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Ïîñòóïèëà 17 àâãóñòà 2019

Ïðåäñòàâëåíû îöåíêè èíòåãðàëüíîãî (SFR) è óäåëüíîãî (sSFR) òåìïà çâåçäîîáðàçîâàíèÿ
äëÿ 181 ãàëàêòèêè ïîçäíèõ òèïîâ Sc, Scd, Sd, âèäèìîé ïî÷òè àíôàñ. Çíà÷åíèÿ SFR äëÿ íèõ
ïîëó÷åíû ïî FUV-ïîòîêàì èç îáçîðà GALEX. Ìåäèàííûå âåëè÷èíû sSFR ðàâíû: -10.66 dex
äëÿ Sc, -10.44 dex äëÿ Scd è -10.40 dex äëÿ Sd òèïîâ â åäèíèöàõ (ãîä)-1. Ñðåäíåå çíà÷åíèå
sSFR äëÿ ýòèõ ãàëàêòèê ïëàâíî óìåíüøàåòñÿ îò ìàëîìàññèâíûõ äèñêîâ ê ãèãàíòñêèì äèñêàì.
Ïîñëå ó÷åòà ôîòîìåòðè÷åñêèõ îøèáîê óäåëüíûé òåìï çâåçäîîáðàçîâàíèÿ èìååò ìàëóþ êîñìè-
÷åñêóþ âàðèàöèþ, 0.16 dex. ×òîáû âîñïðîèçâåñòè íàáëþäàåìóþ çâåçäíóþ ìàññó çà êîñìè÷åñêîå
âðåìÿ 

910813 .  ëåò, ãàëàêòèêè áåç áàëäæåé, âèäèìûå àíôàñ, äîëæíû áûëè èìåòü â ïðîøëîì
òåìïû SFR â äâà-òðè ðàçà âûøå, ÷åì íàáëþäàåìûå ñåé÷àñ.

Êëþ÷åâûå ñëîâà: ñïèðàëüíûå ãàëàêòèêè: äèñêè: çâåçäîîáðàçîâàíèå

1. Ââåäåíèå. Îáçîð íåáà â FUV-ïîëîñå äàëåêîãî óëüòðàôèîëåòà
( Å1539ef , Å269FWHM  ) íà êîñìè÷åñêîì òåëåñêîïå GALEX [1,2] ïðèâåë
ê îáíàðóæåíèþ FUV-ïîòîêîâ ó äåñÿòêîâ òûñÿ÷ ãàëàêòèê. Ýòî ïîçâîëèëî
îïðåäåëèòü ñîâðåìåííûé òåìï çâåçäîîáðàçîâàíèÿ â ãàëàêòèêàõ íà õàðàêòåðíîé
øêàëå âðåìåíè ~108 ëåò, ñîîòâåòñòâóþùåé ñðåäíåìó âîçðàñòó ìîëîäûõ ãîëóáûõ
çâåçä. Óäåëüíûé òåìï çâåçäîîáðàçîâàíèÿ, ,SFRsSFR  M  îòíåñåííûé ê
åäèíèöå çâåçäíîé ìàññû ãàëàêòèêè, ìîíîòîííî âîçðàñòàåò âäîëü õàááëîâñêîé
ïîñëåäîâàòåëüíîñòè îò ðàííèõ òèïîâ S0, Sa (T = 0, 1 ïî øêàëå Âîêóëåðà) äî
ïîçäíèõ òèïîâ Sm, Im, Ir (T = 8, 9, 10) [3,4]. Îñíîâíîé ïðè÷èíîé âîçðàñòàíèÿ
sSFR ñ ðîñòîì ìîðôîëîãè÷åñêîãî òèïà T ÿâëÿåòñÿ óìåíüøåíèå äîëè ñòàðîãî
çâåçäíîãî íàñåëåíèÿ, ñîñðåäîòî÷åííîãî ïðåèìóùåñòâåííî â ñôåðîèäàëüíîé
ïîäñèñòåìå (áàëäæå). Îñòàåòñÿ ïîêà íåÿñíûì ïîâåäåíèå sSFR â çàâèñèìîñòè
îò ìîðôîëîãè÷åñêîãî òèïà èëè çâåçäíîé ìàññû ó ãàëàêòèê áåç âèäèìûõ
ïðèçíàêîâ áàëäæà. Ìåëüíèê è äð. [5] ðàññìîòðåëè âûáîðêó ~500 óëüòðàïëîñêèõ
(UF) ñïèðàëüíûõ ãàëàêòèê, îðèåíòèðîâàííûõ ñ ðåáðà [6], ó êîòîðûõ âêëàä
áàëäæà â îáùóþ ñâåòèìîñòü ãàëàêòèêè ïðåíåáðåæèìî ìàë. Àâòîðû ïðèøëè
ê çàêëþ÷åíèþ, ÷òî ïðè ïåðåõîäå îò Sc ê Sd òèïàì óäåëüíûé òåìï çâåçäî-
îáðàçîâàíèÿ âîçðàñòàåò â äâà ðàçà. Îäíàêî ýòîò âûâîä íóæäàåòñÿ â íåçàâèñèìîé
ïðîâåðêå, ïîñêîëüêó â UF-ãàëàêòèêàõ, âèäèìûõ ñ ðåáðà, ñèëåí ýôôåêò
âíóòðåííåãî ïîãëîùåíèÿ, êîòîðûé ñ òðóäîì ïîääàåòñÿ êîëè÷åñòâåííîìó ó÷åòó.
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Â ðàáîòå [7] áûëà ñôîðìèðîâàíà âûáîðêà 220 ñïèðàëüíûõ ãàëàêòèê áåç
áàëäæåé, âèäèìûõ ïî÷òè ñòðîãî àíôàñ. Â íåå âîøëè ãàëàêòèêè ìîðôîëî-
ãè÷åñêèõ òèïîâ Sc, Scd, Sd (T = 5-7) ñ óãëîâûì äèàìåòðîì a > 0'.8, îòíîøåíèåì
îñåé log(a/b) < 0.05, è ëó÷åâîé ñêîðîñòüþ îòíîñèòåëüíî öåíòðîèäà Ìåñòíîé
ãðóïïû VLG < 10000 êì/ñ â çîíå ñêëîíåíèé DEC > -30o. Âíóòðåííåå ïîãëîùåíèå
â ýòèõ îáúåêòàõ íåâåëèêî è ïðàêòè÷åñêè íå âëèÿåò íà âèä ñîîòíîøåíèÿ
sSFR(T ) èëè sSFR(M 

*). Âàæíîé îñîáåííîñòüþ ýòèõ ãàëàêòèê ÿâëÿåòñÿ èõ
ëîêàëèçàöèÿ â îáëàñòÿõ íèçêîé êîñìè÷åñêîé ïëîòíîñòè [8], ãäå íåò çàìåòíûõ
ñëåäîâ âçàèìîäåéñòâèÿ ñ áëèçêèìè ñîñåäÿìè.

Íèæå ìû îöåíèâàåì èíòåãðàëüíûé (SFR) è óäåëüíûé (sSFR) òåìï
çâåçäîîáðàçîâàíèÿ ó ãàëàêòèê áåç áàëäæåé, âèäèìûõ àíôàñ, è ðàññìàòðèâàåì
çàâèñèìîñòü ýòèõ ïàðàìåòðîâ îò çâåçäíîé è âîäîðîäíîé ìàññû ãàëàêòèê.

2. Èñõîäíûå íàáëþäàòåëüíûå äàííûå . Ñðåäè 220 Sc, Scd, Sd-
ãàëàêòèê íàøåé âûáîðêè, âèäèìûõ àíôàñ, âíå çîíû GALEX-îáçîðà îêàçàëîñü
39 ãàëàêòèê. Îñòàëüíûå ãàëàêòèêè áûëè óâåðåííî äåòåêòèðîâàíû â FUV-
ïîëîñå. Äàííûå î íèõ ïðåäñòàâëåíû â òàáë.1. Ñëåäóåò îòìåòèòü, ÷òî â ðÿäå
ñëó÷àåâ FUV-èçîáðàæåíèÿ ãàëàêòèê ðàñïàäàþòñÿ íà íåñêîëüêî ôðàãìåíòîâ.
Ýòî ïîòðåáîâàëî èíäèâèäóàëüíîãî ïîäõîäà ê îïðåäåëåíèþ èíòåãðàëüíîãî
ïîòîêà êàæäîé ãàëàêòèêè.

Â ñòîëáöàõ òàáë.1 ñîäåðæàòñÿ: (1) - èìÿ ãàëàêòèêè; (2) - ìîðôîëîãè÷åñêèé
òèï ïî øêàëå Âîêóëåðà, îïðåäåëåííûé íàìè ïî ìíîãîöâåòíûì èçîáðàæåíèÿì
â îáçîðå PanSTARRS [9]; (3) - èíòåãðàëüíàÿ âèäèìàÿ âåëè÷èíà ãàëàêòèêè â
B-ïîëîñå èç áàçû äàííûõ HyperLEDA [10]; (4) - Ãàëàêòè÷åñêîå ïîãëîùåíèå
ñîãëàñíî [11]; (5) - âèäèìàÿ âåëè÷èíà ãàëàêòèêè â FUV-ïîëîñå; (6) - âèäèìàÿ
âåëè÷èíà â ëèíèè íåéòðàëüíîãî âîäîðîäà 21 ñì ïî äàííûì [10]; (7) - èíòåã-
ðàëüíàÿ âåëè÷èíà ãàëàêòèêè â K-ïîëîñå, âû÷èñëåííàÿ ïî B-âåëè÷èíå è
ìîðôîëîãè÷åñêîìó òèïó êàê

, 6044 .TABK GtB  (1)

(ñîîòíîøåíèå ïîëó÷åíî ïóòåì àïïðîêñèìàöèè äàííûõ, ïðåäñòàâëåííûõ íà
ðèñ.19 â [12]); (8) - ðàññòîÿíèå äî ãàëàêòèêè (â Ìïê), îïðåäåëåííîå ïî ëó÷åâîé
ñêîðîñòè VLG ïðè ïàðàìåòðå Õàááëà H0 = 73 êì/ñ/Ìïê; äëÿ áëèçêèõ ãàëàêòèê
ñ VLG < 2500 êì/ñ îöåíêà ðàññòîÿíèÿ ñäåëàíà ñîãëàñíî ìîäåëè [13], êîòîðàÿ
ó÷èòûâàåò ïàäåíèå ãàëàêòèê ê ñêîïëåíèþ Virgo è ðàñøèðåíèå Ìåñòíîé
êîñìè÷åñêîé ïóñòîòû; äëÿ ñàìûõ áëèçêèõ ãàëàêòèê ïðèâåäåíû èíäèâèäóàëüíûå
ôîòîìåòðè÷åñêèå ðàññòîÿíèÿ èç áàçû äàííûõ ÑÀÎ ÐÀÍ äëÿ ãàëàêòèê Ìåñòíîãî
îáúåìà http://www.sao.ru/lv/lvgdb/ [14]; (9) - ëîãàðèôì èíòåãðàëüíîé ñâåòèìîñòè
ãàëàêòèêè â K-ïîëîñå ïðè àáñîëþòíîé âåëè÷èíå Ñîëíöà 283m.K  ; (10) -
ëîãàðèôì âîäîðîäíîé ìàññû ãàëàêòèêè
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Ãàëàêòèêà T Bt AG mFUV m21 KB D logLK logMHI logSFR logSFR/LK

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

NGC7816 5 13.91 0.27 16.31 14.58 10.29 74 10.93 10.24 0.204 -10.73
UGC00044 7 16.70 0.15 18.70 17.80 13.70 89 9.73 9.11 -0.685 -10.41
UGC00048 6 15.60 0.58 16.91 14.89 11.92 63 10.14 9.97 0.061 -10.08
NGC7834 6 15.35 0.63 17.22 15.96 11.63 74 10.40 9.68 0.112 -10.29
NGC0039 5 14.34 0.35 16.69 16.02 10.64 70 10.74 9.61 0.061 -10.68
UGC00160 6 16.50 0.21 17.56 15.97 13.19 68 9.70 9.61 -0.416 -10.12
PGC1075005 6 15.57 0.15 17.18 ... 12.32 46 9.71 ... -0.654 -10.36
PGC002257 5 15.41 0.11 17.34 ... 11.95 59 10.07 ... -0.528 -10.60
IC1562 5 13.60 0.05 15.24 15.02 10.20 52 10.66 9.76 0.156 -10.51
NGC0198 5 13.10 0.11 16.12 16.16 9.64 74 11.19 9.60 0.155 -11.04
IC0043 5 13.95 0.29 16.70 15.40 10.31 70 10.88 9.86 0.014 -10.86
NGC0236 5 14.43 0.11 16.08 16.02 10.97 80 10.73 9.73 0.235 -10.49
NGC0255 5 12.41 0.15 14.26 13.51 8.91 21 10.39 9.57 -0.166 -10.56
IC0056 6 15.15 0.12 16.65 16.25 11.93 85 10.40 9.69 0.072 -10.33
UGC00626 5 14.97 0.21 16.96 ... 11.41 80 10.55 ... -0.035 -10.59
ESO412-013 5 15.00 0.09 16.68 ... 11.56 78 10.47 ... -0.037 -10.51
ESO542-004 7 15.00 0.06 16.97 ... 12.10 78 10.26 ... -0.182 -10.44
IC1666 6 14.35 0.27 17.03 16.23 10.98 70 10.61 9.53 -0.134 -10.74
PGC005023 6 15.78 0.14 18.76 18.44 12.54 27 9.16 7.82 -1.754 -10.91
UGC00929 6 14.82 0.15 16.43 16.23 11.57 104 10.72 9.87 0.358 -10.36
NGC0575 5 13.72 0.27 16.11 15.51 10.10 46 10.59 9.45 -0.134 -10.73
NGC0628 5 9.80 0.28 12.20 11.56 6.17 10 10.84 9.71 0.118 -10.73
UGC01148 5 15.45 0.71 18.02 16.48 11.39 68 10.42 9.41 -0.216 -10.64
ESO543-021 5 14.95 0.08 16.63 ... 11.52 79 10.50 ... -0.014 -10.51
UGC01347 5 13.50 0.32 15.97 15.65 9.83 79 11.17 9.86 0.431 -10.74
PGC007210 5 14.97 0.13 16.12 14.88 11.49 112 10.81 10.48 0.527 -10.28
UGC01478 5 14.56 0.47 17.21 16.18 10.74 69 10.69 9.53 -0.066 -10.76
UGC01546 5 14.76 0.33 16.75 15.63 11.08 33 9.92 9.11 -0.628 -10.54
PGC007942 6 15.00 0.12 16.83 16.50 11.78 73 10.32 9.46 -0.137 -10.46
PGC008142 5 14.91 0.10 17.30 ... 11.46 110 10.81 ... 0.021 -10.79
UGC02043 5 14.96 0.52 17.88 ... 11.09 73 10.60 ... -0.243 -10.85
UGC02094 5 13.74 0.28 16.26 15.37 10.12 73 10.99 9.91 0.214 -10.78
ESO479-022 5 15.39 0.13 17.05 ... 11.91 99 10.54 ... 0.053 -10.49
UGC02174 5 15.09 0.57 17.11 14.86 11.17 72 10.56 10.10 0.091 -10.47
ESO546-011 5 14.52 0.15 16.27 15.23 11.02 62 10.49 9.82 -0.031 -10.52
NGC1067 5 14.55 0.82 17.57 16.12 10.38 64 10.77 9.49 -0.005 -10.78
UGC02323 5 15.66 1.08 18.72 16.62 11.23 111 10.91 9.77 0.217 -10.69
PGC012008 5 15.00 0.21 17.33 ... 11.44 129 10.96 ... 0.232 -10.72
UGC02623 7 15.59 1.02 19.07 15.36 11.72 63 10.22 9.78 -0.467 -10.69
UGC02692 5 14.07 0.34 16.06 15.86 10.38 87 11.04 9.87 0.496 -10.54
UGC02712 6 15.50 1.26 20.26 17.58 11.14 97 10.83 9.27 -0.380 -11.21
UGC02721 7 16.40 0.58 18.45 16.67 12.97 89 10.02 9.56 -0.253 -10.28
NGC1325A 7 13.40 0.09 16.03 15.87 10.46 15 9.48 8.33 -1.214 -10.69
ESO548-035 5 13.49 0.27 15.77 14.82 9.87 57 10.88 9.91 0.195 -10.68

Òàáëèöà 1

ÈÑÕÎÄÍÛÅ ÄÀÍÍÛÅ ÄËß Sc-Sd ÃÀËÀÊÒÈÊ, ÂÈÄÈÌÛÕ ÀÍÔÀÑ
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1 2 3 4 5 6 7 8 9 10 11 12

NGC1376 5 12.85 0.20 15.02 14.62 9.30 57 11.10 9.99 0.438 -10.66
PGC013714 6 15.10 0.35 17.41 ... 11.65 59 10.19 ... -0.371 -10.56
IC0342 5 9.40 2.41 12.80 8.03 3.64 3 10.81 10.07 0.470 -10.34
UGC02859 5 16.00 1.93 19.88 15.29 10.72 77 10.79 9.99 0.084 -10.71
UGC03051 6 16.00 0.97 18.37 16.13 11.94 95 10.49 9.83 0.131 -10.36
NGC1599 5 14.10 0.17 15.38 15.33 10.58 54 10.54 9.66 0.225 -10.32
IC0391 5 12.98 0.56 15.04 14.69 9.07 24 10.44 9.21 -0.046 -10.49
ESO552-047 5 15.26 0.44 17.59 ... 11.47 90 10.63 ... -0.007 -10.64
PGC017323 7 13.49 0.34 14.92 14.59 10.30 30 10.14 9.45 0.024 -10.12
PGC018031 5 14.84 1.09 18.30 16.69 10.40 96 11.11 9.62 0.262 -10.85
IC0441 5 14.40 1.18 17.16 15.16 9.87 30 10.32 9.22 -0.224 -10.54
UGC03574 6 13.20 0.25 14.66 13.74 9.85 24 10.13 9.59 -0.134 -10.26
UGC03701 6 14.80 0.26 16.59 15.29 11.44 42 9.98 9.46 -0.409 -10.39
UGC03806 6 15.26 0.44 18.10 16.61 11.72 74 10.36 9.43 -0.385 -10.74
UGC03825 5 15.06 0.37 16.97 16.21 11.34 114 10.89 9.96 0.394 -10.50
UGC03886 5 16.00 0.27 16.57 15.67 12.38 69 10.04 9.74 0.041 -10.00
UGC03924 7 15.66 0.13 17.54 16.80 12.68 69 9.92 9.29 -0.457 -10.37
UGC04074 5 13.75 0.18 16.54 ... 10.22 99 11.21 ... 0.295 -10.92
NGC2500 7 12.22 0.17 13.80 13.95 9.20 12 9.79 8.91 -0.450 -10.24
NGC2514 5 14.01 0.15 16.17 15.65 10.51 65 10.73 9.70 0.051 -10.68
PGC086610 7 16.40 0.20 18.14 17.45 13.35 65 9.60 8.98 -0.696 -10.29
PGC023378 6 14.49 0.21 17.19 15.59 11.18 60 10.39 9.65 -0.380 -10.77
UGC04380 5 15.05 0.26 17.39 16.43 11.44 104 10.77 9.79 0.058 -10.71
UGC04445 5 15.06 0.29 17.11 15.60 11.42 88 10.63 9.98 0.044 -10.59
IC0509 5 13.83 0.16 15.87 15.49 10.33 74 10.92 9.87 0.290 -10.63
NGC2607 5 14.95 0.18 16.09 15.02 11.42 47 10.09 9.67 -0.173 -10.26
UGC04536 5 15.42 0.41 18.06 ... 11.66 103 10.67 ... -0.101 -10.77
NGC2661 6 13.86 0.13 15.30 15.15 10.63 54 10.52 9.73 0.226 -10.30
UGC04853 6 15.24 0.17 16.34 15.22 11.97 34 9.59 9.30 -0.559 -10.15
PGC026687 6 14.72 0.13 16.40 ... 11.49 46 10.04 ... -0.353 -10.39
UGC05015 6 15.30 0.09 16.69 15.85 12.11 28 9.36 8.88 -0.935 -10.29
UGC05153 5 15.65 0.13 16.82 ... 12.17 110 10.53 ... 0.236 -10.29
UGC05169 7 15.44 0.05 17.41 ... 12.54 106 10.34 ... -0.099 -10.44
NGC2967 5 12.28 0.44 15.26 13.46 8.49 31 10.89 9.93 -0.002 -10.90
UGC05274 6 14.92 0.18 17.01 15.97 11.64 79 10.45 9.74 -0.087 -10.54
ESO566-019 6 13.99 0.21 16.03 15.27 10.68 47 10.38 9.57 -0.125 -10.51
ESO499-011 7 15.01 0.27 17.50 15.80 11.89 38 9.71 9.17 -0.856 -10.57
PGC028556 5 14.84 0.19 17.47 16.07 11.30 98 10.77 9.89 -0.077 -10.85
ESO567-010 6 14.44 0.29 17.09 16.43 11.05 38 10.05 8.92 -0.672 -10.72
PGC029301 5 15.24 0.21 20.14 ... 11.68 125 10.83 ... -0.919 -11.75
UGC05474 6 14.89 0.10 16.16 15.37 11.69 80 10.44 9.99 0.197 -10.24
UGC05483 5 15.13 0.17 17.29 16.42 11.62 82 10.49 9.59 -0.181 -10.67
PGC029882 5 14.54 0.23 17.19 ... 10.96 126 11.13 ... 0.283 -10.84
PGC029929 7 14.30 0.34 16.82 15.08 11.11 44 10.15 9.59 -0.400 -10.55
NGC3184 6 10.41 0.07 12.53 12.89 7.24 11 10.50 9.26 -0.092 -10.59
PGC030452 5 14.78 0.06 16.64 ... 11.37 87 10.64 ... 0.051 -10.59
PGC030830 5 14.91 0.08 17.01 ... 11.48 99 10.71 ... 0.030 -10.68

Òàáëèöà 1 (ïðîäîëæåíèå)
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1 2 3 4 5 6 7 8 9 10 11 12

NGC3344 5 10.50 0.14 12.60 12.20 7.01 10 10.51 9.45 -0.149 -10.66
PGC031979 7 14.05 0.16 14.97 14.61 11.04 31 9.88 9.47 -0.103 -9.98
PGC032091 6 14.45 0.17 16.00 14.92 11.18 37 9.97 9.50 -0.353 -10.33
NGC3433 5 13.30 0.15 15.14 14.26 9.80 35 10.48 9.71 -0.069 -10.55
PGC032817 6 15.28 0.17 17.06 ... 12.01 110 10.59 ... 0.167 -10.42
NGC3506 5 13.16 0.13 15.73 15.34 9.68 86 11.31 10.06 0.458 -10.85
UGC06130 5 15.02 0.16 17.20 16.11 11.51 112 10.80 9.99 0.119 -10.68
UGC06194 6 14.62 0.07 15.92 15.43 11.45 35 9.82 9.25 -0.444 -10.26
PGC034006 5 14.13 0.27 16.46 15.30 10.51 103 11.13 10.24 0.429 -10.70
UGC06335 6 14.91 0.02 16.64 15.26 11.79 41 9.82 9.45 -0.634 -10.45
UGC06429 5 13.78 0.05 15.74 15.14 10.38 53 10.61 9.72 -0.033 -10.64
IC0696 6 14.50 0.22 16.83 15.58 11.19 84 10.69 9.95 0.062 -10.62
UGC06528 5 14.12 0.05 16.19 16.31 10.72 46 10.35 9.13 -0.336 -10.68
PGC036269 5 15.59 0.12 17.94 17.10 12.12 88 10.35 9.38 -0.415 -10.77
PGC036353 5 14.14 0.32 16.51 ... 10.47 39 10.31 ... -0.394 -10.70
NGC3938 5 10.87 0.09 13.05 13.08 7.43 18 10.85 9.61 0.140 -10.71
ESO573-002 5 15.50 0.31 17.16 15.86 11.84 76 10.34 9.75 -0.081 -10.42
NGC4136 5 11.70 0.08 13.70 13.70 8.27 17 10.46 9.31 -0.178 -10.64
NGC4195 6 15.29 0.08 16.54 15.82 12.11 61 10.04 9.57 -0.205 -10.24
NGC4303 5 10.16 0.11 12.24 12.82 6.70 15 10.98 9.56 0.322 -10.66
NGC4303A 6 13.53 0.16 14.82 14.61 10.28 15 9.55 8.84 -0.677 -10.23
IC3267 5 14.12 0.09 16.96 16.79 10.68 38 10.20 8.77 -0.774 -10.97
IC3271 5 14.57 0.14 16.81 16.17 11.08 97 10.85 9.84 0.137 -10.72
NGC4411B 6 12.98 0.12 14.95 14.67 9.76 28 10.30 9.36 -0.210 -10.51
NGC4535 5 10.56 0.13 13.46 12.91 7.08 16 10.89 9.57 -0.099 -10.98
NGC4571 6 11.92 0.22 15.18 14.94 8.60 15 10.22 8.71 -0.771 -10.99
NGC4653 5 12.77 0.14 14.86 14.30 9.28 40 10.80 9.81 0.150 -10.65
PGC042868 7 13.03 0.13 14.91 13.88 10.05 17 9.75 9.24 -0.623 -10.37
ESO574-029 5 13.67 0.26 16.58 ... 10.06 83 11.13 ... 0.188 -10.94
NGC4688 7 12.60 0.10 14.80 13.60 9.65 7 9.14 8.58 -1.371 -10.51
NGC4900 5 11.89 0.10 13.82 14.49 8.44 16 10.34 8.94 -0.264 -10.61
UGC08153 6 14.49 0.13 16.07 15.24 11.26 38 9.97 9.39 -0.387 -10.35
PGC045690 5 15.86 0.07 17.53 ... 12.44 67 9.99 ... -0.524 -10.51
NGC5068 6 10.50 0.44 12.80 12.36 6.96 5 9.92 8.78 -0.605 -10.53
UGC08436 7 15.03 0.11 16.60 16.09 12.07 41 9.71 9.12 -0.548 -10.26
NGC5154 5 14.73 0.07 16.35 15.61 11.31 77 10.56 9.86 0.064 -10.49
PGC048087 7 14.45 0.32 16.70 15.17 11.28 34 9.86 9.33 -0.591 -10.45
ESO445-076 7 14.73 0.29 16.65 15.51 11.59 34 9.74 9.19 -0.591 -10.33
UGC08877 7 15.18 0.02 17.37 16.82 12.31 37 9.52 8.74 -1.014 -10.54
NGC5405 5 14.52 0.14 16.42 15.58 11.03 94 10.85 10.05 0.269 -10.58
PGC049982 5 16.00 0.09 17.62 ... 12.56 126 10.49 ... 0.004 -10.48
NGC5457 5 8.30 0.05 10.00 10.41 4.90 7 11.04 9.86 0.510 -10.53
UGC09008 6 15.29 0.09 17.19 16.34 12.10 73 10.20 9.52 -0.298 -10.50
NGC5468 5 12.94 0.12 13.90 13.94 9.47 37 10.66 9.89 0.449 -10.21
NGC5476 6 13.34 0.14 15.71 14.86 10.10 34 10.34 9.45 -0.330 -10.67
NGC5494 5 13.30 0.36 15.13 14.40 9.59 30 10.43 9.53 -0.039 -10.47
UGC09144 6 15.95 0.06 17.56 ... 12.79 108 10.26 ... -0.134 -10.39
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Dm..M HI log2403312log 21 (2)

â åäèíèöàõ ìàññû Ñîëíöà; (11) - ëîãàðèôì èíòåãðàëüíîãî òåìïà çâåçäî-

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

UGC09216 5 14.51 0.08 16.78 15.88 11.08 77 10.65 9.75 -0.097 -10.75
NGC5660 5 12.38 0.10 14.22 14.34 8.93 36 10.85 9.71 0.284 -10.57
UGC09317 6 15.00 0.06 16.22 15.58 11.84 61 10.15 9.67 -0.088 -10.23
ESO580-014 6 14.55 0.39 16.64 16.18 11.06 82 10.71 9.69 0.254 -10.46
UGC09837 5 13.81 0.09 15.47 15.10 10.37 39 10.35 9.47 -0.154 -10.50
UGC09945 5 14.19 0.25 16.42 15.32 10.59 94 11.02 10.15 0.354 -10.67
NGC5989 6 13.56 0.10 16.02 16.24 10.36 42 10.41 9.08 -0.305 -10.72
UGC10020 7 14.44 0.22 15.86 15.25 11.38 31 9.74 9.21 -0.416 -10.16
PGC056010 6 15.42 0.13 17.48 17.46 12.19 63 10.03 8.94 -0.514 -10.55
PGC056318 5 15.33 0.08 17.35 ... 11.90 82 10.38 ... -0.269 -10.65
PGC056639 6 15.77 0.10 20.37 ... 11.67 115 10.76 ... -0.480 -11.24
NGC6143 5 13.92 0.10 16.18 15.38 10.47 76 10.88 9.94 0.147 -10.74
PGC058201 5 15.69 0.23 17.38 15.76 12.11 117 10.60 10.16 0.139 -10.46
UGC10427 5 15.19 0.06 16.88 16.47 11.78 124 10.78 9.93 0.260 -10.53
IC1221 6 14.59 0.05 15.58 15.75 11.44 78 10.52 9.81 0.371 -10.15
UGC10590 6 14.06 0.13 16.42 ... 10.83 45 10.28 ... -0.385 -10.67
IC1236 5 14.23 0.35 17.02 16.22 10.53 85 10.96 9.70 0.097 -10.86
UGC10956 5 15.64 1.19 19.81 ... 11.10 94 10.82 ... -0.280 -11.10
NGC6493 6 15.44 0.17 16.63 ... 12.17 85 10.30 ... 0.115 -10.19
UGC11214 6 15.00 1.01 18.62 15.61 10.89 39 10.14 9.27 -0.710 -10.85
NGC6711 5 13.71 0.37 16.72 16.44 9.99 68 10.98 9.42 0.045 -10.94
NGC6821 7 13.62 1.39 17.71 14.52 9.38 18 10.07 9.03 -0.726 -10.79
NGC6946 5 9.60 1.48 13.20 10.00 4.77 8 11.21 10.14 0.446 -10.76
PGC902799 5 16.30 0.20 17.16 15.44 12.75 49 9.59 9.53 -0.547 -10.14
NGC7137 5 13.05 0.60 15.89 15.32 9.10 23 10.39 8.93 -0.392 -10.79
UGC11816 5 14.83 0.61 17.20 15.28 10.87 68 10.63 9.88 0.032 -10.59
ESO532-008 5 15.29 0.14 17.26 ... 11.80 87 10.47 ... -0.136 -10.61
PGC068549 5 14.23 0.43 17.01 ... 10.45 71 10.83 ... 0.011 -10.82
ESO602-027 5 14.48 0.19 16.62 16.06 10.95 80 10.74 9.71 0.081 -10.66
NGC7309 5 13.04 0.25 15.78 15.43 9.44 57 11.05 9.67 0.174 -10.87
ESO603-011 5 15.01 0.21 17.18 ... 11.45 114 10.85 ... 0.185 -10.66
UGC12192 7 16.50 0.53 18.24 16.44 13.13 93 10.00 9.69 -0.175 -10.17
IC5261 6 13.88 0.19 15.84 15.47 10.59 46 10.40 9.47 -0.086 -10.48
NGC7495 5 13.76 0.42 16.44 14.64 9.99 70 11.01 10.17 0.220 -10.79
NGC7535 6 14.28 0.29 16.63 15.34 10.89 67 10.61 9.85 0.005 -10.60
UGC12522 7 15.41 0.46 18.07 15.62 12.10 42 9.72 9.33 -0.850 -10.57
UGC12585 7 14.63 0.31 16.64 15.52 11.47 53 10.17 9.57 -0.188 -10.36
UGC12635 6 15.31 0.21 17.71 16.62 12.00 74 10.25 9.42 -0.401 -10.65
PGC071751 5 14.74 0.28 17.47 16.33 11.11 115 10.99 9.92 0.128 -10.86
ESO605-016 5 13.23 0.14 15.99 15.70 9.74 110 11.50 10.13 0.575 -10.92
PGC072738 5 14.82 0.23 17.25 16.71 11.24 83 10.65 9.48 -0.106 -10.76
UGC12838 5 14.86 0.19 16.73 16.18 11.32 101 10.79 9.87 0.241 -10.55
NGC7798 5 12.95 0.28 15.56 16.03 9.32 36 10.70 9.03 -0.113 -10.81

Òàáëèöà 1 (îêîí÷àíèå)
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îáðàçîâàíèÿ â годM , êîòîðûé, ñîãëàñíî [3], âûðàæàåòñÿ êàê

    ; log293140782SFRlog FUV DA.m.. G  (3)

(12) - ëîãàðèôì óäåëüíîãî òåìïà çâåçäîîáðàçîâàíèÿ â åäèíèöàõ (ãîä)-1 â
ïðåäïîëîæåíèè  LMLM K  1  [15].

Ðàñïðåäåëåíèå ñïèðàëüíûõ ãàëàêòèê íàøåé âûáîðêè ïî èíòåãðàëüíîìó òåìïó
çâåçäîîáðàçîâàíèÿ è K-ñâåòèìîñòè ïðåäñòàâëåíî íà ðèñ.1. Ãàëàêòèêè òèïîâ Sc,
Scd è Sd èçîáðàæåíû, ñîîòâåòñòâåííî, êâàäðàòàìè, òðåóãîëüíèêàìè è êðóæêàìè.
Ãàëàêòèêè íà äèàãðàììå ïîêàçûâàþò ìîðôîëîãè÷åñêóþ ñåãðåãàöèþ: ìàêñèìàëüíûå
çíà÷åíèÿ год3~SFR M  ñîîòâåòñòâóþò ìàññèâíûì Sc ãàëàêòèêàì òèïà Ì101,
ìèíèìàëüíûå çíà÷åíèÿ год0.1SFR M  õàðàêòåðíû äëÿ êàðëèêîâûõ ñïèðàëåé
Scd, Sd.

Ðèñ.2 âîñïðîèçâîäèò ðàñïðåäåëåíèå ãàëàêòèê ïî èíòåãðàëüíîìó òåìïó çâåçäî-
îáðàçîâàíèÿ è âîäîðîäíîé ìàññå. Âåëè÷èíà SFR â äèñêàõ ñïèðàëåé ïîçäíèõ
òèïîâ ïîêàçûâàåò áîëåå òåñíóþ êîððåëÿöèþ ñ HIM , ÷åì ñ M , èìåÿ íàêëîí
0.86 ± 0.04. Ýòîò íàêëîí îêàçûâàåòñÿ çíà÷èòåëüíî ìåíüøå íàêëîíà 1.4 ± 0.1,
êîòîðûé îïèñûâàåò ñîîòíîøåíèå log(SFR) vs logMHI äëÿ îòäåëüíûõ î÷àãîâ
çâåçäîîáðàçîâàíèÿ (çàêîí Øìèäòà-Êåííèêàòà [16]).

Ñîîòíîøåíèÿ ìåæäó âîäîðîäíîé ìàññîé è çâåçäíîé ìàññîé (K-ñâåòè-
ìîñòüþ) äëÿ 146 ãàëàêòèê ðàññìàòðèâàåìîé âûáîðêè ïîêàçàíû íà ðèñ.3.
Îáîçíà÷åíèÿ ìîðôîëîãè÷åñêèõ òèïîâ òå æå, ÷òî íà ïðåäûäóùèõ ðèñóíêàõ.
Òðè äèàãîíàëüíûõ ïðÿìûõ ñîîòâåòñòâóþò çíà÷åíèÿì KHI LM , ðàâíûì 1, 0.1
è 0.01. Ìåäèàíà ýòîãî îòíîøåíèÿ ñîñòàâëÿåò 0.15, òîãäà êàê äëÿ îòäåëüíûõ
òèïîâ ãàëàêòèê ìåäèàííîå îòíîøåíèå ðàâíî: 0.10 (Sc), 0.17 (Scd) è 0.28 (Sd).

Ðèñ.1. Òåìï çâåçäîîáðàçîâàíèÿ è K-ñâåòèìîñòü ó ãàëàêòèê ïîçäíèõ òèïîâ (T = 5, 6, 7),
âèäèìûõ àíôàñ.

  L  , Llog K
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Äàííûå ðèñ.3 îòðàæàþò èçâåñòíûé ôàêò, ÷òî îòíîñèòåëüíîå ñîäåðæàíèå
íåéòðàëüíîãî âîäîðîäà â äèñêàõ ñïèðàëüíûõ ãàëàêòèê ïàäàåò ñ óâåëè÷åíèåì
ìàññû (ñâåòèìîñòè) ãàëàêòèêè. Ýòî â ñâîþ î÷åðåäü îçíà÷àåò, ÷òî ïðîöåññ
ïðåîáðàçîâàíèÿ ãàçà â çâåçäû ïðîèñõîäèë â ìàññèâíûõ ãàëàêòèêàõ áîëåå
èíòåíñèâíî, ÷åì â îáúåêòàõ íèçêîé ñâåòèìîñòè.

Ñðåäè 181 ãàëàêòèêè íàøåé âûáîðêè èìåþòñÿ 13 ñëó÷àåâ, êîãäà òåìï
çâåçäîîáðàçîâàíèÿ áûë îïðåäåëåí ïî H -ïîòîêó,  HF . Ñîãëàñíî [16],
èíòåãðàëüíûé òåìï çâåçäîîáðàçîâàíèÿ âûðàæàåòñÿ ñîîòíîøåíèåì

Ðèñ.2. Òåìï çâåçäîîáðàçîâàíèÿ è âîäîðîäíàÿ ìàññà ó ãàëàêòèê ïîçäíèõ òèïîâ, îðèåíòè-
ðîâàííûõ àíôàñ.

Ðèñ.3. Ñîîòíîøåíèå ìåæäó âîäîðîäíîé ìàññîé è K-ñâåòèìîñòüþ ó ãàëàêòèê ïîçäíèõ
òèïîâ Sc, Scd, Sd, âèäèìûõ àíôàñ.

  M  , Mlog HI
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     , 988log22440HlogHSFRlog .DA.F G  (4)

ãäå ïîòîê â ëèíèè H  èçìåðåí â åäèíèöàõ (ýðã/ñì2
 ñ), à ðàññòîÿíèå D -

â Ìïê. Äàííûå îá ýòèõ ãàëàêòèêàõ, âçÿòûå èç áàçû äàííûõ NASA Extragalactic
Database = NED (http://ned.ipac.caltech.edu), ïðåäñòàâëåíû â òàáë.2. Îöåíêè
ïîòîêà  HF  äëÿ íèõ ñäåëàíû ðàçíûìè àâòîðàìè íà ðàçíûõ òåëåñêîïàõ. Òåì
íå ìåíåå, ñîãëàñèå çíà÷åíèé SFR ïî H -ïîòîêó è FUV-ïîòîêó îêàçûâàåòñÿ

âïîëíå óäîâëåòâîðèòåëüíûì. Ñðåäíÿÿ ðàçíîñòü      FUVSFRlogHSFRlog 
ñîñòàâëÿåò 0.08 ± 0.04 ïðè äèñïåðñèè ðàçíîñòè 0.12. Ðåçóëüòàò ýòîãî ñðàâíåíèÿ
ïîêàçûâàåò, ÷òî íóëü-ïóíêòû èñïîëüçóåìûõ ýìïèðè÷åñêèõ ñîîòíîøåíèé (3)
è (4) ñîãëàñóþòñÿ äðóã ñ äðóãîì â ïðåäåëàõ òèïè÷íîé ïîãðåøíîñòè èçìåðåíèÿ
ïîòîêîâ ~0.1 dex.

3. Óäåëüíûé òåìï çâåçäîîáðàçîâàíèÿ â òîíêèõ äèñêàõ ãàëàêòèê .
Êàê áûëî îòìå÷åíî âûøå, òîíêèå ñïèðàëüíûå ãàëàêòèêè ïîçäíèõ òèïîâ áåç
áàëäæåé ÿâëÿþòñÿ äîâîëüíî îáîñîáëåííûìè îáúåêòàìè, ýâîëþöèÿ êîòîðûõ
ìàëî ïîäâåðæåíà âíåøíåìó âëèÿíèþ: âñïûøêàì çâåçäîîáðàçîâàíèÿ èç-çà
ïðèëèâíîãî âîçìóùåíèÿ ìàññèâíîãî ñîñåäà èëè æå ïîãëîùåíèÿ ñïóòíèêà ïðè
ñëèÿíèè. Ïî ýòîé ïðè÷èíå òàêèå ãàëàêòèêè âåñüìà óäîáíû äëÿ èçó÷åíèÿ
àâòîíîìíîé ýâîëþöèè ñïèðàëüíûõ äèñêîâ. Íàèáîëåå âàæíîé õàðàêòåðèñòèêîé
ãëîáàëüíîé ýâîëþöèè ãàëàêòèêè ÿâëÿåòñÿ óäåëüíûé òåìï çâåçäîîáðàçîâàíèÿ,
îòíåñåííûé ê åäèíèöå çâåçäíîé ìàññû,  MSFRsSFR . Äëÿ îöåíêè M  ìû
èñïîëüçîâàëè ñîîòíîøåíèå  LM~LM K  1  [15], ãäå ñâåòèìîñòü LK îïðå-
äåëÿëàñü ïî âèäèìîé B-âåëè÷èíå è ñðåäíåìó ïîêàçàòåëþ öâåòà KB ,
çàâèñÿùåìó îò ìîðôîëîãè÷åñêîãî òèïà T.

Ãàëàêòèêà D, Mpc AG log[SFR(FUV)] logF(H) log[SFR(H)]

NGC628 10.2 0.28 0.12 -10.84 0.22
NGC2500 12.4 0.17 -0.45 -11.60 -0.39
NGC3184 11.1 0.07 -0.09 -11.12 -0.04
NGC3344 9.8 0.14 -0.15 -11.09 -0.10
NGC4136 17.0 0.08 -0.18 -11.82 -0.36
NGC4303 15.0 0.11 0.32 -11.03 0.32
NGC4688 7.0 0.10 -1.37 -11.90 -1.21
NGC4900 16.0 0.10 -0.26 -11.68 -0.27
NGC5068 5.1 0.44 -0.60 -10.83 -0.34
NGC5457 7.0 0.05 0.51 -10.22 0.45
NGC6946 7.7 1.48 0.45 -10.47 0.63
NGC7137 23.0 0.60 -0.39 -11.95 -0.11
NGC7798 36.0 0.28 -0.11 -12.13 0.03

Òàáëèöà 2

ÒÅÌÏÛ ÇÂÅÇÄÎÎÁÐÀÇÎÂÀÍÈß ÏÎ ÄÀÍÍÛÌ FUV È H  ÏÎÒÎÊÎÂ
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Ðèñ.4 ïðåäñòàâëÿåò ðàñïðåäåëåíèå ñïèðàëüíûõ äèñêîâ ãàëàêòèê áåç áàëäæåé,
îðèåíòèðîâàííûõ àíôàñ, ïî óäåëüíîìó òåìïó çâåçäîîáðàçîâàíèÿ è çâåçäíîé
ìàññå. Ïóíêòèðíàÿ ãîðèçîíòàëüíàÿ ëèíèÿ ñîîòâåòñòâóåò ïàðàìåòðó Õàááëà
H0 = (13.8 x 109

 ëåò)-1, êîãäà ãàëàêòèêà óñïåâàåò âîñïðîèçâåñòè íàáëþäàåìóþ
ìàññó ñ íàáëþäàåìûì òåìïîì SFR çà êîñìîëîãè÷åñêîå âðåìÿ 13.8 ìëðä. ëåò.
Êàê ïîêàçûâàåò ëèíèÿ êâàäðàòè÷íîé ðåãðåññèè (ñïëîøíàÿ ëèíèÿ), ñðåäíèé
óäåëüíûé òåìï çâåçäîîáðàçîâàíèÿ â òîíêèõ äèñêàõ óìåíüøàåòñÿ ñ ðîñòîì
ñâåòèìîñòè ãàëàêòèêè. Èç ýòèõ äàííûõ ñëåäóåò, ÷òî â ïðîøëîì ñðåäíèé òåìï
çâåçäîîîáðàçîâàíèÿ ó ìàëîìàññèâíûõ ãàëàêòèê áûë â äâà ðàçà âûøå íàáëþäàåìîãî
ñåé÷àñ, à äëÿ ñàìûõ ìàññèâíûõ ãàëàêòèê ïðåæíèé òåìï áûë â 3-4 ðàçà
èíòåíñèâíåå.

Ðàçáðîñ ãàëàêòèê îòíîñèòåëüíî ëèíèè ðåãðåññèè ðàâåí 0.20 â ëîãàðèôìè-
÷åñêîé øêàëå. Ñðåäíÿÿ ïîãðåøíîñòü K-ñâåòèìîñòè èç-çà îøèáîê èçìåðåíèÿ
B-âåëè÷èíû (0m.25) è ìîðôîëîãè÷åñêîãî òèïà (0m.18) ñîñòàâëÿåò 0m.31. Ñäåëàâ
êâàäðàòè÷íîå âû÷èòàíèå îøèáîê, ìû ïîëó÷àåì äëÿ èñòèííîé (êîñìè÷åñêîé)
âàðèàöèè SFR âåëè÷èíó 0.16 dex. Ýòî îçíà÷àåò, ÷òî ïðåîáðàçîâàíèå ãàçà â
çâåçäû â òîíêèõ äèñêàõ ñïèðàëüíûõ ãàëàêòèê âûãëÿäèò äîâîëüíî åäèíîîáðàçíûì
ïðîöåññîì.

Ñëåäóåò îòìåòèòü, ÷òî áàçà äàííûõ HyperLEDA [10] ñîäåðæèò îöåíêè
èíòåãðàëüíîé âåëè÷èíû Kt äëÿ áîëüøèíñòâà îáúåêòîâ íàøåé âûáîðêè. Îöåíêè
Kt áûëè ïîëó÷åíû â îñíîâíîì èç îáçîðà 2MASS [12]. Îäíàêî èç-çà êîðîòêîãî
âðåìåíè ýêñïîçèöèé (~8 ñ) 2MASS îáçîð ñèñòåìàòè÷åñêè íåäîó÷èòûâàåò âêëàä
ïåðèôåðèéíûõ îáëàñòåé â èíòåãðàëüíóþ ñâåòèìîñòü ãàëàêòèê, îñîáåííî äëÿ
îáúåêòîâ ãîëóáîãî öâåòà. Ðèñ.5 âîñïðîèçâîäèò ñîîòíîøåíèå ìåæäó KB è Kt
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Ðèñ.4. Ðàñïðåäåëåíèå ãàëàêòèê ïîçäíèõ òèïîâ, íàáëþäàåìûõ àíôàñ, ïî óäåëüíîìó
òåìïó çâåçäîîáðàçîâàíèÿ è çâåçäíîé ìàññå.
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âåëè÷èíàìè äëÿ 159 ãàëàêòèê ðàññìàòðèâàåìîé âûáîðêè. Ëèíèÿ ðåãðåññèè
äëÿ íèõ âûðàæàåòñÿ êàê Kt = 0.58 + 0.99KB. Ñðåäíÿÿ ðàçíîñòü çâåçäíûõ âåëè÷èí
ñîñòàâëÿåò 490m.KK Bt  , âîçðàñòàÿ â ñòîðîíó ñàìûõ ñëàáûõ ãàëàêòèê. Ñðåäíåå
êâàäðàòè÷íîå îòêëîíåíèå îò ëèíèè ðåãðåññèè ðàâíî 0m.59, òàêæå óâåëè÷èâàÿñü
îò ÿðêèõ ê ñëàáûì ãàëàêòèêàì. Ïîñêîëüêó ïî íàøåé îöåíêå ñðåäíÿÿ êâàäðàòè÷íàÿ
ïîãðåøíîñòü KB -âåëè÷èíû ñîñòàâëÿåò 0m.31, òî íà äîëþ íåçàâèñèìî èçìåðÿåìîé
Kt -âåëè÷èíû ïðèõîäèòñÿ îñíîâíàÿ ïîãðåøíîñòü,   500m.K t  .
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Ðèñ.5. Ñîîòíîøåíèå ìåæäó èíòåãðàëüíîé K-âåëè÷èíîé èç HyperLEDA è âèäèìîé K-
âåëè÷èíîé, îïðåäåëåííîé ïî ïîêàçàòåëþ öâåòà (B - K) è ìîðôîëîãè÷åñêîìó òèïó, äëÿ Sc,
Scd, Sd ãàëàêòèê, âèäèìûõ àíôàñ.
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Ðèñ.6. Ðàñïðåäåëåíèå ãàëàêòèê ïîçäíèõ òèïîâ, âèäèìûõ àíôàñ, ïî óäåëüíîìó òåìïó
çâåçäîîáðàçîâàíèÿ è K-ñâåòèìîñòè ïî äàííûì HyperLEDA.
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Â ôîòîìåòðè÷åñêîé ñèñòåìå Kt ñîîòíîøåíèå ìåæäó óäåëüíûì òåìïîì
çâåçäîîáðàçîâàíèÿ è Kt-ñâåòèìîñòüþ ïðèîáðåòàåò âèä, ïîêàçàííûé íà ðèñ.6.
Êàê ñëåäóåò èç ýòèõ äàííûõ, ïåðåõîä îò KB ê Kt çíà÷èòåëüíî óâåëè÷èâàåò ÷èñëî
ìàëîìàññèâíûõ ãàëàêòèê, ðàñïîëàãàþùèõñÿ âûøå ïðåäåëà sSFR = H0. Äèñïåðñèÿ
ãàëàêòèê îòíîñèòåëüíî ëèíèè ðåãðåññèè òàêæå âîçðàñòàåò,   260sSFR .  dex.
Ýòî çíà÷åíèå ñîãëàñóåòñÿ ñî ñäåëàííîé îöåíêîé   500m.K t   èëè   200.LK 
dex, åñëè èñòèííàÿ âàðèàöèÿ óäåëüíîãî òåìïà çâåçäîîáðàçîâàíèÿ ðàâíà 0.16
dex. Äàííûé ïðèìåð ïîêàçûâàåò, ÷òî ôîðìàëüíîå èñïîëüçîâàíèå øêàëû Kt-
âåëè÷èí ìîæåò ïðèâîäèòü ê ñèñòåìàòè÷åñêîìó èñêàæåíèþ êàðòèíû
çâåçäîîáðàçîâàíèÿ â äèñêàõ ñïèðàëüíûõ ãàëàêòèê, îñîáåííî â îáëàñòè èõ
íèçêèõ ñâåòèìîñòåé.

4. Óäåëüíûé áàðèîííûé òåìï çâåçäîîáðàçîâàíèÿ . Êàê õîðîøî
èçâåñòíî, ÷åì ìåíüøå ñâåòèìîñòü ãàëàêòèêè ïîçäíåãî òèïà, òåì áóëüøàÿ äîëÿ
åå ìàññû ïðåáûâàåò â ãàçîîáðàçíîì ñîñòîÿíèè. Òàêàÿ çàêîíîìåðíîñòü âèäíà
è äëÿ òîíêèõ ñïèðàëüíûõ äèñêîâ (ñì. ðèñ.3). Ýòî ñâèäåòåëüñòâóåò î òîì, ÷òî
ïðîöåññ ïðåîáðàçîâàíèÿ ãàçà â çâåçäû ó ìàëîìàññèâíûõ ãàëàêòèê ìåíåå
ýôôåêòèâåí, ÷åì â ãàëàêòèêàõ âûñîêîé ñâåòèìîñòè. Â òå÷åíèå âåêîâîé
ýâîëþöèè çâåçäíàÿ ìàññà ãàëàêòèêè âîçðàñòàåò, íî ñóììàðíàÿ áàðèîííàÿ
ìàññà çâåçä è ãàçà îñòàåòñÿ ïîñòîÿííîé, åñëè ãàëàêòèêà èçîëèðîâàíà è íå
ïîäïèòûâàåòñÿ ìåæãàëàêòè÷åñêèì ãàçîì. Â ýòîì ñëó÷àå ìîæíî ââåñòè ïîíÿòèå
óäåëüíîãî áàðèîííîãî òåìïà çâåçäîîáðàçîâàíèÿ sbSFR = SFR/Mbar, ãäå

. HIKKgasbar MLMMM   U (5)

Äî ñèõ ïîð ìû ïîëàãàëè, ÷òî 1
KU  [15]. Îäíàêî Ìàêãàóê è Øîìáåðò [17]

ïðèâåëè âåñêèå àðãóìåíòû â ïîëüçó ìåíüøåãî çíà÷åíèÿ, 60.U . Ñîãëàñíî
[18], äðóãîé ïàðàìåòð,  , ðàâåí 1.85, ó÷èòûâàÿ âêëàä ãåëèÿ è ìîëåêóëÿðíîãî
âîäîðîäà â ïîëíóþ ìàññó ãàçà. Â äåéñòâèòåëüíîñòè, âåëè÷èíà ïàðàìåòðà 
îñòàåòñÿ ïîêà íå âïîëíå îïðåäåëåííîé, ïîñêîëüêó äîëÿ ìîëåêóëÿðíîãî ãàçà
íå ïîñòîÿííà, à ïàäàåò â ñòîðîíó ìàëîìàññèâíûõ ãàëàêòèê. Ñ äðóãîé ñòîðîíû,
åñòü óêàçàíèÿ íà òî, ÷òî äèñêè ãàëàêòèê ìîãóò áûòü îêðóæåíû çíà÷èòåëüíûìè
ìàññàìè òåïëîãî èîíèçîâàííîãî ãàçà.

Ïðèíèìàÿ ñîîòíîøåíèå HIKbar M.L.M 85160  , ìû âû÷èñëèëè óäåëüíûé
áàðèîííûé òåìï çâåçäîîáðàçîâàíèÿ äëÿ ãàëàêòèê íàøåé âûáîðêè. Ðåçóëüòàòû
ïðåäñòàâëåíû íà ðèñ.7. Êàê ñëåäóåò èç ýòèõ äàííûõ, äèñïåðñèÿ ãàëàêòèê
îòíîñèòåëüíî ëèíèè ðåãðåññèè óìåíüøàåòñÿ äî âåëè÷èíû êîñìè÷åñêîé âàðèàöèè,
  150sbSFR .  dex. Ñ òî÷íîñòüþ äî îøèáîê ôîòîìåòðèè âñå ãàëàêòèêè òèïîâ

Sc, Scd, Sd ëåæàò ïîä ãîðèçîíòàëüíîé ëèíèåé sbSFR = H0, ïîêàçûâàÿ, ÷òî
ñîâðåìåííûå òåìïû çâåçäîîáðàçîâàíèÿ ýòèõ ãàëàêòèê íåäîñòàòî÷íû äëÿ
ïðåîáðàçîâàíèÿ èñõîäíîé ìàññû ãàçà â çâåçäû çà êîñìîëîãè÷åñêîå âðåìÿ 1

0
H .
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5. Çàêëþ÷èòåëüíûå çàìå÷àíèÿ. Ìû ðàññìîòðåëè âûáîðêó 220 ñïèðàëü-
íûõ ãàëàêòèê áåç áàëäæåé, îðèåíòèðîâàííûõ àíôàñ. Èç íèõ äëÿ 181 ãàëàêòèêè
îïðåäåëåíû èíòåãðàëüíûå è óäåëüíûå òåìïû çâåçäîîáðàçîâàíèÿ ïî FUV-
ïîòîêàì èç îáçîðà GALEX. Ñðåäè ýòèõ ãàëàêòèê 106 îòíîñÿòñÿ ê òèïó Sc,
51 - ê òèïó Scd è 24 - ê òèïó Sd. Ïîëó÷åííûå ìåäèàííûå çíà÷åíèÿ óäåëüíîãî
òåìïà çâåçäîîáðàçîâàíèÿ äëÿ íèõ ñîñòàâëÿþò, ñîîòâåòñòâåííî, -10.66 dex, -10.44
dex è -10.40 dex â åäèíèöàõ (ãîä)-1. Çà êîñìîëîãè÷åñêîå âðåìÿ 13.8 ìëðä. ëåò
ïðè ñîâðåìåííîì òåìïå çâåçäîîáðàçîâàíèÿ òèïè÷íàÿ ñïèðàëüíàÿ ãàëàêòèêà
ïîçäíåãî òèïà óñïåâàåò âîñïðîèçâåñòè òîëüêî (1/3-1/2) ñâîåé íàáëþäàåìîé
çâåçäíîé ìàññû. Ñëåäîâàòåëüíî, â ïðîøëîì èõ ñðåäíèé òåìï çâåçäîîáðàçîâàíèÿ
äîëæåí áûë áûòü â 2-3 ðàçà âûøå íàáëþäàåìîãî ñåé÷àñ. Íåîáõîäèìî îòìåòèòü,
÷òî ïðè ôàêòîðå 60.K U  â ñîîòíîøåíèè (5), âìåñòî èñïîëüçîâàííîãî íàìè
çíà÷åíèÿ 1.0, ðàçëè÷èå ìåæäó ïðîøëûì è ñîâðåìåííûì SFR ñòàíîâèòñÿ â 1.7
ðàçà ìåíüøå.

Ñîâðåìåííûé óäåëüíûé òåìï çâåçäîîáðàçîâàíèÿ òåì íèæå, ÷åì áîëüøå
çâåçäíàÿ ìàññà ñïèðàëüíîé ãàëàêòèêè. Îäíàêî ó áîëåå ìàññèâíûõ Sc-ãàëàêòèê
íàáëþäàåìîå îòíîøåíèå ìàññû ãàçà ê çâåçäíîé ìàññå (0.10) çàìåòíî ìåíüøå,
÷åì â Scd (0.17) è Sd (0.28) ãàëàêòèêàõ. Ñëåäîâàòåëüíî, ýôôåêòèâíîñòü
ïðîöåññà ïðåîáðàçîâàíèÿ ãàçà â çâåçäû áûëà òåì âûøå, ÷åì áîëüøå ìàññà
ñïèðàëüíîãî äèñêà.

Èñêëþ÷àÿ âêëàä ôîòîìåòðè÷åñêèõ îøèáîê, ìû ïîëó÷èëè äëÿ äèñïåðñèè
sSFR ïðè ôèêñèðîâàííîé ìàññå çíà÷åíèå 0.16 dex. Ìàëûé ðàçáðîñ ãàëàêòèê
îòíîñèòåëüíî ëèíèè ðåãðåññèè sSFR(M 

*) óêàçûâàåò íà åäèíîîáðàçèå ïðîöåññà

Ðèñ.7. Ðàñïðåäåëåíèå ãàëàêòèê Sc, Scd, Sd-òèïîâ, âèäèìûõ àíôàñ, ïî óäåëüíîìó
áàðèîííîìó òåìïó çâåçäîîáðàçîâàíèÿ è áàðèîííîé ìàññå.
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çâåçäîîáðàçîâàíèÿ â äèñêàõ òîíêèõ ñïèðàëüíûõ ãàëàêòèê, ðàñïîëîæåííûõ â
îáëàñòÿõ íèçêîé êîñìè÷åñêîé ïëîòíîñòè.

Òåìï çâåçäîîáðàçîâàíèÿ è îòíîñèòåëüíîå ñîäåðæàíèå âîäîðîäà â äèñêàõ
Sc, Scd, Sd ãàëàêòèê, îðèåíòèðîâàííûõ ñ ðåáðà [5,19], õîðîøî ñîãëàñóþòñÿ
ñ ïàðàìåòðàìè, ïîëó÷åííûìè â íàñòîÿùåé ðàáîòå äëÿ ñïèðàëüíûõ ãàëàêòèê
áåç áàëäæåé, âèäèìûõ àíôàñ. Èç ýòîãî ñîãëàñèÿ, â ÷àñòíîñòè, ñëåäóåò, ÷òî
òîíêèå äèñêè Sc-Sd ãàëàêòèê ïðàêòè÷åñêè ïðîçðà÷íû â ëèíèè 21 ñì ïðè
ëþáûõ óãëàõ íàêëîíà äèñêà ê ëó÷ó çðåíèÿ.

Äàííàÿ ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàíòà ÐÍÔ 19-12-00145. Â
ðàáîòå èñïîëüçîâàíû áàçû äàííûõ HyperLEDA è NED, à òàêæå äàííûå
ñïóòíèêà GALEX è îáçîðà íåáà PanSTARRS.

1 Ãëàâíàÿ àñòðîíîìè÷åñêàÿ îáñåðâàòîðèÿ Íàöèîíàëüíîé Àêàäåìèè íàóê,
 Óêðàèíà,
2 Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ, Íèæíèé Àðõûç,
 Êàðà÷àåâî-×åðêåññêàÿ Ðåñïóáëèêà, Ðîññèÿ, e-mail: ikar@sao.ru

STAR FORMATION IN THIN DISCS OF SPIRAL
GALAXIES SEEN FACE-ON

V.E.KARACHENTSEVA1, I.D.KARACHENTSEV2, O.G.KASHIBADZE2

We present estimates of integrated (SFR) and specific (sSFR) star formation rate
for 181 late-type Sc, Scd, Sd galaxies seen almost face-on. Their SFRs are derived
via FUV-flux from GALEX survey. The median values of sSFR are: -10.66 dex
for Sc, -10.44 dex for Scd and -10.40 dex for Sd types in units of (yr)-1. The average
sSFR of the galaxies decreases smoothly from low-mass to giant discs. Being
corrected for photometric errors, the sSFR for them has a low cosmic variance of
0.16 dex. To reproduce the observed stellar mass over the cosmic time of 13.8 Gyr,
the bulge-less face-on galaxies need to have in the past 2-3 times higher SFR than
their present rates.

Keywords: spiral galaxies: discs: star formation

Karachentseva.pmd 4/10/2020, 2:52 PM190



191ÇÂÅÇÄÎÎÁÐÀÇÎÂÀÍÈÅ  Â  ÑÏÈÐÀËÜÍÛÕ  ÃÀËÀÊÒÈÊÀÕ

ËÈÒÅÐÀÒÓÐÀ

1. D.C.Martin, J.Fanson, D.Schiminovich et al., Astrophys. J., 619, L1, 2005.
2. A.Gil de Paz, S.Boissier, B.F.Madore et al., Astrophys. J. Suppl., 173, 185, 2007.
3. J.C.Lee, A.Gil de Paz, C.Tremonti et al, Astrophys. J., 706, 599, 2009.
4. I.D.Karachentsev, E.I.Kaisina, Astron. J., 146, 46, 2013.
5. O.V.Melnyk, V.E.Karachentseva, I.D.Karachentsev, AstBu, 72, 1, 2017.
6. V.E.Karachentseva, Y.N.Kudrya, I.D.Karachentsev et al., AstBu, 71, 1, 2016.
7. I.D.Karachentsev, V.E.Karachentseva, Mon. Not. Roy. Astron. Soc, 485, 1477, 2019.
8. I.D.Karachentsev, V.E.Karachentseva, Y.N.Kudrya, AstBu, 71, 129, 2016.
9. K.C.Chambers, E.A.Magnier, N.Metcalfe et al., arXiv:1612.05560, 2016.
10. D.Makarov, P.Prugniel, N.Terekhova et al., Astron. Astrophys., id. A13, 570A,

2014.
11. D.J.Schlegel, D.P.Finkbeiner, M.Davis, Astrophys. J., 500, 525, 1998.
12. T.H.Jarrett, T.Chester, R.Cutri et al., Astron. J., 125, 525, 2003.
13. E.J.Shaya, R.B.Tully, Y.Hoffman et al., Astron. J., 850, 207, 2017.
14. E.I.Kaisina, D.I.Makarov, I.D.Karachentsev et al., AstBu, 67, 115, 2012.
15. E.F.Bell, D.H.McIntosh, N.Katz et al., Astrophys. J. Suppl., 149, 289, 2003.
16. R.C.Kennicutt, Ann. Rev. Astron. Astrophys., 36, 189, 1998.
17. S.S.McGaugh, J.M.Schombert, Astron. J., 148, 77, 2014.
18. M.Fukugita, P.J.E.Peebles, Astrophys. J., 616, 643, 2004.
19. S.S.Kaisin, I.D.Karachentsev, H.Hernandez-Toledo et al., AstBu, 73, 1 2020.

