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A SEARCH FOR NEW DWARF GALAXIES OUTSIDE
THE NEARBY GROUPS

I.D.KARACHENTSEV1, V.E.KARACHENTSEVA2, S.S.KAISIN1,
E.I.KAISINA1

Received 13 November 2023

We undertook a search for new nearby dwarf galaxies outside the known groups in the Local
Volume using the data on DESI Legacy Imaging Surveys. In a wide sky area of ~5000 square
degrees directed toward the Local Void, we found only 12 candidates to nearby low mass galaxies.
Almost all of them are classified as irregular or transition type dwarfs. Additionally, we examined
areas of the sky exposed with the Hyper Suprime Camera of the Subaru telescope (~700 square
degrees) and found nine more candidates to nearby dwarfs. Finally, nine candidates to the Local
Volume were selected by us from the Zaritsky's SMUDG catalog that contains 7070 ultra-diffuse
objects automatically detected in the whole area of the DESI surveys. We estimated a fraction of
quiescent dSph galaxies in the general cosmic field to be less than 10 percent.

Keywords: galaxies: dwarf galaxies

1. Introduction. According to modern ideas, the spatial distribution of galaxies

is similar to a cosmic "web", where particles (galaxies) are concentrated in filaments

and walls that encompass large cosmic voids. Groups and clusters form at the

intersection of filaments and walls [1,2]. Catalogs of groups and clusters in the

nearby universe show that about half of all galaxies are part of virialized systems

of varying populations, and about 15% more galaxies are located in larger collapsing

regions around groups, not participating in the global cosmological expansion

[3-5]. Thus, about one-third of galaxies are located in the general metagalactic field

and do not noticeably interact with each other.

General field galaxies are of particular interest because the star formation

history in them follows a different scenario than the evolution of members of

virialized systems. The most suitable object to study these differences is the Local

Volume (LV) with a radius of ~10 Mpc around the Milky Way, where observational

data on galaxies are the most complete. By now, the number of known galaxies

in this volume has approached a thousand [6] and continues to increase due to

new surveys of the sky in optical and radio bands.

Most searches for new close dwarf galaxies have been undertaken in the region

of known close groups [7-10]. This approach led to increase the statistics of the

"test particles" used to determine the virial mass of the groups, thus making a
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more complete picture of the dark matter distribution in the LV.

Searches for dwarf galaxies not bound to nearby groups have been repeatedly

undertaken [11-18]. A summary of observational data on the LV galaxies is

presented in the Updated Nearby Galaxy Catalog (UNGC, [6]) and the Local

Volume Galaxy Database [19], the latest updated version of which is available at

http://www.sao.ru/lv/lvgdb.

An obvious advantage of searching for dwarf galaxies in groups and clusters

is the ability to assign to new objects a likely distance estimate that coincides with

the group mean distance. In the general field dwarfs, their distance and total

luminosity remain uncertain until the radial velocity is measured or structural

features (e.g. globular clusters) suitable as distance indicators are found. In the LV,

the best method is to measure the distance by the luminosity of the tip of red

giant branch - TRGB.  This method, used in the Hubble Space Telescope (HST)

observations, can measure the distance for any type of galaxy in the LV with an

accuracy of ~5% or ~(0.3-0.5) Mpc, allowing us to confidently separate field

galaxies against group members.

2. Searches for new dwarf galaxies in the Local Volume.

2.1. The Local Void region. The publication of DESI Legacy Imaging

Surveys [20] (http://www.legacysurvey.org/), has provided an opportunity to discover

new LV dwarf candidates over an area of ~14000 square degrees, covering about

one third of the entire sky. We have already used this survey to search for dwarf

satellites around 46 relatively massive LV galaxies [10]. This resulted in the discovery

of 67 satellite candidates for these galaxies, half of which turned out to be low surface

brightness spheroidal dwarfs (dSph) with no evidence of star formation. To search

for new dwarf galaxies in the local total field, we chose a wide region in the direction

of the Local Void, whose center according to [21] has approximate equatorial

coordinates h18RA  , o0Dec  . Our survey area covered the sky region RA > 13h.5,

Dec > -5o, the eastern side of which was bounded by the Milky Way band.

Additionally, we inspected the polar cap with Dec > +60o, avoiding the virial area

of the known nearby group around M81. In the inspected direction, there is another

void Draco-Cepheus [22] with its center at a distance of 14 Mpc. A panorama of

the large-scale matter distribution in this direction is shown by [2]. In total, the

area we inspected outside the nearby groups amounts to about 5000 square degrees

or 1/3 of the DESI Legacy Imaging Surveys.  In this huge area, we detected only

12 candidates for new LV dwarf galaxies. Their images are shown as a mosaic in

Fig.1, where the size of each image corresponds to 2'.

The list of detected objects is given in Table 1, whose columns contain: (1)

- galaxy name; (2) - equatorial coordinates in h, m, s and deg, ', "; (3) - a

maximum apparent galaxy  diameter in arc minutes; (4) - an apparent axial ratio;
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(5) - morphological type: irregular (Irr), spheroidal (Sph), or intermediate (tran-

sition) (Tr); (6), (7) - apparent galaxy magnitudes in the FUV and NUV bands

of the  GALEX Ultraviolet Sky Survey [23]; (8) - apparent magnitude of the galaxy

in the B-band; (9), (10) - apparent magnitudes in the g- and r-bands; (11) - notes

on the presence of the galaxy's structure features and close surroundings.

The total apparent g- and r-magnitudes of galaxies were taken from the

SMUDG Ultra-Diffuse Galaxy Catalog [17] or from the Legacy Survey DR9

photometric data [20]. For some low surface brightness galaxies with patchy

structure, we have made g- and r-magnitude measurements for galaxy images from

the DESI Legacy Imaging Surveys using the standard methods of processing in

the MIDAS software package from the European Southern Observatory. A typical

measurement error was about 0.10 mag. The total B-magnitude of galaxies was

determined using the ratio B = g + 0.313(g - r) + 0.227 recommended by Lupton1.

The median apparent magnitude of the detected dwarf galaxies is m18B , which

at the far edge of the LV (D = 10 Mpc) corresponds to an absolute magnitude of
m12BM .

All of these dwarf galaxies appear to be rather isolated objects located far away

from other known members of the Local Volume. The only exception is a very

Name RA (2000.0)  DEC a' b/a Type m
FUV

m
NUV

B g r Notes
  

h  m  s    o  '  " arcmin mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

SMDG0956+82 09 56 13.0  +82 53 24 0.70 0.60 Irr 19.64 19.33 18.08 17.75 17.42 (1)

Dw1155+78 11 55 54.2  +78 04 44 0.58 0.73 Tr >23.5 - 19.61 19.18 18.54 -

Dw1234+76 12 34 23.3  +76 43 34 0.96 0.58 Irr 21.76 21.55 17.9 17.58 - (1)

Dw1339+39 13 39 45.1  +39 08 09 0.60 0.66 Irr 18.65 18.38 17.68 17.45 17.51 (2)

SMDG1349+04 13 49 16.8  +04 49 05 0.72 0.73 Tr >23.5 21.88 18.88 18.53 18.16 -

Dw1459+44 14 59 38.4  +44 40 23 1.43 0.95 BCD 17.02 16.91 17.07 16.80 16.78 (3)

UGC9893sat 15 32 51.4  +46 25 55 0.71 0.79 Irr >23.5 22.05 20.63 20.22 19.62 (4)

Dw1533+67 15 33 28.1  +67 45 29 0.83 0.46 Irr 19.36 19.06 17.89 17.59 17.35 -

Dw1559+46 15 59 02.6  +46 23 40 0.60 0.88 Irr - - 17.19 16.90 16.70 (1)

Dw1645+46 16 45 48.5  +46 47 24 0.74 0.67 Irr 19.71 19.48 17.93 17.63 17.40 (1)

Dw1709+74 17 09 45.6  +74 10 44 1.39 0.81 Tr 21.35 20.79 17.46 17.04 16.43 (5)

Dw1735+57 17 35 34.6  +57 48 47 0.69 0.66 Irr 18.35 18.15 17.07 16.74 16.40 -

Notes: (1) - granulated; (2) - near a bright star; the object is located at 16' to West from
UGC 9660 that has V

h
 = 608 km/s and D = 10.76 Mpc via TRGB; (3) - a compact dwarf with

an extended halo, V
h
 = 683 km/s; (4) - the object has a very low surface brightness; it is only 2'

SW from UGC9893; (5) - probably a distant dwarf.

Table 1

LV CANDIDATES OUTSIDE THE NEIGHBORING GROUPS

1 https://www.sdss3.org/dr10/algorithms/sdssUBVRITransform.php#Lupton2005.



474 I.D.KARACHENTSEV  ET  AL.

low surface brightness dwarf, UGC9893sat, which is almost in contact with another

peculiar dIrr galaxy UGC9893 = IZw115 = VV720 = KIG 686, which has a distance

estimate of 10.2 Mpc based on the Tully-Fisher relation between a galaxy

luminosity and its HI-line width. It is likely that these dwarf galaxies form a

physical pair at a stage close to their merger.

Fig.1. Images of 12 new dwarf galaxies from DESI Legacy Imaging Surveys found in the Local
Void region. Each image size is 2' x 2'. North is to the top and East is to the left.
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2.2. HSC survey areas. Among the DESI Legacy Imaging Surveys there

is a series of sky areas exposed on the 8.5-meter Subaru telescope Hyper Suprime

Camera (HSC) with a deeper limit and higher angular resolution in comparison

with the Legacy  surveys. The combined area of them is about 700 square degrees.

We inspected these regions of the sky and found 9 other LV dwarf galaxy candidates.

Their images  are shown in Fig.2, where each element of the mosaic is 2' in size.

The data on these objects are compiled in Table 2, in which the column designations

are the same as in Table 1. Some individual features of the galaxies are presented

in notes to the table. Among these objects there are only two dwarf galaxies of

spheroidal type. Of them, Dw0852-0210 may be a companion of the Sc galaxy

UGC4640 having a heliocentric velocity V
h

 = 3308 km/s, and Dw1229+0144 may

be a companion of the Sbc galaxy NGC4536 with V
h

 = 1807 km/s or be belong

to peripheral members of the Virgo cluster.

Fig.2. Images of 9 new dwarf galaxies found in areas of the Subaru telescope Hyper Suprime
Camera survey. Each image size is 2' x 2'. North is to the top and East is to the left.
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2.3. Candidate dwarf galaxies of the LV from the SMUDG catalog.

The regions of the sky, where our search for new Local Volume candidates was

conducted, cover a significant part, but not the entire DESI Legacy Imaging

Surveys area. Therefore, we used data from the SMUDG catalog (Systematically

Measuring Ultra-Diffuse Galaxies, [24]) to continue our search. The latest full

version of this catalog [17] contains 7070 low surface brightness objects automati-

cally extracted from DR9 Legacy Survey images, with the results of surface

photometry of these objects presented in the "g" and "r"  bands. As shown by

our analysis, along with dwarf galaxies, the catalog includes a number of fragments

of interstellar cirrus. Visual inspection of the SMUDG objects allowed us to

identify 9 dwarf galaxies that can be located at a distance 12D  Mpc. The list

of them is summarized in Table 3. The content of its columns is analogous to

the corresponding data in Tables 1 and 2. The images of these galaxies are

reproduced in Fig.3 in the same manner as in the previous figures.

Among the 9 galaxies, one, KK220=AGC232003 has a radial velocity measure-

ment, V
hel

 = 776 ± 6 km/s, which allows us to estimate the galaxy distance

D = 11.1 Mpc based on the Numerical Action Method model (NAM, [25]).

Table 2

LV CANDIDATES FROM SURVEY OF HSC-FIELDS IN DESI

LEGACY IMAGING SURVEYS

Notes: (1) - there are some cirrus in its vicinity; (2) - V
h
 = 4400 ± 6000 km/s from [24]; (3)

- it is located at 20' to NW from UGC 1862 that has V
h
 = 1383 km/s; (4) - very low surface

brightness; above the bright star; at 12' to W there is a galaxy UGC 4640 with V
h
 = 3309 km/s;

(5) - in contact with a bright star, may be a member of Virgo cluster; (6) - granulated, a probable
satellite of the Sombrero galaxy; (7) - granulated; at 40' to W there is a bright peculiar SB galaxy
NGC 4643 with 3 tight dSphs and V

h
 = 1333 km/s (the Virgo cluster members?); (8) - probably

a peripheric member of the Virgo cluster; (9) - with a faint asymmetric envelope; not detected in
HIPASS.

Name RA (2000.0)  DEC a' b/a Type m
FUV

m
NUV

B g r Notes
 
 h  m  s    o  '  " arcmin mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

Dw0010-0112 00 10 26.4  -01 12 18 0.58 0.61 Tr >23.5 - 20.58 20.20 19.70 (1)

SMDG0220-00 02 20 48.2  -00 27 54 0.97 0.83 Tr 22.79 20.90 18.04 17.65 17.13 (2)

SMDG0223-02 02 23 18.7  -02 03 25 0.66 0.67 BCD 23.5: - 18.68 18.32 17.93 (3)

Dw0852-0210 08 52 35.5  -02 10 41 0.73 0.97 Sph >23.5  - 20.01 19.55 18.80 (4)

Dw1229+0144 12 29 22.1  +01 44 17 1.11 0.68 Sph  23.49 21.53 18.66 18.22 17.53 (5)

Dw1235-0215 12 35 53.0  -02 15 54 0.64 0.82 Irr  20.13 20.04 19.02 18.70 18.39 (6)

SMDG1245+01 12 45 52.3  +01 54 22 0.85 0.56 Sph >23.5  - 18.01 17.61 17.05 (7)

SMDG1256-00 12 56 35.8  -00 31 44 0.74 0.67 Irr 20.28 19.65 18.14 17.80 17.44 (8)

Dw1416-0212 14 16 38.9  -02 12 04 0.81 0.89 Im 20.47 19.62 18.17 17.83 17.46 (9)
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According to the table annotations, two dSph galaxies are well-isolated objects, while

the other two dSphs may be members of more distant systems outside the LV.

3. The problem of distance estimation for dSph galaxies. Dwarf

dIrr- and BCD-galaxies rich in gas and with active star formation are easy targets

for measuring their radial velocity both in the optical and radio ranges. The

situation with determination of the radial velocity in dwarfs of spheroidal and

transitional (Tr) types is much more complicated. The absence of star formation

sites as well as appreciable amount of neutral hydrogen makes it almost impossible

to measure the velocity of a galaxy. In nearby dSph objects, it is sometimes

possible to determine the optical velocity in the presence of a globular cluster or

planetary nebula in the galaxy.

There is a dependence between the absolute magnitude of dSph-galaxy and

its average surface brightness

  ,const 31  BMSB

Fig.3. Images of 9 the Local Volume galaxy candidates from Zaritsky's SMUDG catalog. Each
image size is 2' x 2'. North is to the top and East is to the left.
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which reflects the approximate constancy of the mean spatial stellar density in

galaxies [26]. This relation can be used to estimate roughly the distance to a Sph

or Tr type galaxy. However, a scatter in the diagram {M vs. SB} is quite large,

which produces significant errors in the distance estimates. For example, about

a dozen dSph galaxies were found in the nearby (D  =  6.9  Mpc) group around

the luminous Sc galaxy M101, which were thought to be members of this group

[27]. However, the HST observations of these galaxies have disproved this naive

assumption. These low surface brightness galaxies turned out to be members of

more distant groups at distances of D  ~  28  Mpc. A similar situation happened with

dSph galaxies: KKR08, KDG218, KDG229, where the HST observations did not

confirm their belonging to the LV.

Looking through large portions of the sky in Legacy Imaging Surveys, we have

found many cases where very low surface brightness tidal structures are seen around

a bright host galaxy. They are usually similar in size and brightness contrast to

isolated ultra-diffuse dwarf galaxies. The tidal nature of such semi-detached dwarfs

is quite obvious. In Table 4, we present a few examples where it is difficult to

make the distinction between clumps in tidal structures and detached dSph

galaxies. The table contains the name of the bright galaxy, its equatorial coor-

dinates in degrees, the galaxy redshift, and the characteristic angular size of the

Table 3

LV CANDIDATES FROM ZARITSKY+2023 CATALOG OF

ULTRA-DIFFUSE GALAXIES

Notes: (1) - at 30' to S there is DDO 46 with D = 10.38 Mpc via TRGB; (2) - an isolated
dSph; (3) - may be a satellite of NGC 4251 with V

h
 = 1066 km/s or NGC 4278 with V

h
 = 649

km/s and D = 16.07 Mpc via sbf; (4) - granulated; in the Virgo cluster?; (5) - a probable pair with
the KK 220; (6) - It has V

h
 = 776 km/s, W

50
 = 19 km/s and m

21
 = 17.1 mag, D = 11.1 Mpc via NAM

method.

Name RA (2000.0)  DEC a' b/a Type m
FUV

m
NUV

B g r Notes
  h 

 
m 

 
s
 

        o
  '  " arcmin mag mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

SMDG0740+40 07 40 23.0  +40 32 56 0.48 0.63 Irr  21.46 - 19.27 18.87 18.30 (1)

SMDG1017-05 10 17 16.3   -05 29 53 0.69 0.72 Sph >23.5 - 19.17 18.75 18.13 (2)

SMDG1103+60 11 03 56.4  +60 29 53 0.43 0.64 Irr - - 19.48 19.16 18.88 -

SMDG1110+18 11 10 55.0  +18 58 52 0.63 0.83 Sph >23.5  - 18.53 18.14 17.61 (2)

SMDG1221+28 12 21 49.7  +28 31 12 0.47 0.74 Sph >23.5 - 19.35 18.95 18.39 (3)

SMDG1241+35 12 41 11.0  +35 11 46 0.73 0.92 Irr 21.80 21.08 18.90 18.53 18.09 -

SMDG1250+07 12 50 26.9  +07 44 35 1.33 0.54 Sph >23.5  - 17.99 17.53 16.78 (4)

SMDG1345+33 13 45 11.0  +33 11 31 0.43 0.86 Irr >23.5 22.47 19.10 18.71 18.2 (5)

KK220=A232003 13 47 36.5  +33 12 22 1.11 0.93 Im 18.92 18.07 16.38 16.02 15.59 (6)
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field in which neighboring dwarfs and tidal structures are visible.

Two fields around the galaxies NGC4643 and NGC5557 are presented in

Fig.4. The low-contrast structures on them are marked with dashed ellipses. In

the case of NGC4643, the dSph galaxy SMUDG1245+01 shown in Table 2 is

located ~40' East of NGC4643, i.e. outside the image frame. The three noted

clumps (or detached spheroidal dwarfs?) bear a strong resemblance to

SMUDG1245+01. The tidal structures around NGC5557 are barely distinguishable

from usual ultra-diffuse dwarf galaxies. These faint objects near NGC5557 are also

well seen in the deep image obtained by [28]. Other examples of similar structures

found in Legacy Imaging Surveys have been demonstrated recently by [29].

Fig.4. Images of the nearby bright galaxies: NGC 4643 (upper panel) and NGC 5557 (bottom

Panel) with low surface brightness objects around them indicated by dashed ellipses. The size of the
images are 12' x 10' for NGC 4643 and 28' x 15' for NGC 5557.
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4. Discussion and conclusion. Our experience with the search for new

nearby dwarf galaxies in regions of the sky outside of close groups has led us to

conclude that the efficiency of this hunt is low. For instance, our search for new

members in 46 LV groups undertaken with DESI Legacy Imaging Surveys found

67 probable members of these groups over a total area of 280 square degrees [10].

Performing a survey of the broad vicinity of the Local Void on the same material

and in the same manner, we found only 12 Local Volume candidates over an

area of about 5000 square degrees. The effectiveness of searches in the general

field, outside the groups, turns out to be two orders of magnitude lower than that

in the groups themselves. This is consistent with the well-known fact that the

slope of the galaxy luminosity function at its faint end is much smaller for field

galaxies than for members of groups and clusters [30].

The population of the general field and cosmic voids is dominated by dwarf

galaxies richer in gas and with a more active star formation rate [31]. According

to our data presented in Tables 1-3, quiescent dSph galaxies account for a quarter

of the total. Some of them may turn out to be members of the nearby Virgo cluster.

However, the examples of dSph galaxies SMUDG1017-05 and SMUDG1110+18

suggest that a small percentage of dwarf spheroidal galaxies may be well-isolated

objects. In the vicinity of the Local Group, the dSph galaxies KKR25 and KKs3

locate at a distance of ~2 Mpc from the Milky Way, i.e. well beyond the virial

radius of the Local Group [32,33]. Investigating the distribution of dwarf satellites

around massive Milky Way-type LV galaxies, [34] found that the fraction of dSph

dwarfs among satellites with K-band luminosity 710LL  decreases with the

Name RA (2000.0)  DEC  Z Field size
degr       degr arcmin

NGC 4643 190.834  +01.978 0.0044 12
PGC 049168 207.751  +36.954 0.0174 6
NGC 5363 209.030  +05.255 0.0038 20
NGC 5557 214.607  +36.494 0.0107 28
UGC 9386 218.720  +40.748 0.0190 6
NGC 5754 221.332  +38.731 0.0147 8

IC 1069 222.694  +54.411 0.0376 6
PGC 055442 233.454  +21.136 0.0234 6
NGC 5971 233.904  +56.462 0.0112 6
NGC 6020 239.284  +22.405 0.0144 8

PGC 2308494 248.470  +47.998 0.0354 6

Table 4

BORDERLINE CASES OF SEMI-SEPARATED TIDAL

DWARF GALAXIES
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projected distance from the host galaxy R
p
 according to the exponential law

   . kpc 350exp750 pp R.Rq 

Then outside the radius of the zero-velocity sphere of a typical nearby group

( 010 .R   Mpc), i.e., in the general expanding field, the relative number of quiescent

dSph dwarfs is about 5%. The presence of two definitely isolated dSph galaxies

among the 28 ones found in our survey agrees well with the above estimate.

It is interesting to note, that Park et al, [35] performed measurements of

satellite radial velocities around isolated massive early-type galaxies and found a

lack of faint satellites with absolute magnitudes M
r
 fainter than -14.0 mag. This

effect, if confirmed on large statistics, can be caused by a peculiarity of the

dynamical evolution of isolated elliptical galaxies.

Finally, we note a planned photometric survey of the sky with small-aperture

telescopes of The Dragonfly Telephoto Array [36]. The authors expect to find a

lot of new dwarf galaxies in the general field. They estimate that the number of

new dwarfs in the LV up to the surface brightness limit of ~30 mag arcsec2 could

reach ~0.1 per square degree or N ~ 103 across the entire sky.
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ÏÎÈÑÊ ÍÎÂÛÕ ÊÀÐËÈÊÎÂÛÕ ÃÀËÀÊÒÈÊ ÂÍÅ
ÁËÈÇÊÈÕ ÃÐÓÏÏ

È.Ä.ÊÀÐÀ×ÅÍÖÅÂ1, Â.Å.ÊÀÐÀ×ÅÍÖÅÂÀ2, Ñ.Ñ.ÊÀÉÑÈÍ1,
Å.È.ÊÀÉÑÈÍÀ1

Èñïîëüçóÿ äàííûå îáçîðà DESI Legacy Imaging Surveys, ìû ïðåäïðèíÿëè

ïîèñê íîâûõ áëèçêèõ êàðëèêîâûõ ãàëàêòèê âíå èçâåñòíûõ ãðóïï â Ìåñòíîì

Îáúåìå. Â îáøèðíîé îáëàñòè íåáà ïëîùàäüþ ïðèìåðíî 5000 êâàäðàòíûõ

ãðàäóñîâ, íàïðàâëåííîé ê Ìåñòíîìó Âîéäó, ìû íàøëè òîëüêî 12 êàíäèäàòîâ

â áëèçêèå ãàëàêòèêè íèçêîé ìàññû. Âñå îíè êëàññèôèöèðîâàíû êàê èððåãó-
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ëÿðíûå ëèáî êàðëèêè ïåðåõîäíîãî òèïà. Äîïîëíèòåëüíî ìû îáñëåäîâàëè

ïëîùàäè íåáà, ñíÿòûå òåëåñêîïîì Ñóáàðó ñ êàìåðîé Hyper Suprime Camera

(îêîëî 700 êâ. ãðàä.) è îáíàðóæèëè åùå äåâÿòü êàíäèäàòîâ â áëèçêèå êàðëèêè.

Íàêîíåö, 9 êàíäèäàòîâ â Ìåñòíûé Îáúåì áûëè îòîáðàíû íàìè èç êàòàëîãà

Çàðèöêîãî (SMUDG), êîòîðûé ñîäåðæèò 7070 óëüòðà-äèôôóçíûõ îáúåêòîâ,

íàéäåííûõ àâòîìàòè÷åñêè íà âñåé ïëîùàäè îáçîðà DESI. Ìû îöåíèâàåì

äîëþ "ñïîêîéíûõ" dSph ãàëàêòèê â îáùåì êîñìè÷åñêîì ïîëå íå áîëåå 10

ïðîöåíòîâ.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: êàðëèêîâûå ãàëàêòèêè
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We performed the first photometric study of the CSS J003106.8+313347 W Ursae Majoris
(WUMa)-type system based on ground-based observations. We extracted times of minima from our
observations and proposed a linear ephemeris based on the increasing incline of the orbital period
using a Markov chain Monte Carlo (MCMC) approach. The PHOEBE Python code and the
MCMC approach were used for the light curve analysis. This system did not need starspots for the
light curve analysis. Mass ratio, fillout factor, and inclination were obtained as 0.699, 0.322, and
60

o
.6 respectively. We also estimated the absolute parameters of the system using the Gaia DR3

parallax. Therefore, the masses, radii, and luminosities have been determined to be M
1
 = 1.675,

M
2
 = 1.171, R

1
 = 1.292, R

2
 = 1.097, L

1
 = 1.348, and L

2
 = 1.221. The orbital angular momentum J

0

of the CSS J003106.8+313347 illustrates that this system is located in a region of contact binaries.
The positions of the primary and secondary components on the Hertzsprung-Russell (HR) diagram
are depicted.

Keywords: techniques: photometric - stars: binaries: eclipsing - stars: individual

(CSS J003106.8+313347)

1. Introduction. W UMa-type binary systems (EWs) variable stars are short

orbital period eclipsing binaries in which both the primary and secondary

components have filled their Roche lobes. Therefore, these systems are exchanging

mass and energy with each other. W UMa-type systems play a substantial role

in studying the physical characteristics of stars and their evolution [1-6].

The CSS J003106.8+313347 eclipsing binary system has an apparent mag-

nitude of V = 14.73 and is located in the northern hemisphere with coordinates

R.A. = 00o31'06".8257 (J2000) and Dec. = +31o33'47".1867 (J2000). Both the

magnitudes and coordinates are from the Simbad1 database. The system is inserted

as an EW type in the VSX2 database with an orbital period of 0.343666 days.

We have presented a new ephemeris, analyzed the light curve, and also

estimated the absolute parameters of the system based on the Gaia DR3 parallax

method. The paper is arranged in the following sections: In Section 2, the details

of photometric observations and the data reduction method are given. Section 3

ÒÎÌ 66 ÍÎßÁÐÜ, 2023 ÂÛÏÓÑÊ 4

À Ñ Ò Ð Î Ô È Ç È Ê À

1 http://simbad.u-strasbg.fr/simbad/
2 https://www.aavso.org/vsx/
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presents the minima extracted in this study and the new ephemeris of the CSS

J003106.8+313347 system. The photometric light curve solutions and estimation

of the absolute parameters of the system are propounded in Section 4. Finally,

Section 5 includes the conclusion.

2. Observation and data reduction. We have done the observation in

a private observatory located in Toulon, France, at a longitude of 05o54'35" E and

a latitude of 43o8'59" N, and an altitude of 68 meters above mean sea level. The

system was observed on two nights on September 30, 2022, and November 5,

2022, with an apochromatic refractor TS optics with a 102 mm aperture (520 mm

focal length), and a ZWO ASI 1600MM CCD with a V standard filter. A total

of 293 images were taken, each of which was 11  binned with a 110-second

exposure time. The average CCD temperature during observations was -15o
 C.

Gaia DR3 2859621459407078912 star at coordinates R.A. = 00o32'8".56 (J2000)

and Dec. = +31o42'54".1 (J2000) with a magnitude of 14.613, and Gaia DR3

2859715467651208320 star at coordinates R.A. = 00o32'19".43 (J2000) and Dec. =

+31o45'40".3 (J2000) with a magnitude of 14.391 have been considered compari-

son and check stars, respectively. Both the magnitudes and coordinates are from

the Simbad database.

The basic data reduction was carried out for the bias, dark, and flat fields of

each CCD image with Muniwin (v2.1.32). Finally, we normalized all data using

the AstroImageJ software [7].

3. New ephemeris. We extracted one primary and two secondary minima,

from our observations with a Gaussian function using a Python code (Table 1).

Also, there is just one mid-eclipse time for CSS J003106.8+313347 in the

literature that we could find. All times of minima have been specified in

Barycentric Julian Date in Barycentric Dynamical Time (BJD
TDB

). We determined

the variations between the Observed mid-eclipse times from their Calculated values

(O-C). The mid-eclipse timings t
0
 and orbital periods P used for this were taken

from the ASAS-SN catalog [8] and were 2457761.72387 (BJD
TDB

) and 0.3436651d,

respectively. The O-C diagram of the system is shown in Fig.1. Due to the small

Min.(BJD
TDB

) Error Epoch O-C Reference

2457761.72387 0 0 [8]
2459853.45562 0.00068 6086.5 0.01412 This study
2459889.36797 0.00187 6191 0.01346 This study
2459889.53669 0.00146 6191.5 0.01036 This study

Table 1

AVAILABLE TIMES OF MINIMA FOR CSS J003106.8+313347
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number of minima, only a linear fit was carried out on O-C values. Finally, we

used the Python PyMC3 package to calculate a new ephemeris based on the

MCMC method [9]. The MCMC sampling was performed using 20 walkers, 10000

iterations for each walker, and a 1000 burn-in period. The new ephemeris obtained

from Eq. (1):

      , 1343667301723872457761Min.BJDTDB E..I  (1)

where E is the integer number of orbital cycles after the reference mid-eclipse

time.

4. Light curve analysis. Light curve analysis of the CSS J003106.8+313347

system has been carried out with the PHOEBE 2.4.7 version and the MCMC

approach [10]. The Gaia DR3 temperature was considered as the effective

temperature of the secondary component according to the morphology of the light

curve. The gravity-darkening coefficients and the bolometric albedo were assumed

to be g
1

 = g
2

 = 0.32 [11] and A
1

 = A
2

 = 0.5 [12], respectively. The Castelli, Kurucz

[13] method was used to model the stellar atmosphere and the limb darkening

coefficients were adopted as a free parameter in the PHOEBE. Since radial velocity

studies have not been performed on this system, the main challenge was to

estimate the mass ratio of the system. So, we performed q-search for different

values of inclination i, and fillout factor f. The acquired value has been used as

the initial value of the parameters in the MCMC process. Due to the symmetry

of the maxima in the light curve, there was no need to apply starspots for the

light curve solution. After applying a proper visual fitting to the light curve with

the initial parameters, we used PHOEBE's optimization tool to improve the

theoretical fit. Finally, considering a normal Gaussian distribution in the range

Fig.1. Left: The O-C diagram of the eclipsing binary with a linear (black line) model. The

shaded regions show the model parameters' 68th percentile values, while the curve represents their
median values. Right: the MCMC-obtained corner plot.
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of solutions for inclination, mass ratio, fillout factor, effective temperature for

primary and secondary components, and the luminosity of primary, we extracted

the final values of the parameters along with their uncertainties using MCMC

method based on the emcee package in PHOEBE [14]. The light curve solution

results are listed in Table 2. We did MCMC processing with 48 walkers and 500

iterations for each walker. The corner plots and final synthetic light curve was

shown in Fig.2 and Fig.3 respectively. Fig.4 displays the component positions for

four different phases of an orbital period. In Fig.4, PHOEBE sets the colors based

on the star's surface temperature; therefore, the brighter the color, the higher the

temperature; also the connection point of the component stars has a lower

temperature due to the gravity darkening [15].

5. Absolute parameters. The Gaia DR3 parallax method was used for

estimating absolute parameters [16]. We utilized V
max

 = 14.88 ± 0.1 from the ASAS-

SN catalog, the extinction coefficient 1550.A v  from the Schlafly & Finkbeiner

[17] study and the system's distance d = 1512 ± 66 (pc) from Gaia DR3. The

absolute magnitude vM  of the system and subsequently the absolute magnitude

for the primary and secondary components was calculated by Eq. (2) and (3).

vv AdVM  5log5 (2)

   
 

 
. log52

,21
,21

tot
tot

l

l
.MM  vv (3)

Parameter Result

T
1
 (K)

84
1385477


T
2
 (K)

121
345798


q = M
2
/M

1

61
736990 
.

21  3.11(13)

i o
21
21660 .
.. 



f
58
533220 
.

l
1
/l

tot

12
245090 

.

l
2
/l

tot

12
244910 

.

r
1(mean)

0.439(12)

r
2(mean)

0.377(14)

Phase shift 0.044(1)

Table 2

PHOTOMETRIC SOLUTION OF CSS J003106.8+313347
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The bolometric magnitude M
bol

 of each component of the binary was obtained

by Eq. (4).

, BCMMbol  v (4)

where the bolometric correction for the primary and secondary components

BC
1

 = -0.144 ± 0.027 and BC
2

 = -0.077 ± 0.014 were derived as a function of the

effective temperature of the stars [18]. The luminosity and radius of primary and

secondary, L
1,2

, R
1,2

, and separation between the center of mass of the components

were calculated by the following Eq. (5), (6) and (7):


 L

L
.MM bolbol log52 (5)

Fig.2. The corner plots of the system were determined by MCMC modeling.
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21

44












T

L
R (6)

. 
meanr

R
a  (7)

In addition, having mass ratio from the results of light curve analysis, the mass

of each component was obtained by the well-known Kepler's third law Eq. (8).

The surface gravity was determined by Eq. (9). All characterized absolute param-

eters were given in Table 3. It should be noted that the average is used if the

absolute parameters' uncertainties have different upper and lower limits.

Fig.3. The observed light curve of the system (black dots); and the synthetic light curve was
obtained from the light curve solution in the V filter. The orbital phase was retained but the relative

flux shifted arbitrarily.
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  2

2

21

3

4




P

MMG

a
(8)

 . 2RMGg  (9)

Parameter Primary Secondary

vM (mag.) 4.560(43) 4.600(45)
M

bol 
(mag.) 4.416(70) 4.523(59)

LL / 1.348(88) 1.221(66)

RR / 1.292(95) 1.097(60)
a ( R ) 2.926(93)

MM / 1.675(94) 1.171(176)
log g (cgs) 4.440(88) 4.426(112)

Table 3

THE ABSOLUTE PARAMETERS OF THE CSS J003106.8+313347

SYSTEM IN THE ORDER OF ESTIMATES OF PARAMETERS

Fig.4. 3D representations of the CSS J003106.8+313347 system based on the light curve solution.
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6. Conclusion. The CSS J003106.8+313347 system was observed for two

nights at an observatory in southern France. The times of minima were extracted

from the observational light curves. The epoch and O-C values were calculated

based on the reference ephemeris, and a linear fitting was applied. Therefore, we

presented a new ephemeris, and it can be seen that there is an incremental linear

fit in the O-C diagram. The light curve analysis of the system was performed

using the PHOEBE Python code. Based on the observational parameters and the

light curve solution, the absolute parameters of the system were estimated.

According to the light curve solution, the secondary star is hotter than the primary

star by 321 K. Stars' temperatures represent that the primary and secondary spectral

types are G8 and G5, respectively [19]. The position of each of the primary and

secondary components, as well as two systems from the literature, AH Mic from

the Poro et al. [20] study and NR Cam from the Tavakkoli, Hasanzadeh, & Poro

[21] study, has been determined in the HR diagram (Fig.5). The HR diagram

shows that the primary component is above the Terminal-Age Main Sequence

(TAMS) and the secondary star is between the Zero-Age Main Sequence (ZAMS)

and TAMS which is consistent with the binary stars' evolution theories.

The orbital angular momentum of the system is 52.08 ± 0.04. This result is

based on the equation presented by Eker et al. [22] as follows:

Fig.5. The positions of the primary and secondary components on the HR diagram in which

the theoretical ZAMS and TAMS curves are indicated for the CSS J003106.8+313347 system as
well as two systems from literature.
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21
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2

20 PM
G

q
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J


 (10)

where q is the mass ratio, M is the total mass of the system, P is the orbital

period, and G is the gravitational constant. The logJ
0

 - logM diagram illustrates the

orbital angular momentum of the CSS J003106.8+313347 in a contact binary

systems region (Fig.6).

According to the light curve solution and the estimation of the absolute

parameters of the CSS J003106.8+313347, it can be concluded that this system

is an overcontact binary.
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Fig.6. The positions of the CSS J003106.8+313347 on the logJ
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 - logM diagram as well as two

contact systems from literature.
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ÏÅÐÂÎÅ ÔÎÒÎÌÅÒÐÈ×ÅÑÊÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ
ÄÂÎÉÍÎÉ ÑÈÑÒÅÌÛ CSS J003106.8+313347

Ý.ÏÀÊÈ1, Ñ.ÁÎÄÀÐ2, À.ÏÎÐÎ3

Ïðîâåäåíî ïåðâîå ôîòîìåòðè÷åñêîå èññëåäîâàíèå ñèñòåìû CSS J003106.8+

313347 òèïà W Ursae Majoris (W UMa) íà îñíîâå íàçåìíûõ íàáëþäåíèé. Èç

íàøèõ íàáëþäåíèé èçâëå÷åíû âðåìåíà ìèíèìóìîâ è, èñïîëüçóÿ ìåòîä Ìàð-

êîâñêîé öåïè Ìîíòå-Êàðëî (MCMC), ïðåäëîæåíà ëèíåéíàÿ ýôåìåðèäà íà

îñíîâå óâåëè÷åíèÿ íàêëîíà îðáèòàëüíîãî ïåðèîäà. Äëÿ àíàëèçà êðèâûõ áëåñêà

èñïîëüçîâàëñÿ êîä PHOEBE Python è ìåòîä MCMC. Äëÿ àíàëèçà äàííîé

ñèñòåìû íå ïîòðåáîâàëîñü ó÷èòûâàòü çâåçäíûå ïÿòíà. Ïîëó÷åíû îòíîøåíèå

ìàññ, ôàêòîð çàïîëíåíèÿ è íàêëîí, ðàâíûå 0.699, 0.322 è 60o.6 ñîîòâåòñòâåííî.

Îöåíåíû òàêæå àáñîëþòíûå ïàðàìåòðû ñèñòåìû ñ èñïîëüçîâàíèåì ìåòîäà

ïàðàëëàêñîâ Gaia DR3. Òàêèì îáðàçîì, ìàññû, ðàäèóñû è ñâåòèìîñòè ñîñòàâèëè

M
1

 = 1.675, M
2

 = 1.171, R
1

 = 1.292, R
2

 = 1.097, L
1

 = 1.348 è L
2

 = 1.221. Îðáè-

òàëüíûé ìîìåíò èìïóëüñà (J
0
) CSS J003106.8+313347 ïîêàçûâàåò, ÷òî ýòà

ñèñòåìà íàõîäèòñÿ â îáëàñòè êîíòàêòíûõ äâîéíûõ çâåçä. Ïîëîæåíèÿ ïåðâè÷íûõ

è âòîðè÷íûõ êîìïîíåíòîâ èçîáðàæåíû íà äèàãðàììå Ãåðöøïðóíãà-Ðàññåëà (HR).

Êëþ÷åâûå ñëîâà: òåõíèêà: ôîòîìåòðèÿ - çâåçäû: äâîéíûå: çàòìåííûå - çâåçäû:

     èíäèâèäóàëüíûå (CSS J003106.8+313347)
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ÏÎÒÅÐß ÌÀÑÑÛ ÀÒÌÎÑÔÅÐÛ ÏËÀÍÅÒÛ
WASP-193 b

È.Ñ.ÑÀÂÀÍÎÂ
Ïîñòóïèëà 13 àâãóñòà 2023

Ïðèíÿòà ê ïå÷àòè 28 íîÿáðÿ 2023

Ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà ïðîÿâëåíèé àêòèâíîñòè çâåçäû WASP-193 ñïåêò-
ðàëüíîãî êëàññà F9 ñ ïëàíåòîé òèïà ñóïåð-íåïòóí. Ãàçîâûé ãèãàíò WASP-193 b ïðè ìàññå
0.13 ìàññû Þïèòåðà ïî÷òè â ïîëòîðà ðàçà áîëüøå íåãî ïî ðàäèóñó. Ïëàíåòà èìååò íèçêóþ
ïëîòíîñòü 01400590 ..   ã/ñì

3
 (àíàëîãè÷íûì îáúåêòîì ÿâëÿåòñÿ Kepler 51 d, ÷èñëî äðóãèõ

òàêèõ ýêçîïëàíåò ìàëî). Ðàâíîâåñíàÿ òåìïåðàòóðà àòìîñôåðû ïëàíåòû âûñîêà - T
eq

 = 1254 ±
31 Ê. Ïîëó÷åííûå ðåçóëüòàòû èçó÷åíèÿ àêòèâíîñòè çâåçäû èñïîëüçîâàíû äëÿ îöåíêè ïîòåðè
âåùåñòâà àòìîñôåðû ïëàíåòû WASP-193 b ïî àïïðîêñèìàöèîííîé ôîðìóëå, ñîîòâåòñòâóþùåé
ìîäåëè ïîòåðè àòìîñôåðû ñ îãðàíè÷åíèåì ïî ýíåðãèè. Îöåíêè âåëè÷èíû ïîòîêà XUV-
ôîòîíîâ F

XUV
 áûëè óñòàíîâëåíû ïî àíàëèòè÷åñêîé çàâèñèìîñòè, ñâÿçûâàþùåé F

XUV
 è ïàðàìåòð

logR'
HK

 äëÿ çâåçä ñïåêòðàëüíûõ êëàññîâ F - M. Ðàñ÷åòû ïîêàçàëè, ÷òî ïîòåðÿ âåùåñòâà àòìîñôåðû
ýêçîïëàíåòû äîñòàòî÷íî âåëèêà (äàæå â ñëó÷àå ìàëîé õðîìîñôåðíîé àêòèâíîñòè åå ðîäèòåëüñêîé
çâåçäû). Äèàïàçîí èçìåíåíèé ïàðàìåòðà M  ñîñòàâëÿåò îò 

10
1081 . ã/ñ äî 

11
1034 . ã/ñ â

çàâèñèìîñòè îò ïðèíèìàåìîãî óðîâíÿ ïîòîêà XUV-ôîòîíîâ (âûñîêàÿ è íèçêàÿ àêòèâíîñòü).
Âåðîÿòíî, ÷òî ïëàíåòà èíòåíñèâíî òåðÿåò ñâîþ àòìîñôåðó. WASP-193 b ìîæíî ðàññìàòðèâàòü
â êà÷åñòâå âûñîêîïðèîðèòåòíîãî êàíäèäàòà äëÿ íàáëþäåíèé ñ ïîìîùüþ êîñìè÷åñêèõ ìèññèé
(ìåòðèêà òðàíñìèññèîííîé ñïåêòðîñêîïèè TSM äëÿ îáúåêòà ñîñòàâëÿåò îêîëî 600).

Êëþ÷åâûå ñëîâà: çâåçäû: àêòèâíîñòü: ïëàíåòíûå ñèñòåìû: àòìîñôåðû

 ýêçîïëàíåò

1. Ââåäåíèå. Ãàçîâûå ïëàíåòû - ãèãàíòû, îáðàùàþùèåñÿ îêîëî ÿðêèõ

áëèçëåæàùèõ çâåçä, ÿâëÿþòñÿ âàæíûìè îáúåêòàìè äëÿ ïîíèìàíèÿ ìåõàíèçìîâ

ôîðìèðîâàíèÿ ïëàíåòíûõ ñèñòåì è èõ ýâîëþöèè. Àâòîðû [1] ñîîáùèëè îá

îòêðûòèè ïëàíåòû òèïà ñóïåð-íåïòóí WASP-193 b. Ýòà ïëàíåòà êàæäûå 6.25

ñóò ñîâåðøàåò îáîðîò âîêðóã çâåçäû ñïåêòðàëüíîãî êëàññà F9 V. Îáëàäàÿ

ìàññîé Ì = 0.139 ± 0.029 M
Jup

 è ðàäèóñîì R = 1.464 ± 0.058 R
Jup

, WASP-193 b

èìååò ÷ðåçâû÷àéíî íèçêóþ ïëîòíîñòü 01400590 ..   ã/ñì3. Îáíàðóæåíèå

ïëàíåòû áûëî íåçàâèñèìî ïîäòâåðæäåíî ôîòîìåòðè÷åñêèìè ìåòîäàìè ñ

ïîìîùüþ òåëåñêîïà TRAPPISTSouth, òåëåñêîïîâ SPECULOOS-South è ìèññèè

TESS, à òàêæå ñïåêòðîñêîïè÷åñêèìè ìåòîäàìè ñ ïîìîùüþ ñïåêòðîãðàôîâ

ESO-3.6-m/HARPS è Euler-1.2-m/CORALIE. Â ñîâîêóïíîñòè, âñëåäñòâèå

çíà÷èòåëüíîé ãëóáèíû òðàíçèòîâ (ïîðÿäêà 1.4%), ÷ðåçâû÷àéíî íèçêîé ïëîòíîñòè,

âûñîêîé ðàâíîâåñíîé òåìïåðàòóðû (T
eq

 = 1254 ± 31 Ê) è çíà÷èòåëüíîé èíôðà-
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êðàñíîé ÿðêîñòè çâåçäû (çâåçäíàÿ âåëè÷èíà K
mag

 = 10.7), WASP-193 b ìîæíî

ðàññìàòðèâàòü â êà÷åñòâå âûñîêîïðèîðèòåòíîãî êàíäèäàòà äëÿ íàáëþäåíèé ñ

ïîìîùüþ êîñìè÷åñêîãî òåëåñêîïà JWST (ìåòðèêà òðàíñìèññèîííîé ñïåêòðî-

ñêîïèè (transmission spectroscopy metric) TSM  äëÿ îáúåêòà ñîñòàâëÿåò îêîëî 600).

Â íàñòîÿùåé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû îöåíêè ïîòåðè âåùåñòâà

àòìîñôåðû ïëàíåòû WASP-193 b.

2. Çâåçäà ïëàíåòíîé ñèñòåìû WASP-193. Çâåçäà WASP-193

èçâåñòíà êàê TYC 6647-516-1, TIC 49043968, 2MASS J10572385-2959497,

APASS 12993266, TOI-6275, UCAC4 301-065411, WISE J105723.80-295949.7.

Îáúåêò WASP-193 îòîæäåñòâëåí ñ èñòî÷íèêîì Gaia EDR3 5453063823882876032,

åãî ïàðàëëàêñ ñîñòàâëÿåò   (mas) = 2.6475 ± 0.0152. Çâåçäà ìàëîèçó÷åíà, ýòî

òîò ðåäêèé ñëó÷àé, êîãäà â áàçå äàííûõ Simbad íå ñîäåðæèòñÿ íè åäèíîé

ññûëêè íà ëèòåðàòóðíûé èñòî÷íèê, â êîòîðîì áû ïðèâîäèëèñü ñâåäåíèÿ î

çâåçäå (êðîìå êàòàëîãîâ GAIA, TESS è ïóáëèêàöèè [1]). Òàê ÷òî ïåðå÷èñëåííûå

íàìè íèæå ñâîéñòâà çâåçäû ïðèâîäÿòñÿ ñîãëàñíî äàííûì, óêàçàííûìè â [1]

(òàáë.1).

Ñîãëàñíî [1], ýôôåêòèâíàÿ òåìïåðàòóðà çâåçäû ðàâíà 6080 ± 98 Ê, óñêîðåíèå

ñèëû òÿæåñòè logg = 4.1 ± 0.1, ðàäèóñ 02702351 ..RR  , ñâåòèìîñòü LL

= 1.87 ± 0.18 è ìàññà 06600681 ..MM  . Âîçðàñò çâåçäû ïî äâóì íåçàâè-

ñèìûì îöåíêàì [1] ñîñòàâëÿåò 4.4 ± 1.9 è 6.6 ± 2.4 ìëðä. ëåò, ò.å. â ëþáîì

Ðèñ.1. Êðèâàÿ áëåñêà äëÿ WASP-193. Äàííûå ïðèâåäåíû äëÿ íàáëþäåíèé â ñåêòîðå 63.
Ñâåòëûå ñèìâîëû ñîîòâåòñòâóþò äàííûì íàáëþäåíèé SAP_FLUX, òåìíûå ñèìâîëû ïëþñ

- PDCSAP_FLUX.
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ñëó÷àå çâåçäà íå ÿâëÿåòñÿ ìîëîäîé, ñêîðåå åå âîçðàñò ñîïîñòàâèì ñ âîçðàñòîì

Ñîëíöà.

Â àðõèâå TESS äëÿ WASP-193 äîñòóïíû äàííûå òîëüêî îäíîãî ñåòà

íàáëþäåíèé - 63. Îáðàáîòêà áûëà àíàëîãè÷íà ïðîâîäèìîé ðàíåå â ñëó÷àå

èçìåðåíèé äëÿ äðóãèõ îáúåêòîâ èç àðõèâîâ êîñìè÷åñêîãî òåëåñêîïà Êåïëåð

è ìèññèè TESS (ñì., íàïðèìåð, [2]). Íà ðèñ.1 ïðåäñòàâëåíà êðèâàÿ áëåñêà

WASP-193 ïî íàáëþäåíèÿì â ñåêòîðå 63. Òåìíûå ñèìâîëû ïëþñ (+)

ñîîòâåòñòâóþò ðåäóöèðîâàííûì PDCSAP_FLUX, ñâåòëûå ñèìâîëû - äàííûì

íàáëþäåíèé SAP_FLUX. Õîðîøî çàìåòíû òðàíçèòû ýêçîïëàíåòû, íî êà÷åñòâî

è ïðîäîëæèòåëüíîñòü íàáëþäåíèé íå äàþò íèêàêîé âîçìîæíîñòè äëÿ

óñòàíîâëåíèÿ ïåðèîäè÷åñêîé ìîäóëÿöèÿ áëåñêà îáúåêòà.

Òàêèì îáðàçîì, ñëåäóåò ïðèçíàòü, ÷òî ïîêà ìû íå ðàñïîëàãàåì äàííûìè

î ïåðèîäå âðàùåíèÿ çâåçäû, óðîâíå è öèêëàõ åå àêòèâíîñòè. Èñõîäÿ èç

îöåíîê âîçðàñòà è, âîçìîæíî, íèçêîãî óðîâíÿ õðîìîñôåðíîé àêòèâíîñòè (ñì.

íèæå è â [1]), ñêîðåå âñåãî, WASP-193 îáëàäàåò ìåäëåííûì âðàùåíèåì.

3. Ïîòåðÿ âåùåñòâà àòìîñôåðû WASP-193 b. Êàê óêàçûâàëîñü

âûøå, WASP-193 b ÿâëÿåòñÿ ïëàíåòîé òèïà ãàçîâûé ãèãàíò ñ ìàññîé ïîðÿäêà

0.139 ± 0.029 Ì
Jup

 è áîëüøîé ïîëóîñüþ îðáèòû 0.0678 ± 0.0014 à.å. Ýêçîïëàíåòà

òèïà ñóïåð-íåïòóí ñ òå÷åíèåì âðåìåíè òåðÿåò ñâîþ ãåëèåâî-âîäîðîäíóþ

àòìîñôåðó. Ïî îöåíêå â [1] íàéäåíî, ÷òî ïëàíåòà èìååò ðàäèóñ R = 1.464 ± 0.058

R
Jup

, ÷òî ïðèâîäèò ê óäèâèòåëüíî íèçêîé ïëîòíîñòè ïëàíåòû 01400590 .. 

ã/ñì3 (ñì. âåðõíþþ ïàíåëü íà ðèñ.2 â [1]). Ýòà ÷ðåçâû÷àéíî íèçêàÿ ïëîòíîñòü

ñäåëàëà WASP-193 b âòîðîé  ñðåäè óíèêàëüíûõ ïëàíåò òàêîãî òèïà. Äðóãîé

ïîäîáíûé  îáúåêò - Kepler 51 d ( 010040 ..   ã/ñì3) (ïëîòíîñòè îáåèõ ïëàíåò

óñòàíîâëåíû íà óðîâíå 1 ). Ïàäàþùåå íà ýêçîïëàíåòó èçëó÷åíèå ( 5106Sp 

Âò/ì2) ïðèìåðíî â 440 ðàç áîëüøå, ÷åì àíàëîãè÷íàÿ âåëè÷èíà äëÿ Çåìëè.

