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1-1: Situation
Interaction between ST

* rarefied plasmas (w > w pe)

and
* high T, photons (kgT, >> m_c?)

Pulsar radio emissions

Brightness temperature )
& surrounding plasmas

ksT{v) = hv n(v)(P=ksT,Av
for wo~A4)

photon occupation number n_, (k)

= density in phase-space.

n,, > 2 is possible because photon IR EEY %
is Boson (BEC). T:,(100 THz) > 100K

(h,,, ~ 1027 for pulsar emission) Laser experiments
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Chandra, Crab Nebula
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2-1: Induced Compton Scattering

Induced process for Compton scattering
2\ Photons lose energy in e rest frame.

. I
d"rzir;(u) o 1pn (V4 ) (1 + 1pn(v)) — npn(¥) (1 + npu(r-))
A L]

‘ spontaneous + induced terms

15
it b(QV) <« AQ? > 1
MeC

Tind =~ OpTLCNpl X

A — A= Ac(1 —cosh)

Optical depth for Opening angle of radio

Spontaneous scattering beam. Can be estimated
T oon < 1 @ light cylinder from pulse width.

This iS when Correction for induced process

" 21075 @108Hz for Crab
e~s are at rest. T,: brightness temperature 6



2-2: Schematic

/O low Te
. &
N
electron (density:7%) s ° low T},
ion or positron e
<« )
EM wave = - ik

K(brightness temp.:7})

Thomson scattering Induced Compton scattering



2-3: Kinetic Equation for Photons

Compton scattering of photons n_,(v) by plasmas f(p).

(% + ) - V) n(k) = Cnpl/dSPf(p) / dzlgl oxn(|k, k1], )

X [n(k n(k — | —nl(k n(k;
b0l () —nib0-+ o)

Cross-section for Compton scattering
(Klein-Nishina formula)

30 1 k¢ ’ Dk
ki, k¢, p) = — T 0 | ke —
O'KN( 3 f)p) 167T 72D12 (kl) [ ( J ”)/Df ‘|‘ k1(1 i :u) )J

1 i : | ke (1 = 1)’ | Compton effect
~2 D; Dy v2D; Dy (not symmetric!!)

Dif=1-08-Qi¢ p="1-Q

X




2-4: Kompaneets equation

uniform + isotropic + 15t order in hv < m_c?, kgT_ < m_c?

Kompaneets 1957
on(x) 1 0 4 5 on(x) ~ hv kT
by 2 0m (W”” @+ o )= faly? = mee?

® Photon number conservation

® Bose-Einstein distribution as equilibrium solution

® No Thomson scatt. (Oth order) because of isotropy.
® 1st term = Compton effect hv

NplOTCl

TComp = UTlnpl X 5
(energy loss for photon) MeC
® 2M term = Induced Compton O i1 kT, (V)
11N 9
(energy loss for photon) MeC
® 3 term = Inverse Compton S il kple 9
i P mec?
(energy gain for photon)

No induced inverse Compton term.



2-5: Difficulty of ICS

A well-known difficulty to describe evolution |
of n,, for n,, > 1 with Kompaneets equation.|

photon

S0 () + 0 (2) +

on(z) 1 0 4< ’

on(x)
I

(9y - $2 833 \

)

spectrum

) Planck

\!

if nph 1 ag 89
>
(g = x2n) OY

This is a nonlinear convection
equation, which has an
unphysical solution!

g

There is a similar problem in
Euler equation of hydrodynamics

"W Zel'dovich 1975

t=t,
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3-1: Higher-order
Kompaneets equation

hv k’BTpl
on 1 9 1st - 2nd order in (k,T%) = (mGCQ’ mecz)
oy ﬁ%fﬁ(n(fﬂ) SR A ()
( ;
- 18 . 5’(1 728 (n® 4 202 4 ) 4 9(n2)2) — 6(n(1))21

& 4225 (n® + nM 4+ (R?)M) + 2524 (nY) + n + n?)] |

_—

Number conservation =) OK, Bose-Einstein distribution => OK.
(the result is consistent with Challinor&Lasenby98)

For n_, > 1, how this equation reduced?



3-2: The case for n,, »> 1

n® X min(1l,x) > 1

9g Jg SRR dg 170 0 140 B
Y 9,27 " 9,22 _ “
0y 29 Ox 0 » 0y T ox i 5 7o’ 5 (ajg)@x?’ (z9)

hv
. 75 = k'BTe7

g dg 140 0 - B
0,09 W 0= -
oy I ox e 5 : (a;g) axS (xg) g(z) = ;1;-2;(:1;)

order of (hv)®/(m_c?)?

Dispersive term! =) soliton formation?
However, coefficient depends on g(x)



3-3: Steady State Solutions

1 0 on(x) T —
St (n) @)+ B ) 0 n(a) = (1 e
%%x‘l (n(x) - 87553)) =0 n(z) =e = 1.12 %az"‘nQ(az) =0 n(r) cz?
I o IV .
" © 5 r*n?(z) + (:C?’n(:c))@m‘gn(x) =0
g(x) = Acos(keIlnz + ¢)) + B
9 31 100
k2 = — e
T 70 14 > g

Integration constants,

— 10 | i
A : Amplitude of wave -4
B : DC component
é: phase of wave 1 . . .
01 0.1 1 10 10
x=hv/kgTy

SJT+15 PTEP
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3-4: Numerical Calculation

g(x): Photon Number

140 0’ 2 09\ 1 A~ 0O\ -
5 10,2y ue®) S\
© =4x10° ©=2x10%
(20eV, 4 = 0.1) (102eV, A o= 0.05)

x: Normalized Freaq. x: Normalized Frea.



3-5: Results

SJT+15 PTEP
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