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Â áåçâèõðåâîì ìàãíèòíîì ïîëå, óðàâíåíèå äâèæåíèÿ âåäóùåãî öåíòðà â ïëîñêîñòè
ýêâàòîðà ïåðåìåííîãî àêñèàëüíîãî ìàãíèòíîãî ïîëÿ (øèðîòà λ = 0, vII = 0)èìååò âèä
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/
B, ~e2, ~e3� åäèíè÷íûå âåêòîðû, íàïðàâëåííûå âäîëü ïîëÿ ~B, ãëàâíîé íîðìàëè

è áèíîðìàëè ê ñèëîâîé ëèíèè, ñîîòâåòñòâóþùèå êðèâîëèíåéíûì êîîðäèíàòàì Õ1,Õ2,Õ3

(êîîðäèíàòà Õ1ñîâïàäàåò ñ ñèëîâîé ëèíèåé) [1]; v ≡ v⊥ � ïîëíàÿ ñêîðîñòü ÷àñòèöû, Â
è Å � ìàãíèòíîå è ýëåêòðè÷åñêîé ïîëå, ωë � ëàðìîðîâñêàÿ ÷àñòîòà. Â (1) ó÷òåíî, ÷òî
åñëè rot ~B = 0, òî (1/rêð)=k/r, k � íåêîòîðûé êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè ìåæäó
ðàäèóñ-âåêòîðîì r è êðèâèçíîé ñèëîâîé ëèíèè rêð. Â àêñèàëüíîì ïîëå è â öèëèíäðè÷åñêîé
ñèñòåìå êîîðäèíàò èç (1) äëÿ ñîîòâåòñòâóþùèõ ñêîðîñòåé ïî êîîðäèíàòàì φ è r èìååì
(µ=mv2

⊥/2H � ïåðâûé àäèàáàòè÷åñêèé èíâàðèàíò)

Uφ = cµ/erêð, Ur = dr/dt = cE/B. (2)

Èç ïåðâîãî ñîîòíîøåíèÿ (2) ïîëó÷àåì

rUφ = (c/e)kµ = const (3)

ñ òî÷íîñòüþ äðåéôîâîãî ïðèáëèæåíèÿ (µ=const).
Ëàãðàíæèàí çàðÿæåííîé ÷àñòèöû, äâèãàþùåéñÿ â ïëîñêîñòè ýêâàòîðà àêñèàëüíîãî

ìàãíèòíîãî ïîëÿ, ñ òîé ñòåïåíüþ òî÷íîñòè, ñ êîòîðîé ìîæíî îòäåëèòü äðåéôîâîå äâèæåíèå
îò ëàðìîðîâñêîãî âðàùåíèÿ, â öèëèíäðè÷åñêîé ñèñòåìå êîîðäèíàò èìååò âèä

L = mU2
φ/2 +mU2

r /2 + (e/c)rAφ. (4)

Íà îñíîâå (4) è óðàâíåíèÿ Ëàãðàíæà äëÿ îáîáùåííîãî èìïóëüñà ÷àñòèöû Ðφ â äðåé-
ôîâîì ïðèáëèæåíèè ïîëó÷èì (Ur 6=0)

Pφ = mrUφ + (e/c)rAφ. (5)

Ó÷èòûâàÿ, ÷òî ñïðàâåäëèâî (3), ïîëó÷àåì

rAφ = const (6)

ñ òî÷íîñòüþ µ=const. Ïîñêîëüêó â ïëîñêîñòè ýêâàòîðà àêñèàëüíîãî ïîëÿ Aφ ∼rB, òî
èç ïîñëåäíåãî âûðàæåíèÿ ñëåäóåò

r2B = const (7)

Ñëåäîâàòåëüíî, ïîìèìî âûðàæåíèÿ (6), ïðîïîðöèîíàëüíîãî ïîòîêó Ô ∼RAφ, ñîõðàíÿ-
åòñÿ è âûðàæåíèå (7). Èç ÿâíîãî âèäà ïåðâîãî àäèàáàòè÷åñêîãî è èíâàðèàíòà (µ=mv2