Àâòîðû [1] óêàçûâàþò, ÷òî êëàññè÷åñêèå ìîäåëè ýâîëþöèè îáëó÷àåìûõ ïëàíåò-

ãèãàíòîâ íå ïîçâîëÿþò ïîëó÷èòü íàáëþäàåìûé ðàäèóñ WASP-193 b. Èñïîëüçóÿ

ðàçëè÷íûå ìîäåëè îáëó÷åííîãî ãàçîâîãî ãèãàíòà, îíè ïîêàçàëè, ÷òî âåëè÷èíà

ïðîãíîçèðóåìîãî ðàäèóñà ìîæåò ìåíÿòüñÿ âñåãî îò 0.82 äî 1.1 ðàäèóñîâ Þïèòåðà.

Òàêèì îáðàçîì, WASP-193 b ìîæåò áûòü ïðè÷èñëåí ê ïîäãðóïïå àíîìàëüíî

ðàçäóòûõ, ñèëüíî îáëó÷àåìûõ ãàçîâûõ ãèãàíòîâ. Äëÿ îáúÿñíåíèÿ áîëüøîé

âåëè÷èíû ðàäèóñà ýêçîïëàíåòû (óñòàíîâëåííîãî ïî íàáëþäåíèÿì) ïðè âîçðàñòå

ïëàíåòíîé ñèñòåìû â íåñêîëüêî ìèëëèàðäîâ ëåò àâòîðû [1] ðàññìîòðåëè

ïðîöåññû, êîòîðûå èëè çàäåðæèâàþò îõëàæäåíèå ïëàíåòû, èëè ñâÿçàíû ñ

âûäåëåíèåì òåïëà â íåäðàõ ïëàíåòû è ïîñëåäóþùåé ïîòåðåé ìàññû àòìîñôåðû.

Îòíîñèòåëüíî íèçêàÿ ìàññà WASP-193 b è âûñîêèé óðîâåíü èçëó÷åíèÿ

öåíòðàëüíîé çâåçäû ìîãóò óêàçûâàòü íà òî, ÷òî ïëàíåòà äåéñòâèòåëüíî òåðÿåò

ìàññó. Åñëè ýòî òàê, òî óâåëè÷åííûé íàáëþäàåìûé ðàäèóñ ìîæåò áûòü ñâÿçàí
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ñ èñïàðåíèåì ìàòåðèè è åãî îòòîêîì îò ïëàíåòû. Îäíàêî â íàñòîÿùåå âðåìÿ

åùå íåò ïðÿìûõ íàáëþäàòåëüíûõ óêàçàíèé íà ïîòåðè âåùåñòâà àòìîñôåðû.

Â êà÷åñòâå àëüòåðíàòèâû æåëàòåëüíî ïðîâåäåíèå òåîðåòè÷åñêîãî ìîäåëèðîâàíèÿ

ïîòåðè ìàññû â ñëó÷àå ñèëüíî îáëó÷àåìûõ ïëàíåò, ÷òîáû îöåíèòü, ÿâëÿåòñÿ

ëè îòòîê èç àòìîñôåðû çíà÷èòåëüíûì äëÿ WASP-193 b. Àâòîðû [1] âû÷èñëèëè

ïàðàìåòð Äæèíñà peqp RTM , êîòîðûé ìîæåò áûòü èñïîëüçîâàí äëÿ

èäåíòèôèêàöèè ïëàíåò ñ âûñîêèì îòòîêîì âåùåñòâà èç àòìîñôåðû. Äëÿ

WASP-193 b èìè áûëà íàéäåíà âåëè÷èíà 73. . Àâòîðàìè [3] áûëî ïîêàçàíî,

÷òî çíà÷åíèÿ  , ìåíüøèå êðèòè÷åñêîãî çíà÷åíèÿ 3515T  , ñîîòâåòñòâóþò

çíà÷èòåëüíûì ïîòåðÿì âåùåñòâà àòìîñôåðû. Ýòî ñâèäåòåëüñòâóåò î òîì, ÷òî

ïîòåðÿ àòìîñôåðû ìîæåò áûòü âàæíà äëÿ WASP-193 b. Òåì íå ìåíåå, íåîáõî-

äèìî ïðîâåäåíèå äåòàëüíîãî ãèäðîäèíàìè÷åñêîãî ìîäåëèðîâàíèÿ, ÷òîáû â

ïîëíîé ìåðå îöåíèòü âàæíîñòü ïðîöåññîâ ýâîëþöèè àòìîñôåðû WASP-193 b.

Ïðèíèìàÿ âî âíèìàíèå âñå èìåþùèåñÿ îãðàíè÷åíèÿ, ìû âñå æå âûïîëíèëè

ïðèáëèæåííóþ îöåíêó îòòîêà âåùåñòâà àòìîñôåðû WASP-193 b. Äëÿ ïîäñ÷åòà

òàêîé ïîòåðè áåç äåòàëüíîãî ìîäåëèðîâàíèÿ ñèñòåìû â íàøåì èññëåäîâàíèè

èñïîëüçîâàëàñü àïïðîêñèìàöèîííàÿ ôîðìóëà (ñì., íàïðèìåð, [4,5]), íàçûâàåìàÿ

â ëèòåðàòóðå, êàê ìîäåëü ïîòåðè àòìîñôåðû ñ îãðàíè÷åíèåì ïî ýíåðãèè. Â

ýòîé ìîäåëè ïðåäïîëàãàåòñÿ, ÷òî ïîòîê æåñòêîãî ÓÔ-èçëó÷åíèÿ ïîãëîùàåòñÿ

â òîíêîì ñëîå ðàäèóñà R
XUV 

, ãäå îïòè÷åñêàÿ òîëùèíà äëÿ çâåçäíûõ XUV-

ôîòîíîâ ðàâíà åäèíèöå, è âêëþ÷åí ó÷åò ïðèëèâíîãî ýôôåêòà:

 
, 

2






tidep

XUVpXUVXUVp

KGM

RRF

dt

dM
(1)

ãäå XUV  - ïàðàìåòð ýôôåêòèâíîñòè íàãðåâà ( 1020 ..XUV   äëÿ ìèíè-

íåïòóíîâ è ñóïåð-çåìåëü); G  - ãðàâèòàöèîííàÿ ïîñòîÿííàÿ; F
XUV

 - ïîòîê

XUV-ôîòîíîâ; R
p
 - ðàäèóñ ïëàíåòû; M

p
 - ìàññà ïëàíåòû; R

XUV
 - ðàäèóñ

ïîãëîùåíèÿ XUV-ôîòîíîâ;  tideK  - ïðèëèâíûé ïàðàìåòð. Ïîäðîáíîñòè

èñïîëüçîâàíèÿ ñîîòíîøåíèÿ (1) ìîæíî íàéòè âî ìíîãèõ ëèòåðàòóðíûõ

èñòî÷íèêàõ, â òîì ÷èñëå â [3-7].

Îñíîâíûå äàííûå î ïëàíåòå WASP-193 b áûëè âçÿòû èç [1]. Êðîìå òîãî,

äëÿ âû÷èñëåíèé ïî ôîðìóëå (1) òðåáóþòñÿ îöåíêè âåëè÷èíû F
XUV

 (ïîòîêà

XUV-ôîòîíîâ). Äëÿ ýòîé öåëè íàìè áûëè èñïîëüçîâàíû àíàëèòè÷åñêèå

çàâèñèìîñòè, ïîëó÷åííûå â [8] è ñâÿçûâàþùèå âåëè÷èíó F
XUV

 ïîòîêà  è

ïàðàìåòð logR'
HK

 äëÿ çâåçä ñïåêòðàëüíûõ êëàññîâ îò F äî M.

Àâòîðû [1] íàøëè, ÷òî ïîêàçàòåëü çâåçäíîé àêòèâíîñòè äëÿ WASP-193,

èçìåðåííûé ïî ëèíèÿì Ca II H è K - âåëè÷èíà logR'
HK

, ðàâíà -5.30 ± 0.07.

Íà ðèñ.2 ïðèâîäèòñÿ äèàãðàììà logR'
HK

 - ïîêàçàòåëü öâåòà (B - V ). Òåìíûé

ñèìâîë - äàííûå äëÿ WASP-193 b (ñ ó÷åòîì ïðèâîäèìîé â [1] ïîãðåøíîñòè),

ñâåòëûå ñèìâîëû - äàííûå êàòàëîãà [9]. Íà ðèñ.2 ãîðèçîíòàëüíàÿ ëèíèÿ
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ñîîòâåòñòâóåò çíà÷åíèþ ïàðàìåòðà logR'
HK

 äëÿ Ñîëíöà â ñïîêîéíîì ñîñòîÿíèè.

Ìîæíî ñäåëàòü âûâîä î òîì, ÷òî  óðîâåíü  õðîìîñôåðíîé àêòèâíîñòè WASP-

193 b ñîîòâåòñòâóåò âåëè÷èíå, õàðàêòåðíîé äëÿ ìàëîàêòèâíûõ çâåçä ñ àíàëî-

ãè÷íûìè ïîêàçàòåëÿìè öâåòà (B - V ). Ïðè ýòîì óðîâåíü àêòèâíîñòè íèæå

ñîëíå÷íîé (äëÿ Ñîëíöà logR'
HK

 = -5.021, ñì. â [9]).

Ïîìèìî äàííûõ î âåëè÷èíå logR'
HK

 äëÿ WASP-193 èç [1], ìû èñïîëüçîâàëè

ðåçóëüòàòû [10] î ðàñïðåäåëåíèè âåëè÷èí ýòîãî ïàðàìåòðà äëÿ çâåçä ñïåêò-

ðàëüíîãî êëàññà F. Ñîãëàñíî [10] ýòî ðàñïðåäåëåíèå èìååò òðè èëè, ñêîðåå

âñåãî, äâà ïèêà (ðàñùåïëåíèå îäíîãî èç ïèêîâ ìîæåò áûòü ñëåäñòâèåì

áèíèðîâàíèÿ äàííûõ) ñ ìàêñèìóìàìè äëÿ âåëè÷èí ïîðÿäêà -4.83 dex ó

ìàëîàêòèâíûõ çâåçä è -4.58 dex - ó àêòèâíûõ. Ðåçóëüòàò î âåëè÷èíå ïàðàìåòðà

logR'
HK

 äëÿ WASP-193 èç [1] òðåáóåò äàëüíåéøåé ïðîâåðêè, õîòÿ íå èñêëþ÷åíî,

÷òî çâåçäà ÿâëÿåòñÿ ëèáî äåéñòâèòåëüíî êðàéíå ìàëîàêòèâíîé, ëèáî íàõîäèòñÿ

â ñîñòîÿíèè ñâîåé ïîíèæåííîé àêòèâíîñòè (ñëåäóåò èìåòü â âèäó òàêæå

îòñóòñòâèå ñâåäåíèé î âîçìîæíîé öèêëè÷åñêîé ïåðåìåííîñòè õðîìîñôåðíîé

àêòèâíîñòè çâåçäû, êîòîðàÿ ìîæåò ñêàçàòüñÿ íà ðåçóëüòàòàõ ïðîâîäèìûõ íàìè

îöåíîê).

Íå èñêëþ÷åíî, ÷òî ðàññìàòðèâàåìàÿ çâåçäà âñëåäñòâèå ñâîåãî âîçðàñòà (ïî

îöåíêàì èç [1]) îáëàäàåò âåëè÷èíîé ïàðàìåòðà logR'
HK

, õàðàêòåðíîé äëÿ

ìàëîàêòèâíûõ çâåçä. Òåì íå ìåíåå, ñ ó÷åòîì âûøåñêàçàííîãî, ìû âûïîëíèëè

ðàñ÷åòû äëÿ òðåõ çíà÷åíèé ýòîãî ïàðàìåòðà - ïðåäñòàâëåííîãî â [1] è ïî

äàííûì îáçîðà [10].

Ðèñ.2. Äèàãðàììà logR'
HK

 - ïîêàçàòåëü öâåòà (B - V ). Òåìíûé ñèìâîë - äàííûå äëÿ WASP-

193, ñâåòëûå ñèìâîëû - äàííûå êàòàëîãà [9], ãîðèçîíòàëüíàÿ ëèíèÿ ñîîòâåòñòâóåò çíà÷åíèþ
ïàðàìåòðà logR'

HK
 äëÿ Ñîëíöà â ñïîêîéíîì ñîñòîÿíèè (ñì. òåêñò).

B - V

lo
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Ðàñ÷åòû ïî ñîîòíîøåíèþ (1) ïîêàçàëè, ÷òî ïîòåðÿ âåùåñòâà àòìîñôåðû

ýêçîïëàíåòû M  äîñòàòî÷íî âåëèêà (äàæå â ñëó÷àå ìàëîé õðîìîñôåðíîé

àêòèâíîñòè åå ðîäèòåëüñêîé çâåçäû). Äèàïàçîí èçìåíåíèé ïàðàìåòðà M

ñîñòàâëÿåò îò 101081 . ã/ñ (ïî äàííûì [1]) äî 111041 . ã/ñ (ïî äàííûì [10],

ìàëîàêòèâíûé âàðèàíò) è  111034 . ã/ñ (ïî äàííûì [10], âûñîêàÿ àêòèâíîñòü).

Â ëþáîì ñëó÷àå, ñëåäóåò çàêëþ÷èòü, ÷òî ïëàíåòà èíòåíñèâíî òåðÿåò ñâîþ

àòìîñôåðó. Ìàêñèìàëüíîå çíà÷åíèå M  ìîæåò äîñòèãàòüñÿ â ñëó÷àå âûñîêîé

õðîìîñôåðíîé àêòèâíîñòè çâåçäû.

Âåëè÷èíà ïîòîêà XUV-ôîòîíîâ ðàâíà 271084 . ýðã/ñ, 281073 . ýðã/ñ è
291011 . ýðã/ñ (äëÿ òðåõ ïåðå÷èñëåííûõ âûøå ñëó÷àåâ, ñîîòâåòñòâåííî), à âåëè÷èíà

ïðèëèâíîãî ïàðàìåòðà  tideK  - 0.57. Ñðàâíèòåëüíî áîëüøàÿ âåëè÷èíà ïîòåðè

âåùåñòâà àòìîñôåðû ïëàíåòû, ïðåæäå âñåãî, âåðîÿòíî ñâÿçàíà ñî çíà÷èòåëüíûì

ïîòîêîì ÓÔ èçëó÷åíèÿ çâåçäû ñ ýôôåêòèâíîé òåìïåðàòóðîé Ò
ýôô

 = 6079 Ê è

ñ òåì, ÷òî áîëüøàÿ ïîëóîñü îðáèòû ñîñòàâëÿåò âñåãî 0.0678 à.å. Îòìåòèì, ÷òî

ìû ïîñ÷èòàëè äîñòàòî÷íûì èñïîëüçîâàíèå àïïðîêñèìàöèîííîé ôîðìóëû,

ñîîòâåòñòâóþùåé ìîäåëè ïîòåðè àòìîñôåðû ñ îãðàíè÷åíèåì ïî ýíåðãèè,

ïîñêîëüêó íàñ èíòåðåñîâàë  îòâåò íà âîïðîñ î ïîðÿäêå âåëè÷èíû îòòîêà

âåùåñòâà èç àòìîñôåðû ïëàíåòû.

4. Çàêëþ÷åíèå. Â ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà ïðîÿâëåíèé

àêòèâíîñòè çâåçäû WASP-193 ñïåêòðàëüíîãî êëàññà F9 ñ ïëàíåòîé òèïà

ñóïåð-íåïòóí. Ãàçîâûé ãèãàíò WASP-193 b, îáíàðóæåííûé â 1200 ñâåòîâûõ

ãîäàõ îò íàñ, ïðè ìàññå âñåãî 0.13 ìàññû Þïèòåðà ïî÷òè â ïîëòîðà ðàçà

áîëüøå íåãî ïî ðàäèóñó. Ïëàíåòà èìååò óäèâèòåëüíî íèçêóþ ïëîòíîñòü

01400590 ..   ã/ñì3 (àíàëîãè÷íûì îáúåêòîì ÿâëÿåòñÿ Kepler 51 d, ÷èñëî

äðóãèõ òàêèõ ýêçîïëàíåò ìàëî). Ðàâíîâåñíàÿ òåìïåðàòóðà àòìîñôåðû ïëàíåòû

âûñîêà - T
eq

 = 1254 ± 31 Ê.

Ïîëó÷åííûå ðåçóëüòàòû èçó÷åíèÿ àêòèâíîñòè çâåçäû èñïîëüçîâàíû äëÿ

îöåíêè ïîòåðè âåùåñòâà àòìîñôåðû ïëàíåòû WASP-193 b. Â äàííîì èññëåäîâàíèè

áûëà ïðèìåíåíà àïïðîêñèìàöèîííàÿ ôîðìóëà, ñîîòâåòñòâóþùàÿ ìîäåëè ïîòåðè

àòìîñôåðû ñ îãðàíè÷åíèåì ïî ýíåðãèè. Äëÿ âû÷èñëåíèé ïî óêàçàííîé ôîðìóëå

îöåíêè âåëè÷èíû F
XUV

 - (ïîòîê XUV-ôîòîíîâ) áûëè óñòàíîâëåíû ïî

àíàëèòè÷åñêîé çàâèñèìîñòè, ñâÿçûâàþùåé F
XUV

 è ïàðàìåòð logR'
HK

 äëÿ çâåçä

ñïåêòðàëüíûõ êëàññîâ F - M. Ðàñ÷åòû ïî ñîîòíîøåíèþ (1) ïîêàçàëè, ÷òî ïîòåðÿ

âåùåñòâà àòìîñôåðû ýêçîïëàíåòû äîñòàòî÷íî âåëèêà (äàæå â ñëó÷àå ìàëîé

õðîìîñôåðíîé àêòèâíîñòè åå ðîäèòåëüêîé çâåçäû). Äèàïàçîí èçìåíåíèé ïàðàìåòðà

M  ñîñòàâëÿåò îò 101081 . ã/ñ (ïî äàííûì [1] î âåëè÷èíå ïàðàìåòðà logR'
HK

)

äî 111041 . ã/ñ (ïî äàííûì [10], ìàëîàêòèâíûé âàðèàíò) è 111034 . ã/ñ (ïî

äàííûì [10], âûñîêàÿ àêòèâíîñòü). Ñëåäóåò çàêëþ÷èòü, ÷òî ïëàíåòà èíòåíñèâíî

òåðÿåò ñâîþ àòìîñôåðó. WASP-193 b ìîæíî ðàññìàòðèâàòü â êà÷åñòâå
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âûñîêîïðèîðèòåòíîãî êàíäèäàòà äëÿ íàáëþäåíèé ñ ïîìîùüþ êîñìè÷åñêîãî

òåëåñêîïà JWST (ìåòðèêà òðàíñìèññèîííîé ñïåêòðîñêîïèè TSM äëÿ îáúåêòà

ñîñòàâëÿåò îêîëî 600 [1]) è çàñëóæèâàþùåãî â äàëüíåéøåì âêëþ÷åíèÿ â

íàó÷íóþ ïðîãðàììó êîñìè÷åñêîé îáñåðâàòîðèè Ñïåêòð-ÓÔ.

Èññëåäîâàíèå âûïîëíåíî â ðàìêàõ ïðîåêòà "Èññëåäîâàíèå çâåçä ñ ýêçî-

ïëàíåòàìè" ïî ãðàíòó Ïðàâèòåëüñòâà ÐÔ äëÿ ïðîâåäåíèÿ íàó÷íûõ èññëåäîâàíèé,

ïðîâîäèìûõ ïîä ðóêîâîäñòâîì âåäóùèõ ó÷åíûõ (ñîãëàøåíèå N 075-15-2019-

1875, 075-15-2022-1109).

Ó÷ðåæäåíèå Ðîññèéñêîé àêàäåìèè íàóê, Èíñòèòóò àñòðîíîìèè ÐÀÍ,

Ìîñêâà, Ðîññèÿ, e-mail: igs231@mail.ru

MASS LOSS OF THE PLANET WASP-193 b
ATMOSPHERE

I.S.SAVANOV

The results of the analysis of the activity manifestations of the star WASP-193

with spectral class F9 with a super-neptune-type planet are presented. The gas giant

WASP-193 b with a mass of 0.13 Jupiter's mass is almost one and a half times

Jupiter's radius. The planet has a low density of 01400590 ..   g/cm3 (a similar

object is Kepler 51 d, the number of other exoplanets of this type is small). The

equilibrium temperature of the planet's atmosphere is high - T
eq

 = 1254 ± 31 K. The

obtained results of investigations of the activity of the star were used to estimate the

mass loss from the atmosphere of the planet WASP-193 b using an approximation

formula corresponding to the energy-limited model. The flux of XUV photons were

established by the analytical relation linking F
XUV

 and logR'
HK

 parameter for stars of

spectral classes F -  M. Calculations have shown that the mass loss from the exoplanet

atmosphere is quite large (even in the case of low chromospheric activity of the star).

The range of the parameter M  is from 101081 . g/s to 111034 . g/s, depending on

the received level of the flux of XUV photons (high and low activity). It is likely

that the planet is intensively losing its atmosphere. WASP-193 b can be considered

as a high-priority candidate for observations using JWST space mission (the trans-

mission spectroscopy metric TSM for the object is about 600).

Keywords: stars: activity: variability: planetary systems: exoplanet atmosheres
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THE DIGITIZED FIRST BYURAKAN SURVEY DATA
BASE. LATE-TYPE STARS CANDIDATES. NEW

CONFIRMATIONS. I
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The Digitized First Byurakan Survey (DFBS) is the digitized version of the First Byurakan
Survey (FBS, or Markarian survey). The FBS was the first systematic survey of the extragalactic
sky. This objective-prism survey was carried out in 1965-1980 by B.E.Markarian and his colle-
agues using the 1 m Schmidt telescope of the Byurakan Astrophysical Observatory and resulted in
discovery of 1517 UVX-excess (Markarian) galaxies. FBS low-resolution spectral plates have been
used for a long time to search and study faint Late-Type Stars (LTS, M-type and C stars) at high
Galactic latitudes. A total of 18 lists of the FBS LTS were published between 1990 and 2016.
We report newly confirmed C and M giants, and also large amount of M dwarfs based on the Gaia
DR3 BP/RP low-resolution spectroscopic data base. Some of the newly confirmed M dwarfs
presents binary systems. Some of them are new eclipsing binaries. In our previous studies of the
DFBS spectral plates, all were presented as LTS candidates. Gaia high-accuracy astrometric and
photometric data and Transiting Exoplanet Survey Satellite (TESS) data are used to characterize
these new confirmed LTS. TESS phase-dependent light curves show rotational modulations and
flares for many new M dwarfs. This confirmations of the large number of completely new objects
represents a very significant extension in the census of M giants, faint N-type  Asymptotic Giant
Branch C stars, CH-type C giants at high Galactic latitudes, and M dwarfs in the solar vicinity.
Some objects are located more than 7 kpc from the Galactic plane. Ultimately, we aim to present
value-added catalog and update the FBS LTS catalog. Note that a large amount of the blue stellar
objects with UVX-excess and numerous of emission line objects were also detected.

Keywords: catalogs-stars: carbon stars: M-giants: M-dwarfs: surveys: Gaia and

TESS data

1. Introduction. Markarian survey (or the First Byurakan Survey-FBS), was

the first systematic survey of the extragalactic sky. This objective-prism (op) low-

resolution (lr, 1o.5 prism, giving a reciprocal dispersion of 1800Å /mm near H ,

providing a 3400-6900Å  spectral range) survey was carried out in 1965-1980 by

B.E.Markarian and collaborators using the 1 m Schmidt telescope of the Byurakan

Astrophysical Observatory and resulted in discovery of 1517 UVX-excess galaxies [1].

This survey covers about ~17000 sq. deg. of the Northern sky and part of the Southern

sky at high Galactic latitudes. During the observations, Kodak IIF, IIAF, IIaF, and

103aF plates were used. The limiting photographic magnitude is 17o.5-18o.0. The
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large spectral range of the FBS is well suited to identify very different objects,

and especially cool M-type or C-type (carbon) stars. Visual inspection with a

magnification of 15  (using the magnifying glass before 2007) was used to select

slitless spectra showing pronounced absorption bands. C stars can be identified

through the presence of the Swan bands of the C
2
 molecule at 4737, 5165 and

5636Å  (spectra of N-type Asymptotic Giant Branch (AGB) C stars). Several C

stars also show the C
2
 band head at 4382Å  (early CH-type C stars). M-type

stars can easily be distinguished because of the titanium oxide (TiO) molecule

absorption bands at 4584, 4762, 4954, 5167, 5500, and 6200Å  [2]. All FBS

spectral plates have now been digitized, resulting in the creation of the Digitized

First Byurakan Survey (DFBS) data base [3]. Its images and spectra are available

on the DFBS web portal in Trieste (on-line at https://www.ia2-byurakan.oats.inaf.it,

for details see also the web site at https://www.aras.am.Dfbs/dfbs.html/). A Second

Version of the "Revised and Updated Catalogue of the First Byurakan Survey of

Late-Type Stars", containing data for 1471 M and C stars was generated later [4]

(SIMBAD CDS VizieR Catalogue J/MNRAS/489/2030/catv2). All DFBS plates

are analyzed with the help of standard analysis softwares FITSView and SAOImage

ds9. This visualization allows to detect very red and faint C and M stars candidates

close to the detection limit in each DFBS plate (particularly, the range 6500-

6900Å  for the faint and late subclasses of the N-type and M-type stars [4]).

Candidates of faint N-type C stars and M-type giants, for which very short (wedge-

like) spectra in the range ~6500-6900Å  is visible on the DFBS plates, no C
2

and TiO molecule absorption bands are detectable. Moderate-resolution slit spec-

troscopy was carried out for thirteen candidates, confirming the C-rich nature of

them [5]. Several of such candidates could be M dwarfs and giants [6]. In addition,

a large number of such faint candidates detected on the DFBS plates, remained

to be classified using spectral information [4,6]. To classify faint candidates and

to find out the potential of the FBS for LTS, we use Gaia DR3 BP/RP lr

spectroscopic data base, which allows us to confirm the spectral types for candidate

objects easily. The present work extends significantly our search for LTS candi-

dates. We present data for seven newly confirmed DFBS C stars and several M

giants. We also report on a large number of new M dwarfs, confirmed in the

Gaia DR3 lr spectroscopic data base. The list of all spectroscopically confirmed

LTS candidates, reported as a supplementary (value - added) catalogue to the

second edition of the "Revised and Updated Catalogue of The First Byurakan

Survey" [4] will be presented in SIMBAD astronomical data base very soon.

This paper (first in this series) is structured as follows. Section 2 introduces

the Gaia DR3 lr spectral data base, which is used to validate the spectral types

of the DFBS LTS candidates. It presents Gaia DR3 spectra and important physical

characteristics for seven confirmed DFBS C stars. We also describe the spectro-



507LATE-TYPE  STARS  CANDIDATE.  I

scopic criteria for candidate LTS classification for C or M stars, and photometric

criteria, which are used to separate M giants from M dwarfs. Section 3 and 4

present data for a few of DFBS M giants and M dwarfs. Phase dependence light

curves are also given for newly confirmed M stars from the modern variability

data bases to clarify their variability types. Finally, Section 5 recalls the main

results obtained for the LTS candidates and provide concluding remarks and

possible future works.

2. Gaia DR3 spectra. Newly confirmed C stars. The European Space

Agency (ESA) mission Gaia (Gaia Collaboration [7]) has already released three

catalogues to the astronomical community, of increasing richness in terms of

content, precision, and accuracy. With respect to the previous Gaia Early Data

Release 3 (EDR3) [8], Gaia Data Release 3 (Gaia DR3, Gaia Collaboration [9])

introduces a number of new data products based on the same source catalogue,

including a total of 1.8 billion objects based on a period of 34 month of satellite

operations. Blue (BP) and Red (RP) photometer lr spectral data are one of the

exciting new products in Gaia DR3 (VizieR CDS Catalog I/355/gaiadr3). Time

- averaged mean spectra covering the optical to near-infrared wavelength range

Å105003300  are published for approximately 220 million objects (CDS

Catalog I/355/spectra). Most of these are brighter than G = 17.65 mag [10].

M-type stars can be detected very easily in the Gaia DR3 lr spectral data base

by the presence of the broad absorption bands of the TiO molecules in the range

6500-7000Å , 7000-7500Å , and 8000-8500Å . C stars display strong Swan bands

at 4383, 4737, 5165, and 5636Å  of C
2
 molecule. Among the DFBS LTS

candidates, confirmed M stars, which show high proper motions in Gaia DR3

data base, are included as M dwarfs in our new DFBS list. For all of them,

2MASS (Two Micron All-Sky Survey) [11] Near-Infrared (NIR) colors are typical

for M dwarfs (J - H < 0.7 mag and H - K > 0.15 mag) and best discriminator of M

giants and dwarfs [12,13]. With high-and moderate-resolution spectra, M giants

and M dwarfs can be well segregated through the spectral indices using the

template-fitting pipeline [14,15].

Our list of all DFBS LTS candidates is cross-matched with the Gaia DR3 BP/

RP spectroscopic data base. Table 1 presents DFBS LTS candidates confirmed as

C stars; it gives the DFBS Number, the Gaia I/355/gaiadr3 source designation, other

association in SIMBAD data base, and our spectral type determination (C-N or

C-CH-type).

Fig.1a and b presents Gaia DR3 Catalogue BP/RP lr spectra for objects of

Table 1.

Low-resolution CCD spectra for DFBS J004626.12+463720.2 and for DFBS

J082310.37-015325.7 in the range Å91003690   were also secured by LAMOST



508 K.S.GIGOYAN  ET  AL.

DFBS Number Gaia DR3 source Other association in Sp. Type
identifier SIMBAD data base

J004626.12+463720.4 389807868829145856 C-CH
J024615.25+484150.9 438564097055438720 C-CH
J082310.36-015325.7 3070045067018279040 ATO J125.7932-01.8905 C-N
J203956.64-063740.4 6908005165297040896 C-CH
J215952.33+315207.9 1897967802114581888 C-CH
J221816.47+290920.0 1897967802114581888 C-N
J234931.72+442531.5 1926136499744257152 TYC 3244-587-1 C-CH

Table 1

DFBS LTS CANDIDATES CONFIRMED CARBON STARS

Notes: The object DFBS J024615.25+484150.9 was announced as new early-type CH-carbon
star candidate by Gigoyan [6]. The star ATO J125.7832-01.8905 is presented as R Coronae Borealis
type variable in Gaia DR3 Catalogue (SIMBAD VizieR Catalog I/358/vclassre). The object TYC 3244-
587-1 is known as spectroscopic binary without spectral type information in SIMBAD astronomical
database.

Fig.1a. Gaia DR3 BP/RP lr spectra for four objects of Table 1 in the 336-1020 nm range.
The absorption bands of C

2
 molecule in the range 450-570 nm are also indicated.
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(Large Sky Area Multi-Object Fiber Spectroscopic Telescope) [16]) observations

(LAMOST DR7, spectra is available online at http://dr7.lamost.org/search/, also

see SIMBAD VizieR catalog V/156/dr7/lrs).

Fig.2 shows the LAMOST CCD spectra for objects DFBS J004626.12+463720.4

(obtained 18 October 2014) and DFBS J082310.36-015325.7 (obtained on the 25

December 2013), they are classified as C stars in LAMOST DR7 data base.

Table 2 presents Gaia DR3 catalogue key data for seven confirmed C stars and

their heights above/below the Galactic plane. The distance estimation is based on Gaia

DR3 trigonometric parallaxes (absolutely the same values of parallaxes, as presented

in Gaia EDR3 catalogue. Therefore, we used the distance information derived from

Gaia EDR3 by Bailer-Jones et al. [17].

3. M Giants . M giants are evolved objects with high luminosity

43log ~LL  , which enables their detection at large distances. Therefore, M

giant stars are suitable as tracers for discovering and identifying the remnants of

stellar streams in the Galactic Halo. Among the DFBS LTS candidates cross-

correlated in the Gaia DR3 lr spectroscopic data base, we found numerous of M

giants and mass-losing AGB M stars. Some of these stars are new discoveries.

Fig.1b. Gaia DR3 BP/RP lr spectra for
three objects of Table 1 in the 336-1020 nm
range. The spectra of all objects show broad

C
2
 bands in the 450-570 nm region.
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Others are IRAS Point Sources Catalogue (PSC) [18] sources but whose spectral

types are unknown. A significant part of the newly confirmed M giants are

associated with the Gaia Long-Period Variable Stars (Gaia DR3 Part 4. Variability,

VizieR CDS Catalog I/358/vlpv).

Table 3 presents Gaia DR3 catalogue important data for some LTSs candidates,

confirmed as M giants in the data base I/355/spectra; it gives the DFBS Number,

Gaia DR3 designation, Gaia DR3 broad-band G-magnitudes, and other associa-

tions in SIMBAD data base. Fig.3a and b presents Gaia DR3 BP/RP lr spectra

for four objects of Table 3 in range 336-1020 nm.

Table 4 presents Gaia EDR3 catalogue important data for six confirmed M

giants and their heights above/below the Galactic plane (in analogy with newly

confirmed C stars in Table 2).

Fig.2. LAMOST lr CCD spectra in the Å91003690   range for candidate objects DFBS
J004626.12+463720.4 and DFBS J082310.36-015325.7. The C

2
 molecule absorption band-heads

are also indicated.
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J024615.25+484150.9 14.28 2.17 -137.35(±2.57) 6642(±800) -0.2(±0.07) -1147(±150)

J082310.36-015325.7 14.19 2.63 +210.10(±0.87) 11560(±900) -1.1(±0.1) 3833(±300)

J203956.64-063740.4 13.57 1.58 -283.63(±0.47) 9035(±1000) -1.2(±0.8) -4117(±291)

J215952.33+315207.9 13.18 1.76 -491.45(±0.43) 11289(±1600) -2.1(±0.4) -3534(±500)

J221816.47+290920.0 13.17 2.32 -110.71(±0.31) 13505(±1500) -2.5(±0.4) -5239(±600)

J234931.72+442531.5 10.64 1.49 -13.93(±1.91) 1658(±35) -0.4(±0.1) -486(±10)

Table 2

SOME IMPORTANT GAIA DR3 DATA FOR SEVEN NEW C STARS
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DFBS number Gaia DR3 source Gaia DR3 Gaia DR3 Other association in

name G mag BP-RP SIMBAD data base

color

J004002.24+445225.2 38820725477589632 12.213 2.346

J034913.32+390916.9 223984228113842816 12.169 5.158 IRAS 03458+3900

J080119.40+345809.3 905739784466468736 12.419 2.689 ATO J120.3309+34.9692++

J175041.20+6915.23.0 1637841351188506880 12.981 2.202 2MASS J17504123+6915223++

J202649.55-081608.9 6905944371269703680 12.795 3.268 NSNS 17120433+

J220305.66+424407.5 1960158241368482432 11.610 5.445 IRAS 22010+4229+++

Table 3

GAIA DR3 DATA FOR 6 DFBS CONFIRMED M GIANTS

Notes: (+) In SIMBAD Data Base these objects are noted as Long-Period Variables. (++)
These objects are noted as Long-Period Variable Candidates. (+++) Mira Variable. In SIMBAD
data base there are no spectral type information for these objects Table 3.

Fig.3a. Gaia DR3 BP/RP lr spectra for four objects of Table 3 in the 336-1020 nm range.

The spectra of all objects show broad absorption bands of TiO molecule.
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Fig.4 shows ASAS-SN [19,20] light curve for M giant DFBS J220305.66+

424407.5.

We examine visually the Spectral Energy Distribution (SED) for two objects

Table 4. Fig.5 illustrates SEDs for two objects of Table 4. Both objects exhibit

excess of infrared radiation (IR) at longer wavelengths indicating the existence of

the dust envelopes around them.

4. M Dwarfs. M dwarfs are the most common stars in the Galaxy [21,22].

They dominate the stellar populations by number, but have a very low mass range

 M.M. 500750   and effective temperature T
eff
 less than 4000 K [23]. M dwarfs

have become of central interest for astronomy in the last decades, notably for their

application to exoplanet research [24]. For a given Gaia DR3 BP/RP lr spectra,

there are no luminosity criteria to distinguish M giants from dwarfs among the

Fig.3b. Gaia DR3 BP/RP lr spectra for two objects of Table 3 in the 336-1020 nm range.
The spectra show broad absorption bands of TiO molecule.
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DFBS RV r M(G)   Z
Number (km/s) (pc) (pc)

J004002.24+445225.2 -83.00(±0.30) 6591(±700) -1.90(±0.2) -2031(±200)
J034913.32+390916.9 -61.73(±0.56) 2551(±400) -0.12(±0.1) -522(±50)
J080119.40+345809.3 +56.32(±0.72) 7147(±1000) -1.87(±0.2) 3432(±400)
J175041.20+6915.23.0 -93.80(±0.58) 14844(±2500) -2.87(±0.32) 7555(±1000)
J202649.55-081608.9 +72.30(±0.79) 7451(±1100) -1.57(±0.3) -3141(±400)
J220305.66+424407.5 2985(±500) -0.76(±0.3) -524(±100)

Table 4

SOME IMPORTANT GAIA DATA FOR 6 M GIANTS
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confirmed candidates. We classify LTS candidates as M dwarfs based on the

presence of the broad absorption bands of TiO molecule in the 6500-7000Å ,

7000-7400Å , and 7600-8000Å  ranges [25], and based also on their high proper

motions in Gaia DR3 catalogue. For all of them, 2MASS NIR colors are typical

for M dwarfs [12,13]. Most of the DFBS LTS candidates, in the Gaia DR3 lr

spectroscopic data base, are M dwarfs.

Fig.4. ASAS-SN phased light curve for DFBS J220305.66+424407.5 (ASASSN-V J220305.54+
424407.4, on-line access via https://asas-sn.osu.edu/variables/) classified as a Mira variable in SIMBAD

data base. This object is a SR variable with P = 365.647 days, Ampl. = 1.84 mag and V
mean

 = 15.66 mag.
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Fig.5. SEDs for two DFBS M giants built in VizieR data base using Gaia EDR3, POSSII-I,

POSSII-I, POSSII-F, POSSII-J, Johnson-B, SDSS u, g, r, i, z, 2MASS J, H, Ks, WISE W1,
W2, W3, and W4 photometric data (for more detail see https://vizier.cds.unistra.fr/vizier/sed/.
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Table 5 presents TESS Input Catalogue (TIC, version 8.2 [26,27], CDS VizieR

Catalogue IV/39/tic8.2) important data for a few new DFBS M dwarfs, confirmed

spectroscopically in Gaia DR3 data base.

Gaia DR3 Catalogue, Gaia Catalogue of Nearby Stars (GCNS, Gaia Collabo-

ration [28], VizieR Catalogue J/A+A/649/A6/table1c) and also TESS Catalogues

indicate 2 objects in 5 arcsec search radius around positions of DFBS

J091007.09+40524.3 and DFBS J172758.96+170919.2 (consequently we noted A-

bright and B-faint objects which have practically the same parallaxes in these data

bases). There are no 2MASS JHK photometric data for DFBS J091007.09+

DFBS Number TIC


MM /

LL / T

eff
R 2MASS 2MASS

Identifier (K) (pc) J-H H-K

J091007.09+405214.3(A) 9273155 3687 94.78(±0.48) 0.619 0.204

               (B) 801617198 3687 94.78(±0.48)

J112124.87+394106.1 17933144 0.523(±0.02) 0.049(±0.011) 3752 80.44(±0.23) 0.618 0.223

J134015.46+354901.5 105657755 0.536(±0.02) 0.039(±0.009) 3488 103.32(±0.41) 0.607 0.217

J172758.96+170919.2(A) 394020934 0.458(±0.02) 0.032(±0.007) 3589 89.26(±0.26) 0.608 0.247

               (B) 394020936 0.382(±0.02) 0.020(±0.005) 3466 89.16(±0.33) 0.609 0.231

J222100.82-065620.2 38378875 0.635(±0.02) 0.06(±0.015) 3545 109.41(±0.76) 0.590 0.233

Table 5

TESS INPUT CATALOGUE DATA FOR SOME DFBS M DWARFS

Note. More details for objects DFBS J091007.09+405214.3 (A), (B) and DFBS J172758.96+
170919.2 (A) (B) see below.

Fig.6. POSS2 I-image of dwarf M star DFBS J172758.96+170919.2 (primary star-A) and
close companion (B) that we view as a binary system. Angular separation is 4.0 arcsec on I-image.

Field is 55  .
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405214.3(B). Gaia DR3 BP - RP = 2.248 mag and 2.329 mag for A and B objects

respectively. Such colors are also typical for dwarf M stars. With the help of the

data visualization software SAOImage ds9, we search POSS2 I-band images for

possible companions. On DSS2 I-chart the image of DFBS J091007.09+405214.3

is elongated, indicating the presence of two very close objects. In the case of DFBS

J172758.96+170919.2, two objects (A and B, Gaia BP - RP = 2.241 mag for A and

BP - RP = 2.437 mag for B) are relatively well separated from each other. Fig.6

illustrate the POSS2 I-band image of the star DFBS J172758.96+170919.2 A and

its close companion B. The close companion is TIC 394020936, T
eff

 = 3466 K,

MM 0.382 , LL 0.01999 , r = 89.16 pc. Both objects are at the same distance

(Table 5). DFBS J172758.96 +170919.2 A and B components (Fig.6) are

established as a M dwarf + M dwarf binary in Gaia BP/RP spectral data base.

Most probably, DFBS J091007.09+ 405214.3 is also a pair of M dwarf + M dwarf

at a distance r = 94.78 pc. High-angular resolution CCD image is necessary to

resolve the second and faint component of DFBS J091007.09+405214.3.

Fig.7 illustrates the Gaia DR3 spectra for A and B components of DFBSJ

172758.96+170919.2

SEDs for only two confirmed M dwarfs, namely DFBS J125402.01+284056.2

and DFBS J162107.91+355637.7 are presented in Fig.8. In the SEDs of these

objects, the excess IR radiation is clearly visible after 10 m  (in WISE W3 and

W4 passbands).

Fig.9 and 10 show TESS light curves consequently for dwarf stars DFBS

J161046.38+ 385809.1 and DFBS J222100.82-065620.3. We download the Presearch

Data Conditioning Simple Aperture Photometry (PDC-SAP) light curves from the

Fig.7. Gaia DR3 BP/RP lr spectra for DFBS J172758.96+170919.2 A and B in the 336-

1020 nm range. Spectra of both objects show strong TiO absorption bands. Both are M dwarfs.
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Mikulski Archive for Space Telescopes (MAST). We then used lightkurve (http:/

/docs.lightkurve.org/) to download the target pixel files (TPFs) and analyze light

curves for new confirmed M dwarfs noted above.

Fig.10 illustrate TESS phased light curve for dwarf M star DFBS J222100.82-

065620.3.

Fig.8. SED for two DFBS M dwarfs confirmed in Gaia DR3 lr spectroscopic data base and

built in Vizier data base using the same catalogue data, as in Fig.6.

F
(

),
 J

y

Wavelength (nm)

10e-5

DFBS J125402.01+284056.2

0.1 1 10 100

Wavelength (nm)

0.1 1 10 100

10e-4

10e-3

0.01

0.1
DFBS J162107.91+355637.7

Fig.9. TESS light curve for M Dwarf DFBS J161046.38+385809.1 showing very clear rotational

modulation with period P = 5.2 day (TIC number is 310531531, T
eff

 = 3412 K, 
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L.L 034630 , r = 79.06 pc and V = 15.4 mag).

F
lu

x 
[e

- s
-1
]

Time - 2457000 [BTJD days]

2695

1420

DFBS J161046.38+385809.1

2700 2705 2710 2715

1440

1460

1480

1500



517LATE-TYPE  STARS  CANDIDATE.  I

5. Summary and future works. In this study we have significantly

extended the previous FBS survey for LTS search. Discoveries are important, but

it is very important to characterize newly confirmed objects. In order to gain more

information on the LTS candidates, selected on the DFBS plates, we check Gaia

DR3 BP/RP lr spectroscopic database to confirm the spectral types of the faint

objects. Despite the fact, that it is a low-resolution spectroscopic data base, it

represents a good opportunity for spectral type determination. In this paper, first

in this series, we present some preliminary but very important results and report

newly confirmed CH type, N-type carbon stars and M giants. Some of them are

more than 7 kpc above the Galactic plane and have high radial velocities. We also

report on a large number of new M dwarfs confirmed in the Gaia DR3 lr spectral

database. All these faint objects were presented as LTS candidates in DFBS data-

base before the present study. The object DFBS J172758.03+170918.0 is found

to be a binary system (M dwarf + M dwarf) at a distance 89.2 pc. TESS phased

light curve for M dwarf DFBS J222100.82-065620.3 (TIC 38378875) shows, that

this object is EA-type eclipsing binary with period P = 0.76 d and Ampl. = 0.2 mag.

Many M dwarfs show extra flux in the IR range, this is characteristic of the

circumstellar dust which mark certain stages in the life of planetary systems

(protoplanetary disc, and final stage is a debris disc [29,30]). TESS light curve

for M dwarf DFBS J161046.38+385809.1 shows very clear rotational modulation

with period P = 5.2 d, M.M 5290 , L.L 034630 , r = 79.06 pc and V = 15.4

mag. It is likely that DFBS J161046.38+385809 is a rapid rotator.

Fig.10. TESS phased light curve (not very good) for M dwarf DFBS J222100.82-065620.3
(TIC 38378875) that we classify as EA(Algol-type) eclipsing binary (P = 0.76 d, Ampl. = 0.2 mag)

where the primary and secondary eclipses are clearly visible.
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This paper reports essentially on preliminary results, second paper will include

the value-added DFBS LTS catalogue and will certainly be on the statistical

analysis of the newly confirmed C, M giants and M dwarfs, and their color-

absolute magnitude diagrams and distribution in our Galaxy. A study of the new

M dwarfs flares, their multiwavelength properties, stellar activity, ages, and rota-

tional rates, is now in progress, and the results will appear soon in the second

part of this serie.
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ÎÖÈÔÐÎÂÀÍÍÛÉ ÏÅÐÂÛÉ ÁÞÐÀÊÀÍÑÊÈÉ ÎÁÇÎÐ
ÍÅÁÀ. ÇÂÅÇÄÛ ÊÀÍÄÈÄÀÒÛ ÏÎÇÄÍÈÕ

ÑÏÅÊÒÐÀËÜÍÛÕ ÊËÀÑÑÎÂ. ÍÎÂÛÅ
ÏÎÄÒÂÅÐÆÄÅÍÈß. I

K.Ñ.ÃÈÃÎßÍ1, Ê.Ê.ÃÈÃÎßÍ1, À.ÑÀÐÊÈÑÑÈÀÍ2, Ã.Ð.ÊÎÑÒÀÍÄßÍ1,
Ì.ÌÅÔÒÀ2, Ñ.ÁÅÊÊÈ2

Digitized First Byurakan Survey (DFBS) - ýòî îöèôðîâàííàÿ âåðñèÿ Ïåðâîãî

Áþðàêàíñêîãî îáçîðà (FBS) èëè Ìàðêàðÿíîâñêîãî îáçîðà. FBS ÿâëÿåòñÿ ïåðâûì

ñèñòåìàòè÷åñêèì âíåãàëàêòè÷åñêèì îáçîðîì. Îí áûë îñóùåñòâëåí Á.Å.Ìàð-
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êàðÿíîì è åãî êîëëåãàìè â 1965-1980ãã. ñ îáúåêòèâíîé ïðèçìîé ñ èñïîëüçîâàíèåì

1-ì òåëåñêîïà Øìèäòà Áþðàêàíñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè (ÁÀÎ) è

óâåí÷àëñÿ îòêðûòèåì 1517 ãàëàêòèê ñ UVX - èçáûòêîì, íàçâàííûõ ãàëàêòèêàìè

Ìàðêàðÿíà. Ïëàñòèíêè ñ ðåçóëüòàòàìè ñïåêòðàëüíûõ íàáëþäåíèé íèçêîãî

ðàçðåøåíèÿ (lr) îáçîðà FBS äëèòåëüíîå âðåìÿ èñïîëüçîâàëèñü äëÿ ïîèñêà è

èçó÷åíèÿ ñëàáûõ çâåçä ïîçäíèõ ñïåêòðàëüíûõ òèïîâ (LTS, M è Ñ) çâåçä íà

âûñîêèõ ãàëàêòè÷åñêèõ øèðîòàõ. Â ïåðèîä ñ 1990 ïî 2016ãã. áûëè îïóáëè-

êîâàíû 18 ñïèñêîâ îáúåêòîâ LTS FBS. Â äàííîé ðàáîòå ñîîáùàåòñÿ î íîâûõ

ïîäòâåðæäåííûõ C è M-ãèãàíòàõ, à òàêæå î áîëüøîì êîëè÷åñòâå M-êàðëèêîâ,

ïîäòâåðæäåííûõ äàííûìè èç àðõèâà íàáëþäåíèé Gaia DR3 BP/RP (ñïåêòðû

íèçêîãî ðàçðåøåíèÿ). ×àñòü íîâûõ ïîäòâåðæäåííûõ Ì-êàðëèêîâ ïðåäñòàâëÿåò

ñîáîé äâîéíûå ñèñòåìû, à ÷àñòü ýòèõ äâîéíûõ ñèñòåì ÿâëÿåòñÿ íîâûìè

çàòìåííûìè äâîéíûìè. Â íàøèõ ïðåäûäóùèõ èññëåäîâàíèÿõ ñïåêòðàëüíûõ

äàííûõ DFBS lr îíè ïðåäñòàâëåíû êàê êàíäèäàòû â LTS. Äëÿ õàðàêòåðèñòèêè

íîâûõ ïîäòâåðæäåííûõ LTS èñïîëüçóþòñÿ âûñîêîòî÷íûå àñòðîìåòðè÷åñêèå è

ôîòîìåòðè÷åñêèå äàííûå Gaia è äàííûå ñïóòíèêà Transiting Exoplanet Survey

Satellite (TESS). Êðèâûå áëåñêà TESS ìíîãèõ íîâûõ Ì-êàðëèêîâ ïîêàçûâàþò

âðàùàòåëüíûå ìîäóëÿöèè è âñïûøêè. Ôàêò ïîäòâåðæäåíèÿ áîëüøîãî ÷èñëà

ñîâåðøåííî íîâûõ îáúåêòîâ îáåùàåò ñóùåñòâåííî îáîãàòèòü ñòàòèñòèêó Ì-

ãèãàíòîâ, ñëàáûõ AGB Ñ-çâåçä N-òèïà, óãëåðîäíûõ çâåçä CH-òèïà íà âûñîêèõ

ãàëàêòè÷åñêèõ øèðîòàõ, à òàêæå Ì-êàðëèêîâ â îêðåñòíîñòÿõ Ñîëíöà. Íåêîòîðûå

îáúåêòû ðàñïîëîæåíû íà ðàññòîÿíèè áîëåå 7 êïê îò ïëîñêîñòè Ãàëàêòèêè. Ìû

íàìåðåâàåìñÿ ïðåäñòàâèòü ìîäåðíèçèðîâàííûé FBS êàòàëîã LTS îáúåêòîâ.

Êðîìå òîãî, â ðàáîòå ñîîáùàåòñÿ îá îáíàðóæåíèè áîëüøîãî êîëè÷åñòâà ãîëóáûõ

çâåçäíûõ îáúåêòîâ ñ UVX-èçáûòêîì, à òàêæå áîëüøîãî êîëè÷åñòâà îáúåêòîâ

ñ ýìèññèîííûìè ëèíèÿìè.

