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Ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà ðåíòãåíîâñêîãî ñïåêòðà ñåéôåðòîâñêîé ãàëàêòèêè
2-ãî òèïà Mrk 417 ( 03270.z  ) ïî äàííûì êîñìè÷åñêèõ  îáñåðâàòîðèé NuSTAR (3-60 êýÂ)
è Swift/BAT (14-150 êýÂ). Ñïåêòð, ïîëó÷åííûé îáñåðâàòîðèåé NuSTAR, õîðîøî îïèñûâàåòñÿ
áàçîâîé ñòåïåííîé ìîäåëüþ, ñ íåéòðàëüíûì ïîãëîùåíèåì è äîïîëíèòåëüíîé êîìïîíåíòîé,
îáóñëîâëåííîé îòðàæåíèåì îò õîëîäíîé íåéòðàëüíîé ñðåäû (ñòåïåííîé èíäåêñ 
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ñ ïðèìåíåíèåì áîëåå ñëîæíûõ ôèçè÷åñêèõ ìîäåëåé MYTorus è BNTorus. Â ïåðâîì ñëó÷àå
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43
кэВ10-2intr 10163 .~L ýðã/ñ.

Äîïîëíèòåëüíûé àíàëèç äàííûõ íàáëþäåíèé â áëèæíåì ÈÊ äèàïàçîíå óêàçûâàåò íà òî,
÷òî ôàêòîð ïåðåêðûòèÿ ìîæåò ñîñòàâëÿòü äàæå åùå ìåíüøóþ âåëè÷èíó - fc ~ 0.12. Ïîëó÷åííûå
ðåçóëüòàòû ñâèäåòåëüñòâóþò î òîì, ÷òî ãàçîïûëåâîé òîð, ñêîðåå âñåãî, ÿâëÿåòñÿ ñæàòûì ïî
âåðòèêàëè è åãî ôîðìà ïðèáëèæàåòñÿ ê êîëüöåïîäîáíîé ñòðóêòóðå.

Êëþ÷åâûå ñëîâà: àêòèâíûå ÿäðà ãàëàêòèê: ãàçîïûëåâîé òîð: Mrk 417:
    ðåíòãåíîâñêîå èçëó÷åíèå

1. Ââåäåíèå. Ñòðóêòóðà àêòèâíûõ ÿäåð ãàëàêòèê (äàëåå ÀßÃ) îïèñûâàåòñÿ
óíèôèöèðîâàííîé ñõåìîé (äàëåå ÓÑ ÀßÃ) [1]: â öåíòðå ÀßÃ íàõîäèòñÿ
ñâåðõìàññèâíàÿ ÷åðíàÿ äûðà ñ àêêðåöèîííûì äèñêîì, âîêðóã êîòîðûõ
ðàñïîëîæåí ãàçîïûëåâîé òîð. Ãàçîïûëåâîé òîð ÿâëÿåòñÿ îäíèì èç êëþ÷åâûõ
ýëåìåíòîâ ÓÑ è â çàâèñèìîñòè îò óãëà íàêëîíà îòâå÷àåò çà êëàññèôèêàöèþ
cåéôåðòîâñêèõ ãàëàêòèê. Âçàèìîäåéñòâèå ïåðâè÷íîãî èçëó÷åíèÿ îò êîðîíû
àêêðåöèîííîãî äèñêà ñ âåùåñòâîì â òîðå ïðèâîäèò ê îáðàçîâàíèþ ñïåêòðà
îòðàæåíèÿ [2-4]. Õàðàêòåðíûìè îñîáåííîñòÿìè ñïåêòðà îòðàæåíèÿ ÿâëÿþòñÿ
ýìèññèîííûå ëèíèè æåëåçà è äðóãèõ ýëåìåíòîâ, â ÷àñòíîñòè íåéòðàëüíîãî
èëè èîíèçèðîâàííîãî æåëåçà K Fe  ñ ýíåðãèÿìè 6.4 êýÂ è 6.7 êýÂ, à òàêæå
õàðàêòåðíûé ãîðá â íåïðåðûâíîì ñïåêòðå íà ýíåðãèè ~20 - 40 êýÂ. Ñóììàðíûé
ñïåêòð îòðàæåííîãî è ïåðâè÷íîãî êîìïîíåíòîâ, ìîäèôèöèðîâàííûé ïîãëî-
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ùåíèåì, èñïîëüçóåòñÿ äëÿ îïðåäåëåíèÿ õàðàêòåðèñòèê è ãåîìåòðèè ãàçîïûëåâîé
ñðåäû ÀßÃ (íàïðèìåð, [5-11]). Êà÷åñòâî íàáëþäàåìîãî ñïåêòðà îòðàæåíèÿ â
ÀßÃ çíà÷èòåëüíî óëó÷øèëîñü ïîñëå íà÷àëà ðàáîòû êîñìè÷åñêîé îáñåðâàòîðèè
NuSTAR [12], ââèäó âîçìîæíîñòè ôîêóñèðîâàíèÿ èçëó÷åíèÿ ñ ýíåðãèåé
âïëîòü äî 79 êýÂ.

Ó÷èòûâàÿ õàðàêòåðèñòèêè ãàçîïûëåâîé ñðåäû, ÀßÃ ïðèíÿòî êëàññèôèöè-
ðîâàòü ïî âåëè÷èíå ïîãëîùåíèÿ, ïîñêîëüêó ýòà ñðåäà èãðàåò çíà÷èòåëüíóþ
ðîëü â ôîðìèðîâàíèè íàáëþäàåìîé ôîðìû ñïåêòðà. Åñëè âåëè÷èíà ñòîëáöåâîé
ïëîòíîñòè 24

H 10251N  .  ñì-2, òî ÀßÃ íàçûâàþò êîìïòîíîâñêè-òîíêèì, à â
ñëó÷àå, êîãäà 24

H 10251N  .  ñì-2 - êîìïòîíîâñêè-òîëñòûì1.
Îäíèì èç êàíäèäàòîâ â êîìïòîíîâñêè-òîíêèå ÀßÃ ÿâëÿåòñÿ ýëëèïòè÷åñêàÿ

ãàëàêòèêà êëàññà E2 Mrk 417 [13], êîòîðàÿ îïòè÷åñêè êëàññèôèöèðîâàíà êàê
cåéôåðòîâñêàÿ ãàëàêòèêà òèïà 2 [14] ñ êðàñíûì ñìåùåíèåì 03270.z   (~144
Ìïê) [15]. Â ðåíòãåíîâñêîì äèàïàçîíå îíà íàáëþäàëàñü êîñìè÷åñêèìè
îáñåðâàòîðèÿìè XMM-Newton, Suzaku, NuSTAR è Swift.

Â ðàáîòå [16] áûë ïðîàíàëèçèðîâàí ðåíòãåíîâñêèé ñïåêòð Mrk 417, ïîëó÷åííûé
îáñåðâàòîðèåé XMM-Newton, äëÿ àíàëèçà êîòîðîãî àâòîðû ïðèìåíèëè ðÿä
ìîäåëåé. Ïåðâàÿ ìîäåëü ÿâëÿåòñÿ ïðîñòûì ñòåïåííûì çàêîíîì ñ íåéòðàëüíûì
ïîãëîùåíèåì. Â ðåçóëüòàòå òàêîé àïïðîêñèìàöèè ïîëó÷åíî íåîáû÷íî ìàëîå
çíà÷åíèå ñòåïåííîãî èíäåêñà 560.  ñ ïëîõîé ñòàòèñòèêîé 82565d.o.f.2  .
Âòîðàÿ ìîäåëü ó÷èòûâàëà äîïîëíèòåëüíîå ïîãëîùåíèå ñ ÷àñòè÷íûì ïåðåêðûòèåì
è ïðèñóòñòâèåì ýìèññèîííîé ëèíèè â îêðåñòíîñòè 6.5 êýÂ, ÷òî ïðèâåëî ê
èçìåíåíèþ ñòåïåííîãî èíäåêñà 150

170252 .
.. 

 . Âåëè÷èíà ñòîëáöåâîé ïëîòíîñòè
ñîñòàâèëà 23271

690H 10578N  

.
..  ñì-2, ýêâèâàëåíòíàÿ øèðèíà ëèíèè K Fe

75.78
80.97-114.77EW   ýÂ. Â ñëåäóþùóþ ìîäåëü àâòîðû äîáàâèëè åùå îäèí ñòåïåííîé

çàêîí ñ ñîîòâåòñòâóþùèì äîïîëíèòåëüíûì ïîãëîùåíèåì, ïðåäïîëàãàÿ, ÷òî
ïîãëîùàþùàÿ ñðåäà ÀßÃ íåîäíîðîäíàÿ. Îñíîâíûå ïàðàìåòðû, ïîëó÷åííûå â
ýòîì ïðèáëèæåíèè, ñëåäóþùèå: 20

1H 104N   ñì-2, 23502
1312H 10415N  


.
..  ñì-2,

ñòåïåííûå èíäåêñû2 160
1601 362 .
.. 

 , 980
4702 880 .
.. 

 , ýêâèâàëåíòíàÿ øèðèíà ëèíèè
æåëåçà 87.71

86.64-179.2EW   ýÂ. Èñïîëüçîâàíèå ìîäåëè ñ ó÷åòîì îòðàæåíèÿ îò
íåéòðàëüíîé ñðåäû âìåñòå ñ äîïîëíèòåëüíûìè äàííûìè Swift/BAT ïîçâîëèëî
îöåíèòü çíà÷åíèå ýíåðãèè ýêñïîíåíöèàëüíîãî çàâàëà 112.1

13.5-106.7cE  êýÂ. Ïðè
ýòîì çíà÷åíèå ñòåïåííîãî èíäåêñà ñòàëî 340

530730 .
.. 

 , à ñòîëáöåâàÿ ïëîòíîñòü
- 2390

351H 10821N  

.
..  ñì-2, ÷òî îêàçàëîñü ìåíüøå ïî ñðàâíåíèþ ñ ïðåäûäóùåé

ìîäåëüþ. Ïîëó÷åííûå çíà÷åíèÿ ñòåïåííîãî èíäåêñà íå ÿâëÿþòñÿ òèïè÷íûìè
äëÿ cåéôåðòîâñêèõ ãàëàêòèê, è ýòî ìîæíî îáúÿñíèòü ïëîõèì êà÷åñòâîì
ñïåêòðà, à òàêæå òåì, ÷òî âûáðàííàÿ ìîäåëü ïîãëîùåíèÿ â äàííîì ñëó÷àå

1 http://mytorus.com/mytorus-manual-v0p0.pdf, ñì. ðàçäåë 2.1.
2 Ã1 - îïèñûâàåò ñïåêòð äî 3 êýÂ, Ã2 - ïîñëå 3 êýÂ, ñì. ðèñ.4 (ïðàâàÿ ïàíåëü) â [16].
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ÿâëÿåòñÿ íåêîððåêòíîé.
Íàáëþäàòåëüíûå äàííûå êîñìè÷åñêîé îáñåðâàòîðèè Suzaku áûëè îáðàáîòàíû

â ðàáîòå [17]. Äëÿ ðàñøèðåíèÿ ýíåðãåòè÷åñêîãî äèàïàçîíà àâòîðàìè òàêæå
áûë èñïîëüçîâàí ñïåêòð, ïîëó÷åííûé Swift/BAT âî âðåìÿ 20-ìåñÿ÷íîãî
îáçîðà íåáà. Â õîäå ïðîâåäåííîãî àíàëèçà áûëî óñòàíîâëåíî ïðèñóòñòâèå
ýìèññèîííîé ëèíèè K Fe  ñ ýíåðãèåé 0.25

0.31-FeK 376 


.E  êýÂ, ýêâèâàëåíòíîé
øèðèíîé 46

46-FeK 126EW 


 ýÂ è ïîãëîùåíèåì â êîíòèíóóìå 23010
010H 10574N  


.
..

ñì-2. Â ðàáîòå [18] ïðåäñòàâëåí àíàëèç äàííûõ îáñåðâàòîðèè Suzaku âìåñòå
ñ äàííûìè 70-òè ìåñÿ÷íîãî îáçîðà íåáà Swift/BAT â ñóììàðíîì äèàïàçîíå
0.5 - 150 êýÂ. Èñïîëüçîâàííàÿ àâòîðàìè ìîäåëü âêëþ÷àëà â ñåáÿ äâà ñòåïåííûõ
çàêîíà ñ ýêñïîíåíöèàëüíûì çàâàëîì è ïîãëîùåíèåì, à òàêæå êîìïîíåíòó
îòðàæåíèÿ îò õîëîäíîé íåéòðàëüíîé ñðåäû. Â ðåçóëüòàòå áûëè ïîëó÷åíû çíà÷å-
íèÿ ñòåïåííîãî èíäåêñà 080

090601 .
.. 

 , ïîãëîùåíèÿ 23320
320H 10454N  


.
.. ñì-2,

êîýôôèöèåíòà îòðàæåíèÿ 240
770761 .
..R 

  è ýêâèâàëåíòíîé øèðèíû ëèíèè K Fe
21
21-FeK 125EW 


 ýÂ. Ïàðàìåòð îòðàæåíèÿ èìååò äîñòàòî÷íî áîëüøîå çíà÷åíèå,

êîòîðîå ìîæåò áûòü ÷àñòè÷íî îáúÿñíåíî ôèêñèðîâàííûì çíà÷åíèåì ýíåðãèè
ýêñïîíåíöèàëüíîãî çàâàëà íà 300 êýÂ è íåâûñîêèì êà÷åñòâîì íàáëþäàòåëüíûõ
äàííûõ. Ñïåêòðàëüíûé àíàëèç, ïðîâåäåííûé íà îñíîâå íàáëþäàòåëüíûõ äàííûõ
Suzaku è 9-ìåñÿ÷íîãî îáçîðà ÀßÃ Swift/BAT â ðàáîòå [19], ñ èñïîëüçîâàíèåì
ìîäåëè, ó÷èòûâàþùåé îòðàæåíèå îò íåéòðàëüíîé ñðåäû, ïîêàçûâàåò âåëè÷èíó
ñòåïåííîãî èíäåêñà 130

110451 .
.. 

 , ïîãëîùåíèå 23232
701H 10245N  


.
..  ñì-2 è âåðõíèé

ïðåäåë êîýôôèöèåíòà îòðàæåíèÿ R = 0.19.
Â äàííîé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ñïåêòðàëüíîãî àíàëèçà ðåíòãåíîâ-

ñêîãî ñïåêòðà Mkr 417, ïîëó÷åííîãî êîñìè÷åñêîé îáñåðâàòîðèåé NuSTAR
âìåñòå ñ äàííûìè 105-ìåñÿ÷íîãî îáçîðà íåáà Swift/BAT. Öåëüþ ðàáîòû áûëî
îïðåäåëåíèå õàðàêòåðèñòèê ãàçîïûëåâîãî òîðà Mrk 417, äëÿ ÷åãî ñïåêòð
àïïðîêñèìèðîâàëñÿ ðàçíûìè ìîäåëÿìè. Àíàëèç êðèâûõ áëåñêà íà íàëè÷èå
ïåðåìåííîñòè ïðåäñòàâëåí â ðàçäåëå 3, ñïåêòðàëüíûé àíàëèç - â ðàçäåëå 4.
Äîïîëíèòåëüíàÿ ïðîâåðêà ïîëó÷åííûõ õàðàêòåðèñòèê ãàçîïûëåâîãî òîðà íà
îñíîâå ÈÊ-äèàïàçîíà ïðåäñòàâëåíà â ðàçäåëå 5.

2. Îáðàáîòêà äàííûõ. Íàáëþäåíèå ãàëàêòèêè Mrk 417 êîñìè÷åñêîé
îáñåðâàòîðèåé NuSTAR áûëî ïðîâåäåíî 20.02.2017 (ObsID 60061206002).
Ïîäãîòîâêà äàííûõ ê îáðàáîòêå ïðîâîäèëàñü ñ èñïîëüçîâàíèåì ïðîãðàììíîãî
îáåñïå÷åíèÿ NuSTARDAS v.1.6.0 (NuSTAR Data Analysis Software package)
ïàêåòà HEASOFT v.6.19. Î÷èùåííûå ôàéëû ñîáûòèé áûëè ïîëó÷åíû ñ
ïîìîùüþ ñòàíäàðòíîé ïîäïðîãðàììû nupipeline ñ èñïîëüçîâàíèåì áàçû
êàëèáðîâî÷íûõ ôàéëîâ CALDB v.20181022. Äëÿ ïîëó÷åíèÿ ñïåêòðà, êðèâîé
áëåñêà èñòî÷íèêà è ôîíà, ïðèìåíÿëàñü ïîäïðîãðàììà nuproducts. Îáëàñòè
èñòî÷íèêà è ôîíà áûëè âûáðàíû äëÿ îáîèõ äåòåêòîðîâ FPMA è FPMB êàê
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êðóãîâûå îáëàñòè ðàäèóñîì 60" è 70", ñîîòâåòñòâåííî.
Äëÿ ðàñøèðåíèÿ ñïåêòðàëüíîãî äèàïàçîíà áûë èñïîëüçîâàí óñðåäíåííûé ïî

âðåìåíè ñïåêòð â äèàïàçîíå 14-195 êýÂ, ïîëó÷åííûé êîñìè÷åñêîé îáñåðâàòîðèåé
Swift/BAT (Burst Alert Telescope) â ðåçóëüòàòå 105-ìåñÿ÷íîãî îáçîðà íåáà3 [20].
Â íàøåì ñëó÷àå äèàïàçîí ýíåðãèé áûë îãðàíè÷åí äî 150 êýÂ, ïîñêîëüêó äëÿ
ñïåêòðàëüíîãî áèíà ñ ýíåðãèåé 150-195 êýÂ äîìèíèðóåò ôîíîâîå èçëó÷åíèå.

3. Êðèâûå áëåñêà. Áûëè ïîñòðîåíû è ïðîàíàëèçèðîâàíû êðèâûå áëåñêà
Mrk 417 â äèàïàçîíàõ 3-10 êýÂ è 10-60 êýÂ, à òàêæå èõ îòíîøåíèå (ðèñ.1).
Êàæäàÿ òî÷êà ÿâëÿåòñÿ ñãðóïïèðîâàííûì áèíîì äàííûõ ñ ÷àñîâîé øèðèíîé
1100 ñ. Âèçóàëüíî êðèâûå áëåñêà â îáîèõ äèàïàçîíàõ äåìîíñòðèðóþò íåáîëüøóþ
ïåðåìåííîñòü. Äëÿ ìàòåìàòè÷åñêîãî àíàëèçà êðèâîé áëåñêà áûëà èñïîëüçîâàíà
ïðîãðàììà FTOOLS lcstats. Àïïðîêñèìèðóÿ êðèâûå áëåñêà ìîäåëüþ, ïîäðàçóìå-
âàþùóþ îòñóòñòâèå âàðèàöèé (ò.å. êîíñòàíòîé) â îáîèõ äèàïàçîíàõ, áûëè
ïîëó÷åíû çíà÷åíèÿ ñòàòèñòèêè 26715d.o.f.2 .  äëÿ 3-10 êýÂ è 2613d.o.f.2 
äëÿ 10-60 êýÂ. Òàêèì îáðàçîì, äàííûå íàáëþäåíèÿ îáñåðâàòîðèåé NuSTAR
àêòèâíîãî ÿäðà Mrk 417 ïîêàçûâàþò îòñóòñòâèå çíà÷èìîé ïåðåìåííîñòè.
Ñîîòâåòñòâóþùèå ñðåäíèå çíà÷åíèÿ ñêîðîñòè ñ÷åòà ñî ñòàíäàðòíûìè îòêëîíå-
íèÿìè èìåþò çíà÷åíèÿ 0.25±0.03 ñ-1 äëÿ 3-10 êýÂ è 0.24±0.03 ñ-1 äëÿ 10-60
êýÂ. Âñëåäñòâèå îòñóòñòâèÿ çíà÷èòåëüíûõ ïî àìïëèòóäå âàðèàöèé â êðèâûõ
áëåñêà, â äàëüíåéøåì èñïîëüçîâàëñÿ ïîëíûé, óñðåäíåííûé ïî âðåìåíè,

3 https://swift.gsfc.nasa.gov/results/bs105mon/519.

Ðèñ.1. Êðèâûå áëåñêà FPMA+FPMB â äèàïàçîíàõ ýíåðãèé 3 - 10 êýÂ (âåðõíÿÿ ïàíåëü),
10 - 60 êýÂ (ñðåäíÿÿ ïàíåëü), à òàêæå èõ ñîîòíîøåíèÿ (íèæíÿÿ ïàíåëü).
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ñïåêòð îò äåòåêòîðîâ FPMA/FPMB.

4. Ñïåêòðàëüíûé àíàëèç. Ñïåêòðû Mrk 417 àíàëèçèðîâàëèñü ñ
èñïîëüçîâàíèåì ïðîãðàììû XSPEC v.12.9.0u. Çíà÷åíèÿ ïîãðåøíîñòåé ñîîò-
âåòñòâóþò 90% äîâåðèòåëüíîìó èíòåðâàëó äëÿ îäíîãî ïàðàìåòðà ( 7122 . ).
Äëÿ ó÷åòà ðàçëè÷èé âî âçàèìíîé êàëèáðîâêå äåòåêòîðîâ FPMA, FPMB è
Swift/BAT, à òàêæå âàðèàöèé áëåñêà â äàííûõ ïîñëåäíåãî, áûëè ââåäåíû
êîíñòàíòû CFPMB è CBAT (â ìîäåëÿõ îáîçíà÷åíî êàê constant). Ïîëó÷åííûå â
ïðîöåññå àíàëèçà çíà÷åíèÿ CFPMB è CBAT áëèçêè ê 1.

Äåòåêòîðû FPMA è FPMB ìîãóò ïîëó÷àòü ñïåêòðû äî 79 êýÂ, íî â íàøåì
ñëó÷àå ïîñëå 60 êýÂ ñïåêòð ôîíà íà÷èíàåò äîìèíèðîâàòü íàä ñïåêòðîì
èñòî÷íèêà. Òàêèì îáðàçîì, â ñïåêòðàëüíîì àíàëèçå èñïîëüçîâàëñÿ äèàïàçîí
3-60 êýÂ. Ãàëàêòè÷åñêîå ïîãëîùåíèå ó÷òåíî âî âñåõ ìîäåëÿõ ïðèìåíåíèåì
ìîäåëè tbabs [9] è ðàâíÿåòñÿ 20

GalH 10881  .N  ñì-2, ñîãëàñíî äàííûì Ëåéäåí-
ñêîãî îáçîðà Ãàëàêòèêè [21]4. Âî âðåìÿ ñïåêòðàëüíîãî àíàëèçà ìû ïðèäåðæè-
âàëèñü ïîñëåäîâàòåëüíîñòè, èñïîëüçîâàííîé â [5]. Ïðè âû÷èñëåíèè ñâåòèìîñòåé
èñïîëüçîâàëèñü çíà÷åíèÿ êîñìîëîãè÷åñêèõ ïàðàìåòðîâ: H0 = 70 êì ñ-1

 Ìïê-1,
730.  è 270M .  [22].

4.1. Ôåíîìåíîëîãè÷åñêèå ìîäåëè. Ñíà÷àëà ìû àïïðîêñèìèðîâàëè
íàáëþäàòåëüíûé ñïåêòð ïðîñòûìè ôåíîìåíîëîãè÷åñêèìè ìîäåëÿìè, ïåðâàÿ
èç êîòîðûõ (ìîäåëü À) âêëþ÷àåò â ñåáÿ ñòåïåííîé êîíòèíóóì (zpowerlaw),
ïîãëîùåíèå íåéòðàëüíîé ñðåäîé (ztbabs) è ýìèññèîííóþ ëèíèþ ñ ãàóññîâñêèì
ïðîôèëåì (zgauss). Ïîñëåäíèé êîìïîíåíò äîáàâëåí íà îñíîâå ïðåäûäóùèõ
ðàáîò [16-18], ñîãëàñíî êîòîðûì â ñïåêòðå èìååòñÿ ýìèññèîííàÿ ëèíèÿ K Fe
íà ~6.4 êýÂ.

Âèä äàííîé ìîäåëè â ôîðìàëèçìå XSPEC:
Ìîäåëü À = constant * tbabs * ztbabs * (zpowerlaw + zgauss).
Ìîäåëü äåìîíñòðèðóåò õîðîøóþ ïîäãîíêó 227215d.o.f.2   ñî çíà÷åíèÿìè

ñòåïåííîãî èíäåêñà 090
090621 .
.. 

 , ñòîëáöåâîé ïëîòíîñòè 23490
370H 10213N  


.
.. ñì-2,

ýíåðãèþ ëèíèè 0.12
0.14-FeK 336 

  .E  êýÂ, ýêâèâàëåíòíóþ øèðèíó 3
4-FeK 107EW 

 
ýÂ (ðèñ.2). Çíà÷åíèå ñòåïåííîãî èíäåêñà   â ïðåäåëàõ ïîãðåøíîñòè ñîâïàäàåò
ñ ðåçóëüòàòîì ðàáîòû [18].

Ýêâèâàëåíòíàÿ øèðèíà ëèíèè, â ïðèáëèæåíèè åå ôîðìèðîâàíèÿ â "õîëîäíîé"
ñðåäå, ñâÿçàíà ïðîïîðöèåé ñ NH è òåëåñíûì óãëîì   ñëåäóþùèì îáðàçîì [17]:

. эВ
см104

N
4

300~EW 2-23
H




(1)

Òàêèì îáðàçîì, ìîæíî èñïîëüçîâàòü ïîëó÷åííûå çíà÷åíèÿ ñòîëáöåâîé ïëîò-
íîñòè NH è ýêâèâàëåíòíîé øèðèíû äëÿ îöåíêè çíà÷åíèÿ  4 :

4 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl.
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. 440
см104

N
эВ300

EW
4

1

2-23
H .~~






















(2)

Ïîñêîëüêó ðåíòãåíîâñêèé ñïåêòð ÀßÃ ìîæåò èìåòü ýêñïîíåíöèàëüíîå
îáðåçàíèå íà ýíåðãèÿõ âûøå 100 êýÂ, ìû çàìåíèëè ïðîñòîé ñòåïåííîé ñïåêòð
(zpowerlàw) íà ñòåïåííîé ñïåêòð ñ ýêñïîíåíöèàëüíûì îáðåçàíèåì íà âûñîêèõ
ýíåðãèÿõ (cutoffpl) (ìîäåëü Â). Çíà÷åíèå ýíåðãèè ýêñïîíåíöèàëüíîãî çàâàëà
äëÿ íà÷àëà áûëî çàôèêñèðîâàíî íà ýíåðãèè 300 êýÂ, ñîãëàñíî [18,16].

Âèä ìîäåëè Â â ôîðìàëèçìå XSPEC:

Ìîäåëü Â = ñonstant * tbabs * ztbabs(cutoffpl + zgauss).
Ëó÷øàÿ ïîäãîíêà â ðàìêàõ ìîäåëè Â ïîêàçûâàåò õîðîøóþ ñòàòèñòèêó

225208d.o.f.2  . Ïàðàìåòðû êîíòèíóóìà - ñòåïåííîé èíäåêñ 10
10511 .
.. 

 ,
ñòîëáöåâàÿ ïëîòíîñòü 23400

370H 10003N  

.
.. ñì-2, ïàðàìåòðû ëèíèè - ýíåðãèÿ

FeKE  0.12
0.14-336  .  êýÂ, ýêâèâàëåíòíàÿ øèðèíà 2

1-FeK 115EW 
   ýÂ. Ïîëó÷åííûå

ðåçóëüòàòû â ïðåäåëàõ ïîãðåøíîñòè ñîâïàäàþò ñ ðåçóëüòàòàìè, ïîëó÷åííûìè
ïðè ïðèìåíåíèè ìîäåëè À. Ýíåðãèÿ ýêñïîíåíöèàëüíîãî çàâàëà Åcut-off ïðè
ñâîáîäíîì âàðüèðîâàíèè íå îïðåäåëÿåòñÿ. Çíà÷åíèÿ ïàðàìåòðîâ, ïîëó÷åííûå
â ðåçóëüòàòå ïðèìåíåíèÿ îáñóæäàåìûõ ìîäåëåé, ïðåäñòàâëåíû â òàáë.1 (äâå
ïåðâûõ ñòðîêè).

4.2. Ó÷åò êîìïîíåíòà îòðàæåííîãî èçëó÷åíèÿ. Íàëè÷èå â ñïåêòðå
ôëóîðåñöåíòíîé ýìèññèîííîé ëèíèè K Fe  ñâèäåòåëüñòâóåò î ïðèñóòñòâèè

Ðèñ.2. Ëó÷øàÿ àïïðîêñèìàöèÿ â ðàìêàõ ïðèìåíåíèÿ ìîäåëè À. Íèæíÿÿ ïàíåëü -
îñòàòî÷íûå îòêëîíåíèÿ  = (data - model)/error. Ñïëîøíàÿ êðèâàÿ - ñóììàðíàÿ ìîäåëü,
òî÷êè - îòäåëüíûå âêëàäû ñòåïåííîãî êîíòèíóóìà è ëèíèè.

Ä
àí

íû
å-

ì
îä

åë
ü/

îø
èá

êà

Ýíåðãèÿ (êýÂ)

5

-2

10 20 50 100

0

2

Ô
î
òî

í,
 ñ

ì
-2

 ñ
-1

 ê
ýÂ

-1

10-4

10-5

10-6



351ÏÎÃËÎÙÀÞÙÀß  ÑÐÅÄÀ Â  ßÄÐÅ  ÃÀËÀÊÒÈÊÈ  Mrk 417

îïðåäåëåííîé äîëè îòðàæåííîãî èçëó÷åíèÿ. Äëÿ òîãî ÷òîáû ïðèíÿòü âî
âíèìàíèå ýòó ñïåêòðàëüíóþ êîìïîíåíòó, ìû âûáðàëè ìîäåëü pexmon [23].
Îíà îïèñûâàåò ñòåïåííîé ñïåêòð ñ ýêñïîíåíöèàëüíûì çàâàëîì âìåñòå ñ
îòðàæåííîé êîìïîíåíòîé îò íåéòðàëüíîé ñðåäû â âèäå ïëîñêîé ïîâåðõíîñòè
è ñàìîñîãëîñîâàíî òàêæå âêëþ÷àåò â ñåáÿ ýìèññèîííûå ëèíèè K Fe , K Fe
è K Ni . Â ìîäåëè pexmon ñâîáîäíûì ïàðàìåòðîì ÿâëÿåòñÿ ò.í. êîýôôèöèåíò
îòíîñèòåëüíîãî îòðàæåíèÿ R, êîòîðûé ñ ãåîìåòðè÷åñêîé òî÷êè çðåíèÿ ìîæåò
áûòü îïðåäåëåí êàê  2R , ãäå   - ýòî òåëåñíûé óãîë îòðàæàòåëÿ, ïîä
êîòîðûì îáëó÷àåòñÿ ñðåäà. Óãîë íàêëîíà îòðàæàþùåé ñðåäû áûë çàôèêñèðîâàí

o60 , ïîñêîëüêó ýòî çíà÷åíèå âûáèðàåòñÿ òèïè÷íûì äëÿ ãàëàêòèê òèïà
Ñåéôåðò 2 (íàïðèìåð, [17,6]).

Âèä ìîäåëè Ñ â ôîðìàëèçìå XSPEC:
Ìîäåëü Ñ = constant * tbabs * ztbabs(cutoffpl + pexmon).
Ëó÷øàÿ ïîäãîíêà â ðàìêàõ ìîäåëè C ïîêàçûâàåò õîðîøóþ ñòàòèñòèêó

226212d.o.f.2  ,  çíà÷åíèå ñòåïåííîãî èíäåêñà 100
110631 .
.. 

 , ñòîëáöåâîé
ïëîòíîñòè - 23410

390H 10223N  

.
.. ñì-2, êîýôôèöèåíòà îòíîñèòåëüíîãî îòðàæåíèÿ

- 210
240230 .
..R 

 . Íåíóëåâîå çíà÷åíèå R ñâèäåòåëüñòâóåò î íàëè÷èè íåáîëüøîãî
êîìïîíåíòà îòðàæåííîãî èçëó÷åíèÿ â íàáëþäàåìîì ñïåêòðå. Ïîëó÷åííûå
âåëè÷èíû   è NH â ïðåäåëàõ ïîãðåøíîñòè íå îòëè÷àþòñÿ îò ðåçóëüòàòîâ,
ïîëó÷åííûõ ïðè ïðèìåíåíèè ìîäåëåé A, B. Çíà÷åíèÿ ñïåêòðàëüíûõ ïàðàìåòðîâ
äàííîé ìîäåëè ïðåäñòàâëåíû â òàáë.1 (òðåòüÿ ñòðîêà).

4.3. Àíàëèç ñïåêòðà ñ èñïîëüçîâàíèåì äàííûõ NuSTAR è SWIFT/BAT.
Îöåíêà ýíåðãèè ýêñïîíåíöèàëüíîãî çàâàëà òðåáóåò ðàñøèðåíèÿ ýíåðãåòè÷åñêîãî
äèàïàçîíà. Ñ ýòîé öåëüþ ê ñïåêòðàëüíîìó àíàëèçó áûëè äîáàâëåíû äàííûå
Mrk 417 â äèàïàçîíå 14-150 êýÂ, ïîëó÷åííûå êîñìè÷åñêîé îáñåðâàòîðèåé
Swift/BAT [20]. Ïðèìåíåíèå ê ðàñøèðåííîìó ñïåêòðó ìîäåëè Ñ ïîçâîëèëî
ïîëó÷èòü çíà÷åíèå 63

34off-cut 133
E  êýÂ. Çíà÷åíèÿ ñòåïåííîãî èíäåêñà

Áàçîâàÿ Ã NH, R Å i
intr

кэВ102L
intr

кэВ4010L /d.o.f2
ìîäåëü 1023

 ñì-2 êýÂ ãðàä ýðã/ñ ýðã/ñ

Zpowerlaw 0.09
0.09-1.62 0.49

0.37-123 . - 0.12
0.14-336 . - 4310452 . 4310703 . 215/227

Cutoffpl 0.1
0.1-1.51 0.40

0.37-03 . - 0.12
0.14-336 . - 4310232 . 4310583 . 208/225

Cutoffpl+ 0.10
0.11-1.63 0.41

0.39-3.22 0.21
0.24-0.23 - 60(f) 4310342 . 4310193 . 212/226

pexmon

Òàáëèöà 1

ÇÍÀ×ÅÍÈß ÑÏÅÊÒÐÀËÜÍÛÕ ÏÀÐÀÌÅÒÐÎÂ ÄËß ÍÀÈËÓ×ØÅÉ
ÀÏÏÐÎÊÑÈÌÀÖÈÈ ÑÏÅÊÒÐÀ Mrk 417 ÏÎ ÄÀÍÍÛÌ NusTAR

f - ôèêñèðîâàííîå çíà÷åíèå.



352 Å.Â.ÊÎÌÏÀÍÈÅÖ,  À.À.ÂÀÑÈËÅÍÊÎ

180
180571 .
.. 

  è êîýôôèöèåíòà îòíîñèòåëüíîãî îòðàæåíèÿ 190
220260 .
..R 

  ïðè
232217d.o.f.2   â ïðåäåëàõ ïîãðåøíîñòåé íå èçìåíèëèñü. Ïîñêîëüêó ìîäåëü

ïîãëîùåíèÿ ztbabs ó÷èòûâàåò òîëüêî ôîòîýëåêòðè÷åñêîå ïîãëîùåíèå, íî íå
ó÷èòûâàåò êîìïòîíîâñêîå ðàññåÿíèå, ìû òàêæå ïðèìåíèëè áîëåå ôèçè÷åñêóþ
ìîäåëü plcabs [24]. Äàííàÿ ìîäåëü îïèñûâàåò ðàñïðîñòðàíåíèå ðåíòãåíîâñêîãî
èçëó÷åíèÿ îò èñòî÷íèêà â ñôåðè÷åñêè-ñèììåòðè÷íîé ñðåäå ñ êîððåêòíûì
ó÷åòîì íåðåëÿòèâèñòñêîãî êîìïòîíîâñêîãî ðàññåÿíèÿ è ïîãëîùåíèÿ.

Ðåçóëüòèðóþùèé âèä ìîäåëè â ôîðìàëèçìå XSPEC:
Ìîäåëü D = constant * tbabs(plcabs + pexmon).
Àïïðîêñèìàöèÿ ñïåêòðà ìîäåëüþ D (ðèñ.3) ïîêàçûâàåò õîðîøóþ ñòàòèñòèêó

232220d.o.f.2  , çíà÷åíèå ñòåïåííîãî èíäåêñà 180
190571 .
.. 

 ,  ñòîëáöåâîé
ïëîòíîñòè - 2235

74H 10930N  

.
..  ñì-2, ýíåðãèè ýêñïîíåíöèàëüíîãî çàâàëà -

230
58off-cut 142E  êýÂ. Êîýôôèöèåíò îòíîñèòåëüíîãî îòðàæåíèÿ íåìíîãî óâåëè-

÷èëñÿ è ñòàë ðàâåí 190
230370 .
..R 

 . Òàêèì îáðàçîì, âåëè÷èíû ñïåêòðàëüíûõ
ïàðàìåòðîâ íå èçìåíèëèñü ïî ñðàâíåíèþ ñ ìîäåëüþ Ñ â ïðåäåëàõ ïîãðåø-
íîñòåé. Îäíàêî îòìåòèì, ÷òî äàæå ñ ïðèìåíåíèåì óëó÷øåííîé ìîäåëè
êîíòèíóóìà plcabs è ñ ó÷åòîì îòðàæåíèÿ îò íåéòðàëüíîé ñðåäû, çíà÷åíèå
ñòåïåííîãî èíäåêñà îòëè÷àåòñÿ îò òèïè÷íîãî çíà÷åíèÿ ÀßÃ 81.~ , ÿâëÿÿñü
áîëåå ïîëîãèì (ñì., íàïðèìåð, [18, 6]). Òàêîå ðàçëè÷èå ìîæåò áûòü ðåçóëüòàòîì
íåêîððåêòíîãî ó÷åòà îòðàæåííîé êîìïîíåíòû ñïåêòðà, îñîáåííî â ñëó÷àå, åñëè
ñ÷èòàòü, ÷òî îáëàñòè îáðàçîâàíèÿ ëèíèè K Fe  è êîìïòîíîâñêîãî ãîðáà ñîâïàäàþò.

Ðèñ.3. Ëó÷øàÿ àïïðîêñèìàöèÿ â ðàìêàõ ïðèìåíåíèÿ ìîäåëè D. Íèæíÿÿ ïàíåëü -
îñòàòî÷íûå îòêëîíåíèÿ  = (data - model)/error. Ñïëîøíàÿ êðèâàÿ - ñóììàðíàÿ ìîäåëü, øòðèõè
- îòäåëüíûå âêëàäû ñòåïåííîãî êîíòèíóóìà, òî÷êè - êîìïîíåíòà ðàññåÿííîãî êîíòèíóóìà.
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Ïîäõîä ñ èñïîëüçîâàíèåì ìîäåëåé D è F ÿâëÿåòñÿ êîíñåðâàòèâíûì ïîäõîäîì,
ïðè êîòîðîì ïîâåðõíîñòü ãàçîïûëåâîãî òîðà îïèñûâàåòñÿ íåïðîçðà÷íîé
íåéòðàëüíîé ïëîñêîñòüþ. Îäíàêî ýòî ñèëüíî óïðîùåííîå ïðèáëèæåíèå, ïîñêîëüêó
ñîãëàñíî ñîâðåìåííûì ïðåäñòàâëåíèÿì, ãàçîïûëåâàÿ ñðåäà ÀßÃ èìååò áîëåå
ñëîæíóþ ãåîìåòðèþ è íå ÿâëÿåòñÿ àáñîëþòíî íåïðîçðà÷íîé â ðåíòãåíîâñêîì
äèàïàçîíå. Ïîýòîìó, áûëî ðåøåíî ïðèìåíèòü äâå ìîäåëè, êîòîðûå îïèñûâàþò
áîëåå ðåàëèñòè÷åñêèå ôîðìû ãàçîïûëåâîãî òîðà.

4.3.1. MYTorus. MYTorus - ýòî ìîäåëü, êîòîðàÿ áûëà ïîñòðîåíà íà
îñíîâå Ìîíòå-Êàðëî ñèìóëÿöèé âçàèìîäåéñòâèÿ ðåíòãåíîâñêîãî èçëó÷åíèÿ ñ
ãàçîïûëåâûì òîðîì â ôîðìå êëàññè÷åñêîãî "áóáëèêà", çíà÷åíèå ôàêòîðà
ïåðåêðûòèÿ êîòîðîãî ôèêñèðîâàíî è ñîñòàâëÿåò f

c
 = 0.5 (óãîë ðàñêðûòèÿ òîðà

60o) [25]. MyTorus ñîñòîèò èç íåñêîëüêèõ êîìïîíåíòîâ5: MYTorusZ, MYTorusS
è MYTorusL. Ïåðâûé êîìïîíåíò (MYTorusZ) îïèñûâàåò ìîäèôèêàöèþ
ïåðâè÷íîãî èçëó÷åíèÿ ïðè ïðîõîæäåíèè ÷åðåç ãàçîïûëåâîé òîð. Âòîðîé êîìïî-
íåíò (MYTorusS) ïðåäñòàâëÿåò ðàññåÿííîå è îòðàæåííîå îò ñòåíîê òîðà ïåðâè÷íîå
èçëó÷åíèå. Òðåòèé êîìïîíåíò (MYTorusL) õàðàêòåðèçóåò èçëó÷åíèå â ëèíèÿõ

K Fe , K Fe  è K Ni , êîòîðûå îáðàçóþòñÿ â íåéòðàëüíîé ñðåäå âåùåñòâà
òîðà. Ñâîáîäíûå ïàðàìåòðû ìîäåëè ñëåäóþùèå: ñòåïåííîé èíäåêñ  ,
ýêâàòîðèàëüíàÿ ñòîëáöåâàÿ ïëîòíîñòü NH(eq) è óãîë íàêëîíà ãàçîïûëåâîãî òîðà

i . Ïîñëåäíèé èçìåíÿåòñÿ â ïðåäåëàõ îò 0o äî 90o, ãäå o
i 0  îçíà÷àåò, ÷òî

îðèåíòàöèÿ òîðà îòíîñèòåëüíî  íàáëþäàòåëÿ "ïëàøìÿ" (àíãë. "face-on") è
o

i 90  - "ñ ðåáðà" (àíãë. "edge-on "). Â íàøåé ðàáîòå ìîäåëü MYTorus
èñïîëüçîâàëàñü â ò. í. "coupled" ðåæèìå (ìîäåëü F). Äðóãèìè ñëîâàìè, âñå
ïàðàìåòðû MYTorusS è MYTorusL ïðèðàâíèâàëèñü ê MYTorusZ. Êîýôôè-
öèåíòû íîðìèðîâàíèÿ ìåæäó ñîîòâåòñòâóþùèìè êîìïîíåíòàìè, A

S
 è A

L
, áûëè

çàôèêñèðîâàíû è ðàâíÿëèñü åäèíèöå. Ïåðâè÷íîå èçëó÷åíèå îïèñûâàëîñü
ñòåïåííûì çàêîíîì. Ýêñïîíåíöèàëüíûé çàâàë ó÷èòûâàëñÿ ñ ïîìîùüþ òàáëè÷íîé
ìîäåëè MYTorusZ ñ ôèêñèðîâàííûì çíà÷åíèåì Ecut-off = 160 êýÂ, êîòîðîå áëèçêî
ê ðàíåå ïîëó÷åííîìó çíà÷åíèþ Ecut-off ñ ïîìîùüþ ìîäåëåé C è D.

Îêîí÷àòåëüíûé âèä ìîäåëè F = constant * tbabs (zpowerlaw * MYTorusZ + As

* MYTorusS + AL * MYTorusL) èëè â ôîðìàëèçìå XSPEC:
Ìîäåëü F =  tbabs * constant (zpowerlw * etable{mytorus_Ezero_v00.fits} +

constant * atable{mytorus_scatteredH160_v00.fits} + constant *
atable{mytl_V000010nEp000H}).

Ïðèìåíåíèå ìîäåëè F ïîêàçàëî õîðîøóþ ñòàòèñòèêó 232225d.o.f.2  ,
ñòåïåííîé èíäåêñ 090

070651 .
.. 

  è óãîë íàêëîíà peg
77i 587 

 ..   ãðàäóñîâ. Âåëè÷èíà
ýêâàòîðèàëüíîãî ïîãëîùåíèÿ  

2320
20eqH 1033N  


.
.. ñì-2.

5 http://mytorus.com/mytscfiles.html.
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Èçíà÷àëüíî çàôèêñèðîâàííûé ïàðàìåòð A
S
 âêëþ÷àåò â ñåáÿ âñþ èíôîð-

ìàöèþ î âîçìîæíîé ïåðåìåííîñòè èñòî÷íèêà, îòêëîíåíèÿõ õèìè÷åñêîãî ñîñòàâà
èëè ãåîìåòðèè ãàçîïûëåâîé ñòðóêòóðû îò ïðèíÿòîé â îðèãèíàëüíîì âàðèàíòå
ìîäåëè MYTorus. Îòëè÷èå îò åäèíèöû çíà÷åíèÿ A

S
 ìîæåò ñâèäåòåëüñòâîâàòü,

â ïåðâóþ î÷åðåäü, îá îòêëîíåíèè ãåîìåòðèè îò ïðèíÿòîé â ìîäåëè. Åñëè
èíòåðïðåòèðîâàòü A

S
 èñêëþ÷èòåëüíî êàê ãåîìåòðè÷åñêèé ïàðàìåòð, ìîæíî îöåíèòü

ôàêòîð ïåðåêðûòèÿ êàê Sc A.f 50 . Ïîýòîìó ñëåäóþùèì øàãîì ìû ñäåëàëè
ïàðàìåòðû A

S
 è A

L
 ñâîáîäíûìè, íî ñ óñëîâèåì A

S
 = A

L
, ïîäðàçóìåâàÿ, ÷òî ðåãèîí

îáðàçîâàíèÿ ðàññåÿííîé êîìïîíåíòû ñïåêòðà è ëèíèé îäèí è òîò æå. Ïðèìåíåíèå
ìîäåëè F â ýòîì ñëó÷àå òàêæå ïîêàçàëî õîðîøóþ ñòàòèñòèêó 231225d.o.f.2 
(ðèñ.4), ñòåïåííîé èíäåêñ 090

090681 .
.. 

  è óãîë íàêëîíà peg
39i 286 

 ..  ãðàäóñîâ.
Ïîëó÷åííîå çíà÷åíèå ïàðàìåòðà 800

630680 .
.S .A 

 , ÷òî ñîîòâåòñòâåííî ïðèâîäèò ê
400
32034050 .
.Sc .A.f 

 . Ýòîò ðåçóëüòàò ìîæíî èíòåðïðåòèðîâàòü êàê òî, ÷òî
ãàçîïûëåâîé òîð ÿâëÿåòñÿ áîëåå ñæàòûì ïî âåðòèêàëè è åãî ôîðìà ïðèáëèæàåòñÿ

ê êîëüöåïîäîáíîé ñòðóêòóðå. Âåëè÷èíà ýêâàòîðèàëüíîãî ïîãëîùåíèÿ ïî ðåçóëüòàòàì
àïïðîêñèìàöèè  

23040
040eqH 10403N  


.
..  ñì-2. Ñîãëàñíî ôîðìóëå (1) â ðàáîòå [25],

÷òîáû ïîëó÷èòü çíà÷åíèå ïîãëîùåíèÿ íà ëó÷å çðåíèÿ, íåîáõîäèìî âîñïîëüçî-
âàòüñÿ óðàâíåíèåì:

   , cos41NN
212

eqHl.o.sH i (3)

Ðèñ.4. Íàèëó÷øàÿ àïïðîêñèìàöèÿ â ðàìêàõ ïðèìåíåíèÿ ìîäåëè MYTorus. Íèæíÿÿ ïàíåëü -
îñòàòî÷íûå îòêëîíåíèÿ  = (data - model)/error. Ñïëîøíàÿ êðèâàÿ - ñóììàðíàÿ ìîäåëü, òî÷êè -
îòäåëüíûå âêëàäû ñòåïåííîãî êîíòèíóóìà è ýìèññèîííûõ ëèíèé, øòðèõè ñ òî÷êîé - êîìïîíåíòà
ðàññåÿííîãî êîíòèíóóìà.
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÷òî äëÿ íàøåãî ñëó÷àÿ äàåò 23040
070Hl.o.s 10363N  


.
..  ñì-2. Âû÷èñëåííîå çíà÷åíèå

ñðàâíèìî ñ òàêèìè æå ïîëó÷åííûìè â ïðåäûäóùèõ ìîäåëÿõ. Âåëè÷èíà NÍ l.o.s

ìîæåò áûòü ïåðåâåäåíà â îïòè÷åñêóþ òîëùèíó, èñïîëüçóÿ:

, 2708090 24 .~N.~Nn~ HTeS  (4)

ãäå, T  - òîìñîíîâñêîå ñå÷åíèå ðàññåÿíèÿ, n
e
 - ñðåäíåå êîëè÷åñòâî ýëåêòðîíîâ

íà îäèí àòîì âîäîðîäà, N24 - ñòîëáöåâàÿ ïëîòíîñòü, âûðàæåííàÿ â åäèíèöàõ
1024

 ñì-2. Òàêèì îáðàçîì, ÿäðî ãàëàêòèêè Mrk 417, ñ òî÷êè çðåíèÿ çíà÷åíèÿ
NH l.o.s., ÿâëÿåòñÿ êîìïòîíîâñêè-òîíêèì. Óãîë ìåæäó îñüþ òîðà è íàáëþäàòåëåì

o86  ñâèäåòåëüñòâóåò î òîì, ÷òî òîð íàáëþäàåòñÿ "ñ ðåáðà". Èñïðàâëåííàÿ
íà ïîãëîùåíèå ñâåòèìîñòü ÿäðà Mrk 417 â äèàïàçîíå ýíåðãèé 2 - 10 êýÂ èìååò
çíà÷åíèå 43intr

КэВ102 10163  .L  ýðã/ñ,  ÷òî ïðèìåðíî â 1.4 ðàçà áîëüøå, ÷åì
çíà÷åíèÿ, ïîëó÷åííûå ïðè èñïîëüçîâàíèè ïðåäûäóùèõ ìîäåëåé À, Â, Ñ, D
(ñì. ñîîòâåòñòâóþùèå ñòîëáöû â òàáë.1, 2). Òàêîå ðàçëè÷èå îáúÿñíÿåòñÿ
ðàçíîé ãåîìåòðèåé ïîãëîùàþùåé ñðåäû, ïðèíÿòîé ïðè ñïåêòðàëüíîì àíàëèçå.

4.3.2. BNTorus. BNTorus - ýòî ìîäåëü, ñîçäàííàÿ íà îñíîâå Ìîíòå-
Êàðëî ñèìóëÿöèè, êîòîðàÿ îïèñûâàåò âçàèìîäåéñòâèå ðåíòãåíîâñêîãî èçëó÷åíèÿ
îò öåíòðàëüíîãî òî÷å÷íîãî èñòî÷íèêà ñ ãàçîïûëåâîé ñðåäîé [26]. Ýòà ñðåäà
èìååò âèä ñôåðû, ìîäèôèöèðîâàííîé äâóìÿ ïîëÿðíûìè êîíè÷åñêèìè
ïóñòîòàìè. Â ìîäåëè ó÷òåíî êîìïòîíîâñêîå ðàññåÿíèå, ôîòîýëåêòðè÷åñêîå
ïîãëîùåíèå è ôëóîðåñöåíòíûå ýìèññèîííûå ëèíèè æåëåçà. Ñâîáîäíûìè
ïàðàìåòðàìè ìîäåëè ÿâëÿþòñÿ ïîãëîùåíèå íà ëó÷å çðåíèÿ NÍ, ñòåïåííîé
èíäåêñ  , óãîë ðàñêðûòèÿ òîðà tor (âàðüèðóåòñÿ â ïðåäåëàõ îò 25o.8 äî 84o.3)
è óãîë, ïîä êîòîðûì îðèåíòèðîâàíà ýêâàòîðèàëüíàÿ ïëîñêîñòü òîðà ïî îòíîøåíèþ
ê íàáëþäàòåëþ incl (âàðüèðóåòñÿ â ïðåäåëàõ îò 18o.2 äî 87o.1). Ýíåðãèÿ
ýêñïîíåíöèàëüíîãî çàâàëà íå âàðüèðóåòñÿ è çàôèêñèðîâàíà Ecut-off = 300 êýÂ.

Âèä ìîäåëè â ôîðìàëèçìå XSPEC:
Ìîäåëü K = constant * tbabs * atable{torus1006.fits}.
Ïðèìåíåíèå ìîäåëè äåìîíñòðèðóåò õîðîøóþ ñòàòèñòèêó 232224d.o.f.2  ,

ñòåïåííîé èíäåêñ 090
090751 .
.. 

 , ïîãëîùåíèå 23490
390H 10723N  


.
.. ñì-2. Ïîëó÷åííîå

çíà÷åíèå óãëà íàêëîíà ýêâàòîðèàëüíîé ïëîñêîñòè òîðà 61
513incl 879 .
.. 

  ãðàäóñîâ
â ïðåäåëàõ ïîãðåøíîñòè ñîâïàäàåò ñî çíà÷åíèåì, ïîëó÷åííûì ïðè ïðèìåíåíèè
ìîäåëè MYTorus. Óãîë ðàñêðûòèÿ òîðà 910

93tor 173 .
.. 

  ãðàäóñîâ, êàê è â
ïðåäûäóùåé ìîäåëè, ìîæíî ñâÿçàòü ñ ôàêòîðîì ïåðåêðûòèÿ ýòîãî òîðà

060
190tor 290cos .
.c .f 

 , ÷òî ñðàâíèìî ñ f
c
 â ìîäåëè MYTorus. Òàêèì îáðàçîì,

ìîäåëü BNTorus òàêæå óêàçûâàåò íà âîçìîæíî áëèçêóþ ê êîëüöåïîäîáíîé
ñòðóêòóðó ãàçîïûëåâîé ñðåäû. Ïîëíûå ðåçóëüòàòû ïðèìåíåíèÿ ìîäåëè
ïðåäñòàâëåíû â òàáë.2.

Ïîñêîëüêó ýíåðãèÿ ýêñïîíåíöèàëüíîãî çàâàëà, êîòîðàÿ áûëà îïðåäåëåíà
â ïðåäûäóùèõ ìîäåëÿõ êàê Ecut-off ~ 140 êýÂ è çíà÷èòåëüíî îòëè÷àåòñÿ îò
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ïðèíÿòîãî çíà÷åíèÿ Ecut-off â BNTorus, áûëà äîïîëíèòåëüíî âûïîëíåíà
àïïðîêñèìàöèÿ ñïåêòðà ñ èçìåíåííîé ýíåðãèåé ýêñïîíåíöèàëüíîãî çàâàëà,
äëÿ ÷åãî ìîäåëü Ê óìíîæàëàñü íà êîìïîíåíòó zhighect. Ïðè ýòîì áûëè
ðàññìîòðåíû äâà âàðèàíòà:

1. Çíà÷åíèå Ecut-off = 140 êýÂ çàôèêñèðîâàíî. Â òàêîì ñëó÷àå ñðàçó ïîëó÷àåì
óìåíüøåíèå ñòåïåííîãî èíäåêñà è êîíöåíòðàöèè: 070

130561 .
.. 

 ,
23610

850 10253  

.
.H .N ñì-2. Óãëû tor  è incl  íå ïðåòåðïåâàþò èçìåíåíèé.

Çíà÷åíèå ñòàòèñòèêè 231218d.o.f.2  .
2. Ecut-off âàðüèðóåòñÿ âìåñòå ñ äðóãèìè ïàðàìåòðàìè. Ðåçóëüòèðóþùàÿ

ïîäãîíêà ïîêàçûâàåò ñòàòèñòèêó 230217d.o.f.2   è çíà÷åíèÿ ïàðàìåòðîâ
130
190441 .
.. 

 , 23420
190H 10772N  


.
.. ñì-2, 85

25off-cut 90
E  êýÂ.

Èçìåíåíèå ýíåðãèè ýêñïîíåíöèàëüíîãî çàâàëà äî 90 êýÂ è ñòåïåííîãî
èíäåêñà äî ~1.4 ñâèäåòåëüñòâóåò î âûðîæäåíèè ïàðàìåòðîâ è íåêîððåêòíîñòè
ìîäåëè. Ïðè÷èíîé òàêîãî âûðîæäåíèÿ ìîæåò ÿâëÿòüñÿ òî, ÷òî â BNTorus
îòñóòñòâóåò ðàçäåëåíèå íà îòäåëüíî âàðüèðîâàííûå êîìïîíåíòû ñïåêòðà ïî
ïðèìåðó ìîäåëè MYTorus.

5. Áëèæíåå èíôðàêðàñíîå èçëó÷åíèå è ôàêòîð ïåðåêðûòèÿ . Â
áëèæíåì èíôðàêðàñíîì (àíãë. - mid-Infrared radiation - MIR) äèàïàçîíå
îñíîâíûìè èñòî÷íèêàìè èçëó÷åíèÿ â àêòèâíûõ ÿäðàõ ãàëàêòèê ÿâëÿþòñÿ
ëèáî îêîëîÿäåðíûå çîíû àêòèâíîãî çâåçäîîáðàçîâàíèÿ, ëèáî ãàçîïûëåâîé
òîð. Â ïîñëåäíåì ñëó÷àå âûñîêîýíåðãåòè÷åñêîå èçëó÷åíèå îò öåíòðà ÀßÃ
ïîãëîùàåòñÿ è ïåðåèçëó÷àåòñÿ â èíôðàêðàñíîì äèàïàçîíå è òîãäà MIR ìîæåò
áûòü õîðîøèì ïîêàçàòåëåì ñîáñòâåííîé ñâåòèìîñòè ÀßÃ â ðåíòãåíîâñêîì

Áàçîâàÿ Ã NH, R tor i Ecut-off

intr
кэВ102L

intr
кэВ4010L /d.o.f2

ìîäåëü 1023
 ñì-2 ãðàä ãðàä êýÂ ýðã/ñ ýðã/ñ

Cutoffpl+ 0.18
0.18-1.57 0.49

0.46-123 . 0.19
0.22-0.26 - 60(f) 4310222 . 4310253 . 217/238

pexmon
Plcabs+ 0.18

0.18-1.57 0.53
0.47-093 . 0.19

0.23-0.37 - 60(f) 4310172 . 4310133 . 220/232
pexmon

MYTorus 0.09
0.09-1.68 0.4

0.4-43 . - - peg
9.3-86.2 160(f) 4310163 . 4310374 . 225/232

BNTorus 0.09
0.09-1.75 0.49

0.39-723 . - 10.9
3.9-73.1 1.6

13.5-79.8 300(f) - - 224/232

Òàáëèöà 2

ÇÍÀ×ÅÍÈß ÑÏÅÊÒÐÀËÜÍÛÕ ÏÀÐÀÌÅÒÐÎÂ ÄËß
ÍÀÈËÓ×ØÅÉ ÀÏÏÐÎÊÑÈÌÀÖÈÈ ÑÏÅÊÒÐÀ Mrk 417

ÏÎ ÄÀÍÍÛÌ NuSTAR È Swift/BAT

f - ôèêñèðîâàííîå çíà÷åíèå
peg - îò àíãë. "pegged" - ïðè îïðåäåëåíèè ïîãðåøíîñòè, åå ðàçáðîñ ââåðõ/âíèç óïèðàåòñÿ

â âåðõíþþ/íèæíþþ ãðàíèöó ïàðàìåòðà.
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äèàïàçîíå [27,28].
Íî ñíà÷àëà íóæíî ïðîâåðèòü, äåéñòâèòåëüíî ëè èçëó÷åíèå MIR äëÿ Mrk

417 â äàííîì äèàïàçîíå âûçâàíî èçëó÷åíèåì îò öåíòðà ÀßÃ. Äëÿ ýòîãî èç
êàòàëîãà êîñìè÷åñêîé îáñåðâàòîðèè WISE (Wide-field Infrared Survey Explorer)
[29] áûëè âçÿòû çíà÷åíèÿ çâåçäíûõ âåëè÷èí â ôèëüòðàõ W1 (3.4 ìêì) è W2

(4.6 ìêì). Ñîãëàñíî êðèòåðèþ èç ðàáîòû [30], åñëè W1 - W2 > 0.8, òî äîìèíè-
ðóþùåé ïðè÷èíîé áëèæíåãî èíôðàêðàñíîãî èçëó÷åíèÿ ÿâëÿåòñÿ àêòèâíîñòü
ÿäðà ãàëàêòèêè. Â íàøåì ñëó÷àå, 9401051004211WW mmm

21 ...  . Òàêèì
îáðàçîì, äàííûå èíôðàêðàñíîãî äèàïàçîíà äëÿ Mrk 417 äåéñòâèòåëüíî ìîæíî
èñïîëüçîâàòü äëÿ ïîëó÷åíèÿ íåçàâèñèìîé îöåíêè ñâåòèìîñòè ÀßÃ â
ðåíòãåíîâñêîì äèàïàçîíå. Âîñïîëüçîâàâøèñü êîððåëÿöèîííîé çàâèñèìîñòüþ
ìåæäó ñâåòèìîñòüþ intr

кэВ102L  è L12 ìêì [27]:

    , 
сэрг10

log030970040330
сэрг10

log 43

intr
кэВ102

43
мкм12 

L
....

L
(5)

ìû ïîëó÷èì îæèäàåìîå çíà÷åíèå ñâåòèìîñòè â äèàïàçîíå 2-10 êýÂ. Ñîãëàñíî
äàííûì îáñåðâàòîðèè WISE äëÿ Mrk 417, çíà÷åíèå logL12 ìêì = 43.58 ± 0.01 [16].
Òîãäà èñïîëüçîâàíèå çàâèñèìîñòè мкм12

intr
кэВ102 LL   ïîêàçûâàåò îæèäàåìîå

43intr
кэВ102 10831  .~L  ýðã/ñ. Ïîëó÷åííàÿ æå ñâåòèìîñòü ïðè àïïðîêñèìàöèè ñïåêòðà

ìîäåëüþ MYTorus 43intr
кэВ102 10163  .L  ýðã/ñ, à ýòî îçíà÷àåò, ÷òî ôàêòè÷åñêàÿ

ñâåòèìîñòü, èñïðàâëåííàÿ íà âíóòðåííåå ïîãëîùåíèå, ïðèìåðíî â 1.7 ðàçà ïðåâûøàåò
îæèäàåìîå çíà÷åíèå. Ïðèíèìàÿ âî âíèìàíèå, ÷òî ñâåòèìîñòü â ðåíòãåíîâñêîì
äèàïàçîíå ÿâëÿåòñÿ ìîäåëüíî çàâèñèìîé âåëè÷èíîé, ïîëó÷åííàÿ ðàçíèöà íå
ÿâëÿåòñÿ áîëüøîé. Ìû äîïîëíèòåëüíî îáñóäèì ýòîò ðåçóëüòàò â ðàçäåëå 6.

Êàê áûëî ïîêàçàíî â ïðåäûäóùåé ãëàâå, ìåíüøåå çà åäèíèöó îòíîøåíèå
íîðìèðîâîê âíóòðåííåãî êîíòèíóóìà ê ðàññåÿííîìó/îòðàæåííîìó À

S
, ïðè

èñêëþ÷èòåëüíî  ãåîìåòðè÷åñêîé èíòåðïðåòàöèè, ìîæåò áûòü èñïîëüçîâàíî êàê
óêàçàòåëü íà, âîçìîæíî, êîëüöåïîäîáíóþ ñïëþùåííóþ ñòðóêòóðó ãàçîïûëåâîé
ñðåäû. Äàííûé âûâîä òàêæå ìîæíî êîñâåííî ïðîâåðèòü, èñïîëüçóÿ ñîîòíîøåíèå
ìåæäó ñâåòèìîñòüþ òîðà (â âèäå ñâåòèìîñòè íà 12 ìêì) è áîëîìåòðè÷åñêîé
ñâåòèìîñòüþ ÀßÃ (ñîãëàñíî ðàáîòàì [31,32]. Áîëîìåòðè÷åñêóþ ñâåòèìîñòü
ìîæíî ïîëó÷èòü, óìíîæèâ L2-10êýÂ íà 10 [33], òîãäà 44

bol 1023  .L  ýðã/ñ. Äëÿ
Mrk 417, òàêèì îáðàçîì, f

c
 = Lòîðà /Lbol = L12 ìêì/Lbol ~ 0.12. Ýòî çíà÷åíèå

ñîãëàñóåòñÿ ñ íàøèì ïðåäïîëîæåíèåì î êîëüöåïîäîáíîì òîðå, íåñìîòðÿ íà
òî, ÷òî ïîëó÷åííàÿ âåëè÷èíà ïðèáëèçèòåëüíî â 3 ðàçà ìåíüøå òàêîé æå èç
ðåíòãåíîâñêèõ äàííûõ6. Â ñëó÷àå ìàëîãî f

c
 çíà÷èòåëüíàÿ ÷àñòü ðåíòãåíîâñêîãî

6 Èñïîëüçîâàíèå îòíîøåíèÿ L12 ìêì /Lbol äëÿ îïðåäåëåíèÿ fc ÿâëÿåòñÿ î÷åíü ãðóáûì ïðèáëèæåíèåì,
ïîñêîëüêó íåîáõîäèìî çíàòü òî÷íîå ðàñïðåäåëåíèå ïëîòíîñòè â ãàçîïûëåâîì òîðå, åãî âîçìîæíóþ
ïðîñòðàíñòâåííóþ àíèçîòðîïèþ, à òàêæå ïîëíîñòüþ èñêëþ÷èòü âëèÿíèå âíåÿäåðíûõ èñòî÷íèêîâ
áëèæíåãî ÈÊ äèàïàçîíà (ñì., íàïðèìåð, ðàçäåë 4.3 â [31], ðàçäåë 3.3 â [30]).
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èçëó÷åíèÿ áóäåò ïîêèäàòü öåíòð ÀßÃ, íå ïåðåñåêàÿ îáëàñòü ãàçîïûëåâîãî
òîðà. Â ðåçóëüòàòå âêëàä îòðàæåííîé êîìïîíåíòû â íàáëþäàåìûé ñïåêòð
áóäåò íåáîëüøèì, ÷òî, ñîîòâåòñòâåííî, îòðàæàåòñÿ íà ñëàáîñòè ëèíèè æåëåçà

K Fe , à òàêæå íà íåáîëüøîì çíà÷åíèè êîýôôèöèåíòà îòíîñèòåëüíîãî
îòðàæåíèÿ R â èñïîëüçîâàííîé ìîäåëè pexmon. Íà îñíîâå äàííûõ èíôðà-
êðàñíîãî äèàïàçîíà ìîæíî îöåíèòü âåëè÷èíó ïîãëîùåíèÿ, èñïîëüçóÿ êîððå-
ëÿöèîííóþ çàâèñèìîñòü [28]:

    . 
мЯн

смсэргlog1106701103714
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Ñîãëàñíî äàííûì îáñåðâàòîðèè IRAS, ïîòîê F12 ìêì = 0.132 ßí [34]. Íàáëþäà-
òåëüíûé ïîòîê â ðåíòãåíå 12obs

кэВ10-2 10163  .F  ýðã ñ-1/ñì2. Â ýòîì ñëó÷àå
èñïîëüçîâàíèå çàâèñèìîñòè " obs

кэВ10-2мкм12 FFNH  " ïîêàçûâàåò îæèäàåìîå
çíà÷åíèå 2310163 .~NH  ñì-2, ÷òî ñîâïàäàåò ñ ðåçóëüòàòàìè, ïîëó÷åííûìè
ïðè ïðèìåíåíèè ôåíîìåíîëîãè÷åñêèõ ìîäåëåé è MYTorus.

6. Ðåçóëüòàòû è îáñóæäåíèÿ. Ìû ïðåäñòàâèëè ðåçóëüòàòû ñïåêò-
ðàëüíîãî àíàëèçà äàííûõ ãàëàêòèêè Mrk 417 â äèàïàçîíå 3-60 êýÂ, ïîëó÷åííûõ
êîñìè÷åñêîé îáñåðâàòîðèåé NuSTAR âìåñòå ñ äàííûìè 14-150 êýÂ èç 105-
ìåñÿ÷íîãî îáçîðà íåáà Swift/BAT. Ýòà ãàëàêòèêà áûëà êëàññèôèöèðîâàíà êàê
êàíäèäàò â êîìïòîíîâñêè-òîíêèå ÀßÃ ïî ðåçóëüòàòàì ðàáîòû [18]. Èñïîëü-
çîâàíèå ñòåïåííîãî çàêîíà ñ ïîãëîùåíèåì â ñïåêòðàëüíîì àíàëèçå ïîêàçàëî
ñòåïåííîé èíäåêñ 61.~  è 23

H 103N ~  ñì-2. Äîáàâëåíèå ìîäåëè îòðàæåíèÿ
â ïðåäåëàõ ïîãðåøíîñòåé íå èçìåíÿåò ïàðàìåòðû êîíòèíóóìà, íî ïðè ýòîì
ïîêàçûâàåò íåáîëüøîå íàëè÷èå â ñïåêòðå îòðàæåííîé êîìïîíåíòû 190

230370 .
..R 


è ýêñïîíåíöèàëüíîãî çàâàëà ñ ýíåðãèåé 230

58off-cut 142E  êýÂ. Ïîëó÷åííûå
çíà÷åíèÿ ñïåêòðàëüíûõ ïàðàìåòðîâ îòëè÷àþòñÿ îò ðåçóëüòàòîâ, êîòîðûå áûëè
ïðåäñòàâëåíû ðàíåå â ðàáîòàõ [16-19].

Ñ öåëüþ ïîëó÷åíèÿ äîïîëíèòåëüíûõ õàðàêòåðèñòèê ãàçîïûëåâîé ñðåäû â
Mrk 417, òàêæå áûëè ðàññìîòðåíû ôèçè÷åñêèå ìîäåëè MYTorus è BNTorus.
Ñòåïåííîé èíäåêñ ïî ðåçóëüòàòàì ïðèìåíåíèÿ ýòèõ ìîäåëåé, 090

090MYTorus 681 .
.. 


è 090

090BNTorus 751 .
.. 

 , èìååò çíà÷åíèå òèïè÷íîå äëÿ ÀßÃ. Òàêæå ñ ïîìîùüþ
ìîäåëè MYTorus áûëî óñòàíîâëåíî, ÷òî ãàçîïûëåâàÿ ñðåäà ìîæåò áûòü îïèñàíà
îäíîðîäíûì òîðîì ñ ýêâàòîðèàëüíûì ïîãëîùåíèåì 2340

40MYTorusH 1043N  

.
..

ñì-2, íàáëþäàåìûì ïîä óãëîì peg
39i 286 

 ..  ãðàäóñîâ. Âîçìîæíîñòü èíòåðïðå-
òèðîâàòü êîýôôèöèåíò íîðìèðîâêè A

s
 êàê ãåîìåòðè÷åñêèé ïàðàìåòð ïîçâîëèëà

îöåíèòü ôàêòîð ïåðåêðûòèÿ òîðà 400
320340 .
.c .f 

 . Ìîäåëü BNTorus èñïîëüçîâàëàñü
äëÿ äîïîëíèòåëüíîé îöåíêè óãëà íàáëþäåíèÿ è ôàêòîðà ïåðåêðûòèÿ. Ïî
ðåçóëüòàòàì ïðèìåíåíèÿ ýòîé ìîäåëè, óãîë íàêëîíà ýêâàòîðèàëüíîé ïëîñêîñòè
òîðà 61

513incl 879 .
.. 

  â ïðåäåëàõ ïîãðåøíîñòè ñîâïàäàåò ñî çíà÷åíèåì, ïîëó÷åí-
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íûì ïðè èñïîëüçîâàíèè ìîäåëè MYTorus. Óãîë ðàñêðûòèÿ òîðà 910
93tor 173 .
.. 


