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CLASSIFICATION OF FLAT SPECTRUM RADIO
QUASARS BY OPTICAL ACTIVITY TYPES
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We have carried out a spectral classification by the activity types for a subsample of blazars
from the BZCAT v.5 Catalogue, namely the Flat Spectrum Radio Quasars (FSRQ) candidates,
designated in the catalogue as BZQ subtype objects. The classification is based on the Sloan Digital
Sky Survey (SDSS) homogeneous medium-resolution optical spectroscopy and along with the
standard BPT-type diagnostic diagrams, we have applied our newly introduced fine classification
scheme with subtypes of quasars and considering many more features. Out of 1909 BZQ objects,
618 having SDSS spectra were classified, resulting in 445 broad-line QSOs, 19 narrow-line QSOs,
138 broad-line Seyferts, 8 narrow-line Seyferts, and 2 Emission-line galaxies without a proper
classification. We have calculated the absolute magnitudes and luminosities for all objects to
distinguish QSOs from Seyferts, as defined by the Catalogue of QSOs and Active Galaxies, -22

m
.25

separation limit. This way 148 objects changed their BZCAT subtypes between BZQ to BZG, and
also 6 BZQ objects to BZU.

Keywords: radio quasars: activity type: classification

1. Introduction. Among the Active Galactic Nuclei (AGN), the most

interesting are blazars with combination of two subtypes: a) BL Lac (BLL) objects

and b) special types of quasars (QSO): Optically Violent Variable (OVV) and

Highly Polarized Quasars (HPQ). A blazar is characterized as a very compact

quasar, associated with a presumed Super Massive Black Hole (SMBH) at the

center of an active giant elliptical galaxy. Blazars are the most energetic objects

in the Universe [1]. The object BL Lac was originally discovered by Hoffmeister

[2] as a variable star, and later it was identified by Schmitt [3] as an extragalactic

source, and BL Lac type objects were assigned as one of the AGN types. They

are characterized by significant optical variability, optical continuous spectrum

without or with very weak absorption or emission lines, and they have radio

emission. Their radio emission is typically also variable and polarized.

Massaro et al. [1] presented the blazar catalogue BZCAT v.5, where the objects

are divided into 4 types: BZB (Lacertids, BL Lac or BLL), BZQ (Quasars, namely

Flat Spectrum Radio Quasars, FSRQ), BZG (Galaxies), and BZU (Undetermined

class). Table 1 shows the distribution of the types of blazars from the BZCAT

catalogue.
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In our earlier papers we studied and classified BZU and BZG objects [4,5].

This paper is devoted to detailed spectral classification of type BZQ blazars from

the BZCAT catalogue, the most numerous group. We aim at classifying all objects

by activity types, as well as rearranging BZCAT types to have more homogeneous

grouping.

2. Studied data. For our investigation, we have selected BZQ objects from

BZCAT catalogue. We have picked out 1909 QSO candidates from Table 1, which

make up our investigation data. 618 out of the 1909 BZQ objects have optical

spectra in the SDSS [6]. For these objects we have carried out a detailed

classification using the SDSS spectra.

Using the data from various catalogues and data bases VCV-13 [7], NASA/IPAC

Extragalactic Database (NED) and SDSS [6], we have clarified the optical classi-

fication of these objects prior to our classification. We list these data in Table 2.

As it can be seen from Table 2, some objects do not have detailed optical

classification, e.g., some were classified as galaxies because in optical images they

have an extended shape. The table presents optical classification for all BZQ objects

from SDSS, VCV-13 catalogues and NED database.

The measurements of the SDSS spectra are very often based on lines at the

noise level and of low quality. As a result, automatic measurements lead to some

misclassification. Thus, it is necessary to carefully check the spectra at all

wavelengths and to decide which measurements should be used for further study.

The lines which are used in the diagnostic diagrams are especially important ( H ,

[OIII] 5007 Å , [OI] 6300 Å , H , [NII] 6583 Å , and [SII] 6716+6731 Å ) [8].

3. Optical classification for activity types. Mickaelian et al. [9] have

introduced a new optical classification scheme (https://www.bao.am/activities/

projects/21AG-1C053/mickaelian/). In this paper we have carried out optical

classification using this method. To guarantee the best accuracy and consider all

N             Type Number %

1 BZB BL Lac 1151 32.3
2 BZG Galaxies 274 7.7
3 BZQ Quasars 1909 53.6
4 BZU Unclassified 227 6.4

         All 3561 100.0

Table 1

DISTRIBUTION OF THE TYPES OF BLAZARS FROM

BZCAT CATALOGUE



7CLASSIFICATION  OF  RADIO  QUASARS

possible details, we classify the objects in several ways and then consider all

obtained types and subtypes:

- By the 1st diagnostic diagram (DD1) using line intensity ratios   HOIII

vs.   HOI .

- By the 2nd diagnostic diagram (DD2) using line intensity ratios   HOIII

vs.   HNII .

- By the 3rd diagnostic diagram (DD3) using line intensity ratios   HOIII

vs.   HSII .

- By comparison and using the 1st, 2nd and 3rd diagnostic diagrams

simultaneously.

- By eye (considering all features and effects). Very often, the diagnostic

diagrams do not give full understanding for all objects and only eye can reveal

some details.

For these objects in the spectra, the lines H  and H  were mainly absent

(due to redshifts), so we made a classification only by the visual method.

       Classes/Subclasses SDSS images VCV-13 NED

S1/S1.0 - 25 10

S1.2 - 6 3

S1.5 - 6 2

S2 - 2 -

S1n - 5 1

S? - 1 -

BL - 5 3

QSO - 499 102

HP QSO - - 1

BAL QSO - - 10

HP (High Optical Polarization) - 17 -

AGN - 23 2

Galaxy 27 - 5

Star 591 - -

Flat-Spectrum Radio Source (FSRS) - - 459

Gigahertz-Peaked Sources (GPS) - - 3

Total 618 589 601

Table 2

DISTRIBUTION OF TYPES OF OPTICALLY CLASSIFIED BZQ

OBJECTS FROM BZCAT CATALOGUE
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In Table 3 and in Fig.1 we show our spectral classification for 618 BZQ objects

using the SDSS spectra. It is clear from Table 3 and Fig.2 that these objects are

mostly classical QSOs (about 56.31%) and other QSO subtypes (almost 17.8%).

After our new classification, 327 (52.91%) of 618 have not changed their

optical class, and 291 (47.09%) of these objects have changed their optical class.

Table 4 shows our detailed classification of the 10 BZQ objects using the SDSS

spectra (the full list will be available in electronic form in VizieR).

Classification Number %

QSO 348 56.31

QSO1.0 28 4.53

QSO1.2 41 6.63

QSO1.5 26 4.21

QSO1.8 1 0.16

QSO1.9 1 0.16

NLQ1.0 3 0.49

NLQ1.2 10 1.62

NLQ1.5 6 0.97

S 86 13.92

S1.0 10 1.62

S1.2 12 1.94

S1.5 20 3.24

S1.8 7 1.13

S1.9 2 0.32

S2.0 1 0.16

NLS 1 0.16

NLS1.0 1 0.16

NLS1.2 2 0.32

NLS1.5 4 0.65

Em 2 0.32

Star 1 0.16

Unknown 5 0.81

Total 618 100.00

Table 3

CLASSIFICATION OF BZQ OBJECTS USING THE SDSS SPECTRA
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4. Absolute magnitudes and luminosities. Having information on

magnitudes from SDSS, we have calculated absolute magnitudes for BZQ objects

using Eq. (1).

    , log55 zmzfLmM  (1)

Fig.1. The new classification of the BZQ objects using the SDSS spectra.

BZCAT name         Old class        New class M L

BZCAT SDSS VCV- NED Activity BZCAT SDSS

L

43
10

13 type class r

5BZQ J1254+1141 BZQ Star QSO FSRS NLQ1.0 BZQ -24.94 309.61

5BZQ J0059+0006 BZQ Star S1.5 Sy 1.5 NLQ1.2 BZQ -23.98 128.48

5BZQ J0948+0022 BZQ Star S1n FSRS NLQ1.5 BZQ -22.78 42.36

5BZQ J1105+0202 BZQ Galaxy AGN FSRS NLS1.2 BZQ -22.05 21.75

5BZQ J1644+2619 BZQ Galaxy S1n FSRS NLS1.5 BZQ -21.10 9.00

5BZQ J1252+6451 BZQ Galaxy S1 Sy 1 S1.0 BZG -22.23 25.57

5BZQ J2308+2008 BZQ Star QSO FSRS S1.5 BZG -22.22 25.32

5BZQ J1631+4927 BZQ Galaxy AGN FSRS S1.8 BZG -22.20 24.76

5BZQ J0748+2400 BZQ Star HP FSRS S2 BZG -22.07 22.00

5BZQ J1506+3730 BZQ Galaxy S2 FSRS S1.8 BZG -20.19 3.89

Optical class

N
um

b
er

S
0

NLS QSO NLQ Em Star Unknown

138

445

8
19

2 51

100

200

300

400

Table 4

LIST OF THE 10 BZQ OBJECTS CLASSIFIED USING THE SDSS

SPECTRA (the full list will be available in VizieR)
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where L is the luminosity distance as defined by [10]:

    






z

.

M dzz
H

zc
L

0

503

0

1
1

(2)

z  is the redshift,    1152 z.f  the k correction,  zm  is a correction to k

considering that the spectrum of quasars is not strictly a power law of the form
S  ( 30. , [7]).

The following values were taken for the cosmological constants in the calcu-

lations:

.H..M  Mpcskm71, 710, 290 -1
0  

Having absolute magnitude, we counted luminosities for BZQ objects from

blazars catalogue using Eq. (3).


 L.L MM  5122 (3)

where L  and M  are the luminosity and the absolute magnitude of the Sun

( 3310833  .L  erg/s, 834.M  ). Data on absolute magnitude and luminosity

can be found in Table 4.

Some objects, at the beginning, using only optical spectra, were classified as

Seyfert type, but after the calculation of absolute magnitudes we changed their

class, if their absolute magnitude is smaller than -22.25 (the luminosity is higher).

As a result, 1 NLQ changed to NLS, 1 NLQ1.0 changed to NLS1.0, 1 NLQ1.2

changed to NLS1.2, 3 NLQ1.5 changed to NLS1.5, 86 QSO changed to S

(Seyfert), 9 QSO1.0 changed to S1.0, 12 QSO1.2 changed to S1.2, 19 QSO1.5

changed to S1.5, 7 QSO1.8 changed to S1.8.

5. Results. We selected BZQ objects from BZCAT catalogue (Table 1). 618

of the 1909 BZQ objects have optical spectra in the SDSS. For these objects we

have carried out a detailed classification using the SDSS spectra. In this paper

we have carried out optical classification using method given by [9]. Our optical

classification results are given in Table 3 and 4.

In Table 3 and in Fig.1 we show our spectral classification for 618 BZQ objects

using the SDSS spectra. It is clear from Table 3 and Fig.2 that these objects are

mostly QSO (about 97%). 432 (69.9%) out of 618 have not changed optical class,

only 186 (30.1%) of these objects have changed their optical class.

Some objects changed their class after estimation of absolute magnitudes

(-22.25 limit between QSOs and Seyferts). As a result, 1 NLQ changed to NLS,

1 NLQ1.0 changed to NLS1.0, 1 NLQ1.2 changed to NLS1.2, 3 NLQ1.5 changed

to NLS1.5, 86 QSO changed to S (Seyfert), 9 QSO1.0 changed to S1.0, 12 QSO1.2

changed to S1.2, 19 QSO1.5 changed to S1.5, 7 QSO1.8 changed to S1.8.

Having this new information on the optical classification we suggest to change
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the classification of some objects in BZCAT, given by [1]: for 148 BZQ objects

to BZG and for 6 BZQ objects to BZU (1 object classified as "star", 5 objects

classified as "unknown").
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ÎÏÒÈ×ÅÑÊÎÉ ÀÊÒÈÂÍÎÑÒÈ

À.Ì.ÌÈÊÀÅËßÍ, À.Â.ÀÁÐÀÌßÍ, Ã.Ì.ÏÀÐÎÍßÍ,
Ã.À.ÌÈÊÀÅËßÍ, À.Ã.ÑÓÊÈÀÑßÍ, Â.Õ.ÌÊÐÒ×ßÍ

Ïðîâåäåíà ñïåêòðàëüíàÿ êëàññèôèêàöèÿ êàíäèäàòîâ â ðàäèîêâàçàðû ñ

ïëîñêèì ñïåêòðîì (FSRQ) èç êàòàëîãà BZCAT v.5, îáîçíà÷åííûå â êàòàëîãå

êàê îáúåêòû ïîäòèïà BZQ. Êëàññèôèêàöèÿ îñíîâàíà íà îïòè÷åñêîé ñïåêòðî-

ñêîïèè ñðåäíåãî ðàçðåøåíèÿ Ñëîàíîâñêîãî öèôðîâîãî îáçîðà íåáà (SDSS),

è íàðÿäó ñî ñòàíäàðòíûìè äèàãíîñòè÷åñêèìè äèàãðàììàìè BPT-òèïà ïðèìåíåíà

íåäàâíî ââåäåííàÿ àâòîðàìè ñõåìà òîíêîé êëàññèôèêàöèè ñ ïîäòèïàìè êâàçàðîâ

è ó÷åòîì ìíîãèõ äðóãèõ îñîáåííîñòåé. Èç 1909 BZQ îáúåêòîâ êëàññèôèöè-

ðîâàíû 618, êîòîðûå èìåþò ñïåêòðû SDSS, â ðåçóëüòàòå ÷åãî èìååì: 445

êâàçàðîâ ñ øèðîêèìè ëèíèÿìè, 19 êâàçàðîâ ñ óçêèìè ëèíèÿìè, 138 Ñåéôåðòîâ

ñ øèðîêèìè ëèíèÿìè, 8 Ñåéôåðòîâ ñ óçêèìè ëèíèÿìè è 2 ýìèññèîííûå

ãàëàêòèêè. Ðàññ÷èòàíû àáñîëþòíûå çâåçäíûå âåëè÷èíû è ñâåòèìîñòè äëÿ

âñåõ îáúåêòîâ, ÷òîáû îòëè÷èòü QSO îò ñåéôåðòîâñêèõ ãàëàòèê, êàê ýòî

îïðåäåëåíî êàòàëîãîì êâàçàðîâ è àêòèâíûõ ãàëàêòèê c ïðåäåëîì ðàçäåëåíèÿ

-22m.25. Â ðåçóëüòàòå, 148 îáúåêòîâ èçìåíèëè ñâîé BZCAT ïîäòèï ìåæäó

BZQ è BZG, à 6 îáúåêòîâ ñ BZQ íà BZU.

Êëþ÷åâûå ñëîâà: ðàäèîêâàçàðû: òèï àêòèâíîñòè: êëàññèôèêàöèÿ
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ÔÎÒÎÌÅÒÐÈ×ÅÑÊÈÅ È ÑÏÅÊÒÐÀËÜÍÛÅ
ÈÑÑËÅÄÎÂÀÍÈß ÃÐÓÏÏÛ ÃÀËÀÊÒÈ×ÅÑÊÈÕ ÇÂÅÇÄ

ÂÎËÜÔÀ-ÐÀÉÅ. II. WC È WO ÏÎÑËÅÄÎÂÀÒÅËÜÍÎÑÒÈ

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

Ïîñòóïèëà 1 ñåíòÿáðÿ 2023
Ïðèíÿòà ê ïå÷àòè 7 ìàðòà 2024

Ôîòîìåòðè÷åñêèå è ñïåêòðàëüíûå íàáëþäåíèÿ 7 çâåçä WC è WO ïîñëåäîâàòåëüíîñòåé
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.
Çàðåãèñòðèðîâàíû èçìåíåíèÿ áëåñêà WR 121 â ïðåäåëàõ 0

m
.1 - 0

m
.15. Èçìåíåíèÿ ïîòîêîâ â

ýìèññèîííûõ ëèíèÿõ îáíàðóæåíû â ñïåêòðàõ íåñêîëüêèõ îáúåêòîâ: WR 4, WR 5, WR 121
è WR 128.

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

ñïåêòðîôîòîìåòðèÿ

1. Ââåäåíèå. Ôîòîìåòðè÷åñêèå è ñïåêòðàëüíûå íàáëþäåíèÿ ãðóïïû

çâåçä Âîëüôà-Ðàéå âûïîëíÿëèñü â Àñòðîôèçè÷åñêîì èíñòèòóòå èì. Â.Ã.Ôåñåí-

êîâà â 2021-2022ãã. Öåëü ðàáîòû - ïîèñê ñïåêòðàëüíîé è ôîòîìåòðè÷åñêîé

àêòèâíîñòè ýòèõ îáúåêòîâ. Â ïðîãðàììó íàáëþäåíèé âêëþ÷åíû çâåçäû

óìåðåííîé ÿðêîñòè, áîëüøèíñòâî èç íèõ ñëàáåå 10m â ôèëüòðå V. Â äàííîé

ñòàòüå ïðèâîäÿòñÿ ðåçóëüòàòû, ïîëó÷åííûå äëÿ çâåçä WC è WO ïîñëåäî-

âàòåëüíîñòåé. Ñïèñîê îáúåêòîâ (òàáë.1), îïèñàíèå íàáëþäåíèé è îáðàáîòêè

äàííûõ ïðèâåäåíû â ðàçäåëå 2. Â ðàçäåëå 3 ïðåäñòàâëåíû ðåçóëüòàòû: îöåíêè

BVRc, ïîòîêîâ èçëó÷åíèÿ â ýìèññèîííûõ ëèíèÿõ è ýêâèâàëåíòíûõ øèðèí

ïðîôèëåé ëèíèé. Îáñóæäåíèå ïîëó÷åííûõ äàííûõ ïðåäñòàâëåíî â ðàçäåëå 4.

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). Ôîòîìåòðè÷åñêèå íàáëþäåíèÿ

âûïîëíÿëèñü íà 1-ì òåëåñêîïå Carl Zeiss Jena, ðàñïîëîæåííîì íà Òÿíü-

Øàíüñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè (ÒØÀÎ) ÀÔÈÔ. Èñïîëüçîâàëñÿ

ÒÎÌ 67 ÔÅÂÐÀËÜ, 2024 ÂÛÏÓÑÊ 1

À Ñ Ò Ð Î Ô È Ç È Ê À

DOI: 10.54503/0002-3051-2024.77.1-13

http://doi.org/10.54503/0002-3051-2024.77.1-13
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íàáîð ôèëüòðîâ Astrodon BVRc. Áîëåå ïîäðîáíîå îïèñàíèå ïðîöåäóðû

íàáëþäåíèé è îáðàáîòêè äàííûõ ïðåäñòàâëåíû â ïåðâîé ÷àñòè [1].

3. Ïîëó÷åííûå ðåçóëüòàòû. Â íàøó ïðîãðàììó èññëåäîâàíèé áûëî

âêëþ÷åíî 6 çâåçä WC ïîñëåäîâàòåëüíîñòè è îäíà çâåçäà WO. Ðåçóëüòàòû

ôîòîìåòðè÷åñêèõ íàáëþäåíèé çâåçä WC è WO äàíû â òàáë.2. Â ïåðâîì

ñòîëáöå óêàçàíî íàçâàíèå îáúåêòà, åãî êëàññèôèêàöèÿ è áëåñê â ôèëüòðàõ B

è V èç àñòðîíîìè÷åñêîé áàçû äàííûõ SIMBAD. Ïîñëåäóþùèå ñòîëáöû

ñîäåðæàò äàòû, þëèàíñêèå äàòû è çíà÷åíèÿ BVRc.

Íàçâàíèå Sp  (2000)  (2000) Äðóãîå

îáúåêòà íàçâàíèå

WR 4 WC5+? 02 41 11 56 43 50 HD 16523
WR 5 WC6 02 52 12 56 56 07 HD 17638

WR 121 WC9D 18 44 13 -03 47 57 MR 90
WR 125 WC7ED+O9III 19 28 15 19 33 21 MR 93
WR 142 WO2 20 21 44 37 22 30 [KW97] 45-49
WR 143 WC4+OB? 20 28 22 38 37 18 HD 195177
WR 154 WC6 22 27 18 56 15 12 HD 213049

Òàáëèöà 1

ÑÏÈÑÎÊ ÈÑÑËÅÄÓÅÌÛÕ ÎÁÚÅÊÒÎÂ

Íàçâàíèå îáúåêòà Äàòà JD-2400000 B V Rc
íàáëþäåíèé

1 2 3 4 5 6

2021-01-27 59242.13 9.98±0.06 9.88±0.05 9.28±0.07
WR 4 WC5 2021-11-22 59541.29 9.98±0.05 9.88±0.06 9.25±0.06

B=10.34 V=9.99 [2] 2021-12-01 59550.23 9.99±0.06 9.88±0.05 9.32±0.05
2022-01-27 59607.08 9.99±0.05 9.88±0.06 9.25±0.05
2022-02-04 59615.07 9.99±0.06 9.88±0.06 9.31±0.06

2021-11-22 59541.29 10.61±0.03 10.23±0.08 10.28±0.11
2021-12-01 59550.24 10.62±0.02 10.30±0.05 10.35±0.10

WR 5 WC6 2021-12-09 59558.26 10.58±0.02 10.24±0.05 10.19±0.11
B=10.86 V=10.41 [4] 2022-01-27 59607.13 10.58±0.03 10.25±0.08 10.14±0.09

2022-02-04 59615.12 10.61±0.02 10.24±0.07 10.16±0.09
2022-11-27 59911.14 10.64±0.01 10.29±0.06 10.18±0.00

2022-06-18 59380.35 13.39±0.02 11.84±0.06 11.53±0.10
WR 121 WC 9 2021-07-23 59419.22 13.30±0.08 11.84±0.05 11.53±0.09

B=13.34 V=11.98 [3] 2021-07-31 59427.24 13.20±0.04 11.77±0.06 11.43±0.08
2022-04-28 59698.33 13.24±0.04 11.80±0.05 11.52±0.01
2022-05-23 59719.41 13.30±0.03 11.81±0.04 11.52±0.04

Òàáëèöà 2

ÎÖÅÍÊÈ ÁËÅÑÊÀ ÇÂÅÇÄ WC È WO
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WR 4 (HD 16523). Ýòîò îáúåêò ïðèíàäëåæèò WC5+? òèïó. Ôîòîìåòðè÷åñêàÿ

ïåðåìåííîñòü ñ ïåðèîäîì P = 4.3 äíÿ áûëà îáíàðóæåíà àâòîðàìè ðàáîòû [6].

Çàðåãèñòðèðîâàííûå èçìåíåíèÿ ïðîôèëåé ýìèññèîííûõ ëèíèé â ïðåäåëàõ

(~1.2%) îêàçàëèñü íåäîñòàòî÷íûìè äëÿ âêëþ÷åíèÿ îáúåêòà â ñïèñîê êàíäèäàòîâ

òèïà CIR [7]. Äâîéñòâåííàÿ ïðèðîäà îáúåêòà áûëà ïîäòâåðæäåíà â ðàáîòå [8].

Ñðàâíåíèå íàøèõ ðåçóëüòàòîâ, ïîëó÷åííûõ â 2021-2022ãã., ñ äàííûìè

êàòàëîãà [2] ïîêàçàëî óâåëè÷åíèå ÿðêîñòè îáúåêòà â ôèëüòðå V íà 0m.3. Â

òàáë.3 è 3à ïðèâîäÿòñÿ çíà÷åíèÿ àáñîëþòíûõ ïîòîêîâ â øêàëå 10-12
 ýðã/ñì2

 ñ

è ýêâèâàëåíòíûõ øèðèí ýìèññèîííûõ ëèíèé. Òî÷íîñòü îïðåäåëåíèÿ ýòèõ

ïàðàìåòðîâ ñîñòàâëÿåò 15-20%.

Çàðåãèñòðèðîâàíû âîëíîîáðàçíûå ôëóêòóàöèè ýìèññèîííûõ ïîòîêîâ â

êîíöå 2021 - íà÷àëå 2022ãã. Ýòè èçìåíåíèÿ ìîãóò áûòü ñâÿçàíû ñ îðáèòàëüíûì

âðàùåíèåì çâåçäíûõ êîìïîíåíòîâ è, ñëåäîâàòåëüíî, ñ âàðèàöèÿìè ìîùíîñòè

çâåçäíîãî âåòðà.

WR 5 (HD 17638). Ýòîò îáúåêò îòíîñèòñÿ ê ïîñëåäîâàòåëüíîñòè WC6.

Èçìåðåíèÿ ëó÷åâûõ ñêîðîñòåé íå ïîäòâåðäèëè åãî äâîéñòâåííóþ ïðèðîäó [8].

Ïðåäûäóùèå èññëåäîâàíèÿ ïðîôèëåé ýìèññèîííûõ ëèíèé òàêæå íå âûÿâèëè

ïðèçíàêîâ ïåðåìåííîñòè [7]. Íàøè ðåçóëüòàòû: ïîòîêè â øêàëå 10-12
 ýðã/ñì2

 ñ

1 2 3 4 5 6

2021-09-06 59464.27 14.34±0.09 12.74±0.03 11.86±0.01
WR 125 WC 7+O9III 2021-07-24 59420.38 14.34±0.07 12.76±0.03 11.90±0.08

B=14.83 2022-06-05 59736.27 14.32±0.09 12.76±0.04 11.87±0.02
2022-12-02 59917.03 14.27±0.08 12.74±0.02 11.94±0.02

2021-08-10 59437.23 14.38±0.02 12.90±0.01 12.62±0.01
WR 142 WO 2 2021-09-01 59459.26 14.37±0.02 12.90±0.01 12.62±0.01

B=14.39 V=12.99 [5] 2021-10-07 59495.09 14.36±0.02 12.91±0.04 12.60±0.01
2022-11-10 59894.06 14.34±0.01 12.95±0.04 12.57±0.01

 WR 143 WN5+O5V-III  2021-07-25 59421.28 12.59±0.04 11.45±0.04 11.86±0.01
B=12.67 V=11.46 [4] 2021-09-03 59461.32 12.58±0.04 11.46±0.09 11.86±0.01

2021-10-12 59500.29 11.04±0.06 10.99±0.04 10.67±0.06
2021-11-05 59524.16 11.09±0.05 11.02±0.04 10.79±0.06
2021-11-21 59540.08 11.08±0.05 11.03±0.03 10.76±0.06
2021-12-01 59550.15 11.08±0.05 11.02±0.03 10.67±0.09

WR 154 WC 6 2021-12-16 59565.03 11.09±0.05 11.03±0.03 10.81±0.06
B=11.71 V=10.99 [3] 2021-12-29 59578.12 11.08±0.05 11.03±0.04 10.76±0.06

2022-01-21 59601.07 11.08±0.05 11.08±0.06 10.81±0.06
2022-01-27 59607.07 11.07±0.05 11.07±0.06 10.76±0.06
2022-11-27 59911.13 11.08±0.05 11.08±0.06 10.74±0.06
2022-12-02 59916.06 11.08±0.05 11.07±0.06 10.72±0.06

Òàáëèöà 2 (Îêîí÷àíèå)
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è ýêâèâàëåíòíûå øèðèíû ýìèññèîííûõ ëèíèé ïðèâåäåíû â òàáë.4. Ñðåäíÿÿ

òî÷íîñòü çíà÷åíèé ñîñòàâëÿåò 15-20%.

WR 121. Çâåçäà îòíîñèòñÿ ê ïîñëåäîâàòåëüíîñòè WC9. Êàê è ìíîãèå

äðóãèå óãëåðîäíûå çâåçäû ïîçäíèõ òèïîâ, îíà èìååò ïûëåâóþ îáîëî÷êó,

êîòîðàÿ ìîæåò âûçûâàòü êîëåáàíèÿ óðîâíÿ áëåñêà èç-çà èçìåíåíèÿ ïîãëîùåíèÿ.

Äëÿ WR 121 ïîäîáíîå ñîáûòèå ïðîèçîøëî â 1990ã. Àâòîðû ðàáîòû [8]

ïðåäïîëîæèëè, ÷òî íàáëþäàåìîå òîãäà îñëàáëåíèå áëåñêà îáúåêòà  íà 0m.8 â

ôèëüòðå V áûëî âûçâàíî îáðàçîâàíèåì ïûëåâîãî îáëàêà íà ëó÷å çðåíèÿ.

Òàáëèöà 3

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 4

)Å( Èîíû  2021.01.03   2021.12.10   2021.12.29   2022.01.27   2022.02.05 2022.10.12

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4619
CIII

4650
CIV 218 1174 260 1100 289 1156 321 1123 323 964 239 1065

HeII

4780
OIV

2.7 16 2.8 10 4.4 19 4.0 15 3.0 10 2.4 11
CIV

4860 HeII  2.0 12 2.5 10 3.2 15 3.3 13 2.4 9.1 2.5 13

4930 OV 2.6 11 2.5 12 2.8 11 2.9 11 2.0 11

5017 CIV 3.1 19 4.1 16 5.3 24 6.3 25 4.4 16 3.2 16

5280 OVI 5.6 20 8.8 38 9.5 36 6.5 11

5411 HeII 4.7 18 5.1 23 7.1 26 6.6 23 5.5 21

5469 CIV 8.4 35 8.2 33 10 38 9.3 32

5595
HeII

10 37 14 54 15 56 15 46
CIV

Òàáëèöà 3a

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÊÐÀÑÍÎÉ ÎÁËÀÑÒÈ ÑÏÅÊÒÐÀ WR 4

)Å( Èîíû  2021.11.28   2022.11.01   2021.11.28   2022.11.01   2022.09.02  2022.11.01

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

6560
HeII

23 110 21 103 19 103 23 110 21 103 19 103
CIV

6744
CIII

41 185 37 185 32 182 42 185 37 185 32 182
CII

7060 CIV 26 129 27 135 23 128 26 129 27 135 23 128

7207
ÑII 7.9 39 7.3 45 6.6 36 7.9 39 7.3 45 6.6 36

7258
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Âî âðåìÿ íàøèõ íàáëþäåíèé â 2021-2022ãã. èçìåíåíèÿ áëåñêà íå ïðåâûøàëè

0m.2 è 0m.07 â ôèëüòðàõ B è V, ñîîòâåòñòâåííî. Â òàáë.5 è 5à ñîáðàíû

ðåçóëüòàòû íàøèõ ñïåêòðàëüíûõ íàáëþäåíèé: ïîòîêè èçëó÷åíèÿ â øêàëå

10-12
 ýðã/ñì2

 ñ è ýêâèâàëåíòíûå øèðèíû ýìèññèîííûõ ëèíèé. Òî÷íîñòü

Òàáëèöà 4

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 5

)Å( Èîíû  2021.01.03 2021.01.09 2022.01.27 2022.02.05 2022.09.02 2022.10.12 01.11.2022

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4340 HeII,CIV 2.8 24

4444 CIII,CIV 2.8 23

4515+
CIII,HeII 3.5 32 3.5 25

4540

4650
CIV,HeII 129 1129 158 965 168 1120  128 1100

4686

4780 CIV,OIV 1.5 15 1.7 11 1.7 11 1.7 15

4860 HeII,CIV 1.8 18 2.1 14 2.2 14 1.9 16

4940 HeII 0.8 8.5 1.2 8.9 1.5 6.0 1.1 6.0

5017 CIV,HeI 2.5 25 2.7 17 3.0 19 2.5 21

5260 CIII,OIV 3.8 21 5.4 38 3,5 32

5411 HeII,CIV 6.1 34 5.8 39 4.7 34

5460 CIV 5.8 32 6.4 43 5.2 39

6560 HeII,CIV 22 111 16 98 16 115

6744 CIII,CII 36 185 29 180 28 185

7060 CIV,HeI 20 112 17 120 16 123

Òàáëèöà 5

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 121

)Å( Èîíû     2021.08.11   2022.05.08   2022.06.07   2022.06.29    2022.07.16

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4656 CIV 2.1 76 2.3 80 3.6 79 2.0 77 2.5 78
4686 CIV,HeII 0.8 23 0.7 23 0.8 20 0.6 22 0.9 23
4860 CIV,HeII 0.3 10 0.3 9.0 0.3 8.0 0.2 8.2 0.2 8.2
4921 HeI 0.1 8.0 0.2 7.9 0.3 8.2 0.2 8.1 0.3 10
5016 CIV,HeI 0.6 19 0.8 29 0.8 33 0.7 22 0.7 22
5141 CII,CIII 1.1 27 1.2 33 1.4 34 1.3 34 1.3 34

5250+5270 CIII 0.6 14 0.8 22 0.8 20 0.7 19 0.7 15
5305 CIII 0.2 4.3 0.2 4.3 0.2 4.9 0.2 5.0 0.2 4.0
5411 CIV,HeII 0.2 4.5 0.3 6.9 0.2 8.0 0.3 6.9
5471 CIV 0.3 6.6 0.3 7.0
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îïðåäåëåíèÿ ïàðàìåòðîâ ñîñòàâëÿåò 15-20%. Çàðåãèñòðèðîâàíû íåðåãóëÿðíûå

èçìåíåíèÿ ïîòîêîâ â ýìèññèîííûõ ëèíèÿõ â ïðåäåëàõ 20-30%.

WR 125 - ýòî äâîéíàÿ çâåçäíàÿ ñèñòåìà WC7+O9III. Îíà ÿâëÿåòñÿ

èñòî÷íèêîì æåñòêîãî ðåíòãåíîâñêîãî èçëó÷åíèÿ è, ñëåäîâàòåëüíî, ìîæåò

îáëàäàòü àêêðåöèîííûì äèñêîì âîêðóã êîìïàêòíîé çâåçäû. Êðîìå òîãî, äëÿ

äàííîãî îáúåêòà  õàðàêòåðíû  ïåðèîäè÷åñêèå ïîâûøåíèÿ ìîùíîñòè èçëó÷åíèÿ

â ðåíòãåíîâñêîì, âèçóàëüíîì è ÈÊ äèàïàçîíàõ âîëí, ñâÿçàííûå ñ ïðîõîäàìè

ïåðèàñòðà [9]. Òåì íå ìåíåå, íàáëþäåíèÿ àâòîðîâ ðàáîòû [6] íå âûÿâèëè

ñïåêòðàëüíûõ èçìåíåíèé.

Íàøè ðåçóëüòàòû ïîêàçûâàþò, ÷òî â 2021-2022ãã. áëåñê îáúåêòà áûë

âûøå íà 0m.5 â ôèëüòðå B ïî ñðàâíåíèþ ñî çíà÷åíèåì èç áàçû SIMBAD.

Â òàáë.6 è 6à äàíû ðåçóëüòàòû íàøèõ ñïåêòðàëüíûõ íàáëþäåíèé: ïîòîêè

èçëó÷åíèÿ â øêàëå 10-12
 ýðã/ñì2

 ñ è ýêâèâàëåíòíûå øèðèíû ýìèññèîííûõ

ëèíèé. Òî÷íîñòü îïðåäåëåíèÿ ïàðàìåòðîâ ñîñòàâëÿåò 15-20%. Íàáëþäàåìûå

êîëåáàíèÿ ýìèññèîííûõ ïîòîêîâ íå âûõîäèëè çà ïðåäåëû óêàçàííûõ ïîãðåø-

íîñòåé èçìåðåíèé.

Òàáëèöà 5à

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÊÐÀÑÍÎÌ ÄÈÀÏÀÇÎÍÅ ÄËÈÍ

ÂÎËÍ Â ÑÏÅÊÒÐÅ WR 121

)Å( Èîíû      2021.08.07        2022.04.28         2022.06.04       2022.06.26

Fabs EW Fabs EW Fabs EW Fabs EW

6580 CII,HeII 7.5 109 8.8 113 8.6 110 7.3 108
6678 HeI 2.1 31 2.2 29 2.6 35 2.0 29
6732 CII,CIII 5.0 64 4.9 64 4.2 63
6780 CII,CIII 3.9 43 3.9 50 3.8 48 3.7 48
7037 CIII 1.6 23 2.3 25 2.6 24 2.3 25
7065 CII,HeI 3.1 45 3.7 42 3.7 46 2.6 44
7122 CII 1.5 21 1.6 21 1.6 19 1.3 17
7234 CII 14 210 19 220 19 214 14 201

Òàáëèöà 6

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 125

)Å( Èîíû      2021.06.13        2022.06.07         2022.06.29       2022.07.15

Fabs EW Fabs EW Fabs EW Fabs EW

4540 HeII 0.2 19 0.2 20
4660 CIV,HeII 2.3 315 2.1 319 2.3 310 2.0 320
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WR 142. Çâåçäà îòíîñèòñÿ ê ïîñëåäîâàòåëüíîñòè WO2. Ýòî îäíà èç ñàìûõ

ãîðÿ÷èõ ñðåäè èçâåñòíûõ ãàëàêòè÷åñêèõ çâåçä WR (T* ~ 200000 K, [10]). Îáúåêòû

ýòîãî òèïà ðàññìàòðèâàþòñÿ êàê âûñîêîòåìïåðàòóðíîå ðàñøèðåíèå êëàññà WC

[11] è ïî ïðîãíîçàì, ìîãóò âçîðâàòüñÿ, êàê ñâåðõíîâûå òèïà Ic â òå÷åíèå

íåñêîëüêèõ òûñÿ÷ ëåò [12]. Ïîÿâëåíèå äîïîëíèòåëüíûõ ïèêîâ â ïðîôèëÿõ

ýìèññèîííûõ ëèíèé CIII, 4659Å  îáúÿñíÿåòñÿ íåîäíîðîäíîé ñòðóêòóðîé

çâåçäíîãî âåòðà [10].

Òàáëèöà 6à

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 125

)Å( Èîíû     2021.06.20    2021.07.24    2022.06.15    2022.06.25    2022.06.26

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

6560 CIV,HeII 2.1 60 2.0 69 1.8 60 1.9 57 1.9 62
6748 CIII,CIV 2.1 56 2.0 65 2.0 65 2.0 58 2.0 59
7065 CIV,CII 2.2 55 2.2 57 1.8 54 1.7 51 1.8 53
7254 0.2 3.9 0.2 3.7 0.1 3.9

Òàáëèöà 7

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 142

)Å( Èîíû     15.07.2022        16.07.2022         01.09.2022

Fabs EW Fabs EW Fabs EW

4660 CIV 2.8 300 3.0 300 3.2 290
4940 OV 0.2 21 0.2 18
5280 OVI 0.6 43 0.6 43 0.7 42
5440 CVI 0.4 18 0.4 19 0.4 20

Òàáëèöà 7à

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÊÐÀÑÍÎÌ ÄÈÀÏÀÇÎÍÅ ÄËÈÍ

ÂÎËÍ Â ÑÏÅÊÒÐÅ WR 142

)Å( Èîíû    20.06.2021 24.07.2021   07.08.2021  21.07.2022   25.07.2022  02.09.2022

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

6560 HeII,CIV 3.4 137 3.6 125 3.7 137 3.4 133 3.4 136 3.2 127
7065 HeI 4.5 147 4.5 145 4.0 140 4.0 143 3.8 144
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Âî âðåìÿ íàøèõ íàáëþäåíèé áëåñê çâåçäû îñòàâàëñÿ ñòàáèëüíûì. Çíà÷åíèÿ

ïîòîêîâ èçëó÷åíèÿ â øêàëå 10-12
 ýðã/ñì2

 ñ è ýêâèâàëåíòíûõ øèðèí ýìèññèîííûõ

ëèíèé â ñïåêòðå WR 142 ïðèâåäåíû â òàáë.7 è 7à. Òî÷íîñòü îïðåäåëåíèÿ

ïàðàìåòðîâ ñîñòàâëÿåò 15-20%. Âàðèàöèè ýòèõ çíà÷åíèé íå âûõîäèëè çà

ïðåäåëû ïîãðåøíîñòè.

WR 143. Îáúåêò îòíîñèòñÿ ê ïîñëåäîâàòåëüíîñòè WC4+OB. Âîçìîæíàÿ

äâîéñòâåííàÿ ïðèðîäà ýòîãî îáúåêòà íåîäíîêðàòíî îáñóæäàëàñü ìíîãèìè

àâòîðàìè. Èíôðàêðàñíûå íàáëþäåíèÿ âûÿâèëè íàëè÷èå ýìèññèîííûõ ëèíèé

HI è HeI [13]. Çíà÷èòåëüíàÿ ïåðåìåííîñòü ëó÷åâûõ ñêîðîñòåé RV (11.2±4.2

êì/ñ) áûëà îáíàðóæåíà â ðàáîòå [14], íà îñíîâå ýòîãî  áûë ñäåëàí âûâîä,

÷òî âòîðûì êîìïàíüîíîì â ýòîé ñèñòåìå ÿâëÿåòñÿ Â-çâåçäà, è èìåííî îíà

îòâå÷àåò çà íàáëþäàåìóþ ôîòîìåòðè÷åñêóþ ïåðåìåííîñòü [13].

Íàøè ðåçóëüòàòû - ïîòîêè ýìèññèîííûõ ëèíèé â øêàëå 10-12
 ýðã/ñì2

 ñ è

ýêâèâàëåíòíûå øèðèíû ïðèâåäåíû â òàáë.8. Òî÷íîñòü îïðåäåëåíèÿ ïàðàìåòðîâ

ñîñòàâëÿåò 15-20%. Íåáîëüøîå óâåëè÷åíèå ïîòîêîâ èçëó÷åíèÿ â ëèíèÿõ

çàðåãèñòðèðîâàíî â êîíöå 2022ã.

