
ÊÎÑÌ²×ÍÀ Ô²ÇÈÊÀ

doi: https://doi.org/10.15407/kfnt2022.04.003
ÓÄÊ 523.9-72

Þ. ². Ôåäîðîâ,   Á. Î. Øàõîâ,   Þ. Ë. Êîëåñíèê

Ãîëîâíà àñòðîíîì³÷íà îáñåðâàòîð³ÿ Íàö³îíàëüíî¿ àêàäåì³¿ íàóê Óêðà¿íè
03143, Êè¿â, âóë. Çàáîëîòíîãî 27 
E-mail: fedorov@mao.kiev.ua

Ìîäóëÿö³ÿ ³íòåíñèâíîñò³ ãàëàêòè÷íèõ 
êîñì³÷íèõ ïðîìåí³â ó íàáëèæåíí³ ìàëî¿ àí³çîòðîï³¿

Ðîçãëÿíóòî ïîøèðåííÿ êîñì³÷íèõ ïðîìåí³â ó ì³æïëàíåòíîìó ñåðå -
äîâèù³ íà îñíîâ³ ð³âíÿííÿ ïåðåíîñó. Ðîçâ’ÿçîê ð³âíÿííÿ ïåðåíîñó êîñ -
ì³÷íèõ ïðîìåí³â îäåðæàíî çà óìîâè â³äîìîãî åíåðãåòè÷íîãî ðîçïîä³ëó 
çàðÿäæåíèõ ÷àñòèíîê âèñîêî¿ åíåðã³¿ íà ãðàíèö³ ãåë³îñôåðè. Ñïåêòð
ãàëàêòè÷íèõ êîñì³÷íèõ ïðîìåí³â ó ëîêàëüíîìó ì³æçîðÿíîìó ñåðåäîâè -
ù³ âèáðàíî íà îñíîâ³ äàíèõ, îäåðæàíèõ êîñì³÷íèìè àïàðàòàìè «Âî -
ÿäæåð-1» ³ «Âîÿäæåð-2». Ðîçðàõîâàíî ïîò³ê ãàëàêòè÷íèõ êîñì³÷íèõ
ïðîìåí³â ó ð³çí³ ïåð³îäè ñîíÿ÷íî¿ àêòèâíîñò³. Ïðèâåäåíî îö³íêè ãðà -
ä³ºíò³â ³íòåíñèâíîñò³ êîñì³÷íèõ ïðîìåí³â ³ çðîáëåíî ïîð³âíÿííÿ öèõ
ðîçðàõóíê³â ç äàíèìè êîñì³÷íèõ ì³ñ³é. Çðîáëåíî ðîçðàõóíêè àí³çîòðî -
ï³¿ êóòîâîãî ðîçïîä³ëó êîñì³÷íèõ ïðîìåí³â. Ïîêàçàíî, ùî ïîò³ê ãàëàê -
òè÷íèõ êîñì³÷íèõ ïðîìåí³â íà îðá³ò³ Çåìë³ ìàº àçèìóòàëüíèé íàïðÿ -
ìîê, à àí³çîòðîï³ÿ ïðîòîí³â ç åíåðã³ÿìè â³ä 1 ÌåÂ äî 1 ÃåÂ õàðàêòå -
ðèçóºòüñÿ çíà÷åííÿì ïîðÿäêó 0.5 %. 
Êëþ÷îâ³ ñëîâà: êîñì³÷í³ ïðîìåí³, ãåë³îñôåðíå ìàãí³òíå ïîëå, ð³âíÿííÿ 
ïåðåíîñó. 

ÂÑÒÓÏ

²íòåíñèâí³ñòü ãàëàêòè÷íèõ êîñì³÷íèõ ïðîìåí³â (ÃÊÏ) ìîäóëþºòüñÿ
ïðè âçàºìîä³¿ çàðÿäæåíèõ ÷àñòèíîê âèñîêî¿ åíåðã³¿ ç åëåêòðîìàãí³ò -
íèìè ïîëÿìè ñîíÿ÷íîãî â³òðó. ×èñëåíí³ òðèâàë³ âèì³ðþâàííÿ ³íòåí -
ñèâíîñò³ êîñì³÷íèõ ïðîìåí³â íàçåìíîþ ìåðåæåþ íåéòðîííèõ ìîí³ òî -
ð³â ïðîäåìîíñòðóâàëè íàÿâí³ñòü 11-ð³÷íîãî öèêëó ³íòåíñèâíîñò³ ÃÊÏ
(ÿêà àíòèêîðåëþº ç ñîíÿ÷íîþ àêòèâí³ñòþ), à òàêîæ âàð³àö³¿ ³íòåí ñèâ -
íîñò³ êîñì³÷íèõ ïðîìåí³â (ÊÏ) ç 22-ð³÷íèì ïåð³îäîì [10, 12, 16, 17,
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21]. Äëÿ ç’ÿñóâàííÿ ìåõàí³çì³â ìîäóëÿö³¿ ÃÊÏ ó ì³æïëàíåòíîìó ñåðå -
äîâèù³ íåîáõ³äíèì º çíàííÿ ñòðóêòóðè ãåë³îñôåðè òà ïðîñòîðîâîãî
ðîçïîä³ëó ì³æïëàíåòíèõ ìàãí³òíèõ ïîë³â. Íàäçâè÷àéíî âàæëèâå çíà -
÷åí íÿ ìàþòü äàí³, îòðèìàí³ íà êîñì³÷íèõ àïàðàòàõ (ÊÀ) «Ï³îíåð» ³
«Âîÿäæåð», ÿê³ äîñë³äæóâàëè â³ääàëåí³ îáëàñò³ ãåë³îñôåðè. Çîêðåìà,
äàí³, îòðèìàí³ ÊÀ «Âîÿäæåð-1», ÿêèé çàëèøèâ ãåë³îñôåðó ó 2012 ð.,
äî çâîëèëè âñòàíîâèòè åíåðãåòè÷íèé ñïåêòð ÊÏ ó ëîêàëüíîìó ì³æçî -
ðÿíîìó ñåðåäîâèù³ äî ÌåÂ-íèõ åíåðã³é âêëþ÷íî [21, 23]. ²íôîðìàö³ÿ
ïðî íåìîäóëüîâàí³ åíåðãåòè÷í³ ñïåêòðè ÃÊÏ íåîáõ³äíà ïðè ðîçðà -
õóíêàõ ïðîñòîðîâî-åíåðãåòè÷íîãî ðîçïîä³ëó ÷àñòèíîê âñåðåäèí³ ãå -
ë³î ñôåðè. Êîñì³÷íà ì³ñ³ÿ «Óë³ññ» äîñë³äæóâàëà ïîëÿðí³ îáëàñò³ ãåë³î -
ñôåðè ³ îòðèìàëà âàæëèâ³ äàí³ ïðî ñòðóêòóðó ãåë³î ñôåðè ³ ïðî ðîçïî -
ä³ë ÃÊÏ ó ì³æïëàíåòíîìó ñåðåäîâèù³ [10¾12, 16, 17]. Òðàºêòîð³ÿ êîñ -
ì³÷íîãî àïàðàòà «Óë³ññ» äàº óí³êàëüíó ìîæëèâ³ñòü äîñë³äèòè ïðîñòî -
ðîâó ìîäóëÿö³þ êîñì³÷íèõ ïðîìåí³â â óìîâàõ ì³í³ìóìó ñîíÿ÷íî¿
àêòèâíîñò³ [10, 11, 16, 17]. Îäíî÷àñíå äåòåêòóâàííÿ ³íòåíñèâíîñò³ ÊÏ
êîñì³÷íèì àïàðàòîì «Óë³ññ» (íà âèñîêèõ ãåë³îøèðîòàõ) ³ ñàòåë³òàìè
IMP-8, AMS ³ PAMELA (íà íàâêîëîçåìíèõ îðá³òàõ) äîçâîëèëè
îòðèìàòè óí³êàëüí³ äàí³ â³äíîñíî ïðîñòîðîâîãî ðîçïîä³ëó ÃÊÏ ó ð³çí³
ïåð³îäè àêòèâíîñò³ Ñîíöÿ [10¾12, 16, 17]. 