ãðàäóñîâ, ÷òî ýêâèâàëåíòíî ôàêòîðó ïåðåêðûòèÿ 060

190290 .
.c .f 

 , ñðàâíèìîìó ñ
f
c
 ìîäåëè MYTorus. Îñíîâûâàÿñü íà ïîëó÷åííîì çíà÷åíèè f

c
, ìîæíî ïðåäïî-

ëîæèòü, ÷òî òîð ÿâëÿåòñÿ ñæàòûì ïî âåðòèêàëè è åãî ôîðìà ïðèáëèæàåòñÿ
ê êîëüöåïîäîáíîé ñòðóêòóðå. Ïîñêîëüêó ãàçîïûëåâàÿ ñðåäà òàêæå ïåðåèçëó÷àåò
â áëèæíåì èíôðàêðàñíîì äèàïàçîíå, áûëè èñïîëüçîâàíû äàííûå íàáëþäåíèé
êîñìè÷åñêîé îáñåðâàòîðèè WISE äëÿ äîïîëíèòåëüíîé ïðîâåðêè ðåçóëüòàòîâ,
ïîëó÷åííûõ â ðåíòãåíîâñêîì àíàëèçå. Ñ ýòîé öåëüþ èñïîëüçîâàëàñü êîððåëÿ-
öèîííàÿ çàâèñèìîñòü мкм12

intr
кэВ102 LL  , êîòîðàÿ ïîçâîëÿåò îïðåäåëèòü îæèäàåìîå

çíà÷åíèå ñâåòèìîñòè â ðåíòãåíå 43intr
MIRкэВ,102 10831  .~L  ýðã/ñ, ÷òî ïðèìåðíî â

1.7 ìåíüøå ñâåòèìîñòè, ïîëó÷åííîé ïðè àïïðîêñèìàöèè ñïåêòðà ìîäåëüþ
MYTorus - 43intr

кэВ102 10163  .L  ýðã/ñ. Çäåñü âàæíî îòìåòèòü, ÷òî àíàëèç èçëó÷åíèÿ
áëèæíåãî èíôðàêðàñíîãî äèàïàçîíà ïîçâîëÿåò äåëàòü âûâîäû òîëüêî î ïûëåâûõ
ñòðóêòóðàõ, â òî âðåìÿ êàê íà ðåíòãåíîâñêèå äàííûå òàêæå âëèÿåò ãàç,
ëîêàëèçèðîâàííûé âíóòðè ðàäèóñà ñóáëèìàöèè ïûëåâûõ ÷àñòèö. Áîëåå òîãî,
ïðîñòðàíñòâåííîå îòíîøåíèå êîëè÷åñòâà ãàçà è ïûëè ìîæåò áûòü íåîäíîðîäíûì
âäîëü ëó÷à çðåíèÿ. Â îòíîøåíèè ïîñëåäíåãî ïîä÷åðêíåì òîò ôàêò, ÷òî â òðåõ
ðàáîòàõ [17-19] áûëè ïîëó÷åíû ñèñòåìàòè÷åñêè áîëüøèå çíà÷åíèÿ ñòîëáöåâîé
ïëîòíîñòè (â ñðåäíåì íà ~55%), ïðè ýòîì áûëè èñïîëüçîâàíû äàííûå,
âêëþ÷àþùèå äèàïàçîí 0.5-3.0 êýÂ, áîëåå ÷óâñòâèòåëüíûé ê îñîáåííîñòÿì
ïîãëîùàþùåé ñðåäû7.

Êàê äîïîëíèòåëüíàÿ îöåíêà ôàêòîðà ïåðåêðûòèÿ èñïîëüçîâàëîñü ñîîòíî-
øåíèå ìåæäó ñâåòèìîñòüþ íà 12 ìêì è áîëîìåòðè÷åñêîé ñâåòèìîñòüþ:

120bolмкм12 .LLfc  , ÷òî ñîãëàñîâûâàåòñÿ ñ ïðåäïîëîæåíèåì î êîëüöåïîäîá-
íîé ñòðóêòóðå òîðà. Òàêæå ýòî ìîæåò îáúÿñíèòü ïîëó÷åííîå ìàëîå çíà÷åíèå
ïàðàìåòðà îòðàæåíèÿ 370.R  , òàê êàê â ïðåäïîëîæåíèè êîëüöåïîäîáíîé
ñòðóêòóðû ãàçîïûëåâîé ñðåäû áîëüøàÿ ÷àñòü ðåíòãåíîâñêîãî èçëó÷åíèÿ áóäåò
ïîêèäàòü öåíòð áåç âçàèìîäåéñòâèÿ ñ ýòîé ñðåäîé.

Ýòà ðàáîòà èñïîëüçóåò äàííûå ìèññèè NuSÒAR, ïðîåêòà ïîä ðóêîâîäñòâîì
Êàëèôîðíèéñêîãî òåõíîëîãè÷åñêîãî èíñòèòóòà, ðàçðàáîòàííîãî Ëàáîðàòîðèåé
ðåàêòèâíîãî äâèæåíèÿ è ïðîôèíàíñèðîâàííîãî Íàöèîíàëüíûì óïðàâëåíèåì
ïî àýðîíàâòèêå è èññëåäîâàíèþ êîñìè÷åñêîãî ïðîñòðàíñòâà. Ýòî èññëåäîâàíèå
áûëî âûïîëíåíî ñ èñïîëüçîâàíèåì ïðîãðàììíîãî îáåñïå÷åíèÿ ïî îáðàáîòêå
äàííûõ NuSÒAR (NuSÒARDAS) ðàçðàáîòàííûì âìåñòå Íàó÷íûì öåíòðîì ASI
(ASDC, Èòàëèÿ) è Êàëèôîðíèéñêèì òåõíîëîãè÷åñêèì èíñòèòóòîì (ÑØÀ).
Ðàáîòà èñïîëüçóåò àðõèâíûå äàííûå Swift è îíëàéí ñåðâèñà HEASARC,
êîòîðûå ïîääåðæèâàþòñÿ ÍÀÑÀ è óïðàâëÿþòñÿ Ëàáîðàòîðèåé ðåàêòèâíîãî

7 Èìååòñÿ â âèäó, ÷òî â ìÿãêîì ðåíòãåíîâñêîì äèàïàçîíå ïðîÿâëÿþòñÿ ñèãíàòóðû
ïîãëîùåíèÿ ãàçîâîé ñðåäîé.
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äâèæåíèÿ è Êàëèôîðíèéñêèì òåõíîëîãè÷åñêèì èíñòèòóòîì. Äàííàÿ ðàáîòà
÷àñòè÷íî ïîääåðæàíà â ðàìêàõ öåëåâîé êîìïëåêñíîé ïðîãðàììû ÍÀÍ Óêðàèíû
ïî íàó÷íî-êîñìè÷åñêèì èññëåäîâàíèÿì.

Ãëàâíàÿ àñòðîíîìè÷åñêàÿ îáñåðâàòîðèÿ ÍÀÍ Óêðàèíû, Êèåâ,
Óêðàèíà, e-mail: kompaniets@mao.kiev.ua

NUCLEAR OBSCURATION STRUCTURE IN Mrk 417
BASED ON NuSTAR AND Swift/BAT DATA

O.V.KOMPANIIETS, A.A.VASYLENKO

We present the results of X-ray spectral analysis of the Seyfert type 2 galaxy Mrk
417 observed by the NuSTAR (3-60 keV) and the Swift/BAT (14-150 keV). The
NuSTAR data shows a good fit with a baseline model which composed of an absorbed
cutoff powerlaw component and reflected emission from cold neutral medium. We
found that spectrum is steep 100

110631 .
.. 

  and obscured by hydrogen column density
of 23410

390H 10223N  

.
..  cm-2, narrow Fe K  emission line has equivalent width of

2
1115EW 
  eV that suggests that this feature is originated in moderate density of

obscurer. In combining NuSTAR data with Swift/BAT spectrum we also applied a
more physically motivated approach using complex physical models MYTorus and
BNTorus. For the first case the  photon index of 090

090MYTorus 681 .
.. 

  and the line-
of-sight column density of the absorber 23040

070l.o.sH 10363N  

.
.. cm-2. Applying BNTorus

model shows the photon index 090
090BNTorus 751 .
.. 

  and absorption
23490

390l.o.sH 10723N  

.
.. cm-2. Based on the results we get an estimation of gas-dust

torus covering factor 340290 ..fc   and an intrinsic X-ray luminosity in 2-10 keV
of 4310163 .~  erg/s. Further analysis of Mid-Infrared (MIR) observational data,
indicates that the covering factor may be even smaller f

c
 ~ 0.12. Our results allow

us to suggest that obscuring material of Mrk 417 has preferably a ring-like geometry.

Keywords: active galactic nuclei: dust torus: Mrk 417: X-ray
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Ïðèíÿòà ê ïå÷àòè 24 èþíÿ 2020

Â ðàáîòå ïðèâåäåíà äåòàëüíàÿ ñïåêòðàëüíàÿ êëàññèôèêàöèÿ 96 àêòèâíûõ ãàëàêòèê èç
êàòàëîãà Âåðîí-Ñåòòè è Âåðîí (2010, 13-ÿ âåðñèÿ, VCV-13), êîòîðûé ïðåäñòàâëÿåò ñîáîé
êàòàëîã àêòèâíûõ ãàëàêòèê è êâàçàðîâ. Ñ ïîìîùüþ èçâåñòíûõ ðàäèîêàòàëîãîâ ýòè îáúåêòû
èäåíòèôèöèðîâàíû êàê ðàäèîèñòî÷íèêè. Áûëè îòîáðàíû òå ãàëàêòèêè, êîòîðûå èìåëè ðàäèî-
ïîòîêè, ïî êðàéíåé ìåðå, â 6 ðàçíûõ ðàäèîäèàïàçîíàõ è îïòè÷åñêîå ñïåêòðàëüíîå îòîæäåñò-
âëåíèå â SDSS. Èñïîëüçóÿ SDSS ñïåêòðû ýòèõ îáúåêòîâ, îïðåäåëåíû òèïû àêòèâíîñòè. Äëÿ
áîëåå óâåðåííîé êëàññèôèêàöèè èñïîëüçîâàëèñü òðè äèàãíîñòè÷åñêèå äèàãðàììû è ïðÿìîå
èññëåäîâàíèå ñïåêòðîâ. Â ðåçóëüòàòå äëÿ 85% ýòèõ îáúåêòîâ èçìåíèëèñü êëàññèôèêàöèè.
Ðàäèîïîòîêè â ðàçíûõ ðàäèîäèàïàçîíàõ ïîçâîëÿþò ïîñòðîèòü ñïåêòðàëüíîå ðàñïðåäåëåíèå
ýíåðãèè â ðàäèî è ñîïîñòàâëÿòü åå ñ îïòè÷åñêèìè òèïàìè àêòèâíîñòè.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: àêòèâíûå ãàëàêòè÷åñêèå ÿäðà: ðàäèîãàëàêòèêè:
     ñïåêòðàëüíàÿ êëàññèôèêàöèÿ

1. Ââåäåíèå. Äàííàÿ ðàáîòà ïîñâÿùåíà äåòàëüíîé ñïåêòðàëüíîé êëàññè-
ôèêàöèè 96 àêòèâíûõ ãàëàêòèê. Äëÿ îòáîðà èññëåäóåìûõ îáúåêòîâ èñïîëüçóåòñÿ
êàòàëîã Âåðîí-Ñåòòè è Âåðîíà (äàëåå VCV-13) [1]. Â ýòîì êàòàëîãå èìååòñÿ
34231 àêòèâíàÿ ãàëàêòèêà. Èç íèõ 23258 ãàëàêòèê òèïà Ñåéôåðòà, 907 Ëàéíåðîâ,
167 HII è 9899 íå èìåþò ñïåêòðàëüíîé êëàññèôèêàöèè.

Àêòèâíûå ãàëàêòèêè ÿâëÿþòñÿ îäíèìè èç ñàìûõ èíòåðåñíûõ îáúåêòîâ âî
Âñåëåííîé. Îíè èìåþò áîëåå âûñîêóþ ñâåòèìîñòü, ÷åì îáû÷íûå ãàëàêòèêè.
Âàæíî, ÷òî àêòèâíûå ãàëàêòèêè èìåþò áîëåå ÿðêèå ÿäðà, ÷åì íîðìàëüíûå.
Â ýòèõ ãàëàêòèêàõ áîëüøîå êîëè÷åñòâî ýíåðãèè èçëó÷àåòñÿ èç ÿäåð ãàëàêòèê.
Ñ÷èòàåòñÿ, ÷òî â öåíòðå êàæäîé èç ýòèõ ãàëàêòèê íàõîäèòñÿ ìàññèâíàÿ èëè
ñâåðõìàññèâíàÿ ÷åðíàÿ äûðà (SMBH). Íåêîòîðûå àêòèâíûå ãàëàêòèêè èìåþò
ãèãàíòñêèå äæåòû â ðàäèî è îïòè÷åñêîì äèàïàçîíàõ, â îñíîâíîì â ðàäèî.

Àêòèâíûå ãàëàêòèêè áûâàþò ðàçíûõ òèïîâ: ðàäèîãàëàêòèêè, ñåéôåðòîâñêèå
ãàëàêòèêè (Sy), êâàçàðû (QSO), áëàçàðû (BL), Ëàéíåðû (LINER) è ò.ä.
Ðàäèîãàëàêòèêè - ýòî ýëëèïòè÷åñêèå ãàëàêòèêè. Âñå ãàëàêòèêè èçëó÷àþò íåêîòîðîå
êîëè÷åñòâî ýíåðãèè â  ðàäèîâîëíàõ, äëÿ íîðìàëüíûõ ãàëàêòèê ðàäèîèçëó÷åíèå
ñîîòâåòñòâóåò ìàëîé äîëå ïîëíîé ýíåðãèè, èçëó÷àåìîé ãàëàêòèêîé.
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Â ýòîé ðàáîòå â êà÷åñòâå îñíîâíîãî êðèòåðèÿ îòáîðà áûëî âçÿòî ðàäèî-
èçëó÷åíèå ãàëàêòèê. Äëÿ ýòîãî áûëà ñäåëàíà êðîññ-êîððåëÿöèÿ ñ êàòàëîãàìè:
FIRST, NVSS, 87GB, GB6, 3C, 4C, 7C, 8C, 9C, 10C, SUMSS, WISH, WENSS,
Molonglo Reference Catalogue of Radio Sources, Texas Survey of radio sources at 365
MHz, Miyun 232 MHz survey, CLASS survey of radio sources, 74 MHz VLA Low-
frequency Sky Survey Redux è The GMRT 150 MHz all-sky radio survey [2-20].

Ýòè êàòàëîãè îõâàòûâàþò äèàïàçîí îò 38 ÌÃö äî 15.7 ÃÃö. Áûëè âçÿòû
òå ãàëàêòèêè, êîòîðûå èìåëè ðàäèîïîòîêè, ïî êðàéíåé ìåðå, â 6 ðàçíûõ
ðàäèîäèàïàçîíàõ è îïòè÷åñêîå ñïåêòðàëüíîå îòîæäåñòâëåíèå â êàòàëîãå SDSS
[21]. Â ðåçóëüòàòå â èçó÷àåìûé ñïèñîê âîøëè 96 àêòèâíûõ ãàëàêòèê, êîòîðûå
èìåþò ñïåêòðû â êàòàëîãå SDSS. Äëÿ ýòèõ ãàëàêòèê áûëà ïðîâåäåíà
ñïåêòðàëüíàÿ êëàññèôèêàöèÿ.

2. Íàáëþäàòåëüíûé ìàòåðèàë. Íàáëþäàòåëüíûé ìàòåðèàë ñîñòîèò
èç ñïåêòðîâ SDSS DR15 [21] 96 îáúåêòîâ èç êàòàëîãà VCV-13. Äëÿ ýòèõ
îáúåêòîâ äàíû èíòåíñèâíîñòè ñïåêòðàëüíûõ ëèíèé, à òàêæå êðàñíûå ñìåùåíèÿ.

Ïîñêîëüêó â íàáëþäåíèÿõ SDSS èñïîëüçóåòñÿ îäèí è òîò æå ðàçìåð
âîëîêíà,  áîëüøèíñòâî ïðîòÿæåííûõ ãàëàêòèê èìååò êîìïîíåíòû ïîãëîùåíèÿ,
è ëèøü î÷åíü ìàëûé ïðîöåíò ïîêàçûâàåò ýìèññèîííûé ñïåêòð ÷èñòîãî ÿäðà.
Íàèáîëåå òèïè÷íûìè ëèíèÿìè ïîãëîùåíèÿ ÿâëÿþòñÿ ëèíèè MgII 5175Å ,
NaI 5890Å  è ëèíèè ñåðèè Áàëüìåðà, ñðåäè êîòîðûõ íàèáîëåå âàæíîé ÿâëÿåòñÿ
êîìïîíåíòà ïîãëîùåíèÿ H , íàëîæåííàÿ íà êîìïîíåíòó èçëó÷åíèÿ, èñõîäÿùóþ
èç ÿäðà. Äëÿ ðàñ÷åòà êðàñíîãî ñìåùåíèÿ â ñïåêòðàëüíîì äèàïàçîíå SDSS
îáû÷íî èñïîëüçóþòñÿ ñëåäóþùèå ëèíèè èçëó÷åíèÿ: [OII] 3727Å , H , HeI
3889Å , [NeIII] 3968Å , H , [SII] 4069/76Å , H , H , [OIII] 4363Å , H ,
[OIII] 4959Å , [OIII] 5007Å , NI 5198/5200Å , HeI 5876Å , [OI] 6300Å , [OI]
6364Å , [NII] 6548Å , H , [NII] 6583Å , [SII] 6716Å , [SII] 6731Å .

Î÷åíü ÷àñòî èçìåðåíèÿ ñïåêòðîâ SDSS îñíîâàíû íà ëèíèÿõ íà óðîâíå
øóìà è íèçêîãî êà÷åñòâà. Èç-çà ýòîãî àâòîìàòè÷åñêèå èçìåðåíèÿ äàþò íåêîòîðûå
èñêóññòâåííûå ÷èñëà, êîòîðûå óêàçûâàþò íà íåðåàëüíûå äàííûå. Òàêèì îáðàçîì,

Òèï àêòèâíîñòè Êîëè÷åñòâî

Seyfert 76
LINER 8

HII 2
AGN 6

Unknown 4
Âñåãî 96

Òàáëèöà 1

ÑÏÅÊÒÐÀËÜÍÛÅ ÊËÀÑÑÛ ÈÑÑËÅÄÓÅÌÛÕ ÎÁÚÅÊÒÎÂ,
ÂÇßÒÛÅ ÈÇ ÐÀÇÍÛÕ ÈÑÒÎ×ÍÈÊÎÂ
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íåîáõîäèìî òùàòåëüíî ïðîâåðèòü ñïåêòðû íà âñåõ äëèíàõ âîëí è ðåøèòü,
êàêèå èçìåðåíèÿ ñëåäóåò èñïîëüçîâàòü äëÿ äàëüíåéøèõ èññëåäîâàíèé. Îñîáåííî
âàæíû òå ëèíèè, êîòîðûå èñïîëüçóþòñÿ â äèàãíîñòè÷åñêèõ äèàãðàììàõ ( H ,
[OIII] 5007Å , [OI] 6300Å , H , [NII] 6583Å  è [SII] 6716+6731Å ) [22].

Â òàáë.1 ïðèâåäåíû ñïåêòðàëüíûå êëàññû äëÿ èññëåäóåìûõ îáúåêòîâ,
èñïîëüçóÿ ðàçíûå êàòàëîãè (VCV-13, BZCAT v.5 [23], NED, SDSS DR 15).

3. Ñïåêòðàëüíàÿ êëàññèôèêàöèÿ. Â ýòîé ðàáîòå áûëè èñïîëüçîâàíû
íåñêîëüêî ìåòîäîâ äëÿ êëàññèôèêàöèè èññëåäóåìûõ ñïåêòðîâ:

- Âèçóàëüíûé îñìîòð (ñ ó÷åòîì âñåõ òîíêîñòåé è ýôôåêòîâ).
- Ïî äèàãíîñòè÷åñêîé äèàãðàììå ñ èñïîëüçîâàíèåì ñîîòíîøåíèé   HOIII

è   HOI  [24].
- Ïî äèàãíîñòè÷åñêîé äèàãðàììå ñ èñïîëüçîâàíèåì ñîîòíîøåíèé   HOIII

è   HNII  [24].
- Ïî äèàãíîñòè÷åñêîé äèàãðàììå ñ èñïîëüçîâàíèåì ñîîòíîøåíèé   HOIII

è   HSII  [24].
Âèçóàëüíàÿ êëàññèôèêàöèÿ áûëà ïðîâåäåíà äëÿ äîïîëíåíèÿ êëàññèôèêàöèé

ïî äèàãíîñòè÷åñêèì äèàãðàììàì, ïîòîìó ÷òî íå âñå îáúåêòû ìîæíî íàíîñèòü

Ðèñ.1. Ïðèìåðû ñïåêòðîâ SDSS DR15 äëÿ íåêîòîðûõ èç èññëåäóåìûõ îáúåêòîâ è äëÿ
äåìîíñòðàöèè ðàçëè÷íûõ òèïîâ àêòèâíîñòè. a) Sy1.2, b) Sy1.5, c) Sy1.8, d) Sy1.9, e) Sy2.0,
f) LINER, g) HII, h) NLS1.2, i) NLS1.5, j) NLS1.8, k) Sy1.5/LINER l) Sy1.9/LINER, m)
Sy2.0/LINER, n) Sy2.0/HII, o)LINER/HII, p) AGN, q) Em, r) Abs.
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íà íèõ. Êðîìå òîãî, íà äèàãíîñòè÷åñêèõ äèàãðàììàõ íå ó÷èòûâàþòñÿ øèðîêèå
êîìïîíåíòû ýìèññèîííûõ ëèíèé, à ýòî ìîæåò èìåòü ðåøàþùåå çíà÷åíèå äëÿ
êëàññèôèêàöèè ïîäêëàññîâ ñåéôåðòîâñêèõ  ãàëàêòèê 1.0-1.9. Ñ èõ ïîìîùüþ,
ìû îòëè÷àåì ñåéôåðòîâñêèå ãàëàêòèêè îò Ëàéíåðîâ ïî êðèòåðèþ   4HOIII  ,

o p

q r
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Ðèñ.1. Îêîí÷àíèå.

Òèï àêòèâíîñòè      Ñòàðàÿ êëàññèôèêàöèÿ      Íîâàÿ êëàññèôèêàöèÿ

Êîëè÷åñòâî % Êîëè÷åñòâî %

Seyfert 1.0, 1.2, 1.5 33 34.38 12 12.50
Seyfert 1.8, 1.9, 2.0 39 40.63 12 12.50

Seyfert/Seyfert? 4 4.17 - -
NLS1 (all subclasses) - - 7 7.29

LINER 8 8.33 30 31.25
HII 2 2.08 6 6.25

Composite (AGN) - - 18 18.75
Composite (AGN/HII) - - 3 3.13

AGN 6 6.25 2 2.08
Em - - 5 5.21
Abs - - 1 1.04

Unknown 4 4.17 - -
Âñåãî 96 100.00 96 100.00

Òàáëèöà 2

ÑÏÅÊÒÐÀËÜÍÛÅ ÊËÀÑÑÛ ÈÑÑËÅÄÓÅÌÛÕ ÎÁÚÅÊÒÎÂ
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à AGN îò HII ïî êðèòåðèÿì   32HNII   è   10HOI . .
Íà ðèñ.1 ïðèâåäåíû ïðèìåðû ñïåêòðîâ äëÿ ðàçëè÷íûõ òèïîâ àêòèâíîñòè.
Èñïîëüçóÿ äàííûå èç ñïåêòðîâ, áûëè ïîñòðîåíû äèàãíîñòè÷åñêèå

äèàãðàììû äëÿ èññëåäóåìûõ îáúåêòîâ (ðèñ.2).
Ñðåäè èññëåäóåìûõ îáúåêòîâ ïðîÿâëÿþòñÿ ñëåäóþùèå òèïû àêòèâíîñòè:

Sy1.0, NLS1.0, Sy1.2, NLS1.2, Sy1.5, NLS1.5, Sy1.8, Sy1.9, Sy2.0, LINER,
HII, Ñîñòàâíûå, AGN, Em è Abs,  êîòîðûå áûëè ïîäðîáíî îïèñàíû àâòîðàìè
Ìèêàåëÿí è äð. [25,29], Àáðàìÿí è äð. [26,28], Ïàðîíÿí è äð. [27]:

Èñïîëüçóÿ ñïåêòðû èç SDSS DR15 è äèàãíîñòè÷åñêèå äèàãðàììû (ðèñ.2),
ïðîâåäåíà êëàññèôèêàöèÿ äëÿ 96 îáúåêòîâ. Â ðåçóëüòàòå äëÿ 85% èç ýòèõ
îáúåêòîâ èçìåíèëàñü êëàññèôèêàöèÿ (òàáë.2).

Èìåÿ êëàññèôèêàöèþ èññëåäóåìûõ îáúåêòîâ (òàáë.2 è 3), ìû ïîñòðîèëè
ðàñïðåäåëåíèå êðàñíîãî ñìåùåíèÿ (ðèñ.3).

Èç ðèñ.3 âèäíî, ÷òî èññëåäóåìûå îáúåêòû èìåþò êðàñíîå ñìåùåíèå äî
0.42. Ñ ïîìîùüþ äàííûõ îá àáñîëþòíûõ çâåçäíûõ âåëè÷èíàõ [30] áûëà
ïîñòðîåíà çàâèñèìîñòü ìåæäó êðàñíûì ñìåùåíèåì è àáñîëþòíîé çâåçäíîé
âåëè÷èíîé (ðèñ.4.)

Èç ðèñ.4 âèäíî, ÷òî èññëåäóåìûå îáúåêòû â äèàïàçîíå äî 0.42 êðàñíîãî
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ñìåùåíèÿ èìåþò àáñîëþòíûå çâåçäíûå âåëè÷èíû îò -17.4 äî -23.6.
Â òàáë.3 ïðèâîäèòñÿ äåòàëüíàÿ èíôîðìàöèÿ î ñòàðîé è íîâîé êëàññè-

ôèêàöèÿõ.
Ïîä ñòàðîé êëàññèôèêàöèåé ìû èìååì â âèäó êëàññèôèêàöèþ, êîòîðàÿ

áûëà âçÿòà èç VCV-13, à íîâàÿ êëàññèôèêàöèÿ - ýòî íàøà êëàññèôèêàöèÿ.

Ðèñ.3. Ðàñïðåäåëåíèå îáúåêòîâ ïî êðàñíûì ñìåùåíèÿì.

Ðèñ.4. Çàâèñèìîñòü àáñîëþòíîé çâåçäíîé âåëè÷èíû îò êðàñíîãî ñìåùåíèÿ.
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Òàáëèöà 3

ÄÅÒÀËÜÍÀß ÊËÀÑÑÈÔÈÊÀÖÈß ÈÑÑËÅÄÓÅÌÛÕ ÎÁÚÅÊÒÎÂ

N        VCV-13   SDSS ôîòîìåòðèÿ        Êëàññèôèêàöèÿ

RAJ2000 DEJ2000 u g r i z Êðàñíîå ñòàðàÿ íîâàÿ

ñìåùåíèå

1 2 3 4 5 6 7 8 9 10 11

1 7.139167 0.919444 19.528 17.879 17.214 16.808 16.66 0.10429 Sy2 Sy2.0/LINER

2 15.523750 14.723611 20.125 18.334 17.166 16.654 16.296 0.18817 Sy2 Sy2.0/LINER

3 25.579167 13.462778 18.578 18.249 17.867 17.775 17.338 0.26685 Sy1 Sy1.5

4 27.067917 0.329167 18.492 16.909 16.009 15.526 15.212 0.092 Sy1 Sy1.9/LINER

5 117.150833 24.006667 19.792 19.188 18.558 18.15 18.153 0.40972 BZQ Em

6 118.184167 45.949444 17.154 15.372 14.429 13.946 13.608 0.05145 Sy1.9 Sy1.9/LINER

7 121.395833 24.164167 18.118 16.231 15.371 14.879 14.563 0.05968 Sy2 LINER

8 123.349167 7.568056 18.754 16.759 15.735 15.204 14.863 0.11239 Sy1 LINER

9 124.480000 31.473889 19.412 17.627 16.805 16.28 16.007 0.12376 - Sy2.0/LINER

10 125.390417 47.043333 19.315 17.859 16.894 16.37 16.095 0.12825 Sy1 Sy1.5/LINER

11 125.539583 47.098056 18.429 17.207 15.683 15.135 14.852 0.12708 Sy1.5 LINER

12 125.752083 6.891667 18.994 18.742 18.347 18.091 17.818 0.25224 Sy1 NLS1.8

13 129.470000 44.840556 20.307 18.498 17.144 16.615 16.309 0.20657 Sy2 Sy2.0

14 135.224167 38.937778 21.701 19.733 18.416 18.003 17.703 0.22828 AGN Sy2.0

15 135.272083 29.029444 20.488 18.639 17.629 17.193 16.923 0.19405 Sy2 LINER

16 137.891250 44.380556 18.571 18.412 17.918 17.68 17.134 0.29753 Sy1 Sy1.2

18 138.006667 53.343333 19.102 16.964 15.939 15.495 15.2 0.10173 Sy2/BZG LINER

19 140.285833 45.649444 19.299 17.905 16.805 16.285 16.101 0.17456 Sy1.9 Sy1.9/LINER

20 143.965417 61.353333 16.584 14.887 14.081 13.594 13.143 0.03939 Sy1 LINER

21 144.970000 35.899444 19.414 17.872 16.763 16.337 16.119 0.13657 Sy2 Sy2.0/LINER

22 145.015833 51.072500 20.531 18.871 17.632 17.058 16.75 0.20661 Sy1 LINER

23 145.350000 39.745000 18.657 17.08 16.113 15.646 15.322 0.1075 Sy2 Sy2.0

24 145.436667 57.856667 18.48 17.744 16.858 16.41 16.117 0.15855 Sy1 Sy1.8

25 146.357917 35.350833 19.074 18.324 17.633 17.34 17.209 0.20777 Sy? Sy1.8

26 146.937917 7.422222 17.345 16.636 16.123 15.396 15.387 0.08556 Sy1.5 Sy1.5

27 148.737083 9.498611 18.145 18.054 17.698 17.819 17.183 0.29825 Sy1.5 Sy1.5

28 150.456250 28.786111 18.548 17.955 16.828 16.627 16.811 0.1849 Sy1.9 Sy1.9

29 150.493750 55.680556 13.723 12.155 11.249 10.719 10.31 0.00393 Sy2 Em

30 151.507083 34.903056 17.799 16.108 15.088 14.625 14.267 0.09936 LINER LINER

31 157.931250 52.426389 19.999 18.489 17.338 16.797 16.492 0.16651 AGN Sy1.9/LINER

32 163.751667 52.033333 19.272 18.606 17.726 17.228 17.168 0.18753 AGN Sy1.5

33 167.189583 2.044444 18.989 17.608 16.618 16.134 15.819 0.15764 Sy1/BZG Sy1.9/LINER

34 168.636667 10.842778 20.121 18.65 17.414 16.893 16.568 0.19327 Sy1 Sy1.9

35 168.662083 32.692500 21.219 18.949 17.133 16.096 15.805 0.18758 Sy1n NLS1.8

36 169.779167 60.075000 19.11 18.091 17.458 17.143 16.621 0.26428 Sy2 LINER

37 170.114583 58.936944 19.535 18.111 17.039 16.631 16.338 0.15875 Sy2 LINER

38 171.158750 37.377778 18.796 18.548 17.722 17.23 17.088 0.22689 Sy1 Sy1.5

39 171.494583 20.098333 18.376 17.355 16.617 16.193 15.907 0.13297 - LINER

40 172.131667 58.562222 13.977 13.161 12.643 12.347 12.023 0.00999 HII HII

41 172.589167 0.972778 18.454 17.153 16.208 15.749 15.54 0.13258 Sy1.8 Sy1.9

42 174.338750 61.333611 19.258 17.82 16.879 16.347 16.096 0.11114 Sy2 LINER
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1 2 3 4 5 6 7 8 9 10 11

43 175.200000 46.368056 16.01 15.802 15.628 15.249 15.259 0.11452 Sy1/BZQ NLS1.2

44 175.745000 1.906111 19.453 18.322 17.638 17.259 16.969 0.13244 Sy2 LINER

45 175.915000 46.355556 18.508 16.455 15.382 14.895 14.578 0.11603 Sy LINER

46 176.410417 44.339167 19.309 18.599 17.808 17.392 17.033 0.29974 Sy2 LINER

47 176.842083 35.018889 17.101 15.474 14.589 14.112 13.838 0.06289 Sy2/BZG Sy1.9/LINER

48 178.586250 45.391389 19.149 18.229 17.31 16.905 16.736 0.1915 Sy1 Sy1.9/LINER

49 179.078333 31.468056 19.236 18.898 18.585 17.979 17.742 0.41743 Sy2 HII

50 179.365000 43.301389 18.177 18.056 17.582 17.245 17.254 0.23033 Sy1 NLS1.2

51 180.764583 60.521667 17.268 16.015 15.251 14.824 14.546 0.0653 LINER/BZB Em

52 183.540417 54.526389 14.445 13.728 13.234 13.146 12.759 0.00818 HII HII

53 184.707917 50.438056 19.723 18.382 17.176 16.883 16.675 0.1992 Sy2 Sy2.0/HII

54 185.805000 54.151944 17.357 16.959 16.574 16.179 16.13 0.15579 Sy1.5 Sy1.5

55 186.304167 32.233889 16.69 14.803 13.892 13.413 13.069 0.05923 Sy2 LINER

56 188.567917 50.907222 19.696 18.144 16.993 16.46 16.133 0.17248 Sy? AGN

57 188.626250 41.159444 19.747 18.448 17.203 16.952 16.775 0.19093 Sy2 Sy2.0

58 193.550000 27.625556 18.477 16.544 15.613 15.157 14.871 0.08582 Sy2 LINER

59 195.997917 3.658889 20.544 18.74 17.504 16.983 16.67 0.18392 Sy1 Sy1.9

60 197.769583 27.468611 19.976 18.692 17.452 16.989 16.708 0.23992 Sy2 HII

61 200.555833 21.789167 17.203 16.617 16.25 15.78 15.744 0.08519 - Sy1.8

62 203.222083 2.012500 18.856 18.374 17.631 17.096 16.942 0.21582 Sy1 Sy1.5/LINER

63 203.656250 56.530000 18.397 18.382 18.342 18.371 17.832 0.34262 Sy1/BZQ Sy1.2

64 204.572083 48.276111 15.78 14.429 13.836 13.443 13.115 0.02758 Sy2 HII

65 204.574167 48.277778 15.773 14.488 13.839 13.537 13.289 0.0277 LINER LINER

66 205.395417 53.745278 19.325 17.723 16.673 16.182 15.864 0.14094 AGN Sy1.9/LINER

67 205.681667 5.075833 18.52 17.367 16.432 15.987 15.648 0.13648 Sy1 LINER

68 206.175417 55.886944 16.584 14.98 14.304 13.845 13.704 0.03734 Sy2 LINER

69 206.182500 55.050000 19.151 17.123 15.961 15.48 15.167 0.15291 AGN Sy2.0/LINER

70 206.438333 53.547500 18.082 17.651 17.011 16.471 16.322 0.13561 Sy1 NLS1.2

71 206.573333 62.346111 17.137 16.877 16.497 15.978 15.961 0.11618 Sy1 Sy1.5

72 208.075000 31.446111 16.857 15.056 14.125 13.615 13.261 0.04519 LINER LINER

73 208.213333 65.686944 17.921 17.173 16.356 16.08 16.117 0.20644 Sy2 Sy2.0/HII

74 210.631667 2.262778 19.443 17.906 16.942 16.556 16.299 0.17965 Sy2.0 Sy2.0

75 218.166250 36.302500 15.445 13.564 12.485 11.975 11.545 0.01325 LINER Em

76 220.761250 52.026944 18.549 17.572 16.671 16.104 15.901 0.14121 Sy1.5 Sy1.5/LINER

77 222.340000 63.270556 16.118 14.281 13.523 13.118 12.859 0.04168 Sy2 LINER

78 225.914583 10.267500 19.863 17.859 16.891 16.396 16.087 0.09511 Sy2 LINER/HII

79 228.065833 2.054444 19.123 18.436 17.645 17.196 16.897 0.21985 Sy1/BZG Sy1.9/LINER

80 228.416667 26.124167 20.004 17.872 16.83 16.394 16.013 0.10853 Sy2 Abs

81 229.167500 0.250556 17.229 15.679 14.801 14.332 14 0.05259 LINER/BZG LINER

82 229.185417 7.021389 15.717 13.656 12.76 12.332 12.007 0.03453 Sy2 LINER

83 229.288333 33.890000 18.68 16.887 15.753 15.191 15.054 0.13515 Sy2 LINER

84 229.525833 42.745278 16.278 15.298 14.757 14.318 14.013 0.04027 LINER HII

85 231.525417 41.670833 15.442 13.759 12.894 12.659 12.168 0.00829 LINER LINER

86 232.425833 35.147500 18.37 18.565 18.058 17.891 16.966 0.28712 - Sy1.2

87 233.418333 35.739167 18.63 18.515 18.228 17.777 17.783 0.15637 Sy1 Sy1.5

88 239.865417 53.515000 20.42 18.626 17.54 17.172 16.879 0.17921 Sy2 LINER

89 240.693333 52.732778 18.272 16.62 15.694 15.148 14.857 0.10569 Sy1 AGN

Òàáëèöà 3 (Ïðîäîëæåíèå)
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Èç òàáë.1 è 2 âèäíî, ÷òî 4 îáúåêòà ðàíåå íå èìåëè êëàññèôèêàöèþ. Ñ
ïîìîùüþ ñïåêòðîâ SDSS DR15 ìû âïåðâûå êëàññèôèöèðîâàëè ýòè îáúåêòû.

4. Çàêëþ÷åíèe. Â ýòîé ðàáîòå ïðèâåäåíà äåòàëüíàÿ ñïåêòðàëüíàÿ êëàññè-
ôèêàöèÿ 96 àêòèâíûõ ãàëàêòèê èç êàòàëîãà VCV-13. Ñ ïîìîùüþ èçâåñòíûõ
ðàäèîêàòàëîãîâ ýòè îáúåêòû èäåíòèôèöèðîâàíû êàê ðàäèîèñòî÷íèêè. Áûëè
îòîáðàíû òå ãàëàêòèêè, êîòîðûå èìåëè ðàäèîïîòîêè, ïî êðàéíåé ìåðå, â 6
ðàçíûõ ðàäèîäèàïàçîíàõ è îïòè÷åñêîå ñïåêòðàëüíîå îòîæäåñòâëåíèå â SDSS.
Èñïîëüçóÿ SDSS ñïåêòðû ýòèõ îáúåêòîâ, äëÿ íèõ îïðåäåëåíû òèïû àêòèâíîñòè.
Äëÿ áîëåå óâåðåííîé êëàññèôèêàöèè èñïîëüçîâàëèñü òðè äèàãíîñòè÷åñêèå
äèàãðàììû (ðèñ.2) è ïðÿìîå èññëåäîâàíèå ñïåêòðîâ. Â ðåçóëüòàòå äëÿ 85%
èç ýòèõ îáúåêòîâ èçìåíèëèñü êëàññèôèêàöèè (òàáë.2, 3).

Ñ ïîìîùüþ ñïåêòðîâ SDSS DR15 è äèàãíîñòè÷åñêèõ äèàãðàìì âïåðâûå
áûëè êëàññèôèöèðîâàíû ÷åòûðå îáúåêòà.

Ðàäèîïîòîêè â ðàçíûõ ðàäèîäèàïàçîíàõ ïîçâîëÿþò ïîñòðîèòü ñïåêòðàëüíîå
ðàñïðåäåëåíèå ýíåðãèè â ðàäèî è ñîïîñòàâëÿòü ñ îïòè÷åñêèìè òèïàìè àêòèâ-
íîñòè (38 ÌÃö äî 15.7 ÃÃö). È äëÿ ýòèõ îáúåêòîâ áûëè ïîëó÷åíû ðàäèî-
ñïåêòðàëüíûå èíäåêñû: 05606090 ..  , 02706010 ..sy  , LINER

02505960 ..  , 03906670HII ..  , 04307130Comp. ..   [30].
Ñïåêòðàëüíàÿ êëàññèôèêàöèÿ ðàçëè÷íûõ âûáîðîê àêòèâíûõ ãàëàêòèê

ïðèâîäèò ê íàêîïëåíèþ äàííûõ ïî áîëüøîìó êîëè÷åñòâó îáúåêòîâ, ÷òî
ïîçâîëèëî ðàçâèòü äåòàëüíóþ êëàññèôèêàöèþ ïî òèïàì àêòèâíîñòè ñ
èñïîëüçîâàíèåì ïîäêëàññîâ îáúåêòîâ ñ øèðîêèìè è óçêèìè ðàçðåøåííûìè
ëèíèÿìè è îáúåêòîâ ñ ñîñòàâíûì ñïåêòðîì [25-29].

ÍÀÍ ÐÀ Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.Àìáàðöóìÿíà
(ÁAO), Àðìåíèÿ, e-mail: abrahamyanhayk@gmail.com

Òàáëèöà 3 (Îêîí÷àíèå)

1 2 3 4 5 6 7 8 9 10 11

90 241.327083 37.948056 17.308 17.192 17.063 16.829 16.932 0.20096 Sy1n/AGN NLS1.5

91 243.582083 50.465556 17.439 15.475 14.456 14.003 13.705 0.06026 Sy2 LINER

92 244.427917 32.376111 18.249 17.498 16.81 16.072 16.119 0.151 Sy1 Sy1.5

93 250.952500 17.263333 18.704 17.272 16.138 15.647 15.245 0.163 Sy2 LINER

94 258.344167 32.941111 17.901 17.224 16.641 16.145 15.927 0.10158 Sy1 NLS1.5

95 263.099167 55.414722 18.153 16.107 15.139 14.682 14.341 0.06187 Sy? Em

96 353.305000 0.820000 19.454 18.07 17.121 16.661 16.486 0.1699 Sy2 Sy2.0/LINER
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CLASSIFICATION BY ACTIVITY TYPE OF A SAMPLE
OF GALAXIES WITH RADIO EMISSION

H.V.ABRAHAMYAN, A.M.MICKAELIAN, G.M.PARONYAN,
G.A.MIKAYELYAN

This work provides a detailed spectral classification of 96 active galaxies from
the Véron-Cetty and Véron catalog (2010, 13th version, VCV-13), which is a
catalog of active galaxies and quasars. These objects were identified as radio sources
using different radio catalogs in different radio bands. Having data from radio
catalogs, we took those galaxies that had radio streams in at least 6 different radio
bands and optical spectral identification from the SDSS catalog. Using the spectra
from the SDSS catalog, these 96 objects were studied and detailed types of activity
for them. For a more confident classification wå used three diagnostic charts and
a direct study of the spectra. As a result, we have changed classification for 85%
of these objects. Radio radiation in different radio bands allows us to build the
spectral energy distribution in the radio and compare with the optical types of
activity.

Keywords: galaxies: active galactic nuclei: radio galaxies: spectral classification
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B3 1343 + 451 is a distant ( 5342.z  ) and bright flat-spectrum radio quasar observed in the
 -ray band. The results from the multiwavelength observations of B3 1343 + 451 with Fermi-LAT
and Swift are reported. In the  -ray band, strong flares were observed on 05 December 2011 and
on 13 December 2009 when the flux increased up to 

-7100.83)(8.78  photon cm-2
 s-1. The hardest

photon index 240731 ..   has been observed on MJD 58089 which is not common for flat-
spectrum radio quasars. The analysis of Swift XRT data shows that in 2014 the X-ray flux of the
source increased ~2 times as compared to 2009, but in both periods the X-ray emission is charac-
terized by a hard photon index of 3121ray-X ..  . During the  -ray flares, the shortest flux halving
timescale was ~2.34 days, implying the emission had been produced in a very compact region,

1610433)1/(  .zctR cm (when 20 ). The spectral energy distribution of B3 1343 + 451 is
modeled during the quiescent and flaring periods assuming a compact emitting region outside the BLR.
It is found that the flares can be explained by only changing the bulk Lorentz factor of the emitting
region without significant modification of the emitting electron parameters and luminosity of the jet.

Keywords: B3 1343 + 451:  -rays: X-rays: Blazars

1. Introduction. Blazars are radio-loud active galactic nuclei (AGNs) the
relativistic jets of which are inclined toward the observer, i.e. have a small angle
(several degrees) to the line of sight [1]. Due to this small inclination angle and
relativistic motion, the intensity of these sources is significantly boosted in the
observer frame and is dominated by the non-thermal emission produced inside
the jet [2]. Blazars are observed throughout the electromagnetic spectrum, from
radio to High Energy (HE)  -rays, exhibiting a double-peaked structure. The first
peak is believed to be produced from the synchrotron emission of electrons within
the jet while the nature of the second component is debatable. Within well-known
leptonic scenarios, this component is attributed to inverse Compton (IC) scattering
of low-energy photons. The origin of the photon field mostly depends on the type
of the blazars: for BL Lacs which have weak or no emission lines the synchrotron
photons can serve as targets for IC scattering [3-5], while the SEDs of Flat
Spectrum Radio Quasars (FSRQs) with stronger and quasar-like emission lines
are better explained when the photons external to the jet are considered [6,7].
Alternatively, in hadronic scenarios the HE component is due to relativistic protons

ÒÎÌ 63 ÀÂÃÓÑÒ, 2020 ÂÛÏÓÑÊ 3

À Ñ Ò Ð Î Ô È Ç È Ê À



376 N.SAHAKYAN  ET  AL.

accelerated within the jet, either via their synchrotron radiation [8], or via secondary
emission from particles generated in the interaction of the protons with low-energy
photon fields [9,10]. Now, these hadronic models are more frequently applied to
model the multimessenger data from the observations of blazars after the association
of neutrinos [11,12] with the TXS 0506+056 [13-16].

One of the most distinct characteristics of blazar emission is rapid and high
amplitude variability across the whole electromagnetic spectrum. The most dra-
matic and short time scale changes have been observed in the  -ray band. For
example, Brown [17] showed that during the  -ray flares of PKS 1510-089 the
flux doubling timescale was as short as 1.3 ± 0.12 hr or Ackermann et al. [18]
showed that the flux doubling time of 3C 279 2015 June flare was less than 5
minutes. Interestingly, in the  -ray band, the emission from NGC 1275 radio
galaxy is also variable in short time scales, 1.21 ± 0.22 hr, which had never been
previously observed for any radio galaxy [19,20]. This strongly constrains the
emitting region size, suggesting the radiation comes from the sub-parsec scale
regions of the jet. Therefore the observations of blazars contain valuable infor-
mation on the initial sub-parsec-scale region of their jets.

The distant blazar B3 1343 + 451 is among the FSRQs detected by Fermi-
Large Area Telescope (LAT). During the recent years, it was reported [21,22] that
several times this source was in the high emission/bright flaring state in the
 -ray band which is interesting considering the distance of B3 1343 + 451
( 5342.z  ). Also, the source was monitored by the Neil Gehrels Swift observatory
(Swift) several times in various years, providing the data in optical/UV and X-ray
bands. Combining this with a large amount of data available in the  -ray band
(more than ten years) will allow a detailed investigation of the origin of multiwave-
length emission from B3 1343 + 451. Moreover, for some periods the source was
in a flaring state which allows to constrain the emitting region size and location,
magnetic field, electron energy distribution, and so on which makes B3 1343 + 451
an ideal object for exploring the physics of the jets of distant FSRQs.

Here the broadband emission from B3 1343 + 451 is studied by analyzing Swift
UVOT/XRT and Fermi-LAT data. The data analysis and reduction are presented in
Section 2. The broadband SED modeling is presented in Section 3, and results and
discussion are provided in Section 4. The conclusion is summarized in Section 5.

2. Data analysis. The data accumulated in the HE  -ray band by Fermi-
LAT is crucial for understanding the nature of variable emission from the blazars.
The  -ray data, being continuously accumulated since 2008, allows to indentify
different emission states of the sources, compare them with the observations in
the other bands and build contemporaneous SEDs necessary for the theoretical
modeling. In order to investigate the origin of the emission from B3 1343 + 451,
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initially the available  -ray data have been analyzed.

2.1. Fermi-LAT data extraction and analyses . Fermi-LAT on board
the Fermi satellite is a pair-conversion telescope, operating since August 4, 2008,
and is designed to detect HE  -rays in the energy range from 20 MeV to 300
GeV [23]. In this study, the data set collected during the first ten years of Fermi-
LAT operation, from August 4, 2008, to August 4, 2018 (MET 239557417-
555033605) was used. The data were analyzed with the standard Fermi Science
Tools 1.2.1 software package using the most recent reprocessed PASS eight events
and spacecraft data in the energy range from 100 MeV to 500GeV and using
P8R3_SOURCE_V2 instrument response function. The entire data set is filtered
with gtselect and gtmktime tools and only the events with a high probability of
being photons evclass = 128, evtype = 3 have been considered. The zenith angle
cutoff is made to exclude atmospheric  -rays from the Earth limb that can be
a significant source of background.

The photons from a circular region with a radius of 12o around the  -ray
position of B3 1343 + 451 (RA, Dec) =(206.394, 44.884) have been extracted.
These photons are then binned with the gtbin tool with a stereographic projection
into pixels of 1010 oo ..   and into 37 equal logarithmically-spaced energy bins.
The model for which the likelihood is calculated is a combination of point-like
sources within a 516516 oo ..   square region of interest (ROI) and diffuse Galactic
and extragalactic models which were modeled using the standard gll_iem_v06 and
iso_P8R2_SOURCE_V6_v06 models. The model file describing ROI was created
using the Fermi-LAT fourth source catalog (4FGL; [24]) which contains sources
within ROI +5o from B3 1343 + 451. The normalization of background models,
as well as fluxes and spectral indexes of the sources within the ROI, are considered
as free parameters during the analysis, while for the sources outside the ROI the
spectral slopes and normalizations were fixed to the values given in the 4FGL
catalog.

Initially, for the whole time period, the binned likelihood analysis is performed
by gtlike tool modeling the  -ray spectrum of B3 1343 + 451 using a log-parabola
[25] as in 4FGL. After constraining the parameters of all sources included in the
model, the analysis is repeated assuming a power-law shape for the  -ray spectrum
of B3 1343 + 451. The output model is used in the light-curve calculations, as
for the short periods the power-law model better represents the spectrum. The
 -ray light curves were calculated by repeating the same analysis for shorter time
periods applying an unbinned maximum likelihood analysis method considering
photons from 0.1 to 300 GeV energy range. In the model file obtained from the
whole-time analysis, the photon indexes of all background sources are fixed to
the best guess values in order to reduce the uncertainties in the flux estimations,
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but the normalization of sources within the ROI are free to vary. Since no
variability is expected for the underlying background diffuse emission, we fixed
their parameters to the average values obtained in the ten-year analysis.

The  -ray light curve of B3 1343 + 451 computed for three-day bins above 100
MeV is shown in Fig.1. Several bright  -ray emission states of the source can be
identified, namely from MJD 55083 to 55116, from 55839 to 55965, from 56160
to 56235 and from 57021 to 57126. Interestingly, during the prolonged  -ray active
period from MJD 55720 to 57230, not only two major flares from the source were
observed but also the flux increased from its average level and remained so for nearly
500 days. The peak flux of 7-100.83)(8.78  photon cm-2

 s-1 with a photon index
of 070022 ..   was observed on MJD 56175 within three days with a detection
significance of 125. . Another substantial increase of the  -ray flux has been
observed on MJD 55893 when the flux was -7100.85)(8.73  photon cm-2

 s-1 with
080102 ..   photon index and with 024.  detection significance. The

 -ray photon index variation in time computed for three-day bins is shown in the
middle panel of Fig.1. Most of the time, the photon index varies around its averaged
value reported in 4FGL (2.14 from the log-parabolic fit), but in some periods
hardening and softening are evident. The hardest photon index of 240731 .. 
has been observed on MJD 58089 with 26.  while the softest one 3.13 ± 0.31
was observed on MJD 57675. Unfortunately, in some periods the uncertainties

Fig.1. The evolution of  -ray flux and spectral index of B3 1343 + 451 in time computed
using 3-day bins. The lower panel shows the arrival time of HE photons (with energy >5 GeV).
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in the photon index estimation are relatively large, which does not allow to make
a definite conclusion on the variability of the spectral index.

The evolution of the  -ray photon index was further investigated by plotting
it versus flux (Fig.2a) considering only the time bins when the detection
significance was above 04. . From the plot, the averaged photon index and flux
are 7102 ~ photon cm-2

 s-1 and ~2.1, respectively. There is a hint of spectral
hardening as the source gets brighter, i.e., during the bright periods the photon
index of the source is relatively harder. In the  -ray band such behavior has
already been observed from several blazars (e.g., [26-28]) and radio galaxies (e.g.,
NGC 1275 [19]). Such evolution of the spectral index and flux is expected when
accelerated HE electrons are cooled down (e.g., [29]). However, the linear-Pearson
correlation test yields to r

p
 = 0.05 with p-value being 0.19. This implies there is

a marginal linear correlation between the flux and photon index but it is not
statistically significant.

During the three outbursts in the  -ray band (the first three peaks in Fig.1

upper panel) the rising and decaying shapes of the flares can be well constrained
by the data. The temporal evolution of each flare has been studied separately. For
this purpose, we performed a time profile fitting of these flares by a sum of
exponentials which gives the rise and decay times of each peak [30],

Fig.2. Upper left: B3 1343 + 451  -ray photon index vs. flux in three-day bins. Upper right
and lower panels: the flare time profile analyses.
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where F0 is the flux at t0 representing the approximate flare amplitude, F
c
 is the

quiescent flux, t
r
 and t

d
 are the rise and decay times of the flare, respectively. The

light curve was fitted with the nonlinear optimization python package lmfit 
1.

The fitting parameters are summarized in Table 1 and the corresponding fit
is shown in Fig.2b, c. The time profiles show asymmetric structures in all flares,
showing a slow rise and a fast decay trend. The rise time of the first flare is
7.91 ± 1.84 days dropping within 3.38 ± 0.84 days. The time peak of the first flare,

   drrddrp tttttttt  ln0  is at MJD 55100.3 with a flare amplitude of
  710211429  .. photon cm-2

 s-1. The next flares are fitted together with the same
constant level of the flux to reduce the number of free parameters. These flares
reach the peaks within 11.34±2.85 and 9.21±2.43 days, respectively, then the
second one quickly drops to its average level within 3.64±1.24 days while the
decay of the other flare is relatively slow, 7.66±2.19 (Table 1). The time peak
of the flares are at MJD 55899.5 and MJD 56175.98 with amplitudes of
  7106724113  ..  and   7100028511  .. photon cm-2

 s-1, respectively. The short-
est flux doubling or halving timescales, computed by ln2,drt , is ~2.34 days.

The arrival time of the highest-energy events (>5 GeV) from the direction of
B3 1343 + 451, calculated using the gtsrcprob tool, is shown in the lower panel of
Fig.1. The HE photons are mostly at MJD 55720 - 57230; the maximum 50.3 GeV
is at MJD 55884 with a 62.  probability is associated with B3 1343 + 451.

2.2. Swift XRT/UVOT data analyses. B3 1343 + 451 was observed three
times by Swift, in 2009 and in 2014. The data from two of the instruments onboard
Swift, the UltraViolet and Optical Telescope (UVOT) and from the X-Ray Telescope
(XRT), have been analyzed. The Swift-XRT observations were made in the photon
counting mode and the source count rate was always below 0.5 counts s-1, so no pile-
up correction was necessary. The data were analyzed using the XRTDAS software

1 https://lmfit.github.io/lmfit-py/

t
m

t
r
 ± err t

d
 ± err F

c
F0

MJD days days x10-7
 photon cm-2

 s-1 x10-7
 photon cm-2

 s-1

55102.3 ± 1.59 7.91 ± 1.84 3.38 ± 0.84 0.99 ± 0.18 9.42 ± 1.21
55901.3 ± 3.97 11.34 ± 2.85 7.66 ± 2.19 2.31 ± 0.08 13.41 ± 2.67
56178.3 ± 2.32 9.21 ± 2.43 3.64 ± 1.24 2.31 ± 0.08 11.85 ± 2.00

Table 1

PARAMETER VALUES BEST EXPLAINING THE FLARES
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package distributed by HEASARC as part of the HEASoft package (v.6.25). The
source spectrum region was defined as a circle with a radius of 20 pixels (47") at
the center of the source, while the background region was defined as an annulus
centered at the source with its inner and outer radii being 51 (120") and 85 pixels
(200"), respectively. The Cash statistics [31] on ungrouped data was used; the
individual spectra in the 0.3-10.0 keV range were fitted with XSPEC v12.10.1,
adopting an absorbed power-law model with 2010781  .NH  cm-2 column density.
Unfortunately, the number of counts in the single observations was relatively low,
~30 not allowing to estimate the parameters with a statistical significance. For
example, for Obsid 38469006, the X-ray photon index and flux have been
estimated to be 1.43±0.27 and   1310412576  .. erg cm-2

 s-1, respectively. In order
to increase the photon statistics, three sequential observations made in January
2014 (Obsid 38469004, 38469005 and 38469006) as well as two sequential
observations made in October 2009 (Obsid 38469002 and 38469003) were merged
to obtain the averaged X-ray spectra of the source in two different years. As a
result, the X-ray photon index was 1.35±0.29 in 2009 and 1.20±0.21 in 2014.
Similarly, the fluxes in 2009 and 2014 were   1310191064  .. erg cm-2

 s-1 and
  1310641547  .. erg cm-2

 s-1, respectively. Even if the photon index did not
change significantly, taking into account the uncertainties, there had been a slight
increase in the X-ray flux in 2014.

In the analysis of the Swift UVOT data, the source counts were extracted from
an aperture of 5".0 radius around the source while the background counts were
taken from the neighboring circular region having a radius of 20" and not being
contaminated by nearby sources. The magnitudes were computed using the
uvotsource tool (HEASOFT v6.25) then corrected [32] using the reddening
coefficient from the Infrared Science Archive2. Like the XRT data analyses, the
sequential observations made in 2009 and 2014 were merged to reduce the flux
estimation uncertainties. The optical/UV flux derived in these two periods is shown
in Fig.4.

2.3. Spectral Analyses. For the spectral analyses the data from the
following periods are considered:

Low state: MJD 55125-55722, when the source was not flaring in the
 -ray and had a typical average  flux.

Flare 1 (F1): MJD 55096.5-55102.5, corresponding to the highest peak of the
flare on MJD 55100, coinciding with the Swift observations in 2009.

Flare 2 (F2) and Flare 3 (F3): 3 days period centered on MJD 55893 and
on MJD 56175, corresponding to bright  -ray states.

Flare 4 (F4): MJD 56629.5-56707.5, corresponding to another flaring  -ray

2 https://irsa.ipac.caltech.edu/applications/DUST/
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state with available quasi-simultaneous Swift observation in 2014.
The spectrum of B3 1343 + 451 was modeled with a power-law function

( EN~dEdN 0 ) with the normalization N0 and index   as free parameters.
The best matches between the spectral models and events are obtained with an
unbinned likelihood analysis implemented in gtlike. Then, the SEDs are calculated
by fixing the power-law index of B3 1343 + 451 and running gtlike separately for
smaller energy bins of equal width in the log scale. The corresponding spectra
are shown in Fig.3 (except for F3 when the spectrum is similar to that of F2)
and the results of analyses are given in Table 2.

The  -ray spectrum in all periods extends up to ~10 GeV (for F4 up to ~60 GeV).
The photon index is soft during the low state, 050462 ..  , which hardens during
the flaring periods. The hardest photon index of  040002 ..   was observed during
F3. During the F1, F2 and F3 flares, the source had a high flux of 7-10)09(8.0  . photon
cm-2

 s-1 which drops to 7-10)120(2.79  . photon cm-2
 s-1 during F4. The flux at the

Period Fluxa
 

low 0.44±0.03 2.46±0.05 25.0
F1 6.39±0.57 2.22±0.08 23.5
F2 9.04±0.63 2.12±0.06 23.5
F3 8.68±0.50 2.00±0.04 23.8
F4 2.79±0.12 2.08±0.03 50.8

Table 2

FERMI-LAT SPECTRAL ANALYSES RESULTS

Notes: a  -ray in units of x10-7
 photon cm-2
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Fig.3. The  -ray spectra of B3 1343 + 451 for flaring (F1, F2 and F4) and low states.
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low state is ~20 times lower and corresponding to the baseline flux of the source
emission in the  -ray band.

3. Modeling the SED. The SED of B3 1343 + 451 during the quiescent
(low), and flaring (F1 and F4) periods are shown in Fig.4. The  -ray data are
shown with black circles while for the F1 and F4 flares, the available optical/
UV and X-ray data analyzed in Section 2 are shown with black triangles and
squares, respectively. The data of F1 are shown with empty marks. The archival
data from the ASI science data center are shown in gray. The broadband SED
of B3 1343 + 451 shows a typical double-peaked structure: a low energy compo-
nent, peaking in the optical through X-rays, originates from synchrotron emission
of electrons and a high energy component, peaking in the  -ray, probably
originating from Compton scattering of the seed photon field, either internal
(synchrotron self-Compton [SSC] [3-5]) or external to the jet (external Compton
[EIC] [6,7]). In all periods the ratio of the IC to synchrotron luminosity is larger
than one. In the Thomson regime, this ratio approximately corresponds to

BphotonSIC UU~LL  where U
photon

 and U
B
 are the energy density of the photon

and magnetic fields, respectively. U
photon

 > U
B
 condition is satisfied when the density

of the external photons exceeds (photons from broad-line region (BLR) or dusty
torus) the density of synchrotron photons, so the HE component is entirely
described by EIC scattering. It should be noted that SSC and SSC+EIC mecha-
nisms were also successful in explaining the multiwavelength emission from radio
galaxies [33-35]. Since the previous studies of bright FSRQs showed that the regions
outside the BLR are more favorable for the  -ray emission [28,36], in this study
we assume that the dissipation region of the jet R

diss
 is outside the BLR and infrared

emission from dusty torus is the dominant external photon field. The SED of B3
1343 + 451 is modeled within the commonly applied one-zone emission scenario
which assumes the broadband spectrum is produced from a single region of the jet
during its propagation. Unlike the two-zone models, when the acceleration and
emission of particles occur in different regions, in this case the accelerated electrons
are cooling by synchrotron and IC emission in a compact spherical region of the
jet (with a radius of R) which moves with relativistic velocities jet . Thus, the
emission will be boosted by   1

jet cos1   (   for small  ), and will
appear brighter for the observer. The analyses of a large sample of  -ray emitting
FSRQs show that bright blazars have a mean bulk Lorentz factor of 15  [37],
so for B3 1343 + 451 we assume 20 . The radius of the emitting region can
be inferred from the observed flux doubling timescale of ~2.34 days from the

  16104331  .zctR cm relation. This region carries a magnetic field with an
intensity of B and a population of relativistic electrons for which a power-law with
exponential energy distribution,      cute

p
eee ~N   exp  within min  and
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max , is assumed. This electron spectrum is naturally formed within the first-order
Fermi acceleration (diffuse shock acceleration [38,39]), under dominant radiative
cooling and/or a decreasing chance for HE particles to cross the shock front a
large number of times. The EIC scattering of external photons is taken into
account assuming that the IR radiation from the dusty torus which has a blackbody
spectrum with a luminosity that scales with the disc luminosity as discL  ( 60.
[40]) and fills a volume that for simplicity is approximated as a spherical shell
with a radius of  4518 101052 discIR L.R   cm [40]. The disc luminosity is

4510385  .Ldisc erg s-1, estimated by fitting the blue-bump seen in the data (Fig.4)
which is the  accretion disc emission component. The parameters best describing
the data are estimated through minuit optimization3 [41-43].

3.1. The SED in quiescent state. Initially, the SED in the quiescent
state is modeled (Fig.4 upper panel) to estimate the baseline energy of the jet
as well as the radiating particle energy distributions. The model parameters are

3 https://jetset.readthedocs.io/en/latest/

Fig.4. Modeling of the broadband SEDs of B3 1343 + 451 during the quiescent (upper panel)
and flaring states (F1 and F4 lower panel). The model parameters are given in Table 3.
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given in Table 3. Since the radio emission is produced from the low-energy
electrons which can diffuse larger distances, these data are not included in the
fit and are considered as upper limits. In this case, the X-ray to  -ray data is
interpreted as IC up-scattering of synchrotron (dot-dashed line in Fig.4 upper
panel) and torus (dashed line in Fig.4 upper panel) photons. The absence of high-
quality X-ray data hardens the precise estimation of the power-law index of the
electrons and p = 2.39 is defined by SSC fitting to X-ray data. When 7862.min  ,

344683.cut   and 410041  .max , the EIC component peaks around GeV
energies, explaining the  -ray data. In the emitting region, the magnetic field
is B = 0.18 G with a density lower than that of electrons U

e
 /U

B
 = 74.6 which

implies that even if the system is not perfect in equipartition (U
e
 /U

B
 = 1), there

is no large deviation between electron and magnetic field energy densities (for some
blazars U

e
 /U

B
 can be as high as 1000).

3.2. The SED in the flaring states. The multiwavelength SEDs during
the flaring states are shown in Fig.4 (lower panel). In the flaring states, the
 -ray flux significantly increased making the Compton dominance of the source
stronger and evident. Such amplification of the emission spectra can be due to
changes either in the emission region parameters, e.g., in the magnetic field,
emitting region size, bulk Lorentz factor and others, and/or particle energy
distribution. In principle, if the emission comes from a newly formed blob (e.g.,
ejected from the accretion disc) all the parameters describing the emitting region
can be changed at the same time. To claim such global changes in the jet, sensitive
radio observations are required which are missing in this case. The evolution of
multiwavelength emission spectra in dependence with various parameters is per-
formed in Paggi et al. [44]. Their Fig.1e shows that large magnitude variations
are possible in the  -ray band when the bulk Lorentz factor of the emission

Quiescent F1 F4

 20 30 30
p 2.39 2.08 2.38

min 62.78 62.78 62.78

cut 4683.34 4884.00 12095.01
B(G) 0.18 0.04 0.10

U
e
 (erg cm-3) 0.10 0.13 0.09

U
B
 (erg cm-3) 310341 . 510098 . 410613 .

L
e
 (erg s-1) 4510121 . 4510511 . 4510041 .

L
B
 (erg s-1) 4310491 . 4110968 . 4210004 .

Table 3

PARAMETERS BEST DESCRIBING THE SEDs
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region increases. This is evident especially in the case of EIC scenario, since the
density of external photons in the comoving frame of the jet depends on the
Doppler boosting factor 2 . Thus, in order to model the SEDs observed during
the flaring periods, we assume that the Doppler boosting factor has increased and
corresponds to 30 .

During the fit, all the parameters describing the source (e.g., the luminosity
of the torus, its radius, temperature, etc.) are fixed to the values obtained during
the fit of the averaged state, while the parameters of the magnetic field and
emitting electrons are left free to vary. Also, min  was fixed since it is obtained
by requiring the model does not overproduce the radio data which are the same
in all cases. X-ray to  -ray data are again interpreted by the sum of SSC and
EIC components (for the clarity only the sum of these components is depicted
in Fig.4 lower panel) and the X-ray spectra can be explained when p = 2.08 and
p = 2.38 for the flares F1 and F4, respectively. As the  -ray spectrum during F4
is characterized by a harder photon index which extends to higher energies, larger

0112095.cut   is estimated as compared with F1 ( 004884.cut  ). In order to
account the increase on the  -ray flux, a higher energy densities of electrons are
estimated (see Table 3) which results in lower magnetic field (0.04 and 0.10 for
F1 and F4, respectively) to keep the flux of the lower component at the same
level since the synchrotron emission depends on the total energy of electrons and
magnetic field. During the flaring states, the jet of B3 1343 + 451 becomes more
particle dominated with U

e
 /U

B
 > 900, which is natural considering the ratio of IC

to synchrotron luminosity increases.

3.3. Jet energetics. The jet power in the form of the magnetic field and
electron kinetic energy is calculated by BbB UcRL 22   and ebe UcRL 22  ,
respectively (presented in Table 3). The jet luminosity on the form of the magnetic
field L

B
 decreases from 431051 . erg s-1 to 411009 . erg s-1 while L

e
 does not vary

much, remaining around 431051 . erg s-1. This is because at flaring states the energy
distribution of electrons extends to larger energies, i.e., has a larger cut  and or
harder p, implying the total energy is distributed in more electrons.

4. Results and discussion. The results from  -ray observations of the
distant blazar B3 1343 + 451 from 2008 to 2018 are presented. The source was
alternatingly in its active state, showing several prominent  -ray flares. Starting from
MJD 55720, within 500 days, the source was in a very active state when also its
averaged flux increased as compared with normal states. During this period also two
bright flares were observed, when the peak flux measured within a 3-day interval
was 7-100.83)(8.78  photon cm-2

 s-1 with a photon index of 070022 ..   ob-
served on MJD 56175. This corresponds to isotropic  -ray luminosity of

4910635  .L erg s-1 for the distance of B3 1343 + 451 (21.04 Gpc). This is of
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the same order with the highest luminosity of FSRQs observed in the  -ray band
so far. There is no evident variability of the  -ray photon index but a period
when 240731 ..   was observed on MJD 58089, which is not common for
FSRQs. Although hard photon indexes have been occasionally observed during
rapid flaring events in FSRQs [45], they are usually characterized by >2.3 indexes.
The hard emission spectrum is most likely related to the emission of new energetic
particles that were either injected into the emitting region or re-accelerated.
However, the linear-Pearson correlation test did not result in a statistically
significant correlation or anti-correlation between the flux and photon index which
would allow testing one of the theories.

During the bright  -ray flares, the time profile analyses showed an asym-
metric profile of the flares which can be explained assuming that the particles
are accelerated during the rising phase of the flare (e.g., by shock acceleration)
and cool down or escape from the emitting region during the decay phase. This
is in agreement with the observed Compton dominance, implying the density of
the external photons in the jet's comoving frame increased. The observed shortest
flux halving timescale is ~2.34 days, implying the emission is produced from a
very compact region of the jet.

The analyses of Swift XRT data contemporaneous with the  -ray flares on 2009
and 2014 show that the X-ray flux increased on 2014,   1310641547  .. erg cm-2

 s-1,
as compared with that of 2009, but the photon index did not change significantly,
being hard in both periods. The increase of the X-ray is related to the similar increase
observed in the  -ray band which is most likely due to changes in the acceleration
and cooling of the electrons.

The SEDs observed during quiescent and flaring states are modeled within one-
zone leptonic models assuming that the jet dissipation occurs outside the BLR and
considering both synchrotron and external photons for the IC scattering. In all
periods, the SSC component can explain the X-ray data but the data in optical/
UV bands (at 1015

 Hz) limits the emitting electron maximum energy, and the SSC
component cannot reach the HE  -ray band. Instead, the  -ray data can be
explained only by considering the IC scattering of dusty torus photons (EIC). In
the quiescent state, the electrons should be effectively accelerated up to 2.39 GeV
( cutecm 2 ) with the power-law index of 2.39 in order to explain the observed
data, while during F4 it should be up to 6.18 GeV. This is because in this period
the  -ray spectrum with a hard spectrum extends to higher energies as well as
in the optical/UV band the spectrum slightly increases and shifts to higher energies
(see Fig.4 lower panel). In the quiescent state the jet of B3 1343 + 451 is not
far from the equipartition with U

e
 /U

B
 =74.6, while during the flares it is required

that 900Be UU . This is natural, considering that during the flares the IC to
synchrotron luminosities ratio is 150SIC LL . The flares are interpreted to be
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due to the changes in the bulk Lorentz factor, i.e. the contribution comes from
a blob that moves faster. In this interpretation, the SEDs can be reproduced not
changing the source parameters (e.g. torus luminosity, radius, etc.) but only varying
the magnetic field and emitting electron parameters. As a result, the total jet
luminosity estimated in the quiescent and flaring states is almost of the same order,
supporting the assumption that the flares were caused by the change in the velocity
of the emitting region rather than from a new energetically dominant component.

5. Conclusion. The origin of multiwavelength emission from B3 1343 + 451
during the quiescent and flaring states is investigated. In the  -ray band, the flux
varies within ~2.34 days with a peak flux of 7-100.83)(8.78  photon cm-2

 s-1. Also,
the photon index hardens as compared to its average value during the bright
 -ray periods.

The modeling of the SED of B3 1343 + 451 in the quiescent state allowed
to constrain the properties of the jet when it is in the average emission state. The
SED observed during the flares can be reproduced by changing the bulk Lorentz
factor of the emission region and slightly changing the energy distribution of the
emitting electrons, the total luminosity of the jet being constant. This implies that
the flares are most likely produced in a different region as compared to the average
state which does not dominate energetically but contains more energetic electrons.

