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|^/Ä�õÇNÌÅé>l�>6?1<
ó6ÄU
-uÑN�ªÇ9ÙªÌþ�Å, d
uù«�{´)û$ªu�U�Ó/¡È
�!
e�(J�¯K, Ïd¤�
-u4$ª (ELF)
Ú $ $ ª (VLF) Å � ­ � Ã ã � �. ¤ - u Ñ
� ELF/VLF ÅØ=�±^5ïÄ>l�^�¥
��«Ôny�, 
��UÏLù«�m-uÑ5
� ELF/VLF Å¢y�ålédÏ&!/e8I&
ÿ±9<ó�üpUâf!�Øg,Ë��½ö
p�Ø�¤�)�<óË���¢S^å [1−5].
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�±ÏLpªN�\9-u ELF/VLF Å. duæ
^ ELF NÌpªÃ�>ÅU�k�/é>l�?
1N� [21], ¿d�'ïÄ<
±9 DEMETER ¥
(­:æ8¿?1LïÄ©Û [22−30], ¤±�©Ì
�ïÄ$�/«¤-u� ELF Å3^�¥�DÂ,
ÏL�[(J©ÛÚ
)§�DÂ´»9A5.

2 nØ�{ÚO��.

2.1 ���µµµ^̂̂|||���...

3^�SÜ (L 6 6), ��ºé/^|��
6Ä¿Ø�, /¥�µ^|�±^ l^=¶¥
% 11◦ ����¥%ó4f|�µ�.. ^|rÝ
deª�Ñ:

B(L, λ) =
B0

L3

√
1 + 3 sin2 λ

cos6 λ
, (1)

Ù ¥ L ´ ± / ¥ � » � ü   � / ^ » � ¡ þ
, : � / % � ² þ å l, λ � / ^ � Ý, B0 =
3.12×10−5 T. O�¥Ï~��±� 6.28×10−5 T(3
^4) Ú 3.16 × 10−5 T(3^»�). ó4f|�
� r(L, λ) = req cos2 λ = LR e cos2 λ, Ù¥ r �^
å�,:�/%�ål, R e = 6370 km, �/¥
�».

2.2 eee���lllfffNNN���µµµ���...

3^�SÜ, e�lfN´d$u eV(>fÏ)
þ?Uþ�âf�¤�, >f�£^�»��þ?.
3ù��^�e, /%ÚåÚ/¥­å�^ud>
fÚ�lf (H+, He+, O+) �¤�>¥5�§·Ü
N, /¤÷^å��*Ñ²ï. Ïd�©��µâ
f©Ùæ^e�lfN*Ñ�., �.¥�)>l
�Ú^�º [31]. >f�Ý�

N e = NbNdeNliNpl, (2)

Ù¥ Nb ´ë�:? Rb(ål/%�ål) �>f
�Ý, Nde ´÷|��>f�Ý, Nli ´>l�>
f�Ý, Npl ´�lfN�º>f�Ý. d*Ñ²
ï (DE) �. [8] ��

Nde(R) =

√√√√ n∑
i=1

ηi exp(−G/Hi), (3)

ù´�µ0�¥¤klf�¦Úúª, ^5O�÷
|��>f�Ý�Cz, Ù¥�Ä
>f±9õ�

lf¤©, ηi ´z�lf3ë�: R = Rb ?¤Ó
�¤©'~, G ´ ³pÝ,

G = Rb

(
1 − Rb

R

)
, (4)

Hi ´z�lf�Ip,

Hi =
kBTDE

Mimpg(Rb)
, (5)

Ù¥

g(Rb) = g(R = R e)
(R e

Rb

)2

= 9.81
(R e

Rb

)2

, (6)

R e = 6370 km �/¥�», TDE �.�§Ý, kB �
À�[ù~ê, mp ��f�þ, Mi ��fê. ùp
¤k�lfkäk�Ó�§Ý. 
�ùn�âf¤
©÷ve¡�'Xª:

