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Èíòåíñèâíîñòü ãàëàêòè÷åñêèõ êîñìè÷åñêèõ ëó÷åé 
â ýïîõó ìîëîäîãî Ñîëíöà

Íà îñíîâå ðåøåíèÿ óðàâíåíèÿ ïåðåíîñà èññëåäîâàí ïðîöåññ ãåëèî ñôåð -
íîé ìîäóëÿöèè èíòåíñèâíîñòè ãàëàêòè÷åñêèõ êîñìè÷åñêèõ ëó÷åé.
Ïðî àíà ëèçèðîâàíî ïðîñòðàíñòâåííî-ýíåðãåòè÷åñêîå ðàñïðåäåëåíèå
êîñìè÷åñêèõ ëó÷åé â íàñòîÿùóþ ýïîõó è â ïðîøëîì. Ïîêàçàíî, ÷òî â
äàëåêîì ïðîøëîì çíà÷åíèÿ êîíöåíòðàöèè è ïëîòíîñòè ýíåðãèè êîñ -
ìè ÷åñêèõ ëó÷åé â Ñîëíå÷íîé ñèñòåìå áûëè ñóùåñòâåííî ìåíüøå ñî -
âðåìåííûõ çíà÷åíèé. Îñîáåííî ñèëüíî ìîäóëÿöèÿ èíòåíñèâíîñòè êîñ -
ìè÷åñêèõ ëó÷åé â ðàííåé ãåëèîñôåðå ïðîÿâëÿëàñü äëÿ ÷àñòèö íèçêèõ
ýíåðãèé.

²ÍÒÅÍÑÈÂÍ²ÑÒÜ ÃÀËÀÊÒÈ×ÍÈÕ ÊÎÑÌ²×ÍÈÕ ÏÐÎÌÅÍ²Â Â
ÅÏÎ ÕÓ ÌÎËÎÄÎÃÎ ÑÎÍÖß, Ôåäîðîâ Þ. ²., Øàõîâ Á. Î., Êîëåñ -
íèê Þ. Ë. — Íà îñíîâ³ ðîçâ’ÿçêó ð³âíÿííÿ ïåðåíîñó ðîçãëÿíóòî ïðîöåñ
ãåë³îñôåðíî¿ ìîäóëÿö³¿ ³íòåíñèâíîñò³ ãàëàêòè÷íèõ êîñì³÷íèõ ïðî -
ìåí³â. Ïðîàíàë³çîâàíî ïðîñòîðîâî-åíåðãåòè÷íèé ðîçïîä³ë êîñì³÷íèõ
ïðîìåí³â ó ñó÷àñíó åïîõó ³ ó ìèíóëîìó. Ïîêàçàíî, ùî ó äàëåêîìó ìèíó -
ëîìó çíà÷åííÿ êîíöåíòðàö³¿ òà ãóñòèíè åíåðã³¿ êîñì³÷íèõ ïðîìåí³â ó
Ñîíÿ÷í³é ñèñòåì³ áóëè ñóòòºâî ìåíøèìè çà ñó÷àñí³ çíà÷åííÿ. Îñîá -
ëèâî ñèëüíî ìîäóëÿö³ÿ ³íòåíñèâíîñò³ êîñì³÷íèõ ïðîìåí³â ó ðàíí³é ãå -
ë³î ñôåð³ âèÿâëÿëàñü äëÿ ÷àñòèíîê íèçüêèõ åíåðã³é. 

IN TEN SITY OF GA LAC TIC COS MIC RAYS IN THE EARLY SUN EP OCH, 
by Fedorov Yu. I., Shakhov B. A., Kolesnyk Yu. L. — The pro cess of the
heliospheric mod u la tion of ga lac tic cos mic ray in ten sity is in ves ti gated on
the ba sis of trans port equa tion so lu tion. The spa tial-en er getic dis tri bu tions
of cos mic rays in the pres ent ep och and in the past are an a lyzed. It is shown
that the par ti cle den sity and the cos mic ray en ergy den sity in the So lar
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sys tem were con sid er ably re duced in the re mote past. The cos mic ray
in ten sity mod u la tion in the early heliosphere ap peared especially vigorous
for the low energy particles. 

ÂÂÅÄÅÍÈÅ

Êîñìè÷åñêèå ëó÷è (ÊË) ÿâëÿþòñÿ èñòî÷íèêîì èîíèçàöèè ïëàíåòíûõ
èîíîñôåð è ìîãóò èãðàòü âàæíóþ ðîëü â ïðîöåññå âîçíèêíîâåíèÿ è
ýâî ëþöèè æèçíè íà Çåìëå. Çàðÿæåííûå ÷àñòèöû âûñîêèõ ýíåðãèé âëè -
ÿþò íà ôóíêöèîíèðîâàíèå îðãàíè÷åñêèõ ñîåäèíåíèé, ïðèâîäÿò ê ðà -
äè à öèîííûì êëåòî÷íûì ïîâðåæäåíèÿì è ìóòàöèÿì, ñïîñîáñòâóþò
âîç íèêíîâåíèþ ìîëíèé [11]. Èññëåäîâàíèÿ, ïîñâÿùåííûå àíàëèçó
óðîâ íÿ ðàäèàöèè, âûçûâàåìîé ÊË â íàñòîÿùåì è ïðîøëîì, âûçûâàþò
áîëüøîé èíòåðåñ ñ òî÷êè çðåíèÿ ðàçëè÷íûõ ïåðñïåêòèâíûõ ôèçè÷åñ -
êèõ è áèîëîãè÷åñêèõ ïðèëîæåíèé.

Èññëåäîâàíèÿ ìîëîäûõ çâåçä, ïîäîáíûõ Ñîëíöó, ïîêàçûâàþò, ÷òî
èõ ôèçè÷åñêèå õàðàêòåðèñòèêè ñóùåñòâåííûì îáðàçîì çàâèñÿò îò âîç -
ðàñòà [11, 17, 19, 28, 36]. Ñêîðîñòü âðàùåíèÿ ìîëîäûõ çâåçä îêàçûâà -
åòñÿ âûøå, ìàãíèòíàÿ àêòèâíîñòü ñèëüíåå, à ðåíòãåíîâñêîå èçëó÷åíèå
èìååò áîëüøóþ ìîùíîñòü. Êðîìå òîãî, ñêîðîñòü ïîòåðè ìàññû ìîëî -
äûõ àêòèâíûõ çâåçä îêàçûâàåòñÿ ñóùåñòâåííî áîëüøå [10, 29, 31, 37].
Òà êèì îáðàçîì, â îòäàëåííîì ïðîøëîì (ïîðÿäêà 109—3×109  ëåò íàçàä)
Ñîëíöå âðàùàëîñü áûñòðåå, íàïðÿæåííîñòü åãî ìàãíèòíîãî ïîëÿ áûëà
áîëüøå, à ïîòîê ìàññû ñîëíå÷íîãî âåòðà ñóùåñòâåííî ïðåâûøàë ñî -
âðå ìåííîå çíà÷åíèå [10, 11, 19, 28, 31, 36]. 

Òàêèì îáðàçîì, â äàëåêîì ïðîøëîì ðàçìåð ãåëèîñôåðû áûë áîëü -
øå, à ìåæïëàíåòíîå ìàãíèòíîå ïîëå õàðàêòåðèçîâàëîñü áîëüøåé íà -
ïðÿ æåííîñòüþ è èíîé òîïîëîãèåé. Âñëåäñòâèå ýòîãî ãàëàêòè÷åñêèì
êîñìè÷åñêèì ëó÷àì (ÃÊË) áûëî òðóäíåå ïðîíèêàòü âíóòðü Ñîëíå÷íîé 
ñèñòåìû, à èõ èíòåíñèâíîñòü ó Çåìëè áûëà ñóùåñòâåííî íèæå ñîâðå -
ìåííîé [10, 11, 28, 30].

Â íàñòîÿùåé ðàáîòå èññëåäîâàí ïðîöåññ ìîäóëÿöèè èíòåíñèâ -
íîñòè ãàëàêòè÷åñêèõ ÊË â ãåëèîñôåðå íà îñíîâå ïðèáëèæåííîãî ðå -
øåíèÿ óðàâíåíèÿ ïåðåíîñà ÊË. Ýíåðãåòè÷åñêèé ñïåêòð ÊË â ëîêàëü -
íîì ìåæçâåçäíîì ïðîñòðàíñòâå ñîîòâåòñòâóåò äàííûì êîñìè÷åñêîãî
àïïàðàòà «Âîÿäæåð», à ýíåðãåòè÷åñêàÿ çàâèñèìîñòü òðàíñïîðòíîãî
ïðî áåãà ÷àñòèö â ìåæïëàíåòíîé ñðåäå ñîãëàñîâàíà ñ ýêñïåðèìåíòàëü -
íûìè äàííûìè, ïîëó÷åííûìè íà êîñìè÷åñêèõ àïïàðàòàõ è ñåòè íåéò -
ðîííûõ ìîíèòîðîâ. Íà îñíîâå ïîëó÷åííîãî ðåøåíèÿ óðàâíåíèÿ ïåðå -
íî ñà ÊË ïðîàíàëèçèðîâàíî ïðîñòðàíñòâåííî-ýíåðãåòè÷åñêîå ðàñïðå -
äå ëå íèå ÃÊË â ãåëèîñôåðå êàê â íàñòîÿùåå âðåìÿ, òàê è â ïðîøëîì.
Ïîêàçàíî, ÷òî êîíöåíòðàöèÿ ÊË è ïëîòíîñòü ýíåðãèè ÷àñòèö â îòäà -
ëåííîì ïðîøëîì (ïîðÿäêà 1—3 ìëðä ëåò íàçàä) áûëè ñóùåñòâåííî
ìåíü øå çíà÷åíèé, õàðàêòåðíûõ äëÿ ñîâðåìåííîñòè. 



ÓÐÀÂÍÅÍÈÅ ÏÅÐÅÍÎÑÀ

Äëÿ ðàñ÷åòà ïðîñòðàíñòâåííî-ýíåðãåòè÷åñêîãî ðàñïðåäåëåíèÿ ãàëàê -
òè ÷åñêèõ êîñìè÷åñêèõ ëó÷åé (ÊË) â ãåëèîñôåðå èñïîëüçóåì õîðîøî
èçâåñòíîå óðàâíåíèå ïåðåíîñà, êîòîðîå îïèñûâàåò ðàñïðîñòðàíåíèå
çàðÿæåííûõ ÷àñòèö âûñîêîé ýíåðãèè â ìåæïëàíåòíûõ ìàãíèòíûõ
ïîëÿõ [2, 13, 21]:
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ãäå 
N r p d f r( , ) ( , )= ò W p (2)

— êîíöåíòðàöèÿ ÷àñòèö ñ äàííûì çíà÷åíèåì èìïóëüñà, f r p( , ) —
ôóíêöèÿ ðàñïðåäåëåíèÿ ÷àñòèö. Èíòåãðèðîâàíèå â ñîîòíîøåíèè (2)
ïðîâîäèòñÿ ïî óãëàì âåêòîðà ñêîðîñòè ÷àñòèöû. Ñêîðîñòü ñîëíå÷íîãî
âåòðà u ñ÷èòàåì ðàäèàëüíîé è ïîñòîÿííîé, à âåëè÷èíà k ïðåä ñòàâëÿåò
ñîáîé êîýôôèöèåíò äèôôóçèè ÊË â ìåæïëàíåòíûõ ìàã íèòíûõ ïîëÿõ.
Óðàâíåíèå ïåðåíîñà ÊË çàïèñàíî â ñòàöèîíàðíîì ñôå ðè÷åñêè ñèì -
ìåò ðè÷ íîì ñëó÷àå, òàê ÷òî êîíöåíòðàöèÿ ÊË N r p( , ) çàâè ñèò îò åäèí -
ñòâåííîé ïðîñòðàíñòâåííîé ïåðåìåííîé — ãåëèîöåíò ðè ÷åñ êîãî ðàñ -
ñòîÿíèÿ r. 

Ïëîòíîñòü ïîòîêà ÷àñòèö ñ äàííûì çíà÷åíèåì èìïóëüñà

J v p( , ) ( , )r p d f r= ò W (3)

èìååò âèä [2, 13]
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Îòìåòèì, ÷òî äëÿ èçîòðîïíîãî ðàñïðåäåëåíèÿ ÷àñòèö ïîòîê ÊË (3)
ðàâåí íóëþ. Äèôôóçèîííàÿ ñîñòàâëÿþùàÿ ïîòîêà ÷àñòèö ïðîïîð öèî -
íàëüíà ãðàäèåíòó êîíöåíòðàöèè ÊË, à âòîðîå ñëàãàåìîå â ñîîòíî øå -
íèè (4) îïèñûâàåò êîíâåêöèîííûé ïîòîê ÊË, îáóñëîâëåííûé âçàè ìî -
äåéñòâèåì áûñòðûõ çàðÿæåííûõ ÷àñòèö ñ ýëåêòðîìàãíèòíûìè ïî ëÿìè
ñîëíå÷íîãî âåòðà.

Ââåäåì áåçðàçìåðíûå ïåðåìåííûå ñîãëàñíî ñîîòíîøåíèÿì

r = r r/ 0 , (5)

 z = p mc/ ( ). (6)

Âåëè÷èíà r0 ðàâíà ãåëèîöåíòðè÷åñêîìó ðàäèóñó ãðàíèöû îáëàñòè
ìîäóëÿöèè ÃÊË. Òàêèì îáðàçîì, êîîðäèíàòà r ïðåäñòàâëÿåò ñîáîé
áåçðàçìåðíîå ãåëèîöåíòðè÷åñêîå ðàññòîÿíèå, êîòîðîå èçìåðÿåòñÿ îò
íóëÿ äî åäèíèöû. Ïåðåìåííàÿ z (6) îïðåäåëÿåò áåçðàçìåðíûé èìïóëüñ 
÷àñòèöû (m — ìàññà ïîêîÿ ÷àñòèöû). 

Çàïèøåì óðàâíåíèå ïåðåíîñà ÊË (1) â áåçðàçìåðíûõ ïåðåìåííûõ:
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ãäå
m k( ) / ( )p ur p= 0 (8)

— ïàðàìåòð ìîäóëÿöèè ÊË. 
Ïðåäïîëîæèì, ÷òî íà ãðàíèöå îáëàñòè ìîäóëÿöèè, òî åñòü ïðè r =

r0, çàäàí ñïåêòð ÊË N0(p), êîòîðûé îïèñûâàåò ýíåðãåòè÷åñêîå ðàñ -
ïðåäåëåíèå çàðÿæåííûõ ÷àñòèö âûñîêîé ýíåðãèè âäàëè îò Ñîëíå÷íîé
ñèñòåìû. Òàêèì îáðàçîì, íåîáõîäèìî ïîëó÷èòü ðåøåíèå óðàâíåíèÿ
ïåðåíîñà (7), êîòîðîå óäîâëåòâîðÿåò ãðàíè÷íîìó óñëîâèþ, çàäàííîìó
íà ñôåðå ðàäèóñà r = 1. Îòìåòèì, ÷òî â ïðèáëèæåíèè ïîñòîÿííîãî
êîýô ôèöèåíòà äèôôóçèè ÊË äëÿ íåêîòîðûõ ðàñïðåäåëåíèé ãàëàê -
òè÷åñêèõ ÊË N0(p) óäàåòñÿ ïîëó÷èòü òî÷íûå àíàëèòè÷åñêèå ðåøåíèÿ
óðàâíåíèé ïåðåíîñà [3, 5, 8, 12]. Â äàííîé ðàáîòå áóäåì ó÷èòûâàòü òî
îáñòîÿòåëüñòâî, ÷òî êîýôôèöèåíò äèôôóçèè ÊË óâåëè÷èâàåòñÿ ïðè
âîçðàñòàíèè èìïóëüñà ÷àñòèöû. Òàêèì îáðàçîì, ðàññåÿíèå ÷àñòèö âû -
ñîêîé ýíåðãèè íà ìàãíèòíûõ íåîäíîðîäíîñòÿõ áóäåò ìåíåå èíòåí ñèâ -
íûì, à óìåíüøåíèå èõ èíòåíñèâíîñòè â ãåëèîñôåðå, îòíîñèòåëüíî èí -
òåíñèâíîñòè ÊË â Ãàëàêòèêå, áóäåò ìåíåå çíà÷èòåëüíûì.

Áåçðàçìåðíàÿ âåëè÷èíà m z( ) (8) (ïàðàìåòð ìîäóëÿöèè ÊË) õàðàê -
òåðèçóåò ãëóáèíó ìîäóëÿöèè èíòåíñèâíîñòè ãàëàêòè÷åñêèõ ÊË â ãå -
ëèî ñôåðíûõ ìàãíèòíûõ ïîëÿõ. Òàê êàê êîýôôèöèåíò äèôôóçèè ÊË k
ÿâëÿåòñÿ âîçðàñòàþùåé ôóíêöèåé ýíåðãèè ÷àñòèöû, òî ïàðàìåòð ìî -
äóëÿöèè ÊË (8) óìåíüøàåòñÿ ïðè óâåëè÷åíèè áåçðàçìåðíîãî èìïóëü -
ñà z. Îòìåòèì, ÷òî â ñëó÷àå óëüòðàðåëÿòèâèñòñêèõ ÷àñòèö ðàññåÿíèå íà 
íåîäíîðîäíîñòÿõ ìåæïëàíåòíîãî ìàãíèòíîãî ïîëÿ ñòàíîâèòñÿ ïðåíå -
áðåæèìî ìàëûì, à ïàðàìåòð ìîäóëÿöèè ÊË (8) — áëèçêèì ê íóëþ,
óðàâíåíèå ïåðåíîñà ÊË (7) ñâîäèòñÿ ê óðàâíåíèþ äèôôóçèè. Òàêèì
îáðàçîì, ðàñïðåäåëåíèå ÊË óëüòðàðåëÿòèâèñòñêèõ ýíåðãèé âíóòðè ãå -
ëèîñôåðû îäíîðîäíî, à ýíåðãåòè÷åñêîå ðàñïðåäåëåíèå ÷àñòèö ñîâïà -
äàåò ñî ñïåêòðîì ÊË â ëîêàëüíîì ìåæçâåçäíîì ïðîñòðàíñòâå. 

ÏÐÈÁËÈÆÅÍÍÎÅ ÐÅØÅÍÈÅ ÓÐÀÂÍÅÍÈß ÏÅÐÅÍÎÑÀ

Çàðÿæåííûå ÷àñòèöû ÊË ýôôåêòèâíî ðàññåèâàþòñÿ íà íåîäíîðîä -
íîñòÿõ êîñìè÷åñêèõ ìàãíèòíûõ ïîëåé. Â ðåçóëüòàòå èõ óãëîâîå ðàñ -
ïðåäåëåíèå ñòàíîâèòñÿ áëèçêèì ê èçîòðîïíîìó [7, 27]. Ïðè ðåøåíèè
óðàâíåíèÿ ïåðåíîñà ÊË (7) èñïîëüçóåì èçâåñòíûé ïðèáëèæåííûé ìå -
òîä, îñíîâàííûé íà ìàëîñòè àíèçîòðîïèè óãëîâîãî ðàñïðåäåëåíèÿ
÷àñòèö [9, 13, 14, 20, 33]. Äèôôóçèîííûé ïîòîê ãàëàêòè÷åñêèõ ÊË,
êîòîðûé íàïðàâëåí âíóòðü Ñîëíå÷íîé ñèñòåìû, ïðèáëèçèòåëüíî óðàâ -
íîâåøèâàåòñÿ êîíâåêöèîííûì ïîòîêîì ÷àñòèö, îðèåíòèðîâàííûì îò
Ñîëíöà. Òàêèì îáðàçîì, â íóëåâîì ïðèáëèæåíèè ïî ìàëîìó ïàðàìåò -
ðó, êîòîðûì ÿâëÿåòñÿ àíèçîòðîïèÿ óãëîâîãî ðàñïðåäåëåíèÿ ÊË, ïîòîê
÷àñòèö ñ äàííûì çíà÷åíèåì èìïóëüñà 

J u
N N

( , )r z
m r

z

z
= -

¶

¶
+

¶

¶

ì
í
î

ü
ý
þ

1

3
(9)
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îêàçûâàåòñÿ ðàâíûì íóëþ. Òàêèì îáðàçîì, ïîëó÷àåì ñëåäóþùåå
óðàâíåíèå äëÿ îïðåäåëåíèÿ êîíöåíòðàöèè ÊË:

¶

¶
+

¶

¶
=

N N

r

m z
z

z

( )

3
0. (10)

Óðàâíåíèå (10) ïðåäñòàâëÿåò ñîáîé óðàâíåíèå â ÷àñòíûõ ïðîèç -
âîä íûõ ïåðâîãî ïîðÿäêà, õàðàêòåðèñòè÷åñêîå óðàâíåíèå êîòîðîãî
èìå åò âèä

d

d

z

r

zm z
=

( )

3
 . (11)

Ïðåäïîëîæèì, ÷òî çàâèñèìîñòü êîýôôèöèåíòà äèôôóçèè ÊË îò
èìïóëüñà ÷àñòèöû èìååò ñòåïåííîé âèä:

k z k z l( ) = 0 , (12)

ãäå l — ïîêàçàòåëü ñòåïåíè, k0  — êîýôôèöèåíò äèôôóçèè ÷àñòèö ñ
èì ïóëü ñîì, ðàâíûì mc. Çàìåòèì, ÷òî óñëîâèå p = mc (z = 1) ñîîòâåò -
ñòâóåò çíà÷åíèþ êèíåòè÷åñêîé ýíåðãèè ïðîòîíà Ek = 389 ÌýÂ. Âûðà -
æåíèþ (12) äëÿ êîýôôèöèåíòà äèôôóçèè ÊË ñîîòâåòñòâóåò ñëåäóþ -
ùàÿ ôîðìóëà äëÿ ïàðàìåòðà ìîäóëÿöèè (8):

m z m z l( ) = -
0 , (13)

ãäå

m
k

0
0

0

=
ur

(14)

— ïàðàìåòð ìîäóëÿöèè ÷àñòèö, èìïóëüñ êîòîðûõ ðàâåí mc.
Åñëè èçâåñòíî ýíåðãåòè÷åñêîå ðàñïðåäåëåíèå ÷àñòèö íà ãðàíèöå

îáëàñòè ìîäóëÿöèè N ( , )r z= 1  = N 0 ( )z , òî ðåøåíèå óðàâíåíèé (10),
(11) ìîæíî ïðåäñòàâèòü â âèäå

N N( , ) ( )r z x= 0 , (15)
ãäå

x z
lm

rl

l

= - -
é

ëê
ù

ûú
0

1

3
1( )

/

. (16)

Òàêèì îáðàçîì, íà îñíîâàíèè ïðèáëèæåííîãî ìåòîäà ðåøåíèÿ
óðàâ íåíèÿ ïåðåíîñà ÊË [13, 14] ïîëó÷àåì âûðàæåíèå äëÿ êîíöåí òðà -
öèè ÊË (15), (16). Äëÿ âû÷èñëåíèÿ êîíöåíòðàöèè ÊË âíóòðè ãåëèî -
ñôåðû (r < 1) íåîáõîäèìî çàäàòü ýíåðãåòè÷åñêèé ñïåêòð ÷àñòèö â ëî -
êàëüíîì ìåæçâåçäíîì ïðîñòðàíñòâå N 0 ( )z . Èñïîëüçóåì ñëåäóþùóþ
ôîð ìó ýíåðãåòè÷åñêîãî ðàñïðåäåëåíèÿ ãàëàêòè÷åñêèõ ÊË âíå ãåëèî -
ñôåðû [5, 8, 12]:

N q0 0
2 21( ) ( )( ) /z z zb b g= +- - , (17)

ãäå q0  — ïîñòîÿííàÿ âåëè÷èíà, êîòîðàÿ ìîæåò áûòü âûðàæåíà, íà -
ïðèìåð, ÷åðåç ïëîòíîñòü ýíåðãèè ÊË â ëîêàëüíîé ìåæçâåçäíîé ñðåäå.
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Îòìåòèì, ÷òî ïîäîáíàÿ ôîðìà ýíåðãåòè÷åñêîãî ðàñïðåäåëåíèÿ ãàëàê -
òè ÷åñêèõ ÊË èñïîëüçîâàëàñü â ðÿäå ðàáîò ïî ðàñïðîñòðàíåíèþ ÊË [16, 
22, 26, 32]. Èçâåñòíî, ÷òî â îáëàñòè âûñîêèõ ýíåðãèé ñïåêòð ãàëàê òè -
÷åñêèõ ÊË ñòåïåííîé, è g = 4.7 [23, 27, 34]. Ïîêàçàòåëü ñòåïåíè ìîæíî
íàéòè èç ñðàâíåíèÿ ñî ñïåêòðîì ÃÊË âíå ãåëèîñôåðû, êîòîðûé ïðè -
âåäåí â ðàáîòå [18] (b = 1.34). Îòìåòèì, ÷òî ïðè ïðèâåäåííûõ çíà÷å -
íèÿõ ïàðàìåòðîâ b g,  ñïåêòð ÊË (17) ñîãëàñóåòñÿ ñ ýíåðãåòè÷åñêèì
ðàñïðåäåëåíèåì ãàëàêòè÷åñêèõ ÊË, èçìåðåííûì êîñìè÷åñêèì àïïà -
ðà òîì «Âîÿäæåð-1» ïîñëå òîãî, êàê îí ïîêèíóë ïðåäåëû ãåëèîñôåðû â
àâãóñòå 2012 ã. [18, 23, 24, 34, 35].

Ñëåäóÿ ìåòîäó, ðàçâèòîìó â ðàáîòå [9], ïîñòðîèì ïðèáëèæåíèå
ðåøåíèÿ óðàâíåíèÿ ïåðåíîñà ÊË. Çàïèøåì óðàâíåíèå ïåðåíîñà ÊË (7) 
â ñëåäóþùåì âèäå [12, 15]:

1 1
0

2

2

2

2

r r
r J

p p
p J p

¶

¶
+

¶

¶
= , (18)

ãäå J — ïîòîê ÊË (4), à âåëè÷èíà

J
up N

r
p =

¶

¶3
(19)

ïðåäñòàâëÿåò ñîáîé ïîòîê ÷àñòèö â ïðîñòðàíñòâå àáñîëþòíûõ çíà÷å -
íèé èìïóëüñà. Ïðîèíòåãðèðîâàâ óðàâíåíèå ïåðåíîñà ÊË (18) ïî ïðî -
ñòðàíñòâåííîé ïåðåìåííîé r, ïîëó÷èì ñëåäóþùåå ñîîòíîøåíèå äëÿ
ïëîòíîñòè ïîòîêà ÷àñòèö:

J
u

p r
drr

r p
p N

r

= -
¶

¶ ¶ò3 2 2

2

0

2
3 . (20)

Èíòåãðèðóÿ ñîîòíîøåíèå (20) ïî ÷àñòÿì è ïåðåõîäÿ ê áåçðàçìåð -
íûì ïåðåìåííûì, ïîëó÷èì

J
u

N d N( , ) ( , ) ( , )r z
z z

z r z
r

rr
z

z r z
r

= -
¶

¶
-

¶

¶

ì
í
î

ü
ý
þ

ò3

2
2

3

2

0

3 . (21)

Ïðè âû÷èñëåíèè ïîòîêà ÷àñòèö (21) èñïîëüçóåì ïðèáëèæåííîå
ñîîòíîøåíèå äëÿ êîíöåíòðàöèè ÊË N ( , )r z  (15), (16) è âûðàæåíèå äëÿ
íåìîäóëèðîâàííîãî ñïåêòðà ãàëàêòè÷åñêèõ ÊË (17). Â ðåçóëüòàòå
ïîëó÷èì ñîîòíîøåíèå

J u N( , ) ( )r z
z x b gx

x
x

l

= - -
+

+

é

ë
ê

ù

û
ú +

ì
í
î

-

1
3 1

2 2

2 0

+ -
+

+

é

ë
ê

ù

û
ú

ü
ý
þ

ò
-2

1
3 12

0

2 2

2 0
r

rr
z x b gx

x
x

r l

d N ( ) , (22)

ãäå ïåðåìåííàÿ x îïðåäåëåíà ñîîòíîøåíèåì (16), à ôóíêöèÿ N 0 ( )z
çàäàíà ôîðìóëîé (17).
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Íàéäåì ñëåäóþùåå ïðèáëèæåíèå ðåøåíèÿ óðàâíåíèÿ ïåðåíîñà
ÊË ïî ìàëîñòè àíèçîòðîïèè óãëîâîãî ðàñïðåäåëåíèÿ ÷àñòèö N 1 ( , )r z .
Ïðèðàâíÿâ âûðàæåíèå äëÿ ïîòîêà ÊË (9) ïîëó÷åííîìó ñîîòíîøåíèþ
(22), êîòîðîå âû÷èñëåíî íà îñíîâå ïðèáëèæåííîãî ñîîòíîøåíèÿ äëÿ
êîíöåíòðàöèè ÊË (15), (16), ïîëó÷èì óðàâíåíèå 

¶

¶
+

¶

¶
=

N N1 1

3r

m z
z

x
r z

( )
( , )F . (23)

Ïðàâàÿ ÷àñòü äàííîãî óðàâíåíèÿ îïðåäåëåíà ñîîòíîøåíèåì

F( , )
( )

( , )r z
m z

r z= -
u

J , (24)

à ïîòîê ÊË J( , )r z  óäîâëåòâîðÿåò ñîîòíîøåíèþ (22). Òàê êàê êîíöåíò -
ðàöèÿ ÊË (15) óäîâëåòâîðÿåò ãðàíè÷íîìó óñëîâèþ N ( , )r z= 1  = N 0 ( )z ,
òî âåëè÷èíà N 1  äîëæíà áûòü ðàâíà íóëþ â òî÷êå r = 1. Ðåøåíèå
óðàâíåíèÿ (23), óäîâëåòâîðÿþùåå íóëåâîìó ãðàíè÷íîìó óñëîâèþ íà
ñôåðå ðàäèóñà r = 1, èìååò âèä [9]

N d1

1

0

1

3
( , ) , ( )

/

r z r r z
m l

r r
r

l

l

= ¢ ¢ + ¢-
é

ëê
ù

ûú

æ

è

ç
ç

ö

ø

÷
÷ò F . (25)

Òàêèì îáðàçîì, ïðèáëèæåííîå ðåøåíèå óðàâíåíèÿ ïåðåíîñà ÊË
(7) ìîæåò áûòü çàïèñàíî â âèäå ñóììû

N N N( , ) ( ) ( , )r z x r z= +0 1 , (26)

ãäå N 0 ( )x  — íåìîäóëèðîâàííûé ñïåêòð ÊË (17), ïåðåìåííàÿ x îïðå äå -
ëåíà ôîðìóëîé (16), à âåëè÷èíà N 1  ïðåäñòàâëåíà ñîîòíîøåíèåì (25). 

Äëÿ îïðåäåëåíèÿ ïàðàìåòðà m 0  (14) âîñïîëüçóåìñÿ äàííûìè îá
èíòåíñèâíîñòè ãàëàêòè÷åñêèõ ÊË íà îðáèòå Çåìëè, ïðèâåäåííûìè â
ðàáîòå [25]. Ïðè êèíåòè÷åñêîé ýíåðãèè ïðîòîíîâ 500 ÌýÂ îòíîøåíèå
èõ èíòåíñèâíîñòè íà îðáèòå Çåìëè ê èíòåíñèâíîñòè ÊË çà ãåëèî ïà -
óçîé ðàâíî 0.27 [25]. Òàêîé ãëóáèíå ìîäóëÿöèè ÊË äàííîé ýíåðãèè
ñîîòâåòñòâóþò ñëåäóþùèå çíà÷åíèÿ ïàðàìåòðîâ m 0  = 1.6, l = 1. Îò ìå -
òèì, ÷òî ïðè òàêîì âûáîðå ïàðàìåòðîâ ïîëó÷åííûå çíà÷åíèÿ èíòåí -
ñèâíîñòè ÊË íà îðáèòå Çåìëè õîðîøî ñîãëàñóþòñÿ ñ äàííûìè íàáëþ -
äåíèé â èíòåðâàëå ýíåðãèé ïðîòîíîâ îò 100 ÌýÂ äî 100 ÃýÂ [25].

Íà ðèñ. 1 ïðåäñòàâëåíà ïðîñòðàíñòâåííàÿ çàâèñèìîñòü îòíîñè -
òåëü íîé êîíöåíòðàöèè ÊË îò áåçðàçìåðíîãî ãåëèîöåíòðè÷åñêîãî ðàñ -
ñòî ÿíèÿ. Êîíöåíòðàöèÿ ÷àñòèö N ( , )r z  (26) íîðìèðîâàíà íà êîíöåíò -
ðàöèþ ÊË íà ãðàíèöå îáëàñòè ìîäóëÿöèè N 0 ( )z  (17). ×èñëà ó êðèâûõ
ðàâíû çíà÷åíèÿì êèíåòè÷åñêîé ýíåðãèè ÷àñòèö. Ïàðàìåòð ìîäóëÿöèè
ÊË m z( ) îïðåäåëÿåòñÿ ñîîòíîøåíèåì (13) ïðè çíà÷åíèÿõ ïàðàìåòðîâ 
m 0  = 1.6, l = 1. Êîíöåíòðàöèÿ ÃÊË ìîíîòîííî óâåëè÷èâàåòñÿ ñ ãåëèî -
öåíòðè÷åñêèì ðàññòîÿíèåì. Âèäíî, ÷òî ÷åì âûøå ýíåðãèÿ ÷àñòèö, òåì
ñëàáåå ãåëèîñôåðíàÿ ìîäóëÿöèÿ èíòåíñèâíîñòè ÊË (ðèñ. 1). Òàê, íà -
ïðèìåð, èíòåíñèâíîñòü ÊË ñ ýíåðãèåé 50 ÃýÂ íà îðáèòå Çåìëè ìåíüøå
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ñîîòâåòñòâóþùåãî çíà÷åíèÿ â ëîêàëüíîì ìåæçâåçäíîì ïðîñòðàíñòâå
âñåãî íà 5 %. À äëÿ ÷àñòèö, êèíåòè÷åñêàÿ ýíåðãèÿ êîòîðûõ ðàâíà
100 ÌýÂ, îòíîøåíèå êîíöåíòðàöèè ÊË ó Çåìëè ê íåìîäóëèðîâàííîé
êîíöåíòðàöèè ÊË ðàâíî 0.15. 

Èíòåíñèâíîñòü ÊË I r p( , ) ïðîïîðöèîíàëüíà êîíöåíòðàöèè ÷àñòèö
è îïðåäåëÿåòñÿ ñîîòíîøåíèåì [1]:

I r p p N r p( , ) ( , )=
1

4
2

p
. (27)

Ïîëó÷åííûå ñîîòíîøåíèÿ äëÿ êîíöåíòðàöèè ÊË ïîçâîëÿþò âû -
÷èñëèòü èíòåíñèâíîñòü ÃÊË íà ðàçíûõ ãåëèîöåíòðè÷åñêèõ ðàññòîÿ -
íèÿõ. Çàâèñèìîñòü èíòåíñèâíîñòè ÊË îò êèíåòè÷åñêîé ýíåðãèè ÷àñòèö 
ïðåäñòàâëåíà íà ðèñ. 2. Âûáðàíû çíà÷åíèÿ ïàðàìåòðîâ m 0  = 1.6, l = 1.
×èñëà ó êðèâûõ ñîîòâåòñòâóþò çíà÷åíèþ áåçðàçìåðíîãî ãåëèîöåíòðè -
÷åñêîãî ðàññòîÿíèÿ r = r r/ 0 . Âåðõíÿÿ êðèâàÿ ñîîòâåòñòâóåò íåìîäó ëè -
ðîâàííîìó ñïåêòðó ÊË, à íèæíÿÿ — ýíåðãåòè÷åñêîìó ðàñïðåäåëåíèþ
÷àñòèö íà îðáèòå Çåìëè. Íà ðèñ. 2 ïðèâåäåíà áåçðàçìåðíàÿ âåëè÷èíà 
I q p/ ( )0 0

2 , ïðîïîðöèîíàëüíàÿ èíòåíñèâíîñòè ÷àñòèö. Ïðåäïîëàãàåòñÿ,
÷òî ãðàíèöåé îáëàñòè ìîäóëÿöèè ÊË ÿâëÿåòñÿ ãåëèîïàóçà, ðàñïîëî -
æåííàÿ íà ãåëèîöåíòðè÷åñêîì ðàññòîÿíèè r0  = 120 à. å. Âèäíî, ÷òî ïðè
âûñîêèõ ýíåðãèÿõ ìîäóëÿöèÿ èíòåíñèâíîñòè ÊË ñòàíîâèòñÿ ñëàáîé, à
ýíåðãåòè÷åñêèå ñïåêòðû ÊË âíóòðè ãåëèîñôåðû áëèçêè ê ñïåêòðó ãà -
ëàê òè÷åñêèõ ÊË â ëîêàëüíîì ìåæçâåçäíîì ïðîñòðàíñòâå (ðèñ. 2). Â
îá ëàñòè íèçêèõ ýíåðãèé (20...100 ÌýÂ) ãëóáèíà ìîäóëÿöèè ñòàíî âèòñÿ 
ñóùåñòâåííîé, à èíòåíñèâíîñòü ÊË âíóòðè Ñîëíå÷íîé ñèñòåìû îêà -
çû âàåò ñÿ çíà÷èòåëüíî îñëàáëåííîé (ðèñ. 2). Íàïðèìåð, èíòåíñèâíîñòü
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Ðèñ. 1. Çàâèñèìîñòü êîíöåíòðàöèè ÷àñòèö
äàííîé ýíåðãèè îò ãåëèîöåíòðè÷åñêîãî ðàñ -
ñòîÿíèÿ

Ðèñ. 2. Ýíåðãåòè÷åñêàÿ çàâèñèìîñòü èí -
òåíñèâíîñòè ÊË íà ðàçëè÷íûõ ãåëèî -
öåíò ðè ÷åñêèõ ðàññòîÿíèÿõ. Âåðõíÿÿ
êðè âàÿ — íåìîäóëèðîâàííûé ñïåêòð
ÊË, íèæíÿÿ — ýíåðãåòè÷åñêîå ðàñïðå -
äåëåíèå ÃÊË íà îðáèòå Çåìëè



÷àñòèö ñ ýíåðãèÿìè 100 ÌýÂ îêàçûâàåòñÿ ïî÷òè íà ïîðÿäîê âåëè÷èíû
ìåíüøå, ÷åì íà ãðàíèöå îáëàñòè ìîäóëÿöèè. Ñ óìåíüøåíèåì ãåëèî -
öåíòðè÷åñêîãî ðàññòîÿíèÿ ìàêñèìóì ñïåêòðà ñìåùàåòñÿ â ñòîðîíó
âûñîêèõ ýíåðãèé. Òàê, íàïðèìåð, ýíåðãåòè÷åñêîå ðàñïðåäåëåíèå ÃÊË
íà ãåëèîïàóçå èìååò ìàêñèìóì â îáëàñòè ýíåðãèé 110 ÌýÂ, à íà îðáèòå 
Çåìëè èíòåíñèâíîñòü ìàêñèìàëüíà ïðè ýíåðãèè 260 ÌýÂ. 

