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Ìàãíèòîñôåðà Çåìëè, êîòîðàÿ ôîðìèðóåòñÿ ïðè âçàèìîäåéñòâèè ãåîìàãíèòíîãî ïîëÿ
ñ ïîòîêîì ñîëíå÷íîãî âåòðà, èìååò âèä ïî÷òè ïóñòîé ïîëîñòè, çàïîëíåííîé î÷åíü ðàçðå-
æåííîé ïëàçìîé. Ãðàíèöà ìàãíèòîñôåðû � ìàãíèòîïàóçà � äîñòàòî÷íî ðåçêàÿ ñî ñòîðîíû
íàòåêàþùåãî ñîëíå÷íîãî âåòðà, ñòàíîâèòñÿ ðàçìûòîé ïðè óäàëåíèè â ãåîìàãíèòíûé õâîñò.
Òàêîå ñòðîåíèå ìàãíèòîñôåðû ïîñëóæèëî îñíîâàíèåì äëÿ òîãî, ÷òîáû ðàññìàòðèâàòü åå
êàê ãèãàíòñêèé ïðèðîäíûé ðåçîíàòîð, ñîáñòâåííûå ìîäû êîòîðîãî ïðîÿâëÿþòñÿ â ôîðìå
ðàçëè÷íûõ ìàãíèòîãèäðîäèíàìè÷åñêèõ (ÌÃÄ) êîëåáàíèé � àëüôâåíîâñêèõ âîëí, à òàêæå
áûñòðûõ (ÁÌÇ) è ìåäëåííûõ (ÌÌÇ) ìàãíèòîçâóêîâûõ âîëí [1]. Àëüôâåíîâñêèå è ÌÌÇ-
âîëíû ìîæíî ðàññìàòðèâàòü êàê âîëíû, ðàñïðîñòðàíÿþùèåñÿ ïðàêòè÷åñêè âäîëü ñèëîâûõ
ëèíèé ãåîìàãíèòíîãî ïîëÿ. Ïîñêîëüêó âñå ñèëîâûå ëèíèè ãåîìàãíèòíîãî ïîëÿ îïèðàþò-
ñÿ íà âûñîêîïðîâîäÿùóþ èîíîñôåðó, êîòîðàÿ õîðîøî îòðàæàåò ýòè ÌÃÄ-êîëåáàíèÿ, íà
çàìêíóòûõ ñèëîâûõ ëèíèÿõ îíè ôîðìèðóþò ñòîÿ÷èå âîëíû.

Êàê àëüôâåíîâñêèå, òàê è ÌÌÇ-âîëíû ìîãóò âîçáóæäàòüñÿ â ìàãíèòîñôåðå Çåìëè
íà ðåçîíàíñíûõ ïîâåðõíîñòÿõ áûñòðûì ìàãíèòíûì çâóêîì. ÁÌÇ âîëíû ìîãóò ïðîíèêàòü
â ìàãíèòîñôåðó èç ñîëíå÷íîãî âåòðà, èëè ãåíåðèðîâàòüñÿ íåóñòîé÷èâîñòüþ Êåëüâèíà-
Ãåëüìãîëüöà â ñäâèãîâîì òå÷åíèè íà ìàãíèòîïàóçå, ïðè îáòåêàíèè ìàãíèòîñôåðû ïîòîêîì
ñîëíå÷íîãî âåòðà. Èç-çà íåîäíîðîäíîñòè ïëàçìû, â ìàãíèòîñôåðå ôîðìèðóþòñÿ îáúåìíûå
ðåçîíàòîðû äëÿ ÁÌÇ-âîëí, ñîáñòâåííûå ÷àñòîòû êîòîðûõ íàõîäÿòñÿ â ñàìîé íèçêî÷à-
ñòîòíîé ÷àñòè ñïåêòðà íàáëþäàåìûõ ãåîìàãíèòíûõ ïóëüñàöèé. ÌÌÇ-âîëíû, â îòëè÷èå îò
àëüôâåíîâñêèõ, êàê ïðàâèëî, ñèëüíî çàòóõàþò ïðè âçàèìîäåéñòâèè ñ ôîíîâîé ïëàçìîé.
Ýòî äàåò âîçìîæíîñòü ïåðåíîñà ìîìåíòà äâèæåíèÿ èç ñîëíå÷íîãî âåòðà â ìàãíèòîñôåðó
ïîòîêîì ÁÌÇ-âîëí, êîòîðûå âîçáóæäàþò ÌÌÇ-âîëíû íà ðåçîíàíñíûõ ïîâåðõíîñòÿõ.