In this paper, two flaring periods of B3 1343 + 451 were modeled providing
information on the properties of the source jet. Identification of flaring periods
in other distant blazars and their theoretical modeling can help to understand the
physics of distant blazar jets.
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ÈÑÑËÅÄÎÂÀÍÈÅ ÏÐÎÈÑÕÎÆÄÅÍÈß
ÌÍÎÃÎÂÎËÍÎÂÎÃÎ ÈÇËÓ×ÅÍÈß ÁËÀÇÀÐÀ B3 1343 + 451

Ñ ÂÛÑÎÊÈÌ ÊÐÀÑÍÛÌ ÑÌÅÙÅÍÈÅÌ

Í.ÑÀÀÊßÍ1,2, Ã.ÀÐÓÒÞÍßÍ1, Ä.ÈÑÐÀÅËßÍ1, Ì.ÕÀ×ÀÒÐßÍ1

B3 1343+451 ÿâëÿåòñÿ ÿðêèì è äàëüíèì ( 5342.z  ) êâàçàðîì ñ ïëîñêèì
ñïåêòðîì, íàáëþäàåìûì â  -äèàïàçîíå. Ïðèâåäåíû ðåçóëüòàòû ìíîãîâîëíîâûõ
íàáëþäåíèé B3 1343+451 ñ Fermi-LAT è Swift. Â  -äèàïàçîíå ñèëüíûå
âñïûøêè íàáëþäàëèñü 5 äåêàáðÿ 2011ã. è 13 äåêàáðÿ 2009ã., êîãäà ïîòîê
óâåëè÷èëñÿ äî 7-100.83)(8.78  ôîòîí ñì-2

 ñ-1. Ñàìûé ìàëåíüêèé ôîòîííûé
èíäåêñ 240731 ..   (íàáëþäàëñÿ 1 äåêàáðÿ 2017ã., MJD 58089), ÷òî íå
õàðàêòåðíî äëÿ êâàçàðîâ ñ ïëîñêèì ñïåêòðîì. Àíàëèç äàííûõ Swift XRT
ïîêàçûâàåò, ÷òî â 2014ã. ðåíòãåíîâñêèé ïîòîê èñòî÷íèêà óâåëè÷èëñÿ â ~2 ðàçà
ïî ñðàâíåíèþ ñ 2009ã., íî â îáîèõ ïåðèîäàõ ðåíòãåíîâñêîå èçëó÷åíèå õàðàêòå-
ðèçóåòñÿ æåñòêèì ôîòîííûì èíäåêñîì 3121ray-X ..  . Âî âðåìÿ  -âñïûøåê
ñàìûé êîðîòêèé ïåðèîä, çà êîòîðûé ïîòîê óâåëè÷èëñÿ âäâîå, áûë ~2.34 äíÿ,
÷òî îçíà÷àåò, ÷òî èçëó÷åíèå èñõîäèò èç î÷åíü êîìïàêòíîé îáëàñòè

  16104331  .zctR  ñì (êîãäà 20 ). Ñïåêòðàëüíîå ðàñïðåäåëåíèå ýíåðãèè
B3 1343+451 ìîäåëèðîâàëàñü â ïåðèîäû ïîêîÿ è âñïûøêè, ïðåäïîëàãàÿ ÷òî
êîìïàêòíàÿ îáëàñòü èçëó÷åíèÿ íàõîäèòñÿ çà ïðåäåëàìè îáëàñòè ñâå÷åíèÿ øèðîêèõ
ñïåêòðàëüíûõ ëèíèé. Óñòàíîâëåíî, ÷òî âñïûøêè ìîãóò áûòü îáúÿñíåíû òîëüêî
èçìåíåíèåì êîýôôèöèåíòà Ëîðåíöà èçëó÷àþùåé îáëàñòè áåç ñóùåñòâåííîãî
èçìåíåíèÿ ïàðàìåòðîâ èçëó÷àþùèõ ýëåêòðîíîâ è ñâåòèìîñòè ñòðóè.

Êëþ÷åâûå ñëîâà: B3 1343+451: ãàììà èçëó÷åíèå: ðåíòãåíîâñêîå èçëó÷åíèå:
áëàçàðû
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Î ÌÅÄËÅÍÍÎÂÐÀÙÀÞÙÈÕÑß Àð ÇÂÅÇÄÀÕ.
ÏÅÐÑÏÅÊÒÈÂÛ ÈÕ ÍÀÁËÞÄÅÍÈÉ Â ÐÀÌÊÀÕ

ÊÎÑÌÈ×ÅÑÊÎÉ ÌÈÑÑÈÈ TESS

È.Ñ.ÑÀÂÀÍÎÂ
Ïîñòóïèëà 22 îêòÿáðÿ 2019

Ïðèíÿòà ê ïå÷àòè 24 èþíÿ 2020

Ðàññìîòðåíà âîçìîæíîñòü îáíàðóæåíèÿ êàíäèäàòîâ â ìåäëåííîâðàùàþùèåñÿ ìàãíèòíûå
Àð çâåçäû ñ ïåðèîäàìè îò 2-3 äåñÿòêîâ ñóòîê äî íåñêîëüêèõ ñîòåí ëåò. Âîïðîñ î äîëå
îáúåêòîâ òàêîãî òèïà ñðåäè âñåõ Àð çâåçä ïðåäñòàâëÿåòñÿ âàæíûì ñ òî÷êè çðåíèÿ ïîíèìàíèÿ
ïðèðîäû âîçíèêíîâåíèÿ è ýâîëþöèè ìàãíèòíûõ çâåçä. Ïîèñê òàêèõ îáúåêòîâ ìîæåò áûòü
âûïîëíåí íà îñíîâå àíàëèçà èõ ôîòîìåòðè÷åñêîé ïåðåìåííîñòè ïî ðåçóëüòàòàì íàáëþäåíèé
â ðàìêàõ êîñìè÷åñêîé ìèññèè TESS. Ñ ýòîé öåëüþ ïåðâîíà÷àëüíî ïëàíèðóåòñÿ ðàññìîòðåòü
âñå îáúåêòû èç ñîîòâåòñòâóþùèõ êàòàëîãîâ. Ïîêàçàíî, êàê ìîæåò áûòü ïðèìåíåíà ïðåäëàãàåìàÿ
ìåòîäèêà íà ïðèìåðå ìåäëåííîâðàùàþùåéñÿ Àð çâåçäû HD 50169, äëÿ êîòîðîé âûïîëíåí
äåòàëüíûé àíàëèç åå ïåðåìåííîñòè è óæå äîñòóïíû íàáëþäåíèÿ ìèññèè TESS.

Êëþ÷åâûå ñëîâà: çâåçäû: ôîòîìåòðèÿ: ìàãíèòíûå çâåçäû: ïåðåìåííîñòü:
âðàùåíèå: ìàãíèòíûå ïîëÿ

1. Ââåäåíèå. Èññëåäîâàíèÿ ïîñëåäíèõ ëåò ïðèâåëè ê çàêëþ÷åíèþ, ÷òî
ïåðèîäû âðàùåíèÿ Ð äëÿ çíà÷èòåëüíîé äîëè õèìè÷åñêè ïåêóëÿðíûõ ìàã-
íèòíûõ Àð çâåçä ìîãóò ïðåâûøàòü ìåñÿöû, â ðÿäå ñëó÷àåâ ìîæíî çàïîäîçðèòü,
÷òî îíè ìîãóò äîñòèãàòü âåëè÷èí â ñîòíè ëåò. Íàïðèìåð, â ðàáîòå [1] â
îòäåëüíóþ ãðóïïó áûëè âûäåëåíû 33 Àð çâåçäû ñ ïåðèîäàìè áîëåå 30 äíåé,
ïðè÷åì äëÿ 16 èç íèõ âåëè÷èíà Ð ïðåâûøàëà 1000 ñóòîê.

Äðóãîå, çàñëóæèâàþùåå âíèìàíèÿ îáñòîÿòåëüñòâî çàêëþ÷åíî â òîì, ÷òî
äèàïàçîí èçìåíåíèé âåëè÷èíû Ð ñîñòàâëÿåò íå ìåíåå 5 ïîðÿäêîâ [2]. Åñëè
çâåçäû, èìåþùèå ïåðèîäû âðàùåíèÿ ïîðÿäêà ñóòîê (è ìåíåå), äîñòàòî÷íî
óäîáíû äëÿ íàáëþäåíèé è ïîñëåäóþùåãî àíàëèçà, òî, î÷åâèäíî, ÷òî ïîëó÷åíèå
êðèâîé áëåñêà äëÿ ïîëíîãî ïåðèîäà âðàùåíèÿ ñàìûõ ìåäëåííîâðàùàþùèõñÿ
çâåçä ïðåäñòàâëÿåò â ðÿäå ñëó÷àåâ åùå íå ðåøåííóþ çàäà÷ó. Äàæå ñ ó÷åòîì
òîãî, ÷òî èçìåðåíèÿ ìàãíèòíûõ ïîëåé íåêîòîðûõ òàêèõ Àð çâåçä áûëè íà÷àòû
â ñåðåäèíå ïðîøëîãî âåêà, äàííûõ, ñîîòâåòñòâóþùèõ ïîëíîìó ïåðèîäó
âðàùåíèÿ, âñå åùå íå ïîëó÷åíî (ìû ìîæåì ðàñïîëàãàòü òîëüêî îöåíêàìè Ð).
Â êà÷åñòâå íàèáîëåå èçâåñòíîãî ïðèìåðà òàêèõ îáúåêòîâ ìîæíî óêàçàòü
õèìè÷åñêè ïåêóëÿðíóþ çâåçäó  Equ, êîòîðàÿ â ïîñëåäíèå ãîäû ÿâëÿåòñÿ
ïðåäìåòîì ìíîãî÷èñëåííûõ èññëåäîâàíèé (ñì. ïîäðîáíåå  [3] âìåñòå ñ ññûëêàìè
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íà ëèòåðàòóðíûå èñòî÷íèêè). Îíà ïðèíàäëåæèò ê ÷èñëó íàèáîëåå ÿðêèõ Àð
çâåçä (V = 4m.66) (ñïåêòðàëüíûé êëàññ À9ð, ïîäêëàññ SrCrEu) è îòíîñèòñÿ ê
òèïó áûñòðî-îñöèëëèðóþùèõ roAp çâåçä.  Equ îáëàäàåò ñèëüíûì ìàãíèòíûì
ïîëåì, âåëè÷èíà ïðîäîëüíîé êîìïîíåíòû êîòîðîãî Bz ìåäëåííî èçìåíÿåòñÿ
â ïðåäåëàõ îò 1000 Ãñ äî -1600 Ãñ çà ïîñëåäíèå 60 ëåò.  Equ ïðèíÿòî ñ÷èòàòü
ïðîòîòèïîì çâåçä ñ ýêñòðåìàëüíî äëèííûì ïåðèîäîì âðàùåíèÿ (ïî êðàéíåé
ìåðå âåëè÷èíà Ð íå ìåíåå 60 ëåò). Ïîëÿðèìåòðè÷åñêèå èçìåðåíèÿ [4] óêàçàëè
íà âåëè÷èíó ïåðèîäà âðàùåíèÿ â 77 ëåò, êîòîðàÿ ñåé÷àñ ìîæåò ðàññìàòðèâàòüñÿ
êàê åãî íèæíÿÿ ãðàíèöà. Èç àíàëèçà íàøèõ ðåçóëüòàòîâ è âñåõ äîñòóïíûõ
ëèòåðàòóðíûõ èñòî÷íèêîâ îïðåäåëåíèé çíà÷åíèé âåëè÷èíû ïðîäîëüíîé
êîìïîíåíòû ìàãíèòíîãî ïîëÿ Bz (441 èçìåðåíèå) â [3] íàìè áûë ñäåëàí
âûâîä î ñóùåñòâîâàíèè ïåðèîäà Ð = 89.1 ± 4.2 ãîäà (32521 ñóòîê). Ïðè
îïèñàíèè âñåãî ìàññèâà äàííûõ ñ ïîìîùüþ äâóõ ñèíóñîèä ïîëó÷åíû âåëè÷èíû
ïåðèîäîâ, ðàâíûå 95.5 è 17.4 ãîäà (ñ ïîãðåøíîñòüþ îêîëî 3.5 è 2 ãîäà,
ñîîòâåòñòâåííî). Ïî íàøåé íîâîé îöåíêå ïåðåõîä ê ïîëîæèòåëüíûì çíà÷åíèÿì
Bz âåðîÿòíî ïðîèçîéäåò ïîçäíåå, ÷åì ñ÷èòàëîñü ðàíåå, à èìåííî - â 2031ã.

Ñðåäè 33 çâåçä ñ ïåðèîäàìè Ð áîëåå 30 ñóòîê òîëüêî äâå íå èìåþò â
ñâîèõ ñïåêòðàõ ïðîÿâëåíèÿ íàëè÷èÿ ìàãíèòíîãî ïîëÿ ïî ðàñùåïëåíèþ ëèíèé.
Â [2] îòìå÷àåòñÿ, ÷òî ïîñêîëüêó èçó÷åíèå Àð çâåçä ñ áîëüøèìè ïåðèîäàìè
ïðîâîäèòñÿ, êàê ïðàâèëî, äëÿ îáúåêòîâ, ó êîòîðûõ õîðîøî ïðîÿâëÿåòñÿ
ðàñùåïëåíèå ëèíèé, âîçìîæíû ñèñòåìàòè÷åñêèå îøèáêè â îöåíêå ÷èñëà
òàêèõ ìåäëåííîâðàùàþùèõñÿ çâåçä. Îáíàðóæåíèå íîâûõ çâåçä ñ ïîäîáíûìè
ñâîéñòâàìè ÿâëÿåòñÿ òðóäîåìêîé çàäà÷åé, äëÿ êîòîðîé, â ïåðâóþ î÷åðåäü,
íåîáõîäèìû êðèòåðèè îòáîðà ñîîòâåòñòâóþùèõ êàíäèäàòîâ.

2. Êàíäèäàòû â ìåäëåííîâðàùàþùèåñÿ Àð çâåçäû . Ê íàñòîÿùåìó
âðåìåíè ïîäàâëÿþùåå áîëüøèíñòâî Àð çâåçä áûëî èäåíòèôèöèðîâàíî ïóòåì
àíàëèçà ñâîéñòâ èõ ñïåêòðîâ è/èëè ôîòîìåòðèè (÷àùå âñåãî   ôîòîìåòðèè
[5]). Òàêîé àíàëèç ïîçâîëÿåò òàêæå îïðåäåëèòü ïàðàìåòðû àòìîñôåðû, òèï
ïåêóëÿðíîñòè ïî ïðèñóòñòâèþ õàðàêòåðíûõ ëèíèé è ðåçóëüòàòàì èçó÷åíèÿ
ñîäåðæàíèé ýëåìåíòîâ. Ñïåêòðàëüíûå è ñïåêòðîïîëÿðèìåòðè÷åñêèå íàáëþäåíèÿ
äàþò âîçìîæíîñòü ïðîâåñòè îöåíêè ìàãíèòíîãî ïîëÿ (ñì., íàïðèìåð, êàòàëîã
[6] è ññûëêè â íåì).

Äîïîëíèòåëüíûå ôîòîìåòðè÷åñêèå íàáëþäåíèÿ ÿâëÿþòñÿ îñíîâîé äëÿ
îïðåäåëåíèÿ èëè óòî÷íåíèÿ ïåðèîäà âðàùåíèÿ Àð çâåçä. Êàê ïðàâèëî, àìïëè-
òóäû ïåðåìåííîñòè áëåñêà Àð çâåçä, âûçâàííûå âðàùàòåëüíîé ìîäóëÿöèåé,
íåâåëèêè - îíè ñîñòàâëÿþò íå áîëåå íåñêîëüêèõ äåñÿòûõ çâåçäíîé âåëè÷èíû.
Ëèøü, ñðàâíèòåëüíî íåäàâíî, íàáëþäåíèÿ ñ êîñìè÷åñêèìè òåëåñêîïàìè CoRoT,
Êåïëåð è ìèññèåé TESS, îòêðûëè íîâûå âîçìîæíîñòè èçó÷åíèÿ ïåðåìåííîñòè
áëåñêà Àð çâåçä. Ñ ïîìîùüþ êîñìè÷åñêèõ ìèññèé ñòàëè äîñòóïíû íåïðåðûâíûå
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(â òå÷åíèå ìåñÿöåâ) âûñîêîòî÷íûå ôîòîìåòðè÷åñêèå íàáëþäåíèÿ. Î÷åâèäíî,
÷òî ñòàëî âîçìîæíûì îòêðûòèå íîâûõ êàíäèäàòîâ â Àð çâåçäû ïî èçó÷åíèþ
ôîòîìåòðè÷åñêèõ äàííûõ èç àðõèâîâ êîñìè÷åñêèõ òåëåñêîïîâ. Àíàëèç ìîæåò
áûòü ïðèìåíåí äëÿ óñòàíîâëåíèÿ Àð çâåçä ñ ïåðèîäàìè âðàùåíèÿ äî 30 ñóòîê,
â ýòîì ñëó÷àå ìîãóò áûòü ïîëó÷åíû âûñîêîòî÷íûå ôîòîìåòðè÷åñêèå êðèâûå,
èçó÷åíà èõ ìîðôîëîãèÿ (â êà÷åñòâå ïðèìåðîâ òàêèõ èññëåäîâàíèé ìîæíî
óêàçàòü [7,8]). Êðîìå òîãî, ìû ïðåäïîëàãàåì, ÷òî â ñëó÷àå îòñóòñòâèÿ íàáëþ-
äàòåëüíîé ôîòîìåòðè÷åñêîé ïåðåìåííîñòè áëåñêà ó Àð çâåçä ñ íåäîñòàòî÷íî
èçó÷åííûìè ñâîéñòâàìè, îòñóòñòâèÿ îöåíîê ïåðèîäà âðàùåíèÿ, ìàãíèòíîãî
ïîëÿ, à òàêæå íåäîñòàòî÷íîé ïðîäîëæèòåëüíîñòè ðÿäà íàáëþäåíèé äëÿ óñòà-
íîâëåíèÿ ïåðèîäà è ò.ä., ñðåäè íèõ, áëàãîäàðÿ íàøåé ìåòîäèêå, ìîãóò áûòü
âûäåëåíû íîâûå êàíäèäàòû â îáúåêòû ñ ïåðèîäàìè âðàùåíèÿ áîëåå 30 ñóò.

Îñíîâíàÿ öåëü ðàáîòû êîñìè÷åñêîé ìèññèè TESS [9] ñîñòîèò â îáíà-
ðóæåíèè è èññëåäîâàíèè ýêçîïëàíåò. Êðîìå òîãî, ïîëó÷åííûå TESS äàííûå
ïîçâîëÿþò ïðîâîäèòü øèðîêèé êðóã àñòðîôèçè÷åñêèõ èññëåäîâàíèé, â òîì
÷èñëå èçó÷åíèå âðàùåíèÿ è àêòèâíîñòè çâåçä ðàçëè÷íûõ ñïåêòðàëüíûõ êëàññîâ.
Ïîäðîáíûé àíàëèç ôîòîìåòðè÷åñêîé ïåðåìåííîñòè Àð çâåçä è êàíäèäàòîâ â
çâåçäû äàííîãî òèïà (ñì. êàòàëîã [10]) ìîæåò áûòü âûïîëíåí òîãäà, êîãäà
â áëèæàéøåì áóäóùåì áóäåò çàâåðøåí ïîëíûé îáçîð âñåãî íåáà êîñìè÷åñêîé
ìèññèåé TESS. Îäíàêî óæå ñåé÷àñ ìû ìîæåì ðàññìîòðåòü, êàê ìîæåò áûòü
ïðèìåíåíà ïðåäëàãàåìàÿ íàìè ìåòîäèêà íà ïðèìåðå ìåäëåííîâðàùàþùåéñÿ
Àð çâåçäû  HD 50169, äëÿ êîòîðîé âûïîëíåí äåòàëüíûé àíàëèç ïåðåìåííîñòè
áëåñêà [11] è óæå äîñòóïíû íàáëþäåíèÿ ìèññèè TESS.

HD 50169. HD 50169 (BD-81937, B = 9m.01, V = 8m.98) ÿâëÿåòñÿ çâåçäîé
ñïåêòðàëüíîãî êëàññà À3ð SrCrEu òèïà [10]. Îáñóæäåíèå åå ñâîéñòâ ïðèâîäèòñÿ
â [11], òàì æå ìîæíî íàéòè âñå ññûëêè íà ðåçóëüòàòû ïðåäøåñòâóþùèõ
èññëåäîâàíèé. Ìàãíèòíîå ïîëå ýòîé çâåçäû áûëî îáíàðóæåíî Áåáêîêîì [12] â
1958ã. Ïðåñòîí [13] óñòàíîâèë, ÷òî çâåçäà îáëàäàåò ìàëûì çíà÷åíèåì âåëè÷èíû
ïðîåêöèè ñêîðîñòè âðàùåíèÿ íà ëó÷ çðåíèÿ è ïîëó÷èë ïåðâûå îöåíêè ìîäóëÿ
åå ñðåäíåãî ìàãíèòíîãî ïîëÿ - 5.6 êÃñ. Êîìïèëÿöèþ âñåõ èçìåðåíèé ìàãíèòíîãî
ïîëÿ çâåçäû ìîæíî íàéòè â ñòàòüÿõ [1] è [11]. Ïåðâîíà÷àëüíî àâòîð [1] ïîëó÷èë
îöåíêè ïåðèîäà âðàùåíèÿ çâåçäû, êîòîðûå ñîñòàâèëè - îò 7.5 äî 40 ëåò.

Àâòîðû [11] ïðåäñòàâèëè ðåçóëüòàòû îïðåäåëåíèé ïåðèîäà âðàùåíèÿ çâåçäû.
Ïî èõ îöåíêå îí ñîñòàâèë Ð = 29.04 ± 0.82 ëåò. Êî âðåìåíè âûõîäà èç ïå÷àòè
ñòàòüè [11], HD 50169 ÿâëÿëàñü Àð çâåçäîé ñ ìàêñèìàëüíîé äëèòåëüíîñòüþ
ïåðèîäà âðàùåíèÿ (29 ëåò), äëÿ êîòîðîé áûëè ïîëó÷åíû íàáëþäåíèÿ ïðîäîë-
æèòåëüíîñòüþ áîëåå, ÷åì îäèí ïåðèîä.

3. Îïèñàíèå íàáëþäåíèé HD 50169, èõ îáðàáîòêà è àíàëèç .
Â íàñòîÿùåé ðàáîòå, êàê è â íàøèõ ïðåäûäóùèõ èññëåäîâàíèÿõ [14,15], äëÿ
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HD 50169 ìû èñïîëüçîâàëè äàííûå èç àðõèâà êîñìè÷åñêîé ìèññèè TESS
(ñåêòîð 6), ïîëó÷åííûå ñ âðåìåííûì ðàçðåøåíèåì â 2 ìèí. Îáðàáîòêà äàííûõ
áûëà àíàëîãè÷íîé ïðîâîäèìîé íàìè ðàíåå ïðè àíàëèçå äàííûõ èç àðõèâà
êîñìè÷åñêîãî òåëåñêîïà Êåïëåð è ìèññèè TESS (ñì., íàïðèìåð, [16,17]).

Íà ðèñ.1 (ââåðõó) ïðåäñòàâëåíà êðèâàÿ áëåñêà HD 50169. Îáðàùàåò íà
ñåáÿ âíèìàíèå îòñóòñòâèå ïåðåìåííîñòè áëåñêà íà âðåìåííîì èíòåðâàëå 1468
ñóò. - 1490 ñóò. (ïðîäîëæèòåëüíîñòüþ ïîðÿäêà 22 ñóò.), ïî íàøåé îöåíêå
àìïëèòóäà èçìåíåíèé èíòåíñèâíîñòè íå ïðåâîñõîäèò 0.1%. Ïðè òàêîé ìàëîé

Ðèñ.1. Ââåðõó: êðèâàÿ áëåñêà HD 50169 ïî íàáëþäåíèÿì ñ êîñìè÷åñêîé ìèññèåé TESS.
Ñåðåäèíà: ñïåêòð ìîùíîñòè ïåðåìåííîñòè áëåñêà çâåçäû. Âíèçó: êðèâàÿ áëåñêà çâåçäû äëÿ
ïåðèîäà â 3.42 ñóò.
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àìïëèòóäå âûñîêîòî÷íûå íàáëþäàòåëüíûå äàííûå òåëåñêîïà TESS ïîçâîëÿþò
íàäåæíî ñóäèòü îá îòñóòñòâèè ïåðèîäè÷íîñòè èçìåíåíèé áëåñêà (âûçâàííûõ
âðàùåíèåì çâåçäû) íà âðåìåíàõ îò åäèíèö äî 15-30 ñóò. Âîïðîñ î êîðîòêî-
ïåðèîäè÷åñêèõ èçìåíåíèÿõ áëåñêà (âîçìîæíûå ïóëüñàöèè, øêàëà ïåðåìåííîñòè
äîëè ñóòîê) òðåáóåò äîïîëíèòåëüíîãî èçó÷åíèÿ ïî áîëüøåìó îáúåìó íàáëþ-
äàòåëüíîãî ìàòåðèàëà, âåðîÿòíî, ýòîé ïåðåìåííîñòüþ îáóñëîâëåíû èçìåíåíèÿ
áëåñêà, õàðàêòåðèçóåìûå àìïëèòóäîé â 0.1%. Íà ïîñòðîåííîì íàìè ñïåêòðå
ìîùíîñòè (ðèñ.1, âòîðàÿ ñâåðõó ïàíåëü) èìåþòñÿ òðè ïèêà: Ð1 = 1.0039 ±
0.0080 ñóò. è äâà áîëåå øèðîêèõ ïèêà ìåíüøåé àìïëèòóäû - Ð2 = 3.42 ± 0.60
ñóò., Ð3 = 6.6 ± 1.2 ñóò. Ìû ðàññìîòðåëè ôàçîâûå êðèâûå, ïîñòðîåííûå äëÿ
Ð1 - Ð3, è íå ñìîãëè ïðèéòè  ê çàêëþ÷åíèþ î ðåàëüíîñòè íàéäåííûõ íàìè
ïåðèîäîâ - â êà÷åñòâå ïðèìåðà íà íèæíåé äèàãðàììå ðèñ.1 ïðèâåäåíà êðèâàÿ
áëåñêà äëÿ ïåðèîäà â 3.42 ñóò. Ïî íàøåìó ìíåíèþ, ïåðèîäû Ð1 - Ð3 ÿâëÿþòñÿ
àðòåôàêòàìè è íå ìåíÿþò çàêëþ÷åíèÿ îá îòñóòñòâèè ïåðèîäè÷åñêèõ èçìåíåíèé
áëåñêà HD 50169 íà èíòåðâàëàõ âðåìåíè, ñîîòâåòñòâóþùèõ íàáëþäåíèÿì ñ
TESS. Ñîãëàñíî [11], ïåðèîä âðàùåíèÿ HD 50169 ñîñòàâëÿåò âåëè÷èíó
ïîðÿäêà 10600 ñóò. (29 ëåò), è âïîëíå åñòåñòâåííûì ÿâëÿåòñÿ îòñóòñòâèå
ïåðèîäè÷åñêîé ïåðåìåííîñòè áëåñêà îáúåêòà â òå÷åíèå ðàññìàòðèâàåìîãî
èíòåðâàëà íàáëþäåíèé â 22 ñóò.

Àâòîðû [18] îáðàòèëè âíèìàíèå íà òî, ÷òî óæå ðàííèå àðõèâû äàííûõ
TESS ìîãóò áûòü èñïîëüçîâàíû äëÿ ïîèñêà âðàùàòåëüíîé ìîäóëÿöèè êðèâûõ
áëåñêà ìàãíèòíûõ è íåìàãíèòíûõ õèìè÷åñêè ïåêóëÿðíûõ çâåçä. Îíè ïðåä-
ñòàâèëè ðåçóëüòàòû ïîèñêà ïåêóëÿðíûõ çâåçä ñïåêòðàëüíîãî êëàññà À, êîòîðûå
ïîêàçûâàþò ïåðåìåííîñòü èõ êðèâûõ áëåñêà çà ñ÷åò âðàùàòåëüíîé ìîäóëÿöèè
íà îñíîâå äàííûõ, ïîëó÷åííûõ ìèññèåé TESS ñ 1 ïî 4 ñåêòîð. Â ðåçóëüòàòå
ïîèñêà áûëè óñòàíîâëåíû 134 âåðîÿòíûõ ïåðåìåííûõ îáúåêòà. Ïðèìåðíî
ïîëîâèíà èç íèõ ðàíåå áûëà îòîæäåñòâëåíà êàê ìàãíèòíûå Àð çâåçäû. Ñðåäè
çâåçä ïîëíîé âûáîðêè 60 îáúåêòîâ áûëè óñòàíîâëåíû âïåðâûå. Ñðàâíåíèå
ïîäâûáîðîê çâåçä, âêëþ÷àþùèõ ìàãíèòíûå Àð çâåçäû è îáúåêòû, ðàíåå íå
îòíåñåííûå ê Àð çâåçäàì, âûÿâèëî, ÷òî âòîðàÿ èç íèõ ñòàòèñòè÷åñêè îáëàäàåò
áîëåå êîðîòêèìè ïåðèîäàìè âðàùåíèÿ è çíà÷èòåëüíî ìåíüøåé àìïëèòóäîé
ïåðåìåííîñòè áëåñêà. Äîñòîâåðíîñòü íàøåãî âûâîäà îá îòñóòñòâèè ïåðåìåííîñòè
áëåñêà HD 50169 (ñì. âûøå) ìîæåò áûòü ïîäòâåðæäåíà ïðè ñîïîñòàâëåíèè
äèàãðàìì íà ðèñ.1 ñ ãðàôèêàìè èç [18] (ðèñ.2), íà êîòîðûõ ïðåäñòàâëåíû
ïðèìåðû ôàçîâûõ êðèâûõ è ñïåêòðîâ ìîùíîñòè äëÿ Àð çâåçä, ó êîòîðûõ â
[18] áûëà óñòàíîâëåíà âðàùàòåëüíàÿ ìîäóëÿöèÿ áëåñêà.

Íà îñíîâå äàííûõ òàáë.1 èç [18] ìû ïîñòðîèëè ãðàôèê çàâèñèìîñòè
àìïëèòóäû ïåðåìåííîñòè áëåñêà T  134 îáúåêòîâ îò ïåðèîäîâ èõ âðàùåíèÿ
(ðèñ.2). Ïîñêîëüêó â [18] ðàññìàòðèâàëèñü òîëüêî îáúåêòû, äëÿ êîòîðûõ áûëè
íàéäåíû ïåðèîäû âðàùåíèÿ, ïëàíèðóåìîå â áóäóùåì èññëåäîâàíèå ïî îáíà-
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ðóæåíèþ êàíäèäàòîâ â äîëãîïåðèîäè÷åñêèå Àð çâåçäû áóäåò äîïîëíÿòü äàííûå
[18] è äîëæíî íå ïðîòèâîðå÷èòü íàéäåííûì â íåì ðåçóëüòàòàì (î÷åâèäíî, ÷òî
ñðåäè íàøèõ êàíäèäàòîâ îáúåêòû èç [18] äîëæíû áûòü èñêëþ÷åíû). Â êà÷åñòâå
ïðèìåðà ðàññìîòðèì, êàê ðåçóëüòàòû íàøåãî àíàëèçà ôîòîìåòðè÷åñêîé
ïåðåìåííîñòè äîëãîïåðèîäè÷åñêîé Àð çâåçäû HD 50169 ìîãóò áûòü ñîïîñòàâ-

ëåíû ñ äàííûìè èç [18]. Êàê áûëî îòìå÷åíî â [18], íà ðèñ.2 ìîæíî âûäåëèòü
äâå ãðóïïû - óñëîâíî èõ ìîæíî îõàðàêòåðèçîâàòü, êàê îáúåêòû ñ ïàðàìåòðîì
T  áîëåå 0m.001 è ìåíåå ýòîé âåëè÷èíû. Åñëè áû ìû íå ðàñïîëàãàëè òî÷íûìè

äàííûìè î 29-ëåòíåì ïåðèîäå ïåðåìåííîñòè Àð çâåçäû HD 50169, òî ïî íàøåé
îöåíêå ïàðàìåòðà T  äëÿ íåå, êîòîðàÿ ñîñòàâëÿåò íå áîëåå 0m.001 (îíà ïðåä-
ñòàâëåíà íà ðèñ.2 øòðèõîâîé ëèíèåé), è ïî îòñóòñòâèþ ïåðèîäà èçìåíåíèé
áëåñêà ñ âåëè÷èíîé, ïî êðàéíåé ìåðå, äî 22 ñóò. ìû íåñîìíåííî îòíåñëè áû
ýòîò îáúåêò ê ÷èñëó êàíäèäàòîâ â äîëãîïåðèîäè÷åñêèå Àð çâåçäû.

4. Çàêëþ÷åíèå. Àâòîðîì [2] ïðîàíàëèçèðîâàíî ïðåäïîëîæåíèå î òîì,
÷òî ñðåäè äîëãîïåðèîäè÷åñêèõ Àð çâåçä äîëæíû áûòü îáúåêòû ñ ïåðèîäàìè
âðàùåíèÿ âïëîòü äî 2-3 ñîòåí ëåò è, âîçìîæíî, äàæå îêîëî òûñÿ÷è ëåò è
ïðîâîäèòñÿ îáñóæäåíèå ñâîéñòâ ýòîé ïîäãðóïïû Àð çâåçä è åå ñâÿçè ñ äðóãèìè
ìàãíèòíûìè çâåçäàìè. Ïî ìíåíèþ àâòîðà [2] è ñîãëàñíî ïðèâîäèìûì èì
ëèòåðàòóðíûì èñòî÷íèêàì, íåò îñíîâàíèé ñ÷èòàòü, ÷òî ñâîéñòâà äîëãîïåðèî-
äè÷åñêèõ Àð çâåçä çíà÷èòåëüíî îòëè÷àþòñÿ îò ñâîéñòâ îñòàëüíûõ  ìàãíèòíûõ
çâåçä. Äàííîå óòâåðæäåíèå ìîæíî íàéòè â ñòàòüÿõ [19,20], âûøåäøèõ â 70-õ
ãîäàõ ïðîøëîãî âåêà, è îíî íå áûëî îïðîâåðãíóòî ïîñëåäóþùèìè èññëåäîâàíèÿìè
Àð çâåçä. Íå îñïàðèâàåòñÿ ïðèìåíèìîñòü ìîäåëè íàêëîííîãî ðîòàòîðà, à òàêæå

Ðèñ.2. Ñîïîñòàâëåíèå  ïåðèîäîâ âðàùåíèÿ Ð è àìïëèòóäû ôîòîìåòðè÷åñêîé ïåðåìåííîñòè
T  äëÿ 134 çâåçä èç [18]. Íàøà îöåíêà ïàðàìåòðà T  äëÿ Àð çâåçäû HD 50169 ïðåäñòàâëåíà

øòðèõîâîé ëèíèåé (ñì. òåêñò).
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íàëè÷èå îáðàòíî ïðîïîðöèîíàëüíîé çàâèñèìîñòè ìåæäó âåëè÷èíàìè ïðîåêöèè
ýêâàòîðèàëüíîé ñêîðîñòè âðàùåíèÿ çâåçäû è ïåðèîäîì âðàùåíèÿ.

Àâòîðîì [2] ïîäðîáíî ðàññìàòðèâàþòñÿ âîçìîæíûå çàâèñèìîñòè ìåæäó
ïåðèîäàìè âðàùåíèÿ Àð çâåçä è èõ ìàãíèòíûìè õàðàêòåðèñòèêàìè. Ê ñîæà-
ëåíèþ, ê íàñòîÿùåìó âðåìåíè äîñòîâåðíîñòü ìíîãèõ èç íèõ íåâûñîêà, è äëÿ
èõ èçó÷åíèÿ, íåñîìíåííî, òðåáóþòñÿ äàëüíåéøèå èññëåäîâàíèÿ. Âîò ëèøü
íåêîòîðûå èç íåðåøåííûõ âîïðîñîâ: âåðíî ëè òî, ÷òî íàèáîëüøèå ìàãíèòíûå
ïîëÿ íàáëþäàþòñÿ ó çâåçä ñ ïåðèîäàìè âðàùåíèÿ ìåíåå 150 ñóò.? Åñòü ëè
ðàçëè÷èÿ â âåëè÷èíàõ óãëà ìåæäó îñüþ âðàùåíèÿ è îñüþ ìàãíèòíîãî äèïîëÿ
äëÿ çâåçä ñ ðàçíûìè Ð è ïðî÷.?

Âîïðîñ î äîëå ìåäëåííîâðàùàþùèõñÿ Àð çâåçä ñðåäè âñåõ îáúåêòîâ ýòîãî
òèïà ïðåäñòàâëÿåòñÿ âàæíûì ñ òî÷êè çðåíèÿ ïîíèìàíèÿ ïðèðîäû âîçíèêíîâåíèÿ
è ýâîëþöèè ìàãíèòíûõ çâåçä. Äëÿ ðàññìàòðèâàåìîé ïîäãðóïïû Àð çâåçä
ïîïûòêè íàéòè îáúÿñíåíèå äîëãîïåðèîäè÷åñêîé ïåðåìåííîñòè áëåñêà, àëüòåð-
íàòèâíîå âðàùåíèþ, íå óâåí÷àëèñü óñïåõîì. Êàê ïðàâèëî (ñì. [2]), ïðåä-
ëàãàþòñÿ 2 ìåõàíèçìà - ïðåöåññèÿ è öèêëè÷íîñòü ìàãíèòíîé àêòèâíîñòè, â
ýòîé æå ñòàòüå ðàññìîòðåíû àðãóìåíòû, êîòîðûå  íå ïîçâîëÿþò ñ÷èòàòü ýòè
ìåõàíèçìû äåéñòâåííûìè.

Íàìè ïðåäëîæåíû âîçìîæíûå ïóòè è êðèòåðèè ïîèñêà íîâûõ äîëãîïåðèî-
äè÷åñêèõ Àð çâåçä íà îñíîâå àíàëèçà ôîòîìåòðè÷åñêîé ïåðåìåííîñòè îáúåêòîâ
ýòîãî òèïà ïî ðåçóëüòàòàì íàáëþäåíèé êîñìè÷åñêîé ìèññèè TESS. Åñòåñòâåííî,
÷òî îñíîâíîé êðèòåðèé îòáîðà áàçèðóåòñÿ íà îòñóòñòâèè ïåðåìåííîñòè áëåñêà
íà âðåìåííîì èíòåðâàëå îò ñóòîê äî 20-30 ñóò., âûçâàííîé âðàùàòåëüíîé
ìîäóëÿöèåé. Â íàøèõ èññëåäîâàíèÿõ ïåðâîíà÷àëüíî áóäóò ðàññìîòðåíû âñå
îáúåêòû èç êàòàëîãà [6] ñ îöåíêàìè âåëè÷èíû ìàãíèòíîãî ïîëÿ. Îáúåêòû, äëÿ
êîòîðûõ íå áóäóò óñòàíîâëåíû ïåðèîäû Ð ìåíåå 20-30 ñóò., ìîãóò áûòü
îòíåñåíû ê êàíäèäàòàì â äîëãîïåðèîäè÷åñêèå Àð çâåçäû. Îòìåòèì, ÷òî â
êà÷åñòâå íåçàâèñèìîãî ðåçóëüòàòà íàø àíàëèç ïîìîæåò ïîäòâåðäèòü íàëè÷èå
ïåðåìåííîñòè ó çâåçä ñ Ð ìåíåå 30 ñóò. è óòî÷íèòü âåëè÷èíû ïåðèîäîâ
âðàùåíèÿ. Íà ïîñëåäóþùèõ ýòàïàõ êàíäèäàòû â äîëãîïåðèîäè÷åñêèå Àð çâåçäû
áóäóò óñòàíàâëèâàòüñÿ íà îñíîâå äàííûõ êàòàëîãà [10]. Îáúåêòû, èçìåíåíèÿ
áëåñêà êîòîðûõ âûçâàíû ïóëüñàöèîííûìè êîëåáàíèÿìè, áóäóò èñêëþ÷åíû.
Èññëåäîâàíèå áóäåò âûïîëíåíî, êîãäà â áëèæàéøåì áóäóùåì êîñìè÷åñêîé
ìèññèåé TESS áóäåò çàâåðøåí ïîëíûé îáçîð âñåãî íåáà.

Èññëåäîâàíèå âûïîëíåíî çà ñ÷åò ãðàíòà Ðîññèéñêîãî íàó÷íîãî ôîíäà
(ïðîåêò N 18-12-00423).
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SLOW ROTATING AP STARS. PROSPECTS FOR THEIR
OBSERVATIONS WITH THE TESS SPACE MISSION

I.S.SAVANOV

The possibility of detecting candidates of slow rotating magnetic Ap stars with
periods from tens of days to several hundred years is considered. The question
of the proportion of them among all Ap stars is important from the point of view
of understanding the nature of the origin and evolution of magnetic stars. The
search for such objects will be carried out based on the analysis of their
photometric variability according to the results of observations by the TESS space
mission. Initially, we plan to consider all objects from the corresponding catalogs.
We demonstrated how proposed technique can be applied using the example of
the slow rotating Ap star HD 50169 for which a detailed analysis of its variability
has been performed and observations of the TESS mission are already available.

Keywords: stars: photometry: magnetic stars: variability: rotation: magnetic fields
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ÏÐÎÔÈËÅÉ ËÈÍÈÈÉ Â ÑÏÅÊÒÐÅ Per A
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Ïðåäñòàâëåíû ðåçóëüòàòû íàáëþäåíèé âûñîêîãî âðåìåííîãî ðàçðåøåíèÿ ( 4~T  ìèí)
B0.5V çâåçäû  Per A íà 2-ì òåëåñêîïå îáñåðâàòîðèè íà ïèêå Òåðñêîë. Çàðåãèñòðèðîâàíû
ðåãóëÿðíûå êîìïîíåíòû âàðèàöèé ïðîôèëåé ëèíèé ñ ïåðèîäàìè 1.5-18 ÷àñîâ. Îáíàðóæåíû
ñâèäåòåëüñòâà íåðåãóëÿðíûõ âàðèàöèé ïðîôèëåé ëèíèé íà ìèíóòíûõ øêàëàõ âðåìåíè.
Îáñóæäàåòñÿ ïðèðîäà òàêèõ âàðèàöèé.

Êëþ÷åâûå ñëîâà: çâåçäû: ìàãíèòíîå ïîëå - çâåçäû: õèìè÷åñêè ïåêóëÿðíûå -
      çâåçäû: èíäèâèäóàëüíûå -  Per A

1. Ââåäåíèå. Ïðîôèëè ëèíèé â ñïåêòðàõ OBA çâåçä ïåðåìåííû íà
âðåìåííûõ øêàëàõ îò äíåé äî ÷àñîâ [1-3]. Äî ïîñëåäíåãî âðåìåíè âàðèàöèè
ïðîôèëåé íà ìèíóòíûõ øêàëàõ âðåìåíè íå áûëè èçâåñòíû è âïåðâûå
îáíàðóæåíû â 2014ã. Õóáðèã è äð. [4] îáíàðóæèëè èçìåíåíèÿ ïðîôèëåé
ëèíèé Si II è Fe II â ñïåêòðàõ A0 ñâåðõãèãàíòà HD 92207 íà ïðîìåæóòêàõ
âðåìåíè 1-2 ìèí.

Ýòà ðàáîòà ñòàëà òðèããåðîì íàøèõ èññëåäîâàíèé ñâåðõáûñòðîé ïåðåìåííîñòè
(íà ìèíóòíûõ øêàëàõ) â ñïåêòðàõ çâåçä ðàííèõ ñïåêòðàëüíûõ êëàññîâ. ×òîáû
ïðîâåðèòü, øèðîêî ëè ðàñïðîñòðàíåíû êîðîòêîïåðèîäè÷åñêèå ñïåêòðàëüíûå
âàðèàöèè ñðåäè OBA çâåçä, ìû ïðîàíàëèçèðîâàëè âàðèàöèè ïðîôèëåé ëèíèé
â ñïåêòðàõ ðÿäà OBA çâåçä, ïîëó÷åííûõ ñ âûñîêèì (ìèíóòà è ìåíüøå)
âðåìåííûì ðàçðåøåíèåì ïðè èñïîëüçîâàíèè ðåäóêòîðà ñâåòîñèëû 6-ì òåëåñêîïà
ÁÒÀ SCORPIO [6]. Â ðàáîòå [5] ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà ñâåðõáûñòðîé
ïåðåìåííîñòè â ñïåêòðå çâåçäû HD93521 (O9.5III) ïî íàáëþäåíèÿì íà ÁÒÀ
â 2015ã. Áûëè îáíàðóæåíû ðåãóëÿðíûå âàðèàöèè ñ ïåðèîäàìè 4-5 è 32-36 ìèí.

Â ðàáîòå [9] ïðåäñòàâëåíû ðåçóëüòàòû ïîèñêà áûñòðûõ âàðèàöèé â ñïåêòðàõ
ìåäëåííî âðàùàþùåãîñÿ [7] ñâåðõãèãàíòà Leo (BIa). Îáíàðóæåíû êîðîòêî-
ïåðèîäè÷åñêèå ðåãóëÿðíûå âàðèàöèè ëèíèé H è He ñ ïåðèîäàìè oò 2 äî 90
ìèí è íåðåãóëÿðíûå âàðèàöèè ïðîôèëåé ëèíèé íà ïðîìåæóòêå âðåìåíè <1 ìèí.
Óñòàíîâëåíî, ÷òî ïåðèîäû âàðèàöèé ïðîôèëåé ëèíèé â îáëàñòè 2 - 10 ìèí
ÿâëÿþòñÿ ïåðåìåííûìè. Íàëè÷èå òàêèõ êîìïîíåíòîâ ðåãóëÿðíûõ âàðèàöèé
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ïðîôèëåé ëèíèé áûëî îáúÿñíåíî ïðè ïðåäïîëîæåíèè, ÷òî âûñîêèå ìîäû
íåðàäèàëüíûõ ïóëüñàöèé íåñòàáèëüíû è ìîãóò êàê çàòóõàòü, òàê è ãåíåðèðîâàòüñÿ
íà êîðîòêèõ øêàëàõ âðåìåíè ïîðÿäêà 10 - 100 ìèí.

Â íàñòîÿùåé ðàáîòå èññëåäóåòñÿ ïåðåìåííîñòü ïðîôèëåé ëèíèé â ñïåêòðå
B0.5V çâåçäû Per (45 Per, HR 1220, HD 24760, ADS 2888A) èç àíàëèçà
ïðîôèëåé ëèíèé, ïîëó÷åííûõ íà 2-ì òåëåñêîïå îáñåðâàòîðèè íà ïèêå Òåðñêîë.
Tarasov et al. [8] ïîêàçàëè, ÷òî Per ÿâëÿåòñÿ òðîéíîé ñèñòåìîé, ñîñòîÿùåé èç
ñïåêòðîñêîïè÷åñêè äâîéíîé çâåçäû (B0.5+A2) ñ ïåðèîäîì îáðàùåíèÿ 14.076 äíåé
è ìàññàìè êîìïîíåíòîâ 13.5 ± 2 M  è 1 - 2 M  è äàëåêîãî òðåòüåãî êîìïîíåíòà
(À èëè B çâåçäû ñ ìàññîé 2 - 5 M ) ñ ïåðèîäîì îáðàùåíèÿ ~11 ëåò.

Äàííàÿ çâåçäà ÿâëÿåòñÿ îäíèì èç íàèáîëåå ÿðêèõ îáúåêòîâ â ñïèñêå
ïðîãðàììíûõ çâåçä [2] äëÿ èçó÷åíèÿ áûñòðîé ïåðåìåííîñòè ëèíèé, ÷òî
ïîçâîëÿåò äîñòè÷ü îòíîøåíèÿ ñèãíàë/øóì >500 ïðè ýêñïîçèöèÿõ 1-2 ìèí.

Â ñïåêòðàëüíûõ íàáëþäåíèÿõ Per A, ïðåäñòàâëåííûõ â [12], îáíàðóæåíà
ïåðåìåííîñòü ïðîôèëåé ëèíèé Si III Å4818 . Àâòîðû ñòàòüè [13] èç àíàëèçà
îïòè÷åñêèõ è ÓÔ ñïåêòðîâ çâåçäû, ïîëó÷åííûõ íà ñïóòíèêå IUE, îïðåäåëèëè
ïåðèîäû âàðèàöèé ïðîôèëåé ëèíèé â ñïåêòðå Per A â èíòåðâàëå ïåðèîäîâ
2.27-8.46 ÷àñà.

Â ðàáîòå [15] ñîîáùàåòñÿ îá èçìåðåíèÿõ ìàãíèòíîãî ïîëÿ Per A. Ïîëó-
÷åííîå çíà÷åíèå B

l
 = 130 ± 140 Ãñ íå ïîçâîëÿåò ñäåëàòü âûâîä î âåëè÷èíå

ìàãíèòíîãî ïîëÿ çâåçäû. Â ñòàòüå [3] ïîëó÷åíî çíà÷åíèå ìàãíèòíîãî ïîëÿ
Per A 100210lB  Ãñ. Òî åñòü äî íàñòîÿùåãî âðåìåíè âîïðîñ î âåëè÷èíå
ìàãíèòíîãî ïîëÿ Per A îñòàåòñÿ îòêðûòûì.

Â ðàçäåëå 2 äàííîé ñòàòüè ïðåäñòàâëåíû îñíîâíûå ñâåäåíèÿ îá èçó÷àåìîì
îáúåêòå. Âûïîëíåííûå íàáëþäåíèÿ è ïðîöåäóðà èõ îáðàáîòêè îïèñàíû â
ðàçäåëå 3. Âàðèàöèè ïðîôèëåé ëèíèé â ñïåêòðå Per A îáñóæäàþòñÿ â 4-ì
ðàçäåëå. Ðåçóëüòàòû Ôóðüå-àíàëèçà âàðèàöèé ïðîôèëåé ëèíèé ïðåäñòàâëåíû
â ðàçäåëå 5, à âåéâëåò-àíàëèçà - â ðàçäåëå 6.

2. Îñíîâíûå ñâåäåíèÿ îá îáúåêòå. Çâåçäà Per (HD 24760) ÿâëÿåòñÿ
êðàòíîé ñèñòåìîé, ñîñòîÿùåé èç òðåõ êîìïîíåíòîâ [16]. Ãëàâíûé êîìïîíåíò
ýòîé ñèñòåìû - áûñòðîâðàùàþùàÿñÿ çâåçäà Per A ñïåêòðàëüíîãî êëàññà
B0.5III-V [17] òèïà Cep. Â íàñòîÿùåé ñòàòüå àíàëèçèðóþòñÿ ñïåêòðû,
ïðèíàäëåæàùèå êîìïîíåíòó À.

Ïàðàìåòðû ãëàâíîãî êîìïîíåíòà ñèñòåìû Per A äàíû â òàáë.1, ãäå
P

rot
 - ïåðèîä âðàùåíèÿ, P

orb
 - ïåðèîä îáðàùåíèÿ äâîéíîé ñèñòåìû B0.5+A2.

Çâåçäà Per À ÿâëÿåòñÿ ÿðêèì ðåíòãåíîâñêèì èñòî÷íèêîì [18] è õàðàêòåðèçóåòñÿ
áîëüøîé ñêîðîñòüþ ïîòåðè ìàññû [19]. Îñíîâíîé ïðè÷èíîé ñïåêòðàëüíîé
ïåðåìåííîñòè Per À è åå âûñîêîé ðåíòãåíîâñêîé ñâåòèìîñòè ìîæåò áûòü
íàëè÷èå ó çâåçäû óìåðåííîãî ìàãíèòíîãî ïîëÿ [20]. Âîçðàñò çâåçäû   áûë
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îïðåäåëåí â ðàáîòå [3] c èñïîëüçîâàíèåì ýâîëþöèîííûõ òðåêîâ è èçîõðîí
âðàùàþùèõñÿ ìàññèâíûõ çâåçä ÃÏ [21].

3. Íàáëþäåíèÿ. Íàáëþäåíèÿ Per A áûëè âûïîëíåíû íà 2-ì òåëåñêîïå
îáñåðâàòîðèè íà ïèêå Òåðñêîë ÒÔ ÈÍÀÑÀÍ â íî÷è 18/19 è 20/21 ÿíâàðÿ
2019ã. ñ èñïîëüçîâàíèåì ýøåëüíîãî ñïåêòðîìåòðà MMCS â ôîêóñå Êàññåãðåíà.
Âñå ñïåêòðû áûëè ïîëó÷åíû ñ ýêñïîçèöèåé 150 ñ.

Â òàáë.2 ïðåäñòàâëåí æóðíàë íàáëþäåíèé Per A. Ñïåêòðû áûëè ïîëó÷åíû
â îáëàñòè Å74473598   ñî ñïåêòðàëüíûì ðàçðåøåíèåì ~15000. Êàëèáðîâêà

    Ïàðàìåòð Çíà÷åíèÿ Ññûëêà

Ñïåêòð. êëàññ B0.5 V [17]

MM / 13.5 ± 0.2 [8]

RR / 6.9 ± 0.2 [8]
T

eff
 , K 26405 ± 1549 [16]

logg 3.85 ± 0.13 [16]
Vsini, êì/ñ 130 [24]
P, d 2.24 [25,14]
P

puls
, d 0.1603 [24]

P
orb

, d 14.076 [8]
Mlog , M  ãîä-1 6.90 [19]

LL /log 4.86 [19]
Âîçðàñò  , 106 ãîä 10 [3]

Òàáëèöà 1

ÏÀÐÀÌÅÒÐÛ ÃËÀÂÍÎÃÎ B0.5 ÊÎÌÏÎÍÅÍÒÀ ÒÐÎÉÍÎÉ
ÑÈÑÒÅÌÛ Per A

No. ñïåêòðà MJD No. ñïåêòðà MJD No. ñïåêòðà MJD

44104 58501.82569 44117 58501.86319 44315 58503.74583
44105 58501.82916 44118 58501.86597 44316 58503.74861
44106 58501.83194 44119 58501.86944 44317 58503.75208
44107 58501.83472 44305 58503.71736 44318 58503.75486
44108 58501.83750 44306 58503.71944 44319 58503.75769
44109 58501.84028 44307 58503.72292 44320 58503.76042
44110 58501.84306 44308 58503.72639 44321 58503.76389
44111 58501.84583 44309 58503.72917 44322 58503.76667
44112 58501.84861 44310 58503.73194 44323 58503.77014
44113 58501.85208 44311 58503.73472 44324 58503.77292
44114 58501.85486 44312 58503.73750 44325 58503.77569
44115 58501.85764 44313 58503.74028
44116 58501.86042 44314 58503.74306

Òàáëèöà 2

ÆÓÐÍÀË ÍÀÁËÞÄÅÍÈÉ Per A
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ñïåêòðîâ áûëà âûïîëíåíà äëÿ ñïåêòðà â öåëîì, äëèíû âîëí óêàçûâàëèñü â
êàæäîì ïîðÿäêå. Îòíîøåíèå ñèãíàë/øóì ñóùåñòâåííî ïàäàåò ê êðàÿì ìàòðèöû,
ïîýòîìó äëÿ àíàëèçà ïåðåìåííîñòè ïðîôèëåé ñëåäóåò âûáèðàòü ëèíèè áëèæå
ê ñåðåäèíå ïîðÿäêà.

Ñïåêòðû ñ íîìåðàìè 44305 è 44306 õàðàêòåðèçóþòñÿ ñêà÷êàìè íàáëþäàåìûõ
ïîòîêîâ, âåðîÿòíî ñâÿçàííûõ ñî ñáîÿìè â ìàòðèöå ïðè çàïèñè ñïåêòðà. Â
äàëüíåéøåì áûëè èñïîëüçîâàíû òîëüêî òå ëèíèè, êîòîðûå íå ïîïàäàëè â
äàííûå îáëàñòè íåîäíîðîäíîé ÷óâñòâèòåëüíîñòè.

4. Âàðèàöèè ïðîôèëåé ëèíèé. Ïðîôèëè ëèíèé, ïðèãîäíûõ äëÿ àíàëèçà
èõ ïåðåìåííîñòè, áûëè íîðìèðîâàíû íà ëîêàëüíûé êîíòèíóóì. Ïðîöåäóðà
íîðìèðîâêè îïèñàíà â ðàáîòå [22]. Íà ðèñ.1 ïîêàçàíû íîðìèðîâàííûå ïðîôèëè
ëèíèé HeI 4922 è H . Ïðîôèëè ëèíèé, ïîëó÷åííûå 18 íîÿáðÿ 2019ã.,
ïîêàçàíû ñïëîøíûìè ëèíèÿìè, à òå, êîòîðûå áûëè ïîëó÷åíû 20 íîÿáðÿ -
ïóíêòèðîì. Ñðåäíèå ïðîôèëè ëèíèé ïðåäñòàâëåíû òîëñòûìè òî÷å÷íûìè
ëèíèÿìè.

Ïðîôèëè ëèíèé, ïîëó÷åííûå â ðàçíûå äàòû, ñóùåñòâåííî îòëè÷àþòñÿ
äðóã îò äðóãà è õîðîøî âèäíû íà ðèñ.1. Óñðåäíåííûå ïî âñåì ñïåêòðàì,
ïîëó÷åííûì â ðàçíûå äàòû, ïðîôèëè ëèíèé HeI 4922 è H  èçîáðàæåíû íà
ðèñ.2. Âèäíî, ÷òî äàííûå ñðåäíèå ïðîôèëè îòëè÷àþòñÿ íà 1-3% â åäèíèöàõ
ïîòîêà â ñîñåäíåì êîíòèíóóìå. Ðàçëè÷èÿ ïðîôèëåé ìàêñèìàëüíû â îáëàñòè
öåíòðîâ óêàçàííûõ ëèíèé.

Õàðàêòåð ïåðåìåííîñòè âèäåí íà ðèñ.3, íà êîòîðîì ïðèâåäåíû ðàçíîñòíûå
ïðîôèëè ëèíèé:

     .  , , VFtVFtVd i  (1)

Çäåñü  tVFi  ,  - ïðîôèëü ëèíèè â ìîìåíò âðåìåíè t, à  VF  - ñðåäíèé

Ðèñ.1. Íîðìèðîâàííûå ïðîôèëè ëèíèé HeI 4922 è H .
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ïðîôèëü ëèíèè, ãäå   cV 0  - äîïëåðîâñêîå ñìåùåíèå îò öåíòðàëüíîé
äëèíû âîëíû ëèíèè 0 , c - ñêîðîñòü ñâåòà.

Íà ðèñóíêå âèäíî, ÷òî ðàçíîñòíûå ñïåêòðû, ïîëó÷åííûå â íî÷è íàáëþäåíèé
18.02.2019 è 20.02.2019, ñèëüíî ðàçëè÷àþòñÿ. Ïî ýòîé ïðè÷èíå áûñòðûå
âàðèàöèè ïðîôèëåé ëèíèé öåëåñîîáðàçíî èçó÷àòü äëÿ êàæäîé íî÷è îòäåëüíî.
Íà ðèñ.4 ïîêàçàíû äèíàìè÷åñêèå ñïåêòðû âàðèàöèè ïðîôèëåé ëèíèé HeI
4922 îòäåëüíî äëÿ êàæäîé íî÷è íàáëþäåíèé, ïðè ýòîì ïðè âû÷èñëåíèè
ðàçíîñòíûõ ïðîôèëåé ïî ôîðìóëå (1) ñðåäíèå ïðîôèëè âû÷èñëÿëèñü îòäåëüíî
äëÿ êàæäîé èç íàáëþäàòåëüíûõ íî÷åé.

Äèíàìè÷åñêèå ñïåêòðû âàðèàöèè ïðîôèëåé ëèíèé H  äàíû íà ðèñ.5.
Ñðàâíèâ ðèñ.4 è 5, ìîæíî ñäåëàòü âûâîä, ÷òî õàðàêòåð âàðèàöèé ïðîôèëåé
ëèíèé îäèíàêîâ äëÿ ðàçíûõ ëèíèé.

Ðèñ.3. Ðàçíîñòíûå ïðîôèëè ëèíèé HeI 4922 è H .

Ðèñ.2. Ñðåäíèå ïðîôèëè ëèíèé HeI 4922 (ñëåâà) è H  (ñïðàâà) â íî÷è 18.01.2019
(ñïëîøíàÿ ëèíèÿ) è 20.01.2019 (ïóíêòèðíàÿ ëèíèÿ).
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4.1. Íåðåãóëÿðíûå âàðèàöèè ïðîôèëåé â öåíòðå ëèíèé. Â ñïåêòðå
çâåçäû Leo íàéäåíû íåðåãóëÿðíûå âàðèàöèè ïðîôèëåé ëèíèé íà ñåêóíäíûõ
øêàëàõ [9]. Òàêîãî òèïà âàðèàöèè ïðîôèëåé ëèíèé â ñïåêòðå Per À íå
áûëè íàéäåíû. Â òî æå âðåìÿ, êàê âèäíî íà ðèñ.1, â öåíòðå ïðîôèëåé ëèíèé

Ðèñ.5. Òî æå, ÷òî íà ðèñ.3, íî äëÿ ëèíèè H .

Ðèñ.4. Äèíàìè÷åñêèå ñïåêòðû âàðèàöèè ïðîôèëåé ëèíèé HeI 4922 18 íîÿáðÿ 2019ã.
(ñëåâà) è 20 íîÿáðÿ 2019ã. (ñïðàâà).
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HeI 4922 è H  â ñïåêòðå Per À ïðèñóòñòâóþò áûñòðûå âàðèàöèè ïðîôèëåé,
èìåþùèå, âîçìîæíî, íåðåãóëÿðíûé õàðàêòåð.

Òàêèå âàðèàöèè ïðîôèëåé ïîõîæè íà îáíàðóæåííûå â ñïåêòðå Be çâåçäû
 Eri íåðåãóëÿðíûå èçìåíåíèÿ (ðèñ.1, 2 â ñòàòüå [23]) ïðîôèëÿ ëèíèè
HeI6678 . Òàêèå âàðèàöèè, íàçâàííûå àâòîðàìè ñòàòüè [23] âïàäèíàìè (dimples),
èíòåðïðåòèðóþòñÿ êàê ðåçóëüòàò îòðàæåíèÿ ôîòîñôåðíîãî èçëó÷åíèÿ îò
íåîäíîðîäíîñòåé â âåòðå çâåçäû.

Õîòÿ ïðèðîäà áûñòðûõ âàðèàöèé ïðîôèëåé â ñïåêòðå Per À ìîæåò
îòëè÷àòüñÿ îò ïðèðîäû íåðåãóëÿðíûõ èçìåíåíèé ïðîôèëåé â ñïåêòðå  Eri,
ñàìî íàëè÷èå ïîäîáíûõ âàðèàöèé ïðîôèëåé â ñïåêòðå Per À ìîæåò áûòü
ñâèäåòåëüñòâîì íåîäíîðîäíîñòè çâåçäíîãî âåòðà.

5. Ôóðüå-àíàëèç ïðîôèëåé ëèíèé. Äëÿ ïîèñêà ïåðèîäè÷åñêèõ êîìïî-
íåíòîâ â âàðèàöèÿõ ïðîôèëåé ëèíèé áûë âûïîëíåí èõ Ôóðüå-àíàëèç. Äëÿ ýòîé
öåëè áûë èñïîëüçîâàí ìåòîä CLEAN [26] ñ ó÷åòîì ðåçóëüòàòîâ àíàëèçà âðåìåííûõ
ðÿäîâ ñ áîëüøèìè ïðîïóñêàìè [27]. Íà ðèñ.6 ïðåäñòàâëåí Ôóðüå-ñïåêòð âàðèàöèé
ïðîôèëåé ëèíèé â ñïåêòðå Per À äëÿ óðîâíÿ çíà÷èìîñòè 410 .

Â Ôóðüå-ñïåêòðå ïðèñóòñòâóþò ðåãóëÿðíûå êîìïîíåíòû ñ ÷àñòîòàìè 1.3-
15 d-1 è ïåðèîäàìè 1.5-18 ÷àñîâ. Â òàáë.3 íàéäåííûå ÷àñòîòû ðåãóëÿðíûõ
êîìïîíåíòîâ â Ôóðüå-ñïåêòðå âàðèàöèé ïðîôèëåé ëèíèé HeI 4922, H  è
H  ñðàâíèâàþòñÿ ñ ïîëó÷åííûìè â ðàáîòàõ [3,13,14]. Êîìïîíåíò ñ íîìåðîì

6 ñîîòâåòñòâóåò ïåðèîäó ïóëüñàöèé, ïðèâåäåííîìó â òàáë.1.

Ðèñ.6. Ôóðüå-ñïåêòð âàðèàöèé ïðîôèëåé ëèíèé HeI 4922 (ñëåâà) è H  (ñïðàâà).
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Ïîëíûé ïåðèîä íàáëþäåíèé ñîñòàâëÿåò ìåíåå äâóõ ñóòîê, ÷òî ñîñòàâëÿåò
ìåíåå 14% îðáèòàëüíîãî ïåðèîäà, ïîýòîìó îðáèòàëüíîå äâèæåíèå ãëàâíîãî
êîìïîíåíòà íå âëèÿåò íà íàéäåííûå ÷àñòîòû âàðèàöèé ïðîôèëåé ëèíèé.

Îøèáêè â ÷àñòîòàõ êîìïîíåíòîâ â òàáë.3 ñîñòàâëÿþò 501 .Tobs  , ãäå
T

obs - âðåìÿ íàáëþäåíèé, ÷òî ãîâîðèò î òîì, ÷òî â ïðåäåëàõ òî÷íîñòè
èçìåðåíèé íàéäåííûå ÷àñòîòû ñîîòâåòñòâóþò îïðåäåëåííûì â óêàçàííûõ
ðàáîòàõ. Îòìåòèì, ÷òî ðåãóëÿðíûé êîìïîíåíò âàðèàöèè ïðîôèëåé ñ ÷àñòîòîé

5515.  d-1 (P = 1.5 ÷) îáíàðóæåí âïåðâûå.
Â ðàáîòå [28] ðàññ÷èòàíû âîçìîæíûå ÷àñòîòû íåðàäèàëüíûõ ïóëüñàöèé

äëÿ ìîäåëè çâåçäû Per À. Ïåðèîäû âàðèàöèé ïðîôèëåé 2-6 ÷ ñîîòâåòñòâóþò
ìîäàì íåðàäèàëüíûõ ïóëüñàöèé l = 4 - 6 (ðèñ.4 â öèòèðîâàííîé ñòàòüå).
Áîëüøèå ïåðèîäû ñîîòâåòñòâóþò çíà÷åíèÿì l = 1 - 3 (ðèñ.3). Ïåðèîä ïóëüñàöèé
P12 = 1.5 ÷ ñîîòâåòñòâóåò áîëüøèì çíà÷åíèÿì l > 6.

6. Âåéâëåò-àíàëèç ïðîôèëåé ëèíèé. Àíàëèç ðàçíîñòíûõ ïðîôèëåé
ëèíèé â ñïåêòðàõ PerÀ (ðèñ.3) ïîêàçûâàåò ïðèñóòñòâèå â íèõ äèñêðåòíûõ
êîìïîíåíòîâ. Ìåëêîìàñøòàáíûå äåòàëè ñâÿçàíû ñ øóìîâûì êîìïîíåíòîì
ïðîôèëåé, à äåòàëè áîëüøèõ ìàñøòàáîâ ìîãóò îòíîñèòüñÿ êàê ê ðåãóëÿðíîìó,
òàê è íåðåãóëÿðíîìó êîìïîíåíòàì âàðèàöèé ïðîôèëåé. Íàèáîëåå ïîäõîäÿùèì
ìàòåìàòè÷åñêèì àïïàðàòîì äëÿ èññëåäîâàíèÿ ðàçâèòèÿ äåòàëåé ïðîôèëåé
ðàçíûõ ìàñøòàáîâ ÿâëÿåòñÿ âåéâëåò-àíàëèç ñ àíàëèçèðóþùèì MHAT-âåéâëåòîì:

         Íàñò. ðàáîòà                     Ññûëêè

No. êîìï. HeI 4922 H H [3] [13] [14]

1 - 1.33 (18.05) 1.33 (18.05) - - -
2 - 2.36 (10.17) - - 2.84 (8.45) -
3 4.51 (5.32) 4.01 (5.98) - 4.59 (5.23) - -
4 - - - 5.35 (4.49) 5.28 (4.55) 5.30 (4.53)
5 - - - - 5.91 (4.06) 5.89 (4.07)
6 6.24 (3.85) - - 6.11 (3.93) 6.25 (3.84) 6.25 (3.84)
7 7.18 (3.34) 7.21 (3.33) - 6.88 (3.49) 6.84 (3.51) 6.88 (3.49)
8 8.50 (2.82) 8.26 (2.91) - 8.41 (2.85) - -
9 9.90 (2.42) - - 9.94 (2.41) - -
10 10.51 (2.28) 10.08 (2.38) 10.77 (2.23) - 10.58 (2.27) 10.58 (2.27)
11 13.14 (1.82) 13.05 (1.84) 12.87 (1.86) 12.99 (1.85) - -
12 15.55 (1.54) - - - -

Òàáëèöà 3

×ÀÑÒÎÒÛ Â d-1 È ÏÅÐÈÎÄÛ Â ×ÀÑÀÕ (â ñêîáêàõ)
ÔÓÐÜÅ-ÊÎÌÏÎÍÅÍÒÎÂ ÂÀÐÈÀÖÈÉ ÏÐÎÔÈËÅÉ

ËÈÍÈÉ Â ÑÏÅÊÒÐÅ Per A



409ÑÂÅÐÕÁÛÑÒÐÀß  ÏÅÐÅÌÅÍÍÎÑÒÜ  ËÈÍÈÉ   Per A

     , 2-exp1 22 xxx  (2)

ñ óçêèì ýíåðãåòè÷åñêèì ñïåêòðîì è ðàâíûìè íóëþ ïåðâûì è íóëåâûì
ìîìåíòàìè.

Èñïîëüçóÿ ýòîò âåéâëåò, èíòåãðàëüíîå âåéâëåò-ïðåîáðàçîâàíèå ðàçíîñòíîãî
ïðîôèëÿ ëèíèè ìîæíî çàïèñàòü â ñëåäóþùåì âèäå [10,11]:

    ,  ,1 , , 21 Vd
s
VVtVd

s
tVsW 






 

 



(3)

ãäå d(V, t) - èññëåäóåìàÿ ôóíêöèÿ (ðàçíîñòíûé ïðîôèëü ëèíèè), ïîëó÷åííàÿ
â ìîìåíò âðåìåíè t â ïðîñòðàíñòâå ñêîðîñòåé V.

Ïëîòíîñòü ýíåðãèè ñèãíàëà    VsWtVsE  , , , 2  õàðàêòåðèçóåò ðàñïðå-
äåëåíèå ýíåðãèè èññëåäóåìîãî ñèãíàëà â ïðîñòðàíñòâå (s, V ) = (ìàñøòàá,
êîîðäèíàòà) â ìîìåíò âðåìåíè t. Â ýòîì ñëó÷àå ìàñøòàáíàÿ ïåðåìåííàÿ s
âûðàæàåòñÿ â êì/ñ.

Äëÿ èçó÷åíèÿ ýâîëþöèè äåòàëåé ðàçíîñòíûõ ïðîôèëåé, íàìè áûëè
ðàññ÷èòàíû âåëè÷èíû    tVsWtVsE  , , , , 2  äëÿ áàëüìåðîâñêèõ ëèíèé è ëèíèé
HeI äëÿ âñåõ ìîìåíòîâ âðåìåíè t, â êîòîðûå ïîëó÷åíû ñïåêòðû çâåçäû â
íàáëþäàòåëüíûå íî÷è 18.01.2019 è 20.01.2019. Ñîâîêóïíîñòü ôóíêöèé

Ðèñ.7. Äèíàìè÷åñêèé âåéâëåò-ñïåêòð âàðèàöèè ïðîôèëåé ëèíèè H  ñ MHAT ìàòå-
ðèíñêèì âåéâëåòîì íà ìàñøòàáàõ S = 10, 50 è 120 êì/ñ (ñëåâà-íàïðàâî) äëÿ ñïåêòðîâ,
ïîëó÷åííûõ 18.01.2019 (ââåðõó) è 20.01.2019 (âíèçó).
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E(s, V, t) äëÿ ôèêñèðîâàííûõ ìàñøòàáîâ s íàçîâåì äèíàìè÷åñêèì âåéâëåò-
ñïåêòðîì âàðèàöèé ïðîôèëÿ ðàññìàòðèâàåìîé ëèíèè â ñïåêòðå çâåçäû.

Íàñòîÿùåå îïðåäåëåíèå äèíàìè÷åñêîãî âåéâëåò-ñïåêòðà îòëè÷àåòñÿ îò
ïðèíÿòîãî â ñòàòüå [22], â êîòîðîé àíàëèçèðîâàëèñü íåïîñðåäñòâåííî çíà÷åíèÿ
àìïëèòóä âåéâëåò-ïðåîáðàçîâàíèÿ W(s, V, t). Íà ðèñ.7 ïðåäñòàâëåíû
äèíàìè÷åñêèå âåéâëåò-ñïåêòðû ëèíèè H  â ñïåêòðàõ Per A, ïîëó÷åííûõ
18.01.2019 è 20.01.2019. Èç àíàëèçà ðèñóíêà âèäíî, ÷òî õàðàêòåð âàðèàöèé
îäèíàêîâ äëÿ ñïåêòðîâ, ïîëó÷åííûõ â ðàçíûå íî÷è.

Íà ìàëûõ ìàñøòàáàõ 10s  êì/ñ â âåéâëåò âàðèàöèÿõ ïðîôèëåé âèäåí
ãëàâíûì îáðàçîì âêëàä øóìîâîé êîìïîíåíòû ïðîôèëÿ. Â òî æå âðåìÿ íà
áîëüøèõ ìàñøòàáàõ s > 120 êì/ñ äåòàëè âàðèàöèé ïðîôèëåé çàìûâàþòñÿ
âñëåäñòâèå ñëèøêîì áîëüøîé øèðèíû ìàñøòàáèðîâàííîãî ìàòåðèíñêîãî
âåéâëåòà. Íàèáîëåå îò÷åòëèâî õàðàêòåð âðåìåííîé âàðèàöèè ïðîôèëåé â
äèíàìè÷åñêèõ âåéâëåò-ñïåêòðàõ âèäåí íà ìàñøòàáàõ s = 40 - 60 êì/ñ. Ìîæíî
ñäåëàòü âûâîä, ÷òî ýòîò ìàñøòàá ñâÿçàí ñ äèñïåðñèåé ñêîðîñòåé â íåîäíî-
ðîäíîñòÿõ âåòðà Per A.

