
Ï�ÎÑÒ�ÀÍÑÒÂÎ, Â�ÅÌß È ÔÓÍÄÀÌÅÍÒÀËÜÍÛÅ ÂÇÀÈÌÎÄÅÉÑÒÂÈß 2016, Âûï. 1ÓÄÊ 537.8, 52-334.7 Ì.À. Ìàñòåðîâà1, Â.ß. Ýïï2ÁÅÑÑÈËÎÂÀß ÏÎÂÅ�ÕÍÎÑÒÜ Â ÎÊ�ÅÑÒÍÎÑÒÈ Â�ÀÙÀÞÙÅ�ÎÑßÍÀÌÀ�ÍÈ×ÅÍÍÎ�Î ÍÅÁÅÑÍÎ�Î ÒÅËÀ3Èññëåäîâàíà ãåîìåòðèÿ áåññèëîâîé ïîâåðõíîñòè � ïîâåðõíîñòè, íà êîòîðîé âåêòîð ýëåêòðè÷åñêîãî ïîëÿîðòîãîíàëåí âåêòîðó ìàãíèòíîãî ïîëÿ â ìàãíèòîñ�åðå âðàùàþùåãîñÿ îäíîðîäíî íàìàãíè÷åííîãî íåáåñíî-ãî òåëà. Ïðåäïîëàãàåòñÿ, ÷òî ìàãíèòíàÿ îñü òåëà íå ñîâïàäàåò ñ îñüþ âðàùåíèÿ. Ïîëó÷åíû �îðìóëû äëÿáåññèëîâîé ïîâåðõíîñòè è ñêîðîñòè åå äâèæåíèÿ, ñïðàâåäëèâûå íà ëþáîì ðàññòîÿíèè îò òåëà. Èññëåäîâà-íà ãåîìåòðèÿ ýòîé ïîâåðõíîñòè â îêðåñòíîñòè è çà ïðåäåëàìè ñâåòîâîãî öèëèíäðà. Ïîñòðîåíû òðåõìåðíûåãðà�èêè, èëëþñòðèðóþùèå ïîâåäåíèå áåññèëîâîé ïîâåðõíîñòè â öåíòðàëüíîé îáëàñòè, âáëèçè ñâåòîâîãîöèëèíäðà è âíå ýòîãî öèëèíäðà. Ïîêàçàíî, ÷òî ñ óäàëåíèåì îò öåíòðàëüíîãî òåëà áåññèëîâàÿ ïîâåðõíîñòüçàêðó÷èâàåòñÿ âîêðóã îñè âðàùåíèÿ ýòîãî òåëà. Âíå ñâåòîâîãî öèëèíäðà áåññèëîâàÿ ïîâåðõíîñòü òðàíñ-�îðìèðóåòñÿ â ñïèðàëü, âèòêè êîòîðîé áëèçêè ê ñ�åðè÷åñêèì ïîâåðõíîñòÿì. Âðàùåíèå òàêîé òðåõìåðíîéñïèðàëè ñîçäàåò äâèæåíèå ïîâåðõíîñòè, ñêîðîñòü êîòîðîãî ìîæåò áûòü ìåíüøå ñêîðîñòè ñâåòà, â òîì ÷èñ-ëå, äàëåêî çà ñâåòîâûì öèëèíäðîì. Èçâåñòíî, ÷òî ïðè îïðåäåëåííûõ óñëîâèÿõ íà áåññèëîâîé ïîâåðõíîñòèìîãóò íàêàïëèâàòüñÿ çàðÿæåííûå ÷àñòèöû, òåðÿþùèå ýíåðãèþ âñëåäñòâèå èçëó÷åíèÿ. Ýòè ÷àñòèöû ìîãóòäâèãàòüñÿ âìåñòå ñ ðàñøèðÿþùåéñÿ áåññèëîâîé ïîâåðõíîñòüþ, �îðìèðóÿ òàêèì îáðàçîì ïóëüñàðíûé âåòåð.Êëþ÷åâûå ñëîâà: áåññèëîâàÿ ïîâåðõíîñòü, ïóëüñàð, ïîëå äèïîëÿ, ìàãíèòîñ�åðà, ïëàíåòû, çâåçäû.PACS: 97.10.Ld, 94.30.XyÂâåäåíèåÑòðóêòóðà ýëåêòðîìàãíèòíîãî ïîëÿ â îêðåñòíîñòè íàìàãíè÷åííîãî íåáåñíîãî òåëà èìååò áîëü-øîå çíà÷åíèå äëÿ àíàëèçà äèíàìèêè çàðÿæåííûõ ÷àñòèö â îêðåñòíîñòè ýòîãî òåëà. Â ÷àñòíîì ñëó-÷àå, êîãäà îñü âðàùåíèÿ òåëà ñîâïàäàåò ñ ìàãíèòíîé îñüþ, ãåîìåòðèÿ ìàãíèòíîãî ïîëÿ è äâèæåíèåçàðÿæåííûõ ÷àñòèö â ýòîì ïîëå äîâîëüíî ïîäðîáíî èçó÷åíû íà ïðèìåðå Çåìëè [1℄. Áîëåå îáùèéñëó÷àé, êîãäà îñü ìàãíèòíîãî ïîëÿ íàêëîíåíà îòíîñèòåëüíî îñè âðàùåíèÿ, ïðèâëåêàåò âíèìàíèåóæå íåñêîëüêî äåñÿòèëåòèé â ñâÿçè ñ îòêðûòèåì ïóëüñàðîâ. Äåòàëüíîå ïðåäñòàâëåíèå îá ýëåêòðî-ìàãíèòíûõ ïîëÿõ è ðàñïðåäåëåíèè çàðÿäîâ â ìàãíèòîñ�åðå ïóëüñàðîâ íåîáõîäèìî äëÿ ïîíèìàíèÿìåõàíèçìîâ íàáëþäàåìîãî ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ ýòèõ îáúåêòîâ. Ýòèì òåìàì ïîñâÿùåíîáîëüøîå êîëè÷åñòâî ðàáîò (ñì., íàïðèìåð, ìîíîãðà�èþ [2℄ è öèòèðóåìûå â íåé ðàáîòû).Ìîäåëü âðàùàþùåéñÿ íåéòðîííîé çâåçäû ñ ñèëüíûì ìàãíèòíûì ïîëåì âïåðâûå îïèñàëè �îë-äðåéõ è Äæóëèàí [3℄. Îíè ïðåäïîëîæèëè, ÷òî ïîä äåéñòâèåì ýëåêòðè÷åñêîãî ïîëÿ, êîòîðîå ãåíå-ðèðóåòñÿ çà ñ÷åò âðàùåíèÿ ñèëüíî íàìàãíè÷åííîãî òåëà, ýëåêòðîíû âûðûâàþòñÿ ñ ïîâåðõíîñòèçâåçäû è äâèæóòñÿ ñ óñêîðåíèåì âäîëü ñèëîâûõ ëèíèè ìàãíèòíîãî ïîëÿ. Äæåêñîí [4℄ ïåðâûìîòìåòèë, ÷òî íàä ïîëþñàìè íàìàãíè÷åííîãî òåëà, âðàùàþùåãîñÿ âîêðóã ñâîåé ìàãíèòíîé îñè,ñóùåñòâóåò ïîâåðõíîñòü, íà êîòîðîé çàðÿæåííûå ÷àñòèöû, òåðÿÿ ýíåðãèþ íà èçëó÷åíèå, ìîãóò íà-êàïëèâàòüñÿ. Ýòà ïîâåðõíîñòü îïðåäåëÿåòñÿ óñëîâèåì, ÷òî íàïðÿæåííîñòü ýëåêòðè÷åñêîãî ïîëÿîðòîãîíàëüíà íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ. Òàêàÿ ïîâåðõíîñòü ïîëó÷èëà íàçâàíèå áåññèëîâîéïîâåðõíîñòè. Äæåêñîí ïîêàçàë, ÷òî â ñëó÷àå, êîãäà îñü âðàùåíèÿ ñîâïàäàåò ñ ìàãíèòíîé îñüþ,à ýëåêòðè÷åñêîå ïîëå îáóñëîâëåíî çàðÿäîì, èíäóöèðîâàííûì íà ïîâåðõíîñòè çâåçäû, áåññèëîâàÿïîâåðõíîñòü èìååò �îðìó êóïîëà, îïèðàþùåãîñÿ íà ïîâåðõíîñòü çâåçäû. Ïðè ýòîì, îòðèöàòåëüíîçàðÿæåííûå ÷àñòèöû, ñêàïëèâàþùèåñÿ íà áåññèëîâîé ïîâåðõíîñòè, ìîãóò ñòåêàòü â òåëî çâåçäû,îáðàçóÿ ïîòîêè òóðáóëåíòíîé ïëàçìû. �åîìåòðèÿ áåññèëîâîé ïîâåðõíîñòè íà ðàññòîÿíèÿõ ìíîãîìåíüøèõ ðàäèóñà ñâåòîâîãî öèëèíäðà èññëåäîâàíà â ñòàòüå [5℄, à â ðàáîòå [6℄ � íà ðàññòîÿíèÿõâïëîòü äî ñâåòîâîãî öèëèíäðà âî âðàùàþùåéñÿ âìåñòå ñî çâåçäîé ñèñòåìå îòñ÷åòà.Â íàñòîÿùåé ðàáîòå èññëåäîâàíà ãåîìåòðèÿ áåññèëîâîé ïîâåðõíîñòè äëÿ ïðîèçâîëüíûõ ðàññòî-ÿíèé â èíåðöèàëüíîé ñèñòåìå îòñ÷åòà è ïðåäñòàâëåíû äåòàëè ýòîé ïîâåðõíîñòè, íå ðàññìîòðåííûåâ ðàáîòå [6℄. Ïîëó÷åíû �îðìóëû äëÿ ñêîðîñòè äâèæåíèÿ áåññèëîâîé ïîâåðõíîñòè è ïîêàçàíî, ÷òîäàæå íà áîëüøèõ ðàññòîÿíèÿõ îò èñòî÷íèêà ïîëÿ ýòà ñêîðîñòü ìîæåò áûòü ìåíüøå ñêîðîñòè ñâåòà.1E-mail: kolesnikova_ma88�mail.ru2E-mail: epp�tspu.edu.ru3�àáîòà âûïîëíåíà ïðè �èíàíñîâîé ïîääåðæêå Ìèíèñòåðñòâà îáðàçîâàíèÿ è íàóêè �Ô, ãðàíò � 3.867.2014/K.