ÈÍÒÅÍÑÈÂÍÎÑÒÜ ÃÀËÀÊÒÈ×ÅÑÊÈÕ ÊÎÑÌÈ×ÅÑÊÈÕ ËÓ×ÅÉ 

Â ÏÐÎØËÎÌ

Ïåðåéäåì ê îöåíêå èíòåíñèâíîñòè ãàëàêòè÷åñêèõ ÊË â ïðîøëîì, êîã -
äà ñòðóêòóðà ãåëèîñôåðû îïðåäåëÿëàñü õàðàêòåðèñòèêàìè ðàííåãî
Ñîë íöà. Èíòåíñèâíîñòü ÊË çàâèñèò îò ðàçìåðîâ ãåëèîñôåðû, ñêîðîñ -
òè ñîëíå÷íîãî âåòðà, ãåîìåòðèè ìåæïëàíåòíîãî ìàãíèòíîãî ïîëÿ è
ðàñ ñåèâàòåëüíûõ ñâîéñòâ ìåæïëàíåòíîé ñðåäû. Âñå ýòè õàðàêòåðèñ -
òèêè ðàííåé ãåëèîñôåðû áûëè ñîâåðøåííî èíûìè 1…3 ìëðä ëåò òîìó
íàçàä [10, 18, 28, 29, 31, 36, 37]. 

Ïîòîê ìàññû ñîëíå÷íîãî âåòðà â ïðîøëîì ñóùåñòâåííî îòëè÷àëñÿ 
îò ñîâðåìåííîãî óðîâíÿ. Ñîãëàñíî íàáëþäàòåëüíûì äàííûì ïîòîê
ìàñ ñû çâåçäíûõ âåòðîâ ìîëîäûõ çâåçä ñîëíå÷íîãî òèïà óìåíüøàåòñÿ ñ 
èõ âîçðàñòîì [11, 28, 29, 31, 36]. Âñëåäñòâèå áîëüøåãî äàâëåíèÿ ñîë -
íå÷íîãî âåòðà ðàçìåð ãåëèîñôåðû â ïðîøëîì áûë áîëüøå ñîâðå ìåí -
íîãî. Åñòü ðàçëè÷íûå îöåíêè ðàçìåðîâ àñòðîñôåð ìîëîäûõ çâåçä òèïà
Ñîëíöà [10, 11, 36, 37]. Â íàøèõ ðàñ÷åòàõ èíòåíñèâíîñòè ÊË â ïðîø -
ëîì (ïîðÿäêà 109…3×109  ëåò íàçàä) ìû èñïîëüçîâàëè îòíîñèòåëüíî íå -
áîëüøîé ðàçìåð îáëàñòè ìîäóëÿöèè r0 , êîòîðûé ïðåâûøàåò ñîâðå -
ìåííóþ âåëè÷èíó âñåãî íà îäíó òðåòü [11]. Òàê êàê â äàííóþ ýïîõó r0  = 
= 120 à. å., òî áóäåì ïîëàãàòü, ÷òî ãåëèîïàóçà â ïðîøëîì èìåëà ðàäèóñ 
r0  = 160 à. å. Îòìåòèì, ÷òî â ýòîì ñëó÷àå ïàðàìåòð ìîäóëÿöèè ÊË (8),
êîòîðûé ïðîïîðöèîíàëåí õàðàêòåðíîìó ðàçìåðó ãåëèîñôåðû r0 , òàêæå 
óâåëè÷èòñÿ íà îäíó òðåòü.

Ñêîðîñòü âðàùåíèÿ Ñîëíöà ñ âîçðàñòîì óìåíüøàåòñÿ, òàê ÷òî ïå -
ðèîä åãî âðàùåíèÿ 3 ìëðä ëåò íàçàä áûë ãîðàçäî ìåíüøå [11, 17, 19, 30, 
36, 37]. Èçâåñòíî, ÷òî ñêîðîñòü âðàùåíèÿ çâåçäû êîððå ëèðóåò ñ ìàã -
íèòíîé àêòèâíîñòüþ, òàê ÷òî ïðè ñòàðåíèè çâåçäû åå ìàã íèòíîå ïîëå è
ïîòîê ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ â ðåíòãåíîâñêîì äèàïàçîíå
óìåíü øàþòñÿ [11, 29, 30, 36, 37]. Ïî îöåíêå, ïðèâåäåííîé â ðàáîòå
[11], íàïðÿæåííîñòü ñðåäíåãî ìàãíèòíîãî ïîëÿ Ñîëíöà 1...2 ìëðä ëåò
íàçàä áûëà â 1.2...1.4 ðàçà áîëüøå. Åñëè òðàíñïîðòíûé ïðîáåã ïðî ïîð -
öèîíàëåí ëàðìîðîâó ðàäèóñó ÷àñòèöû [7, 11, 23], òî â ñîîòâåò ñòâó -
þùåå ÷èñëî ðàç êîýôôèöèåíò äèôôóçèè ÊË â ïðîøëîì áûë ìåíüøå
ñîâ ðåìåííîãî çíà÷åíèÿ. 

Òàêèì îáðàçîì, óñèëåíèå ìàãíèòíîé àêòèâ íîñòè Ñîëíöà ïðèâîäèò 
ê óâåëè÷åíèþ ïàðàìåòðà m ìîäóëÿöèè ÊË (8), è ñëåäîâàòåëüíî,
óìåíüøåíèþ èíòåíñèâíîñòè ÃÊË â ãåëèîñôåðå â ïðîøëîì.
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Ìîäóëÿöèÿ ÊË ñóùåñòâåííûì îáðàçîì çàâèñèò îò ãåîìåòðèè
êðóï íî ìàñøòàáíîãî ãåëèîñôåðíîãî ìàãíèòíîãî ïîëÿ [7, 11, 23]. Ñèëî -
âûå ëèíèè ìåæïëàíåòíîãî ìàãíèòíîãî ïîëÿ èìåþò ñïèðàëüíóþ êîí -
ôè ãóðàöèþ è õîðîøî îïèñûâàþòñÿ ìîäåëüþ, âïåðâûå ïðåäëîæåííîé
Ïàðêåðîì [6]. Òàê êàê â ïðîøëîì ñêîðîñòü âðàùåíèÿ Ñîëíöà áûëà ñó -
ùåñòâåííî âûøå, òî ñïèðàëüíûå ñèëîâûå ëèíèè áûëè ñèëüíåå çàêðó -
÷åíû, à àçèìóòàëüíàÿ ñîñòàâëÿþùàÿ ìàãíèòíîãî ïîëÿ â äàííîé òî÷êå
ïðîñòðàíñòâà áûëà áîëüøå. Ïåðåíîñ ÷àñòèö ïîïåðåê ñðåäíåãî ìàãíèò -
íîãî ïîëÿ îêàçûâàåòñÿ çàòðóäíåííûì, òàê ÷òî ïîïåðå÷íûé êîýôôè -
öèåíò äèôôóçèè ÊË â ìåæïëàíåòíîé ñðåäå ïðèìåðíî íà äâà ïîðÿäêà
âåëè÷èíû ìåíüøå, ÷åì êîýôôèöèåíò äèôôóçèè ÷àñòèö âäîëü ìàãíèò -
íîãî ïîëÿ [7, 11, 23, 27]. Áûñòðîå âðàùåíèå ìîëîäîãî Ñîëíöà îáóñëî -
âëèâàåò áîëüøóþ íàïðÿæåííîñòü êðóïíîìàñøòàáíîãî ìàãíèòíîãî ïî -
ëÿ è áîëåå ïëîòíóþ óïàêîâêó è áîëüøóþ êðèâèçíó ìàãíèòíûõ ñèëî -
âûõ ëèíèé. Òàêàÿ ãåîìåòðèÿ ìåæïëàíåòíîãî ìàãíèòíîãî ïîëÿ áîëåå
ýô ôåêòèâíî ïðåïÿòñòâóåò ïðîíèêíîâåíèþ âíóòðü Ñîëíå÷íîé ñèñòåìû 
ðåëÿòèâèñòñêèõ çàðÿæåííûõ ÷àñòèö ãàëàêòè÷åñêîãî ïðîèñõîæäåíèÿ
[11].

Íàïðÿæåííîñòü êðóïíîìàñøòàáíîãî ìåæïëàíåòíîãî ìàãíèòíîãî
ïî ëÿ â òî÷êå ñ ãåëèîöåíòðè÷åñêèìè êîîðäèíàòàìè r, q äàåòñÿ ñîîòíî -
øåíèÿìè [6, 7]

H r
r

r
H

r

u
r( , ) sinq q= +

æ

è
ç

ö

ø
÷

0
2

2 0

2

21
W

, (28)

ãäå H r0  — ðàäèàëüíàÿ ñîñòàâëÿþùàÿ ìàãíèòíîãî ïîëÿ ó Ñîëíöà, r0 —
ðàäèóñ Ñîëíöà, u — ñêîðîñòü ñîëíå÷íîãî âåòðà, W — óãëîâàÿ ñêîðîñòü
âðàùåíèÿ Ñîëíöà. Ïðè ñêîðîñòè ñîëíå÷íîãî âåòðà u = 4×107 ñì/ñ è óã -
ëîâîé ñêîðîñòè âðàùåíèÿ ñîâðåìåííîãî Ñîëíöà W = 2.7×10–6 ñ–1, âå ëè -
÷èíà rW/u, êîòîðàÿ âõîäèò â ñîîòíîøåíèå (28), íà îðáèòå Çåìëè áëèçêà
ê åäèíèöå. Ïðè óâåëè÷åíèè ñêîðîñòè âðàùåíèÿ çâåçäû óâåëè÷èâàþòñÿ 
êàê ìàãíèòíîå ïîëå H r0  ó åå ïîâåðõíîñòè, òàê è ïîñëåäíèé ìíîæèòåëü
â ôîðìóëå (28). Áîëüøèå çíà÷åíèÿ íàïðÿæåííîñòè ìåæïëàíåòíîãî ïî -
ëÿ (28) â ïðîøëîì ïðèâîäÿò ê ñîîòâåòñòâåííî ìåíüøèì çíà÷åíèÿì êî -
ýô ôèöè åíòà äèôôóçèè ÊË, è ñëåäîâàòåëüíî, ê óâåëè÷åíèþ ïàðàìåòðà 
m ìîäó ëÿöèè ÊË (8).

Îöåíèì âëèÿíèå èçìåíåíèÿ êðèâèçíû ñèëîâûõ ëèíèé êðóïíîìàñ -
øòàáíîãî ìàãíèòíîãî ïîëÿ íà ïåðåíîñ áûñòðûõ ÷àñòèö â ãåëèîñôåðå.
Ïðèâåäåì êîìïîíåíòû åäèíè÷íîãî âåêòîðà h H= / H, ñîîòâåòñòâó -
þùèå ìîäåëè Ïàðêåðà êðóïíîìàñøòàáíîãî ìåæïëàíåòíîãî ìàãíèò íî -
ãî ïîëÿ [6, 7]:

h
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W
sin ,   hq = 0. (29)

Ïóñòü c — óãîë ìåæäó ìàãíèòíîé ñèëîâîé ëèíèåé è ðàäèàëüíûì
íàïðàâëåíèåì, òîãäà
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tgc q
j

= =
h

h

r

ur

W
sin . (30)

Âèäíî, ÷òî ïðè óâåëè÷åíèè ÷àñòîòû âðàùåíèÿ óãîë óâåëè÷è âà -
åòñÿ, à îòíîñèòåëüíàÿ âåëè÷èíà àçèìóòàëüíîé ñîñòàâëÿþùåé ìàã íèò -
íîãî ïîëÿ óâåëè÷èâàåòñÿ.

Ðàäèàëüíûé ïîòîê ÊË îïðåäåëåí ôîðìóëîé (4), ïðè÷åì êîýôôè -
öèåíò äèôôóçèè èìååò âèä 

k k c k c= + ^|| cos sin2 2 , (31)

ãäå k || è k^  — ñîîòâåòñòâåííî ïàðàëëåëüíûé è ïåðïåíäèêóëÿðíûé
êîýôôèöèåíòû äèôôóçèè ÊË. Èçâåñòíî, ÷òî â ãåëèîñôåðíûõ ìàãíèò -
íûõ ïîëÿõ âûïîëíÿåòñÿ íåðàâåíñòâî k^  << k || [7, 11, 23, 27]. Ïðåäñòà -
âèì âåëè÷èíó k^  â âèäå [11, 23]

k hk^ = ||, (32)

ãäå âåëè÷èíà h = 0.02...0.05 â ìåæïëàíåòíîé ñðåäå [7, 11, 23], òîãäà
ðàäèàëüíûé êîýôôèöèåíò äèôôóçèè ÊË (31) ïðèîáðåòàåò âèä

k
h c

c
k=
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+

1

1

2

2

tg

tg
||. (33)

Ðàäèàëüíûé êîýôôèöèåíò äèôôóçèè ÊË (33) çàâèñèò îò ãåëèî -
öåíò ðè ÷åñêèõ êîîðäèíàò r, q. Óñðåäíèì âåëè÷èíó k ïî ïîëÿðíîìó
óãëó:

k qk q
k

q q
h q

p p

= =
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r u

r u
sin sin

( / ) sin

( /

|| W

W ) sin2 2 q
. (34)

Îöåíêè ñðåäíåãî êîýôôèöèåíòà äèôôóçèè ÊË (34) ïîêàçûâàþò,
÷òî ïðè çíà÷åíèÿõ h = 0.02 è r = 1 à. å. ïðè óâåëè÷åíèè óãëîâîé ñêî -
ðîñòè âðàùåíèÿ Ñîëíöà â òðè ðàçà êîýôôèöèåíò äèôôóçèè ÊË (34)
òàê æå óâåëè÷èâàåòñÿ â òðè ðàçà. Íà ðàññòîÿíèè äåñÿòü àñòðîíîìè ÷åñ -
êèõ åäèíèö îò Ñîëíöà è ïðè òåõ æå çíà÷åíèÿõ ïàðàìåòðîâ êîýôôè öè -
åíò äèôôóçèè ÊË óâåëè÷èâàåòñÿ â äâà ðàçà îòíîñèòåëüíî ñîâðåìåí -
íîãî çíà÷åíèÿ. Òàêèì îáðàçîì, âñëåäñòâèå áîëåå áûñòðîãî âðàùåíèÿ
Ñîëíöà â ïðîøëîì êîýôôèöèåíò äèôôóçèè ÊË ïîðÿäêà ìèëëèàðäà
ëåò íàçàä áûë, âåðîÿòíî, ñóùåñòâåííî ìåíüøå ñîâðåìåííîãî. 

Ñëåäîâàòåëüíî, äëÿ ðàííåé ãåëèîñôåðû õàðàêòåðåí áîëüøîé ïî -
òîê ìàññû ñîëíå÷íîãî âåòðà, áîëüøàÿ âåëè÷èíà íàïðÿæåííîñòè ìàã -
íèò íîãî ïîëÿ â ñîëíå÷íîé êîðîíå è âíå åå, äðóãàÿ ãåîìåòðèÿ êðóï -
íîìàñøòàáíîãî ãåëèîñôåðíîãî ìàãíèòíîãî ïîëÿ, îáóñëîâëåííàÿ áû -
ñò ðûì âðàùåíèåì Ñîëíöà. Âñå ýòè ôàêòîðû ïðèâîäÿò ê óâåëè÷åíèþ
ïàðàìåòðà m ìîäóëÿöèè ÊË (8), è âñëåäñòâèå ýòîãî — ê óìåíüøåíèþ
èíòåíñèâíîñòè ÃÊË â ãåëèîñôåðå.

Ïî-âèäèìîìó, íàèáîëüøåå âëèÿíèå íà èçìåíåíèå ïàðàìåòðà ìî -
äó ëÿöèè ÊË (8) ñ òå÷åíèåì âðåìåíè îêàçûâàåò êîýôôèöèåíò äèô -
ôóçèè ÊË. Íàïðÿæåííîñòü ìåæïëàíåòíîãî ìàãíèòíîãî ïîëÿ â ïðîø -
ëîì áûëà âûøå è èçìåíÿëàñü ñî âðåìåíåì ïðîïîðöèîíàëüíî t -0 6.  [11,
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30]. Ñëåäîâàòåëüíî, òðè ìèëëèàðäà ëåò íàçàä íàïðÿæåííîñòü ãåëèî -
ñôåðíîãî ìàãíèòíîãî ïîëÿ áûëà ïðèìåðíî â äâà ðàçà áîëüøå, à ëàð -
ìîðîâ ðàäèóñ ÷àñòèöû — â äâà ðàçà ìåíüøå. Åñëè òðàíñïîðòíûé ïðî -
áåã ÷àñòèöû ïðîïîðöèîíàëåí ëàðìîðîâó ðàäèóñó, òî è êîýôôèöèåíò
äèôôóçèè ÊË â íàïðàâëåíèè ñðåäíåãî ìàãíèòíîãî ïîëÿ òðè ìèë ëè -
àðäà ëåò íàçàä áûë ïðèìåðíî â äâà ðàçà ìåíüøå. Èñïîëüçóÿ ñîîòíî -
øåíèÿ è ãðàôèêè, ïðèâåäåííûå â ðàáîòå [17], ìîæíî îöåíèòü ïåðèîä
âðàùåíèÿ Ñîëíöà â ïðîøëîì. Îêàçûâàåòñÿ, ÷òî òðè ìèëëèàðäà ëåò
íàçàä ñêîðîñòü âðàùåíèÿ Ñîëíöà áûëà ïðèìåðíî â äâà ðàçà âûøå [17].
Òàêèì îáðàçîì, ñïèðàëüíûå ñèëîâûå ëèíèè ìåæïëàíåòíîãî ìàãíèò íî -
ãî ïîëÿ â äàëåêîì ïðîøëîì áûëè ñóùåñòâåííî áîëåå çàêðó÷åíû, à ýô -
ôåêòèâíûé êîýôôèöèåíò äèôôóçèè ÊË — ñóùåñòâåííî ìåíüøå. Åñëè
ó÷åñòü çíà÷åíèå íàïðÿæåííîñòè ìåæïëàíåòíîãî ìàãíèòíîãî ïîëÿ è
èçìåíåíèå ôîðìû ìàãíèòíûõ ñèëîâûõ ëèíèé, òî òðè ìèëëèàðäà ëåò
íàçàä âåëè÷èíà êîýôôèöèåíòà äèôôóçèè ÊË áûëà ïðèáëèçèòåëüíî â
÷åòûðå ðàçà ìåíüøå ñîâðåìåííîãî çíà÷åíèÿ. Ïðèíèìàÿ âî âíèìàíèå
óâå ëè÷åíèå ðàçìåðà ãåëèîñôåðû íà 30 %, ïðèõîäèì ê âûâîäó, ÷òî ïà -
ðàìåòð ìîäóëÿöèè ÊË (8) òðè ìèëëèàðäà ëåò íàçàä ïðåâûøàë ñîâðå -
ìåííîå çíà÷åíèå ïðèìåðíî â ïÿòü ðàç.

Äîïóñòèì, ÷òî ïàðàìåòð ìîäóëÿöèè ÊË èçìåíÿåòñÿ ñî âðåìåíåì
ñîãëàñíî ñîîòíîøåíèþ

m m( ) exp( / )t t T= 0 0D , 

ãäå m 0  — ïàðàìåòð ìîäóëÿöèè ÊË â íàñòîÿùóþ ýïîõó, Dt — èíòåðâàë

âðåìåíè, ïðîøåäøåãî äî íàñòîÿùåãî ìîìåíòà. Ó÷èòûâàÿ, ÷òî ïðè Dt =
3×109  ëåò m = 5m 0 , ïîëó÷èì T0 = 1.86×109  ëåò. Ñîãëàñíî äàííîé îöåíêå
1.3 ìëðä ëåò íàçàä ïàðàìåòð ìîäóëÿöèè ÊË áûë ïðèìåðíî â äâà ðàçà
áîëüøå ñîâðåìåííîãî, 2 ìëðä ëåò íàçàä îí ïðåâûøàë ñîâðåìåííîå
çíà÷åíèå â òðè ðàçà, à 3 ìëðä ëåò íàçàä áûë ïðèáëèçèòåëüíî â ïÿòü ðàç
áîëüøå.

Ïðåäïîëîæèì, ÷òî ýíåðãåòè÷åñêèé ñïåêòð êîñìè÷åñêèõ ëó÷åé â
ëîêàëüíîì ìåæçâåçäíîì ïðîñòðàíñòâå â ïðîøëîì îïðåäåëÿëñÿ ïðèâå -
äåííûì ñîîòíîøåíèåì (17), à ãåëèîïàóçà ðàñïîëàãàëàñü íà ãåëèî öåí -
òðè÷åñêîì ðàññòîÿíèè 160 à. å., êîòîðîå ïðåâûøàåò ñîâðåìåííîå çíà -
÷å íèå íà îäíó òðåòü. Íà ðèñ. 3 ïðèâåäåíà çàâèñèìîñòü îòíîñèòåëüíîé
êîí öåíòðàöèè ÊË îò ãåëèîöåíòðè÷åñêîãî ðàññòîÿíèÿ ïðè ñëåäóþùèõ
çíà ÷åíèÿõ ïàðàìåòðîâ: m 0  = 4.8, l = 1. Îòìåòèì, ÷òî ïî ñðàâíåíèþ ñ
ðèñ. 1 ïàðàìåòð ìîäóëÿöèè âûáðàí â òðè ðàçà áîëüøèì (ïðèáëèçè -
òåëü íî 2 ìëðä ëåò íàçàä). ×èñëà ó êðèâûõ ñîîòâåòñòâóþò çíà÷åíèÿì
êè íåòè÷åñêîé ýíåðãèè ïðîòîíîâ. Âèäíî, ÷òî êîíöåíòðàöèÿ ÃÊË äàí -
íîé ýíåðãèè ìîíîòîííî óâåëè÷èâàåòñÿ ñ ãåëèîöåíòðè÷åñêèì ðàññòî ÿ -
íèåì (ðèñ. 3). Îäíàêî â äàííîì ñëó÷àå èìååò ìåñòî çíà÷èòåëüíî áî ëåå
ñó ùåñòâåííîå óìåíüøåíèå êîíöåíòðàöèè ãàëàêòè÷åñêèõ ÊË âíóò ðè
ãå ëèîñôåðû (ðèñ. 1 è 3). Íàïðèìåð, ïðè çíà÷åíèè m 0  = 3.2 (1.3 ìëðä ëåò
íà çàä) èíòåíñèâíîñòü ÷àñòèö ñ ýíåðãèÿìè 100 ÌýÂ ìåíüøå ñî îò âåò ñò -
âó þùåãî çíà÷åíèÿ èíòåíñèâíîñòè ïðè çíà÷åíèè ïàðàìåòðà m 0  = 1.6
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(íàñòîÿùàÿ ýïîõà) â 4.1 ðàçà. Äëÿ êèíåòè÷åñêîé ýíåðãèè ÷àñ òèö Ek =
= 1 ÃýÂ îòíîøåíèå ýòèõ âåëè÷èí ðàâíî 2.2. Åùå ñóùåñòâåííåå ñòà íî -
âÿò ñÿ äàííûå îòëè÷èÿ äëÿ òîãî ïåðèîäà âðåìåíè â ïðîøëîì, êîãäà ïà -
ðà ìåòð ìîäóëÿöèè ÊË áûë â òðè ðàçà áîëüøèì ñîâðåìåííîãî(m 0  = 4.8). 
Òîãäà îòíîøåíèå èíòåíñèâíîñòè ïðîòîíîâ ñ ýíåðãèåé 100 ÌýÂ íà
îðáèòå Çåìëè â íàøó ýïîõó ê èõ èíòåíñèâíîñòè â ïðîøëîì ðàâíî 12.9.
Ïðè ýíåðãèè ÊË 1 ÃýÂ êîíöåíòðàöèÿ ÃÊË íà îðáèòå Çåìëè â 4.6 ðàçà
ïðåâûøàåò ñîîòâåòñòâóþùåå çíà÷åíèå â ïðîøëîì. ×åì äàëüøå â
ïðîø ëîå, òåì áîëüøåå çíà÷åíèå ïðèîáðåòàåò ïàðàìåòð ìî äóëÿöèè ÊË
è òåì ìåíüøå ñòàíîâèòñÿ âåëè÷èíà èíòåíñèâíîñòè ÃÊË âíóòðè Ñîë -
íå÷ íîé ñèñòåìû. 

Çàâèñèìîñòü èíòåíñèâíîñòè ÊË îò êèíåòè÷åñêîé ýíåðãèè ÷àñòèö
ïðèâåäåíà íà ðèñ. 4. Ïðåäïîëàãàåòñÿ, ÷òî ãåëèîïàóçà ðàñïîëîæåíà íà
ðàññòîÿíèè r0 = 160 à. å., à çíà÷åíèÿ ïàðàìåòðîâ ðàâíû m 0  = 3.2, l = 1.
×èñëà ó êðèâûõ ðàâíû áåçðàçìåðíîé êîîðäèíàòå r = r r/ 0 , âåðõíÿÿ
êðè âàÿ îïèñûâàåò íåìîäóëèðîâàííûé ñïåêòð ÊË, à íèæíÿÿ êðèâàÿ —
ýíåðãåòè÷åñêîå ðàñïðåäåëåíèå ÷àñòèö íà îðáèòå Çåìëè. Çíà÷åíèå ïà -
ðàìåòðà ìîäóëÿöèè ÊË m 0  = 3.2 â äâà ðàçà ïðåâûøàåò âåëè÷èíó ïà -
ðàìåòðà ìîäóëÿöèè ÊË â íàøó ýïîõó. Çàìåòèì, ÷òî ÷åì áîëåå ðàííþþ
ýïîõó â èñòîðèè ãåëèîñôåðû ìû ðàññìàòðèâàåì, òåì áîëüøåå çíà÷å -
íèå ïðèîáðåòàåò ïàðàìåòð m ìîäóëÿöèè ÊË (8). Âèäíî, ÷òî ïðè òîì æå
çàäàííîì ñïåêòðå ÊË â ëîêàëüíîì ìåæçâåçäíîì ïðîñòðàíñòâå ñïåêòðû 
ÊË âíóòðè ãåëèîñôåðû â íàñòîÿùóþ ýïîõó (ðèñ. 2) è â ïðîøëîì (ïðè -
áëèçèòåëüíî 1.3 ìëðä ëåò òîìó íàçàä) (ðèñ. 4) îêàçûâàþòñÿ ñóùåñò âåí -
íû ðàçëè÷íûìè. Îñîáåííî äàííîå ðàçëè÷èå çàìåòíî â îáëàñòè íèç êèõ
ýíåðãèé ÊË. Ýòè ÷àñòèöû ïîäâåðæåíû áîëåå èíòåíñèâíîìó ðàñ -
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Ðèñ. 3. Çàâèñèìîñòü êîíöåíòðàöèè ÊË îò
ãåëèîöåíòðè÷åñêîãî ðàññòîÿíèÿ. Ïàðàìåòð
ìîäóëÿöèè ÊË m 0 = 4.8. ×èñëà ó êðèâûõ —
çíà÷åíèÿ ýíåðãèè ÷àñòèö

Ðèñ. 4. Ýíåðãåòè÷åñêèå ñïåêòðû ÃÊË
íà ðàçëè÷íûõ ðàññòîÿíèÿõ r/r0 (÷èñëà ó
êðèâûõ) îò Ñîëíöà. Ïàðàìåòð
ìîäóëÿöèè ÊË m 0 = 3.2. Âåðõíÿÿ
êðèâàÿ — íåìîäóëèðîâàííûé ñïåêòð
ÊË, íèæíÿÿ — ñïåêòð ÃÊË íà îðáèòå
Çåìëè 



ñåÿíèþ â ìåæïëàíåòíîé ñðåäå è âñëåäñòâèå ýòîãî èñïûòûâàþò áîëåå
çíà÷èòåëüíóþ ãåëèîñôåðíóþ ìîäóëÿöèþ. Îòìåòèì òàêæå ñìåùåíèå
ìàê ñèìóìà ýíåðãåòè÷åñêîãî ðàñïðåäåëåíèÿ ãàëàêòè÷åñêèõ ÊË â ñòî -
ðîíó âûñîêèõ ýíåðãèé ïðè óìåíüøåíèè ãåëèîöåíòðè÷åñêîãî ðàñ ñòî -
ÿíèÿ (ðèñ. 4).

Íà ðèñ. 5 ïðèâåäåíà çàâèñèìîñòü èíòåíñèâíîñòè ÊË îò êèíå òè ÷åñ -
êîé ýíåðãèè ÷àñòèö â íàñòîÿùóþ ýïîõó è â ïðîøëîì. Âåðõíÿÿ êðèâàÿ
ñîîòâåòñòâóåò íåìîäóëèðîâàííîìó ñïåêòðó ãàëàêòè÷åñêèõ ÊË. Ñëåäó -
þùàÿ êðèâàÿ ïðåäñòàâëÿåò ýíåðãåòè÷åñêîå ðàñïðåäåëåíèå ÊË íà îð -
áèòå Çåìëè â íàñòîÿùóþ ýïîõó (çíà÷åíèå ïàðàìåòðà ìîäóëÿöèè m 0  =
= 1.6). Íèæíÿÿ êðèâàÿ ñîîòâåòñòâóåò çíà÷åíèþ m 0  = 3.2 è îïèñûâàåò
ýíåðãåòè÷åñêèé ñïåêòð ÊË íà ãåëèîöåíòðè÷åñêîì ðàññòîÿíèè r = 1 à. å. 
â ïðîøëîì (ïðèáëèçèòåëüíî 1.3 ìëðä ëåò òîìó íàçàä). Âèäíî, ÷òî
ýíåð ãåòè÷åñêîå ðàñïðåäåëåíèå ÷àñòèö â ïðîøëîì áûëî îáåäíåíî ÷àñ -
òèöàìè íèçêèõ ýíåðãèé, à åãî ìàêñèìàëüíîå çíà÷åíèå ñîîòâåòñòâîâàëî 
áîëåå âûñîêèì ýíåðãèÿì ÷àñòèö (ðèñ. 5).

Ðàññìîòðèì ïðîñòðàíñòâåííóþ çàâèñèìîñòü êîíöåíòðàöèè ÷àñòèö 
âñåõ ýíåðãèé

n r dpp N r p( ) ( , )=
¥

ò
2

0

. (35)

Íà ðèñ. 6 ïðåäñòàâëåíà çàâèñèìîñòü êîíöåíòðàöèè ÊË (35) îò áåç -
ðàçìåðíîãî ãåëèîöåíòðè÷åñêîãî ðàññòîÿíèÿ r = r r/ 0  ïðè ðàçëè÷íûõ
çíà ÷åíèÿõ ïàðàìåòðà ìîäóëÿöèè ÊË m 0 . Êîíöåíòðàöèÿ n( )r  íîðìèðî -
âàíà íà çíà÷åíèå êîíöåíòðàöèè ÷àñòèö n(1) íà ãåëèî ïàóçå. Çíà÷åíèÿ
ïàðàìåòðà ìîäóëÿöèè m 0  ïðèâåäåíû ó ñîîòâåò ñòâó þ ùèõ êðèâûõ. Â
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Ðèñ. 5. Ýíåðãåòè÷åñêèå ñïåêòðû ÊË íà
îðáèòå Çåìëè ïðè ðàçëè÷íûõ çíà÷åíèÿõ
ïàðàìåòðà ìîäóëÿöèè m 0. Âåðõíÿÿ êðè -
âàÿ ñîîòâåòñòâóåò ýíåðãåòè÷åñêîìó ðàñ -
ïðåäåëåíèþ ÊË â ëîêàëüíîé ìåæ çâåçä -
íîé ñðåäå

Ðèñ. 6. Çàâèñèìîñòü êîíöåíòðàöèè ÊË (35)
îò ãåëèîöåíòðè÷åñêîãî ðàññòîÿíèÿ ïðè ðàç -
ëè÷íûõ çíà÷åíèÿõ ïàðàìåòðà ìîäóëÿöèè



íàñòîÿùóþ ýïîõó (m 0  = 1.6) êîíöåíòðàöèÿ ãàëàêòè ÷åñêèõ ÊË íà îðáèòå 
Çåìëè ñîñòàâëÿåò 29 % îò êîíöåíòðàöèè ÊË â Ãàëàêòèêå. Åñëè ïà -
ðàìåòð ìîäóëÿöèè ÊË â ïðîøëîì áûë â ïÿòü ðàç áîëüøå ñîâðåìåííîãî 
(ïðèìåðíî 3 ìëðä ëåò òîìó íàçàä), òî çíà÷åíèå êîíöåíòðàöèè ÊË íà
îðáèòå Çåìëè ñîñòàâëÿëî âñåãî 3 % ãàëàê òè÷åñêîãî çíà÷åíèÿ (ðèñ. 6).

Ïëîòíîñòü ýíåðãèè ÊË èìååò âèä

w r dpp EN r p( ) ( , )=
¥

ò
2

0

, (36)

ãäå E — ýíåðãèÿ ÷àñòèöû. Ïîëó÷åííûå ñîîòíîøåíèÿ äëÿ êîí öåí òðà -
öèè ÊË ïîçâîëÿþò âû÷èñëèòü ïëîòíîñòü ýíåðãèè ÷àñòèö íà äàííîì ãå -
ëèîöåíòðè÷åñêîì ðàññòîÿíèè. Íàïðèìåð, íà îðáèòå Çåìëè â íàñòî -
ÿùóþ ýïîõó ïîëó÷àåì çíà÷åíèå w = 0.47w0 , ãäå w0  — ïëîòíîñòü ýíåð -
ãèè ÊË â ëîêàëüíîì ìåæçâåçäíîì ïðîñòðàíñòâå. Åñëè ñðåäíÿÿ ïëîò -
íîñòü ýíåðãèè ÊË â Ãàëàêòèêå ñîñòàâëÿåò âåëè÷èíó ïîðÿäêà 1 ýÂ/ñì3

[1, 4, 27], òî íà ðàññòîÿíèè îäíîé àñòðîíîìè÷åñêîé åäèíèöû îò Ñîë -
íöà ïîëó÷èì w = 0.47 ýÂ/ñì3. Ïðîñòðàíñòâåííàÿ çàâèñèìîñòü ïëîò -
íîñòè ýíåðãèè ÊË (36) ïðåäñòàâëåíà íà ðèñ. 7. ×èñëà ó êðèâûõ ðàâíû
çíà÷åíèÿì ïàðàìåòðà m 0 , à çíà÷åíèå ïëîòíîñòè ýíåðãèè ÊË íîðìè -
ðîâàíî íà ñîîòâåòñòâóþùåå çíà÷åíèå íà ãðàíèöå îáúåìà ìî äóëÿöèè.
Íèæíÿÿ êðèâàÿ íà ðèñ. 7 ñîîòâåòñòâóåò çíà÷åíèþ ïàðàìåòðà ìîäóëÿ -
öèè ÊË m 0  = 8, ýòà âåëè÷èíà ïðåâûøàåò ñîâðåìåííîå çíà÷åíèå m 0  â
ïÿòü ðàç. Îêàçûâàåòñÿ, ÷òî ïðè ýòîé âåëè÷èíå ïàðàìåòðà ìîäó ëÿöèè

ÊË ïëîòíîñòü ýíåðãèè ÊË íà îðáèòå Çåìëè ñîñòàâëÿåò w = 0.17 ýÂ/ñì3,
êîòîðàÿ â øåñòü ðàç ìåíüøå ïëîòíîñòè ýíåðãèè ÊË â Ãàëàêòèêå. Ïëîò -
íîñòü ýíåðãèè ÊË íà îðáèòå Çåìëè â ïðîøëîì (â ýïîõó, ñîîòâåò ñò -
âóþùóþ çíà÷åíèþ m 0  = 8, ò. å. ïðèìåðíî 3 ìëðä ëåò íàçàä) îêàçûâàåòñÿ 
â 2.7 ðàçà ìåíüøå ñîâðåìåííîãî çíà÷åíèÿ (ðèñ. 7).