Nde(R = Rb) = [ηH+ + ηHe+ + ηO+ ]1/2 = 1, (7)

ηH+ , ηHe+ Ú ηO+ ©O�L�lf¤©�z©'.
éu?¿ � R ?, z�lf�¤©�

Qi =
ηi exp(−G/Hi)

[
∑

iηi exp(−G/Hi)]

=
ηi exp(−G/Hi)

N2
de

, (8)

éu R < Rb, Nde �U¬O�, @o Nli �±�¤
��>l��©Ù, §�)>f�Ý�"�Ú¸�
�Ü©, ù�>l�Ü©�±L«�

Nli = 1 − exp
(
− (R − R0)2

H2

)
, (9)

Ù¥ R0 ´>l�.�pÝ, ùp�>f�Ýü�
", H ´>l�e>.�Ip, ùp Nli é>l�
.ÜkK�
é>l�þÜvkK�. �
L«�
lfN�º��ÝFÝ, Npl �L«ª�

Npl =e−(L−Lp)2/w2
+

(
1 − e−(L−Lp)2/w2

)
×

((Rc

R

)a

+
(
1 −

(Rc

R

)a)
e−(R−Rc)

2/H2
s

)
,

(10)

Lp ´�lfN�º�S>.?� L �, L �´
±/¥�»�ü �/^»�¡þ,:�/%
�²þål. ùp�Ñ�´� L > Lp �L�ª,
� L < Lp �, Npl = 1, w ´�lfN�º>.
��°Ý, Rc �´ål/%�ål, 3@p, �
lfN�º|�	��ÝfÐ�u|�S��
Ý. a û½�lfN�º	��Ý´XÛP~�.
Hs � R > Rc ±9�lfN�	»��Ýü$
�Ip.
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ã 1 � Ñ 
 � l f N � > f � Ý � © Ù.
ã 1(a) ´»�¡þ�>f�Ý� L ��Czª
³, ã 1(b) K´fÌ¡þ>f�Ý�©Ù�¹, Ù
¥ùÚ«�Ü©ÒL«>l�«�.

� � � � � ���� �� ��	
 ��
 ��� � � � �
� � � �� � � �� � � ��� � �� � � �� 	 � �
 � �� � �� � � �� � � �� 
 �

ã 1 e�lfN*Ñ²ï�. (é>f�Ý� log 10)
(a) »�¡þ�>f�Ý; (b) fÌ¡þ�>f�Ý

2.3 ������JJJlll���§§§

Haselgrove[32] Äu¤ê�ní�Ñ
�^u
ê�È©�n���Jl�§. �©��Ä���
�¹, �Ñ
²Ý�Cz. �§Xe¤«:

dr

dt
=

c

µ

(
ρr

µ
− ∂µ

∂ρr

)
, (11)

dθ

dt
=

c

rµ

(
ρθ

µ
− ∂µ

∂ρθ

)
, (12)

dρr

dt
=

c

µ

∂µ

∂r
+ ρθ

dθ

dt
, (13)

dρθ

dt
=

1
r

(
c

µ

∂µ

∂θ
− ρθ

dr

dt

)
, (14)

dT

dt
= 1 +

f

µ

∂µ

∂f
, (15)

Ù¥ ρr = µ cos δ, ρθ = µ sin δ, r, θ ©O�±/%�
¥%�ålÚ{�, f ´ÅªÇ, δ ´Å{��»�
�Y�, T ´+�ò, µ ��ò��ê, ùp��Ä
e�lfN��¹, �ò��ê�±le�lfN

ÚÑ�§)Ñ [33].