⊥/2Â)
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= const âûðàçèì çíà÷åíèå ìàãíèòíîãî ïîëÿ B è ïîäñòàâèì â (7). Ïîëó÷èì (v ≡ v⊥)
er2mv2/2cµ = const èëè

rv = const (8)

Ò.ê. µ ∼(v2/B)∼T/B, ãäå Ò � òåìïåðàòóðà ÷àñòèö, òî (8) ìîæíî ïðåäñòàâèòü â âèäå

r2T = const (9)

Âûðàæåíèÿ (1)�(9) çàïèñàíû для текущих значений радиуса r, ïîëåé Â, Å è ýíåðãèè
v2 ≡ v2

⊥ ïðè óñëîâèè, ÷òî âîçìóùåííîå ìàãíèòíîå ïîëå îñòà¼òñÿ àêñèàëüíûì.
Îïðåäåëèì ñìåùåíèå ÷àñòèöû ïî r â ðåçóëüòàòå èçìåíåíèÿ ìàãíèòíîãî ïîëÿ çà ñ÷åò

ñèììåòðè÷íîé êîìïîíåíòû êîëüöåâîãî òîêà, ïðîïîðöèîíàëüíîé Dst-âàðèàöèè (ñì. ôîðì.
(2)), âîñïîëüçîâàâøèñü ðåçóëüòàòàìè ðàáîòû [1]. Áóäåì ïîëàãàòü, ÷òî âëèÿíèå ÊÒ íà
äèïîëüíîå ïîëå Çåìëè çàâèñèò òîëüêî îò âðåìåíè, à àñèììåòðèÿ ïîëÿ è åãî ðàäèàëü-
íàÿ çàâèñèìîñòè îòñóòñòâóþò. Ïóñòü E � âèõðåâîå ýëåêòðè÷åñêîå ïîëå, êîòîðîå, ñîãëàñíî
óðàâíåíèþ Ìàêñâåëëà, ïîÿâëÿåòñÿ èç-çà èçìåíåíèÿ ìàãíèòíîãî ïîëÿ: crotE= �∂B/∂t =
�dBdst/dt. Â ýêâàòîðèàëüíîé ïëîñêîñòè ïîëå Е è ïîëå B èìåþò ïî îäíîé êîìïîíåíòå â
öèëèíäðè÷åñêîé ñèñòåìå êîîðäèíàò (r, ϕ, z), â êîòîðîé îñü z íàïðàâëåíà âäîëü îñè äèïî-
ëÿ E=(0,Eφ(r,t),0) è B=(0,0,Bz(r,t)), ãäå Bz(r,t)=Be(r,t)·(re/r)3, Be � ñòàöèîíàðíîå ïîëå íà
ïîâåðõíîñòè Çåìëè. Âûðàçèâ èç óðàâíåíèÿ Ìàêñâåëëà ïîëå Eφ è ïîäñòàâèâ åãî çíà÷åíèå
âî âòîðîå óðàâíåíèå äëÿ ðàäèàëüíîãî äðåéôà Ur, ïîëó÷èì ñâÿçü ìåæäó çíà÷åíèåì Bdst�
âàðèàöèåé è ðàäèóñ-âåêòîðîì ÷àñòèöû, íà êîòîðûé îíà ñìåñòèòñÿ îòíîñèòåëüíî ñâîåãî
íà÷àëüíîãî ïîëîæåíèÿ rin â ìîìåíò íà÷àëà áóðè (t=0) [2],

Bdst = 2Be(re/r)
3(1−−r/rin) (10)

ãäå rin - ïåðâîíà÷àëüíûé ðàäèóñ äðåéôîâîé îáîëî÷êè ïðîòîíà ïðè Bin=Be·(re/rin)3,
èëè, ðàçðåøèâ (10) îòíîñèòåëüíî rin, ïîëó÷èì

rin = r/[1−−(Bdst/2Be)(r/re)
3] (11)

