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Ãàëàêòèêà SBS1001+555 èññëåäóåòñÿ â êà÷åñòâå îáúåêòà áàçîâîé âûáîðêè â ðåàëèçóåìîé
íàìè ïðîãðàììå ïî èçó÷åíèþ ýâîëþöèîííûõ ïðîöåññîâ çâåçäîîáðàçîâàíèÿ â ãàëàêòèêàõ. Â
îñíîâå ðàáîòû ðåçóëüòàòû ïàíîðàìíîé ñïåêòðîñêîïèè öåíòðàëüíîé ÷àñòè, ÿâëÿþùåéñÿ çîíîé
àêòèâíîñòè ãàëàêòèêè, ñ åå îñíîâíûì î÷àãîì çâåçäîîáðàçîâàíèÿ, îáîçíà÷åííûì íàìè À.
Íàáëþäåíèÿ âûïîëíåíû ñ èñïîëüçîâàíèåì ìóëüòèçðà÷êîâîãî ñïðåêòðîãðàôà MPFS íà 6-ì
òåëåñêîïå ÑÀÎ ÐÀÍ, ïîëó÷åí ñïåêòðàëüíûé äèàïàçîí 635-725 íì ñ äèñïåðñèåé 0.76Å /ýë.

Êðîìå íàèáîëåå èíòåíñèâíîé áàëüìåðîâñêîé ëèíèè èçëó÷åíèÿ âîäîðîäà H , â ïîëó÷åííîì
èíòåãðàëüíîì ñïåêòðå çàðåãèñòðèðîâàíû ëèíèè ãåëèÿ HeI 6678, HeI 7065, çàïðåùåííûå
ëèíèè àçîòà, ñåðû, àðãîíà [NII] 6548, 6583, [SII] 6716, 6731, [ArIII] 7136 è áîëåå äåñÿòêà
ñëàáûõ ëèíèé íåéòðàëüíûõ è îäíîêðàòíî èîíèçîâàííûõ ëèíèé æåëåçà è íåîíà FeI 6824,
6837, 7447, 7453, 7544, NeI 7245, 7544, FeII 7682, 7687, NeII 7213. Ïðîâåäåí ïîäðîáíûé
àíàëèç äâóõìåðíûõ ðàñïðåäåëåíèé èíòåíñèâíîñòåé, ðàäèàëüíûõ ñêîðîñòåé è äðóãèõ ïàðàìåòðîâ
ïî ïîëþ íàáëþäåíèé â H . Ïîìèìî A, íàèáîëåå êðóïíîé è ÿðêîé îáëàñòè HII, âûÿâëåíû
òðè íåáîëüøèå, À1, À2, À3, ôîðìèðóþùèå âìåñòå ñ À îáùóþ ñòóêòóðó. Îäíà èç âòîðè÷íûõ
îáëàñòåé, À1, îòîæäåñòâëÿåòñÿ ñ äèôôåðåíöèðóåìûì íà ñíèìêå IRAC 4.5 ìê êîíäåíñàöèåé.
Â êà÷åñòâå ÷èñëåííûõ õàðàêòåðèñòèê îáëàñòåé HII ïðèâîäÿòñÿ çíà÷åíèÿ îñíîâíûõ ïàðàìåòðîâ
â èõ ïèêàõ, èç èíòåãðàëüíûõ - ýêâèâàëåíòíûå ðàäèóñû, ñâåòèìîñòü è òåìï çâåçäîîáðàçîâàíèÿ,
Req, )L(H  è )SFR(H . Ïðåäñòàâëåííûå äàííûå, â ÷àñòíîñòè, óêàçûâàþò íà àêòèâíûå ïðîöåññû
íåïîñðåäñòâåííî ñâÿçàííûå ñ íàèáîëåå ÿðêèì â SBS1001+555 èñòî÷íèêîì èçëó÷åíèÿ â îïòèêå
è ðàçâèòèå âîêðóã íåãî çâåçäîôîðìèðóþùåé ñòðóêòóðû.

Êëþ÷åâûå ñëîâà: 3D-ñïåêòðîñêîïèÿ: H-èçëó÷åíèå: HII-îáëàñòè: îáúåêò:

    SBS1001+555 (UGC05421)

1. Ââåäåíèå. Â ðàìêàõ íàøåé ïðîãðàììû èññëåäóþòñÿ ïðèìåðíî 500

ãàëàêòèê Âòîðîãî Áþðàêàíñêîãî ñïåêòðàëüíîãî îáçîðà íåáà, SBS (Second Byurakan

Survey) [1], ñîñòàâèâøèå âûáîðêè ñåìè ïîëåé SBS è, â öåëîì, íàøó áàçîâóþ

âûáîðêó. Â ñîîòâåòñòâèè ñ èñïîëüçîâàííûìè êðèòåðèÿìè îòáîðà è ìåòîäèêîé

íàáëþäåíèé íà 1-ì òåëåñêîïå ñèñòåìû Øìèäò Áþðàêàíñêîé îáñåðâàòîðèè -

ýòî îáúåêòû ïðîòÿæåííîé ìîðôîëîãèè ÿð÷å 19.5 çâ. âåë. ñ ïðèçíàêàìè íàëè÷èÿ

íà èõ íèçêîäèñïåðñèîííûõ ñïåêòðàõ UV-êîíòèíóóìà è/èëè ýìèññèîííûõ

ëèíèé. Èçáðàííûå ïî ðåçóëüòàòàì V/Vmax òåñòà íà ïîëíîòó 7 ïîëåé, êàê è

âñå 65 ïîëåé îáçîðà, èìåþò ðàçìåðû 4 õ 4 êâ. ãðàä, çàäàííûå ðàçìåðàìè ôîòî-

ãðàôè÷åñêèõ ïëàñòèí, ÷åì, â ïåðâóþ î÷åðåäü, â íèõ îáåñïå÷èâàåòñÿ îäíîðîäíîñòü
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îòáîðà îáúåêòîâ.

Ïåðâûì ýòàïîì ïðîãðàììû áûëà çàâåðøåíà ïîñëåäóþùàÿ ùåëåâàÿ ñïåêòðî-

ñêîïèÿ âñåõ îáúåêòîâ áàçîâîé âûáîðêè, ÷òî ïîçâîëèëî óòî÷íèòü èíäèâèäóàëüíûå

ñïåêòðàëüíûå õàðàêòåðèñòèêè, îïðåäåëèòü êðàñíûå ñìåùåíèÿ è òèï àêòèâíîñòè,

ñ èñïîëüçîâàíèåì àäàïòèðîâàííîé ê èìåþùåìóñÿ ðàçíîøåðñòíîìó ìàòåðèàëó

êëàññèôèêàöèîííîé ñõåìû [2]. Çâåçäîîáðàçóþùóþ àêòèâíîñòü, ïîëó÷èâøóþ â

íàøåé ñõåìå îáîçíà÷åíèå SfG, èìååò áîëåå 80% ãàëàêòèê áàçîâîé âûáîðêè, íà

èçó÷åíèè êîòîðûõ ñôîêóñèðîâàí âòîðîé ýòàï ïðîãðàììû. Îíè ïîäðàçäåëåíû íà

äâà îñíîâíûõ êëàññà, êàæäûé ñ ïÿòüþ ïîäêëàññàìè -ýòî ãàëàêòèêè â áîëåå

èíòåíñèâíîé, íåáóëÿðíîé ôàçå àêòèâíîñòè, SfGneb (Star-forming Galaxy, nebu-

lar), è â ìåíåå èíòåíñèâíîé, êîíòèíóàëüíîé ôàçå àêòèâíîñòè, SfGcont (Star-

forming Galaxy, continual). Íàêîïëåíèåì äàííûõ ïî íàáëþäåíèÿì îòäåëüíûõ

îáúåêòîâ ðàçíîé ìîðôîëîãèè â ðàçíûõ ôàçàõ àêòèâíîñòè, ñ èñïîëüçîâàíèåì

èíîé äîñòóïíîé èíôîðìàöèè, èçó÷åíèåì ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ ãàëàêòèê

â îòäåëüíûõ ïîëÿõ, ñ ó÷åòîì îäíîðîäíîñòè èõ îòáîðà è êëàññèôèêàöèè,

îáåñïå÷èâàåòñÿ íàäåæíàÿ áàçà äëÿ ñòàòèñòè÷åñêîãî àíàëèçà, íàïðàâëåííîãî â

èòîãå íà èçó÷åíèå ýâîëþöèîííûõ ïðîöåññîâ â ïðåäåëàõ ðàññòîÿíèé, îïðåäåëÿåìûõ

êðàñíûì ñìåùåíèåì èññëåäóåìûõ ãàëàêòèê z < 1.

Äåòàëüíûå èññëåäîâàíèÿ îòäåëüíûõ ãàëàêòèê SfG âûáîðêè ïðîâîäèëèñü

ïî ðåçóëüòàòàì íàáëþäåíèé ñ èñïîëüçîâàíèåì ìóëüòèçðà÷êîâûõ ñïåêòðîãðàôîâ

ñ ïðîâåäåíèåì ïàíîðàìíîé ñïåêòðîñêîïèè. Ïîëó÷åíèå ïîâåðõíîñòíûõ

ðàñïðåäåëåíèé èçëó÷åíèÿ â áàëüìåðîâñêîé ëèíèè âîäîðîäà H  è áëèæàéøèõ

ê íåé çàïðåùåííûõ ëèíèÿõ îáåñïå÷èâàåò âûÿâëåíèå è èçó÷åíèå îáëàñòåé ÍII,

ÿâëÿþùèõñÿ î÷àãàìè çâåçäîîáðàçîâàíèÿ. Â ïðåäûäóùåé ñòàòüå ïî äåòàëüíûì

èññëåäîâàíèÿì îáúåêòîâ ïðèâîäÿòñÿ ðåçóëüòàòû ïàíîðàìíîé ñïåêòðîñêîïèè

ãàëàêòèêè SBS1539+597 [3].

Äàííàÿ ñòàòüÿ ïîñâÿùåíà èññëåäîâàíèþ SBS 1001+555 - îäíîé èç áëè-

æàéøèõ ãàëàêòèê áàçîâîé âûáîðêè, ñ ðåäêîé ïî ñâîåìó òèïó ìîðôîëîãèåé

Sdm. Â ðàçäåëå 2 ñòàòüè ïðèâîäÿòñÿ îñíîâíûå ñâåäåíèÿ ïî ãàëàêòèêå, ñîáðàí-

íûå èç àñòðîàðõèâîâ, îáçîðîâ è ëèòåðàòóðû. Â ðàçäåëå 3 äàåòñÿ èíôîðìàöèÿ

ïî íàáëþäåíèÿì, êîòîðûå ïðîâîäèëèñü íà 6-ì òåëåñêîïå Ñïåöèàëüíîé

àñòðîôèçè÷åñêîé îáñåðâàòîðèè Ðîññèéñêîé àêàäåìèè íàóê (ÑÀÎ ÐÀÍ), è

îáðàáîòêå ïîëó÷åííûõ äàííûõ. Â ðàçäåëå 4 ïðåäñòàâëåíû ðåçóëüòàòû ïàíîðàìíîé

ñïåêòðîñêîïèè îáúåêòà. Â ðàçäåëå 5 ïîäûòîæåíû ïîëó÷åííûå ðåçóëüòàòû.

2. Îáùèå ñâåäåíèÿ î ãàëàêòèêå SBS1001+555. Ãàëàêòèêà,

SBS1001+555, âêëþ÷åíà â ñïèñîê îáúåêòîâ SBS c îáçîðíîé êëàññèôèêàöèåé

ds2e, êîòîðàÿ îçíà÷àåò íàëè÷èå â ñòðóêòóðå è äèôôóçíîé, è çâåçäîîáðàçíîé

ñîñòàâëÿþùåé, íàëè÷èå UV-êîíòèíóóìà ñðåäíåãî óðîâíÿ è ýìèññèîííûõ

ëèíèé [4].
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Îñíîâíûå äàííûå, êîòîðûå ïðèâîäÿòñÿ ïî èññëåäóåìîìó îáúåêòó â NED

(http://ned.ipac.caltech.edu/) ñëåäóþùèå: ýêâàòîðèàëüíûå êîîðäèíàòû (J2000)

-10h04m41s.80, +55î18'43".0; äèàìåòð - 120"; êðàñíîå ñìåùåíèå - 0.00373. UGC

05421, PGC 29299 - íàèáîëåå ÷àñòî èñïîëüçóåìûå, àëüòåðíàòèâíûå íàçâàíèÿ

ãàëàêòèêè SBS1001+555. FGC 1004 è RFGC 1712 - åå îáîçíà÷åíèÿ â ïåðâîì

è ïåðåñìîòðåííîì êàòàëîãàõ ïëîñêèõ (flat) ãàëàêòèê, ÷òî îòîáðàæàåò îñîáåííîñòè

ìîðôîëîãèè îáúåêòà.  Èññëåäóåìûé îáúåêò ÿâëÿåòñÿ ÷ëåíîì LGG188 - îäíîé

èç ãðóïï îáçîðà ïî èññëåäîâàíèþ áëèçêèõ ãàëàêòèê [5]. Ñî çíà÷åíèåì

êðàñíîãî ñìåùåíèÿ, z = 0.00372, ïîäòâåðæäàþùèì åå áëèçêîå ðàñïîëîæåíèå,

çàðåãèñòðèðîâàíî èñõîäÿùåå îò îáúåêòà èçëó÷åíèå â ëèíèè íåéòðàëüíîãî

âîäîðîäà ãàëàêòèêè íà äëèíå âîëíû 21 ñì (íàïð., [6]).

Ìîðôîëîãè÷åñêèé òèï, íàèáîëåå ÷àñòî ïðèïèñûâàåìûé èññëåäóåìîé

ãàëàêòèêå SBS1001+555, äîâîëüíî ðåäêèé - Sdm (íàïð., [7]). Îíà èìååò ôîðìó

ïîëîñû øèðèíîé íå áîëåå 0'.5, âûòÿíóòîé ïî÷òè íà 2' âäîëü áîëüøîé îñè ñ

ïîçèöèîííûì óãëîì P ~ 175o. Íà èçîáðàæåíèÿõ, ïîëó÷åííûõ â îïòè÷åñêîì

äèàïàçîíå, âèçóàëüíî âûäåëÿþòñÿ òðè ó÷àñòêà ïðèìåðíî îäíîé ïðîòÿæåííîñòè

âäîëü áîëüøîé îñè. Â äâóõ ó÷àñòêàõ ïî êðàÿì ñîõðàíÿåòñÿ íèçêàÿ ïîâåðõíîñòíàÿ

ÿðêîñòü, öåíòðàëüíàÿ ÷àñòü ÿâëÿåòñÿ èñòî÷íèêîì îñíîâíîãî èçëó÷åíèÿ ãàëàêòèêè.

Íà ñíèìêàõ îáçîðà PanSTARRS1 (https://ps1images.stsci.edu/) è ïðîâåäåííîãî

ñ òåëåñêîïîì Spitzer îáçîðà IRAC 4.5 ìê (https://irsa.ipac.caltech.edu/, ïîêàçàííûõ

íà ðèñ.1, âèäíà ãàçîïûëåâàÿ ìàññà, ñîñòàâëÿþùàÿ åå, è äâå êîíäåíñàöèè,

îáîçíà÷åííûå À è Â. Êîíäåíñàöèè ðàñïîëîæåíû âáëèçè þæíîãî è ñåâåðíîãî

êðàÿ öåíòðàëüíîé ÷àñòè, ÷òî ïîçâîëÿåò çîíó àêòèâíîñòè ãàëàêòèêè áîëåå

êîíêðåòíî íàçûâàòü çîíîé ÀÂ. Â òàáë.1 ïðèâîäÿòñÿ SDSS-èäåíòèôèêàöèÿ

êîíäåíñàöèé À, Â, èõ êîîðäèíàòû è äàííûå ïî ôîòîìåòðèè â ïÿòè ôèëüòðàõ

Ðèñ.1. Èçîáðàæåíèå ãàëàêòèêè SBS1001+555 íà ñíèìêàõ îáçîðà PS1: a) â ôèëüòðå r;
b) â ôèëüòðå i; c) â ôèëüòðå z è íà ñíèìêå èç îáçîðà IRAC 4.5 ìê (d).



304 Ñ.À.ÀÊÎÏßÍ  È  ÄÐ.

îáçîðà. Ïî ñâîåé ÿðêîñòè À êîíòðàñòèðóåò ñ îñòàëüíûìè, àññîöèèðóåìûìè ñ

ïîëåì ãàëàêòèêè ôîòîìåòðè÷åñêèìè îáúåêòàìè, êîòîðûå çàðåãèñòðèðîâàíû

îáçîðîì SDSS (http://skyserver.sdss.org). Âñåãî èõ 14 è áîëüøèíñòâî ïðåäåëüíî

ñëàáûå. Ïðèìåðíî ñòîëüêî æå îáúåêòîâ çàðåãèñòðèðîâàíî â PS1 è åñòü ñõîäñòâî

â ðàñïðåäåëåíèè îáúåêòîâ äâóõ îáçîðîâ - âñå îíè ðàñïîëîæåíû âíå çîíû ÀÂ.

Êîíäåíñàöèÿ À - åäèíñòâåííûé ñïåêòðîôîòîìåòðè÷åñêèé îáúåêò SDSS èç

âñåõ àññîöèèðóåìûõ ñ ãàëàêòèêîé. Ñîîòâåòñòâóþùåìó ñïåêòðó ïðèïèñàí êëàññ

"Galaxy Starburst". Íà ðèñ.2à ïîêàçàíà åãî èíôîðìàòèâíàÿ, ñ òî÷êè çðåíèÿ

íàëè÷èÿ ñïåêòðàëüíûõ ëèíèé, ÷àñòü, - áåç îòðåçêà 8000-10000ÅÅ . Â ðÿäå

ðàáîò, âêëþ÷àÿ ñâÿçàííûå ñ SBS, êîãäà ïîä íàçâàíèåì ãàëàêòèêè ïîäðàçó-

ìåâàëàñü êîíäåíñàöèÿ À, îáúåêò êëàññèôèöèðîâàëñÿ êàê BCDG (Blue Compact

Dwarf Galaxy) èëè êàíäèäàò â BCDG. Â ñîîòâåòñòâèè ñ èñïîëüçóåìîé íàìè

SDSS objid ra dec u g r i z

A 1237655108369907841 151.173849 55.311372 16.76 15.93 15.70 15.67 15.72
B 1237655108369907846 151.174011 55.315012 22.17 21.52 21.08 20.54 20.43

Òàáëèöà 1

SDSS-ÄÀÍÍÛÅ ÏÎ ÊÎÍÄÅÍÑÀÖÈßÌ À, Â

Ðèñ.2 Ñïåêòð êîíäåíñàöèè À, ïîëó÷åííûé: à) îáçîðîì SDSS(DR12); b) ïî íàáëþäåíèÿì
ñ MPFS.
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ñõåìîé, åå ñïåêòðàëüíàÿ êëàññèôèêàöèÿ - SfGneb2. Íàáîð ëèíèé â ñïåêòðå

è, â ïåðâóþ î÷åðåäü, èíòåíñèâíàÿ H , õàðàêòåðèçóþò êîíäåíñàöèþ À êàê

îáëàñòü HII, à ñ ó÷åòîì ïðèâåäåííûõ âûøå îñîáåííîñòåé ñòðóêòóðû ãàëàêòèêè

- ýòî îñíîâíîé ñôîðìèðîâàâøèéñÿ â íåé î÷àã çâåçäîîáðàçîâàíèÿ.

Çîíà ÀÂ ãàëàêòèêè ÿâëÿåòñÿ èñòî÷íèêîì èçëó÷åíèÿ â UV-äèàïàçîíå.

Èìåííî â íåé, â îòëè÷èå îò PS1 è SDSS-îáúåêòîâ, è íå ñîâïàäàÿ ïðè ýòîì

ñ êîíäåíñàöèÿìè À è Â, ðàñïîëîæåíû àññîöèèðóåìûå ñ SBS 1001+555 ÷åòûðå

èñòî÷íèêà GALEX (https://galex.stsci.edu/GR6), ñî çíà÷åíèÿìè ÷óòü ñëàáåå

17-é çâ. âåë. Î ñëàáîì èçëó÷åíèè â áëèæíåì ÈÊ, òîæå ñâÿçàííîì ñ çîíîé

À-Â, ñâèäåòåëüñòâóþò ñíèìêè îáçîðà WISE â åãî ÷åòûðåõ ïîëîñàõ. Èõ

ñðàâíåíèå ïîêàçûâàåò óìåíüøåíèå èíòåíñèâíîñòè èçëó÷åíèÿ, ïðè åãî íàëè÷èè

â ïîëîñå, â ïîðÿäêå Iw4 > Iw1 > Iw2. Íà ñíèìêå, ïîëó÷åííîì â áëèæíåì ÈÊ-

äèàïàçîíå îáçîðîì IRAC 3.6 ìê, ïðîâåäåííîì ñ òåëåñêîïîì Spitzer, êîíäåíñàöèè

À è Â äèôôåðåíöèðóþòñÿ ñ îáðàòíûì ñîîòíîøåíèåì ÿðêîñòè, à íà ñíèìêå

îáçîðà IRAC 4.5 ìê, êîòîðûé èëëþñòðèðóåò ðèñ.1d, èõ ÿðêîñòü ïðèìåðíî

îäèíàêîâà.

3. Íàáëþäåíèÿ è îáðàáîòêà. Ïàíîðàìíàÿ ñïåêòðîñêîïèÿ ãàëàêòèêè

SBS1001+555 ïðîâîäèëàñü íà 6-ì òåëåñêîïå ÁÒÀ ÑÀÎ ÐÀÍ ñ èñïîëüçîâàíèåì

ìóëüòèçðà÷êîâîãî âîëîêîííîãî ñïåêòðîãðàôà ïåðâè÷íîãî ôîêóñà MPFS (Multi

Pupil Fiber Spectrograph) [8] â êîìáèíàöèè ñ ÏÇÑ-ìàòðèöåé 2048 õ 2048 EEV

CCD42-40. Ïîëå çðåíèÿ ôîðìèðóåò îäíîâðåìåííàÿ ðåãèñòðàöèÿ 256 ñïåêòðîâ

ñìåæíûõ ó÷àñòêîâ íåáà ñ ïðîñòðàíñòâåííîé äèñêðåòèçàöèåé â 1 óãë. ñ, ÷òî

îáåñïå÷èâàåòñÿ âñòðîåííûì áëîêîì èç 16 õ 16 êâàäðàòíûõ ëèíç. Ìèíèìàëüíûå

ïîòåðè ñâåòà, ïðèìåðíî 1%, îáåñïå÷èâàþò áëèçêóþ ê ôîòîìåòðè÷åñêîé òî÷íîñòü

ðåãèñòðàöèè èçëó÷åíèÿ îò îáúåêòà.

Íàáëþäåíèÿ ïðîâîäèëèñü 24 íîÿáðÿ 2006ã. - ïîëó÷åíû 4 ýêñïîçèöèèè ïî

1200 ñ êàæäàÿ, ïðè êà÷åñòâå èçîáðàæåíèé 1".2. Ðåãèñòðèðîâàëñÿ äèàïàçîí

äëèí âîëí 635-775íì ñ ïðèìåíåíèåì äèôðàêöèîííîé ðåøåòêè 1200 øòðèõ/ýë,

ñ äèñïåðñèåé 0.76 Å /ýë. Â ïðîöåññå íàáëþäåíèé áûë ïîëó÷åí íåîáõîäèìûé

äëÿ ïîëíîöåííîé îáðàáîòêè ìàòåðèàë, âêëþ÷àÿ ðåãèñòðàöèþ èçëó÷åíèÿ ãåëèé-

íåîí-àðãîíîâîé ëàìïû â êà÷åñòâå ýòàëîíà äëÿ êàëèáðîâêè äëèí âîëí. Â

êà÷åñòâå ñïåêòðîôîòîìåòðè÷åñêîãî ñòàíäàðòà íàáëþäàëèñü çâåçäû BD+26d4655,

BD+75d325.

Äëÿ ïåðâè÷íîé îáðàáîòêè, âèçóàëèçàöèè è àíàëèçà ïîëó÷åííîãî ìàòåðèàëà

èñïîëüçîâàëñÿ ñïåöèàëüíî ðàçðàáîòàííûé ïàêåò ïðîãðàììíîãî îáåñïå÷åíèÿ

[9] íà ÿçûêå IDL (Interactive Data Language). Êðîìå òîãî, äëÿ àíàëèçà è

âèçóàëèçàöèè äàííûõ èñïîëüçîâàëñÿ ïðîãðàììíûé ïàêåò ADHOCw, ðàçðà-

áîòàííûé J.Boulesteix-îì (http://www-obs.cnrs-mrs.fr/ADHOC). Ïðè îïðåäåëåíèè

ïàðàìåòðîâ ëèíèé èñïîëüçîâàëàñü ãàóññ-àïïðîêñèìàöèÿ ñïåêòðàëüíûõ ïðîôèëåé.
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4. Ðåçóëüòàòû ïàíîðàìíîé ñïåêòðîñêîïèè. Â öåíòðå ïîëÿ

íàáëþäåíèé (FOV), â 16" õ 16", êîòîðîå ðåãèñòðèðîâàëîñü ñ PA ~ 130o, ðàñïî-

ëîæåíà êîíäåíñàöèÿ À (ñì. ðàçä. 2). Ïðèìåðíûå ãðàíèöû ïîëÿ ïîêàçàíû íà

ñíèìêå PS1z, ðèñ.1ñ. Íàáëþäàâøèéñÿ ñïåêòðàëüíûé äèàïàçîí, êîòîðûé ÷àñòè÷íî

ïåðåêðûâàåòñÿ ñ äèàïàçîíàìè PS1r, ðèñ.1à, è PS1i, ðèñ.1b, âûäåëåí ñêîáîé

íà ðèñ.2à. Ñïåêòð MPFS, ïîëó÷åííûé â ïèêå èíòåãðàëüíîãî èçëó÷åíèÿ â

ïîëå, ïîêàçàí íà ðèñ.2b. Îí èëëþñòðèðóåò, â ÷àñòíîñòè, ðàçðåøåííûå ïî

äëèíå âîëíû ëèíèè H  è äóáëåòà àçîòà [NII] 6543, 6583, è ëèíèè äóáëåòà

ñåðû [SII] 6717, 6731, êîòîðûå íà ñïåêòðå ðèñ.2à ñîñòàâëÿþò äâå áëåíäû.

4.1. Îáëàñòè HII. Èçëó÷åíèå â ëèíèè âîäîðîäà H. Ïîâåðõíîñòíîå

ðàñïðåäåëåíèå èíòåíñèâíîñòè èçëó÷åíèÿ â áàëüìåðîâñêîé ëèíèè âîäîðîäà H

ïîêàçàíî íà ðèñ.3a ôîíîâûìè ãðàäàöèÿìè ñåðîãî, à íà ðèñ.3b - èçîëèíèÿìè,

â ñóïåðïîçèöèè ê íèì. Â ïîëå íàáëþäåíèé âûÿâëÿåòñÿ íåñêîëüêî îáëàñòåé

HII, èç êîòîðûõ ðàñïîëîæåííàÿ ïî öåíòðó, îíà æå êîíäåíñàöèÿ À, èìååò

íàèáîëüøóþ ïëîùàäü è ÿðêîñòü. Ýëåìåíò, â êîòîðîì íàáëþäàåòñÿ ìàêñèìàëüíàÿ

èíòåíñèâíîñòü H -èçëó÷åíèÿ â À, îí æå ïåðâè÷íûé ìàêñèìóì â ïîëå,

îòìå÷åí êðåñòèêîì íà ðèñ.3a. Äâå îáëàñòè HII, îáîçíà÷åííûå A1, A2,

ñôîðìèðîâàíû âîêðóã ïîêàçàííûõ êðóæî÷êàìè âòîðè÷íûõ ìàêñèìóìîâ, èìåþùèõ

áëèçêèå ïî èíòåíñèâíîñòè çíà÷åíèÿ. Ïèê íàèìåíüøåé èç îáëàñòåé HII,

îáîçíà÷åííîé À3, ïîêàçàí áåëîé òî÷êîé. Îïðåäåëåííûå ïî ëèíèè H  çíà÷åíèÿ

èíòåíñèâíîñòè èçëó÷åíèÿ  maxHI   è ðàäèàëüíîé ñêîðîñòè Vr
max

 â ïèêàõ

îáëàñòåé HII ïðèâîäÿòñÿ â òàáë.2. Ïèêó îáëàñòè HII À ñîîòâåòñòâóåò ðàññòîÿíèå

D = 15.8 ± 0.2 Mïê, ïðè èñïîëüçîâàíèè ïîñòîÿííîé Õàááëà â 75 êì/ñ Ìïê.

Äëÿ ðàñ÷åòà èíòåãðàëüíûõ õàðàêòåðèñòèê è àíàëèçà äàííûõ ïî îòäåëüíûì

îáëàñòÿì HII èñïîëüçîâàëàñü ïëîùàäü èçëó÷àþùåé ïîâåðõíîñòè S. Ïðè åå

Ðèñ.3. Ïîëå íàáëþäåíèé 16" õ 16" â âèäå êàðòû H  -èçëó÷åíèÿ, ïðèâåäåííîé ôîíîâûìè
ãðàäàöèÿìè ñåðîãî. Â ñóïåðïîçèöèè ïîêàçàíû: à) ïèêè èíòåíñèâíîñòè îáëàñòåé HII;
b) èíòåíñèâíîñòü â H  ñâåòëûìè è òåìíûìè èçîëèíèÿìè (øàã ñâåòëûõ íà ïîðÿäîê áîëüøå).
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âû÷èñëåíèè áûëè ó÷òåíû ýëåìåíòû ñ    maxHI10HI  %  â ñëó÷àå À, ñ

   maxHI25HI  %  â ñëó÷àå À1 è À2, è 2 ýëåìåíòà â ñëó÷àå À3. Â öåëîì,

ðàññìàòðèâàëèñü òîëüêî òå ýëåìåíòû ïîëÿ, â êîòîðûõ îòíîøåíèå èíòåíñèâíîñòè

ñïåêòðàëüíûõ ëèíèé ê êîíòèíóàëüíîìó øóìó ïðåâûøàåò ïîðîã äèñïåðñèè

çíà÷åíèé â 3 . Â òàáë.2, â êà÷åñòâå èíòåãðàëüíûõ õàðàêòåðèñòèê, ñâÿçàííûõ

ñ H -èçëó÷åíèåì îáëàñòåé HII, ïðèâîäÿòñÿ çíà÷åíèÿ ýêâèâàëåíòíîãî ðàäèóñà

  50Req .S   (ïðè ïîãðåøíîñòè îïðåäåëåíèÿ íå ïðåâûøàþùåé 6 ïê),

èíòåíñèâíîñòè  SHI  , ñóììàðíîé ïî ïëîùàäè êàæäîé, ñâåòèìîñòè  HL  è

òåìïà çâåçäîîáðàçîâàíèÿ, îïðåäåëåííîãî ïî ôîðìóëå )SFR(H    годM

   HL1097 42.  [10].

Òåìíûå è ñâåòëûå èçîôîòû, ïîêàçàííûå íà ðèñ.3b ñ øàãîì 8.5e-17 è

7.0e-16, ýðã/ñ ñì2, ñîîòâåòñòâåííî, îòîáðàæàþò ðàñïðåäåëåíèå â äèàïàçîíàõ

èíòåíñèâíîñòåé íèæå è âûøå çíà÷åíèÿ    AmaxHI5HI _%  . Ýòîìó óðîâíþ

ñîîòâåòñòâóåò âíåøíèé ñâåòëûé êîíòóð â ïðåäåëàõ A (ðèñ.3b). Ñõîäÿùèåñÿ ê

ïèêó èçëó÷åíèÿ ñâåòëûå êîíöåíòðè÷åñêèå êîíòóðû ïîêàçûâàþò ïðèìåðíî

îäèíàêîâûé ñî âñåõ ñòîðîí ðàäèàëüíûé ãðàäèåíò óâåëè÷åíèÿ ÿðêîñòè. Âñå

êîíòóðû, âêëþ÷àÿ âíåøíèé, áëèçêè ïî ôîðìå ê ýëëèïñàì ñ êîýôôèöèåíòîì

ñæàòèÿ ïðèìåðíî 0.8, ñ âûòÿíóòîé ïî÷òè ïî ãîðèçîíòàëè áîëüøîé îñüþ.

Ðàäèàëüíûå ñêîðîñòè  HVr , ïîëó÷åííûå äëÿ îáëàñòè HII À, âàðüèðóþò,

ïðåèìóùåñòâåííî, â ïðåäåëàõ îøèáêè èõ èçìåðåíèÿ, íåáîëüøîé ïî ñâîåé

âåëè÷èíå - 17 êì/ñ. Òåì íå ìåíåå, çàìåòíà òåíäåíöèÿ ê óâåëè÷åíèþ èõ çíà÷åíèé

îò ïåðèôåðèè ê öåíòðó ñ Vr
max

 A, òàáë.2, íàèáîëüøåìó â ïîëå, è ñêà÷îê çíà÷åíèé

ïðè ïåðåõîäå îò ýëåìåíòîâ, ïðèïèñàííûõ îáëàñòè HII À ê ïðèëåãàþùèì ê íèì

ýëåìåíòàì À2. Ðàçáðîñ çíà÷åíèé Vr ïî À2, â ñâîþ î÷åðåäü, òîæå íåáîëüøîé,

íî ïðåâûøàþùàÿ îøèáêó èçìåðåíèÿ  ðàçíèöà â 27 êì/ñ â äâóõ ïèêàõ, òàáë.2,

ïîçâîëÿåò ãîâîðèòü, ÷òî À2 ðàñïîëîæåíà ïî ëó÷ó çðåíèÿ áëèæå, ÷åì À.

Â êîíòóðàõ òåìíûõ èçîëèíèé ðèñ.3b îò÷åòëèâî ïðîÿâëÿåòñÿ ïðîäîëãîâàòîñòü

ôîðìû îáëàñòè HII A1 è, òàêæå, íàëè÷èå HII-îáëàñòè À3, ðàñïîëîæåííîé

âèçóàëüíî ìåæäó À è À1, è îáùíîñòü âñåé ñòðóêòóðû â öåëîì. Îá îáùíîñòè

À À1 À2 À3

max)I(H (10-16
 ýðã/ñì2

 ñ) 82.6 4.8 4.3 0.2
Vr

max 
(êì/ñ) 1190 1187 1164 1176

Req (ïê) 178 129 114 54

S)I(H  (10-16
 ýðã/ñì2

 ñ) 635.1 33.1 27.2 4.3
)L(H  (10+39

 ýðã/ñì2
 ñ) 1.91 0.09 0.08 0.01

)SFR(H  ( M /ãîä) 0.02 <0.001 <0.001 -

Òàáëèöà 2

ÑÏÅÊÒÐÎÔÎÒÎÌÅÒÐÈ×ÅÑÊÈÅ ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÎÁËÀÑÒÅÉ HII
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ñâèäåòåëüñòâóåò è åäèíñòâåííûé ìàêñèìóì â ðàñïðåäåëåíèè êîíòèíóóìà ïî

ïîëþ íàáëþäåíèé. Íà ðèñ.3à åãî ïîëîæåíèå, ýëåìåíòîì íèæå ïåðâè÷íîãî

ìàêñèìóìà â H , îòìå÷åíî áóêâîé "ñ". Ïî çíà÷åíèÿì Vr â À1 è À3, è

ñîîòâåòñòâóþùåé ïåðèôåðèè À, êîòîðûå ëîæàòñÿ â îäèí èíòåðâàë, íå ïðåâû-

øàþùèé îøèáêó èçìåðåíèÿ, ìîæíî ãîâîðèòü î ñòðóêòóðå, êîòîðàÿ öåïî÷êîé

òÿíåòñÿ ê îáëàñòè HII A.

4.2. Èçëó÷åíèå îáëàñòåé HII â çàïðåùåííûõ è ñëàáûõ ðàçðå-

øåííûõ ëèíèÿõ. Íà èíòåãðàëüíîì ñïåêòðå (ðèñ.4), ïîëó÷åííîì äëÿ ïëîùàäè

A, îõâàòûâàþùåé ýëåìåíòû ñ    maxHI5HI  % , óêàçàíû âñå çàðåãèñòðè-

ðîâàííûå ïðè íàáëþäåíèÿõ ëèíèè èçëó÷åíèÿ. Êðîìå H , â ÷àñòíîñòè,

íàáëþäàþòñÿ äâå ðåêîìáèíàöèîííûå ëèíèè íåéòðàëüíîãî ãåëèÿ, HeI 6678, HeI

7065 è çàïðåùåííûå ëèíèè äóáëåòîâ àçîòà [NII] 6548, 6583, ñåðû [SII] 6716,

6731 è àðãîíà [ArIII] 7136. Áîëåå äåñÿòêà ñëàáûõ ëèíèé óâåðåííî îòîæ-

Ðèñ.4. Ëèíèè èçëó÷åíèÿ, çàðåãèñòðèðîâàííûå â èíòåãðàëüíîì ñïåêòðå îáëàñòè HII A
(ñî ñðåçàííîé ïî èíòåíñèâíîñòè H ).

[NII]
6548

H 6563

[NII]
6583 HeI

6678

[SII]
6716

          6731

FeI 6824

FeI 6837

HeI
7065

[ArIII] 7136

NeI 7245

NeII
7213 FeI 7447

FeI 7453

FeI 7495

NeI 7544

FeII 7682, 7687

Ðèñ.5 Ôðàãìåíò ïîëÿ íàáëþäåíèé, 8" õ 8", c ðàñïðåäåëåíèåì ïî îáëàñòè HII A èíòåíñèâ-

íîñòè èçëó÷åíèÿ ôîíîâûìè ãðàäàöèÿìè ñåðîãî: a) è èçîëèíèÿìè â ëèíèè HeI 6678; b) è
èçîëèíèÿìè â ëèíèè [ArIII] 7136; c) ñóììàðíîé ïî èçëó÷åíèþ â äâóõ ëèíèÿõ äóáëåòà
[SII] 6716, 6731, ñ óêàçàíèåì óñðåäíåííûõ ïî îòäåëüíûì ó÷àñòêàì çíà÷åíèé ýëåêòðîííîé

êîíöåíòðàöèè r(n
e
).



309ÈÑÑËÅÄÎÂÀÍÈÅ  ÃÀËÀÊÒÈÊÈ  SBS1001+555

äåñòâëÿþòñÿ ñ ëèíèÿìè íåéòðàëüíîãî æåëåçà, â ÷àñòíîñòè, FeI 6824, 6837,

7447, 7453, 7544 è íåîíà NeI 7245, 7544, è îäíîêðàòíî èîíèçîâàííûõ æåëåçà

FeII 7682, 7687 è íåîíà NeII 7213. Ïðè ýòîì, ëèíèè æåëåçà FeI 6824, 6837,

7495, èç ïåðå÷èñëåííûõ, ïðîÿâëÿþòñÿ ëèøü ïðè ó÷åòå ïåðèôåðèéíîãî êîëüöà

îáëàñòè HII A (âêëþ÷åííîãî â ïëîùàäü ñóììèðîâàíèÿ ïîêàçàííîãî ñïåêòðà).

Îñíîâíàÿ äîëÿ èçëó÷åíèÿ â èíòåãðàëüíûõ ñïåêòðàõ âòîðè÷íûõ îáëàñòåé

HII, À1, À2 è À3 îáóñëîâëåíà ëèíèåé H  íà ôîíå çíà÷èòåëüíîé äèñïåðñèè

çíà÷åíèé â êîíòèíóóìå. Â ñïåêòðàõ À3, À2 òîëüêî åå ìîæíî ñ÷èòàòü äîñòî-

âåðíîé. Â îòäåëüíûõ ýëåìåíòàõ è À2, è À1 ïîðîã â 3  ïðåâûøàåò ëèíèÿ

NeII 7213 è, õàîòè÷íî, íåêîòîðûå ëèíèè æåëåçà. Â ýëåìåíòàõ À1, ðàñïîëîæåííûõ

áëèæå ê À, ñëàáî ïðîÿâëÿþòñÿ ëèíèè [SII] 6716, 6731 è [NII] 6583.

Ïèêè èíòåíñèâíîñòåé â ðàñïðåäåëåíèè èçëó÷åíèÿ ïî îáëàñòè HII A â

ëèíèÿõ íåéòðàëüíîãî ãåëèÿ è â çàïðåùåííûõ ëèíèÿõ àçîòà, ñåðû è àðãîíà

ñîâïàäàþò ñ ïèêîì H , íî ïî-ðàçíîìó âûðàæåíû. Íà ðèñ.5à è 5b, â êà÷åñòâå

ïðèìåðà, ôîíîì è èçîëèíèÿìè ïîêàçàíî ðàñïðåäåëåíèå èíòåíñèâíîñòåé â ëèíèÿõ

HeI 6678 è [ArIII] 7136, ñîîòâåòñòâåííî. Â îòëè÷èå îò ãåëèÿ cî çíà÷åíèåì I(HeI

6678)max  =   5.50e-16 ýðã/ñì2
 ñ, ïèê â ðàñïðåäåëåíèè àðãîíà I([ArIII]7136)max =

6.31e-16 ýðã/ñì2
 ñ, âûðàæåí ñëàáî - â äâóõ ñîñåäíèõ ýëåìåíòàõ ðåãèñòðèðóåòñÿ

ïî÷òè òà æå èíòåíñèâíîñòü. Çíà÷åíèÿ I(max) â ïèêàõ ëèíèé àçîòà è ñåðû [NII]

6583 è [SII] 6716, 6731 ñì. â òàáë.3. Òàì æå ïðèâîäÿòñÿ çíà÷åíèÿ, ñóììàðíîé

ïî ïëîùàäè S
À
, èíòåíñèâíîñòè èçëó÷åíèÿ â ýòèõ ëèíèÿõ I(S

A
), çíà÷åíèÿ

        ASAS
1
1 HI6583NIIIR  ,          ASAS

2
1 HI67316716SIIR 

 
èç ñòàí-

äàðòíî èñïîëüçóåìûõ â êëàññèôèêàöèîííûõ ñõåìàõ îòíîøåíèé èíòåíñèâíîñòåé

èçëó÷åíèÿ â çàïðåùåííûõ è ðàçðåøåííûõ ëèíèÿõ, è îòíîøåíèå 21
1
1 RR

         ASAS 67316716SIII6583NIII  .

Êàðòà îáëàñòè HII A, îòîáðàæàþùàÿ ñóììó èíòåíñèâíîñòåé èçëó÷åíèÿ â

ëèíèÿõ äóáëåòà àçîòà [SII]6717+6731, ïîêàçàíà íà ðèñ.5ñ. ×èñëåííûå çíà÷åíèÿ

ñîîòâåòñòâóþò õàðàêòåðèçóþùåìó ýëåêòðîííóþ êîíöåíòðàöèþ îòíîøåíèþ

èíòåíñèâíîñòåé â ýòèõ ëèíèÿõ, r(n
e
) = I([SII]6717)/I([SII]6731]). Ñðåäíèå

çíà÷åíèÿ r(n
e
) ïðèâîäÿòñÿ äëÿ îòäåëüíûõ ó÷àñòêîâ, âûäåëåííûõ íà ðèñóíêå

Ëèíèè I(max)10-16 I(S
A
)10-16

(ýðã/ñì2
 ñ) (ýðã/ñì2

 ñ)

[NII] 6583 5.96 54.8 1
1R 0.09

[SII] 6716 8.45 93.44 2
1R 0.27

[SII] 6731 6.83 75.75 2
1

1
1/RR 0.32

Òàáëèöà 3

ÈÇËÓ×ÅÍÈÅ ÎÁËÀÑÒÈ HII A Â ÇÀÏÐÅÙÅÍÍÛÕ ËÈÍÈßÕ
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çàìêíóòûìè ëîìàíûìè êîíòóðàìè. Çíà÷åíèÿ r(n
e
) â ýëåìåíòàõ, ñîñòàâëÿþùèõ

êàæäûé èç ó÷àñòêîâ, ìåíÿþòñÿ â ïðåäåëàõ ~0.1. Íàèáîëüøèé ó÷àñòîê ñî

ñðåäíèì çíà÷åíèåì 1.22 (÷òî ñîîòâåòñòâóåò ýëåêòðîííîé ïëîòíîñòè 190 ñì-3)

çàõâàòûâàåò ýëåìåíò ñ ïèêîâîé èíòåíñèâíîñòüþ áîëüøèíñòâà ñïåêòðàëüíûõ

ëèíèé. Íàèáîëüøèå çíà÷åíèÿ ýëåêòðîííîé ïëîòíîñòè ðåãèñòðèðóþòñÿ ïî

ïåðèôåðèè À áëèçêîé ê À1, êîòîðàÿ ðàñïîëîæåíà â âûäåëåííîé íàìè àêòèâíîé

çîíå ÀÂ (ñì ðàçäåë 2) öåíòðàëüíîé ÷àñòè ãàëàêòèêè.

Ðàñïðåäåëåíèèå èíòåíñèâíîñòåé ïî ïîëþ çðåíèÿ MPFS, ïîêàçàííîå â

ñãëàæåííîé ôîðìå íà ðèñ.6à, îòîáðàæàåò èçëó÷åíèå â äèàïàçîíå äëèí âîëí,

âêëþ÷àþùåì H , è ëèíèè [NII] 6583, [SII] 6717, 6731, êîòîðûå, êàê áûëî

îòìå÷åíî, ïðîÿâëÿþòñÿ â íåêîòîðûõ ýëåìåíòàõ îáëàñòè HII A1. Ñîîòâåòñòâåííî,

èçîáðàæåíèå À1 âûãëÿäèò áîëåå êîíòðàñòíî, ëó÷øå âûðàæåíà åå ïðîäîëãîâàòàÿ

ôîðìà, ÷òî ïîçâîëÿåò îäíîçíà÷íî îòîæäåñòâèòü À1 ñ êîíäåíñàöèåé, óêàçàííîé

ñòðåëêîé íà ðèñ.6b. Íà íåì, â óâåëè÷åííîì ìàñøòàáå, ïîêàçàí ôðàãìåíò

ðèñ.1d, ò.å. ñíèìêà èç îáçîðà IRAC 4.5 ìê, âûïîëíåííîãî ñ òåëåñêîïîì

Spitzer, ïðèâåäåííûé ê òîé æå ïðîñòðàíñòâåííîé îðèåíòàöèè, ÷òî è íà

ðèñ.6à. Ôðàãìåíò ðèñ.6b îõâàòûâàåò çîíó AB, ïðåâûøàþùóþ ðàçìåðû ïîëÿ

íàáëþäåíèé, â êîòîðîé âèäíà ñòðóêòóðà äåòàëåé ìåæçâåçäíîé ñðåäû, îò

êîòîðûõ èñõîäèò èçëó÷åíèå íà äëèíå âîëíû 4.5 ìê. Ñ îáëàñòüþ HII À1

îòîæäåñòâëÿåòñÿ ñàìàÿ êðóïíàÿ èç íèõ. Ïîìèìî ïûëåâîé ñîñòàâëÿþùåé,

ïðèñóùåé âñåì äåòàëÿì ñòðóêòóðû, íà ÷òî óêàçûâàåò ðàññìàòðèâàåìàÿ äëèíà

âîëíû, ìîæíî ïðåäïîëîæèòü è áàçîâóþ îáùíîñòü ñâîéñòâ äåòàëåé ñòðóêòóðû,

â ÷àñòíîñòè, ñ âûÿâëåííûìè â äàííîé ñòàòüå õàðàêòåðèñòèêàìè À1. Îòìåòèì,

Ðèñ.6. a) Ïîëå íàáëþäåíèé, 16" õ 16", â äèàïàçîíå äëèí âîëí, âêëþ÷àþùåì H , è
ëèíèè [NII] 6583, [SII] 6717, 6731; b) ôðàãìåíò ñíèìêà èç îáçîðà IRAC 4.5 ìê, ïðèâåäåííûé

ê òîé æå ïðîñòðàíñòâåííîé îðèåíòàöèè, ñ ïðèìåðíûìè ãðàíèöàìè ïîëÿ íàáëþäåíèé,
ïîêàçàííûìè áåëûì êîíòóðîì.
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÷òî âñÿ ñòðóêòóðà, âêëþ÷àÿ À1, îòñóòñòâóåò íà ñíèìêå èç îáçîðà IRAC 3.6

ìê; åäâà äèôôåðåíöèðóåìûå íà íåì íåñêîëüêî ñëàáûõ êîíäåíñàöèé, ìåíüøèõ

ðàçìåðîâ, â çîíå ÀÂ èìåþò èíóþ êîíôèãóðàöèþ, ÷òî êîñâåííî ñâèäåòåëüñòâóåò

îá îáùíîñòè îñíîâíûõ õàðàêòåðèñòèê ïðîñëåæèâàåìîé íà 4.5 ìê ñòðóêòóðå.

5. Çàêëþ÷åíèå. Îñíîâíûå õàðàêòåðèñòèêè èññëåäóåìîé ãàëàêòèêè

SBS1001+555, òàêèå êàê íåáîëüøîå çíà÷åíèå êðàñíîãî ñìåùåíèÿ, z = 0.0037,

ìîðôîëîãèÿ òèïà "flat", áëèçêàÿ ê edge-on ïðîñòðàíñòâåííàÿ îðèåíòàöèÿ,

ìàëîðàçâèòàÿ ñòðóêòóðà, äåëàþò åå èíôîðìàòèâíûì, ýòàëîííûì îáúåêòîì äëÿ

èçó÷åíèÿ ïðîöåññîâ çâåçäîîáðàçîâàíèÿ. Â ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû ïî

äåòàëüíûì èññëåäîâàíèÿì ãàëàêòèêè, ïîëó÷åííûå ïî íàáëþäåíèÿì íà 6-ì

òåëåñêîïå ÑÀÎ ÐÀÍ ñ èñïîëüçîâàíèåì ìóëüòèçðà÷êîâîãî ñïåêòðîãðàôà MPFS.

Ïðîâåäåíî 3D-ñïåêòðîñêîïè÷åñêîå èññëåäîâàíèå îñíîâíîãî î÷àãà çâåçäîîáðà-

çîâàíèÿ ãàëàêòèêè SBS1001+555, îáîçíà÷åííîãî íàìè "À", êîòîðûé ÿâëÿåòñÿ

ÿðêèì, ~16 çâ. âåë, ñïåêòðîôîòîìåòðè÷åñêèì îáúåêòîì SDSS ñ èäåíòèôèêàöèåé

1237655108369907841. Àíàëèç ïîâåðõíîñòíîãî ðàñïðåäåëåíèÿ ïàðàìåòðîâ èçëó-

÷åíèÿ â íàèáîëåå èíòåíñèâíîé â ïîëó÷åííîì ñïåêòðå áàëüìåðîâñêîé ëèíèè

âîäîðîäà H , âûÿâèë, ïîìèìî îáëàñòè HII A, íàëè÷èå ñâÿçàííûõ ñ íåé òðåõ

âòîðè÷íûõ îáëàñòåé HII, À1, À2, À3, ÷òî ñâèäåòåëüñòâóåò î ïðîäîëæàþùèõñÿ

â ãàëàêòèêå ïðîöåññàõ çâåçäîîáðàçîâàíèÿ. Â ñîîòâåòñòâèè ñ ïîëó÷åííûìè ïî

èçëó÷åíèþ â H  äàííûìè, äëÿ êàæäîé èç îáëàñòåé HII ïðèâîäÿòñÿ çíà÷åíèÿ

ïèêîâîé èíòåíñèâíîñòè, ðàññ÷èòàíû ýêâèâàëåíòíûå ðàäèóñû, ðàññòîÿíèÿ,

ñâåòèìîñòü è òåìï çâåçäîîáðàçîâàíèÿ.

Ïðîàíàëèçèðîâàíû èìåþùèåñÿ â áàçàõ è ëèòåðàòóðå äàííûå ïî ãàëàêòèêå

â öåëîì è ïî îáëàñòè HII A. Èç âòîðè÷íûõ îáëàñòåé HII òîëüêî ó À1

âûÿâëåíî èçëó÷åíèå íà ñíèìêå èç îáçîðà IRAC 4.5 ìê, ïðîâåäåííîãî ñ

òåëåñêîïîì Spitzer. À1 ðàñïîëîæåíà â çîíå ÀÂ, ñ êîòîðîé àññîöèèðóþòñÿ

íàèáîëåå àêòèâíûå ïðîöåññû, ïðîòåêàþùèå â ãàëàêòèêå. Â ñòðóêòóðå íàáëþ-

äàåìîé íà 4.5 ìê, ïîìèìî À1 îáíàðóæèâàþòñÿ è äðóãèå êîíäåíñàöèè çà

ïðåäåëàìè ïîëÿ íàáëþäåíèé. Ìîæíî ïðåäïîëîæèòü, â ÷àñòíîñòè, ÷òî è îíè

ÿâëÿþòñÿ îáëàñòÿìè HII â ñòàäèè ôîðìèðîâàíèÿ. Ðàññìîòðåíèþ ýòîãî è

äðóãèõ âîïðîñîâ, ñâÿçàííûõ, â ÷àñòíîñòè, ñ ïîëó÷åííûìè ïî èçëó÷åíèþ

îáëàñòåé HII â ëèíèÿõ æåëåçà è íåîíà, à òàêæå èññëåäîâàíèþ êîíäåíñàöèè

Â, áóäåò ïîñâÿùåíà ñëåäóþùàÿ ñòàòüÿ.

Àâòîðû âûðàæàþò áëàãîäàðíîñòü àíîíèìíîìó ðåöåíçåíòó çà âåñüìà ïîëåçíûå

çàìå÷àíèÿ. Ñòàòüÿ îñíîâàíà íà íàáëþäàòåëüíîì ìàòåðèàëå, ïîëó÷åííîì íà 6-

ì òåëåñêîïå ÑÀÎ ÐÀÍ, ðàáîòà êîòîðîãî ïîääåðæèâàåòñÿ Ìèíèñòåðñòâîì

íàóêè è âûñøåãî îáðàçîâàíèÿ Ðîññèéñêîé Ôåäåðàöèè. Îáíîâëåíèå ïðèáîðíîé

áàçû ÑÀÎ ÐÀÍ îñóùåñòâëÿåòñÿ â ðàìêàõ íàöèîíàëüíîãî ïðîåêòà "Íàóêà è



312 Ñ.À.ÀÊÎÏßÍ  È  ÄÐ.

óíèâåðñèòåòû". Ðàáîòà âûïîëíåíà â ðàìêàõ ãîñóäàðñòâåííîãî çàäàíèÿ ÑÀÎ

ÐÀÍ, óòâåðæäåííîãî Ìèíèñòåðñòâîì íàóêè è âûñøåãî îáðàçîâàíèÿ Ðîññèéñêîé

Ôåäåðàöèè.

1 Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.À.Àìáàðöóìÿíà,

 Àðìåíèÿ, e-mail: susannahakopian@yahoo.com
2 Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ, Ðîññèÿ,

 e-mail: dodo@sao.ru      moisav@sao.ru

STUDY OF GALAXIES WITH STAR FORMATION
REGIONS. PANORAMIC SPECTROSCOPY OF

SBS1001+555

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

We study the galaxy SBS1001+555 as an object of the base sample in our program

to study the evolutionary processes of star formation in galaxies. The results of panoramic

spectroscopy of its central part, which is the zone of activity of the galaxy including

its main hearth of star formation, which we designated as A are presented. The

observations were made using the MPFS (Multi Pupil Fiber Spectrograph) at the 6-

m telescope of Special Astrophysical Observatory of Russia. Besides the most intense

Balmer emission line of hydrogen H , the resulting integrated spectrum contains

helium lines HeI 6678, HeI 7065, forbidden lines of nitrogen, sulfur, argon [NII] 6548,

6583, [SII] 6716, 6731, [ArIII] 7136 and more than a dozen weak lines of neutral

and singly ionized lines of iron and neon FeI 6824, 6837, 7447, 7453, 7544,

NeI 7245, 7544, FeII 7682, 7687, NeII 7213. A detailed analysis of the two-dimensional

distributions of intensities, radial velocities and other parameters over the field of view

in H  has been carried out. In addition to A, the largest and brightest HII region,

three small ones, A1, A2, and A3, were revealed, which together with A form a common

structure. One of the secondary regions, A1, is identified with the condensation in the

image in the 4.5 ìm range based on the data of the Spitzer telescope. The values of

the main parameters in their peaks are given as numerical characteristics of the HII

regions; from the integral parameters, the equivalent radii, luminosity and star formation

rate, Req, )L(H  and )SFR(H  are given. The presented data, in particular, indicate

active processes directly related to the brightest optical radiation source in SBS1001+555

and the development of a star-forming structure around it.

Keywords: 3D-spectroscopy: H-radiation: HII regions: individual: SBS1001+555

     (UGC05421)
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MULTIWAVELENGTH MONITORING OF BLAZARS
PKS 2155-304 AND S5 0716+71
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The study of multiwavelength emission properties of blazar jets has the potential to shed light
on the particle acceleration and emission mechanisms taking place in them. The emission of PKS
2155-304 (z = 0.116) and S5 0716+71 (z = 0.31)  bright blazars in the optical/UV, X-ray and  -
ray bands is investigated by analyzing data from Fermi-LAT, Swift XRT and Swift UVOT telescopes.
The multiwavelength light curves of both sources in these bands show multiple peaks when the flux
increased substantially. In the optical/UV bands, the flux of both sources increased above 

10
102




erg cm
-2

 s
-1
. The X-ray emission from PKS 2155-304 was characterized by a harder-when-brighter

trend, whereas the  -ray emission from S5 0716+71 showed a moderated trend of softer-when-
brighter. The correlation analysis shows a strong correlation between the UV and  -ray emission of
PKS 2155-304, while there is a correlation between the optical/UV and X-ray emission of S5
0716+71. The observed broadband spectral energy distribution of both sources as well as the observed
variability and correlations can be accounted for within one-zone synchrotron/synchrotron-self-Compton
models.

Keywords: PKS 2155-304: S5 0716+71:  -rays: X-rays: blazars

1. Introduction. Blazars, a special type of active galactic nuclei whose jet

makes a small viewing angle to the observer, are among the most powerful long-

lived objects. Blazars are the dominant population of extragalactic sources in the   -

ray sky. Blazars are usually sub-divided into flat-spectrum radio quasars (FSRQs) and

BL Lac objects. The latter have weak or absent emission lines while FSRQs are

characterized with strong emission lines (equivalent width, Å5EW  ) in their spectra.

BL Lac objects are further classified into three subtypes based on the peak frequency

of synchrotron emission: high synchrotron peaked BL Lacs (HBL when 1510 s Hz),

intermediate synchrotron peaked BL Lacs (IBL when Hz10Hz10 1514  s ), or low

synchrotron peaked BL Lacs (LBL when 1410 s Hz) [1,2].

The spectral energy distribution (SED) of blazars is dominated by the

nonthermal emission and consist of two broad components: the first (low-energy

component) peaking from far infrared frequencies to X-ray energies and the second

(high energy component) peaking at MeV/GeV bands. The emission in the low-

energy band is highly polarized [3,4] and this component is believed to be

synchrotron radiation from relativistic electrons in the jet. The origin of the second

component is still under debate. Most likely, this component is due to inverse
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Compton scattering of synchrotron and/or external photons [5,6]. The nature of

the external photons depends on the location of the emission region; these can

be photons either from the disk or those reprocessed from the broad-line region

or those from the infrared torus. However, the hadronic origin of this component,

when the emission is due to the interaction of protons, cannot be excluded. This

component can be also produced from the interaction of relativistic protons either

from their synchrotron emission [7] or from the secondary particles from pion

decay [7-11]. In the latter case, the jets of blazars are also sources of very high

energy (VHE; >100 GeV) neutrinos [12-21].

The emission from blazar jets ranges across all accessible bands in the

electromagnetic spectrum so their multi-wavelength observations are essential for

the study of the origin of their emission. Also, the emission from blazars shows

variability in all the bands, from radio to VHE  -ray bands, on timescales ranging

from years to only a few minutes. Sometimes (but not always) there is a correlated

variability between two bands which indicates that the same process might be

responsible for the emission in these bands. Now, the accumulated amount of data

permits a detailed variability study in almost all the bands which is crucial for

understanding the complex physics of blazars. For example, the MAGIC obser-

vation of BL Lac blazar on 15 June 2015 showed a flare with a maximum flux

of   10100.31.5   photon cm-2
 s-1 and a halving time as short as 26 ± 8 min [22].

Or in the high energy (HE > 100 MeV) band, the Fermi Large Area Telescope

(Fermi-LAT) observations of 3C 279 on 16 June 2015 showed an high-amplitude

variability (the  -ray flux was as high as 51063 .~  photon cm-2
 s-1) when the

source flux variability was resolved down to 2-minute binned timescales, with flux

doubling times of less than 5 minutes [23]. Similarly, the long-term variability

has been extensively investigated also in the radio-optical bands where the data

collected over decades are available [24,25].

The multiwavelength variability study of blazars has recently entered a new era.

