaeHa U
MPOCTPAHCTBEHHOM MJIOTHOCTU B 3aMKHYTON (popMme.

B pasnene 1 Hareit pa6oTsl [18]' GbLIO MpecTaBIeHO HEIMHEITHOE MHTErPaTbHOE
ypaBHeHME Tuia BonbTeppbl BTOPOro pojaa B KauecTBe dKBUBajleHTa AuddepeH-
HuaibHOro JID-ypaBHEeHUSI ¢ TPAHUYHLIMU YCIOBUSIMU B paMKax PELICHUS 3a0a4u
Koum. 3mech MBI TTOJIb3yeMCSI TEPMUHOM "HEJIMHEITHOEe MHTErpajlbHOe ypaBHEHME"
U B JajibHelIeM OyaeM roBOPUTb O PEIICHUSIX IPUMEHUTENbHO K HeMy. Jlanee,
HeoOXOomMMO MMETh B BUIY, UTO IIpeiaraeMble B paboTe anmpoKcuManny (QyHKIIAI
OMAeHa U TPOCTPAHCTBEHHOM IUIOTHOCTU TMOJUTPON B 3aMKHYTON (opme He
00s13aTeJIbHO BBITEKAIOT HEIMOCPEACTBEHHO U3 3TOTO YpaBHEHUSI WU €ro JIUHEIHOTO
npuOIKeHUSI, HO HEKOTOPhIE MOTYT OBITh OOOCHOBAaHBI C €ro MOMOIIBIO JIMOO
aHaJIuTUYeCcKu, Jubo uyuciaeHHo. Ha rpacdwukax ¢yHKUMIA, TpeacTaBIeHHbIX B
TeKCTe, MPOMWIN TJIOTHOCTA U (DYHKIIMU DMIEHA TIPUBOASITCS MPAKTUYECKU B TOM
XKe MOopSaKe, 4TO U B TeKcTe. Touku Ha rpadukax, COOTBETCTBYIOIIMNX TOYHBIM
pemieHusIM JID-ypaBHeHUs, TTIOJYYeHHBIM B [17], MCIIONB3YIOTCS 3IeCh B Ka4eCTBE
CcTaHAapTa CpaBHEHUS IJISI OLIEHKU TOUHOCTY HAIIUX MPUOIMKEHUIA.

2. Ilpubauscennvie amasumuueckue peuieHus. YNOMSHYTOE BbIIE
HeJIMHETHOe MHTEeTpaIbHOe YpaBHEHNE B paMKaX KIIaCCHIECKON TeOprH CHepUIECKIX
Ta30BbIX ITOJUTPOIT MMEECT BUMI:

B pabome [18] 6 ¢popmyne (33) émecmo cmenenu "B " doaxwcro 6uimb "o "
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g
0(g)=1 —IG”(x)x(l—x/E,)dx. )

0
OHo cripaBeIMBO ISl TTIOKa3aTesell MOJUTPOIIbl # <00 MPU IPAHUYHBIX YCIOBUSX
0(0)=1, 0(0)=0. 3)

B cnygae m3orepMudeckoil cdepsl aHaIOroM ypaBHeHUS (1) sIBIsieTcs ypaBHEHUE

¢
()= e (1 - x/e)dx )

0
C 'PaHUYHBIMU YCJIOBUAMMU

v(0)=0, y'(0)=0. (5)
B npuBeneHHBIX BBIIIIE YPaBHEHUSIX e(g) u \y(a) SIBJISTIOTCS (PYHKIMSIMU DMIeHa
JUIST KaXJIOro ciyvyasi COOTBETCTBEHHO, T.€., 0e3pa3MepHbIMU TPaBUTALIMOHHBIMU
MOTeHLMAJIaMU YKa3aHHBIX MTOJIUTPOIL.

ITomuMo ycnoBuiA, HaIOXEHHBIX Ha (DyHKIIMIO DMIeHa B paMKax 3anauu Koiim,
MOXHO TaKXXe HAJIOXWUTb U TOMOJHUTEIbHbIE €CTECTBEHHbIE TPEOOBaHMSI, KOTOPHIM
JIOJDKHBI YAOBIETBOPATH 9TU (DYHKIIMHU, BbITEKAIOIIME U3 (DU3NUECKUX COOOpaKEHUIt
- 3TO YETHOCTb OTHOCHUTENIEHO TepeMEeHHON &, CyIIecTBOBaHME Y Hee TOUYKH
neperuda npy n =1, KOHEYHOCTb MAacChl MOJUTPOIbI, 3aBUCAIIAS OT A.

B xauecTBe mepBoro 1ara rnpeodpasyeM MUCXOAHOE HEJIMHEMHOe MHTErpaibHOe
ypaBHeHUe (2) B MHOTOMEPHOE MHTErpaibHOE YPaBHEHUE C YYaCTUEM MHTErpajioB
MOBBIIIAIONIEICS KPaTHOCTH, KaK 3TO IToka3aHo B [18]. Ecim BBecTn 0603HaYeHME
©(8)=0"(¢), To ypaBHeHue (2), mocie BO3BedeHMsl €ro Ob6enX yacTeil B 7-10
CTEIIeHb, MOXHO 3aIncaTh B BHUIE:

g X & X x v
r(é)zl—njr(x)x l—g dx+n(n—l).[r(x)x l—g dxjr(x')x'(l——)dx'... (6)

0 0 X
3aech mnepBoe MpUOAMKEHWE AaeT JMHEWHOe WHTEerpajJibHOe ypaBHEHUE TUIIa
BossTepphl BTOporo poja, 3aBUcsILEe OT MoKaszaTessl MOJUTPOIbl KaK OT MapameTpa.
Ero peuienuem sBiasiercs cepuueckas pyHkuusi beccensi HylieBoro mnopsjaka
jo(ﬁé). OpHako rpaduyeckoe cCpaBHEHUE MPUOIMKEHUS K TOYHOU (DyHKUMU
OMJeHa, TOJIYYeHHOH METOAOM UMCIEHHOTO MHTerpupoBaHus [17], moka3biBaer,
YTO B KayecTBe HayaJbHOrO MPUOJMKEHHUsI K Heil ymoOHee OpaThb (PyHKIIMIO
Jo (M,/ Jn ), rae n>1,a A - HEKOTOPOE MOJIOXUTENBHOE YUCIIO TOPSAIKA €IUHULIBL
[19]. ComnoctaBiaeHue rpaduka TOUHONH (YHKIMM DMIeHa co chepudyecKoi
dyHkumen beccens mokasbpiBaeT, UTO ISl TOAyYeHUS 6ojiee yIayHOro aHAIUTH-
YECKOro MPUOIMKEHUST B 3aMKHYTOI (hopMe, HEOOXOIUMO YMHOXUTD 3Ty (DYHKIIUIO
Beccenst Ha HEKOTOPbI KOPPEKTUPYIOIIUI (DaKTOp MEHbILIE eTUHULIbI, KOTOPbI,
HCXOMS U3 HEOOXOMUMOCTH COXPaHEHUsI YETHOCTY (hYHKLIMU DMEHA, TakKXkKe JODKeH
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OBITH YeTHOM (DYHKIIMEH, BO3MOXHO, 3aBUCSIIEH OT CBOOOMTHOTrO MapamMeTpa (VIn
mapaMeTpoB). BEIOOp 3TOro ¢pakTopa 3aBUCHT, BOOOIIE TOBOPS, OT ITOKAa3aTest
TTOJIATPOITBI.