Áóäåì îïèñûâàòü ÌÃÄ-êîëåáàíèÿ â ðàìêàõ èäåàëüíîé ìàãíèòíîé ãèäðîäèíàìèêè. Ñè-
ñòåìà ÌÃÄ óðàâíåíèé, ëèíåàðèçîâàííàÿ îòíîñèòåëüíî ìàëûõ âîçìóùåíèé, èìååò âèä:

ρ0
d~v

dt
= −∇P +

1

4π
{[rot ~B× ~B0] + [rot ~B0× ~B]}, ∂ ~B

∂t
= rot [~v× ~B0],

∂P

∂t
= −γP0div~v,

(1)
ãäå ~v è ~B - âåêòîðû ñêîðîñòè ïëàçìû è âîçìóùåííîãî ìàãíèòíîãî ïîëÿ, P - âîçìóùåí-

íîå äàâëåíèå. Ïàðàìåòðû ôîíîâîé ïëàçìû ïîìå÷åíû èíäåêñîì íîëü: ρ0 - íåâîçìóùåííàÿ
ïëîòíîñòü, γ - ïîêàçàòåëü àäèàáàòû. Âîçìóùåííîå ýëåêòðè÷åñêîå ïîëå îïðåäåëÿåòñÿ èç
óñëîâèÿ âìîðîæåííîñòè:

~E = −(1/c)[~v × ~B0].

Ìíîãèå ñâîéñòâà ÌÃÄ-âîëí â íåîäíîðîäíîé ïëàçìå ìîæíî óñòàíîâèòü â ðàìêàõ ïðîñòîé
îäíîìåðíî-íåîäíîðîäíîé ìîäåëè ñðåäû (ñì. ðèñ.1). Ìàãíèòíîå ïîëå áóäåì ñ÷èòàòü íàïðàâ-
ëåííûì ïî îñè z, à íåîäíîðîäíîñòü ñðåäû � ïî îñè x. Òîãäà çàâèñèìîñòü âîçìóùåííûõ
âåëè÷èí îò y è z ìîæíî âûáðàòü â âèäå exp(i kyy + i kzz). Äàëåå èñïîëüçóåì ïðåäñòàâ-
ëåíèÿ ïðèáëèæåíèÿ ÂÊÁ. Äëÿ åãî ïðèìåíèìîñòè íåîáõîäèìî, ÷òîáû õàðàêòåðíàÿ äëèíà
âîëíû ïî êîîðäèíàòå x áûëà ìíîãî ìåíüøå ìàñøòàáà íåîäíîðîäíîñòè. Íî íà ïðåäåëå ïðè-
ìåíèìîñòè ýòî ïðèáëèæåíèå êà÷åñòâåííî âåðíî îïèñûâàåò ñâîéñòâà êîëåáàíèé, äàæå åñëè
äëèíà âîëíû ïîðÿäêà ìàñøòàáà íåîäíîðîäíîñòè. Â ãëàâíîì ïîðÿäêå çàâèñèìîñòü âîçìó-
ùåííûõ âåëè÷èí îò êîîðäèíàòû x â ÂÊÁ-ïðèáëèæåíèè äàåòñÿ ìíîæèòåëåì exp(i

∫
kxdx),

ãäå kx = kx(x) - ëîêàëüíîå çíà÷åíèå âîëíîâîãî âåêòîðà. Îíî îïðåäåëÿåòñÿ èç äèñïåðñè-
îííîãî óðàâíåíèÿ, êîòîðîå èìååò òîò æå âèä, ÷òî è â îäíîðîäíîé ïëàçìå, íî ïàðàìåòðû
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Ðèñ. 1. Îäíîìåðíî-íåîäíîðîäíàÿ ìîäåëü ìàãíèòîñôåðû

ñðåäû, âõîäÿùèå â ýòî óðàâíåíèå, ñëåäóåò ðàññìàòðèâàòü êàê ôóíêöèè êîîðäèíàòû x. Èç
(1) ñëåäóþò äâà äèñïåðñèîííûõ óðàâíåíèÿ:

ω2 = k2
||A

2, ω4 − ω2k2(A2 + S2) + k2
||k

2A2S2 = 0, (2)

ãäå A = B0

/√
4πρ0 - ñêîðîñòü Àëüôâåíà, S =

√
γP0/ρ0 - ñêîðîñòü çâóêà, k||, k⊥ =

√
k2
x + k2

y

- ñîñòàâëÿþùèå âîëíîâîãî âåêòîðà âäîëü è ïîïåðåê íàïðàâëåíèÿ ìàãíèòíîãî ïîëÿ, k =√
k2
|| + k2

⊥.

Ïåðâîå èç óðàâíåíèé (2) îïèñûâàåò àëüôâåíîâñêóþ âîëíó. Åå ãðóïïîâàÿ ñêîðîñòü ~vg ≡
∂ω/∂~k = ±A · ~B0/B0 íàïðàâëåíà âäîëü ìàãíèòíîãî ïîëÿ. Âîçìóùåííûå ïîëÿ ~B, ~v è ~E ïåð-
ïåíäèêóëÿðíû ðàâíîâåñíîìó ìàãíèòíîìó ïîëþ ~B0, ïðè÷åì ~E||~k⊥, ~B⊥~k⊥, ~v⊥~k⊥. Âîçìóùåí-
íîå äàâëåíèå P = 0, òàêæå êàê è âîçìóùåííîå ìàãíèòíîå äàâëåíèå Pm = B||B0/4π = 0 .