WR 154. Çâåçäà îòíîñèòñÿ ê ïîñëåäîâàòåëüíîñòè WC6. Äâîéñòâåííàÿ ïðèðîäà

îáúåêòà íå ïîäòâåðäèëàñü. Èññëåäîâàíèÿ ïîêàçàëè, ÷òî âîêðóã WR 154 ðàñïî-

Òàáëèöà 7à (Ïðîäîëæåíèå)

)Å( Èîíû      13.09.2022        25.09.2022         01.10.2022       01.11.2022

Fabs EW Fabs EW Fabs EW Fabs EW

6560 HeII,CIV 3.2 125 3.4 120 3.3 126 3.5 122
7065 HeI 3.6 127 3.7 128 3.6 122 3.7 116

Òàáëèöà 8

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 143

)Å( Èîíû  2021.07.08 2021.07.24 2022.07.15 2022.07.17 2022.07.20 2022.09.01 2022.09.02

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4656, CIII,CIV,
22 710 20 650 23 680

4686 HeII

4921 HeII 0.6 21 0.6 20 0.6 21

5016 CIV 0.5 15 0.6 16

5250+5305 CIII 1.2 25 1.3 27 1.3 30

5411+5470 HeII+CIII 1.5 24 1.7 28

6560 HeII 4.0 40 4.7 51 4.8 42 5.3 44

6740 CIII 9.7 98 9.8 100 12 106 12 110

7065 CIV HeI 9.2 98 9.1 96 9.2 112 11 106
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ëàãàåòñÿ òóìàííîñòü ñ ðàçìåðàìè (15 x 10 ïàðñåê) [15]. Ñðàâíåíèå ðàññòîÿíèé

äî òóìàííîñòè è äî WR çâåçäû ïîäòâåðæäàåò ôèçè÷åñêóþ ñâÿçü ìåæäó íèìè.

Íàøè íàáëþäåíèÿ ñâèäåòåëüñòâóþò î ñòàáèëüíîì áëåñêå îáúåêòà â 2021-

2022ãã., íî ñðàâíåíèÿ ñ êàòàëîãîì [3] ïîêàçàëè, ÷òî â 2021-2022ãã. îáúåêò

ñòàë ÿð÷å íà 0m.6 â ôèëüòðå B. Íàøè ðåçóëüòàòû - ïîòîêè ýìèññèîííûõ

ëèíèé â øêàëå 10-12
 ýðã/ñì2

 ñ è ýêâèâàëåíòíûå øèðèíû ïðèâåäåíû â òàáë.9

è 9à. Òî÷íîñòü îïðåäåëåíèÿ ïàðàìåòðîâ ñîñòàâëÿåò 15-20%.

Ôðàãìåíòû ñïåêòðîãðàìì çâåçä WC ïîñëåäîâàòåëüíîñòè ïðèâîäÿòñÿ íà

ðèñ.1. Ñîîòâåòñòâóþùèå ÷èñëåííûå äàííûå î ñïåêòðàõ èññëåäóåìûõ WR

çâåçä áóäóò ïðåäñòàâëåíû íà ñàéòå ÀÔÈÔ.

Òàáëèöà 9

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 154

)Å( Èîíû     2022.07.16   2022.07.17   2022.09.01   2022.10.12    2022.10.13

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

4540 HeII 2.7 27 2.54 28 2.44 30 2.30 30
4656 CIII,CIV 96 960 90 970 86 990 92 930 78 990
4686 CIV,HeII
4780 CII 1.0 12 1.0 12 0.9 9 0.9 12
4861 CIV,HeII 1.2 15 1.1 14 1.0 12 1.1 11 1.0 15
4921 HeII 0.8 11 0.9 12 0.8 11 0.8 9 0.8 11
5016 CIV HeI 1.7 21 1.7 21 1.6 19 1.5 16 1.5 19
5141 CII,CIII 2.0 23 1.9 24 1.9 22 1.8 19

5250+5305 CIII 2.6 32 2.6 32 2.2 27 2.2 28 2.3 30
5411 CVI,HeII 2.2 27 2.2 26 2.2 27 2.2 26 2.2 25
5471 CIV 2.4 27 2.4 28 2.5 29 2.4 26

Òàáëèöà 9à

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÅ WR 154

)Å( Èîíû    2021.12.01 2022.07.18   2022.07.20  2022.07.21   2022.09.02  2022.10.06

Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW Fabs EW

6580 HeII,CII 9.0 90 10 96 10 99 10 105 9.9 99 9.2 86
6748 CI,CIII 16 172 17 174 16 173 17 189 14 145 15 151
7065 CIV,HeI 12 167 12 154 13 154 12 146 11 163 12 152
7260 CIII 4.5 51 3.6 45 3.7 46 4.0 53 4.6 60 4.5 60
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4. Îáñóæäåíèå è âûâîäû. Ïðîâåäåíû ôîòîìåòðè÷åñêèå è ñïåêòðàëüíûå

íàáëþäåíèÿ ãðóïïû çâåçä Âîëüôà-Ðàéå. Áûëè çàðåãèñòðèðîâàíû èçìåíåíèÿ

áëåñêà îáúåêòà WR 121 ( 150B m. ). Íàøè ðåçóëüòàòû ñðàâíèâàëèñü ñ äàííûìè,

ïîëó÷åííûìè â 2000-2014ãã. â ôèëüòðàõ B è V â êàòàëîãàõ [2-4]. Çàðåãèñò-

ðèðîâàíî óâåëè÷åíèå áëåñêà WR 4 è WR 5 íà ~0m.2 - 0m.3 â ôèëüòðå B è

íà 0m.1 - 0m.15 â ôèëüòðå V. Äëÿ îáúåêòîâ WR 125 è WR 154 ïîëó÷åíû

çíà÷èòåëüíûå ðàñõîæäåíèÿ ñ êàòàëîæíûìè äàííûìè ( 50B m.~ ). Âîçìîæíûå

Ðèñ.1. Ñïåêòðîãðàììû çâåçä WC ïîñëåäîâàòåëüíîñòè. Îñü X - øêàëà äëèí âîëí, îñü
Y - ïîòêè èçëó÷åíèÿ â øêàëå 10

-12
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ïðè÷èíû ïîäîáíûõ ðàñõîæäåíèé: ïåðåìåííîñòü îáúåêòà, îøèáêè, ñâÿçàííûå,

íàïðèìåð, ñ ïîãîäíûìè óñëîâèÿìè, à òàêæå èñïîëüçîâàíèå àâòîðàìè ðàçíûõ

íàáîðîâ ôèëüòðîâ. Çâåçäû Âîëüôà-Ðàéå èìåþò ñïåêòðàëüíûå îñîáåííîñòè -

ìîùíûå ýìèññèîííûå ëèíèè. Âêëàä ýòèõ ëèíèé â ðåãèñòðèðóåìûé áëåñê

çàâèñèò îò êðèâîé ñïåêòðàëüíîé ÷óâñòâèòåëüíîñòè èñïîëüçóåìîãî ôèëüòðà.

Ìû ïðîâåëè íåáîëüøîå èññëåäîâàíèå äëÿ òîãî, ÷òîáû ñðàâíèòü ðåçóëüòàòû

ñïåêòðîôîòîìåðèè ñ ôèëüòðàìè Johnson-Cousins UBVRc è Astrodon UBVRc.

Ïîñëåäíèé íàáîð ôèëüòðîâ ó÷àñòâóåò â íàøèõ íàáëþäåíèÿõ. Ñïåêòðû

íåñêîëüêèõ WR çâåçä èç íàøåãî ñïèñêà, ïîëó÷åííûå â øèðîêîì äèàïàçîíå

äëèí âîëí (3500-7500Å ) [16], áûëè îáðàáîòàíû ñ èñïîëüçîâàíèåì êîýôôè-

öèåíòîâ ïðîïóñêàíèÿ óïîìÿíóòûõ âûøå ôèëüòðîâ, ñïåêòðàëüíîé ÷óâñòâèòåëü-

íîñòè ÏÇÑ êàìåðû è ñ ó÷åòîì ïîãëîùåíèÿ â çåìíîé àòìîñôåðå. Êîýôôèöèåíòû

ïðîçðà÷íîñòè  P  áûëè ïîëó÷åíû äëÿ ÒØÀÎ, âîçäóøíûå ìàññû  zM

ïðèíèìàëèñü äëÿ ìîìåíòà êóëüìèíàöèè îáúåêòà. Ñïåêòð Âåãè [17] èñïîëüçî-

âàëñÿ â êà÷åñòâå ñòàíäàðòà. Äëÿ ïðèìåðà íà ðèñ.2 ïðèâîäèòñÿ ñïåêòð WR 142

âìåñòå ñ êðèâûìè ïðîïóñêàíèÿ ôèëüòðîâ.

Â òàáë.10 ïðèâåäåíû çíà÷åíèÿ ïîêàçàòåëåé öâåòà çâåçä, ïîëó÷åííûå ïðè

èñïîëüçîâàíèè äâóõ íàáîðîâ ôèëüòðîâ. Ðàçíîñòü ýòèõ ïàðàìåòðîâ ìîæåò

äîñòèãàòü 0m.2. Äëÿ ïåðåâîäà èíñòðóìåíòàëüíûõ çíà÷åíèé áëåñêà â èíòåðíàöèî-

íàëüíóþ ñèñòåìó Johnson-Cousins ìû èñïîëüçîâàëè óðàâíåíèÿ èç [18], ïîëó-

Ðèñ.2. Ñïåêòð WR 142 è êðèâûå ïðîïóñêàíèÿ ôèëüòðîâ.
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÷åííûå ïî íàáëþäåíèÿì ñòàíäàðòíûõ çâåçä ñ äîâîëüíî "ãëàäêèìè" ñïåêòðàìè.

Â ÷àñòíîñòè, îñíîâîé óðàâíåíèé ñëóæèò çàâèñèìîñòü ìåæäó èñòèííûì

(êàòàëîæíûì) è íàáëþäàåìûì ïîêàçàòåëÿìè öâåòà (ðèñ.3). Äàííûå, ïîëó÷åííûå

äëÿ Âîëüô-Ðàéå çâåçä, èìåþò áîëüøîé ðàçáðîñ òî÷åê è ïëîõî ñîîòâåòñòâóþò

çàâèñèìîñòè, ïîñòðîåííîé äëÿ íîðìàëüíûõ çâåçä. Ñòðîèòü ïîäîáíóþ çàâèñèìîñòü

ñïåöèàëüíî äëÿ Âîëüô-Ðàéå çâåçä íå èìååò ñìûñëà, òàê êàê èíòåíñèâíîñòè

ýìèññèîííûõ ëèíèé â èõ ñïåêòðàõ èçìåíÿþòñÿ ñî âðåìåíåì. Ïîäîáíûå

äîïîëíèòåëüíûå îøèáêè ìîãóò âîçíèêàòü ïðè ñðàâíåíèè ðåçóëüòàòîâ,

ïîëó÷åííûõ ñ ðàçíîé àïïàðàòóðîé. Îäíàêî àïåðòóðíàÿ ôîòîìåòðèÿ îñòàåòñÿ

ýôôåêòèâíûì èíñòðóìåíòîì äëÿ èçó÷åíèÿ ïåðåìåííîñòè îáúåêòîâ.

Îáúåêò Johnson-Cousins Astrodon

B V B-V B V B-V

WR4 10.08 9.81 0.27 10.21 9.88 0.33
WR121 13.05 11.84 1.19 13.20 11.80 1.40
WR125 14.36 12.76 1.60 14.34 12.82 1.42
WR142 14.344 12.95 1.39 14.36 13.10 1.26
WR143 12.49 11.13 1.36 12.63 11.20 1.43
WR154 11.39 10.89 0.50 11.47 10.93 0.54

Òàáëèöà 10

ÑÐÀÂÍÅÍÈÅ ÐÅÇÓËÜÒÀÒÎÂ ÑÏÅÊÒÐÎÔÎÒÎÌÅÒÐÈÈ,

ÏÎËÓ×ÅÍÍÛÕ Ñ ÐÀÇÍÛÌÈ ÔÈËÜÒÐÀÌÈ

Ðèñ.3. Ñîîòíîøåíèå ïîêàçàòåëåé öâåòà (B-V)
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Ñïåêòðàëüíûå íàáëþäåíèÿ âûïîëíÿëèñü ñî ñïåêòðàëüíûì ðàçðåøåíèåì

1.1Å /ïèêñåëü, íåäîñòàòî÷íûì äëÿ èññëåäîâàíèÿ ïðîôèëåé ýìèññèîííûõ

ëèíèé. 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 (15-20%) îáóñëîâëåíû

òåì, ÷òî â ðÿäå îáúåêòîâ (WR4, WR5) ñïåêòð áóêâàëüíî çàïîëíåí ìíîæåñòâîì

ñëàáûõ ýìèññèîííûõ ëèíèé, è îïðåäåëèòü èñòèííûé óðîâåíü íåïðåðûâíîãî

ñïåêòðà äîâîëüíî òðóäíî. Øèðîêèå êðûëüÿ ýìèññèîííûõ ëèíèé â äðóãîé

ãðóïïå çâåçä (WR121, WR125, WR142, WR143 è R154) òàêæå ñîêðàùàþò

ó÷àñòêè ñâîáîäíîãî êîíòèíóóìà è ïðèâîäÿò ê áîëüøèì îøèáêàì ïðè

îïðåäåëåíèè ïîòîêîâ èçëó÷åíèÿ. Â ñïåêòðàõ WR4 è WR5 çàðåãèñòðèðîâàíû

çíà÷èòåëüíûå âîëíîîáðàçíûå âàðèàöèè ïîòîêîâ â ýìèññèîííûõ ëèíèÿõ (äî

30%) è ýêâèâàëåíòíûõ øèðèí, ò.å. èçìåíÿëàñü èìåííî èíòåíñèâíîñòü ýìèññèîí-

íûõ ëèíèé  ïðè äîâîëüíî ñòàáèëüíîì óðîâíå êîíòèíóóìà. Â ñïåêòðå îáúåêòà

WR121 çàðåãèñòðèðîâàíû èçìåíåíèÿ ïîòîêîâ èçëó÷åíèÿ, ñîïðîâîæäàåìûå

íåðåãóëÿðíûìè êîëåáàíèÿìè áëåñêà. Ê ñîæàëåíèþ, íàøè ñïåêòðàëüíûå è

ôîòîìåòðè÷åñêèå íàáëþäåíèÿ ïðîâîäèëèñü íåñèíõðîííî, òàê êàê ñîîòâåòñò-

âóþùèå òåëåñêîïû ðàñïîëîæåíû íà ðàçíûõ îáñåðâàòîðèÿõ ñ ðàçíûìè ïîãîäíûìè

óñëîâèÿìè. Ýòî îáñòîÿòåëüñòâî çàòðóäíÿåò âûáîð  èñòî÷íèêîâ  ïåðåìåííîñòè.

Ýòî ìîãóò áûòü èçìåíåíèÿ ïîãëîùåíèÿ íà ëó÷å çðåíèÿ, óâåëè÷åíèå ïëîòíîñòè

çâåçäíîãî âåòðà, ôëóêòóàöèÿ ñêîðîñòè ïîòåðè ìàññû èëè ãîðÿ÷èå ïÿòíà íà

ïîâåðõíîñòè çâåçäû.

Ñ òî÷êè çðåíèÿ âîçìîæíîé ãåíåòè÷åñêîé ñâÿçè çâåçä WR ñî âñïûøêàìè

ñâåðõíîâûõ íàèáîëüøèé èíòåðåñ ïðåäñòàâëÿþò îáúåêòû, â êîòîðûõ ïðîèñõîäÿò

òàêèå ãëîáàëüíûå ïðîöåññû, êàê óâåëè÷åíèå ìàññû âåùåñòâà â çîíå çâåçäíîãî

âåòðà è çíà÷èòåëüíûå èçìåíåíèÿ ñêîðîñòè ïîòåðè ìàññû.

Ïðåäëàãàåìàÿ ýâîëþöèîííàÿ ïîñëåäîâàòåëüíîñòü O-Of-H-rich WN-LBV-

H-poor WN-H-free WN-WC-SN âûäâèãàåò çâåçäû WC íà ïåðåäíèé ïëàí

ñðåäè âîçìîæíûõ ýâîëþöèîííûõ ïðåäøåñòâåííèêîâ ñâåðõíîâûõ çâåçä SN.

Îäíàêî ñëåäóåò ó÷èòûâàòü, ÷òî ôîòîìåòðè÷åñêàÿ è ñïåêòðàëüíàÿ ïåðåìåííîñòü

ìíîãèõ WC-çâåçä ñâÿçàíà ñ íàëè÷èåì ìîùíîé ïûëåâîé êîìïîíåíòû.

Ôðàãìåíòû ïûëè ïðè ïðîõîæäåíèè ïî ëó÷ó çðåíèÿ âûçûâàþò íàáëþäàåìûå

èçìåíåíèÿ ÿðêîñòè è èíòåíñèâíîñòè ýìèññèîííûõ ëèíèé, íå âëèÿÿ íà

îáùóþ ñòðóêòóðó îáúåêòà.

Äâîéíûå ñèñòåìû ñ áîëüøèì ýêñöåíòðèñèòåòîì îðáèòû (WR125) ÿâëÿþòñÿ

ïåðñïåêòèâíûìè ñ òî÷êè çðåíèÿ èõ ñâÿçè ñî âñïûøêàìè ñâåðõíîâûõ.

Èçìåíåíèå ðàññòîÿíèÿ ìåæäó çâåçäíûìè êîìïîíåíòàìè âûçûâàåò ôëóêòóàöèè

ñêîðîñòè ïîòåðè ìàññû è ïåðåñòðîéêó çîíû çâåçäíîãî âåòðà. Â ýòèõ îáúåêòàõ

ïðè ïðîõîæäåíèè ïåðèàñòðà íàáëþäàåòñÿ ïîâûøåííàÿ àêòèâíîñòü âïëîòü äî
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ýðóïòèâíûõ ïðîöåññîâ. Íå èñêëþ÷åíî, ÷òî òàêèå îáúåêòû íàõîäÿòñÿ íà

çàâåðøàþùåé ñòàäèè ýâîëþöèè çâåçä ñ íà÷àëüíûìè ìàññàìè 40-60 M  è â

òå÷åíèå íåñêîëüêèõ òûñÿ÷ ëåò ïðåâðàòÿòñÿ â ñâåðõíîâûå.

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
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ERRATUM ê ñòàòüå [1]

Printed Must be

1 Abstract, 4th row WR 120, WR 151, and WR 1, WR 120,
WR 152 in the WRI stars WR 151, and WR 152

2 Page 487, 7th row from CCD Alta F16M CCD Alta F16M
the bottom of section 2 (4096x4096, 9m) were used (4096x4096, 9m) was used

3 Page 487, 3th row from standard IRAF and IRAF and MaximD1-6
the bottom of section 2 MaximD1-6 standard standard

4 Page 500, 9th row also contains segments of also reduce segments of
from the top free continuum free continuum

5 Page 500, 12th row but did not clearly follow but  clearly follow
from the top their tendency their tendency
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PHOTOMETRIC AND SPECTRAL STUDY OF THE
GROUP OF GALACTIC WOLF-RAYET STARS. II.

WC AND WO SEQUENCES

L.N.KONDRATYEVA, I.V.REVA, E.K.DENISSYUK,
S.A.SHOMSHEKOVA, A.K.AIMANOVA

Photometric and spectral observations of 7 WC and WO stars were carried

out at the FAI in 2021-2022. On the base of observations we obtained estimates

of the brightness of objects in the BVRc filters and absolute fluxes of radiation

in the emission lines. Changes in brightness within 0m.1 - 0m.15 were detected in

WR 121. Changes in the emission-line fluxes were detected in the spectra of

several objects: WR 4, WR 5 and WR 121.

Keywords: variable stars: W-R stars: photometry: spectrophotometry
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ÑÒÐÓÊÒÓÐÛ ÌÀÃÍÈÒÍÎÃÎ ÏÎËß ÕÈÌÈ×ÅÑÊÈ
ÏÅÊÓËßÐÍÛÕ ÇÂÅÇÄ. I. HD 57682, HD81009

Þ.Â.ÃËÀÃÎËÅÂÑÊÈÉ
Ïîñòóïèëà 16 íîÿáðÿ 2023

Ïðèíÿòà ê ïå÷àòè 7 ìàðòà 2024

Íà îñíîâå ëèòåðàòóðíûõ äàííûõ î âåëè÷èíàõ ìàãíèòíîãî ïîëÿ ïîñòðîåíû ìîäåëè
ìàãíèòíîãî ïîëÿ ìàãíèòíûõ çâåçä ðàçíûõ òèïîâ ïåêóëÿðíîñòè HD 57682, HD81009 è
ïîëó÷åíû ïàðàìåòðû èõ ìàãíèòíîãî ïîëÿ. Ó HD 57682, êàê è ó äðóãèõ ãîðÿ÷èõ îáúåêòîâ,
îáíàðóæèâàþòñÿ ðàçëè÷èÿ ôèçè÷åñêèõ óñëîâèé â îáëàñòè ìàãíèòíûõ ýêâàòîðîâ è â îáëàñòè
áëèç ìàãíèòíûõ ïîëþñîâ, êîòîðûå ïîêà íå ïîääàþòñÿ èíòåðïðåòàöèè. Çâåçäà HD81009 ïî
ñâîèì ñâîéñòâàì ÿâëÿåòñÿ òèïè÷íûì ïðåäñòàâèòåëåì ìàãíèòíûõ çâåçä SrCrEu-òèïà, êðîìå
åå äâîéñòâåííîñòè.

Êëþ÷åâûå ñëîâà: ìàãíèòíîå ïîëå: ïåêóëÿðíûå çâåçäû

1. Ââåäåíèå. Â äàííîé ðàáîòå ìû ïðîäîëæàåì âûïîëíåíèå áîëüøîé

ïðîãðàììû ïî èññëåäîâàíèþ ñòðóêòóð ìàãíèòíûõ ïîëåé õèìè÷åñêè ïåêóëÿðíûõ

çâåçä (ÑÐ) íà îñíîâàíèè èñïîëüçîâàíèÿ îïóáëèêîâàííûõ ïîñëåäíåå âðåìÿ

èçìåðåíèé ïðîäîëüíîãî ïîëÿ Âå (èëè ñðåäíèõ ïîâåðõíîñòíûõ âåëè÷èí Bs).

Íåñìîòðÿ íà òî, ÷òî â ýòèõ ðàáîòàõ îáû÷íî ïðîâîäèòñÿ ïîäðîáíûé àíàëèç

ïîëó÷åííûõ äàííûõ, äîïîëíèòåëüíîå èçó÷åíèå èõ ìàãíèòíûõ ñòðóêòóð ñ íàøåé

óíèêàëüíîé ìåòîäèêîé ïîçâîëèò  äîïîëíèòü è óòî÷íèòü ýòè äàííûå. Ýòî âàæíî

òàêæå òåì, ÷òî ïàðàìåòðû ìàãíèòíîãî ïîëÿ ïîëó÷àþòñÿ äëÿ âñåõ çâåçä ñ åäèíîé

ìåòîäèêîé. Êðîìå òîãî, ñóùåñòâåííî ïîïîëíÿåòñÿ ñïèñîê ïàðàìåòðîâ è âåëè÷èí

ñðåäíåãî ïîâåðõíîñòíîãî ìàãíèòíîãî ïîëÿ Bs è óòî÷íÿþòñÿ ñòðóêòóðû ìàãíèòíîãî

ïîëÿ. Ìåòîäèêà ìîäåëèðîâàíèÿ ïîäðîáíî îïèñàíà â ðàáîòàõ [1-3]. Îíà îñíîâàíà

íà ïðåäïîëîæåíèè äèïîëüíîé ñòðóêòóðû ìàãíèòíîãî ïîëÿ, êîòîðàÿ ðåàëüíî

ôîðìèðóåòñÿ â ìàãíèòíûõ çâåçäàõ â ïðîöåññå ýâîëþöèè. Îïûò ìîäåëèðîâàíèÿ

(îêîëî 140 çâåçä) ïîêàçûâàåò, ÷òî äàæå â òåõ ñëó÷àÿõ, êîãäà ñòðóêòóðû îòëè÷àþòñÿ

îò öåíòðàëüíîãî äèïîëÿ, îíè èìåþò äðóãèå ôîðìû -  òàêèå êàê ñìåùåííûé

èç öåíòðà çâåçäû äèïîëü, èëè â áîëåå ñëîæíûõ ñëó÷àÿõ êàê ðåçóëüòàò äâóõ-

òðåõ äèïîëåé âíóòðè çâåçäû. Îñîáåííî âàæíû â ñòàòèñòè÷åñêèõ èññëåäîâàíèÿõ

ñðåäíèå ïîâåðõíîñòíûå âåëè÷èíû ìàãíèòíîãî ïîëÿ Bs, èñïîëüçóåìûå ïðè

èññëåäîâàíèÿõ ðàçíîãî ðîäà çàâèñèìîñòåé. Ê ñîæàëåíèþ, íå ÷àñòî èìååòñÿ

âîçìîæíîñòü ìîäåëèðîâàòü ñòðóêòóðû ìàãíèòíîãî ïîëÿ ïî äåéñòâèòåëüíî

õîðîøèì äàííûì.
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2. Çâåçäà HD57682 (O). Âåëè÷èíà ñðåäíåãî ïîâåðõíîñòíîãî ìàãíèòíîãî

ïîëÿ Bs ó ýòîé çâåçäû íåèçâåñòíà, ïîýòîìó åå îöåíêà ïðåäñòàâëÿåò ñîáîé

çíà÷èòåëüíûé èíòåðåñ. Êðîìå òîãî, çâåçäà îòíîñèòñÿ ê ìàëîèçó÷åííîìó

êëàññó ãîðÿ÷èõ ìàãíèòíûõ çâåçä Î-òèïà, êîòîðûõ â ïîñëåäíåå âðåìÿ ÷àñòî

ïðè÷èñëÿþò ê ñåìåéñòâó õèìè÷åñêè ïåêóëÿðíûõ (ÑÐ) çâåçä, ñ áîëåå âûñîêèìè

òåìïåðàòóðàìè.

Âåëè÷èíû ïðîäîëüíîé êîìïîíåíòû ìàãíèòíîãî ïîëÿ Âå ìàãíèòíîé çâåçäû

HD57682 â ðàçíûõ ôàçàõ   ïåðèîäà âðàùåíèÿ ïðèâîäÿòñÿ â ðàáîòå [4].

Ñðåäíÿÿ òî÷íîñòü îïðåäåëåíèé Âå ðàâíà 26  Ãñ. Îíè îöåíèâàëèñü ïî

ñïåêòðîïîëÿðèìåòðè÷åñêèì èçìåðåíèÿì âûñîêîãî ðàçðåøåíèÿ (R = 68000)

ìóëüòèëèíåé÷àòûì ñïîñîáîì (LSD) [5]. Òåì íå ìåíåå, íàäî èìåòü â âèäó,

÷òî â îòëè÷èå îò èçìåðåíèé ïî ëèíèÿì âîäîðîäà è ãåëèÿ [6,7], èçìåðåíèÿ

ìàãíèòíîãî ïîëÿ ïî ëèíèÿì ìåòàëëîâ ïîäâåðæåíû âëèÿíèþ íåðàâíîìåðíîãî

ðàñïðåäåëåíèÿ õèìè÷åñêèõ ýëåìåíòîâ ïî ïîâåðõíîñòè çâåçäû. Îáû÷íî ýòîò

ýôôåêò âëèÿåò íà àìïëèòóäó èçìåíåíèé ìàãíèòíîãî ïîëÿ. Ôèçè÷åñêèå ïàðà-

ìåòðû çâåçäû, âçÿòûå èç [4,8], ïðèâåäåíû â òàáë.1.

Èñïîëüçóÿ ôîðìóëó v = 50.6R/P, ïîëó÷àåì ýêâàòîðèàëüíóþ ñêîðîñòü çâåçäû

v = 6.4 êì/ñ, îòêóäà óãîë íàêëîíà îñè âðàùåíèÿ ê ëó÷ó çðåíèÿ i = 47î. Âåëè÷èíà

v sini = 4.6 êì/ñ è ïåðèîä âðàùåíèÿ Ð = 63.6 ñóò âçÿòû èç [4]. Ïîëó÷åííûé

óãîë áëèçîê ê îöåíêå o60i , ïîëó÷åííîé â [4]. Äëÿ óäîáñòâà ñðàâíåíèÿ

ðåçóëüòàòîâ àíàëèçà ìû èñïîëüçîâàëè â äàëüíåéøåì óãîë i = 60î. Ìåòîäîì

ïîñëåäîâàòåëüíûõ ïðèáëèæåíèé ïîëó÷åíà ìîäåëü, êîòîðàÿ îêàçàëàñü öåíòðàëüíûì

äèïîëåì, ñ ïàðàìåòðàìè, ïðèâåäåííûìè â òàáë.2. Çäåñü Bs-âåëè÷èíà ñðåäíåãî

ïîâåðõíîñòíîãî ìàãíèòíîãî ïîëÿ, Âð-âåëè÷èíà ïîëÿ íà ìàãíèòíûõ ïîëþñàõ,

A , R
*
 - ñìåùåíèå äèïîëÿ èç öåíòðà çâåçäû,  - óãîë ìåæäó îñüþ äèïîëÿ

è ïëîñêîñòüþ ýêâàòîðà âðàùåíèÿ, i-íàêëîí îñè âðàùåíèÿ ê ëó÷ó çðåíèÿ.

HD Òèï Te, K Mb logg RR / logt, ã MM/ Bs,Ãñ R/Rz

57682 O 35000 -7.3 4.0 7 7.3 17 212 1.21
81009 SrCrEu 8120 +1.4 3.98 2.3 8.90 2.2 8378 1.40

Òàáëèöà 1

ÎÑÍÎÂÍÛÅ ÏÀÐÀÌÅÒÐÛ ÈÑÑËÅÄÎÂÀÍÍÛÕ ÌÀÃÍÈÒÍÛÕ ÇÂÅÇÄ

HD Bs, Ãñ Bp, Ãñ A , R
*

 , ãð. i, ãð.

57682 212 ±323 0.0 8 60
81009 8378 +20672, -9396 +0.13 16 16:

Òàáëèöà 2

ÏÀÐÀÌÅÒÐÛ ÌÎÄÅËÅÉ ÌÀÃÍÈÒÍÎÃÎ ÏÎËß
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Ïàðàìåòðû ìîäåëè ïîäáèðàëèñü òàê, ÷òîáû ðàçëè÷èå ìîäåëüíûõ è èçìå-

ðåííûõ âåëè÷èí Âå â ðàçíûõ ôàçàõ ïåðèîäà âðàùåíèÿ áûëè ìåíüøå 3 . Íà

ðèñ.1à òî÷êàìè îáîçíà÷åíà íàáëþäàåìàÿ ôàçîâàÿ çàâèñèìîñòü  Be ,  ñïëîøíîé

ëèíèåé - ìîäåëüíàÿ. Íà ðèñ.1b ïîêàçàíà ìîäåëüíàÿ çàâèñèìîñòü ñðåäíåãî

ïîâåðõíîñòíîãî ìàãíèòíîãî ïîëÿ  Bs , èç êîòîðîé ïîëó÷àåòñÿ ñðåäíÿÿ âåëè÷èíà

Bs = 212 Ãñ. Âàæíåéøèé ïàðàìåòð - óãîë ìåæäó îñüþ äèïîëÿ è ïëîñêîñòüþ

ýêâàòîðà âðàùåíèÿ â íàøåé ìîäåëè o8 , â ðàáîòå [4] o11 , âåëè÷èíà

äîñòàòî÷íî áëèçêàÿ íàøåé îöåíêå. Íà ðèñ.2 ïîêàçàíà ñõåìà îðèåíòàöèè äèïîëÿ

â çâåçäå HD57682. Øòðèõîâûìè ëèíèÿìè îãðàíè÷åíà îáëàñòü ìàãíèòíîãî ýêâàòîðà,

÷åðíûìè ïîëóêðóæêàìè îáîçíà÷åíû ìàãíèòíûå ïîëþñà. Îñíîâíîå çàìå÷àíèå

ñîñòîèò â òîì, ÷òî â [4] ïðåäëàãàåòñÿ âåëè÷èíà ìàãíèòíîãî ïîëÿ íà ìàãíèòíûõ

ïîëþñàõ Bp = 880 Ãñ, òîãäà êàê ó íàñ Bp = ±323 Ãñ.

Ðèñ.1. Èçìåíåíèå ìàãíèòíîãî ïîëÿ HD57682 ñ ôàçîé ïåðèîäà âðàùåíèÿ. à) çàâèñèìîñòü

ïðîäîëüíîãî ïîëÿ )(Be ; òî÷êè - èçìåðåííûå äàííûå, ñïëîøíàÿ êðèâàÿ - ìîäåëüíàÿ. b)
ìîäåëüíàÿ çàâèñèìîñòü ñðåäíåãî ïîâåðõíîñòíîãî ïîëÿ )(Bs .
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Íà ðèñ.3 ïîêàçàíà çàâèñèìîñòü ðàñïðåäåëåíèÿ ìàãíèòíûõ çâåçä ïî óãëàì

 , íà êîòîðîé çâåçäà HD57682 íàõîäèòñÿ â äèàïàçîíå óãëîâ o200  , ÷òî

ÿâëÿåòñÿ òèïè÷íûì äëÿ ìàãíèòíûõ çâåçä [9]. Ìàëîñòü âåëè÷èíû   ÿâëÿåòñÿ

õàðàêòåðíûì ñâîéñòâîì ìàãíèòíûõ çâåçä è îáóñëîâëåíà ïîòåðåé ìîìåíòà

âðàùåíèÿ ÷åðåç ñèëîâûå ëèíèè îêðóæàþùèõ îáëàêîâ íà ðàííèõ ýòàïàõ

ýâîëþöèè.

Ñòðóêòóðà ìàãíèòíîãî ïîëÿ - öåíòðàëüíûé äèïîëü, âñòðå÷àåòñÿ ó áîëåå

÷åì ïîëîâèíû ìàãíèòíûõ çâåçä è îáúÿñíÿåòñÿ, ïî-âèäèìîìó, òåì, ÷òî îíè

ñôîðìèðîâàëèñü èç îäíîðîäíîãî ïî ñâîåé ñòðóêòóðå ðîäèòåëüñêîãî íàìàãíè-

÷åííîãî ïðîòîçâåçäíîãî îáëàêà [9]. Âàæíûì ñâîéñòâîì çâåçäû HD57682

ÿâëÿåòñÿ åå îòíîñèòåëüíî ìàëàÿ âåëè÷èíà Bs, ÷òî õàðàêòåðíî äëÿ ìàãíèòíûõ

Ðèñ.2. Îðèåíòàöèÿ äèïîëüíîãî ìàãíèòíîãî ïîëÿ â çâåçäå HD57682.

Ðèñ.3. Ðàñïðåäåëåíèå ìàãíèòíûõ çâåçä ïî óãëàì  .
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Î-çâåçä [10]. Ýòî âèäíî èç ðèñ.4, ãäå ïîêàçàíà çàâèñèìîñòü ñðåäíåãî ìàãíèòíîãî

ïîëÿ çâåçä ðàçíîãî òèïà ïåêóëÿðíîñòè îò òåìïåðàòóðû (îò ìàññû). Çäåñü

Î-çâåçäû îáîçíà÷åíû çâåçäî÷êàìè. Âîçðàñò çâåçäû HD57682 logt îöåíèâàëñÿ

ïî çàâèñèìîñòè logt(R/Rz), ïðèâåäåííîé â [10], ãäå R/Rz - ðàäèóñ äàííîé

çâåçäû îòíîñèòåëüíî åå ðàäèóñà íà ZAMS.

Íà îñíîâàíèè ðåçóëüòàòà ìîäåëèðîâàíèÿ ïåðåìåííîé ýìèññèè H  ó

HD57682 â ðàáîòå [4] ñäåëàí  âûâîä, ÷òî ýòî èçëó÷åíèå ãåíåðèðóåòñÿ èç

îïòè÷åñêè òîëñòîãî, ñïëþñíóòîãî ðàñïðåäåëåíèÿ ìàãíèòî-óäåðæèâàåìîé ïëàçìû,

êîòîðàÿ  ðàñïðåäåëåíà âäîëü ìàãíèòíîãî ýêâàòîðà. Îäíàêî èç ðèñ.1 â ðàáîòå

[4] õîðîøî âèäíî, ÷òî ìàêñèìàëüíàÿ èíòåíñèâíîñòü ýìèññèè âîçíèêàåò  â

,020.  ò.å. â ìîìåíò ïðîõîæäåíèÿ ïîëîæèòåëüíîãî ìàãíèòíîãî ïîëþñà

÷åðåç öåíòðàëüíûé ìåðèäèàí (ðèñ.1à, b). Ñëåäîâàòåëüíî, ýìèññèÿ ìàêñèìàëüíà

â îáëàñòè ìàãíèòíîãî ïîëþñà, à íå íà ìàãíèòíîì ýêâàòîðå. Âòîðîé ìàêñèìóì

(íåñêîëüêî áîëåå ñëàáûé) ïðîèñõîäèò â ,450.  ñîâïàäàþùèé ñ ìîìåíòîì

ïðîõîæäåíèÿ îòðèöàòåëüíîãî ìàãíèòíîãî ïîëþñà ÷åðåç öåíòð âèäèìîãî äèñêà.

Èç-çà íàêëîíà îñè äèïîëÿ îáëàñòü  îòðèöàòåëüíîãî ïîëþñà âèäíà õóæå, ÷åì

îáëàñòü ïîëîæèòåëüíîãî. Â 30. , è îñîáåííî ,720.  íàáëþäàþòñÿ îáëàñòè

áëèæå ê ìàãíèòíîìó ýêâàòîðó, çäåñü ýìèññèÿ ñëàáåå. Ñîâåðøåííî î÷åâèäíî,

÷òî ýìèññèîííûå îáëàñòè íàõîäÿòñÿ âîêðóã ìàãíèòíûõ ïîëþñîâ, ãäå îñîáåííî

ñèëüíûé âåòåð. Ýêâèâàëåíòíàÿ øèðèíà ëèíèè H  áîëüøå â ìàãíèòíûõ

ïîëþñàõ, êàê ýòî âèäíî íà ðèñ.8 â ðàáîòå [4].

Èç ðèñ.8 â ðàáîòå [4] âèäíî, ÷òî ñïåêòðàëüíûå ëèíèè ÑIII4056, HeI4713,

HeI4921, HeI6678, NIII4634, HeI4713, CIV5801, CIV5812, H , HeI4471, MgII4481,

Ðèñ.4. Çàâèñèìîñòü ñðåäíèõ ïîâåðõíîñòíûõ âåëè÷èí ìàãíèòíîãî ïîëÿ Bs îò òåìïåðàòóðû
(ìàññû). Çâåçäî÷êè - îáúåêòû Î-òèïà.
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NIII4523, SiIII4552, OII4801 èìåþò ìàêñèìàëüíóþ èíòåíñèâíîñòü â 0 .

Ýòî çíà÷èò, ÷òî îíè êîíöåíòðèðóþòñÿ íà ïîëîæèòåëüíîì ìàãíèòíîì ïîëþñå,

êîòîðûé â ýòîé ôàçå íàõîäèòñÿ íà öåíòðàëüíîì ìåðèäèàíå. Â òî æå âðåìÿ

ëèíèè CIV5801, CIV5812 ìàêñèìàëüíû â 50. . Â ýòîé ôàçå ïîëóñôåðà ñ

îòðèöàòåëüíûì ìàãíèòíûì ïîëåì âèäíà õóæå, ÷åì ïîëóñôåðà ñ ïîëîæèòåëüíûì

ìàãíèòíûì ïîëåì â 0 , íî ëó÷øå âèäåí ìàãíèòíûé ýêâàòîð. Âåðîÿòíåå

âñåãî ëèíèè CIV5801 è CIV5812 ôîðìèðóþòñÿ íà ìàãíèòíîì ýêâàòîðå.

Ïîñëåäíåå óòâåðæäåíèå óñèëèâàåòñÿ, åñëè ïðèíÿòü óãîë i = 47î, à íå 60î.

Ðàññìàòðèâàÿ ïîäðîáíî ëó÷åâûå ñêîðîñòè ëèíèé îñíîâíîé ãðóïïû ýëåìåíòîâ

[4], ìîæíî ïðîñëåäèòü, êàê õèìè÷åñêîå "ïÿòíî" âûõîäèò èç-çà ãîðèçîíòà,

ïðîõîäèò ÷åðåç öåíòðàëüíûé ìåðèäèàí è, çàòåì, óõîäèò çà ãîðèçîíò. ×òî

êàñàåòñÿ ëèíèé CIV5801 è CIV5812, òî ïðè çíà÷èòåëüíîì ðàçáðîñå òî÷åê,

êîòîðûé íàáëþäàåòñÿ íà çàâèñèìîñòÿõ, òðóäíî ÷òî-ëèáî ïîíÿòü. Íåîáõîäèìû

íîâûå èçìåðåíèÿ.

Ó÷èòûâàÿ ðåçóëüòàòû ïðåäûäóùèõ èññëåäîâàíèé, ìîæíî óòâåðæäàòü, ÷òî

òèïè÷íûì ñâîéñòâîì ìàãíèòíûõ Î- è Íå-r çâåçä ÿâëÿåòñÿ ñèëüíûé âåòåð

[11] íà ìàãíèòíûõ ïîëþñàõ, ãäå ìàêñèìàëüíàÿ íàïðÿæåííîñòü ìàãíèòíîãî

ïîëÿ òàêæå ñïîñîáñòâóåò ñèëüíîé äèôôóçèè õèìè÷åñêèõ ýëåìåíòîâ. Â ðåçóëüòàòå

âîçíèêàþò ñèëüíûå õèìè÷åñêèå àíîìàëèè â áëèçïîëÿðíîé îáëàñòè [12-14].

Êîíöåíòðàöèÿ íåêîòîðûõ õèìè÷åñêèõ ýëåìåíòîâ ïðîèñõîäèò òàêæå â îáëàñòè

ìàãíèòíîãî ýêâàòîðà [15-17], ãäå ñèëîâûå ëèíèè ãîðèçîíòàëüíû ê ïîâåðõíîñòè.

