


Âûõîäèò ñ 1965ã.
íà ðóññêîì è àíãëèéñêîì ÿçûêàõ

ÊÙµ³·ñ³Ï³Ý ÏáÉ»·Ç³

¶ÉË³íáñ ËÙµ³·Çñ` ².¶.ÜÇÏáÕáëÛ³Ý (Ð³Û³ëï³Ý)

¶ÉË³íáñ ËÙµ³·ñÇ ï»Õ³Ï³ÉÝ»ñ` ì.ä.¶ñÇÝÇÝ (èáõë³ëï³Ý), Ð.².Ð³ñáõÃÛáõÝÛ³Ý (Ð³Û³ëï³Ý)

ä³ï³ëË³Ý³ïáõ ù³ñïáõÕ³ñ` ².².Ð³ÏáµÛ³Ý (Ð³Û³ëï³Ý)

Ä.²É»ëÛ³Ý (üñ³ÝëÇ³), ¶.ê.´ÇëÝáí³ïÇ-Îá·³Ý (èáõë³ëï³Ý), º.Â»ñ½Û³Ý (²ØÜ),

Æ.¸.Î³ñ³ã»Ýó¨ (èáõë³ëï³Ý), î.Úáõ.Ø³Õ³ùÛ³Ý (Ð³Û³ëï³Ý), ².Ø.ØÇù³Û»ÉÛ³Ý

(Ð³Û³ëï³Ý), ´.Ø.Þáõëïáí (èáõë³ëï³Ý), Úáõ.².Þã»ÏÇÝáí (èáõë³ëï³Ý), ².Ø.â»ñ»å³ßãáõÏ

(èáõë³ëï³Ý), º.ä.ä³íÉ»ÝÏá (èáõë³ëï³Ý), ¾.ê.ä³ñë³ÙÛ³Ý (Ð³Û³ëï³Ý), ì.ä.è»ß»ïÝÇÏáí

(èáõë³ëï³Ý), ¶.Ü.ê³ÉáõÏí³Ó» (ìñ³ëï³Ý), ¸.Ø.ê»¹ñ³ÏÛ³Ý (Ð³Û³ëï³Ý), Ø.îáõñ³ïïá

(Æï³ÉÇ³)

Ðåäàêöèîííàÿ êîëëåãèÿ

Ãëàâíûé ðåäàêòîð: À.Ã.Íèêîãîñÿí (Àðìåíèÿ)
Çàìåñòèòåëè ãëàâíîãî ðåäàêòîðà: Ã.À.Àðóòþíÿí (Àðìåíèÿ), Â.Ï.Ãðèíèí (Ðîññèÿ)
Îòâåòñòâåííûé ñåêðåòàðü: À.À.Àêîïÿí (Àðìåíèÿ)

Æ.Àëåñÿí (Ôðàíöèÿ), Ã.Ñ.Áèñíîâàòûé-Êîãàí (Ðîññèÿ), È.Ä.Êàðà÷åíöåâ (Ðîññèÿ),
Ò.Þ.Ìàãàêÿí (Àðìåíèÿ), À.Ì.Ìèêàåëÿí (Àðìåíèÿ), Å.Ï.Ïàâëåíêî (Ðîññèÿ),
Ý.Ñ.Ïàðñàìÿí (Àðìåíèÿ), Â.Ï.Ðåøåòíèêîâ (Ðîññèÿ), Ã.Í.Ñàëóêâàäçå (Ãðóçèÿ),
Ä.Ì.Ñåäðàêÿí (Àðìåíèÿ), Å.Òåðçÿí (ÑØÀ), Ì.Òóðàòòî (Èòàëèÿ), À.Ì.×åðåïàùóê
(Ðîññèÿ), Á.Ì.Øóñòîâ (Ðîññèÿ), Þ.À.Ùåêèíîâ (Ðîññèÿ)

"ÀÑÒÐÎÔÈÇÈÊÀ" - íàó÷íûé æóðíàë, èçäàâàåìûé Íàöèîíàëüíîé àêàäåìèåé íàóê Ðåñïóáëèêè
Àðìåíèÿ. Æóðíàë ïå÷àòàåò îðèãèíàëüíûå ñòàòüè ïî ôèçèêå çâåçä, ôèçèêå òóìàííîñòåé è
ìåæçâåçäíîé ñðåäû, ïî çâåçäíîé è âíåãàëàêòè÷åñêîé àñòðîíîìèè, à òàêæå ñòàòüè ïî îáëàñòÿì
íàóêè, ñîïðåäåëüíûì ñ àñòðîôèçèêîé. Æóðíàë ïðåäíàçíà÷àåòñÿ äëÿ íàó÷íûõ ðàáîòíèêîâ,

àñïèðàíòîâ è ñòóäåíòîâ ñòàðøèõ êóðñîâ.

"²êîÔ²üÆ¼ÆÎ²"-Ý ·Çï³Ï³Ý Ñ³Ý¹»ë ¿, áñÁ Ññ³ï³ñ³ÏáõÙ ¿ Ð³Û³ëï³ÝÇ Ð³Ýñ³å»ïáõÃÛ³Ý

¶ÇïáõÃÛáõÝÝ»ñÇ ²½·³ÛÇÝ ²Ï³¹»ÙÇ³Ý: Ð³Ý¹»ëÁ ïå³·ñáõÙ ¿ ÇÝùÝ³ïÇå Ñá¹í³ÍÝ»ñ ³ëïÕ»ñÇ

ýÇ½ÇÏ³ÛÇ, ÙÇ·³Ù³ÍáõÃÛáõÝÝ»ñÇ ¨ ÙÇç³ëïÕ³ÛÇÝ ÙÇç³í³ÛñÇ ýÇ½ÇÏ³ÛÇ, ³ëïÕ³µ³ßËáõÃÛ³Ý ¨

³ñï³·³É³ÏïÇÏ³Ï³Ý ³ëïÕ³·ÇïáõÃÛ³Ý, ÇÝãå»ë Ý³¨ ³ëïÕ³ýÇ½ÇÏ³ÛÇÝ ë³ÑÙ³Ý³ÏÇó µÝ³·³-

í³éÝ»ñÇ ·Íáí: Ð³Ý¹»ëÁ Ý³Ë³ï»ëí³Í ¿ ·Çï³Ï³Ý ³ßË³ï³ÏÇóÝ»ñÇ, ³ëåÇñ³ÝïÝ»ñÇ ¨ µ³ñÓñ

Ïáõñë»ñÇ áõë³ÝáÕÝ»ñÇ Ñ³Ù³ñ:

 Èçäàòåëüñòâî "Ãèòóòþí" ÍÀÍ Ðåñïóáëèêè Àðìåíèÿ, Àñòðîôèçèêà, 2020

Àäðåñ ðåäàêöèè: Ðåñïóáëèêà Àðìåíèÿ, Åðåâàí 19, ïð. Ìàðøàëà Áàãðàìÿíà 24ã

Ðåäàêöèÿ æ. "Àñòðîôèçèêà", òåë. 56 81 38
e–mail: astrofiz@sci.am



Ð²Ú²êî²ÜÆ Ð²Üð²äºîàôÂÚ²Ü

¶ÆîàôÂÚàôÜÜºðÆ ²¼¶²ÚÆÜ ²Î²¸ºØÆ²

²êîÔ²üÆ¼ÆÎ²

63

ÐÐ ¶²² §¶ÆîàÆÂÚàôÜ¦ Ðð²î²ð²ÎâàôÂÚàôÜ

ºðºì²Ü 2020



ÍÀÖÈÎÍÀËÜÍÀß ÀÊÀÄÅÌÈß ÍÀÓÊ
ÐÅÑÏÓÁËÈÊÈ ÀÐÌÅÍÈß

ÀÑÒÐÎÔÈÇÈÊÀ

63

ÈÇÄÀÒÅËÜÑÒÂÎ “ÃÈÒÓÒÞÍ” ÍÀÍ ÐÀ

ÅÐÅÂÀÍ 2020



²êîÔ²üÆ¼ÆÎ²
À Ñ Ò Ð Î Ô È Ç È Ê À
ÒÎÌ 63 ÔÅÂÐÀËÜ, 2020 ÂÛÏÓÑÊ 1

ISSN - 0571 - 1712

ÏÀÌßÒÈ ÀÊÀÄÅÌÈÊÀ Ä.Ì.ÑÅÄÐÀÊßÍÀ 5

ÏÀÌßÒÈ ÀÊÀÄÅÌÈÊÀ Å.ÒÅÐÇßÍÀ 7

ÄÞÆÈÍÀ ÍÎÂÛÕ ÊÀÍÄÈÄÀÒÎÂ Â ÊÀÐËÈÊÎÂÛÅ ÃÀËÀÊ-
ÒÈÊÈ ÌÅÑÒÍÎÃÎ ÎÁÚÅÌÀ

È.Ä.Êàðà÷åíöåâ, Ï.Ðèåïå, Ò.Öèëõ 9

ÔÎÒÎÌÅÒÐÈ×ÅÑÊÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ ÄÂÓÕ ÃÀËÀÊÒÈÊ Ñ
X-ÑÒÐÓÊÒÓÐÀÌÈ

Â.Ï.Ðåøåòíèêîâ, Ï.À.Òàðàêàíîâ, Ì.Â.Êîñòèíà 21

Î ÐÀÇÌÅÐÀÕ È ÌÀÑÑÀÕ ÑÊÎÏËÅÍÈÉ ÃÀËÀÊÒÈÊ

Ã.Ì.Òîâìàñÿí 31

ÈÑÑËÅÄÎÂÀÍÈÅ ÁÛÑÒÐÎÉ ÏÅÐÅÌÅÍÍÎÑÒÈ ÁËÀÇÀÐÀ OJ 287
Â ÐÀÄÈÎ È ÎÏÒÈ×ÅÑÊÎÌ ÄÈÀÏÀÇÎÍÀÕ

À.Ñóõàðåâ, Ì.Ðÿáîâ, Â.Áåçðóêîâñ, À.Îðáèäàíñ, Ì.Áëåèäåðñ,

Ñ.Óäîâè÷åíêî, Ë.Êåéð, È.Ýãëèòèñ, Ï.Äóáîâñêèé 41

ÏÀÍÎÐÀÌÍÀß ÑÏÅÊÒÐÎÑÊÎÏÈß ÃÀËÀÊÒÈÊ Ñ Î×ÀÃÀÌÈ
ÇÂÅÇÄÎÎÁÐÀÇÎÂÀÍÈß. ÈÑÑËÅÄÎÂÀÍÈÅ SBS0750+603B

Ñ.À.Àêîïÿí, Ñ.Í.Äîäîíîâ, À.Â.Ìîèñååâ, À.À.Ñìèðíîâà 57

ÔÈËÀÌÅÍÒÛ ÊÐÓÏÍÎÌÀÑØÒÀÁÍÎÉ ÑÒÐÓÊÒÓÐÛ È ÏÅÐ-
ÂÈ×ÍÛÅ ÑÊÀËßÐÍÛÅ È ÂÅÊÒÎÐÍÛÅ ÃÐÀÂÈÒÀÖÈÎÍÍÛÅ
ÂÎÇÌÓÙÅÍÈß

È.Ê.Ðîçãà÷åâà, È.Á.Êóâøèíîâà 69

(Ïðîäîëæåíèå íà 4-é ñòð. îáëîæêè)

Å Ð Å Â À Í

À
Ñ

Ò
Ð

Î
Ô

È
Ç

È
Ê

À
Ò

Î
Ì

 
63

Â
Û

Ï
Ó

Ñ
Ê

 
1

20
20



ÑÎÄÅÐÆÀÍÈÅ (ïðîäîëæåíèå)

ÔÎÒÎÌÅÒÐÈ×ÅÑÊÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ ÍÅÊÎÒÎÐÛÕ ÑÈÑÒÅÌ
ÒÈÏÀ W UMa

Ì.È.Íîó, Ì.Ì.Ýëüõàòèá 81

ÈÑÑËÅÄÎÂÀÍÈÅ ÑËÀÁÛÕ ÃÀËÀÊÒÈ×ÅÑÊÈÕ ÓÃËÅÐÎÄÍÛÕ
ÇÂÅÇÄ ÈÇ ÏÅÐÂÎÃÎ ÁÞÐÀÊÀÍÑÊÎÃÎ ÑÏÅÊÒÐÀËÜÍÎÃÎ
ÎÁÇÎÐÀ ÍÅÁÀ. IV. GAIA DR2 ÄÀÍÍÛÅ

Ã.Ð.Êîñòàíäÿí 91

ÏÐÎÃÐÀÌÌÀ MAGREG ÄËß ÎÏÐÅÄÅËÅÍÈß ÂÅËÈ×ÈÍÛ
ÏÐÎÄÎËÜÍÎÉ ÊÎÌÏÎÍÅÍÒÛ ÌÀÃÍÈÒÍÎÃÎ ÏÎËß ÇÂÅÇÄ
ÏÎ ÑÏÅÊÒÐÎÏÎËßÐÈÌÅÒÐÈ×ÅÑÊÈÌ ÍÀÁËÞÄÅÍÈßÌ

È.Ñ.Ñàâàíîâ 103

Ê ÂÎÏÐÎÑÓ Î ÏÐÎÈÑÕÎÆÄÅÍÈÈ ÎÏÒÈ×ÅÑÊÎÃÎ ÈÇËÓ-
×ÅÍÈß Â ÈÌÏÓËÜÑÍÎÉ ÔÀÇÅ ÂÑÏÛØÅÊ dMe ÇÂÅÇÄ. I.
ÎÁÑÓÆÄÅÍÈÅ ÃÀÇÎÄÈÍÀÌÈ×ÅÑÊÈÕ ÌÎÄÅËÅÉ

Å.Ñ.Ìîð÷åíêî 111

ÊÎËÅÁÀÍÈß ÝËËÈÏÑÎÈÄÀËÜÍÛÕ ÑÎËÍÅ×ÍÛÕ ÀÊÒÈÂÍÛÕ
ÐÅÃÈÎÍÎÂ

Ã.Äóìáàäçå, Á.Øåðãåëàøâèëè 131

ÊÎÐÎÍÀËÜÍÛÅ ÄÛÐÛ Â ÏÅÐÈÎÄ ÌÀÊÑÈÌÀËÜÍÎÉ
ÀÑÈÌÌÅÒÐÈÈ 24 ÖÈÊËÀ ÑÎËÍÅ×ÍÎÉ ÀÊÒÈÂÍÎÑÒÈ

Î.À.Àíäðååâà, Â.È.Àáðàìåíêî, Â.Ì.Ìàëàùóê 137

ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÃÎÐß×ÅÃÎ ÊÂÀÐÊÎÂÎÃÎ ÂÅÙÅÑÒÂÀ
ÏÐÈ ÓÄÅÐÆÀÍÈÈ ÍÅÉÒÐÈÍÎ

Ã.Ñ.Àäæÿí 149

ÄÂÀ ÝÔÔÅÊÒÈÂÍÛÕ ÂÛ×ÈÑËÈÒÅËÜÍÛÕ ÀËÃÎÐÈÒÌÀ ÄËß
ÐÅØÅÍÈß ÍÅËÈÍÅÉÍÛÕ ÑÈÍÃÓËßÐÍÛÕ ÓÐÀÂÍÅÍÈÉ
ËÅÉÍÀ-ÝÌÄÅÍÀ

Ê.Ïàðàíä, À.Ã.Êàíãàâàðè, Ì.Äåëõîø 159

Èíäåêñ 70022



CONTENTS

In memory of academician D.M.Sedrakian 5

In memory of academician E.Terzian 7

A dozen new dwarf galaxy candidates in the local volume

I.D.Karachentsev, P.Riepe, T.Zilch 9

Photometric study of two galaxies with X-structures

V.P.Reshetnikov, P.A.Tarakanov, M.V.Kostina 21

On the size and the mass of galaxy clusters

H.M.Tovmassian 31

Research fast variability of blazar OJ 287 in radio and optical ranges

A.Sukharev, M.Ryabov, V.Bezrukovs, A.Orbidans, M.Bleiders,

S.Udovichenko, L.Keir, I.Eglitits, P.Dubovsky 41

Panoramic spectroscopy of galaxies with star formation regions. Study
of SBS 0750+603B

S.A.Hakopian, S.N.Dodonov, A.V.Moiseev, A.A.Smirnova 57

Filaments of the large scale structure and primare scalar and vector
gravitational perturbations

I.K.Rozgacheva, I.B.Kuvshinova 69

Photometric investigation of two W UMa systems

M.I.Nouh, M.M.Elkhateeb 81

Investigation of faint galactic carbon stars from the first Byurakan
spectral sky survey. IV. Gaia DR2 data

G.R.Kostandyan 91

Magreg program for the determination of the longitudinal component
of the stellar magnetic field from spectropolarimetric observations

I.S.Savanov 103

On the issue of the optical radiation origin during impulsive phase of
flares on dMe stars. I. Discussion of gas dynamic models

E.S.Morchenko 111

Oscillations in the elliptical solar active regions

G.Dumbadze, B.Shergelashvili 131

Coronal holes during the period of maximal asymmetry of 24th solar cycle

O.A.Andreeva, V.I.Abramenko, V.M.Malaschuk 137

Characteristics of the hot quark matter with neutrino retention

G.S.Hajyan 149

Two efficient computational algorithms to solve the non-linear singular
Lane-Emden equations

K.Parand, A.G.Kangavari, M.Delkosh 159



Ïàìÿòè àêàäåìèêà Ä.Ì.Ñåäðàêÿíà

Ðåäàêöèÿ æóðíàëà "Àñòðîôèçèêà" è âñÿ íàó÷íàÿ îáùåñòâåííîñòü ïîíåñëè
òÿæåëóþ óòðàòó. Íà 81-ì ãîäó óøåë èç æèçíè èçâåñòíûé àðìÿíñêèé
ôèçèê-òåîðåòèê, àñòðîôèçèê, äåéñòâèòåëüíûé ÷ëåí ÍÀÍ Àðìåíèè, áûâøèé
ãëàâíûé ðåäàêòîð æóðíàëà "Àñòðîôèçèêà", Äàâèä Ìãåðîâè÷ Ñåäðàêÿí.

Ä.Ì.Ñåäðàêÿí ðîäèëñÿ 9-ãî äåêàáðÿ 1938ã. â Åðåâàíå. Ïîñëå îêîí÷àíèÿ
Åðåâàíñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà (ÅÃÓ)  Ä.Ì. Ñåäðàêÿí ïîñòóïèë
íà ðàáîòó â ðîäíîé óíèâåðñèòåò. Åãî ïåðâûå íàó÷íûå ðàáîòû ïîÿâèëèñü
â ãîäû ó÷åáû â àñïèðàíòóðå ïðè Ôèçè÷åñêîì èíñòèòóòå ÀÍ ÑÑÑÐ èì.
Ï.Í.Ëåáåäåâà (1962-1964ãã.), ãäå åãî íàó÷íûì ðóêîâîäèòåëåì áûë Á.Ì.Áîëî-
òîâñêèé. Â äàííûé ïåðèîä èì áûëè ïîëó÷åíû âàæíûå ðåçóëüòàòû, îòíî-
ñÿùèåñÿ äèôðàêöèîííîìó èçëó÷åíèþ ÷àñòèö, ïðîõîäÿùèõ âáëèçè êðàåâ
ýêðàíîâ è âîëíîâîäîâ.

Ïîñëå îêîí÷àíèÿ àñïèðàíòóðû íà÷èíàåòñÿ ïëîäîòâîðíàÿ íàó÷íàÿ
äåÿòåëüíîñòü Ä.Ì.Ñåäðàêÿíà â ÅÃÓ. Çíà÷èòåëüíûõ óñïåõîâ Ä.Ì.Ñåäðàêÿí
äîáèâàåòñÿ â îáëàñòè àñòðîôèçèêè. Åãî èññëåäîâàíèÿ â 1966-1972ãã.
ïîñâÿùåíû ïðîáëåìå âðàùåíèÿ ñâåðõïëîòíûõ íåáåñíûõ òåë. Ñîâìåñòíî ñ
àêàäåìèêîì Ý.Â.×óáàðÿíîì áûëà ïîñòðîåíà òåîðèÿ âðàùåíèÿ çâåçäíûõ
êîíôèãóðàöèé,îïèñûâàåìàÿ îäíîïàðàìåòðè÷åñêèì óðàâíåíèåì ñîñòîÿíèÿ
êàê â íüþòîíîâñêîé, òàê è â ýéíøòåéíîâñêîé òåîðèè.



Ïîñëå çàùèòû äîêòîðñêîé äèññåðòàöèè â 1972ã. Ä.Ì.Ñåäðàêÿí
çàíèìàåòñÿ èçó÷åíèåì ôèçè÷åñêèõ ÿâëåíèé âíóòðè íåéòðîííûõ çâåçä,
ïðåäëàãàåò ìåõàíèçì ãåíåðàöèè ìàãíèòíûõ ïîëåé â ïóëüñàðàõ, èçó÷àåò
äèíàìèêó èõ âðàùàòåëüíîãî äâèæåíèÿ. Èì áûë ïðåäëîæåí ïðèíöèïèàëüíî
íîâûé ìåõàíèçì ðàäèîèçëó÷åíèÿ ïóëüñàðîâ. Áîëåå ïîçäíèå ðàáîòû Ä.Ì.
Ñåäðàêÿíà ïîñâÿùåíû êëàññè÷åñêèì çàäà÷àì êâàíòîâîé ìåõàíèêè. Èì
ïðåäëîæåí íîâûé ìåòîä ðàñ÷åòà õàðàêòåðèñòèê êâàíòîâî-ìåõàíè÷åñêîãî
ðàññåÿíèÿ è ëîêàëèçàöèè ýëåêòðîíà â äâóìåðíûõ íàíîñèñòåìàõ.

Ïëîäîòâîðíîé ÿâëÿåòñÿ òàêæå ïðåïîäàâàòåëüñêàÿ äåÿòåëüíîñòü
Ä.Ì.Ñåäðàêÿíà. Â 1977-1986ãã. è 1994-2013ãã. Ä.Ì.Ñåäðàêÿí âîçãëàâëÿë
êàôåäðó Îáùåé ôèçèêè ÅÃÓ, ãäå ïîä åãî ðóêîâîäñòâîì ìíîãèå åå
ñîòðóäíèêè çàùèòèëè êàíäèäàòñêèå è äîêòîðñêèå äèññåðòàöèè. Âåëèê âêëàä
Ä.Ì. Ñåäðàêÿíà â äåëå ïîâûøåíèÿ ðåéòèíãà ìåæäóíàðîäíîãî æóðíàëà
"Àñòðîôèçèêà", ãëàâíûì ðåäàêòîðîì êîòîðîãî îí ÿâëÿëñÿ â òå÷åíèå 17 ëåò
(2000-2017ãã.).

Çà çíà÷èòåëüíûé âêëàä â ðàçâèòèå îòå÷åñòâåííîé íàóêè Ä.Ì.Ñåäðàêÿí
â 1990ã. áûë èçáðàí àêàäåìèêîì ÍÀÍ Àðìåíèè. Â 1986-1990ãã. îí
ÿâëÿëñÿ àêàäåìèê - ñåêðåòàåì Ïðåçèäèóìà ÀÍ ÀðìÑÑÐ, à â 1990-1994ãã.
- åå âèöå-ïðåçèäåíòîì. Çà áîëüøèå çàñëóãè â íàó÷íîé, íàó÷íî-îðãàíè-
çàöèîííîé è ïåäàãîãè÷åñêîé äåÿòåëüíîñòè Ä.Ì.Ñåäðàêÿí áûë íàãðàæäåí
âûñîêèìè ïðàâèòåëüñòâåííûìè íàãðàäàìè.

Âñåì, êòî çíàë Ä.Ì.Ñåäðàêÿíà, îí çàïîìíèòñÿ â âûñøåé ñòåïåíè
àêòèâíûì, ïðåäàííûì íàóêå, èñêðåííèì è îòçûâ÷èâûì ÷åëîâåêîì.

Ðåäàêöèîííàÿ êîëëåãèÿ
æ. "Àñòðîôèçèêà"



Ïàìÿòè àêàäåìèêà Å.Òåðçÿíà

Ïîñëå ïðîäîëæèòåëüíîé áîëåçíè íà 80-ì ãîäó æèçíè ñêîí÷àëñÿ
èçâåñòíûé àìåðèêàíñêèé àñòðîôèçèê, ïî÷åòíûé ïðîôåññîð Êîðíåëüñêîãî
óíèâåðñèòåòà, èíîñòðàííûé ÷ëåí ÍÀÍ Àðìåíèè, ÷ëåí ðåäêîëëåãèè æóðíàëà
"Àñòðîôèçèêà" Åðâàíä Òåðçÿí.

Å.Òåðçÿí ðîäèëñÿ 9 ôåâðàëÿ 1939ã. â ã. Àëåêñàíäðèÿ (Åãèïåò) â àðìÿíî-
ãðå÷åñêîé ñåìüå. Íà÷àëüíîå îáðàçîâàíèå ïîëó÷èë â àðìÿíñêîé øêîëå â
Êàèðå, ïî îêîí÷àíèè êîòîðîé ïîñòóïèë â Àìåðèêàíñêèé óíèâåðñèòåò. Ïîñëå
îêîí÷àíèÿ óíèâåðñèòåòà ïîëó÷èë ñòåïåíü áàêàëàâðà ïî ôèçèêå è ìàòåìàòèêå.
Ñòåïåíü ìàãèñòðà åìó áûëà ïðèñâîåíà â 1963ã. â ÑØÀ â óíèâåðñèòåòå
Èíäèàíû, à â 1965ã. îí ñòàë äîêòîðîì àñòðîôèçèêè.

Ñ 1965 ïî 1967ãã. Å.Òåðçÿí ðàáîòàë íàó÷íûì ñîòðóäíèêîì â íåäàâíî
ïîñòðîåííîé îáñåðâàòîðèè Àðåñèáî â Ïóýðòî-Ðèêî, ïðè Êîðíåëüñêîì
óíèâåðñèòåòå, ïîñëå ÷åãî ïîñòóïèë â àñòðîíîìè÷åñêèé äåïàðòàìåíò ýòîãî
æå óíèâåðñèòåòà. Â 1977ã. îí ñòàë ïðîôåññîðîì Êîðíåëüñêîãî óíèâåðñèòåòà,
à ñ 1979 ïî 1999ãã. - ðóêîâîäèë ýòèì èçâåñòíåéøèì äåïàðòàìåíòîì.

Å.Òåðçÿí ÿâëÿåòñÿ àâòîðîì è ñîàâòîðîì áîëåå 230 íàó÷íûõ ïóáëèêàöèé,
ðåäàêòîðîì ñåìè êíèã, íàèáîëåå èçâåñòíîé èç êîòîðûõ ÿâëÿåòñÿ "Âñåëåííàÿ
Êàðëà Ñàãàíà". Â ïåðèîä ñ 1989 ïî 1999ã. îí ÿâëÿëñÿ íàó÷íûì ðåäàêòîðîì
æóðíàëà "The Astrophysical Journal". Ñ 2000ã. îí áûë ÷ëåíîì ðåäàêöèîííîé



êîëëåãèè æóðíàëà "Àñòðîôèçèêà".
Îáëàñòü åãî íàó÷íûõ èíòåðåñîâ áûëà øèðîêà. Â ÷èñëå íàèáîëåå âàæíûõ

åãî íàó÷íûõ ðàáîò ñëåäóåò îòìåòèòü èññëåäîâàíèÿ ýìèññèîííûõ òóìàííîñòåé,
ìîëåêóëÿðíûõ îáëàêîâ, ðàäèîíàáëþäåíèÿ ïóëüñàðîâ, øàðîâûõ ñêîïëåíèé,
êîìåòàðíûõ òóìàííîñòåé è ñïèðàëüíûõ ãàëàêòèê. Íå ìåíåå âàæíûìè áûëè
èíòåðôåðîìåòðè÷åñêèå íàáëþäåíèÿ ñî ñâåðõäëèííîé áàçîé, ñîñòàâëåíèå àòëàñà
èçîáðàæåíèé è ñïåêòðîâ ïëàíåòàðíûõ òóìàííîñòåé è ò.ä.

Å.Òåðçÿí ÿâëÿëñÿ ó÷àñòíèêîì ìíîãèõ ïðîåêòîâ ìåæäóíàðîäíîãî è
âñåàìåðèêàíñêîãî çíà÷åíèÿ, áûë ÷ëåíîì Ìåæäóíàðîäíîãî àñòðîíîìè÷åñêîãî
ñîþçà ñ 1967ã. Â 1990ã. Å.Òåðçÿí áûë èçáðàí èíîñòðàííûì ÷ëåíîì ÍÀÍ
Àðìåíèè, à òàêæå ÷ëåíîì Àìåðèêàíñêîé àññîöèàöèè ðàçâèòèÿ íàóêè,
÷ëåíîì Àðìÿíñêîãî è Ãðå÷åñêîãî àñòðîíîìè÷åñêèõ îáùåñòâ. Çíà÷èòåëüíûé
âêëàä âíåñ Å.Òåðçÿí â ñîõðàíåíèè è ðàçâèòèè íàóêè Àðìåíèè è Ãðåöèè.
Â ÷àñòíîñòè, Å.Òåðçÿí áûë  îäíèì èç îñíîâàòåëåé  ãðàíòîâîé ïðîãðàììû
ANSEF äëÿ àðìÿíñêèõ ó÷åíûõ.

Çà íàó÷íûå äîñòèæåíèÿ ïðîôåññîð Å.Òåðçÿí áûë óäîñòîåí ìíîãî÷èñ-
ëåííûõ çâàíèé, íàãðàä, â òîì ÷èñëå: âûñøàÿ íàãðàäà Íàöèîíàëüíîãî
óïðàâëåíèÿ ÑØÀ ïî àýðîíàâòèêå è èññëåäîâàíèþ êîñìè÷åñêîãî ïðîñòðàíñòâà
NASA - ìåäàëü "Çà âûäàþùóþñÿ ñëóæáó" (NASA Distinguished Service
Medal, 2018), ïðàâèòåëüñòâåííûå íàãðàäû  Àðìåíèè è Ãðåöèè.

Ïàìÿòü î Å.Òåðçÿíå êàê ó÷åíîì-àñòðîôèçèêå, îðãàíèçàòîðå íàóêè è
àêòèâíîì ÷åëîâåêå íàâñåãäà îñòàíåòñÿ â ñåðäöàõ âñåõ òåõ, êòî åãî çíàë.

Ðåäàêöèîííàÿ êîëëåãèÿ
æ. "Àñòðîôèçèêà"



A DOZEN NEW DWARF GALAXY CANDIDATES
IN THE LOCAL VOLUME

I.D.KARACHENTSEV1, P.RIEPE2, T.ZILCH2

Received 14 August 2019

We carried out a survey of low-surface-brightness companions around nine luminous Local
Volume galaxies using long exposures with small amateur telescopes. We found 12 low- and very
low-surface-brightness objects around the galaxies: NGC 628, NGC 2337, NGC 3368, NGC
3521, NGC 4236, NGC 4258, NGC 4594, NGC 5055, and NGC 6744 situated within 12 Mpc
from us. Assuming the dwarf candidates are satellites of the neighbouring massive galaxies, their
absolute B magnitudes are in the range of [-8.9, -13.0], linear diameters are [0.6-2.7] kpc, and the
mean surface brightnesses are [25.1-27.5] mag/sq.arcsec. The mean linear projected separation of
satellite candidates from the host galaxies is 83 kpc.

Keywords: dwarf galaxies

1. Introduction. The dwarf galaxies, whose luminosity is hundreds of times
smaller than the luminosity of the Milky Way, are the dominant population of the
Universe. More than half of them are grouped into suites around massive Milky
Way type galaxies. Measurements of distances and radial velocities of dwarf satellites
relative to their bright central galaxy give a unique opportunity to estimate the total
mass of dark matter of the dominant galaxy on scales of ~(200-300) kpc.

Systematic searches for dwarf galaxies over the whole sky [1,2] based on the
POSS-II/ESO-SERC photographic survey led to the discovery of several hundred
nearby dwarf systems of predominantly low surface brightness. Follow-up surveys
of large areas of the sky in the optical range, SDSS [3], and in the HI-line of
neutral hydrogen, HIPASS, ALFALFA [4-7] essentially increased the population
of nearby dwarf galaxies. To date, the number of dwarfs in the Local Volume
(LV), restricted by the radius of 11 Mpc, is approaching a thousand. A variety
of data on them are collected in the Updated Nearby Galaxy Catalog (UNGC)
[8] and in a regularly updated database [9], http://www.sao.ru/lv/lvgdb.

In recent years, telescopes of the (4-6)-meter class equipped with wide-field
CCD cameras and situated in sites with a sub-arcsec seeing have been used to
search for ultra-faint dwarf galaxies. Such programs culminated in the  discovery
of many new satellites around the nearby massive galaxies: M31, M81, M106,
M101, and Centaurus A [10-13]. In the case of the nearest galaxies the physical
membership of their companions is successful to confirm with resolution of dwarf

ÒÎÌ 63 ÔÅÂÐÀËÜ, 2020 ÂÛÏÓÑÊ 1
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systems into stars forming the red giant branch.
In parallel with these projects, the search for dwarf galaxies of a very low

surface brightness with small telescopes is quite successful, too. With long exposures
of about 10-50 hours at a ~30-cm telescope, it was possible to detect objects having
the mean surface brightness SB ~(26-28) mag/square arcsec and angular dimensions
more than 0.2 arcmin [14-17]. A significant role in these efforts belongs to amateur
astronomers. One of such successful amateur teams is the TBG group, http://
tbg.vdsastro.

2. TBG team survey. The TBG (Tief Belichtete Galaxien) group in the
Astrophotography department of the German association of VdS was organized by
P.Riepe in 2012. The group includes about forty amateurs of astrophotography,
who use 10-110 cm aperture telescopes equipped with CCD detectors and packages
for data processing. One of their main aims is to do long-exposure imaging of
nearby bright galaxies. Such deep images are suitable for detecting dwarf satellites
around these galaxies (as well as faint stellar streams) with a characteristic surface
brightness about (1-2) percent of the moonless night sky. In recent years, the
TBG team discovered almost 30 new dwarf-galaxy candidates in the Local Volume
with absolute magnitudes and surface brightnesses typical of the known satellites
of Andromeda (M31) and M81. Some of them have been then confirmed as
physical companions of bright galaxies via measuring their radial velocities with
the 6-meter BTA telescope of SAO RAS. The results of these searches are
presented in [16,18-19]. Below we report on a dozen new dwarf-galaxy candidates
discovered around nine bright galaxies in the Local Volume.

3. Results of searching for dwarf satellites.

3.1. NGC 628  =  M 74. This spiral galaxy seen face-on at a distance of

Fig.1. Spiral galaxy NGC 628 and its supposed new satellite NGC628dwTBG situated in the
right-hand top corner. North is up and East is on the left.
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10.2 Mpc [8] has only four known satellites of moderate luminosity: UGC 1056,
UGC 1104, UGC 1171, and KDG 10. A new dwarf galaxy with a very low surface
brightness, NGC628dwTBG, found by us resides to North-West from NGC 628
at the angular  separation rp = 59' that corresponds to the linear projected separation
Rp = 174 kpc. Fig.1 reproduces a fragment of the image of the galaxy NGC 628
and its probable new companion that has been derived by M.Blauensteiner.

3.2. NGC 2337 and UGC 3698. These dwarf galaxies constitute a wide
physical pair at a distance of 11.5 Mpc [8] with a radial velocity difference of only
12 km/s. The image of this pair (Fig.2) made by J.Muller reveals a dwarf low-
surface-brightness galaxy NGC2337dwTBG1 which probably forms a triple system
with pair components.

Fig.2. Galaxy NGC 2337 (at the left-hand side), UGC 3698 (at the bottom), and their new
probable companion NGC2337dwTBG1.

Fig.3. Supposed new member of the LeoI group, NGC3368dwTBG. The image fragment is
spanning 22 arcmin across. North is on top right and East is on top left.
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3.3. NGC 3368  =  M96. This Sb-type spiral galaxy at a distance of 10.4 Mpc
[8] belongs to the brightest members of the rich group Leo-I, whose dwarf
population has been investigated by many authors [20-23]. By now, in the Leo-I
group there are more than 30 known dwarf members with a low surface brightness.
The image of M96 derived by O.Schneider (Fig.3) adds one more new object,
NGC3368dwTBG.

3.4. NGC 3521 = KIG 461. This is an isolated Sbc galaxy at a distance
of 10.7 Mpc [8]. Its deep images obtained by W.Probst and R.Polzl demonstrate
an extremely disturbed periphery of NGC 3521 with a semi-disrupted diffuse
companion on the  northern side (Fig.4). A new probable satellite of the massive
galaxy locates at  a separation of 23' or 72 kpc towards South-East.

3.5. NGC 4236  =  KIG 523. This is a nearby (D = 4.4 Mpc) Sdm-type
orphan galaxy without any known satellites. In the NGC 4236 environs imaged
by P.Beisser and G.Kerschuber, one can see only two bluish dwarfs suitable to
be the spiral galaxy companions: KK125 near a bright red star and NGC 4236dw1
(Fig.5). We have got a spectrum of the latter object using the 6-meter BTA
telescope. Judging by the measured radial velocity Vh = 1463 ± 30 km/s, this dwarf
galaxy is associated not with NGC 4236 but with a scattered background group:

Fig.4. Mosaic of images of the NGC 3521 having a very disturbed periphery and a new dwarf
with low surface brightness, NGC3521dwTBG.
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NGC 3879, UGC 6764, UGCA 280, and MCG+11-15-20 having radial velocities
in the range of (1310 - 1465) km/s. The radial velocity of the brighter dwarf galaxy
KK125 remains still unknown.

3.6. NGC 4258  =  M106. Many authors [13,24-26] investigated the vicinity
of this massive spiral galaxy situated at a distance of 7.7 Mpc [8]. Within a
projected radius of ~200 kpc around it, there are about 20 candidates to low-surface-
brightness satellites. Cohen et al. [27] recently observed four of them with the
Hubble Space Telescope and  found that only one object, KK132, is the true
satellite of NGC 4256, while others belong to the distant background. The reason
for this unexpected result can be the fact that NGC 4256 locates at the equator
of the Local Supercluster, and its neighbourhood is contaminated with members
of other projected groups. In particular, the galaxy  groups around NGC 4346

Fig.5. Spiral galaxy NGC 4236 and two neighbouring dwarfs: KK125 and NGC4236dw1.
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and NGC 4157 have similar radial velocities but distances  of about 17 Mpc [28].
A deep image of NGC 4258 surroundings derived by F.Neyer (Fig.6) reveals a
new object of very low surface brightness, M106edgeN4217, in contact with the
more distant edge-on galaxy NGC 4217, but is likely a satellite of NGC 4258.

3.7. NGC 4594  =  M 104  =  Sombrero. This remarkable Sa-type galaxy
with a prominent bulge, situated at a distance of 9.55 Mpc [29], has the highest
luminosity among the Local Volume galaxies. In its vicinity, there are five
supposed dwarf satellites of a low surface brightness [30]. Only one of them,
KKSG30, has been confirmed as the true Sombrero satellite due to its measured
radial velocity. Later [17], two more LSB objects were found near Sombrero. A
deep image of M104 obtained by S.Kuppers in 2015 (Fig.7) reveals two new dSph
galaxies: Sombrero-dwA and Sombrero-dwB, whose morphology allows them to
be attributed to true satellites of M104. The first of them has been re-discovered
in [17] as NGC4594-DGSAT-2.

3.8. NGC 5055  =  M63. In a faint periphery of this Sbc galaxy, there is
an extended system of low surface brightness stellar streams [31]. The galaxy
situated at a distance of 9.0 Mpc  [32] has six relatively bright companions. The
image of M63 derived by O.Schneider (Fig.8) finds two low-surface-brightness

Fig.6. Eastern vicinity of the spiral galaxy NGC 4258 = M106. The supposed new satellite
M106edgeN4217 locates in contact with the distant galaxy NGC 4217 at its northeastern edge.
The image fragment size is 27' x 29'.
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objects: NGC5055dwTBG1 and NGC5055dwTBG2 which can be assigned to the
M63 satellites.

3.9. NGC 6744. Near this southern Sb galaxy situated at a distance of 9.5
Mpc [32], there are four bright satellites: NGC 6684, IC 4710, IC 4870, ESO
104-044, and 3 supposed companions with low surface brightness: [KK2001]70,
[KK2001]71, and [KK2001]72. In the images of NGC 6744 obtained by
B.Gludan and S.Kuppers, there are two more objects of very low surface brightness:
NGC6744dwTBGa (Fig.9a) and NGC6744dwTBGb (Fig.9b) which can also be
the massive galaxy satellites.

Fig.7. Giant galaxy NGC4594 = M104 is in the image center. Four its diffuse dwarf companions
are outlined by ellipses: KKSG32 (below the center), Sombrero-dwTBGa (top), KKSG34 and
Sombrero-dwTBGb (bottom left). North is top right and East is to top left.

Fig.8. Spiral galaxy NGC5055 = M63 with peripheric stellar streams and two new dwarfs of
very low surface brightness: NGG5055dwTBG1 and NGG5055dwTBG2.
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4. Discussion. The basic parameters of new dwarf galaxies found by us are
presented in Table 1. Its columns contain: (1) object name, (2) equatorial
coordinates at J2000.0 epoch, (3, 4) effective angular diameter in arcminutes and
axial ratio, (5) apparent FUV magnitude from the GALEX survey [33], (6)
apparent B-band magnitude estimated by eye with an accuracy of 0.5 mag via
comparison with other objects having photometric data, (7) morphological type of

Fig.9. Supposed new companions of the spiral galaxy NGC6744: dwTBGa (a) and dwTBGb
(b). The image fragment sizes are 21' x 21' and 11' x 11', respectively.

Object RA(2000.0)    Dec a' b/a mFUV B Type D r'
p

R
p

A M
B

SB

mag Mpc kpc

1 2 3 4 5 6 7 8 9 10 11 12 13

NGC628dwTBG 01h33m06s.8 +16o15'05" 0.92 0.78 >23.0 19.0 Tr-VL 10.2 59 174 2.7 -11.0 27.5

NGC2337dwTBG1 07 08 29.7 +44 37 26 0.40 0.82 21.5 18.5 Im-L 11.9 21 73 1.4 -11.9 25.1

NGC3368dwTBG 10 47 08.0 +11 17 02 0.35 0.95 >23.0 20.5 Sph-XL 10.4 33 99 1.1 -9.6 26.8

NGC3521dwTBG 11 07 13.1 -00 11 15 0.34 0.92 >23.0 19.5 Sph-VL 10.7 23 72 1.1 -10.6 25.8

KK125=HS148 12 12 41.4 +68 55 33 0.80 0.58 22.0 17.4 Ir-L 4.4 39 50 1.0 -10.8 25.5

NGC4236dw1 12 16 14.3 +69 06 25 0.38 0.77 19.9 18.7 Ir-N 22.2 21 - 2.5 -13.0 25.2

M106edgeN4217 12 16 12.5 +47 08 04 0.88 0.95 >23.0 18.4 Sph-VL 7.7 30 67 2.0 -11.0 26.8

Sombrero-dwA 12 39 51.5 -11 20 29 0.22 0.95 >23.0 20.0 Sph-L 9.6 17 47 0.6 -9.9 25.4

Sombrero-dwB 12 41 12.0 -11 53 33 0.44 0.90 >23.0 19.5 Sph-L 9.6 24 67 1.2 -10.4 26.3

NGC5055dwTBG1 13 12 18.9 +41 58 37 0.52 0.78 >23.0 19.5 Tr-VL 9.0 39 103 1.4 -10.3 26.7

NGC5055dwTBG2 13 14 51.1 +41 43 30 0.48 0.90 >23.0 19.5 Tr-VL 9.0 21 56 1.3 -10.3 26.5

NGC6744dwTBGa 19 05 56.0 -63 16 19 0.42 0.95 >23.0 19.0 Sph-VL 9.5 43 120 1.2 -10.9 25.8

NGC6744dwTBGb 19 12 46.8 -63 39 49 0.22 0.85 >23.0 21.0 Tr-VL 9.5 23 64 0.6 -8.9 26.3

Table 1

PROBABLE NEW LSB DWARF GALAXIES IN THE LOCAL VOLUME

a b
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the dwarf galaxy according to classification [8], (8) distance from the Milky Way
assuming physical connection between the dwarf and its principal galaxy, (9, 10)
angular (arcmin) and linear (kpc) projected separation of the satellite from the
main galaxy, (11-13) linear diameter (kpc), absolute B magnitude, and mean
surface brightness (mag/sq.arcsec) of the dwarf.

As it follows from these data, the linear diameters of new dwarf galaxies (0.6-
2.7) kpc, absolute magnitudes (-8.9 , -13.0), and their mean surface brightnesses
(25.1-27.5) mag/sq.arcsec are typical of the known dwarf spheroidal and dwarf
irregular galaxies in the Local Group and other neighbouring groups. The mean
linear projected separation of the dwarfs from their main galaxies is 83 kpc that
is 2-3 times smaller than the typical halo radius of a  Milky Way-type galaxy.

The average values of these parameters: <A> = 1.4 kpc, <MB> = -10.7 mag,
<SB> = 26.1 mag/sq.arcsec, and <Rp> = 83 kpc turn out to be very close to the
mean parameters for 27 dwarfs found by us before around other bright galaxies
in the Local Volume [16]: <A> = 1.3 kpc, <MB> = -10.4 mag, <SB> = 26.1 mag/
sq.arcsec, and <Rp> = 73 kpc.

The continuation of taking images of nearby luminous galaxies at small
telescopes with the extension of surveying area around them up to 200-300 kpc
may lead to the discovery of new dwarf satellites of very low surface brightness.
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ÄÞÆÈÍÀ ÍÎÂÛÕ ÊÀÍÄÈÄÀÒÎÂ Â ÊÀÐËÈÊÎÂÛÅ
ÃÀËÀÊÒÈÊÈ ÌÅÑÒÍÎÃÎ ÎÁÚÅÌÀ

È.Ä.ÊÀÐÀ×ÅÍÖÅÂ1, Ï.ÐÈÅÏÅ2, Ò.ÖÈËÕ2

Ìû âûïîëíèëè îáçîð ñïóòíèêîâ íèçêîé ïîâåðõíîñòíîé ÿðêîñòè âîêðóã
äåâÿòè ÿðêèõ ãàëàêòèê Ìåñòíîãî îáúåìà, èñïîëüçóÿ ñíèìêè ñ äëèííûìè
ýêñïîçèöèÿìè íà ìàëûõ ëþáèòåëüñêèõ òåëåñêîïàõ, è îáíàðóæèëè 12 îáúåêòîâ
íèçêîé ïîâåðõíîñòíîé ÿðêîñòè âîêðóã ãàëàêòèê:  NGC 628, NGC 2337, NGC
3368, NGC 3521, NGC 4236, NGC 4258, NGC 4594, NGC 5055 è NGC 6744,
ðàñïîëîæåííûõ â ïðåäåëàõ 12 Ìïê îò íàñ. Â ïðåäïîëîæåíèè, ÷òî êàðëèêîâûå
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êàíäèäàòû ÿâëÿþòñÿ ñïóòíèêàìè ñîñåäíèõ ìàññèâíûõ ãàëàêòèê, èõ àáñîëþòíûå
âåëè÷èíû çàêëþ÷åíû â èíòåðâàëå [-8.9, -13.0], ëèíåéíûå äèàìåòðû - â èíòåð-
âàëå [0.6 - 2.7] êïê è ñðåäíèå ïîâåðõíîñòíûå ÿðêîñòè - â äèàïàçîíå [25.1 - 27.5]
çâ.âåë./êâ.ñ. Ñðåäíåå ëèíåéíîå ïðîåêöèîííîå ðàññòîÿíèå êàíäèäàòîâ â ñïóòíèêè
îò ðîäèòåëüñêèõ ãàëàêòèê ñîñòàâëÿåò 83 êïê.

Êëþ÷åâûå ñëîâà: êàðëèêîâûå ãàëàêòèêè
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ÔÎÒÎÌÅÒÐÈ×ÅÑÊÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ ÄÂÓÕ
ÃÀËÀÊÒÈÊ Ñ X-ÑÒÐÓÊÒÓÐÀÌÈ

Â.Ï.ÐÅØÅÒÍÈÊÎÂ1,2, Ï.À.ÒÀÐÀÊÀÍÎÂ1, Ì.Â.ÊÎÑÒÈÍÀ1

Ïîñòóïèëà 24 ñåíòÿáðÿ 2019

Íà îñíîâå äàííûõ îáçîðà SDSS âûïîëíåíî èññëåäîâàíèå äâóõ, âèäèìûõ ñ ðåáðà,
ãàëàêòèê ñ X-ñòðóêòóðàìè (UGC 501 è UGC 12253). Îáà îáúåêòà ÿâëÿþòñÿ ñïèðàëüíûìè
ãàëàêòèêàìè ïîçäíèõ ìîðôîëîãè÷åñêèõ òèïîâ ñ ïðîòÿæåííûìè çâåçäíûìè äèñêàìè. X-ñòðóê-
òóðû â ãàëàêòèêàõ èìåþò ðàçíûå ðàçìåðû è ôîðìó. Îáñóæäàåòñÿ âîçìîæíîñòü òîãî, ÷òî
ðàçëè÷èå íàáëþäàòåëüíûõ ïàðàìåòðîâ X-ñòðóêòóð â UGC 501 è UGC 12253 ñâÿçàíî ñ
ðàçëè÷èåì õàðàêòåðèñòèê èõ ïîäñòèëàþùèõ ãàëàêòèê (â ïåðâóþ î÷åðåäü, ñ îòíîñèòåëüíûì
âêëàäîì òåìíîãî ãàëî).

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: ôîòîìåòðèÿ: ìîðôîëîãèÿ: SDSS ãàëàêòèêè

1. Ââåäåíèå. Ãàëàêòèêè ñ X-ñòðóêòóðàìè â ïîñëåäíèå ãîäû ïðèâëåêàþò
âñå áîëüøåå âíèìàíèå. Èñòîðèþ èõ èçó÷åíèÿ îáû÷íî íà÷èíàþò ñ ðàáîòû
Áåðáèäæåé [1], â êîòîðîé áûëî âïåðâûå îáðàùåíî âíèìàíèå íà êðåñòîîáðàçíóþ
ñòðóêòóðó â öåíòðàëüíîé îáëàñòè NGC 128. Âïîñëåäñòâèè ñòàëî ïîíÿòíî, ÷òî
âèäèìûå ó íåêîòîðûõ ãàëàêòèê ïåðåêðåùèâàþùèåñÿ îáðàçîâàíèÿ (X-ñòðóêòóðû)
ÿâëÿþòñÿ ëîêàëüíûìè óÿð÷åíèÿìè âíóòðè òàê íàçûâàåìûõ ÿùèêî- èëè àðàõèñî-
ïîäîáíûõ - boxy/peanut-shaped (B/PS) - áàëäæåé. Òàêèå áàëäæè íå ÿâëÿþòñÿ
ðåäêèìè èñêëþ÷åíèÿìè, è âñòðå÷àþòñÿ ó çíà÷èòåëüíîé ÷àñòè (~20%-45%)
ñïèðàëüíûõ ãàëàêòèê (íàïðèìåð, [2,3]). Ïðèçíàêè ñóùåñòâîâàíèÿ ïîäîáíîé
ñòðóêòóðû íàáëþäàþòñÿ è â öåíòðàëüíîé ÷àñòè Ìëå÷íîãî Ïóòè ([4] è ññûëêè
òàì æå).

Îáðàçîâàíèå X-ñòðóêòóð ñâÿçûâàþò ñ ýâîëþöèåé áàðîâ ãàëàêòèê. Òàêàÿ
íåîáû÷íàÿ ìîðôîëîãèÿ âîçíèêàåò ïðè ìîäåëèðîâàíèèè âåêîâîãî ðîñòà áàðà â
âåðòèêàëüíîì íàïðàâëåíèè, ïðè÷åì íàèáîëåå ÷åòêî B/PS áàëäæè çàìåòíû ó
ãàëàêòèê, âèäèìûõ â îðèåíòàöèè "ñ ðåáðà" ïî îòíîøåíèþ ê ëó÷ó çðåíèÿ. Â
íàñòîÿùåå âðåìÿ ñóùåñòâóþò äâà îñíîâíûõ ñöåíàðèÿ ôîðìèðîâàíèÿ X-ñòðóêòóð:
îíè ìîãóò âîçíèêàòü çà ñ÷åò èçãèáíîé íåóñòîé÷èâîñòè áàðà èëè ïóòåì ïîñòå-
ïåííîãî ðîñòà áàðà â âåðòèêàëüíîì íàïðàâëåíèè çà ñ÷åò ðåçîíàíñíîãî çàõâàòà
îòäåëüíûõ çâåçä (íàïðèìåð, [5,6]).

Ìíîãèå âîïðîñû, ñâÿçàííûå ñ âîçíèêíîâåíèåì è ýâîëþöèåé B/PS áàëäæåé,
îñòàþòñÿ íåâûÿñíåííûìè. Íàïðèìåð, ïëîõî èçâåñòíû íàáëþäàòåëüíûå õàðàê-
òåðèñòèêè X-ñòðóêòóð, äèàïàçîí èçìåíåíèÿ èõ ïàðàìåòðîâ, à òàêæå ñâÿçü

ÒÎÌ 63 ÔÅÂÐÀËÜ, 2020 ÂÛÏÓÑÊ 1
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ìåæäó èõ ìîðôîëîãèåé è õàðàêòåðèñòèêàìè ïîäñòèëàþùèõ ãàëàêòèê.
Ýòà ñòàòüÿ ïîñâÿùåíà èçó÷åíèþ äâóõ âèäèìûõ ñ ðåáðà ñïèðàëüíûõ ãàëàêòèê,

â öåíòðàëüíûõ îáëàñòÿõ êîòîðûõ íàáëþäàþòñÿ âûðàæåííûå X-îáðàçîâàíèÿ
(UGC 501 è UGC 12253). Õàðàêòåðèñòèêè B/PS áàëäæåé â ýòèõ ãàëàêòèêàõ
çàìåòíî îòëè÷àþòñÿ è ïîýòîìó îñíîâíîé öåëüþ ñòàòüè ÿâëÿåòñÿ ïîèñê âîçìîæíîé
ñâÿçè ìåæäó ïàðàìåòðàìè ïîäñòèëàþùèõ ãàëàêòèê è X-ñòðóêòóðàìè.

Âñå çàâèñÿùèå îò ðàññòîÿíèÿ ïàðàìåòðû ãàëàêòèê ðàññ÷èòàíû äëÿ êîñìî-
ëîãè÷åñêîé ìîäåëè ñ H0 = 70 êì/ñ/Ìïê, 30m .  è 70. .

2. Îñíîâíûå õàðàêòåðèñòèêè UGC 501 è UGC 12253 . Îáå
èññëåäóåìûå ãàëàêòèêè âèäíû â ïîëîæåíèè ñ ðåáðà (ñì. ðèñ.1 è 2) è
ÿâëÿþòñÿ ñïèðàëüíûìè ãàëàêòèêàìè ïîçäíèõ òèïîâ, â îïòè÷åñêîé ñòðóêòóðå
êîòîðûõ äîìèíèðóåò çâåçäíûé äèñê. Â òàáë.1 ñóììèðîâàíû èõ îñíîâíûå
íàáëþäàòåëüíûå õàðàêòåðèñòèêè ïî äàííûì ðàçíûõ èñòî÷íèêîâ. Åñëè ññûëêà
íå ïðèâåäåíà, çíà÷åíèå ïàðàìåòðà ïîëó÷åíî â íàñòîÿùåé ðàáîòå.

Àáñîëþòíàÿ çâåçäíàÿ âåëè÷èíà ãàëàêòèê â ôèëüòðå r îáçîðà SDSS1 M
r
 è

ïîêàçàòåëü öâåòà g - r â òàáë.1 èñïðàâëåíû çà ïîãëîùåíèå â Ìëå÷íîì Ïóòè
è çà âëèÿíèå k-ïîïðàâêè, ñîãëàñíî [9,10]. Íàáëþäàåìûé äèàìåòð ãàëàêòèê
áûë îöåíåí ïî èõ ñóììàðíûì èçîáðàæåíèÿì èç îáçîðà SDSS (DR14). Äëÿ
ïîëó÷åíèÿ ýòèõ èçîáðàæåíèé êàäðû ãàëàêòèê â ôèëüòðàõ g, r, i è z áûëè
ñîâìåùåíû è ñëîæåíû.

Äàëåå â òàáë.1 ïðèâåäåíû ðàäèàëüíûé ýêñïîíåíöèàëüíûé ìàñøòàá äèñêà
h è âåðòèêàëüíûé ìàñøòàá 0z , ñîîòâåòñòâóþùèé çàêîíó ðàñïðåäåëåíèÿ ÿðêîñòè
â âåðòèêàëüíîì íàïðàâëåíèè    02sech zzzI   (îáà ìàñøòàáà íàéäåíû â

1 http://www.sdss.org

Ðèñ.1. a) Êàðòà èçîôîò ãàëàêòèêè UGC 501, ïîñòðîåííàÿ ïî ñóììàðíîìó (g+r+i+z)
èçîáðàæåíèþ èç îáçîðà SDSS. Ñîñåäíèå èçîôîòû îòëè÷àþòñÿ íà ìíîæèòåëü 2. b) Êàðòà
èçîôîò öåíòðàëüíîé îáëàñòè ãàëàêòèêè ïîñëå âû÷èòàíèÿ äèñêà (ñì. òåêñò). Ñîñåäíèå èçîôîòû
îòëè÷àþòñÿ íà ìíîæèòåëü 1.5. Íà îáîèõ ðèñóíêàõ ñåâåð ââåðõó, âîñòîê ñëåâà. Ïî îñÿì
îòëîæåíû óãëîâûå ñåêóíäû.
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ôèëüòðå r). Äëÿ ãàëàêòèêè UGC 12253 çíà÷åíèÿ h è 0z  âçÿòû èç ðàáîòû
[8]. Äëÿ UGC 501 õàðàêòåðèñòèêè äèñêà îïðåäåëåíû â íàñòîÿùåé ðàáîòå ñ
ïîìîùüþ ïðîãðàììû galfit [11] ïî èçîáðàæåíèþ ãàëàêòèêè èç îáçîðà SDSS.

Ðèñ.2. a) Êàðòà èçîôîò ãàëàêòèêè UGC 12253, ïîñòðîåííàÿ ïî ñóììàðíîìó (g+r+i+z)
èçîáðàæåíèþ èç îáçîðà SDSS. Ñîñåäíèå èçîôîòû îòëè÷àþòñÿ íà ìíîæèòåëü 2. b) Êàðòà
èçîôîò öåíòðàëüíîé îáëàñòè ãàëàêòèêè ïî äàííûì îáçîðà UKIDSS â ôèëüòðå Y ïîñëå
âû÷èòàíèÿ äèñêà (ñì. òåêñò). Ñîñåäíèå èçîôîòû îòëè÷àþòñÿ íà ìíîæèòåëü 1.5. Íà îáîèõ
ðèñóíêàõ ñåâåð ââåðõó, âîñòîê ñëåâà. Ïî îñÿì îòëîæåíû óãëîâûå ñåêóíäû.
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a
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Õàðàêòåðèñòèêà UGC 501 UGC 12253 Ññûëêè

Ðàññòîÿíèå è ìàñøòàá 69 Ìïê (0.324 êïê/") 108 Ìïê (0.498 êïê/") NED2

Ìîðôîëîãè÷åñêèé òèï Scd:, Sc Sb, Sbc NED

M
r

-20.14 -20.61 [7-8]

g - r +0.86 +0.84 [7-8]

Äèàìåòð 118" (38 êïê) 96" (48 êïê)

h 14".1 (4.57 êïê) 12".7 (6.33 êïê) [8]

z0 4".1 (1.32 êïê) 2".8 (1.41 êïê) [8]

V
m

176 êì/ñ 231 êì/ñ HyperLeda3, [8]

M* M. 1010643  M. 1010335 
M(HI) M. 910783  M. 1010162  HyperLeda

M
t M. 1110321  M. 1110592 

Òàáëèöà 1

ÎÑÍÎÂÍÛÅ ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ UGC 501 È UGC 12253

 2 NED (NASA/IPAC Extragalactic Database): http://ned.ipac.caltech.edu/
 3 HyperLeda: http://leda.univ-lyon1.fr/
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(Ïàðàìåòðû UGC 501 â ðàáîòå [7] ïîëó÷åíû â ðàìêàõ äðóãîé ôîòîìåòðè÷åñêîé
ìîäåëè è íàìè íå èñïîëüçóþòñÿ.) Ðåçóëüòàòû íàøåé ðàáîòû íàõîäÿòñÿ â
õîðîøåì ñîãëàñèè ñ îïóáëèêîâàííûìè â êàòàëîãå [12].

Ìàêñèìàëüíàÿ ñêîðîñòü âðàùåíèÿ V
m
 ãàëàêòèêè UGC 501 â òàáë.1 îñíîâàíà

íà àíàëèçå øèðèíû ïðîôèëÿ ëèíèè íåéòðàëüíîãî âîäîðîäà HI ïî äàííûì
ðàçíûõ àâòîðîâ â áàçå äàííûõ HyperLeda. Äëÿ ãàëàêòèêè UGC 12253 â [8]
îïóáëèêîâàíà êðèâàÿ âðàùåíèÿ (ñì. ðèñ.3 â [8]). Çíà÷åíèå V

m
 â òàáë.1

ñîîòâåòñòâóåò ïîñëåäíåé òî÷êå íàáëþäàåìîé êðèâîé âðàùåíèÿ. Ýòà òî÷êà
íàõîäèòñÿ íà ðàññòîÿíèè, ïðèìåðíî ðàâíîì 4h îò öåíòðà ãàëàêòèêè.

Â ïîñëåäíèõ òðåõ ñòðîêàõ òàáë.1 ïðèâåäåíû ìàññû ðàçëè÷íûõ ïîäñèñòåì
UGC 501 è UGC 1253 â ñîëíå÷íûõ ìàññàõ ( M ). M* - ýòî ìàññà çâåçä,
îöåíåííàÿ ïî èíòåãðàëüíîé ñâåòèìîñòè ãàëàêòèê â ôèëüòðå r è ïî ïîêàçàòåëþ
öâåòà g - r, ñîãëàñíî ïðèâåäåííûì â [13] êàëèáðîâêàì. Ñëåäóåò îòìåòèòü, ÷òî
äëÿ îöåíêè M* ìû èñïîëüçîâàëè íàáëþäàåìûå ñâåòèìîñòè è ïîêàçàòåëè
öâåòà, èñêàæåííûå âíóòðåííèì ïîãëîùåíèåì â ãàëàêòèêàõ. Ýòî îçíà÷àåò, ÷òî
âåëè÷èíû ìàññû çâåçä â òàáë.1 íåäîîöåíåíû. Åñëè ïðèíÿòü, ÷òî â ôèëüòðå
r âíóòðåííåå ïîãëîùåíèå â äèñêàõ, âèäèìûõ ñ ðåáðà, ãàëàêòèê äîñòèãàåò 1m

(íàïðèìåð, [14]) è ÷òî â ïîëîæåíèè ïëàøìÿ ãàëàêòèêè èìåþò ïîêàçàòåëü
öâåòà g - r = +0.54 (ñðåäíèé ïîêàçàòåëü öâåòà äëÿ Sc ãàëàêòèêè, ñîãëàñíî [15]),
òî çâåçäíûå ìàññû äîëæíû óâåëè÷èòüñÿ ïðèìåðíî äî M. 101014   äëÿ UGC
501 è äî M. 101036   äëÿ UGC 12253.

Ïîëíàÿ äèíàìè÷åñêàÿ ìàññà M
t
 â ïîñëåäíåé ñòðîêå òàáë.1 íàéäåíà â

ïðåäïîëîæåíèè ñôåðè÷åñêîãî ðàñïðåäåëåíèÿ âåùåñòâà è îíà îòíîñèòñÿ ê
îáëàñòè â ïðåäåëàõ 4h îò öåíòðîâ ãàëàêòèê: GVhM mt

24 . Äëÿ UGC 12253
çíà÷åíèå V

m
 ñîîòâåòñòâóåò ïîñëåäíåé òî÷êå íàáëþäàåìîé êðèâîé âðàùåíèÿ.

Ìàññà UGC 501 îöåíåíà ïî íàáëþäàåìîé øèðèíå ïðîôèëÿ HI â ïðåäïîëî-
æåíèè, ÷òî êðèâàÿ âðàùåíèÿ ãàëàêòèêè îñòàåòñÿ ïëîñêîé â ïðåäåëàõ ÷åòûðåõ
ýêñïîíåíöèàëüíûõ ìàñøòàáîâ. Îòìåòèì, ÷òî îöåíêà äèíàìè÷åñêîé ìàñcû
ýòîé ãàëàêòèêè íå ñëèøêîì íàäåæíà, òàê êàê äëÿ íåå íåò îïóáëèêîâàííîé
êðèâîé âðàùåíèÿ.

Êàê ñëåäóåò èç òàáë.1, îáå ðàññìàòðèâàåìûå ãàëàêòèêè ÿâëÿþòñÿ ãèãàíòñêèìè
ñïèðàëüíûìè ãàëàêòèêàìè: ñ ó÷åòîì ïîïðàâêè çà âíóòðåííåå ïîãëîùåíèå, ïî
ñâåòèìîñòè îíè ñðàâíèìû ñ Ìëå÷íûì Ïóòåì, à ïî ëèíåéíûì ðàçìåðàì ïðåâûøàþò
åãî (íàïðèìåð, [16]). Îáå ãàëàêòèêè áîãàòû ãàçîì, ïðè÷åì îòíîñèòåëüíîå
ñîäåðæàíèå ãàçà - M(HI)/M* - ó UGC 501 íèæå ñðåäíåãî ïî ñðàâíåíèþ ñ
ãàëàêòèêàìè ñî ñðàâíèìîé çâåçäíîé ìàññîé, à ó UGC 12253 - âûøå ñðåäíåãî
(ñì. ðèñ.3 â [17]).

Åùå îäíî îòëè÷èå ãàëàêòèê äðóã îò äðóãà ñîñòîèò â îòíîñèòåëüíîé äîëå
òåìíîãî ãàëî â ïðåäåëàõ 4h. Îòíîøåíèå äèíàìè÷åñêîé ìàññû ãàëàêòèê ê ìàññå
çâåçä - M

t 
/M* - ñîñòàâëÿåò 3.6 è 4.9 äëÿ UGC 501 è UGC 12253, ñîîòâåòñòâåííî.
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Ñ ó÷åòîì òîãî, ÷òî äèíàìè÷åñêàÿ ìàññà âêëþ÷àåò êàê ìàññó çâåçäíîé ïîäñèñòåìû,
òàê è ìàññó òåìíîãî âåùåñòâà, îòñþäà ìîæíî ïîëó÷èòü îòíîøåíèå ìàññû
òåìíîãî ãàëî ê ìàññå çâåçä: 2.6 äëÿ UGC 501 è 3.9 äëÿ UGC 12253. Òàêèì
îáðàçîì, îòíîñèòåëüíàÿ ìàññà òåìíîãî ãàëî UGC 12253 â 1.5 ðàçà ïðåâûøàåò
ìàññó òåìíîãî ãàëî UGC 501.

Íà ðèñ.3 ïîêàçàíî ïîëîæåíèå õàðàêòåðèñòèê èçó÷àåìûõ íàìè ãàëàêòèê íà
ïëîñêîñòè M

t 
/M* - 0zh . Íà ýòîì æå ðèñóíêå èçîáðàæåíû õàðàêòåðèñòèêè

12 âèäèìûõ ñ ðåáðà ãàëàêòèê èç ñòàòüè [8]. Äëÿ UGC 12253 ìû èñïîëüçóåì
ðåçóëüòàòû äàííîé ðàáîòû. Õîðîøî âèäíî, ÷òî UGC 501 è UGC 12253
óäîâëåòâîðÿþò ñîîòíîøåíèþ ìåæäó âêëàäîì òåìíîãî ãàëî è îòíîñèòåëüíîé
òîëùèíîé çâåçäíîãî äèñêà äëÿ ðàíåå èçó÷åííûõ ñïèðàëüíûõ ãàëàêòèê.

UGC 501 è UGC 12253 íàõîäÿòñÿ â óìåðåííî ïëîòíîì ïðîñòðàíñòâåííîì

h/
z 0

M
t
/M

*

Ðèñ.3. Çàâèñèìîñòü ìåæäó îòíîñèòåëüíîé òîëùèíîé çâåçäíûõ äèñêîâ â ôèëüòðå r è
îòíîøåíèåì äèíàìè÷åñêîé è çâåçäíîé ìàññ ãàëàêòèê. ×åðíûå êðóæêè - UGC 501 è UGC
12253, îòêðûòûå êðóæêè - ãàëàêòèêè èç ðàáîòû [8]. Ïðÿìîé ëèíèåé ïîêàçàíà ñðåäíÿÿ
çàâèñèìîñòü, ñîãëàñíî [8].

0
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Õàðàêòåðèñòèêà UGC 501 UGC 12253

l 4.2 ± 0.3 êïê 3.0 ± 0.2 êïê

l/h 0.92 0.47

 33o
 ± 3o 43o

 ± 3o

z 2.4 ± 0.2 êïê 1.65 ± 0.2 êïê

0/ zz 1.8 1.2

hz / 0.5 0.3

Òàáëèöà 2

ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ X-ÑÒÐÓÊÒÓÐ Â UGC 501 È UGC 12253
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îêðóæåíèè è âõîäÿò â ñîñòàâ ãðóïï ãàëàêòèê [8,18]. Çâåçäíûé äèñê UGC
12253 äåìîíñòðèðóåò êðóïíîìàñøòàáíûé èçãèá ñâîåé ïëîñêîñòè [8].

3. Ïàðàìåòðû X-ñòðóêòóð â UGC 501 è UGC 12253. X-ñòðóêòóðû
íàáëþäàþòñÿ íà ôîíå ÿðêèõ öåíòðàëüíûõ îáëàñòåé ãàëàêòèê, îíè ÷àñòî
èñêàæåíû ïîëîñàìè ïîãëîùåíèÿ è ïîýòîìó èõ âûäåëåíèå ÿâëÿåòñÿ íåïðîñòîé
çàäà÷åé. Â ñëó÷àå UGC 501 ìû ïîñòðîèëè ñóììàðíîå (g + r + i + z) èçîáðàæåíèå
ïî êàäðàì èç îáçîðà SDSS. Çàòåì, ñ ïîìîùüþ ïàêåòà ïðîãðàìì galfit, íàøëè
õàðàêòåðèñòèêè äèñêà ãàëàêòèêè íà ñóììàðíîì èçîáðàæåíèè è âû÷ëè åãî èç
èñõîäíîãî. Â ðåçóëüòàòå ýòèõ îïåðàöèé â öåíòðå ãàëàêòèêè îò÷åòëèâî ïðîñòóïèëà
êðåñòîîáðàçíàÿ ñòðóêòóðà (ñì. ïðàâóþ ÷àñòü ðèñ.1). Åå áîëüøàÿ îñü èñêàæåíà
ïîëîñîé ïîãëîùåíèÿ, íî âäàëè îò ïëîñêîñòè ãàëàêòèêè îíà õîðîøî âèäíà.