Âòîðîå óðàâíåíèå (2) îïèñûâàåò äâå âåòâè ìàãíèòîçâóêîâûõ âîëí � áûñòðóþ (ÁÌÇ)
è ìåäëåííóþ (ÌÌÇ). Õàðàêòåð ðàñïðîñòðàíåíèÿ è ïîëÿðèçàöèîííûå ñâîéñòâà ýòèõ âîëí
ëåãêî ïîíÿòü ïðè íàëè÷èè â äèñïåðñèîííîì óðàâíåíèè ìàëîãî ïàðàìåòðà. Åñëè âûïîëíÿ-
åòñÿ îäíî èç ñëåäóþùèõ íåðàâåíñòâ S << A, A << S, k|| << k⊥ (ìû, â îñíîâíîì, áóäåì
ïðåäïîëàãàòü âûïîëíåíèå òèïè÷íîãî äëÿ ìàãíèòîñôåðû óñëîâèÿ S << A), ïðèáëèæåííûå
ðåøåíèÿ èìåþò âèä

ω2 = k2C2
f , ω2 = k2

||C
2
S(1 + k2

||C
2
S/k

2C2
f ) ,

ãäå C2
f = (A2 + S2), C2

S = A2S2/(A2 + S2) è â ðàññìàòðèâàåìûõ ñëó÷àÿõ CS << Cf . Ïåð-
âîå èõ ýòèõ óðàâíåíèé îïèñûâàåò ÁÌÇ-âîëíû, à âòîðîå ÌÌÇ-âîëíû. Ãðóïïîâàÿ ñêîðîñòü
ÁÌÇ-âîëí ~vg = (~k/k)Cf íàïðàâëåíà âäîëü âîëíîâîãî âåêòîðà ~k è íå çàâèñèò îò íàïðàâ-
ëåíèÿ ìàãíèòíîãî ïîëÿ. Ãðóïïîâàÿ ñêîðîñòü ÌÌÇ-âîëí ~vg = ±( ~B0/B0)CS íàïðàâëåíà
ïðàêòè÷åñêè (ñ òî÷íîñòüþ äî ïîïðàâîê ∼ CS/Cf << 1) âäîëü ìàãíèòíîãî ïîëÿ. Ïîýòî-
ìó ÁÌÇ-âîëíó èíîãäà íàçûâàþò èçîòðîïíîé ìîäîé, à àëüôâåíîâñêóþ è ÌÌÇ âîëíû -
íàïðàâëÿåìûìè ìîäàìè (guided modes).

Äëÿ ÁÌÇ-âîëíû èìååì

k2
x(x) = ω2/C2

f (x)− k2
z − k2

y. (3)
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Âîëíà ðàñïðîñòðàíÿåòñÿ â îáëàñòè ïðîçðà÷íîñòè, ãäå k2
x > 0, è íå ìîæåò ðàñïðîñòðàíÿòüñÿ

â îáëàñòè íåïðîçðà÷íîñòè, ãäå k2
x < 0. Ýòè äâå îáëàñòè ðàçäåëåíû òî÷êîé ïîâîðîòà x = x0,

â êîòîðîé k2
x(x0) = 0. Â îáëàñòè ïðîçðà÷íîñòè êîëåáàíèÿ ïðåäñòàâëÿþò ñîáîé ñóïåðïîçè-

öèþ äâóõ âîëí � ïàäàþùåé è îòðàæåííîé îò òî÷êè ïîâîðîòà. Ïîä÷åðêíåì, ÷òî â ðàìêàõ
ïðèáëèæåíèÿ ÂÊÁ âîëíà ìîæåò îòðàæàòüñÿ òîëüêî â òî÷êàõ ïîâîðîòà. Â îáëàñòè íåïðî-

çðà÷íîñòè àìïëèòóäà âîëíû óáûâàåò ïî ýêñïîíåíöèàëüíîìó çàêîíó exp
(
−
∣∣∣∫ xx0

kxdx
∣∣∣).

Åñëè îáëàñòü ïðîçðà÷íîñòè ñ äâóõ ñòîðîí îãðàíè÷åíà òî÷êàìè ïîâîðîòà, òî âîëíà îêà-
çûâàåòñÿ çàïåðòîé ìåæäó íèìè. Ýòó îáëàñòü ìîæíî ðàññìàòðèâàòü êàê ðåçîíàòîð (òî÷-
íåå, ñ ó÷åòîì ñâîáîäíîãî ðàñïðîñòðàíåíèÿ êîëåáàíèé ïî îñÿì yèz , ïðàâèëüíåå ãîâîðèòü
î ïëîñêîì âîëíîâîäå). Ïðè çàäàííûõ kyè kz ÷àñòîòà êîëåáàíèé èìååò äèñêðåòíûé íàáîð
çíà÷åíèé, îïðåäåëÿåìûé óñëîâèåì êâàíòîâàíèÿ Áîðà-Çîììåðôåëüäà:∫ x1

x0

kxdx = π(n+ 1/2),

ãäå x1 � âòîðàÿ òî÷êà ïîâîðîòà, n =0,1,2,3,. . . êâàíòîâîå ÷èñëî. Èç (3) ëåãêî âèäåòü, ÷òî
â îáëàñòè ïðîçðà÷íîñòè çíà÷åíèÿ C2

f ìåíüøå, ÷åì â îáëàñòè íåïðîçðà÷íîñòè, ò.å. îáëàñòè
ëîêàëèçàöèè ÁÌÇ-âîëí ñâÿçàíû ñ ìèíèìóìàìè â ïðîôèëå C2

f (x).
Ïðèáëèæåíèå ÂÊÁ çàâåäîìî íàðóøàåòñÿ è íå îïèñûâàåò êîëåáàíèÿ äàæå íà êà÷åñòâåí-