ÇÀÊËÞ×ÅÍÈÅ

Ñîãëàñíî ëèòåðàòóðíûì äàííûì ïîòîê ìàññû ñîëíå÷íîãî âåòðà â
ïðîø ëîì áûë ñóùåñòâåííî áîëüøå, ñêîðîñòü âðàùåíèÿ Ñîëíöà âûøå,
à ìàãíèòíàÿ àêòèâíîñòü ìîëîäîãî Ñîëíöà âûøå, ÷åì â ñîâðåìåííóþ
ýïîõó [11, 19, 29, 30, 36, 37]. Äàííûå îáñòîÿòåëüñòâà îáóñëîâëèâàëè
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Ðèñ. 7. Çàâèñèìîñòü ïëîòíîñòè ýíåðãèè
ÃÊË îò ãåëèîöåíòðè÷åñêîãî ðàññòîÿíèÿ



áîëüøèé ðàçìåð îáëàñòè ìîäóëÿöèè ÊË è áîëåå èíòåíñèâíîå ðàñ ñåÿ -
íèå çàðÿæåííûõ ÷àñòèö âûñîêîé ýíåðãèè â ìàãíèòíûõ ïîëÿõ ãå ëèî -
ñôå ðû â ïðîøåäøèå ýïîõè. Îêîëî òðåõ ìèëëèàðäîâ ëåò íàçàä êîí öåí ò -
ðàöèÿ ãàëàêòè÷åñêèõ ÊË ó Çåìëè áûëà íà ïîðÿäîê âåëè÷èíû, à ïëîò -
íîñòü ýíåðãèè ÊË â íåñêîëüêî ðàç ìåíüøå ñîâðåìåííûõ çíà ÷å íèé.
Îñî áåííî ñèëüíî áûëà îñëàáëåíà èíòåíñèâíîñòü ÷àñòèö íèçêèõ ýíåð -
ãèé (ïîðÿäêà 100 ÌýÂ è íèæå). Òàêèì îáðàçîì, ïðèõîäèì ê âû âîäó,
÷òî áîëåå ìîëîäîé ãåëèîñôåðå ñîîòâåòñòâîâàëà áîëåå íèçêàÿ èí òåí -
ñèâ íîñòü ÃÊË.

Ñëåäóåò çàìåòèòü, ÷òî èíòåíñèâíîñòü ÃÊË âíóòðè Ñîëíå÷íîé ñèñ -
òåìû èñïûòûâàåò âàðèàöèè ðàçëè÷íûõ ïåðèîäîâ, êîòîðûå îáóñëîâ ëå -
íû íåîäíîðîäíîñòüþ êîíöåíòðàöèè ÊË â ðàçëè÷íûõ îáëàñòÿõ Ãà ëàê -
òèêè, íàëè÷èåì â ìåæçâåçäíîé ñðåäå ìîëåêóëÿðíûõ îáëàêîâ è ëî êàëü -
íûõ «ïóçûðåé». Â òàêèõ ëîêàëüíûõ «ïóçûðÿõ», â îäíîì èç êîòî ðûõ
íàõîäèòñÿ ãåëèîñôåðà â íàñòîÿùóþ ýïîõó, äàâëåíèå ìåæçâåçä íîãî ãà -
çà ìåíüøå ñðåäíåãî ãàëàêòè÷åñêîãî [11]. Ýòî îáñòîÿòåëüñòâî âëèÿåò íà 
ðàçìåð ãåëèîñôåðû è, òàêèì îáðàçîì, — íà èíòåíñèâíîñòü ÊË â Ñîë -
íå÷íîé ñèñòåìå. Ïðè ïðîõîæäåíèè Ñîëíå÷íîé ñèñòåìîé ãà ëàêòè ÷åñ -
êèõ ðóêàâîâ, â êîòîðûõ äàâëåíèå ìåæçâåçäíîãî ãàçà ïîâû øåí íîå, òàê -
æå óìåíüøàþòñÿ õàðàêòåðíûå ðàçìåðû ãåëèîñôåðû è âñëåä ñòâèå ýòî -
ãî óâåëè÷èâàåòñÿ èíòåíñèâíîñòü ÊË. Êðîìå òîãî, èí òåí ñèâíîñòü ãà -
ëàê òè÷åñêèõ ÊË âíóòðè ñïèðàëüíûõ ðóêàâîâ ïëîò íîñòè, âåðîÿòíî, âû -
øå, ÷åì â îáëàñòÿõ Ãàëàêòèêè, ðàñïîëîæåííûõ ìåæ äó ðóêàâàìè. Äàí -
íûå îáñòîÿòåëüñòâà âûçûâàþò èçìåíåíèå ôîíà ãàëàêòè÷åñêèõ ÊË â
Ñîë íå÷íîé ñèñòåìå ñ ïåðèîäàìè îò äåñÿòêîâ äî ñîòåí ìèëëèîíîâ ëåò
[11]. 

Ðàáîòà âûïîëíåíà â ðàìêàõ ïðîåêòà «Ðîëü íîðìàëüíûõ è ýêñòðå -
ìàëüíûõ ãåëèî-ãåîôèçè÷åñêèõ ïðîöåññîâ â ýâîëþöèè áèîñôåðû» —
Ãðàíò ÍÀÍÓ ¹ 36-02-14.
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Fast co ales cence of post-New to nian Supermassive Black
Hole Bi na ries in real gal ax ies

We pres ent the re sults of the o ret i cal mod el ing of supermassive black hole
bi nary (SMBHB) merg ers us ing di rect 2 -body sim u la tions with a Hermite
in te gra tion scheme. The BH’s grav i ta tional in ter ac tion is de scribed based
on the post-New to nian (PN terms) ap prox i ma tion up to the 3.5PN terms. We 
carry out a large set of runs us ing a para met ric de scrip tion of SMBHB or -
bits. The fi nal time of the SMBHs grav i ta tional co ales cence is parametrized 
as a func tion of ini tial ec cen tric ity e0  and mass ra tio q of the bi nary. We
carry out de tailed tests of our cod ing. We tested our PN terms against the
an a lytic pre scrip tion de scribed at the the o ret i cal works in mid dle 60th. The
grav i ta tional ra di a tion po lar iza tion am pli tudes h+  and h´ from the
SMBHBs merg ing pro cess are also an a lyzed. Based on our nu mer i cal work
we es ti mate the ex pected merg ing time for a list of se lected po ten tial SDSS
SMBHBs. Our re sults show that the merg ing time is a strong func tion of the
as sumed ini tial ec cen tric i ties and fall within the range of thou sands years. 

ØÂÈÄÊÅ ÇËÈÒÒß ÏÎÑÒÍÜÞÒÎÍ²ÂÑÜÊÈÕ ÏÎÄÂ²ÉÍÈÕ ÍÀÄÌÀ -
ÑÈÂ ÍÈÕ ×ÎÐÍÈÕ Ä²Ð Ó ÐÅÀËÜÍÈÕ ÃÀËÀÊÒÈÊÀÕ, Ñîáî ëåí -
êî Ì. Î., Áåðöèê Ï. Ï., Øïóðçåì Ð., Êóï³ Ã. — Ïðèâîäÿòüñÿ ðå ç óëü -
òàòè òåîðåòè÷íîãî ìîäåëþâàííÿ çëèòòÿ ïîäâ³éíèõ íàäìà ñèâíèõ
÷îð íèõ ä³ð çà äîïîìîãîþ ïðÿìîãî 2-ò³ëüíîãî ìîäå ëþâàííÿ ç åðì³ò³â -
ñüêîþ ñõåìîþ ³íòåãðóâàííÿ. Ãðàâ³òàö³éíà âçàºìîä³ÿ ÷îðíèõ ä³ð îïèñó -
ºòüñÿ ïîñòíüþòîí³âñüêèì íàáëèæåííÿì äî 3.5PN-òåðìó. Íà îñíîâ³
ïàðàìåòðè÷íîãî îïèñó îðá³ò ÏÍ×Ä îòðèìàíî âå ëè êèé íàá³ð ìîäåëåé. 
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Ê³íöåâèé ÷àñ ãðàâ³òàö³éíîãî çëèòòÿ ÏÍ×Ä ïà ðà ìåòðèçîâàíî ÿê ôóí -
ê ö³þ ïî÷àòêîâîãî åêñöåíòðèñèòåòó e0  òà â³ä íî øåííÿ ìàñ q ïîäâ³é -
íî¿. Ïðîâåäåíî äåòàëüíå òåñòóâàííÿ íàøîãî êîäó. Ìè ïîð³âíþâàëè
PN-òåðìè ç àíàë³òè÷íèì îïèñîì ó òåîðåòè÷íèõ äîñë³äæåííÿõ ñåðå -
äèíè 1960-õ ðð. Ïðîàíàë³çîâàíî àìïë³òóäó ïîëÿ ðèçîâàíîãî ãðàâ³òà -
ö³éíîãî âèïðîì³íþâàííÿ h+  òà h´ ï³ä ÷àñ çëèòòÿ ÏÍ×Ä. Ç âèêîðèñ -
òàííÿì íàøîãî ÷èñëîâîãî êîäó îö³ íå íî î÷³êóâàíèé ÷àñ çëèòòÿ äëÿ
ñïèñ êó âèáðàíèõ ïîòåíö³éíèõ SDSS ÏÍ×Ä. Íàø³ ðåçóëüòàòè ïîêà -
çóþòü, ùî ÷àñ çëèòòÿ äîñÿãàº òèñÿ÷ ðî ê³â òà º ñòðîãîþ ôóíêö³ºþ
îáðàíîãî ïî÷àò êîâîãî åêñöåíò ðè ñè òåòó.

ÁÛÑÒÐÎÅ ÑËÈßÍÈÅ ÏÎÑÒÍÜÞÒÎÍÎÂÑÊÈÕ ÄÂÎÉÍÛÕ ÑÂÅÐÕ -
ÌÀÑÑÈÂÍÛÕ ×ÎÐÍÛÕ ÄÛÐ Â ÐÅÀËÜÍÛÕ ÃÀËÀÊÒÈÊÀÕ, Ñîáî -
ëåí êî Ì. À., Áåðöèê Ï. Ï., Øïóðçåì Ð., Êóïè Ã. — Ïðåä ñòàâëåíû ðå -
çóëüòàòû òåîðåòè÷åñêîãî ìîäåëèðîâàíèÿ ñëèÿíèÿ äâîéíûõ ñâåðõ ìàñ -
ñèâíûõ ÷¸ðíûõ äûð ñ ïîìîùüþ ïðÿìîãî 2-òåëüíîãî ìîäåëèðîâàíèÿ ñ
ýðìèòîâñêîé ñõåìîé èíòåãðèðîâàíèÿ. Ãðàâèòàöèîííîå âçàèìî äåé ñò -
âèå ÷îðíûõ äûð îïèñûâàåòñÿ ïîñòíüþòîíîâñêèì ïðèáëè æåíèåì äî
3.5PN-òåðìà. Íà îñíîâå ïàðàìåòðè÷åñêîãî îïèñàíèÿ îð áèò ÄÑÌ×Ä
ïîëó÷åí áîëüøîé íàáîð ìîäåëåé. Êîíå÷íîå âðåìÿ ãðàâèòà öèîííîãî
ñëè ÿíèÿ ÄÑÌ×Ä ïàðàìåòðèçîâàíî êàê ôóíêöèÿ íà÷àëüíîãî ýêñöåí ò -
ðèñåòà e0  è îòíîøåíèÿ ìàññ q äâîéíîé. Ïðîâåäåíî äåòàëüíîå òåñ -
òèðîâàíèå íàøåãî êîäà. Ñðàâíèâàëèñü PN-òåðìû ñ àíàëèòè÷åñêèì
îïè ñàíèåì â òåîðåòè÷åñêèõ èññëåäîâàíèÿõ ñðåäèíû 1960-õ ãã. Ïðî -
àíà ëèçèðîâàíà àìïëèòóäà ïîëÿðè çîâàííîãî ãðàâèòà öèîííîãî èçëó ÷å -
íèÿ h+  è h´ âî âðåìÿ ñëèÿíèÿ ÄÑÌ×Ä. Ñ èñïîëüçîâàíèåì íàøåãî ÷èñ -
ëåííîãî êîäà îöåíåíî îæèäàå ìîå âðåìÿ ñëèÿíèÿ äëÿ ñïèñêà âûáðàííûõ 
ïîòåí öèàëüíûõ SDSS ÄÑÌ×Ä. Íàøè ðåçóëüòàòû ïîêàçûâàþò, ÷òî
âðåìÿ ñëèÿíèÿ äîñòè ãàåò òûñÿ÷ ëåò è ÿâëÿåòñÿ ñòðîãîé ôóíêöèåé
âûáðàí íîãî íà÷àëüíîãî ýêñöåíòðè ñè òå òà.

IN TRO DUC TION

The for ma tion and evo lu tion of gal ax ies and their SMBHs are con nected in
sev eral ways. This re la tion can be found al ready at the early phases of
protogalaxies for ma tion [64], also at the later stages of hi er ar chi cal LCDM
cos mol ogy [15, 31, 63] and also dur ing the stages of dif fer ent gal axy merg -
ers [36, 42, 51]. One of the most sim ple and plau si ble chan nel of the SMBH
mass growth is an ac cu mu la tion of the BH’s mass dur ing host-gal axy merg -
ers. Gas ac cre tion can sig nif i cantly in crease the mass of BHs dur ing “wet”
merg ing that trig gers star for ma tion [3, 14, 25, 45, 57, 61]. Stel lar ac cre tion
can also in crease BH masses even in “dry” merg ing dur ing the for ma tion
the gi ant el lip ti cal gal ax ies [5, 44, 46, 67, 71]. The M — s re la tion, that
shows a con nec tion be tween the mass of the SMBH and the mass of the cen -
tral bulge of their host gal ax ies [30], we as sume is ev i dence for such a sce -



nario. The fact that the dis tri bu tion of the most lu mi nous and mas sive ac tive 
ga lac tic nu clei peaks at higher redshifts also sup port this idea [34].
SMBHBs in side merg ing gal ax ies could be one of the most pow er ful
sources of grav i ta tional waves (GW), which can be de tected by the Pul sar
Tim ing Ar ray (PTA) or fu ture space-based mis sions, such as LISA/eLISA,
DESIGO/BBO [1, 33, 69]. The dy nam i cal evo lu tion of SMBHBs in the
cen ter of a merged stel lar sys tem can be tra di tion ally di vided in three phases 
[4].

(I) Two BHs can form a pair in side the merg ing host gal axy due to dy -
nam i cal fric tion in the stel lar back ground. Then these com po nents sink into
the cen tre of the stel lar dis tri bu tion. SMBHBs start to be “hard” when the
length of the semimajor axis of the bi nary reaches the value:
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where G is a grav i ta tional con stant, mass of the BH’s is m2  £ m1 , mass ra tio

is q m m= 2 1/ , m = +m m m m1 2 1 2/( ) is a re duced mass, to tal mass is M tot  = 
m m1 2+ . This means that the bind ing en ergy per unit mass | |/E M tot  = G am /2
ex ceeds ~ s 2  (the am bi ent stel lar ve loc ity dis per sion) [50].

(II) Due to the sling shot in ter ac tion mech a nism the bi nary can con tinue
to harden via three-body scat ter ing of sin gle stars. If star’s or bit in ter sects
with the SMBHB or bit, a com plex three-body in ter ac tion can even tu ally
lead to the “ejec tion” of the star. This “ejected” star car ries away en ergy and 
an gu lar mo men tum from the binary (see ref er ences in [49, 68, 70]).

But if we as sume spher i cal sym me try, the loss cone of the bi nary BH
sys tem can be de pleted by the sling shot mech a nism be fore this [2, 27].
There fore the sys tem hard en ing time can be more than the Hub ble time
[52]. This is the so called “fi nal parsec prob lem” which can be solved in
N-body sim u la tions as sum ing a more re al is tic stel lar par ti cle dis tri bu tion in
a ro tat ing sys tem [6, 39], ob late / triaxial potential [29, 38, 60] or some com -
bi na tion of these con fig u ra tions.

(III) At the third stage the com po nents sink to ward to the sep a ra tion
when GW emis sion be gins to be ef fi cient. Fi nally, the bi nary inspirals down 
to the co ales cence, emit ting a strong GW sig nal. For such a merger the two
SMBHs have to reach a crit i cal sep a ra tion in a time shorter than the Hub ble
time (few Gyr):
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where f e e e e( ) [ ( / ) ( / ) ]( ) /= + + - -1 73 24 37 96 12 4 2 7 2  is a func tion of the bi nary 
ec cen tric ity e [58, 59].

To es ti mate the SMBHBs real merg ing times, we need to make our cal -
cu la tions with the real speed of light val ues. Such N-body sim u la tions are
al ready avail able in the lit er a ture (for ex am ple [38, 40]). But on the real
merg ing gal axy scale such sim u la tions re quire a lot of com put ing re sources. 
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In this pa per we pro pose a slightly dif fer ent ap proach. We per form sim u la -
tions for dif fer ent sets of pa ram e ters with var i ous “para met ric” val ues of
light speed (for ex am ple see [9]). To ex plore the con nec tion be tween the
real merg ing time Tmrg , the to tal mass M tot  of the SMBHB and ini tial sep a -
ra tion R be tween the BHs we es ti mate a scal ing be tween the merg ing time 
Tmrg  and the speed of the light c as sum ing the de pend ence be tween these pa -
ram e ters.

NU MER I CAL METH ODS AND INI TIAL CON DI TIONS

Some nu mer i cal de tails. For the two BHB dy nam i cal or bit in te gra tion, we
use the pub licly avail able jGPU* [7, 8] with a 4th or der Hermite in te gra tor
and block hi er ar chi cal in di vid ual time step scheme. This Hermite scheme
re quires us to know the ac cel er a tion and its first time-de riv a tive, called jerk. 
Be cause we use this Hermite scheme for our PN runs, we need to in clude the 
PN cor rec tions also to the ac cel er a tion and jerk terms. In the jGPU code we 
use the gen er al ized “Aarseth” type cri te ria for the time step def i ni tion [53]:
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where

A k k k k( ) ( ) ( ) ( )| || | | |= +- +a a a1 1 2 . (4)

Here, a ( )k  is the kth de riv a tive of ac cel er a tion, p is the or der of the in te gra tor, 
hp  is the ac cu racy pa ram e ter. For a 4th-or der Hermite scheme the timestep
looks like:

Dt
A

A
= h4

1

2

( )

( )
, (5)

where

A ( ) ( ) ( ) ( )| || | | |1 0 2 1 2= +a a a ,   A ( ) ( ) ( ) ( )| || | | |2 1 3 2 2= +a a a . (6)

For all our runs we use the h4  = 0.018 pa ram e ter.
Post-New to nian for mal ism. We use a post-New to nian for mal ism in

the 2-body code for cal cu lat ing the rel a tiv is tic bi nary sys tems dy nam ics.
The re sults for up to 2PN and even up to 2.5PN equa tions of bi nary mo tion
in har monic co or di nates were ob tained by Damour and Deruelle [17—20,
24]. For the 3PN and 3.5PN terms we can use two dif fer ent ways of com pu -
ta tion. One of the pos si bil i ties is to use the ADM-Hamiltonian for mal ism of
gen eral rel a tiv ity [22, 54—56]. Phys i cally equiv a lent re sults [21, 23] can be 
ob tained from the post-New to nian it er a tion [11], when we com pute the
equa tion of mo tion di rectly (in stead of via a Hamiltonian) in har monic co -
or di nates.

The equa tion of mo tion is a power se ries of 1/c, where n-PN is pro por -
tional to ( / )v c n2 . Sche mat i cally, one can write the cor rec tion for ac cel er a -
tion dur ing the mo tion of ob ject in bi nary sys tem as [19, 65]:
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* ftp://ftp.mao.kiev.ua/pub/berczik/phi-GPU/
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where a N  is the clas si cal New to nian ac cel er a tion; a1PN , a 2PN , a 3PN  are the
non dissipative terms which “con serve” the en ergy of the sys tem. The  
a 2 5. PN , a 3 5. PN  are the dissipative terms which “carry out” en ergy from the
sys tem due to GW emis sion. We ap ply all PN cor rec tions up to or der 
O c( / )1 8 , so the 3.5PN cor rec tion is the high est or der that we take into ac -

count. To com pare our re sults with the an a lyt i cal so lu tion from clas si cal ar -
ti cles [58, 59] we use the code just with the sin gle 2.5PN term.

Sim i lar to the equa tion of mo tion in the cen tre of mass frame [10] the
ac cel er a tion for one par ti cle can be writ ten in the fol low ing form:

a
v

n vNoSpin

d

dt

GM

r
= = - + +

2
1[( ) ]A B , (8)

where r =| |r is the sep a ra tion be tween par ti cles, r r r= -1 2  is the po si tion of
the par ti cles, n r= /r is the nor mal ized rel a tive po si tion vec tor, v v v= -1 2  is
the rel a tive ve loc ity. The func tions A and B con tain dif fer ent or ders of the
PN ap prox i ma tion (sim i lar to Eq. (7)).

For ex am ple the first PN cor rec tion term is given by:
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B1 1 24 3PN = × - ×( ) ( )n v n v . (10)

De tailed ref er ences and the com plete de scrip tion of the prob lem can be
found in works such as [9, 10, 43]. The com plete equa tions in post-New to -
nian for mal ism up to 3.5PN are given also in [10].

Add ing the spin terms into the equa tion of mo tion we can de scribe as:

a a a a aSpin NoSpin SO SS SO
c c c

= + + +
1 1 1

3 1 5 4 2 5 2 5. , , . ,PN PN PN , (11)

where a1 5. ,PN SO  and a 2 5. ,PN SO  are the spin-or bit cou pling terms, a 2PN ,SS  is the
spin-spin cou pling term (for ex am ple [26]). Now one can write the full
equa tion (like Eq. (7)):

a a a a a aSpin N SO SS
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where the full ex pres sion for a1 5. ,PN SO  and a 2 5. ,PN SO  can be found in [26], for  
a 2PN ,SS  can be found in [66]. The value of the phys i cal spin is cho sen from
the the next ex pres sion:

S
Gm

c
true =c

2

, (13)

where the value of c is [0, 1]. At the cen tre of the bi nary mass frame we have 
the spin S S Sº +1 2 . We use two body dy nam ics and spin-spin and spin-or bit
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cou pling just for cal cu la tion of the first or der of the grav i ta tional wave form
con straint (e.g. [41]):
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where Q v v GMn n rij i j i j= -2( / ) is the usual quadrupole term (sec ond time
de riv a tives of the mass quadrupole mo ment ten sor) and D is the lu mi nos ity
dis tance. Choos ing the vir tual de tec tor ori en ta tion so that as the co or di nate
axes co in cide with the source frame, we can de scribe the two-di men sional
ma trix with only two in de pend ent el e ments:
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From hij  we can ob tain the am pli tude of po lar iza tion h+  and h´ [12, 16,
62].

Ini tial con di tions and de scrip tion of model. We as sume that the two
point masses which rep re sents our BHs with masses m1  and m2  are placed at 
po si tions Y1  and Y2  on the Y axis (see Fig. 1). For our anal y ses we choose the
nat u ral co or di nate sys tem of the two bod ies, con nected by the cen tre of
mass of the sys tem. The ini tial or bital ve loc ity of the two point masses we
chose so that the XY plane con tains the full or bit. The ini tial sep a ra tion be -
tween the com po nents we de fined as R Y Y= +| | | |1 2 . We also set the BH’s mass 
ra tio q m m= 1 2/ . We as sume that m m1 2£ . We also fix the to tal BH sys tem
mass M m mtot = +1 2 . The Keplerian mo tion of the two bod ies can be fully

de scribed by two main or bital pa ram e ters: the semimajor axis a and ec cen -
tric ity e. We can write the bind ing en ergy of the bi nary sys tem:

| |E
Gm m

a

G M

a
tot= =1 2

2 2

m
 , (16)

where m = m m M tot1 2 /  is the re duced mass. We also fix as a pa ram e ter the bi -
nary ini tial or bital ec cen tric ity e0 . The ini tial setup of the par ti cles we show
in Fig ure 1. For fur ther cal cu la tion we as sume the nor mal iza tion R = 1 and 
M m mtot = +1 2  = 1.
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Fig . 1. Con fig u ra tion of the sys tem with two
BHs



We use the N-body  (NB) or called HJnon units [32] where we also ac -
cept G = 1 and set the mass units M and length units R to unity*. There fore
the phys i cal val ues of mass, length, en ergy, ve loc ity and time will be in the
form:

[M] = M,          [L] = R, (17)

[E] = 
GM

R

2

, (18)
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Con se quently the light speed c in N-body units is:
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where c0  is the light speed in phys i cal units.

DIS CUS SION

Scal ing rou tine be tween merg ing time Tmrg  and “para met ric” speed of the
light was made for all mod els from Ta ble 1 (for ex am ple see Fig. 2 for sys -
tem with pa ram e ters M tot  = 1 [NB], q = 0.5, R = 1 [NB], e0  = 0.25). Based on 
our post-New to nian for mal ism (Eqs (7)-(12)) we can the o ret i cally ex pect
the re la tion ship be tween merg ing time (which is di rectly pro por tional to the 
en ergy losses in our post-New to nian for mal ism) and the light speed:

T b c T d c p cmrg mrg5
5

5 7
5 7µ × µ × + ×+, , (21)

where b, d and p are the co ef fi cients of the scal ing. As we can see from Fig.
2 the dif fer ence be tween the two merg ing times are neg li gi ble. So, in this
pa per we use the Tmrg 5  as a ba sic ap prox i ma tion for the bi nary merg ing time 
Tmrg .
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e0

 b

 q = 1  q = 0.5  q = 0.333  q = 0.25  q = 0.2  q = 0.02

0.00 7.863E-02 8.827E-02 1.043E-01 1.218E-01 1.397E-01 8.611E-01
0.25 2.578E-02 2.900E-02 3.437E-02 4.027E-02 4.639E-02 3.375E-01
0.50 5.584E-03 6.280E-03 7.440E-03 8.716E-03 1.004E-02 7.244E-02
0.75 4.648E-04 5.225E-04 6.186E-04 7.243E-04 8.339E-04 6.003E-03
0.95 1.893E-06 2.126E-06 2.514E-06 2.938E-06 3.383E-06 2.425E-05
0.99 8.146E-09 9.123E-09 1.076E-08 1.255E-08 1.441E-08 1.023E-07

Ta ble 1. The scale fac tor b from Eq. (21) for var i ous mass ra tio q and ini tial ec cen tric ity e0

(sep a ra tion for each sys tem R = 1 [NB] and to tal mass Mtot =1 [NB])

* http://en.wikipedia.org/wiki/N-body_units



We study the evo lu tion of sys tems with var i ous mass ra tios and ini tial
ec cen tric i ties, i. e. with var i ous or bits. We use the fol low ing sets of the pa -
ram e ters: q = 1, 0.5, 0.333, 0.25, 0.2, 0.02 and e = 0.00, 0.25, 0.50, 0.75,
0.95, 0.99.

We ap ply the scal ing fac tors from Ta ble 1 to find the real merg ing times 
Tmrg  (in phys i cal units) where the phys i cal light speed is c = 2.99792458 ´

´ 108 m/s.
We ap ply the above de scribed “c-scal ing pro ce dure” for a wide range of 

phys i cal pa ram e ters for masses (10 5106 9M M Mtot8 8£ £ × ) and the ini tial
sep a ra tion be tween the BHs (10 3-  £ £R 102  pc). For each in di vid ual model
we es ti mate the re la tion be tween the merg ing time Tmrg , sep a ra tion be tween
the BHs R and to tal mass M tot  of the SMBHB (Fig. 3, 4). For ex am ple us ing
Fig. 3 for sys tem with M tot  = 109M8, q = 0.5, R = 10 pc, e0  = 0.5 merg ing
time Tmrg  » 1700 years.

In a real cos mo log i cal merg ing sce nario we ex pect that the SMBHBs
merger does not evolve in iso la tion. High res o lu tion cos mo log i cal nu mer i -
cal sim u la tions (see ref er ences in [28, 37, 48]) show us that SMBHB merg -
ers typ i cally need to meet the next large gal axy in a time scale of 1-2 Gyr. If
we as sume the ex is tence of a SMBH in this third gal axy too, in this case our
bi nary BH is trans formed to a tri ple BH sys tem. Ex ten sive di rect N-body
sim u la tions of sys tem with three BHs show that such a con fig u ra tion is
highly un sta ble [1, 13]. So, we as sume that if in a time scale of 1-2 Gyr our
orig i nal BHB sys tem does not merge, the pos si bil ity of such a merger be -
comes very un likely. In Fig ures 3, 4 we show the 1 Gyr merg ing time as the
solid black lines for the dif fer ent ini tial ec cen tric i ties.

For some fixed time this re la tion can be writ ten in the form:

R M SMBHB=10 6
3 4b( ),

/ .

We found that with the rise of ini tial ec cen tric ity e0  the merg ing time 
Tmrg  of the sys tem de creases. This be hav ior is valid for mass ra tios from q =
= 1 to q = 0.2 and even for extremal q = 0.02. The gen eral con clu sion from
our set of runs is that the lower ini tial ec cen tric ity (cir cu lar) or bits gen er ally
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Fig . 2. Re la tion be tween the merg ing time Tmrg

and light speed c for sys tem from Ta ble 1 (line
1 — Tmrg = bc5, 2 — Tmrg = dc5 + pc7, stars —
simulation). Ini tial ec cen tric ity e0 = 0.25 and
mass ra tio q = 0.5



have a lon ger merg ing time. For higher mass ra tios even the ec cen tric or bits
be come more sta ble.

Com par i son of the sim u la tion re sults and the o ret i cal work [58, 59]
(which in cludes in the ex pres sions only for the 2.5PN term) is shown in
(Fig. 5, 6). For this nu mer i cal test we use the pa ram e ters M tot  = 2 [NB], q =
= 1, R = 1 [NB], e0  = 0.7, c = 15 [NB] and we also in clude only the 2.5PN

term. Our test sim u la tions show that the nu mer i cal model be haves very sim -
i lar to the the o ret i cal curve.
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Fig . 3. The color coded fi nal merg ing time Tmrg of SMBHB as a func tion of to tal mass and ini tial
sep a ra tion of the bi nary. Each sep a rate plot shows the merg ing time evo lu tion for the spe cific mass
ra tio of the bi nary: q = 1 (a), 0.5 (b), 0.333 (c), 0.25 (d), 0.2 (e), 0.02 (f). On each plots we in di cate the 
1 Gyr merg ing time line as a func tion of the ini tial ec cen tric ity e0 of the bi nary. Col ored gamma for
value e0 = 0.00



For ob tain ing the GW con straints, for the se lected test case (M tot  =
108 M8, q = 0.5, R = 0.01 pc, e0  = 0.95, S1  = [0, 0, 1], S2  = [0, 0, 1] ), we use
the spin-spin and spin-or bit cou pling which was de scribed above [12]. In
Fig. 7 we show the first periastron passes for h+  and h´. In Fig. 8 we see the
wave form dur ing inspiraling just for h+  po lar iza tion (the h´ looks sim i lar).
In Ta ble 2 we pres ent the GW fre quen cies for BHs with typ i cal masses and
bi nary sys tem or bital pa ram e ters.
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Fig . 4. The color coded fi nal merg ing time Tmrgof SMBHB as a func tion of to tal mass and ini tial
sep a ra tion of the bi nary. Each sep a rate plot shows the merg ing time evo lu tion for the spe cific mass
ra tio of the bi nary: q = 1 (a), 0.5 (b), 0.333 (c), 0.25 (d), 0.2 (e), 0.02 (f). On each plots we in di cate the 
1 Gyr merg ing time line as a func tion of the ini tial ec cen tric ity e0 of the bi nary. Col ored gamma for
value e0 = 0.95



Us ing our well tested PN-rou tine we es ti mate the pos si ble BHBs merg -
ing time for the set of SDSS ob jects [35]. The main pa ram e ters of the bi nary
BHs we pres ent in Ta ble 3. We es ti mate bi nary BH ex pected merg ing times
as sum ing dif fer ent ec cen tric i ties (e0  = 0.00 — 0.99) of the or bits ex cept
J1201, for which we e0  = 0.3. Also we cal cu lated the merg ing time for the
serendipitously dis cov ered SDSS J120136.02 + 3000305.5 (z = 0.146) with
sys tem pa ram e ters M tot  = 1.08´107M8, q = 0.08, rmax  = 1.3 mpc, e0  = 0.3

[47].
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Fig . 5. Com par i son the sim u la tion’s evo lu tion
(dots) of the semimajor axis a with an a lyt i cal
re sults (line) for a sys tem with fol low ing ini tial
pa ram e ters: M tot  = 2 [NB], q = 1, R = 1 [NB], e0 = 
0.6, c = 15 [NB] with just turn ing on 2.5PN

Fig . 6. Com par i son the sim u la tion’s evo lu tion
(dots) of the ec cen tric ity e with an a lyt i cal
re sults (line) for a sys tem with fol low ing ini tial
pa ram e ters: M tot  = 2 [NB], q = 1, R = 1 [NB], e0 = 
0.6, c = 15 [NB] with just turn ing on 2.5PN

M tot / M8  R (rS)  Tmrg , yr  Torb , s  n, mHz

109  104  0.6  866925  1.15
108  1045  631.5  55175  18.1
107  10451  655148.3  5933  169

Ta ble 2. The GW fre quency for BHs with typ i cal masses Mtot  and sys tem pa ram e ters q = 0.5,
e0 =  0.95, R = 0.01 pc,  S 1=[0, 0, 1],  S 2 =[0, 0, 1]

SDSS ID z log (M tot /M8) rmax, mpc

J075700.70+424814.5 1.17 9.1311 20
J002444.11+003221.4 0.40 9.5618 102
J004918.98+002609.4 1.94 9.3148 96
J161609.50+434146.8 0.49 8.1696 21
J093502.54+433110.7 0.46 9.3425 181
J032223.02-000803.5 0.62 8.2827 32
J095656.42+535023.2 0.61 8.2944 127

Ta ble 3. Con fig u ra tions of the sys tems for SDSS ob jects from [35] (q = 1)



As we can see from Ta ble 4 some of the se lected SDSS ob jects have a
quite short merg ing time even for mod er ately large ec cen tric i ties e0  ³ 0.75.

Al most all of the se lected ob jects (ex cept one J0956) have ex pected merg -
ing times only a few years for ini tial ec cen tric i ties e0  = 0. How ever J1201
has an es ti mated Tmrg  = 3.27 Myr, that is not such a grat i fy ing re sult. Hope -
fully our merg ing time pre dic tions can be tested with the larger SDSS4 ob -
ser va tional cat a logues, which are right now in a phase of ob ser va tion.
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Fig . 8. Strain for a sys tem with
pa ram e ters M tot  = 108M

8
 (q = 0.5), 

e0 = 0.95, R = 0.01 pc, S1 = [0, 0, 1], 
S 2 = [0, 0, 1]

Fig . 7. Sim u lated strain from a GW
dur ing the first periastron for a
sys tem with M tot  = 108M

8
 (q =

0.5), e0 = 0.95, R = 0.01 pc, S1 = [0,
0, 1], S 2 = [0, 0, 1] 

 e0

 Tmrg , yr

J0757 J0024 J0049 J1616 J0935 J0322 J0956

0.00 2.139E+04 6.906E+05 2.916E+06 1.767E+07 2.997E+07 4.390E+07 9.929E+09
0.25 6.796E+03 2.213E+05 9.385E+05 5.714E+06 9.672E+06 1.420E+07 3.214E+09
0.50 1.439E+03 4.738E+04 2.023E+05 1.241E+06 2.095E+06 3.086E+06 7.004E+08
0.75 1.221E+02 3.873E+03 1.668E+04 1.040E+05 1.745E+05 2.591E+05 5.920E+07
0.90 9.528E-01 6.635E+00 5.014E+02 4.195E+02 7.413E+02 1.046E+03 2.453E+05
0.99 9.255E-01 6.435E+00 7.780E+00 2.960E+00 1.946E+01 4.893E+00 1.007E+03

Ta ble 4. Ex pected merg ing time Tmrg for SMBHBs for the se lected SDSS ob jects as the func tion
of the ec cen tric i ties



CON CLU SION

In our study we an a lyze the dy nam i cal be hav ior of SMBHBs. We use a
highly ac cu rate di rect 2-body code where we ap ply the ad di tional PN terms
up to 3.5PN for cal cu la tion of the grav i ta tional forces which act on the BHs
and spin-spin and spin-or bit cou pling for cal cu la tion of GW con straints. As
the main re sult we ob tain the re sult ing merg ing time Tmrg  for a large set of
ini tial mass ra tios q of the BBH, ini tial masses, ini tial sep a ra tions and or -
bital ec cen tric i ties e0 . This data we pres ent as a set of color coded 3-D plots.
We also make the orig i nal re sults pre sented on these plots for dif fer ent mass 
ra tios q and ini tial ec cen tric i ties e0  pub licly avail able*. Our PN treat ment

was ex ten sively tested and the PN rou tines it self we also make pub licly
avail able via the same link above. In our high or der di rect 2-body im ple -
men ta tion we use not only the PN ac cel er a tions but also the first de riv a tives
of this ac cel er a tions. Our BHBs test cal cu la tions show that for BH masses
in range M tot  = (106 — 109)M8 with a fixed ini tial sep a ra tion R = 0.01 pc
and ini tial ec cen tric ity e0  = 0.95 the GW fre quen cies are well in side the
LISA sen si tiv ity band (Ta ble 2) [9]. We use our PN rou tines to ap prox i mate
the ex pected merg ing time for the se lected sam ple SDSS SMBHBs [35].
Our re sults show that for sig nif i cantly large ec cen tric i ties the ex pected
merg ing time for these ob jects are in the range of years.
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ÄÈÑÊÐÅÒÍ² ÓÍ×-ÌÎÄÈ Â ÌÀÃÍ²ÒÎÑÔÅÐ² ÇÅÌË² ÏÎÁËÈÇÓ
Ì²Í²ÌÓÌÓ ÀËÜÂÅÍ²ÂÑÜÊÎ¯ ×ÀÑÒÎÒÈ, ×åðåìíèõ Ñ. Î., Æóê ². Ò. — 
Îòðèìàíî ð³âíÿííÿ ìàëèõ êîëèâàíü äëÿ ÓÍ×-õâèëü â ìàãí³òîñôåð³
Çåìë³ ç óðàõóâàííÿì øâèäêî¿ ìàãí³òîçâóêîâî¿ õâèë³. Çà äîïîìîãîþ
öüîãî ð³âíÿííÿ äîñë³äæåíî ñïåêòð äèñêðåòíèõ àëüâåí³âñüêèõ ìîä
ïîáëèçó ì³í³ìóìó àëüâåí³âñüêî¿ ÷àñòîòè.