Karachentseva.pmd 4/10/2020, 2:49 PM191



ÒÈÏÛ ÀÊÒÈÂÍÎÑÒÈ ÃÀËÀÊÒÈÊ, ÎÒÎÁÐÀÍÍÛÕ ÈÇ
ÂÛÁÎÐÊÈ HRC/BHRC. II

Ã.Ì.ÏÀÐÎÍßÍ1, À.Ì.ÌÈÊÀÅËßÍ1, À.Â.ÀÁÐÀÌßÍ1, Ã.À.ÌÈÊÀÅËßÍ1

Ïîñòóïèëà 8 íîÿáðÿ 2019
Ïðèíÿòà ê ïå÷àòè 11 ìàðòà 2020

Â ðàáîòå ïðèâåäåíà äåòàëüíàÿ ñïåêòðàëüíàÿ êëàññèôèêàöèÿ 198 êàíäèäàòîâ â ÀßÃ (àêòèâíûå
ÿäðà ãàëàêòèê) èç îáúåäèíåííîé âûáîðêè HRC/BHRC, êîòîðàÿ ïðåäñòàâëÿåò ñîáîé êîìáèíàöèþ
HRC (Ãàìáóðã-ROSAT Êàòàëîã) è BHRC (Áþðàêàí-Ãàìáóðã-ROSAT Êàòàëîã). Ýòè îáúåêòû
áûëè âûÿâëåíû êàê îïòè÷åñêèå îòîæäåñòâëåíèÿ ðåíòãåíîâñêèõ èñòî÷íèêîâ ROSAT, îäíàêî ñïåêòðû
äëÿ 198 èç íèõ ïðèâåäåíû â SDSS áåç îïðåäåëåííîé ñïåêòðàëüíîé êëàññèôèêàöèè. Äàííûå
îáúåêòû èçó÷åíû ñ èñïîëüçîâàíèåì ñïåêòðîâ SDSS è äëÿ íèõ âûÿâëåíû ïîäðîáíûå òèïû
àêòèâíîñòè. Äëÿ áîëåå óâåðåííîé êëàññèôèêàöèè èñïîëüçîâàëèñü òðè äèàãíîñòè÷åñêèõ äèàãðàììû
è ïðÿìûå èññëåäîâàíèÿ ñïåêòðîâ. Ýòè èñòî÷íèêè áûëè îòîæäåñòâëåíû â äðóãèõ äèàïàçîíàõ
ýëåêòðîìàãíèòíûõ âîëí, à òàêæå ðàññ÷èòàíû èõ ôèçè÷åñêèå ïàðàìåòðû.

Êëþ÷åâûå ñëîâà: AGN: ðåíòãåíîâñêîå èçëó÷åíèå: ñïåêòðàëüíàÿ êëàññèôèêàöèÿ:
     HRC/BHRC: ðåíòãåíîâñêèå AGN:ROSAT: HQS

1. Ââåäåíèå. Â ïåðâîé ÷àñòè äàííîé ðàáîòû [1] áûëè ïðîâåäåíû äåòàëüíûå
ñïåêòðàëüíûå êëàññèôèêàöèè 173 êàíäèäàòîâ AGN èç îáúåäèíåííîé âûáîðêè
HRC/BHRC, êîòîðàÿ ïðåäñòàâëÿåò ñîáîé êîìáèíàöèþ HRC [2] (êàòàëîã Ãàìáóðã-
ROSAT) è BHRC [3] (êàòàëîã Áþðàêàí-Ãàìáóðã-ROSAT). Ýòè îáúåêòû áûëè
âûÿâëåíû êàê îïòè÷åñêèå îòîæäåñòâëåíèÿ ðåíòãåíîâñêèõ èñòî÷íèêîâ ROSAT [4-
7] èç îöèôðîâàííûõ ïëàñòèíîê Ãàìáóðãñêîãî îáçîðà êâàçàðîâ (HQS [8]).

Áûëè èçó÷åíû 173 îáúåêòà ñ èñïîëüçîâàíèåì ñïåêòðîâ SDSS è âûÿâëåíû
äëÿ íèõ ïîäðîáíûå òèïû àêòèâíîñòåé. Äëÿ áîëåå óâåðåííîé êëàññèôèêàöèè
áûëè èñïîëüçîâàíû òðè äèàãíîñòè÷åñêèå äèàãðàììû è âèçóàëüíûå èññëåäîâàíèÿ
ñïåêòðîâ. Ñäåëàíî îòîæäåñòâëåíèå ýòèõ èñòî÷íèêîâ â äðóãèõ äèàïàçîíàõ äëèí
âîëí è âû÷èñëåíû íåêîòîðûå ïàðàìåòðû.

Â ýòîé ðàáîòå èçó÷åíî 198 èñòî÷íèêîâ HRC/BHRC, èç îñòàâøèõñÿ 711,
ó êîòîðûõ áûëè îáíàðóæåíû ñïåêòðû â SDSS. Ñäåëàíà ïîïûòêà ïîäòâåðäèòü
èõ êàê ÀßÃ (äëÿ ïðîâåðêè íà óæå ïîäòâåðæäåííûõ ÀßÃ ïðîâåäåíà êðîññ-
êîððåëÿöèÿ ñ êàòàëîãîì Catalogue of QSOs and Active Nuclei (â äàëüíåéøåì
- VCV-13) [9], è ñ êàòàëîãîì BZCAT [10]) è äàòü äåòàëüíóþ ñïåêòðàëüíóþ
êëàññèôèêàöèþ. Òàêæå ïðîâåäåíà êðîññêîððåëÿöèÿ ñ îáçîðíûìè êàòàëîãàìè
äëÿ èõ èäåíòèôèêàöèè â ðàçíûõ äèàïàçîíàõ ýëåêòðîìàãíèòíûõ âîëí.

×òîáû îïðåäåëèòü ïðàâèëüíûé ðàäèóñ ïîèñêà äëÿ êðîññêîððåëÿöèé è
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èçáåæàòü îøèáî÷íûõ èäåíòèôèêàöèé, ïðîâåäåíà ïðåäâàðèòåëüíàÿ êðîññ-
êîððåëÿöèÿ ñ áîëüøèì ðàäèóñîì, à çàòåì ïîñòðîåíî ðàñïðåäåëåíèå ðàäèóñà
èäåíòèôèêàöèè. Ýòî ïîçâîëèëî îïðåäåëèòü ïðàâèëüíûé ðàäèóñ ïîèñêà. Íà
ðèñ.1 ïðèâåäåí ïðèìåð òàêîãî ðàñïðåäåëåíèÿ äëÿ êàòàëîãà AllWISE. Â ýòîì
ñëó÷àå ðàäèóñ ïîèñêà ðàâåí 2 óãë. ñ.

Åñëè âî âðåìÿ èäåíòèôèêàöèé áûëî íåñêîëüêî îáúåêòîâ, ñîîòâåòñòâóþùèõ
äàííîìó èñòî÷íèêó, òî äëÿ íàäåæíîñòè áûë âûáðàí òîò èñòî÷íèê, ó êîòîðîãî
ðàññòîÿíèå äî îáúåêòà â 3 ðàçà ìåíûøå, ÷åì ó âòîðîãî. Åñëè îòíîøåíèå
ðàññòîÿíèé áûëî ìåíüøå, òî ýòîò èñòî÷íèê ïðè÷èñëåí ê íåíàäåæíî èäåíòè-
ôèöèðîâàííûì è îáîçíà÷åí çíàêîì <:> â òàáë.4 (èäåíòèôèêàöèÿ èñòî÷íèêà
ñ îïòè÷åñêèì îáúåêòîì íå îäíîçíà÷íà).

2. Íàáëþäàòåëüíûé ìàòåðèàë. Íàáëþäàòåëüíûé ìàòåðèàë ñîäåðæèò
ñïåêòðû SDSS DR10-15 [11-15] äëÿ 198 îáúåêòîâ èç HRC-BHRC. Äëÿ ýòèõ
îáúåêòîâ äàíû èíòåíñèâíîñòè ñïåêòðàëüíûõ ëèíèé, à òàêæå êðàñíûå ñìåùåíèÿ.

Ïîñêîëüêó â íàáëþäåíèÿõ SDSS èñïîëüçóåòñÿ îäèí è òîò æå ðàçìåð îïòè-
÷åñêîãî âîëîêíà, òî áîëüøèíñòâî ïðîòÿæåííûõ ãàëàêòèê èìåþò êîìïîíåíòû
ïîãëîùåíèÿ, è ëèøü î÷åíü ìàëûé ïðîöåíò ïîêàçûâàåò ñïåêòð ÷èñòîãî ÿäðà.
Íàèáîëåå òèïè÷íûìè ëèíèÿìè ïîãëîùåíèÿ ÿâëÿþòñÿ ëèíèè MgII 5175Å , NaI
5890Å  è ëèíèè ñåðèè Áàëüìåðà, ñðåäè êîòîðûõ íàèáîëåå âàæíîé ÿâëÿåòñÿ
êîìïîíåíòà ïîãëîùåíèÿ H , íàëîæåííàÿ íà êîìïîíåíòó èçëó÷åíèÿ, èñõîäÿùóþ
èç ÿäðà.

×àñòî èçìåðåíèÿ ñïåêòðîâ SDSS ïðîâåäåíû â ëèíèÿõ íà óðîâíå øóìà è
íèçêîãî êà÷åñòâà. Ïîýòîìó àâòîìàòè÷åñêèå èçìåðåíèÿ äàþò íåêîòîðûå èñêóññò-
âåííûå ÷èñëà, êîòîðûå óêàçûâàþò íà íåðåàëüíûå äàííûå. Òàêèì îáðàçîì,

Ðèñ.1. Âû÷èñëåíèå ïðàâèëüíîãî ðàäèóñà èäåíòèôèêàöèé äëÿ êàòàëîãà AllWISE.
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íåîáõîäèìî òùàòåëüíî ïðîâåðèòü ñïåêòðû íà âñåõ äëèíàõ âîëí è ðåøèòü, êàêèå
èçìåðåíèÿ ñëåäóåò èñïîëüçîâàòü äëÿ äàëüíåéøèõ èññëåäîâàíèé. Îñîáåííî âàæíû
òå ëèíèè, êîòîðûå èñïîëüçóþòñÿ â äèàãíîñòè÷åñêèõ äèàãðàììàõ ( H , [OIII]
5007Å , [OI] 6300Å , H , [NII] 6583Å  è [SII] 6716+6731Å ) [16]. Ïðèìåðû
ñïåêòðîâ SDSS DR15 äëÿ ðàçíûõ òèïîâ îáúåêòîâ ïðåäñòàâëåíû íà ðèñ.2.

3. Ïðèíöèïû êëàññèôèêàöèè. Ìû èñïîëüçîâàëè íåñêîëüêî ìåòîäîâ
äëÿ êëàññèôèêàöèè íàøèõ ñïåêòðîâ:

- Âèçóàëüíûé ïðîñìîòð ñïåêòðîâ (ñ ó÷åòîì âñåõ òîíêîñòåé è ýôôåêòîâ).
- Äèàãíîñòè÷åñêèèå äèàãðàììû ñ èñïîëüçîâàíèåì ñîîòíîøåíèé   HOIII

è   HOI ,   HOIII  è   HNII ,   HOIII  è   HSII .
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Ðèñ.2. Ïðèìåðû ñïåêòðîâ SDSS DR15 äëÿ íåêîòîðûõ îáúåêòîâ HRC-BHRC. a) QSO,
b) S1.0, c) NLS1.0, d) S1.5, e) NLS1.5, f) NLS1.8, g) S2.0, h) LINER, i) HII/NLS1.8, j) HII,
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Âèçóàëüíàÿ êëàññèôèêàöèÿ áûëà ñäåëàíà äëÿ äîïîëíåíèÿ êëàññèôèêàöèè
ïî äèàãíîñòè÷åñêèì äèàãðàììàì, ïîòîìó ÷òî íå âñå îáúåêòû ìîæíî íàíîñèòü
íà íèõ. Êðîìå òîãî, íà äèàãíîñòè÷åñêèõ äèàãðàììàõ íå ó÷èòûâàþòñÿ øèðîêèå
êîìïîíåíòû ýìèññèîííûõ ëèíèé, à ýòî ìîæåò èìåòü ðåøàþùåå çíà÷åíèå äëÿ
êëàññèôèêàöèè ïîäêëàññîâ ñåéôåðòîâñêèõ ãàëàêòèê 1.0-1.9. Ñ ïîìîùüþ
äèàãíîñòè÷åñêèõ äèàãðàìì ìû îòëè÷àåì ñåéôåðòîâñêèå ãàëàêòèêè îò Ëàéíåðîâ
ïî   4HOIII  , à ÀßÃ îò HII ïî   32HNII   è   10HOI . .

4. Èçó÷åíèå ñïåêòðîâ è èõ êëàññèôèêàöèÿ . Èçó÷åíèå ñïåêòðîâ
íà÷àëîñü ñ èäåíòèôèêàöèè ñïåêòðàëüíûõ ëèíèé. Áûëè èñïîëüçîâàíû òîëüêî
òå ëèíèè, èíòåíñèâíîñòü êîòîðûõ ïðåâûøàò óðîâåíü øóìà íà 3 . H
ïðîÿâëÿåòñÿ â ïîãëîùåíèè íà áîëüøèíñòâå ýòèõ ñïåêòðîâ. Áûëî èçó÷åíî
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âëèÿíèå àáñîðáöèîííîé êîìïîíåíòû ëèíèè H  íà ýìèññèîííóþ, ÷òî âàæíî
äëÿ èñïîëüçîâàíèÿ ÷èñëåííûõ äàííûõ, ïðèâåäåííûõ â òàáëèöàõ SDSS. Ïîñëå
íàõîæäåíèÿ ýìèññèîííûõ ëèíèé, áûëè îïðåäåëåíû òå, ñ ïîìîùüþ êîòîðûõ
ìîæíî ïîñòðîèòü äèàãíîñòè÷åñêèå äèàãðàììû. Äëÿ 105 îáúåêòîâ ñ ýìèññèîí-
íûìè ëèíèÿìè, èìåÿ 7 ëèíèé äëÿ êàæäîãî èç íèõ (â íàøèõ ñïåêòðàõ
ïîëó÷àåòñÿ âñåãî 735 ñïåêòðàëüíûõ ëèíèé), ìû ñìîãëè èñïîëüçîâàòü òîëüêî
575 ëèíèé (95 H , 95 [OIII] 5007Å , 76 [OI] 6300Å , 79 H , 79 [NII] 6583Å ,
77 [SII] 6717Å , 77 [SII] 6731Å ). Â ðåçóëüòàòå áûëè ïîñòðîåíû äèàãíîñòè÷åñêèå
äèàãðàììû, èñïîëüçóÿ îòíîøåíèÿ   HOIII  è   HNII  äëÿ 35 îáúåêòîâ,
îòíîøåíèå   HOIII  è   HOI  äëÿ 35 îáúåêòîâ è   HOIII  è   HSII  äëÿ
34 îáúåêòîâ.

Êðîìå òîãî èäåíòèôèöèðîâàíû ñëåäóþùèå ñïåêòðàëüíûå ëèíèè, âàæíûå
äëÿ ÀßÃ, êîòîðûå íå ïðèâåäåíû â òàáëèöàõ SDSS: [NeIII] 3869Å , [NeIII]
3968Å , [SII] 4069/76Å , HeI 4471Å , HeII 4686Å , NI 5198/5200Å , [NII]
5755Å , HeI 5876Å , [FeVII] 6087Å , HeI 6678Å , HeI 7065Å , [ArIII] 7136Å ,
[ArIV] 7237Å , [OII] 7319Å , [OII] 7329Å .

Íà ðèñ.3 ïðèâåäåíû äèàãíîñòè÷åñêèå äèàãðàììû: íà 1-é äèàãíîñòè÷åñêîé
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äèàãðàììå èñïîëüçîâàíû îòíîøåíèÿ èíòåíñèâíîñòåé ëèíèé   HOI  è   HOIII ,
íà 2-é -   HNII  è   HOIII , è íà 3-é -   HSII  è   HOIII  [16].

Â ðåçóëüòàòå êëàññèôèêàöèè êàê ïî äèàãíîñòè÷åñêèì äèàãðàììàì, òàê è ïðè
âèçóàëüíîì îñìîòðå âñåõ ñïåêòðîâ 198 îáúåêòîâ ïîëó÷åíû 22 (11.1%) êâàçàðà,
46 (23.3%) ñåéôåðòîâñêèõ ãàëàêòèê, 6 (3.0%) ëàéíåðîâ, 3 (1.5%) îáúåêòà ñ
ñîñòàâíûì (composite) ñïåêòðîì, 10 (5.1%) HII, 1 (0.5%) ÀßÃ, 17 (8.6%) ãàëàêòèê
ñ ëèíèÿìè èçëó÷åíèÿ è 43 (21.7%) ãàëàêòèêè ñ ëèíèÿìè ïîãëîùåíèÿ (âîçìîæíî
ÿâëÿþòñÿ ñêðûòûìè ÀßÃ). 28 îáúåêòîâ îêàçàëèñü çâåçäàìè, à åùå 22 èç-çà
íèçêîãî êà÷åñòâà ñïåêòðîâ îñòàëèñü áåç îïðåäåëåííîé êëàññèôèêàöèè (òàáë.1).

Íàäî îòìåòèòü, ÷òî òîëüêî 128 èç íàøèõ îáúåêòîâ èìåþò êëàññèôèêàöèþ
â NED (NASA/IPAC Extragalactic Database). Â ðåçóëüòàòå êëàññèôèêàöèè
âûÿñíèëîñü, ÷òî òîëüêî 9 èç 128 îáúåêòîâ áûëè êëàññèôèöèðîâàíû ïðàâèëüíî
èëè ïîëíîöåííî. Íàøà êëàññèôèêàöèÿ áîëåå íàäåæíà, òàê êàê ó÷èòûâàëèñü
øèðîêèå êîìïîíåíòû ñïåêòðàëüíûõ ëèíèé, ÷òî íåâîçìîæíî íà äèàãíîñòè÷åñêèõ
äèàãðàììàõ.

Òàáë.2 ñîäåðæèò ïàðàìåòðû îñíîâíûõ ëèíèé èçëó÷åíèÿ èçó÷åííûõ çäåñü
ãàëàêòèê HRC/BHRC. Ïðèâåäåíû òîëüêî òå ëèíèè, êîòîðûå ïðåâûøàþò óðîâåíü
øóìà íà 3 . Äëÿ êàæäîãî îáúåêòà â òàáë.2 ïåðå÷èñëåíû èíòåíñèâíîñòè
ñïåêòðàëüíûõ ëèíèé, äåñÿòè÷íûå ëîãàðèôìû îòíîøåíèé èíòåíñèâíîñòåé
ñïåêòðàëüíûõ ëèíèé   HOIII ,   HOI ,   HNII ,   HSII , òèïû àêòèâíîñòè,
îñíîâàííûå íà ýòèõ îòíîøåíèÿõ èëè íà ïðÿìîé êëàññèôèêàöèè ñïåêòðîâ, à
òàêæå òèïû àêòèâíîñòè, îñíîâàííûå íà NED. Âñå ýòè ïàðàìåòðû ïðèâåäåíû
äëÿ 105 îáúåêòîâ HRC-BHRC, äëÿ êîòîðûõ èçìåðåíû ïàðàìåòðû ëèíèé â

Òèï ×èñëî Òèï ×èñëî
àêòèâíîñòè îáúåêòîâ àêòèâíîñòè îáúåêòîâ

QSO 10 NLS1.8 14
QSO1.2 5 S2.0 1

NLQSO1.2 1 AGN 1
QSO1.5 4 LINER 6

NLQSO1.5 2 LINER/Sy 1
S1.0 3 HII/Sy 2
S1.2 7 HII 10

NLS1.2 6 Em 17
S1.5 8 Abs 43

NLS1.5 5 Star 28
S1.8 2 UnCl 22

Òàáëèöà 1

ÐÀÑÏÐÅÄÅËÅÍÈÅ ÈÇÓ×ÀÅÌÛÕ 198 ÎÁÚÅÊÒÎÂ
ÏÎ ÒÈÏÀÌ ÀÊÒÈÂÍÎÑÒÈ
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SDSS DR10-DR15. Òàáë.2 ïîëíîñòüþ ïðèâåäåíà â ýëåêòðîííîì âèäå â áàçå
äàííûõ àñòðîíîìè÷åñêèõ êàòàëîãîâ Vizier.

Äëÿ ñðàâíåíèÿ, ðàññ÷èòàíû ñðåäíèå çíà÷åíèÿ ôèçè÷åñêèõ ïàðàìåòðîâ äëÿ
ýòèõ îáúåêòîâ.

Íàèìåíüøåå çíà÷åíèå êðàñíîãî ñìåùåíèÿ (èç SDSS, íå âêëþ÷àÿ çâåçä)
ñîñòàâëÿåò 0.002, à íàèáîëüøåå - 4.366. Ñðåäíåå êðàñíîå ñìåùåíèå ñîñòàâëÿåò
0.408. Ðàñïðåäåëåíèå êðàñíûõ ñìåùåíèé ïðèâåäåíî íà ðèñ.4, ãäå êðàñíûå

N 1 2 3 4 5

Èîíû Äëèíà J111316.5 J004949.3 J013051.8 J005617.3 J095427.6
âîëíû +480449 +242707 +012712 +275349 +301917

[OII] 3727 25.31 6.32 55.49 31.7 36.41
H 4862 20.4 5.14 66.87 33.79 25.48

[OIII] 4959 7.26 5.54 36.19 24.09 33.96
[OIII] 5007 13.11 5.84 47.07 33.23 60.58

Âûñîòà [OI] 6300 5.12 6.59 21.4 13.53 14.21
[NII] 6548 9.76 7.47 94.5 43.21 37.97

H 6563 64.29 8.33 130.56 65.08 40.98
[NII] 6583 23.71 9.74 97.17 52.78 44.73
[SII] 6716 12.76 9.24 21.73 19.99 21.48
[SII] 6731 11.92 8.18 20.51 16.67 19.15

Ñîîòíîøåíèå log([OIII]/H) -0.192 0.056 -0.153 -0.007 0.376
log([OI]/H) -1.099 -0.102 -0.785 -0.682 -0.460
log([NII]/H) -0.433 0.068 -0.128 -0.091 0.038
log([SII]/H) -0.416 0.321 -0.490 -0.249 -0.004

Òèï HII LINER NLS1.5 NLSQ1.2 QSO1.2
àêòèâíîñòè

NED n/a n/a n/a n/a n/a

Òàáëèöà 2

ÏÀÐÀÌÅÒÐÛ ÃËÀÂÍÛÕ ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ
ÃÀËÀÊÒÈÊ HRC/BHRC

Íàçâàíèå êàòàëîãà Ðàäèóñ ïîèñêà (arcsec) ×èñëî îáúåêòîâ

GALEX 3 97
2MASS 2 120
AllWISE 2 174

IRAS 60 8
NVSS 10 40
FIRST 3 29

Òàáëèöà 3

ÄÀÍÍÛÅ ÌÍÎÃÎÂÎËÍÎÂÎÉ ÊÐÎÑÑÊÎÐÐÅËßÖÈÈ
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ñìåùåíèÿ áîëüøèíñòâà îáúåêòîâ íàõîäÿòñÿ â äèàïàçîíå îò 0.03 äî 0.50.
Ñðåäíèå çíà÷åíèÿ âåëè÷èí u, g, r, i, z ñîñòàâëÿþò 20.33, 19.12, 18.33, 17.92
è 17.63, ñîîòâåòñòâåííî.

5. Ìíîãîâîëíîâûå äàííûå. Âñå 198 îáúåêòîâ áûëè êðîññêîððåëèðîâàíû
ñ êàòàëîãîì óëüòðàôèîëåòîâîãî äèàïàçîíà GALEX [17], èíôðàêðàñíûìè
êàòàëîãàìè 2MASS [18], AllWISE [19], IRASPSC [20], FSC [21] è IRASPSC/
FSC [22], à òàêæå ñ ðàäèîêàòàëîãàìè NVSS [23] è FIRST [24]. Â òàáë.3
ïðèâåäåíû ðåçóëüòàòû êðîññêîððåëèðîâàíèÿ.

Â òàáë.4 ïðèâåäåíû ðàçëè÷íûå ïàðàìåòðû íàøåé âûáîðêè íà îñíîâå
ðåçóëüòàòîâ êðîññêîððåëèðîâàíèÿ ñ ìíîãîâîëíîâûìè êàòàëîãàìè. Â ïîñëåäóþùèõ
ñòðîêàõ ïåðå÷èñëåíû ñëåäóþùèå äàííûå: ROSAT (íàçâàíèå îáúåêòà ROSAT,
ñêîðîñòü ñ÷åòà, êîýôôèöèåíò æåñòêîñòè ñïåêòðà 1, êîýôôèöèåíò æåñòêîñòè
ñïåêòðà 2, ðåíòãåíîâñêèé ïîòîê), SDSS (RA 2000 è DEG 2000, u, g, r, i,
z âåëè÷èíû, êðàñíîå ñìåùåíèå), GALEX (ðàññòîÿíèå êðîññêîððåëèðîâàíèÿ,
FUV, NUV âåëè÷èíû), 2MASS (ðàññòîÿíèå êðîññêîððåëèðîâàíèÿ, JHK âåëè÷èíû),
IRAS (ðàññòîÿíèå êðîññêîððåëèðîâàíèÿ, ïîòîêè F12, F25, F60, F100 ßí),
ALLWISE (ðàññòîÿíèå êðîññêîððåëèðîâàíèÿ, W1, W2, W3, W4 âåëè÷èíû),
NVSS (ðàññòîÿíèå êðîññêîððåëèðîâàíèÿ, S1.4 ìßí), FIRST (ðàññòîÿíèå êðîññ-
êîððåëèðîâàíèÿ, Fpeak, Fint ìßí), ðàäèàëüíàÿ ñêîðîñòü, ðàññòîÿíèå (ïðè
H = 72 êì/ñ Ìïê), ðåíòãåíîâñêàÿ è îïòè÷åñêàÿ ñâåòèìîñòü, Mr âåëè÷èíà è òèï
àêòèâíîñòè äëÿ êàæäîãî îáúåêòà, âûáðàííûõ íàìè. Òàáë.4 ïîëíîñòüþ ïðèâåäåíà
â ýëåêòðîííîì âèäå â áàçå äàííûõ àñòðîíîìè÷åñêèõ êàòàëîãîâ Vizier.

Â òàáë.5 ïðèâåäåíû ñðåäíèå ïàðàìåòðû äëÿ íàøèõ 148 îáúåêòîâ, èìåþùèõ
îïðåäåëåííûå òèïû àêòèâíîñòè. Â ïîñëåäóþùèõ ñòîëáöàõ ïåðå÷èñëåíû òèïû
àêòèâíîñòè, ÷èñëî îáúåêòîâ, ñðåäíåå êðàñíîå ñìåùåíèå, ñðåäíÿÿ àáñîëþòíàÿ

Ðèñ.4. Ðàñïðåäåëåíèå êðàñíûõ ñìåùåíèé äëÿ 198 ðåíòãåíîâñêèõ èñòî÷íèêîâ.
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N 1 2 3 4 5 6

1RXS J011143.1 J003455.6 J004014.6 J095246.6 J095427.6 J001740.9
+165238 +300043 +012625 +515338 +301917 +082756

CR 0.0446 0.0461 0.0553 0.24 0.0479 0.0493
HR1 0.85 0.7 0.39 0.2 -0.25 1
HR2 -0.17 0.56 0.27 0.18 -0.19 0.16

Fx (ìÂò/ì2) 5.72E-13 5.54E-13 5.74E-13 2.25E-12 3.35E-13 6.71E-13
RA 17.93848 8.74895 10.05634 148.19684 148.61592 4.42273

DEG 16.88632 30.02102 1.42953 51.88536 30.32027 8.46548
u 17.861 20.137 19.119 18.695 17.778 20.209
g 15.742 18.137 18.281 17.285 17.459 19.423
r 14.772 16.645 17.321 16.737 17.619 19.272
i 14.308 16.077 16.841 16.568 17.531 19.156
z 13.979 15.673 16.537 16.480 17.591 18.940
z 0.063254 0.230529 0.226316 0.215194 0.533459 0.678406

GALEX r" 2.666 1.473 0.709 1.823 0.15 0.857
FUV 21.97 20.847 18.985
NUV 21.423 22.16 20.198 22.25 18.188 20.418

2MASS r" 0.324 0.671 0.362 0.172 0.522 0.358
J 14.338 16.225 16.046 15.591 16.988 17.053
H 13.459 14.836 15.107 15.12 15.975 16.325
K 13.152 14.681 14.33 14.938 15.463 15.527

IRAS r" 53.6
F12 (ßí) 0.0885
F25 (ßí) 0.1548
F60 (ßí) 0.2171
F100 (ßí) 1.14
WISE r" 0.176 0.279 0.202 0.302 0.155 0.25

W1 12.08 13.72 13.25 14.97 13.39 13.82
W2 12.16 13.45 12.36 14.89 12.32 12.59
W3 11.32 12.00 9.38 12.29 9.85 10.21
W4 8.99 8.70 7.25 8.87 7.70 7.75

NVSS r" 2.76 1.08 3.09
S1400 (ìßí) 12.1 16.2 208.1

FIRST r" 0.308 0.133 0.392
Fpeak (ìßí) 135.19 23.11 32.17
Fint (ìßí) 150.83 23.06 33.44
v_r (êì/ñ) 18377 61355 60369 57741 120975 142810
D (Ìïê) 263 922 906 864 1978 2424
Lx (Âò) 5.36E+35 8.55E+36 8.49E+36 2.97E+37 3.69E+37 1.33E+38
Lr (Âò) 1.78E+37 5.21E+37 2.68E+37 4.10E+37 1.52E+38 5.95E+37

Mr -22.37 -23.41 -22.69 -23.17 -24.31 -23.17
Òèï àêòèâíîñòè Abs AGN HII LINER QSO1.2 S1.5

Òàáëèöà 4

ÐÀÇËÈ×ÍÛÅ ÏÀÐÀÌÅÒÐÛ ÍÀØÅÉ ÂÛÁÎÐÊÈ, ÎÑÍÎÂÀÍÍÛÅ
ÍÀ ÐÅÇÓËÜÒÀÒÀÕ ÊÐÎÑÑÊÎÐÐÅËÈÐÎÂÀÍÈß Ñ

ÌÍÎÃÎÂÎËÍÎÂÛÌÈ ÊÀÒÀËÎÃÀÌÈ
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âåëè÷èíà Mr, ñðåäíèå u - g è g - r öâåòà, è X-ray/opt îòíîøåíèÿ ïîòîêîâ äëÿ
ÀßÃ (QSO+Sy+LINER), ãàëàêòèê ñ ñîñòàâíûìè ñïåêòðàìè, HII, Em è Abs
ãàëàêòèê.

Âñå ÀßÃ è ãàëàêòèêè ñ ñîñòàâíûìè ñïåêòðàìè âìåñòå â ñðåäíåì èìåþò
êðàñíîå ñìåùåíèå 0.298, ÷òî â 1.75 ðàçà áîëüøå, ÷åì ó ãàëàêòèê HII. Ñðåäíÿÿ
àáñîëþòíàÿ âåëè÷èíà âñåõ ÀßÃ è ãàëàêòèê ñ ñîñòàâíûìè ñïåêòðàìè âìåñòå
ðàâíà Mr = -22.05, ÷òî áîëüøå, ÷åì ó ãàëàêòèê HII íà 1.44. Ñðåäíèé öâåò u
- g äëÿ âñåõ ÀßÃ è ãàëàêòèê ñ ñîñòàâíûìè ñïåêòðàìè ñîñòàâëÿåò 0m.87 à äëÿ
HII - 0m.69. Ñðåäíèé öâåò g - r äëÿ âñåõ ÀßÃ è ãàëàêòèê ñ ñîñòàâíûìè
ñïåêòðàìè ñîñòàâëÿåò 0m.36, à äëÿ HII- 0m.37.

Òèï ×èñëî Êðàñíîå HR1 Mr u - g g - r log(Fx/Fopt)
àêòèâíîñòè îáúåêòîâ ñìåùåíèå

QSO+Sy1 51 0.556 0.117 -23.08 0.463 0.255 -0.20
Sy2+LINER 24 0.263 0.182 -22.27 0.936 0.532 -0.35
Composite 3 0.131 -0.137 -21.24 1.130 0.455 -0.57

HII 10 0.170 0.164 -20.61 0.690 0.580 -0.53
Em 17 0.292 0.292 -21.96 1.790 0.328 -0.15
Abs 43 0.216 0.485 -22.05 1.574 0.392 -0.47

Òàáëèöà 5

ÑÐÅÄÍÈÅ ÔÈÇÈ×ÅÑÊÈÅ ÏÀÐÀÌÅÒÐÛ ÎÁÚÅÊÒÎÂ HRC-BHRC
ÐÀÇËÈ×ÍÛÕ ÒÈÏÎÂ ÀÊÒÈÂÍÎÑÒÈ

Ðèñ.5. Çàâèñèìîñòü ñóììû ñêîðîñòè ñ÷åòà ðåíòãåíîâñêèõ ëó÷åé (â ëîãàðèôìè÷åñêîì
ìàñøòàáå) è âåëè÷èíû 0.4r SDSS, îò âåëè÷èíû r SDSS.

r

lo
g(

C
R
)+

0.
4r

14
4.4

15 16 17 18 19 20 21

4.8

5.2

5.6

6.0

6.4

6.8 ÀßÃ
Àáñîðá.

B

A

Paronyan.pmd 4/10/2020, 2:53 PM200



201ÒÈÏÛ  ÀÊÒÈÂÍÎÑÒÈ  ÃÀËÀÊÒÈÊ

Ðàäèàëüíûå ñêîðîñòè îáúåêòîâ íàøåé âûáîðêè íàõîäÿòñÿ â èíòåðâàëå
2798597200  êì/ñ, ðàññòîÿíèÿ - 7388102  Ìïê, à àáñîëþòíûå âåëè÷èíû Mr -

33298515 ..  .
Íà ðèñ.5 ïðèâåäåíà çàâèñèìîñòü îáúåêòîâ ïî lîg(CR)+0.4r îò r. Îñîáåííî

èíòåðåñíî ðàññìîòðåòü ýòî ñîîòíîøåíèå äëÿ ãàëàêòèê ñ ëèíèÿìè ïîãëîùåíèÿ,
÷òîáû ïîíÿòü, ÿâëÿþòñÿ ëè îíè ñêðûòûìè ÀßÃ, èëè èìåþò ðåíòãåíîâñêîå
èçëó÷åíèå èç-çà èíòåãðàëüíîãî èçëó÷åíèÿ ãàëàêòè÷åñêîãî íàñåëåíèÿ.
Ðàñïðåäåëåíèå ÀßÃ íàõîäèòñÿ â äèñêðåòíîé îáëàñòè ìåæäó ëèíèÿìè A
(log(CR) + 0.4r = 4.9) è B (log(CR) + 0.4r = 6.4) [25].

Òàêèì îáðàçîì, íàéäåíû 30 (ìåæäó ëèíèÿìè A è B) îáúåêòîâ, êîòîðûå
ÿâëÿþòñÿ êàíäèäàòàìè â ñêðûòûå ÀßÃ.

6. Çàêëþ÷åíèe. Íà îñíîâå îäíîðîäíîãî êàòàëîãà îòîáðàííûõ ðåíòãå-
íîâñêèõ ÀßÃ ïðîâåäåíî ñïåêòðîñêîïè÷åñêîå èññëåäîâàíèå äëÿ òåõ îáúåêòîâ,
êîòîðûå èìåþò ñïåêòðû SDSS. 198 îáúåêòîâ âõîäÿò â ýòîò ñïèñîê, è îíè
êëàññèôèöèðîâàíû ïî òèïàì àêòèâíîñòè ñ èñïîëüçîâàíèåì òðåõ äèàãíîñòè÷åñêèõ
äèàãðàìì è òùàòåëüíîãî èññëåäîâàíèÿ ñïåêòðîâ (äëÿ ïîëíîé êëàññèôèêàöèè
øèðîêèõ ëèíèé ÀßÃ). Ñäåëàíà òîíêàÿ êëàññèôèêàöèÿ ñïåêòðîâ, ÷òîáû îòäåëèòü
óçêèå è êëàññè÷åñêèå øèðîêèå ëèíèè ñåéôåðòîâñêèõ ãàëàêòèê è îïðåäåëèòü
ïîäòèïû ñåéôåðòîâñêèõ ãàëàêòèê. Ïðèäàâàÿ áîëüøîå çíà÷åíèå ýòèì äåòàëÿì,
íàéäåíû ïîäòèïû NLS1, à èìåííî: NLS1.0, NLS1.2, NLS1.5 è NLS1.8.
Äàëüíåéøåå íàêîïëåíèå ñòàòèñòèêè ìîæåò äàòü âîçìîæíîñòü ïîíÿòü èõ
ôèçè÷åñêèå ðàçëè÷èÿ. Ðàññ÷èòàíû âñå âîçìîæíûå ôèçè÷åñêèå ïàðàìåòðû
èññëåäóåìûõ îáúåêòîâ: ëó÷åâûå ñêîðîñòè, ðàññòîÿíèÿ, àáñîëþòíûå âåëè÷èíû,
ñâåòèìîñòè è ò.ä.

Îäíèì èç íàèáîëåå èíòåðåñíûõ êëàññîâ îáúåêòîâ ñðåäè èñòî÷íèêîâ
ðåíòãåíîâñêîãî èçëó÷åíèÿ ÿâëÿþòñÿ ãàëàêòèêè ñ ëèíèÿìè ïîãëîùåíèÿ. Ñàìûå
ÿðêèå èç íèõ ìîãóò âîéòè â êàòàëîã èç-çà èõ âûñîêîé èíòåãðàëüíîé ÿðêîñòè,
îäíàêî ìíîãèå òàêèå îáúåêòû, èìåÿ íèçêóþ ÿðêîñòü, âñå æå íàáëþäàþòñÿ êàê
ñèëüíûå èñòî÷íèêè ðåíòãåíîâñêîãî èçëó÷åíèÿ. Ìû ðàññìàòðèâàåì ýòè îáúåêòû
êàê âîçìîæíûå ñêðûòûå ÀßÃ, ó êîòîðûõ îïòè÷åñêèå ñïåêòðû íå ïîêàçûâàþò
íèêàêèõ ïðèçíàêîâ ýìèññèè.

Ñïåêòðîñêîïè÷åñêàÿ êëàññèôèêàöèÿ è èññëåäîâàíèå ïðèâåëè ê îòêðûòèþ
ìíîãèõ íîâûõ ÀßÃ è Starburst. Â ðåçóëüòàòå íàø êàòàëîã, ñ ó÷åòîì ðàíåå
èçâåñòíûõ îáúåêòîâ, ñîáðàííûõ èç NED, ñòàë áîëåå ïîëíûì. Èç 4253
îáúåêòîâ HRC-BHRC, 3542 èñòî÷íèêà ðàíåå áûëè ïîäòâåðæäåíû êàê ÀßÃ â
ïðåäûäóùèõ ñïåêòðîñêîïè÷åñêèõ íàáëþäåíèÿõ, è ìû äîáàâèëè ê íèì 198
íîâûõ (õîòÿ íåêîòîðûå áûëè ïåðåêëàññèôèöèðîâàíû).

×òîáû ðàçëè÷èòü ñèëüíûå èñòî÷íèêè ðåíòãåíîâñêîãî èçëó÷åíèÿ è íàéòè
êàíäèäàòû â ñêðûòûå ÀßÃ, ïîñòðîåíû äèàãðàììû îòíîøåíèé X-ray/opt
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ïîòîêîâ. 30 îáúåêòîâ âîçìîæíî ÿâëÿþòñÿ ñêðûòûìè ÀßÃ èç-çà èõ ñèëüíîãî
ðåíòãåíîâñêîãî èçëó÷åíèÿ îòíîñèòåëüíî ê ñëàáîìó îïòè÷åñêîìó ïîòîêó è
îòñóòñòâèÿ êàêèõ-ëèáî îñîáåííîñòåé ëèíèé èçëó÷åíèÿ â îïòè÷åñêèõ ñïåêòðàõ.
Âûïîëíåíî òàêæå ìíîãîâîëíîâîå êðîññêîððåëèðîâàíèå äëÿ ïîñòðîåíèÿ SED
ýòèõ îáúåêòîâ è èçó÷åíèÿ èõ ïîâåäåíèÿ â äðóãèõ äèàïàçîíàõ ýëåêòðîìàã-
íèòíûõ âîëí.

Â ðàáîòå áûëè èñïîëüçîâàíû äàííûå èç NASA/IPAC Extragalactic Database
(NED), à òàêæå äàííûå èç SDSS-III http://www.sdss3.org/.

Àâòîðû âûðàæàþò áëàãîäàðíîñòü àíîíèìíîìó ðåöåíçåíòó ñòàòüè çà öåííûå
çàìå÷àíèÿ è ïðåäëîæåíèÿ, êîòîðûå ñïîñîáñòâîâàëè åå óëó÷øåíèþ.

1 ÍÀÍ ÐÀ, Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ
 èì. Â.À.Àìáàðöóìÿíà (ÁAO), Àðìåíèÿ, e-mail: gurgen_paronyan@yahoo.com

ACTIVITY TYPES OF GALAXIES SELECTED FROM
HRC/BHRC SAMPLE. II

G.M.PARONYAN1, A.M.MICKAELIAN1, H.V.ABRAHAMYAN1,
G.A.MIKAYELYAN1

In this study we carry out detailed spectral classification of 198 AGN
candidates from the Joint HRC/BHRC sample, which is a combination of HRC
(Hamburg-ROSAT Catalogue) and BHRC (Byurakan-Hamburg-ROSAT Catalogue).
These objects were revealed as optical counterparts for ROSAT X-ray sources,
however spectra for 198 of them are given in SDSS without definite spectral
classification. We studied these 198 objects using the SDSS spectra and revealed
the detailed activity types for them. Three diagnostic diagrams and direct examination
of the spectra were used to have more confident classification. We also made
identification of these sources in other wavelength ranges and calculated some of
their parameters.

Keywords: AGN: X-ray: spectral classification: activity type: HRC/BHRC: X-ray
AGN: ROSAT: HQS
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Here, we aim to determine the kinematical properties, velocity ellipsoid and Oort constants
using a sample of halo red giants. The study is based mainly on the space and radial velocities of
1583 red giant stars collected from the SEGUE-1 and SEGUE-2 surveys. We divided the sample
into three subsamples: the inner halo, the outer halo and the stars near the galactic plane. The fitting
of the radial velocity equation gives a mean of Oort constants A = 15.6 ± 1.6 km s-1

 kpc-1 and
B = -13.9 ± 1.8 km s-1

 kp-1 and angular velocity |A - B | = 29.5 ± 0.2 km s-1
 kpc-1, which implies a

rotational velocity of 221.25 ± 26.66 km s-1 if we take the distance to the galactic center as 7.5 kpc.

Keywords: stellar halo: solar elements: kinematical analysis: Oort constants

1. Introduction. Stellar kinematics is an essential ingredient in the study of
galactic structure and evolution. Halo stars in particular may be exploited to probe
the formative phases of our galaxy [1].

Various studies have provided evidence that the Milky Way's halo may not
comprise a single population by analyzing spatial profiles (or inferred spatial
profiles) of halo objects [2-7]. A recent example of such an analysis is the
observation of two different spatial density profiles for the distinct Oosterhoff
classes of RR Lyrae variable stars in the halo [8]. Additionally, tentative claims
for a net retrograde motion of halo objects support the existence of a likely dual-
component halo [9-15]. Using astrophysical simulations, the galactic halo has been
divided into two components, the inner halo and the outer halo [16]. The inner
halo is dominated by stars that formed within the galaxy, where the outer halo
mainly comprises stars accreted through merger events.

Red giant stars are important because they are the most luminous of old stars
and so are particularly useful to study the early history of the Milky Way.
Therefore, researchers use these stars like fossils because in many cases their
chemistry and motions have been unchanged since they were formed more than
10 Gyr ago. According to the Sloan Digital Sky survey's SEGUE project, there
are over 5000 giant stars, some of them as far away as 100 kiloparsecs (kpc; for
comparison, the Milky Way's brightest satellite companion galaxies, the Magellanic
Clouds, are only 50 kpc away). In the present paper, we calculate the kinematical

ÒÎÌ 63 ÌÀÉ, 2020 ÂÛÏÓÑÊ 2

À Ñ Ò Ð Î Ô È Ç È Ê À

Nouh.pmd 4/10/2020, 2:55 PM205



206 M.I.NOUH,  W.H.ELSANHOURY

parameters and the rotational constants for a sample of halo red giants.
The structure of the paper is as follows: Section 2 describes the observational

data. Section 3 is devoted to calculating the kinematical parameters of the sample.
The galactic rotational constants are determined in section 4. The conclusion is
given in Section 5.

2. Observational data. The sample of halo red giant stars in the halo fields
is selected by [17] from the SEGUE-1 and SEGUE-2 surveys [18]; [19] and
SDSS-III/SEGUE-2 [20]; [21] surveys. Both SEGUE surveys were spectroscopic
extensions of SDSS, with the goal of acquiring broad-wavelength coverage,
moderate-resolution R ~ 2000 optical spectra of stars in specific galactic populations.
Carollo [22] used proper motions in combination with distance estimates and
radial velocities to provide the information required to calculate the full space
motions (the components of which are referred to as U, V, W) of our program
stars with respect to the local standard of rest.

We retrieved data for 1444 stars including complete records of space velocities,
radial velocity, proper motion, distance and metallicity. The effective temperature
of the program stars ranges from 4266 K to 6330 K, the metallicity ranges from
-2.29 to -0.69 and distances are up to 40 kpc from the Sun. Carollo [15] applied
the corrections for the Sun's motion with respect to the local standard of rest when
calculating the full space motions by adopting values from Mihalas & Binney [31]

Fig.1. Distribution of observed radial velocities of the red giant stars at different galactic
longitudes.
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(U, V, W) = (-9, 12, 7) km s-1. Errors in the distances are taken to be 10% of the
stated distance, the average error in the proper motions is ~1 mas yr-1 and the error
in the radial velocities ranges between 0.7 and 4.8 km s-1.

We followed the procedure introduced by [15] and divided our sample into
three small samples, an inner halo of stars 15d  kpc away, an outer halo for
stars d = 15 - 20 kpc away and add another small sample for the stars near the
galactic plane; 107  R  kpc. Fig.1 displays the distribution of the radial velocities
of the program stars with galactic longitudes. In Fig.2, we plot the space velocities
U, V, and W as a function of the metallicity.

3. The kinematical model. We follow the computational algorithm de-
veloped by [23] to compute the velocity ellipsoid parameters for the above data
sample and solar elements. A brief explanation of the algorithm follows. The
coordinates of the i-th star with respect to axes parallel to the original axes, but
shifted to the center of the distribution, that is, into the points U , V  and W ,

Fig.2. U, V, and W components of the
space motions of stars in our sample as a
function of [Fe/H].
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will be  UU i ,  VVi ,  WWi  where U, V and W are the components of
the space velocities U , V  and W  are the mean velocities. This is defined as:

, 1; 1; 1
111




N

i
i

N

i
i

N

i
i W

N
WV

N
VU

N
U (1)

where N is the total number of stars and the components U, V and W can be
computed by transformation formulae [24]. Then,

, 486349720008722226427005188074210 zyx V.V.V.U  (2)

, 751369206104477920852048469223690 zyx V.V.V.V  (3)

. 445991329501967483417087314478990 zyx V.V.V.W  (4)

Let   be an arbitrary axis, its zero point coincident with the center of the
distribution, and let l, m and n be the direction cosines of the axis with respect
to the shifted axis. The coordinates Qi of the point i, with respect to the   axis
are then given by:

     . WWnVVmUUlQ iiii  (5)

Let us adopt a generalization of the mean square deviation, as the measured of
the scatter components Qi, defined by

. 1
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22 
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
N

i
iQN (6)

From Equations (1), (5) and (6), we deduce that

, 2 xBxT (10)

where x  is the ( 13 ) direction cosine vector and B is ( 33 ) symmetric matrix

ij  with element
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The necessary conditions for an extremum are now

  . 0 xIB (12)

These are three homogenous equations in three unknowns, which have a nontrivial
solution if and only if

  , 0 IBD (13)

where   is the eigenvalue and x  and B are:
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Equation (13) is characteristic equation for the matrix B. The required roots (that
is, the eigenvalues) are
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Depending on the matrix that control the eigenvalue problem (9) for the velocity
ellipsoid, we establish analytical expressions of some parameters for the correlation
studies in terms of the matrix elements ij  of the eigenvalue problem for the
velocity ellipsoid. The velocity dispersions j ; j = 1, 2, 3 could be given by

. jj  (20)

The center of the cluster can be derived by simply finding the equatorial
coordinates of the center of mass for the number Ni of discrete objects, that is
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N
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(21)

The solar motion can be defined as the absolute value of the Sun's velocity relative
to the group of stars under consideration,

  . skm 1-21222 WVUS  (22)

The galactic longitude lA and galactic latitude bA of the solar apex are
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 , tan 1- UVlA  (23)

 . sin 1-
SWbA  (24)

These three parameters may be called elements of solar motion with respect to
a group under consideration.

We computed the kinematical parameters and solar motion for the three
subsamples (the inner halo, outer halo and stars near the galactic plane). The
results are listed in Table 1, in which row 1 is the total number of stars in each
class; rows 2, 3 and 4 are the average space velocities due to galactic coordinates;
rows 5, 6 and 7 are the eigenvalues; rows 8, 9 and 10 are devoted to dispersion
velocities; rows 11, 12 and 13 are the direction cosines and rows 14, 15 and 16
give the solar elements.

Table 1 shows that the velocity dispersions ( 321  , ,  ) obey the inequalities

321   and they behave in a radially-elongated velocity ellipsoid. Chiba &
Beers [25] obtained the same behavior in terms of the halo's kinematics. The
longitude of the vertex of the velocity ellipsoid o

Al  calculated for our sample
indicates that the principal axis points toward the galactic center.

4. The galactic rotation constants . The Oort constants can be related
to circular velocity and thus the galaxy's potential is an axisymmetric approximation

Parameters Inner Outer Galactic plane
15d  kpc 2015 d  kpc 710  R  kpc

926 stars 518 stars 160 stars

U  (km/s) 15.05 ± 3.88 -7.19 ± 2.68 22.45 ± 4.74
V  (km/s) -212.20 ± 14.57 -208.93 ± 14.45 -210.36 ± 14.50
W  (km/s) 16.28 ± 4.03 21.31 ± 4.62 32.93 ± 5.74

1  (km/s) 70681.7 81799.7 79029.4

2  (km/s) 35148.0 47588.5 36182.6

3  (km/s) 19123.3 30402.6 19373.3

1  (km/s) 265.86 286.01 281.12

2  (km/s) 187.48 218.15 190.22

3  (km/s) 138.29 174.36 139.19
(l1, m1, n1)deg 0.056, -1.00, 0.086 0.00, -0.990, 0.144 0.103, -0.992, -0.070
(l2, m2, n2)deg -0.92, -0.085, -0.390 -0.906, -0.062, -0.419 -0.697, -0.021, -0.717
(l3, m3, n3)deg 0.40, -0.058, -0.917 0.423, -0.130, -0.897 0.710, -0.123, -0.693

S  (km/s) 213.36 ± 14.61 210.14 ± 14.50 214.10 ± 14.63
lA 85.94 -88.03 83.91
bA -4.37 -5.82 -8.85

Table 1

VELOCITY ELLIPSOID AND SOLAR VELOCITY FOR THE THREE
SUBSAMPLES
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[26]. The first proof of the existence of the differential galactic rotation was made
by Oort [27,28]. Several calculations have since been made for the two Oort's
constants, A and B.

To determine the rotation constant A, we follow two methods. The first uses
the radial velocity Vr to show a double sine-wave variation with the galactic
longitude with an amplitude that increases linearly with distance [29]:

  , cossin2 0 KblRRAVr  (25)

where l and b are the longitude and latitude of the individual star, respectively;
R0 is the distance from the Sun to the galactic center and K can be interpreted
as systematic motions of large stellar groupings and systematic errors in the radial
velocities due to gravitational redshift, motions within stellar atmospheres and
erroneous wavelength systems [30].

The radial distance of the star from the galactic center R (the cylindrical radius
vector) is given by

. cos2 0
22

0
2 ldRdRR  (26)

We calculated the Oort constant A for the three subsamples (the inner halo, outer
halo and stars near the galactic plane). The results are listed in Table 2, in which
column 1 is the first Oort constant computed from the least squares fit to Equation
(25), column 2 is the K term and column 3 is the second Oort constant computed
using the relation    BAB  2

12  [31].

The Oort constants can be connected to the local angular velocity through the
relation BA . According to the present result, 20529 ..BA   km s-1

 kpc-1. This
result agrees with [31] for the red giants 1629  .BA  km s-1

 kpc-1 but differs
from the results in the works listed in Table 3. Table 3 lists the Oort constants
calculated by different authors. The rotational velocities in column 4 are calculated
assuming that R0 = 7.5 kpc. The negative K-terms for the three program stars do
not differ significantly from zero. These values differ from many authors' findings
for early-type stars and showed significant values of the K-term.

5. Conclusion. In this work, we calculate the kinematical parameters and

Parameters A (km s-1
 kpc-1) K-term (km s-1) B (km s-1

 kpc-1)  12 /

Galactic plane 16.723 ± 1.81 -2.30 ± 0.37 -13.610 0.68
Inner halo 14.592 ± 1.76 -2.861 ± 0.37 -14.360 0.70
Outer halo 14.930 ± 1.82 -2.78 ± 0.37 -20.420 0.76

Table 2

ROTATION CONSTANTS FOR THE THREE SUBSAMPLES
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the Oort constants with a sample of 1444 red giants from SEGUE-1 and SEGUE-
2 surveys. We divided the sample into three subsamples: the inner halo, the outer
halo and the stars near the galactic plane. The velocity dispersions, projected
distances and solar velocities for each subsample are computed. The derived velocity
dispersions ( 321  , ,  ) for the two halo components are as follows: inner halo
= (265.86, 187.48, 138.29) km s-1, outer halo = (286.01, 218.15, 174.36) km s-1 and
stars near the galactic plane = (281.12, 190.22, 139.19) km s-1. The solar velocities
in km s-1 are 213.4 ± 14.6, 210.14 ± 14.5 and 214.1 ± 14.6 for the inner halo, outer
halo and galactic plane, respectively.

We adopt the Oort constants A = 15.6 ± 1.6 km s-1 kpc-1 and B = -13.9 ± 1.8
km s-1

 kpc-1 and angular velocity 20529 ..BA   km s-1
 kpc-1, which implies a

rotational velocity of 221.25 ± 26.66 km s-1 assuming the distance to the Galactic
center as 7.5 kpc. Our results indicate that the rotation curve -(A + B) equals
 -1.7 ± 0.3 km s-1

 kpc-1, which indicates that the gradient of the rotation curve is
negative and the circular velocity decreases in the galactic halo.
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Origin A B |A - B | Rotational velocity
km s-1

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

 kpc-1 km s-1

Oort [27,28] 19 -24 33 247.5
Kerr & Lynden-Bell [33] 14.4 ± 1.2 -12.0 ± 2.8 26.4 198.5

Comeron et al. [34] 12.9 ± 0.7 -16.9 ± 1.1 29.8 223.5
Feast a Whitelock [35] 14.82 ± 0.84 -12.37 ± 0.64 27.19 203.9
Olling & Dehnen [36] 15.9 ± 2 -16.9 ± 2 32.8 246

R.Branham [37] 16.08 ± 0.72 -10.74 ± 0.65 26.78 200.8
R.Branham, [38] 14.85 ± 7.47 -10.85 ± 6.83 25.43 190.7

Bovy [39] 15.3 ± 0.4 -11.9 ± 0.4 27.2 204
Chengdong et al. [32] 15.1 ± 0.1 -13.4 ± 0.1 28.5 213.7

This work 15.6 ± 1.6 -13.9 ± 1.8 29.5 221.2

Table 3

ADOPTED OORT CONSTANTS AND COMPARISON
WITH PREVIOUS WORKS

Nouh.pmd 4/10/2020, 2:55 PM212



213VELOCITY  ELLIPSOID  OF  RED  GIANTS

ÊÈÍÅÌÀÒÈÊÀ È ÝËËÈÏÑÎÈÄ ÑÊÎÐÎÑÒÅÉ
ÊÐÀÑÍÛÕ ÃÈÃÀÍÒÎÂ ÃÀËÎ

Ì.È.ÍÎÓÕ, Â.Õ.ÝËÜÑÀÍÕÓÐÈ

Â íàñòîÿùåé ñòàòüå îïðåäåëeíû êèíåìàòè÷åñêèå ñâîéñòâà, ýëëèïñîèä
ñêîðîñòåé è êîíñòàíòû Îîðòà ñ ïîìîùüþ âûáîðêè êðàñíûõ ãèãàíòîâ ãàëî.
Èññëåäîâàíèå îñíîâàíî ãëàâíûì îáðàçîì íà ïðîñòðàíñòâåííûõ  è ëó÷åâûõ
ñêîðîñòÿõ îêîëî 1583 êðàñíûõ ãèãàíòñêèõ çâåçä, îòîáðàííûõ èç îáçîðîâ
SEGUE-1 è SEGUE-2. Ìû ðàçäåëèëè âûáîðêó íà òðè ïîäâûáîðêè: çâåçäû
âíóòðåííåãî ãàëî, çâåçäû âíåøíîãî ãàëî è çâåçäû îêîëî ïëîñêîñòè ãàëàêòèêè.
Ïîäãîíêà óðàâíåíèÿ ëó÷åâîé ñêîðîñòè äàåò ñðåäíåå çíà÷åíèå äëÿ ïîñòîÿííûõ
Îîðòà, A = 15.6 ± 1.6 êì ñ-1

 êïê-1 è B = -13.9 ± 1.8 êì ñ-1
 êïê-1, óãëîâàÿ ñêîðîñòü

|A - B | = 29.5 ± 0.2 êì ñ-1
 êïê-1, ÷òî ñîîòâåòñòâóåò ñêîðîñòè âðàùåíèÿ 221.25 ±

26.66 êì ñ-1, åñëè ìû ïðèìåì ðàññòîÿíèå äî öåíòðà Ãàëàêòèêè 7.5 êïê.

Êëþ÷åâûå ñëîâà: çâåçäíîå ãàëî: ýëåìåíòû Ñîëíöà: êèíåìàòè÷åñêèé àíàëèç:
   ïîñòîÿííûå Îîðòà
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ORBITAL SOLUTION OF SOME CONTACT BINARIES
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In the present paper we use a complete set of CCD observations to model the light curves
of the new W UMa systems, GSC 4835-1716 and USNO-A2.0_1275-10813091. The light curve
modeling is performed by means of the W-D code where Kurucz (1993) model atmospheres are
implemented. We treated the asymmetry of the observed curves using a spotted model. Physical
parameters of the accepted model revealed that primary components of the studied systems are
massive and hotter than the secondary ones. The components of the system GSC 4835-1716 are
found to be on or near the TAMS track while the components of the system USNO-A2.0_1275-
10813091, lie between the ZAMS and TAMS evolution tracks.

Keywords: eclipsing binaries: W UMa: evolution: light curve analysis

1. Introduction. Orbital solution and radial velocity of eclipsing binaries are
the main sources for studying the stellar properties of eclipsing binaries. Basic
physical properties and parameters for new discovery objects are estimated through
the orbital solution and light curve modeling using photometric and spectroscopic
observations. Light curve modeling of eclipsing binaries reveals some physical
parameters, which are used to establish and follow their evolutionary status. Light
curve analysis of new discovery systems has caught the attention of many authors
such as Haroon et al. [1] and Nouh and Elkhateeb [2].

In this paper, we present a continuation of a program started earlier to study
some newly discovered eclipsing binaries by Elkhateeb et al. [3-8]. The newly
discovered W UMa systems GSC 4835-1716 and USNO-A2.0_1275-10813091 are
the target of our present study. We performed their first light curve modeling to
estimate their absolute parameters and evolutionary status.

The structure of the paper is as follow: Section 2 presents basic information
about the studied system. Section 3 is devoted to light curve modeling. The results
and conclusion are presented in section 4.

2. Observations.

2.1. GSC 4835-1716. The system GSC 4835-1716 was classified as a new
discovery object of W UMa type by Liakos and Niarchos [9]. These authors
observed the system in V and I (Bessell) filters using a 0.4 m Cassegrain (F/5.1)
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216 M.M.ELKHATEEB

telescope from the Athens observatory (Athens, Hellas, Greece) with a focal
reducer attached with an SBIG ST-10XME CCD camera. The systems GSC
4835-1719 and GSC 4835-2180 were used for comparison and to check stars,
respectively. A complete set of CCD observations was obtained from January 12
to 23, 2012. The individual phases of all observed data were estimated using
ephemeris adopted by Liakos and Niarchos [9] as:

    . 142450932455939.38IMin E. (1)

Observed light curves are displayed in Fig.1 in V and I (Bessell) filters.

2.2. USNO-A2.0_1275-10813091. The variability of the system USNO-
A2.0_1275-10813091 was detected and classified as W UMa by Gazeas [10]. First
CCD observations for the system were obtained in V and R (Bessell) pass band
using a 0.4 m Cassegrain telescope from the Athens University observatory,
attached with an SBIG ST-10XME CCD camera from May 2 to 17, 2015. Using
the first ephemeris (equation 2) adopted by Gazeas [10], the individual phases
corresponding to observed data were estimated.

    . 328120192457155.71IMin E. (2)

Fig.2 shows observed CCD light curves in V and R (Bessell) pass band.

3. Light curve modeling. Photometric solution and light curve modeling
for the systems GSC 4835-1716 and USNO-A2.0_1275-10813091 were performed
using the package by Nelson [11], who implemented Wilson and Devinney's
(2009) version. The code uses model atmospheres by Kurucz [12] and constructs
a theoretical model with absolute parameters and synthetic curves similar to the
observed ones. Initial values for the absolute parameters were adopted using Binary
Maker 3 code (BM3) (Bradstreet, Steelman [13]). The code allows one to

Fig.1. CCD light curves of the system GSC 4835-1716 in V and I (Bessell) filters.
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217ORBITAL  SOLUTION  OF  CONTACT  BINARIES

immediately see the effect of changing each parameter on the synthetic light curve.
We adopt gravity darkening and bolometric albedo exponents appropriate for the

convective envelopes Teff < 7500 K) of the late spectral type stars as g1 = g2 = 0.32
and A1 = A2 = 0.5 (Lucy [14], Rucinski [15]). Using the logarithmic law for the
extinction coefficients, we adopted the bolometric limb darkening (Van Hamme
[16]). Light curve morphology of the studied systems (continuous light variation)
shows that they were taken to be W UMa contact binaries (over contact). Mode
3 (over contact mode) of the W-D code was used and best matching between the
observed and synthetic curves was reached after several runs.

The observed curves of the studied systems show a difference in heights of
maxima. This is called the O'Connell effect and refers to the presence of spots
on the stellar surface. To treat this distortion of the curves, we tried to adopt a
model solution with a suitable spot position in parallel with a non-spot solution

Fig.2. CCD light curves of the system USNO-A2.0_1275-10813091 in V and R (Bessell) pass band.
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to obtain a suitable match among the theoretical curves and the reflected points
observed.

Because of the lack of spectroscopic measurements (radial velocity) for the
studied systems, the initial value of mass ratio q was determined using a q-search
method. The test solutions in this technique were done at a series of assumed
mass-ratios q with the values ranging from 0.10 to 0.90 using mode 3 for over-
contact. A convergent solution was obtained for each assumed q, and the resulting
sums of the squared deviations  2C-O  for each value of q were plotted in Fig.3a
and b for both studied systems. Values of q corresponding to the minima of
 2C-O  obtained for each of the binary stars were adopted as initial values in

the modeling.
The adjustable parameters during the photometric solution and best modelling

estimation are the mean temperature of the secondary star T2, the orbital
inclination i, the potential of the components ( 21  ), the mass ratio q

Parameter GSC 4835-1716 USNO-A2.0_1275-10813091

i (o)  54.67 ± 0.23 61.56 ± 0.17
g1 = g2 0.32 0.32
A1 = A2 0.5 0.5
q (M2/M1)   0.6014 ± 0.0012 0.5741 ± 0.0015

21    3.0650 ± 0.0036  2.9325 ± 0.0057

in  3.0659 3.0156

out   2.7141 2.6779
T1 (K)  6210 Fixed 4410 Fixed
T2 (K)  5290 ± 5 4359 ± 2
r1 pole   0.3990 ± 0.0015  0.4162 ± 0.0037
r1 side   0.4223 ± 0.0018  0.4439 ± 0.0049
r1 back   0.4512 ± 0.0020  0.4787 ± 0.0072
r2 pole  0.3146 ± 0.0041  0.3246 ± 0.0046
r2 side   0.3288 ± 0.0051  0.3414 ± 0.0058
r2 back   0.3611 ± 0.0080  0.3833 ± 0.0105
Spot parameters of star 1
Co-latitude  125 assumed 100 assumed
Longitude  200 assumed 110 assumed
Spot radius 25.17 ± 0.61 13.943 ± 0.160
Temp. factor   1.7 ± 0.02 1.183 ± 0.006
Spot parameters of star 2 --
Co-latitude   125 assumed --
Longitude    170 assumed --
Spot radius 24.51 ± 0.16 --
Temp. factor  1.58 ± 0.03 --

2C)-(O 0.2100 0.06602

Table 1

PHOTOMETRIC SOLUTION FOR THE SYSTEMS
GSC 4835-1716 AND USNO-A2.0_1275-10813091
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and the primary star luminosity L1. The relative brightness of a secondary star
L2 was calculated using the stellar atmosphere model.

3.1. GSC 4835-1716. The observed light curves of the system GSC 4835-
1716 were analyzed using Mode 3 of the W-D code (Nelson [11]) in V and I
(Bessell) filters. After a series of calculations, the best photometric fitting was
reached and the spotted model with the lowest  2C-O  was estimated with two
hot spots. The first spot lies on the surface of star 1 (hot star) and the second
lies on star 2. The best photometric fitting of the accepted model shows that the
primary component is hotter than the secondary one with a temperature difference
of about 920 K.