Òåîðåòè÷íå äîñë³äæåííÿ ïðîöåñó ìîäóëÿö³¿ ³íòåíñèâíîñò³ ÊÏ áà -
çóºòüñÿ íà ðîçâ’ÿçêàõ ð³âíÿííÿ ïåðåíîñó ÊÏ ç â³äïîâ³äíèìè óìîâàìè
íà ãðàíèö³ ãåë³îñôåðè. Â³äîìî, ùî ñïîñòåðåæóâàíà àí³çîòðîï³ÿ êóòî -
âîãî ðîçïîä³ëó ÃÊÏ º ìàëîþ âåëè÷èíîþ äëÿ ÷àñòèíîê øèðîêîãî ä³à -
ïàçîíó åíåðã³é. Äàíèé åêñïåðèìåíòàëüíèé ôàêò äîçâîëÿº çàñòîñóâàòè
íàáëèæåííÿ ìàëî¿ àí³çîòðîï³¿ äëÿ òåîðåòè÷íîãî äîñë³äæåííÿ ïîøè -
ðåí íÿ çàðÿäæåíèõ ÷àñòèíîê ó ìàãí³òíèõ ïîëÿõ ãåë³îñôåðè. Ó ðîáîòàõ
[9, 22] çàïðîïîíîâàíî ìåòîä íàáëèæåíîãî ðîçâ’ÿçêó ð³âíÿííÿ ïåðå -
íîñó, ÿêèé âðàõîâóº ìàë³ñòü àí³çîòðîï³¿ ÃÊÏ. Ù³ëüí³ñòü ðàä³àëüíîãî
ïîòîêó ÷àñòèíîê ç äàíèì çíà÷åííÿì ³ìïóëüñó ââàæàºòüñÿ ð³âíîþ íó -
ëå â³. Ìåòîä ïîëÿãàº ó ðîçâ’ÿçêó â³äïîâ³äíîãî ð³âíÿííÿ ó ÷àñòèííèõ
ïîõ³äíèõ ïðè óìîâ³, ùî åíåðãåòè÷íèé ñïåêòð ÊÏ íà ãðàíèö³ îáëàñò³
ìîäóëÿö³¿ â³äîìèé [9, 22]. Äàíèé ï³äõ³ä îòðèìàâ ðîçâèòîê â ðîáîò³ [4],
äå çàïðîïîíîâàíî ³òåðàö³éíó ïðîöåäóðó âðàõóâàííÿ ìàëîãî ïàðàìåòðà 
— àí³çîòðîï³¿ êóòîâîãî ðîçïîä³ëó ÃÊÏ. Íàáëèæåííÿ ìàëî¿ àí³çîòðîï³¿
âèêîðèñòîâóâàëîñü, íàïðèêëàä, â ðîáîòàõ ç ïîøèðåííÿ ÊÏ ó ãåë³î -
ñôåðíèõ ìàãí³òíèõ ïîëÿõ [5, 7, 8, 13, 14, 15, 17]. Ó äàí³é ðîáîò³ íà îñ -
íîâ³ ðîçâ’ÿçêó ð³âíÿííÿ ïåðåíîñó ÊÏ ïðîâåäåíî ðîçðàõóíêè ù³ëüíîñò³ 
ðàä³àëüíîãî ïîòîêó ÊÏ ³ ïîòîêó ÷àñòèíîê ïî ãåë³îøèðîò³. Îö³íåíî
ãðà ä³ºíòè ³íòåíñèâíîñò³ ÃÊÏ ³ àí³çîòðîï³¿ êóòîâîãî ðîçïîä³ëó ÷àñòè -
íîê. 

Ð²ÂÍßÍÍß ÏÅÐÅÍÎÑÓ ÊÎÑÌ²×ÍÈÕ ÏÐÎÌÅÍ²Â

Çàïèøåìî ð³âíÿííÿ ïåðåíîñó êîñì³÷íèõ ïðîìåí³â ó ì³æïëàíåòíîìó
ñåðåäîâèù³ ó âèãëÿä³ [1, 2, 20] 
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Òåíçîð äèôóç³¿ ÊÏ ìàº âèãëÿä [6]
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äå dab  ¾ ñèìâîë Êðîíåêåðà,  eabg ¾ îäèíè÷íèé àíòèñèìåòðè÷íèé
òåíçîð, h = H/H — îäèíè÷íèé âåêòîð ó íàïðÿìêó âåëèêîìàñøòàáíîãî
ì³æïëàíåòíîãî ìàãí³òíîãî ïîëÿ H, k11 ¾ êîåô³ö³ºíò äèôóç³¿ ÷àñòèíîê
ó íàïðÿìêó ñåðåäíüîãî ìàãí³òíîãî ïîëÿ, k^ ¾ êîåô³ö³ºíò äèôóç³¿ ÷àñ -
òèíîê ó íàïðÿìêó, ïåðïåíäèêóëÿðíîìó äî ìàãí³òíîãî ïîëÿ, à âåëè÷è -
íà kA âèçíà÷àº àíòèñèìåòðè÷í³ ñêëàäîâ³ òåíçîðà äèôóç³¿ ÊÏ. 

Ñêëàäîâ³ ù³ëüíîñò³ ïîòîêó ÊÏ ìàþòü âèãëÿä 
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Ðîçãëÿäàºìî ïðîñòîðîâèé ðîçïîä³ë ÷àñòèíîê, óñåðåäíåíèé ïî ïå -
ð³îäó îáåðòàííÿ Ñîíöÿ, òàê ùî êîíöåíòðàö³ÿ ÷àñòèíîê íå çàëåæèòü â³ä
àçèìóòàëüíîãî êóòà j. Âèçíà÷èìî áåçðîçì³ðíó êîîðäèíàòó
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p
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, (8)

äå m — ìàñà ñïîêîþ ÷àñòèíêè, à r0 ¾ â³äñòàíü äî ãðàíèö³ îáëàñò³ ìî -
äóëÿö³¿ ÊÏ. Ââàæàºìî, ùî íà ãðàíèö³ ãåë³îñôåðè çàäàíî åíåðãåòè÷íèé
ñïåêòð ãàëàêòè÷íèõ êîñì³÷íèõ ïðîìåí³â. Òðàíñïîðòíèé ïðîá³ã ÷àñ -
òèí êè çá³ëüøóºòüñÿ ïðè çá³ëüøåíí³ åíåðã³¿ ÷àñòèíêè. Ïðèïóñòèìî, ùî 
âñ³ ñêëàäîâ³ òåíçîðà äèôóç³¿ ÊÏ çì³íþþòüñÿ ïðîïîðö³éíî ³ìïóëüñó
÷àñ òèíêè. Â äàíîìó âèïàäêó 

k k z k d k z k d k zrr A A= = =^0 0 0, , . (9)

Ó áåçðîçì³ðíèõ çì³ííèõ ñêëàäîâ³ ù³ëüíîñò³ ïîòîêó ÷àñòèíîê ìà -
þòü âèãëÿä 
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ÍÀÁËÈÆÅÍÈÉ ÐÎÇÂ’ßÇÎÊ Ð²ÂÍßÍÍß ÏÅÐÅÍÎÑÓ 

