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Overview

> Some definitions

»Bremsstrahlung

> Blackbody

» Synchrotron radiation

»Compton scattering
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Basic definitions

V2

Luminosity [dE/dtdv] L, _,,) = / L(v)dv
V1

Flux [dE/dA dt dv] Fv) = i;(;l

Intensity  [dE/dA dt dQ dv] I(v) /v3 =T () /v3

Emissivity  j(v)= dE/dV df dQ dv

Energy density u(v) =dE/c dt dA dv



Radiative transport: basics

Absorption coefficient a(v)

P

Intensity emission

df,

s

= — ¥, L,f -+ v,i:r,f

dl, = —o,1l,ds

o, = Noy




Thermal and non-thermal plasma (1)

Thermal distribution (=Maxwellian)

F(v)dv = 4mv? (

2wkl

F(p)dp =

p2€—7/@

Om3c3K5(1/0)

dp

Velocities have to be isotropic
Valid for non relat and relativistic

Requires particle energy exchange

o—E/KT

m )3/2 e—mfv2/2dev

p = yBmce
O = mc*
K>(1/0)

Modified Bessel
function of the
second type



Thermal and non-thermal plasma (2)

Energy exchange

* Collisions
* Exchange of photons

# of collisions of a single particle

: x density n
time

total # of collisions 5
X n

time

Cross section decreases with particle energy
= difficult to have a Maxwellian in low density,
hot plasma




Thermal and non-thermal plasma (3)

Rar'efied, hot P|05m0 > Tr'el > *accv Tcoolr 1-esc

Usually non-thermal particle distribution described by
power-law = no preferred energy

Log N(y)

A

N(/y) — K,y—p Yrmin << Y”« Vmax
Can be anisotropic

Log 1

Tmim Tmax
Or broken power law P1. P2> Ybreak

Particle accelerator: shock wave, reconnection?...



Total emitted power: the Larmor formula

Electric and magnetic field from a moving charge at
retarded time

Non-relativistic case
Power per unit solid angle

P g2 - accelerati
10  dncd a= acce era’ruon
q= electric charge

0= n"a

' .2 2¢°
/—dﬂ = 47rc3 /1 sin“ @ d(cos ) = 33 ¢




Bremsstrahlung (1)

Charged particles: assume electron-proton plasma n,, n,
Impact parameter b ~n /3

Velocity of electrons v

Plasma temperature kT ~ mv?

Interaction for t~ b/v, i.e. w ~ 1/ t, with acceleration ~ constant

The Larmor formula gives:

P 2e?a? e? et e!
3¢3 c3 m2e3bt m2c3bh?




Bremsstrahlung (2)

Characteristic frequency o ~1/+ =
P e®

w  m2cub3

(w) ~ NeMp eb (me>1/2
= Ty mzc3 \kT

Introducing the Gaunt factor g¢ (minimum impact factor), the
contribution of the exponential part of a Maxwellian distribution
the exact treatment gives:

8 (2 1/2 n npe6 me\1/2 _,
. _ = =0 e € — ]//k'T —
i) 3 ( 3 ) m2c3 (kT) ¢ gt

Emissivity

Absorption

F ' 4 (21 /2 Z%nenied [ mec? 1/2 1 — e h/kT
[0} = - —_—
v 3\ 3 hm22 \ kT R




Blackbody emission (1)

Increase in density until all spectrum is absorbed
And for Maxwellian particle distribution= blackbody

11




Blackbody emission (2)

—10

—15

Best emitter

Raleigh—Jeans

BI/(T) _

2 hy3
6_2 ehv/KT _ 1

=
o

Wpea = 2.82 kT

; > OMB 4 20 k4
/, Byd = —T’ _
A e /0 YT OMB T 15023
12 14 16
Log v
4 o 4
w=— B,dv = aT?, o = ZMB
C 0 C
If T2> Tl > BV(TZ) > BV(TI) 12
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Bremsstrahlung (3)

_5.5 1 1 1 1 1 1 1 1 1 1

—6.5

Log I

—7.5

_8 1 1 1 1 I 1 1 1
12 14 16

Log v

—
@

Temperature behavior
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Synchrotron emission: single particle (1)

B field

charged <71

particle

L ]
foa, )
¥,

b

Larmor radius

Larmor frequency

Non-relativistic particle

<

Lorentz force: no work

IVI, Vpar, |Vperp| constant

perp
helical motion

Qperp = O Vper, 2 radiation

perp

Pitch angle o

r.= (v sinog) mc y/eB

- cyclotron

Relativistic particle (y sin a)3 > @hro’er

14



Synchrotron emission: single particle (2)

aberration
cos O = (cos 0 +p)/(1+p cosb)

sin0=sin06' /I (1+pBcosb)