X-ñòðóêòóðà â UGC 12253 áîëåå êîìïàêòíàÿ è â ôèëüòðàõ îáçîðà SDSS
ìàëîêîíòðàñòíàÿ. Îäíàêî â áîëåå äëèííîâîëíîâîé îáëàñòè îíà âûäåëÿåòñÿ
óâåðåííåå. Íà ðèñ.2 (ïðàâàÿ ÷àñòü) ïðèâåäåíû èçîôîòû öåíòðàëüíîé îáëàñòè
UGC 12253 â ôèëüòðå Y (åãî ýôôåêòèâíàÿ äëèíà âîëíû îêîëî 1 ìêì) ïî
äàííûì îáçîðà UKIDSS [19] ïîñëå âû÷èòàíèÿ äèñêà ãàëàêòèêè. Êàê è â
ñëó÷àå UGC 501, áîëüøàÿ îñü B/PS áàëäæà èñêàæåíà ïîëîñîé ïîãëîùåíèÿ,
íî ñ óäàëåíèåì îò ïëîñêîñòè ãàëàêòèêè ñòàíîâèòñÿ çàìåòíî õàðàêòåðíîå
èñêàæåíèå èçîôîò èç-çà ïðèñóòñòâèÿ X-ñòðóêòóðû.

Îñíîâíûå ïàðàìåòðû X-ñòðóêòóð UGC 501 è UGC 12253 ïðèâåäåíû â
òàáë.2. Îíè íàéäåíû ïî ñóììàðíûì (g + r + i + z) èçîáðàæåíèÿì èç îáçîðà
SDSS. Ãëàâíûå ãåîìåòðè÷åñêèå õàðàêòåðèñòèêè X-îáðàçîâàíèé - ýòî äëèíà
ëó÷à îò öåíòðà ãàëàêòèêè äî ïîñëåäíåé çàäåòåêòèðîâàííîé òî÷êè l è óãîë
ìåæäó áîëüøîé îñüþ ñòðóêòóðû è ëó÷îì   (ñì. ðèñ.1 â [8]). l/h - äëèíà ëó÷à,
âûðàæåííàÿ â ýêñïîíåíöèàëüíûõ ìàñøòàáàõ äèñêà ãàëàêòèêè. Îøèáêè çíà÷åíèé
â òàáë.2 ïîëó÷åíû óñðåäíåíèåì ðåçóëüòàòîâ ïî ÷åòûðåì ëó÷àì. Îòìåòèì, ÷òî
äëÿ ãàëàêòèêè UGC 501 íàéäåííûå íàìè õàðàêòåðèñòèêè õîðîøî ñîãëàñóþòñÿ
ñ ðåçóëüòàòàìè ðàáîòû [8], â êîòîðîé ïîëó÷åíî, ÷òî l = 4.10 êïê è oo 132  .
z  â òàáë.2 - ýòî ìàêñèìàëüíîå âîçâûøåíèå X-ñòðóêòóðû íàä ïëîñêîñòüþ

ãàëàêòèêè, à 0zz  è hz  - ìàêñèìàëüíîå âîçâûøåíèå, âûðàæåííîå â äîëÿõ
âåðòèêàëüíîãî è ðàäèàëüíîãî ìàñøòàáîâ äèñêà.

Äàííûå òàáë.2 ïîêàçûâàþò, ÷òî X-ñòðóêòóðû ó ðàññìîòðåííûõ íàìè ãàëàêòèê
èìåþò ðàçíûå àáñîëþòíûå è îòíîñèòåëüíûå ðàçìåðû. Ó áîëåå ìàññèâíîé ãàëàêòèêè
- UGC 12253 - X-ñòðóêòóðà âûãëÿäèò áîëåå êîìïàêòíîé è îíà ìåíüøå
âîçâûøàåòñÿ íàä ïëîñêîñòüþ äèñêà. Êðîìå òîãî, óãîë ðàñêðûòèÿ   ó UGC
12253 áîëüøå, ÷åì ó UGC 501. Êàê áûëî ïîêàçàíî â ïðåäûäóùåì ðàçäåëå
ñòàòüè, ñàìûå ñóùåñòâåííûå îòëè÷èÿ ãàëàêòèê äðóã îò äðóãà - ýòî ðàçíîå
îòíîñèòåëüíîå ñîäåðæàíèå HI è ðàçíàÿ îòíîñèòåëüíàÿ ìàññà òåìíîãî ãàëî.

Ê ñîæàëåíèþ, âëèÿíèå ãàçîâîé ïîäñèñòåìû ãàëàêòèê íà îáðàçîâàíèå B/PS
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áàëäæåé ïîêà äåòàëüíî íå èçó÷àëîñü. Âëèÿíèå òåìíîãî ãàëî áûëî íåäàâíî
ðàññìîòðåíî â ñåðèè ÷èñëåííûõ ðàñ÷åòîâ â ðàáîòå [20]. Ñîãëàñíî [20], ó ãàëàêòèê
ñ áîëåå ìàññèâíûìè òåìíûìè ãàëî ïðè ïðî÷èõ îäèíàêîâûõ ïàðàìåòðàõ ôîðìè-
ðóþòñÿ áîëåå ñïëþñíóòûå X-ñòðóêòóðû ñ ìåíüøèì âîçâûøåíèåì íàä ïëîñêîñòüþ
äèñêà (ðèñ.8 â [20]). Ýòî êà÷åñòâåííî ñîãëàñóåòñÿ ñ íàøèìè ðåçóëüòàòàìè äëÿ
UGC 501 è UGC 12253.

Ñ äðóãîé ñòîðîíû, óãîë ðàñêðûòèÿ  , â ñðåäíåì, äîëæåí áûòü ìåíüøå
ó ãàëàêòèê ñ ìàññèâíûìè ãàëî, ÷òî ïðîòèâîðå÷èò íàøèì äàííûì. Îäíàêî íà
âåëè÷èíó óãëà   ïîìèìî ãàëî ìîãóò âëèÿòü è äðóãèå ôàêòîðû - íàïðèìåð,
ýôôåêò ïðîåêöèè (îðèåíòàöèÿ áàðà ê ëó÷ó çðåíèÿ) è âîçðàñò X-ñòðóêòóðû.
Êàê ïîêàçàíî â [20], âîçíèêàþùèå X-ñòðóêòóðû èìåþò áîëüøèå óãëû ðàñêðûòèÿ
( oo 4035  ), çàòåì â òå÷åíèå íåñêîëüêèõ ìèëëèàðäîâ ëåò îíè ýâîëþöèî-
íèðóþò ê çíà÷åíèÿì oo 3230  . Òàêèì îáðàçîì, X-ñòðóêòóðà ó ãàëàêòèêè
UGC 12253 ìîæåò áûòü îòíîñèòåëüíî ìîëîäîé.

4. Çàêëþ÷åíèå. Îñíîâíûå ðåçóëüòàòû íàøåé ðàáîòû ìîæíî ñôîðìó-
ëèðîâàòü ñëåäóþùèì îáðàçîì:

- Íà îñíîâå àíàëèçà êàäðîâ èç îáçîðà SDSS è ëèòåðàòóðíûõ äàííûõ
âûïîëíåíî äåòàëüíîå èññëåäîâàíèå äâóõ, âèäèìûõ ñ ðåáðà, ãàëàêòèê ñ B/PS
áàëäæàìè (UGC 501 è UGC 12253). Îáà îáúåêòà ÿâëÿþòñÿ ãèãàíòñêèìè
ñïèðàëüíûìè ãàëàêòèêàìè ïîçäíèõ ìîðôîëîãè÷åñêèõ òèïîâ. Ãàëàêòèêè çàìåòíî
ðàçëè÷àþòñÿ ïî ñîäåðæàíèþ ãàçà è ïî âêëàäó òåìíîãî ãàëî â ïðåäåëàõ èõ
îïòè÷åñêèõ äèñêîâ.

- Îïðåäåëåíû ãåîìåòðè÷åñêèå õàðàêòåðèñòèêè X-ñòðóêòóð â öåíòðàõ îáåèõ
ãàëàêòèê. X-ñòðóêòóðà ó UGC 501 ÿâëÿåòñÿ áîëåå ïðîòÿæåííîé, ñèëüíåå
âîçâûøàåòñÿ íàä ïëîñêîñòüþ çâåçäíîãî äèñêà è èìååò ìåíüøèé óãîë ðàñêðûòèÿ
ïî ñðàâíåíèþ ñ UGC 12253.

- Ðàçëè÷èå íàáëþäàòåëüíûõ õàðàêòåðèñòèê X-ñòðóêòóð â èññëåäîâàííûõ
ãàëàêòèêàõ, âåðîÿòíî, ìîæíî îáúÿñíèòü ðàçíûì îòíîñèòåëüíûì âêëàäîì òåìíûõ
ãàëî è ðàçíûì âîçðàñòîì áàðîâ â íèõ. Ýòî çàêëþ÷åíèå ÿâëÿåòñÿ ñóãóáî ïðåäâà-
ðèòåëüíûì, ïîñêîëüêó, êàê ïîêàçûâàþò ÷èñëåííûå ðàñ÷åòû, ñâÿçü ìåæäó íàáëþ-
äàåìûìè ïàðàìåòðàìè B/PS áàëäæåé è îêðóæàþùèìè èõ ãàëàêòèêàìè íåîä-
íîçíà÷íà.

Äëÿ äàëüíåéøåãî ïðîäâèæåíèÿ â âîïðîñå èçó÷åíèÿ B/PS áàëäæåé è
ïîèñêà ñâÿçè ìåæäó èõ õàðàêòåðèñòèêàìè è ïàðàìåòðàìè ïîäñòèëàþùèõ
ãàëàêòèê òðåáóåòñÿ óâåëè÷åíèå âûáîðêè òàêèõ îáúåêòîâ è ñîâåðøåíñòâîâàíèå
ìåòîäîâ âûäåëåíèÿ X-ñòðóêòóð. Êðîìå òîãî, íåîáõîäèìî ïðîâåäåíèå ðåàëèñ-
òè÷åñêèõ ÷èñëåííûõ ðàñ÷åòîâ ôîðìèðîâàíèÿ è ýâîëþöèè X-ñòðóêòóð äëÿ
ðàçëè÷íûõ ìîäåëåé ãàëàêòèê (â òîì ÷èñëå, ñ ó÷åòîì èõ ãàçîâûõ ïîäñèñòåì).

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàíòîâ ÐÔÔÈ 19-02-00249 (èññëåäîâàíèå
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õàðàêòåðèñòèê X-ñòðóêòóð) è ÐÍÔ 19-12-00145 (èçó÷åíèå õàðàêòåðèñòèê äèñêîâ
âèäèìûõ ñ ðåáðà ãàëàêòèê).

Ðàáîòà îñíîâàíà íà ïóáëè÷íûõ äàííûõ îáçîðà SDSS. Ôèíàíñèðîâàíèå
SDSS-III îñóùåñòâëÿåòñÿ Ôîíäîì Àëüôðåäà Ï.Ñëîàíà, îðãàíèçàöèÿìè-
ó÷àñòíèêàìè Êîëëàáîðàöèè SDSS, Íàöèîíàëüíûì íàó÷íûì ôîíäîì è
Äåïàðòàìåíòîì ýíåðãåòèêè ÑØÀ.

SDSS-III âûïîëíÿåòñÿ Êîíñîðöèóìîì àñòðîôèçè÷åñêèõ èññëåäîâàíèé
îðãàíèçàöèé-ó÷àñòíèêîâ Êîëëàáîðàöèè SDSS-III, âêëþ÷àþùåé Àðèçîíñêèé
óíèâåðñèòåò, Áðàçèëüñêóþ ãðóïïó ó÷àñòíèêîâ, Áðóêõåéâåíñêóþ íàöèîíàëüíóþ
ëàáîðàòîðèþ, Óíèâåðñèòåò Êàðíåãè-Ìåëëîí, Óíèâåðñèòåò øòàòà Ôëîðèäà,
Ôðàíöóçñêóþ ãðóïïó ó÷àñòíèêîâ, Íåìåöêóþ ãðóïïó ó÷àñòíèêîâ, Ãàðâàðäñêèé
óíèâåðñèòåò, Êàíàðñêèé èíñòèòóò àñòðîôèçèêè, ãðóïïó ó÷àñòíèêîâ Ìè÷èãàí/
Íîòð-Äàì/JINA, Óíèâåðñèòåò Äæîíà Õîïêèíñà, Íàöèîíàëüíóþ ëàáîðàòîðèþ
èì. Ëîóðåíñà â Áåðêëè, Èíñòèòóò àñòðîôèçèêè Ìàêñà Ïëàíêà, Èíñòèòóò
âíåçåìíîé ôèçèêè Ìàêñà Ïëàíêà, Óíèâåðñèòåò øòàòà Íüþ-Ìåêñèêî, Íüþ-
Éîðêñêèé óíèâåðñèòåò, Óíèâåðñèòåò øòàòà Îãàéî, Óíèâåðñèòåò øòàòà
Ïåíñèëüâàíèÿ, Ïîðòñìóòñêèé óíèâåðñèòåò, Ïðèíñòîíñêèé óíèâåðñèòåò, Èñïàí-
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PHOTOMETRIC STUDY OF TWO GALAXIES
WITH X-STRUCTURES

V.P.RESHETNIKOV1,2, P.A.TARAKANOV1, M.V.KOSTINA1

Based on the SDSS survey data, two edge-on galaxies with X-structures (UGC
501 and UGC 12253) were studied. Both objects are spiral galaxies of late
morphological types with extended stellar disks. X-structures in the galaxies have
different sizes and shapes. The possibility is discussed that the difference in the
observational parameters of X-structures in UGC 501 and UGC 12253 is due to
the difference in the characteristics of their underlying galaxies (primarily, the
relative contribution of the dark halo).

Keywords: galaxies: photometry: morphology: SDSS galaxies
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We counted galaxies in the area with 10 Mpc radius around 30 isolated ACO clusters at
redshifts z < 0.1. We show that surface densities of galaxies around clusters regularly decrease till
10 Mpc. Separate counts of blue and red galaxies of the cluster environment revealed that at all
cluster-centric distances the surface density of red galaxies are higher than that of blue ones. The
surface density of red galaxies decrease significantly with increase of distance from the cluster.
Meanwhile, the decrease of the surface density of blue galaxies is very smooth and is almost not
noticeable at higher cluster-centric distances. It is suggested that the red population of the cluster
environment consists of backsplash galaxies that form the cluster halo, which is extended farther
than 10 Mpc from the cluster center. The blue population consists mainly from the field galaxies.
The velocity dispersion of blue galaxies in the cluster environment is higher of the velocity dispersion
of red galaxies that evidences on their different entity. The mass of the halo is comparable to the
cluster mass.

Keywords: galaxies: clusters

1. Introduction. Galaxy clusters are the largest objects in the Universe,
comprising hundreds to thousands galaxies. According to the hierarchical structure
formation paradigm [1-4], galaxy clusters grow by the continuous accretion of
smaller galaxy groups and individual galaxies. Member galaxies of the most ACO [5]
clusters are located within 2 Mpc of the Abell radius [6], defined as R

A
 = 1'.7/z

(H0 = 72 km s-1) [7], where z is the cluster redshift. However, the diameters of a
few nearby clusters are larger. The diameter of the Coma cluster was traced till
at least 10 Mpc [8,9]. The accreted galaxies around a cluster form its faint
extension. The resulting gravitation force of the cluster would be higher of the
determined by galaxies confined in the volume of the proper cluster. In this paper
we counted galaxies in the environment of 30 ACO clusters up to 10 Mpc from
their centers and estimated the average size of the cluster halo and mass.

2. The selection of isolated clusters and counts of galaxies . It is
known that many Abell clusters are themselves clustered [6,10,11]. We selected
for study the isolated clusters. The velocity dispersion of galaxies in clusters are
in the range of about 800 to 1500 km s-1 [12]. We assumed the cluster is isolated,
if the nearest neighbor ACO cluster with velocity that differs from that of the
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sample cluster by less than 3000 km s-1, is located at the projected distance >15 Mpc
on the sky. If the difference of radial velocities is > 3000 km s-1, the neighbor
cluster could be nearer to the sample cluster on sky. The ACO clusters at redshifts
< 0.1 and containing at least 50 galaxies within 2 Mpc are selected for the study.
Only the clusters, the circular area around which with radius 10 Mpc was
completely covered by SDSS-DR9 [13], are included in the study. Finally the
list of 30 ACO clusters were compiled.

The galaxies of the SDSS-DR9 catalog in the area with the 2 Mpc assumed
radius of each cluster and in the consecutive rings with cluster-centric radii 2-4,
4-6, 6-8 and 8-10 Mpc were counted. The areas at which the counts were made
are further labelled as A, B, C, D and F. The SDSS uniformly covers the studied

Cluster z D N
A

N
B

N
C

N
D

N
F

A671 0.0502 34.2 95 51 38 47 58
A757 0.0517 25.7 50 28 22 16 37
A1024 0.0734 15.8 51 43 28 27 41
A1035 0.0680 14.6 57 27 26 42 29
A1066 0.0686 26.7 58 59 48 65 52
A1100 0.0463 19.5 54 32 62 56 69
A1139 0.0393 20.7 91 45 58 95 85
A1142 0.0349 16.9 66 70 64 66 73
A1169 0.0586 24.5 79 38 33 38 36
A1307 0.0817 14.5 69 57 63 71 55
A1314 0.0335 24.4 115 24 72 48 71
A1507 0.0604 20.3 58 43 39 53 44
A1541 0.0839 16.1 78 41 35 39 39
A1552 0.0858 16.1 78 64 31 47 40
A1564 0.0792 19.3 55 26 27 41 60
A1616 0.0834 25.6 48 40 31 24 25
A1749 0.0573 15.8 56 60 87 59 69
A1750 0.0852 17.9 95 65 44 73 65
A1808 0.0624 26.2 60 35 34 34 31
A1864 0.0879 23.9 54 38 45 65 62
A1890 0.0575 25.4 83 35 26 36 35
A1983 0.0436 21.8 153 57 54 95 81
A2018 0.0878 41.2 51 42 39 25 27
A2107 0.0414 20.0 134 64 44 57 65
A2108 0.0903 25.8 51 42 39 25 27
A2122 0.0661 24.6 74 44 65 68 52
A2162 0.0332 18.2 50 39 68 117 80
A2169 0.0578 18.8 71 40 89 82 49
A2255 0.0780 29.1 124 62 58 65 63
A2593 0.0424 31.0 143 119 25 17 35

Table 1

THE LIST OF ISOLATED CLUSTERS
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area, producing a homogeneous data-set. Since we study the distribution of galaxies
in the cluster environment, where surface density of galaxies is small, the problem
of the "fiber collisions", that is characteristic to SDSS, is not relevant. The galaxies
mentioned in SDSS as "primary sources" were selected. The selected galaxies are
within the same velocity limits (±1500 km s-1) of the cluster velocity, as galaxies
of the proper cluster within 2 Mpc radius. The list of the selected isolated clusters
and the results of counts are presented in Table 1. In the consecutive columns of
Table 1 the following data is presented: 1 - the cluster ID, 2 - the redshift z, 3 -
the projected distance D in Mpc from the sample cluster to the nearest ACO neighbor,
4-8 - the numbers N of galaxies in the corresponding bins.

2.1. The results and discussion. The sums of counts in the A to F areas
for all 30 clusters are presented in the 1st raw of Table 2. Using the results of
counts we determined overdensities by the formula   1 ilastlasti SSNN  and the

corresponding errors according to      lastlastiiilast NNNNSS 



  1 . The

determined ovedensities and corresponding errors are presented in the 2nd raw of
Table 2. The averaged for one cluster surface densities of galaxies   per Mpc2

and corresponding errors in the cluster region and in the surrounding rings are

presented in the 3rd raw. The errors are determined as SN , where S is the

surface in Mpc2 of the corresponding area. In Fig.1 the dependence of surface
densities   on the cluster-centric distance is shown.

Table 2 shows that overdensities of galaxies regularly decrease with increase
of the cluster-centric distance. Fig.1 shows the decrease of the surface densities
  of galaxies with cluster-centric distance. The regular decrease of the surface
density with cluster-centric distance shows that galaxies of the cluster environment
till about 10 Mpc are associated with the cluster. The increase of   towards cluster
could apparently be due either to the faint extension of the proper cluster or to
the field galaxies assembled by the cluster gravitation. Both these galaxies form
the halo of the cluster. Apparently, the mass of the halo should be taken into

N
A

N
B

N
C

N
D

N
F

N
t

2302 1403 1381 1570 1551
Overdens 12.3 ± 0.87 2.71 ± 0.19 1.60 ± 0.16 1.30 ± 0.12 0.0 ± 0.09

 6.1 ± 0.13 1.2 ± 0.033 0.73 ± 0.02 0.59 ± 0.015 0.46 ± 0.012

Table 2

THE TOTAL NUMBERS OF GALAXIES, OVERDENSITIES AND
SURFACE DENSITIES   WITH CORRESPONDING ERRORS AT THE

MAIN BODY OF CLUSTERS WITH RADIUS 2 Mpc AND AT
DIFFERENT CLUSTER-CENTRIC RINGS
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account for estimation of the cluster gravitation.
In order to find out whether the galaxies in the environment of clusters

represent a faint extension of clusters or are the field galaxies physically unrelated
to them, we considered separately the blue (spirals and irregulars) and the red
(presumably elliptical) galaxy population at the cluster environment.

It is known that early-type red galaxies compose the main population of
clusters [14-21], while the late-type blue galaxies dominate in the field [14,22-
25]. Galaxy clusters are located in filaments, which contain larger blue population
in comparison to clusters [26]. For differentiation between blue and red galaxies
we determined their colors u - g and g - r using the photometric data, marked in
the SDSS-9 as "clean photometry", and applied the diagnostic diagram of Strateva
et al. [27]. The galactic absorption was corrected according to NED. We determined

Fig.1. The averaged for one cluster surface densities per 1 Mpc2 of galaxies in the cluster area
A with 2 Mpc radius and in the rings B, C, D and F surrounding it. The errors are shown by
dotted lines.
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r

b  r

B 433 755 0.38 ± 0.02 0.67 ± 0.02
C 510 606 0.27 ± 0.01 0.53 ± 0.01
D 563 701 0.21 ± 0.01 0.26 ± 0.01
F 593 645 0.17 ± 0.007 0.19 ± 0.007

Table 3

THE NUMBERS N
b
 AND N

r
 OF BLUE AND RED GALAXIES IN

RINGS B, C, D AND F AROUND CLUSTERS AND THE AVERAGED
FOR ONE CLUSTER SURFACE DENSITIES PER Mpc2 WITH ERRORS
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the number of blue and red galaxies in the rings B to F. The results are presented
in Table 3, in the corresponding columns of which the following data is given:
1st column - the area; 2nd and 3rd columns - the numbers N

b
 and N

r
 of blue

and red galaxies respectively; columns 4 and 5 - the averaged for one cluster
surface densities   per Mpc2 of the blue and the red galaxies respectively with
corresponding errors  .

The dependences of the surface densities of blue and red galaxies in rings at
different cluster-centric distances are presented in Fig.2. Table 3 and Fig.2 show
that the surface density of red galaxies in all rings from B to F is sufficiently
higher than that of blue galaxies. For the unrelated to cluster field galaxies, the
contrary would be observed. The red galaxies in the cluster environment apparently
are the backsplash galaxies, which have crossed the cluster core at least once and
are observed on the other side of its periphery [19,28-33]. It is noteworthy that
the decrease of the surface density of red galaxies with cluster-centric distance is
sufficiently sharp and is smoother for blue ones.

The surface density of blue galaxies decreases insignificantly from ring C to
F. It means that the observed blue galaxies at cluster-centric distances >4 Mpc
are mostly the field objects projected over the area surrounding the cluster.

2.2. Velocity dispersions of blue and red galaxies . If blue and red
galaxies in the cluster environments indeed have different origin, their dynamical
properties could differ from each other. The velocity dispersion of red galaxies

Fig.2. The averaged for one cluster surface densities of blue and red galaxies in rings B, C,
D and F. The surface densities of red galaxies are shown by solid lines, while that of blue galaxies
- by dashed lines. Errors are shown by dotted lines.
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being the members of a confined dynamical system could be smaller than that
of the field galaxies with higher diversity of velocities. We determined the velocity
dispersions v  of both types of galaxies located at cluster-centric distances from
4 to 10 Mpc. The results are presented in Table 4. In the 2nd and 4th columns
of Table 4 the numbers N

b
 and N

r
 of respectively blue and red galaxies in the

ring with radii 4 and 10 Mpc around each cluster is presented. In columns 3 and
5 the corresponding velocity dispersions are presented. The column 6 shows the
difference rb   is shown.

Table 4 shows that the velocity dispersion of blue galaxies in the environment
of 28 out of 30 clusters is higher than the velocity dispersion of red galaxies.

Cluster N
b b N

r
 

km s-1 km s-1 km s-1

A671 40 688 56 558 130
A757 24 636 25 452 184
A1024 21 568 37 532 36
A1035 34 878 42 781 97
A1066 43 783 79 706 77
A1100 71 716 61 586 130
A1139 68 723 74 622 101
A1142 74 761 58 645 116
A1169 808 38 760 48 48
A1307 34 704 95 444 260
A1314 90 580 45 515 65
A1507 55 994 79 989 5
A1541 39 691 69 759 -68
A1552 37 648 56 508 140
A1564 33 663 57 594 69
A1616 19 786 34 555 231
A1749 72 841 93 760 81
A1750 30 617 123 470 147
A1808 41 633 36 591 42
A1864 36 844 98 773 71
A1890 42 447 31 378 69
A1983 99 820 90 823 -3
A2018 28 625 52 565 60
A2107 52 744 49 743 1
A2108 13 674 24 356 318
A2122 46 712 98 579 133
A2162 101 500 59 451 49
A2169 60 710 91 653 57
A2255 52 607 99 531 76
A2593 17 515 38 315 200

Table 4

THE VELOCITY DISPERSIONS OF BLUE AND RED GALAXIES
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According to the Bernulli formula the probability that the velocity dispersion of
blue galaxies in the environment of clusters is higher than that of red galaxies
by chance, is less than 10-6. Thus, the difference between velocity dispersions of
blue and red galaxies in the cluster environment support the conclusion on their
different entity.

3. Conclusions. We counted the SDSS-DR9 galaxies in the area of 30
isolated clusters within 2 Mpc and in 4 rings around clusters with 2 Mpc width
each till 10 Mpc. The galaxies with velocities within ±1500 km s-1 of the cluster
velocity were counted. The overdensities show a certain decrease of the number
of galaxies in the cluster environment with the cluster-centric distance of the ring.
The separate consideration of the distribution of blue and red galaxies allows to
suggest that the decrease of the surface density with cluster-centric distance is due
mainly to the backsplash red galaxies. Hence, the red population of the cluster
environment is physically associated with it forming its faint halo. Meanwhile,
the majority of the observed blue population in the cluster environment consists
mainly of the unrelated to cluster field galaxies. The higher velocity dispersion
of blue galaxies in the cluster environment in comparison to that of red galaxies
confirms that they are field object with large variety of velocities. The small
increase of the surface densities of blue galaxies at small cluster-centric distances
is apparently due to infalling galaxies. Thus, we suggest that the halo mass is
determined mainly by the red galaxies. Red galaxies were not found before at such
high distances from the cluster. The radius of the red halo could be higher than
10 Mpc, since at this cluster-centric distance the decrease of the surface density
of red galaxies is not terminated.

The number of the observed 2700 red galaxies in the environment of 30
clusters is higher of the number of galaxies within clusters with 2 Mpc radius, 2300.
It follows that the baryon mass of the cluster together with its halo is about twice
higher than the assumed cluster mass.
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Î ÐÀÇÌÅÐÀÕ È ÌÀÑÑÀÕ ÑÊÎÏËÅÍÈÉ ÃÀËÀÊÒÈÊ

Ã.Ì.ÒÎÂÌÀÑßÍ

Ïðîâåäåí ïîäñ÷åò ãàëàêòèê â îáëàñòè ñ ðàäèóñîì 10 Ìïê âîêðóã 30
èçîëèðîâàííûõ ACO ñêîïëåíèé ñ êðàñíûìè ñìåùåíèÿìè < 0.1. Ïîêàçàíî, ÷òî
ïîâåðõíîñòíûå ïëîòíîñòè ãàëàêòèê âîêðóã ñêîïëåíèé ðåãóëÿðíî óìåíüøàþòñÿ
äî ðàññòîÿíèé 10 Ìïê. Ðàçäåëüíûå ïîäñ÷åòû ãîëóáûõ è êðàñíûõ ãàëàêòèê
â îêðåñòíîñòÿõ ñêîïëåíèé ïîêàçàëè, ÷òî ïîâåðõíîñòíûå ïëîòíîñòè êðàñíûõ
ãàëàêòèê áîëüøå ïîâåðõíîñòíûõ ïëîòíîñòåé ãîëóáûõ ãàëàêòèê íà âñåõ
ðàññòîÿíèÿõ îò ñêîïëåíèÿ. Ïîâåðõíîñòíûå ïëîòíîñòè êðàñíûõ ãàëàêòèê ðåçêî
óìåíüøàþòñÿ ñ ðàññòîÿíèåì îò öåíòðà ñêîïëåíèÿ, òîãäà êàê óìåíüøåíèå
ïîâåðõíîñòíûõ ïëîòíîñòåé ãîëóáûõ ãàëàêòèê î÷åíü ïëàâíîå è ïî÷òè íåçàìåòíî
íà áîëüøèõ óãëîâûõ ðàññòîÿíèÿõ îò ñêîïëåíèÿ. Ïðåäïîëàãàåòñÿ, ÷òî ïîïóëÿöèÿ
êðàñíûõ ãàëàêòèê â îêðåñòíîñòÿõ ñêîïëåíèÿ ñîñòîèò èç ãàëàêòèê, êîòîðûå
ïîïàâ â ñêîïëåíèå ïðîøëè ÷åðåç íåãî è è çàòåì óäàëèëèñü îò íåãî. Ýòè
ãàëàêòèêè ñîñòàâëÿþò ãàëî ñêîïëåíèÿ, êîòîðîå ïðîñòèðàåòñÿ äàëåå 10 Ìïê îò
öåíòðà ñêîïëåíèÿ. Ïîïóëÿöèÿ ãîëóáûõ ãàëàêòèê ñîñòîèò ïðåèìóùåñòâåííî èç
ãàëàêòèê ïîëÿ. Ìàññà ãàëî áîëüøå, ÷åì ìàññà ñàìîãî ñêîïëåíèÿ.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: ñêîïåíèÿ
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Âíåãàëàêòè÷åñêèé ðàäèîèñòî÷íèê OJ 287 ÿâëÿåòñÿ îäíèì èç íàèáîëåå èññëåäóåìûõ áëàçàðîâ.
Ïî ýòîìó èñòî÷íèêó íàêîïëåíî îãðîìíîå êîëè÷åñòâî äàííûõ (â ðàäèîäèàïàçîíå çà âðåìÿ
áîëåå 40 ëåò è â îïòè÷åñêîì äèàïàçîíå - áîëåå 100 ëåò). Â ñâÿçè ñ âîçìîæíûì íàëè÷èåì â
ýòîì ðàäèîèñòî÷íèêå ñèñòåìû äâîéíîé ÷åðíîé äûðû, êîòîðàÿ âêëþ÷àåò öåíòðàëüíûé îáúåêò
è åãî  ñïóòíèê, ïðåäñòàâëÿþò èíòåðåñ èññëåäîâàíèÿ áûñòðûõ âàðèàöèé ðàäèîïîòîêà è çâåçäíîé
âåëè÷èíû ýòîãî îáúåêòà ñ õàðàêòåðíûìè âðåìåíàìè îò íåñêîëüêèõ ÷àñîâ äî íåñêîëüêèõ äíåé.
Â äàííîé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ïîèñêîâûõ èññëåäîâàíèé âíóòðèñóòî÷íîé (IDV) è
ìåæñóòî÷íîé ïåðåìåííîñòè ðàäèîèñòî÷íèêà OJ 287 (ìàðò-ìàé 2019) íà ÷àñòîòàõ 6.1, 6.7 ÃÃö
íà òåëåñêîïàõ VIRAC (Ventspils International Radioastronomy Center, Ëàòâèÿ), â ñðàâíåíèè ñ
îïòè÷åñêîé ïåðåìåííîñòüþ â ôèëüòðàõ V, R, I (àïðåëü-ìàé 2019). Îïòè÷åñêèå êðèâûå áëåñêà
áûëè ïîëó÷åíû íà 1.2-ì òåëåñêîïå ñèñòåìû Øìèäòà â àñòðîíîìè÷åñêîé îáñåðâàòîðèè Áàëäîíå,
Ëàòâèÿ, 1-ì òåëåñêîïå VNT â Âèãîðëàòñêîé àñòðîíîìè÷åñêîé îáñåðâàòîðèè (Ñëîâàêèÿ) è íà
òåëåñêîïå ÀÇÒ-3 íàáëþäàòåëüíîé ñòàíöèè Ìàÿêè Àñòðîíîìè÷åñêîé îáñåðâàòîðèè ÎÍÓ èì.
È.È.Ìå÷íèêîâà. Ïîëó÷åíû ñõîäñòâà äîëãîâðåìåííûõ êâàçèïåðèîäîâ â ðàäèî (15, 42 äíåé) è
îïòè÷åñêîì (13, 36-37 äíåé) äèàïàçîíàõ. Ìèíèìàëüíîå õàðàêòåðíîå âðåìÿ èçìåíåíèÿ ïëîòíîñòè
ïîòîêà ñîñòàâèëî 1.4 ÷àñà è 0.6 ÷àñà íà ÷àñòîòàõ 6.7 è 6.1 ÃÃö ñ îñíîâíûìè êâàçèïåðèîäàìè
îêîëî 5 è 2-3 ÷àñà äëÿ ðàçëè÷íûõ ñåàíñîâ íàáëþäåíèé. Òàêæå ïðåäñòàâëåíî ñðàâíåíèå ïîëó÷åííûõ
ðåçóëüòàòîâ ñ ðåçóëüòàòàìè äðóãèõ àâòîðîâ.

Êëþ÷åâûå ñëîâà: âíóòðèñóòî÷íàÿ ïåðåìåííîñòü: ìåæñóòî÷íàÿ ïåðåìåííîñòü:
   ðàäèîèñòî÷íèê: ïåðèîäîãðàììà: OJ 287

1. Ââåäåíèå. Èñòîðèÿ íàáëþäåíèé ëàöåðòèäû OJ 287 íà÷àëàñü ñ
ïðåäñòàâëåíèÿ î íåé, êàê î ïåðåìåííîé çâåçäå, à â íàñòîÿùåå âðåìÿ ýòîò
îáúåêò ÿâëÿåòñÿ îäíèì èç íàèáîëåå øèðîêî èññëåäóåìûõ àêòèâíûõ ÿäåð
ãàëàêòèê. Â ðåçóëüòàòå äëÿ OJ 287 íàêîïëåíî ìíîæåñòâî îïòè÷åñêèõ íàáëþ-
äåíèé õîðîøåãî êà÷åñòâà ñ îáùåé äëèòåëüíîñòüþ îêîëî 100 ëåò.

Íàïðèìåð, â ðàáîòå [1] èññëåäóåòñÿ êðèâàÿ áëåñêà OJ 287, ïîëó÷åííàÿ â
ôèëüòðå V, èç ôðàãìåíòîâ ðàçíûõ íàáëþäåíèé ñ 1891 ïî 2010ãã. Ïðîâåäåííûé
àâòîðàìè ñòàòüè ãàðìîíè÷åñêèé àíàëèç ðàçíûìè ìåòîäàìè ïîêàçàë íàëè÷èå
îñíîâíîãî êâàçèïåðèîäà ~12 ëåò, à òàêæå äâóõ êàçèïåðèîäîâ ~4 è ~1.7 ãîäà.

Ñëåäóåò îòìåòèòü, ÷òî äâåíàäöàòèëåòíèé êâàçèïåðèîä, îáíàðóæåííûé â
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îïòè÷åñêîì äèàïàçîíå (ïðåäïîëàãàåìûé ïåðèîä îáðàùåíèÿ ÷åðíîé äûðû-
ñïóòíèêà), ïðèìåíåí äëÿ ðàñ÷åòà ìîäåëè äâîéíîé ÷åðíîé äûðû, êîòîðàÿ
îïèñûâàåò ìíîãèå íàáëþäàòåëüíûå îñîáåííîñòè âàðèàöèé áëåñêà OJ 287 è
ïîäðîáíî ðàññìîòðåíà, íàïðèìåð, â ðàáîòå [2]. Â ðàáîòå [3] èññëåäóþòñÿ
UBVRI êðèâûå áëåñêà BL Lac, èç êîòîðûõ ñàìûé äëèòåëüíûé ðÿä ïîëó÷åí
â ôèëüòðå B ñ 1896 ïî 1996ãã. Àíàëèç äàííûõ ìåòîäîì Þðêåâè÷à ïîêàçàë
íàëè÷èå íàèáîëåå âåðîÿòíîãî êâàçèïåðèîäà ~14 ëåò è ñëàáîãî êâàçèïåðèîäà
~7.5 ëåò, à òàêæå ñåðèè áîëåå êîðîòêèõ êâàçèïåðèîäîâ ~0.6, 0.9, 2, 3 ãîäà.

Âíóòðèñóòî÷íàÿ ïåðåìåííîñòü â ðàäèîäèàïàçîíå ó OJ 287 çàðåãèñòðèðîâàíà
âî ìíîãèõ ðàáîòàõ ðàçíûõ àâòîðîâ, îäíàêî â ñâÿçè ñî ñëîæíîñòüþ òàêèõ
íàáëþäåíèé è îãðàíè÷åííîñòüþ âî âðåìåíè íà èíñòðóìåíòàõ äëÿ ðåãóëÿðíûõ
íàáëþäåíèé, çíà÷åíèÿ êâàçèïåðèîäîâ íå ÿâëÿþòñÿ íàäåæíûìè. Íàïðèìåð, â
ðàáîòå [4] âðåìåííàÿ øêàëà èçìåíåíèé ïëîòíîñòè ïîòîêà â ðàäèîäèàïàçîíå
(5 ÃÃö) äëÿ OJ 287 îöåíèâàåòñÿ êàê ~0.4 è áîëåå äâóõ äíåé, â îïòè÷åñêîì
äèàïàçîíå, çà òî æå âðåìÿ íàáëþäåíèé, ïîëó÷åíû çíà÷åíèÿ êâàçèïåðèîäîâ
â 0.5 è 1.3 äíÿ â ôèëüòðå R. Â îïòè÷åñêîì äèàïàçîíå âðåìåííàÿ øêàëà
âàðèàöèé áëåñêà ÷àñòî ìåíüøå ÷àñà è äîñòèãàåò íåñêîëüêèõ ìèíóò. Â ðàáîòå
[5] îáíàðóæåíà ïåðåìåííîñòü ñ õàðàêòåðíûìè âðåìåíàìè 34.4, 45.6, 51.3
ìèíóòû â ôèëüòðàõ V, R, I.

Â ðàäèîäèàïàçîíå äëÿ OJ 287 ïðåîáëàäàþùèìè ÿâëÿþòñÿ êâàçèïåðèîäû
~1.1 è 1.6 ãîäà [6] è ~0.5, 1.1, 2.5 ëåò [7] íà ÷àñòîòå 14.5 ÃÃö. Â òî âðåìÿ
êàê áîëåå äëèòåëüíûå âàðèàöèè ïëîòíîñòè ïîòîêà ó ýòîãî èñòî÷íèêà óæå
íåÿâíûå è âîçìîæíàÿ öèêëè÷íîñòü òðóäíîðàçëè÷èìà íà ôîíå âûñîêîàìïëè-
òóäíîé áûñòðîé ïåðåìåííîñòè, ÷òî âûðàæàåòñÿ â ðàçáðîñå çíà÷åíèé âåðîÿòíûõ
êâàçèïåðèîäîâ ïðè ðàñ÷åòå ðàçíûìè ìåòîäàìè.

Â äàííîé ðàáîòå ïîñòàâëåíà çàäà÷à ïðîâåäåíèÿ èññëåäîâàíèé áûñòðîé
ïåðåìåííîñòè OJ 287 â ðàäèî è îïòè÷åñêîì äèàïàçîíàõ. Ïåðñïåêòèâà òàêèõ
íàáëþäåíèé çàêëþ÷àåòñÿ â òîì, ÷òî îíè ïðîâîäÿòñÿ íà îäèíàêîâûõ âðåìåííûõ
èíòåðâàëàõ. Â ñâÿçè ñ áîëüøîé çàâèñèìîñòüþ îïòè÷åñêèõ íàáëþäåíèé îò
ïîãîäû, íàáëþäåíèÿ âåëèñü íà òåëåñêîïàõ, ðàñïîëîæåííûõ íà áëèçêèõ
ìåðèäèàíàõ, íî ïðè ýòîì äàëåêî ðàçíåñåííûõ ïî øèðîòå îò Ëàòâèè äî
Ñëîâàêèè è äî ñàìîé þæíîé òî÷êè - íàáëþäàòåëüíîé ñòàíöèè â Óêðàèíå.

Â îñíîâå äàííîé  ðàáîòû ëåæàò íàáëþäåíèÿ íà 16-ì è 32-ì ðàäèîòåëåñêîïàõ
VIRAC, ãäå â òå÷åíèå 2017-2018ãã. ïðîâåäåíî ïîëíîå èññëåäîâàíèå àíòåíí
ðàäèîòåëåñêîïîâ, âûïîëíåíû äåñÿòêè íàáëþäàòåëüíûõ ñåññèé, ðåøåíî ìíî-
æåñòâî òåõíè÷åñêèõ ïðîáëåì äëÿ îáåñïå÷åíèÿ âûñîêîêà÷åñòâåííûõ ïðåöè-
çèîííûõ íàáëþäåíèé AGN ñ âûñîêèì âðåìåííûì ðàçðåøåíèåì. Â îïòè÷åñêîì
äèàïàçîíå íàáëþäåíèÿ ïðîâåäåíû íà òåëåñêîïå ÀÇÒ-3 â ôèëüòðàõ R è V, à
òàêæå íà 1-ì òåëåñêîïå VNT â ôèëüòðàõ V, R, I è 1.2-ì êàìåðå Øìèäòà
Àñòðîíîìè÷åñêîé îáñåðâàòîðèè Áàëäîíå â ôèëüòðå R. Ïðè÷èíû âíóòðèñóòî÷íîé
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ïåðåìåííîñòè OJ 287 îñòàþòñÿ íåÿñíûìè. Îíè ìîãóò áûòü ñâÿçàíû êàê ñ
ïðîöåññàìè â ñàìîì èñòî÷íèêå, òàê è ïðîÿâëÿòüñÿ ïîä âëèÿíèåì êîñìè÷åñêîé
ñðåäû. Âîçìîæíî ñîñóùåñòâîâàíèå äâóõ ïðè÷èí ñ ðàçëè÷íîé ñòåïåíüþ âêëàäà
â ðàäèî è îïòè÷åñêîì äèàïàçîíàõ.

2. Íàáëþäåíèÿ è èíñòðóìåíòû.

2.1. Ðàäèîòåëåñêîïû. Íàáëþäåíèÿ ðàäèîèñòî÷íèêà OJ 287 â îñíîâíîì
âûïîëíåíû íà 16-ì ðàäèîòåëåñêîïå, à ñ 23 àïðåëÿ ïî 9 ìàÿ 2019ã. íàáëþäåíèÿ
áûëè âûïîëíåíû íà 32-ì ðàäèîòåëåñêîïå.  Îáå àíòåííû îñíàùåíû êðèîãåííûìè
øèðîêîïîëîñíûìè ïðèåìíèêàìè ïîëíîé ìîùíîñòè â ïðàâîé è ëåâîé êðóãîâûõ
ïîëÿðèçàöèÿõ, êîòîðûå îõëàæäàþòñÿ æèäêèì ãåëèåì. Ðàáî÷èå ÷àñòîòû 5, 6.1,
6.7, 8.4 ÃÃö. Ñ ìàÿ 2019ã. íà 32-ì àíòåííó äîïîëíèòåëüíî óñòàíîâëåí íåîõëàæ-
äàåìûé SDR ïðèåìíèê L-äèàïàçîíà, 1.6 ÃÃö. Îñíîâíûå ïàðàìåòðû 16-ì
ðàäèîòåëåñêîïà óêàçàíû íèæå â òàáë.1. Â êà÷åñòâå êàëèáðîâî÷íûõ ïðèìåíÿëèñü
âûñîêîñòàáèëüíûå ðàäèîèñòî÷íèêè 3Ñ 196 è 3Ñ 286, äëèòåëüíûå íàáëþäåíèÿ
êîòîðûõ ïîêàçàëè "ðîâíûé" âèä êðèâûõ áëåñêà ñ ìàëûì ðàçáðîñîì òî÷åê.

Îäíî èçìåðåíèå ïëîòíîñòè ïîòîêà S
f
 ðàäèîèñòî÷íèêà çàíèìàåò îêîëî 20 ñ.

Ñåìü ïîñëåäîâàòåëüíûõ èçìåðåíèé íà îäíîé ÷àñòîòå óñðåäíÿþòñÿ äëÿ óìåíü-
øåíèÿ âëèÿíèÿ àòìîñôåðíûõ ïîìåõ. Êîëè÷åñòâî ïîëó÷àåìûõ îòñ÷åòîâ ïëîò-

Îõëàæäàåìàÿ ïðèåìíàÿ Ïðîèçâîäèòåëü: TTI, Èñïàíèÿ
ñèñòåìà äëÿ ÷àñòîòíîãî ×àñòîòíûé äèàïàçîí: 4500 - 8800 MHz RHCP/LHCP
äèàïàçîíà C/M/X Ïîëîñà ðåãèñòðàöèè: 1000 - 1200 MHz

Äîñòóïíûå ïîääèàïàçîíû:
C1: 4500 - 5500 MHz, LO = 4100 MHz
C2: 5400 - 6400 MHz, LO = 5000 MHz
C3: 6400 - 7600 MHz, LO = 6100 MHz
C4: 7600 - 8800 MHz, LO = 7300 MHz
SEFD (C1/C2/C3/C4 äëÿ âñåõ äèàïàçîíîâ): 540 - 700 Jy
G/T: 56 - 60 dB/K
Óñèëåíèå:  0.05 K/Jy, 59 dBi
Ñèñòåìíàÿ òåìïåðàòóðà: 30 - 50 K â çàâèñèìîñòè îò
óãëà íàêëîíà
HPBW @ 8400 MHz: 0.156 deg èëè 10 arcmin

Ïàðàìåòðû ñèñòåìû Ðàçðàáîò÷èê: MTM Mechatronics, Ãåðìàíèÿ
ïîçèöèîíèðîâàíèÿ Àçèìóò/Óãîë ìåñòà äèàïàçîí: -328…+328 deg/+2.5…94 deg
àíòåííû: Àçèìóò/Óãîë ìåñòà ìàêñèìàëüíàÿ ñêîðîñòü: 5/4 deg/s

Àçèìóò/Óãîë ìåñòà ìàêñèìàëüíîå óñêîðåíèå: 1.5/2 deg/s/s
Àçèìóò/Óãîë ìåñòà òî÷íîñòü ñëåæåíèÿ: 3.3/3.3 arcsec (RMS)
Àçèìóò/Óãîë ìåñòà òî÷íîñòü íàâåäåíèÿ: 23/54 arcsec (RMS)
Ðåæèìû ðàáîòû: Òàáëèöà êîîðäèíàò; òàáëèöà ïîïðàâîê;
TLE (äëÿ ñïóòíèêîâ)

Òàáëèöà 1

ÒÀÁËÈÖÀ ÎÑÍÎÂÍÛÕ ÏÀÐÀÌÅÒÐÎÂ 16-ì ÐÀÄÈÎÒÅËÅÑÊÎÏÀ
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íîñòè ïîòîêà çà ñóòêè èçìåíÿåòñÿ â çàâèñèìîñòè îò çàãðóæåííîñòè òåëåñêîïà
äðóãèìè íàó÷íûìè ïðîãðàììàìè è îáû÷íî ñîñòàâëÿåò 100-700 òî÷åê. Ïîäðîáíåå
îá èññëåäîâàíèè ïàðàìåòðîâ àíòåííû 16-ì ðàäèîòåëåñêîïà è ìåòîäèêå ïîëó÷åíèÿ
îòñ÷åòîâ ïëîòíîñòè ïîòîêà â ÿíñêèõ èçëîæåíî â ðàáîòå [8], àíàëîãè÷íûå
èññëåäîâàíèÿ áûëè ïðîâåäåíû è äëÿ 32-ì ðàäèîòåëåñêîïà.

2.2. Îïòè÷åñêèå òåëåñêîïû. Íàáëþäåíèÿ â îïòè÷åñêîì äèàïàçîíå
âûïîëíåíû íà ñëåäóþùèõ òåëåñêîïàõ: ÀÇÒ-3, VNT è êàìåðå Øìèäòà.

Êðàòêèå ïàðàìåòðû ýòèõ òåëåñêîïîâ ïðèâåäåíû â òàáë.2.

2.3. Ìåòîäû îáðàáîòêè íàáëþäàòåëüíûõ äàííûõ. Äëÿ ðàñ÷åòà
ïåðèîäîãðàìì è îïðåäåëåíèÿ çíà÷åíèé âåðîÿòíûõ êâàçèïåðèîäîâ, ïðèìåíåí
ìåòîä Ëîìáà-Ñêàðãëà [9]. Îäíàêî â ñâîåé "îðèãèíàëüíîé" ôîðìå ýòîò ìåòîä
ïðè áîëüøîì îáúåìå äàííûõ äîâîëüíî ìåäëåííûé. Â ñâÿçè ñ ýòèì â ðàáîòå
èñïîëüçîâàëñÿ ìîäèôèöèðîâàííûé "áûñòðûé" ìåòîä Ëîìáà-Ñêàðãëà íà îñíîâå
áûñòðîãî ïðåîáðàçîâàíèÿ Ôóðüå, ïðåäëîæåííûé â ðàáîòå [10]. Ïðè ïîñòðîåíèè
ïåðèîäîãðàììû  ïðèìåíÿëîñü ñïåêòðàëüíîå îêíî Êàéçåðà-Áåññåëÿ ñ ïàðàìåòðîì
ñãëàæèâàíèÿ   ðàâíûì 4. Ýòî ïîçâîëÿåò óìåíüøèòü ýôôåêò "ðàñòåêàíèÿ
ñïåêòðà" è îñëàáèòü ëîæíûå ïèêè íà ïåðèîäîãðàììå [11] öåíîé íåçíà÷èòåëüíîãî
ñíèæåíèÿ ÷àñòîòíîãî ðàçðåøåíèÿ.

Ïðè àíàëèçå îòäåëüíûõ ñåàíñîâ íàáëþäåíèé, äëÿ ïðîâåðêè íîðìàëüíîñòè
ñòàòèñòè÷åñêîãî ðàñïðåäåëåíèÿ ïðèìåíÿëèñü ñòàòèñòè÷åñêèå òåñòû Êîëìîãîðîâà-
Ñìèðíîâà è Êðàìåðà-Ìèçåñà, ÷òî ïîçâîëÿåò ïðèáëèçèòåëüíî óñòàíîâèòü -
ÿâëÿþòñÿ ëè àíàëèçèðóåìûå äàííûå øóìîâûìè [12]. Äëÿ îòäåëüíûõ ñåññèé
íàáëþäåíèé ïðèìåíÿëàñü Ôóðüå-èíòåðïîëÿöèÿ ñ ïîñëåäóþùèì îáíóëåíèåì
÷àñòîò çà ïðåäåëàìè èñõîäíîé ÷àñòîòû Íàéêâèñòà (÷òîáû èçáåæàòü èñêàæåíèé
ñïåêòðà âðåìåííîãî ðÿäà) [13]. Ýòî ïîçâîëèëî óëó÷øèòü âûäåëåíèå íà ïåðèîäî-
ãðàììå ìàêñèìóìîâ, ñîîòâåòñòâóþùèõ íèçêîàìïëèòóäíûì êâàçèãàðìîíè÷åñêèì
âàðèàöèÿì, ÷òî âàæíî ïðè àíàëèçå IDV (âíóòðèñóòî÷íîé) ïåðåìåííîñòè.

            ÀÇÒ-3      Êàìåðà Øìèäòà           VNT

Äèàìåòð: 480-ìì Äèàìåòð: 1.2-ì Àïåðòóðà: 1000-ìì
Ôîêàëüíîå ðàññò.: 2024-ìì Ôîêàëüíîå ðàññò.: 2.4-ì Ôîêàëüíîå ðàññò.: 9000-ìì
Êàìåðà: UAI CCD ICX429ALL Êàìåðà: SBIG CCDs CCD: FLI PL 1001E
Ïîëå çðåíèÿ: 12'.0 x 8'.5 STX-16803 16 mpx 1024 x 1024 px
Ïðåäåëüíàÿ âåëè÷èíà: 17m Ðàçìåð ïèêñåëÿ 9 x 9 ìêì Ïîëå çðåíèÿ: 9'.47 x 9'.47

Ïîëå çðåíèÿ: 1o
 x 1o

Ïðåäåëüíàÿ âåëè÷èíà: 21m

Òàáëèöà 2

ÎÑÍÎÂÍÛÅ ÏÀÐÀÌÅÒÐÛ ÎÏÒÈ×ÅÑÊÈÕ ÒÅËÅÑÊÎÏÎÂ,
ÇÀÄÅÉÑÒÂÎÂÀÍÍÛÕ Â ÍÀÁËÞÄÅÍÈßÕ ËÀÖÅÐÒÈÄÛ OJ 287
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3. Ðåçóëüòàòû.

3.1. Ðàäèîäèàïàçîí. Â ðàäèîäèàïàçîíå íàáëþäåíèÿ ðàäèîèñòî÷íèêà OJ
287 ïðîâîäèëèñü ñ 28 ìàðòà ïî 15 ìàÿ 2019ã. Èçíà÷àëüíî ïëàíèðîâàëèñü
íàáëþäåíèÿ íà ÷àñòîòàõ 5, 6.7 è 8.4 ÃÃö, îäíàêî âïîñëåäñòâèè îêàçàëîñü, ÷òî
íà ÷àñòîòàõ 5 è 8.4 ÃÃö ïðîÿâëÿþòñÿ ñèëüíûå ïîìåõè è øóìû, ïîýòîìó
äàëüíåéøèå íàáëþäåíèÿ âåëèñü ðåãóëÿðíî íà 6.7 ÃÃö (êàê îñíîâíîé) ÷àñòîòå,
ñ äîïîëíèòåëüíûìè íàáëþäåíèÿìè íà ÷àñòîòå 6.1 ÃÃö (10-15 ìàÿ). Íà ÷àñòîòå
6.7 ÃÃö ïîëó÷åíî 4678 îòñ÷åòîâ ïëîòíîñòè ïîòîêà, ÷òî ïîçâîëèëî âî ìíîãèõ
íàáëþäàòåëüíûõ ñåññèÿõ çàôèêñèðîâàòü ïðîÿâëåíèå IDV è îïðåäåëèòü
õàðàêòåðíîå âðåìÿ ýòèõ áûñòðûõ âàðèàöèé.

Íà ðèñ.1 ïîêàçàí ãðàôèê íàáëþäåíèé OJ 287, 6.7 ÃÃö, ñãëàæåííûõ
ñêîëüçÿùèì ñðåäíèì (èíòåðâàë ñãëàæèâàíèÿ 8 òî÷åê, ñòåïåíü ïîëèíîìà 2).

 Äëÿ îïðåäåëåíèÿ õàðàêòåðíîãî âðåìåíè âíóòðèñóòî÷íûõ âàðèàöèé (IDV)
íåîáõîäèìî ðàññìîòðåòü êàæäûé ñåàíñ íàáëþäåíèÿ, ïîñêîëüêó íà ïåðèîäî-
ãðàììàõ äëÿ RCP è LCP íèçêîàìïëèòóäíûå áûñòðûå âàðèàöèè ïîòîêà
"çàãëóøàþòñÿ" ìîùíûì ñóòî÷íûì ïåðèîäîì è åãî ãàðìîíèêàìè. Åãî ïîÿâëåíèå

ñâÿçàíî ñ òåì, ÷òî íàáëþäåíèÿ íà ðàäèîòåëåñêîïàõ ïðîâîäÿòñÿ ñ ïåðåðûâàìè
(ïîñêîëüêó åñòü äðóãèå íàó÷íûå ïðîãðàììû) è â äàííûõ ïîÿâëÿþòñÿ ïîâòîðÿþùèåñÿ
ðàçðûâû, ÷òî ïðèâîäèò ê ïîÿâëåíèþ ìàêñèìóìà íà ïåðèîäîãðàììå ñ ïåðèîäîì
24 ÷àñà. Õàðàêòåðíîå âðåìÿ íàèáîëåå äëèòåëüíîãî, òðåíäîâîãî èçìåíåíèÿ ïëîòíîñòè
ïîòîêà îöåíåíî âïèñûâàíèåì ñèíóñîèäû â äàííûå íàáëþäåíèé ìåòîäîì íàèìåíüøèõ
êâàäðàòîâ. Ïðèìåðû ïîêàçàíû íà ðèñ.2. Ìàêñèìóìû íà ïåðèîäîãðàììå èäåíòè-
ôèöèðóþòñÿ ñ ïîìîùüþ ïðîöåäóðû îáíàðóæåíèÿ ëîêàëüíûõ ìàêñèìóìîâ, êîòîðàÿ
îñíîâàíà íà èíòåðïîëÿöèè ïåðèîäîãðàììû êóáè÷åñêèì ñïëàéíîì [14].

Âðåìÿ, äîëè ìåñÿöà
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Ðèñ.1. Ãðàôèê ñãëàæåííûõ äàííûõ äëÿ OJ 287 â ïðàâîé (RCP) è ëåâîé (LCP) êðóãîâûõ
ïîëÿðèçàöèÿõ íà ÷àñòîòå 6.7 ÃÃö. Õîðîøî çàìåòíî äîëãîâðåìåííîå èçìåíåíèå ïëîòíîñòè ïîòîêà.
Âåðòèêàëüíûå "ïîëîñêè" ðàñïðåäåëåíèÿ äàííûõ ïðåäñòàâëÿþò îòäåëüíûå ñåàíñû íàáëþäåíèé.
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Íà÷àëüíûå çíà÷åíèÿ ÷àñòîò, àìïëèòóä è ôàç ãàðìîíèê, ïîëó÷åííûå èç
ïåðèîäîãðàììû, èñïîëüçîâàëèñü äëÿ ïîñòðîåíèÿ òðèãîíîìåòðè÷åñêîãî ïîëèíîìà
ïóòåì "óòî÷íåíèÿ" íà÷àëüíûõ çíà÷åíèé èòåðàöèîííûì ìåòîäîì Ëåâåíáåðãà-
Ìàðêâàðäòà [15] äî íàèëó÷øåãî ñîâïàäåíèÿ àïïðîêñèìèðóþùåãî ðÿäà ñ
èñõîäíûìè äàííûìè. Ïðèìåð ïîêàçàí íà ðèñ.3.

Ðàññìîòðèì îòäåëüíûå ñåàíñû íàáëþäåíèé, ïðèìåðû ïîêàçàíû íà ðèñ.4.
Àíàëèç îòäåëüíûõ ñåàíñîâ íàáëþäåíèé (ãäå áûëè çíà÷èìûå ìàêñèìóìû

íà ïåðèîäîãðàììàõ) ïîêàçàë, ÷òî íà ÷àñòîòàõ 6.7 è 6.1 ÃÃö îñíîâíûå çíà÷åíèÿ
êâàçèïåðèîäîâ áûñòðûõ âàðèàöèé áëèçêè ê 5 è 2 ÷àñàì. Â íåêîòîðûå ñåàíñû
íàáëþäåíèé ïðîÿâëÿëñÿ òàêæå êâàçèïåðèîä îêîëî 3 ÷àñîâ. Ïðèìåð äëÿ
÷àñòîòû 6.1 ÃÃö ïîêàçàí íà ðèñ.5.

Ðèñ.2. Ïðèìåð àïïðîêñèìàöèè èñõîäíûõ äàííûõ (âû÷òåíî ñðåäíåå çíà÷åíèå) (ââåðõó) è
ïåðèîäîãðàììû (âíèçó) äëÿ OJ 287 6.7 ÃÃö. Çäåñü R2

 = 0.474 - êîýôôèöèåíò äåòåðìèíàöèè,
SE = 0.433 - ñòàíäàðòíàÿ îøèáêà àïïðîêñèìàöèè, F = 1926.100 - çíà÷åíèå F-ñòàòèñòèêè. Íà
ïåðèîäîãðàììàõ ôëàæêàìè îáîçíà÷åíû çíà÷åíèÿ êâàçèïåðèîäîâ â ÷àñàõ (h) è äíÿõ (d),
ôëàæîê 99.9 îáîçíà÷àåò óðîâåíü çíà÷èìîñòè, ïîêàçûâàþùèé, ÷òî âåðîÿòíîñòü òîëüêî 1 èç
1000 ñëó÷àéíûõ íàáîðîâ äàííûõ ìîæåò äàòü ìàêñèìóì íà ïåðèîäîãðàììå âûøå ýòîãî óðîâíÿ.
Ñàìûé âûñîêèé ìàêñèìóì íà ïåðèîäîãðàììàõ ñîîòâåòñòâóåò çíà÷åíèþ îêîëî 15 äíåé.
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Ðèñ.3. Ïðèìåð àïïðîêñèìàöèè ñãëàæåííûõ íàáëþäåíèé (âû÷òåíî ñðåäíåå çíà÷åíèå) OJ
287, 6.7 ÃÃö (LCP) òðèãîíîìåòðè÷åñêèì ïîëèíîìîì, ñîñòàâëåííûõ èç 12 ñèíóñîèä, ñîîò-
âåòñòâóþùèõ ìàêñèìóìàì ïåðèîäîãðàììû, ïðåâûøàþùèõ 99.9 óðîâåíü çíà÷èìîñòè. Çäåñü
R2

 = 0.650 - êîýôôèöèåíò äåòåðìèíàöèè, SE = 0.354 - ñòàíäàðòíàÿ îøèáêà àïïðîêñèìàöèè,
F = 678.559 - çíà÷åíèå F-ñòàòèñòèêè. Ïóíêòèðíûå ëèíèè îáîçíà÷àþò 95% èíòåðâàë ïðåäñêàçàíèÿ,
êîòîðûå ïîêàçûâàþò äèàïàçîí Y äëÿ äàííîãî X, ãäå ñóùåñòâóåò 95% âåðîÿòíîñòü òîãî, ÷òî
ñëåäóþùåå çíà÷åíèå Y áóäåò ïîëó÷åíî íà îñíîâå àïïðîêñèìàöèè èìåþùèõñÿ çíà÷åíèé.

Âðåìÿ, äîëè ìåñÿöà
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Ðèñ.4. a) Ôðàãìåíò äàííûõ ñ 9 ïî 15 ìàÿ 2019; b) ôðàãìåíò äàííûõ ñ 28 ïî 29 ìàðòà
2019; c) ôðàãìåíò äàííûõ 25 àïðåëÿ 2019; d) ôðàãìåíò äàííûõ ñ 15 ïî 16 àïðåëÿ 2019.
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3.2. Îïòè÷åñêèé äèàïàçîí. Â îïòè÷åñêîì äèàïàçîíå íàáëþäåíèÿ
âûïîëíåíû â ôèëüòðàõ V, R (ÀÇÒ-3); V, R, I (VNT); R (êàìåðà Øìèäòà).
Èíòåðâàëû âðåìåíè íàáëþäåíèé è êîëè÷åñòâî îòñ÷åòîâ çâåçäíîé âåëè÷èíû
ïîêàçàíû â òàáë.3.

Êðèâûå áëåñêà OJ 287 ïîêàçàíû íà ðèñ.6. Íàáëþäåíèÿ íà òåëåñêîïå ÀÇÒ-3
ïðèâåäåíû ê ñòàíäàðòíîé ôîòîìåòðè÷åñêîé ñèñòåìå ïî ñëåäóþùèì ôîðìóëàì:

    , , compKinststcompVinstst RRVRRVVBVV 

ãäå V
st
, R

st
 - çâåçäíûå âåëè÷èíû â ñòàíäàðòíîé ñèñòåìå, instV , instR  - ðàçíîñòü

çâåçäíûõ âåëè÷èí ïåðåìåííîé çâåçäû è çâåçäû ñðàâíåíèÿ, V , K  - öâåòîâûå
êîýôôèöèåíòû òðàíñôîðìàöèè [29],  VB ,  RV   - ðàçíîñòü ïîêàçàòåëåé

Ðèñ.5. Ïðèìåð òðèãîíîìåòðè÷åñêîãî ïîëèíîìà äëÿ OJ 287 (âû÷òåíî ñðåäíåå çíà÷åíèå),
10-15 ìàÿ 2019, 6.1 ÃÃö (RCP). Ïåðèîäû ñèíóñîèä: 3.3 äíÿ, 24, 16, 12, 5.3 è 2.4 ÷àñà. Çäåñü
R2

 = 0.515 - êîýôôèöèåíò äåòåðìèíàöèè, SE = 0.400 - ñòàíäàðòíàÿ îøèáêà àïïðîêñèìàöèè,
F = 46.531 - çíà÷åíèå F-ñòàòèñòèêè.

Âðåìÿ, äîëè äíÿ
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Òåëåñêîï Âðåìÿ íàáëþäåíèé Êîëè÷åñòâî òî÷åê

ÀÇÒ-3 2 ìàðòà - 26 àïðåëÿ, 2019 1040 (V)
977 (R)

VNT 1 àïðåëÿ - 8 ìàÿ, 2019 182 (V)
179 (R)
185 (I)

Êàìåðà Øìèäòà 5 àïðåëÿ - 7 ìàÿ, 2019 255 (R)

Òàáëèöà 3
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ÏÎËÓ×ÅÍÍÛÕ ÎÒÑ×ÅÒÎÂ ÇÂÅÇÄÍÎÉ ÂÅËÈ×ÈÍÛ Â ÐÀÇÍÛÕ

ÔÈËÜÒÐÀÕ ÄËß ÒÐÅÕ ÒÅËÅÑÊÎÏÎÂ
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öâåòà ïåðåìåííîé çâåçäû è çâåçäû ñðàâíåíèÿ, V
comp

, R
comp

 - çâåçäíûå âåëè÷èíû
çâåçäû ñðàâíåíèÿ â ñòàíäàðòíîé ñèñòåìå [16].

Ðàññìîòðèì àïïðîêñèìàöèè îïòè÷åñêèõ íàáëþäåíèé ñ îäíîé èëè íåñêîëüêèìè
ñèíóñîèäàìè, ìåòîäîì íàèìåíüøèõ êâàäðàòîâ, äëÿ îïðåäåëåíèÿ õàðàêòåðíûõ
âðåìåí èçìåíåíèÿ áëåñêà OJ 287. Îäíàêî, ïîñêîëüêó êîëè÷åñòâî íàáëþäåíèé
íåâåëèêî, ïðèâåäåííûå ðåçóëüòàòû ìîæíî ðàññìàòðèâàòü ïîêà êàê ïðåäïîëî-
æèòåëüíûå. Íèæå ïîêàçàíû ïðèìåðû íà ðèñ.7.

Ïî íàáëþäåíèÿì â Àñòðîíîìè÷åñêîé îáñåðâàòîðèè Îäåññêîãî óíèâåðñèòåòà
íà òåëåñêîïå ÀÇÒ-3 (ñàìûå äëèòåëüíûå íàáëþäåíèÿ) â ôèëüòðàõ V, R õàðàê-
òåðíîå âðåìÿ èçìåíåíèÿ áëåñêà 13 äíåé. Òàêæå ïðèñóòñòâóåò òðåíäîâàÿ âîëíà
îêîëî 60 äíåé. Äëÿ îïðåäåëåíèÿ õàðàêòåðíîãî âðåìåíè âíóòðèñóòî÷íîé ïåðåìåí-
íîñòè, äàííûå íàáëþäåíèé áûëè ñãëàæåíû ñêîëüçÿùèì ñðåäíèì ñ øèðèíîé
îêíà 8 òî÷åê, à çàòåì äèôôåðåíöèðîâàíû (ñ ïîñëåäóþùåé íîðìàëèçàöèåé íà
ñòàíäàðòíîå îòêëîíåíèå). Ïðîöåäóðà äèôôåðåíöèðîâàíèÿ âðåìåííîãî ðÿäà

Ðèñ.6.  Êðèâûå áëåñêà OJ 287 â ôèëüòðàõ V, R, I, à òàêæå êðèâûå áëåñêà, ïîêàçûâàþùèå
ñòàáèëüíîñòü çâåçä ñðàâíåíèÿ (âçÿòûõ èç ðàáîòû [17]) â ôèëüòðå R ïî íàáëþäåíèÿì â
Áàëäîíå, Ëàòâèÿ.
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ïîäàâëÿåò äîëãîâðåìåííûå (òðåíäîâûå) âàðèàöèè è óñèëèâàåò êðàòêîâðåìåííûå
[18]. Â ðåçóëüòàòå ìèíèìàëüíûå õàðàêòåðíûå âðåìåíà èçìåíåíèÿ áëåñêà îïðåäåëåíû
êàê 0.9 ÷àñà (ôèëüòð V) è 1.1 ÷àñà (ôèëüòð R). Äîâîëüíî áëèçêàÿ ê 1 ÷àñó
êâàçèïåðèîäè÷åñêàÿ ïåðåìåííîñòü OJ 287 â îïòè÷åñêîì äèàïàçîíå îòìå÷àåòñÿ â
ðàáîòàõ [19,20] ñ çíà÷åíèåì õàðàêòåðíîãî âðåìåíè îêîëî 40 ìèíóò.

Ðàññìîòðèì ïîêàçàòåëü öâåòà V - R. Åãî ãðàôèê ïîêàçàí íà ðèñ.8. Âèäíî,
÷òî ó ïîêàçàòåëÿ öâåòà îòñóòñòâóåò êàêîé-ëèáî òðåíä ñî âðåìåíåì (êðîìå
íåêîòîðûõ íî÷åé, ãäå åñòü ñëàáûé ëèíåéíûé òðåíä) è îí áîëüøå íóëÿ
(çíà÷èò, îáúåêò èçëó÷àåò áîëüøå êðàñíîãî ñâåòà) è íåò âûðàæåííîé çàâèñèìîñòè

Ðèñ.7. Ïðèìåðû àïïðîêñèìàöèè îäíîé ñèíóñîèäîé íàáëþäåíèé â ôèëüòðå R (îáñåðâàòîðèÿ
Áàëäîíå) (ñëåâà) è â ôèëüòðå I (Âèãîðëàòñêàÿ îáñåðâàòîðèÿ) (ñïðàâà). Ïàðàìåòðû àïïðîêñèìàöèè
êðèâîé áëåñêà â ôèëüòðå R: R2

 = 0.814, SE = 0.025, F = 548.024, â ôèëüòðå I: R2
 = 0.802, SE

= 0.039, F= 369.365. Â îáîèõ ñëó÷àÿõ ïîëó÷åíû áëèçêèå çíà÷åíèÿ (37 è 36 äíåé) õàðàêòåðíîãî
âðåìåíè èçìåíåíèÿ áëåñêà, ñîîòâåòñòâåííî.

Âðåìÿ, JD+2458
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ÀÇÒ-3.
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öâåòà îò ÿðêîñòè.