Â³äîìî, ùî êóòîâèé ðîçïîä³ë ÃÊÏ ó ì³æïëàíåòíîìó ïðîñòîð³ º áëèçü -
êèì äî ³çîòðîïíîãî, òàê ùî ù³ëüí³ñòü ïîòîêó ÊÏ âèÿâëÿºòüñÿ ìàëîþ
âåëè÷èíîþ [9, 5, 18, 22]. Ïðèð³âíþþ÷è âèðàç (11) äëÿ ù³ëüíîñò³ ïî -
òîêó ÷àñòèíîê ïî ãåë³îøèðîò³ äî íóëÿ, ìîæíà âèðàçèòè ïîõ³äíó ¶N/¶q
÷åðåç ïîõ³äíó â³ä êîíöåíòðàö³¿ ÊÏ ïî r. Âèêîðèñòàºìî îòðèìàíå
ñï³ââ³äíî øåííÿ ó âèðàç³ äëÿ ðàä³àëüíîãî ïîòîêó ÷àñòèíîê (10) ³
ïðèð³âíÿºìî âå ëè÷èíó jr (10) äî íóëÿ. Îòðèìàºìî ð³âíÿííÿ

1
3

0
2

2+
¶

¶
+

¶

¶
=

ö

ø
÷÷

æ

è
ç
ç

d

d r

m

z
j

A h
N N

. (13)

Ââàæàºìî, ùî êîíöåíòðàö³ÿ ÷àñòèíîê íà ãðàíèö³ ãåë³îñôåðè (â
òî÷ ö³ r =1) º çàäàíîþ ôóíêö³ºþ ³ìïóëüñó ÷àñòèíêè:

N N( , ) ( )1 0z z= . (14)

Ðîçâ’ÿçîê ð³âíÿííÿ (13), ÿêèé çàäîâîëüíÿº ãðàíè÷íó óìîâó (14),
ìàº òàêèé âèãëÿä:
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Ó ìîäåë³ ì³æïëàíåòíîãî ìàãí³òíîãî ïîëÿ, ÿêó çàïðîïîíóâàâ Ïàð -
êåð [19], ãåë³îøèðîòíà ñêëàäîâà ìàãí³òíîãî ïîëÿ äîð³âíþº íóëþ
(Hq = 0). Ðàä³àëüíà ³ àçèìóòàëüíà ñêëàäîâ³ íàïðóæåíîñò³ ìàãí³òíîãî
ïîëÿ âèçíà÷åí³ ñï³ââ³äíîøåííÿìè [12, 19]
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äå rs — ðàä³óñ Ñîíöÿ, W — êóòîâà øâèäê³ñòü îáåðòàííÿ Ñîíöÿ, H0r —
ðàä³àëüíà ñêëàäîâà íàïðóæåíîñò³ ì³æïëàíåòíîãî ìàãí³òíîãî ïîëÿ
ïîáëèçó ïîâåðõí³ Ñîíöÿ.
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22 2 2
Q , (19)

äå

w = r u0W / ,  (20)
à Q(x) — îäèíè÷íà ôóíêö³ÿ Õåâ³ñàéäà. Â³äì³òèìî, ùî ñï³ââ³äíîøåííÿ
(19) â³äïîâ³äàº åïîñ³ A+. Ó öþ åïîõó ðàä³àëüíà ñêëàäîâà íàïðóæåíîñò³
ì³æïëàíåòíîãî ìàãí³òíîãî ïîëÿ ó ï³âí³÷í³é ï³âñôåð³ ãåë³îñôåðè ìàº
äîäàòíèé çíàê (H0r > 0). 

Âèêîíàâøè ³íòåãðóâàííÿ ó ôîðìóë³ (16), îòðèìàºìî ñï³ââ³äíî -
øåííÿ

x z
md

d d
r

d

d d d
= +

+
- +

+
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ï
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´
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2
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arctg arctg

d d

d
w q

d d

d
rw qA A

2 2

sin sin . (21)

Òàêèì ÷èíîì, êîíöåíòðàö³ÿ ÊÏ ç ³ìïóëüñîì z ó òî÷ö³ ç êîîðäè -
íàòàìè r, q âñåðåäèí³ ãåë³îñôåðè âèçíà÷àºòüñÿ åíåðãåòè÷íèì ðîçïî -
ä³ëîì ÷àñòèíîê, ÿêèé çàäàíî íà ãðàíèö³ îáëàñò³ ìîäóëÿö³¿ çã³äíî ³ç
ñï³â â³äíîøåííÿìè (15), (21).

Íàäàë³ íåîáõ³äíî çàäàòè åíåðãåòè÷íèé ñïåêòð ÃÊÏ íà ãðàíèö³
ãåë³î ñôåðè. Âèêîðèñòàºìî ðåçóëüòàòè, îòðèìàí³ êîñì³÷íèì àïàðàòîì
«Âîÿäæåð-1» ó ëîêàëüíîìó ì³æçîðÿíîìó ñåðåäîâèù³ ï³ñëÿ òîãî, ÿê â³í 
çàëèøèâ ãåë³îñôåðó ó ñåðïí³ 2012 ðîêó [21, 23]. Â³äîìî, ùî ìîäóëÿö³ÿ
÷àñòèíîê ç åíåðã³ÿìè ïîíàä 30 ÃåÂ º íåõòîâíî ìàëîþ. Òàêèì ÷èíîì, â
îáëàñò³ âèñîêèõ åíåðã³é ìîæíà âèêîðèñòàòè, íàïðèêëàä, äàí³ ÊÀ
PAMELA, AMS-02 [21, 23]. Â îáëàñò³ óëüòðàðåëÿòèâ³ñòñüêèõ åíåðã³é
³íòåíñèâí³ñòü ÊÏ ïðîïîðö³éíà ê³íåòè÷í³é åíåðã³¿ ÷àñòèíîê Ek ó
ñòåïåí³ –2.78 [21, 23]:

I E Ek k( ) .µ -2 78 .

Çã³äíî ç äàíèìè ÊÀ «Âîÿäæåð-1» â îáëàñò³ íåðåëÿòèâ³ñòñüêèõ
åíåðã³é [21, 23]

I E Ek k( ) .µ 0 12 .

Çà â³äîìîþ çàëåæí³ñòþ ³íòåíñèâíîñò³ ÊÏ â³ä ê³íåòè÷íî¿ åíåðã³¿
÷àñòèíêè ìîæíà âèçíà÷èòè çàëåæí³ñòü êîíöåíòðàö³¿ ÊÏ â³ä ³ìïóëüñó
[18, 23]. Äëÿ íåðåëÿòèâ³ñòñüêèõ ïðîòîí³â (z<<1) ìàòèìåìî

N 0 ( )z z bµ - , äå b = 1.76.
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Â îáëàñò³ âèñîêèõ åíåðã³é (z>>1)

N 0 ( )z z gµ - , äå g = 4.78.