íîì óðîâíå, åñëè ìàñøòàá íåîäíîðîäíîñòè ñðåäû ìíîãî ìåíüøå äëèíû âîëíû. Òèïè÷íûé
ïðèìåð � ñêà÷îê ïàðàìåòðîâ ñðåäû â íåêîòîðîé òî÷êå. Âîëíà èñïûòûâàåò ÷àñòè÷íîå îò-
ðàæåíèå îò òàêîãî ñêà÷êà, äàæå åñëè ïî îáå ñòîðîíû îò íåãî ðàñïîëîæåíû îáëàñòè ïðî-
çðà÷íîñòè. ×åì áîëüøå îòíîøåíèå çíà÷åíèé C2

f ïî îáå ñòîðîíû îò ñêà÷êà, òåì áëèæå
êîýôôèöèåíò îòðàæåíèÿ ÁÌÇ-âîëíû ê åäèíèöå. Âîçìîæíû ðåçîíàòîðû (âîëíîâîäû), â
êîòîðûõ îäíà èëè îáå ãðàíèöû � ýòî ñêà÷êè ïàðàìåòðîâ ñðåäû. Íî äàæå â ïðèáëèæåíèè
èäåàëüíîé ïëàçìû òàêèå ðåçîíàòîðû èìåþò êîíå÷íóþ äîáðîòíîñòü. Çàïåðòàÿ â íèõ âîëíà
÷àñòè÷íî ïðîíèêàåò çà òî÷êè îòðàæåíèÿ è óíîñèò ýíåðãèþ èç ðåçîíàòîðà. Èäåàëüíî îòðà-
æàþùèå ñòåíêè (èõ ðîëü â íåêîòîðûõ çàäà÷àõ î êîëåáàíèÿõ îêîëîçåìíîé ïëàçìû ìîæåò
èãðàòü èîíîñôåðà) òàêæå ìîæíî ðàññìàòðèâàòü êàê îïðåäåëåííîãî ðîäà ñêà÷îê ïàðàìåò-
ðîâ ñðåäû.

Â áîëüøåé ÷àñòè ìàãíèòîñôåðû S2/A2 ≈ β << 1 è Cf ≈ A. Â îòäåëüíûõ îáëàñòÿõ
âåëè÷èíà β ìîæåò ïðèíèìàòü çíà÷åíèÿ β ∼ 1, íî è â ýòîì ñëó÷àå Cf ∼ A. Èìååòñÿ òîëü-
êî îäíà îáëàñòü ãäå β >> 1 - ýòî òîíêàÿ ïðèýêâàòîðèàëüíàÿ ÷àñòü ïëàçìåííîãî ñëîÿ,
êîòîðàÿ íå èãðàåò ñóùåñòâåííîé ðîëè äëÿ êðóïíîìàñøòàáíûõ ÁÌÇ-êîëåáàíèé ìàãíèòî-
ñôåðû. Òàêèì îáðàçîì, îïðåäåëÿþùóþ ðîëü äëÿ ÁÌÇ-ðåçîíàòîðîâ è âîëíîâîäîâ èãðàåò
ãëîáàëüíîå ðàñïðåäåëåíèå â ìàãíèòîñôåðå ñêîðîñòè Àëüôâåíà. Íå ìåíåå âàæíîå çíà÷åíèå
ýòî ðàñïðåäåëåíèå èìååò è äëÿ ñòîÿ÷èõ àëüôâåíîâñêèõ âîëí. Èõ ïðîäîëüíàÿ ñòðóêòóðà
îïðåäåëÿåòñÿ ðàñïðåäåëåíèåì ñêîðîñòè Àëüôâåíà âäîëü ñèëîâîé ëèíèè, à ïîïåðå÷íàÿ �
íåêîòîðûìè èíòåãðàëüíûìè (âäîëü ñèëîâîé ëèíèè) õàðàêòåðèñòèêàìè, òàêæå ñâÿçàííû-
ìè ñ åå ðàñïðåäåëåíèåì.

Íà ðèñ.2 ñõåìàòè÷åñêè ïðåäñòàâëåíî ãëîáàëüíîå ðàñïðåäåëåíèå ñêîðîñòè Àëüôâåíà â
ìàãíèòîñôåðå. Â ýòîì ðàñïðåäåëåíèè íàõîäÿò îòðàæåíèå îñíîâíûå ñòðóêòóðíûå ýëåìåíòû
ìàãíèòîñôåðû � ìàãíèòîïàóçà, êàñïû, ïëàçìîñôåðà, äîëè õâîñòà è ïëàçìåííûé ñëîé. Ïðè
ïîñòðîåíèè ðàñïðåäåëåíèÿ, ïðåäñòàâëåííîãî íà ðèñ.2, èñïîëüçîâàíû õàðàêòåðíûå çíà÷å-
íèÿ ïàðàìåòðîâ ìàãíèòíîãî ïîëÿ è ïëàçìû, ïðåäñòàâëåííûå â ðàáîòàõ [3,4].