Ñóùåñòâóåò çàâèñèìîñòü õèìè÷åñêèõ àíîìàëèé îò âåëè÷èíû ìàãíèòíîãî ïîëÿ,

ñâÿçàííàÿ ñ òåì, ÷òî ìàãíèòíîå ïîëå ïîäàâëÿåò òóðáóëåíòíîñòü, îáëåã÷àÿ

äèôôóçèþ õèìè÷åñêèõ ýëåìåíòîâ [18,19].

Çâåçäà HD57682 ÿâëÿåòñÿ òèïè÷íûì ïðåäñòàâèòåëåì ìàãíèòíûõ çâåçä

Î-òèïà. Íàïðèìåð, ñòðóêòóðà ïîâåðõíîñòè O-çâåçäû HD37022 òîæå äåëèòñÿ

íà äâå îñíîâíûå îáëàñòè ïî ñâîèì ñâîéñòâàì - âîêðóã ìàãíèòíûõ ïîëþñîâ

è íà ìàãíèòíîì ýêâàòîðå [12]. Ó HD37022 ýìèññèÿ H  è ÍåII4686 ñèëüíåå

â ìàãíèòíûõ ïîëþñàõ, ñëàáåå â ýêâàòîðèàëüíîé îáëàñòè. Òàêèì îáðàçîì, ó

HD57682 è ó HD37022 ýìèññèîííîå îáëàêî ôîðìèðóåòñÿ íà ìàãíèòíûõ

ïîëþñàõ [12]. Òî÷íî òàê æå âåäóò ñåáÿ Î-çâåçäû HD149438 è HD191612

[12]. Îáùèé âûâîä - âáëèçè ìàãíèòíûõ ïîëþñîâ Î-çâåçä ôîðìèðóåòñÿ

ðàçðåæåííàÿ ýìèññèîííàÿ îáîëî÷êà, òîãäà êàê ýêâàòîðèàëüíàÿ îáëàñòü ïëîòíàÿ,

è åñëè òàì ôîðìèðóåòñÿ ýìèññèÿ, òî â ìåíüøåé ñòåïåíè.

Íà ìàãíèòíûõ ïîëþñàõ HD57682 ëèíèè ïîãëîùåíèÿ H  è Íå èìåþò

ìàêñèìàëüíóþ èíòåíñèâíîñòü (ñì. ðèñ.8 â ðàáîòå [4]). Òàêèì îáðàçîì, ëèíèè

ïîãëîùåíèÿ âîäîðîäà è ãåëèÿ â HD57682 âåäóò ñåáÿ ïðîòèâîïîëîæíî òîìó, ÷òî

íàáëþäàåòñÿ ó HD37022, ó êîòîðîé ýêâèâàëåíòíàÿ øèðèíà H  ìèíèìàëüíà â

0  è ìàêñèìàëüíà â 50.  [20,21]. Â çâåçäå HD57682 íåïîíÿòíà ñèòóàöèÿ

ñ ëó÷åâîé ñêîðîñòüþ, èçìåðåííîé ïî ëèíèÿì Í è Íå (ñì. ðèñ.8 â [4]): â 0 ,
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ò.å. â ìîìåíò ïðîõîæäåíèÿ âîäîðîäíîãî è ãåëèåâîãî "ïÿòíà" ÷åðåç öåíòðàëüíûé

ìåðèäèàí, ëó÷åâàÿ ñêîðîñòü ìàêñèìàëüíà, õîòÿ îíà äîëæíà áûòü ðàâíà 0.

Íåîáõîäèìû äîïîëíèòåëüíûå íàáëþäåíèÿ.

3. HD81009 (SrCrEu). Çâåçäà èíòåðåñíà òåì, ÷òî îòíîñèòåëüíî íåå

âûïîëíåíî íåîáû÷íî ìíîãî (39) èçìåðåíèé ìàãíèòíîãî ïîëÿ Bs ïî

ðàñùåïëåíèþ ñïåêòðàëüíûõ ëèíèé â íåïîëÿðèçîâàííîì ñïåêòðå [22]. Òàêèì

îáðàçîì, â íàøåì ðàñïîðÿæåíèè îêàçûâàåòñÿ áîãàòûé è íàäåæíûé ìàòåðèàë,

ïîçâîëÿþùèé óâåðåííî èçó÷èòü ñòðóêòóðó ìàãíèòíîãî ïîëÿ çâåçäû. Äîïîë-

íèòåëüíî ê ýòîìó èìååòñÿ ðÿä èçìåðåíèé ïðîäîëüíîãî ïîëÿ Âå â ðàçíûõ

ôàçàõ ïåðèîäà âðàùåíèÿ â [23], âûïîëíåííîãî ïî ëèíèÿì ìåòàëëîâ. Òàêèì

îáðàçîì, â îáîèõ ñëó÷àÿõ íå èñêëþ÷åíî âëèÿíèå íåðàâíîìåðíîãî ðàñïðåäåëåíèÿ

Ðèñ.5. Èçìåíåíèå ìàãíèòíîãî ïîëÿ HD81009. à) çàâèñèìîñòü ñðåäíåãî ïîâåðõíîñòíîãî
ïîëÿ )(Bs ; òî÷êè - èçìåðåííûå äàííûå, ñïëîøíàÿ êðèâàÿ - ìîäåëüíàÿ. b) çàâèñèìîñòü
ïðîäîëüíîãî ïîëÿ )(Be ; òî÷êè - èçìåðåííûå äàííûå, ñïëîøíàÿ êðèâàÿ - ìîäåëüíàÿ.
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õèìè÷åñêèõ ýëåìåíòîâ ïî ïîâåðõíîñòè íà èçìåðåíèÿ, âûçûâàþùåãî îáû÷íî

íåêîòîðîå óâåëè÷åíèå àìïëèòóäû èçìåíåíèé. Íàáëþäàåìûå ôàçîâûå çàâè-

ñèìîñòè  Bs  è  Be  íà ðèñ.5à, b îáîçíà÷åíû òî÷êàìè. Ê ñîæàëåíèþ, íà

çàâèñèìîñòè  Be  ñëèøêîì áîëüøîé ðàçáðîñ äàííûõ, ÷òî âûçûâàåò íåóâå-

ðåííîñòü ïðè èõ èñïîëüçîâàíèè. Íåîáõîäèìûå íàì ïàðàìåòðû ïðåäñòàâëåíû

â òàáë.1, îíè âçÿòû èç [8,23]. Ïåðèîä âðàùåíèÿ çâåçäû ðàâåí Ð = 34 ñóò. Ê

ñîæàëåíèþ, íåèçâåñòíà âåëè÷èíà v sini, ïîýòîìó íåò âîçìîæíîñòè îïðåäåëèòü

òàêîé âàæíåéøèé ïàðàìåòð, êàê óãîë íàêëîíà i çâåçäû ê ëó÷ó çðåíèÿ

íàáëþäàòåëÿ. Â ðàáîòå [23] ïðåäïîëàãàåòñÿ v sini = 2.8 êì/ñ. Íî â íàøåì ñëó÷àå

ýòî ìîæíî ñäåëàòü íà îñíîâàíèè ìîäåëèðîâàíèÿ. Ïðè ïðàâèëüíîì âûáîðå

ïàðàìåòðîâ ìîäåëåé ñ èñïîëüçîâàíèåì çàâèñèìîñòåé  Bs  è  Be  äîëæåí

ïîëó÷èòüñÿ îäèíàêîâûé óãîë i.

Â ôàçå 50.  çàâèñèìîñòü  Bs  áîëåå îñòðàÿ, à â 0  - áîëåå òóïàÿ,

÷òî ÿâëÿåòñÿ ïðèçíàêîì ñìåùåíèÿ äèïîëÿ â ýòó ñòîðîíó. Ïîýòîìó îäíèì èç

âàæíåéøèõ ïàðàìåòðîâ, êîòîðûé ïðèõîäèòñÿ ïîäáèðàòü, ÿâëÿåòñÿ âåëè÷èíà

ñìåùåíèÿ äèïîëÿ A , èçìåðÿåìàÿ â äîëÿõ ðàäèóñà çâåçäû. Ïðè ìîäåëèðîâàíèè

ìàãíèòíîãî ïîëÿ ïî îáåèì çàâèñèìîñòÿì äëÿ ñåðèè óãëîâ i çà ïðàâèëüíûé

ïðèíèìàåòñÿ, òîò óãîë, ïðè êîòîðîì çàâèñèìîñòè íàèëó÷øèì îáðàçîì ñîâïàäàþò

ñ íàáëþäàåìûìè çàâèñèìîñòÿìè. Òàêèì ñïîñîáîì ìû ïîëó÷èëè ôàçîâûå

çàâèñèìîñòè, ïîêàçàííûå íà ðèñ.5à, b ñïëîøíîé ëèíèåé. Òàêèå çàâèñèìîñòè

ïîëó÷åíû ïðè ïàðàìåòðàõ, ïðèâåäåííûõ â òàáë.1, âåëè÷èíå óãëà i = 16î è

ñìåùåíèè  äèïîëÿ âäîëü îñè  R.A 130 . Ñëåäóåò çàìåòèòü, ÷òî â ðåçóëüòàòå

ìàëîãî óãëà i ïîñòîÿííî âèäíà  ïîëóñôåðà ñ ïîëîæèòåëüíûì çíàêîì ìàãíèòíîãî

ïîëÿ, êàê ýòî âèäíî èç ðèñ.6. Øòðèõîâîé ëèíèåé îãðàíè÷åíà îáëàñòü ìàãíèòíîãî

ýêâàòîðà. Ýòî î÷åíü íåâûãîäíàÿ îðèåíòàöèÿ äëÿ ïîëó÷åíèÿ ìîäåëè, ïîòîìó

÷òî âîçíèêàåò ñëèøêîì ìàëàÿ àìïëèòóäà èçìåíåíèÿ ìàãíèòíîãî ïîëÿ è áîëüøîé

ðàçáðîñ òî÷åê íà ôàçîâîé çàâèñèìîñòè  Be , ïðèâîäÿùèé ê íåóâåðåííîé

ìîäåëè. Ôàêòè÷åñêè íàáëþäàòåëü âèäèò îáëàñòü ìàãíèòíîãî ýêâàòîðà, ãäå

ñèëîâûå ëèíèè ãîðèçîíòàëüíû ê ïîâåðõíîñòè çâåçäû è ïðîäîëüíàÿ êîìïîíåíòà

Âå ñëàáà. Ðàññìîòðèì ñõåìó ðàñïîëîæåíèÿ äèïîëÿ âíóòðè çâåçäû HD81009

(ðèñ.6). Ïîëîæèòåëüíûé ìàãíèòíûé ïîëþñ âðàùàåòñÿ âîêðóã ïîëþñà âðàùåíèÿ

ïðàêòè÷åñêè áåç èçìåíåíèÿ íàïðÿæåííîñòè Bs. Âåêòîð Âå òîæå ïðàêòè÷åñêè

íå ìåíÿåò íè çíàêà, íè âåëè÷èíû. Â ýòîì ñîñòîèò òðóäíîñòü èçìåðåíèé è,

îñîáåííî, ìîäåëèðîâàíèÿ. Ñèòóàöèÿ òàêîâà, ÷òî, èçó÷àÿ îáëàñòü ìàãíèòíîãî

ýêâàòîðà, ìû äîëæíû ïîëó÷èòü ïðåäñòàâëåíèå î ðàñïðåäåëåíèè ìàãíèòíîãî

ïîëÿ ïî âñåé ïîâåðõíîñòè è âíóòðè çâåçäû. Òîëüêî ïðåäïîëîæåíèå ìàãíèòíîãî

äèïîëÿ ïîçâîëÿåò ïðèáëèçèòüñÿ ê ïðàâèëüíîìó ðåøåíèþ. Ìîäåëüíàÿ âåëè÷èíà

Âs = 8378 Ãñ îêàçàëàñü äîñòàòî÷íî áëèçêîé ê ñðåäíåé âåëè÷èíå Bs = 8401 Ãñ èç

ðàáîòû [22] (ðàçëè÷èå âñåãî 23 Ãñ). Âåëè÷èíà ìàãíèòíîãî ïîëÿ íà ìàãíèòíûõ

ïîëþñàõ Âð = +20672 Ãñ è - 9396 Ãñ. Ñòîëü ñèëüíîå ðàçëè÷èå ïðîèñõîäèò
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âñëåäñòâèå çíà÷èòåëüíîãî ñìåùåíèÿ äèïîëÿ â ñòîðîíó ïîëîæèòåëüíîãî ìîíî-

ïîëÿ. Îäèí èç âàæíåéøèõ ïîëó÷åííûõ ïàðàìåòðîâ ìîäåëè ýòî ìàëûé óãîë
o16  (óãîë ìåæäó îñüþ äèïîëÿ è ïëîñêîñòüþ ýêâàòîðà âðàùåíèÿ), êîòîðûé

ïî âåëè÷èíå ñîîòâåòñòâóåò òèïè÷íîìó ñâîéñòâó ìàãíèòíûõ çâåçä (ðèñ.3).

Îáðàùàåò íà ñåáÿ âíèìàíèå îòëè÷íîå ñîîòâåòñòâèå íàáëþäåíèé è ìîäåëè íà

çàâèñèìîñòè  Be  è ïëîõîå - íà çàâèñèìîñòè  Be . Â ïîñëåäíåì ñëó÷àå

ìîæíî ãîâîðèòü î ñîîòâåòñòâèè òîëüêî â ñðåäíåì, íî íå ïî ôîðìå. Â ðàáîòå

[22] ìîäåëüíàÿ çàâèñèìîñòü  Be  òîæå çàìåòíî îòëè÷àåòñÿ îò íàáëþäàåìîé.

Âûøå ìû ïðåäïîëàãàëè ïðè÷èíó íåòî÷íûõ èçìåðåíèé Âå, êðîìå òîãî ìîæåò

áûòü âëèÿíèå íåðàâíîìåðíîãî ðàñïðåäåëåíèÿ õèìè÷åñêèõ ýëåìåíòîâ ïî

ïîâåðõíîñòè. Ïîñëåäíÿÿ ïðè÷èíà íàèáîëåå âåðîÿòíà. Óãîë i = 2î.8, ïîëó÷åííûé

â [23], ñèëüíî îòëè÷àåòñÿ îò  íàøåãî ðåçóëüòàòà i = 14î, ïîýòîìó çàâèñèìîñòü

 Be  äëÿ äàííîé çâåçäû ñëåäóåò ïåðåìåðèòü.

Çíà÷èòåëüíûé èíòåðåñ ïðåäñòàâëÿåò òîò ôàêò, ÷òî äâîéíàÿ ñèñòåìà HD81009

ñîñòîèò ïðàêòè÷åñêè èç îäèíàêîâûõ çâåçä ïî ìàññå è òåìïåðàòóðå, íî òîëüêî

îäíà èç íèõ ìàãíèòíàÿ [23]. Ïðîáëåìà ôîðìèðîâàíèÿ è ýâîëþöèè ñëîæíûõ

ñèñòåì ðàññìàòðèâàëàñü â ðàáîòå [24]. Çäåñü ìîæåò èãðàòü ðîëü íåîäíîðîäíîñòü

ðîäèòåëüñêîãî ïðîòîçâåçäíîãî îáëàêà, êîãäà îäíà çâåçäà ñôîðìèðîâàëàñü èç

íàìàãíè÷åííîãî ôðàãìåíòà, à äðóãàÿ íåò. Âîçìîæåí âàðèàíò, êîãäà âòîðè÷íûé

êîìïîíåíò âñëåäñòâèå áûñòðîãî íà÷àëüíîãî âðàùåíèÿ íå ñìîã ïðåîäîëåòü

èçâåñòíûé áàðüåð äëÿ ìàãíèòíûõ çâåçä Ð > 1 ñóò. Âîçðàñò HD81009 îöåíèâàëñÿ

ïî çàâèñèìîñòè logt(R/Rz), ïðèâåäåííîé â [10], ãäå R/Rz - ðàäèóñ çâåçäû

îòíîñèòåëüíî åå ðàäèóñà íà ZAMS.  Çâåçäà HD81009 òèïè÷íûé ìàãíèòíûé

õèìè÷åñêè ïåêóëÿðíûé îáúåêò SrCrEu-òèïà.

Ýêâàòîðèàëüíàÿ ñêîðîñòü çâåçäû ðàâíà v = 50.6R/P = 3.4 êì/ñ, à èç i = 14î

Ðèñ.6. Îðèåíòàöèÿ äèïîëüíîãî ìàãíèòíîãî ïîëÿ â çâåçäå HD81009.
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ñëåäóåò v sini = 0.82 êì/ñ. Ñòîëü ìàëàÿ âåëè÷èíà vsini îáóñëîâëåíà ìåäëåííûì

âðàùåíèåì è ïîëÿðíîé îðèåíòàöèåé çâåçäû.

4. Çàêëþ÷åíèå. Èññëåäîâàíû äâå ìàãíèòíûå çâåçäû, íàõîäÿùèåñÿ â

êðàéíèõ òî÷êàõ òåìïåðàòóðíîé ïîñëåäîâàòåëüíîñòè ìàãíèòíûõ çâåçä. Î-çâåçäà

HD 57682 èìååò ñòðóêòóðó öåíòðàëüíîãî äèïîëÿ. Ìàëàÿ âåëè÷èíà óãëà 

ÿâëÿåòñÿ ïðèçíàêîì ïîòåðè ìîìåíòà âðàùåíèÿ ñ ó÷àñòèåì ìàãíèòíîãî ïîëÿ.

Ìàëàÿ âåëè÷èíà Bs ÿâëÿåòñÿ õàðàêòåðíîé ÷åðòîé ìàãíèòíûõ çâåçä. Ýìèññèÿ

â ñïåêòðàëüíûõ ëèíèÿõ, óñèëåíèå õèìñîñòàâà â áëèçïîëÿðíûõ îáëàñòÿõ

õàðàêòåðíû äëÿ ìàãíèòíûõ ÑÐ-çâåçä Î è He-r òèïîâ. Ýìèññèîííîå îáëàêî íà

ìàãíèòíûõ ïîëþñàõ íàáëþäàåòñÿ è ó äðóãèõ ãîðÿ÷èõ ìàãíèòíûõ çâåçä [12].

Îáëàñòü ìàãíèòíîãî ýêâàòîðà áîëåå õîëîäíàÿ è ôîòîìåòðè÷åñêè áîëåå òåìíàÿ,

åñëè òàì ôîðìèðóåòñÿ ýìèññèÿ, òî â ìåíüøåé ñòåïåíè. Ó÷èòûâàÿ ðåçóëüòàòû

ïðåäûäóùèõ èññëåäîâàíèé, ìîæíî óòâåðæäàòü, ÷òî òèïè÷íûì ñâîéñòâîì ìàã-

íèòíûõ Î- è Íå-r çâåçä ÿâëÿåòñÿ ñèëüíûé âåòåð [11], ãäå íàïðÿæåííîñòü

ìàãíèòíîãî ïîëÿ ìàêñèìàëüíà. Êîíöåíòðàöèÿ íåêîòîðûõ õèìè÷åñêèõ ýëåìåíòîâ

ïðîèñõîäèò òàêæå â îáëàñòè ìàãíèòíîãî ýêâàòîðà [15,17], ãäå ñèëîâûå ëèíèè

ãîðèçîíòàëüíû ê ïîâåðõíîñòè. Ñóùåñòâóåò çàâèñèìîñòü õèìè÷åñêèõ àíîìàëèé

îò âåëè÷èíû ìàãíèòíîãî ïîëÿ, ñâÿçàííàÿ ñ òåì, ÷òî ìàãíèòíîå ïîëå ïîäàâëÿåò

òóðáóëåíòíîñòü, îáëåã÷àÿ äèôôóçèþ õèìè÷åñêèõ ýëåìåíòîâ [18,19].

Âòîðàÿ èç èññëåäîâàííûõ çâåçä HD81009 èìååò ñòðóêòóðó ìàãíèòíîãî ïîëÿ,

ñìåùåííîãî èç öåíòðà ìàãíèòíîãî äèïîëÿ. Èç-çà íåâûãîäíîé îðèåíòàöèè îíà

âèäíà ïðåèìóùåñòâåííî ñî ñòîðîíû ìàãíèòíîãî ýêâàòîðà, íàáëþäàåìàÿ ôàçîâàÿ

çàâèñèìîñòü  Be , ïî-âèäèìîìó, ñèëüíî èñêàæåíà. Èíòåðåñíî, ÷òî HD81009

ýòî äâîéíàÿ ñèñòåìà, êîòîðàÿ ñîñòîèò ïðàêòè÷åñêè èç îäèíàêîâûõ çâåçä ïî

ìàññå è òåìïåðàòóðå, íî òîëüêî îäíà èç íèõ ìàãíèòíàÿ [23]. Òàêèå ñèñòåìû

ìîãóò âîçíèêàòü ëèáî èç-çà íåîäíîðîäíîñòè ìàãíèòíîãî ïîëÿ â ðîäèòåëüñêîì

ïðîòîçâåçäíîì îáëàêå, êîãäà îäíà çâåçäà ñôîðìèðîâàëàñü èç íàìàãíè÷åííîãî

ôðàãìåíòà, à äðóãàÿ íåò. Âîçìîæåí âàðèàíò, êîãäà âòîðè÷íûé êîìïîíåíò

âñëåäñòâèå áûñòðîãî íà÷àëüíîãî âðàùåíèÿ íå ñìîã ïðåîäîëåòü èçâåñòíûé

áàðüåð äëÿ ìàãíèòíûõ çâåçä Ð > 1 ñóò.

Ïîäðîáíûé àíàëèç èññëåäîâàííûõ çâåçä áóäåò ïðåäñòàâëåí â ñëåäóþùåé

ñòàòüå.

Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ,

Ðîññèÿ, e-mail: glagol@sao.ru
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MAGNETIC FIELD STRUCTURES OF CHEMICALLY
PECULIAR STARS. I. HD57682, HD81009

Yu.V.GLAGOLEVSKIJ

Based on literature data on magnetic field values, models of the magnetic field

of magnetic stars of different types of peculiarity HD57682, HD81009 were

constructed and the parameters of their magnetic field were obtained. HD57682,

like other hot objects, exhibits differences in physical conditions in the region of

the magnetic equators and in the region near the magnetic poles, which are not

yet amenable to interpretation. The star HD81009 in its properties is a typical

representative of SrCrEu-type magnetic stars, except for it's the binar system.

Keywords: magnetic field: pecular stars
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HD98088, HD182180, HD221218, HD318107

Þ.Â.ÃËÀÃÎËÅÂÑÊÈÉ
Ïîñòóïèëà 16 íîÿáðÿ 2023

Ïðèíÿòà ê ïå÷àòè 7 ìàðòà 2024

Íà îñíîâå ëèòåðàòóðíûõ äàííûõ î âåëè÷èíàõ ìàãíèòíîãî ïîëÿ ïîñòðîåíû ìîäåëè
ìàãíèòíîãî ïîëÿ íåñêîëüêèõ ìàãíèòíûõ çâåçä ðàçíûõ òèïîâ ïåêóëÿðíîñòè è ïîëó÷åíû ïàðàìåòðû
ìàãíèòíîãî ïîëÿ. Ñðåäè ãîðÿ÷èõ îáúåêòîâ îáíàðóæåíû ðàçëè÷èÿ ôèçè÷åñêèõ óñëîâèé â îáëàñòè
ìàãíèòíûõ ýêâàòîðîâ è â îáëàñòè áëèçìàãíèòíûõ ïîëþñîâ, êîòîðûå ïîêà íå ïîääàþòñÿ èíòåð-
ïðåòàöèè.

Êëþ÷åâûå ñëîâà: ìàãíèòíîå ïîëå: ïåêóëÿðíûå çâåçäû

1. Ââåäåíèå. Äàííàÿ ñòàòüÿ ÿâëÿåòñÿ ïðîäîëæåíèåì ïðåäûäóùåé ðàáîòû

[1]. Ìû îñóùåñòâëÿåì áîëüøóþ ïðîãðàììó èññëåäîâàíèÿ ñòðóêòóð ìàãíèòíîãî

ïîëÿ õèìè÷åñêè ïåêóëÿðíûõ çâåçä âî âñåì äèàïàçîíå òåìïåðàòóð, ò.å. SrCrEu,

Si+, Si, He-w, He-r, O-îáúåêòîâ. Ñðåäè íèõ ïîêà ïëîõî èçó÷åíû ìàãíèòíûå

Î-çâåçäû è â ïðîöåññå èõ èññëåäîâàíèÿ ÷àñòî âîçíèêàþò âîïðîñû èç-çà

íåäîñòàòî÷íîãî êîëè÷åñòâà è òî÷íîñòè íàáëþäàòåëüíûõ äàííûõ.

2. HD98088 (SrCrEu). Èçìåðåíèÿ ïðîäîëüíîé êîìïîíåíòû ìàãíèòíîãî

ïîëÿ çâåçäû HD98088 â ðàçíûõ ôàçàõ ïåðèîäà âðàùåíèÿ  Be  âçÿòû èç

ðàáîò [2,3]. ×àñòü èçìåðåíèé Âå ïîëó÷åíû êëàññè÷åñêèì ñïîñîáîì [2] ïî

ôîòîãðàôè÷åñêèì ñïåêòðàì (ñðåäíÿÿ 88  Ãñ), ÷àñòü ïî ñïåêòðîïîëÿðè-

ìåòðè÷åñêèì èçìåðåíèÿì  âûñîêîãî ðàçðåøåíèÿ (R = 68000) ìóëüòèëèíåé÷àòûì

ñïîñîáîì (LSD) [3] (ñðåäíÿÿ 25  Ãñ). Òàêèì îáðàçîì, â îáîèõ ñëó÷àÿõ

ïîëå èçìåðÿëîñü ïî ìíîãèì ëèíèÿì ìåòàëëîâ, â ðåçóëüòàòå ÷åãî âîçìîæíî

îïðåäåëèòü âëèÿíèå íåðàâíîìåðíîãî ðàñïðåäåëåíèÿ õèìè÷åñêèõ ýëåìåíòîâ ïî

ïîâåðõíîñòè íà àìïëèòóäó ôàçîâîé çàâèñèìîñòè  Be .

Ïåðèîäû âðàùåíèÿ çâåçäû HD98088 Ð = 5.9 ñóò, v sini = 100 êì/ñ, R.R 153

âçÿòû èç [3,4]. Ïî ôîðìóëå v = 50.6R/P ïîëó÷àåì v = 27 êì/ñ. Ïðè òàêèõ

óñëîâèÿõ  îêàçûâàåòñÿ, ÷òî sini > 1. Î÷åâèäíî, ÷òî ëèáî ðàäèóñ, ëèáî âåëè÷èíà

v sini íåâåðíûå. Â ýòîì ñîñòîèò íåêîòîðàÿ íåóâåðåííîñòü ïîëó÷åííîé ìîäåëè.

Â ðàáîòå [3] ïðèíÿòî íàèáîëåå âåðîÿòíîå çíà÷åíèå óãëà i = 68o, êîòîðîå ìû
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À Ñ Ò Ð Î Ô È Ç È Ê À

DOI: 10.54503/0002-3051-2024.77.1-41

http://doi.org/10.54503/0002-3051-2024.77.1-41


42 Þ.Â.ÃËÀÃÎËÅÂÑÊÈÉ

òàêæå èñïîëüçóåì. Ïàðàìåòðû ïîëó÷åííîé íàìè ìîäåëè ïðèâåäåíû  â òàáë.1,

ãäå äàíû: ñðåäíåå ïîâåðõíîñòíîå ìàãíèòíîå ïîëå Bs, âåëè÷èíà ìàãíèòíîãî

ïîëÿ íà ìàãíèòíûõ ïîëþñàõ Âð, ñìåùåíèå äèïîëÿ èç öåíòðà çâåçäû A ,

åñëè îíî íàáëþäàåòñÿ, óãîë íàêëîíà îñè äèïîëÿ ê ïëîñêîñòè ýêâàòîðà

âðàùåíèÿ   è óãîë íàêëîíà îñè âðàùåíèÿ çâåçäû ê ëó÷ó çðåíèÿ íàáëþäàòåëÿ

i. Íà ðèñ.1 òî÷êàìè ïîêàçàíà íàáëþäàåìàÿ ôàçîâàÿ çàâèñèìîñòü  Be ,

ñïëîøíîé ëèíèåé - ìîäåëüíàÿ. Ðàçëè÷èÿ ìåæäó èçìåðåííûìè äàííûìè è

HD Bs, Ãñ Bp, Ãñ A , R
*

 , ãðàäóñ i, ãðàäóñ

98088 1100 ±1657 0.0 10 68
182180 2439 ±1657 0.0 9 52
221218 2769 +5818, -3161 +0.1 18 68
318107 14600 +32348 -17595 +0.1 20 13:

Òàáëèöà 1

ÏÀÐÀÌÅÒÐÛ ÌÎÄÅËÅÉ ÌÀÃÍÈÒÍÎÃÎ ÏÎËß

Bs, Ãñ Bp, Ãñ Â
D
, Ãñ  , ãðàäóñ

Íàøà ìîäåëü ïî [2] 1110 ±1657 - 18
Íàøà ìîäåëü ïî [3] 1100 ±1697 - 10

Ìîäåëü èç [3] - - 3580 15

Òàáëèöà 2

ÏÀÐÀÌÅÒÐÛ ÌÎÄÅËÅÉ HD98088, ÏÎÑÒÐÎÅÍÍÛÕ ÏÎ

ÄÀÍÍÛÌ ÐÀÇÍÛÕ ÀÂÒÎÐÎÂ

Ðèñ.1. Èçìåíåíèå ìàãíèòíîãî ïîëÿ HD98088. Òî÷êè - èçìåðåííûå äàííûå, ñïëîøíàÿ
êðèâàÿ - ìîäåëüíàÿ.

Ôàçà

B
e,

 Ã
ñ

0.0

-1000

0.4 0.8 1.2

0

1000



43ÌÀÃÍÈÒÍÛÅ  ÏÎËß  ÕÈÌÈ×ÅÑÊÈ  ÏÅÊÓËßÐÍÛÕ  ÇÂÅÇÄ. II

ìîäåëüíîé çàâèñèìîñòüþ íå ïðåâûøàåò 3 . Â òàáë.2 ïðèâåäåíû ïàðàìåòðû

ìîäåëåé, ïîëó÷åííûõ íàìè îòäåëüíî ïî èçìåðåíèÿì Áýáêîêà [2] è Ôîëüñîìà

[3], à òàêæå ïàðàìåòðû ìîäåëè, ïîëó÷åííûå â ðàáîòå [3]. Íàøè äâà ðåçóëüòàòà

äîñòàòî÷íî áëèçêèå, ÷òî âûçûâàåò óâåðåííîñòü â ïîëó÷åííûõ äàííûõ. Íàøè

ìîäåëè, ïîñòðîåííûå ïî äàííûì Áýáêîêà è Ôîëüñîìà, ñîîòâåòñòâóþò öåíò-

ðàëüíîìó äèïîëþ ñ 00.A  . Ñòðóêòóðà öåíòðàëüíîãî äèïîëÿ â ìàãíèòíûõ

çâåçäàõ ÿâëÿåòñÿ òèïè÷íîé, òàêèõ çâåçä îêîëî 60%. Â ðàáîòå [3] òîæå

ïðåäïîëàãàåòñÿ ñòðóêòóðà ìàãíèòíîãî ïîëÿ öåíòðàëüíîãî äèïîëÿ, íî ïðè ýòîì

íåêàÿ âåëè÷èíà B
D 
=

 
3580

 
Ãñ ñèëüíî îòëè÷àåòñÿ îò íàøèõ Bs è Âð âñëåäñòâèå

èñïîëüçîâàíèÿ äðóãîé, à èìåííî (D+Q+Oct) ìîäåëè. Ïàðàìåòð B
D
 íå ñðàâíèì

ñ íàøèìè äàííûìè ïîòîìó, ÷òî îí â (D+Q+Oct)-ìîäåëè ïðàêòè÷åñêè íå

èìååò ôèçè÷åñêîãî ñìûñëà  [5]. Òàêîé âåëè÷èíû íè âíóòðè çâåçäû, íè íà

åå ïîâåðõíîñòè íåò. Ïàðàìåòð B
D
 ÿâëÿåòñÿ êîýôôèöèåíòîì â ôîðìóëå,

îïèñûâàþùåé ôîðìó ôàçîâîé çàâèñèìîñòè. Â òå÷åíèå íåêîòîðîãî âðåìåíè

ðàçíûå àâòîðû ïûòàëèñü îïèñàòü ôàçîâûå çàâèñèìîñòè  Be  ñ ïîìîùüþ

ñôåðè÷åñêèõ ãàðìîíèê - äèïîëÿ, êâàäðóïîëÿ, îêòóïîëÿ è ò.ä. Îïûò ðÿäà

èññëåäîâàòåëåé, â òîì ÷èñëå è íàø, ïîêàçûâàåò, ÷òî ìàãíèòíîå ïîëå âíóòðè

çâåçäû è íà ïîâåðõíîñòè äîñòàòî÷íî õîðîøî îïèñûâàåòñÿ ôîðìóëîé ìàãíèòíîãî

äèïîëÿ, êîòîðûé ìîæåò íàõîäèòüñÿ â ëþáîì ìåñòå âíóòðè çâåçäû è ìîæåò

áûòü íàêëîíåí ê ïëîñêîñòè ýêâàòîðà âðàùåíèÿ íà ëþáîé óãîë  . Óãîë

íàêëîíà îñè äèïîëÿ ê ïëîñêîñòè ýêâàòîðà âðàùåíèÿ â íàøåé ìîäåëè HD98088

îêàçàëñÿ o10 , ó Ôîëüñîìà o15 . Íà ðèñ.2 ïðåäñòàâëåíà ñõåìà ìîäåëè

HD98088, èç êîòîðîé âèäíî, ÷òî ïîëÿðíûå îáëàñòè ïðè âðàùåíèè çâåçäû

ïðîõîäÿò ïî÷òè ÷åðåç öåíòð âèäèìîãî äèñêà. Òàêàÿ áëàãîïðèÿòíàÿ îðèåíòàöèÿ

çâåçäû è ìàãíèòíîãî äèïîëÿ â íåé ÿâëÿþòñÿ îäíîé èç ïðè÷èí ñëàáîãî

Ðèñ.2. Îðèåíòàöèÿ äèïîëüíîãî ìàãíèòíîãî ïîëÿ â çâåçäå HD98088.
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ðàññåÿíèÿ òî÷åê íà ôàçîâîé çàâèñèìîñòè  ðèñ.1.  Øòðèõîâîé ëèíèåé îáîçíà÷åíà

îáëàñòü ìàãíèòíîãî ýêâàòîðà. Êàê âèäíî èç ðèñ.3 â ðàáîòå [1], çâåçäà ïîïàäàåò

â äèàïàçîí óãëîâ o200  , êîòîðûé ÿâëÿåòñÿ òèïè÷íûì äëÿ ìàãíèòíûõ

çâåçä. Âîçðàñò çâåçäû logt = 8.87 â òàáë.1 îöåíèâàëñÿ ïî çàâèñèìîñòè logt (R/Rz),

ïðèâåäåííîé â [6], ãäå R/Rz = 1.81 - ðàäèóñ çâåçäû îòíîñèòåëüíî åå ðàäèóñà íà

ZAMS [4]. Òàêèì îáðàçîì, çâåçäà ïðîâåëà íà Ãëàâíîé ïîñëåäîâàòåëüíîñòè

óæå áîëüøóþ ÷àñòü ñâîåé æèçíè.

 Ìàãíèòíàÿ çâåçäà HD98088 ÿâëÿåòñÿ ÷ëåíîì ñïåêòðîñêîïè÷åñêè äâîéíîé

ñèñòåìû, â êîòîðîé âòîðè÷íûé êîìïîíåíò ÿâëÿåòñÿ Àm-çâåçäîé. Èçâåñòåí

ðÿä ñëó÷àåâ ñïåêòðàëüíî äâîéíûõ òèïà Àð+Àm. Â ðàáîòå [7] àíàëèçèðóþòñÿ

òàêèå ñèñòåìû. Ñðåäè ìåòàëëè÷åñêèõ Àm-çâåçä ïî÷òè 100% ÿâëÿþòñÿ ñïåêò-

ðàëüíî-äâîéíûìè, õîòÿ ñðåäè Àð-çâåçä òàêèõ îáúåêòîâ  ìåíüøå 20%. ßñíîñòè

Ðèñ.3. Èçìåíåíèå ìàãíèòíîãî ïîëÿ HD182180. à) çàâèñèìîñòü ïðîäîëüíîãî ïîëÿ Be;
òî÷êè - èçìåðåííûå äàííûå, ñïëîøíàÿ êðèâàÿ - ìîäåëüíàÿ. b) ìîäåëüíàÿ çàâèñèìîñòü
ñðåäíåãî ïîâåðõíîñòíîãî ïîëÿ Bs.
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â îòíîøåíèè ïðîèñõîæäåíèÿ ñèñòåìû Àð+Àm ïîêà íåò. Íå èñêëþ÷åíî, ÷òî

âñëåäñòâèå êðàéíåé íåîäíîðîäíîñòè ïðîòîçâåçäíûõ îáëàêîâ îäèí êîìïîíåíò

ñôîðìèðîâàëñÿ èç íàìàãíè÷åííîé ÷àñòè îáëàêà, à äðóãîé èç òîé, â êîòîðîé

ïîëíûé âåêòîð 0B  Ãñ. Âîçìîæåí âàðèàíò, êîãäà Am-ïðîòîçâåçäà èìåëà

ñëèøêîì âûñîêóþ íà÷àëüíóþ óãëîâóþ ñêîðîñòü è íå ñìîãëà ïðåîäîëåòü

êðèòè÷åñêóþ ñêîðîñòü Vc, ïðè êîòîðîé âîçíèêàåò âíóòðåííÿÿ íåñòàáèëüíîñòü,

ðàçðóøàþùàÿ ïîëå. Ïîêà íåò äàííûõ î âîçìîæíîì âëèÿíèè òåñíûõ äâîéíûõ

íà ýâîëþöèþ ìàãíèòíîãî ïîëÿ.

3. Çâåçäà HD182180 (He-r). Çâåçäû òèïà He-r è O ñîñòàâëÿþò

ïîäãðóïïó ñðåäè ìàãíèòíûõ çâåçä, èìåþùóþ íåêîòîðûå îáùèå ñâîéñòâà.

Ìàãíèòíîå ïîëå Âå ïîëó÷åíî â [8] ïîñðåäñòâîì ìíîãîëèíåé÷àòîãî àíàëèçà

LSD [9], ïîýòîìó ïðèõîäèòñÿ ó÷åñòü, ÷òî ôàçîâàÿ çàâèñèìîñòü  Be  ìîæåò

áûòü çàìåòíî ïîäâåðæåíà âëèÿíèþ ýôôåêòà íåðàâíîìåðíîãî ðàñïðåäåëåíèÿ

õèìè÷åñêèõ ýëåìåíòîâ, ïðåæäå âñåãî íà àìïëèòóäó. Çâåçäà HD182180 èíòåðåñíà

òåì, ÷òî îíà îòíîñèòñÿ ê íàèáîëåå áûñòðûì ðîòàòîðàì ñðåäè ìàãíèòíûõ çâåçä

è íàõîäèòñÿ íà ãðàíèöå âîçíèêíîâåíèÿ âíóòðåííèõ íåñòàáèëüíîñòåé, êîòîðàÿ

âîçíèêàåò ïðè Ð < 1 ñóò, ðàçðóøàþùèõ ïîëîèäàëüíîå ìàãíèòíîå ïîëå. Ïî ýòîìó

ñâîéñòâó îíà îòíîñèòñÿ ê èíòåðåñíûì îáúåêòàì. Ïåðèîä âðàùåíèÿ

Ð = 0.52 ñóò, R.R 93 , v sini = 300 êì/ñ [8], îòêóäà ïî ôîðìóëå v = 50.6R/P

ïîëó÷àåì v = 379 êì/ñ è óãîë i = 52î. Àâòîðû ðàáîòû [9] äàþò 38î
 < i < 86î,

ïîýòîìó ìû èñïîëüçîâàëè íàøó îöåíêó i = 52î, êîòîðàÿ ÿâëÿåòñÿ ñðåäíèì

çíà÷åíèåì èç ýòèõ îöåíîê. Êîëè÷åñòâî èçìåðåíèé Âå ìàëî (ðèñ.3à), ïîýòîìó

ìû èñïîëüçîâàëè ìîäåëü öåíòðàëüíîãî äèïîëÿ 00.A  . Ìåòîäîì ïîñëåäîâà-

òåëüíûõ ïðèáëèæåíèé äîñòèãàåòñÿ ñòðóêòóðà, ïðè êîòîðîé  âû÷èñëåííàÿ è

íàáëþäàåìàÿ ôàçîâûå çàâèñèìîñòè ðàçëè÷àþòñÿ íå áîëåå ÷åì íà 3  âî âñåõ

òî÷êàõ (òàáë.1). Óãîë íàêëîíà îñè äèïîëÿ ê ïëîñêîñòè ýêâàòîðà âðàùåíèÿ â

íàøåé ìîäåëè îêàçàëñÿ íåáîëüøèì, 
o9 , ÷òî òèïè÷íî äëÿ ìàãíèòíûõ çâåçä

(ñì. ðèñ.3 â ðàáîòå [1]). Íàøà ìåòîäèêà ïîçâîëÿåò íà îñíîâàíèè ïîëó÷åííîé

ìîäåëè âû÷èñëèòü íå òîëüêî çàâèñèìîñòü  Be , íî è  Bs , ïðåäñòàâëåííóþ

íà ðèñ.3b, èç êîòîðîé ñðåäíÿÿ âåëè÷èíà âàæíåéøåãî ïàðàìåòðà Bs = 2439 Ãñ.