Ïåðåïèøåì ðåøåíèå (10) êàê

−2πBer
3
e/r + πr2Bdst = −2πBer

3
e/rin (12)

è, ïîñêîëüêó ïîòîê äèïîëüíîé ñîñòàâëÿþùåé ìàãíèòíîãî ïîëÿ ÷åðåç äðåéôîâóþ îáî-
ëî÷êó èìååò âèä

Ôd(r) =

r∫
0

Ber
3
e

r3
2πrdr = −
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r

Ber
3
e

r3
2πrdr = −2πBer

3
e

r
, (13)

òî ñ ó÷åòîì ýòîãî âûðàæåíèÿ è (12) ïîëó÷àåì

Ôd + πr2Bdst = Ôd(rin) = const. (14)

Ñëåäîâàòåëüíî, (10) ìîæíî ïðåäñòàâèòü â âèäå, êîòîðûé ñîâïàäàåò ñ óñëîâèåì ñî-
õðàíåíèÿ ïîëíîãî ïîòîêà ìàãíèòíîãî ïîëÿ, îõâàòûâàåìîãî äðåéôîâîé îáîëî÷êîé (òðå-
òèé àäèàáàòè÷åñêèé èíâàðèàíò). Òàê êàê B(r)=(Ber3e)/r

3, ïðåäñòàâèì (12) â âèäå r2[B(r)�
Bdst/2]=r2

inB(rin)= =const èëè

r2Br = r2
inBin = const (14′)
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÷òî àíàëîãè÷íî îáùåìó âûðàæåíèþ (7).
Èç (10) è (14') ñëåäóåò, ÷òî ïðè Bdst <0 ÷àñòèöû äðåéôóþò îò Çåìëè r >rin ñ óìåíüøå-

íèåì ñîãëàñíî (9) òåìïåðàòóðû, è, íàîáîðîò, ïðè Bdst >0 ÷àñòèöû äðåéôóþò ê Çåìëå r<rin
ñ óâåëè÷åíèåì òåìïåðàòóðû. Ýòî ñïðàâåäëèâî äëÿ âíóòðåííåé îáëàñòè ïî îòíîøåíèþ ê
ÊÒ (L<3) è äëÿ âíåøíåé îáëàñòè (L>4), êàê íà ãëàâíîé, òàê è âîññòàíîâèòåëüíîé ôàçå
áóðè.