Íàâåäåìî ôîðìóëó äëÿ åíåðãåòè÷íîãî ðîçïîä³ëó ïðîòîí³â íà ãðà -
íèö³ ãåë³îñôåðè [7, 8]:

N q0 0
2 21( ) ( )( ) /z z zb b g= +- - , (22)

äå q0 — ïîñò³éíà âåëè÷èíà, ÿêó ìîæíà âèçíà÷èòè, íàïðèêëàä, íà îñ -
íîâ³ âåëè÷èíè ãóñòèíè åíåðã³¿ ÊÏ ó ì³æçîðÿíîìó ñåðåäîâèù³. Çã³äíî ç
ôîðìóëîþ (22) ñïåêòð óëüòðàðåëÿòèâ³ñòñüêèõ ÷àñòèíîê (z>>1) âèÿâ -
ëÿ ºòüñÿ ñòåïåíåâèì ç ïîêàçíèêîì ñòåïåíÿ g. Äëÿ íåðåëÿòèâ³ñòñüêèõ
÷àñ òèíîê (z<<1) ç ôîðìóëè (22) âèïëèâàº ñòåïåíåâà çàëåæí³ñòü êîí -
öåíò ðàö³¿ ÊÏ â³ä ³ìïóëüñó ç ïîêàçíèêîì ñòåïåíÿ b. Ïðè âèáðàíèõ çíà -
÷åííÿõ ïàðàìåòð³â b g-ñïåêòð ÷àñòèíîê (22) óçãîäæóºòüñÿ ç åíåðãå -
òè÷íèì ðîçïîä³ëîì ÊÏ, ÿêèé áóëî çàðåºñòðîâàíî ÊÀ «Âîÿäæåð-1» ï³ñ -
ëÿ òîãî, ÿê â³í çàëèøèâ ìåæ³ ãåë³îñôåðè [21, 23].

Íà ðèñ. 1 íàâåäåíî çàëåæí³ñòü êîíöåíòðàö³¿ ÊÏ (15), (21), (22) â³ä
ãåë³îöåíòðè÷íî¿ â³äñòàí³. Êîíöåíòðàö³þ N ÷àñòèíîê íîðìîâàíî íà â³ä -
ïîâ³äíå çíà÷åííÿ N0 íà ãðàíèö³ îáëàñò³ ìîäóëÿö³¿ (22).

Âèáðàíî òàê³ çíà÷åííÿ ïàðàìåòð³â: m = 1.5, d^ = 0.02, dA = 0.01.
Íàâåäåí³ êðèâ³ â³äïîâ³äàþòü ê³íåòè÷íèì åíåðã³ÿì ÷àñòèíîê 5 ÃåÂ,
1  ÃåÂ, 500 ÌåÂ, 100 ÌåÂ. Çíà÷åííÿ ê³íåòè÷íî¿ åíåðã³¿ íàâåäåíî á³ëÿ
â³äïîâ³äíèõ êðèâèõ. Âèäíî, ùî ð³âåíü ìîäóëÿö³¿ ÊÏ çìåíøóºòüñÿ ïðè
çá³ëüøåíí³ ê³íåòè÷íî¿ åíåðã³¿ ÷àñòèíîê (ðèñ. 1). Êîíöåíòðàö³ÿ ÊÏ ìî -
íî òîííî çá³ëüøóºòüñÿ ïðè çá³ëüøåíí³ ãåë³îöåíòðè÷íî¿ â³äñòàí³. Â³ä -
ì³òèìî, ùî ïðè äàíèõ çíà÷åííÿõ ïàðàìåòð³â çàëåæí³ñòü êîíöåíòðàö³¿
ÊÏ â³ä ãåë³îøèðîòè âèÿâëÿºòüñÿ íåñóòòºâîþ, ³ ¿¿ íåïîì³òíî íà ðèñ. 1.
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Ðèñ. 1. Çàëåæí³ñòü êîíöåíòðàö³¿ êîñì³÷íèõ ïðîìåí³â â³ä ãåë³îöåíòðè÷íî¿ â³äñòàí³



Ù²ËÜÍ²ÑÒÜ ÏÎÒÎÊÓ ÊÎÑÌ²×ÍÈÕ ÏÐÎÌÅÍ²Â

Çàïèøåìî ðàä³àëüíèé ïîò³ê ÊÏ (10) ó âèãëÿä³ ñóìè

j j
u

h
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r r
s
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¶
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d

r q
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, (23)

äå

j
u N N
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s = -

¶

¶
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m r

m

z3
. (24)

Ð³âíÿííÿ ïåðåíîñó ÊÏ (1) íàáóâàº òàêîãî âèãëÿäó:

1 1
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2

r r
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r r q
r q
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3 , (25)

äå

w
u

hr A=
¶

¶
d

z

m r q q
qj

1

sin
( sin ), (26)

w
u

hAq jd
z

m r r
r= -

¶

¶

1
( ). (27)

Â³äì³òèìî, ùî ð³âíÿííÿ ïåðåíîñó ÊÏ (25) â³äïîâ³äàº ñòàö³îíàð -
íîìó ðîçïîä³ëó ÷àñòèíîê. Ç ð³âíÿííÿ (25) âèïëèâàº òàêå ñï³ââ³äíî -
øåííÿ äëÿ âåëè÷èíè jr

s (24):

j d w
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d w
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s

r= -
¶

¶
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¶
+ò ò
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3
. (28)

Âðàõóâàâøè ñï³ââ³äíîøåííÿ äëÿ ðàä³àëüíî¿ øâèäêîñò³ wr (26) ³
àçèìóòàëüíî¿ ñêëàäîâî¿ îäèíè÷íîãî âåêòîðà íàïðóæåíîñò³ ìàãí³òíîãî
ïîëÿ hj (19), çàïèøåìî ïåðøèé äîäàíîê ôîðìóëè (28) ó âèãëÿä³
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1 22 2r w
d q

p
, (29)

äå d(x) ¾ äåëüòà-ôóíêö³ÿ Ä³ðàêà. Â³äì³òèìî, ùî ñï³ââ³äíîøåííÿ (29)
â³äïîâ³äàº åïîñ³ À+, êîëè ðàä³àëüíà ñêëàäîâà íàïðóæåíîñò³ ì³æïëà -
íåò íîãî ìàãí³òíîãî ïîëÿ º äîäàòíîþ ó ï³âí³÷í³é ÷àñòèí³ ãåë³îñôåðè
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(H0r > 0). Äëÿ åïîõè À- âåëè÷èíà j1 ìàº ïðîòèëåæíèé çíàê. Â åïîõó À+

âåëè÷èíà j1 º äîäàòíîþ íà âñ³õ ãåë³îøèðîòàõ, çà âèíÿòêîì ãåë³î -
åêâàòîðà (q ¹ p/2). Â ïëîùèí³ ãåë³îåêâàòîðà (q = p/2) ïîò³ê ÷àñòèíîê j1

(29) º â³ä’ºìíèì, òîáòî íàïðÿìëåíèé äî Ñîíöÿ. Â ïåð³îä ÷àñó À-

íàïðÿìîê ïîòîêó (29) ïðîòèëåæíèé. Çà óìîâè q ¹ p/2 ïîò³ê ÷àñòèíîê
íàïðÿìëåíèé äî Ñîíöÿ (j1 < 0), à ó ïëîùèí³ ãåë³îåêâàòîðà ïîò³ê
÷àñòèíîê (29) íàïðÿìëåíèé ³ç ãåë³îñôåðè. 