Table 1 lists the estimated absolute parameters of the accepted model, while Fig.4
displays the synthetic light curves together with observed curves in V and I (Bessell)
pass bands. According to the estimated orbital parameters listed in Table 1, the

Fig.4. Synthetic and observed curves for the system GSC 4835-1716.
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Fig.5. Synthetic and observed curves for the system USNO-A2.0_1275-10813091.
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primary and secondary components of the system GSC 4835-1716 are of spectral
types F8 and G8 respectively (Popper [17]).

3.2. USNO-A2.0_1275-10813091. Photometric study for the observed
curves of the system USNO-A2.0_1275-10813091 was applied in V and R (Bessell)
passband using Mode 3 (over contact) of the W-D code. A model with one hot
spot on star 1 was accepted after some trials, and a set of absolute parameters
describing the model was estimated and listed in Table 1. The parameters of the
accepted model show that the primary component of the system USNO-A2.0_1275-
10813091 is hotter than the secondary one with a temperature difference of about
51 K. The synthetic curves are displayed in Fig.5 together with the observed ones
in V and R (Bessell) pass bands.

The adopted temperature of the primary and secondary components revealed
from the accepted model give their spectral types as K5 and K6 respectively
(Popper [17]).

The radial velocity curve is known as one of the main sources used to estimate
the physical parameters of the components of eclipsing binary systems. Because
the systems under study are new discoveries without any radial velocity curves,
we tried to estimate the absolute physical parameters for the two system components
using the empirical Teff - Mass relation of Harmanec [18]. According to the
estimated parameters, the primary component in both systems is more massive
than the secondary one. Table 2 lists the calculated physical parameters for the
system components.

Element                       Star name

GSC 4835-1716 USNO-A2.0_1275-10813091

M1 ( M )  1.2537±0.0512 0.6347±0.0259
M2 ( M )  0.7546±0.0308 0.3644±0.0149
R1 ( R )  1.3429±0.0548 0.7194±0.0294
R2 ( R )  1.0425±0.0426 0.7001±0.0286
T1 ( T )  1.0748±0.0439 0.7632±0.0312
T2 ( T )  0.9097± 0.0371 0.7544±0.0308
L1 ( L )  2.4029±0.0981 0.1754± 0.0072
L2 ( L )  0.7431±0.0303 0.1586±0.0065

Mbol 1  3.7981± 0.1551 6.6400±0.2711
Mbol 2  5.0724± 0.2071 6.7496± 0.2756

Sp. Type (F8)1, (G8)2 (K5)1, (K6)2

Table 2

ABSOLUTE PHYSICAL PARAMETERS FOR GSC 4835-1716 AND
USNO-A2.0_1275-10813091

Note: 1
 refer to primary and 2

 to secondary components.
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A three dimensional geometrical structure based on the calculated physical
parameters of the studied systems is displayed in Fig.6 and 7 using the software
package Binary Maker 3.03 (BM3) (Bradstreet & Steelman [13]).

4. Conclusion. The two systems GSC 4835-1716 and USNO-A2.0_1275-
10813091 were discovered in 2014 and 2015 respectively and classified as W UMa
systems. In the present paper we introduced the first orbital solution and light
curve modeling for both systems using the 2009 version of the W-D code. A set
of absolute and physical parameters were calculated which showed that the primary
components in both systems are more massive and hotter than the secondary ones.

Fig.6. Three dimensional structure of the binary system GSC 4835-1716.

Fig.7. Three dimensional structure of the binary system USNO-A2.0_1275-10813091.
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Spectral types for the systems components were adopted using their estimated
temperatures resulting from the accepted model for each system. A three dimensional
geometrical structure was constructed for both systems.

Based on the computed absolute parameters of the systems GSC 4835-1716
and USNO-A2.0_1275-10813091, we estimated the evolutionary status of the
systems using the evolutionary tracks (Zero Age Main Sequence (ZAMS) and
Terminal Age Main Sequence (TAMS)) given by Girardi et al. [19] with
metallicity z = 0.019. The components of the studied systems (primary and
secondary) are plotted on the Mass-Radius (M - R) and effective Temperature-
Luminosity (T - L) diagrams (see Fig.8 and Fig.9). As is clear from Fig.8a and
b the primary and secondary components of the system GSC 4835-1716 lie closed

Fig.8. The position of the components of the systems; a: GSC 4835-1716 and b: USNO-
A2.0_1275-10813091 on the mass-radius diagram.

Fig.9. The position of the components of the systems; a: GSC 4835-1716 and b: USNO-
A2.0_1275-10813091 on the temperature-luminosity diagram.
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to TAMS, while the components of the system USNO-A2.0_1275-10813091 lie
between the ZAMS and TAMS evolution tracks. Fig.9a and b display T - L
diagrams for the studied systems which show that the components of both systems
are in contact with the Main Sequence (MS).

1 Physics Department, College of Science, Northern Border University, Arar,
 Saudi Arabia, e-mail: Elkhateeb@nbu.edu.sa
2 National Research Institute of Astronomy and Geophysics, 11421 Helwan,
 Cairo, Egypt

ÎÐÁÈÒÀËÜÍÎÅ ÐÅØÅÍÈÅ ÍÅÊÎÒÎÐÛÕ
ÊÎÍÒÀÊÒÍÛÕ ÄÂÎÉÍÛÕ ÇÂÅÇÄ

Ì.Ì.ÝËÜÕÀÒÈÁ

Â íàñòîÿùåé ñòàòüå èñïîëüçîâàí ïîëíûé íàáîð ÏÇÑ-íàáëþäåíèé äëÿ
ìîäåëèðîâàíèÿ êðèâûõ áëåñêà íîâûõ ñèñòåì  òèïà W UMa - GSC 4835-1716
è USNO-A2.0_1275-10813091. Ìîäåëèðîâàíèå êðèâîé áëåñêà âûïîëíåíî ñ
èñïîëüçîâàíèåì êîäà W-D, â êîòîðîì ðåàëèçîâàíû ìîäåëè àòìîñôåðû Kurucz
(1993). Ðàññìîòðåíà  àñèììåòðèÿ íàáëþäàåìûõ êðèâûõ ñ ïîìîùüþ "ïÿòíèñòîé"
ìîäåëè. Ôèçè÷åñêèå ïàðàìåòðû ïðèíÿòîé ìîäåëè óêàçûâàþò, ÷òî ïåðâè÷íûå
êîìïîíåíòû èçó÷àåìûõ ñèñòåì ìàññèâíåå è ãîðÿ÷åå, ÷åì âòîðè÷íûå.

Êëþ÷åâûå ñëîâà: Çàòìåííûå äâîéíûå: W UMa: ýâîëþöèÿ: àíàëèç êðèâîé áëåñêà

REFERENCES

1. A.Haroon, A.Essam, H.Basurah, Astrophysics, 61, 458, 2018.
2. M.I.Nouh, M.M.Elkhateeb, Astrophysics, 63, 2020, in press.
3. M.M.Elkhateeb, M.I.Nouh, S.Saad et al., New Astron., 32, 10, 2014.
4. M.Elkhateeb, S.Saad, M.Nouh et al., New Astron., 28, 85, 2014.
5. M.M.Elkhateeb, M.I.Nouh, S.M.Saad, New Astron., 26, 102, 2014.
6. M.M.Elkhateeb, M.I.Nouh, New Astron., 34, 47, 2015.
7. M.M.Elkhateeb, M.I.Nouh, R.H.Nelson, New Astron., 35, 1, 2015.
8. M.M.Elkhateeb, M.I.Nouh, New Astron., 49, 22, 2016.
9. A.Liakos, P.Niarchos, Inf. Bull. Var. Stars, 6100, 2014.

Elkateeb.pmd 4/10/2020, 2:57 PM223



224 M.M.ELKHATEEB

10. K.Gazeas, Inf. Bull. Var. Stars, 6200, 2015.
11. R.Nelson, http://members.shaw.ca/bob.nelson/software1.htm, 2009.
12. R.Kurucz, in: E.Milon, (Ed.), Light Curve Modeling of Eclipsing Binary Stars.

Springer, 1993.
13. D.Bradstreet, D.Steelman, AAS, 201, 7502, 2004.
14. L.Lucy, Z.F. Astrophys., 65, 89, 1967.
15. S.Rucinski, Acta Astron., 19, 156, 1969.
16. W. Van Hamme, Astron. J., 106, 2096, 1993.
17. D.Popper, Ann. Rev. Astron. Astrophys., 18, 115, 1980.
18. P.Harmanec, Bull. Astron. Inst. Czech., 39, 329, 1988.
19. L.Girardi, A.Bressan, G.Bretelli et al., Astron. Astrophys. Suppl., 141, 371,

2000.

Elkateeb.pmd 4/10/2020, 2:57 PM224



ÈÇÌÅÍÅÍÈß ÏÅÐÈÎÄÀ ÎÒÐÈÖÀÒÅËÜÍÛÕ
ÑÂÅÐÕÃÎÐÁÎÂ ÊÀÐËÈÊÎÂÛÕ ÍÎÂÛÕ ÒÈÏÀ

SU UMa. I. MN Dra (2012-2017ãã.)

À.Ñ.ÑÊËßÍÎÂ1, Å.Ï.ÏÀÂËÅÍÊÎ2, Ê.À.ÀÍÒÎÍÞÊ2, Í.Â.ÏÈÒÜ2,
Â.Ï.ÌÀËÀÍÓØÅÍÊÎ3, À.Â.ÙÓÐÎÂÀ4, À.-Ì.À.ÇÀÎÑÒÐÎÆÍÛÕ1,

Ñ.Þ.ØÓÃÀÐÎÂ4,5, À.À.ÑÎÑÍÎÂÑÊÈÉ2, Þ.Â.ÁÀÁÈÍÀ2,
Î.È.ÀÍÒÎÍÞÊ2, À.Î.ÑÈÌÎÍ6, Ð.ß.ÆÓ×ÊÎÂ1, À.Ã.ÃÓÒÀÅÂ1

Ïîñòóïèëà 25 àâãóñòà 2019

Ïðåäñòàâëåíû ðåçóëüòàòû ôîòîìåòðè÷åñêîãî èññëåäîâàíèÿ êàðëèêîâîé íîâîé MN Dra,
ïðîâåäåííîãî â 2012-2017ãã. íà äåâÿòè òåëåñêîïàõ â òå÷åíèå 152-õ íî÷åé. Â îáùåé ñëîæíîñòè
íàáëþäåíèÿ îõâàòèëè 4 ñâåðõâñïûøêè, 7 íîðìàëüíûõ âñïûøåê è ñïîêîéíîå ñîñòîÿíèå
ìåæäó íèìè. Èíòåðâàë ìåæäó ñîñåäíèìè ñâåðõâñïûøêàìè 2017ã. ñîñòàâëÿë 65 ñóò., à ìåæäó
ñîñåäíèìè íîðìàëüíûìè âñïûøêàìè - 15 ñóò. Âî âðåìÿ ñâåðõâñïûøåê 2012 è 2017ãã.
íàáëþäàëèñü ïîëîæèòåëüíûå ñâåðõãîðáû ñî ñðåäíèì ïåðèîäîì 0.10558(6) è 0.10500(2) ñóò.,
ñîîòâåòñòâåííî, à â ñïîêîéíîì ñîñòîÿíèè - îòðèöàòåëüíûå ñâåðõãîðáû  ñî ñðåäíèì ïåðèîäîì
0.095921(3) ñóò. Ïîêàçàíî, ÷òî ïåðèîä îòðèöàòåëüíûõ ñâåðõãîðáîâ öèêëè÷åñêè èçìåíÿëñÿ
ìåæäó íîðìàëüíûìè âñïûøêàìè: ðåçêî óìåíüøàëñÿ âî âðåìÿ âñïûøêè è ïîñòåïåííî
âîçðàñòàë ê íà÷àëó ñëåäóþùåé âñïûøêè. Òàêîé õàðàêòåð èçìåíåíèÿ ïåðèîäà îòðèöàòåëüíûõ
ñâåðõãîðáîâ ìîæåò ñîîòâåòñòâîâàòü áûñòðîìó óâåëè÷åíèþ ðàäèóñà àêêðåöèîííîãî äèñêà âî
âðåìÿ âñïûøêè è ïîñëåäóþùåìó ìåäëåííîìó åãî óìåíüøåíèþ, ÷òî íàõîäèòñÿ â ñîîòâåòñòâèè
ñ òåîðèåé òåðìîïðèëèâíîé íåñòàáèëüíîñòè.

Êëþ÷åâûå ñëîâà: MN Dra: êàòàêëèçìè÷åñêèå ïåðåìåííûå: îòðèöàòåëüíûå ñâåðõ-
   ãîðáû: ýâîëþöèÿ îòðèöàòåëüíûõ ñâåðõãîðáîâ: àêêðåöèÿ

1. Ââåäåíèå. Êàòàêëèçìè÷åñêèå ïåðåìåííûå - ýòî òèï òåñíûõ äâîéíûõ
ñèñòåì, ñîñòîÿùèõ èç áåëîãî êàðëèêà (ãëàâíîãî êîìïîíåíòà) è ïðîýâîëþöèî-
íèðîâàâøåé çâåçäû Ãëàâíîé ïîñëåäîâàòåëüíîñòè (âòîðè÷íûé êîìïîíåíò),
çàïîëíèâøåé ñâîþ ïîëîñòü Ðîøà. Âåùåñòâî ñî âòîðè÷íîãî êîìïîíåíòà ïåðå-
òåêàåò íà ãëàâíûé ÷åðåç âíóòðåííþþ òî÷êó Ëàãðàíæà, îáðàçóÿ àêêðåöèîííûé
äèñê âîêðóã áåëîãî êàðëèêà [1].

Êàðëèêîâûå íîâûå ÿâëÿþòñÿ ïîäòèïîì êàòàêëèçìè÷åñêèõ ïåðåìåííûõ.
Äàííûå ñèñòåìû õàðàêòåðèçóþòñÿ íàëè÷èåì ðåãóëÿðíûõ âñïûøåê ñ àìïëèòóäîé
2m-6m è õàðàêòåðíîé ïðîäîëæèòåëüíîñòüþ îò íåñêîëüêèõ ñóòîê äî íåñêîëüêèõ
íåäåëü. Â êà÷åñòâå ìåõàíèçìà âîçíèêíîâåíèÿ äàííûõ âñïûøåê ïðèíÿòî
ñ÷èòàòü ïîÿâëåíèå òåïëîâîé íåñòàáèëüíîñòè â àêêðåöèîííîì äèñêå [1].

SU UMa - ýòî ïîäêëàññ êàðëèêîâûõ íîâûõ çâåçä. Èõ îòëè÷èòåëüíîé
îñîáåííîñòüþ ÿâëÿåòñÿ íàëè÷èå äâóõ òèïîâ âñïûøåê: íîðìàëüíûå âñïûøêè -
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ïðîäîëæèòåëüíîñòüþ íåñêîëüêî ñóòîê; ñâåðõâñïûøêè - ïðîäîëæèòåëüíîñòüþ
äî 2-3 íåäåëü. Îðáèòàëüíûå ïåðèîäû çâåçä òèïà SU UMa íàõîäÿòñÿ â
ïðåäåëàõ îò 76 ìèí. äî ~3.18 ÷àñà [2].

Âîçíèêíîâåíèå ñâåðõâñïûøåê ñâÿçûâàþò ñ âîçíèêíîâåíèåì â àêêðåöèîííîì
äèñêå ïðèëèâíîé íåñòàáèëüíîñòè, âûçâàííîé äîñòèæåíèåì âíåøíèì ðàäèóñîì
äèñêà ðåçîíàíñà 3:1 ìåæäó âðàùåíèÿìè äèñêà è âòîðè÷íîãî êîìïîíåíòà [3].
Õàðàêòåðíîå âðåìÿ, ïðîõîäÿùåå ìåæäó ïîñëåäîâàòåëüíûìè ñâåðõâñïûøêàìè,
íàçûâàþò ñâåðõöèêëîì äàííîé ñèñòåìû. Ïîä âîçäåéñòâèåì ïðèëèâíîé íåñòà-
áèëüíîñòè àêêðåöèîííûé äèñê ñòàíîâèòñÿ ýëëèïòè÷åñêèì è âîçíèêàåò ïðåöåññèÿ
ëèíèè àïñèä. Àïñèäàëüíàÿ ïðåöåññèÿ ïðèâîäèò ê âîçíèêíîâåíèþ êîëåáàíèé
áëåñêà çâåçäû ñ ïåðèîäàìè íà íåñêîëüêî ïðîöåíòîâ áîëüøå, ÷åì îðáèòàëüíûé
ïåðèîä ñèñòåìû. Äàííûå êîëåáàíèÿ, êîòîðûå ìîæíî íàáëþäàòü âî âðåìÿ
ñâåðõâñïûøåê, íàçûâàþò ïîëîæèòåëüíûìè ñâåðõãîðáàìè [3]. Ïåðèîäû ñâåðõ-
ãîðáîâ ýâîëþöèîíèðóþò â ïðîöåññå ñâåðõâñïûøêè è â îáùåì ñëó÷àå ìîãóò
ïðîõîäèòü 3 ñòàäèè À, B è Ñ [4].

Êðîìå ïîëîæèòåëüíûõ ñâåðõãîðáîâ, ó íåêîòîðûõ êàòàêëèçìè÷åñêèõ ïåðå-
ìåííûõ áûëè îáíàðóæåíû êîëåáàíèÿ áëåñêà ñ ïåðèîäàìè íà íåñêîëüêî ïðîöåíòîâ
ìåíüøå, ÷åì îðáèòàëüíûé. Äàííûå êîëåáàíèÿ ïîëó÷èëè íàçâàíèå "îòðèöàòåëüíûå
ñâåðõãîðáû" [5-7]. Èõ ïîÿâëåíèå ñâÿçûâàþò ñ âîçíèêíîâåíèåì íîäàëüíîé
ïðåöåññèè àêêðåöèîííîãî äèñêà, ïðèâîäÿùåé ê òîìó, ÷òî ñòðóÿ ïåðåòåêàþùåãî
âåùåñòâà áóäåò ñòàëêèâàòüñÿ ñ àêêðåöèîííûì äèñêîì íà ðàçíûõ ðàññòîÿíèÿõ
â çàâèñèìîñòè îò íàêëîíà äèñêà è åãî îðèåíòàöèè îòíîñèòåëüíî âòîðè÷íîãî
êîìïîíåíòà [7-10]. Íà äàííûé ìîìåíò íåò îäíîçíà÷íîãî îòâåòà, ÷òî âûçûâàåò
íàêëîí àêêðåöèîííîãî äèñêà. Â êà÷åñòâå âîçìîæíûõ ìåõàíèçìîâ ïðåäëàãàþòñÿ
ñëåäóþùèå: âçàèìîäåéñòâèå ìåæäó äèñêîì è ñòðóåé ïåðåòåêàþùåãî âåùåñòâà
[11-13], ïðèëèâíûå ýôôåêòû, âûçâàííûå âòîðè÷íûì êîìïîíåíòîì [14-17],
èçëó÷åíèå ãëàâíîãî êîìïîíåíòà [17-24], ìàãíèòíîå ïîëå âòîðè÷íîãî êîìïîíåíòà
[25], ìàãíèòíîå ïîëå ãëàâíîãî êîìïîíåíòà [18,26,27] è äð. Áûëî ïîêàçàíî, ÷òî
äëÿ óñïåøíîãî äåòåêòèðîâàíèÿ ïåðåìåííîñòè áëåñêà, ñâÿçàííîãî ñ íîäàëüíîé
ïðåöåññèåé, íóæíî, ÷òîáû íàêëîí àêêðåöèîííîãî äèñêà ñîñòàâëÿë íå ìåíåå 4o

[28]. Ó êàðëèêîâûõ íîâûõ òèïà SU UMa îòðèöàòåëüíûå ñâåðõãîðáû îáû÷íî
íàáëþäàþòñÿ òîëüêî â ñïîêîéíîì ñîñòîÿíèè è âî âðåìÿ íîðìàëüíûõ âñïûøåê.
Èñêëþ÷åíèåì ÿâëÿþòñÿ òðè îáúåêòà: ER UMa, V1504 Cyg è V344 Lyr, ó
êîòîðûõ îíè íàáëþäàëèñü âî âðåìÿ ñâåðõâñïûøåê [29-32].

Ðàñïðåäåëåíèå îðáèòàëüíûõ ïåðèîäîâ êàòàêëèçìè÷åñêèõ ïåðåìåííûõ ïîêà-
çûâàåò çíà÷èòåëüíî ìåíüøåå êîëè÷åñòâî ñèñòåì ñ ïåðèîäàìè, íàõîäÿùèìèñÿ
â äèàïàçîíå îò 2.15 äî 3.18 ÷àñîâ. Äàííûé ïðîìåæóòîê ïîëó÷èë íàçâàíèå
"ïðîáåë (èëè ïðîâàë) ïåðèîäîâ" ("period gap") è ñâÿçàí ñ ïåðåêëþ÷åíèåì
îñíîâíîãî ìåõàíèçìà ïîòåðè óãëîâîãî ìîìåíòà ñèñòåìîé [2].

Çâåçäà MN Dra áûëà îáíàðóæåíà Àíòèïèíûì íà àðõèâíûõ ôîòîïëàñòèíêàõ
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â 2001ã. Ïåðâîíà÷àëüíî åé áûëî ïðèñâîåíî îáîçíà÷åíèå Var73 Dra. Ïîñëåäî-
âàâøàÿ êàìïàíèÿ íàáëþäåíèé êëàññèôèöèðîâàëà äàííóþ ñèñòåìó êàê êàðëèêîâóþ
íîâóþ òèïà SU UMa, ñ îðáèòàëüíûì ïåðèîäîì, ïîïàäàþùèì â "ïðîáåë ïåðèîäîâ"
[33]. Ïåðèîä ïîëîæèòåëüíûõ ñâåðõãîðáîâ áûë îïðåäåëåí êàê 0d.0954, íî íå
èñêëþ÷åí è âåðîÿòíûé ñóòî÷íî-ñîïðÿæåííûé ïåðèîä 0d.104. Èíòåðâàë ìåæäó
ñîñåäíèìè íîðìàëüíûìè âñïûøêàìè áûë îòíîñèòåëüíî êîðîòêèé - îêîëî 8 ñóò.
[33]. Äàëåå â 2002-2003ãã. ïîñëåäîâàëà åùå îäíà êàìïàíèÿ ïî íàáëþäåíèþ
äàííîé çâåçäû [34]. Ïåðèîä ñâåðõãîðáîâ áûë óòî÷íåí è ñîñòàâèë 0d.104885(93).
Ñâåðõöèêë ñèñòåìû áûë îïðåäåëåí êàê ~60 äíåé. Òàêæå áûëà îáíàðóæåíà
ïåðèîäè÷íîñòü â ìèíèìóìå áëåñêà ñ ïåðèîäîì 0d.10424(3) [34]. Ýòî ïîñëóæèëî
îñíîâîé ïðåäïîëîæåíèþ î òîì, ÷òî ó äàííîé çâåçäû íàáëþäàþòñÿ ïåðìàíåíòíûå
ïîëîæèòåëüíûå ñâåðõãîðáû. Â 2009ã. ïåðèîä êîëåáàíèé áëåñêà â ñïîêîéíîì
ñîñòîÿíèè áûë óòî÷íåí äî 0.096 äíÿ, ÷òî ïîçâîëèëî èäåíòèôèöèðîâàòü åãî êàê
ïåðèîä îòðèöàòåëüíûõ ñâåðõãîðáîâ [35]. Îðáèòàëüíûé ïåðèîä ñèñòåìû áûë
îöåíåí Ïàâëåíêî è äð. [35] êàê 0d.0998(2) è Áàêîâñêîé è äð. êàê 0d.0994(1) [36].
Ïàâëåíêî è äð. [35] âïåðâûå âûÿâèëè, ÷òî ïåðèîä îòðèöàòåëüíûõ ñâåðõãîðáîâ
ïîêàçûâàåò òåíäåíöèþ ê óâåëè÷åíèþ ïî ìåðå ïðèáëèæåíèÿ ê íîðìàëüíîé
âñïûøêå. Ïðîäîëæåíèå íàáëþäåíèé â ýòîì æå ãîäó ïîäòâåðäèëî íàëè÷èå
îòðèöàòåëüíûõ ñâåðõãîðáîâ, ñðåäíèé ïåðèîä êîòîðûõ îêàçàëñÿ ðàâíûì 0d.095952.
Àâòîðû ïîêàçàëè, ÷òî òåíäåíöèÿ ê óâåëè÷åíèþ ïåðèîäà îòðèöàòåëüíûõ ñâåðõãîðáîâ
ê íà÷àëó íîðìàëüíîé âñïûøêè íàáëþäàëàñü, ïî êðàéíåé ìåðå, äëÿ äâóõ öèêëîâ.
[37]. Çàìåòèì, ÷òî èíòåðâàë ìåæäó íîðìàëüíûìè âñïûøêàìè ïðè ýòîì áûë 15-
16 ñóò., ÷òî âäâîå áîëüøå, ÷åì â 2001ã. Â 2014ã. Êàòî è äð. [38] âïåðâûå äàëè
îöåíêè îòíîøåíèþ ìàññ êîìïîíåíòîâ â äàííîé ñèñòåìå: q = 0.327 è
q = 0.258. Â 2018ã. áûëà îïóáëèêîâàíà ðàáîòà [36], äåëàþùàÿ âûâîä îá óâåëè÷åíèè
ñâåðõöèêëà ó äàííîé çâåçäû äî 74 ± 0.5 äíåé.

Öåëüþ íàøåé ðàáîòû ÿâëÿåòñÿ ïîäðîáíîå èçó÷åíèå ýâîëþöèè îòðèöà-
òåëüíûõ ñâåðõãîðáîâ âî âðåìÿ ñâåðõöèêëà äëÿ íåñêîëüêèõ ñåçîíîâ íàáëþäåíèé.

2. Íàáëþäåíèÿ è ðåäóêöèÿ äàííûõ. Íåñêîëüêî êàìïàíèé ïî íàáëþ-
äåíèÿì çâåçäû MN Dra ïðîâîäèëèñü â 2012-2017ãã. â òå÷åíèå 152-õ íî÷åé íà
äåâÿòè òåëåñêîïàõ áåç èñïîëüçîâàíèÿ ñâåòîôèëüòðîâ. Èíôîðìàöèÿ î íàáëþ-
äåíèÿõ ïðèâåäåíà â òàáë.1. Êàìïàíèÿ 2012ã. ïðîõîäèëà ñ 3 èþíÿ ïî 19 íîÿáðÿ
íà òåëåñêîïàõ ÀÇÒ-11 (1.25-ì, ÏÇÑ ProLine PL23042) Êðûìñêîé àñòðîôèçè÷åñêîé
îáñåðâàòîðèè (ÊðÀÎ), "Àñòðîòåë" (30-ñì, ÏÇÑ Apogee Alta 9000) Êàçàíñêîãî
Ôåäåðàëüíîãî Óíèâåðñèòåòà, ARCSAT (50-ñì, ÏÇÑ APOGEE U-47UV) îáñåð-
âàòîðèè Àïà÷è-Ïîéíò (ÑØÀ). Ïîëó÷åííûå íàáëþäåíèÿ îõâàòèëè 82 íî÷è. Â
2013ã. îáúåêò íàáëþäàëñÿ â òå÷åíèå îäíîé íî÷è íà ÇÒØ. Â 2017ã. íàáëþäåíèÿ
ïðîõîäèëè ñ 28 àïðåëÿ ïî 25 íîÿáðÿ â òå÷åíèå 63 íî÷åé íà òåëåñêîïàõ Ê-380
(38-ñì, ìàòðèöà APOGEE ALTA E47), ÀÇÒ-11(1.25-ì, ìàòðèöà ProLine PL23042)
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è ÇÒØ (2.6-ì, ìàòðèöà APOGEE ALTA E47) ÊðÀÎ, òåëåñêîïå ÑÊÀÑ (28-ñì,
ìàòðèöà QSI 583wsg) Êàçàíñêîãî Ôåäåðàëüíîãî Óíèâåðñèòåòà, òåëåñêîïå ÀÇÒ-
8 (70-ñì, ìàòðèöà FLI PL4710) íàáëþäàòåëüíîé ñòàíöèè â ñ. Ëåñíèêè ÊÍÓ
èì. Òàðàñà Øåâ÷åíêî, òåëåñêîïàõ Zeiss 60 (60-ñì, ìàòðèöà Fli-ML3041) è 18-
ñì òåëåñêîïå (18-ñì, ìàòðèöà SBIG ST-10XME) íàáëþäàòåëüíîé ñòàíöèè â ñ.
Ñòàðà Ëåñíà Ñëîâàöêîé Àêàäåìèè Íàóê, òåëåñêîïàõ Öåéññ 60 (60-ñì, ìàòðèöà
Ap47p), À3Ò-5 (50-ñì, ìàòðèöà Apogee Alta U16M) è 3TE (1.25-ì, ìàòðèöà
VersArray-1300) â ï. Íàó÷íûé Êðûìñêîé àñòðîíîìè÷åñêîé ñòàíöèè ÃÀÈØ
ÌÃÓ. Êà÷åñòâî íàáëþäàòåëüíûõ óñëîâèé, îïðåäåëÿâøååñÿ ïî ïîëóøèðèíå
èçîáðàæåíèÿ çâåçäû (FWHM), äëÿ áîëüøèíñòâà íî÷åé áûëî ëó÷øå 3".5.

Òåëåñêîï  Íà÷àëî-êîíåö Òåëåñêîï  Íà÷àëî-êîíåö Òåëåñêîï  Íà÷àëî-êîíåö
        íàáëþäåíèé         íàáëþäåíèé         íàáëþäåíèé
         JD-2456000          JD-2456000          JD-2456000

2012 ãîä

ARCSAT 082.7316 082.8401 ARCSAT 109.7768 109.9504 ÀÇÒ-11 178.2494 178.3979
ARCSAT 085.7210 085.8464 ARCSAT 110.7863 110.9442 ÀÇÒ-11 182.2387 182.3690
ARCSAT 086.7039 086.8267 ARCSAT 111.7785 111.8303 ÀÇÒ-11 183.2742 183.4234
ÀÇÒ-11 087.3102 087.3940 ÀÇÒ-11 119.4392 119.5305 ÀÇÒ-11 185.2174 185.3243

ARCSAT 087.7101 087.8408 ÀÇÒ-11 121.3490 121.4453 ÀÇÒ-11 187.2219 187.3224
ÀÇÒ-11 088.2977 088.3019 ÀÇÒ-11 130.3571 130.5509 Astrotel 203.2172 203.5897

ARCSAT 088.7007 088.8477 ÀÇÒ-11 131.3008 131.4682 Astrotel 207.3530 207.5909
ÀÇÒ-11 089.2874 089.3920 Astrotel 133.2431 133.3064 Astrotel 208.3475 208.4648

ARCSAT 089.7107 089.8362 Astrotel 134.2402 134.5267 Astrotel 211.2989 211.4871
ARCSAT 090.6996 090.8251 Astrotel 135.2546 135.5381 Astrotel 214.2129 214.5197
ÀÇÒ-11 091.3086 091.4468 Astrotel 136.2462 136.3042 ARCSAT 226.5878 226.8011

ARCSAT 091.8160 091.9415 Astrotel 138.2446 138.3107 ARCSAT 227.5816 227.7960
ÀÇÒ-11 092.3840 092.5158 Astrotel 140.3192 140.5225 ARCSAT 228.5504 228.7897

ARCSAT 092.8231 092.9437 Astrotel 142.2417 142.5435 ARCSAT 230.6901 230.8065
ARCSAT 093.8176 093.9442 Astrotel 143.3146 143.5178 ARCSAT 231.6157 231.7939
ÀÇÒ-11 094.3191 094.3966 Astrotel 148.2870 148.4000 ARCSAT 232.5906 232.7725
ÀÇÒ-11 095.2971 095.3955 Astrotel 152.2330 152.2852 ARCSAT 233.5975 233.7693
ÀÇÒ-11 098.3308 098.4626 Astrotel 157.2709 157.5404 ARCSAT 235.5581 235.7875
ÀÇÒ-11 099.2821 099.4140 Astrotel 160.3418 160.5559 ARCSAT 236.5718 236.7689

ARCSAT 099.7865 099.9457 Astrotel 162.4191 162.5030 ARCSAT 237.6026 237.7632
ÀÇÒ-11 101.2994 101.3999 Astrotel 163.3481 163.5552 ARCSAT 238.6125 238.7910

ARCSAT 101.8009 101.9479 Astrotel 164.3272 164.3730 ARCSAT 240.6761 240.7696
ÀÇÒ-11 102.3026 102.3989 Astrotel 165.3199 165.3783 ARCSAT 241.6335 241.6479
ÀÇÒ-11 103.3278 103.3990 Astrotel 166.3182 166.5588 ARCSAT 243.5402 243.7413

ARCSAT 103.8369 103.9427 Astrotel 167.2770 167.5416 ARCSAT 245.5879 245.7663
ARCSAT 105.7937 105.9410 ÀÇÒ-11 172.2505 172.3853 ARCSAT 251.5368 251.7127
ARCSAT 106.8030 106.9421 ÀÇÒ-11 174.3262 174.4515
ARCSAT 107.8002 107.9490 ÀÇÒ-11 177.2540 177.3501

Òàáëèöà 1a

ÆÓÐÍÀË ÍÀÁËÞÄÅÍÈÉ
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Íàáëþäàòåëüíûå äàííûå ïðîõîäèëè ñòàíäàðòíûé ïðîöåññ îáðàáîòêè è êàëèáðîâêè
â ïðîãðàììå MaxIm DL. Â êà÷åñòâå çâåçäû ñðàâíåíèÿ, îòíîñèòåëüíî êîòîðîé
ïðîâîäèëàñü ôîòîìåòðèÿ, èñïîëüçîâàëàñü çâåçäà ñ êîîðäèíàòàìè 20h23m35s.358,
+64o36'56".66 èç êàòàëîãà USNO-A2.0 [39]. Äëÿ íåå áûëè ïîëó÷åíû âåëè÷èíû
V = 16m.33, R = 15m.58 [33].

3. Âñïûøå÷íûå êðèâûå áëåñêà 2012 è 2017ãã . Íàáëþäåíèÿ 2012ã.
ïîêðûâàþò èíòåðâàë ñ JD = 2456082 ïî JD = 2456251 è ñîäåðæàò â ñåáå 82
íî÷è íàáëþäåíèé. Çà ýòî âðåìÿ íàìè áûëè çàðåãèñòðèðîâàíû 4 íîðìàëüíûå
âñïûøêè, îäíà ñâåðõâñïûøêà è îäèí ôðàãìåíò, ïðåäïîëîæèòåëüíî îòíîñÿ-
ùèéñÿ êî âòîðîé ñâåðõâñïûøêå. Â 2013ã. íàáëþäåíèÿ ïðîâîäèëèñü â òå÷åíèå
îäíîé íî÷è. Â 2017ã. â èíòåðâàëå îò JD = 2457872 äî JD = 2458083, ñîäåðæàùåì
63 íî÷è íàáëþäåíèé, ìû çàðåãèñòðèðîâàëè 3 íîðìàëüíûå âñïûøêè è 2
ñâåðõâïûøêè (ñì. æóðíàë íàáëþäåíèé â òàáë.1a, b). Ïîëó÷åííûå âñïûøå÷íûå
êðèâûå ïðåäñòàâëåíû íà ðèñ.1.

Òåëåñêîï  Íà÷àëî-êîíåö Òåëåñêîï  Íà÷àëî-êîíåö Òåëåñêîï  Íà÷àëî-êîíåö
        íàáëþäåíèé         íàáëþäåíèé         íàáëþäåíèé
         JD-2456000          JD-2456000          JD-2456000

2017 ãîä

ÀÇÒ-11 872.3866 872.5187 ÀÇÒ-11 917.3226 917.5159 KFU 937.3274 937.5038
ÀÇÒ-11 873.3987 873.5308 ÀÇÒ-11 918.3310 918.3918 18ñì SL 937.4928 937.5441
ÀÇÒ-11 874.3920 874.5283 ÀÇÒ-11 920.2974 920.4001 KFU 938.3639 938.5113
ÀÇÒ-11 875.4606 875.5437 ÀÇÒ-11 921.3837 921.5033 18ñì SL 938.4675 938.4675
ÀÇÒ-11 876.4163 876.5442 Zeiss 60 923.4867 923.5589 Zeiss 60 940.2881 940.2966
ÀÇÒ-11 890.2972 890.5071 18ñì SL 924.3025 924.4847 ÀÇÒ-11 945.3496 945.3581
ÇÒØ 891.2792 891.5451 ÀÇÒ-11 925.3143 925.5136 ÀÇÒ-11 946.3060 946.3124
ÇÒØ 892.2714 892.5391 Ê-380 926.3344 926.5006 ÀÇÒ-11 948.2775 948.2860

ÀÇÒ-11 893.3906 893.5314 18ñì SL 926.4129 926.5532 Zeiss 60 969.5778 969.5787
ÀÇÒ-11 897.3600 897.3702 Zeiss 60 927.4650 927.4849 Zeiss 60 982.5705 982.5956
ÀÇÒ-11 898.2945 898.5338 Ê-380 928.3890 928.3890 Zeiss 60 983.5471 983.5879
ÀÇÒ-11 899.3637 899.4376 Zeiss 60 928.4927 928.5466 Zeiss 60 984.5018 984.5833
ÀÇÒ-11 900.3718 900.5125 Zeiss 60 929.4570 929.5459 Zeiss 60 1022.5852 1022.5870
ÀÇÒ-11 901.3487 901.5141 Ê-380 930.4051 930.5297 ÀÇÒ-5 1070.3568 1070.4636
ÀÇÒ-11 902.3702 902.5075 Ê-380 931.3287 931.3820 ÀÇÒ-5 1071.3661 1071.3661
ÀÇÒ-11 903.2869 903.4734 ÀÇÒ-11 933.3498 933.3964 ÀÇÒ-5 1072.1438 1072.1835
ÀÇÒ-11 904.3219 904.4486 18ñì SL 933.5089 933.5544 ÀÇÒ-5 1075.2020 1075.2429
ÀÇÒ-11 905.3391 905.5325 ÀÇÒ-11 934.2986 934.3177 Öåéññ 60 1080.3402 1080.4903
ÀÇÒ-11 906.2832 906.5342 Zeiss 60 934.4922 934.5597 Öåéññ 60 1081.1864 1081.2381
ÀÇÒ-11 908.4299 908.5108 ÀÇÒ-11 935.3111 935.5047 Öåéññ 60 1082.1528 1082.4748
ÀÇÒ-11 912.3773 912.4864 ÀÇÒ-11 936.3388 936.3769 Öåéññ 60 1083.2772 1083.4195
ÀÇÒ-8 915.3621 915.4892 18ñì SL 936.4961 936.5517 ÇÒÅ 1085.1400 1085.2306
ÀÇÒ-11 916.3022 916.3972 ÀÇÒ-11 937.3211 937.3719 ÀÇÒ-8 1101.3035 1101.3985

Òàáëèöà 1b

Sklyanov.pmd 4/10/2020, 2:58 PM229



230 À.Ñ.ÑÊËßÍÎÂ  È  ÄÐ.

Ê ñîæàëåíèþ, ïîêðûòèå 2012ã. íàáëþäåíèÿìè íå ïîçâîëÿåò íàì ñäåëàòü
âûâîäû î êîëè÷åñòâå íîðìàëüíûõ âñïûøåê, çàêëþ÷åííûõ â îäíîì ñâåðõöèêëå.
Ìû ìîæåì òîëüêî êîíñòàòèðîâàòü, ÷òî èõ íå ìåíåå 2-õ. Òàêæå â äàííîì ãîäó
íå ïðåäñòàâëÿåòñÿ âîçìîæíûì îïðåäåëèòü ïðîäîëæèòåëüíîñòü ñâåðõöèêëà ñèñòåìû
èç-çà íåäîñòàòî÷íîãî êîëè÷åñòâà íàáëþäåíèé ñâåðõâñïûøêè S2. Ìû òàêæå
ìîæåì ñêàçàòü, ÷òî â 2017ã. íàáëþäàëîñü íå ìåíåå 2-õ íîðìàëüíûõ âñïûøåê
çà ñâåðõöèêë. Âåëè÷èíà ñâåðõöèêëà îïðåäåëÿëàñü íàìè êàê ~65 ñóò., ÷òî áîëüøå,
÷åì îïðåäåëåííîå â 2003ã. çíà÷åíèå äëèíû ñâåðõöèêëà ~60 äíåé [34], íî
ìåíüøå, ÷åì çíà÷åíèå 74 ± 0.5 ñóò., ïîëó÷åííîå â ðàáîòå [36]. Âî âñå ãîäû
íàáëþäåíèé öèêë äåðæàëñÿ íà óðîâíå ~15 ñóò., êàê è â 2009ã. Ïðîäîëæèòåëüíîñòü
íîðìàëüíûõ âñïûøåê ñîñòàâèëà 3-4 äíÿ, àìïëèòóäà 3-3.5 çâåçäíûå âåëè÷èíû
äëÿ îáîèõ ãîäîâ íàáëþäåíèé. Ïðîäîëæèòåëüíîñòü ñâåðõâñïûøêè S2 â 2017ã.
ñîñòàâèëà 18 ñóò., à àìïëèòóäà ñâåðõâñïûøåê äîñòèãàëà ~4m â 2012 è â 2017ãã.

4. Êðèâûå áëåñêà. Äàííûå âñåõ íî÷åé íàáëþäåíèé ïîêàçûâàþò êîðîòêî-
ïåðèîäè÷åñêèå êîëåáàíèÿ áëåñêà, íåçàâèñèìî îò âñïûøå÷íîé àêòèâíîñòè
ñèñòåìû. Ïðèìåðû èíäèâèäóàëüíûõ êðèâûõ áëåñêà â ðàçíûõ ñîñòîÿíèÿõ
ñèñòåìû ïðåäñòàâëåíû íà ðèñ.2. Àìïëèòóäû êðèâûõ èçìåíÿþòñÿ îò 0m.06 â

Ðèñ.1. Âñïûøå÷íûå êðèâûå áëåñêà çâåçäû MN Dra â 2012ã. (ââåðõó) è 2017ã. (âíèçó).
Áóêâîé N îáîçíà÷åíû íîðìàëüíûå âñïûøêè, S - ñâåðõâñïûøêè.
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íîðìàëüíûõ âñïûøêàõ äî 2m â íåàêòèâíîì ñîñòîÿíèè ìåæäó íèìè.
Íàìè áûëî çàìå÷åíî ðàíåå, ÷òî ïðîôèëü êðèâûõ áëåñêà îòðèöàòåëüíûõ

ñâåðõãîðáîâ ÷àùå âñåãî èìååò àñèììåòðè÷íóþ ôîðìó: ïîäúåì áëåñêà áîëåå
ìåäëåííûé, ÷åì åãî ïàäåíèå. Â ýòîé ñâÿçè èíòåðåñíà êðèâàÿ áëåñêà, ïîëó÷åííàÿ
â 2013 ã. (ðèñ.3). Äëÿ íåå õàðàêòåðíî ðåçêîå óâåëè÷åíèå áëåñêà, åãî êâàçèîñòàíîâêà
äëèòåëüíîñòüþ ïðèìåðíî â ïîëîâèíó ïåðèîäà è òàêîå æå ñòðåìèòåëüíîå ïàäåíèå
áëåñêà (îñíîâíîé ãîðá). Ðåçêèå âîçðàñòàíèÿ è îñëàáëåíèÿ áëåñêà ïðîèñõîäèëè
â ñðåäíåì çà 12 ìèí. ñî ñêîðîñòüþ 0.06-0.08 çâ. âåë./ìèí. Â èíòåðâàëå ìåæäó
ñîñåäíèìè îñíîâíûìè ãîðáàìè íàáëþäàëñÿ ìåíüøèé âòîðè÷íûé ãîðá, àìïëèòóäà
êîòîðîãî âîçðàñòàëà îò öèêëà ê öèêëó. Äàííûå, ñâåðíóòûå ñ ïåðèîäîì îòðèöà-
òåëüíûõ ñâåðõãîðáîâ, ïîêàçûâàþò, ÷òî íàëè÷èå âòîðè÷íîãî ãîðáà â ñðåäíåì
ôîðìèðóåò àñèììåòðè÷íûé ïðîôèëü êðèâîé áëåñêà. Çàìåòèì, ÷òî Çåìêî è äð.
[40] òàêæå ñîîáùèëè î ñïîðàäè÷åñêèõ ïîÿâëåíèÿõ âòîðè÷íîãî ãîðáà íà êðèâûõ
áëåñêà êàðëèêîâîé íîâîé òèïà SU UMa ER UMa.

5. ×àñòîòíûé àíàëèç äàííûõ. Äëÿ ÷àñòîòíîãî àíàëèçà ìû ðàçäåëèì
âñå äàííûå íà íàáëþäåíèÿ, îòíîñÿùèåñÿ ê ñâåðõâñïûøêàì è íàáëþäåíèÿ,

Ðèñ.2. Ïðèìåðû èíäèâèäóàëüíûõ êðèâûõ áëåñêà íà ðàçíûõ ýòàïàõ âñïûøå÷íîé àêòèâ-
íîñòè. a) - â íåàêòèâíîì ñîñòîÿíèè 2012ã.; b) - â íåàêòèâíîì ñîñòîÿíèè 2017ã.; c) - âî
âðåìÿ íîðìàëüíîé âñïûøêè 2012ã.; d) - âî âðåìÿ ñâåðõâñïûøêè 2012ã.
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îòíîñÿùèåñÿ ê ñïîêîéíîìó ñîñòîÿíèþ è íîðìàëüíûì âñïûøêàì. Äàííûå
ðàçäåëåíèÿ ïðîèçâîäèëèñü äëÿ 2012 è äëÿ 2017ãîäîâ.

Äëÿ óìåíüøåíèÿ âëèÿíèÿ çàâèñèìîñòè àìïëèòóäû êîëåáàíèé îò ÿðêîñòè

Ðèñ.3. Ïðèìåð íåîáû÷íîé êðèâîé áëåñêà îòðèöàòåëüíûõ ñâåðõãîðáîâ MN Dra (ñëåâà)
è ôàçîâàÿ êðèâàÿ äëÿ ýòèõ äàííûõ (ñïðàâà). Èç êðèâûõ âèäíà ïîâòîðÿåìîñòü ïîÿâëåíèÿ
âòîðè÷íîãî ãîðáà (íî ñ ðàçíîé àìïëèòóäîé) îò öèêëà ê öèêëó â òå÷åíèå íî÷è.
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Ðèñ.4. Ïåðèîäîãðàììû äëÿ äàííûõ âî ñâåðõâñïûøêàõ.
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ñèñòåìû íà ñòàòèñòè÷åñêèé àíàëèç âðåìåííûõ ðÿäîâ, äàííûå áûëè ïåðåâåäåíû
â îòíîñèòåëüíûå èíòåíñèâíîñòè I ñîãëàñíî ñîîòíîøåíèþ:

, 1010 740   m.I
ãäå m - çâåçäíàÿ âåëè÷èíà.

Äëÿ ÷àñòîòíîãî àíàëèçà èñïîëüçîâàëñÿ ðåàëèçîâàííûé â ïðîãðàììå ISDA
ìåòîä Ñòåëëèíãâåðôà, ÿâëÿþùèéñÿ îäíîé èç ìîäèôèêàöèé ìåòîäà PDM (Phase
Dispersion Minimization) [41]. Ðåçóëüòàò äëÿ ñâåðõâñïûøåê ïîêàçàí íà ðèñ.4.

5.1. Ñâåðõâñïûøêè 2012 è 2017ãã. Ñàìûé ñèëüíûé ïèê äëÿ íàáëþ-
äåíèé âî âðåìÿ ñâåðõâñïûøêè 2012ã. óêàçûâàåò íà ïåðèîä 0d.10558(6), à âî âðåìÿ
ñâåðõâñïûøêè 2017ã. - íà 0d.10500(2). Ìû èíòåðïðåòèðóåì èõ êàê ñðåäíèå
ïåðèîäû ïîëîæèòåëüíûõ ñâåðõãîðáîâ. Ðàñõîæäåíèå â çíà÷åíèÿõ ìîæíî îáúÿñíèòü
êàê ðàçíûì ïîêðûòèåì ñâåðõâñïûøåê â 2012 è 2017 ãîäàõ, òàê è âîçìîæíûìè
èçìåíåíèÿìè ïåðèîäà ïîëîæèòåëüíûõ ñâåðõãîðáîâ â òå÷åíèå ñâåðõâñïûøåê.

Ïðè ïîìîùè êîìáèíèðîâàíèÿ ìåòîäà ñîâìåùåíèÿ õîðîøî ïðîïèñàííîãî
ïðîôèëÿ ñâåðõãîðáà ñ èçó÷àåìîé êðèâîé áëåñêà è ìåòîäà õîðä, íàìè áûëè
îïðåäåëåíû ìîìåíòû ìàêñèìóìîâ äëÿ âñåõ íî÷åé, ãäå ýòî áûëî âîçìîæíî.
Ïîëó÷åííûå ìîìåíòû è àìïëèòóäû ìàêñèìóìîâ äëÿ ñâåðõâñïûøåê ïðèâåäåíû
â òàáë.2. Ïîäðîáíûé àíàëèç èçìåíåíèé Î-Ñ âî âðåìÿ ñâåðõâñïûøêè 2012ã.
äàí â ðàáîòå Êàòî è äð. [38].

Ïåðèîäîãðàììû äëÿ ñïîêîéíîãî ñîñòîÿíèÿ è íîðìàëüíûõ âñïûøåê
ïðåäñòàâëåíû íà ðèñ.5.

HJD-2400000 Àìïëèòóäà êîëåáàíèÿ HJD-2400000 Àìïëèòóäà êîëåáàíèÿ
(çâ. âåëè÷èíû) (çâ. âåëè÷èíû)

                     2012 ãîä

56130.4398 0.0630 56135.4651 0.2015
56130.5278 0.0684 56138.2351 0.1738
56131.4242 0.0597 56140.4070 0.1695
56133.2965 0.1192 56142.5072 0.1787
56134.2773 0.1992 56143.4612 0.1074
56134.5012 0.1855 56148.3680 0.4903
56135.3535 0.1809

                     2017 ãîä

57872.4497 0.121 57924.4093 0.078
57873.5015 0.101 57925.3744 0.050
57874.4470 0.121 57926.4938 0.094
57875.4997 0.234 57929.5170 0.166
57876.4561 0.565 57935.4134 0.159

Òàáëèöà 2

ÌÎÌÅÍÒÛ ÌÀÊÑÈÌÓÌÎÂ ÑÂÅÐÕÃÎÐÁÎÂ (HJD) È ÈÕ
ÀÌÏËÈÒÓÄÛ ÄËß ÑÂÅÐÕÂÑÏÛØÅÊ 2012 È 2017ãã.
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5.2. Íåàêòèâíîå ñîñòîÿíèå è íîðìàëüíûå âñïûøêè 2012-2017ãã .
Íàèáîëåå ñèëüíûì ñèãíàëîì äëÿ äàííûõ 2012ã. â íåàêòèâíîì ñîñòîÿíèè
ÿâëÿåòñÿ ïåðèîä 0d.095921(3), êîòîðûé ñîâïàäàåò ñî ñðåäíåé âåëè÷èíîé  ïåðèîäà
îòðèöàòåëüíûõ ñâåðõãîðáîâ [35]. Íà ïåðèîäîãðàììå äëÿ 2017ã. äàííûé ïåðèîä
òàêæå äîìèíèðóåò (ïèê íà 0.095919(4) ñóò.).

Îáðàòèì âíèìàíèå, ÷òî íà ïåðèîäîãðàììàõ îáîèõ ñåçîíîâ íàáëþäåíèé
ïèê, öåíòðèðîâàííûé íà ÷àñòîòó ïåðèîäà îòðèöàòåëüíûõ ñâåðõãîðáîâ, ðàñùåïëåí
íà áîëåå ìåëêèå ïèêè. Òàêîå ðàñùåïëåíèå ìîæåò áûòü âûçâàíî òåì, ÷òî ýòîò
ïåðèîä ïðåòåðïåâàåò èçìåíåíèÿ íà øêàëå íàáëþäåíèé, ÷òî áûëî çàìå÷åíî äëÿ
ýòîãî îáúåêòà ðàíåå [35]. Àíàëèç âîçìîæíûõ èçìåíåíèé ïåðèîäà áûë ïðîâåäåí
íàìè ñ ïîìîùüþ ìåòîäà Î-Ñ äëÿ ìàêñèìóìîâ êðèâûõ áëåñêà.

Ïîëó÷åííûå ìîìåíòû è àìïëèòóäû ìàêñèìóìîâ äëÿ ñïîêîéíîãî ñîñòîÿíèÿ
è íîðìàëüíûõ âñïûøåê ïðèâåäåíû â òàáë.3.

Èñïîëüçóÿ ïåðèîäû îòðèöàòåëüíûõ ñâåðõãîðáîâ äëÿ êàæäîãî ãîäà íàáëþ-
äåíèé è ìîìåíòû ìàêñèìóìîâ îòðèöàòåëüíûõ ñâåðõãîðáîâ, ìû ïîëó÷àåì
çíà÷åíèÿ Î-Ñ äëÿ âñåõ íî÷åé, ãäå ýòî âîçìîæíî. Ïîëó÷åííûå äèàãðàììû
ïðåäñòàâëåíû íà ðèñ.6 (2012ã.) è ðèñ.7 (2017ã.).

Ïîâåäåíèå àìïëèòóäû îòðèöàòåëüíûõ ñâåðõãîðáîâ ïîêàçûâàåò îäèíàêîâóþ

Ðèñ.5. Ïåðèîäîãðàììû äëÿ äàííûõ â ñïîêîéíîì ñîñòîÿíèè è íîðìàëüíûõ âñïûøåê äëÿ
2012ã. (ââåðõó) è 2017ã. (âíèçó). ×àñòîòíûé àíàëèç ïðîâîäèëñÿ ïî âñåì èìåþùèìñÿ äàííûì.
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HJD-2400000 Àìïëèòóäà êîëåáàíèÿ HJD-2400000 Àìïëèòóäà êîëåáàíèÿ
(çâ. âåëè÷èíû) (çâ. âåëè÷èíû)

                        2012 ãîä

56082.8057 1.5755 56166.4232 1.9924
56085.7851 1.603 56166.5226 2.0659
56086.7572 1.5024 56167.3866 1.4395
56087.3366 1.3617 56167.4853 1.4733
56087.8132 1.3337 56172.2681 1.1455
56088.7762 1.8237 56172.3579 1.3321
56089.3526 1.3331 56174.363 0.9531
56089.7418 1.7724 56177.3248 0.8035
56090.8022 1.1254 56178.2909 0.7344
56091.3811 1.6564 56182.3146 0.5904
56091.8646 1.602 56183.3875 0.9475
56092.4512 1.3854 56185.3043 0.9783
56092.9284 0.945 56187.3118 0.6497
56093.8955 0.9188 56207.5454 1.5859
56094.3935 0.0911 56208.3941 1.9989
56095.3345 0.0575 56211.3548 0.1811
56098.3968 1.3487 56211.4593 0.1979
56099.3538 1.0011 56214.2421 1.6874
56099.9182 1.2155 56214.3418 1.8994
56101.3552 1.1409 56214.4358 1.9076
56101.8384 1.1285 56226.6402 1.7186
56102.3178 1.37 56226.7439 1.7563
56103.3644 1.1843 56228.6464 1.4611
56103.9458 1.0341 56230.7577 1.6761
56105.8638 1.2887 56231.7222 1.5368
56106.8184 0.7398 56232.6745 1.7048
56106.9158 0.7398 56233.6411 1.7371
56107.8702 0.2943 56233.7341 1.72
56109.8816 0.0846 56235.6534 0.2014
56110.8403 0.175 56235.7546 0.177
56111.7921 0.4973 56236.6106 0.0729
56121.3466 1.0108 56236.7143 0.0757
56121.4377 0.9212 56237.6677 0.1045
56157.3838 1.4401 56238.7097 0.2086
56157.4779 1.4763 56240.7256 1.4948
56160.4536 1.9051 56243.5831 1.5963
56162.4716 1.2784 56243.6749 1.8094
56163.4396 1.9191 56245.6828 1.78
56163.5351 1.8327 56251.621 1.962
56165.3635 2.0625

Òàáëèöà 3
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çàâèñèìîñòü âî âñåõ ñòàäèÿõ âñïûøå÷íîé àêòèâíîñòè: ðîñò àìïëèòóäû â
ñïîêîéíîì ñîñòîÿíèè, ïàäåíèå âî âðåìÿ âñïûøåê.

Äèàãðàììû Î-Ñ äëÿ 2012 è 2017ãã. ïîêàçûâàþò íåïðåðûâíîå èçìåíåíèå
ïåðèîäà îòðèöàòåëüíûõ ñâåðõãîðáîâ âî âðåìÿ âñåãî ñâåðõöèêëà. Ýòî èçìåíåíèå
íîñèò öèêëè÷åñêèé õàðàêòåð ìåæäó íîðìàëüíûìè âñïûøêàìè. Äëÿ õîðîøî
îõâà÷åííûõ íàáëþäåíèÿìè öèêëîâ â îêðåñòíîñòè íîðìàëüíûõ âñïûøåê íà
JD 2456095, 2456211, 2456236, 2457891, 2457906 è, âåðîÿòíî, ïðîïóùåííîé
âñïûøêè â ïðîìåæóòêå JD 2456167-2456172, âèäíî, ÷òî õîä Î-Ñ ðåçêî
èçìåíÿåòñÿ âî âðåìÿ íîðìàëüíûõ âñïûøåê. Â ñïîêîéíîì ñîñòîÿíèè ìåæäó
âñïûøêàìè Î-Ñ ïîñòåïåííî óâåëè÷èâàþòñÿ, ÷òî ñîîòâåòñòâóåò óâåëè÷åíèþ
ïåðèîäà îòðèöàòåëüíûõ ñâåðõãîðáîâ, à âî âðåìÿ càìîé âñïûøêè ïåðèîä áûñòðî
óìåíüøàåòñÿ. Çàìåòèì, ÷òî  òî÷êè äèàãðàììû Î-Ñ, ëåæàùèå íà JD = 2456121,
ìîæíî ïåðåíåñòè íà îäèí ïåðèîä â âåðõíþþ ÷àñòü äèàãðàììû, òàê êàê
ñóùåñòâóåò íåîäíîçíà÷íîñòü, âûçâàííàÿ âîçìîæíûì ïðîñ÷åòîì öèêëîâ.

Òàêîé æå õàðàêòåð èçìåíåíèÿ îòðèöàòåëüíûõ ñâåðõãîðáîâ áûë îòìå÷åí
Îñàêè è Êàòî [31] äëÿ êàðëèêîâîé íîâîé V1504 Cyg ïî äàííûì êîñìè÷åñêîãî
òåëåñêîïà Êåïëåð. Êðîìå òîãî, Î-Ñ ïîêàçûâàþò òåíäåíöèþ ê óìåíüøåíèþ
ñðåäíåãî ïåðèîäà îòðèöàòåëüíûõ ñâåðõãîðáîâ â òå÷åíèå ñâåðõöèêëà, êàê áûëî
ïðîäåìîíñòðèðîâàíî äëÿ V1504 Cyg [31] è ER UMa [42]. Ðåçóëüòàòû ïåðèîäîãðàì-
ìíîãî àíàëèçà MN Dra íàõîäÿòñÿ â ñîãëàñèè ñ âûâîäàìè àíàëèçà Î-Ñ. Íà ðèñ.8

                       2017 ãîä

57890.3925 0.965 57917.4975 2.0597
57891.3516 0.06 57918.3525 0.778
57891.4551 0.147 57920.3693 2.535
57892.3102 0.154 57921.4194 1.175
57892.4107 0.127 57982.566 0.952
57892.5025 0.146 57984.5747 1.219
57893.4533 0.091 58070.4265 0.533
57898.3416 0.737 58072.1510 1.278
57898.4306 0.869 58080.4284 0.084
57899.3948 0.679 58081.1984 0.187
57900.4483 0.923 58082.2462 0.275
57901.4065 1.109 58082.3443 0.432
57902.4643 1.033 58082.4401 0.436
57903.3388 1.154 58083.2980 0.729
57904.3866 0.636 58083.3911 0.759
57905.4516 0.1055 58085.2119 0.693
57906.5018 0.1625 58101.3190 0.813
57908.4973 0.1893 58101.4015 1.045
57916.3363 1.2478

Òàáëèöà 3 (îêîí÷àíèå)
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äëÿ ïðèìåðà ïðåäñòàâëåíû ïåðèîäîãðàììû äëÿ ðÿäîâ íàáëþäåíèé â 2017ã. âî
âðåìÿ îäíîé èç âñïûøåê è â ñïîêîéíîì ñîñòîÿíèè. Ñîãëàñíî ïåðèîäîãðàììàì,
ïåðèîä îòðèöàòåëüíûõ ñâåðõãîðáîâ âî âðåìÿ âñïûøêè áûë 0.0951 ñóò., à ê êîíöó
ñïîêîéíîãî ñîñòîÿíèÿ îí óâåëè÷èëñÿ äî 0.0961 ñóò.

Ïî óïðîùåííîé ìîäåëè Ëàðâóóäà [15] äëÿ ðåòðîãðàäíîé ïðåöåññèè íàêëîí-

íîãî äèñêà ðàäèóñ äèñêà îáðàòíî ïðîïîðöèîíàëåí ïåðèîäó îòðèöàòåëüíûõ
ñâåðõãîðáîâ. Â ðàìêàõ ýòîé ìîäåëè êàðòèíà èçìåíåíèé Î-Ñ MN Dra ñîîòâåòñòâóåò
ðàñøèðåíèþ àêêðåöèîííîãî äèñêà âî âðåìÿ íîðìàëüíîé âñïûøêè è ïîñòåïåííîìó
åãî óìåíüøåíèþ â ñïîêîéíîì ñîñòîÿíèè. Ïðè ýòîì ñðåäíèé ðàäèóñ àêêðåöèîííîãî
äèñêà ðàñòåò ñ ðîñòîì ôàçû ñâåðõöèêëà. Òàêèå èçìåíåíèÿ êàê ðàç ïðåäñêàçàíû
òåîðèåé òåðìî-ïðèëèâíîé íåñòàáèëüíîñòè àêêðåöèîííîãî äèñêà [43].

6. Âûâîäû. Áûëè ïðîâåäåíû äâå êàìïàíèè ïî íàáëþäåíèÿì êàðëèêîâîé
íîâîé MN Dra â 2012-2017ãã. íà äåâÿòè òåëåñêîïàõ â òå÷åíèå 152-õ íî÷åé
è íàáëþäåíèÿ â òå÷åíèå îäíîé íî÷è â 2013ã. Íàáëþäåíèÿìè áûëè îõâà÷åíû

Ðèñ.6. Ñâåðõó âíèç: îáùàÿ êðèâàÿ áëåñêà; äèàãðàììà Î-Ñ; êðèâàÿ èçìåíåíèÿ àìïëèòóäû
ñâåðõãîðáîâ äëÿ òðåõ ñåòîâ 2012ã. Áîëüøîé ðàçáðîñ äàííûõ â ìèíèìóìå â îòäåëüíûå íî÷è
îáóñëîâëåí óìåíüøåíèåì òî÷íîñòè íàáëþäåíèé èç-çà ìàëîãî ðàçìåðà òåëåñêîïà è/èëè
ïîãîäíûõ óñëîâèé.
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÷åòûðå ñâåðõâñïûøêè è ñåìü íîðìàëüíûõ âñïûøåê, à òàêæå ñïîêîéíîå
ñîñòîÿíèå ìåæäó íèìè.

Ìû èññëåäîâàëè âñïûøå÷íóþ àêòèâíîñòü ñèñòåìû è âûÿâèëè, ÷òî äëÿ
2017ã. èíòåðâàë ìåæäó ñîñåäíèìè ñâåðõâñïûøêàìè ñîñòàâèë 65 ñóò., à ìåæäó
ñîñåäíèìè íîðìàëüíûìè âñïûøêàìè - 15 ñóò.

Êàê è â 2009ã., 2012 è 2017ãã. MN Dra âî âðåìÿ ñâåðõâñïûøåê ïîêàçûâàëà
ïîëîæèòåëüíûå ñâåðõãîðáû, à â ñïîêîéíîì ñîñòîÿíèè è â íîðìàëüíûõ âñïûøêàõ
- îòðèöàòåëüíûå. Ñðåäíèé ïåðèîä ïîëîæèòåëüíûõ ñâåðõãîðáîâ äëÿ 2012ã. îêàçàëñÿ
ðàâíûì 0.10558(6) ñóò., à â 2017 -0.10500(2) ñóò.

Ïåðèîäîãðàììíûé àíàëèç è àíàëèç Î-Ñ ìàêñèìóìîâ áëåñêà îòðèöàòåëüíûõ
ñâåðõãîðáîâ ïîêàçàë öèêëè÷åñêîå èçìåíåíèå ïåðèîäà ñâåðõãîðáîâ îò îäíîé
íîðìàëüíîé âñïûøêè ê äðóãîé. Â ñïîêîéíîì ñîñòîÿíèè Î-Ñ ïîñòåïåííî
óâåëè÷èâàþòñÿ, ÷òî ñîîòâåòñòâóåò óâåëè÷åíèþ ïåðèîäà îòðèöàòåëüíûõ ñâåðõ-
ãîðáîâ, à âî âðåìÿ càìîé âñïûøêè ïåðèîä áûñòðî óìåíüøàåòñÿ.