Â ðàáîòå [2] ïîêàçàíî, ÷òî ìîäåëü ñìåùåíèÿ äðåéôîâîé îáîëî÷êè îò Çåìëè íà ãëàâíîé
ôàçå áóðè, îïðåäåëÿåìîå óìåíüøåíèåì ïîëÿ Â âî âíóòðåííåé ïëàçìîñôåðå, óäîâëåòâîðè-
òåëüíî îïèñûâàåò ïîíèæåíèå òåìïåðàòóðû ïðîòîíîâ â ýêâàòîðèàëüíîé ïëîñêîñòè è óäàëå-
íèå îò Çåìëè, çàðåãèñòðèðîâàííîå ñïóòíèêàìè ÌÀÃÈÎÍ-5 è ÈÍÒÅÐÁÎË-2. Íà âîññòàíî-
âèòåëüíîé ôàçå âñ¼ ïðîèñõîäèò íàîáîðîò: ïðîòîíû íàãðåâàþòñÿ è ïðèáëèæàþòñÿ ê Çåìëå.
Ïðè ýòîì ìîäåëü äåôîðìèðîâàííîé ñèëîâîé ëèíèè ïðè âîçìóùåíèè íå ðàññìàòðèâàëàñü.
Íà îñíîâå ðåçóëüòàòîâ ðàáîò [2,3], â êîòîðûõ ïîñòðîåíà äèíàìè÷åñêàÿ ñèñòåìà êîîðäèíàò,
îïèñûâàþùàÿ ïåðåíîñ ïëàçìû â íåñòàöèîíàðíîì ìàãíèòíîì ïîëå ñ ó÷¼òîì äåôîðìàöèè
ñèëîâîé ëèíèè, è äàííûõ ñïóòíèêà �Îãî-3� [5] ðàññìîòðèì äèíàìèêó ìàãíèòíîé áóðè, êî-
òîðàÿ ïðîèçîøëà â íà÷àëå èþëÿ 1966ã. Ñìûñë ìîäåëè â òîì, ÷òî ïî èçìåðåííûì çíà÷åíèÿì
ðåàëüíîãî ïîëÿ â òî÷êå ñ ðàäèóñ-âåêòîðîìr ìîæíî îïðåäåëèòü ïàðàìåòðû ïîëÿ Bin è rin
îòêóäà ñòàðòîâàëà ÷àñòèöà, èëè, íàîáîðîò, êóäà îíà ïðèä¼ò â êîíöå âîçìóùåíèÿ, åñëè
èçâåñòíî äåôîðìèðîâàííîå ïîëå. Çàäàäèì óðàâíåíèå âîçìóùåííîé ñèëîâîé ëèíèè â âèäå
r=R0coskλ (ñì. ðàáîòû [3,4]), ðàçäåëèâ å¼ äåôîðìàöèþ íà äâå ÷àñòè � íà ãëàâíóþ è âîññòà-
íîâèòåëüíóþ. k äëÿ óðàâíåíèÿ ñèëîâîé ëèíèè íà ãëàâíîé ôàçå îïðåäåëèì ñîîòíîøåíèåì
kãë=2+1.5(σãë)2, ãäå σãë= t/τãë−−áåçðàçìåðíûé âåëè÷èíà, ïðîïîðöèîíàëüíàÿ âðåìåíè
îò íà÷àëà ðàçâèòèÿ ìàãíèòíîé áóðè äî íà÷àëà âîññòàíîâëåíèÿ. Äëÿ âîññòàíîâèòåëüíîé
ñòàäèè kв=2+1.5(1-σ2

â), ãäå σâ=t/τâ�ïðîïîðöèîíàëüíà âðåìåíè, óæå îòñ÷èòûâàåìîìó îò
íà÷àëà âîññòàíîâèòåëüíîé ôàçû ìàãíèòíîé áóðè, à τâ � õàðàêòåðíîå âðåìÿ âîññòàíîâëåíèÿ
ìàãíèòíîãî ïîëÿ ïîñëå ìàêñèìàëüíîé äåôîðìàöèè â ìîìåíò σâ=0, ñâÿçàííîé ñ ðàçâèòèåì
ãëàâíîé ôàçû áóðè. Â êîíå÷íûé ìîìåíò ãëàâíîé ôàçû êîýôôèöèåíò kãë(σãë=1) ðàâíÿåò-
ñÿ íà÷àëüíîìó çíà÷åíèþ kâ(σâ=0). Íà ðèñ.1 ïðåäñòàâëåíû íåâîçìóùåííûå ñèëîâûå ëèíèè
äèïîëüíîãî ïîëÿ Çåìëè è ÊÒ (à) è èõ ñóïåðïîçèöèÿ (á).

Ðèñ. 1. à) Ñèëîâûå ëèíèè äèïîëüíîãî ìàãíèòíîãî ïîëÿ Çåìëè (÷åðíûé öâåò) è êîëüöåâîãî
òîêà (æåëòûé öâåò). Óêàçàíî íàïðàâëåíèå êîëüöåâîãî òîêà. á) Ñóïåðïîçèöèÿ ñèëîâûõ
ëèíèé ìàãíèòíîãî äèïîëÿ è êîëüöåâîãî òîêà Çåìëè. Âî âíåøíåé îáëàñòè îò êîëüöåâîãî
òîêà k ≤ 2, âî âíóòðåííåé îáëàñòè ïðè k ≥ 2, R = R0 cosk λ