Èç ðèñ.2 âèäíî, ÷òî ñàìûé êðóïíîìàñøòàáíûé è ãëóáîêèé ìèíèìóì ñêîðîñòè Àëüô-
âåíà íàõîäèòñÿ â áëèæíåé ê Çåìëå ÷àñòè ïëàçìåííîãî ñëîÿ. Ñðàâíèòåëüíî ìàëîå çíà÷åíèå
ãåîìàãíèòíîãî ïîëÿ è âûñîêàÿ ïëîòíîñòü ïëàçìû îáåñïå÷èâàåò â ýòîé îáëàñòè ìèíèìàëü-
íîå äëÿ âñåé ìàãíèòîñôåðû çíà÷åíèå ñêîðîñòè Àëüôâåíà A0 ∼ 100 êì/ñ. Õàðàêòåðíûé
ðàçìåð ýòîé îáëàñòè L0∼105êì. Èç ñîîáðàæåíèé ðàçìåðíîñòè äëÿ ÷àñòîòû îñíîâíîé ìîäû
âîçìîæíîãî â ýòîé îáëàñòè ðåçîíàòîðà ïîëó÷àåì îöåíêó f0 = ω0/2π ∼ A0/L0 ∼ 1ìÃö.
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Ðèñ. 2. Ðàñïðåäåëåíèå ñêîðîñòè Àëüôâåíà (A) â ìåðèäèîíàëüíîé ïëîñêîñòè ìàãíèòîñôåðû
ïîëäåíü-ïîëíî÷ü (ââåðõó) è â ýêâàòîðèàëüíîé ïëîñêîñòè (âíèçó)

Èññëåäîâàíèå ñïåêòðà ÷àñòîò è ñòðóêòóðû ñîáñòâåííûõ ìîä ýòîãî ðåçîíàòîðà ïðîâå-
äåíî â ðàáîòå [4]. Ïîëå ÁÌÇ-êîëåáàíèé îïèñûâàåòñÿ óðàâíåíèåì âèäà

∆Ψ +
ω2

C2
f

Ψ = 0. (4)

Ýòî óðàâíåíèå ñïðàâåäëèâî â ÂÊÁ-ïðèáëèæåíèè. Îäíàêî êà÷åñòâåííî, è äî îïðåäåëåí-
íîé ñòåïåíè êîëè÷åñòâåííî, îíî ïðàâèëüíî îïèñûâàåò è îñíîâíûå ìîäû ÁÌÇ-ðåçîíàòîðà.
Â ðàññìàòðèâàåìîé îáëàñòè ìàãíèòîñôåðû Cf ≈ A. Ðàñïðåäåëåíèå A ïðåäïîëàãàåòñÿ
àêñèàëüíî-ñèììåòðè÷íûì, òåì ñàìûì èãíîðèðóåòñÿ àñèììåòðèÿ óòðî-âå÷åð è ñóùåñòâî-
âàíèå äàëüíåé ÷àñòè ïëàçìåííîãî ñëîÿ. ×èñëåííîå ðåøåíèå (4) äàåò ñëåäóþùèå çíà÷åíèÿ
äëÿ ÷àñòîò íåñêîëüêèõ ïåðâûõ ãàðìîíèê ðåçîíàòîðà fmnl (ìÃö):

m = 0
n\l 1 2 3
1 0.73 1.41 2.13
2 1.36 1.96 2.65
3 1.97 2.55 3.2
m = 1
n\l 1 2 3
1 1.04 1.66 2.42
2 1.66 2.24 2.91
3 2.29 2.84 3.47
m = 2
n\l 1 2 3
1 1.32 1.91 2.7
2 1.96 2.52 3.17
3 2.59 3.13 3.75
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ãäå l,m, n - âîëíîâûå ÷èñëà, íóìåðóþùèå ñîîòâåòñòâåííî ãàðìîíèêè ñîáñòâåííûõ êî-
ëåáàíèé ïî ïðîäîëüíîé è àçèìóòàëüíîé êîîðäèíàòàì è ïî êîîðäèíàòå ïîïåðåê ìàãíèòíûõ
îáîëî÷åê. Â ñïåêòðå ðàññ÷èòàííûõ ÷àñòîò íàáëþäàåòñÿ èíòåðåñíàÿ îñîáåííîñòü. ×àñòîòû
ðåçîíàòîðà íå ðàñïðåäåëåíû ðàâíîìåðíî, à îáúåäèíÿþòñÿ â îòäåëüíûå ãðóïïû. Òàê, ÷àñòî-
òû f011=0.73ìÃö è f111=1.04ìÃö ïðåäñòàâëÿþò ãðóïïû, ñîñòîÿùèå èç îäíîé ÷àñòîòû. Ãðóï-
ïû ÷àñòîò f012=1.41, f021=1.36, f211=1.32ìÃö è f121=1.66, f112=1.66, f311=1.59ìÃö âêëþ÷à-
þò ïî òðè ãàðìîíèêè, ðàñïîëîæåííûå âáëèçè ñðåäíèõ ÷àñòîò f ≈ 1.35ìÃö è f ≈ 1.6ìÃö
ñîîòâåòñòâåííî. Äðóãèå ãàðìîíèêè ìîæíî îáúåäèíèòü â ãðóïïû ñ ÷àñòîòàìè f ≈ 1.95ìÃö,
f ≈ 2.2ìÃö, f ≈ 2.6ìÃö, f ≈ 3.1ìÃö..., âêëþ÷àþùèå ïî 5-7 ãàðìîíèê â êàæäîé ãðóïïå (ñ
ó÷åòîì ãàðìîíèê ñ êâàíòîâûìè ÷èñëàìè: m>2, n, l >3).

