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Space environment effectsC

A

B

p

t
= q (E + v ×B) ,

p q v E B



J = (J1, J2, J3) ϕ = (ϕ1, ϕ2, ϕ3)

J1 J2 J3

Ji =
1

2π

∮
i

(p+ qA) · dl,

A

rg



τg

rg =
p α

|q|B ,

τg =
2πγm0

|q|B ,

γ m0 α v

B

J1 =
1

2π

∮
(p+ qA) · l =

p2 2 α

2qB
.

μ =
p2 2 α

2m0B
.

r

t
=

p‖
γm0

b+
μ

qγ

b×∇B

B
+

p2‖
qγm0

b× (b · ∇) b

B
+

E × b

B
,

p‖
t
= b ·

(
qE − μ

γ
∇B

)
,

p‖ = p α b = B/B

r

t
=

p‖
γm0

B∗

B∗
‖
+

μ

qγ

b×∇B

B∗
‖

+
E × b

B∗
‖

,

p‖
t
=

B∗

B∗
‖
·
(
qE − μ

γ
∇B

)
,

B∗ = B +
p‖
q
∇× b,



B∗
‖ = b ·B∗ = B

(
1 +

p‖
qB

b · ∇ × b

)
.

F = −μ/γ∇‖B.

F

αi

Bi s α(s)

B(s)

2 α(s)

B(s)
=

2 αi

Bi

.

90◦

Bm =
Bi

2 αi

.

L αe

αL

αL = L−3/2(4− 3/L)−1/4.

αe < αL αL

αL

τb = 2

∫ sm

s′m

s

v α
=

2

v

∫ sm

s′m

s(
1− B(s)

Bm

) 1
2

,



sm s′m

τb =
4LRE

βc
T (αe),

RE β = v/c T (αe)

T (αe) ≈ 1.30− 0.56 αe.

J2 =
1

2π

∮
(p+ qA) · s =

1

2π

∮
p · s.

J = 2pI,

I =

∫ sm

s′m
α s =

∫ sm

s′m

(
1− B(s)

Bm

) 1
2

s.

I

I = LREY (αe),

Y (αe) = 2.760346 + 2.357194 αe − 5.117540 3/4 αe.

〈vd〉 = 2p

qτbB2
e

∇eI ×Be,

e

ωd =
3m0c

2γβ2L

|q|B0R2
E

D(αe)

T (αe)
,



B0 = 31200 D(αe)

D(αe) =
1

12

(
5.520692− 2.357194 αe + 1.279385 3/4 αe

)
.

τd =
2π

ωd

=
2π|q|B0R

2
E

3m0c2γβ2L

T (αe)

D(αe)
.

J3 =
1

2π

∮
(p+ qA) · l ≈ q

2π
Φ,

Φ

Φ =
2πB0R

2
E

L
.

L∗

L∗ =
2πB0R

2
E

Φ
,

Φ

r p

f(t, r,p)

∂f

∂t
+

r

t
· ∂f
∂r

+
p

t
· ∂f
∂p

= 0.

f(t, r,p)

f =
ΔN

ΔxΔyΔzΔpxΔpyΔpz
.



j =
ΔN

ΔtΔAΔΩΔEk

.

j = p2f.

f(t,J ,ϕ)

∂f

∂t
+

J

t
· ∂f
∂J

+
ϕ

t
· ∂f
∂ϕ

= 0.

J/ t = 0 ϕ

f(t,J)

∂f

∂t
= 0,

f(t,J)

∂f

∂t
=

3∑
i=1

3∑
j=1

∂

∂Ji

(
Dij

∂f

∂Jj

)
,

Di,j

Dij =
1

2

〈
ΔJiΔJj

Δt

〉
,

〈
ΔJiΔJj

Δt

〉
J ΔJiΔJj



ζ = (ζ1, ζ2, ζ3) f(t, ζ)

∂f(t, ζ)

∂t
=

3∑
i=1

3∑
j=1

1

J

∂

∂ζi

[
DijJ

∂f(t, ζ)

∂ζj

]
,

J

J =
∂(J1, J2, J3)

∂(ζ1, ζ2, ζ3)
,

Dij

Dij =
1

2

〈
ΔζiΔζj
Δt

〉
.

f(t,J , ϕ3)

∂f

∂t
+

J3

t

∂f

∂J3

+
ϕ3

t

∂f

∂ϕ3

=
3∑

i=1

3∑
j=1

∂

∂Ji

(
Dij

∂f

∂Jj

)
.