Íà ðèñ.2 äëÿ èíäåêñà Dst ïîêàçàíî ðàçâèòèå ýòîé áóðè ïî äíÿì [4], îòêóäà ñëåäó-
åò, ÷òî ãëàâíàÿ ôàçà áóðè τãë=1,5 äíÿ, à âîññòàíîâèòåëüíàÿ τâ=4 äíÿ. Äëÿ ýòîé áóðè
íàì îñíîâå êîíêðåòíûõ çíà÷åíèé Dst(t) è ïðîñëåæåíà äèíàìèêà âîçìóùåííûõ ñèëîâûõ
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Ðèñ. 2

ëèíèé âíóòðåííåé è âíåøíåé îáëàñòåé ìàãíèòîñôåðû ïî îòíîøåíèþ ÊÒ. Íà ðèñ.3 Èëëþ-
ñòðàöèÿ ê ïðåäëîæåííîìó ìåõàíèçìó ôîðìèðîâàíèÿ êîëüöåâîãî òîêà íà ãëàâíîé è âîññòà-
íîâèòåëüíûõ ôàçàõ ìàãíèòíîé áóðè íà îñíîâå ìîäåëüíîãî ïðåäñòàâëåíèè ñæàòèÿ è ðàñøè-
ðåíèÿ ñèëîâûõ ëèíèé â îáëàñòè çàõâàòà ìàãíèòîñôåðû Çåìëè. Íà ðèñóíêå ïðåäñòàâëåíû
ñîîò-âåòñòâóþùèå èçìåíåíèÿ â ðàñïðåäåëåíèè íàïðàâëåííûõ ïîòîêîâ ïðîòîíîâ j ñ ýíåð-
ãèÿìè â èíòåðâàëå 31ýÂ≤Åð ≤49êýÂ ïî äàííûì ñïóòíèêà �ÎÃÎ-3� [5]: à) ïåðåä íà÷àëîì
áóðè, 8 èþëÿ (îáîçíà÷åíî ñèíèì öâåòîì); á) â êîíöå ãëàâíîé ôàçû 9 èþëÿ (êðàñíûé öâåò);
â) â êîíöå ìàãíèòíîé áóðè, 13 èþëÿ. ÊÒ âûäå-ëåí çåëåíûé öâåòîì.

Ðèñ. 3. Èëëþñòðàöèÿ äèíàìèêè âíóòðåííåé è âíåøíåé ìàãíèòîñôåðû ïî îòíîøåíèþ ê ÊÒ
íà ïðèìåðå èçìåíåíèÿ ñèëîâûõ ëèíèé