Êëþ÷åâûå ñëîâà: êàòàëîãè-çâåçäû: óãëåðîäíûå çâåçäû: M-ãèãàíòû: M-êàðëèêè:

     îáçîðû äàííûå Gaia è TESS
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ÔÎÒÎÌÅÒÐÈ×ÅÑÊÈÅ È ÑÏÅÊÒÐÀËÜÍÛÅ
ÈÑÑËÅÄÎÂÀÍÈß ÃÐÓÏÏÛ ÃÀËÀÊÒÈ×ÅÑÊÈÕ ÇÂÅÇÄ

ÂÎËÜÔÀ-ÐÀÉÅ. I. WN ÏÎÑËÅÄÎÂÀÒÅËÜÍÎÑÒÜ

Ë.Í.ÊÎÍÄÐÀÒÜÅÂÀ, È.Â.ÐÅÂÀ, Ý.Ê.ÄÅÍÈÑÞÊ,
Ñ.À.ØÎÌØÅÊÎÂÀ, Ã.Ê.ÀÉÌÀÍÎÂÀ

Ïîñòóïèëà 1 ñåíòÿáðÿ 2023
Ïðèíÿòà ê ïå÷àòè 28 íîÿáðÿ 2023

Ôîòîìåòðè÷åñêèå è ñïåêòðàëüíûå íàáëþäåíèÿ 11-òè çâåçä Âîëüôà-Ðàéå WN ïîñëåäîâà-
òåëüíîñòè âûïîëíÿëèñü â ÀÔÈÔ â 2021-2022ãã. Íà îñíîâå ïðîâåäåííûõ íàáëþäåíèé ïîëó-
÷åíû îöåíêè áëåñêà îáúåêòîâ â ôèëüòðàõ BVRc è àáñîëþòíûå ïîòîêè èçëó÷åíèÿ â ýìèññèîííûõ
ëèíèÿõ. Èçìåíåíèÿ áëåñêà â ïðåäåëàõ 0

m
.1 - 0

m
.15 çàðåãèñòðèðîâàíû â çâåçäàõ WR 1, WR 120,

WR 151, WR 152. Èçìåíåíèÿ ýìèññèîííûõ ïîòîêîâ îáíàðóæåíû â ñïåêòðàõ íåñêîëüêèõ
îáúåêòîâ: WR 120, WR 128, WR 145.

Êëþ÷åâûå ñëîâà: ïåðåìåííûå çâåçäû: Âîëüôà-Ðàéå çâåçäû: ôîòîìåòðèÿ:

ñïåêòðîôîòîìåòðèÿ

1. Ââåäåíèå. Çâåçäû Âîëüôà-Ðàéå îáðàçóþòñÿ â ïðîöåññå ýâîëþöèè

ìàññèâíûõ Î-çâåçä, êîòîðûå òåðÿþò ñâîè âîäîðîäíûå îáîëî÷êè, ïîêèäàÿ

Ãëàâíóþ ïîñëåäîâàòåëüíîñòü (ÃÏ). Îñòàòî÷íûå ÿäðà íà÷èíàþò ñæèìàòüñÿ,

âûçûâàÿ â íåäðàõ çâåçäû ïîñëåäîâàòåëüíîñòü ÿäåðíûõ ðåàêöèé, â ïðîöåññå

êîòîðûõ ôîðìèðóþòñÿ òÿæåëûå õèìè÷åñêèå ýëåìåíòû. Øèðîêèå ýìèññèîííûå

ëèíèè, íàáëþäàåìûå â ñïåêòðàõ WR çâåçä, ôîðìèðóþòñÿ â çîíàõ ïëîòíîãî

âûñîêîñêîðîñòíîãî çâåçäíîãî âåòðà [1].

Ñòàäèÿ WR ÿâëÿåòñÿ ïðîìåæóòî÷íûì ýòàïîì íà ýâîëþöèîííîì ïóòè

ìàññèâíûõ çâåçä ê èõ êîíå÷íîìó ñîñòîÿíèþ íåéòðîííîé çâåçäû èëè ÷åðíîé

äûðû. Íåêîòîðûå î÷åíü ìàññèâíûå çâåçäû ïðèîáðåòàþò WR-õàðàêòåðèñòèêè

åùå íà ñòàäèè ÃÏ, ïîýòîìó èõ îáîëî÷êè ìîãóò ñîäåðæàòü íåêîòîðîå êîëè÷åñòâî

âîäîðîäà [2]. Çâåçäû Âîëüôà-Ðàéå èãðàþò âàæíóþ ðîëü â ýâîëþöèè: âî-

ïåðâûõ, îíè îáîãàùàþò ìåæçâåçäíóþ ñðåäó òÿæåëûìè ýëåìåíòàìè, òàêèìè

êàê He, C, N, âî-âòîðûõ, îíè ðàññìàòðèâàþòñÿ êàê ïðåäøåñòâåííèêè

ñâåðõíîâûõ è êàê âîçìîæíûå èñòî÷íèêè ðåíòãåíîâñêèõ âñïûøåê [3-6].

Ñóùåñòâóþò òðè îñíîâíûå êàòåãîðèè çâåçä WR: WN, WC è WO, ñîäåðæàùèå

ñîîòâåòñòâåííî èçáûòêè àçîòà, óãëåðîäà è êèñëîðîäà â èõ ñïåêòðàõ. Ñ÷èòàåòñÿ,

÷òî ïîñëåäîâàòåëüíîñòü WN ÿâëÿåòñÿ ðåçóëüòàòîì öèêëà CNO (ñãîðàíèå H),
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òîãäà êàê çâåçäû ïîñëåäîâàòåëüíîñòåé WC è WO îáðàçóþòñÿ â ðåçóëüòàòå

òðîéíîãî àëüôà-ïðîöåññà.

Çíà÷èòåëüíàÿ ÷àñòü çâåçä WR - äâîéíûå ñèñòåìû. Â òàê íàçûâàåìîé

"ñèñòåìå âñòðå÷íûõ âåòðîâ" (CWB) ôîðìèðóþòñÿ ñèììåòðè÷íûå óäàðíûå âîëíû

[7,8]. Â ýòîì ñëó÷àå ïåðåìåííîñòü ïðîôèëåé ýìèññèîííûõ ëèíèé ìîæåò

íîñèòü ïåðèîäè÷åñêèé õàðàêòåð è áûòü ñâÿçàíà ñ îðáèòàëüíûì äâèæåíèåì

çâåçäíûõ êîìïîíåíòîâ. Íàáëþäàåìàÿ ôîòîìåòðè÷åñêàÿ ïåðåìåííîñòü çâåçä WR

ìîæåò áûòü âûçâàíà îðáèòàëüíûì äâèæåíèåì êîìïîíåíòîâ è/èëè ôëóêòóàöèÿìè

ïîãëîùåíèÿ âäîëü ëó÷à çðåíèÿ èç-çà íåîäíîðîäíîñòè ïûëåâîãî êîìïîíåíòà.

Êðîìå òîãî, ñïåêòðàëüíàÿ ïåðåìåííîñòü â ðÿäå ñëó÷àåâ ñâÿçàíà ñ èçìåíåíèåì

õàðàêòåðèñòèê çâåçäíîãî âåòðà [9]. Â çâåçäàõ WR òèïà CIR (Co-rotating

Interaction Regions) íàáëþäàåòñÿ ïîÿâëåíèå êðóïíîìàñøòàáíûõ äåòàëåé,

íàêëàäûâàþùèõñÿ íà êðûëüÿ ïðîôèëåé øèðîêèõ ýìèññèîííûõ ëèíèé [10,11].

Ôèçè÷åñêèå ñâîéñòâà çâåçä WR èçó÷àþòñÿ â øèðîêîì äèàïàçîíå äëèí âîëí

[12-16]. Â òî æå âðåìÿ ïî ìíîãèì îáúåêòàì ñóùåñòâóåò äåôèöèò ýêñïåðè-

ìåíòàëüíûõ äàííûõ. Â ñâÿçè ñ ýòèì ìû èíèöèèðîâàëè ôîòîìåòðè÷åñêèå è

ñïåêòðàëüíûå íàáëþäåíèÿ ñî ñðåäíèì ðàçðåøåíèåì â ïîèñêàõ ñïåêòðàëüíîé è

ôîòîìåòðè÷åñêîé àêòèâíîñòè ãðóïïû çâåçä WR. Â ïðîãðàììó íàáëþäåíèé

âêëþ÷åíû îáúåêòû óìåðåííîé ÿðêîñòè, îòíîñÿùèåñÿ ê ïîñëåäîâàòåëüíîñòÿì

WN, WC è WO. Áîëüøèíñòâî èç íèõ ñëàáåå 10m â ôèëüòðå V. Â äàííîé

ñòàòüå ðàññìàòðèâàþòñÿ ðåçóëüòàòû, ïîëó÷åííûå äëÿ çâåçä WN ïîñëåäîâà-

òåëüíîñòè. Ðåçóëüòàòû, ïîëó÷åííûå äëÿ WC è WO çâåçä, áóäóò îïóáëèêîâàíû

ïîçäíåå.

Ñïèñîê îáúåêòîâ, îïèñàíèå íàáëþäåíèé è îáðàáîòêè äàííûõ ïðèâåäåíû

â ðàçäåëå 2. Â ðàçäåëå 3 ïðåäñòàâëåíû ñëåäóþùèå ðåçóëüòàòû: îöåíêè BVRc,

ïîòîêîâ èçëó÷åíèÿ â ýìèññèîííûõ ëèíèÿõ è ýêâèâàëåíòíûõ øèðèí ïðîôèëåé

ëèíèé. Îáñóæäåíèå ïîëó÷åííûõ äàííûõ ïðåäñòàâëåíî â ðàçäåëå 3.

2. Íàáëþäåíèÿ è îáðàáîòêà äàííûõ. Ñïåêòðàëüíûå íàáëþäåíèÿ

ïðîâîäèëèñü â 2021-2022ãã. íà 0.7-ì òåëåñêîïå ÀÇÒ-8, óñòàíîâëåííîì â

îáñåðâàòîðèè Êàìåíñêîå Ïëàòî Àñòðîôèçè÷åñêîãî èíñòèòóòà èì. Â.Ã.Ôåñåíêîâà

(ÀÔÈÔ). Èñïîëüçîâàëñÿ ñïåêòðîãðàô ñ äèôðàêöèîííîé ðåøåòêîé 400 øòð/ìì,

øèðèíà âõîäíîé ùåëè 10". Â êà÷åñòâå äåòåêòîðà èñïîëüçîâàëàñü ÏÇÑ-êàìåðà

SBIG STT-3200 (2184 x 1472, 6.8 ìêì). Íàáëþäåíèÿ âûïîëíÿëèñü â äâóõ

ñïåêòðàëüíûõ äèàïàçîíàõ: 4300-5300Å  è 6400-7400Å  ñ äèñïåðñèåé 1.1Å /

ïèêñåëü. Êàëèáðîâêà øêàëû äëèí âîëí ïðîâîäèëàñü ñ ïîìîùüþ ëàìïû, â

ñïåêòðå êîòîðîé ïðåäñòàâëåíû ýìèññèîííûå ëèíèè He-Ne-Ar. Äëÿ îáðàáîòêè

ñïåêòðîãðàìì ïðèìåíÿëàñü ñòàíäàðòíàÿ ïðîöåäóðà: âû÷èòàíèå òåìíîãî

èçîáðàæåíèÿ (dark image) è ïîïðàâêà çà àòìîñôåðíîå ïîãëîùåíèå. Äëÿ êàæäîé

WR-çâåçäû ïîäáèðàëàñü íàèáîëåå áëèçêàÿ ê íåé ñòàíäàðòíàÿ çâåçäà ñ èçâåñòíûì
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ðàñïðåäåëåíèåì ýíåðãèè èç êàòàëîãà [17]. Ó÷åò àòìîñôåðíîãî ïîãëîùåíèÿ

âûïîëíÿëñÿ íåçàâèñèìî äëÿ îáúåêòà è ñòàíäàðòà. Êîýôôèöèåíòû ïðîçðà÷íîñòè

P  áûëè ïîëó÷åííû äëÿ îáñåðâàòîðèè - ìåñòà ðàñïîëîæåíèÿ òåëåñêîïà ÀÇÒ-

8. Èñïðàâëåííûé ñïåêòð ñòàíäàðòíîé çâåçäû èñïîëüçîâàëñÿ äëÿ êðèâîé ñïåêò-

ðàëüíîé ÷óâñòâèòåëüíîñòè àïïàðàòóðû è, ñ ó÷åòîì ðàçíîñòè ýêñïîçèöèé, äëÿ

êàëèáðîâêè ñïåêòðà èññëåäóåìîãî îáúåêòà â ýíåðãåòè÷åñêèõ åäèíèöàõ.

Ôîòîìåòðè÷åñêèå íàáëþäåíèÿ ïðîâîäèëèñü íà 1-ì òåëåñêîïå Carl Zeiss

Jena, ðàñïîëîæåííîì íà Òÿíü-Øàíüñêîé Àñòðîôèçè÷åñêîé îáñåðâàòîðèè

(ÒØÀÎ) ÀÔÈÔ. Èñïîëüçîâàëñÿ íàáîð ôèëüòðîâ Astrodon BVRc è äâå ÏÇÑ-

êàìåðû: ÏÇÑ Alta F16M ( 40964096 , 9 ) èñïîëüçîâàëàñü äî íîÿáðÿ 2021ã.

è áûëà çàìåíåíà íà ÏÇÑ ApogeeU9000D9. Ïîëå çðåíèÿ ñîñòàâëÿëî 0202  ,

à óãëîâîé ìàñøòàá èçîáðàæåíèÿ - 0.38"/ïèêñåëü. Ê ñîæàëåíèþ, â ñåðåäèíå

2022ã. ôîòîìåòðè÷åñêèå íàáëþäåíèÿ áûëè ïðåðâàíû íà 3 ìåñÿöà èç-çà

ïðîáëåì ñ ÏÇÑ-êàìåðîé. Ïåðâè÷íàÿ îáðàáîòêà èçîáðàæåíèé ñîñòîÿëà èç

ñòàíäàðòíûõ îïåðàöèé ñî ñëóæåáíûìè ôàéëàìè Bias, Dark è Flat. Èçìåðåíèÿ

èçîáðàæåíèé ïðîâîäèëèñü ñ èñïîëüçîâàíèåì ñòàíäàðòíûõ ïàêåòîâ ïðîãðàìì

IRAF è MaximDl-6. Ñòàíäàðòàìè ñëóæèëè áëèçêèå ê îáúåêòó ïî ÿðêîñòè

çâåçäû ïîëÿ ñ èçâåñòíûìè çíà÷åíèÿìè BVRc. Óðàâíåíèÿ äëÿ ïåðåâîäà

èíñòðóìåíòàëüíûõ îöåíîê áëåñêà â ñòàíäàðòíóþ ñèñòåìó BVRc áûëè ïîëó÷åíû

ïðè íàáëþäåíèÿõ ñòàíäàðòíûõ ïëîùàäîê [18].

3. Ïîëó÷åííûå ðåçóëüòàòû. Â íàøó ïðîãðàììó èññëåäîâàíèé áûëî

âêëþ÷åíî 18 çâåçä WR: WN (11), WC (6) è WO (1) ïîñëåäîâàòåëüíîñòåé,

áîëüøèíñòâî îáúåêòîâ ñëàáåå 10m (â ôèëüòðå V), íåêîòîðûå èç íèõ ïëîõî

èçó÷åíû. Â äàííîé ñòàòüå ðàññìàòðèâàþòñÿ ðåçóëüòàòû, ïîëó÷åííûå äëÿ çâåçä

Íàçâàíèå Sp  (2000)  (2000) Äðóãîå
îáúåêòà h  m  s o  '  " íàçâàíèå

WR1 WN4 00 43 28 64 45 35 HD 4004
WR 2 WN2b 01 05 23 60 25 19 HD 6327
WR 3 WN3ha 01 38 56 58 09 22 HD 9974

WR 120 WN7 18 41 00 -04 26 14 TH14-4
WR 128 WN4(H)+OB? 19 48 32 18 12 03 HD 187282
WR 141 WN5+O5V-III 20 21 31 36 55 12 HD 193928
WR 145 WN7o/CE+? 20 32 06 40 48 29 EM*AS 422
WR 148 WN8H+B3IV/BH 20 41 :21 52 35 12 HD 197406
WR 151 WN4+OV 22 09 33 57 44 30 CX Cep
WR 152 WN3(h) 22 16 24 55 37 36 HD 211564
WR 153 WN6o/O6 22 18 45 56 07 36 HD 211853

Òàáëèöà 1
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WN ïîñëåäîâàòåëüíîñòè. Íàáëþäåíèÿ ïðîâîäèëèñü â 2021-2022ãã. Â òàáë.2

ïðèâåäåíû ðåçóëüòàòû ôîòîìåòðè÷åñêèõ íàáëþäåíèé çâåçä WN. Â ïåðâîì

ñòîëáöå óêàçàíî íàçâàíèå îáúåêòà, åãî êëàññèôèêàöèÿ è ÿðêîñòü â ôèëüòðàõ

B è V èç àñòðîíîìè÷åñêîé áàçû äàííûõ SIMBAD. Ïîñëåäóþùèå ñòîëáöû

ñîäåðæàò äàòû, þëèàíñêèå äàòû è çíà÷åíèÿ BVRc.

Íàçâàíèå îáúåêòà Äàòà JD-2400000 B V Rc
íàáëþäåíèé

1 2 3 4 5 6

WR 1 WN4 2022-01-21 59601.10 10.47±0.05 10.32±0.05 10.35±0.06
B=10.72 V=10.14 [19] 2022-01-27 59607.08 10.46±0.05 10.32±0.05 10.35±0.06

2022-02-04 59615.06 10.39±0.05 10.21±0.02 10.28±0.06

2021-11-21 59540.20 11.44±0.07 11.38±0.06 10.98±0.05
2021-12-01 59550.17 11.43±0.08 11.38±0.07 10.98±0.05
2021-12-09 59558.18 11.43±0.07 11.38±0.07 10.98±0.06

WR 2 WN2b 2021-12-20 59578.13 11.44±0.07 11.37±0.07 10.97±0.06
B=11.49 V=11.33 [20] 2022-01-21 59601.12 11.43±0.08 11.38±0.08 10.99±0.05

2022-01-31 59607.09 11.43±0.07 11.37±0.09 10.97±0.07
2022-02-04 59615.08 11.43±0.08 11.37±0.05 10.99±0.05
2022-10-31 59884.37 11.44±0.08 11.38±0.08 10.96±0.07

2021-11-22 59541.27 10.80±0.04 10.70±0.05 10.54±0.02
2021-12-01 59550.18 10.80±0.04 10.71±0.05 10.65±0.09

WR 3 WN3ha 2021-12-09 59558.24 10.81±0.04 10.71±0.05 10.63±0.09
B=10.71 V=10.69 [21] 2021-12-29 59578.14 10.80±0.04 10.70±0.05 10.53±0.02

2022-01-27 59607.10 10.81±0.04 10.71±0.06 10.55±0.02
2022-01-31 59611.10 10.81±0.04 10.71±0.05 10.54±0.03
2022-02-04 59615.09 10.80±0.04 10.68±0.05 10.66±0.09

2021-06-18 59380.32 12.25±0.04 11.85±0.04 11.27±0.07
2021-07-23 59419.20 12.38±0.03 11.90±0.07 11.37±0.07
2021-07-31 59427.16 12.34±0.04 11.90±0.04 11.37±0.08

WR 120 WN7 2021-08-06 59433.17 12.32±0.03 11.89±0.05 11.33±0.06
B=12.93 V=11.67 [22] 2021-08-10 59437.31 12.35±0.03 11.91±0.05 11.28±0.06

2022-04-15 59685.36 12.41±0.03 11.87±0.07 11.40±0.09
2022-04-28 59698.33 12.39±0.03 11.86±0.07 11.43±0.09
2022-05-23 59719.39 12.39±0.04 11.87±0.07 11.43±0.09

WR 128 WN4+OB 2021-09-04 59462.15 10.40±0.03 10.46±0.02 10.56±0.04
B=10.49, V=10.54 [21] 2021-09-06 59464.28 10.40±0.02 10.47±0.02 10.56±0.04

2022-06-05 59736.25 10.42±0.02 10.49±0.01 10.61±0.03

2021-07-24 59420.41 10.58±0.04 9.84±0.03 9.11±0.01
WR 141 WN5+O5V-III 2021-09-03 59461.39 10.59±0.04 9.84±0.05 9.14±0.01
B=10.60 V=9.78 [21] 2021-10-07 59495.11 10.56±0.05 9,85±0.04 9.08±0.01

2021-11-09 59528.10 10.54±0.03 9,84±0.01 9.03±0.06
2022-11-10 59894.05 10.58±0.02 9.86±0.02 9.07±0.04

Òàáëèöà 2

ÎÖÅÍÊÈ ÁËÅÑÊÀ ÈÑÑËÅÄÓÅÌÛÕ ÇÂÅÇÄ WN
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WR 1 (HD 4004). Çâåçäà ïðèíàäëåæèò ê ïîñëåäîâàòåëüíîñòè WN4. Â ðÿäå

ðàáîò îòìå÷åíà ïåðåìåííîñòü åe áëåñêà è ïðîôèëåé ýìèññèîííûõ ëèíèé.

Ôîòîìåòðè÷åñêèé ïåðèîä P = 16.9 äíÿ áûë ïîëó÷åí èç íàáëþäåíèé 2004ã. [24].

Â ñïåêòðå WR 1 íåîäíîêðàòíî íàáëþäàëèñü äîïîëíèòåëüíûå ýìèññèîííûå ïèêè,

ñìåùàþùèåñÿ âäîëü øèðîêîãî ïðîôèëÿ ýìèññèîííûõ ëèíèé [25,26].

Âïå÷àòëÿþùèå èçìåíåíèÿ ýêâèâàëåíòíûõ øèðèí ýìèññèîííûõ ëèíèé (~50%)

â òå÷åíèå íî÷è áûëè çàðåãèñòðèðîâàíû â ðàáîòå [26]. Èññëåäîâàíèÿ íà ïðåäìåò

äâîéñòâåííîñòè îáúåêòà äàëè îòðèöàòåëüíûé ðåçóëüòàò. Ïîýòîìó èñòî÷íèêîì

ñïåêòðàëüíîé ïåðåìåííîé ñ÷èòàåòñÿ âðàùàþùèéñÿ çâåçäíûé âåòåð, íåîäíîðîäíàÿ

ñòðóêòóðà êîòîðîãî ñîçäàåò äîïîëíèòåëüíûå âûáðîñû ôðàãìåíòîâ âåùåñòâà [27].

Âî âðåìÿ íàøèõ íàáëþäåíèé áûëè çàðåãèñòðèðîâàíû èçìåíåíèÿ áëåñêà

äî 0m.1 â ôèëüòðàõ B è V. Ñðàâíåíèå íàøèõ ôîòîìåòðè÷åñêèõ ðåçóëüòàòîâ

1 2 3 4 5 6

2021-07-25 59421.29 13.61±0.11 11.86±0.08 10.58±0.08
WR 145 WN7/O7 2021-08-10 59437.33 13.65±0.11 11.94±0.10 10.46±0.11

B=13.46 V=11.83 [23] 2021-09-03 59461.32 13.64±0.13 11.93±0.11 10.44±0.10
2021-10-07 59495.14 13.65±0.11 11.86±0.07 10.40±0.10

WR 148 WN8H+B3IV/BH 2021-08-10 59437.37 10.86±0.04 10.24±0.06 9.85±0.06
B=10.87 V=10.30 [21] 2021-09-03 59461.33 10.85±0.04 10.23±0.05 9.69±0.03

2022-11-01 59885.34 10.78±0.05 10.17±0.06 9.62±0.03

2021-10-12 59500.23 12.8±0.06 12.08±0.06 11.31±0.01
2021-11-05 59524.13 12.76±0.06 12.06±0.05 11.32±0.04

WR 151 WN4+OV 2021-11-12 59540.04 12.92±0.07 12.09±0.06 11.32±0.01
B=12.95 V=12.078 [20] 2021-12-01 59550.09 12.80±0.06 12.09±0.05 11.31±0.10

2021-12-29 59578.08 12.81±0.06 12.19±0.07 11.31±0.01
2022-01-31 59607.04 12.75±0.05 12.12±0.06 11.25±0.01

2021-10-12 59500.25 11.51±0.10 11.79±0.05 11.36±0.03
2021-11-05 59524.14 11.52±0.09 11.81±0.05 11.38±0.05
2021-11-21 59540.05 11.50±0.10 11.75±0.09 11.27±0.09

WR 152 WN3(h) 2021-12-01 59550.12 11.51±0.10 11.76±0.09 11.27±0.09
B=11.72 V=11.61 [20] 2021-12-29 59578.09 11.51±0.10 11.79±0.06 11.36±0.05

2022-01-14 59594.07 11.52±0.08 11.85±0.05 11.37±0.04
2022-01-21 59601.07 11.58±0.03 11.80±0.06 11.37±0.04
2022-11-01 59885.05 11.62±0.04 11.80±0.05 11.36±0.05
2022-12-02 59916.05 11.62±0.05 11.81±0.05 11.40±0.05

2021-10-12 59500.27 9.43±0.01 9.00±0.02 8.83±0.01
2021-11-05 59524.15 9.38±0.03 8.96±0.00 8.85±0.01

WR 153 WN 6+O6 2021-11-21 59540.07 9.42±0.02 9.00±0.01 8.89±0.01
B=9.39 V=9.01 [21] 2021-12-29 59578.12 9.44±0.02 9.02±0.01 8.91±0.02

2022-01-31 59607.03 9.38±0.01 8.96±0.02 8.44±0.03
2022-12-02 59916.04 9.40±0.02 9.00±0.02 8.89±0.01

Òàáëèöà 2 (Îêîí÷àíèå)
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ñ äàííûìè êàòàëîãà [22] ïîêàçàëî, ÷òî â 2021-2022ãã. WR 1 ñòàë íà 0m.3 ÿð÷å

â ôèëüòðå B è íà 0m.25 ñëàáåå â ôèëüòðå V (òàáë.2). Â ñïåêòðå WR 1

ïðèñóòñòâóþò ýìèññèîííûå ëèíèè HI, HeII, NIV è NV. Â òàáë.3 ïðèâåäåíû

çíà÷åíèÿ èõ ïîòîêîâ â øêàëå 10-12
 ýðã/ñì2

 ñ è ýêâèâàëåíòíûå øèðèíû â

àíãñòðåìàõ. Òî÷íîñòü îïðåäåëåíèÿ ýòèõ ïàðàìåòðîâ ñîñòàâëÿåò 10-15%. Â

îñíîâíîì íàáëþäàåìûå èçìåíåíèÿ ïîòîêîâ ýìèññèîííûõ ëèíèé è ýêâèâà-

ëåíòíûõ øèðèí â ñïåêòðå ýòîãî îáúåêòà íå ïðåâûøàþò 20%.

WR 2 (HD 6327). Îáúåêò îòíîñèòñÿ ê WN-êëàññó è îòëè÷àåòñÿ íèçêèì

òåìïîì ïîòåðè ìàññû è âûñîêîé òåìïåðàòóðîé. Ýìèññèîííûå ëèíèè èìåþò

íåîáû÷íóþ ôîðìó. Äëÿ îáúÿñíåíèÿ ñòðóêòóðû ýìèññèîííûõ ïðîôèëåé

ðàññìàòðèâàëèñü ñëåäóþùèå âàðèàíòû: íàëè÷èå âòîðîãî êîìïîíåíòà, áûñòðîå

âðàùåíèå çâåçäû è ñèëüíîå ìàãíèòíîå ïîëå [28,29]. Ïî íàøèì äàííûì

(òàáë.2) áëåñê çâåçäû â 2021-2022ãã. áûë ñòàáèëüíûì. Ðåçóëüòàòû ñïåêò-

ðàëüíûõ íàáëþäåíèé ïðåäñòàâëåíû â òàáë.4. Àáñîëþòíûå ïîòîêè èçëó÷åíèÿ

âûðàæåíû â øêàëå 10-12
 ýðã/ñì2

 ñ, ýêâèâàëåíòíûå øèðèíû - â àíãñòðåìàõ.

Òî÷íîñòü îïðåäåëåíèÿ ïàðàìåòðîâ ñîñòàâëÿåò 10-15%.

WR 3 (HD 9974). Ýòî îäíà èç ñàìûõ ÿðêèõ çâåçä ðàííåé ïîñëåäîâàòåëüíîñòè

WN. Â åå ñïåêòðå ïðèñóòñòâóþò ýìèññèîííûå è àáñîðáöèîííûå ëèíèè HI,

èíûìè ñëîâàìè, àòìîñôåðà ñîäåðæèò íåêîòîðîå êîëè÷åñòâî âîäîðîäà, è çâåçäà

îòíîñèòñÿ ê òèïó WN3ha [30]. Äâîéñòâåííàÿ ïðèðîäà ýòîãî îáúåêòà íå ïîä-

òâåðæäåíà, ñëåäîâàòåëüíî, âîäîðîä ïðèñóòñòâóåò â ñàìîé àòìîñôåðå WR 3 [31].

Îäíàêî ýòî íå ñîãëàñóåòñÿ ñî ñòàíäàðòíûìè ýâîëþöèîííûìè òðåêàìè äëÿ

WR-çâåçä. Âîçìîæíî, ÷òî áûñòðîå âðàùåíèå çâåçäû, ïîíèæåííàÿ ìåòàëëè÷-

íîñòü Z è íèçêàÿ ñêîðîñòü ïîòåðè ìàññû ïðèâîäÿò ê òîìó, ÷òî âîäîðîä èç

âåðõíèõ ñëîåâ àòìîñôåðû ñìåøèâàåòñÿ ñ ãåëèåì è àçîòîì èç íèæíèõ ñëîåâ,

)Å( Èîíû  2021.12.01    2021.12.10     2022.02.01      2022.09.02    2022.10.06

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4540  HeII 8.0 30 8.8 28
4619  NIII 14 53 16 52
4685  HeII 92 420 104 385
4859  HeII 8.5 35 10 34
4945  NV 3.3 13 2.5 8.2
5411  HeII 18 71 19 58
6560  HeII 32 126 35 126 29 138
6583  HeII 4.8 20 5.1 16.2 4.3 22
7109  NIV 46 208 50 220 38 229

Òàáëèöà 3

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 1
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â ðåçóëüòàòå ÷åãî âñå ýòè ýëåìåíòû îêàçûâàþòñÿ âìåñòå â àòìîñôåðå [31]. Âî

âðåìÿ íàøèõ íàáëþäåíèé ÿðêîñòü îáúåêòà è ïîòîêè ýìèññèîííûõ ëèíèé â åãî

ñïåêòðå áûëè äîñòàòî÷íî ñòàáèëüíû. Â òàáë.5 ïðèâåäåíû çíà÷åíèÿ ïîòîêîâ

èçëó÷åíèÿ â ýìèññèîííûõ ëèíèÿõ â øêàëå 10-12
 ýðã/ñì2

 ñ è ýêâèâàëåíòíûå

øèðèíû â àíãñòðåìàõ. Òî÷íîñòü îïðåäåëåíèÿ ýòèõ ïàðàìåòðîâ ñîñòàâëÿåò 10-15%.

WR 120. Ýòîò îáúåêò ïðèíàäëåæèò ïîñëåäîâàòåëüíîñòè WN7. Åãî ôîòî-

ìåòðè÷åñêàÿ ïåðåìåííîñòü ñ àìïëèòóäîé 0m.042 è ïåðèîäîì 6 äíåé áûëà

çàðåãèñòðèðîâàíà â ðàáîòå [32]. Îòìå÷åíà ñïåêòðàëüíàÿ ïåðåìåííîñòü òèïà

CIR, íàáëþäàëîñü ïîÿâëåíèå êðóïíîìàñøòàáíûõ äåòàëåé, íàëîæåííûõ íà

øèðîêèå ïðîôèëè ýìèññèîííûõ ëèíèé ( %~ 87  ) [33].

Íàøè ôîòîìåòðè÷åñêèå äàííûå ïîêàçàëè êîëåáàíèÿ áëåñêà çâåçäû â

ïðåäåëàõ 0m.15 (òàáë.2). Ïî ñðàâíåíèþ ñ äàííûìè êàòàëîãà [22] áëåñê îáúåêòà

)Å( Èîíû  2021.12.01   2021.12.10   2021.12.29   2022.09.02    2022.10.06  2022.10.12

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4540 HeII 2.0 13 2.1 16
4685 HeII 24 161 24 167 20 166
4859 HeII 1.3 8.5 1.1 8.1 1.7 14
4945 NV 0.7 4.7 0.7 5.1 1.7 14
5411 HeII 4.4 34 4.4 32 4.4 38
6560 HeII 5.0 52 6.3 55 6.1 64
7109 NIV 1.2 13 1.3 18 1.3 21

Òàáëèöà 4

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 2

)Å( Èîíû  2021.12.01  2021.12.10 2021.12.29  2022.09.01 2022.09.02  2022.10.06 2022.10.12

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4540 HeII 0.6 2.2 0.6 2.4
4620 NV 7.8 26 7.7 26 9.3 28 7.5 30
4685 HeII 15 62 17 69 15 57 12 55
4859 HeII+HI 0.3 1.4 0.4 1.7 0.3 1.3 0.3 1.5
4940 NV 0.8 3.3 0,8 3.4 0.8 2.9 0.7 3.4
5411 HeII 1.6 8.1 1.6 8.2 1.7 7.9 1.5 8.3
6560 HeII+HI 3.7 31 3.6 22 4.0 32

Òàáëèöà 5

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß Â ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR3
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â 2021-2022ãã. ïîâûñèëñÿ íà 0m.6 â ôèëüòðå B è óìåíüøèëñÿ íà 0m.25 â

ôèëüòðå V. Ïîòîêè â ýìèññèîííûõ ëèíèÿõ â øêàëå 10-12
 ýðã/ñì2

 ñ è ýêâèâà-

ëåíòíûå øèðèíû WR 120 äëÿ ñèíåé è êðàñíîé îáëàñòåé ñïåêòðà ïðèâåäåíû

â òàáë.6 è 6a. Òî÷íîñòü îïðåäåëåíèÿ ýòèõ ïàðàìåòðîâ ñîñòàâëÿåò 10-15%.

Íàáëþäàþòñÿ âîëíîîáðàçíûå èçìåíåíèÿ ïîòîêîâ ñ àìïëèòóäîé ~20-25%.

WR 128. Ýòîò îáúåêò ïðèíàäëåæèò ïîñëåäîâàòåëüíîñòè WN4. Çàðåãèñòðè-

ðîâàíû ôëóêòóàöèè áëåñêà ìàëîé àìïëèòóäû è ~2-3% èçìåíåíèÿ èíòåíñèâíîñòè

ýìèññèîííûõ ëèíèé. Ïðåäïîëàãàåòñÿ, ÷òî èñòî÷íèêîì ïåðåìåííîñòè ÿâëÿåòñÿ

íåîäíîðîäíàÿ ñòðóêòóðà çâåçäíîãî âåòðà. Ïîèñêè ëó÷åâûõ ñêîðîñòåé, ïîä-

òâåðæäàþùèõ äâîéíóþ ïðèðîäó îáúåêòà, íå äàëè ðåçóëüòàòîâ [34]. Â ïðîöåññå

íàøèõ íàáëþäåíèé ÿðêîñòü îáúåêòà áûëà äîñòàòî÷íî ñòàáèëüíîé. Àáñîëþòíûå

ïîòîêè â ýìèññèîííûõ ëèíèÿõ â øêàëå 10-12
 ýðã/ñì2

 ñ ïðèâåäåíû â òàáë.7 è

7à. Òî÷íîñòü îïðåäåëåíèÿ ýòèõ ïàðàìåòðîâ ñîñòàâëÿåò 10-15%.

)Å( Èîíû   2021.06.13    2021.07.25    2022.05.08    2022.06.29    2022.09.01

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4514 NIII  1.2 27 0.5 13 0.4 11 0.4 12
4540 HeII 1.2 27 1.2 23 0.9 23 0.9 25 0.9 26
4640 NIII 2.3 54 2.1 57 2.3 54 2.1 58 2.1 53
4686 HeII 2.5 64 2.5 67 2.4 56 2.4 67 2.3 59
4859 HeII 0.4 10 0.4 11 0.3 7.5 0.4 9.4 0.4 8.6

4933-4944 NV 0.4 10 0.3 8.3 0.3 7.9 0.4 9.5 0.4 8.8
5411 HeII 1.0 16 1.1 18 1.0 17 0.9 18 1.0 17

Òàáëèöà 6

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 120

)Å( Èîíû 2021.06.29  2021.07.31 2021.08.07 2022.04.28  2022.05.07  2022.06.04  2022.06.26  2022.09.02

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

6560 HeII 2.3 27 2.9 38 2.8 33 2.6 36 2.2 26 1.7 31 1.9 28 2.2 28

6683 HeII 3.0 37 2.5 31 3.4 41 3.2 43 3.2 40 2.0 34 2.1 30 2.9 37

7065 HeI 2.8 33 2.1 26 2.2 25 2.1 24 1.4 26 1.1 24 2.2 28

7109+
NIV 4.3 47 4.1 46 5.2 50 3.5 40 3.5 42 2.3 42 1.7 43 2.3 28

7122

7177 NIV 0.3 2.2 0.4 5.0 0.4 4.4 0.2 4.0 0.30 3.6 0.2 3.3 0.4 6.0

Òàáëèöà 6à

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â "ÊÐÀÑÍÎÌ" ÄÈÀÏÀÇÎÍÅ ÄËÈÍ

ÂÎËÍ Â ÑÏÅÊÒÐÅ WR 120
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WR 141 (HD 193928). Ýòà äâîéíàÿ çâåçäíàÿ ñèñòåìà ïðèíàäëåæèò ïîñëåäî-

âàòåëüíîñòè WN5+O5. Ïåðâûå îðáèòàëüíûå ïàðàìåòðû áûëè îïðåäåëåíû ïî

èçìåðåíèÿì ëó÷åâûõ ñêîðîñòåé ýìèññèîííûõ ëèíèé NV, 4604 è HeII, 4684Å

[35]. Ïîçäíåå áûëè ïîëó÷åíû îöåíêè ïåðèîäà P = 21.64 äíÿ, íàêëîíåíèÿ

îðáèòû è ìàññ êîìïîíåíòîâ [36]. Íîâîå çíà÷åíèå îðáèòàëüíîãî ïåðèîäà

ñèñòåìû: P = 21.68 äíÿ ïîëó÷åíî â ðàáîòå [32].

Äàííûå íàøèõ ôîòîìåòðè÷åñêèõ íàáëþäåíèé ïðèâåäåíû â òàáë.2. Â 2021ã.

çíà÷èòåëüíûõ êîëåáàíèé áëåñêà îáúåêòà îáíàðóæåíî íå áûëî. Ðåçóëüòàòû

ñïåêòðàëüíûõ íàáëþäåíèé ïðèâîäÿòñÿ â òàáë.8 è 8à. Ýìèññèîííûå ïîòîêè

âûðàæåíû â øêàëå 10-12
 ýðã/ñì2

 ñ, òî÷íîñòü îïðåäåëåíèÿ ýòèõ ïàðàìåòðîâ

ñîñòàâëÿåò 10-15%. Â ñïåêòðå WR 128 îòìå÷àåòñÿ ïîñòåïåííîå óìåíüøåíèå

ïîòîêîâ â ýìèññèîííûõ ëèíèÿõ ê êîíöó 2022ã., ïðè ýòîì ýêâèâàëåíòíûå

øèðèíû ëèíèé èçìåíÿëèñü íåçíà÷èòåëüíî.

WR 145. Ýòî äâîéíàÿ ñèñòåìà ãèáðèäíîãî òèïà WN7o/CE + O [37,38].

Ïåðèîä îáðàùåíèÿ êîìïîíåíòîâ ñîñòàâëÿåò 22.544 äíÿ [38]. Îáúåêò ÿâëÿåòñÿ

èñòî÷íèêîì ñèëüíîãî ðåíòãåíîâñêîãî èçëó÷åíèÿ. Ïðè÷åì îñíîâíàÿ åãî äîëÿ

)Å( Èîíû   2021.06.13    2021.07.25    2021.08.10    2022.07.15    2022.07.15

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4514+4540 HeII 2.6 10 3. 9.1 2.5 9.1 2.6 8.7
4640 NIII 6.7 22 7.25 21 5.8 19 6.4 21
4686 HeII 26 96 26 90 29 96 24 83 24 80
4859 HeII 3.1 6.3 3.1 11 3.0 11 3.1 12 3.2 10

4933+4944 NV 1.7 7.6 1.7 6.3 1.8 6.7 1.7 6.6 1.9 7.5
5411 HeII 4.4 19 3.8 25 3.6 14 3.5 15 4.1 14

Òàáëèöà 7

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ ËÈÍÈÉ

Â ÑÏÅÊÒÐÅ WR 128

)Å( Èîíû   2021.06.20    2021.06.30    2021.07.08    2022.06.26    2022.07.21

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

6560 HeII 10 66 9.7 58 9.9 63 10 62 10 61
6683 HeII 0.4 3.0 0.5 3.5 0.5 3.6 0.4 2.5 0.5 3.4
7122 NIV 7.1 57 7.1 60 6.4 56 7.0 65

Òàáëèöà 7à

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â "ÊÐÀÑÍÎÌ" ÄÈÀÏÀÇÎÍÅ ÄËÈÍ

ÂÎËÍ Â ÑÏÅÊÒÐÅ WR 128
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ïðèõîäèò îò Î-çâåçäû [39]. Ìýññè è Ãðîóâ [40] ïðîâåëè èññëåäîâàíèÿ, ÷òîáû

îïðåäåëèòü, ãäå èìåííî ôîðìèðóþòñÿ ëèíèè NIV è CIV: â äâóõ ðàçíûõ

çâåçäàõ èëè â îáúåêòå "ïåðåõîäíîãî" òèïà WN/WC. Áûëî äîêàçàíî, ÷òî

äàííûå ýìèññèîííûå ëèíèè âîçíèêàþò â îäíîì îáúåêòå.

Ñðàâíåíèå íàøèõ ôîòîìåòðè÷åñêèõ ðåçóëüòàòîâ ñ äàííûìè êàòàëîãà [23]

ïîêàçàëî, ÷òî  áëåñê îáúåêòà â 2021ã. ñòàë ñëàáåå íà 0m.2 â ôèëüòðå B è íà

0m.1 â ôèëüòðå V. Ïîòîêè â ýìèññèîííûõ ëèíèÿõ â øêàëå 10-12
 ýðã/ñì2

 ñ è

ýêâèâàëåíòíûå øèðèíû â ñïåêòðå WR 145 äëÿ ñèíåé è êðàñíîé îáëàñòåé

ñïåêòðà ïðèâåäåíû â òàáë.9 è 9à. Òî÷íîñòü îïðåäåëåíèÿ ýòèõ ïàðàìåòðîâ

ñîñòàâëÿåò 15-20%. Ñóùåñòâåííîå óìåíüøåíèå ýìèññèîííûõ ïîòîêîâ çàðå-

ãèñòðèðîâàíî â 2022ã., íî ýêâèâàëåíòíûå øèðèíû èçìåíÿëèñü íåçíà÷èòåëüíî

(òàáë.9 è 9à).

WR 148. Ýòîò îáúåêò îòíîñèòñÿ ê òèïó WN8h+B3IV/BH. Ñîãëàñíî

èçìåðåíèÿì ëó÷åâîé ñêîðîñòè, åãî îðáèòàëüíûé ïåðèîä ñîñòàâëÿåò 4.317 äíÿ

[41,42]. Åñòü ïðåäïîëîæåíèå, ÷òî ñïóòíèêîì çâåçäû WR ÿâëÿåòñÿ êîìïàêòíûé

Òàáëèöà 8

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 141

)Å( Èîíû   2021.07.25    2021.08.10    2021.09.07    2022.07.15    2022.10.13

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4514-4540 NIII 5.8 18 6.9 22   4.0   22
4640 NIII 11 34 13 42 11 39 7.5 46
4686 HeII 45 136 49 154 48 141 39 145 25 152
4859 HeII 4.6 14 5.7 18 5.6 16 4.4 15 3.4 18

4933-4944 NV 2.3 7.1 2.6 6.7 2.8 8.0 1.7 5.9 1.4 8.0
5411 HeII 14 30 14 31 13 29 9.3 38

)Å( Èîíû 2021.06.20 2021.06.30 2021.07.08 2021.08.17 2022.07.21 2022.07.25 2022.10.10 2022.11.01 2022.11.13

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

6560 HeII 34 64 35 67 42 66 37 69 37 65 37 64 30 68 30 64 30 62

6683 HeII 5.7 10 5.8 11 6.5 13 7.2 15 7.3 14 7.4 13 6.6 12 6.3 12 6.0 12

7122 NIV,
60 93 64 120 61 117 65 120 58 105 58 106 53 103 46 110 45 105

7177 HeII

Òàáëèöà 8à

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â "ÊÐÀÑÍÎÌ" ÄÈÀÏÀÇÎÍÅ ÄËÈÍ

ÂÎËÍ Â ÑÏÅÊÒÐÅ WR 141
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îáúåêò èëè ÷åðíàÿ äûðà. Â òàáë.10 è 10à ïðèâåäåíû çíà÷åíèÿ àáñîëþòíûõ

ïîòîêîâ â ýìèññèîííûõ ëèíèÿõ è ýêâèâàëåíòíûå øèðèíû. Ïîòîêè âûðàæåíû

â øêàëå 10-12
 ýðã/ñì2

 ñ. Òî÷íîñòü îïðåäåëåíèÿ ýòèõ ïàðàìåòðîâ ñîñòàâëÿåò

15-20%. Èçìåíåíèÿ ïîòîêîâ â ýìèññèîííûõ ëèíèÿõ íå âûõîäÿò çà ïðåäåëû

îøèáîê èçìåðåíèé.

Òàáëèöà 9

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 145

)Å( Èîíû   2021.07.25    2021.08.10    2022.07.15    2022.07.15    2022.10.12

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4540 HeII 0.29 21 0.29 21 0.28 20
4640 NIII 1.14 67 0.95 66 0.92 60 0.96 60   1.10 60
4685 HeII 1.34 67 1.40 67 1.04 68 1.05 66 1.08 58
4859 0.25 14 0.26 15 0.26 13
5411 HeII 0.88 16 0.90 13 0.70 12 0.66 11 0.64 12

5801+5811 CIII 6.25 60

Òàáëèöà 9à

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â "ÊÐÀÑÍÎÌ" ÄÈÀÏÀÇÎÍÅ ÄËÈÍ

ÂÎËÍ Â ÑÏÅÊÒÐÅ WR 145

)Å( Èîíû   2021.07.24    2021.08.17    2022.07.20    2022.09.02    2022.10.06

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

6560 HeII 3.4 23 3.3 24 3.1 23 2.9 26 2.6 23
6683 HeII 1.6 11 1.6 10 1.4 10 1.2 10 1.2 10
7065 HeI

11 64 11 70 9.5 66 8.1 61 7.9 60
7109+7122 NIV

Òàáëèöà 10

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 148

ë(ú) Èîíû   2021.07.25    2022.07.16    2022.07.17    2022.09.01    2022.10.13

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4634+4640 NIII 2.2 9.0 3.5 15 3.5 15 3.5 15 3.4 16
4685 HeII 5.3 16 6.3 26 6.3 26 6.1 26 5.7 28
4859 HeII 1.2 3.9 1.2 5.2 1.1 4.6 1.1 4.7 1.0 4.9
5411 HeII 0.7 2.1 0.8 3.1 0.8 2.9 0.7 2.8 0.8 3.7
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WR 151. Ýòà äâîéíàÿ ñèñòåìà ñîñòîèò èç çâåçä O5V è WN5 [43].

Îðáèòàëüíûé ïåðèîä P = 2.12691 äåíü áûë îïðåäåëåí ïî ëó÷åâûì ñêîðîñòÿì

êîìïîíåíòîâ [43]. Âî âðåìÿ ãëàâíîãî çàòìåíèÿ, êîãäà âïåðåäè ðàñïîëàãàåòñÿ

Òàáëèöà 10à

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ Â

ÑÏÅÊÒÐÅ WR 148

)Å( Èîíû   2021.07.24   2021.08.17    2022.09.02   2022.10.06   2022.10.10  2022.11.01

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

6560 HeII 7.4 27 7.5 26 6.1 28 6.0 29 6.6 28 6.7 28
6583 HeII 1.6 5.9 1.5 5.5 1.1 5.1 1.0 5.0 1.4 5.8 1.4 5.4
7065 HeI 1.1 4.3 1.2 4.5 0.9 5.0 1.0 5.5 1.0 4.7 1.1 5.1
7109

NIV 1.1 4.1 1.1 4.3 1.2 5.5 1.2 5.4 1.1 4.7 1.1 5.1
7122

)Å( Èîíû     2021.08.10        2021.09.07         2022.07.25       2022.10.12

Fabs EW Fabs EW Fabs EW Fabs EW

4640 NIII 0.7 25
4686 HeII 3.1 78 2.9 99 3.0 100 3.2 82
4859 HeII 0.4 12 0.4 10.3 0.3 10 0.4 9.7
4933

NV 0.2 4.9 0.2 5.5 0.2 6.5
4944
5411 HeII 1.0 21 1.1 19 0.9 16

Òàáëèöà 11

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 151

Òàáëèöà 11à

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â "ÊÐÀÑÍÎÌ" ÄÈÀÏÀÇÎÍÅ ÄËÈÍ

ÂÎËÍ Â ÑÏÅÊÒÐÅ WR 151

)Å( Èîíû  2021.08.17   2021.09.04   2021.12.01   2022.09.02   2022.09.25  2022.10.06

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

6560 HeII 2.1 41 2.1 45 1.9 35 2.2 36 2.8 36 2.2 37

6683 HeI 0.6 12 0.6 12 0.4 8.3 0.6 9.9 0.5 7.0 0.5 9.3

7109
NIV 2.6 52 2.5 47 3.2 48

7122 2.8 53 2.7 52 2.8 51

7177 HeII 0.3 5.0 0.2 4.5 0.1 2.1
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çâåçäà WR, ÿðêîñòü ìåíÿåòñÿ íåçíà÷èòåëüíî, íà 0m.1. Âî âðåìÿ íàøèõ

íàáëþäåíèé êîëåáàíèÿ áëåñêà çâåçäû ñîñòàâëÿëè  0m.15 â ôèëüòðàõ B è V.

Çíà÷åíèÿ àáñîëþòíûõ ïîòîêîâ â øêàëå 10-12
 ýðã/ñì2

 ñ è ýêâèâàëåíòíûå øèðèíû

ýìèññèîííûõ ëèíèé ïðèâåäåíû â òàáë.11 è 11à. Òî÷íîñòü îïðåäåëåíèÿ ýòèõ

ïàðàìåòðîâ ñîñòàâëÿåò 15-20%. Èçìåíåíèÿ ýìèññèîííûõ ïîòîêîâ ðåãèñòðè-

ðîâàëèñü â ïðåäåëàõ 20%.

WR 152 (HD 211564). Çâåçäà ïðèíàäëåæèò ê òèïó WN3h. Îíà îêðóæåíà

äâîéíîé ãàçîâîé îáîëî÷êîé. Âíóòðåííÿÿ çîíà èìååò äèàìåòð îêîëî 17', à

âíåøíÿÿ - 36'. Îáîëî÷êè, ñóäÿ ïî õèìè÷åñêîìó ñîñòàâó, â îñíîâíîì ñîñòîÿò

èç ìåæçâåçäíîãî ãàçà [44].

Â ïðîöåññå íàøèõ íàáëþäåíèé ðåãèñòðèðîâàëèñü èçìåíåíèÿ áëåñêà â

ïðåäåëàõ 0m.1 (òàáë.2). Ýòè èçìåíåíèÿ ìîãóò áûòü âûçâàíû êîëåáàíèÿìè

ïîãëîùåíèÿ â îáîëî÷êàõ. Ïî ñðàâíåíèþ ñ äàííûìè êàòàëîãà [20] áëåñê

îáúåêòà â 2021-2022ãã. âûðîñ íà 0m.2 â ôèëüòðå B è îñëàáåë íà 0m.15 â

ôèëüòðå V. Â òàáë.12 è 12à ïðèâåäåíû çíà÷åíèÿ àáñîëþòíûõ ïîòîêîâ â

ýìèññèîííûõ ëèíèÿõ è ýêâèâàëåíòíûå øèðèíû. Ïîòîêè âûðàæåíû â øêàëå

10-12
 ýðã/ñì2

 ñ. Òî÷íîñòü îïðåäåëåíèÿ ýòèõ ïàðàìåòðîâ ñîñòàâëÿåò 10-15%.