Ñï³ââ³äíîøåííÿ (15), (21) äîçâîëÿþòü ðîçðàõóâàòè ÷àñòèíí³

ïîõ³äí³ â³ä êîíöåíòðàö³¿ ÷àñòèíîê 
¶

¶

N

r
 ³ 

¶

¶

N

q
, ÿê³ âèçíà÷àþòü ù³ëüí³ñòü

ïîòîêó ÷àñòèíîê (28). Ù³ëüí³ñòü ïîòîêó ÷àñòèíîê jq âèçíà÷àºòüñÿ
ñï³ââ³äíîøåííÿìè (11), (15), (21). Íà ðèñ. 2 ïðåäñòàâëåíî çàëåæí³ñòü
ù³ëüíîñò³ ïîòîêó jq â³ä êóòà q â òî÷ö³ r = 0.01 äëÿ åïîõè À+ (ñóö³ëüíà
êðèâà) ³ äëÿ åïîõè À- (øòðèõîâà êðèâà). Âèäíî, ùî ó ïåð³îäè À+

ñîíÿ÷íî¿ àêòèâíîñò³ ó ï³âí³÷í³é ï³âñôåð³ (q < p/2) ù³ëüí³ñòü ïîòîêó jq º
â³ä’ºìíîþ. ßêùî q > p/2 ù³ëüí³ñòü ïîòîêó jq º äîäàòíîþ. Òàêèì ÷èíîì, 
ïîò³ê ÷àñòèíîê íàïðÿìëåíèé â³ä ãåë³îåêâàòîðà äî âèñîêèõ øèðîò. Â
òî÷ö³ q = p/2 ìàº ì³ñöå ñòðèáîê âåëè÷èíè jq. Öåé åôåêò çóìîâëåíèé
âèáîðîì ìîäåë³ ì³æïëàíåòíîãî ìàãí³òíîãî ïîëÿ (17), (18), ó ÿê³é
àçèìóòàëüíà ñêëàäîâà îäèíè÷íîãî âåêòîðà íàïðóæåíîñò³ ìàãí³òíîãî
ïîëÿ ìàº âèãëÿä (19). Ðîçðàõóíêè âèêîíàíî äëÿ åíåðã³¿ ÷àñòèíîê Ek = 1
ÃåÂ çà íàñòóïíèõ çíà÷åíü ïàðàìåòð³â: m = 1.5, d^ = 0.02, dÀ = 0.01. Â
A--åïîõó, íàâïàêè, ïîò³ê ÷àñòèíîê jq (28) íàïðÿìëåíèé äî ïëîùèíè
ãåë³îåêâàòîðà (øòðèõîâà êðèâà íà ðèñ. 2). 

Ù³ëüí³ñòü ðàä³àëüíîãî ïîòîêó ÊÏ âèçíà÷àºòüñÿ ñï³â â³äíî øåí íÿ -
ìè (23), (28). Íà ðèñ. 3 íàâåäåíî çàëåæí³ñòü ù³ëüíîñò³ ðàä³àëüíîãî ïî -
òîêó ÷àñòèíîê â³ä êóòà q â òî÷ö³ r = 0.01. Ê³íåòè÷íà åíåðã³ÿ ÷àñòè íîê
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Ðèñ. 2. Çàëåæí³ñòü ù³ëüíîñò³ ãåë³îøèðîòíîãî ïîòîêó êîñì³÷íèõ ïðîìåí³â â³ä êóòà q.
Ñóö³ëüíà êðèâà ¾ åïîõà À+, øòðèõîâà — À-



Ek = 1 ÃåÂ, çíà÷åííÿ ³íøèõ ïàðàìåòð³â òàê³ ñàì³, ÿê íà ïî ïåðåäíüîìó
ðèñóíêó. Ñóö³ëüíà êðèâà â³äïîâ³äàº åïîñ³ À+, à øòðèõîâà — À-.
Â³äì³òèìî, ùî ó ïëîùèí³ ãåë³îåêâàòîðà ðàä³àëüíèé ïîò³ê ÷àñòèíîê â
åïîõó À+ íàïðÿìëåíèé äî Ñîíöÿ, à â åïîõó À- ðàä³àëüíèé ïîò³ê
÷àñòèíîê ìàº ïðîòèëåæíèé íàïðÿìîê (ç ãåë³îñôåðè). Ó ïåð³îä ÷àñó À+

ðàä³àëüíèé ïîò³ê ÷àñòèíîê (ïîçà åêâàòîð³àëüíîþ ïëîùèíîþ) º
äîäàòíèì ³ íàïðÿìëåíèì â³ä Ñîíöÿ, êð³ì âèñîêèõ ïîëÿðíèõ îáëàñòåé,
äå ïîò³ê ìàº ïðîòèëåæíèé íàïðÿìîê (ðèñ. 3). Â åïîõó À- ðàä³àëüíèé
ïîò³ê ÷àñòèíîê íàïðÿìëåíèé äî Ñîíöÿ (jr < 0), êð³ì íåâåëèêî¿ îáëàñò³
ïîáëèçó ãåë³îåêâàòîðà (ðèñ. 3). 

ÊÎÍÖÅÍÒÐÀÖ²ß ÊÎÑÌ²×ÍÈÕ ÏÐÎÌÅÍ²Â

Çàïèøåìî êîíöåíòðàö³þ êîñì³÷íèõ ïðîìåí³â 
~

( , , )N r q z  â òàêîìó âèãëÿ -

ä³ [4, 7, 8, 14, 15]:
~

( , , ) ( ) ( , , )N N Nr q z x d r q z= +0 , (30)

äå dN º ìàëîþ (ïîð³âíÿíî ç N0) âåëè÷èíîþ, à çì³ííà x âèçíà÷àºòüñÿ
ôîðìóëîþ (21). Íàâåäåìî ð³âíÿííÿ, ÿêîìó çàäîâîëüíÿº âåëè÷èíà dN.
Íà îñíîâ³ ñï³ââ³äíîøåíü (23), (24) ìîæíà îäåðæàòè íàñòóïíå ð³âíÿííÿ 
äëÿ âåëè÷èíè dN

¶

¶
+

¶

¶
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d

r

m d

z
r q z

N N

3
F( , , ), (31)

äå
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Ðèñ. 3. Çàëåæí³ñòü ù³ëüíîñò³ ðàä³àëüíîãî ïîòîêó êîñì³÷íèõ ïðîìåí³â â³ä êóòà q.
Ñóö³ëüíà êðèâà ¾ åïîõà À+, øòðèõîâà — À-



F( , , )
( ) ( )

r q z
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r

m x

z

m

z
= -

¶

¶
-

¶

¶
-

N N

u
jr

s0 0

3
, (32)

à âåëè÷èíà jr
s âèçíà÷àºòüñÿ ñï³ââ³äíîøåííÿì (28). Îñê³ëüêè êîíöåíò -

ðàö³ÿ ÊÏ N0(x) çàäîâîëüíÿº ãðàíè÷íó óìîâó (14), ôóíêö³ÿ dN ïîâèííà
äîð³âíþâàòè íóëþ íà ãðàíèö³ îáëàñò³ ìîäóëÿö³¿ (â òî÷ö³ r = 1). 

Ðîçâ’ÿçîê ð³âíÿííÿ (31), (32), ÿêèé çàäîâîëüíÿº íóëüîâó ãðàíè÷íó
óìîâó íà ãåë³îïàóç³, ìàº âèãëÿä 

d r q z r r q x
r

N d( , , ) ( , , )= ò
1

1 1 1F , (33)

äå

x z
m

r r1 1
3

= + -( ). (34)

Íà ðèñ. 4 ïðèâåäåíî çàëåæí³ñòü â³ä êóòà q êîíöåíòðàö³¿ ÊÏ  (30) â
òî÷ö³ r = 0.01. Ê³íåòè÷íà åíåðã³ÿ ÷àñòèíîê äîð³âíþº Ek = 100 ÌåÂ.
Çíà÷åííÿ ïàðàìåòð³â òàê³ ñàì³ ÿê ³ íà ïîïåðåäí³õ ðèñóíêàõ. Ïóíêòèðíà
êðèâà íà ðèñ. 4 â³äïîâ³äàº êîíöåíòðàö³¿ ÷àñòèíîê N0 (15), (21). Â³ä -
ì³òèìî, ùî öÿ âåëè÷èíà ìàéæå íå çàëåæèòü â³ä êóòà q. Ñóö³ëüíà êðèâà
íà ðèñ. 4 â³äïîâ³äàº åïîñ³ A+, à øòðèõîâà ¾ ïåð³îäó A-. Çã³äíî ç
íàâåäåíèìè ðîçðàõóíêàìè ³íòåíñèâí³ñòü ÃÊÏ â A+-åïîõó ñîíÿ÷íî¿
àêòèâíîñò³ çá³ëüøóºòüñÿ ïðè çá³ëüøåíí³ ãåë³îøèðîòè (ðèñ. 4). Â
A--ïå ð³îäè àêòèâíîñò³ Ñîíöÿ ñïîñòåð³ãàºòüñÿ ïðîòèëåæíèé åôåêò ¾
³íòåíñèâí³ñòü ÊÏ ìàêñèìàëüíà â îáëàñò³ ãåë³îåêâàòîðà.