4. Îáñóæäåíèå. Ñðàâíåíèå ðàäèî è îïòè÷åñêèõ íàáëþäåíèé ëàöåðòèäû
OJ 287 ïîêàçàëî ðÿä èíòåðåñíûõ ðåçóëüòàòîâ. Êðèâàÿ èçìåíåíèÿ ïëîòíîñòè
ïîòîêà íà ÷àñòîòå 6.7 ÃÃö ñîäåðæèò âêëàäû êàê äîëãîâðåìåííîé ïåðåìåííîñòè îò
íåñêîëüêèõ äíåé (2 è 3-4 äíÿ) äî, âîçìîæíî, íåñêîëüêèõ äåñÿòêîâ äíåé (15 è
42 äíÿ), òàê è âíóòðèñóòî÷íîé (IDV) ïåðåìåííîñòè. Îäíàêî åå àíàëèç çàòðóäíåí
çíà÷èòåëüíûì âëèÿíèåì ðàçðûâîâ â äàííûõ, ÷òî ïðîÿâëÿåòñÿ â âèäå ìîùíîãî
ñóòî÷íîãî ïåðèîäà è åãî ãàðìîíèê. Äëÿ ìèíèìèçàöèè ýòîãî ýôôåêòà áûëè
ïðîàíàëèçèðîâàíû îòäåëüíûå íàáëþäàòåëüíûå ñåññèè, â êîòîðûõ áûëî íàëè÷èå
IDV (ãèïîòåçà î íîðìàëüíîñòè â ñòàòèñòè÷åñêîì òåñòå îòêëîíÿëàñü). Òàêèì îáðàçîì,
çíà÷èìûå õàðàêòåðíûå âðåìåíà âàðèàöèé ïîòîêà îêàçàëèñü áëèçêè ê 5 è 2-3
÷àñàì. Ìèíèìàëüíîå çíà÷èìîå (íà äîâåðèòåëüíîì óðîâíå ïåðèîäîãðàììû 95% è
âûøå) õàðàêòåðíîå âðåìÿ ñîñòàâèëî ïðèáëèçèòåëüíî 1.4 ÷àñà íà ÷àñòîòå 6.7 ÃÃö
è 0.6 ÷àñà íà ÷àñòîòå 6.1 ÃÃö. IDV ïîÿâëÿåòñÿ è èñ÷åçàåò â ðàçíûå íàáëþäàòåëüíûå
ñåññèè. ×òîáû óëîâèòü ýòîò ýôôåêò, â áóäóùèõ ðàäèîíàáëþäåíèÿõ ïëàíèðóåòñÿ
óâåëè÷èòü âðåìåííîå ðàçðåøåíèå è äëèòåëüíîñòü îòäåëüíûõ íàáëþäàòåëüíûõ
ñåññèé â ñâîáîäíîå îò äðóãèõ èññëåäîâàòåëüñêèõ ïðîãðàìì âðåìÿ.

Äëÿ ñðàâíåíèÿ ðàññìîòðèì èññëåäîâàíèÿ áûñòðîé ïåðåìåííîñòè OJ 287
â ðàäèîäèàïàçîíå, âûïîëíåííûå äðóãèìè àâòîðàìè. Â ðàáîòå [21] çàðåãèñòðè-
ðîâàíà ïåðåìåííîñòü íà äëèíå âîëíû 7 ìì ñ ÷åòêèì ïåðèîäîì 35 ìèí â
òå÷åíèå ôåâðàëÿ 1986ã. Îäíàêî â ñëåäóþùåì ãîäó ýòîò ïåðèîä íå ïîäòâåðäèëñÿ.
Â ðàáîòå [22] ñîîáùàåòñÿ îá îáíàðóæåíèè êâàçèïåðèîäè÷åñêèõ âàðèàöèé
ðàäèîïîòîêà ñ õàðàêòåðíûì âðåìåíåì 15.7 ìèí. Ïî íàáëþäåíèÿì OJ 287 íà
ñèñòåìå àïåðòóðíîãî ñèíòåçà VLA áûëà îáíàðóæåíà î÷åíü áûñòðàÿ, íî
íåðåãóëÿðíàÿ ïåðåìåííîñòü íà ÷àñòîòàõ 5, 15 è 22 ÃÃö â ðàáîòå [23]. Òàêèì
îáðàçîì, àíàëèç ïóáëèêàöèé ïîêàçûâàåò, ÷òî íàáëþäåíèé IDV äàííîãî îáúåêòà
â ðàäèîäèàïàçîíå ñðàâíèòåëüíî íåìíîãî, ïîýòîìó íàáëþäåíèÿ,  ïðîâîäèìûå
â Âåíòñïèëñêîì Ìåæäóíàðîäíîì Ðàäèîàñòðîíîìè÷åñêîì öåíòðå îñîáåííî
àêòóàëüíû.

Îáîáùàÿ íàáëþäåíèÿ, âûïîëíåííûå â òðåõ îáñåðâàòîðèÿõ â îïòè÷åñêîì
äèàïàçîíå, ìîæíî ñêàçàòü, ÷òî ó OJ 287 çàïîäîçðåíà ïåðåìåííîñòü ñ õàðàê-
òåðíûì âðåìåíåì 36-37 äíåé (ïî äàííûì Âèãîðëàòñêîé è Áàëäîíå îáñåð-
âàòîðèé), ÷òî, îäíàêî, òðåáóåò óòî÷íåíèÿ ïî ïðè÷èíå íåáîëüøîãî êîëè÷åñòâà
íàáëþäàòåëüíûõ ñåññèé. Ýòî äîâîëüíî áëèçêî ê äîëãîâðåìåííîìó 42-äíåâíîìó
ïðåäïîëîæèòåëüíîìó öèêëó íà ÷àñòîòå 6.7 ÃÃö. Âîçìîæíûé êâàçèïåðèîä
îêîëî 13 äíåé ïî äàííûì íàáëþäåíèé íà òåëåñêîïå ÀÇÒ-3 áëèçîê ê çíà÷åíèþ
â 15 äíåé íà ÷àñòîòå 6.7 ÃÃö.

Ðàññìîòðèì òåïåðü ðàáîòû àâòîðîâ, ïîñâÿùåííûå áûñòðûì âàðèàöèÿì
OJ 287 â îïòè÷åñêîì äèàïàçîíå. Êâàçèïåðèîä âåëè÷èíîé 40 äíåé óâåðåííî
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îáíàðóæåí â ðàáîòå [24] ïî íàáëþäåíèÿì â 1994-1996 è 2005ãã. Àâòîðû
ñâÿçûâàþò ýòîò 40-äíåâíûé ïåðèîä ñî ñïèðàëüíîé ñòðóêòóðîé ìàãíèòíîãî
ïîëÿ ó îñíîâàíèÿ ñòðóè èëè ñ îðáèòàëüíûì äâèæåíèåì âáëèçè îñíîâíîé
öåíòðàëüíîé ÷åðíîé äûðû. Â ðàáîòå [25] ïðè àíàëèçå äîëãîâðåìåííûõ êðèâûõ
áëåñêà îáíàðóæåíû âàðèàöèè çâåçäíîé âåëè÷èíû ñ õàðàêòåðíûìè âðåìåíàìè
â èíòåðâàëå 4-10 äíåé, ÷òî áëèçêî ê 13-äíåâíîìó öèêëó â äàííûõ ÀÇÒ-3 è
ê 15-äíåâíîìó öèêëó íà ÷àñòîòå 6.7 ÃÃö, à òàêæå 3-4-äíåâíûì âàðèàöèÿì
ïëîòíîñòè ïîòîêà íà 6.1 è 6.7 ÃÃö. Ïåðèîäè÷åñêèé êîìïîíåíò ñ õàðàêòåðíûì
âðåìåíåì îêîëî 50 äíåé (÷òî áëèçêî ê çíà÷åíèþ 60 äíåé ïî äàííûì íàáëþäåíèé
íà ÀÇÒ-3) íà êðèâîé áëåñêà ïî íàáëþäåíèÿì â ôèëüòðå R ñ èíòåðâàëîì
âðåìåíè 2004-2006ãã., à òàêæå êâàçèïåðèîäè÷åñêèé êîìïîíåíò â 3.5 äíÿ, áûëè
îáíàðóæåíû â ðàáîòå [26]. Àâòîðàìè îáúÿñíÿåòñÿ 50-äíåâíûé ïåðèîä êàê
ïåðèîä ñïèðàëüíîé âîëíû âî âíóòðåííåé ÷àñòè àêêðåöèîííîãî äèñêà.

Òàêèì îáðàçîì, â äàííîé ðàáîòå íàéäåíî ñîîòâåòñòâèå ìåæäó äîëãîâðå-
ìåííûìè êâàçèïåðèîäàìè â ðàäèî è îïòè÷åñêîì äèàïàçîíàõ, à òàêæå õîðîøåå
ñîîòâåòñòâèå ïîëó÷åííûõ çíà÷åíèé êâàçèïåðèîäîâ â ýòîé ðàáîòå ñ ðåçóëüòàòàìè
äðóãèõ àâòîðîâ. Ýòî ïîêàçûâàåò âçàèìîñâÿçü ôèçè÷åñêèõ ïðîöåññîâ, ôîðìè-
ðóþùèõ íàáëþäàåìûå êðèâûå áëåñêà â ðàäèî è îïòè÷åñêîì äèàïàçîíàõ. Ïî
èñïîëüçóåìûì â ýòîé ðàáîòå íàáëþäåíèÿì IDV â îïòè÷åñêîì äèàïàçîíå ÿâëÿåòñÿ
íåðåãóëÿðíîé, à ïîêàçàòåëü öâåòà V - R íå ïîêàçûâàåò òðåíäîâûõ èçìåíåíèé.
Îäíàêî âî ìíîãèõ äðóãèõ ðàáîòàõ íàáëþäàëñÿ òðåíä ïîêàçàòåëÿ öâåòà. Ïðè ýòîì,
âî âðåìÿ âñïûøåê OJ 287 ñòàíîâèëñÿ áîëåå "ãîëóáûì" [27]. Òàêæå â ýòîé ðàáîòå
ïîêàçàíî, ÷òî IDV íà ïðîòÿæåíèè èíòåðâàëà íàáëþäåíèé íîñèëà íåðåãóëÿðíûé
õàðàêòåð. Ïîìèìî áûñòðûõ âàðèàöèé ïëîòíîñòè ïîòîêà, ñëåäóåò îòìåòèòü íàëè÷èå
ÿðêî âûðàæåííîé äîëãîâðåìåííîé êâàçèãàðìîíè÷åñêîé ïåðåìåííîñòè OJ 287 â
ðàäèîäèàïàçîíå, êîòîðàÿ ïîçâîëÿåò âûïîëíÿòü êðàòêîâðåìåííûå ïðîãíîçû ðàçâèòèÿ
åãî àêòèâíîñòè, ÷òî ïîäðîáíî ðàññìîòðåíî, íàïðèìåð, â ðàáîòå [28].

5. Çàêëþ÷åíèå.
1. Ïðîâåäåíà èíèöèàòèâíàÿ ïðîãðàììà êâàçèîäíîâðåìåííûõ íàáëþäåíèé

âíóòðèñóòî÷íîé ïåðåìåííîñòè ëàöåðòèäû OJ 287 â ðàäèî è îïòè÷åñêîì
äèàïàçîíàõ.

2. Ïðîâåäåí àíàëèç ðàäèîíàáëþäåíèé íà ÷àñòîòàõ 6.1 è 6.7 ÃÃö, ïîëó÷åííûõ
íà 16-ì è 32-ì ðàäèîòåëåñêîïàõ Âåíòñïèëñêîãî Ìåæäóíàðîäíîãî Ðàäèî-
àñòðîíîìè÷åñêîãî Öåíòðà, â ìàðòå-ìàå 2019ã.

3. Â ðàäèîäèàïàçîíå îñíîâíûå êâàçèïåðèîäû èìåþò çíà÷åíèÿ ~15, 3-4
äíÿ è, âîçìîæíî, ~1.4 ìåñÿöà. Âîçìîæíûå ïåðèîäû âíóòðèñóòî÷íîé ïåðå-
ìåííîñòè â ðàäèîäèàïàçîíå ~5 è 2-3 ÷àñà ñ ìèíèìàëüíûìè õàðàêòåðíûìè
âðåìåíàìè ïåðåìåííîñòè 1.4 ÷àñà (6.7 ÃÃö) è 0.6 (6.1 ÃÃö) ÷àñà.

4. Ïðîâåäåíî ñðàâíåíèå îñíîâíûõ êâàçèïåðèîäîâ â ðàäèîäèàïàçîíå ñ



53ÏÅÐÅÌÅÍÍÎÑÒÜ  ÁËÀÇÀÐÀ  OJ 287

ïðåäïîëîæèòåëüíûìè êâàçèïåðèîäàìè â îïòè÷åñêîì äèàïàçîíå (ôèëüòðû V,
R, I ), ïî äàííûì íàáëþäåíèé Îäåññêîé (Óêðàèíà), Âèãîðëàòñêîé (Ñëîâàêèÿ)
è Áàëäîíå (Ëàòâèÿ) îáñåðâàòîðèé.

5. Â îïòè÷åñêîì äèàïàçîíå IDV ÿâëÿëàñü íåðåãóëÿðíîé. Âîçìîæíûå
äîëãîâðåìåííûå êâàçèïåðèîäû ~60, 36-37, 13 äíåé.

6. Ïîêàçàòåëü öâåòà V - R íå ïîêàçàë òðåíäîâûõ èçìåíåíèé íà èíòåðâàëå
âðåìåíè íàáëþäåíèé.

7. Îïòè÷åñêàÿ âñïûøêà 2 àïðåëÿ ïðèøëàñü íà ìèíèìóì ïëîòíîñòè ïîòîêà
íà ÷àñòîòå 6.7 ÃÃö.

8. Ïîâûøåííàÿ ÿðêîñòü â îïòè÷åñêîì äèàïàçîíå 6 àïðåëÿ, âîçìîæíî,
ñîîòâåòñòâóåò íåáîëüøîìó è ðåçêîìó óâåëè÷åíèþ ïëîòíîñòè ïîòîêà íà 6.7
ÃÃö, ïðîèçîøåäøåìó 7 àïðåëÿ.

9. Ïîëó÷åííûå ðåçóëüòàòû ïîêàçûâàþò ïåðñïåêòèâíîñòü äàëüíåéøåãî
ïðîâåäåíèÿ èññëåäîâàíèé íà îñíîâå èñïîëüçóåìûõ èíñòðóìåíòîâ è ìåòîäîâ
îáðàáîòêè. Ýòî ïîçâîëèò ïî ìåðå íàêîïëåíèÿ äàííûõ  âûÿâèòü âçàèìîñâÿçü
âíóòðèñóòî÷íîé ïåðåìåííîñòè OJ 287  â ðàäèî è îïòè÷åñêîì äèàïàçîíå è
îïðåäåëèòü åãî ïðèðîäó.

Ðàáîòà Àðòåìà Ñóõàðåâà ïðîôèíàíñèðîâàíà ïîñòäîêòîðñêèì ãðàíòîì ÅÔÐÐ
¹ 1.1.1.2/VIAA/2/18/363 "Èññëåäîâàíèå âíóòðèñóòî÷íîé è ìåæñóòî÷íîé
ïåðåìåííîñòè ðàçëè÷íûõ òèïîâ âíåãàëàêòè÷åñêèõ ðàäèîèñòî÷íèêîâ íà òåëåñ-
êîïàõ Âåíòñïèëññêîãî Ìåæäóíàðîäíîãî ðàäèîàñòðîíîìè÷åñêîãî öåíòðà (RISE)".

Ïðîåêò âûïîëíÿåòñÿ â Âåíòñïèëññêîì Óíèâåðñèòåòå Ïðèêëàäíûõ Íàóê.
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RESEARCH FAST VARIABILITY OF BLAZAR OJ 287
IN RADIO AND OPTICAL RANGES
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The extragalactic radio source OJ 287 is one of the most studied blazars.
A huge amount of data has been accumulated over it (in radio range for more
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than 40 years and in optical range for more than 100 years). In connection with
possible presence of double black hole system in this radio source, which includes
central object and its satellite, it is of interest to study fast variations of the radio
flux and optical magnitude of this object with characteristic times from several hours
to several days. This paper presents results of search and study of intraday (IDV)
and interday variability of OJ 287 radio source (March-May 2019) at frequencies
6.1, 6.7 GHz on VIRAC telescopes (Ventspils International Radioastronomy Center,
Latvia), in comparison with optical variability in filters V, R, I (April-May 2019).
Optical light curves were obtained on 1.2-m Schmidt telescope at the Baldone
Astronomical Observatory, Latvia, on 1-m VNT telescope at the Vihorlat Astronomical
Observatory (Slovakia), and AZT-3 telescope at the Mayaki Astronomical Observatory
of Odessa I.I. Mechnikov National University (Ukraine). Similarities of long-term
quasiperiods in radio (15, 42 days) and optical (13, 36-37 days) ranges are obtained.
Minimum characteristic time of changes in flux density was 1.4 hours and 0.6 hours
at frequencies 6.7 and 6.1 GHz with main quasiperiods of about 5 and 2-3 hours
for different observation sessions. Comparison of results obtained in this work with
results of other authors is also presented.

Keywords: intraday variability: interday variability: radio source: periodogram: OJ 287
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Â ðàìêàõ èçó÷åíèÿ âûáîðêè ãàëàêòèê çâåçäîôîðìèðóþùåé àêòèâíîñòè ïðåäñòàâëåíû
ðåçóëüòàòû äåòàëüíûõ èññëåäîâàíèé SBS0750+603B, ïîëó÷åííûå ïðîâåäåíèåì 3D-ñïåêòðî-
ñêîïèè îáúåêòà. Íàáëþäåíèÿ ïðîâîäèëèñü  ñ 6-ì òåëåñêîïîì Ñïåöèàëüíîé àñòðîôèçè÷åñêîé
îáñåðâàòîðèè (ÑÀÎ) ÐÀÍ c èñïîëüçîâàíèåì ìóëüòèçðà÷êîâîãî ñïåêòðîãðàôà MPFS. Àíàëèç
ïîâåðõíîñòíûõ ðàñïðåäåëåíèé îñíîâíûõ ïàðàìåòðîâ èçëó÷åíèÿ ãàëàêòèêè â áàëüìåðîâñêîé
ëèíèè H  âîäîðîäà è çàïðåùåííûõ ëèíèÿõ äóáëåòîâ àçîòà [NII] 6548, 6583 è ñåðû [SII]
6716, 6731, ïðè èñïîëüçîâàíèè äàííûõ èç àñòðîàðõèâîâ, âûÿâèë îñîáåííîñòè ìîðôîëîãèè
è êèíåìàòèêè îáúåêòà. Â ñòðóêòóðå SBS0750+603B âûäåëÿþòñÿ äâå îñíîâíûå êîìïîíåíòû,
À è Â, ñ êîòîðûìè àññîöèèðóþòñÿ äâå íàáëþäàåìûå îáëàñòè èîíèçîâàííîãî âîäîðîäà.
Ïðèâîäÿòñÿ èõ ïðîñòðàíñòâåííûå õàðàêòåðèñòèêè è ïàðàìåòðû èçëó÷åíèÿ â çàðåãèñòðèðîâàííûõ
ñïåêòðàëüíûõ ëèíèÿõ. Â ÷àñòíîñòè, òåìï çâåçäîîáðàçîâàíèÿ SFR(H) â êîìïîíåíòàõ À è Â
îöåíèâàåòñÿ ñêîðîñòÿìè â 0.42 è 0.05 M /ãîä, ñîîòâåòñòâåííî, óêàçûâàÿ íà èõ ñóùåñòâåííîå
îòëè÷èå. Ðàñïðåäåëåíèå ðàäèàëüíûõ ñêîðîñòåé â H  óêàçûâàåò íà ïðîäîëüíîå îñåâîå âðàùåíèå,
â êîòîðîì îòäåëüíî ôèãóðèðóþò äâà ðóêàâà. Èõ âçàèìíûì ïîëîæåíèåì è ïîâûøåííîé
êîíöåíòðàöèåé ïûëè, íàèáîëåå âåðîÿòíî, îáóñëîâëåíî íàëè÷èå êîíòðàñòíîãî, ïî ÿðêîñòè,
ïëàòî â öåíòðå êîìïîíåíòû À.

Êëþ÷åâûå ñëîâà: 3D-ñïåêòðîñêîïèÿ: H -èçëó÷åíèå: HII-îáëàñòè: îáúåêò:
    SBS 0750+603B

1. Ââåäåíèå. Ïðåäñòàâëåííûå  â ñòàòüå ðåçóëüòàòû äåòàëüíûõ èññëåäîâàíèé
ãàëàêòèêè SBS0750+603B ïðîäîëæàþò ñåðèþ ðàáîò ïî êîìïëåêñíîìó èçó÷åíèþ
âûáîðêè, âêëþ÷èâøåé ïî÷òè 500 ãàëàêòèê äèôôóçíîé ìîðôîëîãèè, îòîáðàííûõ
â ñåìè ïîëÿõ [1,4] Âòîðîãî áþðàêàíñêîãî îáçîðà, SBS (Second Byurakan Survey)
[2]. Ïî ðåçóëüòàòàì ïîñëåäóþùåé ñïåêòðîñêîïèè âñåõ îáúåêòîâ âûáîðêè [3]
áûëè îïðåäåëåíû, â ÷àñòíîñòè, èõ êðàñíûå ñìåùåíèÿ è òèï àêòèâíîñòè, äëÿ
÷åãî èñïîëüçîâàëàñü àäàïòèðîâàííàÿ ê ïîëó÷åííîìó ñïåêòðàëüíîìó ìàòåðèàëó
êëàññèôèêàöèîííàÿ ñõåìà [4]. Ïî òèïó àêòèâíîñòè ïðèìåðíî 350 îáúåêòîâ
âûáîðêè, âêëþ÷àÿ SBS0750+603B, îòíåñåíû ê ãàëàêòèêàì çâåçäîôîðìèðóþùåé
àêòèâíîñòè, îáîçíà÷åííîé â íàøåé ñõåìå SfG (Star-forming Galaxies).

Ïåðâè÷íîé çàäà÷åé äåòàëüíûõ èññëåäîâàíèé ãàëàêòèê ÿâëÿåòñÿ âûÿâëåíèå
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â èõ ìîðôîëîãèè ïîäñòðóêòóðíûõ îñîáåííîñòåé è ñâÿçàííûõ ñ íèìè ôèçè-
÷åñêèõ ïðîöåññîâ. ×èñëåííîñòü ïîäâûáîðêè SfG ãàëàêòèê îáåñïå÷èâàåò åå
ïðåäñòàâèòåëüíîñòü ñ òî÷êè çðåíèÿ ðàçííîîáðàçèÿ ìîðôîëîãè÷åñêîé ñòðóêòóðû
îáúåêòîâ è, â ïåðñïåêòèâå, -  èçó÷åíèå çàêîíîìåðíîñòåé è ñâÿçåé íà îñíîâå
ñòàòèñòè÷åñêîãî àíàëèçà íàêîïëåííûõ äàííûõ.

Îäíîðîäíûå äàííûå, ïîëó÷åííûå ïðîâåäåíèåì ïàíîðàìíîé ñïåêòðîñêîïèè
ïðèìåðíî â îäíîì è òîì æå ñïåêòðàëüíîì äèàïàçîíå îáúåêòîâ, îáåñïå÷èâàþò
õîðîøóþ ýôôåêòèâíîñòü è äåòàëüíîñòü  äëÿ  èçó÷åíèÿ è îòäåëüíûõ ãàëàêòèê,
è âûáîðêè â öåëîì. Íàáëþäåíèÿ ãàëàêòèêè SBS0750+603B âûïîëíÿëèñü ñ
6-ì òåëåñêîïîì ÁÒÀ ÑÀÎ ÐÀÍ1. Îñíîâíàÿ èíôîðìàöèÿ ïî îáúåêòó, äîñòóïíàÿ
èç àñòðîíîìè÷åñêèõ áàç äàííûõ, ñîáðàíà â ðàçäåëå 2. Êðàòêîå îïèñàíèå
íàáëþäåíèé è îáðàáîòêè ïîëó÷åííûõ äàííûõ ïðèâîäèòñÿ â ðàçäåëå 3.
Ðåçóëüòàòû, ïîëó÷åííûå ïî íàáëþäåíèÿì, ðàññìîòðåíû â ðàçäåëàõ 4-6 è
ïîäûòîæåíû â ðàçäåëå 7.

2. Îáùèå ñâåäåíèÿ ïî ãàëàêòèêå SBS0750+603B . Ãàëàêòèêà
SBS0750+603B (àëüòåðíàòèâíî SBS0750+603 è PGC022183) áûëà âêëþ÷åíà
â ñïèñîê îáúåêòîâ Âòîðîãî Áþðàêàíñêîãî îáçîðà ïî íàëè÷èþ íà íèçêîäèñïåð-
ñèîííîì ñïåêòðå îáîèõ êðèòåðèåâ, èñïîëüçóåìûõ â SBS äëÿ îòáîðà àêòèâíûõ
îáúåêòîâ, à èìåííî, UV-êîíòèíóóìà è ýìèññèîííûõ ëèíèé. Ïî äàííûì
NED2 îáúåêò èìååò ðàçìåðû 0.5 x 0.3 óãë. ìèí, êðàñíîå ñìåùåíèå z = 0.03617
è âèäèìóþ âåëè÷èíó, m(B) = 17m.8, è, ñîîòâåòñòâåííî, àáñîëþòíóþ âåëè÷èíó
Ì(Â) = -17m.5, ÷òî ïîçâîëÿåò åå îòíåñòè ê êàðëèêîâûì ãàëàêòèêàì.

Óâèäåòü ñêâîçü ÿéöåîáðàçíóþ ôîðìó íåêîòîðûå äåòàëè ìîðôîëîãèè ãàëàêòèêè
ïîçâîëÿþò ñíèìêè îáçîðà, ïðîâåäåííîãî îïòè÷åñêèì òåëåñêîïîì Õàááë, HLA

1 https://www.sao.ru/Doc-en/Telescopes/bta/descrip.html
2 http://nedwww.ipac.caltech.edu/

Ðèñ.1. Ãàëàêòèêà SBS0750+603B íà ñíèìêå, ïîëó÷åííîì òåëåñêîïîì Õàááë (HLA),
çàèìñòâîâàííîì  èç àðõèâà PanSTARRS. Òåìíûì êâàäðàòîì íà ñíèìêå ïîêàçàíû ïðèìåðíûå
ãðàíèöû ïîëÿ MPFS, çàðåãèñòðèðîâàííîãî âî âðåìÿ íàøèõ íàáëþäåíèé.
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(Hubble Legacy Archive). Íà ðèñ.1 ïðèâîäèòñÿ èçîáðàæåíèå ãàëàêòèêè, ïîëó-
÷åííîå ñ èñïîëüçîâàíèåì èíòåðàêòèâíîé áàçû äàííûõ PanSTARRS1. Â êà÷åñòâå
îñíîâíûõ äåòàëåé â ìîðôîëîãèè îáúåêòà âûäåëÿþòñÿ äâå êîìïîíåíòû - âèçóàëüíî
áîëåå ÿðêàÿ, îáîçíà÷åííàÿ íà ðèñóíêå À, è áîëåå äèôôóçíàÿ - Â. Èìåííî èõ
âçàèìíûì ðàñïîëîæåíèåì îïðåäåëÿåòñÿ ïîçèöèîííûé óãîë ãàëàêòèêè o75PA  .
Ñ êîìïîíåíòîé Â àññîöèèðóåòñÿ èñòî÷íèê UV-èçëó÷åíèÿ èç îáçîðà GALEX2,
ÿðêîñòü êîòîðîãî â äàëüíåì è áëèæíåì óëüòðàôèîëåòå ñîñòàâëÿåò fuv_mag =
18m.70,  nuv_mag = 18m.46, ñîîòâåòñòâåííî. Íàèáîëüøàÿ ÿðêîñòü SBS0750+603B
ðåãèñòðèðóåòñÿ â ÈÊ âáëèçè 3.4 ìêì ñî çíà÷åíèåì w4_mag = 7.62, ñîãëàñíî
äàííûì îáçîðà WISE3.

Èññëåäóåìàÿ ãàëàêòèêà SBS0750+603Â èìååò ôèçè÷åñêóþ ïàðó [5] - ýòî
ãàëàêòèêà SBS0750+603À, ðåçóëüòàòû äåòàëüíûõ èññëåäîâàíèé êîòîðîé áûëè
îïóáëèêîâàíû ðàíåå [6]. Ïàðà ðàñïîëîæåíà âíå îáëàñòè, ïîêðûòîé Ñëîàíîâñêèì
îáçîðîì, SDSS (Sloan Digital Sky Survey), âêëþ÷àÿ óæå ðåàëèçîâàííóþ âåðñèþ
DR15. Íà ñíèìêå èç DSS, ïîëó÷åííîì â ãîëóáûõ ëó÷àõ, äâå ãàëàêòèêè îáîç-
íà÷åíû Â è À, ñîîòâåòñòâåííî, ðèñ.2a. Ãàëàêòèêè ðàçëè÷íû ïî ìîðôîëîãèè, íî

âäîëü âñåãî ñïåêòðàëüíîãî äèàïàçîíà ðåãèñòðèðóþò áëèçêèå çíà÷åíèÿ ïî
èíòåãðàëüíûì ÿðêîñòÿì. Â áëèæíåì ÈÊ îíè èìåþò ñëàáîå èçëó÷åíèå. Íà
ñíèìêàõ îáçîðà 2MASS4, â ôèëüòðàõ JHK, ãàëàêòèêè ïðàêòè÷åñêè íå âèäíû è
äàëåå ïî ñïåêòðó, â äèàïàçîíàõ w1, w2 îáçîðà WISE äîâîëüíî ñëàáûå. Ðàçìåðû
è ÿðêîñòü ãàëàêòèê êîíòðàñòíî âîçðàñòàþò â äèàïàçîíå w3, è â äèàïàçîíå w4
WISE íàáëþäàþòñÿ ìàêñèìàëüíûå çíà÷åíèÿ, ðèñ.2b, ÷òî ñâèäåòåëüñòâóåò î
ñóùåñòâåííîì ïðåîáëàäàíèè ïûëè íàä ãàçîâîé ñîñòàâëÿþùåé.

1 https://outerspace.stsci.edu/display/PANSTARRS/
2 http://galex.stsci.edu/
3 http://irsa.ipac.caltech.edu/
4 https://old.ipac.caltech.edu/2mass/

Ðèñ.2. Ñíèìêè ñ èçîáðàæåíèåì ôèçè÷åñêîé ïàðû ãàëàêòèê SBS0750+603A è SBS0750+603B
èç îáçîðîâ: à) DSS; b) WISE, äèàïàçîí w4. (Âñå ñíèìêè, ïðèâåäåííûå â ñòàòüå, îðèåíòè-
ðîâàíû êàê ðèñ.2à, ò.å. E - ñëåâà, N - ñâåðõó).
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3. Íàáëþäåíèÿ è îáðàáîòêà äàííûõ. Îñíîâó äåòàëüíûõ èññëåäîâàíèé
ãàëàêòèêè SBS0750+603Â ñîñòàâèëè äàííûå, ïîëó÷åííûå ïðîâåäåíèåì ïàíî-
ðàìíîé ñïåêòðîñêîïèè. Íàáëþäåíèÿ áûëè âûïîëíåíû íà 6-ì òåëåñêîïå ÁÒÀ
ÑÀÎ ÐÀÍ1 24-ãî äåêàáðÿ 2006ã. ñ ïîëó÷åíèåì ïÿòè ýêñïîçèöèé ïî 1200 ñ
êàæäàÿ. Êà÷åñòâî èçîáðàæåíèé ñîñòàâèëî ~1".3.

Äëÿ ðåãèñòðàöèè äàííûõ èñïîëüçîâàëñÿ ìóëüòèçðà÷êîâûé ñïåêòðîãðàô
ïåðâè÷íîãî ôîêóñà MPFS (Multipupil Fiber Spectrograph) [7] â êîìáèíàöèè
ñ ÏÇÑ-ìàòðèöåé ñåðèè EEV 42-40, ñîñòîÿùåé èç 2048 õ 2048 ýëåìåíòîâ.
Ìóëüòèçðà÷êîâûé âîëîêîííûé ñïåêòðîãðàô MPFS ïîçâîëÿåò îäíîâðåìåííî
ðåãèñòðèðîâàòü ñïåêòðû îò 256 ïðîñòðàíñòâåííûõ ýëåìåíòîâ, êîíñòðóêòèâíî
âûïîëíåííûõ â âèäå ïðÿìîóãîëüíîãî ìàññèâà ëèíç ðàçìåðîì 16  õ 16 ýëåìåíòîâ,
ïðè ìàñøòàáå 1 óãë. ñ íà ëèíçó.

Ïðèìåíåíèåì äèôðàêöèîííîé ðåøåòêè 1200 øòðèõ/ìì ïîëó÷åíû ñïåêò-
ðàëüíûå äàííûå ñ äèñïåðñèåé â 0.76Å /ìì â äèàïàçîíå äëèí âîëí 625-775 íì.
Ïàðàëëåëüíî áûë ïîëó÷åí íàáëþäàòåëüíûé ìàòåðèàë, íåîáõîäèìûé äëÿ
äàëüíåéøåé ïîëíîöåííîé îáðàáîòêè äàííûõ. Â êà÷åñòâå ñïåêòðîôîòîìåò-
ðè÷åñêîãî ñòàíäàðòà íàáëþäàëèñü çâåçäû BD+26d4655 è BD+75d325.

Ïðè ïðîâåäåíèè ïåðâè÷íîé îáðàáîòêè, âêëþ÷àþùåé êàëèáðîâêó äàííûõ
ïî äëèíàì âîëí è ïîòîêàì, à òàêæå äëÿ âèçóàëèçàöèè è àíàëèçà äàííûõ,
èñïîëüçîâàëèñü ïðîãðàììû íà ÿçûêå IDL [8] è ïðîãðàììíûé ïàêåò ADHOCw2.
Ïðè îïðåäåëåíèè ïàðàìåòðîâ ëèíèé èñïîëüçîâàëàñü ãàóññ-àïïðîêñèìàöèÿ
ñïåêòðàëüíûõ ïðîôèëåé.

Ïîòåðè ñâåòà ïðè èñïîëüçîâàíèè ìóëüòèçðà÷êîâîãî ñïåêòðîãðàôà ñîñòàâëÿþò
ïðèìåðíî 1%, ÷òî ïîçâîëÿåò ðåãèñòðèðîâàòü èçëó÷åíèå îò îáúåêòà ñ òî÷íîñòüþ,
áëèçêîé ê ôîòîìåòðè÷åñêîé.

4. Èçëó÷åíèå SBS0750+603Â â ëèíèè H . Â ñîîòâåòñòâèè ñ ïîñòàâ-
ëåííûìè íàìè çàäà÷àìè è èñïîëüçóåìîé ìåòîäèêîé, ðàñïðåäåëåíèå èçëó÷åíèÿ
â áàëüìåðîâñêîé ëèíèè âîäîðîäà H  ïî ïîëþ èññëåäóåìûõ îáúåêòîâ ñëóæèò
îñíîâíûì îðèåíòèðîì äëÿ äàëüíåéøåãî àíàëèçà äàííûõ.

Íà èçîáðàæåíèè SBS0750+603B, ïîëó÷åííîì â ëèíèè H , â êà÷åñòâå
îáëàñòåé HII ïðîÿâëÿþòñÿ äâå ðàíåå âûäåëåííûå êîìïîíåíòû À è Â. Ðèñ.3à
èëëþñòðèðóåò ðàñïðåäåëåíèå èíòåíñèâíîñòåé ),I(H  ôîíîâûìè ãðàäàöèÿìè è
ïðî÷åð÷åííûìè â ñóïåðïîçèöèè èçîëèíèÿìè (íà âñåõ êàðòàõ ñòàòüè, âêëþ÷àÿ
ðèñ.3à, ïîêàçàíû íàèáîëåå èíôîðìàòèâíûå, ñ òî÷êè çðåíèÿ îáñóæäàåìûõ
ïàðàìåòðîâ, ôðàãìåíòû ïîëÿ). Èç ðèñóíêà âèäíî, ÷òî îáëàñòü HII, îáîçíà÷åííàÿ
À, çíà÷èòåëüíî ïðåâîñõîäèò è ïî ðàçìåðàì, è ïî ÿðêîñòè îáëàñòü HII,
îáîçíà÷åííóþ Â. Â ÷àñòíîñòè, ìåæäó çíà÷åíèÿìè èíòåíñèâíîñòåé â ïèêàõ

1 http://www.sao.ru
2 http://www-obs.cnrs.fr./ADHOC/
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îáëàñòåé HII, max)I(H , ïîëîæåíèÿ êîòîðûõ îòìå÷åíû êðåñòèêàìè, ðåãèñò-
ðèðóåòñÿ äåñÿòèêðàòíàÿ ðàçíèöà. Ýòè çíà÷åíèÿ ïðèâîäÿòñÿ â òàáë.1, ãäå
ñîáðàíû îñíîâíûå ÷èñëåííûå õàðàêòåðèñòèêè äâóõ îáëàñòåé èîíèçîâàííîãî
âîäîðîäà ãàëàêòèêè.

Âíåøíèå êîíòóðû èçîëèíèé, ðèñ.3à, îáðàìëÿþùèå äâå êîìïîíåíòû,
ïðîðèñîâûâàþò öåëüíóþ, îðãàíè÷íóþ êàðòèíó, ÷òî ñâèäåòåëüñòâóåò î ñòðóê-
òóðíîé îáùíîñòè êîìïîíåíò. Ýòî æå ïîäòâåðæäàåòñÿ ïðîÿâëåíèåì åäèíñò-
âåííîãî â ïîëå ãàëàêòèêè ïèêà â ðàñïðåäåëåíèè èçëó÷åíèÿ â êîíòèíóàëüíîì
ñïåêòðå. Îí ðàñïîëîæåí íà ìèíèìàëüíîì ñìåùåíèè îò ïèêà èçëó÷åíèÿ â
ëèíèè H .

Ïðèìåðíûå ãðàíèöû çàðåãèñòðèðîâàííîãî ïðè íàáëþäåíèÿõ ó÷àñòêà íåáà
ïîêàçàíû ïðÿìîóãîëüíèêîì íà ðèñ.1, ïîçâîëÿÿ âèäåòü, ÷òî ñðåçàíî îòäåëüíîå
ñëàáîå äèôôóçíîå îáëàêî, âûòÿíóòîå íà âîñòîê îò êîìïîíåíòû Â. Íåëüçÿ
èñêëþ÷èòü, ÷òî íåáîëüøàÿ ÷àñòü êîìïîíåíòû Â, ðàñïîëîæåííîé ïî êðàþ
ïîëÿ, òîæå ñðåçàíà, ñîîòâåòñòâåííî, çíà÷åíèÿ èíòåãðàëüíûõ õàðàêòåðèñòèê,
ïðèâåäåííûå íèæå äëÿ îáëàñòè HII êîìïîíåíòû Â, ìîãóò áûòü çàíèæåíû.
Òåì íå ìåíåå, åå îñíîâíàÿ ÷àñòü â ïðåäåëàõ ïîëÿ íàáëþäàåòñÿ - â íàïðàâëåíèè
ê ïèêó çíà÷åíèÿ èíòåíñèâíîñòè ðàñòóò ñî âñåõ ñòîðîí, õîòÿ â öåëîì
ðàñïðåäåëåíèå èìååò àôôåðåíòíóþ, ñëàáî âûðàæåííóþ ñòðóêòóðó.

Óâåëè÷åíèå ÿðêîñòè îò ïåðèôåðèè ê öåíòðó êîìïîíåíòû À, íàïðîòèâ,

Ðèñ.3. à) è b) Êàðòà èíòåíñèâíîñòåé H -èçëó÷åíèÿ SBS0750+603B ïîêàçàíà ôîíîâûìè
ãðàäàöèÿìè ñåðîãî è èçîëèíèÿìè â ïðåäåëàõ îñíîâíîé ÷àñòè ïîëÿ è âûäåëåííîãî ôðàãìåíòà,
ñîîòâåòñòâåííî. ñ) Ñïåêòðîãðàììû, ïîëó÷åííûå óñðåäíåíèåì äàííûõ âäîëü äâóõ êîíòóðîâ
èçîëèíèé, ïîêàçàííûõ íà ðèñ.3b.

a

b
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õàðàêòåðèçóåòñÿ íàðàñòàþùèì ãðàäèåíòîì. Ïðè ýòîì, â ðàñïðåäåëåíèè
H -èçëó÷åíèÿ ïî åå öåíòðàëüíîé ÷àñòè íàáëþäàåòñÿ ñâîåîáðàçíîå "ïëàòî" -

íåáîëüøîé ó÷àñòîê ñ î÷åíü áëèçêèìè çíà÷åíèÿìè èíòåíñèâíîñòåé â åãî
ïðåäåëàõ, êîòîðûå, "îáãîíÿÿ" ãðàäèåíò, ðåçêî êîíòðàñòèðóþò ñî çíà÷åíèÿìè ïî
åãî âíåøíåìó ïåðèìåòðó. Ôîíîâûìè ãðàäàöèÿìè ðèñ.3b, íà êîòîðûé âûâåäåíà
îòäåëüíî êîìïîíåíòà À, àâòîìàòè÷åñêè îòñåêàþòñÿ ìåíüøèå èíòåíñèâíîñòè,
÷òî ïîçâîëÿåò âèçóàëèçèðîâàòü ýòîò ñêà÷îê. Äëÿ ñðàâíèòåëüíîé îöåíêè íà
ðèñ.3ñ ïðèâîäÿòñÿ äâå âëîæåííûå ñïåêòðîãðàììû. Îíè ïîëó÷åíû óñðåäíåíèåì
äàííûõ âäîëü äâóõ çàìêíóòûõ êîíòóðîâ èçîëèíèé, ïîêàçàííûõ íà ðèñ.3b.
Âíåøíÿÿ ñïåêòðîãðàììà ïîñòðîåíà ïî ýëåìåíòàì ïëàòî, âíóòðåííÿÿ, çàòåíåííàÿ
- ïî ýëåìåíòàì åãî âíåøíåãî ïåðèìåòðà. Äèàïàçîí äëèí âîëí, ïîêàçàííûé íà
ðèñ.3ñ, îòîáðàæàåò íàèáîëåå èíôîðìàòèâíûé îòðåçîê ïîëó÷åííîãî ïðè
íàáëþäåíèÿõ ñïåêòðà. Ïîìèìî H , îí âêëþ÷àåò  ëèíèè çàïðåùåííûõ äóáëåòîâ
àçîòà [NII] 6548, 6583 è ñåðû [SII] 6716, 6731.

Ñâåòëûì ëîìàíûì êîíòóðîì íà ðèñ.3b îáâåäåíû ýëåìåíòû êîìïîíåíòû À
ñ èíòåíñèâíîñòüþ, )I(H , ïðåâûøàþùåé ïîðîã â 30% max)I(H . Â åãî ïðåäåëàõ

)I(H  ñãðóïïèðîâàíû â äâóõ èíòåðâàëàõ ñî çíà÷åíèÿìè, ïðåâûøàþùèìè 90%

max)I(H , â ýëåìåíòàõ ïëàòî, è áëèçêèìè ê ~35% max)I(H  - â îñòàëüíûõ. Ïðè
âû÷èñëåíèè èíòåãðàëüíûõ õàðàêòåðèñòèê äâóõ îáëàñòåé HII â êà÷åñòâå èçëó÷àþùåé
ïîâåðõíîñòè, S, èñïîëüçîâàëèñü ïëîùàäè S(À) è S(B), - îíè î÷åð÷åíû òåìíûì
ëîìàíûì êîíòóðîì íà ðèñ.3b è 3a, ñîîòâåòñòâåííî. Â S(À) âêëþ÷åíû ýëåìåíòû
ñ èíòåíñèâíîñòüþ max)I(H10%)I(H  , â S(B) - ñ max)I(H30%)I(H  . Â
êà÷åñòâå ïàðàìåòðîâ, õàðàêòåðèçóþùèõ èçëó÷åíèå îáëàñòåé HII â ëèíèè H ,
â òàáë.1 äàíû çíà÷åíèÿ èíòåãðàëüíûõ ïîòîêîâ S)F(H  è òåìïà çâåçäîîáðàçîâàíèÿ,

À Â

Vr max(êì/ñ) 10926 11013
16

max10)I(H  (ýðã/ñì2ñ) 28.3 2.93
Req (ïê) 1782 1391

1610)F(H   (ýðã/ñ) 209 24.9
4010)L(H   (ýðã/ñ) 5.308 0.642

)SFR(H ( M /ãîä ) 0.42 0.05
I([NII]6583)max 10-16 (ýðã/ñì2ñ) 1.69 0.59
F([NII]6583)10-16(ýðã/ñ ) 16.5 --
I([SII]6716)max 10-16 (ýðã/ñì2ñ) 2.50 1.27
I([SII]6731)max 10-16 (ýðã/ñì2ñ) 1.94 1.45
F([SII](6716+6731) 10-16 (ýðã/ñ) 61.5 --

Òàáëèöà 1

×ÈÑËÅÍÍÛÅ ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÎÁËÀÑÒÅÉ HII
ÃÀËÀÊÒÈÊÈ SBS0750+603Â
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îïðåäåëåííîãî ïî ôîðìóëå       H1097годHSFR 42 L.M  [9], ãäå  HL
- ñâåòèìîñòü îáëàñòåé HII â ëèíèè H .

Àíàëèçèðóÿ ðàñïðåäåëåíèå èçëó÷åíèÿ â ëèíèè H  ïî ïîëþ ãàëàêòèêè â
öåëîì è ïî êîìïîíåíòå À, â ÷àñòíîñòè (ðèñ.3à, b), ìîæíî âèäåòü, ÷òî ïðè
ðàäèàëüíîì óäàëåíèè îò ïëàòî, öåíòðàëüíî-ñèììåòðè÷íàÿ ôîðìà êîíòóðîâ,
ïðèîáðåòàåò âûðàæåííóþ àñèììåòðèþ. Ñ ó÷åòîì âûøåèçëîæåííîãî, ìîæíî
ïðåäïîëîæèòü, ÷òî ïëàòî ÿâëÿåòñÿ ïðîÿâëåíèåì ëèáî âûòÿíóòîé ïî ëó÷ó
çðåíèÿ ñòðóêòóðû, âîçìîæíî áàðà, ëèáî îòäåëüíîé îáëàñòè HII, ðàñïîëîæåííîé
âïåðåäè ýòîé ñòðóêòóðû.

5. Èçëó÷åíèå SBS0750+603Â â çàïðåùåííûõ ëèíèÿõ. Êàê óæå
áûëî îòìå÷åíî ïðè îáñóæäåíèè ðèñ.3ñ, â íàáëþäàåìîì ñïåêòðàëüíîì äèàïàçîíå
ïðèñóòñòâóåò èçëó÷åíèå ãàëàêòèêè â çàïðåùåííûõ ëèíèÿõ äóáëåòîâ àçîòà
[NII] 6548, 6583 è ñåðû [SII] 6716, 6731. Èçëó÷åíèå â ëèíèè àçîòà [NII] 6548
ðåãèñòðèðóåòñÿ â îáëàñòè ïëàòî êîìïîíåíòû À - òîëüêî çäåñü èíòåíñèâíîñòè
ïðåâûøàþò òðåõêðàòíóþ âåëè÷èíó ñðåäíåêâàäðàòè÷íîãî îòêëîíåíèÿ 3 .
Ðàñïðåäåëåíèå ïî ïîëþ ãàëàêòèêè èçëó÷åíèÿ â ëèíèè àçîòà [NII] 6583 è â
ëèíèè ñåðû [SII] 6716 íà ðèñ.4à, 4b, ñîîòâåòñòâåííî, èëëþñòðèðóþò èçîëèíèè,
ïîêàçàííûå â ñóïåðïîçèöèè ñ ôîíîâûìè ãðàäàöèÿìè, ñîîòâåòñòâóþùèìè
H -ðàñïðåäåëåíèþ. Îáëàñòü HII êîìïîíåíòû Â, èìåþùàÿ â ýòèõ ëèíèÿõ

ñëàáîå íåðåãóëÿðíîå èçëó÷åíèå, íå ïðîÿâëÿåòñÿ îòäåëüíîé ñòðóêòóðîé. Â
ëèíèè àçîòà åå çàõâàòûâàþò êîíòóðû èçîëèíèé, ðàñõîäÿùèåñÿ ïî âñåìó ïîëþ
îò ïëàòî êîìïîíåíòû À. Â ëèíèè ñåðû åå ÷àñòü âìåñòå ñ ïèêîì âèçóàëüíî
àññîöèèðóåòñÿ ñî âòîðè÷íîé â ïîëå, âûòÿíóòîé ïî ôîðìå, ñòðóêòóðîé, êîòîðàÿ
ïðèìûêàåò ê êîìïîíåíòå À ïî åå þãî-âîñòî÷íîé ãðàíèöå.

Îñíîâíîå èçëó÷åíèå â ëèíèÿõ çàïðåùåííûõ äóáëåòîâ ïðèõîäèòñÿ íà
êîìïîíåíòó À. Íà ðèñ.5à è 5b, â òîì æå ôðàãìåíòå ïîëÿ, ÷òî è íà ðèñ.3b,

Ðèñ.4. Ðàñïðåäåëåíèÿ èíòåíñèâíîñòè èçëó÷åíèÿ, ïîêàçàííûå èçîëèíèÿìè, â çàïðåùåííûõ
ëèíèÿõ: à) àçîòà [NII] 6583; b) ñåðû [SII] 6716. Îáà ðèñóíêà èëëþñòðèðóþò òîò æå ôðàãìåíò
ïîëÿ ñ ôîíîâûìè ãðàäàöèÿìè, ñîîòâåòñòâóþùèìè èçëó÷åíèþ â H .

a b



64 Ñ.À.ÀÊÎÏßÍ  È  ÄÐ.

ïðèâîäÿòñÿ êàðòû èíòåíñèâíîñòè â ëèíèè àçîòà [NII]6583 è ñóììàðíîé
èíòåíñèâíîñòè â ëèíèÿõ [SII] 6716, 6731, ñîîòâåòñòâåííî. Èíòåðâàëû, â
êîòîðûõ ìåíÿþòñÿ èíòåíñèâíîñòè äâóõ ðàñïðåäåëåíèé, ìîæíî ñîïîñòàâèòü ïî
óêàçàííûì âäîëü îáùåé îñè ïðåäåëüíûì çíà÷åíèÿì êàëèáðîâî÷íîé øêàëû
êàæäîãî èç íèõ. Çíà÷åíèÿ â ïèêàõ ýòèõ ðàñïðåäåëåíèé åñòü è â òàáë.1. Òàì
æå, äëÿ ëèíèè [NII] 6583 è ñóììû ëèíèé äóáëåòà [SII] 6716, 6731 ïðèâîäÿòñÿ
èíòåãðàëüíûå ïîòîêè äëÿ èçëó÷àþùåé ïîâåðõíîñòè S.

Íà ðèñ.5b ïðèâîäÿòñÿ çíà÷åíèÿ ýëåêòðîííîé ïëîòíîñòè n(e), ïîëó÷åííûå
îòíîøåíèåì èíòåíñèâíîñòåé â ëèíèÿõ äóáëåòà ñåðû, n(e) = I([SII]6716)/I([SII]6731).
Îíè óñðåäíåíû ïî ïëàòî, ãäå èìåþò íàèáîëüøåå çíà÷åíèå 1.27 è ïî ïðè-
ëåãàþùèì ê íåìó ó÷àñòêàì. Íàèìåíüøèå çíà÷åíèÿ, ñî ñðåäíèì 1.08, ñîîò-
âåòñòâóþò ïðÿìîóãîëüíîìó ó÷àñòêó ñåâåðíåå ïëàòî, ðàñòÿíóòîìó äî êðàåâ ïîëÿ.
Çíà÷åíèÿ â òàêîì æå ïðÿìîóãîëüíèêå ñ þãà îò ïëàòî è â ó÷àñòêå ñ åãî
çàïàäíîé ñòîðîíû âàðüèðóþò âîêðóã n(e) = 1.18. Â íàïðàâëåíèè ê êîìïîíåíòå
Â, ãäå ðàñïîëîæåíà âûäåëÿþùàÿñÿ â ëèíèè [SII] 6716 îòäåëüíàÿ ñòðóêòóðà,
ðàçíèöà çíà÷åíèé n(e) îò çíà÷åíèé íà ïëàòî íàèìåíüøàÿ, ïðè n(e) = 1.21.

6. Ïîëå ðàäèàëüíûõ ñêîðîñòåé. Ðàññòîÿíèå äî ãàëàêòèêè SBS0750+
603B, ðàññ÷èòàííîå ñ èñïîëüçîâàíèåì çíà÷åíèÿ ðàäèàëüíîé ñêîðîñòè â ïèêå
H -èçëó÷åíèÿ êîìïîíåíòû À è ïîñòîÿííîé Õàááëà Í = 75 êì/ñ/Ìïê, ñîñòàâ-

ëÿåò 146 Ìïê. Ðàçìåðû íàáëþäàåìîé â ïîëå òåëåñêîïà ÷àñòè ãàëàêòèêè
ñîñòàâëÿþò ïðèìåðíî 9 õ 6 êïê2. Â ïðîåêöèè íà íåáåñíóþ ñôåðó äâà ïèêà
óäàëåíû íà ðàññòîÿíèå â 3.5 êïê, à â òàíãåíöèàëüíîé ïðîåêöèè, ò.å. ïî ëó÷ó
çðåíèÿ, - ïðèìåðíî íà 1.2 êïê. Çíà÷åíèÿ ðàäèàëüíîé ñêîðîñòè max)Vr(H  â
ïèêàõ îáëàñòåé HII è ýêâèâàëåíòíûé ðàäèóñ êàæäîé, îïðåäåëåííûé ïî

Ðèñ.5. Êàðòà èçëó÷åíèÿ êîìïîíåíòû À ïîêàçàíà ôîíîâûìè ãðàäàöèÿìè ñ êàëèáðîâî÷íîé
øêàëîé è ïîëîæåíèåì ïèêà èíòåíñèâíîñòè: à) â ëèíèè àçîòà [NII] 6583; b) ñóììàðíîé ïî
ëèíèÿì ñåðû [SII] 6716, 6731 ñ óñðåäíåííûìè çíà÷åíèÿìè ýëåêòðîííîé ïëîòíîñòè n(e).
Êîíòóð íà ðèñóíêàõ ñîîòâåòñòâóåò H -èçëó÷åíèþ.

a b

4.44

2.25
0.13

1.69

Å-
16



65ÑÏÅÊÒÐÀËÜÍÛÅ  ÃÀËÀÊÒÈÊÈ  SBS 0750+603B

ôîðìóëå   50SReq . , ñ òî÷íîñòüþ ïðèìåðíî 190 ïê, ïðèâîäÿòñÿ â òàáë.1.
Îñíîâíûå òåíäåíöèè êèíåìàòèêè èçëó÷àþùåãî ãàçà ìîæíî ïðîñëåäèòü ïî

êàðòå ðàäèàëüíûõ ñêîðîñòåé, )Vr(H , íà ðèñ.6. Îòîáðàæàþùèå åå èçîëèíèè
è ÷èñëåííûå çíà÷åíèÿ, ïîêàçàííûå íà ôîíå H -èíòåíñèâíîñòåé, ÷åðåäóþòñÿ
ñ ïîñëåäîâàòåëüíûì èçìåíåíèåì çíà÷åíèé )Vr(H  â îäíîì íàïðàâëåíèè âäîëü
áîëüøîé îñè, â ïðîåêöèè íà íåáåñíóþ ñôåðó. Ïîëó÷åííîå ðàñïðåäåëåíèå,
óêàçûâàÿ íà âðàùåíèå, îõâàòûâàþùåå âñþ ãàëàêòèêó, ïðåäïîëàãàåò è îðèåíòè-
ðîâàííîñòü åå îñíîâíîé ñòðóêòóðû ïîä áëèçêèì ê ëó÷ó çðåíèÿ óãëîì è
áëèçêèå ê ðàäèàëüíûì ñêîðîñòè âðàùåíèÿ. Ðàçíèöà çíà÷åíèé ïî êðàÿì âñåé
ñèñòåìû, èçìåíÿÿñü â äèàïàçîíå 10850-11030 êì/ñ, ñîñòàâëÿåò ~180 êì/ñ,
ìíîãîêðàòíî ïðåâûøàÿ îøèáêó èçìåðåíèÿ ðàäèàëüíûõ ñêîðîñòåé â ~17 êì/ñ.

Ñõîäíûå ôîðìû, êîòîðûå èìåþò èçîëèíèè â îòäåëüíûõ ó÷àñòêàõ ïîëÿ,
äàþò è äîïîëíèòåëüíóþ èíôîðìàöèþ î âíóòðåííèõ ïîòîêàõ â îáùåì âðàùåíèè.
Äâà ïîòîêà, â êîòîðûõ äâèæåíèå ïðåèìóùåñòâåííî äèôôåðåíöèðîâàííî,
âûÿâëÿþò ðóêàâà, ñâÿçàííûå ñ çàïàäíîé ïåðèôåðèåé êîìïîíåíòû A è ñ
êîìïîíåíòîé Â íà âîñòîêå. Íà ðèñ.6 èõ ïðîñëåæèâàþò ëèíèè ñî ñòðåëêàìè,
óêàçûâàþùèìè íàïðàâëåíèå ïåðåäàþùèõñÿ ïî èçîëèíèÿì çàãèáîâ, íàèáîëåå
âûðàæåííûõ äî çíà÷åíèé ~10980, ïðè óìåíüøåíèè ñ çàïàäà, è äî çíà÷åíèé
~10910,  ïðè óâåëè÷åíèè ñ âîñòîêà. Íåçàâèñèìî îò òîãî, ÿâëÿåòñÿ ëè äâèæåíèå
ãàçà â äâóõ ïîòîêàõ  âñòðå÷íûì èëè çàïàçäûâàþùèì îòíîñèòåëüíî äðóã äðóãà,
îñíîâíàÿ ñîñòàâëÿþùàÿ êàæäîãî îãèáàåò öåíòðàëüíóþ ÷àñòü êîìïîíåíòû À.
Èìåííî ýòèì ìîæíî îáúÿñíèòü êîíòðàñòíîñòü èçëó÷åíèÿ, íàáëþäàåìóþ â âèäå
ïëàòî. Â ïîëüçó òàêîé èíòåðïðåòàöèè êîñâåííî ãîâîðèò è òîò ôàêò, ÷òî
çíà÷åíèÿ )Vr(H , ïîëó÷åííûå äëÿ ýëåìåíòîâ ïëàòî, íå âûáèâàþòñÿ èç îáùåé
êàðòèíû ïîëÿ ñêîðîñòåé. Ïî êðàéíåé ìåðå, íà óðîâíå òî÷íîñòè íàùèõ äàííûõ,

Ðèñ.6. Ïîëå ðàäèàëüíûõ ñêîðîñòåé )Vr(H  ãàëàêòèêè SBS0750+603B èëëþñòðèðóåò
èçîëèíèè è ÷èñëåííûå çíà÷åíèÿ, íàíåñåííûå íà êàðòó H -èçëó÷åíèÿ, ïîêàçàííóþ ôîíîâûìè
ãðàäàöèÿìè.
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ýòî èñêëþ÷àåò íàëè÷èå çäåñü îòäåëüíîé ñòðóêòóðû. Äîïîëíèòåëüíûì ôàêòîðîì,
ïðîâîöèðóþùèì êîíòðàñòíîñòü ïëàòî, ìîæåò áûòü ñðàâíèòåëüíî âûñîêàÿ
êîíöåíòðàöèÿ ïûëè â ðóêàâàõ. Ðàíåå îòìå÷àëîñü, ÷òî íàèáîëüøàÿ ÿðêîñòü
ãàëàêòèêè íàáëþäàåòñÿ â èíôðàêðàñíîì äèàïàçîíå, ðèñ.2b, ÷òî ñâèäåòåëüñòâóåò
îá èçíà÷àëüíî âûñîêîì ñîäåðæàíèè ïûëè, ïåðåèçëó÷àþùåé ýíåðãèþ, èñõîäÿùóþ
îò âíóòðåííåé ñòðóêòóðû.

7. Çàêëþ÷åíèå. Äåòàëüíûå èññëåäîâàíèÿ SBS0750+603B ïðîâîäÿòñÿ â
ðàìêàõ èçó÷åíèÿ âûáîðêè, ñîñòîÿùåé èç ~350 ãàëàêòèê èç ñåìè èçáðàííûõ
ïîëåé Âòîðîãî Áþðàêàíñêîãî îáçîðà, SBS, êîòîðûå ïî òèïó àêòèâíîñòè áûëè
êëàññèôèöèðîâàíû êàê çâåçäîôîðìèðóþùèå, SfG. Íàáëþäåíèÿ SBS0750+603B
âûïîëíåíû íà 6-ì òåëåñêîïå ÑÀÎ ÐÀÍ ñ èñïîëüçîâàíèåì ìóëüòèçðà÷êîâîãî
ñïåêòðîãðàôà MPFS. Ïðîâåäåíèåì ïàíîðàìíîé ñïåêòðîñêîïèè îáúåêòà, âêëþ-
÷èâøåì àíàëèç ïîâåðõíîñòíûõ ðàñïðåäåëåíèé îñíîâíûõ ïàðàìåòðîâ èçëó÷åíèÿ
â áàëüìåðîâñêîé ëèíèè âîäîðîäà H  è çàïðåùåííûõ äóáëåòîâ àçîòà [NII]
6548, 6583 è ñåðû [SII] 6716, 6731 è ñ ó÷åòîì èìåþùåéñÿ â àñòðîíîìè÷åñêèõ
áàçàõ äàííûõ èíôîðìàöèè, îïðåäåëåíû ñòðóêòóðíûå, êèíåìàòè÷åñêèå è äðóãèå
îñîáåííîñòè îáúåêòà.

Äâå îñíîâíûå êîìïîíåíòû ñòðóêòóðû ãàëàêòèêè SBS0750+603B âûäåëÿþòñÿ
ïî ìîðôîëîãèè îáúåêòà â âèäèìîì äèàïàçîíå è îáîçíà÷åíû íàìè À è Â,
ïðîÿâëÿþòñÿ â êà÷åñòâå îáëàñòåé HII â ïîëå H -èçëó÷åíèÿ ãàëàêòèêè. Äëÿ
íèõ ïðèâîäÿòñÿ êîëè÷åñòâåííûå õàðàêòåðèñòèêè, â ÷àñòíîñòè,  èíòåíñèâíîñòü
èçëó÷åíèÿ â ïèêå è èíòåãðàëüíûå ïîòîêè â çàðåãèñòðèðîâàííûõ ñïåêòðàëüíûõ
ëèíèÿõ èçëó÷åíèÿ, ýêâèâàëåíòíûé ðàäèóñ è òåìï çâåçäîîáðàçîâàíèÿ, îïðåäå-
ëåííûé ïî H . Îñíîâíûì èñòî÷íèêîì H -èçëó÷åíèÿ â ãàëàêòèêå ÿâëÿåòñÿ
êîìïîíåíòà A, â öåíòðàëüíîé ÷àñòè êîòîðîé íàáëþäàåòñÿ êîíòðàñòèðóþùèé
ñ âíåøíèì ïåðèìåòðîì ó÷àñòîê îäíîðîäíîé ÿðêîñòè. Îðèåíòèðîâàííàÿ ïîä
íåáîëüøèì, ê ëó÷ó çðåíèÿ, óãëîì, ãàëàêòèêà âðàùàåòñÿ âäîëü áîëüøîé, â
ïðîåêöèè íà íåáåñíóþ ñôåðó, îñè. Êðîìå òîãî, â ïîëå ðàäèàëüíûõ ñêîðîñòåé,
âèäíû äâà "âñòðîåííûõ" â îáùåå âðàùåíèå  âíóòðåííèõ ïîòîêà, âûÿâëÿþùèõ
íàëè÷èå ðóêàâîâ, ñâÿçàííûõ ñ åå ïðîòèâîïîëîæíûìè ïî îñè êðàÿìè. Íàáëþ-
äàåìûé êîíòðàñò ÿðêîñòè ïî öåíòðó êîìïîíåíòû À, ñêîðåå âñåãî, îáóñëîâëåí
îãèáàíèåì ýòîãî ó÷àñòêà ðóêàâàìè, ÷òî ñëåäóåò èç îñíîâíîé íàïðàâëåííîñòè
ïîòîêîâ â íèõ è ïîâûøåííîé êîíöåíòðàöèåé ïûëè.

Êàðòèíà âçàèìíîãî ðàñïîëîæåíèÿ ãàëàêòèê SBS0750+603À è SBS0750+603B,
íàõîäÿùèõñÿ íà óäàëåíèè ïðèìåðíî â 30 êïê äðóã îò äðóãà, ÿâëÿåòñÿ õàðàê-
òåðíîé/êëàññè÷åñêîé äëÿ ïîñòåïåííî ñáëèæàþùèõñÿ ãàëàêòèê. Ïîä óãëîì
<90o îòíîñèòåëüíî ïëîñêîñòè âðàùåíèÿ ãàëàêòèêè SBS0750+603B, îðèåíòè-
ðîâàíà îñü âðàùåíèÿ ãàëàêòèêè SBS0750+603À [6], ÿâëÿþùåéñÿ åå ôèçè÷åñêîé
ïàðîé. Èíòåðåñíî, ÷òî â ïðîòèâîïîëîæíîñòü SBS0750+603B, ñ êîíòðàñòíûì



67ÑÏÅÊÒÐÀËÜÍÛÅ  ÃÀËÀÊÒÈÊÈ  SBS 0750+603B

ïëàòî ïî÷òè ïî öåíòðó, âûòÿíóòàÿ âäîëü îñè âðàùåíèÿ SBS0750+603À èìååò
"ðûõëóþ" ñòðóêòóðó, ïî öåíòðó êîòîðîé íàáëþäàåòñÿ ñïàä ÿðêîñòè. Ñëåäóåò
îòìåòèòü òàêæå, ÷òî íàëè÷èå â ñòðóêòóðå ãàëàêòèêè SBS0750+603À òðåõ
îñíîâíûõ êîìïîíåíò, òåì áîëåå ðàñïðåäåëåííûõ âäîëü îñè âðàùåíèÿ ãàëàêòèêè,
ïîçâîëÿåò ãîâîðèòü î åå ôðàãìåíòàöèè, êîñâåííî óêàçûâàÿ íà âîçäåéñòâèå
ãðàâèòàöèîííûõ ñèë ñî ñòîðîíû SBS0750+603B.

Ñòàòüÿ îñíîâàíà íà íàáëþäàòåëüíîì ìàòåðèàëå, ïîëó÷åííîì íà 6-ì òåëåñêîïå
ÑÀÎ ÐÀÍ, ðàáîòà êîòîðîãî ïîääåðæèâàåòñÿ Ìèíèñòåðñòâîì íàóêè è âûñøåãî
îáðàçîâàíèÿ Ðîññèéñêîé Ôåäåðàöèè.

Èññëåäîâàíèå ïðîâîäèëîñü ñ èñïîëüçîâàíèåì âíåãàëàêòè÷åñêîé áàçû äàííûõ
NASA/IPAC Extragalactic Database (NED) è NASA/IPAC Infrared Science Archive
(IRSA), êîòîðûå óïðàâëÿþòñÿ îðãàíèçàöèÿìè Jet Propulsion Laboratory è California
Institute of Technology ïî êîíòðàêòó ñ National Aeronautics and Space Administration.

Â êà÷åñòâå èëëþñòðàöèé â ñòàòüå ïðèâîäÿòñÿ ñíèìêè èç áàçû äàííûõ
HLA (Hubble Legacy Archive), îïåðèðóþùåé íàáëþäåíèÿ ñ òåëåñêîïîì NASA/
ESA Hubble Space Telescope ïî êîëëàáîðàöèè ìåæäó Space Telescope Science
Institute (STScI/NASA), Space Telescope European Coordinating Facility (ST-
ECF/ESA), Canadian Astronomy Data Centre (CADC/NRC/CSA).

1 Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.À.Àìáàðöóìÿíà,
 Àðìåíèÿ, e-mail: susannahakopian@yahoo.com
2 Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ, Ðîññèÿ

PANORAMIC SPECTROSCOPY OF GALAXIES
WITH STAR FORMATION REGIONS.

STUDY OF SBS 0750+603B

S.A.HAKOPIAN1, S.N.DODONOV2, A.V.MOISEEV2,  A.A.SMIRNOVA2

3D-spectroscopy of SBS0750+603B has been conducted as a part in the
complex studyings of the sample of about 350 star-forming galaxies. The observations
were carried out with the 6-m telescope of  the Special Astrophysical Observatory
(SAO) of the Russian Academy of Sciences using the MPFS multi-pupil fiber
spectrograph. New details of structural and kinematical features of the object are
shown based on analysis of surface distributions of the main parameters of the
radiation of the galaxy in the Balmer line H  of hydrogen and the forbidden
lines of the doublets of nitrogen [NII] 6548, 6583 and sulfur [SII] 6716, 6731.
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Data from available astroarchives are also have been taken into consideration. In
the structure of SBS0750+603B two main components are distinguished, A and
B, with which two observed regions of ionized hydrogen are associated. Their
spatial characteristics and parameters of radiation in the observed spectral lines are
presented. In particular, the starformation rate  HSFR  for A and B, estimated
as  0.42 and 0.05 M /year, respectively, showing how different are the two HII-
regions. The distribution of radial velocities in H  indicates longitudinal axial
rotation, in which two arms appear separately. Their mutual position and increased
dust concentration most likely are condition the presence of a contrasting, in
brightness, plateau in the central part of component A.

Keywords: 3D-spectroscopy: H -radiation: HII regions - individual: SBS 0750+603B
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Ïðèíÿòà ê ïå÷àòè 18 äåêàáðÿ 2019

Ñîáðàíû îïóáëèêîâàííûå äàííûå î íàáëþäàåìûõ ñâîéñòâàõ ôèëàìåíòîâ (öåïî÷åê ãàëàêòèê
è ãðóïï ãàëàêòèê), êîòîðûå äîìèíèðóþò â êðóïíîìàñøòàáíîé ñòðóêòóðå Âñåëåííîé. ×àñòü
ýòèõ ñâîéñòâ íå îïèñûâàåòñÿ â ñòàíäàðòíîé êîñìîëîãè÷åñêîé ìîäåëè  CDM. Âûÿâëåíî, ÷òî
ñâîéñòâà ãàëàêòèê çàâèñÿò îò èõ ðàñïîëîæåíèÿ âíóòðè èëè âáëèçè ôèëàìåíòà. Ïðåäëàãàåòñÿ
ãèïîòåçà î òîì, ÷òî â ðàííåé Âñåëåííîé ìîãëè áûòü ïåðâè÷íûå ôèëàìåíòû èç êîíòðàñòîâ
ïëîòíîñòè. Â íèõ îáðàçîâàíèå ìàññèâíûõ ïðîòîãàëàêòèê ìîãëî ïðîèñõîäèòü ðàíüøå, ÷åì â
îäèíî÷íûõ êîíòðàñòàõ ïëîòíîñòè. Òîãäà â ñîâðåìåííóþ ýïîõó äîëæíà íàáëþäàòüñÿ çàâèñèìîñòü
ñâîéñòâ ãàëàêòèê îò èõ ñâÿçåé ñ ñîõðàíèâøèìèñÿ ôèëàìåíòàìè. Ïðåäëîæåíà ìîäåëü ïåðâè÷íîãî
ôèëàìåíòà èç ïåðâè÷íûõ ñêàëÿðíûõ è âåêòîðíûõ ãðàâèòàöèîííûõ âîçìóùåíèé â îäíîðîäíîé
è èçîòðîïíîé êîñìîëîãè÷åñêîé ìîäåëè, çàïîëíåííîé ìàòåðèåé ñ ïðåíåáðåæèìî ìàëûì
äàâëåíèåì, áåç èñïîëüçîâàíèÿ ãèïîòåçû î ïðèëèâíîì âçàèìîäåéñòâèè ãàëî òåìíîé ìàòåðèè.