0 =n/2
cos 0=

f%ﬂ““\ﬁ

For a perp to v - emission pattern dP/dQ=(e?a?/4x c3) sin’®

oo > (& -t

\%




Synchrotron emission: single particle (3)

y>» 1

Relativistic beaming ro=(mc?/e) v/By.,
AT ~ 2 r'L / Cy

A Tobs ~At /YZ

,_ 2/y Characteristic frequency

X v, = (e/2mmc) B y? sin a

average over pitch angles
Byerp ~ const over r vy = (4/3) (e/mc) B 42

o S -




Synchrotron emission: single particle (4)

Emitted power
Relativistic dipole emission - frame v=0
P = P'=(2e2/3¢3) (@'\perp” *+ @'par?)= (2€2/3¢3) ¥4 (Aperp®*+v? Gpgr?)
Qg SMall Qperp ™ Y=CONST, but Av can be large
Y.s: P/mc2=-(2e?/3 mc3)p2y> w?sin®a { ~ye~BE vy >l
~B2~E  y~1
y> 1  TIsotropic distribution pitch angles o

< §S>: -(4/3) (orc/ m c2

Ug = B2/ 8 = magnetic energy density

Cooling fime  tg~ (y-1)/ \7~ 7.8108/B%y s 17



Synchrotron emission: single particle (5)

Spectrum: P(w): Fourier transform of E(t)

E(t) P(w) | Emitted spectrum
cyclotron _
/\ ('sum’ of harmonics)

[ ,
VR o/ wg Fvivy) |

N/ > >
V\ /\ ‘ ‘ | ‘ ‘ | synchrotron

v/v, ~0.29

exp—V/VC

P(v,y,0)=3"2 (e3/mc?) sina F(v/v,) Fvive)= (vive) Ksys(x)dx
v,.=(3/2) (eB/2xmc) v2 sin a '



Synchrotron: non-thermal particle distribution (1)

Non-thermal : out of thermodynamic equilibrium

N(Y) - No Y-P; Ymin< Y < Vmax ,
Log N(v)

for p ~2.5: number density at vy,

pressure at Y.in

emission at vy,

Log vy

Ymin Vmax
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Synchrotron: non-thermal particle distribution (6)

Particle spectrum Photon spectrum

Log N(y) Log L(v)

N(y) CC P Log y L(v) ~ v« Log v

20



Synchrotron: non-thermal particle distribution (7)

NG = NoY®  Ymin¢ ¥ € Yiax Isotropic

L (v) =J Ny) ¥ dy o ve Yimin® <€ V/Ve <€ Yinax®

‘az(p-l)/Z

Emissivity ~ [ergs?cm3 srt]

A

Js(v) = (1/4m)| N(v) P(v.y) dy = C (a) N, Bl+a vo \
/

C(a)= n/2e2/4c (e/2nmc)t« A(p) 3p/2
A(p): product of T functions  A(2)~0.597

Linear polarization TI= (p+1)/(p+7/3) ~ 70 % (p=2) 21



Synchrotron: non-thermal particle distribution (4)

Self-absorption: absorption coefficient o, ~ v -(P*4/2 >

I(v) = (2mf(p)/3V2) VB-I/

and

t,~1 @ vi=(4/3) % vy
V2 [26O(3/m) g2(p) €786 (mc)-l@P*‘” B“’*Z”D

f(p).g(p): products of T functions f(2)~0.5, g(2)~ 1.213

Brightness temperature k Ty(v) = (¢2/2) I(v)/v?

k Tb ~ mCZ (VT/VB)I/Z ~y mCZ

NOTE: If 0 known, I(v,) &v, = B, N, >



Synchrotron: non-thermal particle distribution (5)

a<l
Log I(V)‘_ Log v I(v)

V-a+1

v

»
»

~ 2
VT/VC V/Vc Vmax Vi Vg Ymc1><2 L°9 v

Optically  Optically thin
thick
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Compton emission (1)

electron at rest

elastic scattering

cross section

m, c2> hv

V=V

do/dQ = (3/16x) o (1+cos? 6)

ot = (87/3) (e/mc?)? ~ 6.7 x 10-2° cm?

24



Compton emission (2)

electron at rest

m, c?<«< hv

recoil v'=v/[1+(hv/mc?)(1-cos6)]

OT
cross section

x~1

{ Thomson| Klein-Nishina

oxn~301/8 [In(2x)+0.51/x

0~0.43 o5

X = hv/m,c? 25

x>>1



Inverse Compton emission (3)

direct Compton hv>mc? ‘e recoil vi< v,

“inverse” Compton hv < mc? : transfer of energy to photon

hv <« mc? e- frame
v' = vy (1-f cosd) RN
Vi, =V 0
v.=Vv' vy (1+p cos 8'.) = v (1-Bcos 6)/(1-pcos 6,)
0. =90° sin 6,~1/y v, =y2v (1-p cos 6)

max 6=180° 6.=0° v, ~4y% v
min 6=0° 6.=180° v, ~ v/4y?

