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Óäàðíûå âîëíû â êîñìè÷åñêîé ïëàçìå

Õîðîøî âèäíû óäàðíûå âîëíû, êîòîðûå:

• ñèëüíûå (÷èñëî Ìàõà M � 1)

• áåññòîëêíîâèòåëüíûå



Îñòàòêè ñâåðõíîâûõ

SNR B0509-67.5

Èçîáðàæåíèå òåëåñêîïà Õàááëà è Chandra X-ray Observatory



Ïóëüñàðíûå òóìàííîñòè

Êðàáîâèäíàÿ òóìàííîñòü

Chandra (ðåíòãåí, ãîëóáîé) + Hubble (âèäèìûé, æåëòûé è êðàñíûé) +

Spitzer (ÈÊ, ïóðïóðíûé)



Àêòèâíûå ÿäðà ãàëàêòèê

Êâàçàð 3Ñ175

Èçîáðàæåíèå ðàäèîòåëåñêîïà VLA



Ãàììà-âñïëåñêè

• Ïðîèñõîäÿò ñ ÷àñòîòîé 1000 â ñóòêè

(èçîòðîïíî ïî âñåìó íåáó)

• Ïðîäîëæèòåëüíîñòü: 0.1 - 100 ñåê

• Ðàññòîÿíèå: íåñê. ãèãèïàðñåê

• Ýíåðãîâûäåëåíèå: 1051 − 1054 ýðã

• Ìàêñèìóì â ñïåêòðå îêîëî 100 êýâ

Èñòî÷íèêè ïðîçðà÷íû

ïî äâóõôîòîííîìó ïîãëîùåíèþ,

çíà÷èò, ëîðåíö-ôàêòîð Γ > 100



Ðåëÿòèâèñòñêèå óäàðíûå âîëíû: àäèàáàòà Òàóáà

12
v

Óëüòðàðåëÿòèâèñòñêàÿ

óäàðíàÿ àäèàáàòà:

p2 ≡ 1
3e2 = 2

3Γ2(n1mc
2 + p1)

n2 = 2Γ2n1

γ2 = 1√
2

Γ

Γ è γ � ëîðåíö-ôàêòîðû ôðîíòà è
âåùåñòâà,
e � ïëîòíîñòü ýíåðãèè, p � äàâëåíèå,
n � êîíöåíòðàöèÿ,
mc2 � ýíåðãèÿ ïîêîÿ ÷àñòèö

Ñðåäíÿÿ ýíåðãèÿ ÷àñòèö â îòõîäÿùåì ïîòîêå: ε2 = 1
2Γ2mc2,

êîíöåíòðàöèÿ â ñîïóòñòâóþùåé ñèñòåìå îòñ÷åòà: n′2 = 2
√

2Γn1,

ñêîðîñòü îòõîäÿùåãî ïîòîêà ïî îòíîøåíèþ ê ôðîíòó: c/3



Ìåõàíèçìû èçëó÷åíèÿ



Ñèíõðîòðîííîå èçëó÷åíèå
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Ñïåêòðàëüíàÿ ìîùíîñòü èçëó÷åíèÿ ðåëÿòèâèñòñêîé çàðÿæåííîé

÷àñòèöû ïðè äâèæåíèè ïîïåðåê ñèëîâûõ ëèíèé ìàãíèòíîãî ïîëÿ

Pω =
4

9
q2α~ωB F

(
ω

ωc

)
F (y) =

9
√

3

8π
y
∫ ∞
y

K5/3(x) dx

( ∫ ∞
0

F (y) dy = 1
)

B � èíäóêöèÿ ìàãíèòíîãî ïîëÿ

m � ìàññà ÷àñòèöû

q � çàðÿä ÷àñòèöû

γ � 1 � ëîðåíö-ôàêòîð ÷àñòèöû

ωB = qB/mc � ãèðî÷àñòîòà

ωc =
3

2
γ2ωB

α = e2/~c � ïîñòîÿííàÿ òîíêîé

ñòðóêòóðû



Àñèìïòîòèêè ñèíõðîòðîííîãî ñïåêòðà

• äëÿ íèçêèõ ÷àñòîò ω � ωc: Pω ≈ 0.6 q2α~ωB
(
ω

ωc

)1/3

• äëÿ âûñîêèõ ÷àñòîò ω & 3ωc: Pω ≈ 0.35 q2α~ωB
(
ω

ωc

)1/2
exp(−ω/ωc)