Ñîãëàñíî îöåíêàì â ñòàòüå [29] äèñïåðñèÿ ñêîðîñòåé ~50 êì/ñ ñîîòâåòñòâóåò
ðàçìåðó íåîäíîðîäíîñòåé R0.5~ , ÷òî ñîñòàâëÿåò ìåíüøå 0.1R*, ãäå R* -
ðàäèóñ  Per A. Ôîðìèðîâàíèå íåîäíîðîäíîñòåé òàêîãî ðàçìåðà â âåòðå
 Per A âïîëíå âîçìîæíî.

7. Çàêëþ÷åíèå. Â íàñòîÿùåé ðàáîòå áûë âûïîëíåí àíàëèç âàðèàöèé
ïðîôèëåé ëèíèé Per A, ïîëó÷åííûõ íà 2-ì òåëåñêîïå îáñåðâàòîðèè íà ïèêå
Òåðñêîë â ÿíâàðå 2019ã. Â ðåçóëüòàòå àíàëèçà ìîæíî ñäåëàòü ñëåäóþùèå
âûâîäû:

- Â ïðîôèëÿõ áàëüìåðîâñêèõ ëèíèé è ëèíèé HeI â ñïåêòðå Per A
îáíàðóæåíû ðåãóëÿðíûå âàðèàöèè ïðîôèëåé ëèíèé ñ àìïëèòóäîé â 2-3% îò
ïîòîêà â ñîñåäíåì ñ ëèíèåé êîíòèíóóìå ñ ïåðèîäàìè îò 1.5 äî 18 ÷, ñâÿçàííûå,
âîçìîæíî, ñ íèçêèìè ìîäàìè íåðàäèàëüíûõ ïóëüñàöèé çâåçäû l = 1 - 6. Ñàìûé
êîðîòêèé ïåðèîä ïóëüñàöèé P12 = 1.5 ÷ âåðîÿòíî ñîîòâåòñòâóåò áîëåå âûñîêèì
ìîäàì l > 6.

- Àíàëèç äèíàìè÷åñêèõ âåéâëåò-ñïåêòðîâ âàðèàöèé ïðîôèëåé ëèíèé â
ñïåêòðå Per A ñâèäåòåëüñòâóåò î âîçìîæíîì ïðèñóòñòâèè â âåòðå Per A
íåîäíîðîäíîñòåé íà ìàñøòàáàõ 40 - 60 êì/ñ.

Íàñòîÿùåå èññëåäîâàíèå ïîääåðæàíî ãðàíòîì Ðîññèéñêîãî íàó÷íîãî ôîíäà
¹ 18-12-00423.

1 Ñàíêò-Ïåòåðáóðãñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, ÑÏá,
 Ðîññèÿ, e-mail: afkholtygin@gmail.com
2 Èíñòèòóò Àñòðîíîìèè ÐÀÍ
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SEARCHING SUPERFAST LINE PROFILE VARIABILITY
IN THE SPECTRUM OF Per A

A.F.KHOLTYGIN1,2, V.B.PUZIN2, I.V.SOKOLOV2, G.M.KARATAEVA1

The results of observations of high temporal resolution ( 4~T  min) of the
B0.5 supergiant  Per A at the 2-m telescope of the Terskol Observatory are
presented. Regular components of variations in line profiles with periods from 1.5
to 18 hours are registered. Evidences of irregular line profile variations on minute
time scales are detected. The nature of such variations is discussed.

Keywords: stars: magnetic field-stars: chemically peculiar-stars: individual: Per A
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Ïðèíÿòà ê ïå÷àòè 24 èþíÿ 2020

Â ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû ñïåêòðàëüíûõ è ôîòîìåòðè÷åñêèõ íàáëþäåíèé äâîéíîé
çâåçäíîé ñèñòåìû ñ ðåíòãåíîâñêîé êîìïîíåíòîé V725 Tauri = A0535 + 262. Îíà ñîñòîèò èç
çâåçäû-ãèãàíòà HDE 245770 ñïåêòðàëüíîãî êëàññà Î9.7 è ïóëüñàðà A0535+26 ñ ïåðèîäîì ïóëüñàöèé
~103 ñ. Àêòèâíûå ñòàäèè ýòîãî îáúåêòà, ñîïðîâîæäàåìûå "ãèãàíòñêèìè" ðåíòãåíîâñêèìè âñïûøêàìè,
íàáëþäàëèñü íåîäíîêðàòíî. Ïîñëåäíèå ñîáûòèÿ èìåëè ìåñòî â 2009-2011ãã. Â ðåçóëüòàòå íàøèõ
èññëåäîâàíèé, ïðîâåäåííûõ â 2017-2020ãã., ïîëó÷åíû ñëåäóþùèå äàííûå: â òå÷åíèå òðåõ ïîñëåäíèõ
ëåò áëåñê îáúåêòà â ïîëîñàõ B è V îñòàâàëñÿ íà âûñîêîì óðîâíå, â êîíöå 2019ã. íà÷àëîñü åãî
ïîíèæåíèå. Ïðè ýòîì, íà÷èíàÿ ñ 2016ã., íàáëþäàåòñÿ ïîñòåïåííîå óâåëè÷åíèå ïîòîêîâ èçëó÷åíèÿ
â ýìèññèîííûõ ëèíèÿõ H  è H . Â íàñòîÿùåå âðåìÿ ýêâèâàëåíòíûå øèðèíû ýòèõ ëèíèé
ïðåâûøàþò çíà÷åíèÿ, çàðåãèñòðèðîâàííûõ âî âðåìÿ ãèãàíòñêîé ðåíòãåíîâñêîé âñïûøêè 2011ã.
Ïðåäûäóùèå èññëåäîâàíèÿ ïîêàçàëè, ÷òî ïîäîáíîå ñî÷åòàíèå õàðàêòåðèñòèê äàííîãî îáúåêòà, à
èìåííî âîçðàñòàíèå ïîòîêîâ èçëó÷åíèÿ â ýìèññèîííûõ ëèíèÿõ ïðè îñëàáëåíèè áëåñêà,
ðåãèñòðèðóþòñÿ íàêàíóíå íàñòóïëåíèÿ àêòèâíîé ñòàäèè.

Êëþ÷åâûå ñëîâà: ïåðåìåííûå çâåçäû: ýìèññèîííûå ëèíèè: èíäèâèäóàëüíûå
îáúåêòû: V725 Tauri

1. Ââåäåíèå. Äâîéíûå çâåçäíûå ñèñòåìû Be/X-ray, êàê ïðàâèëî, ñîñòîÿò
èç ìàññèâíîé çâåçäû ðàííåãî ñïåêòðàëüíîãî êëàññà (Îå, Âå) è íåéòðîííîé
çâåçäû. Ïåðâàÿ êîìïîíåíòà ÿâëÿåòñÿ äîíîðîì, ïîñòàâëÿþùèì âåùåñòâî íà
âòîðóþ çâåçäó. Áûñòðî âðàùàþùàÿñÿ çâåçäà ðàííåãî ñïåêòðàëüíîãî êëàññà
îêðóæåíà òîíêèì ýêâàòîðèàëüíûì äèñêîì, â êîòîðîì ôîðìèðóþòñÿ ýìèññèîí-
íûå ëèíèè. Ìåõàíèçì ïðèëèâíîãî âçàèìîäåéñòâèÿ îãðàíè÷èâàåò ðàçìåðû
äèñêà äî, òàê íàçûâàåìîãî, ðåçîíàíñíîãî ðàäèóñà, ïðè êîòîðîì îòíîøåíèå
óãëîâûõ ñêîðîñòåé âðàùåíèÿ äèñêà è äâèæåíèÿ ïî îðáèòå íåéòðîííîé çâåçäû
ðàâíî öåëîìó ÷èñëó. Èìåííî ïîýòîìó â Be/X-ray ñèñòåìàõ íàáëþäàåòñÿ
çàâèñèìîñòü ìåæäó ìàêñèìàëüíûì çíà÷åíèåì ýêâèâàëåíòíîé øèðèíû  HEW
è îðáèòàëüíûì ïåðèîäîì íåéòðîííîé çâåçäû [1,2].

Áîëüøèíñòâî íåéòðîííûõ çâåçä â îïèñûâàåìûõ ñèñòåìàõ èìåþò âûòÿíóòûå
îðáèòû, òàêèì îáðàçîì, ðàññòîÿíèå ìåæäó êîìïîíåíòàìè ñóùåñòâåííî ìåíÿåòñÿ
â ïðåäåëàõ öèêëà. Âçàèìîäåéñòâèå ìåæäó íåéòðîííîé çâåçäîé è îêîëîçâåçäíûì
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äèñêîì ïðèâîäèò ê ïåðåìåííîñòè ïîòîêà â ðåíòãåíîâñêîì äèàïàçîíå.
Íàáëþäàåòñÿ äâà îñíîâíûõ òèïà ïåðåìåííîñòè: "íîðìàëüíûå" âñïûøêè I

òèïà ïðîèñõîäÿò âáëèçè ïåðèàñòðà è èìåþò ñâåòèìîñòü L < 1037
 ýðã/ñ. Â

ïðîöåññå "ãèãàíòñêîé" âñïûøêè II òèïà ñâåòèìîñòü îáúåêòà äîñòèãàåò áîëåå
âûñîêèõ çíà÷åíèé (L > 1037

 ýðã/ñ). Ïîäîáíûå âñïûøêè íåïðåäñêàçóåìû ïî
âðåìåíè è ìîãóò íà÷àòüñÿ â ëþáîé îðáèòàëüíîé ôàçå.

Âëèÿíèå, êîòîðîå îêàçûâàþò ãèãàíòñêèå âñïûøêè íà ñîñòîÿíèå îêîëî-
çâåçäíîãî äèñêà, ðàññìàòðèâàëîñü â ðàáîòå [3]. Óñòàíîâëåíî, ÷òî ñòðóêòóðà
äèñêà ïîäâåðãàåòñÿ ñóùåñòâåííîé ïåðåñòðîéêå: èçìåíåíèþ ôîðìû, ÷àñòè÷íîìó
èëè ïîëíîìó ðàçðóøåíèþ [4].

Îáúåêò V725 Tau ñîñòîèò èç çâåçäû-ãèãàíòà HDE 245770 ñïåêòðàëüíîãî
êëàññà Î9.7 è ïóëüñàðà A0535+26 ñ ïåðèîäîì ïóëüñàöèé ~103 ñ [5]. Ïåðèîäè-
÷åñêèå èçìåíåíèÿ ðåíòãåíîâñêîãî èçëó÷åíèÿ îáúÿñíÿþòñÿ âðàùåíèåì íåéò-
ðîííîé çâåçäû ñ ïåðèîäîì 111.07 ± 0.07 ñóòîê [6].

Íà÷èíàÿ ñ ìîìåíòà îòêðûòèÿ â 1975ã., ýòà çâåçäíàÿ ñèñòåìà èñïûòàëà
ãèãàíòñêèå ðåíòãåíîâñêèå âñïûøêè, íåñâÿçàííûå ñ ïðîõîæäåíèåì ïåðèàñòðà,
â îêòÿáðå 1980ã. [7], èþíå 1983ã. [8], ìàðòå 1989ã. [9], ôåâðàëå 1994ã. [5,10]
è â ìàå 2005ã. [11-13]. Ïîñëåäíèå âñïûøêè èìåëè ìåñòî â 2009ã. è 2011ãã.
[14-17].

2. Íàáëþäåíèÿ è îáðàáîòêà. Â Àñòðîôèçè÷åñêîì èíñòèòóòå èì.
Ôåñåíêîâà ôîòîìåòðè÷åñêèå è ñïåêòðàëüíûå íàáëþäåíèÿ V725 Tau ïðîâîäÿòñÿ,
íà÷èíàÿ ñ 2007ã. Äàííûå, ïîëó÷åííûå çà ïðåäûäóùèå ãîäû, îïóáëèêîâàíû
â ðàáîòå [18].

Â íàñòîÿùåå âðåìÿ ðåãóëÿðíûå ôîòîìåòðè÷åñêèå íàáëþäåíèÿ ïðîâîäÿòñÿ
íà "âîñòî÷íîì" 1-ì òåëåñêîïå ôèðìû Êàðë Öåéññ Éåíà Òÿíü-Øàíñêîé
Îáñåðâàòîðèè (ÒØÀÎ). Äëÿ ðåãèñòðàöèè áëåñêà èñïîëüçóåòñÿ ÏÇÑ êàìåðà
Alta F16M (4096 x 4096, 9 m ) ôèðìû Apogee è íàáîð BVR ôèëüòðîâ â
ñèñòåìå Äæîíñîíà. Â êà÷åñòâå ôîòîìåòðè÷åñêèõ ñòàíäàðòîâ äëÿ ýòîãî îáúåêòà
èñïîëüçîâàëèñü çâåçäû HD 245816, HD 245817, HD 245689, ðàñïîëîæåííûå
â íåïîñðåäñòâåííîé áëèçîñòè îò îáúåêòà. Ïåðâè÷íàÿ îáðàáîòêà èçîáðàæåíèé
ñîñòîèò èç ñòàíäàðòíûõ îïåðàöèé ñ èñïîëüçîâàíèåì ñëóæåáíûõ ôàéëîâ Bias,
Dark è Flat. Èçìåðåíèÿ èçîáðàæåíèé âûïîëíÿþòñÿ ñ èñïîëüçîâàíèåì ïàêåòîâ
ñòàíäàðòíûõ ïðîãðàìì MaximDl 6 è IRAF. Ó÷åò àòìîñôåðíîé ýêñòèíêöèè è
ïðèâåäåíèå ïîëó÷åííûõ èíñòðóìåíòàëüíûõ îöåíîê áëåñêà ê ñòàíäàðòíîé
ñèñòåìå âûïîëíÿþòñÿ ñ ïîìîùüþ ñèñòåìû ñîîòâåòñòâóþùèõ óðàâíåíèé,
ó÷èòûâàþùèõ ðàçíîñòü ïîêàçàòåëåé öâåòà îáúåêòà è ñòàíäàðòà.

Â 2017ã. ñïåêòðàëüíûå íàáëþäåíèÿ âûïîëíÿëèñü íà òåëåñêîïå ÀÇÒ-8 ñ
äèàìåòðîì çåðêàëà 0.7-ì è 1-ì òåëåñêîïå, óñòàíîâëåííîì íà Îáñåðâàòîðèè
Àññû-Òóðãåíü. Ïðèåìíèêàìè èçëó÷åíèÿ íà âûõîäå ñïåêòðîãðàôîâ ñëóæèëè
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ÏÇÑ êàìåðû SBIG ST-8 (1530 õ 1024, 9 ). Äîñòóïíûé äëÿ íàáëþäåíèé
ñïåêòðàëüíûé äèàïàçîí ñîñòàâëÿë ~3500Å  (4000-7500ÅÅ ). Â 2018ã. ñïåêòðîãðàô
òåëåñêîïà ÀÇÒ-8 áûë îáîðóäîâàí íîâîé ÏÇÑ êàìåðîé SBIG STT-3200
(2184 x 1472, 6.8 ). Äîïîëíèòåëüíî íåñêîëüêî ñïåêòðîãðàìì îáúåêòà áûëî
ïîëó÷åíî íà "çàïàäíîì" 1-ì òåëåñêîïå ÒØÀÎ ñ Ýøåëëå-ñïåêòðîãðàôîì (òàáë.1).

Äàòà Òèï Äèàïàçîí Ñïåêòðàëüíîå Òåëåñêîï
íàáëþäåíèé íàáëþäåíèé äëèí âîëí (Å ) ðàçðåøåíèå Îáñåðâàòîðèÿ

21.02.2017 Ñïåêòðû 4400-5100 9800 1-ì Àññû-Òóðãåíü
6100-6800 13000

25.03.2017 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
20.11.2017 Ñïåêòðû 4400-5100 9800 1-ì Àññû-Òóðãåíü

Ñïåêòðû 6100-6800 13000
Ôîòîìåòðèÿ BVR

02.01.2018 Ñïåêòðû 6100-6800 13000 1-ì ÒØÀÎ
24.01.2018 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
01.02.2018 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
04.02.2018 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
10.02.2018 Ñïåêòðû 4400-5100 7000 0.7-ì ÀÇÒ-8

6100-6800 9300
02.12.2018 Ñïåêòðû 4400-5100 7000 0.7-ì ÀÇÒ-8

6100-6800 9300
04.12.2018 Ñïåêòðû 6100-6800 13000 1-ì ÒØÀÎ
05.01.2019 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
06.01.2019 Ñïåêòðû 4400-5100 9800 1-ì ÒØÀÎ
25.01.2019 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
29.01.2019 Ýøåëå ñïåêòðû 4300-7300 60000 1-ì ÒØÀÎ
08.02.2019 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
29.10.2019 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
08.11.2019 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
15.11.2019 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
25.11.2019 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
30.11.2019 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
02.01.2020 Ñïåêòðû 6100-6800 9300 0.7-ì ÀÇÒ-8
05.01.2020 Ñïåêòðû 4400-5100 7000 0.7-ì ÀÇÒ-8
18.01.2020 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
08.02.2020 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
20.02.2020 Ñïåêòðû 6100-6800 9300 0.7-ì ÀÇÒ-8
25.02.2020 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
29.02..2020 Ñïåêòðû 6100-6800 9300 0.7-ì ÀÇÒ-8
08.03.2020 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
13.03.2020 Ñïåêòðû 6100-6800 9300 0.7-ì ÀÇÒ-8
20.03.2020 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ
23.03.2020 Ôîòîìåòðèÿ BVR 1-ì ÒØÀÎ

Òàáëèöà 1
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Â ïðîöåññå íàáëþäåíèé ñïåêòðîãðàììû èññëåäóåìîãî îáúåêòà è ñòàíäàðòà
ïîëó÷àþòñÿ ñ øèðîêîé (7"-10") âõîäíîé ùåëüþ äëÿ òîãî, ÷òîáû çàðåãèñòðè-
ðîâàòü ïîëíûé ïîòîê èçëó÷åíèÿ. Äëÿ V725 Tau â êà÷åñòâå ñòàíäàðòà èñïîëü-
çóåòñÿ çâåçäà HD 36819 ñ èçâåñòíûì ðàñïðåäåëåíèåì ýíåðãèè [19]. Ñòàíäàðòíàÿ
îáðàáîòêà ôàéëîâ ñîñòîèò èç âû÷èòàíèÿ òåìíîâîãî ôîíà, ó÷åòà îøèáêè ïîëÿ
è ó÷åòà àòìîñôåðíîãî ïîãëîùåíèÿ. Ñïåêòðàëüíàÿ ÷óâñòâèòåëüíîñòü àïïàðàòóðû
îïðåäåëÿåòñÿ ïðè ñîïîñòàâëåíèè íàáëþäàåìîãî ðàñïðåäåëåíèÿ ýíåðãèè â
ñïåêòðå ñòàíäàðòà ñ äàííûìè êàòàëîãà [19]. Ïîñëå ó÷åòà âñåõ ïîïðàâîê
îïðåäåëÿþòñÿ çíà÷åíèÿ ïîòîêîâ èçëó÷åíèÿ â àáñîëþòíûõ ýíåðãåòè÷åñêèõ
åäèíèöàõ. Äëÿ èññëåäîâàíèÿ ïðîôèëåé ýìèññèîííûõ ëèíèé èñïîëüçóþòñÿ
ñïåêòðîãðàììû îáúåêòà, ïîëó÷åííûå ñ óçêîé (3") âõîäíîé ùåëüþ.

Â òàáë.1 ïðèâîäèòñÿ æóðíàë íàáëþäåíèé îáúåêòà V725 Tau çà ïåðèîä
2017-2020ãã.

3. Ïîëó÷åííûå ðåçóëüòàòû. Ðåçóëüòàòû ôîòîìåòðè÷åñêèõ íàáëþäåíèé
îáúåêòà V725 Tau ïðèâåäåíû â òàáë.2 è íà ðèñ.1. Äëÿ áîëåå ïîëíîãî
ïðåäñòàâëåíèÿ î ïîâåäåíèè èññëåäóåìîãî îáúåêòà íà ðèñ.1 äîáàâëåíû äàííûå
íàáëþäåíèé, îõâàòûâàþùèå, â òîì ÷èñëå, ïîñëåäíþþ èç òðåõ ãèãàíòñêèõ
ðåíòãåíîâñêèõ âñïûøåê (2009-2011ãã.). Â îïòè÷åñêîì äèàïàçîíå â ýòîò ïåðèîä
íàáëþäàëñÿ ìèíèìóì áëåñêà. Àíàëîãè÷íîå ñî÷åòàíèå ìàêñèìàëüíîãî ïîòîêà

Äàòà íàáëþäåíèé JD-2400000 B V

25.03.2017 57838.20 9.465±0.032 8.884±0.032
20.11.2017 58078.29 9.496±0.010 8.910±0.008
02.01.2018 58121.15 9.512±0.004 8.891±0.006
02.02.2018 58151.349 9.516±0.004 8.890±0.006
24.01.2018 58143.12 9.474±0.009 8.871±0.007
04.02.2018 58154.10 9.513±0.010 8.864±0.005
05.01.2019 58489.20 9.474±0.009 8.842±0.005
25.01.2019 58509.27 9.482±0.010 8.818±0.032
08.02.2019 58523.14 9.468±0.020 8.853±0.023
29.10.2019 58786.40 9.550±0.046 9.032±0.042
08.11.2019 58796.34 9.510±0.047 8.996±0.036
15.11.2019 58802.34 9.599±0.023 9.044±0.034
25.11.2019 58813.33 9.582±0.056 9.021±0.044
30.11.2019 58818.26 9.600±0.020 9.030±0.012
18.01.2020 58867.33 9.628±0.016 9.035±0.029
08.02.2020 58.888.21 9.585±0.013 8.995±0.023
25.02.2020 58905.09 9.635±0.005 9.068±0.014
08.03.2020 58917.10 9.692±0.020 9.148±0.014
20.03.2020 58929.19 9.694±0.020 9.130±0.019.
23.03.2020 58932.17 9.676±0.016 9.145±0.014

Òàáëèöà 2

ÎÖÅÍÊÈ ÁËÅÑÊÀ V725 Tau Â ÔÈËÜÒÐÀÕ B È V
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â ðåíòãåíå ñ ìèíèìàëüíûì óðîâíåì áëåñêà â îïòè÷åñêîì äèàïàçîíå íàáëþäàåòñÿ
â ýòîì îáúåêòå, íà÷èíàÿ ñ 2002ã. [20]. Çíà÷èòåëüíîå, íî êðàòêîâðåìåííîå
óâåëè÷åíèå ÿðêîñòè V725 Tau áûëî çàðåãèñòðèðîâàíî â íà÷àëå 2013ã. (JD =
2456300). Íîâîå ïîâûøåíèå áëåñêà íà÷àëîñü â äåêàáðå 2015ã., ðåçêîå óñèëåíèå
ïîòîêà èçëó÷åíèÿ â ðåíòãåíîâñêîì äèàïàçîíå (4-10 êýÂ) áûëî çàðåãèñòðèðîâàíî

Ðèñ.1. Èçìåíåíèå áëåñêà îáúåêòà V725 Tau â 2010-2020ãã. Îñü X - øêàëà þëèàíñêèõ
äíåé, îñü Y - øêàëà çâåçäíûõ âåëè÷èí â B ôèëüòðå (êâàäðàòèêè) è â V ôèëüòðå (òðåóãîëüíèêè).
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Äàòà JD-2400000 1110)(H F )EW(H 1210)(H F )EW(H
íàáëþäåíèé ýðã/ñì2

 ñ Å ýðã/ñì2
 ñ Å

21.02.2017 57806.119 1.51±0.15 16.9±0.9 0.93±0.11
20.11.2017 58078.333 1.75±0.10 17.5±0.8 1.63±0.17 1.71±0.09
10.02.2018 58160.099 1.71±0.22 14.3±0.9
02.12.2018 58455.119 1.55±0.18 12.0±1.1
04.12.2018 58457.275 1.07±0.12 1.18±0.10
06.01.2019 58490.237 1.59±0.15 16.6±1.3 1.79±0.10 1.18±0.09
08.11.2019 58765.330
02.01.2020 58851.200
05.01.2020 58854.188 1.91±0.12 2.67±0.21
30.01.2020 58879.106 2.11±0.12 2.76±0.19
20.02.2020 58900.096 1.58±0.15 16.9±1.5 2.14±0.12 2.88±0.20
29.02.2020 58909.098 1.69±0.19 17.2±1.8
13.03.2020 58922.089 1.72±0.16 17.0±1.5

Òàáëèöà 3

ÏÎÒÎÊÈ ÈÇËÓ×ÅÍÈß È ÝÊÂÈÂÀËÅÍÒÍÛÅ ØÈÐÈÍÛ
ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ
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â àïðåëå 2016ã. [21].
Âûñîêèé óðîâåíü áëåñêà V725 Tau â îïòè÷åñêîì äèàïàçîíå ñîõðàíÿëñÿ äî

2019ã. Òåíäåíöèÿ ê îñëàáëåíèþ ïðîÿâèëàñü â êîíöå ïðîøëîãî ãîäà.
Â ñïåêòðå V725 Tau  íàáëþäàþòñÿ ýìèññèîííûå ëèíèè HI, HeI, 6678Å ,

7065Å . Ïîòîêè èçëó÷åíèÿ F è ýêâèâàëåíòíûå øèðèíû EW ýìèññèîííûõ
ëèíèé H  è H  ïðèâîäÿòñÿ â òàáë.3 è íà ðèñ.2 è 3.

Óñèëåíèå ïîòîêîâ èçëó÷åíèÿ â ýìèññèîííûõ ëèíèÿõ íà÷àëîñü â 2016ã.
Îñîáåííî ýòà òåíäåíöèÿ çàìåòíà â ïîâåäåíèè ëèíèè H . Âûñîêèé óðîâåíü
èíòåíñèâíîñòè ñîõðàíÿåòñÿ è â 2020ã., íåñìîòðÿ íà áûñòðîå ïàäåíèå áëåñêà
îáúåêòà.

Ðèñ.2. Èçìåíåíèå àáñîëþòíîãî ïîòîêà â ëèíèè H  â ñïåêòðå V725 Tau.

Ðèñ.3. Èçìåíåíèå àáñîëþòíîãî ïîòîêà â ëèíèè H  â ñïåêòðå V725 Tau.
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Ïðîôèëè ëèíèé H  è H , ïîëó÷åííûå â 2019ã. íå èìåþò îñîáåííîñòåé
(ðèñ.4). Øèðîêèå êðûëüÿ H  ïðîñòèðàþòñÿ îò -900 êì/ñ äî +700 êì/ñ.
Ïàðàìåòð FWHM ñîñòàâëÿåò ~250 êì/ñ è 350 êì/ñ äëÿ ïðîôèëåé H  è H ,
ñîîòâåòñòâåííî.

4. Çàêëþ÷åíèå. Ðåçóëüòàòû ìíîãî÷èñëåííûõ èññëåäîâàíèé äâîéíûõ
çâåçä ñ ðåíòãåíîâñêèìè êîìïîíåíòàìè ïîêàçûâàþò, ÷òî, èñòî÷íèêîì ãèãàíòñêèõ
ðåíòãåíîâñêèõ âñïûøåê ìîãóò áûòü ñòðóêòóðíûå èçìåíåíèÿ â îêîëîçâåçäíîì
äèñêå õîëîäíîé êîìïîíåíòû. Àêòèâíîé ñòàäèè îáúåêòà ïðåäøåñòâóåò äëèòåëüíûé
ïðîöåññ óâåëè÷åíèÿ ìàññû è ïëîòíîñòè îêîëîçâåçäíîãî äèñêà, îñîáåííî â åãî
âíåøíèõ çîíàõ. Ýòî ïðîÿâëÿåòñÿ â óñèëåíèè ïîòîêîâ èçëó÷åíèÿ â ýìèññèîííûõ
ëèíèÿõ. Â êàêîé-òî ìîìåíò ïðîèñõîäèò âûáðîñ ãàçà âî âíóòðåííèå çîíû
äèñêà, ÷òî ïðèâîäèò ê ïàäåíèþ îïòè÷åñêîãî áëåñêà îáúåêòà. Ïðè ýòîì
ñîõðàíÿåòñÿ âûñîêèé óðîâåíü èçëó÷åíèÿ â ýìèññèîííûõ ëèíèÿõ, êîòîðûå
ôîðìèðóþòñÿ âî âíåøíèõ çîíàõ îêîëîçâåçäíîãî äèñêà. Â ñâîþ î÷åðåäü
âûñîêàÿ ïëîòíîñòü ãàçà âî âíåøíèõ çîíàõ ïðîâîöèðóåò óñèëåíèå àêêðåöèîííûõ
ïðîöåññîâ è íàñòóïëåíèå àêòèâíîé ñòàäèè [20,22].  Òàêèì îáðàçîì, èçìåíåíèå
â ñòðóêòóðå îêîëîçâåçäíîãî äèñêà ÿâëÿåòñÿ ïðåäøåñòâåííèêîì àêòèâíîñòè â
ðåíòãåíîâñêîì äèàïàçîíå. Â ïðîöåññå ñàìîé âñïûøêè áîëüøàÿ ìàññà ãàçà èç
îêîëîçâåçäíîãî äèñêà ïåðåäàåòñÿ íåéòðîííîé çâåçäå. Ïîñëå ýòîãî ïðîèñõîäèò
âîññòàíîâëåíèå ïîâðåæäåííîãî äèñêà.

Â ðåçóëüòàòå èññëåäîâàíèÿ îáúåêòà V725 Tau âûÿâëåíû ñëåäóþùèå èçìåíåíèÿ:
1. Âûñîêèé óðîâåíü áëåñêà îáúåêòà ñîõðàíÿëñÿ â òå÷åíèå òðåõ ëåò, â

êîíöå 2019ã. íà÷àëîñü åãî ïîíèæåíèå.
2. Íà÷èíàÿ ñ 2016ã., íàáëþäàåòñÿ ïîñòåïåííîå óâåëè÷åíèå ïîòîêîâ

èçëó÷åíèÿ â ýìèññèîííûõ ëèíèÿõ H  è H .
3. Ýêâèâàëåíòíûå øèðèíû ýòèõ ëèíèé (   Å17HEW  ,   Å92HEW . )

Ðèñ.4. Ïðîôèëè ýìèññèîííûõ ëèíèé H  (ñëåâà) è H  (ñïðàâà). Îñü X - øêàëà ãåëèî-
öåíòðè÷åñêèõ ëó÷åâûõ ñêîðîñòåé, îñü Y - çíà÷åíèÿ èíòåíñèâíîñòåé, íîðìèðîâàííûå ê óðîâíþ
íåïðåðûâíîãî ñïåêòðà.
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ïîêà íå äîñòèãëè çíà÷åíèé (-25Å ), çàðåãèñòðèðîâàííûõ  âî âðåìÿ ãèãàíòñêîé
ðåíòãåíîâñêîé âñïûøêè 2009ã., íî ñóùåñòâåííî ïðåâûøàþò ðåçóëüòàòû (-10Å ),
ïîëó÷åííûå â ïðîöåññå àêòèâíîé ôàçû 2011ã. [17,20].

Èìåííî òàêîå ñî÷åòàíèå çíà÷åíèé ïàðàìåòðîâ õàðàêòåðíî äëÿ ñîñòîÿíèÿ
îáúåêòà íàêàíóíå íà÷àëà àêòèâíîé ôàçû.

Ðàáîòà ïîääåðæèâàåòñÿ Ïðîãðàììîé öåëåâîãî ôèíàíñèðîâàíèÿ BR05336383
Àýðîêîñìè÷åñêîãî êîìèòåòà Ìèíèñòåðñòâà îáîðîíû è àýðîêîñìè÷åñêîé ïðîìûø-
ëåííîñòè Ðåñïóáëèêè Êàçàõñòàí

Àñòðîôèçè÷åñêèé Èíñòèòóò èì. Â.Ã.Ôåñåíêîâà, Àëìàòû, Êàçàõñòàí,
e-mail: lu_kondr@mail.ru

PHOTOMETRIC AND SPECTROSCOPIC STUDY OF THE
OBJECT Be/X-RAY BINARY V725 Tau = A0535 + 262

L.N.KONDRATYEVA, E.K.DENISSYUK, I.V.REVA, M.A.KRUGOV,
G.K.AIMANOVA, A.V.KUSAKIN, B.K.OMAR

The paper presents the results of spectral and photometric observations of the
binary system with the X-ray component V725 Tauri = A0535 + 262. It consists
of a giant star HDE 245770 of spectral class O9.7 and pulsar A0535 + 26 with
a pulsation period of ~103 sec. The active stages of this object, accompanied by
"giant" X-ray flashes, have been observed repeatedly. Recent events took place in
2009-2011. As a result of our study performed in 2017-2020, the following data
were obtained: over the past three years, the brightness of the object in the B
and V bands remained at a high level, at the end of 2019 its decline began.
Moreover, from 2016 a gradual increase in the radiation fluxes in the H  and
H  emission lines is observed. At present, the equivalent widths of these lines

exceed the values recorded during the giant X-ray flash of 2011. Previous
researches have shown that a similar combination of the characteristics of a given
object, namely, an increase in the radiation flux in the emission lines when the
brightness is weakened, are recorded just before the beginning of an active stage.

Keywords: variable stars: symbiotic stars: emission lines: individual: V725 Tauri
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ÂÅÊÎÂÀß ÑÒÀÁÈËÜÍÎÑÒÜ ÌÀÃÍÈÒÍÛÕ ÑÒÐÓÊÒÓÐ
ÌÀÃÍÈÒÍÛÕ ÇÂÅÇÄ. II

Þ.Â.ÃËÀÃÎËÅÂÑÊÈÉ
Ïîñòóïèëà 31 ÿíâàðÿ 2020

Ïðèíÿòà ê ïå÷àòè 24 èþíÿ 2020

Ïðèâîäÿòñÿ ìíîãî÷èñëåííûå ïðèçíàêè òîãî, ÷òî ñòðóêòóðû ìàãíèòíîãî ïîëÿ â ìàãíèò-
íûõ çâåçäàõ ñ âîçðàñòîì íå èçìåíÿþòñÿ. Çâåçäû âðàùàþòñÿ òâåðäîòåëüíî.

Êëþ÷åâûå ñëîâà: çâåçäû: ìàãíèòíûå ïîëÿ - çâåçäû: ìàãíèòíûå ñòðóêòóðû -
   çâåçäû: âîçðàñòû

1. Ââåäåíèå. Äàííàÿ ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì ïóáëèêàöèè [1], â
êîòîðîé ïîêàçàíî, ÷òî ñòðóêòóðû ìàãíèòíîãî ïîëÿ õèìè÷åñêè ïåêóëÿðíûõ
çâåçä (ÑÐ) íå èçìåíÿþòñÿ â òå÷åíèå âñåé èõ æèçíè. Çäåñü ìû ïðèâîäèì
äîïîëíèòåëüíûå äàííûå, ñâèäåòåëüñòâóþùèå î âåêîâîé ñòàáèëüíîñòè ìàãíèòíûõ
ñòðóêòóð ó çâåçä ýòîãî òèïà. Ïðîáëåìà ñòàáèëüíîñòè ìàãíèòíûõ ïîëåé ðàññìàò-
ðèâàëàñü ïðàêòè÷åñêè â òå÷åíèå âñåãî ïåðèîäà èññëåäîâàíèÿ ìàãíèòíûõ
çâåçä. Â ïðåäûäóùåé ðàáîòå ïðèâåäåíû äàííûå, ïîêàçûâàþùèå, ÷òî óæå íà
ñàìûõ ðàííèõ ýòàïàõ èññëåäîâàíèÿ ìàãíèòíûõ çâåçä âîçíèêàëè ïðåäïîëîæåíèÿ
î âåêîâîé ñòàáèëüíîñòè ñòðóêòóð ìàãíèòíûõ ïîëåé ÑÐ çâåçä. Òåîðåòè÷åñêè
ñòàáèëüíûå ìàãíèòíûå ïîëÿ ìîãóò ñóùåñòâîâàòü 1010

 - 1011 ëåò. Ìàêñèìàëüíûé
âîçðàñò ìàãíèòíûõ çâåçä äîñòèãàåò 109 ëåò, ÷òî íà ïîðÿäîê ìåíüøå. Ïðèçíàêè
âåêîâîé ñòàáèëüíîñòè ñòðóêòóð ìàãíèòíîãî ïîëÿ óêàçûâàþò íà îòñóòñòâèå
êðóïíîìàñøòàáíûõ äâèæåíèé ìàññ âíóòðè çâåçä. Ýòîò ðåçóëüòàò êðàéíå
âàæåí äëÿ óòî÷íåíèÿ ôèçèêè è ýâîëþöèè ìàãíèòíûõ çâåçä. Â ïðåäûäóùåé
ñòàòüå áûëè ïðèâåäåíû çàâèñèìîñòè íàêëîíîâ îñåé äèïîëåé   îòíîñèòåëüíî
ïëîñêîñòè ýêâàòîðà è ðàññòîÿíèé äèïîëåé îò öåíòðà çâåçäû a  îò âîçðàñòà.
Îêàçàëîñü, ÷òî ýòè ïàðàìåòðû ñ âîçðàñòîì íå èçìåíÿþòñÿ. Óæå èç ýòîãî
ôàêòà ìîæíî ñäåëàòü îïðåäåëåííûé âûâîä, ÷òî ñòðóêòóðû ìàãíèòíûõ ïîëåé
ïîñòîÿííû âî âðåìåíè. Â ðàáîòå [2] ïîêàçàíî, ÷òî äàæå â ìîìåíò âíóòðåííåé
ïåðåñòðîéêè çâåçä ñòðóêòóðû îñòàþòñÿ íåèçìåííûìè.

2. Ðàííèå îáñóæäåíèÿ ïðîáëåìû ñòàáèëüíîñòè ìàãíèòíûõ
ñòðóêòóð. Áýáêîê [3] óæå â ïåðâûõ ñâîèõ ðàáîòàõ âûñêàçûâàë ìíåíèå, ÷òî
ïî âèäó ïðîôèëåé ñïåêòðàëüíûõ ëèíèé ìîæíî ñäåëàòü âûâîä, ÷òî ìàãíèòíîå
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ïîëå â ìàãíèòíûõ çâåçäàõ íå ïðèíàäëåæèò îòäåëüíûì ìàãíèòíûì îáëàñòÿì,
êàê íà Ñîëíöå. Çâåçäû íàìàãíè÷åíû öåëèêîì, è ñòðóêòóðû ìàãíèòíîãî ïîëÿ
èìåþò ÿâíî äèïîëüíûé õàðàêòåð. Â ðàáîòå [4] îí âûñêàçàë ìíåíèå, ÷òî â
ìàãíèòíûõ çâåçäàõ íå ìîæåò áûòü äèôôåðåíöèàëüíîãî âðàùåíèÿ, êîòîðîå
áûñòðî ðàçðóøèëî áû íàáëþäàåìûå äèïîëüíûå ñòðóêòóðû ìàãíèòíîãî ïîëÿ.
Âîçìîæíî, ñèëüíîå ïîëå îáåñïå÷èâàåò âíóòðåííþþ æåñòêîñòü. Äàëåå ìû
ïîêàæåì, ÷òî âíóòðåííþþ æåñòêîñòü îáåñïå÷èâàåò íå ñòîëüêî ìàãíèòíîå
ïîëå, ñêîëüêî ìåäëåííîå âðàùåíèå, ïðè êîòîðîì äèôôåðåíöèàëüíîå âðàùåíèå,
ìåðèäèîíàëüíàÿ öèðêóëÿöèÿ è äðóãèå íåñòàáèëüíîñòè íå âîçíèêàþò.

Ñòðèòòìàòòåð è Íîððèñ [5] óòâåðæäàþò, ÷òî ïðè ñæàòèè íàìàãíè÷åííîãî
ïðîòîçâåçäíîãî îáëàêà ìîæåò âîçíèêíóòü ðàçíîå îòíîøåíèå ìàãíèòíîé ýíåðãèè
ê âðàùàòåëüíîé. Åñëè ýòî îòíîøåíèå ìåíüøå êðèòè÷åñêîé âåëè÷èíû, òî
ìåðèäèîíàëüíàÿ öèðêóëÿöèÿ óâëå÷åò ïîëå âíóòðü çâåçäû, ïîëå íå ó÷àñòâóåò
â òîðìîæåíèè è îíà îñòàåòñÿ áûñòðûì ðîòàòîðîì - ýòî íîðìàëüíûå çâåçäû.
Åñëè îòíîøåíèå âûøå êðèòè÷åñêîãî, òî öèðêóëÿöèÿ íå ìîæåò ïðåîäîëåòü
ïðîòèâîäåéñòâèÿ ìàãíèòíîãî ïîëÿ, îíî ó÷àñòâóåò â ïðîöåññå òîðìîæåíèÿ
ïðîòîçâåçäû - ýòî áóäóùàÿ ìàãíèòíàÿ çâåçäà. Î÷åâèäíî, ýòîò ìåõàíèçì ìîæåò
äåéñòâîâàòü è íà çâåçäíîé ñòàäèè. Íàøå ìíåíèå ñîñòîèò â òîì, ÷òî ìàãíèòíîå
ïîëå ìîæåò èãðàòü íåêîòîðóþ ðîëü â ýòîì ïðîöåññå, íî íàäî ó÷åñòü, ÷òî
ìàãíèòíûå çâåçäû ñ î÷åíü ñëàáûì ïîëåì òîæå ðàçäåëÿþòñÿ íà ðóáåæå ïåðèîäà
âðàùåíèÿ P =1d (ðèñ.1). Ýòî ãîâîðèò î òîì, ÷òî ìàãíèòíîå ïîëå èãðàåò
âòîðîñòåïåííóþ ðîëü â ðàçäåëåíèè çâåçä íà íîðìàëüíûå è ìàãíèòíûå, îñíîâíóþ
ðîëü èãðàåò ñêîðîñòü âðàùåíèÿ [6]. Ýòà ïðîáëåìà ïîäðîáíî ðàññìîòðåíà òàêæå
â ðàáîòå [2]. Âòîðîå âîçðàæåíèå ñîñòîèò â òîì, ÷òî íåò îñíîâàíèé ïðåäïîëàãàòü

Ðèñ.1. Ðàñïðåäåëåíèå ìàãíèòíûõ çâåçä ïî ïåðèîäàì âðàùåíèÿ. Êðóæêè - He-r, He-w
çâåçäû (À - ãðàíèöà èõ ðàñïðåäåëåíèÿ); çâåçäî÷êè - Si, SrCrEu-çâåçäû (Â - ãðàíèöà èõ
ðàñïðåäåëåíèÿ).
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âîçíèêíîâåíèå ìåðèäèîíàëüíîé öèðêóëÿöèè â ïðîòîçâåçäíîé ñòàäèè. Â ýòîò
ïåðèîä âåðîÿòíåå âîçíèêíîâåíèå äèôôåðåíöèàëüíîãî âðàùåíèÿ.

Ìîññ [7,8] îòìå÷àåò âîçìîæíóþ áîëüøóþ ðîëü ìåðèäèîíàëüíîé öèðêóëÿöèè
Ýääèíãòîíà-Ñâèòà â ôèçèêå ìàãíèòíûõ çâåçä, êîòîðàÿ äîëæíà ïðèâîäèòü ê
èçìåíåíèþ íà÷àëüíîé êîíôèãóðàöèè ìàãíèòíîãî ïîëÿ â òå÷åíèå æèçíè
çâåçäû íà Ãëàâíîé ïîñëåäîâàòåëüíîñòè (ÃÏ). Ìåñòåë è Ìîññ [9] óòâåðæäàþò,
÷òî ìåðèäèîíàëüíàÿ öèðêóëÿöèÿ íåìèíóåìî äîëæíà ïîâîðà÷èâàòü ìàãíèòíîå
ïîëå âñëåäñòâèå âìîðîæåííîñòè â çâåçäíîå âåùåñòâî. Ýòèì ìåõàíèçìîì,
íàïðèìåð, â ðàáîòå [10] äåëàåòñÿ ïîïûòêà îáúÿñíèòü ïðåèìóùåñòâåííûé óãîë
íàêëîíà îñè äèïîëÿ ê îñè âðàùåíèÿ o90  ó ìàãíèòíûõ çâåçä, êîòîðûé
îáíàðóæèë âïåðâûå Ïðåñòîí [11]. Äàëåå ìû ïûòàåìñÿ ïîêàçàòü îòñóòñòâèå
ìåðèäèîíàëüíîé öèðêóëÿöèè âíóòðè ìàãíèòíûõ çâåçä.

Â ðàáîòå [12] îòìå÷åíî, ÷òî óãîë íàêëîíà ìàãíèòíîãî ïîëÿ çâåçä ê îñè
âðàùåíèÿ   íå ìåíÿåòñÿ ñ âîçðàñòîì. Ýòî âèäíî èç òîãî, ÷òî ñðåäíèé óãîë
  (  o90 ) íàêëîíà îñè âðàùåíèÿ ê ïëîñêîñòè ýêâàòîðà ó ìàãíèòíûõ
çâåçä âñåõ òèïîâ ïåêóëÿðíîñòè è ðàçíîãî âîçðàñòà â ïðåäåëàõ îøèáîê îäèíà-
êîâûé, íåñìîòðÿ íà òî, ÷òî ñðåäíèé âîçðàñò ó íèõ ðàçëè÷àåòñÿ äî äâóõ
ïîðÿäêîâ (òàáë.1). Äåëàåòñÿ âûâîä îá îòñóòñòâèè ó ìàãíèòíûõ çâåçä ìåðè-
äèîíàëüíîé öèðêóëÿöèè. Ýòî îäèí èç ïåðâûõ ðåçóëüòàòîâ, ïîçâîëèâøèõ
ïðåäïîëîæèòü î íàëè÷èè âíóòðåííåé æåñòêîñòè ìàãíèòíûõ ñòðóêòóð, êîòîðûå
ïðåäñêàçàë Áýáêîê.

3. Ñîâðåìåííîå ïðåäñòàâëåíèå î âíóòðåííåé ñòàáèëüíîñòè
ìàãíèòíûõ çâåçä. Ðàññìîòðèì äðóãèå ïðèçíàêè âíóòðåííåé ñòàáèëüíîñòè
ìàãíèòíûõ çâåçä, îòñóòñòâèÿ êðóïíîìàñøòàáíûõ äâèæåíèé ìàññ âíóòðè. Â
ðàáîòàõ [13,14] ïîêàçàíî, ÷òî ìàãíèòíûå çâåçäû îòäåëÿþòñÿ îò íîðìàëüíûõ
çâåçä íà íåêîòîðîé ôèêñèðîâàííîé âåëè÷èíå V sini. Â ðàáîòå [2] íàéäåíî, ÷òî
ýòà ôèêñèðîâàííàÿ âåëè÷èíà ñîîòâåòñòâóåò ïåðèîäó âðàùåíèÿ d1P . Ýòî çíà÷èò,
÷òî íåò ìàãíèòíûõ çâåçä ñ d1P  [15] (ðèñ.1). Â íàñòîÿùåå âðåìÿ èìååòñÿ
åäèíñòâåííîå ïðåäïîëîæåíèå î ïðèðîäå ýòîãî ñâîéñòâà - ïðè ñêîðîñòÿõ âðàùåíèÿ
áîëüøå êðèòè÷åñêîé V > Vc â ðîäèòåëüñêîì ïðîòîçâåçäíîì îáëàêå âîçíèêàåò
äèôôåðåíöèàëüíîå âðàùåíèå, êîòîðîå çàïóòûâàåò ìàãíèòíîå ïîëå â òîðîèäàëüíóþ
ôîðìó, êîòîðàÿ íà ñòàäèè çâåçäû íå îáíàðóæèâàåòñÿ çååìàíîâñêîé ìåòîäèêîé.

Òèï çâåçä He-r He-w Si SrCrEu

Ñðåäíÿÿ  , ãðàä. 44 48 45 49
 , ãðàä. 5 4 4 3

logt, ëåò 6.2 6.8 7.5 8.4

Òàáëèöà 1
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Ìåäëåííûå ïðîòîçâåçäíûå ðîòàòîðû îáëàäàþò ñòàáèëüíûìè âíóòðåííèìè
îáëàñòÿìè, â íèõ ìàãíèòíîå ïîëå ñîõðàíÿåòñÿ. Â ðàáîòàõ [2,16] ïîêàçàíî, ÷òî
òàê æå âåäóò ñåáÿ õèìè÷åñêè ïåêóëÿðíûå çâåçäû, íå èìåþùèå ìàãíèòíîãî ïîëÿ
(Am, HgMn). Äåëàåòñÿ âûâîä, ÷òî õèìè÷åñêè ïåêóëÿðíûå çâåçäû ñ ïîëåì è áåç
ïîëÿ îòäåëÿþòñÿ îò íîðìàëüíûõ òîëüêî âñëåäñòâèå ìåäëåííîãî âðàùåíèÿ, ïðè
êîòîðîì âíóòðåííèå îáëàñòè ñòàíîâÿòñÿ äèíàìè÷åñêè óñòîé÷èâûìè. Ñêîðåå
âñåãî, ìàãíèòíûå è íå ìàãíèòíûå áóäóùèå õèìè÷åñêè ïåêóëÿðíûå çâåçäû
îòäåëÿþòñÿ îò íîðìàëüíûõ èìåííî íà ñòàäèè ïðîòîçâåçä [17], òàê êàê ñðåäè
ïîçäíèõ ÍÀåÂå îáúåêòîâ è çâåçä íà ZAMS îíè óæå ñóùåñòâóþò.

4. Ðîñò ïîëÿ ïîñëå ZAMS. Ðàññìîòðèì ðèñ.2a, b (R - ðàäèóñ çâåçäû,
Rz - åå ðàäèóñ íà ZAMS). Â ïåðèîä ýâîëþöèè "äî ZAMS" ìàãíèòíîå ïîëå
îñëàáëåíî è çàïóòàíî. Íà ZAMS ìàãíèòíîå ïîëå ïî÷òè íóëåâîå, ñîäåðæàíèå
õèìè÷åñêèõ ýëåìåíòîâ íîðìàëüíîå [17]. Â ýòîò ìîìåíò ïðîèñõîäèò ïðåêðàùåíèå

Ðèñ.2. Èçìåíåíèå ìàãíèòíîãî ïîëÿ çâåçä ïî ìåðå ýâîëþöèè èõ ïîïåðåê ïîëîñû ÃÏ.
à) Ñðåäíèå êâàäðàòè÷åñêèå âåëè÷èíû ìàãíèòíîãî ïîëÿ; b) ñðåäíèå ïîâåðõíîñòíûå âåëè÷èíû
ìàãíèòíîãî ïîëÿ.
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àêêðåöèè è ïðîäîëæàåòñÿ ðåëàêñàöèÿ ìàãíèòíîãî ïîëÿ, êîòîðàÿ íà÷èíàåòñÿ â
ìîìåíò t = 0, íà÷èíàåòñÿ äèôôóçèÿ õèìè÷åñêèõ ýëåìåíòîâ ïîä äåéñòâèåì
ãðàâèòàöèè, ëó÷åâîãî äàâëåíèÿ è âåòðà. Ìàãíèòíîå ïîëå ïîñòåïåííî
óâåëè÷èâàåòñÿ â ðåçóëüòàòå ñòàáèëèçàöèè âåðõíèõ ñëîåâ àòìîñôåðû, îìè÷åñêîé
äèññèïàöèè ìåëêèõ ñòðóêòóð, à òàêæå âñëåäñòâèå ýôôåêòà íàòÿæåíèÿ ñèëîâûõ
ëèíèé. Ýòè ïðîöåññû äåéñòâóþò íå áåñêîíå÷íî. Ïîëå ðàñòåò äî íåêîòîðîãî
ìàêñèìóìà, ïîñëå êîòîðîãî íà÷èíàåò ïðåâàëèðîâàòü ýôôåêò ýâîëþöèîííîãî
ðîñòà ðàäèóñà è îíî íà÷èíàåò óìåíüøàòüñÿ. Åñëè áû ðàäèóñ îñòàâàëñÿ
ïîñòîÿííûì, òî áûëî áû âèäíî, ÷òî ïîëå ïðîäîëæàåò óâåëè÷èâàòüñÿ âñëåäñòâèå
èñ÷åçíîâåíèÿ ìåëêèõ ñòðóêòóð ïóòåì îìè÷åñêîé äèññèïàöèè. Íàáëþäåíèÿ
ïîêàçûâàþò, ÷òî êðóïíîìàñøòàáíûå ñòðóêòóðû ñîõðàíÿþòñÿ âïëîòü äî óõîäà
çâåçä ñ ÃÏ. Â ðåçóëüòàòå çàâèñèìîñòè îò ìàãíèòíîãî ïîëÿ íà÷àëüíûé ðîñò
àíîìàëüíîñòè õèìñîñòàâà ïðèâîäèò ê ïîñòåïåííîìó ðîñòó èíòåíñèâíîñòè
êðèòåðèåâ êëàññèôèêàöèè. Óâåëè÷èâàåòñÿ âåðîÿòíîñòü îòíåñòè çâåçäó ê òèïó
ÑÐ çâåçä. ×èñëî çâåçä N ðàñòåò âìåñòå ñ ïîëåì. Ñêîðîñòü ýâîëþöèîííîãî
äâèæåíèÿ çâåçä ïîïåðåê ïîëîñû ÃÏ ñî âðåìåíåì ðàñòåò.

5. Ïðè÷èíû óìåíüøåíèÿ ïîëÿ ñ âîçðàñòîì ïîñëå ìàêñèìóìà .
Ìû âñå áîëåå óáåæäàåìñÿ, ÷òî ìàãíèòíûå çâåçäû è õèìè÷åñêè ïåêóëÿðíûå
çâåçäû áåç ïîëÿ (Am, HgMn) îáëàäàþò ñòàáèëüíûìè âíóòðåííèìè îáëàñòÿìè.
Â ðàáîòàõ [13,18-20] âïåðâûå çàìå÷åíî, ÷òî ñðåäíåå ïîâåðõíîñòíîå ìàãíèòíîå
ïîëå óìåíüøàåòñÿ íà ÃÏ ïîñëå ïðåîäîëåíèÿ ìàêñèìóìà ñî âðåìåíåì, â
îñíîâíîì, âñëåäñòâèå ýâîëþöèîííîãî óâåëè÷åíèÿ ðàäèóñà ( 2R~Bs , ðèñ.2),
à íå èç-çà ëþáûõ êðóïíîìàñøòàáíûõ äâèæåíèé ìàññ âíóòðè çâåçä, âïëîòü
äî ìàêñèìàëüíîãî âîçðàñòà t = 109 ëåò (çâåçäû SrCrEu ãðóïïû [21,22]). Åñëè
áû ñòðóêòóðà ìàãíèòíîãî ïîëÿ ñîîòâåòñòâîâàëà áû òåîðåòè÷åñêîìó äèïîëþ, òî
óìåíüøåíèå ñðåäíåãî ïîâåðõíîñòíîãî ïîëÿ Bs èçìåíÿëîñü áû ïðîïîðöèîíàëüíî

3R  ïðè óñëîâèè äèíàìè÷åñêè ñòàáèëüíûõ âíóòðåííèõ îáëàñòåé. Íî â
äåéñòâèòåëüíîñòè ñòðóêòóðû íå âïîëíå ñîîòâåòñòâóþò òåîðåòè÷åñêîìó äèïîëþ
[23], îíè òîëüêî â íåêîòîðîé ñòåïåíè ïðèáëèæàþòñÿ ê íåìó. Êðîìå òîãî,
ìåëêèå íåîäíîðîäíîñòè ìàãíèòíîãî ïîëÿ ñîõðàíÿþòñÿ â òå÷åíèå âñåé æèçíè
çâåçä [24], èñêàæàÿ äèïîëüíóþ ñòðóêòóðó ïîëÿ. Ðåàëüíî ìîäåëüíàÿ ñòðóêòóðà
îïèñûâàåòñÿ ìàãíèòíûì äèïîëåì, â êîòîðîì ìîíîïîëè ðàçäåëåíû ïðîìåæóòêîì,
â ðàçíûõ çâåçäàõ íàõîäÿùèõñÿ â ïðåäåëàõ R.l 400   [25] è âåëè÷èíà
ìàãíèòíîãî ïîëÿ â öåíòðàëüíûõ îáëàñòÿõ íå ðàâíà áåñêîíå÷íîñòè. Óêàçàííûå
äâå ïðè÷èíû ïðèâîäÿò ê òîìó, ÷òî ïàäåíèå ïîëÿ ïîñëå ìàêñèìóìà íà ðèñ.2
ïðîèñõîäèò ïðèìåðíî â êâàäðàòè÷åñêîé [26,27], à íå â êóáè÷åñêîé ñòåïåíè.
Ðàññìîòðåííàÿ çàâèñèìîñòü Bs(R/Rz) îäèíàêîâà äëÿ çâåçä âñåõ òèïîâ
ïåêóëÿðíîñòè, êîòîðûå èìåþò ðàçíûé ñðåäíèé âîçðàñò. Ñëåäîâàòåëüíî, âåêîâàÿ
ñòàáèëüíîñòü çàâèñèìîñòè ðèñ.2 òîæå äåìîíñòðèðóåò îòñóòñòâèå âíóòðè
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ìàãíèòíûõ çâåçä êðóïíîìàñøòàáíûõ äâèæåíèé ìàññ.

6. Ïðè÷èíû èçìåíåíèÿ ÷èñëà çâåçä ñ âîçðàñòîì. Íà ðèñ.3 ïîêàçàíî
ðàñïðåäåëåíèå ïî âðåìåíè N(t) çâåçä SrCrEu òèïà ïåêóëÿðíîñòè, èìåþùèõ
ñòðóêòóðó ìàãíèòíîãî ïîëÿ öåíòðàëüíîãî äèïîëÿ. Ðàçáðîñ òî÷åê, ê ñîæàëåíèþ,
âåëèê èç-çà ìàëîãî êîëè÷åñòâà äàííûõ, íî, òåì íå ìåíåå, õîðîøî âèäíî, ÷òî
ìàêñèìóì ðàñïðåäåëåíèÿ ïàäàåò íà 81054  .t  ëåò, ÷òî ñîñòàâëÿåò îêîëî
ïîëîâèíû æèçíè çâåçä SrCrEu òèïà íà ÃÏ. Ýòîò ðåçóëüòàò ïîäòâåðæäàåò

òàêîé æå âûâîä, ñäåëàííûé â [28]. Îáúÿñíåíèå òàêîìó ñâîéñòâó äàíî, â
÷àñòíîñòè, â [29]. Íà ýòîì æå ðèñóíêå ïîêàçàíû äèàïàçîíû âîçðàñòîâ çâåçä
äðóãèõ òèïîâ. Ïîñêîëüêó äëèòåëüíîñòü îäíîãî îáîðîòà ìåðèäèîíàëüíîé
öèðêóëÿöèè ñîñòàâëÿåò ~108 ëåò, òî î÷åâèäíî, ÷òî ïîëîâèíû îáîðîòà äîñòàòî÷íî,
÷òîáû çàìåòèòü èçìåíåíèå íàêëîíà äèïîëÿ ê ïëîñêîñòè ýêâàòîðà   è íàðóøèòü
èçâåñòíîå ñâîéñòâî ìàãíèòíûõ çâåçä î ïðåèìóùåñòâåííîé îðèåíòàöèè ìàãíèòíûõ
äèïîëåé. Âðåìÿ æèçíè çâåçä âñåõ òèïîâ ìíîãî áîëüøå ýòîé âåëè÷èíû, êðîìå
He-r çâåçä, ñëåäîâàòåëüíî, çà âðåìÿ æèçíè çâåçä ìåðèäèîíàëüíàÿ öèðêóëÿöèÿ
óñïåëà áû ñäåëàòü ìíîãî îáîðîòîâ. Ýòî äîëæíî ïðèâåñòè ê òîìó, ÷òî èçâåñòíîå
ïðåîáëàäàíèå óãëîâ íàêëîíà äèïîëåé ê ïëîñêîñòè ýêâàòîðà â ïðåäåëàõ

oo 200  , ïîêàçàííîå íà ðèñ.4a, b, äîëæíî áûëî èñ÷åçíóòü. Íà ýòîì ðèñóíêå
ïðèâåäåíû ðàñïðåäåëåíèÿ çâåçä ñ öåíòðàëüíûì äèïîëåì ïî óãëàì äëÿ SrCrEu
è He-r+He-w çâåçä, èìåþùèõ ðàçíûé ñðåäíèé âîçðàñò. Îêàçûâàåòñÿ, ÷òî
êîëè÷åñòâî çâåçä íà 1o â äèàïàçîíå oo 200   áîëåå ÷åì â 7 ðàç áîëüøå,
÷åì â äèàïàçîíå oo 9020  . Ðàñïðåäåëåíèÿ íå çàâèñÿò îò âîçðàñòà çâåçä, îíè
îáà äåìîíñòðèðóþò íàëè÷èå ïðåèìóùåñòâåííîé îðèåíòàöèè ìàãíèòíûõ äèïîëåé

Ðèñ.3. Ðàñïðåäåëåíèå ïî âðåìåíè N(t) çâåçä SrCrEu òèïà ïåêóëÿðíîñòè, èìåþùèõ
ñòðóêòóðó ìàãíèòíîãî ïîëÿ öåíòðàëüíîãî äèïîëÿ.
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â çâåçäàõ ñ öåíòðàëüíûì äèïîëåì êàê ó ìîëîäûõ, òàê è ó ñòàðûõ ãðóïï. Ýòî
ïîêàçûâàåò, ÷òî ìåðèäèîíàëüíàÿ öèðêóëÿöèÿ è äðóãèå êðóïíîìàñøòàáíûå
äâèæåíèÿ ìàññ âíóòðè ìàãíèòíûõ çâåçä îòñóòñòâóþò. Ìàãíèòíûå ñòðóêòóðû ñî
âðåìåíåì íå èçìåíÿþòñÿ.

Ðàñïðåäåëåíèå N çàâèñèò íå òîëüêî îò âåëè÷èíû ïîëÿ, íî è îò ñêîðîñòè
ýâîëþöèè âäîëü òðåêà, êîòîðàÿ ïîñòåïåííî óâåëè÷èâàåòñÿ. Ïîýòîìó îòíîøåíèå

RN   ïîñòåïåííî óìåíüøàåòñÿ. Ñ âîçðàñòîì èçìåíÿþòñÿ Ò
ýôô

 è logg, èíòåí-
ñèâíîñòè êðèòåðèåâ êëàññèôèêàöèè óìåíüøàþòñÿ, â ðåçóëüòàòå âåðîÿòíîñòü
îòíåñòè çâåçäó ê ÑÐ òèïó ñòàíîâèòñÿ ìåíüøå. Âñå ýòè ôàêòîðû ïðèâîäÿò ê
ïîñòåïåííîìó óìåíüøåíèþ N. Íà ðèñ.5 äàíî ðàñïðåäåëåíèå N(R/Rz) äëÿ

Ðèñ.4. Ðàñïðåäåëåíèå ïî óãëàì   çâåçä SrCrEu òèïîâ (à) è He-r+He-w òèïîâ (b).
Ãðàíèöà À îòäåëÿåò çâåçäû ñ ìàëûìè óãëàìè  .
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SrCrEu çâåçä, èìåþùèõ âåñü íàáîð óãëîâ  . Ìàêñèìóì ðàñïðåäåëåíèÿ ïàäàåò
íà R/Rz = 1.25. Ïîñëå ýòîãî ÷èñëî N óìåíüøàåòñÿ âïëîòü äî R/Rz = 1.8, êîãäà
íàñòóïàåò âíóòðåííÿÿ ïåðåñòðîéêà çâåçä. Íà ðèñ.2b îáëàñòü ïåðåñòðîéêè îòìå÷åíà
âåðòèêàëüíûìè ëèíèÿìè. Çâåçäû íà ýâîëþöèîííîì òðåêå òðè ðàçà çèãçàãîîáðàçíî
ïðîõîäÿò ó÷àñòîê R/Rz = 1.8 - 2.2, ïîýòîìó êîëè÷åñòâî èõ íà çàâèñèìîñòè
N(R/Rz) â ýòîò ìîìåíò óâåëè÷èâàåòñÿ. Ïîñëå R/Rz = 2.2 çâåçäû ïîêèäàþò ýòó
÷àñòü òðåêà, ïðîäîëæàÿ ýâîëþöèîíèðîâàòü âäîëü ïëàâíî ïðîäîëæàþùåãîñÿ
òðåêà. Íà ðèñ.3 ïðîõîæäåíèå ýòîãî ìîìåíòà íå çàìåòíî âñëåäñòâèå ìàëîãî
êîëè÷åñòâà äàííûõ. Íàëè÷èå ìàêñèìóìà ðàñïðåäåëåíèÿ N(R/Rz) íà R/Rz = 1.25
îáúÿñíÿåòñÿ, òàêèì îáðàçîì, òåì, ÷òî íàëàãàþòñÿ äâå ïðÿìî ïðîòèâîïîëîæíûå
òåíäåíöèè - óâåëè÷åíèå ýòîãî îòíîøåíèÿ ïîñëå ZAMS è, çàòåì, óìåíüøåíèå
îòíîøåíèÿ RN   âñëåäñòâèå óâåëè÷åíèÿ ñêîðîñòè ýâîëþöèè ïîïåðåê ïîëîñû
ÃÏ è îñëàáëåíèÿ ìàãíèòíîãî ïîëÿ è èçìåíåíèÿ Ò

ýôô
 è logg.

7. Ïîâåäåíèå çâåçä ñ ìàãíèòíîé ñòðóêòóðîé öåíòðàëüíîãî
äèïîëÿ. Íàèáîëåå ïîêàçàòåëüíûì ïðèçíàêîì ñòàáèëüíîñòè ìàãíèòíûõ ñòðóêòóð
ÿâëÿåòñÿ ïðèìåð çâåçä ñ ïîëåì äèïîëÿ, íàõîäÿùåãîñÿ â öåíòðå çâåçäû.
Ðàññìîòðåíèå ñòðóêòóðû ìàãíèòíûõ ïîëåé çâåçä ðàçíîãî âîçðàñòà íå ïîêàçàëî
ïðèçíàêîâ ïðåîáðàçîâàíèÿ ìîäåëåé öåíòðàëüíîãî äèïîëÿ â áîëåå ñëîæíûå
êîíôèãóðàöèè. Îìè÷åñêàÿ äèññèïàöèÿ, íàòÿæåíèå ñèëîâûõ ëèíèé è äðóãèå
ýôôåêòû äåéñòâóþò â ñòîðîíó óïðîùåíèÿ ñòðóêòóð. Ïîêà íå ïðåäëîæåí
ìåõàíèçì, êîòîðûé äåéñòâóåò â îáðàòíóþ ñòîðîíó, ò.å. êîòîðûé ïðåâðàùàë
áû íàáëþäàåìûå ñòðóêòóðû öåíòðàëüíîãî äèïîëÿ â äâóõ èëè òðåõäèïîëüíûå
êîíôèãóðàöèè. Ïîýòîìó ïðèìåð çâåçä ñ öåíòðàëüíûì ìàãíèòíûì äèïîëåì
êàæåòñÿ íàèáîëåå ïîäõîäÿùèì äëÿ äåìîíñòðàöèè âåêîâîé ñòàáèëüíîñòè
ìàãíèòíûõ ñòðóêòóð. Ðàññìîòðèì ðàñïðåäåëåíèå çâåçä ñ öåíòðàëüíûì äèïîëåì
ïî âîçðàñòàì. Äëÿ ýòîãî ìû âûáðàëè òîëüêî òå îáúåêòû, äëÿ êîòîðûõ ìîäåëü
öåíòðàëüíîãî äèïîëÿ îïðåäåëåíà äîñòàòî÷íî íàäåæíî [30]. Íà ðèñ.3 ïðèâåäåíû
ðàñïðåäåëåíèÿ çâåçä ñ öåíòðàëüíûì äèïîëåì N(t) äëÿ çâåçä SrCrEu ãðóïï
îòäåëüíî [31]. Ìîæíî ïðåäïîëàãàòü, ÷òî òàêèå îáúåêòû ñôîðìèðîâàëèñü ëèáî
èç îäíîðîäíî íàìàãíè÷åííûõ ïðîòîçâåçäíûõ îáëàêîâ, ëèáî â òåõ ñëó÷àÿõ,
êîãäà âåëè÷èíà ìàãíèòíîãî ïîëÿ áûëà ïðîïîðöèîíàëüíà ïëîòíîñòè îáëàêà
[32]. Èç ðèñóíêà âèäíî, ÷òî ñðåäíèé âîçðàñò êîðîòêîæèâóùèõ çâåçä "ãåëèåâûõ"
òèïîâ â ñðåäíåì îêîëî 10 ðàç ìåíüøå ñðåäíåãî âîçðàñòà SrCrEu çâåçä, à
ìàêñèìàëüíîå ðàçëè÷èå âîçðàñòîâ logt = 7 è logt = 9 äîñòèãàåò óæå äâóõ ïîðÿäêîâ.
Ïðè ýòîì çâåçäû ïðèõîäÿò íà ZAMS óæå èìåÿ ñòðóêòóðó öåíòðàëüíîãî
äèïîëÿ è åñòü çâåçäû, êîòîðûå óõîäÿò ñ ÃÏ áåç èçìåíåíèÿ. Ýòè äàííûå
ïîêàçûâàþò, ÷òî ñëåäóåò ñåðüåçíî îòíîñèòüñÿ ê ïðåäïîëîæåíèþ î òîì, ÷òî
ìàãíèòíûå çâåçäû ÿâëÿþòñÿ òâåðäîòåëüíûìè ðîòàòîðàìè. Â íàøåì ðàñïîðÿ-
æåíèè èìåþòñÿ çâåçäû ñ ñàìûìè êðàéíèìè âîçðàñòàìè ñðåäè çâåçä ñ öåíò-
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ðàëüíûì äèïîëåì: ýòî HD200775 (logt = 6.0) HD35298 (logt = 7.0), HD184927
(logt = 7.4), HD2453 (logt = 8.88) HD98088 (logt = 8.88).

Ìàãíèòíûå çâåçäû ÿâëÿþòñÿ òâåðäîòåëüíûìè ðîòàòîðàìè, êàê è ïîäîçðåâàë
Áýáêîê.

8. Ïîâåäåíèå êîíâåêòèâíîãî ÿäðà. Äî ñèõ ïîð ìû ðàññìàòðèâàëè
ñòðóêòóðû ìàãíèòíîãî ïîëÿ âíå êîíâåêòèâíîãî ÿäðà. Õàðàêòåð âçàèìîäåéñòâèÿ
ýòèõ îáëàñòåé ïîêà íå ñîâñåì ÿñåí. Ñèëîâûå ëèíèè ãëîáàëüíîãî ìàãíèòíîãî
ïîëÿ äîëæíû îêðóæàòü ÿäðî, ñæèìàÿñü âáëèçè åãî ïîâåðõíîñòè. Î÷åâèäíî,
÷òî ïîëå â ïîãðàíè÷íîé îáëàñòè äîëæíî óñèëèòüñÿ. Âîçìîæíû òðè âàðèàíòà
âðàùåíèÿ êîíâåêòèâíîãî ÿäðà: 1) ÿäðî âðàùàåòñÿ ñèíõðîííî ñ îêðóæàþùåé
îáëàñòüþ; 2) ÿäðî âðàùàåòñÿ áûñòðåå è 3) ÿäðî âðàùàåòñÿ ìåäëåííåå. Î÷åâèäíî,
÷òî 2 è 3 ñëó÷àè äîëæíû ïðèâîäèòü ê çàêðó÷èâàíèþ ñèëîâûõ ëèíèé â
ïîãðàíè÷íîì ñëîå â òîðîèäàëüíóþ ñòðóêòóðó è âûçûâàòü ãåíåðàöèþ ïåðå-
ìåííîãî ìàãíèòíîãî ïîëÿ [33] âñëåäñòâèå "îìåãà-ýôôåêòà". Ïîñêîëüêó òàêîå
ïîëå â ìàãíèòíûõ çâåçäàõ îòñóòñòâóåò, òî ïðåäïîëàãàåì ñèíõðîííîå âðàùåíèå
êîíâåêòèâíîãî ÿäðà.