3 $�/«-u� ELF Å��Jl�
[(J©Û

�©�â Horne[14] ^�9�lfN��Jl,
æ^ Adams ýÿ���{é��Jl�§?1ê
�È©, ¿^ Runge-Kutta �{O� Adams ýÿ�
��{¤I��ÞA�:�� [9,11,34], òÙ{z�
e�lfN5ïÄ$�/«>l�¤-u� ELF
Å�DÂ. ,	, �[¥vk�Ä� ��Cz, ò
n����Jl�.{z�����¹, ¤±��
��Ñ3fÌ¡S, ,	, Helliwell[35] �Ñ��3
m©�ãÄ�þ´ç��þ�, ¤±ùp¤k��
�Ñ´l 120 km ?ç��þÑu, �0�ëê®
�, =��z�:þ��ÝÚ^|¥þ, ,�ÏL
��Jl�§���Å�� �, l
����´
». ù
�§��IÚÅ¥þ���Ñ´�C�.

� � � � � � � � � �−
� � ��� � �� � �� � �� � � �� � � � ��  

ã 2 l^� 25◦ -uÑ� 1 kHz �$ª&Ò3^�¥�
DÂ

ã 2 �Ñ�´l^� 25◦, 120 km ¤-u�ª
Ç� 1 kHz �>^Å3^�¥���´». lã¥
�±wÑ, $�>l�¤-uÑ�$ª&Ò3^�
¥5£�a, ¿Åì�l/¥. ùa3^�¥�a
�	(�ª�$ª&ÒQ� OGO-1 ¥(1�g�
*ÿ� [36]. �â$ªÅ3^�e�lfN¥�Ú
Ñ'X��, §�DÂ«��e·,ªÇ ωLH k
', Ï~�¹e, 	(�3 ω > ωLH Ú ω < ωLH

��¹eÑ�3. éu ω > ωLH ��¹, $ª&
Ò�±3÷vT^��«�S���,���?
1DÂ, Å{��Ø¬�L 90◦ 
��, �´, é
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u ω < ωLH ��¹, ���kOpÅâ�U3ù�
«�DÂ, 
éuO��Å, =Å{���C 90◦,
ù�$ªÅée·,ªÇ�©¯a, ¬¦�$ªÅ
p��+�Ý��, l
/¤�� [37]. Ï~�¹
e, ��Ø´3»�«�, ÅÑ�±@�´OpD
Â, Ïdl$�/«-u�$ª&Ò¬�X L �O
����DÂ, �´�XDÂ�?1, DÂ��Å
ì��u÷X/^|��DÂ, Ïd L �O��ª
³m©ü$¿Åìªu­½, Å{��3ù�L§
¥�ÅìO�� 90◦, /¤O��Å, ù�Ò�\
N´3^�/¤��y�. Ïd, éu$�/«¤
-u� ELF Å3^�¥�Ä�DÂ5ÆÒ´3�
X L �O����DÂ�L§¥, Åì¤�O��
Å. ù�(Øò3�¡é��ØÓªÇ�$ª&Ò
���´»�[(J¥ÑkNy.

ã 3 �Ñ
ã 2 ¥^çÚ�µIPÑ5�$
ª��1�g������ã, �©À�
Ù¥

� 6 ��:, ¿3ã 4 ¥�Ñ
§�ò��ê¡±

� � � � � � � � � � � � � � � �� � � �� � � �� � � �� � � �
	
 � �� �� �

ã 3 l^� 25◦ -uÑ� 1kHz �$ª&Ò3^�¥�
DÂ

−
� � �

−
� � �

−
� � � � � � � � � � � � �−

� ��� � � � �
−

� � �
−

� � �
−

� � � � � � � � � � � � �−
� ��� � � � �
−

� � �
−

� � �
−

� � � � � � � � � � � � �−
� ��� � � 	 �
−

� � �
−

� � �
−

� � � � � � � � � � � � �−
� ��� � � 
 �
−

� � �
−

� � �
−

� � � � � � � � � � � � �−
� ��� � � � �
−

� � �
−

� � �
−

� � � � � � � � � � � � �−
� ��� � � � �

ã 4 l^� 25◦ -uÑ� 1 kHz �$ª&Ò3^�¥�DÂ
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9Å{�Ú�����Cz, ã 4(a) � (f) ©Oé
Aã 3 ¥�1 1 � 6 �:. lã¥�±w�, 3
1��:�, ����A��^|����²1,