0.05− 0.8 |Ωe| |Ωe|
−

ı́ 1− 100

∼



∼

0.1− 5.0 + + +



ı́

ˇ

L = 2− 7



L

J1, J2, J3 αe, p, L

J ∝

∣∣∣∣∣∣∣∣
∂μ/∂αe ∂μ/∂p ∂μ/∂L

∂J/∂αe ∂J/∂p ∂J/∂L

0 0 Φ/ L

∣∣∣∣∣∣∣∣
∝ Φ

L

(
∂μ

∂αe

∂J

∂p
− ∂μ

∂p

∂J

∂αe

)
∝ Lp2 αe αe

(
I − αe

αe

∂I

∂αe

)
.



∂I

∂αe

= −
∫ sm

s′m
α
∂α

∂αe

s+ α(sm)
∂sm
∂αe

− α(s′m)
∂s′m
∂αe

.

α(sm) = α(s′m) = 90◦

∂I

∂αe

= −
∫ sm

s′m
α
∂α

∂αe

s.

2 α

B
=

2 αe

Be

,

∂α

∂αe

=
α

αe

.

I − αe

αe

∂I

∂αe

=

∫ sm

s′m
α s+

∫ sm

s′m

2 α

α
s =

∫ sm

s′m

1

α
s.

J ∝ L2G,

G = p2T (αe) αe αe.

〈Dαα〉 = p2

2

〈
(Δαe)

2

Δt

〉
,

〈Dαp〉 = p

2

〈
ΔαeΔp

Δt

〉
,



〈Dpp〉 = 1

2

〈
(Δp)2

Δt

〉
,

αe p f

∂f

∂t
=

1

Gp

∂

∂αe

[
G

(
〈Dαα〉1

p

∂f

∂αe

+ 〈Dαp〉∂f
∂p

)]
+

1

G

∂

∂p

[
G

(
〈Dpα〉1

p

∂f

∂αe

+ 〈Dpp〉∂f
∂p

)] .

〈Dαα〉 〈Dpp〉 〈Dαp〉 = 〈Dpα〉
Dαα Dpp Dαp = Dpα

〈Dαα〉 = 1

T

∫ λm

0

Dαα
α

2 αe

7 λdλ,

〈Dpp〉 = 1

T

∫ λm

0

Dpp
(1 + 3 2 λ)1/2

α
λdλ,

〈Dαp〉 = 〈Dpα〉 = 1

T

∫ λm

0

Dαp
(1 + 3 2 λ)1/4

αe

4 λdλ,

λ λm αe

αe λm

1
2 αe

=
2 α(λm)

2 αe

=
B(λm)

Be

=
(1 + 3 2 λm)

1/2

6 λm

,

12 λm + 3 2 λm
4 αe − 4 4 αe = 0.



