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Ðàâíîâåñíàÿ ïëàçìà

f0α(p) =
Nα

4πm3c3

exp
(
−c
√
m2c2 + p2/Te

)
TeK2 (mc2/Te) /mc2
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Óëüòðàðåëÿòèâèñòñêàÿ èçîòðîïíàÿ ïëàçìà
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Ðàâíîâåñíàÿ óëüòðàðåëÿòèâèñòñêàÿ ïëàçìà

Çàâèñèìîñòü êâàäðàòà ïîêàçàòåëÿ

ïðåëîìëåíèÿ n2em è n2pl îò ïàðàìåòðà v â

èçîòðîïíîé ïëàçìå.

Èçîòðîïíàÿ óëüòðàðåëÿòèâèñòñêàÿ

ðàâíîâåñíàÿ ïëàçìà:

f0(p) =
N

8π

( c

kT

)3
e−cp/kT ,
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ω2

L

ω2

mec
2

2kT
, (1− n)� 1,
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5

6
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ω2

L

ω2

mec
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3kT
), n� 1.

n2pl ≈ 1− 4 exp

(
−2− ω2

ω2

L

2kT

mec2

)
, (1− n)� 1,

n2pl ≈
5

3
(1−

ω2

L
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mec
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3kT
), n� 1.



Òîðìîçíîå èçëó÷åíèå è ïîãëîùåíèå â ðàâíîâåñíîé ïëàçìå ïðè ~ω � T

aω = µj I
(0)
ω

µem =
32π2

3
√
2π

e6NN+

(Tme)3/2cω2
ln

4T

δ~ω

I0 =
~ω3

(2π)3c2
1

exp (~ω/T )− 1
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Ìîíîýíåðãåòè÷åñêèé ýëåêòðîííûé ïó÷îê â �õîëîäíîé�
ïëàçìå
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Áóíåìàíîâñêàÿ íåóñòîé÷èâîñòü â àäèàáàòè÷åñêîì
ïðèáëèæåíèè (âî âíåøíåì ïîñòîÿííîì ýëåêòðè÷åñêîì
ïîëå)

Îòíîñèòåëüíàÿ ñêîðîñòü ýëåêòðîíîâ è èîíîâ u = const, u � vTe . Èç

êèíåòè÷åñêèõ óðàâíåíèé, èëè èç ðåëÿòèâèñòñêèõ óðàâíåíèé äâèæåíèÿ

ýëåêòðîíîâ è èîíîâ íàõîäèì(
k2 − ω2

c2
+
ω2
peγ
−1 + ω2

pi

c2

)(
1−

ω2
peγ
−3(

ω − k‖u
)2 − ω2

pi

ω2

)
−

−
ω2
peγ
−1ω2

pik
2

⊥u
2

ω2c2(ω − k‖u)2
= 0.

Óñëîâèå íåóñòðîé÷èâîñòè

ω2

pe ≥ (k‖u)2γ3.
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Ìîíîýíåðãåòè÷åñêèé ýëåêòðîííûé ïó÷îê â õîëîäíîé ïëàçìå

(
k2c2 − ω2 + ω2

pe + ω2
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2
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−1
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= 0

Ïðè
∣∣∣k2‖u2 − ω2

pe

∣∣∣� ω2

bγ
−3 èìååì

ω = k‖u ±

√√√√ ω2

bγ
−3

1− ω2
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2
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2

[
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]
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Íåóñòîé÷èâîñòü ñ èíêðåìåíòîì ∼
√
Nb/Np ïðè k‖u < ωpe .

Ïðè ðåçîíàíñå ω ≈ k‖u ≈ ωpe èíêðåìåíò ∼ (Nb/Np)1/3:

ω = k||u +
−1± i

√
3

2
ωpe

(
Nb

2Np
· 1
γ
·
k2⊥ + k2‖γ

−2

k2

)1/3
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Ãèäðîäèíàìè÷åñêàÿ è êèíåòè÷åñêàÿ íåóñòîé÷èâîñòè
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Èíêðåìåíò áóíåìàíîâñêîé íåóñòîé÷èâîñòè

Â íåðåçîíàíñíîì ñëó÷àå: Imω ∼
√
m/Mku.
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Ðåçîíàíñíûé ñëó÷àé

ω =
1 + i

√
3

2

( m

2M

)1/3
γ

1 +
k2⊥u

2γ2

c2
(
k2⊥ + k2‖γ

2

)
 k‖u.