Â ðàìêàõ óïðîùåííîé ìîäåëè íàêëîííîãî äèñêà [15], òàêèå èçìåíåíèÿ
Î-Ñ ìîãóò ñîîòâåòñòâîâàòü ðàñøèðåíèþ àêêðåöèîííîãî äèñêà âî âðåìÿ íîð-

Ðèñ.7. Ñâåðõó âíèç: ÷àñòü îáùåé êðèâîé áëåñêà çà 2017ã; äèàãðàììà Î-Ñ äëÿ ìàêñèìóìîâ
îòðèöàòåëüíûõ ñâåðõãîðáîâ; êðèâàÿ èçìåíåíèÿ èõ àìïëèòóäû.
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ìàëüíîé âñïûøêè è ïîñòåïåííîìó åãî óìåíüøåíèþ â ñïîêîéíîì ñîñòîÿíèè,
÷òî êàê ðàç íàõîäèòñÿ â ñîîòâåòñòâèè ñ òåîðèåé òåðìî-ïðèëèâíîé íåñòàáèëüíîñòè
àêêðåöèîííîãî äèñêà [43].

Ðàáîòà âûïîëíåíà ïðè ÷àñòè÷íîì ôèíàíñèðîâàíèè ãðàíòàìè ÐÔÔÈ18-32-
00371, APVV-15-0458 è 2/008/17.

Äàííàÿ ðàáîòà áûëà ÷àñòè÷íî ïîääåðæàíà ñóáñèäèåé Ïðàâèòåëüñòâà ÐÔ,
íàïðàâëåííîé íà ïîâûøåíèå êîíêóðåíòîñïîñîáíîñòè Êàçàíñêîãî ôåäåðàëüíîãî
óíèâåðñèòåòà ñðåäè ìèðîâûõ íàó÷íî-èññëåäîâàòåëüñêèõ öåíòðîâ.

Ðàáîòà ÷àñòè÷íî âûïîëíåíà çà ñ÷åò ñðåäñòâ ñóáñèäèè, âûäåëåííîé Êàçàí-
ñêîìó ôåäåðàëüíîìó óíèâåðñèòåòó äëÿ âûïîëíåíèÿ ãîñóäàðñòâåííîãî çàäàíèÿ
â ñôåðå íàó÷íîé äåÿòåëüíîñòè (3.9780.2017/8.9).

Ðàáîòà âûïîëíåíà ñ èñïîëüçîâàíèåì íàáëþäåíèé, ïîëó÷åííûõ íà Ñåâåðî-
êàâêàçñêîé àñòðîíîìè÷åñêîé ñòàíöèè ÊÔÓ.

1 Êàçàíñêèé (Ïðèâîëæñêèé) ôåäåðàëüíûé óíèâåðñèòåò, Êàçàíü, Ðîññèÿ
2 Êðûìñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ, Êðûì,
 e-mail: eppavlenko@gmail.com
3 Îáñåðâàòîðèÿ Àïà÷è Ïîéíò, Óíèâåðñèòåò Íüþ Ìåõèêî, ÑØÀ
4 Àñòðîíîìè÷åñêèé èíñòèòóò Ñëîâàöêîé ÀÍ, Ñëîâàêèÿ
5 Ãîñóäàðñòâåííûé àñòðîíîìè÷åñêèé èíñòèòóò èì. Ï.Ê.Øòåðíáåðãà,
 ÌÃÓ èì. Ì.Â.Ëîìîíîñîâà, Ìîñêâà, Ðîññèÿ
6 Êèåâñêèé Íàöèîíàëüíûé óíèâåðñèòåò èì. Òàðàñà Øåâ÷åíêî, Êèåâ, Óêðàèíà

Ðèñ.8. Ïåðèîäîãðàììû äëÿ äàííûõ 2017ã. âî âñïûøêå N1 (äâå íî÷è â èíòåðâàëå JD =
2457891.45-2457892.46, ñïëîøíàÿ ëèíèÿ) è â ñïîêîéíîì ñîñòîÿíèè (÷åòûðå íî÷è â èíòåðâàëå
JD = 2457900.45-2457903.49, òî÷å÷íàÿ ëèíèÿ).
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VARIATIONS OF THE PERIOD OF NEGATIVE
SUPERHUMPS IN SU UMa-TYPE DWARF NOVAE. I.

MN Dra (2012-2017)

A.S.SKLYANOV1, E.P.PAVLENKO2, K.A.ANTONYUK2, N.V.PIT2,
V.P.MALANUSHENKO3, A.V.SHCHUROVA4, A.-M.A.ZAOSTROZHNYKH1,
S.Yu.SHUGAROV4, A.A.SOSNOVSKIJ2, Ju.V.BABINA2, O.I.ANTONYUK2,

A.O.SIMON5, R.Ya.ZHUCHKOV1, A.G.GUTAEV1

We present the results of photometric study of dwarf nova MN Dra, conducted
in 2012-2017 on 9 telescopes spanning 152 nights. In total, observations covered
4 superoutbursts, 7 normal outbursts and quiescent state in between them. Interval
between consequent superoutbursts in 2017 was 65 days, between consequent
normal outbursts - 15 days. During superoutbursts in 2012 and 2017 positive
superhumps were observed with mean periods 0.10558(6) and 0.10500(2) days
respectively, in quiescent state negative superhumps with mean period of 0.095921(3)
days were recorded. It was shown, that period of negative superhumps cyclically
changed between normal outbursts: sharply decreased during the outburst and
gradually increased until the beginning of the next outburst. Such pattern of
negative superhump period variation can correspond to quick increase of accretion
disc radius during the outburst and its gradual decrease afterwards, which agrees
with thermal-tidal instability theory.

Keywords: MN Dra: cataclysmic variables: negative superhumps: negative  superhump
  evolution: accretion
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NEW OPTICAL AND INFRARED PHOTOMETRIC STUDY
OF YOUNG OPEN STAR CLUSTER NGC 7790
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We present deep CCD photometry (V ~ 21 mag) in BVR Johnson-Cousin filters supported
with 2MASS JHKs data set for the open star cluster NGC 7790. The cluster's parameters such
as reddening, distance, metallicity and age etc… are derived using two color diagrams in optical and
near-infrared bands. These parameters are EB-V = 0.512 ± 0.006, EV-R = 0.382 ± 0.005, EJ-H = 0.337
± 0.001 and EJ-Ks = 0.505 ± 0.001 mag, the distance modulus (m - M)0 = 12.41 ± 0.001 mag, which
gives a distance of 3.035 kpc and the metallicity Z = 0.008. The age obtained by fitting the observed
CMDs with Padova isochrones is 63.95 Myr. From the analysis of 2MASS data, the limiting radius
of the cluster is found to be 9.7 ± 0.83 arcmin, it reflects that the cluster is a compact cluster. The
dynamical relaxation time of NGC 7790 is also determined and found to be 0.17 of its age, which
means that the cluster is dynamically relaxed. Moreover, luminosity and mass functions are also
investigated.

Keyword: NGC 7790: open clusters and associations: cepheids: CEa Cas; CEb
     Cas; CF Cas

1. Introduction. The open star cluster NGC 7790 is near the Perseus arm
at ( smh

02000 185823 . , 4503161o
02000 ..  , l = 116o.579, b = -0o.9969). Mermilliod

[1] classified NGC 7790 as an intermediate age star and Lynga [2] classified this
cluster as Trumpler Class II2m. NGC 7790 has been the subject of various studies,
motivated in large part by the presence of three cepheids CEa Cas, CEb Cas and
CF Cas (see [3]), making this cluster an important part in the cosmic distance
ladder. Romeo et al. [4] determined the reddening and distance modulus of the
cluster which turn out to be EB-V = 0.54 ± 0.04 and (m - M)0 = 12.65 ± 0.15,
respectively. They determined also it's age (5.0 ± 1.5) x 107

 yr. Matthews et al. [5]
investigated the photometric and radial velocity variations of the cluster cepheid CF
Cas, and computed its distance of 3160 ± 160 pc (distance modulus 12.5). Gupta
et al. [6] observed the cluster in optical BVI photometric passbands and got the
EB-V = 0.51 ± 0.03 with distance of 3.3 ± 0.23 kpc. Davidge [7] studied the cluster
and determined the color excesses 0.56 ± 0.05, distance modules 12.057 ± 0.01 and
an age 60-80 Myr. Almost all the previous studies had got the same results, in
addition, they are in the optical passband. So, due to the importance of this cluster
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we restudied it both in optical and infrared bands (for the first time) and compared
our results with previous studies.

The paper is organized as follows: the CCD optical observations and near
infrared data (2MASS) is described in the Section 2. In Section 3 the radial
density profile is presented. The field star decontamination algorithm is given in
Section 4. The analysis of the color-magnitude diagrams and the derived pho-
tometric parameters are given in Section 5. The luminosity function and mass
function are described in Section 6, while the mass segregation and dynamical
relaxation state of the cluster are described in Section 7. The last section presents
summary of our study and conclusion.

2. The CCD optical observations and near infrared data (2MASS) .

2.1. The CCD optical observations. CCD BVR observations for the
open star cluster NGC 7790 were carried out with the 188 cm reflector telescope
at Newtonian focus (f/4.9) during one night on November 30, 2010. The telescope
is operated by Kottamia observatory, astronomy department of NRIAG, Egypt. It
was equipped with a 2k x 2k EEV 42-40 CCD camera, its pixel size of 13.5 m .
The telescope and this CCD camera give us a square field of view of about
10 x 10 arcmin2 on the sky with a scale of 0.30 arcsec per pixel, more information
about the capabilities of Kottamia telescope are presented in [8]. Table 1 lists the
observation log of 36 science exposures. Bias and twilight flat field frames were
taken in the three filters. The observations of the standard stars in the selected
area SA 107 [9] have been performed to calibrate the target observations.

The standard CCD reduction processing was done under IRAF software for
the cluster and standard stars CCD frames. These processes include bias subtrac-
tion, flat field corrections, removal of cosmic rays, aperture and point spread
function photometry and magnitude transformation to the standard system.

We determined the calibration coefficients that transform the instrumental
magnitudes to the standard ones using the observation of the standard stars. The
transformation equations are in the following form:

 
 VBaXkzVv

VBaXkzBb

vvv

bbb




Date Filter No. of exp. Air mass range Exp. time (sec)

Nov. 30, 2010 B 12 1.002 - 1.098 120
Nov. 30, 2010 V 12 1.009 - 1.094 120
Nov. 30, 2010 R 12 1.010 - 1.091 120

Table 1

LOG OF OBSERVATIONS
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 RVaXkzRr rrr 

Where B, V, R, and b, v, r are the standard and the instrumental magnitudes
respectively. X is the airmass, while zb, zv, zr and kb, kv, kr are the photometric
zero points and the extinction coefficients in B, V, R filters respectively. The ab,
av, ar, are the color coefficients. The values of extinction coefficients, the color
coefficients and the photometric zero points in their corresponding filters are given
in Table 2.

2.2. Near-Infrared Data (2MASS). The 2MASS photometric data on
near-infrared JHKs filters were extracted from Vizier web page1 for the star cluster
NGC 7790. Due to the small area of the optical field of view, we investigate the
cluster structure based only on the 2MASS data. Starting with determination of the
cluster center by constructing a rectangular strip around the cluster center (visually
determined) in   and   direction with a side of one degree wide, we count the
stars in each strip to build the frequency distribution in both directions. These
histograms were fitted by a Gaussian function, whereas the location of maximum
number of stars (peak) indicates the new cluster center, as illustrated in Fig.1 and
listed in Table 3. The 2MASS data are extracted again, for further investigation,
centered on the new coordinates with an aperture radius of 20 arcmin. The large

          Parameter k a z
 Filter subscript

b 0.35 0.004 3.02
v 0.17 0.002 2.80
r 0.08 0.001 2.71

Table 2

THE ZERO POINT, COLOR AND EXTINCTION COEFFICIENTS
FOR EACH FILTER

1 http://vizier.u.strasbg.fr/viz.bin/VizieR

[10] [6] Recent work

RAJ2000 23h55m0s.9 23h54m12s 23h58m18s.0
DEJ2000 60o56' +60o57' 61o13'05".4

l 116o 116o.6 116o.579
b -1o -1o -0o.9969

Table 3

THE CENTER COORDINATES COMPARING WITH PREVIOUS WORK
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extraction area around each cluster enables us to determine statistically the surface
density distribution of the field stars in the cluster outskirt.

3. Radial density profile (RDP) . The stellar density distribution of a
cluster is a result of the internal and external dynamical process. The radial density
profile (RDP), the number of stars per unit area at different radius from cluster’s
center outward, is an observational tool that reflects the dynamical events acting
on the cluster and it enables us to determine the angular size of the cluster. The
radial density profile is determined through counting the stars in concentric rings
around the new cluster's center. We calculated the density of each ring by dividing
the number of stars in the ring by its area. The ring radius was chosen to be
ranged from 0.25 to 1.5 arcmin; to avoid the smallest number of the stars in the
ring and then the density profile was chosen by visual inspection of the data for
each ring bin size. The density profile must represent the well exponential
decreasing of the cluster surface density outward from its center, as well as the

Fig.1. The Gaussian fitting profiles of star counts across right ascension   and declination 
for the cluster. The peak's position of the profile gives the cluster's center.
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constancy of the dense background after the cluster limit. We applied the empirical
King model [11] to fit the observed RDP. The King model of the density function
equation is in the following form:

  , 

1
2

0













core

bg

r
r

ffr

where rcore, f0, and fbg are the core radius, the central surface density and background
surface density and their values of rcore = 2.036 ± 0.167, f0 = 8.606 ± 0.415 and
fbg = 9.899 ± 0.121 respectively. The core radius is the cluster radius at which the
central surface density drops to its half value. We suppose that the background
star density lies within the lines representing the standard deviation of the
background density level, therefore we define the cluster limits (cluster limited
radius; rlim = 9.7 ± 0.83 arcmin) at the intersection of the King profile with the
upper limit of the density standard deviation line (see Fig.2). This value is larger
than the value obtained by [6] who had rlim = 3.7 ± 0.2 arcmin, whereas Lynga [2]
determined the RDP = 2.5 arcmin.

4. Membership of star cluster. The field stars decontamination from a
star cluster is an essential task to obtain an accurate photometric study for star

Fig.2. The radial density profile for the cluster. The solid curve denotes the fitting with King
model, while the dashed lines mark the level of the background density and its standard deviation.
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clusters. To decontaminate the field stars, we used the kinematic approaches based
on the availability of the kinematic data such as proper motion and radial velocities
[12,13]. We used the kinematical method because these kinematic data for the
cluster are available to determine the cluster membership and cleaning the clusters
from field star contamination. In this technique, we use TOPCAT2 program (Tool
for Operations on Catalogues And Tables). Moreover, it is also interactive graphical
viewer and editor for tabular data. To summarize this process, by using the proper
motion component in   (pmRA) and   (pmDE), we build two histograms. In
respective histograms, the highest count of stars in both (pmRA) and (pmDE)
represents the range of the cluster star members [13]. These stars share almost
the same proper motion values. Then by selecting the range for both (pmRA)
and (pmDE) around the histogram peak, the star members are examined. To
confirm this range, a proper motion vector point diagram (PMVPD) which is a
plot of (pmRA) and (pmDE) [14] is employed in color-magnitude diagram Fig.3.

5. The color-magnitude diagrams. The Color-Magnitude Diagram (CMD)
for a star cluster enables us to determine its age, reddening and distance. So, two
optical (V, B - V ), and (V, V - R) and two infrared (J, J-H & Ks, J-Ks) CMDs
for the total number of the observed stars in the decontaminated cluster region
(r < rlim) are constructed for the cluster NGC 7790 and presented in Fig.4, 5. To
derive the fundamental parameters of this cluster, these CMDs were fitted with

2 http://www.star.bris.ac.uk/~mbt/topcat/

Fig.3. The NGC 7790 star members (light squares), while the field stars (dark squares).
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Fig.4. Color magnitude diagrams a) (V, B-V ) and b) (V, V-R), the solid curve represents the
best fitted Padova isochrones with Z = 0.008 and age of 63.95 Myr.
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Fig.5. 2MASS CMDs; a) (Ks, J-Ks) and b) (J, J-H), the solid curve represents the best fitted
Padova isochrone with Z = 0.008 and age of 63.95 Myr.
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several theoretical Padova isochrones3 [15] in different metallicities and ages in steps
of 0.05 in the logarithm of age. This step was adopted as a typical uncertainty of
the log age. We got a good fit for all CMDs by visual inspection with the isochrone
of the metallicity Z = 0.008, and the corresponding age of 63.95 Myr. The optical
and infrared color excesses are determined from CCDs fitting, and using the relations
of [16]. The optical color excess EB-V = 0.512 ± 0.006, EV-R = 0.382 ± 0.005 and the
absolute distance modulus (m - M)0 = 12.41 ± 0.001 mag, gives a distance of 3.035 kpc.
These results agree well with that given by [6], EB-V = 0.51 ± 0.03 mag and the distance
of 3.3 ± 0.23 kpc. In [16] were presented the color excess values for 2MASS
photometric system, which enable us to obtain the following results: EJ-H = 0.337 ±
0.001, EJ-K = 0.505 ± 0.001 and AV = 3.317 where RV = AV /EB-V = 3.1 is adopted.

6. The luminosity and mass function . The number of stars in a cluster
with different absolute luminosities describes the stellar luminosity function (LF)

3 http://pleiadi.pd.astro.it/

Fig.6. The cluster luminosity function.
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of the cluster. So, we transformed the J apparent magnitude to absolute magnitude
using the cluster's distance modulus, then the frequency distribution of the J
absolute magnitude has been obtained, as shown in Fig.6. This luminosity function
is transformed to the mass function based on the dependence of the mass on the
luminosity given in the selected theoretical Padova isochrones [15].

In the present work, the absolute magnitude and the masses for the adopted
isochrone with metallicity Z = 0.008 are used to construct the relation between

MM  and absolute magnitude MJ. The relation is a polynomial function of the
second degree, used to determine masses of the cluster from the observed absolute
magnitude MJ. Then a histogram for the number of stars as a function of mass
interval is constructed and presented in Fig.7. The mass frequency distribution is
linearly fitted with the slope value of -2.36, this value is closer to that of [17]
obtained by study of the IMF for massive stars. Note that, the steep slope of the
IMF indicates that the number of low-mass stars is greater than the high-mass ones.
The masses are integrated to compute the total mass of the cluster MM 1316 .

7. Mass segregation and dynamical relaxation time . The dynamical
relaxation TE is the time in which the individual stars exchange energies and their
velocity distribution approach a Maxwellian equilibrium. An examination of the
distribution of masses of the stars along the radius of the cluster showed a clear
segregation of mass in the cluster, with the massive stars located in the central

Fig.7. The mass frequency distribution is linearly fitted with the slope value of -2.36.
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part of the cluster. To check whether the existing mass segregation is due to
dynamical evolution or the imprint of the star formation process, we need to
estimate the dynamical relaxation time. Through the dynamical relaxation time,
the low mass stars in a cluster may possess the largest random velocities trying
to occupy a larger volume than the high mass stars (see [18]). Here, the relation
given by [19] is used to compute the dynamical relaxation time for the cluster.

 
, 

0.4log

1098
21

23215

Nm

RN.
T h
E




where Rh is the radius containing half the cluster mass, N is the number of cluster
members and M..m 4918672   is the average mass of the cluster stars.
Considering the Rh is equal to half of the cluster radius in linear units, we have
calculated dynamical relaxation time (TE = 10.5 ± 2.9 Myr). Comparing the values
of TE with the cluster ages, we find Age/TE = 6.1 ± 1.6. Since the values of the
TE are smaller than the estimated cluster ages, it may be inferred that the cluster
is dynamically relaxed and the mass segregation effect due to dynamical evolution
must be important. The cluster relaxation time is much shorter than its age (~0.17
of its age), that means the cluster is highly dynamically relaxed.

8. Conclusions. New CCD BVR observation and JHKs 2MASS data for the
open star cluster NGC 7790 are used to determine the cluster structure and
photometric parameters. The infrared dataset reveals NGC 7790 is a compact open
cluster, with the limited size of the cluster; its radius is limited to 9.7 ± 0.83
arcmin which is about 2.6 time more than [6], and its core radius by 2.036 ±
0.167 arcmin. Our estimates of the cluster distance 3.035 kpc, age 63.95 Myr and
poor metallicity of Z = 0.008 are very close to that determined earlier (Table 4).
Both age and distance estimates for the cepheid variables are consistent with the
present determination. However, the interstellar reddening, EB-V = 0.512 ± 0.006
agrees well with the previous studied. In addition, we also found the infrared color
excess EJ-K = 0.505 ± 0.001 and EJ-H = 0.337 ± 0.001 and the visual absorption

Table 4

DETERMINED PARAMETERS FROM CMD FOR NGC 7790
COMPARING WITH PREVIOUS STUDIES

[4] [6] [7] Recent work Recent work
Optical 2MASS

Z 0.01 0.008 0.019 0.008 0.008
Age 50 Myr 120 ± 20 Myr 60 - 80 Myr 63.95 Myr 63.95 Myr

E(B-V ) 0.54 ± 0.04 0.51 ± 0.03 0.56 ± 0.05 0.512 ± 0.006 1.07 ± 0.27
(m-M )0 12.65 ± 0.15 12.6 ± 0.15 12.057 ± 0.01 12.41 12.211 ± 0.005
d, kpc - 3.3 ± 0.23 3.160 ± 1.6 3.035 2.768 ± 0.006
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AV = 1.671 ± 0.003.
From the investigation of the mass function within the cluster, we estimated

total mass of the cluster membership of M1316 . In addition, the cluster
dynamical relaxation time (TE = 10.5 Myr) is about 0.17 of its age (63.95 Myr),
which means that the cluster is dynamically relaxed.
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ÍÎÂÎÅ ÎÏÒÈ×ÅÑÊÎÅ È ÈÍÔÐÀÊÐÀÑÍÎÅ
ÔÎÒÎÌÅÒÐÈ×ÅÑÊÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ ÌÎËÎÄÎÃÎ

ÎÒÊÐÛÒÎÃÎ ÑÊÎÏËÅÍÈß ÇÂÅÇÄ NGC 7790

À.À.ÀÐÓÍ1,2, Ð.Ì.ÀËÐÅÕÀÉËÈ1, Õ.À.ÈÑÌÀÈË1,2

Ïðåäñòàâëåíû ãëóáîêàÿ ÏÇÑ-ôîòîìåòðèÿ (V ~ 21 mag) â ôèëüòðàõ Äæîíñîíà-
Êóçåíà BVR, à òàêæå 2MASS JHK äàííûå äëÿ îòêðûòîãî çâåçäíîãî ñêîïëåíèÿ
NGC 7790. Èñïîëüçóÿ äâóõöâåòíûå äèàãðàììû â îïòè÷åñêîì è áëèæíåì
èíôðàêðàñíîì äèàïàçîíàõ ïîëó÷åíû òàêèå ïàðàìåòðû ñêîïëåíèÿ, êàê ïîêðàñ-
íåíèå, ðàññòîÿíèå, ìåòàëëè÷íîñòü, âîçðàñò è ò. ä. Ýòèìè ïàðàìåòðàìè ÿâëÿþòñÿ
EB-V = 0.512 ± 0.006, EV-R = 0.382 ± 0.005, EJ-H = 0.337 ± 0.001 è EJ-Ks = 0.m505 ±
0.m001, ìîäóëü ðàññòîÿíèÿ (m - M )0 = 12.410 ± 001, ÷òî ñîîòâåòñòâóåò ðàññòîÿíèþ
3.035 êïê è ìåòàëëè÷íîñòü Z = 0.008. Âîçðàñò, ïîëó÷åííûé ïóòåì ñðàâíåíèÿ
íàáëþäàåìîé äèàãðàììû öâåò-âåëè÷èíà (CMD) ñ èçîõðîíàìè Ïàäóè, ñîñòàâëÿåò
63.95 ìèëëèîíà ëåò. Àíàëèç äàííûõ 2MASS ïîêàçûâàåò, ÷òî ïðåäåëüíûé ðàäèóñ
ñêîïëåíèÿ ñîñòàâëÿåò 9.7 ± 0.83 óãë. ìèí., ÷òî óêàçûâàåò íà êîìïàêòíîñòü ñêîïëåíèÿ.
Âðåìÿ äèíàìè÷åñêîé ðåëàêñàöèè NGC 7790 òàêæå îïðåäåëåíî è ñîñòàâëÿåò 0.17
åãî âîçðàñòà, ÷òî îçíà÷àåò, ÷òî â ñêîïëåíèå ïðîèçîøëà äèíàìè÷åñêàÿ ðåëàêñàöèÿ.
Êðîìå òîãî, áûëè èññëåäîâàíû ôóíêöèè ñâåòèìîñòè è ìàññû.

Êëþ÷åâûå ñëîâà: NGC 7790: îòêðûòûå ñêîïëåíèÿ è àññîöèàöèè: öåôåèäû:
     CEa Cas; CEb Cas; CF Cas
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ÔÎÒÎÌÅÒÐÈ×ÅÑÊÈÅ ÈÑÑËÅÄÎÂÀÍÈß
ÏÐÎÌÅÆÓÒÎ×ÍÎÃÎ ÏÎËßÐÀ DO Dra

Â 2008 È 2019ãã.

Þ.Â.ÁÀÁÈÍÀ1, Å.Ï.ÏÀÂËÅÍÊÎ1, Ì.Â.ÀÍÄÐÅÅÂ2,3

Ïîñòóïèëà 2 îêòÿáðÿ 2019
Ïðèíÿòà ê ïå÷àòè 11 ìàðòà 2020

Ïðåäñòàâëåí àíàëèç ôîòîìåòðè÷åñêèõ íàáëþäåíèé ïðîìåæóòî÷íîãî ïîëÿðà DO Dra,
ïîëó÷åííûõ â ýïîõó êàðäèíàëüíîãî óìåíüøåíèÿ åãî âñïûøå÷íîé àêòèâíîñòè äëÿ ðàçëè÷íîãî
ñðåäíåãî áëåñêà ñèñòåìû: 13m.6-12m.8 (2008) è 14m.7-14m.3 (2019). Íàáëþäåíèÿ ïðîâîäèëèñü
â 2008ã. â ïîëîñàõ ñèñòåìû Äæîíñîíà BVR è â 2019ã. â èíòåãðàëüíîì ñâåòå. Âïåðâûå ïî
êâàçèîäíîâðåìåííûì íàáëþäåíèÿì â ïîëîñàõ BVR áûëà çàðåãèñòðèðîâàíà îðáèòàëüíàÿ
ìîäóëÿöèÿ áëåñêà â âèäå äâóãîðáîé êðèâîé â êàæäîé èç ïîëîñ, ïðåäïîëîæèòåëüíî âûçâàííàÿ
ýëëèïñîèäàëüíîñòüþ âòîðè÷íîãî êîìïîíåíòà. Â òå÷åíèå øåñòè íî÷åé â ïîëîñàõ BVR (2008ã.)
è îäíîé íî÷è â èíòåãðàëüíîì ñâåòå (2019ã.) íàáëþäàëèñü óñòîé÷èâûå êâàçèïåðèîäè÷åñêèå
êîëåáàíèÿ â îêðåñòíîñòÿõ 0.02 ñóò. Â íî÷ü JD 2458575 (2019ã.) áûëî çàðåãèñòðèðîâàíî
óâåëè÷åíèå áëåñêà íà 0m.7 çà 3 ìèí, ñìåíèâøååñÿ ýêñïîíåíöèàëüíûì çàòóõàíèåì. Âñïëåñê
äëèëñÿ îêîëî ÷àñà, â òå÷åíèå ïåðâîé ïîëîâèíû áûëè îáíàðóæåíû êîëåáàíèÿ ñ ïåðèîäîì
îêîëî 0.006 ñóò., è àìïëèòóäîé 0m.1, êîòîðûå ìîãóò èìåòü îòíîøåíèå ëèáî ê ïåðèîäó
âðàùåíèÿ áåëîãî êàðëèêà, ëèáî ê êâàçèïåðèîäè÷åñêèì êîëåáàíèÿì. Ïðèðîäà âñïëåñêà ïîêà
íå âûÿñíåíà, â ñòàòüå ðàññìîòðåíû âîçìîæíûå ïðè÷èíû ýòîãî ÿâëåíèÿ.

Êëþ÷åâûå ñëîâà: DO Dra: êàòàêëèçìè÷åñêèå ïåðåìåííûå: ïðîìåæóòî÷íûé ïîëÿð

1. Ââåäåíèå. DO Dra - ýòî òåñíàÿ äâîéíàÿ ñèñòåìà, ñîñòîÿùàÿ èç çâåçäû
ïîçäíåãî ñïåêòðàëüíîãî êëàññà, êîòîðàÿ çàïîëíÿåò ñâîþ ïîëîñòü Ðîøà, âñëåäñòâèå
÷åãî ïðîèñõîäèò ïåðåòåêàíèå âåùåñòâà ÷åðåç âíóòðåííþþ òî÷êó Ëàãðàíæà íà
âòîðóþ çâåçäó - áåëûé êàðëèê. Â çàâèñèìîñòè îò âåëè÷èíû ìàãíèòíîãî ïîëÿ
áåëîãî êàðëèêà, òàêèå ñèñòåìû äåëÿò íà äèñêîâûå, ïîëÿðû è ïðîìåæóòî÷íûå
ïîëÿðû. DO Dra îòíîñèòñÿ ê ñèñòåìàì òèïà DQ Her - ïðîìåæóòî÷íûå ïîëÿðû.
Â òàêèõ ñèñòåìàõ áåëûå êàðëèêè èìåþò äîñòàòî÷íóþ âåëè÷èíó ìàãíèòíîãî
ïîëÿ, ÷òîáû ðàçðóøèòü âíóòðåííþþ ÷àñòü àêêðåöèîííîãî äèñêà, ãäå âåùåñòâî
íà÷èíàåò òå÷ü âäîëü ñèëîâûõ ëèíèé ìàãíèòíîãî ïîëÿ, îáðàçóÿ èñêðèâëåííûå
"çàíàâåñû" ñâåòÿùåãîñÿ âåùåñòâà ("àêêðåöèîííûå êóðòèíû"), è âûïàäàåò íà
áåëûé êàðëèê â îêðåñòíîñòè ìàãíèòíûõ ïîëþñîâ [1].

DO Dra áûë îáíàðóæåí êàê èñòî÷íèê ðåíòãåíîâñêîãî èçëó÷åíèÿ 2À 1150+720
è ïîçæå áûë êëàññèôèöèðîâàí Ïàòòåðñîíîì è äð. [2] êàê êàòàêëèçìè÷åñêàÿ
ïåðåìåííàÿ. Ýòîò îáúåêò áûë òàêæå îáíàðóæåí êàê êàòàêëèçìè÷åñêàÿ ïåðåìåííàÿ
â îáçîðå Ïàëîìàð-Ãðèí è óêàçàí êàê PG 1140+719 [3]. Òîãäà æå ýòîò îáúåêò
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ïðåäëîæèëè èäåíòèôèöèðîâàòü ñ ðàíåå çàðåãèñòðèðîâàííîé ïåðåìåííîé YY
Dra èç-çà áëèçêèõ êîîðäèíàò. Â.Ï.Öåñåâè÷ îáíàðóæèë YY Dra ïî ìîñêîâñêèì
ïëàñòèíêàì, êàê ïåðåìåííóþ çâåçäó òèïà Àëãîëü, êîòîðàÿ ïîëó÷èëà ïðåäâàðèòåëü-
íûé íîìåð SVS 504 Dra, ñ êîîðäèíàòàìè smh

1855 153511  è 40372o1855 . ,
ñ ýôåìåðèäîé Tmin = 2419852.4 + 4d.21123 E è ÿðêîñòüþ â äèàïàçîíå 12m.9-14m.5
[4]. Äàëåå â îáùåì êàòàëîãå ïåðåìåííûõ  çâåçä ýòà çâåçäà ïîëó÷èëà íàçâàíèå
YY Dra. Îáúåêò YY Dra â íàñòîÿùåå âðåìÿ äîëæåí èìåòü êîîðäèíàòû

41344311 smh
2000 .  è 92471o2000  , íî ïî ýòèì êîîðäèíàòàì âèäèìîé

çâåçäû íåò. Âåíöåëþ [5] íå óäàëîñü, ïî îïóáëèêîâàííûì êîîðäèíàòàì YY
Dra, íàéòè çâåçäó 12m, çàòî îí íà äâóõ èç 700 ïëàñòèíîê îáíàðóæèë
ýðóïòèâíûé îáúåêò íà ìåñòå PG 1140+719, è êëàññèôèöèðîâàë åãî êàê
êàðëèêîâóþ íîâóþ. Ýòî áûëà îïðåäåëåííî íå çàòìåííàÿ ïåðåìåííàÿ ñ ÷åòêèì
ïåðèîäîì, è, òàêèì îáðàçîì, ýòîìó îáúåêòó äàëè íîâîå îôèöèàëüíîå íàçâàíèå
DO Dra [6,7]. Â ñòàòüå Ïàòòåðñîíà è äð. [8] ïðèâîäèòñÿ îáñóæäåíèå íàçâàíèÿ
ýòîé çâåçäû. Ê ñîæàëåíèþ, áîëüøàÿ ÷àñòü ïëàñòèíîê,  ïî êîòîðûì Öåñåâè÷
îáíàðóæèë YY Dra,  ïðîïàëà âî âðåìÿ Âòîðîé Ìèðîâîé âîéíû è ïîýòîìó
èñòèííîå ïîëîæåíèå YY Dra äî ñèõ ïîð îñòàåòñÿ çàãàäêîé. Âîçìîæíî, ÷òî
â êîîðäèíàòàõ îáúåêòà, ïðèâåäåííûõ â ðàáîòå Öåñåâè÷à [4], áûëà äîïóùåíà
îøèáêà. Â ñòàòüå Âèðíèíîé [9] ïðèâîäèòñÿ ðåçóëüòàò ïîèñêà ýòîé çâåçäû ïîä
íàçâàíèåì  ïðîåêò "Öåñåâè÷à".

DO Dra - â âûñøåé ñòåïåíè ïåðåìåííûé îáúåêò, ïîêàçûâàþùèé êîëåáàíèÿ
áëåñêà íà øêàëå îò äåñÿòêîâ ëåò äî äåñÿòêîâ ñåêóíä. Ñîãëàñíî AAVSO, äîëãî-
âðåìåííàÿ êðèâàÿ áëåñêà, ïîñòðîåííàÿ íà èíòåðâàëå îêîëî 37 ëåò (cì. ðèñ.1),
ñîäåðæàëà è âñïûøêè, è íåðåãóëÿðíûå èçìåíåíèÿ áëåñêà. Âñïûøêè àìïëèòóäîé
äî 4m-5m íàáëþäàëèñü äî ~2007ã., ïðè÷åì àìïëèòóäà èõ ïîñòåïåííî ïàäàëà. Ñ

Ðèñ.1. Îáùàÿ  êðèâàÿ AAVSO ñ 1982ã. DO Dra. Ñòðåëêè óêàçûâàþò íà ìîìåíòû íàøèõ
íàáëþäåíèé.
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ìîìåíòà îòêðûòèÿ îáúåêòà äî 2007ã. ïî äàííûì AAVSO áûëî çàðåãèñòðèðîâàíî
11 âñïûøåê, èç êîòîðûõ îäíà â ìàêñèìóìå áëåñêà äîñòèãëà 9m.6, ìàêñèìàëüíûé
áëåñê øåñòè âñïûøåê áûë â èíòåðâàëå 10m-11m, ÷åòûðåõ - â èíòåðâàëå 11m-12m,
äâóõ (âîçìîæíî, áîëüøå) - â èíòåðâàëå 13m-14m. Íà÷èíàÿ ñ 2008ã. (ò.å. ïîñëåäíèå
10 ëåò), âñïûøêè ñ àìïëèòóäîé áîëüøå 1m íå íàáëþäàþòñÿ. Ïðè ýòîì ìîæíî
çàìåòèòü, ÷òî ñðåäíèé óðîâåíü áëåñêà ìîíîòîííî ïàäàåò, à ìèíèìàëüíûé åãî
óðîâåíü (íèæíÿÿ îãèáàþùàÿ êðèâîé) äîñòèãàåò 18m. Âñïûøå÷íóþ àêòèâíîñòü
èññëåäîâàëè òàêæå  Àíäðîíîâ è äð. [10] è Øèìîí [11]. Øèìîí [11] íàøåë
ïåðèîä âñïûøåê ó DO Dra îêîëî 870 äíåé è ïîêàçàë, ÷òî îíè îòëè÷àþòñÿ îò
âñïûøåê, ïðîèñõîäÿùèõ â íåìàãíèòíûõ ñèñòåìàõ. Ó Àíäðîíîâà è äð. [10]
ïåðèîä âñïûøåê ñîñòàâëÿåò 422311~  ä.

Ïàòòåðñîí è äð. [2] ïåðâûìè äàëè ãðóáóþ îöåíêó îðáèòàëüíîãî ïåðèîäà
îáúåêòà ïî ôîòîìåòðèè è ñïåêòðîñêîïèè (3.9 ÷àñà). Çàòåì ïîñëåäîâàëè åãî
óòî÷íåíèÿ. Ìàòòåî è äð. [12] îïðåäåëèëè ïåðèîä êàê 3.96 ÷, à Õàñâåëë è äð. [13]
ïî 14-ëåòíåìó ðÿäó íàáëþäåíèé íàøëè åãî òî÷íóþ âåëè÷èíó 3.968976 ÷ =
0.16537398(17) ñóò. Ïàòòåðñîí è äð. [14] ïî îïòè÷åñêèì íàáëþäåíèÿì îáíàðó-
æèëè ïåðèîäè÷íîñòè 265, 275 è 550 ñ (=2 . 275 ñ). Îíè ïðåäïîëîæèëè, ÷òî
ïåðèîä âðàùåíèÿ áåëîãî êàðëèêà äîëæåí ñîñòàâëÿòü 529 ñ (~2 . 265 ñ), à íå
550 ñ, ÷òî íà 21 ñ áîëüøå ïåðèîäà âðàùåíèÿ è ñâÿçàí ñ ïåðåðàáîòêîé âûñîêî-
ýíåðãåòè÷åñêîãî èçëó÷åíèÿ â ñòðóêòóðàõ, ôèêñèðîâàííûõ â îðáèòàëüíîé
ïëîñêîñòè (íàïðèìåð, ÿðêîå ïÿòíî íà êðàþ àêêðåöèîííîãî äèñêà). Ãîäîì ïîçæå
Áþåðìàí è Òîìàñ [15] ïî ðåíòãåíîâñêèì íàáëþäåíèÿì íà òåëåñêîïå ROSAT
îïðåäåëèëè ïåðèîä âðàùåíèÿ áåëîãî êàðëèêà êàê 529.22(8) ñ, à Ïàòòåðñîí è
Øêîäè [16] â ðàçíûõ ñåòàõ íàáëþäåíèé ýòîãî æå òåëåñêîïà íàøëè ïåðâóþ
ãàðìîíèêó ýòîãî ïåðèîäà (264.6(1.4) ñ). Íàèáîëåå òî÷íóþ âåëè÷èíó ïåðèîäà
âðàùåíèÿ áåëîãî êàðëèêà 529.31(2) ñ ïîëó÷èëè Õàñâåëë è äð. [13] èç àíàëèçà
íàáëþäåíèé â óëüòðàôèîëåòîâîì êîíòèíóóìå è â îïòèêå. Àâòîðû ïðèøëè ê
âûâîäó, ÷òî àêòèâíû îáà ìàãíèòíûõ ïîëþñà áåëîãî êàðëèêà. Îíè òàêæå
çàðåãèñòðèðîâàëè ïåðèîä 273 ñ, áëèçêèé ê ïåðèîäó, íàéäåííîìó ðàíåå Ïàòòåð-
ñîíîì. Àíäðîíîâ è äð. [10] ïî äàííûì ôîòîìåòðè÷åñêèõ íàáëþäåíèé âñïûøêè
2006ã. ïîêàçàëè ñóùåñòâîâàíèå êâàçèïåðèîäè÷åñêèõ êîëåáàíèé ñ ïåðèîäîì
îêîëî 30 ìèí (0.021 ñóò.) è ïðåäïîëîæèëè, ÷òî îíè ñâÿçàíû ñ èððàäèàöèåé
îáëàêà, êîòîðîå äâèæåòñÿ ïî íàïðàâëåíèþ ê áåëîìó êàðëèêó.

Ïàòòåðñîí è äð. [14] êëàññèôèöèðîâàëè îáúåêò êàê êàðëèêîâóþ íîâóþ òèïà
DQ Her, à Íîðòîí è äð. [17] ïîä÷åðêíóëè, ÷òî DO Dra îòíîñèòñÿ åùå è ê
ðåäêîé ïîäãðóïïå ïðîìåæóòî÷íûõ ïîëÿðîâ, ó êîòîðûõ åñòü âñïûøå÷íàÿ àêòèâíîñòü.

2. Íàáëþäåíèÿ. Â ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû ôîòîìåòðè÷åñêèõ
ÏÇÑ íàáëþäåíèé DO Dra  â òå÷åíèå âîñüìè íî÷åé 2008ã. (10 ÿíâàðÿ - JD
2454476, 1-5 ôåâðàëÿ - JD 2454498-2454502, 14 ìàÿ - JD 2454601) è 1 àïðåëÿ
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2019ã. - JD 2458575. Äàííûå 2008ã. ïîëó÷åíû â Òåðñêîëüñêîé îáñåðâàòîðèè
íà 60-ñì òåëåñêîïå ñ ÏÇÑ PixelVision â ñèñòåìå Äæîíñîíà â ïîëîñàõ BVR è
â Êðûìñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè ñ ÏÇÑ Apogee 47 P íà 38-ñì
òåëåñêîïå â 2019ã. â èíòåãðàëüíîì ñâåòå. Îáùåå âðåìÿ íàáëþäåíèé ñîñòàâèëî
72 ÷. Ïðè îáðàáîòêå èçîáðàæåíèé, ïîëó÷åííûõ â 2008ã., èñïîëüçîâàëàñü çâåçäà
ñðàâíåíèÿ Ñ1: 9584211 smh .  è 720471o   èç ðàáîòû Áîÿäà [18] (USNO
B1: B = 11m.32, V = 10m.78, R = 10m.76), à ïðè îáðàáîòêå íàáëþäåíèÿ 2019ã. äëÿ
êàëèáðîâêè øêàëû çâåçäíûõ âåëè÷èí ìû èñïîëüçîâàëè äàííûå èç ðàáîòû
Àíäðîíîâà è äð. [10] C1: 3234311 smh .  è 242471o   (B = 15m.082,
V = 14m.28, R = 13m.84). Ñðåäíèé áëåñê DO Dra â ýòî âðåìÿ êîëåáàëñÿ â
ïðåäåëàõ V ~ 13m.3-14m.

3. Êðèâûå áëåñêà. Íàøè íàáëþäåíèÿ DO Dra â 2008ã. ïðèøëèñü íà
ýïîõó èñ÷åçíîâåíèÿ âñïûøåê (ðèñ.1). Äîëãîâðåìåííàÿ êðèâàÿ áëåñêà äëÿ
2008ã. ïîêàçàíà íà ðèñ.2, à íà ðèñ.3 ïðèâåäåíû êðèâûå áëåñêà äëÿ êàæäîé
íî÷è (êðîìå JD 2454501) â ïîëîñàõ BVR. Ôîðìà êðèâûõ áëåñêà ðàçëè÷íà îò
íî÷è ê íî÷è. Ïî êðèâûì áëåñêà âèäíî, ÷òî ïîâåäåíèå ñèñòåìû èçìåíÿåòñÿ

îäèíàêîâî âî âñåõ ôèëüòðàõ â òå÷åíèå êàæäîé íî÷è. Ñèñòåìà ÿð÷å â ïîëîñå
R. Â íî÷ü JD 2454498 è JD 2454500 âèäíû ãëóáîêèå øèðîêèå è óçêèå
ìèíèìóìû áëåñêà ñîîòâåòñòâåííî, ñ àìïëèòóäîé 0m.6. Êðèâûå áëåñêà ïîêàçû-
âàþò ïåðåìåííîñòü íà ðàçíûõ âðåìåííûõ øêàëàõ.

4. Àíàëèç ìóëüòèïåðèîäè÷åñêèõ êîëåáàíèé áëåñêà .

4.1. Îðáèòàëüíûé ïåðèîä. Íà ðèñ.4 ìû ïðèâîäèì ïåðèîäîãðàììó â

Ðèñ.2. Îáùàÿ êðèâàÿ áëåñêà íàáëþäåíèé 2008ã.
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îáëàñòè îðáèòàëüíîãî ïåðèîäà è åãî ïîëîâèííîé âåëè÷èíû, ïîñòðîåííóþ ñ
ïîìîùüþ ìåòîäà Ñòåëëèíãâåðôà, èñïîëüçîâàâ ïàêåò ïðîãðàìì ISDA [19] äëÿ
äàííûõ 2008ã. Íàèáîëåå çíà÷èìûé ïåðèîä â îêðåñòíîñòè îðáèòàëüíîãî ïåðèîäà
îêàçàëñÿ 4.1 ÷ (0.1714 ñóò.), íî â îáëàñòè 1/2 ïåðèîäà íàèáîëåå çíà÷èìûì
îêàçàëñÿ ïåðèîä 0.08283 ñóò., ÷òî î÷åíü áëèçêî ê ïîëîâèíå îðáèòàëüíîãî
ïåðèîäà Porb/2.

Èñïîëüçóÿ ýôåìåðèäó äëÿ îäíîãî èç ìèíèìóìîâ, ñîîòâåòñòâóþùåãî âíåø-
íåìó ñîåäèíåíèþ çâåçäû-äîíîðà, HJD = 2446863.4376 + 0.16537398E èç ðàáîòû
[13], íàìè áûëè ïîñòðîåíû ôàçîâûå äèàãðàììû äëÿ âñåõ íî÷åé 2008ã. â
ïîëîñàõ BVR. Íà ðèñ.5 ïðèâåäåíû ñîîòâåòñòâóþùèå ñðåäíèå ôàçîâûå êðèâûå.

Èç ðèc.5 ìîæíî âèäåòü, ÷òî â òå÷åíèå îðáèòàëüíîãî ïåðèîäà ôàçîâàÿ
êðèâàÿ èìååò äâóãîðáûé âèä âî âñåõ ïîëîñàõ ñ ìèíèìóìàìè îêîëî ôàç 0
è 0.5 è àìïëèòóäîé 0m.1. Îòìåòèì õîðîøåå ñîâïàäåíèå ìèíèìóìà íà ôàçå
0 ñ ýôåìåðèäíûì çíà÷åíèåì. Ýòî ïåðâàÿ ðåãèñòðàöèÿ äâóãîðáîé îðáèòàëüíîé

Ðèñ.3. Êðèâûå áëåñêà, ïîëó÷åííûå â 2008ã. â ïîëîñàõ BVR. Äëÿ êàæäîé íî÷è â ïîëå
ðèñóíêà óêàçàíà ñîîòâåòñòâóþùàÿ þëèàíñêàÿ äàòà (ïÿòü ïîñëåäíèõ öèôð).
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Ðèñ.4. Ïåðèîäîãðàììû â îêðåñòíîñòÿõ Porb (ñëåâà) è Porb/2 (ñïðàâà) äëÿ ïîëîñ BVR.  Cïëîøíîé
ëèíèåé ïðèâåäåíû ïåðèîäîãðàììû â ïîëîñå R, ïóíêòèðíîé - â V, òî÷å÷íîé - â B.
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Ðèñ.5. Ñðåäíèå ôàçîâûå êðèâûå â ïîëîñàõ BVR ïî äàííûì 2008ã.
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êðèâîé áëåñêà êâàçèîäíîâðåìåííî â ïîëîñàõ BVR. Ðàíåå Õàñâåëë è äð. [13]
ïîëó÷èëè äâóãîðáûé ïðîôèëü êðèâîé â ïîëîñå I, íî îäíîãîðáûé â ïîëîñàõ
UBVR, à Ìåòòåî è äð. [12] ñîîáùèëè î äâóãîðáîì ïðîôèëå â ïîëîñå Â (ñ
àìïëèòóäîé îêîëî 0m.2) è â êâàçèèíôðàêðàñíîé ïîëîñå (ñ àìïëèòóäîé îêîëî
0m.4). Àâòîðû óêàçàëè íà âîçìîæíûå èñòî÷íèêè ïåðåìåííîñòè, ôîðìèðóþùèå
ïðîôèëü îðáèòàëüíîé êðèâîé - ýëëèïñîèäàëüíîñòü âòîðè÷íîãî êîìïîíåíòà,
ýôôåêò îòðàæåíèÿ è âêëàä àêêðåöèîííîãî äèñêà, îäíàêî ñàìè æå îòìåòèëè,
÷òî îáúÿñíåíèÿ íå î÷åíü óäîâëåòâîðèòåëüíû. Äâóãîðáûé ïðîôèëü îðáèòàëüíîé
êðèâîé âî âñåõ öâåòîâûõ ïîëîñàõ ìîæåò ãîâîðèòü î òîì, ÷òî îñíîâíûì
èñòî÷íèêîì ïåðåìåííîñòè áëåñêà DO Dra â 2008ã. áûë ýôôåêò ýëëèïñîè-
äàëüíîñòè âòîðè÷íîãî êîìïîíåíòà.

4.2. Êâàçèïåðèîäè÷åñêèå êîëåáàíèÿ ñ õàðàêòåðíûì âðåìåíåì
0.02  ñóò. Íà ðèñ.6 ïðèâåäåíû ïåðèîäîãðàììû äëÿ øåñòè íî÷åé (ðèñ.3) â
ïîëîñàõ BVR â îáëàñòè ÷àñòîò îò 40 äî 70 ñóò-1. Îíè ïîêàçûâàþò íàèáîëåå
çíà÷èìóþ  ÷àñòîòó îêîëî 50 ñóò-1 (Ð = 0.02 ñóò.) âî âñåõ ïîëîñàõ. Ýòà ÷àñòîòà
áëèçêà ê ÷àñòîòå ðàíåå íàáëþäàåìûõ êâàçèïåðèîäè÷åñêèõ êîëåáàíèé ñ
õàðàêòåðíûì âðåìåíåì 0.021 ñóò., íàáëþäàâøèõñÿ Àäðîíîâûì è äð. [10].

Ðèñ.6. Ïåðèîäîãðàììû äëÿ øåñòè íî÷åé 2008ã. â ïîëîñàõ BVR â äèàïàçîíå ÷àñòîò
êâàçèïåðèîäè÷åñêèõ êîëåáàíèé, íàéäåííûõ ðàíåå [10]. Ïîäïèñàíû íàèáîëåå çíà÷èìûå
ïåðèîäû (â ñóòêàõ).
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4.3. Ïåðèîä âðàùåíèÿ. Äëÿ èññëåäîâàíèÿ íàëè÷èÿ ïåðèîäà âðàùåíèÿ
ïî íàøèì äàííûì, áûëè ïîñòðîåíû ïåðèîäîãðàììû â äèàïàçîíå ÷àñòîò îò
100 ñóò.-1 äî 325 ñóò.-1 [19] äëÿ êàæäîé èç øåñòè íî÷åé íàèáîëåå ïëîòíîãî ðÿäà
íàáëþäåíèé (ðèñ.7). ×àñòîòû, íà êîòîðûõ äîëæåí íàáëþäàòüñÿ ïåðèîä âðàùåíèÿ
áåëîãî êàðëèêà 529.31 ñ è åãî ïåðâàÿ ãàðìîíèêà 265 ñ, íàáëþäàâøèåñÿ ðàíåå
[13,14], íà ðèñ.7 îáîçíà÷åíû ñïëîøíûìè ëèíèÿìè. Ïóíêòèðíûìè ëèíèÿìè íà
ðèñ.7 îòìå÷åíû êâàçèïåðèîäû 550 ñ è åãî ïåðâàÿ ãàðìîíèêà 275 ñ, îáíà-
ðóæåííûå Ïàòòåðñîíîì è äð. [14].

Èç ãðàôèêîâ âèäíî, ÷òî íè â îäíó èç íî÷åé ïåðèîä âðàùåíèÿ áåëîãî
êàðëèêà è åãî ïåðâàÿ ãàðìîíèêà ÿâíî íå âèäíû. À ïåðèîä 550 ñ è 275 ñ âèäíû
òîëüêî â íî÷ü JD 54476. Íåäîñòàòî÷íî áîëüøàÿ àìïëèòóäà êîëåáàíèé ñ
ïåðèîäîì âðàùåíèÿ áåëîãî êàðëèêà - îòëè÷èòåëüíàÿ îñîáåííîñòü DO Dra.
Ñóùåñòâóåò íåñêîëüêî ïðåäïîëîæåíèé, îáúÿñíÿþùèõ ýòó îñîáåííîñòü. Â
ðàáîòå [16] îòñóòñòâèå êîëåáàíèé, ñâÿçàííûõ ñ âðàùåíèåì â ïåðèîä ïîêîÿ

Ðèñ.7. Ïåðèîäîãðàììû äëÿ øåñòè íî÷åé 2008ã. â äèàïàçîíàõ ÷àñòîò ïåðèîäà âðàùåíèÿ
áåëîãî êàðëèêà è íàáëþäàâøèõñÿ ðàíåå êâàçèïåðèîäè÷åñêèõ êîëåáàíèé. Äëÿ êàæäîé íî÷è â
ïîëå ðèñóíêà óêàçàíà ñîîòâåòñòâóþùàÿ þëèàíñêàÿ äàòà (ïÿòü ïîñëåäíèõ öèôð). Ñïëîøíàÿ
ëèíèÿ ïîêàçûâàåò ïîëîæåíèå ïåðèîäà âðàùåíèÿ 52931 ñ ñ ïåðâîé ãàðìîíèêîé 265 ñ, à ïóíêòèðíàÿ
ëèíèÿ - êâàçèïåðèîä 550 ñ è åãî ïåðâóþ ãàðìîíèêó 275 ñ.
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DO Dra, îáúÿñíÿþò åãî ñïåöèôè÷åñêîé ãåîìåòðèåé, ãäå íàêëîí îñè âðàùåíèÿ
ðàâåí 45o

 ± 5o [12], è â ñî÷åòàíèè ñ ðàñïîëîæåíèåì ïîëþñîâ â ýêâàòîðèàëüíîé
ïëîñêîñòè áåëîãî êàðëèêà,  ïðèâîäèò ê íåïðåðûâíîé âèäèìîñòè ìàãíèòíûõ
ïîëþñîâ, êîãäà îäèí çàõîäèò çà ëèìá, ïîÿâëÿåòñÿ äðóãîé [16]. Óâåëè÷åíèå
àìïëèòóäû êîëåáàíèé âðàùåíèÿ áåëîãî êàðëèêà ìîæåò ïðîèçîéòè â ðåçóëüòàòå
àñèììåòðèè àêêðåöèè íà äâóõ ïîëþñàõ, èëè â ðåçóëüòàòå èçìåíåíèÿ âèäèìîñòè
îáîèõ ïîëþñîâ çà ñ÷åò óâåëè÷åíèÿ âûñîòû àêêðåöèîííîé êîëîíêè, êîòîðàÿ
âèäíà äîëüøå, ÷åì àêêðåöèîííàÿ îáëàñòü íà äðóãîì ïîëþñå. Â ðàáîòå [17]
DO Dra ïðèïèñûâàþò ñëàáîå ìàãíèòíîå ïîëå, â ðåçóëüòàòå ÷åãî àêêðåöèÿ â
îáëàñòè ìàãíèòíûõ ïîëþñîâ èäåò íå â âèäå àêêðåöèîííîãî ïîòîêà, à â âèäå
êóðòèí, èç-çà êîòîðûõ ïîÿâëÿþòñÿ êâàçèïåðèîäè÷åñêèå êîëåáàíèÿ, íà ôîíå
êîòîðûõ íå âèäíî êîëåáàíèé, ñâÿçàííûõ ñ âðàùåíèåì.

5. Ìóëüòèïåðåìåííîñòü áëåñêà 1 àïðåëÿ 2019ã. Íà ðèñ.8 ïðèâåäåíû
èñõîäíûå äàííûå íàáëþäåíèé 1.04.2019 (JD 2458575). Ïîñêîëüêó ìàêñèìóì
÷óâñòâèòåëüíîñòè ìàòðèöû áëèçîê ê ýôôåêòèâíîé äëèíå âîëíû ïîëîñû R,
ìû ïðèïèñûâàåì íàáëþäåíèÿì, âûïîëíåííûì â èíòåãðàëüíîì ñâåòå, íóëü-

ïóíêò øêàëû R. Íà êðèâîé õîðîøî âèäíà ìóëüòèïåðåìåííîñòü â èçìåíåíèè
áëåñêà íà øêàëå ìèíóòû-÷àñû ñ àìïëèòóäîé 0m.2-0m.25. Íàèáîëåå âïå÷àò-
ëÿþùèì cîáûòèåì ÿâëÿåòñÿ êðàòêîâðåìåííûé âñïëåñê ÿðêîñòè  â èíòåðâàëå
HJD 2458575.41 - 2458575.44. Çà 3 ìèí áëåñê âûðîñ íà 0m.7, ïîñëå ÷åãî îí
ìåäëåííî ïàäàë äî èñõîäíîãî ñîñòîÿíèÿ.

5.1. Îðáèòàëüíàÿ ìîäóëÿöèÿ. Èñïîëüçîâàâ ýôåìåðèäó äëÿ îðáèòàëü-
íîãî ïåðèîäà, ãäå íóëü-ïóíêò ñîîòâåòñòâóåò âíåøíåìó ñîåäèíåíèþ âòîðè÷íîãî
êîìïîíåíòà  HJD = 2446863.4376 + 0.16537398E [13] è, ïðåäâàðèòåëüíî óáðàâ

Ðèñ.8. Êðèâàÿ áëåñêà, ïîëó÷åííàÿ 1 àïðåëÿ 2019ã.
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äàííûå, îòíîñÿùèåñÿ ê âûøåóïîìÿíóòîìó âñïëåñêó, ìû ïîñòðîèëè ôàçîâóþ
êðèâóþ (ðèñ.9). Ðàçáðîñ äàííûõ íà êðèâîé îáóñëîâëåí áîëåå êîðîòêîïåðèî-
äè÷åñêèìè êîëåáàíèÿìè (ñì. íèæå), à ìèíèìóì âåðõíåé îãèáàþùåé êðèâîé
ñîâïàäàåò ñ ðàñ÷åòíûì ìèíèìóìîì, ñîãëàñíî ýôåìåðèäå [13].

5.2. Êîðîòêîïåðèîäè÷åñêèå êîëåáàíèÿ. Äëÿ îïðåäåëåíèÿ õàðàêòåðà
êîðîòêîïåðèîäè÷åñêèõ êîëåáàíèé âíå âñïëåñêà, âû÷òÿ "îðáèòàëüíóþ" êðèâóþ
èç äàííûõ, ìû ïîñòðîèëè ïåðèîäîãðàììó (ðèñ.10) ñ ïîìîùüþ ïðåîáðàçîâàíèÿ
Ôóðüå, èñïîëüçîâàâ ïàêåò ïðîãðàìì ISDA [19].

Íàèáîëåå çíà÷èìûå ïèêè íà ïåðèîäîãðàììå óêàçûâàþò íà ïåðèîä
2Ð = 0.042 ñóò. è Ð = 0.02083 ñóò. Ýòî èìåííî òîò ïåðèîä, êîòîðûé íàáëþäàëñÿ
â ïðåäûäóùèå ãîäû [10] è áûë îïðåäåëåí êàê êâàçèïåðèîä. Áîëüøàÿ çíà÷èìîñòü
óäâîåííîãî ïåðèîäà, âîçìîæíî, âûçâàíà ñòàòèñòè÷åñêèìè ýôôåêòàìè -
ðàçëè÷íîé àìïëèòóäîé êîëåáàíèé îò öèêëà ê öèêëó.

5.3. Êðàòêîâðåìåííûé âñïëåñê. Îïðåäåëèì õàðàêòåðèñòèêè êðàòêî-
âðåìåííîãî âñïëåñêà. Íà íèæíåé ïàíåëè ðèñ.10 ïðèâåäåíû ñâåðòêè äàííûõ
ñ ïåðèîäîì P = 0.02083 ñóò. - îòäåëüíî äëÿ êðàòêîâðåìåííîãî âñïëåñêà è
îñòàëüíûõ äàííûõ ýòîé íî÷è. Èç êðèâîé âèäíî, ÷òî ïðîäîëæèòåëüíîñòü
êðàòêîâðåìåííîãî âñïëåñêà áûëà ñîèçìåðèìà ñ äëèòåëüíîñòüþ äâóõ ñîñåäíèõ
öèêëîâ ("à" è "b") 0.02-ñóò. êîëåáàíèé, ïîýòîìó áóäåì ñ÷èòàòü, ÷òî âñïëåñê
áûë äâóõêîìïîíåíòíûé, ò.å., èìåë äâà ìàêñèìóìà "à" è "b". Àìïëèòóäà
ìàêñèìóìà "à" ñîñòàâèëà 0m.7, à ìàêñèìóìà "b" - 0m.25. Òàêæå âèäíî, ÷òî íà
êðèâóþ âñïëåñêà íàêëàäûâàëèñü è áîëåå êîðîòêîïåðèîäè÷åñêèå êîëåáàíèÿ,

Ðèñ.9. Ñâåðòêà äàííûõ JD 2458575 ñ îðáèòàëüíûì ïåðèîäîì Porb.
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àíàëèç êîòîðûõ áóäåò ïðîâåäåí îòäåëüíî. Ìû ïðåäïîëîæèëè, ÷òî â ïðèñóòñòâèè
êâàçèïåðèîäè÷åñêèõ êîëåáàíèé, êîòîðûå íàêëàäûâàëèñü íà âñïëåñê, åãî ïðîôèëü
áóäåò ëó÷øå ïðåäñòàâëåí íèæíåé îãèáàþùåé äàííûõ (ðèñ.11). Â äàííîé
ìîäåëè âñïëåñê ïðåäñòàâëÿåò ñîáîé áûñòðîå ëèíåéíîå óâåëè÷åíèå áëåñêà (0m.7
çà 3 ìèí.), ïîñëåäóþùåå ëèíåéíîå îñëàáëåíèå ñ íåñêîëüêî ìåíüøåé ñêîðîñòüþ
(0m.2 çà 3 ìèí.) è ìåäëåííîå çàòóõàíèå, áëèçêîå ê ýêñïîíåíöèàëüíîìó.

5.4. Êîëåáàíèÿ áëåñêà ñ ïåðèîäîì 0.006  ñóò. Âû÷òÿ èç äàííûõ
íèñõîäÿùåé âåòâè âñïëåñêà òðåíä, ñîîòâåòñòâóþùèé  ïðîôèëþ êðèâîé, ìû
ïðîàíàëèçèðîâàëè îñòàòêè äëÿ ÷àñòåé êðèâîé "à" è "b", ïîñòðîèâ ñîîò-
âåòñòâóþùèå ïåðèîäîãðàììû (ðèñ.12). Â ðåçóëüòàòå íàìè áûëè îáíàðóæåíû
êîëåáàíèÿ áëåñêà ñ ïåðèîäîì 0.006 ñóò. (ðèñ.12) è àìïëèòóäîé 0m.1 òîëüêî
â òå÷åíèå ïåðâîé ïîëîâèíû âñïëåñêà (ò.å., ÷àñòè êðèâîé "à"). Èç-çà
íåäîñòàòî÷íîé ñòàòèñòèêè ïèê íà ïåðèîäîãðàììå, óêàçûâàþùèé íà äàííûé
ïåðèîä, äîâîëüíî øèðîê. Îí ñ ðàâíîé âåðîÿòíîñòüþ îõâàòûâàåò êàê ïåðèîä

Ðèñ.10. Ïåðèîäîãðàììà ïî äàííûì 2019ã. Îòìå÷åíû íàèáîëåå çíà÷èìûå ïåðèîäû Ð è
2Ð è ñâåðòêà äàííûõ ñ ïåðèîäîì Ð = 0.02083 ñóò. Îòêðûòûìè çíà÷êàìè ïîêàçàíû äàííûå,
îòíîñÿùèåñÿ ê âñïëåñêó.
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âðàùåíèÿ áåëîãî êàðëèêà 529 ñ (0.006126 ñóò.) [13], òàê è áëèçêèé ê íåìó
ïåðèîä êâàçèïåðèîäè÷åñêèõ êîëåáàíèé 550 ñ (0.006366 ñóò.) [14]. Â òî æå

Ðèñ.11. Êðèâàÿ áëåñêà âñïëåñêà. Òî÷êè - äàííûå íàáëþäåíèé, ñïëîøíàÿ ëèíèÿ - íèæíÿÿ
îãèáàþùàÿ äàííûõ êàê ìîäåëü ïðîôèëÿ âñïëåñêà ñ äâóìÿ ìàêñèìóìàìè, ïóíêòèðíàÿ ëèíèÿ
- ìîäåëü ýêñïîíåíöèàëüíîãî çàòóõàíèÿ.
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êâàçèïåðèîäà 550 ñ (P550c) è èõ ïåðâûõ ãàðìîíèê. Âíèçó: ïåðèîäîãðàììà äëÿ äàííûõ âíå âñïëåñêà.
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âðåìÿ äàííûå âíå âñïëåñêà íå ñîäåðæàò çíà÷èìûõ êîëåáàíèé ñ ýòèìè
ïåðèîäàìè, õîòÿ ìîæíî çàïîäîçðèòü íåçíà÷èòåëüíûå êîëåáàíèÿ ñ ïåðèîäîì,
ðàâíûì ïåðâîé ãàðìîíèêå 550 ñ êîëåáàíèé.