B2
ω =

⎧⎪⎨⎪⎩A2 [−(ω − ωm)
2/(δω)2], ω1 ≤ ω ≤ ω2

0,
,

A2 =
2B2

t

π1/2δω

[ (
ω2 − ωm

δω

)
+

(
ωm − ω1

δω

)]−1

,

ω1 ω2 ωm δω

A2 Bt

g(X) =

⎧⎪⎨⎪⎩ [−(X −Xm)
2/X2

ω], X1 ≤ X ≤ X2

0,
,

X = θ θ k B X1 X2 X

Xm Xω X

θ = 0◦ 180◦

ω k

n

ω − v‖k‖ = −n|Ωe|/γ,

v‖ = v α k‖ = k θ

ωpe |Ωe|

V 2 =

(
ck

ω

)2

=
ω2
pe

|Ωe|2
1 +M

M
Ψ−1,

Ψ = 1− ω2

Ωp|Ωe| −
2 θ

2
+
[ 4 θ

4
+

ω2

Ω2
p

(1−M)2 2 θ
]1/2

,



M = me/mp = 1/1836 Ωp

− + + +

c2k2

ω2
= 1− ω2

pe

ω(ω + |Ωe|) −
3∑

j=1

ω2
pj

ω(ω − Ωj)
,

Ωj|j=1,2,3
+ + +

ωpj j

⎛⎝Dαα Dαp

Dpα Dpp

⎞⎠ =

⎛⎝D̃αα D̃αp

D̃pα D̃pp

⎞⎠ |Ωe|2B
2
ω

B2

p2

γ2
,

⎛⎝D̃αα D̃αp

D̃pα D̃pp

⎞⎠ =

n2∑
n=n1

∫ X2

X1

XdX

⎛⎝D̃nX
αα D̃nX

αp

D̃nX
pα D̃nX

pp

⎞⎠ ,

D̃nX
αα =

∑
i

ω2( 2 α + n|Ωe|/γω)2
4πv2‖(1 +X2)N(ω)

g(X)|Φn, |2∣∣∣v‖ − ∂ω/∂k‖
∣∣
X

∣∣∣
∣∣∣∣∣∣
ω=ωi
k=ki

,

N(ω) =
1

2π2

∫ ∞

0

g(X)

∣∣∣∣∣J
(
k⊥, k‖
ω,X

) ∣∣∣∣∣k⊥dX,

J

(
k⊥, k‖
ω,X

)
= −k‖

∂k‖
∂ω

∣∣∣∣
X

= −k 2 θ
∂k

∂ω

∣∣∣∣
X

,

|Φn, |2 =
[(

2D

V 2 − S

)2

+

(
2P θ

V 2 2 θ − P

)2
]−1

×
[(

V 2 − L

V 2 − S

)
Jn+1 +

(
V 2 −R

V 2 − S

)
Jn−1 +

V 2 α 2θ

V 2 2 θ − P
Jn

]2,



R =
ω2
pe

|Ωe|2
|Ωe|
ω

[
1 +M

1−M − (ω/|Ωe| − Ωp/ω)

]
,

L = − ω2
pe

|Ωe|2
|Ωe|
ω

[
1 +M

1−M + (ω/|Ωe| − Ωp/ω)

]
,

P = − ω2
pe

|Ωe|2
|Ωe|2
ω2

(1 +M),

S =
R + L

2
,

D =
R− L

2
,

D̃nX
αp = D̃nX

pα = D̃nX
αα

[
α α

− 2 α− n|Ωe|/γω
]∣∣∣∣ω=ωi

k=ki

,

D̃nX
pp = D̃nX

αα

[
α α

− 2 α− n|Ωe|/γω
]2∣∣∣∣∣ω=ωi

k=ki

.

n1 n2 ωi ki i

⊥ ‖ n

Jn −k⊥p⊥/(me|Ωe|)

Dαα = |Ωe|2
(
p2

γ2
I0 − 2 α

mecp

γ
I1 +

2 αm2
ec

2I2

)
,

Dpp = m2
ec

2|Ωe|2 2 αI2,

Dαp = Dpα = −mecp|Ωe|2 α

(
I1
γ

− mec α

p
I2

)
,

Is =
π

4

∑
i

[
B2

ω

B2

( ω

ck

)s
∣∣∣∣1− α

p

γme

dk

dω

∣∣∣∣−1
]∣∣∣∣∣ω=ωi

k=ki

, s = 0, 1, 2.



ξ =
p

mec

∂f

∂t
=

1

Gp

∂

∂αe

(
G〈Dαα〉

p

∂f

∂αe

)
+

1

Gp

∂

∂ξ

(
G〈Dpp〉

p

∂f

∂ξ

)
+

1

Gp

∂

∂αe

(
G〈Dαp〉

p

)
∂f

∂ξ
+

1

Gp

∂

∂ξ

(
G〈Dαp〉

p

)
∂f

∂αe

+
2〈Dαp〉

p2
∂2f

∂αe∂ξ

,

∂f

∂t
=

1

Gp

∂

∂αe

(
G〈Dαα〉

p

∂f

∂αe

)
,



∂f

∂t
=

1

Gp

∂

∂ξ

(
G〈Dpp〉

p

∂f

∂ξ

)
,

∂f

∂t
=

1

Gp

∂

∂ξ

(
G〈Dαp〉

p

)
∂f

∂αe

+
1

Gp

∂

∂αe

(
G〈Dαp〉

p

)
∂f

∂ξ
+

2〈Dαp〉
p2

∂2f

∂αe∂ξ
.