Êëþ÷åâûå ñëîâà: Ãàëàêòèêè: ñêîïëåíèÿ ãàëàêòèê: êðóïíîìàñøòàáíàÿ ñòðóêòóðà:
  ôèëàìåíòû: ãðàâèòàöèîííûå âîçìóùåíèÿ

1. Ââåäåíèå. Â ñîâðåìåííîì èçó÷åíèè êðóïíîìàñøòàáíîé ñòðóêòóðû
Âñåëåííîé ìîæíî âûäåëèòü äâà áîëüøèõ íàïðàâëåíèÿ. Ïåðâîå íàïðàâëåíèå
ñâÿçàíî ñ ïðîâåäåíèåì è àíàëèçîì áîëüøèõ îáçîðîâ íåáà â ðàçëè÷íûõ äèàïà-
çîíàõ ýëåêòðîìàãíèòíîãî ñïåêòðà. Âòîðîå íàïðàâëåíèå ïîñâÿùåíî ÷èñëåííîìó
ìîäåëèðîâàíèþ êðóïíîìàñøòàáíîé ñòðóêòóðû â ïðèáëèæåíèè çàäà÷è N òåë,
à òàêæå ìîäåëèðîâàíèþ ñàìèõ îáçîðîâ (êàòàëîãîâ) äëÿ âûÿâëåíèÿ ðîëè
ñèñòåìàòè÷åñêèõ ýôôåêòîâ, êîòîðûå íåîáõîäèìî ó÷èòûâàòü ïðè àíàëèçå äàííûõ
ðåàëüíûõ îáçîðîâ. Ãëàâíûì ðåçóëüòàòîì îáîèõ íàïðàâëåíèé èññëåäîâàíèé
ÿâëÿåòñÿ óñòàíîâëåíèå òîãî ôàêòà, ÷òî äîìèíèðóþùèì ñòðóêòóðíûì ýëåìåíòîì
êðóïíîìàñøòàáíîé ñòðóêòóðû ÿâëÿþòñÿ ôèëàìåíòû - öåïî÷êè, ñîñòîÿùèå èç
ãàëàêòèê, ãðóïï ãàëàêòèê, ñêîïëåíèé ãàëàêòèê, ìåæãàëàêòè÷åñêîãî ãàçà è ïûëè.

Âïåðâûå ôèëàìåíòû çàìåòèëè â ñåðåäèíå 1970-õ ãîäîâ â òðåõìåðíîì
îáçîðå ðàñïðåäåëåíèÿ ÿðêèõ ãàëàêòèê CfA Redshift Survey. Â èçâåñòíûõ óæå
òîãäà íåñêîëüêèõ ñâåðõñêîïëåíèÿõ âûäåëèëè îáëàñòè ñ ïîâûøåííîé êîíöåíò-
ðàöèåé ôèëàìåíòîâ, ïðè÷åì ñâåðõñêîïëåíèÿ ñâÿçûâàëèñü â åäèíóþ ñåòü òîæå
ôèëàìåíòàìè [1-3].
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Îáíàðóæèâàòü ôèëàìåíòû ñëîæíî, ïîòîìó ÷òî óãëîâàÿ äâóõòî÷å÷íàÿ êîððå-
ëÿöèîííàÿ ôóíêöèÿ è óãëîâîé ñïåêòð ìîùíîñòè ðàñïðåäåëåíèÿ ãàëàêòèê íå
ñîäåðæàò èíôîðìàöèþ î ìîðôîëîãèè ñòðóêòóð ñêó÷èâàíèÿ ãàëàêòèê. Äëÿ
âûäåëåíèÿ ôèëàìåíòîâ â îáçîðàõ ãàëàêòèê áûëè ðàçâèòû ñïåöèàëüíûå ìåòîäû
îáðàáîòêè èçîáðàæåíèé (ñì., íàïðèìåð, [4]).

Íà îñíîâå âèçóàëèçàöèè ðåçóëüòàòîâ ÷èñëåííîãî ìîäåëèðîâàíèÿ â ðàìêàõ
ñòàíäàðòíîé êîñìîëîãè÷åñêîé CDM-ìîäåëè áûëà ïðåäëîæåíà ãèïîòåçà î
òîì, ÷òî ôèëàìåíòû ÿâëÿþòñÿ ñëåäñòâèåì ïðèëèâíîãî âçàèìîäåéñòâèÿ ãàëî
òåìíîé ìàòåðèè, ñîäåðæàùèõ ãàëàêòèêè, íà íåëèíåéíîé ñòàäèè ýâîëþöèè
êðóïíîìàñøòàáíîé ñòðóêòóðû (ñì. [5] è ññûëêè òàì). Ïåðåñå÷åíèÿ ãàëî ñ
ýëëèïñîèäàëüíûìè ôîðìàìè ìîãóò ïðèâîäèòü ê ïîÿâëåíèþ ôèëàìåíòîâ ñ
áîëåå âûñîêîé ïëîòíîñòüþ òåìíîé ìàòåðèè.

Âîçìîæíî, ÷òî â ðàìêàõ ýòîé ìîäåëè ñ ïîìîùüþ ïîäáîðà ïàðàìåòðîâ, â
÷àñòíîñòè, ñâîéñòâ ÷àñòèö òåìíîé ìàòåðèè, óäàñòñÿ îïèñàòü íàáëþäàåìûå
ñâîéñòâà ôèëàìåíòîâ. Îäíàêî äî ñèõ ïîð íåò ïðÿìûõ äîêàçàòåëüñòâ ñóùåñò-
âîâàíèÿ ÷àñòèö òåìíîé ìàòåðèè [6,7].

Åñòü òàêæå ïðîáëåìà ó îñíîâíîé ãèïîòåçû òåîðèè êðóïíîìàñøòàáíîé
ñòðóêòóðû: çàõâàò áàðèîíîâ â ãàëî òåìíîé ìàòåðèè. Äåëî â òîì, ÷òî äî ýïîõè
ðåêîìáèíàöèè äâèæåíèÿ áàðèîííîé è òåìíîé ìàòåðèè íà ìàñøòàáàõ ìåíüøå
çâóêîâîãî ãîðèçîíòà ðàçëè÷íû. Ñãóñòêè òåìíîé ìàòåðèè ñæèìàþòñÿ, ñãóñòêè
ðàäèàöèîííî-äîìèíèðîâàííîé ïëàçìû ðàñïðîñòðàíÿþòñÿ êàê ðåëÿòèâèñòñêèå
çâóêîâûå âîëíû. Òàêèì îáðàçîì, áàðèîííàÿ ìàòåðèÿ äîëæíà äâèãàòüñÿ
îòíîñèòåëüíî òåìíîé ìàòåðèè â ýïîõó äî ðåêîìáèíàöèè è ïîñëå íåå. Ñêîðîñòè
ýòîãî îòíîñèòåëüíîãî äâèæåíèÿ íóæíî ó÷èòûâàòü ïðè ìîäåëèðîâàíèè, ïîòîìó
÷òî íåáîëüøèå ãàëî òåìíîé ìàòåðèè íå ìîãóò çàõâàòûâàòü â ñâîå ãðàâèòà-
öèîííîå ïîëå áûñòðî äâèæóùèåñÿ ïîòîêè áàðèîííîé ìàòåðèè. Ñëåäîâàòåëüíî,
ðîñò êîíòðàñòîâ ïëîòíîñòè áàðèîíîâ íà ìàëûõ ïðîñòðàíñòâåííûõ ìàñøòàáàõ
äîëæåí ïðîèñõîäèòü ìåäëåííåå ïî ñðàâíåíèþ ñ ìîäåëüþ, â êîòîðîé íåò
îòíîñèòåëüíûõ ñêîðîñòåé áàðèîííîé è òåìíîé ìàòåðèé [8]. Ïîêà âëèÿíèÿ
ñêîðîñòåé ãàëàêòèê íà òðåõòî÷å÷íóþ êîððåëÿöèîííóþ ôóíêöèþ èõ ðàñïðå-
äåëåíèÿ íå îáíàðóæåíî [9]. Ýòî, êîíå÷íî, ìîæåò áûòü ñâÿçàíî ñ êà÷åñòâîì
èçìåðåíèÿ ñêîðîñòåé ãàëàêòèê, à òàêæå ñ ãèïîòåçîé î òåìíîé ìàòåðèè. Íàêîíåö,
â ðàáîòå [10] ïðèâåäåíû âåñêèå àðãóìåíòû ïðîòèâ ãèïîòåçû î ñóùåñòâîâàíèè
òåìíîé ìàòåðèè â ãàëàêòèêàõ è ñêîïëåíèÿõ.

Íèæå ìû ïðèâîäèì ñîáðàííûå â ëèòåðàòóðå ôàêòû î íàáëþäàåìûõ ñâîéñòâàõ
ôèëàìåíòîâ. ×àñòü èç íèõ íå îïèñûâàåòñÿ (âîçìîæíî, ïîêà) ñòàíäàðòíîé
CDM-ìîäåëüþ.

Ýòè ôàêòû è îòìå÷åííûå òðóäíîñòè ãèïîòåçû î òåìíîé ìàòåðèè ñòèìó-
ëèðóþò ðàññìîòðåíèå àëüòåðíàòèâíûõ ôèçè÷åñêèõ ìîäåëåé ôèëàìåíòîâ. Â
ýòîé ðàáîòå ìû ïðèâîäèì íàãëÿäíûé ïðèìåð îáðàçîâàíèÿ âûòÿíóòûõ ñòðóêòóð
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â ðàñïðåäåëåíèè ìàòåðèè, áëàãîäàðÿ ïåðâè÷íûì ñêàëÿðíûì è âåêòîðíûì
ãðàâèòàöèîííûì âîçìóùåíèÿì â îäíîðîäíîé è èçîòðîïíîé êîñìîëîãè÷åñêîé
ìîäåëè, îñòàâàÿñü â ðàìêàõ îáùåé òåîðèè îòíîñèòåëüíîñòè è áåç ïðèâëå÷åíèÿ
ãèïîòåçû î ïðèëèâíîì âçàèìîäåéñòâèè ãàëî òåìíîé ìàòåðèè.

Ïåðâè÷íûå ãðàâèòàöèîííûå âîçìóùåíèÿ îïèñûâàþòñÿ ìàëûìè âîçìóùå-
íèÿìè ìåòðèêè ïðîñòðàíñòâà-âðåìåíè. Âîçìóùåíèÿ ìåòðèêè â îòäåëüíûõ
îáëàñòÿõ ïðîñòðàíñòâà ïðèâîäÿò ê èçìåíåíèþ ñèñòåìû îòñ÷åòà â ýòèõ îáëàñòÿõ
ïî ñðàâíåíèþ ñ ñèñòåìîé îòñ÷åòà  ôîíîâîé êîñìîëîãè÷åñêîé ìîäåëè. Ñêàëÿðíîå
âîçìóùåíèå ìåòðèêè ïðèâîäèò ê òîìó, ÷òî â îáëàñòè âîçìóùåíèÿ ïëîòíîñòü
ìàòåðèè óáûâàåò ìåäëåííåå, ÷åì ïëîòíîñòü ìàòåðèè â ðàñøèðÿþùåéñÿ ôîíîâîé
ñèñòåìå îòñ÷åòà. Â ðåçóëüòàòå ôîíîâûé íàáëþäàòåëü îáíàðóæèò ðîñò îòíîñè-
òåëüíîãî êîíòðàñòà ïëîòíîñòè ìàòåðèè â ýòîé îáëàñòè, õîòÿ íåïîñðåäñòâåííîãî
ïðèòîêà ìàòåðèè íå ïðîèñõîäèò.

Â ñëó÷àå âåêòîðíûõ ãðàâèòàöèîííûõ âîçìóùåíèé êîíòðàñòîâ ïëîòíîñòè
ìàòåðèè íåò. Îáëàñòü ïðîñòðàíñòâà ñ èçìåíåííîé ñèñòåìîé îòñ÷åòà ðàñøèðÿåòñÿ
òàêæå, êàê è ôîíîâîå ïðîñòðàíñòâî. Âåêòîðíîå âîçìóùåíèå ïåðåíîñèò èçìåíåíèå
ñèñòåìû îòñ÷åòà â ñîñåäíèå îáëàñòè ôîíîâîãî ïðîñòðàíñòâà. Ôîíîâûé íàáëþ-
äàòåëü áóäåò òðàêòîâàòü ýòî ïåðåìåùåíèå êàê ïðîöåññ ïîÿâëåíèÿ íàïðàâëåííîãî
äâèæåíèÿ ìàòåðèè. Íàïðèìåð, òàê ìîæíî îïèñûâàòü ïîÿâëåíèå âèõðåâîãî
äâèæåíèÿ ìàòåðèè áåç èçìåíåíèÿ åå ïëîòíîñòè.

Ïóñòü èçìåíåíèå ñèñòåìû îòñ÷åòà â îáëàñòè ïðîñòðàíñòâà âûçûâàåòñÿ
îäíîâðåìåííî ñêàëÿðíûìè è âåêòîðíûìè âîçìóùåíèÿìè ìåòðèêè. Òîãäà
âåêòîðíîå âîçìóùåíèå ïåðåíîñèò ñèñòåìó îòñ÷åòà ñî ñêàëÿðíûì âîçìóùåíèåì
â ñîñåäíèå îáëàñòè ôîíîâîãî ïðîñòðàíñòâà. Â ýòîì ñëó÷àå ôîíîâûé íàáëþäàòåëü
óâèäèò âðàùåíèå êîíòðàñòà ïëîòíîñòè èëè íàïðàâëåííîå ïåðåìåùåíèå êîíòðàñòà
ïëîòíîñòè, ëèáî êîìáèíàöèþ ýòèõ äâèæåíèé. Ïîäîáíîå ïåðåìåùåíèå íåñêîëü-
êèõ êîíòðàñòîâ ïëîòíîñòè áóäåò íàáëþäàòüñÿ êàê âûòÿíóòàÿ ñòðóêòóðà òèïà
ôèëàìåíòà.

Â îáëàñòè ïåðåñå÷åíèÿ äâóõ èëè áîëåå âåêòîðíûõ âîçìóùåíèé, êîòîðûå
ïåðåíîñÿò ñâîè êîíòðàñòû ïëîòíîñòè, ïîÿâèòñÿ ïåðâè÷íûé êîíòðàñò ïëîòíîñòè
äëÿ îáðàçîâàíèÿ ñêîïëåíèÿ ãàëàêòèê. Òàêèå ôèëàìåíòû ìîãóò áûòü ïåðâè÷íûìè
ñòðóêòóðíûìè ýëåìåíòàìè êðóïíîìàñøòàáíîé ñòðóêòóðû Âñåëåííîé.

Çàòóõàíèå âåêòîðíîãî âîçìóùåíèÿ äîëæíî ïðèâîäèòü ê ïîñòåïåííîìó
ðàçðóøåíèþ ïåðâè÷íîãî ôèëàìåíòà. Îäíàêî ïðè çàòóõàíèè âåêòîðíîãî âîçìó-
ùåíèÿ ñêàëÿðíûå âîçìóùåíèÿ ïðîäîëæàþò ðàñòè, ïîýòîìó ñîõðàíåíèå
ïåðâè÷íîé ôèëàìåíòàðíîé ñòðóêòóðû ìîæåò áûòü îáåñïå÷åíî êîëëåêòèâíûì
âçàèìîäåéñòâèåì êîíòðàñòîâ ïëîòíîñòè, íî óæå íà êâàçèëèíåéíîé ñòàäèè
ýâîëþöèè êðóïíîìàñøòàáíîé ñòðóêòóðû. Â ýòèõ ïåðâè÷íûõ ôèëàìåíòàõ
ãàëàêòèêè áóäóò îáðàçîâûâàòüñÿ ðàíüøå, ÷åì â îäèíî÷íûõ êîíòðàñòàõ ïëîòíîñòè.
Êðîìå òîãî â ïåðâè÷íûõ ôèëàìåíòàðíûõ ñòðóêòóðàõ áîëåå âåðîÿòíû ñòîëêíî-
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âåíèÿ è ñëèÿíèÿ ïðîòîãàëàêòèê, ïîýòîìó â íèõ äîëæíî îáðàçîâûâàòüñÿ
áîëüøå ìàññèâíûõ ãàëàêòèê.

2. Íàáëþäàåìûå ñâîéñòâà ôèëàìåíòîâ. Ôèëàìåíòû îáíàðóæåíû
âïëîòü äî êðàñíûõ ñìåùåíèé z ~ 4. Ñåé÷àñ, áëàãîäàðÿ ñëîæíîìó àíàëèçó
äàííûõ îáçîðîâ CfA2, 2dF, SDSS, 2MASS, 6dF, GAMA, VIPERS, 2MPZ,
WISExSCOS, óñòàíîâëåíû ñëåäóþùèå ôàêòû:

1. Äëèíà ôèëàìåíòîâ 50-200 Ìïê, øèðèíà íà ïîðÿäîê ìåíüøå. Ïðèìåðíî
ïîëîâèíà âñåõ íàáëþäàåìûõ ãàëàêòèê âõîäèò â ôèëàìåíòû, ïðè÷åì íå áîëüøå
20% èç íèõ ïðèíàäëåæàò ñêîïëåíèÿì è ãðóïïàì â ýòèõ ôèëàìåíòàõ. Ñêîïëåíèÿ
ãàëàêòèê íàõîäÿòñÿ íà ïåðåñå÷åíèè ôèëàìåíòîâ, íî íå âî âñåõ ïåðåñå÷åíèÿõ
ôèëàìåíòîâ åñòü ñêîïëåíèÿ. Ñâåðõñêîïëåíèÿ ãàëàêòèê ñîñòîÿò èç ôèëàìåíòîâ,
â òîì ÷èñëå ïåðåñåêàþùèõñÿ. Ñâåðõñêîïëåíèÿ ñâÿçàíû äðóã ñ äðóãîì ôèëàìåí-
òàìè è îáðàçóþò êîñìè÷åñêóþ ñåòü (êðóïíîìàñøòàáíàÿ ñòðóêòóðà) [11-14].

2. Àíàëèç íàáëþäåíèé â íåñêîëüêèõ ñïåêòðàëüíûõ äèàïàçîíàõ (èíôðà-
êðàñíûé, îïòè÷åñêèé, ðåíòãåíîâñêèé) îòíîñèòåëüíî áëèçêèõ ôèëàìåíòîâ ñ
êðàñíûìè ñìåùåíèÿìè z < 0.9 ïîçâîëèë óñòàíîâèòü, ÷òî â íèõ ìíîãî òåïëîãî
ãàçà. Îáíàðóæåíî, ÷òî êðàñíûå ãàëàêòèêè ñ áîëüøèìè ìàññàìè íàõîäÿòñÿ
ïðåèìóùåñòâåííî âíóòðè èëè áëèæå ê ôèëàìåíòó, ÷åì ãîëóáûå ìàëîìàññèâíûå
ãàëàêòèêè. Áîëüøèå (îáðàçîâàëèñü ðàíüøå) ãàëàêòèêè íàõîäÿòñÿ âíóòðè èëè
áëèæå ê ôèëàìåíòàì ïî ñðàâíåíèþ ñ íåáîëüøèìè ãàëàêòèêàìè (îáðàçîâàëèñü
ïîçäíåå). Íå îáíàðóæåíî ðàçëè÷èÿ íàñåëåíèé ãàëàêòèê (ïàññèâíûå, ðàííèõ
òèïîâ, êðàñíûå) â ñêîïëåíèÿõ è â ñîåäèíÿþùèõ ýòè ñêîïëåíèÿ ôèëàìåíòàõ
[15-17].

3. Áîëüøèå îñè ãàëàêòèê èìåþò âûäåëåííîå íàïðàâëåíèå: îíè âûñòðàè-
âàþòñÿ (ñòàòèñòè÷åñêè çíà÷èìî) âäîëü íàïðàâëåíèÿ ôèëàìåíòà, êîòîðûé èõ
ñîäåðæèò, èëè âäîëü ôèëàìåíòà, ê êîòîðîìó îíè áëèæå âñåãî. Ýòî âûñòðàèâàíèå
ñèëüíåå âûðàæåíî ó ÿðêèõ ãàëàêòèê, îáðàçîâàâøèõñÿ â áîëåå ðàííþþ ýïîõó,
÷åì ó íåÿðêèõ ãàëàêòèê, îáðàçîâàâøèõñÿ ïîçäíåå [18-29].

4. Àíàëèç ëó÷åâûõ ñêîðîñòåé ãàëàêòèê ïîçâîëèë îáíàðóæèòü, ÷òî ãàëàêòèêè
äâèæóòñÿ ïðåèìóùåñòâåííî ïî íàïðàâëåíèþ ê áëèæàéøåìó ôèëàìåíòó, à
ãàëàêòèêè âíóòðè ôèëàìåíòîâ äâèæóòñÿ ê áëèæàéøåìó ñêîïëåíèþ ãàëàêòèê
â ôèëàìåíòå [21,22]. Ýòî îçíà÷àåò, ÷òî ãàëàêòèêè ôèëàìåíòà, ñêîðåå âñåãî,
îáðàçîâàëèñü âíóòðè ôèëàìåíòà. Ñêîðîñòè ãàëàêòèê âåëèêè, ïðè÷åì õàðàêòåðíîå
âðåìÿ ïåðåñå÷åíèÿ èìè ôèëàìåíòà ìåíüøå âîçðàñòà ãàëàêòèê, ïîýòîìó îíè
ìîãëè áû ïîêèíóòü ôèëàìåíò, åñëè áû ïîïàëè â íåãî èç âíåøíåãî ïðîñò-
ðàíñòâà.

Ñêîïëåíèÿ àêêðåöèðóþò ãàç è ãàëàêòèêè èç ôèëàìåíòîâ. Ýòî ïîäòâåðæ-
äàåòñÿ òåì, ÷òî, âî-ïåðâûõ, â ñêîïëåíèÿõ ñêîðîñòè ãàëàêòèê è òåìïåðàòóðà
ìåæãàëàêòè÷åñêîãî ãàçà ïðåâûøàþò âåëè÷èíû, êîòîðûå áûëè áû ïðè âûïîë-
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íåíèè âèðèàëüíîãî ðàâíîâåñèÿ ñêîïëåíèé. Âî-âòîðûõ, ñêåéëèíãîâûå çàâèñè-
ìîñòè ìåæäó ðåíòãåíîâñêèìè ñâåòèìîñòÿìè ñêîïëåíèé, òåìïåðàòóðàìè ìåæ-
ãàëàêòè÷åñêîãî ãàçà â ñêîïëåíèÿõ è äèñïåðñèÿìè ñêîðîñòåé ãàëàêòèê â ñêîï-
ëåíèÿõ çàìåòíî îòëè÷àþòñÿ îò çàâèñèìîñòåé, êîòîðûå áûëè áû ïðè âûïîëíåíèè
âèðèàëüíîãî ðàâíîâåñèÿ ñêîïëåíèé (ñì. [23] è ññûëêè òàì). Îòìåòèì, ÷òî
îòêëîíåíèå îò âèðèàëüíîãî ðàâíîâåñèÿ ÷àñòî òðàêòóåòñÿ êàê ïðèçíàê ïðè-
ñóòñòâèÿ òåìíîé ìàòåðèè.

5. Ãèãàíòñêèå ôèëàìåíòû ñ ìàñøòàáàìè îò íåñêîëüêèõ ñîòåí ìåãàïàðñåê
äî ãèãàïàðñåê îáíàðóæåíû â ðàñïðåäåëåíèè ãàëàêòèê è ñêîïëåíèé, êâàçàðîâ,
ãàììà-áàðñòåðîâ (Great Wall, Great GRB Wall, Hyperion, LQG) [24-28].
Ðàçìåðû ýòèõ ñòðóêòóð â íåñêîëüêî ðàç áîëüøå ìàêñèìàëüíîãî ìàñøòàáà
ñêó÷èâàíèÿ äëÿ êîððåëÿöèîííîé ôóíêöèè ãàëàêòèê â ñòàíäàðòíîé êîñìî-
ëîãè÷åñêîé CDM-ìîäåëè.

Ïåðâûé èç ïåðå÷èñëåííûõ ôàêòîâ õîðîøî âîñïðîèçâîäèòñÿ â ÷èñëåííûõ
ìîäåëèðîâàíèÿõ â ðàìêàõ CDM-ìîäåëè (ñì., íàïðèìåð, [29,30] è ññûëêè
òàì). Ñîãëàñíî ýòèì ìîäåëèðîâàíèÿì, ôèëàìåíòû òåìíîé ìàòåðèè ïîÿâëÿþòñÿ
ïðè êðàñíûõ ñìåùåíèÿõ z ~ 3 - 5, ïîñòåïåííî èç íèõ ôîðìèðóþòñÿ äâóìåðíûå
ñòðóêòóðû, êîòîðûå îãðàíè÷èâàþò âîéäû ïðè z < 1. Ìàêñèìàëüíûå ìàñøòàáû
âîéäîâ íå ïðåâûøàþò 300 Ìïê äëÿ êîñìîëîãè÷åñêèõ ïàðàìåòðîâ ñîâðåìåííîé
CDM-ìîäåëè. Ýòîò ìàêñèìàëüíûé ìàñøòàá îãðàíè÷èâàåò ñâåðõó ðàçìåð
ôèëàìåíòîâ, ÷òî ïðîòèâîðå÷èò ñóùåñòâîâàíèþ ãèãàíòñêèõ ôèëàìåíòîâ (ôàêò
5). Àâòîðû ìîäåëèðîâàíèé êðóïíîìàñøòàáíîé ñòðóêòóðû ïðåäïîëàãàþò, ÷òî
ãèãàíòñêèå ôèëàìåíòû ÿâëÿþòñÿ ñëåäñòâèåì ïðîåêöèè, à íå ðåàëüíûìè
îáúåêòàìè. Îäíàêî óæå îáíàðóæåíû ïðèçíàêè âûñòðàèâàíèÿ êðàñíûõ ãàëàêòèê
è êâàçàðîâ âäîëü ãèãàíòñêîãî ôèëàìåíòà LQG [31]. Ýòî ïîäòâåðæäàåò
ðåàëüíîñòü ôèëàìåíòà LQG è óêàçûâàåò íà òðóäíîñòü CDM-ìîäåëè.

Ôàêòû 2-4 óêàçûâàþò íà òî, ÷òî ãàëàêòèêè â ôèëàìåíòàõ  îáðàçîâûâàëèñü
âíóòðè ýòèõ ôèëàìåíòîâ, ò.å. ôèëàìåíòû ÿâëÿþòñÿ ïåðâè÷íûìè ñòðóêòóðàìè
è â íèõ ãàëàêòèêè îáðàçîâàëèñü ðàíüøå (íàáëþäàþòñÿ êàê ìàññèâíûå êðàñíûå
ãàëàêòèêè), ÷åì ãàëàêòèêè âíå ôèëàìåíòîâ (íàáëþäàþòñÿ êàê ìàëîìàññèâíûå
ãîëóáûå ãàëàêòèêè).

3. Ìîäåëü îáðàçîâàíèÿ ïåðâè÷íûõ ôèëàìåíòîâ èç ñêàëÿðíûõ
è âåêòîðíûõ ãðàâèòàöèîííûõ âîçìóùåíèé. Äëÿ íàãëÿäíîñòè âûáåðåì
îäíîðîäíóþ è èçîòðîïíóþ êîñìîëîãè÷åñêóþ ìîäåëü, êîòîðàÿ çàïîëíåíà
ìàòåðèåé ñ ïðåíåáðåæèìî ìàëûì äàâëåíèåì (ïûëü) è èìååò ñèíõðîííóþ
ìåòðèêó:

 , 222222 dzdydxdadxdxgds ki
ik  (1)

ãäå ëàòèíñêèå èíäåêñû ïðîáåãàþò çíà÷åíèÿ 0, 1, 2, 3; ìàñøòàáíûé ôàêòîð
  32

00
2

0 ttaaa  ; t - êîñìîëîãè÷åñêîå âðåìÿ;   - êîíôîðìíîå âðåìÿ; x,
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y, z - ïðîñòðàíñòâåííûå êîîðäèíàòû. Ìû áóäåì ïðèäåðæèâàòüñÿ òåðìèíîëîãèè,
èñïîëüçîâàííîé â êëàññè÷åñêîé êíèãå [32].

Ãðàâèòàöèîííûå âîçìóùåíèÿ îïèñûâàþòñÿ ñ ïîìîùüþ ìàëûõ ïîïðàâîê
ê ôîíîâîé ìåòðèêå (1) (ñèíõðîííàÿ êàëèáðîâêà):

. 0, 000  hhhgg ikikik (2)

Çäåñü ãðå÷åñêèå èíäåêñû ïðîáåãàþò çíà÷åíèÿ 1, 2, 3. Â  ëèíåéíîì ïðèáëèæåíèè
ìàëûå âîçìóùåíèÿ óäîâëåòâîðÿþò óðàâíåíèÿì:

, ki
k
i TG  (3)

ãäå   - ãðàâèòàöèîííàÿ ïîñòîÿííàÿ Ýéíøòåéíà, k
iG  - âîçìóùåíèå òåíçîðà

Ýéíøòåéíà, k
iT  - âîçìóùåíèå òåíçîðà ýíåðãèè-èìïóëüñà ìàòåðèè. Äëÿ ïûëè

  . kii
kk

i
k
i uuuuuuT  (4)

Çäåñü   - âîçìóùåíèå ïëîòíîñòè ñðåäû,  300 aa , êîìïîíåíòû ÷åòûðåõ-
ìåðíîé ñêîðîñòè ku  è åå âîçìóùåíèÿ ku  óäîâëåòâîðÿþò óñëîâèÿì: 0u ,

au 10  , 00 u .
Â ïðîñòðàíñòâå-âðåìåíè ñ ìåòðèêîé (1) ìîãóò ñóùåñòâîâàòü òðè òèïà

ãðàâèòàöèîííûõ âîçìóùåíèé: ñêàëÿðíûå, âåêòîðíûå è òåíçîðíûå. Çäåñü ìû
áóäåì ðàññìàòðèâàòü ñêàëÿðíûå è âåêòîðíûå âîçìóùåíèÿ. Ïðè òåíçîðíûõ
âîçìóùåíèÿõ (ãðàâèòàöèîííûå âîëíû) ìàòåðèÿ îñòàåòñÿ îäíîðîäíîé è íå
ïðèîáðåòàåò äîïîëíèòåëüíîé ñêîðîñòè, ïîýòîìó ñ íèìè íå ìîæåò áûòü
ñâÿçàíî ôîðìèðîâàíèå ôèëàìåíòîâ.

Ïðåäñòàâèì ñêàëÿðíîå âîçìóùåíèå ìåòðèêè   nSh  ,

  â âèäå ïëîñêîé âîëíû

ñ âîëíîâûì âåêòîðîì n  è ñóììû èçîòðîïíîãî (àìïëèòóäà n ) è àíèçî-
òðîïíîãî (àìïëèòóäà n ) òåíçîðîâ:

  . 
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nnh in

nnnS (5)

Ñêàëÿðíîå ãðàâèòàöèîííîå âîçìóùåíèå ñîçäàåò êîíòðàñò ïëîòíîñòè:
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(6)

ãäå øòðèõ îçíà÷àåò äèôôåðåíöèðîâàíèå ïî  . Èçâåñòíî [32] , ÷òî óðàâíåíèÿ
(3) äëÿ ñêàëÿðíûõ âîçìóùåíèé (5) èìåþò ðåøåíèå ñ ðàñòóùèì êîíòðàñòîì

ïëîòíîñòè 2
0

0
0 




a
a , ïðè÷åì âîçìóùåíèÿ îáû÷íîé òðåõìåðíîé ñêîðîñòè

  nSua  ,
  íåò:

    . 0
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 , 
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nnnS (7)

Ýòîò ðîñò êîíòðàñòà ïëîòíîñòè ñâÿçàí íå ñ ïðèòîêîì ìàòåðèè â îáëàñòü ñ
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âîçìóùåííîé ìåòðèêîé ïðîñòðàíñòâà, à ñ òåì, ÷òî â ýòîé îáëàñòè ïëîòíîñòü
ìàòåðèè óìåíüøàåòñÿ ìåäëåííåå 4

00
 , ÷åì óìåíüøåíèå ïëîòíîñòè â

ôîíîâîé ñèñòåìå îòñ÷åòà 6
0

 .
Âåêòîðíîå âîçìóùåíèå ìåòðèêè   mVh  ,


  ïðåäñòàâèì â âèäå ïîïåðå÷íîé

âåêòîðíîé âîëíû ñ âîëíîâûì âåêòîðîì m  è àìïëèòóäîé m :
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 mlxe
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mmV (8)

Èçâåñòíî [32], ÷òî óðàâíåíèÿ (3) äëÿ âåêòîðíûõ âîçìóùåíèé (8) èìåþò

ðåøåíèå ñ âîçìóùåíèåì ñêîðîñòè   


 


 xea
a
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mV 3

00
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, êîòîðîå

çàòóõàåò êàê 2- . Âåêòîðíûå âîçìóùåíèÿ íå ñîçäàþò êîíòðàñòîâ ïëîòíîñòè
ìàòåðèè. Îáëàñòü ïðîñòðàíñòâà ñ âåêòîðíûì âîçìóùåíèåì ðàñøèðÿåòñÿ òàêæå,
êàê è ôîíîâîå ïðîñòðàíñòâî. Áëàãîäàðÿ âîçìóùåíèþ ñêîðîñòè âåêòîðíîå
âîçìóùåíèå ñèñòåìû îòñ÷åòà ïåðåíîñèòñÿ â ñîñåäíèå îáëàñòè ôîíîâîãî
ïðîñòðàíñòâà. Òàêèì îáðàçîì, âåêòîðíûå âîçìóùåíèÿ ìåòðèêè îòíîñÿòñÿ ê
ýôôåêòàì îáùåé òåîðèè îòíîñèòåëüíîñòè (ñì. [33]).

Ìàëûå âîçìóùåíèÿ (5) è (8) óäîâëåòâîðÿþò óðàâíåíèÿì (3). Ýòî òàêæå
ñïðàâåäëèâî äëÿ ãðàâèòàöèîííîãî âîçìóùåíèÿ, êîòîðîå îïèñûâàåòñÿ ñóììîé
âîçìóùåíèé (5) è (8). Äëÿ òàêîãî ñêàëÿðíî-âåêòîðíîãî âîçìóùåíèÿ èç óðàâíåíèé
(3) ìîæíî íàéòè ñëåäóþùèå óðàâíåíèÿ äëÿ àìïëèòóä n , n , m :
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Ïîä÷åðêíåì, ÷òî â îáùåì ñëó÷àå 0
nm , 0

nl , ïîýòîìó ðåøåíèå (9)-
(12) îïèñûâàåò íàëîæåíèå äâóõ òèïîâ ãðàâèòàöèîííûõ âîçìóùåíèé â îäíîé
îáëàñòè ïðîñòðàíñòâà.

Èñïîëüçóåì óðàâíåíèÿ (9)-(10). Ñëîæèì ýòè äâà óðàâíåíèÿ è ïîñëå
ïðîñòûõ ïðåîáðàçîâàíèé ïîëó÷èì óðàâíåíèå, ñâÿçûâàþùåå  nn   è m :
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Êàê âèäíî èç âûðàæåíèé (17)-(18), ïðè îòñóòñòâèè âåêòîðíîãî âîçìóùåíèÿ
ìû èìååì êëàññè÷åñêóþ ðàñòóùóþ ìîäó äëÿ êîíòðàñòà ïëîòíîñòè:
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, ïðè÷åì   const nn  è C1 = 0, [32].

Â ýòîì ñëó÷àå òðåõìåðíàÿ ñêîðîñòü ðàâíà íóëþ 0 ua , ò.å. îáëàñòü
ïðîñòðàíñòâà ñî ñêàëÿðíûì âîçìóùåíèåì ìåòðèêè íå äâèæåòñÿ îòíîñèòåëüíî
ôîíîâîé ñèñòåìû îòñ÷åòà. Èç-çà ñêàëÿðíîãî âîçìóùåíèÿ ïëîòíîñòü ìàòåðèè
óáûâàåò ìåäëåííåå, ÷åì ïëîòíîñòü ìàòåðèè â ôîíîâîé ñèñòåìå îòñ÷åòà,
ïîýòîìó êîíòðàñò ïëîòíîñòè ðàñòåò â îáëàñòè âîçìóùåíèÿ, íî ïîòîêîâ ìàòåðèè
â ýòó îáëàñòü íåò.

Â ïðèñóòñòâèè âåêòîðíîãî âîçìóùåíèÿ ñêîðîñòü ua  êîíòðàñòà ïëîòíîñòè
  çàâèñèò îò àìïëèòóä ñêàëÿðíîãî è âåêòîðíîãî âîçìóùåíèÿ ìåòðèêè.

Íàïðèìåð, äëÿ êëàññè÷åñêîãî ðåøåíèÿ C1 = 0, mnnm 
 , 0

nl  è
  3

0  mm  êîíòðàñò ïëîòíîñòè  ïðèîáðåòàåò ñêîðîñòü ua , íàïðàâëåíèå
êîòîðîé ïåðïåíäèêóëÿðíî âîëíîâîìó âåêòîðó n , ò.å. âåêòîðíîå âîçìóùåíèå
ñîçäàåò âðàùåíèå ñêàëÿðíîãî âîçìóùåíèÿ. Ñêîðîñòü âðàùåíèÿ óáûâàåò êàê

2 , ïîýòîìó âðàùàòåëüíûé ìîìåíò ñîõðàíÿåòñÿ: const)(  uaa  (óìåíüøåíèå
ñêîðîñòè êîìïåíñèðóåòñÿ óâåëè÷åíèåì ðàçìåðîâ îáëàñòè ïðîñòðàíñòâà èç-çà
îáùåãî ðàñøèðåíèÿ ïðîñòðàíñòâà).
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Ïðèâåäåì äâà òèïà ñòåïåííûõ ðåøåíèé óðàâíåíèé (9)-(12) äëÿ ðàñòóùåé
ìîäû êîíòðàñòîâ ïëîòíîñòè.

Êëàññè÷åñêèå ðåøåíèÿ:
Ñêàëÿðíûå âîçìóùåíèÿ ìåòðèêè: const nn , 2

0d , 0 ua .

Âåêòîðíûå âîçìóùåíèÿ ìåòðèêè: 
 

3
0




 m

m , 0

d

, 
  











 ximm e

a
mlua 2

0
3
002

3
.

Ðåøåíèå äëÿ ñêàëÿðíî-âåêòîðíîãî âîçìóùåíèÿ:

        ,    , 12   , 42
0

100

n
nl

mn
nmC

a
CeC lmn

xnmi
k
m

lmnnnk
m

m





 















 (19)

      , 11
3

11
1

2
33

0

1
100 



























 

 a
CeC

k
xnmi

kmlmnnnnn (20)

 
, 

3
2

3
4

2 42
0

10
2
00

2

























 













 xinxim

k
m

lmn en
a
CemlnC

a
ua (21)

   
. 

1
2

35
0

2
0

1
02

00

22

































 




 ximmlmnxin
nn e

k
C

e
a
C

a
nd

(22)

Äëÿ ñêàëÿðíî-âåêòîðíûõ âîçìóùåíèé ïðè 0
nm , 0

nl  ðåøåíèÿ
(19)-(22) îïèñûâàþò êîìáèíàöèþ äâóõ òèïîâ äâèæåíèé êîíòðàñòà ïëîòíîñòè
- âðàùåíèå  è íàïðàâëåííîå ïåðåìåùåíèå. Ìîìåíò èìïóëüñà ñîõðàíÿåòñÿ

const)(  uaa  ïðè ïîêàçàòåëå k = 4.
 Íàïðàâëåííîå äâèæåíèå íåñêîëüêèõ êîíòðàñòîâ ïëîòíîñòè ñôîðìèðóåò

âûòÿíóòóþ ñòðóêòóðó èç êîíòðàñòîâ ïëîòíîñòè, êîòîðàÿ áóäåò ïåðâè÷íûì
âîçìóùåíèåì äëÿ áóäóùåãî ôèëàìåíòà.

Îïèñàííàÿ "èãðóøå÷íàÿ" ìîäåëü äåìîíñòðèðóåò îñíîâíûå ôèçè÷åñêèå
ýëåìåíòû îáðàçîâàíèÿ ïåðâè÷íûõ ôèëàìåíòîâ. Ïðè÷åì ïîÿâëåíèå ïåðâè÷íûõ
ôèëàìåíòîâ ñâÿçàíî èìåííî ñ âåêòîðíûìè âîçìóùåíèÿìè ñèñòåìû îòñ÷åòà
è ïîýòîìó ÿâëÿåòñÿ ýôôåêòîì îáùåé òåîðèè îòíîñèòåëüíîñòè.

4. Çàêëþ÷åíèå. Ìû ïðîâåëè àíàëèç ïóáëèêàöèé î êðóïíîìàñøòàáíîé
ñòðóêòóðå Âñåëåííîé, â êîòîðûõ ñîäåðæàòñÿ äàííûå î íàáëþäàåìûõ ñâîéñòâàõ
ôèëàìåíòîâ èç ãàëàêòèê è ãðóïï ãàëàêòèê. Ýòè ñâîéñòâà óêàçûâàþò íà òî,
÷òî â ôèëàìåíòàõ ãàëàêòèêè ÿâëÿþòñÿ áîëåå ìàññèâíûìè è èõ âîçðàñò
áîëüøå, ÷åì âîçðàñò ãàëàêòèêè âíå ôèëàìåíòîâ. Îáíàðóæåíî òàêæå ãåî-
ìåòðè÷åñêîå âûñòðàèâàíèå ãàëàêòèê âäîëü ôèëàìåíòîâ. Âñå ýòî óêàçûâàåò íà
òî, ÷òî ñâîéñòâà ãàëàêòèê çàâèñÿò îò ôèëàìåíòîâ. Ïîýòîìó ìû ïðåäëîæèëè
ãèïîòåçó î òîì, ÷òî â ðàííåé Âñåëåííîé ñóùåñòâîâàëè âûòÿíóòûå ñòðóêòóðû
èëè ïåðâè÷íûå ôèëàìåíòû, ñîñòîÿùèå èç êîíòðàñòîâ ïëîòíîñòè. Â íèõ
ñòîëêíîâåíèÿ è ñëèÿíèÿ êîíòðàñòîâ ïëîòíîñòè áîëåå âåðîÿòíû. Ïîýòîìó
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îáðàçîâàíèå ìàññèâíûõ ïðîòîãàëàêòèê â ïåðâè÷íûõ ôèëàìåíòàõ ìîãëî ïðîèñ-
õîäèòü ðàíüøå, ÷åì â îäèíî÷íûõ êîíòðàñòàõ ïëîòíîñòè. Òîãäà â ñîâðåìåííóþ
ýïîõó äîëæíà íàáëþäàòüñÿ çàâèñèìîñòü ñâîéñòâ ãàëàêòèê îò èõ ñâÿçè ñ
ñîõðàíèâøèìèñÿ ôèëàìåíòàìè. Äëÿ ïîäòâåðæäåíèÿ ýòîé ãèïîòåçû òðåáóþòñÿ
äàëüíåéøèå èññëåäîâàíèÿ.

Ìû ïðåäëîæèëè ìîäåëü îáðàçîâàíèÿ ïåðâè÷íîãî ôèëàìåíòà áëàãîäàðÿ
ïåðâè÷íûì ñêàëÿðíûì è âåêòîðíûì ãðàâèòàöèîííûì âîçìóùåíèÿì. Â äàëü-
íåéøåì ìû ïðåäïîëàãàåì áîëåå ïîäðîáíî ðàññìîòðåòü ýòó ìîäåëü è åå íàáëþ-
äàòåëüíûå îãðàíè÷åíèÿ.

Ìû áëàãîäàðèì Âñåðîññèéñêèé èíñòèòóò íàó÷íîé è òåõíè÷åñêîé èíôîð-
ìàöèè çà âîçìîæíîñòü èñïîëüçîâàíèÿ ïîëèòåìàòè÷åñêîé áàçû äàííûõ database
VINITI.

Âñåðîññèéñêèé èíñòèòóò íàó÷íîé è òåõíè÷åñêîé èíôîðìàöèè (ÂÈÍÈÒÈ ÐÀÍ),
Ìîñêâà, Ðîññèÿ, e-mail: rozgacheva@yandex.ru    kib139@mail.ru

FILAMENTS OF THE LARGE SCALE STRUCTURE
AND PRIMARE SCALAR AND VECTOR

GRAVITATIONAL PERTURBATIONS

I.K.ROZGACHEVA, I.B.KUVSHINOVA

The published data on observed properties of filaments (chains of galaxies and
galaxy groups) which dominate in large-scale structure of the Universe are
collected. A part from these properties is not described within standard cosmological
CDM model. It is revealed that properties of galaxies depend on their arrangements
in or near the filament. The hypothesis that in the early Universe there could
be primary filaments from density contrasts is offered. In them there was earlier
formation of massive protogalaxies, than in single contrasts of density. Then the
dependence of properties of galaxies on their links with the surviving filaments
has to be observed in present epoch. The model of primary filament owing to
the primary scalar and vector gravitational perturbations in the uniform and
isotropic cosmological model which is filled with matter with negligible pressure,
without use of a hypothesis of tidal interaction of dark matter halos is offered.

Keywords: Galaxies: galaxy clusters: large-scale structure: filaments: gravitational
   perturbations
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PHOTOMETRIC INVESTIGATION OF
TWO W UMa SYSTEMS

M.I.NOUH1,2, M.M.ELKHATEEB1,2
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In the present paper, we obtained the first orbital solution for the newly discovered W UMa
systems: GSC 3983-0544 and GSC 4502-1040. We used the most recent version of the Wilson-
Devinney code to model the light curves of the two systems. The spectral type of the components
of the two systems was adopted and the accepted solutions revealed some absolute parameters,
which enable us to draw a preliminary picture of their evolutionary status.

Keywords: eclipsing binaries: W Uma: evolution: light-curve analysis

1. Introduction. The W UMa-type systems are characterized by a short-
period limit of about 0.22 days. Both components are in contact and share a
common envelope [1]. Studying the W UMa stars by analyzing their observed
light curves enables the estimation of their physical parameters and distances to
the clusters or the galaxies where they were observed.

The first orbital solutions and photometric investigations for the newly discovered
W UMa systems were the target of our recent study. Table 1 lists the coordinates
of the studied systems.

This paper consists of four sections. The second section provides some basic
information about the studied systems, while the third section discusses the light-
curve modeling in detail and section four discusses the evolutionary status of the
studied systems.

ÒÎÌ 63 ÔÅÂÐÀËÜ, 2020 ÂÛÏÓÑÊ 1

À Ñ Ò Ð Î Ô È Ç È Ê À

Star Name   (2000.0)   (2000.0) Magnitude (V)

Variable (GSC 3983-0544) 22h33m06s.14 +54o05'43" 13.40
Comparison (GSC 3983-314) 22 32 47.56 +54 02 17 10.65

Checked (GSC 3983-044) 22 33 25.00 +54 09 21  9.39

Variable (GSC 4502-1040) 01 42 47.06 +80 07 52 15.00
Comparison (TYC 4502-724-1) 01 47 25.04 +80 07 29 11.72

Table 1

THE COORDINATES OF THE VARIABLE, COMPARISON,
AND CHECKED STARS
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2. Observations.

2.1. GSC 3983-0544. The system GSC 3983-0544 was observed and
reported as a newly discovered variable star by Svoboda [2]. The system was
classified as a W UMa type and the first observations were performed using VRI
(Bessel) filters through the period from October 31 to November 9, 2005. The
observed light curves are shown in Fig.1.

2.2. GSC 4502-1040. The variability of the system GSC 4502-1040 (p =
0.270416 days) was discovered by Svoboda [2], who performed the first observations
for the newly discovered system in the period from December 8 to December

Fig.1. The observed light curves of the system GSC 3983-0544 using VRI (Bessel) filters.
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Fig.2. The observed light curves of the system GSC 4502-1040 using VRI (Bessel) filters.
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26, 2005, using a RL 200/100 telescope with SBIG ST-7 CCD in VRI (Bessel)
pass bands. Complete light curves were obtained using VRI filters (Fig.2).

3. Light-curve synthesis. All observed light curves for the studied systems
were analyzed using the 2009 version of the Wilson-Devinney code (Windows
interface version by B. Nelson, http://members.shaw.ca/bob.nelson/software1.htm).
The Wilson-Devinney code uses a model atmosphere by Kurucz [3]. For each
system, we use the color index (B - V) to estimate the temperature of the primary
star T1 using a color index temperature relation defined by Tokumago [4]. We
set the gravity darkening and bolometric albedo exponents for the convective
envelopes (T

eff
 < 7500o

 K) and adopted A1 = A2 = 0.5 [1] and g1 = g2 = 0.32 [5].
Bolometric limb darkening was estimated using Van Hamme tables [6] by means
of logarithmic law for the extinction coefficients. We used the q-search method
and adopted the initial values for mass ratio q using a series of mass ratios as
trial values.

Fig.3a, b shows the cross-sectional relation between the resulting sum of the
weighted square deviation  2C-O  and q. The initial values of q for each system
can easily be estimated from the corresponding figure. Mode 3 (over contact mode)
was applied in the Wilson-Devinney code for all investigated light curves. The

adjustable employed parameters are the mass ratio q, the orbital inclination i, the
temperature of the secondary components T2, surface potentials 1  and 2
( 21   for mode 3).

3.1. GSC 3983-0544. GSC 3983-0544 is a newly discovered system that
has not been studied previously; therefore, we adopted the initial value for mass

Fig.3. q-search of the binary systems: a) GSC 3983-0544; b) GSC 4502-1040.
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Parameter GSC 3983-0544 GSC 4502-1040

i (o) 59.02 ± 0.15 62.70 ± 0.36
g1 = g2 0.32 0.32
A1 = A2 0.5 0.5
q (M2/M1) 0.6283 ± 0.0017 0.7512 ± 0.0053

21  3.0974 ± 0.0048 3.1521 ± 0.0135

in 3.1151 3.3329

out 2.7494 2.9061
T1 (K) 6765 Fixed 6690 Fixed
T2 (K) 5956 ± 6 5076 ± 10
r1 pole 0.3979 ± 0.0017 0.4071 ± 0.0102
r1 side 0.4213 ± 0.0020 0.4353 ± 0.0138
r1 back 0.4515 ± 0.0024 0.4804 ± 0.0228
r2 pole 0.3207 ± 0.0044 0.3510 ± 0.0115
r2 side 0.3357 ± 0.0055 0.3822 ± 0.0150
r2 back 0.3695 ± 0.0088 0.4338 ± 0.0288
Spot parameters of star 1 125 Fixed
Colatitude 180 Fixed --
Longitude 23.47 ± 0.29 --
Spot radius 0.61 ± 0.06 --
Temp. factor 125 Fixed --
Spot parameters of star 2
Parameter 105 ± 4
i (o) 180 ± 7
g1 = g2 20 ± 0.8
A1 = A2 1.52 ± 0.06
q (M2/M1) 0.03903 0.04877

Table 2

PHOTOMETRIC SOLUTIONS FOR THE SYSTEMS
GSC 3983-0544 AND GSC 4502-1040

Fig.4. The observed and synthetic light curves for the system GSC 3983-0544 using VRI
(Bessel) filters.
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ratio obtained from the q-search (Fig.3a). As mentioned earlier, mode 3 (over
contact) of the Wilson-Devinney code was used and the final solution was
estimated after a series of differential corrections. Table 2 lists the parameters
revealed by the orbital solution of the light curves, while Fig.4 shows the observed
light curves (filled circles) together with the synthetic light curves (solid line).
According to the accepted orbital solution, the components of the system GSC
3983-0544 are of spectral type F4 and G0 [7].

3.2. GSC 4502-1040. The observed VRI (Bessel) light curves of the system
GSC 4502-1040 show difference in heights of maxima, which give an impression
of the presence of spots on the stellar surface [8]. Using mode 3 of the Wilson-
Devinney code, we tried to adopt the orbital model with suitable spot positions
in parallel with a nonspot solution to achieve a good matching between both
theoretical and reflected light curves. The accepted model shows a hot spot on
the surface of star 2. Fig.5 shows the reflected and synthetic light curves according
to the accepted model in the VRI pass bands.

The adopted parameters revealed by the accepted solution are listed in Table
2, which indicates that the components of the system GSC 4502-1040 belong
to spectral types F5 (primary component) and K0 (secondary component) [7].

A three-dimensional geometrical structure was obtained for the studied systems
based on the estimated parameters using the software package Binary Maker 3.03
[9] (see Fig.6a, b).

The studied systems are newly discovered objects and did not have any
spectroscopic observations, which are one of the important sources for physical
parameters calculations; therefore, we used the empirical T

eff
 - Mass relation of

Fig.5. The observed and synthetic light curves for the system GSC 4502-1040 using VRI filters.
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Harmanec [10] to estimate the absolute physical parameters for the components
of the studied systems.

Fig.6. Geometric structure of the binary systems: a) GSC 3983-0544; b) GSC 4502-1040.

a

b

Phase = 0.55 Phase = 0.65

Phase = 0.15 Phase = 0.92

Element                         Star name

GSC 3983-0544 GSC 4502-1040

M1 ( M ) 1.4319 ± 0.0585 1.4081 ± 0.0575
M2 ( M ) 0.8996 ± 0.0367 1.0578 ± 0.0432
R1 ( R ) 1.5028 ± 0.0614 1.4821 ± 0.0605
R2 ( R ) 1.2644 ± 0.0516 0.9665 ± 0.0395
T1 ( T ) 1.1708 ± 0.0478 1.1578 ± 0.0473
T2 ( T ) 1.0308 ± 0.0421 0.8785 ± 0.0359
L1 ( L ) 4.2380 ± 0.1730 3.9423 ± 0.1609
L2 ( L ) 1.8025 ± 0.0736 0.5556 ± 0.0227

Mbol 1 3.1821 ± 0.1299 3.2606 ± 0.1331
Mbol 2 4.1103 ± 0.1678 5.3881 ± 0.2200

Sp. Type (F4)1, (G0)2 (F5)1, (K0)2

Table 3

ABSOLUTE PHYSICAL PARAMETERS FOR
GSC 3983-0544 AND GSC 4502-1040

    Note: 1 primary and 2 secondary components.
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Table 3 lists the estimated physical parameters for the components.

4. Discussion and conclusion. Complete light curves were observed for
the newly discovered W UMa systems GSC 3983-0544 and GSC 4502-1040. First
orbital solutions were calculated for these systems and the parameters describing
the orbital solutions were estimated. The adopted models led to estimations of the
spectral type of the primary and secondary component of each system. A complete
set of physical parameters was calculated.

Despite the preliminary nature of the physical parameters calculated here, they
can reveal an approximate picture about the evolutionary state of the components
as well as the compatibility of their absolute physical parameters with each other.
The absolute physical parameters listed in Table 3 are used to follow the
evolutionary state for the components of the three systems. We used the empirical
mass-effective temperature relation for intermediate- and low-mass stars based on
the data from detached double-lined eclipsing binaries by Malkov [11] and the
mass-luminosity (M - L) and mass-radius (M - R) relations for the zero-age main
sequence (ZAMS) and thermal-age main sequence (TAMS) of Girardi et al. [12]
with metallicity z = 0.019. Fig.7 to 9 display the M - T

eff
, M - L, and M - R relations

for the components of the systems, respectively.
From these figures, the two systems agree well with the Malkov M - T

eff

empirical relation. The primary and secondary components of the system GSC

Fig.7. Locations of the binary systems GSC
4502-1040 (circle symbols) and GSC 3983-0544
(triangle symbols) on Malkov M - Teff diagrams
[11]. Closed and open symbols represent primary
and secondary, respectively.
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4502-1040 are located on the ZAMS for both M - L and M - R diagrams, which
indicates that the two components are main sequence stars.

The two components of the binary GSC 3983-0544 are located on the ZAMS
for the M - L diagram. The behavior of the system on the M - R diagram is slightly
different. While the primary component is located on the ZAMS track, the
secondary component is located on the TAMS track, which indicates that it may
be an evolved star.

Acknowledgments. We wish to acknowledge the financial support for this
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Research and Higher Education (grant number: SCI-2018-1-8-F-7311).

1 Physics Department, College of Science, Northern Border University, Arar,
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Fig.9. Locations of the binary systems GSC 4502-1040 (circle symbols) and GSC 3983-0544
(triangle symbols) on M - L diagrams of Girardi et al. [12]. Closed and open symbols represent the
primary and secondary, respectively.
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ÔÎÒÎÌÅÒÐÈ×ÅÑÊÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ ÍÅÊÎÒÎÐÛÕ
ÑÈÑÒÅÌ ÒÈÏÀ W UMa

Ì.È.ÍÎÓ1,2, Ì.Ì.ÝËÜÕÀÒÈÁ1,2

  Â äàííîé ñòàòüå ïðåäñòàâëåíî ïåðâîå îðáèòàëüíîå ðåøåíèå äëÿ íåäàâíî
îòêðûòûõ ñèñòåì W UMa: GSC 3983-0544 è GSC 4502 1040. Ìû èñïîëüçîâàëè
ñàìóþ ïîñëåäíþþ âåðñèþ êîäà Óèëñîíà è Äåâèííè äëÿ ìîäåëèðîâàíèÿ êðèâûõ
áëåñêà äâóõ ñèñòåì. Îïðåäåëåí ñïåêòðàëüíûé òèï êîìïîíåíòîâ äâóõ ñèñòåì.
Ïîëó÷åííûå ðåøåíèÿ âûÿâèëè íåêîòîðûå àáñîëþòíûå ïàðàìåòðû, êîòîðûå
ïîçâîëÿþò  ñîñòàâèòü ïðåäâàðèòåëüíóþ êàðòèíó èõ ýâîëþöèîííîãî ñòàòóñà.

Êëþ÷åâûå ñëîâà: çàòìåííûå  äâîéíûå: W Uma: ýâîëþöèÿ: àíàëèç êðèâîé áëåñêà

REFERENCES

1. S.Rucinski, Acta Astron., 19, 156, 1969.
2. P.Svoboda, IBVS, 5700, 2006.
3. R.Kurucz, In: E.Milon, (Ed.), Light Curve Modeling of Eclipsing Binary Stars.

Springer, 1993.
4. A.T.Tokunaga, Allen's Astrophysical Quantities, fourth ed. AIP Press; Springer,

New York, 2000.
5. L.Lucy, Z.F. Astrophys., 65, 89, 1967.
6. W. Van Hamme, Astron. J., 106, 2096, 1993.
7. D.Popper, Ann. Rev. Astron. Astrophys., 18, 115, 1980.
8. M.E.Lohr, A.J.Norton, U.C.Kolb et al., Astron. Astrophys., 542, A124, 2012.
9. D.Bradstreet, D.Steelman, AAS, 201, 7502, 2004.
10. P.Harmanec, Bull. Astron. Inst. Czech., 39, 329, 1988.
11. O.Yu.Malkov, Mon. Not. Roy. Astron. Soc., 382, 1073, 2007.
12. L.Girardi, A.Bressan, G.Bertelli et al., Astron. Astrophys. Suppl., 141, 371, 2000.
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ÑÏÅÊÒÐÀËÜÍÎÃÎ ÎÁÇÎÐÀ ÍÅÁÀ. IV.
GAIA DR2 ÄÀÍÍÛÅ

Ã.Ð.ÊÎÑÒÀÍÄßÍ
Ïîñòóïèëà 13 ñåíòÿáðÿ 2019

Ïðèíÿòà ê ïå÷àòè 18 äåêàáðÿ 2019

Äàííûå âòîðîãî âûïóñêà Gaia (Gaia DR2) èñïîëüçóþòñÿ äëÿ àíàëèçà è îöåíêè íåêîòîðûõ
âàæíûõ ïàðàìåòðîâ äëÿ 127 óãëåðîäíûõ çâåçä (C), èç êîòîðûõ 56 ÿâëÿþòñÿ çâåçäàìè ÀGB
êëàññà N, à 71 - ãèãàíòû ðàííèõ CH êëàññîâ, îáíàðóæåííûå íà íèçêîäèñïåðñèîííûõ
ñïåêòðàëüíûõ ïëàñòèíêàõ îáçîðà FBS. Äëÿ FBS C-çâåçä øèðîêîïîëîñíûå G âåëè÷èíû Gaia
DR2 íàõîäÿòñÿ â äèàïàçîíå 9m.4 < G < 18m.2. Ëó÷åâûå ñêîðîñòè RV äîñòóïíû äëÿ 75 C-çâåçä
èç 127. Äëÿ 9 îáúåêòîâ çíà÷åíèÿ RV ïðåâûøàþò 200 êì/ñ. Äëÿ 18 FBS Ñ-çâåçä, èìåþùèõ
äàííûå î ñâåòèìîñòè â DR2, èç êîòîðûõ 17 ÿâëÿþòñÿ CH ãèãàíòàìè, îöåíåíû àáñîëþòíûå
âåëè÷èíû â ïîëîñå V. Îíè íàõîäÿòñÿ â äèàïàçîíå îò 5043 mm .M. V  . Äëÿ FBS 1918
+ 869 àáñîëþòíàÿ âåëè÷èíà MV = -3m.4 ± 0m.2, ÷òî õàðàêòåðíî äëÿ AGB C-çâåçä êëàññà N.
Èìåÿ îöåíêè ðàññòîÿíèé, áûëà ïîñòðîåíà äèàãðàììà Ãåðöøïðóíãà-Ðàññåëà (HRD, èëè
öâåò-àáñîëþòíàÿ âåëè÷èíà) äëÿ 127 C-çâåçä. Âñå îáíàðóæåííûå FBS C-çâåçäû ÿâëÿþòñÿ
ãèãàíòàìè è AGB çâåçäàìè â Ãàëàêòè÷åñêîì Ãàëî. Îíè íaõîäÿòñÿ íà ðàññòîÿíèè 14 êïê îò
Ñîëíöà è 8 êïê îò ãàëàêòè÷åñêîé ïëîñêîñòè.

Êëþ÷åâûå ñëîâà: óãëåðîäíûå çâåçäû: îáçîðû: çâåçäû ïîçäíèõ êëàññîâ

1. Ââåäåíèå. Ïåðâûé Áþðàêàíñêèé îáçîð íåáà (FBS), òàêæå èçâåñòíûé
êàê îáçîð Ìàðêàðÿíà - ýòî íèçêîäèñïåðñèîííûé îáúåêòèâíî-ïðèçìåííûé
îáçîð, êîòîðûé ïðîâîäèëñÿ ñ ïîìîùüþ 1-ì òåëåñêîïà Øìèäòà Áþðàêàíñêîé
îáñåðâàòîðèè, è îõâàòûâàåò îáëàñòü îêîëî 17000 êâ. ãðàä. ñåâåðíîãî íåáà è
÷àñòü þæíîãî íåáà íà âûñîêèõ ãàëàêòè÷åñêèõ øèðîòàõ, îïðåäåëåííûõ êàê

o15  è o15b . FBS ïðîâîäèëñÿ äëÿ îáíàðóæåíèÿ ãàëàêòèê ñ óëüòðàôèî-
ëåòîâûì èçáûòêîì (UVX) [1].

Íà÷èíàÿ ñ 1990-õ ãîäîâ, íèçêîäèñïåðñèîííûå ïëàñòèíêè FBS èñïîëüçî-
âàëèñü äëÿ îòáîðà ñðàâíèòåëüíî ñëàáûõ (ñëàáåå 12m â âèçóàëüíûõ ëó÷àõ) çâåçä
ïîçäíèõ ñïåêòðàëüíûõ êëàññîâ LTS (Late-Type Stars), M è óãëåðîäíûõ (Ñ) çâåçä
â âûñîêèõ øèðîòàõ. Áîëüøîé ñïåêòðàëüíûé äèàïàçîí FBS Å69003400
õîðîøî ïîäõîäèò äëÿ èäåíòèôèêàöèè õîëîäíûõ çâåçä M è C êëàññîâ. C-çâåçäû
ìîæíî èäåíòèôèöèðîâàòü íà îñíîâå ïðèñóòñòâèÿ ïîëîñû ïîãëîùåíèÿ ìîëåêóëû
C2 4737, 5165 è 5636Å  (C-çâåçäû N êëàññà, ñèñòåìà Ñâàíà). Îáúåêòû,
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ïîêàçûâàþùèå òàêæå ïîëîñû 4382 Å  ìîëåêóëû C2, ÿâëÿþòñÿ çâåçäàìè ðàííèõ
êëàññîâ C (çâåçäû êëàññà R, èëè CH). Çâåçäû M êëàññà ëåãêî îòëè÷àþòñÿ
áëàãîäàðÿ ïîëîñàì ïîãëîùåíèÿ ìîëåêóëû TiO íà äëèíàõ âîëí 4584, 4762,
4954, 5167, 5500 è 6200 Å  [2]. Ïîèñê ñ ïîìîøüþ îêóëÿðîâ (ñ óâåëè÷åíèåì
15õ) îêîëî 2000 ïëàñòèíîê FBS ïðèâåë ê îòêðûòèþ 1045 íîâûõ LTS. Íà
îñíîâå ýòîãî âûáîðà áûë ñîñòàâëåí "Ïåðåñìîòðåííûé è îáíîâëåííûé êàòàëîã
ïåðâîãî áþðàêàíñêîãî îáçîðà LTS" [2]. Òåïåðü âñå ïëàñòèíêè FBS îöèôðîâàíû
(1874 ïëàñòèíêè äëÿ 1139 ïîëåé), è ñîñòàâëåí DFBS (Digitized First Byurakan
Survey) [3] (îíëàéí íà http://byurakan.phys.uniroma.it èëè http: //www.ia2-
byurakan.oats.it/). Ïîçæå âñå DFBS ïëàñòèíêè àíàëèçèðîâàëèñü ñ ïîìîùüþ
ñòàíäàðòíûõ ïðîãðàìì àíàëèçà èçîáðàæåíèé FITSView è SAOImage ds9.
Ïðåèìóùåñòâà èñïîëüçîâàíèÿ ýòèõ ïðîãðàìì äëÿ âûáîðà ñëàáûõ LTS íà
ïëàñòèíêàõ DFBS áîëåå ïîäðîáíî îïèñàíû â [4]. "Âòîðàÿ ïåðåñìîòðåííàÿ è
îáíîâëåííàÿ âåðñèÿ êàòàëîãà FBS LTS", ñîäåðæàùàÿ äàííûå äëÿ 1471 íîâîãî
îáúåêòà, äîñòóïíà íà CDS (áàçà äàííûõ SIMBAD, VizieR) [5]. CCD-ñïåêòðû
ñðåäíåãî ðàçðåøåíèÿ FBS C-çâåçä, ïðåäñòàâëåíû â ñòàòüÿõ [6-11], ãäå àâòîðû
êëàññèôèöèðîâàëè 56 îáúåêòîâ, êàê AGB (Asymptotic Giant Branch) çâåçäû
N êëàññà, à 71 çâåçäà, êàê ðàííèå CH ãèãàíòû. Îñòàëüíûå FBS îáúåòû
ÿâëÿþòñÿ çâåçäàìè êëàññà Ì. Îïòè÷åñêàÿ ïåðåìåííîñòü è èíôðàêðàñíûå
(ÈÊ) õàðàêòåðèñòèêè îáñóæäàþòñÿ â ðàáîòàõ [12-14] äëÿ AGB çâåçä N êëàññà.

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ äàëüíåéøåå èñïîëüçîâàíèå âûñîêîòî÷íûõ
ôîòîìåòðè÷åñêèõ è àñòðîìåòðè÷åñêèõ äàííûõ èç Gaia DR2 [15], à òàêæå
ðàññòîÿíèé, ïðåäñòàâëåííûõ â êàòàëîãå Bailer-Jones [16], äëÿ îöåíêè âàæíûõ
ïàðàìåòðîâ, òàêèõ êàê àáñîëþòíûå âåëè÷èíû è ðàñïðåäåëåíèå óãëåðîäíûõ
çâåçä â íàøåé Ãàëàêòèêå, îòîáðàííûõ íà ïëàñòèíêàõ FBS îáçîðà è ïðåä-
ñòàâëåííûõ â [5].

Â ðàçäåëå 2 îïèñûâàþòñÿ äàííûå Gaia DR2 äëÿ óãëåðîäíûõ çâåçä FBS
è äàåòñÿ îöåíêà íåêîòîðûõ âàæíûõ ôèçè÷åñêèõ ïàðàìåòðîâ. Â ðàçäåëå 3
ïðåäñòàâëåíû íåñêîëüêî CCD-ñïåêòðîâ ñðåäíåãî ðàçðåøåíèÿ, ïîëó÷åííûõ ñ
ïîìîùüþ 2.6-ì òåëåñêîïà Áþðàêàíñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè äëÿ
îáúåêòîâ ñ áîëüøèìè ëó÷åâûìè ñêîðîñòÿìè. Â ðàçäåëå 4 ðàññìàòðèâàåòñÿ
ãàëàêòè÷åñêîå ðàñïðåäåëåíèå óãëåðîäíûõ çâåçä FBS. Îáñóæäåíèå è çàêëþ÷åíèå
ïðèâîäèòñÿ â ðàçäåëå 5.

2. FBS óãëåðîäíûå çâåçäû. Gaia DR2 äàííûå è íåêîòîðûå âàæíûå
ïàðàìåòðû. Gaia DR2 ñîäåðæèò àñòðîìåòðèþ, ôîòîìåòðèþ, ëó÷åâûå ñêîðîñòè,
ýôôåêòèâíûå òåìïåðàòóðû, èíôîðìàöèþ îá àñòðîôèçè÷åñêèõ ïàðàìåòðàõ è
ïåðåìåííîñòè äëÿ èñòî÷íèêîâ ÿð÷å, ÷åì G = 21m.0 âåëè÷èíû (ïðèáëèçèòåëüíî
1.7 ìëðä èñòî÷íèêîâ [15]). Âñå C-çâåçäû FBS áûëè êðîññêîððåëèðîâàíû ñ
èñòî÷íèêàìè Gaia DR2 êàòàëîãà (SIMBAD CDS VizieR Catalog I/345/gaia2).
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Èõ øèðîêîïîëîñíûå G ôîòîìåòðè÷åñêèå äàííûå íàõîäÿòñÿ â äèàïàçîíå
9m.4 < G < 18m.2, à ýôôåêòèâíûå òåìïåðàòóðû ìåæäó 3291 K < T

eff
 < 5000 K.