Îïèñàííûå ñîáñòâåííûå ìîäû ðåçîíàòîðà ìîæíî îòîæäåñòâèòü ñ íàáëþäàåìûìè â
íåâîçìóùåííîé ìàãíèòîñôåðå (Kp < 3) ñâåðõíèçêî÷àñòîòíûìè êîëåáàíèÿìè ñ äèñêðåò-
íûì ñïåêòðîì ÷àñòîò: 0.8, 1.3, 1.9, 2.6, 3.1 . . . ìÃö (�ìàãè÷åñêèå ÷àñòîòû�), íå çàâèñÿùèõ
îò øèðîòû òî÷êè íàáëþäåíèÿ [5,6]. Ïîñëåäíåå ñâîéñòâî î÷åâèäíûì îáðàçîì îáúÿñíÿåòñÿ
ãèïîòåçîé ÁÌÇ-ðåçîíàòîðà. ×èñëåííûå çíà÷åíèÿ ÷àñòîò òàêæå õîðîøî ñîãëàñóþòñÿ ñ ðå-
çóëüòàòàìè äàííîé òåîðåòè÷åñêîé ìîäåëè. Ëåãêî îáúÿñíÿåòñÿ è ëîêàëèçàöèÿ íàáëþäàåìûõ
êîëåáàíèé - â ïîëóíî÷íî-óòðåííåì ñåêòîðå íà ãåîìàãíèòíûõ øèðîòàõ îò 60o äî 80o. Îá-
ñóæäàåìûå êîëåáàíèÿ äîñòèãàþò çåìíîé ïîâåðõíîñòè â âèäå ðåçîíàíñíûõ àëüôâåíîâñêèõ
âîëí, âîçáóæäàåìûõ ñîáñòâåííûìè ìîäàìè ÁÌÇ-ðåçîíàòîðà. Áëèæíÿÿ ÷àñòü ïëàçìåííî-
ãî ñëîÿ ñ ó÷åòîì åãî àñèììåòðèè óòðî-âå÷åð ïðîåöèðóåòñÿ êàê ðàç â îáëàñòü ðåãèñòðàöèè
êîëåáàíèé.