There is a large amount of  -ray data available from continuous observations of

blazars in the HE band by Fermi-LAT. Also Neil Gehrels Swift Observatory [26],

(hereafter Swift) performed a large number of observations of single objects. The

Swift satellite with three instruments on board - the UV and Optical Telescope

(UVOT) [27], the X-Ray Telescope (XRT) [28] sensitive to the 0.3-10.0 keV band,

and the Burst Alert Telescope (BAT) [29] sensitive to the 15-150 keV band - is

an ideal instrument for simultaneous observation of blazars in the X-ray, Optical,

and UV bands. The combination of the data from Swift observations with data from

Fermi-LAT in the  -ray band, will provide a unique possibility to investigate both

emission components in the broadband SED of the blazars.

Variability studies in each band are crucial to identify the timescale of flux

variability which in its turns allows to constrain the size and location of the
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emitting region. At the same time, intra-band variability studies allow to identify

correlated or anti-correlated variabilities in different bands which can shed light

on the physical processes responsible for multiwavelength emission from blazars.

Considering the large number of blazars observed more than 100 times by Swift

(see Fig.1 in Giommi, et al. 2021) [30], a tool that automatically downloads and

analyzes data from Swift UVOT observations of blazars was developed. This allows

to process a large amount of optical/UV data accumulated after the lunch of Swift

satellite. As an application of the tool, the data from observations of two well-

known blazars, PKS 2155-304 and S5 0716+71, was reduced. Also, the X-ray

and  -ray data were analyzed and compared with optical/UV data allowing to

investigate variability in different bands and investigate the origin of broad band

emission from these sources.

The paper is structured as follows: the optical/UV observations of the sources

is presented in Section 2. The X-ray and  -ray data extraction and analysis are

presented in Sections 3 and 4, respectively. The results and interpretations are

given in Section 5 and the summary is presented in Section 6.

2. Monitoring of the sources in optical/UV bands. The Swift satellite

launched in 2004 is primarily designed for observations of  -ray bursts. With the

three instruments on board (UVOT, XRT and BAT) and a wide energy coverage,

Swift is suitable for blazar research. The range observed by Swift defines either

the low-energy component or the transition region between the two components

or the rising part of the inverse Compton component (depending on the type of

blazar), so that these data are particularly important for theoretical modeling.

The Swift UVOT telescope can produce images in each of six filters, namely

in V (500-600 nm), B (380-500 nm), U (300-400 nm), W1 (220-400 nm), M2

(200-280 nm) and W2 (180-260 nm). In order to process UVOT data from any

blazar observation, a special tool was developed. Providing the name and the

coordinates of the source under interest, it accesses the Swift archive, downloads

all the existing observations and processes them with the standard procedure. After

cleaning and filtering the data, all single observations are reduced by selecting

source counts from a circular region of 5" around the source, while selecting the

background counts from a 20" region away from the source. Then with the help

of uvotsource tool it derives the magnitudes which are converted to fluxes using

the conversion factors provided by Poole et al. [31] and then corrected for

extinction, using the reddening coefficient E(B - V ) from the Infrared Science

Archive1. The tool produces the flux measured in each filter in each period for

the light curve computation as well as the flux for each frequency for SED

 1 http://irsa.ipac.caltech.edu/applications/DUST/
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calculations. The tool was extensively tested by analyzing the data from different

blazar observations and comparing with the published results.

The developed tool was used to analyze all the Swift UVOT observations of

PKS 2155-304 and S5 0716+71. Between 2004-2022, PKS 2155-304 were

observed 300 times and S5 0716+71 - 352 times. The light curve of PKS 2155-

304 is shown in Fig.1d and 1e, separating the flux in V, B, U and W1, M2

and W2 filters. It shows that during the initial observations (e.g., until MJD

Fig.1. Multiwavelength light curve of PKS 2155-304. a) Adaptively binned  -ray light curve
above MeV. b) X-ray flux estimated in 2.0-10 keV band. c) X-ray photon index. d) Flux in U,
B and V bands. e) Flux in W1, W2, and M2 bands.
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55000) the source was in an evaluated emission state in all the considered bands.

For example, in this period the highest flux of the source was   1010070123  ..

erg cm-2
 s-1 observed on MJD 53960.85 in filter M2. Then the averaged level of

source emission in optical/UV bands decreases, but a few times flux variations in

all the considered filters are still evident. For example, the flux in M2 band on

MJD 56046.13 was   111011015  ..  erg  cm-2
 s-1 which increased to

  1010030601  ..  erg cm-2
 s-1 on MJD 56180.67. Such changes in consecutive

Fig.2. The multiwavelength light curve of S5 0716+71 between 04/08/2008-04/05/2022. From

top to bottom: adaptively binned  -ray light curve (>202.65 MeV), 2.0-10 keV X-ray flux, 0.3-
10 keV X-ray photon index, flux in V, B, and U filters and in W1, M2 and W2 filters.
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UVOT observations can be identified during all the considered periods, which show

that this source has a strongly variable optical/UV emission.

In Fig.2d and 2e, S5 0716+71 light curve in V, B, U and W1, M2 and W2

filters is shown. Two large flaring activities in optical and UV bands are evident.

The first active period was observed between MJD 57030-57060 when the flux in

almost all filters increased from ~ 11105  erg cm-2
 s-1 to above 10102 ~ erg cm-2

 s-1.

In this period, the highest flux of   1010090283  ..  erg cm-2
 s-1 was observed in

filter V on MJD 57047.31. The next major flaring activity was observed between

MJD 58200-58300 when the flux again increased to above 10102 ~  erg cm-2
 s-1.

This source is characterized by variable optical/UV emission, i.e., the flux changes

in different Swift observations. Only between MJD 56600-56800 the source was in

a relatively quiescent state in the optical/UV bands: during this period, in 14 Swift

observations the flux was relatively constant with a value of 11102 ~ erg cm-2
 s-1.

3. X-ray observations of PKS 2155-304 and S5 0716+71. Simul-

taneously with the optical/UV observations, the sources were observed also in the

X-ray band with the Swift XRT instrument. For both sources all the data were

downloaded from SSDC archive (https://www.ssdc.asi.it) and processed using

Swift_xrtproc automatic tool for XRT data analysis [30]. The raw data (Level1)

were downloaded, reduced, calibrated and cleaned via the XRTPIPELINE script

by applying the standard filtering criteria and the latest calibration files of CALDB.

The counts were extracted from a circular region of a radius of ~20 pixels (47")

centered on the source's position, while the background counts are taken from an

annular ring centered at the sources. The tool automatically applies also pile-up

correction when the sources' count rate was above 0.5 counts s-1. Then it loads the

ungrouped data in XSPEC (version 12.11) for spectral fitting using Cash statistics

[32], modeling the source spectrum as a power-law and a log-parabola model

taking the Galactic absorption column density from N
H
 HEASARC tool (https:/

/heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl) [33-35].

The X-ray flux and photon index variation of PKS 2155-304 are shown in

Fig.1b and 1c. In the X-ray band, there are several observations when the flux

in the 2.0-10 keV band substantially increased. In the low (average) state the flux

is around   11100120  ..  erg cm-2
 s-1 while in the flaring state it increases to

1010  erg cm-2
 s-1 (e.g., in observations on MJD 53945.04, 54714.16, 57363.93).

The X-ray photon index varies in time as well, on average the source is

characterized with a soft photon index ( 52.X  ) but from time to time it hardens

( 52.X  ). It is interesting to note that around the flares on MJD  57363.93

and MJD 58350.03 when the X-ray flux increased correspondingly to

  1010070111  ..  erg cm-2
 s-1 and   1110740326  ..  erg cm-2

 s-1, the X-ray photon

index was 060162 ..X   and 070212 ..X  , respectively. This is unusual for
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PKS 2155-304 and it most likely corresponds to the transition region between

the synchrotron and inverse Compton components.

In the X-ray band, S5 0716+71 shows several flaring periods as well.  There

can be identified at least three large flaring activities in Fig.2b: the first two

between MJD 58140-58460 and the third one around MJD 58900 (in several other

periods the X-ray flux increases as well but with smaller amplitudes). The highest

flux of the source   1110450842  ..  erg cm-2
 s-1) was observed on MJD 58288.68

which 11.36  times exceeds the X-ray flux in the average/low state ( 121052 .~

erg cm-2
 s-1. The photon index variation is evident from Fig.2d, it varies around

02.X  , sometimes showing harder spectra ( 02.X  ) but sometimes also soft

spectra were observed ( 22.X  ). The softest index of 20862 ..X   was

observed on MJD 59646.43 while the hardest one was 660960 ..X   observed

on MJD 55608.93.

4.  -ray observations and data analysis. Fermi-LAT on board the Fermi

Gamma-ray Space Telescope is a pair-conversion telescope sensitive to  -rays in

the energy band from 20 MeV to 500 GeV. By default, being in the scanning

mode, it observes the entire sky every ~3 hours, providing a continuous view of

the  -ray emission from Galactic and extragalactic sources. The details on the

Fermi-LAT instrument are given in Atwood et al. 2009 [36].

In this paper, the Fermi-LAT data accumulated during 2008-2022 (MET

239557417-673371821) from the observations of PKS 2155-304 and S5 0716+71

are considered. The data were processed with the standard Fermi ScienceTools

version 1.2.1. The Pass 8 (P8R3) Fermi-LAT events with a higher probability

of being photons (evclass  = 128, evtype  = 3) were analyzed using the

P8R3_SOURCE_V3 instrument response function. The events in the energy range

from 100 MeV to 500 GeV were downloaded from a 12o region centered on the

 -ray position of PKS 2155-304 (RA = 329.71 and Dec = -30.22) and S5

0716+71 (RA = 110.49 and Dec = 71.34). With gtselect tool A zenith angle cut

smaller than 90o is applied to reduce contamination by photons from Earth's

atmosphere while the good time intervals are selected with gtmktime tool using

the filter expression (DATAQUAL > 0) and (LAT CONFIG = 1). With gtbin tool

the photons are binned into 916916 oo ..   square region into pixels of 1010 oo .. 

and into 37 equal logarithmically spaced energy bins. Then, with the help of gtlike

tool, a standard binned maximum likelihood analysis is performed. The fitting

model includes diffuse and isotropic backgrounds, which were modeled with

standard gll_iem_v07 and iso_P8R3_SOURCE_V3_v1 models and  -ray sources

within the region of interest. The model was created using the Fermi-LAT fourth

source catalog Data Release 3 (4FGL-DR3) [37] where all sources within 17o

around the target are included. The spectral parameters of the background sources
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which are between 12o and 12o
 + 5o were fixed to their catalog values, while the

normalization and spectral parameters of the other sources were left free.

After optimizing the free parameters in the model, the source variability is

investigated by estimating the flux (light curve) in shorter intervals by applying

unbinned likelihood analysis. The light curve was calculated with the help of an

adaptive binning method. When calculating the light curve with fixed time bins

(e.g., a day or several days), the long bins will smooth out the fast variation,

whereas the short bins might instead result in many upper limits, preventing the

variability studies. In the adaptive binning method, the bin width is adjusted by

requiring a constant relative flux uncertainty, which produces longer time intervals

during lower flux levels and narrower bins when the source is in a high state.

This method has been proven to be very efficient in identifying flaring activities

[38-43].

The light curve of PKS 2155-304 computed above the optimal energy of

274.38 MeV is shown in Fig.1a. It shows that in several occasions the source flux

increased several times (3-5 times), but the major  -ray flare was observed

between MJD 56770-56800 when within 37 days the flux increased from

  81090085  ..  photon cm-2
 s-1 to   710590243  ..  photon cm-2

 s-1. The highest

flux of   710590243  ..  photon cm-2
 s-1 above 274.38 MeV was observed on MJD

56795 within 15.86 minutes which is the highest  -ray flux of PKS 2155-304

since the lunch of Fermi-LAT. It is interesting that during this flaring event also

the photon index hardened, namely when the high fluxes of   710590243  ..

photon cm-2
 s-1 and   710560043  ..  photon cm-2

 s-1 were observed on MJD 56795

and 56794, respectively, the  -ray photon index was 1.64 ± 0.12 and 1.53 ± 0.11,

respectively. It shows that during this flare the  -ray spectrum hardens, shifting

the peak to higher energies.

A similar adaptive light curve of S5 0716+71 computed above 202.65 MeV

is shown in Fig.2a. As compared with PKS 2155-304, this source shows several

prolonged  -ray flaring periods. The  -ray flux of sources in the low states (e.g.,

between MJD 57570-57840) is around 8103 ~  photon cm-2
 s-1. The maximum

 -ray flux of   6102002  ..  photon cm-2
 s-1 was observed on MJD 57118.61

which exceeds the flux at low states by nearly 66 times. The mean photon index

in the  -ray band is 052.mean   which corresponds to a flat spectrum in F

representation, but a hard index of 100591 ..   was occasionally observed on

MJD 56079 and a soft index of 230632 ..   was observed on MJD 59356.1.

In total, during nearly fourteen years of observations of S5 0716+71, there are

16 periods when the  -ray photon index was 71. .

5. Results and interpretation. The multiwavelength data collected from

blazar observations is the key to the understanding of the origin of the complex
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processes taking place in relativistic jets. In this paper, the multiwavelength emission

from two blazars, PKS 2155-304 and S5 0716+71, was comprehensively investigated

by analyzing the Swift UVOT, Swift XRT and Fermi-LAT data accumulated in

the past fourteen years. PKS 2155-304 at a redshift of z = 0.116 is one of the

brightest HBL type objects in the Southern Hemisphere. It is an object very

luminous in the UV to VHE  -ray bands and has an almost featureless continuum

from radio to X-ray energies as in most of the other BL Lac objects. Its

multiwavelength emission observed for already more than 40 years is strongly

variable in almost all bands. In radio bands, this source was discovered as part of

the Parkes survey [44] and was discovered as an X-ray source by the HEAO 1

X-ray satellite [45]. In the  -ray band, the source was initially observed by

EGRET [46] and it was one of the first blazars observed in the VHE  -ray band

[47]. S5 0716+71 with a redshift of z = 0.31 ± 0.08 [48] is another well-studied

BL Lac bright in all bands. It shows extreme variability (e.g., in the X-ray band)

and a prominent jet component, and it is a strong  -ray source.  The long-term

monitoring of S5 0716+71 in the radio and optical bands reveals the presence

of quasi-periods. The optical data accumulated during 1994-2001 indicated a period

of about 3.3 years. Instead, the radio data at frequencies from 4.8 to 36.8 GHz

indicate the presence of a period of 8 years [49]. The MAGIC observations in

the VHE  -ray band show that this source underwent an impressive outburst in

January 2015 (Phase A), followed by minor activity in February (Phase B) [50].

During this flaring period the source flux increased from   11101114  ..  cm-2
  s-1 to

  11101198  ..  cm-2
  s-1 above 150 GeV.

5.1. Photon index versus flux variation. The data available in the

X-ray and  -ray bands allows to investigate the variation of the flux as compared

with the photon index. The spectral evolution observed in the photon-index-flux

plane contains important information about the dynamics of the source and

provides an insight into the processes responsible for the particle acceleration and

cooling. As it has been shown in Kirk et al. [51], depending on the relation

between the variability, acceleration and cooling timescales, a harder-when-brighter

or softer-when-brighter trend will be observed in the photon index versus the flux

plane. The  -ray photon index of PKS 2155-304 versus the photon index is

shown in Fig.3a, b, considering the entire period of Fermi-LAT observations and

selecting only the period around the large flare (between MJD 56720-56850).

When the entire observational period is considered with diverse properties (Fig.3b),

it is hard to see any trend. In fact, applying linear-Pearson correlation test yields

r
p

 = 0.02 and p = 0.71. Similar values estimated for the flaring period yields

r
p

 = 0.35 and p = 0.36. This shows that there is no correlation between the flux

and photon index, i.e., the flux and photon index are independent. On the
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contrary, when considering all Swift XRT observations (Fig.3c), there is a clear

indication of the harder when brighter trend. The linear-Pearson correlation test

results in r
p

 = -0.55 and p << 10-5 which shows a negative correlation between the

flux and photon index, i.e., as the flux increases, the photon index decreases

(hardens). Such a relation between the flux and photon index is expected when

the accelerated HE electrons are cooling down, Kirk et al. [51]. When considering

only the flaring period (Fig.3d), although there is a hint of a harder-when-brighter

trend, the data are not enough for a statistically significant claim (r
p

 = -0.28 and

p = 0.12).

The blazar S5 0716+71 shows different flaring activities as compared with PKS

2155-304. Although there are large flaring activities in the X-ray band (MJD

58130-58460), no significant correlation between the flux and photon index is

observed (Fig.4c, d). There is a hint of harder-when-brighter trend during the

Fig.3. PKS 2155-304  -ray flux versus photon index variation during the whole considered
period (a) and during the flare between MJD 56720-56850 (b). PKS 2155-304 X-ray flux and
photon index variation for all Swift XRT observations (c) and during the flare between MJD 53690-

54220 (d).
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X-ray flaring period (Fig.4d) but the linear-Pearson correlation test yields

r
p

 = -0.22 and p = 0.13. Instead, in the  -ray band, for the entire and flaring

periods, r
p
=0.25 and p << 10-5 and r

p
=0.27 and 51047  .p , respectively, which

show moderate softer-when-brighter trend. This shows that when the flux in-

creases, the photon index softens. Such photon index variation is not very

common for blazars but has been occasionally observed (e.g., [30,52-54]). This

shows that the PKS 2155-304 and S5 0716+71 flares observed in the X-ray and

 -ray bands are different by their nature and are caused by different processes.

5.2. Correlation studies. As the multiwavelength light curves in Fig.1 and

2 shows, there seem to be contemporaneous changes in the flux in different bands.

In order to test whether or not the emission in different bands are varying

contemporaneously, i.e., whether the emission in different bands are related, a

Spearman correlation test was applied. The possible correlation was investigated

Fig.4. The variation of S5 0716+71  -ray flux versus photon index for the entire period (a)
and flaring period during MJD 56750-57450 (b). Swift XRT measured photon index flux variation
for all Swift XRT observations (c) and during the flare between MJD 58130-58460 (d).
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by computing the correlation rank between the emission in different bands, i.e.,

computing Spearman correlation coefficient  . In order to perform an as general

as possible test, the correlation between the emission in the X-ray and  -ray

bands, X-ray and optical/UV bands,  -ray and optical/UV bands was investigated.

When comparing the  -ray flux with the other bands, the  -ray periods

computed by the adaptive binning method can contain several Swift observations.

In this case, the mean of all observations is considered, but a check that the mean

value does not significantly differ from the individual estimates in that bin was

performed.

The results from the Spearman correlation analysis are given in Table 1 for each

two bands providing the coefficient and probability. The results reported in Table 1

show that the null hypothesis that there is no correlation can be rejected in all cases.

However, there is no strong correlation between the emissions in different bands. The

correlation between the X-ray and  -ray fluxes of PKS 2155-304 is shown in Fig.5a.

There is a weak correlation in  these two bands with 50. . For example, when

the highest X-ray flux of   101010292  ..  erg cm-2
 s-1 was observed, the source was

bright in the  -ray band with a flux of   710270431  ..  photon cm-2
 s-1. For PKS

2155-304, the strongest correlation is found for UV and  -ray bands, 80.

(Fig.5b). There is also a milder correlation between the source emission in

X-ray and optical bands with 60.  (Fig.5c).

For S5 0716+71, there is again a weak correlation between the emission in

the X-ray and  -ray bands with 50.  (Fig.5d). This is because the emission

in the X-ray band corresponds to the highest tail of the synchrotron emission,

while the emission in the  -ray band corresponds to the peak of the inverse

Compton component. Since the emission comes from electrons of different energy,

it is natural to expect a time lag between the emission in these two bands. For

this source, the correlation is almost at the same level for the optical/UV vs

X-ray and optical/UV vs  -ray bands (Fig.5e and f)).

          PKS 2155-304         S5 0716+71

Band-1 Band-2 Spearman coeff. p-value Spearman coeff. p-value

Optical X-ray 0.6 1.3e-22 0.7 3e-44
UV X-ray 0.6 3.5e-30 0.7 1.3e-46

Optical  -ray 0.7 5.4e-18 0.6 4.8e-18
UV  -ray 0.8 3.6e-19 0.7 1.3e-18

X-ray  -ray 0.5 6.1e-8 0.5 2.4e-12

Table 1

RESULTS OF THE CORRELATION STUDY BETWEEN THE

EMISSION IN DIFFERENT BANDS
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5.3. Multiwavelength SEDs. The available data allows to investigate the

broadband spectrum of both sources from radio to VHE  -ray bands. The

variability observed in different bands allows to build the SEDs in different periods

and thus to investigate the variability in the energy domain as well. The archival

Fig.5. The scatter plot of the flux in different bands.
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data for both sources were downloaded from SSDC science data archive2 and are

plotted together with the data analyzed in this paper (optical/UV, X-ray and  -

ray bands).

The multiwavelength SED of PKS 2155-304 is shown in Fig.6a. The archival

data are shown in gray and the optical/UV, X-ray and  -ray data observed during

the multiwavelength flare of the source during MJD 56714 - 56903 are in black

color. On the average state the peak of the synchrotron component is at ~1016

Hz which does not change during the optical/UV flare of the source. It is

interesting that the optical/UV flux has increased by a factor of nearly 10, but

the peak of the synchrotron component is unchanged. The variability in the X-

ray band is even at higher amplitudes, and the historical X-ray flux changes by

a factor of 100. The same high amplitude variability can be seen also in the HE

 -ray band. When comparing the flux in the HE and VHE  -ray bands it is

necessary to take into account the strong absorption of GeV/TeV photons through

interaction with extragalactic background light (EBL) photons. This means that

the rising shape in the MeV/GeV band, which implies that the peak of the inverse

Compton component is around ~1026-1027
 Hz, will exponentially decrease at higher

energies, being in agreement with the observed GeV/TeV data.

In the optical/UV band, the variability of S5 0716+71 (Fig.6b) is even more

extreme when the lowest and highest fluxes differ almost by a factor of 100. In

this case, the optical/UV data with a decreasing shape are defining the decay of

the synchrotron component, while for PKS 2155-304 these data correspond to

the rising part of the synchrotron component. For S5 0716+71, also a high-

amplitude variability is observed in the X-ray and  -ray bands. Given the large

2 https://www.ssdc.asi.it

Fig.6. The multiwavelength SEDs of PKS 2155-304 (a) and S5 0716+71 (b) during the
considered period.
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red shift of S5 0716+71, the EBL absorption is even stronger for this source,

which can explain the large difference between the Fermi spectrum (although not

contemporaneous) and MAGIC measurements (three VHE  -ray points).

The SEDs of PKS 2155-304 and S5 0716+71 can be modeled by synchro-

tron/synchrotron self-Compton (SSC) model [55,56]. In this scenario, the en-

ergetic electrons confined in a compact emitting region in a randomly oriented

magnetic field emit via synchrotron radiation which explains the first peak in the

SED while the second peak is due to inverse Compton scattering of the same

synchrotron photons. The observed flux increase in the optical/UV bands can be

either due to variations in the injected plasma (particles) or due to the change

of the magnetic field, as the synchrotron luminosity depends on the product of

N
e
 (distribution of electrons) and 2B . If there is an injection of new electrons

in the emitting region (e.g., due to re-acceleration) or the magnetic field increases

in the emitting region (e.g., due to the change of particle density), the synchrotron

luminosity will increase, appearing as a flare in the radio-optical/UV-X-ray bands.

Moreover, in this interpretation the available X-ray data can be used to limit the

maximum energy of accelerated particles.

The difference in the variability in the optical/UV and X-ray bands can be

naturally explained by a simple consideration of particle acceleration and cooling.

The X-ray emission is produced from the highest energy electrons which have

shorter cooling time (the electron cooling time is inverse proportional to the

electron energy, t
cool

 ~ 1/E
e
), while in the same magnetic field the optical/UV

emission is from electrons that have lower energy and thus a longer cooling time.

So, when there are new electrons injected in the emitting region, the emission

in the X-ray band will vary with  an amplitude higher than is seen in Fig.6.

6. Summary. The results of the PKS 2155-304 and S5 0716+71 observations

in the UV/optical, X-ray and  -ray bands are reported. The multiwavelength

monitoring of blazars is a unique tool to infer the physical processes dominating

in the relativistic jets. These two blazars show prominent flares in the optical/

UV bands, but it is shown that the flux substantially varies also in other bands.

With the increase of the X-ray flux of PKS 2155-304, the photon index hardens,

showing a harder-when-brighter trend. Instead, a moderate softer-when-brighter

trend is observed in the  -ray band for S5 0716+71. Generally, both sources

show high-amplitude flares in the  -ray band; the maximum  -ray luminosity

of PKS 2155-304 is 4710351  .L  erg s-1 while it is 4810132  .L  erg s-1 for  S5

0716+71.

The correlation analysis shows that there is a strong correlation for PKS 2155-

304 emission in the UV and  -ray bands with Spearman coefficient of 80. .

This suggests a common origin of the emission in these bands, i.e., the emission
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in these bands is produced by the same electrons. In particular, most likely the

UV emission comes from the synchrotron emission from the same electrons that

are emitting also in the  -ray band. This interpretation is even stronger when

considering that UV emission defines the rising part of the synchrotron spectrum,

as the  -ray band corresponds to the rising part of the SSC component. In the

case of S5 0716+71, as the synchrotron component peaks at lower frequencies,

the optical/UV and X-ray bands are defining the high-energy tail of the synchro-

tron component, so these bands are not correlated with the  -ray band which

again corresponds to the rising part of the SSC component. Instead, as expected,

the correlation between the optical/UV and X-ray bands is stronger with 80. .
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ÌÍÎÃÎÂÎËÍÎÂÛÅ ÍÀÁËÞÄÅÍÈß ÁËÀÇÀÐÎÂ
PKS 2155-304 È S5 0716+71

Ä.ÈÑÐÀÅËßÍ

Èçó÷åíèå ìíîãîâîëíîâûõ ýìèññèîííûõ ñâîéñòâ áëàçàðíûõ ñòðóé ïîçâîëÿåò

ïðîëèòü ñâåò íà ìåõàíèçìû óñêîðåíèÿ ÷àñòèö è ýìèññèè, ïðîèñõîäÿùèå â íèõ.

Èçëó÷åíèå ÿðêèõ áëàçàðîâ PKS 2155-304 (z = 0.116) è S5 0716+71 (z = 0.31)

â îïòè÷åñêîì/ÓÔ, ðåíòãåíîâñêîì è  -äèàïàçîíàõ èññëåäîâàíî ïóòåì àíàëèçà

äàííûõ òåëåñêîïîâ Fermi-LAT, Swift XRT è Swift UVOT. Ìíîãîâîëíîâûå

êðèâûå áëåñêà îáîèõ èñòî÷íèêîâ â ýòèõ äèàïàçîíàõ ïîêàçûâàþò ìíîæåñòâåííûå

ïèêè ïðè çíà÷èòåëüíîì óâåëè÷åíèè ïîòîêà. Â îïòè÷åñêîì/ÓÔ-äèàïàçîíàõ

ïîòîê îáîèõ èñòî÷íèêîâ âîçðàñòàë âûøå 10102   ýðã ñì-2
 ñ-1. Ðåíòãåíîâñêîå

èçëó÷åíèå PKS 2155-304 õàðàêòåðèçîâàëîñü òåíäåíöèåé "æåñò÷å, êîãäà ÿð÷å",

òîãäà êàê  -èçëó÷åíèå S5 0716+71 ïîêàçàëî óìåðåííóþ òåíäåíöèþ "ìÿã÷å,

êîãäà ÿð÷å". Êîððåëÿöèîííûé àíàëèç ïîêàçûâàåò ñèëüíóþ êîððåëÿöèþ ìåæäó

ÓÔ- è  -èçëó÷åíèåì PKS 2155-304, â òî âðåìÿ êàê ñóùåñòâóåò êîððåëÿöèÿ
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ìåæäó îïòè÷åñêèì/ÓÔ- è ðåíòãåíîâñêèì èçëó÷åíèåì S5 0716+71. Íàáëþäàåìîå

øèðîêîïîëîñíîå ñïåêòðàëüíîå ðàñïðåäåëåíèå ýíåðãèè îáîèõ èñòî÷íèêîâ, à

òàêæå íàáëþäàåìàÿ èçìåí÷èâîñòü è êîððåëÿöèè ìîãóò áûòü îáúÿñíåíû â

ðàìêàõ ìîäåëåé îäíîçîííîãî ñèíõðîòðîíà/ñèíõðîòðîíà-ñàìîêîìïòîíà.

Êëþ÷åâûå ñëîâà: PKS 2155-304: S5 0716+71: ãàììà èçëó÷åíèå: ðåíòãåíîâñêîå

      èçëó÷åíèå: áëàçàðû
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ÝÌÈÑÑÈÎÍÍÛÅ ÑÏÅÊÒÐÛ ÃÀËÀÊÒÈÊ ÑÎ
ÑÂÅÐÕÌÀÑÑÈÂÍÛÌÈ ×ÅÐÍÛÌÈ ÄÛÐÀÌÈ ÏÐÈ z > 6

Å.Î.ÂÀÑÈËÜÅÂ1,2, Þ.À.ÙÅÊÈÍÎÂ1, Á.Á.ÍÀÒÕ3,
Ïîñòóïèëà 4 ìàÿ 2022

Ìàññû ñâåðõìàññèâíûõ ÷åðíûõ äûð è ñîäåðæàùèõ èõ ("ðîäèòåëüñêèõ") ãàëàêòèê ñâÿçàíû
ñîîòíîøåíèåì, êîòîðîå ìîæíî ïðèáëèæåííî çàïèñàòü â âèäå M

BH
 ~ 0.002 M

*
. Ýòî óêàçûâàåò

íà èõ òåñíîå âçàèìîäåéñòâèå â ïðîöåññå ñîâìåñòíîé ýâîëþöèè. Îäíàêî, áîëüøîé ðàçáðîñ
íàáëþäàåìûõ ìàññ âîêðóã ýòîé ïðîïîðöèîíàëüíîñòè, è îñîáåííî, îáíàðóæåííîå â ïîñëåäíèå
ãîäû, íà ïîðÿäîê áîëüøåå çíà÷åíèå ýòîãî îòíîøåíèÿ ìàññ â ðàííåé Âñåëåííîé ( 6z ),
óêàçûâàåò íà òî, ÷òî õàðàêòåð èõ âçàèìîäåéñòâèÿ ìîæåò ïðåòåðïåâàòü çíà÷èòåëüíûå âàðèàöèè
â õîäå ýâîëþöèè. Ýòî îáñòîÿòåëüñòâî òðåáóåò óâåðåííîãî íàáëþäàòåëüíîãî îïðåäåëåíèÿ
ñîîòíîøåíèé ìåæäó ìàññàìè ÷åðíûõ äûð, çâåçäíûõ íàñåëåíèé è ìåæçâåçäíîãî ãàçà â ãàëàêòèêàõ
íà áîëüøèõ êðàñíûõ ñìåùåíèÿõ â òåõ ñëó÷àÿõ, êîãäà îíè íå ìîãóò áûòü îïðåäåëåíû ïðÿìûìè
íàáëþäåíèÿìè. Â ðàáîòå ïðåäëàãàåòñÿ ïðîñòîå îïèñàíèå, èëëþñòðèðóþùåå òàêóþ âîçìîæíîñòü.
Ðàññìàòðèâàþòñÿ îñîáåííîñòè ñïåêòðîâ ãàëàêòèê, ñîäåðæàùèõ ðàñòóùèå ÷åðíûå äûðû è
ôîðìèðóþùååñÿ çâåçäíîå íàñåëåíèå. Íà ñîâîêóïíîñòè ìîäåëåé ñ âàðèàöèåé ìàññ ÷åðíîé
äûðû, çâåçäíîãî íàñåëåíèÿ è ìåæçâåçäíîãî ãàçà ïðîäåìîíñòðèðîâàíà âîçìîæíîñòü íàõîäèòü
ñîîòíîøåíèÿ ìåæäó èõ ìàññàìè, èñïîëüçóÿ ìíîãîâîëíîâûå ñïåêòðû: äàëüíèé èíôðàêðàñíûé,
ñóáìèëëèìåòðîâûé è ðåíòãåíîâñêèé.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: ñâåðõìàññèâíûå ÷åðíûå äûðû: ìåæçâåçäíàÿ

      ñðåäà: ìåæçâåçäíàÿ ïûëü: ýêñòèíêöèÿ

1. Ââåäåíèå. Â ïîñëåäíåå âðåìÿ ñòàíîâèòñÿ ïîíÿòíûì, ÷òî ïðàêòè÷åñêè

âñå ãàëàêòèêè â ëîêàëüíîé Âñåëåííîé ( 1z ) ñîäåðæàò â ñâîèõ öåíòðàõ

ñâåðõìàññèâíûå ÷åðíûå äûðû (ÑÌ×Ä). Áîëåå òîãî, èõ ìàññû M
BH

 êîððåëèðóþò

ñ ìàññàìè çâåçäíûõ íàñåëåíèé ðîäèòåëüñêèõ ãàëàêòèê M
*
, ÷òî óêàçûâàåò íà

èõ òåñíîå âçàèìîäåéñòâèå íà ïðîòÿæåíèè âñåé ýâîëþöèè [1-5]. Ýòà êîððåëÿöèÿ

÷àñòî âûðàæàåòñÿ â âèäå: M
BH 

/M
* 
~

 
0.002 (ñì. ðèñ.10 â [6]. Âìåñòå ñ òåì,

áîëüøîé ðàçáðîñ çíà÷åíèé (îêîëî ïîðÿäêà âåëè÷èíû, ñì. ðèñ.9b â [5])

ïðèâîäèò ê âûâîäó î òîì, ÷òî íåñìîòðÿ íà ñóùåñòâîâàíèå òåñíîé ñâÿçè

ìåæäó M
BH

 è M
*
, åå, ïî-âèäèìîìó, íåëüçÿ ïðåäñòàâèòü â âèäå ïðîñòîé

ïðîïîðöèîíàëüíîñòè [5]. Àíàëèç äèñïåðñèé ñêîðîñòåé çâåçä   â öåíòðàõ

ãàëàêòèê, ñîäåðæàùèõ ÑÌ×Ä, ïðèâåë ê âûâîäó, ÷òî ñâÿçü ìåæäó M
BH

 è 

îêàçûâàåòñÿ áîëåå òåñíîé, ÷åì ìåæäó ìàññàìè ÑÌ×Ä è çâåçä ãàëàêòèêè

[4,7,8]. Ýòî ìîæåò óêàçûâàòü íà òî, ÷òî ðîñò ÷åðíîé äûðû (×Ä) â öåíòðàëüíûõ

÷àñòÿõ ãàëàêòèê îïðåäåëÿåòñÿ ñêîðåå ãðàâèòàöèîííûì âçàèìîäåéñòâèåì, íåæåëè

âëèÿíèåì èîíèçóþùåãî èçëó÷åíèÿ çâåçä íà ïðîöåññ àêêðåöèè ãàçà íà ×Ä è,
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íàîáîðîò - èçëó÷åíèÿ ×Ä íà ñæàòèå ìåæçâåçäíûõ îáëàêîâ è ðîæäåíèå çâåçä.

Îäíàêî, ó÷èòûâàÿ íàáëþäàòåëüíûå íåîïðåäåëåííîñòè, "ðàñïóòûâàíèå"

âçàèìîñâÿçåé â ïðîöåññå ñîâìåñòíîé ýâîëþöèè ãàëàêòèê è èõ öåíòðàëüíûõ

ÑÌ×Ä ïðåäñòàâëÿåò ñîáîé íåïðîñòóþ çàäà÷ó.

Ïðîáëåìà êîððåëÿöèè M
BH

 - M
*
 ñòàíîâèòñÿ áîëåå îñòðîé, åñëè ïðèíÿòü âî

âíèìàíèå äàííûå äëÿ ãàëàêòèê íà áîëüøèõ êðàñíûõ ñìåùåíèÿõ 6z . Íàáëþ-

äåíèÿ â ëèíèè [CII] 158 m  â ðÿäå êâàçàðîâ ñ 6z  ïðèâåëè ê âûâîäó î òîì,

÷òî îòíîøåíèå M
BH 

/M
*
 â ýòè ýïîõè ýâîëþöèè Âñåëåííîé áîëåå ÷åì íà

ïîðÿäîê âåëè÷èíû ïðåâûøàåò çíà÷åíèå äëÿ ëîêàëüíîé Âñåëåííîé [9,10]. Â òî

âðåìÿ, êàê â ëîêàëüíîé Âñåëåííîé 0020.MMBH   (ñì. ëåâóþ ïàíåëü ðèñ.10

â [6]), â ýïîõè ñ 6z  ýòà âåëè÷èíà, èçìåðåííàÿ ïî ñèëüíûì ( 10NS  )

ëèíèÿì [CII], ñîñòàâëÿåò 020.MM dynBH   (ñì. ðèñ.12 â ñòàòüå [10]).

Íåëüçÿ èñêëþ÷èòü òîãî, ÷òî ýòî îáñòîÿòåëüñòâî â êàêîé-òî ìåðå ìîæåò

áûòü îáóñëîâëåíî íàáëþäàòåëüíîé ñåëåêöèåé, ñâÿçàííîé ñ òåì, ÷òî â îáçîðû

îáúåêòîâ íà áîëüøèõ êðàñíûõ ñìåùåíèÿõ ïîïàäàþò ïðåèìóùåñòâåííî ãàëàêòèêè

ñ íàèáîëåå ÿðêèìè è ìàññèâíûìè ×Ä. Òàêàÿ âîçìîæíîñòü îáñóæäàëàñü â ðÿäå

ðàáîò [9,11-13]. Îäíàêî, âèäèìî, ôèçè÷åñêèå ïðè÷èíû, ñâÿçàííûå ñ

âçàèìîâëèÿíèåì ôîðìèðóþùèõñÿ ÑÌ×Ä è çâåçäíûõ íàñåëåíèé â õîäå

ýâîëþöèè ãàëàêòèê, òàêæå ìîãóò ñóùåñòâåííî èçìåíÿòü ñîîòíîøåíèå

M
BH

 - M
*
. Â ýòîì ñëó÷àå âîçìîæíîñòü íàáëþäàòåëüíîé äèàãíîñòèêè ðàçëè÷íûõ

ýòàïîâ ñîâìåñòíîé ýâîëþöèè ãàëàêòèêè è åå öåíòðàëüíîé ñâåðõìàññèâíîé

äûðû ïðåäñòàâëÿåòñÿ ÷ðåçâû÷àéíî âàæíîé.

Îäèí èç ïðåäëîæåííûõ ñöåíàðèåâ ïðåäïîëàãàåò çàðîäûø ÑÌ×Ä ñî

"çâåçäíîé" ìàññîé ~100 M  - îñòàòîê ìàññèâíîé çâåçäû ïîêîëåíèÿ III (PopIII)

[14-18]. Â äðóãîì ñöåíàðèè áîëåå ìàññèâíûé çàðîäûø ñ ìàññîé M ~ 105

M

âîçíèêàåò ïðåäïîëîæèòåëüíî â ðåçóëüòàòå ïðÿìîãî êîëëàïñà [19-22]. Â îáîèõ

ñëó÷àÿõ çâåçäíîå íàñåëåíèå îñòàåòñÿ, ïî-âèäèìîìó, ñëàáî ðàçâèòûì â òîì

ñìûñëå, ÷òî îñíîâíûì èñòî÷íèêîì èîíèçóþùåãî è íàãðåâàþùåãî èçëó÷åíèÿ

äëÿ ìåæçâåçäíîãî ãàçà îêàçûâàåòñÿ ðàñòóùàÿ ÑÌ×Ä [23]. Ëèíåé÷àòûé ñïåêòð

òàêèõ ãàëàêòèê ñ ðàñòóùèìè ìàññèâíûìè ÷åðíûìè äûðàìè â ñðåäíåì

èíôðàêðàñíîì (ÈÊ) äèàïàçîíå ÷óâñòâèòåëåí ê èñòî÷íèêàì èîíèçóþùåãî

èçëó÷åíèÿ, ÷òî äîïóñêàåò ïðèíöèïèàëüíóþ âîçìîæíîñòü èõ èäåíòèôèêàöèè

è èçó÷åíèÿ ñ ïîìîùüþ JWST (James Webb Space Telescope - òåëåñêîï èì.

Äæ. Âýáà).

Â íàñòîÿùåé ðàáîòå ìû îáñóæäàåì âîçìîæíîñòü âûÿâëåíèÿ ñîîòíîøåíèé

ìåæäó çâåçäíûì íàñåëåíèåì ãàëàêòèêè, åå öåíòðàëüíîé ÑÌ×Ä è ãàëàêòè÷åñêîãî

ìåæçâåçäíîãî ãàçà ïî èõ ñóììàðíîìó ñïåêòðó. Ñ ýòîé öåëüþ ìû èññëåäóåì

çàâèñèìîñòü ñïåêòðàëüíûõ îñîáåííîñòåé â ðåíòãåíîâñêîé, îïòè÷åñêîé è

èíôðàêðàñíîé ÷àñòÿõ ñïåêòðà îò ìàññ ýòèõ îáúåêòîâ. ×òîáû îãðàíè÷èòü ÷èñëî

ñâîáîäíûõ ïàðàìåòðîâ çàäà÷è, ìû èçáåãàåì îáñóæäåíèÿ ýâîëþöèîííûõ
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ñöåíàðèåâ, îãðàíè÷èâàÿñü òîëüêî ðàññìîòðåíèåì çàâèñèìîñòè ñïåêòðàëüíûõ

ðàñïðåäåëåíèé ýíåðãèè îò âêëàäîâ çâåçäíîãî íàñåëåíèÿ è öåíòðàëüíîé ÑÌ×Ä.

Ìû ðàññìàòðèâàåì íàáîð ìîäåëåé ñ âàðèàöèåé ìàññ ÑÌ×Ä, çâåçäíîãî íàñåëåíèÿ

è îêðóæàþùåãî èõ ãàçà, íå ñâÿçûâàÿ èõ ýâîëþöèîííûìè ñîîòíîøåíèÿìè.

Îñíîâûâàÿñü íà ýòîì, ìû èññëåäóåì äàëåå, êàê òàêèå âàðèàöèè âëèÿþò íà

äåòàëè èõ êîìáèíèðîâàííîãî ñïåêòðà, ÷òî äàåò âîçìîæíîñòü âûÿâèòü îòäåëüíûå

âêëàäû îò êàæäîãî èç èñòî÷íèêîâ ïðè ðàçëè÷íûõ ñîîòíîøåíèÿõ èõ ìàññ è

ñâåòèìîñòåé.

Ïîäîáíûå èññëåäîâàíèÿ ïðåäïðèíèìàëèñü ðàíåå äëÿ îïðåäåëåíèÿ

âîçìîæíîñòè äåòåêòèðîâàíèÿ ñëàáîé ýìèññèè îò ðàñòóùèõ ÷åðíûõ äûð è èõ

ïðåäøåñòâåííèêîâ íà áîëüøèõ êðàñíûõ ñìåùåíèÿõ ( 10z ), âìåñòå ñ ïðîâåðêîé

âîçìîæíîñòè ðàçäåëåíèÿ ýâîëþöèîííûõ ïðîÿâëåíèé ñîîòíîøåíèé ìåæäó

õàðàêòåðèñòèêàìè ÑÌ×Ä è ñîäåðæàùèõ èõ ãàëàêòèê [25-27]. Èõ ðàññìîòðåíèå

áûëî íàïðàâëåíî â ïåðâóþ î÷åðåäü íà àíàëèç ñïåêòðàëüíûõ äåòàëåé â áëèæíåé

èíôðàêðàñíîé îáëàñòè è íàêëîíà êîíòèíóóìà â óëüòðàôèîëåòå. Â îòëè÷èå îò

ýòîãî, îñíîâíîé ïðåäìåò íàøåé ðàáîòû - àíàëèç äàëüíåé ÈÊ è ñóáìèëëèìåòðîâîé

(ñóáìì) îáëàñòåé ñïåêòðà ñîâìåñòíî ñ ðåíòãåíîâñêèì êîíòèíóóìîì, ìîæåò

ðàññìàòðèâàòüñÿ êàê äîïîëíåíèå ê ïîäõîäó, îáñóæäàåìîìó â ðàáîòàõ [25-27].

Ñòðóêòóðà ñòàòüè âêëþ÷àåò â ñåáÿ ðàçäåë 2 ñ îïèñàíèåì ôèçè÷åñêîé è

÷èñëåííîé ìîäåëè, ðàçäåë 3 ñ îïèñàíèåì ðåçóëüòàòîâ ìîäåëèðîâàíèÿ, ðàçäåë

4 ñ îáñóæäåíèåì òåîðåòè÷åñêèõ àñïåêòîâ íàáëþäàòåëüíîé äèàãíîñòèêè, â

Ðèñ.1. Ñïåêòðàëüíîå ðàñïðåäåëåíèå ýíåðãèè ÑÌ×Ä äëÿ M
bh

 = 10
8


M  â ìîäåëè [24]

ñïëîøíàÿ ëèíèÿ, äëÿ ñðàâíåíèÿ ïðèâåäåí ÷åðíîòåëüíûé ñïåêòð ñ T = 10
5
 K øòðèõîâàÿ

ëèíèÿ.
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ðàçäåëå 5 ñôîðìóëèðîâàíû âûâîäû ðàáîòû.

2. Îïèñàíèå ìîäåëè.

2.1. Ñïåêòð ñâåðõìàññèâíîé ÷åðíîé äûðû. Èç [26] è [24] ìû

ïðåäïîëàãàåì, ÷òî èçëó÷åíèå ÷åðíîé äûðû ôîðìèðóåòñÿ â "ïóõëîì" (slim)

äèñêå [29] ñî ñïåêòðîì Íîâèêîâà-Òîðíà [30] ñ äîáàâëåíèåì ðåíòãåíîâñêîé

ýìèññèè îò êîìïòîíèçàöèè íà ãîðÿ÷èõ ýëåêòðîíàõ â îáëàñòè ýíåðãèé

E > 1 êýÂ (áîëåå äåòàëüíîå îáñóæäåíèå ñì. â [24]). Òàêîé âûáîð ìîòèâèðîâàí

òåì, ÷òî "ïóõëûå"  äèñêè ðàäèàöèîííî íåýôôåêòèâíû è àêêðåöèîííûå ïîòîêè

óñòîé÷èâû ïî îòíîøåíèþ ê íåóñòîé÷èâîñòè Ðåëåÿ-Òåéëîðà äàæå äëÿ ñâåðõ-

ýääèíãòîíîâñêîé àêêðåöèè (ñì. îáñóæäåíèå â [29,31,32]). Ïðèìåð òàêîãî ñïåêòðà

ïîêàçàí íà ðèñ.1. Äëÿ ñðàâíåíèÿ ìû ïðèâîäèì òàêæå ÷åðíîòåëüíûé ñïåêòð äëÿ

èëëþñòðàöèè òîãî, ÷òî â äëèííîâîëíîâîé ÷àñòè (äàëüíèé ÈÊ è ñóáìì

äèàïàçîíû) ñïåêòð ÑÌ×Ä ìîæåò áûòü ïðèáëèæåííî ïðåäñòàâëåí â âèäå

òåïëîâîãî ñ òåìïåðàòóðîé 51.
BHeff MT  , ãäå M

BH
 - ìàññà ÷åðíîé äûðû [24].

2.2. Çâåçäíîå íàñåëåíèå. Äëÿ ñïåêòðà ðîäèòåëüñêîé ãàëàêòèêè ìû

èñïîëüçîâàëè ìîäåëü çâåçäíîãî íàñåëåíèÿ îäèíàêîâîãî âîçðàñòà - â îáùå-

ïðèíÿòîé àááðåâèàòóðå SSP (single stellar population), îñíîâàíûé íà çâåçäíûõ

òðåêàõ Padova 2000 [33] ñ íà÷àëüíîé ôóíêöèåé ìàññ (IMF) Ñîëïèòåðà [28].

Íàìè ðàññìàòðèâàëèñü âàðèàíòû ñ íèçêîé [Z/H] = -2, -1 è ñîëíå÷íîé

Ðèñ.2. Ñïåêòðàëüíîå ðàñïðåäåëåíèå ýíåðãèè äëÿ çâåçäíîãî íàñåëåíèÿ âîçðàñòà 30 ìëí
ëåò è ìåòàëëè÷íîñòüþ [Z/H] = -2 (ñâåòëî-ñåðàÿ ëèíèÿ), 200 ìëí ëåò è [Z/H] = -1 (ñåðàÿ

ëèíèÿ), 1 ìëðä ëåò è ñîëíå÷íîé ìåòàëëè÷íîñòüþ [Z/H] = 0 (òåìíî-ñåðàÿ ëèíèÿ) [28].
Áîëîìåòðè÷åñêàÿ ñâåòèìîñòü ðàâíà 
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[Z/H] = 0 ìåòàëëè÷íîñòüþ, è äâóìÿ çíà÷åíèÿìè áîëîìåòðè÷åñêîé ñâåòèìîñòè

SSP LL 9103   è L
10103  , ðàâíûìè ýääèíãòîíîâñêèì ñâåòèìîñòÿì ÑÌ×Ä

ñ ìàññàìè MMBH
510  è M

610 , ñîîòâåòñòâåííî. Çâåçäíûå ìàññû òàêèõ

íàñåëåíèé ìîæíî ãðóáî îöåíèòü âåëè÷èíàìè 1010~M  è M~M 1110 ,

ïðåäïîëàãàÿ èõ ïîäîáíûìè çâåçäíûì íàñåëåíèÿì â ëîêàëüíîé Âñåëåííîé

(ñì., íàïðèìåð, [34]).

Íà ðèñ.2 ïîêàçàíû òðè ìîäåëè ñïåêòðîâ çâåçäíîãî íàñåëåíèÿ èç áèáëèîòåêè

[28]: ìîëîäîå íàñåëåíèå ñ âîçðàñòîì 30 ìëí ëåò ñ [Z/H] = -2, íàñåëåíèå

ñðåäíåãî âîçðàñòà (200 ìëí ëåò) ñ [Z/H] = -1 è ñðàâíèòåëüíî ñòàðîå íàñåëåíèå

â 1 ìëðä ëåò ñ ñîëíå÷íîé ìåòàëëè÷íîñòüþ. Óâåëè÷åíèå ìåòàëëè÷íîñòè ìîëîäûõ

íàñåëåíèé ïðèâîäèò ê ðîñòó ñâåòèìîñòè â ÈÊ è ñóáìì îáëàñòÿõ ñïåêòðà. Â

ñïåêòðàõ íàñåëåíèé âîçðàñòîì 200 ìëí ëåò è ñòàðøå óëüòðàôèîëåòîâàÿ (ÓÔ)

÷àñòü ñïåêòðà îñëàáåâàåò ïî ìåðå òîãî, êàê ìàññèâíûå çâåçäû ïîêèäàþò

ãëàâíóþ ïîñëåäîâàòåëüíîñòü è ýâîëþöîíèðóþò â îáëàñòü êðàñíûõ ãèãàíòîâ,

óâåëè÷èâàÿ ÈÊ ÷àñòü. Ñ äðóãîé ñòîðîíû, çâåçäû ìàëûõ è ïðîìåæóòî÷íûõ

ìàññ íà ñòàäèÿõ 150120   ìëí ëåò ýâîëþöèîíèðóþò â ïëàíåòàðíûå òóìàí-

íîñòè è áåëûå êàðëèêè è ïîääåðæèâàþò ýìèññèþ â äàëüíåì ÓÔ äèàïàçîíå

íà ïðîòÿæåíèè â íåñêîëüêî ìëðä ëåò.

Ìû áóäåì ðàññìàòðèâàòü õàðàêòåðèñòèêè ñóììàðíîãî ñïåêòðà, âêëþ÷àþùåãî

ñïåêòðû çâåçä è ÑÌ×Ä ïîñëå ïðîõîæäåíèÿ ÷åðåç ìåæçâåäíóþ ñðåäó è

ñîáñòâåííî ýìèññèþ ìåæçâåçäíîãî ãàçà, èîíèçîâàííîãî è íàãðåòîãî èçëó÷åíèåì

çâåçä è ÑÌ×Ä. Íàøåé öåëüþ ÿâëÿåòñÿ îïðåäåëåíèå õàðàêòåðèñòèê ðåçóëü-

òèðóþùåãî ñïåêòðà â çàâèñèìîñòè îò ìàññ çâåçäíîãî íàñåëåíèÿ, ÑÌ×Ä è

ìåæçâåçäíîãî ãàçà, ÷òî ïîçâîëèëî áû âûÿâèòü ñîîòíîøåíèÿ ìåæäó íèìè.

2.3. Ìåæçâåçäíûé ãàç. Â ðàñ÷åòàõ ìû áóäåì ïðèíèìàòü â êà÷åñòâå

"ñòàíäàðòíîé" ìàññû ãàçà çíà÷åíèå MMg
1010 . Äëÿ òîãî, ÷òîáû èëëþñò-

ðèðîâàòü çàâèñèìîñòü îò ìàññû, ðàññìîòðèì òàêæå MMg
910  è îïðåäåëèì

ïðîñòûå ìàñøòàáíûå ñîîòíîøåíèÿ. Òàêèå çíà÷åíèÿ ìàññ íå êàæóòñÿ íåðåàëèñ-

òè÷íûìè äëÿ ðàííèõ ãàëàêòèê, ïîñêîëüêó íàáëþäåíèÿ ãàëàêòèê ñ ëàéìàíîâñêèì

ñêà÷êîì (LBG - Lyman Break Galaxies) ïîêàçûâàþò, ÷òî äîëÿ ìàññû â

ãàçîâîé ôàçå ìîæåò áûòü ñðàâíèìà ñ ïîëíîé ìàññîâîé äîëåé áàðèîíîâ (ñì.,

íàïðèìåð, îáñóæäåíèå â [35-37]). -Ly  "ýìèòòåðû" (LAE) íà áîëüøèõ

êðàñíûõ ñìåùåíèÿõ òàêæå äåìîíñòðèðóþò áîëüøèå ìàññû ãàçà, êîòîðûå

ïðîÿâëÿþò ñåáÿ âûñîêîé ñâåòèìîñòüþ â ëèíèè -Ly  [38,39].

2.4. Óñëîâèÿ äëÿ CLOUDY. Èîíèçàöèîííîå ðàâíîâåñèå õèìè÷åñêèõ

ýëåìåíòîâ è õàðàêòåðèñòèêè ñïåêòðàëüíûõ ëèíèé èîíîâ âû÷èñëÿþòñÿ ñ

ïîìîùüþ ïàêåòà CLOUDY [40]. Â ìîäåëè ãàçîâûé ñëîé ïîäâåðãàåòñÿ äåéñòâèþ

èîíèçóþùåãî èçëó÷åíèÿ ÑÌ×Ä è çâåçäíîãî íàñåëåíèÿ. Ìû ïðåäïîëàãàåì

ñôåðè÷åñêóþ ãåîìåòðèþ ñ ôèêñèðîâàííûì âíóòðåííèì ðàäèóñîì ñëîÿ 100 ïê,
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à âíåøíèé ðàäèóñ îïðåäåëÿåòñÿ ïîëíîé ìàññîé ãàçà M
g
. Ïëîòíîòü è ìåòàëëè÷-

íîñòü ïîëàãàþòñÿ îäíîðîäíî ðàñïðåäåëåííûìè ïî îáúåìó ñëîÿ; âû÷èñëåíèÿ

ïðîâåäåíû äëÿ 3-õ çíà÷åíèé ìåòàëëè÷íîñòè: [Z/H] =-2; -1 è 0, â ñîîòâåòñòâèè

ñ ìîäåëÿìè çâåçäíûõ íàñåëåíèé, ïðåäñòàâëåííûõ íà ðèñ.2; â êà÷åñòâå ñòàíäàðò-

íîãî ïðèíèìàåòñÿ çíà÷åíèå ïëîòíîñòè n = 1 ñì-3. Â ðàñ÷åòàõ ñ îòëè÷íîé

ïëîòíîñòüþ ìàññà ãàçà ïðåäïîëàãàåòñÿ ôèêñèðîâàííîé, ò.å. ñðàâíåíèå ìîäåëåé

ñ ðàçíîé ïëîòíîñòüþ ïîäðàçóìåâàåò íåÿâíî ðàäèóñû èõ îáîëî÷åê ðàçíûìè,

êàê ýòî ñëåäóåò èç ñîõðàíåíèÿ ìàññû: 31 nRout . Âî âñåõ ñëó÷àÿõ

ïðåäïîëàãàåòñÿ òåïëîâîå ðàâíîâåñèå.

3. Ðåçóëüòàòû. Â ìîäåëÿõ ñ íèçêîé ìåòàëëè÷íîñòüþ ( 2]HZ[  )

ðàññìîòðèì äëÿ èëëþñòðàöèè øèðîêóþ îáëàñòü ìàññ ÷åðíûõ äûð

MMBH
83 1010  . Õîòÿ èõ âêëàä â íàãðåâ è èîíèçàöèþ ãàëàêòè÷åñêîãî

ãàçà ïðè ìàëûõ ìàññàõ ÷åðíûõ äûð MMBH
53 1010   íåçíà÷èòåëåí, îíè

ìîãóò ïîêàçûâàòü ýìèññèîííûå õàðàêòåðèñòèêè ãàëàêòèê ñ ìàññèâíûìè

÷åðíûìè äûðàìè â íà÷àëå èõ ñîâìåñòíîé ýâîëþöèè.

Íåñìîòðÿ íà òî, ÷òî ñ óâåëè÷åíèåì ìåòàëëè÷íîñòè ðàñòóò ýôôåêòû íåïðîç-

ðà÷íîñòè, â ìîäåëÿõ ñ ìàññàìè ÷åðíûõ äûð â èíòåðâàëå MMBH
85 1010 

îíè îêàçûâàþòñÿ ñëàáûìè: áëàãîäàðÿ âûñîêîìó ïîòîêó ðåíòãåíîâñêîãî è ÓÔ

èçëó÷åíèÿ, ñèëüíî èîíèçóþùåãî òÿæåëûå ýëåìåíòû (òàêèå êàê óãëåðîä,

Ðèñ.3. Ïðèìåð ýìèññèîííûõ ñïåêòðîâ äèôôóçíîãî ìåæçâåçäíîãî ãàçà, èîíèçîâàííîãî

ïîëåì èçëó÷åíèÿ çâåçäíîãî íàñåëåíèÿ ñ ôèêñèðîâàííîé áîëîìåòðè÷åñêîé ñâåòèìîñòüþ


LL

9
103   è ÑÌ×Ä ñ ìàññîé 


MM

BH

3
10  êàê ïîêàçàíî íà ïàíåëÿõ: â ãàçå áåç ïûëè

ñëåâà, ñ ïûëüþ  ñïðàâà. Âîçðàñò çâåçäíîãî íàñåëåíèÿ ñîñòàâëÿåò 30 ìëí ëåò, åãî ìåòàëëè÷íîñòü

ðàâíà [Z/H] = -2. Ñïåêòð çâåçäíîãî íàñåëåíèÿ ïîêàçàí íà ðèñ.2, ñïåêòð ÑÌ×Ä  ìîäåëüþ
[24], êàê ïîêàçàíî íà ðèñ.1, ìàññà ãàçà 


MM

g

10
10 . Òîëñòûå ñâåòëî-ñåðûå ëèíèè ïîêàçûâàþò

ñóììó çâåçäíîãî ñïåêòðà è ñïåêòðà ÑÌ×Ä (îòäåëüíî ïîêàçàí òîíêîé ÷åðíîé øòðèõîâîé

ëèíèåé), òîëñòûå ñåðûå ëèíèè ïîêàçûâàþò ñóììàðíûé ñïåêòð ïîñëå ïðîõîæäåíèÿ ÷åðåç ãàç,
ò.å ñóììó îñëàáëåííîãî ïàäàþùåãî è ïåðåðàáîòàííîãî ãàçîâûì ñëîåì èçëó÷åíèÿ, ÷åðíûå
òîíêèå ñïëîøíûå ëèíèè ñîîòâåòñòâóþò ýìèññèîííîìó ñïåêòðó ôîòîèîíèçîâàííîãî ãîðÿ÷åãî

ãàçà ñ ïëîòíîñòüþ n = 1 ñì
-3
 è ìåòàëëè÷íîñòüþ [Z/H] = -2.
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êèñëîðîä, àçîò), ïðîèñõîäèò ïðîñâåòëåíèå ãàçîâîãî ñëîÿ. Ïðè ýòîì äèíàìè÷åñêîå

âëèÿíèå (feedback) ×Ä íà îêðóæàþùèé ãàç ïîäàâëÿåòñÿ èç-çà òîãî, ÷òî îí,

áóäó÷è ïðîçðà÷íûì, õîðîøî ïðîãðåâàåòñÿ è ìåíåå ïîäâåðæåí äåéñòâèþ

ãðàâèòàöèîííîãî âëèÿíèÿ ×Ä.

3.1. Ñâîáîäíûé îò ïûëè ãàç. Îñòàíîâèìñÿ âíà÷àëå íà ñîâìåñòíîì

âëèÿíèè èçëó÷åíèÿ çâåçä è ×Ä íà ýìèññèîííûå õàðàêòåðèñòèêè ãàëàêòè÷åñêîãî

ãàçà ñ íèçêîé ìåòàëëè÷íîñòüþ [Z/H] = -2. Ðàññìîòðèì íàáîð ìîäåëåé ñ

ôèêñèðîâàííîé ìàññîé çâåçäíîãî íàñåëåíèÿ ñ áîëîìåòðè÷åñêîé ñâåòèìîñòüþ

LLb
9103   è èçëó÷åíèåì îò öåíòðàëüíîé ×Ä ñ ìàññîé â èíòåðâàëå

 MM 83 1010  ; ìàññà îêðóæàþùåãî ãàçà MMg
1010 .