6. Êðàòêîâðåìåííûå êîðîòêîïåðèîäè÷åñêèå êîëåáàíèÿ ó êàòà-
êëèçìè÷åñêèõ ïåðåìåííûõ â öåëîì è DO Dra, â ÷àñòíîñòè. Â
ëèòåðàòóðå îòìå÷åíû ðåãèñòðàöèè ðåäêî âñòðå÷àþùèõñÿ êðàòêîâðåìåííûõ
(äåñÿòêè ìèíóò) è âûñîêîàìïëèòóäíûõ (îò íåñêîëüêèõ äåñÿòûõ äî íåñêîëüêèõ
çâåçäíûõ âåëè÷èí) âñïûøåê (èëè âñïëåñêîâ ÿðêîñòè) ó êàòàêëèçìè÷åñêèõ
ïåðåìåííûõ ñ ðàçëè÷íîé íàïðÿæåííîñòüþ ìàãíèòíîãî ïîëÿ áåëîãî êàðëèêà
(ïîëÿðû è ïðîìåæóòî÷íûå ïîëÿðû), âïëîòü äî îòñóòñòâèÿ ìàãíèòíîãî ïîëÿ
(íîâîïîäîáíûå ñèñòåìû). Ýòè ñîáûòèÿ ìîãóò áûòü ñâÿçàíû ëèáî ñ àêêðå-
öèîííûì äèñêîì âîêðóã áåëîãî êàðëèêà, ëèáî ñî âòîðè÷íûì êîìïîíåíòîì
ñèñòåìû. Òàê, ó èçâåñòíîãî ïîëÿðà AM Her Øàõîâñêîé  è äð. [20] â 1992ã.
âïåðâûå îáíàðóæèëè áåñïðåöåäåíòíóþ "ãîëóáóþ" âñïûøêó, äëèâøóþñÿ 30 ìèí
è èìåâøóþ àìïëèòóäó 2m.54, 2m.36, 2m.14, 1m.71, 0m.84 â ïîëîñàõ UBVRI,
ñîîòâåòñòâåííî. Âîñõîäÿùàÿ âåòâü âñïûøêè äëèëàñü âñåãî òðè ìèíóòû. Àâòîðû
ñâÿçàëè ýòî ÿâëåíèå ñî âñïûøêîé êîìïîíåíòà-äîíîðà - êðàñíîãî êàðëèêà
òèïà UV Cet. Õåëëèåð [21] ïðèâîäèò ïðèìåðû âñïëåñêîâ, íàáëþäàâøèõñÿ ó
ïðîìåæóòî÷íîãî ïîëÿðà TV Col è ïîëÿðà QS Tel. Â ïåðâîì ñëó÷àå âñïëåñê
äëèëñÿ îêîëî 12 ÷ è äëÿ íåãî íàéäåíû äîêàçàòåëüñòâà òîãî, ÷òî îí áûë
âûçâàí óâåëè÷åííûì ïåðåíîñîì âåùåñòâà îò êðàñíîãî êàðëèêà. Ïðåäïîëàãàåòñÿ,
÷òî ïðè÷èíîé äâóõ âñïëåñêîâ â ñèñòåìå QS Tel, äëèâøèõñÿ 25-95 ìèí [22],
ìîãëî áûòü ëèáî óâåëè÷åíèå ïåðåíîñà âåùåñòâà, ëèáî âñïûøêà íà êðàñíîì
êàðëèêå.

Íåäàâíî Ñêàðèíæè è äð. [23] îïóáëèêîâàëè àíàëèç îïòè÷åñêèõ íàáëþäåíèé
íîâîïîäîáíîé êàòàêëèçìè÷åñêîé ïåðåìåííîé MV Lyr â ãëóáîêîì ìèíèìóìå
áëåñêà, ïîëó÷åííûõ îáñåðâàòîðèåé Êåïëåð. Àâòîðû îáíàðóæèëè 30 ìèí âñïûøêè
c àìïëèòóäîé äî ~2m, ïîâòîðÿþùèåñÿ êàæäûå äâà ÷àñà â èíòåðâàëå íåñêîëüêèõ
ñóòîê. Ïîäîáíîå ÿâëåíèå íàáëþäàëîñü è ðàíåå [24] ó MV Lyr â ãëóáîêîì
ìèíèìóìå 1995ã. â òå÷åíèå îäíîé íî÷è. Êðèâàÿ áëåñêà íà ïðîòÿæåíèè
ïðèìåðíî äâóõ ÷àñîâ ïðåäñòàâëÿëà ñîáîé ïîñëåäîâàòåëüíîñòü âñïûøåê ñ õàðàê-
òåðíûì âðåìåíåì 20-40 ìèí è àìïëèòóäîé îêîëî 1m. Ñêàðèíæè è äð. [23]
ñ÷èòàþò, ÷òî äàííûé ôåíîìåí óêàçûâàåò íà íàëè÷èå íåïîñòîÿííîé ìàãíèòíî-
ðåãóëèðóåìîé àêêðåöèîííîé ìîäû, ÷òî, â ñâîþ î÷åðåäü, ïîäðàçóìåâàåò ìàãíèòíî-
çàïåðòûå öèêëû àêêðåöèè â ìàãíèòíîì ïîëå áåëîãî êàðëèêà, êîòîðîå, ïî èõ
îöåíêàì, ñîñòàâëÿåò 54 10102   Ãñ è ñëèøêîì ìàëî, ÷òîáû åãî ìîæíî áûëî
çàðåãèñòðèðîâàòü ñîâðåìåííûìè ïðèáîðàìè.

Ó êàðëèêîâîé íîâîé â "ïðîâàëå ïåðèîäîâ" [1] V1006 Cyg â ñïîêîéíîì
ñîñòîÿíèè áëåñêà áûëè îáíàðóæåíû êâàçèïåðèîäè÷åñêèå êîëåáàíèÿ, áîëü-
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øèíñòâî êîòîðûõ èìåëî õàðàêòåðíîå âðåìÿ 20-30 ìèí, à àìïëèòóäà â îòäåëüíûå
íî÷è äîñòèãàëà 0m.5 [25]. Ýòè êîëåáàíèÿ áëåñêà íå ÿâëÿëèñü ðåäêèìè äëÿ
äàííîé çâåçäû, îäíàêî èõ õàðàêòåðíîå âðåìÿ ñîâïàäàåò ñ õàðàêòåðíûì âðåìåíåì
êîëåáàíèé, ïðèâåäåííûõ âûøå äëÿ ðàçíûõ êàòàêëèçìè÷åñêèõ ïåðåìåííûõ.
Àâòîðû ïðåäïîëîæèëè, ÷òî ýòè êîëåáàíèÿ ìîæíî îáúÿñíèòü â ðàìêàõ ìîäåëè
íåîäíîðîäíîñòåé â àêêðåöèîííîì äèñêå, îïèñàííûõ Ôðèäìàíîì è Áèñèêàëî
[26]. Â ñîîòâåòñòâèè ñ ìîäåëüþ, åñëè â äâîéíîé ñèñòåìå ïðîèçîøëî óâåëè÷åíèå
òåìïà àêêðåöèè, â äèñêå ìîæåò îáðàçîâàòüñÿ ñãóñòîê, äâèæóùèéñÿ ñî ñêîðîñòüþ
0.15-0.18 îðáèòàëüíîãî ïåðèîäà, ïðåäñòàâëÿþùèé ñîáîé îäíîðóêàâíóþ
ñïèðàëüíóþ âîëíó ïëîòíîñòè [27,28].

×èñòî ìîðôîëîãè÷åñêè íàáëþäàâøèéñÿ íàìè âñïëåñê èìååò íåêîòîðûå
îáùèå õàðàêòåðèñòèêè ñ âûøåóïîìÿíóòûìè ÿâëåíèÿìè - ïîõîæàÿ äëèòåëüíîñòü
(~60 ìèí), êàê ó AM Her è MV Lyr, è òàêîå æå âðåìÿ âîçðàñòàíèÿ áëåñêà
(3 ìèí), êàê ó AM Her, îäíàêî ìû íè÷åãî íå ìîæåì ñêàçàòü î öâåòîâûõ
õàðàêòåðèñòèêàõ âñïëåñêà. Ïðîôèëü âñïëåñêà, èìåþùèé äâà ìàêñèìóìà è
ýêñïîíåíöèàëüíîå óãàñàíèå, õàðàêòåðåí äëÿ ìíîãèõ çâåçä òèïà UV Cet [29].
Â òî æå âðåìÿ äëèòåëüíîñòü ýòîãî ñîáûòèÿ ïðèáëèçèòåëüíî ñîâïàëà ñ
õàðàêòåðíûì âðåìåíåì êâàçèïåðèîäè÷åñêèõ êîëåáàíèé (èëè, ïî îïðåäåëåíèþ
Àíäðîíîâà è äð., ÒÏÎ - òðàíçèåíòíûõ ïåðèîäè÷åñêèõ êîëåáàíèé) îêîëî 0.02
ñóò., êîòîðûå íàáëþäàëèñü Àíäðîíîâûì è äð. [10] è ïîäòâåðæäåíû íàìè â
äàííîé ðàáîòå. Â ýòîì ñëó÷àå ðåäêîñòüþ ÿâëÿåòñÿ âíåçàïíîå ~4-êðàòíîå
óâåëè÷åíèå àìïëèòóäû ýòèõ êîëåáàíèé ïî ñðàâíåíèþ ñî ñðåäíåé àìïëèòóäîé.
Åñëè, ñîãëàñíî ìîäåëè Àíäðîíîâà è äð. [10], 30 ìèí êîëåáàíèÿ ñâÿçàíû ñî
ñâåòÿùèìñÿ îáëàêîì, êîòîðîå íàõîäèòñÿ âíóòðè ïîëîñòè Ðîøà áåëîãî êàðëèêà,
òî áûñòðîå óâåëè÷åíèå åãî áëåñêà ìîæåò áûòü âûçâàíî ëèáî áûñòðûì
óâåëè÷åíèåì òåìïà ïåðåíîñà âåùåñòâà, ëèáî âñïûøêîé òèïà UV Cet íà
êðàñíîì êàðëèêå. Áåëûé êàðëèê â ýòîì ñëó÷àå ìîã îòêëèêíóòüñÿ íà óâåëè-
÷èâøóþñÿ àêêðåöèþ óâåëè÷åíèåì èçëó÷åíèÿ èç äâóõ ìàãíèòíûõ ïîëþñîâ, à
ïåðåðàáîòêà ýòîãî èçëó÷åíèÿ íåêèìè ñòðóêòóðàìè â àêêðåöèîííîì äèñêå (â
ñîîòâåòñòâèè ñ ìîäåëüþ Ïàòòåðñîíà è äð. [14]) âûãëÿäåëà áû êàê ïîÿâëåíèå
êîëåáàíèé ñ ïåðèîäîì 550 ñ. Îòìåòèì, ÷òî ïî íàøèì äàííûì àìïëèòóäà ýòèõ
êîëåáàíèé â èíòåãðàëüíîì ñâåòå ñîñòàâèëà 0m.1, ÷òî íàìíîãî âûøå çàðåãèñò-
ðèðîâàííûõ Ïàòòåðñîíîì è äð. [14] àìïëèòóä  â ïîëîñàõ îïòè÷åñêîãî äèàïàçîíà:
0m.046 (U ), 0m.020 (B ), 0m.016 (V ).

Î÷åâèäíî, íà äàííîì ýòàïå èññëåäîâàíèé íåëüçÿ ñäåëàòü âûâîä î ïðèðîäå
íàáëþäàâøåãîñÿ âñïëåñêà ÿðêîñòè DO Dra: ñâÿçàí ëè îí ñî âñïûøêîé íà
êðàñíîì êîìïîíåíòå ñèñòåìû, èëè ñ íåîäíîðîäíîñòÿìè â àêêðåöèîííîì
äèñêå, èëè è ñ òåì è ñ äðóãèì.

7. Çàêëþ÷åíèå. Â ðàáîòå ïðèâåäåíû ðåçóëüòàòû ìíîãîöâåòíîé ôîòîìåòðèè
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DO Dra â òå÷åíèå øåñòè íî÷åé â ïîëîñàõ BVR, ïîëó÷åííûõ â 2008ã., è îäíîé
íî÷è â èíòåãðàëüíîì ñâåòå - â 2019ã. Â ýòî âðåìÿ ñèñòåìà íàõîäèëàñü â
ñîñòîÿíèè ñóùåñòâåííî ïîíèæåííîé âñïûøå÷íîé àêòèâíîñòè.

Èç àíàëèçà êðèâûõ áëåñêà 2018ã. áûëî âûÿâëåíî íàëè÷èå îðáèòàëüíîãî
ïåðèîäà êâàçèîäíîâðåìåííî â ïîëîñàõ BVR, â êîòîðûõ ñðåäíÿÿ êðèâàÿ áëåñêà
èìåëà äâóãîðáûé âèä. Ýòî ïåðâàÿ ðåãèñòðàöèÿ äâóãîðáîé  îðáèòàëüíîé
êðèâîé áëåñêà â ïîëîñàõ BVR. Ñäåëàí âûâîä, ÷òî ïðè÷èíîé îðáèòàëüíîé
ìîäóëÿöèè áëåñêà âî âðåìÿ íàøèõ íàáëþäåíèé áûë  ýôôåêò ýëëèïñîèäàëüíîñòè
âòîðè÷íîãî êîìïîíåíòà.

Â íî÷ü JD 2458575 áûë çàðåãèñòðèðîâàí âñïëåñê ÿðêîñòè â èíòåãðàëüíîì
ñâåòå, ïðîôèëü êîòîðîãî âûãëÿäåë êàê êðèâàÿ ñ äâóìÿ ìàêñèìóìàìè è ýêñïî-
íåíöèàëüíûì çàòóõàíèåì. Âîçðàñòàíèå áëåñêà äëèëîñü òðè ìèíóòû, àìïëèòóäà
ïåðâîãî ìàêñèìóìà äîñòèãëà 0m.7, âòîðîãî - 0m.25. Ïðîäîëæèòåëüíîñòü âñïëåñêà
áûëà îêîëî ÷àñà. È õîòÿ ïðîôèëü âñïëåñêà, åãî äëèòåëüíîñòü è àìïëèòóäà
íàïîìèíàþò âñïûøêè íà êðàñíîì êàðëèêå òèïà UV Cet, ìû íå èñêëþ÷àåì
âîçìîæíîãî íàëè÷èÿ èñòî÷íèêà ýòîãî ÿâëåíèÿ â àêêðåöèîííîì äèñêå.

Âñå íàáëþäåíèÿ 2008 è 2019ãã. ïîêàçûâàþò ñóùåñòâîâàíèå êâàçèïåðèî-
äè÷åñêèõ êîëåáàíèé ñ õàðàêòåðíûì âðåìåíåì 0.020-0.021 ñóò., áëèçêèì ê
ðàíåå íàéäåííîìó [10].

Â òå÷åíèå  ïåðâîé ïîëîâèíû âñïëåñêà áûëè çàðåãèñòðèðîâàíû êîëåáàíèÿ
áëåñêà ñ õàðàêòåðíûì âðåìåíåì 0.006 ñóò. è àìïëèòóäîé 0m.1, êîòîðûå ìîãóò
áûòü ëèáî ïåðèîäîì âðàùåíèÿ áåëîãî êàðëèêà 529.31 ñ [13], ëèáî ïåðèîäîì
550 ñ, ñâÿçàííûì ñ ïðåäïîëàãàåìîé ïåðåðàáîòêîé âûñîêîýíåðãåòè÷åñêîãî
èçëó÷åíèÿ â ñòðóêòóðàõ, ôèêñèðîâàííûõ â îðáèòàëüíîé ïëîñêîñòè [14].

×àñòü èññëåäîâàíèé (íàáëþäåíèÿ 2019ã. è àíàëèç âñåõ äàííûõ íàáëþäåíèé,
âêëþ÷àÿ ïîëó÷åííûå â 2008ã.) áûëà âûïîëíåíà çà ñ÷åò ãðàíòà Ðîññèéñêîãî
íàó÷íîãî ôîíäà (ïðîåêò ¹ 19-72-10063). Àâòîðû áëàãîäàðíû ðåöåíçåíòó çà
öåííûå êîììåíòàðèè.

1 ÔÃÁÓÍ, Êðûìñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ,
 Ðåñïóáëèêà Êðûì, e-mail: juliaradyga@mail.ru
2 Ãëàâíàÿ àñòðîíîìè÷åñêàÿ îáñåðâàòîðèÿ ÍÀÍ Óêðàèíû, Êèåâ, Óêðàèíà
3 Ìåæäóíàðîäíûé öåíòð àñòðîíîìè÷åñêèõ, ìåäèöèíñêèõ è ýêîëîãè÷åñêèõ
 èññëåäîâàíèé ÍÀÍ Óêðàèíû, Êèåâ, Óêðàèíà
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PHOTOMETRIC INVESTIGATION OF INTERMEDIATE
POLAR DO Dra IN 2008 AND 2019

Ju.V.BABINA1, E.P.PAVLENKO1, M.V.ANDREEV2,3

The analysis of photometric observations of the intermediate polar DO Dra
obtained in the epoch of a significant decrease in its outburst activity for various
average brightness of the system 13m.6-12m.8 (2008) è 14m.7-14m.3 (2019) is
presented. Observations were carried out in 2008 in the Johnson BVR system and
in 2019 in integral light. For the first time, quasi-simultaneous observations in
the BVR bands recorded the orbital brightness modulation in the form of a two-
humped curve in each of the bands, presumably caused by the ellipsoidality of
the second component. For six nights in the BVR bands (2008) and one night
in integral light (2019), steady quasiperiodic oscillations were observed in the
vicinity of 0.02 days. On the night of JD 2458575 (2019), an increase in
brightness of 0m.7 was recorded in 3 min, followed by an exponential decay. The
flare lasted about an hour, during the first half oscillations with a period of about
0.006 days and an amplitude of 0m.1 were detected, which can be related either
to the period of rotation of the white dwarf or to quasiperiodic oscillations. The
nature of the flare is not clear, the paper considers the possible causes of this
phenomenon.

Keywords: DO Dra: cataclysmic variables: intermediate polar
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ÌÀÑÑÈÂÍÀß ÄÂÎÉÍÀß ÑÈÑÒÅÌÀ RY Sct - ÍÎÂÎÅ
ÐÅØÅÍÈÅ ÊÐÈÂÛÕ ÁËÅÑÊÀ

Í.ÊÎ×ÈÀØÂÈËÈ1, È.ÊÎ×ÈÀØÂÈËÈ1, Ð.ÍÀÖÂËÈØÂÈËÈ1,
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Ïîñòóïèëà 15 íîÿáðÿ 2019
Ïðèíÿòà ê ïå÷àòè 11 ìàðòà 2020

RY Sct - óíèêàëüíàÿ ìàññèâíàÿ äâîéíàÿ çâåçäíàÿ ñèñòåìà â êîðîòêîé ïåðåõîäíîé
ýâîëþöèîííîé ôàçå. Ýòî çàòìåííàÿ äâîéíàÿ, ãäå îáå çâåçäû ïåðåïîëíèëè ñâîè ïîëîñòè
Ðîøà, â ðåçóëüòàòå ÷åãî ñèñòåìà íàõîäèòñÿ â "ñâåðõêîíòàêòíîì" ñîñòîÿíèè. Îíà îêðóæåíà
ìîëîäîé îêîëîçâåçäíîé òóìàííîñòüþ.  Äâîéíàÿ ñ÷èòàåòñÿ ðåäêèì ïðàðîäèòåëåì ñèñòåìû
òèïà WR + OB. RY Sct áëèçêà ê ïðåäåëó ñâåòèìîñòè Ýääèíãòîíà, ïîýòîìó ðàäèàöèîííîå
äàâëåíèå èãðàåò âàæíóþ ðîëü â ïîòåðå ìàññû. Ïî êðàéíåé ìåðå, îäèí èç êîìïîíåíòîâ
òåñíîé äâîéíîé ìîæåò áûòü ñâÿçàí ñ ðåäêèì êëàññîì çâåçä LBV, èëè òàê íàçûâàåìûìè
ïåðåìåííûìè S Doradus. Ìû âû÷èñëèëè îðáèòàëüíûå ýëåìåíòû, èñïîëüçóÿ ñòàðûå ôîòî-
ìåòðè÷åñêèå äàííûå Çàêèðîâà è Êóìñèàøâèëè è íîâûå ñïåêòðàëüíûå äàííûå âìåñòå ñ
ðåçóëüòàòàìè àíàëèçà íàáëþäåíèé HST. Áûëà ðàññìîòðåíà ìîäåëü, ñîãëàñíî êîòîðîé êîìïî-
íåíòû RY Sct íàõîäÿòñÿ â ñâåðõêîíòàêòíîì ñîñòîÿíèè è çàïîëíÿþò ñâîè ïîëîñòè Ðîøà.
Áîëåå ÿðêèé ïåðâè÷íûé êîìïîíåíò ïåðåäàåò ìàññó áîëåå ìàññèâíîìó, íî ìåíåå ÿðêîìó
âòîðè÷íîìó êîìïîíåíòó. Äâîéíàÿ ñèñòåìà îêðóæåíà îáùåé îáîëî÷êîé. Äëÿ íà÷àëüíûõ
ïàðàìåòðîâ ìû âçÿëè îòíîøåíèå ìàññ q = 4.42; îðáèòàëüíûé ïåðèîä P = 11d.12471, à äëÿ
íàêëîíà îðáèòû ìû èñïîëüçîâàëè i = 75o.6.

Êëþ÷åâûå ñëîâà: UBVRI-ôîòîìåòðèÿ: òåñíûå äâîéíûå: RY Scuti

1. Ââåäåíèå. Èñòîðèÿ èññëåäîâàíèÿ RY Sct. Òåñíàÿ äâîéíàÿ ñèñòåìà
RY Sct ïîäâåðãàåòñÿ ïðîöåññàì ìàññîïåðäà÷è è ìàññîîáìåíà è èìååò ñëîæíóþ
ñòðóêòóðó â ñâîèõ âíåøíèõ àòìîñôåðíûõ ñëîÿõ. Âîçìîæíî, ÷òî îíà ïðåòåðïåâàåò
ýâîëþöèîííûå èçìåíåíèÿ â îòíîñèòåëüíî êîðîòêèå ñðîêè, ÷òî âàæíî äëÿ
ïîñòðîåíèÿ ýâîëþöèîííîé ìîäåëè ñèñòåìû.

Êðàòêàÿ èñòîðèÿ èññëåäîâàíèÿ ýòîé äâîéíîé ñèñòåìû òàêîâà: Ìåððèëë [1]
îáíàðóæèë ëèíèþ HeII 4686  â ñïåêòðå RY Sct, êîòîðàÿ ñïåöèôè÷íà òîëüêî
äëÿ ïëàíåòàðíûõ òóìàííîñòåé è èõ ÿäåð. Â ñïåêòðå ïðèñóòñòâóþò ñèëüíûå
çàïðåùåííûå ëèíèè [FeIII] è [SiIII], à òàêæå ëèíèè èçëó÷åíèÿ âîäîðîäà,
ãåëèÿ è äðóãèõ ýëåìåíòîâ. RY Sct íàáëþäàëñÿ êàê ðàäèîèñòî÷íèê [2]. Íàëè÷èå
èíòåíñèâíûõ ëèíèé èçëó÷åíèÿ è ðàäèîèçëó÷åíèÿ (êàê â Lyr) óêàçûâàåò íà
òî, ÷òî âîêðóã RY Sct ìîæåò áûòü íåáîëüøàÿ îáëàñòü HII [3]. Çâåçäà ñèëüíî
ïîêðàñíåëà îò îêðóæàþùåé ãàçîâîé è ïûëåâîé îáîëî÷êè [4]. Íà îñíîâàíèè
ñïåêòðàëüíûõ íàáëþäåíèé Êàóëè è Õàò÷èíãñ [5] îáíàðóæèëè, ÷òî äâîéíàÿ
ñèñòåìà ñîñòîèò èç äâóõ ñâåðõãèãàíòîâ ðàííåãî òèïà ñ îòíîøåíèåì ìàññ
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q = M2 /M1 = 1.25. Êèíã è Äæåéìñîí [3] ïðåäëîæèëè ñëåäóþùóþ ìîäåëü äëÿ
RY Sct: áîëåå ÿðêàÿ ïåðâè÷íàÿ (B0V) çàïîëíÿåò ñâîþ ïîëîñòü Ðîøà è áûñòðî
ïåðåíîñèò ñâîþ ìàññó íà áîëåå ìàññèâíóþ, íî ìåíåå ÿðêóþ âòîðè÷íóþ çâåçäó.
Ãèðèñèí è Ìàðäèðîññÿí [6] ïðåäïîëîæèëè, ÷òî âòîðè÷íûé êîìïîíåíò äîëæåí
áûòü îêðóæåí ãåîìåòðè÷åñêè òîëñòûì àêêðåöèîííûì äèñêîì, ÷òî îáúÿñíÿåò
åãî àíîìàëüíî íèçêóþ ñâåòèìîñòü. Ñîãëàñíî [6], RY Sct ïîäîáíà ïåêóëÿðíîé
ñèñòåìå Lyr è â íàñòîÿùåå âðåìÿ íàõîäèòñÿ íà ïóòè ñòàíîâëåíèÿ Wolf-Rayet
(WR) ñèñòåìû. Ìèëàíî è äð. [7], Ãèðèñèí è Ìàðäèðîññÿí [6] ïðîàíàëèçèðîâàëè
ôîòîìåòðè÷åñêèå êðèâûå áëåñêà ×àòè è äð. [8], ïðåäïîëàãàÿ îòíîøåíèå ìàññû
êîìïîíåíòîâ q = M2 /M1 = 1.25 ïî Êàóëè è Õàò÷èíãñó [5]. Ïîçæå ðÿä àâòîðîâ,
ðàáîòàþùèõ â ðàìêàõ Ìåæäóíàðîäíîé ñêîîðäèíèðîâàííîé ïðîãðàììû
(Àáàñòóìàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ áûëà êîîðäèíàòîðîì ýòîé
ïðîãðàììû), èñïîëüçîâàëè ñïåêòðîñêîïè÷åñêèå äàííûå, ïîëó÷åííûå Ð. Âåñòîì
ïî çàïðîñó Àáàñòóìàíñêîé îáñåðâàòîðèè è ïîëó÷èëè íîâîå ñîîòíîøåíèå ìàññ
êîìïîíåíòîâ q = M2 /M1 = 3.3 [9]. Ñïåêòðàëüíûå íàáëþäåíèÿ RY Sct áûëè
âûïîëíåíû Ð. Âåñòîì â îáëàñòè Å51603450   ñ äèñïåðñèåé 12 Å /ìì.
Àíòîõèíà è Êóìñèàøâèëè [10] ïðèíÿëè ýòî íîâîå îòíîøåíèå ìàññ q = 3.3 è
ïðèìåíèëè ìåòîä ñèíòåòè÷åñêîé êðèâîé áëåñêà äëÿ èíòåðïðåòàöèè ôîòîìåò-
ðè÷åñêèõ íàáëþäåíèé, ñäåëàííûõ Êóìñèàøâèëè [11]. Ìîäåëü (ðèñ.1), êîòîðàÿ
âêëþ÷àåò â ñåáÿ âòîðè÷íûé êîìïîíåíò â âèäå ãåîìåòðè÷åñêè òîëñòîãî äèñêà,
óäîâëåòâîðèòåëüíî îïèñûâàåò êðèâûå áëåñêà è ñîãëàñóåòñÿ ñ íàáëþäàåìûìè
îñîáåííîñòÿìè äâîéíîé ñèñòåìû. Áûë ñäåëàí âûâîä, ÷òî ïàðàìåòðû RY Sct
äåëàþò åå î÷åíü ïîõîæåé íà äâîéíóþ òèïà WR + OB, åñëè ïðåäïîëîæèòü, ÷òî
ìåíåå ìàññèâíàÿ çâåçäà íàõîäèòñÿ â êîíöå ñòàäèè ïðåäâàðèòåëüíîãî ïåðåíîñà
ìàññ è îáíàæàåò ñâîå ãåëèåâîå ÿäðî íà ïóòè ê ïðåâðàùåíèþ â ñèñòåìó WR.
Áûëè ïîëó÷åíû ñëåäóþùèå ïàðàìåòðû äâîéíîé: i = 85o

 ± 2; ýêâàòîðèàëüíûé
ðàäèóñ àêêðåöèîííîãî äèñêà a = 0.6Rorb (äèñê ñèëüíî óïëîùåí è èìååò îòíîøåíèå

Ðèñ.1. Ìîäåëü RY Sct ïî Àíòîõèíîé è Êóìñèàøâèëè [10].
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îñåé b/a = 0.2); ýêâàòîðèàëüíàÿ (19000 Ê) è ïîëÿðíàÿ (43000 Ê) òåìïåðàòóðû
àêêðåöèîííîãî äèñêà.

RY Sct áûë ïîâòîðíî èññëåäîâàí íà îñíîâå ñïåêòðàëüíûõ äàííûõ, ïîëó÷åííûõ
â La Silla (ESO) è â CTIO, îõâàòûâàþùèõ ñïåêòðàëüíûå îáëàñòè 3400-5150 Å
è 5700-6700 Å , à òàêæå ñ IUE [12]. Â ýòîé ñòàòüå àâòîðû ïðèøëè ê âûâîäó,
÷òî RY Sct ïðåäñòàâëÿåò ñîáîé âçàèìîäåéñòâóþùóþ äâîéíóþ, îáðàçîâàííóþ
ïåðâè÷íûì B0 ~ 10 M  è âòîðè÷íûì ~36 M  êîìïîíåíòàìè. Ñðåäè åå ýìèññèîí-
íûõ îñîáåííîñòåé åñòü ðÿä ëèíèé, êîòîðûå õàðàêòåðíû äëÿ ïëàíåòàðíûõ
òóìàííîñòåé. Âòîðè÷íûé êîìïîíåíò ñèñòåìû, îêðóæåííûé íåïðîçðà÷íîé
îáîëî÷êîé, èçëó÷àåò â HeII 4686 . Àâòîðû ïðåäïîëàãàþò, ÷òî âîêðóã ñèñòåìû
ñóùåñòâóåò òðîéíàÿ òóìàííîñòü.

Äæóðàøåâè÷ è äð. [13] ðåøèëè êðèâûå áëåñêà RY Sct, ïîëó÷åííûå
Çàêèðîâûì è Ýøàíêóëîâîé â Ìàéäàíàêñêîé îáñåðâàòîðèè â 1979-1994ãã.
Îíè èñïîëüçîâàëè ìåòîä îáðàòíîé çàäà÷è [14] è èñõîäíûå ïàðàìåòðû q = 3.3,
i = 84o.3. Ñîãëàñíî ýòîìó ðåøåíèþ, ïîòåðÿ ìàññû ïðîèñõîäèò ÷åðåç âíåøíþþ
ëàãðàíæåâó òî÷êó L3, è ýòîò ïðîöåññ "ðàññìàòðèâàåòñÿ êàê âîçìîæíûé ìåõàíèçì
ôîðìèðîâàíèÿ îêîëîçâåçäíîé îáîëî÷êè òîðîèäàëüíîé ôîðìû, ëåæàùåé â
ïëîñêîñòè îðáèòû ñèñòåìû" [13]. Äëÿ çâåçäíûõ ìàññ àâòîðû ïîëó÷èëè

M~M hot 8  è M~M cool 26 . Ñîãëàñíî ýòîìó ðåøåíèþ, áîëåå ìàññèâíàÿ, íî

Ðèñ.2. R êðèâàÿ áëåñêà è ìîäåëü RY Sct ïî Äæóðàøåâè÷ó è äð. [13].
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áîëåå õîëîäíàÿ çâåçäà èìååò äâå ãîðÿ÷èå òî÷êè íà ïîâåðõíîñòè (ñì. ðèñ.2).
Àâòîðû ïðåäïîëîæèëè, ÷òî RY Sct ïðèíàäëåæèò ê àññîöèàöèè Ser OB1.

"Íîâàÿ ýðà" èññëåäîâàíèÿ RY Sct íà÷àëàñü ñòàòüÿìè àìåðèêàíñêîé ãðóïïû
àâòîðîâ [15]. Ðåçóëüòàòû â îñíîâíîì êàñàþòñÿ ôèçè÷åñêèõ õàðàêòåðèñòèê
êîìïàêòíîé òóìàííîñòè âîêðóã RY Sct (ðèñ.3). Àâòîðû ïîëó÷èëè è ïðîàíà-
ëèçèðîâàëè áîãàòûå âûñîêîêà÷åñòâåííûå äàííûå íàáëþäåíèé â ðàçëè÷íûõ
ñïåêòðàëüíûõ èíòåðâàëàõ: âèçóàëüíîì, ÈÊ è ðàäèî. Èñïîëüçóÿ ñïåêòðàëüíûå
äàííûå, ïîëó÷åííûå â ESO, HST, KPNO è CTIO, à òàêæå èçîáðàæåíèÿ HST,
5-ì òåëåñêîïà îáñåðâàòîðèè Ïàëîìàð, 10-ì òåëåñêîïà Keck è êàðòû ðàäèî-
êîíòèíóóìà ðàäèîîáñåðâàòîðèè VLA (Very Large Array), àâòîðû ïðåäñòàâèëè
ïîäðîáíûé àíàëèç ïåêóëÿðíîé òóìàííîñòè âîêðóã RY Sct â ðàáîòàõ [15-18].

Àâòîðû îïðåäåëèëè ìàññû çâåçä-êîìïàíüîíîâ (49 è 39 M ) è îáùóþ
áîëîìåòðè÷åñêóþ ñâåòèìîñòü L. 61043   [19]. Äëÿ ýòîé ñèñòåìû äàííîå
çíà÷åíèå áëèçêî ê ïðåäåëó Ýääèíãòîíà. Äëÿ ñïåêòðàëüíûõ êëàññîâ çâåçä-
êîìïàíüîíîâ îíè ïîëó÷èëè O9.5 è O6.5, à äëÿ ðàññòîÿíèÿ ìåæäó íèìè -
0.43 AU. Íà ñíèìêàõ HST è Keck îíè âïåðâûå ïîêàçàëè, ÷òî âîêðóã òåñíîé
äâîéíîé ñóùåñòâóåò òóìàííîñòü ñ äâóìÿ ëåïåñòêàìè 21  , ñîîòâåòñòâóþùàÿ
ðàäèóñàì â íåñêîëüêî òûñÿ÷ à.å. íà ðàññòîÿíèè 1.8 êïê [15-18].

Íàèáîëåå ïîëíîå èññëåäîâàíèå êîìïàêòíîé òóìàííîñòè RY Sct áûëî
âûïîëíåíî ïîñëå àíàëèçà äàííûõ íàáëþäåíèé, ïîëó÷åííûõ íà ðàçëè÷íûõ
èíñòðóìåíòàõ â ðàçíûõ îáëàñòÿõ ñïåêòðà. Îíè îöåíèëè ñèñòåìíóþ ñêîðîñòü
-20 ± 3 êì/ñ; ïëîòíîñòü ýëåêòðîíîâ 5102 en  ñì-3 è òåìïåðàòóðó â òóìàííîñòè
RY Sct - 9000o

 K < T < 10000o
 K [17]. Ñêîðîñòü ðàñøèðåíèÿ òóìàííîñòè íà

þãî-çàïàäíîé ñòîðîíå â äâà ðàçà áîëüøå, ÷åì íà ñåâåðî-âîñòî÷íîé ñòîðîíå.
Äëÿ ýòèõ îöåíîê îíè èñïîëüçîâàëè ðàçíûå ìåòîäû è ïîëó÷èëè ñõîäíûå
çíà÷åíèÿ, ÷òî óêàçûâàåò íà ïðàâèëüíîñòü èõ ïîäõîäà. Äëÿ ìàññû òóìàííîñòè
îíè ïîëó÷èëè M.M 0030 . Àâòîðû óñòàíîâèëè, ÷òî "òóìàííîñòü RY Sct

Ðèñ.3. HST WFPC2 èçîáðàæåíèÿ RY Scuti [15].
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áîãàòà He è N, â òî âðåìÿ êàê O è C, âåðîÿòíî, èìåþòñÿ â ìàëîì êîëè÷åñòâå
ïî ñðàâíåíèþ ñ ñîëíå÷íûìè çíà÷åíèÿìè, ÷òî óêàçûâàåò íà òî, ÷òî ìàòåðèàë,
îáðàáîòàííûé â òå÷åíèå CNO öèêëà, ýêñïîíèðóåòñÿ íà ïîâåðõíîñòè çâåçäû,
êîòîðàÿ âûáðîñèëà òóìàííîñòü" [17]. Ýòî î÷åíü âàæíî äëÿ ïîíèìàíèÿ òåêóùåãî
ýâîëþöèîííîãî ñòàòóñà ñèñòåìû.

H  èçîáðàæåíèå HST ïîêàçûâàåò î÷åíü ñëîæíóþ èîíèçèðîâàííóþ
òóìàííîñòü. Âûÿâëåíî íåñêîëüêî èíòåðåñíûõ ñòðóêòóð, â òîì ÷èñëå ïàðà
êîíöåíòðè÷åñêèõ èîíèçèðîâàííûõ êîëåö âûøå è íèæå ýêâàòîðèàëüíîé
ïëîñêîñòè ñèñòåìû, ðàñïîëîæåííûõ íà âíóòðåííåì êðàþ áîëåå âûòÿíóòîãî
ïûëåâîãî òîðà [15]. Àâòîðû íàøëè, ÷òî èçîáðàæåíèå áûëî ñíÿòî ïðè ôàçå
P = 0.37 è ðàññ÷èòàëè íàêëîíåíèå îðáèòû ñèñòåìû i = 75o.6  (ðèñ.3, [15]).

Âñå ýòè âûâîäû ñîãëàñóþòñÿ ñ ãèïîòåçîé î òîì, ÷òî òóìàííîñòü RY Sct
îáðàçîâàëàñü â ðåçóëüòàòå ïîòåðè ìàññû èç âíåøíèõ ëàãðàíæåâûõ òî÷åê èç-
çà ïåðåïîëíåíèÿ ïîëîñòè Ðîøà, êîãäà îáúåêò ýâîëþöèîíèðóåò ê äâîéíîé
ñèñòåìå òèïà WR + OB [17].

Åñëè èìåòü â âèäó, ÷òî òóìàííîñòü, ïî-âèäèìîìó, áûëà âûáðîøåíà
íåäàâíî (~120 ëåò íàçàä) âî âðåìÿ âçðûâà çâåçäû [16] è ñèëüíî àñèììåòðè÷íà,
òî ìîæíî ïðåäïîëîæèòü, ÷òî ýòà êîðîòêàÿ ýâîëþöèîííàÿ ôàçà õàðàêòåðèçóåòñÿ
ñïîðàäè÷åñêîé ïîòåðåé ìàññû. Èìåþùèåñÿ äàííûå [16] óêàçûâàþò íà òî, ÷òî
RY Sct, âîçìîæíî, ïðåòåðïåë ÷òî-òî àíàëîãè÷íîå âñïûøêàì S Doradus, ÿðêèõ
ñèíèõ ïåðåìåííûõ (LBV), õîòÿ ýòîò òèï âñïûøêè ìîæåò êàçàòüñÿ ôåíîìåíî-
ëîãè÷åñêè îòëè÷íûì â êîíòàêòíîé äâîéíîé ñèñòåìå [17].

Ñîãëàñíî íîâûì èññëåäîâàíèÿì ñèñòåìû RY Sct, "ìàññèâíàÿ çàòìåííàÿ
äâîéíàÿ ïîéìàíà â êîðîòêîé ôàçå ïåðåïîëíåíèÿ ïîëîñòè Ðîøà, ãäå îíà
ëèøàåòñÿ ñâîåé H-îáîëî÷êè, ÷òîáû äîñòè÷ü ôàçû çâåçäû Âîëüôà-Ðàéå è, â
êîíå÷íîì ñ÷åòå, SN òèïà Ibc" (ñì. [20]). Îêîí÷àòåëüíûå ðåçóëüòàòû, ïîëó÷åííûå
äëÿ ìàññ è ñïåêòðàëüíûõ òèïîâ êîìïîíåíòîâ RY Sct: O9.7Ibpe - ïåðâè÷íûé
êîìïîíåíò ñ ìàññîé 8 M  è B0.5I âòîðè÷íûé, ñ ìàññîé 30 M  [20].

2. Äàííûå, èñïîëüçîâàííûå â ýòîé ñòàòüå. Ìû èñïîëüçîâàëè UBVRI
ôîòîìåòðè÷åñêèå äàííûå Çàêèðîâà [21] è UBV ôîòîìåòðè÷åñêèå äàííûå
Êóìñèàøâèëè [11]. Îáà íàáëþäàòåëÿ èñïîëüçîâàëè ñòàíäàðòíóþ ïðîöåäóðó
îáðàáîòêè äàííûõ.

UBVRI êðèâûå áëåñêà áûëè ïîëó÷åíû â Ìàéäàíàêñêîé îáñåðâàòîðèè â
òå÷åíèå 1979-1981ãã. ñ èñïîëüçîâàíèåì 40-ñì ðåôëåêòîðà, 48-ñì AZT-14 è
60-ñì ðåôëåêòîðà Zeiss. BD-12o5036 è BD-12o5049 èñïîëüçîâàëèñü â êà÷åñòâå
çâåçä ñðàâíåíèÿ, à BD-12o5031 - â êà÷åñòâå êîíòðîëüíîé çâåçäû. Áûëî ïîëó÷åíî
408 îòäåëüíûõ íàáëþäåíèé â U-ïîëîñå, 413 - â B, 424 â V, 407 â R è 296
â I-ïîëîñå [21].

UBV ôîòîýëåêòðè÷åñêèå íàáëþäåíèÿ ïðîâîäèëèñü â Àáàñòóìàíñêîé
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îáñåðâàòîðèè íà ãîðå Êàíîáèëè ñ èñïîëüçîâàíèåì 0.48-ì ðåôëåêòîðà AZT-
14 â òå÷åíèå 1972-1985ãã. BD-12o5049 èñïîëüçîâàëàñü êàê çâåçäà ñðàâíåíèÿ,
à BD-12o5031 ñëóæèëà ýòàëîííîé çâåçäîé. Ñóùåñòâóåò áîëåå 1000 èíäèâè-
äóàëüíûõ íàáëþäåíèé â êàæäîì öâåòå â îòäåëüíîñòè. Ýòî ñîîòâåòñòâóåò 106
íàáëþäàòåëüíûì íî÷àì.

Äëÿ îáîèõ äàííûõ íàáëþäåíèé [21,11] îðáèòàëüíûå ôàçû áûëè ðàññ÷èòàíû
ñ ïîìîùüþ ýôåìåðèäíîé ôîðìóëû [8]:

. 12471112443342.42Min d E.I  (1)

3. Ìîäåëüíûå ðàñ÷åòû. Ìû âû÷èñëèëè îðáèòàëüíûå ýëåìåíòû ñ
èñïîëüçîâàíèåì UBVRI ôîòîìåòðè÷åñêèõ äàííûõ Çàêèðîâà [21] è UBV ôîòî-
ìåòðè÷åñêèõ äàííûõ Êóìñèàøâèëè [11] è ðàññìîòðåëè ìîäåëü, ñîãëàñíî
êîòîðîé êîìïîíåíòû RY Sct íàõîäÿòñÿ â êîíòàêòíîì ñîñòîÿíèè - îíè

Ðèñ.4. Ðåøåíèå êðèâûõ áëåñêà, ïîëó-
÷åííûõ Çàêèðîâûì (UBVRI ) è Êóìñèà-
øâèëè (UBV ).Ï
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çàïîëíÿþò ñâîè ïîëîñòè Ðîøà. Áîëåå ÿðêèé ïåðâè÷íûé êîìïîíåíò ïåðåäàåò
ìàññó áîëåå ìàññèâíîìó, íî ìåíåå ÿðêîìó âòîðè÷íîìó êîìïîíåíòó. Äëÿ
âõîäíûõ ïàðàìåòðîâ èìååì îòíîøåíèå ìàññ q = 4.2 [22]. Ïåðèîä îáðàùåíèÿ

Ðèñ.5. 3D-ìîäåëü è ìîäåëüíûå RV êðèâûå RY Sct â V ôèëüòðå.

R
V
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Ôàçà = 0.24

Âõîäíîå îòíîøåíèå ìàññ = 4.200000 Îòíîøåíèå ìàññ <1 = 0.238095
Îìåãà 1 = 7.532593 Îìåãà 2 = 7.722304
Îìåãà âíóòðåííÿÿ = 8.164964 Îìåãà âíåøíÿÿ = 7.532593
C 1 = 1.488685 C 2 = 1.506058
C âíóòðåííèé = 1.546594 C âíåøíèé = 1.488685
Çàïîëíåíèå 1 = 1.000000 Çàïîëíåíèå 2 = 0.700000
Ëàãðàíæèàí L1 = 0.642611 Ëàãðàíæèàí L2 = 1.463698
AG = r1(çàäíèé) = 0.603615 AS = r2(çàäíèé) = 0.358150
BG = r1(áîêîâîé) = 0.565157 BS = r2 (áîêîâîé) = 0.288131
CG = r1(ïîëþñíûé) = 0.509609 CS = r2(ïîëþñíûé) = 0.272477
Ïëîùàäü ïîâåðõíîñòè 1 = 4.003030 Ïëîùàäü ïîâåðõíîñòè 2 = 1.141156
Îáúåì 1 = 0.705732 Îáúåì 2 = 0.107637
Ñðåäíèé ðàäèóñ 1 = 0.559460 Ñðåäíèé ðàäèóñ 2 = 0.306253
Ñðåäíèé ðàäèóñ 1 (îá.) = 0.552311 Ñðåäíèé ðàäèóñ 2 (îá.) = 0.295092
Ýêñöåíòðèñèòåò = 0.00000 Äîëãîòà ïåðèàñòðà = 0.0000
Ôàçà ïåðèàñòðà = 0.00000 Ôàçà ñîåäèíåíèÿ = 0.00000
Óãëîâîå âðàùåíèå F1 = 1.0000 Óãëîâîå âðàùåíèå F2 = 1.0000
Ôàçà íîðìàëèçàöèè = 0.25000 Êîýôôèöèåíò íîðìàëèçàöèè = 1.00000
Íàêëîíåíèå = 75.600 Äëèíà âîëíû = 5500.00
Òåìïåðàòóðà 1 = 31000.00 Òåìïåðàòóðà 2 = 30000.00
Ñâåòèìîñòü 1 = 0.7864 Ñâåòèìîñòü 2 = 0.2136
Êîýôôèöèåíò ãðàâèòàöèè 1 = 3.000 Êîýôôèöèåíò ãðàâèòàöèè 2 = 1.700
Ïîòåìíåíèå ê êðàþ 1 = 0.200 Ïîòåìíåíèå ê êðàþ 2 = 0.350
Îòðàæåíèå 1 = 3.000 Îòðàæåíèå 2 = 0.000
Òðåòèé èñòî÷íèê ñâåòà = 0.0000 Ïåðèîä = 11.12471000
K1 = 250.000000 K2 = 59.000000
V0 = -20.000000

Òàáëèöà 1

ÂÛÕÎÄÍÎÉ ÔÀÉË ÄÀÍÍÛÕ BM3, V ÔÈËÜÒÐ
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P = 11d.12471 ([21,11]). Äëÿ íàêëîíà îðáèòû ìû èñïîëüçîâàëè 75o.6, êîòîðûé
áûë ïîëó÷åí ïîñëå àíàëèçà èçîáðàæåíèé HST [15]. Êîä Âèëüñîíà-Äåâèííèÿ
(BM3) èñïîëüçîâàëñÿ äëÿ ìîäåëüíûõ ðàñ÷åòîâ [23] (ñì. ðèñ.4 è ðèñ.5).

Ëèíèè íà ðèñ.4 ïðåäñòàâëÿþò òåîðåòè÷åñêèå êðèâûå áëåñêà BM3. Òî÷êè
ñîîòâåòñòâóþò äàííûì íàáëþäåíèé. Âûõîäíûå ïàðàìåòðû ñèñòåìû ïðèâîäÿòñÿ
â òàáë.1 (V ôèëüòð).

4. Àáñîëþòíûå ïàðàìåòðû RY Sct . Êîä òàêæå äàåò àáñîëþòíûå
ïàðàìåòðû ñèñòåìû (ñì. òàáë.2):

5. Äèñêóññèÿ. Ïîñëå ðåøåíèÿ UBVRI êðèâûõ áëåñêà äëÿ RY Sct, ñ
èñïîëüçîâàíèåì êîäà Âèëñîíà-Äåâèííèÿ, ìû ïîëó÷èëè ñëåäóþùóþ ìîäåëü
ñèñòåìû: ìåíåå ìàññèâíûé, íî áîëåå ÿðêèé êîìïîíåíò çàïîëíÿåò ñâîþ
ïîëîñòü Ðîøà. Ïåðåíîñ ìàññû ê áîëåå ìàññèâíîé çâåçäå ïðîèñõîäèò ÷åðåç
ëàãðàíæåâó òî÷êó L1. Ñëåäîâàòåëüíî, ìàññèâíûé êîìïîíåíò "ñèäèò" â ãàçîâîé
îáîëî÷êå. Êðîìå òîãî, íàáëþäàåòñÿ èíòåíñèâíûé îòòîê ìàññû èç ãðàíèö
Ðîøà ïåðâè÷íîãî êîìïîíåíòà, ïîñêîëüêó îí ïåðåïîëíÿåò ñâîþ ïîëîñòü Ðîøà.
Ýòîò ïðîöåññ îòòîêà ìàññû îò ãðàíèö ïîëîñòè Ðîøà ÿâëÿåòñÿ îñíîâíûì
èñòî÷íèêîì îáùåé îáîëî÷êè. Ýòî ìíåíèå ïîäòâåðæäàåòñÿ òàêæå ñïåêòðàëüíûìè
íàáëþäåíèÿìè (ñì. íàïðèìåð [24]), ãäå àâòîðû ñîîáùàþò îá "èíòåíñèâíîì,
ïåðåìåííîì îòòîêå âåùåñòâà" èç ñèñòåìû. Ïîòîêè ãàçà è îáùàÿ îáîëî÷êà
îêàçûâàþò ëèøü ñëàáîå âëèÿíèå íà êðèâûå áëåñêà. Ìû âîñïîëüçîâàëèñü
âíîâü îïðåäåëåííûìè ïàðàìåòðàìè äëÿ èñõîäíûõ äàííûõ, êîòîðûå áûëè
ïîëó÷åíû ñ èñïîëüçîâàíèåì íîâûõ èíñòðóìåíòîâ, è ïîëó÷èëè íîâîå ìîäåëüíîå
ðåøåíèå, êîòîðîå íàìíîãî ïðîùå - îíî íå ñîäåðæèò àêêðåöèîííûé äèñê èëè
ãîðÿ÷èå òî÷êè.

Ñîîòâåòñòâåííî, ìû ïðèøëè ê âûâîäó, ÷òî ìîæíî îïðåäåëèòü ñòðóêòóðó/
ñòðóêòóðû ãàçîâîé îáîëî÷êè/îáîëî÷åê, èñïîëüçóÿ ñïåêòðàëüíûå äàííûå (èëè
èçîáðàæåíèÿ ñ âûñîêèì ðàçðåøåíèåì) âûñîêîãî ðàçðåøåíèÿ. Íî ýòè îáîëî÷êè
íå îêàçûâàþò ñóùåñòâåííîãî âëèÿíèÿ íà êðèâûå áëåñêà.

Ìàññà 1 = 7.171583 ñîëíå÷íûå ìàññû Ìàññà 2 = 30.388062 ñîëíå÷íûå ìàññû
Áîëüøàÿ ïîëóîñü = 48.799229 ìëí êì Áîëüøàÿ ïîëóîñü = 70.113835 ñîëíå÷íûå

ðàäèóñû
Ñðåäíèé ðàäèóñ 1 = 27.301238 ìëí êì Ñðåäíèé ðàäèóñ 1 = 39.225917 ñîëíå÷íûå

ðàäèóñû
Ñðåäíèé ðàäèóñ 2 = 15.395562 ìëí êì Ñðåäíèé ðàäèóñ 2 = 22.120060 ñîëíå÷íûå

ðàäèóñû

Òàáëèöà 2

ÀÁÑÎËÞÒÍÛÅ ÏÀÐÀÌÅÒÐÛ RY Sct (V ÔÈËÜÒÐ)
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Ýòà ðàáîòà áûëà ïîääåðæàíà Íàöèîíàëüíûì íàó÷íûì ôîíäîì Øîòà Ðóñòà-
âåëè (SRNSF), ãðàíò ¹ 218070, "Ñëåäóþùàÿ âîçìîæíàÿ âñïûøêà P Cygni".

1 Àáàñòóìàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Å.Õàðàäçå,
 Ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Èëüè, Òáèëèñè, Ãðóçèÿ,
 e-mail: nino.kochiashvili@iliauni.edu.ge
2 Ñàìöõå-Äæàâàõåòè, Ãîñóäàðñòâåííûé óíèâåðñèòåò, Ãðóçèÿ

MASSIVE BINARY SYSTEM RY Sct - NEW SOLUTION
OF LIGHT CURVES

N.KOCHIASHVILI1, I.KOCHIASHVILI1, R.NATSVLISHVILI1,
S.BERADZE1,2, M.VARDOSANIDZE1,2

RY Scuti is a unique massive binary star system in a short transitional
evolutionary phase. It is an eclipsing binary where both stars have overfilled their
Roche lobes causing the system to be in an "overcontact" state and it is surrounded
by a young circumstellar nebula. The binary is thought to be a rare progenitor
of a WR+OB system. RY Sct is near the Eddington luminosity limit, so radiation
pressure plays an important role in the mass loss. At least one of the components
of the close binary may be related to a rare class of LBV stars, or so called S
Doradus variables. We calculated orbital elements using old photometric data by
Zakirov and Kumsiashvili and new spectral data together with results of analysis
of HST observations. There was considered a model, according which the
components of RY Sct are in overcontact condition - they are filling their Roche
Lobes. The brighter primary component transfers mass to the more massive, but
less bright secondary. The binary system is surrounded by a common envelope.
For input parameters we used the mass ratio of q = 4.2, the orbital period of
P = 11d.12471 and for orbital inclination we used i = 75o.6.

Keywords: UBVRI photometry: close binaries: RY Scuti
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ÏÐÅÄÂÑÏÛØÅ×ÍÀß ÄÈÍÀÌÈÊÀ ÌÈÊÐÎÂÎËÍÎÂÎÃÎ
È ÓËÜÒÐÀÔÈÎËÅÒÎÂÎÃÎ ÈÇËÓ×ÅÍÈß Â ÀÊÒÈÂÍÛÕ

ÎÁËÀÑÒßÕ ÑÎËÍÖÀ

È.À.ÁÀÊÓÍÈÍÀ1, Â.Ô.ÌÅËÜÍÈÊÎÂ2, À.Ñ.ÌÎÐÃÀ×ÅÂ2,3

Ïîñòóïèëà 6 ñåíòÿáðÿ 2019
Ïðèíÿòà ê ïå÷àòè 11 ìàðòà 2020

Â íàñòîÿùåé ðàáîòå èññëåäîâàíà ïðîñòðàíñòâåííàÿ äèíàìèêà ìèêðîâîëíîâîãî èçëó÷åíèÿ
(äàííûå ðàäèîãåëèîãðàôà Íîáåÿìà) äâóõ àêòèâíûõ îáëàñòåé NOAA 12673 è NOAA 11261 çà
íåñêîëüêî ÷àñîâ äî ìîùíûõ âñïûøåê ðåíòãåíîâñêîãî êëàññà Ì. Óñòàíîâëåíà ñèëüíàÿ
íåñòàöèîíàðíîñòü ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ ðàäèîÿðêîñòè è èíòåíñèâíîñòè èçëó÷åíèÿ
â îïðåäåëåííûõ ó÷àñòêàõ àêòèâíîé îáëàñòè.  Äëÿ èññëåäîâàíèÿ òîíêîé ñòðóêòóðû   àêòèâíûõ
èñòî÷íèêîâ èçëó÷åíèÿ ïðèâëå÷åíû òàêæå äàííûå â óëüòðàôèîëåòîâîì (AIA/SDO) äèàïàçîíå.
Ïîêàçàíî, ÷òî ïðîñòðàíñòâåííàÿ äèíàìèêà ìèêðîâîëíîâûõ èñòî÷íèêîâ õîðîøî êîððåëèðóåò
ñ ïîëîæåíèåì è ïîÿâëåíèåì ÿðêèõ óëüòðàôèîëåòîâûõ (ÓÔ) ïåòåëü â ëèíèè 94Å , ò.å., ñ
ìàãíèòíûìè ïåòëÿìè, ïëàçìà â êîòîðûõ ðàçîãðåâàåòñÿ äî âûñîêèõ òåìïåðàòóð ~107

 K. Èç
ñîâìåñòíîãî àíàëèçà êàðò ÓÔ è ðàäèîèçëó÷åíèÿ ñ êàðòàìè ìàãíèòíîãî ïîëÿ (HMI/SDO) äëÿ
àêòèâíîé îáëàñòè NOAA 12673 âûÿâëåíî, ÷òî ïîÿâëåíèå ñèëüíîé íåñòàöèîíàðíîñòè ìèêðî-
âîëíîâûõ èñòî÷íèêîâ ïðîèñõîäèò îäíîâðåìåííî ñ âîçãîðàíèåì ñèñòåìû ïåðåêðåùèâàþùèõñÿ
ÓÔ ïåòåëü (Õ-ñòðóêòóð). Òàêæå ïîêàçàíî, ÷òî ÿðêèå ÓÔ ïåòëè è ìèêðîâîëíîâûå èñòî÷íèêè
âîçíèêàþò â îáëàñòè âñïëûòèÿ íîâûõ ìàãíèòíûõ ïîòîêîâ.

Êëþ÷åâûå ñëîâà: Ñîëíöå: àêòèâíûå îáëàñòè: âñïûøêè: ìèêðîâîëíîâîå èçëó÷åíèå

1. Ââåäåíèå. Èçâåñòíî, ÷òî ïåðåä ìîùíûìè ñîëíå÷íûìè âñïûøêàìè
ïðîèñõîäèò âñïëûòèå íîâîãî ìàãíèòíîãî ïîòîêà â àêòèâíûõ îáëàñòÿõ [1-3].
Êðîìå òîãî, â ïîñëåäíèå ãîäû ïðè àíàëèçå äàííûõ, ïîëó÷åííûõ íà òàêèõ
êðóïíûõ êîñìè÷åñêèõ îáñåðâàòîðèÿõ êàê GOES, RHESSI, SOHO/MDI, SDO
(èíñòðóìåíòû AIA and HMI), áûë ñäåëàí âûâîä î òîì, ÷òî íàèáîëåå õàðàêòåðíûì
ïðèçíàêîì ïîäãîòîâêè êðóïíîé âñïûøêè ÿâëÿåòñÿ ôîðìèðîâàíèå ñòðóêòóðû
ìàãíèòíîãî ïîëÿ òèïà "SHIL" (ñèëüíîå ìàãíèòíîå ïîëå ñ âûñîêèì ãðàäèåíòîì
íà ëèíèè ðàçäåëà ïîëÿðíîñòåé) [4-6].

Îäíèì èç ÿðêèõ ïðèìåðîâ ïîäîáíîãî ïîâåäåíèÿ ìàãíèòíîãî ïîëÿ ñòàëà
àêòèâíàÿ îáëàñòü (ÀÎ) NOAA 12673 (NOAA - National Oceanic and Atmospheric
Administration), êîòîðàÿ ýâîëþöèîíèðîâàëà îò îäèíî÷íîãî ïÿòíà ñåâåðíîé
ìàãíèòíîé ïîëÿðíîñòè äî ñàìîé àêòèâíîé ÀÎ 24 öèêëà ñîëíå÷íîé àêòèâíîñòè
ñî ñëîæíûì ìàãíèòíûì ïîëåì äåëüòà-êîíôèãóðàöèè. Ñ 4 ïî 10 ñåíòÿáðÿ
2017ã. îíà ïðîèçâåëà 52 âñïûøêè ðåíòãåíîâñêîãî êëàññà Ñ, Ì è Õ, â òîì ÷èñëå
4 âñïûøêè êëàññà âûøå GOES X1 (âêëþ÷àÿ âñïûøêè X9.3 6 ñåíòÿáðÿ 2017ã.

ÒÎÌ 63 ÌÀÉ, 2020 ÂÛÏÓÑÊ 2
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è X8.2 íà ëèìáå 10 ñåíòÿáðÿ), à òàêæå 8 âñïûøåê êëàññà âûøå GOES M3.
Â ðàáîòàõ [7-10] ñîîáùàåòñÿ îá î÷åíü áûñòðîì âñïëûòèè íîâîãî ìàãíèòíîãî

ïîòîêà â AÎ 12673, íà÷èíàÿ ñ 3 ñåíòÿáðÿ. Ïðè ýòîì íàáëþäàëîñü âðàùåíèå
îñíîâíûõ ïÿòåí ãðóïïû ïðîòèâ ÷àñîâîé ñòðåëêè, à òàêæå îáðàçîâàíèå ñäâèãîâîãî
äâèæåíèÿ ìåæäó ïÿòíàìè è S-îáðàçíàÿ ñòðóêòóðà íåéòðàëüíîé ëèíèè ìàãíèòíîãî
ïîëÿ. Êðîìå òîãî, îáíàðóæèâàåòñÿ ñóùåñòâîâàíèå ìàãíèòíûõ æãóòîâ ìåæäó
îñíîâíûìè ïÿòíàìè ïåðåä íà÷àëîì êàæäîé âñïûøêè. Ñèëüíîå ñäâèãîâîå
äâèæåíèå è âðàùåíèå ñïîñîáñòâîâàëè äåñòàáèëèçàöèè ñêðó÷åííîãî ìàãíèòíîãî
ïîòîêà, ÷òî, ñêîðåå âñåãî, ÿâèëîñü ïðè÷èíîé âñïûøåê â ÀÎ 12673.

Â íàøåì èññëåäîâàíèè ðàññìîòðåíû äâå àêòèâíûõ îáëàñòè: NOAA 12673
4 ñåíòÿáðÿ 2017ã., êîãäà â íåé ïðîèçîøëà ïåðâàÿ, äîñòàòî÷íî ìîùíàÿ âñïûøêà
(ñðåäíåãî ðåíòãåíîâñêîãî êëàññà Ì1.2), à òàêæå äðóãàÿ àêòèâíàÿ îáëàñòü
NOAA  11261, êîòîðàÿ ïîÿâèëàñü íà äèñêå Ñîëíöà ñ óæå ðàçâèòîé ñëîæíîé
ìàãíèòíîé ñòðóêòóðîé, è êîòîðàÿ, â îòëè÷èå îò ÀÎ 12673, ïðîèçâåëà 27
âñïûøåê ðåíòãåíîâñêîãî êëàññà Ñ è 4 âñïûøêè êëàññà Ì.

Íà ðèñ.1 ïðåäñòàâëåíà äèíàìèêà ðàçâèòèÿ îáåèõ îáëàñòåé ïî çàðèñîâêàì
ìàãíèòíûõ ïîëåé ïÿòåí, ïðîâåäåííûõ â îáñåðâàòîðèè ÊðÀÎ ÐÀÍ. Âûáðàííûå
àêòèâíûå îáëàñòè èìåþò: à) ðàçëè÷íóþ ïðîñòðàíñòâåííóþ îðèåíòàöèþ
ôîòîñôåðíîãî ìàãíèòíîãî ïîëÿ (ÀÎ 12673 âûòÿíóòà â íàïðàâëåíèè ñåâåð-þã,
à ÀÎ 11261 - ñ ñåâåðî-âîñòîêà íà þãî-çàïàä); á) ðàçíóþ äèíàìèêó âñïëûòèÿ
ìàãíèòíîãî ïîòîêà; â) ðàçíóþ ñòåïåíü âñïûøå÷íîé ïðîäóêòèâíîñòè. Íåñìîòðÿ
íà ýòè îòëè÷èÿ, â íàñòîÿùåé ðàáîòå ñäåëàíà ïîïûòêà íàéòè îáùèå ïðîÿâëåíèÿ
ïðåäâñïûøå÷íîé ñèòóàöèè. Äëÿ ýòîãî èññëåäîâàíà ïðîñòðàíñòâåííàÿ äèíàìèêà

Ðèñ.1. Çàðèñîâêè ïÿòåí è ôîòîñôåðíûõ ìàãíèòíûõ ïîëåé äëÿ ÀÎ 12673 (52) 2-5
ñåíòÿáðÿ 2017ã. è äëÿ ÀÎ 11261 (113) 1, 2 è 4 àâãóñòà 2011ã. ïî äàííûì ÊðÀÎ ÐÀÍ.