Áåññèëîâàÿ ïîâåðõíîñòü â îêðåñòíîñòè âðàùàþùåãîñÿ íàìàãíè÷åííîãî íåáåñíîãî òåëà 731. Äâèæåíèå áåññèëîâîé ïîâåðõíîñòèÍàéäåì óðàâíåíèå ïîâåðõíîñòè EH = 0, ãäå E èH � íàïðÿæåííîñòè ýëåêòðè÷åñêîãî è ìàãíèò-íîãî ïîëåé ñîîòâåòñòâåííî. Àíàëèòè÷åñêèå âûðàæåíèÿ äëÿ ýëåêòðîìàãíèòíîãî ïîëÿ â îêðåñòíîñòèâðàùàþùåãîñÿ íàìàãíè÷åííîãî òåëà ñóùåñòâåííî çàâèñÿò îò èñïîëüçóåìîé ìîäåëè. Ìû áóäåì èñ-ïîëüçîâàòü ìîäåëü èäåàëüíî ïðîâîäÿùåé îäíîðîäíî íàìàãíè÷åííîé ñ�åðû, ìàãíèòíàÿ îñü êîòîðîéíàêëîíåíà ê îñè âðàùåíèÿ. Ïîëå â îêðåñòíîñòè òàêîãî òåëà íàéäåíî â [7℄.Ïîñêîëüêó âðàùàþùååñÿ òâåðäîå òåëî íåñîâìåñòèìî ñ òåîðèåé îòíîñèòåëüíîñòè, �îðìóëû äëÿïîëÿ, ïîëó÷åííûå â [7℄, ñïðàâåäëèâû â ïðèáëèæåíèè íåðåëÿòèâèñòñêîãî âðàùåíèÿ òåëà. Ïîýòîìóäîñòîâåðíóþ ÷àñòü ýòèõ âûðàæåíèé ìîæíî âûäåëèòü ðàçëîæåíèåì ïî ìàëîìó ïàðàìåòðó Rω/c,ãäå ω � óãëîâàÿ ñêîðîñòü âðàùåíèÿ, R � ðàäèóñ òåëà, c � ñêîðîñòü ñâåòà. Ïåðâûå ÷ëåíû òàêîãîðàçëîæåíèÿ â ñ�åðè÷åñêîé ñèñòåìå êîîðäèíàò r, θ, ϕ (îñü Z íàïðàâëåíà âäîëü âåêòîðà óãëîâîéñêîðîñòè ω) èìåþò âèä [8℄:
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[cosα sin θ − sinα cos θ(C − ρ2 cosλ)],
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ρ3
sinα(S − ρ2 sinλ) .ãäå µ � ìàãíèòíûé ìîìåíò òåëà, α � óãîë ìåæäó ìàãíèòíîé îñüþ è îñüþ âðàùåíèÿ, ρ = ωr/c, a =