DIS CRETE ULF MODES IN THE EARTH’S MAG NETO SPHERE NEAR
THE ALFVEN FRE QUENCY MIN I MUM, by Cheremnykh S. O., Zhuk I. T.
— The equa tion of small os cil la tions of ULF waves in the mag neto sphere of
the Earth was re ceived tak ing into ac count the fast magnetosonic waves.
The spec trum of dis crete Alfven modes near the min i mum Alfven fre quency
was in ves ti gated with the help of this equation.

ÂÂÅÄÅÍÈÅ

Óëüòðàíèçêî÷àñòîòíûå (ÓÍ×) âîëíû â ìàãíèòîñôåðå Çåìëè ðåãóëÿð -
íî ôèêñèðóþòñÿ ñ ïîìîùüþ íàçåìíûõ ìàãíèòîìåòðîâ, ðàäàðîâ è
ñïóò íèêîâ [14, 15]. Âàæíîñòü ýòèõ âîëí äëÿ ôèçèêè ìàãíèòîñôåðû îï -
ðå äåëÿåòñÿ èõ ñïîñîáíîñòüþ óñêîðÿòü çàðÿæåííûå ÷àñòèöû äî ðåëÿ òè -
âè ñòñêèõ ýíåðãèé, ñëóæèòü òðèããåðàìè ìàãíèòîñôåðíûõ ñóááóðü è
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ñðåä ñòâîì äëÿ äèàãíîñòèêè ìàãíèòîñôåðû. Äîëãîïåðèîäè÷åñêèå
ÓÍ×- âîë íû (äèàïàçîíû Pc 4 — Pc 5) â íàñòîÿùåå âðåìÿ îáû÷íî äåëÿò
íà äâà òèïà [3]. Ê ïåðâîìó òèïó îòíîñÿò âîëíû ñ ìàëûìè àçèìóòàëü íû -
ìè âîëíîâûìè ÷èñëàìè (m ~ 1) . Âîëíû âòîðîãî òèïà èìåþò áîëüøèå
àçèìóòàëüíûå âîëíîâûå ÷èñëà (m >> 1) .

Â íåäàâíèõ ðàáîòàõ [11, 12] ÓÍ×-âîëíû ñ áîëüøèìè àçèìó òàëü -
íû ìè âîëíîâûìè ÷èñëàìè èññëåäîâàëèñü â ðàìêàõ îäíîìåð íî-íåîä -
íî ðîäíîé öèëèíäðè÷åñêîé ìîäåëè ìàãíèòîñôåðû (ñì. ðèñ. 1, à). Â
ýòîé ìîäåëè ñèëîâûå ëèíèè ìàãíèòíîãî ïîëÿ ðàññìàòðèâàëèñü êàê
êîí öåíòðè÷åñêèå îêðóæíîñòè ñ ðàäèóñîì r â öèëèíäðè÷åñêèõ êîîðäè -
íà òàõ r, j, z. Ñ÷èòàëîñü, ÷òî âñå ðàâíîâåñíûå ïàðàìåòðû (äàâëåíèå,
ïëîò íîñòü, ìàãíèòíîå ïîëå è ò. ä.) èçìåíÿþòñÿ ïîïåðåê ìàãíèòíûõ ïî -
âåðõíîñòåé r = const. Ýòà ìîäåëü ñóùåñòâåííî óïðîñòèëà äèôôåðåí öè -
àëü íûå óðàâíåíèÿ ìàëûõ êîëåáàíèé äëÿ àçèìóòàëü íî-ìåëêî ìàñ -
øòàáíûõ âîçìóùåíèé è ïîçâîëèëà ïðîâåñòè äîâîëüíî ïîëíîå èññëå -
äî âàíèå èõ ïîïåðå÷íîé (ê ìàãíèòíîìó ïîëþ) ñòðóêòóðû â ëîêàëüíîì
ïðèáëèæåíèè. Âìåñòå ñ òåì çà ðàìêàìè ðàáîò [11, 12] îñòàëñÿ âîïðîñ
îá óñëîâèÿõ ïðèìåíèìîñòè öèëèíäðè÷åñêîé ìîäåëè ìàãíèòîñôåðû.
×àñòè÷íî îòâåò íà ýòîò âîïðîñ áóäåò ïîëó÷åí â íàñòîÿùåé ðàáîòå.

Èçâåñòíî, ÷òî äëÿ îïèñàíèÿ ÓÍ×-âîçìóùåíèé â ìàãíèòîñôåðå
Çåì ëè íàèáîëåå ïîäõîäÿùåé ÿâëÿåòñÿ ìîäåëü äèïîëüíîãî ìàãíèòíîãî
ïîëÿ (ñì. ðèñ. 1, á), êîòîðàÿ ïîñëåäîâàòåëüíî ó÷èòûâàåò êðèâèçíó
ñèëîâûõ ëèíèé ìàãíèòíîãî ïîëÿ, ðàäèàëüíóþ íåîäíîðîäíîñòü ñðåäû,
ðàñïðåäåëåíèå òîðîèäàëüíîãî òîêà è äàâëåíèÿ [4, 18]. Â ýòîé ðàáîòå
ìû ïîêàæåì, ÷òî ìîäåëü äèïîëüíîãî ìàãíèòíîãî ïîëÿ è ìîäåëü îä íî -
ìåð íîãî íåîäíîðîäíîãî öèëèíäðè÷åñêîãî øíóðà, èñïîëüçîâàííàÿ â
ðà áî òàõ [11, 12], ïðèâîäÿò ê îäíèì è òåì æå óðàâíåíèÿì äëÿ ïî ïå ðå÷ -
íîé ñòðóêòóðû àçèìóòàëüíî-ìåëêîìàñøòàá íûõ ÓÍ×-âîçìóùåíèé.
Òåì ñàìûì ìû îáîñíóåì ïðèìåíèìîñòü ìîäåëè öèëèíäðè÷åñêîãî
øíóðà äëÿ îïèñàíèÿ ÓÍ×-âîçìóùåíèé â ìàãíèòîñôåðå. Êðîìå òîãî,
ïîëó÷åííûå íàìè óðàâíåíèÿ áóäóò çàïèñàíû â äåêàðòîâîé ñèñòåìå êî -
îð äèíàò x, y, z, ÷òî ñóùåñòâåííî óïðîùàåò èõ àíàëèç è ñðàâíåíèå ñ

Ðèñ. 1. Ìîäåëè ìàãíèòîñôåðû Çåìëè: a — îäíîìåðíî-íåîäíîðîäíûé ïëàçìåííûé öèëèíäð ñ
ïðîäîëüíûì òîêîì [11], á — äèïîëüíîå ìàãíèòíîå ïîëå ñ òîðîèäàëüíûì òîêîì [18]



äðóãèìè ðåçóëüòàòàìè. Ñ ïîìîùüþ ýòèõ óðàâíåíèé ìû âîñïðîèçâåäåì 
ðÿä èçâåñòíûõ ðåçóëüòàòîâ, à òàêæå ïîëó÷èì óñëîâèå ðåàëèçàöèè äèñ -
ê ðåòíûõ ðåçîíàíñíûõ ìîä âáëèçè ìèíèìóìà àëüâåíîâñêîé ÷àñ òî òû.
Ýòîò ðåçóëüòàò äîïîëíÿåò ðåçóëüòàò ðàáîòû [12], ñîãëàñíî êîòî ðî ìó
äèñêðåòíûå ìîäû ðåàëèçóþòñÿ âáëèçè ìàêñèìóìà àëüâåíîâñêîé ÷àñ -
òîòû.

ÓÐÀÂÍÅÍÈß ÌÀËÛÕ ÊÎËÅÁÀÍÈÉ 

Â ÄÈÏÎËÜÍÎÌ ÌÀÃÍÈÒÍÎÌ ÏÎËÅ

Â êà÷åñòâå èñõîäíûõ áåðåì ëèíåàðèçîâàííûå ÌÃÄ-óðàâíåíèÿ â äè -
ïîëü íîì ìàãíèòíîì ïîëå, êîòîðûå èñïîëüçîâàëèñü â ðàáîòàõ [13, 23]
äëÿ îïèñàíèÿ óëüòðàíèçêî÷àñòîòíûõ ÌÃÄ-ìîä â ìàãíèòîñôåðå Çåìëè:
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rw t g x2 0+ ×Ñ =pB
r r

( )div , (3)

d g x x c xp p B1
2 2= - - + ×^div div

r r r r
( ). (4)

Ñèñòåìà (1) — (4) îïèñûâàåò «çàöåïëåííûå» ÷åðåç êðèâèçíó ñèëî -
âûõ ëèíèé ìàãíèòíîãî ïîëÿ àëüâåíîâñêèå ìàãíèòîçâóêîâûå ìîäû.
Çäåñü èñïîëüçîâàíû ñëåäóþùèå îáîçíà÷åíèÿ: w — ÷àñòîòà âîçìó ùå -
íèé, 

r
B — ðàâíîâåñíîå ìàãíèòíîå ïîëå, p è r — ðàâíîâåñíûå äàâëåíèå

è ïëîòíîñòü ïëàçìû, 
r
x — âåêòîð ñìåùåíèÿ ýëåìåíòàðíîãî îáúåìà

ïëàç ìû, a s  = B2 / | |Ñy 2 , 
r
c — âåêòîð êðèâèçíû ñèëîâûõ ëèíèé ìàã íèò -

íîãî ïîëÿ, p¢ = dp d/ y, íèæíèì èíäåêñîì ̂  îáîçíà÷åíà âåëè÷èíà, ïåð -

ïåíäèêóëÿðíàÿ ê ìàãíèòíîìó ïîëþ, g — ïîêàçàòåëü àäèàáàòû, dp1—
âîç ìóùåííîå ïîëíîå äàâëåíèå ïëàçìû. Ïðè çàïèñè (1)—(4) èñïîëü çî -
âàíî ìàñøòàáèðîâàíèå ìàãíèòíîãî ïîëÿ â âèäå 

r
B/ 4p  ®

r
B. Âåêòîð 

r
x

ìîæåò áûòü ïðåäñòàâëåí â âèäå (ñì. Ïðèëîæåíèå 1)

r
r

x x
y

y
h

j

j
t=

Ñ

Ñ
+

Ñ

Ñ
+

| | | |2 2 2

B

B
 , (5)

ãäå y — ïîëîèäàëüíûé ìàãíèòíûé ïîòîê, j —  òîðîèäàëüíûé óãîë.
Ýòè âåëè÷èíû îïðåäåëÿþò äèïîëüíîå ìàãíèòíîå ïîëå [8]

 
r
B = Ñ ´ Ñ[ ]y j . (6)
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Èç âûðàæåíèÿ (6) âèäíî, ÷òî âåëè÷èíû Ñy, Ñj è 
r
B ÿâëÿþòñÿ âçà -

èì íî îðòîãîíàëüíûìè íà ëþáîé ìàãíèòíîé ïîâåðõíîñòè, âñëåäñòâèè
÷åãî ïî ýòèì íàïðàâëåíèÿì ìîæíî ðàçëîæèòü ëþáóþ ôèçè÷åñêóþ âå -
ëè ÷èíó, íàïðèìåð âåêòîð ñìåùåíèÿ 

r
x. Ýòî îáñòîÿòåëüñòâî íàâîäèò íà

ìûñëü èñïîëüçîâàòü íàïðàâëåíèÿ Ñy, Ñj è 
r
B â êà÷åñòâå íàïðàâ ëå íèé

ëîêàëüíîé ñèñòåìû êîîðäèíàò íà ïðîèçâîëüíî âûáðàííîé ìàã íèò íîé
ïîâåðõíîñòè.

Äëÿ äàëüíåéøåãî àíàëèçà óäîáíî ïðåîáðàçîâàòü óðàâíåíèå (3).
Âûðàçèì â (4) div
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ãäå cA  — àëüâåíîâñêàÿ ñêîðîñòü, cs  — ñêîðîñòü çâóêà, cT  — êàñïîâàÿ
ñêîðîñòü:
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Óðàâíåíèÿ (1), (2), (4) è (7) ÿâëÿþòñÿ èñõîäíûìè è áóäóò èñïîëü -
çî âàòüñÿ íèæå. Ïîñêîëüêó îíè èìåþò äîâîëüíî ãðîìîçäêèé âèä, à èõ
êî ýôôèöèåíòû ÿâëÿþòñÿ ïåðåìåííûìè [21, 22], òî îáû÷íî îíè ðåøà -
þòñÿ ÷èñëåííî [7] è òðåáóþò ñóùåñòâåííîãî óïðîùåíèÿ äàæå äëÿ ïî -
ëó ÷åíèÿ òàêèõ ðåøåíèé.

ÓÏÐÎÙÅÍÈÅ ÓÐÀÂÍÅÍÈÉ Â ËÎÊÀËÜÍÎÌ ÏÐÈÁËÈÆÅÍÈÈ

Ñëåäóÿ [5], çàïèøåì (1), (2), (4) è (7) â ëîêàëüíîì ïðèáëèæåíèè. Ñ
ýòîé öåëüþ âåäåì åäèíè÷íûå îðòîãîíàëüíûå îðòû (ñì. óðàâíåíèå (6))
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Èç (8) íàõîäèì âûðàæåíèÿ äëÿ äèôôåðåíöèàëüíûõ îïåðàòîðîâ â
êîîðäèíàòàõ  x, y, z: 

Ñ ×Ñ

Ñ
=
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y| | x
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Ñ ×Ñ

Ñ
=

¶

¶

j

j| | y
 ,      

r
B

B z

×Ñ
=

¶
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 . (11)

Â îòëè÷èå îò ðàáîò [17, 27, 29] ìû õîòèì óäåëèòü îñíîâíîå âíè ìà -
íèå ïîïåðå÷íîé ñòðóêòóðå ÓÍ×-âîçìóùåíèé, à íå ïðîäîëüíîé. Ñ ýòîé
öåëüþ ðàññìîòðèì ýëåìåíòàðíûé îáúåì ìàãíèòîñôåðíîé ïëàçìû
(ðèñ. 2), êîòîðûé áóäåì ñ÷èòàòü îäíîðîäíûì ïî íàïðàâëåíèÿì y è z, à
ïî x — íåîäíîðîäíûì, è äëÿ íåãî óïðîñòèì èñõîäíûå óðàâíåíèÿ. Ïðè
òàêîì ïîäõîäå ìû ôàêòè÷åñêè ïðåíåáðåãëè ãðàíè÷íûìè óñëîâèÿìè íà 
èîíîñôåðå (äåòàëè ñì. â ðàáîòàõ [20, 26]), ïðåäïîëàãàÿ, ÷òî îíè ìàëî
âëèÿþò íà èñêîìîå ðåøåíèå. Âíóòðè ðàññìàòðèâàåìîãî îáúåìà îò -
äåëü íóþ ôóðüå-ãàðìîíèêó ïðîèçâîëüíîé âîçìóùåííîé âåëè÷èíû X
ìîæíî ïðåäñòàâèòü â âèäå

 X x y z t X x i t ik y ik zy z( , , , ) ( )exp( )= - + +w . (12)

Ñ ó÷åòîì (9)—(12) óðàâíåíèÿ (1), (2), (4) è (7) â ëîêàëüíîé ñèñòåìå
êîîðäèíàò x, y, z ïðèíèìàþò âèä

r w w x r
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x
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x

i c c k i c k cs A
x

s A y y s z z1
2 2 2 2 2 2= - +

¶

¶
- + - -( ) ( ) A x x

2 c x , (16)

ãäå c x  — ïðîåêöèÿ âåêòîðà êðèâèçíû ñèëîâîé ëèíèè ìàãíèòíîãî ïîëÿ
íà x-íàïðàâëåíèå, ïåðïåíäèêóëÿðíîå ê ìàãíèòíûì ïîâåðõíîñòÿì,
c p—  ìàñøòàá èçìåíåíèÿ äàâëåíèÿ ïëàçìû â íàïðàâëåíèè x, êîòîðîå
ñî îòâåòñòâóåò ðàäèàëüíîìó íàïðàâëåíèþ îò Çåìëè â ðåàëüíîé ìàãíè -
òî ñôåðå, w A x( ) = k c xz A ( ), ws  = k c xz s ( ), wT x( ) = k c xz T ( ).
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Ðèñ. 2. Ëîêàëüíîå ïðèáëèæåíèå 
â äèïîëüíîì ìàãíèòíîì ïîëå,
x, y, z — ëîêàëüíûå êîîð äè íà -
òû)



Óðàâíåíèÿ (13)—(16) ñïðàâåäëèâû äëÿ ïëàçìåííûõ îáúåìîâ ñ äî -
ñòà òî÷íî áîëüøèì äàâëåíèåì ïëàçìû, íàïðèìåð äëÿ ðàäèàöèîííûõ
ïîÿñîâ Çåìëè.

ÐÅÇÎÍÀÍÑÍÛÅ ÌÎÄÛ

Âûðàçèì â (14) è (15) àìïëèòóäû âîçìóùåíèé x y  è x z  ÷åðåç dp1  è x x :

ik
k p

y y

y
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x
d

r w w
= -

-

2
1

2 2( )
,

ik

k
c

c c
p

c c

c c
z z

z
s

s A

s A

s A

x x

x

d r c x

r
= -

+
+

+

é

ë
ê

ù

û
ú

2
2

2 2 1

2 2

2 2
2

( )w w2 2- T

è ïîäñòàâèì ýòè âûðàæåíèÿ â (16). Ïîñëå íåêîòîðûõ àëãåáðàè÷åñêèõ
ïðåîáðàçîâàíèé íàõîäèì

d
r w w x c x

b

w w

w w
p

k m x x
A

y

x x x s

T

1

2 2

2 2

2 2

2

2

1
=

-

+

¶

¶
+

+

-

-

( )

( )

( )

( 2 )

é

ë
ê

ù

û
ú, (17)

ãäå ââåäåíî îáîçíà÷åíèå

m
c c

c

c
s A

s A T

s

A

2
2 2 2 2

2 2 2 2

2

2
=

- -

+ -
=

( )( )

( )( )
,

w w w w

w w
b  , (18)

êîòîðîå ðàíåå èñïîëüçîâàëîñü äëÿ îïèñàíèÿ ÌÃÄ-âîçìóùåíèé â ñîë -
íå÷ íûõ ìàãíèòíûõ òðóáêàõ [10, 24, 25]. Ïîäñòàâëÿÿ (17) è âûðàæåíèå
äëÿ x y â (13), ïîëó÷àåì äèôôåðåíöèàëüíîå óðàâíåíèå âòîðîãî ïîðÿäêà
äëÿ x x :

d

dx k m
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x c r
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é

ë
ê
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ê

ù

û
ú =

 = - + -
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r w w x c c x rc x

w

( )
(2 2 2 2

2
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2

2 4A x p x x x A x

y s

s Ap c

m
k c

c c2 2 2

2 2

)( )w w-

+
T

yk m
. (19)

Ñ òî÷íîñòüþ äî îáîçíà÷åíèé óðàâíåíèå (19) ñîâïàäàåò ñ óðàâíå -
íè åì (19) ðàáîòû [11]. Ýòî îáñòîÿòåëüñòâî ãîâîðèò î òîì, ÷òî ìîäåëü
ðà äèàëüíî-íåîäíîðîäíîãî ïëàçìåííîãî öèëèíäðà è ìîäåëü äèïîëü íî -
ãî ìàãíèòíîãî ïîëÿ îäèíàêîâî îïèñûâàþò ÓÍ×-âîëíû â ìàãíèòî ñôåð -
íîé ïëàçìå.

Ïîêàæåì, ÷òî èç óðàâíåíèÿ (19) ñëåäóåò ðÿä èçâåñòíûõ ðåçóëü òà -
òîâ. Èç ñòðóêòóðû óðàâíåíèÿ (19) ñëåäóåò, ÷òî ïðè êîíå÷íûõ k y  è k z

îíî èìååò ñèíãóëÿðíîñòè ïðè w2  = w A
2  è w2  = wT

2  [2, 8]. Ïîÿâëåíèå ñèí -
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ãó ëÿðíîñòåé ïðèâîäèò ê äâóì âåòâÿì êîëåáàíèé ñ íåïðåðûâíûìè
ñïåêò ðàìè:

min[ ( )] max[ ( )]w w wA Ax x2 2 2£ £ ,

min[ ( )] max[ ( )]w w wT Tx x2 2 2£ £ .

Òî÷êè x A  è xT , â êîòîðûõ ñïðàâåäëèâû ñîîòíîøåíèÿ w2  = w A
2 (x A )

èëè w2  = wT
2 (xT ), îòâå÷àþò ïîëîæåíèÿì ñèíãóëÿðíûõ ìàãíèòíûõ ïî -

âåðõ íîñòåé. Íà ýòèõ ïîâåðõíîñòÿõ, êîòîðûå íåïðåðûâíî çàïîëíÿþò
ïðîñòðàíñòâî â íàïðàâëåíèè x, îáðàçóÿ êîíòèíóóì, ÌÃÄ-âîëíû àíî -
ìàëü íî ïîãëîùàþòñÿ, è ïî ýòîé ïðè÷èíå îíè óñòîé÷èâû. Ïåðâîå íåðà -
âåíñòâî îïðåäåëÿåò àëüâåíîâñêèé êîíòèíóóì, à âòîðîå — êàñïîâûé.

×èñëèòåëü â ïåðâîì ñëàãàåìîì óðàâíåíèÿ (19) îïðåäåëÿåò ðåçî -
íàíñ íûå òî÷êè, à çíàìåíàòåëü — òî÷êè îòñå÷êè w = w+ ( )x  è w = w- ( )x . Â 
ýòèõ òî÷êàõ, êàê îáû÷íî, âîëíà ñòàíîâèòñÿ íåðàñïðîñòðàíÿþùåéñÿ
[2]. Ïðè ðàñïðîñòðàíåíèè ÓÍ×-âîëíû ñ çàäàííîé ÷àñòîòîé w â íåîäíî -
ðîä íîé ìàãíèòîñôåðíîé ïëàçìå çíà÷åíèÿ ÷àñòîò w A , wT , w+  è w-  èç ìå -
íÿ þòñÿ, â ðåçóëüòàòå èçìåíÿåòñÿ è âèä âîëíû. Â ñëó÷àå àçèìó òàëü -
íî-ìåëêîìàñøòàáíûõ ÓÍ×-âîçìóùåíèé ýòîò âîïðîñ áûë ÷àñòè÷íî 
èñ ñëåäîâàí â ðàáîòå [11].

Åñëè â (19) ïðåíåáðå÷ü êðèâèçíîé ñèëîâûõ ëèíèé, òî îíî ñóùåñò -
âåí íî óïðîñòèòñÿ ê âèäó, ÷àñòî èñïîëüçóåìîìó â ðàáîòàõ ïî ñîëíå÷ -
íîé ìàãíèòíîé ãèäðîäèíàìèêå [8]:

d

dx

x x

k m x

d

dx
xA

y

x
A

r w w x
r w w

( )( ( ))

( )
( )(

2 2

2 2

2 2-

+

é

ë
ê

ù

û
ú = - ( ))x xx . (20)

Äëÿ «õîëîäíîé ïëàçìû» (p » 0) èç (18) íàõîäèì

m K k K
c x

z

A

2 2 2 2
2

2
= - + =,

( )

w
 .

Â ýòîì ñëó÷àå óðàâíåíèå (20) ïðèíèìàåò âèä

d

dx

B K k

K k k

d

dx
B K kz

y z

x
z x

2 2 2

2 2 2

2 2 2( )

( )
( )

-

- -

é

ë
ê

ù

û
ú + - =

x
x 0. (21)

Êàê áûëî ïîêàçàíî â ðàáîòå [6], óðàâíåíèå (21) èìååò ðåçîíàíñíîå
ðåøåíèå, ëîêàëèçîâàííîå âáëèçè òî÷êè x0 , â êîòîðîé K x2

0( ) = k z
2 .

Òàêîå ðåøåíèå ðåàëèçóåòñÿ òîëüêî ïðè óñëîâèè k y ¹ 0, ïîñêîëüêó ïðè 
k y = 0 â óðàâíåíèè (21) èñ÷åçàåò ðåçîíàíñ.

Ïðåäïîëîæèì, ÷òî ïëàçìåííàÿ ñðåäà ÿâëÿåòñÿ îäíîðîäíîé â íà -
ïðàâ ëåíèè x, òîãäà èç (20) ïîëó÷àåì õîðîøî èçâåñòíîå äèñïåðñèîííîå
óðàâíåíèå äëÿ ÌÃÄ-âîëí:

( )[ ( ) ]w w w w2 2 4 2 2 2 2 2 2 2 2 0- - + + =A s A z s Ak c c k k c c ,

ãäå k 2  = k x
2  + k y

2  + k z
2 . Ïåðâàÿ ñêîáêà â ýòîì óðàâíåíèè îïèñûâàåò àëü -

âå íîâñêèå âîëíû, à âòîðàÿ — áûñòðóþ è ìåäëåííóþ ìàãíèòî çâó êîâûå
âîë íû. Â ðàáîòå [9] áûëî ïîêàçàíî, ÷òî åñëè â óðàâíåíèÿõ (1)—(4)
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ïîëîæèòü dp1= 0, òî óêàçàííûå óðàâíåíèÿ îïèñûâàþò àëüâå íîâ ñêèå
ìî äû è ìåäëåííóþ ìàãíèòîçâóêîâóþ âîëíó. Áûñòðàÿ ìàãíè òî çâóêî -
âàÿ âîëíà â ýòîì ñëó÷àå îòñóòñòâóåò, ÷òî ÿâëÿåòñÿ õàðàêòåð íûì äëÿ
çàìêíóòûõ ïëàçìåííûõ ñèñòåì. 

Òàêèì îáðàçîì, ïðè dp1= 0 ðåàëèçóþòñÿ òîëüêî ñîáñòâåííûå ìàã -
íè òîñôåðíûå ìîäû.

Èç ïðèâåäåííîãî àíàëèçà ñëåäóåò, ÷òî â ñëó÷àå âíåøíåãî âîç äåé -
ñò âèÿ íà ìàãíèòîñôåðíóþ ñèñòåìó [14, 15], êîãäà dp1¹ 0, â íåé ìîæåò

ðåàëèçîâàòüñÿ áûñòðàÿ ìàãíèòîçâóêîâàÿ âîëíà. Ïîñëåäíÿÿ ìîæåò ðåà -
ëè çîâàòüñÿ òîëüêî â îòêðûòûõ ïëàçìåííûõ ñèñòåìàõ, êîòîðîé ÿâëÿ åò -
ñÿ ìàãíèòîñôåðà. 

Òàêèì îáðàçîì, óðàâíåíèå (19) îïèñûâàåò ìàãíèòî ñôåðíûå ÌÃÄ-
 âîëíû, ãåíåðèðóåìûå âíåøíèìè âîçäåéñòâèÿìè.

Îòìåòèì, ÷òî â îáùåì ñëó÷àå ðåøåíèÿ óðàâíåíèé (19) è (20) íå ÿâ -
ëÿ þòñÿ î÷åâèäíûìè. Ê íàñòîÿùåìó âðåìåíè ïðîàíàëèçèðîâàíî ëèøü
íå ñêîëüêî ÷àñòíûõ ñëó÷àåâ [10]. Èçâåñòíî, ÷òî óðàâíåíèÿ (19) è (20)
ñî äåðæàò êàê íåïðåðûâíûå, òàê è äèñêðåòíûå ðåøåíèÿ. Ïðè ñîîòâåò -
ñò âó þùèõ ãðàíè÷íûõ óñëîâèÿõ ýòè óðàâíåíèÿ îáû÷íî èññëå äóþò ÷èñ -
ëåííî. Íèæå ìû ñîñðåäîòî÷èì ñâîå âíèìàíèå íà ñëó÷àå, äëÿ êîòîðîãî
ìîæ íî ïîëó÷èòü àíàëèòè÷åñêèå ðåçóëüòàòû è êîòîðûé èìååò íå ïî -
ñðåä ñòâåííîå îòíîøåíèå ê èññëåäîâàíèþ ÓÍ×-âîçìóùåíèé ñ ïî ìî -
ùüþ êîñìè÷åñêèõ àïïàðàòîâ.

ÌÎÄÛ Ñ ÄÈÑÊÐÅÒÍÛÌ ÑÏÅÊÒÐÎÌ ÂÁËÈÇÈ w Amin

Ïîñêîëüêó àëüâåíîâñêàÿ ÷àñòîòà w A  èìååò â ìàãíèòîñôåðå Çåìëè õà -
ðàê òåðíûå ìèíèìóì è ìàêñèìóì íà ðàññòîÿíèè 3-4 ðàäèóñîâ [28], òî
åñòåñòâåííî ðàññìîòðåòü äèñêðåòíûå ìîäû, ëåæàùèå â îêðåñòíîñòè
ìè íèìóìà (ðèñ. 3). Ìîòèâàöèåé òàêîãî ðàññìîòðåíèÿ ÿâëÿåòñÿ õî -
ðîøî èçâåñòíûé ðåçóëüòàò [30] î ñóùåñòâîâàíèè ó óðàâíåíèé âèäà
(19) ðåøåíèé â âèäå äèñêðåòíûõ àëüâåíîâñêèõ ìîä ñ ÷àñòîòàìè wn

(n — ðàäèàëüíîå êâàíòîâîå ÷èñëî), ëåæàùèõ íèæå ìèíèìóìà àëüâå -
íîâ ñêîãî íåïðåðûâíîãî ñïåêòðà, ò. å. wn

2  < ( )minw A
2 .

Ïîëîæèì, ÷òî â òî÷êå x0  àëüâåíîâñêàÿ ÷àñòîòà w A  ïðèíèìàåò ìè -
íèìàëüíîå çíà÷åíèå, ò. å.
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Ðèñ. 3. Çàâèñèìîñòü àëüâåíîâñêîé ÷àñòîòû îò ðàññòîÿ íèÿ 
â ýêâàòîðèàëüíîé ïëîñêîñòè (L = r rE/ , rE — ðàäèóñ
Çåìëè) [28]: 1 — äèñêðåòíûå ÓÍ×-ìîäû, îáíàðóæåííûå
â ðàáîòå [12], 2 — äèñêðåòíûå ÓÍ×-ìîäû, èññëåäî âàí -
íûå â äàííîé ðàáîòå 



w¢ =A x| ,
0

0      w¢¢ >A x| 0
0. 

Ðàçëîæèâ óðàâíåíèå (19) âáëèçè òî÷êè x0  ïîñëå ïðîñòûõ, íî äî ñòà -
òî÷íî ãðîìîçäêèõ ïðåîáðàçîâàíèé, ïîëó÷àåì óðàâíåíèå

d

dy
y

d

dy
y Gr

r r( ) ( )1 1 02 2 2+
é

ë
ê

ù

û
ú - + + =

x
x xG . (22)

Ïðè ïîëó÷åíèè (22) ïðåäïîëàãàëàñü ðàäèàëüíàÿ ìåëêî ìàñ øòàá -
íîñòü âîçìóùåíèé. Çäåñü èñïîëüçîâàíû îáîçíà÷åíèÿ

y
x x

=
- 0

D
,       D2 2

2

2
0

1= -
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è
çç

ö

ø
÷÷l

xA

w

w ( )
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l A

A x

2
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2
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0

=
¢¢

w

w( )
,     G D2 2 2= k y ,     G

k l

k

y

z

x p x= -
2 2

2

2b c c gc( ). (23)

Âûðàæåíèå äëÿ D2  ââåäåíî ñ ó÷åòîì ïðåäïîëîæåíèÿ w < w A x( )0 .
Ïîñêîëüêó äëÿ ðàññìàòðèâàåìûõ ìîä ñïðàâåäëèâî óñëîâèå k ly

2 2  >> 1,
òî âåëè÷èíà G 2  áóäåò äîñòàòî÷íî áîëüøîé âåëè÷èíîé ïðè w < w A x( )0

è áóäåò îáðàùàòüñÿ â íîëü íà ãðàíèöå àëüâåíîâñêîãî êîíòèíóóìà (w =
= w A x( )0 ) .

Íåòðóäíî óáåäèòüñÿ [19], ÷òî çàìåíà ïåðåìåííûõ y = shz, x r  =
= -( ) ( )/chz z1 2 y  ïîçâîëÿåò ïðåäñòàâèòü (22) â âèäå óðàâíåíèÿ Øðå äèí -
ãå ðà: 

d

dz
E U z

2

2
0

y
y+ - =( ( )) (24)

c ïîòåíöèàëîì

 U z z z( ) ( )= + -G 2 2 22ch ch (25)

è ýíåðãèåé

 E G= -1 4/ . (26)
Â ðåçóëüòàòå çàäà÷à î íàõîæäåíèè äèñêðåòíûõ ìîä ñâåëàñü ê

îòûñêàíèþ ýíåðãåòè÷åñêèõ óðîâíåé â ïîòåíöèàëüíîé ÿìå (25) ñ
ãðàíè÷íûìè óñëîâèÿìè äëÿ ôóíêöèè y âèäà y | z ®±¥® 0.

Â ïîòåíöèàëüíîé ÿìå (25) åñòü òîëüêî ïîëîæèòåëüíûå äèñêðåòíûå 
óðîâíè ýíåðãèè, ïîñêîëüêó îíà ñóùåñòâóåò òîëüêî ïðè G 2> 0 è óäîâ ëå -
òâî ðÿåò íåðàâåíñòâó U z( ) > 0. Ñëåäîâàòåëüíî, íåîáõîäèìîå óñëîâèå
ñóùåñòâîâàíèÿ ýíåðãåòè÷åñêèõ óðîâíåé â ïîòåíöèàëå (25) èìååò âèä 

G - ³1 4 0/ . (27)

Íåðàâåíñòâî (27) â ôèçè÷åñêèõ ïåðåìåííûõ èìååò âèä

c gc
b c

p c
z

y x

k

k l
³ +

1

4

2

2 2
(28)

è ðåàëèçóåòñÿ òîëüêî â êðèâîëèíåéíîì ìàãíèòíîì ïîëå è â ïëàçìå ñ
äîñòàòî÷íî áîëüøèì äàâëåíèåì.
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Íåðàâåíñòâî (27) ÿâëÿåòñÿ äîâîëüíî ãðóáûì, ïîñêîëüêó îíî íå
ó÷è òûâàåò ôîðìó ïîòåíöèàëüíîé ÿìû. Â çàâèñèìîñòè îò çíà÷åíèé âå -
ëè÷èíû G ïîòåíöèàëüíàÿ ÿìà (25) ìîæåò ïðèíèìàòü äâà êà÷åñòâåííî
ðàç ëè÷íûõ âèäà (ñì. ðèñ. 4):

• ïðè G ³ 1/2 ïîòåíöèàë U z( ) èìååò åäèíñòâåííûé ìèíèìóì U ( )0  = 

= G 2+ 1/4 â òî÷êå z = 0 è ìîíîòîííî óâåëè÷èâàåòñÿ ñ óâåëè÷åíèåì |z|

(ðèñ. 4, à);

• ïðè 0 1 2£ <G /  ïîòåíöèàë U(z) èìååò ëîêàëüíûé ìàêñèìóì U ( )0  = 

= G 2  + 1/4 â òî÷êå z = 0 è äâà ñèììåòðè÷íûõ ìèíèìóìà U z( )± 0  = G â

òî÷êàõ ± z0  = Arcch[( ) ]/2 1 2G -  (ðèñ. 4, á).

Â îáëàñòÿõ |z| > z0  ïîòåíöèàë U z( ) ìîíîòîííî óâåëè÷èâàåòñÿ ñ óâå -
ëè ÷åíèåì |z|.