ÀÎ 11261  1, 2 è 4 àâãóñòà 2011ã.

ÀÎ 12673  2, 3, 4 è 5 ñåíòÿáðÿ 2017ã.
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ìèêðîâîëíîâîãî èçëó÷åíèÿ ñ èñïîëüçîâàíèåì äàííûõ ðàäèîãåëèîãðàôà Íîáåÿìà
(NoRH) îáåèõ àêòèâíûõ îáëàñòåé çà íåñêîëüêî ÷àñîâ äî ðåíòãåíîâñêèõ âñïûøåê
êëàññà M. Ïîñêîëüêó ìèêðîâîëíîâîå èçëó÷åíèå ÿâëÿåòñÿ î÷åíü ÷óâñòâèòåëüíûì
èíäèêàòîðîì èçìåíåíèÿ ïàðàìåòðîâ àêòèâíîé îáëàñòè, à èìåííî: êîíöåíòðàöèè
íåòåïëîâûõ ýëåêòðîíîâ, òåìïåðàòóðû è ïëîòíîñòè ïëàçìû, íàïðÿæåííîñòè è
ïðîñòðàíñòâåííîé ñòðóêòóðû ìàãíèòíîãî ïîëÿ, èñïîëüçîâàíèå åãî íàáëþäàåìûõ
õàðàêòåðèñòèê äëÿ äèàãíîñòèêè ïðîöåññîâ, ïðîèñõîäÿùèõ ïåðåä âñïûøêàìè è
êîðîíàëüíûìè âûáðîñàìè ìàññû (ÊÂÌ), ïðåäñòàâëÿåòñÿ î÷åíü ïåðñïåêòèâíûì.

2. Íàáëþäåíèÿ è àíàëèç äàííûõ. Àíàëèç ïðîñòðàíñòâåííîé è
âðåìåííîé äèíàìèêè ìèêðîâîëíîâîãî èçëó÷åíèÿ àêòèâíûõ îáëàñòåé âûïîëíåí
íà îñíîâå ðàäèîêàðò Ñîëíöà, ïîëó÷åííûõ íà ðàäèîãåëèîãðàôå Íîáåÿìà  íà
÷àñòîòå 17 ÃÃö ñ äâóìåðíûì ïðîñòðàíñòâåííûì ðàçðåøåíèåì 10''-15'', ñ
âðåìåííûì èíòåðâàëîì ìåæäó èçîáðàæåíèÿìè 10 ñ è âðåìåíåì óñðåäíåíèÿ
ïðè ñèíòåçå èçîáðàæåíèé 10 ñ. Äëÿ èññëåäîâàíèÿ òîíêîé ñòðóêòóðû àêòèâíûõ
èñòî÷íèêîâ èçëó÷åíèÿ â îáåèõ ÀÎ ïðèâëå÷åíû òàêæå äàííûå íàáëþäåíèé
AIA/SDO â êðàéíåì óëüòðàôèîëåòîâîì (ÊÓÔ) äèàïàçîíå 94Å  è äàííûå
íàáëþäåíèé ôîòîñôåðíîãî ìàãíèòíîãî ïîëÿ HMI/SDO.

2.1. Íàáëþäåíèÿ ÀÎ 12673. Â íàøåì èññëåäîâàíèè ðàññìîòðåíî
ïîâåäåíèå ìèêðîâîëíîâîãî èçëó÷åíèÿ àêòèâíîé îáëàñòè ÀÎ 12673 íà ñòàäèè
åå àêòèâíîãî îáðàçîâàíèÿ, çàäîëãî äî âñïûøåê êëàññà Õ. Íàñ èíòåðåñîâàëà
ïðîñòðàíñòâåííàÿ äèíàìèêà èçëó÷åíèÿ ïîñëå âñïëûòèÿ íîâîãî ìàãíèòíîãî
ïîòîêà, êîòîðîå íà÷àëîñü 3 ñåíòÿáðÿ, à èìåííî, â èíòåðâàëå íåñêîëüêî ÷àñîâ
ïåðåä ïåðâîé èíòåíñèâíîé âñïûøêîé â ýòîé ÀÎ êëàññà Ì1.2 (05:36) 4
ñåíòÿáðÿ 2017ã.

Â òå÷åíèå 6.5 ÷ äî íà÷àëà âñïûøêè Ì1.2 ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå
ðàäèîÿðêîñòè êàðäèíàëüíî èçìåíÿëîñü îò äâóõ ïî÷òè ïàðàëëåëüíûõ
ïåòëåîáðàçíûõ ñòðóêòóð, âûòÿíóòûõ â íàïðàâëåíèè "ñåâåð-þã" ñ ïîëîæèòåëüíîé
ïîëÿðèçàöèåé þæíûõ îñíîâàíèé è îòðèöàòåëüíîé - ñåâåðíûõ îñíîâàíèé â
íà÷àëå íàáëþäåíèé (22:50 UT) äî ïîÿâëåíèÿ çà ~2.5 ÷ äî íà÷àëà âñïûøêè
ÿðêîé ïåòëåîáðàçíîé ñòðóêòóðû, âûòÿíóòîé â íàïðàâëåíèè "âîñòîê-çàïàä".
Ýòà ïîïåðå÷íàÿ ñòðóêòóðà â äàëüíåéøåì ïðîäîëæàëà óñèëèâàòüñÿ è ñòàëà
èñòî÷íèêîì îòíîñèòåëüíî ìîùíîãî ìèêðîâîëíîâîãî èçëó÷åíèÿ âñïûøêè (ðèñ.2à,
b). Çàìåòèì, ÷òî ýòà íîâàÿ ãîðèçîíòàëüíàÿ ìèêðîâîëíîâàÿ ñòðóêòóðà ñîåäèíÿåò
ñòàðîå ìàãíèòíîå ïîëå ñåâåðíîé ïîëÿðíîñòè ñ âíîâü âîçíèêøèì ìàãíèòíûì
ïîòîêîì þæíîé ïîëÿðíîñòè.

Ñîïîñòàâëåíèå ñ äèíàìèêîé ÓÔ èçëó÷åíèÿ (AIA/SDO - 94A) (ðèñ.3à, b)
ïîêàçûâàåò, ÷òî â íà÷àëå íàáëþäåíèé (23:11) â ÊÓÔ ÷åòêî âèäíû òðè
ñèñòåìû ïåòåëü (âîçìîæíî, ñêðó÷åííûõ ìàãíèòíûõ æãóòîâ). Â öåëîì îíè
ñîâïàäàþò ñî ñòðóêòóðîé èñòî÷íèêîâ, âèäèìûõ íà ðàäèîãåëèîãðàôå Íîáåÿìà
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(ðèñ.2), êðîìå ãîðèçîíòàëüíîé, êîòîðàÿ â ðàäèîäèàïàçîíå ïîÿâèëàñü çíà÷èòåëüíî
ïîçæå, çà ~2.5 ÷ äî âñïûøêè. Ìàêñèìóìû ÿðêîñòè â äâóõ äèàïàçîíàõ èçëó÷åíèÿ
íå ñîâïàäàþò: ðàäèîÿðêîñòü ìàêñèìàëüíà â þæíîì îñíîâàíèè âåðõíåé ïåòëè,
ÊÓÔ ÿðêîñòü ìàêñèìàëüíà â âåðõíåé ÷àñòè ýòîé ïåòëè.

Çà ÓÔ èçëó÷åíèå â ëèíèè 94Å  îòâåòñòâåííà ïëàçìà, íàãðåòàÿ äî î÷åíü
âûñîêèõ òåìïåðàòóð T ~ 107

 K. Íàáëþäåíèå â òå÷åíèå íåñêîëüêèõ ÷àñîâ â ÀÎ
ÿðêèõ ïåòåëü â ýòîé ëèíèè ñâèäåòåëüñòâóåò î ïðèñóòñòâèè â íèõ ãîðÿ÷åé,
Ò = 107

 K, ïëàçìû. Ýòî îçíà÷àåò, ÷òî â ÀÎ ÷àñàìè ïðîèñõîäèò çíà÷èòåëüíîå
ýíåðãîâûäåëåíèå, ïðåäøåñòâóþùåå âîçíèêíîâåíèþ ìîùíîé âñïûøêè.

Íîâàÿ ÿðêàÿ ïîïåðå÷íàÿ ÓÔ ïåòëÿ â ãîðèçîíòàëüíîé ñòðóêòóðå ïîÿâëÿåòñÿ
â 01:42 UT ðàíüøå, ÷åì îêîí÷àòåëüíî ñôîðìèðóåòñÿ ïåðåä âñïûøêîé ãîðè-
çîíòàëüíûé ìèêðîâîëíîâûé èñòî÷íèê. Âîçãîðàíèå ñèñòåìû ÓÔ ïåðåñåêàþùèõñÿ
ïåòåëü (Õ-ñòðóêòóðû) ïðîèñõîäèò â 03:10 UT, îäíîâðåìåííî ñ ïîÿâëåíèåì

Ðèñ. 2 à) Ñòðóêòóðà ðàäèîèñòî÷íèêà (NoRH) (ëåâàÿ ïàíåëü) â èíòåíñèâíîñòè (ïàðàìåòð
Ñòîêñà I) â äâà ìîìåíòà âðåìåíè: 22:50 UT (íà÷àëî íàáëþäåíèé) è 05:40 UT (íà÷àëî
âñïûøêè Ì1.2, 4 ñåíòÿáðÿ 2017ã.). Âñïûøêà ïðîèñõîäèò âî âíîâü ñôîðìèðîâàííîé ãîðèçîí-
òàëüíîé ñòðóêòóðå; b) Âðåìåííûå ïðîôèëè èçëó÷åíèÿ íà 17 ÃÃö èç ðàçíûõ ìåñò ðàäèîèñ-
òî÷íèêà (1, 2 è 3, 4).
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ñèëüíîé âðåìåííîé íåñòàöèîíàðíîñòè èçëó÷åíèÿ ìèêðîâîëíîâûõ èñòî÷íèêîâ
íîâîé ãîðèçîíòàëüíîé ñòðóêòóðû (ðèñ.2à). Ê íà÷àëó âñïûøêè (04:10 - 05:40
UT) â îáëàñòè ìèêðîâîëíîâîãî ãîðèçîíòàëüíîãî èñòî÷íèêà âîçíèêàåò ñèñòåìà
ïåðåñåêàþùèõñÿ äðóã ñ äðóãîì è àêòèâíî âçàèìîäåéñòâóþùèõ ÿðêèõ ÓÔ
(ìàãíèòíûõ) æãóòîâ (ðèñ.3c). Èç ñîâìåñòíîãî àíàëèçà êàðò ÓÔ (ÿðêîñòü) è
ðàäèî (êîíòóðû) èçëó÷åíèÿ ñ êàðòàìè ìàãíèòíîãî ïîëÿ ÿñíî, ÷òî ÿðêèå ÓÔ
ïåòëè è ìèêðîâîëíîâûå èñòî÷íèêè âîçíèêàþò â îáëàñòè âñïëûòèÿ íîâûõ
ìàãíèòíûõ ïîòîêîâ (ðèñ.1).

2.2. Íàáëþäåíèÿ NOAA 11261. Ìû ðàññìîòðåëè òàêæå äèíàìèêó
ìèêðîâîëíîâîãî èçëó÷åíèÿ â èíòåðâàëå íåñêîëüêî ÷àñîâ ïåðåä âñïûøêîé
êëàññà Ì1.4 (05:19) 2 àâãóñòà 2011ã. â àêòèâíîé îáëàñòè NOAA 11261,
êîòîðàÿ ïîÿâèëàñü íà äèñêå Ñîëíöà ñ óæå ðàçâèòîé ñëîæíîé ìàãíèòíîé
ñòðóêòóðîé è äåëüòà-êîíôèãóðàöèåé ìàãíèòíîãî ïîëÿ, íî íå îòëè÷àëàñü ñòîëü

Ðèñ.3. Ñòðóêòóðà èñòî÷íèêà â ÊÓÔ 94
À (AIA/SDO) ñ íàëîæåííûìè êîíòóðàìè
ðàäèîèñòî÷íèêîâ (NoRH) â 23:11 UT çà
~6.5÷ äî âñïûøêè Ì1.2: à) â èíòåí-
ñèâíîñòè, b) â ïîëÿðèçàöèè. ñ) Ñòðóêòóðà
ÊÓÔ èñòî÷íèêà ñ íàëîæåííûìè êîíòóðàìè
ðàäèîÿðêîñòè â èíòåíñèâíîñòè â íà÷àëå
ìàêñèìàëüíîé ôàçû âñïûøêè 05:38 UT.
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ñèëüíîé è ÿðêîé äèíàìèêîé âñïëûòèÿ íîâûõ ìàãíèòíûõ ïîòîêîâ, êàê NOAA
12673. Çà 6.5 ÷ äî íà÷àëà âñïûøêè Ì1.4 (05:19) â óëüòðàôèîëåòîâîì äèàïàçîíå
(94Å ) òàêæå âèäíà ÿðêàÿ ïîïåðå÷íàÿ ïåòëÿ (ñèñòåìà ïåòåëü), êîòîðàÿ
ñîõðàíÿåòñÿ äî ìîìåíòà íà÷àëà âñïûøêè (ðèñ.4). Èìåííî â ìåñòå ðàñïîëîæåíèÿ

Ðèñ.4. Ñòðóêòóðà èñòî÷íèêà â ÊÓÔ 94 À (AIA/SDO) ñ íàëîæåííûìè êîíòóðàìè ÿðêîñòè
ðàäèîèñòî÷íèêà (NoRH) â èíòåíñèâíîñòè â ìîìåíò íà÷àëà íàáëþäåíèé  22:53 UT.

Ðèñ.5. Ñòðóêòóðà ðàäèîèñòî÷íèêà (NoRH) â èíòåíñèâíîñòè (ïàðàìåòð Ñòîêñà I) (ââåðõó)
è â ïîëÿðèçàöèè (ïàðàìåòð Ñòîêñà V=R-L) (âíèçó): à) ïåðåä âñïûøêîé; b) â ìîìåíò
ìàêñèìàëüíîé ôàçû âñïûøêè. Êîíòóðû íà âåðõíèõ ðèñóíêàõ ïîêàçûâàþò ðàñïðåäåëåíèå
ïðàâîé è ëåâîé êðóãîâîé ïîëÿðèçàöèè (áåëûå è ÷åðíûå, ñîîòâåòñòâåííî). Ïðàâàÿ ïàíåëü:
âðåìåííûå ïðîôèëè ïîòîêîâ èíòåíñèâíîñòè (ââåðõó) è ïîëÿðèçàöèè (âíèçó).
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ýòîé ïîïåðå÷íîé ÓÔ ïåòëè íà÷èíàåòñÿ âñïûøêà. Â ðàäèîäèàïàçîíå èñòî÷íèê
ñ ïîëîæèòåëüíîé êðóãîâîé ïîëÿðèçàöèåé, äðóãîãî çíàêà, ÷åì îñíîâíûå
èñòî÷íèêè, ïîÿâëÿåòñÿ â ìåñòå ïîïåðå÷íîé ÓÔ ïåòëè çà ~5 ÷ äî íà÷àëà
ïåðâîé ôàçû âñïûøêè, íî âåäåò ñåáÿ íåñòàáèëüíî, ïîÿâëÿåòñÿ, èñ÷åçàåò, è
çàòåì ïîÿâëÿåòñÿ óñòîé÷èâî ïåðåä âñïûøêîé (~05:06 UT). Íà ðèñ.5à ïîêàçàíà
ñòðóêòóðà èñòî÷íèêà çà 2.5 ÷ äî âñïûøêè, à íà ðèñ.5b - âî âðåìÿ âñïûøêè.
Ñàìà âñïûøêà ïðîèñõîäèò â ìåñòå âîçíèêíîâåíèÿ èñòî÷íèêà íîâîé
ïîëÿðèçàöèè (ðèñ.5b), òàì, ãäå ïîñòåïåííî óñèëèâàåòñÿ âîçãîðàíèå Õ-ñòðóêòóðû
â ÓÔ íà 94Å , ÷òî ìîæíî âèäåòü íà ðèñ.6à, b. Òàêèì îáðàçîì, ïîÿâëåíèå
ïîïåðå÷íîé ÓÔ ïåòëè äî ïîÿâëåíèÿ íîâîãî ìèêðîâîëíîâîãî èñòî÷íèêà ÿâëÿåòñÿ
íåêèì ïðåäâåñòíèêîì ïîñëåäóþùåé èíòåíñèâíîé âñïûøêè â äàííîé ÀÎ, êàê
è â ïðåäûäóùåé. Âðåìåííûå ïðîôèëè íà ðèñ.6 äåìîíñòðèðóþò
íåñòàöèîíàðíîñòü ìèêðîâîëíîâîãî èçëó÷åíèÿ â òå÷åíèå âñåãî âðåìåíè
íàáëþäåíèé (6.5 ÷) ïåðåä âñïûøêîé. Íåñòàöèîíàðíîñòü õàðàêòåðèçóåòñÿ
êâàçèïåðèîäè÷íîñòüþ ñ ïåðèîäîì 20-30 ìèí, àíàëîãè÷íî òîìó, ÷òî íàáëþäàëîñü
ïåðåä âñïûøêîé â ÀÎ 12673 4 ñåíòÿáðÿ 2017ã. (ñì. ðèñ.2b). Âìåñòå ñ òåì
îòìåòèì, ÷òî â ÀÎ 12673 ïðèñóòñòâîâàëè òàêæå êîëåáàíèÿ ñ áîëåå âûðàæåííîé
äîëãîïåðèîäè÷åñêîé êîìïîíåíòîé (1.5-2 ÷).

Ðèñ.6. Ñòðóêòóðà èñòî÷íèêà â ÊÓÔ 94 À (AIA/SDO) ñ íàëîæåííûìè êîíòóðàìè ðàäèî-
èñòî÷íèêà (NoRH): à) çà 4 ÷ äî âñïûøêè, â ìîìåíò 01:42 UT (â èíòåíñèâíîñòè); b) âî
âðåìÿ âñïûøêè, â 05:40 UT (â êðóãîâîé ïîëÿðèçàöèè V=R-L, áåëûå è ÷åðíûå êîíòóðû
ñîîòâåòñòâóþò ïðàâîé è ëåâîé ïîëÿðèçàöèè).
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3. Âûâîäû. Èññëåäîâàíà ïðîñòðàíñòâåííàÿ äèíàìèêà ìèêðîâîëíîâîãî
èçëó÷åíèÿ àêòèâíîé îáëàñòè NOAA 12673 íà ñòàäèè åå àêòèâíîãî îáðàçîâàíèÿ,
çàäîëãî äî âñïûøåê êëàññà Õ, à èìåííî, â èíòåðâàëå íåñêîëüêî ÷àñîâ ïåðåä
âñïûøêîé êëàññà Ì1.2 (05:36) 4 ñåíòÿáðÿ 2017ã. è äèíàìèêà ìèêðîâîëíîâîãî
èçëó÷åíèÿ NOAA 11261 â èíòåðâàëå íåñêîëüêî ÷àñîâ ïåðåä âñïûøêîé êëàññà
Ì1.4 (05:19) 2 àâãóñòà 2011ã. Óñòàíîâëåíà ñèëüíàÿ íåñòàöèîíàðíîñòü ïðîñòðàíñò-
âåííîãî ðàñïðåäåëåíèÿ ðàäèîÿðêîñòè è èíòåíñèâíîñòè èçëó÷åíèÿ â îïðåäå-
ëåííûõ ó÷àñòêàõ ÀÎ 12673 è ÀÎ 11261 íà ïðîòÿæåíèè 6.5 ÷ ïåðåä âñïûøêàìè.

Äëÿ èññëåäîâàíèÿ òîíêîé ñòðóêòóðû àêòèâíûõ èñòî÷íèêîâ èçëó÷åíèÿ
ïðèâëå÷åíû ÓÔ äàííûå AIA/SDO ñ áîëåå âûñîêèì ïðîñòðàíñòâåííûì
ðàçðåøåíèåì, ÷åì îáåñïå÷èâàåò ðàäèîãåëèîãðàô Íîáåÿìà (1".5 ïðîòèâ 10"-
15"). Ïîêàçàíî, ÷òî ïðîñòðàíñòâåííàÿ äèíàìèêà ìèêðîâîëíîâûõ èñòî÷íèêîâ
õîðîøî êîððåëèðóåò ñ ïîëîæåíèåì è ïîÿâëåíèåì ÿðêèõ ÓÔ ïåòåëü â ëèíèè
94Å , ò.å., ñ ìàãíèòíûìè ïåòëÿìè, ïëàçìà â êîòîðûõ ðàçîãðåâàåòñÿ äî î÷åíü
âûñîêèõ òåìïåðàòóð ~107

 K. Èç ñîâìåñòíîãî àíàëèçà êàðò ÓÔ è ðàäèîèçëó÷åíèÿ
ñ êàðòàìè ìàãíèòíîãî ïîëÿ (HMI/SDO) âûÿâëåíî, ÷òî ÿðêèå ÓÔ ïåòëè è
ìèêðîâîëíîâûå èñòî÷íèêè âîçíèêàþò â îáëàñòè âñïëûòèÿ íîâûõ ìàãíèòíûõ
ïîòîêîâ. Óñòàíîâëåíî, ÷òî ïîÿâëåíèå ñèëüíîé íåñòàöèîíàðíîñòè ìèêðîâîëíîâûõ
èñòî÷íèêîâ ïðîèñõîäèò îäíîâðåìåííî ñ âîçãîðàíèåì ñèñòåìû ïåðåêðåùèâàþ-
ùèõñÿ ÓÔ ïåòåëü (Õ-ñòðóêòóð).

Ðàáîòà âûïîëíåíà ñ èñïîëüçîâàíèåì äàííûõ ðàäèîãåëèîãðàôà Íîáåÿìà,
êîòîðûé ôóíêöèîíèðóåò ïðè ñîäåéñòâèè ICCON (International Consortium for
the Continued Operation of Nobeyama Radioheliograph). ICCON âêëþ÷àåò the
ISEE/Nagoya University, NAOC, KASI, NICT, è GSFC/NASA. Ìû ïðèçíàòåëüíû
êîìàíäå SDO çà íàáëþäàòåëüíûå äàííûå AIA è HMI. Âûïîëíåíèå ðàáîò
îñóùåñòâëÿëîñü ïðè ÷àñòè÷íîé ïîääåðæêå ÐÔÔÈ (ãðàíòû ¹ 18-02-00856, 17-
52-80064) è Ïðîãðàììû ôóíäàìåíòàëüíûõ èññëåäîâàíèé ÐÀÍ 12 "Âîïðîñû
ïðîèñõîæäåíèÿ è ýâîëþöèè Âñåëåííîé".

1 Íàöèîíàëüíûé èññëåäîâàòåëüñêèé óíèâåðñèòåò "Âûñøàÿ øêîëà
 ýêîíîìèêè", Íèæíèé Íîâãîðîä, Ðîññèÿ, e-mail: rinbak@mail.ru
2 Ãëàâíàÿ (Ïóëêîâñêàÿ) àñòðîíîìè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ,
 Ñàíêò-Ïåòåðáóðã, Ðîññèÿ
3 Íèæåãîðîäñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Ëîáà÷åâñêîãî,
 Íèæíèé Íîâãîðîä, Ðîññèÿ
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PREFLARE DYNAMICS OF MICROWAVE AND ULTRA-
VIOLET EMISSION IN ACTIVE

REGIONS OF THE SUN

I.A.BAKUNINA1, V.F.MELNIKOV2, A.S.MORGACHEV2,3

In this work we studied the spatial dynamics of microwave emission (data from
the Nobeyama Radioheliograph) of two active regions NOAA 12673 and NOAA
11261 several hours before X-ray class M power flares. The strong unsteadiness of
the spatial distribution of radio brightness and intensity of emission in certain parts
of the active region has been established. To study the fine structure of active sources
of emission, data in the ultraviolet (AIA/SDO) range are also used. It was shown
that the spatial dynamics of microwave sources correlates well with the position and
appearance of bright ultraviolet (UV) loops at the 94Å  line, i.e., with magnetic
loops in which the plasma is heated to high temperatures ~107

 Ê. From the joint
analysis of UV and radio emission maps with magnetic field maps (HMI/SDO),
it was found for NOAA 12673 that the appearance of strong non-stationarity of
microwave sources occurs simultaneously with the ignition of a system of intersecting
UV loops (X-structures). It is also shown that bright UV loops and microwave
sources arise in the area of the emergence of new magnetic fluxes.

Keywords: The Sun: active regions: flares: microwave emission
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ÄÈÍÀÌÈÊÀ ÏÀÐÀÌÅÒÐÎÂ ÝËÅÊÒÐÈ×ÅÑÊÎÃÎ
ÒÎÊÀ Â ÀÊÒÈÂÍÛÕ ÎÁËÀÑÒßÕ ÑÎËÍÖÀ È ÈÕ

ÑÂßÇÜ ÑÎ ÂÑÏÛØÅ×ÍÛÌ ÈÍÄÅÊÑÎÌ

Þ.À.ÔÓÐÑßÊ, Â.È.ÀÁÐÀÌÅÍÊÎ, À.Ñ.ÊÓÖÅÍÊÎ
Ïîñòóïèëà 6 ñåíòÿáðÿ 2019

Ïðèíÿòà ê ïå÷àòè 11 ìàðòà 2020

Ïî äàííûì ïðèáîðà Helioseismic and Magnetic Imager (HMI) íà áîðòó Solar Dynamics
Observatory (SDO) î êîìïîíåíòàõ âåêòîðà ìàãíèòíîãî ïîëÿ â ôîòîñôåðå äëÿ 39 àêòèâíûõ
îáëàñòåé (ÀÎ) 24 öèêëà ñîëíå÷íîé àêòèâíîñòè âû÷èñëåíû ïàðàìåòðû ýëåêòðè÷åñêîãî òîêà.
Èçó÷åíû âðåìåííûå èçìåíåíèÿ ïàðàìåòðîâ ýëåêòðè÷åñêîãî òîêà â ÀÎ çà âðåìÿ íàõîæäåíèÿ
îáëàñòè â ïðåäåëàõ ±35o îò öåíòðàëüíîãî ìåðèäèàíà. Äåëàåòñÿ ïîïûòêà ñâÿçàòü ïàðàìåòðû òîêà
â ôîòîñôåðå è èõ äèíàìèêó ñ óðîâíåì âñïûøå÷íîé àêòèâíîñòè îáëàñòè. Ïðîâåäåííûå èññëå-
äîâàíèÿ äàëè ñëåäóþùèå ðåçóëüòàòû: 1) Èçìåíåíèå âåëè÷èíû ñóììàðíîãî áåççíàêîâîãî òîêà
â ÀÎ ïðîèñõîäÿò ñèíõðîííî èëè êâàçèñèíõðîííî ñ èçìåíåíèÿìè ìàãíèòíîãî ïîòîêà; 2) Ñâÿçü
ìåæäó âåëè÷èíîé ñóììàðíîãî áåççíàêîâîãî òîêà è âñïûøå÷íûì èíäåêñîì (Flare Index, FI)
ñóùåñòâóåò, õîòÿ è âûðàæåíà ñëàáî (êîððåëÿöèÿ k = 0.48); 3) ðàçáàëàíñ âåðòèêàëüíûõ
ýëåêòðè÷åñêèõ òîêîâ äëÿ âñåõ 39 èññëåäóåìûõ ÀÎ îêàçàëñÿ íèçêèì, íå ïðåâûøàþùèì íåñêîëüêî
ïðîöåíòîâ, ÷òî óêàçûâàåò íà çàìêíóòîñòü òîêîâûõ ñòðóêòóð âñåõ ìàñøòàáîâ â ïðåäåëàõ ÀÎ; 4)
Íàèáîëåå âûñîêàÿ êîððåëÿöèÿ (k = 0.72) ñî âñïûøå÷íûì èíäåêñîì íàáëþäàåòñÿ äëÿ óñðåäíåííîé
ïî âðåìåíè ñðåäíåé àáñîëþòíîé âåëè÷èíû ïëîòíîñòè âåðòèêàëüíîãî ýëåêòðè÷åñêîãî òîêà; 5)
ïî ðåçóëüòàòàì ñòàòèñòè÷åñêèõ èññëåäîâàíèé âûÿâëåí êðèòè÷åñêèé óðîâåíü âåëè÷èíû <| zj |>,
ðàâíûé 2.7 ìÀ ì-2: ïðè ïðåâûøåíèè ýòîãî óðîâíÿ â ÀÎ íàáëþäàþòñÿ âñïûøêè áîëåå âûñîêèõ
ðåíòãåíîâñêèõ êëàññîâ (Ì è Õ), à ïàäåíèå ïëîòíîñòè òîêà íèæå ïîðîãîâîãî çíà÷åíèÿ îçíà÷àåò
îñëàáëåíèå âñïûøå÷íîé ïðîäóêòèâíîñòè îáëàñòè; 6) íà ïðèìåðå äâóõ îáëàñòåé ñî âñïëûòèåì
ìàãíèòíîãî ïîòîêà ïîêàçàíî, ÷òî äëÿ íàêà÷êè ìàãíèòíîé ýíåðãèè â êîðîíó íåîáõîäèìî
íåêîòîðîå âðåìÿ; âðåìåííîé èíòåðâàë ìåæäó ñêà÷êîì âåëè÷èíû <| zj |> è íà÷àëîì ðàçâèòèÿ
ïåðâûõ ìîùíûõ âñïûøåê ðåíòãåíîâñêèõ êëàññîâ Ì èëè Õ ñîñòàâëÿåò íå ìåíåå 12-20 ÷àñîâ;
7) õàðàêòåð ñâÿçè âðåìåííûõ èçìåíåíèé ñðåäíåé âåëè÷èíû ïëîòíîñòè ãîðèçîíòàëüíîãî òîêà
<| j |> è ðàçáàëàíñà âåðòèêàëüíîãî òîêà jz  ñ óðîâíåì âñïûøå÷íîé àêòèâíîñòè ÀÎ ÿâëÿåòñÿ
áîëåå ñëîæíûì è òðåáóåò îòäåëüíûõ, áîëåå äåòàëüíûõ èññëåäîâàíèé.

Êëþ÷åâûå ñëîâà: Ñîëíöå: àêòèâíûå îáëàñòè: ñîëíå÷íûå âñïûøêè: ìàãíèòíûå
    ïîëÿ: ýëåêòðè÷åñêèå òîêè

1. Ââåäåíèå. Âû÷èñëåíèå ýëåêòðè÷åñêèõ òîêîâ â àòìîñôåðå Ñîëíöà
ñòàëî âîçìîæíûì ïîñëå ïîÿâëåíèÿ ïåðâûõ ìàãíèòîãðàôîâ è èçìåðåíèÿ
ìàãíèòíûõ ïîëåé ñîëíå÷íûõ ïÿòåí. Àñòðîíîìû Êðûìñêîé àñòðîôèçè÷åñêîé
îáñåðâàòîðèè áûëè â ÷èñëå ïåðâûõ èññëåäîâàòåëåé, êîòîðûå çàíÿëèñü âîïðîñàìè
èçó÷åíèÿ ýëåêòðè÷åñêèõ òîêîâ â àêòèâíûõ îáëàñòÿõ íà Ñîëíöå. Óæå â ïåðâûõ
ðàáîòàõ ïî äàííîé òåìàòèêå [1] îòìå÷àåòñÿ ðÿä âàæíûõ ñâîéñòâ ñèñòåìû
ýëåêòðè÷åñêèõ òîêîâ â àòìîñôåðå Ñîëíöà - èõ òîíêàÿ ñòðóêòóðà è òåñíûé
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êîíòàêò áîëüøèõ ïî àáñîëþòíîé âåëè÷èíå òîêîâ ïðîòèâîïîëîæíûõ
íàïðàâëåíèé.

Â 1968ã. â Êðûìñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè áûëè ïîëó÷åíû ïåðâûå
âåêòîð-ìàãíèòîãðàììû ìàãíèòíûõ ïîëåé â õðîìîñôåðå, ÷òî ïîçâîëèëî âû÷èñëèòü
ýëåêòðè÷åñêèå òîêè íà äâóõ âûñîòàõ - â ôîòîñôåðå è õðîìîñôåðå Ñîëíöà [2].
Áûëà íàéäåíà òåñíàÿ ñâÿçü ìåñò âîçíèêíîâåíèÿ âñïûøåê ñ ìåñòàìè íàèáîëüøåé
ïëîòíîñòè âåðòèêàëüíîãî ýëåêòðè÷åñêîãî òîêà [3]. Â ýòèõ æå ðàáîòàõ âïåðâûå
âû÷èñëåíû ïîïåðå÷íûå ýëåêòðè÷åñêèå òîêè íà Ñîëíöå è ïîêàçàíî, ÷òî ïëîòíîñòü
ïîïåðå÷íîãî òîêà ìîæåò çíà÷èòåëüíî ïðåâûøàòü ïëîòíîñòü âåðòèêàëüíîãî
ýëåêòðè÷åñêîãî òîêà. Ïîëó÷åíî ïåðâîå óêàçàíèå íà òî, ÷òî âñïûøêà âîçíèêàåò
â îáëàñòè êîíòàêòà ïðîòèâîïîëîæíûõ ïî íàïðàâëåíèþ ýëåêòðè÷åñêèõ òîêîâ -
"íà "íåéòðàëüíîé" ëèíèè ýëåêòðè÷åñêîãî òîêà" [3]. Òåñíàÿ ñâÿçü òîêîâ ñî
âñïûøêàìè îáóñëîâëåíà òåì, ÷òî òîêè ÿâëÿþòñÿ íîñèòåëÿìè "ñâîáîäíîé"
ìàãíèòíîé ýíåðãèè [4,5], ÷àñòü êîòîðîé ðåàëèçóåòñÿ âî âñïûøå÷íûõ ïðîöåññàõ
ðàçëè÷íîé ìîùíîñòè.

Âàæíûì ÿâëÿåòñÿ âîïðîñ î ñáàëàíñèðîâàííîñòè ýëåêòðè÷åñêèõ òîêîâ è
ìàãíèòíûõ ïîëåé â àêòèâíûõ îáëàñòÿõ (ÀÎ). Â ñëó÷àå ñ ìàãíèòíûìè ïîëÿìè
ìîæíî íàáëþäàòü âçàèìîäåéñòâèå ìåæäó îòäåëüíûìè îáëàñòÿìè ïîñðåäñòâîì
êîðîíàëüíûõ ìàãíèòíûõ ïåòåëü. ×àñòü ìàãíèòíûõ ïåòåëü â ÀÎ ìîãóò èìåòü
îòêðûòóþ êîíôèãóðàöèþ. Â òàêèõ ñëó÷àÿõ ðàçáàëàíñ ìàãíèòíîãî ïîòîêà
ìîæåò äîñòèãàòü íåñêîëüêèõ äåñÿòêîâ ïðîöåíòîâ, êàê ïîêàçàíî â [6,7].

Ïðîáëåìà ñáàëàíñèðîâàííîñòè òîêîâûõ ñèñòåì â ÀÎ ÿâëÿåòñÿ áîëåå ñëîæíîé.
Ñîãëàñíî ðàáîòàì [8-11] ýëåêòðè÷åñêèé òîê â õîðîøî çàìêíóòîé è
èçîëèðîâàííîé ñêðó÷åííîé ìàãíèòíîé òðóáêå äîëæåí áûòü ñêîìïåíñèðîâàííûì.
Èíûìè ñëîâàìè, ëþáîé ïðÿìîé òîê äîëæåí áûòü îêðóæåí ýëåêòðè÷åñêèì
òîêîì ïðîòèâîïîëîæíîãî çíàêà, íåéòðàëèçóþùèì åãî.

Â ðàáîòå [12] áûëà èçó÷åíà âçàèìîñâÿçü ìåæäó íåñêîìïåíñèðîâàííûì
ýëåêòðè÷åñêèì òîêîì, âåëè÷èíîé ìàãíèòíîãî ñäâèãà è ýðóïòèâíûìè ñîáûòèÿìè
â ÷åòûðåõ ÀÎ. Àâòîðû ïðåäïîëîæèëè, ÷òî ýëåêòðè÷åñêèå òîêè ïðîòèâîïî-
ëîæíûõ çíàêîâ â ïðåäåëàõ îäíîé ìàãíèòíîé ïîëÿðíîñòè ïðåäñòàâëÿþò ñîáîé
ïðÿìûå è îáðàòíûå òîêè. Ñîîòíîøåíèå ïðÿìîãî è îáðàòíîãî òîêà áûëî
áëèçêî ê åäèíèöå (òîêè ñêîìïåíñèðîâàíû) äëÿ îáëàñòåé ñ íèçêîé âñïûøå÷íîé
àêòèâíîñòüþ. Â äðóãîé ðàáîòå [13] ïðîàíàëèçèðîâàíî ðàñïðåäåëåíèå ýëåêòðè-
÷åñêîãî òîêà âíóòðè òåíè è ïîëóòåíè ïÿòåí â ìàãíèòîèçîëèðîâàííûõ îáëàñòÿõ
NOAA 11084 è NOAA 11092. Â îáîèõ ñîëíå÷íûõ ïÿòíàõ áûë îáíàðóæåí
ñèëüíûé ïîëîæèòåëüíûé òîê â öåíòðàëüíîé ÷àñòè ïÿòíà è òîíêîå êîëüöî
îòðèöàòåëüíîãî ýëåêòðè÷åñêîãî òîêà â îáëàñòè ïîëóòåíè ïÿòíà. Àâòîðû
ïðåäïîëîæèëè, ÷òî ýòà îñîáåííîñòü ìîæåò áûòü ñâÿçàíà ñ îáðàòíûìè òîêàìè.

Íàáëþäåíèÿ ïîêàçûâàþò õîðîøóþ ñáàëàíñèðîâàííîñòü èíòåãðèðîâàííûõ
ïî âñåé ïëîùàäè ÀÎ ýëåêòðè÷åñêèõ òîêîâ [2,3,6,7,14-16], ÷òî ÿâíî óêàçûâàåò
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íà çàìêíóòîñòü òîêîâûõ ñòðóêòóð âñåõ ìàñøòàáîâ â ïðåäåëàõ ÀÎ. Â òî æå âðåìÿ,
òîêè ïî îòäåëüíûì ìàãíèòíûì ïîëÿðíîñòÿì íå ÿâëÿþòñÿ â ïîëíîé ìåðå
ñáàëàíñèðîâàííûìè [15], îñîáåííî â îáëàñòÿõ ñ âûñîêîé âñïûøå÷íîé àêòèâíîñòüþ
[15,17]. Âûñîêèå çíà÷åíèÿ íåñêîìïåíñèðîâàííîãî òîêà ìîãóò ÿâëÿòüñÿ îäíèì èç
ïðåäèêòîðîâ âûñîêîé âñïûøå÷íîé ïðîäóêòèâíîñòè ÀÎ [18].

Âûøåóïîìÿíóòûå ðàáîòû [15-18] óêàçûâàþò íà òî, ÷òî âîïðîñ î íåéòðàëè-
çàöèè òîêîâûõ ñèñòåì â ÀÎ äàëåê îò ñâîåãî ðåøåíèÿ. Âûñîêèå çíà÷åíèÿ
íåñêîìïåíñèðîâàííûõ òîêîâ ìîæíî îáúÿñíèòü: î÷åíü íèçêèìè çíà÷åíèÿìè
îáðàòíûõ òîêîâ (íèæå ïîðîãà îáíàðóæåíèÿ), ðàñïðåäåëåííûõ ïî îáøèðíîé
îáëàñòè [11], ðàñïîëîæåíèåì îáðàòíûõ òîêîâ íèæå ôîòîñôåðû [19], èëè
àëüòåðíàòèâíûìè òåîðèÿìè, ñîãëàñíî êîòîðûì èç êîíâåêòèâíîé çîíû ìîãóò
âñïëûâàòü ñêðó÷åííûå òîêîíåñóùèå ìàãíèòíûå òðóáêè [20,21]. Ïîñëåäíåå
ïðåäïîëîæåíèå âûãëÿäèò âïîëíå ðåàëèñòè÷íî, îñîáåííî äëÿ îáëàñòåé ñî ñëîæíîé
êîíôèãóðàöèåé ìàãíèòíîãî ïîëÿ è âûñîêîé âñïûøå÷íîé ïðîäóêòèâíîñòüþ.

Çäåñü ìû ïîâòîðÿåì ÷àñòü èññëåäîâàíèé, âûïîëíåííûõ ðàíåå. Èñïîëüçóÿ
äàííûå ñîâðåìåííûõ èíñòðóìåíòîâ, ïîçâîëÿþùèõ ïîëó÷àòü èíôîðìàöèþ î
ïàðàìåòðàõ àòìîñôåðû Ñîëíöà ñ õîðîøèì âðåìåííûì è ïðîñòðàíñòâåííûì
ðàçðåøåíèåì è â êðóãëîñóòî÷íîì ðåæèìå, ìû ñòàâèì ïåðåä ñîáîé çàäà÷ó
óñòàíîâèòü õàðàêòåð ñâÿçè ìåæäó âðåìåííûìè èçìåíåíèÿìè îñíîâíûõ
ïàðàìåòðîâ ýëåêòðè÷åñêîãî òîêà è äèíàìèêîé êîðîíàëüíîé àêòèâíîñòè ÀÎ,
à òàêæå âûÿâèòü íàëè÷èå êîððåëÿöèîííîé çàâèñèìîñòè ìåæäó óñðåäíåííûìè
ïàðàìåòðàìè òîêà è óðîâíåì âñïûøå÷íîé ïðîäóêòèâíîñòè îáëàñòè.

2. Äàííûå íàáëþäåíèé. Îñíîâíîé îáúåì ðàáîòû âûïîëíåí íà äàííûõ
èíñòðóìåíòà Helioseismic and Magnetic Imager [22] íà áîðòó Solar Dynamic
Observatory (HMI/SDO) [23], äîñòóïíûõ íà ñàéòå Joint Science Operation
Center (JSOC) http://jsoc2.stanford.edu/ajax/lookdata.html. Èñïîëüçîâàíû SHARP
(Spaceweather HMI Active Region Patch) [24] äàííûå ðàñïðåäåëåíèÿ êîìïîíåíò
âåêòîðà ìàãíèòíîãî ïîëÿ â ôîòîñôåðå (öèëèíäðè÷åñêèå êîîðäèíàòû, ñåðèÿ
CEA_720s). Â äàëüíåéøåì ðàäèàëüíàÿ êîìïîíåíòà Br èñïîëüçîâàíà äëÿ
âû÷èñëåíèÿ ãîðèçîíòàëüíûõ òîêîâ [25], à B  è B  êîìïîíåíòû ïîëÿ - äëÿ
âû÷èñëåíèÿ âåðòèêàëüíûõ ýëåêòðè÷åñêèõ òîêîâ â ÀÎ.

Äëÿ àíàëèçà ñâÿçè âðåìåííûõ âàðèàöèé ïàðàìåòðîâ ýëåêòðè÷åñêîãî òîêà
ñî âñïûøå÷íîé àêòèâíîñòüþ ÀÎ èñïîëüçîâàíû äàííûå î ïîòîêå ðåíòãåíîâñêîãî
èçëó÷åíèÿ â äèàïàçîíå äëèí âîëí 1-8 Å  íà îðáèòå Çåìëè, ïîëó÷àåìûå
êîñìè÷åñêèì àïïàðàòîì GOES-15 (Geostationary Operational Environmental
Satellite), äîñòóïíûå íà ñòðàíèöå https://satdat.ngdc.noaa.gov/sem/goes/data/full.

Äëÿ ïîëó÷åíèÿ äîïîëíèòåëüíîé èíôîðìàöèè â ðàìêàõ âûïîëíåííîé ðàáîòû,
òàêæå èñïîëüçîâàíû äàííûå èíòåðíåò-ðåñóðñîâ:

- http://tesis.lebedev.ru - äàííûå î êîîðäèíàòàõ èññëåäóåìûõ ÀÎ;
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- http://solar.dev.argh.team/sunspots (ðàçðàáîòêà Ð.Ê.Æèãàëêèíà, ÊðÀÎ
ÐÀÍ) - èíôîðìàöèÿ î âñïûøå÷íîì èíäåêñå, ñòàäèè ðàçâèòèÿ ÀÎ;

- http://crao.ru/images/sun/catalog/ [26] (ðàçðàáîòêà À.Â.Æóêîâîé, ÊðÀÎ
ÐÀÍ) - èíôîðìàöèÿ î âñïûøå÷íîì èíäåêñå, òèïå èññëåäóåìîé îáëàñòè.

Áûëè èññëåäîâàíû ïàðàìåòðû ãîðèçîíòàëüíûõ è âåðòèêàëüíûõ ýëåêòðè-
÷åñêèõ òîêîâ 39 ÀÎ 24 öèêëà ñîëíå÷íîé àêòèâíîñòè, îáëàäàþùèõ ðàçëè÷íûìè
õàðàêòåðèñòèêàìè è ðàçíûì óðîâíåì âñïûøå÷íîé àêòèâíîñòè. Âðåìÿ
ìîíèòîðèíãà êàæäîé îáëàñòè ñîâïàäàåò ñ ïåðèîäîì íàõîæäåíèÿ åå â ïðåäåëàõ
±35o îò öåíòðàëüíîãî ìåðèäèàíà, ÷òî ïîçâîëÿåò ñâåñòè ê ìèíèìóìó îøèáêè
â âû÷èñëåíèÿõ, âíîñèìûå ýôôåêòîì ïðîåêöèè.

3. Âû÷èñëåíèå ïàðàìåòðîâ ýëåêòðè÷åñêîãî òîêà â àêòèâíîé
îáëàñòè. Âû÷èñëåíèå âåðòèêàëüíûõ ýëåêòðè÷åñêèõ òîêîâ â îòäåëüíûõ ïèêñåëàõ
ìàãíèòîãðàììû âûïîëíåíî èíòåãðàëüíûì ìåòîäîì, âïåðâûå ïðèìåíåííûì â
ðàáîòàõ [6,27,28]. Â îñíîâå ìåòîäà ëåæèò ôîðìóëà Ñòîêñà:

  . 1

0
,  


Ljiz dlBI (1)

Äëÿ ïðèáëèæåííîãî âû÷èñëåíèÿ èíòåãðàëà â ïðàâîé ÷àñòè âûðàæåíèÿ (1)
èñïîëüçóåòñÿ ìåòîä Ñèìïñîíà. Ïðèìåíÿåòñÿ ïðÿìîóãîëüíûé êîíòóð ðàçìåðàìè

55  ïèêñåëåé âîêðóã ïèêñåëà ñ êîîðäèíàòàìè (i, j ). Âûáîð êîíòóðà îáóñëîâëåí
õîðîøèì ñãëàæèâàíèåì øóìîâ è îòñóòñòâèåì ïîòåðü èíôîðìàöèè î òîêîâûõ
ñòðóêòóðàõ. Áîëåå äåòàëüíî ñóòü ìåòîäà, âûâîä ðàñ÷åòíîé ôîðìóëû è îñîáåí-
íîñòè âûáîðà êîíòóðà îïèñàíû â ðàáîòå [29].

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,
ïðèáëèæåííóþ îöåíêó âåëè÷èíû ãîðèçîíòàëüíîãî òîêà ïîëó÷èòü âîçìîæíî.
Ìåòîäèêà âû÷èñëåíèÿ îïèñàíà â ðàáîòå [25]. Èñõîäíîé ôîðìóëîé ÿâëÿåòñÿ
çàêîí Àìïåðà â äèôôåðåíöèàëüíîé ôîðìå:

. 0 Bj  (2)

Âîçâîäÿ âûðàæåíèÿ (2) â êâàäðàò, ðàçëîæèâ åãî íà ñëàãàåìûå è ïðåíåáðåãàÿ
ïðîèçâîäíûìè ïî z , ïîëó÷àåì ðàñ÷åòíóþ ôîðìóëó:
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(3)

Â äàëüíåéøåì, íà îñíîâå âû÷èñëåííûõ âåëè÷èí âåðòèêàëüíîãî è ãîðè-
çîíòàëüíîãî òîêîâ â ôîòîñôåðå íàìè áûëè ïîëó÷åíû íåîáõîäèìûå äëÿ
àíàëèçà ïàðàìåòðû ýëåêòðè÷åñêèõ òîêîâ äëÿ êàæäîé èç èññëåäóåìûõ ÀÎ:
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1) Ñóììàðíûé áåççíàêîâûé òîê â ÀÎ:

. , jiztotz II  (4)

2) Ñðåäíÿÿ áåççíàêîâàÿ âåëè÷èíà ïëîòíîñòè âåðòèêàëüíîãî òîêà:
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j
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
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3) Ñðåäíÿÿ áåççíàêîâàÿ ïëîòíîñòü ãîðèçîíòàëüíîãî òîêà:
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4) Ðàçáàëàíñ âåðòèêàëüíîãî ýëåêòðè÷åñêîãî òîêà ïî âñåé ÀÎ [7]:
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(7)

Äëÿ ìèíèìèçàöèè ýôôåêòîâ, ñîçäàâàåìûõ ñëàáûìè ýëåêòðè÷åñêèìè òîêàìè

Ðèñ.1. Ââåðõó ñëåâà - êàðòà Br - êîìïîíåíòû ìàãíèòíîãî ïîëÿ îáëàñòè NOAA 11890,
ïîëó÷åííàÿ ïðèáîðîì HMI/SDO 07 íîÿáðÿ 2013ã. â 00:00UT. Êàðòà ìàñøòàáèðîâàíà îò -
2000 Ãñ (÷åðíîå) äî 2000 Ãñ (áåëîå). Ââåðõó ñïðàâà - êàðòà ðàñïðåäåëåíèÿ ïëîòíîñòè âåðòèêàëü-
íîãî ýëåêòðè÷åñêîãî òîêà â îáëàñòè, ìàñøòàáèðîâàíà îò -0.01 À ì-2 (÷åðíîå) äî 0.01 À ì-2 (áåëîå).
Âíèçó - êàðòà ðàñïðåäåëåíèÿ âåëè÷èíû êâàäðàòà ïëîòíîñòè ãîðèçîíòàëüíîãî 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 ìàñêè bitmap (æèðíàÿ
ëèíèÿ) è conf_disambig (òîíêàÿ ëèíèÿ).
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ïåðèôåðèéíîé ÷àñòè ÀÎ íà SHARP-ìàãíèòîãðàììå, ïðè âû÷èñëåíèè ïàðàìåòðîâ
ýëåêòðè÷åñêèõ òîêîâ (óðàâíåíèÿ (4)-(7)) ó÷èòûâàëèñü òîëüêî ïèêñåëû, ëåæàùèå
âíóòðè êîíòóðîâ, îãðàíè÷åííûõ äâóìÿ ñòàíäàðòíûìè ìàñêàìè äëÿ CEA äàííûõ
HMI/SDO (ðèñ.1) - bitmap (îïðåäåëÿåò ãðàíèöû ÀÎ íà SHARP-ìàãíèòîãðàììå)
è conf_disambig (ïîçâîëÿåò âûäåëèòü íà ìàãíèòîãðàììå ïèêñåëû, â êîòîðûõ
òî÷íî îïðåäåëåí àçèìóò âåêòîðà ìàãíèòíîãî ïîëÿ).

Äëÿ âûÿâëåíèÿ õàðàêòåðà âçàèìîñâÿçè ïàðàìåòðîâ ýëåêòðè÷åñêîãî òîêà ñ
ìàãíèòíûìè ïîëÿìè òàêæå áûë ïîñ÷èòàí ìàãíèòíûé ïîòîê ÀÎ:

  . 
600, Gpixjir sB


  (8)

Ñ öåëüþ ìèíèìèçàöèè âëèÿíèÿ øóìîâ è ëîêàëüíûõ ïîëåé íà ïåðèôåðèè
ÀÎ, ïðè âû÷èñëåíèè ìàãíèòíîãî ïîòîêà áûëè ó÷òåíû òîëüêî òå ïèêñåëû,
çíà÷åíèÿ íàïðÿæåííîñòè ïîëÿ â êîòîðûõ ïî ìîäóëþ ïðåâûøàþò 600 Ãñ [30].

4. Îñîáåííîñòè âðåìåííûõ èçìåíåíèé ïàðàìåòðîâ òîêà è èõ
ñâÿçü ñ óðîâíåì âñïûøå÷íîé àêòèâíîñòè . Ïàðàìåòðû ýëåêòðè÷åñêèõ
òîêîâ è ìàãíèòíîãî ïîëÿ 39 èññëåäóåìûõ ÀÎ ïðåäñòàâëåíû â òàáë.1. Äëÿ
âåëè÷èí, îïèñàííûõ ôîðìóëàìè (4)-(8) â òàáëèöå óêàçàíû óñðåäíåííûå çà âðåìÿ
íàáëþäåíèÿ ÀÎ çíà÷åíèÿ (óñðåäíåíèå ïî âðåìåíè â òàáë.1 è äàëåå â òåêñòå
îáîçíà÷åíî ãîðèçîíòàëüíîé ÷åðòîé ñâåðõó). Â ïîñëåäíèõ òðåõ ñòîëáöàõ îòìå÷åíû
ñîîòâåòñòâåííî âñïûøå÷íûé èíäåêñ ÀÎ (Flare Index, FI [31]), ðåíòãåíîâñêèé
êëàññ íàèáîëåå ìîùíîé âñïûøêè, àññîöèèðîâàííîé ñ èññëåäóåìîé ÀÎ, à òàêæå
òèï îáëàñòè ïî [26] (U - óíèïîëÿðíàÿ ÀÎ, À - áèïîëÿðíàÿ îáëàñòü áåç
íàðóøåíèé ïðàâèë çàêîíà ïîëÿðíîñòè, çàêîíîâ Õåéëà è Äæîÿ, Â - îáëàñòè, â
êîòîðûõ çàôèêñèðîâàíî íàðóøåíèå õîòÿ áû îäíîãî èç âûøåóïîìÿíóòûõ çàêîíîâ).

Ïî äàííûì òàáë.1 áûëè ïîñòðîåíû êîððåëÿöèîííûå ãðàôèêè ìåæäó
âñïûøå÷íûì èíäåêñîì è ïàðàìåòðàìè ýëåêòðè÷åñêîãî òîêà â ÀÎ. Íàèáîëåå
âûñîêàÿ êîððåëÿöèÿ íàáëþäàåòñÿ äëÿ äâóõ èç èññëåäóåìûõ ïàðàìåòðîâ òîêà,
óñðåäíåííûõ â êàæäîì ñëó÷àå çà ïåðèîä íàáëþäåíèÿ ÀÎ - ñóììàðíîãî

áåççíàêîâîãî òîêà totzI  è ñðåäíåé áåççíàêîâîé ïëîòíîñòè âåðòèêàëüíîãî

ýëåêòðè÷åñêîãî òîêà zj  (ðèñ.2).

Âñå èññëåäóåìûå ÀÎ áûëè ðàçäåëåíû íàìè íà äâå ãðóïïû. Ïåðâàÿ - ÀÎ,
â êîòîðûõ çàôèêñèðîâàíû òîëüêî âñïûøêè ðåíòãåíîâñêîãî êëàññà Ñ
(îáîçíà÷åíû òðåóãîëüíèêàìè íà ðèñ.2), âòîðàÿ - îáëàñòè, â êîòîðûõ çàðåãèñò-
ðèðîâàíà õîòÿ áû îäíà âñïûøêà êëàññà Ì1.0 èëè âûøå (îáîçíà÷åíû

çâåçäî÷êàìè). Êàê âèäíî èç ãðàôèêîâ íà ðèñ.2, äëÿ âåëè÷èíû totzI  ÷åòêîãî

ðàçäåëåíèÿ îáëàñòåé íà äâå ïîäãðóïïû íå ïðîèñõîäèò. Ìîæíî íàáëþäàòü
îáëàñòè ñ íèçêîé àêòèâíîñòüþ è äîñòàòî÷íî âûñîêèìè çíà÷åíèÿìè ñóììàðíîãî
òîêà. Â òî æå âðåìÿ, íàáëþäàþòñÿ è ÀÎ ñ ìîùíûìè âñïûøêàìè è îòíî-
ñèòåëüíî íèçêèìè çíà÷åíèÿìè âåëè÷èíû ñóììàðíîãî áåççíàêîâîãî òîêà. Äëÿ
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âûÿâëåíèÿ çàêîíîìåðíîñòè áûëè ðàññ÷èòàíû ñðåäíèå çíà÷åíèÿ âåëè÷èíû

totzI  äëÿ ñîâîêóïíîñòè îáëàñòåé, îáîçíà÷åííûõ çâåçäî÷êàìè (îêðóæíîñòü ñ

Òàáëèöà 1

ÏÀÐÀÌÅÒÐÛ ÝËÅÊÒÐÈ×ÅÑÊÈÕ ÒÎÊÎÂ ÈÑÑËÅÄÓÅÌÛÕ ÀÎ

¹ Íîìåð Âðåìÿ  totzI zj j jz FI Max Òèï

ï/ï îáëàñòè ìîíèòîðèíãà 1022
 Mx 1012

 A mA m-2 mA m-2 % flare
(NOAA) ÀÎ

1 11261 31.07-03.08.11 1.27 489.19 4.21 10.10 2.327 10.33 M6.0 B
2 11263 02.08-05.08.11 1.72 433.58 3.51 4.18 0.708 55.03 X6.9 B
3 11283 04.09-07.09.11 0.99 317.59 3.13 3.98 5.370 42.34 X2.1 A
4 11302 27.09-30.09.11 2.49 666.32 3.54 6.57 3.461 85.14 X1.9 A
5 11339 06.11-10.11.11 3.28 882.56 3.00 7.84 1.141 39.02 X1.9 A
6 11391 07.01-10.01.12 0.98 287.93 2.76 9.34 4.588 0.31 C1.6 A
7 11429 07.03-10.03.12 2.87 660.37 3.47 12.96 -5.918 100.55 X5.4 B
8 11476 09.05-13.05.12 3.00 892.31 3.98 9.34 0.161 38.07 M5.7 A
9 11512 27.06-30.06.12 0.82 210.92 2.90 9.55 -1.633 0.97 C4.2 A
10 11598 25.10-29.10.12 1.04 273.55 3.15 6.23 0.890 27.55 X1.8 B
11 11654 12.01-16.01.13 2.82 723.33 3.06 7.57 0.390 10.25 M1.2 A
12 11711 04.04-07.04.13 1.43 273.02 2.09 6.51 -0.753 0.34 C1.7 A
13 11748 18.05-21.05.13 0.49 191.43 3.40 7.28 2.221 98.97 X3.2 B
14 11777 24.06-27.06.13 0.49 107.34 2.27 5.07 -1.726 2.07 M2.9 U
15 11882 28.10-01.11.13 0.86 243.53 3.03 8.07 4.023 54.76 X2.1 B
16 11890 07.11-10.11.13 2.41 667.48 3.23 9.89 1.460 23.24 X1.1 A
17 11899 17.11-20.11.13 2.03 401.27 2.55 6.37 6.830 1.92 M1.0 U
18 12002 12.03-15.03.14 1.14 295.69 3.01 7.71 0.602 10.76 M1.7 A
19 12109 07.07-10.07.14 2.04 492.02 3.15 9.12 -0.232 1.30 C6.4 B
20 12158 09.09-12.09.14 1.45 427.19 3.29 7.43 -1.389 13.30 X1.6 B
21 12192 22.10-25.10.14 9.53 2221.87 3.20 11.93 1.301 123.44 X2.0 B
22 12205 08.11-12.11.14 1.23 427.23 3.53 8.58 4.033 23.90 X1.6 A
23 12222 30.11-04.12.14 2.25 493.19 2.87 10.02 -0.202 19.13 M6.1 A
24 12253 03.01-06.01.15 2.02 510.41 2.91 11.50 0.629 9.38 M1.3 A
25 12268 27.01-30.01.15 1.65 419.28 2.84 6.52 4.242 11.65 M2.1 A
26 12297 11.03-14.03.15 1.58 563.54 4.62 4.40 3.588 58.17 X2.1 B
27 12305 25.03-29.03.15 1.44 326.14 2.66 6.64 -3.381 2.56 C8.7 B
28 12339 10.05-13.05.15 2.95 782.15 2.83 6.86 2.551 6.12 C5.5 B
29 12371 20.06-23.06.15 2.97 679.66 3.23 8.60 -2.553 20.13 M7.9 B
30 12381 07.07-10.07.15 1.38 301.09 2.94 5.84 3.345 5.43 M1.7 A
31 12396 06.08-09.08.15 2.37 537.38 3.15 9.22 -1.500 2.87 C5.4 B
32 12403 22.08-25.08.15 3.39 917.63 3.60 11.85 -0.975 29.95 M3.5 A
33 12470 17.12-21.12.15 1.70 318.59 2.34 4.98 4.091 0.51 C1.7 U
34 12480 10.01-14.01.16 0.58 104.82 2.26 6.84 1.057 0.50 C2.8 B
35 12494 05.02-07.02.16 0.73 174.81 3.00 9.68 -2.318 1.02 C3.0 B
36 12529 12.04-16.04.16 2.87 561.99 2.74 8.76 3.537 7.82 M6.7 A
37 12546 18.05-22.05.16 1.77 340.71 2.60 5.77 5.206 0.25 C1.3 U
38 12644 27.03-30.03.17 0.81 187.35 2.88 3.09 3.638 10.68 M5.4 A
39 12674 22.08-25.08.17 2.47 475.29 2.49 4.76 -0.241 0.76 C5.2 A
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÷åðíîé òî÷êîé â öåíòðå íà âåðõíåì ãðàôèêå ðèñ.2) è îáëàñòåé, îáîçíà÷åííûõ
òðåóãîëüíèêàìè (îêðóæíîñòü ñ êðåñòèêîì â öåíòðå íà ãðàôèêå). Â ñðåäíåì,
äëÿ îáëàñòåé ñ âûñîêîé àêòèâíîñòüþ õàðàêòåðíû áîëåå âûñîêèå çíà÷åíèÿ
ñóììàðíîãî òîêà, ÷åì äëÿ îáëàñòåé ñ íèçêîé àêòèâíîñòüþ. Ïîäîáíûé ðåçóëüòàò
óêàçûâàåò íà òî, ÷òî áîëüøîé òîê íå îáÿçàòåëåí äëÿ íàëè÷èÿ ñèëüíûõ
âñïûøåê. Ñ äðóãîé ñòîðîíû, áîëüøîé ïî àáñîëþòíîé âåëè÷èíå ýëåêòðè÷åñêèé
òîê - íå ãàðàíòèÿ ñèëüíûõ âñïûøå÷íûõ ïðîöåññîâ. Ýíåðãèÿ, çàïàñåííàÿ â
ýëåêòðè÷åñêîì òîêå, ìîæåò òðàòèòüñÿ íà èíûå ïðîöåññû, è òîëüêî ìàëàÿ åå
÷àñòü ðåàëèçóåòñÿ â âèäå âñïûøåê ðàçëè÷íîé ìîùíîñòè.

Ðèñ.2. Êîððåëÿöèîííûå ãðàôèêè ìåæäó âñïûøå÷íûì èíäåêñîì ÀÎ è âåëè÷èíàìè óñðåä-
íåííîãî çà âðåìÿ íàáëþäåíèÿ ñóììàðíîãî áåççíàêîâîãî òîêà totzI  (ââåðõó) è ñðåäíåé áåççíàêîâîé
ïëîòíîñòè âåðòèêàëüíîãî ýëåêòðè÷åñêîãî òîêà zj  (âíèçó), ïîñòðîåííûå ïî äàííûì òàáë.1.
Îáëàñòè ñ íèçêîé àêòèâíîñòüþ (òîëüêî âñïûøêè ðåíòãåíîâñêîãî êëàññà Ñ) îáîçíà÷åíû íà
ãðàôèêå òðåóãîëüíèêàìè, ÀÎ ñ âûñîêîé àêòèâíîñòüþ (ñ çàðåãèñòðèðîâàííûìè âñïûøêàìè
ðåíòãåíîâñêèõ êëàññîâ Ì è/èëè Õ) - çâåçäî÷êàìè. Íà âåðõíåì ãðàôèêå òàêæå óêàçàíî ñðåäíåå
çíà÷åíèå âåëè÷èíû < totzI > äëÿ âñåõ îáëàñòåé ñ íèçêîé àêòèâíîñòüþ (÷åðíûé êðóæîê ñ
êðåñòèêîì âíóòðè) è äëÿ îáëàñòåé ñ âûñîêîé àêòèâíîñòüþ (÷åðíûé êðóæîê ñ òî÷êîé âíóòðè).
Íà íèæíåì ãðàôèêå âåðòèêàëüíûì ïóíêòèðîì îòìå÷åíà ãðàíèöà 2.7 ìÀ ì-2 (áîëåå äåòàëüíî
ñì. òåêñò).