2.1. Cayyau n = (0.5. Dror mokasaresnb OJIM30K K OOJACTH 3HAYECHHUIA
(0.5<n<1.0), kortopnie, kak cyutaercs [20], MpUOIUXKEHHO COOTBETCTBYIOT
YPaBHEHMIO COCTOSTHUSI YIBTPAPEISITUBUCTCKOTO BBIPOXKIEHHOTO HEHTPOHHOIO ra3a
B HEUTPOHHBIX 3Be31IaX, XOTSI TOYHOE YpaBHEHME COCTOSHUS BEIECTBA IPU CTOJIb
BBICOKHMX TIOTHOCTSIX, TIOPSIIKA SIMEPHOM M BBIIIE, HEM3BECTHO (CM., HaIIpUMeED,
[21]) u3-3a HeyBepeHHOCTH B OMUCAHUU B3aMMOIEUCTBUSI MEXIY HEUTpoHaMu
(KpoMe TOTo, B YJIBTPAPEISITUBIUCTCKOM ClTydae, BMECTO OapMOHHOM IUIOTHOCTH,
KaK B OOBIYHON TEOPWUM IIOJUTPOI, B YPAaBHEHUSIX COCTOSHMS IIPUCYTCTBYET
IUIOTHOCTb 3Heprum). YpaBHeHue (2) mpu n=0.5 npumeT BUI:

g
9(§)=1—.[91/2(x)x 1—% dx. (7)

0
BBoxs, Kak ObIIO YKa3aHO BBIIIE, MOACTAHOBKY r(x): "2 (x) , MOXHO TIPUBECTH
ypaBHEHHE K BUIY

12

4
r(&)z I—Ir(x)x 1—% dx 8)
0

nim

:1 j 1——de 9)

[Ipu TakoMm npeoOpazoBaHUM HEJWHEHHOCTh U3 MOABIHTETPATbHON YaCT BHIHOCHUTCSI
B JIEBYIO 4acTb ypaBHeHHMsA. OmHAKO OHO HE TMOIMAeTCsS PEIICHUIO B 3aMKHYTOM
Bune. 1 HaXoXIeHMUs ero MPUOJMKEHHOIO pelIeHUs, ¢ y4eTOM TOro, 4to
byHkuMS DMAeHa He MPeBbIlIaeT eAMHUILY, (DOPMATbHO Pa3IOKUM IMPaBylo 4acThb
ypaBHeHMs (8) B psn Teiyiopa Mo CTeneHsIM MHTerpaja Kak MepeMEeHHOM, 4To
QHAJIOTMYHO pa3ioXeHuto 6MHoMa HbloTOHA C MOJylLeoi cTeneHblo (CM. Takke
ypaBHeHMe (6) m ypaBHeHUs (53)-(55) B pasgeme 1 [18]):

¢ ¥
=1_%JO'T( 1—— x——I 1—— dx.[ (x )x’(l—;jdx'... (10)

0
OrpaHWYMBLIKCH MEPBLIMU ABYMS WieHaMu pazniokeHus B (10), moayuum JiMHeiHOe
WHTeTpajibHOe ypaBHeHUE BosbTepphl, pellieHueM KOTOPOro siBjsieTcss MyHKIUS
Co(i/ V2 ) HanomHumM,
YTO r(&) NpeacTapisieT coboil 6e3pasMepHyIO TUIOTHOCTh pacripeneaeHus (mpobuib
maoTHocTH). OHa OYeHb XOpOUIO OMMChIBAETCA IPUBEICHHON chepuyecKkoi
(yHkumeir beccensi BIJIOTh A0 pacCTOosSHUN &x~2 Npu paauyce MOJUTPOIIbI

r(&)z jo(é/ \/E) WU, BBUAY NPUOTIKEHHOCTH, 6
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&, =2.75269805 . I'pacpuueckoe MoaeTrpoBaHUE MOKA3bIBAET, YTO BKJIAL OTOpO-
LIEHHBIX YJeHOB pasyiokeHus (9) MOXeT ObIThb yUTe€H IPOCTBHIM BO3BEICHUEM
(yHkumnu beccenss B HEKOTOPYIO CTEIeHb, 3aBUCAIIYI0 OT YeTHOW cTeneHu &, a
VIMEHHO, B cTerneHb 1+ &° / 319 . Kak creneHb, TaK ¥ 3HaMEHATeIb pacCMaTpUBAIINCh
B KayeCTBE ITapaMeTPOB, KOTOPHIE BAPbUPOBAIUCH BILIOTH 10 JOCTVDKCHMSI MUHU-
MAaJIbHOTO 3HAYEHUS G :

(&)= (iole/v2) . (11)

OHO OYeHb XOPOIIIO OMUCHIBAET MTPOGUIb TFIOTHOCTHU TTOJUTPOIIHI (G ~ 8.9382 ~1O’3)
BIUIOTH JI0 3HAYeHMs & = 2.6, T.e., MPAKTUYECKH, BO BCEIl 00JIACTU €€ ONpeaeIeHNs,
3a MCKJIIOUeHHWEeM KOHILIeBOW yactu. s ¢hyHKUMM DMIeHa, Mocjie BO3BeAESHUS
(11) B xBagpaT, IpUOJMXKEHUES MMEET B!

o(e)=(jole /52 1) )

TouyHOCTh 3TOM ammpOKCHMMAalMK BIUIOTH JO 3HauYeHUS &=2.6 COCTaBIsSIeT
6=1.278-1072, 4TO UyTb XyXe, 4eM JUISl TUIOTHOCTH. TaKue pacXoXIeHHs ecTecT-
BEHHBI /I TIpeACTaBAeHHbIX (DYHKIIMI, TOCKOJbKY OHU HE SIBISIIOTCSI TOYHBIMU
peIIEHUSIMA WHTEPECYIOIIMX Hac ypaBHeHMU. Bo3aMoxHO ciiaboe yaydlleHue
3HaueHus o (1o 1.264-1072) myTeM 3aMeHBI cTerieHu 6 Ha 6.04 B (11) u (12),
KOTOpOE TIPEACTaBICHO HUXE TpapUUecKH.

MoxHo, ogHako, moaobOpaTh Oojee ymauyHylo (PYHKLMIO BO Bceil oGnacTth
orpelesieHUs, UCXOAsl U3 HEKOTOPbIX HABOASIIMX COOOpaxkeHuii, Oe3 CTpOroro
MaTeMaTU4eCcKoro o6ocHoBaHMs. IIpearioaoxxuM, 4To BBULY OJIM30CTH MOKa3aTenei
noyutpon n=0 u n=0.5, 6e3pa3MepHast IJIOTHOCTb, KaK M (PYHKIUST DMIeHA,
npu n=0.5 TOJKHA COAEPKaTh TAKOE XK€ KBaJpaTUUHOE BbIpakeHUe, KaK (PyHKIIMS
DMIIEeHa LISl HECKUMAEMOM KUIKocTH - & / 6, HO B Oosiee 00OOILEHHOM BUIE:

2
03 (e)=r(¢)= —% , (13)
€
rme & MU ® - CBOOONHBIE TApaMeTphl, ONpelesseMble MyTeM TrpaduyecKoro
MoJearMpoBaHusl. Bapuauuu 3TuX mapaMeTpoB NalOT MUHMMaJbHOE 3HAuYeHUE
c~8.41478-107 mpu &y =2.75269805 (pammyce moauTponsl) U o = 0.5874 , 4TO
0JIM3KO K 3HAYECHMIO ITOKa3aTessl MOJIUTponbl. Takum o0pa3oM, IMojiydaeM
0.5874

®

2

0"7(¢)= 1—2—2 - (14)

0
DTOT pe3yabTaT MOXHO YJIYUILIUTb, €CJIM 3aMEHUTh MOCTOSIHHYIO cTereHb 0.5874
Ha MepeMEHHYIO B BUIIe YETHOU (PyHKUMU & , UCXOIS U3 TPeOOBAaHUSI CUMMETPUU
byukuum dmuenHa. [IpoBepka mokasbiBaeT, YTO Hauboiee MPUEMJIEMON SIBIISIETCS
¢yHKIIMS YyeTBepTOil creneHn D - E<§4 , Tne koadppuuumentel D u E mogduparorcs
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TaK, YTOOBI 0OECITEYNTh MAKCHUMAJIBHYIO CTeTIeHb TTPUOIIKEHNS K MCKOMOM TOYHOM
dyukumn. Tak, mig TpodIs MIOTHOCTA HAXOMVM:

2
el/z<a>=[1-§—2

0

(15)

J0A6290.001405§4

npu c~1.69-107, Torma kak i GyHKUMUM DMueHa o ~1.173164-107° mpu
D=1.2618 u E=0.00281. Takum oOpa3oM, MBI UMEEM:

(16)

iz 1.2618-0.00281&*
={1-=2-
" ( an
3ameTnM, uTo (16) SBIIAETCS TTOYTH TOYHBIM KBagpaToM (15), Kak M JOJKHO OBITh
B ujeajie, a YMCJIEHHOE MHTerpupoBaHue ypaBHeHUs (7), Mocie MOACTAaHOBKHU B
Hero IIoTHOCTU (15), maet mpubaxeHue K QyHKIUU DMIeHa, OTJIMYaIoIIeecs OT
(16) Ha o~10"*-10". 3ametum, uto KBampaT GyHkumu (14) npubmmKaer
GYHKIMIO DMieHa ¢ 6 =7.8669-107°.
Boipaxenue (14) ynoOHO 1151 BBIOJIHEHUST TIPSIMOTO MHTETprUpoBaHUs B (7)
Y TIOJTyYEHHUSI ellle OJHOro MPUOIMKEHHOTO aHATMTUYECKOTO BhIPAXKEHUS (PYHKIIMU
DMIeHa 3ToM Mojaeln, BechbMa Om3Koro K (16). Beramcnenve maer:

1 a 1 b
3
0.8 0.8
1 2
a 0.6 0.6
< @
o 1
0.4 0.4
0.2 0.2
2 1
3
0 0
0 1 2 3 0 1 2 3
g g

Puc.1. a) Ilpodwrs mmotHOcTM monutporsl ¢ n = 0.5. KpuBag | (c XBOCTMKOM) 3amaHa
dbopmynoir (11), a 3 - dopmynoit (15). Kpuasg (2) omuceiBaer mpoduns 1uiotHOcTH (14),
KOTOpasi BU3yaJbHO IMOYTHM HeoTamuuma oT ¢yHkuuu 3. b) IlpubmukeHue byHKuMU DMaeHa
nosiutpornbl ¢ #=0.5. CruloilHble KPUBbIE MPEACTABISIOT annpokcumupyoinue GyHkuuu. Kpubas
1 onuckiBaercst opmynoii (16), a myHkTupHast KpuBas 3 - dopmynoii (12). Kpupas 2 siBisiercs
kBagparoMm (14) m pacnonaraercss mexay (1) u (3). OHa Bu3yaJbHO MOYTH HeomMyuma ot (16)
u (17), xoropast 3mech He TPEACTaBICHA.
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SN0 O 50 -
9(&)—1 2((04—1)1 (1 E)é] +2§B <z:,g.,z,(l)-f—l . (17)

2

2

3

Tae B(E’—;E, m+1J - HeToTHas 6eTa-GyHKIMS, onpenesseMas MHTerpajiom [22]:
0

B(z;x,y)zJ‘t’H(l—t)y_l dt, Rex>0, Rey>0. (18)
0

IIpn ykazaHHBIX BbIIIE 3HAYEHUAX ©=0.5874 m &, =2.75269805, mosy4eHHOE
npubmkeHue K GyHKIMKA DMaeHa oOpaillaeTcsi B Hylb npu &~ 2.73867051 (¢
TouHOCTBIO ~107), T.€., OXBATHIBAET MPAKTMYECKM BCIO 00/1ACTh OMpee/eHMs peaTbHOM
(yHkumu OMmaeHa. ITpu 3ToOM OTKIIOHEHME OT TOYHOW (DYHKIIMM Ha 3TOM WHTEpBaJie
COCTaBNIsAET & ~ 3.48167-107°. T'paduku dynxumit (11), (12) u (14)-(16) npeacras-
JieHb! Ha puc.la, b. ®ynxuuu (16) u (17) pazmryatorcst Ha ~10-107 B 3aBUCUMOCTH
OT TOYKHM BHYTPH OOJACTH OIpPEIeICHMSI.

2.2. Cayyau n=1.5 u n=_2.0. llepBblii cIy4ail OTHOCUTCH K BBIPOXKIEHHOMY
HEePEIITUBACTCKOMY 3JIEKTPOHHOMY Ta3y B MaJIOMACCUBHBIX O€NbIX KapJuKax.
[IpubmxeHHble BbIpaxkeHUs1 GYHKIMKM DMIeHa JUId 9TUX MOJUTPOI, CoAepXKalue
cepuyeckyro ¢pyHKIMIO beccenst HysieBoro mopsiaka, npuBeaeHsl B [19], mostomy
MBI Ha HHUX OCTaHABJIMBAThCS He OymeM. 3aMeTHM JIMIIb, YTO OHM OTIMYAIOTCS
BBICOKOI cTereHblo nmpubmmkeHus. [pu n=1.5, c=8.087-10, a npu n=2,
6=4.12321-10" npu HailleHHBIX 3HAYEHUSIX NMApaMeTpoB (YHKLMIL.

Ha npumepe nonutporsl ¢ #=2 Mbl IPOAEMOHCTPUPYEM OIMH METOI, HAXOXICHUS
TIOC/IEIOBATETbHBIX PUOIVDKEHUI pellieHUsT ypaBHEeHWS (2), KOTOPbIiA SIRIISIETCST YaCTHBIM
clydyaeM Mmpoleaypbl, u3noxeHHoW B [lpumeuanuu 1 [18] Ha nmpumepe ypaBHEHUS
®penrombMma 2-1o pona. OHa JaeT BO3MOXHOCTD ITOCTPOEHUS UTEPUPOBAHHBIX SIIEp
u psna HelimaHa, ¢ TOMOIIBIO KOTOPOTO MOXXHO MOJYYUTh PE30JIbBEHTHYIO (DYHKIIUIO,
a 3HAYWT, W pellleHNe JIMHSHHOTO MHTEeTPAIbHOTO ypaBHeHMS. B 1o Xe Bpemsl oH
TO3BOJISIET TIPENCTABUTD PEIlICHNE TTOIMTPOITHOTO YPaBHEHMS B BUIE Psa IO BO3pac-
TalOLUUM CTENEHSIM & .

VpaBuenue (1) mpu n=2 uUMeeT BUI

0(g)=1 —]i'ez (x)x(l —%]dx. (19)

BmecTto ¢yHKLIMU e(x) B MOJBIHTETrpaJIbHOM BbipaxeHuu B (19) moacraBuM BCO
MpaByIO YacTh 3TOTO ypaBHEHUs (Ha30BeM 3Ty MOACTAHOBKY "Matpelikoii"). bynem
MMETD:
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6(g)=1- i[l - fez (x’)x’(l —ijdx’]z x(l —%]dx -1 —% +

0 X

22;{1 - %] dxie2 (x')x'(l - ’C?j dx' — j[x(l —%] Eez (x')x’(l - XE] de dx .

IToBTOPSIS 3TY MpoLEAYPY HECKOJBKO pa3, MOJYyUYUM CIeIyIollee pa3iokeHue
O(é’;) MO CTEMNeHSIM MEPEMEHHON & BILJIOTb IO MEPBbIX YEThIPEX WJICHOB

2 4 6
6(&):1—§—+§——£+

6 60 7560
YTO C TOYHOCTBIO N0 WICHOB MOpsiIKa E£° COBMAZAeT C IMOC/IENOBATEIbHBIMU
npuonauxenusmu Ilukapa v ¢ pasznoxeHuem 6(&) B psan Teitopa mis Masibix
3HaueHui & (cM. Takxke [9,10] oTHOCUTENBbHO MPUMEHEHUST METOA IEKOMITO3ULIUU
AnomsHa s perueHust JID-ypaBHeHUsT)

e(g)zl_iJr ng' n8n-Sk° n(1221%-183n+70)
6 120 15120 3265920

Q1)

gs... (22)
npu n=2.

2.3. Cayuaii n=3. Kak u3BeCTHO, TaKasi [IOJIUTPOITHASL MOIENb [TPUMEHSIETCS
JJIS OMMCAHUS 3Be3] INIABHOM IOCAeA0BaTEIbHOCTU M XOPOIIO COTIJIacyeTcsl CO
CTaHJIAPTHOU Mojenblo DamuHrToHa [23]. KpoMe Toro, oHa onmuchbiBaeT COCTOSTHUE
BBIPOXICHHOTO PEJIITUBUCTCKOTO 3JIEKTPOHHOIO Ta3a B OeNBIX Kapiaukax. Jlist
3TOro ciyyasi ObUIO MPEAIoXKEHO BechMa Xopolllee puokeHe (PyHKIMY DMIeHA
B BUJE rumnepbosmyeckoro cexanca [16]:

g g 2

(&)l i @
CpenHeKBaIpaTUYHAs OLEHKA alPOKCUMALIMK COCTaBIsieT o =1.70619-107%. Ecin
OBI 3TO pellleHre ObUIO TOYHBIM, TO B KAYeCTBE pacIipeeieHIs] IVIOTHOCTU HYXKHO
ObU10 OBl OpaTh (PYyHKIIMIO (6(&/ ﬁ ))* . TIpoBepKa IOKA3bIBAET, YTO MOCIEIHSS
¢GyHKIMA 06aM3Ka K TOYHOMY IPOGIIII0 IUIOTHOCTU IIOJMUTPOIILI HAa BEIWYMHY
6=1.00954-10"2. Ee MOXHO HECKOJbKO YJIyYLIUTh, €CIM PACCMATPUBATh IEpe-
MEHHYIO CTeleHb Buaa 3—dx’, rae d - cBoOGOmHBII mapamerp. Bapwupys d,
MOXHO JOOMTHCS MUHUMAJIbHOTO OTKJIOHEHUS IPUOIIKEHNSI OT TOYHOIO pacIipe-
JIeJIeHUs] TUIOTHOCTH, TOJYYEHHOI'0 METOAOM UYMCIEHHOTO UHTerpupoBaHus. OHO
uMeeT ceayrommii Bua (mpu o =9.1326-107°):