Íàâåäåí³ ðîçðàõóíêè óçãîäæóþòüñÿ ç³ ñïîñòåðåæíèìè äàíèìè.
Âèì³ðþâàííÿ ÊÀ «Óë³ññ» äàëåêî â³ä ïëîùèíè åêë³ïòèêè ³ íà ñàòåë³òàõ 
â íàâêîëîçåìíîìó êîñì³÷íîìó ïðîñòîð³ ó 1994 ð. (ïîáëèçó ì³í³ìóìó
ñîíÿ÷íî¿ àêòèâíîñò³, A+-ôàçà ñîíÿ÷íî¿ àêòèâíîñò³), ïðîäåìîíñòðóâàëè 
íàÿâí³ñòü ãåë³îøèðîòíèõ ãðàä³ºíò³â ³íòåíñèâíîñò³ ÃÊÏ. Øèðîòí³
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Ðèñ. 4. Çàëåæí³ñòü êîíöåíòðàö³¿ êîñì³÷íèõ ïðîìåí³â â³ä êóòà q â òî÷ö³ r = 0.01.
Ñó ö³ëüíà êðèâà ¾ åïîõà À+, øòðèõîâà — À-



ãðàä³ºíòè (ïî íàïðÿìêàõ äî ïîëÿðíèõ îáëàñòåé) âñ³õ òèï³â ÿäåð
âèÿâèëèñü äîäàòíèìè ÿê ó ï³âí³÷í³é, òàê ³ ó ï³âäåíí³é ï³âñôåðàõ [10,
11, 12, 16, 17]. Âèì³ðÿí³ ãå ë³î øèðîòí³ ãðàä³ºíòè âèÿâèëèñü â³äíîñíî
íåâåëèêèìè. Ïðè öüîìó íàéñóòòºâ³øà ãåë³îøèðîòíà çàëåæí³ñòü ³íòåí -
ñèâíîñò³ ÊÏ ñïîñòåð³ãàëàñü äëÿ ÷àñòèíîê ç æîðñòê³ñòþ 1 ÃÂ. Âåëè÷èíà 
ãåë³îøèðîòíîãî ãðàä³ºíòà ÃÊÏ çìåíøóâàëàñü ÿê ó íàïðÿìêó âèñîêèõ,
òàê ³ íèçüêèõ åíåðã³é ÷àñòèíîê [10, 11, 12, 16, 17]. 

Äîñë³äæåííÿ, ÿê³ áóëè ïðîâåäåí³ ì³ñ³ÿìè «Óë³ññ», PAMELA òà
³íøèìè ó 2006¾2007 ðð., äîçâîëèëè âèçíà÷èòè ðàä³àëüí³ òà øèðîòí³
ãðàä³ºíòè ³íòåíñèâíîñò³ ÊÏ â åïîõó ì³í³ìóìó 23-ãî öèêëó ñîíÿ÷íî¿
àêòèâíîñò³ (A--ïåð³îä). Áóëî ïðîäåìîíñòðîâàíî, ùî â A--åïîõó àêòèâ -
íîñò³ Ñîíöÿ ³íòåíñèâí³ñòü ÃÊÏ ìàêñèìàëüíà â åêâàòîð³àëüí³é îáëàñò³
[10, 21, 23].

Íàâåäåí³ ðîçðàõóíêè äîçâîëÿþòü îö³íèòè àí³çîòðîï³þ êóòîâîãî
ðîç ïîä³ëó ÃÊÏ. Àí³çîòðîï³ÿ ÊÏ ïðîïîðö³éíà ù³ëüíîñò³ ïîòîêó ÷àñ -
òèíîê ³ âèçíà÷àºòüñÿ ñï³ââ³äíîøåííÿì

x = 3 j vN/ ( ) . (35)

Îö³íèìî àí³çîòðîï³þ ÊÏ íà îðá³ò³ Çåìë³. Ù³ëüí³ñòü ïîòîê³â ÊÏ â
ðàä³àëüíîìó (10) ³ øèðîòíîìó (11) íàïðÿìêàõ âèÿâëÿþòüñÿ ìàëèìè ïî
àáñîëþòí³é âåëè÷èí³. Â³äïîâ³äíå çíà÷åííÿ àí³çîòðîï³¿ êóòîâîãî ðîç -
ïîä³ëó ÷àñòèíîê íà ãåë³îöåíòðè÷í³é â³äñòàí³ 1 à. î. º íåõòîâíî ìàëèì.
Íà îðá³ò³ Çåìë³ ñèëîâà ë³í³ÿ ì³æïëàíåòíîãî ìàãí³òíîãî ïîëÿ óòâîðþº ç 
ðàä³àëüíèì íàïðÿìêîì êóò, áëèçüêèé äî p/4 [3, 19]. Òîìó äèôóç³éíèé
ïîò³ê ÊÏ â àçèìóòàëüíîìó íàïðÿìêó º áëèçüêèì äî äèôóç³éíî¿ ñêëà -
äîâî¿ ðàä³àëüíîãî ïîòîêó. Ðàä³àëüíèé äèôóç³éíèé ïîò³ê ïðèáëèçíî
äîð³âíþº êîíâåêö³éíîìó ïîòîêó [3, 9, 18, 22]. Òàêèì ÷èíîì, îäåðæèìî 
òàêå ñï³ââ³äíîøåííÿ äëÿ àçèìóòàëüíî¿ àí³çîòðîï³¿ ÊÏ íà ãåë³îöåíò -
ðè÷í³é â³äñòàí³ 1 à. î.:

x
z

z
j =

¶

¶

u

vN

N
. (36)

Îòæå, ïîò³ê ÃÊË íà îðá³ò³ Çåìë³ íàïðÿìëåíèé ó àçèìó òàëüíîìó
íà ïðÿìêó, ùî óçãîäæóºòüñÿ ç³ ñïîñòåðåæíîþ äîáîâîþ âàð³à ö³ºþ ³í -
òåí ñèâ íîñò³ ÊÏ [3]. Çã³äíî ç ôîðìóëîþ (36) îòðèìàºìî çíà÷åí íÿ àí³çî -
òðîï³¿ ÊÏ xj » -0.005 äëÿ ÷àñòèíîê ç åíåðã³ÿìè â³ä 1 ÌåÂ äî 1 ÃåÂ.