ωR/c, λ = ρ+ ϕ− ωt, k = ω/c, S = sinλ− ρ cosλ, C = cosλ+ ρ sinλ.Ïîëå îïèñûâàåìîå �îðìóëàìè (1.1) ñîñòîèò èç ìàãíèòíîãî ïîëÿ âðàùàþùåãîñÿ òî÷å÷íîãî ìàã-íèòíîãî äèïîëÿ è ýëåêòðè÷åñêîãî ïîëÿ, êîòîðîå ÿâëÿåòñÿ ñóïåðïîçèöèåé äèïîëüíîãî è êâàäðóïîëü-íîãî ïîëåé. Êâàäðóïîëüíîå ýëåêòðè÷åñêîå ïîëå ñîçäàåòñÿ ïîâåðõíîñòíûì çàðÿäîì, êîòîðûé èí-äóöèðóåòñÿ âðàùåíèåì ïðîâîäÿùåãî òåëà â ñîáñòâåííîì ìàãíèòíîì ïîëå. Ýòà ÷àñòü ïðåäñòàâëåíà÷ëåíàìè, ïðîïîðöèîíàëüíûìè a2/ρ2 è óáûâàþùèìè ñ ðàññòîÿíèåì êàê ρ−4. Íà áîëüøèõ ðàññòîÿíè-ÿõ ρ≫ a ýòà ÷àñòü îáðàùàåòñÿ â íîëü è ýëåêòðîìàãíèòíîå ïîëå ñòàíîâèòüñÿ ïîëåì âðàùàþùåãîñÿìàãíèòíîãî äèïîëÿ.Óñëîâèå EH = 0 äàåò ñëåäóþùåå óðàâíåíèå áåññèëîâîé ïîâåðõíîñòè
4 cos θ(C sinα sin θ + cosα cos θ)2 + sinα(C cosα sin θ − sinα cos θ)