(i) ¢ 3-0.0176&>
P& _lsech| = .
oy |:sec [ ﬁJ:| (24)
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OpHako ¢yHkius Tumna (24) He yooOHa mjisl aHaIUTHUYecKUX pacdeTtoB. C 3Toit
TOUYKM 3peHUSI Topa3no Oosee MOAXOASILMM ITPUOIMKEHUEM TIJIOTHOCTA OKa3bIBAETCsI
byukumst expl-g&? ), rae KoabdULMEHT ¢ HAXOANTCS TaK Xe, KAK ¥ TapaMeTpbl
paHee oOcyxagaeMblx (QYHKLUUI. MUHUMYM G JOCTUTaeTCs MpPU 3HAYCHUU
1.70252-107% mnst q=0.427, 4TO HECKOJBKO XyX€ MPUBEICHHOTO BbIILIEC 3HAYCHMUSI
nnsa pyakuun (24). I'padpuueckn pyHKuIMM exp —0.427<§2 u (24) oueHb OJIU3KU
Ipyr K apyry (cM. puc.2a). HoBoe mnpubiakeHue QyHKUUM DMACHA MOXHO
TIOY4HTh, €CITH TOACTaBUTh exp |- ¢ &%) B ypaBHeHMe (2) U IPOM3BECTH HEOOXOIMMOE
uHTerpupoBaHue. Ilociie HEKOTOPBIX MPeoOPa30BAHUI TOJTYUYMM BEIpaKEHUE:

0(e)=1 —ie"q"zx(l —%de =1 _zl_q(l _e 18 )_

1 3 ) 1 VT
L =1 |1-2"
P Zw{z,qé J Zq{ 2@,;€ﬁ(vq&ﬂ,
rae y(3/ 2, zz) - HVDKHAA HeToJMHasg raMMa-(QyHKkuus, a erf (z) - (byHKIIMS OLLIMOOK.

IIpu 3THX MpeoOpa3soBaHUSAX WMCITONb30BAINCH CIEAYIOIIE COOTHOIIEHUS ISt
IaHHBIX QyHKUM [23]:

y(s+1x)=sy(s, x)—x'e™, y[%,x] =\/;erf(\/;). (26)

IIpu g = 0.427 annpoxkcuMauusa (25) GyHKOMM DMIaeHAa C TOYHOCTHIO
6=3.21205-107 cornacyercsl ¢ MOBeAeHUEM (23). MakcuMalibHOE CpelHe-
KBaJIpaTUUYHOE OTKJIOHeHue pyHKuuit (23) u (25) Bo Bceil obnactu onpeaenaeHust
byHkuun DmaeHa (0 <& <6.8968486) cocraBiusieT 3.5486-1072.

3aMeTuUM, 4TO paauaibHOE pacrpeneseHue Macchl (OTHOIIEHWE MACCHhI,
3aKJIIOYEHHO B 00beMe C paauycoM & K MOJHOM Macce MOJIUTPOIIbI), YUCIEHHO
paccuMTaHHOE 0 OTKOPPEKTMPOBAHHON (PyHKIMU (24), XOPOLIO COrIacyeTcs Co
craHaapTHoil mozaenbio ConHua [24]. I1o 3TUM pacueTam mojy4yaeTcsl, 4To MOUYTH
95% wmaccel CoJHIIa COCPEeIOTOYeHO B 00OBbeMe, 3aHWMAarolleM MpuMepHo 22%
00BeMa 3BE3IbI, YTO TIPUBOIUT K 3HAYCHUIO CPEMHEN 1T 3TOro 00beMa TUIOTHOCTH
B 6.204r/cM’, TUITMYHOI IS METAJIOB.

B pamMkax omuchiBaeMOro nmoaxoja, Kak 1 B ciaydae ¢ #n= 1.5, nmpubamxeHHoe
BbIpaxXeHue ISl (PyHKUMU DMIeHa MOXHO ObLIO Obl MCKaTh, UCMOJIB3YS Chepu-
yeckylo ¢yHkuuio beccens ké/ NE) , TOMHOXEHHYI0O Ha KOPPEKTUPYIOLIUA
dakTop ¢ kBagpaTHbIM ujieHOM (cM. [19]). OmHako HaligeHHbIe MPUOIMKEHUS
YCTyHalOT TT0 TOYHOCTH TOJIYYEHHBIM BBIIIIE U MBI MX pacCMaTpUBaTh He OyaeM.

I'pacdhrueckoe MoneMpoBaHUE C TTOMOILIBIO PATAYHBIX AIEMEHTAPHBIX (PYHKIIMI
MOKa3bIBAET OMHAKO, YTO MpU 3.5 <& <6.8968486 OGosee TOUHbIM, yeM (23) u (25),
OKa3bIBAETCsl IPUOJIKEHUE:

(25)
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487 5 0.948765
. X
0()= 1- :
© xz[ 6.89684862J 7

IMTpubmxenus (23) u (27) cumBamoTcsa B Touke & =4.27325 u garoT cpenHe-
KBaJpaTUYHOE OTKJIOHEHUE OT (DYHKIIMU DMAECHA BO BCeil 00JacTy ompeneaeHust
Ha YpOBHE OJHOTO MpolleHTa o =1.09537-1072. VX KOMOMHALUS MOXET ObITb
MpeacTaBieHa B BUIE

4 87 P 0.948765
: {1 al H(g-4.27325), (28)

_ £ _ _
e(a)_sech[ \BJH(4.27325 E)+— o

X

rne H (x) - eIMHUYHas (yHKUUS XeBucaiina: H (x > 0)= 1, H (x < 0)= 0. I'padpuxu
dynkumit (23)-(25), (27) npencraBieHbl Ha puc.2a, b.

[ I | }

1 a 1 b
2
0.8 0.8
s 0.6 1
& . o 0.6
a
0.4 0.4
2
0.2 0.2
2 1 1 ,
0 0
0 2 4 6 0 2 4 6 8
g S

Puc.2. a) INpubmmkeHue mpodwis IUIOTHOCTM ToiuTporbl ¢ # = 3. KpuBble, olpeneisieMbie
opmynamu (23) B Kyomueckoil crenieHn u (24), mpakTudecku cauBatoTcs B (1) m jioxaTcs Ha TOUYKH,
COOTBETCTBYIOIINE TOYHBIM peieHusiM JID-ypaBHeHus. Camass HWXHSST KpuBas (2) OINKMCHIBAETCS
dopmymoit exp(-0.427x%). b) Tpubmikenne GyHKIMU DMIeHa TomuTporsl ¢ n= 3. Ipaduku 1-3
00pBIBAIOTCS HA paccTosiHNM & = 6.8968486 . @ynkums (1) omvichiBaetcst hopmysoit (23), 2 - opmyrnoit
(25) u 3 - dpynkuma (27) npu & >4.27325. @Oynkuum 1 u 3 cumBalorcs B Touke & = 4.27325
1 00pa3yloT Kak Obl €IMHYI0 KpPHBYIO, OINMKChbIBaeMyio (opmynoit (28).