Íåçàâèñèìûå ìîäûÌÃÄ-êîëåáàíèé îäíîðîäíîé ïëàçìû � àëüôâåíîâñêàÿ, ÁÌÇ èÌÌÇ,
ñòðîãî ãîâîðÿ, íå ñóùåñòâóþò â íåîäíîðîäíîé ïëàçìå. Ðåøåíèå óðàâíåíèé, îïèñûâàþùåå
ïîëå ÌÃÄ-êîëåáàíèé â íåîäíîðîäíîé ñðåäå òàêîâî, ÷òî â îäíîé îáëàñòè ïðîñòðàíñòâà
îíî áëèçêî ïî ñâîèì ñâîéñòâàì (äèñïåðñèîííîìó ñîîòíîøåíèþ, ïîëÿðèçàöèè) ê êàêîé-òî
îäíîé ìîäå îäíîðîäíîé ïëàçìû, â äðóãîé îáëàñòè � ê äðóãîé ìîäå. Ðåçîíàíñíîå âçàè-
ìîäåéñòâèå ìåæäó àëüôâåíîâñêîé è ÁÌÇ-âîëíîé â ôèçèêå ïëàçìû ïîëó÷èëî íàçâàíèå
àëüôâåíîâñêèé ðåçîíàíñ, à â ôèçèêå ìàãíèòîñôåðû � ðåçîíàíñ ñèëîâûõ ëèíèé (�eld line
resonance). Â îäíîìåðíî-íåîäíîðîäíîì ñëó÷àå ìîíîõðîìàòè÷åñêàÿ âîëíà â áîëüøåé ÷àñòè
îáëàñòè ñâîåãî ñóùåñòâîâàíèÿ ïðåäñòàâëÿåò ñîáîé ÁÌÇ-âîëíó. Íî íà ìàãíèòíîé ïîâåðõ-
íîñòè x = xA, ãäå åå ÷àñòîòà ñîâïàäàåò ñ ëîêàëüíîé àëüôâåíîâñêîé ÷àñòîòîé kzNA(xA),
àìïëèòóäà âîëíû ðåçêî âîçðàñòàåò, à åå ñâîéñòâà âáëèçè ýòîé ïîâåðõíîñòè ñîâïàäàþò ñî
ñâîéñòâàìè àëüôâåíîâñêîé âîëíû. Ýòî òðàêòóåòñÿ êàê ðåçîíàíñíîå âîçáóæäåíèå àëüôâå-
íîâñêîé âîëíû áûñòðûì ìàãíèòíûì çâóêîì. Àëüôâåíîâñêèé ðåçîíàíñ äîñòàòî÷íî äåòàëü-
íî èññëåäîâàí è â àêñèàëüíî-ñèììåòðè÷íîì (ò.å. äâóìåðíî-íåîäíîðîäíîì) ñëó÷àå. Ãëàâíûå
åãî ñâîéñòâà àíàëîãè÷íû îïèñàííûì âûøå, õîòÿ èìåþòñÿ è ñóùåñòâåííûå îòëè÷èÿ. Ââå-
äåì ñèñòåìó êðèâîëèíåéíûõ îðòîãîíàëüíûõ êîîðäèíàò (x1, x2, x3) , ãäå êîîðäèíàòà x1 -
íóìåðóåò ìàãíèòíûå îáîëî÷êè, x2 - àçèìóòàëüíàÿ êîîðäèíàòà (îáû÷íî ïîëàãàþò x2 = φ
- àçèìóòàëüíûé óãîë), x3 - îïðåäåëÿåò òî÷êè íà ñèëîâîé ëèíèè, äîïîëíÿÿ ñèñòåìó êîîð-
äèíàò äî îðòîãîíàëüíîé. Ïîïåðå÷íàÿ ìåëêîìàñøòàáíîñòü àëüôâåíîâñêèõ âîëí ïîçâîëÿåò
ïðåäñòàâèòü èõ ñòðóêòóðó â âèäå [7,8] :

Φ(x1, x3) = U(x1)T (x1, x3) exp(ik2x
2),

ãäå ôóíêöèÿ U(x1) îïèñûâàåò ìåëêîìàñøòàáíóþ ïîïåðå÷íóþ ñòðóêòóðó êîëåáàíèé, à ïëàâ-
íî ìåíÿþùàÿñÿ ôóíêöèÿ T (x1, x3) îïèñûâàåò èõ ïðîäîëüíóþ ñòðóêòóðó, çàâèñÿùóþ îò
ìàãíèòíîé îáîëî÷êè. Êàê áûëî ñêàçàíî âûøå, ñòðóêòóðà àëüôâåíîâñêèõ ðåçîíàíñíûõ êî-
ëåáàíèé âäîëü ñèëîâûõ ëèíèé ïðåäñòàâëÿåò ñîáîé ñòîÿ÷èå âîëíû, îïèñûâàåìûå ñîáñòâåí-
íûìè ôóíêöèÿìè TN(x1, x3), ãäå N=1,2,3,. . . íîìåð ñîáñòâåííîé ãàðìîíèêè. Äëÿ ãàðìîíèê
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ñ N >>1 ïðèìåíèìî ïðèáëèæåíèå ÂÊÁ ïî êîîðäèíàòå x3. Â ýòîì ñëó÷àå

TN =
√

2A/tAp sin

(
ΩTN

∫ l

l−

dl′/A

)
, ΩTN = πN/tA, tA =

∫ l+

l−

dl/A,

ãäå l � äëèíà ñèëîâîé ëèíèè, îòñ÷èòûâàåìàÿ îò èîíîñôåðû. Ãàðìîíèêè ñ N ∼ 1 ìîæ-
íî ðàññ÷èòàòü òîëüêî ÷èñëåííî. Àëüôâåíîâñêàÿ âîëíà ëîêàëèçîâàíà âáëèçè ðåçîíàíñíîé
ïîâåðõíîñòè x1 = x1

TN , êîòîðàÿ îïðåäåëÿåòñÿ óñëîâèåì ω = ΩTN(x1
TN). Ïðåäïîëàãàÿ, ÷òî

ìàñøòàá ëîêàëèçàöèè äîñòàòî÷íî ìàë äëÿ ôóíêöèè ΩTN(x1) ïðèìåì ëèíåéíîå ðàçëîæåíèå

Ω2
TN(x1) ≈ ω2[1− (x1 − x1

TN)/lN ],

Ðèñ. 3. Ðàñïðåäåëåíèå â ìåðèäèîíàëüíîé ïëîñêîñòè àìïëèòóäû ðåçîíàíñíûõ àëüôâåíîâ-
ñêèõ êîëåáàíèé, âîçáóæäàåìûõ ìîíîõðîìàòè÷åñêîé ÁÌÇ-âîëíîé, ïðîíèêàþùåé â äèïîëü-
íóþ ìàãíèòîñôåðó èç ñîëíå÷íîãî âåòðà