Èîííî-çâóêîâàÿ íåóñòîé÷èâîñòü ïðè u � vTe � c , kvTi � ω � kvTe

ω2 =
ω2

pi

1 + ω2
pe/k

2v2Te
,

Imω

ω
= −

√
π

8
· M
m

ω3

k3v3Ti
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−
√
π

8
· ω3

k3v3Ti
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.
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Ñëåâà: Çàâèñèìîñòü èíêðåìåíòà ïó÷êîâîé íåóñòîé÷èâîñòè îò

âåëè÷èíû ku. Âèäåí ïîñòåïåííûé ïåðåõîä ãèäðîäèíàìè÷åñêîé

íåóñòîé÷èâîñòè (íàðàñòàþùàÿ âåòâü) ê êèíåòè÷åñêîé íåóñòîé÷èâîñòè

(ñïàäàþùàÿ âåòâü).

Ñïðàâà: Ôóíêöèè ðàñïðåäåëåíèÿ ïî ñêîðîñòÿì F (vk) â ñèñòåìå
�ðàâíîâåñíàÿ ïëàçìà + êîðïóñêóëÿðíûé ïîòîê�: I - îáëàñòü

ïîãëîùåíèÿ, II - îáëàñòü óñèëåíèÿ ïëàçìåííûõ âîëí.
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Êâàçèëèíåéíàÿ òåîðèÿ ïó÷êîâîé íåóñòîé÷èâîñòè

Ýâîëþöèÿ ôóíêöèè ðàñïðåäåëåíèÿ ÷àñòèö F (vk, t) è ïëîòíîñòè

ýíåðãèè ïëàçìåííûõ âîëí W (k) â êâàçèîäíîìåðíîì ïðèáëèæåíèè ïðè

k = ω/vph ≈ ωp/vk

∂F

∂t
=

∂

∂vk

(
D
∂F

∂vk

)
, D =

4π2e2

m2
evk

W (k),

∂W

∂t
= W · 4π2

e2v2
k

meωp

∂F

∂vk
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Êâàçèëèíåéíàÿ ðåëàêñàöèÿ ïó÷êîâîé íåóñòîé÷èâîñòè â
ïëàçìå
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Êâàçèëèíåéíàÿ ðåëàêñàöèÿ

Ðåëàêñàöèÿ óçêîãî ýëåêòðîííîãî ïó÷êà: 1 � íà÷àëüíîå ðàñïðåäåëåíèå;

2,3,4 � ïðîìåæóòî÷íûå ñòàäèè; 5 � êîíå÷íûé ýòàï.
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Àïåðèîäè÷åñêèå íåóñòîé÷èâîñòè è ãåíåðàöèÿ ìàãíèòíîãî
ïîëÿ
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Íåóñòîé÷èâîñòü Âåéáåëà
Ïóñòü k‖x , E‖y ,B‖z . Äèñïåðñèîííîå ñîîòíîøåíèå

c2k2

ω2
− εyy (ω, k) = 0

εyy = 1 +
∑
α

4πe2α
ω

∫
vy
vykx

∂f0α
∂px

+ (ω − kv)∂f0α
∂py

ω(ω − kv)
d3p

1− c2k2

ω2
+
∑
α

4πe2α
mαω2

∫
d3p

γα

py

(ω − kpx/γαmα)
×

×
[(
ω − kpx

γαmα

)
∂

∂py
+

kpy

γαmα

∂

∂px

]
f0α(p) = 0.

Ïîñëå èíòåãðèðîâàíèÿ ïî ÷àñòÿì:

ω2− k2c2 +
∑
α

4πe2α
mα

∫
f0α(p)

γα

v2
y

c2
(ω2 − k2c2)

(ω − kvx)2
d3
p−

∑
α

4πe2α
mα

∫
f0α(p)

γα
d3
p = 0
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Ïðîñòåéøèé ïðèìåð àíèçîòðîïíîé ôóíêöèè ðàñïðåäåëåíèÿ:

f 0α(p) =
1

2
δ(px)δ(pz) [δ(py − p0α) + δ(py + p0α)]

Ñîîòâåòñòâóþùåå åìó äèñïåðñèîííîå óðàâíåíèå:

ω2 − k2c2 −
∑
j

ω2

pj

γ3j

k2p2
0j

ω2m2

j

−
∑
j

ω2

pj

γ3j
= 0

îïèñûâàåò àïåðèîäè÷åñêóþ íåóñòîé÷èâîñòü (Reω = 0), ìàêñèìàëüíûé
èíêðåìåíò êîòîðîé

Γmax =

√√√√∑
j

ω2

pj

γj

v2
0j

c2
.
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Àíàëèòè÷åñêèå ðåçóëüòàòû â ðåëÿòèâèñòñêîì ñëó÷àå èçâåñòíû è äëÿ

áîëåå ñëîæíûõ ôóíêöèé ðàñïðåäåëåíèÿ. Â ÷àñòíîñòè, äëÿ �waterbag�

ðàñïðåäåëåíèÿ

F 0

j (p) = F̃j

(√
p2y + p2z

)
H(mjvx0jγj − px)H(mjvx0jγj + px),

ãäå F̃j(p⊥) � ïðîèçâîëüíàÿ íåîòðèöàòåëüíàÿ ôóíêöèÿ, äèñïåðñèîííîå

óðàâíåíèå îêàçûâàåòñÿ êâàäðàòíûì îòíîñèòåëüíî ω2:

ω2−c2k2−
∑
j

ω2

pj

〈γj〉

[
c

2vx0j
ln

(
c + vx0j

c − vx0j

)
+

〈v2⊥j〉
2(c2 − v2x0j)

c2k2 − ω2

(ω2 − k2v2x0j)

]
= 0,

〈γj〉 =

∫
F̃j(p⊥)γjp⊥dp⊥∫
F̃ (p⊥)p⊥dp⊥

,
〈
v2⊥j
〉

=

∫
F̃ (p⊥)p⊥v

2

⊥jdp⊥∫
F̃ (p⊥)p⊥dp⊥

.
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Íåóñòîé÷èâîñòü åñòü â äèàïàçîíå âîëíîâûõ ÷èñåë

0 < k2 < k2max =
∑
j

ω2

pj

〈γj〉


〈
v2⊥j

〉
2v2x0j(c

2 − v2x0j)
− 1

2cvx0j
ln

(
c + vx0j

c − vx0j

) .
Îáùèé êðèòåðèé íàëè÷èÿ âåéáåëåâñêîé íåóñòîé÷èâîñòè ìîæíî

ïîëó÷èòü èç óñëîâèÿ ñóùåñòâîâàíèÿ íà äèñïåðñèîííîé êðèâîé òî÷êè, â

êîòîðîé ω → 0, à k > 0:

∑
j

ω2

pj

∫
F 0

j (p)

γj

(
1 +

p2y

p2x

)
d3p < 0

Äèàïàçîí íåóñòîé÷èâûõ âîëíîâûõ ÷èñåë ïðè ýòîì

0 < k2 < k2max = −
∑
j

ω2

pj

∫
F 0

j (p)

c2γj

(
1 +

p2y

p2x

)
d3p.
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Èíêðåìåíò âåéáåëåâñêîé íåóñòîé÷èâîñòè
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Ëèíåéíàÿ ñòàäèÿ ðàçâèòèÿ íåóñòîé÷èâîñòè çàêàí÷èâàåòñÿ, êîãäà

ýëåêòðîìàãíèòíûå âîçìóùåíèÿ ñóùåñòâåííî ìåíÿþò ðàñïðåäåëåíèå

÷àñòèö, îòâå÷àþùèõ çà íåóñòîé÷èâîñòü. Óñëîâèå òîãî, ÷òî ÷àñòèöû â

ìàãíèòíîì ïîëå Bsat çà âðåìÿ ðàçâèòèÿ íåóñòîé÷èâîñòè

ïîâîðà÷èâàþòñÿ íà óãîë ïîðÿäêà åäèíèöû:

eBsat

mcγ
∼ Γ.

Óñëîâèå òîãî, ÷òî âûçâàííûå íåóñòîé÷èâîñòüþ äîïîëíèòåëüíûå

ñìåùåíèÿ ÷àñòèö ñðàâíèâàþòñÿ ñ äëèíîé âîëíû íàðàñòàþùåãî

âîçìóùåíèÿ:
eBsat

mcγ
∼ Γ2

kv

Óñëîâèå òîãî, ÷òî èçìåíåíèå õàðàêòåðíîãî èìïóëüñà ÷àñòèö ïîä

äåéñòâèåì ýëåêòðè÷åñêîãî ïîëÿ Esat çà âðåìÿ îáðàòíîãî èíêðåìåíòà

áóäåò ñðàâíèìî ñ ñàìèì èìïóëüñîì ÷àñòèö mvγ:

eEsat

Γ
∼ mvγ,
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Âîñïîëüçîâàâøèñü ñîîòíîøåíèåì Esat = ΓBsat/kc ïîñëåäíåå

îãðàíè÷åíèå ìîæíî òàêæå ïðåäñòàâèòü êàê îãðàíè÷åíèå íà ìàãíèòíîå

ïîëå.