Äëÿ èçîòðîïíîé ôóíêöèè ðàñïðåäåëåíèÿ
ìîùíîñòü ñèíõðîòðîííîãî èçëó÷åíèÿ
â ðàñ÷åòå íà îäèí ýëåêòðîí (èëè ïîçèòðîí) ñîñòàâëÿåò

Psy =
4

3
γ2σT cWm

σT =
8π

3

(
e2

mec2

)2

� òîìñîíîâñêîå ñå÷åíèå

Wm =
B2

8π
� ïëîòíîñòü ýíåðãèè ìàãíèòíîãî ïîëÿ



Ñïåêòðàëüíûé èíäåêñ â íèçêî÷àñòîòíîé îáëàñòè

Áûñòðîå îñòûâàíèå:

α < −1.5

Ñèíõðîòðîí îò îäíîãî

ýëåêòðîíà: α < −2/3

Èçîáðàæåíèå èç Preece et al. ApJ 506 (1998)



Îñîáûå ñëó÷àè

• Ñèëüíî òóðáóëåíòíîå ìàãíèòíîå ïîëå∣∣∣〈B2
〉
− 〈B〉2

∣∣∣ ∼ 〈B〉2
èçìåíåíèå âûñîêî÷àñòîòíîé àñèìïòîòèêè ñïåêòðà

• Ìåëêîìàñøòàáíàÿ íåîäíîðîäíîñòü ìàãíèòíîãî ïîëÿ

`c . c/ωB

èçìåíåíèå ñïåêòðà, âêëþ÷àÿ ïîëîæåíèå ìàêñèìóìà

• Ïëîòíàÿ ïëàçìà N &
γ2B2

4πmec2

ïîäàâëåíèå ñèíõðîòðîííîãî èçëó÷åíèÿ

(ýôôåêò Ðàçèíà-Öèòîâè÷à)



Êîìïòîíîâñêîå ðàññåÿíèå (ðåëÿòèâèñòñêèé ïðåäåë)

Äëÿ èçîòðîïíîãî ïîëÿ èçëó÷åíèÿ â ïðåäåëå γ � 1

W ′em =
1

c

∫ ∞
0

∮
I ′ω do′ dω′ =

4

3
γ2Wem

Ñðåäíÿÿ ýíåðãèÿ ðàññåÿííûõ ôîòîíîâ 〈~ωsc〉 =
4

3
γ2 〈~ω〉

Ìîùíîñòü îáðàòíîãî êîìïòîíîâñêîãî èçëó÷åíèÿ

PIC =
4

3
γ2σT cWem

Òåìï èçëó÷àòåëüíûõ ïîòåðü Psy + PIC =
4

3
γ2σT c (Wm +Wem)

Èçîòðîïèÿ ôóíêöèè ðàñïðåäåëåíèÿ ýëåêòðîíîâ
ýêâèâàëåíòíà èçîòðîïèè ôîòîííîãî ïîëÿ



Ýôôåêò Êëåéíà-Íèøèíû

Ìîùíîñòü êîìïòîíîâñêîãî èçëó÷åíèÿ

PIC = c
∫ ∞
0

σtr(ω
′)W ′em,ω′ dω

′

σtr(ω) � òðàíñïîðòíîå ñå÷åíèå ðàññåÿíèÿ

Â áîëüøèíñòâå ñëó÷àåâ ìîæíî ïðèáëèæåííî ñ÷èòàòü

PIC =
4

3
γ2σT c

∫ mec2
γ~

0
Wem,ω dω

~ωcm � ýíåðãèÿ ôîòîíà â

ñèñòåìå öåíòðà èíåðöèè



Èçëó÷åíèå ýëåêòðîíîâ

Ýëåêòðîíû

• ñèíõðîòðîííîå èçëó÷åíèå
óíäóëÿòîðíîå èçëó÷åíèå

• êîìïòîíîâñêîå èçëó÷åíèå

• òîðìîçíîå èçëó÷åíèå

Ïðîòîíû

• ñèíõðîòðîííîå èçëó÷åíèå

• íåóïðóãèå ñòîëêíîâåíèÿ

• êóëîíîâñêèå ñòîëêíîâåíèÿ

îáúåìíûé êîýôôèöèåíò èçëó÷åíèÿ:

ẇff =
2

π
αf σT c n

2
e

√
Tmec

2 G(ne, T )

Íà îïòè÷åñêîé ãëóáèíå τ
êàæäûé ýëåêòðîí â ñðåäíåì èçëó÷àåò

wff

ne
=

2

π
αf τ

√
Tmec

2 G(ne, T )

ýôôåêòèâíî åñëè T . α2
f mec2 ∼ 25 eV



Èçëó÷åíèå ïðîòîíîâ

Ýëåêòðîíû

• ñèíõðîòðîííîå èçëó÷åíèå
óíäóëÿòîðíîå èçëó÷åíèå

• êîìïòîíîâñêîå èçëó÷åíèå

• òîðìîçíîå èçëó÷åíèå

Ïðîòîíû

• ñèíõðîòðîííîå èçëó÷åíèå

• íåóïðóãèå ñòîëêíîâåíèÿ

• êóëîíîâñêèå ñòîëêíîâåíèÿ

Ïðè çàäàííîé ýíåðãèè

L(p)
sy =

me

mp

4

L(e)
sy ∼ 10−13L(e)

sy

Î÷åíü ìåäëåííûé ìåõàíèçì, íî

ðàáîòàåò â äèàïàçîíå ìíîãèõ Ãýâ!



Èçëó÷åíèå ïðîòîíîâ

Ýëåêòðîíû

• ñèíõðîòðîííîå èçëó÷åíèå
óíäóëÿòîðíîå èçëó÷åíèå

• êîìïòîíîâñêîå èçëó÷åíèå

• òîðìîçíîå èçëó÷åíèå

Ïðîòîíû

• ñèíõðîòðîííîå èçëó÷åíèå

• íåóïðóãèå ñòîëêíîâåíèÿ

• êóëîíîâñêèå ñòîëêíîâåíèÿ

òàê èëè èíà÷å ïðèâîäÿò ê

ïîÿâëåíèþ ýíåðãè÷íûõ ýëåêòðîíîâ,

êîòîðûå èçëó÷àþò ïîñðåäñòâîì

îäíîãî èç ýëåêòðîííûõ ìåõàíèçìîâ



Îñíîâíîå èçëó÷åíèå: ñèíõðîòðîííîå è êîìïòîíîâñêîå

ν

ε sy ε IC

νFν

Synchrotron peak
IC peak

Synchrotron
cut−off



Óñêîðåíèå ÷àñòèö



Óñêîðåíèå íà óäàðíîé âîëíå

Òåìï óñêîðåíèÿ

ε̇ ≈
1

6

r − 1

r

V 2

D
ε

η ' V 2

c2


r =

u1

u2
≤ 4 � ñòåïåíü ñæàòèÿ â

óäàðíîé âîëíå

V � ñêîðîñòü
óäàðíîé âîëíû

D =
p c2

3 eB
äëÿ áîìîâñêîé äèôôóçèè

Ñïåêòð óñêîðåííûõ

÷àñòèö
dN

dε
∝ ε−α

α = −
r + 2

r − 1



Ïðåîáðàçîâàíèÿ Ëîðåíöà äëÿ ðåëÿòèâèñòñêèõ ÷àñòèö

• Óãëû: cos θ =
β − cos θ′

1− β cos θ′
; cos θ′ =

β − cos θ

1− β cos θ

• Èíòåíñèâíîñòü: I ′ω(ω′) = δ3 × Iω(ω)

• ×àñòîòà (ýíåðãèÿ): ω′ = δ × ω

δ = γ(1− β cos θ) �

äîïëåð-ôàêòîð.

Äëÿ ìàëûõ óãëîâ

ìîæíî èñïîëüçîâàòü

θ '
2√(

γθ′
)2 + 1

è δ ' (γθ)2 + 1

2γ



Óñêîðåíèå íà ðåëÿòèâèñòñêîé óäàðíîé âîëíå

q ~ 2/G Ðàñïðåäåëåíèå óñêîðåííûõ ÷àñòèö ñèëüíî

êîëëèìèðîâàíî.