Òàáëèöà 12

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 152

)Å( Èîíû    2021.08.10         2022.07.16         2022.07.17       2022.10.12

Fabs EW Fabs EW Fabs EW Fabs EW

4540 1.0 10
4620 HeII 3.2 29 3.0 30 3.3 30
4686 HeII 10 107 9.8 92 9.6 92 10 98
4859 HeII 1.0 11 1.0 10 1,0 11 1.0 9.7

4933-4944 NV 0.5 6.0 0.5 5.2 0.4 5.2 0.5 4.8
5411 HeII 1.4 15 1.3 15 1.3 17 1.3 14

Òàáëèöà 12à

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â "ÊÐÀÑÍÎÌ" ÄÈÀÏÀÇÎÍÅ ÄËÈÍ

ÂÎËÍ Â ÑÏÅÊÒÐÅ WR 152

)Å( Èîíû 2021.08.17  2021.09.04 2021.11.11  2021.07.18  2022.07.18   2022.07.21  2022.09.25  2022.11.01

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

6560 HeII 4.8 72 4.4 72 4.6 72 4.6 63 5.1 72 5.1 71 5.3 64 5.0 65

6683 HeII 0.3 4,0 0.3 4.9 0.3 3.4 0.3 3.7 0.3 4.4 0.2 3.4 0.3 2.7 0.2 3.0

7109
NIV 1.4 27 1.4 28 1.5 27 1.5 25 1.0 17 1.2 19 1.2  16 1.2 21

7122
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WR 153 (GP Cep). Îáúåêò ñîñòîèò èç äâóõ ïàð çâåçä (WR+O è WR+O).

Êðèâàÿ áëåñêà èìååò äâà îðáèòàëüíûõ ïåðèîäà: 6.68 äíÿ è 3.46 äíÿ. Â ïåðâîé

ïàðå çâåçäà êëàññà Î èìååò áîëüøóþ ìàññó, à âî âòîðîé ïàðå áîëåå ìàññèâåí

êîìïîíåíò WR [45]. Ðåçóëüòàòû íàøèõ íàáëþäåíèé - çíà÷åíèÿ àáñîëþòíûõ

ïîòîêîâ â øêàëå 10-12
 ýðã/ñì2 è ýêâèâàëåíòíûå øèðèíû ýìèññèîííûõ ëèíèé

ïðèâåäåíû â òàáë.13. Òî÷íîñòü îïðåäåëåíèÿ ýòèõ ïàðàìåòðîâ ñîñòàâëÿåò 15-20%.

Ïî íàøèì äàííûì ñóùåñòâåííûõ èçìåíåíèé ôîòîìåòðè÷åñêèõ è ñïåêòðàëüíûõ

ïàðàìåòðîâ ýòîé çâåçäû íå îáíàðóæåíî.

Ôðàãìåíòû ñïåêòðîãðàìì èññëåäóåìûõ çâåçä WN ïîñëåäîâàòåëüíîñòè

ïðèâåäåíû íà ðèñ.1.

4. Îáñóæäåíèå ðåçóëüòàòîâ . Ïðîâåäåíû ôîòîìåòðè÷åñêèå è

ñïåêòðàëüíûå íàáëþäåíèÿ ãðóïïû çâåçä Âîëüôà-Ðàéå WN-ïîñëåäîâàòåëüíîñòè.

Áûëè çàðåãèñòðèðîâàíû èçìåíåíèÿ áëåñêà îáúåêòîâ WR 1 ( 10V m. ), WR

120, WR 151 ( 150B m. , 150V m. ), WR 152 ( 10B m . ). Íàøè ðåçóëüòàòû

ñðàâíèâàëèñü ñ äàííûìè, ïîëó÷åííûìè â 2000-2014ãã. â ôèëüòðàõ B è V â

êàòàëîãàõ [19-23]. Çàðåãèñòðèðîâàíî óâåëè÷åíèå áëåñêà WR 1 è WR 152 íà

~0m.2 - 0m.3 â ôèëüòðå B è íà 0m.1 - 0m.15 â ôèëüòðå V. Äëÿ WR 120 ïîëó÷åíû

çíà÷èòåëüíûå ðàñõîæäåíèÿ ñ êàòàëîæíûìè äàííûìè ( 50B m. ).

Ñïåêòðàëüíûå íàáëþäåíèÿ â îñíîâíîì âûïîëíÿëèñü ñî ñïåêòðàëüíûì

ðàçðåøåíèåì 1.1Å /ïèêñåëü, ïîýòîìó èññëåäîâàíèå ïðîôèëåé ýìèññèîííûõ

ëèíèé íå ïðîâîäèëîñü. Îñíîâíîé öåëüþ ïðîåêòà áûëî îïðåäåëåíèå ïîòîêîâ

èçëó÷åíèÿ â ýìèññèîííûõ ëèíèÿõ. Äëÿ áîëüøèíñòâà èññëåäîâàííûõ çâåçä

íàáëþäàåìûå èçìåíåíèÿ ïîòîêîâ â ýìèññèîííûõ ëèíèÿõ íå âûõîäèëè çà

ïðåäåëû îøèáîê èçìåðåíèé. Äîâîëüíî âûñîêèå çíà÷åíèÿ ïîãðåøíîñòåé

Òàáëèöà 13

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 153

)Å( Èîíû 2021.08.17 2021.11.28 2021.12.01 2022.07.17 2022.07.18  2022.07.21 2022.10.12 2022.10.13 2022.11.12

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4540 HeII 7.5 7.1 7.6 6.0 7.3 7.0

4640 NIII 17 17 15 16 14 15

4686 HeII 61 55 61 58 65 70

4859 HeII 2.1 2.1 2.4 2.2 1.9 2.3

4933
NV 4.0 4.0 4.3 3.9 4.4 5.7

4944

5411 HeII 10 8.4 8.9 8.6 9.0 9.0 9.0 9.0

6560 HeII 16 20 17 20 16 20 17 20 19 23 20 26
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(15-20%) îáóñëîâëåíû òåì, ÷òî â ðÿäå îáúåêòîâ (WR148, WR 151) ñïåêòð

áóêâàëüíî çàïîëíåí ìíîæåñòâîì ñëàáûõ ýìèññèîííûõ ëèíèé, è îïðåäåëèòü

èñòèííûé óðîâåíü íåïðåðûâíîãî ñïåêòðà äîâîëüíî òðóäíî. Øèðîêèå êðûëüÿ

Ðèñ.1. Ñïåêòðîãðàììû çâåçä WN ïîñëåäîâàòåëüíîñòè. Îñü X - øêàëà äëèí âîëí, îñü

Y - ïîòîêè èçëó÷åíèÿ â øêàëå 10
-12

 ýðã/ñì
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 ñÅ .
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ýìèññèîííûõ ëèíèé â äðóãîé ãðóïïå çâåçä (WR145, WR154) òàêæå ñîêðàùàþò

ó÷àñòêè ñâîáîäíîãî êîíòèíóóìà è ïðèâîäÿò ê áîëüøèì îøèáêàì ïðè

îïðåäåëåíèè ïîòîêîâ èçëó÷åíèÿ. Â ñïåêòðå WR 120 çàðåãèñòðèðîâàíû çíà÷è-

òåëüíûå âîëíîîáðàçíûå âàðèàöèè ïîòîêîâ â ýìèññèîííûõ ëèíèÿõ (äî 30%).

Â ñïåêòðàõ WR 128 è WR 145 èçìåíåíèÿ ïîòîêîâ â ýìèññèîííûõ ëèíèÿõ

íåíàìíîãî ïðåâûøàþò äèàïàçîí îøèáîê, íî ÷åòêî ïðîñëåæèâàåòñÿ òåíäåíöèÿ

èõ îñëàáëåíèÿ â êîíöå 2022ã. Ê ñîæàëåíèþ, íàøè ñïåêòðàëüíûå è ôîòî-

ìåòðè÷åñêèå íàáëþäåíèÿ ïðîâîäèëèñü íå ñèíõðîííî, òàê êàê ñîîòâåòñòâóþùèå

òåëåñêîïû ðàñïîëîæåíû â ðàçíûõ îáñåðâàòîðèÿõ ñ ðàçíûìè ïîãîäíûìè

óñëîâèÿìè. Ýòî çàòðóäíÿåò âûáîð èñòî÷íèêîâ ïåðåìåííîñòè: èçìåíåíèÿ ïîãëî-

ùåíèÿ íà ëó÷å çðåíèÿ, óâåëè÷åíèå ïëîòíîñòè çâåçäíîãî âåòðà, ôëóêòóàöèÿ

ñêîðîñòè ïîòåðè ìàññû èëè ãîðÿ÷èå ïÿòíà íà ïîâåðõíîñòè çâåçäû. Îäèí èç

âêëþ÷åííûõ â íàøó ïðîãðàììó îáúåêòîâ, WR 120, âîøåë â ñïèñîê îäèíî÷íûõ

çâåçä ñ ïåðåìåííîñòüþ òèïà CIR. Áûñòðî âðàùàþùååñÿ ÿäðî òàêîé çâåçäû

âçàèìîäåéñòâóåò ñî ñòðóêòóðîé äâèæóùåãîñÿ âåòðà, îáðàçóÿ çîíû ñîâìåñòíîãî

âðàùåíèÿ, â êîòîðûõ ôîðìèðóþòñÿ çàêðó÷åííûå ñïèðàëüíûå íåîäíîðîäíîñòè.

Ýâîëþöèÿ áûñòðî âðàùàþùåãîñÿ ÿäðà ñâÿçàíà ñ âîçìîæíûì êîëëàïñîì

çâåçäû íà ñòàäèè äî ñâåðõíîâîé è ñ ìÿãêèìè ãàììà-âñïëåñêàìè. Â õîäå

íàøèõ íàáëþäåíèé áûëè çàðåãèñòðèðîâàíû íåðåãóëÿðíûå êîëåáàíèÿ áëåñêà

îáúåêòà è ïîòîêîâ èçëó÷åíèÿ â ëèíèÿõ. Ê çâåçäàì òèïà WR ñ ïåðåìåííîñòüþ

CIR îòíîñèòñÿ òàêæå îáúåêò WR 1.

Áîëåå ïîäðîáíîå îáñóæäåíèå ðåçóëüòàòîâ áóäåò âûïîëíåíî âî âòîðîé

÷àñòè äàííîé ðàáîòû.

Èññëåäîâàíèå ôèíàíñèðóåòñÿ Êîìèòåòîì íàóêè Ìèíèñòåðñòâà îáðàçîâàíèÿ

è íàóêè Ðåñïóáëèêè Êàçàõñòàí (ïðîãðàììà ¹ BR20280974).

Àñòðîôèçè÷åñêèé èíñòèòóò èì. Â.Ã.Ôåñåíêîâà, Àëìàòû,

Êàçàõñòàí, e-mail: lu_kondr@mail.ru

PHOTOMETRIC AND SPECTRAL STUDY OF THE
GROUP OF GALACTIC WOLF-RAYET STARS. I.

WN SEQUENCE

L.N.KONDRATYEVA, I.V.REVA, E.K.DENISSYUK,
S.A.SHOMSHEKOVA, G.K.AIMANOVA

Photometric and spectral observations of 11 W-R stars were carried out at the

FAI in 2021-2022. The studied group included representatives of the WN, WC,



537ÈÑÑËÅÄÎÂÀÍÈÅ  ÃÀËÀÊÒÈ×ÅÑÊÈÕ  ÇÂÅÇÄ  WR.  I

and WO sequences. Based on the observations estimates of the brightness of objects

in the B V Rc filters and absolute fluxes of radiation in the emission lines were

obtained. Changes in brightness within 0m.1 - 0m.15 were detected in the stars WR

1, WR 120, WR 151, and WR 152. Changes in the emission fluxes were detected

in the spectra of several objects: WR 120, WR 128, and WR 145.

Keywords: variable stars: W-R stars: photometry: spectrophotometry
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ÑÒÐÓÊÒÓÐÀ ÌÀÃÍÈÒÍÎÃÎ ÏÎËß ÇÂÅÇÄÛ
HD133880 (Si)

Þ.Â.ÃËÀÃÎËÅÂÑÊÈÉ
Ïîñòóïèëà 25 ñåíòÿáðÿ 2023

Ïðèíÿòà ê ïå÷àòè 28 íîÿáðÿ 2023

Ïðîâåäåíî ìîäåëèðîâàíèå ìàãíèòíîãî ïîëÿ çâåçäû HD133880 ïðè ïðåäïîëîæåíèè
ñòðóêòóðû ìàãíèòíîãî ïîëÿ îïèñûâàåìîãî äâóìÿ òåîðåòè÷åñêèìè ìàãíèòíûìè äèïîëÿìè.
Ñðàâíåíèå ðåçóëüòàòà ñ òåì, ÷òî ïîëó÷àëîñü ðàíåå ïðè èñïîëüçîâàíèè ïðåäñòàâëåíèÿ ôàçîâîé
çàâèñèìîñòè )(Be  ïóòåì äèïîëüíî + êâàäðóïîëüíî + îêòóïîëüíîãî ðàñøèðåíèÿ ñòðóêòóðû
ïîêàçûâàåò, ÷òî ýòà ñõåìà ïðèâîäèò òîëüêî ê ôîðìàëüíîìó îïèñàíèþ ôàçîâîé çàâèñèìîñòè,
à ÷ëåíû ðàçëîæåíèÿ íå íåñóò ôèçè÷åñêîãî ñìûñëà.

Êëþ÷åâûå ñëîâà: ìàãíèòíîå ïîëå: ìîäåëèðîâàíèå: çâåçäà HD133880

1. Ââåäåíèå. Ïî ìåðå ïîëó÷åíèÿ íîâûõ, áîëåå òî÷íûõ äàííûõ äëÿ

ìàãíèòíûõ çâåçä, ñòàëî âîçìîæíûì ïåðåñìîòðåòü, óòî÷íèòü èõ ïàðàìåòðû è

ñâîéñòâà. Èíîãäà íîâûå äàííûå ïðèâîäÿò ê ðåçóëüòàòàì, ñîâåðøåííî

ïðîòèâîïîëîæíûì áîëåå ðàííèì. Íàøà çàäà÷à â äàííîì ñëó÷àå - ïåðåñìîòðåòü

ìîäåëü ìàãíèòíîãî ïîëÿ HD133880 â ñâÿçè ñ ïîÿâëåíèåì íîâûõ, áîëåå

òî÷íûõ èçìåðåíèé ïðîäîëüíûõ âåëè÷èí Âå ìàãíèòíîãî ïîëÿ â ðàçíûõ ôàçàõ

  ïåðèîäà âðàùåíèÿ.

2. Ïåðâîå èññëåäîâàíèå ìàãíèòíîé ñòðóêòóðû çâåçäû HD133880.

Èññëåäîâàíèå âûïîëíåíî â ðàáîòå [1], ãäå ïîëó÷åíî 12 èçìåðåíèé ïðîäîëüíîãî

ìàãíèòíîãî ïîëÿ Âå â ðàçíûõ ôàçàõ, ñäåëàííûõ ñ H  àíàëèçàòîðîì Çååìàíà

ñî ñðåäíåé îøèáêîé 165  Ãñ. HD133880 ýòî Si-çâåçäà ñ òåìïåðàòóðîé

12000 Ê. Àâòîð îòìå÷àåò íåñèíóñîèäàëüíóþ ôîðìó ôàçîâîé çàâèñèìîñòè,

âñëåäñòâèå ÷åãî ïðèõîäèò ê ïðåäïîëîæåíèþ î íå äèïîëüíîé ñòðóêòóðå

ìàãíèòíîãî ïîëÿ. Îáúÿñíÿÿ òàêóþ ôîðìó ôàçîâîé çàâèñèìîñòè, îí ïðåäïîëàãàåò,

÷òî ëþáîå ïðîèçâîëüíîå ñòàòè÷åñêîå, áåçâèõðåâîå ðàñïðåäåëåíèå ìàãíèòíîãî

ïîëÿ ìîæíî ïðåäñòàâèòü êàê ñóïåðïîçèöèþ ìóëüòèïîëåé, è òàêèì îáðàçîì

îïðåäåëèòü êðóïíîìàñøòàáíóþ ñòðóêòóðó ïîëÿ â òåðìèíàõ äèïîëÿ, êâàäðóïîëÿ

è îêòóïîëÿ. Ïðè òàêîé ìîäåëè îöåíèâàåòñÿ íàïðÿæåííîñòü ïîëÿðíîãî ïîëÿ

(Bd, Bq, Boct) êàæäîãî ìóëüòèïîëÿ. Â ðåçóëüòàòå ïîëó÷åíà ìîäåëü çâåçäû

HD133880, âîñïðîèçâîäÿùàÿ íàáëþäàåìóþ ìàãíèòíóþ êðèâóþ, ïðè ïðåäïîëî-

æåíèè ñèñòåìû êîëëèíåàðíûõ "äèïîëü + êâàäðóïîëü". Îñîáåííîñòü ìîäåëè
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ñîñòîèò â òîì, ÷òî îíà ìàòåìàòè÷åñêè îïèñûâàåò ôîðìó ôàçîâîé çàâèñèìîñòè

)(Be  è ìîæåò äàòü ïðåäâàðèòåëüíîå ïðåäñòàâëåíèå î ïîâåðõíîñòíîì ðàñïðå-

äåëåíèè ìàãíèòíîãî ïîëÿ, íî íå èìååò ôèçè÷åñêîãî ñìûñëà è íå óêàçûâàåò

íà èñòî÷íèê ìàãíèòíîãî ïîëÿ. Òî÷íî òàê æå â ñëó÷àå ìîäåëè öåíòðàëüíîãî

äèïîëÿ ôàçîâóþ çàâèñèìîñòü ìàòåìàòè÷åñêè ìîæíî îïèñàòü ñèíóñîèäîé. Íà

îñíîâàíèè ïîëó÷åííûõ âåëè÷èí Bd = -8125 Ãñ, Bq = -10900 Ãñ (ðåàëüíî òàêèõ

âåëè÷èí íè âíóòðè, íè íà ïîâåðõíîñòè çâåçäû íåò) àâòîð ïðèõîäèò ê âûâîäó,

÷òî êâàäðóïîëüíûé êîìïîíåíò ïîëÿ â 1.3 ðàçà ñèëüíåå, ÷åì äèïîëüíûé

êîìïîíåíò, ìîðôîëîãèÿ ïîëÿ îòëè÷àåòñÿ îò ìîðôîëîãèè ïðîñòîé äèïîëüíîé

êîíôèãóðàöèè è ëîêàëüíàÿ íàïðÿæåííîñòü ïîëÿ ìîæåò áûòü çíà÷èòåëüíî

áîëüøå, ÷åì íàáëþäàåìîå ýôôåêòèâíîå ïîëå. Ðàçíûå àâòîðû â äàëüíåéøåì

÷àùå âñåãî èñïîëüçîâàëè äèïîëüíî + êâàäðóïîëüíóþ èëè äèïîëüíî-êâàäðó-

ïîëüíî-îêòóïîëüíóþ ìîäåëü. Ïàðàìåòðû (Bd, Bq, Boct) èìåþò ðàçìåðíîñòü

ìàãíèòíîãî ïîëÿ, íî íå èìåþò ôèçè÷åñêîãî ñìûñëà (êàê óâèäèì äàëåå),

ïîòîìó ÷òî íè âíóòðè îáúåìà çâåçä, íè íà ïîâåðõíîñòè òàêèõ âåëè÷èí ïîëÿ

íåò. Íà îñíîâå ýòîãî ðåçóëüòàòà áûëî ðåøåíî, ÷òî ïðåîáëàäàþùåå ðàñïðåäåëåíèå

ìàãíèòíîãî ïîëÿ ïî ïîâåðõíîñòè çâåçäû ÿâëÿåòñÿ êâàäðóïîëüíûì, ïîýòîìó

âàðèàöèè ñðåäíåãî ïîâåðõíîñòíîãî ïîëÿ Bs íå ÿâëÿþòñÿ ñèíóñîèäàëüíûìè (â

ðàçä. 4, 5 ïðèâîäèòñÿ êðèòèêà ýòîãî ðåçóëüòàòà). Â òîò æå ñàìûé ïåðèîä

âðåìåíè îñóùåñòâëÿåòñÿ ìîäåëèðîâàíèå ñòðóêòóð ìàãíèòíûõ ïîëåé çâåçä ïðè

ïðåäïîëîæåíèè, ÷òî ïî ñâîåé ïðèðîäå îíà ñîîòâåòñòâóåò ñòðóêòóðå ìàãíèòíîãî

äèïîëÿ [2,3]. Èìååò ñìûñë âñïîìíèòü çàìå÷àíèå Ïàðêåðà, ÷òî âûøåäøåå çà

ïðåäåëû çâåçäû ìàãíèòíîå ïîëå ñòðåìèòñÿ ïåðåéòè â ñàìîå íèçêîå

ýíåðãåòè÷åñêîå ñîñòîÿíèå, ïðèíèìàÿ çàìêíóòóþ ôîðìó äèïîëÿ [4]. Äàííàÿ

ìåòîäèêà äàëà ìíîãî ïðèìåðîâ çâåçä, ó êîòîðûõ âíóòðè èõ îáúåìà íàõîäÿòñÿ

îäèí èëè íåñêîëüêî ôðàãìåíòîâ, èìåþùèõ ðàçíîå íàïðàâëåíèå ìàãíèòíîãî

ïîëÿ è ñîçäàþùèõ ñëîæíîå ñóììàðíîå ðàñïðåäåëåíèå ìàãíèòíîãî ïîëÿ íà

ïîâåðõíîñòè. Òàêèì ïóòåì, â îòëè÷èå îò (Bd, Bq, Boct) ïðåäñòàâëåíèÿ, ìîæíî

ïîëó÷èòü òàêèå îñíîâíûå ïàðàìåòðû, êàê ñðåäíåå ïîâåðõíîñòíîå ìàãíèòíîå

ïîëå Bs, âåëè÷èíó ìàãíèòíîãî ïîëÿ â ìàãíèòíûõ ïîëþñàõ Âð, íàêëîí îñè

(èëè îñåé) äèïîëÿ ê ïëîñêîñòè ýêâàòîðà âðàùåíèÿ  , à òàêæå ñôåðè÷åñêèå

êîîðäèíàòû   è   ìàãíèòíûõ ìîíîïîëåé, ðàññòîÿíèå äèïîëÿ îò öåíòðà

çâåçäû А  è ðàññòîÿíèå êàæäîãî ìîíîïîëÿ îò öåíòðà a .

3. Ïîñëåäóþùèå èññëåäîâàíèÿ çâåçäû HD133880. Ìîäåëèðîâàíèå

âûïîëíåíî â ðàáîòå [5]. Çäåñü èçìåðåíèÿ êðóãîâîé ïîëÿðèçàöèè áûëè

âûïîëíåíû ñ ïîìîùüþ ìåòîäà ìíîãîëèíåé÷àòîãî àíàëèçà LSD [6]. Ýòîò

ïðîöåññ ïîçâîëÿåò ðàññ÷èòàòü (ïðîìîäåëèðîâàòü) óñðåäíåííûå Ñòîêñ I è V-

ïðîôèëè ñ ãîðàçäî áîëåå âûñîêèìè çíà÷åíèÿìè S/N, ÷åì ïðè èñïîëüçîâàíèè

îòäåëüíûõ ëèíèé. LSD ìåòîä îáúåäèíÿåò èíôîðìàöèþ ïî ñóùåñòâó îò âñåõ
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ìåòàëëè÷åñêèõ è He-ëèíèé â ñïåêòðå. Ñòðóêòóðà ìàãíèòíîãî ïîëÿ íà

ïîâåðõíîñòè â ýòîé ðàáîòå ñíîâà îïèñûâàëàñü ìóëüòèïîëüíûì  ðàçëîæåíèåì

íàáëþäàåìûõ èçìåíåíèé ïðîäîëüíîãî Âå è ïîâåðõíîñòíîãî Bs ïîëåé ñ ôàçîé

âðàùåíèÿ (êàê â [1]). Ïîñòðîåíèå ãåîìåòðèè ìàãíèòíîãî ïîëÿ âûïîëíÿëîñü

ïî ïðîãðàììå [7]. Ôàçîâàÿ çàâèñèìîñòü ñðåäíåãî ïîâåðõíîñòíîãî ïîëÿ  Bs

ïîëó÷åíà íà îñíîâàíèè èçìåðåíèé â 6-òè ôàçàõ, ïðè÷åì âåëè÷èíû Bs áûëè

îöåíåíû ïî ìàãíèòíîìó óøèðåíèþ ñïåêòðàëüíûõ ëèíèé. Ñðåäíÿÿ âåëè÷èíà

ñðåäíåãî ïîâåðõíîñòíîãî ìàãíèòíîãî ïîëÿ îêàçàëàñü Bs = 15 êÃñ. Çàìåòèì, ÷òî

íàøà ìîäåëüíàÿ îöåíêà îêàçàëàñü ðàâíîé Bs = 5.3 êÃñ â ðàáîòå [8] è Bs = 4020

Ãñ (â ðàçä. 6). Ôàçîâàÿ çàâèñèìîñòü  Bs  â ìîäåëè [5] èçìåíÿåòñÿ â

ïðåäåëàõ 10000 - 20000 Ãñ, â òî âðåìÿ êàê íàø ìîäåëüíûé ðåçóëüòàò

49509037 Bp  Ãñ (ñì. äàëåå ðàçä. 6). Îöåíêà âåëè÷èí Bd, Bq è Boct

îñóùåñòâëÿåòñÿ èòåðàòèâíûì ñïîñîáîì. Â ðåçóëüòàòå îêàçàëîñü, ÷òî

Bd = -9600 Ãñ, Bq = 23200 Ãñ, Boct = 1900 Ãñ. Íàïîìíèì, ÷òî ìóëüòèïîëüíàÿ

ìîäåëü èìååò òîëüêî îïèñàòåëüíûé õàðàêòåð, ïðè÷åì âåëè÷èíû Bd, Bq, Boct

ïðàêòè÷åñêè íå èìåþò ôèçè÷åñêîãî ñìûñëà, õîòÿ èìåþò ðàçìåðíîñòü ìàãíèòíîãî

ïîëÿ. Òàêèõ âåëè÷èí ìàãíèòíîãî ïîëÿ íåò íè â îáúåìå çâåçäû, íè íà

ïîâåðõíîñòè. Ðàññìîòðåâ âåëè÷èíû Bd, Bq, Boct, àâòîðû ïðèøëè ê âûâîäó,

÷òî ïîëó÷åííàÿ ïðîñòàÿ îñåñèììåòðè÷íàÿ ìîäåëü ìàãíèòíîãî ïîëÿ îïðåäåëÿåòñÿ

ïðåèìóùåñòâåííî êâàäðóïîëüíîé êîìïîíåíòîé, êîòîðàÿ â ïåðâîì ïðèáëèæåíèè

îïèñûâàåò âàðèàöèè ìàãíèòíîãî ïîëÿ. Ýòîò âûâîä ïîäòâåðæäàåò òàêîé æå

ðåçóëüòàò â ðàáîòå [1] (â ðàçä. 4, 5 ïðèâîäèòñÿ êðèòèêà ýòîãî ðåçóëüòàòà).

Çàáåãàÿ âïåðåä, îòìå÷àåì, ÷òî ìîäåëè [8,9] çâåçäû HD133880 ïîêàçûâàþò,

÷òî îáùàÿ òîïîëîãèÿ êðóïíîìàñøòàáíîãî ïîëÿ ëó÷øå îïèñûâàåòñÿ àñèììåò-

ðè÷íûì äèïîëåì, à íå îñåñèììåòðè÷íûì êâàäðóïîëåì. Â ðåçóëüòàòå â ðàáîòå

[9] áûë ñäåëàí âûâîä: ïðåèìóùåñòâåííî êâàäðóïîëüíûå òîïîëîãèè ìàãíèòíîãî

ïîëÿ, êîòîðûå óòâåðæäàëèñü ðàíåå, íå ñóùåñòâóþò â ðåàëüíûõ çâåçäàõ. Äàëåå

ìû ïîêàæåì òàêæå, ÷òî ìîäåëèðîâàíèå â [9] ïðèâåëî ê äðóãèì ïàðàìåòðàì,

ïî ñðàâíåíèþ ñ [5], à èìåííî, ìàêñèìàëüíîå ëîêàëüíîå ïîëå Âð = 12000 Ãñ

íà îòðèöàòåëüíîì ïîëþñå, ñðåäíåå ïîëå Bs = 4400 Ãñ, ÷òî â 3 ðàçà ñëàáåå, ÷åì

â ñëó÷àå êâàäðóïîëüíîé ìîäåëè [5]. Òàêèì îáðàçîì ïîÿâèëèñü äàííûå,

êîòîðûå íå ïîääåðæèâàþò (D+Q+O) ìåòîäèêó ìîäåëèðîâàíèÿ ìàãíèòíûõ

ïîëåé Àð-çâåçä (ñì. ðàçä. 4, 5).

4. Íàøå ïåðâîå ìîäåëèðîâàíèå çâåçäû HD133880. Ðàáîòà [8]

âûïîëíåíà íà îñíîâàíèè 12 èçìåðåíèé, âûïîëíåííûõ ïî ëèíèÿì âîäîðîäà

â ðàáîòå [1]. Ìîäåëü ñòðîèëàñü ñ ïîìîùüþ íàøåé ñòàíäàðòíîé ìåòîäèêè,

ðàçðàáîòàííîé â [2,3] è ïðåäïîëàãàþùåé, ÷òî èñòî÷íèêîì ìàãíèòíîãî ïîëÿ

âíóòðè çâåçäû ÿâëÿåòñÿ ìàãíèòíûé äèïîëü. Òàêèì îáðàçîì, (D+Q+Î) ìîäåëè

ìàãíèòíîãî ïîëÿ êîðåííûì îáðàçîì îòëè÷àþòñÿ îò íàøåãî äèïîëüíîãî
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ïðåäñòàâëåíèÿ âíóòðåííåé ñòðóêòóðû. Â îòëè÷èå îò ôîðìàëüíîãî ìàòåìàòè-

÷åñêîãî îïèñàíèÿ ôàçîâîé çàâèñèìîñòè  Be  â ñëó÷àå (D+Q+Î)-ìîäåëè,

íàøà "äèïîëüíàÿ" ìîäåëü îñíîâûâàåòñÿ íà èñïîëüçîâàíèè êîíêðåòíîãî

âíóòðåííåãî èñòî÷íèêà ìàãíèòíîãî ïîëÿ ñ åãî îïðåäåëåííûìè ôèçè÷åñêèìè

ïàðàìåòðàìè [10-12]. Ïðåäïîëîæåíèå, ÷òî ñòðóêòóðà ìàãíèòíîãî ïîëÿ Àð-çâåçä

ñîîòâåòñòâóåò ñòðóêòóðå òåîðåòè÷åñêîãî ìàãíèòíîãî äèïîëÿ ïîääåðæèâàëîñü

ìíîãèìè èññëåäîâàòåëÿìè â òå÷åíèå âñåãî âðåìåíè èçó÷åíèÿ ìàãíèòíûõ Àð-

çâåçä. Âàðüèðóÿ ïîëîæåíèå, îðèåíòàöèþ äèïîëÿ âíóòðè îáúåìà çâåçäû, âåëè÷èíó

ïîëÿ ìàãíèòíûõ çàðÿäîâ, ìîæíî ïîëó÷èòü ñðåäíþþ èñêîìóþ çàâèñèìîñòü

 Be  èëè  Bs  â ðàçíûõ ôàçàõ ïåðèîäà âðàùåíèÿ çâåçäû. Ê ñîæàëåíèþ,

â äàííîé ðàáîòå èñïîëüçîâàíî òîëüêî 12 èçìåðåíèé, âûïîëíåííûõ ïî ëèíèÿì

âîäîðîäà â ðàáîòå [1]. Ñòîëü ìàëîå êîëè÷åñòâî èçìåðåíèé íå ïîçâîëÿåò

ïîëó÷èòü äîñòàòî÷íî óâåðåííóþ ìîäåëü, ïîýòîìó ìîæíî ïðèíÿòü ðåçóëüòàò

ìîäåëèðîâàíèÿ òîëüêî êàê ïåðâîå ïðèáëèæåíèå. Â íàøåì ñëó÷àå ìàãíèòíîå

ïîëå çâåçäû õîðîøî àïïðîêñèìèðóåòñÿ ñìåùåíèåì öåíòðà äèïîëÿ íà âåëè÷èíó

 R.A 10  âäîëü îñè (è ñëåãêà ïîïåðåê) â ñòîðîíó îòðèöàòåëüíîãî ìîíîïîëÿ.

Ðàññòîÿíèå ìåæäó ìîíîïîëÿìè ïðèíÿòî ñòàíäàðòíûì  R.A 20  (ýòî ñðåäíÿÿ

âåëè÷èíà, êîòîðàÿ ðåàëüíî íàáëþäàåòñÿ ó ìàãíèòíûõ çâåçä). Îñü äèïîëÿ

íàêëîíåíà íà óãîë o16  ê ïëîñêîñòè ýêâàòîðà âðàùåíèÿ. Âåëè÷èíà ñðåäíåãî

ïîâåðõíîñòíîãî ìàãíèòíîãî ïîëÿ ïîëó÷èëàñü Bs = 5301 Ãñ,  ïîëå íà ìàãíèòíûõ

ïîëþñàõ Âð = -16150, + 4203 Ãñ. Ñðåäíÿÿ îøèáêà èçìåðåíèé Âå ñîñòàâëÿåò

165  Ãñ, ïðè ýòîì ðàçëè÷èå íàáëþäàåìûõ âåëè÷èí Âå ñ ìîäåëüíûìè

íàõîäèòñÿ â ïðåäåëàõ 3 . Ñðàçó îòìå÷àåì, ÷òî íàøà âåëè÷èíà Bs îòëè÷àåòñÿ

îò ðåçóëüòàòà [5] áîëåå ÷åì â 3 ðàçà, êàê è â ðàáîòå [9]. Ýòî ñóùåñòâåííûé

ïðèçíàê íå ðåàëüíîñòè äèïîëüíî-êâàäðóïîëüíîé ìîäåëè. Êðîìå òîãî, â

îòëè÷èå îò âåëè÷èí Bd, Bq, Boct, ìàãíèòíîå ïîëå íà ìàãíèòíûõ ïîëþñàõ Âð

â ñëó÷àå äèïîëüíîé ñòðóêòóðû ðåàëüíî ñóùåñòâóåò. Òàêèì îáðàçîì, ïðåäïîëîæèâ

íàëè÷èå â çâåçäå îäíîãî ìàãíèòíîãî äèïîëÿ, ìû ïîëó÷àåì ïîëíóþ êàðòèíó

ñâîéñòâ ìàãíèòíîãî ïîëÿ, â îòëè÷èå îò ðàíåå ïðåäïîëàãàâøåéñÿ äèïîëüíî-

êâàäðóïîëüíîé ñõåìû [1,5]. Äèïîëüíàÿ ìàãíèòíàÿ ñòðóêòóðà âíóòðè çâåçäû

ïîëíîñòüþ îïðåäåëÿåò ïîâåðõíîñòíîå ðàñïðåäåëåíèå ìàãíèòíîãî ïîëÿ (ðèñóíêè

ñì. â [8]). Îïûò íàøèõ ìíîãîëåòíèõ èññëåäîâàíèé ïîêàçûâàåò, ÷òî îáùàÿ

êîíôèãóðàöèÿ ìàãíèòíîãî ïîëÿ Àð-çâåçä îáû÷íî îïðåäåëÿåòñÿ îäíèì èëè

íåñêîëüêèìè íàìàãíè÷åííûìè ôðàãìåíòàìè âíóòðè îáúåìà çâåçäû, ñòðóêòóðà

êàæäîãî èç êîòîðûõ áëèçêà ê ñòðóêòóðå òåîðåòè÷åñêîãî ìàãíèòíîãî äèïîëÿ.

Ýòè ôðàãìåíòû ìîãóò áûòü ðàñïîëîæåíû â ëþáîì ìåñòå îáúåìà çâåçäû, íî

÷àùå âáëèçè öåíòðà, ãäå áîëüøå ïëîòíîñòü, ÷òî åñòåñòâåííî. Ðàçíûå âàðèàíòû

ïðîèñõîäÿò â ðåçóëüòàòå ðàçíûõ óñëîâèé â íà÷àëüíûõ ôàçàõ ôîðìèðîâàíèÿ

ìàãíèòíûõ ïðîòîçâåçä [8].
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5. Ìîäåëèðîâàíèå çâåçäû HD133880 â ðàáîòå [9]. Èññëåäîâàíèå

âûïîëíåíî íà îñíîâàíèè íîâûõ èçìåðåíèé ìàãíèòíîãî ïîëÿ, ñäåëàííûõ

ýòèìè àâòîðàìè. Îêàçàëîñü, ÷òî ôàçîâûå çàâèñèìîñòè  Be  â ðàáîòàõ [1,9]

ñóùåñòâåííî ðàçëè÷àþòñÿ ïî ôîðìå, ÷òî ìîæåò áûòü îáóñëîâëåíî íå òîëüêî

çíà÷èòåëüíî ìåíüøåé òî÷íîñòüþ èçìåðåíèé â ïåðâîì ñëó÷àå, íî òàêæå òåì,

÷òî ìàãíèòíîå ïîëå èçìåðÿëîñü ïî ëèíèÿì âîäîðîäà, òîãäà êàê â [9] ýòî áûëî

ñäåëàíî ïî ëèíèÿì ìåòàëëîâ. Íîâûå ñïåêòðû ïîëó÷åíû ñ HARPSpol ïîëÿðè-

ìåòðîì [13,14] è ñïåêòðîìåòðîì HARPS íà ESO 3.6-ì òåëåñêîïå, ïîçâîëÿþùèå

ïîëó÷àòü ÷åòûðå ïàðàìåòðà Ñòîêñà â îòäåëüíûõ ñïåêòðàëüíûõ ëèíèÿõ ñ

ðàçðåøåíèåì 110000. Â ðåçóëüòàòå ñðåäíèå ïðîäîëüíûå âåëè÷èíû ìàãíèòíîãî

ïîëÿ Âå èìåþò î÷åíü ìàëóþ ñðåäíþþ îøèáêó 60 Ãñ ( 165  Ãñ â ïåðâîì

ñëó÷àå), ïîýòîìó â äàííîì èññëåäîâàíèè îêàçàëîñü âîçìîæíûì èñïîëüçîâàòü

íåñðàâíèìî áîëåå íàäåæíóþ ôàçîâóþ çàâèñèìîñòü  Be  ïî 45 èçìåðåíèÿì

(ðèñ.1), ÷åì ýòî áûëî ñäåëàíî â ïðåäûäóùèõ ðàáîòàõ. Â ñòàòüå [9] ìàãíèòíîå

ïîëå Âå è ðàñïðåäåëåíèå õèìè÷åñêèõ ýëåìåíòîâ ïî ïîâåðõíîñòè îöåíèâàëîñü

ïóòåì ìîäåëèðîâàíèÿ ñïåêòðàëüíûõ ëèíèé Si, Cr è Fe ïî ìåòîäó, îïèñàííîìó

â [15]. Â òî æå âðåìÿ çàìåòèì, ÷òî ìàãíèòíîå ïîëå, èçìåðåííîå ïî ëèíèÿì

âîäîðîäà, èìååò ïðåèìóùåñòâî â òîì, ÷òî îíî íå çàâèñèò îò ðàñïðåäåëåíèÿ

õèìè÷åñêèõ ýëåìåíòîâ ïî ïîâåðõíîñòè. Âòîðîé ìåòîä, íåñîìíåííî, èìååò

òàêîé íåäîñòàòîê. Â ðàáîòàõ [1,5] óòâåðæäàëîñü, ÷òî çâåçäà îáëàäàåò íåîáû÷íûì,

ïðåèìóùåñòâåííî êâàäðóïîëüíûì, î÷åíü ñèëüíûì ïîâåðõíîñòíûì ìàãíèòíûì

ïîëåì. Â ïðîòèâîïîëîæíîñòü òàêîìó ðåçóëüòàòó, â ðàáîòå [9] ó HD133880 íà

îñíîâàíèè íåïîñðåäñòâåííîãî èçìåðåíèÿ ìàãíèòíîãî ïîëÿ â ðàçíûõ ôàçàõ

ïåðèîäà âðàùåíèÿ îáíàðóæåíà ãîðàçäî áîëåå ñëàáàÿ åãî âåëè÷èíà, à ñòðóêòóðà

Ðèñ.1. Ôàçîâàÿ çàâèñèìîñòü )(Be  çâåçäû HD133880. Òî÷êè - èçìåðåííûå äàííûå,
ëèíèÿ - ìîäåëü.
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â ïåðâîì ïðèáëèæåíèè íàïîìèíàåò ñìåùåííûé ìàãíèòíûé äèïîëü, à íå

êâàäðóïîëü (òàêîé æå ðåçóëüòàò ïîëó÷åí â íàøåé ðàáîòå [8]). Â ðåçóëüòàòå

àâòîðû ðàáîòû [9] ïîñòåïåííî ïðèõîäÿò ê "äèïîëüíîé" ñõåìå, êîòîðóþ ìû

èñïîëüçóåì ñ 1977ã. [2]. Íî òîïîëîãèÿ ïîëÿ HD133880, ê ñîæàëåíèþ, ñíîâà

îïèñûâàåòñÿ âûñòðîåííûìè â îäíó ëèíèþ äèïîëåì è êâàäðóïîëåì (êàê è â

ïðåäûäóùèõ ðàáîòàõ). Íàïîìèíàåì, ÷òî íàø ðåçóëüòàò, îïèñàííûé â ðàçä. 4,

è îñíîâàííûé íà ïðåäïîëîæåíèè â çâåçäå îäíîãî ìàãíèòíîãî äèïîëÿ, ïîçâîëèë

ïîëó÷èòü ïîëíóþ êàðòèíó ñâîéñòâ ìàãíèòíîãî ïîëÿ, â îòëè÷èå îò äèïîëüíî-

êâàäðóïîëüíîé ñõåìû.

Àâòîðû ðàáîòû [9] ïðèõîäÿò ê âûâîäó, ÷òî èíòåðïðåòàöèÿ ïðîôèëåé

Ñòîêñà V óêàçûâàåò íà íàëè÷èå àñèììåòðè÷íîé ãåîìåòðèè ìàãíèòíîãî ïîëÿ

HD133880 íà ïîâåðõíîñòè, ãäå íàáëþäàåòñÿ áîëüøàÿ îáëàñòü ñëàáîãî

ïîëîæèòåëüíîãî ïîëÿ è íåáîëüøàÿ çîíà ñèëüíîãî îòðèöàòåëüíîãî ïîëÿ (ñì.

äàëåå ðèñ.4). Çîíà ñ îòðèöàòåëüíûì ïîëåì, â ñâîþ î÷åðåäü, ñîñòîèò èç äâóõ

îòäåëüíûõ âûñîêîêîíòðàñòíûõ ìàãíèòíûõ îñîáåííîñòåé ñ íåñêîëüêî ðàçëè÷íîé

îðèåíòàöèåé ïîëÿ (äàëåå áóäåò ïîêàçàíî, ÷òî íàøà äèïîëüíàÿ ìîäåëü (ðàçä.

6) äåìîíñòðèðóåò íàëè÷èå îäíîãî ñèëüíîãî ìàãíèòíîãî ïÿòíà â òîì æå ìåñòå

ïîâåðõíîñòè). Äðóãîé ðåçóëüòàò ñîñòîèò â òîì, ÷òî ïîëó÷åíî ìàêñèìàëüíîå

ëîêàëüíîå ìàãíèòíîå ïîëå Âð = -12000 Ãñ íà îòðèöàòåëüíîì ïîëþñå, ñðåäíåå

ïîëå Bs = 4440 Ãñ, ÷òî â 3 ðàçà ñëàáåå, ÷åì â ñëó÷àå êâàäðóïîëüíîé ìîäåëè

ïðåäûäóùèõ èññëåäîâàíèé. Íîâûå ðåçóëüòàòû  ïîêàçûâàþò òàêæå, ÷òî îáùàÿ

òîïîëîãèÿ êðóïíîìàñøòàáíîãî ïîëÿ ëó÷øå îïèñûâàåòñÿ èñêàæåííûì,

àñèììåòðè÷íûì äèïîëåì, à íå îñåñèììåòðè÷íûì êâàäðóïîëåì (êàê è â ðàçä.

4). Ïîëó÷åííûå êàðòû ðàñïðåäåëåíèÿ ìàãíèòíîãî ïîëÿ ïî ïîâåðõíîñòè

HD133880 çàìåòíî îòëè÷àþòñÿ îò òåõ, êîòîðûå ïîëó÷àþòñÿ ïðè ïðåäïîëîæåíèè

êâàäðóïîëüíîé ìîäåëè, ïðè ýòîì äèïîëüíûé êîìïîíåíò äîìèíèðóåò â

òîïîëîãèè çâåçäíîãî ïîëÿ, âíîñÿ 65-70% îò îáùåé ýíåðãèè ìàãíèòíîãî ïîëÿ.

Íàïîìíèì, ÷òî êâàäðóïîëüíûå ìîäåëè äàþò äèïîëüíûé êîìïîíåíò â 2.6-3.5

ðàçà ìåíüøèé âêëàä â îáùóþ ìàãíèòíóþ ýíåðãèþ. Èòàê, ïðåäëîæåííûå

ðàíåå ìîäåëè òîïîëîãèè êâàäðóïîëüíîãî ïîëÿ HD133880 íå ñîãëàñóþòñÿ ñ

ðåçóëüòàòàìè ìîäåëèðîâàíèÿ íàáëþäàåìûõ ïðîôèëåé ïîëÿðèçàöèè ìåòàëëè-

÷åñêèõ ëèíèé â ðàáîòå [9] (à òàêæå ñ ðåçóëüòàòîì â ðàçä. 4). Íà îñíîâàíèè

èññëåäîâàíèÿ çâåçäû HD133880 àâòîðû ðàáîòû [9] äåëàþò  ôóíäàìåíòàëüíûé

âûâîä, ÷òî ïðåèìóùåñòâåííî êâàäðóïîëüíûå òîïîëîãèè ìàãíèòíîãî ïîëÿ,

êîòîðûå ïðåäïîëàãàëèñü äî ýòîãî â çíà÷èòåëüíîì ÷èñëå çâåçä, âåðîÿòíî, íå

ñóùåñòâóþò â ðåàëüíûõ çâåçäàõ. Ýòîò äåéñòâèòåëüíî ôóíäàìåíòàëüíûé âûâîä

äåëàåòñÿ òîãäà, êîãäà óæå çà ïðîøåäøèå 40 ëåò ñ ïîìîùüþ "äèïîëüíîé"

ìåòîäèêè ìîäåëèðîâàíèÿ [2] áûëè èçó÷åíû ñòðóêòóðû áîëåå ñîòíè ìàãíèòíûõ

çâåçä, è íå áûëî ñëó÷àÿ, êîòîðûé ïðîòèâîðå÷èë áû ïðåäïîëîæåíèþ äèïîëüíîãî
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õàðàêòåðà ìàãíèòíûõ ñòðóêòóð äàæå òîãäà, êîãäà çâåçäà ñîäåðæèò âíóòðè ñåáÿ

íåñêîëüêî íàìàãíè÷åííûõ ôðàãìåíòîâ. Òåì íå ìåíåå, àâòîðû ðàáîòû [9]

ïðîäîëæàþò íàñòàèâàòü íà òîì, ÷òî ïðåäïîëîæåíèå ìàãíèòíîãî ïîëÿ ñî

ñòðóêòóðîé "íàêëîííûé äèïîëü + êâàäðóïîëü" ìîæåò îáåñïå÷èòü óäîâëå-

òâîðèòåëüíîå îïèñàíèå ìàãíèòíûõ ïîëåé Ap-çâåçä è ìîæåò áûòü ïîëåçíûì äëÿ

ãðóáîãî àíàëèçà áîëüøèõ çâåçäíûõ âûáîðîê. Ýòî òîãäà, êîãäà êàòàëîã âåëè÷èí

Bs ñîäåðæèò 120 çâåçä [16].

6. Âòîðîé âàðèàíò ìîäåëè HD133880. Íàøå ìîäåëèðîâàíèå ïîëó÷åíî

íà îñíîâàíèè íîâûõ èçìåðåíèé [9]. Ôîðìà ôàçîâîé çàâèñèìîñòè  Be

çíà÷èòåëüíî îòëè÷àåòñÿ îò òîé, êîòîðàÿ ïîëó÷àåòñÿ ïî äàííûì [1]. Òåì íå

ìåíåå, íàì èíòåðåñíî áûëî â ïåðâóþ î÷åðåäü ïîëó÷èòü èìåííî îäíîäèïîëüíóþ

ìîäåëü HD133880 ïî ýòèì äàííûì, ÷òîáû ñðàâíèòü ñ íàøèì ïðåäûäóùèì

ðåçóëüòàòîì â [8], à òàêæå ïðîâåðèòü ìíåíèå, âûñêàçàííîå â [9], ÷òî îáùàÿ

òîïîëîãèÿ êðóïíîìàñøòàáíîãî ïîëÿ ëó÷øå îïèñûâàåòñÿ èñêàæåííûì,

àñèììåòðè÷íûì äèïîëåì. Ðåøåíèå íàéäåíî íàøèì ñòàíäàðòíûì ìåòîäîì

[2,3], ïðåäïîëàãàþùèì, ÷òî èñòî÷íèêîì ìàãíèòíîãî ïîëÿ ÿâëÿåòñÿ ìàãíèòíûé

äèïîëü. Ïðè ðàçíûõ âõîäíûõ ïàðàìåòðàõ îñóùåñòâëÿåòñÿ ðÿä ïîñëåäîâàòåëüíûõ

ïðèáëèæåíèé äî òåõ ïîð, ïîêà ðàçëè÷èÿ Âå ìåæäó íàáëþäàåìûìè è ìîäåëüíûìè

âåëè÷èíàìè âî âñåõ ôàçàõ   ñòàíóò ìåíüøå 3 . Òàáë.1 ñîäåðæèò êîîðäèíàòû

ìîíîïîëåé, ïðè÷åì îäèí ìîíîïîëü íàõîäèòñÿ íà ðàññòîÿíèè îò öåíòðà

20.a  , à âòîðîé â öåíòðå
 
(ïðèìåðíî êàê â ðàçä. 4). Îñü äèïîëÿ íàõîäèòñÿ

â ïëîñêîñòè ýêâàòîðà âðàùåíèÿ ( 0 ), õîòÿ â ïðåäûäóùåì âàðèàíòå îíà

íàêëîíåíà íà óãîë o16 . Íà ðèñ.1 ïðèâåäåíû íàáëþäàåìàÿ (òî÷êè) è

ìîäåëüíàÿ çàâèñèìîñòè (ëèíèÿ) çâåçäû HD133880. Â ïðåäåëàõ îøèáîê â

íåêîòîðûõ ôàçàõ ( 300 .  è 900650 ..  ) ñîâïàäåíèå îêàçàëîñü óäîâëåòâî-

ðèòåëüíûì, íî â ïîëîæèòåëüíîì è îòðèöàòåëüíîì ìàêñèìóìàõ ôàçîâûå

çàâèñèìîñòè ðàñõîäÿòñÿ. Ñëåäîâàòåëüíî, ñòðóêòóðà ìàãíèòíîãî ïîëÿ ñëîæíåå,

÷åì ïðè ïðåäïîëîæåíèè îäíîãî ñìåùåííîãî âäîëü îñè äèïîëÿ. Ïàðàìåòðû

ìàãíèòíîãî ïîëÿ ïðèâåäåíû â òàáë.3 â ñòðîêå "1 äèïîëü (íàø 2)". Ïî

ñðàâíåíèþ ñ ïðåäûäóùåé íàøåé ìîäåëüþ âåëè÷èíà Bs îêàçûâàåòñÿ íà 15%

ìåíüøå. Íî ðàçëè÷èå Bs ñ ðåçóëüòàòîì [5] îêàçûâàåòñÿ áîëåå 3-õ ðàç! Ýòî

ïîêàçàòåëü îòñóòñòâèÿ ôèçè÷åñêîé îñíîâû äëÿ äèïîëüíî-êâàäðóïîëüíîé ìîäåëè.