Òîãäà èç î÷åâèäíîãî óñëîâèÿ E > U min ïîëó÷àåì îöåíêó äëÿ óðîâ -
íåé ýíåðãèè â ðàññìàòðèâàåìîé ïîòåíöèàëüíîé ÿìå:

G > +1 4/ G           (0 1 42£ <G / ), (29)

G ³ +1 2/ G,          (G 2 1 4³ / ). (30)

Íåðàâåíñòâî (29) îïèñûâàåò ìîäû ñ ÷àñòîòàìè, áëèçêèìè ê ÷àñòî -
òå àëüâåíîâñêîãî êîíòèíóóìà w A x( )0 . Ïðè G® 0 ÷àñòîòà ñîâïàäàåò ñ 
w A x( )0 . Íåðàâåíñòâî (30) îïèñûâàåò äèñêðåòíûå ìîäû ñ ÷àñòîòàìè,
ìåíüøèìè w A x( )0 . Åñëè G 2 1> , òî íåðàâåíñòâî (30) îïèñûâàåò äèñ ê -
ðåòíóþ ìîäó ñ ÷àñòîòîé, ìàêñèìàëüíî îòñòîÿùåé îò ãðàíè÷íîé ÷àñ òî -
òû àëüâåíîâñêîãî êîíòèíóóìà. Èç (30) ïðè G 2  >> 1 ïîëó÷àåì G 2~ G,
îò êóäà íàõîäèì, ÷òî ìèíèìàëüíî âîçìîæíàÿ äèñêðåòíàÿ ÷àñòîòà èìå -
åò âèä

w w
bc

c gcmin ( ) ( )» - -
é

ë
ê

ù

û
úA

x

z

p xx
k

2
0 2

1 . (31)

Ïîêàæåì, ÷òî â èíòåðâàëå w min  £ w < w A x( )0  ëåæèò áåñêîíå÷íîå
ìíî æåñòâî ÷àñòîò wn  ñ òî÷êîé ñãóùåíèÿ íà ãðàíèöå àëüâåíîâñêîãî
êîí òèíóóìà w = w A (x0). Èñõîäèì èç õîðîøî èçâåñòíîãî ôàêòà, ÷òî â
ñëó÷àå êâàçèêëàññè÷åñêîãî äâèæåíèÿ ÷àñòèöû ñ ýíåðãèåé E â ïîòåí -
öèàëüíîé ÿìå U z( )  ðàçìåð îáëàñòè äâèæåíèÿ L E( ) ñîäåðæèò öåëîå
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Ðèñ. 4. Âèä ïîòåíöèàëà (25) â çàâèñèìîñòè îò çíà÷åíèÿ G: a — G  ³1/2, á — 0 < G < 1/2, â — G = 0



÷èñëî ïîëóïåðèîäîâ âîëíû äå Áðîéëÿ l = [ ( )] /E U z- -1 2 . Â îáùåì ñëó -
÷àå l çàâèñèò îò êîîðäèíàòû z, îäíàêî äëÿ îöåíêè âûñîêîëåæàùèõ
ýíåð ãåòè÷åñêèõ óðîâíåé ìîæíî ïîëîæèòü l » En

-1 2/ , ïîñêîëüêó äëÿ íèõ
ýíåð ãèÿ îòñ÷èòûâàåòñÿ îò äíà ÿìû. Ýòî ñîîáðàæåíèå ïîçâîëÿåò çàïè -
ñàòü ñëåäóþùèå ñîîòíîøåíèå äëÿ ñòàöèîíàðíîãî óðîâíÿ ýíåðãèè En :

L E
n nT

E
n

n

( )
/

= »
l

2 1 2
 . (32)

Õàðàêòåðíûé ðàçìåð îáëàñòè, â êîòîðîé ìîæåò äâèãàòüñÿ ÷àñòèöà, 
L En( ) = |L L2 1- |, ãäå L1  è L2  — òî÷êè ïîâîðîòà, îïðåäåëÿåìûå èç
óðàâíåíèÿ

E U z L Ln = =( , )1 2 . (33)
Ðåøàÿ óðàâíåíèå (33), íàõîäèì

L E
E

En

n

n

( )
ln( / ), / ,

ln( / ), / ./
=

<

>

ì
í
î

G G

G G

1 2

2 1 21 2
(34)

Ïîäñòàâëÿÿ (34) â (32) è èñïîëüçóÿ äëÿ ýíåðãèè ÿâíîå âûðàæåíèå
(26), ïîëó÷àåì

G

G

n

G
n

G

G

2
1 2

2

1 4
1 4

1 2

1 4

»

- -
-

é

ë
ê

ù

û
ú >

-

( / )exp
( / )

, / ,

( / ) ex

/

p

p
( / )

, / .
/

-
-

é

ë
ê

ù

û
ú <

ì

í

ï
ï

î

ï
ï

2

1 4
1 2

1 2

pn

G
G

(35)

Îòìåòèì, ÷òî ïðè áîëüøèõ çíà÷åíèÿõ n çíà÷åíèå Gn
2  ýêñïîíåí öè -

àëüíî ñòðåìèòñÿ ê íóëþ. 
Òàêèì îáðàçîì, èìååòñÿ ñ÷åòíàÿ áåñêîíå÷íîñòü ñîáñòâåííûõ çíà -

÷åíèé G ñ òî÷êîé ñãóùåíèÿ G = 0 (w w= A x( )0 ) , ïðè÷åì îòíîøåíèå ïî -
ñëåäîâàòåëüíûõ ñîáñòâåííûõ çíà÷åíèé

G

G

G
n

n

n

G

n

G

+ »

-
-

é

ë
ê

ù

û
ú >

-
-

1
2

2

1 21 4
1 2

2

1

exp
( / )

, / ,

exp
( /

/

p

p

4
1 2

1 2)
, /

/

é

ë
ê

ù

û
ú <

ì

í

ï
ï

î

ï
ï

G

(36)

íå çàâèñèò îò n. 
Çàìåòèì, ÷òî â ñëó÷àå G ® 0, ñòåíêà ïîòåíöèàëüíîé ÿìû (25) óäà -

ëÿ åòñÿ íà áåñêîíå÷íîñòü. Èçâåñòíî, ÷òî â áåñêîíå÷íî øèðîêîé ïîòåí -
öè àëüíîé ÿìå óðîâíè ýíåðãèè ñòðåìÿòñÿ êî äíó ÿìû, ÷òî â íàøåì ñëó -
÷àå ñîîòâåòñòâóåò óñëîâèþ G ® 1/4 . Âèäíî, ÷òî óðàâíåíèå (35) ñîäåð -
æèò ýòîò ðåçóëüòàò. Ïðè G = 0 (w w= A x( )0 ) ïîòåíöèàë ïðåâðàùàåòñÿ â
ïîòåíöèàëüíûé áàðüåð (ñì. ðèñ. 4, â), â êîòîðîì óðîâíè ýíåðãèè îòñóò -
ñò âóþò.

Ïîëó÷åííûå âûøå ðåçóëüòàòû õîðîøî ñîãëàñóþòñÿ ñ ðåçóëüòà òà -
ìè áîëåå àêêóðàòíûõ ðàñ÷åòîâ, ïðèâåäåííûõ â ðàáîòå [16, 19].
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Îñòàíîâèìñÿ íà ñîáñòâåííûõ ôóíêöèÿõ äèñêðåòíûõ ìîä. Íà÷íåì
ðàññìîòðåíèå ñ ðàäèàëüíîé ñòðóêòóðû è ìîä ñ ìèíèìàëüíîé ÷àñòîòîé. 
Ñ óâåëè÷åíèåì G ïîòåíöèàëüíàÿ ÿìà (25) ñóæàåòñÿ, è ïðè äîñòàòî÷íî
áîëü øèõ çíà÷åíèÿõ (G >> 1) åå ôîðìà ñòðåìèòñÿ ê ïàðàáîëè÷åñêîé, õà -
ðàê òåðíîé äëÿ ãàðìîíè÷åñêîãî îñöèëëÿòîðà. Ýòî îáñòîÿòåëüñòâî ïî -
çâî ëÿåò ïðåäïîëîæèòü, ÷òî ñïåêòð íèçêîëåæàùèõ óðîâíåé ïðàêòè ÷åñ -
êè ñîâïàäàåò ñî ñïåêòðîì êâàíòîâîìåõàíè÷åñêîãî îñöèëëÿòîðà. Ðàç -
ëî æèâ ïîòåíöèàë (25) â ðÿä Òåéëîðà â îêðåñòíîñòè òî÷êè z = 0, ïðè õî -
äèì ê çàäà÷å îá îïðåäåëåíèè óðîâíåé ýíåðãèè ãàðìîíè÷åñêîãî îñ öèë -
ëÿòîðà:

 
d

dz
z

2

2

2 0
y

e y+ - =[ ] , (37)

ãäå

 e = - -
æ

è
ç

ö

ø
÷ -
æ

è
ç

ö

ø
÷

-

G
1

2

1

4
2 2

1 2

G G
/

. 

Èç (37) íàõîäèì âûðàæåíèå äëÿ óðîâíåé ýíåðãèè â ñëó÷àå G 2  >> 1 â
âèäå

 e n n= +2 1,
èëè

G nn = + + + -
æ

è
ç

ö

ø
÷

1

2
2 1

1

4
2 2

1 2

G G( )
/

. (38)

Óðîâíè ýíåðãèè (38) ñîãëàñóþòñÿ ñ ðàíåå ïîëó÷åííûì ðåçóëü òà -
òîì (29) äëÿ íèæíåãî óðîâíÿ (n = 0). Ñîáñòâåííûå ôóíêöèè â ýòîì
ñëó÷àå ñ òî÷íîñòüþ äî çàìåíû s ® z ñîâïàäàþò ñ ôóíêöèÿìè (20).

Èç îáùèõ ñâîéñòâ óðàâíåíèÿ Øðåäèíãåðà ñëåäóåò, ÷òî äëÿ ýíåð ãå -
òè ÷åñêèõ óðîâíåé, ëåæàùèõ âûøå äíà ïîòåíöèàëüíîé ÿìû, ñîáñò âåí -
íûå ôóíêöèè äîëæíû èìåòü âèä ñèíóñîèä â îêðåñòíîñòè z = 0 è ýêñïî -
íåí öèàëüíî óáûâàþùèõ ôóíêöèé ïðè z ® ±¥. Ðàññìîòðèì â êà÷åñòâå
ïðèìåðà ñëó÷àé G –1/4 >> G 2 , 1/4. Ïîñêîëüêó â ýòîì ïðåäïîëîæåíèè
ïî òåíöèàëüíàÿ ÿìà (25) ñèììåòðè÷íà îòíîñèòåëüíî òî÷êè z = 0, òî
äîñòàòî÷íî îãðàíè÷èòüñÿ ðåøåíèåì íà èíòåðâàëå (0, ¥).

Â îáëàñòè z < 1 óðàâíåíèå (24) óïðîùàåòñÿ è ïðèâîäèòñÿ ê ñëå äó -
þùåìó âèäó:

d

dz

2

2

2 0
y

s y+ = ,   s 2 1

4
= -G . (39)

Î÷åâèäíî, ÷òî ëèíåéíî íåçàâèñèìûìè ðåøåíèÿìè ýòîãî óðàâ íå -
íèÿ áóäóò ôóíêöèè

y s sI z z= (cos ,sin ). (40)

Â ñëó÷àå, êîãäà expz >> 1, óðàâíåíèå (24) ïðèíèìàåò âèä

d

dz
z

2

2

2
2

4
2 0

y
s y+ -

é

ë
ê

ù

û
ú =

G
exp( ) . (41)
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Â êà÷åñòâå ðåøåíèÿ (41), óáûâàþùåãî ïðè z ® +¥, íåîáõîäèìî
âçÿòü ôóíêöèþ Áåññåëÿ âòîðîãî ðîäà ñ ìíèìûì ïîðÿäêîì (ñì. Ïðè -
ëîæåíèå 2):

y II izK z=
æ

è
ç

ö

ø
÷

G

2
exp  . (42)

Ñøèâàÿ ðåøåíèÿ (40) è (42) â îáëàñòè 1 < exp(2z) < s 2 /G 2 , ïîëó÷àåì
ñëåäóþùåå äèñïåðñèîííîå óðàâíåíèå:

 G 2 2 216 1 2= - +( / ) exp[ ( / ) / ]e ns p s . (43)

ãäå êîíñòàíòà e — îñíîâàíèå íàòóðàëüíîãî ëîãàðèôìà.
Ñðàâíåíèå äèñïåðñèîííîãî ñîîòíîøåíèÿ (43) ñ ïåðâûì ñîîòíîøå -

íèåì (G > 1/2) â (35), ïîëó÷åííûì èç êà÷åñòâåííîãî àíàëèçà â êâàçè -
êëàññè÷åñêîì ïðèáëèæåíèè, ïîêàçûâàåò, ÷òî îíè ïðàêòè÷åñêè ñîâïà -
äàþò. Îòëè÷èå ñîñòîèò ëèøü â ïîñòîÿííîì ïðåäýêñïîíåíöèàëüíîì
ìíî æè òåëå. Ïðîâåäåííîå ðàññìîòðåíèå ïîäòâåðæäàåò íàøè ñîîáðà -
æå íèÿ î âèäå ñîáñòâåííûõ ôóíêöèé äëÿ äèñêðåòíûõ ìîä, ëåæàùèõ
âíóò ðè èíòåðâàëà w min

2  £ w2£  w A x2
0( ). 

ÎÑÍÎÂÍÛÅ ÐÅÇÓËÜÒÀÒÛ

Â ðàáîòå ïîëó÷åíû ñëåäóþùèå ðåçóëüòàòû:
— ïîêàçàíî, ÷òî èñïîëüçîâàííàÿ â ðàáîòàõ [11, 12] ìîäåëü ðà äè -

àëü íî-íåîäíîðîäíîãî ïëàçìåííîãî öèëèíäðà àäåêâàòíî îïèñûâàåò
ÓÍ×-âîçìóùåíèÿ â ìàãíèòîñôåðå Çåìëè;

— ïîëó÷åíî óðàâíåíèå ìàëûõ êîëåáàíèé (19) äëÿ ÓÍ×-ìîä. Ïî êà -
çàíî, ÷òî ýòî óðàâíåíèå ó÷èòûâàåò áûñòðóþ ìàãíèòîçâóêîâóþ âîëíó,
÷òî ÿâëÿåòñÿ õàðàêòåðíûì äëÿ îòêðûòîé ìàãíèòîñôåðíîé ñèñòåìû;

— óñòàíîâëåíî, ÷òî ïîÿâëåíèå áûñòðîé ìàãíèòîçâóêîâîé âîëíû â
ìàãíèòîñôåðíîé ïëàçìå ïðèâîäèò ê ãåíåðàöèè àëüâåíîâñêèõ âîëí ñ
äèñêðåòíûì ñïåêòðîì. Ýòîò ðåçóëüòàò ïîäòâåðæäàåò ðåçóëüòàò ðàáîòû 
[12], â êîòîðîé áûëî ïîêàçàíî, ÷òî òàêèå ìîäû ãåíåðèðóþòñÿ âáëèçè
ìàêñèìóìà àëüâåíîâñêîé ÷àñòîòû. 

Â äàííîé ðàáîòå ïîêàçàíî, ÷òî äèñêðåòíûå àëüâåíîâñêèå ìîäû
ãåíåðèðóþòñÿ òàêæå âáëèçè ìèíèìóìà àëüâåíîâñêîé ÷àñòîòû.

ÏÐÈËÎÆÅÍÈÅ 1

Âûâîä óðàâíåíèÿ (5). Â ðàáîòàõ ïî ìàãíèòíîé ãèäðîäèíàìèêå â ïëàç -
ìåííûõ ñèñòåìàõ ñ ìàã íèòíûìè ïîâåðõíîñòÿìè îáû÷íî (ñì., íà ïðè -
ìåð, ðàáîòó [9]) âåêòîð ñìåùåíèÿ ýëåìåíòàðíîãî îáú¸ìà ïëàçìû ïðåä -
ñòàâëÿåòñÿ â âèäå

r
r r

x x h t=
Ñ

Ñ
+

´ Ñ
+

a

a

B a

B

B

B| |

[ ]
2 2 2

 , (Ï1.1)
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ãäå ôóíêöèÿ à, íàçûâàåìàÿ ìåòêîé ìàãíèòíîé ïîâåðõíîñòè, óäîâ ëå -
òâîðÿåò óñëîâèþ

r
B a×Ñ = 0. (Ï1.2)

Ïîñêîëüêó äèïîëüíîå ìàãíèòíîå ïîëå èìååò âèä
r
B = Ñ ´ Ñ[ ]y j , (Ï1.3)

ãäå y — ïîëîèäàëüíûé ìàãíèòíûé ïîòîê, a j — âîñòî÷íàÿ ãåî ìàã íèò -
íàÿ äîëãîòà, òî èç óðàâíåíèé (Ï1.2) è (Ï1.3) ñëåäóåò, ÷òî â êà÷åñòâå
ìåòêè ìàãíèòíîé ïîâåðõíîñòè óäîáíî âûáðàòü ïîëîèäàëüíûé ìàãíèò -
íûé ïîòîê, ò. å. ïîëîæèòü 

a = y. (Ï1.4)

Èç (Ï1.1), (Ï1.3) è (Ï1.4) ïîëó÷àåì ðàâåíñòâî 

r
r

x x
y

y
h

y j y

y j
t=

Ñ

Ñ
+

Ñ ´ Ñ ´ Ñ

Ñ Ñ
+ =

| |

[[ ] ]

| | | |2 2 2 2

B

B

=
Ñ

Ñ
+

Ñ

Ñ
+x

y

y
h

j

j
t

| | | |2 2 2

r
B

B
. (Ï.1.5)

Âèäíî, ÷òî óðàâíåíèå (Ï1.5) ïîëíîñòüþ ñîâïàäàåò ñ óðàâíåíèåì
(5).

ÏÐÈËÎÆÅÍÈÅ 2

Ðåøåíèå (42) è åãî ñâîéñòâà. Ïîêàæåì, ÷òî óðàâíåíèå (41) èìååò ðå -
øåíèå (42). Ââåä¸ì ïåðåìåííóþ

x z=
G

2
exp( ). (Ï2.1)

Òîãäà

d

dz

dx

dz

d

dx
x

d

dx
= = . (Ï2.2)

Â ðåçóëüòàòå óðàâíåíèå (41) ïðèíèìàåò âèä

 x
d

dx
x

d

dx
x

y
s y

æ

è
ç

ö

ø
÷ + - =[ ]2 2 0. (Ï2.3)

Ïîëó÷åííîå óðàâíåíèå óäîáíî ïåðåïèñàòü â âèäå

x
d

dx
x

d

dx
i x2

2

2

2 2 0
y y

s y+ - + =[( ) ] . (Ï2.4)

Ìîäèôèöèðîâàííûå ôóíêöèè Áåññåëÿ ÿâëÿþòñÿ ðåøåíèÿìè äèô -
ôå ðåíöèàëüíîãî óðàâíåíèÿ âèäà
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 y
d W

dy
y

dW

dy
y W2

2

2

2 2 0+ - + =[ ]n . (Ï2.5)

Ôèãóðèðóþùèå â óðàâíåíèè (Ï2.5) âåëè÷èíû n è y ìîãóò áûòü ëþáû -
ìè ÷èñëàìè, â òîì ÷èñëå è êîìïëåêñíûìè [1]. Óáûâàþùåå ïðè y ® ¥
ðåøåíèå óðàâíåíèÿ (Ï2.5) âûðàæàåòñÿ ÷åðåç ìîäèôèöèðîâàííóþ
ôóíêöèþ Áåññåëÿ

W K y= n ( ). (Ï2.6)
Èç (Ï2.4) — (Ï2.6) ïîëó÷àåì ðåøåíèå (42):
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Àñèìïòîòèêà (Ï2.8) áûëà èñïîëüçîâàíà íàìè ïðè ïîëó÷åíèè äèñ -
ïåð ñèîííîãî óðàâíåíèÿ (43). Ìû òàêæå èñïîëüçîâàëè ïðè ïîëó÷åíèè
ýòîãî äèñïåðñèîííîãî óðàâíåíèÿ ðàâåíñòâî
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Äâîéíûå ìàêñèìóìû 11-ëåòíèõ ñîëíå÷íûõ öèêëîâ

Äëÿ îáúÿñíåíèÿ íàáëþäàåìîãî ÿâëåíèÿ äâîéíûõ ìàêñèìóìîâ öèêëîâ
ñîë íå÷íûõ ïÿòåí ïðåäëîæåí ñöåíàðèé, âêëþ÷àþùèé ãåíåðàöèþ ìàã -
íèò íîãî ïîëÿ âîçëå äíà ñîëíå÷íîé êîíâåêòèâíîé çîíû (ÑÊÇ) è åãî ïî -
ñëåäóþùèé âûíîñ èç ãëóáîêèõ ñëîåâ íà ïîâåðõíîñòü â «êîðîëåâñêîé çî -
íå». Â ïåðåñòðîéêå ìàãíèòíîãî ïîëÿ ïðèíèìàþò ó÷àñòèå ïÿòü ïðî -
öåñ ñîâ: W-ýôôåêò, ìàãíèòíàÿ ïëàâó÷åñòü, ìàêðîñêîïè÷åñêèé òóðáó -
ëåíò íûé äèàìàãíåòèçì, ðîòàöèîííûé Ñr-ýôôåêò è ìåðèäèîíàëüíàÿ
öèðêóëÿöèÿ. Óñòàíîâëåíî, ÷òî ïåðåñòðîéêà ìàãíåòèçìà â âûñîêîøè -
ðîòíûõ è ïðèýêâàòîðèàëüíîì äîìåíàõ ÑÊÇ ïðîèñõîäèò â ðàçëè÷íûõ
ðåæèìàõ. Êëþ÷åâóþ ðîëü â ðàçðàáîòàííîì ìåõàíèçìå èãðàþò äâå
âîë íû òîðîèäàëüíûõ ïîëåé îò íèæíåãî îñíîâàíèÿ ÑÊÇ ê ñîëíå÷íîé
ïîâåðõíîñòè â ïðèýêâàòîðèàëüíîì äîìåíå. Ãëóáèííûå òîðîèäàëüíûå
ïîëÿ, âîçáóæäàåìûå W-ýôôåêòîì âíà÷àëå öèêëà âáëèçè òàõîêëèíà,
áëàãîäàðÿ êîìáèíèðîâàííîìó äåéñòâèþ ìàãíèòíîé ïëàâó÷åñòè, òóð -
áó ëåíò íîãî äèàìàãíåòèçìà è ðîòàöèîííîãî ìàãíèòíîãî Ñr-ïîòîêà â 
ïðèýêâàòîðèàëüíîì äîìåíå òðàíñïîðòèðóþòñÿ ê ïîâåðõíîñòè.
Ôðàã ìåíòû ýòèõ ìàãíèòíûõ ïîëåé ÷åðåç íåêîòîðîå âðåìÿ ìîæíî
íàáëþäàòü â âèäå áèïîëÿðíûõ ãðóïï ïÿòåí íà ñðåäíèõ øèðîòàõ â «êî -
ðî ëåâñêîé çîíå». Ýòà íàïðàâëåííàÿ ââåðõ ïåðâàÿ âîëíà òîðîèäàëüíûõ
ïîëåé äàåò îñíîâíîé ìàêñèìóì àêòèâíîñòè ñîëíå÷íûõ ïÿòåí. Âìåñ -
òå ñ òåì â âûñîêîøèðîòíûõ ïîëÿðíûõ äîìåíàõ ãëóáèííûå òîðîè äàëü -
íûå ïîëÿ âíà÷àëå öèêëà çàáëîêèðîâàíû âîçëå äíà ÑÊÇ äâóìÿ ýô ôåê -
òàìè àíòèïëàâó÷åñòè: íàïðàâëåííûìè âíèç òóðáóëåíòíûì äèàìàã -
íèòíûì ïåðåíîñîì è ìàãíèòíîé Ñr-íàêà÷êîé. Ïðèìåðíî ÷åðåç 1—2
ãî äà, êîãäà íàïðàâëåííîå ê ýêâàòîðó ãëóáèííîå ìåðèäèîíàëüíîå òå÷å -
íèå âûòåñíèò ýòè ïîëÿ â íèçêîøèðîòíûå ó÷àñòêè ïðèýêâà òîðè àëü -
íîãî äîìåíà (ñ áëàãîïðèÿòíûìè óñëîâèÿìè äëÿ ìàãíèòíîãî âñïëû âà -
íèÿ), íàñòóïàåò î÷åðåäü ïîäúåìà «çàïîçäàëûõ» ìàãíèòíûõ ïîëåé
(âòî ðàÿ âîëíà òîðîèäàëüíûõ ïîëåé). Ïðîðûâàÿñü íà ïîâåðõíîñòü íà
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íèçêèõ øèðîòàõ, âòîðàÿ ïîðöèÿ òîðîèäàëüíûõ ïîëåé ïðèâîäèò ê ïîâ -
òîðíîìó ìàêñèìóìó ñîëíå÷íûõ ïÿòåí.

ÏÎÄÂ²ÉÍ² ÌÀÊÑÈÌÓÌÈ 11-Ð²×ÍÈÕ ÑÎÍß×ÍÈÕ ÖÈÊË²Â, Êðèâî -
äóáñüêèé Â. Í. — Äëÿ ïîÿñíåííÿ ñïîñòåðåæóâàíîãî ÿâèùà ïîäâ³éíèõ
ìàêñèìóì³â öèêë³â ñîíÿ÷íèõ ïëÿì çàïðîïîíîâàíî ñöåíàð³é, ùî âêëþ÷àº 
ãåíåðàö³þ ìàãí³òíîãî ïîëÿ ïîáëèçó äíà ñîíÿ÷íî¿ êîíâåêòèâíî¿ çîíè
(ÑÊÇ) ³ éîãî íàñòóïíå âèíåñåííÿ ³ç ãëèáîêèõ øàð³â íà ïîâåðõíþ ó «êî -
ðîë³âñüê³é çîí³». Ó ïåðåáóäîâ³ ìàãí³òíîãî ïîëÿ áåðóòü ó÷àñòü ï’ÿòü
ïðîöåñ³â: W-åôåêò, ìàãí³òíà ïëàâó÷³ñòü, ìàêðîñêîï³÷íèé òóðáóëåíò -
íèé ä³àìàãíåòèçì, ðîòàö³éíèé Ñr-åôåêò ³ ìåðèä³îíàëüíà öèðêóëÿö³ÿ.
Âñòàíîâëåíî, ùî ïåðåáóäîâà ìàãíåòèçìó ó âèñîêîøèðîòíèõ ³ ïðèåê -
âàòîð³àëüíîìó äîìåíàõ ÑÊÇ â³äáóâàºòüñÿ ó ð³çíèõ ðåæèìàõ. Êëþ÷îâó
ðîëü ó ðîçðîáëåíîìó ìåõàí³çìîâ³ ïîäâ³éíèõ ìàêñèìóì³â â³ä³ãðàþòü äâ³ 
õâèë³ òîðî¿äàëüíèõ ïîë³â â³ä íèæíüî¿ îñíîâè ÑÊÇ äî ñîíÿ÷íî¿ ïîâåðõí³
ó ïðèåêâàòîð³àëüíîìó äîìåí³. Ãëèáèíí³ òîðî¿äàëüí³ ïîëÿ, ÿê³ çáóä æó -
þòüñÿ W-åôåêòîì íà ïî÷àòêó öèêëó ïîáëèçó òàõîêë³íó, çàâäÿêè êîì -
á³íîâàí³é ä³¿ ìàãí³òíî¿ ïëàâó÷îñò³, òóðáóëåíòíîãî ä³àìàãíåòèçìó ³
ðîòàö³éíîãî ìàãí³òíîãî Ñr-ïîòîêó ó ïðèåêâàòîð³àëüíîìó äîìåí³
òðàí ñ ïîðòóþòüñÿ äî ïîâåðõí³. Ôðàãìåíòè öèõ ìàãí³òíèõ ïîë³â ÷åðåç
ïåâíèé ÷àñ ìîæíà ñïîñòåð³ãàòè ó âèãëÿä³ á³ïîëÿðíèõ ãðóï ïëÿì íà
ñåðåäí³õ øèðîòàõ â «êîðîë³âñüê³é çîí³». Öÿ ñïðÿìîâàíà äîãîðè ïåðøà
õâèëÿ òîðî¿äàëüíèõ ïîë³â äàº îñíîâíèé ìàêñèìóì àêòèâíîñò³ ñîíÿ÷ -
íèõ ïëÿì. Ðàçîì ç òèì ó âèñîêîøèðîòíèõ ïîëÿðíèõ äîìåíàõ ãëèáèíí³
òîðî¿äàëüí³ ïîëÿ íà ïî÷àòêó öèêëó çàáëîêîâàí³ á³ëÿ äíà ÑÊÇ äâîìà
åôåê òàìè àíòèïëàâó÷îñò³: ñïðÿìîâàíèìè äîíèçó òóðáóëåíòíèì ä³à -
ìàãí³òíèì ïåðåíîñîì ³ ìàãí³òíîþ Ñr-íàêà÷êîþ. Ïðèáëèçíî ÷åðåç 1—
2 ðîêè, êîëè ñïðÿìîâàíà äî åêâàòîðà ãëèáèííà ìåðèä³îíàëüíà òå÷³ÿ
âè ò³ñíÿº ö³ ïîëÿ ó íèçüêîøèðîòí³ ä³ëÿíêè ïðèåêâàòîð³àëüíîãî äîìåíó
(ç³ ñïðèÿòëèâèìè óìîâàìè äëÿ ìàãí³òíîãî ñïëèâàííÿ), íàñòàº ÷åðãà
ï³ä éîìó «çàï³çí³ëèõ» ìàãí³òíèõ ïîë³â (äðóãà õâèëÿ òîðî¿äàëüíèõ ïî -
ë³â). Ïðîðèâàþ÷èñü íà ïîâåðõíþ íà íèçüêèõ øèðîòàõ, äðóãà ïîðö³ÿ òî -
ðî¿ äàëüíèõ ïîë³â çóìîâëþº ïîâòîðíèé ìàêñèìóì ñîíÿ÷íèõ ïëÿì. 

DOUBLE MAXIMA 11-YEAR SOLAR CYCLES, by Krivodubskij V. N. —
We pro pose a sce nario to ex plain the ob served phe nom e non of dou ble max -
ima of sun spot cy cles, in clud ing the gen er a tion of the mag netic field near
the bot tom of the so lar con vec tion zone (SCZ) and its sub se quent re moval
from the deep lay ers to the sur face in the “royal zone”. Five pro cesses are
in volved for re con struct ing of the mag netic field: the W-ef fect, mag netic
buoy ancy, mac ro scopic tur bu lent dia mag ne tism, ro tary Ñr-ef fect and me -
rid i o nal cir cu la tion. It was found that the re con struc tion of mag ne tism in
the high-lat i tude and equa to rial do mains of the SCZ oc curs in dif fer ent
modes. A key role in the de vel oped mech a nism of dou ble max ima play two
waves of to roid al fields from the lower base of the SCZ bot tom to the so lar
sur face in the equa to rial do main. Deep to roid al fields are ex cited due to the 



W-ef fect near tachocline at the be gin ning of the cy cle. Then these fields are
trans ported to the sur face due to com bined act ing of mag netic buoy ancy,
mac ro scopic tur bu lent dia mag ne tism and ro tary mag netic Ñr-flow in the
equa to rial do main. Over time these mag netic frag ments can be seen as bi -
po lar sun spot groups in the mid dle lat i tudes in the “royal zone”. This first
wave of to roid al fields, which is di rected up, gives the main max i mum of
sun spot ac tiv ity. How ever, the un der ly ing to roid al fields in the high-lat i -
tude po lar do mains at the be gin ning of the cy cle are blocked near bot tom of
the SCZ by two antibuoyancy ef fects, di rected down ward tur bu lent dia mag -
netic trans fer and mag neticÑr-pump ing. Deep me rid i o nal flow to ward the
equa tor trans fers these fields to the low lat i tudes of the equa to rial do main
(where there are fa vour able con di tions for mag netic float ing) dur ing about
1-2 years. Then “be lated” mag netic fields float up /rise up to sur face (sec -
ond wave of to roid al field). This sec ond por tion of to roid al fields, com ing to 
the so lar sur face at low lat i tudes, leads to sec ond (re peated) sun spot max i -
mum. 

Ââåäåíèå. Ñîëíå÷íàÿ àêòèâíîñòü (ÑÀ) — êîìïëåêñ ÿâëåíèé è ïðî -
öåññîâ â àòìîñôåðå Ñîëíöà, ñâÿçàííûõ ñ îáðàçîâàíèåì è ïåðåñòðîé -
êîé ñèëüíûõ ìàãíèòíûõ ïîëåé. Äëÿ ñòàòèñòè÷åñêîãî èçó÷åíèÿ ÑÀ ââî -
äÿò óñðåäíåííûå ãëîáàëüíûå ÷èñëîâûå õàðàêòåðèñòèêè (èíäåêñû), êî -
òîðûå îòðàæàþò îñîáåííîñòè òîãî èëè èíîãî âèäà àêòèâíîñòè [3, 12].
Ñàìûì ïðîñòûì è èñòîðè÷åñêè ïåðâûì äîñòóïíûì äëÿ íàáëþäåíèé
ïðîÿâëåíèåì ÑÀ áûëè ñîëíå÷íûå ïÿòíà. Â 1844 ã. Ã. Øâàáå [85] îáðà -
òèë âíèìàíèå íà ïåðèîäè÷åñêèå èçìåíåíèÿ ñî âðåìåíåì êîëè÷åñòâà
ïÿ òåí íà Ñîëíöå. Ð. Âîëüô â 1848 ã. äëÿ îïðåäåëåíèÿ ìåðû «çàïÿò íåí -
íîñòè» Ñîëíöà ïðåäëîæèë âû÷èñëÿòü èíäåêñ W îòíîñèòåëüíîãî ÷èñëà
ñîëíå÷íûõ ïÿòåí (âïîñëåäñòâèè îí ïîëó÷èë íàçâàíèå ÷èñëà Âîëüôà).
×èñëî Âîëüôà ïðåäñòàâëÿåò ñîáîé êîìáèíàöèþ ïîëíîãî ÷èñëà ãðóïï
ïÿòåí è ÷èñëà ïÿòåí âî âñåõ ãðóïïàõ íà âèäèìîé ïîâåðõíîñòè Ñîëíöà â 
äåíü íàáëþäåíèé. Îáùåïðèíÿòûì êîëè÷åñòâåííûì âûðàæåíèåì
óðîâ íÿ ÑÀ ñëóæàò óñðåäíåííûå (çà ìåñÿö, êâàðòàë èëè ãîä) åæåäíåâ -
íûå çíà÷åíèÿ ÷èñåë Âîëüôà. Îíè ñòàëè îñíîâîé äëÿ èçó÷åíèÿ âðåìåí -
íûõ èçìåíåíèé ïÿòíîîáðàçîâàòåëüíîé äåÿòåëüíîñòè Ñîëíöà. Ð. Âîëüô 
âïåðâûå îïðåäåëèë ïðîòÿæåííîñòü ñðåäíåãî ïåðèîäà èçìåíåíèé ÷èñ -
ëà ïÿòåí îêîëî 11 ëåò. 

Õàðàêòåðíîé îñîáåííîñòüþ îòêðûòîé ïåðèîäè÷íîñòè áûëî òî, ÷òî 
èíòåðâàëû âðåìåíè ìåæäó ãîäàìè ìàêñèìàëüíûõ è ìèíèìàëüíûõ çíà -
÷åíèé ÷èñåë Âîëüôà ñèëüíî îòëè÷àëèñü. Ïîýòîìó ïðàâèëüíåå ãîâî -
ðèòü íå î ïåðèîäå, à îá 11-ëåòíåì öèêëå èçìåíåíèÿ ÷èñåë Âîëüôà. Âòî -
ðûì âàæíûì èíäåêñîì, êîòîðûé èñïîëüçóåòñÿ ïðè èññëåäîâàíèè ñîë -
íå÷íîé öèêëè÷íîñòè, ñëóæèò ñóììàðíàÿ ïëîùàäü ïÿòåí. Ýòîò èíäåêñ
òàêæå èçìåíÿåòñÿ ñî ñðåäíèì ïåðèîäîì îêîëî 11 ëåò, è ïî ñðàâíåíèþ ñ 
÷èñëàìè Âîëüôà îòëè÷àåòñÿ ñðàâíèòåëüíî áîëüøåé îáúåêòèâíîñòüþ è 
íàäåæíîñòüþ. Ñîâðåìåííûå îáñåðâàòîðèè âåäóò ðåãóëÿðíûå ïàòðóëü -
íûå íàáëþäåíèÿ Ñîëíöà, èñïîëüçóÿ â êà÷åñòâå ìåðû àêòèâíîñòè îöåí -
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êó ïëîùàäåé ïÿòåí â ìèëëèîííûõ äîëÿõ ïëîùàäè âèäèìîé ñîëíå÷íîé
ïîëóñôåðû (ì.ä.ï.). Èíäåêñ ñóììàðíîé ïëîùàäè ïÿòåí â êàêîé-òî ìå -
ðå îòðàæàåò âåëè÷èíó ñîñðåäîòî÷åííîãî â ïÿòíàõ ìàãíèòíîãî ïîòîêà
÷åðåç ïîâåðõíîñòü Ñîëíöà. 

Äâîéíûå ìàêñèìóìû ñîëíå÷íûõ öèêëîâ. Õàðàêòåðíîé îñîáåí -
íîñ òüþ ñîëíå÷íîé öèêëè÷íîñòè ÿâëÿþòñÿ ò. í. äâîéíûå öèêëû, êîòî -
ðûå îïèñûâàþòñÿ «äâóõâåðøèííûìè» êðèâûìè çàâèñèìîñòè îò âðå -
ìåíè áîëüøèíñòâà èíäåêñîâ ÑÀ [3]. Ôåíîìåí äâóõ ìàêñèìóìîâ â ñîë -
íå÷íîì öèêëå áûë îòêðûò Ì. Ãíåâûøåâûì â 1963 ã. ïðè èçó÷åíèè êî -
ðîíàëüíîãî èçëó÷åíèÿ è ïëîùàäåé àêòèâíûõ îáðàçîâàíèé [32]. Âíà -
÷àëå Ì. Ãíåâûøåâ ïðîàíàëèçèðîâàë ýâîëþöèþ ñðåäíåãîäè÷íîé ñóì -
ìàð íîé ÿðêîñòè çåëåíîé êîðîíàëüíîé ñïåêòðàëüíîé ëèíèè l 530.3 íì
(êîòîðàÿ ñëóæèò íåïîñðåäñòâåííîé ìåðîé ìàãíèòíîé àêòèâíîñòè è íà -
ãðåâà êîðîíû) â ïÿòèãðàäóñíûõ ãåëèîøèðîòíèõ èíòåðâàëàõ â òå÷åíèå
19-ãî öèêëà è îáíàðóæèë äâà ìàêñèìóìà èíäåêñà êîðîíàëüíîé èíòåí -
ñèâíîñòè. Âî âðåìÿ ïåðâîãî ìàêñèìóìà (â 1957 ã.) êîðîíàëüíàÿ èíòåí -
ñèâíîñòü âîçðàñòàëà îäíîâðåìåííî íà âñåõ øèðîòàõ (ïðè ýòîì íàè -
áîëüøàÿ åå èíòåíñèâíîñòü îòìå÷àëàñü íà øèðîòàõ ïîáëèçîñòè 25°).
Âòîðîé ìàêñèìóì íàñòóïèë ïîçæå â 1959—1960 ãã. è íàáëþäàëñÿ
òîëü êî íà íèçêèõ øèðîòàõ (£ 15°). Àíàëîãè÷íîå èññëåäîâàíèå øèðîò -
íîãî ðàñïðåäåëåíèÿ çíà÷åíèé ñðåäíåãîäè÷íîé ïëîùàäè ïðîòóáå ðàí -
öåâ è ñðåäíåãîäè÷íîé ñóììàðíîé ïëîùàäè ãðóïï ïÿòåí äëÿ 19-ãî öèê -
ëà òàêæå ïîêàçàëî íàëè÷èå äâóõ ìàêñèìóìîâ íà êðèâûõ âðåìåííîãî
èç ìåíåíèÿ ýòèõ èíäåêñîâ.