−

90◦

L = 4.5 (αe, Ek)

[0◦, 90◦]× [0.2 , 10.0 ] (αe, ξ)

91 × 81 Δt = 1

[0◦, 90◦] × [0.2 , 5.0 ] ∼

f

˜

f(t = 0, αe, p) = C

(
p αe

θκ

)2l [
1 +

p2

κθ2κ

]−(κ+l+1)

,



C =
NΓ(κ+ l + 1)

π3/2θ
3/2
κ κ(l+3/2)Γ(l + 1)Γ(κ− 1/2)

,

l θ2κ N κ

Γ θ2κ = 0.15 l = 0.5

κ = 6

f(αe = αL) = 0 αe = π/2 ∂f/∂αe(αe =

π/2) = 0 Ek = 0.2

ωpe |Ωe|
|λ| < 15◦

Bt = 50 ω1 = 0.05|Ωe| ω2 = 0.65|Ωe| δω = 0.15|Ωe|
ωm = 0.35|Ωe| Xm = 0 Xω = 0.577 X1 = 0 X2 = 1

λ ≤ 35◦ Bt = 100.75+0.04λ ω1 = 0.1|Ωe|
ω2 = 0.3|Ωe| δω = 0.1|Ωe| ωm = 0.2|Ωe| Xm = 0 Xω = 0.577 X1 = 0

X2 = 1 n = 0,±1, · · · ,±5

αe, Ek

〈Dαα〉 〈Dpp〉 〈Dαp〉
p2/t p2 −1



αe Ek





λ < 15◦

αe = 90◦ λ < 35◦

αe = αL

f j = p2f

j t = 0

αe > 45◦

αe = 90◦

ωpe/|Ωe|

λ < 40◦ Bt = 0.1 ω1 = 0.01|Ωe| ω2 = 0.21|Ωe|
δω = 0.03|Ωe| ωm = 0.06|Ωe| Xm = 0 Xω = 0.577 X1 = 0 X2 = 1

n = 0,±1, · · · ,±5



αe Ek j = p2f



j = p2f t =



αe Ek

αe, Ek

3 × 103

15

f

j = p2f

j t = 0





αe Ek j = p2f



j = p2f t =



ωpe/|Ωe|

+

+ + +

λ < 15◦ Bt = 1.0 ω1 = 3.45Ω + ω2 = 3.95Ω +

δω = 0.25Ω + ωm = 3.70Ω + Ω +
+

n = 1

αe Ek

αe, Ek



Ekmin Ekmin



αe Ek j = p2f



j = p2f t =

Ek > Ekmin αe 90◦



2 × 107 4 × 103

5

f j = p2f

j t = 0

ωpe/|Ωe| ωpe/|Ωe|

ωpe/|Ωe|



4 < L < 6

L = 4.5

ν



ne
−3

ne = ne0

(
LTRE

r

)ν

,

r LTRE

r LTRE

LRE ne0

r = LRE
2 λ,

ne = ne0 ( λ)−2ν .



ωpe/|Ωe|



ωpe/|Ωe| L = 4.5 L = 6.0

ne0

ne0 = 124

(
3

L

)4.0

+ 36

(
3

L

)3.5 ( ∗

12
π

)
−3 ,

∗ = −
[
7.7

(
3

L

)2.0

+ 12

]
.

ne0

ν

ν = 8.0− 3.0 10 ne0 + 0.28 ( 10 ne0)
2 − 0.43L.

ne0 L

−

ν ν

ν = 0 − 1

ν ≈ 3 4 ν ≈ 2

ν

L

ne ωpe/|Ωe|



L = 4.5 ωpe/|Ωe| λ

ωpe/|Ωe|

L = 4.5

L = 6.0 ωpe/|Ωe|
ωpe/|Ωe| L = 4.5

ωpe/|Ωe|



L = 4.5 αe, Ek



L = 6.0 αe, Ek



L = 4.5

ωpe/|Ωe|



L = 6.0

ωpe/|Ωe|



L = 4.5 αe Ek j = p2f



L = 4.5 t =

ωpe/|Ωe|
ωpe/|Ωe|



L = 6.0 αe Ek j = p2f



L = 6.0 t =



0, 1, · · · 11

L = 4.5 6.0 (αe, Ek)