Âáëèçè ðåçîíàíñíîé ïîâåðõíîñòè äëÿ íàèáîëåå ñèíãóëÿðíûõ êîìïîíåíò ïîëåé èìååì

E1, B2 ∼ ∇UN ∼ (x1 − x1
TN + iεN)−1,

ãäå εN - ðåãóëÿðèçèðóþøèé ôàêòîð, ñâÿçàííûé ñ äèññèïàöèåé ðåçîíàíñíûõ êîëåáàíèé
â èîíîñôåðå. Èñòî÷íèêîì òàêèõ ðåçîíàíñíûõ àëüôâåíîâñêèõ êîëåáàíèé ìîãóò áûòü ÁÌÇ-
âîëíû, ïðîíèêàþùèå â ìàãíèòîñôåðó èç ñîëíå÷íîãî âåòðà. Ðàñïðåäåëåíèå àìïëèòóäû òà-
êèõ êîëåáàíèé â ìåðèäèîíàëüíîé ïëîñêîñòè, ðàññ÷èòàííîå äëÿ àêñèàëüíî-ñèììåòðè÷íîé
ìîäåëè ìàãíèòîñôåðû ïðåäñòàâëåíî íà ðèñ.3. Âèäíî, ÷òî ìîíîõðîìàòè÷åñêàÿ ÁÌÇ-âîëíà,
ïðîíèêàþùàÿ â ìàãíèòîñôåðó âáëèçè ýêâàòîðèàëüíîé ïëîñêîñòè, âîçáóæäàåò â ìàãíè-
òîñôåðå ñðàçó íåñêîëüêî ãàðìîíèê ðåçîíàíñíûõ ñòîÿ÷èõ àëüôâåíîâñêèõ âîëí. Ïðè ýòîì
îñíîâíàÿ ãàðìîíèêà àëüôâåíîâñêèõ êîëåáàíèé, ëîêàëèçîâàííàÿ íà áëèæàéøåé ê Çåìëå
ðåçîíàíñíîé ìàãíèòíîé îáîëî÷êå, èìååò î÷åíü ìàëóþ àìïëèòóäó, ïîñêîëüêó ðåçîíàíñíàÿ
ïîâåðõíîñòü ðàñïîëîæåíà â îáëàñòè íåïðîçðà÷íîñòè ÁÌÇ-âîëíû. À áîëåå âûñîêèå ãàðìî-
íèêè (N=2,3,4,5 . . . ), ðàñïîëîæåííûå â îáëàñòè ïðîçðà÷íîñòè ÁÌÇ-âîëíû, ïðîñëåæèâàþò-
ñÿ âåñüìà îò÷åòëèâî. ×åì âûøå íîìåð ãàðìîíèêè, òåì áëèæå ê ìàãíèòîïàóçå ðàñïîëîæåíà
åå ðåçîíàíñíàÿ ïîâåðõíîñòü.

Ýòà ðàáîòà ÷àñòè÷íî ïîääåðæàíà ãðàíòîì ÐÔÔÈ 12-02-00031-a è ïðîãðàììîé ïðåçè-
äèóìà ÐÀÍ � 22.
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On resonance properties of the Earth’s magnetosphere

Leonovich A.S., Mazur V.A.

Institute of Solar-Terrestrial Physics SB RAS, Russia

The Earth’s magnetosphere is formed by the interaction of the solar wind with the geo-
magnetic field and look like almost an empty cavity with very rarefied plasma. The boundary
of the magnetosphere (magnetopause) is quite sharp from the side of oncoming solar wind and
becomes blurred with distance in the geotail. Such structure of the magnetosphere was the basis
for consideration the magnetosphere as a giant natural MHD resonator. Eigen-oscillations of the
resonator appear in the form of various MHD oscillations - Alfven waves and fast (FMS) and
slow (SMS) magnetosonic waves. Alfven and SMS waves propagate almost along the geomag-
netic field lines. Because the footpoints of all field lines lie on the high-conductive ionosphere,
which reflects well these MHD oscillations, they form a standing waves along the field lines.
Alfven waves are the only ones of MHD oscillations, where the electric field component in the
direction along the magnetic field lines is exited. This makes it possible to change the pitch
angle distribution of the magnetospheric plasma particles, which leads to their precipitation
into the ionosphere and formation of aurora.

Both the Alfven and SMS waves can be excited in the magnetosphere by their interac-
tion with fast magnetic sound on the resonance surfaces. FMS waves can penetrate into the
magnetosphere from the solar wind, or be excited in shear flow at the magnetopause, when
solar wind flowing around the magnetosphere (Kelvin-Helmholtz instability). Inhomogeneity
of the Earth’s plasma creates cavity resonators for FMS waves in the magnetosphere, which
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eigen-frequencies are allocated in the observations in the lowest frequency parts of geomagnetic
pulsation spectra. SMS waves, unlike the Alfven waves, strongly decay usually during the inter-
action with the background plasma. This enables the transfer of momentum from the solar wind
into the magnetosphere with the flux of FMS waves and subsequent resonant excitation of SMS
waves that transmit impulse to background magnetospheric plasma. One of the branches of the
magnetospheric convection can be formed in this way in the geomagnetic tail lobes adjacent to
the magnetopause.
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