ÂÈÑÍÎÂÊÈ

Ðîçãëÿíóòî ïîøèðåííÿ êîñì³÷íèõ ïðîìåí³â ó ì³æïëàíåòíîìó ñåðå -
äîâèù³ ó íàáëèæåíí³ ìàëî¿ àí³çîòðîï³¿ êóòîâîãî ðîçïîä³ëó ÷àñòèíîê.
Ïðè óìîâ³ â³äîìîãî åíåðãåòè÷íîãî ðîçïîä³ëó ÷àñòèíîê, ÿêèé çàäàíî íà 
ãðàíèö³ ãåë³îñôåðè, îäåðæàíî ðîçâ’ÿçîê ð³âíÿííÿ ïåðåíîñó êîñì³÷íèõ
ïðîìåí³â. Ïîêàçàíî, ùî â A+-åïîõó ãåë³îøèðîòíèé ïîò³ê ÃÊÏ íà -
ïðÿìëåíèé â³ä ãåë³îåêâàòîðà äî âèñîêèõ øèðîò. Ó A--ïåð³îäè ñî -
íÿ÷íî¿ àêòèâíîñò³, íàâïàêè, ïîò³ê ÷àñòèíîê jq ìàº íàïðÿìîê äî ãåë³î -

ISSN 0233-7665. Ê³íåìàòèêà ³ ô³çèêà íåáåñ. ò³ë. 2022. Ò. 38, ¹ 4 13

ÌÎÄÓËßÖ²ß ²ÍÒÅÍÑÈÂÍÎÑÒ² ÃÀËÀÊÒÈ×ÍÈÕ ÊÎÑÌ²×ÍÈÕ ÏÐÎÌÅÍ²Â



åêâàòîðà. Â îáëàñò³ ãåë³îåêâàòîðà ðàä³àëüíèé ïîò³ê ÷àñòèíîê â åïîõó
A+ íàïðÿìëåíèé äî Ñîíöÿ, à â åïîõó A- ðàä³àëüíèé ïîò³ê ìàº ïðî -
òèëåæíèé íàïðÿìîê (ç ãåë³îñôåðè). Ïîçà ïëîùèíîþ ãåë³îåêâàòîðà â
ïåð³îäè A+ ðàä³àëüíèé ïîò³ê ÷àñòèíîê íàïðÿìëåíèé â³ä Ñîíöÿ, à â
åïîõó A- — äî Ñîíöÿ.

Ïîêàçàíî, ùî ³íòåíñèâí³ñòü ÃÊÏ â A+-åïîõó ñîíÿ÷íî¿ àêòèâíîñò³
çá³ëüøóºòüñÿ ïðè çðîñòàíí³ ãåë³îøèðîòè. Â A--ïåð³îäè àêòèâíîñò³
Ñîí öÿ ñïîñòåð³ãàºòüñÿ ïðîòèëåæíèé åôåêò — ³íòåíñèâí³ñòü ÊÏ
ìàêñèìàëüíà â îáëàñò³ ãåë³îåêâàòîðà. Äàí³ ðîçðàõóíêè óçãîäæóþòüñÿ
ç äàíèìè êîñì³÷íèõ àïàðàò³â «Âîÿäæåð-1», 2, «Óë³ññ», PAMELA,
 IMP-8, AMS. Îö³íåíî àí³çîòðîï³þ êóòîâîãî ðîçïîä³ëó ÊÏ. Ïîêàçàíî,
ùî ïîò³ê ÃÊÏ íà îðá³ò³ Çåìë³ ìàº àçèìóòàëüíèé íàïðÿìîê, à çíà÷åííÿ
àí³çîòðîï³¿ ÷àñòèíîê ç åíåðã³ÿìè â³ä 1 ÌåÂ äî 1 ÃåÂ ìàéæå íå çàëå -
æèòü â³ä åíåðã³¿ ³ äîð³âíþº ïðèáëèçíî 0.5 %.

1. Äîëãèíîâ À. Ç., Òîïòûãèí È. Í. Ìíîãîêðàòíîå ðàññåÿíèå ÷àñòèö â ìàãíèòíîì ïîëå 
ñî ñëó÷àéíûìè íåîäíîðîäíîñòÿìè. ÆÝÒÔ. 1966. 51. âûï. 6. C. 1771.

2. Äîðìàí Ë. È., Êàö Ì. Å., Ôåäîðîâ Þ. È., Øàõîâ Á. À. Î áàëàíñå ýíåðãèè
çàðÿæåííûõ ÷àñòèö ïðè ìíîãîêðàòíîì ðàññåÿíèè â ñëó÷àéíî íåîäíîðîäíîì
ìàãíèòíîì ïîëå. ÆÝÒÔ. 1980. 79. âûï. 4. C. 1267.

3. Êðûìñêèé Ã. Ô. Äèôôóçèîííûé ìåõàíèçì ñóòî÷íîé âàðèàöèè êîñìè÷åñêèõ ëó÷åé. 
Ãåîìàãíåòèçì è àýðîíîìèÿ. 1964. 4, ¹ 6. C. 977.

4. Øàõîâ Á. À., Êîëåñíèê Þ. Ë. Èòåðàöèîííûé ìåòîä ðåøåíèÿ êðàåâûõ çàäà÷ òåîðèè
ðàñïðîñòðàíåíèÿ êîñìè÷åñêèõ ëó÷åé. Êèíåìàòèêà è ôèçèêà íåáåñ. òåë. 2006.
22, ¹ 2. Ñ. 100.

5. Ca bal lero-Lopez R. A., Moraal H. Lim i ta tions of the force field equa tion to de scribe
cos mic ray mod u la tion. J. Geophys. Res. 2004. 109, A01101.

6. Dorman L. I., Katz M. E. Cos mic ray ki net ics in space. Space Sci. Rev. 1977. 20. P. 529.
7. Fedorov Yu. I. Prop a ga tion of ga lac tic cos mic rays in the outer heliosphere. Kinemat.

and Phys. Ce les tial Bod ies. 2017. 33, N 2. P. 63.
8. Fedorov Yu. I., Stehlik M. The mod u la tion of ga lac tic cos mic ray in ten sity in the outer

heliosphere. So lar Phys. 2017. 293, 119.
9. Gleeson L. J., Axford W. I. So lar mod u la tion of ga lac tic cos mic rays. Astrophys. J. 1968. 

159. P. 1011.
10. Heber B. Cos mic rays through the So lar Hale Cy cle. In sights from Ulys ses. Space Sci.

Rev. 2013. 176. P. 265.
11. Heber B., Droege W., Ferrando P., et al. Spa tial vari a tion of > 40 MeV/n nu clei fluxes

ob served dur ing Ulys ses rapid lat i tude scan. Astron. and Astrophys. 1996. 316. P.
538.

12. Heber B., Potgieter M. S. Cos mic rays at high heliolatitudes. Space Sci. Rev. 2006. 127. 
P. 117.

13. Kolesnyk Yu. L., Shakhov B. A. Ef fect of the heliosheath and stand ing ter mi na tion
shock on ga lac tic cos mic ray prop a ga tion in a sta tion ary heliosphere. Kinemat. Phys.
Celest Bod ies. 2012. 28. P. 261.

14. Kolesnyk Yu. L., Bobik P., Shakhov B. A., Putis M. An an a lyt i cally it er a tive method
for solv ing prob lems of cos mic ray mod u la tion. Monthly Not. Royal Astron. Soc.
2017. 470. P. 1073.

15. Kolesnyk Yu. L., Shakhov B. A., Bobik P. Putis M. An ex act so lu tion of cos mic ray
mod u la tion prob lem in a sta tion ary com pos ite heliosphere model. Monthly Not.
Royal Astron. Soc. 2020. 491. P. 5826.

16. McKibben R. B. Three-dimensial so lar-mod u la tion of cos mic rays and anom a lous

14 ISSN 0233-7665. Ê³íåìàòèêà ³ ô³çèêà íåáåñ. ò³ë. 2022. Ò. 38, ¹ 4

Þ. ². ÔÅÄÎÐÎÂ,   Á. Î. ØÀÕÎÂ,   Þ. Ë. ÊÎËÅÑÍÈÊ



com po nents in the in ner heliosphere. Space Sci. Rev. 1998. 83. P. 21.
17. McKibben R. B., Connel J. J., Lopate C., Simpson J. A., Zhang M. Ob ser va tions of

ga lac tic cos mic rays and the anom a lous he lium dur ing Ulys ses pas sage from the
south to the north so lar pole. Astron. and Astrophys. 1996. 316. P. 547.