9. Ñòðóêòóðà ìàãíèòíîãî ïîëÿ â ìîìåíò âíóòðåííåé ïåðå-
ñòðîéêè. ×ðåçâû÷àéíî èíòåðåñíî çíàòü, ÷òî ïðîèñõîäèò ñî ñòðóêòóðîé
ìàãíèòíîãî ïîëÿ â ìîìåíò âíóòðåííåé ïåðåñòðîéêè çâåçäû, ïðîèñõîäÿùåé â
ìîìåíò R/Rz > 1.8 (ðèñ.2b). Ê ñîæàëåíèþ, ïîêà ìàëî èññëåäîâàíî çâåçä,
íàõîäÿùèõñÿ â ýòîò ïåðèîä ýâîëþöèè. Òåì íå ìåíåå, ïðåäâàðèòåëüíîå
ïðåäñòàâëåíèå ìîæíî ïîëó÷èòü èç òàáë.2, â êîòîðîé ïðèâåäåíû çâåçäû ñ ñî
ñòðóêòóðîé ïîëÿ öåíòðàëüíîãî äèïîëÿ è íåñêîëüêî çâåçä ñî ñìåùåííûì âäîëü
îñè äèïîëåì. Î÷åâèäíî, ÷òî ñòðóêòóðû íå èçìåíèëèñü, îíè ïî-ïðåæíåìó
îñòàëèñü â âèäå öåíòðàëüíîãî äèïîëÿ. Òðè çâåçäû ñî ñìåùåííûì âäîëü îñè
äèïîëåì íå îòëè÷àþòñÿ îò òàêèõ æå çâåçä, íàõîäÿùèõñÿ íà R/Rz < 1.8. Ýòè

HD Òèï Ìîäåëü R/Rz logt

5737 He-w Öåíòð. äèïîëü 2.37 8.1
18296 Si+ Öåíòð. äèïîëü? 2.86 8.3
47103 SrCrEu Öåíòð. äèïîëü? 2.20 8.9
51418 SrCrEu Öåíòð. äèïîëü 2.21 8.6
58260 He-r Öåíòð. äèïîëü 2.13 7.4
148112 SrCrEu Öåíòð. äèïîëü 2.01 8.8
148199 Si Öåíòð. äèïîëü 2.25 8.5
169842 SrCrEu Öåíòð. äèïîëü 2.05 8.8
170397 Si Öåíòð. äèïîëü 2.02 8.5
59435 SrCrEu Ñìåù. äèïîëü 0.10a  2.23 8.8
116458 He-w Ñìåù. äèïîëü 0.07a  2.02 8.2
147010 SrCrEu Ñìåù. äèïîëü 0.45a  2.07 9.0

Òàáëèöà 2
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ôàêòû äåìîíñòðèðóþò îòñóòñòâèå â íèõ äåéñòâèÿ ìåðèäèîíàëüíîé öèðêóëÿöèè
èëè äèôôåðåíöèàëüíîãî âðàùåíèÿ. Â ýòîé ôàçå ýâîëþöèè íåò çâåçä ñ äðóãèìè,
íåçíàêîìûìè ñòðóêòóðàìè ìàãíèòíîãî ïîëÿ. Îòñþäà âûâîä - çâåçäû â ìîìåíò
âíóòðåííåé ïåðåñòðîéêè ïðîäîëæàþò âðàùàòüñÿ òâåðäîòåëüíî.

Â ðàáîòàõ [34,35] òîæå îòìå÷àåòñÿ ôàêò âåêîâîé ñòàáèëüíîñòè îñíîâíûõ
ìàãíèòíûõ ñòðóêòóð, îòñóòñòâèÿ âíóòðè ìàãíèòíûõ çâåçä ìåðèäèîíàëüíîé
öèðêóëÿöèè, äèôôåðåíöèàëüíîãî âðàùåíèÿ è äðóãèõ êðóïíîìàñøòàáíûõ
äâèæåíèé ìàññ. Áîëåå ÷åì 120 ìàãíèòíûõ CP çâåçä áûëè ïðîìîäåëèðîâàíû
ìåòîäîì "ìàãíèòíûõ ìîíîïîëåé" [36,37]. Ïðè ýòîì áûëè ïîëó÷åíû ïàðàìåòðû
ìàãíèòíûõ ñòðóêòóð, ïðåæäå âñåãî äàííûå î íàêëîíå îñè äèïîëÿ ê ïëîñêîñòè
ýêâàòîðà è ðàññòîÿíèè äèïîëåé îò öåíòðà çâåçäû a . Â ðàáîòå [38] ïðèâåäåíû
çàâèñèìîñòè  tlog  è  tloga , êîòîðûå äåìîíñòðèðóþò ñòàáèëüíîñòü ìàãíèò-
íûõ ñòðóêòóð â òå÷åíèå âñåé æèçíè çâåçä íà ÃÏ.

Íàëè÷èå ñëîæíûõ ìàãíèòíûõ ñòðóêòóð ó çâåçä áîëüøîãî âîçðàñòà ïîêà-
çûâàåò, ÷òî ïîëíàÿ ðåëàêñàöèÿ ìàãíèòíûõ ïîëåé íå óñïåâàåò ïðîèçîéòè â
òå÷åíèå âñåé èõ æèçíè. Ïðîñòûå îäíîäèïîëüíûå è ñëîæíûå ìíîãîäèïîëüíûå
ñòðóêòóðû íàáëþäàþòñÿ ó çâåçä, òîëüêî ÷òî ïîÿâèâøèõñÿ íà ZAMS ñ âîçðàñòîì
106 ëåò, è ó òåõ, êòî ïîêèäàåò ÃÏ ñ âîçðàñòîì 109 ëåò. Ìàãíèòíûå çâåçäû
ïîêèäàþò ÃÏ, î÷åâèäíî, ïðàêòè÷åñêè áåç ïîòåðè ìàãíèòíîãî ïîòîêà, òàê êàê
òåîðåòè÷åñêè ïîëíàÿ îìè÷åñêàÿ äèññèïàöèÿ çâåçä ïðîèñõîäèò çà 1010-1011 ëåò.

10. Çàêëþ÷åíèå. Îñíîâíûå ïðèçíàêè âåêîâîé ñòàáèëüíîñòè ìàãíèòíûõ
ñòðóêòóð ÑÐ çâåçä çàêëþ÷àþòñÿ â ñëåäóþùåì:

1. Íàêëîí îñåé äèïîëåé   îòíîñèòåëüíî ïëîñêîñòè ýêâàòîðà è ðàññòîÿíèÿ
äèïîëåé îò öåíòðà çâåçäû a  ñ âîçðàñòîì íå ìåíÿþòñÿ. Ýòî çíà÷èò, ÷òî
âíóòðåííèå ñòðóêòóðû ìàãíèòíûõ ïîëåé èìåþò âåêîâóþ ñòàáèëüíîñòü.

2. Âíóòðåííþþ æåñòêîñòü ìàãíèòíûõ çâåçä îáåñïå÷èâàåò íå ñòîëüêî
ìàãíèòíîå ïîëå, ñêîëüêî ìåäëåííîå âðàùåíèå, ïðè êîòîðîì äèôôåðåíöèàëüíîå
âðàùåíèå, ìåðèäèîíàëüíàÿ öèðêóëÿöèÿ è äðóãèå íåñòàáèëüíîñòè íå âîçíèêàþò.

3. Ìàãíèòíîå ïîëå íå èãðàåò íèêàêîé ðîëè â ðàçäåëåíèè çâåçä (ïðîòîçâåçä)
íà íîðìàëüíûå è ìàãíèòíûå, îñíîâíóþ ðîëü èãðàåò ñêîðîñòü âðàùåíèÿ.
Ìåäëåííîå âðàùåíèå îáåñïå÷èâàåò âíóòðåííþþ äèíàìè÷åñêóþ ñòàáèëüíîñòü,
ïðè êîòîðîé ñîõðàíÿåòñÿ ìàãíèòíîå ïîëå. Áûñòðîå âðàùåíèå âûçûâàåò â
ïðîòîçâåçäå äèôôåðåíöèàëüíîå âðàùåíèå, çàïóòûâàþùåå ìàãíèòíîå ïîëå â
ôîðìó òîðîèäà.

4. Â ìàãíèòíûõ çâåçäàõ íåò ìåðèäèîíàëüíîé öèðêóëÿöèè. Ýòî îäèí èç
ïåðâûõ ðåçóëüòàòîâ, ïîçâîëèâøèõ ïðåäïîëîæèòü íàëè÷èå âíóòðåííåé ñòàáèëü-
íîñòè ìàãíèòíûõ çâåçä, êîòîðûå ïðåäñêàçàë Áýáêîê.

5. Ðîñò ïîëÿ ïîñëå ZAMS ïðîèñõîäèò âñëåäñòâèå ïðåêðàùåíèÿ àêêðåöèè
è ñòàáèëèçàöèè àòìîñôåð, ðåëàêñàöèè çàïóòàííîãî ïîñëå íåñòàöèîíàðíîé ôàçû
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Õàÿøè ïîëÿ ïîñðåäñòâîì îìè÷åñêîé äèññèïàöèè è íàòÿæåíèÿ ñèëîâûõ ëèíèé.
6. Ðîñò ÷èñëà çâåçä N ïîñëå ZAMS ïðîèñõîäèò âñëåäñòâèå ñòàáèëèçàöèè

àòìîñôåð, óñèëåíèÿ äèôôóçèè õèìè÷åñêèõ ýëåìåíòîâ è óâåëè÷åíèÿ èíòåíñèâ-
íîñòåé õàðàêòåðíûõ ñïåêòðàëüíûõ ëèíèé, ïî êîòîðûì îñóùåñòâëÿåòñÿ êëàññè-
ôèêàöèÿ. Çàâèñèìîñòü èìååò ìàêñèìóì, ïîñëå êîòîðîãî ïðîèñõîäèò ïàäåíèå
÷èñëà ìàãíèòíûõ çâåçä.

7. Ìàãíèòíîå ïîëå óìåíüøàåòñÿ íà ÃÏ ïîñëå ìàêñèìóìà âñëåäñòâèå ýâîëþ-
öèîííîãî óâåëè÷åíèÿ ðàäèóñà, (ïðîïîðöèîíàëüíî 2R ), à íå èç-çà êðóïíî-
ìàñøòàáíûõ äâèæåíèé ìàññ âíóòðè çâåçä, ðàçðóøàþùèõ ïîëå. Ïàäåíèå N
ïîñëå ìàêñèìóìà ïðîèñõîäèò íå òîëüêî èç-çà óìåíüøåíèÿ âåëè÷èíû ïîëÿ,
íî è îò èçìåíåíèÿ ñêîðîñòè ýâîëþöèè âäîëü òðåêà, êîòîðàÿ ïîñòåïåííî
óâåëè÷èâàåòñÿ, â ðåçóëüòàòå ÷åãî îòíîøåíèå RN   ïîñòåïåííî óìåíüøàåòñÿ.
Ñ âîçðàñòîì èçìåíÿþòñÿ Ò

ýôô
 è logg, èíòåíñèâíîñòè êðèòåðèåâ êëàññèôèêàöèè

óìåíüøàþòñÿ, â ðåçóëüòàòå âåðîÿòíîñòü îòíåñòè çâåçäó ê ÑÐ òèïó ñòàíîâèòñÿ
ìåíüøå. Âñå ýòè ôàêòîðû ïðèâîäÿò ê ïîñòåïåííîìó óìåíüøåíèþ N. Ìàêñèìóì
N ïðîèñõîäèò ïîñëå 40% æèçíè çâåçä íà ÃÏ.

8. Ìàãíèòíûå çâåçäû ïîêèäàþò ÃÏ, î÷åâèäíî, ïðàêòè÷åñêè áåç ïîòåðè
ìàãíèòíîãî ïîòîêà, òàê êàê òåîðåòè÷åñêè ïîëíàÿ îìè÷åñêàÿ äèññèïàöèÿ çâåçä
ñ ñîâåðøåííî ñòàáèëüíûì âíóòðåííèì îáúåìîì ïðîèñõîäèò çà 1010-1011 ëåò
(êðîìå êîíâåêòèâíîãî ÿäðà) ïðè ìàêñèìàëüíîé ïðîäîëæèòåëüíîñòè æèçíè

910t  ëåò.
9. Ìàãíèòíûå è íå ìàãíèòíûå ÑÐ çâåçäû îòäåëÿþòñÿ îò "íîðìàëüíûõ"

çâåçä íà ñòàäèè ïðîòîçâåçä.
10. Ñ âîçðàñòîì ìàãíèòíûå êîíôèãóðàöèè íå ìåíÿþòñÿ, íå ïåðåõîäÿò

äðóã â äðóãà, íå ïðåâðàùàþòñÿ â íåçíàêîìûå êîíôèãóðàöèè. Ñëåãêà óìåíü-
øàåòñÿ äîëÿ ìåëêîìàñøòàáíîé ôðàêöèè ìàãíèòíîãî ïîëÿ âñëåäñòâèå îìè÷åñêèõ
ïîòåðü è íàòÿæåíèÿ ñèëîâûõ ëèíèé.

11. Â ðàáîòå [2] è ðàçäåëå 9 ïîêàçàíî, ÷òî â ìîìåíò âíóòðåííåé ïåðåñòðîéêè
çâåçä ñòðóêòóðû îñòàþòñÿ íåèçìåííûìè.

12. Êîíâåêòèâíîå ÿäðî, ïî âñåì ïðèçíàêàì, âðàùàåòñÿ ñèíõðîííî ñ
îñíîâíîé ìàññîé çâåçäû.

13. Î÷åâèäíî ñóùåñòâóåò çíà÷èòåëüíîå êîëè÷åñòâî áûñòðî âðàùàþùèõñÿ
"íîðìàëüíûõ" çâåçä, ñîäåðæàùèõ ñèëüíîå òîðîèäàëüíîå ìàãíèòíîå ïîëå âíóòðè.

Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ,
Ðîññèÿ, e-mail: glagol@sao.ru
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THE SECULAR STABILITY OF MAGNETIC STRUC-
TURES OF MAGNETIC STARS. II

Yu.V.GLAGOLEVSKIJ

Numerous signs are given that the magnetic field structures in magnetic stars
do not change with age. Stars rotate like a solid.

Keywords: stars: magnetic fields - stars: evolution - stars: magnetic structures -
  stars: ages
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Õîðîøî èçâåñòíà ãèïîòåçà î ðåàëèçàöèè â ñîëíå÷íûõ âñïûøêàõ äâóõ ôàç óñêîðåíèÿ
çàðÿæåííûõ ÷àñòèö, êîãäà â ïåðâîé ôàçå óñêîðÿþòñÿ ñóáðåëÿòèâèñòñêèå ýëåêòðîíû, à âî âòîðîé
- ðåëÿòèâèñòñêèå ýëåêòðîíû è ïðîòîíû. Â ñîëíå÷íûõ ïðîòîííûõ ñîáûòèÿõ è èõ ðîäèòåëüñêèõ
âñïûøêàõ 26 äåêàáðÿ 2001ã. (M7.1), 2 íîÿáðÿ 2003ã. (X8.3) è 9 àâãóñòà 2011ã. (X6.9) âûäåëåíû
ïåðâàÿ è âòîðàÿ ôàçû, ïðè÷åì â ìåæïëàíåòíîé ñðåäå îò ïåðâîé ôàçû íàáëþäàëèñü òîëüêî
ýëåêòðîíû, à îò âòîðîé - ýëåêòðîíû è ïðîòîíû. Âðåìåííûå ïðîôèëè ýëåêòðîíîâ è ïðîòîíîâ
îò âòîðîé ôàçû ïîäîáíû, îòñþäà ñäåëàí âûâîä î ïðåèìóùåñòâåííîì óñêîðåíèè ðåëÿòèâèñòñêèõ
ýëåêòðîíîâ è ïðîòîíîâ, íàáëþäàåìûõ â ìåæïëàíåòíîé ñðåäå, âî âñïûøêàõ, à íå íà óäàðíîì
ôðîíòå êîðîíàëüíîãî âûáðîñà ìàññû. Ïî âñåé âèäèìîñòè, âî âñïûøêàõ ðåàëèçóåòñÿ ñòîõàñ-
òè÷åñêèé ìåõàíèçì óñêîðåíèÿ, â êîòîðîì ïðîòîíû è ýëåêòðîíû ïðèîáðåòàþò ýíåðãèþ âî
ìíîãèõ ýëåìåíòàðíûõ àêòàõ íà âñåì ïðîòÿæåíèè âñïûøêè, ïðè÷åì åå äëèòåëüíîñòü ìíîãî
áîëüøå äëèòåëüíîñòè ýëåìåíòàðíîãî àêòà. Äëÿ ñîãëàñîâàíèÿ ñòîõàñòè÷åñêîãî ïðîöåññà óñêîðåíèÿ
è ñóùåñòâîâàíèÿ äâóõ ôàç â ñîëíå÷íûõ âñïûøêàõ, íåîáõîäèìî ó÷èòûâàòü âî âòîðîé ôàçå
ãèðîñèíõðîòðîííûå ïîòåðè ýëåêòðîíîâ íà èçëó÷åíèå, êîòîðûìè â ïåðâîé ôàçå ìîæíî ïðåíåáðå÷ü.
Ýíåðãèÿ óñêîðåííûõ ïðîòîíîâ â ïåðâîé ôàçå ìàëà äëÿ èõ îáíàðóæåíèÿ ïî ïðîöåññàì,
ïðîèñõîäÿùèì íà Ñîëíöå, íî âî âòîðîé ôàçå îíà ìîæåò äîñòè÷ü âåëè÷èí äîñòàòî÷íûõ äëÿ
âîçíèêíîâåíèÿ ãàììà-ëèíèé - ÿäåðíûõ è îò ðàñïàäà ïèîíîâ.

Êëþ÷åâûå ñëîâà: ñîëíå÷íûå âñïûøêè: ðåíòãåíîâñêîå è ðàäèîèçëó÷åíèå: êîðîíàëüíûé
  âûáðîñ ìàññû: óñêîðåíèå ñîëíå÷íûõ ïðîòîíîâ è ýëåêòðîíîâ:
  ñîëíå÷íûå ýëåêòðîííûå è ïðîòîííûå ñîáûòèÿ

1. Ââåäåíèå. Ñîëíå÷íûå ïðîòîííûå ñîáûòèÿ 4, 6 è 10 ñåíòÿáðÿ 2017ã.
ïîáóäèëè íàñ âíîâü îáðàòèòüñÿ ê ãèïîòåçå î ðåàëèçàöèè âî âñïûøêàõ äâóõ
ôàç óñêîðåíèÿ çàðÿæåííûõ ÷àñòèö [1-3], êîãäà â ïåðâîé ôàçå óñêîðÿþòñÿ
ïðåèìóùåñòâåííî ýëåêòðîíû ñ ýíåðãèåé <100 êýÂ, à âî âòîðîé - ýëåêòðîíû
>100 êýÂ è ïðîòîíû.

Â ýòèõ ñîáûòèÿõ ïî äàííûì äåòåêòîðà SOHO/EPHIN (ðåëÿòèâèñòñêèå
ýëåêòðîíû) è Àíòèñîâïàäàòåëüíîé çàùèòû ñïåêòðîìåòðà íà ÊÀ ÈÍÒÅÃÐÀË
(ACS SPI, >100 ÌýÂ ïðîòîíû) óäàëîñü ðàçäåëèòü âáëèçè Çåìëè ýëåêòðîíû
è ïðîòîíû, óñêîðåííûå â ïåðâîé è âòîðîé ôàçàõ âñïûøåê [4-6]. Ïðè ýòîì
îêàçàëîñü, ÷òî ïîñëå âñïûøåê X9.3 6 ñåíòÿáðÿ è X8.2 10 ñåíòÿáðÿ 2017ã. â
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ìåæïëàíåòíîì ïðîñòðàíñòâå (ÌÏ) íàáëþäàëèñü êàê ýëåêòðîíû, óñêîðåííûå
â ïåðâîé ôàçå, òàê è ýëåêòðîíû è ïðîòîíû îò âòîðîé ôàçû. À ïîñëå âñïûøêè
Ì5.5 4 ñåíòÿáðÿ 2017ã. íàáëþäàëèñü òîëüêî ýëåêòðîíû è ïðîòîíû îò âòîðîé
ôàçû [4-6]. Ïî âñåé âåðîÿòíîñòè, êîëè÷åñòâî è ýíåðãèÿ ýëåêòðîíîâ, óñêîðåííûõ
â ïåðâîé ôàçå âñïûøêè Ì5.5 4 ñåíòÿáðÿ 2017ã., áûëè íåäîñòàòî÷íûìè äëÿ
èõ ðåãèñòðàöèè SOHO/EPHIN [5].

Ïðè äàëüíåéøåì èññëåäîâàíèè ýòèõ ñîáûòèé [7] áûëà âûñêàçàíà èäåÿ î òîì,
÷òî â ñâÿçàííûõ ñ íèìè âñïûøêàõ ðåàëèçîâàëñÿ ñòîõàñòè÷åñêèé ìåõàíèçì
óñêîðåíèÿ, â êîòîðîì ïðîòîíû è ýëåêòðîíû ïðèîáðåòàþò ýíåðãèþ âî ìíîãèõ
ýëåìåíòàðíûõ àêòàõ, ÷üÿ äëèòåëüíîñòü ìíîãî ìåíüøå äëèòåëüíîñòè ñàìîé âñïûøêè
[8-10]. Äëÿ ñîãëàñîâàíèÿ ñòîõàñòè÷åñêîãî ïðîöåññà óñêîðåíèÿ è íàáëþäåíèÿ
äâóõ ôàç â ñîëíå÷íûõ âñïûøêàõ, ïî âñåé âèäèìîñòè, âî âòîðîé ôàçå íåîáõîäèìî
ó÷èòûâàòü ãèðîñèíõðîòðîííûå ïîòåðè ýëåêòðîíîâ íà èçëó÷åíèå [11], êîòîðûìè
â ïåðâîé ôàçå ìîæíî ïðåíåáðå÷ü. Â ýòîì ñëó÷àå ïåðâàÿ è âòîðàÿ ôàçû
ðàçëè÷àþòñÿ òîëüêî òåì, ÷òî ýíåðãèÿ óñêîðåííûõ ïðîòîíîâ ìàëà äëÿ èõ îáíà-
ðóæåíèÿ íà Ñîëíöå â ïåðâîé ôàçå, íî îíà ìîæåò äîñòè÷ü âåëè÷èí, äîñòàòî÷íûõ
äëÿ ãåíåðàöèè ÿäåðíûõ ãàììà-ëèíèé è  -ìåçîíîâ âî âòîðîé ôàçå. Ýòî
ïðåäïîëîæåíèå îñíîâàíî íà òîì, ÷òî, åñëè âðåìÿ óñêîðåíèÿ ýëåêòðîíîâ äî 100
êýÂ ñîñòàâëÿåò ïîðÿäêà 400 ìñ [10], òî äëÿ óñêîðåíèÿ ïðîòîíîâ äî òàêîé æå
ñêîðîñòè (200 ÌýÂ) ïîòðåáóåòñÿ âðåìÿ ~12 ìèí (m

p 
/m

e
 ðàç áîëüøå). Îòêóäà

ñëåäóåò äëèòåëüíîñòü ïåðâîé ôàçû, ðàâíàÿ íåñêîëüêèì ìèíóòàì [7].
Ìû ñ÷èòàåì, ÷òî ïåðâàÿ ôàçà âñïûøêè ðåàëèçóåòñÿ âñåãäà, åñëè íà

Ñîëíöå çàðåãèñòðèðîâàíî íåòåïëîâîå ýëåêòðîìàãíèòíîå èçëó÷åíèå, à âòîðàÿ
ôàçà âñïûøêè ðåàëèçóåòñÿ òîëüêî â òîì ñëó÷àå, åñëè íà Ñîëíöå ðåãèñòðè-
ðîâàëèñü ÿäåðíûå ãàììà-ëèíèè èëè â ìåæïëàíåòíîì ïðîñòðàíñòâå íàáëþäàëèñü
óñêîðåííûå ïðîòîíû [7]. Åñëè íåò äàííûõ ïî ÿäåðíûì ãàììà-ëèíèÿì, íî
ïðîòîíû > 30 ÌýÂ íàáëþäàëèñü â ÌÏ, òî íà÷àëî âòîðîé ôàçû ìîæíî îöåíèòü
ïî âðåìåíè èõ ïðèõîäà íà Çåìëþ.

Äëÿ ðåàëèçàöèè âòîðîé ôàçû íåîáõîäèì êîðîíàëüíûé âûáðîñ ìàññû
(ÊÂÌ). Åãî ðîëü çàêëþ÷àåòñÿ: 1) â ïðèâëå÷åíèè âî âñïûøå÷íûé ïðîöåññ âñå
áîëüøåãî ÷èñëà ïåòåëü â äèàïàçîíå âûñîò îò õðîìîñôåðû äî êîðîíû; 2) â
âîçâðàùåíèè óñêîðåííûõ ÷àñòèö â îáëàñòü âñïûøêè; 3) â äîïîëíèòåëüíîì
óñêîðåíèè ÷àñòèö íà óäàðíîì ôðîíòå; è 4) â îáåñïå÷åíèè èì óñëîâèé âûõîäà
â ÌÏ â øèðîêîì ïðîñòðàíñòâåííîì óãëå.

Ñëåäóþùåé î÷åâèäíîé çàäà÷åé ÿâëÿåòñÿ ïðîâåðêà âûñêàçàííûõ ïðåäïî-
ëîæåíèé íà ïðèìåðå äðóãèõ ïðîòîííûõ ñîáûòèé è èõ ðîäèòåëüñêèõ âñïûøåê.
Â äàííîì èññëåäîâàíèè âûáðàíû ñîëíå÷íûå âñïûøêè Ì.7.1 26 äåêàáðÿ 2001ã.
[12-14], Õ6.9 9 àâãóñòà 2011ã. [15] è Õ8.3 2 íîÿáðÿ 2003ã. [16], êîòîðûå ïî
ñâîèì ñâîéñòâàì àíàëîãè÷íû, ñîîòâåòñòâåííî, âñïûøêàì: Ì5.5 4 ñåíòÿáðÿ
2017ã. - ñëàáîé è äëèòåëüíîé, Õ9.3 6 ñåíòÿáðÿ 2017ã. - ìîùíîé èìïóëüñíîé
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è Õ8.2 10 ñåíòÿáðÿ 2017ã. - ìîùíîé äëèòåëüíîé. Àíàëèç ñâîéñòâ íàáëþäàåìûõ
ïîòîêîâ ìÿãêîãî ðåíòãåíîâñêîãî (soft X-ray - SXR) èçëó÷åíèÿ â ýòèõ âñïûøêàõ
ïîçâîëÿåò ïðåäïîëîæèòü, ÷òî è ïîòîêè ýëåêòðîíîâ è ïðîòîíîâ â ìåæïëàíåòíîé
ñðåäå, íàáëþäàâøèåñÿ âáëèçè Çåìëè, îáëàäàëè ñõîäíûìè ñâîéñòâàìè.

2. Èíñòðóìåíòû è ìåòîäû. Çäåñü äëÿ èññëåäîâàíèÿ ñâîéñòâ ïîïó-
ëÿöèé ÷àñòèö, óñêîðåííûõ â ïåðâîé è âòîðîé ôàçàõ ñîëíå÷íûõ âñïûøåê, ìû
áóäåì ñðàâíèâàòü ïîòîêè ðåëÿòèâèñòñêèõ ýëåêòðîíîâ (SOHO/EPHIN) ñ
äàííûìè ïî âûñîêîýíåðãè÷íûì ïðîòîíàì (ïîòîêè ïðîòîíîâ >100 ÌýÂ,
(GOES), òåìï ñ÷åòà íåéòðîííûõ ìîíèòîðîâ (ÍÌ) è äåòåêòîðà ACS SPI). Òàê
êàê ôàçû ðàçëè÷àþòñÿ íàëè÷èåì èëè îòñóòñòâèåì ãèðîñèíõðîòðîííîãî
èçëó÷åíèÿ, òî çà íîëü âðåìåíè ìû ïðèíèìàåì íà÷àëî ïåðâîãî âèäèìîãî ðîñòà
åãî ïîòîêà íà ÷àñòîòå 15.4 ÃÃö. Ýòî âðåìÿ íå âñåãäà ñîâïàäàåò ñî âðåìåíåì
íà÷àëà èçëó÷åíèÿ íà 15.4 ÃÃö â ôàéëàõ (YYYYMMDDevents.txt).

Ââåäåíèå íóëåâîãî âðåìåíè ïîçâîëÿåò ñðàâíèâàòü â îäíîé âðåìåííîé
øêàëå ðàçëè÷íûå ñîáûòèÿ. Âûáðàííûé íîëü âðåìåíè ìîæíî ðàññìàòðèâàòü
êàê ìîìåíò ïîÿâëåíèÿ ðåëÿòèâèñòñêèõ ýëåêòðîíîâ â àòìîñôåðå Ñîëíöà è êàê
óñëîâíóþ ãðàíèöó ìåæäó ïåðâîé è âòîðîé ôàçàìè. Îòìåòèì, ÷òî, ñîãëàñíî
[17], âðåìÿ èíæåêöèè ïðîòîíîâ ñ ýíåðãèÿìè â íåñêîëüêî ÃýÂ ñîîòâåòñòâóåò
âðåìåíè ïåðâîãî çíà÷èìîãî ìàêñèìóìà ìèêðîâîëíîâîãî èçëó÷åíèÿ.

Äàííûå èíòåãðàëüíûõ ïðîòîííûõ êàíàëîâ GOES äîñòóïíû íà ñàéòå
(https://cdaw.gsfc.nasa.gov/CME_list/NOAA/particle/). Äàííûå ïî ïîòîêàì
ðåëÿòèâèñòñêèõ ýëåêòðîíîâ â êàíàëàõ 0.27-0.7, 0.67-3.0 è 2.64-10.4 ÌýÂ äàåò
äåòåêòîð EPHIN íà SOHO (www2.physik.unikiel.de/SOHO/phpeph/EPHIN.htm).
Îòíîøåíèå ñêîðîñòè ýëåêòðîíîâ ê ñêîðîñòè ñâåòà V/c ñîîòâåòñòâåííî íàõîäèòñÿ
â ïðåäåëàõ 0.78-0.91, 0.91-0.99, 0.99. Åñëè äëèíà ñèëîâîé ëèíèè, ïî êîòîðîé
ðàñïðîñòðàíÿþòñÿ ÷àñòèöû, ìèíèìàëüíàÿ (ò.å. ~1.2 à.å.), òî âðåìÿ çàïàçäûâàíèÿ
ýëåêòðîíîâ â äèôôåðåíöèàëüíûõ êàíàëàõ îòíîñèòåëüíî ýëåêòðîìàãíèòíîãî
èçëó÷åíèÿ áóäåò ~4, 3 è 2 ìèí. Äëÿ ïðîòîíîâ ñ ýíåðãèÿìè 30, 100 è 500
ÌýÂ (V/c = 0.25, 0.43 è 0.76) âðåìÿ çàïàçäûâàíèÿ áóäåò ~30, 15 è 5 ìèí.

Äëÿ âûáîðà ÍÌ, ïîêàçàâøåãî ñàìîå áûñòðîå íà÷àëî íàçåìíîãî âîçðàñòàíèÿ
GLE (Ground Level Enhancement) èíòåíñèâíîñòè êîñìè÷åñêèõ ëó÷åé, ìû
èñïîëüçîâàëè ïîñëåäîâàòåëüíî äâå áàçû äàííûõ. Áàçà äàííûõ ïî GLE ñîáûòèÿì
Óíèâåðñèòåòà Îóëó (http://cosmicrays.oulu.fi/GLE.html) ïîçâîëÿåò âûáèðàòü ñåìü
ÍÌ, ïîêàçàâøèõ ëó÷øèå âðåìåííûå ïðîôèëè ïî 5-ìèí äàííûì. Äàëåå ìû
ñðàâíèâàëè 1-ìèí äàííûå ñåìè âûáðàííûõ ÍÌ, êîòîðûå âûëîæåíû íà ñàéòå
(http://www.nmdb.eu/nest/search.php), è îòáèðàëè èç íèõ ÍÌ, ïîêàçàâøèé
ñàìîå áûñòðîå íà÷àëî GLE. Â îáîèõ ñëó÷àÿõ èì îêàçàëñÿ ÍÌ SOPO (South
Pole) ñ íóëåâûì ïîðîãîì ãåîìàãíèòíîãî îáðåçàíèÿ, ò.å. ðåãèñòðèðóþùèé
ïðîòîíû ñ ýíåðãèÿìè >500 ÌýÂ.



440 À.Á.ÑÒÐÓÌÈÍÑÊÈÉ  È  ÄÐ.

Äàííûå ACS SPI äîñòóïíû äëÿ äâóõ èññëåäóåìûõ íàìè ñîáûòèé, òàê êàê
ÊÀ INTEGRAL áûë âûâåäåí íà îðáèòó òîëüêî â êîíöå 2002ã. Äåòåêòîð ACS
SPI ðåãèñòðèðóåò ôîòîíû ñ ýíåðãèåé >150 êýÂ (http://isdc.unige.ch/$/sim$savchenk/
spiacs-online/spiacs.pl). Â ìîìåíò ñîëíå÷íûõ âñïûøåê ñ æåñòêèì ðåíòãåíîâñêèì
(HXR) èçëó÷åíèåì ACS SPI â îñíîâíîì ðåãèñòðèðóåò ïåðâè÷íûå ñîëíå÷íûå
ôîòîíû. Äåòåêòîð ACS SPI ðåãèñòðèðóåò òàêæå è âòîðè÷íûå ôîòîíû, ðîæäåííûå
ïðîòîíàìè ñ ýíåðãèåé >100 ÌýÂ. Â íåêîòîðûõ ñîëíå÷íûõ ïðîòîííûõ ñîáûòèÿõ
ACS SPI îêàçûâàåòñÿ áîëåå ÷óâñòâèòåëüíûì äåòåêòîðîì ïðîòîíîâ, ÷åì ÍÌ [18].
Ýòîãî íå ïðîèçîøëî 2 íîÿáðÿ 2003ã. íà ôîíå ìîùíîé ñîëíå÷íîé ãàììà-
âñïûøêè [15]. Ìû èñïîëüçóåì ACS SPI, êàê íåêàëèáðîâàííûé äåòåêòîð âûñîêî-
ýíåðãè÷íûõ ïðîòîíîâ â ñîáûòèè 9 àâãóñòà 2011ã., êîòîðîå íå ñîïðîâîæäàëîñü
ïîòîêàìè ïðîòîíîâ âûñîêèõ ýíåðãèé, ðåãèñòðèðóåìûõ ÍÌ.

Äëÿ ðàññìîòðåííûõ ñîáûòèé, âðåìåíà ðåãèñòðàöèè ðàäèî è SXR èçëó÷åíèÿ
âçÿòû èç îòêðûòîãî äîñòóïà (Radio Solar Telescope Network (RSTN):
ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-features/solar-radio/ è GOES:
satdat.ngdc.noaa.gov/sem/goes/data/ ñîîòâåòñòâåííî). Äëÿ òîãî, ÷òîáû ïðåäñòàâèòü
ñåáå ðàçâèòèå âñïûøêè íà ðàçíûõ óðîâíÿõ àòìîñôåðû Ñîëíöà, ìû âûáðàëè
òðè õàðàêòåðíûõ ÷àñòîòû RSTN - 15.4 ÃÃö (õðîìîñôåðà è âûøå), 2695 ÌÃö
(âåðõíÿÿ õðîìîñôåðà è âûøå) è 245 ÌÃö (êîðîíà è âûøå). Ïëàçìåííûé è
ãèðîñèíõðîòðîííûé ìåõàíèçìû ðàäèîèçëó÷åíèÿ äàþò ðàçëè÷íûé âêëàä íà
ýòèõ ÷àñòîòàõ.

 Èíôîðìàöèÿ ïî ÊÂÌ âçÿòà èç êàòàëîãà SOHO LASCO CME CATALOG
(cdaw.gsfc.nasa.gov/CME_list/). Òàêæå ìû èñïîëüçîâàëè ñâîäíûå îò÷åòû î ñîë-
íå÷íîé àêòèâíîñòè, ñîñòàâëåííûå àìåðèêàíñêèì Öåíòðîì ïðåäñêàçàíèÿ êîñìè÷åñêîé
ïîãîäû (the Space Weather Prediction Center - SWPC, ftp.swpc.noaa.gov/pub/
indices/events/).

3. Íàáëþäåíèÿ è îöåíêè. Íåêîòîðûå õàðàêòåðèñòèêè ðàññìàòðèâàåìûõ
ñîáûòèé ïðåäñòàâëåíû â òàáë.1. Âðåìåíà â ìèíóòàõ ïðèâåäåíû îòíîñèòåëüíî
âûáðàííîãî â êàæäîì ñîáûòèè íóëåâîãî âðåìåíè (êðîìå èíòåðâàëà ìåæäó
ìàêñèìóìàìè òåìïåðàòóðû è ìåðû ýìèññèè). Â òàáëèöå ïðèâåäåíû ñëåäóþùèå
âåëè÷èíû: A - äàòà, íóëåâîå âðåìÿ, êîîðäèíàòû è áàëë âñïûøêè, B - íà÷àëî è
ìàêñèìóì âñïûøêè ìÿãêîãî ðåíòãåíîâñêîãî èçëó÷åíèÿ (SXR) ïî GOES; C -
âðåìÿ ìàêñèìóìà òåìïåðàòóðû, âðåìÿ çàïàçäûâàíèÿ ìàêñèìóìà ìåðû ýìèññèè
(îòíîñèòåëüíî ìàêñèìóìà òåìïåðàòóðû); D - âðåìÿ ïåðâîãî ïîÿâëåíèÿ ÊÂÌ
(LASCO_C2) è åãî ñêîðîñòü â êì/ñ; E - íàèìåíüøàÿ ÷àñòîòà, ðåãèñòðèðóåìîãî
RSTN èçëó÷åíèÿ, âðåìåíà åãî íà÷àëà è ìàêñèìóìà; F - âðåìÿ íà÷àëà è ìàêñèìóìà
èçëó÷åíèÿ íà 15.4 ÃÃö, åãî âåëè÷èíà (ÑÅÏ); G - âðåìÿ íà÷àëà ðàäèî âñïëåñêîâ
III, II è IV òèïîâ; H - âðåìÿ íà÷àëà ðîñòà >100 ÌýÂ GOES, ÍÌ (GLE),
ýëåêòðîíîâ SOHO EPHIN 2.64-6.12 êýÂ îò ïåðâîé è âòîðîé ôàç âñïûøêè.
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Îáñóäèì ñîáûòèå 26 äåêàáðÿ 2001ã., ïðåäñòàâëåííîå íà ðèñ.1. Âñïûøêà
íà÷èíàåòñÿ c íàãðåâà â õðîìîñôåðå â 04:32 UT (-32 ìèí), âîçìîæíî, â
ðåçóëüòàòå óñêîðåíèÿ ýëåêòðîíîâ ñ ýíåðãèåé äåñÿòêè êýÂ. Èäåò äëèòåëüíàÿ
ïðåäâñïûøå÷íàÿ ôàçà â õðîìîñôåðå, êîòîðàÿ ìåäëåííî è ïîñòåïåííî ðàçâèâàåòñÿ
êàê ââåðõ â êîðîíó, òàê è âíèç ê ñèëüíîìó ìàãíèòíîìó ïîëþ. Î äâèæåíèè
ââåðõ ãîâîðèò ïîÿâëåíèå ðàäèîèçëó÷åíèÿ íà âñå áîëåå íèçêèõ ÷àñòîòàõ (4995
ÌÃö â 04:35 UT (-31 ìèí), 2695 ÌÃö â 04:38 UT (-26 ìèí) è 245 ÌÃö â 04:49
UT (-15 ìèí) (ñì. 20011226 events.txt)). Ïðåâûøåíèå ïîòîêîâ ðàäèîèçëó÷åíèÿ
íàä ôîíîì íà 8.8 ÃÃö â 04:39 UT (-25 ìèí) è 15.4 ÃÃö â 04:53 UT (-11 ìèí)
ñâèäåòåëüñòâóåò î ïîñòåïåííîì óæåñòî÷åíèè ñïåêòðà óñêîðåííûõ ýëåêòðîíîâ
è ñìåùåíèè îáëàñòè èõ âçàèìîäåéñòâèÿ ê ñèëüíîìó ìàãíèòíîìó ïîëþ.

Óñêîðåííûå ýëåêòðîíû íå äîñòèãàëè íèæíåé ãðàíèöû õðîìîñôåðû âïëîòü
äî 05:04 UT, òàê êàê ïî SXR äàííûì GOES ìåðà ýìèññèè ïðàêòè÷åñêè íå
ìåíÿëàñü. Ýòîò ìîìåíò âûáðàí íàìè êàê íîëü âðåìåíè, êîòîðûé ñîâïàäàåò ñ
íà÷àëîì "èìïóëüñíîé" ôàçû âñïûøêè [12-14]. Îíà äëèòñÿ äî íà÷àëà ïîñò-
ýðóïòèâíîé ôàçû (îáðàçîâàíèå ÊÂÌ â 05:09 UT (+5 ìèí), "jet-like eruption",
ñîãëàñíî [13-14]).

Íàáëþäåíèÿ ñîëíå÷íûõ ïðîòîíîâ è ýëåêòðîíîâ âáëèçè Çåìëè ïîêàçàíû
íà ðèñ.1b, c. Äëÿ îöåíîê ìû ïðåäïîëàãàåì, ÷òî ÷àñòèöû â ýòîì ñîáûòèè
ðàñïðîñòðàíÿëèñü äî Çåìëè ïî ìèíèìàëüíîìó ïóòè (1.2 à.å.). Âîçðàñòàíèÿ
òåìïà ñ÷åòà ÍÌ SOPO (ïðîòîíû >500 ÌýÂ) è ïîòîêà ïðîòîíîâ GOES >100
ÌýÂ íàä ôîíîì íà÷àëèñü â +42 ìèí è +41 ìèí, ò.å. îíè âûøëè â ÌÏ íå
ðàíåå, ÷åì íà +37 ìèí è +26 ìèí. Ïîòîê ýëåêòðîíîâ â êàíàëå 2.64-10.4 ÌýÂ
ïîêàçàë âîçðàñòàíèå íàä ôîíîâûìè çíà÷åíèÿìè íà +35 ìèí, îíè âûøëè â
ÌÏ íà +33 ìèí, ò.å. ïî÷òè îäíîâðåìåííî ñ ïðîòîíàìè >500 ÌýÂ. Âðåìåííûå
ïðîôèëè, ïðèâåäåííûå íà ðèñ.1b, ïîäîáíû ïðèìåðíî ñ +40 ïî +80 ìèí.

À B C D E F G H

26.12.2001 -32/+36 +14/26 +26 410 -11/+3 íåò/-2/+16 +41/+42/íåò(+35)
05:04 M7.1 1446 -9/+53 1800
N08W54

02.11.2003 -6/+16 +10/7 +21 245 -4/+7 íåò/+5/+5 +23/+25/+10(+33)
17:09 X8.3 2598 +4/+6 30000
S14W56

09.08.2011 -5/+5 +2/2 +11 245 0/+2 +16/0/+19 +15/íåò/+3(+15)
0801 X6.9 1610 -1/+1 1600
N17W69

Òàáëèöà 1

ÍÅÊÎÒÎÐÛÅ ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÐÀÑÑÌÀÒÐÈÂÀÅÌÛÕ ÑÎÁÛÒÈÉ
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Óñêîðåíèå è âûõîä ïðîòîíîâ >500 ÌýÂ â ÌÏ äëèëèñü îêîëî 40 ìèí (ðèñ.1b),
ïðè ýòîì ïðîòîíû >100 ÌýÂ è ýëåêòðîíû óñêîðÿëèñü çíà÷èòåëüíî äîëüøå
(ðèñ.1c). Âðåìÿ ïîÿâëåíèÿ ýíåðãè÷íûõ ïðîòîíîâ îêîëî Çåìëè ïîçâîëÿåò
ñ÷èòàòü, ÷òî âòîðàÿ - ïðîòîííàÿ ôàçà âñïûøêè íà÷àëàñü äî +10 ìèí.

Íàñòîÿùåé ýíöèêëîïåäèåé ïî ýòîìó ñîáûòèþ ÿâëÿåòñÿ öèêë ñòàòåé [12-14],

Ðèñ.1. Ñîáûòèå 26 äåêàáðÿ 2001ã. a - SXR GOES 1-8 A (ïóíêòèð); ïîòîê ðàäèîèçëó÷åíèÿ
ïî äàííûì RSTN íà ÷àñòîòàõ 15.4 ÃÃö (÷åðíàÿ êðèâàÿ), 2695 ÌÃö (ñâåòëî-ñåðàÿ êðèâàÿ) è
245 ÌÃö (ñåðàÿ êðèâàÿ); ïîëîæåíèå ÊÂÌ ïî äàííûì LASCO/SOHO (îòêðûòûå êâàäðàòû).
b - âàðèàöèÿ òåìïà ñ÷åòà ÍÌ SOPO (÷åðíûå êâàäðàòû) è ïîòîê ýëåêòðîíîâ â êàíàëå 2.64-
10.4 ÌýÂ EPHIN/SOHO (îòêðûòûå êðóæêè); c - ïîòîê ïðîòîíîâ GOES >100 ÌýÂ (÷åðíûå
êâàäðàòû) è ïîòîê ýëåêòðîíîâ â êàíàëå 2.64-10.4 ÌýÂ EPHIN/SOHO (îòêðûòûå êðóæêè).

Ñ
ÅÏ

Ìèí

0

100

-40 40 80 120

4

8

12

Ð
À

Ä
È
Ó
Ñ

Ñ
Î

Ë
Í
Ö

À

1000

1E-5

Â
ò/

ì
2

1E-4
(ñ

ì
2  ñ

 ñ
ð 
Ì

ýÂ
)-1

Ìèí

0
1E-3 4

Â
àð

èà
öè

ÿ 
H
M

, 
%

20 40 60 80 100 120

Ìèí

0 20 40 60 80 100 120

0.01

0.1

1

10

8

12

(ñ
ì

2  ñ
 ñ
ð 
Ì

ýÂ
)-1

1E-3

0.01

0.1

1

10

0.01
(ñ

ì
2  ñ

 ñ
ð)

-1

1

10

0.1

a

b c



443ÄÂÅ  ÔÀÇÛ  ÑÎËÍÅ×ÍÛÕ  ÂÑÏÛØÅÊ

è íàø àíàëèç íå ïðîòèâîðå÷èò èõ îñíîâíûì âûâîäàì. Îòìåòèì, ÷òî ñîâïàäåíèå
íàøåé îöåíêè âðåìåíè âûõîäà ïðîòîíîâ >100 ÌýÂ 05:30 UT (+26 ìèí) ñ
îöåíêîé â ðàáîòå [19] 05:29:00 UTC±3.7 ìèí (+25±3.7) ïî ìåòîäó àíàëèçà
äèñïåðñèè ñêîðîñòåé ÿâëÿåòñÿ ñëó÷àéíîñòüþ. Ýòîò ìåòîä îñíîâàí íà
ïðåäïîëîæåíèè, ÷òî ÷àñòèöû âûõîäÿò íà áëàãîïðèÿòíóþ ñèëîâóþ ëèíèþ
ìåæïëàíåòíîãî ìàãíèòíîãî ïîëÿ îäíîâðåìåííî, êîòîðîå íå âûïîëíÿåòñÿ â
ýòîì ñîáûòèè.

Ýòî èëëþñòðèðóåò ðèñ.2, ãäå ïîêàçàíû ïîòîêè ýëåêòðîíîâ â äèôôåðåí-
öèàëüíûõ êàíàëàõ SOHO/EPHIN çà âû÷åòîì ôîíà. Îòëè÷íî âèäíî, ÷òî
ïîòîêè ýëåêòðîíîâ ìåíüøèõ ýíåðãèé ïðåâûñèëè ôîíîâûé óðîâåíü äåòåêòîðà
SOHO/EPHIN çàâåäîìî ðàíüøå, ÷åì áîëüøèõ (íà +15, +25 è +35 ìèí), ò.å.
îíè áûëè èíæåêòèðîâàíû â ÌÏ ðàíüøå (íà +11, +22 è +33 ìèí). Ýòî
âîçìîæíî â òîì ñëó÷àå, åñëè ïðîöåññ óñêîðåíèÿ áûë äëèòåëüíûì, ÷òî
ïðèâîäèëî ê ïîñòåïåííîìó ðîñòó ïîòîêà ýëåêòðîíîâ ðàçíûõ ýíåðãèé.

Â ñîáûòèÿõ 2 íîÿáðÿ 2003ã. (ðèñ.3b, c) è 9 àâãóñòà 2011ã. (ðèñ.4b, c) â
ÌÏ, ïî âñåé âèäèìîñòè, íàáëþäàëèñü ýëåêòðîíû îò ïåðâîé ôàçû. Êà÷åñòâî
äàííûõ SOHO/EPHIN íå ïîçâîëÿåò ïðîâåñòè àíàëèç âðåìåíè ïåðâîãî ïðèõîäà
ýëåêòðîíîâ ðàçíûõ ýíåðãèé. Îäíàêî â ýòèõ ñîáûòèÿõ äîñòóïíû îòëè÷íûå
äàííûå RHESSI è ACS SPI ïî ñîëíå÷íîìó HXR èçëó÷åíèþ [15-16], êîòîðûå
ïîêàçûâàþò âçàèìîäåéñòâèå âûñîêîýíåðãè÷íûõ ýëåêòðîíîâ â àòìîñôåðå Ñîëíöà
è äàþò âîçìîæíîñòü îöåíèòü äëèíó èõ ïóòè äî äåòåêòîðà EPHIN.

Îáñóäèì âñïûøêó 2 íîÿáðÿ 2003ã. ïî äàííûì íàáëþäåíèé SXR è

Ðèñ.2. Ïîòîê ýëåêòðîíîâ â êàíàëàõ 0.27-0.7, 0.67-3.0 è 2.64-10.4 ÌýÂ EPHIN/SOHO
(âû÷òåí ôîí 65.5, 0.34 è 0.0012 (ñì2
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ðàäèîèçëó÷åíèÿ (ðèñ.3a). Íåòåïëîâîå HXR [15] è ðàäèîèçëó÷åíèå íàáëþäàëèñü
äî íóëåâîãî âðåìåíè, õðîìîñôåðíîå èñïàðåíèå íà÷àëîñü âáëèçè íóëåâîãî
âðåìåíè (ðîñò SXR), à âñïûøêà äîñòèãëà êîðîíû òîëüêî ê +5 ìèí (íà÷àëî íà
245 ÌÃö). Ýòè èçëó÷åíèÿ îáÿçàíû ýëåêòðîíàì, óñêîðåííûì äî Åå < 100 - 300
êýÂ. Îòìåòèì, ÷òî èìåííî íà +5 ìèí íà÷àëèñü ðàäèîèçëó÷åíèÿ II è IV òèïîâ,
à âðåìÿ çàðîæäåíèÿ ÊÂÌ íà 1 ðàäèóñå Ñîëíöà ïî àïïðîêñèìàöèè LASCO

Ðèñ.3. Ñîáûòèå 2 íîÿáðÿ 2003ã. a - SXR GOES 1-8 A (ïóíêòèð); ïîòîê ðàäèîèçëó÷åíèÿ
ïî äàííûì RSTN íà ÷àñòîòàõ 15.4 ÃÃö (÷åðíàÿ êðèâàÿ), 2695 ÌÃö (ñâåòëî-ñåðàÿ êðèâàÿ) è
245 ÌÃö (ñåðàÿ êðèâàÿ); ïîëîæåíèå ÊÂÌ ïî äàííûì LASCO/SOHO. b - âàðèàöèÿ òåìïà
ñ÷åòà ÍÌ SOPO (÷åðíûå êâàäðàòû) è ïîòîê ýëåêòðîíîâ â êàíàëå 2.64-10.4 ÌýÂ EPHIN/
SOHO (îòêðûòûå êðóæêè); c - ïîòîêè ïðîòîíîâ GOES >100 ÌýÂ (÷åðíûå êâàäðàòû) è
ýëåêòðîíîâ â êàíàëå 2.64-10.4 ÌýÂ EPHIN/SOHO (îòêðûòûå êðóæêè).
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ñîîòâåòñòâóåò ïðèìåðíî +10 ìèí (áåç ó÷åòà âîçìîæíîãî óñêîðåíèÿ ÊÂÌ).
Ñîãëàñíî èíòåðïðåòàöèè [15], ãåíåðàöèÿ 0 -ìåçîíîâ íà÷àëàñü ïîñëå +5 ìèí.

Ðåëÿòèâèñòñêèõ ýëåêòðîíîâ â êîëè÷åñòâå (àíàëîãèÿ ñ ïåðâîé ôàçîé âñïûøêè
M7.1 26 äåêàáðÿ 2001ã.), äîñòàòî÷íîì äëÿ èõ ïîñëåäóþùåé ðåãèñòðàöèè EPHIN,
íå áûëî íà Ñîëíöå äî +5 ìèí. Ýëåêòðîíû ïåðâîé ôàçû ïðèøëè íå ïîçäíåå

Ðèñ.4. Ñîáûòèå 9 àâãóñòà 2011ã. a - SXR GOES 1-8 A (ïóíêòèð); ïîòîê ðàäèîèçëó÷åíèÿ
ïî äàííûì RSTN íà ÷àñòîòàõ 15.4 ÃÃö (÷åðíàÿ êðèâàÿ), 2695 ÌÃö (ñâåòëî-ñåðàÿ êðèâàÿ) è
245 ÌÃö (ñåðàÿ êðèâàÿ); ïîëîæåíèå ÊÂÌ ïî äàííûì LASCO SOHO (îòêðûòûå øåñòè-
óãîëüíèêè). b - òåìï ñ÷åòà ACS SPI (ñãëàæåííûå ñðåäíèå çà 1 ñ (20 òî÷åê) - ÷åðíàÿ êðèâàÿ
è çà 1 ìèí (1200 òî÷åê) - ñâåòëî-ñåðàÿ êðèâàÿ) è ïîòîê ýëåêòðîíîâ â êàíàëå 2.64-10.4 ÌýÂ
EPHIN/SOHO (îòêðûòûå êðóæêè); c - ïîòîêè ïðîòîíîâ GOES >100 ÌýÂ (÷åðíûå êâàäðàòû)
è ýëåêòðîíîâ â êàíàëå 2.64-10.4 ÌýÂ EPHIN/SOHO (îòêðûòûå êðóæêè).

Ñ
ÅÏ

0

102

-10 10 20

6

Ð
À

Ä
È
Ó
Ñ

Ñ
Î

Ë
Í
Ö

À

103

10-6

Â
ò/

ì
2

10-5

(ñ
ì

2  ñ
 ñ
ð 
Ì

ýÂ
)-1

Ìèí

0

A
C
S
 S

P
I, 

î
òñ

÷å
òû

-10 10 20 30

0.1

0.01

1Å-3

10

(ñ
ì

2  ñ
 ñ
ð 
Ì

ýÂ
)-1

1Å-3

0.1

0.01

(ñ
ì

2  ñ
 ñ
ð)

-1

1

0.1

a

b c

Ìèí
30

4

2

104

10-4

Ìèí

100

1000

0 20 40 60

1Å-4



446 À.Á.ÑÒÐÓÌÈÍÑÊÈÉ  È  ÄÐ.

+10 ìèí (ðèñ.3b, c), ò.å âðåìÿ ðàñïðîñòðàíåíèÿ îò Ñîëíöà 8 + 5 = 13 ìèí, à äëèíà
ïðîéäåííîãî ïóòè áûëà 1.6 à.å.

Âðåìÿ ðàñïðîñòðàíåíèÿ äî Çåìëè ïðîòîíîâ 30, 100 è 500 ÌýÂ áóäåò
ñîîòâåòñòâåííî 52, 30 è 17 ìèí. Òàêèì îáðàçîì, îæèäàåìîå âðåìÿ íà÷àëà
GLE +22 ìèí, à íàáëþäàëîñü îíî íà +25 ìèí (ðèñ.3b), Âðåìåííûå ïðîôèëè
ïîòîêîâ ýëåêòðîíîâ è ïðîòîíîâ áûëè ïîäîáíûìè ïðèìåðíî ñ +35 ìèí äî +55
ìèí (ðèñ.3b). Åñëè ïðîòîíû 30 è 100 ÌýÂ áûëè óñêîðåíû ê ìîìåíòó íà÷àëà
ðàäèîèçëó÷åíèÿ íà 15.4 ÃÃö, òî èõ îæèäàìîå âðåìÿ ïðèõîäà íå ðàíåå +48
è +26 ìèí. Áîëåå ðàííåå âîçðàñòàíèå â èíòåãðàëüíîì êàíàëå >100 ÌýÂ
(ðèñ.3c), ñêîðåå âñåãî, âûçâàíî ïðîòîíàìè áîëüøèõ ýíåðãèé.

Îáñóäèì âñïûøêó 9 àâãóñòà 2011ã. ïî SXR è ðàäèîíàáëþäåíèÿì (ðèñ.4a).
Âñïûøêà íà÷àëàñü ñ SXR èçëó÷åíèÿ íà -5 ìèí è, âîçìîæíî, áûëà ñâÿçàíà ñ
óñêîðåíèåì ýëåêòðîíîâ ñ ýíåðãèåé <100 êýÂ â âåðõíåé õðîìîñôåðå. Ê íóëåâîìó
ìîìåíòó âðåìåíè âåëè÷èíû ýíåðãèè è êîëè÷åñòâà óñêîðåííûõ ýëåêòðîíîâ
ñòàëè äîñòàòî÷íûìè äëÿ ãåíåðàöèè ðàäèîèçëó÷åíèÿ íà 15.4 ÃÃö è HXR >150
êýÂ (ACS SPI), íà÷àëà õðîìîñôåðíîãî èñïàðåíèÿ (ðîñò SXR). Âñïûøêà îõâà-
òûâàëà âûñîòû îò õðîìîñôåðû (HXR) äî êîðîíû (íà÷àëî 245 ÌÃö íà -1 ìèí).
Ñóäÿ ïî ðàäèîèçëó÷åíèþ II òèïà (íà÷àëî íà 0 ìèí) è àïïðîêñèìàöèè äàííûõ
LASCO, ÊÂÌ ïðîèçîøåë â ïðîìåæóòêå ìåæäó 0 è +3 ìèí.

Íàáëþäåíèÿ ýëåêòðîíîâ è ïðîòîíîâ âáëèçè Çåìëè ïîêàçàíû íà ðèñ.4b, c.
Ýëåêòðîíû ïåðâîé ôàçû ïðèøëè íå ïîçäíåå +3 ìèí (ðèñ.4b, c), ò.å. âðåìÿ
èõ ðàñïðîñòðàíåíèÿ îò Ñîëíöà áûëî 11 ìèí, à äëèíà ïðîéäåííîãî ïóòè äî
Çåìëè ñîñòàâëÿåò 1.4 à.å. Âðåìÿ çàïàçäûâàíèÿ ïðîòîíîâ 30, 100 è 500 ÌýÂ
(V/c = 0.25, 0.43 è 0.76) îòíîñèòåëüíî ÝÌÈ ïðè ïðîéäåííîì ïóòè 1.4 à.å.
áóäåò ñîîòâåòñòâåííî 36, 18 è 6 ìèí. Íàáëþäàåìîå íà÷àëî ïðîòîííîãî
âîçðàñòàíèÿ ACS SPI +10 ìèí, ò.å. âðåìÿ âûõîäà ïåðâûõ ïðîòîíîâ, çàðåãèñò-
ðèðîâàííûõ íà Çåìëå, +4 ìèí íà ðèñ.4a. Âðåìåííûå ïðîôèëè ïîòîêà ýëåêòðîíîâ
è òåìïà ñ÷åòà ACS SPI ïîäîáíû ñ +13 ìèí äî +30 ìèí (ðèñ.4b). Îæèäàìîå
âðåìÿ ïðèõîäà ïðîòîíîâ 30 è 100 ÌýÂ ïðè óñëîâèè èõ ïîÿâëåíèÿ íà Ñîëíöå
âìåñòå ñ 15.4 ÃÃö - íå ðàíåå 36 è 18 ìèí. Áîëåå ðàííåå âîçðàñòàíèå â
èíòåãðàëüíîì êàíàëå >100 ÌýÂ (ðèñ.4c), ñêîðåå âñåãî, âûçâàíî ïðîòîíàìè
áîëüøèõ ýíåðãèé. Ïåðâàÿ ôàçà âñïûøêè ïðîäîëæàëàñü äî íóëåâîãî âðåìåíè.

4. Îáñóæäåíèå è âûâîäû. Âî âñïûøêàõ 26 äåêàáðÿ 2001ã. (M7.1),
2 íîÿáðÿ 2003ã. (Õ8.3) è 9 àâãóñòà 2011ã. (X6.9) âûäåëåíû ïåðâàÿ è âòîðàÿ
ôàçû âñïûøêè, ïðè÷åì â ìåæïëàíåòíîé ñðåäå íàáëþäàëèñü ýëåêòðîíû è
ïðîòîíû îò âòîðîé ôàçû âñåõ âñïûøåê, à ýëåêòðîíû îò ïåðâîé ôàçû - òîëüêî
â äâóõ ïîñëåäíèõ.

Ê íà÷àëó èìïóëüñíîé ôàçû ðåëÿòèâèñòñêèå ýëåêòðîíû è ïðîòîíû ñ
ýíåðãèÿìè ~30 ÌýÂ, äîñòóïíûìè äëÿ íàáëþäåíèÿ, óæå áûëè óñêîðåíû â
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àòìîñôåðå Ñîëíöà. Ðåëÿòèâèñòñêèå ýëåêòðîíû è ïðîòîíû èíæåêòèðîâàëèñü
â ÌÏ íà ïîñòýðóïòèâíîé ôàçå ýòèõ ñîáûòèé áîëåå 25 ìèí, ïðè÷åì äëèòåëüíîñòü
èíæåêöèè óâåëè÷èâàëàñü ñ óìåíüøåíèåì ýíåðãèè.

Âðåìåííûå ïðîôèëè ýëåêòðîíîâ è ïðîòîíîâ îò âòîðîé ôàçû ïîäîáíû, ÷òî
ñâèäåòåëüñòâóåò îá îäèíàêîâîì ìåõàíèçìå èõ óñêîðåíèÿ è ðàñïðîñòðàíåíèÿ.
Çàäåðæêà âðåìåíè ìåæäó ïðèõîäîì ýëåêòðîíîâ ïåðâîé ôàçû è ïðèõîäîì
ïðîòîíîâ âòîðîé ÿâëÿåòñÿ õàðàêòåðíûì âðåìåíåì óñêîðåíèÿ ðåëÿòèâèñòñêèõ
ïðîòîíîâ.

Äëèòåëüíàÿ èíæåêöèÿ ìîæåò áûòü ðåçóëüòàòîì ëèáî äëèòåëüíîãî óñêîðåíèÿ,
ëèáî çàõâàòà. Òàê êàê âðåìåííûå ïðîôèëè ïîòîêîâ ïðîòîíîâ ïîäîáíû âðåìåí-
íûì ïðîôèëÿì ýëåêòðîíîâ, à èõ äëèòåëüíûé çàõâàò íåâîçìîæåí [20], òî
èìåëî ìåñòî èõ äëèòåëüíîå óñêîðåíèå [21,22].

Äëèòåëüíîå óñêîðåíèå ïðîòîíîâ âîçìîæíî èëè íà ïîñòýðóïòèâíîé ôàçå
âñïûøêè, èëè íà óäàðíîé âîëíå ÊÂÌ [23]. Ïîñêîëüêó ðåëÿòèâèñòñêèå
ýëåêòðîíû âðÿä ëè ìîãëè áûòü óñêîðåíû íà óäàðíîé âîëíå [10], òî áûëî
ðåàëèçîâàíî äëèòåëüíîå óñêîðåíèå íà ïîñòýðóïòèâíîé ôàçå. Â ðàáîòå [21]
ïðåäëîæåíî, ÷òî èìåííî ñòîõàñòè÷åñêîå óñêîðåíèå åñòåñòâåííûì îáðàçîì
îïèñûâàåò ÿâëåíèÿ íà ïîñòýðóïòèâíîé ôàçå. Îòìåòèì, ÷òî àâòîð [24],
óâåðåííûé â óñêîðåíèè ïðîòîíîâ óäàðíûìè âîëíàìè, ïîëüçóÿñü òîé æå
ëîãèêîé, äåëàåò âûâîä î âîçìîæíîñòè óñêîðåíèÿ ýëåêòðîíîâ äî ðåëÿòèâèñòñêèõ
ýíåðãèé íà óäàðíîé âîëíå â ïîñòåïåííûõ ñîáûòèÿõ.

Òàêèì îáðàçîì, ðàññìîòðåííûå íàáëþäåíèÿ âñïûøåê 26 äåêàáðÿ 2001ã.,
2 íîÿáðÿ 2003ã. è 9 àâãóñòà 2011ã. íà ðàçíûõ äëèíàõ âîëí è ïîëó÷åííûå
ñîîòíîøåíèÿ ìåæäó âðåìåíàìè èíæåêöèè ïðîòîíîâ è ýëåêòðîíîâ â ÌÏ
ñîãëàñóþòñÿ ñî ñöåíàðèåì ñòîõàñòè÷åñêîãî ìåõàíèçìà óñêîðåíèÿ, ïðåäëîæåííîãî
â [7].

Àâòîðû áëàãîäàðÿò ó÷àñòíèêîâ íàçåìíûõ è êîñìè÷åñêèõ ýêñïåðèìåíòîâ,
äàííûå êîòîðûõ íàõîäÿòñÿ â îòêðûòîì äîñòóïå è áûëè èñïîëüçîâàíû â
ðàáîòå (GOES, RSTN, ACS SPI, RHESSI, SOHO/EPHIN, NMDB) è ïðèç-
íàòåëüíû àíîíèìíîìó ðåöåíçåíòó çà êîíñòðóêòèâíóþ êðèòèêó.
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TWO PHASES OF SOLAR FLARES AND
STOCHASTIC ACCELERATION MECHANISM

OF ELECTRONS AND PROTONS

A.B.STRUMINSKY1, I.Yu.GRIGORIEVA2, Yu.I.LOGACHEV3,
A.M.SADOVSKI1

The hypothesis of the realization of two phases of charged particle acceleration
in solar flares is well known, when subrelativistic electrons are accelerated in the
first phase and relativistic electrons and protons in the second phase. In the solar
proton events and their parent flares on December 26, 2001 (M7.1), November 2,
2003 (X8.3) and August 9, 2011 (X6.9), the first and second phases of the flare
were separated, moreover, in the interplanetary medium only electrons were observed
from the first phase, and electrons and protons from the second one. The time
profiles of electrons and protons from the second phase are similar. Hence the
conclusion is drawn about the predominant acceleration of relativistic electrons and
protons observed in the interplanetary medium, in flares, and not on the shock
front of the coronal mass ejection. Most likely, a stochastic acceleration mechanism
is realized in flares, in which protons and electrons acquire energy in many
elementary events throughout the duration of the flare, and its duration is much
longer than the duration of an elementary act. To coordinate the stochastic process
of acceleration and the existence of two phases in solar flares, it is necessary to
take into account the gyrosynchrotron radiation losses of electrons in the second
phase, which can be neglected in the first phase. The energy of accelerated protons
in the first phase is small for their detection by processes taking place on the Sun,
but in the second phase it can reach values sufficient for the appearance of gamma
lines - nuclear and from the decay of pions.

Keywords: solar flares: X-ray and radio emission: coronal mass ejection: accel-
       eration of solar protons and electrons: solar electronic and proton events
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Íà îñíîâå óëüòðàôèîëåòîâûõ èçîáðàæåíèé è ìàãíèòîãðàìì, ïîëó÷åííûõ íà ñïóòíèêå
Solar Dynamics Observatory, èññëåäîâàíà ñâÿçü ìåæäó ìàãíèòíûìè ïîòîêàìè è ïëîùàäÿìè
êîðîíàëüíûõ äûð (ÊÄ) ñðåäíèõ è íèçêèõ øèðîò o60||  ñ îáùèì ìàãíèòíûì ïîëåì (ÎÌÏ)
Ñîëíöà çà ïåðèîä ñ 19.01.2012 ïî 07.12.2012ãã. Ïîêàçàíî, ÷òî ãðàíèöû ÊÄ, îïðåäåëåííûå
ñ ïîìîùüþ àëãîðèòìîâ CHIMERA (https://solarmonitor.org) è SPoCA (https://helioviewer.org),
ñóùåñòâåííî ðàçëè÷àþòñÿ. Êîýôôèöèåíò êîððåëÿöèè ìåæäó âçâåøåííîé ñóììàðíîé ïëîùàäüþ
ÊÄ, ó÷èòûâàþùåé çíàê èõ ìàãíèòíîãî ïîëÿ, è ÎÌÏ ëåæèò â ïðåäåëàõ îò 0.82 äî 0.88. ÊÄ
ìîãóò âíîñèòü ñóùåñòâåííûé âêëàä â ÎÌÏ, ïîñêîëüêó èõ ïîëÿ èìåþò îòêðûòóþ êîíôè-
ãóðàöèþ è íå ñáàëàíñèðîâàíû íà ñîëíå÷íîì äèñêå. Â ñâåòå òåîðèè ñîëíå÷íîãî äèíàìî è
ïîëó÷åííûõ ðåçóëüòàòîâ îáñóæäàþòñÿ ãîäîâûå âðåìåííûå çàäåðæêè ìåæäó ìàêñèìóìàìè
÷èñåë Âîëüôà è çíà÷åíèé ÎÌÏ.

Êëþ÷åâûå ñëîâà: Ñîëíöå: êîðîíàëüíûå äûðû: îáùåå ìàãíèòíîå ïîëå

1. Ââåäåíèå. Â íàñòîÿùåå âðåìÿ íå âûçûâàåò ñîìíåíèé, ÷òî áûñòðûé
(500-800 êì/c) ñîëíå÷íûé âåòåð, îêàçûâàþùèé ñóùåñòâåííîå âëèÿíèå íà
îêðóæàþùåå êîñìè÷åñêîå ïðîñòðàíñòâî è ìàãíèòîñôåðó Çåìëè, ôîðìèðóåòñÿ
â êîðîíàëüíûõ äûðàõ (ÊÄ), ò.å. â êðóïíîìàñøòàáíûõ óíèïîëÿðíûõ ìàãíèòíûõ
îáëàñòÿõ ñ ïîíèæåííîé êîðîíàëüíîé ïëîòíîñòüþ è òåìïåðàòóðîé [1-4]. Ìàã-
íèòíûå ïîëÿ ÊÄ èìåþò îáû÷íî îòêðûòóþ êîíôèãóðàöèþ è çàíèìàþò èíîãäà
çíà÷èòåëüíûå ïëîùàäè íà ñðåäíèõ è íèçêèõ øèðîòàõ. Íàðÿäó ñ ïîëÿìè
äðóãèõ îáðàçîâàíèé, îíè âíîñÿò âêëàä â îáùåå ìàãíèòíîå ïîëå (ÎÌÏ),
êîòîðîå ÿâëÿåòñÿ, ïî ñóòè, ìåðîé ðàçáàëàíñà ìàãíèòíûõ ïîòîêîâ íà äèñêå
Ñîëíöà [3].

Ñîãëàñíî íåêîòîðûì ìîäåëÿì ñîëíå÷íîãî äèíàìî, òðàíñôîðìàöèÿ òîðîè-
äàëüíîé êîìïîíåíòû ìàãíèòíîãî ïîëÿ Ñîëíöà â ïîëîèäàëüíóþ ìîæåò ïðîèñ-
õîäèòü íå òîëüêî âáëèçè òàõîêëèíà èëè â êîíâåêòèâíîé çîíå, íî è íà
ïîâåðõíîñòè Ñîëíöà [3]. Êàê ñëåäóåò èç ìîäåëè Áýáêîêà-Ëåéòîíà [5,6], ìàã-
íèòíûå ïîëÿ àêòèâíûõ îáëàñòåé äîëæíû îïðåäåëÿòü îñíîâíûå õàðàêòåðèñòèêè
ñîëíå÷íîãî öèêëà è, òàêèì îáðàçîì, âëèÿòü íà ìíîãèå ïðîöåññû íà Ñîëíöå,
â òîì ÷èñëå è íà ÎÌÏ. Ýòî ïðåäïîëàãàåò íàëè÷èå òåñíîé ñâÿçè ìåæäó ÎÌÏ
è àêòèâíûìè îáëàñòÿìè. Îòêóäà ñëåäóåò íåîáõîäèìîñòü äåòàëüíîãî èçó÷åíèÿ
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âêëàäà ðàçëè÷íûõ ìàãíèòíûõ îáðàçîâàíèé â ÎÌÏ. Îòìåòèì, ÷òî çäåñü è â
äàëüíåéøåì, åñëè ýòî ñïåöèàëüíî íå îãîâàðèâàåòñÿ, ïîä ÎÌÏ ìû áóäåì
ïîíèìàòü êàê óñðåäíåííîå ïî äèñêó  ôîòîñôåðíîå ïîëå B

mean
, òàê è ìàãíèòíîå

ïîëå Ñîëíöà êàê çâåçäû B
star

, ñ÷èòàÿ äàííûå âåëè÷èíû ýêâèâàëåíòíûìè.
Åñëè â ìèíèìóìå ñîëíå÷íîé àêòèâíîñòè ÊÄ êîíöåíòðèðóþòñÿ â îáëàñòè

ïîëþñîâ, òî áëèæå ê ìàêñèìóìó îíè ìîãóò ïîÿâëÿòüñÿ íà ñðåäíèõ è íèçêèõ
øèðîòàõ [7,8], çà÷àñòóþ çàíèìàÿ çíà÷èòåëüíóþ ÷àñòü ñîëíå÷íîãî äèñêà íà
ïðîòÿæåíèè ìíîãèõ îáîðîòîâ Ñîëíöà [9]. Êîðîíàëüíûå äûðû ñîçäàþò îòêðûòûé
ìàãíèòíûé ïîòîê, êîòîðûé, â ñâîþ î÷åðåäü, ôîðìèðóåò ìåæïëàíåòíîå
ìàãíèòíîå ïîëå [10]. Õîòÿ ê íàñòîÿùåìó âðåìåíè ñóùåñòâîâàíèå ñâÿçè ìåæäó
ÎÌÏ, ýâîëþöèåé è õàðàêòåðèñòèêàìè ÊÄ ñîìíåíèé íå âûçûâàåò [3,11,12],
òåì íå ìåíåå âñå åùå îñòàåòñÿ ìíîãî íåâûÿñíåííûõ âîïðîñîâ. Òàê, íà îñíîâå
äàííûõ Wilcox Solar Observatory (WSO, http://wso.stanford.edu/) çà ïåðèîä ñ
1975 ïî 1990ãã. áûëè ïîëó÷åíû óêàçàíèÿ â ïîëüçó ñóùåñòâîâàíèÿ äîñòàòî÷íî
ñëàáîé êîððåëÿöèè ìåæäó ÎÌÏ è ÷èñëàìè Âîëüôà (ìàêñèìóì ÎÌÏ îòñòàåò
ïî÷òè íà 2 ãîäà îò ìàêñèìóìà ÷èñåë Âîëüôà) [13], õîòÿ â 22-ì öèêëå ýòè
ìàêñèìóìû ïî÷òè ñîâïàäàþò [14].