Íà ðèñ.3 ïðåäñòàâëåí ïðèìåð ìîäåëüíûõ ñïåêòðîâ ãàëàêòèê ñ íèçêîé

ìåòàëëè÷íîñòüþ: òîëñòûå ñâåòëî-ñåðûå ëèíèè ïîêàçûâàþò ñóììó èñõîäíûõ

ñïåêòðîâ çâåçäíîãî íàñåëåíèÿ è ×Ä (÷åðíàÿ òîíêàÿ ïóíêòèðíàÿ ëèíèÿ

ñîîòâåòñòâóåò âêëàäó îò ×Ä), êîòîðûé äåìîíñòðèðóåò ðàçëè÷èÿ ìåæäó ñïåêòðàìè

â îòñóòñòâèè ïûëè â ìåæçâåçäíîé ñðåäå (ÌÇÑ) è ïðè åå íàëè÷èè. Òîíêèìè

÷åðíûìè ñïëîøíûìè ëèíèÿìè ïîêàçàí ýìèññèîííûé ñïåêòð ôîòîèîíè-

çîâàííîãî ìåæçâåçäíîãî ãàçà, òîëñòûå ñåðûå ëèíèè ïðåäñòàâëÿþò  ñóììàðíûé

ñïåêòð, êàêèì îí áóäåò âèäåí íà âûõîäå èç ÌÇÑ ñëîÿ. Ëåãêî âèäåòü, ÷òî

íåñìîòðÿ íà íèçêóþ ìåòàëëè÷íîñòü [Z/H] = -2, óëüòðàôèîëåòîâûå è ðåíòãå-

íîâñêèå êâàíòû îò ÷åðíûõ äûð ïîãëîùàþòñÿ â ÷àñòè÷íî íåéòðàëüíîì ãàçîâîì

ñëîå, à êàêàÿ-òî äîëÿ ïîãëîùåííîé ýíåðãèè ïåðåèçëó÷àåòñÿ â ÈÊ ýìèññèþ

ïûëè è â ñïåêòðàëüíûõ ëèíèÿõ âîäîðîäà, è íèçêî èîíèçîâàííûõ ñîñòîÿíèÿõ

ìåòàëëîâ, òàêèõ êàê [NII] 121 ,m  [CII] 158 ,m  [NII] 205 m  è äð. ×àñòü

ïîãëîùåííîé ýíåðãèè ïåðåèçëó÷àåòñÿ òàêæå â òîðìîçíîé ýìèññèè â äàëüíåé

ÈÊ îáëàñòè. Íà ïðàâîé ïàíåëè ïîêàçàí ñïåêòð äëÿ òåõ æå ïàðàìåòðîâ, íî

ñ ïðèìåñüþ ïûëè ñ ìàññîâîé äîëåé  30.D , ZZ . Ëåãêî âèäåòü, ÷òî

íàëè÷èå ïûëè çàìåòíî èñêàæàåò ñïåêòð â îïòèêå, ÈÊ è ñóáìì îáëàñòè

ñïåêòðà. Â ÓÔ è ðåíòãåíîâñêîé îáëàñòè õàðàêòåð ïîãëîùåíèÿ â îáëàñòè

Å100030  ~  ïðàêòè÷åñêè íå èçìåíÿåòñÿ ïðè äîáàâëåíèè ïûëè. Íåáîëüøîå

óâåëè÷åíèå ïîãëîùåíèÿ âèäíî â îáëàñòè äëèí âîëí Å50001000  ~ .

Èîíèçàöèÿ, íàãðåâ è ýìèññèÿ ãàçà îáåñïå÷èâàþòñÿ ïðåèìóùåñòâåííî

æåñòêèì èçëó÷åíèåì ÑÌ×Ä. Ñâåòèìîñòü ãàçà óâåëè÷èâàåòñÿ ïðîïîðöèîíàëüíî

ìàññå ÷åðíîé äûðû. Ïî ìåðå òîãî, êàê ñòåïåíü èîíèçàöèè ïðèáëèæàåòñÿ ê

åäèíèöå (ðèñ.4), ýòà ïðîïîðöèîíàëüíîñòü îñëàáåâàåò, îäíîâðåìåííî ïîíèæàåòñÿ

è ýìèññèÿ â ëèíèÿõ. Óìåíüøåíèå äîëè íåéòðàëüíîãî ãàçà ïðèâîäèò ê òîìó,

÷òî âíåøíèé ñëîé ãàçà ñòàíîâèòñÿ áîëåå ïðîçðà÷íûì. Äëÿ ìàññ ×Ä áóëüøèõ

MMBH
710  âîäîðîä ïîëíîñòüþ èîíèçîâàí è ñïåêòð èîíèçóþùåãî èçëó÷åíèÿ,

ïàäàþùåãî íà ñëîé ÌÇÑ, ïðàêòè÷åñêè íå èçìåíÿåòñÿ. Ïðè ýòîì òàêæå

ïàäàþò èíòåíñèâíîñòè ëèíèé âîäîðîäà, ãåëèÿ è ìåòàëëîâ. Îòìåòèì, ÷òî
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áîëîìåòðè÷åñêàÿ ñâåòèìîñòü ÷åðíîé äûðû ìàññîé MMBH
610  ïðåâîñõîäèò

ñâåòèìîñòü çâåçäíîãî íàñåëåíèÿ SSP ñ LL 9103  .

Ñâåòèìîñòü ãàçà â òîðìîçíîì êîíòèíóóìå â ÈÊ è ñóáìèëëèìåòðîâûõ

îáëàñòÿõ ðàñòåò êàê BHML   äî òåõ ïîð, ïîêà ìàññà ÷åðíîé äûðû íå

ïðåâûñèò êðèòè÷åñêîãî çíà÷åíèÿ M
BH,s

, ïîñëå ÷åãî íàñûùàåòñÿ è äàëåå îñòàåòñÿ

ïðàêòè÷åñêè íåèçìåííîé. Ïðåäïîëàãàÿ, ÷òî ãàç â ñëîå èîíèçîâàí ïðåèìó-

Ðèñ.4. Ýëåêòðîííàÿ êîíöåíòðàöèÿ x = n
e 
/n (âåðõíÿÿ ïàíåëü), òåìïåðàòóðà (ñðåäíÿÿ

ïàíåëü) â ãàçîâîì ñëîå ìàññîé 


MM
g

9
10  (òîíêèå ëèíèè), 


M

10
10  (òîëñòûå ëèíèèè) è

ìåòàëëè÷íîñòüþ [Z/H] = -2 (øòðèõîâûå ëèíèè), -1 (ïóíêòèðíûå ëèíèè), 0 (ñïëîøíûå
ëèíèè), ïîäâåðæåííîì äåéñòâèþ èçëó÷åíèÿ çâåçäíîãî íàñåëåíèÿ SSP ñ áîëîìåòðè÷åñêîé

ñâåòèìîñòüþ 

LL

9
103 


 è àêêðåöèðóþùåé ÑÌ×Ä ñ ìàññîé M

BH
, óêàçàííîé íà îñè x; äëÿ

[Z/H] = -1 è 0 ìàññîâàÿ êîíöåíòðàöèÿ ïûëè ñîñòàâëÿåò  30.D . Íèæíÿÿ ïàíåëü ïðåäñòàâëÿåò
äîëþ ýíåðãèè, çàòðà÷åííóþ çâåçäàìè è ÷åðíîé äûðîé íà íàãðåâ ïûëè (ñì. ðàçäåë 3.3.2),

êàê ïîêàçàíî òîíêèìè è òîëñòûìè ñïëîøíûìè ëèíèÿìè äëÿ ìàññ ãàçà 
9

10
g

M  è 


M
10

10
- øòðèõîâàÿ è ïóíêòèðíàÿ ëèíèè, ñîîòâåòñòâåííî.

logM
BH


 =

 L
i/

L
to

t

0.1

3 4 5 6 7 8

0.2

0.3

0.4

lo
g
(T

, 
K
)

3.4

4.2

5

lo
g
(x

[H
II]

)

-1.6

-0.8

0
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ùåñòâåííî óëüòðàôèîëåòîâûì è ðåíòãåíîâñêèì èçëó÷åíèåì ÷åðíîé äûðû,

ìîæíî îöåíèòü åå ìàññó, ñîîòâåòñòâóþùóþ òàêîìó ïåðåõîäó êàê

, 10 4

,
, g

MEddp

gir
sBHBH nM~

Lm

Mn
~MM 






(1)

820
4

131032 .
r T.~   ñì3

 ñ-1, çäåñü ïðåäïîëàãàåòñÿ ðåêîìáèíàöèÿ íà 2-é è áîëåå

âûñîêèå óðîâíè [41],     050.~dFdF iii     êýÂ - ñðåäíÿÿ

ýíåðãèÿ èîíèçóþùåãî ôîòîíà, F  - ïîòîê ðåíòãåíîâñêîãî èçëó÷åíèÿ, 
MEddL ,

3810261  .  ýðã ñ-1 - ýääèíãòîíîâñêàÿ ñâåòèìîñòü äëÿ ÷åðíîé äûðû ñ ìàññîé

MMBH  , n - ïëîòíîñòü ãàçà â ãàçîâîì ñëîå ñ ìàññîé M
g
. Äëÿ ñå÷åíèÿ

èîíèçàöèè ìû ïðèíèìàåì 2.5-
keV

22102  ~
i  ñì2 [42].

Äëÿ ìàññû ãàçà MMg
1010  ïðè ïëîòíîñòè n = 1 ñì-3 óðàâíåíèå (1) äàåò

M~MBH
610 . Ïðè ýòîì ñòåïåíü èîíèçàöèè 1x , êàê ýòî âèäíî èç ðèñ.4

è ïîñëåäóþùåå óâåëè÷åíèå M
BH

, íå ïðèâîäèò ê óâåëè÷åíèþ ñâåòèìîñòè

ãàçîâîãî ñëîÿ. Ïðåäïîëàãàÿ äëÿ âîäîðîäíî-ãåëèåâîé ïëàçìû ñêîðîñòü îõëàæ-

äåíèÿ 21
4

25
neb 103 T~   ýðã ñì3

 ñ-1 [41], ìîæíî îöåíèòü äîëþ áîëîìåòðè÷åñêîé

ñâåòèìîñòè ÷åðíîé äûðû, êîòîðàÿ ïåðåèçëó÷àåòñÿ â ýìèññèè ãàçà êàê

. 103 21
4

26
neb

BH

g

M

M
nTx~  (2)

Äëÿ MMBH
610  ýòà äîëÿ ñîñòàâëÿåò 30neb .~  äëÿ òèïè÷íûõ ïàðàìåòðîâ

è ïàäàåò ñ óâåëè÷åíèåì M
BH

. Âêëàä ìåòàëëîâ â òîðìîçíîé êîíòèíóóì â

îáëàñòè m1  íåçíà÷èòåëåí.

Â äëèííîâîëíîâîì ïðåäåëå ñâåòèìîñòü òîðìîçíîãî èçëó÷åíèÿ ñëîÿ

èçìåíÿåòñÿ êàê 120120 ..L  
 . Ýòà çàâèñèìîñòü ÿâëÿåòñÿ áîëåå ïîëîãîé,

÷åì äëèííîâîëíîâàÿ àñèìïòîòèêà ñóììàðíîãî ñïåêòðà çâåçä è ÑÌ×Ä
22BHSSP 

 L . Ñëåäîâàòåëüíî, íà äëèíàõ âîëí áîëüøå íåêîòîðîé i ,

ñâåòèìîñòü ãàçîâîãî ñëîÿ ïðåâçîéäåò ñóììàðíóþ ñâåòèìîñòü èñòî÷íèêîâ. Ïðè

i  íàêëîí ñóììàðíîãî ñïåêòðà èçìåíèòñÿ îò 2  ê 120.  â ñòîðîíó

áóëüøèõ äëèí âîëí i , êàê âèäíî íà ðèñ.5: ðàñïðåäåëåíèÿ   LL
èçìåíÿþòñÿ îò 33 

 L  ïðè i  ê 880880 .. 
 L  çà ïðåäåëîì

òî÷êè ïåðåãèáà â äàëüíåé ÈÊ è ñóáìì îáëàñòè.

Ëåãêî âèäåòü, ÷òî äëÿ çàäàííîé ñâåòèìîñòè çâåçäíîãî íàñåëåíèÿ óâåëè÷åíèå

ìàññû ÷åðíîé äûðû ïðèâîäèò ê ñìåùåíèþ òî÷êè ïåðåñå÷åíèÿ â áîëåå

êîðîòêîâîëíîâóþ îáëàñòü ñ îäíîâðåìåííûì óâåëè÷åíèåì ñâåòèìîñòè äî òåõ

ïîð, ïîêà çâåçäíàÿ ÷àñòü äîìèíèðóåò â îïòèêå è ÈÊ îáëàñòè, à ìàññû ÷åðíûõ

äûð ëåæàò â èíòåðâàëå îò 103 äî M
610 . Äëÿ áîëåå ìàññèâíûõ ÷åðíûõ äûð

òîðìîçíîé êîíòèíóóì íàñûùàåòñÿ è ïîñëåäóþùåå óâåëè÷åíèå ìàññû ÷åðíîé

äûðû ñìåùàåò òî÷êó ïåðåãèáà ê áîëåå äëèííûì âîëíàì ñ îäíîâðåìåííûì

óìåíüøåíèåì ñâåòèìîñòè íà ýòîé äëèíå âîëíû. Íàáîð òîëñòûõ ñâåòëî-ñåðûõ
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ëèíèé ïîêàçûâàåò ñóììàðíûé ñïåêòð çâåçä è ÑÌ×Ä íà âûõîäå èç ãàçîâîãî

ñëîÿ äëÿ ðàçíûõ çíà÷åíèé ìàññ ×Ä M
BH

. Íàêëîííûå òîíêèå ëèíèè óêàçûâàþò

òîðìîçíîé êîíòèíóóì ðàçíîé èíòåíñèâíîñòè. Ñèìâîëû, ñîåäèíåííûå ÷åðíîé

òîëñòîé ñïëîøíîé ëèíèåé, îòìå÷àþò ïåðåñå÷åíèå òîðìîçíîãî êîíòèíóóìà ñ

êîíòèíóóìîì ñóììàðíîãî ñïåêòðà çâåçä è ÑÌ×Ä. Ëåãêî çàìåòèòü ñóùåñòâîâàíèå

"íàñûùåíèÿ" äëÿ ìàññ ÷åðíûõ äûð MMBH
610 , êîãäà äëèíà âîëíû â òî÷êå

ïåðåñå÷åíèÿ äîñòèãàåò ìèíèìóìà è ïðè ïîñëåäóþùåì óâåëè÷åíèè M
BH

 íà÷èíàåò

âîçðàñòàòü. Äðóãîå ïðåäñòàâëåíèå òàêîãî "ïåòëåîáðàçíîãî" ïîâåäåíèÿ çíà÷åíèÿ

äëèíû âîëíû òî÷êè ïåðåãèáà ñïåêòðà îò ìàññû ÷åðíîé äûðû ïîêàçàíî íà

ðèñ.6.

Èçìåíåíèå íàêëîíà ñïåêòðà â îêðåñòíîñòè òî÷êè ïåðåãèáà i~   ìîæåò

ñëóæèòü äëÿ îöåíêè ìàññû ÷åðíîé äûðû. Äëèíà âîëíû â òî÷êå ïåðåãèáà

èçìåíÿåòñÿ â øèðîêîì èíòåðâàëå îò ñðåäíåãî ÈÊ äèàïàçîíà äî ñóáìì âîëí,

êîòîðûé áóäåò îõâàòûâàòüñÿ äåéñòâóþùèìè è ïëàíèðóåìûìè êîñìè÷åñêèìè

ìèññèÿìè: JWST1, Ìèëëèìåòðîí2. Ðèñ.7 ïîêàçûâàåò ñïåêòðàëüíûå ïîòîêè

Ðèñ.5. Ñõåìàòè÷åñêîå ïðåäñòàâëåíèå ðåçóëüòèðóþùèõ ñïåêòðîâ. ×àñòü ýìèññèîííûõ

ñïåêòðîâ ôîòîèîíèçîâàííîãî ãàçà, ñîîòâåòñòâóþùàÿ òîðìîçíîìó êîíòèíóóìó, ïîêàçàíà
íàêëîííûìè ëèíèÿìè. Òîíêèå ïóíêòèðíûå ëèíèè ñîîòâåòñòâóþò èñõîäíîìó ñóììàðíîìó
ñïåêòðó çâåçäíîãî íàñåëåíèÿ è ÑÌ×Ä. Íàáîð òîëñòûõ ñâåòëî-ñåðûõ ëèíèé ïîêàçûâàåò

ñóììàðíûé ñïåêòð íà âûõîäå èç ãàçîâîãî ñëîÿ. Ñèìâîëû, ñîåäèíåííûå ÷åðíîé òîëñòîé
ñïëîøíîé ëèíèåé, óêàçûâàþò ïîëîæåíèå òî÷åê ïåðåõîäà îò êîíòèíóóìà èñõîäíîãî èñòî÷íèêà
ê òîðìîçíîìó èçëó÷åíèþ ãàçà - òî÷åê ïåðåãèáà.

 m ,log 

lo
g(


L
),
 ý

ð
ã/

ñ

38

0 2-4 -2

40

42

44

36

46

1 http://www.jwst.nasa.gov/
2 https://www.millimetron.ru/en/home
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(çíà÷åíèå ëîãàðèôìà ïîòîêà â  ßí ïîêàçàíî èçìåíåíèåì öâåòà âäîëü ëèíèé)

â òî÷êàõ ïåðåãèáà  zi  äëÿ ãàëàêòèê íà ðàçíûõ êðàñíûõ ñìåùåíèÿõ.

Ïîòîêè ðàññ÷èòàíû äëÿ íèçêîãî ñïåêòðàëüíîãî ðàçðåøåíèÿ R = 3. Òî÷êà

ïåðåãèáà â ñïåêòðàõ äëÿ MMBH
6105   è áîãàòûõ ãàçîì ãàëàêòèê

( MMg
1010 ) ïîïàäàåò â îáëàñòü äëèí âîëí m5470  ..~ , â êîòîðîé

òåëåñêîï JWST äîñòèãàåò íàèëó÷øåé ÷óâñòâèòåëüíîñòè â áîëüøèíñòâå ôèëüòðîâ

Ðèñ.6. Çàâèñèìîñòü äëèíû âîëíû òî÷êè ïåðåãèáà â ñèñòåìå ïîêîÿ (òåìíî-ñåðûå êðóïíûå
òî÷êè íà ðèñ.5) îò ìàññû ÑÌ×Ä äëÿ ïÿòè çíà÷åíèé ñâåòèìîñòè çâåçäíîãî íàñåëåíèÿ: 0


L ,

8
103  , 

9
103  , 

10
103  , 


L

11
103   (îò íàèáîëåå òîëñòîé ê áîëåå òîíêèì ëèíèÿì). Âîçðàñò çâåçäíîãî

íàñåëåíèÿ - 30 ìëí ëåò. Ìàññà ãàçîâîãî ñëîÿ ïðèíèìàëàñü ðàâíîé 


MM
g

10
10  (âåðõíÿÿ

ïàíåëü), 


M
9

10  (íèæíÿÿ ïàíåëü). Öâåòîì âäîëü ëèíèé ïîêàçàí ëîãàðèôì ñâåòèìîñòè 


 L  â

òî÷êå ïåðåãèáà.

logM
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NIR êàìåðû3 è èíñòðóìåíòà NIRISS4: ~0.01 - 0.02  ßí ñ îòíîøåíèåì ñèãíàëà

ê øóìó S/N = 10 âî âðåìÿ èíòåãðèðîâàíèÿ 104
 ñ [43]. Òàêàÿ ÷óâñòâèòåëüíîñòü

êàæåòñÿ äîñòàòî÷íîé äëÿ äåòåêòèðîâàíèÿ ãàëàêòèê ñ ìàññàìè ÷åðíûõ äûð

M~MBH
610  è ìàññàìè ãàçà MMg

1010  íà êðàñíûõ ñìåùåíèÿõ âïëîòü

3 https://jwst-docs.stsci.edu/near-infrared-camera/nircam-instrumentation/nircam-filters
4 https://jwst-docs.stsci.edu/near-infrared-imager-and-slitless-spectrograph/niriss-instrumentation/

niriss-filters

Ðèñ.7. Çàâèñèìîñòü íàáëþäàåìîé äëèíû âîëíû òî÷êè ïåðåãèáà îò ìàññû ÑÌ×Ä â
ìîäåëÿõ áåç çâåçäíîãî íàñåëåíèÿ. Öâåò âäîëü ëèíèé óêàçûâàåò çíà÷åèå ëîãàðèôìà ïîòîêà

â òî÷êå ïåðåãèáà 

F  â  ßí äëÿ ÑÌ×Ä íà êðàñíûõ ñìåùåíèÿõ 1z , 3, 5, 7, 9, 11 (ñíèçó

ââåðõ). Ìàññà èîíèçîâàííîãî ãàçà ïðèíÿòà ðàâíîé 


MM
g

10
10  (âåðõíÿÿ ïàíåëü) è 


M

9
10

(íèæíÿÿ ïàíåëü).
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11~z . Ãàëàêòèêè ñ ìåíüøåé ìàññîé ãàçà MM g
910  ìîãóò áûòü âèäíû

âáëèçè  zi  òîëüêî íà êðàñíûõ ñìåùåíèÿõ 5z  è ñ ìàññàìè ÷åðíûõ äûð

MMBH
65 1010  . Äëÿ áîëüøèõ ìàññ M

BH
 òî÷êà ïåðåãèáà ñìåùàåòñÿ â

îáëàñòü äëèííûõ âîëí è ìîæåò áûòü äåòåêòèðîâàíà áóäóùèìè îáñåðâàòîðèÿìè,

íàïðèìåð, Ìèëëèìåòðîí [44] è THEZA [45]. Áåäíûå ãàçîì ãàëàêòèêè

MM g
810  âðÿä ëè ìîãóò áûòü âèäíû íà äëèíàõ âîëí  z~ i  çà

ïðåäåëàìè 1z  äåéñòâóþùèìè è ïëàíèðóåìûìè èíñòðóìåíòàìè. Íàëè÷èå

çâåçäíîãî íàñåëåíèÿ ñìåùàåò òî÷êó ïåðåãèáà â îáëàñòü áîëåå äëèííûõ (ñóáìì)

âîëí (ðèñ.6).

3.2. Ïðîÿâëåíèÿ çâåçä è ÷åðíîé äûðû â òåïëîâîé ýìèññèè ïûëè.

Êàê áûëî îòìå÷åíî âûøå, ïðèñóòñòâèå ïûëè çàìåòíî èçìåíÿåò ýìèññèîííûé

ñïåêòð â äàëüíåé ÈÊ è ñóáìì îáëàñòè. Äëÿ ïûëè ñ çàêîíîì ýêñòèíêöèè êàê

â íàøåé Ãàëàêòèêå:  22105~v  ñì2 íà àòîì âîäîðîäà [41], îïòè÷åñêàÿ

òîëùèíà ãàçîâîãî ñëîÿ â ýêñòèíêöèè ðàâíà 
3221

,107 nM~
gv , ãäå ZZ

- ìåòàëëè÷íîñòü ãàçà â ñîëíå÷íûõ åäèíèöàõ, M
g,10

 - ìàññà ãàçà â íàøåé

ñòàíäàðòíîé ìîäåëè â åäèíèöàõ M
1010 . Â îáëàñòè äëèííûõ âîëí âïëîòü

äî m1000 , ýêñòèíêöèÿ óáûâàåò êàê   34 ; â íàøèõ îöåíêàõ

èñïîëüçóåòñÿ àïïðîêñèìàöèÿ   3422 m50105   .  ñì2 (ñì. ðèñ.5 â [46]).

Â ðåçóëüòàòå ãàç "ïðîñâåòëÿåòñÿ"   1  â áëèæíåì ÈÊ è äàëåå

m2 2141
,10

43  nMg .

Ïûëü íàãðåâàåòñÿ óëüòðàôèîëåòîâûì è ðåíòãåíîâñêèì èçëó÷åíèåì îò

çâåçä è ÷åðíîé äûðû. Çàìåòíàÿ äîëÿ ýíåðãèè ýòîãî èçëó÷åíèÿ çâåçä è ÷åðíîé

äûðû ïîãëîùàåòñÿ îêðóæàþùèì ãàçîì, êàê ëåãêî âèäåòü íà ðèñ.8, è èäåò íà

íàãðåâ è èîíèçàöèþ îêðóæàþùåãî ãàçà è ïûëè. Ýòà ýíåðãèÿ ÷àñòè÷íî

ïåðåèçëó÷àåòñÿ çàòåì â ýìèññèè ãàçà è ïûëè. Ïðè ýòîì ÷åðíàÿ äûðà äîìèíèðóåò

â íàãðåâå ïûëè è ãàçà ïðè ìàññàõ MMBH
510 , êàê ïîêàçàíî òîíêèìè

òåìíî-ñåðûìè ëèíèÿìè íà ðèñ.8. Ëåãêî âèäåòü, ÷òî íå òîëüêî àáñîëþòíàÿ

ñâåòèìîñòü ïûëè, íî è åå äîëÿ, òî åñòü îòíîøåíèå ñâåòèìîñòè ïûëè ê

ñóììàðíîé ñâåòèìîñòè çâåçä è ÷åðíîé äûðû, âîçðàñòàåò ñ óâåëè÷åíèåì ìàññû

ïîñëåäíåé, êàê ïîêàçàíî íà íèæíåé ïàíåëè ðèñ.4.

Íà âåðõíåé ëåâîé ïàíåëè ðèñ.8 ìîæíî çàìåòèòü, ÷òî íàëè÷èå ãàçà ïðèâîäèò

ê óìåíüøåíèþ ðåíòãåíîâñêîãî èçëó÷åíèÿ â îáëàñòè  Å20~  è óâåëè÷åíèþ

íåáóëÿðíîé è ïûëåâîé ÈÊ ýìèññèè â îáëàñòè m10  - òàêàÿ îáðàòíàÿ

"ðåàêöèÿ" èíòåíñèâíîñòè â æåñòêîé ðåíòãåíîâñêîé ïîëîñå è â äàëüíåé ÈÊ

è ñóáìèëëèìåòðîâîé îáëàñòè ñîäåðæèò â ñåáå èíôîðìàöèþ î ñîîòíîøåíèè

ìåæäó ìàññàìè ÷åðíîé äûðû, ãàçà è ïûëè (ñì. îáñóæäåíèå â ðàçäåëå 4).

Äëÿ 0.1  îïòè÷åñêàÿ òîëùèíà vux  ,  íà ðàññòîÿíèÿõ    ~M~r gh
3143

3131
,10

221051  nM.~
g  ñì â ðåíòãåíîâñêîé è ÓÔ ïîëîñàõ ïðåâûøàåò åäèíèöó.

Ñëåäîâàòåëüíî, ãðóáàÿ îöåíêà òåìïåðàòóðû ïûëè ìîæåò áûòü ïîëó÷åíà â
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ïðåäïîëîæåíèè, ÷òî áîëüøàÿ ÷àñòü íàãðåâàþùåãî èçëó÷åíèÿ ïîãëîùàåòñÿ

ïûëüþ. Ñ÷èòàåì, ÷òî óñðåäíåííàÿ ïî ïëàíêîâñêîìó ñïåêòðó ýôôåêòèâíîñòü

ïîãëîùåíèÿ     210 , , dd aT.~aQ~TaQ  , [41,47], ãäå a - ðàçìåð ïûëèíêè â

ñì è ñïåêòðàëüíûé èíäåêñ ïûëè ðàâåí   
  dTQ:2 . Ïðè ýòèõ óñëîâèÿõ

òåìïåðàòóðà ïûëè ñîñòàâèò

  , 17

91

10 ,

61

10

9 ,9 ,61



























 




g.

BHx
hd

M

n

a

LQLQ
K~T

v
(3)

ãäå a
0.1

 - ðàäèóñ ïûëèíêè â åäèíèöàõ 0.1 m , 9 ,L  è 9 ,BHL  - ñâåòèìîñòè

çâåçäíîãî íàñåëåíèÿ è ÷åðíîé äûðû â åäèíèöàõ L
910 , 10 ,gM  - ìàññà ãàçà

â åäèíèöàõ M
1010 , 3010 ..h   - äîëÿ ýíåðãèè èñòî÷íèêîâ (çâåçä è

÷åðíîé äûðû), êîòîðàÿ èäåò íà íàãðåâ ïûëè (ñì. íèæíþþ ïàíåëü íà ðèñ.4),

2~   - ñðåäíèé òåëåñíûé óãîë, ñ êîòîðûì ðåíòãåíîâñêèå è ÓÔ êâàíòû

ïàäàþò íà ïûëèíêó. Â îöåíêàõ ýôôåêòèâíîñòè ïîãëîùåíèÿ ïûëèíîê â

Ðèñ.8. Ýìèññèîííûé ñïåêòð äèôôóçíîãî ìåæçâåçäíîãî ãàçà, èîíèçîâàííîãî ïîëåì
èçëó÷åíèÿ çâåçäíîãî íàñåëåíèÿ ñ ôèêñèðîâàííîé áîëîìåòðè÷åñêîé ñâåòèìîñòüþ 


LL

9
103 

è ÑÌ×Ä ñ ìàññàìè 
5

10
BH

M ; 10
6
; 10

7
 è 10

8


M , êàê ïîêàçàíî íà ïàíåëÿõ äëÿ ãàçà ñ

ñîëíå÷íîé ìåòàëëè÷íîñòüþ 0[Z]  , è ïûëè ñ ìàññîâîé äîëåé  30.D . Òîíêèå òåìíî-
ñåðûå ëèíèè ïîêàçûâàþò íåáóëÿðíóþ ýìèññèþ ãàçà, èîíèçîâàííîãî è íàãðåâàåìîãî ÷åðíîé
äûðîé. Òîëñòàÿ ÷åðíàÿ øòðèõîâàÿ ëèíèÿ íà íèæíåé ëåâîé ïàíåëè ïîêàçûâàåò êâàçè÷åð-

íîòåëüíûé ñïåêòð ñî ñïåêòðàëüíûì èíäåêñîì 2  è òåìïåðàòóðîé T = 70 K (ñì. îáñóæäåíèå
â òåêñòå). Âîçðàñò çâåçäíîãî íàñåëåíèÿ ñîñòàâëÿåò 1 ìëðä ëåò, ìåòàëëè÷íîñòü çâåçä  ñîëíå÷íàÿ.

 m ,log 

lo
g
(

L
),
 ý

ð
ã/

ñ

0 2-4 -2
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M10M
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îïòè÷åñêîé îáëàñòè ( v ), ÓÔ è ðåíòãåíîâñêîé ïîëîñàõ (x) ïðåäïîëàãàþòñÿ

ðàâíûìè 1 , ~Q xv  (ñì., ðèñ.24.1 â [41]). Ýòî ïîäðàçóìåâàåò, ÷òî õàðàêòåðíàÿ

äëèíà âîëíû ïèêà ïûëåâîé ýìèññèè

. m170

91

10 ,
61

9

10 























n

M

L

a
~

g

h

.
Td (4)

ãäå     9 ,9 ,9   LQLxQL absabs v . Îöåíêè ïðèìåðíî ñîãëàñóþòñÿ ñ ïîëîæå-

íèÿìè ïèêîâ íà ðèñ.8.

Âåëè÷èíà T
d
 â âûðàæåíèè (3) ïðåäñòàâëÿåò ñîáîé, î÷åâèäíî, íèæíþþ

îöåíêó òåìïåðàòóðû ïûëè. Â ðåàëüíîñòè áîëüøàÿ äîëÿ ïûëè èìååò áîëåå

âûñîêóþ òåìïåðàòóðó, äàâàÿ âêëàä â ïèê íà äëèíå âîëíû m70 ~ . Òàêàÿ

ãîðÿ÷àÿ ïûëü ñâÿçàíà ñ âíóòðåííèìè ÷àñòÿìè ñëîÿ ñ îïòè÷åñêîé òîëùèíîé

7~v  - äëÿ îïòè÷åñêèõ è ÓÔ êâàíòîâ è 3~x   - äëÿ ðåíòãåíîâñêèõ êâàíòîâ

ñ ýíåðãèåé 1~  êýÂ, ãäå ïîãëîùàåòñÿ áóëüøàÿ ÷àñòü íàãðåâàþùåãî è

èîíèçóþùåãî èçëó÷åíèÿ çâåçä è ÷åðíîé äûðû. Ýòî îáñòîÿòåëüñòâî îòðàæåíî

òàêæå â î÷åíü ñëàáîé çàâèñèìîñòè h  îò ìàññû ãàçà íà íèæíåé ïàíåëè ðèñ.4.

Ñîîòâåòñòâåííî, äëèíû âîëí ïèêîâ â âûðàæåíèè (4) äîëæíû òðàêòîâàòüñÿ

êàê âåðõíèå ïðåäåëû. Ýòî îáúÿñíÿåò, ïî÷åìó ïûëåâàÿ ýìèññèÿ íà ðèñ.8 íå

ìîæåò áûòü ïðåäñòàâëåíà èçîòåðìè÷åñêîé ïûëüþ. Íà ëåâîé íèæíåé ïàíåëè

ðèñ.8 ÷åðíîé æèðíîé ïóíêòèðíîé ëèíèåé ïîêàçàíà ìîäèôèöèðîâàííàÿ

ïëàíêîâñêàÿ êðèâàÿ ñî ñïåêòðàëüíûì èíäåêñîì 2  è òåìïåðàòóðîé 70 K

äëÿ MMBH
710 . Äåôèöèò ýìèññèè (îêîëî ôàêòîðà ~3 íà äëèíå âîëíû

m100 ~  è äî äâóõ ïîðÿäêîâ âåëè÷èíû íà äëèíå ~1000 m , íèæíÿÿ

ïàíåëü) âèäåí ìåæäó ìîäèôèöèðîâàííûì ïëàíêîâñêèì è ìîäåëüíûì ñïåêòðîì.

Ýòî îòðàæàåò îòðèöàòåëüíûé ðàäèàëüíûé ãðàäèåíò òåìïåðàòóðû ïûëè.

Ñ ýòîé îãîâîðêîé ìîæíî ïîëó÷èòü âåðõíèé ïðåäåë ñâåòèìîñòè ïûëè,

åñëè ïðåäïîëîæèòü, ÷òî äîëÿ h  ñóììàðíîãî èçëó÷åíèÿ çâåçä è ÷åðíîé äûðû

èäåò íà íàãðåâ âñåé ìàññû ïûëè â ãàëàêòèêå: gd MZM D , ZD  -

ìàññîâàÿ êîíöåíòðàöèÿ ïûëè. Ïðåäïîëàãàÿ ñðåäíþþ ñêîðîñòü íàãðåâà ïûëè

ðàâíîé 24 RLh   è ïîëíîå ÷èñëî ïûëèíîê â ãàëàêòèêå ddd mMN  ,

ãäå 34 3am dd  , è 34 3RMg  , ïîëó÷àåì îöåíêó

, 
4

9 R
a

Z
L~L

d
hd




 D

(5)

çäåñü 3d  ã ñì-3  ïëîòíîñòü âåùåñòâà ïûëèíêè. Äëÿ  30.D , 10. , è

020.Z   ïîëó÷àåòñÿ îöåíêà

  . сэрг102 -13231
10 ,9 ,9 ,

41 nMLL~L gBHhd   (6)

Âêëàä ÷åðíîé äûðû â íàãðåâ ïûëè ïðåâàëèðóåò íàä çâåçäíûì, êîãäà åå

áîëîìåòðè÷åñêàÿ ñâåòèìîñòü ïðåâûøàåò çâåçäíóþ  LLBH . Äëÿ ìîäåëè,

ïîêàçàííîé íà ðèñ.8, ýòî ïðîèñõîäèò ïðè MMBH
610  äëÿ LL 9103 
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è â ïðåäïîëîæåíèè îá ýääèíãòîíîâñêîé ñâåòèìîñòè ÷åðíîé äûðû. Âûøå

ýòîãî ïðåäåëà èíôîðìàöèÿ î çâåçäíîì íàñåëåíèè òåðÿåòñÿ.

Ïðè ìåíüøèõ çíà÷åíèÿõ ìàññû ÷åðíîé äûðû MMBH
610 , âêëàäû îò

íåå è çâåçäíîãî íàñåëåíèÿ ìîãóò áûòü ðàçëè÷èìû ñ ó÷åòîì ðåíòãåíîâñêîãî

èçëó÷åíèÿ ÷åðíîé äûðû. Èç ðèñ.5 è 8 ìîæíî îöåíèòü, ÷òî ñâåòèìîñòü ÑÌ×Ä

â æåñòêîì ðåíòãåíîâñêîì äèàïàçîíå (E
X

 ~ 3 êýÂ) âàðüèðóåòñÿ êàê 54
BHx ML  .

Ñâåòèìîñòü ïûëåâîé ýìèññèè ðàñòåò êàê  BHpd MML  , . Êîìáèíèðóÿ

íàáëþäàåìûå ïîòîêè â æåñòêîì ðåíòãåíîâñêîì äèàïàçîíå è â ïèêå òåïëîâîé

ýìèññèè ïûëè, ìîæíî ïîëó÷èòü M
*
 è M

BH
, ïðè óñëîâèè, ÷òî MMBH

610 .

Áîëåå êîíêðåòíî, äâà óðàâíåíèÿ, ñâÿçûâàþùèõ ðåíòãåíîâñêóþ è òåïëîâóþ

ýìèññèè, ìîæíî çàïèñàòü: 5436105 BHx M~L   ýðã ñ-1 è  BHd MLL 5
9 ,

41 103102 
 

ýðã ñ-1, êàê ñëåäóåò èç óðàâíåíèÿ (6). Çäåñü âòîðîå ñëàãàåìîå â ñêîáêàõ -

ýääèíãòîíîâñêàÿ ñâåòèìîñòü BHEdd M.L 3810241  , íîðìèðîâàííàÿ íà L
910 ,

è M
BH

 â åäèíèöàõ M . Â ðåçóëüòàòå ïîëó÷èì

45

1-40

5

сэрг105
10 












 x

BH

L~M (7)

è

. 
сэрг10

728

45

1-419 ,
3231-

10 ,
1

9 , 









 


x

dgh

L
LnML  (8)

Çäåñü ñâåòèìîñòè L
d
 è L

*
 íîðìèðîâàíû íà èõ "ñòàíäàðòíûå" çíà÷åíèÿ L

910 .

Çàìåòèì, ÷òî óðàâíåíèå (8) äåéñòâèòåëüíî äëÿ 54
9 ,

158154-
10 ,

42102 dgx LnML   ýðã ñ-1,

ò.å. â òåõ ïðåäåëàõ, â êîòîðûõ âêëàä ÑÌ×Ä â íàãðåâ ïûëè íå ïðåâîñõîäèò

âêëàäà çâåçäíîãî íàñåëåíèÿ MMBH
610 .

3.2.1. Ñïåêòðàëüíûå ëèíèè â ïûëåâîì îêðóæåíèè. Ïðåäïîëàãàåòñÿ,

÷òî ãàëàêòèêè ñ âûñîêîé ìåòàëëè÷íîñòüþ çâåçä è ãàçà [Z/H] = 0 èìåþò

áîëüøèé âîçðàñò è, êàê ñëåäñòâèå, ñîäåðæàò áîëåå ìàññèâííîå çâåçäíîå

íàñåëåíèå è ÑÌ×Ä. Íà ðèñ.8 ïðåäñòàâëåíû ñïåêòðû äëÿ ãàëàêòèê ñ âîçðàñòîì

çâåçäíîãî íàñåëåíèÿ 1 ìëðä ëåò è ñâåòèìîñòüþ LL 9103  , ìàññîé ãàçà

MMg
1010  è ìåòàëëè÷íîñòüþ [Z/H] = 0 êàê ó çâåçä, òàê è ó ãàçà. Íà

ïàíåëÿõ ïîêàçàíû ñóììàðíûå ñïåêòðû ×Ä è ãàçà, îáëó÷àåìîãî ×Ä ñ ìàññîé

M
BH

 = 105, 106, 107, 108

M .

Â ãàçå ñ âûñîêîé ìåòàëëè÷íîñòüþ ñïåêòðàëüíûå ëèíèè, î÷åâèäíî, ñèëüíåå,

÷åì â ãàçå ñ íèçêîé ìåòàëëè÷íîñòüþ. Îäíàêî ýìèññèÿ ïûëè çàïîëíÿåò êîíòè-

íóóì â äàëüíåé ÈÊ è ñóáìì îáëàñòè m103  , è áóëüøàÿ ÷àñòü ëèíèé

"ïîãëîùàåòñÿ" ïûëåâûì êîíòèíóóìîì (ðèñ.8). Òàêèì îáðàçîì, ïðè íàëè÷èè

ïûëè ëèøü íåñêîëüêî îòíîñèòåëüíî ñèëüíûõ ëèíèé â äàëüíåì ÈÊ îñòàþòñÿ

çàìåòíûìè äàæå ïðè MMBH
710 . Íåêîòîðûå èç íèõ îñòàþòñÿ ðàçëè÷èìû
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âïëîòü äî M~MBH
810  (ðèñ.8). Îòíîøåíèÿ èõ èíòåíñèâíîñòåé

  cc LLL  NeVINeVIL ,   cc LLL  MgVII,5.5MgVII,5.5L  è   cc LLL  MgVII,9MgVII,9L
âìåñòå ñ M

BH
 è M

g
 ìîãóò áûòü èñïîëüçîâàíû äëÿ èçìåðåíèÿ âåëè÷èí M

BH
,

M
*
 è M

g
. Îäíàêî èõ ñîîòíîøåíèÿ âûðîæäàþòñÿ â ïðåäåëå áîëüøèõ çíà÷åíèé

ìàññû ãàçà MMg
9103   è, êðîìå ýòîãî, íå ïîêàçûâàþò îïðåäåëåííîé

çàâèñèìîñòè îò çâåçäíîé ñâåòèìîñòè.

4. Îáñóæäåíèå. Â íàñòîÿùåé ðàáîòå îáñóæäàåòñÿ ìåòîä îïðåäåëåíèÿ

ìàññ òðåõ ñîñòàâíûõ ÷àñòåé ðàííèõ ãàëàêòèê: öåíòðàëüíîé ÷åðíîé äûðû,

Ðèñ.9. Çàâèñèìîñòü îòíîøåíèÿ ðåíòãåíîâñêîé ýìèññèè íà äëèíàõ âîëí 10 Å  è 1 Å ,
)Å(1)/Å(10 LL , îò ýìèññèè ïûëè è òîðìîçíîãî èçëó÷åíèÿ èîíèçîâàííîãî ãàçà â êîíòèíóóìå

íà äëèíå âîëíû 200 m , L(200 m ), äëÿ ðàçëè÷íûõ çíà÷åíèé ìàññû ÷åðíîé äûðû: ñíèçó
ââåðõ 10

4
, 10

5
, 10

6
, 10

7
, 10

8


M , êàê ïîêàçàíî ñèìâîëàìè óâåëè÷èâàþùåãîñÿ ðàçìåðà; öâåòà

ïîêàçûâàþò ìàññó ãàçà â åäèíèöàõ ìàññû Ñîëíöà â ñîîòâåòñòâèè ñ ïàëèòðîé íà öâåòîâîé

øêàëå. Âåðõíÿÿ ïàíåëü: [Z/H] = -1, íèæíÿÿ ïàíåëü: [Z/H] = 0.
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çâåçä è ãàçà - ñ ïîìîùüþ ñïåêòðîâ â ðåíòãåíîâñêîì è äàëüíåì èíôðàêðàñíîì

äèàïàçîíàõ. Ïåðå÷èñëèì íåñêîëüêî âàæíûõ îñîáåííîñòåé íàáëþäåíèé è

ìîäåëèðîâàíèÿ ãàëàêòèê ñ ìàññèâíûìè ÷åðíûìè äûðàìè íà áîëüøèõ êðàñíûõ

ñìåùåíèÿõ.

1. Ïðè íàáëþäåíèÿõ î÷åíü äàëåêèõ ( 6z ) ãàëàêòèê, ñîäåðæàùèõ â

öåíòðàëüíûõ îáëàñòÿõ ñâåðõìàññèâíûå ÷åðíûå äûðû, ìîæíî ïîëó÷èòü òîëüêî

ñïåêòðû, íå ðàçðåøàÿ ïðîñòðàíñòâåííîé ñòðóêòóðû. Â òàêèõ óñëîâèÿõ îöåíêè

ìàññ èõ êîìïîíåíòîâ ìîãóò áûòü ñäåëàíû òîëüêî íà îñíîâå òàêèõ ñóììàðíûõ

ñïåêòðîâ. Îäíàêî ïðèñóòñòâèå ãàçà è ïûëè íåèçâåñòíûõ ìàññ ñóùåñòâåííî

îñëîæíÿþò âîçìîæíîñòü îïðåäåëåíèÿ ìàññ çâåçäíîãî íàñåëåíèÿ è ÷åðíîé

äûðû.

2. Ïðåîäîëåíèå ýòèõ òðóäíîñòåé ìîæåò âêëþ÷àòü èçìåðåíèÿ ýìèññèé,

õàðàêòåðèðóþùèõ îòäåëüíî âêëàäû çâåçä, ÷åðíîé äûðû, ãàçà è ïûëè: i)

æåñòêîå ðåíòãåíîâñêîå èçëó÷åíèå (E ~ 1 - 10 êýÂ) ïðèõîäèò îò ÑÌ×Ä, ii)

òåïëîâàÿ ýìèññèÿ ïûëè ïîääåðæèâàåòñÿ íàãðåâîì ÷åðíîé äûðîé è çâåçäàìè,

iii) íåáóëÿðíàÿ ýìèññèÿ èîíèçîâàííîãî ãàçà â äàëüíåì ÈÊ êîíòèíóóìå

m200 ~  íåñåò èíôîðìàöèþ î ìàññå èîíèçîâàííîãî ãàçà. Â ðàìêàõ òàêîãî

ìíîãîâîëíîâîãî ïîäõîäà òðè íàáëþäàåìûõ âåëè÷èíû ìîãóò áûòü äîñòàòî÷íû

äëÿ îïðåäåëåíèÿ òðåõ íåèçâåñòíûõ ìàññ.

3. Ðîëü ãàçîâîãî êîìïîíåíòà â ôîðìèðîâàíèè ñóììàðíîãî ñïåêòðà ãàëàêòèêè

ñ öåíòðàëüíîé ÷åðíîé äûðîé äâîÿêà: ñ îäíîé ñòîðîíû, ãàç ïîãëîùàåò ðåíòãå-

íîâñêîå, óëüòðàôèîëåòîâîå è îïòè÷åñêîå èçëó÷åíèå ÷åðíîé äûðû è çâåçä, ñ

äðóãîé, îí ïåðåèçëó÷àåò ÷àñòü ïîãëîùåííîé ýíåðãèè â ñïåêòðàëüíûõ ëèíèÿõ,

â ïûëåâîì è òîðìîçíîì êîíòèíóóìå äàëüíåãî ÈÊ è ñóáìèëëèìåòðîâîãî

äèàïàçîíà. Óâåëè÷åíèå ìàññû ãàçà áóäåò ïðèâîäèòü ê áîëåå ñèëüíîìó

ïîäàâëåíèþ ýìèññèè èñòî÷íèêîâ - çâåçä è ÑÌ×Ä, â óêàçàííûõ äèàïàçîíàõ,

è îäíîâðåìåííî óñèëèâàòü ýìèññèè â äàëüíåé ÈÊ è ñóáìèëëèìåòðîâîé

÷àñòÿõ ñïåêòðà. Òàêîé òðåíä äåéñòâèòåëüíî âèäåí íà ëåâîé âåðõíåé ïàíåëè

ðèñ.8: òîëñòàÿ ñïëîøíàÿ ñâåòëî-ñåðàÿ ëèíèÿ ïîêàçûâàåò ñóììàðíûé ñïåêòð

çâåçä è ÑÌ×Ä áåç ïîãëîùåíèÿ è ïåðåèçëó÷åíèÿ ãàçîì. Êàê òîëüêî ýôôåêòû

ïîãëîùåíèÿ "âêëþ÷åíû", ñðàçó æå ïðîÿâëÿåòñÿ óìåíüøåíèå êîëè÷åñòâà êâàíòîâ

â ðåíòãåíîâñêîé, ÓÔ, îïòè÷åñêîé è áëèæíåé ÈÊ îáëàñòÿõ îò Å10~  äî

m2 ~ . Äèàãðàììà íà ðèñ.9 äåìîíñòðèðóåò óâåëè÷åíèå äàëüíåé ÈÊ è

ñóáìì ýìèññèè íà äëèíå âîëíû 200 m  è óìåíüøåíèå îòíîøåíèÿ ðåíòãå-

íîâñêèõ ïîòîêîâ 10 Å  ê 1 Å  âìåñòå ñ óâåëè÷åíèåì ìàññû ãàçà.

4. Íà ðèñ.9 ëåãêî çàìåòèòü, ÷òî ñ óâåëè÷åíèåì ìàññû ãàçà ïîòîê íà äëèíå

âîëíû 200 m  óâåëè÷èâàåòñÿ ñ îäíîâðåìåííûì óìåíüøåíèåì îòíîøåíèÿ

   Å1Å10 LL . Òàêàÿ àíòèêîððåëÿöèÿ ñâåòèìîñòè íà äëèíå âîëíû 200 m  è

îòíîøåíèÿ ñâåòèìîñòåé íà äëèíàõ âîëí 10 Å  è 1 Å  ñ óâåëè÷åíèåì ìàññû

ãàçà âèäíû òàêæå ïðè ìàëûõ ìàññàõ ÷åðíûõ äûð, è ïðè äàëüíåéøåì óìåíüøåíèè



351ÝÌÈÑÑÈÎÍÍÛÅ  ÑÏÅÊÒÐÛ  ÃÀËÀÊÒÈÊ

M
BH

 êîððåëÿöèÿ ñòàíîâèòñÿ áîëåå ïîëîãîé. Ýòî ÿâëÿåòñÿ ñëåäñòâèåì òîãî, ÷òî

ïîòîê èîíèçóþùåãî èçëó÷åíèÿ óìåíüøàåòñÿ êàê  x-exp , ãäå 31
gHx MN 

- îïòè÷åñêàÿ òîëùèíà â ðåíòãåíîâñêîé è ÓÔ îáëàñòè ( 1x  äëÿ ïðèíÿòûõ

ïàðàìåòðîâ), â òî âðåìÿ êàê ïîòîê íà äëèíå âîëíû 200 m  óâåëè÷èâàåòñÿ

áîëåå ïîëîãî, êàê 31
gM .

Ïðè íèçêîé ìåòàëëè÷íîñòè îòíîøåíèå ñâåòèìîñòåé èçìåíÿåòñÿ ñ  m200L

ñëàáåå, ÷åì ïðè [Z/H] =0 (ðèñ.9). Ðåçóëüòàòû ïîêàçàíû äëÿ "ñòàíäàðòíîé"

ñâåòèìîñòè çâåçäíîãî íàñåëåíèÿ ðàâíîé LL 9103  ; çàâèñèìîñòü

   Å1Å10 LL  îò  m200L  îñòàåòñÿ íåèçìåííîé äëÿ BHL L  . Ïðè âûñîêèõ

ñâåòèìîñòÿõ L
*
, êîððåëÿöèÿ ñìåùàåòñÿ âïðàâî, òàê ÷òî ïðè LL 10103 

òàêîå ñìåùåíèå äëÿ M~MBH
510  ( LLBH

9103  ) ñîñòàâëÿåò îêîëî ïîðÿäêà

âåëè÷èíû â ñòîðîíó óâåëè÷åíèÿ ýìèññèè íà äëèíå âîëíû 200 m .

5. Â íàøåì ðàññìîòðåíèè áûë èñïîëüçîâàí ñïåêòð ÷åðíîé äûðû â ìîäåëè,

îïèñàííîé â [24], ñ ðåíòãåíîâñêîé ñâåòèìîñòüþ ( 10030  .  êýÂ), èçìåíÿþ-

ùåéñÿ êàê 
54

BHx ML  . Íàáëþäàòåëüíî óñòàíîâèòü ñîîòíîîøåíèå ìåæäó

ðåíòãåíîâñêîé ñâåòèìîñòüþ è ìàññîé ÷åðíîé äûðû î÷åíü òðóäíî, ãëàâíûì

îáðàçîì èç-çà òîãî, ÷òî ïûëü ìîæåò ñèëüíî çàòåíÿòü ÷åðíóþ äûðó, èëè èç-

çà îòñóòñòâèÿ ïðÿìûõ èçìåðåíèé ìàññû ÷åðíîé äûðû, êîãäà ðåíòãåíîâñêîå

èçëó÷åíèå îò ÷åðíîé äûðû ðàçëè÷èìî (ñì. îáñóæäåíèå â [48-52]). Îäíàêî

íàøè ðåçóëüòàòû îñòàþòñÿ êà÷åñòâåííî âåðíûìè äëÿ ñòåïåííîé çàâèñèìîñòè
 BHx ML , 0 , êîòîðàÿ, î÷åâèäíî, èìååò ìåñòî. Íàøè àðãóìåíòû è ñîîòíî-

øåíèÿ îñòàþòñÿ â îñíîâíîì íåèçìåííûìè.

5. Çàêëþ÷åíèå. Ìû èññëåäîâàëè íàáëþäàòåëüíûå ïðîÿâëåíèÿ ñîîòíî-

øåíèé ìåæäó ìàññàìè çâåçäíîãî íàñåëåíèÿ, öåíòðàëüíîé ÷åðíîé äûðû è ãàçà

â ãàëàêòèêàõ ñ àêòèâíûì ãàëàêòè÷åñêèì ÿäðîì íà îñíîâå ñïåêòðàëüíîãî

ðàñïðåäåëåíèÿ ýíåðãèè â äèàïàçîíå îò ðåíòãåíîâñêèõ äî ñóáìèëëèìåòðîâûõ

äëèí âîëí. Ïðîâåäåíî ìîäåëèðîâàíèå êóìóëÿòèâíûõ ñïåêòðîâ êàê ñóììû

ýìèññèé îò àêêðåöèðóþùåé ñâåðõìàññèâíîé ÷åðíîé äûðû, çâåçäíîãî íàñåëåíèÿ

è ýìèññèè ìåæçâåçäíîãî ãàçà ñ èñïîëüçîâàíèåì ïàêåòà CLOUDY. Ïðèâåäåíû

àðãóìåíòû â ïîëüçó òîãî, ÷òî òðè íàáëþäàåìûõ âåëè÷èíû: ñâåòèìîñòü (ïîòîê)

â ðåíòãåíîâñêîì äèàïàçîíå îò ÷åðíîé äûðû, èíôðàêðàñíàÿ è ñóáìèëëèìåòðîâàÿ

òåïëîâàÿ ýìèññèÿ ïûëè âìåñòå ñ èõ îòíîøåíèÿìè, ïîçâîëÿþò ïîëó÷èòü ìàññû

çâåçäíîãî íàñåëåíèÿ, öåíòðàëüíîé ñâåðõìàññèâíîé ÷åðíîé äûðû è ìåæçâåçäíîãî

ãàçà â íåêîòîðîì èíòåðâàëå èõ çíà÷åíèé.

Íàøè ðåçóëüòàòû ìîæíî ðåçþìèðîâàòü ñëåäóþùèì îáðàçîì:

- â ìîäåëÿõ áåç ïûëè èçëó÷åíèå öåíòðàëüíîé ÷åðíîé äûðû ïðåîáëàäàåò,

åñëè 020.MM BH  ; â ýòîì ñëó÷àå òîðìîçíàÿ ýìèññèÿ â äàëüíåì ÈÊ è

ñóáìì äèàïàçîíå ïðåâûøàåò ýìèññèþ öåíòðàëüíîãî èñòî÷íèêà â ýòîé îáëàñòè

äëèí âîëí ñ èçìåíåíèåì ñïåêòðà îò êâàçè÷åðíîòåëüíîãî 2  ê ïëîñêîìó
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òîðìîçíîìó ñïåêòðó 120. ; ÷àñòîòà i  è ñâåòèìîñòü iL , ñîîòâåòñòâóþùèå

èçìåíåíèþ ñïåêòðàëüíîãî èíäåêñà, çàâèñÿò îò ìàññ ÷åðíîé äûðû, çâåçäíîãî

íàñåëåíèÿ è ãàçà; òàêèì îáðàçîì, íàáëþäàåìûå çíà÷åíèÿ i  è iL  äàþò

ñîîòíîøåíèÿ ìåæäó òðåìÿ ìàññàìè: M
BH

, M
*
 è M

g
;

- îöåíêà ìàññû çâåçäíîãî íàñåëåíèÿ âîçìîæíà â òîì ñëó÷àå, êîãäà

îòíîøåíèå 310
LMBH  (M

BH
 è L

*
 â ñîëíå÷íûõ åäèíèöàõ), â ïðîòèâíîì

ñëó÷àå çâåçäíàÿ ýìèññèÿ ïîäàâëÿåòñÿ èçëó÷åíèåì ÷åðíîé äûðû;

- èçìåðåíèå ïîòîêà â ïèêå òåïëîâîé ýìèññèè ïûëè â îêðåñòíîñòè äëèíû

âîëíû 70 m  è æåñòêîãî ðåíòãåíîâñêîãî èçëó÷åíèÿ â èíòåðâàëå äëèí âîëí

Å42  ~  ïîçâîëÿþò îöåíèòü ìàññû çâåçäíîãî íàñåëåíèÿ è ÷åðíîé äûðû;

- ñîîòíîøåíèÿ ìåæäó ïîòîêàìè (ñâåòèìîñòÿìè) ðåíòãåíîâñêîãî èçëó÷åíèÿ

ñ ýíåðãèåé E ~ 3 êýÂ è ñóáìèëëèìåòðîâîé ýìèññèè â îêðåñòíîñòè m200 ~

ïîçâîëÿþò îöåíèòü ìàññó ìåæçâåçäíîãî ãàçà, åñëè ìàññà ÷åðíîé äûðû

MMBH
510  è ñâåòèìîñòü çâåçäíîãî íàñåëåíèÿ   MMLL BH

4103  ;

- çàâèñèìîñòü îòíîøåíèÿ ñâåòèìîñòåé    Å1Å10 LL  îò âåëè÷èíû  m200L

îïðåäåëÿåòñÿ ñîîòíîøåíèåì ìåæäó ìàññàìè ïûëè è ãàçà, õîòÿ îñòàåòñÿ â

öåëîì íå÷óâñòâèòåëüíîé îò çâåçäíîé ñâåòèìîñòè BHL L  ; ïðè âûñîêèõ

çíà÷åíèÿõ L
*
 ýòà êîððåëÿöèÿ ñìåùàåòñÿ â îáëàñòü áîëåå âûñîêîé ñâåòèìîñòè

â ñóáìèëëèìåòðîâîì äèàïàçîíå ïðè m200 ~ .

Àâòîðû ïðèçíàòåëüíû Á.Ì.Øóñòîâó çà îáñóæäåíèÿ è êðèòè÷åñêèå çàìå-

÷àíèÿ. Ðàáîòà áûëà âûïîëíåíà ïðè ïîääåðæêå ïðîåêòîì 41-2020 "Íîâûå

íàó÷íûå ãðóïïû ÔÈÀÍ" è Ïðîãðàììîé Ïðåçèäèóìà ÐÀÍ (êîä ïðîåêòà 28).

×èñëåííîå ìîäåëèðîâàíèå ñïåêòðîâ ãàëàêòèê ïðîâîäèëîñü ïðè ïîääåðæêå

Ðîññèéñêîãî íàó÷íîãî ôîíäà (ãðàíò 19-72-20089).

1 Ôèçè÷åñêèé èíñòèòóò èì. Ï.Í.Ëåáåäåâà, Ìîñêâà,

 Ðîññèÿ, e-mail: eugstar@mail.ru     yus@asc.rssi.ru
2 Èíñòèòóò àñòðîíîìèè ÐÀÍ, Ìîñêâà, Ðîññèÿ
3 Èññëåäîâàòåëüñêèé èíñòèòóò èì. Ðàìàíà, Ñàäàøèâàíàãàð, Áàíãàëîð,

 Èíäèÿ, e-mail: biman@rri.res.in

EMISSION SPECTRA OF GALAXIES WITH
SUPERMASSIVE BLACK HOLES

E.O.VASILIEV1,2, Yu.A.SHCHEKINOV1, B.B.NATH3

Masses of supermassive black holes and stellar bulge of their host ("parent")

galaxies are interrelated approximately as M.~M BH 0020 . This indicates that they
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tightly interact in the process of their joint evolution. However, a large spread

around this proportionality, and in particular a considerable - about an order of

magnitude, excess of the black hole mass M
BH

 discovered recently in the early

Universe ( 6z ), suggests that the interaction between the black holes and stellar

population can experience intense variations during their coevolution. This circum-

stance requires a robust observational determination of the interrelations between

the masses of black holes, stellar populations and interstellar gas in the host

galaxies at high redshifts, in those cases when they cannot be measured directly.