(

ρ2

a2
− 1

)

= 0. (1.2)Çàâèñèìîñòü îò âðåìåíè âõîäèò â ýòî óðàâíåíèå â �îðìå ϕ − ωt = ψ. Ýòî îçíà÷àåò, ÷òî áåñ-ñèëîâàÿ ïîâåðõíîñòü âðàùàåòñÿ êàê öåëîå âìåñòå ñ òåëîì ñ óãëîâîé ñêîðîñòüþ ω. Â ñâÿçè ñ ýòèìâîçíèêàåò âîïðîñ � èìååò ëè ýòà ïîâåðõíîñòü êàêîé-ëèáî �èçè÷åñêèé ñìûñë çà ïðåäåëàìè ñâåòîâî-ãî öèëèíäðà, ãäå åå ëèíåéíàÿ ñêîðîñòü áîëüøå ñêîðîñòè ñâåòà? Èíòåðåñ ê áåññèëîâîé ïîâåðõíîñòèñâÿçàí ñ òåì, ÷òî åñëè çàðÿæåííàÿ ÷àñòèöà íàõîäèòñÿ íà ýòîé ïîâåðõíîñòè, òî ýëåêòðè÷åñêîå ïîëåíå óñêîðÿåò ýòó ÷àñòèöó âäîëü ìàãíèòíîãî ïîëÿ. Â ñèëüíûõ ïîëÿõ, êîãäà ðàäèàöèîííîå òðåíèåñóùåñòâåííî âëèÿåò íà äâèæåíèå çàðÿæåííûõ ÷àñòèö, îíè ìîãóò íàêàïëèâàòüñÿ íà áåññèëîâîéïîâåðõíîñòè, âðàùàÿñü âìåñòå ñ ýòîé ïîâåðõíîñòüþ [4, 5, 9℄.Ïî ñóùåñòâó � áåññèëîâàÿ ïîâåðõíîñòü åñòü íå ÷òî èíîå, êàê ãåîìåòðè÷åñêîå ìåñòî òî÷åê. Íà-áëþäàåìûì äâèæåíèåì ïîâåðõíîñòè ÿâëÿåòñÿ åå äâèæåíèå â íàïðàâëåíèè, îðòîãîíàëüíîì åå ïî-âåðõíîñòè. Íàïðèìåð, ñêîëüæåíèå ïëîñêîñòè âäîëü ñàìîé ñåáÿ íå ÿâëÿåòñÿ ðåàëüíûì äâèæåíèåì.Â ñâÿçè ñ ýòèì ïðåäñòàâëÿåò èíòåðåñ ñêîðîñòü äâèæåíèÿ áåñññèëîâîé ïîâåðõíîñòè â íàïðàâëåíèèåå íîðìàëè ïðè âðàùåíèè ýòîé ïîâåðõíîñòè âìåñòå ñ òåëîì. Íîðìàëü ê ïîâåðõíîñòè, çàäàííîéóðàâíåíèåì F (r) = 0 ïàðàëëåëüíà âåêòîðó ãðàäèåíòà �óíêöèè F (r) è ìîæåò áûòü âû÷èñëåíà ïî�îðìóëå
n =

∇F

|∇F |
. (1.3)