Ñòðóêòóðà ìàãíèòíîãî ïîëÿ íå âûçûâàåò îñîáîãî èíòåðåñà, ïðàêòè÷åñêè îíà

òàêàÿ æå, êàê íà ñõåìå ðèñ.2, òîëüêî îáðàòíûìè çíàêàìè.

Ìåòîäèêà âû÷èñëåíèÿ ìàãíèòíîé ìîäåëè HD182180 â ðàáîòå [8] òàêàÿ æå,

êàê â [3], ò.å. èñïîëüçóåòñÿ (D+Q+O)-ìîäåëü. Àâòîðû âûáðàëè âàðèàíò öåíò-

ðàëüíîãî äèïîëÿ, êîòîðûé äàåò ïàðàìåòð íàïðÿæåííîñòè ïîëÿ B
D
, íå ñîâïà-

äàþùèé ïî ñìûñëó íè ñ Bs, íè ñ Âð [5]. Ïî èõ äàííûì çâåçäà HD182180 èìååò

B
D

 = 13 - 17 êÃñ, ïðè÷åì òàêèõ âåëè÷èí â çâåçäå, êàê ìû óæå ãîâîðèëè, íåò íè

íà ïîâåðõíîñòè, íè âíóòðè, ýòîò ïàðàìåòð ñëóæèò  êîýôôèöèåíòîì â ôîðìóëå,

îïèñûâàþùåé ôàçîâóþ çàâèñèìîñòü  Be . Ýòà âåëè÷èíà ñèëüíî îòëè÷àåòñÿ îò
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íàøèõ îöåíîê Bs = 2439 Ãñ è Âð = ±3787 Ãñ, êàê ýòî âèäíî èç òàáë.1.

Ñâîéñòâà çâåçäû HD182180 (Íå-r) èíòåðåñíî ñðàâíèòü ñ HD37479 (Íå-r)

[10], áëèçêîé ïî ìàññå. Â îáåèõ çâåçäàõ îáëàñòü ìàãíèòíîãî ýêâàòîðà ôîòîìåò-

ðè÷åñêè áîëåå òåìíàÿ, çäåñü Âå = 0 Ãñ, áëèç ìàãíèòíûõ ïîëþñîâ ÿðêàÿ [8].

Ïðåäïîëàãàåòñÿ, ÷òî íà ìàãíèòíîì ýêâàòîðå HD37479 íàêàïëèâàþòñÿ õèìè-

÷åñêèå ýëåìåíòû êàê â ëîâóøêå, èíòåíñèâíîñòü ñïåêòðàëüíûõ ëèíèé óâåëè-

÷èâàåòñÿ, ïîãëîùåíèå ñòàíîâèòñÿ çíà÷èòåëüíûì, ÿðêîñòü ïîÿñà âäîëü ìàãíèòíîãî

ýêâàòîðà óìåíüøàåòñÿ [9,11]. Â òî æå âðåìÿ ó çâåçäû HD37479 â ôàçå ïðîõîæäåíèÿ

ìàãíèòíîãî ýêâàòîðà ÷åðåç âèäèìûé öåíòð äèñêà  íàáëþäàåòñÿ ìàêñèìóì ýìèññèè

[9], à â HD182180 ýìèññèÿ íàáëþäàåòñÿ â îáëàñòè áëèçìàãíèòíûõ ïîëþñîâ. Â

ìàãíèòíûõ ïîëþñàõ HD182180, êàê îáû÷íî ó çâåçä òèïà He-r, âåòåð ìàêñè-

ìàëüíûé, îáîëî÷êà óâåëè÷åííàÿ. Òàêèì îáðàçîì, íàáëþäàåòñÿ ôóíäàìåíòàëüíîå

ðàçëè÷èå â ïîâåäåíèè äâóõ Íå-r çâåçä, õîòÿ òåìïåðàòóðû èõ ðàâíû 22530 Ê

(HD37479) è 17000 Ê (HD182180), ò.å. ðàçëè÷èå íå ñòîëü âåëèêî.

Ðàçëè÷èå ñâîéñòâ íàáëþäàåòñÿ ó çâåçä HD57682 (O, 35000 Ê) [1] è HD37022

(O, 39350 Ê) [12], êîòîðûå ÿâëÿþòñÿ òèïè÷íûìè ïðåäñòàâèòåëÿìè îáúåêòîâ

Î-òèïà. Íà ìàãíèòíûõ ïîëþñàõ HD57682 ëèíèè ïîãëîùåíèÿ H  è Íå èìåþò

ìàêñèìàëüíóþ èíòåíñèâíîñòü (ñì. ðèñ.8 â ðàáîòå [4]). Íî ó çâåçäû HD37022

ëèíèè ïîãëîùåíèÿ âîäîðîäà è ãåëèÿ ìàêñèìàëüíû íà ìàãíèòíîì ýêâàòîðå [12].

Ñòðóêòóðà ïîâåðõíîñòè ýòèõ O-çâåçä ïî îñíîâíûì ñâîéñòâàì òîæå äåëÿòñÿ íà

äâå õàðàêòåðíûå îáëàñòè - âîêðóã ìàãíèòíûõ ïîëþñîâ è íà ìàãíèòíîì ýêâàòîðå

[1]. Ó îáåèõ çâåçä ýìèññèÿ H  è ÍåII 4686 ñèëüíåå â ìàãíèòíûõ ïîëþñàõ,

ñëàáåå â ýêâàòîðèàëüíîé îáëàñòè. Òî÷íî òàê æå âåäóò ñåáÿ Î-çâåçäû HD191612

è HD149438 [13]. Îáùèé âûâîä - âáëèçè ìàãíèòíûõ ïîëþñîâ ãîðÿ÷èõ ìàã-

íèòíûõ çâåçä ôîðìèðóåòñÿ ðàçðåæåííàÿ, ýìèññèîííàÿ îáîëî÷êà, òîãäà êàê

ýêâàòîðèàëüíàÿ îáëàñòü ïëîòíàÿ è òåìíàÿ. Ðàññìàòðèâàÿ îòêëîíåíèÿ ñâîéñòâ

çâåçä HD37479 (Íå-r) è HD37022 (Î), ñ÷èòàåì íåîáõîäèìûì â áóäóùåì

èçó÷èòü èõ çàíîâî ñ ïðèìåíåíèåì áîëåå òî÷íîé ìåòîäèêè èçìåðåíèé.

Îòíîñèòåëüíûé ðàäèóñ çâåçäû HD182180 R/Rz = 1.37 ìû îöåíèâàåì íà

îñíîâàíèè äàííûõ â [4]. Âîçðàñò logt = 8.1 ïîëó÷àåòñÿ ïî çàâèñèìîñòè

logt(R/Rz) äëÿ çâåçä ñ ñîîòâåòñòâóþùèì ðàäèóñîì, ïðèâåäåííîé â [6].

4. HD221218 (He-w). Èçìåðåíèÿ ìàãíèòíîãî ïîëÿ Âå âûïîëíåíû â

ðàáîòå [14]. Îíè ïðåäñòàâëåíû íà ðèñ.4 òî÷êàìè. Ñðåäíÿÿ îøèáêà 21  Ãñ.

Ïåðèîä âðàùåíèÿ çâåçäû Ð = 2.64 ñóò, âåëè÷èíà v sini = 35 êì/ñ [12], îòêóäà

ïîëó÷àåì ýêâàòîðèàëüíóþ ñêîðîñòü çâåçäû v = 50.6R/P = 37.7 êì/ñ è óãîë

i = 68o. Íàøà ìîäåëü, ýòî äèïîëü, ñìåùåííûé âäîëü îñè íà âåëè÷èíó +0.1R
*
,

ïðè÷åì äèïîëü íàêëîíåí ê ïëîñêîñòè ýêâàòîðà âðàùåíèÿ íà óãîë o18  (äëÿ

ñðàâíåíèÿ â ðàáîòå [14] 
o9 ), êîòîðûé ôîðìèðóåò ìàãíèòíîå ïîëå íà

ïîëþñàõ Âð = +5810 Ãñ è -3161 Ãñ (òàáë.1). Â ðàáîòå [14] óòâåðæäàåòñÿ, ÷òî
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ìàãíèòíîå ïîëå â îñíîâíîì äèïîëüíîå, â çíà÷èòåëüíîé ñòåïåíè íå îñåñèììåò-

ðè÷íîå, ñ íàïðÿæåííîñòüþ ïîëÿ íà ìàãíèòíûõ ïîëþñàõ ±9635 Ãñ è ñ ìàãíèòíîé

îñüþ, ïî÷òè ïåðïåíäèêóëÿðíîé îñè âðàùåíèÿ. Ýòà âåëè÷èíà ïîëÿ çíà÷èòåëüíî

îòëè÷àåòñÿ îò íàøåãî ðåçóëüòàòà, à íåáîëüøîé óãîë  , êàê è â íàøåì ñëó÷àå,

ïî âåëè÷èíå ñîîòâåòñòâóåò òèïè÷íûì ìàãíèòíûì çâåçäàì (ðèñ.3 â ðàáîòå [1]),

êîòîðûå ïîòåðÿëè ìîìåíò âðàùåíèÿ íà ðàííèõ ñòàäèÿõ ýâîëþöèè ïóòåì

"ìàãíèòíîãî" òîðìîæåíèÿ. Ñõåìà ïîëîæåíèÿ ìàãíèòíîãî äèïîëÿ, ïîëó÷åííàÿ

ïî íàøèì äàííûì, ïîêàçàíà íà ðèñ.5. Êàê è â ñëó÷àå çâåçäû HD98088

ïîëÿðíûå îáëàñòè ïðè âðàùåíèè çâåçäû ïðîõîäÿò âáëèçè öåíòðà âèäèìîãî

äèñêà. Øòðèõîâîé ëèíèåé îáîçíà÷åíà îáëàñòü ìàãíèòíîãî ýêâàòîðà. Áëàãî-

Ðèñ.5. Îðèåíòàöèÿ äèïîëüíîãî ìàãíèòíîãî ïîëÿ â çâåçäå HD221218.

Ðèñ.4. Èçìåíåíèå ìàãíèòíîãî ïîëÿ HD221218.
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ïðèÿòíàÿ îðèåíòàöèÿ çâåçäû îòíîñèòåëüíî íàáëþäàòåëÿ ÿâëÿåòñÿ îäíîé èç

ïðè÷èí ñëàáîãî ðàññåÿíèÿ òî÷åê íà ôàçîâîé çàâèñèìîñòè ðèñ.4. Ñèëüíàÿ

ïåðåìåííîñòü ïðîôèëåé ëèíèé ìåòàëëîâ, êîòîðàÿ äåìîíñòðèðóåòñÿ â ðàáîòå

[14], ïðèâîäèò ê ïðåäïîëîæåíèþ î ïÿòíèñòîì ðàñïðåäåëåíèè õèìè÷åñêèõ

ýëåìåíòîâ, ïîýòîìó íå èñêëþ÷àåòñÿ èõ âëèÿíèå íà âåëè÷èíó ïîëó÷åííûõ

ïàðàìåòðîâ. Âîçðàñò çâåçäû HD221218 ðàâåí logt = 8.0 - 8.2, îí îïðåäåëåí ïî

äàííûì ðàáîòû [6]. Âåëè÷èíà R/Rz = 1.11 [4] ïîêàçûâàåò, ÷òî çâåçäà íà

äèàãðàììå Ãåðöøïðóíãà-Ðåññåëà íàõîäèòñÿ âáëèçè ZAMS. Òàêèì îáðàçîì, â

ýòîì ðàçäåëå ìû ïîëó÷èëè áîëåå îïðåäåëåííîå ïðåäñòàâëåíèå î ñòðóêòóðå

ìàãíèòíîãî ïîëÿ HD221218, ÷åì ýòî ïîëó÷åíî â [14].

5. Ìîäåëü HD318107 (Si+). Ïàðàìåòðû çâåçäû âçÿòû èç ðàáîò [4,15].

Íà îñíîâàíèè ýòèõ äàííûõ v sini = 7 êì/ñ, R.R 122  è Ð = 9.71 ñóò, îòêóäà

Ðèñ.6. Èçìåíåíèå ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ HD318107. à) çàâèñèìîñòü )(Bs , b)
çàâèñèìîñòü )(Be .
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îïðåäåëÿåì ýêâàòîðèàëüíóþ ñêîðîñòü çâåçäû v = 50.6R/P = 11 êì/ñ, çàòåì

i = 39o. Îäíàêî â íàøåì ñëó÷àå èìåþòñÿ äâå ôàçîâûå çàâèñèìîñòè  Be  [15]

è  Bs  [17], ïîýòîìó óãîë i ïîëó÷àåòñÿ ïðè ìîäåëèðîâàíèè àâòîìàòè÷åñêè.

Òàêîé ìåòîä ÿâëÿåòñÿ áîëåå òî÷íûì. Íà ðèñ.6à òî÷êàìè ïîêàçàíà èçìåðåííàÿ

çàâèñèìîñòü  Bs  (ñðåäíÿÿ âåëè÷èíà Bs = 14372 Ãñ) è  ìîäåëüíàÿ, ïîêàçàííàÿ

ñïëîøíîé ëèíèåé (ñðåäíÿÿ âåëè÷èíà Bs = 14600 Ãñ). Íà ðèñ.6b òî æå äëÿ

çàâèñèìîñòè  Be . Îáå ìîäåëè ïîëó÷èëèñü ïðè îäíîì è òîì æå óãëå i = 13o

(äëÿ ñðàâíåíèÿ, â [15] i = 22o). Âåëè÷èíà i, òàêèì îáðàçîì, çíà÷èòåëüíî

îòëè÷àåòñÿ îò òîé, êîòîðàÿ âûâîäèòñÿ èç v sini = 7 êì/ñ. Îøèáî÷íû ëèáî v sini,

ëèáî R. Äëÿ ìîäåëèðîâàíèÿ ïî  Be  ìû èñïîëüçîâàëè èçìåðåíèÿ, âûïîë-

íåííûå ïî ëèíèÿì æåëåçà, êàê ýòî ìû âñåãäà äåëàåì, ñ÷èòàÿ, ÷òî îíî

ðàñïðåäåëåíî ïî ïîâåðõíîñòè áîëåå ðàâíîìåðíî, ÷åì, íàïðèìåð, Nd è äðóãèå

ðåäêîçåìåëüíûå ýëåìåíòû, êîòîðûå îáû÷íî êîíöåíòðèðóþòñÿ âîêðóã ìàãíèòíûõ

ïîëþñîâ. Ê ñîæàëåíèþ, ñóùåñòâóþò òîëüêî íåñêîëüêî èçìåðåíèé Âå, íî

÷åðåç èçìåðåííûå òî÷êè íåâîçìîæíî ïðîâåñòè êàêóþ-ëèáî êðèâóþ. Ïîýòîìó

ïàðàìåòðû ìîäåëè ïîäáèðàëèñü òàê, ÷òîáû íàáëþäàåìûå è òåîðåòè÷åñêèå

âåëè÷èíû  Be  áûëè îäèíàêîâûå â ñðåäíåì. Íàáëþäåíèÿ äàþò ñðåäíþþ

âåëè÷èíó Âå = 3830 Ãñ, ìîäåëü ïðèâîäèò ê Âå = 3400 Ãñ. Ýòîãî äîñòàòî÷íî,

÷òîáû çàôèêñèðîâàòü ïîëó÷åííûé óãîë i = 13o. Íà ðèñ.6b âèäíî, êàêèì äîëæíî

áûòü èçìåíåíèå  Be  íà ñàìîì äåëå. Îíî âåëèêî èç-çà ñìåùåíèÿ äèïîëÿ

âäîëü îñè íà +0.1R
*
. Â òàáë.1 ïðèâåäåíû ïàðàìåòðû ìîäåëè, à ñòðóêòóðà

ìàãíèòíîãî ïîëÿ ïîêàçàíà íà ðèñ.7. Çâåçäà âèäíà ñî ñòîðîíû ïîëþñà âðàùåíèÿ

è ìàãíèòíîãî ýêâàòîðà. Èç-çà ìàëîãî óãëà i ïîñòîÿííî âèäíà ïîëóñôåðà ñ

ïîëîæèòåëüíûì ìàãíèòíûì ïîëåì (øòðèõîâîé ëèíèåé îáîçíà÷åí ìàãíèòíûé

ýêâàòîð). Ýòî âèäíî òàêæå íà çàâèñèìîñòè  Be . Ìàëàÿ âåëè÷èíà   ïðèâîäèò

Ðèñ.7. Îðèåíòàöèÿ äèïîëüíîãî ìàãíèòíîãî ïîëÿ â çâåçäå HD318107.
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ê òîìó, ÷òî Bs ìåíÿåòñÿ ñëàáî, âñåãî íà 17%. Ñòîëü íåâûãîäíàÿ äëÿ èçìåðåíèé

ìàãíèòíîãî ïîëÿ îðèåíòàöèÿ ïî îòíîøåíèþ ê íàáëþäàòåëþ ïðèâîäèò ê

ñëèøêîì áîëüøîìó ðàçáðîñó òî÷åê íà ôàçîâîé çàâèñèìîñòè è, êàê ñëåäñòâèå,

ê íåóâåðåííîé ìîäåëè.

Âåëè÷èíå i = 13o ñîîòâåòñòâóåò v sini = 2.47 êì/ñ. Äëÿ ñðàâíåíèÿ ïîëó÷åííûõ

äàííûõ â òàáë.3 ïðèâåäåíû ïàðàìåòðû ñòàðîé ìîäåëè [16], ïîñòðîåííîé ïî

äðóãèì èçìåðåíèÿì â [17]. Îíè îäíîãî ïîðÿäêà è ïîäòâåðæäàþò äðóã äðóãà.

Ïî êîíôèãóðàöèè ìàãíèòíîãî ïîëÿ è äðóãèì ïàðàìåòðàì çâåçäà HD318107

îòíîñèòñÿ ê òèïè÷íûì ìàãíèòíûì çâåçäàì Si, SrCrEu òèïîâ ïåêóëÿðíîñòè.

Óãîë   ìàë, â ïðåäåëàõ o200  , ÷òî òèïè÷íî äëÿ ìàãíèòíûõ çâåçä (ñì.

ðèñ.3 â ðàáîòå [1]).

Â ðàáîòå [15] ïðèâîäèòñÿ ñòðóêòóðà ìàãíèòíîãî ïîëÿ HD318107, ïîëó÷åííàÿ

èç ïðåäïîëîæåíèÿ (D+Q+O)-ìîäåëè. Òàì ïðèíÿò óãîë i = 22o äîâîëüíî

áëèçêèé ê íàøåé îöåíêå. Óãîë ìåæäó îñüþ âðàùåíèÿ è îñüþ äèïîëÿ o65 ,

ò.å. o2590  , ïðàêòè÷åñêè ñîâïàäàåò ñ íàøåé îöåíêîé. Äàëåå àâòîðû

ïðèâîäÿò ïîëÿðíûå âåëè÷èíû ìàãíèòíîãî ïîëÿ Bd, Bq, Boct, êîòîðûå ïîëó-

÷àþòñÿ âñëåäñòâèå ïðèìåíåíèÿ èçâåñòíîé (D+Q+O)-ìîäåëè, ïàðàìåòðû êîòîðîé

íåëüçÿ ñðàâíèâàòü ñ íàøåé îäíîäèïîëüíîé ìîäåëüþ, ò.ê. îíè èìåþò äðóãîé

ñìûñë, êàê óæå ãîâîðèëîñü âûøå. ×òî êàñàåòñÿ ôîðìû çàâèñèìîñòè  Bs ,

ïðåäëîæåííîé â [15], òî îíà íå ïîëó÷àåòñÿ â íàøåì ñëó÷àå íè ïðè êàêèõ

óñëîâèÿõ. Òàêóþ ôîðìó ìîæíî îáúÿñíèòü ïðåäïîëîæåíèåì äâóõäèïîëüíîé

êîíôèãóðàöèè. Äëÿ óòî÷íåíèÿ ìîäåëè íåîáõîäèìû äîïîëíèòåëüíûå, áîëåå òî÷íûå

èçìåðåíèÿ.

Âîçðàñò çâåçäû HD318107 ðàâåí logt = 7.8, îí îïðåäåëåí ïî äàííûì

Çíàê A , R
*

Äîëãîòà,  Øèðîòà,   Bs, Ãñ Bp, Ãñ
ìîíîïîëÿ äèïîëÿ ãðàäóñ ãðàäóñ ãðàäóñ

- +0.1 320 -20 20 14600 -17595
+ 140 +20 +32348

Çíàê A , R
*

Äîëãîòà,  Øèðîòà,   Bs, Ãñ Bp, Ãñ
ìîíîïîëÿ äèïîëÿ ãðàäóñ ãðàäóñ ãðàäóñ

- +0.1 0 -5 5 14345 -19462
+ 180 +5 +33365

Òàáëèöà 3À

ÍÎÂÀß ÌÎÄÅËÜ HD318107

Òàáëèöà 3Â

ÑÒÀÐÀß ÌÎÄÅËÜ HD318107
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ðàáîòû [6]. Âåëè÷èíà R/Rz = 1.10 [4] ïîêàçûâàåò, ÷òî çâåçäà íà äèàãðàììå

Ãåðöøïðóíãà-Ðåññåëà íàõîäèòñÿ âáëèçè ïîëîñû ZAMS. Òàêèì îáðàçîì, â

ýòîì ðàçäåëå ìû òàêæå ïîëó÷èëè áîëåå îïðåäåëåííîå ïðåäñòàâëåíèå î ñòðóêòóðå

ìàãíèòíîãî ïîëÿ HD221218, ÷åì ýòî ïîëó÷åíî â [14].

Öåííîñòü äàííîãî ðàçäåëà ñîñòîèò â ïîëó÷åíèè áîëåå òî÷íîãî, ÷åì ðàíåå,

ïðåäñòàâëåíèÿ î ñòðóêòóðå çâåçäû è åå ïàðàìåòðàõ.

6. Îáñóæäåíèå è çàêëþ÷åíèå.

1. Â  äâóõ ðàáîòàõ (I è II) ìû ðàññìîòðåëè ñòðóêòóðû ìàãíèòíîãî ïîëÿ

5-òè çâåçä ðàçíîãî òèïà ïåêóëÿðíîñòè è òåìïåðàòóðû, à òàêæå îïðåäåëèëè

ñòðóêòóðó è ïàðàìåòðû ìàãíèòíîãî ïîëÿ. Îñíîâíûå ôèçè÷åñêèå äàííûå è

èçìåðåíèÿ ìàãíèòíîãî ïîëÿ âçÿòû èç ëèòåðàòóðû. Íàøà çàäà÷à çàêëþ÷àëàñü

â ïîëó÷åíèè ïàðàìåòðîâ ìàãíèòíîãî ïîëÿ êàæäîé çâåçäû è ïåðâè÷íîé

èíòåðïðåòàöèè ôèçè÷åñêèõ ñâîéñòâ âûáðàííûõ çâåçä â ðàçíûõ îáëàñòÿõ

ïîâåðõíîñòè. Âî âñåõ ñëó÷àÿõ íàì óäàëîñü ïîäîáðàòü ïàðàìåòðû ìîäåëè òàê,

÷òîáû ðàçëè÷èå ìåæäó ìîäåëüíûìè ôàçîâûìè çàâèñèìîñòÿìè  Be  è

íàáëþäàåìûìè èçìåðåíèÿìè íå ïðåâûøàëî 3 . Îáû÷íî ìû ïîëüçóåìñÿ

òàêèì êðèòåðèåì îòáîðà ìîäåëåé. Îñíîâíûå ïðîáëåìû, êîòîðûå âîçíèêëè â

ðåçóëüòàòå èíòåðïðåòàöèè ìîäåëèðîâàíèÿ, ñâÿçàíû ñ íåáëàãîïðèÿòíîé

îðèåíòàöèåé ìàãíèòíîé ñòðóêòóðû ïî îòíîøåíèþ ê íàáëþäàòåëþ, à òàêæå

îñîáåííîñòÿìè ôèçè÷åñêèõ óñëîâèé íà ìàãíèòíîì ýêâàòîðå è âîêðóã ìàãíèòíûõ

ïîëþñîâ. Èç ðàññìîòðåííûõ â äàííîé ðàáîòå íàáëþäàòåëüíûõ äàííûõ è

ïîëó÷åííûõ ìîäåëåé âèäíî, êàêèå îáúåêòû íóæäàþòñÿ â äîïîëíèòåëüíûõ

èçìåðåíèÿõ. Ê ñîæàëåíèþ, íå ÷àñòî ìû èìååì âîçìîæíîñòü ìîäåëèðîâàòü

ñòðóêòóðû ìàãíèòíîãî ïîëÿ ïî äåéñòâèòåëüíî õîðîøèì äàííûì. Îäíîâðåìåííî

ìû àíàëèçèðîâàëè ðåçóëüòàòû ìîäåëèðîâàíèÿ ìàãíèòíûõ çâåçä ñ ïîìîùüþ

(D+Q+O)-ìîäåëè.

2. Ðàññìîòðèì ðåçóëüòàòû èññëåäîâàíèÿ ìàññèâíûõ ýìèññèîííûõ çâåçä

Î è Íå-r òèïîâ HD57682 [18,19] è HD182180 [8] ïî ðåçóëüòàòàì ðàáîò I

è II. Ó íèõ ñòðóêòóðû ìàãíèòíîãî ïîëÿ, êàê è ôèçè÷åñêèå ïàðàìåòðû

ÿâëÿþòñÿ òèïè÷íûìè äëÿ ìàãíèòíûõ çâåçä. Çâåçäû èìåþò îáîëî÷êè, â

êîòîðûõ ãåíåðèðóåòñÿ ýìèññèÿ â ëèíèÿõ âîäîðîäà, ãåëèÿ è äðóãèõ õèìè÷åñêèõ

ýëåìåíòîâ. Ìàêñèìàëüíàÿ èíòåíñèâíîñòü ýìèññèè â HD57682 âîçíèêàåò â

ìîìåíò ïðîõîæäåíèÿ ïîëîæèòåëüíîãî ìàãíèòíîãî ïîëþñà ÷åðåç öåíòðàëüíûé

ìåðèäèàí, ò.å. ýìèññèîííàÿ îáëàñòü íàõîäèòñÿ âîêðóã ìàãíèòíûõ ïîëþñîâ,

ãäå âåòåð ìàêñèìàëüíûé. Òàê æå âåäóò ñåáÿ Î-çâåçäû HD37022 [19] è

HD191612 [11] (òàáë.4). Ïîä äåéñòâèåì âåòðà âîçíèêàþò ñèëüíûå õèìè÷åñêèå

àíîìàëèè âáëèçè ìàãíèòíûõ ïîëþñîâ. Íåêîòîðûå õèìè÷åñêèå ýëåìåíòû

êîíöåíòðèðóþòñÿ âäîëü ìàãíèòíîãî ýêâàòîðà. Îáùèé âûâîä - âáëèçè

ìàãíèòíûõ ïîëþñîâ Î- è Íå-r çâåçä ôîðìèðóåòñÿ ðàçðåæåííàÿ, ýìèññèîííàÿ
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Çâåçäà HD Òèï T
eff 

, K      Ýìèññèÿ Ìàêñèìóì W  H, He Ref.

37022 O 39350 Â ïîëþñàõ Íà ìàãí. ýêâàòîðå  [19]
37479 He-r 22530 Íà ìàãí. ýêâàòîðå Ñëîæíî îïðåäåëèòü  [21]
57682 O 35000 Â ïîëþñàõ Â ïîëþñàõ  [18]
182180 He-r 17000 Â ïîëþñàõ Â ïîëþñàõ  [8]
191612 O 35000 Â ïîëþñàõ Íà ìàãí. ýêâàòîðå  [13]

Òàáëèöà 4

ÏÎÂÅÄÅÍÈÅ ÑÏÅÊÒÐÀËÜÍÛÕ ËÈÍÈÉ ÍÀ ÌÀÃÍÈÒÍÛÕ

ÏÎËÞÑÀÕ È ÌÀÃÍÈÒÍÎÌ ÝÊÂÀÒÎÐÅ

îáîëî÷êà, ïðè ýòîì ýêâàòîðèàëüíàÿ îáëàñòü îêàçûâàåòñÿ îòíîñèòåëüíî ïëîòíîé

è õîëîäíîé. Âîçìîæíî, íà ìàãíèòíîì ýêâàòîðå ñêàïëèâàþòñÿ õèìè÷åñêèå

ýëåìåíòû êàê â ëîâóøêå, èíòåíñèâíîñòü ñïåêòðàëüíûõ ëèíèé óâåëè÷èâàåòñÿ,

ïîãëîùåíèå ñòàíîâèòñÿ çíà÷èòåëüíûì, ÿðêîñòü ïîÿñà âäîëü ìàãíèòíîãî ýêâàòîðà

óìåíüøàåòñÿ [20]. Ìèíèìàëüíûé áëåñê ïðèõîäèòñÿ íà ìàãíèòíûé ýêâàòîð,

ãäå Âå = 0 Ãñ è ìèíèìàëüíàÿ âåëè÷èíà ýìèññèè H . Â òî æå âðåìÿ ó çâåçäû

HD37479 [21] ìàêñèìóì ýìèññèè ãåíåðèðóåòñÿ íà ìàãíèòíîì ýêâàòîðå. Íî

íàøå ìíåíèå ñîñòîèò â òîì, ÷òî íàáëþäàòåëüíûå äàííûå íåäîñòàòî÷íî íàäåæíû

è íåîáõîäèìû äîïîëíèòåëüíûå íàáëþäåíèÿ ýòîé çâåçäû.

Â ìàãíèòíûõ ïîëþñàõ çâåçä HD57682 [18] è HD182180 [8] ýêâèâàëåíòíàÿ

øèðèíà ëèíèè H  è ëèíèé Íå ìàêñèìàëüíà. Ýòî ñâîéñòâî ïðîòèâîïîëîæíî

òîìó, ÷òî íàáëþäàåòñÿ ó HD37022 [19] è HD191612 [11], ó êîòîðûõ ýêâè-

âàëåíòíàÿ øèðèíà H  ìèíèìàëüíà â 0  è ìàêñèìàëüíà â 50. . Äëÿ

âûÿñíåíèÿ ïðè÷èí óêàçàííîãî ðàçëè÷èÿ è â äàííîì ñëó÷àå òàêæå íåîáõîäèìû

äîïîëíèòåëüíûå íàáëþäåíèÿ.

Ñëåäóþùåå íåïîíÿòíîå ó HD57682 [18] ÿâëåíèå çàêëþ÷àåòñÿ â òîì, ÷òî

ëó÷åâûå ñêîðîñòè, îöåíåííûå ïî ëèíèÿì H  è Íå, â ìîìåíò íàõîæäåíèÿ

âîäîðîäíîãî è ãåëèåâîãî "ïÿòíà" â öåíòðå çâåçäû ìàêñèìàëüíûå, õîòÿ îíè

äîëæíû áûòü ðàâíû íóëþ.

Çâåçäà HD37479 [21] èìååò ñëîæíóþ ïîâåðõíîñòíóþ ñòðóêòóðó è ïðè

íåäîñòàòî÷íîì íàáëþäàòåëüíîì ìàòåðèàëå íåâîçìîæíî äî êîíöà âûÿñíèòü

ôèçè÷åñêèå óñëîâèÿ íà ïîâåðõíîñòè.

3. Ðàññìîòðåííûå 2 çâåçäû HD81009 è HD98088 ÿâëÿþòñÿ òèïè÷íûìè

ïðåäñòàâèòåëÿìè ìàãíèòíûõ ÑÐ çâåçä SrCrEu-òèïà, çà èñêëþ÷åíèåì èõ

äâîéñòâåííîñòè. Ïîêà íåò äîñòàòî÷íî óáåäèòåëüíûõ äàííûõ îá îñîáåííîñòÿõ

èõ ïðîèñõîæäåíèÿ è ýâîëþöèè.

4. Ïî÷òè âñå ðàññìîòðåííûå îáúåêòû íà  ðàñïðåäåëåíèè ìàãíèòíûõ çâåçä

ïî óãëàì   (  N  ïîïàäàþò â äèàïàçîí o200  , ÷òî òèïè÷íî äëÿ ìàã-

íèòíûõ çâåçä (ñì. ðèñ.3 â ñòàòüå [1]). Ìàëàÿ âåëè÷èíà   ÿâëÿåòñÿ ïðèçíàêîì
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òîãî, ÷òî ïîòåðÿ ìîìåíòà âðàùåíèÿ ïðîèçîøëà ó íèõ â ðåçóëüòàòå "ìàãíèòíîãî"

òîðìîæåíèÿ íà ðàííèõ ýòàïàõ ýâîëþöèè. Ôîðìà ôàçîâîé çàâèñèìîñòè

ñîîòâåòñòâóåò ìîäåëè öåíòðàëüíîãî äèïîëÿ èëè ñëàáî ñìåùåííîãî èç öåíòðà

çâåçäû äèïîëÿ, ÷òî íàáëþäàåòñÿ ó áîëåå ÷åì ïîëîâèíû ìàãíèòíûõ çâåçä, è

îáúÿñíÿåòñÿ, ïî-âèäèìîìó òåì, ÷òî îíè ñôîðìèðîâàëèñü èç îäíîðîäíîãî ïî

ñâîåé ñòðóêòóðå ðîäèòåëüñêîãî íàìàãíè÷åííîãî ïðîòîçâåçäíîãî îáëàêà.

5. Ó÷èòûâàÿ âûâîäû ïðåäûäóùåãî ðàçäåëà, ðàññìîòðèì ïîëîæåíèå èçó÷åííûõ

çâåçä íà ðàñïðåäåëåíèè logP - logBs íà ðèñ.8, îòìå÷åííûõ áåëûìè êðóæêàìè.

Îêàçûâàåòñÿ, ÷òî îíè íàõîäÿòñÿ ñðåäè îáùåé ìàññû ìàãíèòíûõ çâåçä, êðîìå

HD57682, êîòîðàÿ âðàùàåòñÿ ñëèøêîì ìåäëåííî äëÿ åå ìàãíèòíîãî ïîëÿ. Íå

èñêëþ÷åíî, ÷òî óæå ó ðîäèòåëüñêîé ïðîòîçâåçäû âðàùåíèå áûëî ñëèøêîì

ñëàáûì. Çâåçäû HD81009 è HD318107 íàõîäÿòñÿ â ïðàâîé ÷àñòè ðàñïðåäåëåíèÿ

logP - logBs, êîòîðàÿ ïðåäñòàâëÿåò ñîáîé ïðîáëåìó. Ïðè ïðåäïîëîæåíèè, ÷òî

ïîòåðÿ ìîìåíòà âðàùåíèÿ ìàãíèòíîé ïðîòîçâåçäû ïðîèñõîäèò ïðè ó÷àñòèè

ìàãíèòíîãî ïîëÿ, ñëåäóåò îæèäàòü, ÷òî ñóùåñòâóåò çàâèñèìîñòü ïåðèîäà âðàùåíèÿ

îò âåëè÷èíû ìàãíèòíîãî ïîëÿ. Äåéñòâèòåëüíî, ëåâàÿ ÷àñòü ðèñ.8 îòâå÷àåò

ýòîìó ïðåäïîëîæåíèþ. Íî ïðàâàÿ ÷àñòü â òàêîì ñëó÷àå îêàçûâàåòñÿ íåïîíÿòíîé

- ÷åì ñèëüíåå ïîëå, òåì áûñòðåå âðàùàåòñÿ çâåçäà. Ìîæíî ïðåäïîëîæèòü, ÷òî

ïðè î÷åíü ñèëüíîì ïîëå îáëàêà, îêðóæàþùèå ìàãíèòíóþ ïðîòîçâåçäó, íà÷èíàþò

âðàùàòüñÿ âìåñòå ñ ïðîòîçâåçäîé è ïåðåäà÷à ìîìåíòà âðàùåíèÿ îñëàáåâàåò.

Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ,

Ðîññèÿ, e-mail: glagol@sao.ru

Ðèñ.8. Çàâèñèìîñòü ïåðèîäà âðàùåíèÿ çâåçä îò âåëè÷èíû ìàãíèòíîãî ïîëÿ Bs. Áåëûå
êðóæêè - çâåçäû, èçó÷åííûå â ýòîé ðàáîòå.
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MAGNETIC FIELD STRUCTURES OF CHEMICALLY
PECULIAR STARS. II. HD98088, HD182180,

HD221218, HD318107

Yu.V.GLAGOLEVSKIJ

Based on literature data about the magnetic field values, models of the magnetic

field of several magnetic stars of different types of peculiarity were constructed and

the magnetic field parameters were obtained. Among hot objects, differences in

physical conditions have been discovered in the region of the magnetic equators

and in the region near the magnetic poles, which are not yet amenable to

interpretation.

Keywords: magnetic field: pecular stars
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ÀÊÒÈÂÍÎÑÒÜ ÇÂÅÇÄÛ TOI-784 È ÏÎÒÅÐß
ÀÒÌÎÑÔÅÐÍÎÉ ÌÀÑÑÛ ÅÅ ÏËÀÍÅÒÎÉ

È.Ñ.ÑÀÂÀÍÎÂ
Ïîñòóïèëà 1 äåêàáðÿ 2023

Ïðèíÿòà ê ïå÷àòè 7 ìàðòà 2024

Ðàññìîòðåíû ñâîéñòâà ïëàíåòíîé ñèñòåìû TOI-784, â êîòîðîé çåìëåïîäîáíàÿ ïëàíåòà
îáðàùàåòñÿ îêîëî ìàëîàêòèâíîé çâåçäû ñîëíå÷íîãî òèïà. Àðõèâíûå èçìåðåíèÿ áëåñêà TOI-
784 â V-ôèëüòðå èç áàçû äàííûõ ASAS 4 íå ïîçâîëÿþò íàéòè äîñòîâåðíûå óêàçàíèÿ íà
ïåðåìåííîñòü áëåñêà âñëåäñòâèå âðàùåíèÿ, à òàêæå íà öèêëè÷åñêóþ äîëãîâðåìåííóþ
ïåðåìåííîñòü îáúåêòà. Âîçìîæíàÿ îöåíêà âåëè÷èíû ïåðèîäà âðàùåíèÿ çâåçäû ñîñòàâëÿåò
Prot/sini = 41.7 ± 11.4 ñóò. Âîçðàñò ñèñòåìû ñîãëàñíî ýìïèðè÷åñêèì ãèðîõðîíîëîãè÷åñêèì
ñîîòíîøåíèÿì ðàâåí 7.8 ± 3.4 ìëðä ëåò. Óñòàíîâëåíà ñðåäíÿÿ âåëè÷èíà ïàðàìåòðà õðîìîñôåðíîé
àêòèâíîñòè logR'

HK
 = -4.99, êîòîðàÿ  ñîîòâåòñòâóåò óðîâíþ ìàëîàêòèâíûõ çâåçä ñ àíàëîãè÷íûìè

ïîêàçàòåëÿìè öâåòà (B - V ) è áëèçêà ê ñîëíå÷íîìó. Ðàäèóñ ïëàíåòû TOI-784 b ðàâåí 1.93

R ,

ìàññà - 9.67


M , åå ñðåäíÿÿ ïëîòíîñòü - 7.4 ã/ñì
3
 (ïëàíåòà ÿâëÿåòñÿ êàìåíèñòîé). Îöåíêà ïîòåðè

âåùåñòâà àòìîñôåðîé ïëàíåòû TOI-784 b áûëà ïîëó÷åíà ïî àïïðîêñèìàöèîííîé ôîðìóëå,
ñîîòâåòñòâóþùåé ìîäåëè ïîòåðè àòìîñôåðû ñ îãðàíè÷åíèåì ïî ýíåðãèè. Ðàñ÷åòû ïîêàçàëè,
÷òî ïîòåðÿ âåùåñòâà àòìîñôåðû ïëàíåòû ñîñòàâëÿåò 

8
1074 .  ã/ñ. Ñðàâíèòåëüíî íèçêàÿ âåëè÷èíà

ïîòåðè âåùåñòâà àòìîñôåðîé ïëàíåòû, íåñìîòðÿ íà âûñîêóþ ýôôåêòèâíóþ òåìïåðàòóðó
àòìîñôåðû çâåçäû è áëèçîñòü ïëàíåòû ê çâåçäå, âåðîÿòíî, ñâÿçàíà ñ íèçêèì óðîâíåì
àêòèâíîñòè çâåçäû.

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

       ïëàíåòíûå ñèñòåìû: àòìîñôåðû ýêçîïëàíåò

1. Ââåäåíèå. Àâòîðû [1] ñîîáùèëè î ïîäòâåðæäåíèè òðàíçèòíîé ïëàíåòû-

ñóïåðçåìëè, îáíàðóæåííîé ñ ïîìîùüþ êîñìè÷åñêîé ìèññèè TESS, âðàùàþ-

ùåéñÿ âîêðóã çâåçäû ñîëíå÷íîãî òèïà ñïåêòðàëüíîãî êëàññà G HD 307842

(TOI-784). Ïåðèîä îáðàùåíèÿ ïëàíåòû ðàâåí 2.8 ñóò, ïî èçìåðåíèÿì ëó÷åâîé

ñêîðîñòè (RV) áûëî óñòàíîâëåíî, ÷òî åå ìàññà ñîñòàâëÿåò 9.67 ± (0.83 -

0.82) M . Òàêæå áûëà îòêðûòà ïëàíåòà-êàíäèäàò íà âíåøíåé îðáèòå, êîòîðàÿ,

ñêîðåå âñåãî, íå ÿâëÿåòñÿ òðàíçèòíîé. Âåëè÷èíà ïåðèîäà îáðàùåíèÿ ïëàíåòû-

êàíäèäàòà ñîñòàâëÿåò ïðèáëèçèòåëüíî îò 20 äî 63 ñóò, ïðè ýòîì ñîîòâåòñò-

âóþùèå ïîëóàìïëèòóäû RV, êàê îæèäàåòñÿ, ìîãóò âàðüèðîâàòüñÿ îò 3.2 äî

5.4 ì/ñ, à ìàññû - îò 12.6 äî 31.1 M . Ðàäèóñ ïëàíåòû b (íàéäåííîé ìåòîäîì

òðàíçèòîâ) èìååò çíà÷åíèå 1.93 ± (0.11 - 0.09) R , ÷òî ïðèâîäèò ê ñðåäíåé

ïëîòíîñòè 7.4 ± (1.4 - 1.2) ã/ñì3, â ïðåäïîëîæåíèè, ÷òî TOI-784 b ÿâëÿåòñÿ

êàìåíèñòîé ïëàíåòîé. Ñîãëàñíî 1, íà äèàãðàììå "ðàäèóñ - èíñîëÿöèÿ ïëàíåòû"
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îáúåêò TOI-784 b ðàñïîëîæåí íà êðàþ òàê íàçûâàåìîé "äîëèíû ðàäèóñà".