In this paper such a possibility is suggested within a simple approach, based on

a consideration of spectral features of galaxies with growing black holes along with

stellar population. A possibility to infer interrelations between the masses of the

black holes, stellar populations and interstellar gas with making use of multiwave-

length spectra: far-infrared, submillimeter and X-ray, are illustrated on a set of

models with variations of their masses.

Keywords: galaxies: supermassive black holes: interstellar medium: interstellar

  dust: extinction
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ÂËÈßÍÈÅ ÃÀËÎ ÍÀ ÂÐÀÙÅÍÈÅ ÁÀÐÀ Â
ÃÀËÀÊÒÈÊÀÕ

Á.Ï.ÊÎÍÄÐÀÒÜÅÂ1,2, Å.Í.ÊÈÐÅÅÂÀ1, Â.Ñ.ÊÎÐÍÎÓÕÎÂ1,
Í.Ã.ÒÐÓÁÈÖÛÍÀ3

Ïîñòóïèëà 26 èþíÿ 2022
Ïðèíÿòà ê ïå÷àòè 8 àâãóñòà 2022

Èçó÷àåòñÿ âëèÿíèå ìàññèâíîãî ãðàâèòèðóþùåãî ãàëî íà âðàùåíèå ýëëèïñîèäàëüíîãî
áàðà â äèñêîâûõ ãàëàêòèêàõ. Ìåòîä îñíîâàí íà âû÷èñëåíèè ìîìåíòà ñèë ìåæäó áàðîì è
ãàëî ñ ïîìîùüþ ôóíêöèè èõ âçàèìíîé ãðàâèòàöèîííîé ýíåðãèè. Äëÿ ïðîâåðêè íîâîãî
ìåòîäà ðàññìîòðåíû äâå ìîäåëè: ïðîñòîé âàðèàíò ñ îäíîðîäíûìè êîìïîíåíòàìè, è áîëåå
ñëîæíûé âàðèàíò, â êîòîðîì ãàëî ïðåäñòàâëåíî ñëîèñòî-íåîäíîðîäíûì ýëëèïñîèäîì ñ
ïàðàáîëè÷åñêèì çàêîíîì ïëîòíîñòè. Äëÿ îáåèõ ìîäåëåé ïîëó÷åíû âûðàæåíèÿ âçàèìíîé
ãðàâèòàöèîííîé ýíåðãèè áàðà è ãàëî, ïîñòðîåí ëàãðàíæèàí è âûâîäÿòñÿ äèôôåðåíöèàëüíûå
óðàâíåíèÿ íåëèíåéíûõ âðàùàòåëüíûõ êîëåáàíèé áàðà. Ýòè óðàâíåíèÿ îïèñûâàþò âðàùåíèå
áàðà ñ ïåðåìåííîé óãëîâîé ñêîðîñòüþ. Íàéäåíû ÷àñòîòû è ïåðèîäû ëèáðàöèé óãëîâîé
ñêîðîñòè áàðà êàê â îáùåì íåëèíåéíîì ñëó÷àå, òàê è â ïðèáëèæåíèè ãàðìîíè÷åñêèõ
êîëåáàíèé. Óñòàíîâëåíî, ÷òî ó÷åò íåîäíîðîäíîñòè ãàëî ìîæåò çàìåòíî (ïðèìåðíî â 2 ðàçà)
óâåëè÷èâàòü ïåðèîä ýòèõ êîëåáàíèé.

Êëþ÷åâûå ñëîâà: ñòðóêòóðà äèñêîâûõ ãàëàêòèê: áàðû è ãàëî: âçàèìíàÿ ýíåðãèÿ

   ýëëèïñîèäîâ: ëèíåéíûå è íåëèíåéíûå óðàâíåíèÿ âðàùàòåëüíûõ

  êîëåáàíèé áàðîâ: ÷àñòîòû è ïåðèîäû êîëåáàíèé

1. Ââåäåíèå. Èç íàáëþäåíèé íàäåæíî óñòàíîâëåíî, ÷òî áàðû è ãàëî

ÿâëÿþòñÿ íåîòúåìëåìîé ÷àñòüþ ìíîãèõ äèñêîâûõ ãàëàêòèê, íî íåêîòîðûå

âîïðîñû âçàèìîäåéñòâèÿ ýòèõ êîìïîíåíòîâ ãàëàêòèê åùå íå âûÿñíåíû

îêîí÷àòåëüíî. Èçó÷åíèå ýâîëþöèè óêàçàííûõ êîìïîíåíòîâ îñòàåòñÿ àêòóàëüíîé

çàäà÷åé [1,2]. Èç ÷èñëåííîãî ìîäåëèðîâàíèÿ [3,4] ñëåäóåò, ÷òî áàðû â äèñêîâûõ

ãàëàêòèêàõ ìîãëè ôîðìèðîâàòüñÿ â äâà ýòàïà. Â ýïîõó 1z  ïðîõîäèëà

ñðàâíèòåëüíî êîðîòêàÿ "áóðíàÿ ñòàäèÿ" è áàðû â ãàëàêòèêàõ âñòðå÷àëèñü åùå

ðåäêî. Çàòåì, â èíòåðâàëå 10  z , ÷èñëî áàðîâ âîçðîñëî è íà÷àëàñü ýïîõà

ìåäëåííîé âåêîâîé ýâîëþöèè, êîãäà áàðû óêðóïíÿþòñÿ è ðàñòóò âìåñòå ñ

äèñêàìè [5]. ×åì áëèæå ê íàì ãàëàêòèêè ïðè 1z , òåì ÷àùå îíè èìåþò áàð.

Áîëåå ïîëîâèíû âñåõ èçâåñòíûõ äèñêîâûõ ãàëàêòèê èìåþò áàð. Ìàññèâíûå

ãàëàêòèêè ôîðìèðóþò áàðû ðàíüøå, ÷åì ìåíåå ìàññèâíûå [6], ïðè÷åì äëèíà

áàðîâ çàìåòíî êîððåëèðóåò ñ ìàññîé ãàëàêòèêè [5]. È õîòÿ ìàññèâíîå ãàëî

ìîæåò ïðåïÿòñòâîâàòü îáðàçîâàíèþ áàðîâ (ñì., íàïðèìåð, [7]), íî ó ìíîãèõ

äèñêîâûõ ãàëàêòèê åñòü è ïåðåìû÷êà, è ãàëî.
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Â ðàáîòå [8] áûëà ïîñòðîåíà óïðîùåííàÿ ôàçîâàÿ ìîäåëü áåññòîëêíî-

âèòåëüíîãî, ñîñòîÿùåãî èç îòäåëüíûõ çâåçä öèëèíäðà, âëîæåííîãî â îäíîðîäíîå

âðàùàþùååñÿ çâåçäíîå ãàëî. Óñòàíîâëåíî, ÷òî ýòà ìîäåëü èìååò âèä ÷åòûðåõ-

ìåðíîãî ýëëèïñîèäà â øåñòèìåðíîì ôàçîâîì ïðîñòðàíñòâå. Ôàçîâûé ýëëèïñîèä

äâàæäû âûðîæäåí; ôóíêöèÿ ðàñïðåäåëåíèÿ â ôàçîâîì ïðîñòðàíñòâå âêëþ÷àåò

â ñåáÿ ïðîèçâåäåíèå äâóõ äåëüòà-ôóíêöèé Äèðàêà, àðãóìåíòû êîòîðûõ ÿâëÿþòñÿ

ïåðâûìè èçîëèðóþùèìè èíòåãðàëàìè äâèæåíèÿ çâåçäû. Óñòàíîâëåíî, ÷òî

âíóòðè áàðà ñóùåñòâóþò ñäâèãîâûå (óñðåäíåííûå ïî ñêîðîñòÿì) òå÷åíèÿ.

Ïàðàìåòðû ìîäåëè ìîãóò áûòü âûáðàíû òàêèì îáðàçîì, ÷òîáû ñêîðîñòü ïîòåðè

ìàññû ìîäåëè èç-çà ýòîãî äâèæåíèÿ áûëà î÷åíü ìàëîé. Òàêèì îáðàçîì,

àêòóàëüíîé ÿâëÿåòñÿ çàäà÷à ïîñòðîåíèÿ íåñòàöèîíàðíîé ñàìîñîãëàñîâàííîé

ìîäåëè áàðà, âëîæåííîãî â ãàëî.

Î âàæíîñòè ó÷åòà âçàèìîäåéñòâèÿ áàðà è ãàëî â ãàëàêòèêàõ ãîâîðÿò è

ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ çâåçäíûõ ñèñòåì (ñì., íàïðèìåð,

[9-11]). Îòìåòèì, ÷òî â ñèñòåìå áàð-ãàëî ìîãóò ïðîèñõîäèòü ìíîãèå ñëîæíûå

äèíàìè÷åñêèå ïðîöåññû. Òàê, ýôôåêò äèíàìè÷åñêîãî òðåíèÿ áàðà î ãàëî

[12-14] ìîæåò âûçâàòü çàìåäëåíèå âðàùåíèÿ áàðà. Â ðàáîòå [2] èçó÷àëñÿ

äðóãîé ìåõàíèçì çàìåäëåíèÿ âðàùåíèÿ áàðà çà ñ÷åò ïåðåíîñà óãëîâîãî ìîìåíòà

ê çâåçäàì. Íåêîòîðûå ãàëàêòè÷åñêèå áàðû îêàçûâàþòñÿ íåóñòîé÷èâûìè ê

ïåðåñòðîéêå ñâîåé ôîðìû [15,16]); ïðè ýòîì ôîðìèðóåòñÿ êîðîá÷àòî/îðåõî-

âèäíàÿ ôîðìà áàðà. Ýòîò ýôôåêò èçó÷àëñÿ â ýêñïåðèìåíòàõ ïî ìîäåëèðîâàíèþ

è óñòàíîâëåíî, ÷òî îí ñâÿçàí ñ î÷åíü ìàññèâíûì îêðóæàþùèì ãàëî. Â ðàáîòå

[17] àâòîðû ðàññìîòðåëè áûñòðûé ðåæèì ýâîëþöèè òàêîãî áàðà, à â ñòàòüå

[18] áûë èçó÷åí ìåäëåííûé ðåçîíàíñíûé ðåæèì.

Ïðè ïîñòàíîâêå çàäà÷ îá ýâîëþöèè áàðîâ â ãàëàêòèêàõ âàæåí âûáîð

ïîäõîäÿùåãî ìåòîäà èññëåäîâàíèÿ. Íà ñîâðåìåííîì ýòàïå ïîñòðîåíèå ñàìî-

ñîãëàñîâàííûõ ôàçîâûõ ìîäåëåé âîçìîæíî ëèøü â íåêîòîðûõ ñðàâíèòåëüíî

ïðîñòûõ ñëó÷àÿõ, ñì., íàïðèìåð [19], íî äëÿ íåîäíîðîäíîãî áàðà è ãàëî ýòî

âðÿä ëè âîçìîæíî èç-çà ìàòåìàòè÷åñêèõ òðóäíîñòåé.

Â äàííîé ðàáîòå, êàê ïåðâûé øàã â ðåøåíèè ïðîáëåìû ïîñòðîåíèÿ

íåñòàöèîíàðíîé ìîäåëè ãàëàêòèêè, ðàçðàáîòàí ìåòîä èçó÷åíèÿ ïîâîðîòíûõ

(âðàùàòåëüíûõ) êîëåáàíèé òðåõîñíîãî áàðà ïîä âëèÿíèåì ãðàâèòèðóþùåãî

òðåõîñíîãî ãàëî. Çàäà÷à ñâîäèòñÿ ê ïîñòðîåíèþ ëàãðàíæèàíà, ãäå â êà÷åñòâå

ïîòåíöèàëüíîãî ÷ëåíà èñïîëüçóåòñÿ âçàèìíàÿ ãðàâèòàöèîííàÿ ýíåðãèÿ ñèñòåìû

"áàð-ãàëî". Âàæíîé îñîáåííîñòüþ äàííîãî ìåòîäà ÿâëÿåòñÿ òî, ÷òî ïðîèçâîäíàÿ

îò âçàèìíîé ýíåðãèè ïî óãëó êîëåáàíèé ñðàçó äàåò ìîìåíò ñèë, äåéñòâóþùèõ

íà áàð ñî ñòîðîíû âíåøíåãî ãàëî, è ýòî ïîçâîëÿåò ïðîñòûì ñïîñîáîì

âûâîäèòü äèôôåðåíöèàëüíîå óðàâíåíèå âðàùàòåëüíûõ êîëåáàíèé áàðà.

Â ðàçäåëå 2 äàíà ïîñòàíîâêà çàäà÷è, â ðàçäåëå 3 íàéäåíà âçàèìíàÿ

ãðàâèòàöèîííàÿ ýíåðãèÿ îäíîðîäíîãî áàðà è îäíîðîäíîãî ýëëèïñîèäàëüíîãî



359ÂËÈßÍÈÅ  ÃÀËÎ  ÍÀ  ÂÐÀÙÅÍÈÅ  ÁÀÐÀ

ãàëî. Ëàãðàíæèàí â ýòîé çàäà÷å ïîëó÷åí â ðàçäåëå 4, ãäå âûâîäèòñÿ òàêæå

óðàâíåíèå íåëèíåéíûõ ïîâîðîòíûõ êîëåáàíèé âðàùàþùåãîñÿ áàðà. Â ðàçäåëå

5 ðàññìàòðèâàåòñÿ áîëåå îáùàÿ çàäà÷à î âçàèìíîé ýíåðãèè è ëèáðàöèÿõ áàðà

â íåîäíîðîäíîì ýëëèïñîèäàëüíîì ãàëî.

2. Ïîñòàíîâêà çàäà÷è. Áàð (ïåðåìû÷êà, ðóêàâ) ñîñòîèò â îñíîâíîì

èç çâåçä, è íà ðàííåé ñòàäèè ýâîëþöèè ìîäåëèðóåòñÿ âûòÿíóòûì îäíîðîäíûì

òðåõîñíûì ýëëèïñîèäîì ñ ïîëóîñÿìè (à
1

 > à
2

 > a
3
). Î ôîðìå áàðîâ äîïîëíèòåëüíî

ñì. ðàáîòó [20]. Áàð íàõîäèòñÿ âíóòðè òðåõîñíîãî ãàëî ñ ãðàíèöåé

 . , 1 3212
3

2
3

2
2

2
2

2
1

2
1 aaa

a

x

a

x

a

x








 (1)

Çàìåòèì, ÷òî áàð âðàùàåòñÿ âîêðóã îñè Ox
3
 çíà÷èòåëüíî áûñòðåå, ÷åì î÷åíü

ìàññèâíîå ãàëî. Â ïðåäåëå ìû ìîæåì ïðåíåáðå÷ü âðàùåíèåì ãàëî è ðàññìàò-

ðèâàòü âðàùåíèå òîëüêî áàðà. Â ïðèíöèïå, âî âíóòðåííåì ýëëèïñîèäå ìîãóò

ñóùåñòâîâàòü è òå÷åíèÿ ãàçà (èëè æèäêîñòè) ñ ïîëåì ñêîðîñòåé u

 (u

1
, u

2
, u

3
).

Ôèãóðû ðàâíîâåñèÿ ñ âíóòðåííèì ïîëåì ñêîðîñòåé ðàññìàòðèâàëèñü â ðÿäå

ðàáîò (ñì., íàïðèìåð, [21-23]). Îäíàêî â äàííîé ðàáîòå âíóòðåííèìè òå÷åíèÿìè

â áàðå ìû ïðåíåáðåãàåì.

Áàð íà ñòàäèè âåêîâîé ýâîëþöèè âðàùàåòñÿ, è çäåñü íàñ èíòåðåñóåò,

ïðåæäå âñåãî, âëèÿíèå ãðàâèòèðóþùåãî òðåõîñíîãî ãàëî, ïðèâîäÿùåå ê

íåáîëüøèì ïîâîðîòíûì óñêîðåíèÿì è çàìåäëåíèÿì âî âðàùåíèè ñàìîãî áàðà.

Ïóñòü ñèñòåìà äåêàðòîâûõ êîîðäèíàò Ox
1
x

2
x

3
 ñâÿçàíà ñ ãëàâíûìè îñÿìè

ãàëî, à ñèñòåìà OX
1
X

2
x

3
 - ñ ãëàâíûìè îñÿìè ýëëèïñîèäàëüíîãî áàðà. Â ñîãëàñèè

ñ âûøåñêàçàííûì ïîëàãàåì, ÷òî âðàùåíèå áàðà ïðîèñõîäèò âîêðóã îñè Ox
3
.

Ðèñ.1. Ñå÷åíèå ýëëèïñîèäàëüíîãî áàðà, âëîæåííîãî â òðåõîñíîå ãàëî. Ïîêàçàíû ñèñòåìû

êîîðäèíàò, ñâÿçûâàþùèå áàð è ãàëî, à òàêæå óãîë íàêëîíà áàðà )(t . Îñü âðàùåíèÿ áàðà
Ox

3
 íîðìàëüíà ê ïëîñêîñòè ðèñóíêà.

x
1

X
1

x
2

X
2

O

(t)
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Îðèåíòàöèÿ áàðà çàäàåòñÿ óãëîì  t  îòíîñèòåëüíî îñåé ãàëî Ox
1
x

2
 (ðèñ.1).

Ââåäåííûå äâå ñèñòåìû êîîðäèíàò ñâÿçàíû ìåæäó ñîáîé ôîðìóëàìè

. sincos; cossin

; sincos; sin-cos

122212

211111





xxXXXx

xxXXXx
(2)

3. Âçàèìíàÿ ãðàâèòàöèîííàÿ ýíåðãèÿ îäíîðîäíûõ ýëëèïñîèäîâ.

Äëÿ íàõîæäåíèÿ ìîìåíòà ñèë ìåæäó áàðîì è ãàëî ïðèìåíèì ìåòîä, îñíîâàííûé

íà âû÷èñëåíèè èõ âçàèìíîé ãðàâèòàöèîííîé ýíåðãèè W
mut

. Íàïîìíèì, ÷òî

ïîâåðõíîñòü áàðà äàíà ôîðìóëîé (1) è åãî ïëîòíîñòü åñòü b , à ýëëèïñîè-

äàëüíîå ãàëî èìååò ïîëóîñè ( 321 aaa  ) è ïëîòíîñòü H . Äëÿ îäíîðîäíîãî

áàðà â ãàëî âçàèìíóþ ýíåðãèþ óäîáíåå íàõîäèòü ïî ôîðìóëå [24]

  , 

bV

iHbmut dVxW
(3)

ãäå èíòåãðèðîâàíèå âíóòðåííåãî ïîòåíöèàëà ãàëî  iH x  âûïîëíÿåòñÿ ïî

îáúåìó áàðà V
b
. Èçâåñòíî (ñì., íàïðèìåð, [21]), ÷òî â ñèñòåìå êîîðäèíàò

Ox
1
x

2
x

3
 ãðàâèòàöèîííûé ïîòåíöèàë îäíîðîäíîãî ýëëèïñîèäàëüíîãî ãàëî âî

âíóòðåííåé òî÷êå ðàâåí

 , 2
33

2
22

2
11 xAxAxAIG HH  (4)

ãäå I   è êîýôôèöèåíòû iA  èìåþò âèä

 
     . 

; ; 

2
3

2
2

2
1

2

0
2

3
321

0

321

sasasas

sa

ds
aaaA

ds
aaaI i







 



(5)

Ïîòåíöèàë ãàëî (4) óäîáíî çàïèñàòü â ñèñòåìå êîîðäèíàò áàðà OX
1
X

2
x

3
.

Èñïîëüçóÿ äëÿ ýòîãî ôîðìóëû (2), ïîëó÷èì âûðàæåíèå

     ,cossinsin-cos 2
33

2
212

2
211 xAXXAXXAIG HH  (6)

êîòîðîå ïðåîáðàçóåì ê âèäó

   

  . sin2

cossinsincos

2
332112

2
2

2
2

2
1

2
1

2
2

2
1

xAXXAA

XAAXAAIG HH




 

(7)

Ïîäñòàâëÿÿ òåïåðü ãðàâèòàöèîííûé ïîòåíöèàë (7) ïîä çíàê èíòåãðàëà â (3)

è ó÷èòûâàÿ, ÷òî òåíçîð èíåðöèè âòîðîãî ïîðÿäêà îäíîðîäíîãî ýëëèïñîèäà ðàâåí

, 
5

1 2
ijib

V

jibij aMdVXXI

b

  (8)

ãäå 34 321 bb aaaM   - ìàññà áàðà, à ij  - ñèìâîë Êðîíåêåðà, â èòîãå, ïîñëå

èíòåãðèðîâàíèÿ íàõîäèì âçàèìíóþ ýíåðãèþ ñèñòåìû áàð-ãàëî:

      . 5sincos
5

1 2
33

22
12

2
21

22
22

2
11 IaAaAaAaAaAMGW bHmut  (9)



361ÂËÈßÍÈÅ  ÃÀËÎ  ÍÀ  ÂÐÀÙÅÍÈÅ  ÁÀÐÀ

Â ÷àñòíîñòè, ïðè 0 , êîãäà áîëüøàÿ îñü áàðà OX
1
 ñîâïàäàåò ñ îñüþ ãàëî Ox

1
,

âçàèìíàÿ ýíåðãèÿ ïðèíèìàåò ñâîå ìèíèìàëüíîå (ìàêñèìàëüíîå ïî ìîäóëþ) çíà÷åíèå

   . 5
5

1 2
33

2
22

2
11

0 IaAaAaAMGW bHmut  (10)

Äàëåå ïðèìåì  0
mutW  çà òî÷êó îòñ÷åòà âçàèìíîé ýíåðãèè è ñîñòàâèì ðàçíîñòü

    . 0
mutmutmut WWW

~
 (11)

Ïîñëå ïðîñòûõ ïðåîáðàçîâàíèé â (11) íàõîäèì

     . sin
5

1 22
2

2
112  aaAAMGW

~
bHmut (12)

Îòìåòèì, ÷òî â ôîðìóëå (12) ïðèñóòñòâóåò òîëüêî ÷ëåí, çàâèñÿùèé îò óãëà

 . Â íåì êîýôôèöèåíò ïðè 2sin  îáðàùàåòñÿ â íóëü â äâóõ ñëó÷àÿõ: (i)

ïðè îñåâîé ñèììåòðèè âíåøíåãî ãàëî (êîãäà 21 AA  ), èëè (ii) êîãäà â

òðåõîñíîì ãàëî ñàì áàð èìååò êðóãîâóþ ñèììåòðèþ a
1

 = a
2
. È â òîì, è â

äðóãîì ñëó÷àÿõ ìîìåíò ñèë ìåæäó áàðîì è ãàëî îòñóòñòâóåò.

Ãðàôèê ôîðìóëû (12) ïîêàçàí íà ðèñ.2. Èç íåãî âèäíî, ÷òî ìèíèìóì

âçàèìíîé ýíåðãèè äåéñòâèòåëüíî äîñòèãàåòñÿ òîãäà, êîãäà áîëüøàÿ îñü áàðà

ñîâïàäàåò ñ íàèáîëüøåé îñüþ ãàëî. Èç ýòîãî ðèñóíêà òàêæå ñëåäóåò, ÷òî â

èíòåðâàëå óãëîâ 22   ñèñòåìà áàð-ãàëî íàõîäèòñÿ â ïîòåíöèàëüíîé

ÿìå, ïðè÷åì íîðìèðîâàííàÿ âçàèìíàÿ ýíåðãèÿ èìååò ñâîé ëîêàëüíûé ìèíèìóì

ïðè 0 . Ýòî îçíà÷àåò, ÷òî â ýòîì ðåæèìå äâèæåíèÿ ëèáðàöèþ áàðà ìîæíî

ïðåäñòàâèòü êàê êîëåáàíèÿ â ïîëå òÿæåñòè ìàòåðèàëüíîé òî÷êè, ïåðåêàòû-

Ðèñ.2. Çàâèñèìîñòü íîðìèðîâàííîé âçàèìíîé ãðàâèòàöèîííîé ýíåðãèè
2
1

)/(5 aMGW
~

W
bHmut

  ãàëî è áàðà îò óãëà îðèåíòàöèè  . Äëÿ ðàñ÷åòîâ âçÿòû çíà÷åíèÿ

150
1

.A  ; 402 .A  ; 50/
12

.aan  .

0.5-1.5 -1 -0.5 1 1.5



0.04

0.08

0.12

0.16

W '
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âàþùåéñÿ âíóòðè èçîáðàæåííîé âîãíóòîé ÷àøè. Òàêèå ïîâîðîòíûå êîëåáàíèÿ

áàðà ÿâëÿþòñÿ óñòîé÷èâûìè.

Ðàññìîòðèì ïîäðîáíåå ðåæèìû âðàùåíèÿ áàðà â ãàëî.

4. Ìîìåíò ñèë è óðàâíåíèå âðàùåíèÿ áàðà. Äëÿ èçó÷åíèÿ âëèÿíèÿ

ãàëî íà âðàùåíèå áàðà ïðèìåíèì ìåòîä, ðàçâèòûé â ðàáîòå Êîíäðàòüåâà [25].

Â ýòîì ìåòîäå ìîìåíò ñèë M, äåéñòâóþùèõ íà áàð ñî ñòîðîíû ãàëî, íàõîäèòñÿ

÷åðåç âû÷èñëåíèå ïðîèçâîäíîé îò ôóíêöèè âçàèìíîé ýíåðãèè ñèñòåìû "áàð-

ãàëî" ïî óãëó âðàùåíèÿ  . Â íàøåì ñëó÷àå, åäèíñòâåííàÿ, îòëè÷íàÿ îò íóëÿ

òðåòüÿ êîìïîíåíòà ìîìåíòà ñèë áóäåò ðàâíà:

.



 mutW

~

M (13)

Äàëåå óïðîñòèì çàäà÷ó è áóäåì ñ÷èòàòü, ÷òî ìàññà è ìîìåíò èíåðöèè ãàëî

îòíîñèòåëüíî îñè âðàùåíèÿ I
3H

 íàìíîãî áîëüøå, ÷åì ìàññà M
b
 è ìîìåíò

èíåðöèè áàðà I
3b
, ò.å. I

3H
 >> I

3b
. Ýòî ïðåäïîëîæåíèå î äîìèíèðóþùåì âëèÿíèè

ãàëî ñîãëàñóåòñÿ ñ íàáëþäåíèÿìè è ïîäòâåðæäàåòñÿ ÷èñëåííûìè ìîäåëÿìè

[11]. Â óêàçàííîì ïðèáëèæåíèè âðàùàåòñÿ òîëüêî áàð, à ìàññèâíîå ãàëî â

èíåðöèàëüíîé ñèñòåìå îòñ÷åòà îñòàåòñÿ â ïîêîå. Êèíåòè÷åñêàÿ ýíåðãèÿ êîëåáà-

òåëüíîãî äâèæåíèÿ áàðà áóäåò ðàâíà

 . 
5

1
, 

2

1 2
2

2
13

2

3 aaMI
dt

d
IK bbb 







 
 (14)

Ëàãðàíæèàí áóäåò ðàâåí

     . sin
5

1

2

1 22
2

2
112

2

3 






 
 aaAAMG

dt

d
IW

~
KL bHbmut (15)

Ñ ó÷åòîì ëàãðàíæèàíà (15), âòîðîå óðàâíåíèå äâèæåíèÿ Ëàãðàíæà

, 0











 d

dL

d

dL

dt

d
 (16)

ãäå ÷ëåí ddL  ðàâåí ìîìåíòó ñèë èç (13), äàåò èñêîìîå äèôôåðåíöèàëüíîå

óðàâíåíèå âòîðîãî ïîðÿäêà äëÿ óãëà  t :

. 0sin22  (17)

Âõîäÿùàÿ â (17) âåëè÷èíà 2  ñâÿçàíà ñ õàðàêòåðèñòèêàìè ãàëî è áàðà

 . 122
2

2
1

2
2

2
12 AA

aa

aa
G H 




 (18)

Äèôôåðåíöèàëüíîå óðàâíåíèå (17) è ïðåäñòàâëÿåò ðåøåíèå ïîñòàâëåííîé çàäà÷è:

îíî îïèñûâàåò âðàùåíèå áàðà ñ ïåðåìåííîé óãëîâîé ñêîðîñòüþ (ðèñ.3).

×àñòîòà ìàëûõ êîëåáàíèé åñòü

  , 22 122
2

2
1

2
2

2
1 AA

aa

aa
G H 




 (19)
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à ïåðèîä êîëåáàíèé

. 
2

0



T (20)

Äëÿ ïðèìåðà, âîçüìåì õàðàêòåðíûå äëÿ ñðåäíèõ ãàëàêòèê îòíîñèòåëüíûå

ðàçìåðû ãàëî è áàðà: 

. 
3

2
; 1, 2, 3

1

2
321 

a

a
naaa (21)

Òîãäà êîýôôèöèåíòû âíóòðåííåãî ïîòåíöèàëà ãàëî, ðàññ÷èòàííûå ïî ôîðìóëàì

(5), áóäóò ðàâíû

. 53430810; 31260140 21 .A.A  (22)

Ñðåäíþþ ïëîòíîñòü ãàëî âîçüìåì ðàâíîé 23105 H  ã/ñì3. Òîãäà, ïî

ôîðìóëàì (20) è (21) íàõîäèì ïåðèîä ìàëûõ êîëåáàíèé (ëèáðàöèé) óãëîâîé

ñêîðîñòè áàðà îòíîñèòåëüíî ïðèíÿòîãî ñðåäíåãî çíà÷åíèÿ

. лет 102 8
0 T (23)

Äàííûé â (23) ïåðèîä ìàëûõ ïîâîðîòíûõ êîëåáàíèé áàðà îêàçûâàåòñÿ òîãî

æå ïîðÿäêà, ÷òî è ïåðèîä îáðàùåíèÿ çâåçä âîêðóã öåíòðà ãàëàêòèê çà

ïðåäåëàìè áàðà â çîíå êîðîòàöèè. Äàëåå, â ðàçäåëå 5 ìû ïîêàæåì, ÷òî ó÷åò

íåîäíîðîäíîñòè ãàëî óâåëè÷èò ïåðèîä ëèáðàöèé áàðà.

Ïðè áîëüøèõ àìïëèòóäàõ 0  áàð, ñîãëàñíî óðàâíåíèþ (17), ñîâåðøàåò

íåëèíåéíûå êîëåáàíèÿ, ÷àñòîòà è ïåðèîä êîòîðûõ ðàâíû

 
. 

2
, 

2 







 T

K (24)

Ðèñ.3. Äâèæåíèå áàðà ñ óãëîâîé ñêîðîñòüþ, èçìåíÿþùåéñÿ ïåðèîäè÷åñêè ñî âðåìåíåì.

Ãàëî òî óñêîðÿåò âðàùåíèå áàðà, òî çàìåäëÿåò åãî îòíîñèòåëüíî ñðåäíåãî âðàùåíèÿ. Äëÿ ðàñ÷åòà
ïî ôîðìóëå (17) â êà÷åñòâå íà÷àëüíîãî çíà÷åíèÿ âçÿòî çíà÷åíèå 15

0
101  ñ

-1
, ñîîòâåòñò-

âóþùåå ïàðàìåòðàì ìîäåëè (21) è çíà÷åíèþ ñðåäíåé óãëîâîé ñêîðîñòè áàðà 621. êì/ñ êïê

(èëè 8102 T  ëåò).

0

t, 106 ëåò

0
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Çäåñü  K  - ñòàíäàðòíûé ïîëíûé ýëëèïòè÷åñêèé èíòåãðàë ïåðâîãî ðîäà. Ñ

õîðîøåé òî÷íîñòüþ ïåðèîä íåëèíåéíûõ êîëåáàíèé ñ àìïëèòóäîé 0  ìîæåò

áûòü ïðåäñòàâëåí ôîðìóëîé

. sin
4

1
1 0

2
0 








 TT (25)

5. Âðàùåíèå áàðà â íåîäíîðîäíîì òðåõîñíîì ãàëî.

5.1. Ïëîòíîñòü è âíóòðåííèé ïîòåíöèàë ãàëî. Ðàññìîòðèì òåïåðü

íåîäíîðîäíîå òðåõîñíîå ãàëî ñ ïàðàáîëè÷åñêèì çàêîíîì ïëîòíîñòè  m  è

ìàññîé M
H

  . 
15

8
; ; 1 03212

3

2
3

2
2

2
2

2
1

2
122

0 








 aaaM
a

x

a

x

a

x
mm H (26)

Ýëëèïñîèä ñ çàêîíîì ïëîòíîñòè (26) ÿâëÿåòñÿ îäíèì èç ñàìûõ ïðîñòûõ

ïîñëå îäíîðîäíîãî. Ìû ðàññìîòðèì ýòó ìîäåëü äëÿ òîãî, ÷òîáû îöåíèòü

âëèÿíèå íåîäíîðîäíîñòè íà âçàèìíóþ ýíåðãèþ ñèñòåìû áàð-ãàëî, à òàêæå íà

ïåðèîä êîëåáàíèé óãëîâîé ñêîðîñòè áàðà. Ðàçóìååòñÿ, áîëåå ñëîæíûå çàêîíû

ïëîòíîñòè ïðèâåëè áû ê çíà÷èòåëüíîìó óâåëè÷åíèþ îáúåìà âû÷èñëåíèé.

Âíóòðåííèé ïîòåíöèàë òàêîãî ñëîèñòî-íåîäíîðîäíîãî ýëëèïñîèäà äàåòñÿ

ôîðìóëîé [22,23]
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ãäå  s  äàíî â (5). Ðàñêðûâàÿ ñêîáêè è èíòåãðèðóÿ â (27), â èòîãå ïîëó÷èì

âûðàæåíèå
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(28)

Çäåñü iA  äàíû â (5), à äâîéíûå èíäåêñû ×àíäðàñåêàðà [21] ðàâíû
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Ïîäñòàâëÿÿ â (28) ôîðìóëû (2), ïðèâîäèì ïîòåíöèàë âíóòðè ãàëî ê âèäó
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(30)

Âõîäÿùèå ñþäà êîýôôèöèåíòû ïðè êîîðäèíàòàõ äàíû â Ïðèëîæåíèè 1.

Â (30) íå âêëþ÷åíû òðè íåñèììåòðè÷íûõ ÷ëåíà R
1112

, R
1222

, R
1233

, òàê êàê

ïðè ïîñëåäóþùåì èíòåãðèðîâàíèè ïî ñèììåòðè÷íîìó îáúåìó ýëëèïñîèäàëüíîãî
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áàðà (ñì. íèæå) ýòè ÷ëåíû äàþò íîëü.

5.2. Âçàèìíàÿ ýíåðãèÿ áàðà è íåîäíîðîäíîãî ãàëî. ×òîáû íå

óñëîæíÿòü è áåç òîãî âåñüìà îáúåìíûå âûêëàäêè, áàð, êàê è ðàíåå ñ÷èòàåì

îäíîðîäíûì. Äëÿ íàõîæäåíèÿ âçàèìíîé ýíåðãèè áàðà è ãàëî ïîäñòàâèì

ãðàâèòàöèîííûé ïîòåíöèàë (30) ïîä çíàê èíòåãðàëà â ôîðìóëó (3). Èíòåãðèðóÿ

ïî îáúåìó áàðà è ó÷èòûâàÿ (8), à òàêæå ôîðìóëû äëÿ ìîìåíòîâ èíåðöèè

÷åòâåðòîãî ïîðÿäêà
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íàõîäèì âçàèìíóþ ýíåðãèþ áàðà è íåîäíîðîäíîãî ãàëî
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(32)

Ïîäñòàâëÿÿ äàëåå â (32) êîýôôèöèåíòû èç Ïðèëîæåíèÿ 1, ïîñëå ïðåîáðàçîâàíèé

íàõîäèì

 . cossinsincoscossin
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1 2
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4
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4

4
40 RCSCSCSMGW bnut  (33)

Çäåñü ââåäåíû âñïîìîãàòåëüíûå êîýôôèöèåíòû, ôîðìóëû äëÿ êîòîðûõ ñì.

â Ïðèëîæåíèè 2.

Ïðè 0  (ñì. òàêæå ðàçäåë 2), êîãäà íàèáîëüøèå îñè áàðà OX
1
 è ãàëî

Ox
1
 ñîâïàäàþò, âçàèìíàÿ ýíåðãèÿ (33) ïðèíèìàåò ñâîå ìèíèìàëüíîå

(ìàêñèìàëüíîå ïî ìîäóëþ) çíà÷åíèå:

   . 
10

1
0 240

0 RCCMGW bmut  (34)

Ñîñòàâëÿÿ, ïî àíàëîãèè ñ ðàçäåëîì 2 ðàçíîñòü

    , 0
mutmutmut WWW

~
 (35)

ïîñëå ïðåîáðàçîâàíèé íàõîäèì

   , sinsin
10

1 2
2

4
40  DDMGW

~
bmut (36)

ãäå

. 0; 02 4442242  CSCSDSCCSCD (37)

Ïðîâåðêà â (37) ïîäòâåðäèëà: âëèÿíèå ãàëî íà áàð äåéñòâèòåëüíî èñ÷åçàåò
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êàê â ñëó÷àå êðóãîâîé ñèììåòðèè áàðà 21 aa  , òàê è â ñëó÷àå òðåõîñíîãî áàðà

21 aa  , íî ïîìåùåííîãî â ãàëî ñ êðóãîâîé ñèììåòðèåé; â îáîèõ ñëó÷àÿõ

îáðàùàþòñÿ â íóëü êîýôôèöèåíòû

. 024  DD (38)

5.3. Ëàãðàíæèàí è óðàâíåíèå ëèáðàöèé. Ìîìåíò ñèë, äåéñòâóþùèõ

ñî ñòîðîíû ãàëî íà áàð, ñîãëàñíî ôîðìóëå (13), áóäåò òåïåðü ðàâåí:

  . sin2sin2
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1 2
420  DDMGM b (39)

Êèíåòè÷åñêàÿ ýíåðãèÿ âðàùàòåëüíîãî äâèæåíèÿ áàðà (ñð. ñ ðàçäåëîì 3) ðàâíà
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Ñîñòàâèì ëàãðàíæèàí äëÿ ñèñòåìû ãàëî-áàð
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äëÿ êîòîðîãî âòîðîå óðàâíåíèå äâèæåíèÿ Ëàãðàíæà (16) äàåò äèôôåðåíöèàëüíîå

óðàâíåíèå êîëåáàíèé äëÿ óãëà  t :

 
  . 0sinsin2

2

22
42

2
2

2
1

0 



 DD
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(42)

Çàìåòèì, ÷òî óðàâíåíèå íåëèíåéíûõ êîëåáàíèé (42) íåñêîëüêî îòëè÷àåòñÿ îò

óðàâíåíèÿ,  ïîëó÷åííîãî ðàíåå â (17).

×èñëåííûå ðàñ÷åòû ìû ïðîâåäåì äëÿ òåõ æå ïðèåìëåìûõ îòíîñèòåëüíûõ

çíà÷åíèé ïîëóîñåé ãàëî è áàðà, ñì. ôîðìóëû (21). Ñîîòâåòñòâóþùèå

êîýôôèöèåíòû iA , ijA , D
2
, D

4
 è äðóãèå äàíû íèæå â òàáë.1.

Òàê êàê 
3

24 102 ~DD , òî ââèäó ìàëîñòè êîýôôèöèåíòà D
4
 ÷ëåíîì

2
4 sin2 D  â ïðàâîé ÷àñòè (42) ìîæíî ïðåíåáðå÷ü, è ñ õîðîøèì ïðèáëèæåíèåì

óðàâíåíèå íåëèíåéíûõ êîëåáàíèé ïðåäñòàâèì â âèäå
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Çàìåòèì, íàéäåííûé ïåðèîä ëèíåéíûõ ëèáðàöèé îêàçûâàåòñÿ ïðèìåðíî â

1.75 äëèííåå, ÷åì ïåðèîä ëèáðàöèé òîãî æå áàðà â îäíîðîäíîì ãàëî.

6. Îáñóæäåíèå è çàêëþ÷åíèå. Èññëåäîâàíèå âëèÿíèÿ ãàëî íà âðàùåíèå

áàðîâ ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé, ò.ê. íåñìîòðÿ íà çàìåòíûé ïðîãðåññ â

èçó÷åíèè îáðàçîâàíèÿ è ýâîëþöèè ïëîñêèõ ãàëàêòèê, ó÷åíûå äî ñèõ ïîð íå

ïðèøëè ê ñîãëàñèþ â âîïðîñå î äîìèíèðóþùåì ìåõàíèçìå îáðàçîâàíèÿ

áàðîâ (î ìåõàíèçìàõ îáðàçîâàíèÿ áàð-ìîä ñì., íàïðèìåð, [26]). Áàð-ìîäà

ÿâëÿåòñÿ ñàìîé êðóïíîìàñøòàáíîé, ïîýòîìó èçó÷åíèå äèíàìèêè è ýâîëþöèè

ãàëàêòèê óäîáíî íà÷èíàòü ñ èçó÷åíèÿ áàðîâ.

Ñ ïîìîùüþ ïîñòðîåííûõ çäåñü ìîäåëåé, ìû ðàññìîòðåëè âëèÿíèå ãðàâèòè-

ðóþùåãî ãàëî èç òåìíîé ìàòåðèè íà âðàùåíèå áàðà. Îòìåòèì, ÷òî áàð íå

ÿâëÿåòñÿ ôèãóðîé, âûòåñíÿþùåé ìàòåðèþ ãàëî: ðå÷ü èäåò î âçàèìîïðîíèêàþùåé

ñóïåðïîçèöèè êîìïîíåíòîâ òåìíîé ìàòåðèè ãàëî è ìàòåðèè çâåçäíîãî òðåõîñíîãî

áàðà. Òàêèå ìîäåëè ñ ñóïåðïîçèöèåé ïîòåíöèàëîâ íåñêîëüêèõ êîìïîíåíòîâ

"ãàëî-áàð-äèñê" ÷àñòî èñïîëüçóþòñÿ â äèíàìèêå çâåçäíûõ ñèñòåì [27].

Êàê îòìå÷àëîñü, êðîìå ðàññìîòðåííîãî çäåñü ìåõàíèçìà âëèÿíèÿ ãàëî íà

óãëîâóþ ñêîðîñòü âðàùåíèÿ áàðà, åñòü è äðóãèå ìåõàíèçìû âîçäåéñòâèÿ äèñêà

è ãàëî íà áàð. Òàê, ýôôåêò çàìåäëåíèÿ âðàùåíèÿ áàðà âîçìîæåí êàê çà ñ÷åò

ïåðåäà÷è óãëîâîãî ìîìåíòà çâåçäàì [2], òàê è çà ñ÷åò âëèÿíèÿ äèíàìè÷åñêîãî

òðåíèÿ ìåæäó áàðîì è ãàëî [14]. Ñóùåñòâóåò è ýôôåêò èçìåíåíèÿ ôîðìû áàðà

[15,16], ïðèâîäÿùèé ê íåêîòîðîìó îêðóãëåíèþ åãî ôîðìû.

Â íàøåé ðàáîòå â ãèäðîäèíàìè÷åñêîì ïðèáëèæåíèè ðåøåíà çàäà÷à î

ëèáðàöèîííûõ êîëåáàíèÿõ âðàùàþùåãîñÿ áàðà. Áûëè ïîñòðîåíû äâå ìîäåëè:

(i) îäíîðîäíûé áàð âíóòðè îäíîðîäíîãî ãàëî è (ii) îäíîðîäíûé áàð âíóòðè

ñëîèñòî-íåîäíîðîäíîãî ãàëî ñ ïàðàáîëè÷åñêèì çàêîíîì ïëîòíîñòè. Äëÿ îáåèõ

ìîäåëåé áûëà íàéäåíà âçàèìíàÿ ãðàâèòàöèîííàÿ ýíåðãèÿ áàðà è ãàëî. Çàäà÷à

ñâîäèòñÿ ê ïîñòðîåíèþ ëàãðàíæèàíà, ãäå â êà÷åñòâå ïîòåíöèàëüíîãî ÷ëåíà

Òàáëèöà 1

ÇÍÀ×ÅÍÈß ÊÎÝÔÔÈÖÈÅÍÒÎÂ

Ïîëóîñè ãàëî Êîýôôèöèåíòû Èíäåêñíûå Âñïîìîãàòåëüíûå Êîýôôèöèåíòû
è áàðà ïîòåíöèàëà ñèìâîëû êîýôôèöèåíòû â óðàâíåíèè

îäíîðîäíîãî íåîäíîðîäíîãî êîëåáàíèé
ãàëî ãàëî

31 a a
1
 = 1 312601401 .A  02427325011 .A  S

4
 = 0.04331379 D

2
 = 0.22169325

22 a a
2
 = 2/3 534308102 .A  04434134012 .A  C

4
 = 0.02052282 D

4
 = 0.00007171

13 a a
3
 = 1/3 153090513 .A  10506114013 .A  CS = 0.0639083

20626081023 .A  S
2
 = -1.3384538

08313262022 .A  C
2
 = -1.0938978

5628927033 .A 
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êàê ðàç è èñïîëüçóåòñÿ óêàçàííàÿ âçàèìíàÿ ãðàâèòàöèîííàÿ ýíåðãèÿ. Âàæíîé

îñîáåííîñòüþ ìåòîäà ÿâëÿåòñÿ òî, ÷òî ïðîèçâîäíàÿ îò âçàèìíîé ýíåðãèè ïî

óãëó âðàùåíèÿ äàåò ìîìåíò ñèë, äåéñòâóþùèõ íà áàð ñî ñòîðîíû âíåøíåãî

ãàëî. Ýòî ïîçâîëÿåò ïðîñòûì ñïîñîáîì âûâîäèòü äèôôåðåíöèàëüíîå óðàâíåíèå

âðàùàòåëüíûõ êîëåáàíèé áàðà.

Èññëåäîâàíèå ïîëó÷åííûõ äèôôåðåíöèàëüíûõ óðàâíåíèé ïîçâîëèëî

âûÿâèòü ïåðèîäè÷åñêèé õàðàêòåð â èçìåíåíèè óãëîâîé ñêîðîñòè áàðà ïîä

âëèÿíèåì âíåøíåãî ãàëî. Áûëè íàéäåíû ÷àñòîòû è ïåðèîäû âðàùàòåëüíûõ

ëèáðàöèé áàðà êàê â îáùåì íåëèíåéíîì ñëó÷àå, òàê è â ïðèáëèæåíèè

ãàðìîíè÷åñêèõ êîëåáàíèé. Óñòàíîâëåíî, ÷òî ïåðèîäû óêàçàííûõ ëèáðàöèé

áàðà ìîãóò áûòü òîãî æå ïîðÿäêà, ÷òî è ïåðèîäû îáðàùåíèÿ çâåçä âîêðóã

öåíòðà ãàëàêòèêè çà ïðåäåëàìè áàðà â çîíå êîðîòàöèè. Êðîìå òîãî,  íàø

ðàñ÷åò âî âòîðîé ìîäåëè ïîêàçàë, ÷òî ó÷åò íåîäíîðîäíîñòè â ðàñïðåäåëåíèè

âåùåñòâà â ãàëî ìîæåò çàìåòíî (ïðèìåðíî â 2 ðàçà) óâåëè÷èòü ïåðèîä

ëèáðàöèé áàðà. Òàê êàê ïðÿìàÿ íàáëþäàòåëüíàÿ ïðîâåðêà äàííûõ ýôôåêòîâ

çàòðóäíåíà, äëÿ êîíòðîëÿ òåîðåòè÷åñêèõ âûâîäîâ íåîáõîäèìî ïðîâåäåíèå

äîïîëíèòåëüíûõ ÷èñëåííûõ ýêñïåðèìåíòîâ ïî èçó÷åíèþ ëèáðàöèé áàðîâ â

ãàëî ãàëàêòèê. Êðîìå òîãî, äàííûé çäåñü ìåòîä ìîæíî ïðèìåíÿòü è ê çàäà÷àì

î äèíàìèêå äâîéíûõ áàðîâ.

Àâòîðû ïðèçíàòåëüíû Ìåæäèñöèïëèíàðíîé Íàó÷íî-Îáðàçîâàòåëüíîé

Øêîëå ÌÃÓ "Ôóíäàìåíòàëüíûå è ïðèêëàäíûå êîñìè÷åñêèå èññëåäîâàíèÿ".

1 Ãîñóäàðñòâåííûé àñòðîíîìè÷åñêèé èíñòèòóò èì. Ï.Ê.Øòåðíáåðãà

 Ìîñêîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Ì.Â.Ëîìîíîñîâà,

 e-mail: work@boris-kondratyev.ru
2 Ãëàâíàÿ (Ïóëêîâñêàÿ) Àñòðîíîìè÷åñêàÿ îáñåðâàòîðèÿ, Ñàíêò-Ïåòåðáóðã
3 Óäìóðòñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Èæåâñê, Ðîññèÿ

ÏÐÈËÎÆÅÍÈÅ 1

Êîýôôèöèåíòû â ïîòåíöèàëå (30) ðàâíû:
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ÏÐÈËÎÆÅÍÈÅ 2

Óêàçàííûå â òåêñòå âñïîìîãàòåëüíûå êîýôôèöèåíòû â ïîòåíöèàëå (33) ðàâíû:
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(Ï.2)

HALO EFFECT ON BAR ROTATION IN GALAXIES

B.P.KONDRATYEV1,2, E.N.KIREEVA1, V.S.KORNOUKHOV1,
N.G.TRUBITSYNA3

The effect of a massive gravitating halo on the rotation of an ellipsoidal bar

in disk galaxies is studied. The method is based on calculating the moment of

forces between the bar and the halo using a function of their mutual gravitational

energy. To test the new method, two models are constructed: a simple version

with homogeneous components, and a more complex version in which the halo

is represented by a layered-heterogeneous  ellipsoid with a parabolic density law.

For both models, expressions for the mutual gravitational energy of the bar and

the halo are obtained, the Lagrangian is constructed, and differential equations for

the nonlinear rotational oscillations of the bar are derived. These equations describe

bar rotation with variable angular velocity. The frequencies and periods of

oscillations of the bar's angular velocity are found both in the general nonlinear

case and in the approximation of harmonic oscillations. It has been found that

taking into account the inhomogeneity of the halo can noticeably (by about a

factor of 2) increase the period of these oscillations.

Keywords: structure of disk galaxies: bars and halos: mutual energy of ellipsoids:

  linear and nonlinear equations of rotational oscillations of bars:

frequencies and periods of oscillation
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Ïðèíÿòà ê ïå÷àòè 8 àâãóñòà 2022

Íà îñíîâå äàííûõ î çâåçäàõ ñ ïëàíåòàìè, íàõîäÿùèìèñÿ â çîíå îáèòàåìîñòè, âûïîëíåíî
èçó÷åíèå ïðîÿâëåíèé èõ àêòèâíîñòè. Äëÿ íèõ ïî äàííûì àðõèâà êîñìè÷åñêîãî òåëåñêîïà
Êåïëåð áûëè èçó÷åíû êðèâûå áëåñêà, ïîëó÷åííûå â õîäå íàáëþäåíèé â ñåòå Q3, è âû÷èñëåíû
àìïëèòóäû ïåðåìåííîñòè áëåñêà ñ öåëüþ îïðåäåëèòü íàëè÷èå è ñâîéñòâà ïÿòåí íà èõ
ïîâåðõíîñòè. Êðîìå òîãî, ïîëó÷åíû âåëè÷èíû ïåðèîäîâ âðàùåíèÿ îáúåêòîâ, êîòîðûå íîñÿò
îöåíî÷íûé õàðàêòåð. Ðàññìîòðåíû äèàãðàììû çàâèñèìîñòè ïëîùàäè ïÿòåí À íà ïîâåðõíîñòè
çâåçä ñ ýêçîïëàíåòàìè ïî ëèòåðàòóðíûì äàííûì (è â òîì ÷èñëå, íàõîäÿùèìèñÿ â çîíå
îáèòàåìîñòè), îò ýôôåêòèâíîé òåìïåðàòóðû è ïåðèîäà âðàùåíèÿ. Ïîëó÷åíû óêàçàíèÿ íà
òî, ÷òî ðàñïðåäåëåíèÿ çâåçä ñ ýêçîïëàíåòàìè, íàõîäÿùèìèñÿ â çîíå îáèòàåìîñòè, ñìåùåíû
â îáëàñòü ìåíüøèõ ïëîùàäåé ïÿòåí è ïåðèîäîâ âðàùåíèÿ, ïî ñðàâíåíèþ ñ äàííûìè äëÿ
âñåãî ìàññèâà çâåçä ñ ýêçîïëàíåòàìè. Ïðîàíàëèçèðîâàíû äàííûå àðõèâà êîñìè÷åñêîãî
òåëåñêîïà Êåïëåð äëÿ çâåçäû ñ ÿðêî âûðàæåííîé âðàùàòåëüíîé ìîäóëÿöèåé KOI-3497
(Kepler-1512, KIC 8424002). Îòìå÷åíî, ÷òî ñêîðåå âñåãî åå ñëåäóåò õàðàêòåðèçîâàòü êàê
çâåçäó ñïåêòðàëüíîãî êëàññà Ê, à íå Ì. KOI-3497 îáëàäàåò âñïûøå÷íîé àêòèâíîñòüþ (äëÿ
íåå çàðåãèñòðèðîâàíî 47 âñïûøåê ñ ýíåðãèåé E â äèàïàçîíå îò 

31
102   äî 

32
102   ýðã).

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

ïëàíåòíûå ñèñòåìû

1. Ââåäåíèå. Îäíà èç îñíîâíûõ íàó÷íûõ ïðîãðàìì êîñìè÷åñêîãî òåëåñêîïà

Êåïëåð - îïðåäåëåíèå ÷èñëà è ÷àñòîòû âñòðå÷àåìîñòè ïëàíåò (â òîì ÷èñëå

çåìíîãî òèïà), ðàñïîëîæåííûõ â çîíå îáèòàåìîñòè (Habitable Zone, HZ). Êàê

ïðàâèëî, ïîä çîíîé îáèòàåìîñòè ïîäðàçóìåâàþò îáëàñòü îêîëî çâåçäû, â

êîòîðîé âîäà ìîæåò íàõîäèòüñÿ â æèäêîì ñîñòîÿíèè ïðè ñîîòâåòñòâóþùåì

àòìîñôåðíîì äàâëåíèè àòìîñôåðû ïëàíåòû (ñì. ïîäðîáíåå, íàïðèìåð â [1,2]).

Ïàðàìåòð   ÷àñòîòû âñòðå÷àåìîñòè ïëàíåò çåìíîãî òèïà, ðàñïîëîæåííûõ â

çîíå îáèòàåìîñòè, ÿâëÿåòñÿ ïðåäìåòîì ìíîãî÷èñëåííûõ èññëåäîâàíèé. Â

ïðîöåññå îïðåäåëåíèÿ   òðåáóåòñÿ ðàáîòà ñî ñïèñêàìè îáúåêòîâ, äëÿ êîòîðûõ

èìåþòñÿ äîñòàòî÷íî íàäåæíûå îïðåäåëåíèÿ ïàðàìåòðîâ êàê çâåçäû, îáëàäàþùåé

ïëàíåòíîé ñèñòåìîé, òàê è ïàðàìåòðîâ ýêçîïëàíåòû.

Àâòîðû [2] ïðåäñòàâèëè îáøèðíûé êàòàëîã îáúåêòîâ - êàíäèäàòîâ â

ïëàíåòû, ðàñïîëîæåííûõ â çîíå îáèòàåìîñòè, íà îñíîâå àðõèâîâ íàáëþäåíèé

êîñìè÷åñêîãî òåëåñêîïà Êåïëåð (ñåòû Q1-Q17). Èñïîëüçóÿ êîíñåðâàòèâíûå
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è îïòèìèñòè÷íûå îöåíêè âíåøíåé è âíóòðåííåé ãðàíèö çîíû îáèòàåìîñòè

è äàííûå î ðàäèóñàõ ýêçîïëàíåò, àâòîðû [2] ïðèâåëè 4 ñïèñêà îáúåêòîâ. Èç

íèõ â íàøåì äàëüíåéøåì èññëåäîâàíèè áóäåò èñïîëüçîâàòüñÿ ñàìûé îáøèðíûé

(òàáë.4), äëÿ êîòîðîãî ïðèìåíÿëèñü îïòèìèñòè÷íûå îöåíêè âíåøíåé è

âíóòðåííåé ãðàíèö çîíû îáèòàåìîñòè, îãðàíè÷åíèé íà ðàäèóñ ýêçîïëàíåòû

íå íàêëàäûâàëîñü.

Öåëü íàøåãî èññëåäîâàíèÿ ñîñòîèò â èçó÷åíèè ïðîÿâëåíèé àêòèâíîñòè

çâåçä ñ ïëàíåòàìè, íàõîäÿùèìèñÿ â çîíå îáèòàåìîñòè, íà îñíîâå äàííûõ,

äîñòóïíûõ èç àðõèâà ìèññèè Êåïëåð.

2. Çâåçäû ñ ïëàíåòíûìè ñèñòåìàìè â çîíå îáèòàåìîñòè. Ðàíåå

â [3] ïî ôîòîìåòðè÷åñêèì íàáëþäåíèÿì ñ êîñìè÷åñêèì òåëåñêîïîì Êåïëåð

äëÿ 737 çâåçä, îáëàäàþùèõ ïëàíåòíûìè ñèñòåìàìè (ýêçîïëàíåòàìè), ìû

èçó÷èëè çàâèñèìîñòè âåëè÷èíû ïàðàìåòðà çàïÿòíåííîñòè S èõ ïîâåðõíîñòè

îò ýôôåêòèâíîé òåìïåðàòóðû è îò ïåðèîäà Ð èõ îñåâîãî âðàùåíèÿ è íå

ïîëó÷èëè ñâèäåòåëüñòâ òîãî, ÷òî ìàãíèòíàÿ àêòèâíîñòü çâåçä ñ ýêçîïëàíåòàìè

èìååò ÿðêî âûðàæåííûå îñîáåííîñòè, îòëè÷àþùèå èõ îò àêòèâíîñòè çâåçä

áîëåå îáøèðíîé âûáîðêè.

Â [4] ìû ñîïîñòàâèëè ïàðàìåòðû S è Ò
ýôô

, à òàêæå S è Ð, ïîëó÷åííûå

ïî äàííûì èç [5,6], êîòîðûå ñîäåðæàò íåîáõîäèìóþ äëÿ îöåíîê ïàðàìåòðà

S èíôîðìàöèþ. Áûëè ïåðåîïðåäåëåíû âåëè÷èíû S äëÿ çâåçä èç [5] è

íàéäåíû ïàðàìåòðû çàïÿòíåííîñòè äëÿ 67 çâåçä èç [6]. Êðîìå òîãî, ïðèíèìàÿ

îöåíêó ðàäèóñà çâåçä (ñîãëàñíî îáíîâëåííûì äàííûì àðõèâà òåëåñêîïà Êåïëåð

archive.stsci.edu.k2), ìû ïîëó÷èëè âåëè÷èíû À ïëîùàäè ïÿòåí íà ïîâåðõíîñòè

çâåçä â àáñîëþòíîé ìåðå (â äîëÿõ âèäèìîé ïîëóñôåðû Ñîëíöà, ìèëëèîííûõ

äîëÿõ, ì.ä.ï.). Åñëè ïëîùàäü áîëüøîé ãðóïïû ïÿòåí íà Ñîëíöå ìîæåò

ñîñòàâëÿòü 1-2 òûñÿ÷è ì.ä.ï., òî ïëîùàäè ïÿòåí íà ïîâåðõíîñòè çâåçä ñ

ýêçîïëàíåòàìè ñóùåñòâåííî ïðåâîñõîäÿò åå è, êàê ïðàâèëî, íàõîäÿòñÿ â

ïðåäåëàõ îò 8000 ì.ä.ï. äî 60000 ì.ä.ï. (ñì. ïîäðîáíåå â [4]). Ðåçóëüòàòû,

ïðåäñòàâëåííûå â [4], óêàçûâàþò íà õîðîøåå ñîãëàñèå îöåíîê õàðàêòåðèñòèê

ïÿòåí íà ïîâåðõíîñòè çâåçä ñ ýêçîïëàíåòàìè, ïîëó÷åííûõ ïî äâóì âûáîðêàì

- â [5,6].

Äàííûå î çâåçäàõ ñ ïëàíåòàìè, íàõîäÿùèìèñÿ â çîíå îáèòàåìîñòè,

îïóáëèêîâàííûå àâòîðàìè [2], ïîçâîëèëè âûïîëíèòü àíàëîãè÷íîå èçó÷åíèå

èõ àêòèâíîñòè. Äëÿ îáúåêòîâ, óêàçàííûõ â [2] â òàáë.4, ïî äàííûì àðõèâà

êîñìè÷åñêîãî òåëåñêîïà Êåïëåð ìû ðàññìîòðåëè èõ êðèâûå áëåñêà, ïîëó÷åííûå

â õîäå íàáëþäåíèé â ñåòå Q3 äëèòåëüíîñòüþ â 90 ñóò. Îñíîâíàÿ öåëü íàøåãî

àíàëèçà ñîñòîÿëà â îïðåäåëåíèè àìïëèòóä ïåðåìåííîñòè áëåñêà, êîòîðàÿ

ìîæåò õàðàêòåðèçîâàòü íàëè÷èå è ñâîéñòâà ïÿòåí íà èõ ïîâåðõíîñòè. Êðîìå

òîãî, íàìè áûëè ïîëó÷åíû âåëè÷èíû ïåðèîäîâ âðàùåíèÿ îáúåêòîâ èç òàáë.4
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[2], êîòîðûå íîñÿò îöåíî÷íûé õàðàêòåð, ïîñêîëüêó íàìè ðàññìàòðèâàëñÿ ëèøü

îäèí ñåò íàáëþäåíèé Q3, à íå ìàêñèìàëüíî âîçìîæíûé íàáîð äàííûõ äëÿ

îáúåêòà. Àíàëèç ôîòîìåòðè÷åñêèõ äàííûõ áûë ïðîâåäåí ñ ïîìîùüþ

ìîäèôèöèðîâàííîé ïðîãðàììû Activity [7]. Åãî ðåçóëüòàòû ïðîèëëþñòðèðîâàíû

íà äèàãðàììàõ ðèñ.1 äëÿ ïÿòè îáúåêòîâ ñ íàèáîëåå âûðàæåííîé âðàùàòåëüíîé

ìîäóëÿöèåé áëåñêà. Êðèâûå áëåñêà îáúåêòîâ ïðèâåäåíû íà ëåâîé ÷àñòè ðèñ.1.