74 M.A. Masterova, V.Ya. EppÏðîåêöèÿ ëèíåéíîé ñêîðîñòè [ωr] íà íîðìàëü â ñ�åðè÷åñêîé ñèñòåìå êîîðäèíàò ðàâíà
vn = (n[ωr]) =

ω

|∇F |

∂F

∂ϕ
. (1.4)Çíà÷åíèå �óíêöèè â ïðàâîé ÷àñòè ýòîãî âûðàæåíèÿ íóæíî áðàòü íà áåññèëîâîé ïîâåðõíîñòè.Íàéäåì íîðìàëüíóþ ñêîðîñòü áåñññèëîâîé ïîâåðõíîñòè âäàëè îò ïîâåðõíîñòè çâåçäû, íà ðàñ-ñòîÿíèÿõ ρ ≫ a. Èç óðàâíåíèÿ (1.2) ñëåäóåò, ÷òî â ýòîì ñëó÷àå áåññèëîâàÿ ïîâåðõíîñòü çàäàåòñÿóðàâíåíèåì

F ≡ C cosα sin θ − sinα cos θ = 0. (1.5)�ðàäèåíò ýòîé �óíêöèè ðàâåí
∇F =

ω

c

(

er
∂F
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+ eθ

1

ρ

∂F

∂θ
+ eϕ

1

ρ sin θ

∂F

∂ϕ

)

, (1.6)ãäå
∂F

∂r
= ρ sin θ cosα cosλ, (1.7)

∂F

∂θ
= C cos θ cosα+ sin θ sinα, (1.8)

∂F

∂ϕ
= −S sin θ cosα. (1.9)Ñ�åðè÷åñêèå êîîðäèíàòû â ïîñëåäíèõ �îðìóëàõ äîëæíû óäîâëåòâîðÿòü óðàâíåíèþ (1.5). Äëÿýòîãî âûðàçèì tg θ èç (1.5) è ïîäñòàâèì â (1.6). Äàëåå ñ ïîìîùüþ �îðìóëû (1.4) íàéäåì ìîäóëüíîðìàëüíîé ñêîðîñòè ïîâåðõíîñòè â åäèíèöàõ ñêîðîñòè ñâåòà βn = vn/c

|βn| =
ρ|S sin 2α|

2
√

sin2 α+ cos2 α[C2(1 + ρ2 cos2 α) + ρ2 sin2 α+ ρ4 sin2 α cos2 λ]
. (1.10)Âíóòðè ñâåòîâîãî öèëèíäðà ýòà âåëè÷èíà, î÷åâèäíî, ìåíüøå åäèíèöû, à çà ïðåäåëàìè ñâåòîâîãîöèëèíäðà îíà ìîæåò áûòü êàê áîëüøå åäèíèöû, òàê è ìåíüøå. Íî íà î÷åíü áîëüøèõ ðàññòîÿ-íèÿõ íîðìàëüíàÿ ñêîðîñòü áåññèëîâîé ïîâåðõíîñòè ñòðåìèòñÿ ê ñêîðîñòè ñâåòà. Äåéñòâèòåëüíî,èç óðàâíåíèÿ (1.5) ñëåäóåò, ÷òî åñëè ρ ≫ 1 è cosα è sin θ íå ìàëû, òî sinλ ≪ 1, ñëåäîâàòåëüíî