Íà íàø âçãëÿä, çà íàáëþäàåìûå çàäåðæêè ìîãóò áûòü îòâåòñòâåííû
ìàãíèòíûå ïîëÿ ÊÄ, â ïåðâóþ î÷åðåäü, ñðåäíèõ è íèçêèõ øèðîò. Êîñâåííûì
ñâèäåòåëüñòâîì òàêîãî ïðåäïîëîæåíèÿ ìîæåò ñëóæèòü òîò ôàêò, ÷òî çíàê
ïîëÿðíîñòè ÎÌÏ äîâîëüíî ÷àñòî ñîâïàäàåò ñî çíàêîì óñðåäíåííûõ ìàãíèòíûõ
ïîëåé ÊÄ. Ýòî ìîæíî âèäåòü, â ÷àñòíîñòè, íà ðèñ.1, ïîñòðîåííîì ïî
ðåçóëüòàòàì èçìåðåíèé ÎÌÏ WSO è Êðûìñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè
(ÊðÀÎ ÐÀÍ, http://solar.craocrimea.ru/eng/mmf.htm), à òàêæå äàííûì, ïîëó-
÷åííûì ñ ïîìîùüþ àëãîðèòìà Coronal Hole Identification via Multi-thermal
Emission Recognition Algorithm (CHIMERA) â àïðåëå-ìàå 2012ã.

Öåëü íàñòîÿùåé ðàáîòû - äåòàëüíî èññëåäîâàòü ñâÿçü ìåæäó ìàãíèòíûì
ïîëåì ÊÄ ñðåäíèõ è íèçêèõ øèðîò è ÎÌÏ íà ôàçå ðîñòà 24-ãî öèêëà
ñîëíå÷íîé àêòèâíîñòè. Çàòåì, èñõîäÿ èç ïîëó÷åííûõ ðåçóëüòàòîâ è ñîâðå-
ìåííûõ ïðåäñòàâëåíèé î ìåõàíèçìàõ ñîëíå÷íîãî ãèäðîìàãíèòíîãî äèíàìî,
ïîïûòàòüñÿ âûÿñíèòü ïðèðîäó íàéäåííîé íàìè çàâèñèìîñòè, îãðàíè÷èâøèñü
êà÷åñòâåííûìè ñîîáðàæåíèÿìè.

2. Âûáîðêà è àíàëèç äàííûõ. Ïðè ïðîâåäåíèè èññëåäîâàíèé ìû
îãðàíè÷èëèñü ïåðèîäîì ñ 19.01.2012 ïî 07.12.2012ãã. (CR2119-CR2131), ÷òî
ñîîòâåòñòâóåò âòîðîé ôàçå ðîñòà ñîëíå÷íîé àêòèâíîñòè 24-ãî öèêëà, ñîïðîâîæ-
äàåìîé ïîÿâëåíèåì âáëèçè ýêâàòîðà ÊÄ ðàçëè÷íîé ïîëÿðíîñòè (ðèñ.2). Äëÿ
îïðåäåëåíèÿ ãðàíèö ÊÄ ñðåäíèõ è íèçêèõ øèðîò o60 , ìû âîñïîëüçîâàëèñü
ðåçóëüòàòàìè ÷èñëåííûõ ðàñ÷åòîâ, ïîëó÷åííûìè ñ ïîìîùüþ àëãîðèòìîâ Spatial
Possibilistic Clustering Algorithm (SPoCA) [15] è CHIMERA [16], êîòîðûå
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ïðåäñòàâëåíû íà ñàéòàõ https://helioviewer.org è https://solarmonitor.org
ñîîòâåòñòâåííî. Îòìåòèì, ÷òî ãðàíèöû ÊÄ, ìîãóò ñóùåñòâåííî îòëè÷àòüñÿ,
äëÿ ðàçíûõ àëãîðèòìîâ (ðèñ.2), õîòÿ îíè ñëåäóþò èç ðåçóëüòàòîâ íàáëþäåíèé
íà îäíèõ è òåõ æå èíñòðóìåíòàõ - Atmospheric Imaging Assembly è Helioseismic
and Magnetic Imager (HMI), ðàçìåùåííûõ íà ñïóòíèêå Solar Dynamics Obser-
vatory (SDO). Íàïðÿæåííîñòü ÎÌÏ Ñîëíöà îïðåäåëÿëàñü èç ìàãíèòîãðàìì
ïðîäîëüíîãî ìàãíèòíîãî ïîëÿ SDO/HMI, à òàêæå äàííûõ WSO è Áàøåííîãî
ñîëíå÷íîãî òåëåñêîïà ÊðÀÎ ÐÀÍ ÁÑÒ-1. Äëÿ îöåíêè çíàêà ìàãíèòíîãî ïîëÿ
ÊÄ íàìè ïðèâëåêàëèñü è ìîäåëüíûå ðàñ÷åòû ìàãíèòíîãî ïîëÿ (http://
www.lmsal.com/solarsoft/ssw_packages_info.html) â ïîòåíöèàëüíîì ïðèáëèæåíèè,

Ðèñ.1. Âåðõíÿÿ ïàíåëü: âàðèàöèè ÎÌÏ Ñîëíöà êàê çâåçäû ïî äàííûì èçìåðåíèé WSO
(÷åðíûé öâåò) è ÊðÀÎ (ñåðûé öâåò) â àïðåëå-ìàå 2012ã. Íèæíÿÿ ïàíåëü: èçîáðàæåíèÿ ÊÄ
(https://solarmonitor.org), èäåíòèôèöèðîâàííûå ñ ïîìîùüþ àëãîðèòìà CHIMERA 07.05.2012ã.
(ñëåâà) è 13.05.2012ã. (ñïðàâà). Óñðåäíåííûå çíà÷åíèÿ ìàãíèòíûõ ïîëåé ÊÄ (CHIMERA)
ñîîòâåòñòâåííî ðàâíû -3.8 Ãñ è +3.2 Ãñ.

B
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âûïîëíåííûå ñ ïîìîùüþ ïðîãðàììû Potential Field Source Surface (PFSS,
ðèñ.3). Èç ðèñ.2 è 3 ñëåäóåò, ÷òî â ñîîòâåòñòâóþùèå ìîìåíòû âðåìåíè íà
íèçêèõ è ñðåäíèõ øèðîòàõ äîìèíèðîâàëè ÊÄ ñ ïîëÿìè îòðèöàòåëüíîé ìàãíèòíîé
ïîëÿðíîñòè. Ìû òàêæå èñïîëüçîâàëè òàáëè÷íûå çíà÷åíèÿ, äîñòóïíûå íà ñàéòå
https://solarmonitor.org/, ãäå êðîìå îòíîñèòåëüíîé ïëîùàäè ïðîåêöèé âûäåëåííûõ
ÊÄ íà êàðòèííóþ ïëîñêîñòü A

CH,k, ãäå k - íîìåð êîðîíàëüíîé äûðû, ïðèâåäåíû
óñðåäíåííûå íàïðÿæåííîñòè ïðîäîëüíîé (âäîëü ëó÷à çðåíèÿ) êîìïîíåíòû
ìàãíèòíîãî ïîëÿ <B

los,k> è ìàãíèòíûå ïîòîêè kCH ,  â íèõ, ïîëó÷åííûå ñ

Ðèñ.2. Ïðèìåðû èçîáðàæåíèÿ ÊÄ íà äèñêå Ñîëíöà çà ïåðèîä ñ 7.05.2012ã. ïî 30.06.2012ã.
Âåðõíèé ðÿä: ÊÄ èäåíòèôèöèðîâàíû àëãîðèòìîì SPoCA, íèæíèé - àëãîðèòìîì CHIMERA.

Ðèñ.3. Ñèëîâûå ëèíèè ìàãíèòíîãî ïîëÿ Ñîëíöà, ïîëó÷åííûå ñ ïîìîùüþ ïðîãðàììû
PFSS èç ìàãíèòîãðàìì SDO/HMI çà ïåðèîä ñ 7.05.2012 ïî 30.06.2012.
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ïîìîùüþ àëãîðèòìà CHIMERA. Ïîä÷åðêíåì, ÷òî íà ñàéòå https://helioviewer.org/
ïðåäñòàâëåíû äâà âàðèàíòà ïëîùàäè ÊÄ (SPoCA): AREA RAW (area of event
in sky plane) è AREA AT DISK CENTER. Ïîñêîëüêó íà ìàãíèòîãðàììàõ SDO/
HMI ïðèâåäåíû çíà÷åíèÿ ëèøü äëÿ ïðîäîëüíîé êîìïîíåíòû ìàãíèòíîãî ïîëÿ,
òî â ðàññìàòðèâàåìîì ñëó÷àå ìû áðàëè ïëîùàäè AREA RAW A

SP,k.
Õîòåëîñü áû òàêæå îáðàòèòü âíèìàíèå íà ñëåäóþùåå âàæíîå îáñòîÿòåëüñòâî.

Ñîãëàñíî îïèñàíèþ àëãîðèòìà CHIMERA [16], çíà÷åíèå ìàãíèòíûõ ïîòîêîâ
ÊÄ kCH ,  îïðåäåëÿåòñÿ êàê ïðîèçâåäåíèå óñðåäíåííîé ïðîäîëüíîé êîìïîíåíòû
ìàãíèòíîãî ïîëÿ <B

los,k> è ïëîùàäè ÊÄ Npixktot AA cos,,   (true coronal hole
area), ãäå NNN AA  coscos, , A

N
 - ïëîùàäü ïðîåêöèè íà êàðòèííóþ ïëîñêîñòü

N-ãî ïèêñåëà è N  - óãîë îòíîñèòåëüíî öåíòðà ñîëíå÷íîãî äèñêà (ñì. òàáë.1
â [16]). Òàêîé ïîäõîä ìîæåò ïðèâîäèòü ê ïîãðåøíîñòÿì, ïîñêîëüêó â äåéñòâè-
òåëüíîñòè ïîëíûé ìàãíèòíûé ïîòîê âûäåëåííîé ÊÄ NNpixk AB cos,cos, ,
ãäå NNlosN BB  cos,cos,  [17]. Áîëåå òîãî, â ðàññìàòðèâàåìîì ñëó÷àå âêëàä
ìàãíèòíîãî ïîëÿ ÊÄ â ñèãíàë ÎÌÏ îïðåäåëÿåòñÿ ïðîäîëüíûìè ìàãíèòíûìè
ïîòîêàìè NNlospixklos AB ,,  . Âñëåäñòâèå ýòîãî èñïîëüçîâàíèå äàííûõ, ïîëó-
÷åííûõ ñ ïîìîùüþ CHIMERA, áóäåò ïðèâîäèòü ê çàâûøåííûì çíà÷åíèÿì

klos,  èç-çà ýôôåêòà ïðîåêöèè (çíà÷åíèÿ k , íàîáîðîò, áóäóò çàíèæåíû).
Ïðèíèìàÿ âî âíèìàíèå âûøåñêàçàííîå, äëÿ ãðóáîé îöåíêè îòíîñèòåëüíîãî

âêëàäà ñóììàðíîãî ïðîäîëüíîãî ìàãíèòíîãî ïîòîêà los  â ÎÌÏ ìû âû÷èñëÿëè
ñóììàðíûå âçâåøåííûå ïëîùàäè A

CH  è A
SP

, ðàâíûå ñóììå ïëîùàäåé ñðåäíå-
è íèçêîøèðîòíûõ ÊÄ ñ âåñîâîé ôóíêöèåé, ñîîòâåòñòâóþùåé çíàêó ïîëÿðíîñòè
ÊÄ, ò.å.
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(1)

ãäå íèæíèé èíäåêñ X îïèñûâàåò ïëîùàäè, ïîëó÷åííûå ñîãëàñíî àëãîðèòìàì
CHIMERA (CH) è SPoCA (SP), à m - ÷èñëî ÊÄ íà äèñêå Ñîëíöà â çàäàííûé
ìîìåíò âðåìåíè. Òàêîé ïîäõîä ìîæíî ñ÷èòàòü îïðàâäàííûì, åñëè îòíîñè-
òåëüíûå èçìåíåíèÿ äëÿ óñðåäíåííûõ çíà÷åíèé ìàãíèòíûõ ïîëåé ÊÄ ìåíüøå,
÷åì äëÿ ñîîòâåòñòâóþùèõ ïëîùàäåé. Â ïîëüçó ïðàâîìåðíîñòè òàêîãî ïðèáëè-
æåíèÿ ñâèäåòåëüñòâóåò, â ÷àñòíîñòè, îòñóòñòâèå âûðàæåííîé çàâèñèìîñòè
ìåæäó ïëîùàäÿìè è óñðåäíåííûìè çíà÷åíèÿìè ìàãíèòíîãî ïîëÿ ÊÄ [12].
Ñëåäóåò òàêæå îòìåòèòü, ÷òî ñîãëàñíî [18,19], ñèãíàë ÎÌÏ ñêîðåå îïðåäåëÿåòñÿ
ïîëÿìè ìàëîé íàïðÿæåííîñòè, êîòîðûå ìîãóò çàíèìàòü çíà÷èòåëüíûå ïëîùàäè
íà äèñêå Ñîëíöà (ñì. òàêæå [10]). Èñïîëüçóÿ âûðàæåíèå (1), ìû íàõîäèëè
ñóììó ïëîùàäåé ÊÄ ñ ó÷åòîì çíàêà ìàãíèòíîãî ïîëÿ (A

CH
 è A

SP
) è ñîïîñ-

òàâëÿëè åå ñî çíà÷åíèÿìè ÎÌÏ Ñîëíöà, ñîãëàñíî äàííûì SDO/HMI è WSO
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ïðè ïðîõîæäåíèè öåíòðà òÿæåñòè íèçêîøèðîòíûõ ÊÄ ÷åðåç öåíòðàëüíûé
ìåðèäèàí â êàæäîì êýððèíãòîíîâñêîì îáîðîòå.

3. Ðåçóëüòàòû ñòàòèñòè÷åñêîãî àíàëèçà. Íà ôàçå ðîñòà 24-ãî
öèêëà ñîëíå÷íîé àêòèâíîñòè ñ 19.01.2012 ïî 15.10.2012ãã. (CR2119 - CR2129)
íèçêîøèðîòíûå ÊÄ Ñîëíöà çàíèìàëè ñðàâíèòåëüíî íåáîëüøóþ ïëîùàäü
äèñêà, êîòîðàÿ ñóììàðíî íå ïðåâûøàëà 10% (https://solarmonitor.org/). Ïðè÷åì
â ñîîòâåòñòâóþùèå ìîìåíòû âðåìåíè äëÿ âñåõ ñîáûòèé çíàêè A

CH
, A

SP
 è

ÎÌÏ, àáñîëþòíàÿ âåëè÷èíà êîòîðîãî íå ïðåâîñõîäèëà 1 Ãñ, ñ òî÷íîñòüþ äî
îøèáîê èçìåðåíèé ñîâïàäàëè - ïîëÿðíîñòü áûëà îòðèöàòåëüíîé.

Íà ðèñ.4à ïðåäñòàâëåíû èçìåíåíèÿ âî âðåìåíè âåëè÷èíû ÎÌÏ (SDO/HMI),
ìàãíèòíîãî ïîòîêà   m

k kCHCH ,  è âåëè÷èíû A
CH

 äëÿ ýòîãî æå àëãîðèòìà.
Âèäíî, ÷òî êðèâûå äîñòàòî÷íî õîðîøî ñîãëàñóþòñÿ ìåæäó ñîáîé. Êîýôôèöèåíòû
êîððåëÿöèè R ìåæäó ÎÌÏ è ïîòîêîì CH , à òàêæå ìåæäó ÎÌÏ è A

CH
,

îêàçàëèñü ðàâíûìè 0.82 ± 0.19. Â ýòîì íåò íè÷åãî óäèâèòåëüíîãî, ïîñêîëüêó äëÿ

CH  è A
CH

 çíà÷åíèå R, êàê ïîêàçûâàåò àíàëèç, äîñòèãàåò 0.95 ± 0.10, ÷òî
ñâèäåòåëüñòâóåò â ïîëüçó áîëåå ñèëüíîé çàâèñèìîñòè ìàãíèòíîãî ïîòîêà îò
ïëîùàäåé ÊÄ è èõ ïîëÿðíîñòè, ÷åì îò íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ.

Íà ðèñ.4b ïðåäñòàâëåíû ðåçóëüòàòû ñîïîñòàâëåíèÿ ñóììàðíûõ âçâåøåííûõ
ïëîùàäåé A

SP
 è ÎÌÏ (SDO/HMI) (çíà÷åíèÿ ìàãíèòíîãî ïîòîêà ÊÄ íà ñàéòå

https://helioviewer.org íå ïðèâîäÿòñÿ).
Âèäíî, ÷òî è çäåñü ñîîòâåòñòâóþùèå êðèâûå äîñòàòî÷íî õîðîøî ñîãëàñóþòñÿ

ìåæäó ñîáîé, à êîýôôèöèåíò êîððåëÿöèè ìåæäó A
SP
 è ÎÌÏ ðàâåí 0.88 ± 0.16.

Â ñâîþ î÷åðåäü, äëÿ âåëè÷èí A
SP 

è çíà÷åíèé ÎÌÏ, ïîëó÷åííûõ â WSO,
R = 0.90 ± 0.13 (ðèñ.4c).

Cðàâíåíèå äàííûõ ìåæäó çíà÷åíèÿìè ñðåäíåé íàïðÿæåííîñòè ìàãíèòíîãî
ïîëÿ (ðèñ.5), ïîëó÷åííûìè èç ìàãíèòîãðàìì B

mean (SDO/HMI) è B
star 

(WSO),
òàêæå ïîêàçàëî äîñòàòî÷íî õîðîøóþ êîððåëÿöèþ (R = 0.92 ± 0.10). Îòìåòèì,
÷òî áîëåå ïîëíûé àíàëèç ýòèõ äàííûõ äëÿ N = 1507 èçìåðåíèé äàåò R = 0.86
[20]. Îáðàùàþò òàêæå íà ñåáÿ âíèìàíèå âîçìîæíûå çíà÷èòåëüíûå îòêëîíåíèÿ
ìåæäó èçìåðåíèÿìè íà SDO/HMI è WSO, âïëîòü äî çíàêà ïîëÿðíîñòè (ðèñ.5,
ñâåòëûé êðóæîê).

4. Îáñóæäåíèå ðåçóëüòàòîâ. Íàëè÷èå âûñîêîé êîððåëÿöèè ìåæäó
ñóììàðíûìè âçâåøåííûìè ïëîùàäÿìè ÊÄ è çíà÷åíèÿìè ÎÌÏ ñâèäåòåëüñòâóåò
î òîì, ÷òî ÊÄ ñðåäíèõ è íèçêèõ øèðîò ìîãóò âíîñèòü ñóùåñòâåííûé, åñëè
íå îïðåäåëÿþùèé âêëàä â ÎÌÏ Ñîëíöà (ñì. òàêæå [10]). Äàæå ñ ó÷åòîì
çàìåòíûõ ðàçíîãëàñèé ïðè îïðåäåëåíèè ãðàíèö ÊÄ ñ ïîìîùüþ àëãîðèòìîâ
CHIMERA è SPoCA, êîýôôèöèåíòû êîððåëÿöèè ìåæäó äàííûìè âåëè÷èíàìè
è ÎÌÏ îêàçûâàþòñÿ äîâîëüíî âûñîêèìè (R > 0.8) è äîñòèãàþò 0.88 ± 0.16.
Îáíàðóæåííàÿ ñâÿçü ìîæåò áûòü îáúÿñíåíà òåì, ÷òî ïîëÿ ÊÄ èìåþò îòêðûòóþ
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Ðèñ.4. Çàâèñèìîñòè ÎÌÏ Ñîëíöà, âçâåøåííûõ ïëîùàäåé ÀÔ (ñì. âûðàæåíèå 1) è
ìàãíèòíîãî ïîòîêà ÔCH îò âðåìåíè ïî äàííûì: a) CHIMERA - SDO/HMI; b) SpoCA -
SDO/HMI; c) SpoCA - WSO.
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êîíôèãóðàöèþ è íå ÿâëÿþòñÿ ñáàëàíñèðîâàííûìè êàêèìè-ëèáî äðóãèìè
ìàãíèòíûìè îáðàçîâàíèÿìè íà äèñêå Ñîëíöà, ÷òî ïîäòâåðæäàåòñÿ òàêæå
ðàñ÷åòàìè PFSS (ðèñ.3). Ñëåäóåò òàêæå ïðèíÿòü âî âíèìàíèå, ÷òî èõ âêëàä
â ÎÌÏ äîñòèãàåò ìàêñèìàëüíûõ çíà÷åíèé ïðè ïðîõîæäåíèè ÊÄ ÷åðåç
öåíòðàëüíûé ìåðèäèàí.

Ïîñêîëüêó ïîëÿ ÊÄ ñðåäíèõ è íèçêèõ øèðîò ñâÿçàíû ñ ÎÌÏ (ðèñ.4),
òî îíè, íàðÿäó ñ ôîíîâûìè ïîëÿìè, ìîãóò áûòü îòâåòñòâåííûìè çà îáíàðó-
æåííóþ âðåìåííóþ çàäåðæêó îêîëî 2 ëåò ìåæäó çíà÷åíèÿìè ÎÌÏ è ÷èñëàìè
Âîëüôà â 23 è 24-õ öèêëàõ ñîëíå÷íîé àêòèâíîñòè (Â.È.Õàíåé÷óê, óñòíîå
ñîîáùåíèå). Îòìåòèì, ÷òî ïîäîáíûå çàäåðæêè äîñòàòî÷íî òðóäíî îáúÿñíèòü
â ðàìêàõ ìîäåëè ñîëíå÷íîãî äèíàìî Áýáêîêà-Ëåéòîíà. Ýòî ñâèäåòåëüñòâóåò
î òîì, ÷òî õîòÿ êðóïíîìàñøòàáíûå ìàãíèòíûå ñòðóêòóðû òåñíî ñâÿçàíû ñ
àêòèâíûìè îáëàñòÿìè, òåì íå ìåíåå îíè ñïîñîáíû ýâîëþöèîíèðîâàòü íåçàâè-
ñèìûì îò íèõ îáðàçîì, íàïðèìåð, âñëåäñòâèå ãåíåðàöèè ìàãíèòíîãî ïîëÿ â
áîëåå ãëóáîêèõ ñëîÿõ ñîëíå÷íîé êîíâåêòèâíîé çîíû.

Êàê ïîêàçûâàåò ïðîâåäåííûé àíàëèç, ðàñ÷åò ïîëíûõ ìàãíèòíûõ ïîòîêîâ
ÊÄ k , ïîëó÷åííûõ ñ ïîìîùüþ àëãîðèòìà CHIMERA, íåëüçÿ ñ÷èòàòü
áåçóïðå÷íûì, à çíà÷èò, èñïîëüçîâàíèå ñîîòâåòñòâóþùèõ äàííûõ ìîæåò
ïðèâîäèòü ê íåêîððåêòíûì âûâîäàì. Ýòî ñâÿçàíî ñ òåì, ÷òî â [16]  âìåñòî
ðàäèàëüíîé êîìïîíåíòû ìàãíèòíîãî ïîëÿ áûëà èñïîëüçîâàíà åãî ïðîäîëüíàÿ
ñîñòàâëÿþùàÿ. Îäíàêî äëÿ ðàññìîòðåííûõ íàìè ÊÄ, êîòîðûå íàõîäèëèñü
ïðåèìóùåñòâåííî â öåíòðå äèñêà Ñîëíöà, çíà÷åíèÿ CH  äàþò ïðèåìëåìóþ

Ðèñ.5. Ñðàâíåíèå çíà÷åíèé ñðåäíåãî ìàãíèòíîãî ïîëÿ Bmean è ÎÌÏ êàê çâåçäû Bstar,
ïîëó÷åííûõ ïî äàííûì SDO/HMI è îáñåðâàòîðèè WSO.
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îöåíêó, ïîñêîëüêó èçìåíåíèÿ ìàãíèòíîãî ïîòîêà ÊÄ îïðåäåëÿþòñÿ â îñíîâíîì
èõ ïëîùàäüþ.

5. Âûâîäû. Â ðåçóëüòàòå àíàëèçà äàííûõ ïëîùàäåé è ìàãíèòíûõ ïîòîêîâ
ÊÄ íà ôàçå ðîñòà 24-ãî öèêëà ñîëíå÷íîé àêòèâíîñòè:

1) íàéäåíà âûñîêàÿ êîððåëÿöèÿ (R > 0.82) ìåæäó ÎÌÏ è cóììàðíûìè
âçâåøåííûìè ïëîùàäÿìè ñðåäíå- è íèçêîøèðîòíûõ ÊÄ, âêëþ÷àÿ ìàãíèòíûå
ïîòîêè ïî äàííûì CHIMERA, ñâèäåòåëüñòâóþùàÿ î çíà÷èòåëüíîì âêëàäå
ìàãíèòíûõ ïîëåé ñ îòêðûòîé êîíôèãóðàöèåé â ñèãíàë ÎÌÏ;

2) ïîëó÷åíû óêàçàíèÿ â ïîëüçó îïðåäåëÿþùåé ðîëè ïëîùàäåé â ôîðìè-
ðîâàíèè ìàãíèòíîãî ïîòîêà ÊÄ (êîýôôèöèåíò êîððåëÿöèÿ ìåæäó À

CH
 è CH

ðàâåí 0.95);
3) ïîäòâåðæäåíû ðåçóëüòàòû ïðåäûäóùèõ èññëåäîâàíèé [18,19], ïðåäïî-

ëàãàþùèå îñíîâíîé âêëàä ôîíîâûõ ïîëåé íåáîëüøîé íàïðÿæåííîñòè â ÎÌÏ;
4) èñïîëüçîâàíèå àëãîðèòìà CHIMERA ïðèâîäèò ê çàíèæåííûì/

çàâûøåííûì çíà÷åíèÿì ïðîäîëüíûõ/ïîëíûõ ìàãíèòíûõ ïîòîêîâ ÊÄ.
Â çàêëþ÷åíèå ïîä÷åðêíåì, ÷òî, íà íàø âçãëÿä, ïîëó÷åííàÿ íàìè ñâÿçü

ìåæäó ÎÌÏ Ñîëíöà è ñðåäíå- è íèçêîøèðîòíûìè ÊÄ íå ÿâëÿåòñÿ óíèâåð-
ñàëüíîé. Íà ðàçíûõ ôàçàõ ñîëíå÷íîãî öèêëà è â ðàçíûõ öèêëàõ íåêîòîðûå èç
ïðèâåäåííûõ âûøå ðåçóëüòàòîâ ìîãóò ïðåòåðïåòü ñóùåñòâåííûå èçìåíåíèÿ. Ìû
ëèøü ïîïûòàëèñü äåòàëüíî èññëåäîâàòü âêëàä ìàãíèòíûõ ïîëåé ÊÄ â ÎÌÏ íà
ñðàâíèòåëüíî ìàëîì ïðîìåæóòêå âðåìåíè â îïðåäåëåííîé ôàçå ñîëíå÷íîãî
öèêëà. Íåîáõîäèìîñòü èñïîëüçîâàíèÿ áîëåå îáùèõ ïîäõîäîâ ñîìíåíèé íå âûçûâàåò.

Àâòîðû î÷åíü ïðèçíàòåëüíû ðåöåíçåíòó çà ïîëåçíûå çàìå÷àíèÿ, êîòîðûå
çàìåòíî óëó÷øèëè ñòàòüþ. SDO ÿâëÿåòñÿ ïðîåêòîì ïðîãðàììû NASA Living
With a Star. Äàííûå SDO/HMI áûëè ïðåäîñòàâëåíû öåíòðîì Joint Science
Operation Center (JSOC). Äàííûå Wilcox Solar Observatory,  èñïîëüçóåìûå â
äàííîì èññëåäîâàíèè, áûëè ïîëó÷åíû ñ âåáñàéòà http://wso.stanford.edu, ëþáåçíî
ïðåäîñòàâëåíûå Äæ.T.Õîåêñåìà. Äëÿ ðàñ÷åòà ñèëîâûõ ëèíèé ìàãíèòíîãî ïîëÿ
èñïîëüçîâàí ïàêåò PFSS, ðàçðàáîòàíûé M.L.Derosa, S.L.Freeland, C.J.Schryver
è äîñòóïíîîé íà ñàéòå https://hesperia.gsfc.nasa.gov/ssw/packages/pfss/idl/pfss/.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå Ìèíîáðíàóêè (ÍÈÐ
¹ 0831-2019-0006).

1 ÔÃÁÓÍ "ÊðÀÎ ÐÀÍ", ÀÐ Êðûì, Íàó÷íûé, e-mail: yur_crao@mail.ru



460 Ç.Ñ.ÀÕÒÅÌÎÂ  È  ÄÐ.

ON THE RELATIONSHIP OF CORONAL HOLES OF
MIDDLE AND LOW LATITUDES WITH THE MEAN

MAGNETIC FIELD OF THE SUN

Z.S.AKHTEMOV, Y.T.TSAP, V.I.HANEYCHUK

Based on EUV images and magnetograms obtained with Solar Dynamics
Observatory the relationship between the magnetic fluxes and total area of coronal
holes (CH) of middle and low latitudes o60  with the Sun's mean magnetic
field (MMF) for the period from 19 January to 07 December 2012 is investigated.
It has been shown that CH boundaries determined with CHIMERA (https://
solarmonitor.org) and SPoCA (https://helioviewer.org) algorithms can differ sig-
nificantly. The correlation coefficient between the weighted total area of CHs
taking into account the magnetic field polarity and MMF are in the range from
0.82 to 0.88. CHs can make a significant contribution to the MMF since their
magnetic fields have open configuration and are not balanced on the solar disk.
In the light of the solar dynamo model and obtained results the annual time delays
between the peaks of Wolf numbers and MMF are discussed.

Keywords: sun: coronal holes: mean magnetic field
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Â àêòèâíûõ îáëàñòÿõ Ñîëíöà òåêóò ýëåêòðè÷åñêèå òîêè. Èíôîðìàöèÿ î ðàñïðåäåëåíèè
òîêîâ âàæíà äëÿ ïîíèìàíèÿ ïðîöåññîâ ýíåðãîâûäåëåíèÿ íà ïîâåðõíîñòè Ñîëíöà è â
âûøåëåæàùèõ ñëîÿõ. Â ðàáîòå ïðåäñòàâëåí àíàëèç ôóíêöèè ïëîòíîñòè âåðîÿòíîñòè (PDF)
àáñîëþòíîãî çíà÷åíèÿ ïëîòíîñòè ôîòîñôåðíûõ âåðòèêàëüíûõ ýëåêòðè÷åñêèõ òîêîâ || zj  â 48
àêòèâíûõ îáëàñòÿõ ñ 2010 ïî 2015ãã. â ìîìåíòû âðåìåíè äî è ïîñëå âñïûøêè. Âû÷èñëåíèå

|| zj  âûïîëíåíî ïîñðåäñòâîì ïðèìåíåíèÿ äèôôåðåíöèàëüíîé ôîðìû òåîðåìû î öèðêóëÿöèè
ìàãíèòíîãî ïîëÿ (çàêîíà Àìïåðà) ê ôîòîñôåðíûì âåêòîðíûì ìàãíèòîãðàììàì èíñòðóìåíòà
Helioseismic and Magnetic Imager (HMI) íà áîðòó êîñìè÷åñêîãî àïïàðàòà Solar Dynamics
Observatory (SDO). Ïîêàçàíî, ÷òî äëÿ èññëåäîâàííûõ àêòèâíûõ îáëàñòåé PDF )( || zj , â
ïåðâîì ïðèáëèæåíèè, ìîæåò áûòü àïïðîêñèìèðîâàíà ìîäåëüþ, ñîñòîÿùåé èç ñëîæåííîãî
íîðìàëüíîãî ðàñïðåäåëåíèÿ â îáëàñòè íèçêèõ çíà÷åíèé (

3109|| zj  ñòàòàìïåð/ñì2) è
ñïàäàþùåé ñòåïåííîé ôóíêöèè ïðè áîëåå âûñîêèõ çíà÷åíèÿõ. Ìåòîäîì íàèìåíüøèõ êâàäðàòîâ
äëÿ âñåõ îáëàñòåé ïîëó÷åíû ïàðàìåòðû ìîäåëè, ïîñòðîåíû ãèñòîãðàììû èõ ðàñïðåäåëåíèÿ,
ïîñ÷èòàíû ìàòåìàòè÷åñêèå îæèäàíèÿ è ñðåäíåêâàäðàòè÷åñêèå îòêëîíåíèÿ. Ñèñòåìàòè÷åñêèõ
èçìåíåíèé ïàðàìåòðîâ ìîäåëè çà âðåìÿ âñïûøêè íå îáíàðóæåíî. ßâíîé ñâÿçè ïàðàìåòðîâ
ñ êëàññîì âñïûøêè, à òàêæå ñ ìàãíèòíûì êëàññîì Õýéëà íå íàéäåíî â ðàìêàõ èñïîëüçîâàííîãî
ïîäõîäà äëÿ ðàññìîòðåííîé îãðàíè÷åííîé âûáîðêè âñïûøåê è àêòèâíûõ îáëàñòåé. Ïðèâåäåíû
àðãóìåíòû â ïîëüçó ïðåäïîëîæåíèÿ, ÷òî ñëîæåííîå íîðìàëüíîå ðàñïðåäåëåíèå â îáëàñòè
íèçêèõ çíà÷åíèé ïðåäñòàâëÿåò øóì â äàííûõ, òîãäà êàê ñòåïåííîé "õâîñò" ìîæåò îòðàæàòü
õàðàêòåð ïðîöåññîâ ãåíåðàöèè òîêîâ â àêòèâíûõ îáëàñòÿõ Ñîëíöà.

Êëþ÷åâûå ñëîâà: àêòèâíûå îáëàñòè Ñîëíöà: ýëåêòðè÷åñêèå òîêè

1. Ââåäåíèå. Ìàãíèòíûå ïîëÿ îïðåäåëÿþò ïðîöåññû ñîëíå÷íîé àêòèâíîñòè,
íàãðåâà êîðîíû è óñêîðåíèÿ ñîëíå÷íîãî âåòðà. Â íàñòîÿùåå âðåìÿ ìàãíèòíûå
ïîëÿ ðóòèííî èçìåðÿþòñÿ íà óðîâíå ôîòîñôåðû. Âûÿñíåíî, ÷òî àêòèâíûå
îáëàñòè ïðîíèçàíû ïîëÿìè, ñêîíöåíòðèðîâàííûìè â ìàãíèòíûå ïîòîêîâûå
òðóáêè [1,2]. Îïèðàÿñü íà òåîðåìó î öèðêóëÿöèè ìàãíèòíîãî ïîëÿ (çàêîí
Àìïåðà), óñòàíîâëåíî, ÷òî ïî ýòèì òðóáêàì ìîãóò ïðîòåêàòü ýëåêòðè÷åñêèå
òîêè [3,4]. Ïîñêîëüêó âåêòîðíûå ìàãíèòîãðàììû îáû÷íî äîñòóïíû òîëüêî
äëÿ îäíîãî óçêîãî ñëîÿ, òî â îñíîâíîì èìååòñÿ èíôîðìàöèÿ î âåðòèêàëüíîé
êîìïîíåíòå ýëåêòðè÷åñêîãî òîêà íà ôîòîñôåðå zj . Ñòîèò îòìåòèòü, ÷òî ïðåäïðè-
íèìàëèñü ïîïûòêè îöåíèòü è ãîðèçîíòàëüíóþ ñîñòàâëÿþùóþ ýëåêòðè÷åñêèõ
òîêîâ [3,5-7].
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Èññëåäîâàíèå ýëåêòðè÷åñêèõ òîêîâ â àêòèâíûõ îáëàñòÿõ èìååò âàæíîå
çíà÷åíèå ïî ðÿäó ïðè÷èí [3,4,8,9]. Âî-ïåðâûõ, ñâîáîäíàÿ ìàãíèòíàÿ ýíåðãèÿ,
âûäåëÿåìàÿ â òàêèõ ÿâëåíèÿõ ñîëíå÷íîé àêòèâíîñòè, êàê êîðîíàëüíûå äæåòû,
âñïûøêè è êîðîíàëüíûå âûáðîñû ìàññû (ÊÂÌ), ñâÿçàíà ñ ýëåêòðè÷åñêèìè
òîêàìè. Äèññèïàöèÿ ýëåêòðè÷åñêèõ òîêîâ, êàê ïðîäîëüíûõ ìàãíèòíîìó ïîëþ,
òàê è â âèäå òîêîâûõ ñëîåâ, ïðèâîäèò ê òðàíñôîðìàöèè ñâîáîäíîé ìàãíèòíîé
ýíåðãèè â êèíåòè÷åñêóþ ýíåðãèþ ïëàçìû è ïîïóëÿöèé óñêîðåííûõ ÷àñòèö,
ýíåðãèþ ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ â øèðîêîì äèàïàçîíå ñïåêòðà, â
ýíåðãèþ âîëí. Âî-âòîðûõ, äæîóëåâà äèññèïàöèÿ òîêîâ ìîæåò âíîñèòü âêëàä
â òåïëîâîé áàëàíñ â ðàçëè÷íûõ ñëîÿõ ñîëíå÷íîé àòìîñôåðû. Â-òðåòüèõ,
íàëè÷èå òîêîâ ìîæåò âëèÿòü íà õàðàêòåð ðàñïðîñòðàíåíèÿ è äèññèïàöèè
àëüôâåíîâñêèõ âîëí â àêòèâíûõ îáëàñòÿõ, ÷òî ìîæåò áûòü âàæíî äëÿ ïðîáëåìû
íàãðåâà êîðîíû è óñêîðåíèÿ ñîëíå÷íîãî âåòðà.

Â öåëîì óñòàíîâëåíî, ÷òî åñòü ñâÿçü ìåæäó zj  è âñïûøå÷íîé ïðîäóê-
òèâíîñòüþ àêòèâíûõ îáëàñòåé [3,5,10-12]. Äëÿ äàëüíåéøåãî âûÿñíåíèÿ, êàêèì
êîíêðåòíî îáðàçîì zj  ñâÿçàíû ñî âñïûøêàìè, íåîáõîäèìû äåòàëüíûå èññëå-
äîâàíèÿ. Òðàäèöèîííûé ïîäõîä â èññëåäîâàíèè ýëåêòðè÷åñêèõ òîêîâ â
àêòèâíûõ îáëàñòÿõ ñîñòîèò â ïîñòðîåíèè êàðò ïëîòíîñòè zj  íà ôîòîñôåðå
íà îñíîâå âåêòîðíûõ ìàãíèòîãðàìì è àíàëèçå ñâÿçè ïðîñòðàíñòâåííîé ñòðóêòóðû

zj  ñ èñòî÷íèêàìè ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ ïðîöåññîâ ñîëíå÷íîé àêòèâ-
íîñòè. Âûïîëíåí ðÿä èññëåäîâàíèé ñâÿçè èñòî÷íèêîâ èçëó÷åíèÿ (ìèêðî-
âîëíîâîãî, H , óëüòðàôèîëåòîâîãî, ðåíòãåíîâñêîãî) âñïûøåê ñ ôîòîñôåðíûìè

zj  [5,13-22]. Óñòàíîâëåíî, ÷òî áîëüøîé ïðîöåíò (>70%) âñïûøå÷íûõ óçëîâ,
íàáëþäàåìûõ â H , ñîâïàäàåò ñ ìàêñèìóìàìè zj  [5,13]. Îäíàêî èñòî÷íèêè
æåñòêîãî ðåíòãåíîâñêîãî èçëó÷åíèÿ âñïûøåê, íåïîñðåäñòâåííî ñâÿçàííûå ñ
ìåñòàìè èíæåêöèè óñêîðåííûõ ýëåêòðîíîâ â ïëîòíûå ñëîè ñîëíå÷íîé
àòìîñôåðû, èìåþò òåíäåíöèþ ïîÿâëÿòüñÿ íà êðàÿõ îáëàñòåé ñèëüíûõ zj  è
èçáåãàòü èõ ëîêàëüíûõ ìàêñèìóìîâ [17,22]. Áîëåå òîãî, íå îáíàðóæåíî
êîëè÷åñòâåííîé ñâÿçè ìåæäó ïîòîêîì æåñòêîãî ðåíòãåíîâñêîãî èçëó÷åíèÿ
èñòî÷íèêîâ è âåëè÷èíîé zj  ïîä èñòî÷íèêàìè [22]. Òàêèì îáðàçîì, ïîñêîëüêó
ñâÿçü ìåæäó ôîòîñôåðíûìè zj  è âñïûøå÷íûìè èñòî÷íèêàìè æåñòêîãî
ðåíòãåíîâñêîãî èçëó÷åíèÿ åùå íå äî êîíöà ïîíÿòíà, èìååò ñìûñë ïðîäîëæàòü
èññëåäîâàíèÿ è ïûòàòüñÿ íàõîäèòü äîïîëíèòåëüíûå çàêîíîìåðíîñòè, ïðèâëåêàÿ
ìåòîäû ñòàòèñòè÷åñêîãî àíàëèçà.

Íåñìîòðÿ íà äîñòàòî÷íî áîëüøîå êîëè÷åñòâî ñòàòåé ïî èññëåäîâàíèþ zj ,
íàì íå èçâåñòíû ðàáîòû, â êîòîðûõ áû ñèñòåìàòè÷åñêè èññëåäîâàëàñü ôóíêöèÿ
ïëîòíîñòè âåðîÿòíîñòè (PDF) ïëîòíîñòè zj  íà ôîòîñôåðå è ñâÿçü åå
õàðàêòåðèñòèê ñ ïðîöåññàìè ýíåðãîâûäåëåíèÿ â àêòèâíûõ îáëàñòÿõ. Ýòî
äåëàëîñü, íàïðèìåð, äëÿ ïëîòíîñòè ýëåêòðè÷åñêèõ òîêîâ â êîðîíå íà îñíîâå
ìîäåëèðîâàíèÿ è ýêñòðàïîëÿöèè ìàãíèòíîãî ïîëÿ èç ôîòîñôåðû äëÿ åäèíè÷íûõ
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àêòèâíûõ îáëàñòåé [23,24]. Áûëî íàéäåíî, ÷òî PDF ïëîòíîñòè ýëåêòðè÷åñêèõ
òîêîâ â êîðîíå ìîæåò áûòü ïðåäñòàâëåíà ñòåïåííîé ôóíêöèåé èëè äâîéíîé
ñòåïåííîé ôóíêöèåé (ñ èçëîìîì). Îäíàêî íåîáõîäèìî îòìåòèòü, ÷òî ðåçóëüòàòû
ýêñòðàïîëÿöèè ìàãíèòíûõ ïîëåé íåîäíîçíà÷íû. Îíè çàâèñÿò îò ìåòîäà
ýêñòðàïîëÿöèè è êà÷åñòâà èñïîëüçóåìûõ ãðàíè÷íûõ äàííûõ. Â ðàáîòå [23]
òàêæå ïðåäñòàâëåí ïðèìåð PDF  zj  äëÿ îäíîé âñïûøå÷íî-àêòèâíîé îáëàñòè
(AR12158; SOL2014-09-10) è ïîêàçàíî âèçóàëüíîå îòëè÷èå îò PDF äëÿ
êîðîíàëüíûõ òîêîâ. Ïðè ýòîì, êîëè÷åñòâåííîãî àíàëèçà PDF  zj  íå
âûïîëíåíî, è åå ôîðìà íå èññëåäîâàëàñü.

Öåëü äàííîé ðàáîòû - â ïåðâîì ïðèáëèæåíèè èññëåäîâàòü ôîðìó PDF  zj
äëÿ ðÿäà âñïûøå÷íî-àêòèâíûõ îáëàñòåé. Ìû ñ÷èòàåì èíòåðåñíûì è
åñòåñòâåííûì øàãîì ïðîâåðèòü, èìåþòñÿ ëè ñèñòåìàòè÷åñêèå îòëè÷èÿ ìåæäó
PDF  zj  äî è ïîñëå âñïûøêè è åñòü ëè êîððåëÿöèÿ ìåæäó ïàðàìåòðàìè
PDF  zj  è ðåíòãåíîâñêèì êëàññîì âñïûøêè, à òàêæå õýéëîâñêèì ìàãíèòíûì
êëàññîì àêòèâíîé îáëàñòè ïî êëàññèôèêàöèè Mount Wilson [25].

2. Äàííûå è ìåòîäû. Ïðåæäå âñåãî îòìåòèì, ÷òî èäåÿ äàííîé ðàáîòû
âîçíèêëà ïðè ñòàòèñòè÷åñêîì èññëåäîâàíèè ñâÿçè âñïûøå÷íûõ èñòî÷íèêîâ
æåñòêîãî ðåíòãåíîâñêîãî èçëó÷åíèÿ è ôîòîñôåðíûõ âåðòèêàëüíûõ ýëåêòðè-
÷åñêèõ òîêîâ zj  [22], êîãäà áûëî íåîáõîäèìî ðàññ÷èòàòü PDF( zj ) äëÿ îöåíêè
îøèáêè îïðåäåëåíèÿ zj  ñ ïîìîùüþ äàííûõ èíñòðóìåíòà Helioseismic and
Magnetic Imager (HMI) [26] íà áîðòó êîñìè÷åñêîãî àïïàðàòà Solar Dynamics
Observatory (SDO). Ýòèì ôàêòîðîì îáóñëîâëåí âûáîð àêòèâíûõ îáëàñòåé äëÿ
àíàëèçà. Áûëè îòîáðàíû 48 àêòèâíûõ îáëàñòåé çà ïåðèîä âðåìåíè ñ ìàÿ
2010ã. ïî îêòÿáðü 2017ã., â êîòîðûõ ïðîèçîøëè âñïûøêè ðàçëè÷íîãî ðåíòãå-
íîâñêîãî êëàññà âáëèçè öåíòðà ñîëíå÷íîãî äèñêà (ãåëèîïðîåêöèîííûå êîîð-
äèíàòû -600" < (x, y) < +600", ò.å. ãåëèîäîëãîòà è ãåëèîøèðîòà âñïûøåê â
ïðåäåëàõ ±40°), è äëÿ êîòîðûõ ìîæíî áûëî îïðåäåëèòü êîîðäèíàòû èñòî÷íèêîâ
æåñòêîãî ðåíòãåíîâñêîãî èçëó÷åíèÿ â äèàïàçîíå ýíåðãèé 50-100 êýÂ ïî äàííûì
íàáëþäåíèé êîñìè÷åñêîãî àïïàðàòà Reuven Ramaty High-Energy Solar Spectro-
scopic Imager (RHESSI) [27]. Ðàññìîòðåííûé èíòåðâàë âðåìåíè îïðåäåëÿëñÿ
îäíîâðåìåííûì íàáëþäåíèåì Ñîëíöà ïðè ïîìîùè SDO è RHESSI. Èíôîð-
ìàöèÿ îá èññëåäîâàííûõ àêòèâíûõ îáëàñòÿõ è âñïûøêàõ ïðåäñòàâëåíà â [22].

Â äàííîé ðàáîòå èñïîëüçîâàíû ïîäãîòîâëåííûå âåêòîðíûå ôîòîñôåðíûå
ìàãíèòîãðàììû èíñòðóìåíòà HMI/SDO, ïðåäîñòàâëåííûå â ñâîáîäíîì äîñòóïå
(http://jsoc.stanford.edu/) â âèäå ïðîäóêòà Spaceweather HMI Active Region Patch
(SHARP) [28,29]. Èñïîëüçîâàíû ñòàíäàðòíûå ôàéëû äàííûõ âèäà
"hmi.sharp_cea_720s.fits" ñ øàãîì ïî âðåìåíè 12 ìèí. Ñ ïîìîùüþ ñïåöèàëüíîãî
àëãîðèòìà äëÿ êàæäîãî èíòåðâàëà âðåìåíè èç âñåãî ïîëÿ çðåíèÿ HMI âûäåëÿåòñÿ
îãðàíè÷åííûé ó÷àñòîê (ïàò÷), ñîîòâåòñòâóþùèé àêòèâíîé îáëàñòè è åå
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îêðåñòíîñòè. Êàæäîìó ïàò÷ó ïðèñâîåí ñâîé íîìåð HARPNUM. Â ýòèõ ôàéëàõ
âåêòîð ìàãíèòíîãî ïîëÿ B (B

r
, B , B ) â ñôåðè÷åñêîé ñèñòåìå êîîðäèíàò

ñïðîåöèðîâàí íà öèëèíäðè÷åñêóþ ñåòêó Ëàìáåðòà ( x ,  sin)180( oy ) ñ
îäèíàêîâîé ïëîùàäüþ ÿ÷ååê 510331 .  êì2 íà ôîòîñôåðå (Lambert Cylindrical
Equal-Area projection) [30,31]. 180o-àÿ íåîïðåäåëåííîñòü ïîïåðå÷íîé ëó÷ó çðåíèÿ
êîìïîíåíòû ìàãíèòíîãî ïîëÿ B  óñòðàíåíà â ýòèõ äàííûõ. Ñ ïîìîùüþ ïàêåòà
ïðîãðàìì "WCS" â ñîñòàâå "SolarSoftWare" êîîðäèíàòû CEA òðàíñôîðìèðîâàíû
â ãåëèîãðàôè÷åñêóþ ñèñòåìó Stonyhurst, à çàòåì, äëÿ óäîáñòâà ðàñ÷åòîâ, â
ñôåðè÷åñêóþ ñèñòåìó êîîðäèíàò ñ íà÷àëîì â öåíòðå Ñîëíöà.

Ïëîòíîñòü ôîòîñôåðíûõ âåðòèêàëüíûõ ýëåêòðè÷åñêèõ òîêîâ ðàññ÷èòàíà
÷èñëåííî â ñôåðè÷åñêîé ñèñòåìå êîîðäèíàò, èñïîëüçóÿ òåîðåìó î öèðêóëÿöèè
ìàãíèòíîãî ïîëÿ (çàêîí Àìïåðà) â äèôôåðåíöèàëüíîé ôîðìå:
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è êîýôôèöèåíò ìàãíèòíîé ïðîíèöàåìîñòè 1 . Äëÿ êàæäîé ðàññìîòðåííîé
àêòèâíîé îáëàñòè êàðòû zj  ïîñòðîåíû äëÿ äâóõ ìîìåíòîâ âðåìåíè:
íåïîñðåäñòâåííî äî íà÷àëà âñïûøêè â ìÿãêîì ðåíòãåíîâñêîì èçëó÷åíèè è
ïîñëå îêîí÷àíèÿ èìïóëüñíîé ôàçû âñïûøêè, êîãäà æåñòêîå ðåíòãåíîâñêîå
èçëó÷åíèå (>25 êýÂ) îïóñêàåòñÿ äî ïðåäâñïûøå÷íîãî óðîâíÿ. Ýòî ïîçâîëÿåò
èññëåäîâàòü âîçìîæíûå èçìåíåíèÿ PDF zj  çà âðåìÿ âñïûøêè, èçáåãàÿ âàðèàöèé

zj , êîòîðûå ìîãóò âîçíèêàòü â ðåçóëüòàòå âîçìóùåíèÿ ôîòîñôåðû ïó÷êàìè
óñêîðåííûõ ÷àñòèö, ãèäðîäèíàìè÷åñêèìè òå÷åíèÿìè, óäàðíûìè âîëíàìè è
ïîòîêàìè ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ â èìïóëüñíîé ôàçå âñïûøêè [32].

Íà îñíîâå ïîëó÷åííûõ ìàññèâîâ äàííûõ, áûëè ïîñòðîåíû ãèñòîãðàììû

zj  ñ øèðèíîé áèíà 31052 .  ñòàòàìïåð/ñì2 (1 ñòàòàìïåð/ñì2
 

51031   À/ì2).
Òàêàÿ ôèêñèðîâàííàÿ øèðèíà áèíà âûáðàíà, ÷òîáû, âî-ïåðâûõ, äëÿ àíàëèçà
âñåõ ñîáûòèé ñîáëþñòè åäèíîîáðàçíîñòü ïîäõîäà, è, âî-âòîðûõ, äëÿ êàæäîãî
ñîáûòèÿ èìåëîñü áû áîëåå 15 áèíîâ, íî ïðè ýòîì ÷èñëî áèíîâ ñ ìàëûìè
çíà÷åíèÿìè zj  áûëî áû íå î÷åíü âåëèêî, à ÷èñëî ïóñòûõ áèíîâ ñ âûñîêèìè
çíà÷åíèÿìè zj  áûëî áû ìàëî. Èñêëþ÷åíû ïóñòûå áèíû, â êîòîðûå ïîïàëè
íîëü çíà÷åíèé zj . Äàëåå, îò ïîëó÷åííûõ çíà÷åíèé öåíòðîâ áèíîâ (îñü x)
áåðóòñÿ àáñîëþòíûå çíà÷åíèÿ, à îò àáñîëþòíûõ çíà÷åíèé áèíîâ è êîëè÷åñòâà
òî÷åê äàííûõ â êàæäîì áèíå áåðåòñÿ íàòóðàëüíûé ëîãàðèôì. Äëÿ äâóõ
âåêòîðîâ äàííûõ - çíà÷åíèé ïîëîæèòåëüíûõ è îòðèöàòåëüíûõ zj  - ïðîâåäåí
òåñò Êîëìîãîðîâà-Ñìèðíîâà, êîòîðûé ïî ðåçóëüòàòàì íå îòâåðãàåò íóëåâóþ
ãèïîòåçó î òîì, ÷òî ýòè äâà âåêòîðà ïðèíàäëåæàò îäíîìó ðàñïðåäåëåíèþ, íà
óðîâíå çíà÷èìîñòè 1%. Ýòî ñâèäåòåëüñòâóåò î òîì, ÷òî ìû ìîæåì ðàññìàò-
ðèâàòü àáñîëþòíîå çíà÷åíèå zj , âìåñòî òîãî, ÷òîáû îòäåëüíî ðàññìàòðèâàòü
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ïîëîæèòåëüíûå è îòðèöàòåëüíûå çíà÷åíèÿ. Òàêîé ïîäõîä óâåëè÷èâàåò êîëè-
÷åñòâî òî÷åê äàííûõ ãèñòîãðàììû âäâîå, ÷òî âàæíî äëÿ àäåêâàòíîãî ôèòòè-
ðîâàíèÿ îáëàñòè âûñîêèõ çíà÷åíèé zj . Â èòîãå, äëÿ êàæäîãî ñîáûòèÿ
ãèñòîãðàììû ñîäåðæàò îò 30 äî 40 íåíóëåâûõ áèíîâ, ÷òî çíà÷èòåëüíî âûøå
êîëè÷åñòâà ñâîáîäíûõ ïàðàìåòðîâ ôóíêöèé, èñïîëüçóåìûõ äëÿ ôèòòèðîâàíèÿ
(ñì. íèæå). Ïåðåä ôèòòèðîâàíèåì ãèñòîãðàììû íîðìèðîâàíû íà ìàêñèìàëüíîå
çíà÷åíèå. Òàêèå ãèñòîãðàììû ìîæíî ðàññìàòðèâàòü â êà÷åñòâå ïðèáëèæåíèÿ
PDF àáñîëþòíîãî çíà÷åíèÿ ïëîòíîñòè ôîòîñôåðíûõ âåðòèêàëüíûõ ýëåêòðè-
÷åñêèõ òîêîâ zj . Îòìåòèì, ÷òî äëÿ ïîëó÷åíèÿ ïðèáëèæåíèÿ PDF íàäî
íîðìèðîâàòü íà îáùåå êîëè÷åñòâî òî÷åê èñïîëüçóåìîãî ìàññèâà zj . Îäíàêî
ìû ðåøèëè íîðìèðîâàòü íà ìàêñèìóì, ÷òîáû çíà÷åíèÿ ãèñòîãðàììû
âàðüèðîâàëèñü îò 0 äî 1. Ýòî íå ñêàçûâàåòñÿ íà ðåçóëüòàòàõ äàííîé ðàáîòû.

Íà ðèñ.1 ïðèâåäåíû ïðèìåðû ïîëó÷åííûõ ãèñòîãðàìì (ðàñïðåäåëåíèé) zj
â ëîã-ëîã ìàñøòàáå äëÿ äâóõ àêòèâíûõ îáëàñòåé äëÿ ìîìåíòîâ âðåìåíè äî è
ïîñëå âñïûøêè. Äëÿ âñåõ îñòàëüíûõ ñîáûòèé ãèñòîãðàììû àíàëîãè÷íû. Ïðè
íèçêèõ çíà÷åíèÿõ zj  ðàñïðåäåëåíèå èìååò ôîðìó ãàóññîâà "êîëîêîëà", à ïðè
áîëåå âûñîêèõ - íàêëîííîãî ñïàäàþùåãî "õâîñòà". Èñõîäÿ èç ôîðìû ðàñïðåäåëåíèÿ

zj , ìû âûïîëíèëè àïïðîêñèìàöèþ ìîäåëüþ, ïðåäñòàâëÿþùåé èç ñåáÿ ñëîæåííîå
íîðìàëüíîå ðàñïðåäåëåíèå â îáëàñòè íèçêèõ çíà÷åíèé zj  è ñïàäàþùóþ
ñòåïåííóþ ôóíêöèþ â îáëàñòè áîëåå âûñîêèõ çíà÷åíèé. Äàííûå äåëÿòñÿ íà äâà
íàáîðà: â ïåðâîì n > 5 ïåðâûõ òî÷åê (áèíîâ) ïî âîçðàñòàíèþ çíà÷åíèÿ x ( zj ),

Ðèñ.1. Ïðèìåðû ðàñïðåäåëåíèé || zj  â ëîã-ëîã ìàñøòàáå äëÿ äâóõ àêòèâíûõ îáëàñòåé:
NOAA 12172 äî è ïîñëå âñïûøêè SOL2014-09-24T17:45 (ñëåâà) è NOAA 11263 äî è ïîñëå
âñïûøêè SOL2011-08-03T04:29 (ñïðàâà). Ðàñïðåäåëåíèÿ || zj  äî è ïîñëå âñïûøêè ïîêàçàíû
êðóæêàìè è êðåñòèêàìè, ñîîòâåòñòâåííî. Àïïðîêñèìàöèè ìîäåëüþ ðàñïðåäåëåíèé äî è ïîñëå
âñïûøêè ìåòîäîì íàèìåíüøèõ êâàäðàòîâ ïîêàçàíû ñåðîé è ÷åðíîé ñïëîøíûìè êðèâûìè,
ñîîòâåòñòâåííî. ×åðíûå è ñåðûå êðèâûå áëèçêè äðóã ê äðóãó è ïî÷òè ïåðåêðûâàþòñÿ, ïîýòîìó
èõ ñëîæíî ðàçëè÷èòü. Âåðòèêàëüíûå ïóíêòèðíûå ëèíèè ïîêàçûâàþò ïîëîæåíèÿ òî÷êè ïåðåõîäà
ìåæäó ñëîæåííûì íîðìàëüíûì ðàñïðåäåëåíèåì è ñòåïåííîé ôóíêöèåé.
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âî âòîðîì (N - n) > 5 ïîñëåäíèõ, ãäå N - ïîëíîå êîëè÷åñòâî òî÷åê. Ïðè ýòîì
îáà íàáîðà äàííûõ èìåþò îäíó îáùóþ òî÷êó, êîòîðóþ â äàëüíåéøåì ìû
íàçûâàåì òî÷êîé ïåðåõîäà (transition point, tp). Ïåðâûé íàáîð äàííûõ
àïïðîêñèìèðóåòñÿ (â ëîã-ëîã ìàñøòàáå) ñëîæåííûì íîðìàëüíûì ðàñïðåäåëåíèåì
äëÿ ìîäóëÿ ñëó÷àéíîé âåëè÷èíû [33,34], âòîðîé - ñòåïåííîé ôóíêöèåé:

       
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
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 

. , 

0,

0, 0
22

tp
p

tp
cbxcbx

xxdx

xxaeae

x

xf
(2)

Çíà÷åíèå òî÷êè ïåðåõîäà, x
tp
, âûáèðàåòñÿ íà îñíîâå ìèíèìèçàöèè àáñîëþòíîãî

çíà÷åíèÿ ëèíåéíîãî îòêëîíåíèÿ ìîäåëè îò äàííûõ |y
data

 - y
model

 |.
Âñå àïïðîêñèìàöèè ïðîâîäèëèñü ñ ïîìîùüþ ôóíêöèè "nlinfit" (MATLAB),

èñïîëüçóþùåé àëãîðèòì Ëåâåíáåðãà-Ìàðêâàðäòà äëÿ ðåøåíèÿ çàäà÷è î íàè-
ìåíüøèõ êâàäðàòàõ. Äëÿ êàæäîãî ñëó÷àÿ êà÷åñòâî àïïðîêñèìàöèè îïðåäåëÿëîñü
ñ ïîìîùüþ ñêîððåêòèðîâàííîãî êîýôôèöèåíòà äåòåðìèíàöèè:

 
  , 

1
12





nSS
knSSR

tot

res
adj (3)

ãäå SS
res - ñóììà êâàäðàòîâ îñòàòêîâ ðåãðåññèè, SS

tot
 - îáùàÿ ñóììà êâàäðàòîâ,

n - êîëè÷åñòâî íàáëþäåíèé è k - êîëè÷åñòâî ïàðàìåòðîâ ìîäåëè. ×åì áëèæå
2
adjR  ê 1, òåì áëèæå ìîäåëü ê äàííûì.

Ïîñëå òîãî êàê ïàðàìåòðû ìîäåëè áûëè ïîëó÷åíû äëÿ âñåõ ðàññìîòðåííûõ
àêòèâíûõ îáëàñòåé, ìû ïðîâåðèëè íàëè÷èå èõ êîððåëÿöèè ñ ðåíòãåíîâñêèì
êëàññîì âñïûøåê (ïî äàííûì êîñìè÷åñêèõ àïïàðàòîâ Geostationary Opera-
tional Environmental Satellite - GOES), ïåðåä íà÷àëîì êîòîðûõ ïîñ÷èòàíû
ðàñïðåäåëåíèÿ zj , à òàêæå ñ õýéëîâñêèì ìàãíèòíûì êëàññîì ðîäèòåëüñêèõ
àêòèâíûõ îáëàñòåé (êëàññèôèêàöèÿ Mount Wilson). Ýòà âñïîìîãàòåëüíàÿ
èíôîðìàöèÿ âçÿòà ñ ñàéòà https://solarmonitor.org/.

3. Ðåçóëüòàòû. Âèçóàëüíûé àíàëèç ïîêàçàë, ÷òî èñïîëüçóåìàÿ ìîäåëü
(2) âïîëíå àäåêâàòíî àïïðîêñèìèðóåò ïîñòðîåííûå ðàñïðåäåëåíèÿ zj  äëÿ
âñåõ 48 ðàññìîòðåííûõ îáëàñòåé. Èç 96 ðàñïðåäåëåíèé zj  (ïî 48 äî è ïîñëå
âñïûøêè) òîëüêî 34 (35%) îêàçàëèñü ñ 9502 .Radj  . Íà ðèñ.1 ïðåäñòàâëåíû
õàðàêòåðíûå ïðèìåðû ïðèìåíåíèÿ ìîäåëè äëÿ äâóõ ñîáûòèé: 1) SOL2014-
09-24T17:45 â àêòèâíîé îáëàñòè NOAA 12172 è 2) SOL2011-08-03T04:29 â
àêòèâíîé îáëàñòè NOAA 11263. Äëÿ àêòèâíîé îáëàñòè NOAA 12172 èñïîëü-
çîâàíû äâå âåêòîðíûå ìàãíèòîãðàììû SHARP äëÿ ìîìåíòîâ âðåìåíè 17:36
UT äî è 18:00 UT ïîñëå âñïûøêè, äëÿ NOAA 11263 - äëÿ ìîìåíòîâ âðåìåíè
04:24 UT è 04:36 UT. Ìîæíî îòìåòèòü, ÷òî äëÿ NOAA 12172 (ðèñ.1, ëåâàÿ
ïàíåëü) åñòü ðàñõîæäåíèå íåêîòîðûõ òî÷åê äàííûõ ñ ìîäåëüþ â îáëàñòè
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âûñîêèõ çíà÷åíèé 10ln zj . Ýòî ìîæåò áûòü ñâÿçàíî êàê ñ ìàëîé ñòàòèñòèêîé
òî÷åê äàííûõ íà "õâîñòå" ðàñïðåäåëåíèÿ, òàê è ñ ðåàëüíûì îòêëîíåíèåì îò
ñòåïåííîãî çàêîíà ïðè áîëüøèõ çíà÷åíèÿõ òîêîâ. Èçó÷åíèå ýòîãî âîïðîñà
âûõîäèò çà ðàìêè äàííîé ðàáîòû.

Íà ðèñ.2 â âèäå ãèñòîãðàìì ïîñòðîåíû ðàñïðåäåëåíèÿ îñíîâíûõ ïàðàìåòðîâ
ìîäåëè: (a) ìàòåìàòè÷åñêîå îæèäàíèå ðàñïðåäåëåíèÿ Ãàóññà (÷èñëåííî ðàâíî
ïàðàìåòðó b èç (2)), (b) ñðåäíåêâàäðàòè÷íîå (ñòàíäàðòíîå) îòêëîíåíèå

ðàñïðåäåëåíèÿ Ãàóññà (÷èñëåííî ðàâíî 2c  èç (2)), (c) òî÷êà ïåðåõîäà (x
tp

èç (2)), (d) àáñîëþòíîå çíà÷åíèå ïîêàçàòåëÿ ñòåïåííîé ôóíêöèè (|p| èç (2)).
Ïîëó÷èâøèåñÿ ðàñïðåäåëåíèÿ àïïðîêñèìèðîâàíû ãàóññèàíîé è ïîëó÷åíû

Ðèñ.2. Ãèñòîãðàììû çíà÷åíèé ïàðàìåòðîâ ìîäåëè, ïîëó÷åííûå äëÿ 96 ðàñïðåäåëåíèé || zj
(ïî 48 äî è ïîñëå âñïûøêè): à) ìàòåìàòè÷åñêîå îæèäàíèå ñëîæåííîãî íîðìàëüíîãî ðàñïðå-
äåëåíèÿ, b) ñòàíäàðòíîå îòêëîíåíèå ñëîæåííîãî íîðìàëüíîãî ðàñïðåäåëåíèÿ, c) òî÷êà ïåðåõîäà
ìåæäó ñëîæåííûì íîðìàëüíûì ðàñïðåäåëåíèåì è ñòåïåííîé ôóíêöèåé, d) àáñîëþòíîå çíà÷åíèå
ïîêàçàòåëÿ ñòåïåííîé ôóíêöèè. Ðåçóëüòàòû àïïðîêñèìàöèè ãèñòîãðàìì ôóíêöèåé Ãàóññà ïîêàçàíû
÷åðíîé æèðíîé êðèâîé. Çíà÷åíèÿ ìàòåìàòè÷åñêîãî îæèäàíèÿ   è ñòàíäàðòíîãî îòêëîíåíèÿ
  ôóíêöèè Ãàóññà ïðèâåäåíû â âåðõíåì ïðàâîì óãëó ñîîòâåòñòâóþùèõ ïàíåëåé.
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ìàòåìàòè÷åñêèå îæèäàíèÿ,  , è ñðåäíåêâàäðàòè÷íûå îòêëîíåíèÿ,  , ïàðàìåòðîâ.
Ïîëó÷åííûå çíà÷åíèÿ âûíåñåíû â ëåãåíäû ñîîòâåòñòâóþùèõ ãðàôèêîâ (ðèñ.2):
(à) ìàòåìàòè÷åñêîå îæèäàíèå ðàñïðåäåëåíèÿ Ãàóññà 19 ± 4 ñòàòàìïåð/ñì2, (b)
ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå ðàñïðåäåëåíèÿ Ãàóññà   3100.32.9   ñòàòàìïåð/
ñì5, (c) òî÷êà ïåðåõîäà ê ñòåïåííîé ôóíêöèè   3107219  ..  ñòàòàìïåð/ñì2, (d)
àáñîëþòíîå çíà÷åíèå ïîêàçàòåëÿ ñòåïåííîé ôóíêöèè 3.72 ± 0.78. Òàêæå ìû
ïîñ÷èòàëè   è   ýòèõ æå ïàðàìåòðîâ ìîäåëè íàïðÿìóþ, áåç àïïðîêñèìàöèè
ãàóññèàíîé: (a) 18 ± 6 ñòàòàìïåð/ñì2, (b)   3100.32.9   ñòàòàìïåð/ñì2, (c)
  310918.9  .  ñòàòàìïåð/ñì2, (d) 3.89 ± 0.96, ñîîòâåòñòâåííî. Ïîëó÷åííûå â

Ðèñ.3. Ïàðàìåòðû ìîäåëè ðàñïðåäåëåíèé || zj  48 ðàññìîòðåííûõ àêòèâíûõ îáëàñòåé äî
(îñü x) è ïîñëå (îñü y) âñïûøêè: a) ìàòåìàòè÷åñêîå îæèäàíèå ñëîæåííîãî íîðìàëüíîãî ðàñïðå-
äåëåíèÿ, b) ñòàíäàðòíîå îòêëîíåíèå ñëîæåííîãî íîðìàëüíîãî ðàñïðåäåëåíèÿ, c) òî÷êà ïåðåõîäà
ìåæäó ñëîæåííûì íîðìàëüíûì ðàñïðåäåëåíèåì è ñòåïåííîé ôóíêöèåé, d) àáñîëþòíîå çíà÷åíèå
ïîêàçàòåëÿ ñòåïåííîé ôóíêöèè. Îøèáêè îïðåäåëåíèÿ (êðîìå a)) ïàðàìåòðîâ ïîêàçàíû òîíêèìè
ãîðèçîíòàëüíûìè è âåðòèêàëüíûìè îòðåçêàìè. Ïóíêòèðíàÿ ëèíèÿ - ôóíêöèÿ y = x. Íà âñåõ
ðèñóíêàõ â ïðàâîì íèæíåì óãëó ïðèâåäåíû êîýôôèöèåíòû êîððåëÿöèè ññ.
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ðåçóëüòàòå àïïðîêñèìàöèè ãàóññèàíîé çíà÷åíèÿ   è   ïàðàìåòðîâ ìîäåëè
áëèçêè ê ñðåäíèì çíà÷åíèÿì è ñðåäíåêâàäðàòè÷íûì îòêëîíåíèÿì, ïîñ÷èòàííûì
íàïðÿìóþ áåç àïïðîêñèìàöèè.

Äëÿ âñåõ 48 ðàññìîòðåííûõ àêòèâíûõ îáëàñòåé ïðîâåäåíî ñîïîñòàâëåíèå
îáîçíà÷åííûõ âûøå ïàðàìåòðîâ ìîäåëè äî è ïîñëå âñïûøåê (ðèñ.3) è ïîñ÷èòàíû
ëèíåéíûå êîýôôèöèåíòû êîððåëÿöèè Ïèðñîíà: (a) äëÿ ìàòåìàòè÷åñêîãî îæè-
äàíèÿ ãàóññèàíû 0.43 [0.17, 0.64]; (b) äëÿ ñðåäíåêâàäðàòè÷íîãî îòêëîíåíèÿ
ãàóññèàíû 0.83 [0.71, 0.90]; (c) äëÿ òî÷êè ïåðåõîäà 0.80 [0.67, 0.88]; (d) äëÿ
ìîäóëÿ ïîêàçàòåëÿ ñòåïåííîé ôóíêöèè 0.92 [0.86, 0.95]. Â êâàäðàòíûõ ñêîáêàõ
ïðèâåäåí äîâåðèòåëüíûé èíòåðâàë 95% îöåíêè êîýôôèöèåíòà êîððåëÿöèè
ïàðàìåòðîâ. Íàèáîëåå ñèëüíàÿ êîððåëÿöèÿ - äëÿ ïîêàçàòåëÿ ñòåïåííîé ôóíêöèè
ìîäåëè. Ñèñòåìàòè÷åñêîãî èçìåíåíèÿ ïàðàìåòðîâ ìîäåëè çà âðåìÿ âñïûøêè
íå íàáëþäàåòñÿ äëÿ ðàññìîòðåííîé âûáîðêè îáëàñòåé.