2.4. Cayyau n=4.0 u n=06.0. Xora 5TM NOJUTPOIHBIE MOIEIU HE
acCOLMUPYIOTCS ¢ KAKUMU-TTMOO U3BECTHBIMU KOHKPETHBIMU acTpO(hU3NYeCKUMU
0o0beKTaMU, TeM HE MeHee, HeIb3sl MCKITI0YaTh BO3MOXKHOCTU MX MPUMEHEHUS B
OymylieM B paMKax KOMITO3UTHBIX TTOJIMTPOITHBIX MOIEJIEH, OTHOCSIIINXCS K KJIaccy
yX€ 3HAKOMbBIX OOBEKTOB WJIU CUCTEM.

s HaxoxaeHWs1 NpUOIMKEHMS] TUIOTHOCTH MPOCTPAHCTBEHHOIO PacIipeesieHUs
B HMX OyaeM WMCXOOWTb W3 paclipeiesieHus IUIOTHOCTH B Mmomenau I[lrammepa-
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Iycrepa:
1

e @

T.€., MOJUTPONBI C # =35, B KA4eCTBE WCXOMHOro NpubavxkeHus. s atoro
paccMOTPYM HEKOTOPYIO YCIOBHYIO TTOJIMTPOITHYIO MOIENb C 71 = 5(1 + s), 7€ MapamMeTp
|| < 1. Pa3noxiv (pyHKIIMIO TUIOTHOCTH IIPOCTPAHCTBEHHOTO PACTIPEIE/ICHIST 65(”8)@)
B PSIJI IO CTETEHSIM €, OTPAHUYMBILKCH TTEPBBIMU YETHIPbMS WIEHAMU PA3JI0XEHMSI.
IMoxoxwuit MeTon yxXe mpuMeHsuica B [25] K JID-ypaBHEHUIO B TPEAITONOKEHNH,
YTO MAHHBIN TMapaMeTp SIBJISIETCS CYIIECTBEHHO MaJIOW BEJIMYMHON TI0 CPABHEHUIO
C MoKa3aTeJIeM CaMOl MOJIMTPOIIBI, a €lle paHee Takas uaes OblIa MpeaIoXeHa
B pabote [26], B KOTOPOIi Mpeaiarajuch HOBbIe PUOIVKCHHBIE aHATUTHICCKUEC
peieHust JID-ypaBHeHus. PaznoxeHue umeeT BUI:

05145)(2) = 05 (&)1 + Semn6(2) + (52/21)e (0 2))? + (5°/31)e? (1n0(c)) ] (30)

WJIM, UCTIOJIb3YS TpeAcTaBiaeHue (29),

R ey )5/2[ G2l fa)e et e

(5%/a8)e’3(1+£2/3)..]
IIpn n=4, s=—1/5 , a Ipu n=0~0, s=1/5. IloncraBnssi ykazaHHbIe 3HAYEHUS
napaMeTpa ¢ B IMPUBEICHHOE BBHIIIE PA3I0XKECHUE, IOJIYYUM:

0*(e)~ WP +%1n(1 ¥ §2/3)+%1n2(1 +&23)+ 4i81n3(1 ¥ g2/3)..} L ®

0°(¢)=

0°(2) ~ —— . [ nfl+22/3)+ <In 2142 /3) 3(1+§2/3)...] 33)
(1+e23

[IpuBeneHHbIE Pa3IOKEHUSI TOCTATOYHO OJIM3KU K TOYHBIM (DYHKIIMSIM MPOCTPAHCT-
BEHHOI MJIOTHOCTM JJISI YKa3aHHbBIX MOJUTPOMHBIX Mojeneil. OqHako mpoBepka
MTOKA3bIBAET, UTO JIYUIIETO MPUOIMKESHUS MOXHO TOCTUYb, €CIM COXPAHUTh TPHU
yjieHa pas3jiokeHUs] B KBaJAPaTHBIX CKOOKaX MPUBEAECHHBIX BbIPaKEHUI, a BKJIal
OMYIIEHHBIX WIEHOB YYECThb IyTeM BO3BENEHUS OTUX CKOOOK B HEKOTOPYIO CTEIEHb,
3aBucsiryio ot §. ['padmyueckoe MomeaMpoBaHME TTOKA3bIBAET, YTO 3Ta CTEIEHb
XOPOLLO ANMPOKCUMUPYETCsT SKCIIOHEHINATBHOM (DYHKLIMeH OT &2, 3aBUCSILIEH OT
rnapameTpa, MoJiexalllero ornpeneaeHuIo ¢ MOMOILbI0 MUHUMU3AIMU CPEIHEKBAI-
paTUYHOM OLIMOKY arnpokcumaruu. Tak, st ToJMTponbl #=4 ToydaeM TUIOTHOCTb
pacrpeeneHus B BUAE:

)}exp(—msssaz)

’ (34)

O /3)5/2[ nfi+223) L
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npu c =6.351853 1074 J71T TOJIUTPOITEI 1= 6 HaWIy4lllee MPUOTIKeHe UMeeT
BUI;

exp(70,1972‘,2)
)} (35)

Gﬁ(g)z;[l—lln(l ve2 ) im2(ie e 3
(1230 2 8
¢ o=1.1980887-107°. CooTBeTCTBYyIOLIME UM IpadMKU NpeACcTaBIeHbl Ha puc.3a.
B ciiyyae moactaHOBKM MPUBENEHHBIX TPOMUIeH MIIOTHOCTU B ypaBHEHUE (2),
JUTSL TIOJTyYeHUsT MPUOMKeHWI (DYyHKIMIT DMIeHa yKa3aHHBIX MOJUMTPOITHBIX MoJesei
BO3HUKAIOT TPOMO3IKUE BbIPAXKEHMS, O TIPAKTUUECKOM T10JIb3€ KOTOPBIX TOBOPUTh
He npuxomutcs. IIpole Bcero BBIUMCIUTBL KOPHU 4-ii v 6-i1 cteneHu oT (34) u
(35) (kak ecau Obl OHU ObLIM TOUHBIMM PEllIeHUSIMU ypaBHEeHUsI (2)), KOTOpbIe, Kak
0Ka3aJloCh, OOECTIEUMBAIOT CTENEHb MPUOIMKEHMST K TOUHBIM (DyHKIMSIM DMeHa Ha
YPOBHE HECKOJIbKMX MPOLIEHTOB U MeHee MpolieHTa (NMpu n=4, ¢ = 3.556-107 BO
Bceil obnactu onpenenenus, a npu 0<E<7.0, 6=9.3927 107, 4TO OXBATHIBAET
OCHOBHYIO 00J1aCTh KOHIIEHTpallMKU BCei Macchl MOAUTPOIibl. COOTBETCTBEHHO, IS
n=6 TOYHOCTb IMPUOJIMKEHNSI Ha BbIOpAaHHOM MHTepBajie paccTtosHuii 0<§<16
cocTaBsieT o =1.594-1072, B To BpeMsI KaK B quarnasoHe 0 < £<8.0, 0=1.044- 1073,
OTU TaHHbIE YKa3bIBAIOT Ha HEKOTOPOE PACXOXKIEHUE MEXITY TOYHBIMU (DYHKIIUSIMU
OMIeHa U UX TIpUOIMXKEHUSIMHA B XBOCTOBOM 4YacTH, UTO MOXHO YBUIETb Ha
puc.3b, rie TOYKu, Kak ObUIO CKa3aHO BbIIIE, COOTBETCTBYIOT TOUHBIM PELLIEHUSIM,
MOJy4YeHHbIM B [17] myTeM 4ncaeHHOro uHTerpupoBaHus JID-ypaBHeHus. OXunarb
TaKoM XK€ TOYHOCTU MPUONMXKEHUN WIS PYHKLMNA DMIeHa, KaK 3TO UMEET MECTO
TSl 6e3pa3MepHbIX Mpoduiel TUIOTHOCTH, KOHEYHO, HeJb3sl, TIOCKOIbKY peub UIET
0 TIPpUOJMXKEHHBIX BbIpaXKEHUSIX B 3aMKHYTOM BUJE, @ HE TOUYHBIX PEILICHMUSIX.