Îáðàáîòêà äàííûõ áûëà àíàëîãè÷íîé, âûïîëíåííîé íàìè ðàíåå äëÿ êàðëèêîâ

ïîçäíèõ ñïåêòðàëüíûõ êëàññîâ.

Ðàññ÷èòàííûå ñïåêòðû ìîùíîñòè ïåðåìåííîñòè áëåñêà çâåçä (ðèñ.1, ñðåäíÿÿ

÷àñòü) óêàçàëè íà íàëè÷èå ïèêîâ, ñîîòâåòñòâóþùèõ âåëè÷èíàì ïåðèîäà

âðàùåíèÿ. Ôàçîâûå äèàãðàììû ïåðåìåííîñòè áëåñêà ïðåäñòàâëåíû íà ïðàâîé

÷àñòè ðèñ.1. Õîðîøî çàìåòíà ïåðåìåííîñòü êðèâûõ áëåñêà íà âðåìåíàõ,

ñîïîñòàâèìûõ ñ ïåðèîäàìè âðàùåíèÿ çâåçä, ÷òî ñâèäåòåëüñòâóåò î áûñòðîé

ýâîëþöèè ïÿòåí íà èõ ïîâåðõíîñòè. Ãîðèçîíòàëüíûå ëèíèè õàðàêòåðèçóþò

Ðèñ.1. Ñëåâà - êðèâàÿ áëåñêà äëÿ ïÿòè îáúåêòîâ èç ñïèñêà ñ õîðîøî âûðàæåííîé

âðàùàòåëüíîé ìîäóëÿöèåé áëåñêà, â öåíòðå - ñïåêòð ìîùíîñòè ïåðåìåííîñòè áëåñêà, ñïðàâà
- ôàçîâàÿ äèàãðàììà ïåðåìåííîñòè áëåñêà (ãîðèçîíòàëüíûå ëèíèè õàðàêòåðèçóþò âåëè÷èíó
àìïëèòóäû ïåðåìåííîñòè áëåñêà). Äàííûå ïðèâåäåíû äëÿ íàáëþäåíèé â ñåêòîðå Q3.

Í
î
ð
ì
è
ð
î
âà

í
í
û
é
 ï

î
òî

ê

Âðåìÿ, BJD-2454833

280

À
ì
ïë

è
òó

ä
à

0.0

300 320 340

Ïåðèîä, ñóò.

0 12 24

Ôàçà

0.0 0.2

0.5

1.0

Ï
î
òî

ê

0.995

0.4 0.6 0.8 1.0

1.005

0.0

0.5

1.0

0.0

0.5

1.0

0.0

0.5

1.0

0.0

0.5

1.0

0.995

1.005

0.994

1.002

0.998

1.006

0.99

1.00

1.01

0.99

1.00

1.01

0.996

1.000

1.004

0.996

1.000

1.004

0.99

1.00

1.01

0.99

1.00

1.01

0.994

1.002

0.998

1.006



374 È.Ñ.ÑÀÂÀÍÎÂ

âåëè÷èíó R
var

 àìïëèòóäû ïåðåìåííîñòè áëåñêà îáúåêòîâ. Âî ìíîãèõ ñëó÷àÿõ

ïîëíàÿ àìïëèòóäà ïåðåìåííîñòè áëåñêà äîñòèãàåò 2%, ÷òî íåñîìíåííî ÿâëÿåòñÿ

óêàçàíèåì íà ïîâûøåííóþ ïëîùàäü ïÿòåí íà ïîâåðõíîñòè. Èñïîëüçóÿ

óïðîùåííóþ ìåòîäèêó (ñì., íàïðèìåð, [3]), íà îñíîâå âåëè÷èí R
var

 è

õàðàêòåðèñòèê îáúåêòîâ èç àðõèâà äàííûõ òåëåñêîïà Êåïëåð ìîæíî ïîëó÷èòü

çíà÷åíèÿ ïàðàìåòðà çàïÿòíåííîñòè À. Ñëåäóåò îòìåòèòü òàêæå, ÷òî àìïëèòóäà

ïåðåìåííîñòè áëåñêà äàåò âîçìîæíîñòü ïîëó÷èòü òîëüêî îöåíêó ïëîùàäè

ïÿòåí íà ïîâåðõíîñòè çâåçäû. Ìû íå ðàñïîëàãàåì ñâåäåíèÿìè î âåëè÷èíå

óãëà íàêëîíà îñè âðàùåíèÿ îáúåêòà ê ëó÷ó çðåíèÿ. Î÷åâèäíî, ÷òî íàëè÷èå

ïîëÿðíûõ è ðàâíîìåðíî ðàñïðåäåëåííûõ ïî ïîâåðõíîñòè ïÿòåí íå ïðèâîäèò

ê ìîäóëÿöèè áëåñêà è ïðî÷.

Íà ðèñ.2 ïðåäñòàâëåíû äèàãðàììû çàâèñèìîñòè ïëîùàäè ïÿòåí À íà

ïîâåðõíîñòè çâåçä ñ ýêçîïëàíåòàìè (â òîì ÷èñëå, íàõîäÿùèìèñÿ â çîíå

Ðèñ.2. Çàâèñèìîñòü ïëîùàäè ïÿòåí À íà ïîâåðõíîñòè çâåçä ñ ýêçîïëàíåòàìè, âûðàæåííîé

â äîëÿõ âèäèìîé ïîëóñôåðû Ñîëíöà (â ìèëëèîííûõ äîëÿõ, ì.ä.ï.), îò ýôôåêòèâíîé òåìïå-
ðàòóðû (ââåðõó) è ïåðèîäà âðàùåíèÿ (âíèçó). Ñâåòëûå êðóæêè - äàííûå èç [5,6] òåìíûå òî÷êè
- îáúåêòû èç [2]. Øòðèõîâûå ëèíèè ñîîòâåòñòâóþò ìàêñèìóìàì áèìîäàëüíîãî ðàñïðåäåëåíèÿ

ïàðàìåòðà À äëÿ Ñîëíöà [8], à ìàêñèìàëüíîå ñîëíå÷íîå çíà÷åíèå ïàðàìåòðà À ïðåäñòàâëåíî
ñïëîøíîé ëèíèåé.
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îáèòàåìîñòè HZ), âûðàæåííîé â äîëÿõ âèäèìîé ïîëóñôåðû Ñîëíöà

(ìèëëèîííûõ äîëÿõ, ì.ä.ï.) îò ýôôåêòèâíîé òåìïåðàòóðû è ïåðèîäà âðàùåíèÿ.

Øòðèõîâûå ëèíèè ñîîòâåòñòâóþò ìàêñèìóìàì áèìîäàëüíîãî ðàñïðåäåëåíèÿ

ïàðàìåòðà À äëÿ Ñîëíöà, à ìàêñèìàëüíîå çíà÷åíèå ïàðàìåòðà À ïðåäñòàâëåíî

ñïëîøíîé ëèíèåé (ñì. ïîäðîáíåå â [4,8]). Ìîæíî çàêëþ÷èòü, ÷òî ðàçëè÷èÿ

ìåæäó èçìåíåíèÿìè ïàðàìåòðà À â çàâèñèìîñòè îò Ò
ýôô

 è P äëÿ çâåçä ñ

ýêçîïëàíåòàìè, íàõîäÿùèìèñÿ â HZ çîíå, è çâåçä ñ ïëàíåòíûìè ñèñòåìàìè

âíå ýòîé çîíû, åñëè è ñóùåñòâóþò, òî îíè íåâåëèêè. Âåðîÿòíî, ïàðàìåòð À

äëÿ ïåðâîé ãðóïïû îáúåêòîâ èìååò ìåíüøåå çíà÷åíèå, ò.å. èõ àêòèâíîñòü

íåñêîëüêî íèæå. Áîëåå íàãëÿäíî óäàëîñü ïðîâåñòè ñîïîñòàâëåíèå ñâîéñòâ

äâóõ âûáîðîê çâåçä ñ ýêçîïëàíåòàìè ïðè ðàññìîòðåíèè ãèñòîãðàìì ðàñïðå-

äåëåíèé èõ ïàðàìåòðîâ - çàïÿòíåííîñòè À è ïåðèîäîâ Ð (ðèñ.3).

Ñîãëàñíî ïðåäñòàâëåííûì äèàãðàììàì, ðàñïðåäåëåíèÿ çâåçä ñ ýêçîïëà-

íåòàìè, íàõîäÿùèìèñÿ â çîíå îáèòàåìîñòè, ïåðå÷èñëåííûå àâòîðàìè [2],

ñìåùåíû â îáëàñòü ìåíüøèõ ïëîùàäåé ïÿòåí è ïåðèîäîâ âðàùåíèÿ, ïî

ñðàâíåíèþ ñ äàííûìè äëÿ âñåãî ìàññèâà çâåçä ñ ýêçîïëàíåòàìè.

Ïî äàííûì äèàãðàììû íà ðèñ.3 (ïðàâàÿ ïàíåëü) áîëüøèíñòâî èññëåäóåìûõ

íàìè îáúåêòîâ ñ ýêçîïëàíåòàìè, íàõîäÿùèìèñÿ â HZ çîíå, èìåþò âåëè÷èíû

ïåðèîäîâ âðàùåíèÿ â äèàïàçîíå 8-22 ñóò. Ïîñêîëüêó îïðåäåëåíèÿ ïåðèîäîâ

âðàùåíèé îáúåêòîâ íîñÿò îöåíî÷íûé õàðàêòåð è òðåáóþò óòî÷íåíèÿ, òî ìû

â íàøåì èññëåäîâàíèè íå ïðîâîäèëè îïðåäåëåíèé âîçðàñòîâ îáúåêòîâ ïî

ãèðîõðîíîëîãè÷åñêèì ñîîòíîøåíèÿì. Â èäåàëüíîì ñëó÷àå ñëåäîâàëî áû

óñòàíîâèòü âîçðàñò îáúåêòîâ ïî îòëè÷àþùåéñÿ íåçàâèñèìîé ìåòîäèêå, íàïðèìåð,

èñõîäÿ èç îöåíîê õðîìîñôåðíîé àêòèâíîñòè çâåçä [9].

3. Ñèñòåìà KOI-3497. Ñðåäè îáúåêòîâ èç [2] ñ ÿðêî âûðàæåííîé

âðàùàòåëüíîé ìîäóëÿöèåé íàøå âíèìàíèå ïðèâëåêëà çâåçäà KOI-3497 (Kepler-

Ðèñ.3. Ãèñòîãðàììû ðàñïðåäåëåíèé ïàðàìåòðîâ - çàïÿòíåííîñòè À è ïåðèîäîâ Ð äëÿ

çâåçä ñ ýêçîïëàíåòàìè, íàõîäÿùèìèñÿ â çîíå îáèòàåìîñòè (òåìíûå ñòîëáöû), è çâåçä ñ
ïëàíåòíûìè ñèñòåìàìè (ñâåòëûå ñòîëáöû).
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1512, KIC 8424002). Êðèâàÿ áëåñêà ýòîé çâåçäû ïðåäñòàâëåíà íà ðèñ.1 (ñðåäíÿÿ

ïàíåëü). Ñîãëàñíî áàçå äàííûõ simbad.cds.unistra.fr, îáúåêò KOI-3497 ÿâëÿåòñÿ

âðàùàòåëüíîé ïåðåìåííîé è õàðàêòåðèçóåòñÿ, êàê çâåçäà ñïåêòðàëüíîãî êëàññà

M3V. Ýòî ñîãëàñóåòñÿ ñ òåì, ÷òî â òàáë.4 â [2] ïðèâîäÿòñÿ ïàðàìåòðû çâåçäû

Ò
ýôô

 = 3419 ± 72 Ê è R = 0.34 ± 0.06 R  - ñîîòâåòñòâóþùèå çâåçäå êëàññà Ì.

Îäíàêî ñëåäóåò îòìåòèòü, ÷òî ïðàêòè÷åñêè âî âñåõ äðóãèõ ëèòåðàòóðíûõ

èñòî÷íèêàõ (ñì. ññûëêè â simbad.cds.unistra.fr) äëÿ KOI-3497 ïðèâîäÿòñÿ

ïàðàìåòðû áîëåå ãîðÿ÷åé çâåçäû ñïåêòðàëüíîãî êëàññà Ê. Â àðõèâå exoplanets.org

äàíû âåëè÷èíû Ò
ýôô

 = 4372 Ê è RR 0.67 , à â àðõèâå êîñìè÷åñêîãî òåëåñêîïà

Êåïëåð äëÿ çâåçäû óêàçàíû Ò
ýôô

 = 4623 Ê è RR 0.698 . Â òî æå âðåìÿ â

àðõèâå (exo.mast.stsci.edu/exomast_planet) äëÿ KOI-3497 èìåþòñÿ ññûëêè íà îáà

çíà÷åíèÿ ïàðàìåòðà Ò
ýôô

 - 4372 Ê è 3419 Ê. Íà ðèñ.1, ïîìèìî êðèâîé áëåñêà

îáúåêòà â òå÷åíèå íàáëþäåíèé ñåòà Q3 íà êîñìè÷åñêîì òåëåñêîïå Êåïëåð,

ïðèâîäÿòñÿ ñïåêòð ìîùíîñòè è ôàçîâàÿ êðèâàÿ, ïîñòðîåííàÿ ïî äàííûì

íàáëþäåíèé â ýòîì ñåòå. Ñîãëàñíî íàøåé îöåíêå, ïåðèîä âðàùåíèÿ çâåçäû

ñîñòàâëÿåò 9.376 ± 0.010 ñóò. Â îáçîðíîé ðàáîòå ïî èññëåäîâàíèþ ïåðèîäîâ

âðàùåíèÿ çâåçä ïîçäíèõ ñïåêòðàëüíûõ êëàññîâ [10] äàííûå äëÿ KOI-3497

îòñóòñòâóþò. Òàêæå KOI-3497 íå âõîäèò â ÷èñëî èññëåäîâàííûõ çâåçä àâòîðàìè

[11] êàòàëîãà äèôôåðåíöèàëüíîãî âðàùåíèÿ õîëîäíûõ çâåçä. Îöåíêè âåëè÷èíû

Ð äëÿ KOI-3497 èìåþòñÿ â [12] (9.44 ñóò.) è â [13] (9.333 ± 0.03 ñóò), êîòîðûå

äîñòàòî÷íî õîðîøî ñîãëàñóþòñÿ ñ íàøèì îïðåäåëåíèåì Ð. Îòëè÷èòåëüíîé

îñîáåííîñòüþ êðèâîé áëåñêà çâåçäû ÿâëÿåòñÿ íàëè÷èå âñïûøåê. Â êàòàëîãå

[12] ñîäåðæàòñÿ äàííûå î âñïûøå÷íîé àêòèâíîñòè KOI-3497. Âñåãî

ïðåäñòàâëåíû ñâåäåíèÿ î 47 âñïûøêàõ ñ ýíåðãèåé E â äèàïàçîíå îò 31102 

äî 32102   ýðã, êîòîðûé áëèçîê ê ñàìûì ýíåðãè÷íûì âñïûøêàì íà Ñîëíöå

[14]. Íàêîíåö, îòìåòèì, ÷òî ïðè ïàðàìåòðàõ àòìîñôåðû, ïðèíÿòûõ, íàïðèìåð,

ñîãëàñíî äàííûì àðõèâà exoplanets.org, âåëè÷èíà ïàäàþùåãî íà ïëàíåòó

ïîòîêà Fp áóäåò ñóùåñòâåííî ïðåâîñõîäèòü çíà÷åíèå 0.87, ïðèâîäèìîãî â [2].

Ìû ïëàíèðóåì â áóäóùåì âûïîëíèòü áîëåå ïîäðîáíîå èçó÷åíèå ýòîãî

èíòåðåñíîãî îáúåêòà.

4. Çàêëþ÷åíèå. Íà îñíîâå äàííûõ î çâåçäàõ ñ ïëàíåòàìè, íàõîäÿùèìèñÿ

â çîíå îáèòàåìîñòè, îïóáëèêîâàííûõ àâòîðàìè [2], âûïîëíåíî èçó÷åíèå

ïðîÿâëåíèé èõ àêòèâíîñòè. Äëÿ îáúåêòîâ, óêàçàííûõ â òàáë.4 â [2], ïî

äàííûì àðõèâà êîñìè÷åñêîãî òåëåñêîïà Êåïëåð áûëè èçó÷åíû èõ êðèâûå

áëåñêà, ïîëó÷åííûå â õîäå íàáëþäåíèé â ñåòå Q3, è îïðåäåëåíû àìïëèòóäû

ïåðåìåííîñòè áëåñêà, êîòîðûå ìîãóò õàðàêòåðèçîâàòü íàëè÷èå è ñâîéñòâà

ïÿòåí íà èõ ïîâåðõíîñòè. Êðîìå òîãî, íàìè áûëè íàéäåíû âåëè÷èíû ïåðèîäîâ

âðàùåíèÿ îáúåêòîâ â òàáë.4 èç [2], êîòîðûå íîñÿò îöåíî÷íûé õàðàêòåð.

Ðàññìîòðåíû äèàãðàììû çàâèñèìîñòè ïëîùàäè ïÿòåí À íà ïîâåðõíîñòè
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çâåçä ñ ýêçîïëàíåòàìè ïî äàííûì [5,6] (è â òîì ÷èñëå, íàõîäÿùèìèñÿ â çîíå

îáèòàåìîñòè HZ ïî äàííûì [2]), îò ýôôåêòèâíîé òåìïåðàòóðû è ïåðèîäà

âðàùåíèÿ. Ðàñïðåäåëåíèÿ çâåçä ñ ýêçîïëàíåòàìè, íàõîäÿùèìèñÿ â çîíå

îáèòàåìîñòè, ïåðå÷èñëåííûå àâòîðàìè [2], ñìåùåíû â îáëàñòü ìåíüøèõ

ïëîùàäåé ïÿòåí è ïåðèîäîâ âðàùåíèÿ, ïî ñðàâíåíèþ ñ äàííûìè äëÿ âñåãî

ìàññèâà çâåçä ñ ýêçîïëàíåòàìè.

Ïðîàíàëèçèðîâàíû äàííûå äëÿ çâåçäû ñ ÿðêî âûðàæåííîé âðàùàòåëüíîé

ìîäóëÿöèåé KOI-3497 (Kepler-1512, KIC 8424002). Â îòëè÷èå îò òàáë.4 â [2]

(ãäå óêàçàíû ïàðàìåòðû çâåçäû Ò
ýôô

 = 3419 ± 72 Ê è R = 0.34 ± 0.06 R  -

ñîîòâåòñòâóþùèå çâåçäå êëàññà Ì) ïðàêòè÷åñêè âî âñåõ äðóãèõ ëèòåðàòóðíûõ

èñòî÷íèêàõ - àðõèâå exo.mast.stsci.edu/exomast_planet è àðõèâå êîñìè÷åñêîãî

òåëåñêîïà Êåïëåð äëÿ KOI-3497 ïðèâîäÿòñÿ ïàðàìåòðû áîëåå ãîðÿ÷åé çâåçäû

ñïåêòðàëüíîãî êëàññà Ê. KOI-3497 îáëàäàåò âñïûøå÷íîé àêòèâíîñòüþ - â

êàòàëîãå [12] ïðåäñòàâëåíû ñâåäåíèÿ î 47 âñïûøêàõ ñ ýíåðãèåé E â äèàïàçîíå

îò 31102   äî 32102   ýðã.

Íåñîìíåííî, èçó÷åííûå â [2] ñèñòåìû ñ ïëàíåòàìè â çîíå îáèòàåìîñòè

îòêðûâàþò ïåðñïåêòèâû äëÿ ïåðâîñòåïåííûõ äàëüíåéøèõ èññëåäîâàíèé ñ

ïîìîùüþ êîñìè÷åñêèõ è íàçåìíûõ òåëåñêîïîâ. Âûïîëíåííûå íàìè, à òàêæå

ïîñëåäóþùèå èññëåäîâàíèÿ àêòèâíîñòè ðîäèòåëüñêèõ çâåçä ïðåäîñòàâÿò

âîçìîæíîñòü èçó÷åíèÿ åå âëèÿíèÿ íà àòìîñôåðû ïëàíåò â HZ çîíå.

Èññëåäîâàíèå âûïîëíåíî â ðàìêàõ ïðîåêòà "Èññëåäîâàíèå çâåçä ñ

ýêçîïëàíåòàìè" ïî ãðàíòó Ïðàâèòåëüñòâà ÐÔ äëÿ ïðîâåäåíèÿ íàó÷íûõ

èññëåäîâàíèé, ïðîâîäèìûõ ïîä ðóêîâîäñòâîì âåäóùèõ ó÷åíûõ (ñîãëàøåíèå

N 075-15-2019-1875)

Ó÷ðåæäåíèå Ðîññèéñêîé àêàäåìèè íàóê Èíñòèòóòà àñòðîíîìèè ÐÀÍ,

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

ACTIVITY OF STARS WITH EXOPLANETS IN
HABITABLE ZONE

I.S.SAVANOV

Based on data for stars with planets located in the habitable zone, we study

their activity manifestations. Light curves obtained during observations in the Q3

set with the Kepler Space Telescope were studied and the amplitudes of the

brightness variability were obtained in order to determine the presence and
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properties of spots on their surface. In addition, the estimates for the rotation

periods of objects were obtained. Diagrams of the dependence of the area of spots

A on the surface of stars with exoplanets according to literature data (including

those located in the habitable zone) on the effective temperature and rotation

period are considered. Indications have been obtained that the distributions for stars

with exoplanets located in the habitable zone are shifted to the region of smaller

spot areas and rotation periods, compared with the data for the entire array of

stars with exoplanets. The Kepler Space Telescope archive data for a star with

pronounced rotational modulation KOI-3497 (Kepler-1512, KIC 8424002) are

analyzed. It is noted that most likely it should be characterized as a star of spectral

class K but not M. KOI-3497 has flare activity (47 flashes with energy E in the

range from 31102   to 32102   erg were registered for it).

Keywords: stars: activity: spots: photometry: variability: planetary systems
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Ïîñòóïèëà 10 èþíÿ 2022

Â ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû äëèòåëüíîãî (17 ëåò) ôîòîìåòðè÷åñêîãî ìîíèòîðèíãà
ïÿòè çâåçä òèïà Ò Òåëüöà â ïîëîñàõ VRI. Âñå èññëåäóåìûå îáúåêòû ÿâëÿþòñÿ ÷ëåíàìè ìîëîäîãî
ñêîïëåíèÿ IC 348 è äåìîíñòðèðóþò ïåðåìåííîñòü òèïà UX Ori, îáóñëîâëåííóþ èçìåíåíèÿìè
îêîëîçâåçäíîé ýêñòèíêöèè. Òðè èç íèõ (V712 Per, V716 Per, V909 Per) ÿâëÿþòñÿ êëàññè÷åñêèìè
çâåçäàìè òèïà Ò Òåëüöà, äðóãèå äâå (V695 Per, V715 Per) - çâåçäû òèïà Ò Òåëüöà ñî ñëàáûìè
ýìèññèîííûìè ëèíèÿìè (WTTS). Èõ êðèâûå áëåñêà äåìîíñòðèðóþò áîëüøîå ðàçíîîáðàçèå.
Ó òðåõ îáúåêòîâ íàáëþäàåòñÿ êîìáèíàöèÿ äâóõ ðàçíûõ òèïîâ àêòèâíîñòè: ñòîõàñòè÷åñêàÿ ïåðå-
ìåííîñòü òèïà UX Ori è ïåðèîäè÷åñêèå êîëåáàíèÿ áëåñêà, ïîõîæèå íà òå, êîòîðûå íàáëþäàþòñÿ
ó çâåçä òèïà AA Tau. Ó äâóõ çâåçä íàáëþäàëàñü ëèøü ïåðåìåííîñòü áëåñêà, âûçâàííàÿ ôëóêòóà-
öèÿìè îêîëîçâåçäíîé ýêñòèíêöèè íà ðàçíûõ õàðàêòåðíûõ âðåìåíàõ. Â ñòàòüå äåòàëüíî îáñóæ-
äàþòñÿ îñîáåííîñòè ôîòîìåòðè÷åñêîé àêòèâíîñòè èññëåäóåìûõ çâåçä.

Êëþ÷åâûå ñëîâà: ôîòîìåòðèÿ: çâåçäà òèïà T Tau, UX Ori, IC 348

1. Ââåäåíèå. Âíóòðåííèå ñëîè ïðîòîïëàíåòíûõ äèñêîâ â äèíàìè÷åñêîì

îòíîøåíèè ÿâëÿþòñÿ ñàìûìè àêòèâíûìè. Çäåñü äèñê âçàèìîäåéñòâóåò ñ

ìàãíèòîñôåðîé çâåçäû, ïîðîæäàÿ ñëîæíûé êîìïëåêñ íàáëþäàòåëüíûõ ïðîÿâëåíèé.

Â îáëàñòè ðàäèóñîì ïîðÿäêà íåñêîëüêèõ à.å. ðîæäàþòñÿ ïëàíåòû è ïëàíåòíûå

ñèñòåìû. Ýòè ïðîöåññû òàêæå ñîïðîâîæäàþòñÿ ñèëüíûìè âîçìóùåíèÿìè

âíóòðåííèõ îáëàñòåé ïðîòîïëàíåòíûõ äèñêîâ, êîòîðûå âûçûâàþò èçìåíåíèÿ

îêîëîçâåçäíîé ýêñòèíêöèè, ÷òî ñêàçûâàåòñÿ íà õàðàêòåðå ôîòîìåòðè÷åñêîé

àêòèâíîñòè ìîëîäûõ çâåçä. Â íàèáîëåå ÿðêîé ôîðìå ýòè èçìåíåíèÿ ïðîÿâëÿþòñÿ

â ôîòîìåòðè÷åñêîì ïîâåäåíèè çâåçä òèïà UX Ori, êîòîðûå äåìîíñòðèðóþò

ñïîðàäè÷åñêèå àëãîëåïîäîáíûå îñëàáëåíèÿ áëåñêà ñ àìïëèòóäîé 2-4 çâåçäíîé

âåëè÷èíû è ïðîäîëæèòåëüíîñòüþ îò íåñêîëüêèõ äíåé äî íåñêîëüêèõ íåäåëü.

Òàêîé õàðàêòåð ïåðåìåííîñòè íàáëþäàåòñÿ â îñíîâíîì ó ìîëîäûõ çâåçä òèïà

Àå Õåðáèãà è ÿâëÿåòñÿ ñëåäñòâèåì íåáîëüøîãî íàêëîíà èõ îêîëîçâåçäíûõ äèñêîâ

îòíîñèòåëüíî íàïðàâëåíèÿ íà íàáëþäàòåëÿ [1].

Ó áîëåå õîëîäíûõ ìîëîäûõ çâåçä òèïà Ò Òåëüöà êàðòèíà ïåðåìåííîñòè

îñëîæíÿåòñÿ ïðèñóòñòâèåì íà èõ ïîâåðõíîñòè ãîðÿ÷èõ (àêêðåöèîííûõ) è

õîëîäíûõ ïÿòåí. Ïîýòîìó â èçìåíåíèÿõ áëåñêà òàêèõ çâåçä ÷àñòî íàáëþäàåòñÿ
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êîìáèíàöèÿ ðàçíûõ ìåõàíèçìîâ ïåðåìåííîñòè. Îñîáûé èíòåðåñ ïðåäñòàâëÿþò

çâåçäû òèïà WTTS (weak line T Tauri star), äëÿ êîòîðûõ õàðàêòåðåí íèçêèé

óðîâåíü àêêðåöèîííîé àêòèâíîñòè è íåáîëüøèå èçáûòêè èçëó÷åíèÿ â áëèæíåé

èíôðàêðàñíîé (ÈÊ) îáëàñòè ñïåêòðà. Ýòî ñâèäåòåëüñòâóåò î ìàëîì êîëè÷åñòâå

îêîëîçâåçäíîãî âåùåñòâà â áëèæàéøåì îêðóæåíèè çâåçäû. Òåì óäèâèòåëüíåå

òîò ôàêò, ÷òî ó òàêèõ çâåçä òàêæå ìîæåò íàáëþäàòüñÿ ôîòîìåòðè÷åñêàÿ

àêòèâíîñòü òèïà UX Ori, âûçâàííàÿ ñèëüíûìè èçìåíåíèÿìè îêîëîçâåçäíîé

ýêñòèíêöèè.

Ñêîïëåíèå IC 348 cîäåðæèò áîëüøîå êîëè÷åñòâî ìîëîäûõ çâåçä ïîçäíèõ

ñïåêòðàëüíûõ òèïîâ [2,3] è èäåàëüíî ïîäõîäèò äëÿ èçó÷åíèÿ èõ ôîòîìåòðè-

÷åñêîé àêòèâíîñòè. Ñîãëàñíî [4], ñðåäíåå ðàññòîÿíèå äî ñêîïëåíèÿ ~315 ïê,

âîçðàñò ÷ëåíîâ ñêîïëåíèÿ ñîñòàâëÿåò â ñðåäíåì ~2 Myr. Âñå ñêîïëåíèå çàíèìàåò

íà íåáå ïëîùàäêó ðàçìåðîì ~ 20'. Ýòî ïîçâîëÿåò íà îäíîì ÏÇÑ-èçîáðàæåíèè

ñêîïëåíèÿ èçó÷àòü áóëüøóþ ÷àñòü åãî ÷ëåíîâ.

Â äàííîé ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû ôîòîìåòðèè ïÿòè ÷ëåíîâ ñêîïëåíèÿ.

Â òàáë.1 ïðèâåäåíû äàííûå ïî ýòèì îáúåêòàì, âçÿòûå èç ëèòåðàòóðû (ññûëêè

íà ñòàòüè óêàçàíû â ñêîáêàõ). Íàáëþäåíèÿ âûïîëíÿëèñü â òå÷åíèå 17 ëåò â

Êðûìñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè íà òåëåñêîïå ÀÇÒ-8 (0.7 ì) è ÷àñòè÷íî

(â òå÷åíèå 7 ëåò) - â îáñåðâàòîðèè Ñëîâàöêîé Àêàäåìèè Íàóê. Ïåðâûå

ðåçóëüòàòû íàøèõ íàáëþäåíèé îïóáëèêîâàíû â ñòàòüÿõ [5-8]. Íà áîëåå êîðîòêèõ

èíòåðâàëàõ âðåìåíè ýòî ñêîïëåíèå ðàíåå èññëåäîâàëè â ñòàòüÿõ [9-13,23].

Ïàðàìåòðû    Îáúåêòû

V695 Per V712 Per V715 Per V716 Per V909 Per

Òèï WTTS WTTS/CTTS WTTS WTTS/CTTS WTTS/CTTS
[4,14] [2,3] [2,3,24] [2,25,26] [2,3]

Ñïåêòð. òèï M3.75 [4] K6 [4] K6 [4] M1.25 [4] G8 [4]

Ðàññòîÿíèå, ïê 305.9 [15] 318.5 [15] 338.6 [15] 308.9 [15] 326.1 [15]

AV 2.91 [4] 3.36 [21] 2.25 [21] 2.1 [27] 4.62 [21]

Vsini, êì/ñ 12.16 [16] 16.76 [16] 20.22 [16] 14.53 [16] 33.89 [16]

P, äíè 7.6 [5,10, 32.28 [12], 5.1-5.23 7.3-7.69 [2,7,9, 6.536 [14]
17,18] 8.6 [18] [6,9,10,11, 12,13,18,23]

13,18,23]

MM  , 0.303 [9] 0.9 [22] 0.56 [20] 0.31 [11], 0.7 [25] 2.08 [24]

RR  , 1.55 [20] 2.2 [22] 2.09 [24] 2.1 [4] 2.82 [24]

LL  , 0.26 [4,20] 0.99 [4] 1.5 [4,14,20] 0.72 [4] 2.8 [28]

Òàáëèöà 1

ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÍÀÁËÞÄÀÅÌÛÕ ÇÂÅÇÄ
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2. Íàáëþäåíèÿ. Îïòè÷åñêèå íàáëþäåíèÿ ïðîâîäèëèñü íà òåëåñêîïå

ÀÇÒ-8 Êðûìñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè (0.7 ì, ÏÇÑ êàìåðà AP7p

ðàçìåðîì 511 õ 511 ïèêñåëîâ è ñ ðàçìåðîì ïèêñåëà 24 õ 24 ìêì) è òåëåñêîïàõ

Ñëîâàöêîé Àêàäåìèè Íàóê (Tatranska Lomnica) G1 (0.5 ì, ÏÇÑ êàìåðà ST10-

XME ðàçìåðîì 2184 x 1472 ïèêñåëîâ è ñ ðàçìåðîì ïèêñåëà 6.8 ìêì) è G2

(0.6 ì, ÏÇÑ êàìåðà FLIML-3041 ðàçìåðîì 2048 x 2048 ïèêñåëîâ è ñ ðàçìåðîì

ïèêñåëà 15 õ 15 ìêì). Íàáëþäåíèÿ âûïîëíÿëèñü â òðåõ ïîëîñàõ v, r, i è

ïðèâîäèëèñü ê ôîòîìåòðè÷åñêîé ñèñòåìå Johnson-Cousins V, R
c
, I

c
. Ïîñêîëüêó

íèæå âñå ôîòîìåòðè÷åñêèå ïàðàìåòðû ïðèâîäÿòñÿ â ýòîé ôîòîìåòðè÷åñêîé

ñèñòåìå, ìû îïóñêàåì äëÿ ïðîñòîòû ñèìâîë "ñ". Èçìåðåíèÿ áëåñêà çâåçä

âûïîëíÿëèñü ìåòîäîì àïåðòóðíîé ôîòîìåòðèè. Â êà÷åñòâå çâåçä ñðàâíåíèÿ

áûëè èñïîëüçîâàíû íàõîäÿùèåñÿ íà ýòîé æå ïëîùàäêå çâåçäû ñ íàèáîëåå

ñòàáèëüíûì ôîòîìåòðè÷åñêèì ïîâåäåíèåì èç [29]: Í1391, H205 è H210. Äëÿ

çâåçä V909 Per è V712 Per ñðåäíÿÿ òî÷íîñòü àïåðòóðíîé ôîòîìåòðèè ñîñòàâëÿëà

0m.03 â ôèëüòðàõ V è R è îêîëî 0m.02 â ôèëüòðå I. Îøèáêà èçìåðåíèé

V715 Per è V716 Per â ôèëüòðå V çàâèñèò îò ñîñòîÿíèÿ áëåñêà çâåçä: îò 0m.03

(ìàêñèìóì áëåñêà) äî 0m.3 (ìèíèìóì áëåñêà); òî÷íîñòü ôîòîìåòðèè ýòèõ

çâåçä â ôèëüòðàõ R è I â ñðåäíåì íå õóæå 0m.03. Çâåçäà V695 Per -

äîñòàòî÷íî ñëàáàÿ, îñîáåííî â ïîëîñå V, ïîýòîìó â ñðåäíåì îøèáêè äëÿ íåå

áîëüøå: íå õóæå ~0m.1 (ôèëüòð V, ÿðêîå ñîñòîÿíèå), íå õóæå ~0m.3 (ôèëüòð

V, ñëàáîå ñîñòîÿíèå), íå õóæå 0m.04 (ôèëüòð R), íå õóæå 0m.05 (ôèëüòð I).

3. Ðåçóëüòàòû.

3.1. Ãèñòîãðàììû àêòèâíîñòè è êðèâûå áëåñêà. Ãðàôèêè ñ

ðåçóëüòàòàìè íàøèõ íàáëþäåíèé ïðîãðàììíûõ çâåçä (÷àñòü èç íèõ îïóáëè-

êîâàíà ðàíåå â [5-8]) ïðèâåäåíû íà ðèñ.1-4. Íà ðèñ.1 ïðåäñòàâëåíû ãèñòîãðàììû

ôîòîìåòðè÷åñêîé àêòèâíîñòè èññëåäóåìûõ çâåçä. Ó ÷åòûðåõ çâåçä (V715 Per,

V695 Per, V712 Per è V909 Per) îíè èìåþò âèä, õàðàêòåðíûé äëÿ çâåçä òèïà

UX Ori: áîëüøóþ ÷àñòü âðåìåíè çâåçäû ïðîâîäÿò â ÿðêîì ñîñòîÿíèè,

ãëóáîêèå ìèíèìóìû íàáëþäàþòñÿ ðåäêî.

Ìû íå ïðèâîäèì çäåñü ãèñòîãðàììó àêòèâíîñòè V716 Per, ïîñêîëüêó, âî-

ïåðâûõ, îíà íå ñèëüíî èçìåíèëàñü ïî ñðàâíåíèþ ñ ïðåäñòàâëåííîé â íàøåé

ïðåäûäóùåé ñòàòüå [7]: çâåçäà ïî-ïðåæíåìó áîëüøóþ ÷àñòü âðåìåíè ïðîâîäèò

â ìàëî-àìïëèòóäíûõ êîëåáàíèÿõ áëåñêà ñ àìïëèòóäîé îêîëî 0m.3. Âî-âòîðûõ,

ýòà ãèñòîãðàììà ñëàáî õàðàêòåðèçóåò êðèâóþ áëåñêà V716 Per èç-çà íàëè÷èÿ

êðóïíîìàñøòàáíîãî òðåíäà (ñì. ðèñ.2d).

1 Â ðàáîòå [2] íàìè áûëà äîïóùåíà îïå÷àòêà: íà ñàìîì äåëå â êà÷åñòâå çâåçäû ñðàâíåíèÿ

áûëà èñïîëüçîâàíà çâåçäà H 139, à íå H 140.
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3.2. Êðèâûå áëåñêà. Íà ðèñ.2 ïðåäñòàâëåíû êðèâûå áëåñêà èññëåäóåìûõ

îáúåêòîâ â ïîëîñå I.

Êðèâàÿ áëåñêà V715 Per, äîïîëíåííàÿ íîâûìè íàáëþäåíèÿìè, íåñêîëüêî

èçìåíèëàñü ïî ñðàâíåíèþ ñ îïóáëèêîâàííîé ðàíåå â [6]: ïðîäîëæèëîñü

óâåëè÷åíèå àìïëèòóäû êîëåáàíèé áëåñêà, èìåþùèõ ïåðèîäè÷åñêèé õàðàêòåð (P

= 5.23d), è ïîÿâèëàñü îò÷åòëèâî âûðàæåííàÿ òåíäåíöèÿ ê óìåíüøåíèþ ñðåäíåãî

áëåñêà çâåçäû. Îäíîâðåìåííî ñ ýòèì íàáëþäàëîñü çàìåòíîå ñìåùåíèå ôàçû

êîëåáàíèé ïî ñðàâíåíèþ ñ ïðåäûäóùèìè íàáëþäàòåëüíûìè ñåçîíàìè (ðèñ.3à).

Íàáëþäåíèÿ òðåõ ïîñëåäíèõ ñåçîíîâ ïîäòâåðäèëè îòìå÷åííóþ íàìè ðàíåå â

[6] íåîáû÷íóþ îñîáåííîñòü ôîòîìåòðè÷åñêîé àêòèâíîñòè ýòîé çâåçäû:

àëãîëåïîäîáíûå îñëàáëåíèÿ áëåñêà, íàáëþäàâøèåñÿ ñ íàðàñòàþùåé àìïëèòóäîé

äî 2011 ã., âíåçàïíî ïðåêðàòèëèñü ïîñëå çàâåðøåíèÿ ñàìîãî ãëóáîêîãî ìèíèìóìà

â 2011 ã. Ñîãëàñíî íàáëþäåíèÿì ïîñëåäíåãî ñåçîíà, ñèñòåìàòè÷åñêîå óìåíü-

øåíèå ñðåäíåãî óðîâíÿ áëåñêà çâåçäû, ïðîèñõîäèâøåå â òå÷åíèå ïîñëåäíèõ

÷åòûðåõ ëåò, ïðèîñòàíîâèëîñü.

Íîâûå íàáëþäåíèÿ V695 Per äîïîëíèëè ïðåäûäóùóþ ôîòîìåòðè÷åñêóþ

Ðèñ.1. Ãèñòîãðàììû ôîòîìåòðè÷åñêîé àêòèâíîñòè èññëåäóåìûõ çâåçä â ôèëüòðå I.
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Ðèñ.2a. Êðèâàÿ áëåñêà V715 Per â ïîëîñå I. Ñåðûìè êðóæêàìè ïîêàçàíû äàííûå,
òî÷íîñòü êîòîðûõ ~0
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èñòîðèþ ýòîé çâåçäû. Èç ðèñ.2b âèäíî, ÷òî ÿðêîå ñîñòîÿíèå çâåçäû èñïûòûâàåò

ìåäëåííûå (ïðîäîëæèòåëüíîñòüþ îêîëî 10 ëåò) âîëíîîáðàçíûå èçìåíåíèÿ, íà

êîòîðûå íàêëàäûâàþòñÿ êðàòêîâðåìåííûå ìèíèìóìû ñ àìïëèòóäîé îêîëî 1m.

Êðèâàÿ áëåñêà âêëþ÷àåò òàêæå ïåðèîäè÷åñêóþ ñîñòàâëÿþùóþ ñ ïåðèîäîì 7.6

äíÿ [5]. Ðàíåå íàìè áûëî ïîêàçàíî [5], ÷òî àëãîëåïîäîáíûå îñëàáëåíèÿ

áëåñêà V695 Per ãðóïïèðóþòñÿ âáëèçè ìèíèìóìîâ ïåðèîäè÷åñêîé ñîñòàâëÿþ-

ùåé. Íîâûå íàáëþäåíèÿ ïîäòâåðæäàþò ýòó çàêîíîìåðíîñòü (ðèñ.3b).

Íîâûå íàáëþäåíèÿ V712 Per (îíè âûäåëåíû íà ðèñ.2c îòêðûòûìè êðóæêàìè)

ïîêàçàëè, ÷òî ôîòîìåòðè÷åñêîå ïîâåäåíèå ýòîé çâåçäû ñèëüíî èçìåíèëîñü çà

ïîñëåäíèå 6 ëåò (äëÿ ñðàâíåíèÿ ñì. ðèñ.3 â [8]). Íà÷èíàÿ ïðèìåðíî ñ 2015 ã.,

çàìåòíî óâåëè÷èëèñü ÷àñòîòà ïîÿâëåíèÿ àëãîëåïîäîáíûõ ìèíèìóìîâ è èõ

àìïëèòóäà. Â ðåçóëüòàòå óðîâåíü ÿðêîãî ñîñòîÿíèÿ çâåçäû ïîíèçèëñÿ ïðèìåðíî
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íà 0m.5. Ýòèì ñîáûòèÿì ïðåäøåñòâîâàë ïðîäîëæèòåëüíûé (îêîëî 1 ãîäà) ìèíèìóì

áëåñêà ãëóáèíîé îêîëî 1m (ðèñ.2c). Ôîòîìåòðè÷åñêèå äàííûå èç êàòàëîãà Gaia

DR2 (ïðèâåäåííûå ê ôîòîìåòðè÷åñêîé ñèñòåìå Äæîíñîíà-Êîçèíñà), õîðîøî

ñîãëàñóþòñÿ ñ íàøèìè íàáëþäåíèÿìè.

Êðèâàÿ áëåñêà V716 Per èìååò âåñüìà íåîáû÷íûé âèä è âêëþ÷àåò òðè

ñîñòàâëÿþùèå:

1) Ìåäëåííîå èçìåíåíèå ñðåäíåãî áëåñêà: îí ñèñòåìàòè÷åñêè óìåíüøàëñÿ

ñ íà÷àëà íàøèõ íàáëþäåíèé âïëîòü äî, ïðèìåðíî, 2011 ã. Ïîñëå ýòîãî ñðåäíèé

áëåñê çâåçäû òàêæå ïëàâíî ñòàë óâåëè÷èâàòüñÿ. Àìïëèòóäà ýòîé äîëãîâðåìåííîé

ïåðåìåííîñòè çàâèñèò îò äëèíû âîëíû. Îíà ìàêñèìàëüíà â ïîëîñå V è

ñîñòàâëÿåò îêîëî 0m.5.

2) Ïåðèîäè÷åñêèå êîëåáàíèÿ ñ ïåðèîäîì 7.5 äíÿ [7], î êîòîðûõ ïîéäåò

ðå÷ü íèæå â ðàçäåëå 3.3. Èõ àìïëèòóäà ìåíÿåòñÿ ñî âðåìåíåì. Íàïðèìåð,

â 2016-2017 ãã. àìïëèòóäà êîëåáàíèé áûëà ïðèìåðíî â äâà ðàçà áîëüøå ïî

ñðàâíåíèþ ñ ïîñëåäóþùèìè äâóìÿ ñåçîíàìè. Ïðèìåðíî òàêàÿ æå êàðòèíà

íàáëþäàëàñü â 2019-2020 ãã.

3) Ñïîðàäè÷åñêèå, êðàòêîâðåìåííûå îñëàáëåíèÿ áëåñêà ñ àìïëèòóäîé

íåñêîëüêî äåñÿòûõ çâåçäíîé âåëè÷èíû. Îáðàùàþò íà ñåáÿ âíèìàíèå òðè

ñîáûòèÿ, íàáëþäàâøèåñÿ íà âîñõîäÿùåé ÷àñòè êðèâîé áëåñêà çâåçäû. Îäíî

èç íèõ íàáëþäàëîñü â êîíöå 2013 - íà÷àëå 2014 ãã. è ïðåäñòàâëÿëî ñîáîé

òðè êîðîòêèõ (ïðîäîëæèòåëüíîñòüþ îêîëî 2-õ äíåé) ìèíèìóìà ãëóáèíîé

~0m.35. Äâà äðóãèõ ñîáûòèÿ, íàáëþäàâøèåñÿ â 2016-2017 ãã. è 2019-2020 ãã.

òàêæå âíåøíå ïîõîæè íà íåáîëüøèå ïî àìïëèòóäå ìèíèìóìû áëåñêà. Îäíàêî

íà ñàìîì äåëå, êàê ìû óâèäèì â ðàçäåëå 3.3, âî âðåìÿ ýòèõ äâóõ ýïèçîäîâ

ïðîèçîøëî óâåëè÷åíèå àìïëèòóäû ïåðèîäè÷åñêèõ êîëåáàíèé áëåñêà. Â ðåçóëüòàòå

íàáëþäàëîñü êàê ïîíèæåíèå, òàê è ïîâûøåíèå áëåñêà ñ àìïëèòóäîé,

ïðåâûøàþùåé ñðåäíþþ àìïëèòóäó ïåðèîäè÷åñêèõ êîëåáàíèé áëåñêà â ñîñåäíèõ

íàáëþäàòåëüíûõ ñåçîíàõ.

Äîáàâëåíèå íîâûõ íàáëþäåíèé V909 Per íå èçìåíèëî íàøè ïðåäñòàâëåíèÿ

î ôîòîìåòðè÷åñêèõ ñâîéñòâàõ ýòîé çâåçäû ïî ñðàâíåíèþ ñ îïèñàííûìè ðàíåå

â [8]. Îáðàùàþò íà ñåáÿ âíèìàíèå îòñóòñòâèå íà êðèâîé áëåñêà àëãîëåïîäîáíûõ

ìèíèìóìîâ â òå÷åíèå ïîñëåäíèõ íåñêîëüêèõ ëåò, à òàêæå ñèñòåìàòè÷åñêîå

óìåíüøåíèå ñðåäíåãî áëåñêà çâåçäû â òå÷åíèå òðåõ ïîñëåäíèõ ëåò.

3.3. Ïåðèîäè÷åñêàÿ ìîäóëÿöèÿ áëåñêà. Ó òðåõ èññëåäóåìûõ çâåçä -

V715 Per, V695 Per è V716 Per - ñòîõàñòè÷åñêèå ìèíèìóìû áëåñêà íàáëþäàþòñÿ

íà ôîíå ïåðèîäè÷åñêèõ êîëåáàíèé, âûçâàííûõ ïðåäïîëîæèòåëüíî âðàùåíèåì

ìàãíèòîñôåð çâåçä, îñè êîòîðûõ íàêëîíåíû îòíîñèòåëüíî îñè âðàùåíèÿ

ñàìèõ çâåçä (ïåðåìåííîñòü òèïà AA Tau) [5-8]. Ó äâóõ èç íèõ (V715 Per è

V716 Per) ìèíèìóìû íå êîððåëèðóþò ñ ôàçîé êîëåáàíèé.
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Èç ðèñ.3à âèäíî, ÷òî ôàçà êîëåáàíèé áëåñêà V715 Per ñîõðàíÿëàñü â

òå÷åíèå ïðèìåðíî 12 ëåò. Íà÷èíàÿ ñ 2016 ã., îíà ñòàëà ìåäëåííî ìåíÿòüñÿ,

îòñòàâàÿ îò âðàùåíèÿ çâåçäû, è ê êîíöó íàáëþäåíèé áëåñê çâåçäû ñòàë

ìåíÿòüñÿ â ïðîòèâîôàçå ïî ñðàâíåíèþ ñ ïðåäûäóùèì èíòåðâàëîì âðåìåíè.

Èíòåðåñíî, ÷òî íà÷àëî ýòîãî ïðîöåññà ñîâïàëî ñ íà÷àëîì îòìå÷åííîãî â

ðàçäåëå 3.2 ñèñòåìàòè÷åñêîãî óìåíüøåíèÿ ñðåäíåãî áëåñêà çâåçäû (ðèñ.2à).

Íàáëþäàâøèåñÿ ó ýòîé çâåçäû ìèíèìóìû áëåñêà íå êîððåëèðóþò ñ ïåðèîäè-

÷åñêèìè êîëåáàíèÿìè, ÷òî óæå áûëî ïîêàçàíî íàìè ðàíåå â [5]. Èç ðèñ.3à

âèäíî, ÷òî àìïëèòóäà êîëåáàíèé V715 Per óâåëè÷èâàåòñÿ ñî âðåìåíåì, ÷òî

áûëî îòìå÷åíî ðàíåå â [5].

Â îòëè÷èå îò V715 Per, êîëåáàíèÿ áëåñêà V695 Per ñ ïåðèîäîì 7.6 äíÿ

â ïåðâîì ïðèáëèæåíèè ñîõðàíÿþò ôàçó â òå÷åíèå âñåãî èíòåðâàëà íàøèõ

íàáëþäåíèé (ðèñ.3b). Íåáîëüøîå èçìåíåíèå ôàçû êîëåáàíèé áëåñêà ýòîé

çâåçäû áûëî çàìå÷åíî â [23]. Òàêèå ôëóêòóàöèè ôàçû, ïî-âèäèìîìó, ïðèñóòñò-

âóþò è â íàøåì ôîòîìåòðè÷åñêîì ðÿäå, íà ÷òî óêàçûâàåò áîëüøîé ðàçáðîñ

òî÷åê íà ôàçîâîé êðèâîé áëåñêà (ðèñ.3b). Àëãîëåïîäîáíûå ìèíèìóìû V695

Per ãðóïïèðóþòñÿ ñ íåêîòîðûì ðàçáðîñîì âáëèçè ôàçû ìèíèìóìà ïåðèîäè-

Ðèñ.3a. Ñâåðòêà êðèâîé áëåñêà V715 Per â ïîëîñå I ñ ïåðèîäîì 5.23
d
, ðàçáèòàÿ ïî

íàáëþäàòåëüíûì ñåçîíàì.
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÷åñêèõ êîëåáàíèé. Àíàëîãè÷íàÿ êàðòèíà íàáëþäàåòñÿ è ó AA Tau [30].

Èç ðèñ.3c âèäíî, ÷òî ôàçà êîëåáàíèé áëåñêà V716 Per â òå÷åíèå äåñÿòè

ëåò ñ 2006 ïî 2016 ãã. ñîõðàíÿëàñü èëè èçìåíÿëàñü â íåáîëüøèõ ïðåäåëàõ.

Íîâàÿ ñåðèÿ íàáëþäåíèé 2016-2020 ãã. ïîêàçàëà, ÷òî â ïîñëåäóþùèå íàáëþäà-

òåëüíûå ñåçîíû ó V716 Per íà÷àëèñü ñèëüíûå ñìåùåíèÿ ôàçû êîëåáàíèé.

Èíòåðåñíî, ÷òî ýòèì ñìåùåíèÿì ïðåäøåñòâîâàëî çíà÷èòåëüíîå óìåíüøåíèå

àìïëèòóäû êîëåáàíèé. Êàê âèäíî èç ðèñ.3c, òàêàÿ ñèòóàöèÿ ïîâòîðèëàñü óæå

äâà ðàçà. Èíòåðåñíî òàêæå òî, ÷òî íàëè÷èå êðóïíîìàñøòàáíîãî òðåíäà ñ

ðåçêîé ñìåíîé â 2011 ã. çíàêà ãðàäèåíòà áëåñêà çâåçäû ïðèâåëî ê ñèñòåìà-

òè÷åñêîìó óìåíüøåíèþ àìïëèòóäû ïåðèîäè÷åñêèõ êîëåáàíèé áëåñêà è íèêàê

íå ïîâëèÿëî íà ôàçó êîëåáàíèé.

Ñîãëàñíî òàáë.1 ó äâóõ èññëåäóåìûõ çâåçä ðàíåå áûëè îáíàðóæåíû

ôîòîìåòðè÷åñêèå ïåðèîäû: äëÿ V909 Per áûë ïîëó÷åí ïåðèîä 6.536 äíÿ [12].

Ïî äàííûì ýòîé æå ðàáîòû ôîòîìåòðè÷åñêèé ïåðèîä ó V712 Per ñîñòàâèë

32.28 äíÿ. Äðóãàÿ îöåíêà ïåðèîäà - 8.6 äíÿ - áûëà ïîëó÷åíà â [18], ãäå áûëî

âûñêàçàíî ïðåäïîëîæåíèå, ÷òî ïåðèîä 32.28 äíÿ - ýòî ãàðìîíèêà ðåàëüíîãî

ïåðèîäà. Ïåðèîäîãðàììíûé àíàëèç, âûïîëíåííûé íà áîëåå ïðîäîëæèòåëüíûõ

Ðèñ.3b. Ñâåðòêà êðèâîé áëåñêà V695 Per â òðåõ îïòè÷åñêèõ ïîëîñàõ VRI ñ ïåðèîäîì 7.6
d
.

Ñåðûìè ñèìâîëàìè ïîêàçàíû äàííûå, òî÷íîñòü êîòîðûõ ëåæèò â ïðåäåëàõ îò 0.15 äî 0
m
.3.
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ðÿäàõ íàáëþäåíèé [8], ïîêàçàë, ÷òî îáíàðóæåííûå â óêàçàííûõ âûøå ðàáîòàõ

ôîòîìåòðè÷åñêèå ïåðèîäû ÿâëÿþòñÿ íà ñàìîì äåëå êâàçèïåðèîäàìè è íà

äëèòåëüíûõ èíòåðâàëàõ âðåìåíè íå ñîõðàíÿþòñÿ.

3.4. Äèàãðàììû "öâåò-âåëè÷èíà". Íà ðèñ.4 ïîêàçàíû äèàãðàììû

"öâåò-âåëè÷èíà" èññëåäóåìûõ îáúåêòîâ. Çàïîëíåííûìè ñåðûìè êðóæêàìè

ïîêàçàíû äàííûå, òî÷íîñòü êîòîðûõ ëåæèò â ïðåäåëàõ îò 0.15 äî 0m.3.

Ñòðåëêàìè ïîêàçàíî íàïðàâëåíèå ñòàíäàðòíîãî çàêîíà ìåæçâåçäíîãî ïîãëîùåíèÿ.

Äèàãðàììû "öâåò-âåëè÷èíà" V715 Per (ðèñ.4à) íåñêîëüêî îòëè÷àþòñÿ îò

ïðèâåäåííûõ â ñòàòüå [5]. Äîáàâëåíèå íîâûõ íàáëþäåíèé è áîëåå òî÷íûé ó÷åò

ôîíà íåáà â îêðåñòíîñòè çâåçäû âûÿâèëè íåáîëüøîé íàêëîí âåðõíèõ ó÷àñòêîâ

öâåòîâûõ òðåêîâ îòíîñèòåëüíî íèæíèõ. Âèäíî, ÷òî öâåòîâûå òðåêè íà÷èíàþò

ðàçäâàèâàòüñÿ ïðè ïàäåíèè áëåñêà çâåçäû, ò.å. çàêîí ïîêðàñíåíèÿ â ïåðèî-

äè÷åñêîé ñîñòàâëÿþùåé êðèâîé áëåñêà íåìíîãî îòëè÷àåòñÿ îò çàêîíà ïîêðàñíåíèÿ

Ðèñ.3c. Ñâåðòêà êðèâîé áëåñêà V716 Per ïåðèîäîì 7.5
d
 â ïîëîñå I, ðàçáèòàÿ ïî

íàáëþäàòåëüíûì ñåçîíàì.
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â íåïåðèîäè÷åñêèõ ìèíèìóìàõ. Â ïåðâîì ñëó÷àå îí ñîîòâåòñòâóåò áîëåå êðóïíûì

÷àñòèöàì. Ýòî ãîâîðèò î òîì, ÷òî ïûëåâûå ÷àñòèöû, ó÷àñòâóþùèå â ïåðèî-

äè÷åñêèõ çàòìåíèÿõ çâåçäû, èìåþò â ñðåäíåì áîëåå êðóïíûå ðàçìåðû ïî

ñðàâíåíèþ ñ ïûëèíêàìè, ñîçäàþùèìè ñïîðàäè÷åñêèå çàòìåíèÿ.

Èç äèàãðàììû "öâåò-âåëè÷èíà" V712 Per (ðèñ.4b) âèäíî, ÷òî â èíòåðâàëå

2014-2020 ãã. èçìåíèëñÿ çàêîí ïîêðàñíåíèÿ: îí ñòàë áîëåå íåéòðàëüíûì, ÷òî

ñâèäåòåëüñòâóåò î ïîÿâëåíèè íà ëó÷å çðåíèÿ áîëüøîãî êîëè÷åñòâà êðóïíûõ

Ðèñ.4a. Äèàãðàììû "öâåò-âåëè÷èíà" V715 Per. Çàêðûòûå êðóæêè - íàáëþäåíèÿ 2003-2016 ãã.;

îòêðûòûå êðóæêè - íàáëþäåíèÿ 2016-2020 ãã.

V - R

V

1.1

16.8

1.3 1.5 1.7 1.9 2.5 2.7 2.9 3.1 3.3

2003-2016
2016-2021

V715 Per

16.4

16.0

15.6

V - I

Ðèñ.4b. Äèàãðàììû "öâåò-âåëè÷èíà" V712 Per. Îòêðûòûå è çàêðûòûå êðóæêè ñîîòâåòñòâóþò

îòêðûòûì è çàêðûòûì êðóæêàì íà êðèâîé áëåñêà ýòîé çâåçäû (ðèñ.2c), òðåóãîëüíèêè -
äàííûå Gaia DR2.

V - R

V

1.0 1.4

V712 Per18.0

1.8
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17.0
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a
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ïûëèíîê, êàê â ñëó÷àå ñ CQ Tau [31]. Ïîñëå ïðîäîëæèòåëüíîãî ìèíèìóìà

2014 ã. óâåëè÷èëñÿ ðàçáðîñ òî÷åê íà öâåòîâûõ äèàãðàììàõ; îíè ñìåñòèëèñü

â ëåâóþ ÷àñòü ãðàôèêîâ. Â ðåçóëüòàòå ïðè îäèíàêîâîì áëåñêå â ïîëîñå V

çâåçäà ñòàëà íåìíîãî ãîëóáåå ïî ñðàâíåíèþ ñ ïðåäøåñòâóþùèì ïåðèîäîì (äî

2014 ã.).

Äîáàâëåíèå íîâûõ íàáëþäåíèé íå ïîâëèÿëî íà âèä äèàãðàìì "öâåò-

âåëè÷èíà" V909 Per. Íàïðàâëåíèå öâåòîâûõ òðåêîâ íà íèõ õîðîøî ñîãëàñóåòñÿ

ñ çàêîíîì ìåæçâåçäíîãî ïîêðàñíåíèÿ. Â ñëó÷àå V695 Per ðàçáðîñ òî÷åê íà

Ðèñ.4c. Äèàãðàììû "öâåò-âåëè÷èíà" V695 Per. Ñåðûìè êðóæêàìè ïîêàçàíû äàííûå,
òî÷íîñòü êîòîðûõ ëåæèò â ïðåäåëàõ îò 0

m
.15 äî 0

m
.3.