À. Àíòàëîâà è Ì. Ãíåâûøåâ [14] ðåøèëè ïðîâåðèòü îáíàðó æåí -
íóþ â 19-ì öèêëå øèðîòíóþ îñîáåííîñòü èíäåêñà ñóììàðíîé ïëîùà -
äè ãðóïï ïÿòåí íà áàçå íàáëþäàòåëüíîãî ìàòåðèàëà äðóãèõ öèêëîâ. Ïî 
Ãðèíâè÷ñêîìó è Ïóëêîâñêîìó êàòàëîãàì íàáëþäåíèé ïÿòåí îíè
èññëåäîâàëè êðèâûå âðåìåííîãî èçìåíåíèÿ ýòîãî èíäåêñà äëÿ âîñüìè
11-ëåòíèõ öèêëîâ çà ïðîìåæóòîê âðåìåíè îò 1874 ã. äî 1962 ã. (12—
18-é öèêëû) è ïîëó÷èëè òàêîé æå ðåçóëüòàò. Áûëî óñòàíîâëåíî, ÷òî â
êàæäîì öèêëå âñåãäà íàáëþäàëîñü äâà ìàêñèìóìà: ïåðâûé ïðîÿâ ëÿë -
ñÿ îäíîâðåìåííî íà âñåõ øèðîòàõ «êîðîëåâñêîé çîíû» (ïî ñóììàð -
íûì ïëîùàäÿì ïÿòåí öåíòðèðîâàííûé íà øèðîòó 25°), òîãäà êàê âòî -
ðîé — ïîçæå, è òîëüêî íà íèçêèõ øèðîòàõ (10...15°). Îòíîñèòåëüíûå
àìïëèòóäû äâóõ ìàêñèìóìîâ è âðåìåííûå ïðîìåæóòêè ìåæäó íèìè
èçìåíÿëèñü, òàê ÷òî â íåêîòîðûõ öèêëàõ ïðè øèðîòíûõ óñðåäíåíèÿõ
ìàêñèìóìû ïî÷òè ñëèâàëèñü, òîãäà êàê â äðóãèõ öèêëàõ ëîêàëüíûé
ìè íèìóì ìåæäó íèìè, èçâåñòíûé êàê «ùåëü Ãíåâûøåâà» (Gnevy -
shev’s gap), îïðåäåëÿëñÿ äîñòàòî÷íî ÷åòêî. Ïðè ýòîì, ÷åì áîëüøå â
öèêëå íàáëþäàëîñü êðóïíûõ ïÿòåí, òåì îò÷åòëèâåå ïðîÿâëÿëèñü äâà
ìàêñèìóìà. Âïîñëåäñòâèè ýòè îñîáåííîñòè áûëè ïîäòâåðæäåíû è äëÿ
20-ãî öèêëà, â òîì ÷èñëå è ïðè ðàçäåëüíîì ðàññìîòðåíèè ñåâåðíîãî è
þæíîãî ïîëóøàðèé Ñîëíöà [33].

Ñîãëàñíî äàííûì [33, 34] ïåðâûé ìàêñèìóì ïëîùàäè ãðóïï ïÿòåí
ñîâïàäàåò ñ îñíîâíûì ìàêñèìóìîì 11-ëåòíåãî öèêëà äëÿ ÷èñåë Âîëü -
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ôà, òîãäà êàê âòîðîé ìàêñèìóì ñâÿçàí ñ óâåëè÷åíèåì ÷èñëà ïÿòåí
êðóï íûõ ðàçìåðîâ (ò. í. ìàêñèìóì ìîùíîñòè ïÿòíîîáðàçîâàíèÿ) [3,
52]. Äðóãèìè ñëîâàìè, ïåðâûé ìàêñèìóì ÿâëÿåòñÿ ìàêñèìóìîì ÷èñëà
ïÿòåí, òîãäà êàê âòîðîé — ìàêñèìóìîì èõ ðàçìåðîâ [52]. Â öèê ëè -
÷åñêèõ êðèâûõ ÷èñåë Âîëüôà âòîðè÷íûå ìàêñèìóìû íå âñåãäà çàìåò -
íû, îäíàêî ïðè ðàçäåëüíîì ó÷åòå ïÿòåí ðàçíûõ ðàçìåðîâ ìîæíî îáíà -
ðóæèòü äâà ìàêñèìóìà. Èñïîëüçóÿ äàííûå Ãðèíâè÷ñêîãî è Ïóëêîâ -
ñêîãî êàòàëîãîâ, Ì. Ãíåâûøåâ [33] ïîñòðîèë öèêëè÷åñêèå êðèâûå èç -
ìåíåíèÿ óñðåäíåííîãî (çà âîñåìü öèêëîâ) ÷èñëà ãðóïï ñîëíå÷íûõ ïÿ -
òåí ñ ðàçëè÷íûìè ïëîùàäÿìè. Îêàçàëîñü, ÷òî ìàëåíüêèå ïÿòíà ñ ïëî -
ùàäüþ ìåíüøå 200 ì. ä. ï. äàþò ñãëàæåííóþ 11-ëåòíóþ êðèâóþ ÷èñåë
Âîëüôà ñ îäíèì ìàêñèìóìîì. Âìåñòå ñ òåì ïðè ðàçäåëüíîì ðàññìîò -
ðåíèè áîëüøèõ ïÿòåí (ñ ïëîùàäÿìè ñîîòâåòñòâåííî áîëåå 200 ì.ä.ï. è
áîëåå 500 ì.ä.ï.) 11-ëåòíèå êðèâûå ÷èñåë Âîëüôà îò÷åòëèâî äåìîíñò -
ðèðóþò äâà ìàêñèìóìà.

Ðàçíîîáðàçèå ôîðì 11-ëåòíèõ êðèâûõ ÷èñåë Âîëüôà äëÿ ðàçíûõ
öèêëîâ çàâèñèò îò âðåìåííîãî èíòåðâàëà ìåæäó ìàêñèìóìàìè. Öèêëû 
ñ êîðîòêèìè èíòåðâàëàìè èìåþò ìàëóþ ðàçðåøàþùóþ ñïîñîáíîñòü è
ïîýòîìó íàáëþäàþòñÿ êàê öèêëû ñ îäíèì ìàêñèìóìîì ñ áûñòðûì íà -
ðàñòàíèåì è ìåäëåííûì óáûâàíèåì àêòèâíîñòè. Äâà ìàêñèìóìà ðàç -
ðåøàþòñÿ è îò÷åòëèâî âèäíû â öèêëàõ ñ äëèííûìè âðåìåííûìè èí -
òåðâàëàìè. Òàêèì îáðàçîì, âçàèìîñâÿçü àìïëèòóä ìàêñèìóìîâ è âðå -
ìåí íûå èíòåðâàëû ìåæäó íèìè îïðåäåëÿþò íå òîëüêî ôîðìó 11-ëåò -
íåãî öèêëà, íî è åãî äëèòåëüíîñòü [37]. Â ÷àñòíîñòè, çàòÿæíîé ïî ïðî -
äîëæèòåëüíîñòè ïðåäûäóùèé 23-é öèêë áûë ÷åòêî äâóõâåðøèííûì.
Íà÷àâøèéñÿ â 2009 ã. 24-é öèêë òàêæå îêàçàëñÿ äâîéíûì. Îí äîâîëüíî 
áûñòðî â 2012 ã. äîñòèã ïåðâîãî ìàêñèìóìà ïî ÷èñëàì Âîëüôà. Îäíàêî 
â 2013 ã. àêòèâíîñòü óìåíüøèëàñü, è íàñòóïèëà ñòàäèÿ ëîêàëüíîãî ìè -
íèìóìà, ïîñëå êîòîðîé ÷èñëî Âîëüôà ñíîâà íà÷àëî óâåëè÷èâàòüñÿ. Â
ðåçóëüòàòå 24-é öèêë ÷åðåç äâà ãîäà ïîñëå ïåðâîãî ìàêñèìóìà âîøåë â
ôàçó âòîðè÷íîãî ìàêñèìóìà (ðèñ. 1). 

Îáíàðóæåíèå â 11-ëåòíèõ öèêëàõ êîðîíàëüíîãî èçëó÷åíèÿ è ïëî -
ùà äåé ïÿòåí äâóõ ìàêñèìóìîâ âìåñòî îäíîãî âíà÷àëå êàçàëîñü íå -
çíà÷èòåëüíîé äåòàëüþ. Îäíàêî â ïîñëåäóþùèå ãîäû áûëî óñòàíîâ ëå -
íî, ÷òî âñå ñîëíå÷íûå ñîáûòèÿ: ïÿòíà, âñïûøêè, ïðîòóáåðàíöû, èç ëó -
÷åíèå êîðîíû, êîðïóñêóëÿðíîå, ðàäèî- è óëüòðàôèîëåòîâîå èçëó ÷åíèå 
èìåþò îáùåå ñâîéñòâî — èì ïðèñóùè äâå ðàçíåñåííûå âî âðå ìåíè
âîë íû àêòèâíîñòè, êîòîðûå ïðîÿâëÿþòñÿ â âèäå äâóõ ìàêñèìó ìîâ 11-
 ëåò íèõ öèêëàõ [3, 33, 34]. Â ñâÿçè ñ ýòèì âîçíèêëà íàñòîÿ òåëüíàÿ íå îá -
õî äèìîñòü ïîèñêà ôèçè÷åñêèõ ìåõàíèçìîâ, îáúÿñíÿþ ùèõ äâîéíûå
ìàê ñèìóìû. Íûí÷å îáùåïðèíÿòî, ÷òî ïåðâè÷íûì ôàê òîðîì, êîòîðûé
îáóñëîâëèâàåò êàê íàëè÷èå ïÿòåí, òàê è öèêëè÷åñêèå èçìåíåíèÿ âñåõ
èíäåêñîâ ÑÀ, ñëóæèò âçàèìîäåéñòâèå ìàãíèòíûõ ïî ëåé ñ äâèæåíèÿìè 
ïëàçìû. Î÷åâèäíî, ÷òî è ìåõàíèçìû äâîéíûõ ìàê ñèìóìîâ äîëæíû
îïèðàòüñÿ íà ýôôåêòû çàìàãíè÷åííîé ñîëíå÷íîé ïëàç ìû, îõâà÷åííîé
òóðáóëèçîâàííûìè êîíâåêòèâíûìè äâèæåíèÿìè. Ïîýòîìó ìû íà÷íåì
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ñ êðàòêîãî èçëîæåíèÿ òîãî, ÷òî èçâåñòíî î âçà èìî äåéñòâèè òóðáó ëè çî -
âàí íîé êîíâåêöèè ñ ìàãíèòíûìè ïîëÿìè íà Ñîëíöå.

Òóðáóëåíòíîñòü è ïåðåñòðîéêà ìàãíåòèçìà. Íàáëþäàåìûå
äâè æåíèÿ âåùåñòâà íà ñîëíå÷íîé ïîâåðõíîñòè è êîíâåêöèÿ â ïîäôî -
òî ñôåðíûõ ñëîÿõ èìåþò ÷ðåçâû÷àéíî íåðåãóëÿðíûé (òóðáóëåíòíûé)
õà ðàêòåð. Ñîãëàñíî ïîñëåäíèì òåîðåòè÷åñêèì èññëåäîâàíèÿì [4, 11] â
íàñòîÿùåå âðåìÿ ïðåäïîëàãàþòñÿ íåñêîëüêî ìåõàíèçìîâ äëÿ îáúÿñíå -
íèÿ ïðèðîäû ðàçâèòîé ãèäðîäèíàìè÷åñêîé òóðáóëåíòíîñòè. Êðîìå
òî ãî, â ïîñëåäíèå ãîäû èç íàáëþäåíèé ïîëó÷åíû âàæíûå ðåçóëüòàòû
îïèñàíèÿ çàìàãíè÷åííîé òóðáóëåíòíîñòè. Â ÷àñòíîñòè, â ðàáîòå [7]
óñòàíîâëåíî, ÷òî íàáëþäàåìûå òóðáóëåíòíûå ïðîöåññû íà Ñîëíöå õà -
ðàêòåðèçóþòñÿ äâóìÿ ðàçëè÷íûìè ðåæèìàìè (ñïåêòðàìè). Ïåðâûé ðå -
æèì íà ìàëûõ ìàñøòàáàõ ñ íóëåâûì ñðåäíèì ìàãíèòíûì ïîëåì ìîæ -
íî îïèñàòü â ðàìêàõ ìîäåëè Êîëìîãîðîâà [8], òîãäà êàê íà áîëü øèõ
ìàñøòàáàõ ñ îòëè÷íûì îò íóëÿ ñðåäíèì ìàãíèòíûì ïîëåì èìååò ìåñ -
òî àíèçîòðîïèÿ òóðáóëåíòíûõ ïðîöåññîâ, è ïîýòîìó ïðîöåññû îïè ñû -
âà þòñÿ ñïåêòðîì Êðàé÷íàíà [54]. Ïåðåõîä îò ïåðâîãî ñïåêòðà êî
âòîðîìó ïðîèñõîäèò íà ìàñøòàáàõ îêîëî 3 òûñ. êì. Ðåæèì Êðàé÷ íàíà
óêàçûâàåò íà î÷åâèäíóþ âçàèìîñâÿçü ìåæäó ñðåäíèì ìàãíèòíûì
ïîëåì è íàáëþäàåìûìè êðóïíîìàñøòàáíûìè ìàãíèòíûìè ñòðóêòó -
ðàìè. Íàëè÷èå ðàçëè÷íûõ ðåæèìîâ òóðáóëåíòíîñòè íà Ñîëíöå îòêðû -
âàåò ïóòè äàëüíåéøåãî èññëåäîâàíèÿ âçàèìîñâÿçè ìåæäó ïàðàìåò ðà -
ìè òóðáóëåíòíîé ñðåäû è íàáëþäàåìûìè ïðîñòðàíñòâåííî-âðåìåí -
íû ìè èçìåíåíèÿìè ìàãíèòíûõ ïîëåé. Ïîýòîìó ïðè èçó÷åíèè ýâîëþ -
öèè ìàãíèòíûõ ïîëåé Ñîëíöà ñëåäóåò ïðèíèìàòü âî âíèìàíèå ðàç -
ëè÷íûå ñïåêòðû òóðáóëåíòíîñòè, à òàêæå ñâÿçàííûå ñ íèìè íîâûå
òóð áóëåíòíûå ýôôåêòû ïåðåñòðîéêè ìàãíåòèçìà [1].

Íàïîìíèì êðàòêî ýòè ýôôåêòû. Êàê èçâåñòíî, ïîëå ñêîðîñòåé íà
Ñîëíöå åñòåñòâåííî ðàçäåëåíî íà êðóïíîìàñøòàáíóþ ñêîðîñòü U, îò -
âå ÷àþùóþ ãëîáàëüíîìó âðàùåíèþ, è ìåëêîìàñøòàáíóþ ñêîðîñòü u
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Ðèñ. 1. Âàðèàöèè ÷èñåë Âîëüôà W âî âòîðîé ïîëîâèíå 23-ãî öèêëà è â ïåðâîé ïîëîâèíå 24-ãî
öèêëà (ïî ñîñòîÿíèþ íà ìàé 2016 ã.): òî÷êè — íàáëþäàåìûå åæåìåñÿ÷íûå çíà÷åíèÿ, æèðíàÿ
ëèíèÿ — ñãëàæåííûå çíà÷åíèÿ (http: // www.swpc.noaa.gov/prod ucts/so lar-cy cle-pro gres sion)



òóð áóëåíòíîé êîíâåêöèè. Ïîýòîìó äëÿ èçó÷åíèÿ ýâîëþöèè ìàãíèò -
íûõ ïîëåé â ñîëíå÷íîé êîíâåêòèâíîé çîíå (ÑÊÇ) â ïîñëåäíèå äåñÿ -
òèëåòèÿ ïðèâëåêàþòñÿ ìåòîäû ìàêðîñêîïè÷åñêîé ìàãíèòîãèäðî äèíà -
ìèêè (ÌÃÄ), îñíîâàííîé íà äâóõìàñøòàáíîì ïîäõîäå ê èññëåäóåìûì
ôèçè÷åñêèì ïàðàìåòðàì. Ìàêðîñêîïè÷åñêàÿ ÌÃÄ èçó÷àåò ïîâåäåíèå
óñðåäíåííûõ (êðóïíîìàñøòàáíûõ) ìàãíèòíûõ ïîëåé, ïðîñòðàíñòâåí -
íûå è âðåìåííûå ìàñøòàáû êîòîðûõ çíà÷èòåëüíî ïðåâûøàþò õàðàê -
òåðíûå ðàçìåðû èëè âðåìåíà ìåëêîìàñøòàáíûõ òóðáóëåíòíûõ è ìàã -
íèò íûõ ïóëüñàöèé. Â ðåçóëüòàòå âûïîëíåííûõ ïðîöåäóð óñðåäíåíèÿ
áûëî îòêðûòî íåñêîëüêî íîâûõ ýôôåêòîâ òóðáóëåíòíîñòè [1, 55, 93],
îòñóòñòâóþùèõ â êëàññè÷åñêîé ÌÃÄ. Ñóòü ïåðâîãî ïðèíöèïèàëüíî
íîâîãî ýôôåêòà çàêëþ÷àåòñÿ â ñïîñîáíîñòè ñïèðàëüíûõ òóðáóëåíò -
íûõ äâèæåíèé ñîçäàâàòü ýëåêòðè÷åñêîå ïîëå, ïàðàëëåëüíîå óñðåä íåí -
íî ìó ìàãíèòíîìó ïîëþ (ò. í. a-ýôôåêò). Ïðè äîñòàòî÷íî èíòåíñèâíîé
ñïèðàëüíîñòè â àñòðîôèçè÷åñêèõ îáúåêòàõ a-ýôôåêò âîçáóæäàåò ìàã -
íèò íûå ïîëÿ, êîòîðûå ìîãóò ïðîòèâîñòîÿòü èõ îìè÷åñêîé äèññè -
ïàöèè, îòêðûâàÿ òåì ñàìûì ïðÿìîé ïóòü ê îáúÿñíåíèþ ïðîèñõîæ äå -
íèÿ êîñìè÷åñêîãî ìàãíåòèçìà. Èìåííî a-ýôôåêò ïîçâîëÿåò ïðè ìîäå -
ëèðîâàíèè äîâîëüíî ïðîñòî çàìêíóòü ìàãíèòíûé äèíàìî-öèêë Ñîëí -
öà (ñì. íèæå). Â íàøåé íåäàâíåé ðàáîòå [64] ïîêàçàíî, ÷òî ìåëêî -
ìàñøòàáíûé a2-ýôôåêò Êðàé÷íàíà â ãëóáîêèõ ñëîÿõ ÑÊÇ ìîæåò â çíà -
÷èòåëüíîé ñòåïåíè ñïîñîáñòâîâàòü ñàìîîðãàíèçàöèè ñëàáûõ íåïðå -
ðûâíûõ ìàãíèòíûõ ïîëåé â èçîëèðîâàííûå ìàãíèòíûå ñèëîâûå òðóá -
êè (ÌÑÒ). Âòîðóþ ãðóïïó òóðáóëåíòíûõ ýôôåêòîâ ñîñòàâëÿþò ïðî -
öåñ ñû, ñâÿçàííûå ñ ïåðåíîñîì è èçìåíåíèåì ìàñøòàáîâ ìàãíèòíûõ
ïîëåé (ìàêðîñêîïè÷åñêèé òóðáóëåíòíûé äèàìàãíåòèçì, Ñr-ýôôåêò è
äð.). Õîòÿ ñàìîñòîÿòåëüíî îíè è íå äàþò ãåíåðàöèè, íî ìîãóò èãðàòü
ñóùåñòâåííóþ ðîëü â ìîäåëÿõ òóðáóëåíòíîãî äèíàìî. Îáû÷íî èõ íà -
çûâàþò ïðîöåññàìè òóðáóëåíòíîé ïåðåñòðîéêè ìàãíåòèçìà [1]. Êàê
óñòàíîâëåíî íàìè ðàíüøå [61], òóðáóëåíòíûé ìàêðîñêîïè÷åñêèé äèà -
ìàã íåòèçì èãðàåò ñóùåñòâåííóþ ðîëü â îáåñïå÷åíèè äëèòåëüíîé ñòà -
áèëüíîñòè ïÿòåí. Êðîìå òîãî, òóðáóëåíòíîñòü ðåçêî ïîíèæàåò âåëè -
÷èíû ýëåêòðîïðîâîäíîñòè è ìàãíèòíîé ïðîíèöàåìîñòè ïëàçìû, ÷òî
ïðè âîäèò ê ñóùåñòâåííîìó óìåíüøåíèþ âðåìåíè ðåëàêñàöèè ìàãíèò -
íûõ ïðîöåññîâ è òåì ñàìûì ïîçâîëÿåò ñîãëàñîâàòü íàáëþäåííûå è
ðàñ ÷åòíûå âðåìåíà äèññèïàöèè ìàãíèòíûõ ñòðóêòóð íà Ñîëíöå [1, 55,
60]. Ìû ïîëàãàåì, ÷òî ïðîöåññû òóðáóëåíòíîé ïåðåñòðîéêè ìàãíåòèç -
ìà ìîãóò ñûãðàòü âàæíóþ ðîëü ïðè ðåøåíèè ïðîáëåìû äâîéíûõ ìàê -
ñèìóìîâ ñîëíå÷íûõ öèêëîâ ïÿòíîîáðàçîâàíèÿ. 

Ãëîáàëüíîå ìàãíèòíîå ïîëå è òóðáóëåíòíîå äèíàìî Ñîëíöà.
Íå ñòàöèîíàðíûå ïðîöåññû íà Ñîëíöå â îñíîâíîì ñâÿçàíû ñ ëîêàëü íû -
ìè òîíêîñòðóêòóðíûìè (äèñêðåòíûìè) ìàãíèòíûìè ïîëÿìè àêòèâ íûõ 
îáëàñòåé. Âìåñòå ñ òåì â îñíîâå ïðàêòè÷åñêè ëþáûõ òåîðèé âîç íèê íî -
âåíèÿ ñîëíå÷íîãî ìàãíåòèçìà ëåæèò êîíöåïöèÿ êðóïíîìàñ øòàá íî ãî
ïî ëÿ. Ñîãëàñíî ñîâðåìåííûì ïðåäñòàâëåíèÿì [1, 19, 93] ãëî áàëüíîå
ìàãíèòíîå ïîëå Ñîëíöà B ñîñòîèò èç äâóõ êîìïîíåíòîâ: ãëóáèííîãî
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ñèëü íîãî òîðîèäàëüíîãî (àçèìóòàëüíîãî) ïîëÿ BT, êîòî ðîå ïðè âñïëû -
òèè îïðåäåëÿåò èíòåíñèâíîñòü ïÿòíîîáðàçîâàíèÿ, è ñëà áîãî ïîëî è -
äàëü íîãî (ìåðèäèîíàëüíîãî) ïîëÿ BÐ (0.1...0.2 ìÒë), ñèëî âûå ëèíèè
êî òîðîãî, âûõîäÿ íà ñîëíå÷íóþ ïîâåðõíîñòü, ôîðìèðóþò ôîíîâûå
ìàã íèòíûå ïîëÿ. Íàáëþäåíèÿ ïîêàçûâàþò, ÷òî îáà êîìïî íåíòà îñöèë -
ëè ðóþò ïî âåëè÷èíå è çíàêó ñî ñðåäíèì ïåðèîäîì îêîëî 11 ëåò â ïðî -
òè âî ôàçå [1, 22]. Î÷åâèäíî, ÷òî ãëîáàëüíûå ìàãíèòíûå êîì ïîíåíòû
ñâÿçàíû ìåæäó ñîáîé è âîçáóæäàþòñÿ, íàâåðíîå, îäíèì ïðîöåññîì,
êîòîðûé íîñèò êîëåáàòåëüíûé öèêëè÷åñêèé õàðàêòåð.

Íàèáîëüøåå ðàñïðîñòðàíåíèå ñðåäè èññëåäîâàòåëåé ïîëó÷èëè
óáåæ äåíèÿ, ÷òî ñïóñêîâûì ìåõàíèçìîì ñîëíå÷íîãî öèêëà ñëóæèò
ïðî öåññ òóðáóëåíòíîãî ãèäðîìàãíèòíîãî äèíàìî, â ðåçóëüòàòå êîòî -
ðîãî ÷àñòü ýíåðãèè âðàùåíèÿ è êîíâåêòèâíûõ äâèæåíèé ïðåâðàùàåòñÿ 
â ýíåðãèþ ìàãíèòíîãî ïîëÿ. Ðîëü «äèíàìî-ìàøèíû» íà Ñîëíöå èãðàåò 
åãî êîíâåêòèâíàÿ çîíà, ãäå â ðåçóëüòàòå âçàèìîäåéñòâèÿ âðàùåíèÿ (ñ
óãëîâîé ñêîðîñòüþ W) è òóðáóëèçèðîâàííîé êîíâåêöèè (ñî ñêîðîñòüþ
u) ñîçäàåòñÿ ñïåöèôè÷åñêàÿ êîìáèíàöèÿ äèôôåðåíöèàëüíîãî âðàùå -
íèÿ è ñïèðàëüíîé òóðáóëåíòíîé êîíâåêöèè. Äèíàìî-òåîðèÿ îáúÿñíÿåò 
öèêëè÷åñêóþ àêòèâíîñòü Ñîëíöà äåéñòâèåì äâóõ îñíîâíûõ ýôôåêòîâ. 
Ñóòü ïåðâîãî ýôôåêòà ñîñòîèò â ãåíåðàöèè òîðîèäàëüíîãî ïîëÿ â ðå -
çóëüòàòå äåéñòâèÿ äèôôåðåíöèàëüíîãî âðàùåíèÿ íà ïîëîèäàëüíîå ïî -
ëå (W-ýôôåêò); âòîðîé ýôôåêò îáåñïå÷èâàåò ïðåâðàùåíèå òîðîèäàëü -
íîãî ïîëÿ îáðàòíî â ïîëîèäàëüíîå âñëåäñòâèå ñïèðàëüíûõ òóðáóëåíò -
íûõ äâèæåíèé (a-ýôôåêò), çàìûêàÿ òåì ñàìûì ñîëíå÷íûé ìàãíèòíûé
öèêë. Ìåõàíèçì ïîääåðæàíèÿ öèêëè÷åñêèõ èçìåíåíèé ãëîáàëüíîãî
ïî ëÿ Ñîëíöà, îñíîâàííûé íà ýòèõ äâóõ ýôôåêòàõ, ïðèíÿòî íàçûâàòü
ìîäåëüþ  aW-äèíàìî [1, 55, 93]. Îäíàêî ýòèõ äâóõ ýôôåêòîâ íåäîñòà -
òî÷ íî äëÿ ïîñòðîåíèÿ ðåàëèñòè÷åñêîé ìîäåëè ìàãíèòíîãî öèêëà. Ïî -
ýòî ìó ïðè ïîñòðîåíèè ñöåíàðèÿ íàáëþäàåìîé êàðòèíû ìàãíèòíîé
öèêëè÷íîñòè ìîäåëü aW-äèíàìî ñëåäóåò äîïîëíèòü âûøåóïîìÿíó òû -
ìè ýôôåêòàìè òóðáóëåíòíîé ïåðåñòðîéêè ìàãíåòèçìà è ìåðèäèî íàëü -
íîé öèðêóëÿöèè (ñì. íèæå). Â ðåçóëüòàòå ïðîâåäåííûõ èññëåäîâàíèé
íà îñíîâå ìîäèôèöèðîâàííûõ ìîäåëåé aW-äèíàìî óäàëîñü îáúÿñíèòü 
çíà÷èòåëüíóþ ÷àñòü çàêîíîìåðíîñòåé è àíîìàëèé ñîëíå÷íîé öèê ëè÷ -
íîñòè [10, 17, 20—22, 27, 42, 48, 56—63, 67, 72, 74, 80]. Âìåñòå ñ òåì
åùå îñòàëñÿ ðÿä íàáëþäàåìûõ ÿâëåíèé è ïðîáëåì ÑÀ, òðåáóþùèõ
îáú ÿñíåíèÿ. Îäíà èç òàêèõ àêòóàëüíûõ ïðîáëåì — óïîìÿíóòûå âûøå
äâîéíûå öèêëû ñîëíå÷íûõ ïÿòåí. 

Ïîèñê ìåõàíèçìîâ äâîéíûõ ìàêñèìóìîâ. Ì. Ãíåâûøåâ ñ÷èòàë,
÷òî ïðîÿâëÿþùèåñÿ íà ðàçíûõ øèðîòàõ äâà ìàêñèìóìà ñóììàðíîé
ïëî ùàäè ãðóïï ïÿòåí ñòàòèñòè÷åñêè íåçàâèñèìû [14, 33, 34]. Ïîýòîìó
èõ ïðîèñõîæäåíèå îí ñâÿçûâàë ñ äâóìÿ ðàçëè÷íûìè ôèçè÷åñêèìè ìå -
õà íèçìàìè âîçáóæäåíèÿ ìàãíåòèçìà, íî èíîãäà âðåìåííîé ïðîìå æó -
òîê ìåæäó ìàêñèìóìàìè îêàçûâàåòñÿ òàêèì êîðîòêèì, ÷òî åãî òðóä íî
îáíàðóæèòü. Â òî æå âðåìÿ Ì. Êîïåöêèé è Ã. Êóêëèí [52] ïî ëàãàëè,
÷òî âòîðè÷íûé ìàêñèìóì ñâÿçàí ñ âîçðàñòàíèåì äîëè ìîùíûõ äîë ãî -
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æè âóùèõ ãðóïï ïÿòåí ïðè íåïðåðûâíîì ýêâàòîðèàëüíîì äðåéôå çîíû
ïÿòíîîáðàçîâàíèÿ. 

Â ïîñëåäíèå ãîäû äëÿ îáúÿñíåíèÿ äâîéíîãî ìàêñèìóìà öèêëîâ èñ -
ñëåäîâàòåëè ñîñðåäîòî÷èëè âíèìàíèå íà âîçìîæíîñòÿõ ìîäèôèöè ðî -
âàííûõ ìîäåëåé aW-äèíàìî ñ ó÷åòîì íàáëþäåííûõ äàííûõ, ïîëó ÷åí -
íûõ ñ áîðòà êîñìè÷åñêèõ àïïàðàòîâ. Âàæíûì íà÷èíàíèåì ñëóæèò
èäåÿ î íàëè÷èè íà Ñîëíöå äâóõ îñíîâíûõ êîìïîíåíòîâ ôîíîâîãî ìàã -
íèòíîãî ïîëÿ (ÔÌÏ), èìåþùèõ ïðîòèâîïîëîæíóþ îðèåíòàöèþ â ñå -
âåðíîì è þæíîì ïîëóøàðèÿõ [77, 78, 86, 96]. Â ðåçóëüòàòå îáðàáîòêè
íàáëþäåííûõ äàííûõ çà 21—23-é öèêëû â ðàáîòàõ [86, 96] áûëè âûÿâ -
ëåíû äâå ñäâèíóòûå âî âðåìåíè (íà ÷åòâåðòü 11-ëåòíåãî ïåðèîäà) øè -
ðîòíûå âîëíû ÔÌÏ ïðîòèâîïîëîæíîé ïîëÿðíîñòè, ïóòåøåñòâóþùèå
îò ïîëþñà äî ïîëþñà ÷åðåç ýêâàòîð. Ñäåëàí âûâîä, ÷òî ïðè ó÷åòå ýòèõ
âîëí â ðàìêàõ ìîäåëè aW-äèíàìî ìîæíî îáúÿñíèòü äâîéíîé ìàêñè -
ìóì öèêëà ñîëíå÷íûõ ïÿòåí. Â íåäàâíèõ ðàáîòàõ [77, 78] ñäåëàíà ïî -
ïûòêà èíòåðïðåòèðîâàòü øèðîòíûå âàðèàöèè ÔÌÏ íà îñíîâå äâóõ -
ñëîéíîé ìîäåëè äèíàìî. Äëÿ ìîäåëèðîâàíèÿ øèðîòíîãî ðàñïðå äå -
ëåíèÿ ìàãíèòíûõ âîëí ïðåäïîëàãàëîñü, ÷òî a- è W-ýôôåêòû äåéñò âó -
þò îäíîâðåìåííî â âåðõíåì è íèæíåì ñëîÿõ ÑÊÇ, èìåþùèõ ïðî òè -
âîïîëîæíûå íàïðàâëåíèÿ ìåðèäèîíàëüíîé öèðêóëÿöèè. Áûëè òàêæå
ó÷òåíû ôàçîâûå ðàçëè÷èÿ ìåæäó äâóìÿ äèíàìî-âîëíàìè, âîçáóæäà -
åìûìè â ýòèõ äâóõ ñëîÿõ. Â ðåçóëüòàòå ïîñòðîåííîé ñõåìû áûëî ñìî -
äåëèðîâàíî îäíîâðåìåííîå íàëè÷èå 22-ëåòíèõ è êâàçèäâóõëåòíèõ êî -
ëå áàíèé ìàãíèòíûõ ïîëåé, âåäóùèõ ê äâîéíîìó öèêëó ïÿòåí. Çàìå -
òèì, ÷òî âïåðâûå îáúÿñíåíèå îäíîâðåìåííîãî íàëè÷èÿ â ÑÊÇ äâóõ
ïåðèîäîâ êîëåáàíèé ìàãíèòíîãî ïîëÿ áûëî ðàññìîòðåíî â ðàáîòå [16]
íà îñíîâå äâóõóðîâíåâîé ìîäåëè aW-äèíàìî. Â ïðåäëîæåííîé ìîäå -
ëè âîçáóæäåíèå íèçêî÷àñòîòíîãî ìàãíèòíîãî êîìïîíåíòà (~ 11 ëåò)
ïðîèñõîäèò âîçëå îñíîâàíèÿ ÑÊÇ çà ñ÷åò ñèëüíîãî ðàäèàëüíîãî ãðà -
äèåíòà ñêîðîñòè, òîãäà êàê âûñîêî÷àñòîòíûé êîìïîíåíò (~ 2.5 ëåò)
ãåíåðèðóåòñÿ âáëèçè ñîëíå÷íîé ïîâåðõíîñòè, ãäå áîëåå ýôôåêòèâíûì
îêàçûâàåòñÿ øèðîòíûé ãðàäèåíò óãëîâîé ñêîðîñòè. Íàëè÷èå äâóõ ìàã -
íèòíûõ ïåðèîäîâ ïîäòâåðæäåíî â ðåçóëüòàòå ñòàòèñòè÷åñêîãî àíàëèçà 
íàáëþäåíèé ìàãíèòíîãî ïîëÿ â 23-ì öèêëå [97]. Â ðàáîòå [98] ïðåäëî -
æåíà ìîäåëü ëîêàëüíîãî ìèíèìóìà öèêëà àêòèâíîñòè, êîòîðàÿ áàçè -
ðó åòñÿ íà ãèïîòåçå Ì. Ãíåâûøåâà îá èìïóëüñàõ ïÿòíîîáðàçîâàíèÿ,
ñâÿ çàííûõ ñ äâóìÿ ðàçëè÷íûìè ôèçè÷åñêèìè ìåõàíèçìàìè âîçáóæäå -
íèÿ ìàãíåòèçìà [14, 33, 34]. Îòìåòèì òàêæå ðàáîòó [28], â êîòîðîé
ïðîàíàëèçèðîâàíî íåñêîëüêî ðåæèìîâ äèíàìî, çàâèñÿùèõ îò ñîîòíî -
øåíèÿ âêëàäîâ òóðáóëåíòíîé äèôôóçèè è ìåðèäèîíàëüíîé öèðêóëÿ -
öèè â ìåõàíèçì äèíàìî ñ ïåðåíîñîì ìàãíèòíîãî ïîòîêà. Áûëî ïîêà -
çàíî, ÷òî â îïðåäåëåííûõ ðåæèìàõ äèíàìî ïîÿâëÿåòñÿ âîçìîæíîñòü
îáú ÿñ íåíèÿ äâîéíûõ ìàêñèìóìîâ öèêëîâ.

Îäíàêî, íàñêîëüêî íàì èçâåñòíî, äî ñèõ ïîð ïðè îáúÿñíåíèè íà -
áëþäàåìîãî äâîéíîãî ìàêñèìóìà öèêëà ïÿòíîîáðàçîâàíèÿ íå ïðèâëå -
êàëèñü îòìå÷åííûå âûøå ýôôåêòû òóðáóëåíòíîé ïåðåñòðîéêè ìàã íå -
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òèç ìà. Ïîýòîìó ìû íàìåðåíû âîñïîëíèòü ýòîò ïðîáåë. Â íàñòîÿùåé
ñòàòüå äëÿ îáúÿñíåíèÿ ôåíîìåíà äâóõâåðøèííûõ öèêëîâ ìû ïðåäëà -
ãàåì ñöåíàðèé ïåðåñòðîéêè ñîëíå÷íîãî ìàãíåòèçìà, â êîòîðîì ïðèíè -
ìàþò ó÷àñòèå ïÿòü ïðîöåññîâ: ãåíåðàöèÿ òîðîèäàëüíîãî ïîëÿ èç ïîëî -
èäàëüíîãî áëàãîäàðÿ ðàäèàëüíîìó äèôôåðåíöèàëüíîìó âðàùåíèþ ó
íèæíåãî îñíîâàíèÿ ÑÊÇ (ðàäèàëüíûé W-ýôôåêò); íàïðàâëåííàÿ ê ýê -
âà òîðó ãëóáèííàÿ ìåðèäèîíàëüíàÿ öèðêóëÿöèÿ; ìàãíèòíàÿ ïëàâó÷åñòü 
è äâà òóðáóëåíòíûå ýôôåêòû ïåðåíîñà òîðîèäàëüíîãî ïîëÿ âäîëü ñîë -
íå÷íîãî ðàäèóñà. Äëÿ ïðîÿñíåíèÿ ôèçè÷åñêîé ñóòè ïðåäëàãàåìîãî
ñöå íàðèÿ ñäåëàåì êðàòêèé îáçîð ýôôåêòîâ, êîòîðûå ìû ïðèâëåêàåì â
ïðåäëàãàåìóþ ñõåìó ïåðåñòðîéêè.