Èíòåðåñ ê ïëàíåòíîé ñèñòåìå TOI-784 îáóñëîâëåí òåì, ÷òî â íåé çåìëå-

ïîäîáíàÿ ïëàíåòà îáðàùàåòñÿ îêîëî çâåçäû ñîëíå÷íîãî òèïà, êîòîðàÿ ïî

ïðåäâàðèòåëüíûì îöåíêàì [1], ÿâëÿåòñÿ äîñòàòî÷íî ìàëîàêòèâíîé. Îòìåòèì,

÷òî èññëåäîâàíèÿ áîëüøèíñòâà çâåçä, ïðîâåäåííûå íàìè ðàíåå (ñì. [2-4]), êàê

ïðàâèëî, âûïîëíÿëèñü äëÿ ñèñòåì ñ äîñòàòî÷íî âûñîêîé àêòèâíîñòüþ ðîäè-

òåëüñêîé çâåçäû.

2. Ïðîÿâëåíèÿ àêòèâíîñòè TOI-784. Ñîãëàñíî [1], ýôôåêòèâíàÿ

òåìïåðàòóðà çâåçäû ðàâíà 5558 ± 100 Ê, óñêîðåíèå ñèëû òÿæåñòè logg = 4.48

± 0.10, ðàäèóñ 01709070 ..RR  , ñâåòèìîñòü 01301190 ..LL   è ìàññà

100910 ..MM  . Îáúåêò TOI-784 îòîæäåñòâëåí ñ èñòî÷íèêîì Gaia EDR3

5251941573573934080, åãî ïàðàëëàêñ ñîñòàâëÿåò   (mas) = 15.4833 ± 0.0108.

Àâòîðû [1] ðàññìîòðåëè 963 àðõèâíûõ èçìåðåíèÿ áëåñêà TOI-784 â

V-ôèëüòðå ïî áàçå äàííûõ ASAS 4 (íà÷èíàÿ ñ 21 äåêàáðÿ 2000ã. ïî 3 äåêàáðÿ

2009ã.). Ïî ïðèíÿòîé àâòîðàìè ìåòîäèêå áûëè îòîáðàíû 883 âåëè÷èíû,

îòíåñåííûå ê êëàññàì A è B, êîòîðûå ïðåäñòàâëÿþò èçìåðåíèÿ ñàìîãî

âûñîêîãî êà÷åñòâà. Ðåçóëüòàòû âûïîëíåííîãî àâòîðàìè [1] ïåðèîäîãðàììíîãî

àíàëèçà ïîêàçàíû íà ðèñ.1. Áûë ñäåëàí âûâîä îá îòñóòñòâèè ïåðåìåííîñòè

áëåñêà âñëåäñòâèå âðàùåíèÿ, êîòîðûé ïîçâîëÿåò ïðåäïîëîæèòü, ÷òî TOI-784,

âåðîÿòíî, ÿâëÿåòñÿ ìàëîàêòèâíîé çâåçäîé, íà ïîâåðõíîñòè êîòîðîé â ýïîõó

íàáëþäåíèé ïÿòíà ïðàêòè÷åñêè îòñóòñòâîâàëè. Îòìåòèì, ÷òî äàííûå, ïðåäñòàâ-

ëåííûå íà ðèñ.1, òàêæå óêàçûâàþò íà îòñóòñòâèå öèêëè÷åñêîé äîëãîâðåìåííîé

ïåðåìåííîñòè îáúåêòà.

Ðèñ.1. Äèàãðàììà logR'
HK

 - ïîêàçàòåëü öâåòà (B - V ). Òåìíûé ñèìâîë ñîîòâåòñòâóåò TOI-

784, ñâåòëûå ñèìâîëû - äàííûå êàòàëîãà [5], ãîðèçîíòàëüíàÿ ëèíèÿ - ñîîòâåòñòâóåò çíà÷åíèþ
ïàðàìåòðà logR'

HK
 äëÿ Ñîëíöà â ñïîêîéíîì ñîñòîÿíèè (ñì. òåêñò).
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Èñïîëüçóÿ îöåíêè ðàäèóñà çâåçäû è îöåíåííîé ïî ñïåêòðàëüíûì íàáëþ-

äåíèÿì ñêîðîñòè âðàùåíèÿ v sini, àâòîðû [1] ïðèâåëè îïðåäåëåíèå âåëè÷èíû

âîçìîæíîãî ïåðèîäà âðàùåíèÿ çâåçäû, êîòîðûé ðàâåí Prot/sini = 41.7 ± 11.4

ñóò. Âîçðàñò ñèñòåìû áûë îöåíåí â [1] ñ ïîìîùüþ ýìïèðè÷åñêèõ ãèðîõðîíîëî-

ãè÷åñêèõ ñîîòíîøåíèé è ñîñòàâèë 7.8 ± 3.4 ìëðä ëåò. Ìîæíî ñäåëàòü çàêëþ÷åíèå,

÷òî, ñêîðåå âñåãî, TOI-784 ïðèíàäëåæèò ê ÷èñëó çâåçä ñîëíå÷íîãî òèïà,

äîñòàòî÷íî ñòàðûõ è ìàëîàêòèâíûõ.

Ïî ñïåêòðàì, ïîëó÷åííûì ñ Planet Finder Spectrograph (PFS) ñïåêòðîãðàôîì

6.5-ìåòðîâîãî òåëåñêîïà Magellan II Clay, àâòîðû [1] îïðåäåëèëè çíà÷åíèÿ

ïîêàçàòåëÿ çâåçäíîé àêòèâíîñòè ïàðàìåòðà S
HK

, èçìåðåííîãî ïî ëèíèÿì CaII H

è K (áûëî ðàññìîòðåíî 13 ñïåêòðîãðàìì, ñîäåðæàùèõ óêàçàííûå ëèíèè). Ê

ñîæàëåíèþ, ìàëîå ÷èñëî èçìåðåíèé íå ìîãëî äàòü èíôîðìàöèþ î âîçìîæíîé

öèêëè÷åñêîé àêòèâíîñòè (èëè êàêîé-ëèáî ïåðåìåííîñòè âîîáùå). Â êîíå÷íîì

èòîãå â [1] áûëî ïîëó÷åíî, ÷òî ñðåäíÿÿ âåëè÷èíà ïàðàìåòðà logR'
HK

 ðàâíà -4.99.

Íà ðèñ.1 ïðèâåäåíà äèàãðàììà logR'
HK

 - ïîêàçàòåëü öâåòà (B - V ). Ñâåòëûå

ñèìâîëû - äàííûå êàòàëîãà [5], à òåìíûé êðóæîê - TOI-784. Ãîðèçîíòàëüíàÿ

ëèíèÿ ñîîòâåòñòâóåò çíà÷åíèþ ïàðàìåòðà logR'
HK

 äëÿ Ñîëíöà â ñïîêîéíîì

ñîñòîÿíèè. Ìîæíî ñäåëàòü âûâîä î òîì, ÷òî óðîâåíü õðîìîñôåðíîé àêòèâíîñòè

TOI-784 áëèçîê ê õàðàêòåðíîìó äëÿ ìàëîàêòèâíûõ çâåçä ñ àíàëîãè÷íûìè

ïîêàçàòåëÿìè öâåòà (B - V ), ïðè ýòîì ñàì óðîâåíü ïðàêòè÷åñêè ñîâïàäàåò ñ

ñîëíå÷íûì (äëÿ Ñîëíöà logR'
HK

 = -5.021, ñì. â [5]).

Ïðåäñòàâëÿåòñÿ èíòåðåñíûì ñîïîñòàâèòü äàííûå î âåëè÷èíå logR'
HK

 äëÿ

TOI-784 èç [1] ñ ðåçóëüòàòàìè èç [6] î ðàñïðåäåëåíèè âåëè÷èí ýòîãî ïàðàìåòðà

äëÿ çâåçä ñïåêòðàëüíîãî êëàññà G. Ñîãëàñíî [6] ýòî ðàñïðåäåëåíèå èìååò äâà

èëè, âîçìîæíî, òðè ïèêà ñ ìàêñèìóìàìè äëÿ âåëè÷èí ïîðÿäêà -5.00 dex ó

ìàëîàêòèâíûõ çâåçä è -4.50 dex - ó àêòèâíûõ. Äîëÿ àêòèâíûõ G êàðëèêîâ

ñîñòàâëÿåò îêîëî 20 ïðîöåíòîâ. TOI-784 ïðèíàäëåæèò ê ìàëîàêòèâíûì çâåçäàì

ñïåêòðàëüíîãî êëàññà G, ÷èñëî êîòîðûõ ïî äàííûì [6] äîñòèãàåò ~80 ïðîöåíòîâ

â èõ âûáîðêå.

Ðåçóëüòàòû î âåëè÷èíå ïàðàìåòðà logR'
HK

 è àêòèâíîñòè TOI-784 èç [1]

òðåáóþò äàëüíåéøåãî óòî÷íåíèÿ, íå èñêëþ÷åíî, ÷òî çâåçäà ÿâëÿåòñÿ ëèáî

äåéñòâèòåëüíî êðàéíå ìàëîàêòèâíîé, ëèáî íàõîäèòñÿ â ñîñòîÿíèè ñâîåé

ïîíèæåííîé àêòèâíîñòè (ñâåäåíèÿ î âîçìîæíîé öèêëè÷åñêîé ïåðåìåííîñòè

õðîìîñôåðíîé àêòèâíîñòè çâåçäû, êîòîðàÿ ìîæåò ñêàçàòüñÿ íà ðåçóëüòàòàõ

ïðîâîäèìûõ íàìè îöåíîê, îòñóòñòâóþò).

3. Ïîòåðÿ âåùåñòâà àòìîñôåðû TOI-784 b. Êàê óêàçûâàëîñü

âûøå, TOI-784 b ÿâëÿåòñÿ ïëàíåòîé òèïà ñóïåðçåìëÿ ñ ìàññîé ïîðÿäêà

 M.M 679  è áîëüøîé ïîëóîñüþ îðáèòû 0.038 à.å. Ñîãëàñíî [1] ýêçîïëàíåòà

ïðåäïîëîæèòåëüíî ìîæåò ñîäåðæàòü â îáîëî÷êå íåáîëüøîå êîëè÷åñòâî ëåòó÷èõ
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âåùåñòâ ñ òÿæåëûìè ìîëåêóëàìè, òàêèìè êàê H
2
O èëè CO

2 
âìåñòî H/He.

Îòâåò íà âîïðîñ î ïðèñóòñòâèè ó ïëàíåòû îñòàòî÷íîé H/He îáîëî÷êè íå

ÿñåí. Îäíàêî, åñëè ïëàíåòà âñå æå ñ òå÷åíèåì âðåìåíè òåðÿåò ñâîþ àòìîñôåðó,

òî äëÿ ïîäñ÷åòà òàêîé ïîòåðè áåç äåòàëüíîãî ìîäåëèðîâàíèÿ ñèñòåìû ìîæíî

ïîïðîáîâàòü èñïîëüçîâàòü àïïðîêñèìàöèîííóþ ôîðìóëó (ñì., íàïðèìåð, [7,8]),

îáû÷íî íàçûâàåìóþ, 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 [7-9].

Îñíîâíûå äàííûå î ïëàíåòå TOI-784 b áûëè âçÿòû èç [1]. Äëÿ âû÷èñëåíèé

ïî ôîðìóëå (1) íóæíû îöåíêè âåëè÷èíû - (ïîòîêà XUV-ôîòîíîâ). Äëÿ ýòîé

öåëè íàìè áûëè èñïîëüçîâàíû àíàëèòè÷åñêèå çàâèñèìîñòè, ïîëó÷åííûå â [10],

ñâÿçûâàþùèå âåëè÷èíó F
XUV

 ïîòîêà è ïàðàìåòð logR'
HK  

äëÿ çâåçä ñïåêòðàëüíûõ

êëàññîâ îò F äî M. Êàê óêàçûâàëîñü â [1], TOI-784 ÿâëÿåòñÿ äîñòàòî÷íî

ìàëîàêòèâíîé çâåçäîé ñîëíå÷íîãî òèïà (ñì. âûøå). Ðàñ÷åòû ïî ñîîòíîøåíèþ

(1) ïîêàçàëè, ÷òî ïîòåðÿ âåùåñòâà àòìîñôåðû ñîñòàâëÿåò çíà÷åíèå 81074 .  ã/ñ

äëÿ âåëè÷èíû logR'
HK

 = -4.99. Ñðàâíèòåëüíî íèçêàÿ âåëè÷èíà ïîòåðè âåùåñòâà

àòìîñôåðû ïëàíåòû, íåñìîòðÿ íà âûñîêóþ ýôôåêòèâíóþ òåìïåðàòóðó àòìîñôåðû

çâåçäû (ñïåêòðàëüíîãî êëàññà G) è áëèçîñòü ïëàíåòû ê çâåçäå, âåðîÿòíî,

ñâÿçàíà ñ íèçêèì óðîâíåì àêòèâíîñòè çâåçäû (âåëè÷èíà ïîòîêà XUV-ôîòîíîâ

ðàâíà 271087 . ýðã/ñ).

4. Çàêëþ÷åíèå. Ðàññìîòðåíû ñâîéñòâà ïëàíåòíîé ñèñòåìû TOI-784, â

êîòîðîé çåìëåïîäîáíàÿ ïëàíåòà îáðàùàåòñÿ îêîëî ìàëîàêòèâíîé çâåçäû

ñîëíå÷íîãî òèïà. Ïî àðõèâíûì èçìåðåíèÿì áëåñêà TOI-784 â V-ôèëüòðå èç

áàçû äàííûõ ASAS 4 àâòîðû [1] ñäåëàëè âûâîäû îá îòñóòñòâèè ïåðåìåííîñòè

áëåñêà âñëåäñòâèå âðàùåíèÿ, à òàêæå îá îòñóòñòâèè öèêëè÷åñêîé

äîëãîâðåìåííîé ïåðåìåííîñòè îáúåêòà. Ñîãëàñíî [1], âîçìîæíàÿ âåëè÷èíà

ïåðèîäà âðàùåíèÿ çâåçäû ñîñòàâëÿåò Prot/sini = 41.7 ± 11.4 ñóò. Âîçðàñò ñèñòåìû

ñîãëàñíî ýìïèðè÷åñêèì ãèðîõðîíîëîãè÷åñêèì ñîîòíîøåíèÿì ðàâåí 7.8 ± 3.4

ìëðä ëåò. Â [1] áûëà ïîëó÷åíà ñðåäíÿÿ âåëè÷èíà ïàðàìåòðà õðîìîñôåðíîé
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àêòèâíîñòè logR'
HK  

=
  
-4.99. Îíà ñîîòâåòñòâóåò óðîâíþ, õàðàêòåðíîìó äëÿ

ìàëîàêòèâíûõ çâåçä ñ àíàëîãè÷íûìè ïîêàçàòåëÿìè öâåòà (B
  
-

  
V

  
) è ïðè ýòîì

ïðàêòè÷åñêè ñîâïàäàåò ñ ñîëíå÷íûì (äëÿ Ñîëíöà logR'
HK  

=
  
-5.021).

Ñâîéñòâà ïëàíåòû b è âòîðîãî ïðåäïîëàãàåìîãî êàíäèäàòà ñèñòåìû TOI-

784 ïðèâåäåíû â òàáë.8 â [1]. Ðàäèóñ ïëàíåòû b ðàâåí 1.93 R , ìàññà -

9.67 M , åå ñðåäíÿÿ ïëîòíîñòü - 7.4 ã/ñì3 (ïëàíåòà ÿâëÿåòñÿ êàìåíèñòîé).

Ðåçóëüòàòû èç [1] áûëè èñïîëüçîâàíû äëÿ îöåíêè ïîòåðè âåùåñòâà àòìîñôåðîé

ïëàíåòû TOI-784 b. Â íàøåì 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

. Ðàñ÷åòû ïîêàçàëè, ÷òî ïîòåðÿ âåùåñòâà

àòìîñôåðû ñîñòàâëÿåò 81074 .  ã/ñ.

Àâòîðû [1] âû÷èñëèëè ïîêàçàòåëè òðàíñìèññèîííîé ñïåêòðîñêîïèè (TSM)

è ýìèññèîííîé ñïåêòðîñêîïèè (ESM) äëÿ ïëàíåòû TOI-784 b, èñïîëüçóÿ

óðàâíåíèÿ (1) è (4) èç [11]. Ïîëó÷åííûå çíà÷åíèÿ TSM è ESM ðàâíû 36.2

è 6.8, ñîîòâåòñòâåííî. Îíè íàõîäÿòñÿ íèæå ïîðîãîâîãî çíà÷åíèÿ, ðåêîìåí-

äîâàííîãî â [11] äëÿ öåëåé âûñîêîêà÷åñòâåííûõ èññëåäîâàíèé àòìîñôåð

ïëàíåò ñ ðàäèóñîì 1.5 - 10 R , íàïðèìåð, ñ êîñìè÷åñêèì òåëåñêîïîì Äæåéìñà

Óýááà (JWST). Òåì íå ìåíåå, ëèøü ïîñëåäóþùèå íàáëþäåíèÿ âûñîêîé

òî÷íîñòè ìîãëè áû äàòü âîçìîæíîñòü óñòàíîâèòü, ÷òî ïëàíåòà ñîõðàíèëà

íåáîëüøîé îñòàòîê ïåðâè÷íîé àòìîñôåðû. Ïðè ýòîì íå èñêëþ÷àåòñÿ (ñì. â

[1]), ÷òî ïëàíåòà TOI-784 b ìîæåò ñîäåðæàòü íåáîëüøîå êîëè÷åñòâî ëåòó÷èõ

âåùåñòâ ñ òÿæåëûìè ìîëåêóëàìè, òàêèìè êàê H
2
O èëè CO

2
. Íàêîíåö,

îòìåòèì, ÷òî àâòîðû [1] òàêæå íàøëè â ñèñòåìå ïëàíåòó-êàíäèäàòà, âûÿâëåííóþ

â ðåçóëüòàòå ïðîâåäåííûõ íàáëþäåíèé RV. Òî÷íîñòü îöåíêè ïàðàìåòðîâ

âòîðîé ïëàíåòû íåâûñîêà - ïåðèîäû åå îáðàùåíèÿ ìîãóò âàðüèðîâàòüñÿ îò

20 äî 63 ñóò, à ìàññà îò 12 äî 31 M . Ñ ó÷åòîì òîãî, ÷òî ìèíèìàëüíàÿ ìàññà

âåëèêà, êàíäèäàò, âåðîÿòíî, ÿâëÿåòñÿ ïëàíåòîé òèïà íåïòóí.

Èññëåäîâàíèå âûïîëíåíî â ðàìêàõ ïðîåêòà "Èññëåäîâàíèå çâåçä ñ ýêçîïëà-

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

ïðîâîäèìûõ ïîä ðóêîâîäñòâîì âåäóùèõ ó÷åíûõ (ñîãëàøåíèå N 075-15-2019-
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ACTIVITY OF TOI-784 AND MASS LOSS OF ITS
PLANET ATMOSPHERE

I.S.SAVANOV

The properties of the TOI-784 planetary system in which a super-Earth planet

orbits a low-activity solar-type star are considered. According to archival measure-

ments of the TOI-784 in V-filter from the ASAS 4 database the brightness variability

due to rotation as well as the cyclic long-term variability of the object were not

established. A possible estimate of the rotation period of the star is

Prot/sini = 41.7 ± 11.4 days. The age of the system according to empirical

gyrochronological relation is 7.8 ± 3.4 Gyr. The average value of the chromospheric

activity parameter logR'
HK

 = -4.99 has been established, it corresponds to the level

of low-activity stars with similar color index (B - V ) and is close to the solar one.

The radius of the planet TOI-784 b is 1.93 R , the mass is 9.67 M , its average

density is 7.4 g/cm3 (the planet is rocky). The estimation of the mass loss by the

atmosphere of the planet TOI-784 b was obtained by the approximation formula

corresponding to the energy-limited model. Calculations have shown that the mass

loss value is 81074 .  g/s. The relatively low value of mass loss by the planet's

atmosphere, despite the high effective temperature of the star's atmosphere and the

proximity of the planet to the star is probably due to the low level of star activity.

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

     atmosheres
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ÏÎÒÅÐß ÌÀÑÑÛ ÀÒÌÎÑÔÅÐÛ ÏËÀÍÅÒÛ TOI-1442 c

Å.Ñ.ÄÌÈÒÐÈÅÍÊÎ1, È.Ñ.ÑÀÂÀÍÎÂ2

Ïîñòóïèëà 18 ÿíâàðÿ 2024
Ïðèíÿòà ê ïå÷àòè 7 ìàðòà 2024

Ðàññìîòðåíû ñâîéñòâà ïëàíåòíîé ñèñòåìû TOI-1422, â êîòîðîé äâå ïëàíåòû òèïà
íåïòóí âðàùàþòñÿ âîêðóã ìàëîàêòèâíîé çâåçäû ñîëíå÷íîãî òèïà îêîëî 5 ìëðä ëåò. Ðàíåå
íàìè áûë ïðîâåäåí àíàëèç ïðîÿâëåíèé àêòèâíîñòè çâåçäû TOI-1422, íàéäåíû óêàçàíèÿ íà
ñóùåñòâîâàíèå âîçìîæíûõ öèêëîâ àêòèâíîñòè è ðàññìîòðåíû îöåíêè âåëè÷èíû ïåðèîäà Ð
âðàùåíèÿ çâåçäû. Âíóòðåííÿÿ ïëàíåòà TOI-1422 b îòíîñèòñÿ ê òèïó ãîðÿ÷èõ íåïòóíîâ, îíà
âðàùàåòñÿ ïî îðáèòå ñ ïåðèîäîì îêîëî 13 ñóò è èìååò ðàâíîâåñíóþ òåìïåðàòóðó Teq,b = 867 K.
Ïî âûïîëíåííûì ðàñ÷åòàì ïî ìîäåëè ïîòåðè àòìîñôåðû ñ îãðàíè÷åíèåì ïî ýíåðãèè äëÿ TOI-
1422 b áûëà íàéäåíà âåëè÷èíà îòòîêà âåùåñòâà àòìîñôåðû 

8
1049 . ã/ñ. Âíåøíÿÿ ïëàíåòà

ñèñòåìû TOI-1422 c òàêæå ìîæåò ðàññìàòðèâàòüñÿ êàê ãîðÿ÷èé íåïòóí, îíà èìååò îðáèòàëüíûé
ïåðèîä 29.3 ñóò, åå ìèíèìàëüíàÿ ìàññà, Mc sini, ñîñòàâëÿåò 11.1


M , à ðàâíîâåñíàÿ òåìïåðàòóðà

Teq,c = 661 K. Äëÿ îöåíêè ðàäèóñà TOI-1422 c íàìè áûëî èñïîëüçîâàíî ýìïèðè÷åñêîå
ñîîòíîøåíèå Ì - R. Íàéäåíî, ÷òî ïîòåðÿ âåùåñòâà àòìîñôåðû ïëàíåòû TOI-1422 ñ ñîñòàâëÿåò

7
1087 . ã/ñ è, ñ ó÷åòîì ïîãðåøíîñòåé åå ïàðàìåòðîâ, îíà ìîæåò íàõîäèòüñÿ â äèàïàçîíå îò

7
1016 . ã/ñ äî 

7
1079 . ã/ñ.

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

       ïëàíåòíûå ñèñòåìû: àòìîñôåðû ýêçîïëàíåò

1. Ââåäåíèå. Ïëàíåòû òèïà íåïòóí ïðåäñòàâëÿþò ñîáîé îäèí èç îñíîâíûõ

òèïîâ ýêçîïëàíåò è îáëàäàþò õèìèêî-ôèçè÷åñêèìè õàðàêòåðèñòèêàìè, íàõîäÿ-

ùèìèñÿ ìåæäó êàìåíèñòûìè ïëàíåòàìè è ïëàíåòàìè - ãàçîâûìè ãèãàíòàìè

(ñì., íàïðèìåð, [1]). Àâòîðû [2] èññëåäîâàëè ýêçîïëàíåòó - êàíäèäàòà TOI-1422 b,

òðàíçèòû êîòîðîé áûëè îáíàðóæåíû êîñìè÷åñêèì òåëåñêîïîì TESS ñ öåëüþ

ïîäòâåðæäåíèÿ åå ïëàíåòàðíîé ïðèðîäû è íàõîæäåíèÿ åå ñâîéñòâ. Â [2] áûëè

ïðåäñòàâëåíû ðåçóëüòàòû äîïîëíèòåëüíûõ íàáëþäåíèé ýòîé çâåçäû ñ ïîìîùüþ

ñïåêòðîãðàôà HARPS-N â òå÷åíèå 1.5 ëåò äëÿ áîëåå òî÷íîãî îïðåäåëåíèÿ

èçìåíåíèé åå ëó÷åâîé ñêîðîñòè. Âûïîëíåííûé àíàëèç ïîçâîëèë óòî÷íèòü

îñíîâíûå ïàðàìåòðû îáúåêòà è îõàðàêòåðèçîâàòü ñâîéñòâà ïëàíåòû TOI-1422 b.

Êðîìå òîãî, áûëè âûñêàçàíû ïðåäïîëîæåíèÿ î íàëè÷èè íà áîëåå óäàëåííîé

îðáèòå âòîðîé ïëàíåòû TOI-1422 c ñ ìàññîé íåïòóíà, êîòîðàÿ íå áûëà îáíàðó-

æåíà íà êðèâûõ áëåñêà TESS (âåðîÿòíî, îíà íå ÿâëÿåòñÿ òðàíçèòíîé). Âíóòðåííÿÿ

ïëàíåòà, TOI-1422 b, îáðàùàåòñÿ ïî îðáèòå ñ ïåðèîäîì 12.9972 ± 0.0006 ñóò è èìååò

ðàâíîâåñíóþ òåìïåðàòóðó Teq,b = 867 ± 17 K. Ïî îöåíêå [2] ðàäèóñ ïëàíåòû
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   R..Rb 0.11- ,130963 , ìàññà    M..Mb 2.0- ,3209 , ò.å. ïëàíåòó ìîæíî

îòíåñòè ê òèïó ãîðÿ÷èõ íåïòóíîâ. Àâòîðû [2] ïðåäïîëîæèëè, ÷òî ó ýòîé

ïëàíåòû ñóùåñòâóåò îáøèðíàÿ ãàçîâàÿ îáîëî÷êà, îêðóæàþùàÿ ÿäðî ñ ìàññîé

îêîëî 10% - 25% îò îáùåé ìàññû ïëàíåòû. Êàíäèäàò íà âíåøíþþ ïëàíåòó,

TOI-1422 c, èìååò îðáèòàëüíûé ïåðèîä 29.29 (+0.21, -0.20) ñóò. Åãî ìèíè-

ìàëüíàÿ ìàññà, Mc sini, ñîñòàâëÿåò 11.1 (+2.6, -2.3) M , ðàâíîâåñíàÿ òåìïåðàòóðà

Teq,c = 661 ± 13 K è, ñëåäîâàòåëüíî, â ñëó÷àå ïîäòâåðæäåíèÿ, îí ìîæåò

ðàññìàòðèâàòüñÿ êàê åùå îäèí ãîðÿ÷èé íåïòóí. Îòñóòñòâèå ïîëíîãî íàáîðà

íåîáõîäèìûõ äàííûõ äëÿ ïëàíåòû TOI-1422 c íå ïîçâîëèëî íàì â [3]

ïîëó÷èòü ñâåäåíèÿ î ïîòåðå âåùåñòâà åå àòìîñôåðîé.

Â íàñòîÿùåé ðàáîòå ìû ðàññìîòðèì äàííûå î íîâûõ ñîîòíîøåíèÿõ è

êàëèáðîâêàõ äëÿ ìàññ è ðàäèóñîâ ýêçîïëàíåò è èñïîëüçóåì ïîëó÷åííûå

ðåçóëüòàòû äëÿ îöåíêè ïîòåðè âåùåñòâà àòìîñôåðû ïëàíåòû TOI-1422 c.

2. Îñíîâíûå ñâîéñòâà è ïðîÿâëåíèÿ àêòèâíîñòè TOI-1422.

Êàê è â íàøåì èññëåäîâàíèè [3], îñíîâíûå ïàðàìåòðû TOI-1422 áûëè âçÿòû

èç [2]. Åå ýôôåêòèâíàÿ òåìïåðàòóðà ñîñòàâëÿåò 5840 ± 62 Ê, ëîãàðèôì óñêîðåíèÿ

ñèëû òÿæåñòè logg = 4.41 ± 0.11, ðàäèóñ 1400191 ..RR  , ñâåòèìîñòü LL

03701161 ..  , ìàññà 0609810 ..MM  . Çâåçäà äîñòàòî÷íî ñòàðàÿ, åå âîçðàñò

ðàâåí 5.1 ± 3.9 ìëðä ëåò. Ïàðàëëàêñ TOI-1422 (èñòî÷íèê Gaia EDR3

1920333449169516288) ñîñòàâëÿåò   (mas) = 6.4418 ± 0.0138.

Ïî äàííûì ìíîãîëåòíåãî ôîòîìåòðè÷åñêîãî îáçîðà Kamogata Wide-field

Survey (KWS) (íàáëþäåíèÿ â ôèëüòðàõ V è Ic) íàìè áûë ïðîâåäåí àíàëèç

ïðîÿâëåíèé àêòèâíîñòè TOI-1422 â [3]. Íà îñíîâå ïîñòðîåííûõ ñïåêòðîâ

ìîùíîñòè äëÿ áëåñêà TOI-1422 íàéäåíû óêàçàíèÿ íà ñóùåñòâîâàíèå âîçìîæíûõ

öèêëîâ àêòèâíîñòè 1650 - 1680 ñóò (ôèëüòðû V è Ic) è 2450 ñóò (ôèëüòð V).

Ïî ëèòåðàòóðíûì îöåíêàì äëÿ TOI-1422 ñëåäóåò îæèäàòü, ÷òî ïåðèîä Ð

âðàùåíèÿ çâåçäû ëåæèò â èíòåðâàëå 27 (+19, -8) ñóò. Îòìåòèì, ÷òî íà

ïîñòðîåííîì ñïåêòðå ìîùíîñòè [3] â èíòåðâàë, õàðàêòåðèçóþùèé âåðîÿòíûé

ïåðèîä âðàùåíèÿ çâåçäû, ïîïàäàåò íàáîð ïèêîâ, ñðåäè êîòîðûõ äîìèíèðóþùèì

ÿâëÿåòñÿ ïèê äëÿ Ð = 32 ñóò (íàáëþäåíèÿ â ôèëüòðå V).

Êàê óêàçûâàëîñü â [2], TOI-1422 ÿâëÿåòñÿ äîñòàòî÷íî ñòàðîé çâåçäîé ñ

âîçðàñòîì îêîëî 5 ìëðä ëåò. Ïî îöåíêå [2], âåëè÷èíà ïîêàçàòåëÿ çâåçäíîé

õðîìîñôåðíîé àêòèâíîñòè çâåçäû èíäåêñà logR'
HK

, èçìåðåííîãî ïî ëèíèÿì

CaII H è K â ñïåêòðàõ, ïîëó÷åííûõ ñ HARPS-N, ðàâíà -4.95 ± 0.03. Ýòî

çíà÷åíèå â öåëîì ñîãëàñóåòñÿ ñ ïðåäïîëîæåíèåì [2] î òîì, ÷òî çâåçäà

ñîïîñòàâèìà ïî âîçðàñòó ñ Ñîëíöåì è åå àêòèâíîñòü ëèøü íåìíîãî âûøå

ñîëíå÷íîé (äëÿ Ñîëíöà logR'
HK

 = -5.021 [4]). Îäíàêî, ñëåäóåò èìåòü â âèäó,

÷òî ïîêà ìû íå ðàñïîëàãàåì òî÷íûìè ñâåäåíèÿìè î öèêëè÷åñêîé ïåðåìåííîñòè

õðîìîñôåðíîé àêòèâíîñòè çâåçäû, êîòîðûå ìîãóò ïðèâîäèòü ê ðàçáðîñó â
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îöåíêàõ âåëè÷èí logR'
HK

. Ïðè ýòîì âîçìîæíî, ÷òî íàáëþäåíèÿ TOI-1422

ìîãëè áûòü âûïîëíåíû, êîãäà çâåçäà íàõîäèëàñü â ìèíèìóìå ñâîåé õðîìî-

ñôåðíîé àêòèâíîñòè.

3. Ïîòåðÿ âåùåñòâà àòìîñôåðû TOI-1422 c. Ðàíåå â [3] ìû

âûïîëíèëè èññëåäîâàíèå TOI-1422 b. Ñîãëàñíî [2,3], îíà ÿâëÿåòñÿ ïëàíåòîé

òèïà íåïòóí ñ ìàññîé ïîðÿäêà  MM 9  è áîëüøîé ïîëóîñüþ îðáèòû

0.108 à.å. Ïî îöåíêå [2] ïëîòíîñòü TOI-1422 b ñîñòàâëÿåò îêîëî 0.8 ã/ñì-3, îíà

áëèçêà ê ïëîòíîñòè Ñàòóðíà è íèæå, ÷åì ó áîëüøèíñòâà ýêçîïëàíåò â ýòîì

äèàïàçîíå ìàññ. Ïëàíåòà ðàñïîëîæåíà áëèæå ê âåðõíåìó ëåâîìó óãëó äèàãðàììû

ìàññà-ðàäèóñ, ÷òî, ñîãëàñíî [2], äåëàåò åå î÷åíü ïîõîæåé íà ýêçîïëàíåòû

Kepler-36 c è Kepler-11 e. TOI-1422 b ìîæåò îáëàäàòü îáøèðíîé ãàçîâîé

îáîëî÷êîé, îêðóæàþùåé ìàññèâíîå ÿäðî. Îæèäàåòñÿ [2], ÷òî ìàññîâàÿ äîëÿ

ýòîé îáîëî÷êè ñîñòàâèò îêîëî 10-25% îò îáùåé ìàññû ïëàíåòû, åñëè òîëüêî

ðàíåå ÷àñòü åå àòìîñôåðû íå áûëà óíåñåíà çâåçäíûì âåòðîì. Ïðèðîäà ýòîé

îáøèðíîé îáîëî÷êè òðåáóåò äàëüíåéøåãî èçó÷åíèÿ, ñêîðåå âñåãî, ìåòîäàìè

òðàíçèòíîé ñïåêòðîñêîïèè. Ýêçîïëàíåòà òèïà ãîðÿ÷åãî íåïòóíà ñ òå÷åíèåì

âðåìåíè ìîæåò òåðÿòü ñâîþ ãåëèåâî-âîäîðîäíóþ àòìîñôåðó. Äëÿ ïîäñ÷åòà

ïîòåðè âåùåñòâà  dtdMM ploss  (áåç äåòàëüíîãî ìîäåëèðîâàíèÿ ïðîöåññîâ â

ñèñòåìå çâåçäà - ïëàíåòà) â íàøåì èññëåäîâàíèè [3] èñïîëüçîâàëàñü ÷àñòî

ïðèìåíÿåìàÿ àïïðîêñèìàöèîííàÿ ôîðìóëà (ñì., íàïðèìåð, [5,6]), îáû÷íî

íàçûâàåìàÿ â ëèòåðàòóðå, êàê ìîäåëü ïîòåðè àòìîñôåðû ñ îãðàíè÷åíèåì ïî

ýíåðãèè.

Â ýòîé ìîäåëè ïðåäïîëàãàåòñÿ, ÷òî ïîòîê æåñòêîãî UV-èçëó÷åíèÿ ïîãëî-

ùàåòñÿ 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 [5-7].

Âíåøíÿÿ ïëàíåòà ñèñòåìû, TOI-1422 c, èìååò îðáèòàëüíûé ïåðèîä 29.29

(+0.21, -0.20) ñóò, åå ìèíèìàëüíàÿ ìàññà, Mc sini, ñîñòàâëÿåò 11.1 (+2.6,

-2.3) M , à ðàâíîâåñíàÿ òåìïåðàòóðà Teq,c = 661 ± 13 K è, òàêèì îáðàçîì, îíà

òàêæå ìîæåò ðàññìàòðèâàòüñÿ êàê ãîðÿ÷èé íåïòóí. Äëÿ îöåíêè ðàäèóñà

TOI-1422 c íàìè áûëî èñïîëüçîâàíî ýìïèðè÷åñêîå ñîîòíîøåíèå Ì - R,
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ïðåäñòàâëåííîå â [8], êîòîðîå áûëî ïîëó÷åíî íà îñíîâå òùàòåëüíî îòîáðàííîé

âûáîðêè èç 1053 ïîäòâåðæäåííûõ ýêçîïëàíåò èç àðõèâà NASA Exoplanet. Â

[8] ïðèâîäÿòñÿ ýìïèðè÷åñêèå ñòåïåííûå ñîîòíîøåíèÿ ìåæäó ïàðàìåòðàìè -

ìàññà, ðàäèóñ è òåìïåðàòóðà ýêçîïëàíåò (M - R - T ). Àâòîðû [8] ïðåäïîëàãàþò

íàëè÷èå òðåõ ðàçëè÷íûõ ðåæèìîâ ñîîòíîøåíèé äëÿ M - R, êîòîðûå íå ÿâëÿþòñÿ

íåïðåðûâíûìè. Íàèáîëåå óäà÷íàÿ ìîäåëü âêëþ÷àåò ñîîòíîøåíèÿ M - R - T, â

êîòîðûõ èìåþòñÿ ðàçðûâû äëÿ çàâèñèìîñòè ó êàìåíèñòûõ ïëàíåò è ëåäÿíûõ

ãèãàíòîâ (íåïòóíîâ), íåïòóíû è ãàçîâûå ãèãàíòû (þïèòåðû) ðàçäåëåíû ðàçðûâîì

ìàññû ïðè  MM 19115 . Ïîêàçàíî, ÷òî ðåæèì ñêàëèñòûõ ïëàíåò

ñîîòâåòñòâóåò ñîîòíîøåíèþ 010340 ..RM  , â òî âðåìÿ êàê äëÿ ïëàíåò òèïà

íåïòóí 020550 ..RM  . Äëÿ þïèòåðîâ ñîîòíîøåíèå èìååò áîëåå ñëîæíûé âèä
020350010000 .... TeqRM  , ãäå Teq - ðàâíîâåñíàÿ òåìïåðàòóðà ïëàíåòû. Ýòî

îçíà÷àåò, ÷òî â ñëó÷àå îáíàðóæåííûõ ê íàñòîÿùåìó âðåìåíè ïëàíåò òèïà

þïèòåðà, âåðîÿòíî, òîëüêî ðàâíîâåñíàÿ òåìïåðàòóðà îáåñïå÷èâàåò íàäåæíóþ

îöåíêó ìàññû.

Êðîìå òîãî, â [8] áûëî ïîêàçàíî, ÷òî äëÿ ïëàíåò òèïà íåïòóí ìîæåò áûòü

èñïîëüçîâàíî áîëåå ïðîñòîå ñîîòíîøåíèå (ñì. (5) â [8]) âèäà    MMkRR .

Â ýòîì ñëó÷àå ïàðàìåòðû k = 0.53 ± 0.05 è 020680 ..  . Ïðèìåíÿÿ ýòî

ñîîòíîøåíèå, ìû ñìîãëè ïîëó÷èòü, ÷òî ðàäèóñ TOI-1422 c ñîñòàâëÿåò (2.72

± 0.40) R .

Äëÿ âû÷èñëåíèé ïî ôîðìóëå (1) íóæíû îöåíêè âåëè÷èíû F
XUV

 - (ïîòîêà

XUV-ôîòîíîâ). Äëÿ ýòîé öåëè, êàê è ðàíåå â [3], íàìè áûëè èñïîëüçîâàíû

àíàëèòè÷åñêèå çàâèñèìîñòè, ïîëó÷åííûå â [9] è ñâÿçûâàþùèå âåëè÷èíó F
XUV

ïîòîêà è ïàðàìåòð logR'
HK 

äëÿ çâåçä ñïåêòðàëüíûõ êëàññîâ îò F äî M.

Âåëè÷èíà ïîòîêà XUV-ôîòîíîâ ðàâíà 281031 .  ýðã/ñ. Êàê óêàçûâàëîñü â [3],

TOI-1422 ÿâëÿåòñÿ äîñòàòî÷íî ìàëîàêòèâíîé çâåçäîé ñîëíå÷íîãî òèïà (ñì.