V - R

V

0.8 1.6 2.8

V695 Per

19

V - I

2.4 3.2 3.6 4.0
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Ðèñ.4d. Äèàãðàììû "öâåò-âåëè÷èíà" V909 Per.
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äèàãðàììàõ "öâåò-âåëè÷èíà" óêàçûâàåò íà âëèÿíèå èçëó÷åíèÿ ãîðÿ÷èõ àêêðå-

öèîííûõ ïÿòåí ïðè çàòìåíèÿõ çâåçäû [32].

Ó÷èòûâàÿ îñîáåííîñòè êðèâîé áëåñêà V716 Per (ðèñ.2d), ìû ïðîàíà-

ëèçèðîâàëè ïîâåäåíèå ïîêàçàòåëåé öâåòà çâåçäû îòäåëüíî íà íèñõîäÿùåé è

âîñõîäÿùåé åå ÷àñòÿõ, íî íå íàøëè çíà÷èìûõ ðàçëè÷èé. Ïîýòîìó íà ðèñ.4e

ïðåäñòàâëåíû äèàãðàììû "öâåò-âåëè÷èíà" äëÿ âñåé êðèâîé áëåñêà çâåçäû. Èç

ïðåäñòàâëåííûõ âûøå äèàãðàìì "öâåò-âåëè÷èíà" ñëåäóåò, ÷òî îêîëîçâåçäíàÿ

ïûëü â îêðåñòíîñòÿõ èññëåäóåìûõ çâåçä ïî ñâîèì îïòè÷åñêèì õàðàêòåðèñòèêàì

áëèçêà ê ìåæçâåçäíîé ïûëè.

4. Îáñóæäåíèå è çàêëþ÷åíèå. Ïðåäñòàâëåííûå âûøå ðåçóëüòàòû

ïîêàçûâàþò, ÷òî ôîòîìåòðè÷åñêàÿ àêòèâíîñòü èññëåäóåìûõ ìîëîäûõ çâåçä

îòëè÷àåòñÿ áîëüøèì ðàçíîîáðàçèåì. Àëãîëåïîäîáíûå ìèíèìóìû, íàáëþäàåìûå

ó V715 Per è V716 Per, íå êîððåëèðóþò ñ ôàçîé ìàëî-àìïëèòóäíûõ ïåðèî-

äè÷åñêèõ êîëåáàíèé áëåñêà (ðèñ.3a è 3c). Ýòî ñâèäåòåëüñòâóåò îá îòñóòñòâèè

ó ýòèõ çâåçä ñâÿçè ìåæäó äâóìÿ ðàçíûìè ìåõàíèçìàìè ôîòîìåòðè÷åñêîé

ïåðåìåííîñòè.

Ïðîòèâîïîëîæíàÿ êàðòèíà íàáëþäàåòñÿ ó V695 Per: êîðîòêîæèâóùèå

àëãîëåïîäîáíûå îñëàáëåíèÿ áëåñêà íàáëþäàþòñÿ ïðåèìóùåñòâåííî âáëèçè

ôàç ìèíèìóìîâ ïåðèîäè÷åñêîé ñîñòàâëÿþùåé êðèâîé áëåñêà. Ýòî íàïîìèíàåò

ôîòîìåòðè÷åñêîå ïîâåäåíèå èçâåñòíîé çâåçäû òèïà Ò Òåëüöà ÀÀ Tau, âûçâàííîå

íàêëîíîì îñè ìàãíèòîñôåðû îòíîñèòåëüíî îñè âðàùåíèÿ çâåçäû (Áóâüå è äð.

[30]). Â ðåçóëüòàòå ýòîãî âíóòðåííÿÿ îáëàñòü âîçìóùåííîãî (warped) îêîëî-

çâåçäíîãî äèñêà ïåðèîäè÷åñêè ýêðàíèðóåò çâåçäó.

Ðèñ.4e. Äèàãðàììû "öâåò-âåëè÷èíà" V716 Per. Ñåðûìè êðóæêàìè ïîêàçàíû äàííûå,
òî÷íîñòü êîòîðûõ ~0

m
.15 äî 0

m
.2.

V - R

V

1.0 1.4 2.6

V716 Per

17.8

V - I

1.8 2.2 2.6 3.0 3.4 3.8 4.2

17.4
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Îñîáåííîñòü ôîòîìåòðè÷åñêîãî ïîâåäåíèÿ V715 Per ñîñòîèò â âîçìîæíîì

ñóùåñòâîâàíèè äâóõ ïåðèîäîâ. Îäèí èç íèõ P
1

 = 5.23d - íàáëþäàëñÿ â òå÷åíèå

âñåãî ôîòîìåòðè÷åñêîãî ìîíèòîðèíãà êàê â îïòèêå, òàê è â ÈÊ ïîëîñàõ JHK

[5], äðóãîé - P
2

 = 14.7d - íàáëþäàëñÿ â ÈÊ ïîëîñàõ íà 3.6 è 4.5 ìêì â òå÷åíèå

ïðèìåðíî òðåõ ïåðèîäîâ [14], íî íå áûë íàéäåí â íàøèõ ÈÊ íàáëþäåíèÿõ

[8]. Ïîýòîìó âîïðîñ î åãî ñóùåñòâîâàíèè îñòàåòñÿ îòêðûòûì.

Èçìåíåíèÿ ïîêàçàòåëåé öâåòà ïðè îñëàáëåíèÿõ áëåñêà èññëåäóåìûõ çâåçä

â ïåðâîì ïðèáëèæåíèè ïîõîæè íà îæèäàåìûå â ñëó÷àå ñòàíäàðòíîãî çàêîíà

ïîêðàñíåíèÿ. Ýòî ãîâîðèò î òîì, ÷òî ïûëü â îêîëîçâåçäíûõ äèñêàõ ýòèõ

çâåçä âñå åùå äîñòàòî÷íî ìîëîäàÿ. Ïðè ýòîì ðàçáðîñ ïîêàçàòåëåé öâåòà ïðè

ôèêñèðîâàííîì áëåñêå ìîæåò äîñòèãàòü ó íåêîòîðûõ çâåçä 0m.2 - 0m.3. Òàêîé

ðàçáðîñ, êàê ïîêàçàíî â [32], ìîæåò áûòü âûçâàí ôëóêòóàöèÿìè èíòåíñèâíîñòè

èçëó÷åíèÿ àêêðåöèîííûõ ïÿòåí íà ïîâåðõíîñòè çâåçä.

Ðàíåå, â ñòàòüå [5], äëÿ îáúÿñíåíèÿ ïåðèîäè÷åñêîé ìîäóëÿöèè áëåñêà

V715 Per áûëà èñïîëüçîâàíà ìîäåëü çâåçäû AA Tau, ïðåäëîæåííàÿ Áóâüå è

äð. [30]. Ñîãëàñíî ýòîé ìîäåëè, V715 Per ïåðèîäè÷åñêè ýêðàíèðóåòñÿ

âíóòðåííåé îáëàñòüþ îêîëîçâåçäíîãî äèñêà, âîçìóùåííîé ìàãíèòîñôåðîé,

îñü êîòîðîé íå ñîâïàäàåò ñ îñüþ âðàùåíèÿ çâåçäû. Òàêîé òèï ïåðåìåííîñòè

íàáëþäàåòñÿ ó ðÿäà êëàññè÷åñêèõ çâåçä òèïà Ò Òåëüöà (ñì. íàïðèìåð, [33,34]).

Â ïîääåðæêó ýòîé ìîäåëè ñâèäåòåëüñòâóåò êîððåëÿöèÿ ìåæäó îïòè÷åñêîé è

ÈÊ ïåðåìåííîñòüþ V715 Per (ñì. ðèñ.9 â [5]), ñîãëàñóþùàÿñÿ ñ ðåçóëüòàòàìè

ìîäåëüíûõ ðàñ÷åòîâ [35]. ×òî êàñàåòñÿ ñèñòåìàòè÷åñêîãî óâåëè÷åíèÿ àìïëèòóäû

ïåðèîäè÷åñêèõ êîëåáàíèé áëåñêà çâåçäû, òî â ðàìêàõ ýòîé ìîäåëè âîçìîæíî

òîëüêî îäíî îáúÿñíåíèå: óìåíüøåíèå òåìïà àêêðåöèè ãàçà [5]. Ýòî âûçâàíî

òåì îáñòîÿòåëüñòâîì, ÷òî ðàäèóñ âîçìóùåííîé îáëàñòè äèñêà, îïðåäåëÿþùèé

àìïëèòóäó êîëåáàíèé áëåñêà, ïî ïîðÿäêó âåëè÷èíû ðàâåí àëüâåíîâñêîìó

ðàäèóñó, à ïîñëåäíèé óâåëè÷èâàåòñÿ ñ óìåíüøåíèåì òåìïà àêêðåöèè: 72
accA M~r  .

Íåäàâíî Íàãåëü è Áóâüå [36] ïðåäïîëîæèëè, ÷òî ïåðèîäè÷åñêèå çàòìåíèÿ

V715 Per ìîãóò áûòü ñîçäàíû òàêæå êðóïíûìè ÷àñòèöàìè ïûëè, ïðîíèêàþ-

ùèìè âìåñòå ñ ãàçîì íåïîñðåäñòâåííî â ìàãíèòîñôåðó çâåçäû. Ñäåëàííûé

âûøå âûâîä î áîëåå êðóïíûõ ïûëèíêàõ, ó÷àñòâóþùèõ â ïåðèîäè÷åñêèõ

çàòìåíèÿõ çâåçäû, íå ïðîòèâîðå÷èò ýòîé ìîäåëè. Õîòÿ ýòà ìîäåëü ôèçè÷åñêè

ñîâìåñòèìà ñ ìîäåëüþ, ïðèíÿòîé â ñòàòüå [5], îíà ïî-äðóãîìó îáúÿñíÿåò

íàáëþäàåìîå óâåëè÷åíèå àìïëèòóäû ïåðèîäè÷åñêèõ êîëåáàíèé áëåñêà çâåçäû.

Äëÿ ýòîãî íåîáõîäèìî, ÷òîáû òåìï àêêðåöèè óâåëè÷èâàëñÿ. Î÷åâèäíî, ÷òî

äëÿ ïðîâåðêè ýòèõ äâóõ ïðîòèâîïîëîæíûõ ïðåäñêàçàíèé àêêðåöèîííîé

àêòèâíîñòè V715 Per íåîáõîäèìû ñïåêòðàëüíûå íàáëþäåíèÿ çâåçäû â

ëèíèè H  (â íàñòîÿùåå âðåìÿ èçâåñòíî âñåãî îäíî òàêîå íàáëþäåíèå,

âûïîëíåííîå â 2006-2007 ãã. Äàìîì [24]).
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Â ñâÿçè ñ íàáëþäàâøèìñÿ ó V715 Per â 2016-2020 ãã. ñäâèãîì ôàçû

ïåðèîäè÷åñêîé êîìïîíåíòû êðèâîé áëåñêà (ðèñ.3a), âîçíèêàåò âîïðîñ: ìîæíî

ëè òàêîé ñäâèã îáúÿñíèòü â ðàìêàõ ðàññìîòðåííûõ âûøå ìîäåëåé, îñíîâàííûõ

íà âçàèìîäåéñòâèè îêîëîçâåçäíîãî äèñêà ñ íàêëîííîé ìàãíèòîñôåðîé çâåçäû?

Àíàëîãè÷íûé âîïðîñ âîçíèêàåò òàêæå è â ñâÿçè ñ íàáëþäàâøèìñÿ

ñìåùåíèåì ôàçû ïåðèîäè÷åñêèõ êîëåáàíèé áëåñêà V716 Per (ðèñ.3c).

Îñîáåííîñòü ýòîãî ïðîöåññà, êàê îòìå÷àëîñü âûøå, ñîñòîèò â òîì, ÷òî

êàæäûé ðàç ñìåùåíèþ ôàçû íà 1/2 ïåðèîäà ïðåäøåñòâîâàëî óìåíüøåíèå

àìïëèòóäû êîëåáàíèé áëåñêà. Äðóãîé îñîáåííîñòüþ ôîòîìåòðè÷åñêîé

àêòèâíîñòè V716 Per ÿâëÿåòñÿ íàëè÷èå òðåíäà íà êðèâîé áëåñêà çâåçäû íà

âðåìåííîé øêàëå ïîðÿäêà 20 ëåò. Ïî ñâîåé ôîðìå îí íàïîìèíàåò ôðàãìåíò

ïåðèîäè÷åñêîé ìîäóëÿöèè áëåñêà â ìîäåëÿõ ìîëîäûõ äâîéíûõ ñèñòåì,

íàáëþäàåìûõ ïîä íåáîëüøèì óãëîì ê ïëîñêîñòè ñèñòåìû [37]. Ïîýòîìó ýòà

çâåçäà ïðåäñòàâëÿåò áîëüøîé èíòåðåñ â ïëàíå ïîèñêà äðóãèõ íàáëþäàòåëüíûõ

ïðîÿâëåíèé äâîéñòâåííîñòè, âêëþ÷àÿ èíòåðôåðîìåòðè÷åñêèå è ñïåêòðàëüíûå

íàáëþäåíèÿ.

Êàê áûëî îòìå÷åíî âûøå, çíà÷èòåëüíîìó óñèëåíèþ ôîòîìåòðè÷åñêîé

àêòèâíîñòè V712 Per, íàáëþäàâøåìóñÿ â ïîñëåäíèå 6 ëåò, ïðåäøåñòâîâàë

ïðîäîëæèòåëüíûé ìèíèìóì áëåñêà â 2015 ã., âûçâàííûé ýêðàíèðîâàíèåì

çâåçäû ïðîòÿæåííûì ïûëåâûì îáëàêîì (ðèñ.2c). Åñòåñòâåííî ñâÿçàòü

ïîñëåäîâàâøåå çà ýòèì ñîáûòèåì óâåëè÷åíèå ÷àñòîòû è àìïëèòóäû ìèíèìóìîâ

ñ ðàçðóøåíèåì îáëàêà íà áîëåå ìåëêèå ôðàãìåíòû.

Åñëè ïåðèîäè÷åñêàÿ ìîäóëÿöèÿ áëåñêà, íàáëþäàåìàÿ ó òðåõ èññëåäóåìûõ

çâåçä: V695 Per, V715 Per, V716 Per, äåéñòâèòåëüíî, âûçâàíà íàêëîíîì

ìàãíèòîñôåð îòíîñèòåëüíî îñåé âðàùåíèÿ çâåçä, òî âîçíèêàåò âîïðîñ: êàê â

ðàìêàõ ýòîé ìîäåëè îáúÿñíèòü ñìåùåíèå ôàçû êîëåáàíèé, êîòîðîå äîâîëüíî

îò÷åòëèâî íàáëþäàëîñü ó äâóõ èç íèõ - V716 Per è V715 Per? Âûçâàíî ëè

ýòî ñìåùåíèå äðåéôîì ìàãíèòíûõ ïîëþñîâ ìàãíèòíîãî äèïîëÿ íà çâåçäå,

èëè ýòî ðåçóëüòàò îòêëîíåíèÿ âðàùåíèÿ âîçìóùåííîé îáëàñòè âíóòðåííåãî

äèñêà îò òâåðäîòåëüíîãî âðàùåíèÿ? Èçó÷åíèå ýòîé îñîáåííîñòè âðàùàòåëüíîé

ìîäóëÿöèè áëåñêà èññëåäóåìûõ çâåçä ïðåäñòàâëÿåò áîëüøîé èíòåðåñ è

çàñëóæèâàåò îòäåëüíîãî ðàññìîòðåíèÿ.

Ïðåäñòàâëåííûå âûøå ðåçóëüòàòû ïîêàçûâàþò âàæíîñòü äëèòåëüíîãî

ôîòîìåòðè÷åñêîãî ìîíèòîðèíãà ìîëîäûõ çâåçä òèïà UX Ori è ðîäñòâåííûõ

èì ìîëîäûõ îáúåêòîâ. Òàêîé ìîíèòîðèíã ïîçâîëÿåò èçó÷àòü íà áîëüøîé

âðåìåííîé øêàëå èçìåíåíèÿ ôîòîìåòðè÷åñêîé àêòèâíîñòè çâåçä, îáóñëîâëåííûå

âçàèìîäåéñòâèåì âíóòðåííèõ îáëàñòåé ïðîòîïëàíåòíûõ äèñêîâ ñ ìàãíèòî-

ñôåðàìè çâåçä. Ó÷èòûâàÿ ýòî, ìû ïëàíèðóåì ðàñøèðÿòü ýòó ïðîãðàììó

íàáëþäåíèé, âîâëåêàÿ â ðàáîòó íîâûå ìîëîäûå ñêîïëåíèÿ íàøåé Ãàëàêòèêè.

Î÷åíü âàæíî òàêæå ïðèâëå÷ü ê òàêîìó ìîíèòîðèíãó ñïåêòðàëüíûå íàáëþäåíèÿ
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ïðîãðàììíûõ çâåçä â îêðåñòíîñòè ëèíèè H , ïîçâîëÿþùèå êîíòðîëèðîâàòü

òåìï àêêðåöèè íà çâåçäû.

Àâòîðû áëàãîäàðÿò ðåöåíçåíòà Å.Í.Êîïàöêóþ çà ïîëåçíûå çàìå÷àíèÿ.
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UX Ori TYPE STARS IN THE YOUNG CLUSTER IC 348:
RESULTS OF THE LONG-TERM PHOTOMETRIC

MONITORING

O.Yu.BARSUNOVA1, V.P.GRININ1,2, S.G.SERGEEV3, S.Yu.SHUGAROV4,5,
N.V.EFIMOVA1, S.V.NAZAROV3

The results of long-lasting (17 years) photometric (VRI) monitoring of five

T Tauri stars are presented. All investigated objects are members of the young

cluster IC 348 and show variability which is typical for UX Ori type stars and

caused by changes in circumstellar extinction. Three of them (V712 Per,

V716 Per, V909 Per) are classical T Tauri stars (CTTS), the other two

(V695 Per, V715 Per) are weak-line T Tauri stars (WTTS). Their light curves

have various character. Three objects show a composition of two different types

of activity: stochastic UX Ori type variability and periodic brightness variations

similar to those observed in AA Tau type stars. The two stars demonstrate only

brightness variability caused by fluctuations in circumstellar extinction at different

characteristic times. Their photometric activity peculiarities are discussed in details.

Keywords: photometry: T Tau stars, UX Ori, IC 348
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ÒÎÊÎÂÛÅ ÑÈÑÒÅÌÛ Â ÀÊÒÈÂÍÛÕ ÎÁËÀÑÒßÕ ÍÀ
ÏÎÇÄÍÅÉ ÑÒÀÄÈÈ ÝÂÎËÞÖÈÈ È ÈÕ ÐÎËÜ Â

ÏÐÎÖÅÑÑÀÕ ÑÒÀÁÈËÈÇÀÖÈÈ/ÄÅÑÒÀÁÈËÈÇÀÖÈÈ
ÑÎËÍÅ×ÍÛÕ ÏßÒÅÍ

Þ.À.ÔÓÐÑßÊ, À.À.ÏËÎÒÍÈÊÎÂ
Ïîñòóïèëà 7 èþíÿ 2022

Ïðèíÿòà ê ïå÷àòè 8 àâãóñòà 2022

Ïî äàííûì èíñòðóìåíòà Helioseismic and Magnetic Imager (HMI) íà áîðòó Solar Dynam-
ics Observatory (SDO) î êîìïîíåíòàõ âåêòîðà ìàãíèòíîãî ïîëÿ â ôîòîñôåðå Ñîëíöà äëÿ 46
àêòèâíûõ îáëàñòåé (ÀÎ), íàõîäÿùèõñÿ íà ôèíàëüíîé ñòàäèè ýâîëþöèè, âû÷èñëåíû âåëè÷èíû
ãîðèçîíòàëüíîãî, âåðòèêàëüíîãî è êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà íà óðîâíå ñîëíå÷íîé
ôîòîñôåðû. Â êàæäîì ñëó÷àå èññëåäîâàíà äèíàìèêà ïàðàìåòðîâ ýëåêòðè÷åñêîãî òîêà çà âðåìÿ
íàõîæäåíèÿ îáëàñòè â ïðåäåëàõ ±35

o
 îò öåíòðàëüíîãî ìåðèäèàíà. Ïàðàìåòðû ýëåêòðè÷åñêîãî

òîêà ñîïîñòàâëåíû ñî ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà â ïÿòíå. Ïîëó÷åíû ñëåäóþùèå
ðåçóëüòàòû: 1) Âûÿâëåíà ïðÿìàÿ çàâèñèìîñòü ìåæäó âåëè÷èíîé ñðåäíåé áåççíàêîâîé ïëîòíîñòè
ëîêàëüíûõ âåðòèêàëüíûõ ýëåêòðè÷åñêèõ òîêîâ è ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà â
ïÿòíå ñ êîýôôèöèåíòîì êîððåëÿöèè k = 0.56. 2) Íåíóëåâîé êðóïíîìàñøòàáíûé ýëåêòðè÷åñêèé
òîê îáíàðóæåí òîëüêî â îáëàñòÿõ ñ îòíîñèòåëüíî íèçêîé ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî
ïîòîêà â ïÿòíå (íå ïðåâûøàþùèõ çíà÷åíèå 

19
1006 . Ìêñ ÷

-1
). Òàêèì îáðàçîì, êðóïíî-

ìàñøòàáíûé ýëåêòðè÷åñêèé òîê ìîæåò îêàçûâàòü ñòàáèëèçèðóþùåå âîçäåéñòâèå íà ïÿòíî, íå
ÿâëÿÿñü, îäíàêî, åäèíñòâåííûì ìåõàíèçìîì ñòàáèëèçàöèè ïÿòåí, ïîñêîëüêó òîëüêî äëÿ 37%
ÀÎ àíàëèçèðóåìîé âûáîðêè, äëÿ êîòîðûõ ñêîðîñòü çàòóõàíèÿ ìàãíèòíîãî ïîòîêà â ïÿòíå
íèæå 

19
1006 . Ìêñ ÷

-1
, åãî âåëè÷èíà, ñ ó÷åòîì îøèáîê âû÷èñëåíèÿ, ÿâëÿåòñÿ îòëè÷íîé îò

íóëÿ. 3) Ñòàòèñòè÷åñêèé àíàëèç òàêæå óêàçûâàåò íà ñòàáèëèçàöèþ ñîëíå÷íûõ ïÿòåí èíäóê-
öèîííîé ñîñòàâëÿþùåé êîëüöåâîãî ãîðèçîíòàëüíîãî ýëåêòðè÷åñêîãî òîêà, îïèñûâàåìîé çàêîíîì
Ôàðàäåÿ è îáóñëîâëåííîé èçìåíåíèåì âî âðåìåíè ìàãíèòíîãî ïîòîêà ïÿòíà. Êîýôôèöèåíò
êîððåëÿöèè ìåæäó ñðåäíåé âåëè÷èíîé êâàäðàòà ïëîòíîñòè ãîðèçîíòàëüíîãî òîêà â êîëüöåâîé
ñòðóêòóðå âîêðóã ïÿòíà è ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà k = 0.42.

Êëþ÷åâûå ñëîâà: Ñîëíöå: àêòèâíûå îáëàñòè: ìàãíèòíîå ïîëå: ýëåêòðè÷åñêèå òîêè

1. Ââåäåíèå. Ïðîáëåìà ðàñïàäà ñîëíå÷íûõ ïÿòåí ÿâëÿåòñÿ îäíîé èç

êëàññè÷åñêèõ â ôèçèêå Ñîëíöà. Âïåðâûå îíà áûëà ñôîðìóëèðîâàíà â ðàáîòå

Êàóëèíãà åùå â ñåðåäèíå 40-õ ãîäîâ [1], à àêòèâíûå ïîïûòêè åå ðåøåíèÿ íà÷àòû

â 70-80-õ ãîäàõ XX â. [2-7]. Ïîÿâëåíèå â êîíöå XX-ãî è â XXI-ì âåêå íîâûõ

è ìîùíûõ èíñòðóìåíòîâ äëÿ èññëåäîâàíèÿ Ñîëíöà, ñðåäè êîòîðûõ ìîæíî

âûäåëèòü êîñìè÷åñêèå îáñåðâàòîðèè SDO [8] è Hinode [9], íàçåìíûå òåëåñêîïû

NST(GST)/BBSO [10], DKIST [11] è ðÿä äðóãèõ, à òàêæå ðàçâèòèå êîìïüþ-

òåðíûõ òåõíîëîãèé, ñòèìóëèðîâàëè êàê ïðîäîëæåíèå ðàíåå íà÷àòûõ ðàáîò, òàê

è ïîÿâëåíèå íîâûõ èññëåäîâàíèé, ñâÿçàííûõ ñ âîïðîñàìè óñòîé÷èâîñòè è
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ðàñïàäà ñîëíå÷íûõ ïÿòåí. Íà ñåãîäíÿøíèé äåíü èññëåäîâàòåëÿì äîñòóïíû

îãðîìíûå (èñ÷èñëÿåìûå ñîòíÿìè Òåðàáàéò) îáúåìû íàáëþäàòåëüíûõ äàííûõ,

ðÿä òåîðåòè÷åñêèõ ìîäåëåé, îïèñûâàþùèõ ïðîöåññû ñòàáèëèçàöèè/äåñòàáè-

ëèçàöèè ñîëíå÷íûõ ïÿòåí (ñì. [12-14]), à òàêæå áîëüøîå êîëè÷åñòâî ïðîãðàìì,

ïîçâîëÿþùèõ îöåíèòü êàê óñòîé÷èâîñòü ñîëíå÷íûõ ïÿòåí âî âðåìåíè ïóòåì

âû÷èñëåíèÿ ðÿäà êðèòåðèåâ ñòàáèëüíîñòè è èõ âðåìåííûõ âàðèàöèé, òàê è

ìîäåëèðîâàòü ïðîöåññû, ïðîèñõîäÿùèå â îêðåñòíîñòè ïÿòíà íà ôàçå åãî

ðàñïàäà.

Îäíàêî, íåñìîòðÿ íà äåñÿòèëåòèÿ èññëåäîâàíèé, ìíîãèå âîïðîñû â ðàìêàõ

äàííîé ïðîáëåìàòèêè îñòàþòñÿ â òîé èëè èíîé ñòåïåíè íåðåøåííûìè è äî

ñåãîäíÿøíåãî äíÿ. Â ÷àñòíîñòè, êàê îêàçàëîñü, ñàì ïðîöåññ çàòóõàíèÿ

ìàãíèòíîãî ïîòîêà ìîæåò ñóùåñòâåííî ðàçëè÷àòüñÿ äëÿ ðàçíûõ ïÿòåí: çàòóõàíèå

ìîæåò ïðîèñõîäèòü êàê êâàçèëèíåéíî [15], òàê è ïî ïàðàáîëè÷åñêîìó çàêîíó

[16,17]. Òàêèì îáðàçîì, ïðîöåññû, îáóñëàâëèâàþùèå ðàñïàä ïÿòíà, òàêæå

áóäóò ðàçëè÷àòüñÿ â çàâèñèìîñòè îò õàðàêòåðà äèññèïàöèè åãî ìàãíèòíîãî

ïîòîêà.

Ëèíåéíûé õàðàêòåð çàòóõàíèÿ ïîäðàçóìåâàåò, ÷òî ïîòåðÿ ìàãíèòíîãî

ïîòîêà ïðîèñõîäèò ïîâñþäó âíóòðè ñîëíå÷íîãî ïÿòíà èç-çà òóðáóëåíòíîé

äèôôóçèè ìàãíèòíîãî ïîëÿ. Ðàáîòû, ïîñâÿùåííûå äàííîìó âîïðîñó, ïîÿâèëèñü

óæå â 70-å ãîäû XX â. [4,18,19]. Â äàëüíåéøåì äàííàÿ òåìàòèêà àêòèâíî

ðàçâèâàëàñü [20,21] è ðàçâèâàåòñÿ â ïîñëåäíèå ãîäû [14,22,23].

Ïàðàáîëè÷åñêèé õàðàêòåð ïîòåðè ìàãíèòíîãî ïîòîêà ïÿòíîì ìîæåò áûòü

îáóñëîâëåí ýðîçèåé ñîëíå÷íîãî ïÿòíà íà åãî ãðàíèöå, íàïðèìåð, ñóïåðãðàíó-

ëÿðíûìè äâèæåíèÿìè [24] èëè òóðáóëåíòíûìè äâèæåíèÿìè â ìàñøòàáå

ãðàíóë [25]. Îäíèì èç ìåõàíèçìîâ ïîòåðè ìàãíèòíîãî ïîòîêà ïî ïàðàáîëè-

÷åñêîìó çàêîíó ìîãóò ÿâëÿòüñÿ äâèæóùèåñÿ ìàãíèòíûå ýëåìåíòû (moving

magnetic features, MMF). Âïåðâûå î íèõ áûëî óïîìÿíóòî â ðàáîòå Sheely â

1969ã. [26], à â 1973ã. áûëî âïåðâûå âûñêàçàíî ïðåäïîëîæåíèå, ÷òî ïîäîáíûå

ñòðóêòóðû óíîñÿò ñ ñîáîé íåêîòîðóþ ÷àñòü ìàãíèòíîãî ïîòîêà ïÿòíà [27].

Ðåçóëüòàòû áîëåå ïîçäíèõ èññëåäîâàíèé, áàçèðóþùèõñÿ íà íàáëþäàòåëüíûõ

äàííûõ [28,29], ïîêàçàëè, ÷òî: 1) çà ïîòåðþ ìàãíèòíîãî ïîòîêà îòâå÷àþò

òîëüêî MMF îäèíàêîâîé ñ ïÿòíîì ïîëÿðíîñòè; 2) MMF óíîñÿò ñ ñîáîé

ñóùåñòâåííóþ äîëþ ìàãíèòíîãî ïîòîêà ïÿòíà.

Ñóùåñòâóþò è èíûå ìåõàíèçìû ñòàáèëèçàöèè/äåñòàáèëèçàöèè ñîëíå÷íûõ

ïÿòåí. Ñ÷èòàåòñÿ, ÷òî îïðåäåëåííóþ ðîëü â ýòèõ ïðîöåññàõ ìîãóò èãðàòü äàæå

òàêèå êðèòåðèè, êàê ðàçìåð ïÿòíà, åãî ôîðìà, íàïðÿæåííîñòü ìàãíèòíîãî

ïîëÿ â ìàêñèìóìå ðàçâèòèÿ è ðÿä äðóãèõ. Âëèÿòü íà ñòàáèëüíîñòü ñîëíå÷íûõ

ïÿòåí ìîãóò è ðàçëè÷íîãî ðîäà êîëåáàíèÿ [30,31]. Òàêæå îïðåäåëåííîå

âîçäåéñòâèå íà ñêîðîñòü çàòóõàíèÿ ìàãíèòíîãî ïîòîêà îêàçûâàþò êðóïíî-

ìàñøòàáíûå êðóãîâûå äâèæåíèÿ ïëàçìû âîêðóã ïÿòåí [32] è ãëóáèíà çàëåãàíèÿ
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îñíîâàíèé ïÿòíà â êîíâåêòèâíîé çîíå [33]. Ïîñëåäíèé ìåõàíèçì ïåðåâîäèò

èññëåäîâàíèå ïðîáëåìû ñòàáèëèçàöèè ñîëíå÷íûõ ïÿòåí â ïëîñêîñòü ãåëèî-

ñåéñìîëîãèè.

Îäíèì èç ìåõàíèçìîâ, êîòîðûé, ñðåäè ïðî÷èõ, òàêæå îêàçûâàåò âëèÿíèå

íà ñêîðîñòü çàòóõàíèÿ ìàãíèòíîãî ïîòîêà ïÿòíà, ÿâëÿåòñÿ ýëåêòðè÷åñêèé òîê

(ñì., íàïð., [34]). Î âëèÿíèè òîêîâûõ ñëîåâ, âîçíèêàþùèõ íà ãðàíèöå ìàãíèòíîé

ñèëîâîé òðóáêè, îáðàçóþùåé ïÿòíî, à òàêæå ïðîöåññîâ è ÿâëåíèé, ñ íèìè

ñâÿçàííûõ, íà ñòàáèëèçàöèþ/äåñòàáèëèçàöèþ ñîëíå÷íûõ ïÿòåí óïîìèíàåòñÿ

â ðÿäå èññëåäîâàíèé (ñì., íàïð., [31,35,36]). Ñóùåñòâóåò ìíîãî òåîðåòè÷åñêèõ

ðàáîò â äàííîì íàïðàâëåíèè, îäíàêî ñòàòèñòè÷åñêèõ äàííûõ, îñîáåííî

ñîâðåìåííûõ, êîòîðûå ïîçâîëèëè áû íà äîñòàòî÷íî îáøèðíîì íàáëþäàòåëüíîì

ìàòåðèàëå îöåíèòü ðîëü ýëåêòðè÷åñêèõ òîêîâ â ïðîöåññàõ, ñïîñîáñòâóþùèõ

ñòàáèëèçàöèè èëè æå áûñòðîìó ðàñïàäó ñîëíå÷íûõ ïÿòåí, ïî ñóòè, íåò. Çäåñü

ìû ïûòàåìñÿ âîñïîëíèòü ýòîò ïðîáåë, è íà âûáîðêå èç 46 àêòèâíûõ îáëàñòåé

(ÀÎ), íàõîäÿùèõñÿ íà ôèíàëüíûõ ñòàäèÿõ ýâîëþöèè, ðàñøèðÿåì íàøè áîëåå

ðàííèå èññëåäîâàíèÿ [37] è ñòàâèì ïåðåä ñîáîé çàäà÷ó ïîäòâåðäèòü, óòî÷íèòü,

èëè æå ñêîððåêòèðîâàòü ïîëó÷åííûå âûâîäû î ðîëè ýëåêòðè÷åñêèõ òîêîâ â

ïðîöåññàõ ñòàáèëèçàöèè/äåñòàáèëèçàöèè ñîëíå÷íûõ ïÿòåí.

2. Äàííûå íàáëþäåíèé. Îñíîâíîé îáúåì ðàáîòû âûïîëíåí íà äàííûõ

èíñòðóìåíòà Helioseismic and Magnetic Imager (HMI) [38] íà áîðòó Solar

Dynamic Observatory (SDO) [8], êîòîðûå äîñòóïíû íà ñàéòå Joint Science

Operation Center (JSOC) (http://jsoc2.stanford.edu/ajax/lookdata.html). Ïðîñò-

ðàíñòâåííîå ðàçðåøåíèå èíñòðóìåíòà HMI/SDO ñîñòàâëÿåò 0".5 (ïîðÿäêà

360 êì íà óðîâíå ñîëíå÷íîé ôîòîñôåðû), âðåìåííîå ðàçðåøåíèå â çàâèñèìîñòè

îò òèïà äàííûõ - 45 ñ èëè 720 ñ. Íàìè èñïîëüçîâàíû ìàãíèòîãðàôè÷åñêèå

äàííûå ñ âðåìåííûì ðàçðåøåíèåì 720 ñ.

Äàííûå î ìàêñèìàëüíîì ìàãíèòíîì ïîòîêå è ñêîðîñòè çàòóõàíèÿ ìàãíèòíîãî

ïîòîêà ïÿòíà ïîëó÷åíû íà îñíîâå ïîëíîäèñêîâûõ ìàãíèòîãðàìì ëó÷åâîé

êîìïîíåíòû (B
LOS

) âåêòîðà ìàãíèòíîãî ïîëÿ íà óðîâíå ôîòîñôåðû, ñ âûäåëå-

íèåì íóæíîãî äëÿ àíàëèçà ó÷àñòêà è êîððåêòèðîâêîé äàííûõ äëÿ ìèíèìèçàöèè

îøèáîê, âîçíèêàþùèõ çà ñ÷åò ýôôåêòà ïðîåêöèè.

Ïðè âû÷èñëåíèè ïàðàìåòðîâ ýëåêòðè÷åñêîãî òîêà â èññëåäóåìûõ îáëàñòÿõ

èñïîëüçîâàíû SHARP (Spaceweather HMI Active Region Patch) [39] ìàãíèòî-

ãðàììû ðàñïðåäåëåíèÿ êîìïîíåíòîâ âåêòîðà ìàãíèòíîãî ïîëÿ â ôîòîñôåðå

(öèëèíäðè÷åñêèå êîîðäèíàòû, ñåðèÿ äàííûõ hmi.sharp_cea_720s).

Áûëè èññëåäîâàíû ïàðàìåòðû ãîðèçîíòàëüíûõ, âåðòèêàëüíûõ è êðóïíî-

ìàñøòàáíûõ ýëåêòðè÷åñêèõ òîêîâ äëÿ 46 ÀÎ 24-ãî öèêëà ñîëíå÷íîé àêòèâíîñòè

íà ïîçäíåé ñòàäèè èõ ýâîëþöèè. Îòáîð îáëàñòåé äëÿ èññëåäîâàíèÿ îñóùåñò-

âëÿëñÿ ñîãëàñíî ñëåäóþùèì êðèòåðèÿì:
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1. Ñîãëàñíî ìàãíèòî-ìîðôîëîãè÷åñêîé êëàññèôèêàöèè (ÌÌÊ) ÀÎ,

ðàçðàáîòàííîé â ÊðÀÎ [40-42], èññëåäóåìûå îáëàñòè äîëæíû ïðèíàäëåæàòü

ê òèïó U (óíèïîëÿðíûå îáëàñòè) èëè ÿâëÿòüñÿ áèïîëÿðíûìè íà ïîçäíåé

ñòàäèè ýâîëþöèè (òèï À - áèïîëÿðíûå îáëàñòè, ïîä÷èíÿþùèåñÿ îñíîâíûì

çàêîíîìåðíîñòÿì ãëîáàëüíîãî äèíàìî èëè B - îáëàñòè-íàðóøèòåëè îñíîâíûõ

çàêîíîâ ãëîáàëüíîãî äèíàìî); â èññëåäóåìûõ îáëàñòÿõ ìîãóò íàáëþäàòüñÿ

ïîðû (âîêðóã îñíîâíîãî ïÿòíà, â õâîñòîâîé, à â îòäåëüíûõ ñëó÷àÿõ - â

ëèäèðóþùåé ÷àñòè ÀÎ), íî îáÿçàòåëüíûì óñëîâèåì ïðè ýòîì ÿâëÿåòñÿ

íàëè÷èå õîðîøî ðàçâèòîãî îñíîâíîãî ïÿòíà.

2. Îáëàñòü äîëæíà áûòü èçîëèðîâàíà îò äðóãèõ ÀÎ (ò.å. â ïðåäåëàõ

ïðÿìîóãîëüíîé ïëîùàäêè, ñîîòâåòñòâóþùåé SHARP-ìàãíèòîãðàììå, äîëæíà

íàõîäèòüñÿ òîëüêî îäíà îáëàñòü ñ óíèêàëüíûì NOAA èäåíòèôèêàòîðîì).

3. Ïî ìàêñèìàëüíîìó ìàãíèòíîìó ïîòîêó è ñêîðîñòè çàòóõàíèÿ ìàãíèòíîãî

ïîòîêà îñíîâíîãî (íàèáîëåå ðàçâèòîãî) ïÿòíà èññëåäóåìûå ÀÎ íå îãðàíè-

÷èâàþòñÿ.

Ñîîòâåòñòâèå êðèòåðèÿì 1 è 2 äëÿ âñåõ îáëàñòåé àíàëèçèðóåìîé âûáîðêè

áûëî îñóùåñòâëåíî ñ ïîìîùüþ âèçóàëüíîãî êîíòðîëÿ.

Äëÿ ìèíèìèçàöèè îøèáîê â âû÷èñëåíèè ïàðàìåòðîâ ýëåêòðè÷åñêîãî òîêà,

îáóñëîâëåííûõ ýôôåêòîì ïðîåêöèè è ñ öåëüþ âîâëå÷åíèÿ â ðàñ÷åò ìàêñè-

ìàëüíî âîçìîæíîãî êîëè÷åñòâà ïèêñåëåé, â êîòîðûõ ñ âûñîêîé ñòåïåíüþ

äîñòîâåðíîñòè ðàçðåøåíà  -íåîïðåäåëåííîñòü îïðåäåëåíèÿ àçèìóòà ïîïåðå÷íîãî

ïîëÿ, âðåìÿ ìîíèòîðèíãà êàæäîé îáëàñòè ñîâïàäàåò ñ âðåìåííûì èíòåðâàëîì

íàõîæäåíèÿ åå â ïðåäåëàõ ±35o îò öåíòðàëüíîãî ìåðèäèàíà (4-6 ñóòîê).

3. Ñêîðîñòü çàòóõàíèÿ ìàãíèòíîãî ïîòîêà â ïÿòíå è ïàðàìåòðû

ýëåêòðè÷åñêîãî òîêà: îñîáåííîñòè ïðèìåíÿåìûõ ìåòîäîâ. Âåëè÷èíà

ñêîðîñòè çàòóõàíèÿ ìàãíèòíîãî ïîòîêà â ïÿòíå îïðåäåëÿåòñÿ êàê òàíãåíñ óãëà

íàêëîíà ëèíèè ðåãðåññèè íà ôàçå ðàñïàäà ñîëíå÷íîãî ïÿòíà (áîëåå äåòàëüíî

ñì. [43-45]).

Äëÿ âû÷èñëåíèÿ ãîðèçîíòàëüíûõ ýëåêòðè÷åñêèõ òîêîâ íåîáõîäèìà

èíôîðìàöèÿ î âåêòîðå ìàãíèòíîãî ïîëÿ ïî êðàéíåé ìåðå íà äâóõ óðîâíÿõ

â àòìîñôåðå Ñîëíöà, ÷åãî ïîêà íå ìîãóò îáåñïå÷èòü ñîâðåìåííûå íàçåìíûå

è êîñìè÷åñêèå èíñòðóìåíòû äëÿ èçó÷åíèÿ Ñîëíöà. Òåì íå ìåíåå, ïðèáëè-

æåííóþ îöåíêó âåëè÷èíû ãîðèçîíòàëüíîãî òîêà ïîëó÷èòü âîçìîæíî. Ìåòîäèêà

âû÷èñëåíèÿ îïèñàíà â ðàáîòå [46]. Èñõîäíîé ôîðìóëîé ÿâëÿåòñÿ çàêîí

Àìïåðà â äèôôåðåíöèàëüíîé ôîðìå:

, 0 B j (1)

à êîíå÷íàÿ ðàñ÷åòíàÿ ôîðìóëà äëÿ îöåíêè êâàäðàòà ïëîòíîñòè ãîðèçîíòàëüíîãî

òîêà èìååò âèä:
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(2),

ãäå 0  (çäåñü è äàëåå â òåêñòå) - ìàãíèòíàÿ ïîñòîÿííàÿ â Ìåæäóíàðîäíîé

ñèñòåìå åäèíèö (ÑÈ), 7
0 104   Ãí ì-1.

Âû÷èñëåíèå ëîêàëüíûõ âåðòèêàëüíûõ ýëåêòðè÷åñêèõ òîêîâ âûïîëíåíî íà

îñíîâå èíòåãðàëüíîé ôîðìû çàêîíà Àìïåðà:

  , 
1

0
, 


L ljiZ dlBI (3)

ãäå L - çàìêíóòûé ïðÿìîóãîëüíûé êîíòóð âîêðóã ïèêñåëà ñ êîîðäèíàòàìè

(i, j); B
l
 - çíà÷åíèÿ êîìïîíåíòîâ ïîïåðå÷íîãî ïîëÿ B

x
 è B

y
 â íàïðàâëåíèè

îáõîäà êîíòóðà.

Ðèñ.1. (a) - ìàãíèòîãðàììà âåðòèêàëüíîé B
Z

ñîñòàâëÿþùåé âåêòîðà ìàãíèòíîãî ïîëÿ îáëàñòè
NOAA 11823 àíàëèçèðóåìîé âûáîðêè, ïîëó÷åí-
íàÿ ïðèáîðîì HMI/SDO 19 àâãóñòà 2013ã. â

00:00UT. Êàðòà ìàñøòàáèðîâàíà îò -1500 Ãñ
(÷åðíîå) äî 1500 Ãñ (áåëîå). (b) - êàðòà ðàñïðåäå-
ëåíèÿ ïëîòíîñòè âåðòèêàëüíîãî ýëåêòðè÷åñêîãî

òîêà, ìàñøòàáèðîâàíà îò -0.01 À ì-2 (÷åðíîå) äî
0.01 À ì-2 (áåëîå). (c) - êàðòà ðàñïðåäåëåíèÿ âåëè-
÷èíû êâàäðàòà ïëîòíîñòè ãîðèçîíòàëüíîãî ýëåêò-

ðè÷åñêîãî òîêà â îáëàñòè, ìàñøòàáèðîâàíà îò
0 (÷åðíîå) äî 5 

.
 10-5

 À2
 ì-4 (áåëîå). Äàòà è ìîìåíò

âðåìåíè, äëÿ êîòîðûõ âû÷èñëåíû ýëåêòðè÷åñêèå

òîêè, òå æå. Áåëûìè êîíòóðàìè ïîêàçàíû
ñòàíäàðòíûå ìàñêè bitmap (æèðíàÿ ëèíèÿ) è
conf_disambig (òîíêàÿ ëèíèÿ), ïîñòàâëÿåìûå

âìåñòå ñ ïàêåòîì ìàãíèòîãðàôè÷åñêèõ äàííûõ
HMI/SDO. Ðàçìåð èçîáðàæåíèé - 180 x 220 Ìì.

a b

c
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Äëÿ ïðèáëèæåííîãî âû÷èñëåíèÿ èíòåãðàëà â ïðàâîé ÷àñòè âûðàæåíèÿ (3)

èñïîëüçóåòñÿ ìåòîä Ñèìïñîíà. Êîíòóð L èìååò ðàçìåðû 55  ïèêñåëåé.

Âûáîð ðàçìåðà êîíòóðà îáóñëîâëåí õîðîøèì ñãëàæèâàíèåì øóìîâ è

îòñóòñòâèåì ïîòåðü èíôîðìàöèè î çíà÷èìûõ òîêîâûõ ñòðóêòóðàõ. Áîëåå

äåòàëüíî ñóòü ìåòîäà, âûâîä ðàñ÷åòíîé ôîðìóëû è îñîáåííîñòè âûáîðà

êîíòóðà îïèñàíû â ðàáîòå [47].

Ïðèìåð êàðò ðàñïðåäåëåíèÿ ëîêàëüíûõ âåðòèêàëüíûõ è ãîðèçîíòàëüíûõ

ýëåêòðè÷åñêèõ òîêîâ äëÿ îäíîé èç îáëàñòåé àíàëèçèðóåìîé âûáîðêè

ïðåäñòàâëåí íà ðèñ.1. Êîíòóðàìè íà ðèñóíêå îáîçíà÷åíû ñòàíäàðòíûå ìàñêè,

ïîñòàâëÿåìûå ñ äàííûìè HMI/SDO, - bitmap (îáîçíà÷àåò ãðàíèöû ñîáñòâåííî

ÀÎ íà SHARP-ìàãíèòîãðàììå, æèðíàÿ áåëàÿ êðèâàÿ) è conf_disambig (òîíêàÿ

áåëàÿ êðèâàÿ, âûäåëÿåò ïèêñåëè íà ìàãíèòîãðàììå, â êîòîðûõ ñ âûñîêîé

ñòåïåíüþ äîñòîâåðíîñòè ðàçðåøåíà  -íåîïðåäåëåííîñòü â âû÷èñëåíèè àçèìóòà

ïîïåðå÷íîãî ìàãíèòíîãî ïîëÿ).

Íà îñíîâå âû÷èñëåííûõ êàðò ðàñïðåäåëåíèÿ âåëè÷èí âåðòèêàëüíîãî è

ãîðèçîíòàëüíîãî ýëåêòðè÷åñêèõ òîêîâ â ôîòîñôåðå äëÿ êàæäîãî 12-ìèíóòíîãî

âðåìåííîãî èíòåðâàëà íà ïðîòÿæåíèè âðåìåíè ìîíèòîðèíãà êàæäîé èç

èññëåäóåìûõ ÀÎ íàìè áûëè ïîëó÷åíû íåîáõîäèìûå äëÿ àíàëèçà ïàðàìåòðû,

à èìåííî:

- Âåëè÷èíà ñðåäíåé áåççíàêîâîé ïëîòíîñòè âåðòèêàëüíîãî ýëåêòðè÷åñêîãî

òîêà

, 
,

pix

jiz

z
N

j
j


 (4)

ãäå 
jiz

j
,

 - àáñîëþòíîå çíà÷åíèå ïëîòíîñòè âåðòèêàëüíîãî ýëåêòðè÷åñêîãî

òîêà â ïèêñåëå ñ êîîðäèíàòàìè (i, j), ëåæàùåãî âíóòðè ìàñîê bitmap è

conf_disambig; N
pix

 - ñóììàðíîå êîëè÷åñòâî ïèêñåëåé âíóòðè ìàñîê bitmap è

conf_disambig.

- Âåëè÷èíà ñðåäíåé áåççíàêîâîé ïëîòíîñòè ãîðèçîíòàëüíîãî ýëåêòðè÷åñêîãî

òîêà

, 
,

2

pix

ji

N

j

j
 










 (5)

ãäå 
ji

j
,

2







  - àáñîëþòíîå çíà÷åíèå ïëîòíîñòè ãîðèçîíòàëüíîãî ýëåêòðè÷åñêîãî

òîêà â ïèêñåëå ñ êîîðäèíàòàìè (i, j), ëåæàùåãî âíóòðè ìàñîê bitmap è

conf_disambig; N
pix

 - ñóììàðíîå êîëè÷åñòâî ïèêñåëåé âíóòðè ìàñîê bitmap è

conf_disambig.
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     -
 

, 
,

2

2

circle

ji

circle N

j
j

 

  (6)

ãäå   jij  ,
2

 - àáñîëþòíîå çíà÷åíèå êâàäðàòà ïëîòíîñòè ãîðèçîíòàëüíîãî

ýëåêòðè÷åñêîãî òîêà â ïèêñåëå ñ êîîðäèíàòàìè ( ji , ), ëåæàùåãî âíóòðè

êîëüöåâîé ñòðóêòóðû âîêðóã ðàçâèòîãî ïÿòíà ñ íèæíèì ïîðîãîâûì çíà÷åíèåì

êâàäðàòà ïëîòíîñòè ãîðèçîíòàëüíîãî òîêà â 0.001 À2
 ì-4; N

circle
 - ñîîòâåòñòâåííî

êîëè÷åñòâî ïèêñåëåé â êîëüöåâîé ñòðóêòóðå âîêðóã ïÿòíà, îãðàíè÷åííîé

ïîðîãîâûì çíà÷åíèåì âåëè÷èíû êâàäðàòà ïëîòíîñòè ãîðèçîíòàëüíîãî òîêà â

0.001 À2
 ì-4.

Âåëè÷èíû ïàðàìåòðîâ ýëåêòðè÷åñêîãî òîêà âû÷èñëÿëèñü òîëüêî â ïèêñåëàõ,

ëåæàùèõ âíóòðè äâóõ êîíòóðîâ, ñîîòâåòñòâóþùèõ ìàñêàì bitmap è conf_disambig.

Ïåðèôåðèéíûå ÷àñòè SHARP-ìàãíèòîãðàìì è ñîîòâåòñòâóþùèõ èì êàðò

ïëîòíîñòè ýëåêòðè÷åñêîãî òîêà ïðè âû÷èñëåíèÿõ íå ó÷èòûâàëèñü ñ öåëüþ

ìèíèìèçàöèè îøèáîê, îáóñëîâëåííûõ âêëàäîì ïèêñåëåé ñ íåïðàâèëüíî

ðàçðåøåííîé  -íåîïðåäåëåííîñòüþ àçèìóòà ïîïåðå÷íîãî ìàãíèòíîãî ïîëÿ.

Äàííîå îáñòîÿòåëüñòâî, à òàêæå òî, ÷òî ìû âû÷èñëÿåì ïðåèìóùåñòâåííî

èíòåãðàëüíûå èëè óñðåäíåííûå ïàðàìåòðû ýëåêòðè÷åñêèõ òîêîâ, ïîçâîëÿåò

ñâåñòè ê ìèíèìóìó âëèÿíèå íà êîíå÷íûé ðåçóëüòàò êàê ñëàáûõ ýëåêòðè÷åñêèõ

òîêîâ ïåðèôåðèéíîé ÷àñòè ïðÿìîóãîëüíîé îáëàñòè, ñîîòâåòñòâóþùåé SHARP-

ìàãíèòîãðàììå, êîòîðûå â áîëüøèíñòâå ñëó÷àåâ íå ñâÿçàíû íåïîñðåäñòâåííî

ñ èññëåäóåìîé ÀÎ, òàê è ýôôåêòîâ, ñâÿçàííûõ ñ íåïðàâèëüíî ðàçðåøåííîé

 -íåîïðåäåëåííîñòüþ àçèìóòà ïîïåðå÷íîãî ïîëÿ.

Ïîìèìî ëîêàëüíûõ âåðòèêàëüíûõ è ãîðèçîíòàëüíûõ ýëåêòðè÷åñêèõ òîêîâ

äëÿ âñåõ 46 ÀÎ èññëåäóåìîé âûáîðêè áûëè âû÷èñëåíû êðóïíîìàñøòàáíûå

ýëåêòðè÷åñêèå òîêè. Ìåòîäèêà âû÷èñëåíèÿ êðóïíîìàñøòàáíîãî òîêà îïèñàíà

â [48]. Ñóòü ìåòîäà ñâîäèòñÿ ðàçëîæåíèþ âåêòîðà ïîïåðå÷íîãî ìàãíèòíîãî

ïîëÿ â ôîòîñôåðå íà äâå ñîñòàâëÿþùèå - ïîòåíöèàëüíóþ è íåïîòåíöèàëüíóþ

tB . Ïîñëåäíÿÿ êîìïîíåíòà îáóñëîâëåíà èñêëþ÷èòåëüíî ïðèñóòñòâèåì

ýëåêòðè÷åñêîãî òîêà. Ïðèìåíÿÿ äàííóþ ìåòîäèêó, íàì óäàåòñÿ âûÿâèòü â

îêðåñòíîñòè áîëüøèõ ïÿòåí ÀÎ ðåãóëÿðíûå âèõðåâûå ñòðóêòóðû âåêòîðà tB ,

êîòîðûå ñâÿçàíû ñ êðóïíîìàñøòàáíûì, ðàñïðåäåëåííûì ïî çíà÷èòåëüíîé

ïëîùàäè, âåðòèêàëüíûì ýëåêòðè÷åñêèì òîêîì. ×òîáû âû÷èñëèòü âåëè÷èíó

êðóïíîìàñøòàáíîãî òîêà äëÿ çàäàííîãî ìîìåíòà âðåìåíè, ìû î÷åð÷èâàåì â

íåêîòîðîé îêðåñòíîñòè âîêðóã ïÿòíà êîíòóð C îâàëüíîé ôîðìû, ïðèìåíÿÿ

äâà ïðàâèëà, à èìåííî: 1) âíóòðè êîíòóðà âåêòîð íåïîòåíöèàëüíîé ñîñòàâëÿþ-

ùåé íàáëþäàåìîãî ïîïåðå÷íîãî ìàãíèòíîãî ïîëÿ äîëæåí èìåòü îäíî ïðåîáëà-

äàþùåå íàïðàâëåíèå çàêðóòêè (ïî ÷àñîâîé ñòðåëêå èëè ïðîòèâ ÷àñîâîé

ñòðåëêè), à âíå êîíòóðà âåêòîð tB  áóäåò ïðîñòðàíñòâåííî ðàñïðåäåëåí

õàîòè÷íî; 2) êîíòóð î÷åð÷èâàåòñÿ âáëèçè ïÿòíà, òàê êàê âèõðåâîå ìàãíèòíîå
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ïîëå, îáóñëîâëåííîå ýëåêòðè÷åñêèì òîêîì, óáûâàåò ïðîïîðöèîíàëüíî

ðàññòîÿíèþ.

Êîíòóð C îïðåäåëÿåòñÿ ïî ïåðâîé êàðòå ðàñïðåäåëåíèÿ âåëè÷èíû tB ,

åãî ôîðìà íå ìåíÿåòñÿ íà ïðîòÿæåíèè âñåãî âðåìåíè ìîíèòîðèíãà îáëàñòè.

×òîáû ìèíèìèçèðîâàòü îøèáêè â âû÷èñëåíèè âåëè÷èíû êðóïíîìàñøòàáíîãî

òîêà, êîòîðûå ìîãóò âîçíèêàòü çà ñ÷åò ñìåùåíèÿ ïÿòíà, îñóùåñòâëÿåòñÿ

ïðèâÿçêà êîíòóðà C ê öåíòðó òÿæåñòè ïÿòíà, êîòîðûé âû÷èñëÿåòñÿ îòäåëüíî

äëÿ êàæäîãî 12-ìèíóòíîãî èíòåðâàëà âðåìåíè íà ïðîòÿæåíèè âñåãî âðåìåíè

ìîíèòîðèíãà ÀÎ. Ñìåùåíèå öåíòðà òÿæåñòè ïÿòíà äàæå íà îäèí ïèêñåëü íà

ìàãíèòîãðàììå ïðèâîäèò ê ñìåùåíèþ êîíòóðà C íà òî æå êîëè÷åñòâî ïèêñåëåé.

Âåëè÷èíà êðóïíîìàñøòàáíîãî òîêà I
distr

 âû÷èñëÿåòñÿ ïî ñîîòâåòñòâóþùåé

êàðòå ðàñïðåäåëåíèÿ ïëîòíîñòè ëîêàëüíîãî âåðòèêàëüíîãî ýëåêòðè÷åñêîãî òîêà

êàê ðåçóëüòèðóþùèé òîê âíóòðè êîíòóðà C:

  , ,  C pixjizdistr sjI (6)

ãäå   jizj  ,  - çíà÷åíèå ïëîòíîñòè âåðòèêàëüíîãî ýëåêòðè÷åñêîãî òîêà â

ïèêñåëå ñ êîîðäèíàòàìè ( ji  , ), íàõîäÿùåãîñÿ âíóòðè êîíòóðà Ñ; s
pix

 -

ïëîùàäü ïèêñåëà íà ìàãíèòîãðàììå. Ïðèìåð êàðòû ðàñïðåäåëåíèÿ íåïî-

òåíöèàëüíîé êîìïîíåíòû ïîïåðå÷íîãî ìàãíèòíîãî ïîëÿ äëÿ îäíîé èç îáëàñòåé

èññëåäóåìîé âûáîðêè ïðåäñòàâëåí íà ðèñ.2. Êîíòóð Ñ, îãðàíè÷èâàþùèé

ïëîùàäü, âíóòðè êîòîðîé âû÷èñëÿëàñü âåëè÷èíà êðóïíîìàñøòàáíîãî òîêà,

ïîêàçàí íà ðèñ.2 æèðíîé áåëîé êðèâîé.

Ðèñ.2. Ïðèìåðû êàðò ðàñïðåäåëåíèÿ íåïîòåíöèàëüíîé êîìïîíåíòû ïîïåðå÷íîãî ìàãíèòíîãî

ïîëÿ 
t

B  (÷åðíûå ñòðåëêè) â îêðåñòíîñòè ðàçâèòûõ ïÿòåí îáëàñòåé NOAA 11092 (a) è 11343
(b) èññëåäóåìîé âûáîðêè íà ìîìåíò íà÷àëà èõ ìîíèòîðèíãà (äàòà è âðåìÿ óêàçàíû íà
ãðàôèêàõ). Êîíòóðû C, âíóòðè êîòîðûõ â êàæäîì ñëó÷àå âû÷èñëÿëèñü âåëè÷èíû ðàñïðåäåëåííîãî

òîêà, ïîêàçàíû æèðíîé ÷åðíîé êðèâîé. Ôîí - ôðàãìåíòû êàðò ðàñïðåäåëåíèÿ ìîäóëÿ
âåðòèêàëüíîé ñîñòàâëÿþùåé âåêòîðà ìàãíèòíîãî ïîëÿ â ôîòîñôåðå |B

Z
 | äëÿ íà÷àëüíîãî ìîìåíòà

ìîíèòîðèíãà îáëàñòåé, ìàñøòàáèðîâàííîé îò -1500 Ãñ (÷åðíîå) äî 1500 Ãñ (áåëîå). Ðàçìåð

èçîáðàæåíèé - 125 x 90 Ìì.

a b
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Çäåñü ñëåäóåò ñäåëàòü äâà âàæíûõ çàìå÷àíèÿ. Ïåðâîå: èíòåãðèðîâàíèå ïî

ëþáîìó äðóãîìó êîíòóðó, ïî ïëîùàäè ïîäîáíîé êîíòóðó Ñ, äàåò íàì âåëè÷èíó

ðåçóëüòèðóþùåãî òîêà, ñòðåìÿùóþñÿ ê íóëåâûì çíà÷åíèÿì. È âòîðîå:

íåîáõîäèìî ïîìíèòü îá ýêðàíèðîâàííîñòè ïîëíîãî ýëåêòðè÷åñêîãî òîêà â

ïðîâîäÿùåé ñðåäå [49,50]. Ýòî îçíà÷àåò, ÷òî åñëè êîíòóð ñäåëàòü áîëüøèì,

îõâàòûâàþùèì âñþ ÀÎ, è î÷åðòèòü åãî ïî òåì òî÷êàì, ãäå ìàãíèòíîå ïîëå

ýòîé îáëàñòè çàâåäîìî îòñóòñòâóåò, òî öèðêóëÿöèÿ ìàãíèòíîãî ïîëÿ ïî

êîíòóðó îáðàùàåòñÿ â íóëü è ïîëíûé ýëåêòðè÷åñêèé òîê âíóòðè íåãî ðàâåí

íóëþ [51-53].