S ≈ −ρ cosλ≫ 1. Èñïîëüçóÿ ýòè ïðèáëèæåíèÿ ïîëó÷èì äëÿ ρ≫ 1

|βn| ≈
ρ sinα | cosλ|

√

ρ2 sin2 α cos2 λ+ C2 cos2 α+ sin2 α
. (1.11)Ïðåäåë ýòîé âåëè÷èíû ïðè ρ→ ∞ ðàâåí åäèíèöå. Äåéñòâèòåëüíî, ñ ðîñòîì ρ âåëè÷èíà C îñòàåòñÿîãðàíè÷åííîé â ñèëó óðàâíåíèÿ (1.5). Ïîòîìó ïðè áîëüøèõ ρ ïåðâîå ñëàãàåìîå â ïîäêîðåííîìâûðàæåíèè ñòàíîâèòñÿ ïðåîáëàäàþùèì.Òàêèì îáðàçîì, åñëè çàðÿæåííûå ÷àñòèöû íàêàïëèâàþòñÿ íà áåññèëîâîé ïîâåðõíîñòè, òî îíèèìåþò âîçìîæíîñòü ïåðåìåùàòüñÿ âìåñòå ñ ýòîé ïîâåðõíîñòüþ è çà ïðåäåëàìè ñâåòîâîãî öèëèíäðà.2. �åîìåòðèÿ áåññèëîâîé ïîâåðõíîñòè�åîìåòðèÿ áåññèëîâîé ïîâåðõíîñòè â îáëàñòè ρ ≪ 1 èññëåäîâàíà äîâîëüíî ïîäðîáíî â ðàáî-òå [5℄. Ñòðóêòóðà ýòîé ïîâåðõíîñòè íà áîëüøèõ ðàññòîÿíèÿõ èçó÷åíà âî âðàùàþùåéñÿ âìåñòå ñîçâåçäîé ñèñòåìå îòñ÷åòà â ñòàòüå [6℄. Èñïîëüçîâàíèå âðàùàþùåéñÿ ñèñòåìû îòñ÷åòà îãðàíè÷èâà-åò îáëàñòü èññëåäîâàíèÿ ïîâåðõíîñòüþ ñâåòîâîãî öèëèíäðà. Â íàñòîÿùåé ðàáîòå ìû èññëåäóåì�îðìó áåññèëîâîé ïîâåðõíîñòè è õàðàêòåð åå äâèæåíèÿ íà ïðîèçâîëüíûõ ðàññòîÿíèÿõ îò îñè âðà-ùåíèÿ. Ïðåäñòàâëåíû èçîáðàæåíèÿ áåññèëîâîé ïîâåðõíîñòè, äåìîíñòðèðóþùèõ åå ãåîìåòðèþ êàêâ îêðåñòíîñòè ñâåòîâîãî öèëèíäðà òàê è íà áîëüøèõ ðàññòîÿíèÿõ. Âñå ãðà�èêè ïîñòðîåíû äëÿóãëà íàêëîíà ìàãíèòíîé îñè ê îñè âðàùåíèÿ α = π/3 è ðàäèóñà çâåçäû R = 0.3c/ω.Áåññèëîâàÿ ïîâåðõíîñòü âíóòðè ñâåòîâîãî öèëèíäðà, ïîñòðîåííàÿ ïî �îðìóëå (1.2) äëÿ íåêîòî-ðîãî �èêñèðîâàííîãî ìîìåíòà âðåìåíè ïðèâåäåíà íà ðèñóíêå 1. ×èñëà íà îñÿõ äåêàðòîâîé ñèñòåìû



Áåññèëîâàÿ ïîâåðõíîñòü â îêðåñòíîñòè âðàùàþùåãîñÿ íàìàãíè÷åííîãî íåáåñíîãî òåëà 75

�èñ. 1. Áåññèëîâàÿ ïîâåðõíîñòü âáëèçè íåáåñíîãîòåëà �èñ. 2. Áåññèëîâàÿ ïîâåðõíîñòü â îáëàñòè ρ < 12