〈Dαα〉 〈Dpp〉 〈Dαp〉

αe

L ν L

L = 4.5

j = p2f (αe, Ek)

1− 2

> 2

L = 6.0 j = p2f (αe, Ek)

ωpe/|Ωe|
L L = 6.0

L = 4.5 1− 2 > 2



L = 6.0 L = 4.5 > 1

L = 6.0

λ < 10◦

αe = 90◦

PI PI

90◦ 70◦

PI

0.1− 30

∼



∗

10 − 50 1 − 10

< 5

L = 6

〈Dαα〉 > Dsd ≡ 4α2
L/τb

∗ ω < 0.5|Ωe| ω > 0.5|Ωe|



1/4

〈Dαα〉 < Dsd

f

∂f

∂t
=

1

Gp

∂

∂αe

[
G

(
〈Dαα〉1

p

∂f

∂αe

+ 〈Dαp〉∂f
∂p

)]
+

1

G

∂

∂p

[
G

(
〈Dpα〉1

p

∂f

∂αe

+ 〈Dpp〉∂f
∂p

)]
− f

τL

.

− f
τL

τL

1/4

τb

αe = 0◦ 90◦ ∂f/∂αe = 0

> 100

Ek = 50

Ek = 20

αe ξ = p/mec

91 × 101 Δt = 0.1

f0 =

[
1 +

Ek

κE0

]−κ−1

,



αe Ek

αe Ek

κ = 5 E0 = 5



L = 6 ωpe/|Ωe| 6.2

|λ| < 10◦ ω1 = 0.50|Ωe|
ω2 = 0.70|Ωe| δω = 0.08|Ωe| ωm = 0.60|Ωe| Xm = 0 Xω = 0.577

X1 = 0 X2 = 0.839 |λ| < 15◦



αe Ek f
αL

ω1 = 0.05|Ωe| ω2 = 0.50|Ωe| δω = 0.15|Ωe| ωm = 0.35|Ωe| Xm = 0

Xω = 0.577 X1 = 0 X2 = 1

0.07− 0.3

4.6 ± 0.7

Bt(t) = Bt(0)
−t/τ ,

τ = 5 Bt(0) = 12

n =

0,±1, · · · ,±5

αe Ek



αe Ek f
αL

> 0.1

> 1

αe = 90◦

0.1 − 2

> 2



αe Ek f
αL

∼

0.1 − 2

> 2

> 1 < 65◦

> 0.1

< 90◦ > 0.1



f t =



(p, αe)

f αe = 90◦

αe < 50◦ ∼

p αe

PI



PI (Ek, t) 0.05− 20
PI

(Ek, t) 0.05 − 20

PI PI ∼ 1.5

PI





ωpe/|Ωe|

ωpe/|Ωe|

L = 4.5

L = 6.0

ωpe/|Ωe|
L L = 4.5

1.0 2.0 3.0

L = 6.0

− > 2

> 1



> 0.1

0.05− 20 PI

PI

1.5 ∼



¨

ω = mωd ω

m ωd



0.2−
5

5−
10

10−
45

45−
150

150−
600

1−
40

40−
150

0.2−
5

0.1−
0.2

22−
100

7−
22

2−
7

0.025−
1

2−
25



ˆ

ˆ

ˆ



f



∂f

∂t
=

1

Gp

∂

∂αe

∣∣∣∣
p,L

[
G

(
〈Dαα〉1

p

∂f

∂αe

∣∣∣∣
p,L

+ 〈Dαp〉 ∂f

∂p

∣∣∣∣
αe,L

)]

+
1

G

∂

∂p

∣∣∣∣
αe,L

[
G

(
〈Dpα〉1

p

∂f

∂αe

∣∣∣∣
p,L

+ 〈Dpp〉 ∂f

∂p

∣∣∣∣
αe,L

)]

+ L2 ∂

∂L

∣∣∣∣
μ,J

(
DLL

L2

∂f

∂L

∣∣∣∣
μ,J

)
− f

τL
− f

τC
− f

τW

.