��18�:��ÿ����A��^|��
¥ 180◦, ù`²3é���mºÝS$ªÅ�DÂ
���¤
��, aq��b>.���, ù�·
�¡�^�	(Å����y�. lã¥�ò��
ê¡�CzØJuy, 3�C��:?, �ò��
ê¡3ÅìC�, Xã 4 ¥ (c) Ú (d), 
du$ª
Å3^�¥DÂ÷vAÛ1ÆCq, ¤±ÏL Snell
½Æ��, $ª&Ò��ò��ê3©�.¡þ
�©þ��±~ê, ¤±�k���X�ò��
êO����DÂâU�±ØC, Ïd����=
L
 90◦, ¦���¢y��, �±w�, 3ã 4 �
¡AÌã¥, ���DÂ��A���µ^|��
¥ 180◦.

ã 5 � Ñ 
 l ^ � 25◦ Ñ u, 4 � Ø Ó ª
Ç 500 Hz, 1 kHz, 1.5 kHz Ú 2 kHz � ELF Å�
��´». lã 5 ¥�±wÑ, 4 �ØÓªÇ� ELF
Å��´»Ñ3^�¥5£�a$Ä, §���Ó
A:´, 3DÂÐÏ, Ñ¬���� L �«��D

Â, 
�ù«��?DÂ�ª³�5��, ¤kª
Ç� ELF Å��Ñª�u3�½� L �«�S�
^���. �â$ª&Ò�ù�DÂA5, XJÀ
�Ü·ªÇ�$ª&Ò, ÒU
òÙ5\�/¥�
m�¸¥¤I��ØpUâf�«�S, ¦¤5\
�$ª&Ò�pUâfu)Åâ�p�^, òpU
âf�ü?\�í�, ���Ø§��8�. ~X,
éu�� u 1.1Re—1.5Re (Re �/¥�») �m
�SË��, �±À^N�ªÇ�p�pª>Åé
>l�?1N�\9-u�A�$ªÅ, Ï�lã
¥�±w�, ªÇ�p, K���u3$ L �«�
S$Ä. 
éu3 4Re—5Re �	Ë��K�±�
Ä^'�$�ªÇ, Ï�§���u���?DÂ.
ù�A5��±)ºS	Ë���m¬/¤��
pUâfD�«���Ï. X©¥¤À�� 1 kHz
� ELF Å��­½3 2—4 �/¥�»�^�«
�SDÂ, �Ð?udø«�, ù�ªÇfÐáu
f(ªã, f(�@�´E¤S	Ë���m/
¤dø«��Ì��Ï��, �´du§±9Ù¦
$ª&Ò��^, ¦�S	Ë���m/¤pU
âf�É.

� � � � � �−
�−
���� � � �

	
 � � � � � �−
�−
���� � � �

	

� � � � � �−

�−
���� � � �

	
 � � � � � �−
�−
���� � 
 �

	

ã 5 ^� 25◦ ?ØÓªÇ$ª&Ò�DÂ´» (a) 500 Hz; (b) 1 kHz; (c) 1.5 kHz; (d)2 kHz
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� � � � � � �−