2.1. Öâåòà, ñâåòèìîñòè è äðóãèå õàðàêòåðèñòèêè. Â Gaia DR2
áàçå äàííûõ ðàäèóñû è ñâåòèìîñòè (â ñîëíå÷íûõ åäèíèöàõ) ïðèâîäÿòñÿ
òîëüêî äëÿ 18 Ñ-çâåçä FBS èç 127. Íàìè îöåíåíû àáñîëþòíûå âåëè÷èíû â
ïîëîñå V äëÿ 18 îáúåêòîâ, ïðèíèìàÿ, ÷òî 814m.MV 


 äëÿ Ñîëíöà (ïîäðîáíåå

ñì. òàáë.3 ðàáîòû [17]). Â òàáë.1 ïðåäñòàâëåíû âàæíûå ïàðàìåòðû äëÿ ýòèõ
îáúåêòîâ. Â êîëîíêàõ ïðåäñòàâëåíû: 1 - íîìåð FBS, 2 - ñïåêòðàëüíûé êëàññ
îáúåêòà, â êîëîíêàõ 3-7: Gaia DR2 âåëè÷èíà G, ýôôåêòèâíûå òåìïåðàòóðû
T

eff , BP-RP ïîêàçàòåëü öâåòà, ñâåòèìîñòè (â ñîëíå÷íûõ åäèíèöàõ) è îöåíêè
àáñîëþòíûõ âåëè÷èí â ïîëîñå V.

Ñàìûé ÿðêèé îáúåêò ñðåäè 18 FBS Ñ-çâåçä (òàáë.1) - ýòî FBS 1918+869,
êîòîðûé ÿâëÿåòñÿ AGB çâåçäîé êëàññà N.

Íà ðèñ.1a, b ïîêàçàíû ïîëîæåíèÿ íà äèàãðàììàõ öâåò-àáñîëþòíàÿ âåëè÷èíà
M

G
 è T

eff
 - àáñîëþòíàÿ âåëè÷èíà (äèàãðàììà Ãåðöøïðóíãà-Ðàññåëà) äëÿ 127

FBS Ñ-çâåçä è 150 M êàðëèêîâ èç êàòàëîãà [5]. Âñå AGB çâåçäû êëàññà N
ðàñïîëîæåíû â âåðõíåé ÷àñòè äèàãðàììû, ãäå íàõîäÿòñÿ äîëãîïåðèîäè÷åñêèå
ïåðåìåííûå (ìèðèäû, ïîëóïðàâèëüíûå ïåðåìåííûå, ìåäëåííûå íåðåãóëÿðíûå

FBS  Ñïåêòð. G T
eff

BP-RP öâåò Ñâåòèìîñòü M
V

íîìåð êëàññ mag K mag (â ñîëí. åäèí.) mag

0018+213 CH 9.41 4838 1.23 83 0.0
0034+341 CH 11.95 4071 1.86 406 -1.7
0254+482 CH 11.21 4198 1.54 94 -0.1
0259+444 CH 12.72 3797 1.35 206 -1.0
0318+238 CH 10.55 4552 1.49 133 -0.5
0323+387 CH 11.73 4226 1.77 368 -1.6
0644+616 CH 12.05 4437 1.50 66 0.2
0831-011 CH 11.53 4658 1.40 52 0.5
1127+782 CH 12.59 4646 1.41 281 -2.6
1140+038 CH 11.73 4696 1.37 63 0.3
1552-002 CH 11.84 4529 1.46 296 -1.3
1727+652 CH 12.07 4399 1.64 576 -2.1
1728+216 CH 11.24 4170 1.63 417 -1.8
1825+272 CH 12.80 4976 1.24 109 0.3
1859+440 CH 11.83 4847 1.39 115 -0.4
1918+869 N 11.15 4028 2.07 1802 -3.4
2158+197 CH 12.55 4797 1.32 132 -0.5
2239+249 CH 10.79 4523 1.43 226 -1.1

Òàáëèöà 1

Gaia DR2 ÄÀÍÍÛÅ ÄËß 18 FBS ÓÃËÅÐÎÄÍÛÕ ÇÂÅÇÄ
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ïåðåìåííûå è êðàñíûå ãèãàíòû ñ ìàëîé àìïëèòóäîé (ïîäðîáíîñòè ñì. íà
ðèñ.25a, b â ðàáîòå [17], à òàêæå íà ðèñ.2 è 3 â ðàáîòå [18]). Àáñîëþòíûå
âåëè÷èíû â ïîëîñå G îöåíèâàëèñü ñ ïîìîùüþ óðàâíåíèÿ [17];

. 5log5 GG ArGM  (1)

Çäåñü íå ðàññìîòðåíî ìåæçâåçäíîå ïîãëîùåíèå â ïîëîñå G (A
G
), ïîñêîëüêó

íà âûñîêèõ ãàëàêòè÷åñêèõ øèðîòàõ ïîãëîùåíèå î÷åíü ìàëåíüêoe è íåçíà÷è-
òåëüíoe, êðîìå òîãî, ýòîò ïàðàìåòð íå ïðèâîäèòñÿ äëÿ âñåõ C-çâåçä FBS â
áàçå äàííûõ Gaia DR2. Êàê âèäíî, íà äèàãðàììå HR C-çâåçäû FBS çàíèìàþò
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Ðèñ.1a, b. Ïîëîæåíèÿ íà äèàãðàììàõ "öâåò-àáñîëþòíàÿ âåëè÷èíà MG è Teff-àáñîëþòíàÿ
âåëè÷èíà. Äèàãðàììà Ãåðöøïðóíãà-Ðàññåëà äëÿ 127 FBS Ñ-çâåçä, à òàêæå äëÿ 150 M êàðëèêîâ
èç êàòàëîãà [5].

Ðèñ.2. Gaia DR2 ñîîòíîøåíèå öâåò-òåìïåðàòóðà äëÿ 127 FBS C-çâåçä.
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îáëàñòü, ãäå ðàñïîëîæåíû êðàñíûå ãèãàíòû è AGB-çâåçäû.
Íà ðèñ.2 ïîêàçàíà äèàãðàììà Gaia DR2 öâåò-òåìïåðàòóða äëÿ 127 FBS C-

çâåçä. 11 AGB-çâåçä N êëàññà íàõîäÿòñÿ äàëåêî îò ëèíèè íîðìàëüíîãî
ðàñïðåäåëåíèÿ. Äëÿ íèõ [19] J - K

S
 > 2m.5. Âåðîÿòíî, âîêðóã ýòèõ çâåçä ñóùåñò-

âóþò òîëñòûå ãàçîïûëåâûå îáîëî÷êè. Íà îñíîâå K - [12] (IRAS) è J - K
ïîêaçàòåëåé öâåòà áûëè îïðåäåëåíû òåìïû ïoòåðè ìàññû äëÿ 3 çâåçä. 3 èç
11 çâåçä ïîêaçûâàþò äâà ïèêà â SED (Spectral Energy Distribution) [14], ÷òî
óêàçûâàåò íà ïðèñóòñòâèå îêîëîçâåçäíûõ îáîëî÷åê. Îòìåòèì òàêæå, ÷òî ýôôåê-
òèâíûå òåìïåðàòóðû, îïðåäåëåííûå ïî ôîòîìåòðè÷åñêèì äàííûì äëÿ C-çâåçä
êëàññà CH èç FBS [13], íàõîäÿòñÿ â ñîãëàñèè ñ îöåíêàìè êàòàëîãà Gaia DR2
(SIMBAD VizieR Catalog I/345/gaia2) [18].

2.2. Ëó÷åâûå ñêîðîñòè. Èç 127 C-çâåçä FBS äàííûå î ëó÷åâûõ ñêîðîñòÿõ
RV ïðåäñòàâëåíû òîëüêî äëÿ 77 îáúåêòîâ â áàçå äàííûõ Gaia DR2. Èõ
çíà÷åíèÿ íàõîäÿòñÿ â äèàïàçîíå -342.7 ± 1.93 êì/ñ < RV < +280.17 ± 3.82 êì/ñ.

Â òàáë.2 ïðåäñòàâëåí ñïèñîê 9 óãëåðîäíûõ çâåçä FBS, äëÿ êîòîðûõ Gaia
DR2 200RV  êì/ñ. Â êîëîíêàõ ïðèâåäåíû: 1 - íîìåð FBS, 2 - ñïåêòðàëüíûé
êëàññ îáúåêòà, 3-6 - âåëè÷èíà G êàòàëîãà Gaia DR2, ýôôåêòèâíûå òåìïåðàòóðû
T

eff
, BP-RP ïîêàçàòåëü öâåòà è çíà÷åíèå RV.

RV äàííûå î÷åíü âàæíû äëÿ îïðåäåëåíèÿ ïðèíàäëåæíîñòè ýòèõ îáüåêòîâ
ê òîíêîìó äèñêó, òîëñòîìó äèñêó è Ãàëî íàøåé Ãàëàêòèêè [20]. Ýòè çâåçäû
(òàáë.2) äîïîëíÿþò ñïèñîê âûñîêîñêîðîñòíûõ (HiVel, High Velocity) çâåçä,
îáíàðóæåííûõ â ðåçóëüòàòå èññëåäîâàíèé Gaia è LAMOST [21-24] îáçîðîâ.

3. Îïòè÷åñêèå ñïåêòðû è ïåðåìåííîñòü. Íà ðèñ.3a, b ïðåäñòàâëåíû
îïòè÷åñêèå ñïåêòðû 2.6-ì òåëåñêîïà Áþðàêàíñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè

FBS Ñïåêòð. G T
eff

BP-RP öâåò RV
íîìåð êëàññ mag K mag êì/ñ

0900+034 CH 11.96 4386 1.57 321.87
1043+253 CH 12.83 4297 1.65 212.45
1145-000 CH 13.04 4182 1.70 237.91
1331+421 N 12.58 3796 2.06 -224.95
1406+027 CH 12.86 4791 1.33 280.17
1416+640 CH 12.64 3965 1.87 -342.70
1454+792 N 13.24 4129 1.81 -217.90
1615-048 N 12.53 3993 2.16 -202.34
1752+342 CH 12.55 4256 1.60 -273.96

Òàáëèöà 2

Gaia DR2 ÄÀÍÍÛÅ Î ËÓ×ÅÂÛÕ ÑÊÎÐÎÑÒßÕ ÄËß 9 FBS
ÓÃËÅÐÎÄÍÛÕ ÇÂÅÇÄ
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äëÿ FBS 1406+027 CH ãèãàíòà ñ HiVel Gaia DR2 äàííûìè è CCD-ñïåêòðû
ñðåäíåãî ðàçðåøåíèÿ äëÿ íåêîòîðûõ C-çâåçä, ðàññìîòðåííûå â ñòàòüÿõ [6-11],
êîòîðûå ïîñâÿùåíû ñïåêòðîñêîïè÷åñêèì ïîäòâåðæäåíèÿì C-çâåçä èç FBS.
Ïðèâîäèòñÿ òàêæå ñïåêòð îáúåêòà FBS 1145-000 èç áàçû äàííûõ LAMOST
DR4 [25], äëÿ êîòîðîãî CCD ñïåêòð ñðåäíåãî ðàçðåøåíèÿ íå áûë ïîëó÷åí
ðàíüøå.

SDSS (Sloan Digital Sky Survey) APOGEE ñïåêòðû äëÿ äâóõ ãèãàíòîâ CH
êëàññà FBS 1145-000 è FBS 2107+109 â äèàïàçîíå îò 1.5 äî 1.7 ìêì äîñòóïíû

Ðèñ.3a, b. Îïòè÷åñêèå ñïåêòðû 2.6-ì òåëåñêîïà Áþðàêàíñêîé àñòðîôèçè÷åñêîé îáñåð-
âàòîðèè äëÿ íåêîòîðûõ C-çâåçä FBS â äèàïàçîíå Å70004000  , à òàêæå äîïîëíèòåëüíûé
ñïåêòð èç áàçû äàííûõ LAMOST DR4 äëÿ îáúåêòà FBS 1145-000 â äèàïàçîíå Å90003900  .
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ïî àäðåñó http://skyserver.sdss.org/dr14/). Îòìåòèì, ÷òî äàííûå V
helio

 = +239.50
± 0.141 êì/ñ è T

eff
 = 4149 K äëÿ FBS 1145-000 (APOGEE íîìåð 2M11475977-

0019182) î÷åíü õîðîøî ñîãëàñóþòñÿ ñî çíà÷åíèÿìè äàííûõ Gaia DR2 (ñì.
òàáë.2). Äëÿ FBS 2107+109 (APOGEE íîìåð 2M21095891+1111013) V

helio
 =

-91.775 ± 0.076 êì/ñ. Â áàçå äàííûõ Gaia DR2 íåò äàííûõ î ëó÷åâîé ñêîðîñòè
äëÿ ýòîãî îáúåêòà.

Íà ðèñ.4 ïîêàçàíû êðèâûå áëåñêà äëÿ äâóõ FBS-çâåçä ÑÍ êëàññà ïî
äàííûì îáçîðà CSS (Catalina Sky Survey) [25,26] (îíëàéí äîñòóïåí ïî àäðåñó
http://nesssi.cacr.caltech.edu/DataRelease/). Äëÿ óãëåðîäíûõ çâåçä AGB N êëàññà
êðèâûå áëåñêà CSS ðàññìîòðåíû â ïåðâîé ñòàòüå ýòîé ñåðèè [12]. Ñóäÿ ïî
êðèâûì áëåñêà CSS, ìíîãèå CH-çâåçäû ìîæíî êëàññèôèöèðîâàòü êàê ïåðå-
ìåííûå êëàññà RS CVn, ÷òî õàðàêòåðíî äëÿ äâîéíûõ ñèñòåì.

4. Ðàññòîÿíèÿ. Îöåíêè ðàññòîÿíèé, îñíîâàííûå íà ïàðàëëàêñàõ Gaia
DR2 äëÿ âñåõ C-çâåçä FBS, äàíû â êàòàëîãå [16]. Ñ äðóãîé ñòîðîíû, ðàññòîÿíèÿ

Ðèñ.4. CSS êðèâûå áëåñêà äëÿ FBS 1416+640 è FBS 1811+462.
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äëÿ C-çâåçä FBS îöåíåíû â ïåðâîé ñòàòüå ýòîé ñåðèè [12] íà îñíîâå
ïåðåñìîòðåííûõ ñîîòíîøåíèé "ïåðèîä-ñâåòèìîñòü" äëÿ AGB C-çâåçä N êëàññà.
Ñîãëàñíî äàííûì [16] êàòàëîãà, ðàññòîÿíèÿ íàõîäÿòñÿ â äèàïàçîíå 736 ïê <
d < 14133 ïê. Âûñîòà Z íàä ïëîñêîñòüþ Ãàëàêòèêè äëÿ FBS 0018+213 ñîñòàâëÿåò
480 ïê, à äëÿ FBS 1811+462 - 6.1 êïê, ñîîòâåòñòâåííî. Îáå çâåçäû - CH
ãèãàíòû.

Íà ðèñ.5 ïîêàçàíî ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå (ãàëàêòè÷åñêàÿ äîëãîòà â
ñðàâíåíèè ñ ãàëàêòè÷åñêîé øèðîòîé) äëÿ âñåõ C-çâåçä FBS, èç êîòîðîãî âèäíî,
÷òî CH ãèãàíòû íàáëþäàþòñÿ â îñíîâíîì íà âûñîêèõ ãàëàêòè÷åñêèõ øèðîòàõ.

5. Îáñóæäåíèå è çàêëþ÷åíèå. Óãëåðîäíûå çâåçäû ÿâëÿþòñÿ îòëè÷íûìè
êèíåìàòè÷åñêèìè òðåéñåðàìè ãàëàêòèê. Èõ òàêæå ìîæíî èñïîëüçîâàòü â
êà÷åñòâå âèäèìûõ ñòàíäàðòíûõ ñâå÷åé äëÿ ãàëàêòèê. Ìåæäó òåì, ìíîãèå
ïðîáëåìû îñòàþòñÿ íåðåøåííûìè ñ ýòèìè êëàññàìè îáúåêòîâ, îñîáåííî
îöåíêà àáñîëþòíûõ âåëè÷èí äëÿ ðàííèõ òèïîâ C-çâåçä, êîòîðûå ÿâëÿþòñÿ
òåïëûìè îáúåêòàìè (çâåçäû òèïà R, CH ãèãàíòû è êàðëèêîâûå óãëåðîäíûå
çâåçäû (dC)). Óãëåðîäíûå çâåçäû ïîçäíåãî N òèïà - ýòî õîëîäíûå è ÿðêèå
AGB-çâåçäû, äëÿ êîòîðûõ ïðèìåíèìî ñîîòíîøåíèå "ïåðèîä-ñâåòèìîñòü" (PL).
Â ýòîé ñòàòüå âûñîêîòî÷íûå àñòðîìåòðè÷åñêèå è ôîòîìåòðè÷åñêèå Gaia DR2
äàííûå âìåñòå ñ áàçîé äàííûõ CSS èñïîëüçóþòñÿ äëÿ àíàëèçà è îöåíêè
íåêîòîðûõ î÷åíü âàæíûõ ôèçè÷åñêèõ õàðàêòåðèñòèê îãðàíè÷åííîãî ÷èñëà
óãëåðîäíûõ çâåçä, îáíàðóæåííûõ íà ïëàñòèíêàõ FBS, ñ öåëüþ âûÿñíèòü
ïðèðîäó ýòèõ îáúåêòîâ íà âûñîêèõ øèðîòàõ. Èññëåäîâàíî 127 FBS C-çâåçä
ñ èñïîëüçîâàíèåì äàííûõ Gaia, èç êîòîðûõ 56 - ýòî çâåçäû AGB N òèïà,

Ðèñ.5. Ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå äëÿ 127 FBS C-çâåçä.
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à 71 çâåçäà - CH ãèãàíòû. Èìåÿ îöåíêè ðàññòîÿíèé, äëÿ C-çâåçä áûëà ïîñòðîåíà
äèàãðàììà Ãåðöøïðóíãà-Ðàññåëà (HRD, èëè äèàãðàììà öâåò-àáñîëþòíàÿ
âåëè÷èíà). Âñå îáíàðóæåííûå FBS C-çâåçäû ÿâëÿþòñÿ ãèãàíòàìè è AGB
çâåçäàìè â ãàëàêòè÷åñêîì ãàëî. Îíè íàõîäÿòñÿ íà ðàññòîÿíèè îò Ñîëíöà íå
áîëåå, ÷åì 14 êïê, è 8 êïê îò ãàëàêòè÷åñêîé ïëîñêîñòè. Èõ Gaia DR2 G
øèðîêîïîëîñíûå àáñîëþòíûå âåëè÷èíû íàõîäÿòñÿ â äèàïàçîíå 0401 mm .G.  .
Äëÿ 18 C-çâåçä FBS, èìåþùèõ äàííûå î ñâåòèìîñòè â áàçå äàííûõ DR2,
îöåíåíû àáñîëþòíûå âåëè÷èíû â ïîëîñå V, èç êîòîðûõ 17 ÿâëÿþòñÿ ãèãàíòàìè
ÑÍ êëàññîâ. Îíè íàõîäÿòñÿ â äèàïàçîíå îò 50453 mm .M. V  . Äëÿ FBS
1918+869 àáñîëþòíàÿ âåëè÷èíà M

V
 = -3.4 ± 0m.2, ÷òî õàðàêòåðíî äëÿ C-çâåçä

AGB N òèïà. Îäíèì èç âàæíûõ ðåçóëüòàòîâ äàííîé ðàáîòû ÿâëÿåòñÿ
èçïîëüçîâàíèå äèàãðàììû "ïîêàçàòåëü öâåòà BP-RP - T

eff
" äëÿ îòáîðà çâåçä

ïîçäíèõ êëàññîâ N ñ ãàçîïûëåâûìè îáîëî÷êàìè. Ëó÷åâûå ñêîðîñòè äîñòóïíû
äëÿ çâåçä 75 C èç 127. Äëÿ 9 îáúåêòîâ çíà÷åíèÿ RV ïðåâûøàþò 200 êì/ñ. Ýòè
çâåçäû äîïîëíÿþò ñïèñîê îáúåêòîâ ñ âûñîêèìè ëó÷åâûìè ñêîðîñòÿìè,
îáíàðóæåííûõ íåäàâíî íà îñíîâå áàçû äàííûõ Gaia DR2. Îòìåòèì, ÷òî âñå
ýòè îáúåêòû ÿâëÿþòñÿ îáúåêòàìè Ãàëàêòè÷åñêîãî Ãàëî è îíè íå îòñëåæèâàþò
ñôåðîèäàëüíûå ïîòîêè êàðëèêîâîé ãàëàêòèêè â Ñòðåëüöå Sgr DEG, è èõ
ïðîèñõîæäåíèå íåÿñíî.

Ìåæäó òåì ñòîèò óïîìÿíóòü î òðåõ ãèãàíòàõ òèïà FBS CH ñðåäè 127 C-
çâåçä FBS, äëÿ êîòîðûõ â êàòàëîãå Bailer-Jones äàíû ðàññòîÿíèÿ áîëåå 13 êïê
îò Ñîëíöà. Ýòî FBS 1629+156 (r = 13.04 êïê), FBS 1811+462 (r = 14.133 êïê,
RV = -164.8 êì/ñ) è FBS 1454+792 (r = 13.487 êïê, RV = -217.9 êì/ñ). Ñîãëàñíî
pèñ.15 [27], çâåçäû FBS 1454+792 è FBS 1811+462 ìîãóò ïðîèñõîäèòü îò
âåäóùåé âåòâè Sgr DEG. Äëÿ FBS 1629+156 â Gaia DR2 íåò äàííûõ î RV.
CSS êðèâàÿ áëåñêà îáúåêòà FBS 1811+462 òèïè÷íà äëÿ RS CVn ïåðåìåííûõ
çâåçä. Â áàçå äàííûõ NSVS (Northern Sky Variability Survey, http://skydot.lanl.
gov/) îáúåêò FBS 1629+156 òàêæå ìîæíî êëàññèôèöèðîâàòü êàê ïåðåìåííóþ
òèïà RS CVn ñ àìïëèòóäîé 40m.m  . Â áàçå äàííûõ CSS ýòîò îáúåêò íå
ïðîÿâëÿåò çíà÷èòåëüíîé ïåðåìåííîñòè. ×òî êàñàåòñÿ îáúåêòà FBS 1454+792,
òî îí íàõîäèòñÿ âíå ïîëÿ îáçîðà CSS è â áàçå äàííûõ NSVS íå ïîêàçûâàåò
ïåðåìåííîñòü.

Îòìåòèì òàêæå, ÷òî ìíîãîñòîðîííèå èññëåäîâàíèÿ, îñíîâàííûå íà Gaia
DR2 äëÿ ãèãàíòîâ è êàðëèêîâ êëàññà Ì èç "Âòîðîãî ïåðåñìîòðåííîãî è
îáíîâëåííîãî êàòàëîãà FBS LTS", ïðîäîëæàþòñÿ è áóäóò ïðåäñòàâëåíû äëÿ
ïóáëèêàöèè â áëèæàéøåå âðåìÿ.

Àâòîð âûðàæàåò áëàãîäàðíîñòü Ê.Ãèãîÿíó çà ïîëåçíûå çàìå÷àíèÿ è
êîììåíòàðèè, à òàêæå ðåöåíçåíòó çà ïîëåçíûå çàìå÷àíèÿ. Â ýòîé ðàáîòå
ïðåäñòàâëåíû ðåçóëüòàòû êîñìè÷åñêîãî ïðîåêòà Gaia Åâðîïåéñêîãî Êîñìè-
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÷åñêîãî Àãåíòñòâà (ESA). Äàííûå Gaia îáðàáàòûâàþòñÿ ñ DPAC (Gaia Data
Processing and Analysis Consortium). Â ýòîì èññëåäîâàíèè èñïîëüçîâàëàñü áàçà
äàííûõ SIMBAD, CDS, Ñòðàñáóðã, Ôðàíöèÿ.

Ýòà ðàáîòà ïîääåðæàíà ãðàíòîì ANSEF astroex-5153.

Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.À.Àìáàðöóìÿíà,
Àðìåíèÿ, e-mail: kgayane@gmail.com

INVESTIGATION OF FAINT GALACTIC CARBON
STARS FROM THE FIRST BYURAKAN SPECTRAL

SKY SURVEY. IV. GAIA DR2 DATA

G.R.KOSTANDYAN

The second Gaia data release data (Gaia DR2) are used to analyze and estimate
some important parameters for 127 carbon (C) type stars (56 are late N type
Asymptotic Giant Branch (AGB) C stars, and 71 are early type CH giants) detected
on the First Byurakan Survey (FBS) low resolution spectral plates. Gaia DR2
broadband G magnitudes are in the range 9.4 < G < 18.2 mag for FBS C stars. Radial
velocities RV are available for 75 C-stars out of 127. For 9 objects, RV values are
greater than 200 km/s. V band absolute magnitudes are estimated for 18 FBS C-
stars having luminosity data, of which 17 are CH giants. They are in the range

5043 .M. V   mag. For FBS 1918+869, absolute magnitude M
V

 = -3.4 ± 0.2 mag,
which is typical for N type AGB C-stars. Having distance estimates, the Hertzsprung-
Russell Diagram (HRD, or color-absolute magnitude diagram) was constructed for 127
C-stars. All detected FBS C-stars are giants and AGB stars in the Galactic Halo.
They are not further than 14 kpc from the Sun and 8 kpc from the Galactic plane.

Keywords: carbon stars: surveys: late type stars
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Ñ öåëüþ îïðåäåëåíèÿ âåëè÷èíû ïðîäîëüíîé êîìïîíåíòû ìàãíèòíîãî ïîëÿ çâåçä Bz
ñîçäàíà âû÷èñëèòåëüíàÿ ïðîãðàììà magreg, íàïèñàííàÿ íà ÿçûêå IDL. Ðàáîòà ïðîãðàììû
òåñòèðîâàëàñü ïî íàáëþäåíèÿì ðÿäà îáúåêòîâ, âûïîëíåííûõ â ÑÀÎ ÐÀÍ íà Îñíîâíîì
çâåçäíîì ñïåêòðîãðàôå 6-ì òåëåñêîïà ÑÀÎ. Íà ïðèìåðå õîðîøî èçó÷åííîé ìàãíèòíîé
çâåçäû  Equ âûïîëíåí äåòàëüíûé àíàëèç íàáëþäàòåëüíûõ äàííûõ, çàðåãèñòðèðîâàííûõ
äëÿ ýòîãî îáúåêòà 29.08.2015ã. Ïîëó÷åííûå ðåçóëüòàòû ñîïîñòàâëåíû ñ ëèòåðàòóðíûìè
èñòî÷íèêàìè. Íàøà äàëüíåéøàÿ çàäà÷à ñîñòîèò â àíàëèçå âñåãî íàáëþäàòåëüíîãî ìàññèâà
äàííûõ ñïåêòðîïîëÿðèìåòðè÷åñêèõ íàáëþäåíèé  Equ ñ 6-ì òåëåñêîïîì ÑÀÎ ÐÀÍ ñ öåëüþ
ïîëó÷åíèÿ íàèáîëåå îäíîðîäíîãî íàáîðà îöåíîê ïàðàìåòðà Bz.

Êëþ÷åâûå ñëîâà: çâåçäû: ñïåêòðîïîëÿðèìåòðèÿ: ìàãíèòíûå ïîëÿ: ïåðåìåííîñòü:
  ïÿòíà

1. Ââåäåíèå. Íà ïðîòÿæåíèè ïîñëåäíèõ äåñÿòèëåòèé èçìåðåíèå è
ìîíèòîðèíã èçìåíåíèé ìàãíèòíîãî ïîëÿ õèìè÷åñêè ïåêóëÿðíûõ çâåçä âåðõíåé
÷àñòè Ãëàâíîé ïîñëåäîâàòåëüíîñòè îñòàþòñÿ àêòóàëüíûìè çàäà÷àìè àñòðî-
ôèçèêè. Âàæíóþ ðîëü â ýòèõ èññëåäîâàíèÿõ èãðàþò ñïåêòðîïîëÿðèìåòðè÷åñêèå
íàáëþäåíèÿ. Äëÿ îïðåäåëåíèÿ âåëè÷èíû ïðîäîëüíîé êîìïîíåíòû ìàãíèòíîãî
ïîëÿ Bz íàèáîëåå ÷àñòî ïðèìåíÿåòñÿ ìåòîäèêà, ïðåäëîæåííàÿ àâòîðîì â [1].
Ðåçóëüòàòû åå ïîäðîáíîãî îáñóæäåíèÿ ìîæíî íàéòè â [2], à òàêæå â [3] ïðè
àíàëèçå äàííûõ êàòàëîãà ñïåêòðîïîëÿðèìåòðè÷åñêèõ íàáëþäåíèé ñ FORS1 íà
òåëåñêîïå VLT. Ñîãëàñíî ýòîé ìåòîäèêå [1,2], âåëè÷èíà ïðîäîëüíîé êîìïî-
íåíòû ìàãíèòíîãî ïîëÿ îïðåäåëÿåòñÿ ïðè ðÿäå ïðåäïîëîæåíèé - íàïðèìåð,
î ñëàáîì ìàãíèòíîì ïîëå îáúåêòà (êàê ïðàâèëî, ìåíåå 10 êÃñ). Êðîìå òîãî,
ñ÷èòàåòñÿ, ÷òî âûïîëíÿåòñÿ óñëîâèå î òîì, ÷òî óøèðåíèå ïðîôèëåé ñïåêò-
ðàëüíûõ ëèíèé íîñèò èíñòðóìåíòàëüíûé õàðàêòåð. Ïðè ýòîì òàêæå ïðåäïî-
ëàãàåòñÿ îòñóòñòâèå çíà÷èòåëüíîãî óøèðåíèÿ âñëåäñòâèå âðàùåíèÿ. Ýòè
òðåáîâàíèÿ äîëæíû çàâåäîìî âûïîëíÿòüñÿ äëÿ èçó÷àåìûõ îáúåêòîâ.

2. Îïðåäåëåíèå âåëè÷èíû Bz. Âåëè÷èíà ïðîäîëüíîé êîìïîíåíòû

ÒÎÌ 63 ÔÅÂÐÀËÜ, 2020 ÂÛÏÓÑÊ 1
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ìàãíèòíîãî ïîëÿ  Bz îïðåäåëÿåòñÿ ïî îòíîøåíèþ ïàðàìåòðîâ Ñòîêñà V/I (ñì.
â [2]) èç óðàâíåíèÿ
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eff
 - ýôôåêòèâíûé ôàêòîð Ëàíäå,   - äëèíà âîëíû â Å .

Â [1] áûëî ïîêàçàíî, ÷òî ïðè ñïåêòðîïîëÿðèìåòðè÷åñêèõ èçìåðåíèÿõ,
îñíîâàííûõ íà èçó÷åíèè ëèíèé âîäîðîäà èëè ãåëèÿ, õîðîøî îáîñíîâàííûì
ÿâëÿåòñÿ âûáîð âåëè÷èíû g

eff
, áëèçêèé ê åäèíèöå. Êðîìå òîãî, çíà÷åíèå

g
eff

 = 1.2, ñîãëàñíî [2], ñëóæèò õîðîøèì ïðèáëèæåíèåì äëÿ ñïåêòðîâ Àð-çâåçä.
Êàê è â [2-5], îïðåäåëåíèå Bz â ðàìêàõ íàøåãî èññëåäîâàíèÿ áûëî âûïîëíåíî
ìåòîäîì ðåãðåññèîííîãî àíàëèçà. Ìåòîä ïîçâîëÿåò ïîëó÷èòü îäíîâðåìåííî
îöåíêè îøèáîê ïàðàìåòðîâ ðåãðåññèè è, ñëåäîâàòåëüíî, ïîãðåøíîñòü Bz.
Óêàçàííûå ïóáëèêàöèè ñîäåðæàò ôîðìóëû äëÿ îöåíêè âåëè÷èíû  ïîãðåøíîñòè
Bz, à òàêæå îáñóæäåíèå òîãî, ñòîèò ëè ââîäèòü äîïîëíèòåëüíîå óâåëè÷åíèå
âåëè÷èíû ïîãðåøíîñòè Bz, (ñì ôîðìóëó (11) â [4]).

3. Âû÷èñëèòåëüíàÿ ïðîãðàììà. Ñîçäàííàÿ íàìè âû÷èñëèòåëüíàÿ
ïðîãðàììà îïðåäåëåíèÿ âåëè÷èíû Bz magreg íàïèñàíà íà ÿçûêå IDL è ïîçâî-
ëÿåò èñïîëüçîâàòü ìíîãî÷èñëåííûå âíóòðåííèå ïðîãðàììíûå ñðåäñòâà äëÿ
îïðåäåëåíèÿ ïîãðåøíîñòåé ïðè ðåøåíèè çàäà÷ ðåãðåññèîííîãî àíàëèçà. Êðîìå
òîãî, âîçìîæíî ïðèìåíåíèå ïðîãðàìì áèáëèîòåê https:idlastro.gsfc.nasa.gov,
http:www.idlcoyote.com.

Ïðîâåäåííûå âû÷èñëåíèÿ ïîêàçàëè õîðîøåå ñîãëàñèå ìåæäó ðåçóëüòàòàìè
îöåíîê ïàðàìåòðîâ óðàâíåíèÿ (1) è èõ ïîãðåøíîñòåé, ïîëó÷åííûõ ñ ïðèìåíå-
íèåì ðàçëè÷íûõ ïîäïðîãðàìì. Îêîí÷àòåëüíûé âûáîð áûë ñäåëàí â ïîëüçó
ñòàíäàðòíûõ ïðîãðàìì  IDL  è ðåøåíèÿ çàäà÷è ñ èñïîëüçîâàíèåì óðàâíåíèé
èç [2]. Ïîìèìî óäàëåíèÿ âûáðîñîâ (çíà÷åíèé, ïðåâûøàþùèõ 3 ), íàøà
ïðîãðàììà òàêæå äîïóñêàåò ïîëó÷åíèå óñå÷åííîé îöåíêè ïàðàìåòðîâ çàäà÷è
ðåãðåññèîííîãî àíàëèçà (clipping algorithms - ñì. â [3]). Â ÷àñòíîñòè, íàèáîëüøåå
âíèìàíèå ìû óäåëèëè âîçìîæíîñòè ïðîâåäåíèÿ äîïîëíèòåëüíîé îöåíêè Bz
â ïðåäïîëîæåíèè îá îãðàíè÷åíèè èçìåíåíèé àðãóìåíòîâ çàâèñèìîñòè ðåãðåñ-
ñèîííîãî àíàëèçà. Äëÿ óâåëè÷åíèÿ óñòîé÷èâîñòè ðåãðåññèîííîãî àíàëèçà ïî
îòíîøåíèþ ê ãðàíè÷íûì (ðàñïîëîæåííûì íà êðàÿõ) çíà÷åíèÿì àðãóìåíòà,
ìû ïðîâîäèëè îãðàíè÷åíèÿ èçìåíåíèé àðãóìåíòîâ çàâèñèìîñòè ðåãðåññèîííîãî

àíàëèçà âåëè÷èíû 






 d
dI

Icm
egCx
e

eff
1

4
2

2 . Âìåñòå ñ îñíîâíûì ðåøåíèåì

âû÷èñëèòåëüíàÿ ïðîãðàììà âûäàåò ñîîòâåòñòâóþùåå "îãðàíè÷åííîå" ðåøåíèå.
Â êà÷åñòâå èñõîäíûõ äàííûõ ïðè èñïîëüçîâàíèè íàøåé ïðîãðàììû ìîãóò

ðàññìàòðèâàòüñÿ ðåçóëüòàòû ñïåêòðàëüíûõ íàáëþäåíèé â ðàçëè÷íûõ èíòåðâàëàõ
äëèí âîëí - êàê âûäåëåííûå èç ïîëíîãî ñïåêòðà îïðåäåëåííûå ó÷àñòêè, òàê
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è îáúåäèíåíèå íåñêîëüêèõ ó÷àñòêîâ. Íåîáõîäèìîñòü òàêîé îïöèè ïðè ïðîâå-
äåíèè îöåíîê âåëè÷èíû Bz ðàññìîòðåíà â [5]. Â ÷àñòíîñòè, ýòà îïöèÿ
ïîçâîëÿåò îïðåäåëÿòü ìàãíèòíîå ïîëå òîëüêî ïî ëèíèÿì âîäîðîäà, èëè
òîëüêî ïî ó÷àñòêàì, ñîäåðæàùèì ëèíèè ìåòàëëîâ (áåç âîäîðîäíûõ ëèíèé),
èëè òîëüêî ïî èíäèâèäóàëüíûì ëèíèÿì è ïðî÷. (ñì. íèæå).

4. Òåñòèðîâàíèå ïðîãðàììû. Ðàáîòà ïðîãðàììû ïðîâåðÿëàñü ïðè
ïðèìåíåíèè ê íàáëþäåíèÿì ðÿäà îáúåêòîâ, âûïîëíåííûõ â ÑÀÎ ÐÀÍ íà
Îñíîâíîì çâåçäíîì ñïåêòðîãðàôå 6-ì òåëåñêîïà ÑÀÎ ÐÀÍ. Ïðè òàêèõ
íàáëþäåíèÿõ áûë èñïîëüçîâàí àíàëèçàòîð êðóãîâîé ïîëÿðèçàöèè â ñî÷åòàíèè
ñ ïîâîðîòíîé ïëàñòèíêîé 4  [6]. Ñïåêòðàëüíîå ðàçðåøåíèå ñîñòàâëÿëî
R = 15000. Ïðèìåíÿëàñü ÏÇÑ-ìàòðèöà ðàçìåðîì 2000 õ 2000 ýëåìåíòîâ. Ïîëó-
÷åííûé ìàòåðèàë ÷àùå âñåãî îõâàòûâàë ñïåêòðàëüíûé äèàïàçîí 4380-4950Å .
Îáðàáîòêà äàííûõ ïðîâîäèëàñü ñòàíäàðòíûì ìåòîäîì â ñèñòåìå MIDAS ñ
ïàêåòîì ïðîãðàìì ZEEMAN [7]. Ïåðâè÷íàÿ îáðàáîòêà âêëþ÷àëà â ñåáÿ
ïîñòðîåíèå è ïîñëåäóþùåå âû÷èòàíèå èç âñåõ ðàáî÷èõ ñíèìêîâ óñðåäíåííîãî
êàäðà ïîäëîæêè (bias), êàëèáðîâêó ïî äëèíàì âîëí ñ èñïîëüçîâàíèåì ñïåêòðà
ThAr-ëàìïû, ýêñòðàêöèþ îäíîìåðíîãî ñïåêòðà è åãî íîðìèðîâêó íà êîíòèíóóì.

Â ïåðâóþ î÷åðåäü äëÿ òåñòèðîâàíèÿ íàøà ïðîãðàììà áûëà ïðèìåíåíà ê
íàáëþäåíèÿì çâåçä - ñòàíäàðòîâ, íå îáëàäàþùèõ ìàãíèòíûì ïîëåì. Òàê,
íàïðèìåð, ïî óêàçàííîé âûøå ìåòîäèêå äëÿ çâåçäû ñ íóëåâûì îáùèì ìàãíèòíûì
ïîëåì HD 210762 èçìåðåííàÿ íàìè âåëè÷èíà ïðîäîëüíîé êîìïîíåíòû
ìàãíèòíîãî ïîëÿ Bz ñîñòàâèëà -12 ± 9 Ãñ.

Ìíîãèå ïðîãðàììû ïîëÿðèìåòðè÷åñêèõ íàáëþäåíèé â ÑÀÎ ÐÀÍ âêëþ÷àþò
õîðîøî èçó÷åííóþ ìàãíèòíóþ çâåçäó  Equ, äëÿ êîòîðîé îïóáëèêîâàíû ìíîãî-
÷èñëåííûå èçìåðåíèÿ ïðîäîëüíîé êîìïîíåíòû åå ìàãíèòíîãî ïîëÿ (ñì.,
íàïðèìåð, [8,9]). Êàê ïðàâèëî, èçìåðåíèÿ Bz  Equ â ÑÀÎ ÐÀÍ ïðîâîäÿòñÿ
ñ öåëüþ êàëèáðîâêè è ïðîâåðêè ðàáîòû ïîëÿðèìåòðè÷åñêîãî èíñòðóìåíòà.

Äëÿ áîëåå äåòàëüíîãî àíàëèçà ìû ðàññìîòðåëè íàáëþäàòåëüíûå äàííûå,
çàðåãèñòðèðîâàííûå äëÿ  Equ 29.08.2015ã. íà 6-ì òåëåñêîïå ÑÀÎ ÐÀÍ. Ñïåêò-
ðàëüíûé ìàòåðèàë áûë ïîëó÷åí â äèàïàçîíå äëèí âîëí 4380-4950Å , åãî
ïåðâè÷íàÿ îáðàáîòêà áûëà ïðîâåäåíà ïî óêàçàííîé âûøå ñòàíäàðòíîé ïðîöåäóðå.

Â òàáë.1 ïðèâåäåíû îñíîâíûå ðåçóëüòàòû îïðåäåëåíèé âåëè÷èíû ïðîäîëüíîé

Ñïåêòð. äèàïàçîí 4380-4950 A 4861±60 À 4380- 4800  À

Ïîëíàÿ âåëè÷èíà -492 ± 9 -345 ± 28 -506 ± 11

Óñå÷åííàÿ îöåíêà -681 ± 30 -568 ± 91 -568 ± 91

Òàáëèöà 1

ÐÅÇÓËÜÒÀÒÛ ÎÏÐÅÄÅËÅÍÈÉ ÂÅËÈ×ÈÍÛ ÏÐÎÄÎËÜÍÎÉ
ÊÎÌÏÎÍÅÍÒÛ ÌÀÃÍÈÒÍÎÃÎ ÏÎËß Bz (Ãñ)  Equ
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êîìïîíåíòû ìàãíèòíîãî ïîëÿ Bz  Equ. Àíàëèç ïðîâîäèëñÿ äëÿ 3-õ ñïåêò-
ðàëüíûõ äèàïàçîíîâ: à) ïîëíîãî - 4380-4950Å ; á) ñîäåðæàùåãî ëèíèþ âîäîðîäà
Í (ÿäðî è êðûëüÿ) - 4861±60 Å  è â) ñïåêòðàëüíîãî äèàïàçîíà, âêëþ÷àþùåãî
ëèíèè ìåòàëëîâ (4380-4800Å ). Äëÿ êàæäîãî äèàïàçîíà ïðèâåäåíû äâà ðåøåíèÿ
- ïî âñåìó äèàïàçîíó ïàðàìåòðîâ Ñõ è óñå÷åííàÿ îöåíêà Ñõ (äèàïàçîí

6103  ) (ðèñ.1).

Äàííûå òàáë.1 ïîçâîëÿþò ñäåëàòü ñëåäóþùèå çàêëþ÷åíèÿ. Âî-ïåðâûõ,
íàèáîëüøåå (ïî ìîäóëþ) çíà÷åíèå âåëè÷èíû ïðîäîëüíîé êîìïîíåíòû
ìàãíèòíîãî ïîëÿ Bz äëÿ Equ äîñòèãàåòñÿ ïðè àíàëèçå äàííûõ èç ñïåêòðàëüíîãî
äèàïàçîíà, âêëþ÷àþùåãî ëèíèè ìåòàëëîâ, à íàèìåíüøåå - ïî äèàïàçîíó,
ñîäåðæàùåìó ëèíèþ âîäîðîäà. Êàê è ñëåäîâàëî îæèäàòü, ïàðàìåòð Bz,
óñòàíîâëåííûé ïî âñåìó äèàïàçîíó (ñ ëèíèÿìè ìåòàëëîâ è ñ ëèíèåé âîäîðîäà),
èìååò âåëè÷èíó, ëåæàùóþ â ïðîìåæóòêå ìåæäó ýòèìè çíà÷åíèÿìè. Âî-
âòîðûõ, óñå÷åííàÿ îöåíêà (òðåòüÿ ñòðîêà òàáëèöû) äàåò áîëüøåå  (ïî ìîäóëþ)
çíà÷åíèå âåëè÷èíû Bz. Ðàçëè÷èÿ ìîãóò ñîñòàâëÿòü 40-60%.

Ðàçëè÷èÿ â âåëè÷èíàõ ïðîäîëüíîé êîìïîíåíòû ìàãíèòíîãî ïîëÿ Bz,
îïðåäåëÿåìûõ ïî ëèíèÿì ìåòàëëîâ è ëèíèÿì âîäîðîäà, ðàíåå óæå ðàññìàò-
ðèâàëèñü â ëèòåðàòóðå [10,11]. Îíè áûëè óñòàíîâëåíû, êàê â ñëó÷àÿõ èçìåðåíèé

Ðèñ.1. Ðåçóëüòàòû îïðåäåëåíèÿ âåëè÷èíû ïðîäîëüíîé êîìïîíåíòû ìàãíèòíîãî ïîëÿ Bz
 Equ, ïîëó÷åííûå ìåòîäîì ðåãðåññèîííîãî àíàëèçà äëÿ ïîëíîãî ñïåêòðàëüíîãî äèàïàçîíà
- 4380-4950 Å . Íàêëîí ðåãðåññèîííûõ ëèíèé ïðîïîðöèîíàëåí âåëè÷èíå Bz. Òîíêàÿ ñïëîøíàÿ
ëèíèÿ ñîîòâåòñòâóåò ðåøåíèþ äëÿ âñåõ äàííûõ, òîëñòàÿ ñïëîøíàÿ - óñå÷åííîìó ðåøåíèþ
(ñì. òåêñò). Óñå÷åííîå ðåøåíèå ïîëó÷åíî ïî íàáîðó Cx â äèàïàçîíå 

6103   (âåðòèêàëüíûå
øòðèõîâûå ëèíèè). Îòñêàêèâàþùèå òî÷êè (âûáðîñû çíà÷åíèé, ïðåâûøàþùèå 3 , ïðèâå-
äåííûå íà ãðàôèêå) ïðè íàõîæäåíèè ðåøåíèÿ èñêëþ÷àëèñü.

V
/
I

Cx

-0.020
-1.6 

.10-5 -8.0 
.10-6 0 8.0 

.10-6 -1.6 
.10-5

-0.012

-0.004

0.004

0.012

0.020
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Bz ïî èíäèâèäóàëüíûì ëèíèÿì [10], òàê è ïðè íàõîæäåíèè ìåòîäîì ðåãðåññèè
[11].

Òàê, íàïðèìåð, â [10] èçìåðåíèÿ êîìïîíåíòû ìàãíèòíîãî ïîëÿ Bz  Equ
ïî ëèíèÿì ìåòàëëîâ ñîñòàâèëè -1140 Ãñ, â òî âðåìÿ êàê ïî ëèíèÿì âîäîðîäà
-390 Ãñ, ïî÷òè â òðè ðàçà ìåíüøóþ âåëè÷èíó. Ñòîëü âûñîêèå ðàçëè÷èÿ (ïî
ñðàâíåíèþ ñ óñòàíîâëåííûìè íàìè), ïî-âèäèìîìó, îáóñëîâëåíû ïðîâåäåíèåì
èçìåðåíèé òîëüêî ïî ÿäðó âîäîðîäíîé ëèíèè, à íå ïî âñåìó ïðîôèëþ ñ
êðûëüÿìè.

Ââåäåííàÿ â [10] âåëè÷èíà Í/Ì (îòíîøåíèå âåëè÷èí ìàãíèòíîãî ïîëÿ
ïî ëèíèÿì âîäîðîäà è ïî ëèíèÿì ìåòàëëîâ), ñîãëàñíî ýòîìó èññëåäîâàíèþ
äëÿ  Equ ñîñòàâëÿåò 0.34 ± 0.03. Íàáëþäåíèÿ áûëè ïîëó÷åíû â èíòåðâàëå
âðåìåíè HJD 2454521-2455077. Äëÿ äðóãîãî îáúåêòà (HD178892), ðàññìîò-
ðåííîãî â [10], Í/Ì ñîñòàâèëî âåëè÷èíó - 0.62 ± 0.08.

Ðàáîòà [11] ñîäåðæèò ðåçóëüòàòû îïðåäåëåíèÿ âåëè÷èíû ïðîäîëüíîé
êîìïîíåíòû ìàãíèòíîãî ïîëÿ äëÿ ðÿäà ìàãíèòíûõ Àð/Âð çâåçä ñ ïîìîùüþ
ïðèáîðà ISIS íà òåëåñêîïå WHT (òàáë.1 â [11]). Óêàçàííûå 10 èçìåðåíèé Bz
äëÿ  Equ áûëè âûïîëíåíû â êîíöå àâãóñòà (29-31.08.2015ã.) ïðè ðàçëè÷íûõ
îïòè÷åñêèõ êîíôèãóðàöèÿõ, ñ ðàçëè÷íûìè äèôðàêöèîííûìè ðåøåòêàìè è
ïðî÷åå. Ïîëó÷åííàÿ âåëè÷èíà  Í/Ì ñîñòàâèëà â ñðåäíåì 0.76 ± 0.14. Ýòè
íàáëþäåíèÿ áûëè âûïîëíåíû ïðàêòè÷åñêè îäíîâðåìåííî ñ íàøèìè íà ÁÒÀ
(HJD 2457263), ïðè ýòîì íàéäåííàÿ íàìè âåëè÷èíà Í/Ì îêàçàëàñü ðàâíîé
0.8 è ïðàêòè÷åñêè ñîâïàëà ñ èçìåðåíèÿìè [11].

Âîçìîæíîñòü âëèÿíèÿ çàïÿòíåííîñòè ïîâåðõíîñòè õèìè÷åñêè ïåêóëÿðíûõ
çâåçä íà ðàçëè÷èÿ â âåëè÷èíàõ ïðîäîëüíîé êîìïîíåíòû ìàãíèòíîãî ïîëÿ Bz,
îïðåäåëÿåìûõ ïî ëèíèÿì ìåòàëëîâ (â ïÿòíàõ) è ëèíèÿì âîäîðîäà (ðàâíîìåðíîå
ðàñïðåäåëåíèå ïî ïîâåðõíîñòè çâåçäû), îáñóæäàåòñÿ â [10]. Âåðîÿòíî, äàííîå
îáñòîÿòåëüñòâî è ÿâëÿåòñÿ ïðè÷èíîé ñèñòåìàòè÷åñêèõ ðàçëè÷èé â èçìåðåíèÿõ Bz.

5. Çàêëþ÷åíèå. Äëÿ íàõîæäåíèÿ âåëè÷èíû ïðîäîëüíîé êîìïîíåíòû
ìàãíèòíîãî ïîëÿ Bz ñîçäàíà âû÷èñëèòåëüíàÿ ïðîãðàììà magreg, íàïèñàííàÿ
íà ÿçûêå IDL. Ðàáîòà ïðîãðàììû ïðîâåðÿëàñü ïðè ïðèìåíåíèè ê íàáëþäåíèÿì
ðÿäà îáúåêòîâ, âûïîëíåííûõ â ÑÀÎ ÐÀÍ íà Îñíîâíîì çâåçäíîì ñïåêòðîãðàôå
6-ì òåëåñêîïà ÑÀÎ, â ïåðâóþ î÷åðåäü - ê íàáëþäåíèÿì çâåçä - ñòàíäàðòîâ,
íå îáëàäàþùèõ ìàãíèòíûì ïîëåì. Â êà÷åñòâå ïðèìåðà âûïîëíåí äåòàëüíûé
àíàëèç íàáëþäàòåëüíûõ äàííûõ çà 29.08.2015ã. äëÿ õîðîøî èçó÷åííîé
ìàãíèòíîé çâåçäû  Equ (èçìåðåíèÿ Bz êîòîðîé â ÑÀÎ ÐÀÍ ïðîâîäÿòñÿ ñ
öåëüþ êàëèáðîâêè è ïðîâåðêè ðàáîòû ïîëÿðèìåòðè÷åñêîãî èíñòðóìåíòà) ñ
èçâåñòíûìè ìíîãî÷èñëåííûìè èçìåðåíèÿìè ïðîäîëüíîé êîìïîíåíòû ìàãíèò-
íîãî ïîëÿ. Ïîêàçàíî, ÷òî íàèáîëüøåå ïî ìîäóëþ çíà÷åíèå âåëè÷èíû ïðî-
äîëüíîé êîìïîíåíòû ìàãíèòíîãî ïîëÿ Bz äëÿ  Equ äîñòèãàåòñÿ ïðè àíàëèçå
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äàííûõ èç ñïåêòðàëüíîãî äèàïàçîíà, âêëþ÷àþùåãî ëèíèè ìåòàëëîâ, à
íàèìåíüøåå - ïî äèàïàçîíó, ñîäåðæàùåìó ëèíèþ âîäîðîäà. Óñå÷åííàÿ îöåíêà
âåëè÷èíû ïðîäîëüíîé êîìïîíåíòû ìàãíèòíîãî ïîëÿ Bz äàåò áîëüøåå (ïî
ìîäóëþ) çíà÷åíèå, ÷åì îöåíêà îñíîâíîãî ðåøåíèÿ. Íàøè çàêëþ÷åíèÿ õîðîøî
ñîãëàñóþòñÿ ñ ïðèâîäèìûìè â äðóãèõ ëèòåðàòóðíûõ èñòî÷íèêàõ.

Â äàëüíåéøåì ìû ïëàíèðóåì ïðèìåíèòü ðàçðàáîòàííóþ íàìè ïðîãðàììó
äëÿ àíàëèçà âñåãî íàáëþäàòåëüíîãî ìàññèâà äàííûõ ñïåêòðîïîëÿðèìåòðè÷åñêèõ
íàáëþäåíèé  Equ ñ öåëüþ ïîëó÷åíèÿ íàèáîëåå îäíîðîäíîãî íàáîðà îöåíîê
ïàðàìåòðà Bz (ñì. â [12]).

Ïîìèìî ýòîãî, ïðîãðàììà magreg íàéäåò ïðèìåíåíèå ïðè ïðîäîëæåíèè
èññëåäîâàíèé èçìåíåíèé ïðîäîëüíîé êîìïîíåíòû ìàãíèòíîãî ïîëÿ ó áûñòðî-
âðàùàþùåãîñÿ îäèíî÷íîãî õðîìîñôåðíî-àêòèâíîãî ãèãàíòà FK Com [13,14]
è ïîëó÷åíèè îöåíîê ïàðàìåòðà Bz ðÿäà sdB-sdO ñóáêàðëèêîâ (ñì. â [15,16]).

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

Èíñòèòóò àñòðîíîìèè Ðîññèéñêîé àêàäåìèè íàóê, Ìîñêâà,
Ðîññèÿ, e-mail: igs231@mail.ru

MAGREG PROGRAM FOR THE DETERMINATION
OF THE LONGITUDINAL COMPONENT OF THE

STELLAR MAGNETIC FIELD FROM
SPECTROPOLARIMETRIC OBSERVATIONS

I.S.SAVANOV

In order to determine the value of the longitudinal component of the stars
magnetic field Bz a computational program magreg written in the IDL language
was created. Program was tested using the observations of objects performed at the
SAO RAS with the Main Stellar Spectrograph of the 6-meter SAO RAS telescope.
Using the well-studied magnetic star  Equ as example a detailed analysis of its
observational data registrated on August 29, 2015 is made. The obtained results
are compared with literary sources. Our further task is to analyze the entire
observational  dataset of the spectropolarimetric observations  Equ performed on
6-meter telescope of SAO RAS with the aim of obtaining the most uniform set
of estimates of the Bz parameter.

Keywords: stars: spectropolarimetry: magnetic fields: variability: spots
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Â ñâÿçè ñ îïóáëèêîâàííîé êðèòèêîé àâòîðîì îáîñíîâàíî ïðèìåíåíèå íåïîäâèæíîãî
îäíîðîäíîãî ïëîñêîãî ñëîÿ ÷èñòî âîäîðîäíîé ïëàçìû, íàõîäÿùåéñÿ âáëèçè ñîñòîÿíèÿ ëîêàëü-
íîãî òåðìîäèíàìè÷åñêîãî ðàâíîâåñèÿ (ËÒÐ), äëÿ àíàëèçà õàðàêòåðèñòèê èçëó÷åíèÿ õðîìî-
ñôåðíîé êîíäåíñàöèè òîëùèíîé 10 mz  êì â ãàçîäèíàìè÷åñêîé ìîäåëè çâåçäíûõ âñïûøåê.
Ïîêàçàíî, ÷òî óäàðíî-âîëíîâàÿ ìîäåëü âñïûøåê, ïðåäëîæåííàÿ Áåëîâîé è Áû÷êîâûì, â
îòëè÷èå îò ìîäåëè Êîñòþê è Ïèêåëüíåðà, èìååò íåóñòðàíèìûå âíóòðåííèå äåôåêòû, âûçâàííûå
èñêëþ÷åíèåì âçàèìîäåéñòâèÿ òåïëîâîé âîëíû (òåìïåðàòóðíîãî ñêà÷êà) è íåñòàöèîíàðíîé
óäàðíîé âîëíû ñ âûñâå÷èâàíèåì. Â ÷àñòíîñòè, òàêàÿ ìîäåëü: à) íå ïîçâîëÿåò óâåëè÷èòü
ãåîìåòðè÷åñêóþ òîëùèíó õðîìîñôåðíîé êîíäåíñàöèè âñëåäñòâèå ðàñõîæäåíèÿ ôðîíòîâ
òåïëîâîé è óäàðíîé âîëí âî âðåìÿ èìïóëüñíîãî íàãðåâà; á) íå ìîæåò îáåñïå÷èòü íàãðåâ
õðîìîñôåðû êðàñíîãî êàðëèêà íà çíà÷èòåëüíûõ ðàññòîÿíèÿõ; â) ïðåäñêàçûâàåò ïðîôèëè ëèíèé
H , ïðîòèâîðå÷àùèå äàííûì íàáëþäåíèé. Àðãóìåíòèðóåòñÿ, ÷òî: à) óäàðíî-âîëíîâàÿ ìîäåëü

Áåëîâîé è Áû÷êîâà ïðåäñòàâëÿåò ðàçâèòèå êèíåìàòè÷åñêîé ìîäåëè ñîëíå÷íûõ âñïûøåê
(Nakagawa è äð.) è åå ïðèìåíåíèå ê dMe çâåçäàì, à èìåííî: èçó÷åíèå èçëó÷àòåëüíîãî
îòêëèêà õðîìîñôåðû êðàñíîãî êàðëèêà íà èìïóëüñíûé íàãðåâ â ïðîñòåéøåé ãàçîäèíàìè÷åñêîé
ïîñòàíîâêå çàäà÷è (òåïëîâàÿ âîëíà èñêëþ÷åíà, èñïîëüçóåòñÿ ñòàöèîíàðíûé ïîäõîä); á) îáëàñòè
ïîçàäè ôðîíòîâ ñòàöèîíàðíûõ óäàðíûõ âîëí ñ âûñâå÷èâàíèåì ñ òî÷êè çðåíèÿ ìîäåëè Êîñòþê
è Ïèêåëüíåðà ñîîòâåòñòâóþò íå õðîìîñôåðíîé êîíäåíñàöèè, ñ èçìåíÿþùåéñÿ âî âðåìÿ
èìïóëüñíîãî íàãðåâà òîëùèíîé, à çîíàì ðåëàêñàöèè ïëàçìû ê ñîñòîÿíèþ òåïëîâîãî ðàâíîâåñèÿ.
Àêöåíòèðîâàíî âíèìàíèå íà ïðèíöèïèàëüíóþ íåâîçìîæíîñòü ðàçäåëåíèÿ ìîäåëè Êîñòþê è
Ïèêåëüíåðà íà "òåïëîâóþ" è "óäàðíî-âîëíîâóþ" ñîñòàâëÿþùèå.

Êëþ÷åâûå ñëîâà: êðàñíûå êàðëèêîâûå çâåçäû: âñïûøêè: èìïóëüñíûé íàãðåâ:
   ãàçîäèíàìè÷åñêèå ìîäåëè: îïòè÷åñêîå èçëó÷åíèå

1. Ââåäåíèå. Â íåäàâíåé ñòàòüå [1] Áåëîâîé è Áû÷êîâûì âû÷èñëåíû
ïðîôèëè ïëîñêîïàðàëëåëüíûõ ñòàöèîíàðíûõ óäàðíûõ âîëí ñ âûñâå÷èâàíèåì,
ðàñïðîñòðàíÿþùèõñÿ â õðîìîñôåðå êðàñíîãî êàðëèêà ïî íàïðàâëåíèþ ê
ôîòîñôåðå ("âíèç"), ñî ñêîðîñòÿìè îò 30 äî 100 êì/ñ (äàëåå ïî òåêñòó -
óäàðíî-âîëíîâàÿ ìîäåëü çâåçäíûõ âñïûøåê). Àâòîðàìè ïðèíÿòî âî âíèìàíèå
ðàçëè÷èå â íàãðåâå àòîìíî-èîííîãî è ýëåêòðîííîãî êîìïîíåíòîâ ïëàçìû çà
ôðîíòîì ñòàöèîíàðíîé óäàðíîé âîëíû [2,3] (T

ai
 > T

e
, ãäå T

ai
 - àòîìíî-èîííàÿ

òåìïåðàòóðà ãàçà, T
e
 - ýëåêòðîííàÿ). Â ðàñ÷åòàõ [1] íå ó÷èòûâàþòñÿ: ïðèòîê
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ýíåðãèè îò óñêîðåííûõ ýëåêòðîíîâ (ìîùíîñòü íàãðåâà P
e
 = 0)1, òåïëîïðîâîäíîñòü

(êëàññè÷åñêèé òåïëîâîé ïîòîê F
c
 = 0), ãðàâèòàöèîííîå óñêîðåíèå (g = 0) è íå

çàâèñÿùàÿ îò âðåìåíè ìîùíîñòü èñòî÷íèêîâ íàãðåâà, ïîääåðæèâàþùèõ ñòàöèî-
íàðíîå ñîñòîÿíèå íåâîçìóùåííîé õðîìîñôåðû (Q = 0). Âëèÿíèåì ãîðÿ÷åé
ïëàçìû çà ôðîíòîì íà ñòåïåíü èîíèçàöèè õîëîäíîãî ãàçà ïåðåä ôðîíòîì
(ïðåêóðñîð) ïðåíåáðåãàåòñÿ; ïëàçìà äî ïðîõîæäåíèÿ óäàðíîé âîëíû îäíîðîäíà.
Ìîäåëèðîâàíèå ïðîâîäèòñÿ â ñèñòåìå îòñ÷åòà, ñâÿçàííîé ñ ðàçðûâîì (âÿçêèì
ñêà÷êîì). Ìàãíèòíîå ïîëå (íàïðÿæåííîñòü H0 îò 0 äî 5 Ãñ [1]) íàïðàâëåíî
ïåðïåíäèêóëÿðíî ñêîðîñòè íàòåêàíèÿ u0 ãàçà íà ôðîíò óäàðíîé âîëíû; óñëîâèå
âìîðîæåííîñòè âûïîëíåíî íå òîëüêî íà âÿçêîì ñêà÷êå, íî è â òå÷åíèå âñåãî
âðåìåíè íåñòàöèîíàðíîãî îõëàæäåíèÿ ïëàçìû.

Íà îñíîâàíèè ïðîâåäåííûõ ðàñ÷åòîâ àâòîðàìè [1] ïîêàçàíî, ÷òî â óñëîâèÿõ
õðîìîñôåð dMe çâåçä "ãàç ïîçàäè ôðîíòà (ñòàöèîíàðíîé óäàðíîé âîëíû)
îñòàåòñÿ ïðîçðà÷íûì â îïòè÷åñêîì äèàïàçîíå íåïðåðûâíîãî ñïåêòðà…" [1] è
ñäåëàí âûâîä î òîì, ÷òî âî âðåìÿ âñïûøêè "ýìèññèÿ â (âîäîðîäíûõ) ëèíèÿõ
îïðåäåëÿåòñÿ óäàðíîé âîëíîé â íàäôîòîñôåðíûõ ñëîÿõ, à ÷åðíîòåëüíîå èçëó÷åíèå
äàåò ôîòîñôåðà, ïðîãðåâàåìàÿ ïîòîêîì íàäòåïëîâûõ ÷àñòèö" [1]. Êðîìå òîãî,
Áåëîâà è Áû÷êîâ ïîëàãàþò [1], ÷òî "ìîäåëü óäàðíîé âîëíû, ðàñïðîñòðàíÿþùåéñÿ
â ãàçå õðîìîñôåðû, ìîæåò áûòü ïðèìåíèìà ïðè îáúÿñíåíèè … ñâå÷åíèÿ
(âñïûøå÷íîé) âîäîðîäíîé ïëàçìû ïðîçðà÷íîé â ÷àñòîòàõ íåïðåðûâíîãî ñïåêòðà".

Òàêæå, â ðàáîòàõ [5,6,1] Áåëîâà è Áû÷êîâ ïîäâåðãëè êðèòèêå ñòàòüþ Êàöîâîé
è äð. [7], â êîòîðîé èçëîæåíû ðåçóëüòàòû èçó÷åíèÿ îòêëèêà õðîìîñôåðû
êðàñíîãî êàðëèêà íà èìïóëüñíûé íàãðåâ ïó÷êîì óñêîðåííûõ ýëåêòðîíîâ ñî
ñòåïåííûì ñïåêòðîì (îòñå÷êà ñî ñòîðîíû íèçêèõ ýíåðãèé E10 = 10 êýÂ, ïîêàçàòåëü
ñïåêòðà 3  - æåñòêèé ïó÷îê, ïîòîê ýíåðãèè íà âåðõíåé ãðàíèöå îáëàñòè
âñïûøêè F0 = 1012

 ýðã/ñì2
 ñ, äëèòåëüíîñòü íàãðåâà - 10 ñ, èìïóëüñ ïðÿìîóãîëüíîé

ôîðìû). Òàê, â [5] àâòîðû [1] îòìåòèëè, ÷òî Êàöîâà è äð. [7] ïðèìåíÿþò
"êâàçèñòàöèîíàðíîå ïðèáëèæåíèå" äëÿ âû÷èñëåíèÿ íàñåëåííîñòåé àòîìíûõ óðîâíåé
(n

k
, ãäå k - ãëàâíîå êâàíòîâîå ÷èñëî), â ðàìêàõ êîòîðîãî âåëè÷èíû n

k
 îäíîçíà÷íî

çàäàþòñÿ òåêóùèì çíà÷åíèåì òåìïåðàòóðû T
ai

 = T
e
 = T (ñì. óðàâíåíèå (1) â

íàñòîÿùåé ñòàòüå), â òî âðåìÿ êàê "ïðè âûñâå÷èâàíèè çà ôðîíòîì (ñòàöèîíàðíîé)
óäàðíîé âîëíû â óñëîâèÿõ àòìîñôåð çâåçä ïîçäíèõ ñïåêòðàëüíûõ êëàññîâ
íàñåëåííîñòè äèñêðåòíûõ óðîâíåé àòîìà âîäîðîäà îïðåäåëÿþòñÿ íå òîëüêî
òåêóùèìè çíà÷åíèÿìè òåìïåðàòóðû è ýëåêòðîííîé ïëîòíîñòè n

e
, íî è çàâèñÿò

îò âñåé ïðåäûñòîðèè ïðîöåññà, íà÷èíàÿ ñ íàãðåâà íà ôðîíòå óäàðíîé âîëíû"
[5]. Â ñòàòüå [1] Áåëîâà è Áû÷êîâ óêàçàëè, ÷òî "äëÿ âû÷èñëåíèÿ êîýôôèöèåíòà
ïîãëîùåíèÿ àâòîðû [7] ïîëüçóþòñÿ ðàñ÷åòàìè … ñïðàâåäëèâûìè äëÿ çâåçäíûõ

1 Ïîñòîÿííàÿ ïîäêà÷êà ýíåðãèè - íåîáõîäèìîå óñëîâèå äëÿ ðàñïðîñòðàíåíèÿ óäàðíîé âîëíû
â õðîìîñôåðå Ñîëíöà è dMe çâåçä "âíèç" â òå÷åíèå äëèòåëüíîãî âðåìåíè (ñì. [4]).
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àòìîñôåð, íàõîäÿùèõñÿ â óñëîâèÿõ òåðìîäèíàìè÷åñêîãî ðàâíîâåñèÿ", "â òî âðåìÿ
êàê ñèòóàöèÿ ïîçàäè ôðîíòà óäàðíîé âîëíû (ðàñïðîñòðàíÿþùåéñÿ ñ ïîñòîÿííîé
ñêîðîñòüþ) ÿâëÿåòñÿ íå òîëüêî íåðàâíîâåñíîé, íî è íåñòàöèîíàðíîé". Íàêîíåö,
â [6] àâòîðû [1] çàìåòèëè, ÷òî Êàöîâà è äð. [7] èñïîëüçóþò ìîäåëü àòîìà
âîäîðîäà, ñîñòîÿùåãî âñåãî ëèøü èç äâóõ óðîâíåé (+ êîíòèíóóì).

Â ðàáîòå [8] íà îñíîâå ðåøåíèÿ ñèñòåìû óðàâíåíèé áàëàíñà ýëåìåíòàðíûõ
ïðîöåññîâ [3] ïîêàçàíî, ÷òî ìåíçåëîâñêèå ìíîæèòåëè àòîìíûõ óðîâíåé ãàçà â
íåïîäâèæíîì îäíîðîäíîì ïëîñêîì ñëîå c T

ai
 = T

e
, ñîîòâåòñòâóþùåì [7]

õðîìîñôåðíîé êîíäåíñàöèè2 òîëùèíîé 10 mz  êì, ñëàáî îòëè÷àþòñÿ îò
åäèíèöû, à èçëó÷åíèå òàêîãî ñëîÿ ïðîçðà÷íî â îïòè÷åñêîì êîíòèíóóìå. Ýòîò
ôàêò ðàññìàòðèâàëñÿ àâòîðîì [8] êàê ñóùåñòâåííûé äîâîä â ïîëüçó òî÷êè çðåíèÿ
Ãðèíèíà è Ñîáîëåâà [11] î ôîðìèðîâàíèè êâàçèïëàíêîâñêîãî èçëó÷åíèÿ,
íàáëþäàåìîãî â ìàêñèìóìå áëåñêà ìîùíûõ çâåçäíûõ âñïûøåê (ãîëóáîé êîìïîíåíò
îïòè÷åñêîãî êîíòèíóóìà), âáëèçè ôîòîñôåðû3. Òàêèì îáðàçîì, ïðèâåäåííûå
êðèòè÷åñêèå çàìå÷àíèÿ Áåëîâîé è Áû÷êîâà [5,6,1] â îòíîøåíèè ðàáîòû Êàöîâîé
è äð. [7], â çíà÷èòåëüíîé ìåðå îòíîñÿòñÿ è ê ñòàòüå Ìîð÷åíêî [8]. Ïðè ýòîì
àñòðîôèçè÷åñêèé âûâîä [1] î ëîêàëèçàöèè èñòî÷íèêà ãîëóáîãî êîíòèíóóìà
âñïûøåê â ôîòîñôåðå çâåçäû, áóêâàëüíî âîçðîæäàþùèé [1] êîíöåïöèþ Ãîðäîí
è Êðîíà [12], íå ñîãëàñóåòñÿ ñ òî÷êîé çðåíèÿ àâòîðîâ [11,8].

Â ýòîé æå ñòàòüå [8] îòìå÷àëîñü, ÷òî íåèçîòåðìè÷íîñòü ïëàçìû [2,3],
îáóñëîâëåííàÿ íàãðåâîì åå àòîìíî-èîííîé êîìïîíåíòû ïî àäèàáàòå Ãþãîíèî,
à ýëåêòðîííîé - ïî àäèàáàòå Ïóàññîíà, ïðèñóùà íå òîëüêî ñòàöèîíàðíûì
óäàðíûì âîëíàì ñ âûñâå÷èâàíèåì, íî è íåñòàöèîíàðíûì. Â ðåçóëüòàòå ÷åãî,
íåïîñðåäñòâåííî çà ôðîíòîì óäàðíîé âîëíû [7], â îáëàñòè, íàçâàííîé â [9]
"çîíîé ðåëàêñàöèè (ïëàçìû) ê ñîñòîÿíèþ òåïëîâîãî ðàâíîâåñèÿ", èçíà÷àëüíî
T

ai
 >> T

e
 (íà ýòî îáñòîÿòåëüñòâî âïåðâûå îáðàòèë âíèìàíèå Êîñîâè÷åâ - ñì.

