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Course structure

Radiation basics. Radiative transfer.

Accelerated charges produce radiation. Larmor formula.
Acceleration in electric and magnetic fields — non-relativistic
bremsstrahlung and gyrotron radiation.

Relativistic modifications I. Doppler shift and photon
momentum. Thomson, Compton and inverse Compton
scattering.

Relativisitic modifications II. Emission and arrival times.
Superluminal motion and relativistic beaming. Gyrotron,
cyclotron and synchrotron beaming. Acceleration in particle
rest frame.

Bremsstrahlung and synchrotron spectra.
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Photon scattering by electrons - Overview

Low energy photons High energy photons
2 2
hw < mec hw > me.c”
Thomson scattering Compton scattering
v Classical treatment Quantum treatment
frequency unchanged incorporating photon
momentum

frequency decreases

2 2
vhw < mec” vhw > mec”
I € ! €

Inverse Compton

Photons gain energy from
relativistic electrons

Approximate with classical
treatment in electron rest frame

Frequency increases
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) hw < mec*
Thomson scattering (from last lecture) v < ¢

Aim: Derive angular dependence of power for classical scattering of
EM field by a non-relativistic electron.

Method: Treat photon as EM wave accelerating electron. Consider
acceleration in plane of scattering and perpendicular to plane of
scattering separately. Use Larmor’s formula (with angular
dependence) to get emitted power as a function of angle.

(y

E,
' . 2
x-component of accel. (in plane of o) => POWEr X COS™ v
y-component of accel. (perp. to plane of o) => power independent of a

Result: dW et 5 9 2
(derivation in dtdQ) = lﬁﬁgfo(,g"”g(’(E.r>| Cos™ o + |<E1/H )
lectures) '
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hw > mec?

Compton scattering Yy

i ) v L ¢
In Compton scattering the photon loses i
momentum to the electron, reducing the B
wavelength of the scattered light. "’l ST
. ‘! A
. . 1T
Example: X-ray scattering from Beryllium (-
Pattison et al. 1981, J. Phys. E: Sci. Instrum., Vol. 14, 1981 : "..
. r/ ) 4\-:T’

Figure 2
target for s
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hw > mec?

Compton scattering v<c B
In Compton scattering the photon loses momentum to the electron, 2
reducing the wavelength of the scattered light. 2
Aim: Derive the wavelength shift. %
Method: Conserve 4-momentum and exploit norms. E
p3 = (p3cosf, p3sind, 0, 1)35)

P1 = (p1,0,0,p1)

0
VAVAVAVAS °
—(0,0,0, mec \\
p2 = (0,0, ) D

Before After
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hw > mec?
Compton wavelength shift v<L e §
Conservation of 4-momentum: P1 + P2 = P3 + P4 i
For photons: P1°P1=p3-p3 =0 :
For electrons: P2 P2 = P4 P4 = 1113(:2 %
Norms: Ip1 + P2 — ps|® = |pal? E
h 6
Remember: p=hk = X :
Results (see lectures): E
h Compton :
A3 — A1 = —(1 —cos 0) wavelength
MeC shift 5

U~ C

Nojery

Inverse Compton scattering

vhw < mec

Inverse Compton scattering is scattering of “low”-energy
photons  ~hw < m,c?

which are boosted to higher energy by relativistic electrons

Aim: Derive approximate factor in frequency shift / energy gain

Method: Consider Doppler shifts of photons as we L.T. from

observer’s to electron rest frame and back. Use the relativistic
Doppler factor (see lectures)

K = n)x(l + d CcoS ()')
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U~ C
Inverse Compton frequency shift Ahw <€ mec
PRI > e ANNN
E) |:> V' =vy(1 — Bcosh)

In electron rest frame,
collision is almost head-on.

S

» ¢ :> — NN NS
5~ 1 !/ / /
< Assume Thomson V' =11+ Bcos )

scattering (no frequency - 1/1.‘2(1 + Bcoso)(1 — Feosh)

change) as

vhw < mec? factor y2 increase in frequency/energy
dE , A )
Exact solution: | —7~ = 4/30pc(v? — 1) Ulignt
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U~ C

Inverse Compton scattering i € Thec

Nojery

Example: Synchrotron self-Compton (SSC)

verse Compton

Synchrotron and self-Compton X-ray spectrum from
GRB 000926

Harrison et al. 2001 Astrophysical Journal 559 123
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Relativistic aberration

Used for (a) relativistic Doppler effect (b) relativistic beaming
Aim: apparent change of direction of motion between frames
Method: L.T. 4-velocity for u’ at angle 0’ to observer’s frame.

, S |y
u L.T.
|:> &u
\ 6 j
X

Observer’s frame

4-velocities
(vau' cosf' ) ylu'sing’; 0, ~!c) (v cos B, v usind, 0, v,c)
L.T. x and y components and divide
Yuti cos 0 = v, (vhu' cos 0" + B7..c)
Yuusin@ = ~, u' sin 0’
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Relativistic aberration

Results:

NS
x’ X
Observer’s frame

u' sin 6’
y(u' cos 6 + v)

Aberration formula | tanf =

For photons u’=c | .o _ sin @’
v(cos b +v/c)
0sf' + 3
also cos ) = cos !

(1+ [cost)
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Relativistic Doppler effect

Used for inverse Compton effect

Aim: transform frequency for radiation at an arbitrary angle

Method: emission and arrival times in observer’s frame, then LT period
and angle to particle rest frame

1

y
S’ Y /S
j Vv 0 t X
/T' =1/ v
16 . T
vAL
Particle rest frame Observer’s frame

In observer’s frame, first photon travels an extra distance VAt cos
/1 - /() = A/(l - ‘l'/('(i()S H)
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In observer’s frame, first photon travels an extra distance VAt cos
t1 —to = At(1 — Scosh)
cost + 3

1+ Fcost)
and At =+yT where T is period (1+ B cost’)
YT (1 + Bcost — Bcost + (3?)
(1+ Bcosb)
T/
¥(1+ Bcost)

Substitute for cos O (aberration) cos ) =

t1 —ty =

T =

In terms of frequency
v=~V(1+Bcost) =K

where | K = (1 + Fcosf’) | is the relativistic Doppler factor.

Example: inverse Compton scattering
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Superluminal Motion in the M87 Jet

Emission and arrival
times:
Superluminal motion

D = 11 Mpc

1994

vy ~ 100 mas yr—* ~ 6¢
1995

Jet blobs appear to move faster
than speed of light!

1996

1897

1998

6.0c 55¢c 6.1c 6.0c

Biretta et al. ApJ 520, 621
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Il

K N.B. working entirely in lab. frame - t1 — to

~
~
—

ol

t() -
Superluminal motion: theory

<

Method: consider emission and arrival times in lab. frame E

1 o

\ Emission time Arrival time i

D —v(t; —tg) cosa :

t t1 + £

D 1 c ) é
Apparent transverse component of velocity :
%j Az v(t; — tp) sina %
g At (t; —to) — v/c(ty — to) cosa g
i Ax v sin o g
a _— = F
Az At (1 —-wv/ccosa) z
0

6

$

®