� ��� ��	
 ��
	
 �� � � � � � � �� �� � �� � � � � � � � � ���� � � � �
� � � � � � �−

� � �� �
� � � � � � �� �� � �� � � � � � � � � ���� � � � � � �

� � � � � � �−
� � �� �

� � � � � � �� �� � �� � � � � � � � � ���� � � � �
� � � � � � �−

� � �� �
� � � � � � �� �� � �� � � � � �� � �� � �� � �

ã 6 ^� 25◦ ?ØÓªÇ$ª&Ò�DÂA5

ã 6 �Ñ
ã 5 ¥ 4 �ØÓªÇ� ELF Å
3^�¥DÂ���*�A5. ã¥©O�Ñ

3 ELF ÅDÂL§¥ L �, /^�Ý λ, ±9Å{
�� ψ �DÂ�m�Cz. lã¥ L ��Cz�±
w�, 4 �ªÇ�>Å3DÂL§¥ L ��Czª
³ÅìC�²�, ��ª�u3���½� L �«
�NCDÂ, §��«O3u, ªÇØÓ, ¤UDÂ
��� L �«�ÒØÓ, �±w�, 500 Hz ��ÿ,
L ���ªCu 4 NC, 
� 2 kHz ��ÿ, L �­
½� ��Ø� 3, `²éuÓ��ÝÑu�ØÓ
ªÇ� ELF Å, ªÇ�p, DÂ�ål�C, 
ªÇ
�$, ¤U���«�¬��. lã¥/^�Ý�
Cz�±w�, >Åé²w´3H��¥�m5£
��, �ØL�aÌÝ�5��, ,	lã¥��
±wÑ, 3�Ó�DÂ�mS, ªÇ�p�Å, 3�
Ó�mS¤U�¤���gê�õ. ,	, lã¥
Å{��3DÂL§¥�Cz�±wÑ, 4 �ØÓ
ªÇ� ELF Å{���ªÑªCu 90◦, lã 4 �
ò��ê¡�Cz�ØJuy, d�����A�
�^|��²1, ù�y²
$ª&Ò3^��D
ÂL§¥, (¢kÅì��u÷X/^|��DÂ

�ª³, `²�µ^|���éu$ª&Ò3^�
¥DÂäké��K�.

4 (Ø�?Ø

�©�â^�����JlnØ, (Ü^��
µ�., ÏLê��[��$�/«¤-u� ELF
Å3^�e�lfN¥DÂ���´»¿éÙD
ÂA5?1
©Û, Ì���±e 3 �(Ø:

1. éuÓ��ÝÑu�ØÓªÇ� ELF Å, ª
Ç�p, DÂål�C, 
ªÇ�$, K��u��
�?DÂ.

2. $�/«-u�$ª&ÒÑ´3H��¥
5£��, /¤X OGO1 ¥(¤*ÿ��^���
y�, ÅìDÂ���?, 3DÂL§¥, L ��C
z�5��ú, �� ELF Åª�u3,� L �«
�NCDÂ.

3. D Â L § ¥ ELF Å � Å { � � Å ì ª
u 90◦, /¤O��Å, ����Ä���µ^|²
1, =$ª&Ò3^��DÂL§¥, ��u÷X
�µ^|���DÂ.
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�©ÏLê��[��
$�/«¤-u�
$ª&Ò3^�¥�DÂ´»ÚA5, U
½þý
ÿÙ¤3� �, éu
)<ó�üË��pU>
f±9mÐ�'¢�äk�½�nØ¿ÂÚ¢S
d�. ØL�©���Jl��Ä
����¹,
�±�Än��^���Jl, ¿��©æ^�^
��µ0���Ä
e�lfN, ¢Sþ, ^�¥
�39�lfN«�, X�CÔË��, duK�
P~��^, >ÅUþ¬k��, Ïd¢Sþ$ª
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Abstract

Powerful high-frequency radio waves modulated at extremely low frequency (ELF) and very low frequency (VLF) can efficiently

modify the lower ionospheric current which can act as an equivalent ionospheri‘c antenna for the generation of ELF/VLF wave and these

signals can propagate into the magnetosphere and the investigation of the propagation properties is of significance for understanding

of radiation belt energetic electrons precipitation. In this paper, based on the raytracing theory, the ray paths of ELF waves in the

magnetosphere are obtained using numerical modeling and the properties are analyzed. The results shows that the ELF waves generated

from the low latitude reflect between the southern and northern hemisphere and propagate to the farther place gradually. For the signals

with different frequencies, the higher their frequencies, the shorter their propagation distances are, the lower their frequencies, the

longer their propagtion distances are. In the process, ELF waves tend to reflect near a fixed region. The normal angel increases to 90◦

gradually and ray direction tends to propagate along the direction of geomagnetic field.
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