Óâåëè÷åíèå ýíåðãèè â g = (1/2) (Γθ)2 ' 2

ðàç çà öèêë

Âåðîÿòíîñòü âûõîäà ÷àñòèöû èç óäàðíîé

âîëíû äîëæíà áûòü ∼ 1 äëÿ ýôôåêòèâ-

íîãî óñêîðåíèÿ. Ýòà âåðîÿòíîñòü çàâèñèò

îò ãåîìåòðèè ñèëîâûõ ëèíèé.

Áëàãîïðèÿòíàÿ ãåîìåòðèÿ:
dN

dε
∝ ε−

22
9

�Ðåàëèñòè÷íàÿ� ãåîìåòðèÿ: î÷åíü ìÿãêèå

ñïåêòðû, ýíåðãèÿ ÷àñòèö îêîëî Γ2mc2



Óñêîðåíèå ñ êîíâåðñèåé ÷àñòèö

(1)

(2)

(3)
3 2

1

q ~ p Èçîòðîïèçàöèÿ âî âíåøíåé ñðåäå (θ ∼ 1)

ïðèâîäèò ê óâåëè÷åíèþ ýíåðãèè

â g =
1

2
(Γθ)2 ∼ Γ2 ðàç çà öèêë

Ñòîëêíîâåíèÿ ñ ôîòîíàìè îáðàòèìî

�ïðåâðàùàþò� óñêîðÿåìûå ÷àñòèöû â

íåéòðàëüíûå

⇒ Êîíâåðñèîííûé ìåõàíèçì

óñêîðåíèÿ

(1) � ïðåâðàùåíèå ÷àñòèöû â íåéòðàëüíóþ

(2) � îáðàòíîå ïðåâðàùåíèå â çàðÿæåííóþ

(3) � âñòðå÷à ñ ôðîíòîì óäàðíîé âîëíû



Êîíâåðñèÿ äëÿ ýëåêòðîíîâ è ïîçèòðîíîâ

Ðàññåÿíèå ôîòîíîâ èäåò

â êëåéí-íèøèíîâñêîì ðåæèìå

(εc.o.i.
γ & mec2) !



Ñòðóêòóðà óäàðíîé âîëíû



Ñòðóêòóðà óäàðíîé âîëíû

I II

III

distance

L
o
re

n
tz

  
fa

c
to

r

I II

III

distance

M
a
g
n
e
ti
c
  
fi
e
ld

Çîíà I: îòõîäÿùèé ïîòîê.

Çàòóõàíèå ìàãíèòíîãî ïîëÿ.

Ðàâíîâåñèå ìåæäó

ðàçîãðåâîì è ðàäèàöèîííûì

îñòûâàíèåì ýëåêòðîíîâ.

Çîíà II: íàáåãàþùèé ïîòîê.

Èíæåêöèÿ ýíåðãè÷íûõ

ýëåêòðîíîâ, ïîñòåïåííûé

ðîñò ìàãíèòíîãî ïîëÿ.

Çîíà III: êîíòàêòíûé

ðàçðûâ. Ïåðâîíà÷àëüíàÿ

ãåíåðàöèÿ ìàãíèòíîãî ïîëÿ

îòõîäÿùåãî ïîòîêà.

Óñêîðåíèÿ ÷àñòèö íåò.



Èåðàðõèÿ ìàñøòàáîâ

Äëèíà íàðàñòàíèÿ ìàãíèòíîãî ïîëÿ (ðåëÿòèâèñòñêàÿ íåóñòîé÷èâîñòü

Âåéáåëÿ):

ls =

(
Γmpc2

4πe2np

)1/2

=
1

np

(
W

4πe2

)1/2

Äëèíà îñòûâàíèÿ ýëåêòðîíîâ (ñèíõðîòðîííîå è îáðàòíîå êîìïòîíîâ-

ñêîå èçëó÷åíèå):

lc =
εc

3ε̇
=

mec2

4σTγ(1 + y)Wm

Äëèíà çàòóõàíèÿ ìàãíèòíîãî ïîëÿ (ìåõàíèçì íåèçâåñòåí):

ld = λls, λ� 1

Γ � ëîðåíö-ôàêòîð óäàðíîé âîëíû, γ � ëîðåíö-ôàêòîð ýëåêòðîíà,
mp è me � ìàññû ïðîòîíà è ýëåêòðîíà, np � êîíöåíòðàöèÿ ïðîòîíîâ,
e � ýëåìåíòàðíûé çàðÿä, σT � òîìñîíîâñêîå ñå÷åíèå,
W è Wm � ïëîòíîñòè ýíåðãèè (ïîëíàÿ è ìàãíèòíîãî ïîëÿ),
y � êîìïòîíîâñêèé ïàðàìåòð