êîîðäèíàò óêàçûâàþò ðàññòîÿíèå â åäèíèöàõ ω

c
(x, y, z). Çà ïðåäåëàìè ñâåòîâîãî öèëèíäðà áåññè-ëîâàÿ ïîâåðõíîñòü îáðàçóåò ñïèðàëåâèäíóþ ñòðóêòóðó, ïîêàçàííóþ íà ðèñóíêå 2. ×òîáû ïîêàçàòüâíóòðåííþþ ÷àñòü, èç ïîâåðõíîñòè âûðåçàí ñåêòîð ñ óãëîâûì ðàñòâîðîì π/2.Âèòêè ýòîé ïðîñòðàíñòâåííîé ñïèðàëè áëèçêè ê ñ�åðè÷åñêèì ïîâåðõíîñòÿì, íî îíè íå êàñà-þòñÿ îñè âðàùåíèÿ. Ñ óäàëåíèåì îò öåíòðà ïîâåðõíîñòü âèòêîâ àñèìïòîòè÷åñêè ïðèáëèæàåòñÿ êñ�åðè÷åñêîé ïîâåðõíîñòè. Áîëåå òî÷íîå ïðåäñòàâëåíèå î õàðàêòåðå áåññèëîâîé ïîâåðõíîñòè äàþòñå÷åíèÿ, ïðåäñòàâëåííûå íà ðèñóíêàõ 3 � 5.Ñå÷åíèå ýêâàòîðèàëüíîé ïëîñêîñòüþ z = 0 â îáëàñòè ρ ≤ 5 ïîêàçàíî íà ðèñóíêå 3, à ñå÷åíèÿâçàèìíî îðòîãîíàëüíûìè ïëîñêîñòÿìè, ïðîõîäÿùèìè ÷åðåç îñü âðàùåíèÿ (îñü Z), ïðåäñòàâëåíûíà ðèñóíêàõ 4 è 5. �èñóíêè 3 � 5 ïîêàçûâàþò, êàêèì îáðàçîì �îðìèðóåòñÿ ñ�åðè÷åñêàÿ ñïèðàëü,èçîáðàæåííàÿ íà ðèñóíêå 2.
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�èñ. 3. Ñå÷åíèå áåññèëîâîéïîâåðõíîñòè ïëîñêîñòüþ z = 0
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 �èñ. 4. Ñå÷åíèå áåññèëîâîéïîâåðõíîñòè ïëîñêîñòüþ ϕ = 0
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�èñ. 5. Ñå÷åíèå áåññèëîâîéïîâåðõíîñòè ïëîñêîñòüþ
ϕ = π/2Ïðè âðàùåíèè ïîâåðõíîñòè, èçîáðàæåííîé íà ðèñóíêå 2, íàáëþäàåìîå åå èçìåíåíèå ñîñòîèò âòîì, ÷òî êàæäûé âèòîê ñ�åðè÷åñêîé ñïèðàëè ðàñøèðÿåòñÿ îò öåíòðà, à íîâûå âèòêè ðîæäàþòñÿâ íà÷àëå êîîðäèíàò â ðåçóëüòàòå âðàùåíèÿ èñòî÷íèêà. Íàáëþäàåìàÿ íîðìàëüíàÿ ñêîðîñòü äâèæå-íèÿ ïîâåðõíîñòè îïèñûâàåòñÿ �îðìóëîé (1.10), à íà áîëüøèõ ðàññòîÿíèÿõ ïðèáëèæåííîé �îðìó-ëîé (1.11). Åñëè áû áåññèëîâàÿ ïîâåðõíîñòü ïðåäñòàâëÿëà ñîáîé âðàùàþùååñÿ �èçè÷åñêîå òåëî, òîêàæäàÿ òî÷êà ýòîãî òåëà çà ïðåäåëàìè ñâåòîâîãî öèëèíäðà èìåëà áû ñâåðõñâåòîâóþ ñêîðîñòü. Íîòàê êàê ýòà ïîâåðõíîñòü íå áîëåå ÷åì ãåîìåòðè÷åñêîå ìåñòî òî÷åê, �èçè÷åñêèé ñìûñë èìååò òîëü-êî íîðìàëüíàÿ ñîñòàâëÿþùàÿ ñêîðîñòè. Äðóãèìè ñëîâàìè, åñëè áåññèëîâàÿ ïîâåðõíîñòü ÿâëÿåòñÿëîâóøêîé äëÿ çàðÿæåííûõ ÷àñòèö, òî ÷àñòèöû ìîãóò äâèãàòüñÿ âìåñòå ñ ýòîé ïîâåðõíîñòüþ è çàïðåäåëàìè ñâåòîâîãî öèëèíäðà. Ýòî ÿâëåíèå ìîæåò áûòü îäíèì èç ìåõàíèçìîâ óñêîðåíèÿ çàðÿæåí-íûõ ÷àñòèö â ìàãíèòîñ�åðå íåéòðîííîé çâåçäû. Ïðèíöèï äåéñòâèÿ òàêîãî ìåõàíèçìà àíàëîãè÷åíâèíòîâîìó òðàíñïîðòåðó ñ ïëàâíî èçìåíÿþùèìñÿ øàãîì âèíòà.