Äîëãîòà, ãðàäóñ Øèðîòà, ãðàäóñ а , R
*

Ïåðâûé ìîíîïîëü 337 0 0.2
Âòîðîé ìîíîïîëü 157 -0 0.0

Òàáëèöà 1

1 ÄÈÏÎËÜ, ÊÎÎÐÄÈÍÀÒÛ ÌÎÍÎÏÎËÅÉ
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Â ñëåäóþùåì âàðèàíòå ìû èññëåäîâàëè ìîäåëü ñ äâóìÿ äèïîëÿìè. Ìåòîäîì

ïîñëåäîâàòåëüíûõ ïðèáëèæåíèé óäàëîñü äîñòè÷ü ëó÷øèõ ðåçóëüòàòîâ, ÷åì â

ïðåäûäóùåì ñëó÷àå. Íàáëþäàåìàÿ è ìîäåëüíàÿ ôàçîâûå çàâèñèìîñòè ïîêàçàíû

íà ðèñ.2à, êîîðäèíàòû ìîíîïîëåé äàíû â òàáë.2. Ñîâïàäåíèå âî ìíîãèõ ôàçàõ

Äîëãîòà, ãðàäóñ Øèðîòà, ãðàäóñ

1 äèïîëü 337 1
100 -1

2 äèïîëü 157 1
212 -1

Òàáëèöà 2

2 ÄÈÏÎËß, ÊÎÎÐÄÈÍÀÒÛ ÌÎÍÎÏÎËÅÉ

Ðèñ.2. Ìîäåëüíàÿ çàâèñèìîñòü )(Bs .
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óäîâëåòâîðèòåëüíîå, â ïðåäåëàõ 3 , íî ìîäåëüíàÿ çàâèñèìîñòü  Be  â ôàçàõ

0190 ..   çàìåòíî îòëè÷àåòñÿ îò íàáëþäàåìîé. Íà ðèñ.2b ïîêàçàíà ìîäåëüíàÿ

ôàçîâàÿ çàâèñèìîñòü  Bs . Ñðåäíåå ïîâåðõíîñòíîå ïîëå èçìåíÿåòñÿ â ïðåäåëàõ

54773364 Bs  Ãñ. Äëÿ ñðàâíåíèÿ "äèïîëüíî-êâàäðóïîëüíàÿ" ìîäåëü [5] äàåò

íåðåàëüíûå çíà÷åíèÿ âåëè÷èíû 2000010000 Bs  Ãñ. Cõåìà ðàñïîëîæåíèÿ

äèïîëåé â äâóõäèïîëüíîé ìîäåëè ïðèâåäåíà íà ðèñ.3. Îáëàñòè 1, 2 è 3 èìåþò

ìàêñèìàëüíóþ íàïðÿæåííîñòü ìàãíèòíîãî ïîëÿ íà ïîâåðõíîñòè, ïðè÷åì îáëàñòü

1 îòðèöàòåëüíîãî çíàêà, à 2 è 3 - ïîëîæèòåëüíîãî, îíè ñîâåðøåííî îïðåäåëåííî

ïðîÿâëÿþòñÿ íà çàâèñèìîñòè  Be  ðèñ.2à è Ìåðêàòîðñêîé êàðòå ðèñ.4. Òàêèì

îáðàçîì, â ãëîáóñàõ ðàáîòû [9] õîðîøî çàìåòåí ìàêñèìóì íàïðÿæåííîñòè

îòðèöàòåëüíîé ïîëÿðíîñòè, íî îòñóòñòâóþò õîðîøî çàìåòíûå íà Ìåðêà-

òîðñêîé êàðòå ìàêñèìóìû íà 30.  è 0.6, õîòÿ áåñïîðÿäî÷íî ðàñïîëîæåííûå

ìàãíèòíûå ïÿòíà òàì çàìåòíû. Ìîäåëü ïîêàçûâàåò, ÷òî ìàãíèòíûå çàðÿäû

íàõîäÿòñÿ â îäíîé ïëîñêîñòè, ñîâïàäàþùåé ñ ïëîñêîñòüþ ýêâàòîðà âðàùåíèÿ

( o0 ). Íàïîìíèì, ÷òî ìàëàÿ âåëè÷èíà   ó ìàãíèòíûõ çâåçä - òèïè÷íîå

èõ ñâîéñòâî, ñâÿçàííîå ñ óñëîâèÿìè ôîðìèðîâàíèÿ. Âåëè÷èíà ìàãíèòíîãî

çàðÿäà îáîèõ äèïîëåé îäèíàêîâàÿ. Âåëè÷èíû ñðåäíåãî ïîâåðõíîñòíîãî

ìàãíèòíîãî ïîëÿ Bs è ïîëÿ íà ìàãíèòíûõ ïîëþñàõ Âð, à òàêæå   è a ,

ïðèâåäåíû â òàáë.3 â ñòðîêå "2 äèïîëÿ". Âåëè÷èíû Bs è Âð íåñêîëüêî

ìåíüøå, ÷åì â ïðåäûäóùåì ñëó÷àå, íî îäíîãî ïîðÿäêà.

Âåðíåìñÿ ê ðèñ.2à. Êàçàëîñü, ÷òî äëÿ òîãî, ÷òîáû îïèñàòü  äåòàëü íà

îòðèöàòåëüíîì ìàêñèìóìå, íàäî ââåñòè åùå îäèí, òðåòèé äèïîëü. Îäíàêî

ïîïûòêè ïðèìåíåíèÿ òðåòüåãî äèïîëÿ íå ïðèâåëè ê æåëàåìîìó ðåçóëüòàòó.

Ðèñ.3. Ñèëîâûå ëèíèè äâóõäèïîëüíîé ìîäåëè. ×åðíûå ïîëóêðóæêè - ìàãíèòíûå ïîëþñà
íà ïîâåðõíîñòè çâåçäû. À - ïåðâûé äèïîëü, Â - âòîðîé äèïîëü.
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Íå áûëè íàéäåíû íè ïîëîæåíèå, íè îðèåíòàöèÿ òðåòüåãî äèïîëÿ, ïðè

êîòîðûõ áûë áû ïîëó÷åí õîòÿ áû êà÷åñòâåííûé ïîëîæèòåëüíûé ðåçóëüòàò.

Âëèÿíèå òðåòüåãî äèïîëÿ âî âñåõ ñëó÷àÿõ îòðèöàòåëüíî ñêàçûâàåòñÿ íà ôîðìå

âñåé ìîäåëüíîé ôàçîâîé çàâèñèìîñòè, îíà çíà÷èòåëüíî óøèðÿåòñÿ, îñîáåííî

â îáëàñòè îòðèöàòåëüíîé ïîëóâîëíû. Ïðèìåíåíèå ìîäåëè èç äâóõ äèïîëåé

íà ïîâåðõíîñòè çâåçäû âáëèçè îòðèöàòåëüíîãî ìàêñèìóìà ïðèâîäèò ê òàêîìó

æå ýôôåêòó. Òàêèì îáðàçîì, íå íàéäåíî íèêàêèõ ïðèçíàêîâ äâîéíîãî

ìàãíèòíîãî ïÿòíà, êîòîðûé âèäåí íà ãëîáóñàõ â [9], íè ïðèçíàêîâ íàëè÷èÿ

ðåçêîé äåòàëè â ôàçàõ 0.9-1.0. Êàçàëîñü, ÷òîáû ñîçäàòü íàáëþäàåìóþ äåôîð-

ìàöèþ  Be , íåîáõîäèìî íà ïîâåðõíîñòè çâåçäû ïîìåñòèòü äèïîëü ñ îñüþ,

ïåðïåíäèêóëÿðíîé ïîâåðõíîñòè è ìàãíèòíûì ïîëåì ïîëîæèòåëüíîé ïîëÿðíîñòè

Âàðèàíò Bs, Ãñ Âð, Ãñ  , ãðàäóñ а , R
*

Bailey (D+Q+O) 15200 íåò íåò íåò
Êochukhov, äèïîëü 4400 -12000 +íåò íåò íåò
1 äèïîëü (íàø 1) 5302 -16150 +4203 16 0.16-0.04
1 äèïîëü (íàø 2) 4608 -9581 +5233 0 0.20 0.00
2 äèïîëÿ (íàø 3) 4020 -9037 +4950 +4725 0 0.20  0.20

Òàáëèöà 3

ÑÐÀÂÍÅÍÈÅ ÏÀÐÀÌÅÒÐÎÂ ÌÀÃÍÈÒÍÎÃÎ ÏÎËß ÏÐÈ

ÐÀÇÍÛÕ ÌÎÄÅËßÕ

Ðèñ.4. Ìåðêàòîðñêàÿ êàðòà ðàñïðåäåëåíèÿ ìàãíèòíîãî ïîëÿ ïî ïîâåðõíîñòè (äâóõ-
äèïîëüíûé âàðèàíò).
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â ôàçå öåíòðà îòðèöàòåëüíîé ïîëóâîëíû. Ïðè òàêîì âàðèàíòå ìû äåéñòâèòåëüíî

ïîëó÷àåì ïèê â íóæíîì íàì íàïðàâëåíèè, íî ýòîò ïèê "ðàçìàçàí" ïî

áîëüøîìó äèàïàçîíó ôàç. Äåëî â òîì, ÷òî ðàññìàòðèâàåìàÿ îñîáåííîñòü

ìàãíèòíîãî ïîëÿ, ïðîÿâëÿþùàÿñÿ â öåíòðå îòðèöàòåëüíîãî ìàêñèìóìà, âèäíà

òîëüêî â ôàçàõ 0.9-1.0, õîòÿ îíà äîëæíà áûòü çàìåòíà â òå÷åíèå ïîëóïåðèîäà.

Ýòî íå ëó÷ ñâåòà ïåðïåíäèêóëÿðíî ïîâåðõíîñòè. Äàæå òåîðåòè÷åñêàÿ òî÷êà

âëèÿåò íà íàáëþäàåìóþ ôàçîâóþ çàâèñèìîñòü â òå÷åíèå ïîëóïåðèîäà, à íå

òîëüêî â ôàçàõ 0190 ..  . Îòñþäà äåëàåì âûâîä, ÷òî ðàññìàòðèâàåìûé

ýôôåêò, ñêîðåå âñåãî, ïðîèñõîäèò âñëåäñòâèå ìåòîäè÷åñêîé îøèáêè ïðè

èçìåðåíèÿõ ìàãíèòíîãî ïîëÿ è íåðàâíîìåðíîãî ðàñïðåäåëåíèÿ õèìè÷åñêèõ

ýëåìåíòîâ ïî ïîâåðõíîñòè [17].

7. Îáñóæäåíèå. Èòàê, HD133880 çâåçäà Si-òèïà èìååò ñòðóêòóðó ìàã-

íèòíîãî ïîëÿ, â îäíîì ñëó÷àå îïèñûâàåìóþ îäíèì ñìåùåííûì âäîëü îñè

äèïîëåì (ðàçä. 4), â äðóãîì - äâóìÿ ìàãíèòíûìè äèïîëÿìè (ðàçä. 6). Äâóõ-

äèïîëüíàÿ ñòðóêòóðà íå åäèíè÷íûé ñëó÷àé, èçâåñòíû åùå äðóãèå òàêèå æå

îáúåêòû, íàïðèìåð 16 çâåçä ñ äâóõäèïîëüíûìè ñòðóêòóðàìè, ïðîìîäåëè-

ðîâàííûå íàìè, ïðèâîäÿòñÿ â [18]. Ïðîáëåìà ñîñòîèò â òîì, êàêîé âàðèàíò

ïðàâèëüíûé. Äåëî â òîì, ÷òî ìàãíèòíîå ïîëå Âå, èçìåðåííîå ïî ëèíèÿì

âîäîðîäà, ïðàâèëüíåå îïèñûâàåò ðàñïðåäåëåíèå ïîëÿ ïî ïîâåðõíîñòè, òàê êàê

íå çàâèñèò îò âëèÿíèÿ íåðàâíîìåðíîãî ðàñïðåäåëåíèÿ õèìè÷åñêèõ ýëåìåíòîâ

ïî ïîâåðõíîñòè. Ïîýòîìó, íåñìîòðÿ íà ìàëîå êîëè÷åñòâî "âîäîðîäíûõ" èçìåðåíèé

â [1], ðåçóëüòàò ìîäåëèðîâàíèÿ ñëåäóåò ñ÷èòàòü äîñòàòî÷íî âåðîÿòíûì. Íî ïðè

ìàëîì êîëè÷åñòâå èçìåðåíèé íåâîçìîæíî îáíàðóæèòü äåòàëè íà çàâèñèìîñòè

 Be , åñëè îíè åñòü. Íà ðèñ.1 õîðîøî âèäíû äâà ìàêñèìóìà íà 30.  è

0.6, êîòîðûå îïðåäåëÿþò íàëè÷èå äâóõ äèïîëåé. Ñ äðóãîé ñòîðîíû, íåñìîòðÿ

íà âûñîêóþ òî÷íîñòü èçìåðåíèé â [9], âëèÿíèå èñêàæàþùåãî íåðàâíîìåðíîãî

ðàñïðåäåëåíèÿ ìåòàëëîâ íà ðåçóëüòàò èçìåðåíèÿ Âå òîæå íåëüçÿ èñêëþ÷àòü

[17]. Ïîýòîìó âîïðîñ î ðåàëüíîé ñòðóêòóðå ìàãíèòíîãî ïîëÿ HD133880 îñòàåòñÿ

îòêðûòûì. Êîíêðåòíî, äëÿ ðåøåíèÿ âîçíèêøåé ïðîáëåìû íåîáõîäèìû

äîïîëíèòåëüíûå èçìåðåíèÿ Âå ïî ëèíèÿì âîäîðîäà.

Ðàññìîòðèì òàáë.2, â êîòîðîé ïîêàçàíû âåëè÷èíû Âð, Bs,   è a  äëÿ âñåõ

ðàññìîòðåííûõ âûøå âàðèàíòîâ, åñëè îíè îïðåäåëÿëèñü (òàêèõ äàííûõ â ðàáîòå

[1] íåò). Èíòåðåñíî, ÷òî, íåñìîòðÿ íà ðàçíûå âõîäíûå äàííûå, "äèïîëüíûå"

ìîäåëè ïðèâîäÿò ê âåëè÷èíå Bs ïðèìåðíî îäíîãî ïîðÿäêà âåëè÷èíû, â òî âðåìÿ

êàê (D+Q+O) ìîäåëü [5] ñèëüíî îòëè÷àåòñÿ âñëåäñòâèå íåâåðíîé ìîäåëè.

Íà ðèñ.2b, ìîäåëüíàÿ çàâèñèìîñòü  Bs  èçìåíÿåòñÿ îò 3364 äî 5476 Ãñ,

õîòÿ â ìîäåëè (D+Q+Oct) [5] ýòî ïðîèñõîäèò â ïðåäåëàõ 10000-20000 Ãñ. Â

ðàáîòå [9], ýòîò ôàêò òîæå îòìå÷àåòñÿ. Ôèçè÷åñêîãî ñìûñëà â ýòèõ âåëè÷èíàõ

(Bd, Bq, Boct) íåò, îò÷àñòè îíè óêàçûâàþò âåñ êàæäîãî ìóëüòèïîëÿ. Èíîãäà



550 Þ.Â.ÃËÀÃÎËÅÂÑÊÈÉ

âåëè÷èíû Q+Oct ìîãóò óêàçûâàòü íà "íåäèïîëüíîñòü" ìàãíèòíîé ñòðóêòóðû,

íî â òàáë.3 ó çâåçä HD2453 192678 ÷ëåíû (Q+Oct) íå ðàâíû íóëþ, õîòÿ

ìîäåëè ó íèõ ñîîòâåòñòâóþò öåíòðàëüíîìó äèïîëþ. Â ðàáîòàõ [1,5,7] âûñêàçàíî

ìíåíèå, ÷òî ïðåîáëàäàþùåå ðàñïðåäåëåíèå ìàãíèòíîãî ïîëÿ ïî ïîâåðõíîñòè

çâåçäû ÿâëÿåòñÿ êâàäðóïîëüíûì, ïîýòîìó âàðèàöèè ñðåäíåãî ïîâåðõíîñòíîãî

ïîëÿ Bs íå ÿâëÿþòñÿ ñèíóñîèäàëüíûìè. Ðåçóëüòàòû íåâåðíûå, åñëè èñõîäèòü

èç äèïîëüíîãî ïðåäñòàâëåíèÿ. Ìîäåëü [9] çâåçäû HD133880 ïîêàçûâàåò, ÷òî

îáùàÿ òîïîëîãèÿ êðóïíîìàñøòàáíîãî ïîëÿ ëó÷øå îïèñûâàåòñÿ èñêàæåííûì,

àñèììåòðè÷íûì äèïîëåì, à íå îñåñèììåòðè÷íûì êâàäðóïîëåì. Ïðåäëîæåííûå

ðàíåå ìîäåëè òîïîëîãèè êâàäðóïîëüíîãî ïîëÿ HD133880 íå ñîãëàñóþòñÿ ñ

íàáëþäàåìûìè ïðîôèëÿìè ïîëÿðèçàöèè ìåòàëëè÷åñêèõ ëèíèé â ðàáîòå [9].

Â ðåçóëüòàòå â [9] äåëàåòñÿ ôóíäàìåíòàëüíûé âûâîä, ÷òî ïðåèìóùåñòâåííî

êâàäðóïîëüíûå òîïîëîãèè ìàãíèòíîãî ïîëÿ, êîòîðûå ïðåäïîëàãàëèñü äî ýòîãî

ó çíà÷èòåëüíîãî ÷èñëà çâåçä, âåðîÿòíî, íå ñóùåñòâóþò â ðåàëüíûõ çâåçäàõ.

Î÷åâèäíî, ÷òî íàøå ïðåäñòàâëåíèå î äèïîëüíûõ ñòðóêòóðàõ ìàãíèòíîãî ïîëÿ

â ýòîò ïåðèîä âðåìåíè ìíîãèìè àâòîðàìè íå âîñïðèíèìàëîñü.

Ïðàêòèêà ïîêàçûâàåò [12,19], ÷òî ñòðóêòóðû ìàãíèòíûõ ïîëåé âíóòðè è íà

ïîâåðõíîñòè Àð-çâåçä äîñòàòî÷íî õîðîøî îïèñûâàþòñÿ ïðèìåíåíèåì ìîäåëåé

òåîðåòè÷åñêèõ äèïîëåé, äàæå åñëè â çâåçäå äâà èëè òðè íàìàãíè÷åííûõ

ôðàãìåíòà. Èññëåäîâàíèå ýâîëþöèè ìàãíèòíûõ ïîëåé Àð-çâåçä ïðèâîäèò ê

ïðåäïîëîæåíèþ, ÷òî â ñëó÷àå ñëîæíûõ íà÷àëüíûõ ïðîòîçâåçäíûõ ìàãíèòíûõ

ñòðóêòóð, îíè ïîñòåïåííî ôîðìèðóþòñÿ â ïðîñòûå ïîëîèäàëüíûå ôîðìû,

êîòîðûå ñ äîñòàòî÷íûì ïðèáëèæåíèåì îïèñûâàþòñÿ òåîðåòè÷åñêèì ìàãíèòíûì

äèïîëåì. Ïàðêåð çàìå÷àåò [4], ÷òî ìàãíèòíîå ïîëå âîêðóã çâåçäû ñòðåìèòñÿ

ïåðåéòè â ñàìîå íèçêîå ýíåðãåòè÷åñêîå ñîñòîÿíèå, ïðèíèìàÿ çàìêíóòóþ ôîðìó

äèïîëÿ. Â íà÷àëüíûõ ñëîæíûõ ñòðóêòóðàõ ìåëêîìàñøòàáíàÿ ôðàêöèÿ áûñòðî

èñ÷åçàåò âñëåäñòâèå îìè÷åñêîé äèññèïàöèè è íàòÿæåíèÿ ñèëîâûõ ëèíèé. Â

ðåçóëüòàòå îñòàåòñÿ êðóïíûé, äîëãî æèâóùèé ïîëîèäàëüíûé ôðàãìåíò, êîòîðûé

äîñòàòî÷íî õîðîøî îïèñûâàåòñÿ òåîðåòè÷åñêèì ìàãíèòíûì äèïîëåì [8,19].

Ïðîáëåìà ìåëêîé äåòàëè â öåíòðå îòðèöàòåëüíîãî ìàêñèìóìà çàâèñèìîñòè

 Be  äîñòàòî÷íî èíòåðåñíà. Ïðè îáúÿñíåíèè äåôåêòà â îòðèöàòåëüíîì

ìàêñèìóìå êðèâîé  Be  ïðèìåíåíèå ìîäåëè òðåòüåãî äèïîëÿ íå ïðèâåëî

ê îáúÿñíåíèþ ýòîãî äåôåêòà. Íå áûëè íàéäåíû íè ïîëîæåíèå, íè îðèåíòàöèÿ

òðåòüåãî äèïîëÿ, ïðè êîòîðûõ áûë áû ïîëó÷åí õîòÿ áû êà÷åñòâåííûé

ïîëîæèòåëüíûé ðåçóëüòàò. Ñäåëàí âûâîä, ÷òî ðàññìàòðèâàåìûé ýôôåêò, ñêîðåå

âñåãî, ïðîèñõîäèò âñëåäñòâèå ìåòîäè÷åñêîé îøèáêè ïðè èçìåðåíèÿõ ìàãíèòíîãî

ïîëÿ è ñîäåðæàíèÿ õèìè÷åñêîãî ýëåìåíòà. Âîçðàñò HD133880 â ðàáîòå [9]

îöåíåí ïî ïðèíàäëåæíîñòè ê ñêîïëåíèþ Upper Centaurus Lupus association

logt = 7.2 è ÿâëÿåòñÿ íåâåðíûì. Íàøà îöåíêà logt = 8.4 ëåò [20], ïîýòîìó ñòîëü

ìåëêàÿ ìàãíèòíàÿ äåòàëü äîëæíà áûëà áû óæå ðàçðóøèòüñÿ ïîñðåäñòâîì
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îìè÷åñêîé äèññèïàöèè è íàòÿæåíèÿ ñèëîâûõ ëèíèé. Ïðåäåëüíûé âîçðàñò

çâåçä Si-òèïà íàõîäèòñÿ îêîëî logt = 8.4 - 8.7 ëåò. Çâåçäà íàõîäèòñÿ â ñðåäíåé

÷àñòè ïîëîñû Ãëàâíîé ïîñëåäîâàòåëüíîñòè è ïîòðàòèëà óæå îêîëî 50%

âðåìåíè æèçíè íà Ãëàâíîé ïîñëåäîâàòåëüíîñòè. Íè â îäíîé çâåçäå, èìåþùåé

òàêîé âîçðàñò, ñòîëü ìåëêèõ äåòàëåé åùå íå íàáëþäàëîñü.

Òàêèì îáðàçîì, èñòî÷íèêîì ìàãíèòíîãî ïîëÿ â çâåçäå ÿâëÿåòñÿ ìàãíèòíûé

äèïîëü, äàæå òîãäà, êîãäà â çâåçäå íåñêîëüêî íàìàãíè÷åííûõ ôðàãìåíòîâ. Â

ìíîãîäèïîëüíûõ çâåçäàõ äèïîëè îáðàùåíû ðàçíûìè çíàêàìè âñåãäà, êàê ýòî

ìû íàáëþäàåì â ðàçä. 6. Ïðåäïîëàãàåòñÿ, ÷òî òàêèå êîíôèãóðàöèè ôîðìèðóþòñÿ

â íà÷àëüíîé ôàçå ìàãíèòíîé ïðîòîçâåçäû. Ñòðóêòóðû ñ äèïîëÿìè, íàïðàâ-

ëåííûìè îäèíàêîâûìè çíàêàìè äðóã äðóãó, íåóñòîé÷èâû.

Òîïîãðàôè÷åñêàÿ êàðòà ðàñïðåäåëåíèÿ ìàãíèòíîãî ïîëÿ (ðèñ.4) ñ åãî

âåêòîðíûì õàðàêòåðîì íà ïîâåðõíîñòè çâåçäû ñòðîèòñÿ ïîñëåäîâàòåëüíî ïî

âñåì ýëåìåíòàì ìàòðèöû [3]. Âåêòîð ìàãíèòíîãî ïîëÿ â êàæäîì ýëåìåíòå

ìàòðèöû ðàâåí ñóììå âåêòîðîâ îò ïîëîæèòåëüíîãî è îòðèöàòåëüíîãî ìîíîïîëåé.

Ýëåìåíòû ìàòðèöû îïðåäåëÿþòñÿ îáû÷íûìè ñôåðè÷åñêèìè êîîðäèíàòàìè ïî

äîëãîòå è øèðîòå çâåçäû. Âåêòîðà ìàãíèòíîãî ïîëÿ, ñïðîåöèðîâàííûå íà ëó÷

çðåíèÿ, âçâåøèâàþòñÿ â êàæäîì ýëåìåíòå èõ ïðîåêöèåé íà âèäèìîé ïîëóñôåðå

è ïîòåìíåíèåì ê êðàþ, çàòåì èíòåãðèðóþòñÿ ïî âñåé âèäèìîé ïîëóñôåðå.

Ïîëó÷àåòñÿ Âs â êàæäîé ôàçå  . Ìíîãî÷èñëåííûå ðåçóëüòàòû ìîäåëèðîâàíèÿ

ïîêàçûâàþò, ÷òî ïðèáëèæåíèå äèïîëüíîãî èñòî÷íèêà ìàãíèòíîãî ïîëÿ î÷åíü

õîðîøî îïèñûâàåò ôàçîâóþ çàâèñèìîñòü  Be , ñòðóêòóðó ìàãíèòíîãî ïîëÿ

íà ïîâåðõíîñòè, åñëè ìàãíèòíîå ïîëå èçìåðåíî ïî ëèíèÿì âîäîðîäà, êîòîðûé

ðàâíîìåðíî ðàñïðåäåëåí ïî ïîâåðõíîñòè. Èçìåðåíèÿ  Be , âûïîëíåííûå ïî

ëèíèÿì ìåòàëëîâ, èíîãäà ïðèâîäÿò ê çàìåòíûì îøèáêàì. Òàêèì îáðàçîì,

îïèñàííûé êðàòêî ìåòîä ìîäåëèðîâàíèÿ èìååò ïðî÷íóþ ôèçè÷åñêóþ îñíîâó,

HD Bd, Ãñ Bq, Ãñ Boct, Ãñ Bs, Ãñ Bs (LM), Ãñ Âð, Ãñ

2453 -5000 -600 +1800 3750 3737 ±6560
12288 -10100 -2800 +4200 8100 7879 +9700 -15800
65339 -16700 -11200 +5700 13700 12840 +6029 -91870
126515 -13700 -17700 -5200 13000 12322 +45800 -11100
318107 +23700 -23600 +8300 15000 13307 +33568 -19460
187474 -7700 -1600 +1000 5500 5317 +6300 -11600
188041 +5600 -1200 -1000 3600 3663 +4850 -7400
192678 +4900 +1300 +2300 4700 4668 ±7300
200311 +12800 +3800 +800 8500 8568 +18520 -11420

Òàáëèöà 4

ÏÀÐÀÌÅÒÐÛ ÌÀÃÍÈÒÍÎÃÎ ÏÎËß ÏÐÈ ÐÀÇÍÛÕ ÌÎÄÅËßÕ

Ïðèìå÷àíèå: Æèðíûå öèôðû - ìàêñèìàëüíûå âåëè÷èíû.
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â îòëè÷èå îò (Bd, Bq, Boct)-ìåòîäà.

Ðàñïðåäåëåíèÿ  Be  â ðàáîòàõ [5,7] è äðóãèõ àíàëîãè÷íûõ èññëåäîâàíèÿõ

ìîäåëèðóþòñÿ ñ ïîìîùüþ êîëëèíåàðíûõ äèïîëåé, ëèíåéíîãî êâàäðóïîëÿ è

ëèíåéíîãî îêòóïîëÿ, ïðè êîòîðûõ ñèëà ìàãíèòíîãî ïîëÿ íà ïîëþñàõ ïðåä-

ïîëàãàåòñÿ Bd, Bq, Boct, ñîîòâåòñòâåííî. Ñ÷èòàëîñü, ÷òî òàêîå ïðåäñòàâëåíèå,

õîòÿ è íå òî÷íîå, äàåò óäîâëåòâîðèòåëüíîå îïèñàíèå íàáëþäàåìûõ ñòðóêòóð

ìàãíèòíîãî ïîëÿ. Â òàáë.4 ïðèâîäÿòñÿ âåëè÷èíû Bd, Bq, Boct äëÿ íåñêîëüêèõ

çâåçä èç ðàáîòû [7]. Â ýòîé æå òàáëèöå ïðèâåäåíû ñðåäíèå ïîâåðõíîñòíûå

çíà÷åíèÿ Bs, ïîëó÷åííûå íàìè [16] èç ìîäåëåé, è Bs (LM)), êîòîðûå ïîëó÷àþòñÿ

íåïîñðåäñòâåííî èç èçìåðåíèé ðàñùåïëåííûõ çååìàíîâñêèõ êîìïîíåíòîâ [21,22].

Îíè äîñòàòî÷íî õîðîøî ñîîòâåòñòâóþò äðóã äðóãó, ÷òî ïîäòâåðæäàåò

ïðàâèëüíîñòü òåõ è äðóãèõ. Ñðàâíåíèå ïîêàçûâàåò, ÷òî ìåæäó âåëè÷èíàìè

(Bd, Bq, Boct) è Bs íåò íè÷åãî îáùåãî. Æèðíûìè öèôðàìè îòìå÷åíû

ìàêñèìàëüíûå çíà÷åíèÿ. Â ýòîé æå òàáëèöå ïðèâåäåíû âåëè÷èíû ìàãíèòíîãî

ïîëÿ íà ìàãíèòíûõ ïîëþñàõ Âð, ïîëó÷åííûå èç ìîäåëè [17], ãäå íåò íè÷åãî

îáùåãî ìåæäó ïàðàìåòðàìè (Bd, Bq, Boct) è Bp. Íàïîìíèì, ÷òî ýòî ïðîñòî

íåêîòîðûå ïàðàìåòðû, ïðîïîðöèîíàëüíûå âåñó êàæäîãî ìíîãî÷ëåíà

ðàññìàòðèâàåìîãî ðàçëîæåíèÿ Ìàëî òîãî, òàêàÿ ìåòîäèêà íå ñïîñîáíà îïèñàòü

ìíîãîäèïîëüíóþ ñòðóêòóðó (â òàáëèöå òàêèõ çâåçä íåò).

Àâòîð áëàãîäàðèò À.Ô.Íàçàðåíêî çà ïîìîùü â âû÷èñëåíèÿõ ðèñ.3.

Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ,

Ðîññèÿ, e-mail: glagol@sao.ru

STRUCTURE OF THE MAGNETIC FIELD OF THE
STAR HD133880 (Si)

Yu.V.GLAGOLEVSKIJ

The magnetic field of the star HD133880 is modeled under the assumption of

the structure of the magnetic field in the form of a theoretical magnetic dipole.

Comparison of the result with what was obtained earlier when using the representation

of the phase dependence of )(Be  by dipole + quadrupole + octupole expansion of

the structures shows that this scheme leads only to a formal description of the phase

dependence, and the expansion coefficients do not have physical meaning.

Keywords: magnetic field: modeling: star HD133880
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ÏÅÐÈÎÄÈ×ÍÎÑÒÜ ×ÀÑÒÎÒÛ ÂÑÏÛØÅÊ ÀÊÒÈÂÍÛÕ
ÂÑÏÛÕÈÂÀÞÙÈÕ ÇÂÅÇÄ ÎÁÍÀÐÓÆÅÍÍÛÕ TESS

À.À.ÀÊÎÏßÍ
Ïîñòóïèëà 8 íîÿáðÿ 2023

Ïî äàííûì îðáèòàëüíîé îáñåðâàòîðèè TESS ïðîâåäåíî èññëåäîâàíèå íàèáîëåå àêòèâíûõ
âñïûõèâàþùèõ çâåçä, ïîêàçàâøèõ ïî 100 è áîëåå âñïûøåê çà ïåðèîä ñ èþëÿ 2018 ïî
îêòÿáðü 2020ãã. Îñíîâíûìè íàïðàâëåíèÿìè èññëåäîâàíèÿ áûëè: à) àíàëèç êðèâûõ áëåñêà,
îïðåäåëåíèå ïåðèîäîâ îñåâûõ âðàùåíèé, âûÿâëåíèå ôèçè÷åñêèõ îñîáåííîñòåé ó îòäåëüíûõ
çâåçä, á) îïðåäåëåíèå ïàðàìåòðîâ ïåðèîäè÷åñêîé/öèêëè÷åñêîé ïåðåìåííîñòè ÷àñòîòû âñïûøåê
âñïûõèâàþùèõ çâåçä, îáóñëîâëåííîé îñåâûìè/îðáèòàëüíûìè âðàùåíèÿìè. Áûëè ïîëó÷åíû
ñîîòâåòñòâóþùèå ïåðèîäû ôóíêöèè ÷àñòîòû âñïûøåê è ïðîâåäåíî ñðàâíåíèå ñ ïåðèîäàìè
âðàùåíèÿ çâåçä. Ïåðèîäû ôóíêöèé ÷àñòîòû âñïûøåê îêàçàëèñü áëèçêèìè ê ïåðèîäàì
îñåâûõ âðàùåíèé çâåçä. Ïîñòðîåíû òåîðåòè÷åñêèå ðàñïðåäåëåíèÿ âñïûøåê ïî ôàçàì, êîòîðûå
ñðàâíåíû ñ àíàëîãè÷íûì íàáëþäàåìûì ðàñïðåäåëåíèåì âñïûøåê ïðè äàííîì ïåðèîäå. Äëÿ
âñåõ áåç èñêëþ÷åíèÿ çâåçä ñðàâíåíèå ñ ïîìîùüþ êðèòåðèÿ 

2
  ñâèäåòåëüñòâóåò â ïîëüçó

ïåðèîäè÷íîñòè ÷àñòîòû âñïûøåê. Ïðåäïîëîæåíî, ÷òî ðàñïðåäåëåíèå ïÿòåí ïî äîëãîòå
âñïûõèâàþùèõ çâåçä ìîæíî ïðåäñòàâèòü óãëîâûì ðàñïðåäåëåíèåì ôîí Ìèçåñà, ïàðàìåòðû
êîòîðîé îïðåäåëÿþòñÿ ÷åðåç ñîîòâåòñòâóþùèå ïàðàìåòðû ôóíêöèè ÷àñòîòû âñïûøåê.
Ïîäðîáíî îáñóæäåíà äâîéñòâåííîñòü çâåçäû CD-56 1032.

Êëþ÷åâûå ñëîâà: âñïûõèâàþùèå çâåçäû: ÷àñòîòà âñïûøåê: ïåðèîäè÷åñêàÿ

 ïåðåìåííîñòü: äâîéíàÿ çâåçäà CD-56 1032: ðàñïðåäåëåíèå

ôîí Ìèçåñà

1. Ââåäåíèå. Çà ïîñëåäíåå âðåìÿ áëàãîäàðÿ êîñìè÷åñêèì òåëåñêîïàì

"Êåïëåð" è TESS, ïðåäíàçíà÷åííûõ äëÿ ïîèñêà è îáíàðóæåíèÿ ýêçîïëàíåò,

ðåçêî âîçðîñ èíòåðåñ ê âñïûõèâàþùèì çâåçäàì è ðîäñòâåííûì îáúåêòàì.

Óíèêàëüíûå íàáëþäàòåëüíûå õàðàêòåðèñòèêè ýòèõ òåëåñêîïîâ ïîçâîëèëè

ïîëó÷èòü ñîâåðøåííî íîâûå ïî ñâîèì õàðàêòåðèñòèêàì äàííûå î ïåðåìåííûõ

çâåçäàõ è ïåðåìåííûõ ÿâëåíèÿõ ïî÷òè âñåõ òèïîâ, â òîì ÷èñëå î âñïûõè-

âàþùèõ çâåçäàõ è âñïûøå÷íûõ ÿâëåíèÿõ. Â ñëó÷àå âñïûõèâàþùèõ çâåçä ýòè

äàííûå ïîçâîëÿþò: à) ïîëó÷èòü êðèâóþ áëåñêà íà ïðîòÿæåíèè äîñòàòî÷íî

äîëãîãî âðåìåíè, ÷òî â ïðèíöèïå ïîçâîëÿåò èññëåäîâàòü èçìåíåíèå âñïûøå÷íîé

àêòèâíîñòè â öèêëå çâåçäíîé àêòèâíîñòè (àíàëîãè÷íî öèêëó ñîëíå÷íîé

àêòèâíîñòè), á) îöåíèòü ïåðèîä âðàùåíèÿ, çàïÿòíåííîñòü çâåçä è, ñîîòâåòñò-

âåííî, ðàçìåðû è ýíåðãåòè÷åñêèå õàðàêòåðèñòèêè àêòèâíûõ îáëàñòåé, â)

îáíàðóæèòü äèôôåðåíöèàëüíîå âðàùåíèå, ìèãðàöèþ àêòèâíûõ îáëàñòåé è
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èññëåäîâàòü èõ âçàèìîñâÿçü ñî âñïûøå÷íîé àêòèâíîñòüþ, ã) èññëåäîâàòü

ïåðèîäè÷åñêóþ/öèêëè÷åñêóþ ïåðåìåííîñòü íàáëþäàåìîé ÷àñòîòû âñïûøåê

àêòèâíûõ âñïûõèâàþùèõ çâåçä.

Ïåðèîäè÷åñêàÿ ïåðåìåííîñòü íàáëþäàåìîé ÷àñòîòû âñïûøåê ìîæåò áûòü

îáóñëîâëåíà ðåàëüíûì èçìåíåíèåì âñïûøå÷íîé àêòèâíîñòè çâåçäû â òå÷åíèå

öèêëà çâåçäíîé àêòèâíîñòè è/èëè ýôôåêòàìè, ñâÿçàííûìè: à) ñ èçìåíåíèåì

âèäèìîñòè àêòèâíûõ îáëàñòåé âñïûøåê èç-çà îñåâîãî èëè îðáèòàëüíîãî

âðàùåíèÿ çâåçäû, á) íåðàâíîìåðíûì ðàñïðåäåëåíèåì ÿðêîñòè íà ïîâåðõíîñòè

çâåçäû.

Èñõîäÿ èç ýòîãî ìîæíî ïðåäïîëîæèòü, ÷òî ÷àñòîòà âñïûøåê âñëåäñòâèå

ïåðèîäè÷åñêîãî îñåâîãî èëè îðáèòàëüíîãî âðàùåíèÿ çâåçäû ìîäóëèðóåòñÿ ñ

ïåðèîäîì, ðàâíûì ïåðèîäó îñåâîãî èëè îðáèòàëüíîãî âðàùåíèÿ. Â äàííîé

ðàáîòå ïðîâåðåíî íàëè÷èå âîçìîæíîé ïåðèîäè÷íîñòè ÷àñòîòû âñïûøåê íàèáîëåå

àêòèâíûõ èç íåäàâíî îïóáëèêîâàííîãî ñïèñêà [1] âñïûõèâàþùèõ çâåçä,

îáíàðóæåííûõ îáñåðâàòîðèåé TESS.

Ðàíåå òàêàÿ ðàáîòà áûëà âûïîëíåíà äëÿ âñïûõèâàþùèõ çâåçä, îáíàðóæåííûõ

îáñåðâàòîðèåé "Êåïëåð" [2]. Äàííûå îáñåðâàòîðèè TESS ïîçâîëÿþò óâåðåííî

îáíàðóæèòü âñïûøêè ñ ïðîäîëæèòåëüíîñòüþ ~10 ìèí è áîëüøå, â òî âðåìÿ

êàê äëÿ îáñåðâàòîðèè "Êåïëåð" ïðîäîëæèòåëüíîñòü îáíàðóæåííûõ âñïûøåê

íà ïîðÿäîê âûøå. Â ðåçóëüòàòå, ïðè ïðî÷èõ ðàâíûõ óñëîâèÿõ, ÷èñëî âñïûøåê

ðåãèñòðèðîâàííûõ îáñåðâàòîðèåé TESS, áîëüøå, îñîáåííî åñëè ó÷èòûâàòü,

÷òî íàáëþäåíèÿ TESS îõâàòûâàþò ïî÷òè âñþ íåáåñíóþ ñôåðó ñ ëó÷øèì

ïðîñòðàíñòâåííûì ðàçðåøåíèåì.

Â ðàáîòå [1] áûë ïðîâåäåí ïîèñê è ïîäðîáíûé ñòàòèñòè÷åñêèé àíàëèç

õàðàêòåðèñòèê çâåçäíûõ âñïûøåê, ðåãèñòðèðîâàííûõ TESS ñ èþëÿ 2018 ïî

îêòÿáðü 2020ãã. Áûëî îáíàðóæåíî 60810 âñïûøåê íà 13478 çâåçäàõ èç

äàííûõ ñåêòîðîâ íàáëþäåíèé 1-30 TESS è îïðåäåëåíû ïàðàìåòðû âñïûøåê.

Èç ýòèõ çâåçä äëÿ äàííîé ðàáîòû áûëè îòîáðàíû íàèáîëåå ÷àñòî (100

è áîëåå ðåãèñòðèðîâàííûõ âñïûøåê) âñïûõíóâøèå çâåçäû. Â òàáë.1 ïðèâåäåíû:

íàçâàíèå çâåçä ïî êàòàëîãó TIC (TESS Input Catalogue), êîëè÷åñòâî âñïûøåê

n, êîoðäèíàòû RA, DE, ðàññòîÿíèå ïî êàòàëîãó Gaia DR3, ñîáñòâåííûå

äâèæåíèÿ pmRA, pmDE â ì.ó.ñ/ã (mas/y) ïî êàòàëîãó Gaia DR3, îáîçíà÷åíèå

çâåçäû â áàçå SIMBAD. Êàê âèäíî, êðîìå áëèçêèõ ïî ñâîåìó òèïó ê

îáû÷íûì âñïûõèâàþùèì çâåçäàì, â ñïèñîê ïîïàëè òàêæå äâå çâåçäû ñ

ðåíòãåíîâñêèì èçëó÷åíèåì, îäíà çâåçäà ñ EUV èçëó÷åíèåì è äàæå êàíäèäàò

â êëàññè÷åñêóþ Íîâóþ çâåçäó.

Äëÿ âûïîëíåíèÿ ïîñòàâëåííûõ çàäà÷ àíàëèçèðîâàíû êðèâûå áëåñêà ýòèõ

çâåçä, â ÷àñòíîñòè, îïðåäåëåíû ïåðèîäû èõ îñåâûõ âðàùåíèé.
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TIC n RA DE D, ïê pmRA pmDE     Îáîçíà÷åíèå â
     áàçå SIMBAD

1 25118964 103 61.93 -68.419762 61.05 58.64 22.39 2MASS J04074372-6825111 -
Eruptive Variable

2 141807839 122 92.87 -72.227429 56.89 19.41 63.16 AL 442 - Double or Multiple
Star

3 141914082 119 94.62 -72.044877 39.22 -7.91 74.29 V* AO Men - Eruptive
Variable

4 141975926 123 95.92 -75.075775 2MASS J06234024-7504327,
Low-mass Star

5 150359500 231 96.48 -60.057571 -25.39 110.75 EUVE J0625-60.0 - Eruptive
Variable

6 167344043 165 98.67 -69.885098 71.82 18.04 37.88 HD 47875 - Eruptive Vari-
able

7 220432563 114 73.43 -58.606877 30.22 101.11 69.07 2MASS J04534379-5836247 -
Eruptive Variable

8 220433363 109 73.38 -55.8603 126.12 76.86 CD-56 1032A - Eruptive
Variable

9 220433364 110 73.38 -55.8588 146.27 69.58 CD-56 1032B - Eruptive
Variable

10 220473309 166 75.2 -57.2571 26.88 35.20 74.14 CD-57 1054 - Eruptive
Variable

11 233745344 104 278.53 64.640801 48.71 -0.73 55.70 RX J1834.1+6438 - Star

12 236778955 104 282.89 57.75762 91.31 30.29 65.36 ASAS J185134+5745.5 -
High Proper Motion Star

13 272232401 215 117.3 -76.7018 -101.0 -193.26 L 34-26 - Low-mass Star

14 277298771 113 84.57 -69.392268 52.89 65.35 107.02 [W60] A68 - Low-mass Star

15 358176584 122 107.17 -76.706532 -99.83 106.56 UCAC4 067-005738 - Erup-
tive Variable

16 359313701 120 268.01 56.607758 28.71 -47.85 56.04 RX J1752.0+5636 - High
Proper Motion Star

17 364588501 192 85.4 -76.072828 110.34 37.07 99.53 HD 39150 - Eruptive Vari
able

18 373431012 112 81.01 -71.159571 56.11 27.04 61.76 HA 120-S 162 - Classical
Nova Candidate

19 382258517 122 82.58 -53.9801 47.24 645.45 L 234-26 C - High Proper
Motion Star

20 394030788 112 282.2 80.673928 93.78 19.161 70.944 TYC 4595-107-1 - High
Proper Motion Star

21 441734910 111 258.25 73.934726 32.112 93.318 -30.333 Eruptive Variable

Òàáëèöà 1
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2. Îïðåäåëåíèå ïåðèîäîâ îñåâîãî âðàùåíèÿ. Ó äåâÿòè èç îòîáðàííûõ

çâåçä, â àñòðîíîìè÷åñêîé áàçå SIMBAD îòñóòñòâîâàëè äàííûå îá èõ ïåðå-

ìåííîñòè. Ñ öåëüþ îïðåäåëåíèÿ ïåðèîäîâ îñåâîãî âðàùåíèÿ ýòèõ çâåçä è

îáåñïå÷åíèÿ îäíîðîäíîñòè èñïîëüçóåìûõ äàííûõ, äëÿ âñåõ çâåçä ñ ïîìîùüþ

ïðîãðàììíûõ ñðåäñòâ Python [3], áûë ïðîâåäåí ïåðèîäîãðàììíûé àíàëèç

êðèâûõ áëåñêà èç áàçû äàííûõ TESS. Ïðè ýòîì èñïîëüçîâàëèñü äàííûå SPOC

(Science Processing Operations Center) ñ äâóõìèíóòíîé ýêñïîçèöèåé. Ïåðèîäû

îñåâûõ âðàùåíèé çâåçä áûëè îïðåäåëåíû ñ ïîìîùüþ äâóõ âçàèìîäîïîëíÿþùèõ

àëãîðèòìîâ - BLS (Box-fitting Least Squares) [4] è Ëîìáà-Ñêàðãëà (ËÑ) [5,6].

BLS - àëãîðèòì ïðåäíàçíà÷åí, â ÷àñòíîñòè, äëÿ ïîèñêà ïåðèîäè÷åñêèõ

òðàíçèòîâ âíåñîëíå÷íûõ ïëàíåò. Îí âûïîëíÿåò ïîèñê ñèãíàëîâ, õàðàêòåðè-

çóþùèõñÿ ïåðèîäè÷åñêèì ÷åðåäîâàíèåì äâóõ äèñêðåòíûõ óðîâíåé, ïðè ýòîì

íà áîëåå íèçêîì óðîâíå ("ïëàòî") çàòðà÷èâàåòñÿ ãîðàçäî ìåíüøå âðåìåíè.

Èñïîëüçîâàíèå àëãîðèòìà BLS â íàñòîÿùåé ðàáîòå îïðàâäàíî îïðåäåëåííûì

ñõîäñòâîì òðàíçèòà ïëàíåòû/ïëàíåò ñ ïåðåìåùåíèåì çâåçäíûõ ïÿòåí â ïîëå

çðåíèÿ íàáëþäàòåëÿ èç-çà âðàùåíèÿ çâåçäû, ò.å. â äàííîé çàäà÷å "òðàíçè-

òèðóþùèìè" îáúåêòàìè ÿâëÿþòñÿ çâåçäíûå ïÿòíà, êîòîðûå íåïîñðåäñòâåííî

ñâÿçàíû ñ àêòèâíûìè îáëàñòÿìè.

TIC Ïåðèîä, ËÑ Ïåðèîä, BLS Ïåðèîä, SIMBAD

1 25118964 1.0177 1.0179/0.1375 1.0187
2 141807839 0.8467 0.8468/0.2126 0.8481
3 141914082 2.6672 2.6503/0.1055 2.6730
4 141975926 1.1500 1.1542/0.2686 -
5 150359500 1.0332 1.0336/0.1451 1.033
6 167344043 2.8852 2.8909/0.0796 2.93330, 2.99380, 3.0000
7 220432563 1.1384 1.1384/0.2283 -
8 220433363 0.4279 0.4276/0.1500 0.84891, 0.98, 1.496
9 220433364 0.8551 0.8551/0.1600 0.84891, 0.8543, 4.14
10 220473309 8.8093 8.7439/0.0739 8.6742, 8.729000, 8.60
11 233745344 5.8800 6.1459/0.1790 -
12 236778955 1.0231 1.0237/0.2442 1.023800
13 272232401 2.8147 2.8320/0.1024 2.83050, 2.8330, 2.827000
14 277298771 1.1825 1.1829/0.1860 1.1798
15 358176584 0.9059 0.9045/0.1216 -
16 359313701 1.7892 1.8037/0.1940 -
17 364588501 2.2137 2.2156 /0.1128 2.2800, 1.726000
18 373431012 0.5004 0.4997/0.1601 -
19 382258517 3.1251 3.0818/0.1590 -
20 394030788 3.3221 3.3360/0.1319 -
21 441734910 1.3594 1.3582/0.1399 -

Òàáëèöà 2
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Àëãîðèòì ËÑ îñíîâàí íà ïîäáîðå ñèíóñîèä äëÿ âûáîðîê íåðàâíîìåðíî

ðàñïðåäåëåííûõ äàííûõ ñ ïîìîùüþ ìåòîäà íàèìåíüøèõ êâàäðàòîâ.

Ïîëó÷åííûå çíà÷åíèÿ ïåðèîäîâ ïðèâåäåíû â òàáë.2. Ïðè èñïîëüçîâàíèè

àëãîðèòìà BLS áûë îïðåäåëåí íå òîëüêî ïåðèîä âðàùåíèÿ çâåçäû, íî è

ïðîäîëæèòåëüíîñòü P
l
 ïðåáûâàíèÿ çâåçäû íà íèæíåì äèñêðåòíîì óðîâíå

ñâåòèìîñòè. Î÷åâèäíî, ÷òî ýòà âåëè÷èíà ñâÿçàíà ñ ðàñïðåäåëåíèåì ïÿòåí íà

ïîâåðõíîñòè çâåçäû è ìîæåò ñëóæèòü ìåðîé êîìïàêòíîñòè (êîíöåíòðàöèè)

ýòîãî ðàñïðåäåëåíèÿ.

Â òàáë.2 ðÿäîì ñ ïåðèîäîì BLS ïðèâîäèòñÿ îòíîøåíèå P
l 
/P. Â êà÷åñòâå

ïðèìåðà íà ðèñ.1 ïðîèëëþñòðèðîâàíà ïðîöåäóðà îïðåäåëåíèÿ äëÿ çâåçäû TIC

359313701, ãäå â ëåâîì âåðõíåì óãëó ïåðèîäîãðàììà ñ âûäåëåííûì âåðòèêàëüíîé

ëèíèåé ïåðèîäîì âðàùåíèÿ, ñïðàâà îò íåå - ôàçîâàÿ êðèâàÿ áëåñêà çâåçäû,

â ñðåäíåé ÷àñòè ðèñóíêà - êðèâàÿ áëåñêà, ïîä êîòîðîé âèäåí ïîäâèæíîé áàð

(îòìå÷åí ñòðåëêîé), ñ ïîìîùüþ êîòîðîé íà ôàçîâîé äèàãðàììå êîððåêòèðóåòñÿ

çíà÷åíèå P
l 
. Â äàííîì ñëó÷àå P

l 
 = 0.35, P

l 
/P

 
 = 0.194.

Êàê âèäíî èç òàáë.2, ñóùåñòâåííîãî îòëè÷èÿ ìåæäó ïåðèîäàìè ïîëó-

÷åííûìè äâóìÿ ñïîñîáàìè, íåò.

Ðèñ.1. Èëëþñòðàöèÿ ïðîöåäóðû îïðåäåëåíèÿ P
e
.
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Äâîéíàÿ çâåçäà CD-56 1032. Ñðåäè çâåçä èç ñïèñêà åñòü äâîéíàÿ çâåçäà

CD-56 1032 (ÒIC 220433363, TIC 220433364), ãäå êðèâûå áëåñêà êîìïîíåíòîâ

(ïîëó÷åííûå TESS) ïîëíîñòüþ ñîâïàäàþò, ÷òî  ñâèäåòåëüñòâóåò î òîì, ÷òî

TESS ðåãèñòðèðîâàëà ñóììàðíîå èçëó÷åíèå äâóõ êîìïîíåíòîâ. Ýòî õîðîøî

çàìåòíî íà ðèñ.2, ãäå ïîêàçàíî ïîëå äåòåêòîðà èçëó÷åíèÿ, â öåíòðà êîòîðîãî

âèäíû êîìïîíåíòû äâîéíîé çâåçäû.