<v,>=(4/3) yov, 26




Inverse Compton emission (4)

Emitted power = initial power - scattered power

Isotropic distribution angles 6

<y >=-(4/3) (orc/ mc?) p2y2U,

[# collisions/s] x [average energy
after scattering]

[orcU./<hv>] x[4/3 < hv> $%?]

U, seed photon energy density -



Inverse Compton emission (D)

<v.>= (4/3) vyvy? average over angles

Emitted spectrum: single e
in isotropic, monochromatic v, radiation field

photons within 1/y ~ 75 % of power

|

P(v.y)= Y.Cmc2 d(v - 4y2v,/3)

Log j(v.)

»
»

Log (V/Ve max)

28



Inverse Compton emission (6)

Emissivity
)=/ 4n)jN(v) P(v.y) dy =

= (1/4x) [(4/3)+ /2] [0y ¢ N, U./ v,] (v./v,) °
j(&) = (1/4xn) [(4/3)* /2] (x. /(R/c)) (U./ g,) (e /¢,) @ [cm-3 s1sr]

]

t.=07 N, R Tesc average gain/
scattering

photon density which
contribute at ¢, 29
and hv y < mc?



Inverse Compton emission (7)

Log v I(v)

»
>

2 2
VoV max

Log v
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Inverse Compton emission (8)

U. seed photon energy density:

-“internal” photon field, synchrotron radiation
(Synchrotron Self-Compton, SSC)

isotropy in source frame

- "external” photon field, e.g.
Broad Line Region photons,

Cosmic Microwave Background...

isotropy in observer frame

31



Inverse Compton vs synchrotron emission (1)

cvo = (4/3) v, 7

<v,>=(4/3) (e/mc) B y?

analogous processes

< yp = - (4/3) (or¢ / m c?) B2 42 U,
< y.>=-(4/3) (orc / m c2) p? 42 Ug

—>

L/L, = U./U,

Unless: self-absorption

KN regime: y hv > mc?

32



Inverse Compton vs synchrotron emission (2)

SC U.=U

L./L,= UJ/U,

if U.>U, = second inverse Compton order important etc...

As U./Ug ~T, v,3/B? ~

LC < LS -> Tb < 1012 (1"0()4/5 \Y 9 (a-1)/5 V'I',9-a/5 K O(.<1

max,

Tp> 1012 K = "Compton catastrophe”: higher Compton orders
=> runaway cooling
BUT Klein-Nishina when y hv ~ mc? 33



Inverse Compton vs synchrotron emission (2)

SC

U.(e)=U(e) ~ 4 (3R/4c) j(e)

)

jssc(ﬁc): (4/3)a_1 Tc js(ac) ng dS - (4/3)(1—1 tc Js(gc) ln A

~ R N2 Bl |n A v

34



Inverse Compton vs synchrotron emission (3)

LogvL(v) 4 synchrotron SSC _____

V-oc+1

v

2

4 Log v

2
Vi ViTmin~ VB Ymax Ve Ymax
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Inverse Compton vs synchrotron emission (4)

Typical parameters
R~ 10 R, ~ 3 10 My cm L~Legg = 1.3 1047 Mg erg s

UB ~ Ur. -> B ~ 103 M9-1/2 G
y ~ 103

v, ~ 2.8 10 By2 Hz ~
v, ~ v 2 ~ 7.3 102 Hz

t.0ol ¥0.4s  => injection or reacceleration

36



Thermal Comptonization (1)

Multiple scattering due to a thermal (or quasi thermal)
electron distribution

x = hv/m,c?
O=kT/m,c?
Comptonization parametery =

[average # scatter]x[average

©,

y>1 Comptonization important

er scatt]

X>=4/3 <y?> x5 = 160%x, relativ

AX/x= 40Ox non relativ

AX/x= 1602 *4Ox-Xx

37



Thermal Comptonization (2)

y = max(tr vy 2)x[1602 *40x-X]

Differential (neglecting downscattering) =
X¢ = Xo exp{[1602 *40x]x[max(ty T4)]}=> x; = xe

Le-L, /L, =er-1

y>1 Comptonization important

38



Log F(x)

Thermal Comptonization (3)

Spectrum = superposition of Compton scattering spectra

Different spectra dependingontrand T

b33 1 1 1L L 11l 1 1 1 1 [\
2 3 4 5 6 7
X, Ax, A%x, A3, A%x, ASx, ASx, A”X, X, Ax, ARx, A3x, A%*x, ASx,

Log x

tr<1 alty,T) t+> 1 saturation-Wien peak

39
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Hadronic processes

P+p requires highn, L,./Ls~U,/U,
p+B proton synchrotron: requires high B
p+y proton induced cascade: pions = e+, e-, y

synchrotron from e+ e-
external photons

+ efficiency acceleration processes

- timescales: fast variability?
- overall efficiency ?

- pair cascade: flat X-ray spectra? 20
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The End