18. Moraal H. Cos mic ray mod u la tion equa tion. Space Sci Rev. 2013. 176. P. 299
19. Parker E. N. Dy nam ics of the in ter plan e tary gas and field. Astrophys. J. 1958. 128. P.

644.
20. Parker E. N. The pas sage of en er getic charged par ti cles through in ter plan e tary space.

Planet Space Sci. 1965. 13. P. 9.
21. Potgieter M. S. Very lo cal in ter stel lar spec tra for ga lac tic elec trons, pro tons and he lium

arxiv: 2013. 1310. 6133 [astro-ph].
22. Urch I. H., Gleeson L. J. Ga lac tic cos mic ray mod u la tion from 1965-1970. Astrophys.

Space Sci. 1972. 17. P. 426.
23. Vos E. E., Potgieter M. S. New mod el ing of ga lac tic pro ton mod u la tion dur ing the

min i mum of so lar cy cle 23/24. Astrophys. J. 2015. 815. 119.

REF ER ENCES

1. Dolginov A. Z., Toptygin I. N. (1966) Mul ti ple scat ter ing of par ti cles in a mag netic field
with ran dom inhomogeneities. JETP. 51(6). 1771.

2. Dorman L. I., Kats M. E., Fedorov Yu. I., Shakhov B. A. (1980) On the en ergy balance
of charged par ti cles un der mul ti ple scat ter ing in a ran domly inhomogeneous
mag netic field. JETP. 79(4). 1267.

3. Krymskii G. F. (1964) Dif fu sion mech a nism of di ur nal vari a tion of cos mic rays.
Geo mag ne tism and Aeronomy. 4(6). 977.

4. Shakhov B. A., Kolesnik Yu. L. (2006) It er a tion method for so lu tion of cos mic ray
prop a ga tion the ory bound ary prob lems. Ki ne mat ics and Phys. Celest. Bod ies. 22(2).
100.

5. Ca bal lero-Lopez R. A., Moraal H. (2004) Lim i ta tions of the force field equa tion to
describe cos mic ray mod u la tion. J. Geophys. Res. 109. A01101.

6. Dorman L. I., Katz M. E. (1977) Cos mic ray ki net ics in space. Space Sci. Rev. 20. 529.
7. Fedorov Yu. I. (2017) Prop a ga tion of ga lac tic cos mic rays in the outer heliosphere.

Kinemat. and Phys. Ce les tial Bod ies. 33(2). 63.
8. Fedorov Yu. I., Stehlik M. (2017) The mod u la tion of ga lac tic cos mic ray in ten sity in the

outer heliosphere. So lar Phys. 2017. 293, 119.
9. Gleeson L. J., Axford W. I. (1968) So lar mod u la tion of ga lac tic cos mic rays. Astrophys.

J. 159. 1011.
10. Heber B. (2013) Cos mic rays through the So lar Hale Cy cle. In sights from Ulys ses.

Space Sci. Rev. 176. 265.
11. Heber B., Droege W., Ferrando P., et al. (1996) Spa tial vari a tion of  > 40 MeV/n nu clei

fluxes ob served dur ing Ulys ses rapid lat i tude scan. Astron. and Astrophys. 316. 538.
12. Heber B., Potgieter M. S. (2006) Cos mic rays at high heliolatitudes. Space Sci. Rev.

127. 117.
13. Kolesnyk Yu. L., Shakhov B. A. (2012) Ef fect of the heliosheath and stand ing

ter mi na tion shock on ga lac tic cos mic ray prop a ga tion in a sta tion ary heliosphere.
Kinemat. Phys. Celest Bod ies. 28. 261.

14. Kolesnyk Yu. L., Bobik P., Shakhov B. A., Putis M. (2017) An an a lyt i cally it er a tive
method for solv ing prob lems of cos mic ray mod u la tion. Monthly Not. Royal Astron.
Soc. 470. 1073.

15. Kolesnyk Yu. L., Shakhov B. A., Bobik P., Putis M. (2020) An ex act so lu tion of cos mic 
ray mod u la tion prob lem in a sta tion ary com pos ite heliosphere model. Monthly Not.
Royal Astron. Soc. 491. 5826.

16. McKibben R. B. (1998) Three-dimensial so lar-mod u la tion of cos mic rays and

ISSN 0233-7665. Ê³íåìàòèêà ³ ô³çèêà íåáåñ. ò³ë. 2022. Ò. 38, ¹ 4 15

ÌÎÄÓËßÖ²ß ²ÍÒÅÍÑÈÂÍÎÑÒ² ÃÀËÀÊÒÈ×ÍÈÕ ÊÎÑÌ²×ÍÈÕ ÏÐÎÌÅÍ²Â



anom a lous com po nents in the in ner heliosphere. Space Sci. Rev. 83. 21.
17. McKibben R. B., Connel J. J., Lopate C., Simpson J. A., Zhang M. (1996) Ob ser va tions 

of ga lac tic cos mic rays and the anom a lous he lium dur ing Ulys ses pas sage from the
south to the north so lar pole. Astron. and Astrophys. 316. 547.

18. Moraal H. (2013) Cos mic ray mod u la tion equa tion. Space Sci Rev. 176. 299
19. Parker E. N. (1958) Dy nam ics of the in ter plan e tary gas and field. Astrophys. J. 128. 

644.
20. Parker E. N. (1965) The pas sage of en er getic charged par ti cles through in ter plan e tary

space. Planet Space Sci. 13. 9.
21. Potgieter M. S. (2013) Very lo cal in ter stel lar spec tra for ga lac tic elec trons, pro tons and

he lium arxiv: 2013. 1310. 6133 [astro-ph].
22. Urch I. H., Gleeson L. J. (1972) Ga lac tic cos mic ray mod u la tion from 1965-1970.

Astrophys. Space Sci. 17. 426.
23. Vos E. E., Potgieter M. S. (2015) New mod el ing of ga lac tic pro ton mod u la tion dur ing

the min i mum of so lar cy cle 23/24. Astrophys. J. 815. 119.
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THE MOD U LA TION OF GA LAC TIC COS MIC RAY IN TEN SITY 
IN THE SMALL ANI SO TROPY AP PROX I MA TION

The cos mic ray prop a ga tion in the in ter plan e tary me dium is in ves ti gated on the base of
trans port equa tion. The so lu tion of the cos mic ray trans port equa tion is ob tained un der
known en er getic dis tri bu tion of charged en er getic par ti cles on the heliosphere bound ary.
The ga lac tic cos mic ray spec trum in the lo cal in ter stel lar me dium is taken on the base of
data ob tained by Voy ager 1 and Voy ager 2 spacecrafts. The ga lac tic cos mic ray flux in
var i ous so lar ac tiv ity pe ri ods is cal cu lated. The es ti mates of cos mic ray in ten sity gradients
are made and com par i son of these cal cu la tions with space mis sions data are fulfilled. The
cal cu la tions of the cos mic ray an gu lar dis tri bu tion ani so tropy are made. It is shown that
ga lac tic cos mic ray flux at the Earth or bit has an azimuthally di rec tion and the ani so tropy
value of protons with energies from 1 MeV to 1 GeV roughly corresponds to 0.5 %. 
Keywords: cos mic rays, heliospheric mag netic field, trans port equa tion. 
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