Àíàëèç ïîêàçàë, ÷òî ñóììàðíóþ êðèâóþ áëåñêà ìîæíî õîðîøî àïïðîêñè-

ìèðîâàòü ñóììîé äâóõ ñèíóñîèä    iiii btA  sin1 , i = 1, 2, ñ ïðèâåäåí-

íûìè â òàáë.2 ïåðèîäàìè, êîòîðûå ÿâíî âûäåëÿþòñÿ íà îáùåé äëÿ êîìïîíåíòîâ

ïåðèîäîãðàììå (ðèñ.3). Ïðè ýòîì àìïëèòóäà áëåñêà CD-56 1032À (ÒIC

220433363) äîëæíà áûòü ïðèìåðíî íà ~1.2 ðàçà áîëüøå. Íà ðèñ.4 ïðèâåäåíû

ðàñ÷åòíûå êðèâûå áëåñêà îòäåëüíûõ êîìïîíåíòîâ è äâîéíîé ñèñòåìû â

öåëîì.

Ìîæíî ïðåäïîëîæèòü, ÷òî çâåçäà CD-56 1032 ÿâëÿåòñÿ ñèñòåìîé èç äâóõ

âðàùàòåëüíûõ ïåðåìåííûõ çâåçä, ïåðèîäû êîòîðûõ íàõîäÿòñÿ â ðåçîíàíñå 1:2.

3. Îïðåäåëåíèå ïåðèîäè÷åñêîé ôóíêöèè ÷àñòîòû âñïûøåê.

3.1. Èñïîëüçîâàííûé ïîäõîä. Â ðàáîòå áàçîâûì ÿâëÿåòñÿ ïðåäïîëîæåíèå

î ñëó÷àéíîì è íåçàâèñèìîì õàðàêòåðå âñïûøåê, ÷òî ïîçâîëÿåò ðàññìîòðåòü

ïîñëåäîâàòåëüíîñòü âñïûøåê çâåçäû êàê ñëó÷àéíûé ïóàññîíîâñêèé ïðîöåññ

[7]. Ïîñêîëüêó â äàííîé ðàáîòå ïðåäïîëàãàåòñÿ, ÷òî ÷àñòîòà âñïûøåê ìîäóëè-

ðóåòñÿ ïåðèîäè÷åñêèì ïðîöåññîì - îñåâûì âðàùåíèåì çâåçäû, òî ÷àñòîòó

Ðèñ.2. Ïîëå äåòåêòîðà èçëó÷åíèÿ. Â öåíòðå, îêîëî êðåñòà êîìïîíåíòû äâîéíîé çâåçäû.
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âñïûøåê öåëåñîîáðàçíî ïðåäñòàâèòü â âèäå ïåðèîäè÷åñêîé ôóíêöèè îò âðåìåíè,

à ñàì ïðîöåññ ðàññìîòðåòü êàê ïóàññîíîâñêèé ïðîöåññ ñ ïåðèîäè÷åñêèì

ïàðàìåòðîì. Â êà÷åñòâå ïåðèîäè÷åñêîé ôóíêöèè ÷àñòîòû âñïûøåê/ïàðàìåòðà

Ðèñ.3. Ïåðèîäîãðàììà, ôàçîâàÿ êðèâàÿ è êðèâàÿ áëåñêà äâîéíîé çâåçäû CD-56 1032.

Ðèñ.4. Ðàñ÷åòíûå êðèâûå áëåñêà ïåðâîé çâåçäû (ëèíèÿ ñ êðóæî÷êàìè), âòîðîé çâåçäû
(òî÷êè) è ñèñòåìû â öåëîì (ñïëîøíàÿ ëèíèÿ). Ïàðàìåòðû (A

i
, 

i
 , 

i
 , b

i
) ñîîòâåòñòâåííî

ðàâíû äëÿ ïåðâîé çâåçäû - (0.024, 14.684,  , 0.4825), äëÿ âòîðîé - (0.02, 7.35, 0.0, 0.4825).
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ïóàññîíîâñêîãî ðàñïðåäåëåíèÿ ïðåäëàãàåòñÿ èñïîëüçîâàòü ôóíêöèþ:
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ôóíêöèÿ Áåññåëÿ íóëåâîãî ïîðÿäêà ïåðâîãî ðîäà. Âûáîð òàêîé ôóíêöèè

îáóñëîâëåí òåì, ÷òî â çàâèñèìîñòè îò çíà÷åíèÿ k îáåñïå÷èâàåòñÿ ðàçíîîáðàçèå

âèäîâ ïåðèîäè÷åñêîé ôóíêöèè.

Åñëè ðàññìîòðåòü â êà÷åñòâå ñòàòèñòè÷åñêîãî ñîáûòèÿ ðåàëèçàöèþ n âñïûøåê

â èíòåðâàëå âðåìåíè (0, T ), òî ôóíêöèÿ ïðàâäîïîäîáèÿ äàííîãî ñîáûòèÿ ïðè

ïóàññîíîâñêîì ïðîöåññå ñ ïåðèîäè÷åñêèì ïàðàìåòðîì ïðåäñòàâëÿåòñÿ â âèäå:
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Èç ïîñòàíîâêè çàäà÷è ñëåäóåò, ÷òî çíà÷åíèå âåëè÷èíû 0  äîëæíî áûòü

ðàâíî èëè áëèçêî ê çíà÷åíèþ öèêëè÷åñêîé ÷àñòîòû îñåâîãî âðàùåíèÿ çâåçäû,

êîòîðàÿ ñ÷èòàåòñÿ çàäàííîé. Â äàííîé çàäà÷å â êà÷åñòâå èñõîäíûõ èñïîëüçóþòñÿ

çíà÷åíèÿ 0 , îïðåäåëåííûå â ïðåäûäóùåì ðàçäåëå â ðåçóëüòàòå ïåðèîäîãðàì-

ìíîãî àíàëèçà êðèâûõ áëåñêà çâåçä.

Ìàêñèìèçèðóÿ ôóíêöèþ ïðàâäîïîäîáèÿ [8,9], äëÿ çàäàííîãî çíà÷åíèÿ 0

îöåíêè ìàêñèìàëüíîãî ïðàâäîïîäîáèÿ îñòàëüíûõ ïàðàìåòðîâ ìîæíî ïîëó÷èòü:
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Ïðè ýòîì èíòåðâàë âðåìåíè T äîëæåí áûòü êðàòíûì èñêîìîìó ïåðèîäó

02  , à èç ìíîæåñòâà êîðíåé âòîðîãî óðàâíåíèÿ (1) ̂  âûáèðàåòñÿ ïî

ñëåäóþùåìó ïðàâèëó:
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Çàäàíèåì 0  è îïðåäåëåíèåì ïàðàìåòðîâ ̂ , ̂ , k̂  ôóíêöèÿ  t  îïðå-

äåëÿåòñÿ ïîëíîñòüþ. Îäíàêî íåèçáåæíûå îøèáêè ïðè ïîëó÷åíèè è îáðàáîòêè

äàííûõ, íåîïðåäåëåííîñòè, ñâÿçàííûå ñ ñòàòèñòè÷åñêèì õàðàêòåðîì çàäà÷è, à

òàêæå ôèçè÷åñêèå ïðè÷èíû (äèôôåðåíöèàëüíîå âðàùåíèå çâåçä, ìèãðàöèÿ
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ïÿòåí), ïðèâîäÿùèå ê âàðèàöèÿì íàáëþäàåìîé ÷àñòîòû âðàùåíèÿ, íåèçáåæíî

ïðèâîäÿò ê íåîáõîäèìîñòè çàäàâàòüñÿ íå òî÷å÷íûì çíà÷åíèåì 0 , à ñðàâíè-

òåëüíî óçêèì èíòåðâàëîì çíà÷åíèé öèêëè÷åñêèõ ÷àñòîò âîêðóã çíà÷åíèÿ 0 .

Òàêèì îáðàçîì, çàäà÷à ñâîäèòñÿ ê íåîáõîäèìîñòè îïðåäåëèòü, âàðüèðóÿ çíà÷åíèå

öèêëè÷åñêîé ÷àñòîòû âíóòðè çàäàííîãî èíòåðâàëà, òî çíà÷åíèå 0 , êîòîðîå

äàåò ïðàâäîïîäîáíóþ ïåðèîäè÷åñêóþ ôóíêöèþ ÷àñòîòû âñïûøåê è îáåñïå÷èâàåò

ëó÷øåå ñîãëàñèå ñ íàáëþäàòåëüíûìè äàííûìè.

Â äàííîé ðàáîòå ìåðîé ïðàâäîïîäîáíîñòè ÿâëÿåòñÿ ëîãàðèôì îòíîøåíèÿ

ôóíêöèé ïðàâäîïîäîáèé äâóõ ïóàññîíîâñêèõ ïðîöåññîâ: ñ ïåðèîäè÷åñêèì

ïàðàìåòðîì (ãèïîòåçà H
1
) è ñòàöèîíàðíûì (ãèïîòåçà H

0
), ñîîòâåòñòâåííî:

    . lnsinln
1 0001  


n

i iHH kIntkL

Ñîãëàñèå ñ íàáëþäàòåëüíûìè äàííûìè ïðîâåðÿåòñÿ ñðàâíåíèåì òåîðåòè-

÷åñêîãî ðàñïðåäåëåíèÿ âñïûøåê ïî ôàçàì íàéäåííîé ïåðèîäè÷åñêîé ôóíêöèè

ñ ñîîòâåòñòâóþùèì íàáëþäàåìûì ðàñïðåäåëåíèåì ñ ïîìîùüþ êðèòåðèÿ 
2 .

Îöåíêó ìàêñèìàëüíîãî ïðàâäîïîäîáèÿ 00  ˆ  ìîæíî ïîëó÷èòü ìàêñè-

ìèçèðóÿ ñóììó   


n

i it1 0sin  ïî 0 :

  . 0cos
00

1 0 
 ˆ

n

i ii tt (2)

Êàê âèäíî ðåøåíèå óðàâíåíèÿ (2) íåîäíîçíà÷íî è çàâèñèò îò ïàðàìåòðà

 . Ïîýòîìó, äëÿ íàáîðà ïåðâîíà÷àëüíûõ ïðåäïîëàãàåìûõ çíà÷åíèé 0 , ìåòîäîì

ïîñëåäîâàòåëüíûõ ïðèáëèæåíèé ðåøàåòñÿ ñèñòåìà èç âûøåïðèâåäåííûõ

óðàâíåíèé (1), (2), è èç ïîëó÷åííûõ ðåøåíèé âûáèðàåòñÿ òî ðåøåíèå, êîòîðîå

îáåñïå÷èâàåò ëó÷øåå ñîîòâåòñòâèå ñ íàáëþäàòåëüíûìè äàííûìè.

Ýòîò ïîäõîä áûë èñïîëüçîâàí ðàíåå â [2,10] äëÿ èññëåäîâàíèÿ âñïûõè-

âàþùèõ çâåçä è çâåçä ñîëíå÷íîãî òèïà ñ ñóïåðâñïûøêàìè.

3.2. Ïîëó÷åííûå ðåçóëüòàòû. Ïðèìåíÿÿ ïðåäëîæåííûé ñïîñîá, áûëè

îïðåäåëåíû âåðîÿòíûå ïåðèîäè÷åñêèå ôóíêöèè ÷àñòîòû âñïûøåê äëÿ âñåõ

çâåçä. Â òàáë.3 ïðèâåäåíû: ïåðèîä ôóíêöèè ÷àñòîòû âñïûøåê P
f 
, ïàðàìåòðû

ôóíêöèè k,  , îòíîøåíèå ìàêñèìóìà ôóíêöèè ê ìèíèìóìó, ëîãàðèôì

îòíîøåíèÿ ïðàâäîïîäîáèé 
01

ln HHL , çíà÷åíèå êðèòåðèÿ 
2 . Èç äàííûõ

òàáë.1 è òàáë.3 ñëåäóåò, ÷òî ïðèìåðíî äëÿ 50% çâåçä, ïåðèîäû ÷àñòîòû

âñïûøåê P
f
 è îñåâîãî âðàùåíèÿ çâåçäû P îòëè÷àþòñÿ ìåíüøå ÷åì íà 2%,

ìàêñèìàëüíîå îòëè÷èå ìåíüøå 10%. Â òàáë.4 ïðåäñòàâëåíà áîëåå ïîäðîáíàÿ

ñòàòèñòèêà îòíîøåíèÿ P
f  
/P.

Ñ ïîìîùüþ ïîëó÷åííûõ ôóíêöèé ÷àñòîòû âñïûøåê, ïîñòðîåíû òåîðå-

òè÷åñêèå ðàñïðåäåëåíèÿ âñïûøåê ïî ôàçàì, êîòîðûå ñðàâíåíû ñ àíàëîãè÷íûì

íàáëþäàåìûì ðàñïðåäåëåíèåì âñïûøåê ïðè äàííîì ïåðèîäå. Äëÿ âñåõ áåç

èñêëþ÷åíèÿ çâåçä ýòî ñðàâíåíèå (ñ ïîìîùüþ êðèòåðèÿ 
2 ) ñâèäåòåëüñòâóåò

â ïîëüçó ïåðèîäè÷íîñòè ÷àñòîòû âñïûøåê.
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Î÷åâèäíî, ÷òî ïóàññîíîâñêèé ïðîöåññ ñ ìàëîé àìïëèòóäîé ïåðèîäè÷åñêîé

ôóíêöèè ñðàâíèòåëüíî ìàëî áóäåò îòëè÷àòüñÿ îò ñòàöèîíàðíîãî ïðîöåññà è

ïðèâåäåò ê ìàëûì çíà÷åíèÿì 
01

ln HHL . Ìàëàÿ àìïëèòóäà ìîæåò áûòü

ñëåäñòâèåì òîãî, ÷òî ëèáî ïðåäïîëîæåíèå î ïåðèîäè÷íîñòè íå èìååò ìåñòî,

ëèáî (â ðàìêàõ ïðèíÿòîãî â ñòàòüå ïîäõîäà) îáëàñòè âñïûøå÷íîé àêòèâíîñòè

áîëåå èëè ìåíåå ðàâíîìåðíî ðàñïðåäåëåíû ïî ïîâåðõíîñòè çâåçäû. Åñòåñòâåííî,

TIC P
f

k 
minmax  /

01 /ln HHL
2

1 25118964 1.0077 0.489 2.075 2.661 5.901 3.155
2 141807839 0.8131 0.324 1.619 1.912 3.142 1.533
3 141914082 2.6545 0.318 3.991 1.889 3.026 1.890
4 141975926 1.1546 0.508 5.579 2.764 7.578 1.131
5 150359500 1.0571 0.398 0.342 2.215 8.870 0.952
6 167344043 2.6624 0.393 2.330 2.191 6.167 4.385
7 220432563 1.1344 0.540 5.396 2.925 7.788 2.834
8 220433363 0.3977 0.392 3.355 2.189 4.067 4.115
9 220433364 0.8423 0.390 3.921 2.181 4.027 1.306
10 220473309 8.2785 0.223 1.539 1.563 2.050 5.357
11 233745344 6.1912 0.261 1.190 1.684 1.743 0.946
12 236778955 0.9956 0.481 3.873 2.619 2.287 5.775
13 272232401 2.5612 0.226 5.171 1.572 2.722 1.568
14 277298771 1.1563 0.434 5.988 2.382 4.776 4.720
15 358176584 0.9208 0.326 2.487 1.920 3.207 2.475
16 359313701 1.7645 0.428 1.244 2.351 5.301 1.985
17 364588501 2.2523 0.274 0.131 1.729 3.548 2.641
18 373431012 0.5097 0.332 4.579 1.941 3.016 2.185
19 382258517 3.2953 0.363 2.238 2.066 3.916 2.470
20 394030788 3.2014 0.324 5.418 1.910 2.876 2.719
21 441734910 1.3591 0.461 1.376 2.513 5.665 1.014

Tàáëèöà 3

ÏÀÐÀÌÅÒÐÛ ÔÓÍÊÖÈÈ ×ÀÑÒÎÒÛ ÂÑÏÛØÅÊ

Õàðàêòåðèñòèêà Çíà÷åíèå
Ñðåäíåå 1.0148
Ìåäèàíà 1.0100
Ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå 0.0410
Ìèíèìóì 0.9484
Ìàêñèìóì 1.0989
Êâàíòèëü 25% 0.9838
Êâàíòèëü 75% 1.0377

Òàáëèöà 4

ÑÒÀÒÈÑÒÈ×ÅÑÊÈÅ ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÎÒÍÎØÅÍÈß
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âîçíèêàåò âîïðîñ, ïðè êàêèõ çíà÷åíèÿõ 
01

ln HHL  ìîæíî óâåðåííî îòâåðãíóòü

ãèïîòåçó î ñòàöèîíàðíîñòè? Î÷åâèäíî, ÷òî ïóàññîíîâñêèé ïðîöåññ ñ ìàëîé

àìïëèòóäîé ïåðèîäè÷åñêîãî ïàðàìåòðà ñðàâíèòåëüíî ìàëî áóäåò îòëè÷àòüñÿ îò

ñòàöèîíàðíîãî ïðîöåññà è ïðèâåäåò ê ìàëûì çíà÷åíèÿì 
01

ln HHL  (ñì. ðèñ.4).

Ìàëàÿ àìïëèòóäà ìîæåò áûòü ñëåäñòâèåì òîãî, ÷òî ëèáî ïðåäïîëîæåíèå î

ïåðèîäè÷íîñòè íå èìååò ìåñòî, ëèáî (â ðàìêàõ ïðèíÿòîãî â ñòàòüå ïîäõîäà)

îáëàñòè âñïûøå÷íîé àêòèâíîñòè áîëåå èëè ìåíåå ðàâíîìåðíî ðàñïðåäåëåíû

ïî ïîâåðõíîñòè çâåçäû.

Â ðàáîòå [2] áûëî óñòàíîâëåíî, ÷òî ãèïîòåçó î ñòàöèîíàðíîñòè ìîæíî

óâåðåííî îòâåðãíóòü, åñëè ëîãàðèôì îòíîøåíèÿ ïðàâäîïîäîáèé 3ln
01
HHL .

Ê ýòîìó ðåçóëüòàòó ïðèâåëî ïðèìåíåíèå êðèòåðèÿ ñðàâíåíèÿ äâóõ ïóàññî-

íîâñêèõ ïðîöåññîâ - ïåðèîäè÷åñêîãî ñ ôóíêöèåé  t  è ñòàöèîíàðíîãî,

ïðèâåäåííîãî â ðàáîòå [11], ñîãëàñíî êîòîðîãî ñòàöèîíàðíîñòü íå îòâåðãàåòñÿ,

åñëè       13cossin
2

1 0

2

1 0 




   
ntt

n

i i
n

i i .

Ñî çíà÷åíèåì 3ln
01
HHL  îêàçàëèñü 5 çâåçä (íà ðèñ.5 îòìå÷åíû íîìåðàìè

óêàçàííûìè â òàáë.1.), êîòîðûå íà ðèñ.5 íàõîäÿòñÿ íèæå øòðèõîâîé ëèíèè.

Îäíàêî è â ýòèõ ñëó÷àÿõ íàáëþäàòåëüíûå äàííûå õîðîøî ñîãëàñóþòñÿ ñ

ïðåäïîëîæåíèåì î ïåðèîäè÷åñêîé ÷àñòîòå âñïûøåê.

Ýòî âèäíî íà ðèñ.6, ãäå ïðèâîäÿòñÿ ôóíêöèÿ ÷àñòîòû âñïûøêè â óñëîâíûõ

Ðèñ.5. Çàâèñèìîñòü îòíîøåíèÿ ïðàâäîïîäîáèé 
01 /

ln
HH

L  îò 
minmax

 / .

minmax  /

2

1.4 1.8 2.2 2.6 3.0

4

6

8

10

ln
L

H
1
/
H

0
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åäèíèöàõ îòíîñèòåëüíî ñðåäíåãî çíà÷åíèÿ (øòðèõ-ëèíèÿ) è ñëîæåííûå â

åäèíûé ïåðèîä òåîðåòè÷åñêèå è íàáëþäàåìûå ðàñïðåäåëåíèÿ âñïûøåê ïî

ôàçàì ïåðèîäè÷åñêîé ôóíêöèè çâåçäû TIC 236778955 (#12 íà ðèñ.5).

Íà ðèñ.5 ïîëîæèòåëüíî, ñ òî÷êè çðåíèÿ ïðèìåíÿåìîãî â ñòàòüå ïîäõîäà,

âûäåëÿåòñÿ çâåçäà ñ EUV èçëó÷åíèåì TIC 150359500 (#5 íà ðèñ.5). Íà ðèñ.7

ïðèâåäåíû ðåçóëüòàòû îòíîñèòåëüíî TIC 150359500. Çâåçäà ñ EUV èçëó÷åíèåì,

ñêîðåå âñåãî, îòëè÷àåòñÿ îò îáû÷íûõ âñïûõèâàþùèõ çâåçä è ìîæåò ñòàòü

ïðåäìåòîì äàëüíåéøèõ èññëåäîâàíèé. Íå èñêëþ÷åíî, ÷òî ïðèðîäà ïåðåìåííîñòè

áëåñêà è ìåõàíèçì âñïûøåê ó TIC 150359500 ìîãóò áûòü ñîâåðøåííî ðàçíûìè.

Ñêàçàííîå â ðàâíîé ìåðå îòíîñèòñÿ è ê äâóì çâåçäàì ñ ðåíòãåíîâñêèì

èçëó÷åíèåì (TIC 233745344, TIC 359313701), à òàêæå LHA 120-S 162 -

êàíäèäàòó â Íîâóþ çâåçäó.

Ðèñ.6. Ôóíêöèÿ ÷àñòîòû âñïûøêè )(t  â óñëîâíûõ åäèíèöàõ (ëåâàÿ ïàíåëü) è ñëîæåííûå
â åäèíûé ïåðèîä òåîðåòè÷åñêèå (áàðû) è íàáëþäàåìûå (òî÷êè) ðàñïðåäåëåíèÿ âñïûøåê ïî
ôàçàì ïåðèîäè÷åñêîé ôóíêöèè çâåçäû TIC 236778955 (ïðàâàÿ ïàíåëü).

t

0.1
0 0.5 1 1.5

Ôàçà

0 0.2 0.4 0.6 0.8

0.3

0.5

0
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Ðèñ.7. Ôóíêöèÿ ÷àñòîòû âñïûøêè )(t  â óñëîâíûõ åäèíèöàõ (ëåâàÿ ïàíåëü) è ñëîæåííûå

â åäèíûé ïåðèîä òåîðåòè÷åñêèå (áàðû) è íàáëþäàåìûå (òî÷êè) ðàñïðåäåëåíèÿ âñïûøåê ïî
ôàçàì ïåðèîäè÷åñêîé ôóíêöèè çâåçäû TIC 150359500 (ïðàâàÿ ïàíåëü).

t
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3.3. Î ñâÿçè P
l 
/P ~ k. Ñóùåñòâîâàíèå çàâèñèìîñòè P

l 
/P ~ k ìîæíî

çàïîäîçðèòü èñõîäÿ èç ñëåäóþùèõ ñîîáðàæåíèé.

Âî-ïåðâûõ, îáå âåëè÷èíû ïðåäñòàâëÿþò ñîáîé ñâîåîáðàçíóþ ìåðó êîìïàêò-

íîñòè /êîíöåíòðàöèè ðàñïðåäåëåíèÿ ñâÿçàííûõ ñ íèìè ôèçè÷åñêèõ âåëè÷èí.

Â ñëó÷àå P
l 
/P ýòî êîìïàêòíîñòü ðàñïðåäåëåíèÿ çâåçäíûõ ïÿòåí è ãðóïï ïÿòåí,

îòâåòñòâåííûõ çà ïåðèîäè÷åñêîå èçìåíåíèå áëåñêà çâåçäû, à â ñëó÷àå k - ìåðà

êîíöåíòðàöèè ÷àñòîò âîêðóã ìîäû ôóíêöèè ÷àñòîòû âñïûøåê, êîòîðàÿ ïðè

áîëüøèõ k ñòðåìèòñÿ ê  -ôóíêöèè).

Âî-âòîðûõ, ñîãëàñíî [12] ðàçìåð çâåçäíûõ ïÿòåí ïîëîæèòåëüíî êîððåëèðóåò

ñî âñïûøå÷íîé àêòèâíîñòüþ. Â äàííîé ðàáîòå òàêàÿ êîððåëÿöèÿ äîëæíà

ïðîÿâëÿòüñÿ êàê çàâèñèìîñòü    tA~t , ãäå  tA  - âåëè÷èíà çàïÿòíåííîñòè

ïðîåêöèè ïîëóñôåðû çâåçäû îáðàùåííîé ê íàáëþäàòåëþ â ìîìåíò âðåìåíè

t. Ýòà æå âåëè÷èíà, ñîâìåñòíî ñ ôóíêöèåé ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ

ïÿòåí íà ïîâåðõíîñòè çâåçäû, ïî ñóùåñòâó îïðåäåëÿåò ïåðèîäè÷åñêóþ êðèâóþ

áëåñêà.

Èç âûøåñêàçàííîãî íåèçáåæíî ñëåäóåò, ÷òî âåëè÷èíû P
l 
/P, k äîëæíû

êîððåëèðîâàòü. Äåéñòâèòåëüíî, èç ðåçóëüòàòîâ, ïîëó÷åííûõ â ïðåäûäóùèõ

ðàçäåëàõ (ñì. òàáë.2, 3), ñëåäóåò ñóùåñòâîâàíèå ïîëoæèòåëüíîé çíà÷èìîé

êîððåëÿöèè P
l 
/P ~ k (ðèñ.8).

Íåîáõîäèìî îòìåòèòü, ÷òî ïðîäîëæèòåëüíîñòü P
l
 ìåíüøå âðåìåííîãî

èíòåðâàëà îò ìîìåíòà ïîëíîãî âîñõîäà (äëÿ çåìíîãî íàáëþäàòåëÿ) äîìè-

íèðóþùåé ãðóïïû ïÿòåí äî íà÷àëà åå çàêàòà. Ýòî ñëåäñòâèå ñîâìåñòíîãî

äåéñòâèÿ äâóõ êðàåâûõ ýôôåêòîâ, ãåîìåòðè÷åñêîãî - óìåíüøåíèå âèäèìîé

ïëîùàäè ïîâåðõíîñòè ïÿòåí íà êðàÿõ çâåçäû èç-çà ïðîåöèðîâàíèÿ ïîëóñôåðû

íà ïëîñêîñòü è ôèçè÷åñêîãî - èç-çà ïîòåìíåíèÿ ê êðàþ äèñêà çâåçäû. Ýòè

ýôôåêòû âëèÿþò òàêæå íà ÷àñòîòó ðåãèñòðèðóåìûõ âñïûøåê.

Ïîëó÷åííûå ðåçóëüòàòû ïîäñêàçûâàþò î âîçìîæíîì ïóòè äàëüíåéøèõ

èññëåäîâàíèé. Íåòðóäíî çàìåòèòü, ÷òî ôóíêöèÿ  t , ïðåäëîæåííàÿ â êà÷åñòâå

ïåðèîäè÷åñêîé ôóíêöèè ÷àñòîòû âñïûøåê, ïî ñóùåñòâó ñîâïàäàåò ñ ôóíêöèåé

ïëîòíîñòè ðàñïðåäåëåíèÿ ôîí Ìèçåñà (èçâåñòíîå òàêæå êàê êðóãîâîå íîðìàëüíîå

ðàñïðåäåëåíèå èëè ðàñïðåäåëåíèå Òèõîíîâà), øèðîêî ïðèìåíÿåìîå ïðè ñòàòèñ-

òè÷åñêîé îáðàáîòêå óãëîâûõ (êðóãîâûõ) äàííûõ:

    
 

, 
2

cosexp
 ,

0 kI

xk
kxM






ãäå   - ñðåäíåå (îäíîâðåìåííî ìîäà è ìåäèàíà) ðàñïðåäåëåíèÿ, k - ìåðà

êîíöåíòðàöèè, 1/k - äèñïåðñèÿ,    kIkI 011  - êðóãîâàÿ äèñïåðñèÿ. Ðàñïðåäå-

ëåíèå ôîí Ìèçåñà ÿâëÿåòñÿ õîðîøèì ïðèáëèæåíèåì ê íàìîòàííîìó íîðìàëü-

íîìó ðàñïðåäåëåíèþ (êðóãîâîé àíàëîã íîðìàëüíîãî ðàñïðåäåëåíèÿ).

Ó÷èòûâàÿ, ÷òî çàïÿòíåííîñòü A(t) åñòü óãëîâàÿ âåëè÷èíà, à ôóíêöèÿ
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÷àñòîòû âñïûøåê, ñõîæàÿ ñ ôóíêöèåé ïëîòíîñòè ðàñïðåäåëåíèÿ ôîí Ìèçåñà,

ïîëîæèòåëüíî êîððåëèðóåò ñ A(t), ìîæíî ïðåäïîëîæèòü, ÷òî ðàñïðåäåëåíèå

ïÿòåí ïî äîëãîòå çâåçäû ñâÿçàí ñ óãëîâûì ðàñïðåäåëåíèåì ôîí Ìèçåñà,

ïàðàìåòðû êîòîðîé âûðàæàþòñÿ ÷åðåç ñîîòâåòñòâóþùèå ïàðàìåòðû ôóíêöèè

÷àñòîòû âñïûøåê. Ïðåäâàðèòåëüíûå ðåçóëüòàòû àíàëèçà çàâèñèìîñòè P
l 
/P ~ k

â ðàìêàõ òàêîãî ïîäõîäà îáíàäåæèâàþò.

4. Çàêëþ÷åíèå. Èñïîëüçóÿ äàííûå îðáèòàëüíîé îáñåðâàòîðèè TESS,

ïðîâåäåíî èññëåäîâàíèå íàèáîëåå àêòèâíûõ âñïûõèâàþùèõ çâåçä, ïîêàçàâøèõ

ïî 100 è áîëåå âñïûøåê çà ïåðèîä ñ èþëÿ 2018 ïî îêòÿáðü 2020ãã.

Â ðåçóëüòàòå áûë ïðîâåäåí ïîäðîáíûé àíàëèç êðèâûõ áëåñêà âñåõ çâåçä

ñ öåëüþ âûÿâëåíèÿ ôèçè÷åñêèõ îñîáåííîñòåé ó îòäåëüíûõ çâåçä. Ëèøü

íåáîëüøàÿ ÷àñòü ýòîãî àíàëèçà íàøëà  ñâîå îòðàæåíèå â äàííîé ðàáîòå.

Áûëè îïðåäåëåíû ïåðèîäû îñåâûõ âðàùåíèé çâåçä, ïðè÷åì äëÿ 9-òè  çâåçä

âïåðâûå. Ïðè ýòîì èñïîëüçîâàëèñü äâà âçàèìîäîïîëíÿþùèõ àëãîðèòìà -  Ëîìáà-

Ñêàðãëà è BLS. Ñ ïîìîùüþ BLS äëÿ âñåõ çâåçä áûëà îïðåäåëåíà ïðîäîëæè-

òåëüíîñòü "ïëàòî" ãëóáîêîãî ìèíèìóìà, êîòîðàÿ ñîäåðæèò îïðåäåëåííóþ èíôîð-

ìàöèþ î  êîìïàêòíîñòè ðàñïðåäåëåíèÿ çâåçäíûõ ïÿòåí âäîëü äîëãîòû çâåçäû.

Âû÷èñëåííûå ïåðèîäû îñåâûõ âðàùåíèé áûëè èñïîëüçîâàíû äëÿ

îïðåäåëåíèÿ ïàðàìåòðîâ ïåðèîäè÷åñêîé/öèêëè÷åñêîé ïåðåìåííîñòè ÷àñòîòû

âñïûøåê âñïûõèâàþùèõ çâåçä. Ïîëó÷åíû ñîîòâåòñòâóþùèå ïåðèîäè÷åñêèå

ôóíêöèè ÷àñòîòû âñïûøåê. Ïåðèîäû ôóíêöèé ÷àñòîòû âñïûøåê îêàçàëèñü

áëèçêèìè ê ïåðèîäàì îñåâûõ âðàùåíèé çâåçä. Ïîñòðîåíû òåîðåòè÷åñêèå

Ðèñ.8. Çàâèñèìîñòü P
l 
/P ~ k.

k

0.2

0.06

P
l/

P

0.3 0.4 0.5

P
l
/P=0.0209+0.3622k;

r=0.6314, p=0.0021;
r2=0.3987

0.14

0.22

0.30



569ÏÅÐÈÎÄÈ×ÍÎÑÒÜ  ×ÀÑÒÎÒÛ  ÂÑÏÛØÅÊ

ðàñïðåäåëåíèÿ âñïûøåê ïî ôàçàì, êîòîðûå ñðàâíåíû ñ àíàëîãè÷íûì íàáëþ-

äàåìûì ðàñïðåäåëåíèåì âñïûøåê ïðè äàííîì ïåðèîäå. Äëÿ âñåõ áåç èñêëþ-

÷åíèÿ çâåçä ýòî ñðàâíåíèå (ñ ïîìîùüþ êðèòåðèÿ 
2 ) ñâèäåòåëüñòâóåò â

ïîëüçó ïåðèîäè÷íîñòè ÷àñòîòû âñïûøåê. Ïîëó÷åíà çàâèñèìîñòü ìåæäó  k

ïàðàìåòðîì ïåðèîäè÷åñêèõ ôóíêöèé ÷àñòîòû âñïûøåê è  îòíîñèòåëüíûìè

ïðîäîëæèòåëüíîñòÿìè "ïëàòî" ãëóáîêîãî  ìèíèìóìà  çâåçä.

Ïðåäïîëîæåíî, ÷òî ñõîæåñòü ïåðèîäè÷åñêîé ôóíêöèè ÷àñòîòû âñïûøåê

ñ ôóíêöèåé óãëîâîãî ðàñïðåäåëåíèÿ ôîí Ìèçåñà  ñêîðåå âñåãî íå ñëó÷àéíà,

÷òî äàåò óìåðåííóþ íàäåæäó íà òî, ÷òî ðàñïðåäåëåíèå ïÿòåí ïî äîëãîòå

âñïûõèâàþùèõ çâåçä ïðåäñòàâëÿåòñÿ óãëîâûì ðàñïðåäåëåíèåì ôîí Ìèçåñà,

ïàðàìåòðû êîòîðîé ìîæíî îïðåäåëèòü ÷åðåç ñîîòâåòñòâóþùèå ïàðàìåòðû

ôóíêöèè ÷àñòîòû âñïûøåê.

 Ïîäðîáíî îáñóæäåíà äâîéñòâåííîñòü çâåçäû CD-56 1032. Îïðåäåëåíû

âåðîÿòíûå ïåðèîäû è àìïëèòóäû îòäåëüíûõ êîìïîíåíòîâ çâåçäû.

Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.Àìáàðöóìÿíà

ÍÀÍ Àðìåíèè, e-mail: aakopian57@gmail.com

PERIODICITY OF FLARE FREQUENCY OF ACTIVE
FLARE STARS DETECTED BY TESS

A.A.AKOPIAN

TESS data was used to study active flare stars, finding 100 or more flares between

July 2018 and October 2020. The main objectives of this study were analyzing light

curves, determining axial rotation periods, and identifying the physical features of

flare stars. The corresponding periodic functions of the flare frequency are derived

and checked for possible periodicity matching the star's rotation period. The flare

frequency functions correlated closely with the stars' axial rotation periods. Theo-

retical phase distributions of flares are constructed and compared with a similar

observed distribution of flares for a given period. For all stars without exception,

this comparison (using the 
2  criterion) argues in favour of the periodicity of the

flare frequency. It is assumed that the distribution of spots along the longitude of

flare stars can be represented using by the von Mises angular distribution, the

parameters of which are determined through the corresponding parameters of the

flash frequency function. The binarity of the star CD-561032 is discussed in detail.

Keywords: flare stars: frequency of flares: periodic variability: binary star CD-

      561032: von Mises distribution
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Çàäà÷à èññëåäîâàíèÿ - èçó÷åíèå äèíàìèêè ïàðàìåòðîâ, îïèñûâàþùèõ ïîïåðå÷íóþ
ñîñòàâëÿþùóþ ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ 

z
B


  â àêòèâíûõ îáëàñòÿõ (ÀÎ) ñ

ðàçíûì óðîâíåì âñïûøå÷íîé ïðîäóêòèâíîñòè. Èñïîëüçóÿ äàííûå, ïîëó÷åííûå èíñòðóìåíòîì
Helioseismic and Magnetic Imager (HMI) íà áîðòó Solar Dynamics Observatory (SDO), ïðîàíàëè-
çèðîâàíû 75 ÀÎ 24-ãî öèêëà ñîëíå÷íîé àêòèâíîñòè. Äëÿ âû÷èñëåíèÿ âåëè÷èíû 

z
B




ïðèìåíåíû äâà ïîäõîäà - ñîâðåìåííûé è êëàññè÷åñêèé. Â êàæäîì ñëó÷àå îïðåäåëåíû ïàðàìåòðû,
îïèñûâàþùèå âåëè÷èíó 

z
B


  â ÀÎ. Äëÿ ñîâðåìåííîãî ïîäõîäà ýòî ñðåäíÿÿ 

z
B


  ïî ÀÎ

âåëè÷èíà - 
z
B


  è ñðåäíÿÿ âåëè÷èíà 

z
B


  â îêðåñòíîñòè òî÷êè ñ ìàêñèìàëüíûì åãî

çíà÷åíèåì - 
z
B


max , äëÿ êëàññè÷åñêîãî ïîäõîäà - ìàêñèìàëüíîå çíà÷åíèå 

z
B


  ìåæäó

ïàðàìè ïÿòåí â ÀÎ - spz
B )(max


 . Èçó÷åíà äèíàìèêà âûáðàííûõ ïàðàìåòðîâ çà âðåìÿ

ìîíèòîðèíãà êàæäîé èç îáëàñòåé àíàëèçèðóåìîé âûáîðêè. Ïîêàçàíî, ÷òî: 1. Ðàçáðîñ çíà÷åíèé
âåëè÷èíû 

z
B


 íåáîëüøîé (äëÿ ïîäàâëÿþùåãî áîëüøèíñòâà èññëåäóåìûõ îáëàñòåé

íàõîäèòñÿ â ïðåäåëàõ 0.08-0.12 Ãñ êì
-1
) è ìàëî ðàçëè÷àåòñÿ äëÿ îáëàñòåé ñ íèçêîé è âûñîêîé

âñïûøå÷íîé ïðîäóêòèâíîñòüþ. 2. ×èñëåííûå çíà÷åíèÿ ïàðàìåòðà )(max
z
B


  è åãî äèíàìèêà

â ïîäàâëÿþùåì áîëüøèíñòâå ðàññìîòðåííûõ ñëó÷àåâ áîëüøå â îáëàñòÿõ ñ áîëåå âûñîêèì
óðîâíåì âñïûøå÷íîé ïðîäóêòèâíîñòè. 3. ×èñëåííûå çíà÷åíèÿ ïàðàìåòðà spz

B )(max


  è åãî
äèíàìèêà áîëüøå â îáëàñòÿõ ñ áîëåå âûñîêèì óðîâíåì âñïûøå÷íîé ïðîäóêòèâíîñòè. 4. Â
ÀÎ NOAA 11283 çàôèêñèðîâàí ñòàáèëüíûé ðîñò âåëè÷èíû spz

B )(max


  ïðèáëèçèòåëüíî çà
19 ÷ äî íà÷àëà ðàçâèòèÿ ïåðâîé èç ñåðèè âñïûøåê âûñîêèõ ðåíòãåíîâñêèõ êëàññîâ.

Êëþ÷åâûå ñëîâà: Ñîëíöå: àêòèâíûå îáëàñòè: âñïûøå÷íàÿ àêòèâíîñòü:

ìàãíèòíîå ïîëå: ãðàäèåíòû ìàãíèòíîãî ïîëÿ

1. Ââåäåíèå. Êàê îòìå÷àë À.Á.Ñåâåðíûé, äàæå "ïðîñòåéøåå ðàññìîòðåíèå

áàëàíñà ýíåðãèè ïîêàçûâàåò, ÷òî âíóòðè ñîëíå÷íîé àòìîñôåðû íåò äðóãîãî

èñòî÷íèêà ýíåðãèè âñïûøåê, êðîìå ýíåðãèè ìàãíèòíîãî ïîëÿ" [1]. Èìåííî

ïîýòîìó èçó÷åíèå ìàãíèòíûõ ïîëåé íà Ñîëíöå, èõ ýâîëþöèÿ, ÿâëÿåòñÿ

ïåðâûì, è, íåñîìíåííî, íåîáõîäèìûì øàãîì â èññëåäîâàíèè àêòèâíûõ

ïðîöåññîâ è ÿâëåíèé, íàáëþäàåìûõ â ñîëíå÷íîé àòìîñôåðå. È õîòÿ îïèñàíèå

íåñòàöèîíàðíûõ ïðîöåññîâ â àòìîñôåðå Ñîëíöà â òåðìèíàõ ýëåêòðè÷åñêîãî

òîêà ÷àñòî ÿâëÿåòñÿ áîëåå èíôîðìàòèâíûì, ÷åì â òåðìèíàõ ìàãíèòíîãî ïîëÿ
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[2] (ïîñêîëüêó ýëåêòðè÷åñêèå òîêè òåñíî ñâÿçàíû ñ íåïîòåíöèàëüíûìè

ìàãíèòíûìè ïîëÿìè), ñëåäóåò çàìåòèòü, ÷òî èíôîðìàöèþ îá ýëåêòðè÷åñêèõ

òîêàõ íåâîçìîæíî ïîëó÷èòü áåç íàäåæíûõ èçìåðåíèé ìàãíèòíûõ ïîëåé.

Ïåðâûå èçìåðåíèÿ ìàãíèòíûõ ïîëåé â ñîëíå÷íûõ ïÿòíàõ áûëè âûïîëíåíû

Äæ.Ý.Õýéëîì â 1908ã. ñ èñïîëüçîâàíèåì ñïåêòðîãðàôè÷åñêèõ äàííûõ áàøåí-

íîãî ñîëíå÷íîãî òåëåñêîïà îáñåðâàòîðèè Ìàóíò-Âèëñîí [3]. Â äàëüíåéøåì

âîçíèêëà íåîáõîäèìîñòü èçìåðåíèÿ è áîëåå ñëàáûõ ìàãíèòíûõ ïîëåé. Îäíàêî

ïåðâûå ïîïûòêè ïîäîáíûõ èçìåðåíèé, âûïîëíåííûå ñ ïðèìåíåíèåì

ôîòîýëåêòðè÷åñêèõ ìåòîäîâ Äæ.Ý.Õýéëîì è êîëëåãàìè â 1933ã., óñïåõîì íå

óâåí÷àëèñü.

Ïðîáëåìà èçìåðåíèÿ ñëàáûõ ìàãíèòíûõ ïîëåé íà Ñîëíöå áûëà ðåøåíà

Ã.Áýáêîêîì â 1952ã. ñ ñîçäàíèåì ôîòîýëåêòðè÷åñêîãî ìàãíèòîãðàôà [4]. ×åðåç

íåñêîëüêî ëåò àíàëîãè÷íûé ïðèáîð áûë ñìîíòèðîâàí íà áàøåííîì ñîëíå÷íîì

òåëåñêîïå Êðûìñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè [5], à óæå ê ñåðåäèíå

60-õ ãîäîâ XX â. ìàãíèòîãðàôû ïîÿâèëèñü âî ìíîãèõ êðóïíûõ îáñåðâàòîðèÿõ

è íàó÷íî-èññëåäîâàòåëüñêèõ èíñòèòóòàõ, çàíèìàþùèõñÿ èçó÷åíèåì Ñîëíöà,

òàêèõ êàê ÈÇÌÈÐÀÍ [6], Ïóëêîâñêàÿ îáñåðâàòîðèÿ [7], ÑèáÈÇÌÈÐ [8],

îáñåðâàòîðèÿ Êëàéìàêñ [9], îáñåðâàòîðèÿ Êèòò-Ïèê [10] è äð. Íà÷àëîñü

ñèñòåìàòè÷åñêîå èçó÷åíèå ìàãíèòíûõ ïîëåé â àòìîñôåðå Ñîëíöà.

Âî âòîðîé ïîëîâèíå 50-õ ãîäîâ XX â. íà îñíîâå îáøèðíîãî íàáëþ-

äàòåëüíîãî ìàòåðèàëà àñòðîíîìàìè Êðûìñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè

áûë ñäåëàí âûâîä î òåñíîé ñâÿçè ìàãíèòíûõ ïîëåé ñ íåñòàöèîíàðíûìè

ïðîöåññàìè â ñîëíå÷íîé àòìîñôåðå [11,12 è äð.]. Ïåðåä èññëåäîâàòåëÿìè

âîçíèêëà çàäà÷à ïîèñêà ïàðàìåòðîâ ìàãíèòíîãî ïîëÿ, êîòîðûå ìîæíî îöåíèòü,

íå ïðèáåãàÿ ê ñëîæíûì ìàòåìàòè÷åñêèì âû÷èñëåíèÿì, è â òî æå âðåìÿ ëåãêî

ñâÿçàòü ñ äèíàìèêîé âñïûøå÷íîé ïðîäóêòèâíîñòè àêòèâíîé îáëàñòè (ÀÎ).

Íàèáîëåå ïðîñòûìè èç ýòèõ ïàðàìåòðîâ ÿâëÿþòñÿ: íàïðÿæåííîñòü ìàãíèòíûõ

ïîëåé îòäåëüíûõ ïÿòåí â ãðóïïå, ñëîæíîñòü ìàãíèòíîé êîíôèãóðàöèè,

ïðîñòðàíñòâåííàÿ îðèåíòàöèÿ è ñëîæíîñòü ëèíèè ðàçäåëà ïîëÿðíîñòåé

ìàãíèòíîãî ïîëÿ, ñóììàðíûé áåççíàêîâûé ìàãíèòíûé ïîòîê ÀÎ è äð.

Íåñêîëüêî áîëåå ñëîæíûì ïàðàìåòðîì â âû÷èñëåíèè ÿâëÿåòñÿ ãðàäèåíò

ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ. Ñëåäóåò îòìåòèòü, ÷òî çäåñü ðå÷ü èäåò òîëüêî

î ïîïåðå÷íîé ñîñòàâëÿþùåé ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ zB ,

ïîñêîëüêó, íåñìîòðÿ íà ñîçäàíèå åùå â 60-õ ãîäàõ XX â. ìíîãîêàíàëüíûõ

âåêòîð-ìàãíèòîãðàôîâ [13,14], ïîäàâëÿþùåå áîëüøèíñòâî èíñòðóìåíòîâ äëÿ

èññëåäîâàíèÿ Ñîëíöà äàæå ñåãîäíÿ îñóùåñòâëÿþò èçìåðåíèÿ ìàãíèòíûõ ïîëåé

òîëüêî íà îäíîì óðîâíå ñîëíå÷íîé àòìîñôåðû, ïðåèìóùåñòâåííî â ôîòîñôåðå.

Ëèøü íåìíîãèå èññëåäîâàòåëüñêèå ðàáîòû, ÷àñòü êîòîðûõ òåîðåòè÷åñêèå [15-

17], ñîäåðæàò èíôîðìàöèþ î âåëè÷èíàõ âåðòèêàëüíîé ñîñòàâëÿþùåé ãðàäèåíòà

ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ [18,19].
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Â êîíöå 50-õ ãîäîâ XX â. ãðóïïîé êðûìñêèõ àñòðîíîìîâ âî ãëàâå ñ

À.Á.Ñåâåðíûì áûëè èçó÷åíû zB  è èõ äèíàìèêà ïåðåä ñîëíå÷íûìè âñïûøêàìè

è ïîñëå íèõ. Áûëî îòìå÷åíî, ÷òî "âñïûøêè âîçíèêàþò â íåéòðàëüíûõ òî÷êàõ

(îáëàñòÿõ) ìàãíèòíîãî ïîëÿ ãðóïï ïÿòåí ïðè çíà÷èòåëüíîì ãðàäèåíòå ïîëÿ âîçëå

ýòèõ òî÷åê" [20]. Â 1959ã. íà îñíîâå íàêîïëåííîãî íàáëþäàòåëüíîãî ìàòåðèàëà

áûë ïðîèçâåäåí ñòàòèñòè÷åñêèé àíàëèç è îáíàðóæåíî, ÷òî ìîùíûå âñïûøå÷íûå

ïðîöåññû âîçíèêàþò â îáëàñòÿõ ñ ãðàäèåíòîì ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ,

ïðåâûøàþùèì çíà÷åíèå 0.1 Ãñ êì-1 [21]. Ýòè ðåçóëüòàòû ïîçæå áûëè ïîäòâåðæäåíû

â ðÿäå èññëåäîâàíèé [22,23 è äð.]. Òåñíàÿ ñâÿçü âûñîêèõ ãðàäèåíòîâ ìàãíèòíîãî

ïîëÿ ñ ìîùíûìè ýðóïòèâíûìè ñîáûòèÿìè â àòìîñôåðå Ñîëíöà áûëà îáíàðóæåíà

è ïî ðåçóëüòàòàì íàáëþäåíèé â äðóãèõ îáñåðâàòîðèÿõ, íàïðèìåð, â Ìåäîíñêîé

[24,25]. Â êîíöå 70-õ ãîäîâ XX â. ïîðîãîâîå çíà÷åíèå ãðàäèåíòà ïðîäîëüíîãî

ìàãíèòíîãî ïîëÿ â 0.1 Ãñ êì-1 áûëî çàëîæåíî ñîâåòñêèìè àñòðîíîìàìè êàê îäèí

èç ïàðàìåòðîâ, ïîçâîëÿþùèõ ñäåëàòü äîñòàòî÷íî òî÷íûé (ñ îïðàâäûâàåìîñòüþ

áîëåå 80%) ïðîãíîç âñïûøå÷íîé ïðîäóêòèâíîñòè ÀÎ ñ çàáëàãîâðåìåííîñòüþ

1-3 äíÿ [26,27].

Ñîçäàííûå â ïîñëåäíåå âðåìÿ èíñòðóìåíòû äëÿ èçìåðåíèÿ ìàãíèòíûõ

ïîëåé íà Ñîëíöå, îñîáåííî íàõîäÿùèåñÿ â êîñìè÷åñêîì ïðîñòðàíñòâå, îáëàäàþò

öåëûì ðÿäîì ïðåèìóùåñòâ ïî ñðàâíåíèþ ñ ìàãíèòîãðàôàìè ðàííèõ ìîäåëåé.

Â ïåðâóþ î÷åðåäü - âîçìîæíîñòüþ êðóãëîñóòî÷íîãî ìîíèòîðèíãà Ñîëíöà ñ

âûñîêèì ïðîñòðàíñòâåííûì è âðåìåííûì ðàçðåøåíèåì. Òàê, åñëè ðàçðåøàþùàÿ

ñèëà ìàãíèòîãðàôà Áýáêîêà ñîñòàâëÿëà ïîðÿäêà 0783  , ìàãíèòîãðàôà

Êðûìñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè - 0351  , ÷òî ñîîòâåòñòâóåò

ïëîùàäè 2200011000 êì íà óðîâíå ôîòîñôåðû Ñîëíöà, òî, íàïðèìåð, ñîâðå-

ìåííûé èíñòðóìåíò Helioseismic and Magnetic Imager (HMI) [28] íà áîðòó

Solar Dynamics Observatory (SDO) [29] èìååò ïðîñòðàíñòâåííîå ðàçðåøåíèå

íà óðîâíå ñîëíå÷íîé ôîòîñôåðû ïîðÿäêà 0".5 ( 360  êì), à ñïåêòðîïîëÿðèìåòð

SOT-SP/Hinode [30] - ïîðÿäêà 0".3 ( 220  êì).

Äàííàÿ ñòàòüÿ ÿâëÿåòñÿ ëîãè÷åñêèì ïðîäîëæåíèåì ðàáîò êðûìñêèõ

àñòðîíîìîâ âòîðîé ïîëîâèíû XX â., ïîñâÿùåííûõ ãðàäèåíòàì ïðîäîëüíîãî

ìàãíèòíîãî ïîëÿ, è íåäàâíî îïóáëèêîâàííîãî àâòîðîì èññëåäîâàíèÿ [31].

Çäåñü ñòàâèòñÿ çàäà÷à êðàòêî ðàññìîòðåòü ñóùåñòâóþùèå ìåòîäû âû÷èñëåíèÿ

zB , îïðåäåëèòü ïàðàìåòðû, õàðàêòåðèçóþùèå â êàæäîì ñëó÷àå âåëè÷èíó

zB  è èññëåäîâàòü äèíàìèêó âûáðàííûõ ïàðàìåòðîâ íà ñòàòèñòè÷åñêè

çíà÷èìîé âûáîðêå ÀÎ.