Выводы

Ïîêàçàíî, ÷òî íà ãëàâíîé ôàçå ìàãíèòíîé áóðè âî âíåøíåé îáëàñòè ïî îòíîøåíèþ ê ÊÒ
(L>4) çàðÿæåííûå ÷àñòèöû çà ñ÷¼ò ýëåêòðè÷åñêîãî äðåéôà äâèãàþòñÿ ê Çåìëå (ê ÊÒ) è
ïðè ýòîì íàãðåâàòüñÿ, à íà âîññòàíîâèòåëüíîé ôàçå óäàëÿþòñÿ îò Çåìëè (îò ÊÒ) è îñòû-
âàþò. Â òîæå âðåìÿ âî âíóòðåííåé ïî îòíîøåíèþ ê ÊÒ îáëàñòè (L<3) íà ãëàâíîé ôàçå
ìàãíèòíîé áóðè êàðòèíà îáðàòíàÿ: ÷àñòèöû äâè-ãàþòñÿ îò Çåìëè ê ôîðìèðóþùåìóñÿ ÊÒ
è îñòûâàþò, à íà âîññòàíîâèòåëüíîé ôàçå � îò ÊÒ, ò.å. ê Çåìëå, è íàãðåâàþòñÿ. Ñëåäî-
âàòåëüíî, íà ãëàâíîé ñòàäèè áóðè ñêëàäûâàþòñÿ åñòåñòâåííûå óñëîâèÿ, ïðè êîòîðûõ çà
ñ÷åò âñòðå÷íîãî äâèæåíèÿ çàðÿæåííûõ ÷àñòèö ÊÒ íà÷èíàåò óñèëèâàòüñÿ. Ïðè ýòîì îí êàê
áû ñàì ñåáÿ ôîðìèðóåò, �ñîáèðàÿ� âîêðóã è �ïîäòÿãèâàÿ� ê ñåáå ïëàçìó. Íà ñòàäèè âîñ-
ñòàíîâëåíèÿ, êîãäà ïðîèñõîäèò îñëàáëåíèå äàâëåíèÿ ñîëíå÷íîãî âåòðà íà ìàãíèòîñôåðó,
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äèïîëüíîå ïîëå íà÷èíàåò âîññòàíàâëèâàòüñÿ è, êàê ñëåäñòâèå, ïðîèñõîäèò îñëàáëåíèå ÊÒ.
Â ýòîì ñëó÷àå ïðåäëîæåííûé ìåõàíèçì ôîðìèðîâàíèÿ è îñëàáëåíèÿ ÊÒ àâòîìàòè÷åñêè
ïðåäïîëàãàåò âíóòðè ñàìîãî ÊÒ ñóùåñòâîâàíèå îáëàñòè ñ 3<L<4, ãäå ïîëå B íà ãëàâíîé è
âîññòàíîâèòåëüíîé ôàçàõ îñòà¼òñÿ ïîñòîÿííûì, ò.ê. çäåñü è ∂B/∂t, è ýëåêòðè÷åñêîå ïîëå
èçìåíÿþò çíàê è ïîýòîìó ðàâíû íóëþ. Ïîäòâåðæäåíèåì ýòîãî ÿâëÿåòñÿ ýêñïåðèìåíòàëüíî
çàðåãèñòðèðîâàííûé ôàêò ïîñòîÿíñòâà ïàðàìåòðîâ ÊÒ â åãî âíóòðåííåé îáëàñòè (ñïóòíèê
ÑÑÅ ïðîãðàììû ÀÌÐÒÅ) [7].
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Possible self-consistent mechanism of formation and disintegration of
a ring current

Bogdanov V.V., Kaisin A.V.

Institute of Cosmophysical Researches and Radio Wave Propagation FEB RAS, Russia

One of possible self-consistent mechanism of formation and disintegration of a ring current
(RC) is o�ered in this work. It is known, that on the main phase of magnetosphere disturbance
at low and average latitudes there is a reduction of a horizontal component of a geomagnetic
�eld, and on the restored phase the �eld grows and comes back practically to an initial level.
This phenomenon is explained by formation and disintegration RC, concentrated basically in
the �eld of geomagnetic equator on distances equal to several radiuses from a surface of the
Earth. At the same time in magnetosphere areas outside of RC (the maximum is located in
an interval L∼3-4) it should be expected the return picture: the magnetic �eld grows on the
main phase of magnetic storm, and on the reductional phase it decreases up to the unperturbed
meaning.
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The analysis has shown, that at such changes of a �eld in external and internal areas (in
relation to RC) the direction of particles movement and the change of its energy has various
character. In internal area of RC on the main phase of magnetic storm the particles move from
the Earth and also cool down, and on the reductional phase � to the Earth, and heat up. In
external area of a ring current a picture is opposite: on the main phase the charged particles will
move to the Earth (to current ring ) and thus to be heated up, and on the reductional phase
� leave from the Earth (from a ring) and to cool down. Hence, on the main phase of magnetic
storm from side to side of an arrangement of maximum RC there are natural conditions, at
which the ring current can amplify at the expense of opposite movement of the charged particles
to it. At the same time on the reductional phase the charged particles move from a ring current,
causing thus its additional reduction. The beginning of disintegration of RC is weakening Solar
wind (SW) and return of the magnetosphere to the conditions of stationary SW.
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