αe, p, L

〈Dαα〉 〈Dpp〉 〈Dαp〉 = 〈Dpα〉
μ, J, L

DLL

L < 1.5 τL

τC

τC = 3× 108Ek

(
L

4

)4

;

τW

τW =

(
2

Kp

)2

10(L−3.5)4+0.4 (2.5 ≤ L ≤ Lpp),

Lpp

Lpp = 5.6− 0.46K∗
p ,

K∗
p Kp

τW L

∼ ∼ τW



μ =
p2 2 αeL

3

2meB0

,

J = 2pLREY ( αe),

L = L,

Ne(L) = 10−0.3145L+3.9043 −3 ,

Ne(L) = 124

(
3

L

)4
−3 .

L fpe/fce

L = 4.5
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D
L
L

−
1

L
E

k
μ

2.0×
10 −

7
L
=

1.20
E

k
>

1.6
10 −

8L
(1
0±

1
)

1.76≤
L
≤

5.0
E

k
>

1.6
4−

8×
10 −

1
0L

1
0

3.0≤
L
≤

5.0
E

k
>

0.5
2.7×

10 −
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−
0
.5L

7
.9

1.7≤
L
≤

2.6
μ
=
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27.4
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(0
.7
5
K

F
R −

1
0
.2
)

μ
=

350−
750

(2.23±
0.67)ω

−
1
.1±

0
.1
5

d
L
=

6.0
E

k
=

0.05−
1.2

∼
0.2−

5.0
L
=

5.3,6.1
E

k
=

0.1−
1.6

2.1×
10 −

3 (
L4 )

1
1
.7±

1
.3

3.0≤
L
≤

6.0
E

k
=

3.0−
8.0



αe, Ek [ −1]

DM
LL = 100.506Kp−9.325L10 ,



DE
LL =

c2Ẽ2

4R2
EB

2
0

Td

1 + (ωdTd/2)2
L6,

Ẽ = Ẽ0 + Ẽ1(Kp − 1),

Ẽ0 = 3.33× 10−9 = 0.10 ,

Ẽ1 = 8.67× 10−9 = 0.26 ,

Td = 2700 ,

ωd =
3mec

2γβ2L

eB0R2
E

D(αe)

T (αe)

≈ 1.2× 10−3γβ2L
D(αe)

T (αe)
[ /s],

Kp = 2 DM
LL

Kp = 2

DE
LL 1/τC 1/τW

L



DLL = PMDM
LL + PED

E
LL,

PM PE

∂f

∂t
=

1

Gp

∂

∂αe

∣∣∣∣
p,L

[
G

(
〈Dαα〉1

p

∂f

∂αe

∣∣∣∣
p,L

+ 〈Dαp〉 ∂f

∂p

∣∣∣∣
αe,L

)]

+
1

G

∂

∂p

∣∣∣∣
αe,L

[
G

(
〈Dpα〉1

p

∂f

∂αe

∣∣∣∣
p,L

+ 〈Dpp〉 ∂f

∂p

∣∣∣∣
αe,L

)]
− f

τL

∂f

∂t
= L2 ∂

∂L

∣∣∣∣
μ,J

(
DLL

L2

∂f

∂L

∣∣∣∣
μ,J

)
− f

τC
− f

τW
.

αe, Ek, L

[0◦, 90◦]× [0.1 , 5 ]× [1, 8] αe, ξ = p
mec

, L

91×81×71



L

∂f/∂αe(αe = 0◦) = 0, ∂f/∂αe(αe = 90◦) = 0,

f(Ek = ) = fl(t, αe, L), f(Ek = ) = fu(t, αe, L),

fl(t, αe, L) fu(t, αe, L) μ J L

L

L = 8 μ, J (αe, Ek)

[0◦, 90◦]× [0.1 , 5 ] αe ξ = p
mec

91× 201 μ, J

L μ, J

f(L = 1) = 0, f(L = 8) = fo(t, μ, J),

fo(t, μ, J)

αe p L

μ J L

f

Δt = 20



Kp = 2

∂f

∂t
≡ 0 = L2 ∂

∂L

∣∣∣∣
μ,J

(
DLL

L2

∂f

∂L

∣∣∣∣
μ,J

)
− f

τC
− f

τW
.