2. Äàííûå íàáëþäåíèé. Ðàáîòà âûïîëíåíà íà ìàãíèòîãðàôè÷åñêèõ

äàííûõ èíñòðóìåíòà HMI/SDO, äîñòóïíûõ íà ñàéòå Joint Science Operation

Center (JSOC). Ïðîñòðàíñòâåííîå ðàçðåøåíèå èíñòðóìåíòà, êàê îòìå÷åíî

âûøå, - 0".5 (ïîðÿäêà 360 êì íà óðîâíå ñîëíå÷íîé ôîòîñôåðû), âðåìåííîå
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ðàçðåøåíèå â çàâèñèìîñòè îò òèïà äàííûõ - 45 èëè 720 ñ. Çäåñü èñïîëüçîâàíû

SHARP (Spaceweather HMI Active Region Patch) [32] ìàãíèòîãðàììû

ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ âåðòèêàëüíîé êîìïîíåíòû zB  âåêòîðà

ìàãíèòíîãî ïîëÿ â ôîòîñôåðå (öèëèíäðè÷åñêèå êîîðäèíàòû, ñåðèÿ äàííûõ

hmi.sharp_cea_720s) ñ âðåìåííûì ðàçðåøåíèåì 720 ñ.

Äîïîëíèòåëüíî èñïîëüçîâàíû äàííûå ñïóòíèêà ìîíèòîðèíãà ïîãîäû

GOES-15 î ïîòîêå ðåíòãåíîâñêîãî èçëó÷åíèÿ â äèàïàçîíå äëèí âîëí 1-8 Å

íà îðáèòå Çåìëè (äîñòóïíû ïî àäðåñó https://satdat.ngdc.noaa.gov/sem/goes/

data/full), èíôîðìàöèÿ î íàèáîëåå ìîùíûõ âñïûøêàõ, çàôèêñèðîâàííûõ â

àíàëèçèðóåìûõ îáëàñòÿõ, äîñòóïíàÿ íà èíòåðíåò-ðåñóðñå https://www.lmsal.com/

solarsoft/latest_events_archive.html.

Äëÿ àíàëèçà îòîáðàíû 75 ÀÎ 24-ãî öèêëà ñîëíå÷íîé àêòèâíîñòè. Îñíîâíûå

êðèòåðèè îòáîðà îáëàñòåé ñëåäóþùèå: 1) ÀÎ äîëæíà áûòü èçîëèðîâàíà îò

äðóãèõ îáëàñòåé (ò.å., íà SHARP-ìàãíèòîãðàììå äîëæíà ïðèñóòñòâîâàòü òîëüêî

îäíà îáëàñòü ñ óíèêàëüíûì NOAA èäåíòèôèêàòîðîì); 2) îáëàñòü äîëæíà áûòü

äîñòàòî÷íî ðàçâèòà, èìåÿ ñóììàðíûé áåççíàêîâûé ìàãíèòíûé ïîòîê íå íèæå
21105   Ìêñ, à òàêæå èìåòü õîòÿ áû îäíî ïÿòíî ñ ìàêñèìàëüíîé àáñîëþòíîé

íàïðÿæåííîñòüþ ìàãíèòíîãî ïîëÿ çà âñå âðåìÿ ìîíèòîðèíãà ÀÎ íå íèæå

1600 Ãñ. Ïî ýâîëþöèîííîìó ñòàòóñó, óðîâíþ âñïûøå÷íîé ïðîäóêòèâíîñòè è

èíûì êðèòåðèÿì îáëàñòè íå îãðàíè÷èâàëèñü.

Êðàòêàÿ èíôîðìàöèÿ îá ÀÎ èññëåäóåìîé âûáîðêè ïðåäñòàâëåíà â òàáë.1. Âî

âòîðîì ñòîëáöå óêàçàí íîìåð îáëàñòè ïî NOAA êëàññèôèêàöèè, â òðåòüåì -

âðåìÿ åå ìîíèòîðèíãà. Ñ öåëüþ ìèíèìèçàöèè îøèáîê â âû÷èñëåíèè âåëè÷èíû

zB , îáóñëîâëåííûõ ýôôåêòîì ïðîåêöèè, ìîíèòîðèíã êàæäîé èç

àíàëèçèðóåìûõ ÀÎ îãðàíè÷èâàëñÿ âðåìåííûì èíòåðâàëîì íàõîæäåíèÿ åå â

ïðåäåëàõ ±35o îòíîñèòåëüíî öåíòðàëüíîãî ìåðèäèàíà (3-5 ñóò). Â ÷åòâåðòîì

ñòîëáöå óêàçàí ðåíòãåíîâñêèé êëàññ è äàòà íàáëþäåíèÿ íàèáîëåå ìîùíîé

âñïûøêè, çàôèêñèðîâàííîé â àíàëèçèðóåìîé îáëàñòè çà âðåìÿ åå íàõîæäåíèÿ

íà âèäèìîì äèñêå Ñîëíöà. Îáîçíà÷åíèå "00.0" â ÷åòâåðòîì ñòîëáöå îçíà÷àåò,

÷òî â èññëåäóåìîé ÀÎ çà âñå âðåìÿ åå íàõîæäåíèÿ íà âèäèìîì äèñêå Ñîëíöà

âñïûøåê/ñóáâñïûøåê íå çàôèêñèðîâàíî.

3. Ïðèìåíÿåìûå ìåòîäû âû÷èñëåíèÿ àíàëèçèðóåìûõ ïàðàìåòðîâ

è îñíîâíûå ðåçóëüòàòû.

3.1. Ñîâðåìåííûé ïîäõîä ê âû÷èñëåíèþ ïîïåðå÷íîé ñîñòàâ-

ëÿþùåé ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ. Ïåðâûé ïîäõîä

ê âû÷èñëåíèþ âåëè÷èíû zB  ìîæíî íàçâàòü ñîâðåìåííûì. Äëÿ åãî ðåàëè-

çàöèè íåîáõîäèìû ìàãíèòîãðàôè÷åñêèå äàííûå ðàñïðåäåëåíèÿ âåðòèêàëüíîé

zB  êîìïîíåíòû âåêòîðà ìàãíèòíîãî ïîëÿ íà çàäàííîì óðîâíå ñîëíå÷íîé
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¹ ï/ï Íîìåð Âðåìÿ ìîíèòîðèíãà Íàèáîëåå ìîùíàÿ
îáëàñòè ÀÎ âñïûøêà
(NOAA)

1 2 3 4

1 11092 01.08.2010-15.08.2010 C3.2 01.08.2010
2 11131 06.12.2010-10.12.2010 B5.3 03.12.2010
3 11133 08.12.2010-12.12.2010 C2.3 14.12.2010
4 11158 12.02.2011-15.02.2011 X2.2 15.02.2011
5 11232 05.06.2011-09.06.2011 C1.8 02.06.2011
6 11261 31.07.2011-03.08.2011 M9.3 04.08.2011
7 11263 02.08.2011-05.08.2011 X6.9 09.08.2011
8 11283 04.09.2011-07.09.2011 X2.1 06.09.2011
9 11302 27.09.2011-30.09.2011 X1.9 24.09.2011
10 11305 29.09.2011-02.10.2011 M3.9 02.10.2011
11 11343 11.11.2011-14.11.2011 M1.1 09.11.2011
12 11391 07.01.2012-10.01.2012 C2.2 13.01.2012
13 11420 16.02.2012-20.02.2012 B5.3 27.02.2012
14 11429 07.03.2012-10.03.2012 X5.4 07.03.2012
15 11476 09.05.2012-13.05.2012 M5.7 10.05.2012
16 11515 01.07.2012-05.07.2012 X1.1 06.07.2012
17 11520 10.07.2012-14.07.2012 M2.1 10.07.2012
18 11618 20.11.2012-23.11.2012 M1.6 27.11.2012
19 11711 04.04.2013-07.04.2013 C1.7 03.04.2013
20 11748 18.05.2013-21.05.2013 X1.2 15.05.2013
21 11777 24.06.2013-27.06.2013 M2.9 21.06.2013
22 11823 19.08.2013-22.08.2013 C1.4 23.08.2013
23 11836 31.08.2013-04.09.2013 C8.3 30.08.2013
24 11861 11.10.2013-14.10.2013 C8.5 18.10.2013
25 11872 19.10.2013-22.10.2013 00.0
26 11875 21.10.2013-24.10.2013 X1.0 28.10.2013
27 11890 07.11.2013-10.11.2013 X3.3 05.11.2013
28 11899 17.11.2013-20.11.2013 M1.1 23.11.2013
29 11936 27.12.2013-30.12.2013 M9.9 01.01.2014
30 11944 06.01.2014-09.01.2014 X1.2 07.01.2014
31 11949 12.01.2014-16.01.2014 C1.3 14.01.2014
32 11968 01.02.2014-05.02.2014 M3.8 04.02.2014
33 11974 10.02.2014-13.02.2014 M3.7 12.02.2014
34 11991 02.03.2014-05.03.2014 M1.1 28.02.2014
35 12002 12.03.2014-15.03.2014 M1.7 10.03.2014
36 12014 24.03.2014-27.03.2014 M1.7 20.03.2014
37 12061 15.05.2014-18.05.2014 C2.1 26.05.2014
38 12075 27.05.2014-31.05.2014 00.0
39 12090 15.06.2014-18.06.2014 00.0
40 12109 07.07.2014-10.07.2014 C6.5 13.07.2014

Òàáëèöà 1

ÁÀÇÎÂÛÅ ÏÀÐÀÌÅÒÐÛ ÈÑÑËÅÄÓÅÌÛÕ ÀÎ
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àòìîñôåðû âûñîêîãî ïðîñòðàíñòâåííîãî ðàçðåøåíèÿ. Äëÿ ðàñ÷åòà âåëè÷èíû

zB  èñïîëüçóåòñÿ ôîðìóëà:

. 
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Ïðîèçâîäíûå xBz   è yBz   ðàññ÷èòàíû ñ ïðèìåíåíèåì ôîðìóë

ïðèáëèæåííîãî âû÷èñëåíèÿ. Çäåñü èñïîëüçîâàíà ôîðìóëà âû÷èñëåíèÿ ïðîèç-

1 2 3 4

41 12121 26.07.2014-29.07.2014 C2.2 25.07.2014
42 12149 26.08.2014-29.08.2014 M1.2 22.08.2014
43 12158 09.09.2014-12.09.2014 X1.6 10.09.2014
44 12192 22.10.2014-25.10.2014 X3.1 24.10.2014
45 12205 08.11.2014-12.11.2014 X1.6 07.11.2014
46 12222 30.11.2014-04.12.2014 M1.8 01.12.2014
47 12236 15.12.2014-19.12.2014 C2.8 12.12.2014
48 12253 03.01.2015-06.01.2015 M1.3 04.01.2015
49 12261 13.01.2015-17.01.2015 00.0
50 12268 27.01.2015-30.01.2015 M2.1 29.01.2015
21 12297 11.03.2015-14.03.2015 X2.2 11.03.2015
52 12305 25.03.2015-29.03.2015 C8.7 25.03.2015
53 12320 06.04.2015-09.04.2015 M1.4 08.04.2015
54 12339 10.05.2015-13.05.2015 M1.9 06.05.2015
55 12348 17.05.2015-21.05.2015 00.0
56 12367 15.06.2015-19.06.2015 M3.8 21.06.2015
57 12371 20.06.2015-23.06.2015 M7.9 25.06.2015
58 12381 07.07.2015-10.07.2015 M1.7 06.07.2015
59 12396 06.08.2015-09.08.2015 C5.4 07.08.2015
60 12403 22.08.2015-25.08.2015 M5.6 24.08.2015
61 12421 23.09.2015-27.09.2015 C9.4 27.09.2015
62 12443 02.11.2015-05.11.2015 M3.7 04.11.2015
63 12470 17.12.2015-21.12.2015 C4.6 18.12.2015
64 12473 25.12.2015-30.12.2015 M4.7 23.12.2015
65 12480 10.01.2016-14.01.2016 C1.7 15.01.2016
66 12494 05.02.2016-07.02.2016 C5.2 04.02.2016
67 12529 12.04.2016-16.04.2016 M6.7 18.04.2016
68 12544 13.05.2016-16.05.2016 C3.4 15.05.2016
69 12615 02.12.2016-05.12.2016 M1.2 29.11.2016
70 12644 27.03.2017-30.03.2017 M5.8 03.04.2017
71 12673 02.09.2017-05.09.2017 X9.3 06.09.2017
72 12674 03.09.2017-06.09.2017 C5.2 30.08.2017
73 12680 14.09.2017-17.09.2017 C3.0 12.09.2017
74 12699 09.02.2018-12.02.2018 C8.1 07.02.2018
75 12741 11.05.2019-14.05.2019 C2.0 15.05.2019

Òàáëèöà 1 (Îêîí÷àíèå)
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âîäíîé ïî ïÿòè òî÷êàì (ïèêñåëàì íà ìàãíèòîãðàììå):

         
, 

12

2882 0000
0

h

hxfhxfhxfhxf
xf


 (2)

ãäå x
0
 - ïèêñåë, â êîòîðîì íåîáõîäèìî âû÷èñëèòü çíà÷åíèå ïðîèçâîäíîé, h

- øàã äèôôåðåíöèðîâàíèÿ, ðàâíûé â íàøåì ñëó÷àå ïðîñòðàíñòâåííîìó

ðàçðåøåíèþ èíñòðóìåíòà HMI/SDO. Âåëè÷èíà ãðàäèåíòà ìàãíèòíîãî ïîëÿ

âû÷èñëåíà â åäèíèöàõ Ãñ êì-1. Âûáîð îêíà äèôôåðåíöèðîâàíèÿ â ïÿòü òî÷åê

îáóñëîâëåí òåì, ÷òî ïðè äèôôåðåíöèðîâàíèè ïî ìåíüøåìó êîëè÷åñòâó òî÷åê,

ïîëó÷àåìûå ðåçóëüòàòû áóäóò ñèëüíî çàøóìëåíû, à äèôôåðåíöèðîâàíèå ïî

áîëüøåìó êîëè÷åñòâó òî÷åê ïðèâåäåò ê ïîòåðå ÷àñòè çíà÷èìîé èíôîðìàöèè.

Ðåàëèçàöèÿ ïåðâîãî ïîäõîäà ïîçâîëÿåò ïîñòðîèòü äåòàëèçèðîâàííóþ êàðòó

ðàñïðåäåëåíèÿ âåëè÷èíû zB  íà çàäàííîì óðîâíå ñîëíå÷íîé àòìîñôåðû.

Ïðèìåð ïîäîáíîé êàðòû, âû÷èñëåííûé íà îñíîâàíèè äàííûõ î ïðîñòðàíñò-

âåííîì ðàñïðåäåëåíèè íà óðîâíå ôîòîñôåðû Ñîëíöà zB -êîìïîíåíòû âåêòîðà

ìàãíèòíîãî ïîëÿ, ïðåäñòàâëåí íà ðèñ.1. Æèðíîé áåëîé êðèâîé íà ðèñóíêå

îáîçíà÷åíû ãðàíèöû ÀÎ (ìàñêà bitmap, ïîñòàâëÿåìàÿ ñ ïàêåòîì ìàãíèòîãðà-

ôè÷åñêèõ äàííûõ èíñòðóìåíòà HMI/SDO) íà ïðÿìîóãîëüíîé SHARP-

ìàãíèòîãðàììå. Ïàðàìåòðû, îïèñûâàþùèå ïîïåðå÷íóþ ñîñòàâëÿþùóþ ãðàäèåíòà

Ðèñ.1. Ââåðõó - ìàãíèòîãðàììà âåðòèêàëüíîé 
z
B  ñîñòàâëÿþùåé âåêòîðà ìàãíèòíîãî

ïîëÿ îáëàñòè NOAA 11158 àíàëèçèðóåìîé âûáîðêè. Âíèçó - êàðòà ðàñïðåäåëåíèÿ âåëè÷èíû

z
B


 , âû÷èñëåííàÿ ñ ïðèìåíåíèåì ñîâðåìåííîãî ïîäõîäà. Æèðíîé áåëîé êðèâîé
îáîçíà÷åíû ãðàíèöû ÀÎ.
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ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ, âû÷èñëÿëèñü òîëüêî â ïèêñåëàõ, ëåæàùèõ

âíóòðè æèðíîé áåëîé êðèâîé.

Â êà÷åñòâå ïåðâîãî ïàðàìåòðà, îïèñûâàþùåãî ãðàäèåíò ïðîäîëüíîãî

ìàãíèòíîãî ïîëÿ, áûëà âûáðàíà ñðåäíÿÿ ïî ÀÎ âåëè÷èíà zB :

 
, 

,,

bitmap

bitmapjiz

z
N

B
B






 (3)

ãäå ÷èñëèòåëü äðîáè ïðåäñòàâëÿåò ñîáîé ñóììó çíà÷åíèé âåëè÷èíû zB  â

êàæäîì ïèêñåëå âíóòðè ìàñêè bitmap, à çíàìåíàòåëü ñîäåðæèò îáùåå êîëè÷åñòâî

ïèêñåëåé â ìàñêå.

Ïàðàìåòð zB  âû÷èñëåí äëÿ êàæäîé ÀÎ àíàëèçèðóåìîé âûáîðêè è äëÿ

êàæäîé ìàãíèòîãðàììû çà âðåìÿ ìîíèòîðèíãà îáëàñòè. Âðåìåííûå èçìåíåíèÿ

âåëè÷èíû zB  ñîïîñòàâëåíû â êàæäîì ñëó÷àå ñ äèíàìèêîé âñïûøå÷íîé

ïðîäóêòèâíîñòè ÀÎ. Íåñêîëüêî òèïè÷íûõ ãðàôèêîâ âðåìåííûõ âàðèàöèé

âåëè÷èíû zB  ïðåäñòàâëåíû íà ðèñ.2 è ðèñ.3. Íà ðèñ.2 ïîêàçàíà äèíàìèêà

ïàðàìåòðà zB  äëÿ òðåõ ÀÎ ñ íèçêîé àêòèâíîñòüþ, íà ðèñ.3 - äëÿ òðåõ

îáëàñòåé ñ âûñîêîé àêòèâíîñòüþ. Òàêæå íà ãðàôèêàõ ïîêàçàíà äèíàìèêà

ñóììàðíîãî áåççíàêîâîãî ìàãíèòíîãî ïîòîêà (ñåðàÿ äâîéíàÿ êðèâàÿ) è äàííûå

êîñìè÷åñêîãî àïïàðàòà GOES-15 î ïîòîêå ðåíòãåíîâñêîãî èçëó÷åíèÿ â äèàïàçîíå

äëèí âîëí 1-8Å  íà îðáèòå Çåìëè (òîíêàÿ ÷åðíàÿ êðèâàÿ). Óêàçàíû ðåíòãåíîâñêèå

êëàññû íàèáîëåå ìîùíûõ âñïûøåê (ðåíòãåíîâñêîãî êëàññà M1.0 è âûøå),

àññîöèèðîâàííûõ ñ èññëåäóåìîé ÀÎ çà âðåìÿ åå ìîíèòîðèíãà.

Èç ãðàôèêîâ ïðåäñòàâëåííûõ íà ðèñ.2 è ðèñ.3 âèäíî, ÷òî âåëè÷èíà

zB  ìàëî ðàçëè÷àåòñÿ äëÿ îáëàñòåé ñ íèçêîé è âûñîêîé àêòèâíîñòüþ.

Îáúÿñíèòü ýòî ìîæíî òåì, ÷òî ïàðàìåòð zB  ÿâëÿåòñÿ çàâèñèìûì îò

ïëîùàäè ÀÎ (ñì. âûðàæåíèå (3)).

Åùå îäíèì ïàðàìåòðîì, êîòîðûé ìîæåò õàðàêòåðèçîâàòü ïîïåðå÷íóþ ñîñòàâ-

ëÿþùóþ ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ, ÿâëÿåòñÿ åå ìàêñèìàëüíîå

çíà÷åíèå. Îäíàêî ê äàííîé õàðàêòåðèñòèêå íóæíî îòíîñèòüñÿ êðàéíå îñòîðîæíî:

ó÷èòûâàÿ, ÷òî øàã äèôôåðåíöèðîâàíèÿ ñîñòàâëÿåò ïîðÿäêà 360 êì (ïðîñòðàíñò-

âåííîå ðàçðåøåíèå HMI/SDO), â îòäåëüíûõ ñëó÷àÿõ ìàêñèìàëüíîå çíà÷åíèå

âåëè÷èíû zB  ìîæåò íàõîäèòüñÿ â ïðîñòðàíñòâå ìåæäó äâóìÿ ñîñåäíèìè

ïèêñåëàìè ñ áëèçêèìè çíà÷åíèÿìè âåëè÷èíû ïîïåðå÷íîé ñîñòàâëÿþùåé ãðàäèåíòà

ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ. Ó÷èòûâàÿ äàííîå îáñòîÿòåëüñòâî, áûëî ïðèíÿòî

ðåøåíèå ñäåëàòü ïàðàìåòðîì, îïèñûâàþùèì ïîïåðå÷íóþ ñîñòàâëÿþùóþ ãðàäèåíòà

ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ íå ìàêñèìàëüíîå çíà÷åíèå ãðàäèåíòà, à ñðåäíþþ

âåëè÷èíó ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ ïèêñåëîâ, îêðóæàþùèõ ïèêñåë

ñ ìàêñèìàëüíûì çíà÷åíèåì âåëè÷èíû zB :
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Ðèñ.2. Äèíàìèêà âåëè÷èíû 
z
B


  (÷åðíàÿ æèðíàÿ êðèâàÿ) äëÿ îáëàñòåé NOAA 12480,

12494 è 12674 àíàëèçèðóåìîé âûáîðêè ñ íèçêîé âñïûøå÷íîé àêòèâíîñòüþ. Ñåðîé äâîéíîé
êðèâîé ïîêàçàíû âðåìåííûå âàðèàöèè ñóììàðíîãî áåççíàêîâîãî ìàãíèòíîãî ïîòîêà îáëàñòè,
òîíêîé ÷åðíîé êðèâîé - ïîòîê ðåíòãåíîâñêîãî èçëó÷åíèÿ Ñîëíöà â äèàïàçîíå äëèí âîëí 1-

8 Å  íà îðáèòå Çåìëè (ïî äàííûì êîñìè÷åñêîãî àïïàðàòà GOES-15). Ãîðèçîíòàëüíûå øòðèõîâûå
ëèíèè ðàçíîé èíòåíñèâíîñòè îáîçíà÷àþò óðîâåíü ðåíòãåíîâñêîãî èçëó÷åíèÿ, ñîîòâåòñòâóþùèé
âñïûøêå ðåíòãåíîâñêîãî êëàññà Ñ1.0 (íèæíÿÿ), Ì1.0 (ñðåäíÿÿ), Õ1.0 (âåðõíÿÿ).
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ãäå x, y - êîîðäèíàòû ïèêñåëà ñ ìàêñèìàëüíûì çíà÷åíèåì âåëè÷èíû zB .

Âåëè÷èíà zBmax  âû÷èñëåíà äëÿ êàæäîé ÀÎ àíàëèçèðóåìîé âûáîðêè

è äëÿ êàæäîé ìàãíèòîãðàììû çà âðåìÿ ìîíèòîðèíãà îáëàñòè. Âðåìåííûå

èçìåíåíèÿ ïàðàìåòðà zBmax  ñîïîñòàâëåíû â êàæäîì ñëó÷àå ñ äèíàìèêîé

âñïûøå÷íîé ïðîäóêòèâíîñòè ÀÎ. Òèïè÷íûå ãðàôèêè âðåìåííûõ âàðèàöèé

ïàðàìåòðà zBmax  äëÿ òðåõ îáëàñòåé àíàëèçèðóåìîé âûáîðêè ñ íèçêîé

Ðèñ.3. Òî æå, ÷òî è íà ðèñ.2, íî äëÿ îáëàñòåé NOAA 11890, 12192 è 12297 àíàëèçèðóåìîé

âûáîðêè ñ âûñîêîé âñïûøå÷íîé ïðîäóêòèâíîñòüþ. Â êàæäîì ñëó÷àå óêàçàíû ðåíòãåíîâñêèå
êëàññû íàèáîëåå ìîùíûõ âñïûøåê, àññîöèèðîâàííûõ ñ èññëåäóåìîé ÀÎ.
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àêòèâíîñòüþ ïðåäñòàâëåíû íà ðèñ.4, äëÿ òðåõ îáëàñòåé ñ âûñîêîé àêòèâíîñòüþ

- íà ðèñ.5. Íà ãðàôèêàõ ïîêàçàíà äèíàìèêà ñóììàðíîãî áåççíàêîâîãî ìàã-

íèòíîãî ïîòîêà (ñåðàÿ äâîéíàÿ êðèâàÿ) è äàííûå êîñìè÷åñêîãî àïïàðàòà

GOES-15 î ïîòîêå ðåíòãåíîâñêîãî èçëó÷åíèÿ â äèàïàçîíå äëèí âîëí 1-8 Å

íà îðáèòå Çåìëè (òîíêàÿ ÷åðíàÿ êðèâàÿ). Óêàçàíû ðåíòãåíîâñêèå êëàññû

Ðèñ.4. Äèíàìèêà âåëè÷èíû 
z
B


max  (÷åðíàÿ æèðíàÿ êðèâàÿ) äëÿ îáëàñòåé NOAA

12480, 12494 è 12674 àíàëèçèðóåìîé âûáîðêè ñ íèçêîé âñïûøå÷íîé àêòèâíîñòüþ. Îñòàëüíûå
îáîçíà÷åíèÿ òå æå, ÷òî è íà ðèñ.2.
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íàèáîëåå ìîùíûõ âñïûøåê (ðåíòãåíîâñêîãî êëàññà M1.0 è âûøå),

àññîöèèðîâàííûõ ñ èññëåäóåìîé ÀÎ çà âðåìÿ åå ìîíèòîðèíãà.

Êàê ñëåäóåò èç ãðàôèêîâ, ïðåäñòàâëåííûõ íà ðèñ.4 è ðèñ.5, âåëè÷èíà

zBmax  ÿâëÿåòñÿ áîëåå èíôîðìàòèâíîé, ÷åì zB . Äåéñòâèòåëüíî, â

ïîäàâëÿþùåì áîëüøèíñòâå ðàññìîòðåííûõ ñëó÷àåâ, â îáëàñòÿõ ñ âûñîêîé

âñïûøå÷íîé àêòèâíîñòüþ ýòîò ïàðàìåòð èìååò áîëåå âûñîêèå çíà÷åíèÿ è

Ðèñ.5. Òî æå, ÷òî è íà ðèñ.4, íî äëÿ îáëàñòåé NOAA 11890, 12192 è 12297 àíàëèçèðóåìîé
âûáîðêè ñ âûñîêîé âñïûøå÷íîé ïðîäóêòèâíîñòüþ. Â êàæäîì ñëó÷àå óêàçàíû ðåíòãåíîâñêèå

êëàññû íàèáîëåå ìîùíûõ âñïûøåê, àññîöèèðîâàííûõ ñ èññëåäóåìîé ÀÎ.
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ïðåòåðïåâàåò áîëåå ñóùåñòâåííûå âðåìåííûå âàðèàöèè, ÷åì â îáëàñòÿõ ñ

íèçêîé àêòèâíîñòüþ.

3.2. Êëàññè÷åñêèé ïîäõîä ê âû÷èñëåíèþ ïîïåðå÷íîé ñîñòàâëÿ-

þùåé ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ. Âòîðîé ïîäõîä ê

âû÷èñëåíèþ âåëè÷èíû zB  - êëàññè÷åñêèé. Ïîñêîëüêó ìàãíèòîãðàôû ðàííèõ

ìîäåëåé èìåëè ñóùåñòâåííî áîëåå íèçêîå ïðîñòðàíñòâåííîå ðàçðåøåíèå, ÷åì

ñîâðåìåííûå èíñòðóìåíòû ïîäîáíîãî êëàññà, ïîñòðîèòü äåòàëèçèðîâàííûå

êàðòû ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ ïîïåðå÷íîé ñîñòàâëÿþùåé ãðàäèåíòà

ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ áûëî íåâîçìîæíî. Â òàêèõ óñëîâèÿõ âåëè÷èíà

zB  âû÷èñëÿåòñÿ ìåæäó ïàðàìè ïÿòåí â ÀÎ (õîëìàìè ìàãíèòíîãî ïîëÿ)

êàê àáñîëþòíîå çíà÷åíèå ðàçíîñòè ìàêñèìàëüíûõ (ìèíèìàëüíûõ) çíà÷åíèé

íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ â ïÿòíàõ maxziB , maxzjB , ðàçäåëåííîå íà

ðàññòîÿíèå ìåæäó òî÷êàìè ñ ìàêñèìàëüíûìè (ìèíèìàëüíûìè) íàïðÿæåííîñòÿìè

ìàãíèòíîãî ïîëÿ â ýòèõ ïÿòíàõ    22
jiji yyxxr  :

   
. 

22
jiji

maxzjmaxzi

z

yyxx

BB
B




 (5)

Ïóñòü èìååòñÿ íåêàÿ ÀÎ, â êîòîðîé ìîæíî âûäåëèòü íåñêîëüêî ïÿòåí ñ

ñèëüíûìè ìàãíèòíûìè ïîëÿìè (ðèñ.6). Ìàãíèòíîå ïîëå â ïÿòíå ïîäðàçóìåâàåòñÿ

ñèëüíûì, åñëè ìàêñèìàëüíàÿ åãî íàïðÿæåííîñòü (àáñîëþòíîå çíà÷åíèå) ïðåâûøàåò

1600 Ãñ. Ýòî çíà÷åíèå ïîëó÷åíî ñëåäóþùèì îáðàçîì: îòñåêàþòñÿ ìàãíèòíûå

ïîëÿ, êîòîðûå íèæå óäâîåííîãî çíà÷åíèÿ ìàãíèòíîãî ïîëÿ, òèïè÷íîãî äëÿ

ïîëóòåíè ðàçâèòîãî ïÿòíà (±800 Ãñ). Ìîæíî áûëî áû ïîñòóïèòü èíà÷å: îòñå÷ü

ìàãíèòíûå ïîëÿ ñ àáñîëþòíûì çíà÷åíèåì íèæå 1000 Ãñ (ìèíèìàëüíîå ìàãíèòíîå

ïîëå â ðàçâèòîì ïÿòíå). Â òàêîì ñëó÷àå, ïîìèìî îñíîâíûõ ïÿòåí, çàíèìàþùèõ

çíà÷èòåëüíóþ ïëîùàäü, ìû ïîëó÷èëè áû è áîëüøîå êîëè÷åñòâî ìåëêèõ ñòðóêòóð.

Çàòåì ïîòðåáîâàëîñü áû îòñå÷ü ìåëêèå ïÿòíà, ïëîùàäü êîòîðûõ ìåíüøå íåêîòîðîãî

ïîðîãà â n ïèêñåëåé. Îäíàêî â äàííîì ñëó÷àå ñðàçó æå âîçíèêàåò âîïðîñ î òîì,

êàêîå ìèíèìàëüíîå êîëè÷åñòâî ïèêñåëåé äîëæíî çàíèìàòü ïÿòíî, ÷òîáû âîçíèêëà

íåîáõîäèìîñòü åãî ó÷åòà ïðè âû÷èñëåíèè ãðàäèåíòà ìàãíèòíîãî ïîëÿ è êàê

àðãóìåíòèðîâàòü èìåííî ýòîò ïîðîã.

Âûäåëèâ îòäåëüíûå ïÿòíà â ÀÎ, äàëåå íåïîñðåäñòâåííî ïðèñòóïàåì ê

âû÷èñëåíèþ ãðàäèåíòîâ ìåæäó êàæäîé ïàðîé ïÿòåí, èñïîëüçóÿ âûðàæåíèå

(5). Èçíà÷àëüíî ðàññ÷èòûâàåì ãðàäèåíòû ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ ìåæäó

ïåðâûì ïÿòíîì è ïîñëåäóþùèìè (÷åðíûå ñòðåëêè íà âåðõíåé ïàíåëè ðèñ.6),

äàëåå - ìåæäó âòîðûì ïÿòíîì è ïîñëåäóþùèìè (òåìíî-ñåðûå ñòðåëêè íà

âåðõíåé ïàíåëè ðèñ.6) è ò.ä. Î÷åâèäíî òàêæå, ÷òî    1221   zz BB ,

   1331   zz BB  è ò.ä. Ïîýòîìó âåëè÷èíà ïîïåðå÷íîé ñîñòàâëÿþ-
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ùåé ãðàäèåíòà ìàãíèòíîãî ïîëÿ ìåæäó ïÿòíàìè â òàêèõ ñëó÷àÿõ ðàññ÷èòûâàëàñü

òîëüêî îäèí ðàç.

Ïîëó÷èâ äëÿ ìàãíèòîãðàììû èññëåäóåìîé ÀÎ çíà÷åíèÿ âåëè÷èí zB

äëÿ âñåõ ïàð ïÿòåí, èç ñîâîêóïíîñòè çíà÷åíèé âåëè÷èíû zB  âûáèðàåòñÿ

ìàêñèìàëüíîå (îáîçíà÷èì åãî êàê  spzBmax ) äëÿ äàííîãî ìîìåíòà âðåìåíè.

Ïàðàìåòð  spzBmax  âû÷èñëÿåòñÿ äëÿ êàæäîé ÀÎ àíàëèçèðóåìîé âûáîðêè

çà âåñü âðåìåííîé èíòåðâàë åå ìîíèòîðèíãà. Äàëåå ñòðîèòñÿ ãðàôèê âðåìåííûõ

âàðèàöèé âåëè÷èíû  spzBmax . Ïðèìåðû òàêèõ ãðàôèêîâ ïðåäñòàâëåíû íà

ðèñ.7 (äëÿ òðåõ îáëàñòåé àíàëèçèðóåìîé âûáîðêè ñ íèçêîé àêòèâíîñòüþ) è

ðèñ.8 (äëÿ òðåõ îáëàñòåé ñ âûñîêîé àêòèâíîñòüþ). Òàêæå ïîêàçàí ïîòîê

ðåíòãåíîâñêîãî èçëó÷åíèÿ â äèàïàçîíå äëèí âîëí 1-8 Å  íà îðáèòå Çåìëè

(÷åðíàÿ òîíêàÿ êðèâàÿ, äàííûå êîñìè÷åñêîãî àïïàðàòà GOES-15). Óêàçàíû

ðåíòãåíîâñêèå êëàññû íàèáîëåå ìîùíûõ âñïûøåê (ðåíòãåíîâñêîãî êëàññà íå

Ðèñ.6. Ââåðõó - ñõåìà ðàáîòû IDL-êîäà, ïîçâîëÿþùåãî âû÷èñëÿòü ïîïåðå÷íóþ êîìïîíåíòó
ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ ìåæäó ïàðàìè ïÿòåí (õîëìàìè ìàãíèòíîãî ïîëÿ)
â ÀÎ, ïðèìåíÿÿ êëàññè÷åñêèé ïîäõîä ê âû÷èñëåíèþ ãðàäèåíòà ìàãíèòíîãî ïîëÿ (áîëåå

äåòàëüíî ñì. òåêñò). Âíèçó - ðåçóëüòàò ðàáîòû IDL-êîäà ïî âûäåëåíèþ õîëìîâ ìàãíèòíîãî
ïîëÿ íà ïðèìåðå ìàãíèòîãðàììû îáëàñòè NOAA 11158 íà ìîìåíò âðåìåíè 08:00UT 15
ôåâðàëÿ 2011ã. Ñâåòëûìè êîíòóðàìè íà êàðòå îáîçíà÷åíû îáëàñòè ñ àáñîëþòíîé íàïðÿæåí-

íîñòüþ ìàãíèòíîãî ïîëÿ âûøå 1600 Ãñ.
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íèæå M1.0), àññîöèèðîâàííûõ ñ èññëåäóåìîé ÀÎ çà âðåìÿ åå ìîíèòîðèíãà.

Àíàëèçèðóÿ ãðàôèêè, ïðåäñòàâëåííûå íà ðèñ.7 è ðèñ.8, ìîæíî ñêàçàòü

ñëåäóþùåå:

1) Âåëè÷èíà  spzBmax  â îáëàñòÿõ ñ íèçêîé àêòèâíîñòüþ ìåíüøå,

÷åì â îáëàñòÿõ ñ âûñîêîé âñïûøå÷íîé àêòèâíîñòüþ.

2) Äèíàìèêà âåëè÷èíû  spzBmax  â áîëüøèíñòâå ðàññìîòðåííûõ

ñëó÷àåâ áîëüøå â îáëàñòÿõ ñ âûñîêîé àêòèâíîñòüþ. Íà ãðàôèêàõ ðèñ.8 ìîæíî

çàìåòèòü âåñüìà ñóùåñòâåííûå ñêà÷êè âåëè÷èíû  spzBmax , êîòîðûå,

âåðîÿòíî, îáóñëîâëåíû ýâîëþöèåé ìàãíèòíîãî ïîëÿ â ÀÎ. Ïîäîáíûå èçìåíåíèÿ

ìîãóò áûòü ñâÿçàíû ëèáî ñ ðàñïàäîì îäíîãî èç äâóõ ïÿòåí, ìåæäó êîòîðûìè

ïðîãðàììà ðàíåå îïðåäåëÿëà ìàêñèìàëüíîå çíà÷åíèå ãðàäèåíòà ìàãíèòíîãî

ïîëÿ, è, ñîîòâåòñòâåííî, ïåðåõîä íà èíóþ ïàðó ïÿòåí (â ýòîì ñëó÷àå íàáëþ-

äàåòñÿ ñêà÷êîîáðàçíîå óìåíüøåíèå âåëè÷èíû  spzBmax  íà ãðàôèêå), èëè

æå âñïëûòèåì íîâîãî ìàãíèòíîãî ïîòîêà ñ äîñòàòî÷íî âûñîêîé íàïðÿæåííîñòüþ

ìàãíèòíîãî ïîëÿ âáëèçè îäíîãî èç ïÿòåí (â òàêîì ñëó÷àå íàáëþäàåòñÿ ñêà÷êî-

îáðàçíîå íàðàñòàíèå âåëè÷èíû  spzBmax ).

Êðàéíå èíòåðåñíûì ñòàëî îáíàðóæåíèå äëÿ îáëàñòè NOAA 11283 (ñì.

ðèñ.8) âðåìåííîé çàäåðæêè â 19 ÷ ìåæäó ñòàáèëüíûì íàðàñòàíèåì âåëè÷èíû

 zBmax  è íà÷àëîì ðàçâèòèÿ âñïûøêè ðåíòãåíîâñêîãî êëàññà Ì5.3, ïåðâîé

èç ñåðèè ìîùíûõ âñïûøå÷íûõ ïðîöåññîâ. Â ïðåäûäóùåé ðàáîòå [31] áëèçêèå

ðåçóëüòàòû áûëè ïîëó÷åíû òàêæå äëÿ îáëàñòåé NOAA 11158 è 12673 (çäåñü

âðåìåííàÿ çàäåðæêà ñîñòàâëÿëà 23-25 ÷). Ýòîò ðåçóëüòàò òàêæå õîðîøî ñîãëà-

ñóåòñÿ ñ äàííûìè, ïîëó÷åííûìè ïðè èçó÷åíèè ëîêàëüíûõ âåðòèêàëüíûõ

ýëåêòðè÷åñêèõ òîêîâ [33]. Òàêèì îáðàçîì, ìîæíî ñäåëàòü âûâîä î õàðàêòåðíîì

âðåìåíè ïîðÿäêà 18-20 ÷, êîòîðîå, âåðîÿòíî, íåîáõîäèìî äëÿ íàêîïëåíèÿ

ýíåðãèè íåïîòåíöèàëüíûõ ìàãíèòíûõ ïîëåé è åå ïåðåäà÷è â âåðõíèå ñëîè

ñîëíå÷íîé àòìîñôåðû. Ïîëó÷åííûé ðåçóëüòàò ìîæåò áûòü èñïîëüçîâàí êàê

ïðåäèêòîð ðîñòà âñïûøå÷íîé àêòèâíîñòè ÀÎ â êðàòêîñðî÷íîì (ñ çàáëàãî-

âðåìåííîñòüþ ïîðÿäêà ñóòîê) ïðîãíîçå êîñìè÷åñêîé ïîãîäû.

4. Âûâîäû è îáñóæäåíèå. Íà ñòàòèñòè÷åñêè çíà÷èìîé âûáîðêå èç 75

ÀÎ 24-ãî öèêëà ñîëíå÷íîé àêòèâíîñòè, îáëàäàþùèõ ðàçíûì óðîâíåì

âñïûøå÷íîé ïðîäóêòèâíîñòè, îïðåäåëåíû ïàðàìåòðû, õàðàêòåðèçóþùèå

âåëè÷èíó ïîïåðå÷íîé ñîñòàâëÿþùåé ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ

zB , èçó÷åíà èõ äèíàìèêà çà âðåìÿ ìîíèòîðèíãà ÀÎ. Ïîëó÷åíû ñëåäóþùèå

ðåçóëüòàòû:

1. Ñðåäíÿÿ ïî ÀÎ âåëè÷èíà zB  è åå äèíàìèêà ìàëî ðàçëè÷àåòñÿ äëÿ

îáëàñòåé ñ íèçêîé è âûñîêîé àêòèâíîñòüþ: äëÿ ïîäàâëÿþùåãî áîëüøèíñòâà

îáëàñòåé àíàëèçèðóåìîé âûáîðêè äàííûé ïàðàìåòð íàõîäèòñÿ â äèàïàçîíå

çíà÷åíèé 0.08-0.12 Ãñ êì-1. Ïîëó÷åííûé ðåçóëüòàò ìîæíî îáúÿñíèòü
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çàâèñèìîñòüþ âåëè÷èíû zB  îò ïëîùàäè ÀÎ.

2. Ñðåäíÿÿ âåëè÷èíà zB  â îêðåñòíîñòè åãî ìàêñèìàëüíîãî çíà÷åíèÿ

zBmax  è åå äèíàìèêà â ïîäàâëÿþùåì áîëüøèíñòâå ðàññìîòðåííûõ

ñëó÷àåâ áîëüøå â îáëàñòÿõ ñ áîëåå âûñîêèì óðîâíåì âñïûøå÷íîé ïðîäóê-

òèâíîñòè.

Ðèñ.7. Äèíàìèêà âåëè÷èíû spz
B )(max


  (÷åðíàÿ æèðíàÿ êðèâàÿ) äëÿ îáëàñòåé NOAA

11391, 11777 è 12381 àíàëèçèðóåìîé âûáîðêè ñ íèçêîé âñïûøå÷íîé àêòèâíîñòüþ. Îñòàëüíûå
îáîçíà÷åíèÿ òå æå, ÷òî è íà ðèñ.2.
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3. ×èñëåííûå çíà÷åíèÿ âåëè÷èíû zB  ìåæäó ïÿòíàìè 
spzBmax

è åå äèíàìèêà â ïîäàâëÿþùåì ÷èñëå ðàññìîòðåííûõ ñëó÷àåâ áîëüøå â

îáëàñòÿõ ñ áîëåå âûñîêèì óðîâíåì âñïûøå÷íîé ïðîäóêòèâíîñòè.

4. Â îáëàñòè NOAA 11283 èçó÷åíèå äèíàìèêè ïàðàìåòðà 
spzBmax

Ðèñ.8. Òî æå, ÷òî è íà ðèñ.7, íî äëÿ îáëàñòåé NOAA 11283, 12158 è 12371 àíàëèçèðóåìîé
âûáîðêè ñ âûñîêîé âñïûøå÷íîé ïðîäóêòèâíîñòüþ. Â êàæäîì ñëó÷àå óêàçàíû ðåíòãåíîâñêèå
êëàññû íàèáîëåå ìîùíûõ âñïûøåê, àññîöèèðîâàííûõ ñ èññëåäóåìîé ÀÎ. Äëÿ îáëàñòè NOAA

11283 èíòåðâàë ñòàáèëüíîãî íàðàñòàíèÿ âåëè÷èíû spz
B )(max
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ïîçâîëèëî îáíàðóæèòü âðåìåííóþ çàäåðæêó ïîðÿäêà 19 ÷ ìåæäó ñòàáèëüíûì

íàðàñòàíèåì âåëè÷èíû 
spzBmax  è íà÷àëîì ðàçâèòèÿ ïåðâîé (ðåíòãåíîâñêèé

êëàññ Ì5.3) èç ñåðèè ìîùíûõ âñïûøåê.

Àâòîð ïðèçíàòåëåí êîëëåãàì ïî èññëåäîâàòåëüñêîé ãðóïïå, ñîòðóäíèêàì
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TRANSVERSE GRADIENTS OF A LONGITUDINAL
MAGNETIC FIELD IN ACTIVE REGIONS WITH

DIFFERENT LEVEL OF FLARE PRODUCTIVITY. I.
CALCULATION METHODS AND DYNAMICS

OF SELECTED PARAMETERS

Yu.A.FURSYAK

The aim of this work is to study the dynamics of parameters describing the

transverse component of the longitudinal magnetic field gradient zB  in active

regions (ARs) with different levels of flare productivity. The data obtained by the

Helioseismic and Magnetic Imager (HMI) instrument onboard the Solar Dynamics

Observatory (SDO) was used to analyse 75 ARs of the 24th cycle of solar activity.

To calculate the value of zB , two approaches are applied - modern and classical.

In each case, the parameters describing the quantity zB  in the AO are

determined. For the modern approach, these are the zB  AR-averaged value

zB  and the zB  average value in the vicinity of the point with its maximum

value zBmax , for the classical approach is the maximum value between pairs

of spots in the AR 
spzBmax . The dynamics of the selected parameters during

the monitoring time of each of the ARs of the analyzed sample was studied. It

is shown that: 1. The scatter of zB  values is small (for the vast majority of

the studied ARs it is within 0.08-0.12 G km-1) and differs little for ARs with low

and high flare productivity. 2. Numerical values of the parameter zBmax  and

its dynamics in the overwhelming majority of cases considered are greater in ARs
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with a higher level of flare productivity. 3. The numerical values of the parameter

spzBmax  and its dynamics are greater in ARs with a higher level of flash

productivity. 4. In AO NOAA 11283, a stable increase in the value of 
spzBmax

was recorded approximately 19 hours before the development of the first of a series

of high X-ray classes flares.

Keywords: Sun: active regions: solar flare activity: magnetic field: magnetic field

      gradients
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"Dunkle Materie" (DM) came from unexpected cosmological observations. Nowadays within
our solar system, diverse observations also defy conventional explanations, like the main physical
process(es) underlying the heating of the different solar atmospheric layers. Streaming DM offers
a viable common scenario following gravitational focusing by the solar system bodies. This fits as
the underlying process behind the solar cycle, which was the first signature suggesting a planetary
dependency. The challenge, since 1859, is to find a remote planetary impact, beyond the extremely
feeble planetary tidal force. We stress the possible involvement of an external impact by some
overlooked "streaming invisible matter", which reconciles all investigated mysterious observations
mimicking a not extant remote planetary force. Unexpected planetary relationships exist for both
the dynamic Sun and Earth, reflecting multiple signatures for streaming DM. The local reasoning à
la Zwicky is also suggestive for searches including puzzling biomedical phenomena. Favourite DM
candidates are anti-quark-nuggets, magnetic monopoles, dark photons, or the composite "pearls".
Then, anomalies within the solar system are the manifestation of the dark Universe. The tentative
streaming DM scenario enhances spatiotemporally the DM flux favouring conditions for direct DM
detection or extracting energy from the not-so-invisible as anticipated dark sector.

Keywords: planetary relationship: dark sector: invisible matter: gravitational focusing

1. Introduction. The discovery of "Dunkle Materie" (DM) by Fritz Zwicky

came from unexpected cosmological observations. Today we know that our

Universe is dominated by a mysterious DM.  Its name is synonymous with the

widely used definition, namely: DM does not emit or absorb or reflect electro-

magnetic radiation, making it difficult to detect. Following the reasoning of this

work, this definition is misleading. Because, as we present here, several counter-

examples might be caused by DM, while, at first sight, contradicting the definition

of DM. Our working hypotheses are: Planetary (and solar) gravitational effects on

the non-relativistic "invisible massive particles" can be focused on solar and

planetary atmospheres (Fig.1). They also might interact "strongly", i.e., they can

have a large cross-section with normal matter and radiation; such DM constituents
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interact already in the outer atmosphere. Therefore, the screening by the upper

atmospheric region is significant, strongly suppressing possible signals in deep

underground experimental sites.

With time, a planetary alignment with an incident invisible stream will repeat

provided the stream lasts much longer than the corresponding planetary periodicity.

Often, an observed periodicity reflects either a single planetary orbital period or

a synod of two or more planets, resulting in a signal enhancement. For example,

the 11 years solar cycle coincides with the well-established synod of Jupiter-Earth-

Venus. This probably not random coincidence was suggestive for the streaming

DM scenario as it was proposed in [1] and underpinned by several follow-up

signatures in solar and terrestrial observations along with long series of medical

data on diagnosed melanomata (a type of skin cancer) [2-7]. A planetary

correlation of any observable is then the novel signature for the dark sector, even

though there is not a remote planetary force beyond the extremely feeble and

smooth tidal force. Fortunately, for the streaming DM scenario, the gravitational

deflection of an invisible stream depends inversely proportional to its velocity

squared [8]. This favors enormously non-relativistic speeds like the ones widely

assumed for the constituents of the dark Universe ( 0010.~ c).

This scenario makes also any exo-solar planetary system of potential interest,

since, as for the solar system, they also consist of orbiting gravitational lenses being

probably appropriate to gravitationally focus constituents from the dark sector

(whatever they are made of). After all, gravitational lensing depends considerably

on the velocity of particles. In fact, even the Moon can focus DM particles on

the Earth with velocities up to about 400 km/s covering thus a large fraction of

the DM phase space [3,9,10]. Notice, throughout this work we often refer to

"invisible matter", to distinguish it from the widely used DM which mainly refers

to the celebrated candidates like axions and WIMPs.

The planetary gravitational lensing effects within the solar system become

enormous only if invisible matter consists, at least partly, in the form of streams.

Interestingly, recent cosmological considerations [11] arrived at a very large

number of "fine-grained" DM streams in our Galaxy (up to ~1014). Thus, to

explain unusual or anomalous observations in our vicinity, we also converge on

the existence of streaming "invisible matter" (see e.g. [1,3]). Notice that an

invisible streaming scenario is suggested also by cosmological considerations

[11,12], which are founded on a different reasoning. A posteriori we conclude that

both findings, namely anomalous observations within the solar system, or the

cosmological "fine-grained" axion streams, while they are based on a different

logic, both converge towards streaming DM, or invisible matter that includes also

other theoretically not yet foreseen candidates from the dark sector.
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2. Some striking signatures. The underlying idea behind this work goes

along with the reasoning used by Zwicky that has led to the discovery of DM

on cosmological scales. Namely, in the last ~160 years, starting with the quasi

ubiquitous 11 years solar cycle, several unexpected energetic observations within

the solar system defy conventional explanation (see e.g. [3]). This could be due

to the dark Universe [1], whose manifestation at small scales has been overlooked.

Driven by observation, we converge on a class of "invisible" particle candidates

from the dark sector, which could interact with a large cross-section with normal

matter and are different than the parameter phase space for axions and WIMPs

following failed direct searches since a few decades. In fact, we conclude that

although axions or WIMPs are not fitting in, they remain inspiring.

Thus, the striking mysterious heating of the solar corona with its unnatural

step-like temperature inversion, the unpredictable solar activity, the dynamic

Earth's atmosphere, and other observations might all arise from otherwise invisible

streams giving rise to spatiotemporally strong flux enhancements due to gravita-

Fig.1. Schematic representation of gravitational focusing effects of a DM stream by the solar
system. (Top) gravitational focusing by the inner solar system. In this configuration, the galactic

center is on the right side and in the opposite direction of the incident invisible stream; (Bottom)
the free-fall effect of incident low-speed streams may dominate planetary gravitational focusing

towards the Sun since the flux enhancement increases with 
2

incidentescape
)/(  , with escape


 
being the

escape velocity from the Sun and 
incident


 
the initial particle velocity

 
far away from the Sun. The

flux towards Earth can also be gravitationally modulated by intervening planets. The Moon focuses

particles towards the Earth with an incident velocity near the Moon up to ~400 km/s [3,8-10].
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tional lensing effects, within the solar system, by one or more solar system bodies,

including the Sun [3]. The underlying dark constituents can be of diverse nature,

being eventually theoretically not yet introduced, which makes their identification

even more challenging (see below).