4. Ðåçóëüòàòû.

4.1. Îáùèå ïîëîæåíèÿ. Ïàðàìåòðû ìàãíèòíîãî ïîëÿ è ýëåêòðè÷åñêèõ

òîêîâ äëÿ âñåõ 46 èññëåäóåìûõ ÀÎ ïðèâåäåíû â òàáë.1. Âòîðîé ñòîëáåö

òàáëèöû îòîáðàæàåò íîìåð àêòèâíîé îáëàñòè (ïî äàííûì NOAA), òðåòèé -

âðåìÿ íàøåãî ìîíèòîðèíãà ÀÎ, ÷åòâåðòûé - òèï îáëàñòè ñîãëàñíî ÌÌÊ ÀÎ.

Ñîãëàñíî äàííîé êëàññèôèêàöèè âûäåëÿþò ïîäêëàññû àêòèâíûõ îáëàñòåé:

Òàáëèöà 1

ÏÀÐÀÌÅÒÐÛ ÌÀÃÍÈÒÍÎÃÎ ÏÎËß È ÝËÅÊÒÐÈ×ÅÑÊÈÕ

ÒÎÊÎÂ Â ÈÑÑËÅÄÓÅÌÛÕ ÀÎ

¹ Íîìåð Âðåìÿ Òèï Ñêîðîñòü Ô
max  zj circle

j 


2

distr
I

ï/ï îáëàñòè ìîíèòîðèíãà ïî çàòóõàíèÿ 1022 10-3
 A ì-2 10-3

 A2
 ì-2 1012

 A
(NOAA) ÌÌÊ ìàãíèòíîãî Ìêñ

ÀÎ ïîòîêà
10-19

 Ìêñ ñ-1

1 2 3 4 5 6 7 8 9

1 11591 16.10.2012 - U2 0.35 0.53 2.10 0.001312 4.99±2.59
20.10.2012

2 12246 25.12.2014 - U1 0.43 0.29 1.98 0.001512 -1.64±1.90
29.12.2014

3 12195 26.10.2014 - A1 1.07 0.29 2.10 0.001455 -2.17±4.92
30.10.2014

4 11340 08.11.2011 - U1 1.46 0.35 2.09 0.001365 3.46±2.65
12.11.2011

5 11658 17.01.2013 - A1 1.55 0.36 2.18 0.001602 2.90±3.17
20.01.2013

6 11642 04.01.2013 - A1 1.64 0.38 2.09 0.001414 0.08±1.82
08.01.2013

7 12061 15.05.2014 - A1 1.77 0.36 2.17 0.001407 3.34±1.78
18.05.2014

8 12090 15.06.2014 - A1 1.85 0.36 2.26 0.001426 -0.85±3.75
18.06.2014
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1 2 3 4 5 6 7 8 9

9 11423 27.02.2012 - U1 1.85 0.38 2.43 0.001395 -0.19±1.62
02.03.2012

10 11912 06.12.2013 - A1 1.89 0.41 2.03 0.001371 2.54±1.64
09.12.2013

11 11537 04.08.2012 - U1 2.09 0.16 1.92 0.001596 0.63±1.63
08.08.2012

12 11332 28.10.2011 - U1 2.38 0.20 2.18 0.001885 2.11±1.95
01.11.2011

13 11823 19.08.2013 - U2 2.52 0.39 2.40 0.001380 -7.56±4.23
22.08.2013

14 12194 24.10.2014 - A1 2.65 0.34 2.28 0.001544 0.80±3.22
28.10.2014

15 11216 20.05.2011 - U1 2.87 0.28 2.02 0.001442 1.26±1.24
23.05.2011

16 11420 16.02.2012 - B1 2.90 0.27 2.25 0.001463 1.71±1.75
20.02.2012

17 12236 15.12.2014 - U1 3.04 0.53 2.00 0.001439 1.60±2.06
19.12.2014

18 11903 21.11.2013 - U1 3.15 0.40 2.34 0.001462 5.43±2.68
25.11.2013

19 11546 20.08.2012 - U1 3.17 0.16 2.25 0.001615 -0.94±2.20
24.08.2012

20 11665 01.02.2013 - A1 3.41 0.59 2.34 0.001399 -6.50±5.91
05.02.2013

21 11857 06.10.2013 - U2 3.51 0.43 2.16 0.001414 -0.62±2.49
09.10.2013

22 11638 31.12.2012 - U2 3.96 0.47 2.26 0.001537 0.71±2.37
04.01.2013

23 12075 27.05.2014 - U1 4.25 0.24 2.20 0.001599 -1.50±1.75
31.05.2014

24 11952 15.01.2014 - A1 4.64 0.38 2.11 0.001471 -1.54±1.66
19.01.2014

25 11949 12.01.2014 - A1 4.72 0.74 2.28 0.001706 11.39±4.18
16.01.2014

26 12255 06.01.2015 - U2 4.76 0.43 2.22 0.001530 5.02±1.64
09.01.2015

27 11566 08.09.2012 - U2 4.81 0.25 2.43 0.001479 -1.33±1.51
11.09.2012

28 11343 11.11.2011 - U2 4.86 0.47 2.18 0.001493 -4.26±1.54
14.11.2011

29 11872 19.10.2013 - U2 5.02 0.26 2.17 0.001630 -0.33±1.74
22.10.2013

30 11092 01.08.2010 - B1 5.10 0.65 2.15 0.001368 -0.34±3.00
05.08.2010

31 11809 04.08.2013 - A1 5.13 0.35 2.15 0.001482 -0.42±1.89
07.08.2013

Òàáëèöà 1 (ïðîäîëæåíèå)
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- äëÿ óíèïîëÿðíûõ ÀÎ: U1 - îäèíî÷íûå ïÿòíà áåç çíà÷èìûõ ìàãíèòíûõ

îáðàçîâàíèé â îêðåñòíîñòè è U2 - ïÿòíà ñ ìåëêèìè ïÿòíàìè/ïîðàìè ðàçíîé

ïîëÿðíîñòè, ñêîíöåíòðèðîâàííûìè íà ãðàíèöàõ ñóïåðãðàíóëÿöèîííîé ÿ÷åéêè

èëè ðàññåÿííûìè âîêðóã îñíîâíîãî ïÿòíà.

- äëÿ áèïîëÿðíûõ ÀÎ, ïîä÷èíÿþùèõñÿ îñíîâíûì çàêîíàì ãëîáàëüíîãî

äèíàìî ("ðåãóëÿðíûå îáëàñòè"): À1 - ðåãóëÿðíûå áèïîëè áåç äåëüòà-ñòðóêòóð

è À2 - ðåãóëÿðíûå áèïîëè, ñîäåðæàùèå ìàëûå (ïî ñðàâíåíèþ ñ ëèäåðîì)

äåëüòà-ñòðóêòóðû.

- äëÿ îáëàñòåé, íàðóøàþùèõ îñíîâíûå çàêîíû ãëîáàëüíîãî äèíàìî

("íåðåãóëÿðíûå ÀÎ"): Â1 - íåðåãóëÿðíûå áèïîëè ñ íàðóøåíèåì õîòÿ áû

îäíîé çàêîíîìåðíîñòè ãëîáàëüíîãî äèíàìî, Â2 - îáëàñòè, ñîñòîÿùèå èç

íåñêîëüêèõ ñîíàïðàâëåííûõ áèïîëåé, à òàêæå îáëàñòè ñ äîìèíèðóþùåé

1 2 3 4 5 6 7 8 9

32 11232 05.06.2011 - U2 5.18 0.25 2.36 0.001695 1.26±2.72
09.06.2011

33 11140 04.01.2011 - U1 5.24 0.53 2.23 0.001390 0.12±2.60
08.01.2011

34 11408 25.01.2012 - B1 5.78 0.38 2.43 0.001683 0.17±1.72
29.01.2012

35 11836 31.08.2013 - U2 5.89 0.42 2.31 0.001522 -4.99±2.17
04.09.2013

36 11704 27.03.2013 - U2 6.07 0.30 2.40 0.001756 -0.17±2.31
31.03.2013

37 12341 11.05.2015 - U1 6.26 0.30 2.05 0.001471 1.07±1.70
15.05.2015

38 12186 11.10.2014 - U1 6.26 0.55 2.17 0.001400 -0.91±2.53
15.10.2014

39 11695 15.03.2013 - A1 7.06 0.43 2.21 0.001336 -0.03±2.19
18.03.2013

40 12348 17.05.2015 - U1 7.09 0.32 2.25 0.001612 0.53±2.50
21.05.2015

41 11757 29.05.2013 - U2 8.19 0.21 2.27 0.001761 -0.10±2.22
01.06.2013

42 12121 26.07.2014 - B1 9.00 0.72 2.40 0.001719 0.26±2.94
29.07.2014

43 11711 04.04.2013 - A1 9.52 1.29 2.35 0.001582 1.19±1.56
07.04.2013

44 11649 08.01.2013 - U2 11.20 0.29 2.59 0.001540 -1.22±2.24
12.01.2013

45 11087 13.07.2010 - B2 12.30 0.49 2.37 0.001796 -0.34±2.27
17.07.2010

46 11621 29.11.2012 - A1 12.70 0.41 2.42 0.001570 -1.00±1.61
02.12.2012

Òàáëèöà 1 (îêîí÷àíèå)
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äåëüòà-ñòðóêòóðîé è Â3 - ìíîãîïîëÿðíûå ÀÎ, ñîñòîÿùèå èç íåñêîëüêèõ

ïðèáëèçèòåëüíî ðàâíîöåííûõ ïÿòåí îáåèõ ïîëÿðíîñòåé, ðàñïîëîæåííûõ

ïðîèçâîëüíî.

Â àíàëèçèðóåìîé íàìè âûáîðêå, êàê ýòî ñëåäóåò èç äàííûõ òàáëèöû,

ïðåäñòàâëåíû ïðåèìóùåñòâåííî ïîäòèïû U1 (14 ÀÎ, èëè 30% îò îáùåãî

÷èñëà èññëåäóåìûõ îáëàñòåé), U2 (13 ÀÎ, èëè 28%) è À1 (14 ÀÎ, èëè 30%).

Äàëåå â òàáë.1 óêàçàíû: â ïÿòîì ñòîëáöå - ñêîðîñòü çàòóõàíèÿ ìàãíèòíîãî

ïîòîêà íàèáîëåå ðàçâèòîãî ïÿòíà â ÀÎ (â åäèíèöàõ 1019
 Ìêñ ÷-1), â øåñòîì

- ìàêñèìàëüíîå çíà÷åíèå ìàãíèòíîãî ïîòîêà ïÿòíà (â åäèíèöàõ 1022
 Ìêñ).

Äàííûå ïÿòîãî è øåñòîãî ñòîëáöà áûëè âû÷èñëåíû ðàíåå è ïðåäñòàâëåíû â

ðàáîòàõ [43-45]. Â ñåäüìîì ñòîëáöå òàáëèöû óêàçàíû çíà÷åíèÿ ñðåäíåé

áåççíàêîâîé ïëîòíîñòè âåðòèêàëüíîãî ýëåêòðè÷åñêîãî òîêà (â åäèíèöàõ

10-3
 À ì-2), â âîñüìîì ñòîëáöå - ñðåäíåå çíà÷åíèå êâàäðàòà ïëîòíîñòè

ãîðèçîíòàëüíîãî ýëåêòðè÷åñêîãî òîêà â êîëüöåâîé ñòðóêòóðå âîêðóã ïÿòíà (â

åäèíèöàõ 10-3
 À2

 ì-4), â äåâÿòîì - çíà÷åíèå âåëè÷èíû êðóïíîìàñøòàáíîãî

ýëåêòðè÷åñêîãî òîêà â ÀÎ ñ óêàçàíèåì îøèáîê (â åäèíèöàõ 1012
 À). Îøèáêè

âåëè÷èíû êðóïíîìàñøòàáíîãî òîêà áûëè îïðåäåëåíû ìåòîäîì íàèìåíüøèõ

êâàäðàòîâ.

Äëÿ ïàðàìåòðîâ, ïðåäñòàâëåííûõ â ñòîëáöàõ 7-9, óêàçàíû óñðåäíåííûå çà

âðåìÿ íàøåãî ìîíèòîðèíãà ÀÎ (4-6 ñóòîê) çíà÷åíèÿ (óñðåäíåíèå ïî âðåìåíè

â òàáë.1 è äàëåå â òåêñòå îáîçíà÷åíî ãîðèçîíòàëüíîé ÷åðòîé ñâåðõó). Ñòîëáåö

5 îòîáðàæàåò äàííûå îá óñðåäíåííîé ñêîðîñòè çàòóõàíèÿ ìàãíèòíîãî ïîòîêà

ïÿòíà çà îäèí èç ñëåäóþùèõ âðåìåííûõ èíòåðâàëîâ:

- âðåìÿ ìåæäó ìàêñèìàëüíûì ðàçâèòèåì ïÿòíà (ñîîòâåòñòâóåò ìàêñè-

ìàëüíîìó ìàãíèòíîìó ïîòîêó) è ïîëíûì åãî ðàñïàäîì;

- âðåìÿ ìåæäó ìàêñèìàëüíûì ðàçâèòèåì ïÿòíà è åãî èñ÷åçíîâåíèåì íà

çàïàäíîì ëèìáå;

- âðåìÿ ìåæäó ïîÿâëåíèåì ïÿòíà íà âîñòî÷íîì ëèìáå è åãî ïîëíûì

ðàñïàäîì;

- âðåìÿ ìåæäó ïîÿâëåíèåì ïÿòíà íà âîñòî÷íîì ëèìáå è åãî èñ÷åçíîâåíèåì

íà çàïàäíîì ëèìáå (äàííûé âðåìåííîé èíòåðâàë ñîîòâåòñòâóåò ñëó÷àÿì íèçêîé

ñêîðîñòè çàòóõàíèÿ ìàãíèòíîãî ïîòîêà).

Ïî äàííûì, ïðåäñòàâëåííûì â òàáë.1, áûëè ïîñòðîåíû ãðàôèêè çàâèñèìîñòè

ìåæäó ïàðàìåòðàìè ýëåêòðè÷åñêîãî òîêà è ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî

ïîòîêà â ïÿòíå. Ïîëó÷åííûå ðåçóëüòàòû ïðåäñòàâëåíû â ïîñëåäóþùèõ ïóíêòàõ.

4.2. Çàâèñèìîñòü ìåæäó ñðåäíåé áåççíàêîâîé ïëîòíîñòüþ

âåðòèêàëüíîãî ýëåêòðè÷åñêîãî òîêà è ñêîðîñòüþ çàòóõàíèÿ

ìàãíèòíîãî ïîòîêà â ïÿòíå. Ãðàôèê çàâèñèìîñòè ìåæäó óñðåäíåííîé

ïî âðåìåíè âåëè÷èíîé ñðåäíåé áåççíàêîâîé ïëîòíîñòè âåðòèêàëüíîãî
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ýëåêòðè÷åñêîãî òîêà â ÀÎ è ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà ïÿòíà

ïðåäñòàâëåí íà ðèñ.3.

Êàê ñëåäóåò èç ãðàôèêà, íåñìîòðÿ íà áîëüøîé ðàçáðîñ äàííûõ, âñå æå

íàáëþäàåòñÿ ñëåäóþùàÿ òåíäåíöèÿ: ÷åì âûøå ñêîðîñòü çàòóõàíèÿ ìàãíèòíîãî

ïîòîêà ïÿòíà, òåì âûøå âåëè÷èíà ñðåäíåé áåççíàêîâîé ïëîòíîñòè âåðòèêàëüíîãî

òîêà. Îäíàêî íåëüçÿ îäíîçíà÷íî ãîâîðèòü î òîì, ÷òî ëîêàëüíûå âåðòèêàëüíûå

ýëåêòðè÷åñêèå òîêè îêàçûâàþò äåñòàáèëèçèðóþùåå âîçäåéñòâèå íà ïÿòíî.

Âåðîÿòíî, áîëåå âûñîêèå çíà÷åíèÿ ñðåäíåé áåççíàêîâîé ïëîòíîñòè âåðòè-

êàëüíîãî òîêà â îáëàñòÿõ ñ âûñîêîé ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà

îáóñëîâëåíû íàëè÷èåì áîëüøîãî êîëè÷åñòâà äâèæóùèõñÿ ìåëêîìàñøòàáíûõ

ìàãíèòíûõ ýëåìåíòîâ, êîòîðûå óíîñÿò çíà÷èòåëüíóþ ÷àñòü ìàãíèòíîãî ïîòîêà

ïÿòíà, êàê ýòî ñëåäóåò èç ðàáîò [28,29].

Ñëåäóåò òàêæå îòìåòèòü, ÷òî âñå òî÷êè íà ãðàôèêå ðèñ.3 ëåæàò ëåâåå

âåðòèêàëüíîãî ïóíêòèðà, îáîçíà÷àþùåãî êðèòè÷åñêîå çíà÷åíèå âåëè÷èíû

ñðåäíåé áåççíàêîâîé ïëîòíîñòè âåðòèêàëüíîãî òîêà â 2.7 ìÀ ì-2, íåîáõîäèìîå

äëÿ ìîùíûõ âñïûøåê, îïðåäåëåííîå â ðàáîòå [54]. Âïðî÷åì, äàííîå íàáëþäåíèå

íå ïðîòèâîðå÷èò ïîëó÷åííûì ðàíåå ðåçóëüòàòàì: îáëàñòè íà ôèíàëüíûõ

ñòàäèÿõ ñâîåé ýâîëþöèè îáëàäàþò íåäîñòàòî÷íûì çàïàñîì ñâîáîäíîé ìàãíèòíîé

ýíåðãèè è íå ñïîñîáíû âîñïðîèçâåñòè ñêîëü-ëèáî ìîùíûå âñïûøå÷íûå

ñîáûòèÿ.

Ðèñ.3. Ãðàôèê çàâèñèìîñòè ìåæäó óñðåäíåííîé ïî âðåìåíè ñðåäíåé áåççíàêîâîé ïëîòíîñòüþ
âåðòèêàëüíîãî ýëåêòðè÷åñêîãî òîêà â ÀÎ  ||

z
j  è ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà

ïÿòíà (decay rate). Ëåãåíäà ñïðàâà. Âåëè÷èíà êðóæî÷êîâ ïðîïîðöèîíàëüíà ìàêñèìàëüíîìó
çíà÷åíèþ ìàãíèòíîãî ïîòîêà ïÿòíà. Âåðòèêàëüíûì ïóíêòèðîì îòìå÷åíî êðèòè÷åñêîå çíà÷åíèå
âåëè÷èíû  ||

z
j , îáíàðóæåííîå íàìè ðàíåå (áîëåå äåòàëüíî ñì. òåêñò).

zj , 10-3 A ì-2
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4.3. Çàâèñèìîñòü ìåæäó âåëè÷èíîé êðóïíîìàñøòàáíîãî

ýëåêòðè÷åñêîãî òîêà è ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî

ïîòîêà â ïÿòíå. Íà ðèñ.4 ïðåäñòàâëåíû ïðèìåðû âðåìåííûõ âàðèàöèé

âåëè÷èíû êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà äëÿ äâóõ îáëàñòåé àíàëèçè-

ðóåìîé âûáîðêè çà âðåìÿ èõ ìîíèòîðèíãà. Êàê âèäíî èç ïðåäñòàâëåííûõ

ãðàôèêîâ, âåëè÷èíà êðóïíîìàñøòàáíîãî òîêà ñðàâíèòåëüíî íåáîëüøàÿ (ïîðÿäêà

1012
 À) è ìåíÿåòñÿ íà ïðîòÿæåíèè âñåãî âðåìåíè ìîíèòîðèíãà îáëàñòè íåçíà÷è-

òåëüíî, ÷òî íàõîäèòñÿ â ïîëíîì ñîîòâåòñòâèè ñ ðàíåå ïîëó÷åííûìè íàìè

Ðèñ.4. Äèíàìèêà âåëè÷èíû êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà äëÿ îáëàñòåé NOAA

11340 (a) è 12255 (b) àíàëèçèðóåìîé âûáîðêè çà âðåìÿ èõ ìîíèòîðèíãà. Ìîæíî îòìåòèòü
ñðàâíèòåëüíî íèçêèå çíà÷åíèÿ âåëè÷èíû êðóïíîìàñøòàáíîãî òîêà (ïîðÿäêà 1012

 À) è ìàëóþ
àìïëèòóäó èçìåíåíèé äàííîãî ïàðàìåòðà âî âðåìåíè. Ãîðèçîíòàëüíûì ïóíêòèðîì îòìå÷åí

íóëåâîé óðîâåíü âåëè÷èíû êðóïíîìàñøòàáíîãî òîêà.
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ðåçóëüòàòàìè [48].

Çàâèñèìîñòü ìåæäó âåëè÷èíàìè êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà

è ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà ïðåäñòàâëåíà íà ðèñ.5 è ðèñ.6. Èç

ãðàôèêà íà ðèñ.5 âèäíî, ÷òî â ïîäàâëÿþùåì áîëüøèíñòâå ñëó÷àåâ çíà÷åíèÿ

âåëè÷èíû êðóïíîìàñøòàáíîãî òîêà ïîðÿäêà 1012 À (èñêëþ÷åíèå ñîñòàâëÿåò

òîëüêî îäíà îáëàñòü, äëÿ êîòîðîé AIdistr
1310 ; òàêæå ìîæíî îòìåòèòü äâå

ÀÎ, äëÿ êîòîðûõ (ñ ó÷åòîì îøèáîê) A1013distrI ). Îøèáêà îïðåäåëåíèÿ

âåëè÷èíû êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà, êàê óæå áûëî îòìå÷åíî,

âû÷èñëÿëàñü ìåòîäîì íàèìåíüøèõ êâàäðàòîâ. Áàðû îøèáîê îòìå÷åíû íà

ðèñóíêàõ.

Äàëåå áûëà ïðîèçâåäåíà ôèëüòðàöèÿ ïîëó÷åííûõ äàííûõ. Íåíóëåâûì

êðóïíîìàñøòàáíûé ýëåêòðè÷åñêèé òîê ñ÷èòàëñÿ â òîì ñëó÷àå, åñëè áàð îøèáîê

íå ïåðåñåêàåò íóëåâóþ ëèíèþ (îòìå÷åíà âåðòèêàëüíûì ïóíêòèðîì íà ðèñ.5

è 6). Îáëàñòè àíàëèçèðóåìîé âûáîðêè òîëüêî ñ íåíóëåâûì êðóïíîìàñøòàáíûì

ýëåêòðè÷åñêèì òîêîì ïðåäñòàâëåíû íà ðèñ.6. Çäåñü õîðîøî âèäíî, ÷òî íåíóëåâîé

êðóïíîìàñøòàáíûé òîê õàðàêòåðåí äëÿ îáëàñòåé ñ îòíîñèòåëüíî íèçêîé

ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà ïÿòíà (ïðèáëèçèòåëüíî äî çíà÷åíèé
19106   Ìêñ ÷-1, ýòî çíà÷åíèå îòìå÷åíî ãîðèçîíòàëüíûì ïóíêòèðîì íà ðèñ.6).

Ïðè ýòîì íè îäíîãî ñëó÷àÿ íåíóëåâîãî êðóïíîìàñøòàáíîãî òîêà äëÿ îáëàñòåé

ñ âûñîêîé ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà îòìå÷åíî íå áûëî. Òàêèì

îáðàçîì, ìîæíî ñäåëàòü âûâîä î òîì, ÷òî êðóïíîìàñøòàáíûé ýëåêòðè÷åñêèé

òîê ÿâëÿåòñÿ îäíèì èç ìåõàíèçìîâ ñòàáèëèçàöèè ñîëíå÷íûõ ïÿòåí, îäíàêî

Ðèñ.5. Çàâèñèìîñòü ìåæäó óñðåäíåííîé çà âðåìÿ ìîíèòîðèíãà îáëàñòè âåëè÷èíîé

êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà 
distr
I  è ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà â

ïÿòíå äëÿ ÀÎ àíàëèçèðóåìîé âûáîðêè. Îáîçíà÷åíèÿ òå æå, ÷òî è íà ðèñ.3. Âåðòèêàëüíûì
ïóíêòèðîì îòìå÷åíî íóëåâîå çíà÷åíèå âåëè÷èíû êðóïíîìàñøòàáíîãî òîêà.
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íå åäèíñòâåííûì, ïîñêîëüêó âåëè÷èíà êðóïíîìàñøòàáíîãî òîêà áûëà íåíóëåâîé

òîëüêî â 13 ÀÎ èç 35 (ñì. äàííûå òàáë.1), äëÿ êîòîðûõ ñêîðîñòü çàòóõàíèÿ

ìàãíèòíîãî ïîòîêà â ïÿòíå íå ïðåâûøàåò çíà÷åíèå â 19106   Ìêñ ÷-1, ÷òî

ñîñòàâëÿåò 37% ñëó÷àåâ.

Ñëåäóåò òàêæå îáðàòèòü âíèìàíèå íà îòðèöàòåëüíûå çíà÷åíèÿ âåëè÷èíû

êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà äëÿ ðÿäà îáëàñòåé èññëåäóåìîé âûáîðêè

(ñì. ðèñ.6). Äåéñòâèòåëüíî, â íåêîòîðûõ ñëó÷àÿõ îïðåäåëèòü ïðåîáëàäàþùåå

íàïðàâëåíèå çàêðóòêè âåêòîðà íåïîòåíöèàëüíîé êîìïîíåíòû ïîïåðå÷íîãî

ìàãíèòíîãî ïîëÿ ÀÎ îêàçûâàåòñÿ ñëîæíî, ïîñêîëüêó â îêðåñòíîñòè ïÿòíà, ñ

îäíîé ñòîðîíû, çàêðóòêà âåêòîðà tB  ìîæåò èìåòü îäíî ïðåîáëàäàþùåå

íàïðàâëåíèå, à ñ äðóãîé ñòîðîíû - ïðîòèâîïîëîæíîå (ðèñ.7). Òàê, â îêðåñòíîñòè

íàèáîëåå ðàçâèòîãî ïÿòíà îáëàñòè NOAA 12195 (ðèñ.7a) â íàïðàâëåíèè ñåâåð,

ñåâåðî-çàïàä (ââåðõó è ñïðàâà) äîìèíèðóåò çàêðóòêà âåêòîðà tB  ïî ÷àñîâîé

ñòðåëêå, â òî âðåìÿ êàê â þæíîé è âîñòî÷íîé ÷àñòè ïÿòíà (ñëåâà è âíèçó)

âåêòîð tB  çàêðó÷åí ïðîòèâ ÷àñîâîé ñòðåëêè. Íàèáîëåå ðàçâèòîå ïÿòíî â

îáëàñòè NOAA 11836 (ðèñ.7a) èìååò äâà ÿäðà îäíîé ïîëÿðíîñòè, íî ñ

ðàçëè÷íîé çàêðóòêîé âåêòîðà tB . Â ïîäîáíûõ ñèòóàöèÿõ ìû ðàññìàòðèâàåì

ðàçâèòîå ïÿòíî, â îêðåñòíîñòè êîòîðîãî ðàññ÷èòûâàåòñÿ âåëè÷èíà êðóïíî-

ìàñøòàáíîãî òîêà îñòàòêîì ëèäèðóþùåãî ïÿòíà êëàññè÷åñêîãî (ðåãóëÿðíîãî)

áèïîëÿ, ïîä÷èíÿþùåãîñÿ îñíîâíûì çàêîíàì ãëîáàëüíîãî äèíàìî (ò.å. îñòàòêîì

áèïîëÿðíîé îáëàñòè òèïà À ïî ÌÌÊ ÀÎ). Ñîãëàñíî ïðàâèëó ñåãðåãàöèè

çíàêà òîêîâîé ñïèðàëüíîñòè [55-57], êðóïíîìàñøòàáíûé ýëåêòðè÷åñêèé òîê

Ðèñ.6. Çàâèñèìîñòü ìåæäó óñðåäíåííîé çà âðåìÿ ìîíèòîðèíãà îáëàñòè âåëè÷èíîé

êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà 
distr
I  è ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà

äëÿ îáëàñòåé, â êîòîðûõ äàæå ñ ó÷åòîì îøèáîê âû÷èñëåíèÿ, êðóïíîìàñøòàáíûé òîê íåíóëåâîé.
Îáîçíà÷åíèÿ òå æå, ÷òî è íà ïðåäûäóùåì ðèñóíêå.
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â ëèäåðå ÀÎ äîëæåí áûòü íàïðàâëåí ââåðõ (ò.å. ïîëîæèòåëüíûì ïî çíàêó)

âíå çàâèñèìîñòè îò ïîëóøàðèÿ, â êîòîðîì íàõîäèòñÿ èññëåäóåìàÿ îáëàñòü.

Òàêèì îáðàçîì, îáëàñòè íà ôèíàëüíûõ ñòàäèÿõ ýâîëþöèè ñ îòðèöàòåëüíûì

êðóïíîìàñøòàáíûì ýëåêòðè÷åñêèì òîêîì ÿâëÿþòñÿ, âåðîÿòíî, îñòàòêàìè

îáëàñòåé-íàðóøèòåëåé ãëîáàëüíîãî äèíàìî (îáëàñòè ãðóïïû Â, ñîãëàñíî ÌÌÊ

ÀÎ). Äàííûé âîïðîñ, îäíàêî, òðåáóåò äàëüíåéøèõ èññëåäîâàíèé.

5. Âûâîäû è îáñóæäåíèå. Â õîäå âûïîëíåííîãî èññëåäîâàíèÿ íà

âûáîðêå èç 46 ÀÎ 24-ãî öèêëà ñîëíå÷íîé àêòèâíîñòè, íàõîäÿùèõñÿ íà

ïîçäíèõ ñòàäèÿõ ýâîëþöèè, íàìè ïîäòâåðæäåíû è äîïîëíåíû ïîëó÷åííûå

ðàíåå [37] íà çíà÷èòåëüíî ìåíüøåì ñòàòèñòè÷åñêîì ìàòåðèàëå âûâîäû, à

èìåííî:

1) Âûÿâëåíà ïðÿìàÿ çàâèñèìîñòü ìåæäó âåëè÷èíîé ñðåäíåé áåççíàêîâîé

ïëîòíîñòè ëîêàëüíûõ âåðòèêàëüíûõ ýëåêòðè÷åñêèõ òîêîâ è ñêîðîñòüþ çàòóõàíèÿ

ìàãíèòíîãî ïîòîêà â ïÿòíå ñ êîýôôèöèåíòîì êîððåëÿöèè k = 0.56. Áîëåå

âûñîêèå çíà÷åíèÿ ñðåäíåé áåççíàêîâîé ïëîòíîñòè âåðòèêàëüíîãî òîêà ìîãóò

óêàçûâàòü íà íàëè÷èå áîëüøîãî êîëè÷åñòâà äâèæóùèõñÿ ìàãíèòíûõ ýëåìåíòîâ

â îêðåñòíîñòè ñîëíå÷íîãî ïÿòíà, óíîñÿùèõ ñ ñîáîé çíà÷èòåëüíóþ ÷àñòü åãî

ìàãíèòíîãî ïîòîêà è îïðåäåëÿþùèõ áîëåå âûñîêèå òåìïû åãî ðàçðóøåíèÿ.

2) Íåíóëåâîé êðóïíîìàñøòàáíûé ýëåêòðè÷åñêèé òîê îáíàðóæåí òîëüêî â

îáëàñòÿõ ñ îòíîñèòåëüíî íèçêîé ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà â

ïÿòíå (íå ïðåâûøàþùèõ çíà÷åíèå 19106   Ìêñ ÷-1). Òàêèì îáðàçîì, êðóïíî-

Ðèñ.7. Ïðèìåðû ÀÎ èññëåäóåìîé âûáîðêè, â êîòîðûõ ïðèñóòñòâóþò êðóïíîìàñøòàáíûå

òîêè ðàçíûõ íàïðàâëåíèé, îáóñëàâëèâàþùèõ ïðîòèâîïîëîæíóþ çàêðóòêó âåêòîðà íåïîòåí-
öèàëüíîé êîìïîíåíòû ïîïåðå÷íîãî ìàãíèòíîãî ïîëÿ 

t
B . Ïðîäåìîíñòðèðîâàíà ñëîæíîñòü

îïðåäåëåíèÿ ãðàíèö êîíòóðà äëÿ âû÷èñëåíèÿ êðóïíîìàñøòàáíîãî ýëåêòðè÷åñêîãî òîêà â

ïîäîáíûõ ñëó÷àÿõ. Îáîçíà÷åíèÿ òå æå, ÷òî è íà ðèñ.2.

a b
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ìàñøòàáíûé ýëåêòðè÷åñêèé òîê ìîæåò îêàçûâàòü ñòàáèëèçèðóþùåå âîçäåéñòâèå

íà ïÿòíî, íå ÿâëÿÿñü, îäíàêî, åäèíñòâåííûì ìåõàíèçìîì ñòàáèëèçàöèè ïÿòåí,

ïîñêîëüêó òîëüêî äëÿ 37% ÀÎ àíàëèçèðóåìîé âûáîðêè, äëÿ êîòîðûõ ñêîðîñòü

çàòóõàíèÿ ìàãíèòíîãî ïîòîêà â ïÿòíå íèæå 19106   Ìêñ ÷-1, åãî âåëè÷èíà, ñ

ó÷åòîì îøèáîê âû÷èñëåíèÿ, ÿâëÿåòñÿ îòëè÷íîé îò íóëÿ.

Ñëåäóåò òàêæå îáðàòèòü âíèìàíèå íà çàâèñèìîñòü ìåæäó ñðåäíåé âåëè÷èíîé

êâàäðàòà ïëîòíîñòè ãîðèçîíòàëüíîãî ýëåêòðè÷åñêîãî òîêà â êîëüöåâîé ñòðóêòóðå

âîêðóã ïÿòíà (ñì. ðèñ.1c), ðàññ÷èòàííîé ñîãëàñíî ôîðìóëå (6) è ñêîðîñòüþ

çàòóõàíèÿ ìàãíèòíîãî ïîòîêà â ïÿòíå ðèñ.8). Ìîæíî óâèäåòü íåêîòîðîå

ïîäîáèå ãðàôèêîâ, ïðåäñòàâëåííûõ íà ðèñ.3 è ðèñ.8. Îäíàêî ïðîöåññû è

ÿâëåíèÿ, ëåæàùèå â îñíîâå ïîëó÷åííûõ íà ýòèõ äâóõ ãðàôèêàõ ðåçóëüòàòîâ,

ñóùåñòâåííî ðàçëè÷àþòñÿ. Â ñëó÷àå, ïðîäåìîíñòðèðîâàííîì íà ðèñ.3, îáùàÿ

òåíäåíöèÿ ðîñòà âåëè÷èíû ñðåäíåé áåççíàêîâîé ïëîòíîñòè âåðòèêàëüíîãî

ýëåêòðè÷åñêîãî òîêà ïî ìåðå íàðàñòàíèÿ ñêîðîñòè çàòóõàíèÿ ìàãíèòíîãî

ïîòîêà â ïÿòíå îáóñëîâëåíà òåì, ÷òî â îáëàñòÿõ ñ âûñîêîé ñêîðîñòüþ

çàòóõàíèÿ ìàãíèòíîãî ïîòîêà ïðèñóòñòâóåò áîëüøîå êîëè÷åñòâî äâèæóùèõñÿ

ìàãíèòíûõ ýëåìåíòîâ. Èíàÿ ñèòóàöèÿ ñ ãîðèçîíòàëüíûìè ýëåêòðè÷åñêèìè

òîêàìè â êîëüöåâûõ ñòðóêòóðàõ âîêðóã ïÿòåí. Çäåñü ïîïåðå÷íûé òîê ìîæíî

ïðåäñòàâèòü êàê ñóììó äâóõ ñëàãàåìûõ: Fp jjj   . Ïåðâûé êîìïîíåíò

( pj  ) ðåçóëüòèðóþùåãî êîëüöåâîãî ãîðèçîíòàëüíîãî òîêà îáóñëîâëåí

ãðàäèåíòîì äàâëåíèÿ â îêðåñòíîñòè àíàëèçèðóåìîãî ïÿòíà [58], êîòîðûé, â

ñâîþ î÷åðåäü, çàâèñèò êàê îò íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ â ïÿòíå, òàê

Ðèñ.8. Çàâèñèìîñòü ìåæäó óñðåäíåííîé çà âðåìÿ ìîíèòîðèíãà îáëàñòè âåëè÷èíîé
êâàäðàòà ïëîòíîñòè ãîðèçîíòàëüíîãî ýëåêòðè÷åñêîãî òîêà â êîëüöåâîé ñòðóêòóðå âîêðóã

ðàçâèòîãî ïÿòíà 
circle

j 


2  è ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà â ïÿòíå äëÿ âñåé

àíàëèçèðóåìîé âûáîðêè. Îáîçíà÷åíèÿ òå æå, ÷òî è íà ðèñ.3.
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è, âåðîÿòíî, îò èíûõ ïàðàìåòðîâ, òàêèõ êàê ôîðìà ïÿòíà, åãî ôèçè÷åñêèå

ðàçìåðû è ò.ä. Â ðåçóëüòàòå ïëîòíîñòü ìàãíèòíîãî ïîòîêà íåáîëüøèõ ïÿòåí

ìîæåò áûòü ñîïîñòàâèìà, à òî è áîëüøå ñîîòâåòñòâóþùåé âåëè÷èíû äëÿ

êðóïíûõ ïÿòåí. Ñëåäîâàòåëüíî, âåëè÷èíà êîëüöåâîãî ãîðèçîíòàëüíîãî òîêà â

ìåëêèõ ïÿòíàõ òàêæå ìîæåò áûòü âûøå, ÷åì â êðóïíûõ ïÿòíàõ. Ýòî ìîæíî

óâèäåòü, åñëè ñðàâíèòü ðåçóëüòàòû, ïðåäñòàâëåííûå â âîñüìîì ñòîëáöå òàáë.1

ñ ðåçóëüòàòàìè, ïîëó÷åííûìè íàìè â ðàáîòå [46]: äëÿ íåáîëüøèõ êîðîòêî-

æèâóùèõ ïÿòåí/ïîð âåëè÷èíà êîëüöåâîãî òîêà îêàçàëàñü ïî÷òè â äâà ðàçà

âûøå, ÷åì äëÿ êðóïíûõ ïÿòåí àíàëèçèðóåìîé çäåñü âûáîðêè. Ìîæíî

ïðåäïîëîæèòü, ÷òî çíà÷èòåëüíûé ðàçáðîñ äàííûõ íà ãðàôèêå, ïðåäñòàâëåííîì

íà ðèñ.8, ìîæåò áûòü â íåêîòîðîé ñòåïåíè ñâÿçàí èìåííî ñ ðàçíîé ïëîòíîñòüþ

èõ ìàãíèòíîãî ïîòîêà. Âòîðîå ñëàãàåìîå ( Fj ) - èíäóêöèîííûé òîê, îïèñû-

âàåìûé çàêîíîì Ôàðàäåÿ, âîçíèêàþùèé â ñëó÷àå èçìåíåíèé â âåëè÷èíå

ìàãíèòíîãî ïîòîêà ïÿòíà è ïðåïÿòñòâóþùèé ýòèì èçìåíåíèÿì. Âòîðàÿ

êîìïîíåíòà áóäåò òåì áîëüøå, ÷åì áûñòðåå íàðàñòàåò/ñïàäàåò ìàãíèòíûé

ïîòîê â ïÿòíå, ÷òî â íàøåì ñëó÷àå ñîîòâåòñòâóåò îáëàñòÿì ñ âûñîêîé

ñêîðîñòüþ çàòóõàíèÿ ìàãíèòíîãî ïîòîêà.

Ñëåäóåò çàìåòèòü, ÷òî îáà ñëàãàåìûõ ðåçóëüòèðóþùåãî êîëüöåâîãî

ãîðèçîíòàëüíîãî ýëåêòðè÷åñêîãî òîêà ÿâëÿþòñÿ ôóíêöèåé îò âðåìåííûõ

èçìåíåíèé ìàãíèòíîãî ïîòîêà ïÿòíà, è ðàçäåëèòü èõ âñëåäñòâèå ýòîãî êðàéíå
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ELECTRIC CURRENT SYSTEMS IN ACTIVE
REGIONS AT A LATE STAGE OF EVOLUTION AND

THEIR ROLE IN THE PROCESSES OF
STABILIZATION/DESTABILIZATION OF SUNSPOTS

Yu.A.FURSYAK, A.A.PLOTNIKOV

We used the data of Helioseismic and Magnetic Imager (HMI) instrument

onboard the Solar Dynamics Observatory (SDO) on the components of the

magnetic field vector in the solar photosphere for 46 active regions (AR) of 24th

solar activity cycle that are at the final stage of evolution to calculate, the values

of horizontal, vertical and large-scale electric currents. In each case, the dynamics

of the parameters of the electric current during the time of finding the region

within ±35o from the central meridian was studied. The parameters of the electric

current were compared with the decay rate of the magnetic flux in the sunspot.

We obtained the following results: 1) A direct relationship between the value of

the average unsigned density of local vertical electric currents and the decay rate

of magnetic flux in the sunspot with a correlation coefficient k = 0.56 has been

revealed. 2) A non-zero large-scale electric current is detected only in ARs with

a relatively low decay rate of the magnetic flux in the sunspot (not exceeding the

value of 191006 . Mx h-1). Thus, a large-scale electric current can have a stabilizing

effect on the sunspot, but it is not, however, the only mechanism for stabilizing

sunspots, since only for 37% of the analyzed ARs, for which the decay rate of

the magnetic flux in the sunspot is below 191006 . Mx h-1, its value, taking into

account calculation errors, differs from zero. 3) Statistical analysis also indicates

the stabilization of sunspots by the induction component of the annular horizontal

electric current described by Faraday's law and caused by a change in the magnetic

flux of the sunspot over time. The correlation coefficient k = 0.42 between the

average value of the square of the horizontal electric current density in the annular

structure around the sunspot and the decay rate of the magnetic flux was found.

Keywords: Sun: active regions: magnetic field: electric currents
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N-S ASYMMETRY AND PERIODICITY OF DAILY
SUNSPOT NUMBER DURING SOLAR CYCLES 22-24
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In this paper, a broad examination of the N-S asymmetry of daily sunspot numbers during
the period January 1992 to March 2020 has been performed, examining its statistical significance
and looking for the short term periodicity of daily sunspot numbers using the Fast Fourier
Transform (FFT) during solar cycle 22 (1 January 1986 to 27 August 1996), cycle 23 (28 August
1996 to 10 December 2008) and cycle 24 (11 December 2008 to 31 March 2020). The present
study indicates that sunspot number activity dominates in the southern hemisphere during the solar
cycles 22 and 23, while during the solar cycle 24, the sunspot number becomes dominant in the
northern hemisphere. It is also revealed that the magnitude of sunspot number activity for solar
cycle 23 is more prominent in both the northern and southern hemispheres than in solar cycles 22
and 24. The power spectrum of daily sunspot numbers shows several significant periodicities in a
wide range between 26 days and 83 days. We discuss the possible explanations of the observed
periodicities and north-south asymmetry of the daily sunspot number in light of previous results
and existing techniques.

Keywords: N-S asymmetry: periodicity: daily sunspot number

1. Introduction. The non-uniform distribution of solar activity over the

northern and southern hemispheres of the Sun, which is apparent in long-term

observations, is attributed to N-S asymmetry.

The north-south asymmetry is one of the significant characteristics of solar

activity. Thus N-S asymmetry is an intensively studied phenomenon. Many solar

activity indices are investigated over a period of time to know the proper behavior

of N-S asymmetry. Some of the essential features considered have been: the

sunspot number and sunspot area [1-13], the solar flares and flare index [14-18],

and the solar active prominences [19,20].

The most important aspect before analyzing the action of N-S asymmetry is

to determine the statistical significance of N-S asymmetry of the time series data

under consideration. The best way of evaluating the statistical significance of north-

south asymmetry (SSNSA) is binomial distribution [6,8,13,21-24]. However,

Vizoso and Ballester [1], Carbonell et al. [2], and Carbonell et al. [8] have utilized

excess test to acquire the SSNSA of sunspot area.

Visoco and Ballester [1] examined the N-S asymmetry of the sunspot area

from 1874 to 1976, concluding that it is a real phenomenon rather than random
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fluctuations, and the statistical significance and statistical independence of the

sunspot area to other asymmetry signals. Carbonell et al. [8] used various statistical

methods to determine the statistical significance of N-S asymmetry in various solar

activity time series data (SN, SA, SAP, X-ray flares, flare index and magnetic

flux density). They discovered that there is a real and significant asymmetry

between the hemispheres.

Temmer et al. [7] identified significant N-S asymmetry using a data catalog

of hemisphere sunspot numbers spanning the entire six solar cycles (1945-2004).

They examined the hemispheric asymmetry in the context of rotational behaviors

in the northern and southern hemispheres and presumed that the magnetic field

systems in the two hemispheres are weakly coupled. Ahluwalia and Ygbuhay [12]

analyzed the hemisphere SSNs throughout five solar cycles (19-23) and discovered

that SH becomes increasingly active during solar cycles 22 and 23.

Periodic fluctuations in sunspot activity indices can last from a few days to

several years; the best-known oscillations are the 27-day (short term) and 11-year

(long term). The modulation of solar activity features caused by solar rotation and

solar magnetic activity is responsible for these periods. Various investigations have

been performed to examine the presence of intermediate or mid-range periodicities

in different characteristics of the active Sun that lie between 27 days and 11 years

[25-29]. A significant area of research is the quest for the other feasible midrange

periodicities in solar activity indicators, as any periodicity detection may provide

some insight into understanding the dynamics of solar plasma.

Many authors have additionally searched for midrange periodicities during solar

cycle 19-23 and observed various variations, such as 78, 84, 127, 83, 64, 129,

230, 295, 330, 392 days in different phases of different solar cycles with different

solar parameters [30-32]. A systematic analysis of the N-S asymmetry of daily

SN during the period 1992-2020 in the current study examines its statistical

significance and searches for short-term and midrange periodicities using the Fast

Fourier Technique. The periodic variation of the daily SN for the entire disk of

the Sun is studied separately for solar cycles 22, 23 and 24.

2. Data and analysis.

2.1. The sunspot numbers. For the current study, we have used daily

sunspot numbers (SSNs) data for three consecutive solar cycles 22, 23 and 24.

The data for the period of 01 January 1986 to 31 March 2020 has been

downloaded from http://www.sidc.be/silso/datafiles.

During this period, 1799 days are spotless, which is discarded from the study.

Therefore, the study contains 8519 data points. The temporal evolution of daily

SSNs during solar cycles 22, 23, and 24 is plotted in Fig.1. In this figure, variation

of solar activity during three solar cycles is clearly shown by the solid smoothed
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spline curve, which corresponds to a 91-days running average value of SSN. The

plot shows that during cycles 22 to 24 level of activity reduces (cf., dashed straight

trend line which corresponds to the fit of the first-order polynomial). The plot

further clearly indicates that Gnevyshev-Ohl (G-O) rule was violated for the pair

of cycles 22/23. The G-O rule states that the sum of sunspot numbers over an

odd cycle exceeds that of the preceding even cycle [33]. With the exception of

the pair of cycles 4/5, this relationship held until cycle 21 [28]. The evolution

Fig.1. Variation of total SSNs for the daily time series during 1992 to 2020. The solid line
shows the smoothed curve of activity. Whereas the dashed trend line shows the nature of activity

during three cycles.

Fig.2. Evolution of northern and southern hemispheric SSNs during solar cycles 22, 23 and
24. The smoothed curve in each hemisphere indicates a 91-days running average of activity.
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of SSNs in the northern and the southern hemispheres during solar cycles 22,

23, and 24 is presented in Fig.2.

Fig.2 shows periodic variation in hemispheric sunspots. This behavior is

similar to Fig.1. The northern and the southern hemispheres plots of SSNs clearly

indicate the existence of hemispherical asymmetry in the occurrence of sunspots.

2.2. Scrutiny of asymmetry time series. A prominent index of different

solar activity features is SSN and these solar activity features are not symmetrically

distributed in the northern and southern hemispheres. To perform the statistical analysis

of SSNs, we have calculated the N-S asymmetry index for SSNs, defined as

, 
SN

SN
SSN

SSSSN

SSSSN
ASY




 (1)

where SSN
N
 and SSN

S
 stand for the daily SSN in the northern and southern

solar hemispheres, respectively. Thus, if ASY
SSN

 > 0, activity in the northern

hemisphere dominates, and if ASY
SSN

 < 0, the reverse is true. The above expression

gives us an asymmetry time series composed of 8519 values as spotless days were

excluded from our study. The total SSNs, the hemispheric SSNs, N-S asymmetry

index, and the dominant hemisphere for the solar cycles 22, 23 and 24 are

presented in Table 1.

In Fig.3, the plot of the daily asymmetry time series is presented. To show

the reality of the variations of asymmetry time series, we have fitted a straight

line to the daily values of ASY
SSN

 for each cycle separately.

To evaluate the statistical significance of our data, two statistical tests (viz.,

Binomial distribution & Excess) are applied for the daily asymmetry time series

Solar cycles         Sunspot numbers (SSNs) Asymmetry Dominant

NH (%) SH (%) Total Hemisphere

Solar cycle 22 46333 58512 104845 -0.116 SH
(01/01/1992- (44.19) (55.81)
27/08/1996)

Solar cycle 23 173849 197576 371425 -0.064 SH
(28/08/1997- (46.81) (53.19)
10/12/2008)

Solar cycle 24 103855 95233 199088  0.043 NH
(11/12/2008- (52.16) (47.83)
31/03/2020)

Table 1

TOTAL NUMBER OF SSNs IN THE WHOLE DISK, IN THE NORTHERN

AND SOUTHERN HEMISPHERE, ASYMMETRY INDEX, DOMINANAT

HEMISPHERE, AND CORRESPONDING PERCENTAGE VALUES
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data of SSNs. The obtained results are shown in Table 2, and applied statistical

tests are described as follows:

1. Binomial distribution: The binomial formula [34] can be utilized to

compute the probability of getting any specific distribution of n objects into two

classes, when the considered time series data are integers. The two classes

correspond to the north and south hemispheres, so the binomial formula is
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rnr
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where n is the number of objects in both the classes and the probability P(r) of

getting r objects in class one and (n-r) objects in other classes. The probability

of getting more than d objects in class one is given by

   . 



n
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kPdP

Fig.3. The plot of the daily values of asymmetry time series during solar cycles 22, 23 and
24. The straight line corresponds to the fit of the first-order polynomial.
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      Methods Highly Significant Marginally Insignificant
significant significant

Binomial distribution 5898 (69.23%) 616 (7.23%) 377 (4.43%) 1628 (19.11%)
Excess 5496 (64.51%) 697 (8.18%) 637 (7.48%) 1689 (19.83%)

Table 2

ASYMMETRY TIME SERIES ANALYSIS OF THE NUMBER OF DATA

POINTE AND THEIR PERCENTAGE ACCORDING TO BINOMIAL

DISTRIBUTION AND EXCESS METHODS
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In general, when   %dP 10 , implies a statistically insignificant result, when

  %dP% 105  , it is marginally significant, when   %dP% 51  , it means

a statistically significant result and when   %dP 1 , a highly significant result.

Here, n is the total SSNs, referred to the northern hemispheric SSNs and

imposing p equal to 0.5, outcomes show that, for daily asymmetry,   %dP 1

in 5898 cases,   %dP% 51   in 616 cases,   %dP% 105   in 377 cases

and   %dP 10  in 1628 cases, indicating that 81% of the cases, the asymmetry

of daily SSNs has been statistically significant during solar cycle 22 to 24.

2. Excess: The excess [35], which is an approximation to compute  dP 

to be proportional to the uncertainty, is measured as   212 nd , where d is the

positive difference of SSNs between the two hemispheres and n is the total SSNs

corresponding to both hemispheres. In general, when Excess <2 it implies

  %dP 10 , 2 < Excess < 3 implies   %dP% 105  , 3 < Excess < 4 implies

  %dP% 51   and 4 < Excess implies   %dP 1 . So, for Excess approxi-

mation, we found that 5496 cases are highly significant, 697 cases are significant,

637 cases are marginally significant, and 1689 cases are insignificant in all 8519

cases. This indicates that 80% of the cases, the asymmetry of daily SSNs has

been statistically significant during solar cycles 22-24.

2.3. Power spectra of asymmetry time series. To perform power

spectral analysis, we have split the data into three parts corresponding to the period

of solar cycle 22 (01 January 1986 to 27 August 1996), cycle 23 (28 August 1996

to 10 December 2008), and cycle 24 (11 December 2008 to 31 March 2020).

For periodic analysis of these data sets, FFT is applied separately for solar cycles

22, 23, and 24. The data sets are analyzed for the period interval of 25-100 days.

The power spectra is shown for the solar cycle 22 (Fig.4a), solar cycle 23 (Fig.4b)

and solar cycle 24 (Fig.4c). These figures present three short-term periodicities

for all three cycles. The periodic fluctuations between power and frequency of daily

SSNs have been studied using Fast Fourier Transform (FFT).

3. Discussions and conclusion. In this paper, the daily time series data

of sunspot numbers and hemispheric sunspot numbers are used to analyze the

asymmetric behavior, and short-term periodicity during solar cycles 22, 23, and

24. To analyze the N-S asymmetry of SSNs, the daily N-S asymmetry index

is calculated using equation (1), and then the mean value of the asymmetry index

is computed. The mean values of the asymmetry index for solar cycles 22, 23,

and 24 are -0.116, -0.064, and 0.043, respectively (Table 1). Based on these mean

asymmetry index values, we can conclude that during solar cycles 22 and 23, the

sunspot number activity is southern dominated, and during solar cycle 24, it is

northern hemisphere dominated. On the other hand, we have shown a plot of

the fitted straight line (Fig.3) for the variation of the daily N-S asymmetry index
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ASY
SSN

 from 01 January 1992 to 31 March 2020. This indicates that daily Sunspot

number activity is found to be asymmetrically distributed in the northern and

southern hemispheres during solar cycles 22-24 [4,7,8,13,15]. The present study

also concluded that the magnitude of sunspot number activity for solar cycle 23

Fig.4. Power spectra of daily sunspot number for a) solar cycle 22, b) solar cycle 23, c) solar
cycle 24.
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is larger in both the northern and southern hemispheres compared to the solar

cycles 22 and 24 (Fig.2).

The statistical significance of our data has been checked in two ways: The

first utilizing computing the actual probability of obtaining the observed results or

one having a larger difference due to chance, say  dP  , which is based on the

binomial formula. The second is by means of the Excess, which measures the

significance of d in terms of the uncertainty. These two statistical tests indicate

that in more than 80% of the cases, the asymmetry of the daily SSNs has been

statistically significant from 1992 to 2020 (Table 2).

In this investigation, the short-term periodicities of daily sunspot numbers are

investigated for the total disk of the Sun during solar cycles 22, 23, and 24

separately. For the spectral analysis, the FFT is separately applied to the data sets.

The sunspot numbers display several significant periodicities between 26 and 83

days. The power spectra of daily sunspot numbers for the solar cycle 22 (Fig.4a)

represents a high power density of 26 days (peak 1), 28 days (peak 2), and 55

days (peak 3). It represents periodicities of daily sunspot numbers for solar cycle

22, and during this period, the sunspot number is highly dominated activity within

the period of 25 days to 100 days. It indicates that it is repeated within 25 days

to 100 days. Whereas for solar cycle 23 (Fig.4b) three significant periodicities of

28 days (peak 1), 37 days (peak 2), and 83 days (peak 3) are observed. Similarly,

three significant periodicities of 26 days (peak 1), 43 days (peak 2), and 55 days

(peak 3) are detected for solar cycle 24 (Fig.4c). The periodicity of 26 to 28 days

is more stable than other short-term periodicities in all solar cycles. A stable

27-day period with a variation of 21 to 35 days is detected for the daily sunspot

numbers covering solar cycles 12 to 23 [36]. A significant short-term period

fluctuation of 26 to 36 days is examined in daily sunspot number data for the

solar cycle 23 [37]. Joshi et al. [30] found a strong periodicity of 85 days in

SSN for solar cycle 23, although changes of length and amplitude in periodicity

are exhibited in other solar cycles. Apart from this prominent periodicity, our

study also shows other notable short-term periodicities in all data sets.

The above discussion shows that our findings are quite consistent with the

previous results of different solar activity indices reported by several researchers.

However, none of the researchers worked on the daily time series data of sunspot

numbers during solar cycles 22 to 24 separately. Our findings show that it is

difficult to provide an exact value or duration of each short-term periodicity due

to their time-variable characteristics. This may be the fundamental explanation for

why some authors have noticed variations in the indices of solar activity of

different periodic lengths at different time intervals. These phenomena demonstrate

that solar activity is very complex, and the solar periodicity issue is still open
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and needs to be studied deeply. For future work, it is essential to combine these

complicated phenomena with other indices of solar activity to analyze them.
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ÑÅÂÅÐ-ÞÃ ÀÑÈÌÌÅÒÐÈß È ÏÅÐÈÎÄÈ×ÍÎÑÒÜ
ÑÓÒÎ×ÍÎÃÎ ×ÈÑËÀ ÑÎËÍÅ×ÍÛÕ ÏßÒÅÍ Â

ÒÅ×ÅÍÈÅ ÑÎËÍÅ×ÍÛÕ ÖÈÊËÎÂ 22-24

É.×ÀÍÄÐÀ1, Á.ÏÀÍÄÅ2, Ì.×.ÌÀÒÏÀË2, Ñ.ÏÀÍÄÅ2

Ïðîâåäåíî èññëåäîâàíèå ñåâåð-þã àñèììåòðèè ñóòî÷íîãî ÷èñëà ñîëíå÷íûõ

ïÿòåí â ïåðèîä ñ ÿíâàðÿ 1992ã. ïî ìàðò 2020ã., ñ öåëüþ èçó÷åíèÿ åå

ñòàòèñòè÷åñêîé çíà÷èìîñòè è ïîèñêà êðàòêîñðî÷íîé ïåðèîäè÷íîñòè ñóòî÷íîãî

÷èñëà ñîëíå÷íûõ ïÿòåí ñ èñïîëüçîâàíèåì áûñòðîãî ïðåîáðàçîâàíèÿ Ôóðüå

(ÁÏÔ) âî âðåìÿ ñîëíå÷íûõ öèêëîâ  22 (ñ 1 ÿíâàðÿ 1986ã. ïî 27 àâãóñòà

1996ã.),  23 (ñ 28 àâãóñòà 1996ã. ïî 10 äåêàáðÿ 2008ã.) è  24 (ñ 11 äåêàáðÿ

2008ã. ïî 31 ìàðòà 2020ã.). Íàñòîÿùåå èññëåäîâàíèå ïîêàçûâàåò, ÷òî ÷èñëî

ñîëíå÷íûõ ïÿòåí  áûëî áîëüøå â þæíîì ïîëóøàðèè âî âðåìÿ 22-ãî è 23-

ãî ñîëíå÷íûõ öèêëîâ, à âî âðåìÿ 24-ãî ñîëíå÷íîãî öèêëà ÷èñëî ñîëíå÷íûõ

ïÿòåí ñòàëî äîìèíèðóþùèì â ñåâåðíîì ïîëóøàðèè. Âûÿâëåíî òàêæå, ÷òî

âåëè÷èíà "àêòèâíîñòè ÷èñëà" ñîëíå÷íûõ ïÿòåí äëÿ 23-ãî ñîëíå÷íîãî öèêëà

áîëåå çàìåòíà êàê â ñåâåðíîì, òàê è â þæíîì ïîëóøàðèÿõ, ÷åì â 22-ì è

24-ì ñîëíå÷íûõ öèêëàõ. Ñïåêòð ìîùíîñòè ñóòî÷íîãî ÷èñëà ñîëíå÷íûõ ïÿòåí

ïîêàçûâàåò íåñêîëüêî çíà÷èìûõ ïåðèîäîâ â øèðîêîì äèàïàçîíå îò 26 äî

83-õ äíåé. Ïðåäñòàâëåíû âîçìîæíûå îáúÿñíåíèÿ íàáëþäàåìîé ïåðèîäè÷íîñòè

è ñåâåðî-þæíîé àñèììåòðèè ñóòî÷íîãî ÷èñëà ñîëíå÷íûõ ïÿòåí â ñâåòå

ïðåäûäóùèõ ðåçóëüòàòîâ è ñóùåñòâóþùèõ ìåòîäîâ.

Êëþ÷åâûå ñëîâà: ñåâåðíî-þæíàÿ àñèììåòðèÿ: ïåðèîäè÷íîñòü: ñóòî÷íîå ÷èñëî

     ñîëíå÷íûõ ïÿòåí
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WASP-18b SECONDARY ECLIPSES REVISITED
USING TESS OBSERVATION
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We report the characterization of a transiting hot Jupiter WASP-18b at optical wavelengths
measured by the transiting exoplanet survey satellite (TESS). We analyze the publicly available data
collected by the TESS in sector 2. Here, we model the systematic noise using Gaussian processes
(GPs) and fit it to the data using the Markov Chain Monte Carlo (MCMC) method. Modelling

the TESS light curve returns a planet-to-star radius ratio, 
0003680

0003460
0980100

.