Ãåíåðàöèÿ òîðîèäàëüíîãî ïîëÿ. Îáùåïðèíÿòî, ÷òî ðàäèàëüíûé
ãðàäèåíò óãëîâîé ñêîðîñòè ¶W /¶r, äåéñòâóÿ â ñîëíå÷íûõ ãëóáèíàõ íà
êðóïíîìàñøòàáíîå ïîëîèäàëüíîå ïîëå BP, òðàíñôîðìèðóåò åãî â òî -
ðî èäàëüíîå ïîëå BT (W-ýôôåêò): 

¶BT /¶t = rsinq (BPÑ)Wij , (1)

ãäå Ñ º ¶ ¶W / r, r — îòíîñèòåëüíûé ðàäèóñ Ñîëíöà, q è ij — ïîëÿðíûé
óãîë è åäèíè÷íûé àçèìóòàëüíûé âåêòîð â ñôåðè÷åñêîé ñèñòåìå êîîð -
äèíàò. Îáû÷íî ïîëàãàþò, ÷òî íàèáîëåå áëàãîïðèÿòíûì ìåñòîì äëÿ
ãåíåðàöèè òîðîèäàëüíîãî ïîëÿ ñëóæàò ãëóáîêèå ñëîè âáëèçè äíà ÑÊÇ,
â ðàéîíå òàõîêëèíà. Â ðàìêàõ ìîäåëè äèíàìî íà îñíîâàíèè äàííûõ íà -
áëþäåíèé â ðàáîòå [82] âïåðâûå áûëà òåîðåòè÷åñêè îáîñíîâàíà ôóí -
êöèîíàëüíàÿ ñâÿçü ìåæäó èíòåíñèâíîñòüþ ïÿòíîîáðàçîâàíèÿ è àìï -
ëè òóäîé ïîëîèäàëüíîãî ïîëÿ, íàáëþäàåìîãî â ïîëÿðíûõ îáëàñòÿõ â
ìè íèìóìå ïðåäûäóùåãî öèêëà. Íà îñíîâàíèè óñòàíîâëåííîé ôóíê -
öèîíàëüíîé çàâèñèìîñòè îòìå÷åííûõ ìàãíèòíûõ èíäåêñîâ ñîñåäíèõ
öèêëîâ áûë ñäåëàí óäà÷íûé ïðîãíîç ÷èñåë Âîëüôà 21-ãî öèêëà. Âû -
ÿâëåííàÿ êîððåëÿöèÿ îáóñëîâëåíà äîâîëüíî ñòàáèëüíîé ðåãóëÿð íîñ -
òüþ äèôôåðåíöèàëüíîãî âðàùåíèÿ ¶W/¶r, êîòîðîé ïðèñóùè ëèøü íå -
çíà ÷èòåëüíûå èçìåíåíèÿ ñî âðåìåíåì [48]. Ïîñêîëüêó BT ~ BP ¶W/¶r,
òî ïðè ïî÷òè ñòàáèëüíîé âåëè÷èíå ¶W/¶r ïîëîèäàëüíîå ïîëå â ýïîõó
ìèíèìóìà öèêëà îïðåäåëÿåò âåëè÷èíó òîðîèäàëüíîãî ïîëÿ, à çíà÷èò è
àêòèâíîñòü ïÿòíîîáðàçîâàíèÿ â ñëåäóþùåì öèêëå. Â. Ìàêàðîâ è äð.
[66] âûÿâèëè âûñîêóþ ëèíåéíóþ êîððåëÿöèþ ìåæäó ââåäåííûì èìè
À-èíäåêñîì (ìàãíèòíûì ìîìåíòîì ïîëîèäàëüíîãî ïîëÿ) è àìïëèòó -
äîé ñëåäóþùåãî ìàêñèìóìà. Âïîñëåäñòâèè â ðàáîòå [46] áûëè óñòà -
íîâëåíû çàâèñèìîñòè ÷èñåë Âîëüôà îò äèïîëüíîãî ìîìåíòà, îïðåäå -
ëåííîãî íà îñíîâå À-èíäåêñà, è îò äèïîëüíîãî ìîìåíòà, ïîëó÷åííîãî â 
ðåçóëüòàòå ïðÿìûõ èçìåðåíèé ïîëÿðíîãî ìàãíèòíîãî ïîëÿ â ìèíèìó -
ìå [89]. Âûÿâëåííûå ñî âðåìåíåì óáåäèòåëüíûå äîêàçàòåëüñòâà ñòðî -
ãîé êîððåëÿöèè ìåæäó íàáëþäàåìûìè ìàãíèòíûìè ãåëèîôèçè ÷åñ êè -
ìè ïàðàìåòðàìè èñïîëüçîâàëèñü äëÿ áîëåå-ìåíåå óñïåøíûõ ïðî ãíî -
çîâ ìîùíîñòè íàñòóïàþùèõ íîâûõ öèêëîâ [21, 23, 46, 66, 69]. Âïî -
ñëåäñòâèè çíà÷èòåëüíîå óëó÷øåíèå ïðîãíîçîâ áûëî äîñòèãíóòî ïðè
âêëþ÷åíèè â ÷èñëåííûå ìîäåëè äèíàìî ãëîáàëüíûõ ìåðèäèîíàëüíûõ
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ïîòîêîâ âåùåñòâà [15, 25, 45, 71, 76, 90, 94]. Ñëåäóåò òàêæå îòìåòèòü
îðèãèíàëüíûé ìåòîä ìîäåëèðîâàíèÿ äèíàìî-ïðîöåññà, ó÷èòûâàþùèé 
íåîïðåäåëåííîñòè èçìåðåííûõ òóðáóëåíòíûõ õàðàêòåðèñòèê â ñîë -
íå÷ íîé àòìîñôåðå [50]. Â ðàìêàõ ýòîãî ìåòîäà ïðè ó÷åòå ïåðå ìåí -
íîñòè ìàãíèòíîé ñïèðàëüíîñòè óäàëîñü ïîëó÷èòü ïðèåìëåìîå ñî ãëà -
ñèå ìåæäó ïðîãíîçàìè ïðåäûäóùèõ ñîëíå÷íûõ öèêëîâ è íàáëþ äåí -
íû ìè äàííûìè. 

Ìåðèäèîíàëüíàÿ öèðêóëÿöèÿ. Ðàñïðîñòðàíåíèå äèíàìî-âîëí íå
â ñîñòîÿíèè àäåêâàòíî îáúÿñíèòü íàáëþäàåìóþ ìèãðàöèþ ñîëíå÷íûõ
ïÿòåí ê ýêâàòîðó. Ïîýòîìó áûëî ïðåäëîæåíî îáúÿñíåíèå ýêâàòîðè àëü -
íîé ìèãðàöèè âñëåäñòâèå ãëóáèííûõ ìåðèäèîíàëüíûõ ïîòîêîâ [24,
70, 92]. Íà ñîëíå÷íîé ïîâåðõíîñòè ñëàáîå êðóïíîìàñøòàáíîå ìåðè -
äèî íàëüíîå òå÷åíèå âåùåñòâà íàïðàâëåíî îò ýêâàòîðà ê ïîëþñàì. Ñíà -
÷àëà îíî áûëî îáíàðóæåíî ïóòåì îòñëåæèâàíèÿ äâèæåíèé ìàãíèòíûõ
ñòðóêòóð [51, 73, 87] è ïðÿìûìè èçìåðåíèÿìè äîïëåðîâñêîãî ñìåùå -
íèÿ â ñïåêòðàëüíûõ ëèíèÿõ [35]. Àìïëèòóäà ñêîðîñòè ýòîãî ïîâåðõ -
íîñòíîãî ìåðèäèîíàëüíîãî òå÷åíèÿ íà ñðåäíèõ ãåëèîøèðîòàõ ñîñòàâ -
ëÿåò U M

surf( )  » 5...15 ì/ñ. Â ïîñëåäóþùèå ãîäû ãåëèîñåéñìè÷åñêèå èç -

ìåðåíèÿ ïîêàçàëè, ÷òî íàïðàâëåííîå ê ïîëþñàì ìåðèäèîíàëüíîå òå÷å -
íèå äèàãíîñòèðóåòñÿ ìåòîäàìè ëîêàëüíîé ãåëèîñåéñìîëîãèè [31]
âíóòðü Ñîëíöà äî ãëóáèí r » 0.85R [18, 30]. Èñêëþ÷åíèå ñîñòàâëÿþò
òîëü êî ëîêàëüíûå è î÷åíü áëèçêèå ê ïîâåðõíîñòè ó÷àñòêè â îê ðåñò -
íîñòè àêòèâíûõ öåíòðîâ [53, 95]. Îòìåòèì òàêæå ìåòîä ðàñ÷åòà ïî -
âåðõ íîñòíîé ñêîðîñòè ìåðèäèîíàëüíîãî òå÷åíèÿ íà îñíîâå àíàëèçà
ãåî- è ãåëèîìàãíèòíèõ äàííûõ (îïîçäàíèå âî âðåìåíè ìàêñèìóìîâ
àà-èíäåêñîâ ãåîìàãíèòíîé àêòèâíîñòè ïî îòíîøåíèþ ê ìàêñèìóìàì
÷èñåë Âîëüôà â 10—23-ì öèêëàõ) [28, 29]. Ïîëó÷åííàÿ ýòèì ìåòîäîì
îöåíêà U M

surf( )  » 4...18 ì/ñ ñîâïàäàåò ñ ðåçóëüòàòàìè ñïåêòðîñêîïè÷åñ -

êèõ èçìåðåíèé [35].
Â òî æå âðåìÿ ñîãëàñíî çàêîíó ñîõðàíåíèÿ âåùåñòâà ó íèæíåãî

îñíîâàíèÿ ÑÊÇ äîëæíî íàáëþäàòüñÿ ìåðèäèîíàëüíîå òå÷åíèå ïðîòè -
âî ïîëîæíîãî íàïðàâëåíèÿ, îò ïîëþñîâ ê ýêâàòîðó. Ïðè òàêîì óñëîâèè
âåùåñòâî ó ïîëþñîâ äîëæíà îïóñêàòüñÿ âíèç ê òàõîêëèíó, òîãäà êàê ó
ýêâàòîðà îíî äîëæíî ïîäíèìàòüñÿ èç ãëóáèí íà ïîâåðõíîñòü, ÷òîáû
òà êèì îáðàçîì îáåñïå÷èòü çàìêíóòûé öèêë ìåðèäèîíàëüíîé (ïîëîè -
äàëüíîé) öèðêóëÿöèè âåùåñòâà â ÑÊÇ (îäíà ãèãàíòñêàÿ ÿ÷åéêà) [39,
70]. Â ðåçóëüòàòå ÷èñëåííîãî ìîäåëèðîâàíèÿ íà îñíîâå ãåëèîñåéñìî -
ëîãè÷åñêèõ ýêñïåðèìåíòîâ áûëî ïðîäåìîíñòðèðîâàíî, ÷òî ìåðèäèî -
íàëüíàÿ öèðêóëÿöèÿ îõâàòûâàåò âñå ñëîè ÑÊÇ è äàæå ìîæåò ïðîíèêàòü 
íèæå òàõîêëèíà â ðàäèàòèâíóþ çîíó [36, 40, 43]. Ïðè ýòîì ðàññ÷è -
òàííûé ïðîôèëü òå÷åíèé èìååò ñëîæíóþ ïðîñòðàíñòâåííóþ ñòðóêòó -
ðó, ñîñòîÿùóþ èç íåñêîëüêèõ ÿ÷ååê, ðàñïðåäåëåííûõ ïî ãëóáèíå è
øèðîòå (ìóëüòèÿ÷åèñòàÿ ñòðóêòóðà öèðêóëÿöèè) [81, 94]. Îäíàêî íà
ñåãîäíÿ íåò ïîëíîé ÿñíîñòè î ïðîôèëå ïîëîèäàëüíûõ ïîòîêîâ âåùåñò -
âà â ñîëíå÷íûõ ãëóáèíàõ (îäíà, äâå èëè áîëüøå ÿ÷ååê). Ïîýòîìó â
äàëüíåéøåì äëÿ ïðîñòîòû ðàñ÷åòîâ ìû îãðàíè÷èìñÿ ðàññìîòðåíèåì
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îäíîé ãëîáàëüíîé ÿ÷åéêè öèðêóëÿöèè. Ñêîðîñòü íàïðàâëåííîãî ê
ýêâàòîðó ãëóáèííîãî òå÷åíèÿ U M

deep( )  íåëüçÿ èçìåðèòü íåïîñðåäñò âåí -
íî. Ïîýòîìó äëÿ åå ðàñ÷åòà èññëåäîâàòåëÿì ïðèõîäèòñÿ ïðèìåíÿòü
êîñâåííûå ìåòîäû. Â ÷àñòíîñòè, â ðàáîòå [28] â ðàìêàõ óïîìÿíóòîãî
âûøå ìåòîäà ïîëó÷åíà îöåíêà U M

deep( )  » 2...5 ì/ñ, êîòîðàÿ óäîâëåòâîðè -

òåëüíî ñîãëàñóåòñÿ ñ îöåíêîé U M
deep( )  » 1.5...3 ì/ñ, ïîëó÷åííîé èç àíàëè -

çà ñêîðîñòè ìèãðàöèè ïîëîñû ñîëíå÷íûõ ïÿòåí ê ýêâàòîðó [38].
Ìàãíèòíàÿ ïëàâó÷åñòü. Ìåõàíèçì ìàãíèòíîé ïëàâó÷åñòè áûë

ïðåäëîæåí â 1955 ã. Å. Ïàðêåðîì [75] è îäíîâðåìåííî íåçàâèñèìî
Ý. Éåíñåíîì [44]. Èäåÿ ñîñòîÿëà â òîì, ÷òî ïëîòíîñòü âåùåñòâà â èçî -
ëèðîâàííûõ ãîðèçîíòàëüíûõ ÌÑÒ îêàçûâàåòñÿ ìåíüøåé, ÷åì ïëîò -
íîñòü îêðóæàþùåé ñðåäû. Ïîýòîìó â àñòðîôèçè÷åñêèõ îáúåêòàõ â
ãðà âèòàöèîííîì ïîëå íà ñèëîâóþ òðóáêó äåéñòâóåò ïîäúåìíàÿ àðõè -
ìåäîâà ñèëà. Ïàðêåð îöåíèë ñêîðîñòü ïîäúåìà ÌÑÒ â íåîäíîðîäíîé
àòìîñôåðå äëÿ ñëó÷àÿ, êîãäà ïîäúåìíàÿ ñèëà òðóáêè êîìïåíñèðóåòñÿ
àýðîäèíàìè÷åñêèì ñîïðîòèâëåíèåì ñðåäû. Ïðè òàêîì óñëîâèè ñêî -
ðîñòü ìàãíèòíîãî âñïëûâàíèÿ ïîëÿ âåëè÷èíîé B ïðèìåðíî ðàâíÿåòñÿ
àëüâåíîâñêîé ñêîðîñòè ca: 

U B c BB a( , ) / ( ) /r pr» = 4 1 2 . (2)

Âáëèçè ñîëíå÷íîé ïîâåðõíîñòè, ãäå ïëîòíîñòü ïëàçìû r îêàçû âà -
åòñÿ äîñòàòî÷íî ìàëîé âåëè÷èíîé, ñêîðîñòü âñïëûâàíèÿ UB ñòàíîâèò -
ñÿ î÷åíü âûñîêîé, òîãäà êàê â ãëóáîêèõ ïëîòíûõ ñëîÿõ ýôôåêòèâíîñòü
ïëàâó÷åñòè â çíà÷èòåëüíîé ñòåïåíè óìåíüøàåòñÿ. Ïîýòîìó îáû÷íî
ïî ëàãàþò, ÷òî íàèáîëåå ïîäõîäÿùèì ìåñòîì ëîêàëèçàöèè ìåõàíèçìà
ãåíåðàöèè òîðîèäàëüíîãî ïîëÿ ÿâëÿþòñÿ ãëóáèííûå ñëîè ÑÊÇ. Âìåñòå 
ñ òåì äàæå çäåñü òðóäíî îáåñïå÷èòü çíà÷èòåëüíîå óñèëåíèå ïîëåé è
äëè òåëüíîå èõ óäåðæàíèå â òå÷åíèå âðåìåíè, ñðàâíèìîãî ñ ïåðèîäîì
ñîëíå÷íîãî öèêëà, âñëåäñòâèå áûñòðîé ýâàêóàöèè ñèëüíûõ ïîëåé èç
çî íû ãåíåðàöèè. Ïîýòîìó âîçíèêàåò íåîáõîäèìîñòü ïîèñêà ìåõàíèç -
ìîâ ìàãíèòíîé «àíòèïëàâó÷åñòè» (îòðèöàòåëüíîé ìàãíèòíîé ïëàâó -
÷åñ òè), êîìïåíñèðóþùèõ áûñòðîå âñïëûâàíèå ïîëåé. Êàê îêàçàëîñü
[56, 60], ðîëü òàêèõ ìåõàíèçìîâ â ãðàâèòàöèîííîì ïîëå ìîãóò ñûãðàòü
óïîìÿíóòûå âûøå ïðîöåññû òóðáóëåíòíîãî ïåðåíîñà êðóïíîìàñ -
øòàá íûõ ïîëåé.

Âïîñëåäñòâèè îöåíêà Ïàðêåðà áûëà äîïîëíåíà ðàñ÷åòàìè äðóãèõ
èññëåäîâàòåëåé. Â. Óííî è Ý. Ðèáå [91] â êà÷åñòâå òîðìîçÿùåé ñèëû
ïðè íèìàëè òóðáóëåíòíóþ âÿçêîñòü, òîãäà êàê Ì. Øþññëåð [84] è
Â. Êóçíåöîâ è Ñ. Ñûðîâàòñêèé [65] ó÷èòûâàëè ñòðàòèôèêàöèþ ïî
ïëîò íîñòè âíåøíåé ñðåäû è ðàñøèðåíèå ÌÑÒ ïðè èõ ïîäúåìå. Ô. Ìî -
ðåíî-Èíñåðòèñ [68] ðàññìîòðåë âàðèàíòû âñïëûâàíèÿ àäèàáàòè÷åñêèõ 
è èçîòåðìè÷åñêèõ ÌÑÒ, êàê äëÿ àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ,
òàê è äëÿ òóðáóëåíòíîé âÿçêîñòè âíåøíåé ñðåäû. Âî âñåõ ñëó÷àÿõ ñêî -
ðîñòü ìàãíèòíîãî âñïëûâàíèÿ òðóáîê çàâèñåëà îò âåëè÷èíû ïîëÿ è
ïëîòíîñòè âåùåñòâà. Â íàøèõ ðàáîòàõ [56, 57] áûëà ïðîàíàëèçèðîâàíà 
ýôôåêòèâíîñòü ðàçëè÷íûõ ìåõàíèçìîâ âñïëûâàíèÿ â ÑÊÇ. Îêàçàëîñü,
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÷òî íàèáîëüøàÿ ñêîðîñòü âñïëûâàíèÿ ïîëÿ âûÿâëÿåòñÿ â ìåõàíèçìå
Ïàðêåðà. Ïîýòîìó â äàëüíåéøåì ïðè ðàñ÷åòàõ ïåðåñòðîéêè ñîëíå÷ -
íîãî ìàãíåòèçìà ìû áóäåì ïðèíèìàòü âî âíèìàíèå ïàðêåðîâñêèé ìå -
õàíèçì âñïëûâàíèÿ êàê ñàìûé íåáëàãîïðèÿòíûé ñ òî÷êè çðåíèÿ óäåð -
æàíèÿ ïîëåé â çîíå ãåíåðàöèè. Ïåðåõîäèì ê ðàññìîòðåíèþ ïðîöåññîâ
òóðáóëåíòíîé ïåðåñòðîéêè êðóïíîìàñøòàáíîãî ìàãíåòèçìà. 

Ìàêðîñêîïè÷åñêèé äèàìàãíåòèçì. ß. Çåëüäîâè÷ [5] èññëåäîâàë
ïðîöåññ òóðáóëåíòíîé ïåðåñòðîéêè ìàãíèòíîãî ïîëÿ, êîòîðûé âïî -
ñëåä ñòâèè ïîëó÷èë íàçâàíèå ìàêðîñêîïè÷åñêèé äèàìàãíèòíûé ýô -
ôåêò [79]. Ôèçè÷åñêèé ñìûñë ìàêðîñêîïè÷åñêîãî òóðáóëåíòíîãî äèà -
ìàã íåòèçìà ïëàçìû ñîñòîèò â ýôôåêòå âûòåñíåíèè óñðåäíåííîãî ìàã -
íèòíîãî ïîëÿ B èç ó÷àñòêîâ ñ ïîâûøåííîé èíòåíñèâíîñòüþ òóðáó -
ëåíò íûõ ïóëüñàöèé â ìåñòà ñ ìåíåå ðàçâèòîé òóðáóëåíòíîñòüþ [1, 55]
âäîëü ãðàäèåíòà òóðáóëåíòíîé âÿçêîñòè nÒ » (1/3)ul (l — õàðàêòåðíûé
ìàñøòàá òóðáóëåíòíûõ ïóëüñàöèé) ñ ýôôåêòèâíîé ñêîðîñòüþ

Um = – ÑnÒ/2. (3)

Ïîñêîëüêó íà Ñîëíöå ïàðàìåòðû òóðáóëåíòíîé êîíâåêöèÿ ñó -
ùåñò âåííî èçìåíÿþòñÿ ñ ãëóáèíîé, òî çäåñü ñîçäàþòñÿ áëàãîïðèÿòíûå 
óñëîâèÿ äëÿ ìàêðîñêîïè÷åñêîãî äèàìàãíåòèçìà. Â íàøèõ ðàáîòàõ [9,
60] ïîêàçàíî, ÷òî ðàññ÷èòàííûé äëÿ ìîäåëè ÑÊÇ Ñòèêñà [88] ðàäèàëü -
íûé ïðîôèëü òóðáóëåíòíîé âÿçêîñòè nÒ âûãëÿäèò ãëàäêîé âûïóêëîé
ôóíêöèåé ñ ìàêñèìóìîì (nT » 1013 ñì2/ñ) ïðèìåðíî ïîñðåäèíå êîíâåê -
òèâíîé çîíû íà ãëóáèíå z »130 òûñ. êì (ðèñ. 2). 

Îáíàðóæåííàÿ âåðòèêàëüíàÿ íåîäíîðîäíîñòü òóðáóëåíòíîé âÿç -
êîñ òè óêàçûâàåò íà ñèëüíûå äèàìàãíèòíûå ñâîéñòâà ñîëíå÷íîé òóðáó -
ëèçèðîâàííîé ïëàçìû. Â âåðõíåé ïîëîâèíå ÑÊÇ òóðáóëåíòíûé äèà -
ìàã íåòèçì ïðîÿâëÿåò ñåáÿ ïîäîáíî ìàãíèòíîé ïëàâó÷åñòè — âûòàë -
êèâàåò ãîðèçîíòàëüíîå ìàãíèòíîå ïîëå ê ïîâåðõíîñòè. Â òî æå âðåìÿ
âáëèçè äíà ÑÊÇ, ãäå èíòåíñèâíîñòü òóðáóëåíòíîé êîíâåêöèè ðåçêî
óìåíüøàåòñÿ äî íóëÿ, ìàêðîñêîïè÷åñêèé äèàìàãíåòèçì äåéñòâóåò
ïðî òèâ ìàãíèòíîé ïëàâó÷åñòè, èãðàÿ òåì ñàìûì ðîëü îòðèöàòåëüíîé
ìàãíèòíîé ïëàâó÷åñòè. Ïîýòîìó â ãëóáîêèõ ñëîÿõ ñîçäàþòñÿ áëà -
ãîïðèÿòíûå óñëîâèÿ äëÿ äëèòåëüíîãî óäåðæàíèÿ òîðîèäàëüíîãî ìàã -
íèò íîãî ïîëÿ, âîçáóæäàåìîãî W-ýôôåêòîì. Ñîãëàñíî íàøèì ðàñ÷åòàì 
ñêîðîñòü íàïðàâëåííîãî âíèç äèàìàãíèòíîãî âûòåñíåíèÿ ãîðèçîí -
òàëü íîãî ïîëÿ â ãëóáèííûõ ñëîÿõ äîñòèãàåò çíà÷åíèé Um » 2×103 ñì/ñ,
÷òî ñóùåñòâåííî óìåíüøàåò ýôôåêòèâíîñòü âñïëûâàíèÿ ïîëÿ. Ïî -
ñêîëüêó ñêîðîñòü ìàãíèòíîãî âñïëûâàíèÿ UB çàâèñèò îò âåëè÷èíû ïî -
ëÿ (2), òî èç óñëîâèÿ âçàèìíîé êîìïåíñàöèè ñêîðîñòåé ìàãíèòíîãî
âñïëû âàíèÿ è äèàìàãíèòíîãî ïîãðóæåíèÿ ïîëåé (UB(B0) = Um) ìîæíî
íàéòè çíà÷åíèå ãîðèçîíòàëüíîãî ñòàöèîíàðíîãî ïîëÿ B0 » Um(4pr)1/2,
âñïëûâàíèå êîòîðîãî áóäåò ïîëíîñòüþ ñêîìïåíñèðîâàíî òóðáóëåíò -
íûì äèàìàãíåòèçìîì. Âáëèçè îñíîâàíèÿ ÑÊÇ ïîëó÷àåì îöåíêó B0 »
» 0.32 Òë. Òàêèì îáðàçîì, â îáëàñòè íàïðàâëåííîãî âíèç äèàìàã íèò -
íîãî ïîòîêà äîëæåí ôîðìèðîâàòüñÿ ãîðèçîíòàëüíûé ñëîé çàáëîêè ðî -
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âàííîãî ìàãíèòíîãî ïîëÿ. Âìåñòå ñ òåì ñëåäóåò ïîìíèòü, ÷òî ìàãíèò -
íîå ïîëå ýòîãî ñëîÿ áóäåò ïîäàâëÿòü òóðáóëåíòíóþ êîíâåêöèþ. Â ñâÿ -
çè ñ ýòèì ðàññìîòðèì ìîäèôèêàöèþ äèàìàãíèòíîãî ýôôåêòà ïðè íà -
ëè ÷èè ìàãíèòíîãî ïîëÿ.

Êàê ïîêàçàíî â ðàáîòå [49], â íåëèíåéíîì ðåæèìå ñêîðîñòü äèà -
ìàã íèòíîãî ïåðåíîñà ïîëÿ ïðèîáðåòàåò âèä

UD(b) = 6UmYD(b), (4)

ãäå YD(b) — ôóíêöèÿ ìàãíèòíîãî ïîäàâëåíèÿ êèíåìàòè÷åñêîãî òóð -
áóëåíòíîãî äèàìàãíèòíîãî ïåðåíîñà, b = B/Beq — ïàðàìåòð íîðìàëè -
çî âàííîãî ìàãíèòíîãî ïîëÿ, Beq » u(4pr)1/2 — ðàâíîðàñïðåäåëåííàÿ
ìàã íèòíàÿ èíäóêöèÿ, êîòîðàÿ âîçáóæäàåòñÿ ìåëêîìàñøòàáíûìè òóð -
áó ëåíòíûìè ïóëüñàöèÿìè. Â ñëó÷àå ôèçè÷åñêèõ ïàðàìåòðîâ è ìàãíèò -
íûõ ïîëåé, õàðàêòåðíûõ äëÿ ãëóáèííûõ ñëîåâ ÑÊÇ (b2 << 1), ôóíêöèÿ
ïîäàâëåíèÿ îïðåäåëÿåòñÿ âûðàæåíèåì

YD(b) » [(1/6) – b2/5], (5)

íîðìèðîâàííûì íà Y0 = 1/6 ïðè b = 0. Óñëîâèå áàëàíñà ñêîðîñòåé
êîíêóðèðóþùèõ ýôôåêòîâ â ìàãíèòíîì ñëîå âáëèçè äíà ÑÊÇ â íåëè -
íåéíîì ðåæèìå 

UB(B0) – UD(B0) » 0 (6)
ïðèâîäèò ê ñëåäóþùèì îöåíêàì âåëè÷èí: B0 » UD(4pr)1/2 » 0.27 Òë,
UD » 1.7×103 ñì/ñ. 

Òàêèì îáðàçîì, ïðîâåäåííûå íàìè ðàñ÷åòû ïîêàçàëè, ÷òî ðàäè -
àëüíàÿ íåîäíîðîäíîñòü òóðáóëåíòíîñòè ñïîñîáñòâóåò îáðàçîâàíèþ â
ÑÊÇ äâóõ ñëîåâ ñ ðàçíûìè âåðòèêàëüíûìè íàïðàâëåíèÿìè ïåðåíîñà
ãî ðèçîíòàëüíîãî ïîëÿ. ×ðåçâû÷àéíî âàæíî, ÷òî â íèæíåì ñëîå òóðáó -
ëåíòíûé äèàìàãíåòèçì äåéñòâóåò ïðîòèâ ìàãíèòíîé ïëàâó÷åñòè. Â ðå -
çóëüòàòå ñíèìàåòñÿ îáóñëîâëåííîå ìàãíèòíîé ïëàâó÷åñòüþ îãðàíè÷å -
íèå íà ãåíåðàöèþ W-ýôôåêòîì â ãëóáîêèõ ñëîÿõ äîâîëüíî ìîùíîãî
òîðîèäàëüíîãî ïîëÿ (îêîëî 0.27 Òë). Îáðàùàåì âíèìàíèå íà òî, ÷òî â
äàëüíåéøåì ïðè ïîñòðîåíèè ñöåíàðèÿ ïåðåñòðîéêè ìàãíåòèçìà ìû
äëÿ íèæíåãî ñëîÿ áóäåì ïðèíèìàòü âî âíèìàíèå ñêîðîñòü UD, òîãäà
êàê â âåðõíåì ñëîå (âûøå ãëóáèí z » 130 òûñ. êì, ãäå íåò ìàãíèòíîãî
ïîäàâëåíèÿ òóðáóëåíòíîñòè) áóäåò èñïîëüçîâàòüñÿ êèíåìàòè÷åñêîå
çíà÷åíèå ñêîðîñòè äèàìàãíèòíîãî ïåðåíîñà Um.
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Ðèñ. 2. Ðàñïðåäåëåíèå ïî ãëóáèíå z âåëè÷èíû êî -
ýô ôèöèåíòà òóðáóëåíòíîé âÿçêîñòè nÒ » (1/3)ul,
ðàñ ñ÷èòàííîãî â ïðèáëèæåíèè òåîðèè äëèíû ñìå -
øèâàíèÿ äëÿ ìîäåëè ÑÊÇ Ñòèêñà [88]. Ãîðèçîí -
òàëü íûå ñòðåëêè ïîêàçûâàþò íàïðàâëåíèå òóðáó -
ëåíò íîãî äèàìàãíèòíîãî ïåðåíîñà ïîëÿ âäîëü ðà -
äèóñà Ñîëíöà ñî ñêîðîñòüþ Um



Ìàãíèòíàÿ íàêà÷êà â íåîäíîðîäíîé ïî ïëîòíîñòè òóðáó ëåí -
òíîé ñðåäå. Ðàññìîòðèì åùå îäèí ïðîöåññ òóðáóëåíòíîé ïåðå ñòðîé -
êè ìàãíåòèçìà, êîòîðûé â ÑÊÇ ìîæåò èãðàòü ðîëü àíòèïëàâó÷åñòè. Â
íåîäíîðîäíîé ïî ïëîòíîñòè òóðáóëåíòíîé ñðåäå ïðè îïðåäåëåííûõ
óñ ëîâèÿõ âîçíèêàåò íàïðàâëåííûé âäîëü Ñr  ïåðåíîñ ìàãíèòíîãî ïî -
ëÿ, îáóñëîâëåííûé ìåëêîìàñøòàáíûìè ìàãíèòíûìè ïóëüñàöèÿìè
(ò. í. ìàãíèòíàÿ íàêà÷êà). ßâëåíèå ìàãíèòíîé íàêà÷êè áûëî îòêðûòî
äëÿ äâóõìåðíîé òóðáóëåíòíîñòè Ý. Äðîáûøåâñêèì [26], à çàòåì îáîá -
ùåíî Ñ. Âàéíøòåéíîì [2] íà ñëó÷àé òðåõìåðíûõ äâèæåíèé. Ôîð ìàëü -
íî ñóòü ÿâëåíèÿ ìîæíî îïèñàòü ñëåäóþùèì îáðàçîì [6]. Àìïëèòóäà
ìàã íèòíûõ ôëóêòóàöèé b, ïîðîæäàåìûõ òóðáóëåíòíûìè ïóëüñà öè -
ÿìè ñêîðîñòè u, â íåîäíîðîäíîé ñðåäå óâåëè÷èâàåòñÿ â íàïðàâëåíèè
ðîñòà ïëîòíîñòè ñðåäû r: b2 » 4pru2. Âìåñòå ñ íåé â ýòîì íàïðàâëåíèè
óâåëè÷èâàåòñÿ è àìïëèòóäà ôëóêòóàöèîííûõ òîêîâ j = (c/4p)rot b. Ýòè

ìîäèôèöèðîâàííûå òîêè âîçáóæäàþò äîïîëíèòåëüíîå ìàãíèòíîå ïî -
ëå B¢, êîòîðîå ñêëàäûâàåòñÿ ñ èñõîäíûì ïîëåì B, â ðåçóëüòàòå ÷åãî
èçìåíÿåòñÿ ïåðâîíà÷àëüíîå ðàñïðåäåëåíèå ãëîáàëüíîãî ìàãíåòèçìà â
ïðîñòðàíñòâå. Â êîíå÷íîì èòîãå â íåëèíåéíîì ðåæèìå ïðîñòðàíñò -
âåí íîå ïåðåðàñïðåäåëåíèå ïîëÿ ýêâèâàëåíòíî åãî ïåðåíîñó â íàïðàâ -
ëåíèè ðîñòà ïëîòíîñòè ïëàçìû. Ïðè óñëîâèè ðàâíîðàñïðåäåëåíèÿ
ïëîò íîñòåé êèíåòè÷åñêîé ru2/2 è ìàãíèòíîé b2/8p ýíåðãèé ìåëêî ìàñ -
øòàáíûõ ïóëüñàöèé âûðàæåíèå äëÿ ýôôåêòèâíîé ñêîðîñòè ìàãíèòíîé 
íàêà÷êè ïðèîáðåòàåò âèä [2, 6] 

Ur » (1/6)t(b2/4pr2)Ñr » (1/6)tu2Ñr/r, (7)

ãäå t — õàðàêòåðíîå âðåìÿ òóðáóëåíòíûõ ïóëüñàöèé. ×òîáû ïîä÷åðê -
íóòü ðîëü ãðàäèåíòà ïëîòíîñòè ïëàçìû â âîçíèêíîâåíèè ýôôåêòà ìàã -
íèòíîé íàêà÷êè, ìû áóäåì íàçûâàòü åãî Ñr-ýôôåêòîì çàìàãíè÷åííîé
òóðáóëåíòíîé ïëàçìû [60].

Ïëîòíîñòü ñîëíå÷íîãî âåùåñòâà â ðàäèàëüíîì íàïðàâëåíèè îò ôî -
òî ñôåðíûõ ñëîåâ äî íèæíåãî îñíîâàíèÿ ÑÊÇ âîçðàñòàåò ïî÷òè íà
øåñòü ïîðÿäêîâ âåëè÷èíû. Ïîýòîìó çäåñü äîëæåí âîçíèêíóòü íàïðàâ -
ëåííûé âíèç èíòåíñèâíûé ìàãíèòíûé ïîòîê Ur. Äåéñòâèòåëüíî, ïðî -
âåäåííûå íàìè ðàñ÷åòû [60] äëÿ ôèçè÷åñêèõ ïàðàìåòðîâ èç ìîäåëè
ÑÊÇ [88] ïîêàçàëè, ÷òî âåëè÷èíà ñêîðîñòè íèñõîäÿùåé íàêà÷êè Ur èç -
ìåíÿåòñÿ â äèàïàçîíå îò 6×103 ñì/ñ âáëèçè ïîâåðõíîñòè (z » 20 òûñ. êì)
äî 2×103 ñì/ñ âîçëå äíà ÑÊÇ (z » 180 òûñ. êì). Òàêèì îáðàçîì, Ñr-ýô -
ôåêò â çîíå òóðáóëåíòíîé êîíâåêöèè, ïîäîáíî òóðáóëåíòíîìó äèà -
ìàã íå òèçìó â ãëóáîêèõ ñëîÿõ, èãðàåò ðîëü ìåõàíèçìà àíòèïëàâó÷åñòè.