˜

fo(t = 0, μ, J) = fκ(αe, Ek) ≡ cκ

[
1 +

Ek

κE0

]−(κ+1)
q αe,

cκ q = 0.2

E0 = 2 κ = 5

DLL PM

PE PM PE

PM = 1.0 PE = 0.2



DM
LL

DE
LL PE

Kp

Kp =

⎧⎪⎪⎨⎪⎪⎩
4t+ 2, 0.0 ≤ t < 1.0

(−4t+ 22)/3, 1.0 ≤ t < 4.0

2, t ≥ 4.0

.

Kp

Kp Kp

2 Kp

fo(t, μ, J) = f(t)fo(t = 0, μ, J),

f(t) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
1, 0.0 ≤ t < 0.5

(−18t+ 19)/10, 0.5 ≤ t < 1.0

(18t− 17)/10, 1.0 ≤ t < 1.5

1, t ≥ 1.5

.

0.5 < t < 1.5 f(t)



∗

Lpp ≤ L ≤ 6.0

t = 0.5− 1.5

μ =

f t = 1.0

t = 4.0

L

L = 4.5

L = 4

L > 6

L

L

Ek = 1.0

j = p2f

2 < L < 5

∗



μ = f

Lpp

L

∼
4 < L < 6

L > 6 ∼



μ = f
t = t =

102

μ = 450 f



Ek = j = p2f

Lpp

μ = 450

2− 3 10

μ =

μ



Ek = j = p2f
t = t =

μ = 900

5− 10

Ek = 1.0

j = p2f

∼



μ = f

Lpp



μ = f
t = t =



Ek = j = p2f

Lpp

4 < L < 6 ∼

∼ ∼ ∼



Ek = j
t = t =

4 < L < 6



L

5 ∼ 10



L

(a) Quiet (b) Storm

αe = 90◦



ˆ

∗

Dst

∗



Dst

r θ φ

B = ∇×A = ∇× (Aφeφ),

Aφ =

[
−B0

r2
+

4B+r
3
+r

(r2 + 4r2+)
3/2

+
4B−r3−r

(r2 + 4r2−)3/2

]
θ,

B0 = 31200 r+ r− B+ B− Dst

f

∂f

∂t
=

1

Gp

∂

∂αe

∣∣∣∣
p,L

[
G

(
〈Dαα〉1

p

∂f

∂αe

∣∣∣∣
p,L

+ 〈Dαp〉 ∂f

∂p

∣∣∣∣
αe,L

)]

+
1

G

∂

∂p

∣∣∣∣
αe,L

[
G

(
〈Dpα〉1

p

∂f

∂αe

∣∣∣∣
p,L

+ 〈Dpp〉 ∂f

∂p

∣∣∣∣
αe,L

)]

+ L∗2 ∂

∂L∗

∣∣∣∣
μ,J

(
DL∗L∗

L∗2
∂f

∂L∗

∣∣∣∣
μ,J

)
− f

τL
− f

τC
− f

τW

.



μ J L∗

αe p L

f f

〈Dαα〉 〈Dpp〉 〈Dαp〉 = 〈Dpα〉
DL∗L∗

L < 1.5

μ =
p2 2 αe

2meBe

,

J = 2pI = 2p

∫ s′m

sm

√
1− B

Be

2 αeds,

L∗ ≡ 2πR2
EB0∮

A · dl =
1

L
− 4

B+

B0

r3+L
2

(L2 + 4r2+)
3
2

− 4
B−
B0

r3−L
2

(L2 + 4r2−)
3
2

.

Be

Dst

L 〈Dαα〉 〈Dpp〉
〈Dαp〉 = 〈Dpα〉 DL∗L∗

DL∗L∗ = PMDM
L∗L∗ + PED

E
L∗L∗ ,

DM
L∗L∗ = 100.506Kp−9.325L∗10 ,

DE
L∗L∗ =

c2Ẽ2

4R2
EB

2
0

Td

1 + (ωdTd/2)2
L∗6,



μ J L∗ αe

Ek L Dst = −15 −30 −50
−100 −120

Ẽ Td PM PE



f

Dst Dst

αe, Ek, L

[0◦, 90◦]×[0.1 , 5 ]×[1, 7] αe, ξ = p
mec
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91×81×61 μ J L∗ L∗

L∗ = 7 μ, J

(αe, Ek) [0◦, 90◦]× [0.1 , 5 ]

αe ξ = p
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91× 201 L∗

μ, J μ, J

∂f

∂αe

(αe = 0◦) = 0,
∂f

∂αe

(αe = 90◦) = 0,

f(Ek = ) = fl(t, αe, L), f(Ek = ) = fu(t, αe, L),

f(L∗ = 1) = 0, f(L∗ = 7) = fo(t, μ, J),

fl(t, αe, L) fu(t, αe, L) (μ, J, L∗)

fo(t, μ, J)

L∗2 ∂

∂L∗

∣∣∣∣
μ,J

(
DL∗L∗

L∗2
∂f

∂L∗

∣∣∣∣
μ,J

)
− f

τC
− f

τW
− f

τE
= 0.