| . b

1
0.8 08
g 06 o 06
Q
0.4 n=4 0.4 n=6
0.2 0.2 =4
n=6 "
0 0
0 5 10 0 4 8 2 16
g g

Puc.3. a) INpubmmkeHue mnpoduieil TUIOTHOCTA MOJUTPOIl ¢ n=4 u n=6. b) IlpubamxkeHue
dbyHkuMit DMmeHa momuTport ¢ n=4 u n=6.
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2.5. Cayuaii n=oo0. DTOT Cilydail COOTBETCTBYET U30TEPMUYECKON MOIEIH,
KOTOpasl OIUChIBaeTCS ypaBHeHUEM (3) ¢ TpaHUYHBIMU ycaoBusIMU (4). OH noapoOHO
uccnenosaicst Yanapacekapom [2]. ITpu Maibix 3HaAYEHUSIX apTyMEHTa 9KCIIOHEHTA
B (3) MOXeT OBbITh MPUOMKEHHO 3aMeHeHa Ha 1, ¥ Torma MbI MOJIydaeM TTOBeIeHUE
dyHKIMM DMOeHa \|/(<";)= éz / 6 B OKpeCTHOCTHU IieHTpa. 1 ITOTHOCTH 3TO JaeT
p= eV 51— g2 / 6 , 9TO XapaKTepHO UTI BCEX MOJUTPOITHBIX Moeieil. IloBeneHume
byHKIIMM DMIEeHA B 3TOM MOIEIM MPHU MAJIBIX & MOXHO YTOUHUTD, €CJIA IPOU3BECTHI
3aMeHy

eV 21— y(x), (36)

YTO TO3BOJISIET CBECTH (3) K HEOAHOPOAHOMY JIMHEMHOMY MHTETPaIbHOMY YPaBHEHUIO

=——f\|f (l——de (37)

PELICHUEC KOTOPOIo HaXOJAUTCA SJIEMCHTAPHO:

2
we)= 15
& 6
AHanuTryeckoe npubamkeHue QyHKIUM DMaeHa 1T U30TEpMUYECKON cdepbl
B 3aMKHYTOM BHJ¢ OBbLIO MPEIIOXKEHO U IeTaJbHO OMMCAaHO HamMu B pabote [19].
ITpubauxeHne NpoCcTpaHCTBEHHOMN TJIOTHOCTA UMEET BUA:

(38)

2 —$(2)
e_“’(é) ~ Q(i)/Po = (1 +7J > (39)
1+&2/4
B ):ﬁ. 0)

Ecm nipencraBuTh, YTO CIAPATBHbIE TATAKTUKY ITOTPYKEHBI B M30TEPMUUECEKOE TaJlo,
TO MPU JAaHHOM Mpoduiie MJIOTHOCTU ToydaeTcsl KpuBas BpaieHus (cM. [19]) ¢
MOCTOSIHHOM CKOPOCTbIO OPOWTAIBHOIO IBMKEHMSI vV Ha OOJbIIMX PACCTOSTHUSIX OT
ueHTpa. 31ech v - 6e3pasMepHas BeanuMHa, paBHast V/V,, V - opbutanbHas cKOpoCTb,
V,, - HEKOTOpas MOCTOSIHHAsA CKOPOCTb, ONpefessiemMas Hipke. Ha MalbIx paccTosaHMsAX
CKOPOCTH PaCTyT JIMHENHO (v ~ &), YTO MOJHOCTbIO COOTBETCTBYET HabomaeMol B
9TUX TajlakThKax KapTuHe. ITomydeHHasi ¢ momolibio (39) TeopeTrueckass Kpupast
BpallleHNsI COXpaHsIeT JIMHEMHOCTh Ha OOJIbIIIEM PACCTOSIHUM OT LIEHTpA TaJlaKTHUKH,
YyeM aHaJIOrMYHasl KpyBasi, BEIBOAMMAS U3 TICEBIOM30TEPMUUECKOro 3aKoHa [27,28]:

( )/Qo TR)z 41)

(rme @, - LEHTpalbHas IUIOTHOCTb, F - PACCTOSHUE OT LEHTPa CUCTEMBI, a R, -
pammyc ee simpa), UCTIOIb3YeMOro TIPY OITMCAHUY pacTIpeeIeHIs XOJIOTHON TeMHOM
MaTeprH B Tajlo TAJIAKTUK B Ka4yeCcTBe aJlbTepHATUBH Momenu Hasappo-PpaHKa-
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Vaiita [29,30]:
(Vo=

T R R @)
UMEIoLIENH OCOOEHHOCTb B LIEHTpPE. 31€Ch Py ¥ MACITaOHbIA panuyc R - mapameTphbl,
3aBUCSIIME OT Tajo. B mceBmon3oTepMuUYecKoii MOIEI aCUMITOTHUYECKAsT CKOPOCThb
V, Ha KpPUBOI1 BpallleHUsI CTPEMUTCS K 3Ha4eHWIo V, =.4nGp,. R.. B Hameii

monenu V= ﬁ Vi, , @ MaKCUMyM KpUBOW BpaiueHus V,, = 1.55V, . CpasHeHue (39)
u (41) npeacrasieHo Ha puc.4a. Ha puc.4b mokasaHbl KpUBbI€ BpallleHUsT Hallleit
MOJEeIN W TCEeBIOU30TEPMMUYECKON MOJAENM, TAe B KauyecTBe Oe3pasMepHOro
PacCTOSIHUS UCIOJIb3YETCsl BeIMYMHA 7/ R .

| a | 1 b
1 1.5
0.8 1
= 1
Q_ 0.6 -
Q 2
0.4
0.5
0.2 " t
2 |
0 0
0 5 10 15 0 10 20
& r/R,

Puc.4. a) CpaBHeHue Halero Npodwis IUIOTHOCTH M30TepMHMuecKoil cdepsl (1) ¢ mceBmo-
n3orepmuueckuM npodwiem (2). b) Kpusas BpaieHust (1) COOTBETCTBYeT HallleMy MPUOIMKEHUIO
M30TEPMUYECKOTO MPOGUIS TIOTHOCTU, (2) - TCEeBIOM30TEPMUYECKOMY 3aKOHY.

Bompoc 0 TOM, MOTYyT M TIpeIJIOKEHHBIE HaMW TIPUOIIKEeHUE TPOGUIIS
IJTOTHOCTH M30TEPMUYECKON chephl M TeopeTHdecKass KpruBas BpallleHUs CTaTh
aJbTEPHATUBAMM YXK€ CYIIECTBYIOIIMM MOIEISAM C TOYKW 3PEHUS MOHUMAHUS
0COOEHHOCTEN CIMPATBHBIX TAJTAKTHK, TPeOyeT OTIETBEHOIO aHaIn3a ¢ IpUMEHEHEM
HabJIonaTe IbHOTO MaTepuaa.

3. Bbigoder u obcyxucoenue. B Hacrosieir paboTe MPUBEAEHbBI MPUOIIH-
KeHus (pyHKumMii OmaeHa u mpoduisg Oe3pa3MEpPHOU TIJIOTHOCTU ISl Pa3HbIX
MTOJIUTPOITHBIX MoOeNieil ¢ TMmokazaTensiMu Toiautponsl n=0.5,3,4,6,00. DTt
NPUOTKEHNST OTINYAIOTCS TOCTATOYHO BBICOKOH ToyHoCThIO (oT 10™ 10 107%) 1
TIpeICTaRICHBI B 3aMKHYTOM BHJIE, COCTOSIIEM W3 3JIeMEHTApHBIX (GyHKImit. JIis
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HaxoXIeHWss U OOOCHOBaHMWSI HEKOTOPbIX M3 HUX MCHOJb30BAIOCH HEJIMHEMHOE
uHTerpaibHoe ypasHeHue (2). I1py 5ToM 13 HATOXKEHHBIX paHee Ha UCKOMbIE (DYHKIIMU
OMeHa YCI0BU (DM3MYECKOro XapakTepa (Y€THOCTh OTHOCUTEIbHO CBOEl MEpeMEHHOM,
HaIM4YMe TOYKW reperuda npu #> 1, KOHEUHOCTh MAcChl AJIs1 ONpeeSIeHHbIX #), 30eCh
HICITONTB30BATIOCh TOJIBKO YCIOBUE YETHOCTH U, KOCBEHHO, BTOPOE Yc/IoBYe. PaccMoTpeHHbIE
3HaYEHMsI TTOKA3aTeIsl TTOJIUTPOIILI (BMECTE C TEMU, UTO 00CYXKnauch B [19]) oxBarbiBaioT
JIOCTAaTOYHO OOILIMPHBIN KIacc acTpOhU3NIECKMX OOBEKTOB, IS KOTOPBIX MOTYYeHHbIE
MPUOIVDKEHUST MOTYT OKa3aThCsl, KaK Mbl HAJEeMCsI, MPAKTUYECKU TOJIE3HBIMU Kak ¢
(pusnueckoi, Tak U BHIMUCIUTELHON TOUEK 3pEHMSI.