Â êà÷åñòâå äîïîëíåíèÿ ïðîâåðåíî, èìååòñÿ ëè ÿâíàÿ ñâÿçü ìåæäó ïàðà-
ìåòðàìè ìîäåëåé è ðåíòãåíîâñêèì êëàññîì âñïûøåê, à òàêæå õýéëîâñêèì
ìàãíèòíûì êëàññîì àêòèâíûõ îáëàñòåé. Äëÿ ýòîãî ïîñòðîåíû ãðàôèêè
çàâèñèìîñòåé ðåíòãåíîâñêèõ êëàññîâ âñïûøåê è õýéëîâñêèõ êëàññîâ îáëàñòåé
îò ïàðàìåòðîâ ìîäåëè. Â êà÷åñòâå ïðèìåðà íà ðèñ.4 ïðèâåäåíû ãðàôèêè
çàâèñèìîñòåé àáñîëþòíîãî çíà÷åíèÿ ïîêàçàòåëè ñòåïåííîé ôóíêöèè ìîäåëè
îò êëàññà âñïûøêè (ñëåâà) è õýéëîâñêîãî êëàññà (ñïðàâà). Âèçóàëüíûé àíàëèç
ãðàôèêîâ íå âûÿâèë ÿâíîé ñâÿçè. Ìîæíî îòìåòèòü, ÷òî áîëüøàÿ ÷àñòü (29

Ðèñ.4. Ãðàôèêè çàâèñèìîñòåé àáñîëþòíîãî çíà÷åíèÿ ïîêàçàòåëÿ ñòåïåííîé ôóíêöèè
ìîäåëè, èñïîëüçîâàííîé äëÿ àïïðîêñèìàöèè ðàñïðåäåëåíèÿ || zj  â àêòèâíûõ îáëàñòÿõ äî
âñïûøêè, îò äåñÿòè÷íîãî ëîãàðèôìà ïèêîâîãî ïîòîêà ðåíòãåíîâñêîãî èçëó÷åíèÿ Ñîëíöà â
êàíàëå 1-8 Å  GOES âî âðåìÿ âñïûøêè, ò.å. êëàññà âñïûøêè ñî çíàêîì ìèíóñ (ñëåâà), è
õýéëîâñêîãî ìàãíèòíîãî êëàññà àêòèâíûõ îáëàñòåé (ñïðàâà). Îøèáêè îïðåäåëåíèÿ ïàðàìåòðîâ
ïîêàçàíû òîíêèìè âåðòèêàëüíûìè îòðåçêàìè.
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èëè 60%) ðàññìîòðåííûõ àêòèâíûõ îáëàñòåé èìåëà ìàãíèòíûé êëàññ  .
Òàê êàê èçâåñòíî, ÷òî  -îáëàñòè èìåþò òåíäåíöèþ ïðîèçâîäèòü áîëüøå
âñïûøåê, âêëþ÷àÿ ìîùíûå [35], òî ýòî ïðåäñòàâëÿåòñÿ âïîëíå åñòåñòâåííûì,
ïîñêîëüêó îòîáðàííûå âñïûøêè áûëè äîâîëüíî ìîùíûìè è ñîïðîâîæäàëèñü
æåñòêèì ðåíòãåíîâñêèì èçëó÷åíèåì >50 êýÂ.

4. Îáñóæäåíèå. Íà îñíîâå âåêòîðíûõ ìàãíèòîãðàìì SHARP_CEA,
ïîëó÷åííûõ ïî äàííûì íàáëþäåíèé HMI/SDO äëÿ âûáîðêè èç 48 àêòèâíûõ
îáëàñòåé, â êîòîðûõ ïðîèñõîäèëè âñïûøêè ðàçëè÷íûõ ðåíòãåíîâñêèõ êëàññîâ
(ñì. [22]), ïîñòðîåíû ðàñïðåäåëåíèÿ àáñîëþòíîãî çíà÷åíèÿ ïëîòíîñòè
ôîòîñôåðíûõ âåðòèêàëüíûõ ýëåêòðè÷åñêèõ òîêîâ PDF  zj . Èñõîäÿ èç
âèçóàëüíîãî àíàëèçà ôîðìû PDF  zj , âûáðàíà àíàëèòè÷åñêàÿ ìîäåëü è
ïðîâåäåíà àïïðîêñèìàöèÿ ìåòîäîì íàèìåíüøèõ êâàäðàòîâ. Â ïåðâîì
ïðèáëèæåíèè ôîðìà PDF  zj  ìîæåò áûòü àïïðîêñèìèðîâàíà ñëîæåííûì
íîðìàëüíûì ðàñïðåäåëåíèåì â îáëàñòè íèçêèõ çíà÷åíèé zj  è ñïàäàþùåé
ñòåïåííîé ôóíêöèåé â îáëàñòè áîëåå âûñîêèõ çíà÷åíèé. Òî÷êà ïåðåõîäà
ìåæäó äâóìÿ ôóíêöèÿìè èìååò ñðåäíåå çíà÷åíèå 3109 tpzj  ñòàòàìïåð/
ñì2. Ìû ïîëàãàåì, ÷òî ðàñïðåäåëåíèå â îáëàñòè íèçêèõ çíà÷åíèé îïðåäåëÿåòñÿ
øóìàìè èñïîëüçóåìûõ âåêòîðíûõ ìàãíèòîãðàìì, òîãäà êàê ñòåïåííîé "õâîñò"
ìîæåò áûòü áëèçîê ê ðåàëüíîìó ðàñïðåäåëåíèþ zj  è ìîæåò áûòü ñâÿçàí
ñ ôèçèêîé ìàãíèòíûõ ïîëåé è ýëåêòðè÷åñêèõ òîêîâ â àêòèâíûõ îáëàñòÿõ
Ñîëíöà.

Äëÿ îáîñíîâàíèÿ ïðåäïîëîæåíèÿ î ïðèáîðíîì (øóìîâîì) õàðàêòåðå ðàñïðå-
äåëåíèÿ ïðè íèçêèõ çíà÷åíèÿõ ðàñïðåäåëåíèå zj  äëÿ ïëîùàäè âñåé îáëàñòè,
îïðåäåëåííîé â SHARP, ñðàâíåíî ñ ðàñïðåäåëåíèåì, ïîñ÷èòàííûì òîëüêî äëÿ
îêðàèí ýòîé îáëàñòè. Íà îêðàèíàõ íåò çíà÷èòåëüíûõ ìàãíèòíûõ ïîëåé ( 05 Ãñ),
ñëåäîâàòåëüíî è zj , è îíè ìîãóò ïðåäñòàâëÿòü ñîáîé îáëàñòè ñïîêîéíîãî
Ñîëíöà, ãäå ïîêàçàíèÿ HMI/SDO, ïî êðàéíåé ìåðå ÷àñòè÷íî, ÿâëÿþòñÿ
øóìîì. Äëÿ ýòîãî ðàññìîòðåíû ïîëîñêè øèðèíîé 50 ïèêñåëåé ïî ïåðèìåòðó
îáëàñòè. Ïðèìåðû ðàñïðåäåëåíèé zj  äëÿ äâóõ îáëàñòåé NOAA 12172 è
11263 ïðèâåäåíû íà ðèñ.5. Ðàñïðåäåëåíèå zj  äëÿ ôîíîâîé îáëàñòè ìîæíî
ïðåäñòàâèòü ñëîæåííûì íîðìàëüíûì ðàñïðåäåëåíèåì è íå èìååò ÿâíîãî
ñòåïåííîãî "õâîñòà", òîãäà êàê äëÿ âñåé àêòèâíîé îáëàñòè ðàñïðåäåëåíèå
èìååò âèä ñëîæåííîãî íîðìàëüíîãî ðàñïðåäåëåíèÿ íà íèçêèõ çíà÷åíèÿõ è
ÿðêî âûðàæåííîãî ñòåïåííîãî "õâîñòà" â îáëàñòè áîëåå âûñîêèõ çíà÷åíèé.
Ïðè ýòîì ñëîæåííîå íîðìàëüíîå ðàñïðåäåëåíèå äëÿ ôîíîâîé îáëàñòè áëèçêî
ê ñëîæåííîìó íîðìàëüíîìó ðàñïðåäåëåíèþ äëÿ ïîëíîé îáëàñòè.

Äëÿ äîïîëíèòåëüíîãî ïîäòâåðæäåíèÿ òîãî, ÷òî ñëîæåííîå íîðìàëüíîå
ðàñïðåäåëåíèå ïðåäñòàâëÿåò ñîáîé ðàñïðåäåëåíèå øóìà zj , îöåíèì îøèáêó
ïîïåðå÷íîé ëó÷ó çðåíèÿ êîìïîíåíòû ìàãíèòíîãî ïîëÿ   B  èç ïîëó÷åííîãî
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ñðåäíåêâàäðàòè÷íîãî îòêëîíåíèÿ ãàóññèàíû ðàñïðåäåëåíèÿ zj  (   zj
  3100.32.9   ñòàòàìïåð/ñì2):      33124 ][   cjlB z  Ãñ, ãäå

71063  .l  ñì - ëèíåéíûé ðàçìåð ïèêñåëÿ HMI/SDO íà ôîòîñôåðå, c -
ñêîðîñòü ñâåòà â âàêóóìå. Ïîëó÷åííîå çíà÷åíèå   B  ëåæèò ìåæäó ïîðîãîâûìè
çíà÷åíèÿìè 20 Ãñ (äî 2014ã.) è 50 Ãñ (ïîñëå), îïðåäåëåííûìè äëÿ ïîïåðå÷íîé
êîìïîíåíòû ìàãíèòíîãî ïîëÿ íà âåêòîðíûõ ìàãíèòîãðàììàõ HMI/SDO
(ïàðàìåòð DOFFSET, [29]). Ýòî ÿâëÿåòñÿ âåñêèì äîâîäîì â ïîëüçó ñäåëàííîãî
ïðåäïîëîæåíèÿ.

Àðãóìåíòîì â ïîëüçó òîãî, ÷òî ñòåïåííîé "õâîñò" ðàñïðåäåëåíèÿ zj  íå
ÿâëÿåòñÿ øóìîì, ìîæåò ñëóæèòü òî îáñòîÿòåëüñòâî, ÷òî òî÷êà ïåðåõîäà îò
ãàóññèàíû ê ñòåïåííîìó ðàñïðåäåëåíèþ íàáëþäàåòñÿ íà çíà÷åíèÿõ
(   3101.98.9 tpzj  ñòàòàìïåð/ñì2), áëèçêèõ ê óòðîåííîìó ñòàíäàðòíîìó îòêëî-
íåíèþ ãàóññèàíû     3100.98.73  zstdev j  ñòàòàìïåð/ñì2. Ýòî óêàçûâàåò íà
òî, ÷òî ïðè èññëåäîâàíèè âåðòèêàëüíûõ òîêîâ íà ôîòîñôåðå ïî äàííûì HMI/
SDO ñëåäóåò èñïîëüçîâàòü ïðàâèëî "òðåõ ñèãì" è ðàññìàòðèâàòü òîëüêî
çíà÷åíèÿ, ïðåâûøàþùèå  zstdev j3 , à ê áîëåå íèçêèì çíà÷åíèÿì zj
îòíîñèòüñÿ ñ ïðåäåëüíîé îñòîðîæíîñòüþ.

Íàëè÷èå ñòåïåííîãî "õâîñòà" â ðàñïðåäåëåíèÿõ zj  àêòèâíûõ îáëàñòåé
Ñîëíöà ïðåäñòàâëÿåòñÿ èíòåðåñíûì ôàêòîì. Ýòî ìîæåò óêàçûâàòü íà
ñïåöèôè÷åñêèé òóðáóëåíòíûé õàðàêòåð ïðîöåññîâ ôîðìèðîâàíèÿ ýëåêòðè÷åñêèõ
òîêîâ. Ïî ñóùåñòâó, ýòî íåóäèâèòåëüíî, ïîñêîëüêó èçâåñòíî, ÷òî ñòåïåííîé

Ðèñ.5. Ðàñïðåäåëåíèÿ â ëîã-ëîã ìàñøòàáå || zj  â äâóõ àêòèâíûõ îáëàñòÿõ NOAA 12172 äî
âñïûøêè SOL2014-09-24T17:45 (ñëåâà) è NOAA 11263 äî âñïûøêè SOL2011-08-03T04:29
(ñïðàâà). Êðóæêàìè ïîêàçàíû äàííûå, ïîëó÷åííûå äëÿ ïîëíîé îáëàñòè SHARP, êðåñòèêàìè -
äëÿ ôîíîâîãî ó÷àñòêà ñïîêîéíîãî Ñîëíöà. Àïïðîêñèìàöèÿ äëÿ ôîíîâîãî ó÷àñòêà ñëîæåííûì
íîðìàëüíûì ðàñïðåäåëåíèåì ïîêàçàíà ÷åðíîé êðèâîé, äëÿ âñåé îáëàñòè - ñåðîé êðèâîé,
ïðåäñòàâëÿþùåé ñîâîêóïíîñòü ñëîæåííîãî íîðìàëüíîãî ðàñïðåäåëåíèÿ íèæå òî÷êè ïåðåõîäà
(îáîçíà÷åíà âåðòèêàëüíûì ïóíêòèðîì) è ñòåïåííîé ôóíêöèè âûøå òî÷êè ïåðåõîäà.
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âèä èìåþò ðàñïðåäåëåíèÿ ðàçëè÷íûõ õàðàêòåðèñòèê ôîòîñôåðíîãî ìàãíèòíîãî
ïîëÿ, â ÷àñòíîñòè, ìàãíèòíîãî ïîòîêà [36], ïðîèçâîäíîé îò êîòîðîãî ÿâëÿåòñÿ

zj . Ñïåêòð ìîùíîñòè ìàãíèòíîãî ïîëÿ òàêæå èìååò ñòåïåííîé âèä [37,38]).
Ñòåïåííîé õàðàêòåð ïðèñóù è ïðîñòðàíñòâåííûì õàðàêòåðèñòèêàì òîêîâîé
ñïèðàëüíîñòè àêòèâíûõ îáëàñòåé [39]. Ñòåïåííûå ðàñïðåäåëåíèÿ õàðàêòåðíû
äëÿ ôðàêòàëüíî-êëàñòåðíûõ ñèñòåì, ê êîòîðûì ìîæíî îòíåñòè àêòèâíûå
îáëàñòè Ñîëíöà (íàïðèìåð, [40,41]). Ìû óñòàíîâèëè, ÷òî äëÿ âûáîðêè ðàññìîò-
ðåííûõ 48 àêòèâíûõ îáëàñòåé, ìîäóëü ïîêàçàòåëÿ ñòåïåííîé ôóíêöèè ðàñïðå-
äåëåíèÿ zj  èìååò çíà÷åíèÿ 3.89 ± 0.96. Âîïðîñ î òîì, êàêèìè êîíêðåòíî
ïðîöåññàìè îáóñëîâëåíû ýòè çíà÷åíèÿ, òðåáóåò äàëüíåéøåãî èçó÷åíèÿ.

Â çàâåðøåíèå, îòìåòèì, ÷òî â ðàìêàõ èñïîëüçîâàííîãî ïîäõîäà íå îáíàðó-
æåíà ÿâíàÿ êîððåëÿöèÿ ìåæäó ïàðàìåòðàìè ðàññìîòðåííûõ ìîäåëåé PDF  zj
äëÿ èññëåäîâàííîé îãðàíè÷åííîé âûáîðêè àêòèâíûõ îáëàñòåé è ðåíòãåíîâñêèì
êëàññîì ïðîèçîøåäøèõ â íèõ âñïûøåê. Ýòî ìîæíî èíòåðïðåòèðîâàòü òåì, ÷òî
ïàðàìåòðû ìîäåëåé îïðåäåëÿþòñÿ ðàñïðåäåëåíèåì zj  öåëîé àêòèâíîé îáëàñòè
ñ ìàñøòàáàìè â íåñêîëüêî ñîòåí óãëîâûõ ñåêóíä, òîãäà êàê âñïûøêà ÿâëÿåòñÿ
ëîêàëüíûì ïðîöåññîì, çàíèìàþùèì îáû÷íî ìàëóþ ÷àñòü ðîäèòåëüñêîé àêòèâíîé
îáëàñòè (íåñêîëüêî óãëîâûõ ñåêóíä èëè äåñÿòêîâ óãëîâûõ ñåêóíä). Â äàëüíåéøåì,
ïðåäñòàâëÿåòñÿ èíòåðåñíûì èññëåäîâàòü ñòàòèñòè÷åñêè ñâÿçü õàðàêòåðèñòèê
âñïûøåê è ïàðàìåòðîâ ëîêàëüíûõ ðàñïðåäåëåíèé zj  âî âñïûøå÷íûõ îáëàñòÿõ,
â ÷àñòíîñòè, îãðàíè÷åííûõ âñïûøå÷íûìè ëåíòàìè â îêðåñòíîñòè ôîòîñôåðíîé
ëèíèè èíâåðñèè ìàãíèòíîé ïîëÿðíîñòè. Áîëåå òîãî, âñïûøêè îáû÷íî ïðîèñõîäÿò
â îêðåñòíîñòè ýêñòðåìóìîâ zj  [5,13,14], çíà÷åíèÿ êîòîðûõ âíîñÿò âêëàä â
ñàìûé "õâîñò" ðàñïðåäåëåíèÿ zj , ãäå ìîãóò íàáëþäàòüñÿ îòêëîíåíèÿ îò
ñòåïåííîé çàâèñèìîñòè (ñì. ðèñ.1). Ýòè îòêëîíåíèÿ ìîãóò áûòü ñâÿçàíû êàê
ñ ôëóêòóàöèÿìè èç-çà ìàëîé ñòàòèñòèêè òî÷åê ñ ýêñòðåìàëüíûìè çíà÷åíèÿìè,
òàê è ñ ôèçèêîé ôîðìèðîâàíèÿ ýêñòðåìàëüíûõ òîêîâ â àêòèâíûõ îáëàñòÿõ.
Ïðîñòîé àïïðîêñèìàöèè ðàñïðåäåëåíèÿ zj  ñòåïåííîé ôóíêöèåé ìîæåò áûòü
íåäîñòàòî÷íî äëÿ âûÿâëåíèÿ âàðèàöèé ðàñïðåäåëåíèÿ âî âðåìÿ âñïûøåê. Ýòîò
âîïðîñ òðåáóåò äàëüíåéøåãî èçó÷åíèÿ. Íàêîíåö, îòñóòñòâèå ÿâíîé ñâÿçè ìåæäó
ïàðàìåòðàìè ðàñïðåäåëåíèé zj  è ìàãíèòíûì êëàññîì àêòèâíûõ îáëàñòåé
ìîæíî îáúÿñíèòü íåäîñòàòî÷íîñòüþ ðàçíîîáðàçèÿ èññëåäóåìîé âûáîðêè (áîëåå
ïîëîâèíû ðàññìîòðåííûõ îáëàñòåé èìåëè êëàññ  ) èëè æå ÷ðåçìåðíî
îïèñàòåëüíûì (íåêîëè÷åñòâåííûì) õàðàêòåðîì õýéëîâñêîé êëàññèôèêàöèè
àêòèâíûõ îáëàñòåé, íå óìàëÿÿ åå äîñòîèíñòâ.

Ìû áëàãîäàðíû êîëëåêòèâó ýêñïåðèìåíòà Helioseismic and Magnetic Im-
ager íà áîðòó êîñìè÷åñêîãî àïïàðàòà Solar Dynamics Observatory çà âåêòîðíûå
ôîòîñôåðíûå ìàãíèòîãðàììû ñåðèè SHARP, ïðåäîñòàâëåííûå â ñâîáîäíîì
äîñòóïå â ñåòè Èíòåðíåò. Ìû òàêæå áëàãîäàðíû àíîíèìíûì ðåöåíçåíòàì çà
ðÿä ïîëåçíûõ çàìå÷àíèé, ñïîñîáñòâîâàâøèõ óëó÷øåíèþ êà÷åñòâà ñòàòüè.
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DENSITY DISTRIBUTION OF PHOTOSPHERIC
VERTICAL ELECTRIC CURRENTS IN FLARE

ACTIVE REGIONS OF THE SUN

I.V.ZIMOVETS1, A.B.NECHAEVA1,2, I.N.SHARYKIN1, W.Q.GAN3

Solar active regions contain electric currents. Information on the distribution
of currents is important for understanding the processes of energy release on the
surface of the Sun and in the overlying layers. The paper presents an analysis
of the probability density function (PDF) of the absolute value of the photospheric
vertical electric current density zj  in 48 active regions from 2010 to 2015 at
times before and after flares. Calculation of zj  is performed by applying the
differential form of Ampere's circuital law to photospheric vector magnetograms
obtained from observations of the Helioseismic and Magnetic Imager (HMI)
instrument onboard the Solar Dynamics Observatory (SDO). It is shown that for
the studied active regions PDF  zj  can be present, in the first approximation,
by the model consisting of the folded normal distribution in the low- zj  region
( 3109 zj  statampere/cm2) and the decaying power-law function in the region
of higher zj  values. We obtained the model parameters using the least squares
method, constructed histograms of their distributions, and calculated mathematical
expectations and standard deviations. No systematic changes in the model param-
eters during the flares are detected. We did not find an explicit connection between
the model parameters and the flare X-ray class, as well as with the Hale magnetic
class of the active regions, in the frames of the approach used on a selected sample
of the flares and active regions. Arguments are presented in favor of the suggestion
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that the folded normal distribution in the low-value region of PDF  zj  represents
noise in the data, while the power-law "tail" can reflect the nature of electric
currents in the solar active regions.

Keywords: Solar active regions: electric currents
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ÔÈÇÈ×ÅÑÊÈÅ ÓÑËÎÂÈß Â ÊÎÐÎÍÀËÜÍÛÕ ÄÛÐÀÕ

Î.Ñ.ÃÎÏÀÑÞÊ, Ý.À.ÁÀÐÀÍÎÂÑÊÈÉ, Â.Ï.ÒÀÐÀÙÓÊ, Í.È.ØÒÅÐÖÅÐ
Ïîñòóïèëà 19 íîÿáðÿ 2019

Ïðèíÿòà ê ïå÷àòè 24 èþíÿ 2020

Ïðîâåäåíî èññëåäîâàíèå ôèçè÷åñêèõ óñëîâèé â õðîìîñôåðå ïîëÿðíîé è  ýêâàòîðèàëüíûõ
êîðîíàëüíûõ äûð íà ôàçå ñïàäà 24 öèêëà ñîëíå÷íîé àêòèâíîñòè. Íà îñíîâàíèè íàáëþäàåìûõ
â êîðîíàëüíûõ äûðàõ  èíòåíñèâíîñòåé â ëèíèÿõ ÍåI 10830 Å  è H  ñ èñïîëüçîâàíèåì íå-
ËÒÐ ïðîãðàììû ïîñòðîåíû ìîäåëè õðîìîñôåðû. Ðàñ÷åòû ïîêàçàëè, ÷òî òåìïåðàòóðà â
ýêâàòîðèàëüíûõ êîðîíàëüíûõ äûðàõ àíàëîãè÷íà òåìïåðàòóðå ïîëÿðíîé êîðîíàëüíîé äûðû.
Òåìïåðàòóðà â êîðîíàëüíûõ äûðàõ íèæå òåìïåðàòóðû íåâîçìóùåííîé õðîìîñôåðû è
óâåëè÷èâàåòñÿ â çàâèñèìîñòè îò âûñîòû â õðîìîñôåðå. Ðàçëè÷èå àòìîñôåð êîðîíàëüíûõ äûð
è ñïîêîéíîãî Ñîëíöà íà÷èíàåòñÿ íà óðîâíå âåðõíÿÿ ôîòîñôåðà - íèæíÿÿ õðîìîñôåðà.

Êëþ÷åâûå ñëîâà: Ñîëíöå: õðîìîñôåðà: êîðîíàëüíûå äûðû: ôèçè÷åñêèå óñëîâèÿ

1. Ââåäåíèå. Êîðîíàëüíûå äûðû (ÊÄ) ïðåäñòàâëÿþò ñîáîé êðóïíîìàñø-
òàáíûå ñòðóêòóðû â ñîëíå÷íîé êîðîíå. Èç-çà èõ çíà÷èòåëüíî áîëåå íèçêîé
ïëîòíîñòè è òåìïåðàòóðû ïî ñðàâíåíèþ ñ îêðóæàþùåé êîðîíîé, ÊÄ íà
èçîáðàæåíèÿõ Ñîëíöà â ðåíòãåíå è êðàéíåì óëüòðàôèîëåòå âèäíû êàê òåìíûå
îáëàñòè. Â îñíîâíîì, ñèëîâûå ëèíèè ìàãíèòíîãî ïîëÿ ÿâëÿþòñÿ çàìêíóòûìè,
â ñïîêîéíîì Ñîëíöå îíè èìåþò âèä ïåòëåâèäíûõ ñòðóêòóð, â òî âðåìÿ êàê
â ÊÄ ñèëîâûå ëèíèè ìàãíèòíîãî ïîëÿ îáëàäàþò îòêðûòîé êîíôèãóðàöèåé.
Îòêðûòûé ìàãíèòíûé ïîòîê áûñòðî ðàñøèðÿåòñÿ íàä îñíîâàíèåì ÊÄ. Ïëàçìà
óñêîðÿåòñÿ âäîëü îòêðûòûõ ëèíèé ìàãíèòíîãî ïîëÿ, îáðàçóÿ âûñîêîñêîðîñòíûå
ïîòîêè ñîëíå÷íîãî âåòðà (>600 êì ñ-1) [1,2]. ÊÄ íàáëþäàþòñÿ íà âñåõ øèðîòàõ,
îò ïîëþñîâ [3,4] äî ýêâàòîðà [5-7]. Èñõîäÿ èç ïðîäîëæèòåëüíîñòè æèçíè è
ðàñïîëîæåíèÿ, ìîæíî âûäåëèòü òðè îñíîâíûå êàòåãîðèè ÊÄ [8,9]: ïîëÿðíûå,
íåïîëÿðíûå (íèçêîøèðîòíûå, èçîëèðîâàííûå) è òðàíçèåíòíûå (êîðîíàëüíûå
äèììèíãè), ñâÿçàííûå ñ ýðóïòèâíûìè ñîáûòèÿìè, òàêèìè êàê ýðóïöèÿ âîëîêîí,
êîðîíàëüíûå âûáðîñû ìàññû (íàïðèìåð, [8,10,11]). Â ýòîì èññëåäîâàíèè ìû
óäåëèëè âíèìàíèå ïåðâûì äâóì êàòåãîðèÿì ÊÄ: ïîëÿðíûì è ýêâàòîðèàëüíûì.
Ïîëÿðíûå ÊÄ ðàñïîëàãàþòñÿ íà âûñîêèõ øèðîòàõ âáëèçè ïîëþñîâ, çàíèìàþò
çíà÷èòåëüíóþ ÷àñòü ñîëíå÷íîé ïîâåðõíîñòè è äîìèíèðóþò âî âðåìÿ ìèíèìóìà
ñîëíå÷íîé àêòèâíîñòè. Âðåìÿ èõ æèçíè äîñòèãàåò ñåìè - âîñüìè ëåò [8,12].
Ýêâàòîðèàëüíûå ÊÄ îáû÷íî ðåäêî íàáëþäàþòñÿ â ìèíèìóìå ñîëíå÷íîé
àêòèâíîñòè. Â ýòî âðåìÿ ãëîáàëüíàÿ ìàãíèòíàÿ ñòðóêòóðà Ñîëíöà ïðèáëèæåííî
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ïðåäñòàâëÿåò ñîáîé ïîëå ìàãíèòíîãî äèïîëÿ ñ îòêðûòûìè ïîëÿìè ïðîòèâî-
ïîëîæíîé ïîëÿðíîñòè íà îáîèõ ïîëþñàõ è èñêðèâëåííûì òîêîâûì ñëîåì,
íàèìåíüøèì îáðàçîì, ïî ñðàâíåíèþ ñ äðóãèìè ïåðèîäàìè ñîëíå÷íîãî öèêëà,
óäàëåííûì îò ýêâàòîðà. Îäíàêî èìåþòñÿ è èñêëþ÷åíèÿ. Òàê, âî âðåìÿ
ìèíèìóìà ìåæäó 22 è 23 öèêëàìè, â 1996ã., íàáëþäàëàñü áîëüøàÿ ÊÄ íà
íèçêèõ øèðîòàõ, ïðîñòèðàþùàÿñÿ îò ñåâåðíîãî ïîëþñà äî áîëüøîé àêòèâíîé
îáëàñòè â þæíîì ïîëóøàðèè [5]. Â òå÷åíèå ìèíèìóìà ñîëíå÷íîé àêòèâíîñòè
ìåæäó öèêëàìè 23 è 24, â 2007-2008ãã., ÊÄ íà íèçêèõ øèðîòàõ çàíèìàëè
áîëüøèå ïëîùàäè [6,13]. Íåñìîòðÿ íà òî, ÷òî ÷èñëî ñîëíå÷íûõ ïÿòåí áûëî
íà èñòîðè÷åñêè íèçêîì óðîâíå âî âðåìÿ ýòîãî ìèíèìóìà, áûñòðûé ñîëíå÷íûé
âåòåð èç ýòèõ ÊÄ áûë íàñòîëüêî ñèëüíûì, ÷òî ïîâëèÿë íà âíåøíèé ðàäèà-
öèîííûé ïîÿñ Çåìëè, âûçâàë âîçìóùåíèÿ êîñìè÷åñêîé ïîãîäû è ïîëÿðíûå
ñèÿíèÿ íà âûñîêèõ øèðîòàõ [14].

Îáëàñòè ñïîêîéíîãî Ñîëíöà è ÊÄ íå ðàçëè÷èìû ïî èíòåíñèâíîñòè
èçîáðàæåíèé, ïîëó÷åííûõ â ôîòîñôåðå è íèæíåé õðîìîñôåðå. Òåìïåðàòóðà è
ïëîòíîñòü â îñíîâàíèè ÊÄ îòëè÷àåòñÿ îò çíà÷åíèé â îêðóæàþùåé àòìîñôåðå
íåçíà÷èòåëüíî. Íàáëþäåíèÿ Coronal Diagnostic Spectrometer (CDS; [15]) íà
áîðòó Solar and Heliospheric Observatory (SOHO) ïîêàçûâàþò, ÷òî êàêîãî-ëèáî
çíà÷èòåëüíîãî êîíòðàñòà èíòåíñèâíîñòè ìåæäó îáëàñòÿìè ÊÄ è îêðóæàþùåé
èõ àòìîñôåðîé íå âèäíî äî òåõ ïîð, ïîêà òåìïåðàòóðà íå ïðåâûñèò 51076  K
[16]. Â âåðõíåé õðîìîñôåðå ÊÄ íàáëþäàþòñÿ â ëèíèè ïîãëîùåíèÿ HeI
10830Å  [9,17]. Ïîãëîùåíèå â ýòîé ëèíèè îñëàáëåíî, ïîýòîìó èíòåíñèâíîñòü
ÊÄ ïîâûøåíà íà 1-4% ïî ñðàâíåíèþ ñ îêðóæàþùåé àòìîñôåðîé. Íà÷èíàÿ ñ
âûñîòû äåñÿòêè òûñÿ÷ êèëîìåòðîâ íàä óðîâíåì ôîòîñôåðû, òåìïåðàòóðà è
ïëîòíîñòü â ÊÄ ñòàíîâèòñÿ çàìåòíî íèæå ñîîòâåòñòâóþùèõ çíà÷åíèé îêðóæàþ-
ùåé êîðîíû. Òåìïåðàòóðà ÊÄ íà ýòèõ âûñîòàõ ñîñòàâëÿåò ïðèìåðíî 610511  . K.
Îäíàêî ñóùåñòâóþùèå îöåíêè ðàñõîäÿòñÿ [18].

Îäíîðîäíûå ýìïèðè÷åñêèå ìîäåëè àòìîñôåð ñïîêîéíîãî Ñîëíöà è ÊÄ,
ïîñòðîåííûå íà îñíîâå äàííûõ â ðàäèî, îïòè÷åñêîì è óëüòðàôèîëåòîâîì
äèàïàçîíàõ [19], îòðàæàþò ðàçëè÷èå òåìïåðàòóð è ïëîòíîñòåé â îñíîâàíèè
êîðîíû. Ñîãëàñíî ýòèì ìîäåëÿì ñóùåñòâåííîå îòëè÷èå òåìïåðàòóðû â ÊÄ
íà÷èíàåòñÿ íà óðîâíå ñëîÿ ñ òåìïåðàòóðîé, ïðåâûøàþùåé 105

 K. Ïî ñðàâíåíèþ
ñî ñïîêîéíûì Ñîëíöåì íà ýòèõ âûñîòàõ â ÊÄ ãðàäèåíò òåìïåðàòóð íèæå â
5-6 ðàç, ïëîòíîñòü â îñíîâàíèè êîðîíû â ÊÄ â 2 ðàçà íèæå è èìååò âåëè÷èíó

81002 .  ñì-3. Ïî äàííûì ïðèáîðà SOHO/CDS â ïåðèîä ìèíèìóìà àêòèâíîñòè
1996-1997ãã. çíà÷åíèÿ ïëîòíîñòè â ÊÄ â îñíîâàíèè êîðîíû ñîñòàâèëè

8105281  ..  ñì-3 [20]. Òåìïåðàòóðà è ïëîòíîñòü ïëàçìû â ÊÄ, ïîëó÷åííûå
ïðè ðàñ÷åòå ìàãíèòîãèäðîñòàòè÷åñêîé ìîäåëè ÊÄ äëÿ íèæíåé êîðîíû [21]
íà âûñîòàõ â íåñêîëüêî äåñÿòêîâ Ìì, ïðèìåðíî âäâîå ìåíüøå ñîîòâåòñòâóþùèõ
çíà÷åíèé íà òîé æå âûñîòå â êîðîíå, åñëè ðàäèóñ ñå÷åíèÿ ÊÄ â 1.5 ðàçà
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ïðåâûøàåò øêàëó âûñîò â êîðîíå. Òåìïåðàòóðà ïëàçìû ÊÄ ðàâíà êîðîíàëüíîé
ïðè øêàëå âûñîò, ðàâíîé ðàäèóñó ñå÷åíèÿ ÊÄ, à ýôôåêò ïîòåìíåíèÿ ÊÄ
îáóñëîâëåí òîëüêî ïîíèæåíèåì ïëîòíîñòè ïëàçìû â íåé ïî ñðàâíåíèþ ñ
êîðîíîé. Ìîäåëè õðîìîñôåðû ïîëÿðíîé ÊÄ [22], ïîñòðîåííûå ïî äàííûì
íàáëþäåíèé â õðîìîñôåðíûõ ëèíèÿõ, ïîêàçûâàþò îòëè÷èå òåìïåðàòóðû è
ïëîòíîñòè ÊÄ îò çíà÷åíèé â íåâîçìóùåííîé àòìîñôåðå. Òàê, ïî ñðàâíåíèþ
ñ íåâîçìóùåííîé õðîìîñôåðîé â ÊÄ òåìïåðàòóðà íèæå íà 500-1500 K, à
ïëîòíîñòü íèæå â 2-3 ðàçà.

Â íàñòîÿùåé ðàáîòå ìû ïðîâåëè ðàñ÷åòû ôèçè÷åñêèõ óñëîâèé â õðîìîñôåðå
íà äâóõ ðàçíûõ øèðîòàõ, êîòîðûå ìîãóò ïîìî÷ü â îáúÿñíåíèè íàáëþäàåìîé
êàðòèíû ïîâåäåíèÿ âåùåñòâà â îñíîâàíèè ïîëÿðíûõ è ýêâàòîðèàëüíûõ ÊÄ,
íàáëþäàâøèõñÿ íà ôàçå ñïàäà 24 öèêëà ñîëíå÷íîé àêòèâíîñòè.

2. Äàííûå íàáëþäåíèé. Òàêæå, êàê è â ðàáîòå [22], èñïîëüçîâàíû
äàííûå îäíîâðåìåííûõ íàáëþäåíèé ÊÄ â ëèíèÿõ FeXII 193Å , HeI 10830Å
è H . Èçîáðàæåíèÿ âåðõíèõ ñëîåâ ñîëíå÷íîé àòìîñôåðû â ëèíèè FeXII 193Å ,
ïîëó÷åííûå íà Atmospheric Imaging Assembly (AIA; [23]), óñòàíîâëåííîãî íà
áîðòó Solar Dynamic Observatory (SDO), áûëè èñïîëüçîâàíû äëÿ îòîæäåñòâëåíèÿ
ÊÄ. Èç-çà  âûñîêîãî êîíòðàñòà ìåæäó ÊÄ è ñïîêîéíûìè îáëàñòÿìè Ñîëíöà
ýòè äàííûå ÷àñòî èñïîëüçóþòñÿ äëÿ èäåíòèôèêàöèè ÊÄ â êðàéíåì óëüòðà-
ôèîëåòå ñ ïîìîùüþ ðàçëè÷íûõ ìåòîäîâ ñåãìåíòàöèè (íàïðèìåð, [24-26]).
Íàçåìíûå íàáëþäåíèÿ õðîìîñôåðû â ëèíèè íåéòðàëüíîãî âîäîðîäà H  (6563Å )
áûëè ïîëó÷åíû â ñîëíå÷íûõ îáñåðâàòîðèÿõ ñåòè GONG1. Èçîáðàæåíèÿ ïîëíîãî
äèñêà Ñîëíöà â èíôðàêðàñíîé ëèíèè HeI 10830Å , êîòîðàÿ îáðàçóåòñÿ â
õðîìîñôåðå è ïåðåõîäíîé îáëàñòè, ïîëó÷åíû â Êðûìñêîé àñòðîôèçè÷åñêîé
îáñåðâàòîðèè ÐÀÍ íà Áàøåííîì ñîëíå÷íîì òåëåñêîïå ÁÑÒ-2 ñ óíèâåðñàëüíûì
ñïåêòðîôîòîìåòðîì [27].

Â äàííîé ðàáîòå ìû àíàëèçèðîâàëè íàáëþäåíèÿ ïîëÿðíîé è ýêâàòîðèàëüíûõ
ÊÄ (ðèñ.1) âî âðåìÿ ïðîõîæäåíèÿ èìè öåíòðàëüíîãî ìåðèäèàíà. Ïîëÿðíàÿ
ÊÄ ñóùåñòâîâàëà â ñåâåðíîì ïîëóøàðèè â 2015-2017ãã. â òå÷åíèå 24 êýððèíã-
òîíîâñêèõ îáîðîòîâ. Ïîäðîáíîå èññëåäîâàíèå âàðèàöèé òàêèõ åå õàðàêòåðèñòèê,
êàê ïëîùàäü, èíòåíñèâíîñòü, íàïðÿæåííîñòü ìàãíèòíîãî ïîëÿ è ìàãíèòíûé
ïîòîê ïðåäñòàâëåíî â ðàáîòå [28]. Ðàñ÷åò ìîäåëåé õðîìîñôåðû ýòîé ÊÄ äëÿ
òðåõ ìîìåíòîâ åå ýâîëþöèè (ñòàäèè ïîÿâëåíèÿ, ìàêñèìàëüíîé ôàçû ðàçâèòèÿ
è ñòàäèè áëèçêîé ê êîíöó) ïîêàçàë, ÷òî ïî âñåé âûñîòå õðîìîñôåðû òåìïåðàòóðà
è ïëîòíîñòü â ÊÄ íèæå, ÷åì â íåâîçìóùåííîé õðîìîñôåðå [22]. Â íàñòîÿùåì
èññëåäîâàíèè ðÿä íàáëþäàòåëüíûõ äàííûõ ïîëÿðíîé ÊÄ áûë ðàñøèðåí.
Ýêâàòîðèàëüíûå ÊÄ ïðåäñòàâëÿëè ñîáîé ñðàâíèòåëüíî íåáîëüøèå èçîëèðî-
âàííûå ÊÄ, íàáëþäàâøèåñÿ íà íèçêèõ øèðîòàõ â 2015-2017ãã.

1 https://gong2.nso.edu
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Äëÿ èçîáðàæåíèé â ëèíèÿõ HeI 10830Å  è H  áûëè ïðîâåäåíû ñòàíäàðòíûå
ïðîöåäóðû ó÷åòà ïîòåìíåíèÿ äèñêà ê êðàþ. Ãðàíèöû ÊÄ îïðåäåëÿëèñü ïî
èçîáðàæåíèÿì â ëèíèè FeXII 193Å  ñ ïîìîùüþ àëãîðèòìà ñåãìåíòàöèè [25]
è çàòåì ïåðåíîñèëèñü íà èçîáðàæåíèÿ â HeI 10830Å  è H . Èíòåíñèâíîñòè

Ðèñ.1. Èçîáðàæåíèÿ Ñîëíöà â ëèíèè FeXII 193Å . Áåëûìè ëèíèÿìè âûäåëåíû ïîëÿðíàÿ
(a)-(g) è ýêâàòîðèàëüíûå (h)-(l) ÊÄ äëÿ êîòîðûõ ïðîâîäèëèñü èññëåäîâàíèÿ.
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â êàæäîé èç ëèíèé áûëè ïðèâåäåíû ê óðîâíþ íåâîçìóùåííîãî Ñîëíöà.
Ó÷àñòêè íåâîçìóùåííîãî Ñîëíöà âûáèðàëèñü çà ïðåäåëàìè ÊÄ. Ïëîùàäü
íåâîçìóùåííûõ ó÷àñòêîâ ïðèìåðíî ñîîòâåòñòâîâàëà ïëîùàäè ÊÄ. Âåñü ìàññèâ
äàííûõ êàæäîãî èçîáðàæåíèÿ äåëèëñÿ íà ñîîòâåòñòâóþùåå ñðåäíåå çíà÷åíèå
èíòåíñèâíîñòè íåâîçìóùåííîãî Ñîëíöà. Äëÿ ïîëÿðíîé ÊÄ ñðåäíèå îòíîñè-
òåëüíûå èíòåíñèâíîñòè â êàæäîé ëèíèè îïðåäåëÿëèñü äëÿ ó÷àñòêà ÊÄ,
íàõîäÿùåãîñÿ íà øèðîòå oo 4340   è oo 1010   ïî äîëãîòå. Äëÿ ýêâàòîðèàëü-
íûõ ÊÄ ñðåäíÿÿ èíòåíñèâíîñòü îïðåäåëÿëàñü äëÿ ó÷àñòêà, ðàñïîëîæåííîãî
íà øèðîòå oo 55   è oo 1010   ïî äîëãîòå. Ñðåäíèå èíòåíñèâíîñòè ïîëÿðíîé
(êðóæêè) è ýêâàòîðèàëüíûõ (òðåóãîëüíèêè) ÊÄ ïðåäñòàâëåíû íà ðèñ.2. Âèäíî,
÷òî ïî ñðàâíåíèþ ñ íåâîçìóùåííîé õðîìîñôåðîé âî âñåõ ÊÄ èíòåíñèâíîñòü
â ëèíèè H  ïîíèæåíà íà 2%-4%. Â òî æå âðåìÿ íà óðîâíå îáðàçîâàíèÿ
HeI 10830Å  èíòåíñèâíîñòü ÊÄ ïðåâûøàåò èíòåíñèâíîñòü íåâîçìóùåííîé
õðîìîñôåðû íà 1%-4%.

3. Ìîäåëèðîâàíèå ôèçè÷åñêèõ óñëîâèé ÊÄ . ×òîáû îáúÿñíèòü
íàáëþäàåìûå èíòåíñèâíîñòè ÊÄ â ëèíèÿõ H  è ÍåI 10830Å  áûëè ïðîâåäåíû
âû÷èñëåíèÿ ïðîôèëåé ýòèõ ëèíèé äëÿ ðàçíûõ ìîäåëåé õðîìîñôåðû. Ìîäåëè
çàäàâàëèñü õîäîì òåìïåðàòóðû, ïëîòíîñòè, òóðáóëåíòíîé è ëó÷åâîé ñêîðîñòåé
ñ ãëóáèíîé â õðîìîñôåðå. Ïðîôèëè ëèíèé âû÷èñëÿëèñü äëÿ ðàçëè÷íûõ
ôèçè÷åñêèõ óñëîâèé â àòìîñôåðå Ñîëíöà îò îáëàñòè òåìïåðàòóðíîãî ìèíèìóìà
äî óðîâíÿ âåðõíåé õðîìîñôåðû. Ñ ïîìîùüþ âû÷èñëåííûõ ïðîôèëåé îïðåäå-

Ðèñ.2. Èíòåíñèâíîñòè ïîëÿðíîé (êðóæêè) è ýêâàòîðèàëüíûõ (òðåóãîëüíèêè) ÊÄ ïî
èçìåðåíèÿì â ëèíèÿõ H  (îñü X) è HeI 10830 Å  (îñü Y). Ïîëûå êðóæêè ïðåäñòàâëÿþò
èíòåíñèâíîñòè ïîëÿðíîé ÊÄ èç ðàáîòû [20].
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ëÿëàñü èíòåíñèâíîñòü â öåíòðå ëèíèè, êîòîðàÿ ñðàâíèâàëàñü ñ íàáëþäàåìûì
ðàñïðåäåëåíèåì èíòåíñèâíîñòè â ÊÄ. Òàêèì îáðàçîì, ïîäáèðàëèñü ìîäåëè
õðîìîñôåðû, â êîòîðûõ âû÷èñëåííûå èíòåíñèâíîñòè ñîîòâåòñòâîâàëè íàáëþ-
äàåìûì. Ïîëó÷åííûå òàêèì îáðàçîì ìîäåëè ÿâëÿþòñÿ íàèáîëåå íàäåæíûìè.

Âû÷èñëåíèå ìîäåëåé ïðîâîäèëîñü ïî äàííûì íàáëþäåíèé â ëèíèÿõ H
è ÍåI 10830Å  ñ ïîìîùüþ íå-ËÒÐ ïðîãðàììû, àëãîðèòì êîòîðîé ïðåäñòàâëåí
â ðàáîòå [29], è ìîäåëè äëÿ ôîòîñôåðû è õðîìîñôåðû (VALC) [30]. Â ðàñ÷åòàõ
èñïîëüçîâàëàñü ìîäåëü àòîìà âîäîðîäà ñ 9 óðîâíÿìè è ìîäåëü àòîìà ãåëèÿ ñ
11 óðîâíÿìè. Äëÿ ÊÄ áûëà èñïîëüçîâàíà îáû÷íàÿ ñõåìà ïîëóáåñêîíå÷íîé
ñðåäû.

Âîññòàíîâëåííûå ñ ïîìîùüþ íàáëþäàåìûõ èíòåíñèâíîñòåé ïðîôèëè ëèíèé
ïîçâîëèëè ïîëó÷èòü êèíåòè÷åñêóþ òåìïåðàòóðó T â îñíîâàíèè ÊÄ â õðîìî-
ñôåðå. Íà ðèñ.3 ïðåäñòàâëåí õîä òåìïåðàòóðû T â õðîìîñôåðå ïîëÿðíîé
(ðèñ.3à) è ýêâàòîðèàëüíûõ (ðèñ.3b) ÊÄ â çàâèñèìîñòè îò èçìåíåíèÿ êîëîíêîâîé
ïëîòíîñòè m (êîëè÷åñòâà âåùåñòâà â ñòîëáöå ñ îñíîâàíèåì 1 ñì2). Ñíà÷àëà
ðàññ÷èòûâàëèñü ìîäåëè äëÿ íåâîçìóùåííîé õðîìîñôåðû. Èõ ïðåäñòàâëÿþò
âåðõíèå êðèâûå 1. Ïðè âû÷èñëåíèÿõ áûë çàäàí íà÷àëüíûé óðîâåíü òåìïå-
ðàòóðû â íåâîçìóùåííîé õðîìîñôåðå, îò êîòîðîãî âåëñÿ ñ÷åò ìîäåëåé ñ
èçìåíåíèåì çíà÷åíèé Ò. Êðèâûå 2 ïðåäñòàâëÿþò óðîâåíü íèæíåé ãðàíèöû
çíà÷åíèé êèíåòè÷åñêîé òåìïåðàòóðû Ò, ïîëó÷åííûå äëÿ ïîëÿðíîé (a) è
ýêâàòîðèàëüíîé (b) ÊÄ. Òàêèì îáðàçîì, ðàññ÷èòàííûå ìîäåëè õðîìîñôåðû

Ðèñ.3. Èçìåíåíèå êèíåòè÷åñêîé òåìïåðàòóðû Ò â ïîëÿðíîé (à) è ýêâàòîðèàëüíûõ (b) ÊÄ
ñ âûñîòîé â õðîìîñôåðå. Êðèâàÿ 1 ïîêàçûâàåò õîä Ò â íåâîçìóùåííîé õðîìîñôåðå. Êðèâàÿ
2 ïîêàçûâàåò ïîëó÷åííóþ èç ìîäåëåé êàðòèíó èçìåíåíèÿ Ò ïðè íàáëþäàåìûõ èíòåíñèâíîñòÿõ
ÊÄ. Îñü àáñöèññ âûðàæåíà â åäèíèöàõ êîëîíêîâîé ïëîòíîñòè m. Ëèíèÿ HeI 10830Å  îáðàçóåòñÿ
ïðè 66 1031610581   ..m  ã ñì-2, ëèíèÿ H  îáðàçóåòñÿ ïðè 01010581 6 ..m    ã ñì-2. Çíà-
÷åíèÿ êîëîíêîâîé ïëîòíîñòè m = 0.1 ã ñì-2 ñîîòâåòñòâóþò óðîâíþ òåìïåðàòóðíîãî ìèíèìóìà.
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äàþò èíòåíñèâíîñòè ëèíèé, ñîîòâåòñòâóþùèå íàáëþäàåìûì â ÊÄ èíòåíñèâ-
íîñòÿì â öåíòðå ëèíèé H  è HeI 10830Å . Àíàëèç ìîäåëåé ïîêàçàë, ÷òî ïî
âñåé ïðîòÿæåííîñòè õðîìîñôåðû òåìïåðàòóðà êàê â ïîëÿðíîé, òàê è â ýêâàòî-
ðèàëüíûõ ÊÄ íèæå ïî ñðàâíåíèþ ñ íåâîçìóùåííîé õðîìîñôåðîé è óâåëè-
÷èâàåòñÿ ñ óìåíüøåíèåì êîëîíêîâîé ïëîòíîñòè (ñ óâåëè÷åíèåì âûñîòû â
õðîìîñôåðå). Äèàïàçîí èçìåíåíèé òåìïåðàòóðû â ïîëÿðíîé è ýêâàòîðèàëüíûõ
ÊÄ ïðàêòè÷åñêè èäåíòè÷åí è ñîñòàâèë 4000-9000 Ê. Ðàçëè÷èÿ ìåæäó
íåâîçìóùåííîé õðîìîñôåðîé è ÊÄ íà÷èíàþòñÿ ïðè òåìïåðàòóðå ~4500-5000 K.
Ñàìûå áîëüøèå ðàçëè÷èÿ òåìïåðàòóðû ïðèõîäÿòñÿ íà âåðõíþþ õðîìîñôåðó.

Êîëîíêîâàÿ ïëîòíîñòü â õðîìîñôåðå ðàñòåò îò óðîâíÿ îáðàçîâàíèÿ ëèíèè
HeI 10830Å  ê ôîòîñôåðå (ðèñ.4). Ãëóáèíà h = 0 êì ñîîòâåòñòâóåò îáëàñòè
îáðàçîâàíèÿ ëèíèè ÍåI 10830Å . Êðèâàÿ 1 ïîêàçûâàåò õîä êîëîíêîâîé
ïëîòíîñòè íåâîçìóùåííîé õðîìîñôåðû. Êðèâàÿ 2 ñîîòâåòñòâóåò ìîäåëüíûì
ðàñ÷åòàì â õðîìîñôåðå ýêâàòîðèàëüíîé ÊÄ. Ëèíèÿ ÍåI 10830Å   îáðàçóåòñÿ
ïðè çíà÷åíèÿõ êîëîíêîâîé ïëîòíîñòè 66 1031610581   ..m  ã ñì-2, H
îáðàçóåòñÿ ïðè 01010581 6 ..m  

 ã ñì-2. Çíà÷åíèÿ 10.m   ã ñì-2 ñîîòâåòñòâóþò
óðîâíþ òåìïåðàòóðíîãî ìèíèìóìà.

4. Âûâîäû. Ïðè èññëåäîâàíèè ÊÄ îáû÷íî èñïîëüçóþòñÿ äàííûå î
âíåàòìîñôåðíûõ êîðîòêîâîëíîâûõ èçëó÷åíèÿõ, è ýòî îñòàâëÿåò áåç âíèìàíèÿ
ïðîöåññû â õðîìîñôåðå, â îñíîâàíèè ÊÄ. Íàáëþäåíèÿ â ëèíèÿõ H  è HeI
10830Å  ïîçâîëèëè íàì îïðåäåëèòü ôèçè÷åñêèå óñëîâèÿ â ÊÄ íà óðîâíå

Ðèñ.4. Èçìåíåíèå êîëîíêîâîé ïëîòíîñòè m ñ ãëóáèíîé h â õðîìîñôåðå, âûðàæåííîé
â êèëîìåòðàõ. h = 0 êì ñîîòâåòñòâóåò âûñîòå îáðàçîâàíèÿ ëèíèè HeI 10830 Å . Ãëóáèíà h
ðàñòåò ê ôîòîñôåðå. Êðèâàÿ 1 ïîêàçûâàåò èçìåíåíèÿ êîëîíêîâîé ïëîòíîñòè â íåâîçìóùåííîé
õðîìîñôåðå. Êðèâàÿ 2 ïîêàçûâàåò èçìåíåíèÿ êîëîíêîâîé ïëîòíîñòè â ýêâàòîðèàëüíîé ÊÄ,
ïîëó÷åííîé èç ñåðèè ìîäåëüíûõ ðàñ÷åòîâ.
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õðîìîñôåðû. Ïîëÿðíàÿ è ýêâàòîðèàëüíûå ÊÄ íàáëþäàëèñü â 2015-2017ãã. íà
ôàçå ñïàäà 24 öèêëà ñîëíå÷íîé àêòèâíîñòè. Ïîëÿðíàÿ êîðîíàëüíàÿ äûðà íàõîäèëàñü
â ñåâåðíîì ïîëóøàðèè. Çà ýòî âðåìÿ åå îòíîñèòåëüíàÿ èíòåíñèâíîñòü ìåíÿëàñü
â ïðåäåëàõ 1.0046-1.0355 äëÿ ëèíèè HeI 10830Å  è 0.9676-0.9866 äëÿ ëèíèè
H . Èíòåíñèâíîñòü ýêâàòîðèàëüíûõ ÊÄ ìåíÿëàñü â ïðåäåëàõ 1.0102-1.0377 äëÿ

ëèíèè HeI 10830Å  è 0.9509-0.9819 äëÿ ëèíèè H . Ðàññ÷èòàíû ìîäåëè õðîìî-
ñôåðû, îáúÿñíÿþùèå íàáëþäàåìûå îñîáåííîñòè èññëåäóåìûõ ÊÄ. Ìîäåëè
ïîñòðîåíû â ðåçóëüòàòå ðàñ÷åòîâ ïðîôèëåé ëèíèé H  è ÍåI 10830Å  ñ ïîìîùüþ
íå-ËÒÐ ïðîãðàììû. Ïðè ðàñ÷åòàõ ôèçè÷åñêèõ óñëîâèé â ÊÄ îáîèõ òèïîâ
íàêëîí ëó÷à çðåíèÿ ê ïîâåðõíîñòè õðîìîñôåðû ó÷èòûâàëñÿ ïðè ðåøåíèè ñèñòåìû
óðàâíåíèé ïåðåíîñà. Òàêèì îáðàçîì, â êîíå÷íîì èòîãå, ìû ïîëó÷àëè âû÷èñ-
ëÿåìóþ ìîäåëü êàê ôóíêöèþ îïòè÷åñêîé ãëóáèíû. Ìîäåëè ïîêàçàëè, ÷òî
êèíåòè÷åñêàÿ òåìïåðàòóðà â ýêâàòîðèàëüíûõ ÊÄ àíàëîãè÷íà êèíåòè÷åñêîé
òåìïåðàòóðå ïîëÿðíîé ÊÄ è òàêæå óâåëè÷èâàåòñÿ â çàâèñèìîñòè îò âûñîòû â
õðîìîñôåðå. Â îáîèõ ñëó÷àÿõ ðàçëè÷èå àòìîñôåð ÊÄ è ñïîêîéíîãî Ñîëíöà
îòìå÷åíî óæå íà óðîâíå âåðõíÿÿ ôîòîñôåðà - íèæíÿÿ õðîìîñôåðà. Òåìïåðàòóðà
ÊÄ íèæå íà 1000-2000 Ê ïî ñðàâíåíèþ ñ íåâîçìóùåííîé õðîìîñôåðîé. Ïî
äàííûì ðàäèîíàáëþäåíèé [31] è äàííûì SOHO/CDS [32] ïîëó÷åíî, ÷òî
êîðîíàëüíàÿ òåìïåðàòóðà ýêâàòîðèàëüíûõ ÊÄ àíàëîãè÷íà òåìïåðàòóðå îáëàñòåé
ïîëÿðíûõ ÊÄ, ÷òî ñîîòâåòñòâóåò íàøèì ðåçóëüòàòàì äëÿ õðîìîñôåðû. Îäíàêî,
èññëåäîâàíèÿ [33] ïîêàçàëè, ÷òî ýêâàòîðèàëüíûé è ïîëÿðíûé áûñòðûé ñîëíå÷íûé
âåòåð ýòî äâå îòäåëüíûå ïîäêàòåãîðèè áûñòðîãî âåòðà, è ýòè ðàçëè÷èÿ ìîãóò
áûòü ñâÿçàíû ñ îñîáåííîñòÿìè  ïîëÿðíûõ è ýêâàòîðèàëüíûõ ÊÄ, êîòîðûå â
äåéñòâèòåëüíîñòè ÿâëÿþòñÿ äâóìÿ îòäåëüíûìè òèïàìè ðåãèîíîâ, à íå îäíèì
è òåì æå òèïîì ðåãèîíà, êîòîðûé íàáëþäàåòñÿ íà ðàçíûõ øèðîòàõ.

Âûáîðêà íàáëþäåíèé, èñïîëüçîâàííàÿ â íàñòîÿùåé ðàáîòå, äàëåêî íå
èñ÷åðïûâàþùàÿ: ìû âûáðàëè ëèøü íåñêîëüêî ïðèìåðîâ, ÷òîáû îïðåäåëèòü
îñíîâíûå îñîáåííîñòè ïîëÿðíûõ è ýêâàòîðèàëüíûõ ÊÄ íà ôàçå ñïàäà
ñîëíå÷íîãî öèêëà. Áîëåå ïîëíîå è ñèñòåìàòè÷åñêîå èçó÷åíèå õàðàêòåðèñòèê
è ýâîëþöèè â òå÷åíèå ñîëíå÷íîãî öèêëà ýòèõ äâóõ ðåãèîíîâ áóäåò äàíî â
ñëåäóþùåé ðàáîòå.
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PHYSICAL CONDITIONS IN CORONAL HOLES

O.S.GOPASYUK, E.A.BARANOVSKII, V.P.TARASHCHUK, N.I.SHTERTSER

The investigation of physical conditions in the chromosphere of polar and
equatorial coronal holes observed on the decay phase of the 24 cycle of solar
activity was carried out. Based on the ÍåI 10830Å  and H  lines intensity
observed in coronal holes models of the chromosphere with the use of the non-
LTR program are constructed. Calculations have shown that the temperature in
equatorial coronal holes is similar to the temperature of the polar coronal hole.
The temperature in coronal holes is lower than the temperature of the undisturbed
chromosphere and increases depending on the height in the chromosphere. The
difference between the atmosphere of coronal holes and the quite Sun begins at
the level of upper photosphere - lower chromosphere.

Keywords: Sun: chromosphere: coronal holes: physical conditions
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Äîëãîñðî÷íîå àâòîìàòè÷åñêîå îòñëåæèâàíèå ÿðêèõ òî÷åê êîðîíû äàëî âîçìîæíîñòü
èçó÷èòü èõ ñîáñòâåííûå äâèæåíèÿ, èñïîëüçóÿ äàííûå SDO/AIA êàíàëà AIA 193 Å . Äëÿ
îáðàáîòêè âûáðàíû ñåðèè Fits ôàéëîâ äëÿ 95 âèçóàëüíî äîëãîæèâóùèõ ÿðêèõ òî÷åê, êîòîðûå
ðàâíîìåðíî ðàñïðåäåëåíû ïî øèðîòå. Ñïåöèàëüíî ðàçðàáîòàííîå ïðîãðàììíîå îáåñïå÷åíèå
àâòîìàòè÷åñêè ôèêñèðóåò ãåëèîãðàôè÷åñêèå êîîðäèíàòû öåíòðîèäà âûáðàííîé êîðîíàëüíîé
ÿðêîé òî÷êè â ñåðèè Fits ôàéëîâ. Ïîëó÷åíî, ÷òî â ñîáñòâåííûõ äâèæåíèÿõ âñå èçó÷àåìûå
êîðîíàëüíûå ÿðêèå òî÷êè ÷åòêî ïîêàçûâàþò êîëåáàòåëüíûé õàðàêòåð. Ïåðèîäû êîëåáàíèé
èìåþò äèàïàçîí îò 5 äî 60 ÷ ñî ñðåäíèì çíà÷åíèåì 20 ÷. Âûÿâëåíû íåêîòîðûå òåíäåíöèè
øèðîòíîé çàâèñèìîñòè êîëåáàòåëüíûõ õàðàêòåðèñòèê. Âûñêàçàíî âîçìîæíîå îáúÿñíåíèå ýòèõ
êîëåáàíèé ñ ïîìîùüþ ðàñïðîñòðàíåíèÿ ñïèðàëüíûõ âîëí âäîëü ìàãíèòíûõ ïåòåëü, ñîñòàâ-
ëÿþùèõ êîíñòðóêöèþ ÿðêèõ òî÷åê. Ñ ïîìîùüþ ëèíåéíûõ òðåíäîâ øèðîòíûõ è äîëãîòíûõ
êîìïîíåíòîâ äâèæåíèÿ êîðîíàëüíûõ òî÷åê ïîëó÷åíû ñêîðîñòè âðàùåíèÿ è ìåðèäèàííîé
ìèãðàöèè êîðîíàëüíûõ ÿðêèõ òî÷åê. Àíàëèç ñêîðîñòåé âðàùåíèÿ ïîäòâåðæäàåò äèôôåðåí-
öèàëüíûé õàðàêòåð øèðîòíîé çàâèñèìîñòè. Îáñóæäàåòñÿ ïðîáëåìà îïðåäåëåíèÿ íàïðàâëåíèÿ
è âåëè÷èíû ìåðèäèàííîé ìèãðàöèè.

Êëþ÷åâûå ñëîâà: ÿðêèå êîðîíàëüíûå òî÷êè: ñîáñòâåííûå äâèæåíèÿ: êîëåáàíèÿ

1. Ââåäåíèå. Êîðîíàëüíûå ÿðêèå òî÷êè (ÊßÒ) - ýòî íåáîëüøèå àêòèâíûå
îáëàñòè, ñâÿçàííûå ñ íåáîëüøèìè ìàãíèòíûìè îáðàçîâàíèÿìè â ñîëíå÷íîé
êîðîíå. Îíè ÿâëÿþòñÿ ÿðêèìè äèíàìè÷åñêèìè îáðàçîâàíèÿìè, âèäèìûìè íà
ñïîêîéíîì Ñîëíöå è êîðîíàëüíûõ îòâåðñòèÿõ è ñîñòîÿò èç ïåòåëü, ëîêàëüíî
ñâÿçàííûõ ñ ôîòîñôåðíûìè áèïîëÿðíûìè ìàãíèòíûìè ïîëÿìè [1,2]. ÊßÒ
îáû÷íî æèâóò îò íåñêîëüêèõ ÷àñîâ äî íåñêîëüêèõ äíåé è èìåþò ðàçìåð
ìåíåå 50". Îêîëî ïîëîâèíû âñåõ ÊßÒ èìåþò ïðîäîëæèòåëüíîñòü æèçíè
ìåíåå 20 ìèí, à ñðåäíÿÿ ïðîäîëæèòåëüíîñòü æèçíè äðóãîé ïîëîâèíû - 6 ÷.
Ìåíåå 5% ÊßÒ èìåþò ïðîäîëæèòåëüíîñòü æèçíè áîëåå 20 ÷ [3,4].

Áëàãîäàðÿ ìíîãî÷èñëåííîñòè è ïî÷òè ðàâíîìåðíîìó ðàñïðåäåëåíèþ, ÊßÒ
ÿâëÿþòñÿ óäîáíûì èíñòðóìåíòîì äëÿ èçó÷åíèÿ äèôôåðåíöèàëüíîãî âðàùåíèÿ
Ñîëíöà è ìåðèäèîíàëüíûõ ïîòîêîâ íà Ñîëíöå. Íàèáîëåå ÷àñòî èñïîëüçóåìûìè
è ñàìûìè ñòàðûìè òðàññåðàìè äëÿ èññëåäîâàíèÿ äèôôåðåíöèàëüíîãî âðàùåíèÿ
Ñîëíöà ÿâëÿþòñÿ ñîëíå÷íûå ïÿòíà [5-8]. Îáëàäàÿ ìíîãèìè ïðåèìóùåñòâàìè,
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èñïîëüçîâàíèå ñîëíå÷íûõ ïÿòåí â êà÷åñòâå òðàññåðîâ îãðàíè÷åíî, ïîñêîëüêó
èõ øèðîòíîå ðàñïðåäåëåíèå ñèëüíî íåðàâíîìåðíî è íå ðàñïðîñòðàíÿåòñÿ íà
áîëåå âûñîêèå ñîëíå÷íûå øèðîòû. Êîëè÷åñòâî ñîëíå÷íûõ ïÿòåí òàêæå ñèëüíî
âàðüèðóåòñÿ â òå÷åíèå ñîëíå÷íîãî öèêëà, ÷òî äåëàåò ïðàêòè÷åñêè íåâîçìîæíûì
èçìåðåíèå ïðîôèëÿ äèôôåðåíöèàëüíîãî âðàùåíèÿ Ñîëíöà âî âðåìÿ ñîëíå÷íîãî
ìèíèìóìà [9].

ÊßÒ ñðàâíèòåëüíî îäèíàêîâî ðàñïðåäåëåíû ïî øèðîòå è ìíîãî÷èñëåííû
â òå÷åíèå âñåõ ôàç ñîëíå÷íîãî öèêëà. Îíè òàêæå ðàñïðîñòðàíÿþòñÿ íà âñå
ñîëíå÷íûå øèðîòû. ÊßÒ èñïîëüçîâàëèñü â êà÷åñòâå òðàññåðîâ ñîëíå÷íîãî
âðàùåíèÿ ñ íà÷àëà êîñìè÷åñêîé ýðû [10]. Â ïîñëåäíèå ãîäû áûëî ïðîâåäåíî
ìíîæåñòâî èññëåäîâàíèé, èçó÷àþùèõ äèôôåðåíöèàëüíîå âðàùåíèå Ñîëíöà ñ
èñïîëüçîâàíèåì ÊßÒ â êà÷åñòâå òðàññåðîâ [11]. Èçó÷åíèå ñîáñòâåííûõ ãîðèçîí-
òàëüíûõ äâèæåíèé ÊßÒ ïîêàçûâàåò, ÷òî îêîëî 90 % ìåñòîïîëîæåíèé ÊßÒ
ñîîòâåòñòâóþò ïîëîñå ãðàíèö ñóïåðãðàíóëÿöèîíûõ êëåòîê [12]. Èññëåäîâàíèå
àçèìóòàëüíûõ ñêîðîñòåé ÊßÒ ïîêàçûâàåò, ÷òî èõ ñêîðîñòè âðàùåíèÿ èìåþò
äèôôåðåíöèàëüíûé õàðàêòåð [9,11,13-16].

×òî êàñàåòñÿ ìåðèäèîíàëüíîé ìèãðàöèè ÊßÒ, òî ðåçóëüòàòû ïðîòèâîðå÷èâû.
Îòñëåæèâàíèå ÊßÒ íà èçîáðàæåíèÿõ SOHO EIT ïîêàçûâàåò, ÷òî íà íèçêèõ
(B < 10o) è âûñîêèõ (B > 40o) øèðîòàõ äîìèíèðóþò ýêâàòîðèàëüíûå ïîòîêè,
òîãäà êàê íà ñðåäíèõ øèðîòàõ ( oo 4010~B  ) - ïîòîêè ê ïîëþñàì [17]. Ñ
äðóãîé ñòîðîíû, èññëåäîâàíèå ÊßÒ ñ èñïîëüçîâàíèåì èçîáðàæåíèé êîðîíû
SDO/AIA ïîêàçàëî, ÷òî ìåðèäèîíàëüíàÿ ñêîðîñòü ïî÷òè âñåãäà íàïðàâëåíà ê
ïîëþñàì äëÿ âñåõ øèðîò [6,9,18,19].

Â íàñòîÿùåé ðàáîòå, èñïîëüçóÿ áîëüøîé íàáîð äàííûõ SDO, èçó÷åíû
ñîáñòâåííûå äâèæåíèÿ ÊßÒ â òå÷åíèå âñåé âèäèìîé ïðîäîëæèòåëüíîñòè èõ
æèçíè. Â ðàçäåëå 2 îïèñàíû äàííûå, èñïîëüçóåìûå äëÿ èññëåäîâàíèÿ, è
ìåòîäû èõ àíàëèçà, à â ðàçäåëå 3 ïðåäñòàâëåíû ðåçóëüòàòû èçó÷åíèÿ îñòàòî÷íûõ
ñêîðîñòåé ÊßÒ ïîñëå äåòðåíäèçàöèè. Ðàçäåë 4 ïîñâÿùåí ðåçþìå è âûâîäàì.

2. Íàáëþäåíèÿ è ìåòîäû îáðàáîòêè äàííûõ. Ìû èñïîëüçîâàëè
äàííûå SDO/AIA êàíàëà AIA 193Å , òàê êàê ÿðêèå òî÷êè è èõ ìîðôîëîãèÿ
íàèáîëåå ÷åòêî ïðîÿâëÿþòñÿ â ýòîì êàíàëå. Áûëè èñïîëüçîâàíû äàííûå 1.5
óðîâíÿ, êîòîðûå ñîäåðæàò óäàëåíèå ïèêîâ, âûðàâíèâàíèå ïî ïëîñêîñòè, êîððåêöèþ
ìàñøòàáà è óäàëåíèå ïëîõèõ ïèêñåëåé. Äàííûå êàëèáðîâàíû è àíàëèçèðîâàíû
ñ èñïîëüçîâàíèåì ñòàíäàðòíûõ ïðîöåäóð â ïàêåòå SolarSoft (SSW).

Âûáðàííûå äàííûå ïðèíàäëåæàò ðàçëè÷íûì ïåðèîäàì 2012, 2015 è 2016ãã.
Èç íàáëþäàåìûõ ÿðêèõ òî÷åê âûáðàíû 95 ÊßÒ ñ ñàìûìè äëèííûìè âðåìåíàìè
ïðîäîëæèòåëüíîñòè æèçíè. Âûáðàííûå ÊßÒ, íàñêîëüêî ýòî âîçìîæíî,
ðàâíîìåðíî ðàñïðåäåëåíû ïî øèðîòå. Ýòî äàåò âîçìîæíîñòü âûÿâèòü, åñòü ëè
çàêîíîìåðíîñòü äëÿ âñåãî äèñêà è åñòü ëè øèðîòíàÿ çàâèñèìîñòü õàðàêòåðèñòèê



491ÄÂÈÆÅÍÈß  ßÐÊÈÕ  ÒÎ×ÅÊ  ÊÎÐÎÍÛ

äâèæåíèÿ. Ìû èñïîëüçîâàëè 10 ìèí ïðîìåæóòîê âðåìåíè äëÿ ñîçäàíèÿ
âðåìåííûõ ñåðèé èçîáðàæåíèé äëÿ êàæäîãî ÊßÒ. Ìåíüøèé ïðîìåæóòîê
âðåìåíè ïðèâåäåò ê áîëåå ñòóïåí÷àòûì èçìåíåíèÿì îñòàòêîâ ñêîðîñòåé.

Ñïåöèàëüíî ðàçðàáîòàííûé êîä â ðåäàêòîðå MATLAB ñ èíòåðàêòèâíûì
ãðàôè÷åñêèì èíòåðôåéñîì àâòîìàòè÷åñêè èäåíòèôèöèðóåò âûáðàííûé ÊßÒ
â ïîñëåäîâàòåëüíûõ èçîáðàæåíèÿõ è îïðåäåëÿåò åãî ãðàíèöû, íàõîäèò öåíòð
ìàññ è ïðèñïîñàáëèâàåò ýëëèïñ ê åå ôîðìå. Êîä îïðåäåëÿåò ãåëèîãðàôè÷åñêèå
êîîðäèíàòû öåíòðîèäà ÊßÒ â ñîîòâåòñòâèè ñ äàòîé íàáëþäåíèÿ. Âïîñëåäñòâèè
ïîëó÷àåì ñåðèþ äàííûõ ñ ãåëèîãðàôè÷åñêèìè êîîðäèíàòàìè öåíòðîèäà ÊßÒ
è ïèêñåëüíûå ðàçìåðû áîëüøîãî è ìàëîãî ïîëóîñåé ïîäîãíàííîãî ê ÊßÒ
ýëëèïñà. Ñðàâíåíèå âàðèàöèé ýòèõ ðàçìåðîâ ñ âðåìåííûìè âàðèàöèÿìè
äâèæåíèÿ ÊßÒ óáåæäàåò, ÷òî êîëåáàíèÿ, âûÿâëåííûå â äâèæåíèÿõ, ÿâëÿþòñÿ
äåéñòâèòåëüíî ñëåäñòâèåì ïåðåìåùåíèÿ ÊßÒ, à íå îòðàæåíèåì êîëåáàíèé
öåíòðîèäà èç-çà îñöèëëÿöèè èíòåíñèâíîñòè ÊßÒ, âûçûâàþùåé íåðàâíîìåðíûå
èçìåíåíèÿ ðàçìåðîâ ÊßÒ.