òàêæå âûøå). Ðàñ÷åòû ïî ñîîòíîøåíèþ (1) ïîêàçàëè, ÷òî ïîòåðÿ âåùåñòâà

àòìîñôåðû ñîñòàâëÿåò 71087 .  ã/ñ äëÿ âåëè÷èíû logR'
HK 

=
 
-4.95. Îòìåòèì, ÷òî

ñ ó÷åòîì ïîãðåøíîñòåé ïàðàìåòðîâ ïëàíåòû, ïðèâåäåííûõ â [2] è ïîëó÷åííûõ

íàìè âûøå, âåëè÷èíà îòòîêà âåùåñòâà äëÿ àòìîñôåðû ïëàíåòû c ìîæåò

íàõîäèòüñÿ â äèàïàçîíå îò 71016 .  ã/ñ äî 71079 .  ã/ñ.

Ðàíåå âûïîëíåííûå íàìè ðàñ÷åòû ïî ñîîòíîøåíèþ (1) äëÿ àòìîñôåðû

TOI-1422 b ïîêàçàëè, ÷òî ïîòåðÿ åþ âåùåñòâà ðàâíà 81049 .  ã/ñ. Îíà çíà÷è-

òåëüíåå, ÷åì ó ïëàíåòû c. Ñðàâíèòåëüíî íèçêàÿ âåëè÷èíà ïîòåðè âåùåñòâà

àòìîñôåðû ïëàíåòû TOI-1422 ñ, íåñìîòðÿ íà âûñîêóþ ýôôåêòèâíóþ òåìïå-

ðàòóðó àòìîñôåðû çâåçäû (ñïåêòðàëüíîãî êëàññà G), îòíîñèòåëüíóþ áëèçîñòü

ïëàíåòû ê çâåçäå (íàïîìíèì, ÷òî ðàññòîÿíèÿ äî ïëàíåò ñîñòàâëÿþò âñåãî

0.108 à.å è 0.185 à.å.), âåðîÿòíî, ñâÿçàíà ñ áîëüøåé åå óäàëåííîñòüþ îò

ðîäèòåëüñêîé çâåçäû, ïî ñðàâíåíèþ ñ ïëàíåòîé b, à òàêæå åå ìåíüøèì
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ðàäèóñîì. Åñëè ïîìåñòèòü ïëàíåòó TOI-1422 ñ íà ðàññòîÿíèå îò ðîäèòåëüñêîé

çâåçäû, ñîîòâåòñòâóþùåå ïëàíåòå b, òî ìîæíî ïîëó÷èòü, ÷òî â òàêîì ñëó÷àå

âåëè÷èíà M
loss

 ñîñòàâèò 81042 .  ã/ñ, ò.å. ïî÷òè â 4 ðàçà ìåíüøå, ÷åì óñòàíîâëåíî

äëÿ TOI-1422 b.

Íàêîíåö, ñëåäóåò èìåòü â âèäó ñëåäóþùèé èñòî÷íèê íåîïðåäåëåííîñòè â

âåëè÷èíå M
loss

 - ïðè îöåíêàõ îòòîêà âåùåñòâà äëÿ ïëàíåòû TOI-1422 b íàìè

áûëè èñïîëüçîâàíû äàííûå î ðàäèóñå è ìàññå èç [2], à äëÿ ïëàíåòû ñ - åå

ìàññà âçÿòà ñîãëàñíî [2], à ðàäèóñ - ïî ñòàòèñòè÷åñêîé çàâèñèìîñòè èç [8]. Êàê

óêàçûâàëîñü, ïëàíåòà TOI-1422 b ìîæåò îáëàäàòü îáøèðíîé ãàçîâîé îáîëî÷êîé,

îêðóæàþùåé ìàññèâíîå ÿäðî. Åå ðàäèóñ, óñòàíîâëåííûé â [2], ïðåâîñõîäèò

ñòàòèñòè÷åñêóþ îöåíêó äëÿ ïëàíåò ñ àíàëîãè÷íîé ìàññîé, ïî ñîîòíîøåíèÿì èç

[8] ðàäèóñ äîëæåí ñîñòàâëÿòü 2.4 R . Ïðè òàêîé âåëè÷èíå ðàäèóñà ïëàíåòû b

îòòîê âåùåñòâà èç åå àòìîñôåðû îêàæåòñÿ âñåãî 81091 . ã/ñ è áóäåò, õîòÿ è

áîëüøå, íî óæå ñîïîñòàâèì ñ âåëè÷èíîé M
loss

 äëÿ ïëàíåòû ñ.

4. Çàêëþ÷åíèå. Ðàññìîòðåíû ñâîéñòâà ïëàíåòíîé ñèñòåìû TOI-1422, â

êîòîðîé äâå ïëàíåòû òèïà íåïòóí îáðàùàþòñÿ îêîëî ìàëîàêòèâíîé çâåçäû

ñîëíå÷íîãî òèïà. Ïî äàííûì ìíîãîëåòíåãî ôîòîìåòðè÷åñêîãî îáçîðà Kamogata

Wide-field Survey (KWS) íàìè â [3] áûë ïðîâåäåí àíàëèç ïðîÿâëåíèé àêòèâíîñòè

TOI-1422 è íàéäåíû óêàçàíèÿ íà ñóùåñòâîâàíèå âîçìîæíûõ öèêëîâ àêòèâíîñòè

1650 - 1680 ñóò (ôèëüòðû V è Ic) è 2450 ñóò (ôèëüòð V). Âåðîÿòíî, ïåðèîä

Ð âðàùåíèÿ çâåçäû ëåæèò â èíòåðâàëå 27 (+19, -8) ñóò. TOI-1422 ÿâëÿåòñÿ

äîñòàòî÷íî ñòàðîé çâåçäîé ñ âîçðàñòîì îêîëî 5 ìëðä ëåò. Âåëè÷èíà ïîêàçàòåëÿ

åå õðîìîñôåðíîé àêòèâíîñòè èíäåêñà logR'
HK

, èçìåðåííîãî ïî ëèíèÿì CaII

H è K â ñïåêòðàõ, ïîëó÷åííûõ ñ HARPS-N, ðàâíà -4.95.

Âíóòðåííÿÿ ïëàíåòà TOI-1422 b îòíîñèòñÿ ê òèïó ãîðÿ÷èõ íåïòóíîâ, îíà

îáðàùàåòñÿ ïî îðáèòå ñ ïåðèîäîì îêîëî 13 ñóò è èìååò ðàâíîâåñíóþ òåìïåðàòóðó

Teq,b = 867 K. Ðàäèóñ ïëàíåòû  R.Rb 963 , à ìàññà  M.Mb 09 . Ïî âûïîë-

íåííûì íàìè ðàñ÷åòàì ïî ìîäåëè ïîòåðè àòìîñôåðû ñ îãðàíè÷åíèåì ïî

ýíåðãèè äëÿ TOI-1422 b áûëà íàéäåíà âåëè÷èíà îòòîêà âåùåñòâà àòìîñôåðû
81049 .  ã/ñ. Âíåøíÿÿ ïëàíåòà ñèñòåìû, TOI-1422 c, èìååò îðáèòàëüíûé

ïåðèîä 29.3 ñóò, åå ìèíèìàëüíàÿ ìàññà, Mc sini, ñîñòàâëÿåò 11.1 M  , à

ðàâíîâåñíàÿ òåìïåðàòóðà Teq,c = 661 K. Îíà òàêæå ìîæåò ðàññìàòðèâàòüñÿ êàê

ãîðÿ÷èé íåïòóí. Äëÿ îöåíêè ðàäèóñà TOI-1422 c íàìè áûëè èñïîëüçîâàíû

ýìïèðè÷åñêèå ñîîòíîøåíèÿ äëÿ Ì - R, ïðåäñòàâëåííûå â [8]. Ðàñ÷åòû ïîêàçàëè,

÷òî ïîòåðÿ âåùåñòâà àòìîñôåðû ïëàíåòû ñ ñîñòàâëÿåò 71087 .  ã/ñ è, ñ ó÷åòîì

ïîãðåøíîñòåé ïàðàìåòðîâ ïëàíåòû, îíà ìîæåò íàõîäèòüñÿ â äèàïàçîíå îò
71016 .  ã/ñ äî 71079 .  ã/ñ.

Èññëåäîâàíèå âûïîëíåíî â ðàìêàõ ïðîåêòà "Èññëåäîâàíèå çâåçä ñ ýêçî-

ïëàíåòàìè" ïî ãðàíòó Ïðàâèòåëüñòâà ÐÔ äëÿ ïðîâåäåíèÿ íàó÷íûõ èññëåäîâàíèé,
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MASS LOSS OF THE ATMOSPHERE OF THE
PLANET TOI-1442 c

E.S.DMITRIENKO1, I. S. SAVANOV2

The properties of the TOI-1422 planetary system in which two neptune-type

planets orbit around of low-activity solar-type star with the age of about 5 billion

years are considered. Earlier we analyzed the activity of the star TOI-1422 and

found indications of the existence of possible cycles of activity and considered

estimates of the rotation period of the star. The inner planet TOI-1422 b belongs

to the type of hot neptunes with a period of about 13 days and an equilibrium

temperature of Teq,b = 867 K. According to our calculations based on the energy-

limited atmospheric loss model for TOI-1422 b mass of atmospheric outflow was

found to be 81049 .  g/s. The outer planet TOI-1422 c can also be considered

as a hot neptune with orbital period of 29.3 days, minimum mass Mc sini is

11.1 M  and the equilibrium temperature is Teq,c = 661 K. For the radius estima-

tions of TOI-1422 c we used the empirical M - R ratio. It was found that the loss

of matter in the atmosphere of planet TOI-1422 c is 71087 .  g/s and, taking into

account the errors in the planet's parameters, it can range from 71016 . g/s to
71079 .  g/s.

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

     atmosheres
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THE DIGITIZED FIRST BYURAKAN SURVEY
DATABASE LATE-TYPE STARS CANDIDATES.
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Three new carbon C stars was confirmed among the sample of the Late-Type Stars candi-
dates, selected on the Digitized First Byurakan Survey (DFBS) spectral plates. The 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 colleagues using the 1 m Schmidt telescope of the Byurakan Astrophysical
Observatory and resulted in discovery of 1517 UV-excess (Markarian) galaxies. FBS spectral plates
have been used long period to search and study faint LTS (C-type and M-type stars) at high
Galactic latitudes. In this work we present Gaia DR3 photometric data, spectra, light curves,
distances, high above/below Galactic plane, radial velocities (RV), and other important physical
characteristics from the modern astronomical catalogues for three new confirmed DFBS C stars.
The confirmation is based on Gaia DR3 BP/RP low-resolution spectral database. In our previous
studies of the DFBS plates, these objects were presented as LTS candidates. One of the new
confirmed objects is N-type C star, which is a Mira-type variable. Two remaining objects, are early
CH-type giants at high Galactic latitudes. Most probably they present binary systems.

Keywords: catalogs-stars: carbon stars: surveys: Gaia data

1. Introduction. The First Byurakan Survey (FBS, or Markarian survey),

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

low-resolution (lr) survey was carried out in 1965-1980 by Markarian and

collaborators using the 1 m Schmidt telescope of the Byurakan Astrophysical

Observatory (BAO, Armenia) and resulted in discovery of 1517 UV-galaxies [1].

FBS spectral plates have been used for a long time to search and study faint Late-

Type Stars (LTS, M-type and C (carbon) stars) at high Galactic latitudes [2].

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

Digitized First Byurakan Survey (DFBS) database [3]. Its images and spectra are

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

All DFBS plates are analyzed with help of analysis softwares FITSView and

SAOImage ds9. 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 [4] (CDS VizieR Catalogue J/MNRAS/489/2030/catv2). This
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visualization allows to detect very red and faint C and M stars candidates close

to the detection limit in each plate [5]. Candidates of N-type (Asymptotic Giant

Branch-AGB) C stars and M-type giants, for which very short spectra is visible

on the DFBS plate, no C
2
 and TiO molecule absorption bands are detectable.

Moderate-resolution slit spectroscopy was carried out for thirteen candidates, con-

firming the C-rich nature of them [6]. Several of such candidates could be M

dwarfs also [5].

Meanwhile, a huge amount of such faint candidates detected on the DFBS

plates, remained to be confirmation of spectral types [5]. To classify LTS

candidates, we use Gaia DR3 BP/RP lr spectroscopic database, which allows us

to confirm the spectral types for candidates very easily. In our previous paper (first

in this series [7]), we present some very important data for newly confirmed CH-

type, N-type stars, and M giants. We also report on a large number of new M

dwarfs confirmed in the Gaia DR3 database. In this paper (second in this series)

we present data for three additional LTS candidates, confirmed C stars in Gaia

DR3 spectroscopic database.

This paper is structured as follows: Section 2 introduces the Gaia DR3 spectra

for three new confirmed DFBS C stars. Section 3 present Gaia DR3 important

data for these objects. Phase dependence light curves for new objects is presented

in Section 4. Section 5 recalls the main results obtained for objects and provide

concluding remarks and future works.

2. Gaia DR3 Spectra. The European Space Agency (ESA) mission Gaia

(Gaia Collaboration [8]), has already released three catalogues to the astronomical

community, of increasing richness in terms of content, precision, and accuracy.

Researchers from many branches of astrophysics have shown great interest in the

published data, leading to the publication of more than 6000 papers based on Gaia

data. With respect to previous Gaia Early Data Release 3 (EDR3) [9], Gaia Data

Release 3 (Gaia DR3 [10]) 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 (CDS VizieR Catalog

I/355/gaiadr3). Time-averaged mean spectra covering the optical to near-infrared

(NIR) wavelength range Å105003300   are published for approximately 220

million objects (Catalog I/355/spectra). Most of these objects are brighter than

G = 17.65 mag [11]. M-type stars can be detected very easily in the Gaia DR3

lr spectral database by the presence of the broad absorption bands of the TiO

molecules in the range 6500-7000Å , 7000-7500Å , and 8000-8500Å , and C stars

display strong Swan bands at 4383, 4737, 5165, and 5636Å  of C
2 
molecule [7].

Table 1 presents three DFBS candidates confirmed as C stars, it gives the DFBS
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Number, the Gaia I/355/gaiadr3 source name, other association in SIMBAD

database, and our spectral type determination (C-N or C-CH-type). Fig.1 presents

Gaia DR3 Catalogue BP/RP lr spectra for objects of Table 1.

DFBS number Gaia DR3 source Other associations in Sp. type
name SIMBAD database

J055944.18+473700.8 198083449311963392 NSVS 4490482* C-N
J174725.28+301231.5 4597258364288414976 C-CH
J182708.82+274303.9 4585675254107197440 C-CH

Table 1

DFBS LTS CANDIDATES CONFIRMED CARBON STARS

Note to Table 1: The object DFBS J055944.18+473700.8 as variable object, were included
in Catalogue NSVS (Northern Sky Variability Survey [12], SIMBAD CDS Catalog II/287/
skydot/). In Extended catalog of NSVS Red AGB Variable Stars, found in the NSVS Database
[13], CDS Catalog J/other/OEJV/87/catalog), this object classified as Mira-type variable.
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3. Gaia DR3 photometric data. Distances and absolute magni-

tudes. Table 2 presents Gaia  DR3 catalogue key data for new confirmed C stars

and their hight above/below the Galactic  plane. The distance estimation is based

on Gaia DR3 trigonometric parallaxes (absolutely the same value of parallaxes,

as presented in Gaia EDR3 catalogue). Therefore, we used the distance information

from Gaia EDR3 by Bailer-Jones et al. [14].

4. Variability. The object DFBS J055944.18+473700.8 is classified as Mira-

type variable by Usatov & Nosulchik [13]). Phase dependent light curve for this

object is available in "ASAS-SN Variable Star Database" [15,16] (on-line at https:/

/asas-sn.osu.edu/variables/, DFBS J055944.18 + 473700.8 = ASASSN-V

J055944.17+473700.7, V
mean

 = 14.98 mag, P = 296.6646 d). Fig.2 shows ZTF (Zwicky

Transient Facility) [17] light curve for N-type C star DFBS J055944.18+473700.8.

Fig.3 shows ZTF light curves for DFBS J174725.28+301231.5 and DFB

J182708.82+274303.9.

Gaia DR3 and Transiting Exoplanet Survey Satellite (TESS) Input Catalog-

DFBS G-band BP-RP RV (km/s) r (pc) M (G) Z (pc)

Number mag Color mag

J055944.18+473700.8 13.45 3.03 -33.70(±0.99) 9170.0(±900)  -1.40(±0.5) 1857(±200)

J174725.28+301231.5 13.30 1.44 -351.18(±0.92) 6690.0(±400) -0.80(±0.02) 2953(±300)

J182708.82+274303.9 12.77 1.49 -130.77(±0.38) 7541.0(±600) -1.61(±0.02) 2309(±90)

Table 2

SOME IMPORTANT GAIA DR3 DATA FOR THREE NEW

CONFIRMED C STARS

Fig.2. Zwicky Transient Facility light curve for DFBS J055944.18+473700.8 (available on-line
at https://irsa.ipac.caltech.edu?missions/ztf.html). X-axis presents the period in Julian Data and

Y-axis presents ZTF g-band magnitude. The observational identifier is 745107100000050 ( 307P d).
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V8.2(TIC-8.2,[18], VizieR CDS Catalog IV/39/tic82) indicates 2 objects in the

5 arcsec search radius around DFBS J182708.82+274303.9. In Table 3 most

important TIC-8.2 catalog data are presented for objects  of Table 1.

In Gaia DR3 database very close object to DFBS J182708.82+274303.9 is

Source 4585675254107401984, for which G = 18.76 mag. TIC-8.2 catalogue identifier

for this faint object is 1686925212, T = 18.06 mag. If this object is gravitationally

bound, i.e. it is a physical companion of DFBS J182708.82+274303.9 at the same

distances, its G-band absolute magnitude can be estimated M(G) = +4.4. Such

magnitudes characterized dwarfs late F-subclasses. In Gaia DR3 database no

Fig.3. ZTF phased light curves in R-band for DFBS J174725.28+301231.5 (Obs. id is

1680211300008908) and for DFBS J182708.82+274303.9 (Obs. id is 63721100007586). For
DFBS J182708.82+274303.9 the variability in r-band with amplitude 30.m  mag is evident.

DFBS Number TIC Number T mag T
eff
 (K) Radius (R

Sun
) Lum. Class

J055944.18+473700.8 440391815 11.94 3379.0 84.277 Giant
J174725.28+301231.5 18637876 12.59 4447.0 29.253 Giant
J182708.82+274303.9 235769793 12.03 4435.0 38.959 Giant

Table 3

SOME IMPORTANT TIC-8.2 CATALOG DATA FOR THREE

NEW DFBS C STARS

DFBS J182708.82+274303.9

m
ag
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5.85e+4
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m
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BP-RP color information is available for this object, to predict spectral type. High-

angular-resolution CCD observations is required to resolve the faint, close com-

panion.

5. Summary and future works. Carbon stars are peculiar and rare objects

compared with normal stellar objects, and they are excellent kinematic tracers of

the Galaxy [19]. They can be used as distance indicators. Rotation curve of the

Milky Way has been studied based on C stars with radial velocities in many

literature [20]. In this paper, we just focus on Gaia DR3 BP/RP spectral

confirmation and studying LTS candidates, detected on DFBS spectral plates. We

have demonstrated the power and excellent opportunity of the Gaia DR3 spectral

database for this task. We report the belonging of the three LTS candidates to

the group of C stars and we present Gaia DR3 low-resolution spectra in the range

3360-10200Å . DFBS J174725.28 + 301231.5 and DFBS J182708.82 + 274303.9

are CH-type C stars, with large radial velocities (RV = -351.18 km/s and RV =

-130.77 km/s) at high Galactic latitudes. A most of the CH stars are known to

be binary systems [21,22]. High-angular-resolution CCD observations is required

to resolve the faint close companions, also study in more detail, particularly

kinematic study, and their location in the galactocentric XYZ system, will allow

to understand the origin of such high velocity CH stars at high latitudes. The

object DFBS J055944.18+473700.8 is Mira-type variable with period 307P  day.

The list of all Gaia DR3 spectroscopically confirmed new DFBS LTS candidates,

reported as supplementary (value-added) catalog to the Second Edition of the

"Revised And Updated Catalogue of The First Byurakan Survey of Late-Type Stars"

[4], will be presented in SIMBAD VizieR database very soon.
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ÎÖÈÔÐÎÂÀÍÍÛÉ ÏÅÐÂÛÉ ÁÞÐÀÊÀÍÑÊÈÉ ÎÁÇÎÐ
ÍÅÁÀ. ÇÂÅÇÄÛ ÊÀÍÄÈÄÀÒÛ ÏÎÇÄÍÈÕ

ÑÏÅÊÒÐÀËÜÍÛÕ ÊËÀÑÑÎÂ. ÍÎÂÛÅ
ÏÎÄÒÂÅÐÆÄÅÍÈß. II

Ê.Ê.ÃÈÃÎßÍ1, Ê.Ñ.ÃÈÃÎßÍ1, À.ÑÀÐÊÈÑÑÈÀÍ2, Ì.ÌÅÔÒÀ2,
Ñ.ÁÅÊÊÈ2, Ý.ÊÀÐÀÏÅÒßÍ2, Ô.Ä.ÐÀÕÌÀÒÓËËÀÅÂÀ3, Ã.Ð.ÊÎÑÒÀÍÄßÍ1

Òðè íîâûå  óãëåðîäíûå Ñ çâåçäû áûëè ïîäòâåðæäåíû ñðåäè êàíäèäàòîâ

çâåçä ïîçäíèõ ñïåêòðàëüíûõ êëàññîâ, îòîáðàííûõ íà îöèôðîâàííûõ ïëàñòèíêàõ

Ïåðâîãî Áþðàêàíñêîãî Îáçîðà (DFBS). DFBS - ýòî îöèôðîâàííàÿ âåðñèÿ

Ïåðâîãî Áþðàêàíñêîãî Îáçîðà (FBS) èëè Ìàðêàðÿíîâñêîãî îáçîðà. FBS ÿâëÿåòñÿ

ïåðâûì ñèñòåìàòè÷åñêèì âíåãàëàêòè÷åñêèì îáçîðîì. Îí áûë îñóùåñòâëåí

Ìàðêàðÿíîì 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  UV-èçáûòêîì,

íàçâàííûõ ãàëàêòèêàìè Ìàðêàðÿíà. Ïëàñòèíêè îáçîðà FBS  äëèòåëüíîå âðåìÿ

èñïîëüçîâàëèñü äëÿ ïîèñêà è èçó÷åíèÿ ñëàáûõ çâåçä ïîçäíèõ ñïåêòðàëüíûõ

òèïîâ (LTS, M è Ñ (óãëåðîäíûå)) íà âûñîêèõ ãàëàêòè÷åñêèõ øèðîòàõ. Â

äàííîé ðàáîòå ìû ïðèâîäèì Gaia DR3 ôîòîìåòðè÷åñêèå äàííûå, ñïåêòðû,

êðèâûå áëåñêà, ðàññòîÿíèÿ, ðàäèàëüíûå ñêîðîñòè (RV) è äðóãèå âàæíûå

ôèçè÷åñêèå õàðàêòåðèñòèêè èç ñîâðåìåííûõ àñòðîíîìè÷åñêèõ êàòàëîãîâ äëÿ

òðåõ íîâûõ DFBS C çâåçä. Ïîäòâåðæäåíèå îñíîâàíî íà Gaia DR3 BP/RP

ñïåêòðàëüíûõ áàçàõ äàííûõ. Â íàøèõ ïðåäûäóùèõ èññëåäîâàíèÿõ ýòè îáúåêòû

áûëè ïðåäñòàâëåíû êàê êàíäèäàòû â LTS. Oäíèì èç íîâûõ ïîäòâåðæäåííûõ

îáúåêòîâ, ýòî C çâåçäà òèïà N. Äâà îñòàâøèõñÿ îáúåêòà ÿâëÿþòñÿ CH

ãèãàíòàìè â âûñîêèõ ãàëàêòè÷åñêèõ øèðîòàõ. Ñêîðåå âñåãî, îíè ïðåäñòàâëÿþò

äâîéíûå ñèñòåìû.

Êëþ÷åâûå ñëîâà: êàòàëîãè-çâåçäû: óãëåðîäíûå çâåçäû: oáçîðû: äàííûå Gaia
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ÌÀÃÍÈÒÍÎÃÎ ÏÎËß Â ÀÊÒÈÂÍÛÕ ÎÁËÀÑÒßÕ

Ñ ÐÀÇÍÛÌ ÓÐÎÂÍÅÌ ÂÑÏÛØÅ×ÍÎÉ
ÏÐÎÄÓÊÒÈÂÍÎÑÒÈ. II. ÑÒÀÒÈÑÒÈ×ÅÑÊÈÉ ÀÍÀËÈÇ

Þ.À.ÔÓÐÑßÊ
Ïîñòóïèëà 20 èþëÿ 2023

Ïðèíÿòà ê ïå÷àòè 7 ìàðòà 2024

Ðàáîòà ÿâëÿåòñÿ ÷àñòüþ èññëåäîâàíèÿ, ïîñâÿùåííîãî èçó÷åíèþ ãðàäèåíòîâ ïðîäîëüíîãî
ìàãíèòíîãî ïîëÿ â àêòèâíûõ îáëàñòÿõ (ÀÎ) ñ ðàçíûì óðîâíåì âñïûøå÷íîé ïðîäóêòèâíîñòè.
Âûïîëíåí ñòàòèñòè÷åñêèé àíàëèç ïàðàìåòðîâ, îïèñûâàþùèõ ïîïåðå÷íóþ ñîñòàâëÿþùóþ ãðàäèåíòà
ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ 

z
B


  â ÀÎ: ñðåäíåé ïî îáëàñòè âåëè÷èíû ïîïåðå÷íîé ñîñòàâ-

ëÿþùåé ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ 
z
B


 , ñðåäíåé âåëè÷èíû 

z
B


  â

îêðåñòíîñòè òî÷êè ñ ìàêñèìàëüíûì åãî çíà÷åíèåì 
z
B


max , ìàêñèìàëüíîãî çíà÷åíèÿ

z
B


  ìåæäó ïàðàìè ïÿòåí â ÀÎ spz

B )(max


 . Äëÿ âû÷èñëåíèÿ îáîçíà÷åííûõ ïàðàìåòðîâ

èñïîëüçîâàíû ìàãíèòîãðàììû 
z
B -êîìïîíåíòû âåêòîðà ìàãíèòíîãî ïîëÿ íà óðîâíå ôîòîñôåðû

Ñîëíöà, ïîëó÷àåìûå èíñòðóìåíòîì Helioseismic and Magnetic Imager (HMI) íà áîðòó Solar
Dynamics Observatory (SDO). Ñòàòèñòè÷åñêàÿ âûáîðêà ñîäåðæèò â ñåáå äàííûå î 75 ÀÎ.
Óñðåäíåííûå çà âðåìÿ ìîíèòîðèíãà âåëè÷èíû àíàëèçèðóåìûõ ïàðàìåòðîâ ñîïîñòàâëåíû ñ
óðîâíåì âñïûøå÷íîé ïðîäóêòèâíîñòè ÀÎ (âñïûøå÷íûì èíäåêñîì, FI). Ïîêàçàíî, ÷òî: 1.

Çàâèñèìîñòü z
B


  - FI (÷åðòîé ñâåðõó îáîçíà÷åíî óñðåäíåíèå ïî âðåìåíè ìîíèòîðèíãà

ÀÎ) êâàäðàòè÷íàÿ ñ êîýôôèöèåíòîì êîððåëÿöèè k
 
=

 
0.54, à ðàçáðîñ çíà÷åíèé âåëè÷èíû z

B




íåáîëüøîé (äëÿ ïîäàâëÿþùåãî áîëüøèíñòâà èññëåäóåìûõ îáëàñòåé íàõîäèòñÿ â ïðåäåëàõ
0.08-0.12

 
Ãñ

 
êì

-1
) è êðàéíå ìàëî ðàçëè÷àåòñÿ äëÿ îáëàñòåé ñ íèçêîé è âûñîêîé âñïûøå÷íîé

ïðîäóêòèâíîñòüþ, ÷òî ìîæíî îáúÿñíèòü çàâèñèìîñòüþ âåëè÷èíû 
z
B


  îò ïëîùàäè ÀÎ.

2. Çàâèñèìîñòü z
B


max  - FI êâàçèëèíåéíàÿ ñ êîýôôèöèåíòîì êîððåëÿöèè k

 
=

 
0.61. 3.

Çàâèñèìîñòü 
spz

B )(max


  - FI ëèíåéíàÿ ñ êîýôôèöèåíòîì êîððåëÿöèè k
 
=

 
0.63. 4. Âûÿâëåíû

ïîðîãîâûå çíà÷åíèÿ àíàëèçèðóåìûõ ïàðàìåòðîâ: äëÿ âåëè÷èíû 0780.B
z


  Ãñ êì
-1
, äëÿ

âåëè÷èíû 9830max .B
z


  
Ãñ

 
êì

-1
, äëÿ ïàðàìåòðà 1180)(max .B

spz


  
Ãñ

 
êì

-1
. Ïðè áîëåå

íèçêèõ çíà÷åíèÿõ àíàëèçèðóåìûõ ïàðàìåòðîâ íè â îäíîé èç îáëàñòåé âûáîðêè âñïûøåê
ðåíòãåíîâñêèõ êëàññîâ Õ íå ôèêñèðîâàëîñü.

Êëþ÷åâûå ñëîâà: Ñîëíöå: àêòèâíûå îáëàñòè: âñïûøå÷íàÿ àêòèâíîñòü:

ìàãíèòíîå ïîëå: ãðàäèåíòû ìàãíèòíîãî ïîëÿ

1. Ââåäåíèå. Äàííàÿ ðàáîòà ÿâëÿåòñÿ ñîñòàâíîé ÷àñòüþ áîëåå êðóïíîãî

èññëåäîâàíèÿ, ïîñâÿùåííîãî èçó÷åíèþ ãðàäèåíòîâ ïðîäîëüíîãî ìàãíèòíîãî

ïîëÿ â àêòèâíûõ îáëàñòÿõ (ÀÎ) ñ ðàçíûì óðîâíåì âñïûøå÷íîé ïðîäóêòèâíîñòè

è ëîãè÷åñêèì ïðîäîëæåíèåì ðàáîòû, ðåçóëüòàòû êîòîðîé îïóáëèêîâàíû â
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ïåðâîé ÷àñòè ñòàòüè [1].

Â 2022ã. àâòîðîì áûëè ïîëó÷åíû ïðåäâàðèòåëüíûå ðåçóëüòàòû: íà

íåáîëüøîé âûáîðêå èç 13 ÀÎ áûëè îïðåäåëåíû ïàðàìåòðû, êîòîðûå õàðàêòå-

ðèçîâàëè âåëè÷èíó ïîïåðå÷íîé ñîñòàâëÿþùåé ãðàäèåíòà ïðîäîëüíîãî

ìàãíèòíîãî ïîëÿ zB , èçó÷åíà èõ äèíàìèêà íà âðåìåííîì èíòåðâàëå

ìîíèòîðèíãà ÀÎ, ïîëó÷åíû êðèòè÷åñêèå (ïîðîãîâûå) çíà÷åíèÿ ýòèõ ïàðàìåòðîâ

[2]. Çäåñü àâòîð ñòàâèò ïåðåä ñîáîé çàäà÷ó íà ñóùåñòâåííî áîëüøåì ñòàòèñ-

òè÷åñêîì ìàòåðèàëå (àíàëèçèðóþòñÿ 75 ÀÎ 24-ãî öèêëà ñîëíå÷íîé àêòèâíîñòè)

ïîäòâåðäèòü ëèáî ñêîððåêòèðîâàòü ïîëó÷åííûå ðàíåå ðåçóëüòàòû.

2. Äàííûå íàáëþäåíèé. Ðàáîòà âûïîëíåíà ñ èñïîëüçîâàíèåì äàííûõ

èíñòðóìåíòà Helioseismic and Magnetic Imager (HMI) [3], óñòàíîâëåííîãî íà

áîðòó êîñìè÷åñêîãî àïïàðàòà Solar Dynamics Observatory (SDO) [4], êîòîðûå

äîñòóïíû íà ñàéòå Joint Science Operation Center (JSOC) ïî àäðåñó http://

jsoc2.stanford.edu/ajax/lookdata.html. Ïðîñòðàíñòâåííîå ðàçðåøåíèå èíñòðóìåíòà

HMI/SDO - 0".5 ( 360  êì íà óðîâíå ôîòîñôåðû Ñîëíöà), âðåìåííîå ðàçðå-

øåíèå èñïîëüçóåìûõ äàííûõ - 720 ñ. Èñïîëüçîâàíû SHARP (Spaceweather

HMI Active Region Patch) [5] ìàãíèòîãðàììû ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ

âåðòèêàëüíîé êîìïîíåíòû zB  âåêòîðà ìàãíèòíîãî ïîëÿ â ôîòîñôåðå (öèëèí-

äðè÷åñêèå êîîðäèíàòû, ñåðèÿ äàííûõ hmi.sharp_cea_720s).

Äîïîëíèòåëüíî èñïîëüçîâàíà èíôîðìàöèÿ î òèïå àêòèâíîé îáëàñòè

ñîãëàñíî ìàãíèòî-ìîðôîëîãè÷åñêîé êëàññèôèêàöèè (ÌÌÊ) ÀÎ, ðàçðàáîòàííîé

â ÊðÀÎ [6-8], âñïûøå÷íîì èíäåêñå ÀÎ (flare index, FI [9]), äîñòóïíûå ïî

àäðåñó https://sun.crao.ru/databases/catalog-mmc-ars, èíôîðìàöèÿ î íàèáîëåå

ìîùíûõ âñïûøêàõ, çàôèêñèðîâàííûõ â àíàëèçèðóåìûõ îáëàñòÿõ (äàííûå

âçÿòû ñ ñàéòà https://www.lmsal.com/solarsoft/latest_events_archive.html). Â ñëó÷àå

îòñóòñòâèÿ â êàòàëîãå ÌÌÊ ÀÎ èíôîðìàöèè î âñïûøå÷íîì èíäåêñå,

íåîáõîäèìûå âû÷èñëåíèÿ îñóùåñòâëÿëèñü àâòîðîì ñàìîñòîÿòåëüíî ñ

èñïîëüçîâàíèåì äàííûõ èíòåðíåò-ðåñóðñà https://www.lmsal.com/solarsoft/

latest_events_archive.html.

Äëÿ ñòàòèñòè÷åñêîãî àíàëèçà èñïîëüçîâàíû äàííûå òåõ æå 75 ÀÎ 24-ãî

öèêëà ñîëíå÷íîé àêòèâíîñòè, ÷òî è â [1].

Îñíîâíàÿ èíôîðìàöèÿ îá èññëåäóåìûõ ÀÎ ïðåäñòàâëåíà â òàáë.1. Óêàçàíû

íîìåð îáëàñòè ïî NOAA êëàññèôèêàöèè (âòîðîé ñòîëáåö òàáëèöû), âðåìÿ åå

ìîíèòîðèíãà (òðåòèé ñòîëáåö). ×åòâåðòûé ñòîëáåö òàáëèöû ñîäåðæèò

èíôîðìàöèþ î òèïå ÀÎ ñîãëàñíî ÌÌÊ: U1 - îäèíî÷íûå ïÿòíà áåç çíà÷èìûõ

ìàãíèòíûõ îáðàçîâàíèé â îêðåñòíîñòè; U2 - ïÿòíà ñ ìåëêèìè ïÿòíàìè/

ïîðàìè ðàçíîé ïîëÿðíîñòè, ñêîíöåíòðèðîâàííûìè íà ãðàíèöàõ ñóïåðãðàíóëÿ-

öèîííîé ÿ÷åéêè èëè ðàññåÿííûìè âîêðóã îñíîâíîãî ïÿòíà; À1 - ðåãóëÿðíûå

(ò.å. ïîä÷èíÿþùèåñÿ îñíîâíûì çàêîíîìåðíîñòÿì ãëîáàëüíîãî äèíàìî - çàêîíó
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¹ Íîìåð Âðåìÿ Òèï FI Ïëîùàäü z
B




z
B


max

spz
B )(max




îáëàñòè ìîíèòîðèíãà ÀÎ ïî ÀÎ, 
AR

N Ãñ êì-1 Ãñ êì-1 Ãñ êì-1

(NOAA) ÀÎ ÌÌÊ ïèêñ.

1 2 3 4 5 6 7 8 9

1 11092 01.08.2010-15.08.2010 B1 0.702 136727 0.066 0.756 0.017

2 11131 06.12.2010-10.12.2010 U2 0.145 126776 0.091 0.781 0.001

3 11133 08.12.2010-12.12.2010 U2 0.192 100438 0.068 0.704 0.007

4 11158 12.02.2011-15.02.2011 B2 59.255 98747 0.105 1.296 0.331

5 11232 05.06.2011-09.06.2011 U2 0.368 97435 0.065 0.734 0.001

6 11261 31.07.2011-03.08.2011 B3 28.678 177574 0.096 1.644 0.533

7 11263 02.08.2011-05.08.2011 B2 63.469 113906 0.100 1.424 0.337

8 11283 04.09.2011-07.09.2011 B2 45.605 195992 0.087 1.045 0.206

9 11302 27.09.2011-30.09.2011 A2 78.788 248417 0.090 1.931 1.008

10 11305 29.09.2011-02.10.2011 A1 6.370 116448 0.075 1.119 0.085

11 11343 11.11.2011-14.11.2011 U2 0.733 167175 0.071 0.686 0.016

12 11391 07.01.2012-10.01.2012 A1 0.300 160036 0.090 0.899 0.084

13 11420 16.02.2012-20.02.2012 B1 0.038 65083 0.070 0.677 0.008

14 11429 07.03.2012-10.03.2012 B2 70.892 259881 0.116 1.552 0.482

15 11476 09.05.2012-13.05.2012 B3 30.554 250373 0.114 1.786 0.444

16 11515 01.07.2012-05.07.2012 B2 79.723 218173 0.116 1.561 0.443

17 11520 10.07.2012-14.07.2012 B3 13.383 670758 0.102 1.633 0.296

18 11618 20.11.2012-23.11.2012 B3 6.751 165853 0.093 1.344 0.218

19 11711 04.04.2013-07.04.2013 A1 0.170 272155 0.077 0.776 0.043

20 11748 18.05.2013-21.05.2013 B3 15.976 152667 0.078 1.232 0.495

21 11777 24.06.2013-27.06.2013 U2 2.231 156624 0.067 0.658 0.001

22 11823 19.08.2013-22.08.2013 U2 0.100 128293 0.068 0.795 0.006

23 11836 31.08.2013-04.09.2013 U2 1.288 252750 0.067 0.900 0.049

24 11861 11.10.2013-14.10.2013 B1 6.888 181001 0.084 1.085 0.199

25 11872 19.10.2013-22.10.2013 U2 0.001 34452 0.073 0.756 0.036

26 11875 21.10.2013-24.10.2013 A2 26.823 236139 0.097 1.438 0.471

27 11890 07.11.2013-10.11.2013 A2 55.630 295070 0.096 1.510 0.631

28 11899 17.11.2013-20.11.2013 U2 3.846 389635 0.070 1.401 0.004

29 11936 27.12.2013-30.12.2013 B2 18.500 175148 0.094 1.050 0.138

30 11944 06.01.2014-09.01.2014 B2 34.986 606592 0.089 1.404 0.485

31 11949 12.01.2014-16.01.2014 A1 0.100 195143 0.070 0.786 0.053

32 11968 01.02.2014-05.02.2014 B2 11.756 277975 0.097 1.271 0.128

33 11974 10.02.2014-13.02.2014 B2 22.659 217301 0.099 1.406 0.473

34 11991 02.03.2014-05.03.2014 B2 6.018 132407 0.094 1.350 0.365

35 12002 12.03.2014-15.03.2014 A2 9.575 150461 0.090 1.061 0.173

36 12014 24.03.2014-27.03.2014 B1 4.900 215467 0.084 0.952 0.078

37 12061 15.05.2014-18.05.2014 A1 0.243 98130 0.073 0.715 0.005

38 12075 27.05.2014-31.05.2014 U1 0.001 52558 0.066 0.666 0.001

39 12090 15.06.2014-18.06.2014 A1 0.001 81860 0.074 0.660 0.000

40 12109 07.07.2014-10.07.2014 B1 2.546 170211 0.102 1.042 0.081

Òàáëèöà 1

ÏÀÐÀÌÅÒÐÛ ÌÀÃÍÈÒÍÎÃÎ ÏÎËß È ÝËÅÊÒÐÈ×ÅÑÊÈÕ

ÒÎÊÎÂ Â ÈÑÑËÅÄÓÅÌÛÕ ÀÎ
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Õýéëà, çàêîíó Äæîÿ, ïðàâèëó äîìèíèðîâàíèÿ ëèäèðóþùåãî ïÿòíà) áèïîëÿðíûå

ãðóïïû ïÿòåí áåç äåëüòà-ñòðóêòóð; À2 - ðåãóëÿðíûå áèïîëè, ñîäåðæàùèå ìàëûå

(ïî ñðàâíåíèþ ñ ëèäèðóþùèì ïÿòíîì) äåëüòà-ñòðóêòóðû; Â1 - áèïîëÿðíûå

ãðóïïû ïÿòåí ñ íàðóøåíèåì õîòÿ áû îäíîé èç âûøåóêàçàííûõ çàêîíîìåðíîñòåé

ãëîáàëüíîãî äèíàìî; Â2 - îáëàñòè, ñîñòîÿùèå èç íåñêîëüêèõ îäèíàêîâî íàïðàâ-

ëåííûõ áèïîëåé, à òàêæå îáëàñòè ñ äîìèíèðóþùåé äåëüòà-ñòðóêòóðîé; Â3 -

ìíîãîïîëÿðíûå ÀÎ, ñîñòîÿùèå èç íåñêîëüêèõ ïðèáëèçèòåëüíî ðàâíîöåííûõ

1 2 3 4 5 6 7 8 9

41 12121 26.07.2014-29.07.2014 B1 0.480 189190 0.077 0.812 0.061

42 12149 26.08.2014-29.08.2014 A2 7.022 200521 0.067 0.873 0.058

43 12158 09.09.2014-12.09.2014 B1 12.998 169590 0.095 0.983 0.118

44 12192 22.10.2014-25.10.2014 B3 101.644 642762 0.120 1.733 0.335

45 12205 08.11.2014-12.11.2014 B2 47.154 237053 0.091 1.626 0.554

46 12222 30.11.2014-04.12.2014 A2 10.654 203536 0.100 1.107 0.112

47 12236 15.12.2014-19.12.2014 U1 0.200 103247 0.091 0.766 0.014

48 12253 03.01.2015-06.01.2015 A2 7.830 222371 0.095 1.306 0.186

49 12261 13.01.2015-17.01.2015 U1 0.001 498842 0.080 0.958 0.097

50 12268 27.01.2015-30.01.2015 B2 7.607 243552 0.086 1.046 0.095

51 12297 11.03.2015-14.03.2015 B3 46.318 201527 0.095 1.784 0.792

52 12305 25.03.2015-29.03.2015 B1 1.327 305399 0.077 1.224 0.114

53 12320 06.04.2015-09.04.2015 B2 6.415 290701 0.078 1.027 0.174

54 12339 10.05.2015-13.05.2015 B2 8.793 338826 0.102 0.996 0.145

55 12348 17.05.2015-21.05.2015 U1 0.001 45014 0.065 0.718 0.031

56 12367 15.06.2015-19.06.2015 A2 11.150 254671 0.099 1.154 0.112

57 12371 20.06.2015-23.06.2015 B1 18.828 200325 0.101 1.178 0.185

58 12381 07.07.2015-10.07.2015 A1 5.253 123153 0.088 1.074 0.088

59 12396 06.08.2015-09.08.2015 A2 2.931 141725 0.113 1.162 0.181

60 12403 22.08.2015-25.08.2015 A2 30.097 267332 0.114 1.617 0.319

61 12421 23.09.2015-27.09.2015 B1 1.736 83931 0.078 0.945 0.061

62 12443 02.11.2015-05.11.2015 B2 11.844 259683 0.098 1.157 0.160

63 12470 17.12.2015-21.12.2015 U1 0.644 257603 0.083 0.824 0.068

64 12473 25.12.2015-30.12.2015 B2 9.019 172338 0.108 1.168 0.149

65 12480 10.01.2016-14.01.2016 A1 0.232 96851 0.073 0.770 0.013

66 12494 05.02.2016-07.02.2016 B1 1.773 71474 0.084 0.989 0.095

67 12529 12.04.2016-16.04.2016 A2 8.102 231350 0.097 1.131 0.071

68 12544 13.05.2016-16.05.2016 A2 1.808 75401 0.093 1.073 0.160

69 12615 02.12.2016-05.12.2016 A2 4.608 93638 0.088 1.056 0.089

70 12644 27.03.2017-30.03.2017 A2 19.272 90932 0.090 1.018 0.106

71 12673 02.09.2017-05.09.2017 B3 223.858 103291 0.102 1.490 0.467

72 12674 03.09.2017-06.09.2017 A1 0.757 199944 0.093 1.035 0.112

73 12680 14.09.2017-17.09.2017 U2 0.231 42603 0.061 0.737 0.023

74 12699 09.02.2018-12.02.2018 A1 1.300 96411 0.089 1.086 0.094

75 12741 11.05.2019-14.05.2019 U2 0.154 109790 0.065 0.866 0.056

Òàáëèöà 1 (Îêîí÷àíèå)
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ïÿòåí îáåèõ ïîëÿðíîñòåé, ðàñïîëîæåííûõ ïðîèçâîëüíî. Ïÿòûé ñòîëáåö òàáëèöû

- âñïûøå÷íûé èíäåêñ (FI) - ïàðàìåòð, õàðàêòåðèçóþùèé âñïûøå÷íóþ ïðîäóê-

òèâíîñòü ÀÎ. Ñîãëàñíî [9], âñïûøå÷íûé èíäåêñ ðàâåí 1.0 (100.0) åñëè â ÀÎ

åæåäíåâíî ïðîèñõîäèò îäíà âñïûøêà ðåíòãåíîâñêîãî êëàññà Ñ1.0 (Õ1.0).