Òàêèì îáðàçîì, èìååì òðè îöåíêè:

Bsat ∼
mcγΓ

e
, Bsat ∼

mcγΓ

e

Γ

kv
, Bsat ∼

mcγΓ

e

kv

Γ
.

Ôàêòè÷åñêîå íàñûùàþùåå ïîëå îïðåäåëÿåòñÿ íàèìåíüøèì èç

óêàçàííûõ çíà÷åíèé. Ïðè Γ ∼ kv îíè ñîâïàäàþò è äëÿ Γ ∼ ωp/
√
γ

äàþò �ðàâíîðàñïðåäåëèòåëüíóþ� îöåíêó: ýíåðãèÿ ìàãíèòíîãî ïîëÿ

ïîðÿäêà ýíåðãèè ÷àñòèö.
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Çâåçäíûé âåòåð

Çâåçäíûé âåòåð � ñòàöèîíàðíîå èñòå÷åíèå ïëàçìû èç àòìîñôåðû

çâåçäû.

Ìîäåëè çâåçäíîãî âåòðà:

Ðàäèàöèîííûé âåòåð - OB çâåçäû, KM ãèãàíòû, ìàãíèòíûå áåëûå

êàðëèêè, pre-main-sequence stars.

Êîðîíàëüíûé âåòåð - Ñîëíöå è ïîäîáíûå çâåçäû ãëàâíîé

ïîñëåäîâàòåëüíîñòè. Âåòåð çà ñ÷åò ãðàäèåíòà äàâëåíèÿ âî

âíåøíèõ ñëîÿõ àòìîñôåðû.

Ãèáðèäíûå ìîäåëè

Ïóëüñàðíûé âåòåð
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Çâåçäû ñ ðàäèàöèîííûì âåòðîì. Ðàçìåð ñèìâîëîâ ïîêàçûâàåò íà âåëè÷èíó

òåìïà ïîòåðè â åäèíèöàõ ìàññ ñîëíöà â ãîä. Íåçàêðàøåííûå êðóæêè

ñîîòâåòñòâóþ ìîëîäûì çâåçäàì, ýâîëþöèîíèðóþùèì ê ãëàâíîé

ïîñëåäîâàòåëüíîñòè.



Ïóëüñàðíûé âåòåð
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Ïóëüñàðíûé âåòåð

Ìîäåëü Ãîëüäðåéõà, Äæóëèàíà(1969):

Ñóùåñòâîâàíèå ïëîòíîé
ìàãíèòîñôåðû.

Êîðîòàöèÿ ìàãíèòîñôåðû.

×àñòèöû ìàãíèòîñôåðû ìîãóò
óñêîðÿþòñÿ ýëåêòðîñòàòè÷åñêèì
ïîëåì äî ðåëÿòèâèñòñêèõ
ñêîðîñòåé, îáðàçóÿ ïóëüñàðíûé
âåòåð.
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Ìàãíèòîñôåðà ïóëüñàðà
Óñëîâèå âìîðîæåííîñòè

E +
Ω× r

c
× B = 0.

Ñêîðîñòü äðåéôà:

vdr = c
E× B

B2
= Ω× r + j||B.

Ñâåòîâîé öèëèíäð RL = c/Ω.
Ðàäèóñ ïîëÿðíîé øàïêè

R0 ≈ R

√
ΩR

c
.

Ïëîòíîñòü çàðÿäà

ρGJ = −Ω · B
2πc

1

1− (Ωr/c)2 sin2 θ
.

Êîíöåíòðàöèÿ â ìàãíèòîñôåðå: n ∼ 7× 10−2Bz/Pñì
−3

Ýíåðãèÿ ÷àñòèö âåòðà: γe ∼ 6 · 106B12/P
2.
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Current structures in relativistic collisionless shock
(Numerical simulation, A.Spitkovsky, KIPAC)
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