Ðàâíîâåñèå â îòõîäÿùåì ïîòîêå

Ôóíêöèÿ ðàñïðåäåëåíèÿ ýëåêòðîíîâ (ðåëÿòèâèñòñêàÿ ìàêñâåëëîâñêàÿ)

fe(γ) =
27

2γ3
0
γ2 exp(−3γ/γ0)ne

Áàëàíñ ìåæäó ðàäèàöèîííûìè ïîòåðÿìè è íàãðåâîì:

4

3
σTWmc

∫ ∞
1

γ2(1 + y)fe(γ, γ0) dγ = −u
∂Wm

∂r

Îáúåìíûé êîýôôèöèåíò ñèíõðîòðîííîãî èçëó÷åíèÿ:

j = −
u

4π(1 + ȳ)

∂Wm

∂r

u � ñêîðîñòü îòõîäÿùåãî ïîòîêà (= c/3),
ne � êîíöåíòðàöèÿ ýëåêòðîíîâ,
r � ðàññòîÿíèå îò ôðîíòà óäàðíîé âîëíû



Ýôôåêòèâíîñòü êîìïòîíîâñêîãî èçëó÷åíèÿ

Ïëîòíîñòü ýíåðãèè ñèíõðîòðîííîãî èçëó÷åíèÿ

Wsy '
2πΛ

c

∫ ∞
0

j dr ' −
Λ

6

∫ ∞
0

∂Wm/∂r

1 + ȳ
dr

Åñëè êîìïòîíèçàöèÿ ñèíõðîòðîííîãî èçëó÷åíèÿ èäåò â òîìñîíîâñêîì

ðåæèìå, òî

Wsy(0)

Wm(0)
=

Λ

6

[
1− ȳ0 ln

(
1 +

1

ȳ0

)]

Ýôôåêòèâíîñòü êîìïòîíèçàöèè ïîðÿäêà 1/2 ( ȳ0 ∼ 1 ) !

Λ ' ln

(
R

Γ ld

)
� ãåîìåòðè÷åñêèé ôàêòîð, R � ðàäèóñ êðèâèçíû ôðîíòà



Òîðìîæåíèå íàáåãàþùåãî ïîòîêà



Òîðìîæåíèå íàáåãàþùåãî ïîòîêà

Óðàâíåíèÿ íåïðåðûâíîñòè äëÿ ïîòîêîâ ýíåðãèè è èìïóëüñà

w1β
2
1Γ2

1 + p1 = w2β
2
2Γ2

2 + p2 + Smom w1β1Γ2
1 = w2β2Γ2

2 − Sen

Ïîòîêè ýíåðãèè è èìïóëüñà êîìïòîíîâñêîãî èçëó÷åíèÿ

Sen = aw2β2Γ2
2 Smom = b Sen

• Ñêîðîñòü ïîòîêà ó ðàçðûâà â óëüòðàðåëÿòèâèñòñêîì òå÷åíèè

β2 =
2f ±

√
4f2 − 3

3
, ãäå f = (1− a)β1 − ab

• Äëÿ ðåëÿòèâèñòñêîãî óðàâíåíèÿ ñîñòîÿíèÿ

dχ = −χdã, ãäå χ =

(
3β +

1

β

)
, ã = a(1 + b)