KanmpoBoe arenrcrBo, Kemm Cepsucuc, Kanzac Cutu, CIHA
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.ASAIYAN

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™* to a few
percents for a series of values of the polytropic index n of practical interest
(n=0.5,3,4,6,0). 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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K 100-n1eTnemy 1o6uie JI.B.Mup3osHa

JI.B.Mwup3zosiH poawics 1 masg 1923r. B r. EpeBaHe B ceMbe ciyxailero. byayumn
elle MOAPOCTKOM OH JIMIIWJICS OTLa, HO HECMOTpPSl Ha TPYyAHbIE MaTepUabHble U
MODPaJIbHO-TICUXOJIOTUYECKUE YCI0BUS, B 1947T. mosyuns Bbiciee 0Opa3oBaHUE IO
CITelIMaIbHOCTY "MaTeMaThKa" B EpeBaHCKOM rocymapCTBEHHOM YHHMBEPCHUTETE.

ITo nHuumaruse akagemuka B.A. AmOapuymsaHa B 1947r. JI.B.Mup3osiH Hauas
CBOIO Hay4yHYyIO JIeSTeIbHOCTh B HEIABHO CO3AaHHOM bropakaHCKoii acTpodusuueckoin
oo6cepBaropu AH ApmeHuu. JI.B.Mup3osiH 3aHMMa OTBETCTBEHHbIE TOJDKHOCTH,
MPUHKUMAT aKTUBHOE yJacThe B OCHOBAaHUM W CTAaHOBJIEHUU obcepBaTtopuu. OH ObLT
VIEHBIM CeKpeTapeM 1 0oJjice YeTBEpTU BeKa 3aMeCTUTEJIeM IUPEKTOpa TI0 HayIHOU
YyacTH, 3aBefoBaJl OTIeJIoM (bY3UKM 3Be31 U TyMaHHocTeid. B 1951r., moa pykoBoaCTBOM
0O.A.MenbHukoBa, JI.B.Mup30gH 3alUTiul KaHAMAATCKYIO JUCCEPTALMIO, a B 1968
TOIy TOKTOPCKYIO TI0 TeMe: "HekoTopbie BOIPOCH KMHEMATUKA W (DU3WKI MOJIOIBIX
3Be3n’. Ilom ero HemocpeacTBEHHBIM PYKOBOACTBOM B Hauaje 70-X romoB OBLT
yCTaHOBJIEH 2.6-M TejiecKon bropakaHCKOI oGcepBaTOpUM.

JI.B.Mup30s1H aBTOp AeCATKA KHUT 1 YYeOHUKOB IO acTpoHOMMH, a Takke 200
Hay4HbIX paboT, OIMyOIMKOBaHHBIX B BEAYIIMX aCTPOHOMUUYECKUX M3naHusx. IToa
€ro penaxkiveit ObUTM U3naHbl HAyYHbIe MOHOTpahuy U HayYHO-TIOMYJISIPHbIE KHUTHU.
OH ObLT WIEHOM HaydyHO-U3aTebCKOro coBeta ApMsiHCKoi CoBeTCKON DHIMKIIO-
TIeINH, TIpeicenaTesieM HayIHO-0TPACIeBOTO COBETA TT0 aCTPOHOMMUM.

Hayunrblie pa6otsi JI.B.Mup3osiHa ITOCBSIIIEHBI IIMPOKOMY KPYIy acTpO(H3NIECKIX
Mpo6JIeM: HecTallMOHAPHBIE 3Be3Mbl, 3Be3MHBIE ACCOIIMAINH, BCIIBIXUBAIOIIE 3BE3MbI,
komeThl. JI.B.Mup30siH ObUT aKTUBHBIM 3alLIUTHUKOM OIOpaKaHCKOW KOHLIEMIUU O



MPOMCXOKICHNN 1 SBOIOLMN HEOSCHBIX Te, BRIIBMHYTOM B.A.AMOapiymsiHoM. B ero
paboTax pacLLMPEHNE 3BE3IHBIX aCCOLMALMI ObLIO MOATBEPXKICHO C ITOMOLLBIO JIyYEBbIX
CKOpOCTEl ITyTeM TIpMMEHEHMS MAeU "CUHTETUYECKOI accolMaliin’.

Heonennma 3acimyra JI.B.Mup3ositHa B MCCI€IOBAHWM BCIBIXMBAIOIIMX 3BE3I.
MakTUYeCcKr OH OBUT PYKOBOOUTEIEM 3TUX WCCIICNOBAHWIA, BHITIOMHIEMBIX B paMKax
MeXIyHapOIHOI MporpaMMsbl. I1oa ero HermocpeaCTBEHHBIM PYKOBOACTBOM aCTPOHOMBI
Apmennu, bonrapuu, Benrpuu, ['pysun, Kazaxcrana, Y36ekucraHa ycrelHo npoBOavIv
KOMIUTEKCHOE MCCIIEIOBAHME BCIIBIXUBAIOIIMX 3BE3M B 3BE3MHBIX arperarax U OKPEeCTHOCTU
Connua. B pesysbrare 3TMX paboT ObLI0 0OHAPYKEHO HECKOJIBKO COT HOBBIX BCITBIXU-
BaIOIIMX 3BE3] B aCCOLMALMSIX U CKOIUICHUSIX U TIPOBEIEHBI (DOTOMETPUYECKHUE,
KaJIOpUMETPUIECKIE U CITIEKTPATIbHEIE UCCIIEIOBAHNS. DTU UCCIICAOBAHMS TIOJTHOCTBIO
MOATBEPAWIIM TIpeanosoxeHe B.A.AMOapliyMsiHa O TOM, YTO BCIIbILLIEYHAsl CTaaus
SIBJISIETCSI 3aKOHOMEPHOI (ha30il B 3KM3HU KPACHBIX KAPJIMKOBBIX 3BE3II.

Braropapst cBoeit UCKITIOUMTENIBHON pPab0TOCHOCOOHOCTH, BHYTPEHHEH OpraHu-
30BaHHOCTH, TPYIOJIOOMIO U YeI0BeYeCKUM KadyecTBaM, JI.B.Mup3osHy ynaBajioch
YCHEIIHO COBMELIATh HAyYHYIO AESITEIbHOCTh C OPraHM3aTOPCKO, TTeAarornyeckoi
U pegakTopckoi. bynyumn acnmpanToMm, JI.B.Mup30siH Hayay CBOIO MeJarornyecKyro
JIeSITeIbHOCTb B EpeBaHCKOM rocyIapcTBEHHOM YHMBEPCUTETE, KOTOpast MpoAoKaaach
nonBeka. [Tom ero pykKoBOACTBOM MHOTHME acIMPAHThI U3 Pa3HBIX CTPaH MUPA YCIEIIHO
3aIUTIA KAaHAWIATCKUE AUCCEPTALIMKA U MPOMOJDKAIOT YCIIEIIHO PaboTaTh B M3BECTHBIX
00CcepBaTOpUSIX MUPA.

HeobxonnmMo 0cob0 OTMETUTL HEOLIECHUMYIO poJjib akaaemuka JI.B.Mup3osiHa B
XypHasie "AcTpodu3uka’ Kak 3aMeCTUTENIs1 IIaBHOro pemakropa (1965-1988), a
3aTeM UM r1aBHOro pegakropa (1988-1998). B tpynHbie nist ApMEeHUM AHU, B Havajie
90-x To70B, B OCHOBHOM OJIarofapsi €ro YCWIVsIM XXypHas, "AcTpodusuka” mpomsomkan
M31aBaThCSl.

3a CBOIO0 HayyHO-TIeJaroruyeckyto aeareabHocTh JI.B.Mup30s1H ObUT yI0CTOCH
3BaHUSI 3aCAYKEHHOIO JesATessI HayKu ApPMEHMH, BBICOKUX MpPaBUTEIbCTBEHHBIX
Harpazn. B 1986r. on 61 n36paH wieH-KoppecnonaeHToM AH ApMCCP, B 1996r.
- nevictBuTebHbIM WieHoM HAH Apmenuu. JI.B.Mup3osiH nosib30Basics 3aCiTy>KEHHbIM
YBaXEHUEM MUPOBOTO aCTPOHOMMUECKOTO coo0liiecTBa. OH ObUT YIEH-KOPPECTIOHIAEHTOM
MexayHapomgHOI aKaaeMUU acTPOHABTUKU, WIEHOM MeXIyHapOIHOIO acTPOHO-
MHMYECKOIo co103a, wieHoM ActpoHommudeckoro coeta AH CCCP, a ¢ 1970 no
19751r. - uneHoM-coBeTHUKOM Ilaprkckoro acTpo®u3nyecKoro MHCTUTYTA.