76 M.A. Masterova, V.Ya. EppÇàêëþ÷åíèåÏðèíÿòî ñ÷èòàòü, ÷òî ñâåòîâîé öèëèíäð ÿâëÿåòñÿ �èçè÷åñêîé ãðàíèöåé äëÿ ìíîãèõ ÿâëåíèé âìàãíèòîñ�åðå âðàùàþùèõñÿ íåáåñíûõ òåë, ïîëÿ êîòîðûõ íå îáëàäàþò àêñèàëüíîé ñèììåòðèåé.Íàïðèìåð, ñ÷èòàåòñÿ, ÷òî ñèëîâûå ëèíèè ìàãíèòíîãî ïîëÿ çàìêíóòû â ïðåäåëàõ ñâåòîâîãî öèëèí-äðà, à âíå ýòîãî öèëèíäðà ðàçðûâàþòñÿ èñòåêàþùåé èç ìàãíèòîñ�åðû ïëàçìîé. Ïðåäïîëàãàåòñÿòàêæå, ÷òî ñâåòîâîé öèëèíäð ÿâëÿåòñÿ ãðàíèöåé ïëàçìû âðàùàþùåéñÿ âìåñòå ñ íàìàãíè÷åííîéçâåçäîé. Ïðèìåð ðàññìîòðåííîé â íàñòîÿùåé ðàáîòå áåññèëîâîé ïîâåðõíîñòè ãîâîðèò î òîì, ÷òîýòî íå ñîâñåì òàê. Âñëåäñòâèå êîíå÷íîé ñêîðîñòè ðàñïðîñòðàíåíèÿ ýëåêòðîìàãíèòíîãî ïîëÿ çàâèñè-ìîñòü ïîëÿ îò âðåìåíè èìååò âèä f(ωt−ϕ−ωr/c). Âñëåäñòâèå ýòîãî ãåîìåòðèÿ ýëåêòðîìàãíèòíîãîïîëÿ è äðóãèõ õàðàêòåðèñòèê, âûðàæàåìûõ ÷åðåç íàïðÿæåííîñòè ýëåêòðè÷åñêîãî è ìàãíèòíîãîïîëåé, ïðèîáðåòàåò ñïèðàëåâèäíóþ ñòðóêòóðó òèïà ñå÷åíèÿ, ïîêàçàííîãî íà ðèñóíêå 3. Ýòà ñòðóê-òóðà âðàùàåòñÿ êàê öåëîå ñ óãëîâîé ñêîðîñòüþ ω. Äðóãèì ïðèìåðîì �èçè÷åñêîãî îáúåêòà òàêîãîðîäà ÿâëÿåòñÿ âîëíîâîé �ðîíò, çàäàâàåìûé óðàâíåíèåì ωt − ϕ − ωr/c = onst. Ñå÷åíèå ýòîé ïî-âåðõíîñòè ïëîñêîñòüþ, îðòîãîíàëüíîé îñè âðàùåíèÿ, ïðåäñòàâëÿåò ñîáîé àðõèìåäîâó ñïèðàëü. Âðàäèàëüíîì íàïðàâëåíèè ýòà ïîâåðõíîñòü äâèæåòñÿ ñî ñêîðîñòüþ ñâåòà, íî ïîñêîëüêó âîëíîâîé�ðîíò íå îðòîãîíàëåí ëó÷ó, ïðîâåäåííîìó èç íà÷àëà êîîðäèíàò, íîðìàëüíàÿ ñîñòàâëÿþùàÿ ýòîéñêîðîñòè ìåíüøå ñêîðîñòè ñâåòà è ðàâíà
vn =

cρ sin θ
√

ρ2 sin2 θ + 1
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Áåññèëîâàÿ ïîâåðõíîñòü â îêðåñòíîñòè âðàùàþùåãîñÿ íàìàãíè÷åííîãî íåáåñíîãî òåëà 77M.A. Masterova, V.Ya. EppFore free surfae around a rotating magnetized elestial bodyKeywords: fore free surfae, pulsar, dipole �eld, magnetosphere, planets, stars.PACS: 97.10.Ld, 94.30.XyGeometry of the surfae where the eletri �eld of rotating magnetized osmi body is orthogonal to themagneti �eld is studied. This surfae is usually referred to as a fore-free surfae. It is widely aepted thatthe relativisti harged partiles moving in the magnetosphere of a neutron star an be trapped by the fore-free surfae, or at least by some segments of the surfae due to radiation losses of the partiles. Present paperonentrate on geometry of the fore-free surfae and its motion related to rotation of the magnetized body. Thease when the axis of the magneti �eld is not parallel to the axis of rotation is onsidered.The fore-free surfae is de�ned by equation
4 cos θ(C sinα sin θ + cosα cos θ)2 + sinα(C cosα sin θ − sinα cos θ)

(

ρ2

a2
− 1

)

= 0,where C = cosλ+ ρ sinλ, λ = ρ+ϕ−ωt, ω is the vetor of angular veloity, r, θ, ϕ are the spherial oordinateswith axis z parallel to vetor ω, ρ = ωr/c, a = ωR/c, R is the radius of the elestial body, α is the anglebetween the axis of rotation and the magneti axis. Geometry of this surfae is investigated in the neighborhoodand outside the light ylinder de�ned by equation r sin θ = ω/c. It is shown that the fore-free surfae at greatdistanes is twisted around the axis of rotation. Outside the light ylinder the fore-free surfae is transformedinto a 3D spiral whih oils are lose to the spherial surfaes. Rotation of suh a three-dimensional spiral leadsto radial expansion of the surfae.Atually, the fore-free surfae is nothing more than a geometri lous. The observed motion of the surfaeis its motion in the diretion orthogonal to it. In this regard, it is of interest to alulate the veloity of surfae
vn in the diretion of its normal, while the surfae is o-rotating with the magnetized body. The speed of thesurfae vn is alulated for arbitrary distane from the axis of rotation. It is shown that even outside the lightylinder the speed vn an be less than the speed of light. Far from the rotating body (ρ ≫ 1) the speed of thesurfae is equal to

|vn| ≈ c
ρ sinα | cosλ|

√
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