w � óäåëüíàÿ ýíòàëüïèÿ, p � äàâëåíèå
ðåëÿòèâèñòñêîå óðàâíåíèå ñîñòîÿíèÿ: p = w/4



Ñêà÷îê ëîðåíö-ôàêòîðà íà ôðîíòå óäàðíîé âîëíû

0.01

0.1

1
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Γ - 1

absorption parameter, ã

Âåðõíÿÿ âåòâü êðèâîé � ëîðåíö-ôàêòîð íàáåãàþùåãî ïîòîêà

Íèæíÿÿ âåòâü êðèâîé � ëîðåíö-ôàêòîð îòõîäÿùåãî ïîòîêà



Èíæåêöèÿ ýíåðãè÷íûõ ïàð íà ôðîíòå óäàðíîé âîëíû

Óðàâíåíèå äëÿ ñêîðîñòè íàáåãàþùåãî ïîòîêà èíòåãðèðóåòñÿ :(
3β +

1

β

)
= 4 exp (−ã) ⇒ Γu =

1

2ã1/2
â ïðåäåëå Γ� Γu � 1

Γu � ëîðåíö-ôàêòîð íàáåãàþùåãî ïîòîêà

Îïðåäåëèòü çàâèñèìîñòü îò êîîðäèíàòû ã(x) ñëîæíî,

íî è íå íóæíî!

Ýíåðãèÿ îáðàçîâàííîé ïàðû â ñîïóòñòâóþùåé ñèñòåìå ' ΓuEic

×èñëî ÷àñòèö, îáðàçîâàííûõ ñ ëîðåíö-ôàêòîðîì áîëüøå γi,

ñîñòàâëÿåò N(γi) ∝ γ−2
i

Èç-çà ñæàòèÿ íàáåãàþùåãî ïîòîêà ýíåðãèÿ ÷àñòèö ïðè äîñòèæåíèè

ôðîíòà γf ' Γ
1/3
u γi ∝ γ

4/3
i

Ôóíêöèÿ ðàñïðåäåëåíèÿ èíæåêöèðîâàííûõ ÷àñòèö íà ôðîíòå

óäàðíîé âîëíû � ñòåïåííàÿ: N(γf) ∝ γ−3/2
f



Êðèòè÷åñêèé ëîðåíö-ôàêòîð

Äëÿ ýëåêòðîíà ñ êðèòè÷åñêèì çíà÷åíèåì ëîðåíö-ôàêòîðà

ýíåðãèÿ ñèíõðîòðîííûõ ôîòîíîâ ñîîòâåòñòâóåò ãðàíèöå

âêëþ÷åíèÿ ðåëÿòèâèñòñêèõ ýôôåêòîâ ïðè êîìïòîíèçàöèè

• Ýíåðãèÿ ñèíõðîòðîííûõ ôîòîíîâ εsy ' γ2
cr

~eB
mec

• Ãðàíèöà âêëþ÷åíèÿ ðåëÿòèâèñòñêèõ ýôôåêòîâ γcr εsy = mec2

• Êðèòè÷åñêèé ëîðåíö-ôàêòîð γcr =
(
Bcr

B

)1/3

Bcr =
m2
ec

3

~e
' 4.5× 1013 Ãñ � êâàíòîâîå (øâèíãåðîâñêîå) ìàãíèòíîå ïîëå



Ñàìîíàñòðîéêà óäàðíîé âîëíû

• Íà÷àëüíîå óñëîâèå γ0� γcr :

êîìïòîíîâñêèå ôîòîíû âûøå ïîðîãà ðîæäåíèÿ e−e+ ïàð

êîëè÷åñòâî e−e+ ïàð â íàáåãàþùåì ïîòîêå óâåëè÷èâàåòñÿ

ñðåäíèé ëîðåíö-ôàêòîð ÷àñòèö γ0 ïàäàåò

ðîæäåíèå íîâûõ ïàð ñòàíîâèòñÿ íåýôôåêòèâíûì, êîãäà γ0→ γcr

• Íà÷àëüíîå óñëîâèå γ0� γcr :

èç-çà êîíâåðòåðíîãî óñêîðåíèÿ ñðåäíèé ëîðåíö-ôàêòîð ÷àñòèö γ0

ðàñòåò

ïðåäóñêîðåíèå íàáåãàþùåãî ïîòîêà ñòàíîâèòñÿ áîëåå ýôôåêòèâíûì

òåìï ýâîëþöèè ïàðàìåòðîâ óäàðíîé âîëíû ïàäàåò, êîãäà γ0→ γcr

• Êîíå÷íûé èòîã ýâîëþöèè ïàðàìåòðîâ � γ0 ∼ γcr


