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§1 Inverse-Compton
Scatterings

From Rybicki & Lightman (1979),
“Radiative Processes in Astrophysics”




§1 Inverse-Compton Scatterings

P

Emission processes can be interpreted as the Compton
scatterings of real or virtual photons. Thus, let us begin by
considering its classical limit, Thomson scatterings,

A free e~ oscillates In o
the E field to radiate incident flux )
(by dipole formula) wé%vvwi )

dP S do
d—Q = < >d—Q " dO=27sinOdo electron rest frame
For unpolarized radiation field, the differential cross
becomes 2 2
d I e
~ =2 (1+cos? ) , where r, = —;
dQ 2 m.c

e



§1 Inverse-Compton Scatterings

P

The total cross section becomes the Thomson cross section,

do 87
oy = dedQ 27zrj (1— ,u)d,u—?rz

Note that the scattering

can also occur if the incident flux A/\}\ﬂ\’ﬂ
Incident photon is a Wi ______ 3 A
virtual photon ( § 3).

For unpolarized radiation field, the differential cross

becomes
2 2
do _ % (1+cos?) , wherer, = °
dQ °

m.c?

e



§1 Inverse-Compton Scatterings

P

If incident photon energy electron rest frame
becomes comparable or Vs
greater than m,c2, quantum hv, e )(9
- ANNNNNN> .
effects appear in two ways: \
: E
® recoil of e-, P

® reduction of cross section.

Consider the scattering of a photon off an electron in the
electron rest frame.

Energy and momentum conservation gives
hv,

hv,

~(1—cos )

m.c

e

hv, =

1+



§1 Inverse-Compton Scatterings

e

QED gives the differential
cross section for

unpolarized radiation, hv;

the Klein-Nishina formula,

electron rest frame

2
d—G:iJT Ve 11 B Y sin?g
dQQ 16rx v, ) \v; v ,

where

o, = 8?” I’ =6.652462x107> cm?

T



§1 Inverse-Compton Scatterings

P

Integrating do/dC2 over the solid angle, we obtain the total
Cross section

o GTE 1+3x [2x(1+ X) In(L+ 2X)} L In@+2x)  1+3x 2
4| X 1+ 2X 2X (1+ 2x)
where x=hv/mc® -5, (1—2x+%x2j
- 3 (1/2)+In2x
T 8 X
: G

Cross section 43‘3(;2 ___________________ /‘90'% ’
reduces dueto - <T E ’
guantum effects

1
x=hvim_c?



§1 Inverse-Compton Scatterings

—

6 .-
. - |
Consider In the e Ef
observer’s frame. Ay
The Doppler shift JJ(;Iﬁ o
formula gives observer's frame K e rest frame K’
g*i = giy(l_ IB COS 6’|) (energy conéervation)
— * Final photon \;/
& =& y(l+pcoso. ). oty ym._c2-
& 2,
If elastic (&% =&*;) In the for a fixed 5

e--rest frame, we obtain

- . e 2 2 e
8I'gl'gf z]..7/.7/ meC /gl
v (Lorentz factor)



§1 Inverse-Compton Scatterings

e

9- #7 H* g*f
Consider in the SN & . ASNp
observer’s frame. - = W
The Doppler shift J*{;ﬁ o) &*,
formula gives observer’s frame K e rest frame K’

g =&y(d-Bcosb)
=g, y(1+ Bcosb,’).

If elastic (&*; =&*;) In the For example, if £=100 eV
e-rest frame, we obtain and =103,

. * i} -~ 1 . i 2 Ei*~6‘f*~0.1 |\/|eV
& .& . =LYy £, ~100 MeV



§1 Inverse-Compton Scatterings

P

For isotropic distribution of photons, an e~ emits the
inverse-Compton radiation at a rate [ergs s],

A
I:)IC :go-TCyZUph J

where U, denotes the energy density of the photons.
cU,, :incident photon flux [erg s* cm~]

orcU,,: collision rate [erg s]
¥ 2 . energy amplification factor by a single IC.