Jronsur BacunbeBud Mup30s1H ObUT OTHUM U3 JIYYILMX TTpeacTaBUTeNeld 61ecTsi-
LLIETO MOKOJIEHUST apMSTHCKUX aCTPOHOMOB, OCHOBABILIMX blopakaHCKyo 00cepBaTOpUIO
U OlopakaHckoe HarpabjieHue B Hayke. JI.B.Mup3osiH yiuen u3 xusznu B 1999r.,
OCTaBUB O ce0e MaMsITh, KaK O MPUHIUITNAILHOM YeJIOBeKE U YYeHOM, O€CKOPBICTHO
U 0e33aBETHO MPEeAAHHOIO CBOEMY JCy.

Penakmus xypnaia "Actpodusnka’



"Actpodusuka”

ITPABWIA IJI1 ABTOPOB

1. Pykonucu moryt ObITh IpeAcTaBieHbl B nedyatHoM Buiae (hard copies) B
JIBYX 9K3eMILISIpax, oTrieyaTaHHbIe Ha OMHOU cTOpoHe jaucTa ¢opmata A4, BMecTe
C COOTBETCTBYIOIIEH 3J€KTPOHHOI Bepcueil. OauH U3 3K3eMILISIPOB JI0KEH ObITh
MOAMNKCAH BCEMU aBTOpaMU. YKa3bIBalOTCsI CBeACHMST 00 aBTOpax: (haMWIns, UMs,
OTYECTBO, Ha3BaHUE YYPEXKICHUS, DJICKTPOHHBIN ampec.

2. Pyxonucs MoxeT ObITh HaOpaHa B Buie (haiiia ¢ paciuupeHusmu .doc, .docx,
.1tf, yepe3 1.5 uHTepBana, ucnonan3dysa Font 12pt.

3. Pucynku TOJXHBI OBITH BBIMOJHEHBI TIPEICIbHO aKKypaTHO ¢ pa300pUYUBLIMU
HaamucsaMu. Heobxonrmbie 0ObSICHEHUSI TAalOTCSI B TMOAMUCSIX K PUCYHKAM, KOTOPbIE
He JOJKHbBI MOBTOPSThCS B TeKCTe. PUCYHKM HEOOXOAMMO OTIIPaBUTH B BUAE .jpg,
.bmp, .wmf, .eps daittoB. C ygeToM popmara XKypHajia pa3Mepbl PUCYHKOB pefakliei
MOTYT ObITh U3MEHEHBI. B TeKcTe pUCyHKM HYMEpYIOTCSl B TOPSIAKE OYepPeaHOCTU
(puc.1, puc.2, u 1.10.). ECIM pUCYHOK, COCTOUT W3 JIBYX WM OoJiee MaHesae, TO
BO3MOXHBI 0003HaueHUsT Tvna puc.la wim puc.la, b.

4. Tabnauysbt TOKHBI UMETh HOMepa M MH(OpMaTBHbIe Ha3BaHus. ITpuMmeyaHust
JIOJDKHBI OBITH CBEIEHBI K MUHUMYMY M TTIPOHYMEPOBAHBI HAACTPOYHBIMU apaOCKUMK
Hudpamu.

5. Humupoeanue aumepamypei. Llutnpyemasi 1ureparypa AaeTcs MOPSIAKOBBIM
HOMEpPOM B CTPOYKY B KBaApaTHBIX CKOOKax (Hampumep, [5]) U COOTBETCTBYET
HOMepy B crucke JutepaTypbl. CIMCOK JUTEepaTypbl JOKEH ObITb O(OpMIIeH
clenyolmuM odpaszom:

a) JIns1 >XypHaJbHBIX CTaTeil yKasblBalOTCS WHULIMAIbl U (haMUJIMU aBTOPOB
KYPCUBHBIM LIpUPTOM (B OPUTMHAJIBbHON TPAHCKPUILIKMMU), Ha3BaHUE XypHajia B
TIPUHSITOM COKpAIIeHUM (COKPAIEHUS /ISl HEKOTOPbIX Harbosiee YacTo BCTPeYaeMbIX
KypHAJIOB, IIpUMEHSIEeMBIX B "AcTpodusmnke", maeTca B caiiTe XypHayia), HOMEp
TOMa XXMPHBIM IIPpU(GTOM, HOMEp TEPBOI CTPAHUIILI, TOA U3gaHM. [ pyccko-
SI3BIYHBIX XYPHAJIOB, KOTOPbIE TMEPEBOASTCS Ha aHMIMUCKUM s3bIK, B CKOOKax
TIPUBOIATCSI COOTBETCTBYIOIIIEE Ha3BaHWE XKypHaJla Ha aHTJIMICKOM, TOM, CTpaHUIIA
U TOJ ITyOJIMKAIIUU.

0) g KHUT cliefyeT yKa3blBaTb MHULMAIBI U (aMWIMIO aBTOpa KypCHUBOM,
MECTO U TOHI W3TaHMSI.



6. Oghopmaenue pykonucu. Ha TiepBoii cTpaHMIle JaeTcs Ha3BaHUE CTaThH (110
BO3MOXHOCTH KPaTKO M MHMOPMATHBHO), UHUIIMAJbI, (haMUIUS KaxkI0ro aBTopa
M aHHOTAIlUS Ha PYCCKOM si3bike. Ha BTOpoOit cTpaHuUIle IMpUBOISTCS Ha3BaHHUE
CTaTbW, WHULMAIbBI, (haMWIvs KaXKIOoro aBTopa U TeKCT aHHOTAallUM Ha aHIJIMHACKOM
sI3bIKE, KOTOPBIN AOJKEH MOJHOCTHIO COOTBETCTBOBATh pycCKoMy. B aHHOTaluu
JOJKHBI OBITh M3JI0KEHBI TJIAaBHBIE Pe3yIbTaThl pabOTHI 6e3 CCHUTOK Ha JIUTeparTypy.
MaxkcruMabHBII 00beM aHHOTALIMM He JOJDKCH IPEBBIIaTh 5% OCHOBHOTO TEKCTa.
Tabnuilbl, CIMCOK JIUTEPATYpPhl, PUCYHKM W HAAMUCU K PUCYHKaM IeyaTaloTcs Ha
OTIENBHBIX CTpaHMIIaX. PacromoXeHue TabauIl U PUCYHKOB OTMEUYaeTCs Ha TTOJISX
OCHOBHOTI'O TeKCTa. AHHOTAIIMM, OCHOBHOM TEKCT, CITUCOK JIUTEPATYPhl U TAOJULIbI
JIOJDKHBI MMETh OAHY OOIllyl0 HyMepaluio crpaHull. CyMMapHbli 00beM He
JOJDKEH IpeBblath 16 cTaHgapTHbIX crpaHull. OGbeM KPaTKOro COOOILEHMS - HE
Oosiee 4 cTpaHMII.

CraThsl COCTOUT M3 IPOHYMEPOBAHHBIX pa3lesioB, HauuHas ¢ "1. Beedenue".
HasBanus pasnesioB meyaTaroTcsl KypCMBOM B CTPOKE, OHM TOJDKHBI OBITH KPATKIMMM
u coaepxareabHbIMU. [loapasaensl MOTYT ObITh MPOHYMEPOBaHbI Kak 2.1, 2.2 u
T.1. Heobxonumele cokpalleHus] TEpPMUHOB WM Ha3BaHUI MOTYT OBITh MCITOJIb-
30BaHBl BO BCEll CTaTbe, OJHAKO MX OOBSICHEHHME HAEeTCS JIWIIb OOWH pa3 IpHu
TePBOM YIIOMUHAHUMU.

7. B ciydae mpencTaBieHUS AByX WM GoJjiee cTateil OMHOBpEMEHHO HeOOXOIMMO
yKa3aThb XKeJIATebHBIA MOPSINIOK UX MyOIUKALN.

8. Pykommcu aBTOpaM He BO3BpAIIAlOTCS.

9. ABTOpaM cTaThu (HE3aBMCMMO OT MX KOJMYecTBa) mpenacrapisiercsa 10
OTTUCKOB O€CIUIaTHO.
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