Âåëè÷èíà FI âû÷èñëÿåòñÿ çà âñå âðåìÿ íàõîæäåíèÿ îáëàñòè íà âèäèìîì äèñêå

Ñîëíöà. Â øåñòîì ñòîëáöå ñîäåðæèòñÿ èíôîðìàöèÿ î ïëîùàäè, çàíèìàåìîé

ÀÎ (òî÷íåå - î êîëè÷åñòâå ïèêñåëåé íà SHARP-ìàãíèòîãðàììå âíóòðè ìàñêè

bitmap, ïîñòàâëÿåìîé ñ ìàãíèòîãðàôè÷åñêèìè äàííûìè èíñòðóìåíòà HMI/

SDO, êîòîðàÿ îáîçíà÷àåò ñîáñòâåííî ãðàíèöû ÀÎ). Ïîñëåäíèå òðè ñòîëáöà

òàáëèöû ñîäåðæàò èíôîðìàöèþ î âåëè÷èíàõ ïàðàìåòðîâ, õàðàêòåðèçèðóþùèõ

âåëè÷èíó zB  â èññëåäóåìûõ îáëàñòÿõ - óñðåäíåííóþ çà âðåìÿ ìîíèòîðèíãà

(óñðåäíåíèå ïî âðåìåíè çäåñü îáîçíà÷àåòñÿ ÷åðòîé ñâåðõó) ñðåäíþþ âåëè÷èíó

zB  (ñåäüìîé ñòîëáåö), óñðåäíåííóþ çà âðåìÿ ìîíèòîðèíãà ñðåäíþþ

âåëè÷èíó â îêðåñòíîñòè åãî ìàêñèìàëüíîãî çíà÷åíèÿ zBmax  (âîñüìîé

ñòîëáåö) è óñðåäíåííóþ çà âðåìÿ ìîíèòîðèíãà îáëàñòè ìàêñèìàëüíóþ âåëè÷èíó

zB  ìåæäó ïÿòíàìè â ÀÎ  spzBmax  (äåâÿòûé ñòîëáåö). Äåòàëüíî ýòè

ïàðàìåòðû ïðîàíàëèçèðîâàíû íèæå â ðàçäåëå 4.

3. Âû÷èñëåíèå àíàëèçèðóåìûõ ïàðàìåòðîâ. Ìåòîäû âû÷èñëåíèÿ è

ïðèìåíÿåìûå ïîäõîäû ïîäðîáíî îïèñàíû â [1]. Òàêèì îáðàçîì, çäåñü

ïðèìåíåíû äâà ïîäõîäà ê âû÷èñëåíèþ âåëè÷èíû zB  - ñîâðåìåííûé,

òðåáóþùèé ìàãíèòîãðàôè÷åñêèõ äàííûõ âûñîêîãî ïðîñòðàíñòâåííîãî ðàçðå-

øåíèÿ è ïîçâîëÿþùèé ñòðîèòü äåòàëèçèðîâàííûå êàðòû ïðîñòðàíñòâåííîãî

ðàñïðåäåëåíèÿ âåëè÷èíû zB  íà çàäàííîì óðîâíå ñîëíå÷íîé àòìîñôåðû,

â ðàññìîòðåííîì çäåñü ñëó÷àå - íà óðîâíå ôîòîñôåðû Ñîëíöà (ïðèìåð

ïîäîáíîé êàðòû ñì. ðèñ.1 â [1]), è êëàññè÷åñêèé, êîòîðûé ïðèìåíÿëñÿ åùå

â ïåðâûõ ðàáîòàõ, ïîñâÿùåííûõ äàííîé òåìàòèêå. Âû÷èñëåíèÿ âåëè÷èíû

zB  ñ ïðèìåíåíèåì ñîâðåìåííîãî ïîäõîäà âûïîëíåíû ñ èñïîëüçîâàíèåì

âûðàæåíèé (1) è (2), êëàññè÷åñêîãî ïîäõîäà - ñ èñïîëüçîâàíèåì âûðàæåíèÿ

(5), ïðåäñòàâëåííûõ â [1].

Â ðàìêàõ êàæäîãî ïîäõîäà áûëè îïðåäåëåíû ïàðàìåòðû, îïèñûâàþùèå

âåëè÷èíó zB . Äëÿ ñîâðåìåííîãî ïîäõîäà ýòî ñðåäíÿÿ ïî ÀÎ âåëè÷èíà

ïîïåðå÷íîé ñîñòàâëÿþùåé ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ zB

(ñì. âûðàæåíèå (3) â [1]) è ñðåäíÿÿ âåëè÷èíà zB  ïèêñåëåé, îêðóæàþùèõ

òî÷êó ñ ìàêñèìàëüíûì çíà÷åíèåì ãðàäèåíòà zBmax  (ñì. âûðàæåíèå (4)

â [1]). Äëÿ êëàññè÷åñêîãî ïîäõîäà ïàðàìåòðîì, õàðàêòåðèçèðóþùèì âåëè÷èíó

zB , áûë îïðåäåëåí ìàêñèìàëüíûé ãðàäèåíò ìåæäó ïàðàìè ïÿòåí (âåðíåå

- ìåæäó õîëìàìè ìàãíèòíîãî ïîëÿ) â ÀÎ  spzBmax .

4. Ðåçóëüòàòû. Óñðåäíåííûå çà âðåìÿ ìîíèòîðèíãà ÀÎ (ñì. òðåòèé

ñòîëáåö òàáë.1) âåëè÷èíû zB , zBmax  è  spzBmax  ïðåäñòàâëåíû,
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ñîîòâåòñòâåííî, â ñåäüìîì, âîñüìîì è äåâÿòîì ñòîëáöàõ òàáëèöû, à ðåçóëüòàòû

ñîïîñòàâëåíèÿ äàííûõ ïàðàìåòðîâ ñî âñïûøå÷íûì èíäåêñîì ÀÎ ïîêàçàíû íà

ãðàôèêàõ ðèñ.1, ðèñ.3 è ðèñ.4.

4.1. Ñîâðåìåííûé ïîäõîä ê âû÷èñëåíèþ ïîïåðå÷íîé ñîñòàâëÿþùåé

ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ: ñòàòèñòè÷åñêèé àíàëèç

è îñíîâíûå ðåçóëüòàòû. Çàâèñèìîñòü ìåæäó âåëè÷èíàìè zB  è FI

ïðåäñòàâëåíà íà ðèñ.1. Íà âåðõíåì ãðàôèêå çäåñü è äàëåå íà ðèñ.2-4 ñèìâîëàìè

ðàçíîãî öâåòà îòìå÷åíû îáëàñòè ñ ðàçíîé âñïûøå÷íîé ïðîäóêòèâíîñòüþ (ïóñòûìè

êðóæî÷êàìè îòìå÷åíû îáëàñòè, â êîòîðûõ íå íàáëþäàëîñü âñïûøåê ðåíòãå-

íîâñêîãî êëàññà C1.0 è âûøå, ñåðûìè êðóæî÷êàìè - îáëàñòè ñî âñïûøêàìè

F
I

0

k=0.54±0.09

zB , Ãñ êì-1
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Ðèñ.1. Ãðàôèêè çàâèñèìîñòè ìåæäó óñðåäíåííîé ïî âðåìåíè ìîíèòîðèíãà ñðåäíåé ïî

ÀÎ âåëè÷èíîé ïîïåðå÷íîé ñîñòàâëÿþùåé ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ z
B




è óðîâíåì âñïûøå÷íîé àêòèâíîñòè îáëàñòè (âñïûøå÷íûì èíäåêñîì) FI. Íà âåðõíåì ãðàôèêå
ñèìâîëàìè ðàçíîãî öâåòà çàêîäèðîâàí ðåíòãåíîâñêèé êëàññ íàèáîëåå ìîùíîé âñïûøêè,

çàðåãèñòðèðîâàííîé â ÀÎ, íà íèæíåì - òèï ÀÎ ñîãëàñíî ÌÌÊ. Âåðòèêàëüíûì ïóíêòèðîì

ñ äëèííûì øòðèõîì îòìå÷åíî êðèòè÷åñêîå (ïîðîãîâîå) çíà÷åíèå âåëè÷èíû z
B


 . Âåðòè-

êàëüíîé æèðíîé ÷åðòîé îòìå÷åíî ïîëîæåíèå îáëàñòè NOAA 12673 c FI = 223.858.
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êëàññà Ñ, òåìíî-ñåðûìè - ÀÎ, â êîòîðûõ, ïîìèìî âñïûøåê êëàññà Ñ çàôèêñè-

ðîâàíû âñïûøêè ðåíòãåíîâñêîãî êëàññà Ì, ÷åðíûìè êðóæî÷êàìè - îáëàñòè,

â êîòîðûõ çàôèêñèðîâàíà ïî êðàéíåé ìåðå îäíà âñïûøêà ðåíòãåíîâñêîãî

êëàññà Õ1.0 è âûøå). Èíôîðìàöèþ î íàèáîëåå ìîùíîé âñïûøêå â ÀÎ è äàòå

åå íàáëþäåíèÿ ìîæíî ïîñìîòðåòü â ÷åòâåðòîì ñòîëáöå òàáë.1 â [1]. Íà íèæíåì

ãðàôèêå ðèñ.1 è äàëåå íà ðèñ.2-4 çàêîäèðîâàíû òèïû ÀÎ ñîãëàñíî ÌÌÊ:

ïóñòûìè êðóæî÷êàìè îòìå÷åíû îáëàñòè òèïà U1/U2, ñåðûìè - îáëàñòè òèïà

A1/A2, òåìíî-ñåðûìè - ÀÎ òèïà B1, ÷åðíûìè êðóæî÷êàìè - îáëàñòè òèïà B2/

B3. ×åðíîé æèðíîé ÷åðòîé íà âåðõíåé àáñöèñå ãðàôèêîâ ðèñ.1 è ïîñëåäóþùèõ

ðèñóíêàõ îòìå÷åíî ìåñòîïîëîæåíèå îáëàñòè NOAA 12673 - îíà èìååò âûñîêèé

âñïûøå÷íûé èíäåêñ (FI
12673

 = 223.858), âñëåäñòâèå ÷åãî äåìîíñòðàöèÿ ýòîé

òî÷êè óõóäøàåò íîðìàëüíóþ ÷èòàáåëüíîñòü ãðàôèêîâ.

Êàê âèäíî èç ãðàôèêîâ, ïðåäñòàâëåííûõ íà ðèñ.1, çàâèñèìîñòü zB  -

FI íå ëèíåéíàÿ, à êâàäðàòè÷íàÿ, ñ êîýôôèöèåíòîì êîððåëÿöèè, ðàññ÷èòàííîãî

ìåòîäîì íàèìåíüøèõ êâàäðàòîâ, k = 0.54. Îáðàùàåò íà ñåáÿ âíèìàíèå îòíîñèòåëüíî

Ðèñ.2. Ãðàôèêè çàâèñèìîñòè ìåæäó îáùåé ïëîùàäüþ ÀÎ (êîëè÷åñòâî ïèêñåëåé âíóòðè
ìàñêè bitmap, N) è âñïûøå÷íûì èíäåêñîì (FI). Îáîçíà÷åíèÿ òå æå, ÷òî è íà ðèñ.1.
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ìàëûé ðàçáðîñ òî÷åê ïî ãîðèçîíòàëüíîé îñè - äëÿ áîëüøèíñòâà ÀÎ èññëåäóåìîé

âûáîðêè âåëè÷èíà zB  íàõîäèòñÿ â ïðåäåëàõ 0.08-0.12 Ãñ êì-1. Íåáîëüøîé

ðàçáðîñ çíà÷åíèé âåëè÷èíû zB  îáóñëîâëåí åå çàâèñèìîñòüþ îò ïëîùàäè

ÀÎ. Â òî æå âðåìÿ, âñïûøå÷íàÿ ïðîäóêòèâíîñòü ÀÎ äîñòàòî÷íî ñëàáî

çàâèñèò îò åå ïëîùàäè - âñòðå÷àþòñÿ êàê êîìïàêòíûå îáëàñòè ñ âûñîêîé

àêòèâíîñòüþ, òàê è êðóïíûå; â òî æå âðåìÿ áîëüøèå ïî ïëîùàäè ÀÎ íå

âñåãäà ÿâëÿþòñÿ èñòî÷íèêàìè âñïûøåê âûñîêèõ ðåíòãåíîâñêèõ êëàññîâ.

Äîñòàòî÷íî íàãëÿäíî ýòî ïðîäåìîíñòðèðîâàíî íà ãðàôèêàõ ðèñ.2, ãäå

ïðåäñòàâëåíà çàâèñèìîñòü âñïûøå÷íîãî èíäåêñà îò ïëîùàäè ÀÎ (êîëè÷åñòâà

ïèêñåëåé â ìàñêå bitmap).

Îòñóòñòâèå âûñîêîé êîððåëÿöèè ìåæäó àíàëèçèðóåìûìè ïàðàìåòðàìè íà

ãðàôèêàõ ðèñ.1 è ðèñ.2 íè êîèì îáðàçîì íå îçíà÷àåò îäíîâðåìåííî îòñóòñòâèå

â íèõ öåííîé äëÿ àíàëèçà èíôîðìàöèè. Âñëåäñòâèå òîãî, ÷òî àíàëèçèðóåìàÿ

Ðèñ.3. Çàâèñèìîñòü ìåæäó óñðåäíåííîé ïî âðåìåíè âåëè÷èíîé ñðåäíåé âåëè÷èíû

ïîïåðå÷íîé ñîñòàâëÿþùåé ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ â îêðåñòíîñòè òî÷êè ñ

ìàêñèìàëüíûì çíà÷åíèåì ãðàäèåíòà z
B


max  è âñïûøå÷íûì èíäåêñîì (FI) ÀÎ.

Îáîçíà÷åíèÿ òå æå, ÷òî è íà ðèñ.1.
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âûáîðêà äîñòàòî÷íî îáøèðíà, ãðàôèêè ïîçâîëÿþò îöåíèòü ïîðîãîâûå çíà÷åíèÿ

ïàðàìåòðîâ zB  è ARN : ïðè ïðåâûøåíèè äàííîé âåëè÷èíû â ÀÎ ìîãóò

ôèêñèðîâàòüñÿ âñïûøêè íàèáîëåå âûñîêèõ ðåíòãåíîâñêèõ êëàññîâ, à â ñëó÷àå,

åñëè çíà÷åíèÿ ýòèõ ïàðàìåòðîâ íèæå ïîðîãîâûõ, ñëåäóåò îæèäàòü áîëåå íèçêîé

âñïûøå÷íîé ïðîäóêòèâíîñòè îáëàñòè. Èç ãðàôèêîâ ðèñ.1 è ðèñ.2, à òàêæå

äàííûõ òàáë.1, ñëåäóåò, ÷òî ïîðîãîâîå çíà÷åíèå äëÿ âåëè÷èíû zB  ðàâíî

0.078 Ãñ êì-1, äëÿ âåëè÷èíû ARN  - 
510  ïèêñåëåé.

Çàâèñèìîñòü zBmax  - FI ïîêàçàíà íà ðèñ.3. Êàê è äëÿ çàâèñèìîñòè

zB  - FI, çäåñü àïïðîêñèìàöèÿ êâàäðàòè÷íàÿ ñ êîýôôèöèåíòîì êîððåëÿöèè

k = 0.61. Èíòåðåñíî îòìåòèòü, ÷òî àïïðîêñèìàöèÿ ëèíåéíîé ôóíêöèåé äàåò

êîýôôèöèåíò êîððåëÿöèè î÷åíü áëèçêèé ïî ñâîåìó çíà÷åíèþ ê êîýôôèöèåíòó

êîððåëÿöèè ïðè àïïðîêñèìàöèè êâàäðàòè÷íîé ôóíêöèåé. Òàêèì îáðàçîì,

Ðèñ.4. Çàâèñèìîñòü ìåæäó óñðåäíåííîé ïî âðåìåíè ìàêñèìàëüíîé âåëè÷èíîé ïîïåðå÷íîé

ñîñòàâëÿþùåé ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ ìåæäó ïÿòíàìè â ÀÎ 
spz

B )(max




è âñïûøå÷íûì èíäåêñîì (FI) ÀÎ. Îáîçíà÷åíèÿ òå æå, ÷òî è íà ðèñ.1.
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çàâèñèìîñòü zBmax  - FI ìîæíî ñ÷èòàòü êâàçèëèíåéíîé. Áîëåå âûñîêàÿ

êîððåëÿöèÿ ìåæäó âåëè÷èíàìè zBmax  è FI ïî ñðàâíåíèþ ñ êîððåëÿöèåé

äëÿ ïàðû zB  - FI ãîâîðèò î ïðàâèëüíîñòè âûáîðà âåëè÷èíû zBmax

êàê ïàðàìåòðà, îïèñûâàþùåãî ïîïåðå÷íóþ êîìïîíåíòó ãðàäèåíòà ïðîäîëüíîãî

ìàãíèòíîãî ïîëÿ.

Äëÿ âåëè÷èíû zBmax , êàê è äëÿ ïàðàìåòðîâ zB  è ARN , èñõîäÿ

èç äàííûõ ðèñ.3 è òàáë.1, ìîæíî îïðåäåëèòü ïîðîãîâîå çíà÷åíèå, êîòîðîå

ðàâíî 0.983 Ãñ êì-1.

4.2. Êëàññè÷åñêèé ïîäõîä ê âû÷èñëåíèþ ïîïåðå÷íîé ñîñòàâëÿþùåé

ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ: ñòàòèñòè÷åñêèé àíàëèç

è îñíîâíûå ðåçóëüòàòû. Â ðàìêàõ ïðèìåíåíèÿ êëàññè÷åñêîãî ïîäõîäà,

îñíîâíûì ïàðàìåòðîì, êîòîðûé îïèñûâàåò âåëè÷èíó zB  áûë ïðèíÿò

ìàêñèìàëüíûé ãðàäèåíò ìåæäó ïÿòíàìè â ÀÎ  spzBmax . Ãðàôèêè çàâèñè-

ìîñòè  spzBmax  - FI ïðåäñòàâëåíû íà ðèñ.4.

Çäåñü âèäíî, ÷òî çàâèñèìîñòü  spzBmax  - FI ëèíåéíàÿ, ñ êîýôôè-

öèåíòîì êîððåëÿöèè k = 0.63. Êàê è â ñëó÷àå ñ ïàðàìåòðàìè, îïèñûâàþùèìè

ïîïåðå÷íóþ êîìïîíåíòó ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ â ðàìêàõ

ñîâðåìåííîãî ïîäõîäà âû÷èñëåíèÿ äàííîé âåëè÷èíû, ïàðàìåòð  spzBmax

òàêæå èìååò ïîðîãîâîå çíà÷åíèå, ðàâíîå 0.118 Ãñ êì-1, ÷òî áëèçêî ê çíà÷åíèþ

â 0.1 Ãñ êì-1, îïðåäåëåííîìó ñîâåòñêèìè àñòðîíîìàìè åùå â êîíöå 50-60-õ

ãîäàõ XX â. [10-12].

5. Âûâîäû è îáñóæäåíèå. Íà ñòàòèñòè÷åñêè çíà÷èìîé âûáîðêå èç 75

ÀÎ 24-ãî öèêëà ñîëíå÷íîé àêòèâíîñòè, îáëàäàþùèõ ðàçíûì óðîâíåì âñïû-

øå÷íîé ïðîäóêòèâíîñòè, ïðîèçâåäåí àíàëèç ïàðàìåòðîâ, îïèñûâàþùèõ

âåëè÷èíó ïîïåðå÷íîé ñîñòàâëÿþùåé ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ

zB , ïîäòâåðæäåíû è äîïîëíåíû ðåçóëüòàòû, ïîëó÷åííûå ðàíåå [2] íà

ñóùåñòâåííî ìåíüøåì ñòàòèñòè÷åñêîì ìàòåðèàëå. Ñäåëàíû ñëåäóþùèå âûâîäû:

1. Îòñóòñòâóåò ëèíåéíàÿ çàâèñèìîñòü ìåæäó óñðåäíåííîé çà âðåìÿ

íàáëþäåíèÿ ñðåäíåé âåëè÷èíîé ïîïåðå÷íîé ñîñòàâëÿþùåé ãðàäèåíòà

ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ zB  è âñïûøå÷íûì èíäåêñîì (FI) ÀÎ.

Íåëèíåéíûé õàðàêòåð çàâèñèìîñòè è íèçêèé êîýôôèöèåíò êîððåëÿöèè

(k = 0.54) äëÿ ïàðû ïàðàìåòðîâ zB  - FI îáúÿñíÿåòñÿ òåì, ÷òî âåëè÷èíà

zB  ÿâëÿåòñÿ ôóíêöèåé ïëîùàäè ÀÎ, â òî âðåìÿ, êàê âåëè÷èíà

âñïûøå÷íîãî èíäåêñà ÀÎ îò ïëîùàäè íå çàâèñèò. Çàâèñèìîñòüþ îò ïëîùàäè

ìîæíî îáúÿñíèòü è ñðàâíèòåëüíî ìàëûé ðàçáðîñ â âåëè÷èíå zB  äëÿ ÀÎ

ñ íèçêîé è âûñîêîé âñïûøå÷íîé ïðîäóêòèâíîñòüþ: äëÿ ïîäàâëÿþùåãî

áîëüøèíñòâà îáëàñòåé àíàëèçèðóåìîé âûáîðêè äàííûé ïàðàìåòð íàõîäèòñÿ â

äèàïàçîíå çíà÷åíèé 0.08-0.12 Ãñ êì-1.

2. Ñóùåñòâóåò êâàçèëèíåéíàÿ çàâèñèìîñòü ìåæäó óñðåäíåííîé ïî âðåìåíè
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âåëè÷èíîé ñðåäíåé âåëè÷èíû ïîïåðå÷íîé ñîñòàâëÿþùåé ãðàäèåíòà ïðîäîëüíîãî

ìàãíèòíîãî ïîëÿ â îêðåñòíîñòè òî÷êè ìàêñèìóìà âåëè÷èíû ãðàäèåíòà zBmax

è âñïûøå÷íûì èíäåêñîì ÀÎ (FI) ñ êîýôôèöèåíòîì êîððåëÿöèè k = 0.61.

3. Ñóùåñòâóåò ëèíåéíàÿ/êâàçèëèíåéíàÿ çàâèñèìîñòü ìåæäó óñðåäíåííîé

ïî âðåìåíè ìàêñèìàëüíîé âåëè÷èíîé ïîïåðå÷íîé ñîñòàâëÿþùåé ãðàäèåíòà

ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ ìåæäó ïÿòíàìè  spzBmax  è óðîâíåì

âñïûøå÷íîé ïðîäóêòèâíîñòè ÀÎ (FI) ñ êîýôôèöèåíòîì êîððåëÿöèè k = 0.63.

4. Ñòàòèñòè÷åñêèé àíàëèç ïîçâîëÿåò íàéòè ïîðîãîâûå çíà÷åíèÿ ïàðà-

ìåòðîâ, îïèñûâàþùèõ ïîïåðå÷íóþ êîìïîíåíòó ãðàäèåíòà ïðîäîëüíîãî ìàã-

íèòíîãî ïîëÿ:

à. Äëÿ óñðåäíåííîé ïî âðåìåíè ñðåäíåé ïî ÀÎ âåëè÷èíû ïîïåðå÷íîé

ñîñòàâëÿþùåé ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ 0780.Bz 
 Ãñ êì-1;

á. Äëÿ óñðåäíåííîé ïî âðåìåíè ñðåäíåé âåëè÷èíû ïîïåðå÷íîé ñîñòàâ-

ëÿþùåé ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ â îêðåñòíîñòè åãî ìàêñè-

ìàëüíîãî çíà÷åíèÿ 9830max .Bz 
 Ãñ êì-1;

â. Äëÿ óñðåäíåííîé ïî âðåìåíè ìàêñèìàëüíîé âåëè÷èíû ïîïåðå÷íîé

ñîñòàâëÿþùåé ãðàäèåíòà ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ ìåæäó ïÿòíàìè â ÀÎ

  1180max .B spz 
 Ãñ êì-1.

Ïðè çíà÷åíèÿõ àíàëèçèðóåìûõ ïàðàìåòðîâ, íèæå êðèòè÷åñêèõ, íè â îäíîé

èç îáëàñòåé àíàëèçèðóåìîé âûáîðêè âñïûøåê ðåíòãåíîâñêèõ êëàññîâ Õ íå

ôèêñèðîâàëîñü.
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TRANSVERSE GRADIENTS OF A LONGITUDINAL
MAGNETIC FIELD IN ACTIVE REGIONS WITH

DIFFERENT LEVEL OF FLARE PRODUCTIVITY. II.
STATISTICAL ANALYSIS

Yu.A.FURSYAK

The work is part of a study devoted to the study of longitudinal magnetic field

gradients in active regions (ARs) with different levels of flare productivity. Here,

we performed a statistical analysis of the parameters describing the transverse

component of the longitudinal magnetic field gradient zB  in the active regions

of the AR: the AR-averaged transverse component of the longitudinal magnetic

field gradient zB , the average zB  in the vicinity of a point with its

maximum value zBmax , the maximum value of zB  between pairs of

spots in the AR  spzBmax . To calculate the indicated parameters, we used

magnetograms of the zB  component of the magnetic field vector at the level of

the solar photosphere obtained by the Helioseismic and Magnetic Imager (HMI)

onboard the Solar Dynamics Observatory (SDO). The statistical sample contains

data on 75 ARs. The values of the analyzed parameters averaged over the

monitoring time are compared with the level of the flare productivity of the AR

(flare index, FI). It is shown that: 1. The dependence zB  (the overline

indicates the averaging over AR monitoring time) - FI is quadratic with the

correlation coefficient k = 0.54, and the spread of values of the values zB

is small (for the vast majority of the studied ARs, it is within 0.08 - 0.12 G km-1)

and differs very little for ARs with low and high flare productivity, which can

be explained by the dependence of the value of zB  on the AR area. 2.

Dependence zBmax  - FI is quasi-linear with correlation coefficient k = 0.61.

3. Dependence  spzBmax  - FI is linear with correlation coefficient k = 0.63.

4. The threshold values of the analyzed parameters are revealed: for the

0780.Bz 
 G km-1, for the 9830max .Bz 

 G km-1, and for the parameter

  1180max .B spz 
 G km-1. At lower values of the analyzed parameters, the X-

class X-ray flares were not recorded in any AR of the analyzed sample.

Keywords: Sun: active regions: solar flare activity: magnetic field: magnetic field

      gradients
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 DUST ION ACOUSTIC SOLITARY WAVES IN PLASMA
WITH CAIRNS DISTRIBUTED ELECTRONS AND NEW

CLASSICAL DISTRIBUTION OF IONS
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In this composition of plasma with negative dust charge, new classical distribution of nonthermal
ions and Cairns distributed electrons, both supersonic and subsonic only rarefactive solitons are
found to exist. It appears to conclude that the solitons cease to exist at the increase of c. The
supersonic (M = 1.4) rarefactive solitons considerably and concavely increase from small amplitude
with the increase of the ion to dust density ratio Q for various values of temperature  . The
concave but increasing growth of amplitude of the rarefactive solitons for all M (>1) exhibits its
distinct character. Smaller the Mach number (e.g., for M = 1.2), smaller is the amplitude of the
solitons throughout the range of 

0
  (ion drift). The amplitudes of the rarefactive supersonic solitons

are found to increase at the increase of the non-thermal parameter   for all r (
00

/
ie
nn ). The

dynamical scenario of this model indicates that the mass of the dusts should decrease in the plasma
to generate higher amplitude solitons.

Keywords: solitary waves: Cairns distributed electrons: new classical distribution of ions

1. Introduction. The new domain of plasma physics relating to dusty

plasmas has been studied extensively in the past decades. Dust grains acting as

negatively charged (in general) are plentifully exist in planetary rings, in interstellar

medium, neighborhood of stars and in earth's atmosphere. In addition to the

normal components of ions and electrons, heavier dust grains are seen to play

significant role in the formation of nonlinear waves in space plasma. The

investigation of nonlinear waves in the form of dust ion acoustic waves (DIAW)

has attracted a big deal of attention in the field of plasma physics because of their

application in various theoretical as well as laboratory works [1-4].

It has been found that the presence of static charged dust grains in plasma

can generate extremely low frequency dust acoustic wave [5] in absence of magnetic

field and can modify [6] the existing wave spectra. The fluctuations of dust charge

are found to act as damping source to dust acoustic waves. Many results (with

minor corrections) of negative ion plasmas can be adapted to dusty plasma for

its low frequency behaviour when the wave length and the inter-particle distance

are much larger than the grain size. By means of distribution of immobile dust
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particles in plasmas, creation of spatial in homogeneity can be seen in interpreting

the low frequency noise enhancement observed by the Vega and Giotto space

probes in the dusty regions of Halley's Comet.

Dust acoustic waves (DA) propagating [5] linearly as a normal mode and

nonlinearly as supersonic solitons of either positive or negative electrostatic

potentials in a dusty plasma have been studied with inertial charged dusts and

Boltzmann distributed electrons and ions. Many authors [7-10] have investigated

DIAW's under various plasma compositions. In the study of nonlinear dust acoustic

waves [11], large amplitude rarefactive as well as compressive solitons are reported

to exist in an un magnetized dusty plasma with the effects of vortex-like and non

thermal ion distributions. In a similar approach following Cairns distribution [12]

with sufficient non thermality in the ions and negative charges on the dust along

with electrons [13], the existence of both positive and negative solitary structures

was investigated in some parameter space. Besides, taking the non thermal

parameter in the non thermal distribution of ions as variable, DA solitary waves

are studied in dusty plasma [14] with the help of pseudo-potential method. DA

solitary waves through Zakharov-Kuznetsov (ZK) equation [15] in obliquely

propagating magnetized dusty plasma with mobile negatively charged dusts, two

temperature maxwellian ions and non inertial electrons have also been investigated.

The authors [16] have also found that the features of the DA waves are significantly

modified by different parameters like external magnetic field, relative ion and

electron temperature ratio and number densities of two population ions. Besides,

[17] have studied basic characteristics of non planar dust ion acoustic Gardner

solitons (GSs) by considering a dusty plasma consisting of non-inertial negative

static dust, inertial ions and two population of Boltzmann electrons with two

distinctive temperatures. They have found that different electron temperatures can

significantly modify wave dynamics. In this investigation, the authors [18] have

found DA shock waves in a dusty plasma consisting of charged mobile dust,

maxwellian ions and two distinctive temperatures of non-extensive electrons by

deriving Burgers equation. The results obtained in this study [18] agree with the

results of [17]. Rarefactive solitons in magnetized non thermal dusty electronegative

plasma have been reported [19] in which width is shown to decrease at the increase

of 0B  whereas the amplitude is reported to remain unaffected.

The nonlinear DIAW and DIA shock waves implicitly related to Korteweg de

Vries-Burger (KdVB) equation due to non-adiabatic charge variation of dust

particles have also been studied [20]. Further in IA waves in dusty plasma, the

troughs of the first sinusoidal pulse is found to become shallow and Mach speed

of the peak in the oscillation is shown experimentally [21] to decrease when

negatively charged dusts are mixed in the plasma. DIA solitons in dusty plasma

with high energy-tail electron distribution have also been established [22].
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In our present investigation we have found dust ion acoustic waves with negative

potentials only and the results are in agreement with the new classical distribution

of ions [23]. The DA solitary waves and cnoidal (periodic) waves were investigated

[24] by using the bifurcation theory and the effects of the self-gravitation and the

polarization forces on the soliton amplitudes were also studied. The dynamical

motions of ion acoustic waves [25] in an magnetized plasma with superthermal

electrons is studied by employing direct approach of bifurcation theory of planar

dynamical systems. Recently, using the KdVB equation DA solitary and periodic

waves were investigated [26] in magnetized self-gravitating dusty plasma. Mamun

[27] studied the nonlinear DAWs and he showed that the presence of positively

charged dust grains causes the coexistence of both positive and negative solitary

potential structures. Further in the reviews by [28] with many references to the older

literature, the details about various aspects of dusty plasmas can also be found. Very

recently, it was shown that the region of existence of large amplitude both rarefactive

and compressive DA solitons is determined by polarization force parameter, change

ratio and the Mach number [29]. Also the authors [30] have derived the effect of

polarization force (PF) and nonthermality parameter in the formation of cnoidal

structures, with the help of KdV equation in unmagnetized dusty plasma. None-

theless, many investigations have been done and numerous number of papers which

cannot be cited together. In this manuscript, the basic equations of the mobile dusts,

non-thermal ions, Cairns distributed electrons and the Poisson equation are included

in section 2, energy integral is derived in section 3, conditions of existence of

solitary waves are established in section 4, discussion containing the results is

included in section 5. Lastly, it is followed by references.

2. Basic equations of the model. The basic equations governing this

model of plasma are described as follows:

For negatively charged dusts,
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For the electrons, we consider the Cairns distribution
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    , exp1 2 en (5)

where  134  ss  with s being non-thermal parameter which are supplemented

by the Poisson equation,

 . 
2
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idde nnzn
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d
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
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We consider the system of equations (1)-(6) in non-dimensional form by

normalizing densities by the equilibrium ion density n
i0
, velocities by the dust-acoustic

speed   21
ded mkTC  , distances by the Debye length   212

04 emkT ieDe  ,

electrostatic potential   by ekTe  and time by the dDe C  following the

procedure adopted by the authors [13].

Introducing the new coordinate   defined by Mtxkx   and integrating

under the boundary conditions 0dd nn  , 10  ii nn , 0ee nn  , 0d , 0 i
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Following the new distribution of ions [23] with 00 
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3. Derivation of energy integral. Substituting the results of n
d
, n

i
, and

n
e
 from equations (8), (10) and (11) in equation (13), we get
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truncating the terms of order  4Ο  and higher than it from equation (12) subject

to the conditions 12 Qc  and small 1 .

Multiplying both sides of the above equation by  dd , we get
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We get the energy integral after integration as
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Equation (14) is the energy integral and  V  given by (15) is the Sagdeev

potential.

4. Conditions for the existence of solitary waves. The necessary

conditions for the existence of localized solitary wave solutions can be obtained

by studying the behaviour of the potential  V  near 0 , and m , where

m  is the maximum value of   i.e., the amplitude of the solitary wave pulse.

For solitary wave solutions, the required conditions are

      0  , 0at, 0  mVVV (16)

  . and0between0and mV  (17)

Setting   0mV , we can obtain the nonlinear dispersion relation for amplitude

m  as
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This gives the amplitude m  of the solitons. Now expanding  V  by Taylor's

series expansion near 0  and m , we get
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From the expression (19), we observe that the solitons will exist subject to (17) if
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For 0m , the expression of the parenthesis of equation (20) must be

negative and for 0m , it must be positive.

5. Discussion. In this composition of plasma with negative dust charge, new

classical distribution of non-thermal ions and Cairns distributed electrons, both

supersonic and subsonic only rarefactive solitons are found to exist. The generation

of rarefactive solitons is observed due to very small fluxes of negative charges into

the dust particles of the plasma in support of even higher ion temperature   [23].

The increase in the drifting effect (inherent in c for small Q = 0.25) of the

nonthermal ions enforces to decrease the amplitude of the supersonic rarefactive

solitons for 550.r  , 150. , 50. , 2dz  and 50.kx   (Fig.1). It appears

to conclude that the solitons cease to exist at the increase of c. This rightly and



97DUST ION  ACOUSTIC  SOLITARY  WAVES  IN  PLASMA

mathematically justifies the truncation based on c in the distribution of non-

thermal ions. Further, smaller the drifting effects of ions, better is the scope for

generation of rarefactive solitons moving with higher Mach number. Otherwise,

higher drift of the massive ions in the plasma (associated with small dust charge

number 2dz ) results smaller amplitude rarefactive solitons which move with

small mach number (>1).

Fig.1. Sagdeev potential )(V  versus amplitude   of rarefactive solitons for fixed values of

Q = 0.25, r = 0.55, 150. , 50. , 2
d
z , k

x
 = 0.5 and M = 1.4, M = 1.3, M = 1.2, M = 1.1

corresponding to c = 5.7 (dotted dashed line), c = 5.9 (dashed line), c = 6.1 (dotted line), c = 6.3
(solid line).


-0.1-0.2

0.01

-0.3-0.4-0.5

 V

0.02

0.03

Fig.2. Sagdeev potential )(V  versus amplitude   of rarefactive solitons for fixed values of
Q = 0.15, r = 0.55, 150. , 50. , 2

d
z , k

x
 = 0.25 and M = 0.8, M = 0.7, M = 0.6, M = 0.5

corresponding to c = 5.3 (dotted dashed line), c = 5.7 (dashed line), c = 6.1 (dotted line), c = 6.5 (solid
line).
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In conformity with the generating results of only rarefactive solitons for various

drifting effects inherent in c of Fig.1 (M > 1), the small amplitude rarefactive

subsonic solitons are seen produced for all Mach numbers M = 0.8, 0.7, 0.6, 0.5

(<1) when 150.Q  , 550.r  , 150. , 50. , 2dz  and 250.kx   (Fig.2).

These amplitudes are found much smaller (quite explicit in the measure of

magnitudes for c = 5.7 in both the figures) than those of Fig.1. At the highest

value of c = 6.5 (otherwise for the highest value of ion drift) corresponding to the

smallest Mach number M = 0.5, the rarefactive solitons appear to vanish. The

drifting effect of the non-thermal ions is found to play the distinctive role in this

plasma scenario rather than the number of dust charges dz .

Fig.3. Growth of rarefactive solitons amplitude with respect to   for fixed values of Q = 0.25,

M = 1.4, 150. , 2
d
z  and k

x
 = 0.45.