È
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Âûáîð âåëè÷èíû ñóììàðíîãî áåççíàêîâîãî òîêà Iz tot, âû÷èñëÿåìîãî ïî (4),
â êà÷åñòâå îäíîãî èç èññëåäóåìûõ ïàðàìåòðîâ, îáóñëîâëåí òåì, ÷òî äàííàÿ
âåëè÷èíà êîððåëèðóåò ñ çàïàñåííîé â ýëåêòðè÷åñêîì òîêå "ñâîáîäíîé" ìàãíèòíîé
ýíåðãèåé,  2

,, jijitot I~WW .
Èíàÿ êàðòèíà íàáëþäàåòñÿ, åñëè èçó÷èòü ñâÿçü ìåæäó FI è ñðåäíåé

áåççíàêîâîé ïëîòíîñòüþ âåðòèêàëüíîãî òîêà â ÀÎ (ñì. ðèñ.2). Çäåñü ìîæíî

ïðîâåñòè ãðàíèöó, ñîîòâåòñòâóþùóþ âåëè÷èíå zj , 72.  ìÀ ì-2 (âåðòè-

êàëüíûé ïóíêòèð íà íèæíåì ãðàôèêå ðèñ.2). Ñëåâà îò ýòîé ãðàíèöû áóäóò
íàõîäèòñÿ ÀÎ ñ íèçêîé àêòèâíîñòüþ (ñ êðàéíå ìàëûì êîëè÷åñòâîì âñïûøåê
ðåíòãåíîâñêîãî êëàññà Ñ). Èñêëþ÷åíèåì ÿâëÿþòñÿ äâå îáëàñòè, íàõîäÿùèåñÿ
ñëåâà îò ãðàíèöû, íî ñî âñïûøêàìè êëàññà Ì - NOAA 11777 è 11899. Ïðè
áîëåå äåòàëüíîì èññëåäîâàíèè îêàçûâàåòñÿ, ÷òî îáå ýòè îáëàñòè ê ìîìåíòó
íàáëþäåíèÿ ïðîøëè ñòàäèþ ìàêñèìóìà ñâîåãî ðàçâèòèÿ è ÿâëÿëèñü çàòóõàþ-
ùèìè. Çà âðåìÿ ìîíèòîðèíãà ýòèõ îáëàñòåé ñèëüíûõ âñïûøåê â íèõ çàôèêñè-
ðîâàíî íå áûëî, âåëè÷èíà zj  òàêæå áûëà íèæå ïðåäåëüíîãî çíà÷åíèÿ. Òî
åñòü, ïîâåäåíèå ïàðàìåòðîâ òîêà â äàííûõ ÀÎ íå ïðîòèâîðå÷èò îáùåé
òåíäåíöèè. Ñïðàâà îò ãðàíèöû 2.7 ìÀ ì-2 ðàñïîëîæåíû îáëàñòè, â êîòîðûõ
çàôèêñèðîâàíà õîòÿ áû îäíà âñïûøêà ðåíòãåíîâñêîãî êëàññà Ì1.0 èëè âûøå,
à òàêæå ãðóïïà îáëàñòåé ñ íèçêîé àêòèâíîñòüþ. Àíàëèç äàííûõ ïî ãðóïïàì
ñ íèçêîé àêòèâíîñòüþ, ëåæàùèìè ïðàâåå ãðàíèöû, ïîêàçàë, ÷òî âñå îíè
îòíîñÿòñÿ ê ãðóïïå B ïî êëàññèôèêàöèè, äàííîé â [26], ò.å., ó íèõ íàáëþäàþòñÿ
íàðóøåíèå çàêîíà ïîëÿðíîñòè, çàêîíà Õåéëà, çàêîíà Äæîÿ, èëè æå íàðóøåíèå
ñðàçó íåñêîëüêèõ èç ïåðå÷èñëåííûõ çàêîíîìåðíîñòåé.

Òàêæå ñëåäóåò îáðàòèòü âíèìàíèå íà âîñüìîé ñòîëáåö òàáëèöû, â êîòîðîì
óêàçàíà ñðåäíÿÿ âåëè÷èíà ðàçáàëàíñà âåðòèêàëüíîãî ýëåêòðè÷åñêîãî òîêà â
èññëåäóåìûõ ÀÎ. Ðàçáàëàíñ òîêà âî âñåõ 39 ñëó÷àÿõ îêàçûâàåòñÿ äîñòàòî÷íî
íèçêèì (íå áîëåå 7%), â îòëè÷èå îò ðàçáàëàíñà ìàãíèòíîãî ïîëÿ, êîòîðûé
ìîæåò äîñòèãàòü íåñêîëüêèõ äåñÿòêîâ ïðîöåíòîâ [7]. Äëÿ 11 ÀÎ ñðåäíåå çà
âðåìÿ íàáëþäåíèÿ çíà÷åíèå ðàçáàëàíñà âåðòèêàëüíîãî òîêà ñîñòàâëÿåò ìåíüøå
1%. Òàêîå ïîâåäåíèå âåëè÷èíû jz , óêàçûâàåò íà çàìêíóòîñòü òîêîâûõ
ñòðóêòóð âñåõ ìàñøòàáîâ â ïðåäåëàõ ÀÎ è õîðîøóþ ýëåêòðîèçîëèðîâàííîñòü
îáëàñòåé äðóã îò äðóãà.

Ïîìèìî óñðåäíåííûõ ïàðàìåòðîâ ýëåêòðè÷åñêîãî òîêà, äëÿ âñåõ 39 èññëå-
äóåìûõ îáëàñòåé áûëè ïðîàíàëèçèðîâàíû âðåìåííûå èçìåíåíèÿ âåëè÷èí,
îïèñûâàåìûõ ôîðìóëàìè (4)-(6), (8) çà âðåìÿ íàáëþäåíèÿ êàæäîé èç ÀÎ (3-
5 ñóòîê) (ñì. ðèñ.3 è ðèñ.4).

Íà ðèñ.3 ïðåäñòàâëåíû îñîáåííîñòè ïîâåäåíèÿ âåëè÷èíû ñóììàðíîãî òîêà
Iz tot â íåñêîëüêèõ èç èññëåäóåìûõ ÀÎ. Íà ïðåäñòàâëåííûõ ãðàôèêàõ âèäíî,
÷òî âåëè÷èíà Iz tot âåäåò ñåáÿ ñèíõðîííî èëè êâàçèñèíõðîííî ñ âåëè÷èíîé
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ìàãíèòíîãî ïîòîêà. Òàêîå ïîâåäåíèå õàðàêòåðíî äëÿ âñåõ 39 èññëåäîâàííûõ
íàìè â ðàìêàõ äàííîé ðàáîòû ÀÎ.

Íà ðèñ.4 ïîêàçàíû âðåìåííûå èçìåíåíèÿ ñðåäíåé áåççíàêîâîé ïëîòíîñòè
âåðòèêàëüíîãî zj  è ãîðèçîíòàëüíîãî j  ýëåêòðè÷åñêèõ òîêîâ äëÿ øåñòè
ÀÎ. Íà ëåâîé ïàíåëè ðèñ.4 ïðåäñòàâëåíû ãðàôèêè äëÿ òðåõ îáëàñòåé ñ íèçêîé
àêòèâíîñòüþ (òîëüêî âñïûøêè ðåíòãåíîâñêîãî êëàññà Ñ), íà ïðàâîé ïàíåëè -
âðåìåííûå èçìåíåíèÿ âåëè÷èí zj  è j  äëÿ îáëàñòåé ñ âûñîêîé àêòèâ-
íîñòüþ. Äëÿ íàèáîëåå ñèëüíûõ âñïûøåê, ñâÿçàííûõ ñ êîíêðåòíîé ÀÎ, íà

Ðèñ.3. Âðåìåííûå âàðèàöèè âåëè÷èíû ñóììàðíîãî òîêà Iztot äëÿ 6 ÀÎ. Õîðîøî çàìåòíî
êâàçèñèíõðîííîå ñ èçìåíåíèåì ìàãíèòíîãî ïîòîêà (äâîéíàÿ ñåðàÿ ëèíèÿ) èçìåíåíèå âåëè÷èíû
ñóììàðíîãî òîêà. Ñåðàÿ êðèâàÿ - ïîòîê ðåíòãåíîâñêîãî èçëó÷åíèÿ íà îðáèòå Çåìëè â äèàïàçîíå
1-8 Å  (äàííûå GOES-15). Ïóíêòèðîì ñ êîðîòêèìè øòðèõàìè îòìå÷åí óðîâåíü ïîòîêà
ðåíòãåíîâñêîãî èçëó÷åíèÿ â 10-6

 Âò ì-2, ñîîòâåòñòâóþùèé âñïûøêå êëàññà Ñ1.0. Äëÿ íàèáîëåå
ìîùíûõ âñïûøåê, àññîöèèðîâàííûõ ñ êîíêðåòíîé ÀÎ, íà ãðàôèêàõ óêàçàíû èõ ðåíòãåíîâñêèå
êëàññû.
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ãðàôèêå îòìå÷åí èõ ðåíòãåíîâñêèé êëàññ.
Ãðàôèêè íà ðèñ.4 ïîäòâåðæäàþò íàëè÷èå ïîðîãîâîãî çíà÷åíèÿ ñðåäíåé

ïëîòíîñòè âåðòèêàëüíîãî ýëåêòðè÷åñêîãî òîêà â 2.7 ìÀ ì-2 (ãîðèçîíòàëüíàÿ
ïóíêòèðíàÿ ëèíèÿ íà ãðàôèêàõ). Â ñëó÷àå, åñëè âåëè÷èíà zj  ïðåâûøàåò
ýòî êðèòè÷åñêîå çíà÷åíèå, â èññëåäóåìîé ÀÎ íàáëþäàåòñÿ âûñîêàÿ âñïûøå÷íàÿ
àêòèâíîñòü, à ïàäåíèå âåëè÷èíû zj  íèæå ïîðîãîâîãî çíà÷åíèÿ óêàçûâàåò
íà îñëàáëåíèå âñïûøå÷íîé ïðîäóêòèâíîñòè îáëàñòè.

Ðèñ.4. Âðåìåííûå èçìåíåíèÿ âåëè÷èí ñðåäíåé áåççíàêîâîé ïëîòíîñòè âåðòèêàëüíîãî
<| jz |> (æèðíàÿ ÷åðíàÿ êðèâàÿ) è ãîðèçîíòàëüíîãî < |j|  > (æèðíàÿ ñåðàÿ êðèâàÿ) ýëåêòðè÷åñêîãî
òîêà çà âðåìÿ ìîíèòîðèíãà äëÿ òåõ æå ÀÎ, ÷òî è íà ðèñ.3. Íà âñåõ ãðàôèêàõ îòìå÷åí
êðèòè÷åñêèé óðîâåíü ïëîòíîñòè âåðòèêàëüíîãî òîêà â 2.7 ìÀ ì-2 (ïóíêòèð ñ äëèííûìè øòðèõàìè).
Ñåðàÿ êðèâàÿ - ïîòîê ðåíòãåíîâñêîãî èçëó÷åíèÿ íà îðáèòå Çåìëè â äèàïàçîíå 1-8 Å  (äàííûå
GOES-15). Ïóíêòèðîì ñ êîðîòêèìè øòðèõàìè îòìå÷åí óðîâåíü ïîòîêà ðåíòãåíîâñêîãî èçëó÷åíèÿ
â 10-6

 Âò ì-2, ñîîòâåòñòâóþùèé âñïûøêå êëàññà Ñ1.0. Äëÿ íàèáîëåå ìîùíûõ âñïûøåê,
àññîöèèðîâàííûõ ñ êîíêðåòíîé ÀÎ, íà ãðàôèêàõ óêàçàíû èõ ðåíòãåíîâñêèå êëàññû.
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Ñ ôèçè÷åñêîé òî÷êè çðåíèÿ òàêîé ðåçóëüòàò âïîëíå îáúÿñíèì. Ýëåêòðè-
÷åñêèå òîêè â ÀÎ ÿâëÿþòñÿ íîñèòåëÿìè ñâîáîäíîé ìàãíèòíîé ýíåðãèè, à
ïëîòíîñòü òîêà - ýòî ýêâèâàëåíò ïëîòíîñòè ýòîé ýíåðãèè. ×åì áîëüøå ïëîòíîñòü
ñâîáîäíîé ýíåðãèè, òåì áîëüøå âåðîÿòíîñòü ðàçâèòèÿ âñïûøå÷íîãî ïðîöåññà.
Ïðè êðàéíå íèçêèõ çíà÷åíèÿõ ïëîòíîñòè òîêà (ïëîòíîñòè ýíåðãèè) âñïûøêè
íå ôèêñèðóþòñÿ, à ñàìà ýíåðãèÿ òðàòèòñÿ íà èíûå äèññèïàòèâíûå ïðîöåññû.

Êðàéíå âàæíûì â ýòîì êîíòåêñòå ÿâëÿåòñÿ âîïðîñ î òîì, ñêîëüêî âðåìåíè
íåîáõîäèìî äëÿ íàêîïëåíèÿ ýíåðãèè, ðåàëèçóåìîé âî âñïûøêàõ. Äëÿ îòâåòà
íà ýòîò âîïðîñ íàìè áûëè èññëåäîâàíû ïàðàìåòðû ýëåêòðè÷åñêèõ òîêîâ äëÿ
äâóõ ÀÎ ñî âñïëûòèåì ìàãíèòíîãî ïîòîêà - NOAA 11158 è NOAA 12673
(ðèñ.5). Íà ãðàôèêàõ âèäíî, ÷òî ìàãíèòíûé ïîòîê â îáëàñòÿõ íàðàñòàåò
äîñòàòî÷íî ïëàâíî, à íàðàñòàíèå âåëè÷èí zj  è j  ïðîèñõîäèò áîëåå
áûñòðî. Ïðè ýòîì âåëè÷èíà ïëîòíîñòè âåðòèêàëüíîãî òîêà ïîñëå íàðàñòàíèÿ,
êàê â ÀÎ NOAA 11158, òàê è â NOAA 12673, ïî÷òè â 2 ðàçà ïðåâûøàåò

êðèòè÷åñêîå çíà÷åíèå zj . Ðîñò âåëè÷èíû ìàãíèòíîãî ïîòîêà â îáåèõ

îáëàñòÿõ îïåðåæàåò íàðàñòàíèÿ âåëè÷èí ïëîòíîñòè òîêà ïðèáëèçèòåëüíî íà
5-6 ÷àñîâ. Âðåìÿ çàïàçäûâàíèÿ ìåæäó ñêà÷êîì ïëîòíîñòè òîêà â ÀÎ è íà÷àëîì
ðàçâèòèÿ âñïûøå÷íûõ ïðîöåññîâ ðåíòãåíîâñêèõ êëàññîâ Ì è âûøå ñîñòàâëÿåò
îêîëî 18 ÷àñîâ äëÿ NOAA 11158 è îêîëî 20 ÷àñîâ äëÿ NOAA 12673.

Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëÿþò ñäåëàòü âûâîäû î òîì, ÷òî: 1) ñêà÷îê
âåëè÷èíû ïëîòíîñòè âåðòèêàëüíîãî òîêà íå ñâÿçàí íåïîñðåäñòâåííî ñ íàðàñòàíèåì
ìàãíèòíîãî ïîòîêà è, ñêîðåå, ÿâëÿåòñÿ ðåçóëüòàòîì ïåðåðàñïðåäåëåíèÿ ìàãíèòíîé
ýíåðãèè âíóòðè ÀÎ, è 2) íàêîïëåíèå ýíåðãèè äëÿ ìîùíûõ âñïûøå÷íûõ
ïðîöåññîâ ïðîèñõîäèò íà ïðîòÿæåíèè, ïî êðàéíåé ìåðå, 12-20 ÷àñîâ. Ïîñëåäíèé

Ðèñ.5. Äèíàìèêà âåëè÷èí ñðåäíåé áåççíàêîâîé ïëîòíîñòè ãîðèçîíòàëüíîãî è âåðòèêàëüíîãî
ýëåêòðè÷åñêîãî òîêà äëÿ îáëàñòåé ñî âñïëûòèåì ìàãíèòíîãî ïîòîêà - NOAA 11158 (ñëåâà) è
12673 (ñïðàâà). Îáîçíà÷åíèÿ òå æå, ÷òî è íà ðèñ.4. Çàìåòåí ñêà÷îê âåëè÷èí ïëîòíîñòè òîêà
è áîëåå ïëàâíîå íàðàñòàíèå ìàãíèòíîãî ïîòîêà. Ïåðâûå ìîùíûå âñïûøêè (ðåíòãåíîâñêèé
êëàññ Ì) íàáëþäàþòñÿ â îáîèõ ñëó÷àÿõ ïðèáëèçèòåëüíî ÷åðåç 18-20 ÷àñîâ ïîñëå ñêà÷êà
âåëè÷èíû <|

 
jz 
|> (ýòîò âðåìåííîé èíòåðâàë îòìå÷åí íà ãðàôèêàõ ñåðûìè ïðÿìîóãîëüíèêàìè).
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ðåçóëüòàò õîðîøî ñîãëàñóåòñÿ ñ âûâîäàìè, ñäåëàííûìè â ðàáîòå [32] ïî
èññëåäîâàíèþ ïðîäîëüíûõ ãðàäèåíòîâ ìàãíèòíîãî ïîëÿ â ÀÎ.

Õàðàêòåð ïîâåäåíèÿ âåëè÷èíû j  â èññëåäóåìûõ ÀÎ ÿâëÿåòñÿ ñëîæíûì
è òðåáóåò îòäåëüíîãî èññëåäîâàíèÿ. Èñõîäÿ èç ïîëó÷åííûõ äàííûõ, ìîæíî
ñêàçàòü, ÷òî êîððåëÿöèÿ ìåæäó j  è âñïûøå÷íûì èíäåêñîì ñëàáàÿ (k = 0.42).
Ñâÿçàíî ýòî ñ îñîáåííîñòÿìè âðåìåííûõ èçìåíåíèé ñðåäíåé ïëîòíîñòè ãîðè-
çîíòàëüíîãî òîêà. Â áîëüøèíñòâå ñëó÷àåâ âåëè÷èíà j  âåäåò ñåáÿ êâàçè-
ñèíõðîííî ñ âåëè÷èíîé zj , ïðåâîñõîäÿ åå â 2-5 ðàç. Íî â ðÿäå ñëó÷àåâ (ñì.
ðèñ.4) ñðåäíÿÿ ïëîòíîñòü ãîðèçîíòàëüíîãî òîêà ïî âåëè÷èíå ìîæåò áûòü
ìåíüøå ñðåäíåé ïëîòíîñòè âåðòèêàëüíîãî òîêà. Ïðè÷èíà òàêîãî ïîâåäåíèÿ
âåëè÷èíû j  íå óñòàíîâëåíà è òðåáóåò áîëåå äåòàëüíîãî àíàëèçà êàæäîé èç
èññëåäóåìûõ ÀÎ.

5. Âûâîäû è îáñóæäåíèå. Èññëåäîâàâ âðåìåííûå èçìåíåíèÿ ïàðàìåòðîâ
ýëåêòðè÷åñêèõ òîêîâ äëÿ 39 ÀÎ 24 öèêëà ñîëíå÷íîé àêòèâíîñòè, ìû ïîëó÷èëè
ñëåäóþùèå ðåçóëüòàòû:

1. Òîêîâûå ñòðóêòóðû âñåõ ìàñøòàáîâ ÿâëÿþòñÿ çàìêíóòûìè â ïðåäåëàõ
ÀÎ, î ÷åì ãîâîðèò íèçêèé (íå áîëåå 7%) ðàçáàëàíñ âåðòèêàëüíîãî ýëåêòðè-
÷åñêîãî òîêà â èññëåäóåìûõ îáëàñòÿõ.

2. Ñâÿçü ìåæäó âåëè÷èíîé ñóììàðíîãî ýëåêòðè÷åñêîãî òîêà totzI  è óðîâíåì

âñïûøå÷íîé àêòèâíîñòè îáëàñòè ñóùåñòâóåò (êîýôôèöèåíò êîððåëÿöèè
k = 0.48), õîòÿ è âûðàæåíà ñëàáî. Ïðè÷èíîé ñëàáîé ñâÿçè ìåæäó òîêàìè è
âñïûøå÷íîé àêòèâíîñòüþ ÀÎ ÿâëÿåòñÿ òî, ÷òî, ïî-âèäèìîìó, òîëüêî ìàëàÿ
÷àñòü ìàãíèòíîé ýíåðãèè, çàïàñåííîé â ýëåêòðè÷åñêèõ òîêàõ â àòìîñôåðå
Ñîëíöà, ðåàëèçóåòñÿ â âèäå âñïûøåê ðàçëè÷íîé ìîùíîñòè.

3. Ñòàòèñòè÷åñêèé àíàëèç âñåõ ñîáûòèé âûÿâëÿåò íàëè÷èå çàâèñèìîñòè
ìåæäó óñðåäíåííîé çà âðåìÿ íàáëþäåíèÿ ñðåäíåé âåëè÷èíîé ïëîòíîñòè

âåðòèêàëüíîãî òîêà â ôîòîñôåðå zj  è âñïûøå÷íûì èíäåêñîì ÀÎ ñ êîýôôè-

öèåíòîì êîððåëÿöèè k = 0.72. Áîëåå âûñîêèé óðîâåíü âñïûøå÷íîé àêòèâíîñòè
ñîîòâåòñòâóåò çíà÷åíèÿì   áîëüøå 2.7 ìÀ ì-2. Ïðè áîëåå íèçêèõ çíà÷åíèÿõ

âåëè÷èíû zj  íàáëþäàåòñÿ êðàéíå íèçêàÿ âñïûøå÷íàÿ ïðîäóêòèâíîñòü ÀÎ,

à ýíåðãèÿ, çàïàñåííàÿ â ýëåêòðè÷åñêîì òîêå, ðåàëèçóåòñÿ â âèäå èíûõ
äèññèïàòèâíûõ ïðîöåññîâ.

4. Ýëåêòðè÷åñêèå òîêè â ôîòîñôåðå, î÷åâèäíî, íåñóò ýíåðãèþ äëÿ âñïûøåê,
íî îïîñðåäîâàííî. Âðåìåííîé ðåæèì âçðûâíûõ ïðîöåññîâ â êîðîíå íå
çàâèñèò îò òîãî, ÷òî ïðîèñõîäèò â ôîòîñôåðå. Òîêè ñîçäàþò ëèøü ïðåäïîñûëêè
íåïîòåíöèàëüíîñòè â êîðîíå. À ïîñòîÿííàÿ íàêîïëåíèÿ ýíåðãèè äëÿ âñïûøåê
ñîñòàâëÿåò íå ìåíåå 12-20 ÷àñîâ.

Àâòîðû âûðàæàþò èñêðåííþþ áëàãîäàðíîñòü ðåöåíçåíòó çà èíòåðåñ ê
ñòàòüå è ïîëåçíûå çàìå÷àíèÿ, êîòîðûå â çíà÷èòåëüíîé ñòåïåíè ïîìîãëè
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óëó÷øèòü äàííóþ ðàáîòó. Ðàáîòà âûïîëíåíà ïðè ÷àñòè÷íîé ïîääåðæêå ãðàíòîì
ÐÔÔÈ 17-02-00049 è Ìèíèñòåðñòâîì îáðàçîâàíèÿ è íàóêè Ðîññèéñêîé
Ôåäåðàöèè (ÍÈÐ ¹0831-2019-0006).

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

DYNAMICS OF PARAMETERS OF ELECTRIC
CURRENT IN SOLAR ACTIVE REGIONS AND THEIR

RELATION TO THE FLARE INDEX

Yu.A.FURSYAK, V.I.ABRAMENKO, A.S.KUTSENKO

Based on the data from Helioseismic and Magnetic Imager (HMI) on board
Solar Dynamics Observatory (SDO) on the components of the magnetic field
vector in the photosphere for 39 active regions (AR) of the 24 solar activity cycle,
the parameters of the electric current are calculated. The time changes in the
parameters of the electric current in the AR during the time the region was within
±35° from the Central Meridian were studied. An attempt is made to link the
parameters of electric current in the photosphere and their dynamics with the level
of the flare activity of AR. The carried out studies have given the following results:
1) The change in the value of the total unsigned current in the AR occurs
synchronously or quasi-asynchronously with changes in the magnetic flux; 2) The
relationship between the magnitude of the total unsigned current and Flare Index
(FI) exists, albeit weak (correlation k = 0.48); 3) The imbalance of vertical electric
currents for all 39 investigated AR was low, not exceeding several percent, which
indicates the isolation of current structures of all scales within the AR; 4) The
highest correlation (k = 0.72) with the FI is observed for the time-averaged average
absolute value of the vertical electric current density; 5) According to the results
of statistical studies, a critical level of zj  equal to 2.7 mA m-2 was revealed: when
this level is exceeded, flares of higher X-ray classes (M and X) are observed in
the AR, and a drop in current density below the threshold value means a
weakening of the flare productivity of AR; 6) On the example of two AR with
the emerging of magnetic flux, it is shown that some time is needed to pump
magnetic energy into the corona; the time interval between the jump of the value

zj  and the beginning of the development of the first powerful flares of x-ray
classes M or X is at least 12-20 hours; 7) the nature of the relationship between
the time changes in the average value of the horizontal current density j , and
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the imbalance of the vertical current jz  with the level of flare activity of AR
is more complex and requires separate, more detailed studies.

Keywords: Sun: active regions: solar flares: magnetic fields: electric currents
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Ïðèíÿòà ê ïå÷àòè 11 ìàðòà 2020

Ïðåäñòàâëåíà òåîðåòè÷åñêàÿ ìîäåëü õîëîäíîãî è ïëîòíîãî èçîëèðîâàííîãî ñîëíå÷íîãî
ïðîòóáåðàíöà. Òåðìîäèíàìè÷åñêèå ïàðàìåòðû âîëîêíà (ãàçîâîå äàâëåíèå, ïëîòíîñòü è òåìïåðàòóðà)
ðàññ÷èòûâàþòñÿ ïî çàäàííîé ñòðóêòóðå ìàãíèòíîãî ïîëÿ. Âîëîêíî ðàñïîëàãàåòñÿ íàä ôîòîñôåðíîé
ëèíèåé ðàçäåëà ïîëÿðíîñòè, åãî ìàãíèòíîå ïîëå áûñòðî óìåíüøàåòñÿ ñ ðàññòîÿíèåì îò îñè,
ïîýòîìó ïîëíûé ýëåêòðè÷åñêèé òîê âäîëü îñè âîëîêíà ðàâåí íóëþ. Ðàññìàòðèâàåòñÿ ïðîòóáåðàíåö
ñ âèíòîâîé ñòðóêòóðîé ìàãíèòíîãî ïîëÿ, ðàçäåëåííîé íà îòäåëüíûå òîíêèå âîëîêîíöà.
Ðàñïðåäåëåíèÿ ïëîòíîñòè è òåìïåðàòóðû ïðîòóáåðàíöà, ïîëó÷åííûå èç óñëîâèÿ ðàâíîâåñèÿ
òàêîãî ìàãíèòíîãî ïîëÿ, õîðîøî ñîîòâåòñòâóþò èçâåñòíûì íàáëþäàåìûì ïàðàìåòðàì.

 Êëþ÷åâûå ñëîâà: Ñîëíöå: ïðîòóáåðàíö: âîëîêíà

1. Ââåäåíèå. Èçó÷åíèå ïðîòóáåðàíöåâ - îäíà èç âàæíûõ çàäà÷ ôèçèêè
Ñîëíöà. Óäåðæàíèå â òå÷åíèå äîëãîãî âðåìåíè ãèãàíòñêèõ îáðàçîâàíèé î÷åíü
õîëîäíîé è ïëîòíîé (ïî ñðàâíåíèþ ñ ñîëíå÷íîé êîðîíîé) ïëàçìû ïðîòèâ ñèë
òÿæåñòè â ìàãíèòíîì ïîëå ïðåäñòàâëÿåò ñîáîé ñëîæíóþ è èíòåðåñíóþ çàäà÷ó
ïëàçìåííîé ôèçèêè. Èíòåðåñ ê ñòðîåíèþ ïðîòóáåðàíöåâ îáóñëîâëåí è òåì,
÷òî èõ ýðóïòèâíûå ôàçû îáû÷íî òåñíî ñâÿçàíû ñ òàêèìè ãåîýôôåêòèâíûìè
ïðîÿâëåíèÿìè ñîëíå÷íîé àêòèâíîñòè, êàê ñîëíå÷íûå âñïûøêè è êîðîíàëüíûå
âûáðîñû ìàññ.

Ôèçè÷åñêèå õàðàêòåðèñòèêè ïëàçìû â ïðîòóáåðàíöàõ ðåçêî îòëè÷àþòñÿ îò
êîðîíàëüíûõ: òåìïåðàòóðà â íèõ íèæå òåìïåðàòóðû îêðóæàþùåé ñðåäû íà 2
ïîðÿäêà, à ïëîòíîñòü, íàîáîðîò, - âûøå, ïðèìåðíî íà òå æå 2 ïîðÿäêà. Ïðè
ýòîì ìàãíèòíîå ïîëå ñîëíå÷íûõ âîëîêîí ìîæåò èìåòü î÷åíü ñëîæíóþ ñòðóêòóðó,
õîòÿ îïðåäåëåííàÿ èõ êëàññèôèêàöèÿ âñå-òàêè ñóùåñòâóåò: ïðèíÿòî âûäåëÿòü
ñòðóêòóðû ñ àðêàäíîé è âèíòîâîé ãåîìåòðèåé ìàãíèòíûõ ñèëîâûõ ëèíèé, à
òàêæå ðàçëè÷àòü âîëîêíà ñ ïðÿìîé è èíâåðñíîé ïîëÿðíîñòüþ ïðîíèçûâàþùåãî
èõ ìàãíèòíîãî ïîëÿ (ïî îòíîøåíèþ ê îðèåíòàöèè ôîòîñôåðíîãî ïîëÿ).

Íà÷èíàÿ ñ 50-õ ãîäîâ ïðîøëîãî âåêà, äåëàþòñÿ ïîïûòêè ïîñòðîåíèÿ
ìàòåìàòè÷åñêèõ ìîäåëåé ïðîòóáåðàíöåâ. Îäíàêî êàêîé-ëèáî ïðèçíàííîé ìîäåëè
äî ñèõ ïîð íå ñóùåñòâóåò. Ìíîãî ðàáîò ïîñâÿùåíî ìåõàíèçìó îáðàçîâàíèÿ
ñîëíå÷íûõ âîëîêîí, àêòèâíî èçó÷àþòñÿ êîëåáàòåëüíûå ïðîöåññû â íèõ, íî
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ïðè ýòîì çàäà÷à îïèñàíèÿ ðàâíîâåñèÿ ñïîêîéíîãî äîëãîæèâóùåãî âîëîêíà
çà÷àñòóþ ïðîñòî íå ñòàâèòñÿ. Îáñóæäàåòñÿ ëèøü ìàãíèòíàÿ êîíôèãóðàöèÿ
(ïðèâîäèòñÿ ðèñóíîê ìàãíèòíûõ ñèëîâûõ ëèíèé), êîòîðàÿ, ïî ìíåíèþ àâòîðîâ,
äîëæíà îáåñïå÷èòü ðàâíîâåñèå, íî ñîîòâåòñòâóþùèõ ðàñ÷åòîâ ðàâíîâåñíûõ
çíà÷åíèé òåìïåðàòóðû è ïëîòíîñòè íå ïðèâîäèòñÿ. Ìåæäó òåì, òîëüêî
äîñòàòî÷íîå ñîîòâåòñòâèå ýòèõ õàðàêòåðèñòèê (íèçêàÿ Ò è âûñîêàÿ  ) íàáëþ-
äàòåëüíûì äàííûì ìîæåò äàòü îñíîâàíèå ïðè÷èñëÿòü îáñóæäàåìóþ ñòðóêòóðó
ê êëàññó ñîëíå÷íûõ ïðîòóáåðàíöåâ.

Êàê ïðèìåð ñîâðåìåííûõ òåîðåòè÷åñêèõ ìîäåëåé ñïîêîéíûõ ñîëíå÷íûõ
âîëîêîí, ìîæíî ïðèâåñòè ðàáîòû [1,2]. Â [1] ðàññ÷èòûâàåòñÿ ïîëèòðîïíàÿ
ìîäåëü ïëîòíîãî âîëîêíà, íî ðàñ÷åòû òåìïåðàòóðû îòñóòñòâóþò, ïîýòîìó
íåïîíÿòíî, ÿâëÿåòñÿ ëè ïîñòðîåííàÿ êîíôèãóðàöèÿ ïðîòóáåðàíöåì. Â ðàáîòå
[2] ïðîòóáåðàíåö óïîäîáëÿåòñÿ ìàòåìàòè÷åñêîìó ìàÿòíèêó, è âñÿ ïðîáëåìà
ðàâíîâåñèÿ ñâåäåíà ê ðàâåíñòâó â îäíîé òîëüêî òî÷êå âåëè÷èíû ñèëû òÿæåñòè
è ìàãíèòíîãî íàòÿæåíèÿ ñèëîâûõ ëèíèé, èìåþùèõ â ýòîì ìåñòå íåêîòîðûé
ïðîãèá. Ïðèâåäåííûå ïðèìåðû ïîêàçûâàþò, ÷òî ïðîáëåìà ðàâíîâåñèÿ ñîëíå÷íûõ
âîëîêîí è íà ñåãîäíÿ îñòàåòñÿ âåñüìà àêòóàëüíîé.

2. Ìîäåëèðîâàíèÿ ïðîòóáåðàíöåâ ïðè íàëè÷èè â ñèñòåìå
òðàíñëÿöèîííîé ñèììåòðèè: óðàâíåíèÿ è ïîñòàíîâêà çàäà÷è .
Ñîëíå÷íûå âîëîêíà èìåþò îáû÷íî äëèíó, çíà÷èòåëüíî ïðåâîñõîäÿùóþ ðàäèóñ
èõ ñå÷åíèÿ, ïîýòîìó ïðåäñòàâëÿåòñÿ âïîëíå îïðàâäàííûì ïðè èõ òåîðåòè÷åñêîì
îïèñàíèè ââîäèòü ïðåäïîëîæåíèå î òðàíñëÿöèîííîé ñèììåòðèè, ò.å. ïîëàãàòü,
÷òî ïàðàìåòðû äëèííîãî âîëîêíà âäîëü åãî îñè ìåíÿþòñÿ íåçíà÷èòåëüíî. Â
äàííîì ñëó÷àå èñïîëüçóåòñÿ äåêàðòîâà ñèñòåìà êîîðäèíàò, ñ îñüþ z , íàïðàâëåííîé
âåðòèêàëüíî ââåðõ, îñüþ x - ïîïåðåê âîëîêíà, è îñüþ y - âäîëü åãî îñè.
Çàâèñèìîñòü ëþáûõ ïàðàìåòðîâ âîëîêíà îò y îòñóòñòâóåò ( 0 y ). Ñèñòåìà
óðàâíåíèé ìàãíèòíîé ãèäðîñòàòèêè â òðàäèöèîííûõ îáîçíà÷åíèÿõ èìååò âèä:

  , rot
4
1

zgP eBB 


 (1)

, 0div B (2)

  .  ,




R
PzxT (3)

Çäåñü Â - íàïðÿæåííîñòü ìàãíèòíîãî ïîëÿ, P - äàâëåíèå ãàçà,   - óäåëüíàÿ
ïëîòíîñòü, T - òåìïåðàòóðà,   - ñðåäíÿÿ ìîëÿðíàÿ ìàññà ãàçà, R  -
óíèâåðñàëüíàÿ ãàçîâàÿ ïîñòîÿííàÿ, g - óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ íà
ïîâåðõíîñòè Ñîëíöà, 410742  .g ñì/ñ2. Ïðè íàëè÷èè òðàíñëÿöèîííîé
ñèììåòðèè, óñëîâèÿ ðàâíîâåñèÿ ïðèíèìàþò âèä [3]:

    ,  ,4
2
1 2

dA
zAdP

dA
AdB

A y  (4)
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    .  ,1 ,
z
AzP

g
zA




 (5)

Â óðàâíåíèÿõ (4), (5) ââåäåíà  zxA  ,  - ôóíêöèÿ ìàãíèòíîãî ïîòîêà, êîòîðàÿ

îïðåäåëÿåòñÿ èíòåãðàëîì     
x

z xdzxBzxA
0

 , , , zB  - âåðòèêàëüíàÿ ñîñòàâ-

ëÿþùàÿ íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ. Óðàâíåíèå (3) - ñîñòîÿíèå èäåàëüíîãî
ãàçà, óðàâíåíèå (4) îïðåäåëÿåò ðàâíîâåñèå âîëîêíà, à óðàâíåíèå (5) îïèñûâàåò
ãèäðîñòàòè÷åñêîå ðàñïðåäåëåíèå ïëîòíîñòè âäîëü ìàãíèòíûõ ñèëîâûõ ëèíèé.

Êîìïîíåíòû ïîëÿ xB  è zB , âûðàæàþòñÿ ïðîèçâîäíûìè îò ôóíêöèè
ïîòîêà A:

, ; 
z
AB

x
AB xz 







 (6)

÷òî ãàðàíòèðóåò âûïîëíåíèå óñëîâèÿ 0div B . Ïðîäîëüíûé êîìïîíåíò ïîëÿ
By, ââèäó òðàíñëÿöèîííîé ñèììåòðèè, íå çàâèñèò ÿâíî îò êîîðäèíàò (x, z)
è îïðåäåëÿåòñÿ òîëüêî çíà÷åíèåì ôóíêöèè ìàãíèòíîãî ïîòîêà:  ABB yy 

Ñèñòåìà (1)-(3) íåäîîïðåäåëåíà: â íåé îòñóòñòâóåò óðàâíåíèå ïåðåíîñà ýíåðãèè,
êîòîðîå â õðîìîñôåðå è êîðîíå Ñîëíöà èìååò î÷åíü ñëîæíûé âèä. Ïî ýòîé
ïðè÷èíå ïðèõîäèòñÿ çàäàâàòü íåêîòîðûå äîïîëíèòåëüíûå óñëîâèÿ. Â êà÷åñòâå
òàêîâûõ ìû áóäåì ñ÷èòàòü èçâåñòíîé (çàäàííîé) ìàãíèòíóþ ñòðóêòóðó âîëîêíà.

Òàêèì îáðàçîì, èäåÿ ïîñòðîåíèÿ ìîäåëåé ðàâíîâåñíûõ ñîëíå÷íûõ
ïðîòóáåðàíöåâ çàêëþ÷àåòñÿ â ñëåäóþùåì: çàäàâ ðàçóìíóþ (ñ òî÷êè çðåíèÿ
íàáëþäàòåëüíûõ äàííûõ) ìàãíèòíóþ ñòðóêòóðó âîëîêíà, ò.å. ñ÷èòàÿ ôóíêöèè
 zxA  ,  è  ABy  èçâåñòíûìè, òðåáóåòñÿ íàéòè ðàñïðåäåëåíèå ãàçîâîãî äàâëåíèÿ

â ñèñòåìå ïóòåì èíòåãðèðîâàíèÿ óðàâíåíèÿ ðàâíîâåñèÿ (4), çàòåì ðàññ÷èòàòü
ðàñïðåäåëåíèå ïëîòíîñòè ïî óðàâíåíèþ (5) è, íàêîíåö, âû÷èñëèòü òåìïåðà-
òóðíûé ïðîôèëü ïî óðàâíåíèþ ñîñòîÿíèÿ èäåàëüíîãî ãàçà (3). Âïåðâûå ýòîò
ìåòîä áûë ðåàëèçîâàí â [4] äëÿ îïèñàíèÿ àðêàäíîé ìîäåëè ïðîòóáåðàíöà. Â
ïîñëåäóþùåì îí áûë ðàçâèò â ðàáîòàõ [5,6]. Â [6] áûëî ðàññìîòðåíî âîëîêíî
ñ âèíòîâîé ñòðóêòóðîé ìàãíèòíîãî ïîëÿ, â [5] ïîêàçàíî, êàê ìîæíî ìîäå-
ëèðîâàòü ïðîòóáåðàíöû ïðÿìîé è îáðàòíîé ïîëÿðíîñòè.

Ïðèíÿòû ñëåäóþùèå ãðàíè÷íûå óñëîâèÿ â çàäà÷å ìîäåëèðîâàíèÿ:
1. Âîëîêíî, â ñîîòâåòñòâèè ñ äàííûìè íàáëþäåíèé, ðàññìàòðèâàåòñÿ êàê

óåäèíåííàÿ ìàãíèòíàÿ ñòðóêòóðà, ò.å. ïðèíèìàåòñÿ, ÷òî ìàãíèòíîå ïîëå âîëîêíà
äîñòàòî÷íî áûñòðî óáûâàåò ñ ðàññòîÿíèåì îò åãî îñè.

2. Èç íàáëþäàòåëüíûõ äàííûõ èçâåñòíî, ÷òî ñïîêîéíûå ïðîòóáåðàíöû,
êàê ïðàâèëî, ðàñïîëàãàþòñÿ íàä ôîòîñôåðíîé ëèíèåé ðàçäåëà ïîëÿðíîñòè. Â
íàøèõ ìîäåëÿõ ýòî óñëîâèå âûïîëíÿåòñÿ çà ñ÷åò ñîîòâåòñòâóþùåãî âûáîðà
ìàãíèòíîé ñòðóêòóðû âîëîêíà.

Çàìåòèì òàêæå, ÷òî â ñóùåñòâóþùèõ ìîäåëÿõ ïðîòóáåðàíöåâ îáû÷íî â
êà÷åñòâå âíåøíåé ñðåäû ðàññìàòðèâàåòñÿ âàêóóìíàÿ îáëàñòü ñ ïîòåíöèàëüíûì
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ìàãíèòíûì ïîëåì. Â íàøèõ ìîäåëÿõ âíåøíÿÿ ñðåäà ïðåäñòàâëåíà êàê ðåàëüíàÿ
ñîëíå÷íàÿ êîðîíà, èìåþùàÿ îïðåäåëåííóþ ïëîòíîñòü ïëàçìû è äàâëåíèå. Îíà
îïèñûâàåòñÿ ñîâðåìåííîé ãèäðîñòàòè÷åñêîé ìîäåëüþ ñîëíå÷íîé àòìîñôåðû [7].
Â ýòîé ìîäåëè òåìïåðàòóðà ïëàçìû íà óðîâíå ôîòîñôåðû ðàâíà 6583 K (óðîâåíü
ñ òåìïåðàòóðîé, êîòîðóþ îáû÷íî ïðèíÿòî ñ÷èòàòü ôîòîñôåðíîé, ðàñïîëàãàåòñÿ
íà 50 êì âûøå), êîíöåíòðàöèÿ ÷àñòèö ñîñòàâëÿåò îêîëî 17102   ñì-3.

Ïðîäîëüíàÿ ñîñòàâëÿþùàÿ ìàãíèòíîãî ïîëÿ By, ñîçäàþùàÿ âìåñòå ñ äâóìÿ
äðóãèìè êîìïîíåíòàìè âèíòîâóþ ñòðóêòóðó ìàãíèòíûõ ñèëîâûõ ëèíèé,
çàâèñèò, êàê óæå îòìå÷àëîñü, âñëåäñòâèå òðàíñëÿöèîííîé ñèììåòðèè ñèñòåìû,
òîëüêî îò ôóíêöèè ìàãíèòíîãî ïîòîêà À, è çàâèñèìîñòü ýòó ìîæíî çàäàòü
ïðîèçâîëüíî. Åñëè ïðèíÿòü:

    , 222
0 AABB yy  (7)

ãäå 0yB  - ìàêñèìàëüíîå çíà÷åíèå ïðîäîëüíîãî ïîëÿ íà îñè ïðîòóáåðàíöà,
à   - íåêîòîðûé êîýôôèöèåíò, èìåþùèé ðàçìåðíîñòü îáðàòíîé äëèíû
(íèæå ïðè ðàñ÷åòàõ ïðèíèìàëîñü 30.  Ìì-1), òî ïîëå  ABy  îêàçûâàåòñÿ
ìèíèìàëüíûì íà îñè æãóòà è ìàêñèìàëüíûì âíå. Ýòî îçíà÷àåò, ÷òî âîëîêíî
ïîãðóæåíî â íåêîòîðûé ìàãíèòíûé æåëîá, îáåñïå÷èâàþùèé äîïîëíèòåëüíîå
óäåðæàíèå ïëîòíîé ïëàçìû ïðîòóáåðàíöà â ìàãíèòíîì ïîëå.

Â îòëè÷èå îò èçâåñòíîãî óðàâíåíèÿ Ãðýäà-Øàôðàíîâà [8], îïèñûâàþùåãî
ðàâíîâåñèå ðàçðåæåííîé ãîðÿ÷åé ïëàçìû, êîòîðàÿ ñîçäàåòñÿ äëÿ çàïóñêà
óïðàâëÿåìîé òåðìîÿäåðíîé ðåàêöèè è îòäåëÿåòñÿ îò æåñòêîãî ìåòàëëè÷åñêîãî
êîæóõà âàêóóìíîé îáëàñòüþ, â óðàâíåíèè (4), áëàãîäàðÿ ó÷åòó ñèëû òÿæåñòè,
ãàçîâîå äàâëåíèå çàâèñèò íå òîëüêî îò ôóíêöèè À, íî è îò âåðòèêàëüíîé
êîîðäèíàòû z :  zAP  , . Âñëåäñòâèå ýòîãî âîçíèêàåò âîçìîæíîñòü ïðîèíòåã-
ðèðîâàòü óðàâíåíèå ðàâíîâåñèÿ (4) ïî îäíîé èç äâóõ ïåðåìåííûõ A, îñòàâëÿÿ
çíà÷åíèå äðóãîé ïåðåìåííîé z  ôèêñèðîâàííûì:

    . 
4
1

8
 ,

0

22
0  









A
yy

ex AdA
BB

zPzAP (8)

Çäåñü  zPex  - ãàçîâîå äàâëåíèå âíåøíåé ñðåäû, çàäàâàåìîå, êàê óêàçàíî
âûøå, ìîäåëüþ [7]. Íàäî ó÷åñòü, ÷òî â (8) ïîëíûé äèôôåðåíöèàë ïîòîêà

èìååò âèä   dx
x
AzxdA




 , , ïîñêîëüêó ïåðåìåííàÿ z  ôèêñèðóåòñÿ. Çàäà÷à

èíòåãðèðîâàíèÿ â (8) çíà÷èòåëüíî óïðîùàåòñÿ, åñëè â ôóíêöèè ïîòîêà
ïåðåìåííûå ðàçäåëåíû:      zZxXzxA  , . Â ýòîì ñëó÷àå èíòåãðàë äàåò:

 










 AA

dx
x
XX

z
ZZdX

x
X

x
XZ

0
2

2

0
2

2
2

, è ìû ïîëó÷àåì ðàñïðåäåëåíèå äàâëåíèÿ

â äàííîé ñòðóêòóðå â âèäå:
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Â êà÷åñòâå êîíñòàíòû èíòåãðèðîâàíèÿ çäåñü áåðåòñÿ çíà÷åíèå äàâëåíèÿ â
óäàëåííîé òî÷êå âíåøíåé ñðåäû  zPex . Ïîñëå âû÷èñëåíèÿ ïðàâîé ÷àñòè (9)
åå íåîáõîäèìî ïðèâåñòè ê ïåðåìåííûì A è z  äëÿ ðàñ÷åòà ïëîòíîñòè ïî
ôîðìóëå (5) ïóòåì äèôôåðåíöèðîâàíèÿ ïî z  ïðè ôèêñèðîâàííîì A. Äàëåå,
çíàÿ äàâëåíèå è ïëîòíîñòü, ðàññ÷èòûâàåì òåìïåðàòóðó èç óðàâíåíèÿ (3).

3. Ìîäåëü ïðîòóáåðàíöà ñ òîíêîé ñòðóêòóðîé ìàãíèòíîãî
ïîëÿ. Êàê èçâåñòíî, äëÿ ïðîòóáåðàíöåâ õàðàêòåðíà òîíêàÿ âîëîêíèñòàÿ
ñòðóêòóðà. Ïîýòîìó, íàðÿäó ñ ìîäåëèðîâàíèåì îáùåãî ñòðîåíèÿ òåëà âîëîêíà,
âîçíèêàåò ïðîáëåìà îïèñàíèÿ ýòîé òîíêîé ñòðóêòóðû, êîòîðàÿ â íàøåì
ñëó÷àå ðåøàåòñÿ îòíîñèòåëüíî ïðîñòî.

Ðàíåå â [9] íàìè óæå áûë ïðåäëîæåí ðÿä ìîäåëåé, ó÷èòûâàþùèõ òîíêóþ
ñòðóêòóðó ñîëíå÷íûõ âîëîêîí êàê â âûñîòíîì, òàê è â ïîïåðå÷íîì íàïðàâ-
ëåíèÿõ. Íî â óêàçàííîé ðàáîòå íå èñïîëüçîâàëîñü óñëîâèå ðàçäåëåíèÿ ïåðå-
ìåííûõ â ôóíêöèè ïîòîêà, ÷òî çíà÷èòåëüíî óñëîæíÿëî èíòåãðèðîâàíèå è
ïðèâîäèëî ê îòíîñèòåëüíî ñëîæíûì, â òîì ÷èñëå ÷èñëåííûì, ðàñ÷åòàì.

Â äàííîé ðàáîòå ìû çàäàäèì ôóíêöèþ ïîòîêà ñ ðàçäåëåííûìè ïåðåìåííûìè
òàê, ÷òî îíà áóäåò îïèñûâàòü ðàâíîâåñíóþ ìàãíèòîïëàçìåííóþ êîíôèãóðàöèþ
â ôîðìå ñêðó÷åííîãî ìàãíèòíîãî æãóòà, ñîñòîÿùåãî èç ðÿäà ïðîäîëüíûõ
âîëîêîíåö:

        . sincos301-exp , 2222
0  bzx.zkxkLBzxA zx (10)

Çäåñü B0 - åäèíèöà èçìåðåíèÿ ìàãíèòíîãî ïîëÿ; óðîâåíü ôîòîñôåðû, îò
êîòîðîãî îòñ÷èòûâàþòñÿ âûñîòû, èìååò íóëåâóþ âûñîòó: 0z ; êîýôôèöèåíòû
a è b - ïàðàìåòðû, îïðåäåëÿþùèå òîíêóþ ñòðóêòóðó, xk , zk  - õàðàêòåðíûé
îáðàòíûé ìàñøòàá äëèíû â ñîîòâåòñòâóþùåì íàïðàâëåíèè,   - ïðîèçâîëüíàÿ
íà÷àëüíàÿ ôàçà. ×èñëåííûé ïàðàìåòð L ââåäåí äëÿ ñîõðàíåíèÿ ðàçìåðíîñòè,
ïðè ðàñ÷åòàõ ïðèíèìàåì åãî ðàâíûì 1 Ìì. Â ôîðìóëå (10) ýêñïîíåíòà
îïèñûâàåò îñíîâíîå òåëî âîëîêíà, à äîáàâêè ïî õ è z , â âèäå ãàðìîíè÷åñêèõ
ñëàãàåìûõ, îáåñïå÷èâàþò òîíêóþ âíóòðåííþþ ñòðóêòóðó ìàãíèòíîãî ïîëÿ.

Íà ðèñ.1 ïðåäñòàâëåí òðåõìåðíûé âèä ìàãíèòíîé êîíôèãóðàöèè, çàäàâàåìîé
óðàâíåíèåì A = const, ãäå A îïèñûâàåòñÿ ôîðìóëîé (10). Âäîëü îñè y âîëîêíî
áåñêîíå÷íî äëèííîå, à â âåðòèêàëüíîì íàïðàâëåíèè îíî ðàñïàäàåòñÿ íà
íåñêîëüêî ìàãíèòíûõ ñëîåâ, êàæäûé èç êîòîðûõ ãîôðèðîâàí â ïîïåðå÷íîì
íàïðàâëåíèè. Âåðòèêàëüíîå ïîëå ïîä âîëîêíîì íà ôîòîñôåðå ìåíÿåò çíàê,
ò.å. âîëîêíî ðàñïîëàãàåòñÿ íàä ëèíèåé ðàçäåëà ïîëÿðíîñòåé.

Íà ðèñ.2, 3 ïîêàçàíû òåðìîäèíàìè÷åñêèå ïàðàìåòðû ïëàçìû (êîíöåíòðàöèÿ
è òåìïåðàòóðà) ðàññìàòðèâàåìîãî ðàñïðåäåëåíèÿ. Ïèêè íà ðèñ.2 îçíà÷àþò
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íàëè÷èå ñèëüíîé êîíöåíòðàöèè ïëàçìû íà îñè îòäåëüíûõ âîëîêîíåö. Â
òåìïåðàòóðíîì ïðîôèëå òîíêàÿ ñòðóêòóðà âîëîêíà òàêæå âûðàæåíà äîñòàòî÷íî

îò÷åòëèâî. Â íàèáîëåå õîëîäíûõ ÷àñòÿõ âîëîêíà òåìïåðàòóðà äîñòèãàåò çíà÷åíèé
4500 - 5000 K, ñîîòâåòñòâóþùèå èì êîíöåíòðàöèè ñîñòàâëÿþò íåñêîëüêî åäèíèö
íà 1011

 ñì-3. Ìàãíèòíîå ïîëå â òåëå âîëîêíà íà ñðåäíèõ âûñîòàõ ñîñòàâëÿåò
íåñêîëüêî ãàóññ. Óêàçàííûå çíà÷åíèÿ ïàðàìåòðîâ âîëîêíà âïîëíå ñîîòâåòñòâóþò

Ðèñ.1. Òðåõìåðíûé âèä ìàãíèòíûõ ñèëîâûõ ïîâåðõíîñòåé, çàäàâàåìûõ óðàâíåíèåì A = const,
ãäå A îïèñûâàåòñÿ ôîðìóëîé (10). Âñå äëèíû èçìåðÿþòñÿ â Ìì. Ïðè ðàñ÷åòàõ ïðèíÿòî:
B0 = 3.4 Ãñ, kx = 1/8 Ìì-1, kz = 1/9 Ìì-1, a = 1 Ìì-1, b = 2 Ìì-1, 3 .
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Ðèñ.2. Êîíöåíòðàöèÿ ÷àñòèö â âîëîêíå. Âåðòèêàëüíàÿ îñü äàåò ÷èñëåííûå çíà÷åíèÿ
êîíöåíòðàöèè íà êóáè÷åñêèé ñì. Ãðàäèåíòîì öâåòà ïîêàçàíû ýòè çíà÷åíèÿ îò íàèìåíüøèõ
(òåìíûé) äî íàèáîëüøèõ (ñâåòëûé) âåëè÷èí.
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òîìó, ÷òî íàáëþäàåòñÿ â ðåàëüíûõ ïðîòóáåðàíöàõ.

4. Çàêëþ÷åíèå. Ïðåäñòàâëåíà íîâàÿ ìîäåëü ñïîêîéíîãî ïðîòóáåðàíöà,
îáëàäàþùåãî òîíêîé ñòðóêòóðîé êàê ìàãíèòíîãî ïîëÿ, òàê è ðàñïðåäåëåíèé
òåðìîäèíàìè÷åñêèõ õàðàêòåðèñòèê. Â äàííîé ìîäåëè ìàãíèòíîå ïîëå íà
óðîâíå ôîòîñôåðû ñîñòàâëÿåò îêîëî 10 Ãñ. Ãåîìåòðè÷åñêèå ðàçìåðû è ôèçè÷åñêèå
ïàðàìåòðû îòäåëüíûõ âîëîêîíåö (òåìïåðàòóðà ñàìûõ õîëîäíûõ ó÷àñòêîâ îêîëî
5000 Ê, íàèáîëüøàÿ êîíöåíòðàöèÿ ÷àñòèö - 11103   ñì-3) õîðîøî ñîîòâåòñòâóþò
íàáëþäàòåëüíûì äàííûì.

Õàðàêòåðíîé îñîáåííîñòüþ ïðåäñòàâëåííîé ìîäåëè ÿâëÿåòñÿ òî, ÷òî âåðòè-
êàëüíûå êîîðäèíàòû òåìïåðàòóðíûõ ìèíèìóìîâ è ìàêñèìàëüíûõ ñãóùåíèé
ïëîòíîñòè ïëàçìû íå ñîâïàäàþò (òî÷êè ñ ìàêñèìàëüíîé ïëîòíîñòüþ ðàñïîëà-
ãàþòñÿ âûøå ïî âûñîòå íà 0.5 - 1 Ìì, ÷åì òåìïåðàòóðíûå ìèíèìóìû). Áûëî
áû èíòåðåñíî â áóäóùåì ïðîâåðèòü ýòî ñâîéñòâî òåîðåòè÷åñêîé ìîäåëè íà

Ðèñ.3. Òåìïåðàòóðíûé ïðîôèëü ìàã-
íèòíîé êîíôèãóðàöèè (9): a) â ïëîñêîñòè

zx ;  b) â ïîïåðå÷íîì íàïðàâëåíèè; c)
â âåðòèêàëüíîì íàïðàâëåíèè.
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ñîîòâåòñòâóþùåì íàáëþäàòåëüíîì ìàòåðèàëå.

Àâòîðû ïðèçíàòåëüíû àíîíèìíîìó ðåöåíçåíòó çà ïîëåçíûå êðèòè÷åñêèå
çàìå÷àíèÿ. Ðàáîòà ïîääåðæàíà ãðàíòîì ÐÔÔÈ 18-02-00168.

ÔÃÁÓÍ "Ãëàâíàÿ (Ïóëêîâñêàÿ) àñòðîíîìè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ",
Ðîññèÿ, e-mail: korolkovaoa@gmail.com

FINE FILAMENT STRUCTURE OF
QUIESCENT PROMINENCE

O.A.KOROLKOVA, À.À.SOLOV'EV

A theoretical model of an isolated solar prominence with cold and dense plasma
is presented. Thermodynamic parameters (gas pressure, density and temperature) are
calculated according to a given structure of the magnetic field. The filament is located
above the photospheric line of polarity inversion, the magnetic field of the filament
decreases rapidly with distance from the axis, therefore the net electrical current
along the filament is zero. The prominence has the helical structure of magnetic
field divided into many fine filaments. The plasma density and temperature derived
from the equilibrium condition of the given magnetic field correspond well to the
known observational data.

Keywords: Sun: prominence: filaments
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Äëÿ èçó÷åíèÿ õàðàêòåðíûõ ïåðèîäîâ äèôôåðåíöèàëüíîãî âðàùåíèÿ Ñîëíöà áûëè èñïîëü-
çîâàíû äàííûå î ñîëíå÷íûõ âîäîðîäíûõ âîëîêíàõ, ïîëó÷åííûå â Àáàñòóìàíñêîé àñòðî-
ôèçè÷åñêîé îáñåðâàòîðèè äëÿ öèêëîâ ñîëíå÷íîé àêòèâíîñòè 19-22. Äëÿ ñêîðîñòåé äèôôåðåí-
öèàëüíîãî âðàùåíèÿ âîäîðîäíûõ âîëîêîí è èõ ÷èñëà, êðîìå èçâåñòíîãî 11-ëåòíåãî ïåðèîäà
ñîëíå÷íîé àêòèâíîñòè, âûÿâëåíà êâàçèäâóõëåòíÿÿ ïåðèîäè÷íîñòü, à äëÿ ÷èñëà âîäîðîäíûõ
âîëîêîí è êâàçèïÿòèëåòíÿÿ ïåðèîäè÷íîñòü.

Êëþ÷åâûå ñëîâà: Âîäîðîäíûå âîëîêíà: Êâàçèäâóõëåòíèé ïåðèîä: Êâàçè-
 ïÿòèëåòíèé ïåðèîä

1. Ââåäåíèå. Âçàèìîäåéñòâèå ìåæäó ñîëíå÷íûì âðàùåíèåì, êîíâåêöèåé
è ìàãíèòíûìè ïîëÿìè ÿâëÿåòñÿ ïðè÷èíîé ñîëíå÷íîé àêòèâíîñòè. Ïîýòîìó,
èçó÷åíèå äèôôåðåíöèàëüíîãî âðàùåíèÿ Ñîëíöà è åãî ïåðèîäè÷íîñòåé ÿâëÿåòñÿ
âàæíîé ÷àñòüþ ñîëíå÷íîé ôèçèêè. Íåñìîòðÿ íà èññëåäîâàíèÿ àâòîðîâ [1-14],
ñîëíå÷íîå äèôôåðåíöèàëüíîå âðàùåíèå âñå åùå ïîëíîñòüþ íå èçó÷åíî.

Ñîëíå÷íàÿ àêòèâíîñòü âëèÿåò íà ïðîöåññû, ïðîèñõîäÿùèå íà çåìíîé
ïîâåðõíîñòè. Â ÷àñòíîñòè àêòèâíîñòü, ìîäóëèðóåìàÿ êâàçèäâóõëåòíåé îñöèëëÿ-
öèåé, âëèÿåò íà çîíàëüíóþ ñðåäíþþ òåìïåðàòóðó íà âûñîêèõ øèðîòàõ â
íèæíåé ñòðàòîñôåðå, íà ñðåäíèõ øèðîòàõ â òðîïîñôåðå è íà äàâëåíèå íà
óðîâíå ìîðÿ âáëèçè ïîëþñîâ. Òàêèì îáðàçîì, çíàíèå ñîñòîÿíèÿ Ñîëíöà è
ôàçû êâàçèäâóõëåòíèõ îñöèëëÿöèé ìîãóò áûòü ïîëåçíûìè â ïðîãíîçèðîâàíèè
êëèìàòà íà Çåìëå [15].

Êâàçèäâóõëåòíèå êîëåáàíèÿ - õîðîøî èçâåñòíûå âàðèàöèè ñîëíå÷íîé
àêòèâíîñòè, ìåæïëàíåòíûõ ïàðàìåòðîâ, ãåîìàãíèòíûõ âîçìóùåíèé è êîñìè-
÷åñêèõ ëó÷åé. Íàèáîëüøàÿ îòðèöàòåëüíàÿ êîððåëÿöèÿ ñóùåñòâóåò ìåæäó
êâàçèäâóõëåòíèìè öèêëè÷íîñòÿìè êîñìè÷åñêèõ ëó÷åé è ãåëèîñôåðíîãî ìàãíèò-
íîãî ïîëÿ [16].

2. Íàáëþäàòåëüíûå äàííûå. Äëÿ èçó÷åíèÿ õàðàêòåðíûõ ïåðèîäîâ
ñîëíå÷íîãî äèôôåðåíöèàëüíîãî âðàùåíèÿ, ìû èñïîëüçîâàëè îäíîðîäíûå
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äàííûå î ñîëíå÷íûõ âîäîðîäíûõ âîëîêíàõ, ïîëó÷åííûå ñ ïîìîùüþ
õðîìîñôåðíîãî òåëåñêîïà AFR-2 â Àáàñòóìàíñêîé Àñòðîôèçè÷åñêîé îáñåð-
âàòîðèè çà 1957-1993ãã. (äëÿ öèêëîâ ñîëíå÷íîé àêòèâíîñòè 19-22). Èç âñåõ
âîäîðîäíûõ âîëîêîí, íàáëþäàâøèõñÿ çà ýòîò ïåðèîä, ìû âûáðàëè îòíîñèòåëüíî
ñòàáèëüíûå âîëîêíà, îòäåëüíûå ôðàãìåíòû êîòîðûõ ìîæíî áûëî èäåíòèôèöè-
ðîâàòü â òå÷åíèå âñåãî âðåìåíè íàáëþäåíèÿ. Âûáðàííûå âîäîðîäíûå âîëîêíà
íå áûëè ñâÿçàíû ñ àêòèâíûìè îáëàñòÿìè. Âîäîðîäíûå âîëîêíà, êîòîðûå
ñóùåñòâîâàëè ìåíåå òðåõ ñóòîê, ñ÷èòàëèñü íåñòàáèëüíûìè è îòñåèâàëèñü.

Áûëè èçìåðåíû óãëîâûå ñêîðîñòè 716 âîäîðîäíûõ âîëîêîí è èõ îòäåëüíûõ
ôðàãìåíòîâ ïðèáëèçèòåëüíî â 14000 òî÷êàõ ñ 5o-íûìè øèðîòíûìè èíòåðâàëàìè
â äèàïàçîíå øèðîò 35o N - 35o S è äîëãîòû â ïðåäåëàõ ±60o îò öåíòðàëüíîãî
ìåðèäèàíà. Çà ýòèìè ïðåäåëàìè èçìåðåíèÿ íå ïðîâîäèëèñü, òàê êàê âîçíèêàëè
òðóäíîñòè èç-çà íåîïðåäåëåííîñòè, âîçíèêàþùåé âáëèçè êðàÿ ñîëíå÷íîãî
äèñêà. Ñêîðîñòè âðàùåíèÿ áûëè âû÷èñëåíû äëÿ êàæäîé ïàðû ïîñëåäóþùèõ
äíåé â òå÷åíèå âñåé æèçíè äëÿ êàæäîãî âîäîðîäíîãî âîëîêíà [17].