Âðàùåíèå Ñîëíöà ïîðîæäàåò àíèçîòðîïèþ êîíâåêöèè, êîòîðàÿ
íà äåëÿåò Ñr-ýôôåêò íîâûìè ñâîéñòâàìè [47]. Âëèÿíèå âðàùåíèÿ ïðè -
âîäèò ê îòíîñèòåëüíîìó óâåëè÷åíèþ ìàñøòàáîâ êîíâåêòèâíûõ ïóëü -
ñàöèé âäîëü îñè âðàùåíèÿ. Ñòåïåíü âîçìóùåíèÿ êîíâåêöèè âðàùå -
íèåì îïðåäåëÿåòñÿ ÷èñëîì Êîðèîëèñà w = 2tW (îáðàòíîå ÷èñëî Ðîñ -
ñáè). Íàèáîëåå ñóùåñòâåííàÿ ìîäèôèêàöèÿ ïðîèñõîäèò ïðè óìåðåí -
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íîì âðàùåíèè ó äíà ÑÊÇ (w ~ 5). Ïðè ýòîì òðàíñôîðìàöèÿ Ñr-ýôôåê -
òà çàâèñèò îò óãëîâîãî ðàññòîÿíèÿ îò ïîëþñîâ. Åñëè ó ïîëþñîâ ãðà äè -
åíò ïëîòíîñòè Ñr îêàçûâàåòñÿ ïàðàëëåëüíûì îñè âðàùåíèÿ, òî ïî ìå -
ðå ïðèáëèæåíèè ê ñðåäíèì, à çàòåì è íèçêèì øèðîòàì, îí ïîñòå ïåííî
èçìåíÿåò ñâîå íàïðàâëåíèå, òàê ÷òî íà ýêâàòîðå âåêòîð Ñr ñòà íîâèòñÿ
ïåðïåíäèêóëÿðíûì ê îñè âðàùåíèÿ. Ïðè òàêèõ óñëîâèÿõ Ñr-ýô ôåêò ñ
ó÷åòîì âðàùåíèÿ îñóùåñòâëÿåò «ñåëåêöèþ ïîëåé», â ðåçóëüòàòå ÷åãî
òîðîèäàëüíûé è ïîëîèäàëüíûé ìàãíèòíûé êîìïî íåí òû ïåðåíîñÿòñÿ â 
ðàäèàëüíîì è ìåðèäèîíàëüíîì íàïðàâëåíèÿõ íå çàâèñèìî, ñ ðàçëè÷ -
íû ìè (ïî âåëè÷èíå è çíàêó) ñêîðîñòÿìè. Íàè áîëüøóþ àêòóàëüíîñòü
ïðèîáðåòàåò èññëåäîâàíèå ðàäèàëüíîãî ïåðå íî ñà òîðîèäàëüíîãî ïîëÿ
BT, ïîñêîëüêó âûõîä ýòîãî ïîëÿ íà ïî âåðõ íîñòü ïðèâîäèò ê ôîðìè ðî -
âà íèþ ñîëíå÷íûõ ïÿòåí. Îêàçàëîñü, ÷òî íàïðàâëåíèå (âíèç èëè ââåðõ)
è ñêîðîñòü ïåðåíîñà òîðîèäàëüíîãî ïîëÿ ñóùåñòâåííî çàâèñÿò îò ãëó -
áè íû z, ïîëÿðíîãî óãëà q è ÷èñëà Êî ðèîëèñà w [47, 60]: 

Urr
T (z, q, w) = 6Ur(z){j2[w(z)] – j1[w(z)]sin2q}. (8)

Ôóíêöèè ÷èñëà Êîðèîëèñà j1[w(z)] è j2[w(z)] îïèñûâàþò âëèÿíèå
âðàùåíèÿ íà òóðáóëåíòíóþ êîíâåêöèþ. Â çàâèñèìîñòè îò çíàêà ìíî -
æèòåëÿ {j2[w(z)] – j1[w(z)]sin2q} ìàãíèòíûé ïîòîê òîðîèäàëüíîãî ïî -
ëÿ ìîæåò áûòü íàïðàâëåí êàê âíèç (êîãäà ýòîò çíàê ïîëîæèòåëüíûé),
òàê è ââåðõ (êîãäà çíàê ìíîæèòåëÿ îòðèöàòåëüíûé).

Ñîãëàñíî äàííûì ãåëèîñåéñìîëîãè÷åñêèõ ýêñïåðèìåíòîâ [41, 83]
ïîëå óãëîâîé ñêîðîñòè W(r, q) â ÑÊÇ åñòåñòâåííî ðàçäåëåíî íà äîìåíû
áûñòðîãî è ìåäëåííîãî âðàùåíèÿ ñ ïðîòèâîïîëîæíûìè çíàêàìè ðàäè -
àëüíîãî ãðàäèåíòà óãëîâîé ñêîðîñòè. Â ïðèýêâàòîðèàëüíîì (íèçêî øè -
ðîòíîì, q* < 45°) äîìåíå áûñòðîãî âðàùåíèÿ óãëîâàÿ ñêîðîñòü â îñ -
íîâ íîì óìåíüøàåòñÿ ñ ãëóáèíîé (¶W/¶r > 0), òîãäà êàê â îêîëî ïî -
ëþñíûõ (âûñîêîøèðîòíûõ, q* > 45°) äîìåíàõ ìåäëåííîãî âðàùåíèÿ
îíà, íàîáîðîò, óâåëè÷èâàåòñÿ âíóòðü Ñîëíöà (¶W/¶r < 0) (çäåñü q* =
= 90°– q — ãåëèîøèðîòà). Äîñòîâåðíîñòü ýòîé êàðòèíû ðàñïðåäåëåíèÿ 
óãëîâîé ñêîðîñòè â ÑÊÇ áûëà ïîäòâåðæäåíà íåçàâèñèìûìè òåîðåòè -
÷åñêèìè ðàñ÷åòàìè íà îñíîâå ðåëàêñàöèîííîé ìîäåëè ìàãíèòíîãî
öèêëà [13]. Ïðè ðàñ÷åòàõ ÷èñëà Êîðèîëèñà w(z) è ôóíêöèé j1[w(z)] è
j2[w(z)] ìû âîñïîëüçîâàëèñü äàííûìè î ðàñïðåäåëåíèè óãëîâîé ñêî -
ðîñòè èç ðàáîòû [41]. Ðàñ÷åòû äëÿ ìîäåëè ÑÊÇ [88] ïîêàçàëè, ÷òî â
âûñîêîøèðîòíûõ ó÷àñòêàõ (q* > 45°) ñêîðîñòü ïåðåíîñà òîðîèäàëü -
íîãî ïîëÿ U r

T
r (z, q, w) ïî âñåé âåðòèêàëüíîé ïðîòÿæíîñòè êîíâåêòèâ -

íîé çîíû íàïðàâëåíà âíèç (ðèñ. 3). Â òî æå âðåìÿ â ïðèýêâàòîðèàëüíîì 
äîìåíå (q* < 45°) íàïðàâëåíèå ïåðåíîñà çàâèñèò îò ðàäèóñà: â âåðõíåé
÷àñòè ÑÊÇ ìàãíèòíûé Ñr-ïîòîê íàïðàâëåí òàêæå âíèç, îäíàêî â íèæ -
íåé ÷àñòè îí èçìåíÿåò íàïðàâëåíèå íà ïðîòèâîïîëîæíîå — ââåðõ. Ïî
ñó òè ýòî çíà÷èò, ÷òî ìû îáíàðóæèëè íà Ñîëíöå òðè îáëàñòè ñ ðàç -
ëè÷íûìè óñëîâèÿìè ðàäèàëüíîãî ïåðåíîñà òîðîèäàëüíîãî ïîëÿ
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âñëåä ñòâèå ðîòàöèîííîãî Ñr-ýôôåêòà. Ïåðâàÿ îáëàñòü, ãäå ïîëÿ ïå -
ðåíîñÿòñÿ âíèç, îõâàòûâàåò äâà îêîëîïîëþñíûõ äîìåíà (ïî îäíîìó â
êàæäîì ïîëóøàðèè). Âìåñòå ñ òåì ïðèýêâàòîðèàëüíûé äîìåí, ñîâïà -
äàþùèé ïî øèðîòå ñ «êîðîëåâñêîé çîíîé» ïÿòåí, ðàçäåëåí ïî ðàäèóñó
íà äâà ñëîÿ (íèæíèé è âåðõíèé), â êîòîðûõ ïîëÿ ïåðåíîñÿòñÿ â ðàçíûõ
íàïðàâëåíèÿõ — ñîîòâåòñòâåííî ââåðõ è âíèç. Ïðèíöèïèàëüíî âàæíî,
÷òî â íèæíåì ñëîå ïðèýêâàòîðèàëüíîãî äîìåíà íàïðàâëåíèå ìàãíèò -
íîãî Ñr-ïîòîêà ñîâïàäàåò ñ íàïðàâëåíèåì ìàãíèòíîé ïëàâó÷åñòè. Êàê 
áóäåò ïîêàçàíî íèæå, ýòî ñóùåñòâåííûì îáðàçîì îòîáðàçèòñÿ íà êàð -
òèíå ïåðåñòðîéêè ïîëåé. Äðóãèìè ñëîâàìè, èç ðèñ. 3 âèäíî, ÷òî â áîëü -
øåé ÷àñòè ÑÊÇ íàïðàâëåííûé âíèç ïåðåíîñ ïðîòèâîäåéñòâóåò ìàã íèò -
íîé ïëàâó÷åñòè. Îäíàêî â ãëóáîêèõ ñëîÿõ â ïðèýêâàòîðèàëüíîì äîìå -
íå (íà÷èíàÿ ñ ãåëèîøèðîòû q*» 45° ó äíà ÑÊÇ) ìàãíèòíûé ïîòîê, âû -
çâàííûé Ñr-ýôôåêòîì, ñòàíîâèòñÿ íàïðàâëåííûì ââåðõ. Ïîýòîìó
çäåñü Ñr-ýôôåêò ïîìîãàåò ìàãíèòíîìó âñïëûâàíèþ è, òàêèì îáðàçîì, 
ñïîñîáñòâóåò ïðîðûâó ñèëüíûõ ïîëåé ê ïîâåðõíîñòè, ãäå îíè íàáëþ -
äà þòñÿ êàê ñîëíå÷íûå ïÿòíà â «êîðîëåâñêîé çîíå».

Ïåðåñòðîéêà òîðîèäàëüíîãî ïîëÿ. Ïðîàíàëèçèðóåì òåïåðü êàð -
òè íó ïåðåíîñà òîðîèäàëüíîãî ïîëÿ (âîçáóæäàåìîãî W-ýôôåêòîì âîçëå 
äíà ÑÊÇ) âñëåäñòâèå êîìáèíèðîâàííîãî äåéñòâèÿ ìàãíèòíîé ïëàâó -
÷åñòè, òóðáóëåíòíîãî äèàìàãíåòèçìà è Ñr-ýôôåêòà (ðèñ. 4). 

Ðàññìîòðèì ñèòóàöèþ îòäåëüíî äëÿ ïðèïîëÿðíûõ (âûñîêîøèðîò -
íûõ) è ïðèýêâàòîðèàëüíîãî äîìåíîâ. Â íèæíåé ÷àñòè ïðèïîëÿðíûõ
ó÷àñòêîâ òóðáóëåíòíûé äèàìàãíåòèçì è Ñr-ýôôåêò âûòåñíÿþò ãîðè -
çîíòàëüíûå ìàãíèòíûå ïîëÿ â ãëóáèííûå ñëîè [60]. Äåéñòâóÿ ïðîòèâ
ìàãíèòíîé ïëàâó÷åñòè, îíè â çíà÷èòåëüíîé ìåðå íåéòðàëèçóþò âñïëû -
âàíèå ïîëåé. Èç óñëîâèÿ áàëàíñà ñêîðîñòåé êîíêóðèðóþùèõ ýôôåêòîâ

UB + ¯UD + Ū r
T
r  » 0 (9)

(çäåñü âåðòèêàëüíûå ñòðåëêè óêàçûâàþò íàïðàâëåíèå ïåðåíîñà) ìîæ -
íî îïðåäåëèòü âåëè÷èíó ðàâíîâåñíîãî ìàãíèòíîãî ïîëÿ, çàáëîêèðî -
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Ðèñ. 3. Ìåðèäèîíàëüíûé ðàçðåç ÑÊ3, êî -
òî ðûé äåìîíñòðèðóåò ðàñïðåäåëåíèå ðà -
äèàëü íîé ñêîðîñòè ïåðåíîñà òîðîèäàëü -
íî ãî ìàã íèò íîãî ïîëÿ U r

T
r (z, q, w) ïî ãëó -

áèíå z è êî øè ðîòå q (÷èñëî Êîðèîëèñà w
èçìåíÿåòñÿ â äèà ïà çîíå îò åäèíèöû â ïî -
âåðõíîñòíûõ ñëî ÿõ äî ïÿòè âáëèçè äíà
ÑÊÇ). Ñòðåëêè ïîêàçûâàþò íàïðàâëåíèå
ïå ðåíîñà, ñêî ðîñòü êîòîðîãî èç ìå íÿåòñÿ
ïðè ìåðíî îò 100...300 cì/ñ âáëèçè äíà
ÑÊÇ äî 104 cì/ñ â ïîâåðõíîñòíûõ ñëîÿõ
[60]. Øòðèõîâàÿ êðèâàÿ îòâå÷àåò ëèíèè
íó ëå âîé ñêîðîñòè U r

T
r (z, q, w) = 0, ãäå ïðî -

èñõîäèò èçìåíåíèå íàïðàâëåíèÿ ïåðåíîñà



âàí íîãî âáëèçè äíà ÑÊÇ:

B0 » (UD + U r
T
r ) (4pr)1/2. (10)

Äëÿ ôèçè÷åñêèõ óñëîâèé íà ãëóáèíå z » 180 òèñ. êì (r » 0.2 ã/ñì3

[88], ¯UD » 1.7×103 ñì/ñ [60], Ū r
T
r  » 100 ñì/ñ [60]) ïîëó÷àåì îöåíêó

çàáëîêèðîâàííîãî ïîëÿ B0 » 0.29...0.3 Òë. 
Òàêèì îáðàçîì, â âûñîêîøè ðîòíûõ äîìåíàõ â ãëóáèííûõ ñëîÿõ

äâà ýôôåêòà àíòèïëàâó÷åñòè ñïî ñîá íû íåéòðàëèçîâàòü âñïëûâàíèå
äî ñòàòî÷íî èíòåíñèâíûõ ïîëåé, â ðåçóëüòàòå ÷åãî âáëèçè òàõîêëèíà
äîë æåí ôîðìèðîâàòüñÿ ìàãíèòíûé ñëîé ìîùíîãî òîðîèäàëüíîãî ïî -
ëÿ. Î÷åâèäíî, èìåííî èç-çà äâóõ ýô ôåêòîâ àíòèïëàâó÷åñòè óêîðåíèâ -
øèå ñÿ â ýòîì ñëîå ñèëüíûå ãëóáèí íûå ïðèïîëÿðíûå òîðîèäàëüíûå
ïî ëÿ íå ìîãóò ïðîðâàòüñÿ ê ïîâåðõ íîñòè, ÷òîáû íàáëþäàòüñÿ íà âûñî -
êèõ øèðîòàõ â âèäå ñîëíå÷íûõ ïÿ òåí.

Â òî æå âðåìÿ ñîâñåì äðóãàÿ êàðòèíà òðàíñïîðòèðîâêè òîðîèäàëü -
íîãî ïîëÿ ñîçäàåòñÿ â ïðèýêâàòîðèàëüíîì äîìåíå (q* = 0...45°). Êàê
âèäíî èç ðèñ. 3 è 4, çäåñü ìàãíèòíûé Ñr-ïîòîê â ãëóáîêèõ ñëîÿõ, êàê è
ìàãíèòíàÿ ïëàâó÷åñòü, íàïðàâëåí ââåðõ, ïîýòîìó óñëîâèå áàëàíñà ïî -
ëåé ïðèîáðåòàåò íîâûé âèä, îòëè÷íûé îò óñëîâèÿ (10):

UB + ¯UD + Urr
T  » 0. (11)
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Ðèñ. 4. Ñõåìà òóðáóëåíòíîé ïåðåñòðîéêè òîðîèäàëüíîãî ìàãíèòíîãî ïîëÿ â ÑÊÇ: à —
ìåðèäèîíàëüíàÿ öèðêóëÿöèÿ (çàìêíóòûå ëèíèè ñî ñòðåëêàìè), çàõâàòûâàþùàÿ ãëóáèííûå
ñëîè íèæå òàõîêëèíà, ìàãíèòíàÿ ïëàâó÷åñòü (äëèííûå ñâåòëûå ñòðåëêè) è ñëîé ðàäèàëüíîãî
W-ýôôåêòà (çàøòðèõîâàííûé ó÷àñòîê) âáëèçè äíà ÑÊÇ; á — ìåðèäèîíàëüíûé ïåðåíîñ
(çíà÷êè Ü) çàáëîêèðîâàííîãî âîçëå ïîëþñîâ ãëóáèííîãî òîðîèäàëüíîãî ïîëÿ (çàøòðè õî âàí -
íûé ó÷àñòîê) èç âûñîêîøèðîòíûõ îáëàñòåé â ïðèýêâàòîðèàëüíûé äîìåí âñëåäñòâèå ãëóáèí -
íîãî ïîëîèäàëüíîãî òå÷åíèÿ; äâå íàïðàâëåííûå ê ïîâåðõíîñòè âîëíû òîðîèäàëüíîãî ïîëÿ
(ëî ìàíûå ñòðåëêè), îáóñëîâëåííûå êîìáèíèðîâàííûì äåéñòâèåì ìàãíèòíîé ïëàâó ÷åñòè
(äëèííûå ñâåòëûå ñòðåëêè), ìàêðîñêîïè÷åñêîãî òóðáóëåíòíîãî äèàìàãíåòèçìà (êîðîò êèå
÷åð íûå ñòðåëêè) è Ñr-ïåðåíîñà ìàãíèòíîãî ïîëÿ (êîðîòêèå ñâåòëûå ñòðåëêè), âû çû âà þùèå â
«êîðîëåâñêîé çîíå» ñîëíå÷íûõ ïÿòåí ñäâèíóòûå âî âðåìåíè íà 1-2 ãîäà ïåðâûé è âòîðîé
ìàêñèìóìû ïÿòåí



Èìåííî ýòîò íàïðàâëåííûé ââåðõ ìàãíèòíûé Ñr-ïîòîê (Urr
T  ³

³ 100 ñì/ñ äëÿ ãåëèîøèðîòû q* » 20°) ïîìîãàåò ìàãíèòíîé ïëàâó÷åñòè
(UB » 1.6×103 ñì/ñ) íåéòðàëèçîâàòü òóðáóëåíòíûé äèàìàãíåòèçì
(¯UD » 1.7×103 ñì/ñ). Ïî ñóòè Ñr-ïîòîê ñëóæèò òðèããåðíûì ìåõàíèç -
ìîì, êî òîðûé â ïðèýêâàòîðèàëüíîì äîìåíå çàïóñêàåò ïðîöåññ ïîäúå -
ìà ñèëüíûõ ãëóáèííûõ ïîëåé ê ïîâåðõíîñòè. Â ýòîì ñëó÷àå âåëè÷èíà
çàáëîêèðîâàííîãî ïîëÿ îïðåäåëÿåòñÿ âûðàæåíèåì

B0 » (UD – Urr
T ) (4pr)1/2. (12)

è îêàçûâàåòñÿ çàìåòíî ìåíüøåé (B0 » 0.25 Òë), ÷åì â ïðèïîëÿðíîì äî -
ìåíå. Ïîýòîìó ñèëüíûå òîðîèäàëüíûå ïîëÿ âåëè÷èíîé áîëåå 0.25 Òë
äîëæíû äîñòàòî÷íî áûñòðî ïåðåíîñèòüñÿ ââåðõ (ðàñ÷åòû âðåìåíè
ïîä úåìà ïîëåé ñì. íèæå). Ìàêñèìàëüíàÿ ãåëèîøèðîòà âáëèçè äíà
ÑÊÇ, ãäå Ñr-ýôôåêò ñïîñîáñòâóåò âñïëûòèþ ïîëåé, ñîîòâåòñòâóåò âå -
ëè ÷èíå q* » 45° (ñì. ðèñ. 3), êîòîðàÿ ñîâïàäàåò ñ øèðîòîé ïîëÿðíîé
ãðàíèöû «êîðîëåâñêîé çîíû».

Ðàññìîòðèì òåïåðü, ÷òî ïðîèñõîäèò â âåðõíèõ ñëîÿõ ïðèýêâà òî ðè -
àëüíîãî äîìåíà. Çäåñü òóðáóëåíòíûé äèàìàãíåòèçì è Ñr-ýôôåêò èç -
ìå íÿ þò ñâîè çíàêè íà ïðîòèâîïîëîæíûå. Íàïîìíèì, ÷òî â âåðõíåé
÷àñòè ÑÊÇ âûøå ãëóáèíû z » 130 òûñ. êì ïðè ðàñ÷åòàõ ñëåäóåò ïðè -
íèìàòü âî âíèìàíèå ñêîðîñòü êèíåìàòè÷åñêîãî äèàìàãíèòíîãî ïåðå -
íîñà Um. Ïîýòîìó íîâîå óñëîâèå áàëàíñà ïîëåé ïðèîáðåòàåò âèä 

UB + Um + ¯Urr
T  » 0. (13)

Ðàñ÷åòû ïîêàçàëè, ÷òî çäåñü íèçêàÿ ïëîòíîñòü âåùåñòâà ïðèâîäèò
ê î÷åíü âûñîêîé ñêîðîñòè ìàãíèòíîãî âñïëûâàíèÿ ïîëåé âåëè÷èíîé
îêîëî 0.25 Òë: UB » 4×103 ñì/ñ. Ýòà ñêîðîñòü çíà÷èòåëüíî ïðåâûøàåò
ïðèìåðíî ðàâíûå ïî âåëè÷èíå ñêîðîñòè äâóõ äðóãèõ ýôôåêòîâ ìàã -
íèò íîãî ïåðåíîñà (Um » 500 ñì/ñ, Ūrr

T  » 500 ñì/ñ), êîòîðûå íåéò -

ðàëèçóþò äðóã äðóãà. Â êîíå÷íîì èòîãå â âåðõíåé ÷àñòè ÑÊÇ ïðèýê -
âàòîðèàëüíîãî äîìåíà îñíîâíóþ ðîëü â òðàíñïîðòèðîâêå ïîëåé ê ïî -
âåðõíîñòè èãðàåò ìàãíèòíàÿ ïëàâó÷åñòü.

Ðàñ÷åò ìàêñèìóìîâ äâóõâåðøèííûõ öèêëîâ. Íàèáîëåå áëàãî -
ïðè ÿòíûì ìåñòîì äëÿ ãåíåðàöèè òîðîèäàëüíîãî ïîëÿ âñëåäñòâèå
W-ýô ôåêòà ñëóæàò ãëóáèííûå ñëîè âáëèçè äíà ÑÊÇ, ïîñêîëüêó çäåñü
ïëîòíîñòü êèíåòè÷åñêîé ýíåðãèè äèôôåðåíöèàëüíîãî âðàùåíèÿ çíà -
÷è òåëüíî ïðåâûøàåò ïëîòíîñòü ìàãíèòíîé ýíåðãèè. Êðîìå òîãî, â ãëó -
áèííûõ ñëîÿõ ïëîòíîñòü âåùåñòâà èìååò íàèáîëüøåå çíà÷åíèå â ÑÊÇ,
ïîýòîìó çäåñü ñêîðîñòü ìàãíèòíîãî âñïëûâàíèÿ UB » B/(4pr)1/2, ãåíå -
ðèðóåìîãî âíà÷àëå öèêëà ðàäèàëüíûì äèôôåðåíöèàëüíûì âðàùå íè -
åì, îêàçûâàåòñÿ íåäîñòàòî÷íîé, ÷òîáû áûñòðî ýâàêóèðîâàòü ïîëå èç
çîíû ãåíåðàöèè. Â ðåçóëüòàòå, ïðåæäå ÷åì ïëàâó÷åñòü ïî ìåðå íàðà -
ñòàíèÿ âåëè÷èíû ìàãíèòíîé èíäóêöèè âñòóïèò â äåéñòâèå, çäåñü
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âñëåä ñòâèå ðàäèàëüíîãî W-ýôôåêòà óñïåâàåò ñãåíåðèðîâàòüñÿ äîâîëü -
íî ìîùíîå ïîëå. 

Õàðàêòåð ïîñëåäóþùåé òðàíñïîðòèðîâêè ñãåíåðèðîâàííîãî ãëó -
áèííîãî ïîëÿ ê ïîâåðõíîñòè çàâèñèò îò ãåëèîøèðîòû (ñì. ðèñ. 4). Êàê
ïîêàçàíî âûøå, â âûñîêîøèðîòíûõ äîìåíàõ ãëóáèííûå ïîëÿ (0.29...
0.3 Òë) çàáëîêèðîâàíû âáëèçè äíà ÑÊÇ íàïðàâëåííûìè âíèç äâóìÿ
ýôôåêòàìè àíòèïëàâó÷åñòè: òóðáóëåíòíûì äèàìàãíåòèçìîì è ìàã -
íèò íîé Ñr-íàêà÷êîé. 

Â òî æå âðåìÿ â ãëóáîêèõ ñëîÿõ ïðèýêâàòîðèàëüíîãî äîìåíà äâà
íà ïðàâëåííûå ââåðõ ìàãíèòíûå ïîòîêè (ïàðêåðîâñêàÿ ïëàâó÷åñòü è
ìàã íèòíûé Ñr-ïîòîê) ïðåîáëàäàþò íàä òóðáóëåíòíûì äèàìàãíå òèç -
ìîì è îáåñïå÷èâàþò òåì ñàìûì äîñòàòî÷íî áûñòðûé âûíîñ ñèëüíûõ
ãëó áèííûõ ïîëåé íà ïîâåðõíîñòü. Ïðîäåìîíñòðèðóåì ýòî íà ïðèìåðå
ïîëÿ âåëè÷èíîé 0.25 Òë, äëÿ êîòîðîãî âåëè÷èíà ñêîðîñòè ïàðêåðîâ ñ -
êîãî âñïëûòèÿ UB ó äíà ÑÊÇ ñîñòàâëÿåò 1.6×103 ñì/ñ. Ñêîðîñòè äâóõ
äðó ãèõ ìàãíèòíûõ ïîòîêîâ ñîãëàñíî íàøèì ðàñ÷åòàì èìåþò çäåñü
ñëåäóþùèå çíà÷åíèÿ: Urr

T  ³ 100 ñì/ñ (äëÿ q* » 20°), ̄ UD » 1.7×103 ñì/ñ. 

Ïðè òàêèõ óñëîâèÿõ âðåìÿ t1 íàïðàâëåííîãî ââåðõ ðàäèàëüíîãî ïåðå -
íîñà ïîëÿ âåëè÷èíîé 0.25 Òë îò äíà ÑÊÇ (z0 » 180 òûñ. êì) äî ñëîÿ íà
ãëóáèíå z1 » 80 òûñ. êì (ãäå ïðîèñõîäèò èçìåíåíèå íàïðàâëåíèÿ ìàã -
íèòíîãî Ñr-ïîòîêà) â ðàäèàëüíîé ïëîñêîñòè q* » 20° ñîñòàâëÿåò 

t r1 0 1
73 10» - + - » ×( ) / ( )z z U U UB r

T
D  ñ » 1 ãîä.

Ïðîàíàëèçèðóåì òåïåðü ñèòóàöèþ â âåðõíåé ÷àñòè ïðèýêâàòî ðè -
àëü íîãî äîìåíà. Çäåñü òóðáóëåíòíûé äèàìàãíåòèçì è Ñr-ýôôåêò
ïðàê òè÷åñêè êîìïåíñèðóþò äðóã äðóãà (Um » 500 ñì/ñ, Ūrr

T  »

» 500 ñì/ñ). Â ðåçóëüòàòå âûñîêàÿ ñêîðîñòü ìàãíèòíîé ïëàâó÷åñòè â
ýòîì ñëîå ïðèâîäèò ê î÷åíü áûñòðîìó ïîäúåìó ïîëÿ íà ïîâåðõíîñòü.
Ðàññ÷èòàííîå âðåìÿ t2 òðàíñïîðòèðîâêè ïîëÿ âåëè÷èíîé 0.25 Òë èç
ãëóáèíû z1 » 80 òûñ. êì, ãäå UB » 4×103 ñì/ñ, ê ïîâåðõíîñòè (z2 » 0 êì)
îêàçûâàåòñÿ äîâîëüíî êîðîòêèì: t2 » (z1 – z2)/(UB + Um – Urr

T ) » 3.2×106 ñ

(» 1 ìåñ.). 
Â ðåçóëüòàòå îáùåå âðåìÿ âûíîñà òîðîèäàëüíîãî ïîëÿ t = t1 + t2 îò

äíà ÑÊÇ íà ïîâåðõíîñòü îïðåäåëÿåòñÿ â îñíîâíîì âðåìåíåì t1 è ñî -
ñòàâëÿåò îêîëî îäíîãî ãîäà. 

Èòàê, â òå÷åíèå ôàçû íàðàñòàíèÿ öèêëà ãëóáèííûå òîðîèäàëüíûå
ïîëÿ, ñãåíåðèðîâàííûå ðàäèàëüíûì W-ýôôåêòîì, â ïðèýêâàòîðèàëü -
íîì äîìåíå áëàãîäàðÿ êîìáèíèðîâàííîìó äåéñòâèþ ìàãíèòíîé ïëà -
âó ÷åñòè è äâóõ òóðáóëåíòíûõ ýôôåêòîâ ïåðåñòðîéêè ìàãíåòèçìà
òðàíñïîðòèðóþòñÿ ê ïîâåðõíîñòè, ãäå ÷åðåç îòíîñèòåëüíî êîðîòêîå
âðå ìÿ (îêîëî ãîäà) íàáëþäàþòñÿ íà ôîòîñôåðíîì óðîâíå â âèäå ïÿòåí
â øèðîòíîé ïîëîñå (Dq* » 45...20°) «êîðîëåâñêîé çîíû». Ýòà ïåðâàÿ
íàïðàâëåííàÿ ââåðõ âîëíà òîðîèäàëüíîãî ïîëÿ îòâåòñòâåííà çà îñíîâ -
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íîé ìàêñèìóì ïÿòíîîáðàçîâàíèÿ. Âìåñòå ñ òåì â ïðèïîëÿðíûõ äîìå -
íàõ äâà íàïðàâëåííûå âíèç ýôôåêòû ìàãíèòíîãî ïåðåíîñà (òóðáóëåíò -
íûé äèàìàãíåòèçì è ìàãíèòíûé Ñr-ïîòîê) ïðèâîäÿò ê îáðàçîâàíèþ
ñëîÿ ìîùíîãî ìàãíèòíîãî ïîëÿ âáëèçè äíà ÑÊÇ. Çàáëîêèðîâàííûå â
ýòîì ñëîå ñèëüíûå òîðîèäàëüíûå ïîëÿ áëàãîäàðÿ íàïðàâëåííîìó ê ýê -
âà òîðó ãëóáèííîìó ìåðèäèîíàëüíîìó òå÷åíèþ ïåðåíîñÿòñÿ èç ó÷àñò -
êîâ ïîëÿðíûõ øèðîò ê ñðåäíèì, à çàòåì è íèçêèì øèðîòàì. Åñëè äëÿ
ñêî ðîñòè ãëóáèííîãî ìåðèäèîíàëüíîãî òå÷åíèÿ ó äíà ÑÊÇ (r »
» 5×1010 ñì) âçÿòü âåëè÷èíó U M

deep( )  » 3...5 ì/ñ [28, 38], òî õàðàêòåðíîå

âðåìÿ ìèãðàöèè ïîëÿ îò øèðîòû q1
* = 70° äî øèðîòû q 2

* = 15° ñîñòàâ -

ëÿ åò tM » r(Dq*/360°)/U M
deep( )  » 1...2 ãîäà. Â íèçêîøèðîòíûõ ó÷àñòêàõ

ýòè «îïîçäàâøèå» ïîëÿ òðàíñïîðòèðóþòñÿ ââåðõ — âòîðîé ïðèòîê òî -
ðî è äàëüíîãî ïîëÿ ê ïîâåðõíîñòè. Â ðåçóëüòàòå èíòåíñèâíîñòü ïÿòíî -
îá ðàçîâàíèÿ, êîòîðàÿ ê ýòîìó âðåìåíè ïîøëà íà ñïàä (ïîñêîëüêó îñ -
íîâ íàÿ ÷àñòü ôðàãìåíòîâ ïåðâîé âîëíû ñèëüíîãî òîðîèäàëüíîãî ïîëÿ
óæå óñïåëà âûéòè íà ïîâåðõíîñòü ðàíüøå íà áîëåå âûñîêèõ øèðîòàõ),
ñíî âà âîçðàñòàåò, òàê êàê òåïåðü íàñòóïèëà î÷åðåäü ïîäúåìà «çàïîç äà -
ëûõ» ïîëåé. Íà íàø âçãëÿä, èìåííî ýòà «âòîðàÿ ïîðöèÿ» ãëóáèííûõ
òî ðîèäàëüíûõ ïîëåé, êîòîðàÿ áëàãîäàðÿ ìåðèäèîíàëüíîé öèðêóëÿöèè 
ñ îïîçäàíèåì ïîñòóïàåò â ïðèýêâàòîðèàëüíûé äîìåí èç ïîëÿðíûõ ó÷à -
ñò êîâ, à çàòåì âûíîñèòñÿ íà ïîâåðõíîñòü íà íèçêèõ øèðîòàõ, âûçû âàåò 
ïîâòîðíûé ìàêñèìóì ñîëíå÷íîé àêòèâíîñòè. Ðàçðàáîòàííûé íàìè
ñöå íàðèé ñîãëàñóåòñÿ ñ ïðåäïîëîæåíèåì Ì. Êîïåöêîãî è Ã. Êóêëèíà
[52] î òîì, ÷òî âòîðè÷íûé ìàêñèìóì ñâÿçàí ñ âîçðàñòàíèåì äîëè ìîù -
íûõ äîëãîæèâóùèõ ãðóïï ïÿòåí (èìåþùèõ áîëüøóþ ïëîùàäü) ïðè
íå ïðåðûâíîì ýêâàòîðèàëüíîì äðåéôå çîíû ïÿòíîîáðàçîâàíèÿ. 

Âûâîäû. Äëÿ îáúÿñíåíèÿ íàáëþäàåìîãî ÿâëåíèÿ äâîéíîãî ìàêñè -
ìó ìà öèêëà ïÿòíîîáðàçîâàíèÿ ìû ðàçðàáîòàëè ñöåíàðèé ïåðåñòðîéêè
ãëóáèííîãî òîðîèäàëüíîãî ïîëÿ, âêëþ÷àþùèé ãåíåðàöèþ ìàãíèòíîãî 
ïîëÿ âîçëå äíà ÑÊÇ è åãî ïîñëåäóþùèé âûíîñ èç ãëóáîêèõ ñëîåâ íà
ïîâåðõíîñòü â «êîðîëåâñêîé çîíå». Â ïåðåñòðîéêå ïðèíèìàþò ó÷àñòèå 
ïÿòü ïðîöåññîâ: ðàäèàëüíûé W-ýôôåêò, ìàãíèòíàÿ ïëàâó÷åñòü, ìàêðî -
ñêî ïè÷åñêèé òóðáóëåíòíûé äèàìàãíåòèçì, ðîòàöèîííûé Ñr-ýôôåêò è 
ìå ðèäèîíàëüíàÿ öèðêóëÿöèÿ. Óñòàíîâëåíî, ÷òî ïåðåñòðîéêà ìàãíå -
òèç ìà â âûñîêîøèðîòíûõ è ïðèýêâàòîðèàëüíîì äîìåíàõ ÑÊÇ ïðîèñ -
õî äèò â ðàçëè÷íûõ ðåæèìàõ. Êëþ÷åâóþ ðîëü â ïðåäëîæåííîé ñõåìå
èã ðàþò äâà ïðèëèâà ãëóáèííûõ ñèëüíûõ òîðîèäàëüíûõ ïîëåé îò íèæ -
íå ãî îñíîâàíèÿ ÑÊÇ ê ïîâåðõíîñòè â ïðèýêâàòîðèàëüíîì äîìåíå. Â
íà ÷àëå î÷åðåäíîãî öèêëà ãëóáèííîå ðàäèàëüíîå äèôôåðåíöèàëüíîå
âðà ùåíèå, äåéñòâóÿ íà ïîëîèäàëüíîå ïîëå ïðåäûäóùåãî öèêëà, ãåíå -
ðè ðóåò âîçëå äíà ÑÊÇ ñèëüíîå òîðîèäàëüíîå ïîëå. Áëàãîäàðÿ êîìáè -
íè ðîâàííîìó äåéñòâèþ â ïðèýêâàòîðèàëüíîì äîìåíå ìàãíèòíîé ïëà -
âó ÷åñòè, òóðáóëåíòíîãî äèàìàãíåòèçìà è ðîòàöèîííîãî Ñr-ýôôåêòà
òî ðîèäàëüíîå ïîëå òðàíñïîðòèðóåòñÿ ê ïîâåðõíîñòè, ãäå åãî ôðàã ìåí -
òû ÷åðåç íåêîòîðîå âðåìÿ ìîæíî íàáëþäàòü â âèäå áè ïî ëÿð íûõ ãðóïï
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ïÿ òåí íà ñðåäíèõ øèðîòàõ «êîðîëåâñêîé çîíû». Ýòà íàïðàâëåííàÿ
ââåðõ ïåðâàÿ âîëíà òîðîèäàëüíûõ ïîëåé îòâåòñòâåííà çà îñíîâíîé
ìàê ñè ìóì àêòèâíîñòè ïÿòíîîáðàçîâàíèÿ. Â òî æå âðåìÿ â âûñîêî øè -
ðîò íûõ ïîëÿðíûõ äîìåíàõ ãëóáèííûå òîðîèäàëüíûå ïîëÿ â íà÷àëå
öèê ëà îêàçûâàþòñÿ çàáëîêèðîâàííûìè îêîëî äíà ÑÊÇ íàïðàâ ëåí íû -
ìè âíèç òóðáóëåíòíûì äèàìàãíåòèçìîì è ìàãíèòíîé Ñr-íàêà÷êîé
(íåéò ðàëèçóþùèìè ìàãíèòíîå âñïëûâàíèå ïîëåé). Òîëüêî ÷åðåç 1-2
ãî äà, êîãäà íàïðàâëåííîå ê ýêâàòîðó ãëóáèííîå ìåðèäèîíàëüíîå òå÷å -
íèå âûòåñíèò ýòè ïîëÿ â íèçêîøèðîòíûå ó÷àñòêè ïðèýêâàòîðèàëüíîãî
äîìåíà (ãäå åñòü áëàãîïðèÿòíûå óñëîâèÿ äëÿ èõ âñïëûòèÿ, ïîñêîëüêó
çäåñü ìàãíèòíûé Ñr-ïîòîê íàïðàâëåí ââåðõ), íàñòóïàåò î÷åðåäü ïîä ú -
å ìà «çàïîçäàëûõ» ïîëåé (âòîðîé ïðèòîê òîðîèäàëüíûõ ïîëåé). Ïðî -
ðû âàÿñü íà ïîâåðõíîñòü íà íåñêîëüêî áîëåå íèçêèõ øèðîòàõ, âòîðàÿ
ïîð öèÿ âñïëûâàíèÿ çàäåðæàííûõ âî âðåìåíè òîðîèäàëüíûõ ïîëåé
ïðè âî äèò ê ïîâòîðíîìó ìàêñèìóìó ñîëíå÷íûõ ïÿòåí. 
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