Fig.4. Growth of rarefactive soliton's amplitude with respect to Q for fixed values of r =0.45,
M = 1.4, 50. , 2

d
z , k

x
 = 0.45 corresponding to 150.  (dashed line), 250.  (dotted line)

and 350.  (solid line).
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The amplitudes of the rarefactive supersonic solitons are found to increase at

the increase of the non-thermal parameter   for all r = 0.45, 0.50, 0.55 when

150. , 250.Q  , 450.kx   and 2dz  (Fig.3). The non-thermal distributions

of drifting ions [19] serve as a booster for the parameter c (due to truncation)

to the growth of high amplitude rarefactive solitons in support of  . Further the

small number of dust charge 2dz  also justifiably helps the solitons to move

at supersonic speed M = 1.4.

The supersonic (M = 1.4) rarefactive solitons considerably and concavely

increase from small amplitude with the increase of the ion to dust density ratio

Fig.5. Amplitude profile of rarefactive solitons with respect to ion drift 0
  for fixed values

of Q = 0.15, r = 0.55, 250. , 50. , 2
d
z , k

x
 = 0.5 corresponding to M = 1.4 (solid line),

M = 1.3 (dashed line), M = 1.2 (dotted line).

Fig.6. Amplitude profile of rarefactive solitons with respect to ion drift 0
  for fixed values

of Q = 0.15, r = 0.55, 250. , 50. , 2
d
z , k

x
 = 0.25 corresponding to M = 0.8 (solid line),

M = 0.75 (dashed line), M = 0.7 (dotted line).
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Q for 450.r  , 50. , 2dz , 450.kx   for various values of   (Fig.4). In the

lower range of Q (Fig.4), slightly distinct amplitude of rarefactive solitons are seen

produced at the increase of 150. , 0.25, 0.35 to some extent. But for high

amplitude rarefactive supersonic solitons this distinction disappear when Q in-

creases, since for the existence of rarefactive solitons the number dust charge is

very small, so increase in Q basically means increase in ion density. Otherwise,

increase in non-thermal ion density appears to produce rarefactive solitons of same

amplitude for different temperatures  .

The amplitude variation of rarefactive solitons with ion drift vo corresponding

to supersonic Mach number M = 1.4, 1.3, 1.2 is nicely represented (Fig.5) for

Fig.7. Growth of rarefactive solitons' amplitudes with respect of   for fixed values of r = 0.45,

M = 1.4, 50. , 2
d
z  and k

x
 = 0.5.

Fig.8. Profile of amplitude of rarefactive solitons with respect to M for fixed values of r = 0.55,
58

0
. , 250. , 50. , 2

d
z , k

x
 = 0.5 corresponding Q = 0.35 (solid line), Q = 0.25 (dashed

line), Q = 0.15 (dotted line).
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fixed values of the other parameters 150.Q  , 550.r  , 50. , 2dz , 50.kx  .

The concave but increasing growth of amplitude of the rarefactive solitons for all

M (>1) exhibits its distinct character. Smaller the Mach number (e.g., for M = 1.2),

smaller is the amplitude of the solitons throughout the range of 0 .

Almost similar growth pattern of amplitudes of rarefactive subsonic solitons with

respect to ion drift 0  ( 51558 0 ..  ) is reflected (Fig.6) for all values of the Mach

number M = 0.8, 0.75, 0.7 when Q = 0.15, r = 0.55, 250. , 50. , 2dz ,

250.kx  . For subsonic speeds of solitons only the amplitudes are found to be slightly

higher than those of Fig.5. To speak the truth, there is no basic difference of the

characteristic results of Fig.5 and Fig.6 except in magnitudes of the rarefactive solitons.

Of course, corresponding to higher drifts, this difference marginally narrows down for

all M. For fixed values of the ion to dust density ratios, the amplitudes of the

rarefactive solitons are seen to linearly decrease at the changes of temperature 

(Fig.7) when 450.r  , 50. , 2dz , 50.kx   and M = 1.4 (supersonic). Of

course, the amplitude increases at the increase of Q (Fig.7) subject to constant variation

always. For each mass ratio Q = 1.5, 2.5, 3.5, the amplitudes of the rarefactive solitons

are found to increase with M under slight nonlinearity for fixed values of the

parameters 580 . , 550.r  , 250. , 50. , 2dz  and 50.kx   (Fig.8). The

increase in the number of dust particles results in the decrease of the amplitude of

the solitons that is clearly shown in Fig.9. This dynamical scenario indicates that

the mass of the dusts should decrease in the plasma to generate higher amplitude

solitons. This present study could be of interest in laboratory as well as space plasma

Fig.9. Sagdeev potential )(V  versus amplitude   of rarefactive solitons for fixed values of

Q = 0.25, r = 0.45, 150. , 50. , k
x
 = 0.18, c = -5.56667 and M = 1.2 corresponding to the

different values of 2
d
z , 3, 4, 5.
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where non-thermal electrons interacted with dust grains in presence of ions (new

classical distribution of ions [23]).
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ÏÛËÅÂÛÅ ÈÎÍÍÛÅ ÀÊÓÑÒÈ×ÅÑÊÈÅ ÑÎËÈÒÎÍÍÛÅ
ÂÎËÍÛ Â ÏËÀÇÌÅ Ñ ÝËÅÊÒÐÎÍÀÌÈ Ñ
ÐÀÑÏÐÅÄÅËÅÍÈÅÌ ÊÝÐÍÑÀ È ÍÎÂÛÌ

ÊËÀÑÑÈ×ÅÑÊÈÌ ÐÀÑÏÐÅÄÅËÅÍÈÅÌ ÈÎÍÎÂ

Á.×.ÊÀËÈÒÀ1, Ð.ÊÀËÈÒÀ2, Ñ.ÄÀÑ3

Â ïëàçìå ñ îòðèöàòåëüíûì ïûëåâûì çàðÿäîì ñ íîâûì êëàññè÷åñêèì

ðàñïðåäåëåíèåì íåòåïëîâûõ èîíîâ è ýëåêòðîíîâ ñ ðàñïðåäåëåíèåì Êýðíñà,

êàê ñâåðõçâóêîâûõ, òàê è äîçâóêîâûõ, ñóùåñòâóþò òîëüêî ðàçðåæåííûå

ñîëèòîíû. Ïî-âèäèìîìó, ìîæíî ñäåëàòü âûâîä, ÷òî ñîëèòîíû ïåðåñòàþò

ñóùåñòâîâàòü ïðè óâåëè÷åíèè c. Ñâåðõçâóêîâûå (M = 1.4) ðàçðåæåííûå

ñîëèòîíû ñ ìàëîé àìïëèòóäîé çíà÷èòåëüíî è ïîëîãî óâåëè÷èâàþòñÿ ñ ðîñòîì

îòíîøåíèÿ ïëîòíîñòè èîíîâ ê ïëîòíîñòè ïûëè Q äëÿ ðàçëè÷íûõ òåìïåðàòóð

 . Ïîëîãûé ðîñò àìïëèòóäû ðàçðåæåííûõ ñîëèòîíîâ äëÿ âñåõ M (>1) èìååò

ñâîé îò÷åòëèâûé õàðàêòåð. ×åì ìåíüøå ÷èñëî Ìàõà (íàïðèìåð, ïðè Ì = 1.2),

òåì ìåíüøå àìïëèòóäà ñîëèòîíîâ âî âñåì äèàïàçîíå 0  (äðåéô èîíîâ).

Îáíàðóæåíî, ÷òî àìïëèòóäû ðàçðåæåííûõ ñâåðõçâóêîâûõ ñîëèòîíîâ ðàñòóò ñ

óâåëè÷åíèåì íåòåïëîâîãî ïàðàìåòðà   äëÿ âñåõ r ( 00 ie nn ). Äèíàìè÷åñêèé

ñöåíàðèé ýòîé ìîäåëè óêàçûâàåò íà òî, ÷òî ìàññà ïûëè äîëæíà óìåíüøàòüñÿ

â ïëàçìå äëÿ ãåíåðàöèè ñîëèòîíîâ áîëåå âûñîêîé àìïëèòóäû.

Êëþ÷åâûå ñëîâà: ñîëèòîííûå âîëíû: ýëåêòðîíû  ñ ðàñïðåäåëåíèåì Êýðíñà:

     íîâîå êëàññè÷åñêîå ðàñïðåäåëåíèå èîíîâ
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The paper deals with the investigations of the behaviour and physical acceptability of the
spatially homogeneous and isotropic FLRW space-time filled with pressureless matter and Rényi
holographic dark energy under the Hubble's IR-cutoff in the framework of f (T, B) gravity. We have
calculated some cosmological parameters to study the astrophysical consequences of the constructed
model. We discussed their behaviour during the cosmic evolution, in particular, the statefinder and
EoS parameters. It is found that the constructed Rényi holographic dark energy model travels from
Phantom, CDM , and lastly enters & remains in Quintessence dark energy era with the increase
in redshift.

Keywords:  BTf  ,  gravity: Renyi holographic dark energy: Hubble's cutoff: redshift

1. Introduction. Cosmology aims to comprehend the universe on a large

scale. Over recent years, one of the greatest challenges faced by cosmologists is

to explain the nature and mechanism of cosmic acceleration [1-3], which has been

confirmed by some observational data such as type Ia supernova [4-7], baryon

acoustic oscillations (BAO) [8], weak lensing  [9] and large scale structure (LSS)

[10-12] etc. One of the key issues in modern cosmology and high-energy

theoretical physics has been determining the phenomenological explanation of

cosmic acceleration [13]. The dark energy (DE), which makes up 68.3% of the

exotic component and possesses negative pressure, is what drives the expansion

of the universe [14-17]. Modified theories of gravity offer an alternate way to study

the cosmos and its accelerating expansion. A few suitable properties of modified

theories of gravity are found in [18]. With modifications to the Einstein-Hilbert

action, several researchers have constructed many cosmological models in modified

theories of gravity, including  Rf  gravity [19-24],  Tf  gravity [25-30],  TRf  ,

gravity [31-33],  BTf  ,  gravity [34-36] etc. A comprehensive overview of modified

theories of gravity was already given by Nojiri et al. [37]. Recently, Shankaranarayanan

and Johnson [38] discussed modified theories of gravity: why, how and what. Also,

Olmo et al. [39] provided the models of stellar structure in modified theories of

gravity with their challenges and lessons.
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The holographic dark energy (HDE), one of numerous dynamical DE models,

has recently emerged as a viable tool for investigating the DE conundrum. The

proposal was based on the quantum properties of black holes, which have been

extensively researched in the literature [40,41] to study quantum gravity. The

particle horizon [42], Hubble's horizon 
1H  [43,44], conformal-age-like [45],

Granda-Oliveros [46,47], Ricci scalar radius [48] and event horizon [49] are the

different kinds of IR-cutoffs that have been used in HDE models in explaining

accelerating cosmic expansion which is compatible with the present astronomical

data. Presently, to discuss various cosmological phenomena, the Rényi, Tsallis and

Sharma-Mittal HDE models have been proposed [50,51]. These HDE models have

been examined under different IR-cutoffs by many eminent researchers [52-55]

etc. Recently, Nojiri et al. [56,57] showed that barrow entropic DE and different

faces of DE like Tsallis entropic DE, the Rényi entropic DE, and the Sharma-

Mittal entropic DE all can be regarded as different candidates for the generalized

HDE family, with respective holographic cutoffs. Additionally, Nojiri & Odintsov

[58,59] proposed the generalized HDE model where the IR-cutoff is identified with

the combination of the FRW universe parameters like the Hubble rate, particle

and future horizons, cosmological constant, the universe lifetime (if finite) and

their derivatives.

In recent studies, many cosmologists have constructed Rényi HDE models in

different modified gravity theories. Recently, Bharali and Das [60] constructed a

modified Rényi HDE cosmological model in  TRf  ,  theory of gravity. Also,

Wankhade et al. [61] developed Rényi HDE cosmological model in  Rf  gravity

with Hubble's IR-cutoff. Alam et al. [62] examined Rényi HDE and its behaviour

in  Gf  gravity. Bhardwaj et al. [63] established Rényi HDE models in teleparallel

gravity under Hubble's cutoff etc.

In this paper, we have taken up our study of the cosmological model in the

framework of  BTf  ,  gravity. The  BTf  ,  gravity has been established by

Bahamonde et al. [64] as the precise relationship between very popular  Rf  and

 Tf  gravity. In this new theory, the boundary term B is taken into account,

which is the difference between the Ricci scalar R and torsion scalar T given by

R = -T + B. This relation between R, T and B is regarded as one of the basic

equations of general theory of relativity and its teleparallel equivalent. Bahamonde

et al. [65] explored the validity of laws of thermodynamics, and Zubair et al. [66]

derived the energy constraints for de Sitter (exponential), power-law, CDM  and

Phantom models, in the framework of  BTf  ,  gravity. Bahamonde and Capozziello

[67] adopted the Noether symmetry approach to study dynamical systems and

explored cosmological solutions. Capozziello et al. [68] derived gravitational waves

(GW's) for  BTf  ,  gravity and obtained the different polarization states of GW's.

Paliathanasis and Leon [69] investigated the dynamics of  BTf  ,  gravity in a
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spatially flat Friedmann-Lemaitre-Robertson-Walker (FLRW) universe, by apply-

ing the approach which is more general than that of Hubble's normalization and

they found that Minkowski space-time as an exact solution for the field equation

described by a stationary point. Rivera et al. [70] explored the possibility of using

cosmographic parameters in terms of the derivatives of scale factor as tools for

investigating the behaviour of cosmological models in  BTf  ,  gravity.

Motivated by the above discussion, in this paper, we investigate the physical

acceptability of the Rényi HDE model in  BTf  ,  gravity under Hubble's IR-cutoff

by considering the scale factor obtained by Pawar et al. [71]. The paper has been

organized as follows: In section 2, we present the general framework of  BTf  ,

gravity in brief. The metric and field equations are given in section 3. In section

4, we obtain the solutions of field equations. We discuss the physical acceptability

of the  BTf  ,  Renyi HDE model under Hubble's IR-cutoff in section 5. At the

end, conclusions are presented in section 6.

2. The framework of f  (T, B) gravity. In this section, we discuss the

basic notions of  BTf  ,  gravity and its field equations as per the description given

in [64,67].

The action for  BTf  ,  gravity is given as

 
, 

 , 4

2 







 xdL

k

BTf
eS m (1)

where  BTf  ,  is the function of the torsion scalar T and of the boundary term

  eeTB 
 2 . L

m
 is the matter Lagrangian, Gk  82 , G is the Newtonian

gravitational constant, and the speed of light c is taken as 1. Here e represents

the determinant of tetrad,  ie  i.e., gee i   ; T  is the torsion vector given

by 
 TT , where the torsion tensor 

T  is the antisymmetric part of Weitzenbocks

connection ii eW    defined as

iiiii eeWWT   (2)

The contorsion tensor is the difference between the Levi-Civita and Weitzenbocks

connection and is defined by

 . 
2

1 









  TTTK (3)

A new tensor, 
S , is constructed from the torsion and contorsion tensors for

a better understanding of the definition of the scalar equivalent to the curvature

scalar of Riemannian geometry as follows,

 . 
2

1 









 � TTKS (4)

The torsion scalar T which is similar to the scalar curvature R in GTR is defined
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by

. 



 TST (5)

The scalar curvature R and the torsion scalar T are connected by the relation,

. BTR  (6)

By varying the action given in the equation (1) w.r.t. the tetrad field, the field

equations are obtained as

   
, 164

4422
































eefSTef

feSeSffeeBffefe

T

Ti
i

TBBBB

(7)

where 



  i

ie  is the standard energy-momentum tensor.

3. Metric and field equations in f(T, B) gravity. We consider the

spatially flat FLRW line element in the form:

   , 222222 dzdydxtadtds  (8)

where a(t) is the scale factor of the universe.

Then the set of diagonal tetrads related to the metric (8) is

        ,  ,  ,  1,diag tatataei  (9)

The determinant of a matrix (9) is

 . 3 tae  (10)

The components of field equation (7), the Ricci scalar R, the torsion scalar T

and boundary term B, for the line element (8) are calculated in [65-67] as

  , 
2

1
33233 22  kffHfHffH BBTB
 (11)

   , 
2

1
2233 22 pkfffHffHH BTTB   (12)

, 612 2 HHBTR  (13)

, 6 2HT  (14)

 , 36 2HHB   (15)

where aaH   is the Hubble's parameter and the overhead dot represents the

differentiation w.r.t. the cosmic time t.

We consider the matter distribution as a combination of pressureless matter

and isotropic DE in the form

    , DEm
  (16)

where  m
  and  DE

  are the energy-momentum tensors of pressureless matter
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and isotropic DE, respectively, given by

  ,   uum
m

(17)

    ,   gpuup DEDEDE
DE

(18)

where m  is the matter-energy density, DE  and DEp  are respectively the energy

density and pressure of HDE fluid,  1 0, 0, ,0u , where u  is the four-velocity

vector of the fluid with 1
uu .

The EoS parameter of HDE is defined as

. 
DE

DE
DE

p


 (19)

Parameterization of the energy-momentum tensor of dark energy  DE
  leads to

         ,  , , ,1 DEzDEyDExDE
DE  (20)

where  xDE ,  yDE ,  zDE  are the directional EoS parameters on x, y and

z  axis respectively.

Then the field equations (11) and (12) with the energy-momentum tensor (16)

(for 12 k ) become

    , 
2

1
33233 2

DEmBBTB ffHfHffH   (21)

   , 
2

1
2233 2

DEDEBTTB fffHffHH   (22)

We consider the  BTf  ,  gravity model of the form [34,67] as

  ,  , nm TBBTf  (23)

where  ,  , m and n are constants.

For this model it was already shown in [72] that for m < 0, the Friedmann

equations will be affected mostly in the accelerating late-time universe, whereas

the same situation will be for m > 0 at early time, when boundary contribution

is zero.

By the use of (23), the field equations (21) and (22) becomes

   

  DEm
nm

mmnm

TB

BHmBHBmmTnBmH



 

2

1

313233 12112 

(24)

       

    . 
2

1
1

2112233

2

232112

DEDE
nmm

mnnm

TBBBmm

BBmmmTHTnnTnBmHH













(25)
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Using (14) and (15) in (24) and (25) we obtain

         
   nn

mm
DEm

Hn

HHHmHHHHHm

21

22221

6213

633613







 
(26)

       
    

     . 32126

3362

663
316

2221

322

22
321

HHnHn

HHHHHmm

HHHHHHm
HHm

nn

mm
DEDE































(27)

4. Solutions of the field equations. In order to solve the field equations

completely, we consider the power law relation of an average scale factor a as

described by Pawar et al. [71] as

















21

2ta (28)

where   and   are constants.

Using (28), the metric (8) becomes

 . 222

1

222 dzdydxtdtds 















(29)

The metric potential of this model assumes a constant value at t = 0 and do not

vanish for any t and 0 , 0 . Hence the model is free from any type of

singularities for finite values of t.

Now, we define and calculate some cosmologically important physical and

kinematical parameters.

The spatial volume V is

. 

23

23















 taV (30)

The average Hubble's parameter H is

  , 
3

1
2321



t

t

a

a
HHHH


(31)

where H
1
, H

2
, H

3
 are the directional Hubble's parameters.

The mean anisotropy parameter A
m
 is

, 01
3

1 3

1

2














i

i
m

H

H
A (32)

because H
i
 = H = a, for i = 1, 2, 3.

The expansion scalar   and the shear scalar 2  are respectively, obtained as
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, 
3

3
2 ;


 


t

t
Hu (33)

. 0
2

3 22  HAm (34)

The deceleration parameter q is obtained as

. 1
1

1
22 taH

a

Hdt

d
q





(35)

The expressions (28), (30), (31), (33) and (35) show that the a, V, H,   and

q are all time-dependent. The scale factor, spatial volume and deceleration

parameter have non-zero constant values, whereas Hubble's parameter and expan-

sion scalar have zero values, at t = 0. Thus the universe starts to expand with a

very small constant volume which increases with time, which is very clear from

Fig.1. Furthermore, from expression (35) it is observed that the decelerating or

accelerating phase of cosmic expansion depends upon the values of   and  .

We obtained the accelerating expansion of the universe for    21- t . The graph

of the deceleration parameter versus cosmic time is depicted in Fig.2. It is observed

from the figure that 1q  for t = 0, and it increases with time and becomes

constant at nearly -0.5 (approx.), which shows the accelerating expansion of the

universe throughout the evolution.

From the above respective expressions the Hubble's parameter and the expan-

sion scalar seem to be decreasing functions of cosmic time. Additionally, the mean

anisotropy parameter and the shear scalar are zero throughout the evolution of

the universe, which describes that the universe is isotropic and shear-free.

On solving (26) and (27) with the use of (31), we obtain the matter-energy

density and the EoS parameter of DE in terms of the energy density of DE in

the form.

Fig.1. Variation of a spatial volume V vs cosmic time t for 50.  and 0050. .
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(36)

    

 

        
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(37)

Diagnostic statefinder parameters:

The pair of state finder parameters {r, s} is defined in [73] and their values

are obtained as follows:

    
, 

213
211

23 taH

a
r





(38)

 
   

 
. 

232

21332

3

2

213

1
2

2




















t

t

q

r
s (39)

For different DE models, the different sets of values of the pair are mentioned

Fig.2. Variation of a deceleration parameter q vs cosmic time t for 50.  and 0050. .
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below:

- For CDM  model: (r = 1, s = 0),

- For SCDM model: (r = 1, s = 1),

- For HDE model: (r = 1, s = 2/3),

- For CG model: (r > 1, s < 0),

- For Quintessence model: (r < 1, s > 0).

Fig.3 depicts the variation of state finder parameter s versus cosmic time t

for 50.  and 0050. . It is observed that the parameter s lie between 0.1

and 0.35 throughout the evolution of the universe. However, for the above

mentioned values of   and   we get the value of a parameter r = 0 for all t.

Thus the model so derived here is the Quintessence model.

In the next section, we consider Rényi holographic DE as a candidate of DE's

and discuss the physical acceptability of the corresponding model under Hubble's

IR-cutoff.

5. Physical acceptability of Rényi HDE model with Hubble's IR-

cutoff. The energy density of Rényi HDE formulated in [74] is as follows:

  12

2

2

1
8

3 



 L

L

d
DE (40)

with the constants d and  .

Here, we consider the candidate for the IR-cutoff as Hubbles horizon i.e.
1 HL .

So from (40), the Rényi HDE density under the Hubble horizon cutoff is

obtained as

. 1
8

3
1

2

22 








 















H

Hd
DE (41)

Fig.3. Variation of statefinder parameter s vs cosmic time t  for 50.  and 0050. .
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Now we use the relation between the average scale factor and the redshift z , which

is given by

  . 1 1 za (42)

The equations (28) and (42) yield the time-redshift relation as

   . 1
21221   zt (43)

Thus, with the use of (43), we obtain the Hubble's parameter in terms of z  as

     . 11
212223   zzH (44)

Using (44) in (41), we get the energy density of Rényi HDE under Hubble's cutoff

as

    
    

. 
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

zz

zzd
DE (45)

The graphical behaviour of the energy density of Rényi HDE under Hubble's IR-

cutoff versus redshift for the appropriate choice of constants is depicted in Fig.4,

in which it is observed that the energy density of Rényi HDE increases with an

increase in redshift throughout the evolution.

From (36) and (37), with the use of (43) and (45), we obtain the energy

density of pressureless matter and the EoS parameter of Rényi HDE under the

Hubble's cutoff respectively as

Fig.4. Variation of Rényi HDE density with Hubble's IR-cutoff vs redshift for d = 2, 50. ,

0050.  and 6 .
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The graphical behaviour of the EoS parameter of Rényi HDE density with

Hubble's IR-cutoff versus redshift for the appropriate choice of constants is shown

in Fig.5. From the figure it is observed that we live in a phantom-dominated

Fig.5. Variation of EoS parameter of Rényi HDE density with Hubble's IR-cutoff vs redshift
for d = 2, 50. , 0050. , 6 , 10. , 010. , m = 0.001 and n = 1.
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universe since the constructed model corresponds to 1DE  for 2501 .z  .

Later on, it is also observed that 1DE  for 250.z   which demonstrates that

the universe passes through CDM  epoch and lastly for all z.  250  the universe

enters in Quintessence era i.e. 1DE  and remains in the Quintessence DE

region, since the EoS parameter lies in 820900 .. DE   which is relatively

close to CDM  region. These observations are fairly supported by [60,62,75,76].

For a late epoch the statefinder diagnostic parameters validated the observation.

6. Conclusions. In this work, authors have investigated the behaviour of the

Rényi HDE model in  BTf  ,  gravity under the Hubble's IR-cutoff by considering the

power law form of an average scale factor obtained by Pawar et al. [71]. We have

considered the spatially flat FLRW cosmological model and the   nm TBBTf  ,

gravity formalism. The physical acceptability of the model has been checked with

the help of statefinder diagnostic and the EoS parameter of the model. The values

of some physical and geometrical parameters and their graphical behaviour with

time and redshift are obtained.

From the expressions of cosmological parameters and their graphical behaviour

at 50.  and 0050. , it is observed that the constructed model starts to expand

with a very small constant volume which increases with the increasing cosmic

time. The model experiences an accelerating expansion throughout its evolution.

It is observed that the model is isotropic and shear-free. The values of diagnostic

statefinder parameters (r < 1, s > 0) confirms the constructed model is in Quin-

tessence region.

The energy density of Rényi HDE model under Hubble's IR-cutoff is found

to be increasing with an increase in redshift throughout its evolution. Furthermore,

from the observations of the EoS parameter it is been found that initially, we

live in a phantom-dominated universe, later on for a short period the universe

passes through CDM  epoch and lastly, it enters and remains in the Quintessence

DE era in which the values of EoS parameter are relatively close to CDM

region, which is as expected from the statefinder diagnostics parameter. The results

so obtained are fairly supported by [60,62,75,76]. Thus the derived Rényi HDE

model of the universe under Hubble's IR-cutoff in  BTf  ,  gravity is found

physically acceptable.
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ÔÈÇÈ×ÅÑÊÀß ÏÐÈÅÌËÅÌÎÑÒÜ ÃÎËÎÃÐÀÔÈ×ÅÑÊÎÉ
ÌÎÄÅËÈ ÒÅÌÍÎÉ ÝÍÅÐÃÈÈ ÐÅÍÜÈ ÏÐÈ ÎÁÐÅÇÊÅ

ÕÀÁÁËÀ Â ÃÐÀÂÈÒÀÖÈÈ f (T, B)

Í.Ò.ÊÀÒÐÅ1, Ê.ÏÀÂÀÐ2, À.Ê.ÄÀÁÐÅ3

Ñòàòüÿ ïîñâÿùåíà èññëåäîâàíèþ ïîâåäåíèÿ è ôèçè÷åñêîé ïðèåìëåìîñòè

ïðîñòðàíñòâåííî îäíîðîäíîãî è èçîòðîïíîãî ïðîñòðàíñòâà-âðåìåíè FLRW,

çàïîëíåííîãî ìàòåðèåé áåç äàâëåíèÿ è ãîëîãðàôè÷åñêîé òåìíîé ýíåðãèåé Ðåíüè

ïðè ÈÊ-ïîðîãå Õàááëà â ðàìêàõ ãðàâèòàöèè  BTf  , . Ðàññ÷èòàíû íåêîòîðûå

êîñìîëîãè÷åñêèå ïàðàìåòðû äëÿ èçó÷åíèÿ àñòðîôèçè÷åñêèõ ñëåäñòâèé ïîñòðîåííîé

ìîäåëè. Îáñóæäàåòñÿ èõ ïîâåäåíèå â õîäå ýâîëþöèè, â òîì ÷èñëå, ïàðàìåòðû

îïðåäåëèòåëÿ ñîñòîÿíèÿ è ïàðàìåòðû EoS. Îáíàðóæåíî, ÷òî ïîñòðîåííàÿ ãîëîãðà-

ôè÷åñêàÿ ìîäåëü òåìíîé ýíåðãèè Ðåíüè "ïóòåøåñòâóåò" èç Ôàíòîìà, CDM  è,

íàêîíåö, âõîäèò è îñòàåòñÿ â ýðå òåìíîé ýíåðãèè Êâèíòýññåíöèè ñ óâåëè÷åíèåì

êðàñíîãî ñìåùåíèÿ.

Êëþ÷åâûå ñëîâà: ãðàâèòàöèÿ  BTf  , , ãîëîãðàôè÷åñêàÿ òåìíàÿ ýíåðãèÿ

Ðåíüè, îáðåçàíèå Õàááëà, êðàñíîå ñìåùåíèå
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INDUCED ELECTROMAGNETIC RADIATION
FROM A CHARGED CLOUD IN A PLANE

GRAVITATIONAL WAVE

V.EPP1, K.OSETRIN1,2
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For the perturbative model of a plane gravitational wave on a flat background of Minkowski
space-time, electromagnetic radiation from a charged cloud in the field of a gravitational wave,
detected by a remote observer, was found. It is shown that the charge density in the cloud does
not change, and the radiation is generated by currents induced by the gravitational wave. The angular
distribution of the radiation is obtained. If the refractive index of the cloud medium is greater than
unity, Cherenkov-type radiation is generated.

Keywords: gravitational wave: charged cloud: plasmas: electromagnetic radiation:

     Cherenkov radiation

1. Introduction. Currently, significant research efforts are being made to

develop methods for direct detection of gravitational waves. These efforts culmi-

nated in the successful registration of gravitational waves and the beginning of a

new scientific field of research - gravitational wave astronomy [1-3]. However,

direct detection of long-length gravitational waves faces certain difficulties. This is

especially true for primordial gravitational waves, which can have long wavelengths

and also correspond to the equations of modified theories of gravity [4-10].

Therefore, the study of the alternative models for detecting gravitational waves that

make it possible to observe gravitational waves by indirect methods is relevant.

In particular, a number of works are devoted to the interaction of gravitational

waves with electromagnetic fields and with charged particles. The basic idea is that

gravitational waves can accelerate charged particles, which should result in elec-

tromagnetic radiation. The methods for calculating this radiation and, accordingly,

the calculation results are very different. In one of the first works devoted to this

topic [11], a method of successive approximations for solving Maxwell's equations

for a point charge in the field of a spherical gravitational wave was proposed. A

similar method is used to evaluate the interaction of a charged particle with a

plane gravitational wave [12]. It has been shown that charged particles can

transform the energy of a gravitational wave into electromagnetic radiation. Boughn
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[13] has solved the Maxwell equations for a point charge in the metric of a plane

gravitational wave, expanding the electromagnetic field potential into spherical

harmonics. The coefficients of this expansion are analysed using numerical

methods. It is shown that the total radiation intensity summed over harmonics

diverges. Methods for eliminating this divergence are proposed. The emission of

a relativistic point charge colliding with a plane gravitational wave was studied by

Sasaki and Sato [14] also using the method of successive approximations. It is

shown that a charge radiates into a narrow cone in the direction of its motion.

And again, in the direction of propagation of the gravitational wave, the intensity

of the charge radiation diverges. As we can see, most authors encounter difficulties

associated with divergences of various kinds when calculating the electromagnetic

field of a point charge in the metric of plane gravitational wave. A number of

papers are related to the construction of integrable exact models of gravitational

waves, including models of primordial gravitational waves [15-20].

In this paper, we study the electromagnetic radiation of a continuously

distributed charge in a cloud of dust or plasma, which is affected by a plane

gravitational wave. The gravitational wave deforms the cloud in a known way. It

is shown that the charge density in the cloud does not change, but the deformation

of the cloud induces periodically changing currents that generate electromagnetic

radiation. The properties of this radiation were studied depending on the dielectric

constant of the cloud medium. It is shown that, under certain conditions, a

gravitational wave can induce Cherenkov radiation from a plasma cloud.

2. A cloud of charged particles in the gravitational wave. Let a

plane gravitational wave incident on a cloud with uniformly distributed charge. We

take metric the gravitational wave in the form

, 1,   hhg (1)

 , exp 


  xiah (2)

where 
  is the Minkowsky space metric and a  is the wave amplitude. In

the transverse-traceless gauge a  can be written as






















0000

00

00

0000

ab

ba
a (3)

for a wave travelling in the 3x -direction.

Let us consider the deformation of a charged cloud under the influence of

a gravitational wave. We will assume that the cloud is of cylindrical shape and
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the axis of the cylinder coincides with the direction of wave propagation. The time

dependance of the particles positions we find as solution to the geodesic equation

with 4-velocity u

. 0







uu
d

du
(4)

In the same coordinates as used in (3), let them be  , the solution to geodesic

equation reads  0 0, 0, ,cu    . Hence, the space 3-vector i  (i = 1, 2, 3) is

constant. Next, we introduce the spatial coordinates i , which represent the physical

separation of nearby particles in the gravitational wave (see for example [21])

. 3 2, ,1 ,, 
2

1
 kih ki

k
ii

(5)

For simplicity, we will assume that the gravitational wave is polarized so that in

the tensor (3) b = 0. Substituting 
i
kh  into the last equation, we find that in the

plane orthogonal to the wave vector of the gravitational wave, the particle

coordinates, expressed in units of length, vary as [21]

  , cos
2

1 311








 ct

a
(6)

  , cos
2

1 322








 ct

a
(7)

. 33  (8)

The constant vector  321  , ,   labels the initial position of the particle,
0ct  is the time coordinate. The vector field of particle velocities has the form

   . sin0 ,- ,
2

321  ct
a

v (9)

Accordingly, the electric current density in the cloud is equal to vj . Variation

of the charge density in the cloud we find from the continuity equation [22]

    , 0
21

 



jgg (10)

where g is the determinant of the metric tensor. Eq. (3) shows that g differs from

minus one by terms of second order of smallness in h. Hence, up to the first

order in h, the continuity equation reads

  . 0div 




t

v (11)

We look for a solution for   in the form of a Fourier series expansion in time.

As a result, we get const .

Thus, the effect of a gravitational wave on a cloud is that the charges are

displaced in a plane orthogonal to the direction of propagation of the wave, the
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charge density does not change, but the current distributed in the cross section

of the cloud is induced according to the law (9). This alternating current can be

expected to generate electromagnetic radiation.

If we restrict ourselves to the first order approximation in h, then the further

calculation of the electromagnetic field produced by currents and the propagation

of electromagnetic waves can be carried out as for the flat space with the metric

 . This can be seen, for example, from the following reasoning. Maxwell's

equations in a gravitational field can be written as equations in a material medium

with a certain dielectric and magnetic permeabilities [22]. These characteristics of

the medium are expressed through the determinant of the metric tensor. However,

as we have already noted, the determinant of the metric tensor (1) is equal to

minus one up to terms of order 2h . Therefore, in the linear approximation in

h, Maxwell's equations in the metric (1) coincide with Maxwell's equations in flat

space.

3. Radiation from the charged cloud. At large distances from the region

where the radiation is generated, the electric field of the radiation is set only by

the vector potential  t ,rA  [22]

  , eeAE   (12)

where e is the unit vector in the direction of radiation, the dot denotes the time

derivative. The vector potential is determined by the current density at a delayed

moment in time

. 
1 0

0
 












 
 dV

cc

R
t

cR

re
jA (13)

Here R
0
 is the distance from the center of the cloud to the observer,   is the

dielectric constant of the medium in the cloud, r is the radius vector of the volume

element dV. We wrote the fraction R
0
/c without dielectric constant, because we

believe that R
0
 is much larger than the size of the cloud and the radiation

propagates from the cloud to the observer in a vacuum.

Let us represent the vector potential in the spherical coordinate system (R
0
,

 ,  ) as   AAAR  , ,A . Obviously, RA  is not included in the formula (12),

so it is enough to calculate A  and A . The current density components in the

spherical coordinate system are equal

, sincoscoscos 21  jjj (14)

. cossin 21  jjj (15)

Substituting the current density vj  into equation (13) in accordance with

equation (9) and integrating over the volume, we obtain
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Here  zJ 2  is the Bessel function, n  is the refractive index, r
0
 and L are

the radius and the length of the cloud respectively. We see that the frequency

of radiation is the same as the frequency of gravitational wave.

When integrating over volume in equation (13), we have neglected the variation

of the cloud surface with time. The amplitude of this variation is proportional

to h, however, the current density  tj  is already proportional to h. So the

pulsation of the cloud surface adds a second-order correction to the integral.

It follows from (12) that   AE , 0E . Finally, we calculate intensity

of radiation as time-dependent intensity averaged over period
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(18)

To facilitate the analysis of the obtained result, we denote by   the

dimensionless radius of the cloud in units of the gravitational wave length and

by ||  the length of the cloud in the same units. The cloud volume V can also

be expressed in dimensionless units.

. , 
2

, 
2

||
2
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c

r
(19)

Then the radiation intensity will take the form

  
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cos1sin

sin

8 2
222

||
2

242

2253












 nJ

n

n

n
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d
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(20)

The factor 2V  in the numerator of this expression indicates that the radiation

in the cloud is generated coherently. This is a consequence of the fact that the

gravitational wave excites currents in the cloud in a consistent manner. Another

consequence of this fact is the modulation of the angular distribution along the

angle  , which is reflected by the square of the sine in the numerator. In other

words, the radiation pattern is, generally speaking, multi-lobed. There is no

radiation in the direction of propagation of the gravitational wave ( 0 ), since

at 0  the square of the Bessel function tends to zero as 4 .

As can be seen from equation (16), the radiation is polarized in a plane passing

through the cloud axis and the point where the observer is located. This is a

consequence of the fact that we considered a polarized gravitational wave. Naturally,
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in the general case of a monochromatic gravitational wave, electromagnetic

radiation will have elliptical polarization.

Note, that the angular distribution of intensity contains a factor  cos1 n  in

the denominator. If the index of refraction is greater than unity (n > 1), then the

radiation is of Cherenkov radiation type. This could be expected because the

gravitational wave propagates in the cloud faster than the speed of light in this

medium. However, unlike the Cherenkov radiation, expression (20) remains finite

at 0cos1  n . And only at L , as can be seen from equation (18), the

angular distribution of radiation degenerates into a delta function. Radiation in this

case is confined within the Cherenkov cone with the opening angle c , such that
1cos  nc  and propagates outward at the angle c .

4. Discussion. We considered a very simple model of the interaction of a

gravitational wave with charged matter in order to identify the basic properties of

the resulting electromagnetic radiation during the collective motion of charged

particles. In the papers cited in the introduction, only radiation of individual

charged particles was studied.

Since we were mainly interested in the mechanism of electromagnetic radiation

and the properties of this radiation, we do not discuss here the issue of how

widespread clouds of plasma, dust or gas with an uncompensated electric charge

are in interstellar space. We only note that extensive regions with separated charge

can appear at the front of a shock wave during a supernova explosion, in relativistic

jets and  in the vicinity of neutron stars if the star’s rotation axis does not coincide

with the magnetic axis. Also the dust clouds cannot be neglected because dust

particles and electrons move in the gravitational field with the same acceleration,

but he grains of dusty clouds can carry a significant electrical charge [23,24].

In a highly rarefied cloud, when the distance between charged particles is

greater than the radiation wavelength, the particles emit incoherently. In this case,

even a cloud that is neutral on average will generate radiation [13].

The results obtained here are obviously not applicable for opaque clouds when

the frequency of the electromagnetic wave is less than the Langmuir frequency

of plasma oscillations.

5. Conclusion. A perturbative model of radiation from a charged cloud in

a plane gravitational wave is considered. Electromagnetic radiation from a charged

cloud in the field of a gravitational wave, recorded by a remote observer, was found.

It is shown that the charge density in the cloud does not change, and the radiation

is generated by currents induced by the gravitational wave. The angular distribution

of radiation has been found. It is shown that if the refractive index of the cloud

medium is greater than unity, Cherenkov-type radiation is generated.
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ÝËÅÊÒÐÎÌÀÃÍÈÒÍÎÅ ÈÇËÓ×ÅÍÈÅ ÇÀÐßÆÅÍÍÎÃÎ
ÎÁËÀÊÀ, ÈÍÄÓÖÈÐÎÂÀÍÍÎÅ ÏËÎÑÊÎÉ

ÃÐÀÂÈÒÀÖÈÎÍÍÎÉ ÂÎËÍÎÉ

Â.ß.ÝÏÏ1, Ê.Å.ÎÑÅÒÐÈÍ1,2

Äëÿ ïåðòóðáàòèâíîé ìîäåëè ïëîñêîé ãðàâèòàöèîííîé âîëíû íà ïëîñêîì

ôîíå ïðîñòðàíñòâà-âðåìåíè Ìèíêîâñêîãî íàéäåíî ýëåêòðîìàãíèòíîå èçëó÷åíèå

çàðÿæåííîãî îáëàêà â ïîëå ãðàâèòàöèîííîé âîëíû, ðåãèñòðèðóåìîå óäàëåííûì

íàáëþäàòåëåì. Ïîêàçàíî, ÷òî ïëîòíîñòü çàðÿäà â îáëàêå íå ìåíÿåòñÿ, à

èçëó÷åíèå ãåíåðèðóåòñÿ òîêàìè, èíäóöèðîâàííûìè ãðàâèòàöèîííîé âîëíîé.

Ïîëó÷åíî óãëîâîå ðàñïðåäåëåíèå èçëó÷åíèÿ. Ïîêàçàíî, ÷òî åñëè ïîêàçàòåëü

ïðåëîìëåíèÿ ñðåäû îáëàêà áîëüøå åäèíèöû, òî ãåíåðèðóåòñÿ èçëó÷åíèå

÷åðåíêîâñêîãî òèïà.

Êëþ÷åâûå ñëîâà: ãðàâèòàöèîííàÿ âîëíà: çàðÿæåííîå îáëàêî: ïëàçìà:

 ýëåêòðîìàãíèòíîå èçëó÷åíèå: èçëó÷åíèå ×åðåíêîâà
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