3. Ôóðüå-àíàëèç íàáëþäàòåëüíûõ äàííûõ . Äëÿ èññëåäîâàíèÿ
ïåðèîäè÷íîñòåé äèôôåðåíöèàëüíîãî âðàùåíèÿ Ñîëíöà ñ ïîìîùüþ âîäîðîäíûõ
âîëîêîí áûë èñïîëüçîâàí Ôóðüå-àíàëèç [18]. Ïðè ïðèìåíåíèè Ôóðüå-àíàëèçà,
íåäîñòàþùèåñÿ äàííûå áûëè çàïîëíåíû óñðåäíåííûìè çà âåñü ïåðèîä íàáëþ-

Ðèñ.1. Ðåçóëüòàòû Ôóðüå-àíàëèçà äëÿ ñêîðîñòåé äèôôåðåíöèàëüíîãî âðàùåíèÿ âîäîðîäíûõ
âîëîêîí.
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äåíèé çíà÷åíèÿìè. Áûëè âû÷èñëåíû ïåðèîäè÷íîñòè êàê äëÿ ñêîðîñòåé äèôôå-
ðåíöèàëüíîãî âðàùåíèÿ âîäîðîäíûõ âîëîêîí, òàê è äëÿ èõ êîëè÷åñòâà íà
ðàçíûõ ãåëèîãðàôè÷åñêèõ øèðîòàõ Ñîëíöà.

Ðåçóëüòàòû, ïîëó÷åííûå ñ ïîìîùüþ Ôóðüå-àíàëèçà, ïðåäñòàâëåíû íà
ðèñ.1 è 2, ãäå íà ãîðèçîíòàëüíîé îñè íàíåñåíû ïåðèîäû (â ãîäàõ), íà
âåðòèêàëüíîé - ìîùíîñòü, à   - ãåëèîãðàôè÷åñêàÿ øèðîòà. Äîâåðèòåëüíûé
èíòåðâàë 95% áûë ðàññ÷èòàí (ïóíêòèðíàÿ ãîðèçîíòàëüíàÿ ëèíèÿ íà ðèñóíêàõ)
ïî ôîðìóëå:

, SEtmean crit

ãäå tcrit - êðèòè÷åñêàÿ âåëè÷èíà (â íàøåì ñëó÷àå tcrit ñîîòâåòñòâóåò 3 ); SE
- ñòàíäàðòíàÿ îøèáêà ïðîãíîçà; mean - ñðåäíåå çíà÷åíèå óãëîâûõ ñêîðîñòåé
âîäîðîäíûõ âîëîêîí è èõ îòäåëüíûõ ôðàãìåíòîâ, à   - ñðåäíÿÿ êâàäðàòè÷íàÿ
îøèáêà îáðàáàòûâàåìûõ äàííûõ íà çàäàííîé øèðîòå Ñîëíöà.

Êàê âèäíî èç ðèñ.1, äëÿ ñêîðîñòåé äèôôåðåíöèàëüíîãî âðàùåíèÿ âîäîðîä-
íûõ âîëîêîí, êðîìå èçâåñòíîãî 11-ëåòíåãî ïåðèîäà ñîëíå÷íîé àêòèâíîñòè (â
äèàïàçîíå 10.3 ãîäà), âûÿâëåíà êâàçèäâóõëåòíÿÿ ïåðèîäè÷íîñòü (â äèàïàçîíå
îò 2.21 äî 3.44 ëåò) íà âñåõ ãåëèîãðàôè÷åñêèõ øèðîòàõ, êðîìå 35o þæíîãî
è 5o è 25o ñåâåðíîãî ïîëóøàðèé Ñîëíöà.

Ðèñ.2. Ðåçóëüòàòû Ôóðüå-àíàëèçà äëÿ ÷èñëà âîäîðîäíûõ âîëîêîí.
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Êàê âèäíî èç ðèñ.2, äëÿ ÷èñëà âîäîðîäíûõ âîëîêîí, êðîìå èçâåñòíîãî
11-ëåòíåãî ïåðèîäà ñîëíå÷íîé àêòèâíîñòè (â äèàïàçîíå 10.3 ãîäà), âûÿâëåíû
êâàçèäâóõëåòíÿÿ ïåðèîäè÷íîñòü (â äèàïàçîíå îò 2.21 äî 3.44 ëåò) äëÿ øèðîò
5o-10o è 35o þæíîãî è äëÿ âñåõ øèðîò 0o-35o ñåâåðíîãî ïîëóøàðèé Ñîëíöà
è êâàçèïÿòèëåòíÿÿ ïåðèîäè÷íîñòü (â äèàïàçîíå îò 5.17 äî 6.2 ëåò) äëÿ øèðîò
0o-10o è 35o äëÿ þæíîãî è ñåâåðíîãî ïîëóøàðèé Ñîëíöà.

4. Îáñóæäåíèå è çàêëþ÷åíèå. Ïðèìåíèâ âåéâëåò-ïðåîáðàçîâàíèå
äàííûõ ñóòî÷íîãî ðàäèîïîòîêà íà 10.7 ñì, îõâàòûâàþùåãî ïåðèîä ñ 1947 ïî
2014ãã., ïîëó÷åíî ñóùåñòâîâàíèå ïåðèîäîâ îêîëî 2.1, 3.0, 4.5, 6.6, 8.6 è 10.3
ãîäà âî âðàùåíèè êîðîíû. Óñòàíîâëåíî, ÷òî ïåðèîäû âðàùåíèÿ èçìåíÿþòñÿ
â çàâèñèìîñòè îò ôàçû ñîëíå÷íîãî öèêëà è îíè îòíîñèòåëüíî äëèííåå âî
âðåìÿ ìèíèìóìà ñîëíå÷íîãî öèêëà [19].

Ïðèìåíèâ îäíîðîäíûå äàííûå ñîëíå÷íûõ âîäîðîäíûõ âîëîêîí, äëÿ öèêëîâ
ñîëíå÷íîé àêòèâíîñòè 19-22, êàê äëÿ ñêîðîñòåé äèôôåðåíöèàëüíîãî âðàùåíèÿ
âîäîðîäíûõ âîëîêîí, òàê è äëÿ èõ êîëè÷åñòâà íà ðàçíûõ ãåëèîãðàôè÷åñêèõ
øèðîòàõ Ñîëíöà, íàìè ïîëó÷åí ïåðèîä 10.3 ãîäà äëÿ îáîèõ ïîëóøàðèé
Ñîëíöà. Êðîìå ýòîãî, äëÿ ÷èñëà âîäîðîäíûõ âîëîêîí îáíàðóæåíà êâàçè-
ïÿòèëåòíÿÿ ïåðèîäè÷íîñòü äëÿ øèðîò 0o-10o è 35o þæíîãî è ñåâåðíîãî
ïîëóøàðèé Ñîëíöà.

Ïðèìåíèâ ìåòîä ñïåêòðàëüíîãî àíàëèçà, â íàïðàâëåíèè îñè âðàùåíèÿ
Çåìëè îòíîñèòåëüíî ìàíòèè, áûëè îáíàðóæåíû äâå êîìïîíåíòû ñ ïåðèîäàìè
11 è 5.5 ëåò, íåñîìíåííî ñâÿçàííûå ñ ñîëíå÷íîé àêòèâíîñòüþ. Àâòîðû ýòî
èíòåðïðåòèðóþò êàê ðåçóëüòàò îáìåíà êèíåòè÷åñêèì óãëîâûì ìîìåíòîì ìåæäó
àòìîñôåðîé, ãäå èç-çà ñîëíå÷íîé àêòèâíîñòè ìîæåò áûòü ñãåíåðèðîâàí ïîòîê,
è ìàíòèåé [20].

Äëÿ ñêîðîñòåé äèôôåðåíöèàëüíîãî âðàùåíèÿ âîäîðîäíûõ âîëîêîí è èõ
êîëè÷åñòâà íà ðàçíûõ ãåëèîãðàôè÷åñêèõ øèðîòàõ Ñîëíöà òàêæå ïîëó÷åíà
êâàçèäâóõëåòíÿÿ ïåðèîäè÷íîñòü. Äëÿ ñêîðîñòåé äèôôåðåíöèàëüíîãî âðàùåíèÿ
âîäîðîäíûõ âîëîêîí íà âñåõ øèðîòàõ, êðîìå 35o þæíîãî è 5o è 25o ñåâåðíîãî
ïîëóøàðèé Ñîëíöà è äëÿ ÷èñëà âîäîðîäíûõ âîëîêîí, äëÿ øèðîò 5o-10o è 35o

þæíîãî è äëÿ âñåõ øèðîò 0o-35o ñåâåðíîãî ïîëóøàðèé Ñîëíöà.
Èñïîëüçóÿ ýòîò æå íàáëþäàòåëüíûé ìàòåðèàë çà 1957-1993ãã., âáëèçè

ìîìåíòà ïåðåïîëþñîâêè îáùåãî ìàãíèòíîãî ïîëÿ Ñîëíöà ðàíåå áûëî îáíàðóæåíî
ðàñïðîñòðàíåíèå êâàçèäâóõëåòíåãî èìïóëüñà îñòàòî÷íûõ ñêîðîñòåé îò áîëåå
âûñîêèõ øèðîò ê ýêâàòîðó â îáîèõ ïîëóøàðèÿõ ïî÷òè îäíîâðåìåííî [21-23].

Êðîìå 11-ëåòíåãî öèêëà, ìíîãèìè àâòîðàìè ïîëó÷åí êâàçèäâóõëåòíèé
ïåðèîä âî ìíîãèõ èíäåêñàõ êàê íà ñîëíå÷íîé ïîâåðõíîñòè è ïîä íåé, òàê
è â ãåëèîñôåðå è çåìíîé àòìîñôåðå. Â ñîëíå÷íîé àêòèâíîñòè íàèáîëåå
îò÷åòëèâî âûäåëÿåòñÿ ïåðèîä êâàçèäâóõëåòíèõ êîëåáàíèé â äèàïàçîíå îò 1.5
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äî 3.5 ëåò [24-27].
Äëÿ èçó÷åíèÿ ïåðèîäè÷åñêèõ èçìåíåíèé êðóïíîìàñøòàáíîãî ïîëÿ Ñîëíöà,

èñïîëüçóÿ äàííûå ñîëíå÷íîãî ìàãíèòíîãî ïîëÿ, êâàçèïåðèîäè÷åñêèå êîëåáàíèÿ
ñ ïåðèîäîì 1.3 ãîäà áûëè îáíàðóæåíû íà Ñîëíöå â òå÷åíèå 8 öèêëîâ. Êîëåáàíèÿ
ñ ïåðèîäîì 1.3 ãîäà òåñíî ñâÿçàíû ñ êâàçèäâóõëåòíèìè êîëåáàíèÿìè, íî èíîãäà
îíè ïðîèñõîäÿò â ïðîòèâîôàçå [28]. Ñèãíàë ñ êâàçèäâóõëåòíèì ïåðèîäîì
íàáëþäàëñÿ â êîëåáàíèÿõ òàõîêëèíà [29-30].

Ñóùåñòâîâàíèå êâàçèäâóõëåòíåé ïåðèîäè÷íîñòè áûëî îòìå÷åíî êàê â
ïîòîêå ñîëíå÷íûõ íåéòðèíî, òàê è â ÷èñëå ñîëíå÷íûõ ïÿòåí [31].

Êâàçèäâóõëåòíèå ïåðèîäè÷íîñòè îáíàðóæåíû â ðàçëè÷íûõ ãåëèîñôåðíûõ
ïàðàìåòðàõ, òàêèõ êàê ñêîðîñòü ñîëíå÷íîãî âåòðà, ìåæïëàíåòíîå ìàãíèòíîå
ïîëå, êîñìè÷åñêèå ëó÷è è ãåîìàãíèòíàÿ àêòèâíîñòü [32], à òàêæå â îáùåì
ñîäåðæàíèè îçîíà â çåìíîé àòìîñôåðå [33-34].

Èñïîëüçóÿ ïîêàçàòåëè ñîëíå÷íîé àêòèâíîñòè, òàêèå êàê ïëîùàäè ñîëíå÷íûõ
ïÿòåí è êîðîíàëüíàÿ ýìèññèÿ çåëåíîé ëèíèè â ïåðèîä 1974-2001ãã., ïîëó÷åíî,
÷òî êâàçèäâóõëåòíÿÿ ïåðèîäè÷íîñòü ÿâëÿåòñÿ ôóíäàìåíòàëüíîé ìîäîé ñîëíå÷íîé
àêòèâíîñòè [27].

Ðàáîòà áûëà ïîääåðæàíà Íàöèîíàëüíûì íàó÷íûì ôîíäîì èì. Øîòà
Ðóñòàâåëè ãðàíòàìè ¹ DI-2016-52 è PhDF2016_177.
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STUDY OF THE PERIODICITY OF THE
DIFFERENTIAL ROTATION OF THE SUN

D.JAPARIDZE1,2, G.DUMBADZE1, G.RAMISHVILI1,2, B.CHARGEISHVILI1

The periodicity of the differential rotation of the Sun was studied using the
data of solar hydrogen filaments obtained at the Abastuman Astrophysical Observatory
for solar activity cycles 19-22. For hydrogen filaments rotation rates and their
number, in addition to the known 11-year period of solar activity, a quasi-biennial
periodicity was revealed, and for the number of hydrogen filaments, the quasi-
five-year periodicity found also.

Keywords: Hydrogen filaments: Quazi-biennial periodisity: Quazi-five-year periodisity
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ÔÐÀÊÒÀËÜÍÀß ÐÀÇÌÅÐÍÎÑÒÜ ÊÎÑÌÈ×ÅÑÊÎÃÎ
ÌÈÊÐÎÂÎËÍÎÂÎÃÎ ÔÎÍÀ ÊÀÊ ÒÅÑÒ

ÄÀÍÍÛÕ ÊÀ "PLANCK"

Ï.À.ÒÀÐÀÊÀÍÎÂ, Ì.Þ.ÅÆÊÎÂ, Ì.Â.ÊÎÑÒÈÍÀ
Ïîñòóïèëà 4 íîÿáðÿ 2019

Ïðèíÿòà ê ïå÷àòè 11 ìàðòà 2020

Èññëåäîâàíû ôðàêòàëüíûå ðàçìåðíîñòè êàðò êîñìè÷åñêîãî ìèêðîâîëíîâîãî ôîíà (CMB)
è äðóãèõ èñòî÷íèêîâ èçëó÷åíèÿ, ïîñòðîåííûõ â ðàìêàõ ìèññèè "Planck". Ïîêàçàíî, ÷òî
âûáîð ìîäåëåé ðàñïðåäåëåíèÿ èñòî÷íèêîâ, èñïîëüçóåìûõ ïðè îáðàáîòêå äàííûõ, ìîæåò
ñóùåñòâåííî âëèÿòü íà ôðàêòàëüíóþ ðàçìåðíîñòü CMB.

Êëþ÷åâûå ñëîâà: êîñìè÷åñêîå ìèêðîâîëíîâîå ôîíîâîå èçëó÷åíèå: ôðàêòàëüíîñòü

1. Ââåäåíèå. Ãëàâíîé çàäà÷åé êîñìè÷åñêîãî òåëåñêîïà "Planck" (ÊÀ)
áûëî èçó÷åíèå êîñìîëîãè÷åñêîãî ìèêðîâîëíîâîãî (ðåëèêòîâîãî) ôîíà.
Ïîëó÷åííûå èì äàííûå îá àíèçîòðîïèè ôîíà â íàñòîÿùåå âðåìÿ ÿâëÿþòñÿ
îäíèì èç îñíîâíûõ èñòî÷íèêîâ äëÿ ïîñòðîåíèÿ êîñìîëîãè÷åñêèõ ìîäåëåé
(ñì., íàïðèìåð, îáçîð [1]). ÊÀ ïðîèçâåë ïîëíûé îáçîð íåáà ñ èñïîëüçîâàíèåì
äâóõ ïðèåìíèêîâ, ðàáîòàâøèõ â íåñêîëüêèõ ÷àñòîòíûõ êàíàëàõ: íèçêî÷àñòîòíûé
ïðèåìíèê (Low Frequency Instrument, LFI): 30, 44 è 70 ÃÃö, âûñîêî÷àñòîòíûé
ïðèåìíèê (High Frequency Instrument, HFI): 100, 143, 217, 353, 545 è 857 ÃÃö
[2]. Ïîñêîëüêó ïîìèìî ðåëèêòîâîãî ôîíà íà òåõ æå ÷àñòîòàõ íàáëþäàåòñÿ
èçëó÷åíèå è äðóãèõ èñòî÷íèêîâ, â ÷àñòíîñòè, ìîëåêóëÿðíîé êîìïîíåíòû
ìåæçâåçäíîãî ãàçà Ãàëàêòèêè, ïîëó÷åííûå äàííûå â ïðîöåññå ïåðâè÷íîé
îáðàáîòêè áûëè "ïî÷èùåíû" òàêèì îáðàçîì, ÷òîáû óñòðàíèòü èç íèõ èçëó÷åíèå
èñòî÷íèêîâ, íå ñâÿçàííûõ ñ ðåëèêòîâûì ôîíîì.

Ìåòîä óñòðàíåíèÿ ïîáî÷íûõ èñòî÷íèêîâ îñíîâûâàëñÿ íà òîì, ÷òî ñïåêòðû
ðåëèêòîâîãî ôîíà è èíûõ èñòî÷íèêîâ íå ñîâïàäàþò, ÷òî ïðèíöèïèàëüíî
ïîçâîëÿåò îòäåëèòü ðåëèêòîâûé ôîí áåç ïðèâëå÷åíèÿ ðåçóëüòàòîâ äðóãèõ
íàáëþäåíèé. Àíàëîãè÷íûé ïîäõîä áûë èñïîëüçîâàí ïðè îáðàáîòêå ðåçóëüòàòîâ
ÊÀ WMAP [3]. Ðàçëè÷íûìè ãðóïïàìè áûëè ðåàëèçîâàíû ÷åòûðå íåñêîëüêî
ðàçëè÷àþùèõñÿ ìåòîäà îáðàáîòêè (ñì. ðàçäåë 3), ïðè÷åì îêàçàëîñü, ÷òî
ðàçëè÷íûå ìåòîäû äàþò áëèçêèå, íî âñå æå íå èäåíòè÷íûå ðåçóëüòàòû.
Òàêèì îáðàçîì, â ðåçóëüòàòå íàáëþäåíèé "Planck" ïîëó÷åíû íå òîëüêî êàðòû
ðåëèêòîâîãî ôîíà, íî è êàðòû ðàñïðåäåëåíèÿ äðóãèõ èñòî÷íèêîâ (íàïðèìåð,
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ðàñïðåäåëåíèå ìîëåêóë CO â Ãàëàêòèêå), êîòîðûå ìîæíî ñðàâíèòü ñ äàííûìè,
ïîëó÷åííûìè äðóãèìè ìåòîäàìè.

Îäíîé èç âîçìîæíûõ ìåòîäèê ñðàâíåíèÿ äàííûõ ñ óæå èìåþùèìèñÿ
ðåçóëüòàòàìè ìîæåò ñëóæèòü ïðîâåäåíèå àíàëèçà èõ ôðàêòàëüíîé ñòðóêòóðû.
Â ÷àñòíîñòè, îïðåäåëåíèå ôðàêòàëüíîé ðàçìåðíîñòè òåõ èëè èíûõ êîìïîíåíòîâ
ôîíîâîãî èçëó÷åíèÿ ìîæåò ïîçâîëèòü îöåíèòü êà÷åñòâî ìåòîäà èõ âûäåëåíèÿ.
Â ðàáîòå [4] áûëè ïðîàíàëèçèðîâàíû äàííûå WMAP è "Planck" ïðè ïîìîùè
ïîñòðîåíèÿ èçîòåðì, ÷òî äàëî îöåíêó íà ôðàêòàëüíóþ ðàçìåðíîñòü ðåëèêòîâîãî
ôîíà îêîëî 1.8. Ýòî çíà÷åíèå ñëèøêîì âåëèêî äëÿ ìåæçâåçäíîé ñðåäû èëè
äëÿ êðóïíîìàñøòàáíîãî ðàñïðåäåëåíèÿ âåùåñòâà (cì. [5]), èç ÷åãî ìîæåò áûòü
ñäåëàí îäèí èç òðåõ âîçìîæíûõ âûâîäîâ: ëèáî ýòî ðåàëüíàÿ àíèçîòðîïèÿ
ðåëèêòîâîãî ôîíà íåÿñíîé ïðèðîäû, ëèáî ðåçóëüòàò íåêîððåêòíîãî ó÷åòà
äðóãèõ èñòî÷íèêîâ èçëó÷åíèÿ, ëèáî ñëåäñòâèå íåêîððåêòíîñòè âûáðàííîãî
ìåòîäà îáðàáîòêè äàííûõ, êîòîðûé íåîáõîäèìî óëó÷øèòü. Ïðîÿñíèòü ñèòóàöèþ
ìîæíî, ïîïûòàâøèñü àíàëîãè÷íûì îáðàçîì îáðàáîòàòü íå òîëüêî ôèíàëüíûå
äàííûå "Planck", íî è ïðîìåæóòî÷íûå äàííûå, îïèñûâàþùèå ðàñïðåäåëåíèå
äðóãèõ èñòî÷íèêîâ èçëó÷åíèÿ. Îñíîâíîé çàäà÷åé äàííîé ðàáîòû ÿâëÿåòñÿ
îïðåäåëåíèå ôðàêòàëüíîé ðàçìåðíîñòè ðàçëè÷íûõ êîìïîíåíòîâ ôîíà ïî äàííûì
"Planck" è ñðàâíåíèå ðåçóëüòàòîâ ñ ðàíåå èçâåñòíûìè çíà÷åíèÿìè.

2. Ôðàêòàëüíàÿ ðàçìåðíîñòü . Ôðàêòàëüíîå ìíîæåñòâî áûëî
èçíà÷àëüíî îïðåäåëåíî ìàòåìàòèêîì Áåíóà Ìàíäåëüáðîòîì [6] êàê ìíîæåñòâî,
ðàçìåðíîñòü Õàóñäîðôà-Áåçèêîâè÷à (îíà æå "õàóñäîðôîâà" èëè "ôðàêòàëüíàÿ"
ðàçìåðíîñòü) êîòîðîãî ñòðîãî áîëüøå òîïîëîãè÷åñêîé.

Äëÿ îïðåäåëåíèÿ õàóñäîðôîâîé ðàçìåðíîñòè, ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ.
Ðàññìîòðèì ìíîæåñòâî G â ïðîñòðàíñòâå nR . Åñëè ðàçáèòü nR  íà n-ìåðíûå
êóáû ñî ñòîðîíîé r è îáîçíà÷èòü êîëè÷åñòâî êóáîâ, "ïîêðûâàþùèõ" ìíîæåñòâî
G, êàê N(r), òî ôðàêòàëüíàÿ ðàçìåðíîñòü D äîëæíà óäîâëåòâîðÿòü ñëåäóþùåìó
óñëîâèþ:

 








 . 

, 0
lim

0 Dd,
Dd

rrN d

r (1)

Ïðè 0r  ôîðìóëó (1) ìîæíî ïðåîáðàçîâàòü â

  . 
ln

ln
r
rND  (2)

Åñëè D - öåëîå è ðàâíî n, òî ìíîæåñòâî - íå ôðàêòàëüíî, â îñòàëüíûõ
ñëó÷àÿõ ýòî ôðàêòàëüíîå ìíîæåñòâî ñ ôðàêòàëüíîé ðàçìåðíîñòüþ D.

Óäîáíûì ìåòîäîì îïðåäåëåíèÿ ôðàêòàëüíîé ðàçìåðíîñòè â äâóìåðíîì
ñëó÷àå ÿâëÿåòñÿ îïðåäåëåíèå äëèí èçîëèíèé ñ èñïîëüçîâàíèåì ñîîòíîøåíèÿ
ïåðèìåòð-ïëîùàäü. Îí îñíîâàí íà òîì, ÷òî ó äâóìåðíûõ ôðàêòàëüíûõ
ìíîæåñòâ èçîëèíèè òàêæå áóäóò ôðàêòàëüíû. Îáîçíà÷èì "ôðàêòàëüíûé
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ïåðèìåòð" çàìêíóòîé èçîëèíèè êàê P(r), ãäå r - äëèíà åäèíèöû èçìåðåíèÿ
("ýòàëîí"). Òîãäà

  . lim
0




rP
r (3)

Â òî æå âðåìÿ ïëîùàäü îáëàñòè S(r), çàêëþ÷åííîé âíóòðè èçîëèíèè,
åñòåñòâåííî, êîíå÷íà. Â òàêîì ñëó÷àå ìîæíî ïîêàçàòü (ñì., íàïðèìåð, [5,6]),
÷òî

     , 21 DD rSCrrP  (4)

ãäå C - êîíñòàíòà (â îáùåì ñëó÷àå çàâèñÿùàÿ îò òî÷íîñòè èçìåðåíèé ñ òåì
èëè èíûì çíà÷åíèåì r).

Ïðè èñïîëüçîâàíèè èçîáðàæåíèé, ïðåäñòàâëåííûõ â âèäå íàáîðà ïèêñåëåé,
ïëîùàäü è ïåðèìåòð îáëàñòè äëÿ ýòàëîíà r ëåãêî âû÷èñëÿþòñÿ êàê ñóììàðíîå
êîëè÷åñòâî êëåòîê ñî ñòîðîíîé r, ÷åðåç êîòîðûå ïðîõîäèò èçîëèíèÿ (ïåðèìåòð)
è êîëè÷åñòâî êëåòîê, êàêàÿ-òî îïðåäåëåííàÿ äîëÿ ïëîùàäè êîòîðûõ (íàïðèìåð,
ïðåâûøàþùàÿ 1/2, õîòÿ ìîæíî èñïîëüçîâàòü è äðóãîå ñîãëàøåíèå) îòíîñèòñÿ ê
îáëàñòè, îãðàíè÷åííîé èçîëèíèåé. Çàòåì ïîëó÷åííûå äëÿ ðàçëè÷íûõ ýòàëîíîâ r
ðåçóëüòàòû àïïðîêñèìèðóþòñÿ çàâèñèìîñòüþ âèäà (4), îòêóäà îïðåäåëÿåòñÿ
ôðàêòàëüíàÿ ðàçìåðíîñòü D. Òàêàÿ ïðîöåäóðà èçâåñòíà êàê "ìåòîä "box count"" [7].

Ó ðåàëüíî ñóùåñòâóþùèõ ôèçè÷åñêèõ ñòðóêòóð èìåþòñÿ ôèçè÷åñêè
îáóñëîâëåííûå ìàêñèìàëüíûé è ìèíèìàëüíûé ìàñøòàáû, â ïðåäåëàõ êîòîðûõ
ñóùåñòâóåò ñòðóêòóðà. Ïîñêîëüêó ôîðìàëüíî îïðåäåëåííîå ôðàêòàëüíîå
ìíîæåñòâî íå èìååò ìèíèìàëüíîãî èëè ìàêñèìàëüíîãî ìàñøòàáà, òî îïèñàíèå
òàêîé ñòðóêòóðû (â òîì ÷èñëå è ðàñïðåäåëåíèå ÿðêîñòíîé òåìïåðàòóðû ðåëèê-
òîâîãî ôîíà), êàê ôðàêòàëà (áóäåì íàçûâàòü åå äëÿ óäîáñòâà "ôèçè÷åñêèì
ôðàêòàëîì"), èìååò ñìûñë èñêëþ÷èòåëüíî íà ìàñøòàáàõ, çíà÷èòåëüíî
îòëè÷àþùèõñÿ îò ìèíèìàëüíîãî (rmin) è ìàêñèìàëüíîãî (rmax). Îòñþäà, â
÷àñòíîñòè, ñëåäóåò, ÷òî ïðè ïðàêòè÷åñêîé ðåàëèçàöèè ìåòîäà "box count" äëÿ
ôèçè÷åñêîãî ôðàêòàëà çàâèñèìîñòü (4) âûïîëíÿåòñÿ òîëüêî ïðèáëèæåííî.

Ïîýòîìó äëÿ íåêîòîðîãî êîíêðåòíîãî ìàñøòàáà r èç ñîîòíîøåíèÿ

         , 21 rDrD rSCrrP  (5)

ìîæåò áûòü îïðåäåëåíà âåëè÷èíà D(r), äëÿ êîòîðîé, åñëè èññëåäóåìàÿ ñòðóêòóðà
ÿâëÿåòñÿ ôèçè÷åñêèì ôðàêòàëîì, âåðíû ñëåäóþùèå óòâåðæäåíèÿ:

1. ïðè   2 min  rDrr ;
2. ïðè   2 max  rDrr ;
3. ïðè maxmin rrr   âûïîëíÿåòñÿ óòâåðæäåíèå   DrD  .
Â òàêîì ñëó÷àå âåëè÷èíà D ÿâëÿåòñÿ ôðàêòàëüíîé ðàçìåðíîñòüþ ôèçè-

÷åñêîãî ôðàêòàëà.

3. Èñïîëüçóåìûå äàííûå. Îñíîâíàÿ ÷àñòü ìèññèè (Nominal Mission)
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çàíÿëà âñåãî 472 äíÿ, çà ýòî âðåìÿ óäàëîñü âûïîëíèòü ëèøü 2 ïîëíûõ îáçîðà
íåáà (5 îáçîðîâ çà ïîëíîå âðåìÿ ðàáîòû ñïóòíèêà). Ðåçóëüòàòîì ýòèõ
íàáëþäåíèé ñòàëè êàðòû íåáà, êîòîðûå ñóùåñòâóþò êàê ñâîäíûå, òàê è äëÿ
ðàçíûõ îáçîðîâ ïî îòäåëüíîñòè. Îäèí îáçîð îòíîñèòñÿ ê ïðîìåæóòêó âðåìåíè,
â òå÷åíèå êîòîðîãî îñü âðàùåíèÿ ñïóòíèêà ïîâîðà÷èâàåòñÿ íà 180o. Ïðè ýòîì
èç-çà îñîáåííîñòåé êîíñòðóêöèè ñïóòíèêà íåáî ïîêðûâàåòñÿ íå öåëèêîì, à
ëèøü íà 80%-90%.

Ïðè îáðàáîòêå äàííûõ áûëè, íàñêîëüêî ýòî âîçìîæíî, èñêëþ÷åíû
èçâåñòíûå ñèñòåìàòè÷åñêèå ýôôåêòû è äèïîëüíûå ñèãíàëû, ñâÿçàííûå ñ
äâèæåíèåì êàê ñàìîãî ñïóòíèêà, òàê è Ñîëíå÷íîé ñèñòåìû îòíîñèòåëüíî
ìèêðîâîëíîâîãî ôîíà. Òàêæå îòäåëüíî ïðåäîñòàâëÿþòñÿ êàðòû ñ âû÷èòàíèåì
ìîäåëåé çîäèàêàëüíîãî ñâåòà è äàëüíèõ áîêîâûõ ëåïåñòêîâ.

Äëÿ ÷èñòêè âûñîêî÷àñòîòíîãî øóìà ñòðîÿòñÿ äîïîëíèòåëüíûå êàðòû,
èñïîëüçóþùèå òîëüêî ïîëîâèíó äîñòóïíûõ äàííûõ, è èõ ðàçíîñòü ìîæíî
ñ÷èòàòü õîðîøåé ìîäåëüþ òàêîãî øóìà. Îíè íàçûâàþòñÿ "ringhalf" è òàêæå
äîñòóïíû äëÿ èçó÷åíèÿ. Äîïîëíèòåëüíî ïðåäîñòàâëÿþòñÿ "ìàñêè" ãàëàêòè÷åñêîé
ïëîñêîñòè è òî÷å÷íûõ îáúåêòîâ.

Äàííûå íàáëþäåíèé "Planck" ïðåäñòàâëåíû ñ èñïîëüçîâàíèåì ñõåìû HEALPix
(Hierarchical, Equal Area, and isoLatitude Pixelisation) [8]. Ýòîò ñïîñîá ðàçáèåíèÿ
ñôåðû íà ó÷àñòêè (ïèêñåëè) ðàâíîé ïëîùàäè, äëÿ êàæäîãî èç êîòîðûõ äàåòñÿ
èíòåãðàëüíîå çíà÷åíèå, îáåñïå÷èâàåò ïðîñòîòó ëîêàëüíûõ îïåðàöèé íà âûáðàííîì
íàáîðå ïèêñåëåé è õðàíåíèå äàííûõ â èåðàðõè÷åñêîé ñòðóêòóðå, äàþùåé
âîçìîæíîñòü ëåãêî âûäåëÿòü ðàçëè÷íûå ðàçðåøåíèÿ. Âñå êàðòû õðàíÿòñÿ â
ôîðìàòå HEALPix ñ Nside = 1024 äëÿ LFI è Nside = 2048 äëÿ HFI, ïðè÷åì äëÿ
÷àñòîòû 70 ÃÃö (ìàêñèìàëüíîé äëÿ LFI) òàêæå äîñòóïíà êàðòà ñ Nside = 2048,
÷òîáû ìîæíî áûëî íåïîñðåäñòâåííî ñðàâíèâàòü äàííûå ñ LFI è HFI.

Ïîìèìî äàííûõ, ïðåäîñòàâëåííûõ â ïðàêòè÷åñêè íåîáðàáîòàííîì âèäå,
êàê ýòî ñäåëàíî ñ êàðòàìè ÷àñòîò, òàêæå äîñòóïíû è êàðòû îòäåëüíûõ
êîìïîíåíòîâ. Â ïåðâóþ î÷åðåäü ýòî êàðòû ðåëèêòîâîãî èçëó÷åíèÿ. Äëÿ èõ
ïîëó÷åíèÿ íà êàðòû ÷àñòîò íàêëàäûâàåòñÿ ìàñêà, îòôèëüòðîâûâàþùàÿ ïëîñêîñòü
Ãàëàêòèêè è ÿðêèå òî÷å÷íûå îáúåêòû, ïîñëå ÷åãî ïðîèñõîäèò ñóììèðîâàíèå
ïî âñåì ÷àñòîòíûì êàíàëàì, íî ñ ðàçëè÷íûìè âåñàìè. Ýòî äåëàåòñÿ íåñêîëüêèìè
ìåòîäàìè, è äëÿ êàæäîãî èç íèõ ïðåäîñòàâëÿåòñÿ ñâîÿ èòîãîâàÿ êàðòà:

1. SMICA: âñå ÷àñòîòíûå êàíàëû ëèíåéíî êîìáèíèðóþòñÿ ñ ðàçëè÷íûìè
âåñàìè, çàâèñÿùèìè îò ìóëüòèïîëåé. Âêëþ÷àþòñÿ ìóëüòèïîëè âïëîòü äî
l = 4000.

2. NILC (Needlet-ILC): êîìáèíàöèÿ êàíàëîâ (êðîìå 30 ÃÃö) ïðîèñõîäèò
ñ âåñàìè â ïðîñòðàíñòâå íèäëåòîâ (èãëîâèäíûõ âåéâëåòîâ). Âêëþ÷àþòñÿ
ìóëüòèïîëè âïëîòü äî l = 3200.

3. SEVEM: ìíîãîñòóïåí÷àòûé ìåòîä, îñíîâàííûé íà âïèñûâàíèè
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øàáëîííûõ ðàñïðåäåëåíèé.
4. COMMANDER-Ruler: ïàðàìåòðèçîâàííûé ìåòîä, èñïîëüçóþùèé

ñåìïëèðîâàíèå ïî Ãèááñó.
Òàêæå èç íàáëþäåíèé ìèññèè "Planck" ìîæíî âûäåëèòü èçëó÷åíèå,

ïîðîæäåííîå âðàùàòåëüíûìè ïåðåõîäàìè â ìîëåêóëå ìîíîîêñèäà óãëåðîäà
(CO). Îíî ïðèñóòñòâóåò âî âñåõ êàíàëàõ HFI, çà èñêëþ÷åíèåì 143 ÃÃö.
Îñîáåííî ïîëåçíûìè çäåñü îêàçûâàþòñÿ äàííûå â êàíàëàõ 100, 217 è 353 ÃÃö,
ïîñêîëüêó íà áëèçêèå ê èõ öåíòðàì ÷àñòîòû ïðèõîäÿòñÿ òðè íàèáîëåå çíà÷èìûõ
âðàùàòåëüíûõ ïåðåõîäà â ìîëåêóëå - 115 ÃÃö (ïåðåõîä 1–0), 230 ÃÃö (2–1) è
345 ÃÃö (3–2). ×òîáû âûäåëèòü èçëó÷åíèå CO, èñïîëüçóþòñÿ 3 ðàçëè÷íûõ
ïîäõîäà. Íèæå îíè ðàñïîëîæåíû â ïîðÿäêå âîçðàñòàíèÿ îòíîøåíèÿ ñèãíàë/øóì.

Áîëîìåòðè÷åñêèé ïîäõîä. Ðàçëè÷íûå áîëîìåòðû, óñòàíîâëåííûå íà ñïóò-
íèêå, èìåþò ñëåãêà ðàçëè÷íûå êîýôôèöèåíòû ïðîõîæäåíèÿ äëÿ îäíèõ è òåõ
æå ëèíèé. Ýòè êîýôôèöèåíòû ìîæíî èçìåðèòü â ëàáîðàòîðíûõ óñëîâèÿõ, ÷òî
è áûëî ïðîäåëàíî ïåðåä çàïóñêîì. Òîãäà, çíàÿ îòíîøåíèÿ ýòèõ êîýôôèöèåíòîâ,
ìîæíî ïðåäñêàçàòü îòíîøåíèå èíòåíñèâíîñòåé â ëèíèÿõ. Òàêèì îáðàçîì,
ñðàâíèâàÿ èíòåíñèâíîñòü èçëó÷åíèÿ íà âñåõ áîëîìåòðàõ, ìîæíî ñ òîé èëè
èíîé òî÷íîñòüþ óñòàíîâèòü, èñõîäèò ëè îíî îò ìîëåêóëû CO.

Ìóëüòè÷àñòîòíûé ïîäõîä. Ìîæíî íàëîæèòü äàííûå â ðàçëè÷íûõ êàíàëàõ
äëÿ èçâëå÷åíèÿ êîíêðåòíûõ ëèíèé èññëåäóåìîé ìîëåêóëû. Ëèíèþ 115 ÃÃö
(1-0) ìîæíî âûäåëèòü, ñîâìåñòèâ êàíàëû 100 ÃÃö, 143 ÃÃö è 353 ÃÃö, à ëèíèþ
230 ÃÃö (2-1) - êàíàëû 143 ÃÃö, 217 ÃÃö è 353 ÃÃö.

Êîìáèíèðîâàííûé ïîäõîä (ôàêòè÷åñêè ðåàëèçóþùèé áîëîìåòðè÷åñêèé ïîäõîä
ñ óòî÷íåíèåì äàííûõ â îòäåëüíûõ ëèíèÿõ).

4. Îáðàáîòêà äàííûõ. Ïðîâåäåííóþ íàìè îáðàáîòêó êàæäîé êàðòû, ñ
öåëüþ íàõîæäåíèÿ åå ôðàêòàëüíîé ðàçìåðíîñòè, ìîæíî ðàçäåëèòü íà íåñêîëüêî
ýòàïîâ:

- Èç FITS-ôàéëà, ñîäåðæàùåãî ðåçóëüòàòû íàáëþäåíèé â îïðåäåëåííîì
êàíàëå, âûäåëÿåòñÿ HEALPix-êàðòà â âèäå îäíîìåðíîãî ìàññèâà ñ ïèêñåëÿìè,
ïðîíóìåðîâàííûìè ïî ñõåìå NESTED.

- Ïîëó÷åííûé ìàññèâ ñ äàííûìè ðàçáèâàåòñÿ íà 12 ðàâíûõ ÷àñòåé,
ïðåäñòàâëÿþùèõ ñîáîé 12 ïåðâè÷íûõ ïèêñåëåé.

- Èç äâîè÷íîãî ïðåäñòàâëåíèÿ íîìåðà êàæäîãî ïèêñåëÿ âûñ÷èòûâàþòñÿ
åãî èñòèííûå äåêàðòîâû êîîðäèíàòû âíóòðè êâàäðàòíîé ñåòêè ïåðâè÷íîãî
ïèêñåëÿ.

- Ãèñòîãðàììà çíà÷åíèé ïîëó÷èâøåéñÿ ìàòðèöû âûðàâíèâàåòñÿ, ÷òîáû
ïîëó÷èòü íàèáîëüøåå ðàçíîîáðàçèå ðåëåâàíòíûõ èçîëèíèé (èëè èçîòåðì,
ïîñêîëüêó äàííûå "Planck" ïðåäñòàâëÿþò ñîáîé ÿðêîñòíûå òåìïåðàòóðû), è
ëèíåéíî ìàñøòàáèðóåòñÿ, ÷òîáû âïèñàòüñÿ â çàäàííûé äèàïàçîí.
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- Ìàòðèöà êîíâåðòèðóåòñÿ â èçîáðàæåíèå, äëÿ êîòîðîãî âîçìîæíî èçìåðèòü
äëèíû èçîëèíèé è ïëîùàäè âíóòðåííèõ îáëàñòåé èçîëèíèé ìåòîäîì "box
count". Òàêèì îáðàçîì îïðåäåëÿþòñÿ âåëè÷èíû D(r) äëÿ ðàçëè÷íûõ ìàñøòàáîâ
r êàðòû.

Èçìåðåíèå äëèí èçîëèíèé ïðîèçâîäèëîñü ñëåäóþùèì îáðàçîì:
- Èçîáðàæåíèå áèíàðèçîâàëîñü (íà "÷åðíûå" è "áåëûå" ïèêñåëè) ïî

óðîâíþ, ïîäáèðàâøåìóñÿ êàæäûé ðàç îòäåëüíî äëÿ ñîõðàíåíèÿ ìàêñèìàëüíîãî
÷èñëà äåòàëåé êàðòû.

- Âõîæäåíèå èçîëèíèè â ñêîëüçÿùåå îêíî ìåòîäà îïðåäåëÿåòñÿ ïî íàëè÷èþ
â îêíå èëè íà åãî ãðàíèöå êàê áåëûõ, òàê è ÷åðíûõ ïèêñåëåé, òàê êàê
èñòèííàÿ èçîëèíèÿ äîëæíà ïðîõîäèòü ìåæäó ëþáîé ïàðîé òàêèõ ïèêñåëåé.

5. Ðåçóëüòàòû è âûâîäû. Íà ðèñ.1, 2 ïðèâåäåíû ãðàôèêè çàâèñèìîñòè
D(r) îò ìàñøòàáà (â ïèêñåëàõ HEALPix äëÿ Nside = 1024) äëÿ îòäåëüíûõ êàðò.
Â èäåàëüíîì ñëó÷àå (ïðè áåñêîíå÷íîì óãëîâîì ðàçðåøåíèè è îòñóòñòâèè
ñëó÷àéíûõ ôëóêòóàöèé, íàêëàäûâàþùèõñÿ íà ôðàêòàëüíóþ ñòðóêòóðó) D(r)
íà ìàëûõ ìàñøòàáàõ äîëæíû ñëàáî ìåíÿòüñÿ (íà êðèâîé ïðè ýòîì ïîëó÷èòñÿ
ïðèìåðíî ãîðèçîíòàëüíûé ó÷àñòîê), ïîñëå ÷åãî ðàñòè è íà áîëüøèõ ìàñøòàáàõ
äîñòèãàòü çíà÷åíèÿ, ðàâíîãî 2. Îòñóòñòâèå áëèçêîãî ê ãîðèçîíòàëüíîìó
ó÷àñòêà íà ìàëûõ ìàñøòàáàõ îçíà÷àåò íåóâåðåííîå îïðåäåëåíèå ôðàêòàëüíîé
ðàçìåðíîñòè äëÿ äàííîãî ñëó÷àÿ, îäíàêî ìèíèìàëüíîå íàéäåííîå çíà÷åíèå â
ïîäîáíîé ñèòóàöèè ìîæåò ñëóæèòü îöåíêîé ôðàêòàëüíîé ðàçìåðíîñòè ñíèçó.

Çàìåòèì, ÷òî ðåçóëüòàò îïðåäåëåíèÿ ôðàêòàëüíîé ðàçìåðíîñòè äëÿ êàæäîé
êîíêðåòíîé êàðòû, âîîáùå ãîâîðÿ, çàâèñèò â òîì ÷èñëå è îò âûáîðà óðîâíÿ
èññëåäóåìîé èçîòåðìû. Òåì íå ìåíåå ïðè âûáîðå óðîâíåé, çíà÷åíèå ÿðêîñòíîé
òåìïåðàòóðû êîòîðûõ îòêëîíÿåòñÿ îò ñðåäíåãî çíà÷åíèÿ äëÿ êàðòû íå áîëåå
÷åì íà ïîëîâèíó ìàêñèìàëüíî âîçìîæíîãî îòêëîíåíèÿ, ðåçóëüòàòû îïðåäåëåíèÿ
ôðàêòàëüíîé ðàçìåðíîñòè ñîõðàíÿþòñÿ ñ ïîãðåøíîñòüþ, íå ïðåâîñõîäÿùåé

040.D   (â ïîäàâëÿþùåì áîëüøèíñòâå ñëó÷àåâ - îêîëî 0.03). Ïðè âûáîðå
ïðîèçâîëüíûõ èçîòåðì, ñóùåñòâóþùèõ íà êàðòå, ðàçáðîñ ðåçóëüòàòîâ
îêàçûâàåòñÿ áîëüøå, íî è â ýòîì ñëó÷àå íèêîãäà íå ïðåâîñõîäèò 0.1.

Êàê âèäíî èç ðèñ.1, êà÷åñòâåííî çàâèñèìîñòè îêàçûâàþòñÿ ïîõîæèìè è
ñîîòâåòñòâóþò ôðàêòàëüíîé ðàçìåðíîñòè 61.D  , ÷òî íåñêîëüêî ìåíüøå, ÷åì
ïîëó÷åííîå â [4] äëÿ îòäåëüíûõ îáëàñòåé è íåñêîëüêî äðóãèì ìåòîäîì
çíà÷åíèå (îêîëî 1.8). Îäíàêî óæå äëÿ êàðò, îïèñûâàþùèõ ðàñïðåäåëåíèå CO,
ðåçóëüòàò, ïðåäñòàâëåííûé íà ðèñ.2, îêàçûâàåòñÿ áîëåå íåîæèäàííûì.

Âèäíî, ÷òî êàðòû, ïîëó÷åííûå ðàçëè÷íûìè ìåòîäàìè âûäåëåíèÿ
êîìïîíåíòû, ïî êðèòåðèþ ôðàêòàëüíîé ðàçìåðíîñòè ñóùåñòâåííî îòëè÷àþòñÿ.
Âàæíî çàìåòèòü, ÷òî ïîëó÷åííûå ðåçóëüòàòû îòëè÷àþòñÿ òàêæå è îò èçâåñòíîé
ïî ìíîãî÷èñëåííûì äðóãèì äàííûì ôðàêòàëüíîé ðàçìåðíîñòè ðàñïðåäåëåíèÿ
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Ðèñ.1. Çàâèñèìîñòè D(r) äëÿ ðåëèêòîâîãî ôîíà. Äëÿ êàæäîãî ãðàôèêà óêàçàí èñïîëüçî-
âàííûé ìåòîä âûäåëåíèÿ CMB. Ìàñøòàá ïî îñè àáñöèññ óêàçàí â ïèêñåëàõ HEALPix äëÿ
Nside = 1024.
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Ðèñ.2. Çàâèñèìîñòè D(r) äëÿ êàðò èçëó÷åíèÿ ìîëåêóë CO. Äëÿ êàæäîãî ãðàôèêà óêàçàí
èñïîëüçîâàííûé ìåòîä âûäåëåíèÿ êîìïîíåíòû. Ìàñøòàá ïî îñè àáñöèññ óêàçàí â ïèêñåëàõ
HEALPix äëÿ Nside = 1024.
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CO â Ãàëàêòèêå 351CO .D   (ñì., íàïðèìåð, [9]). Òàêèì îáðàçîì, óäàëÿåìûé
ïðè "÷èñòêå" êàðò êîìïîíåíò ìîæåò íå âïîëíå ñîîòâåòñòâîâàòü ðåàëüíîìó
ðàñïðåäåëåíèþ CO, ÷òî ìîæåò ñêàçàòüñÿ è íà èòîãîâûõ êàðòàõ CMB, â
÷àñòíîñòè, íà ôðàêòàëüíîé ðàçìåðíîñòè àíèçîòðîïèè ðåëèêòîâîãî ôîíà.

Ýòîò âûâîä ïðåäñòàâëÿåòñÿ âàæíûì ïî ñëåäóþùåé ïðè÷èíå. Ïîñêîëüêó
ôðàêòàëüíàÿ ðàçìåðíîñòü êàðò - ýòî ôàêòè÷åñêè îïèñàíèå óãëîâîãî ñïåêòðà
ìîùíîñòè àíèçîòðîïèè èçëó÷åíèÿ ñ ïîìîùüþ ïðîñòîé ñòåïåííîé ìîäåëè, òî
îøèáêà â îïðåäåëåíèè ôðàêòàëüíîé ðàçìåðíîñòè â êîíå÷íîì ñ÷åòå ýêâèâàëåíòíà
îøèáêå â îïðåäåëåíèè ñðåäíåãî íàêëîíà ñïåêòðà ìîùíîñòè â ëîãàðèôìè÷åñêèõ
îñÿõ (ãëàâíûì îáðàçîì äëÿ ìóëüòèïîëåé 2110 ~l , ñîîòâåòñòâóþùèõ ìàñøòàáàì,
íàèáîëåå ñèëüíî âëèÿþùèì íà îïðåäåëåíèå ôðàêòàëüíîé ðàçìåðíîñòè
èñïîëüçîâàâøèìñÿ íàìè ñïîñîáîì). Ïîñêîëüêó âèä ñïåêòðà ìîùíîñòè ÿâëÿåòñÿ
ôóíêöèåé êîñìîëîãè÷åñêèõ ïàðàìåòðîâ [10] è ñðåäíèé íàêëîí ðàññìàòðèâàåìîãî
ó÷àñòêà ñóùåñòâåííî çàâèñèò îò âûáðàííûõ çíà÷åíèé ïàðàìåòðîâ (ñì. ðåçóëüòàòû
ìîäåëèðîâàíèÿ [11]), òî èçìåíåíèå ôðàêòàëüíîé ðàçìåðíîñòè ôîíà, ñâÿçàííîå
ñ îñîáåííîñòÿìè ïðîöåäóðû "÷èñòêè" êàðò, äîëæíî âëèÿòü è íà îïðåäåëåíèå
êîñìîëîãè÷åñêèõ ïàðàìåòðîâ ïî äàííûì ìèññèè "Planck".

Òàêèì îáðàçîì, â íàøåé ðàáîòå â öåëîì íà áîëüøåì îáúåìå äàííûõ
ïîäòâåðæäåíû ðåçóëüòàòû îöåíêè ôðàêòàëüíîé ðàçìåðíîñòè CMR, ñäåëàííîé
ðàíåå â ðàáîòå [4]. Îäíàêî, ñäåëàííàÿ íàìè, ïî-âèäèìîìó, âïåðâûå îöåíêà
ôðàêòàëüíîé ðàçìåðíîñòè âîçìîæíûõ êîìïîíåíòîâ íàáëþäàåìîãî ôîíîâîãî
èçëó÷åíèÿ, "âû÷èñòêà" êîòîðûõ ïðîèçâîäèëàñü ïðè âûäåëåíèè CMR, ñóùåñò-
âåííî îòëè÷àåòñÿ îò ïîëó÷åííûõ ðàíåå äàííûõ î ôðàêòàëüíîé ðàçìåðíîñòè
äëÿ òåõ æå èñòî÷íèêîâ èçëó÷åíèÿ. Ýòî óêàçûâàåò íà íåäîñòàòî÷íîñòü îáðàáîòêè
ñòàíäàðòíûìè ìåòîäàìè äàííûõ ìèññèè "Planck", ÷òî ÿâëÿåòñÿ ñóùåñòâåííûì
â òîì ÷èñëå è äëÿ ðåçóëüòàòîâ, ïîëó÷åííûõ ïðè èíòåðïðåòàöèè äàííûõ î
CMR, ïîëó÷åííûõ â ðàìêàõ äàííîé ìèññèè.

Àâòîðû áëàãîäàðíû Þ.Â.Áàðûøåâó çà öåííûå çàìå÷àíèÿ, ïîçâîëèâøèå
ñóùåñòâåííî óëó÷øèòü òåêñò ñòàòüè ïðè ïîäãîòîâêå ê ïå÷àòè.

Ñàíêò-Ïåòåðáóðãñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò,
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FRACTAL DIMENSION OF THE COSMIC
MICROWAVE BACKGROUND AS A TEST OF

"PLANCK" SPACECRAFT DATA

P.A.TARAKANOV, M.Y.YEZHKOV, M.V.KOSTINA

The fractal dimensions of cosmic microwave background (CMB) maps and
other sources obtained by the "Planck" mission are investigated. It is shown that
the choice of source distribution models used in data processing can significantly
affect the fractal dimension of CMB.

Keywords: microwave background radiation: fractality
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In the present paper, we are developing an analytical method for solving the time-dependent
Kompaneets equation in its generalized form. The technique is generalizing the Dubinov and Kitayev
method. In the particular case of a low photon number density, for the corresponding linear
equation, the solutions are expressed in terms of Heun functions.

Keywords: Compton scatterings: Kompaneets equation: Heun functions

1. Introduction. As it is known, the original Kompaneets equation [1],
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describes the time rate of change of the photon occupation number, n, of an
isotropic radiation due to Compton scatterings by a non-relativistic Maxwellian
electron gas.

In the above relation, x is defined by  kThx  , with h  representing the
photon energy and T the electron temperature, N is the electron number density
and T  is the Thomson cross section. With the dimensionless Comptonization
parameter

, 2 
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where NctT  is the optical depth, the equation (1) gets the simpler expression
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where the three terms in the right hand side correspond to the diffusion of photons
due to the Doppler effect and the transfer of energy from electrons to the radiation,
the Compton effect and the induced Compton scatterings.

In the last sixty years, there have been a lot of attempts of finding analytical
solutions to the nonlinear equation (2) and only truncated or the time stationary
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cases have been successfully worked out [2-4].
As an example, in the approximation nn 2 , the well-known solution

obtained by Ibragimov [2] has been recently extended to wider classes of time-
dependent exact solutions arising from "non-classical symmetries" [5], each of
these solutions being expressed in terms of elementary functions.

In spite of the general conclusion that the nonlinear equation (2) has no time-
depending analytic solution, Dubinov and Kitayev have developed a method for
solving the equation (2), by separation of variables [6]. Even though the proposed
procedure is elegant and original, in the present paper we discuss its applicability
to more general forms of the Kompaneets equation, of interest in astrophysics and
cosmology, and the additional constraints that should be imposed for extracting
the actual solutions from the larger class of possible ones.

2. The non-linear generalized Kompaneets equation and the solution-
generating technique. Since the equation (2) is valid for 2mckTh   and
it fails to describe the down-Comptonization of high energy photons in hard X-
ray or  -ray astronomy, generalized forms of the original Kompaneets equation
have been proposed [7,8].

In order to include a wide range of possibilities, let us start with the general
differential equation
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where g and h are functions of x alone. One may notice that the terms n and
2n  are multiplied by the same function, h(x), and this can be physically motivated

once one imposes the current of the general form
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to vanish for the well-known equilibrium solution
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For the extended expression of (3), i.e.
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by looking for a solution in the multiplicative form

      ,  , yTxfxyn  (5)

one has to deal with the general expression
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        , 2444 2222222 fhfxfxhhxTfxhhxfxghgxfgxTTf  (6)

where "dot" and "prime" mean the derivatives with respect to y and x.
Considering the fully quadratic time-dependent contribution, i.e. 2T , it is clear

that one can divide the above equation termwise by the last term and obtains [6]
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Next, by taking the y-derivative, one gets the following result:
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d
T
T

dy
d




















 

(7)

where, the variables being separated, one can impose each side to be equal to the
same constant, k. Let us notice that if one is dividing the equation (6) by one
of the other two terms, the main results would be almost the same.

For the time-depending part, the differential equation

22 T
Tk

T
T

dy
d 









(8)

is satisfied by the Bose-Einstein distribution

    , 1
1  kyeyT (9)

where   is an integration constant. If k is positive, the function (9) is decreasing
from   1

1
e  (for 0x ) to zero, when x goes to infinity. In the opposite case

of negative k, the function T(y) is increasing, for y in the physically allowed range
kyy max 0 .

The equation for the function f, coming from (7), i.e.

     , 044 222  fkxhhxfxghgxfgx (10)

is a little bit more involved and its explicit form depends on the choice of the
functions g(x) and h(x).

At this stage, let us notice that the above procedure, proposed in [6] for
g = h = 1, does not depend on the explicit form of the paranthesis multiplying
the function 2T  in (6). Moreover, by replacing the function (9) in (6), a simple
calculation leads to the conclusion that not only the paranthesis multiplying T
should be equal to -kf, but also the one multiplying 2T  and this leads to the
additional constraint

  . 24 222 kffhfxfxhhx  (11)
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As an example, let us consider the case corresponding to h(x) = 1 in the
equation (3). The relation (11) becomes

, 42 2 kxffx  (12)

being satisfied by

  , 
2 x
kxf  (13)

which, replaced in (10), leads to the following form of the function g(x),

  . 
22
kx

x
Cxg  (14)

Thus, we have been able to construct a solution to the general Kompaneets
equation (3), for h = 1 and the function g(x) given in (14), and this has the form

 
 

. 
12

 ,
kyex

kxyn


 (15)

A similar expression, i.e.

 
 

, 
1

4 ,
2gyex

gxn




can be obtained for h = 1/4 and g an arbitrary constant.
In the case analyzed in [6], corresponding to g = h = 1, once we impose the

condition (12), one may easily check that the solution (13) does not satisfy the
equation (10), with g = h = 1, i.e.

    . 04422  fkxfxxfx

What happens is the fact that the function f(x) obtained by the method
proposed in [6], which is ignoring the constraint (11), is practically the solution
to the truncated Kompaneets equation, without the term 2n , i.e.

. 1 4
2 














 









 hn

x
ngx

xxy
n

(16)

Indeed, its extended expression

    , 44 22
2

2
2 xhhxnxghgx

x
n

x
ngx

y
n













with the variables separation (5), has the form

     fxhhxfxghgxfgxTTf 44 222 

leading to the relation

     . 44 222
k

f
fxhhxfxghgxfgx

T
T






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The solution of the time-depending part is

  , kyCeyT  (17)

while the function f(x) is satisfying precisely the equation (10). This has been
solved in [6], for the case g = h = 1, the authors suggesting that their solution is
satisfying the whole original Kompaneets equation (2).

In the other particular case corresponding to dominantly induced Compton
scatterings ( nn 2 ), the extended equation

   
x
nhnxxhhxnxggx

x
n

x
ngx

y
n














 2222

2

2
2 244

leads to the relation

     , 244 222222 fhfxfxhhxTfxggxfgxTTf 

and one may apply the same variable separation technique described above.
For T(y) given in (9), the essential relations (10) and (11) turn into the

simpler forms

 
. 042

; 04
22

22





kxhffhxfhx

kffxggxfgx

Unlike the previous case, for k = 2, one is able now to find a solution for the
particular choice g = h = 1, and this is the Ibragimov solution [2]

 
 

, 
1

1 ,
2 yCex

yxn


 (18)

which is also similar to our expression (15).
For arbitrary constants h = h0 and g = g0, the solution

  , 2
0

0

x
C

xh
gxf 

agrees (for k = 2g0) with the form obtained in [5].

3. Linearly generalized Kompaneets equations and their Heun
solutions. Let us focus now on the general equation (10), coming from the linear
Kompaneets equation (16) with the time-depending part given in (17).

In the simplest case corresponding to g = h = 1, it becomes

    , 04422  fkxfxxfx (19)

its solutions being expressed in terms of the generalized Laguerre polynomials as

    , 
22

3
22

3

,21 xLxeCxf x 






(20)

where k4-9  and C1,2 are integration constants. For the essential value
k = 2, leading to 1 , the above functions are turning into the same expression
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  , 211 



  

x
eCxf x

and   yCeyT 2 .
Following [9], let us move to the physically important case 2mchkT 

by taking into account the contribution nax 2 , with

, 
10
7

2mc
kTa  (21)

which plays a significant role for highly energetic photons.
Thus, the starting equation being now

  , 11 24
2 












 






 n

dx
dnaxx

xxy
n

(22)

one may identify the functions g and h as being: 21 axg   and h = 1. The time
depending part in the photon density is again (17), while the equation for the
function f(x) reads:

      . 04461 2322  fkxfxxaxfaxx (23)

Up to the normalization constants, the solutions are given in terms of Heun
general functions [10,11] as

     

 , - , , , , , ,Heun

2

arctanh
-exp1 22

3
412

xaqaG

a

xa
xxaCxf

a





















(24)

where the parameters are:

, 
2

11, 1

, 
22

1
2
3, 

22
1

2
7, 2, 1

a

aaa
qa









(25)

with the same notation k4-9 . As it can be noticed, the argument of the

exponential implies automatically that 10  xa . Inserting here the explicit

form of the parameter a, it yields that

, 
7

100
T
T

kT
hx 




where kmcT 2  stands for threshold temperature.
The Heun equation in its canonical form given in literature [10,11] has regular

singularities at 0z , 1z , az   and z . The expansion of the Heun general
functions  zqaG  , , , , , ,Heun   around 0z  is given by
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 , 1Heun 2zΟz
a
qG 




i.e.

 , 
1
21Heun 2xΟxG 




so that, for small x-values and k = 2, the photon number density has the simple
expression

  . 
2
31 , 2 ye

x
Cyxn 






 

Finally, for describing more general Compton scattering processes in the non-
relativistic energy regime ( 2mch   and 2mckT  ) and with no comparison
between h  and kT, the original Kompaneets equation has been generalized by
Zhang and Chen to the new form [12]

    , 111 4
2 












 






 nn

dx
dnbxx

xxy
n

(26)

where

. 
5

14
2mc

kTb  (27)

The general equation (26) has no analytic solution since, for g(x) = h(x) = 1 + bx,
we could not find any function to satisfy both the equation (10) and the constraint
(11). However, in the approximation 2nn  , one has to deal with the equation
(10) alone, which becomes

      . 045451 22232  fkxbxfxxbxbxfbxx (28)

Its solutions,

   

   , - , , , ,Heun

, - , , , ,Heun

22
3

22

22
3

11

bxCxeCxf

bxCxeCxf

x

x











(29)

are expressed in terms of Heun Confluent functions of parameters

, 
2
3-2, 

2
5, 0, , 1

 k
bbb (30)

with k49  .
A polynomial form of the Heun Confluent functions can be achieve once we

impose the condition

, 
2

2- 



 
 n
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which, in our case, means the same condition as the one for the Laguerre
functions in (20), namely

. 
22

3 
 n

For 1 , leading to k = 2, the corresponding first degree polynomial is

 , 
2

131Heun 2xΟxbC 




while n > 3 imposes a negative value of k.
Thus, for small x values, the solution to the linear Kompaneets equation

coming from (26) is given by the simple function

    . 
2
311

2
31 , 2 yexbb

x
Cxyn 





 

 (31)

4. Conclusions. Even though intensive studies have been conducted onto
the features and properties of the Kompaneets equation (2), closed-form solutions
are rarely found in literature.

A method for building solutions in the multiplicative form (5), to the
generalized Kompaneets equation (3), in its explicit form (6), is discussed in the
present paper.

For the time-evolving part, we have found the quasi-Bose-Einstein distribution
(9), while for the differential equation depending on the photon energy, whose
general form is (10), one has to impose the additional constraint (11). This
approach is generalizing the procedure proposed in [6].

Thus, one may conclude by saying that some solutions to the timedepending
Kompaneets equation (3) can be found as the product between the function T(y)
given in (9) and the function f(x) which, together with the functions g(x) and
h(x) should satisfy both the equation (10) and the constraint (11).

In the case of a low photon number density, the spontaneous scattering is
dominant over the induced one and, by neglecting the term 2n , we have arrived
to the linear equation (16).

For highly energetic photons, it turns out that the solutions are expressed in
terms of Heun functions in their general or confluent forms. In the last two
decades, these have been been intensively worked out and there is a raising number
of articles on the Heun functions and their applications in theoretical and applied
science [13-17].
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ÍÎÂÛÉ ÌÅÒÎÄ ÃÅÍÅÐÀÖÈÈ ÐÅØÅÍÈÉ ÄËß
ÎÁÎÁÙÅÍÍÎÃÎ ÓÐÀÂÍÅÍÈß ÊÎÌÏÀÍÅÉÖÀ È

ÑÎÎÒÂÅÒÑÒÂÓÞÙÈÕ ÔÓÍÊÖÈÉ ÃÎÉÍÀ

Ì.À.ÄÀÐÈÅÑÊÓ, ×.ÄÀÐÈÅÑÊÓ

Â íàñòîÿùåé ñòàòüå ìû ðàçðàáàòûâàåì àíàëèòè÷åñêèé ìåòîä ðåøåíèÿ
íåñòàöèîíàðíîãî óðàâíåíèÿ Êîìïàíåéöà â åãî îáîáùåííîì âèäå. Ìåòîäèêà
îáîáùàåò ìåòîä Äóáèíîâà è Êèòàåâà. Â ÷àñòíîì ñëó÷àå íèçêîé ïëîòíîñòè
÷èñëà ôîòîíîâ äëÿ ñîîòâåòñòâóþùåãî ëèíåéíîãî óðàâíåíèÿ ðåøåíèÿ âûðà-
æàþòñÿ ÷åðåç ôóíêöèè Ãîéíà.

Êëþ÷åâûå ñëîâà: êîìïòîíîâñêîå ðàññåÿíèå: óðàâíåíèå Êîìïàíåéöà: ôóíêöèè
   Ãîéíà
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