ðàçäåë 5 â [9]). Ïðåíåáðåæåíèå äàííûì ðàçëè÷èåì òåìïåðàòóð, ïî ìíåíèþ
àâòîðà [8,13], ÿâëÿëîñü ïðèíöèïèàëüíûì íåäîñòàòêîì ãàçîäèíàìè÷åñêèõ ìîäåëåé
çâåçäíûõ [7] è ñîëíå÷íûõ [14] âñïûøåê.

Â ðàáîòå [8] è äèññåðòàöèè [15] òàêæå îáñóæäàëàñü âîçìîæíîñòü äîñòèæåíèÿ
êîíöåíòðàöèè 16103 Hn  ñì-3 (îêîëîôîòîñôåðíàÿ âåëè÷èíà [11]) çà ñ÷åò
âûñâå÷èâàíèÿ ãàçà ïîçàäè ôðîíòà ïëîñêîïàðàëëåëüíîé ñòàöèîíàðíîé óäàðíîé
âîëíû, ðàñïðîñòðàíÿþùåéñÿ â õðîìîñôåðå êðàñíîãî êàðëèêà "âíèç", - îäíîé
èç "íàáîðà" âîëí â ïîäõîäå [1] (â ïðåäïîëîæåíèè [15] îòñóòñòâèÿ âëèÿíèÿ

2 Ïëîòíîå õîëîäíîå îáðàçîâàíèå ìåæäó ôðîíòîì òåïëîâîé âîëíû (òåìïåðàòóðíûì ñêà÷êîì)
è çîíîé ðåëàêñàöèè ïëàçìû ê ñîñòîÿíèþ òåïëîâîãî ðàâíîâåñèÿ çà ôðîíòîì íåñòàöèîíàðíîé
óäàðíîé âîëíû (ñì. ðèñ.1).

3 Â [8] ïðèìåíèòåëüíî ê ãîëóáîìó êîìïîíåíòó îïòè÷åñêîãî êîíòèíóóìà ìîùíûõ âñïûøåê
èñïîëüçîâàëñÿ òåðìèí "àáñîëþòíî ÷åðíîå òåëî". Â äåéñòâèòåëüíîñòè, ýòîò êîìïîíåíò èçëó÷åíèÿ
ÿâëÿåòñÿ êâàçè-÷åðíîòåëüíûì [11].
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ïîëÿ èçëó÷åíèÿ íàãðåòûõ ñëîåâ, ðàñïîëîæåííûõ âáëèçè ôîòîñôåðû). Àâòîðîì
ïîêàçàíî, ÷òî: à) ïðè âûïîëíåíèè óñëîâèÿ âìîðîæåííîñòè ìàãíèòíîãî ïîëÿ â
òå÷åíèå âñåãî âðåìåíè ðàäèàöèîííîãî îõëàæäåíèÿ óâåëè÷åíèå ïëîòíîñòè ãàçà íà
äâà ïîðÿäêà íå ïðåäñòàâëÿåòñÿ âîçìîæíûì: ñîîòâåòñòâóþùèé ðîñò ìàãíèòíîãî
äàâëåíèÿ p

m
 â 104 ðàç îñòàíîâèò [15] ñæàòèå ïëàçìû; á) â ñëó÷àå îòñóòñòâèÿ ñâÿçè

ìåæäó èçìåíåíèÿìè n
H
 è p

m
 óâåëè÷åíèå n

H
 îò 141093 .  ñì-3 äî 16103   ñì-3 [8],

ñîîòâåòñòâóþùåå ãèïîòåòè÷åñêîìó ðåæèìó ñèëüíîãî âûñâå÷èâàíèÿ, ïðèâîäèò ê
òîìó, ÷òî ãàç îòòåêàåò îò âÿçêîãî ñêà÷êà íà íåáîëüøîå ðàññòîÿíèå 501 .~l  êì
[8], à ïðè ìåíåå ñèëüíîì âûñâå÷èâàíèè (äî 1510Hn  ñì-3) l  óâåëè÷èâàåòñÿ
äî 102 ~l  êì [15] (ðåçóëüòàòû ïîëó÷åíû â ðàìêàõ ìîäåëè îäíîðîäíîãî
ïëîñêîãî ñëîÿ [3]). Ââèäó ìàëîñòè [15] 1l  ïî ñðàâíåíèþ ñ ëèíåéíûìè
ðàçìåðàìè èñòî÷íèêîâ ãîëóáîãî êîíòèíóóìà âñïûøåê AD Leo (dM4.5e),
îïðåäåëåííûìè Ëîâêîé [16] â ÷åðíîòåëüíîì ïðèáëèæåíèè4, â ñòàòüå [8]
óòâåðæäàëîñü, ÷òî "ãàç, âûñâå÷èâàþùèéñÿ çà ôðîíòîì ñòàöèîíàðíîé óäàðíîé
âîëíû, ðàñïðîñòðàíÿþùåéñÿ ïî íàïðàâëåíèþ ê ôîòîñôåðå êðàñíîãî êàðëèêà,
íå ñïîñîáåí ãåíåðèðîâàòü (êâàçè-) ïëàíêîâñêîå èçëó÷åíèå … â ìàêñèìóìå
áëåñêà çâåçäíûõ âñïûøåê"5. Ýòè ðåçóëüòàòû ðàññìàòðèâàëèñü â [15] êàê åùå
îäèí àðãóìåíò â ïîëüçó òî÷êè çðåíèÿ àâòîðîâ [11].

Â [8,15] îáðàùàëîñü âíèìàíèå íà îòëè÷èÿ ìîäåëè ñòàöèîíàðíîé óäàðíîé
âîëíû ñ âûñâå÷èâàíèåì îò ìîäåëè [7]. Òàê, ãîâîðèëîñü [8], ÷òî â ðàáîòå
Êàöîâîé è äð. [7] ïðèâåäåíà ñèñòåìà óðàâíåíèé îäíîìåðíîé ãðàâèòàöèîííîé
ãàçîâîé äèíàìèêè â ÷àñòíûõ ïðîèçâîäíûõ, â òî âðåìÿ êàê â ñòàòüå Áåëîâîé
è äð. [17], èñïîëüçóåìîé àâòîðàìè [1], ðàññìàòðèâàåòñÿ ñèñòåìà îáûêíîâåííûõ
äèôôåðåíöèàëüíûõ óðàâíåíèé (ÎÄÓ) ñ äåòàëüíûì ó÷åòîì ýëåìåíòàðíûõ ïðîöåññîâ
â ïëàçìå ïîçàäè ôðîíòà. À â [15] óêàçûâàëîñü íà ïðåíåáðåæåíèå òåïëîïðî-
âîäíîñòüþ (F

c
 = 0), îòâåòñòâåííîé [18] çà ïåðåäà÷ó ýíåðãèè â âûñîêîòåìïåðàòóðíîé

îáëàñòè âñïûøåê, èçíà÷àëüíî ïðîãðåâàåìîé ïó÷êîì óñêîðåííûõ ýëåêòðîíîâ äî
T

e
 ~ 107

 Ê, T
i
 ~ 106

 Ê [19] (çàìåòèì, ÷òî â ðàáîòå [1] èîííàÿ òåìïåðàòóðà ãàçà T
i

èìåíóåòñÿ àòîìíî-èîííîé). Êðîìå òîãî, â [8] îòìå÷àëîñü óâåëè÷åíèå
ãåîìåòðè÷åñêîé òîëùèíû z  õðîìîñôåðíîé êîíäåíñàöèè [7] (äàëåå ïî òåêñòó
- õ.ê.) âî âðåìÿ èìïóëüñíîãî íàãðåâà, îáóñëîâëåííîå òåì, ÷òî íåñòàöèîíàðíàÿ
óäàðíàÿ âîëíà ñ âûñâå÷èâàíèåì [7] îïåðåæàåò òåìïåðàòóðíûé ñêà÷îê, äâèæóùèéñÿ
ñ äîçâóêîâîé ñêîðîñòüþ. Áåëîâà è Áû÷êîâ [1], êðèòèêóÿ ðàáîòó Êàöîâîé è äð.
[7], óïîìèíàþò (ðàçäåë "Äèñêóññèÿ") ïåðâûé ðåçóëüòàò ñòàòüè [8], à çàìå÷àíèÿ
[8,15] î ðàçëè÷èè ìîäåëåé [7,17] èãíîðèðóþò.

Íàêîíåö, â [3,8,13] îáñóæäàëîñü ïðîèñõîæäåíèå ïðîôèëÿ ëèíèè H  ñ

4 Èñõîäÿ èç îöåíîê ïëîùàäåé âñïûøåê â ìàêñèìóìàõ áëåñêà (~1018 ñì2) â ìîäåëè ïëîñêîãî ñëîÿ.
5 Âðåìÿ ðåêîìáèíàöèîííîãî âûñâå÷èâàíèÿ tr ïëîòíîãî õðîìîñôåðíîãî ãàçà ìàëî [11], à êàðòèíà

ðàäèàöèîííîãî îõëàæäåíèÿ çà ôðîíòîì óäàðíîé âîëíû íå çàâèñèò îò âûáîðà ñèñòåìû îòñ÷åòà.
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ãîëóáîé àñèììåòðèåé êðûëüåâ â ñïåêòðå âñïûøêè UV Ceti (dM5.6e) (Eason et
al. [20]). Òàê, îòìå÷åíî, ÷òî: à) ìîäåëüíûé êîíòóð ñ äîïëåðîâñêèì ÿäðîì
(ïîëóøèðèíà Å90.D   [20]) è øòàðêîâñêèìè êðûëüÿìè (lgn

e
 = 14.75 [20])

ïîõîæ íà ïðîôèëü H  (ïàðàìåòð b32 [3] <<1); á) îòêëîíåíèå îò øòàðêîâñêîãî
êîíòóðà ïðè ôèòèðîâàíèè ïðàâîãî êðûëà ëèíèè [20] (ðèñ.9) ìîæåò áûòü
âûçâàíî [21] ïðåíåáðåæåíèåì âêëàäà ýëåêòðîííîãî óøèðåíèÿ â ôîðìèðîâàíèå
ñóùåñòâåííî íåïðîçðà÷íîãî (îïòè÷åñêàÿ ãëóáèíà >>1) êðûëà H ; â) äîïëå-
ðîâñêîå ÿäðî H  [20] ñìåùåíî êàê åäèíîå öåëîå âëåâî6 [8]. À â [13] âûñêàçàíî
ïðåäïîëîæåíèå, ÷òî òàêîé ïðîôèëü ìîæåò ãåíåðèðîâàòü ãàç ïîçàäè ôðîíòà
óäàðíîé âîëíû, ðàñïðîñòðàíÿþùåéñÿ â ÷àñòè÷íî èîíèçîâàííîé õðîìîñôåðå
êðàñíîãî êàðëèêà "ââåðõ" (íà òîì îñíîâàíèè [8], ÷òî â ëàáîðàòîðíîé ñèñòåìå
îòñ÷åòà ÿäðî ëèíèè â ïëàçìå ïîçàäè ôðîíòà óäàðíîé âîëíû äîëæíî áûòü
"ñäâèíóòî" â íàïðàâëåíèè äâèæåíèÿ ôðîíòà).

Ïåðâàÿ ÷àñòü íàñòîÿùåé ðàáîòû, îòìå÷åííàÿ â çàãëàâèè öèôðîé 1, ñîäåðæèò
ñðàâíèòåëüíûé àíàëèç ïîäõîäîâ [7,1]. Âî âòîðîì ðàçäåëå: à) àðãóìåíòèðóåòñÿ,
÷òî "íàáîð" ñòàöèîíàðíûõ óäàðíûõ âîëí ñ âûñâå÷èâàíèåì [1] íå ïîçâîëÿåò
îáåñïå÷èòü îäíîâðåìåííîå âûïîëíåíèå óñëîâèÿ òåïëîâîãî áàëàíñà (ìåæäó P

e

è ïîòåðÿìè ýíåðãèè íà èçëó÷åíèå çà ôðîíòîì óäàðíîé âîëíû) è óâåëè÷åíèÿ
òîëùèíû z  õ.ê. (âûñâåòèâøèéñÿ ãàç ïîä òåïëîâîé âîëíîé) - ýôôåêò
ðàñõîäèìîñòè ôðîíòîâ âîëí - âî âðåìÿ èìïóëüñíîãî íàãðåâà, êàê ýòî èìååò
ìåñòî â ìîäåëè [7]; á) äåìîíñòðèðóåòñÿ, ÷òî ïðåäñòàâëåíèå [5,6,1] î
ôîðìèðîâàíèè õ.ê. çà ñ÷åò âûñâå÷èâàíèÿ ïëàçìû "â îòðûâå" îò òåïëîâîé
âîëíû íå îñíîâàíî íà îñíîâîïîëàãàþùåé ñòàòüå Êîñòþê è Ïèêåëüíåðà [22],
à ïîòîìó êðèòèêà Áåëîâîé è Áû÷êîâà [5,6,1] â îòíîøåíèè ðàáîòû Êàöîâîé
è äð. [7], âûïîëíåííîé [7,3] â ðàìêàõ ïîäõîäà [22], ïî ìíåíèþ àâòîðà,
íåêîððåêòíà; â) îáîñíîâûâàåòñÿ ïðèìåíåíèå [8] íåïîäâèæíîãî îäíîðîäíîãî
ïëîñêîãî ñëîÿ ÷èñòî âîäîðîäíîé ïëàçìû äëÿ ïðèáëèæåííîãî àíàëèçà
õàðàêòåðèñòèê èçëó÷åíèÿ "óïëîòíåíèÿ" [7] òîëùèíîé mz  (ìãíîâåííûé
ñíèìîê). Â ÷àñòíîñòè, îáðàùàåòñÿ âíèìàíèå íà òî, ÷òî óòâåðæäåíèÿ [8] î
áëèçîñòè ìåíçåëîâñêèõ ìíîæèòåëåé òàêîãî ñëîÿ ê åäèíèöå è åãî ïðîçðà÷íîñòè
â êîíòèíóóìå çà áàëüìåðîâñêèì ñêà÷êîì íå ïðîòèâîðå÷àò ðåçóëüòàòàì [23]
ãàçîäèíàìè÷åñêîãî ìîäåëèðîâàíèÿ, ïðîâåäåííîãî Allred et al. [24] ñ ó÷åòîì
íåñòàöèîíàðíîñòè íàñåëåííîñòåé àòîìíûõ óðîâíåé â ÿâíîì âèäå.

Â òðåòüåì ðàçäåëå ñòàòüè ïîêàçàíî, ÷òî "íàáîð" óäàðíûõ âîëí [1] â
îòëè÷èå îò ìîäåëåé òèïà [7] íå ìîæåò íàãðåòü õðîìîñôåðó êðàñíîãî êàðëèêà
íà çíà÷èòåëüíûõ ðàññòîÿíèÿõ. Êðîìå òîãî, àðãóìåíòèðóåòñÿ, ÷òî: à) ðàñ÷åòû

6 Â ýòîì ëåãêî óáåäèòüñÿ, ïðîâåäÿ äâà âåðòèêàëüíûõ îòðåçêà îò äåëåíèé, ñîîòâåòñòâóþùèõ
äëèíàì âîëí 6562 Å  è 6564 Å  íà ðèñ.7à â [20] è ñðàâíèâ ïëîùàäè ó÷àñòêîâ ñ ëåâîé è ïðàâîé
ñòîðîí îò äîïëåðîâñêîãî êîíòóðà.
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Áåëîâîé è Áû÷êîâà [1] ïðåäñòàâëÿþò ðàçâèòèå êèíåìàòè÷åñêîé ìîäåëè
ñîëíå÷íûõ âñïûøåê (Nakagawa et al. [25]) è åå ïðèìåíåíèå ê dMe çâåçäàì,
à èìåííî: èçó÷åíèå èçëó÷àòåëüíîãî îòêëèêà õðîìîñôåðû íà èìïóëüñíûé
íàãðåâ â ïðîñòåéøåé ãàçîäèíàìè÷åñêîé ïîñòàíîâêå çàäà÷è (òåïëîâàÿ âîëíà
èñêëþ÷åíà, èñïîëüçîâàí ñòàöèîíàðíûé ïîäõîä); á) êàê è â [25], ïðîôèëè
ëèíèé H  â ìîäåëè [1] ïðîòèâîðå÷àò [22] äàííûì ñïåêòðàëüíûõ íàáëþäåíèé;
â) îáëàñòè ïîçàäè ôðîíòîâ ñòàöèîíàðíûõ óäàðíûõ âîëí [1] ñ òî÷êè çðåíèÿ
ìîäåëè [22] ñîîòâåòñòâóþò íå õ.ê., ñ èçìåíÿþùåéñÿ âî âðåìÿ èìïóëüñíîãî
íàãðåâà òîëùèíîé (â [7] îò ~1 êì äî ~10 êì), à çîíàì ðåëàêñàöèè ïëàçìû ê
ñîñòîÿíèþ òåïëîâîãî ðàâíîâåñèÿ; ã) âûâîä [8,15] î íåâîçìîæíîñòè ãåíåðàöèè
(êâàçè-)ïëàíêîâñêîãî èçëó÷åíèÿ â ìàêñèìóìå áëåñêà çâåçäíûõ âñïûøåê çà
ôðîíòîì îäíîé èç òàêèõ âîëí (ñêîðîñòü u0 = 60 êì/ñ [8]) ïîäòâåðæäàåòñÿ
ðàñ÷åòàìè [1]. Àêöåíòèðîâàíî âíèìàíèå íà ïðèíöèïèàëüíóþ íåâîçìîæíîñòü
ðàçäåëåíèÿ (Áåëîâà è Áû÷êîâ [1]) ìîäåëè Êîñòþê è Ïèêåëüíåðà [22], ëåæàùåé
â îñíîâå ñîâðåìåííûõ ãàçîäèíàìè÷åñêèõ ïðîãðàììíûõ ïàêåòîâ, ìîäåëèðóþùèõ
âòîðè÷íûå ïðîöåññû â ñîëíå÷íûõ è çâåçäíûõ âñïûøêàõ, íà "òåïëîâóþ" è
"óäàðíî-âîëíîâóþ" ñîñòàâëÿþùèå.

Âî âòîðîé ÷àñòè íàñòîÿùåé ðàáîòû (ãîòîâèòñÿ ê ïóáëèêàöèè) àðãóìåí-
òèðóåòñÿ, ÷òî íå òîëüêî ãîëóáîé, íî è êðàñíûé êîìïîíåíòû îïòè÷åñêîãî
êîíòèíóóìà çâåçäíûõ âñïûøåê ôîðìèðóþòñÿ âáëèçè ôîòîñôåðû [11], à òî÷êà
çðåíèÿ [1] î ëîêàëèçàöèè èñòî÷íèêà ãîðÿ÷åãî êâàçèïëàíêîâñêîãî èçëó÷åíèÿ
â ôîòîñôåðå êðàñíîãî êàðëèêà ïðîòèâîðå÷èò äàííûì íàáëþäåíèé. Äàëåå: à)
ïîäðîáíåå, ÷åì â [3,8,15] îáñóæäàåòñÿ âëèÿíèå ïîëÿ èçëó÷åíèÿ íàãðåòûõ
îêîëîôîòîñôåðíûõ ñëîåâ (â ìàêñèìóìå áëåñêà âñïûøåê) íà ãàçîäèíàìè÷åñêèå
ïðîöåññû, ïðîèñõîäÿùèå â âûøåëåæàùèõ ñëîÿõ õðîìîñôåðû; á) óêàçûâàåòñÿ
íà ïðèíöèïèàëüíóþ âîçìîæíîñòü ïîÿâëåíèÿ è óñèëåíèÿ ëèíèé HeI (íàïðèìåð,
[20]) â çîíå òåïëîâîé ðåëàêñàöèè [7,9] (ïðè óâåëè÷åíèè T

e
 ãàçà ïîçàäè

ôðîíòà íåñòàöèîíàðíîé õðîìîñôåðíîé óäàðíîé âîëíû çà ñ÷åò óïðóãèõ
ñòîëêíîâåíèé ýëåêòðîíîâ ñ àòîìàìè è èîíàìè (T

ai
 >> T

e
)7); â) îáñóæäàåòñÿ

ïðèðîäà ïðîôèëåé ëèíèé H  ñ ãîëóáîé àñèììåòðèåé êðûëüåâ ñ ó÷åòîì
îòëè÷íûõ îò [13] èíòåðïðåòàöèé.

2. Õðîìîñôåðíàÿ êîíäåíñàöèÿ â ìîäåëè [7] è ãàç ïîçàäè ôðîíòà
ñòàöèîíàðíîé óäàðíîé âîëíû ñ âûñâå÷èâàíèåì.

2.1. Ïðåæäå âñåãî, îòìåòèì äâà ïðèíöèïèàëüíûõ îòëè÷èÿ ðàñ÷åòîâ [7]
îò ïîäõîäà [1]:

à) â ñèñòåìó óðàâíåíèé ãàçîâîé äèíàìèêè [7] âõîäÿò: ìîùíîñòü íàãðåâà

7 Äëÿ âûñîêèõ çíà÷åíèé ñêîðîñòåé óäàðíîé âîëíû, ñîîòâåòñòâóþùèõ [26] áîëüøèì çíà÷åíèÿì
ïîòîêîâ ýíåðãèè F0 â ïó÷êàõ óñêîðåííûõ ýëåêòðîíîâ.
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ïó÷êîì óñêîðåííûõ ýëåêòðîíîâ  eP , êëàññè÷åñêèé òåïëîâîé ïîòîê F
c
 (çàêîí

Ôóðüå), ãðàâèòàöèîííîå óñêîðåíèå (g = const) è ôóíêöèÿ îõëàæäåíèÿ L(T),
èñïîëüçóåìàÿ âî âñåì èíòåðâàëå òåìïåðàòóðû ïëàçìû. Â ðàñ÷åòàõ [1] P

e
 = 0,

F
c
 = 0, g = 0. Îñíîâíîå âíèìàíèå óäåëåíî èçó÷åíèþ âûñâå÷èâàíèÿ;

á) óäàðíàÿ âîëíà [7] íåñòàöèîíàðíà (îíà ðàñïðîñòðàíÿåòñÿ â õðîìîñôåðå
êðàñíîãî êàðëèêà â íàïðàâëåíèè óâåëè÷åíèÿ ïëîòíîñòè - "âíèç"); â ãëóáîêèõ

Ðèñ.1. "Ðàñïðåäåëåíèå ïëîòíîñòè, òåìïåðàòóðû è ñêîðîñòè (ãàçà) â ðàçëè÷íûå ìîìåíòû
âðåìåíè" (Êàöîâà è äð. [7]). Çäåñü Hnn   - ñóììàðíàÿ êîíöåíòðàöèÿ àòîìîâ âîäîðîäà è
ïðîòîíîâ,   - ëàãðàíæåâà êîîðäèíàòà: dznd H  [7], ãäå z  - âûñîòà íàä ôîòîñôåðîé.
Êîíöåíòðàöèþ 1015 ñëåäóåò ÷èòàòü êàê 1016. Ïðÿìîóãîëüíèêàìè âûäåëåíû äèàïàçîíû çíà÷åíèé
 , ñîîòâåòñòâóþùèå îáëàñòè ðåëàêñàöèè ïëàçìû äëÿ òðåõ ìîìåíòîâ âðåìåíè. Ñòðåëêîé
îòìå÷åí íàãðåâ ãàçà íåïîñðåäñòâåííî çà ôðîíòîì óäàðíîé âîëíû (Tai = Te [9]). Ïîëîãèé
ïðîôèëü òåìïåðàòóðû ñïðàâà è óçêàÿ ïåðåõîäíàÿ çîíà çà íèì îáóñëîâëåíû ó÷åòîì ÷ëåíà
Fc (

25
ee T  [10], e  - êîýôôèöèåíò ýëåêòðîííîé òåïëîïðîâîäíîñòè). "Ïîëîæèòåëüíûå

çíà÷åíèÿ ñêîðîñòè ñîîòâåòñòâóþò óäàëåíèþ ïëàçìû îò ïîâåðõíîñòè çâåçäû. Ôîòîñôåðà
ðàñïîëîæåíà ñëåâà… Ïóíêòèð - íà÷àëüíàÿ ìîäåëü (àòìîñôåðû)" [7].
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ñëîÿõ õðîìîñôåðû âîëíà ïåðåõîäèò â çâóêîâîå âîçìóùåíèå ðàçðûâíîãî õàðàêòåðà
[22]. Â ïîäõîäå [1] ñêîðîñòü óäàðíîé âîëíû u0 = const, ãàç ïåðåä ôðîíòîì
îäíîðîäåí (ò.í. ñòàöèîíàðíàÿ óäàðíàÿ âîëíà). Ïðîáëåìà ó÷åòà ãðàäèåíòà
ïëîòíîñòè â õðîìîñôåðå ðåøàåòñÿ àâòîðàìè [1] ïàëëèàòèâíî: îíè ðàññìàòðèâàþò
äèàïàçîí çíà÷åíèé âåëè÷èíû u0 îò 30 äî 100 êì/ñ è ïîëó÷àþò ñîîòâåòñòâóþùèé
"íàáîð" ïðîôèëåé ñòàöèîíàðíûõ óäàðíûõ âîëí ñ âûñâå÷èâàíèåì.

Îòëè÷èå "à)" ïðîÿâëÿåòñÿ â òîì, ÷òî â ìîäåëè [7] òåïëîâàÿ âîëíà
îòâåòñòâåííà çà âîçíèêíîâåíèå âîëíû ñæàòèÿ âïåðåäè ñåáÿ, ÷åðåç íåêîòîðîå
âðåìÿ (ïî ìåðå ïðîãðåâà áîëåå ïëîòíîé ïëàçìû) ñòàíîâÿùåéñÿ óäàðíîé;
"òåïëîâîé ôðîíò ïðè ýòîì äåéñòâóåò êàê ïîðøåíü, òîëêàþùèé ãàç" [9] (ò.í.
òåìïåðàòóðíàÿ âîëíà âòîðîãî ðîäà [27]). Â ðåçóëüòàòå âûñâå÷èâàíèÿ ãàçà çà
ôðîíòîì íåñòàöèîíàðíîé óäàðíîé âîëíû ïîä òåìïåðàòóðíûì ñêà÷êîì âîçíèêàåò
ñëîé ïëîòíîé õîëîäíîé ïëàçìû, èìåþùåé õàðàêòåðíûé ïîëîãèé ïðîôèëü T
(ðèñ.1): âûñâå÷èâàíèå îñòàíàâëèâàåòñÿ, êîãäà ïîòåðè ýíåðãèè íà èçëó÷åíèå
L(T) ñðàâíèâàþòñÿ ñ ïðèòîêîì ýíåðãèè îò òåïëîâîé âîëíû P

e
 (âûõîä óäàðíîé

âîëíû íà ñòàöèîíàðíûé ðåæèì [9]).
Âî âðåìÿ èìïóëüñíîãî íàãðåâà ôðîíòû òåïëîâîé è óäàðíîé âîëí ðàñõîäÿòñÿ

(òåìïåðàòóðíûé ñêà÷îê äâèæåòñÿ ñ äîçâóêîâîé ñêîðîñòüþ [7,27]), âñëåäñòâèå
÷åãî ãåîìåòðè÷åñêàÿ òîëùèíà z  îñòûâøåãî ïîñëå ïðîõîæäåíèÿ óäàðíîé
âîëíû ãàçà - õ.ê. - óâåëè÷èâàåòñÿ (íà ðèñ.1 âèäíî, êàê îáëàñòü ïîâûøåííîé
ïëîòíîñòè óñòàíàâëèâàåòñÿ âî âñå áîëüøåì äèàïàçîíå çíà÷åíèé  ). Â
ðåçóëüòàòå, áëèæå ê êîíöó íàãðåâà, øèðèíà çîíû òåïëîâîé ðåëàêñàöèè

501 .~l  êì [8]8 îêàçûâàåòñÿ ìàëîé ïî ñðàâíåíèþ c mz .
Àâòîðû [1] èñõîäÿò èç òîãî, ÷òî "íàáîð" ñòàöèîíàðíûõ óäàðíûõ âîëí ñ

âûñâå÷èâàíèåì â õðîìîñôåðå êðàñíîãî êàðëèêà ñóùåñòâóåò íåçàâèñèìî îò
òåïëîâîé âîëíû (P

e
 = 0). Â ðåçóëüòàòå, îáëàñòÿì ïîçàäè ôðîíòîâ âîëí [1] â

ðàñ÷åòàõ [7] ôîðìàëüíî ñîîòâåòñòâóþò çîíû ðåëàêñàöèè ïëàçìû ê ñîñòîÿíèþ
òåïëîâîãî ðàâíîâåñèÿ, ãäå ïðîèñõîäèò ðåçêîå óâåëè÷åíèå n

H
, îáóñëîâëåííîå

âûñâå÷èâàíèåì (ñì. ðèñ.1).
Îòëè÷èå "á)" ïðîÿâëÿåòñÿ â òîì, ÷òî â ïîäõîäå [1] ó÷åò ðàäèàöèîííûõ

ïîòåðü ãàçà ïîçàäè ôðîíòà óäàðíîé âîëíû ÿâëÿåòñÿ ñóùåñòâåííî áîëåå
òî÷íûì, ÷åì â ìîäåëè [7]. Ýòîò ðåçóëüòàò äîñòèãàåòñÿ çà ñ÷åò çíà÷èòåëüíûõ
óïðîùåíèé â ãàçîäèíàìè÷åñêîé ÷àñòè ïîñòàíîâêè çàäà÷è [1] ïî ñðàâíåíèþ
ñ [7]: òåïëîâàÿ âîëíà èñêëþ÷åíà, èñïîëüçîâàí ñòàöèîíàðíûé ïîäõîä (ñì. §10
â [28]). Êðîìå òîãî, â [1] âåëè÷èíû T

ai
 è T

e
, êîíöåíòðàöèè êîìïîíåíòîâ

ïëàçìû, îòíîñèòåëüíûå íàñåëåííîñòè óðîâíåé HI Hkk nn  íàéäåíû êàê

8 Â ñòàòüå [7] ãîâîðèòñÿ îá óâåëè÷åíèè nH çà ôðîíòîì äâèæóùåéñÿ âíèç (ê ôîòîñôåðå)
óäàðíîé âîëíû íà äâà ïîðÿäêà. Â òî æå âðåìÿ â îöåíêå 1l  [8] "çàëîæåí" ðîñò êîíöåíòðàöèè
â 10077 ~  ðàç.
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ôóíêöèè t â ðåçóëüòàòå ðåøåíèÿ ñèñòåìû ÎÄÓ äëÿ 0 dtd k , ñîñòîÿíèé
èîíèçàöèè êîìïîíåíòîâ ãàçà, âíóòðåííåé ýíåðãèè ïëàçìû, ïðîèçâîäíîé dtdTe
(ôîðìóëû (32), (40), (41), (57) è (89) â [17]) è ðÿäà âñïîìîãàòåëüíûõ àëãåáðàè÷åñêèõ
óðàâíåíèé9. Çäåñü t - âðåìÿ, ïðîøåäøåå ñ ìîìåíòà ïåðåñå÷åíèÿ ôðîíòà óäàðíîé
âîëíû äàííûì ýëåìåíòîì ãàçà. Óäàðíàÿ âîëíà ñòàöèîíàðíà, ïîýòîìó  dttul~d  ,
ãäå l~  - ðàññòîÿíèå îò âÿçêîãî ñêà÷êà, u(t) - ñêîðîñòü ãàçà â ñèñòåìå îòñ÷åòà,
ñâÿçàííîé ñ ðàçðûâîì, â ìîìåíò t (ïîäðîáíûé âûâîä ñèñòåìû óðàâíåíèé äëÿ
ðàñ÷åòà ïðîôèëÿ ñòàöèîíàðíîé óäàðíîé âîëíû ñ âûñâå÷èâàíèåì â óñëîâèÿõ
÷àñòè÷íî èîíèçîâàííûõ õðîìîñôåð dMe çâåçä ñ ó÷åòîì âëèÿíèÿ ïîëÿ èçëó÷åíèÿ
íàãðåòûõ îêîëîôîòîñôåðíûõ ñëîåâ äàí â [15]).

Ñ ó÷åòîì ñêàçàííîãî, èìååì ñëåäóþùèå ðàçëè÷èÿ â íåñòàöèîíàðíîì
îõëàæäåíèè ïëàçìû ïîçàäè ôðîíòîâ óäàðíûõ âîëí â îáñóæäàåìûõ ìîäåëÿõ:

à) [7]: âûñâå÷èâàíèå îáóñëîâëåíî íåðàâåíñòâîì çíà÷åíèé ôóíêöèé íàãðåâà
è îõëàæäåíèÿ âñëåäñòâèå ðåçêîãî óâåëè÷åíèÿ T è n

H
 ïëàçìû; óìåíüøåíèå

òåìïåðàòóðû ãàçà è ðîñò åãî ïëîòíîñòè çà ñ÷åò âûñâå÷èâàíèÿ ïðîäîëæàþòñÿ
äî òåõ ïîð, ïîêà íå óñòàíîâèòñÿ òåïëîâîé áàëàíñ ìåæäó ïðèòîêîì ýíåðãèè
îò íåòåïëîâûõ ýëåêòðîíîâ è ïîòåðÿìè íà èçëó÷åíèå;

á) [1]: ïàðàìåòðû ïëàçìû, ñîîòâåòñòâóþùèå îñòûâøåìó ãàçó, çàäàþòñÿ
âûáîðîì ôèíàëüíîãî øàãà ïî t. Óâåëè÷åíèå ïëîòíîñòè ïëàçìû îãðàíè÷åíî
ëèøü ðîñòîì äàâëåíèÿ ìàãíèòíîãî ïîëÿ è ïðèòîêîì ýíåðãèè îò "èçëó÷åíèÿ
ôîòîñôåðû" [1] ñ òåìïåðàòóðîé 3106   Ê [1].

Òàêèì îáðàçîì, "íàáîð" óäàðíûõ âîëí [1] íå ïîçâîëÿåò îáåñïå÷èòü îäíî-
âðåìåííîå âûïîëíåíèå óñëîâèÿ òåïëîâîãî áàëàíñà è óâåëè÷åíèÿ òîëùèíû
õ.ê., êàê ýòî èìååò ìåñòî â [7].

2.2. Ñâîå ïîíèìàíèå ðàñ÷åòîâ òèïà [7] (ñì. êðèòèêó ðàáîòû Allred et al.
[24] â ñòàòüÿõ [6,1]) Áåëîâà è Áû÷êîâ [1] èçëàãàþò ñëåäóþùèì îáðàçîì: "â
[7] ñôîðìóëèðîâàíà ãèïîòåçà "õðîìîñôåðíîé êîíäåíñàöèè", ñîãëàñíî êîòîðîé
÷åðíîòåëüíîå èçëó÷åíèå èñõîäèò èç îáëàñòè ðàçìåðîì îêîëî 10 êì, íàõîäÿùåéñÿ
íà âûñîòå ïðèìåðíî 15000 êì (òàê â [1]) è îáðàçîâàííîé ãàçîì èçîáàðè÷åñêè
ñæàòûì â ðåçóëüòàòå ðàäèàöèîííîãî îõëàæäåíèÿ çà ôðîíòîì óäàðíîé âîëíû
äî òåìïåðàòóðû îêîëî 9000 Ê è êîíöåíòðàöèè 1015

 ñì-3". Òàêæå, â îáîñíîâàíèå
ñâîèõ âçãëÿäîâ, àâòîðû [1] ïðèâîäÿò öèòàòó èç àííîòàöèè îñíîâîïîëàãàþùåé
ñòàòüè Êîñòþê è Ïèêåëüíåðà [22]: "ïî ãàçó ðàñïðîñòðàíÿåòñÿ òåìïåðàòóðíûé
ñêà÷îê, ñâÿçàííûé, ãëàâíûì îáðàçîì, ñ òåïëîïðîâîäíîñòüþ. Âïåðåäè òåìïå-
ðàòóðíîãî ñêà÷êà ðàñïðîñòðàíÿåòñÿ óäàðíàÿ âîëíà, íàãðåâàþùàÿ è ñæèìàþùàÿ

9 Â ðàñ÷åòàõ [17] ïðèìåíåíî [13] äâóõóðîâíåâîå ïðèáëèæåíèå: ïðèíÿòî, ÷òî  )(2 t-1-1
21121 ][1)/(-exp)(4  eBTkEt , ãäå 

 212121 / Anq e . Çäåñü 12E  - ýíåðãèÿ âîçáóæäåíèÿ
âòîðîãî óðîâíÿ îòíîñèòåëüíî ïåðâîãî, kB - ïîñòîÿííàÿ Áîëüöìàíà, q21 - êîýôôèöèåíò
äåàêòèâàöèè àòîìà âîäîðîäà ýëåêòðîííûì óäàðîì, 


21A  - ýôôåêòèâíàÿ âåðîÿòíîñòü

ñïîíòàííîãî ïåðåõîäà.
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ãàç. Ñêîðîñòü äâèæåíèÿ óìåíüøàåòñÿ ñ ãëóáèíîé".
Ïðè ýòîì Áåëîâà è Áû÷êîâ [1] îïóñêàþò ñëåäóþùåå ïðåäëîæåíèå èç

àííîòàöèè ýòîé ñòàòüè: "â äàííîé ðàáîòå âÿçêîñòü íå ó÷èòûâàåòñÿ, è íàãðåâ
îò óäàðíîé âîëíû ÿâíî íå âõîäèò, îäíàêî îí îöåíèâàåòñÿ ïî àäèàáàòå
Ãþãîíèî". Òàêèì îáðàçîì, "íèæíèé ôðîíò äâèæåíèÿ" â ðàñ÷åòàõ [22] "íå
ÿâëÿåòñÿ óäàðíîé âîëíîé…". Ñëåäîâàòåëüíî, â [22] íå ìîãëî áûòü îïèñàíî
ðàñõîæäåíèå ôðîíòîâ òåïëîâîé è óäàðíîé âîëí âî âðåìÿ èìïóëüñíîãî íàãðåâà,
êàê ýòî èìååò ìåñòî â ðàáîòå [7], ãäå â ðàñ÷åòàõ ââîäèëàñü (êâàäðàòè÷íàÿ)
èñêóññòâåííàÿ âÿçêîñòü   [7,29] (àâòîðû [22] ñîáèðàëèñü "ðåøèòü çàäà÷ó ñ
âÿçêîñòüþ" - "ñêîðîñòè âíèç äî 100 êì/ñ" - ïîçæå [22]). Äàííûé âûâîä
ïîäòâåðæäàåò ñðàâíåíèå ãåîìåòðè÷åñêèõ òîëùèí z  îáëàñòè, â êîòîðîé
ïðåèìóùåñòâåííî ëîêàëèçîâàíî [22] ñâå÷åíèå ëèíèè H  (óñëîâèÿ ñîëíå÷íîé
õðîìîñôåðû): â [22] îíà ñîñòàâëÿåò 8 êì [30] (äëèòåëüíîñòü èìïóëüñà - 100
ñ - "èëëþçèÿ íåïðåðûâíîñòè", îáóñëîâëåííàÿ "ïëîõèì âðåìåííûì ðàçðåøåíèåì"
[4]), â òî âðåìÿ êàê â ðàáîòå [14] äîõîäèò äî ~10 êì çà 10 ñ èìïóëüñíîãî
íàãðåâà (îäíî ýëåìåíòàðíîå âñïûøå÷íîå ñîáûòèå - EFB).

Àâòîðû [1] òàêæå íå ó÷èòûâàþò ñëåäóþùåå çàìå÷àíèå Êîñòþê è Ïèêåëüíåðà
[22] â îòíîøåíèè êà÷åñòâåííîé êàðòèíû ïðîöåññîâ â îáëàñòè îïòè÷åñêîé
âñïûøêè (â H ): "ãàç, íàãðåòûé óäàðíîé âîëíîé, îñòûâàåò ðàíüøå, ÷åì äî
íåãî äîõîäèò òåìïåðàòóðíûé ñêà÷îê", â ðåçóëüòàòå ÷åãî, "òåìïåðàòóðà èìååò
ìèíèìóì ìåæäó äâóìÿ íàãðåòûìè îáëàñòÿìè". Ïðè ýòîì [22]: à) ñêîðîñòü
óäàðíîé âîëíû "âíèç" çàâèñèò îò: âåëè÷èíû ïîòîêà ýíåðãèè â ïó÷êå óñêîðåííûõ
ýëåêòðîíîâ F0, ïîòåðü ýíåðãèè íà èçëó÷åíèå ñ 1 ñì2 îáëàñòè ïîä òåïëîâîé
âîëíîé (õîëîäíûé âûñâåòèâøèéñÿ ãàç), ïëîòíîñòè íåâîçìóùåííîé õðîìîñôåðû
è òåìïåðàòóðû ïëàçìû â ãîðÿ÷åé îáëàñòè (íà ñêà÷êå); á) ÷àñòü õ.ê. ñõîæà [22]
ñî âñïûøå÷íûì ýëåìåíòîì â ìîäåëè Brown [31], ãäå ïðèòîê ýíåðãèè îò
íåòåïëîâûõ ýëåêòðîíîâ óðàâíîâåøèâàåòñÿ ïîòåðÿìè íà èçëó÷åíèå â H .

Êðîìå òîãî, óïðîùåííîå ïðåäñòàâëåíèå [1] î òåìïåðàòóðíîì ñêà÷êå,
âïåðåäè êîòîðîãî ðàñïðîñòðàíÿåòñÿ íåñòàöèîíàðíàÿ óäàðíàÿ âîëíà ñ âûñâå÷è-
âàíèåì, íå îòðàæàåò â ïîëíîé ìåðå ñëîæíîå âçàèìîäåéñòâèå òåïëîâîé è
óäàðíîé âîëí â ðàñ÷åòàõ [7]. Òàê, â [7] îòìå÷àåòñÿ, ÷òî "â òå÷åíèå íåêîòîðîãî
âðåìåíè òåïëîâàÿ âîëíà "óñèëèâàåò" óäàðíóþ".

Òàêèì îáðàçîì, òî÷êà çðåíèÿ Áåëîâîé è Áû÷êîâà [5,6,1] î òîì, ÷òî
âîçíèêíîâåíèå õ.ê. îáóñëîâëåíî èñêëþ÷èòåëüíî âûñâå÷èâàíèåì ("â îòðûâå"
îò òåïëîâîé âîëíû) íå îñíîâàíà íà ìîäåëè Êîñòþê è Ïèêåëüíåðà [22]
(íàïîìíèì, ÷òî â [1] P

e
 = 0, F

c
 = 0, g = 0 è Q = 0). Ïî ýòîé ïðè÷èíå êðèòèêà

[5,6,1] ðàáîòû [7], âûïîëíåííîé [7,3] â ðàìêàõ ýòîé ìîäåëè, íåêîððåêòíà.

2.3. Êàöîâà è äð. [7], ññûëàÿñü íà ìîíîãðàôèþ [32], ïðèíèìàþò, ÷òî â
äîñòàòî÷íî ïëîòíûõ ñëîÿõ íåâîçìóùåííîé õðîìîñôåðû, ãäå îïòè÷åñêàÿ ãëóáèíà
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â ðåçîíàíñíîì ïåðåõîäå â àòîìå âîäîðîäà 6
кр 10  [7], íàñåëåííîñòè óðîâíåé

îïðåäåëÿþòñÿ ôîðìóëîé Áîëüöìàíà:

    , -exp4 1212 TfTEnn eV  (1)

çäåñü T
eV
 - òåìïåðàòóðà ãàçà, âûðàæåííàÿ â ýëåêòðîí-âîëüòàõ. Ïðè ýòîì [7]

ñòåïåíü èîíèçàöèè ïëàçìû He nnx  [7] è n2 íàõîäÿòñÿ â ðåçóëüòàòå ðåøåíèÿ
ñèñòåìû óðàâíåíèé (1) è (2):

, 2
2211  ~nqnnqnn eee (2)

ãäå q1 è q2 - êîýôôèöèåíòû èîíèçàöèè àòîìà ýëåêòðîííûì óäàðîì ñ óðîâíåé
"1" è "2", ~  - ïîëíûé êîýôôèöèåíò ñïîíòàííîé ôîòîðåêîìáèíàöèè íà âñå
óðîâíè çà èñêëþ÷åíèåì ïåðâîãî (ïðèáëèæåííûé ó÷åò ðàññåÿíèÿ L

c
 - èçëó÷åíèÿ).

Âåëè÷èíû n
H
 è T ñ÷èòàþòñÿ çàäàííûìè10.

Â ðàáîòå [7] ãîâîðèòñÿ î òîì, ÷òî ôóíêöèè íàãðåâà è îõëàæäåíèÿ (P
e
 è

L), êëàññè÷åñêèé òåïëîâîé ïîòîê F
c
, äàâëåíèå p è ýíåðãèÿ   âû÷èñëÿëèñü

"îäíîâðåìåííî ñî ñòåïåíüþ èîíèçàöèè âîäîðîäíîé ïëàçìû"11. Ïî ýòîé ïðè÷èíå,
ñ îäíîé ñòîðîíû, îòíîøåíèå n

e
 ê n

H
 â õ.ê. äîëæíî îïðåäåëÿòüñÿ èç ôîðìóë

(1) è (2), à ñ äðóãîé - îáåñïå÷èâàòü áàëàíñ [33] ìåæäó ïðèòîêîì ýíåðãèè îò
òåïëîâîé âîëíû ( aE 22

100  , ãäå a - ôóíêöèÿ îò E10 è n
H
 [34]) è

ïîòåðÿìè íà èçëó÷åíèå â ëèíèè H  ( HL ): "ïðîÿâëåíèå" âñïûøå÷íîãî ýëåìåíòà
Brown [31] â ìîäåëè [22].

Ñëåäóÿ [33], ïðîâåðèì âûïîëíåíèå ýòèõ óòâåðæäåíèé â [7]. Èñõîäèì èç
òîãî, ÷òî ñ íà÷àëà èìïóëüñíîãî íàãðåâà ïðîøëî 0.8 ñ (ôðîíòû òåïëîâîé è
óäàðíîé âîëí ðàçîøëèñü íå ñëèøêîì ñèëüíî); ñëîè ïëàçìû, ïðèìûêàþùèå
ê òåìïåðàòóðíîìó ñêà÷êó, íå ðàññìàòðèâàåì [33], ïîñêîëüêó â ýòîé ÷àñòè õ.ê.
äîëæíû èìåòü ìåñòî äâèæåíèÿ òèïà ðàñøèðåíèé "ââåðõ" [31].

Ðåøåíèå ñèñòåìû óðàâíåíèé (1) è (2) äàåò:        1
2111   TfqqTf~x ;

âèäíî, ÷òî  Txx   . Âåëè÷èíà 9000T  Ê [7] ( 780.TeV   ýÂ), ïîýòîìó
  11077 6  .Tf  (ò.å. n2 << n1) è 030.x  . Çäåñü, êàê è â [7,14] êîýôôèöèåíò

~  âû÷èñëÿëñÿ "ïî Ñèòîíó" (Seaton), íî q1 è q2 - ïî Johnson [35] ( 21 qq  )12.
Èç (1) è (2) òàêæå ïîëó÷àåì, ÷òî    Tfnxn H

 12 . Ëàãðàíæåâîé ïåðåìåííîé
20

1 10 ñì-2 ñîîòâåòñòâóåò 15106 Hn ñì-3 (ñì. ðèñ.1), îòêóäà 101054  .nH ñì-3.
Â ñâîþ î÷åðåäü [7]

      , 3070 11   P.Px.nP He (3)

10 Ñëåäóåò çàìåòèòü, ÷òî óðàâíåíèÿ (1) è (2) ïðîòèâîðå÷àò äðóã äðóãó: âìåñòî (2)
ñëåäóåò èñïîëüçîâàòü ôîðìóëó Ñàõà (êàê â [22]) â ïðåíåáðåæåíèè âëèÿíèåì ïîëÿ èçëó÷åíèÿ
ôîòîñôåðû êðàñíîãî êàðëèêà.

11 Â âåðõíèõ ñëîÿõ õðîìîñôåðû â ìîäåëè [7] âìåñòî âåëè÷èíû 
x  "áðàëàñü àíàëîãè÷íàÿ

âåëè÷èíà" x, îïðåäåëåííàÿ â ðàìêàõ ìîäåëè àòîìà "îäèí óðîâåíü + êîíòèíóóì".
12 Âîîáùå, â ïðåäñòàâëÿþùåì àñòðîôèçè÷åñêèé èíòåðåñ äèàïàçîíå T îò 10 

4
 Ê äî 

4102.5  Ê
qk ðàñòåò [36] ñ óâåëè÷åíèåì ãëàâíîãî êâàíòîâîãî ÷èñëà.
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ãäå  1P  - ôóíêöèÿ Ñûðîâàòñêîãî è Øìåëåâîé [34] (ò.í. ïîäõîä CEA [26]);
ïðè 3 , 20E  (E20 - âåðõíÿÿ ãðàíèöà ñïåêòðà óñêîðåííûõ ýëåêòðîíîâ),

  5150
100

53
10 2 ... aEFP    [34]. Çíà÷åíèå   9

11 1091  .P  ýðã/ñ. Èç (3)
îêîí÷àòåëüíî ïîëó÷àåì, ÷òî   He n.P 10

1 1016  .
Ñ äðóãîé ñòîðîíû, ïîòåðè ýíåðãèè íà èçëó÷åíèå â ëèíèè H  [7]:

Ry140 232H Hnqxn.L 
  ; ïîëàãàÿ 8

23 105 q  ñì3/ñ [35] (êîýôôèöèåíò âîçáóæ-
äåíèÿ àòîìà ýëåêòðîííûì óäàðîì), èìååì: Hn.L 10

H 1091 
   (âêëàä LL  íå

ó÷èòûâàåì [33], ïîñêîëüêó âåðîÿòíîñòü âûõîäà ðåçîíàíñíîãî ôîòîíà çà ïðåäåëû
õ.ê. ìàëà).

Îòñóòñòâèå ðàñõîæäåíèÿ ìåæäó  1eP  è HL  íà ïîðÿäêè âåëè÷èíû
ñëóæèò êîëè÷åñòâåííûì ïîäòâåðæäåíèåì òîãî, ÷òî ðàñ÷åòû [7], â îòëè÷èå îò
ðàñ÷åòîâ Áåëîâîé è Áû÷êîâà [1], â êîòîðûõ òåïëîâàÿ âîëíà èñêëþ÷åíà,
âûïîëíåíû [7,3] â ðàìêàõ ìîäåëè Êîñòþê è Ïèêåëüíåðà [22].

2.4. Àâòîðû [7] ïðîâîäÿò àíàëèç õàðàêòåðèñòèê èçëó÷åíèÿ õ.ê., ñ
èçìåíÿþùåéñÿ âî âðåìÿ èìïóëüñíîãî íàãðåâà òîëùèíîé (â ÷àñòíîñòè, ïðè

mz ), èñïîëüçóÿ ðåçóëüòàòû ðàñ÷åòîâ Ãðèíèíà è Ñîáîëåâà [11] äëÿ
íåïîäâèæíîãî îäíîðîäíîãî ïëîñêîãî ñëîÿ ÷èñòî âîäîðîäíîé ïëàçìû ñ ôóíêöèåé
èñòî÷íèêà  TBS   . Òàêèì îáðàçîì, Êàöîâà è äð. [7] ñòàâÿò â ñîîòâåòñòâèå
ïîëó÷åííûì "óïëîòíåíèÿì" "íàáîð" ïëîñêèõ ñëîåâ (ìãíîâåííûå ñíèìêè)13,
îäíîâðåìåííî "èñïðàâëÿÿ" x  íà ðàâíîâåñíóþ âåëè÷èíó eqx  ïðè ôèêñèðî-
âàííûõ n

H
, z  è T (íàñåëåííîñòè àòîìíûõ óðîâíåé ãàçà â õ.ê. ñîîòâåòñòâóþò

ôîðìóëå Áîëüöìàíà â ñèëó (1) è èçëîæåííûõ âûøå îñîáåííîñòåé ïîñòàíîâêè
çàäà÷è â [7]; ïðè 9000T K, 15102 Hn  ñì-3 è mz  150.xeq  ).

×èñëåííîå ðåøåíèå ñèñòåìû óðàâíåíèé áàëàíñà ýëåìåíòàðíûõ ïðîöåññîâ
[3] ïîêàçûâàåò [8], ÷òî â ïðåäåëàõ íåïîäâèæíîãî îäíîðîäíîãî ïëîñêîãî ñëîÿ
òîëùèíîé mz  ñ T

ai
 = T

e
 (â [7] - îñòûâøèé è ïîòîìó îäíîòåìïåðàòóðíûé

[8] ãàç ïîçàäè çîíû òåïëîâîé ðåëàêñàöèè) ìåíçåëîâñêèå ìíîæèòåëè ïëàçìû
ñëàáî îòëè÷àþòñÿ îò åäèíèöû (ò.å.  TBS   ): â ñèëó âûñîêîé ïëîòíîñòè
ãàçà, åãî íèçêîé òåìïåðàòóðû è áîëüøîé îïòè÷åñêîé ãëóáèíû â ñïåêòðàëüíûõ
ëèíèÿõ (äëÿ ðåçîíàíñíîãî ïåðåõîäà â öåíòðå ñëîÿ 7103 

L  - ñì. ôîðìóëû
(53) â [3]) ðàäèàöèîííûå ïðîöåññû îêàçûâàþòñÿ âòîðè÷íûìè [3] ïî ñðàâíåíèþ
ñ óäàðíûìè. Â ÷àñòíîñòè, ïðè êîíñåðâàòèâíîì ðàññåÿíèè ñðåäíÿÿ ïî ñëîþ
âåðîÿòíîñòü âûõîäà ðåçîíàíñíîãî êâàíòà çà ïðåäåëû ïëàçìû â ñëó÷àå
ñèììåòðè÷íîãî ìîäåëüíîãî ïðîôèëÿ ñïåêòðàëüíîé ëèíèè ñ äîïëåðîâñêèì
ÿäðîì è õîëüöìàðêîâñêèìè êðûëüÿìè 110 6  


~L  [3,15] (íàïîìíèì, ÷òî

âåëè÷èíà 


L , ïîëó÷åííàÿ ñ ïîìîùüþ ïðèáëèæåííîãî àíàëèòè÷åñêîãî ðåøåíèÿ

13 Ïðè òàêîì ïîäõîäå òåðÿåòñÿ èíôîðìàöèÿ î ðàñïðåäåëåíèè ïîëÿ ñêîðîñòåé â õ.ê.,
íàïðàâëåííûõ "êàê ââåðõ, òàê è âíèç" [22]; èãíîðèðóåòñÿ [33] äâèæåíèå ñëîåâ, ïîñòàâëåííûõ
[7] â ñîîòâåòñòâèå "óïëîòíåíèÿì", "âíèç".
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[37] óðàâíåíèÿ ïåðåíîñà èçëó÷åíèÿ, ïðè 1
L  îêàçûâàåòñÿ áëèçêà [38] ê

âåðîÿòíîñòè âûëåòà ôîòîíà çà ïðåäåëû ïëàçìû áåç ðàññåÿíèé èç öåíòðà
ñëîÿ). Èç ìàëîñòè 


L  òàêæå ñëåäóåò âòîðè÷íîñòü ó÷åòà äâèæåíèÿ ñëîÿ êàê

åäèíîãî öåëîãî ïî íàïðàâëåíèþ ê ôîòîñôåðå ïðè ðåøåíèè ñèñòåìû óðàâíåíèé
ñòàöèîíàðíîñòè [3] (íî íå ïðè ðàñ÷åòå ïðîôèëÿ ëèíèè H  [22,30]).

2.5. Â ñòàòüå Allred et al. [24] îòêëèê õðîìîñôåð Ñîëíöà è dMe çâåçä
íà èìïóëüñíûé íàãðåâ ïó÷êîì óñêîðåííûõ ýëåêòðîíîâ ìîäåëèðîâàëñÿ ïóòåì
ñîâìåñòíîãî ðåøåíèÿ óðàâíåíèé ðàäèàöèîííîé ãàçîâîé äèíàìèêè (ïëîñêî-
ïàðàëëåëüíîå ïðèáëèæåíèå; 0g ), óðàâíåíèé äëÿ íåñòàöèîíàðíûõ [39]
íàñåëåííîñòåé àòîìíûõ óðîâíåé è óðàâíåíèÿ ïåðåíîñà èçëó÷åíèÿ. Äëÿ îáñóæ-
äàåìûõ çäåñü âîïðîñîâ âàæåí òîò ôàêò [23], ÷òî ïðè ïîòîêàõ ýíåðãèè F0

ðàâíûõ 11105   ýðã/ñì2
 ñ (ñîëíå÷íàÿ õðîìîñôåðà) è 1013

 ýðã/ñì2
 ñ (ñëó÷àé dMe

çâåçä; äàëåå ïî òåêñòó - ìîäåëü F13), íàñåëåííîñòè âîäîðîäíûõ óðîâíåé â
õðîìîñôåðíûõ êîíäåíñàöèÿõ ÷åðåç íåêîòîðîå âðåìÿ (ñì. òàáë.2 â [23]) ïîñëå
íà÷àëà èìïóëüñíîãî íàãðåâà áëèçêè ê ËÒÐ-çíà÷åíèÿì çà èñêëþ÷åíèåì ñàìîé
âåðõíåé ÷àñòè (òîëùèíîé ~1 êì) êàæäîé êîíäåíñàöèè (çîíà ïîçàäè ôðîíòà
íåñòàöèîíàðíîé óäàðíîé âîëíû), ãäå íàñåëåííîñòè óðîâíåé ñ k = 1, 2 çíà÷èòåëüíî
îòêëîíÿþòñÿ îò ñâîèõ ðàâíîâåñíûõ âåëè÷èí)14.

Ñ ôèçè÷åñêîé òî÷êè çðåíèÿ ýòè ðåçóëüòàòû îáóñëîâëåíû:
à) ó÷åòîì â çàêîíå ñîõðàíåíèÿ [24] âíóòðåííåé ýíåðãèè ãàçà: äèâåðãåíöèè

ïîòîêà èçëó÷åíèÿ zFr   ( z  - âûñîòà, ðàññ÷èòàííàÿ íà åäèíèöó ìàññû),
ìîùíîñòè íàãðåâà ïëàçìû ïó÷êîì íåòåïëîâûõ ýëåêòðîíîâ (âõîäÿùåé ñ ïðîòèâî-
ïîëîæíûì çíàêîì), îáåñïå÷èâàþùèõ âûïîëíåíèå óñëîâèÿ òåïëîâîãî áàëàíñà,
è äèâåðãåíöèè ïîòîêà òåïëîïðîâîäíîñòè (òîò æå çíàê, ÷òî è ó zFr  );

á) áîëüøîé ïëîòíîñòüþ [23] ãàçà â õðîìîñôåðíûõ êîíäåíñàöèÿõ, èõ
çàìåòíîé ãåîìåòðè÷åñêîé òîëùèíîé (~ íåñêîëüêèõ äåñÿòêîâ êì ïî âåðòèêàëè
[23]) è ñðàâíèòåëüíî íåâûñîêîé T ïëàçìû ïîä òåïëîâîé âîëíîé (â ìîäåëè
F13 T ~ 104

 K [23]).
Íåïîäâèæíûé îäíîðîäíûé ïëîñêèé ñëîé òîëùèíîé mz  ñ 15102 Hn ñì-3,
9300T K ñîçäàåò èçëó÷åíèå ñ îïòè÷åñêîé ãëóáèíîé íà äëèíå âîëíû 4170Å

0204170 .  [3,8]. Ñ äðóãîé ñòîðîíû, â [23], ñïóñòÿ 2 ñ ïîñëå íà÷àëà íàãðåâà
(ðàñ÷åò ñ F0 = 1013

 ýðã/ñì2
 ñ, 3 , E10 = 37 êýÂ), 504170 .  â (íèæíåé ÷àñòè)

õ.ê. òîëùèíîé ~20 êì ñ 15105 
maxen  ñì-3 è T ~ 104

 K.
Òàêèì îáðàçîì, âûâîä [8] î ïðîçðà÷íîñòè ãàçà â ñëîå ñ ïàðàìåòðàìè,

ñîîòâåòñòâóþùèìè õ.ê. [7] (ìîäåëü F12), íå ïðîòèâîðå÷èò ðåçóëüòàòàì [23],
ïîëó÷åííûì â ðàìêàõ ãàçîäèíàìè÷åñêîãî ìîäåëèðîâàíèÿ, ó÷èòûâàþùåãî
íåñòàöèîíàðíîñòü íàñåëåííîñòåé àòîìíûõ óðîâíåé â ÿâíîì âèäå, è ïîòîìó

14 Çàìåòèì, ÷òî îïðåäåëåíèå õ.ê., äàííîå â [9], îòëè÷àåòñÿ îò èñïîëüçóåìîãî â ðàáîòå [23].
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ÿâëÿåòñÿ ïîëîæèòåëüíûì15.

3. Óäàðíî-âîëíîâàÿ ìîäåëü çâåçäíûõ âñïûøåê. Õàðàêòåðíîå âðåìÿ
ðåêîìáèíàöèîííîãî âûñâå÷èâàíèÿ îïòè÷åñêè òîíêîãî ãàçà ïîçàäè ôðîíòà
ñòàöèîíàðíîé óäàðíîé âîëíû (îäíîé èç "íàáîðà" âîëí â ïîäõîäå [1]):

  , 1 er n~t (4)

ãäå   - êîýôôèöèåíò ñïîíòàííîé ôîòîðåêîìáèíàöèè, ïðîñóììèðîâàííûé
ïî óðîâíÿì ñ k = 2, …, k

max
 (âåëè÷èíà k

max
 îïðåäåëåíà ñ ïîìîùüþ êðèòåðèÿ

Èíãëèñà-Òåëëåðà). Îòêóäà ïðè n
e
 = 1014

 ñì-3, T
e
 = 104

 K, èñïîëüçóÿ ïðèáëèæåíèå
Êðàìåðñà, ïîëó÷àåì: 2104 rt  ñ.

Ñ äðóãîé ñòîðîíû, âðåìÿ "ýâîëþöèè" õ.ê. [7] (âûñâåòèâøèéñÿ ãàç ïîä
òåïëîâîé âîëíîé) 9ht  ñ (ñì. ðèñ.1), ÷òî ñîïîñòàâèìî ñ äëèòåëüíîñòüþ âñåãî
èìïóëüñíîãî íàãðåâà - 10 ñ. Áîëåå òîãî, ïîñëå ïðåêðàùåíèÿ íàãðåâà (t > 10 ñ)
óäàðíàÿ âîëíà [7] áûñòðî çàòóõàåò [9]. Ñëåäîâàòåëüíî, âðåìÿ ñóùåñòâîâàíèÿ
è ãëóáèíà ïðîíèêíîâåíèÿ â õðîìîñôåðó íåñòàöèîíàðíîé óäàðíîé âîëíû,
ïðåæäå âñåãî, îïðåäåëÿþòñÿ íàëè÷èåì ïðèòîêà ýíåðãèè îò óñêîðåííûõ
ýëåêòðîíîâ (÷åðåç òåïëîâóþ âîëíó), ò.å. äëèòåëüíîñòüþ èìïóëüñíîãî íàãðåâà
[4,7]. Âñïîìèíàÿ, ÷òî ïðîäîëæèòåëüíîñòü ëèíåé÷àòîé ýìèññèè âî âñïûøêàõ
ñîñòàâëÿåò îò íåñêîëüêèõ ìèíóò è äîëüøå [41], è ó÷èòûâàÿ, ÷òî âñïûøêà
ñîñòîèò èç "íàáîðà" ýëåìåíòàðíûõ ñîáûòèé (íàïðèìåð, [20]), ïîëó÷àåì, ÷òî
t
h

 ~ 10 ñ ÿâëÿåòñÿ õîðîøèì ñîãëàñèåì òåîðèè è íàáëþäåíèé. Òàêèì îáðàçîì,
â îòñóòñòâèå ïîñòîÿííîãî ïðèòîêà ýíåðãèè èçâíå "íàáîð" óäàðíûõ âîëí [1]
íå ìîæåò ñóùåñòâîâàòü â òå÷åíèå äëèòåëüíîãî âðåìåíè.

Íàêîíåö, óìíîæàÿ t
r
 íà u0 = 100 êì/ñ, ïðèõîäèì ê òîìó, ÷òî çà âðåìÿ

âûcâå÷èâàíèÿ ñîîòâåòñòâóþùàÿ óäàðíàÿ âîëíà [1] ïðîõîäèò ïóòü 4  êì.
Ñëåäîâàòåëüíî, "íàáîð" óäàðíûõ âîëí [1] íå ïîçâîëÿåò íàãðåòü õðîìîñôåðó
êðàñíîãî êàðëèêà íà çíà÷èòåëüíûõ ðàññòîÿíèÿõ.

Ïî ýòèì ïðè÷èíàì, íåëüçÿ ñîãëàñèòüñÿ ñ óòâåðæäåíèåì Áåëîâîé è Áû÷êîâà
[1] î òîì, ÷òî "ìîäåëü óäàðíîé âîëíû, ðàñïðîñòðàíÿþùåéñÿ â ãàçå õðîìîñôåðû,
ìîæåò áûòü ïðèìåíèìà ïðè îáúÿñíåíèè … ñâå÷åíèÿ (âñïûøå÷íîé) âîäîðîäíîé
ïëàçìû ïðîçðà÷íîé â ÷àñòîòàõ íåïðåðûâíîãî ñïåêòðà". Ïðîçðà÷íûé â êîíòèíóóìå
êîìïîíåíò èçëó÷åíèÿ çâåçäíûõ âñïûøåê, â îñíîâíîì, ôîðìèðóåòñÿ â õ.ê., à
íå òîëüêî [1] â çîíå ðåëàêñàöèè ïëàçìû çà ôðîíòîì íåñòàöèîíàðíîé óäàðíîé
âîëíû ê ñîñòîÿíèþ òåïëîâîãî ðàâíîâåñèÿ.

Îáðàòèì âíèìàíèå íà òî, ÷òî ïðèâåäåííûå çàìå÷àíèÿ ïðîòèâ ïîäõîäà [1]
èçâåñòíû â íàó÷íîé ëèòåðàòóðå [4,10,42] ïðèìåíèòåëüíî ê êèíåìàòè÷åñêîé

15 Íà íåñîîòâåòñòâèå óòâåðæäåíèé ðàáîòû [14] î ïðèðîäå áåëûõ âñïûøåê íà dMe çâåçäàõ
ðåçóëüòàòàì RADYN â ÷àñòè âåëè÷èíû èñïîëüçóåìîãî ïîòîêà ýíåðãèè F0 âïåðâûå îáðàòèë
âíèìàíèå Kowalski [40].
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ìîäåëè ñîëíå÷íûõ âñïûøåê (Nakagawa et al. [25]), â êîòîðîé ïðåäïîëàãàåòñÿ,
÷òî ïî õðîìîñôåðå ðàñïðîñòðàíÿåòñÿ "íàáîð" ñòàöèîíàðíûõ óäàðíûõ âîëí,
íàãðåâàþùèõ è ñæèìàþùèõ ãàç, è, òåì ñàìûì, óñèëèâàþùèõ ñâå÷åíèå H
[22] ( 0g , îäíîòåìïåðàòóðíûé íàãðåâ çà ôðîíòîì - T

ai
 = T

e
, ôóíêöèÿ

îõëàæäåíèÿ, çàâèñÿùàÿ îò T ñòåïåííûì îáðàçîì). Ôàêòè÷åñêè, ðàñ÷åòû [1]
ïðåäñòàâëÿþò ðàçâèòèå ìîäåëè [25] è åå ïðèìåíåíèå ê dMe çâåçäàì, à
èìåííî: èçó÷åíèå èçëó÷àòåëüíîãî îòêëèêà õðîìîñôåðû êðàñíîãî êàðëèêà íà
èìïóëüñíûé íàãðåâ â ïðîñòåéøåé ãàçîäèíàìè÷åñêîé ïîñòàíîâêå çàäà÷è
(òåïëîâàÿ âîëíà èñêëþ÷åíà, èñïîëüçîâàí ñòàöèîíàðíûé ïîäõîä [28]).

Â ðàáîòàõ Canfield & Athay [43], Êîñòþê è Ïèêåëüíåðà [22] óêàçûâàëîñü
íà íåñîîòâåòñòâèå ïðîôèëÿ ëèíèè H  â ìîäåëè [25] äàííûì íàáëþäåíèé:
ñîãëàñíî ðàñ÷åòàì [43], êîíòóð "èìååò ñèëüíîå è ñìåùåííîå îáðàùåíèå â
öåíòðå, òàê ÷òî àâòîðàì [43] ïðèõîäèòñÿ ïðåäïîëàãàòü òóðáóëåíòíûå äâèæåíèÿ
ñî ñêîðîñòÿìè 40-70 êì/ñ" [22]. Ñ ôèçè÷åñêîé òî÷êè çðåíèÿ ýòè äåôåêòû
êîíòóðà îáóñëîâëåíû, ñ îäíîé ñòîðîíû, áîëüøîé îïòè÷åñêîé ãëóáèíîé â
öåíòðå ÿäðà ëèíèè H , à ñ äðóãîé - çàìåòíîé ñêîðîñòüþ ãàçà ïîçàäè ôðîíòà
ñòàöèîíàðíîé óäàðíîé âîëíû â ëàáîðàòîðíîé ñèñòåìå îòñ÷åòà: 01 750 u.u 
(âûñâå÷èâàíèå íå ó÷èòûâàåì). Òàêèì îáðàçîì, ïðîôèëè ëèíèé H  â ïîäõîäå
[1] ïðîòèâîðå÷àò äàííûì íàáëþäåíèé16.

Àâòîðû [22] òàêæå îòìå÷àëè, ÷òî â èõ ïîäõîäå êîíòóð H  ïðåäñòàâëÿåò
"êîìáèíàöèþ" [22] ïðîôèëÿ, ñîîòâåòñòâóþùåãî ãàçó ïîä òåïëîâîé âîëíîé
(ìîäåëü Brown [31]) - ñèììåòðè÷íûé êîíòóð ñ ãëóáîêèì îáðàùåíèåì â
öåíòðå [44], è ïðîôèëÿ ëèíèè â êèíåìàòè÷åñêîé ìîäåëè [25]; ïðè÷åì,
ïîñêîëüêó "ìàêñèìóì îäíîãî ïðîôèëÿ íàêëàäûâàåòñÿ íà ìèíèìóì äðóãîãî,
… ñèëüíîãî îáðàùåíèÿ íå ïîëó÷èòñÿ" [22]. Äðóãèìè ñëîâàìè, ëèíèÿ H
áóäåò èìåòü ñèììåòðè÷íîå ÿäðî ñ íåãëóáîêèì "ïðîâàëîì" â öåíòðå è êðàñíóþ
àñèììåòðèþ êðûëüåâ [45].