Energetic observations include the unpredictable flaring Sun, its irradiance, and

more generally Sun's dynamical behavior [3,13] as it is manifested by the widely

accepted proxy for the dynamic Sun using the solar radio line (F10.7) at 10.7 cm

wavelength. The most energetic planetary relationship is the Sun's size variation

during one solar cycle [13] by about 1 km, with the relative size variation being

at the level of ~10-6. Of note, the required energy to lift 1 km thin layer of the

photosphere ( 710  gram/cm3) by 1 km, is enormous (~1030
 ergs). In addition,

a remarkable planetary dependence of the Sun's elemental composition is observed

[3,14], which makes a widely discussed issue more of a riddle within known

physics; this resembles the planetary relationship observed for solar EUV irradia-

tion above ~20 eV photon energy, which is another manifestation of the otherwise

still mysterious solar corona heating [15]. Similarly, the elemental magnetic bright

points on the solar surface also show planetary relationships [3]. R.Wolf (1859)

with his sunspots observation (see [3] and [7] therein) was the first to suspect

a planetary cause behind the workings of the Sun [1], though with the underlying

process remaining elusive within known physics.

In addition to the otherwise unexpected planetary relationships of various solar

observables, also several nearby terrestrial anomalous phenomena occur in our

upper atmosphere, which is known since the 1930s. For example, what is the

mechanism behind the ionosphere's dynamical behavior that shows also unex-

pected planetary relationship [2]? To put it differently, why is there annually about

25% more atmospheric ionization around December than six months apart around

June? This anomaly is known since 1937 [16]. We recall two extraordinary facts

about the ionosphere: (A) The ionosphere is the most outer terrestrial region that

is directly exposed to outer space. Then, any "invisible" constituents from the dark

Universe may appear first up there, if they interact with normal matter with a

large cross-section (see e.g. [17]). Interestingly, this is still possible for DM

constituents following recent publications [17]. Therefore, this requirement is not

invented here just to support the assumed scenario of this work. In contrast, we

recall that the deep underground direct DM searches address extremely feebly

interacting DM particles due to the screening of "strongly" interacting dark

constituents by the overhead Earth's layers including its atmosphere. (B) Some

cross-disciplinary observations of societal relevance, while the ionosphere is oc-

casionally also involved:

1) The not randomly appearing Earthquakes [14,18], probably happen by

accumulating energy deposition inside the Earth, triggering finally an Earthquake,
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occurring somehow similar to the aforementioned solar radius variation over

relatively long-time intervals. Apparently, it is not necessary for the invisible

stream(s) or clusters (see e.g., [19,20]) to provide spatiotemporally confined the

entire energy liberated during an Earthquake. Though, it can be the external trigger

for an Earthquake to occur. Remarkably, during the largest Earthquakes, also the

ionosphere's plasma state changes over long distances as has been observed by the

orbiting GPS satellites that continuously register the ionospheric plasma for self-

calibration purposes [18].

2) Melanoma diagnoses [4-6] show planetary relationships following Mercury's

88 days orbital period. The observed periodic modulation of daily diagnosed

melanoma cases strikingly coincides with the lunar geocentric sidereal periodicity

of 27.32 days [6]; both periodicities point at a cause of exosolar origin, which

fit-in the tentatively predicted streaming invisible matter scenario [1].

Of note, the aforementioned observations have a common feature. Namely,

they all show an otherwise unexpected planetary relationship, while there is not

some remote planetary force to cause any of the unexpected observations.  With

time, more and more results emerge following this kind of out-of-the-box

approach. This might allow us to finally corner the microscopic nature of the

suspected stream(s), being not as "invisible" as it is widely thought to be [3].

Moreover, following the reasoning underlying this work, it is interesting to find

out whether similar behavior is encountered in exo-solar planetary systems [21].

With near-Earth exoplanetary systems, one might be able to establish also there

similar "exoplanetary" relationships, or even also a cross-correlation with the

dynamical behavior of our solar system. Such observations have the potential to

expand our horizon within our Galaxy as well as towards the dark Universe,

validating the actual working hypotheses behind such a scenario.

In this work, we pinpoint a simple feature as the common signature behind

such observations within the solar system. For example, the widely discussed dark

sector constituents with a velocity around ~0.001 c, while being in the form of

streams, can be efficiently gravitationally focused or deflected within the solar

system [1,2,12,19,20].

3. Energy source and dark matter direct detection. The observations

made with long series of data have established also socially relevant results

[4-6]. Recently P.Sikivie proposed DM axions as a potential source of clean energy

[22]. Though, using the present constraints on axion interaction strength with

normal matter as determined by the CAST experiment [22,23], the expected profit

is quite small. However, following the diverse peaking planetary relationship for

several observables [3,13,14], this proposal deserves further attention, since DM

dominates over normal matter in the Universe.
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Noticeably, we consider here generic not yet identified DM constituents being

eventually more appropriate than axions as a clean energy source. Among the

already multiply established planetary dependencies with solar and terrestrial

observables [3], some might lead us to spatiotemporally optimum conditions

allowing to extract efficiently considerable clean energy. Earth-related time win-

dows of opportunity might be fixed annually, while other planetary peaking

relationships can be spread during a year and be more profitable.

We recall that occasional streaming DM flux enhancements due to gravity

effects by the solar system bodies can be several orders of magnitude, i.e.,

amplification factors of up to about 105 to 108 seem realistic [8,11,24] for reaching

a significant converted energy density. For example, in January in the northern

hemisphere, the annually peaking stratospheric temperature has been observed live

[25,26]. Also, probably more planetary relationships may be discovered, which can

be of practical use for energy conversion.

Interestingly, NASA has developed scientific balloons (see [27-30]) which can

stay for months in the upper stratosphere with a payload of up to a few tons.

This is encouraging for the present reasoning since planetary relationships have

already been observed for the upper stratosphere's temperature [7] and the

ionosphere's degree of ionization [2]. For the stratosphere [7] a strong peaking

planetary relationship has been observed using the orbital positions of Mercury

and Venus. In fact, combining Venus and Mercury's orbital positions, a clear

peaking relationship for stratosphere's temperature variation in early January in the

northern hemisphere [7], might pave the way to:

a) perform DM searches in the upper atmosphere [7,25] contrary to the widely

preferred underground searches, and

b) investigations proposed here aiming to establish the optimum conditions to

extract energy from occasionally much more invisible matter in the Earth's

atmosphere.

The possible use of the upper stratosphere in January as a possible converter

of DM to energy is just one example. Future investigations could provide additional

places in the atmosphere of potential interest, firstly to search directly for DM,

and secondly to extract energy from the dark Universe. Thus, planetary lensing

or Earth's gravitational self-focusing have the potential to enhance temporally the

local DM flux by up to several orders of magnitude thus providing new perspectives

for DM detection and possibly even an alternative clean energy source.

4. Summary. Observationally driven, we conclude here that a planetary

relationship can be a key signature pointing on its own at exosolar impact for

a certain observable. So far, the only viable common explanation we have for a

plethora of observations with diverse behavior combined with an otherwise un-
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expected planetary dependency is the gravitational focusing of streaming "invisible"

matter from one solar system body to another one, including the Sun and the

Moon. We tentatively identify the assumed streams with constituents from the dark

Universe, interacting eventually also with a large cross-section with ordinary

matter. Now, we only can speculate about the possible particle candidates which

are already suggestive for more new searches of otherwise unexpected planetary

relationships.

Implications in ongoing or future DM experiments are obvious. Therefore, we

urge all experiments searching for direct DM signatures, to perform a statistical

re-analysis following the reasoning underlying this approach, or modify their data

acquisition procedure accordingly for future measurements [3]. If a planetary

dependency is found also in direct DM searches, this will strengthen the concept

of "invisible streams" in our vicinity, which can be formed by tidal forces in our

galaxy or other neighboring galaxies. Probably, most invisible streams are cosmo-

logical in origin [11].

We are aiming to widen the appearance of such new signatures being probably

still hidden also to other observations. One day one might decipher the properties

of the invisible stream(s). Along these lines of reasoning emerged also the medical

observations made with long series of data of cancer diagnoses (= melanoma) [4-6].

Surprisingly, the main two planetary signatures appeared so far in medicine are:

1) The 88 days orbital periodicity of Mercury using mean monthly data from

the northern hemisphere (USA) [4], which have been independently confirmed

[5]. However, the author did not give the appropriate attention to his analysis,

which confirmed our previous results, and this is even for most cancer types, and

2) The sidereal geocentric lunar periodicity (= 27.32 days) using daily mela-

noma diagnoses data from the southern hemisphere (Australia) [6]. Interestingly,

following the planetary scenario and the possible signatures that already have been

observed [1-3,13,14,18], the underlying stream(s) can only be exosolar in origin

if the periodicity is sidereal since it refers anyhow to a reference frame fixed to

remote stars (i.e., outside our solar system). Of course, a DM stream is of cosmic

origin, even if it happens to be trapped by the solar system during its birth. Also,

this last scenario is of no minor importance for direct DM searches, or for indirect

ones following astrophysical/cosmic observations.

In short, a wide diversity of signatures showing also planetary relationships may

allow us to identify the otherwise "invisible" components of the dark Universe.

Finally, some favored "invisible candidates" following the observations made

thus far, are:

a) Anti-Quark Nuggets (AQNs) as they have been invented in 2003 by Ariel

Zhitnitsky [31] (see also [32-35]). These peculiar objects are inspiring many

investigations spanning from the origin of the solar corona heating mystery to the
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direct detection of fast axions.

b) Magnetic monopoles as their interaction with the ubiquitous magnetic fields

make different energy deposition scenarios of potential interest.

c) Dark photons, as they can even resonantly convert to real photons if the

local plasma density fits in the rest mass of the hidden photon. Contrary to axions

or axion-like particles, the kinetic mixing between real photons with hidden sector

photons does not require a magnetic field as a catalyst, and this makes them

attractive.

d) Pearls [36,37]. A quantitative investigation as it has been undertaken for

the AQNs would clarify whether these composite particles also fit in, at least some

of the observations made so far, starting with the mysterious solar corona heating,

the unpredictable solar flares, and the entire dynamic and mysterious Sun.

e) Some other constituents to be invented yet, this remains always an option.

5. Conclusion. The expected signal amplification due to gravitational focus-

ing effects by the solar system bodies including the self-focusing effects by the

inner Earth [9,10,24] by orders of magnitude might bring the necessary break-

through not only for the direct DM detection. The interaction strength with

normal matter would be large [17], and also only it could open the way for a

substantial and clean energy source.

The most inspiring particle constituents fitting in several observations are

AQNs, magnetic monopoles, and dark photons. Though, more emerging candi-

dates, like the pearls, should be investigated whether they fit the reasoning of this

work. Thus, insisting anomalies/mysteries within the solar system might be the

unnoticed manifestation of the dark Universe, and they deserve further attention

aiming to identify their elemental composition and properties.
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ÍÎÂÛÅ "ÏËÀÍÅÒÀÐÍÛÅ ÑËÅÄÛ" ÒÅÌÍÎÉ
ÂÑÅËÅÍÍÎÉ

Ê.ÇÈÓÒÀÑ1, Â.ÀÍÀÑÒÀÑÎÏÓËÎÑ1, À.ÀÐÃÈÐÈÓ1, Ã.ÊÀÍÒÀÒÎÐÅ2,
Ñ.ÖÅÒÈÍ3, À.ÃÀÐÄÈÊÈÎÒÈÑ1,4, Õ.ÕÀÐÀËÀÌÁÓÑ5, Ì.ÊÀÐÓÇÀ6,

À.ÊÐÈÌÀÄÕÈ7, Ì.ÌÀÐÓÄÀÑ1,4, À.ÌÀÑÒÐÎÍÈÊÎËÈÑ8,
Ê.ÎÉÊÎÍÎÌÓ5, Ê.ÎÇÁÎÇÄÓÌÀÍ9, Þ.Ê.ÑÅÌÅÐÖÈÄÈÑ10,

Ì.ÖÀÃÐÈ1, È.ÖÀÃÐÈÑ1

Ïîíÿòèå òåìíîé ìàòåðèè (DM) ââåäåíî äëÿ îáúÿñíåíèÿ íåîæèäàííûõ

ðåçóëüòàòîâ êîñìîëîãè÷åñêèõ íàáëþäåíèé. Â íàñòîÿùåå âðåìÿ ðàçíûå ÿâëåíèÿ,

íàáëþäàåìûå â íàøåé ñîëíå÷íîé ñèñòåìå, òàêæå íå ïîääàþòñÿ òðàäèöèîííûì

îáúÿñíåíèÿì, íàïðèìåð, îñíîâíûå ôèçè÷åñêèå ïðîöåññû, ëåæàùèå â îñíîâå

íàãðåâà ðàçëè÷íûõ ñëîåâ ñîëíå÷íîé àòìîñôåðû. Êîíöåïöèÿ ïîòîêîâ DM ñ èõ

ïîñëåäóþùåé ãðàâèòàöèîííîé ôîêóñèðîâêîé òåëàìè Ñîëíå÷íîé ñèñòåìû

ïðåäëàãàåò æèçíåñïîñîáíûé îáùèé ñöåíàðèé äëÿ ïîíèìàíèÿ òàêèõ ÿâëåíèé.

Âîçìîæíî ýòî îñíîâíîé ïðîöåññ, îòâåòñòâåííûé çà ñîëíå÷íûå öèêëû, ó

êîòîðûõ áûëè îáíàðóæåíû ïåðâûe ïðèçíàêè çàâèñèìîñòè îò ïàðàìåòðîâ

ïëàíåò. Óæå â 1859ã. áûëà ïîñòàâëåíà çàäà÷à íàéòè óäàëåííîå ïëàíåòàðíîå

âîçäåéñòâèå, îòëè÷íîå îò ÷ðåçâû÷àéíî ñëàáîé ïëàíåòàðíîé ïðèëèâíîé ñèëû.

Ìû ïîä÷åðêèâàåì âîçìîæíóþ ïðè÷àñòíîñòü âíåøíåãî âîçäåéñòâèÿ íåó÷òåííîãî

"ïîòîêà íåâèäèìîé ìàòåðèè", ÷òî ñîãëàñóåòñÿ ñî âñåìè çàãàäî÷íûìè íàáëþäå-

íèÿìè, ðàíåå èññëåäîâàííûìè ñ ïðèâëe÷åíèåì íåñóùåñòâóþùåé óäàëåííîé

ïëàíåòàðíîé ñèëû. Ìíîæåñòâî ñëåäîâ "ïîòîêîâîé" ÒÌ ïðîÿâëÿþòñÿ â ðàçíîãî

ðîäà íåîæèäàííûõ ñâÿçàõ, êàê äèíàìè÷åñêîãî Ñîëíöà, òàê è è Çåìëè. Â

÷àñòíîñòè, ðàññóæäåíèå â äóõå Öâèêêè íàâîäèò íà ðàçìûøëåíèÿ î ïîèñêå

çàãàäî÷íûõ áèîìåäèöèíñêèõ ÿâëåíèé. Ïðåäïî÷òèòåëüíûìè íîñèòåëÿìè ÒÌ

ÿâëÿþòñÿ - êðóïèöû àíòèêâàðêîâîé ìàòåðèè, ìàãíèòíûå ìîíîïîëè, òåìíûå

ôîòîíû èëè ñîñòàâíûå "æåì÷óæèíû". Òàêèì îáðàçîì, àíîìàëèè âíóòðè

Ñîëíå÷íîé ñèñòåìû ÿâëÿþòñÿ ïðîÿâëåíèÿìè òåìíîé Âñåëåííîé. Íåÿâíûé

ñöåíàðèé ïîòîêà òåìíîé ìàòåðèè ðàñøèðÿåò ïðîñòðàíñòâåííî-âðåìåííîå

ðàñïðåäåëåíèå òåìíîé ìàòåðèè, ñîçäàâàÿ ëó÷øèå óñëîâèÿ äëÿ ïðÿìîãî

îáíàðóæåíèÿ èëè èçâëå÷åíèÿ ýíåðãèè èç ðàíåå íåäîîöåíåííîãî òåìíîãî

ñåêòîðà. Ïðåäëîæåííûé ïðåäâàðèòåëüíûé ñöåíàðèé ïðåäïîëàãàåò óñèëåíèå

ïðîñòðàíñòâåííî-âðåìåííîãî ïîòîêà òåìíîé ìàòåðèè, ñîçäàâàÿ óñëîâèÿ äëÿ

ïðÿìîãî îáíàðóæåíèÿ òåìíîé ìàòåðèè èëè èçâëå÷åíèÿ ýíåðãèè èç íåâèäèìîãî,

êàê ïðåäïîëàãàëîñü, òåìíîãî ñåêòîðà.

Êëþ÷åâûå ñëîâà: ïëàíåòàðíûå îòíîøåíèÿ: òåìíûé ñåêòîð: íåâèäèìîå

 âåùåñòâî: ãðàâèòàöèîííîå ôîêóñèðîâàíèå
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VISCOUS RICCI DARK ENERGY COSMOLOGICAL
MODELS IN BRANS-DICKE THEORY
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The whole article deals with the analysis of the cosmic model of Ruban's space-time in the
context of a bulk viscosity impact in the form of Ricci dark energy within the framework Brans-
Dicke theory. We believe that outer space is filled with dark matter and viscous Ricci dark energy
(VRDE) under the pressureless situation. The velocity and rate at which the Universe is expanding
are presumed to be proportional to the coefficient of total bulk viscosity, is in the form,
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  and 
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  are the constants. To solve the RDE model's field

equations, we utilize the relation among the metric potentials and also the power-law relation among
the average scale factor a(t) and scalar field  . To examine the evolutionary dynamics of the
Universe, we investigate the deceleration parameter q, jerk parameter j, EoS parameter 

de
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)Om(z , stability of the obtained models through the square speed of the sound 
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plane, statefinder parameter planes (r, s) and (q, r) and presented via graphical representation. By
the end of the discussion, VRDE model was found to be compatible with the present accelerated
expansion of the Universe.

Keywords: Ruban's metric: Brans-Dicke theory: viscosity: dark energy: Ricci dark

energy

1. Introduction. One of the most fundamental questions in modern theo-

retical cosmology is, whether the genesis of the Universe was singular or non-

singular. This question is equivalent in asking if the Big Bang theory or the Big

Bounce theory actually describes the evolution of our Universe. Naturally thinking,

the initial singularity described by the Big Bang theory, is a mentally more

convenient description, since we can easily imagine a zero sized Universe, with

infinite temperature and energy density, and also in which all fundamental

interactions are unified under the yet unknown same theoretical framework.

Moreover, no one can actually exclude a cyclic cosmological evolution, in which

the Universe never shrinks to zero [1,2]. However, modern advanced cosmology

is assumed to have begun in 1917 with Albert Einstein's publication of his last

correction to General Relativity (GR) in his article "cosmological considerations

of the general theory of relativity" [3]. Even over a century, this theory still exists

as a valid theory with modifications and exhibits a prominent role in the study

of the cosmos. However, for over years, various experiments have unveiled
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intriguing new secrets of the Universe, looking deep into space with unprecedented

clarity and uncovering the latest advancements in studies about the cosmos

[4-6], finding many astonishing facts from the measurement of Supernovae type

Ia accompanied by Cosmic Microwave Background Radiation (CMBR) and the

large structures [7,8] substantiating that the Universe is in its accelerated expansion

state. Two essential components that drive this expansion and the characterization

of the cosmos are dark matter (DM) and dark energy (DE). We can pronounce

that, DM, which covers about 26% of the total matter density, is accountable for

the structure formation and the clustering of galaxies [9-12], whereas DE forming

69% of the cosmic energy with negative pressure is responsible for the accelerated

expansion of the Universe and the remaining part of the cosmos is related to the

baryonic (visible) matter.

Despite the awareness of the remarkable success of standard cosmology, it is

yet unable to resolve the significant issues that include finding the best DE

candidate. There are two ways to describe dark energy models. One is a fluid

description [13-15] and the other is to describe the action of a scalar field theory.

In the former fluid description, we express the pressure as a function of   (in

more general, and other background quantities such as the Hubble parameter H).

On the other hand, in the latter scalar field theory we derive the expressions of

the energy density and pressure of the scalar field from the action. The basic

candidate for DE can be the cosmological constant  , which is associated with

the energy vacuum with stable pressure and energy that can be distinguished by

the (EoS) 1  [16]. The various cosmological observational data supports the

  cold dark matter ( CDM ) model, in which the cosmological constant   plays

a role of dark energy in general relativity. At the current stage, the CDM  model

is considered to be a standard cosmological model. However, the theoretical origin

of the cosmological constant   has not been understood yet [16]. However, two

frequent issues "fine-tuning" and "cosmic coincidence" are being faced. Here, the

fine-tuning issues call attention to the variation among the theoretical and the

observable value of vacuum or cosmological energy constant, whereas the hassle

of coincidence is the co-occurrence of DM and DE. A number of models for

dark energy to explain the late-time cosmic acceleration without the cosmological

constant has been discussed by Bamba et al. [17]. To reduce the persistent

cosmological problem and justify the accelerated expansion, some alternative

models are suggested by either modifying the right side of field equations of

Einstein by considering the specific energy-momentum tensor T  forms, which

includes quintessence [18], K-essence [19], Chaplygin gas model [20], holographic

DE [21,22], new agegraphic dark energy [23] etc., or modifying the left side of

field equations of Einstein, we derive the modified gravity that include  Rf

gravity [24] and scalar tensor theories [25]. The pioneering research on scalar-
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tensor theories has been carried out by Brans and Dicke [26] to include Mach's

principle into gravity which is known as Brans-Dicke theory (BDT).

A pragmatic theory of gravity, BDT is predominantly a gravitational theory

in which its field is described by the tensor field, which is ascertained by the

distribution of mass energy in the Universe and replaces the gravitational constant.

This theory has initially put forward in the 1960s as a variant of GR. Contrary

to GR, BDT can indeed satisfy all current gravitational experiments and also

illustrate intuitively, without the addition of DE to the expansion of the Universe

[27-30]. Obviously, as the parameter  , GR is retrieved from BDT which

summons the BDT as universality to GR. Hence, to assure its free fall generality

(Equivalence principle), an uncomplicated modification to GR is made maintain-

ing a pure metric relation of matter and gravity [31]. The planetary system

observational measure [32] and the phenomenon of accelerated expansion of the

cosmos [33] certainly accounted for replacing the gravitational constant with

G 81  and connecting  t  to gravity with a constant  . Also, CMB and

large scale observational data [34-37] uphold this theory making it stronger than

GR with a dynamical framework, that evokes huge curiosity in present-time

cosmology. Prasad et al. [38] have studied constraining Bianchi type-V Universe

with recent  zH  and BAO observations in BDT of gravitation. Hatkar et al. [39]

have worked on viscous holographic dark energy in BDT of gravitation. Shaikh

[40] has studied viscous dark energy cosmological models in BDT of gravitation.

Koyama [41] has studied testing BDT gravity with screening by scalar gravitational

wave memory. Sharif and Majid [42] have studied extended gravitational decoupled

solutions in self-interacting BDT. Singh and Soibam [43] have studied anisotropic

models with generalized hybrid expansion in BDT of gravity. Hou [44] has studied

gravitational memory effects in BDT. Roy et al., [45] have discussed some

characteristics of the accelerated expansion of the Universe in the framework of

BDT. Sharif and Majid [46] have studied the effects of charge on decoupled

solutions in self-interacting BDT. Tahura et al. [47] have investigated the con-

nection between gravitational-wave memory effects, asymptotic symmetries, and

conserved quantities in Brans-Dicke theory and computed the field equations in

Bondi coordinates to define a set of boundary conditions representing the asymp-

totically flat solutions. Santhi and Babu [48] have studied axially symmetric VRDE

in BDT of gravitation. Santhi et al. [49] have investigated some Bianchi type

viscous holographic dark energy cosmological models in the BDT of gravitation.

BDT has been explored by many cosmologists in the framework of DE [50-52].

However, the DE has always been a mysterious component in the study of

the Universe. A thought has been given for considering DE as a consequence of

quantum gravity, such that, the core idea of quantum gravity - the "Holographic

Principle" becomes an essential part of resolving the DE issue. In recent years,
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there has been a significant attempt to reconcile vacuum energy density to the

holographic theory of quantum gravity. This en routes to a proposal of a new

DE model: the holographic dark energy (HDE) [53], on the basis of the

holographic principle of quantum field theory [21,22,54], relating the ultraviolet

(UV) cutoff   to the infrared (IR) cutoff L. Assuming the Hubble length as IR-

cutoff, Li [55] has suggested HDE as 2223 
  LMc p , taking L as the IR-cutoff,

  218  GM p  as the Planck mass on a reduced scale and 2c  as a definite

constant. As discussed earlier, the fine tuning issue is also solved by the HDE

model as suggested by Li [55], but creates an incorrect EoS of DE. The IR

interface correspondence with the Universe's large-scale structure and the UV

interface is correlated to the energy of the vacuum. A wide range of HDE models

are proposed recently based on the IR-cutoff options, such as event horizon. IR-

cutoff in terms of event horizon has been considered by Li et al. [56] to study

the Universe's expansion. The corresponding model, however, faces challenges of

causality violation.

Subsequently, Gao et al. [57] implemented an HDE model where they

reversed the Ricci scalar curvature to replace the future event horizon and named

it the "RDE model". The energy density for RDE is given by

 , 23 2HHde   (1)

where   and H are the density parameter (without dimensions) and the Hubble

parameter respectively. It has been learned that this model overcomes the causality

problem and addresses the coincidence problem. A phantom-based consolidating

perspective to the early and late Universe cosmology was put forward by Nojiri

and Odintsov [58]. Further, the authors have proposed a generalized HDE wherein

infrared cutoff is determined by combining the FRW parameters: Hubble constant,

particle and future horizons, cosmological constant, and Universe lifetime (if

finite). Gao et al. [57] have suggested the use of Ricci DE that can be interpreted

as a form of holographic DE, with the reciprocal of Ricci scalar square root as

its infrared cut-off. Whenever the vacuum density emerges as a parameter of

independently stored energy, it may be consistent with present astrophysical

findings. The VRDE model was discussed by Feng and Li [59], who believed that

the linear barotropic fluid and RDE are bulk viscosity. They have also discussed

about the outcome of some principles on cosmic evolution, the RDE model with

a more general form of bulk viscosity. Dixit et al. [60] have studied a model for

modified holographic RDE in the gravitation theory of BDT. Chakrabarti et al.

[61] have studied the bulk viscous pressure in scalar fields and holographic RDE

considered in the modified gravity framework. Kumar and Singh [62-65] have

studied VRDE model with matter creation, exact solution and observational tests;

the generalized second law of thermodynamics in VRDE; RDE model with bulk
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viscosity and have also studied observational constraints on VRDE model. Santhi

and Babu [66] have studied Kantowski-Sachs VRDE model in Saez-Ballester

theory of gravitation.

As revealed by the current investigations, the transition phase has a vital part

in explaining the growth of the space. We have studied viscous models and

observed that they help in understanding the phase transition and hence can be

a possible candidate for DE. Some of the authors [64,67] had a detailed study

regarding the effects of bulk viscosity in HDE model. According to thermody-

namics [68-70], it is observed that viscosity has a role to play as DE in our

Universe. A constant bulk viscosity or otherwise called constant DE along with

dark cold matter can be considered one of the simplest principles of the kind.

A widely investigated way is taking the bulk viscosity as a Hubble parameter with

a linear function, that is closely aligned with the observed late-time acceleration.

Our article focuses on RDE model along bulk viscosity, aspiring from the research

of Feng and Li [59], Singh and Kumar [64] and Cataldo et al. [71]. We extended

Singh and Kumar's work with a generalized form of bulk viscosity coefficient,

which is further examined analytically and performs reasonably well when com-

pared to observational data. Many authors [72-77] have researched homogeneous

and non-homogeneous viscous cosmology. The Universe evolution through a

cosmological model with bulk viscosity was studied by Ren and Meng [78].

Discussion of the phase transition of the viscous early Universe was done by

Tawfik and Harko [79]. Singh and Kumar [80,81] have inspected different features

of viscosity in  TRf  ,  gravity taking Hubble horizon as IR cutoff. Nojiri and

Odintsov [82] have introduced the DE Universe EoS with inhomogeneous, Hubble

parameter dependent term that comes from time dependent viscosity considerations

and modification of general relativity. Capozziello et al. [83] have investigated the

effects of viscosity terms depending on the Hubble parameter and its derivatives

in the DE equation of state. Various explanations can be used to justify the analysis

of non-perfect fluids. In spite of various macroscopic physical systems, such as

the large-scale structure of matter and radiation of the cosmos, which resembles

perfect fluids, we could not eliminate the various components of DE, whose origin

is not known.

For a number of reasons, in a classical cosmological scenario, an inhomo-

geneous exact solution of Einstein's field equations for an imperfect fluid is

necessary to be obtained; among them, one is connected to the existing entropy

of the Universe. It is already recognized that, the rate of entropy generated from

a non-adiabatic procedure in an originally homogeneous backdrop appears to be

inadequate to comprehend the high entropy per particle of the Universe [84,85].

By assuming the spatial homogeneity, which is believed to be reasonable in an

averaged sense, cosmological elucidation to Einstein's field equations is broadly
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determined [86]. However, it turns out to be inappropriate on galactic and smaller

scales; hence, a broad category of inhomogeneous models is compared with

homogeneous ones. To be fully addressed, any detailed concerns, to give an

example like, star system origination or the intricate composition of black-body

radiation, should finally be directed to such inhomogeneous models.

Ever since Szekers learned that the Universe is filled up with extraterrestrial

or cosmic dust [87], much concentration has been given to inhomogeneous cosmic

models [88-93]. Also, in recent times, the Szekers space-time is expanded by

proposing a recent radioactive constituent and an electromagnetic field [88].

Tomimura and Waga [94] have observed that whenever space-time gains symme-

try, self-consistent solutions are possible if an electrostatic field is added as a source

term for the Szekers metric of class II, reducing the Szekers metric to the

inhomogeneous basic form as initially contemplated by Ruban [95]. In this article,

we establish the exact solutions in the constitution of Rubans metric. Lima and

Nobre [96] have studied the electromagnetic field model in Rubans's Universe.

Also, the thermodynamics of the Ruban's Universe and inhomogeneous two

cosmological models is investigated by Lima and Tiomno [97,98]. Tomimura and

Waga [94] have derived reliable solutions for Ruban's space-time with dust,

radiation, and electromagnetic field and Mete et al. [99] investigate the cosmo-

logical model of Ruban's with a significant source of stress in the general relativity.

The energy-momentum distribution of the Ruban's Universe in GR and teleparallel

gravity is studied by Aktas [100]. Recently, Santhi and Naidu [101] have studied

Renyi HDE in a scalar tensor theory with Ruban's Universe.

Taking some inspiration from the above mentioned explorations, we have

engrossed our research on Ruban's cosmological model with VRDE in BDT of

gravitation. This article is further studied in the following sections. Section 2 deals

with the derivation of BD field equations for Ruban's line element in the presence

of RDE. In section 3, the solutions for these field equations for 1 ,0 ,1  are

found. Section 4 is devoted to the physical parameters of our model, and we

conclude our article by summarizing the results in the final section.

2. Metric and field equations. In an approach to understanding the

structure  of the Universe, here we consider Ruban's space-time [95] whose metric

takes the following form:

    ,  , 22222222 dzhdytRdxtxQdtds  (2)

where

 




















1ifsinh

0if

1ifsin
sin

y

y

y
y

yh
(3)

and   shows the curvature parameter of the homogeneous 2-spaces x and t. Opting
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   tQtxQ 22  ,  , in (2), LRS Bianchi type-I, III and Kantowski-Sachs space-times

are obtained. This model is a special form of Szekers Universe [96], which

represents the inhomogeneous and anisotropic Universe. The volume V, average scale

factor a(t) and the Hubble parameter H of the Ruban's space-time are defined as

   , 23 hQRtaV  (4)

. 
a

a
H


 (5)

The action of BDT in the presence of matter with Lagrangian L
m
 in its canonical

form is given by

, 4













  mLgxd RS (6)

where   is the BDT scalar field depicting the Newton constant's inverse, which

is permissible to shift with space-time, R  is the scalar curvature,   is the BD

constant. Varying the action in Eq. (6) w.r.t. the metric tensor g  and the scalar

field   we procure the field equations as:

 









 








 ,

;;
1,

,,,
21

2

1
8 ggTG (7)

and

  , 238
1,

; T


  (8)

where 2  gG RR  is an Einstein tensor, T  is the stress energy tensor

of the matter and   is the dimensionless constant.

The energy conservation equation is given as

, 0; 
T (9)

is a outcome of Eqs. (7) and (8).

For a viscous fluid, the energy momentum tensor [102] is considered as

   ,   uugpuuT dedem (10)

where de  and m  are the energy densities of VRDE and DM, respectively. In

Eckart's [103] first order thermodynamics, the effective pressure dep  of VRDE

is given by

, 3 Hpp dede  (11)

where H is the Hubble parameter and   is the bulk viscous coefficient. From

Eq. (10), the field Eqs. (7) and (8) for the line element in Eq. (2) are as follows:
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Moreover, the energy conservation equation gives:

   . 03
2

3 









 Hp

R

R

Q

Q
dedemdem


 (16)

Here, the overhead dot denotes differentiation with respect to t and 1 ,0 ,1 .

3. Solutions of the field equations. Here we consider the system of four

independent field equations (12)-(15) with seven unknowns namely R, Q, p
de
,  ,

m , de  and  . To get a deterministic solution, we choose three plausible

physical conditions.

(i) The shear scalar   proportional to scalar expansion   [104,105], giving

a relationship between the metric potentials as

  , mxRQ  (17)

where m is a positive constant and 1m  (i.e., 0 < m < 1 or m > 1).

(ii) The scalar field   as a function of average scale factor a [106], i.e.,

, 0
na (18)

where 0 , and n are constants.

(iii) We assume a parameterized bulk viscosity such as [78]

, 210
a

a

a

a




 (19)

where 0 , 1  and 2  are the constants.

Now from (12), (13) and (17), (18) we derive the below equation

 
. 0

13

233
22

2













 


mRR

Rnnmm

R

R 
(20)

Three probable scenarios for 1 ,0 ,1 , when substituted in Eq. (20) are obtained

and discussed in the following subsections.

3.1. Model I. If 0 , then by solving Eq. (20), we get

   , 1
21

 ctcR (21)

where c
1
 and c

2
 are integration constants and   34269 nnmm  .
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From Eqs. (17) and (21), we have

   , 21
 mm ctcxQ (22)

and the scalar field   is given by

     . 2
21

313
0

nmm ctcyx  (23)

Hence, from the above expressions of R and Q, the metric (2) takes the form

       . 2222
21

22
21

222 dzydyctcdxctcxdtds mm   (24)

The volume V, average scale factor a and the Hubble parameter H are obtained as

   
, 2

21
 mm ctcyxV (25)

   
, 32

21
313  mm ctcyxa (26)
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 (27)

From Eqs. (10) and (27), we get the energy density of VRDE as
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3242
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ctc

mmc
de (28)

The energy density of matter is
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144
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 (29)*

The effective pressure is obtained as

            
 

, 
542236226
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22
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nmm
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(30)

The viscosity coefficient is
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 (31)

The proper pressure is obtained as

 
. 

3 23
21

2






ctc
pde (32)

3.2. Model II. If 1 , then the Eq. (20) for n = -3 yields,

 . sinh 31
1

2 ktk
k

k
R  (33)

* Because the expressions for the functions 
i

  (i = 1, 2, ..., 18) are too long, they are not given

here. One can find them in the archived article :2311.00736[gr-qc].
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From the Eqs. (17) and (33), we have

  , sinh 31
1

2

m

m ktk
k

k
xQ 








 (34)

and the scalar field   is given by

   
 

. 
sinh

sin

2

1

3121
0












 


m

m

k

ktkk
yx (35)

Therefore the metric (2) from Eqs. (33)-(34) is acquired the following form:

Fig.1. Plot of energy density of VRDE 
de

  versus redshift z .
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Further V, a and H are defined as
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. 

3

coth2 311 ktkmk
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 (39)

From Eqs. (10) and (39), the energy density of the model is given by

       . cosech2cosh2
3

2
1 31

22
131

2 ktkmkktkmde 







 (40)

The energy density of matter is given as

 
, 

sinsinh16 31
44

2

3

yktkk
m




 (41)

The effective pressure is

 
. 

sinsinh16 31
64

2

4

yktkk
pde




 (42)

The viscosity coefficient takes the form

Fig.3. Plot of energy density of VRDE 
de

  versus redshift z .
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 (43)

The proper pressure is
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sinhsin3 31
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 (44)

3.3. Model III. If 1 , then from the Eq. (20) for n = -3, we obtain

  , sinh 64
4

5 ktk
k

k
R  (45)

and using Eq. (45) and Eq. (33), we get

  . sinh 64
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m ktk
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The scalar field   is given by
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With the help of R and Q, the metric (2) takes the form as
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The expressions of V, a and H are given by
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Fig.4. Plot of proper pressure p
de
 versus redshift z .
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 (51)

From Eqs. (10) and (51), the energy density of the VRDE model is given by

       . cosech2cosh2
3

2
1 64

22
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2 ktkmkktkmde 







 (52)

The energy density of matter is given by
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sinhsinh48 64
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 (53)

the effective pressure as

 
, 

sinhsinh16 64
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 (54)

the viscosity coefficient as
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 (55)

and the proper pressure is given by
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sinhsinh8
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64
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8

ktkyk
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 (56)

The ordinary matter species namely baryons and radiation; and the DE are

two incomparable quantities as DE possess the negative pressure that accelerates

the expansion of the Universe by restraining the gravitational force. We have

Fig.5. Plot of energy density of VRDE 
de

  versus redshift z .
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plotted the energy density of VRDE de  versus redshift z  for three models with

respect to the values of c
1
, c

2
, k

1
, k

3
, k

4
, k

6
 in Fig.1, 3, 5 respectively and we

can observe that the curves of de  varying in the positive region throughout the

evolution of the Universe against redshift z , which indicates the Universe

expansion in an accelerated way. Fig.2, 4, 6 respectively represent the trajectories

of proper pressure p
de
 against redshift z  for all three models with different values

of c
1
, c

2
, k

1
, k

3
, k

4
, and k

6
. We observe that the path of the proper pressure for

three different values of c
1
, c

2
, k

1
, k

3
, k

4
, and k

6
 traverse in negative region. Here,

the occurrence of the Universe's accelerated expansion can be implied from this

negative pressure in the BDT.

Also, Eqs. (24), (36) and (48) represent Ruban's VRDE models in BDT of

gravity for 0 , 1 and -1 (i.e., models I, II & III) respectively along with the

above discussed and following properties.

• The expansion scalar   and shear scalar 2  for the models I, II and III

respectively given as

, 
32
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Fig.6. Plot of proper pressure p
de
 versus redshift z .
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• The anisotropic parameter of the models I, II and III is same and is given by
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A (61)

It is noted that for all three models, the physical quantities  , 2  and H tend

to infinity at 12 cct  , 13 kkt   and 46 kkt   respectively, and the scale

factor of the models, as well as the spatial volume vanishes. However, these

parameters become constant as t  and the scale factor, as well as volume tend

to infinity as time increases. Therefore, this summarizes that the models show

expansion with zero volume in the beginning period and further expand to

infinitely large V w.r.t. cosmic time t (Gyr). As 0hA  for all three models,

thus the models are anisotropic throughout the evolution of the Universe.

4. Analysis of geometrical parameters. This segment of the work looks

through the expanding behavior of the cosmos by studying well known astronomi-

cal parameters like the deceleration parameter q, jerk parameter j, r - s plane,

q - r plane, EoS parameter de , dede  -  plane, the stability of the model 2
s ,

and om-diagnostic for the constructed VRDE models which are in Eqs. (24), (36)

and (48).

• Deceleration parameter: The deceleration parameter (DP) is defined as

, 
2a

aa
q




 (62)

that depends upon the scale factor and its derivatives, which can be considered

to explain the transition phase of the cosmos and it basically computes the

expansion rate of the cosmos. Whenever the DP shows the positive curve, it

indicates the decelerated expansion of the Universe. Whereas, the negative curve

implies that there is an accelerated expansion of the cosmos, and at q = 0 there

exists marginal inflation. For the constructed models I, II & III the DP takes

the values as:

, 1
2

3







m
q (63)

    , sech231 31
2 ktkmq  (64)

   . sech231 64
2 ktkmq  (65)

The behavior of the deceleration parameter q is addressed in Fig.7, 8 against

redshift z  for models II & III with different values of k
1
, k

3
, k

4
, and k

6
. The

path of the curves for the deceleration parameter travels from the early decelerated
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phase to the present accelerated phase of the Universe agreeing with the recent

astrophysical calculations, whereas the deceleration parameter for model I is

independent of time and Santhi and Naidu [101,107,108] have obtained constant

deceleration parameter in the literature.

• Jerk parameter: A dimensionless cosmic jerk parameter is obtained by the third

derivative of the average scale factor w.r.t. cosmic time t, which is given by

  . 21
3 H

q
qq

aH

a
j


 (66)

Fig.8. Plot of DP q versus redshift z  for Model III.

Fig.7. Plot of DP q versus redshift z  for Model II.
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Cosmic jerk can be accounted for the transition of the Universe from decelerating

to the accelerating phase. For various models of the cosmos, there is a variation

in the transition of the cosmos, whenever the jerk parameter lies in the positive

region and the negative values of DP [109]. The investigations of Rapetti et al.

[110] have shown that for a flat CDM  model, the value of jerk becomes unity.

The jerk parameter for models I, II and III is given by

  
 

, 
2

6223
2

m

mm
j




 (67)

Fig.9. Plot of jerk parameter j versus redshift z  for Model II.
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The plots for jerk parameter j against redshift are represented graphically in

Fig.9, 10 for models II & III with different values of k
1
, k

3
, k

4
, and k

6
 respectively.

It can be analyzed from the plots that the jerk parameter for both the models

differ in the positive regions and approaches one in near future as 0z , whereas

jerk parameter for model I is independent of time.

Fig.11. Plot of r - s plane: Model II.
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• Statefinder parameters: A recently developed geometrical diagnostic is this

statefinder pair (r, s) given by Sahni et al. [111] and Alam et al. [112] who have

proposed for the purpose of distinction among the various DE candidates. This

is a sensitive and geometrical diagnostic pair that is essential to discriminate and

study the diverse DE models and hence help us interpret cosmic acceleration. This

geometrical pair is represented as (r, s), and are formulated as

 
. 

213

1
and

3 




q

r
s

aH

a
r


(70)

The r - s plane helps to analyze several cases of the model incorporating different

Fig.14. Plot of q - r plane: Model III.
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parameters and spacial curvature components. For different models of DE, we have

different evolutionary trajectories in r - s plane as for (r, s) = (1, 0) we obtain

CDM  model and (r, s) = (1, 1) relates to SCDM model. The statefinder

parameters (r, s) for our VRDE models I, II and III are obtained as
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The trajectories of r - s and q - r planes are plotted to evaluate different DE models.

The quantities q, r and s are model independent because they depend only on

a and its derivatives of higher order. Hence this approach doesn't need under-

standing of gravity theory. Here, the steady state (SS) model is represented by

(q, r) = (-1, 1) and the SCDM model is represented by (q, r) = (0.5, 1).

To understand the phase transition of the Universe, we have constructed the

plots of r - s and q - r planes. Fig.11 and 12 represent the statefinder pair (r, s)

for models II and III respectively. It could be interpreted from these figures that

the models start their evolution from the quintessence and phantom region and

reaches the CDM  model (for r = 1, s = 0). Fig.13 and 14 for models II and

III respectively are the plots of q - r plane. It can be seen from the figures that

the path of q - r plane shows a signature change from negative region to positive

region i.e., the trajectories are traveling from radiation dominated era, passing

through the matter dominated region and transition line then reaching the de-

sitter phase of the cosmos.

• EoS parameter: To classify the phases of the inflating cosmos, viz. transition

from decelerated to accelerated phases containing DE and radiation dominated eras,

the EoS parameter de  can be broadly used, whose expression is given as

dedede p  . It categorizes various epochs as follows:

Decelerated phase:

- stiff fluid 1de ,

- the radiation dominated phase 310  de  and

- dust fluid phase or cold dark matter 0de .

Accelerated phase:

- the quintessence phase 311  de ,

- cosmological constant/vacuum phase 1de  and

- quintom era and phantom era 1de .

The EoS parameter for the obtained models are given by
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Fig.15 represents the plots of EoS parameter de  against redshift z  for three

models respectively with various values of c
1
, c

2
, k

1
, k

3
, k

4
, and k

6
. Here, we observe

that from the Fig.15 for model-I, the trajectories of de  travel from quintessence

to phantom region, by crossing the phantom divided line, showing the quintom

like behavior of the Universe and whereas, for model II and III, it is observed

that the path of de  completely varies in the quintessence region representing the

quintessence nature. Planck collaboration data 2018 given by [113] for the EoS

parameter, are consistent with the results of our models, where the limits of EoS

parameter are given as follows:

Fig.15. Plot of EoS parameter 
de


versus redshift z .
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• dede  -  plane: Cadwell and Linder [114] have suggested the dede  -

plane (where ' signifies differentiation w.r.t. ln a) to interpret the accelerated

expansion regions of the cosmos and to analyze the quintessence scalar field for

the first time. For various values of de  and de , the plane describes two distinct

areas. The plane is described as the thawing zone for 0de  when 0de  and

the freezing region for 0de  when 0de . Also, the de  expression for

models I, II and III is given as

     
, 

223296 121

12
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Fig.16 depict the plots of dede  -  plane for all three models with various

values of c
1
, c

2
, k

1
, k

3
, k

4
, and k

6
, respectively. It is observed that for models I

and II, the dede  -  plane is mainly characterized in freezing region ( 0de ,

0de ); whereas for model-III, the trajectories vary in both the freezing and

thawing region. Ultimately, the trajectories in the above mentioned figures rep-

resent the current cosmic expansion in an accelerated manner.

• Om-diagnostic: To discriminate among different phases of the Universe viz.

the CDM  for non-minimally coupled scalar field, quintessence model and

phantom field, through the trajectories of the curves; a tool introduced by Sahni

et al. [115], called as om-diagnostic, plays a vital role. The trajectories of Om-

diagnostics determine different eras, such as, a positive trajectory determining

phantom DE era, whereas the negative trajectory indicates the quintessence DE.

Fig.17. Plot of )Om(z  versus redshift z .
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The om-diagnostics is defined as
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Hence, for models I, II and III we obtained the  zOm  expression as
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The plot of  zOm  against redshift z  for all three models are depicted in

Fig.17. It can be seen that the trajectories of the parameter in all three figures

Fig.18. Plot of squared speed of the

sound versus redshift z .
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differ in the negative region, showing the behavior as quintessence DE.

• Stability analysis: To examine the stability of any DE model, we utilize the

squared speed of sound 
2
s . The models with 02  s  show unstability where as

models with 02  s  show stability. Hence, the 
2
s  is determined as follows [116]:

, 2

de

de
s

p






(84)

where dep  and de  are the differentiation of pressure and density of DE w.r.t.

cosmic time t respectively.

The squared speed of the sound for the models I, II and III is given by
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To determine the stability of the obtained models I, II and III, the squared

speed of sound 
2
s  against redshift z  is plotted in Fig.18 for the values of c

1
,

c
2
, k

1
, k

3
, k

4
, and k

6
, respectively. The models represent an unstable behavior of

the Universe as the trajectories are varying in the negative region.

5. Conclusions. In this paper, we have analyzed the field equations of BDT

for VRDE in Ruban's space-time. After the evolution of the field equations to

acquire the scale factor and other cosmological parameters, three possibilities are

identified for   as 0, 1 and -1. For all three obtained models, we have plotted

the trajectories for various parameters against redshift z  to scrutinize the behavior

of the cosmos.

The constructed models which are mentioned in Eqs. (24), (36) and (48) are

anisotropic and expanding as t . The DP q of the models for 1  and

-1 traverse from the decelerated phase of the past to the accelerated phase of the

present. The jerk parameter of the models with 1  and -1 traverse in the

positive region and 1j  in near future as 0z . However, for model I, the

DP and the jerk parameter are independent of time. For models II and III, the

statefinder pair has CDM  region and also has quintessence and phantom regions

in their transition, whereas for model I, the pair (r, s) is independent of time. The

trajectories of q - r plane shows a signature change from negative region to positive

region (i.e., the trajectories are traveling from radiation dominated era to matter

dominated region) and finally reach the de Sitter phase of the Universe. The EoS

parameter for 0 , the Universe shows quintom-like behavior, as the path of de
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travel from quintessence to phantom region, and for 1  and -1, it represents

the quintessence nature by completely varying in quintessence region. The dede  -

plane for the models I and II has mainly characterized in freezing region and

for model III the trajectories differ in both freezing and thawing regions. Even-

tually, by the analysis of dede  -  plane we can conclude that the expansion of

the cosmos, in the present times, is in an accelerated manner. The trajectories

of the square speed of sound 
2
s  vary in the negative region depicting an unstable

behavior of the Universe. And finally the study of  zOm  diagnostics says that

the DE models represent the quintessence behavior, as the three models have the

negative values of  zOm . Therefore, our models show an anisotropic behavior

with the accelerated expansion phenomenon, justifying the ongoing research

around the globe.
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ÊÎÑÌÎËÎÃÈ×ÅÑÊÈÅ ÌÎÄÅËÈ ÂßÇÊÎÉ ÒÅÌÍÎÉ
ÝÍÅÐÃÈÈ ÐÈ××È Â ÒÅÎÐÈÈ ÁÐÀÍÑÀ-ÄÈÊÊÅ

Ì.Â.ÑÀÍÒÈ1,  Ò.×ÈÍÍÀÏÏÀËÀÍÀÈÄÓ1,2,  Ñ.Ø.ÌÀÄÕÓ1

Ñòàòüÿ ïîñâÿùåíà àíàëèçó êîñìè÷åñêîé ìîäåëè ïðîñòðàíñòâà-âðåìåíè

Ðóáàíà â êîíòåêñòå âîçäåéñòâèÿ îáúåìíîé âÿçêîñòè â ôîðìå òåìíîé ýíåðãèè

Ðè÷÷è â ðàìêàõ òåîðèè Áðàíñà-Äèêêå. Ìû ñ÷èòàåì, ÷òî âíåøíèé êîñìîñ

çàïîëíåí òåìíîé ìàòåðèåé è âÿçêîé òåìíîé ýíåðãèåé Ðè÷÷è (VRDE) â

óñëîâèÿõ îòñóòñòâèÿ äàâëåíèÿ. Ïðåäïîëàãàåòñÿ, ÷òî ñêîðîñòü è ðàñøèðåíèÿ

Âñåëåííîé ïðîïîðöèîíàëüíû êîýôôèöèåíòó îáùåé îáúåìíîé âÿçêîñòè,

êîòîðûé èìååò âèä aaaa  210  , ãäå 0 , 1  è 2  -  êîíñòàíòû. Äëÿ
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ðåøåíèÿ óðàâíåíèé ïîëÿ ìîäåëè RDE èñïîëüçîâàíà ñâÿçü ìåæäó ìåòðè÷åñêèìè

ïîòåíöèàëàìè, à òàêæå ñòåïåííîå îòíîøåíèå ìåæäó ñðåäíèì ìàñøòàáíûì

êîýôôèöèåíòîì a(t) è ñêàëÿðíûì ïîëåì  . Äëÿ èçó÷åíèÿ ýâîëþöèîííîé

äèíàìèêè Âñåëåííîé èññëåäîâàíû  è ïðåäñòàâëåíû  â ãðàôè÷åñêîì âèäå

ïàðàìåòðû çàìåäëåíèÿ q, ïàðàìåòð ðûâêà j, ïàðàìåòð óðàâíåíèÿ ñîñòîÿíèÿ

de , )Om(z , ñòàáèëüíîñòü ïîëó÷åííûõ ìîäåëåé ñ ïîìîùüþ äèàãðàììû

êâàäðàò ñêîðîñòè çâóêà 
2
s , dede  - , äèàãðàììû ïàðàìåòðîâ îïðåäåëèòåëÿ

ñîñòîÿíèÿ (r, s) è (q, r). Çàêëþ÷åíî, ÷òî ìîäåëü VRDE ñîâìåñòèìà ñ

íûíåøíèì óñêîðåííûì ðàñøèðåíèåì Âñåëåííîé.

Êëþ÷åâûå ñëîâà: ìåòðèêà Ðóáàíà: òåîðèÿ Áðàíñà-Äèêêå: âÿçêîñòü: òåìíàÿ

      ýíåðãèÿ: òåìíàÿ ýíåðãèÿ Ðè÷÷è
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