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Îäíî÷àñòè÷íûå êèíåòè÷åñêèå óðàâíåíèÿ

fα(r,p, t) �ôóíöêèÿ ðàñïðåäåëåíèÿ ÷àñòèö ñîðòà α

∂fα
∂t

+ v
∂fα
∂r

+ Fα
∂fα
∂p

= St {fα}

Fα = eαE +
eα

c
[v × B] + Fαext

p = γαmαv, γα =
√

1 + p2/m2
αc

2 =
1√

1− v2/c2

Ïëîñêèå âîëíû

D,E,B ∼ exp(ikr − iωt), Di = εij(ω, k)Ej
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Äåáàåâñêàÿ ýêðàíèðîâêà òî÷å÷íîãî çàðÿäà

∇ ·D = 4πρ0, ρ0 = q0δ(r)

Φ(r) =

∫
exp(ikr)Φkdk

kikjεij(0, k)Φk = 4πρ0(0, k)

Φ(r) =
q0

2π2

∫
exp(ikr)

kikjεij(0, k)
dk
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Â èçîòðîïíîé ñðåäå

εij(ω, k) =

(
δij −

kikj

k2

)
εtr (ω, k) +

kikj

k2
εl (ω, k)

Åñëè

εl (0, k) = 1 + r−2D k−2,

òî

Φ(r) =
q0

r
exp

(
− r

rD

)
Ñîãëàñíî êëàññè÷åñêîìó îïðåäåëåíèþ ïëàçìû, êîíöåíòðàöèÿ ÷àñòèö,

ñîçäàþùèõ ñàìîñîãëàñîâàííîå ýëåêòðîìàãíèòíîå ïîëå, äîëæíà áûòü

äîñòàòî÷íî âåëèêà:

Nαr
3

D � 1
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Ñàìîñîãëàñîâàííîå ýëåêòðîìàãíèòíîå ïîëå

[∇× B]− 1

c

∂E

∂t
=

4π

c
j =

4π

c

∑
α

eα

∫
fα

p

mαγα
d3p

∇ · E = 4πρ = 4π
∑
α

eα

∫
fαd

3p

Êâàçèíåéòðàëüíîñòü íà ìàñøòàáàõ l � rD .
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Çàìå÷àíèå îá èñêëþ÷åíèè ìàãíèòíîé ïðîíèöàåìîñòè

ε(ω, k), µ(ω, k) ⇒ εl (ω, k) = ε(ω, k)

εtr (ω, k)− εl (ω, k) =
c2k2

ω2

[
1− 1

µ(ω, k)

]
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Ñïåêòð ëåíãìþðîâñêèõ è èîííîçâóêîâûõ âîëí â
äâóõòåìïåðàòóðíîé ïëàçìå.
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Ãèäðîäèíàìèêà äâóõòåìïåðàòóðíîé ïëàçìû (p− e
−− e

+)

Te � Ti , γi ≈ 1, γe � M/me .

∂v

∂t
+ (v∇)v =

e

M
E

∂Ni

∂t
+∇ · (Niv) = 0

eϕ = Te ln
Ni

N0

, eE = −Te
∇Ni

Ni

v . (Te/M)1/2 � vTe , νe � ω � νi

Ïðè óñëîâèè (ϕm � àìïëèòóäà ïîòåíöèàëà)

2eϕm/Mu2 < 1

ñóùåñòâóþò ñîëèòîíû, â êîòîðûõ âñå ôóíêöèè çàâèñÿò îò ξ = x − ut.
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Ñòîëêíîâåíèÿ, ðîæäåíèå è àííèãèëÿöèÿ ÷àñòèö.
τ � ïðèáëèæåíèå. Áåññòîëêíîâèòåëüíàÿ ïëàçìà

ω �
∑
β

ναβ, k � v−1Tα

∑
β

ναβ

Èíòåãðàë ñòîëêíîâåíèé Áàòíàãàðà-Ãðîññà-Êðóêà(
∂f

∂t

)αβ
St

= −ναβ (fα − NαΦαβ)

mαNαναβ = mβNβνβα

ναβ = vTασ0Nβ
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Èíòåãðàë êóëîíîâñêèõ ñòîëêíîâåíèé

St {f } = − ∂si
∂pi

sα =
∑∫ [

f (p)
∂f ′(p′)

∂p′j
− f ′(p′)

∂f (p)

∂pj

]
Bijd

3p′

Bijvj = Bijv
′
j , Bij ∝ L

Â ðåëÿòèâèñòñêîì ñëó÷àå e2/~v ∼ e2/~c � 1 è

L ≈ ln
(pa

~

)
≈ ln

(
Tea

~c

)
.
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Ñðàâíåíèå ñå÷åíèé e − p è e − γ:

σruth ∼
(

e2

mc2

)2(
mc2

ε

)2

L ∼
(

e2

mc2

)2(
mc2

Te

)2

L

σbrems ∼
1

137

(
e2

mc2

)2

ln
Te

mc2

Ýòè ñå÷åíèÿ ñðàâíèâàþòñÿ ïðè

Te

mc2
∼
(

137L

ln(137L)

)1/2

Ïðîâîäèìîñòü ðåëÿòèâèñòñêîé ëîðåíöåâîé ïëàçìû:

σ =
〈v3p2〉

12πe2TeL
, νei =

4πe4L

v2p2
Niv .

Â óëüòðàðåëÿòèâèñòñêîì ñëó÷àå

σ = cTe/πe
2L ∼ 1021 ñåê−1
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Äèñïåðñèîííîå óðàâíåíèå

äëÿ âîëí â ïëàçìå, ïðîïîðöèîíàëüíûõ exp(ikr − iωt):∣∣∣∣k2δij − kikj −
ω2

c2
εij(ω, k)

∣∣∣∣ = 0
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Íåóñòîé÷èâîñòü âîëí k‖B0 â ïëàçìå ñ êîëüöåâûì ðàñïðåäåëåíèåì

ýëåêòðîíîâ

f (p) =
N

2πp⊥0
δ(p‖ − p‖0)δ(p⊥ − p⊥0)

c2k2 − ω2ε+
ω2
p

γ

ω − kv0‖

ω − kv0‖ ∓ ωB
+ Ω2

β2⊥
2

(c2k2 − ω2)(
ω − kv0‖ ∓ ωB

)2 = 0

ωB =
eB

mcγ
=

rH

v⊥
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ω = Ω + δω,

c2k2 − Ω2ε(Ω) = 0

(δω)2 ≈ Ω
ω2
p

γ

(1− β‖
√
ε− β2⊥)

d(Ω2ε)/dΩ
ïðè

∣∣∣ω − kv0‖ ∓ ωB
∣∣∣� |δω|

Óñëîâèå íåóñòîé÷èâîñòè

Ω− kv0‖ < Ωβ2⊥

Ïðè β2⊥ = 0 îíà îòâå÷àåò àíîìàëüíîìó ýôôåêòó Äîïëåðà

v0‖ > vph = ω/k , à â âàêóóìå âîçìîæíà áëàãîäàðÿ íåýêâèäèñòàíòíîñòè

óðîâíåé Ëàíäàó ïðè β‖ > 1− β2⊥.
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Óðîâíè Ëàíäàó
Ýíåðãèÿ ýëåêòðîíà â ìàãíèòíîì ïîëå:

En =
√
m2c4 + p2||c

2 + 2~ωBmc2(n + 1/2 + σ(1 + χ)).

Çäåñü n � íîìåð óðîâíÿ Ëàíäàó, σ = ±1/2 - ñïèí ýëåêòðîíà,

χ ≈ α/(2π)− 0.328α2/π2 + . . . � ïîïðàâêà íà àíîìàëüíûé ìàãíèòíûé

ìîìåíò ýëåêòðîíà.
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Õàðàêòåðíûå ïàðàìåòðû àñòðîôèçè÷åñêîé ïëàçìû

Îáúåêò N, ñì−3 T , ýÂ B, Ãñ

Ìåæçâåçäíàÿ ñðåäà
-îáëàñòè HI 10

−2
10
−6 − 10

−5 ∼ 0.01
-îáëàñòè HII 10

2
10
−6 ∼ 1

Ìåæïëàíåòíàÿ ñðåäà 10 10
−4 ∼ 1

Îñòàòêè ñâåðõíîâûõ 10
3

10
−3

1− 2

Ïëåðèîíû 10
11 → 10

−15
10

12 → 10
−5

10
14 − 10

15

Þïèòåð
-èîíîñôåðà 3 · 105 10 500

-ìàãíèòîñôåðà 10
3

10
−1

1

(ïëàçìåííûé òîð Èî)

Ñîëíöå
-õðîìîñôåðà 10

9 − 10
11

1− 4 · 103 1

-âíóòðåííÿÿ êîðîíà 10
8

1− 10
3

100

Ìàãíèòíûå áåëûå êàðëèêè - 10
6 − 10

8 -

Ìàãíèòîñôåðû ïóëüñàðîâ 10
12

10
12 -
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