Èç ñêàçàííîãî âûøå ñëåäóåò, ÷òî ìîäåëü Êîñòþê è Ïèêåëüíåðà [22],
ëåæàùàÿ â îñíîâå ñîâðåìåííûõ ãàçîäèíàìè÷åñêèõ ïðîãðàììíûõ ïàêåòîâ,
ìîäåëèðóþùèõ âòîðè÷íûå ïðîöåññû â ñîëíå÷íûõ è çâåçäíûõ âñïûøêàõ, â
ïðèíöèïå íå äîïóñêàåò "ðàçäåëåíèÿ" (Áåëîâà è Áû÷êîâ [1]) íà "òåïëîâóþ"
è "óäàðíî-âîëíîâóþ" ñîñòàâëÿþùèå: â ïðîòèâíîì ñëó÷àå îíà "âûðîæäàåòñÿ"
â ìîäåëü Nakagawa et al. [25]. Â ýòîì ñîñòîèò îñíîâíàÿ òðóäíîñòü.

Òåì íå ìåíåå, ðàñ÷åò ïðîôèëåé ñòàöèîíàðíûõ óäàðíûõ âîëí ñ âûñâå÷è-
âàíèåì ïðåäñòàâëÿåò èíòåðåñ [15] ñ òî÷êè çðåíèÿ îáîñíîâàíèÿ âçãëÿäîâ [11]
íà ïðèðîäó ãîëóáîãî êîìïîíåíòà îïòè÷åñêîãî êîíòèíóóìà â ìàêñèìóìå áëåñêà

16 Îïòè÷åñêàÿ ãëóáèíà â ðåçîíàíñíîì ïåðåõîäå â îáëàñòè âûñâå÷èâàíèÿ ãàçà ïîçàäè ôðîíòà
óäàðíîé âîëíû [1], ðàñïðîñòðàíÿþùåéñÿ ñî ñêîðîñòüþ u0 = 60 êì/ñ, 

710~L
  [3] (âåëè÷èíà


L  îòñ÷èòûâàåòñÿ îò âÿçêîãî ñêà÷êà).
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ìîùíûõ âñïûøåê dMe çâåçä, ïîñêîëüêó èìåííî â çîíå òåïëîâîé ðåëàêñàöèè
ïðîèñõîäèò ðåçêîå óâåëè÷åíèå êîíöåíòðàöèè ïëàçìû n

H
 çà ñ÷åò âûñâå÷èâàíèÿ.

Âûâîä ñòàòüè [8] î íåâîçìîæíîñòè ãåíåðàöèè (êâàçè-)ïëàíêîâñêîãî èçëó÷åíèÿ
âñïûøåê ãàçîì çà ôðîíòîì îäíîé èç "íàáîðà" óäàðíûõ âîëí [1] (ñêîðîñòü
u0 = 60 êì/ñ) â óñëîâèÿõ õðîìîñôåð êðàñíûõ êàðëèêîâûõ çâåçä îñíîâàí íà
âåëè÷èíàõ îïòè÷åñêîé ãëóáèíû â ëèíèè L  (~107 [3]) è êîíöåíòðàöèè àòîìîâ
âîäîðîäà íà îñíîâíîì óðîâíå ( 16102   ñì-3 - ãèïîòåòè÷åñêèé ðåæèì ñèëüíîãî
ðàäèàöèîííîãî îõëàæäåíèÿ) â îáëàñòè âûñâå÷èâàíèÿ ãàçà. Ýòîò âûâîä íå
èñïîëüçóåò ïðèáëèæåíèå ñòàöèîíàðíûõ íàñåëåííîñòåé çà ôðîíòîì óäàðíîé
âîëíû, à ïîòîìó êîððåêòåí. Òåïåðü îí ïîäòâåðæäåí [1] ïðÿìûì ðàñ÷åòîì17.

4. Äîïîëíèòåëüíûå çàìå÷àíèÿ. Ïîä÷åðêíåì, ÷òî â îòëè÷èå îò ñòàòåé
[11,8] â ðàáîòàõ [46,23] èíòåðïðåòèðóþòñÿ íå òîëüêî ãîëóáîé, íî è NUV
êîìïîíåíòû íåïðåðûâíîãî ñïåêòðà â èìïóëüñíîé ôàçå çâåçäíûõ âñïûøåê, à
òàêæå ðàñïðåäåëåíèå ýíåðãèè â äèàïàçîíå äëèí âîëí 3646-3730Å . Äëÿ ýòîãî
Kowalski [46] èñïîëüçóåò "ñîñòàâíóþ" ìîäåëü âîçìóùåííîé õðîìîñôåðû
êðàñíîãî êàðëèêà, âêëþ÷àþùóþ õ.ê. (ïîòîê F13) è ñòàöèîíàðíûå ñëîè ñ
T ~ 9000-12000 K òîëùèíîé íåñêîëüêî ñîòåí êì, ðàñïîëîæåííûå ïåðåä ôðîíòîì
íåñòàöèîíàðíîé óäàðíîé âîëíû. Ýòè ñëîè íàãðåâàþòñÿ [23] âûñîêîýíåðãè÷íûìè,
E

e
 >> E10, ýëåêòðîíàìè èç ïó÷êà ñ ïàäàþùèì ñòåïåííûì ñïåêòðîì - ìåõàíèçì,

îòìå÷åííûé â [22].
Òðóäíîñòè ïîäõîäà F13, îáóñëîâëåííûå ò.í. ïðîáëåìîé îáðàòíîãî òîêà

(íàïðèìåð, [19]), îòìå÷åíû â [23]. Êðîìå òîãî, ÷èñëî ýëåêòðîíîâ ñ E
e
 >> E10

= 37 êýÂ [46] çíà÷èòåëüíî ìåíüøå, ÷åì ñ êèíåòè÷åñêîé ýíåðãèåé âáëèçè E10.
Ïî ìíåíèþ àâòîðîâ [23] ñòàöèîíàðíûå ñëîè ìîãóò âíîñèòü çíà÷èòåëüíûé

âêëàä â íåïðåðûâíûé ñïåêòð âñïûøåê, åñëè îïòè÷åñêàÿ ãëóáèíà â õ.ê. <<1.
ßñíî, ÷òî ýòà òî÷êà çðåíèÿ îòëè÷àåòñÿ îò èçëîæåííîé â ðàáîòàõ [11,8]. Â òî
æå âðåìÿ èç ñðàâíåíèÿ òåîðåòè÷åñêèõ (äëÿ ðàçëè÷íûõ ìåõàíèçìîâ èçëó÷åíèÿ)
è íàáëþäàåìûõ ïîêàçàòåëåé öâåòà ñëåäóåò [47], ÷òî íàèëó÷øåå ñîãëàñèå äîñòèãàåòñÿ
äëÿ êîìáèíàöèè "êîðîòêîæèâóùåãî (êâàçè-)÷åðíîòåëüíîãî èçëó÷åíèÿ âáëèçè
ìàêñèìóìîâ âñïûøêè è äîëãîæèâóùåãî èçëó÷åíèÿ âîäîðîäíîé ïëàçìû ñ
òåìïåðàòóðàìè è ïëîòíîñòÿìè íåñêîëüêî âûøå, ÷åì â íåâîçìóùåííîé õðîìîñôåðå".

Áåëîâà è Áû÷êîâ [1] ïîëàãàþò, ÷òî ïðîèçâåäåííûå èìè ðàñ÷åòû "… íå
ïîäòâåðæäàþò âûäâèíóòóþ â [7] ãèïîòåçó ÿðêîé îïòè÷åñêè ïëîòíîé â
êîíòèíóóìå "õðîìîñôåðíîé êîíäåíñàöèè", îáðàçóþùåéñÿ âî âðåìÿ âñïûøêè
çà ñ÷åò âûñâå÷èâàíèÿ ãàçà". Êàê óæå îòìå÷àëîñü, îáëàñòÿì ïîçàäè ôðîíòîâ

17 Ñëåäóåò, îäíàêî, ïðåäîñòåðå÷ü îò ïîïûòêè òðàêòîâàòü ðàáîòó [1] êàê âû÷èñëåíèå
óñîâåðøåíñòâîâàííîé ôóíêöèè îõëàæäåíèÿ, êîòîðàÿ ìîæåò áûòü èñïîëüçîâàíà â ïîëíîé
ñèñòåìå ãàçîäèíàìè÷åñêèõ óðàâíåíèé [7] âìåñòî ñîîòâåòñòâóþùåé ôóíêöèè L(T): òåîðèÿ
ñòàöèîíàðíûõ óäàðíûõ âîëí ñ âûñâå÷èâàíèåì ïðåäñòàâëÿåò ñîáîé ñàìîñòîÿòåëüíîå íàïðàâëåíèå
ðàäèàöèîííîé ãàçîâîé äèíàìèêè.
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ñòàöèîíàðíûõ óäàðíûõ âîëí [1] â ìîäåëè [7] ôîðìàëüíî ñîîòâåòñòâóþò çîíû
ðåëàêñàöèè ïëàçìû ê ñîñòîÿíèþ òåïëîâîãî ðàâíîâåñèÿ (ñì. ðèñ.1), à íå
ïëîòíûé õîëîäíûé ãàç ïîä òåïëîâîé âîëíîé (õ.ê. òîëùèíîé mz ). Ïî ýòîé
ïðè÷èíå ðàñ÷åòû [1] íå ìîãóò ñëóæèòü çàìåíîé àíàëèçà [8] õàðàêòåðèñòèê
íåïðåðûâíîãî îïòè÷åñêîãî èçëó÷åíèÿ ñëîÿ ñ ïàðàìåòðàìè, ñîîòâåòñòâóþùèìè
"óïëîòíåíèþ" [7], ðàâíî êàê íå ìîãóò äîïîëíèòü ðàçáîð [15,13] îøèáîê,
äîïóùåííûõ Êàöîâîé [48], â ñòàòüÿõ [7,14].

5. Äèñêóññèÿ. Àíàëèç, âûïîëíåííûé âî âòîðîì è òðåòüåì ðàçäåëàõ
íàñòîÿùåé ñòàòüè, ïîçâîëÿåò áîëåå äåòàëüíî, ÷åì â [8,13], îáñóäèòü îñîáåííîñòè
ïîñòàíîâêè çàäà÷è â ðàáîòå [3] è ïîëó÷åííûå â íåé ðåçóëüòàòû. Àâòîðàìè [3]
âû÷èñëåí ñïåêòð èçëó÷åíèÿ îäíîðîäíîãî ïëîñêîãî ñëîÿ ÷èñòî âîäîðîäíîé
ïëàçìû ñ eai TT  , ïðîøåäøåãî ÷åðåç ôðîíò ñòàöèîíàðíîé óäàðíîé âîëíû
(îäíîé èç "íàáîðà" âîëí â ïîäõîäå [1]). Ñëîé ñ÷èòàëñÿ íåïîäâèæíûì, ïîñêîëüêó
ãàç ïîçàäè ôðîíòà äâèæåòñÿ ñ äîçâóêîâîé ñêîðîñòüþ îòíîñèòåëüíî âÿçêîãî
ñêà÷êà; ïðåêóðñîð íå ó÷èòûâàëñÿ. Ôèçè÷åñêèå ïàðàìåòðû ñëîÿ (âåëè÷èíû T

ai
,

T
e
 è 


L ) ïîäáèðàëèñü, èñõîäÿ èç ðåçóëüòàòîâ ðàñ÷åòà [17] ïðîôèëÿ ñòàöèîíàðíîé

óäàðíîé âîëíû ñ âûñâå÷èâàíèåì äëÿ óñëîâèé àòìîñôåð ïåðåìåííûõ çâåçä òèïà
o Cet (êîíöåíòðàöèÿ ãàçà ïåðåä ôðîíòîì n0 = 1012

 ñì-3, u0 = 60 êì/ñ); ðàññìàòðèâàëñÿ
äèàïàçîí âåëè÷èí n

H
 îò 14103   ñì-3 äî 16103   ñì-3.

Â ðàáîòå [3] èçó÷àëîñü ïðèíöèïèàëüíîå âëèÿíèå íåðàâåíñòâà [2] àòîìíî-
èîííîé è ýëåêòðîííîé òåìïåðàòóð ïëàçìû çà ôðîíòîì íà ôîðìèðîâàíèå
ñïåêòðà èçëó÷åíèÿ òàêîãî ñëîÿ. Îáðàòèì âíèìàíèå íà òî, ÷òî ñ òî÷êè çðåíèÿ
òåîðèè ñòàöèîíàðíûõ óäàðíûõ âîëí ñ âûñâå÷èâàíèåì ïðîèçâåäåííûå ðàñ÷åòû
íîñÿò àáñòðàêòíûé õàðàêòåð: îá ýòîì ñâèäåòåëüñòâóþò íåèçìåííîñòü âåëè÷èí
àòîìíî-èîííîé è ýëåêòðîííîé òåìïåðàòóð â ïðåäåëàõ ñëîÿ [3] è ðåøåíèå
óðàâíåíèé áàëàíñà ýëåìåíòàðíûõ ïðîöåññîâ äëÿ íàñåëåííîñòåé àòîìíûõ óðîâíåé.

Àâòîðîì [8] îáîñíîâàíî, ÷òî ðåçóëüòàòû ñòàòüè [3] ñïðàâåäëèâû è â
îäíîòåìïåðàòóðíîì ñëó÷àå, ò.å. ïðè T

ai
 = T

e
.18 Â ÷àñòíîñòè, îñòàþòñÿ íåèç-

ìåííûìè: à) ôîðìóëà (71), âûðàæàþùàÿ ïîëíóþ èíòåíñèâíîñòü èçëó÷åíèÿ
â ëèíèÿõ ñåðèè Áàëüìåðà ñ ó÷åòîì òîãî, ÷òî ïðè îïðåäåëåííûõ ñìåùåíèÿõ
÷àñòîòû îò öåíòðàëüíîé êðûëüÿ ëèíèé "ïîãðóæàþòñÿ" (Eason et al. [20]) â
êîíòèíóóì (ïðè ýòîì àñèììåòðèåé êðûëüåâ äëÿ ïðîñòîòû ïðåíåáðåãàëîñü); á)
êðèòåðèé ïðèìåíèìîñòè â ðàñ÷åòàõ ñèììåòðè÷íîãî ìîäåëüíîãî ïðîôèëÿ ñ
äîïëåðîâñêèì ÿäðîì è õîëüöìàðêîâñêèìè êðûëüÿìè (óðàâíåíèå (49) â [3]).

Ïîä÷åðêíåì, ÷òî õ.ê. â ìîäåëè [7] - îäíîòåìïåðàòóðíûé ñëîé (õîëîäíûé
âûñâåòèâøèéñÿ ãàç ïîä òåïëîâîé âîëíîé) è äâóõòåìïåðàòóðíûé ñëîé [3]

18 Ñàì ôàêò ãåíåðàöèè îäíîðîäíûì ñëîåì [3] íåïðåðûâíîãî ñïåêòðà áëèçêîãî ê ÷åðíîòåëüíîìó
(ñì. ðèñ.2 â [3]) ñâèäåòåëüñòâóåò î òîì, ÷òî íåèçîòåðìè÷íîñòü ïëàçìû [2,3] (íåðàâåíñòâî
Tai è Te ) íå îêàçàëà ñóùåñòâåííîãî âëèÿíèÿ íà ôîðìèðîâàíèå ñïåêòðà èçëó÷åíèÿ òàêîãî ñëîÿ.
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"îáúåäèíÿåò" ëèøü ôîðìàëüíàÿ áëèçîñòü âåëè÷èíû mz  ê 2l , èëè òîëùèíå
ñëîÿ [3] ðàâíîé 10 êì.

Àâòîð ñ÷èòàåò íåîáõîäèìûì âíåñòè ðÿä èñïðàâëåíèé è óòî÷íåíèé â
æóðíàëüíóþ âåðñèþ ðàáîòû [8] (â ò.÷. ñ ó÷åòîì áîëåå äåòàëüíîãî, ÷åì â [7]
èçëîæåíèÿ îòäåëüíûõ âîïðîñîâ, ñîäåðæàùèõñÿ â ñòàòüå [9]). Ýòè èçìåíåíèÿ
íàïðàâëåíû íà ïðèâåäåíèå [8] â ñîîòâåòñòâèå ñ âàðèàíòîì [13]. À èìåííî,
íóæíî: à) èñêëþ÷èòü óêàçàíèå íà àäèàáàòè÷åñêèé õàðàêòåð íåñòàöèîíàðíîé
óäàðíîé âîëíû â ðàñ÷åòàõ [7], îáóñëîâëåííîå áóêâàëüíûì òîëêîâàíèåì ðåæèìà
ðàñïðîñòðàíåíèÿ òåïëà ñ äîçâóêîâîé ñêîðîñòüþ [27] (òåìïåðàòóðíàÿ âîëíà II
ðîäà); á) ôðàçó "ñëåäóåò ïðèçíàòü íåôèçè÷íûì" èçìåíèòü íà "íå ñîãëàñóåòñÿ
ñ ëèíåéíûìè ðàçìåðàìè çâåçäíûõ âñïûøåê â ìàêñèìóìå áëåñêà [10]"; â) òðåòüå
ïðåäëîæåíèå ïîñëåäíåãî àáçàöà ðàçäåëà 4 ÷èòàòü ñëåäóþùèì îáðàçîì: "Îäíàêî,
ñ òî÷êè çðåíèÿ ëàáîðàòîðíîãî íàáëþäàòåëÿ ñêîðîñòü äâèæåíèÿ ãàçà ðàâíà
u0 - u(t), ãäå u(t) - ñêîðîñòü ïëàçìû, îòòåêàþùåé îò âÿçêîãî ñêà÷êà; t - âðåìÿ,
ïðîøåäøåå ñ ìîìåíòà ïåðåñå÷åíèÿ ôðîíòà äàííûì ñëîåì ãàçà"; ã) èñêëþ÷èòü
àáçàöû, ñîäåðæàùèå îáñóæäåíèå êðèòè÷åñêîãî çàìå÷àíèÿ Fisher et al. [42] â
îòíîøåíèè ðàáîòû [14], ïðèçíàâ êðèòèêó [42] ôîðìàëüíîé.

Àâòîð ïðèíîñèò áëàãîäàðíîñòü ä.ô.-ì.í. Þ.À.Ôàäååâó è ä.ô.-ì.í. Í.Í.×óãàþ
çà ïîëåçíûå çàìå÷àíèÿ, ñäåëàííûå ïðè îáñóæäåíèè îñíîâíûõ ðåçóëüòàòîâ
ðàáîò [3,8] è äèññåðòàöèè [15] âî âðåìÿ àñòðîôèçè÷åñêîãî ñåìèíàðà Èíñòèòóòà
àñòðîíîìèè ÐÀÍ (ÈÍÀÑÀÍ).

ÌÃÓ èì. Ì.Â.Ëîìîíîñîâà, Ôèçè÷åñêèé ôàêóëüòåò, Ìîñêâà,
Ðîññèÿ, e-mail: morchenko@physics.msu.ru

ON THE ISSUE OF THE OPTICAL RADIATION ORIGIN
DURING IMPULSIVE PHASE OF FLARES ON dMe

STARS. I. DISCUSSION OF GAS DYNAMIC MODELS

E.S.MORCHENKO

Amid published criticism, applying a stationary homogeneous plane layer of
fully hydrogen plasma in the almost local thermodynamic equilibrium (LTE) is
justified by the author for an analysis of the emission's characteristics of a
chromospheric condensation with a thickness of 10 mz  km in the gas-dynamic
model of stellar flares. It is shown that the shock-wave model proposed by Belova
& Bychkov, in contrast to the Kostyuk-Pikel'ner's model, has unrecoverable
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internal flaws caused by the exception of the interaction between a thermal wave
(temperature jump) and a non-stationary radiative shock wave. In particular, this
model: (a) does not make it possible to increase the geometric thickness of a
chromospheric condensation owing to the thermal and shock waves fronts separated
from each other during impulsive heating; (b) cannot heat up the chromosphere
of a red dwarf at significant distances; (ñ) predicts H  line profiles that contradict
observational data. It is argued that: (a) shock-wave model by Belova & Bychkov
represents the improvement of the kinematic model of solar flares (Nakagawa et
al.) and its application to dMe stars, namely: the study of radiative response of
the red dwarf chromosphere to impulsive heating for the simplest gas-dynamic
formulation of the problem (heat wave is excluded, stationary approach is used);
(b) the regions behind the fronts of stationary radiative shock waves from the point
of view of the Kostyuk-Pikel'ner's model correspond not to chromospheric
condensation, with the thickness changing during impulsive heating, but to the
zones of the plasma relaxation to the thermal equilibrium. Attention is focused
on the fundamental impossibility of disconnection the Kostyuk-Pikel'ner's model
into "thermal" and "shock-wave" components.

Key words: red dwarf stars: flares: impulsive heating: gas dynamic models: optical
  radiation
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Ïðèíÿòà ê ïå÷àòè 18 äåêàáðÿ 2019

Ïðîâåäåíû èññëåäîâàíèÿ ÷åòûðåõ ñîëíå÷íûõ àêòèâíûõ ðåãèîíîâ (ÀÐ). Íàáëþäàòåëüíûå
äàííûå áûëè ïîëó÷åíû èç SDO/HMI ìàãíèòîãðàìì ïðÿìîé âèäèìîñòè sharp_cea_720s.
Äàííûå êàæäîãî ÀÐ áûëè îáðàáîòàíû ñ ïîìîùüþ ìåòîäà íàèìåíüøèõ êâàäðàòîâ â ýëëèïñå.
Èñïîëüçóÿ ïîñëåäîâàòåëüíîñòü ñíèìêîâ ïîñëå îáðàáîòêè äàííûõ âî âñåõ ÀÐ, îáíàðóæåíû
êîëåáàíèÿ áîëüøèõ è ìàëûõ îñåé ýëëèïñà, à òàêæå óãëîâ íàêëîíà áîëüøèõ îñåé ê ýêâàòîðó
â çàâèñèìîñòè îò âðåìåíè. Äëÿ àíàëèçà ýòèõ êîëåáàíèé ïðèìåíåí ìåòîä áûñòðîãî ïðåîáðà-
çîâàíèÿ Ôóðüå, â ðåçóëüòàòå ÷åãî áûëî âûÿâëåíî íåñêîëüêî ïåðèîäîâ ñ óðîâíåì äîñòî-
âåðíîñòè, ïðåâûøàþùèì 95%. Îáíàðóæåíî, ÷òî áîëüøèå îñè îñöèëëèðóþò ñ ïåðèîäîì â
6-8 ÷àñ., à ìàëûå îñè - ñ ïåðèîäàìè â 6-8 ÷àñ. è 4-5 ÷àñ. Óãëû íàêëîíà áîëüøèõ îñåé ê
ýêâàòîðó òðåõ ÀÐ îñöèëëèðóþò ñ ïåðèîäîì ïðèáëèçèòåëüíî â 4 ÷àñ.

Êëþ÷åâûå ñëîâà: Ñîëíöå: àêòèâíûå ðåãèîíû: êîëåáàíèÿ

1. Ââåäåíèå. Àêòèâíûå ðåãèîíû (ÀÐ) íà ïîâåðõíîñòè Ñîëíöà âêëþ÷àþò
â ñåáÿ ìíîæåñòâî ñîëíå÷íûõ ïÿòåí. Ìàãíèòíûå ñòðóêòóðû ÀÐ èìåþò ñëîæíóþ
ìîðôîëîãèþ è äèíàìèêó, ñîñòîÿùóþ èç ðàçëè÷íûõ òèïîâ âîëí [1-4].

Â ïîñëåäíåå âðåìÿ áûëè ðàçðàáîòàíû àâòîìàòèçèðîâàííûå ìåòîäû
îáíàðóæåíèÿ è èäåíòèôèêàöèè ñîëíå÷íûõ ìàãíèòíûõ ñòðóêòóð, â òîì ÷èñëå
äëÿ ÀÐ è ñîëíå÷íûõ ïÿòåí. Ìåòîäîëîãèÿ èõ èäåíòèôèêàöèé âêëþ÷àåò ìîðôî-
ëîãè÷åñêèé àíàëèç è ïîðîãè èíòåíñèâíîñòè [5]. Â [6] áûë ðàçðàáîòàí àëãîðèòì
àâòîìàòè÷åñêîãî îáíàðóæåíèÿ òðàåêòîðèè àêòèâíûõ ðåãèîíîâ (Helioseismic
and Magnetic Imager (HMI) Active Region Patches (HARPs)). Ýòîò àëãîðèòì
ñëóæèò äëÿ ïðåäîñòàâëåíèÿ ïðîñòðàíñòâåííîé èíôîðìàöèè î äîëãîæèâóùèõ,
êîãåðåíòíûõ ìàãíèòíûõ ñòðóêòóðàõ â ìàñøòàáå ñîëíå÷íîãî ÀÐ. Â [7] áûëè
îïèñàíû äâà àëãîðèòìà: Solar Monitor Active Region Tracker (SMART) è
Activity Prediction (ASAP). SMART àâòîìàòè÷åñêè èçâëåêàåò, õàðàêòåðèçóåò è
îòñëåæèâàåò ÀÐ [8]. ASAP ïðåäñòàâëÿåò ñîáîé íàáîð àëãîðèòìîâ, îáíàðóæè-
âàþùèõ ñîëíå÷íûå ïÿòíà, ôàêåëû è ÀÐ [9]. Êðîìå òîãî, â [7] áûë îïèñàí
àëãîðèòì Spatial Possibility Clustering Algorithm (SPoCAsuite), êîòîðûé
îáíàðóæèâàåò ÀÐ, çîíû ñïîêîéíîãî Ñîëíöà è êîðîíàëüíûå äûðû íà ïîëíûõ
èçîáðàæåíèÿõ ñîëíå÷íîãî äèñêà.
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2. Íàáëþäåíèå è àíàëèç äàííûõ. Àâòîðû èñïîëüçîâàëè ìàãíèòîãðàììû
ïðÿìîé âèäèìîñòè (line-of-sight (LOS)) sharp_cea_720s (Spaceweather HMI
Active Region Patches (SHARP)) [10], êîòîðûå áûëè ïðåäîñòàâëåíû îáñåðâà-
òîðèåé Solar Dynamics Observatory (SDO)/HMI [11,12]. Ýòè äàííûå áûëè
ñïðîåöèðîâàíû è îòîáðàæåíû â öèëèíäðè÷åñêóþ ðàâíîâåëèêóþ äåêàðòîâóþ
ñèñòåìó êîîðäèíàò ñ öåíòðîì, ñîâìåùåííûì ñ îòñëåæèâàåìûì ÀÐ.

Áûëè ðàññìîòðåíû ÷åòûðå ÀÐ: ÀÐ 11512 - îò 26.06.2012 13:00 äî 30.06.2012
20:00; ÀÐ 11535 - îò 02.08.2012 12:00 äî 06.08.2012 19:00; ÀÐ 11560 - îò
30.08.2012 23:00 äî 04.09.2012 17:00; ÀÐ 12253 - îò 02.01.2015 00:00 äî
06.01.2015 07:00.

Ìû èññëåäîâàëè êàæäûé ÀÐ, ñîñòîÿùèé èç ñëó÷àéíî ðàñïðåäåëåííûõ íåáîëüøèõ
ïÿòåí è îòäåëüíûõ ïèêñåëåé ñ èçìåíÿþùåéñÿ íàïðÿæåííîñòüþ ìàãíèòíîãî ïîëÿ,
à òàêæå îïðåäåëèëè ãðàíè÷íûå òî÷êè ÀÐ, íà÷èíàÿ ñ âåðõíåãî è íèæíåãî êðàåâ
äîìåíà, âûáèðàÿ ïåðâóþ ãðàíè÷íóþ òî÷êó ñ ïèêñåëåì, ñîîòâåòñòâóþùèì ãðàäèåíòó
ïîëÿ, ïðåâûøàþùèì ïîðîã â 40 Ãñ íà ïèêñåëü. Òàêèì îáðàçîì, ìû îáíàðóæèëè
ïàðû ãðàíè÷íûõ òî÷åê â êàæäîì âåðòèêàëüíîì ñðåçå. Ñ öåëüþ óìåíüøåíèÿ
âëèÿíèÿ ñëó÷àéíûõ øóìîâ íà ðàñïðåäåëåíèå ýòèõ òî÷åê, ìû ðàññìîòðåëè ñðåäíèå
âåëè÷èíû êîîðäèíàò äëÿ 30 ïîñëåäîâàòåëüíûõ òî÷åê. Íîâûå íàéäåííûå ãðàíè÷íûå
òî÷êè ìû èñïîëüçîâàëè äëÿ ìîäåëèðîâàíèÿ ÀÐ. Òàêîé ìåòîä ìîäåëèðîâàíèÿ ÀÐ
íàçûâàåòñÿ "ìåòîäîì íàèìåíüøèõ êâàäðàòîâ â ýëëèïñå".

Èñïîëüçóÿ ïîñëåäîâàòåëüíîñòü ñíèìêîâ, ïîëó÷åííûõ çà âðåìÿ íàáëþäåíèé,
ïîëó÷åíà çàâèñèìîñòü îò âðåìåíè âåëè÷èí áîëüøèõ è ìàëûõ îñåé, à òàêæå

Ðèñ.1. Âåðõíÿÿ ïàíåëü: çàâèñèìîñòü áîëüøèõ îñåé îò âðåìåíè. Ñðåäíÿÿ ïàíåëü: çàâèñè-
ìîñòü ìàëûõ îñåé îò âðåìåíè. Íèæíÿÿ ïàíåëü: çàâèñèìîñòü óãëîâ íàêëîíà áîëüøèõ îñåé
ê ýêâàòîðó îò âðåìåíè. Äàííûå ñîîòâåòñòâóþò ÀÐ 11512.
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âåëè÷èíû óãëà íàêëîíà áîëüøèõ îñåé ê ýêâàòîðó. Íà ðèñ.1 ïîêàçàíà çàâè-
ñèìîñòü îò âðåìåíè áîëüøèõ (âåðõíÿÿ ïàíåëü) è ìàëûõ (ñðåäíÿÿ ïàíåëü)
îñåé, óãëîâ íàêëîíà (íèæíÿÿ ïàíåëü) äëÿ ÀÐ 11512. Â ðåçóëüòàòå îáíàðóæåíû
êîëåáàíèÿ îáåèõ îñåé è óãëà íàêëîíà â çàâèñèìîñòè îò âðåìåíè âî âñåõ ÀÐ.
Êðîìå òîãî, óñòàíîâëåíà òåíäåíöèÿ ïðîñòðàíñòâåííîãî óâåëè÷åíèÿ íåêîòîðûõ
ÀÐ ñ òå÷åíèåì âðåìåíè. Â ñâÿçè ñ ýòèì  ìû âû÷èòàëè ëèíåéíûå òðåíäû äëÿ
ÀÐ 11535 è êâàäðàòíûå òðåíäû äëÿ ÀÐ 11512, ÀÐ 11560, ÀÐ12253.

3. Ðåçóëüòàòû. Äëÿ àíàëèçà íàáëþäàåìûõ êîëåáàíèé ïðèìåíåí ìåòîä
áûñòðîãî ïðåîáðàçîâàíèÿ Ôóðüå (ÁÏÔ) ê äàííûì, ïîëó÷åííûì ïîñëå âû÷èòàíèÿ
òðåíäà. Ýòîò àíàëèç âûÿâèë íåñêîëüêî çíà÷èòåëüíûõ ñïåêòðàëüíûõ ïèêîâ ñ
óðîâíåì äîñòîâåðíîñòè, ïðåâûøàþùèì 95%. Ïèêè, ñîîòâåòñòâóþùèå íàè-
áîëüøèì ïåðèîäàì, ìû íå ðàññìàòðèâàëè, òàê êàê îíè ñâÿçàíû ñ èçâåñòíûìè
èíñòðóìåíòàëüíûìè ýôôåêòàìè: ñ ñóùåñòâîâàíèåì 12 è 24 ÷àñ. âàðèàöèé
ñèãíàëà íà ìàãíèòîãðàììàõ HMI [13].

Ðàññ÷èòàí äîâåðèòåëüíûé èíòåðâàë çíà÷èìîñòè â 95% (ãëàäêàÿ ëèíèÿ íà
ðèñ.2-4) ïî ôîðìóëå: setp crit , ãäå p - óñðåäíåííàÿ âåëè÷èíà ìîùíîñòè;
t
crit

 - êðèòè÷åñêàÿ âåëè÷èíà, â íàøåì ñëó÷àå  3critt ; se - ñòàíäàðòíàÿ îøèáêà
ïðîãíîçà.

Íà ðèñ.2 ïðåäñòàâëåíû ðåçóëüòàòû ÁÏÔ-àíàëèçà áîëüøèõ îñåé äëÿ âñåõ
ÀÐ. Ïèêè ïåðèîäîâ ñ ìàêñèìàëüíîé àìïëèòóäîé ñîîòâåòñòâóþò 8.52 ± 0.6 ÷àñ.
(ÀÐ 11535), 6.39 ± 0.61 ÷àñ. (ÀÐ 11560), 7.86 ± 0.65 ÷àñ. (ÀÐ 12253) è 4.87 ± 0.15
÷àñ. (ÀÐ 11512). Äëÿ ÀÐ 11512 òàêæå íàáëþäàåòñÿ 6.01 ± 0.44 ÷àñîâîé ïåðèîä.

Ðèñ.2. ÁÏÔ-àíàëèç äàííûõ äëÿ áîëüøèõ îñåé âñåõ ÀÐ. Ãëàäêàÿ ëèíèÿ ñîîòâåòñòâóåò
95% óðîâíþ äîñòîâåðíîñòè.
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Òàêèì îáðàçîì, áîëüøèå îñè âñåõ ÀÐ îñöèëëèðóþò ñ ïåðèîäîì â 6 - 8 ÷àñ. Íà
ðèñ.3 ïîêàçàí ÁÏÔ-àíàëèç ìàëûõ îñåé äëÿ âñåõ ÀÐ. Ìû çàôèêñèðîâàëè ÀÐ
ñ äâóìÿ ðàçëè÷íûìè ïåðèîäàìè ñ ìàêñèìàëüíîé àìïëèòóäîé â 7-8 ÷àñ. (ÀÐ
11535 è ÀÐ 12253) è â 4-5 ÷àñ. (ÀÐ 11512 è ÀÐ 11560). Ïåðèîäû ïðèáëèçèòåëüíî

Ðèñ.3. Òî æå ñàìîå, ÷òî íà ðèñ.2, íî äëÿ ìàëûõ îñåé.

Ðèñ.4. Òî æå ñàìîå, ÷òî íà ðèñ.2, íî äëÿ óãëîâ íàêëîíà.
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â 4 ÷àñà íàáëþäàþòñÿ â òðåõ ÀÐ: 4.87 ± 0.43 ÷àñ. â ÀÐ 11512, 3.93 ± 0.3 ÷àñ.
â ÀÐ 11560 è 4.09 ± 0.26 ÷àñà â ÀÐ 12253. Ýòè ïåðèîäû ñîîòâåòñòâóþò ïåðèîäó,
íàéäåííîìó â [4].

ÁÏÔ-àíàëèç óãëîâ íàêëîíà âûÿâèë äâà òèïà ïåðèîäîâ, ñîîòâåòñòâóþùèõ
6-7 ÷àñ. (ÀÐ 11512 è ÀÐ 12253) è 4 ÷àñ. (ÀÐ 11535 è ÀÐ 11560) (ñì. ðèñ.4).
Ïðèáëèçèòåëüíî 4 ÷àñ. ïåðèîä íàáëþäàåòñÿ â ñëåäóþùèõ ÀÐ: ÀÐ 11535 - 4.09
± 0.23 ÷àñ., ÀÐ 11560 - 3.93 ± 0.16 ÷àñ., ÀÐ 12253 - 3.52 ± 0.1 è 4.65 ± 0.51 ÷àñ.,
êîòîðûå ñîòâåòñòâóþò ïåðèîäó, íàéäåííîìó â [4]. Îøèáêè íåñîîòâåòñòâèÿ
ïåðèîäîâ îöåíåíû êàê âåëè÷èíû ïîëîâèíû øèðèíû ñîîòâåòñòâóþùèõ ïèêîâ
ìîùíîñòè.

4. Âûâîäû. Àâòîðû èññëåäîâàëè äèíàìèêó âñåõ ÀÐ íà îñíîâå ìåòîäà
íàèìåíüøèõ êâàäðàòîâ â ýëëèïñå, êîòîðûé õîðîøî ïîäõîäèò äëÿ èçó÷åíèÿ
ÀÐ ñ ýëëèïñîèäàëüíîé ôîðìîé, èäåíòèôèöèðîâàëè íåñêîëüêî çíà÷èòåëüíûõ
ñïåêòðàëüíûõ ïèêîâ ñ óðîâíåì äîñòîâåðíîñòè, ïðåâûøàþùèì 95%, à òàêæå
îáíàðóæèëè, ÷òî áîëüøèå îñè âñåõ ÀÐ îñöèëëèðóþò ñ ïåðèîäîì â 6-8 ÷àñ.,
òîãäà êàê ìàëûå îñè îñöèëëèðóþò ñ ïåðèîäîì â 6-8 ÷àñ. (ÀÐ 11535, ÀÐ 12253)
è ñ ïåðèîäîì â 4-5 ÷àñ. (ÀÐ 11512, ÀÐ 11560). Óãëû íàêëîíà áîëüøèõ îñåé
ê ýêâàòîðó òàêæå îñöèëëèðóþò ñ ïåðèîäàìè â 6-8 ÷àñ. (ÀÐ 11512, ÀÐ 12253)
è ïðèáëèçèòåëüíî â 4 ÷àñ. (ÀÐ 11535, ÀÐ 11560, ÀÐ 12253) ïîñëåäíèé
ñîâïàäàåò ñ ïåðèîäîì, íàéäåííûì â [4].

Êîëåáàíèÿ óãëîâ íàêëîíà ìîãóò áûòü èíòåðïðåòèðîâàíû â òåðìèíàõ ñòîÿ÷åé
âòîðîé ãàðìîíèêè ìîä âîëí êèíêà [4], êîòîðûå ïîääåðæèâàþòñÿ â äâóõ ïðîòè-
âîïîëîæíî ïîëÿðèçîâàííûõ ïàðàëëåëüíûõ òðóáêàõ (ñîëíå÷íûõ ïÿòíàõ). Ýòè
òðóáêè îáëàäàþò àíàëîãè÷íûìè ñâîéñòâàìè è ñîåäèíåíû íåáîëüøèìè ïåòëÿìè,
ðàñïîëîæåííûìè â ñîëíå÷íîé àòìîñôåðå. Â [4] ïðåäïîëîæåíî, ÷òî ÀÐ êîëåáëþòñÿ
êàê åäèíàÿ ñèñòåìà, è ñîîòâåòñòâóþùàÿ ìîäà âîëí êèíêà èìååò óçåë â âåðøèíå
ïåòëè íàä ïîâåðõíîñòüþ Ñîëíöà. Ýòî óïðîùåííîå ïðåäïîëîæåíèå ïîçâîëèëî
ïðèáëèçèòåëüíî îïðåäåëèòü âîçìîæíîå ðàñïðåäåëåíèå çíà÷åíèé ôàçîâîé ñêîðîñòè
âäîëü òðóáîê. Âåëè÷èíà õàðàêòåðíîé ãëóáèíû ÀÐ ñîñòàâëÿåò ïðèáëèçèòåëüíî 40
Ìì [4], íèæå ýòîé ãëóáèíû ïÿòíà ïðåäïîëîæèòåëüíî ôðàãìåíòèðîâàíû â áîëåå
ìåëêèå ïåòëåâûå ñòðóêòóðû, êàê áûëî ðàññìîòðåíîâ [14].

Ðàáîòà áûëà ïîääåðæàíà Íàöèîíàëüíûì íàó÷íûì ôîíäîì èìåíè Øîòà
Ðóñòàâåëè (SRNSF) [PhDF2016_177] è ãðàíòîì DI-2016-52. Àâòîðû âûðàæàþò
ñâîþ áëàãîäàðíîñòü Î.Àâñàäæàíèøâèëè çà ïîëåçíûå îáñóæäåíèÿ è çàìå÷àíèÿ.

1 Àáàñòóìàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ, Òáèëèñè,
 Ãðóçèÿ, e-mail: gulsun.dumbadze.1@iliauni.edu.ge
2 Space Research Institute, Austrian Academy of Sciences, Austria
3 Combinatorial Optimization and Decision Support, KU Leuven campus
 Kortrijk, E. Sabbelaan53, 8500 Kortrijk, Belgium
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OSCILLATIONS IN THE ELLIPTICAL SOLAR
ACTIVE REGIONS

G.DUMBADZE1, B.SHERGELASHVILI1,2,3

We studied the oscillatory dynamics of the four active regions (AR). The data
were obtained from the SDO/HMI magnetogram sharp_cea_720s. The data of
each AR were processed using the least squares method on the ellipse. After
processing the data, we found that the major and minor axes of the ellipses and
the tilt angle of the major axis toward the solar equatorial plane oscillate in time.
To analyze these oscillations, we applied the fast Fourier transform method, which
revealed several periods with a confidence level of 95%. We found that the major
axis oscillates with the period of 6-8 hours, the minor axes oscillate with a period
of 6-8 hours, as well as with a period of 4-5 hours. The tilt angles of the three
ARs oscillate with a period of approximately 4 hours.

Keywords: Sun: active regions: oscillations
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ÊÎÐÎÍÀËÜÍÛÅ ÄÛÐÛ Â ÏÅÐÈÎÄ
ÌÀÊÑÈÌÀËÜÍÎÉ ÀÑÈÌÌÅÒÐÈÈ 24 ÖÈÊËÀ

ÑÎËÍÅ×ÍÎÉ ÀÊÒÈÂÍÎÑÒÈ

Î.A.ÀÍÄÐÅÅÂÀ, Â.È.ÀÁÐÀÌÅÍÊÎ, Â.Ì.ÌÀËÀÙÓÊ
Ïîñòóïèëà 6 ñåíòÿáðÿ 2019

Ïðèíÿòà ê ïå÷àòè 18 äåêàáðÿ 2019

Òåêóùèé 24-é öèêë ñîëíå÷íîé àêòèâíîñòè ñóùåñòâåííî îòëè÷àåòñÿ îò ïðåäûäóùèõ
öèêëîâ ïî ðÿäó ïàðàìåòðîâ, â ÷àñòíîñòè, ïî çíà÷èòåëüíîé àñèììåòðèè ÷èñëà ñîëíå÷íûõ
ïÿòåí (sunspots, Sp) âî âòîðîì ïèêå åãî ìàêñèìóìà. Â ïåðèîä c ìàðòà 2013 ïî äåêàáðü 2015ãã.
íàáëþäàëîñü ñóùåñòâåííîå ïðåîáëàäàíèå ÷èñëà ïÿòåí â þæíîé ïîëóñôåðå. Îñíîâíîé öåëüþ
äàííîé ðàáîòû áûëî âûÿñíèòü ïîâåäåíèå êîðîíàëüíûõ äûð (coronal holes, CH) â ýòîò ïåðèîä.
Èññëåäîâàíèå áàçèðóåòñÿ íà àíàëèçå äàííûõ, çàðåãèñòðèðîâàííûõ Atmospheric Imaging Assembly
(AIA), êàíàë 19.3 íì, íà áîðòó Solar Dynamic Observatory (SDO). Ñ ïîìîùüþ äâóõ ìåòîäîâ
îáíàðóæåíèÿ CH (óïðîùåííûé âèçóàëüíûé è Spatia Possibilistic Clustering Algorithm (SPoCA))
ïîëó÷åíû âðåìåííûå ðÿäû åæåäíåâíûõ ñóììàðíûõ ïëîùàäåé CH äëÿ ñåâåðíîãî è þæíîãî
ïîëóøàðèé Ñîëíöà. Îáíàðóæåíî ñîãëàñèå îáîèõ ìåòîäîâ â îöåíêå ïëîùàäåé CH. Ñðàâíåíèå
ïîëó÷åííûõ âàðèàöèé ïëîùàäåé CH ñ ÷èñëàìè è ïëîùàäÿìè Sp, ïîçâîëèëî âûÿâèòü, ÷òî
â ðàññìàòðèâàåìûé ïåðèîä â S-ïîëóñôåðå ïðåîáëàäàåò àêòèâíîñòü êàê ïî ïÿòíàì, òàê è ïî
ñóììàðíîé ïëîùàäè ÑÍ. Ïðè ýòîì âîçðàñòàíèþ ïëîùàäè ÑÍ ïðèìåðíî íà ïîëãîäà
ïðåäøåñòâóåò âîçðàñòàíèå ïÿòåííîé àêòèâíîñòè. Ñäåëàíî ïðåäïîëîæåíèå î òîì, ÷òî CH è
ïÿòíà - ýòî ñâÿçàííûå ýëåìåíòû îáùåé ìàãíèòíîé àêòèâíîñòè Ñîëíöà, ÷òî êà÷åñòâåííî
ñîãëàñóåòñÿ ñ èññëåäîâàíèÿìè êîìïëåêñîâ àêòèâíîñòè. Äèïîëüíîå ïîëîèäàëüíîå ïîëå, â
âèäå îòêðûòûõ ïîëåé CH, è òîðîèäàëüíîå ïîëå, â âèäå àêòèâíûõ îáëàñòåé, çàâèñÿò äðóã
îò äðóãà íà âðåìåííûõ ìàñøòàáàõ ñóùåñòâåííî êîðî÷å ñîëíå÷íîãî öèêëà.

Êëþ÷åâûå ñëîâà: Ñîëíöå: êîðîíàëüíûå äûðû: ñåâåðî-þæíàÿ àñèììåòðèÿ:
    ñîëíå÷íàÿ àêòèâíîñòü: ñîëíå÷íûé öèêë

1. Ââåäåíèå. Ñîâðåìåííûå äèíàìî-òåîðèè ðàññìàòðèâàþò äèíàìè÷åñêóþ
ñèñòåìó, ñîñòîÿùóþ èç äâóõ ïîëóøàðèé Ñîëíöà. Î÷åíü âàæíûì ÿâëÿåòñÿ
âîïðîñ: íàñêîëüêî ñèíõðîíèçèðîâàíû ïðîöåññû â ñåâåðíîì (N) è þæíîì (S)
ïîëóøàðèÿõ è ñóùåñòâóþò ëè íàáëþäàòåëüíûå ñâèäåòåëüñòâà ðàçëè÷èé äåéñòâèÿ
äèíàìî â äâóõ ïîëóøàðèÿõ? Îñíîâíûì ñâèäåòåëüñòâîì òîãî, ÷òî èìåþòñÿ
îïðåäåëåííûå ðàçëè÷èÿ ìåæäó ïîëóøàðèÿìè, ÿâëÿåòñÿ ñåâåðî-þæíàÿ (N-S)
àñèììåòðèÿ ñîëíå÷íîé àêòèâíîñòè (ÑÀ) [1]. Íåñìîòðÿ íà äëèòåëüíûå èññëå-
äîâàíèÿ, ñàìî ÿâëåíèå N-S àñèììåòðèè è åãî ïðèðîäà äî êîíöà íå âûÿñíåíû.
Äëÿ èçó÷åíèÿ ýòîãî ôåíîìåíà èñïîëüçîâàëèñü ðàçëè÷íûå èíäåêñû ñîëíå÷íîé
àêòèâíîñòè - èíäåêñû ïÿòåííîé àêòèâíîñòè, ñîëíå÷íûå âñïûøêè, âîëîêíà,
ïðîòóáåðàíöû, ðàäèî- è ãàììà-âñïëåñêè, èçëó÷åíèå êîðîíû, ìàãíèòíîå ïîëå

ÒÎÌ 63 ÔÅÂÐÀËÜ, 2020 ÂÛÏÓÑÊ 1

À Ñ Ò Ð Î Ô È Ç È Ê À



138 Î.À.ÀÍÄÐÅÅÂÀ È ÄÐ.

Ñîëíöà è äð. Îáçîðû ðàáîò ïî èññëåäîâàíèþ N-S àñèììåòðèè ñîäåðæàòñÿ
â ñòàòüÿõ [2-8]. Ýòè èññëåäîâàíèÿ ïîêàçàëè, ÷òî N-S àñèììåòðèÿ ñàìà ïî ñåáå
ÿâëÿåòñÿ íåêîòîðîé ôóíäàìåíòàëüíîé õàðàêòåðèñòèêîé ÑÀ. Îíà òàêæå ñâèäå-
òåëüñòâóåò î ðàçëè÷èè äðóãèõ õàðàêòåðèñòèê àêòèâíîñòè â äâóõ ïîëóøàðèÿõ
â õîäå 11-ëåòíåãî è âåêîâîãî öèêëîâ àêòèâíîñòè.

Òåêóùèé 24-é öèêë ÑÀ íàõîäèòñÿ â ñâîåé çàâåðøàþùåé ñòàäèè. È ñåé÷àñ
ñ óâåðåííîñòüþ ìîæíî ñêàçàòü, ÷òî ýòîò öèêë ïî ðÿäó ïàðàìåòðîâ îòëè÷àåòñÿ
îò ïîñëåäíèõ öèêëîâ. Îáùåïðèçíàíî, ÷òî îí èìååò ìåíüøèé ìàêñèìóì, ÷åì
ïðåäûäóùèå öèêëû. Äàííûé ñîëíå÷íûé öèêë îòëè÷àåòñÿ îòíîñèòåëüíî áîëüøîé
ñåâåðî-þæíîé àñèììåòðèåé èíâåðñèè ïîëÿðíîãî ïîëÿ: çíàê ïîëÿ íà ñåâåðíîì
ïîëþñå èçìåíèëñÿ áîëåå ÷åì íà ãîä ðàíüøå, ÷åì íà þæíîì [8-12]. Íàáëþäàåòñÿ
çíà÷èòåëüíàÿ àñèììåòðèÿ ïî ÷èñëó ñîëíå÷íûõ ïÿòåí âî âòîðîé ôàçå ìàêñèìóìà
ýòîãî öèêëà (ñâåòëûé ïèê â 24-ì öèêëå íà ðèñ.1 óêàçàí ñòðåëêîé).

Ïîñëåäíèé ôàêò íàñ çàèíòåðåñîâàë, è ìû ïîñòàâèëè çàäà÷ó ïðîàíàëèçè-
ðîâàòü: ÷òî ïðîèñõîäèò íà Ñîëíöå ñ êîðîíàëüíûìè äûðàìè  â ýòîò ïåðèîä?
Íàáëþäàþòñÿ ëè êàêèå-òî îñîáåííîñòè, ñâÿçàííûå CH â S-ïîëóñôåðå?

2. Äàííûå íàáëþäåíèé è ìåòîäû.

2.1. Äàííûå. Íàøå èññëåäîâàíèå áàçèðóåòñÿ íà äàííûõ íàáëþäåíèé,
ïîëó÷åííûõ èíñòðóìåíòîì SDO/AIA â ëèíèè æåëåçà (Fe XII 19.3 íì) ñ ìàðòà
2013 ïî äåêàáðü 2015ãã. (ñàéò https://solarmonitor.org/index.php). Ïðèìåð
èçîáðàæåíèÿ äàí íà ðèñ.2. Â ýòîò ïåðèîä ÷èñëî Sp â S-ïîëóñôåðå ñóùåñòâåííî

Ðèñ.1. Ñåâåðíàÿ è þæíàÿ êîìïîíåíòû 13-ìåñÿ÷íîãî ñãëàæåííîãî ÷èñëà ñîëíå÷íûõ ïÿòåí
çà ïîñëåäíèå ïÿòü öèêëîâ. Òåìíûé öâåò çàëèâêè - äîìèíèðîâàíèå ïî ÷èñëó ïÿòåí ñåâåðíîãî
ïîëóøàðèÿ, ñâåòëûé öâåò - äîìèíèðîâàíèå þæíîãî ïîëóøàðèÿ.
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ïðåîáëàäàëî íàä Sp â N-ïîëóñôåðå (ñâåòëûé ïèê íà ðèñ.1). Ìû òàêæå
èñïîëüçîâàëè áàçû ãåëèîôèçè÷åñêèõ ñîáûòèé (Heliophysics Event Knowledgebase
- HEK) http://www.lmsal.com/hek/hek_isolsearch.html äëÿ ëîêàëèçàöèè CH è
îïðåäåëåíèÿ èõ ïëîùàäåé.

Ðàçëè÷íûå õàðàêòåðèñòèêè ñîëíå÷íîé àêòèâíîñòè, ïðîàíàëèçèðîâàííûå â
íàøåì èññëåäîâàíèè, áûëè çàãðóæåíû ñ âåá-ñàéòîâ:

- http://sidc.oma.be/silso/monthlyhemisphericplot - cåâåðíàÿ è þæíàÿ
êîìïîíåíòû 13-ìåñÿ÷íîãî ñãëàæåííîãî ÷èñëà ñîëíå÷íûõ ïÿòåí çà ïîñëåäíèå
ïÿòü öèêëîâ ïî äàííûì ñòàíöèè Uccle (Êîðîëåâñêàÿ îáñåðâàòîðèÿ Áåëüãèè)
äî 1991ã. è ñåòè íîìåðîâ WDC-Sunspot ñ ÿíâàðÿ 1992ã. (ðèñ.1).

- http://sidc.oma.be/silso/datafiles#hemi - åæåäíåâíûå ñóììàðíûå ÷èñëà
ñîëíå÷íûõ ïÿòåí äëÿ ñåâåðíîé è þæíîé ïîëóñôåð (ðèñ.3a, c).

- https://solarscience.msfc.nasa.gov/greenwch/daily_area.txt - åæåäíåâíûå
ñóììàðíûå ïëîùàäè ñîëíå÷íûõ ïÿòåí (â åäèíèöàõ ìèëëèîííûõ äîëåé ïîëóñôåðû
(Hem)) äëÿ ñåâåðíîé è þæíîé ïîëóñôåð (ðèñ.3b, d).

2.2. Ìåòîäû. Êîðîíàëüíûå äûðû èãðàþò âàæíóþ ðîëü â ãåîìàãíèòíîé
îáñòàíîâêå [13] è ÿâëÿþòñÿ îñíîâíûìè ó÷àñòíèêàìè â íàðóøåíèÿõ êîñìè÷åñêîé
ïîãîäû â ïåðèîäû ìèíèìóìà ñîëíå÷íîé àêòèâíîñòè. Òåðìèí CH îáû÷íî
àññîöèèðóåòñÿ ñ îáëàñòÿìè îäíîé äîìèíèðóþùåé ìàãíèòíîé ïîëÿðíîñòè ñ

Ðèñ.2. Èçîáðàæåíèå Ñîëíöà â ëèíèè æåëåçà Fe XII 19.3 íì, ïîëó÷åííîå SDO/AIA
20.12.2013ã. Òåìíûå, ñ ñàìîé íèçêîé èíòåíñèâíîñòüþ, îáðàçîâàíèÿ - CH, ñâåòëûå - àêòèâíûå
îáëàñòè. Ñòðåëêîé óêàçàíà ÿ÷åéêà (10 õ 10) êâàäðàòíûõ ãåëèîãðàôè÷åñêèõ ãðàäóñîâ - åäèíèöà
èçìåðåíèÿ CH âèçóàëüíûì ìåòîäîì.
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áûñòðî ðàñøèðÿþùèìèñÿ îòêðûòûìè ñèëîâûìè ëèíèÿìè ìàãíèòíîãî ïîëÿ,
âäîëü êîòîðûõ ÷àñòèöû ñîëíå÷íîãî âåòðà óëåòàþò â ìåæïëàíåòíîå ïðîñòðàíñòâî
[14,15]. CH ÿâëÿþòñÿ èñòî÷íèêàìè âûñîêîñêîðîñòíûõ ïîòîêîâ ñîëíå÷íîãî âåòðà.
Íà ýêñòðåìàëüíûõ óëüòðàôèîëåòîâûõ (EUV) è ðåíòãåíîâñêèõ ñíèìêàõ Ñîëíöà
CH âèäíû êàê òåìíûå ó÷àñòêè â ñîëíå÷íîé êîðîíå èç-çà èõ áîëåå íèçêîé
òåìïåðàòóðû è ýëåêòðîííîé ïëîòíîñòè ïî ñðàâíåíèþ ñ îêðóæàþùåé êîðîíàëüíîé
ïëàçìîé [16]. Ïî ýòîé ïðè÷èíå îáíàðóæåíèå CH â ñîëíå÷íûõ èçîáðàæåíèÿõ
EUV ÿâëÿåòñÿ ñëîæíîé çàäà÷åé. Â ïðîøëîì CH â îñíîâíîì îïðåäåëÿëèñü è
îòñëåæèâàëèñü îïûòíûìè íàáëþäàòåëÿìè (âèçóàëüíûé ìåòîä). Ïîçæå áûëè
ïðåäïðèíÿòû ìíîãî÷èñëåííûå ïîïûòêè àâòîìàòèçèðîâàòü ïðîöåññ èäåíòèôèêàöèè
è îáíàðóæåíèÿ CH. Îáçîð îñíîâíûõ ìåòîäîâ îáðàáîòêè èçîáðàæåíèé, èñïîëü-
çóåìûõ â ýòèõ àëãîðèòìàõ, ïðåäñòàâëåí â [17]. Ýòè ìåòîäû â îñíîâíîì áàçèðóþòñÿ
íà ðàçëè÷èÿõ â èíòåíñèâíîñòè ïî ñðàâíåíèþ ñ îêðóæàþùåé êîðîíîé. Îäíàêî
àâòîìàòèçèðîâàííîå îáíàðóæåíèå CH ïî ïîðîãó èíòåíñèâíîñòè â îäíîé äëèíå
âîëíû (íàïðèìåð, äëèíà âîëíû EIT 284Å  â [18,19]; èëè ìÿãêèå ðåíòãåíîâñêèå
ñíèìêè [20,21]) ÿâëÿåòñÿ ñëîæíûì èç-çà íàëè÷èÿ âîëîêîí è ïåðåõîäíûõ çàòåìíåíèé

Ðèñ.3. Åæåäíåâíûå ñóììàðíûå ÷èñëà (a,c) è ïëîùàäè (b,d) ñîëíå÷íûõ ïÿòåí â (a,b) -
ñåâåðíîé è (c,d) - þæíîé ïîëóñôåðàõ.
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àíàëîãè÷íîãî óðîâíÿ èíòåíñèâíîñòè.
Îãðîìíûé îáúåì äàííûõ, ïîëó÷åííûõ ñ ïîìîùüþ íàáîðà èíñòðóìåíòîâ

íà SDO, ïîòðåáîâàë ñîçäàíèÿ íîâûõ àëãîðèòìîâ äëÿ ýôôåêòèâíîé èäåíòèôè-
êàöèÿ è ïîëó÷åíèÿ äîñòóïà ê äàííûì. Îäíèì èç íèõ ÿâëÿåòñÿ àëãîðèòì
ïðîñòðàíñòâåííî-âåðîÿòíîñòíîé êëàñòåðèçàöèè (Spatia Possibilistic Clustering
Algorithm - SPoCA). Îí ïðåäñòàâëÿåò ñîáîé íàáîð ïðîöåäóð ñåãìåíòàöèè,
êîòîðûé ïîçâîëÿåò âûäåëèòü èç EUV-èçîáðàæåíèÿ â îáëàñòè ñõîäíîé èíòåí-
ñèâíîñòè àêòèâíûå îáëàñòè (AR), CH è ñïîêîéíîå Ñîëíöå. Áëàãîäàðÿ ïîñëåäíèì
ðàçðàáîòêàì [22], ïîÿâèëàñü âîçìîæíîñòü èäåíòèôèöèðîâàòü âîëîêíà, îòëè÷àÿ
èõ îò CH. Â ðàìêàõ êîìàíäíîãî ïðîåêòà ïî ïîèñêó îáúåêòîâ, ñèñòåìà
îáíàðóæåíèÿ ñîáûòèé SDO çàïóñêàåò SPoCA äëÿ èçâëå÷åíèÿ èíôîðìàöèè î
CH èç èçîáðàæåíèé AIA â ïîëîñå ïðîïóñêàíèÿ 19.3 íì è çàãðóçêè çàïèñåé
êàæäûå ÷åòûðå ÷àñà â áàçó çíàíèé î ñîáûòèÿõ ãåëèîôèçèêè - ÍÅÊ [23].
Áëàãîäàðÿ ýòèì áàçàì äàííûõ ìîæíî îïåðàòèâíî ïîëó÷èòü íåîáõîäèìûå
ïàðàìåòðû èññëåäóåìûõ îáúåêòîâ: êîîðäèíàòû, ïëîùàäü è äð. Ýòè çàïèñè
äîñòóïíû äëÿ ïîèñêà ÷åðåç ãðàôè÷åñêèé èíòåðôåéñ iSolSearch, ïðîãðàììíûé
ïàêåò îíòîëîãèè IDL Solarsoft è èíñòðóìåíò âèçóàëèçàöèè JHelioviewer (ðèñ.4)
[24].

Â íàøåé ðàáîòå ìû ïîëó÷èëè ïëîùàäè CH äâóìÿ ðàçíûìè ìåòîäàìè
îáíàðóæåíèÿ CH. Âèçóàëüíûé, íà îñíîâå ïîðîãîâîé èíòåíñèâíîñòè, è SPoCA-

Ðèñ.4. Àêòèâíîñòü Ñîëíöà â þæíîé ïîëóñôåðå 12.09.2014ã. Èçîáðàæåíèå Ñîëíöà â
ëèíèè æåëåçà Fe XII 19.3íì, ïîëó÷åííîå SDO/AIA. Ìåòêàìè AR è CH óêàçàíû êîðîíàëüíûå
äûðû è àêòèâíûå îáëàñòè, îáíàðóæåííûå ìåòîäîì SPoCA è âèçóàëèçèðîâàííûå ñ ïîìîùüþ
èíñòðóìåíòà JHelioviewer. Åäèíèöà èçìåðåíèÿ ïëîùàäåé CH ìåòîäîì SPoCA - Mì2.
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suite, îñíîâàííûé íà íå÷åòêîé êëàñòåðèçàöèè çíà÷åíèé èíòåíñèâíîñòè è
ïîäðîáíî îïèñàííûé â [25,26]. Äàëåå áûëè ñîïîñòàâëåíû ðåçóëüòàòû ðàñ÷åòîâ
(ðèñ.5) è ïðîâåäåí àíàëèç äàííûõ.

Ìåòîä 1 (M1). Âèçóàëüíûé (1.07.2013 - 31.12.2015ãã.). Íà ïåðâîì ýòàïå
ìû ìàêñèìàëüíî óïðîñòèëè çàäà÷ó, è äëÿ îöåíêè ïëîùàäåé, çàíÿòûõ CH íà
äèñêå Ñîëíöà, âîñïîëüçîâàëèñü âèçóàëüíûì ìåòîäîì, êàê ýòî äåëàëè ðàíüøå
ïðîôåññèîíàëüíûå íàáëþäàòåëè. CH îïðåäåëÿëèñü ïî êîíòðàñòó CH íà ãðàíèöå
ñî ñïîêîéíûì Ñîëíöåì è ïî èíòåíñèâíîñòè, õàðàêòåðíîé äëÿ CH. Ïëîùàäü
CH â ýòîì ìåòîäå èçìåðÿëàñü ïðîèçâîëüíûìè åäèíèöàìè (arb. unit) - ÿ÷åéêàìè
êîîðäèíàòíîé ñåòêè ïëîùàäüþ â 100 êâàäðàòíûõ ãåëèîãðàôè÷åñêèõ ãðàäóñîâ.
Òî åñòü îáùàÿ ïëîùàäü, çàíèìàåìàÿ CH â êàæäîì ïîëóøàðèè, îïðåäåëÿëàñü
ñóììàðíûì êîëè÷åñòâîì ÿ÷ååê, èìåþùèõ ïîíèæåííóþ èíòåíñèâíîñòü
èçîáðàæåíèÿ SDO/AIA 19.3 íì (ñì. ðèñ.2, áåëûé êâàäðàò). ß÷åéêè, íå ïîëíîñòüþ
îêðàøåííûå â öâåò ñîîòâåòñòâóþùåé èíòåíñèâíîñòè, ñóììèðîâàëèñü ïî
ïîëóøàðèþ è îêðóãëÿëèñü ñ òî÷íîñòüþ äî ïîëîâèííûõ äîëåé ÿ÷åéêè. Òàêèì
îáðàçîì, áûë îáðàáîòàí âåñü ìàòåðèàë çà ïåðèîä 1.07.2013 - 31.12.2015ã. Ðåçóëüòàò
îáðàáîòêè ìåòîäîì M1 ïðåäñòàâëåí íà ëåâîé ïàíåëè ðèñ.5. Ãðàôèêè (a, c)
äåìîíñòðèðóþò èçìåíåíèå åæåäíåâíûõ ñóììàðíûõ ïëîùàäåé CH â N è S-
ïîëóñôåðå, ñîîòâåòñòâåííî.

Ìåòîä 2 (M2). SPoCA (1.03.2013 - 31.12.2015ãã.). Äàëåå ìû âîñïîëüçîâàëèñü
îïèñàííîé âûøå áàçîé äàííûõ HEK, äëÿ ïîëó÷åíèÿ èíôîðìàöèè èç àðõèâà
AIA è äîñòóïà ê êàòàëîãàì CH. Èíñòðóìåíòîì äëÿ èçâëå÷åíèÿ èíôîðìàöèè
î CH, ïîñëóæèë êîìïëåêñ ïðîöåäóð SPoCA. Íà ðèñ.4 ïðèâåäåí ïðèìåð
òàêîãî èçîáðàæåíèÿ. Áëàãîäàðÿ ýòèì áàçàì äàííûõ áûë ïîëó÷åí ìàññèâ
ïëîùàäåé CH çà ïåðèîä 1.03.2013-31.12.2015ãã. (ñì. ðèñ.5b, d). Åäèíèöà
èçìåðåíèÿ ïëîùàäåé â ýòîì ñëó÷àå - Ìì2.

2.3. Ñòàòèñòè÷åñêèé îáúåì äàííûõ. Â ïðîöåññå èññëåäîâàíèÿ íàìè
îáðàáîòàíî: ïî ìåòîäó Ì1 - 912 äíåé íàáëþäåíèé CH (1.07.2013 - 31.12.2015),
ïî ìåòîäó Ì2 - 1036 äíåé íàáëþäåíèé â ïåðèîä ñ 1.03.2013 ïî 31.12.2015.
Äëèíà âðåìåííîãî ðÿäà äëÿ ìåòîäà Ì1 íà 3 ìåñÿöà êîðî÷å äëèíû âòîðîãî
ðÿäà, òàê êàê íà ñàéòå Solarmonitor.org íå áûëî ñîîòâåòñòâóþùèõ äàííûõ çà
ïåðèîä (1.03.2013 - 30.06.2013). Íàìè áûëî ïðîàíàëèçèðîâàíî âñåãî 5960 CH,
èç íèõ 399 CH ïåðåñåêàëè ýêâàòîð. Çàðåãèñòðèðîâàíî: â N-ïîëóñôåðå 3040
CH, â S-ïîëóñôåðå 2920 CH. Ïîëÿðíûå CH íàáëþäàëèñü: â N-ïîëóñôåðå 503
äíÿ, â S-ïîëóñôåðå 664 äíÿ.

3. Àíàëèç âàðèàöèé ïëîùàäåé CH, ïîëó÷åííûõ ìåòîäàìè Ì1 è
Ì2. Ñðàâíèâàÿ âàðèàöèè åæåäíåâíûõ ñóììàðíûõ ïëîùàäåé CH, ïîëó÷åííûõ
äâóìÿ ðàçíûìè ìåòîäàìè (ñì. ðèñ.5, ñëåâà - ìåòîä Ì1 è ñïðàâà - ìåòîä Ì2),
ìîæíî óâèäåòü ñîãëàñèå â îöåíêå òåíäåíöèè èçìåíåíèÿ èññëåäóåìûõ âåëè÷èí.
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Ðèñ.5c, d èëëþñòðèðóåò, ÷òî îáîèìè ìåòîäàìè âûÿâëÿåòñÿ äîìèíàíòà ïëîùàäè
CH â þæíîì ïîëóøàðèè â èíòåðâàëå (2014-2015.5). Äî 2014ã. è ïîñëå
ñåðåäèíû 2015ã. ïëîùàäè, çàíèìàåìûå CH, ïðåîáëàäàëè â ñåâåðíîì ïîëóøàðèè,
îäíàêî èõ ìàêñèìàëüíûå àìïëèòóäû áûëè ìåíüøå, ÷åì â ïåðèîä (2014-2015.5)
â S-ïîëóøàðèè. Òî åñòü, ïèê àêòèâíîñòè ïî CH âî âòîðîé ôàçå ìàêñèìóìà
24 öèêëà ïðèøåëñÿ íà 2015-é ãîä â S-ïîëóñôåðå. Íà ðèñ.5 òàêæå ïðîñìàòðèâàåòñÿ
öèêëè÷íîñòü äëèòåëüíîñòüþ ïðèìåðíî â 1.5 ãîäà ïî äîìèíèðîâàíèþ CH â N
è S-ïîëóñôåðàõ. Â ïåðèîä (2013-2014.25) áîëåå àêòèâíà N-ïîëóñôåðà, à â
ïåðèîä (2014.25-2015.75) âîçðàñòàåò àêòèâíîñòü â S-ïîëóñôåðå, ïîñëå ÷åãî
äîìèíèðîâàíèå àêòèâíîñòè îïÿòü ñìåùàåòñÿ â N-ïîëóñôåðó.

4. Ñðàâíåíèå âàðèàöèé ïëîùàäåé CH ñ õàðàêòåðèñòèêàìè
ñîëíå÷íîé àêòèâíîñòè. Ìû ñðàâíèëè âàðèàöèè ïëîùàäåé CH, ïîëó÷åííûõ
ïî ìåòîäó Ì2 ñ âàðèàöèÿìè ÷èñåë è âàðèàöèÿìè ñóììàðíûõ åæåäíåâíûõ
ïëîùàäåé ñîëíå÷íûõ ïÿòåí.

Íà ðèñ.6a âèäíî, ÷òî ÷èñëà Sp â N-ïîëóñôåðå ìåíÿþòñÿ êâàçèðàâíîìåðíî
è õàîòè÷íî â ïðåäåëàõ (0-115). Ïðè ýòîì íå íàáëþäàåòñÿ íèêàêîé êîððåëÿöèè
ñ èçìåíåíèÿìè ïëîùàäåé CH (ðèñ.6c). Ïðè ñðàâíåíèè ëåâûõ ïàíåëåé ðèñ.6

Ðèñ.5. Ñóììàðíûå çà äåíü ïëîùàäè CH, îïðåäåëåííûå äâóìÿ ìåòîäàìè (ñëåâà -
âèçóàëüíûì - Ì1, ñïðàâà - SPoCA - Ì2) äëÿ ñåâåðíîãî (a,b) è þæíîãî (c,d) ïîëóøàðèé.

Âðåìÿ, ãîä

Ï
ëî

ù
àä

ü 
C
H
, 
â 

ïð
î
èç

. 
åä

.

2013.5 2014.5 2015.5

Âðåìÿ, ãîä

2013.0 2014.0 2015.0

Area CH, S-hem M1 c

10

0

d

Ï
ëî

ù
àä

ü 
C
H
, 
10

4  
Ì

ì
2

40

30

20

10

0

2016.0

30

20

40 Area CH, S-hem M2

Area CH, N-hem M1 a

10

0

30

20

40 Area CH, N-hem M2 b

10

0

30

20

40



144 Î.À.ÀÍÄÐÅÅÂÀ È ÄÐ.

(N-ïîëóøàðèå) ñ ïðàâûìè (S-ïîëóøàðèå) ñòàíîâèòñÿ î÷åâèäíîé áîëåå âûñîêàÿ
àêòèâíîñòü S-ïîëóøàðèÿ êàê ïî êîëè÷åñòâó Sp, òàê è ïî ïëîùàäè ÑÍ. Òàêîé
æå âûâîä ñëåäóåò è èç ðèñ.7, ãäå ñðàâíèâàþòñÿ ïëîùàäè ïÿòåí è ïëîùàäè ÑÍ.