−f/τE τE

τE = 6/Kp (L > Lpp) .



90◦

Kp = 2 Dst = −15

fo(t = 0, μ, J) = F (Ek)
q αe,

F (Ek) = 8222.6 (−7.068Ek)/p
2

q = 0.852 L∗ = 7

Dst = −15 L ≈ 8
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PE

PM = 1.0,

PE =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
1.0, L < 2.2

3.2− L, 2.2 < L < 3.0

0.2, L > 3.0

.



j = p2f

Dst

Dst =

⎧⎪⎪⎨⎪⎪⎩
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.
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j
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(
DL∗L∗
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∂f

∂L∗

∣∣∣∣
μ,J

)
− f

τC
− f

τW
= 0.

Kp = 2.0 Dst = −15

fo(t = 0, μ, J) = fκ(αe, Ek) ≡ cκ

[
1 +

Ek

κE0

]−(κ+1)
q αe,

E0 = 3 κ = 5 q = 0.855 PM = 1.0

PE = 0.2

L

L

{ } {
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μ = f
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μ
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DP Dst Kp
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L∗ = 7 L

Dst L > Lmp

> 0.1



Lpp < L < 6.0
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Kp

Lpp

fo(t, μ, J) = fo(t = 0, μ, J),

fo(t = 0, μ, J) = F (Ek)
q αe,

F (Ek) q

> 0.1



Dst



j =

∫ π/2

0
p2f αe αe∫ π/2

0
αe αe

.

Dst

L < 5

L > 5

L = 3.5

Dst



1/60

αe = 90◦

5− 30

αe > 50◦ 2− 5



Dst
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Dst

Ee Econv Ecor

Ei

Econv = −∇Φ,

Φ = AL2 φ,

A =
45

(1− 0.159Kp + 0.0093K2
p)

3
,

φ φ = 0 φ = 90◦

(r, θ, φ)

Ecor = − (ωE × r)×Be,

ωE Be

Ei = −eφE0 [1 + c1 (φ− φ0)]
nφ

(−ξ2
)
,

ξ = [r − ri + v(r)(t− ta)] /d,

v(r) = a+ br,

ta = c2RE/va [1− (φ− φ0)] ,

E0 ξ d



v(r) c1 nφ φ ta

va ri
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〉
∂f
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+
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dt

〉
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∣∣∣∣
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∂
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[
G

(
〈Dαα〉1

p

∂f

∂αe

∣∣∣∣
p,L,φ

+ 〈Dαp〉 ∂f
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∣∣∣∣
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∣∣∣∣
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〈Dαα〉 〈Dpp〉 〈Dαp〉 = 〈Dpα〉

DL∗L∗

L < 1.5

φ φ μ J L∗
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〈
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〉
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=
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〈
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〉
REer +

〈
dφ

dt

〉
LREeφ.
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〈Dαα〉 〈Dpp〉 〈Dαp〉 = 〈Dpα〉
DL∗L∗
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∣∣∣∣
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〉
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(
DL∗L∗
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∂f
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∣∣∣∣
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∂f
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+

〈
dφ

dt

〉
∂f

∂φ
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μ,J,L∗

= 0.

f(L∗ = 1) = 0,⎧⎪⎨⎪⎩f(L∗ = 7) = fo(t, μ, J, φ),
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dL∗
dt

〉 ≤ 0

∂f
∂L∗ (L

∗ = 7) = 0,
〈
dL∗
dt

〉
> 0

.

f(φ = 0◦) = f(φ = 360◦).
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Ek � 5 φ
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)
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fo(t = 0, μ, J, φ) = fκ(αe, Ek) ≡ cκ
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κE0
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f̄r(μ, J) =
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.
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