.
.p




  and secondary eclipse

depth of 
11

10
354




 part-per-million (ppm). The transit ephemeris of WASP-18b is updated using the

MCMC method. Finally, we use updated ephemeris to look for transit time variations (TTVs) for
WASP-18b to complement our study. We find a quite small deviation of transit timings from a
linear ephemeris, which is statistically insignificant.

Keywords: planetary systems: stars: individual: WASP-18: techniques: photometric:

     methods: data analysis

1. Introduction. Exoplanet research has entered a new phase after the first

finding of a hot Jupiter beyond our solar system [1] and now thousands of planets

have been discovered and confirmed to date. Successful ground surveys, like as

HATnet [2], SuperWASP [3], KELT [4,5], NGTS [6] have discovered the

majority of giant planets. Several pioneering photometric transits searches with

spacebased platforms have been made so far including CoRoT [7], Kepler [8],

K2 [9] and TESS [10] which these efforts have increased the number of discovered

exoplanets.

Since August 2018, the TESS mission [10] has been delivering high-precision

photometric observations in a broad optical band (0.6-0.95 m ) for a large sample

of bright stars from the southern and northern hemispheres. TESS has detected

thousands of planet candidates and planets that have been discovered and con-

firmed to date. The recorded light curves have provided us with a trove of

knowledge on exoplanet systems [11].

WASP-18bA was discovered by Hellier et al. [12]. Because of its short orbital

period of ~0.941 days, bright host F6-type star (V = 9.3) and inflated radius

(a/R
s
 = 3.442, R

p
 = 1.165R

J
 ) makes it one of the best targets for investigating the

secondary eclipse depth and ephemeris. The relative brightness of the companion’s
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dayside hemisphere determines the depth of the secondary eclipse. The primary

transit (when an exoplanet passes in front of its host star) and the depth of the

secondary eclipse of WASP-18b have been measured in several studies (i.e., when

an exoplanet is occulted by its host star). The planet-to-star radius ratio and eclipse

depth of WASP-18b were measured to 000140
000130097160 .
.. 

  and 17
18341  ppm respectively,

in the TESS bandpass [13].

Because of the WASP-18b short orbital period is thought to be tidally locked

to its host star and the planet's rotation to be synchronized with the orbit [14].

Massive exoplanets in tight orbits must decay according to tidal dissipation within

their host stars, according to theoretical calculations and observations [15]. We can

learn more about this orbital evolution by studying precise transit timing. We're

looking for short-term TTVs in the sector 2 that might suggest the presence of

a third body in this system as part of our research. Furthermore, stellar activity

features in photometric observations might impact planetary parameters. Anomalies

in transit light curves can be caused by stellar activity features and transiting

planets, resulting in inaccurate transit duration, timing, and depth measurements.

These uncertainties also might potentially have an impact on the calculation of

parameters such as planet radius [16].

In this work, we model primary transits and secondary eclipses of WASP-

18b. We extend our study by using our revised ephemeris to search for WASP-

18b TTVs. Dealing with and mitigating stellar noise is one of the most difficult

aspects of measuring low-amplitude exoplanetary signals. To achieve this, we focus

on the GP method for modelling correlated noise. The paper is organized as

follows; in Section 2, we describe the TESS observations, data preparation

techniques, and our approach to account for correlated noise to prepare the light

curves for fits. We discuss our selection model for primary transit, secondary

eclipse, the regression analysis, and TTV in detail in Section 3. In Section 4,

we summarize our results from this study.

2. Observation. WASP-18bA was monitored by TESS with the two minute

cadence mode in Sector 2, included in the list of preselected target stars using

a 1111  pixel subarray centered on the target. the raw images were reduced using

the science processing operations Center (SPOC) pipeline [17], which was

developed at NASA Ames Research Center based on the Kepler mission science

pipeline. For the results presented in this paper, we decided to use Presearch Data

Conditioning (PDC) light curves because they are corrected systematic and dilution

effects. PDC data is also cleaner than simple aperture photometry light curves

(SAP) and show significantly less reduced scatter and short-timescale flux varia-

tions [18,19].

The data were normalized using the median of the PDCSAP light curve. We
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corrected the PDCSAP light curve further for the remaining systematic, even

though the dominating systematic were corrected by default. To do so, we

smoothed the PDCSAP light curve using the median detrending technique with

a window length of one orbital period, keeping variability at the planetary period

of the WASP-18b light curve. These regressions were implemented using the

Python package wotan as shown in Fig.1 [20]. These reprocessed data are taken

into account in our subsequent analyses.

3. Analysis.

3.1. Primary transit modeling. We utilized the publicly available software

Juliet [21] to compute all the planetary parameters in this study. Juliet allows us

to model the transit by batman package [22]. Rather than modeling systematic

errors as a deterministic function with auxiliary measurement parameters, the

Gaussian process (GP) presents a nonparametric approach to modeling systematic

errors from the photometry data. GPs aim to model the likelihood, L, as though

it came from a multi-variate gaussian distribution, that is,

. lnln2
2

1
ln

1












 



rrN T 
L (1)

Fig.1. (Top) WASP-18's TESS light curve (PDCSAP flux). The trend generated by applying
a detrending filter determined by wotan is shown by the solid line, while the PDCSAP photometry
is represented by dots. (Bottom) PDCSAP light curve after median detrending normalization.
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Here, Lln , is the log-likelihood, N shows the number of datapoints, the

covariance matrix is   and the vector of the residuals is r

. A GP uses so-called

kernels to determine the structure of the covariance matrix and provide a form

for it (see [21] for a detailed technical description). In our study, we employed

the Matérn-3/2 kernel using the celerite package [23] to diagnose instrumental

systematic errors in TESS photometry data. Celerite speeds up the posterior

sampling within Juliet by making the log-likelihood computation blazing fast. The

correlation kernel, which was aimed to capture the systematic variation of the data

(see [20]), formulated as:

  . 
3

exp
3

12
, 






































GPGP
GPjiK (2)

Here   is the time lag, GP  is the covariance amplitude and GP , is the

correlation timescale of the GP.

We employed gaussian priors for the orbital period, P, and mid-transit time,

             Parameters Symbol Prior Value

Orbital period(days) P N (1.21749, 0.1) 00000390
0000039094145500 .
.. 



Mid-transit time(days) T
0

N (1765.5338, 0.1) 0000590
00005904578811354 .
.. 



Parametrization for p and b r
1

U (0, 1) 0174630
01545305929520 .
.. 



Parametrization for p and b r
2

U (0, 1) 0003680
00034600980100 .
.. 



Limb-darkening parameter q
1

U (0, 1) 0450
04102140 .
.. 



Limb-darkening parameter q
2

U (0, 1) 0630
07402710 .
.. 



Orbital eccentricity e fix 0
Argument of periapsis (deg)  fix 269

Stellar density (kgm-3) s J (100, 10000) 0080
0080061871 .
.. 



Dilution factor DTESS fixed 1

Mean out-of-transit MTESS N (0, 10-1) 0000040
000004000000040 .
.. 



Additive photometric jitter term(ppm)  J (10-6, 10-6) 000870
000880014390 .
.. 



Amplitude of GP (ppm) GP J (10-6, 106) 000030
000040000460 .
.. 



Matern time-scale (days) GP J (10-3, 103) 006020
006610071680 .
.. 



Planet radius in units of stellar radius R
p 
/R

s

0003680
00034600980100 .
.. 



Semi-major axis in units of stellar radii a/R
s

0170
01704423 .
.. 



Impact parameter b 0003680
00034600980100 .
.. 



Inclination angle (deg) i 260
280583 .
.. 



Limb darkening coefficients u
1

0280
02602180 .
.. 



Limb darkening coefficients u
2

0350
03903010 .
.. 



Table 1

PRIOR SETTINGS AND THE BEST-FIT VALUES ALONG WITH THE

68% CONFIDENCE INTERVALS IN THE PRIMARY TRANSIT FIT FOR

WASP-18b. DERIVED PHYSICAL PARAMETERS FROM JOINT FIT

FOR WASP-18b ARE SHOWN IN THE BOTTOM PANEL
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T
0
 based on [24]. Instead of fitting directly for the planet-to-star radius ratio,

p = R
p

 /R
s
, and the impact parameter of the orbit b, Juliet uses the new

Table 2

PRIOR SETTINGS AND THE BEST-FIT VALUES ALONG WITH

THE 68% CONFIDENCE INTERVALS IN THE SECONDARY

ECLIPSE FIT FOR WASP-18b

            Parameters Symbol Prior Value

Orbital period(days) P N (1.21749, 0.1) 0000790
00005609415300 .
.. 



Mid-eclipse time(days) T
0,e

N (1766.74755, 0.1) 000610
000990926971354 .
.. 



Parametrization for p and b r
1

U (0, 1) 000870
000870578460 .
.. 



Parametrization for p and b r
2

U (0, 1) 000420
000410018840 .
.. 



Limb-darkening parameter q
1

fix 0

Limb-darkening parameter q
2

U (0, 1) 00920
0089049630 .
.. 



Orbital eccentricity e fix 0

Argument of periapsis (deg)  fix 269

Stellar density (kgm-3) s J (100, 10000) 3524
442356839 .
.. 



Dilution factor DTESS fixed 1

Mean out-of-transit MTESS N (0, 10-1) 000000400
000000440000000860 .
.. 



Additive photometric jitter term (ppm)  J (10-6, 10-6) 0000880
00008700143970 .
.. 



Amplitude of GP (ppm) GP J (10-6, 106) 000030
000030000460 .
.. 



Matern time-scale (days) GP J (10-3, 103) 006030
006590071620 .
.. 



Fig.2 TESS transits of WASP-18 b. The top panels present the TESS photometry of WASP-
18 as a function of time (grey points with error bars), along with the best-fit model, which consists
of a transit model plus a Gaussian process (black curve) with a zoom into a single transit. The

bottom panels show the corresponding residuals.
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parametrization r
1
 and r

2
. This ensures that p and b have a whole range of

physically plausible values and that the b - p plane is sampled uniformly (see [25],

for details). In addition, instead of using individual a/R
s
 values, we can fit for

stellar density, s  for all transiting planets in the system, as shown in Table 1

and 2. For our data, we consider a quadratic limb darkening law with a uniform

prior of 0 to 1 on both parametrs q
1
 and q

2
 [26]. We fixed the dilution factor

to one because we used TESS's PDCSAP (which should have been corrected for

light dilution in principle). The eccentricity, e, is also fixed to zero and set non-

informative log-uniform prior to stellar density. We fit the instrumental jitter term

to account for additional systematic and the outof-transit flux. Juliet predicts the

model on the full time-series (see [21] for a detailed technical description). Fig.2

presents reprocessed TESS light curve of WASP-18b as well as the the full median

posterior model (i.e., the deterministic part of the model plus the median GP

process). The Fig.3 shows the zoom of the phase-folded light curve and the best-

fit model.

Using the dynamic nested sampling approach implemented in dynesty [27,28],

we determine the posterior probability distribution of the system parameters. The

Fig.3. Phase-folded light curve presented as grey points showing the primary transit. The binned

data (hollow black circle) are over plotted and the best-fitted model (black lines). In the bottom
panel, the corresponding residuals are presented.
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median and 1  uncertainties derived from the posterior distributions of our

analysis are listed in Table 1. Fig.4 also shows the corner plot for our obtained

posterior distributions from the transit.

3.2. Secondary eclipse modeling. Both our transit and eclipse models

by batman. The mid-secondary eclipse time for WASP-18b is calculated using the

mid-transit time, assuming a circular orbit. The secondary eclipse model is based

on the same orbital parameters as the primary transit 3.1. So, all parameters are

coupled to the values of the primary transit, except for limb darkening, which

fixes q
1
 to zero, because limb darkening has no effect on the secondary eclipse

Fig.4. Retrieved posterior distributions obtained from our fitting model to the primary transit
of the WASP-18b.
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[29]. Our reprocessed data, as well as the best-fitted WASP-18b model, are shown

in Fig.5. The results of secondary eclipse model fitting are shown in Table 2 and

The corner plot for our retrieved posterior distributions from the secondary eclipse

fit is shown in Fig.6.

3.3. Transit timing variations. TTV can be used to find new exoplanets

with gravitational interactions in the system [30]. We assume periodic transit events

in the reported results in Table 1, which means that the transit times are

considered to be periodic. At this step, we investigate whether our target generates

any TTV signatures. As a result, we directly fit an individual primary transit for

each transit time T
n
. Except for T

0
 and P, all steps are performed and priors are

determined as detailed in the previous section. We used Gaussian priors with a

standard deviation of 0.1 days for each transit time. As a result, these parameters

are calculated directly from each sample. This regression is performed using juliet

[21]. The difference between observed-computed diagrams (O-C) of transit events

is shown in Fig.7, which indicates very little TTV in the data.

We further evaluated if there was any evidence of periodicity in the measured

Fig.5. Phase-folded light curve is presented as grey points showing the secondary eclipse around

phase 0, 0.1. The binned data (hollow black circle) are over plotted and the bestfitted model (black
lines). Corresponding residuals are shown in the below panel.
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TTVs using the generalized Lomb-Scargle (GLS) periodogram [31]. The GLS

periodogram on TTV of WASP-18b (see Fig.8), shows the value of the strongest

peak in GLS periodograms is at 2.33 days, with a false alarm probability (FAP)

of 0.32, which is computed as described in [31]. The strongest peak in GLS

periodograms is close to half of the stellar rotation rate for our selected host star,

which is P
Rot

 = 3.7 days based on their values reported in [32]. This suggests that

the variation we measured in TTVs is most probably caused by the imperfect

elimination of stellar activity [16]. We also provide the transit times we used in

our short-term timing analysis, which are listed in Table 3.

Fig.6. Retrieved posterior distributions by fitting model to the secondary eclipse of the WASP-18b.
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4. Summary and conclusions. We utilize Sector 2 of TESS observations

to characterize transiting ultra-hot Jupiter WASP-18b in our work. To smooth

detrend the TESS data, we first applied the median detrending approach with a

window length of one orbital period of WASP-18b. We did the joint fit of the

GP with transits and secondary eclipses of WASP-18b. The planetary radius (in

Transit Mid-transit time

number (BJD-2457000)

1 0000590
00005904578811354 .
.. 



2 0000500
00005103993011355 .
.. 



3 0000510
00006103406881356 .
.. 



4 0000610
00005102822511357 .
.. 



5 0000610
00006102234341358 .
.. 



6 0000610
00006101650641359 .
.. 



7 0000520
00005101065891360 .
.. 



8 0000610
00006100480911361 .
.. 



9 0000600
00005309896221361 .
.. 



10 0000510
00006009312561362 .
.. 



11 0000610
00006108726161363 .
.. 



12 0000610
00006108137231364 .
.. 



13 0000620
00005407552391365 .
.. 



14 0000610
00005906969901366 .
.. 



Table 3

WASP-18b TRANSIT TIMES

Transit Mid-transit time

number (BJD-2457000)

17 0000610
00006205212021369 .
.. 



18 0000590
00005704628121370 .
.. 



19 0000520
00006104040521371 .
.. 



20 0000610
00006103453071372 .
.. 



21 0000590
00005502872691373 .
.. 



22 0000590
00005902281341374 .
.. 



23 0000520
00005201697421375 .
.. 



24 0000700
00007001112511376 .
.. 



25 0000610
00005200526271377 .
.. 



26 0000610
00006709944101377 .
.. 



27 0000580
00005809356891378 .
.. 



28 0000530
00005308771561379 .
.. 



29 0000610
00005108188801380 .
.. 



Fig.7. TTV amplitudes are calculated in minutes. The gap in the middle is caused by data

downlink dead time.
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stellar radii), (R
p 
/R

s 
), of 0003680

00034600980100 .
.. 

 , is then reliably measured by fitting

a transit model to reprocessed data. We measure secondary eclipse depth with

amplitudes of 
11
10354  ppm, which is the most precise estimate for WASP-18b to

date, it's also well within 1  of the value of 
17
18341  ppm reported in the [13]

and the measured value of [11] of 339 ± 21 ppm. WASP-18b has a large secondary

eclipse depth due to the combination of thermal emission and reflection in the

TESS bandpass [13]. The measured values of the orbital parameters a/R
s
 and i

of 
0170
01704423 .
.. 

  and 260
280583 .
.. 

 , respectively, and they are also the most precise to

date and are matching the value determined by [13] within 1 . The following

equation, represented by [26], was used to estimate the limb darkening coefficients:

211 2 qqu  (3)

and

 212 212 qqu  (4)

u
1
 and u

2
, are 0.218 and 0.301, respectively, which are comparable to the limb

darkening coefficients of u
1

 = 0.219 and u
2

 = 0.312 given by [33]. In comparison

to other published values in the literature [11,13], we find that our results are

generally in good agreement.

Fig.8. GLS periodogram of TTV of WASP-18b.
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The most notable result of our investigation is the most precise detection of

WASP-18b's secondary eclipse in the TESS bandpass, as well as the robust

measurement of its orbital parameters. To extend our analysis, we searched for

individual transit times to see whether there were any TTVs. TTV OC diagrams

(see Fig.7) were obtained, with a standard deviation of 0.96 minutes for WASP-

18b, which is quite small.

Department of Physics, Faculty of Science, University of Zanjan, P. O. Box

313-45195, Zanjan, Iran, e-mail: m.eftekhar@znu.ac.ir

ÂÒÎÐÈ×ÍÛÅ ÇÀÒÌÅÍÈß WASP-18b,
ÏÅÐÅÑÌÎÒÐÅÍÍÛÅ Ñ ÈÑÏÎËÜÇÎÂÀÍÈÅÌ

ÍÀÁËÞÄÅÍÈÉ TESS

Ì.ÝÔÒÅÕÀÐ

Ïðåäñòàâëåíû õàðàêòåðèñòèêè “ãîðÿ÷åãî Þïèòåðà” WASP-18b â îïòè÷åñêèõ

äëèíàõ âîëí, èçìåðåííûõ  ñïóòíèêîì äëÿ èññëåäîâàíèÿ ýêçîïëàíåò TESS.

Àíàëèçèðîâàíû îáùåäîñòóïíûå äàííûå, ñîáðàííûå TESS â ñåêòîðå 2.

Èñïîëüçóÿ ãàóññîâñêèå ïðîöåññû (GP), ìîäåëèðîâàí ñèñòåìàòè÷åñêèé øóì è

è ïðîâåäåíà åãî ïîäãîíêà ê äàííûì, èñïîëüçóÿ ìåòîä Ìîíòå-Êàðëî ñ öåïÿìè

Ìàðêîâà (MCMC). Ìîäåëèðîâàíèå êðèâîé áëåñêà TESS ïîçâîëÿåò îöåíèòü

îòíîøåíèå ðàäèóñà ïëàíåòû ê çâåçäå 0003680
00034600980100 .
..p 

  è ãëóáèíó âòîðè÷íîãî

çàòìåíèÿ 11
10354  ÷àñòåé íà ìèëëèîí (ppm). Òðàíçèòíûå ýôåìåðèäû WASP-

18b îáíîâëåíû ñ èñïîëüçîâàíèåì ìåòîäà MCMC. Îáíîâëåííûå ýôåìåðèäû

èñïîëüçîâàíû äëÿ ïîèñêà èçìåíåíèé âðåìåíè ïðîõîæäåíèÿ (TTV) äëÿ

WASP18b. Îáíàðóæåíî íåáîëüøîå îòêëîíåíèå âðåìåíè ïðîõîæäåíèÿ îò

ëèíåéíîé ýôåìåðèäû, ÷òî ñòàòèñòè÷åñêè íåçíà÷èìî.

Êëþ÷åâûå ñëîâà: ïëàíåòíûå ñèñòåìû: çâåçäû: WASP-18: ôîòîìåòðè÷åñêèå

     ìåòîäû: àíàëèç äàííûõ
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COSMOLOGICAL EVOLUTION WITH NEGATIVE
ENERGY DENSITIES

A.A.SAHARIAN1,2, R.M.AVAGYAN1,2, E.R.BEZERRA DE MELLO3,
V.KH.KOTANJYAN1,2, T.A.PETROSYAN1,2, H.G.BABUJYAN1

Received 16 May 2022

For general number of spatial dimensions we investigate the cosmological dynamics driven by
a cosmological constant and by a source with barotropic equation of state. It is assumed that for
both those sources the energy density can be either positive or negative. Exact solutions of the
cosmological equations are provided for flat models. For models with curved space and with zero
cosmological constant the general solutions are expressed in terms of the hypergeometric function.
The qualitative evolution is described for all values of the equation of state parameter. We specify
the values of that parameter and the combinations of the signs for the cosmological constant and
matter energy density for which the cosmological dynamics is nonsingular. An example is considered
with positive cosmological constant and negative matter energy density induced by the polarization
of the hyperbolic vacuum.

Keywords: cosmological evolution: cosmological constant: negative energy density

1. Introduction. The investigation of cosmological dynamics is carried out

mainly within the framework of homogeneous and isotropic models described by

Friedmann-Robertson-Walker (FRW) line element. In particular, the models

containing a positive cosmological constant in addition to the matter and radiation

sources of the expansion have been actively studied. This theoretical activity is

motivated by the observational evidence [1,2] for accelerated expansion of the

universe in recent epoch driven by a source (dark energy) with properties close

to a positive cosmological constant. The cosmological model with a positive

cosmological constant and cold dark matter (CDM) in addition to the usual matter

( CDM  model) is in good agreement with observational data on the large scale

structure and dynamics of the universe. Recently a problem appeared that is related

to the value of the Hubble parameter H
0
 at present determined by two different

ways. The first one is based on direct low redshift observations [3-6] and gives

the value 730 H  km/s Mpc. The second way combines the Planck data on

temperature anisotropies of the cosmic microwave background radiation [7] with

the CDM  model and gives the result 670 H  km/s/ Mpc. A number of models

have been discussed in the literature to address this problem, also called Hubble

tension (for a review see [8]). In particular, they include the models with negative

cosmological constant (see [9-13]). The maximally symmetric solution of the
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Einstein field equations with a negative cosmological constant as the only source

of the gravitation is given by anti-de Sitter (AdS) spacetime. This geometry appears

as a ground state in string theories and in supergravity. It plays an important role

in braneworld models with large extra dimensions and in holographic duality

models relating two theories living in different numbers of spatial dimensions. An

example of the latter is the AdS/CFT correspondence (see, for example, [14])

establishing the duality between supergravity and string theories on the AdS bulk

and conformal field theory on the AdS boundary.

Another example for a gravitational source with the negative energy density,

that can play an important role in the expansion of the early universe, is provided

by the vacuum polarization. The vacuum expectation value of the energy-

momentum tensor for quantum fields may break the energy conditions of the

singularity theorems in general relativity (see, e.g., [15]). This can serve as the

key for solving the singularity problems in the cosmological dynamics. Here we

consider the cosmological dynamics for both cases of positive and negative energy

densities. Various combinations of cosmological constant and of a source with

barotropic equation of state will be studied. Having in mind possible applications

in higher-dimensional models, in particular, motivated by string theories, the

discussion is presented for a general number of spatial dimensions. The qualitative

evolution in cosmological models with scalar fields having negative potentials has

been considered in [16-19]. Various cases of exact solutions to Friedmann

equations in general number of spatial dimensions were discussed in [20] by using

Chebyshev' theorem. Cosmological solutions in (3+1)-dimensional spacetime with

a single positive and negative energy component in a flat universe and for a

negative energy component in a curved universe have been described in [21].

The present paper is organized as follows. In the next section we present the

cosmological equations and some qualitative features. The solutions for flat model

with a cosmological constant and barotropic matter are given in section 3. They

serve as past or future attractors for models with curved space and include various

special cases previously considered in the literature. In section 4 we discuss models

with curved space. First, the general solutions are presented in terms of the

hypergeometric function for models with zero cosmological constant. Various

special cases where the time-dependence of the scale factor is expressed in terms

of elementary functions were discussed in the literature. Then we describe the

qualitative evolution in models with curved space driven by a cosmological constant

and barotropic matter source.

2. Cosmological equations. We consider (D+1)-dimensional background

spacetime described by the FRW line element
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where 
2

1Dd  is the line element on a unit sphere 1DS  and k = 0; ±1. The

choices N(t) = 1 and N(t) = a(t) correspond to the synchronous and conformal time

coordinates, respectively. Depending on the equation of state the first or the second

choice of the time coordinate is convenient to present the cosmological solutions

in simpler form. Assuming that the dynamics is governed by General Relativity

in (D+1)-dimensional spacetime, the set of cosmological equations takes the form
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where the dot stands for the derivative with respect to t, G
D
 is the gravitational

constant in (D+1)-dimensional spacetime,   is the energy density and p is the

pressure for the sources driving the cosmological evolution. The latter two

quantities obey the equation    0 paaD   which is obtained from the

covariant conservation equation for the energy-momentum tensor. This relation

can also be obtained from (2). For the second derivative of the scale factor we

get

. 
2

1

8 2


















D

D
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D
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a

a

N

N

a

a D
(3)

From this relation it follows that the accelerated expansion in terms of the

synchronous time coordinate (N(t) = 1) is obtained under the condition

  DDp  2 . The latter condition is satisfied by the positive cosmological

constant   with the energy density  DG 8  and pressure  p .

In the discussion below we assume that the matter source contains two parts

with m   and mppp   . Here, the part with the equation of state

 p  corresponds to the cosmological constant   with the constant energy

density   and the second contribution has an equation of state mm wp   with

w = const. The condition   DDp  2  for the second source is reduced to

12  Dww c  for 0m  and to cww   for 0m . From the covariant

conservation equation we get

  , 00
 aamm

(4)

with the notation

 . 1 wD  (5)

We will assume that the cosmological constant   and the constant 
0

0 aamm 
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can be either positive or negative. Note that from the second equation in (2) it

follows that one needs to have the condition   2116  kaDDGD  and the total

energy density   should be nonnegative in models with k = 0, 1.

Let us consider the qualitative features of the evolution in terms of the

synchronous time. Taking N(t) = 1, the second equation in (2) is rewritten as

    
, 

1

16

1

2

0

0
2

2












aaDD

G

DDa

k
H mD

(6)

where aaH   is the Hubble function. From here it follows that for w > -1 and

for a positive cosmological constant the late time evolution (large values of the

scale factor) is dominated by the first term in the right hand side. In this case

the de Sitter solution   tHeta  , with

 1

2






DD
H (7)

(here we consider the case 0 , the notation H  for 0  is used below),

is the future attractor for the general solution. For a negative cosmological constant,

0 , and for w > -1, from (6) we see that with increasing a at some moment

t = t
m
 the Hubble function becomes zero. The corresponding value for the scale

factor a = a
m
 is determined from (6) putting H = 0. At that moment from the first

equation (2) we get

. 
1

1

2 2










D

w

a

ww
DkH

m

c
tt m


(8)

For k = 0, 1 and w > w
c
 the right-hand side is negative and for t > t

m
 one obtains

H < 0 and the initial expansion is followed by the contraction. The same is the

case for k = -1 and -1 < w < w
c
. For 2  and 00 m , the early expansion,

corresponding to small values of the scale factor, is dominated by the matter source

and the solutions with flat space serve as attractors for models with k = ±1.

3. Cosmological solutions in flat model. Simple exact solutions of the

cosmological equations can be found in the case of flat model, k = 0. In the

absence of the matter source the equation (6) has solutions only for 0 . For

positive cosmological constant the de Sitter solution,   tHeta  , is obtained. To

see the influence of the matter source, first we consider the case of positive

cosmological constant and positive matter density, corresponding to 0m , 0 .

In the synchronous time coordinate, for the Hubble function we get

, , 1

1

0

0




















 mmm

a

a

a

a
HH (9)

with   defined by (5). The integration of this equation leads to the following

expressions for the Hubble function and the scale factor:
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       , sinh, coth 2 tattHtH m  
 (10)

where
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D
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wH (11)

For w > -1 the solution (10) for the scale factor coincides with that found in [20].

In that case and for expansion models one has  t0  with the upper sign in

the expression for the Hubble function. At late times, 1 t , one has an

approximately de Sitter expansion with   tHeta  . Near the singularity point

t = 0 we obtain   


2
tta . The case w < -1 corresponds to the phantom phase

(for the effective phantom phase generated by different types of sources see [22]).

In this case 0  and for the expansion models we have 0 t . The point

t = 0 corresponds to the Big Rip singularity. The universe starts with de Sitter

expansion   tHeta  , 1 t , in the infinite past and ends the evolution at Big

Rip singularity at t = 0 with the behavior   


2
tta . In Fig.1 we have plotted

the ratio a/a
m
 versus tH  for D = 3. The full and dashed curves correspond to

the values w = 0 (dust matter), w = -2/3 and w = -3/2 (phantom matter). Note

that under certain conditions (see [23]) the energy density for the axion field scales

as 3
axion 1 a~  and the corresponding dynamics is described by the curve with

w = 0 in Fig.1 (the cosmological dynamics with the axion field and holographic

Fig.1. The time dependence of the scale factor in the model with 
0m

 , 0


 for D = 3 and
w = 0, -2/3, -3/2.
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0
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dark energy has been recently discussed in [24]). For expanding models we have

 t0  for sources with w > -1 and 0 t  for w < -1. The singular point

t = 0 corresponds to the Big Bang in the first case and to the Big Rip in the

second case. For w > w
c
 and w < -1 one has 

0t
a  and for -1 < w < w

c
 we get

0
0


t
a . We see that for 0m , 0  all the flat models contain singularities.

Next we consider the case 00 m . For the Hubble function we find

  . 1


 aaHH m
(12)

The time dependences for the Hubble function and for the scale factor read

       , cos, tan 2 tatatHtH m  
 (13)

with  22 t . For w > -1 this solution coincides with that presented in

[20]. The authors of [20] emphasize that the solution (13) gives rise to a periodic

universe. However, it should be noted that, though the function a(t) in (13) is

periodic with the period Lt , the periods are separated by singular points

   1lt , l = 0, 1, 2, ..., and the evolution pieces separated by those points

present the copies of the same universe with a finite lifetime t
L
 (for discussion

of various types of singularities in the cosmological context see, for example,

[25-27]). The dependence of the scale factor on the synchronous time coordinate,

described by (13), is depicted in Fig.2 for D = 3 and w = 0, -2/3, -3/2. In models

with w > -1 the expansion phase with 02  t  is followed by the contraction

one for  20 t . The maximal value of the scale factor is determined by (9).

Fig.2. The same as in Fig.1 for the model with 
0

0
m




.

tH

0

a/
a m

w=0

0
-1-2-3 321

1

2

3

4

w=-3/2

w=-2/3
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For sources with w < -1 the same relation determines the minimal value of the

scale factor. Similar to the previous case, the flat models contain singularities for

all values of the parameters.

Now we turn to the case  00m . The Hubble function is expressed as

  , 1


  aaHH m
(14)

where a
m
 is the minimal (maximal) value of the scale factor for w > -1 (w < -1).

The time dependence is given by the formulas

   , cosh, tanh 2 taatHH m  
 (15)

with  t . The time dependence of the scale factor given by (15) is plotted

in Fig.3 for the values of the parameters D = 3 and w = 1/3, 0, -2/3,

-3/2. The models in this case have no singularities. The value a = a
m
 determines

the minimum/maximum value of the scale factor. Note that flat cosmological

models with 0m , 0  are not allowed by the equation (6). The corresponding

models with curved space will be discussed in the next section.

In [28,29] it has been shown that in de Sitter spacetime the vacuum

expectation value of the energy-momentum tensor for a conformally coupled

massless scalar field in the hyperbolic vacuum has the form

Fig.3. The scale factor versus the time coordinate in the model with 


 0
0m

 for D = 3
and w = 1/3, 0, -2/3, -3/2.

tH

0

a/
a m

w=0

0
-1-2-3 321

1

2

3

4
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w=-2/3

w=1/3
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  , 
1

 ,...,
1

 1,diag1 1,..., 1,diag
1















DD

C
T

D
Dk

i (16)

where the first term in the right-hand side corresponds to a cosmological constant

and the constant C
D
 is negative. The second term can be identified with the source

we have considered above having the equation of state Dp mm  . Hence, for

this source one gets w = 1/D and 00 m . The corresponding cosmological solution

is given by (15) with 1 D  and   21  HD . The time dependence of

the scale factor for D = 3 is presented in Fig.3 by the curve with w = 1/3. The

corresponding models are nonsingular.

4. Cosmological dynamics in models with curved space. Passing to

the models with curved space, first let us recall the well-known solutions in the

absence of matter sources. The models with k = 1 are allowed only in the case

0  and the corresponding solution for the scale factor is given by

   HtHa cosh . For k = -1 and 0  the solution reads    HtHa sinh .

For k  = -1 and negative cosmological constant we have the solution

   HtHa sinh . Note that in models with k = -1 and 1 tH  the evolution

is approximated by linear scale factor   tta  . The latter describes a flat spacetime

and corresponds to the Milne universe.

Another special case corresponds to the absence of cosmological constant.

From the equation (6) we get

 
, 0

0

ky
atd

dy
 

(17)

with the notations

 
 . ,

1

16
, 

2
00

0
0

wwD
DD

aG

a

a
y c

mD 



 (18)

Separating the variables, the integrals in (17) can be expressed in terms of the

incomplete beta function  v ,uBz . Presenting the latter through the hypergeomet-

ric function  zcbaF  ; ; ,  (see, for example, [30]), for the models with k = -1 we

find

. 
1

 ,
1

1 1; ,
2

1

1 0

0

0





























 y

y
F

y

a
t

(19)

In a similar way, for the models with k = 1 the integration gives

. 
1

-1 ,
2

3
 ;

1

2

1
 ,

2

11
1

2

0

21

0
1
0

0





































 y
F

y

a
t (20)

The various special cases of these general formulas have been considered in the
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literature. In particular, the examples when for general number of spatial dimen-

sion the solutions are expressed in terms of elementary functions have been

discussed in [20].

Now we turn to the general case of models with curved space in the presence

of a cosmological constant and barotropic matter. The equation (6) is rewritten

as

, 2 kbxxsH
dt

dx
 

 (21)

where

  , sgn,   saHx (22)

and

 
  . 

1

16
0

2
00 





 aH

DD

aG
b mD

(23)

Simple solutions are found for the special case of the source with w = w
c
. For

0  and 00  k  the solution has the form  tHkx  sinh0 . In the

case 0  and 00  k , the solution reads  tHkx  cosh0 . For 0

one needs to have 00  k  and the corresponding solution is given by

 tHkx  sinh0 ,  Ht0 . For 00   the first two solutions are

reduced to the de Sitter solutions.

We will denote by x = x
m

 > 0 the value of the function x(t) at its possible

extremum, 0
 mxx

dtdx . The extrema are zeros of the expression under the

square root in (21). Taking the corresponding value of the time coordinate as

t = 0 and expanding near the extremum we get

      , 1
4

1 2

2
tHk

x

ww
ws

D

a

ta

m

c

m












 
 (24)

where  Hxa mm . The nature of the extremum (minimum or maximum) is

determined by the sign of the expression in the square brackets. Note that for

the extremum we have 
  sxkbx mm

2 . In the definition of the constant b we

have taken a
0

 = a(t
0
) and  00 tmm   for a fixed time t = t

0
. Taking t

0
 = t

m
, where

t
m
 corresponds to the extremal value x

m
, x(t

m
) = x

m
, from (6) we get the following

relation

 
, 

1
2








m
m

ks
x (25)

where    mm t  is the matter energy density at the extremum point. Note that,

assuming the presence of the extremum x = x
m
, the equation (21) is written as
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      , 112 



 


 yysH

dt

dy m

(26)

with y = x/x
m

 = a/a
m
.

Let us consider different combinations of the signs for the energy densities. For

0m , 0  and w > w
c
, the early dynamics, corresponding to small values of x,

is dominated by the source with the energy density m  and the expansion law is

close to the one for the flat model. At late times, corresponding to x >> 1, the

expansion is dominated by the cosmological constant and, again, the curvature term

is subdominant. The solution corresponding to the flat model is the future attractor

for models with curved space. The dependence of the scale factor on time coordinate

is qualitatively similar to that depicted in Fig.1 for w = 0.

For 0m , 0 , w < w
c
, and k = -1, the early dynamics (x << 1) for expanding

models is dominated by the curvature term and   tta  , 0t . As it has been

mentioned above, the spacetime with k = -1 and a(t) = t is flat and corresponds

to the Milne universe. The matter energy density behaves as  xm  and for

w > -1 it diverges at t = 0 like  t~m . In the model with 0m , 0 ,

w < w
c
, and k = 1 the scale factor has a minimal value that corresponds to the

zero x = x
m
 of the expression in the right-hand side of (21). At this point the

Hubble function becomes zero. The time-dependence of the scale factor near the

minimum, 1tH , is given by (24) with 1s  and a
m

 = a
min

. At late times

of the expansion, x >> 1, the curvature term in (21) can be ignored and the

cosmological dynamics is well approximated by the solutions for flat model (see

the graphs with w = -2/3, -3/2 in Fig.1). We conclude that the models with 0m ,

0 , w < w
c
, and k = 1 are nonsingular.

Let us turn to the models with 00 m . For w > w
c
 the maximum allowed

value for x is determined by the zero x = x
m
 of the right-hand side in (21). The

asymptotic behavior near the maximum is described by (24) with 1s  and

a
m

 = a
max

. For x << 1, in the right-hand side of (21) we can omit the curvature

term and 2x . The scale factor is approximated by the solution for the flat model

and near the Big Bang, corresponding to t = -t
1
, t

1
 > 0, one has      2

1ttta .

The model has finite lifetime 2t
1
 and the corresponding time-dependence of the

scale factor is qualitatively similar to that for the flat model presented by the graph

with w = 0 in Fig.2.

For 00 m  and -1 < w < w
c
 the function x(t) has a maximal allowed value

x = x
m
 determined by the zero of the right-hand side in (21). Taking x(0) = x

m
,

near the maximum point we have the approximation (24) with 1s  and

a
m

 = a
max

. For k = -1, the models start the expansion at t = -t
1
 with the scale factor

  1ttta   and the behavior of the scale factor is close to the one for the Milne

universe. The expansion is stopped at t = 0 and for t > 0 the model enters the
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contraction phase. The latter is ended at t = t
1
 with   ttta  1 . Hence, the

k = -1 models have lifetime 2t
1
 and the Milne universe is the past and future

attractor for the corresponding dynamics. Note that, though the first derivative of

the scale factor is finite at the points 1tt   ( 1
1


 tt
a ), the matter energy density

diverges at those points as 
 wD

m tt~



1

11 . The models with k = 1 start the

expansion from the finite value of the scale factor a
min

 at t = -t
min

. At that point

  0 minta . At t = 0 the scale factor takes its maximal value  Hxa mmax  and

then it enters into the contraction phase. Near the maximum we have the

approximation (24). The evolution is ended at t = t
min

 with a = a
min

 and   0minta .

Hence, in this case we have nonsingular evolution for minmin ttt  . Joining the

evolutionary pieces with duration 2t
min

, we obtain a model with periodically

oscillating scale factor in the limits maxmin aaa   for  t .

In models with 00 m , w < -1, and for large values of x the expansion

law is close to the one for the flat model and the corresponding behavior is

qualitatively close to the one given by the curve with w = -3/2 in Fig.2. For small

values of x and for models with k = -1 the expansion/contraction law is approxi-

mated by   tta  . At t = 0 the matter energy density vanishes as 
 wD

m t~



1

.

In models with k = 1 the scale factor has a minimum value a = a
min

 determined

by the zero of the right-hand side in (21) and the evolution for all values of

minxx   is qualitatively similar to that described by the curve with w = -3/2 in

Fig.2. The expansion models have Big Rip singularity.

Now let us consider models with the energy densities in the range  00m .

For w > w
c
 the scale factor has a minimal value a = a

min
 which is determined by

the zero of the righthand side in (21). Taking t = 0 for the corresponding value

of the time coordinate, near the minimum one has the approximation (24) with

a
m

 = a
min

 and x
m

 = x
min

. For w > w
c
 and for large values of x the evolution is

approximated by de Sitter spacetime with the Hubble constant H . The behavior

of the scale factor is qualitatively similar to that depicted in Fig.3 by the curves

with w = 0, 1/3 and the corresponding models have no singularities. An example

with positive cosmological constant, negative matter energy density and the

equation of state parameter w = 1/D > w
c
 is provided by (16). In the range

-1 < w < w
c
 and for large values of x the evolution is again dominated by the

cosmological constant with de Sitter spacetime being the past or future attractor.

In the same range for w and for k = -1 one gets the approximate solution   tta 

for 1 tH , corresponding to the Milne universe. The matter energy density

diverges at t = 0. For -1 < w < w
c
 and k = 1 the scale factor has a minimal value

determined by the zero of the right-hand side of (21). Near that minimum the

scale factor is approximated by (24) and the model is nonsingular. In the range

w < -1 the scale factor has the maximal value a
max

 which is given by the zero
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of the right-hand side in (21). For models with k = -1 the expansion starts at

t = -t
1
 with the asymptotic   1ttta   (curvature dominated expansion) and ends

at t = 0 with the asymptotic given by (24). The expansion phase is followed by

the contraction for 0 < t < t
1
 with   ttta  1  near t = t

1
. For models with k = 1

the scale factor varies between two nonzero values  maxmin aaa0 . The

corresponding models are nonsingular and can be extended for    ,t . The

qualitative dynamics is similar to that we have described above for the case k = 1,

00 m , -1 < w < w
c
.

Finally, for 0m , 0 , in accordance with (6), the models with k = 0 and

k = 1 are not allowed. Let us consider the features of the cosmological dynamics

in this case for k = -1. For w > w
c
, from the condition for the positivity of the

expression under the square root in (21), we can see that the model is allowed

under the constraint

 
. 

1

2
2

















w

ww

wwD
b c

c

(27)

This condition restricts the allowed values for the negative energy density 0m .

In the range determined by (27), the right-hand side of (21) has two zeros and

they determine the minimal and maximal values for the scale factor,

  maxmin ataa 0 . At those points 0a  and H = 0. Near the extrema the scale

factor is approximated by (24) with 1s  and k = -1. From (24) it follows that

. 
1

1
max

c
min a

w

ww

H
a 








(28)

For 0m , 0 , w < w
c
 the right hand side of (21) has a single zero that

determines the maximal value of the scale factor a
max

 = a(0). Near the maximum

the scale factor behaves like (24) with 1s  and k = -1. For small values of x

the dynamics is dominated by the curvature term with the Milne universe as the

asymptotic. The expansion starts at t = -t
1
 with   1ttta   and stops at t = 0 with

the maximal value of the scale factor. The evolution for 0 < t < t
1
 corresponds to

the contraction phase with the future attractor   ttta  1 . At the points 1tt 

the matter energy density vanishes for w < -1 and diverges for -1 < w < w
c
.

5. Conclusion. We have considered the dynamics of (D + 1)-dimensional

FRW cosmological models driven by the cosmological constant and the matter

source with barotropic equation of state assuming that the energy densities for those

sources can be either positive or negative. Exact solutions are provided for models

with flat space which include various special cases previously considered in the

literature. In particular, it has been demonstrated that nonsingular solutions are

obtained only for negative energy density of the matter, regardless the sign of the
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cosmological constant. The corresponding scale factor is given by (15). Another

classes of exact solutions, expressed in terms of the hypergeometric function (see

(19) and (20)), are obtained for models with curved space in the absence of

cosmological constant. A number of special cases of those solutions, when they

are expressed in terms of elementary function, have been discussed in the literature

(see, for example, [20]). The qualitative evaluation for models with curved spaces

and with a cosmological constant and matter source has been described in the

second part of section 4 for all the values of the equation of state parameter w

and for all combinations of the signs of the energy densities. Depending on the

values of w one can have Big Bang or Big Rip type singularities. We have also

specified nonsingular models with curved space. For k = 1, nonsingular modelas

are obtained for the following combinations of conditions: (i) ( 00  m , 0 ,

w < w
c
), (ii) ( 00  m , 0 , -1 < w < w

c
), (iii) ( 00  m , 0 ). In models

(ii ) and ( 00  m , 0 , w > -1) the evolution of the scale factor, as a function

of time coordinate, is periodically oscillatory in the limits   maxmin ataa  . In

the remaining cases, the qualitative evolution of k = 1 nonsingular models is similar

to that depicted in Fig.3 for w = -2/3, 0, 1/3. For models with negative curvature

space there exists at least one point on the time axis where the scale factor

becomes zero. Near those points the evolution is dominated by the matter source

for w > w
c
 and by the curvature term for w < w

c
. In the second case the scale

factor is approximated by a linear expansion/contraction as a function of the time

coordinate. At the point with zero scale factor the matter energy density diverges

for -1 < w < w
c
 and vanishes for w < -1.

We have seen that the negative energy densities for both the cosmological

constant and matter source enlarge the possible scenarios of cosmological dynam-

ics. Bearing in mind applications in higher-dimensional models, it would be

interesting to generalize the corresponding results for models with extra compact

dimensions. The compactification leads to additional contributions to the vacuum

expectation value of the energy-momentum tensor. In general, the effective

pressures along compact dimensions differ and for massless conformally coupled

fields the topological contributions are equivalent to barotropic perfect fluid with

anisotropic pressures. In particular, the coefficients w in the respective equations

of state may have different signs. In the corresponding anisotropic cosmological

models one can have an expansion for a part of dimensions and a contraction

for the remaining ones. The analysis of different cosmological scenarios can be

done in a way similar to that we have described above. We can also use the

methods of qualitative analysis of dynamical systems to classify qualitatively

different cosmological models. The corresponding results for a toroidal

compactification will be presented elsewhere.
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ÊÎÑÌÎËÎÃÈ×ÅÑÊÀß ÝÂÎËÞÖÈß Ñ
ÎÒÐÈÖÀÒÅËÜÍÎÉ ÏËÎÒÍÎÑÒÜÞ ÝÍÅÐÃÈÈ

À.À.ÑÀÀÐßÍ1,2, Ð.Ì.ÀÂÀÊßÍ1,2, Å.Ð.ÁÅÇÅÐÐÀ ÄÅ ÌÅËËÎ3,

Â.Õ.ÊÎÒÀÍÄÆßÍ1,2, Ò.À.ÏÅÒÐÎÑßÍ1,2, Ã.Ã.ÁÀÁÓÄÆßÍ1

Äëÿ ïðîèçâîëüíîãî ÷èñëà ïðîñòðàíñòâåííûõ èçìåðåíèé èññëåäîâàíà

êîñìîëîãè÷åñêàÿ äèíàìèêà, óïðàâëÿåìàÿ êîñìîëîãè÷åñêîé ïîñòîÿííîé è

èñòî÷íèêîì ñ áàðîòðîïíûì óðàâíåíèåì ñîñòîÿíèÿ. Ïðåäïîëàãàåòñÿ, ÷òî äëÿ

îáîèõ èñòî÷íèêîâ ïëîòíîñòü ýíåðãèè ìîæåò áûòü êàê ïîëîæèòåëüíîé, òàê è

îòðèöàòåëüíîé. Äëÿ ïëîñêèõ ìîäåëåé ïðèâåäåíû òî÷íûå ðåøåíèÿ

êîñìîëîãè÷åñêèõ óðàâíåíèé. Äëÿ ìîäåëåé ñ èñêðèâëåííûì ïðîñòðàíñòâîì è

ñ íóëåâîé êîñìîëîãè÷åñêîé ïîñòîÿííîé îáùèå ðåøåíèÿ âûðàæàþòñÿ ÷åðåç

ãèïåðãåîìåòðè÷åñêóþ ôóíêöèþ. Êà÷åñòâåííàÿ ýâîëþöèÿ îïèñàíà äëÿ âñåõ

çíà÷åíèé ïàðàìåòðà óðàâíåíèÿ ñîñòîÿíèÿ. Âûäåëåíû çíà÷åíèÿ ýòîãî ïàðàìåòðà

è êîìáèíàöèè çíàêîâ äëÿ êîñìîëîãè÷åñêîé ïîñòîÿííîé è ïëîòíîñòè ýíåðãèè

ìàòåðèè, äëÿ êîòîðûõ êîñìîëîãè÷åñêàÿ äèíàìèêà íåñèíãóëÿðíà. Ðàññìîòðåí

ïðèìåð ñ ïîëîæèòåëüíîé êîñìîëîãè÷åñêîé ïîñòîÿííîé è îòðèöàòåëüíîé

ïëîòíîñòüþ ýíåðãèè âåùåñòâà, èíäóöèðîâàííîé ïîëÿðèçàöèåé ãèïåðáîëè÷åñêîãî

âàêóóìà.

Êëþ÷åâûå ñëîâà: êîñìîëîãè÷åñêàÿ ýâîëþöèÿ: êîñìîëîãè÷åñêàÿ ïîñòîÿííàÿ:

     îòðèöàòåëüíàÿ ïëîòíîñòü ýíåðãèè
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TESTING THE APPLICABILITY OF SCALING LAW FOR
COLLISIONAL RATE COEFFICIENTS
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Calculation of collisional rate coefficients is a challenging and difficult task. When these data
are not available, their values may be estimated using a scaling law. In some investigations, we have
utilized a scaling law. Accurate collisional rate coefficients for cyclopropenylidene (c-C

3
H

2
) as a

complete set are available, and thus it may be appropriate occasion to test the applicability of that
scaling law. We have considered 50 rotational levels of each of the ortho and para species of
c-C

3
H

2
 having energies up to 91.53 cm

-1
 and 87.21 cm

-1
, respectively. We have compared the results

of radiative transfer using accurate collisional rate coefficients with those obtained using the scaling
law, and have found that the results of the scaling law are qualitative. Hence, for getting the
qualitative behaviour of an analysis, the use of the scaling law is quite reasonable.

Keywords: ISM molecules: saling law: Sobolev LVG analysis: radiative transfer

1. Introduction. Calculation of collisional rate coefficients is a challenging

and difficult task [1], and therefore, such data are available for a limited number

of molecules. As these data were not available, we [2-4] have used a scaling law

  T
J

JJC
caca kkkk

12

101 11

 , ,







 (1)

for estimation of collisional rate coefficients in the downward direction

caca kkkk JJ  , ,   . This is cross section times the relative velocity between the target

and the colliding partner. A cross section   may be taken as 2
0a , where

a
0

 = 0.52917 Å  is the Bohr radius. Hence, 1610  cm2. For a velocity 1v m/s,

we have 1110v  cm3/s. Collisional rate coefficients for excitation (upward

direction) may be calculated using the detailed equilibrium:

   , exp
12

12
 , , , , cacacaca KKKKKKKK JJC

kT

E

J

J
JJC 







 













  (2)

where, E  is the energy difference between the levels 
ca kkJ  ,  and 

ca kkJ   , .

Khalifa et al. [5] have calculated accurate collisional rate coefficients for

rotational transitions in the ground vibrational state of cyclopropenylidene (c-C
3
H

2
)

due to collisions with the He atom. It has been a regular practice to replace H
2

molecule (which is the most abundant molecule in a molecular region) by He

atom [6-9], as both of them have two protons and two electrons. It is because
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the calculations with He atom are easier as compared to those with H
2
 molecule.

The cyclopropenylidene (c-C
3
H

2
) is a planar asymmetric top molecule having

v2C  symmetry and large electric dipole moment 3.27  Debye [10] lying along

the b-axis of inertia. Earlier, the electric dipole moment   was calculated as 3.32

Debye [11]. The cyclopropenylidene has been analyzed in the terrestrial laboratories

from time to time [12,13]. After H
2
CO [14], the c-C

3
H

2
 is the second molecule

to show the phenomenon of anomalous absorption. Following first detection of

c-C
3
H

2
 by Matthews et al. [15], Madden et al. [16] found c-C

3
H

2
 ubiquitous,

through its transition 2
20
-2

11
 at 21.587 GHz, which was found in anomalous

Fig.1. Variation of excitation temperatures T
ex
 (K) versus molecular hydrogen density 

2H
n  for

the accurate and scaled collisional rate coefficients, written at the top, at kinetic temperature
30 K, for anomalous absorption lines of cyclopropenylidene, written on the left. Solid line is for

5
10


  cm

-3
 (km/s)

-1
 pc, and the dotted line for 

6
10


  cm

-3
 (km/s)

-1
 pc.
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absorption (the absorption against the cosmic microwave background having the

background temperature of 2.73 K). Cox et al. [17], however, reported this line

in emission in the planetary nebula NGC 7027. Because of two equivalent

hydrogen atoms, the c-C
3
H

2
 has ortho and para species. For each species, the

collisional rate coefficients are available for 50 rotational levels having energies up

to 91.53 cm-1 and 87.21 cm-1, respectively. Using these accurate collisional rate

coefficients, Sharma and Chandra [18] have performed Sobolev analysis of both

species and have discussed results for four, 2
2.0

-2
1.1

, 4
4.0

-4
3.1

, 3
3.0

-3
2.1

 and 4
3.2

-5
0.5

,

transitions showing anomalous absorption, and two transitions, 4
0.4

-3
3.1

, 5
1.4

-4
4.1

,

showing the weak MASER action. One transition 1
1.0

-1
0.1

 connection the ground

state of ortho species was also considered.

In order to test the applicability of the scaling law (1), we have repeated the

simulation of Sharma and Chandra [18] where the accurate collisional rate

coefficients have been replaced by the values obtained using the scaling law (1).

The two sets of results are compared and the conclusions are drawn. The parameter

Fig. 2 Variation of n
u 
g

l 
/n

l 
g

u
 versus molecular hydrogen density 

2H
n  for the accurate and scaled

collisional rate coefficients, written at the top, at kinetic temperature 30 K, for the transitions of
cyclopropenylidene, written on the left. Solid line is for 

5
10


  cm

-3
 (km/s)

-1
 pc, and the dotted

line for 
6

10


  cm
-3

 (km/s)
-1

 pc.

Accurate Scaled
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  is defined as  drdn rmol v , where n
mol

 denotes the density of the species

of molecule, and drd rv  is the velocity-gradient in the region.

2. Results and discussion. Details of calculations and information about

the data used are available in Sharma and Chandra [18]. To check the applicability

of equation (1), we have repeated the simulation of Sharma and Chandra [18]

as such, where the accurate collisional rate coefficients of Khalifa et al. [5] are

replaced by those obtained by using equation (1). Comparison of results for kinetic

temperature of 30 K is shown in Fig.1 for four anomalous absorption lines and

in Fig.2 for two weak MASER lines and the line connecting the ground state

of ortho species. The Figures show that though the results may vary significantly,

but their qualitative behaviour remains the same. Similar results have been

obtained for other kinetic temperatures, 10, 20, 40, 50 K also. The results support

the idea that when accurate collisional rate coefficients are not available, the scaling

law expressed by equation (1) may be used to get qualitative behaviour of results

of investigation.
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ÏÐÎÂÅÐÊÀ ÏÐÈÌÅÍÈÌÎÑÒÈ ÇÀÊÎÍÀ ÏÎÄÎÁÈß
ÄËß ÑÒÎËÊÍÎÂÈÒÅËÜÍÛÕ ÊÎÝÔÔÈÖÈÅÍÒÎÂ

Ì.Ê.ØÀÐÌÀ1, Ñ.×ÀÍÄÐÀ2

Âû÷èñëåíèå ñòîëêíîâèòåëüíûõ êîýôôèöèåíòîâ ÿâëÿåòñÿ ñëîæíîé è òðóäíîé

çàäà÷åé. Êîãäà ýòè äàííûå íåäîñòóïíû, èõ çíà÷åíèÿ ìîãóò áûòü îöåíåíû ñ

èñïîëüçîâàíèåì çàêîíà ñêåéëèíãà (çàêîí ïîäîáèÿ/ìàñøòàáíàÿ èíâàðèàíòíîñòü).
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Â íåêîòîðûõ èññëåäîâàíèÿõ ìû èñïîëüçîâàëè çàêîí ïîäîáèÿ. Òî÷íûå êîýôôè-

öèåíòû ñêîðîñòè ñòîëêíîâåíèé äëÿ öèêëîïðîïåíèëèäåíà (c-C
3
H

2
) äîñòóïíû

â âèäå ïîëíîãî íàáîðà, ÷òî ïîçâîëèëî àíàëèçèðîâàòü âîçìîæíîñòü ïðèìåíåíèÿ

çàêîíà ïîäîáèÿ. Ðàññìîòðåíî ïî 50 âðàùàòåëüíûõ óðîâíåé êàæäîãî èç îðòî-

è ïàðà-âèäîâ c-C
3
H

2
 ñ ýíåðãèÿìè äî 91.53 ñì-1 è 87.21 ñì-1, ñîîòâåòñòâåííî.

Ñðàâíåíèå ðåçóëüòàòîâ ïåðåíîñà èçëó÷åíèÿ ñ èñïîëüçîâàíèåì òî÷íûõ ñòîëêíî-

âèòåëüíûõ êîýôôèöèåíòîâ ñ ðåçóëüòàòàìè, ïîëó÷åííûìè ñ èñïîëüçîâàíèåì

çàêîíà ïîäîáèÿ, ïîêàçàëî, ÷òî ðåçóëüòàòû çàêîíà ïîäîáèÿ ÿâëÿþòñÿ êà÷åñò-

âåííûìè. Ñëåäîâàòåëüíî, äëÿ ïîëó÷åíèÿ êà÷åñòâåííîãî ïîâåäåíèÿ àíàëèçà

èñïîëüçîâàíèå çàêîíà ïîäîáèÿ âïîëíå ðàçóìíî.

Êëþ÷åâûå ñëîâà: ìîëåêóëû: çàêîí ïîäîáèÿ: LVG àíàëèç Ñîáîëåâà: ïåðåíîñ

      èçëó÷åíèÿ
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6. Îôîðìëåíèå ðóêîïèñè. Íà ïåðâîé ñòðàíèöå äàåòñÿ íàçâàíèå ñòàòüè (ïî

âîçìîæíîñòè êðàòêî è èíôîðìàòèâíî), èíèöèàëû, ôàìèëèÿ êàæäîãî àâòîðà

è àííîòàöèÿ íà ðóññêîì ÿçûêå. Íà âòîðîé ñòðàíèöå ïðèâîäÿòñÿ íàçâàíèå

ñòàòüè,  èíèöèàëû, ôàìèëèÿ êàæäîãî àâòîðà è òåêñò àííîòàöèè íà àíãëèéñêîì

ÿçûêå, êîòîðûé äîëæåí ïîëíîñòüþ ñîîòâåòñòâîâàòü ðóññêîìó. Â àííîòàöèè

äîëæíû áûòü èçëîæåíû ãëàâíûå ðåçóëüòàòû ðàáîòû áåç ññûëîê íà ëèòåðàòóðó.

Ìàêñèìàëüíûé îáúåì àííîòàöèè íå äîëæåí ïðåâûøàòü 5% îñíîâíîãî òåêñòà.

Òàáëèöû, ñïèñîê ëèòåðàòóðû, ðèñóíêè è íàäïèñè ê ðèñóíêàì ïå÷àòàþòñÿ íà

îòäåëüíûõ ñòðàíèöàõ. Ðàñïîëîæåíèå òàáëèö è ðèñóíêîâ îòìå÷àåòñÿ íà ïîëÿõ

îñíîâíîãî òåêñòà. Àííîòàöèè, îñíîâíîé òåêñò, ñïèñîê ëèòåðàòóðû è òàáëèöû

äîëæíû èìåòü îäíó îáùóþ íóìåðàöèþ ñòðàíèö. Ñóììàðíûé îáúåì íå

äîëæåí ïðåâûøàòü 16 ñòàíäàðòíûõ ñòðàíèö. Îáúåì êðàòêîãî ñîîáùåíèÿ - íå

áîëåå 4 ñòðàíèö.

Ñòàòüÿ ñîñòîèò èç ïðîíóìåðîâàííûõ ðàçäåëîâ, íà÷èíàÿ ñ "1. Ââåäåíèå".

Íàçâàíèÿ ðàçäåëîâ ïå÷àòàþòñÿ êóðñèâîì â ñòðîêå, îíè äîëæíû áûòü êðàòêèìè

è ñîäåðæàòåëüíûìè. Ïîäðàçäåëû ìîãóò áûòü ïðîíóìåðîâàíû êàê 2.1, 2.2 è

ò.ä. Íåîáõîäèìûå ñîêðàùåíèÿ òåðìèíîâ èëè íàçâàíèé ìîãóò áûòü èñïîëü-

çîâàíû âî âñåé ñòàòüå, îäíàêî èõ îáúÿñíåíèå äàåòñÿ ëèøü îäèí ðàç ïðè

ïåðâîì óïîìèíàíèè.

7. Â ñëó÷àå ïðåäñòàâëåíèÿ äâóõ èëè áîëåå ñòàòåé îäíîâðåìåííî íåîáõîäèìî

óêàçàòü æåëàòåëüíûé ïîðÿäîê èõ ïóáëèêàöèè.

8. Ðóêîïèñè àâòîðàì íå âîçâðàùàþòñÿ.

9. Àâòîðàì ñòàòüè (íåçàâèñèìî îò èõ êîëè÷åñòâà) ïðåäñòàâëÿåòñÿ 10

îòòèñêîâ áåñïëàòíî.
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