Âèäåí èíòåðâàë (2014-2015.25), êîãäà íà äèñêå Ñîëíöà â S-ïîëóñôåðå
îäíîâðåìåííî íàáëþäàåòñÿ êàê ñàìûé âûñîêèé óðîâåíü ïÿòåííîé àêòèâíîñòè,
òàê è ïîäúåì è ìàêñèìóì ñóììàðíîé ïëîùàäè CH. Ïðè ýòîì, ñîïîñòàâëåíèå
ðèñ.6b è 6d äàåò îñíîâàíèå ïðåäïîëîæèòü, ÷òî ìàêñèìóì ÷èñëà Sp, ïðèìåðíî,
íà 0.5-0.75 ãîäà îïåðåæàåò ìàêñèìóì ñóììàðíîé ïëîùàäè CH.
N-ïîëóñôåðà ïðè ýòîì ïîêàçûâàåò íèçêèé óðîâåíü àêòèâíîñòè êàê ïî ïÿòíàì,
òàê è ïî ÑÍ (ðèñ.6a, c è ðèñ.7a, c).

Äîìèíèðîâàíèå àêòèâíîñòè â S-ïîëóñôåðå íàãëÿäíî ïðîèëëþñòðèðîâàíî
íà ðèñ.4 è 8.

5. Âûâîäû è îáñóæäåíèå. Ìû èññëåäîâàëè îñîáåííîñòè ïîâåäåíèÿ
ÑÍ â ïåðèîä ìàêñèìàëüíîé àñèììåòðèè 24-ãî öèêëà (2014-2015.25),
îïðåäåëåííîé ïî ïîêàçàòåëþ ïÿòåííîé àêòèâíîñòè - ÷èñëó Sp. Äëÿ îáíàðóæåíèÿ
ÑÍ ìû èñïîëüçîâàëè äâà íåçàâèñèìûõ ìåòîäà: âèçóàëüíûé è ìåòîä, îñíîâàííûé

Ðèñ.6. Âðåìåííûå âàðèàöèè ÷èñåë ñîëíå÷íûõ ïÿòåí (a,b) è ïëîùàäåé CH (c,d) â
ïîëóñôåðàõ: (a,c) - ñåâåðíîãî è (b,d) - þæíîãî ïîëóøàðèé.
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Ðèñ.7. Âðåìåííûå âàðèàöèè ïëîùàäåé ñîëíå÷íûõ ïÿòåí (a,b) è ïëîùàäåé CH (c,d) â
ïîëóñôåðàõ: (a,c) - ñåâåðíîãî è (b,d) - þæíîãî ïîëóøàðèé.
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Ðèñ.8. Èçîáðàæåíèå Ñîëíöà â ëèíèè æåëåçà Fe XII 19.3 íì, ïîëó÷åííîå SDO/AIA
21.10.2014ã. Äîìèíèðîâàíèå àêòèâíîñòè â þæíîì ïîëóøàðèè êàê ïî CH, òàê è ïî AR
õîðîøî çàìåòíî.
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íà íå÷åòêîé êëàñòåðèçàöèè çíà÷åíèé èíòåíñèâíîñòè, Spatia Possibilistic Clustering
Algorithm. Ñðàâíèâàÿ âàðèàöèè ïëîùàäåé ÑÍ, ïîëó÷åííûõ ýòèìè ìåòîäàìè,
ñ âàðèàöèÿìè òàêèõ ñîëíå÷íûõ õàðàêòåðèñòèê êàê ÷èñëà è ïëîùàäè ñîëíå÷íûõ
ïÿòåí, ìû ïîëó÷èëè ñëåäóþùèå ðåçóëüòàòû:

- Îáà ìåòîäà ïîçâîëèëè íàì âûÿâèòü â óêàçàííîì âðåìåííîì èíòåðâàëå
äîìèíàíòó àêòèâíîñòè ïî ÑÍ â S-ïîëóñôåðå;

- Â òîò æå ïåðèîä, ðàíåå áûëà âûÿâëåíà äðóãèìè àâòîðàìè (ñì. ðèñ.1),
è íàìè çäåñü ïîäòâåðæäåíà äîìèíàíòà ïî ÷èñëó è ïëîùàäÿì Sp;

- Âîçðàñòàíèå ïÿòåííîé àêòèâíîñòè â S-ïîëóøàðèè ïðåäâàðÿåò âîçðàñòàíèå
ñóììàðíîé ïëîùàäè CH â òîì æå ïîëóøàðèè ïðèìåðíî íà 0.5-0.75 ãîäà.

Ìû ïîä÷åðêèâàåì, ÷òî íàø ðåçóëüòàò îòíîñèòñÿ íå òîëüêî ê áîëüøèì
CH, íî è ê íèçêîøèðîòíûì èçîëèðîâàííûì CH, ñì. ðèñ.8.

Èç âûøåñêàçàííîãî ìîæíî ñäåëàòü âûâîäû:
- Óïðîùåííûé âèçóàëüíûé ìåòîä îáíàðóæåíèÿ ÑÍ ìîæåò áûòü èñïîëü-

çîâàí äëÿ áûñòðîãî âûÿâëåíèÿ òåíäåíöèè èçìåíåíèÿ ïëîùàäåé CH.
- Â ïåðèîä âòîðîãî ìàêñèìóìà 24 öèêëà â þæíîì ïîëóøàðèè Ñîëíöà

èìåëî ìåñòî êâàçèîäíîâðåìåííîå ïðåîáëàäàíèå àêòèâíîñòè êàê ïî ïÿòíàì (ïî
÷èñëó ïÿòåí è ïëîùàäÿì), òàê è ïî îáùåé ïëîùàäè, çàíÿòîé CH. Ïî íàøåìó
ìíåíèþ, ýòî ñâèäåòåëüñòâóåò î òîì, ÷òî êîðîíàëüíûå äûðû è ïÿòíà - ýòî
ýëåìåíòû îáùåé ìàãíèòíîé àêòèâíîñòè. Ñóùåñòâóþò âçàèìîñâÿçè ìåæäó
ïîëÿìè ðàçëè÷íûõ ìàñøòàáîâ â ïðîöåññå ãåíåðàöèè öèêëà. Ýòè ñòðóêòóðû
âåäóò ñåáÿ ñâÿçàííûì îáðàçîì íà âðåìåííûõ ìàñøòàáàõ, íà ïîðÿäîê ìåíüøèõ,
÷åì ñîëíå÷íûé öèêë. Äèïîëüíîå ïîëîèäàëüíîå ïîëå, â âèäå îòêðûòûõ ïîëåé
CH, è òîðîèäàëüíîå ïîëå, â âèäå àêòèâíûõ îáëàñòåé, çàâèñÿò äðóã îò äðóãà.
Âñå ýòî õîðîøî ñîãëàñóåòñÿ ñ âûâîäàìè ðàáîòû [27], ãäå àâòîðû òàêæå
îòìå÷àþò, ÷òî ýâîëþöèÿ CH è àêòèâíûõ îáëàñòåé ÿâëÿåòñÿ ÷àñòüþ åäèíîãî
ïðîöåññà.

Èäåÿ àñèììåòðèè - âàæíàÿ ñîñòàâëÿþùàÿ òåîðèè äèíàìî. Â êëàññè÷åñêîì
ïîäõîäå, êîãäà ðå÷ü èäåò îá àñèììåòðèè, ãîâîðÿò î êîëè÷åñòâå ïÿòåí, èõ
ïëîùàäè è ò.ä., íî íå î CH. Íàø ðåçóëüòàò ïîêàçûâàåò, ÷òî àñèììåòðèÿ -
ýòî áîëåå ãëóáîêîå ÿâëåíèå, êîòîðîå ïðîÿâëÿåòñÿ äàæå íà òàêèõ êðóïíûõ
ñòðóêòóðàõ, êàê îòêðûòûå ìàãíèòíûå ïîëÿ, è ïðîÿâëÿåòñÿ îíà íå ÷åðåç 11
ëåò, à â ðåæèìå ðåàëüíîãî âðåìåíè, ïî õîäó öèêëà.

Ïîëó÷åííûé íàìè ðåçóëüòàò òðåáóåò äàëüíåéøåãî èññëåäîâàíèå òàêîãî
ðîäà àñèììåòðèè â äðóãèõ öèêëàõ, íà áîëåå äëèòåëüíûõ ïðîìåæóòêàõ âðåìåíè,
ðàçäåëüíîãî èññëåäîâàíèÿ ïîëÿðíûõ è íèçêîøèðîòíûõ CH äëÿ òîãî, ÷òîáû
ïîëó÷èòü áîëüøå èíôîðìàöèè äëÿ òåîðèè äèíàìî.

SDO ÿâëÿåòñÿ ïðîåêòîì ïðîãðàììû NASA Living With a Star. Äàííûå
SDO/AIA áûëè ïðåäîñòàâëåíû öåíòðîì Joint Science Operation Centre (JSOC).



147ÊÎÐÎÍÀËÜÍÛÅ ÄÛÐÛ

Àâòîðû âûðàæàþò áëàãîäàðíîñòü êîìàíäå ïðîåêòà Heliophysics Event Knowledge-
base (HEK) çà âîçìîæíîñòü äîñòóïà ê áàçàì äàííûõ CH.

Êðûìñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ, Êðûì,
Ðîññèÿ, e-mail: olga@craocrimea.ru

CORONAL HOLES DURING THE PERIOD OF
MAXIMAL ASYMMETRY OF 24 th SOLAR CYCLE

O.A.ANDREEVA, V.I.ABRAMENKO, V.M.MALASCHUK

The current 24 th cycle of solar activity differs significantly from previous cycles
by a number of parameters, in particular, by a significant asymmetry in the sunspots
(Sp) number during the second peak of its maximum. From March 2013 to
December 2015 there was a significant predominance of the sunspots number in
the southern hemisphere. The main purpose of this paper was to clarify the behavior
of coronal holes (CH) during this period. The study is based on an analysis of
data acquired by Atmospheric Imaging Assembly (AIA), a 19.3 nm channel on board
Solar Dynamic Observatory (SDO). Two methods of CH detection (simplified visual
method and Spatia Possibilistic Clustering Algorithm (SPoCA)) were applied to
obtain time series of daily total areas of CHs for southern and northern hemispheres.
The agreement between the methods was found. A comparison of the obtained
variations of the areas of CH with numbers and areas of SP allowed us to reveal
that during the time period of interest, the southern hemisphere dominates is sense
of both sunspots activity and total CHs area. The sunspots activity is approximately
a half-a-year followed by the CHs area enhancement. We suggest that CHs and
sunspots are related ingredients of the whole solar magnetic activity, which is in
agreement with studies of activity complexes. The dipole poloidal field, as open field
of coronal holes, and the toroidal field, as active regions, are intrinsically related
on time scales much shorter than the solar cycle.

Keywords: Sun: coronal holes: north-south asymmetry: solar activity: solar cycle
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Ïîñòóïèëà 6 èþíÿ 2019

Ïðèíÿòà ê ïå÷àòè 18 äåêàáðÿ 2019

Íà îñíîâå ìîäåëè êâàðêîâîãî ìåøêà MIT îïðåäåëåíû òåðìîäèíàìè÷åñêèå õàðàêòå-
ðèñòèêè íåïðîçðà÷íîãî äëÿ íåéòðèíî ãîðÿ÷åãî ñòðàííîãî êâàðêîâîãî âåùåñòâà. Ðàññìîòðåíû
òðè ðàçíûõ âàðèàíòà ñîäåðæàíèÿ ëåïòîíîâ â ãîðÿ÷åì êâàðêîâîì âåùåñòâå. ×èñëåííûå
ðàñ÷åòû âûïîëíåíû äëÿ ðàçëè÷íûõ çíà÷åíèé òåìïåðàòóðû è ïëîòíîñòè ëåïòîííîãî çàðÿäà.
Ïîêàçàíî, ÷òî â ãîðÿ÷åì (kT ~ 100 ÌýÂ) êâàðêîâîì âåùåñòâå íåéòðèíî ïðèìåðíî ñòîëüêî
æå, ñêîëüêî è ìàññèâíûõ ëåïòîíîâ, ñóììàðíàÿ ýíåðãèÿ ëåïòîíîâ ñîñòàâëÿåò 204   ïðîöåíòîâ
îò ýíåðãèè êâàðêîâ è ïðè îñòûâàíèè âûäåëÿåòñÿ ýíåðãèÿ ïîðÿäêà 4030  ïðîöåíòîâ îò
ñóììàðíîé ýíåðãèè.

Êëþ÷åâûå ñëîâà: ãîðÿ÷åå êâàðêîâîå âåùåñòâî: íåéòðèíî

1. Ââåäåíèå. Îäíèì èç âîçìîæíûõ ïóòåé îáðàçîâàíèÿ êâàðêîâîãî âåùåñòâà
ÿâëÿåòñÿ âçðûâ ñâåðõíîâîé çâåçäû (SN). Âñëåäñòâèå èìïëîçèè öåíòðàëüíîãî
âûðîæäåííîãî ÿäðà ïðåäñâåðõíîâîé çâåçäû â íîâîîáðàçîâàííîì ñâåðõïëîòíîì
êâàðêîâîì îáúåêòå òåìïåðàòóðà ìîæåò äîñòè÷ü 1012

 Ê. Â [1] ïðèâîäÿòñÿ àðãó-
ìåíòû â ïîëüçó òîãî, ÷òî õèìè÷åñêîå ðàâíîâåñèå ïî  -ïðîöåññàì ìåæäó
êâàðêàìè íàñòóïàåò ãîðàçäî ïîçæå, ÷åì âåùåñòâî ñòàíîâèòñÿ íåïðîçðà÷íûì äëÿ
íåéòðèíî. Èìåííî èç-çà òàêîãî õîäà ñîáûòèé ëåïòîííûå çàðÿäû öåíòðàëüíîé
÷àñòè ïðåäñâåðõíîâîé çâåçäû è íîâîîáðàçîâàííîãî ñâåðõïëîòíîãî îáúåêòà
ïî÷òè ðàâíû [1]. Ïðîäîëæèòåëüíîñòü òàêîãî âûñîêîòåìïåðàòóðíîãî ñîñòîÿíèÿ
âåùåñòâà ïî ñðàâíåíèþ ñî çâåçäíûìè âðåìåíàìè íè÷òîæíà. Îäíàêî ôèçè÷åñêèå
ïðîöåññû â ýòîì íîâîîáðàçîâàííîì âûñîêîòåìïåðàòóðíîì îáúåêòå ìîãóò èìåòü
ðåøàþùóþ ðîëü äëÿ åãî äàëüíåéøåé ýâîëþöèè. Äàâëåíèå ìîùíîãî íåéòðèí-
íîãî èçëó÷åíèÿ îò ñâåðõïëîòíîãî îáðàçîâàíèÿ íà âåùåñòâî, âûáðîøåííîå ïðè
âçðûâå SN, ìîæåò îñòàíîâèòü îáðàòíîå ïàäåíèå ýòîãî âåùåñòâà íà öåíòðàëüíîå
ñâåðõïëîòíîå òåëî, ÷òî ïðåïÿòñòâóåò îáðàçîâàíèþ ÷åðíîé äûðû [2].

Â [1], íà áàçå ìîäåëè êâàðêîâîãî ìåøêà MIT [3-6], îïðåäåëåíû óðàâíåíèå
ñîñòîÿíèÿ (EÎS) è íåêîòîðûå õàðàêòåðèñòèêè ãîðÿ÷åãî êâàðêîâîãî âåùåñòâà
(HSQM - hot strange quark matter) ïðè óäåðæàíèè íåéòðèíî (HSQMN). Â
ïðåäñòàâëåííîé ðàáîòå ïðèâîäÿòñÿ íåêîòîðûå õàðàêòåðèñòèêè HSQMN, êîòîðûå
íå âîøëè â [1]. Â ýòîì ñìûñëå ýòà ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì [1].
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Àâòîðîì â [1] äîïóùåíû ñëåäóþùèå îïå÷àòêè (çà ÷òî îí ïðèíîñèò ñâîè
èçâèíåíèÿ):

à) â âûðàæåíèÿõ (22), BP 3  è    BP3  ó ïàðàìåòðà ìåøêà
B îòñóòñòâóåò êîýôôèöèåíò 4,

á) â àáñòðàêòå è â òåêñòå â ïðåäëîæåíèè "Ïðè îòñóòñòâèè íåéòðèíî
êîëè÷åñòâî d êâàðêîâ, íàîáîðîò, ìåíüøå îò ÷èñëà u êâàðêîâ íà 82  %", ñëîâî
"ìåíüøå" ñëåäóåò çàìåíèòü íà ñëîâî "áîëüøå".

Îñíîâíûå óðàâíåíèÿ (óðàâíåíèÿ õèìè÷åñêîãî ðàâíîâåñèÿ, óðàâíåíèÿ
çàêîíîâ ñîõðàíåíèÿ áàðèîííîãî, ýëåêòðè÷åñêîãî è ëåïòîííûõ çàðÿäîâ)
ïðèâåäåíû â [1]. Êðàòêî ïðåäñòaâèì ðàññìîòðåííûå âàðèaíòû HSQMN [1].

Âàðèàíò V1:  Â HSQMN èìåþòñÿ u, d, s êâàðêè, ýëåêòðîíû, ïîçèòðîíû
ñî ñâîèìè íåéòðèíî.

Âàðèàíò  V2:  Ê âàðèàíòó V1 äîáàâëåíû   ìåçîíû ñî ñâîèìè íåéòðèíî.
Âàðèàíò V3:  Ê âàðèàíòó V2 äîáàâëåíû   íåéòðèíî è àíòèíåéòðèíî, à

òàêæå ó÷òåíû íåéòðèííûå îñöèëëÿöèè.
Â ÷èñëåííûõ ðàñ÷åòàõ ïî V3 ïðèíÿòî, ÷òî èç-çà íåéòðèííûõ îñöèëëÿöèé

âñå òèïû íåéòðèíî èìåþò îäèíàêîâûå õèìè÷åñêèå ïîòåíöèàëû. Ïðè âû÷èñ-
ëåíèè òåðìîäèíàìè÷åñêèõ õàðàêòåðèñòèê êâàðêîâ u è d êâàðêè ñ÷èòàëèñü
áåçìàññîâûìè, à ìàññà s êâàðêà m

s
 = 95 ÌýÂ ó÷èòûâàëàñü â ïðèáëèæåíèè

22 )( sscm  . Ñîîòâåòñòâóþùèå òåïëîâûå ïîïðàâêè ó÷èòûâàëèñü â ïðèáëèæåíèè
 2

qkT  ,  ãäå m
s
 - ìàññà  s  êâàðêà, q  - õèìè÷åñêèé ïîòåíöèàë q-òèïà

êâàðêà (q = u, d, s), T - òåìïåðàòóðà, c - ñêîðîñòü ñâåòà, k - ïîñòîÿííàÿ
Áîëüöìàíà. Õàðàêòåðèñòèêè îòäåëüíûõ ëåïòîíîâ âû÷èñëÿëèñü ÷èñëåííî ïî
òî÷íûì âûðàæåíèÿì. Äëÿ ïàðàìåòðà ìåøêà B è êîíñòàíòû êâàðê-ãëþîííîãî
âçàèìîäåéñòâèÿ c  ïðèíÿòû çíà÷åíèÿ 80 ÌýÂ/Ô3 è íîëü, ñîîòâåòñòâåííî.

2. Ðåçóëüòàòû ÷èñëåííûõ ðàñ÷åòîâ. Íà ðèñ.1 ïîêàçàíû çàâèñèìîñòè
õèìè÷åñêèõ ïîòåíöèàëîâ ÷àñòèö â íåïðîçðà÷íîì äëÿ íåéòðèíî ãîðÿ÷åì âåùåñòâå
îò êîíöåíòðàöèè áàðèîííîãî çàðÿäà n äëÿ âàðèàíòà V3 è ëåïòîííîãî çàðÿäà
íà îäèí áàðèîííûé çàðÿä 40.LL i   (n

i
 - êîíöåíòðàöèÿ i-òîãî òèïà

ëåïòîíà, antilei  , , , ,   - âñå àíòèëåïòîíû âìåñòå, äëÿ ëåïòîíîâ nnL ii  ,
à äëÿ àíòèëåïòîíîâ nnL ii  ).

Èç-çà íåéòðèííûõ îñöèëëÿöèé õèìè÷åñêèå ïîòåíöèàëû ýëåêòðîíîâ e ,
ìþîíîâ  , ýëåêòðîííûõ íåéòðîíîâ e , ìþîííûõ íåéòðèíî   è  -
íåéòðèíî   ñâÿçàíû ñîîòíîøåíèÿìè e  è e  . Ïðè âûñîêèõ
çíà÷åíèÿõ L  0 eeud , ÷òî ïðèâîäèò ê ñîñòîÿíèþ n

u
 > n

d
 (n

q
 -

êîíöåíòðàöÿ q-òèïà êâàðêà). Ñ óõîäîì íåéòðèíî (L óáûâàåò) â SQM (strange
quark matter) ðàçíèöà ee   ñòàíîâèòñÿ ïîëîæèòåëüíîé è óñòàíàâëèâàåòñÿ
ðåæèì ud nn  . Êîãäà â SQM íåéòðèíî îòñóòñòâóþò èëè îáðàçóþòñÿ è, íå
óñïåâàÿ ïðèäòè â õèìè÷åñêîå ðàâíîâåñèå ñ êâàðêàìè, ïîêèäàþò ñðåäó, òî
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âñåãäà ud   ( edd  ). Â ýòîì ñëó÷àå, â SQM d êâàðêîâ áîëüøå, ÷åì
u êâàðêîâ. Ñèòóàöèÿ òàêàÿ æå è ïî âàðèàíòàì V1 è V2. Îòëè÷àþòñÿ ëèøü
çíà÷åíèÿ òåìïåðàòóðû T è êîíöåíòðàöèè áàðèîíííîãî çàðÿäà n, ïðè êîòîðûõ
ïðîèñõîäèò ïåðåõîä ñîñòîÿíèÿ n

u
 > n

d
 ê ñîñòîÿíèþ n

u
 < n

d
. Îòìåòèì, ÷òî ïðè

óäåðæàíèè íåéòðèíî â SQM õèìè÷åñêèé ïîòåíöèàë ýëåêòðîíîâ e  äîñòèãàåò
~200 ÌýÂ, ÷òî íà ïîðÿäîê ïðåâûøàåò çíà÷åíèå e  ïðè T = 0.

Ðàñïðåäåëåíèå îòíîñèòåëüíîãî ëåïòîííîãî çàðÿäà iLL   ïî îòäåëüíûì

Ðèñ.1. Çàâèñèìîñòü õèìè÷åñêèõ ïîòåíöèàëîâ êâàðêîâ è ëåïòîíîâ îò êîíöåíòðàöèè
áàðèîííîãî çàðÿäà n ïî âàðèàíòó V3 äëÿ L = 0.4 è kT = 100 ÌýÂ, n0 = 0.15 Ô-3 - êîíöåíòðàöèÿ
íóêëîíîâ â àòîìíîì ÿäðå.
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Ðèñ.2. Çàâèñèìîñòü îòíîñèòåëüíûõ êîíöåíòðàöèé ëåïòîíîâ nni /  ( antilei  , , ,   - âñå
àíòèëåïòîíû âìåñòå) îò êîíöåíòðàöèè áàðèîííîãî çàðÿäà ïî âàðèàíòó V3 äëÿ L = 0.4 è
kT = 100 ÌýÂ, n0 = 0.15 Ô-3 - êîíöåíòðàöèÿ íóêëîíîâ â àòîìíîì ÿäðå.
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ëåïòîíàì, ñîãëàñíî âàðèàíòó V3 ïðè kT = 100 ÌýÂ, ïîêàçàíî íà ðèñ.2. Âèäíî,
÷òî îáùåå ÷èñëî íåéòðèíî n  (ýëåêòðîííîãî, ìþîííîãî è   íåéòðèíî
âìåñòå) ïî÷òè ðàâíî ÷èñëó ìàññèâíûõ ëåïòîíîâ. Ñóììàðíîå ÷èñëî àíòè÷àñòèö
çíà÷èòåëüíî òîëüêî ïðè n < 3n0, à â îáëàñòè n > 3n0 àíòèëåïòîíîâ ãîðàçäî
ìåíüøå, ÷åì ëåïòîíîâ.

Íàçîâåì çàïàñîì ýíåðãèè òó ýíåðãèþ, êîòîðàÿ âûäåëÿåòñÿ ïðè ïîëíîì
îñòûâàíèè HSQMN, êîãäà êîíöåíòðàöèÿ áàðèîííîãî çàðÿäà îñòàåòñÿ íåèç-
ìåííîé. Ýòà ýíåðãèÿ îáóñëîâëåíà êàê òåïëîâûìè ýíåðãèÿìè îòäåëüíûõ ÷àñòèö,
òàê è èçìåíåíèåì êîìïîçèòíîãî ñîñòàâà ïðè îñòûâàíèè HSQMN. Ñòåïåíü
îòíîñèòåëüíîé ýíåðãîåìêîñòè HSQMN       0 ,0 , ,0 nnTnT   â çàâèñè-
ìîñòè îò n è T ïîêàçàíà íà ðèñ.3. Çäåñü  TnT  , ,  Tn  ,  è  0 ,n  - çàïàñû
ýíåðãèè, ýíåðãèè ãîðÿ÷åãî è õîëîäíîãî SQM â åäèíèöå îáúåìà, ñîîòâåòñòâåííî.

Íà ðèñ.3 ïðèâåäåíû ðåçóëüòàòû ðàñ÷åòîâ îòíîñèòåëüíîé ýíåðãîåìêîñòè äëÿ
âñåõ ðàññìîòðåííûõ âàðèàíòîâ V1, V2, V3 è òåìïåðàòóð kT = {60; 80; 100} ÌýÂ
ïðè L = 0.4. Âèäíî, ÷òî çàïàñû ýíåðãèè, âû÷èñëåííûå ñ ó÷åòîì íåéòðèííûõ
îñöèëëÿöèé èëè ñ ó÷åòîì òîëüêî íàëè÷èÿ â HSQMN ýëåêòðîííûõ íåéòðèíî,
ìàëî îòëè÷àþòñÿ äðóã îò äðóãà. Ýòè çàïàñû îãðîìíû. Ïðè âûñîêèõ òåìïåðàòóðàõ
(kT = 100 ÌýÂ) îíè ìîãóò ñîñòàâèòü äî ~40 ïðîöåíòîâ îò ïîëíîé ýíåðãèè
HSQMN.

Ïðè îñòûâàíèè ïðîòîêâàðêîâîé çâåçäû äëèíà ñâîáîäíîãî ïðîáåãà íåéòðèíî
â HSQMN óâåëè÷èâàåòñÿ è ñòàíîâèòñÿ ïîðÿäêà ðàäèóñà çâåçäû. Íåéòðèíî
ïîêèäàþò çâåçäó, óíîñÿ ýíåðãèþ è ëåïòîííûé çàðÿä âåùåñòâà, è óñòàíàâëèâàåòñÿ

Ðèñ.3. Îòíîøåíèå çàïàñîâ ýíåðãèè T  ê ýíåðãèè õîëîäíîãî ñîñòîÿíèÿ 0  â çàâèñèìîñòè
îò êîíöåíòðàöèè áàðèîííîãî çàðÿäà n ïî âàðèàíòàì V1, V2, V3 äëÿ L = 0.4 è kT = {60; 80;
100} ÌýÂ, n0 = 0.15 Ô-3 - êîíöåíòðàöèÿ íóêëîíîâ â àòîìíîì ÿäðå
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ñîñòîÿíèå 610 nnL L  [5-7]. Â ýòîì ñîñòîÿíèè (â SQM èç ëåïòîíîâ
ïðèñóòñòâóþò òîëüêî ýëåêòðîíû)   83434

0 10 LnneL . Òî åñòü ïðè
îñòûâàíèè ïðîòîêâàðêîâîé çâåçäû ïðàêòè÷åñêè âñÿ ýíåðãèÿ ëåïòîíîâ L
óíîñèòñÿ íåéòðèííûì è ýëåêòðîìàãíèòíûì èçëó÷åíèåì. Íà ðèñ.4 ïîêàçàíà
çàâèñèìîñòü îòíîøåíèÿ ýíåðãèè ëåïòîíîâ L  ê ýíåðãèè T  îò êîíöåíòðàöèè
áàðèîííîãî çàðÿäà n äëÿ L = {0.2; 0.4}, kT = {40; 60; 80; 100} ÌýÂ, ñîãëàñíî
âàðèàíòó V3. Âèäíî, ÷òî â çàâèñèìîñòè îò ðàññìîòðåííûõ çíà÷åíèé òåìïåðàòóðû

T è êîíöåíòðàöèè áàðèîííîãî çàðÿäà n, ýíåðãèÿ ëåïòîíîâ ñîñòàâëÿåò 7020 
ïðîöåíòîâ îò çàïàñîâ ýíåðãèè T . Ïðè ôèêñèðîâàííîì çíà÷åíèè îòíîñè-
òåëüíîãî ëåïòîííîãî çàðÿäà L, ÷åì íèæå òåìïåðàòóðà HSQMN, òåì áîëüøå
âêëàä ëåïòîíîâ â T . Ïðè îñòûâàíèè ïðîòîêâàðêîâîé çâåçäû åå âåùåñòâî
ñìîæåò ýâîëþöèîíèðîâàòü ïî òåðìîäèíàìè÷åñêè ðàâíîâåñíûì ñîñòîÿíèÿì,
åñëè õàðàêòåðíîå âðåìÿ äèôôóçèè íåéòðèíî îò çâåçäû áîëüøå âðåìåíè
óñòàíîâëåíèÿ  -ðàâíîâåñèÿ â HSQM. Íåðàâíîâåñíîå îñòûâàíèå çâåçäû
ïðåäïîëàãàåòñÿ ðàññìîòðåòü â äàëüíåéøåì.

Íà ðèñ.5 ïîêàçàíà çàâèñèìîñòü îòíîøåíèÿ ýíåðãèè ëåïòîííîé êîìïîíåíòû

L  ê ýíåðãèè êâàðêîâ Q  îò êîíöåíòðàöèè áàðèîííîãî çàðÿäà n äëÿ kT =
{40; 60; 80; 100} ÌýÂ è L = {0.4; 0.2}, ïî âàðèàíòó V3. Â çàâèñèìîñòè îò
òåìïåðàòóðû T, êîíöåíòðàöèè n è îòíîñèòåëüíîãî ëåïòîííîãî çàðÿäà L,
ñóììàðíàÿ ýíåðãèÿ ëåïòîíîâ ñîñòàâëÿåò 204   ïðîöåíòîâ îò ýíåðãèè êâàðêîâ.

Âàæíîé õàðàêòåðèñòèêîé ñâåðõïëîòíîãî âåùåñòâà ÿâëÿåòñÿ ýíåðãèÿ íà îäèí
áàðèîííûé çàðÿä nn  . Ïî ìîäåëè ìåøêà MIT ýòà ýíåðãèÿ ïðè îïðå-

Ðèñ.4. Çàâèñèìîñòü îòíîøåíèÿ ýíåðãèè ëåïòîíîâ L  ê ýíåðãèè çàïàñà T  îò êîíöåíò-
ðàöèè áàðèîííîãî çàðÿäà n äëÿ L = {0.2; 0.4} è kT = {40; 60; 80; 100} ÌýÂ, ñîãëàñíî âàðèàíòó
V3, n0 = 0.15 Ô-3 - êîíöåíòðàöèÿ íóêëîíîâ â àòîìíîì ÿäðå
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äåëåííîì çíà÷åíèè n = nmin èìååò ëîêàëüíûé ìèíèìóì. Â ýòîé òî÷êå õîëîäíîå
âåùåñòâî èìååò íóëåâîå äàâëåíèå [4-6]. Åñëè   00 ,minmin  Tnnn , òî
SQM ÿâëÿåòñÿ ñàìîñâÿçàííîé. Â [8] ïðèâîäÿòñÿ àðãóìåíòû â ïîëüçó òîãî, ÷òî
õîëîäíûé SQM ÿâëÿåòñÿ îñíîâíûì ñîñòîÿíèåì âåùåñòâà, ò.å. nnn fcm  2

min ,
ãäå 8nf  ÌýÂ - ýíåðãèÿ ñâÿçè íóêëîíà â ñàìîì ñâÿçàííîì àòîìíîì ÿäðå -
ÿäðå æåëåçà. Ê ñîæàëåíèþ, ìîäåëü ìåøêà MIT êàê íå îòðèöàåò, òàê è íå

ïîäòâåðæäàåò ýòî ïðåäïîëîæåíèå îäíîçíà÷íî, ÷òî îáóñëîâëåíî åå íåñîâåð-
øåííîñòüþ. Â ïðåäåëàõ íåîïðåäåëåííîñòåé çíà÷åíèé ïàðàìåòðîâ ýòîé ìîäåëè
âîçìîæíû êàê íåñàìîñâÿçàííàÿ, òàê è ñàìîñâÿçàííàÿ SQM ñ nn f min

[4-6]. Â íàñòîÿùåé ðàáîòå ïðèíÿòûå çíà÷åíèÿ ýòèõ ïàðàìåòðîâ (ñì. âûøå)
îáåñïå÷èâàþò ñàìîñâÿçàííîå ñîñòîÿíèå õîëîäíîé (T = 0) SQM ñ 19min n ÌýÂ.

Íà ðèñ.6 äëÿ çíà÷åíèé L = 0.4 è kT = {0; 40; 60; 80; 100} ÌýÂ ïðèâåäåíà
çàâèñèìîñòü  Tnn  ,  îò êîíöåíòðàöèè áàðèîííîãî çàðÿäà n. Íà ãðàôèêàõ
÷åðíûìè êâàäðàòèêàìè îòìå÷åíû òî÷êè íóëåâîãî äàâëåíèÿ. Êðîìå êðèâîé
T = 0, òî÷êè íóëåâîãî äàâëåíèÿ íå ñîâïàäàþò ñ òî÷êàìè ìèíèìóìîâ "ãîðÿ÷èõ"
êðèâûõ. Ïðè íåèçìåííîì n, ñ ïîâûøåíèåì òåìïåðàòóðû, òåïëîâûå ïîïðàâêè
ê äàâëåíèþ âîçðàñòàþò, ïîýòîìó ñîñòîÿíèå P = 0 ðåàëèçóåòñÿ ñ óìåíüøåíèåì
êîíöåíòðàöèè êâàðêîâ, ÷òî âèäíî íà ðèñ.5. Ñ îñòûâàíèåì HSQMN îò
kT = 100 ÌýÂ äî õîëîäíîãî ñîñòîÿíèÿ ïðè n = const, ñîãëàñíî ðèñ.6, íà
êàæäûé áàðèîííûé çàðÿä âûäåëÿåòñÿ ïðèìåðíî 500 - 800 ÌýÂ ýíåðãèè.

×åì ãîðÿ÷åå HSQMN, òåì áîëüøå çíà÷åíèå åå ìèíèìàëüíîé ýíåðãèè

minn . Ñ ïîâûøåíèåì òåìïåðàòóðû ñàìîñâÿçàííîå êâàðêîâîå âåùåñòâî ñòàíî-

Ðèñ.5. Îòíîøåíèå ýíåðãèè ëåïòîíîâ L  ê ýíåðãèè êâàðêîâ â çàâèñèìîñòè îò êîíöåíò-
ðàöèè áàðèîííîãî çàðÿäà n ïî âàðèàíòó V3 äëÿ L = {0.2; 0.4} è kT = {40; 60; 80; 100} ÌýÂ,
n0 = 0.15 Ô-3 - êîíöåíòðàöèÿ íóêëîíîâ â àòîìíîì ÿäðå.
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âèòñÿ íåñàìîñâÿçàííûì: 0min n . Êâàðêîâîå âåùåñòâî â ñàìîñâÿçàííîì
ñîñòîÿíèè íå ìîæåò íàõîäèòüñÿ â òåðìîäèíàìè÷åñêîì ðàâíîâåñèè ñ áàðèîííûì
èëè îáû÷íûì çâåçäíûì âåùåñòâàìè [6,9]. Êîãäà ïðè âûñîêèõ òåìïåðàòóðàõ
óñòàíàâëèâàåòñÿ ñîñòîÿíèå 0min n , ýòî ñòàíîâèòñÿ âîçìîæíûì. Èññëåäîâàíèå
òàêîãî ñîñòîÿíèÿ áóäåò ïðîâåäåíî îòäåëüíî.

3. Êðèòè÷åñêèå çíà÷åíèÿ è çàêëþ÷åíèå. Íàñòîÿùåå èññëåäîâàíèå
áàçèðóåòñÿ íà ôåíîìåíîëîãè÷åñêîé ìîäåëè êâàðêîâîãî ìåøêà MIT. Ýòà ìîäåëü
íå ñîçäàíà íà îñíîâå êâàíòîâîé òåîðèè ñèëüíûõ âçàèìîäåéñòâèé, êàêîâîé
áîëåå èëè ìåíåå ÿâëÿåòñÿ òåîðèÿ SQM Íàìáó-Èîíà-Ëàçèíèî (ìîäåëü NJL)
[10-12]. Óðàâíåíèå ñîñòîÿíèÿ ãîðÿ÷åãî êâàðêîâîãî âåùåñòâà ïî ìîäåëè NJL,
íî áåç óäåðæàíèÿ íåéòðèíî, îïðåäåëåíî â [13]. Îäíàêî ÿñíîñòü ôèçè÷åñêèõ
ïðåäïîëîæåíèé è ïðîñòîòà ìàòåìàòè÷åñêîé ðåàëèçàöèè ìîäåëè MIT äàåò
âîçìîæíîñòü ëåãêî îïðåäåëèòü òåðìîäèíàìè÷åñêèå õàðàêòåðèñòèêè êàê õîëîäíîé,
òàê è ãîðÿ÷åé êâàðêîâîé ìàòåðèè. Êîíå÷íî, â íèõ áóäóò îòïå÷àòêè íåñîâåð-
øåííîñòè ýòîé ìîäåëè. Íî â îáùèõ ÷åðòàõ ôèçè÷åñêàÿ ðåàëüíîñòü áóäåò
îïèñàíà ïðàâäèâî. Ïîïðàâêè ê òåðìîäèíàìè÷åñêèì õàðàêòåðèñòèêàì êâàðêîâ
îïðåäåëåíû â ïåðâîì ïðèáëèæåíèè ïî ìàëûì ïàðàìåòðàì  2

qkT   è 22 )( sscm  .
Ìîæåò ïîêàçàòüñÿ ñòðàííûì, ÷òî ïðè óñëîâèè ìàëîñòè ýòèõ ïàðàìåòðîâ ðàçíèöû
äàâëåíèé è ïëîòíîñòåé ýíåðãèè â ãîðÿ÷åì (kT ~ 100 ÌýÂ) è õîëîäíîì ñîñòîÿíèÿõ
îêàçûâàþòñÿ áîëüøèìè (ðèñ.3, ðèñ.6 è ñì. ðèñ.3 â [1]). Ýòî ñâÿçàíî íå
òîëüêî ñ òåïëîâûìè äâèæåíèÿìè ÷àñòèö, íî è çíà÷èòåëüíûìè îòëè÷èÿìè â

Ðèñ.6. Ýíåðãèÿ HSQMN íà îäèí áàðèîííûé çàðÿä ñ âû÷åòîì ýíåðãèè ïîêîÿ íåéòðîíà
2cmnn   â çàâèñèìîñòè îò êîíöåíòðàöèè áàðèîííîãî çàðÿäà n ïî âàðèàíòó V3 äëÿ L = 0.4

è kT = {0; 40; 60; 80; 100} ÌýÂ. Ìàëåíüêèìè ÷åðíûìè êâàäðàòàìè îòìå÷åíû òî÷êè íóëåâîãî
äàâëåíèÿ P = 0, n0 = 0.15 Ô-3 - êîíöåíòðàöèÿ íóêëîíîâ â àòîìíîì ÿäðå.
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èõ êîìïîçèòíîì ñîñòàâå. Â ÷àñòíîñòè, íàëè÷èå ïî ñðàâíåíèþ ñ õîëîäíûì
ñîñòîÿíèåì îãðîìíîãî êîëè÷åñòâà ëåïòîíîâ â HSQMN (ýëåêòðîíû, ìþîíû,
íåéòðèíî è èõ àíòè÷àñòèöû) îáåñïå÷èâàåò 7020   ïðîöåíòîâ çàïàñîâ ýíåðãèè
HSQMN.

Êâàðêîâàÿ çâåçäà, ðîæäåííàÿ ïðè âçðûâå ñâåðõíîâîé çâåçäû áóäåò îñòûâàòü
â îñíîâíîì çà ñ÷åò íåéòðèííîãî èçëó÷åíèÿ. Êîëè÷åñòâî ïîòåðÿííîé ýíåðãèè
çâåçäîé áóäåò ñîïîñòàâèìî ñ åå ïîëíîé ýíåðãèåé (äî 4030  %). Ïîýòîìó ïðè
îòñóòñòâèè àêêðåöèè êîíå÷íàÿ ìàêñèìàëüíàÿ ìàññà îñòûâøåé çâåçäû áóäåò
ìåíüøå ìàêñèìàëüíî âîçìîæíîãî çíà÷åíèÿ ïðèìåðíî íà ñòîëüêî æå.

Àâòîð âûðàæàåò áëàãîäàðíîñòü ïðîôåññîðó Þ.Ë.Âàðòàíÿíó è äîöåíòó
Ã.Á.Àëàâåðäÿíó çà îáñóæäåíèå ðåçóëüòàòîâ ïðåäñòàâëåííîé ðàáîòû.

Ðàáîòà âûïîëíåíà â íàó÷íî-èññëåäîâàòåëüñêîé ëàáîðàòîðèè ôèçèêè
ñâåðõïëîòíûõ çâåçä ïðè êàôåäðå ïðèêëàäíîé ýëåêòðîäèíàìèêè è ìîäåëèðîâàíèÿ
ÅÃÓ, ôèíàíñèðóåìîé Ãîñóäàðñòâåííûì êîìèòåòîì ïî íàóêå Ìèíèñòåðñòâà
îáðàçîâàíèÿ è íàóêè Ðåñïóáëèêè Àðìåíèÿ.

Åðåâàíñêèé ãîñóäàðñòâåííûé óíóâåðñèòåò,
Àðìåíèÿ, e-mail: ghajyan@ysu.am

CHARACTERISTICS OF THE HOT QUARK MATTER
WITH NEUTRINO RETENTION

G.S.HAJYAN

Based on the MIT quark bag model, the thermodynamic characteristics of the
strange quark matter opaque to neutrinos are determined. Three different variants
of the content of leptons in the hot quark matter are considered. Numerical
calculations were performed for various values of the temperature and density of
the lepton charge. It is shown that in such hot (kT ~ 100 MeV) quark matter: a)
neutrinos are about the same as massive leptons, b) the total energy of leptons
is 204   percent of the energy of quarks, c) at the cooling of this matter can
be released an energy of the order of 4030   percent of its total energy.

Keywords: hot quark matter: neutrino
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In this paper, two efficient computational algorithms based on Rational and Exponential
Bessel (RB and EB) functions are compared to solve several well-known class of non-linear Lane-
Emden type models. The problems, which define in some models of non-Newtonian fluid mechanics
and mathematical physics, are nonlinear ordinary differential equations of second-order over the
semi-infinite interval and have a singularity at x = 0. The non-linear Lane-Emden equations are
converted to a sequence of linear differential equations by utilizing the quasilinearization method
(QLM) and then, these linear equations are solved by RB and EB collocation methods. Afterward,
the obtained results are compared with the solution of other methods for demonstrating the
efficiency and applicability of the proposed methods.

Keywords: rational Bessel functions: exponential Bessel functions: Lane-Emden
   type equations: nonlinear ODE: quasilinearization method: collocation
  method

1. Introduction. The investigation of singular initial/boundary value problem
for non-linear second order differential equations has been attracted by some
astrophysicist, mathematicians, and physicists. Lane-Emden type equations describe
the temperature variation of a spherical gas cloud under the mutual attraction of
its molecules and subject to the laws of classical thermodynamics. Let P(r) denote
the total pressure at a distance r from the center of spherical gas cloud. The total
pressure is due to the usual gas pressure and a contribution from radiation:

, 
3
1 4

v
RTTP 

where  , T, R, and v  are the radiation constant, the absolute temperature, the
gas constant, and the specific volume, respectively [1]. Let M(r) be the mass within
a sphere of radius r and G the constant of gravitation, the equilibrium equation
for the configuration are

    , 4, 2
2 r

dr
rdM

r
rGM

dr
dP

 (1)

where   is the density at a distance r from the center of a spherical star. To
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eliminate M, the previous equations should be written in a dimensional form as
follows [1,2]:

, 41 2

2 









G

dr
dPr

dr
d

r
We already know that in the case of a degenerate electron gas, the pressure and
density are 53P , assuming that such a relation exists in other states of the
star, we are led to consider a relation of the form mKP 11 , where K and m
are constants.

We can insert this relation into Eq. (1) for the hydrostatic equilibrium
condition and, from this, we can rewrite the equation as follows:

  , 1
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1 2
2

11 mm y
dr
dyr

dr
d

rG
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where   represents the central density of the star and y denotes the dimensionless
quantity, which are both related to   through the following relation [1,2]:

  , xym

and let
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Inserting these relations into our previous relation, we obtain the Lane-Emden
equation [1,2]:

, 1 2
2

my
dx
dyx

dx
d

x









or

      , 0, 02
 xxyxy

x
xy m

(2)

where the initial conditions are as follows:

    . 00, 10  yy (3)

Eq. (2) with the initial conditions (3) is known as the standard Lane-Emden
equation.

The values of m, which are physically interesting, lie in the interval [0, 5].
The main difficulty in analyzing this type of equation is the singularity behaviour
occurring at x = 0.

The solutions of the Lane-Emden equation could be exact only for m = 0,
1 and 5. For the other values of m, the Lane-Emden equation is to be integrated
numerically [2]. Thus, we decided to present a new and efficient technique to
solve it numerically for m = 1.5, 2, 2.5, 3, and 4.
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1.1. Previous works. Recently, some analytical, semi-analytical, and numerical
techniques have been applied to solve Lane-Emden equations. The main difficulty
arises in the singularity of the equations at x = 0. We have introduced several
techniques as follow:

Bender et al. [3] proposed a new perturbation technique based on an artificial
parameter  , the method is often called  -method. Wazwaz [4] employed the
Adomian decomposition technique with an alternate framework designed, He [5]
employed Ritz's method to obtain an analytical solution, Parand et al. [6,7]
applied Spectral methods based on the fractional order of rational Bernoulli
functions and the fractional order of Chebyshev functions, Ramos [8,9] presented
linearzation methods to utilize an analytical solutions and globally smooth solutions,
and the obtained series solutions of the Lane-Emden type equation, Yousefi [10]
applied Legendre Wavelet approximations and used integral operator and converted
Lane-Emden equations to integral equations, Chowdhury and Hashim [11] used
analytical solutions of the generalized Emden-Fowler type equations by Homotopy
perturbation method (HPM), Aslanov [12] introduced a further development in
the Adomian decomposition technique, Dehghan and Shakeri [13] investigated
Lane-Emden equations by applying the variational iteration method (VIM),
Marzban et al. [14] used a method based upon hybrid of block-pulse functions
and Lagrange interpolating polynomials together with the operational integration
matrix to approximate solution of the problem, Adibi and Rismani [15] proposed
the approximate solutions of singular the Lane-Emden via modified Legendre-
spectral method, Vanani and Aminataei [16] provided a numerical method which
produces an approximate polynomial solution, they used an integral operator and
convert Lane-Emden equations into integral equations and then convert the
acquired integral equations into a power series and finally, transforming the power
series into padé series form, Kaur et al. [17] obtained the Haar wavelet approximate
solution.

Furthermore, other researchers trying to solve the Lane-Emden type equations
with several methods, For example, Yildirm and Özis,  [18] by using HPM method,
Iqbal and Javad [19] by using Optimal HAM, Boubaker and Van Gorder [20]
by using boubaker polynomials expansion scheme, Das, cog( l u and Yaslan [21] by
using Chebyshev collocation method, Yüzbas,  [22] by using Bessel matrix method,
Boyd [23] by using Chebyshev spectral method, Bharwy and Alofi [24] by using
Jacobi-Gauss collocation method, Pandey et al. [25] by using Legendre operation
matrix, Rismani and Monfared [26] by using Modified Legendre spectral method,
Delkhosh et al. [27] by using the fractional order of rational Euler collocation
methods, Nazari-Golshan et al. [28] by using Homotopy perturbation with Fourier
transform, Doha et al. [29] by using second kind Chebyshev operation matrix
algorithm, Mall and Chakaraverty [30] by using Chebyshev Neural Network based
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model, Gürbüz and Sezer [31] by using Laguerre polynomial and Kazemi-Nasab
et al. [32] by using Chebyshev wavelet finite difference method. In this paper,
we attempt to introduce two efficient computational algorithms based on Rational
and Exponential Bessel (RB and EB) functions for solving non-linear singular
Lane-Emden equations.

The rest of this paper is arranged as follows: Section 2 introduces new rational
and exponential Bessel (RB and EB) functions and their properties. Section 3
describes a brief formulation of quasilinearization method (QLM) [38]. In section
4 at first, by utilizing the QLM over the Lane-Emden equation a sequence of
linear differential equations is obtained, and then at each iteration, the linear
differential equation is solved by RB and EB collocation methods that we name
RB-QLM and EB-QLM methods. Comparison between these two methods with
some well-known results in section 5, show that using rational functions is highly
accurate, and we also describe our results via tables and figures. Finally, we give
a brief conclusion in section 6.

2. Properties of rational and exponential Bessel functions . The
Bessel functions arise in many problems in physics possessing cylindrical symmetry,
such as the vibrations of circular drumheads and the radial modes in optical fibers.
Bessel functions are usually defined as a particular solution of a linear differential
equation of the second order which known as Bessel's equation [33]. Bessel
functions first defined by Daniel Bernoulli on heavy chains (1738) and then
generalized by Friedrich Bessel. More general Bessel functions were studied by
Leonhard Euler in 1781 and in his study of the vibrating membrane in 1764.

Bessel differential equation of order Rn  is:

         .  ,, 022
2

2
2  xxynx

dx
xdyx

dx
xydx (4)

One of the solutions of equation (4) by applying the method of Frobenius
as follows [34]:
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where series (5) is convergent for all    ,x .
Bessel polynomials have been introduced as follows [35]:
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where Nn , [.] denotes the floor of a number, and N is the number of basis
of Bessel polynomials.

2.1. Rational Bessel functions. The new basis functions, "Rational Bessel
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(RB) functions" denote by RB
n
(x, L) which are generated from well known Bessel

polynomials by using the algebraic mapping of    Lxxx   as follow:
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where    ,0x , B
n
(x) is Bessel polynomials of order n, and the constant

parameter L > 0 is a scaling/stretching factor which can be used to fine tune the
spacing of collocation points. For a problem whose solution decays at infinity,
there is an effective interval outside of which the solution is negligible, and
collocation points which fall outside of this interval are essentially wasted. On the
other hand, if the solution is still far from negligible at the collocation points
with largest magnitude, one cannot expect a very good approximation. Hence, the
performance of spectral methods in unbounded domains can be significantly
enhanced by choosing a proper scaling parameter such that the extreme collocation
points are at or close to the endpoints of the effective interval [36]. Boyd [37]
offered guidelines for optimizing the map parameter L for rational Chebyshev
functions which is also useful for the RB functions.

Let us define   xx 0  and
   vv R :2

rwL  is measurable and 
rw

v , where
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dxLxwx rwr
vv

with    2 , LxLLxwr  , is the norm induced by inner product of the space
 2

rwL  as follows:
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dxLxwxuxu rwr 


 vv

Now, suppose that

      ,  ..., , ,span 10 xRBxRBxRB NS
where S  is a finite-dimensional subspace of  2

wL ,   1dim  NS , so S  is a
closed subspace of  2L . Therefore, S  is a complete subspace of  2L . Assume
that f(x) be an arbitrary element in  2L . Thus f(x) has a unique best
approximation in S  subspace, say   Sxb̂ , that is

              . , , 
rr

ww
xbxfxb̂xfxxbxb̂  SS

Notice that we can write b(x) vector as a combination of the basis vectors of S
subspace.
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We know function of f(x) can be expanded by N + 1 terms of RB functions as:

      , xRxfxf N 

that is

      , 
0

xRBAxRBaxf T
N

n
nnN 


(8)

where RB(x) is vector       TN xRBxRBxRB  ..., , , 10  and SR  that S  is the
orthogonal complement. So      Sxfxf N  and   Sxb  are orthogonal which
we denote it by:

    , bxfxf N 

thus    xfxf N  vector is orthogonal over all of basis vectors of S  subspace as:
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2.2. Exponentioal Bessel functions. Exclusive of rational functions, we
can use exponential transformation to have new functions which are also defined on
the semi-infinite interval. The exponential Bessel (EB) functions can be defined by

    .  ..., 1, ,0, 1 NneBxEB Lx
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or
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where parameter L is a constant parameter and, like rational functions, it sets the
length scale of the mapping. All of the above relations can also be used to EB
functions with respect to the weight function   LeLxw Lx

e
 ,  in the interval   ,0 .

3. The quasilinearization method (QLM). The QLM is a generalization
of the Newton-Raphson method [38] to solve the nonlinear differential equation
as a limit of approximating the nonlinear terms by an iterative sequence of linear
expressions. The QLM techniques are based on the linearization of the higher
order ordinary/partial differential equation and require the solution of a linear
ordinary differential equation at each iteration. Mandelzweig and Tabakin [39] have
determined general conditions for the quadratic, monotonic, and uniform convergence
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of the QLM to solve both initial and boundary value problems in nonlinear
ordinary n-th order differential equations in N-dimensional space. And also,
Canuto et al. [40] have proved the stability and convergence analysis of spectral
methods, and, we will show that our numerical results are convergent.

Let us assume that a second-order nonlinear ordinary differential equation in
one variable on the interval   ,0  as follows:

    .  , ,2

2
xxuxuF

dx
ud  (10)

with the initial conditions: u(0) = A,   Bu  0 , where A and B are real constants
and F is a nonlinear function.

By utilizing the QLM to solve Eq. (10) determines the (I + 1)-th iterative
approximation u

I+1(t) as a solution of the linear differential equation:

          ,  , , , , , , 112
1

2

xuuFuuxuuFuuxuuF
dx
ud

IIuIIIIuIIII
I  
 (11)

with the initial conditions:

    , 0, 0 11 BuAu II   (12)

where I = 0, 1, 2, ... and the functions uFFu   and uFFu   are
functional derivatives of the functional of  xuuF II  , , .

4. Application of methods. In this paper, two methods based on RB
collocation method and EB collocation method for solving Eq. (2) with initial
conditions of Eq. (3) have been considered.

First, by utilizing the QLM technique on Eq. (2), we have

            012 1
111  
 xyxmxyxxymxyxyx m

II
m
III (13)

with the initial conditions:

    , 00, 10 11   II yy (14)

where I = 0, 1, 2, ...
For rapid convergence is actually enough that the initial guess is sufficiently

good to ensure the smallness of just one of the quantity IIr yykq  1 , where
k is a constant independent of I. Usually, it is advantageous that y0(t) would satisfy
at least one of the initial conditions Eq. (3) [39], thus set y0(x) = 1 for the initial
guess of the Lane-Emden equation.

Then, we can approximate y
I+1(x) by N + 1 basis of RB and EB functions as

follows:
1. approximating y

I+1(x) by N + 1 basis of RB functions:

     .  ,1
0

2
1 ,1 


 

N

n
nnINI LxRBb̂xxuxy (15)
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where r = 0, 1, 2, ... and two terms 1 and 2x  are to satisfy initial conditions
Eq. (14).

To apply the collocation method, we have constructed the residual function
for (I + 1)-th iteration in QLM by substituting y

I+1(x) by u
N,I+1(x) into Eq. (13)

as follows:

     
        . 01

2
1
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1,11,11
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2. approximating y
I+1(x) by N + 1 basis of EB functions:
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where r = 0, 1, 2, ....
Two terms of  11 2x  and  12 xx  are considered to satisfy initial conditions

Eq. (14). Also, like above, to apply the collocation method, we have constructed
the residual function for (I + 1)-th iteration in QLM by substituting y

I+1(x) by
w

N,I+1(x) into Eq. (13) as follows:
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In all of the spectral methods, the purpose is to find the nb̂  and nĉ  unknown
coefficients.

A method for forcing the residual functions Eq. (16) and Eq. (18) to zero
can be defined as collocation algorithm. There is no limitation to choose points
in the collocation method. The N + 1 collocation points have been substituted in
the equations of RESr

I+1(x) and RESe
I+1(x), therefore:

  ,  ..., 1, ,0, 01 NixRESr iI  (19)

  ,  ..., 1, ,0, 01 NixRESe iI  (20)

m RB EB Horedt [2]

1.5 3.65375373622763424836747856706295570 3.653753736227530116708951 3.65375374
2.0 4.35287459594612467697357006152614262 4.352874595946124676973570 4.35287460
2.5 5.35527545901076012377857991160851840 5.355275459010769844745925 5.35527546
3.0 6.89684861937696037545452818712314053 6.896848619376960375436984 6.89684862
4.0 14.9715463488380950976509645543077611 14.97154634883796085494984 14.9715463

Table 1

COMPARISON OF THE FIRST ZEROS OF STANDARD LANE-EMDEN
EQUATIONS, WITH VALUES GIVEN BY HOREDT [2] AND THE

PRESENT METHODS WITH N = 75 AND ITERATION 15



167TWO  ALGORITHMS  TO  SOLVE  LANE-EMDEN  EQUATIONS

which x
i
 are roots of the shifted Chebyshev functions on the finite interval [7].

Finally, a linear system of equations has been obtained, all of these equations
can be solved by a suitable method such as the Newton method for calculating
the unknown coefficients.

5. Results and discussion. The Lane-Emden type equations describe the
variation of density as a function of the radial distance for a poly-trope. They

m N Iteration RB

1.5 50 05 3.65375373625072342590
10,15,20 3.65375373625071853754

75 05 3.65375373622763914172
10,15,20 3.65375373622763424836

100 05 3.65375373622225950682
10,15,20 3.65375373622225461061

2 50 05 4.3541023191782544510394699271974639349588062470049419121696397470
10,15,20 4.35287459594612467697357006152614339487342457587311708331752

75 05 4.352874597893199784546816142774753394907169932534281348066892095
10,15,20 4.352874595946124676973570061526142628112365363213147181521

100 05 4.352874597893199784546816142774753394907169932542963806389373524
10,15,20 4.352874595946124676973570061526142628112365363213008835302

2.5 50 05 5.3552964545076443677
10,15,20 5.355275459010744925

75 05 5.35529645450764436772
10,15,20 5.3552754590107601237

100 05 5.35529645450764436772
10,15,20 5.3552754590107873176

3 50 05 7.1216938046517305045330727094680858444666907392
10,15,20 6.8968486193769603754542796110144170369244612

75 05 7.1216938046404145204995503800811081360235860196
10,15,20 6.89684861937696037545452818712314053555203

100 05 7.1216938046404152911963760032858519494248670403
10,15,20 6.89684861937696037545452818712312127697218

4 50 05 16.711045707072842315340457798698905988740559701
10 14.97154867059731700938111496437106672775015032

15,20 14.971546348838095097650964554307761107155441
75 05 16.402670239960775259418702056564527058250944781

10 14.97154289318059650158197244640609252173187180
15,20 14.971546348838095097650964554307761107155441

100 05 16.172787459355139190211994543646969560813181439
10 14.97154439717955256111887952830248179390503419

15,20 14.971546348838095097611066133148254587457821

Table 2

NUMERICAL RESULTS OF FIRST ZEROS BY BASIS OF
RB WITH VARIOUS VALUES OF m, N AND ITERATIONS,

ACCURATE DIGITS ARE BOLD
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were first studied by the astrophysicists Jonathan Homer Lane and Robert Emden,
which considered the thermal behavior of a spherical cloud of gas acting under
the mutual attraction of its molecules and subject to the classical laws of
thermodynamics [1]. In the Lane-Emden type equations, the first zero of y(x)
is an important point of the function, so we have computed y(x) to calculate this
zero. In this paper, the equation is solved for m = 1.5, 2, 2.5, 3 and 4, which

m N Iteration EB

1.5 50 05 3.65375373625083916424
10,15,20 3.65375373625083427589

75 05 3.65375373622753501010
10,15,20 3.65375373622753011670

100 05 3.65375373622227432714
10,15,20 3.65375373622226943093

2 50 05 4.352874597893199785338903310594652764
10,15,20 4.35287459594612467776565735834309221

75 05 4.35287459594612467697472244822039342
10,15,20 4.3528745959461246769735701033024306

100 05 4.3528745978931997845468161427747526020
10,15,20 4.3528745959461246769735700615261418

2.5 50 05 5.35529645450764438595
10,15,20 5.3552754590107203902

75 05 5.35529645450764436772
10,15,20 5.3552754590107698447

100 05 5.35529645450764436772
10,15,20 5.3552754590107770840

3 50 05 7.12169371888993111013538427437823
10,15,20 6.896848619376969505160794512467

75 05 7.12169380466912339539903047482119
10,15,20 6.89684861937696037543698467213

100 05 6.89684861937696037791871227973
10,15,20 6.89684861937696037545452817312

4 50 05 16.26491731190237369943385
10 14.9715473275763026931076

15,20 14.9715463522353010587855
75 05 16.05210011924457026115446

10 14.9715472743172097800824
15,20 14.971546348837960854949

100 05 16.03218609785456527010395
10 14.9715472744622920651685

15,20 14.971546348838095104708

Table 3

NUMERICAL RESULTS OF FIRST ZEROS BY BASIS OF
EB WITH VARIOUS VALUES OF m, N AND ITERATIONS,

ACCURATE DIGITS ARE BOLD
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does not have exact solutions.
The comparison of the initial slope  0y  calculated by RB-QLM (N = 75 and

iteration 15) with values obtained by Horedt [2] is given in Table 1.

x y(x) y '(x)

0.1 0.998334582651024 -0.033283374960220
0.2 0.993353288961344 -0.066267995319313
0.3 0.985100745872271 -0.098660068556290
0.4 0.973650509840501 -0.130175582648867
0.5 0.959103856956817 -0.160544891813613
0.6 0.941588132070691 -0.189516931926819
0.7 0.921254699087677 -0.216862968455471
0.8 0.898276543103152 -0.242379797978458
0.9 0.872845582616537 -0.265892334576062
1.0 0.845169755493675 -0.287255540026184
2.0 0.495936764048973 -0.372832141746160
3.0 0.158857608676200 -0.284252727750886
3.6 0.011090994555729 -0.209392664698195

Table 4

OBTAINED VALUES OF y(x) AND y '(x) OF STANDARD
LANE-EMDEN EQUATIONS FOR m = 1.5 BY BASIS OF RB

WITH N = 75 AND ITERATIONS 15

Table 5

OBTAINED VALUES OF y(x) AND y '(x) OF STANDARD
LANE-EMDEN EQUATIONS FOR m = 2.5 BY BASIS OF RB

WITH N = 75 AND ITERATIONS 15

x y(x) y '(x)

0.1 0.998335414189491 -0.033250148555062
0.2 0.993366508668235 -0.066004732702853
0.3 0.985166960607077 -0.097785664864449
0.4 0.973856692696194 -0.128148702313160
0.5 0.959597754464204 -0.156697706048055
0.6 0.942588917282480 -0.183095996800778
0.7 0.923059301998553 -0.207074283925069
0.8 0.901261395554722 -0.228434944738734
0.9 0.877463820286722 -0.247052726803513
1.0 0.851944199128236 -0.262872200779799
2.0 0.558372334987405 -0.290313683599236
3.0 0.306675101717593 -0.208571050779423
4.0 0.137680733022609 -0.134053438395795
5.0 0.029019186649369 -0.087473533084964
5.3 0.004259543533703 -0.077863974396729
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Tables 2 and 3 present some numerical examples to illustrate the accuracy
and convergence of our suggested methods by increasing the number of points and
iterations.

Tables 4-6 show the obtained values of y(x) and  xy  by the approach which
based on RB collocation method, for m = 1.5, 2.5, and 4 with the values of
N = 75 and iteration 15.

The resulting graphs of the standard Lane-Emden equation obtained by the
present methods for m = 1.5, 2, 2.5, 3, and 4 are shown in Fig.1.

Finally, Fig.2-6 show the residual errors for approximation solutions by basis
of the rational and exponential functions with N = 50, 75, and 100. Note that
the residual error decreases with the increase of the collocation points.

6. Conclusion. The fundamental goal of this paper was to introduce novel

Table 6

OBTAINED VALUES OF y(x) AND y '(x) OF STANDARD
LANE-EMDEN EQUATIONS FOR m = 4 BY BASIS OF RB

WITH N = 75 AND ITERATIONS 15

x y(x) y '(x)

0.1 0.99833665953957353917 -0.03320042731101602052
0.2 0.99338621353236887458 -0.06561355430127865539
0.3 0.98526489445824457228 -0.09650144694916813609
0.4 0.97415840895070184085 -0.12521904232653407185
0.5 0.96031090234222125391 -0.15124704523040264218
0.6 0.94401129085560210481 -0.17421139290379387733
0.7 0.92557835269653368985 -0.19388869549916036586
0.8 0.90534592383779093911 -0.21019908106443456806
0.9 0.88364932397603694257 -0.22318930318706216396
1.0 0.86081381220831175185 -0.23300964460615518736
2.0 0.62294077167068319754 -0.21815323531073192916
3.0 0.44005069158766127850 -0.14895436785082222650
4.0 0.31804242903566436744 -0.09886802020831413214
5.0 0.23592273104248679739 -0.06788810347440624083
6.0 0.17838426534298279218 -0.04865643577466167176
7.0 0.13635230535983164961 -0.03626805424834208635
8.0 0.10450408207160914867 -0.02795075318477840998
9.0 0.07961946745395432400 -0.02214833117831084820
10 0.05967274158948932881 -0.01796142023434323612
11 0.04334009538193507922 -0.01485063006054293705
12 0.02972593235798682964 -0.01248033393137584648
13 0.01820540390617142867 -0.01063445527740952134
14 0.00833052669542489543 -0.00916953946501606750

14.9 0.00057641886621354664 -0.00809526559361695336
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hybrid basis of Rational Bessel and Exponential (RB and EB) functions with the
quasilinearization method (QLM) to construct an approximation for solving
nonlinear Lane-Emden type equations. These problems describe a variety of
phenomena in theoretical physics and astrophysics, including aspects of stellar
structure, the thermal history of a spherical cloud of gas, isothermal gas spheres,
and thermionic currents [1]. To achieve this goal at first, a sequence of linear
differential equations is obtained by utilizing the QLM over Lane-Emden equation.
Second, at each iteration of QLM, the linear differential equation is solved by
new RB and EB collocation methods. This paper has been shown that the present
works have provided two acceptable approaches for solving Lane-Emden type
equations caused by the following reasons:

1. Cause of simplicity to solve problems and convergence of approximation

Fig.1. The obtained graphs of solutions of Lane-Emden standard equations by basis of RB and
EB with m = 1.5, 2, 2.5, 3, 4.
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functions, we convert the nonlinear problems to a sequence linear equations using
the QLM.

2. Numerical results indicate effectiveness, applicability, and accuracy of the
present approaches.

3. Present paper describes shortly bibliography of different methods utilized
in previous works for solving Lane-Emden-type equations.

4. The approaches applied to solve the problems without reformulating the
equation to bounded domains.

Fig.3. Logarithmic graph of residual error by present works with N = 50, 75, 100 and iteration
15 when m = 2.
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5. The approaches have been displayed converges when increasing the number
of collocation points by tabular reports.

6. At the first time, Rational and Exponential Bessel functions have been to
obtain numerical outcomes of the nonlinear exponent m of the standard Lane-
Emden equations.

7. Moreover, a very good approximation solution of y(x) for Lane-Emden type
equations with the various values of parameter m after only fifteen iterations are

Fig.5. Logarithmic graph of residual error by present works with N = 50, 75, 100 and iteration
15 when m = 3.
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obtained. So, these methods are a good experience and method for the other
sciences.
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ÄÂÀ ÝÔÔÅÊÒÈÂÍÛÕ ÂÛ×ÈÑËÈÒÅËÜÍÛÕ
ÀËÃÎÐÈÒÌÀ ÄËß ÐÅØÅÍÈß ÍÅËÈÍÅÉÍÛÕ

ÑÈÍÃÓËßÐÍÛÕ ÓÐÀÂÍÅÍÈÉ ËÅÉÍÀ-ÝÌÄÅÍÀ

Ê.ÏÀÐÀÍÄ1,2, À.ÃÀÄÅÐÈ-ÊÀÍÃÀÂÀÐÈ2, Ì.ÄÅËÕÎØ3

 Â ñòàòüå ñðàâíèâàþòñÿ äâà ýôôåêòèâíûõ âû÷èñëèòåëüíûõ àëãîðèòìà,
îñíîâàííûå íà ðàöèîíàëüíûõ è ýêñïîíåíöèàëüíûõ ôóíêöèÿõ Áåññåëÿ (RB è
EB), äëÿ ðåøåíèÿ íåêîòîðûõ õîðîøî èçâåñòíûõ êëàññîâ íåëèíåéíûõ ìîäåëåé
òèïà Ëåéíà-Ýìäåíà. Çàäà÷è, êîòîðûå âñòðå÷àþòñÿ â ðÿäå ìîäåëåé íå-íüþòîíîâñêîé
ìåõàíèêè æèäêîñòè è ìàòåìàòè÷åñêîé ôèçèêè, ÿâëÿþòñÿ íåëèíåéíûìè
îáûêíîâåííûìè äèôôåðåíöèàëüíûìè óðàâíåíèÿìè âòîðîãî ïîðÿäêà íà ïîëó-
áåñêîíå÷íîì èíòåðâàëå è èìåþò îñîáåííîñòü ïðè x = 0. Íåëèíåéíûå óðàâíåíèÿ
Ëåéíà-Ýìäåíà ïðåîáðàçóþòñÿ â ïîñëåäîâàòåëüíîñòü ëèíåéíûõ äèôôåðåíöèàëüíûõ
óðàâíåíèé ñ èñïîëüçîâàíèåì ìåòîäà êâàçèëèíåàðèçàöèè (QLM), à çàòåì ýòè
ëèíåéíûå óðàâíåíèÿ ðåøàþòñÿ ìåòîäàìè êîëëîêàöèè RB è EB. Ïîñëå ýòîãî
ïîëó÷åííûå ðåçóëüòàòû ñðàâíèâàþòñÿ ñ ðåøåíèåì äðóãèõ ìåòîäîâ äëÿ
äåìîíñòðàöèè ýôôåêòèâíîñòè è ïðèìåíèìîñòè ïðåäëîæåííûõ ìåòîäîâ.

Êëþ÷åâûå ñëîâà: ðàöèîíàëüíûå ôóíêöèè Áåññåëÿ: ýêñïîíåíöèàëüíûå ôóíêöèè
    Áåññåëÿ: óðàâíåíèÿ òèïà Ëåéíà-Ýìäåíà: íåëèíåéíîå ÎÄÓ:
   ìåòîä êâàçèëèíåàðèçàöèè: ìåòîä êîëëîêàöèè
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