3. Ðåçóëüòàòû. Îñíîâíûìè ôàêòîðàìè, îïðåäåëÿþùèìè õàðàêòåð
äâèæåíèÿ ÊßÒ, ÿâëÿþòñÿ ñîëíå÷íîå âðàùåíèå è øèðîòíàÿ ìèãðàöèÿ. Èìåííî
ýòè äâèæåíèÿ îïðåäåëÿþò ëèíåéíûå òðåíäû ñîñòàâëÿþùèõ êîìïîíåíò òðàåêòîðèé

Ðèñ.1. a) Âðåìåííàÿ âàðèàöèÿ øèðîòû öåíòðîèäà ÊßÒ. ×åðíàÿ ïóíêòèðíàÿ ïðÿìàÿ
ïîêàçûâàåò ëèíåéíûé òðåíä. b) Âðåìåííàÿ âàðèàöèÿ äîëãîòû öåíòðîèäà ÊßÒ. Áåëàÿ ïóíêòèðíàÿ
ïðÿìàÿ ïîêàçûâàåò ëèíåéíûé òðåíä. c) Òðàåêòîðèÿ ÊßÒ â ãåëèîãðàôè÷åñêèõ êîîðäèíàòàõ.
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äâèæåíèÿ ÊßÒ. Òðàåêòîðèè âñåõ èçó÷åííûõ 95 ÊßÒ ïîêàçûâàþò êîëåáàòåëüíûé
õàðàêòåð äâèæåíèÿ äàæå áåç ñíÿòèÿ ëèíåéíîãî òðåíäà â ìåðèäèàííîì íàïðàâ-
ëåíèè, à íåêîòîðûå èç íèõ èìåþò ÿâíî âûðàæåííûå äëèííûå ïåðèîäû. Äëÿ
íàãëÿäíîãî ïðèìåðà íà ðèñ.1 ïðèâåäåí ñëó÷àé íàèáîëåå äîëãîæèâóùåé ÊßÒ
(2012-02-23 UT18: 00: 07 L57.8: B18.4).

Íà ðèñ.1a, b ïóíêòèðíûå ëèíèè ïîêàçûâàþò ëèíåéíûå òðåíäû èçìåíåíèÿ
ñîîòâåòñòâóþùèõ êîîðäèíàò öåíòðîèäà ÊßÒ. Ýòèìè òðåíäàìè êàê ðàç è
îïðåäåëÿþòñÿ âðàùàòåëüíàÿ è ìåðèäèàííàÿ ñêîðîñòè ÊßÒ. Êàê âèäíî èç
ðèñ.1b òðåíä ñ áîëüøîé òî÷íîñòüþ ñîâïàäàåò ñ ñàìîé êðèâîé è òåì ñàìèì
ÿâëÿåòñÿ õîðîøèì è òî÷íûì èíäèêàòîðîì íàïðàâëåíèÿ è âåëè÷èíû ñêîðîñòè
âðàùåíèÿ ÊßÒ íåçàâèñèìî îò äëèíû ñåðèé äàííûõ (ïîäðàçóìåâàåòñÿ íåêîòîðàÿ
ñòàòèñòè÷åñêè ðàçóìíàÿ äëèíà) è íàõîæäåíèÿ ñòàðòîâîé è êîíå÷íîé òî÷åê.
Òî æå ñàìîå íåëüçÿ ñêàçàòü â ñëó÷àå îïðåäåëåíèÿ ìåðèäèàííîé ñêîðîñòè. Èç
ðèñ.1a âèäíî, ÷òî òðåíä êðèâîé ñèëüíî çàâèñèò è îò äëèíû ñåðèé äàííûõ
è îò ìåñòîïîëîæåíèÿ ñòàðòîâîé è êîíå÷íîé òî÷åê. Òàêèì îáðàçîì, èç-çà òîãî,
÷òî äâèæåíèå ÊßÒ èìååò âûðàæåííûé êîëåáàòåëüíûé õàðàêòåð â ìåðèäèàííîì
íàïðàâëåíèè, äëÿ îïðåäåëåíèÿ íàïðàâëåíèÿ è âåëè÷èíû ñðåäíåé ìåðèäèàííîé
ñêîðîñòè ïðèìåíåíèå íåñêîëüêèõ èçìåðåíèé íåäîñòàòî÷íî. Íóæíî, ÷òîáû
ñåðèÿ áûëà áû äëèííåå, ÷åì âîçìîæíûé ïåðèîä èçìåíåíèÿ ìåðèäèàííîé
ñêîðîñòè ÊßÒ. Â ïðèâåäåííîì ñëó÷àå ñàìîé äîëãîæèâóùåé ÊßÒ (ðèñ.1) ýòî
óñëîâèå óäîâëåòâîðÿåòñÿ, íî äàëåêî íå âî âñåõ îñòàëüíûõ ñëó÷àÿõ ýòî òàê.

Ðèñ.2. Øèðîòíîå ðàñïðåäåëåíèå âðàùàòåëüíûõ ñêîðîñòåé ÊßÒ. Êðóæêè îáîçíà÷àþò
ñêîðîñòè îòäåëüíûõ ÊßÒ, æèðíàÿ ñïëîøíàÿ êðèâàÿ ÿâëÿåòñÿ ðåçóëüòàòîì ëîêàëüíîé ðåãðåññèè
ñ èñïîëüçîâàíèåì âçâåøåííûõ ëèíåéíûõ íàèìåíüøèõ êâàäðàòîâ è ïîëèíîìèàëüíîé ìîäåëè
1-é ñòåïåíè (MATLAB "rlowess" method), ñãëàæèâàíèå ïðîèçâåäåíî ñ ïðîìåæóòêîì 0.8, ñåðàÿ
òåíåâàÿ îáëàñòü îáîçíà÷àåò ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå, ïóíêòèðíàÿ ëèíèÿ ïîêàçûâàåò
âðàùàòåëüíûå ñêîðîñòè ôîòîñôåðíûõ ñîëíå÷íûõ ïÿòåí [20].

Øèðîòà, ãðàä.
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Â õîäå èññëåäîâàíèé â äàëüíåéøåì ïðèøëîñü èñêëþ÷èòü òå ÊßÒ, êîòîðûå
ïîêàçûâàëè ñèëüíûå ïðèçíàêè àêòèâíîñòè è ðåçêî ìåíÿëè ðàçìåðû è
ïîëîæåíèÿ. Âïîñëåäñòâèè äëÿ èññëåäîâàíèÿ îñòàëèñü 78 áîëåå èëè ìåíåå
ñòàáèëüíûõ îáúåêòîâ.

Íàøè èçìåðåíèÿ äàþò ÿâíî âûðàæåííûé äèôôåðåíöèàëüíûé õàðàêòåð
âðàùàòåëüíûõ ñêîðîñòåé ÊßÒ (ðèñ.2), ÷òî õîðîøî ñîãëàñóåòñÿ ñ ðàííèìè
ðåçóëüòàòàìè [9,11,13-16].

Áëèçêîå ñîâïàäåíèå ïðèâåäåííîé êðèâîé äëÿ äèôôåðåíöèàëüíîãî âðàùåíèÿ
ÊßÒ ñ ôîòîñôåðíîé êðèâîé [20] ïîäòâåðæäàåò, ÷òî ÊßÒ âîçíèêàþò â ñëîå,
ãäå ñóïåðãðàíóëÿöèîííûå ïîòîêè óïðàâëÿþò ïîâåäåíèåì ìàãíèòíîãî ïîëÿ, è
ýòî ïðîèñõîäèò âáëèçè óðîâíÿ ôîòîñôåðû.

×òî êàñàåòñÿ îïðåäåëåíèÿ ìåðèäèàííûõ ñêîðîñòåé, ïðèìåíåíèå òîãî æå
ìåòîäà, ÷òî è äëÿ äîëãîòíûõ ñêîðîñòåé, áûëî áû íåêîððåêòíî. Ñíà÷àëà íóæíî
èçó÷èòü êîëåáàòåëüíûå ñâîéñòâà äâèæåíèÿ â ìåðèäèàííîì íàïðàâëåíèè âñåõ
ÊßÒ, îïðåäåëèòü âîçìîæíûå ïåðèîäû è âûáðàòü òàêèå ÊßÒ, ó êîòîðûõ òðåíäû
äâèæåíèÿ íå ñèëüíî çàâèñÿò îò ïðîäîëæèòåëüíîñòè íàáëþäåíèÿ, ò.å. ñ ïðîäîë-
æèòåëüíîñòüþ áîëüøå âîçìîæíîãî ïåðèîäà äâèãàòåëüíûõ êîëåáàíèé. Äëÿ ýòîãî

Ðèñ.3. Ãàðìîíèçàöèÿ øèðîòíîãî è äîëãîòíîãî ñêîðîñòåé íà ïðèìåðå ÊßÒ (2012-02-23
UT18: 00: 07 L57.8: B18.4). a) Äîëãîòíîå êîëåáàíèå äâèæåíèÿ ÊßÒ. Äàííûå âîñüìèêðàòíî
ñîêðàùåíû äëÿ óäîáíîñòè âèçóàëèçàöèè. Êðóæêè îáîçíà÷àþò äîëãîòíûå ïîëîæåíèÿ öåíòðîèäà
ÊßÒ, à ñïëîøíàÿ êðèâàÿ ÿâëÿåòñÿ ïîäãîíêîé ñèíóñíîé ôóíêöèè. b) Òî æå ñàìîå, ÷òî â
a), òîëüêî äëÿ øèðîòíîé êîìïîíåíòû. c) Ðåàëüíàÿ òðàåêòîðèÿ ÊßÒ. d) Ãàðìîíèçèðîâàííàÿ
òðàåêòîðèÿ ÊßÒ. Ñòðåëà ïîêàçûâàåò íàïðàâëåíèå äâèæåíèÿ.
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ñèíóñíàÿ ôóíêöèÿ áûëà ïîäîãíàíà íà äåòðåíäèçèðîâàííûå äàííûå èçìåíåíèÿ
òðàåêòîðèé ÊßÒ. Ðåçóëüòàòû ïîëó÷àþòñÿ íåñêîëüêî ðàçëè÷íûìè äëÿ øèðîòíîãî
è äîëãîòíîãî êîìïîíåíòîâ. Êîíå÷íî æå, ÊßÒ ÿâëÿåòñÿ ñëîæíîé êîíñòðóêöèåé
ïåðåïëåòåíèÿ äâóõ èëè íåñêîëüêèõ ìàãíèòíûõ ìèêðîïåòåëü. À êîëåáàíèÿ, êîòîðûå
íàáëþäàþòñÿ, ÿâëÿþòñÿ íàëîæåíèåì ðàçëè÷íûõ ìèêðîêîëåáàíèé. Äëÿ îïðåäåëåíèÿ
íåêîòîðîé êàðòèíû ìû ïðîèçâîäèì èäåàëèçàöèþ ïðîöåññà è äîïóñêàåì, ÷òî
ïåðèîäû êîëåáàíèé îáîèõ êîìïîíåíòîâ ðàâíû. Îáùèì ïåðèîäîì âûáðàí òîò,
êîòîðûé äàåò âûñîêóþ àäåêâàòíîñòü ìîäåëè äëÿ îáîèõ êîìïîíåíòîâ. Ðåçóëüòàò
ãàðìîíèçàöèè êîëåáàíèé ïðèâåäåí íà ðèñ.3.

Äëÿ âûÿâëåíèÿ âîçìîæíîé çàâèñèìîñòè êîëåáàòåëüíûõ õàðàêòåðèñòèê
äâèæåíèÿ ÊßÒ îò øèðîòû, êðîìå ãàðìîíèçîâàííîãî ïåðèîäà, ìû âû÷èñëèëè
óãîë íàêëîíà è òàê íàçûâàåìóþ öèðêóëÿöèþ êîëåáàòåëüíîãî ýëëèïñà. Çíàê
öèðêóëÿöèè ïîëîæèòåëüíûé ïðè íàïðàâëåíèè êîëåáàíèé ïî ÷àñîâîé ñòðåëêå
è îòðèöàòåëüíûé - â ïðîòèâîïîëîæíîì íàïðàâëåíèè, à âåëè÷èíà îïðåäåëÿåòñÿ
ñîîòíîøåíèåì ìàëîé è áîëüøîé îñåé êîëåáàòåëüíîãî ýëëèïñà. Òàêèì îáðàçîì,
ïðè êîëåáàíèÿõ íà ïðÿìîé öèðêóëÿöèÿ ðàâíà íóëþ, à ïðè êîëåáàíèÿõ ïî
îêðóæíîñòè îíà ìàêñèìàëüíà è ðàâíà åäèíèöå. ×òî êàñàåòñÿ óãëà íàêëîíà,
îí ðàâåí óãëó ìåæäó áîëüøîé îñüþ ýëëèïñà òðàåêòîðèè è íàïðàâëåíèåì þã-
ñåâåð, è ñ÷èòàåòñÿ ïîëîæèòåëüíûì (îò 0o äî 90o) ïî ÷àñîâîé ñòðåëêå,
îòðèöàòåëüíûì (îò 0o äî -90o) ïðîòèâ ÷àñîâîé ñòðåëêè.

Ïîñëå ïîëó÷åíèÿ âñåõ âîçìîæíûõ ïåðèîäîâ îñòàâøèõñÿ 78 ÊßÒ, ìîæíî
îïðåäåëèòü âîçìîæíóþ øèðîòíóþ çàâèñèìîñòü ðàñïðåäåëåíèÿ ìåðèäèàííûõ
ñêîðîñòåé äâèæåíèÿ ÊßÒ. Êàê è îæèäàëîñü, â ñëó÷àå âñåõ îñòàâøèõñÿ 78
ÊßÒ, íå óäàëîñü ïîëó÷èòü áîëåå-ìåíåå äîñòîâåðíóþ ðåãóëÿðíîñòü ïîâåäåíèÿ

Ðèñ.4. Âðåìåííî-øèðîòíîå ðàñïðåäåëåíèå êîðîíàëüíûõ ÿðêèõ òî÷åê. Áåëûìè êâàäðàòèêàìè
îáîçíà÷åíû âñå 78 ÊßÒ. ×åðíûå êðóæêè ñîîòâåòñòâóþò òåì ÊßÒ, êîòîðûå èìåþò ïðîäîë-
æèòåëüíîñòü æèçíè áîëüøå, ÷åì ñîîòâåòñòâóþùèå ãàðìîíèçèðîâàííûå ïåðèîäû.

Øèðîòà, ãðàä.
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øèðîòíîãî ðàñïðåäåëåíèÿ ìåðèäèàííûõ ñêîðîñòåé (ðèñ.5a). Òîëüêî èñêëþ÷èâ
èç ðàññìîòðåíèÿ âñå ÊßÒ ñ ïðîäîëæèòåëüíîñòüþ æèçíè íèæå ñîîòâåòñòâóþùèõ
ãàðìîíèçèðîâàííûõ ïåðèîäîâ (ðèñ.4), óäàëîñü ïîëó÷èòü íåêîòîðóþ ðåãóëÿðíîñòü,
÷òî è ïîêàçàíî íà ðèñ.5a.

 Èçîáðàæåíèå íà ðèñ.5b íå ïîçâîëÿåò ñ óâåðåííîñòüþ ñóäèòü î íåêîòîðûõ
ðåãóëÿðíîñòÿõ ìåðèäèàííîãî äâèæåíèÿ ÊßÒ.  Â öåíòðå íàáëþäàåòñÿ íåêîòîðàÿ
ñèììåòðè÷íàÿ êàðòèíà, íî öåíòð ñèììåòðèè ïðèìåðíî íà 10o ñäâèíóò ê þæíîé
ïîëóñôåðå. Â ïðåäåëàõ ±40o øèðîòû ìèãðàöèÿ ïðîèñõîäèò îò ýêâàòîðà ê
âûñîêèì øèðîòàì, à áëèæå ê 40o â þæíîì ïîëóøàðèè íàïðàâëåíèå ìèãðàöèè
ìåíÿåòñÿ è ÊßÒ äâèæóòñÿ îò ïîëþñîâ. Â ñåâåðíîì ïîëóøàðèè äàííûõ ÿâíî
íå õâàòàåò, ÷òîáû ñóäèòü î äàëüíåéøåé ìèãðàöèè ÊßÒ.

Íà ðèñ.6 ïðåäñòàâëåíû ðåçóëüòàòû èçó÷åíèÿ øèðîòíîé çàâèñèìîñòè óãëîâ
íàêëîíà è öèðêóëÿöèé ãàðìîíèçèðîâàííûõ êîëåáàíèé ÊßÒ.

Â îáùåì, ìîæíî îòìåòèòü, ÷òî ðåçóëüòàòû äëÿ êîëåáàòåëüíûõ õàðàêòåðèñòèê
íå ïðîÿâëÿþò îñîáóþ ðåãóëÿðíîñòü ïî îòíîøåíèþ øèðîòíîãî ðàñïðåäåëåíèÿ.
Òåì íå ìåíåå, äëÿ óãëîâ íàêëîíà êîëåáàòåëüíûõ äâèæåíèé ïðîñìàòðèâàåòñÿ
òåíäåíöèÿ ïðåâàëèðîâàíèÿ ðàçëè÷íûõ çíàêîâ íàêëîíà â ðàçëè÷íûõ ïîëóøàðèÿõ.
Äîâîäû íóæíî ïîäòâåðäèòü äàëüíåéøèìè èññëåäîâàíèÿìè áîëåå ìíîãî÷èñ-
ëåííûõ îáúåêòîâ ñ äëèííûìè ïðîäîëæèòåëüíîñòÿìè æèçíè.

Ðèñ.5. Øèðîòíàÿ çàâèñèìîñòü ìåðèäèàííûõ ìèãðàöèé ÊßÒ. a) Äëÿ âñåõ ÊßÒ. Êðóæêè
îáîçíà÷àþò ðåçóëüòàòû íàáëþäåíèé, ñïëîøíàÿ æèðíàÿ êðèâàÿ ðåçóëüòàò ñãëàæèâàíèÿ äàííûõ
ìåòîäîì rlowess è ñ èíòåðâàëîì 0.4, ñåðàÿ òåíåâàÿ îáëàñòü îáîçíà÷àåò ñðåäíåêâàäðàòè÷íîå
îòêëîíåíèå. b) Òî æå ñàìîå êàê a), íî äëÿ ÊßÒ, êîòîðûå èìåþò ïðîäîëæèòåëüíîñòü æèçíè
áîëüøå, ÷åì ñîîòâåòñòâóþùèå ãàðìîíèçèðîâàííûå ïåðèîäû.

Øèðîòà, ãðàä.
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4. Âûâîäû. Ìû ïðîàíàëèçèðîâàëè äàííûå íàáëþäåíèé 95 êîðîíàëüíûõ
ÿðêèõ òî÷åê, ïîëó÷åííûå SDO/AIA, êîòîðûå ïî÷òè ðàâíîìåðíî ðàñïðåäåëåíû ïî
øèðîòå. Êîä àâòîìàòè÷åñêîãî îòñëåæèâàíèÿ èçìåðÿåò êîîðäèíàòû è ãåîìåò-
ðè÷åñêèå õàðàêòåðèñòèêè âñåõ âûáðàííûõ ÊßÒ â òå÷åíèå âñåé ïðîäîëæèòåëü-
íîñòè èõ æèçíè ñ èíòåðâàëîì â 10 ìèí. Òùàòåëüíûé àíàëèç äîëãîòíûõ ïðîôèëåé
äâèæåíèÿ öåíòðîèäîâ ÊßÒ çàñòàâèë íàñ èñêëþ÷èòü èç äàëüíåéøåãî èññëåäîâàíèÿ
òå ÊßÒ, êîòîðûå ïîêàçûâàëè ïîâûøåíèå àêòèâíîñòè è ðåçêî ìåíÿëè ðàçìåðû
è ïîëîæåíèÿ. Òåì ñàìûì ÷èñëî èçó÷àåìûõ ÊßÒ óìåíüøèëîñü äî 78.

Èçó÷åíèå îñòàòêîâ ïîñëå óäàëåíèÿ ðåãóëÿðíûõ êîìïîíåíòîâ äâèæåíèÿ
ïîêàçàëî, ÷òî ñîáñòâåííûå äâèæåíèÿ ÊßÒ èìåþò ÷åòêî âûðàæåííûé
êîëåáàòåëüíûé õàðàêòåð. ßðêèå êîðîíàëüíûå òî÷êè - ýòî íåáîëüøèå
îñîáåííîñòè, ñðàâíèìûå ñ äðóãèìè áîëüøèìè îáðàçîâàíèÿìè íà Ñîëíöå, íî
îíè íå ÿâëÿþòñÿ ðåàëüíûìè òî÷êàìè. Íàáëþäåíèÿ ñ âûñîêèì ðàçðåøåíèåì
ÿñíî ïîêàçûâàþò, ÷òî ÊßÒ ïîñòðîåíû èç îäíîé èëè íåñêîëüêèõ ìàãíèòíûõ
ïåòåëü. Ìàãíèòíûå ïåòëè ÿâëÿþòñÿ îñíîâíûìè êàíàëàìè, íàïðàâëÿþùèìè
ðàçëè÷íûå ìîäû ÌÃÄ-âîëí îò íèæíèõ ñëîåâ ê êîðîíå. Èç-çà ñëîæíîé
ãåîìåòðèè ãðóïï ïåòåëü ñóïåðïîçèöèÿ âîëí, íàïðàâëÿåìûõ ïåòëÿìè, äàåò
î÷åíü ñëîæíûå òðàåêòîðèè, ñïðîåöèðîâàííûå íà ïîâåðõíîñòü êîðîíû, êàê
âèäíî íà ðèñ.3c. ×òîáû óïðîñòèòü èçâëå÷åíèå ïîëåçíîé èíôîðìàöèè èç

Ðèñ.6. a) Øèðîòíîå ðàñïðåäåëåíèå óãëà íàêëîíà ãàðìîíèçèðîâàííûõ êîëåáàíèé ñîáñòâåí-
íîãî äâèæåíèÿ ÊßÒ. Êðóæêè îáîçíà÷àþò íàáëþäàòåëüíûå äàííûå, ñïëîøíàÿ æèðíàÿ êðèâàÿ
ÿâëÿåòñÿ ðåçóëüòàòîì ñãëàæèâàíèÿ äàííûõ ìåòîäîì rlowess ñ ïðîìåæóòêîì 0.2, ñåðàÿ òåíåâàÿ
îáëàñòü îáîçíà÷àåò ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå, ïóíêòèðíàÿ ëèíèÿ ÿâëÿåòñÿ ëèíåéíûì
òðåíäîì äàííûõ. b) Òî æå ñàìîå, ÷òî â a), òîëüêî äëÿ öèðêóëÿöèè êîëåáàíèé.

Øèðîòà, ãðàä.
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òàêîãî ñëîæíîãî äâèæåíèÿ, ìû ñîãëàñîâàëè êîëåáàíèÿ ïðîäîëüíîé è øèðîòíîé
ñîñòàâëÿþùèõ. Ãàðìîíèçèðîâàííûå êîìïîíåíòû ïðèâîäÿò ê ýëëèïòè÷åñêèì
òðàåêòîðèÿì ñ ðàçëè÷íûìè íàïðàâëåíèÿìè âðàùåíèÿ è ãåîìåòðè÷åñêèìè
õàðàêòåðèñòèêàìè. Èõ ïåðèîäû êîëåáëþòñÿ â èíòåðâàëå îò 5 äî 60 ÷ ñî
ñðåäíèì çíà÷åíèåì 20 ÷. Ñîïîñòàâëåíèå ïðîôèëåé ñîáñòâåííîãî äâèæåíèÿ è
èçìåíåíèÿ ãåîìåòðè÷åñêèõ ðàçìåðîâ ÊßÒ èñêëþ÷èëè ïðîèñõîæäåíèå ýòèõ
ïåðèîäîâ èç îñöèëëÿöèîííûõ ïðîöåññîâ â ÿðêîñòè ÊßÒ. Õàðàêòåð òðàåêòîðèé
óêàçûâàåò íà òî, ÷òî ýòî äîëæíà áûòü ïðîåêöèÿ çìååâèäíûõ èëè ñïèðàëüíûõ
âîëí íà êîðîíàëüíûé ñëîé. Â ýòîì êîíòåêñòå, áåçóñëîâíî, óìåñòíî âñïîìíèòü
íåäàâíåå èññëåäîâàíèå, â êîòîðîì êîëåáàíèÿ ìåëêîìàñøòàáíûõ ìàãíèòíûõ
ýëåìåíòîâ îòíîñÿòñÿ ê õðîìîñôåðíûì ñïèðàëüíûì âîëíàì [21]. Âîçáóäèòåëåì
ýòèõ âîëí äîëæíà áûòü ñóïåðãðàíóëÿöèîííàÿ ñåòêà, êîòîðàÿ è ÿâëÿåòñÿ
äåðæàòåëåì êîðíåé ïåòåëü ÿðêèõ òî÷åê è âûÿâëåííûå ïåðèîäû êàê ðàç
ñðàâíèìû ñ ïðîäîëæèòåëüíîñòÿìè æèçíè ñóïåðãðàíóëÿöèîííûõ ÿ÷ååê.

Èçó÷åíèå øèðîòíîé çàâèñèìîñòè êîëåáàòåëüíûõ õàðàêòåðèñòèê ñîáñòâåííûõ
äâèæåíèé êîðîíàëüíûõ ÿðêèõ òî÷åê, âîïðåêè îæèäàíèÿì, íå äàëè óáåäèòåëüíûõ
óêàçàíèé íà êàêèå-òî ðåãóëÿðíîñòè. Ýòî, íàâåðíîå, âûçâàíî íåäîñòàòêîì
êîëè÷åñòâà èçó÷åííûõ äîëãîæèâóùèõ îáúåêòîâ. Òåì íå ìåíåå, â ñëó÷àå óãëà
íàêëîíà êîëåáàíèé (ðèñ.6a) ïðîñìàòðèâàåòñÿ òåíäåíöèÿ ðàçíûõ ïðåâàëèðóþùèõ
çíàêîâ íàêëîíà â ðàçíûõ ïîëóøàðèÿõ. Ýòî ìîæåò áûòü ñëåäñòâèåì âëèÿíèÿ
ñèëû Êîðèîëèñà. Ïîñëåäóþùèå èññëåäîâàíèÿ áîëüøåãî êîëè÷åñòâà ÊßÒ
äàäóò áîëåå óáåäèòåëüíûå ðåçóëüòàòû â ýòîì íàïðàâëåíèè.

Èçó÷åíèå ëèíåéíûõ òðåíäîâ øèðîòíîé ñîñòàâëÿþùåé äâèæåíèÿ ÊßÒ
ïîäòâåðäèëî äèôôåðåíöèàëüíûé õàðàêòåð èõ âðàùåíèÿ, âûÿâëåííûé â ðàííèõ
ðàáîòàõ [9,11,13-16]. Áëèçêîå ñîâïàäåíèå êðèâûõ äàííîãî èññëåäîâàíèÿ è
ôîòîñôåðíîé êðèâîé [20] óêàçûâàåò íà òî, ÷òî êîðíè ïåòåëü, ñîñòàâëÿþùèõ
ÊßÒ, çàêðåïëåíû â õðîìîñôåðíóþ ñåòêó âáëèçè îò ôîòîñôåðíîãî óðîâíÿ.

ßâíûé êîëåáàòåëüíûé õàðàêòåð ìåðèäèàííîãî äâèæåíèÿ ÊßÒ, êîòîðûé
ëåãêî ïðîñìàòðèâàåòñÿ äàæå áåç ñíÿòèÿ ëèíåéíîãî òðåíäà (ðèñ.1a), ÿâëÿåòñÿ
îñíîâíûì ïðåïÿòñòâèåì äëÿ îïðåäåëåíèÿ êàê íàïðàâëåíèÿ, òàê è âåëè÷èíû
ìåðèäèàííîé ìèãðàöèîííîé ñêîðîñòè ÊßÒ. Ëþáîå ïðèìåíåíèå èçâëå÷åíèÿ
ëèíåéíîãî òðåíäà äëÿ îïðåäåëåíèÿ ñêîðîñòè ìåðèäèàííîé ìèãðàöèè íåêîððåêòíî,
ïîòîìó ÷òî ëèíåéíûé òðåíä ñèëüíî çàâèñèò îò äëèíû äàííûõ è îò ñîñòîÿíèÿ
íà÷àëüíîé è êîíå÷íîé òî÷åê. Íóæíî îïðåäåëèòü êàêîé-òî ìèíèìàëüíûé
ïðîìåæóòîê âðåìåíè, êîòîðûé áóäåò äîñòàòî÷åí äëÿ áîëåå èëè ìåíåå äîñòîâåðíîãî
ðåçóëüòàòà. Ìû ïîñ÷èòàëè ýòèì ïðîìåæóòêîì ïåðèîäû ãàðìîíèçèðîâàííûõ
êîëåáàíèé, ÷òî è óìåíüøèëî êîëè÷åñòâî äàííûõ äëÿ îïðåäåëåíèÿ øèðîòíûõ
ñêîðîñòåé. Â ðåçóëüòàòå, èç ðèñ.5b ìîæíî ïðåäïîëîæèòü, ÷òî â öåíòðå íàáëþäàåòñÿ
íåêîòîðàÿ ñèììåòðè÷íàÿ êàðòèíà, íî öåíòð ñèììåòðèè ïðèìåðíî íà 10o ñäâèíóò
ê þæíîé ïîëóñôåðå. Â ïðåäåëàõ ±40o øèðîòû ìèãðàöèÿ ïðîèñõîäèò îò
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ýêâàòîðà ê âûñîêèì øèðîòàì, à áëèæå ê 40o â þæíîì ïîëóøàðèè íàïðàâëåíèå
ìèãðàöèè ìåíÿåòñÿ è ÊßÒ äâèæóòñÿ îò ïîëþñîâ. Â ñåâåðíîì ïîëóøàðèè
äàííûõ ÿâíî íå õâàòàåò, ÷òîáû ñóäèòü î ìèãðàöèè ÊßÒ. Ìîæíî çàêëþ÷èòü,
÷òî îöåíêà ìåðèäèîíàëüíîé ñêîðîñòè ñ ïîìîùüþ êðàòêîâðåìåííûõ íàáëþäåíèé
ìîæåò ïðèâåñòè ê íåïðàâèëüíîé îöåíêå åå çíà÷åíèÿ è çíàêà. Ìîæíî ñ÷èòàòü,
÷òî ýòî ÿâëÿåòñÿ ïðè÷èíîé òîãî, ÷òî ðåçóëüòàòû ìåðèäèîíàëüíûõ ìèãðàöèé
ÊßÒ òàê ïðîòèâîðå÷èâû. Àíàëîãè÷íûå ðåçóëüòàòû ñ ðàçëè÷íûì øèðîòíûì
ðàñïðåäåëåíèåì ìåðèäèîíàëüíîé ìèãðàöèè áûëè ïîëó÷åíû â áîëåå ðàííåì
èññëåäîâàíèè [17]. Êàê ìû óæå óïîìèíàëè âûøå, ïðàâèëüíîñòü ðåçóëüòàòîâ
ìåðèäèîíàëüíûõ ìèãðàöèé çàâèñèò îò äëèòåëüíîñòè îòñëåæèâàíèÿ, è äàëüíåéøåå
óâåëè÷åíèå âðåìåíè îòñëåæèâàíèÿ è êîëè÷åñòâà ÊßÒ íà âñåõ øèðîòàõ äîëæíî
ïîâûñèòü äîñòîâåðíîñòü ðåçóëüòàòîâ èññëåäîâàíèÿ.

Ðàáîòà áûëà ïîääåðæàíà Íàöèîíàëüíûì íàó÷íûì ôîíäîì èì. Øîòà
Ðóñòàâåëè, ãðàíòîì ¹ PHDF-18-4028.

1 Àáàñòóìàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ, ãîñóäàðñòâåííûé óíèâåðñèòåò
 èì. Èëèè, Òáèëèñè, Ãðóçèÿ, e-mail: tamar.tsinamdzghvrishvili.1@iliauni.edu.ge
2 Èíñòèòóò êîñìè÷åñêèõ èññëåäîâàíèé, Àâñòðèéñêàÿ àêàäåìèÿ íàóê, Àâñòðèÿ
3 Êîìáèíàòîðíàÿ îïòèìèçàöèÿ è ïîääåðæêà ïðèíÿòèÿ ðåøåíèé, êàìïóñ
 KU Leuven, Êîðòðåéê, Áåëüãèÿ

REGULAR AND OSCILLATORY MOTION OF
CORONAL BRIGHT POINTS

T.TSINAMDZGVRISHVILI1, B.SHERGELASHVILI1,2,3, B.CHARGEISHVILI1,
I.MGHEBRISHVILI1, T.MDZINARISHVILI1, D.JAPARIDZE1

Long-term automatic tracing of coronal bright points made it possible to study
their proper motion using the SDO/AIA channel AIA 193Å  data. For processing
the series of chosen fits files, we took 95 visually long-lived bright points which
where homogeneously distributed along the latitude. Specially developed code
automatically detects heliographic coordinates of the centroid of the chosen coronal
bright points in a series of fits files. The final results of all studied coronal bright
points show apparent oscillatory character in their proper motion. Oscillation periods
range from 5 to 60 hours with an average of 20 hours. Some trends of latitudinal
dependence of oscillation characteristics are revealed. There is supposed that these
oscillations are the result of propagation of helical waves along the magnetic loops,
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constructing coronal bright points. Using the linear trends of latitudinal and
longitudinal components of the movement of the coronal bright points, we obtained
their rotational rates and the meridional migration speeds. The results of the
rotational rates are confirming the differential character of latitudinal dependence.
The problem of determining the direction and magnitude of meridian migration is
discussed.

Keywords: coronal bright points: proper motion: oscillations
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dMe ÇÂÅÇÄ. II. ÍÅÏÐÅÐÛÂÍÎÅ È
ËÈÍÅÉ×ÀÒÎÅ ÈÇËÓ×ÅÍÈÅ

Å.Ñ.ÌÎÐ×ÅÍÊÎ
Ïîñòóïèëà 16 äåêàáðÿ 2019

Ïðèíÿòà ê ïå÷àòè 24 èþíÿ 2020

Àðãóìåíòèðóåòñÿ, ÷òî íå òîëüêî ãîëóáîé (â ìàêñèìóìå áëåñêà), íî è êðàñíûé (â ôàçå
ìåäëåííîãî óãàñàíèÿ) êîìïîíåíòû îïòè÷åñêîãî êîíòèíóóìà ìîùíûõ âñïûøåê dMe çâåçä
ôîðìèðóþòñÿ âáëèçè ôîòîñôåðû. Îòìå÷åíà âîçìîæíîñòü ïîÿâëåíèÿ ëèíèé HeI â çîíàõ ðåëàêñàöèè
ïëàçìû ê ñîñòîÿíèþ òåïëîâîãî ðàâíîâåñèÿ â ðåçóëüòàòå ðîñòà ýëåêòðîííîé òåìïåðàòóðû çà ñ÷åò
óïðóãèõ ñòîëêíîâåíèé ýëåêòðîíîâ ñ àòîìàìè è èîíàìè (ïðè äîñòàòî÷íî âûñîêèõ ñêîðîñòÿõ
íåñòàöèîíàðíîé õðîìîñôåðíîé óäàðíîé âîëíû, ðàñïðîñòðàíÿþùåéñÿ ïî íàïðàâëåíèþ ê ôîòîñôåðå
Ñîëíöà è çâåçä). Ïðåäëàãàåòñÿ ñõåìà ðàñïîëîæåíèÿ «ñëîåâ» ïëàçìû, îòâåòñòâåííîé çà ãåíåðàöèþ
èçëó÷åíèÿ â êîíòèíóóìå áåëîãî ñâåòà âî âðåìÿ èìïóëüñíîé ôàçû ìîùíûõ çâåçäíûõ âñïûøåê.

Êëþ÷åâûå ñëîâà: êðàñíûå êàðëèêîâûå çâåçäû: âñïûøêè: ìîäåëè âñïûøåê:
      îïòè÷åñêîå èçëó÷åíèå

1. Ââåäåíèå. Äàííàÿ ñòàòüÿ çàâåðøàåò îáñóæäåíèå, íà÷àòîå àâòîðîì â
ðàáîòå [1].

2. Èçëó÷åíèå îêîëîôîòîñôåðíûõ ñëîåâ. Áåëîâà è Áû÷êîâ [2] ïîëà-
ãàþò, ÷òî "÷åðíîòåëüíîå èçëó÷åíèå, âðåìåíàìè âîçíèêàþùåå âî âðåìÿ âñïûøåê"
… "äàåò ôîòîñôåðà, ïðîãðåâàåìàÿ ïîòîêîì íàäòåïëîâûõ ÷àñòèö"; ïðè ýòîì â
íåé "ìîæåò îáðàçîâàòüñÿ ãîðÿ÷åå ïÿòíî ñ òåìïåðàòóðîé 44 10210   Ê" [2].

Â ýòèõ óòâåðæäåíèÿõ àâòîðû [2] íå ó÷èòûâàþò ñëåäóþùåå. Ïî îïðåäåëåíèþ,
âèäèìîñòü âñïûøêè óêàçûâàåò íà ñóùåñòâîâàíèå íåâîçìóùåííûõ ñëîåâ
àòìîñôåðû çâåçäû. Â ìåòîäå [3] îöåíêè ïëîùàäè s èñòî÷íèêà êâàçèïëàíêîâñêîãî
ãîëóáîãî êîíòèíóóìà ìîùíûõ âñïûøåê dMe çâåçä (ìàêñèìóì áëåñêà) â
ïðèáëèæåíèè àáñîëþòíî ÷åðíîãî òåëà (ïðèìåíÿåìîì, íàïðèìåð, â [4]) ýòè
ñëîè îòîæäåñòâëÿþòñÿ ñ ôîòîñôåðîé êðàñíîãî êàðëèêà â ñïîêîéíîì ñîñòîÿíèè,
à åå ïîëå èçëó÷åíèÿ ïðèíèìàåòñÿ ïëàíêîâñêèì1. Êðîìå òîãî, ðåçóëüòàòû

ÒÎÌ 63 ÀÂÃÓÑÒ, 2020 ÂÛÏÓÑÊ 3

À Ñ Ò Ð Î Ô È Ç È Ê À

1 Îòìåòèì, ÷òî âåëè÷èíû s, îöåíåííûå â [4], çàíèæåíû â 2 ðàçà. Ýòîò ôàêò îáóñëîâëåí
íåòî÷íîñòüþ â óðàâíåíèè (3): ñâåòèìîñòü êîìïàêòíîãî îáðàçîâàíèÿ, èçëó÷àþùåãî ïî çàêîíó
Ïëàíêà, ðàâíà [3] )(2 bbTsB , ãäå Tbb - òåìïåðàòóðà À×Ò, ñîîòâåòñòâóþùåãî ñïåêòðó
âñïûøêè â äèàïàçîíå äëèí âîëí   îò 4000 äî 4800 Å .
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íåäàâíèõ íàáëþäåíèé [5] âñïûøå÷íîé àêòèâíîñòè Proxima Cen (dM5.5e)
ñâèäåòåëüñòâóþò î òîì, ÷òî ìîëåêóëÿðíûå ñïåêòðû ïîãëîùåíèÿ àòìîñôåðû
êðàñíîãî êàðëèêà (îáðàùàþùèé ñëîé) "ïðàêòè÷åñêè íå çàâèñÿò îò âñïûøå÷íûõ
ñîáûòèé". Â ñâîþ î÷åðåäü, Honda et al. [6] íå îáíàðóæèëè èçìåíåíèé
ìîëåêóëÿðíûõ ïîëîñ âî âðåìÿ âñïûøêè EV Lac (dM4.5e).

Î êâàçèïëàíêîâñêîì õàðàêòåðå ãîëóáîãî êîíòèíóóìà ìîùíûõ âñïûøåê
dMe çâåçä â ìàêñèìóìå áëåñêà ñâèäåòåëüñòâóåò ñóùåñòâîâàíèå íåïðåðûâíîãî
îïòè÷åñêîãî èçëó÷åíèÿ â äëèííîâîëíîâîé (êðàñíîé) ñòîðîíå îò ëèíèè H ,
íå ñîîòâåòñòâóþùåãî ôóíêöèè Ïëàíêà ñ T

bb
 ~ 104

 K (ñì. ðèñ.8a â ñòàòüå
Kowalski et al. [7]).

Ýòî èçëó÷åíèå âîçíèêàåò â áîëåå ãëóáîêèõ, ìåíåå íàãðåòûõ îêîëîôîòî-
ñôåðíûõ ñëîÿõ. Ïðè÷åì, âàæíóþ ðîëü â ãåíåðàöèè êâàçèïëàíêîâñêîãî (íåáîëü-
øîé áàëüìåðîâñêèé ñêà÷îê) "êðàñíîãî" êîìïîíåíòà, äîìèíèðóþùåãî â
îïòè÷åñêîì êîíòèíóóìå âñïûøåê âî âðåìÿ ôàçû ìåäëåííîãî óãàñàíèÿ (ðèñ.31
â [7]; äëèíû âîëí, èñêëþ÷àþùèå "conundruum = conundrum + continuum"),
èãðàåò [8,3] îòðèöàòåëüíûé èîí âîäîðîäà (ïðè T

bb
 ïðèáëèçèòåëüíî <8000 Ê

äîíîðàìè ñâîáîäíûõ ýëåêòðîíîâ ÿâëÿþòñÿ ìåòàëëû - ñì. [9], §6.5). Â ðàìêàõ
òàêîé èíòåðïðåòàöèè "ñâÿçü" [7] ãîëóáîãî è êðàñíîãî êîìïîíåíòîâ íåïðåðûâíîãî
èçëó÷åíèÿ âñïûøåê, à òàêæå "îòíîñèòåëüíî áîëåå âàæíûé" [7] âêëàä êðàñíîãî
êîìïîíåíòà "â ýíåðãåòè÷åñêèé áþäæåò âî âðåìÿ ïîçäíåãî ýòàïà ôàçû
ìåäëåííîãî óãàñàíèÿ" [7] âûãëÿäÿò âïîëíå åñòåñòâåííûìè.

Èòàê, íå òîëüêî ãîëóáîé, íî è êðàñíûé êîìïîíåíòû îïòè÷åñêîãî êîíòè-
íóóìà ìîùíûõ âñïûøåê dMe çâåçä ôîðìèðóþòñÿ âáëèçè ôîòîñôåðû [3], à
ïðèâåäåííûå óòâåðæäåíèÿ àâòîðîâ [2] (è, â öåëîì, íàìåòèâøàÿñÿ òåíäåíöèÿ
"ïðèâëåêàòü" äëÿ èíòåðïðåòàöèè íàáëþäåíèé âñïûøåê "ñëîè" ôîòîñôåð dMe
çâåçä) ïðîòèâîðå÷àò äàííûì íàáëþäåíèé.

Áûñòðîå èçìåíåíèå íåïðåðûâíîãî îïòè÷åñêîãî èçëó÷åíèÿ îêîëîôîòî-
ñôåðíûõ ñëîåâ âî âðåìÿ èìïóëüñíîé ôàçû âñïûøåê îáóñëîâëèâàåò òðóäíîñòü
èçó÷åíèÿ ãàçîäèíàìè÷åñêèõ ïðîöåññîâ, ðàçâèâàþùèõñÿ â âûøå ðàñïîëîæåííûõ
ñëîÿõ õðîìîñôåðû, òàê êàê ïîëå èçëó÷åíèÿ îêîëîôîòîñôåðíîãî ãàçà âëèÿåò
[10,11] íà ñîñòîÿíèå èîíèçàöèè òàêèõ ñëîåâ. Òàê, ïðè T

bb
 = 1.1 ýÂ ( 41031  . K),

êîíöåíòðàöèè ýëåêòðîíîâ n
e
 = 1014

 ñì-3, ýëåêòðîííîé òåìïåðàòóðå T
e
 = 1 ýÂ

ñêîðîñòü ôîòîèîíèçàöèè äèëþòèðîâàííûì (ôàêòîð äèëþöèè W = 0.5) ïëàíêîâ-
ñêèì ïîëåì èçëó÷åíèÿ ñî âòîðîãî óðîâíÿ àòîìà âîäîðîäà   â 4.6 ðàçà áîëüøå
([11], òàáë.3.2) ñîîòâåòñòâóþùåé ñêîðîñòè èîíèçàöèè ýëåêòðîííûì óäàðîì
(ðåçóëüòàòû ïîëó÷åíû äëÿ ìàêñèìóìà áëåñêà ìîùíîé âñïûøêè; èñïîëüçîâàííîå
ïðèáëèæåíèå àáñîëþòíî ÷åðíîãî òåëà êîððåêòíî ââèäó òîãî, ÷òî êâàçèïëàí-
êîâñêèé ãîëóáîé êîíòèíóóì â ïèêå âñïûøêè âíîñèò ñóùåñòâåííûé âêëàä â
èçëó÷åíèå â òîì ÷èñëå è â ïîëîñå U  - ñì. ïîäðàçäåë 3.3 â ðàáîòå Kowalski
et al. [12]). Â òî æå âðåìÿ ðîñò âåëè÷èíû T

e
 çà ôðîíòîì ñòàöèîíàðíîé
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óäàðíîé âîëíû ñ âûñâå÷èâàíèåì çà ñ÷åò óïðóãèõ ñòîëêíîâåíèé ýëåêòðîíîâ
ñ àòîìàìè è èîíàìè ïðè T

ai
 >> T

e
 (êàê â ðàñ÷åòàõ [2]) ïðåäïîëàãàåò óìåðåííóþ

ñòåïåíü èîíèçàöèè íåâîçìóùåííîãî õðîìîñôåðíîãî ãàçà (ïåðåä ôðîíòîì);
çäåñü T

ai
 - àòîìíî-èîííàÿ òåìïåðàòóðà ïëàçìû2.

3. Ëèíèè íåéòðàëüíîãî ãåëèÿ. Ïðè âûñîêèõ ñêîðîñòÿõ shv  íåñòàöèî-
íàðíîé õðîìîñôåðíîé óäàðíîé âîëíû, ðàñïðîñòðàíÿþùåéñÿ â ÷àñòè÷íî èîíè-
çîâàííîé ïëàçìå ïî íàïðàâëåíèþ ê ôîòîñôåðå, óïîìÿíóòîå óâåëè÷åíèå
ýëåêòðîííîé òåìïåðàòóðû äîïóñêàåò âîçìîæíîñòü ñîçäàíèÿ óñëîâèé äëÿ
èîíèçàöèè àòîìîâ ãåëèÿ (HeI) è âîçáóæäåíèÿ èõ äèñêðåòíûõ óðîâíåé
ýëåêòðîííûì óäàðîì (âûñâå÷èâàíèå ñóùåñòâåííî íåñòàöèîíàðíî [2], ïîýòîìó
ñòåïåíü èîíèçàöèè è ñîñòîÿíèå âîçáóæäåíèÿ àòîìîâ îïðåäåëÿþòñÿ íå òîëüêî
òåêóùèì çíà÷åíèåì T

e
) - ýôôåêò èçâåñòíûé [13] â òåîðèè ñòàöèîíàðíûõ

óäàðíûõ âîëí ñ âûñâå÷èâàíèåì. Â ýòîì ñëó÷àå ïîñëåäóþùåå äåâîçáóæäåíèå
ðàçðåøåííûìè ñïîíòàííûìè ïåðåõîäàìè ñïîñîáíî îáåñïå÷èòü [1] ïîÿâëåíèå è
óñèëåíèå ëèíèé HeI â ñïåêòðàõ ìîùíûõ ñîëíå÷íûõ è çâåçäíûõ âñïûøåê
(íàïðèìåð, ëèíèè ñ Å10830  [14]). Íàïîìíèì, îäíàêî (ñì. ñòàòüþ [15]),
÷òî óâåëè÷åíèå shv  äîñòèãàåòñÿ çà ñ÷åò ðîñòà ïîòîêà ýíåðãèè F0 â ïó÷êå
óñêîðåííûõ ýëåêòðîíîâ.

Ïîä÷åðêíåì, ÷òî ââèäó áûñòðîãî âûñâå÷èâàíèÿ ïëîòíîãî ãàçà ïîçàäè
ôðîíòà óäàðíîé âîëíû (íàïðèìåð, [1]) îïèñûâàåìàÿ âûøå ñèòóàöèÿ: à)
ñîîòâåòñòâóåò çîíàì ðåëàêñàöèè ïëàçìû ê ñîñòîÿíèþ òåïëîâîãî ðàâíîâåñèÿ
äëÿ îïðåäåëåííîãî äèàïàçîíà ñêîðîñòåé shv  (ýôôåêò ìîæåò áûòü ïðîäåìîíñò-
ðèðîâàí â ìîäåëè "íàáîðà" ñòàöèîíàðíûõ óäàðíûõ âîëí ñ âûñâå÷èâàíèåì
[2]); á) îáíàðóæèâàåòñÿ äëÿ èìïóëüñîâ íàãðåâà, ÷àñòè÷íî ïåðåêðûâàþùèõñÿ
âî âðåìåíè è äåéñòâóþùèõ íà ðàçëè÷íûå ó÷àñòêè âåðõíåé õðîìîñôåðû
Ñîëíöà è dMe çâåçä.

4. Ëèíèè H  ñ "ãîëóáîé" àñèììåòðèåé êðûëüåâ. Êàê èçâåñòíî, â
ñïåêòðàõ íåêîòîðûõ âñïûøåê dMe çâåçä íàáëþäàþòñÿ äîëãîæèâóùèå
àñèììåòðè÷íûå ïðîôèëè ëèíèé H  ñ óâåëè÷åííîé èíòåíñèâíîñòüþ èçëó÷åíèÿ
íå â êðàñíîì, à â ãîëóáîì êðûëå (ñì., íàïðèìåð, ðàáîòû [16,6]). Honda et
al. [6] îòìå÷åíà âîçìîæíàÿ ñâÿçü ìåæäó ôîðìèðîâàíèåì òàêîãî èçëó÷åíèÿ è
ïðèñóòñòâèåì âî âñïûøå÷íîé àòìîñôåðå êðàñíîãî êàðëèêà õîëîäíîãî, T ~ 104

K [6], ãàçà. Â òî æå âðåìÿ íàëè÷èå øèðîêèõ êðûëüåâ ó H  (ðèñ.7 â [16])
ñâèäåòåëüñòâóåò (Eason et al. [16], ðèñ.9; àïïðîêñèìàöèÿ ÷àñòè êðàñíîãî êðûëà

2 Îáðàòèì âíèìàíèå íà òî, ÷òî: à) àâòîðàìè [2] â îòëè÷èå îò [10] íåïðàâèëüíî âû÷èñëåíà
âåðîÿòíîñòü âûõîäà 12  ðåçîíàíñíîãî ôîòîíà çà ïðåäåëû ïëàçìû áåç ðàññåÿíèé (ïîäñòàíîâêà
äîïëåðîâñêîé îïòè÷åñêîé ãëóáèíû â âûðàæåíèå, ïîëó÷åííîå äëÿ õîëüöìàðêîâñêîãî êîíòóðà); á)
â [10] â ñëó÷àå âûëåòà ôîòîíà èç öåíòðà ïëîñêîãî ñëîÿ 121212 60  .c

, ãäå 12  - âåëè÷èíà

12 , óñðåäíåííàÿ ïî ñëîþ (ôîðìóëà (55) â [10]).
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ëèíèè øòàðêîâñêèì ïðîôèëåì) î äîñòàòî÷íî âûñîêîé ïëîòíîñòè ãàçà,
îòâåòñòâåííîãî çà èõ ôîðìèðîâàíèå. Îáðàòèì âíèìàíèå íà òî, ÷òî âåëè÷èíà
logn

e
 îïðåäåëåíà â [16] áåç ó÷åòà çàìåòíîé îïòè÷åñêîé ãëóáèíû H  â ÿäðå

(õàðàêòåðíûé "ïðîâàë" â öåíòðå), óêàçûâàþùåé íà âîçìîæíóþ íåïðîçðà÷íîñòü
ýòîé ëèíèè è â êðûëüÿõ. Ìîð÷åíêî è äð. [10], èñïîëüçóÿ âåëè÷èíû D
(äîïëåðîâñêàÿ ïîëóøèðèíà) è logn

e
, íàéäåííûå àâòîðàìè [16], ïîêàçàëè

(ïîäðàçäåë 5.3 â [10]), ÷òî êîíòóð H  â íàáëþäåíèÿõ [16] ïðèáëèæåííî
îïèñûâàåòñÿ ìîäåëüþ "äîïëåðîâñêîå ÿäðî" è "øòàðêîâñêèå êðûëüÿ".

Honda et al. [6] òàêæå ïðèâîäÿò âîçìîæíûå îáúÿñíåíèÿ ïðèðîäû "ãîëóáîé"
àñèììåòðèè êðûëüåâ H  èçâåñòíûå èç ôèçèêè ñîëíå÷íûõ âñïûøåê. Ýòè
îáúÿñíåíèÿ, îäíàêî, ïðèçíàþòñÿ àâòîðàìè [6] íåäîñòàòî÷íûìè.

Îòìå÷åííûå õàðàêòåðèñòèêè ïëàçìû, ñîçäàþùåé èçëó÷åíèå â H , åãî
äîëãîæèâóùèé õàðàêòåð è, ãëàâíîå, - îòñóòñòâèå â ñïåêòðàõ òàêèõ âñïûøåê
ïðîôèëåé ëèíèé ñ "êðàñíîé" àñèììåòðèåé êðûëüåâ, ïîçâîëÿþò ñâÿçàòü ýòî
èçëó÷åíèå ñ îáëàñòüþ, íàõîäÿùåéñÿ ìåæäó ôðîíòàìè òåïëîâîé è óäàðíîé âîëí.

Ñ ó÷åòîì ñêàçàííîãî, èíòåðåñ ïðåäñòàâëÿåò èíòåðïðåòàöèÿ ïðèðîäû ãîëóáîé
àñèììåòðèè êðûëüåâ H , îñíîâàííàÿ íà ñóùåñòâîâàíèè ïîëÿ ñêîðîñòåé ãàçà
â õ.ê. (õðîìîñôåðíàÿ êîäåíñàöèÿ) è çîíàõ òåïëîâîé ðåëàêñàöèè [17]. Ñîãëàñíî
ýòîé òî÷êå çðåíèÿ, "òèï àñèììåòðèè îïðåäåëÿåòñÿ çíàêîì ãðàäèåíòà ñêîðîñòè
â òîé îáëàñòè, ãäå ôîðìèðóåòñÿ èíòåíñèâíîñòü öåíòðàëüíîé ÷àñòè ëèíèè"
(êðàñíàÿ àñèììåòðèÿ ñîîòâåòñòâóåò ðàñøèðåíèþ ýòîé îáëàñòè, à ãîëóáàÿ -
ñæàòèþ [17]); ïðè ýòîì ðåçóëüòèðóþùèé ïðîôèëü ëèíèè ÿâëÿåò ñîáîé [17]
íåêîòîðóþ ñóïåðïîçèöèþ ïðîôèëåé, ó÷èòûâàþùèõ íåîäíîðîäíîñòü ôèçè÷åñêèõ
ïàðàìåòðîâ ïó÷êà óñêîðåííûõ ýëåêòðîíîâ (ñì. ðèñ.3 â [17]). Â ïîëüçó ýòîé
èíòåðïðåòàöèè ãîâîðèò îòñóòñòâèå çàìåòíîãî äîïëåðîâñêîãî ñìåùåíèÿ â öåíòðå
ëèíèè H  â ðåçóëüòàòàõ íàáëþäåíèé [16,6].

5. Èçëó÷åíèå â êîíòèíóóìå "áåëîãî" ñâåòà. Òàêèì îáðàçîì, àâòîðîì
ïðåäëàãàåòñÿ ñëåäóþùàÿ ñõåìà ðàñïîëîæåíèÿ "ñëîåâ" ïëàçìû, îòâåòñòâåííîé
çà íåïðåðûâíîå (â áåëîì ñâåòå) è ëèíåé÷àòîå èçëó÷åíèå âî âðåìÿ èìïóëüñíîé
ôàçû ìîùíûõ âñïûøåê dMe çâåçä:

à) ïðîçðà÷íûé â áàëüìåðîâñêîì êîíòèíóóìå ãàç ôîðìèðóåòñÿ, ãëàâíûì
îáðàçîì, â äèíàìè÷åñêîé íåîäíîðîäíîé õ.ê. (îïòè÷åñêàÿ ãëóáèíà íà äëèíå
âîëíû ðàâíîé 4170Å  14170  , êàê â [18,19]), à òàêæå - â çîíàõ òåïëîâîé
ðåëàêñàöèè3 è â îáëàñòè ïåðåä ôðîíòîì íåñòàöèîíàðíîé õðîìîñôåðíîé óäàðíîé
âîëíû (ïðåêóðñîð è íàãðåâ âûñîêîýíåðãè÷íûìè, E >> E10 (E10 - îòñå÷êà ñî
ñòîðîíû íèçêèõ ýíåðãèé), ýëåêòðîíàìè èç ïó÷êà ñ ïàäàþùèì ñòåïåííûì ñïåêòðîì).
Ýòà òî÷êà çðåíèÿ êà÷åñòâåííî ñîãëàñóåòñÿ (äëÿ õ.ê. è çîí òåïëîâîé ðåëàêñàöèè
- çàìåòíûé áàëüìåðîâñêèé ñêà÷îê) ñ ðåçóëüòàòàìè àíàëèçà ñïåêòðîâ âñïûøêè

3 Ñóùåñòâåííî ìåíüøåé ãåîìåòðè÷åñêîé òîëùèíû ïî ñðàâíåíèþ ñ õ.ê. áëèæå ê êîíöó íàãðåâà.



505ÈÇËÓ×ÅÍÈÅ  Â  ÈÌÏÓËÜÑÍÎÉ  ÔÀÇÅ  ÂÑÏÛØÅÊ

YZ CMi (dM4.5e) â NUV-äèàïàçîíå äëèí âîëí (îò 3350Å  äî Å3646 ),
ïðîâåäåííîãî Kowalski et al. [12] (îòêëèê õðîìîñôåðû êðàñíîãî êàðëèêà íà
íàãðåâ ïó÷êîì íåòåïëîâûõ ýëåêòðîíîâ ñ ïîòîêîì ýíåðãèè F0 = 1011

 ýðã/ñì2
 ñ);

á) êâàçèïëàíêîâñêèé ãîëóáîé (â ìàêñèìóìå áëåñêà ìîùíûõ âñïûøåê,
T

bb
 ~ 104

 Ê),   îò 4000 äî 4800Å  è êðàñíûé (â ôàçå ìåäëåííîãî óãàñàíèÿ)
êîìïîíåíòû îïòè÷åñêîãî êîíòèíóóìà âîçíèêàþò âáëèçè ôîòîñôåðû (Ãðèíèí
è Ñîáîëåâ [3]);

â) ýìèññèîííûå ëèíèè HI, â îñíîâíîì, ëîêàëèçîâàíû â õ.ê. è çîíàõ
òåïëîâîé ðåëàêñàöèè. Ïðè ýòîì íàñåëåííîñòè àòîìíûõ óðîâíåé è ñòåïåíü
èîíèçàöèè ïëàçìû: à) áëèçêè ê ðàâíîâåñíûì çíà÷åíèÿì â õ.ê. äîñòàòî÷íîé
ãåîìåòðè÷åñêîé òîëùèíû4 (Kowalski è Allred [20], Ìîð÷åíêî è äð. [10,1]) è
â îáëàñòè ôîðìèðîâàíèÿ ãîëóáîãî êîíòèíóóìà (â ìàêñèìóìå áëåñêà ìîùíûõ
âñïûøåê) [3,19]; á) ðåçêî îòëè÷àþòñÿ îò ðàâíîâåñíûõ [20] â çîíàõ òåïëîâîé
ðåëàêñàöèè çà ôðîíòîì íåñòàöèîíàðíîé õðîìîñôåðíîé óäàðíîé âîëíû (ïî
îáùåìó ïðàâèëó âåëè÷èíû îòêëîíåíèé äëÿ íàñåëåííîñòåé àòîìíûõ óðîâíåé
v

k
 óìåíüøàþòñÿ ñ ðîñòîì ãëàâíîãî êâàíòîâîãî ÷èñëà k). Ãàç, âûñâå÷èâàþùèéñÿ

çà ôðîíòîì íåñòàöèîíàðíîé õðîìîñôåðíîé óäàðíîé âîëíû, óñòîé÷èâ
îòíîñèòåëüíî ðàäèàöèîííîãî îõëàæäåíèÿ (ýòîò âûâîä ñëåäóåò èç ðåçóëüòàòîâ
ðàñ÷åòîâ [2]). Ïëîòíàÿ ïëàçìà õ.ê., íàõîäÿùàÿñÿ âáëèçè ñîñòîÿíèÿ ïîëíîé
òåðìàëèçàöèè, îáåñïå÷èâàåò (ñì. îáçîð [21]) ïîëîãèå è èíâåðñíûå áàëüìåðîâñêèå
äåêðåìåíòû, õàðàêòåðíûå (íàïðèìåð, [22]) äëÿ ìàêñèìóìîâ áëåñêà âñïûøåê
êðàñíûõ êàðëèêîâûõ çâåçä.

Ïîäòâåðæäåíèÿìè èñòèííîñòè òàêîé ñõåìû ñëóæàò ñëåäóþùèå íàáëþ-
äàòåëüíûå ôàêòû:

à) âðåìåííàÿ "ýâîëþöèÿ" áàëüìåðîâñêîãî êîíòèíóóìà áëèçêî ñëåäóåò çà
ñîîòâåòñòâóþùèìè âðåìåííûìè èçìåíåíèÿìè áàëüìåðîâñêèõ ëèíèé àòîìà
âîäîðîäà (Kowalski et al. [12], íèæíÿÿ ÷àñòü ðèñ.1d), ÷òî óêàçûâàåò íà íåêóþ
ñâÿçü ìåæäó èõ ôîðìèðîâàíèåì;

á) "áàëüìåðîâñêèé êîíòèíóóì äåìîíñòðèðóåò ìåäëåííîå çàòóõàíèå…, ÷òî
òèïè÷íî äëÿ èçëó÷åíèÿ â ëèíèÿõ ñåðèè Áàëüìåðà" àòîìà âîäîðîäà â ñïåêòðàõ
âñïûøåê [22,12];

â) âî âðåìÿ óãàñàíèÿ âñïûøêè îáëàñòü èçëó÷åíèÿ â áàëüìåðîâñêîì
êîíòèíóóìå "âñåãäà çíà÷èòåëüíî (â ~3-16 ðàç) áîëüøå" [12] îáëàñòè, çàíèìàåìîé
êîìïîíåíòîì ñ T

bb
 ~ 104

 Ê. Ýòîò ðåçóëüòàò ìîæåò áûòü èíòåðïðåòèðîâàí êàê,
ñ îäíîé ñòîðîíû, óâåëè÷åíèå ãåîìåòðè÷åñêîé òîëùèíû îáëàñòè ìåæäó
òåìïåðàòóðíûì ñêà÷êîì è ôðîíòîì íåñòàöèîíàðíîé óäàðíîé âîëíû ñ
âûñâå÷èâàíèåì (âî âðåìÿ èìïóëüñíîãî íàãðåâà çîíà òåïëîâîé ðåëàêñàöèè
"ïåðåìåùàåòñÿ" â äèàïàçîí âñå áîëüøèõ çíà÷åíèé ëàãðàíæåâîé êîîðäèíàòû

4 Ôðîíò íåñòàöèîíàðíîé óäàðíîé âîëíû çíà÷èòåëüíî "îáîãíàë" òåìïåðàòóðíûé ñêà÷îê.
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  (ñì. ðèñ.3 â [18]), â òî âðåìÿ êàê òåìïåðàòóðíûé ñêà÷îê îòíîñèòåëüíî
ôðîíòà óäàðíîé âîëíû ïðàêòè÷åñêè íåïîäâèæåí), à, ñ äðóãîé - ïåðåõîä ÷àñòè
ïëàçìû â îêîëîôîòîñôåðíûõ ñëîÿõ â ñîñòîÿíèå, ïðè êîòîðîì ñïåêòð èçëó÷åíèÿ
ïðîçðà÷åí çà áàëüìåðîâñêèì ñêà÷êîì;

ã) âðåìåííàÿ ýâîëþöèÿ èçëó÷åíèÿ â ïîëîñå U îòëè÷àåòñÿ ([12], ðèñ.1d)
îò ïîâåäåíèÿ áàëüìåðîâñêîãî êîíòèíóóìà, ïðè÷åì íàèáîëüøèå îòêëîíåíèÿ
ñîîòâåòñòâóþò [12] ïèêàì íà êðèâîé áëåñêà (íàïðèìåð, ïðè t ~ 130 ìèí), êîãäà
â ñïåêòðå âñïûøêè äîìèíèðóåò [4,12] êâàçèïëàíêîâñêèé ãîëóáîé êîìïîíåíò
îïòè÷åñêîãî êîíòèíóóìà. Ñëåäîâàòåëüíî, ýòè êîìïîíåíòû èçëó÷åíèÿ â áåëîì
ñâåòå ôîðìèðóþòñÿ â ðàçíûõ îáëàñòÿõ õðîìîñôåðû;

ä) âî âðåìÿ ôàçû ìåäëåííîãî óãàñàíèÿ âñïûøåê â îáëàñòè çà áàëüìåðîâñêèì
ñêà÷êîì áîëüøèé äèàïàçîí äëèí âîëí "çàíèìàåò" êðàñíûé êîìïîíåíò îïòè-
÷åñêîãî êîíòèíóóìà (ðèñ.31 â [7]). Ýòîò ðåçóëüòàò îáúÿñíÿåòñÿ òåì, ÷òî ïðè
ïåðåõîäå âîäîðîäíîé ïëàçìû â ñîñòîÿíèå, áëèçêîå ê ËÒÐ (êâàçèïëàíêîâñêèé
ñïåêòð), ñíà÷àëà òåðìàëèçóåòñÿ êðàñíàÿ ÷àñòü ñïåêòðà (Ìîð÷åíêî è äð. [10],
ðèñ.2), à çàòåì - ñèíÿÿ.

Êðîìå òîãî, óâåëè÷åíèå ïîòîêà ýíåðãèè F0 ïðè ôèêñèðîâàííûõ E10 è
ïîêàçàòåëå(-ÿõ) ñïåêòðà íåòåïëîâûõ ýëåêòðîíîâ ïðèâîäèò ê óìåíüøåíèþ
âðåìåíè "ýâîëþöèè" õ.ê. è çîí òåïëîâîé ðåëàêñàöèè. Ñ ôèçè÷åñêîé òî÷êè
çðåíèÿ äàííûé ðåçóëüòàò îáóñëîâëåí òåì, ÷òî: à) áîëüøèì çíà÷åíèÿì F0

ñîîòâåòñòâóþò áîëüøèå âåëè÷èíû ñêîðîñòè v
sh
, â ðåçóëüòàòå ÷åãî ôðîíò

óäàðíîé âîëíû "ïðîäâèãàåòñÿ" â ãëóáü õðîìîñôåðû dMe çâåçäû áûñòðåå; á)
áîëüøèå âåëè÷èíû v

sh
 îáóñëîâëèâàþò áîëåå ñèëüíîå ñæàòèå ãàçà ïîçàäè

ôðîíòà íåñòàöèîíàðíîé óäàðíîé âîëíû (äëÿ èäåàëüíîãî îäíîàòîìíîãî ãàçà
ñ ïîñòîÿííîé òåïëîåìêîñòüþ ïðåäåëüíîå ñæàòèå ðàâíî 4), à ïîòîìó áîëåå
áûñòðîå (íàïðèìåð, [1]) âûñâå÷èâàíèå. Ïîýòîìó èñïîëüçîâàíèå ýêñòðåìàëüíî
âûñîêèõ, F0 = 1013

 ýðã/ñì2
 ñ (Kowalski et al. [23]), ïîòîêîâ ýíåðãèè â ãàçîäè-

íàìè÷åñêèõ ðàñ÷åòàõ òèïà [18] îáóñëîâëèâàåò ñîêðàùåíèå  "âðåìåíè æèçíè"
áàëüìåðîâñêèõ ëèíèé, ÷òî ïëîõî ñîãëàñóåòñÿ ñ íåîáõîäèìîñòüþ èíòåðïðåòàöèè
èõ äîëãîæèâóùåé ýìèññèè [22,12] â ñïåêòðàõ âñïûøåê.

Îáðàòèì âíèìàíèå íà òî, ÷òî â ïðåäëàãàåìîé ñõåìå ãàç, ãåíåðèðóþùèé
êâàçèïëàíêîâñêîå èçëó÷åíèå (â ìàêñèìóìå áëåñêà ìîùíûõ âñïûøåê),
ðàñïîëàãàåòñÿ ãîðàçäî ãëóáæå, ÷åì ïëàçìà, îòâåòñòâåííàÿ çà ëèíåé÷àòûé è
ïðîçðà÷íûé â áàëüìåðîâñêîì êîíòèíóóìå ñïåêòðû (ïîëîæèòåëüíûé ãðàäèåíò
ïëîòíîñòè â âîçìóùåííîé õðîìîñôåðå êðàñíîãî êàðëèêà). Êðîìå òîãî, òàêàÿ
ñõåìà èñõîäèò èç óìåðåííî âûñîêèõ, îò ~1011

 ýðã/ñì2
 ñ äî ~1012

 ýðã/ñì2
 ñ,

âåëè÷èí F0 (ïðîáëåìà îáðàòíîãî òîêà) è íå ïðîòèâîðå÷èò (Öàï è äð. [24])
ñòàíäàðòíîé ìîäåëè ñîëíå÷íûõ âñïûøåê, ïîñêîëüêó íå èñïîëüçóåò ãèïîòåçó
ñóùåñòâîâàíèÿ (ñì. ññûëêè â ñòàòüå [24]) ïëîòíûõ (n

e
 > 1012

 ñì-3) âñïûøå÷íûõ
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êîðîíàëüíûõ ïåòåëü5.

6. Çàêëþ÷åíèå. Ïî ìíåíèþ àâòîðà, òåîðåòè÷åñêàÿ ïðîâåðêà ñîîòâåòñòâèÿ
òàêîé ñõåìû ðåçóëüòàòàì íàáëþäåíèé âñïûøåê ïðåäïîëàãàåò: à) èçó÷åíèå
ìåõàíèçìîâ óñêîðåíèÿ ÷àñòèö äî âûñîêèõ ýíåðãèé â ìîäåëè [3] è á)
èññëåäîâàíèå âëèÿíèÿ ïîëÿ èçëó÷åíèÿ âûøå ðàñïîëîæåííîé õðîìîñôåðíîé
ïëàçìû (ãàç ñ T ~ 107

 Ê [18] - òåïëîâàÿ âîëíà; çîíû òåïëîâîé ðåëàêñàöèè;
ãàç ïåðåä ôðîíòîì íåñòàöèîíàðíîé óäàðíîé âîëíû) íà ãëóáîêèå (îêîëîôîòî-
ñôåðíûå) ñëîè âñïûõèâàþùèõ (dMe) çâåçä.

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

ON THE ORIGIN OF OPTICAL RADIATION DURING
THE IMPULSIVE PHASE OF FLARES ON dMe STARS.

II. CONTINUUM AND LINE RADIATION

E.S.MORCHENKO

It is argued that not only the blue (at the brightness maximum), but also the
red (at the flare decay) components of the optical continuum of powerful flares
on dMe stars are formed near the photosphere. A possibility is noted for the HeI
lines formation in the zones of the plasma relaxation to the state of thermal
equilibrium owing to an increase in the electron temperature due to elastic
collisions of electrons with atoms and ions (for the sufficiently high speeds of a
non-stationary chromospheric shock propagating towards the photosphere of the
Sun and the stars). A layout is proposed for the "layers" of plasma, which is
responsible for the generation of the white light continuum radiation during the
impulsive phase of powerful stellar flares.

Keywords: red dwarf stars: flares: the flare models: optical radiation

5 Â ðàñ÷åòàõ [18] ðîëü ìÿãêîãî ðåíòãåíîâñêîãî èçëó÷åíèÿ â íàãðåâå ïëîòíûõ ñëîåâ õðîìîñôåðû
( 2110~  ñì-2 [18]) ó÷òåíà â ôóíêöèè íàãðåâà )(eP  ïóòåì âûáîðà êîýôôèöèåíòà 1 .
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