§1 Inverse-Compton Scatterings

P

For isotropic distribution of photons, an e~ emits the
inverse-Compton radiation at a rate [ergs s],
4 2
F)|C — gO-ch/ Uph J
where U, denotes the energy density of the photons.
The factor 4/3 comes from the angle average of

2 4
<(1—,Bcos&’) >:1+’%:5 |

which comes from the Lorentz transformation,
& =&y(-pcosh) .




$2 Radiation from
Relativistic Charges

From Rybicki & Lightman (1979),
“Radiative Processes in Astrophysics”




§2 Radiation from Relativistic Charges

P

Consider a charge g moving along a world line, r’=ry(%’).
It produces an electro-magnetic field at point (r,t), if it is
causality connected to the particle’s motion.

Iro(t)
u(t) = dr, /dt



§2 Radiation from Relathstzc Charges

S—— e —————————————————— —

Maxwell eq. Vg—(1/c*)o’pl 0°t =—4np gives the
Lienard-Wiechart (scalar) potential,

p(rt)=[ dt{[[dr amp(rt)

_ 1}
—KR U=t ’

where [ ] denotes time t’ is
evaluated at retarded time, t

- ‘r o I'-0 (tret)‘ —0
ret C : ll‘o(t’)
R(t)=r-r,(t), R(t)=|R(t), u(t) = dr, /dt
k(t)=1-n(t)-u(t)/c Nn=R/R, p(rt)=qo(r'—r,(t))

S(t—t—=|r—r/c)

Arr|r—r|

ret

-t
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§2 Radiation from Relativistic Charges

The vector potential, A(r,t), Is given in the same way,

#(r1) - [KR

Thus, a moving charge

A1) = [q“}

vt CxR

nroduces an EM field,

E(r,t)=0

= B, +E,.

vel

B(r,t) =[nxE(r,1)]

(n-B)(1- %) q{

32
KR

t '=tret

o]

— L —Lret ret



e

crt) = o| =BA-A)

32
KR

= B, +E,.

vel

§2 Radiation from Relativistic Charges

t I:tret

g n :
+ E {ﬁ X {(n —B) x B}lt

et

Noting E , oc1/R*, E,_, oc1l/R

Erad R U

E c’

vel

we find that the E

PN e—— P~

RquUR

CA
el dominates in the near zone, R</,

(U~ uv)

while the E_ .. dominates in the far zone, R» /.

The velocity field does not carry energy to large distances,
while the radiation field does.

(S=ExB/4r)



§2 Radiation from Relativistic Charges

P

g =o| OB L8 p)

32
KR

— It :tret

t l:tret

= B, +E,.

Usually, we use E_.. to compute the emission spectrum,
by Fourier analyzing the time-dependent E field.

However, we can derive the same results using E,, by
Introducing the virtual quanta.

For example, the synchrotron radiation can be interpreted
as the inverse Compton scatterings of virtual photons In
an external B field.

We thus consider such an explanation in what follows.



§2 Radiation from Relativistic Charges

(=g )
= EveI_I_Eacc

t I:tret

R

e

t l=tret

Consider e-ion Bremsstrahlung (free-free emission).

In the e rest frame, relativistic ion produces a pulse of E

In the near zone, R<A,

J

R/
nﬁ b

ion / '

X

vel

velocity field
—ND — 2
Ey—BZ—q v/b
>
E [

E

Electron rest frame ‘Ex’NE)/ /4



§2 Radiation from Relativistic Charges

Because of this pulsed - Thomson scattering
E.. , e oscillates to radiate  Incident flux )
by the dipole formula. mi \

That Is, a virtual photon,
which does not carry

energy to Infinity, Is = Relativistic bremsstrahlung
up-scattered to become
a real photon velocity field
. € E=B,=qylb’
- ——>
ion ,3 !

Electron rest frame ‘Ex’NE)/ /4



§2 Radiation from Relativistic Charges

Because of this pulsed - Thomson scattering
E.. , e oscillates to radiate  Incident flux
by the dipole formula. f\,\<,‘€,>v\,\,\,$ 39

That Is, a virtual photon,

which does not carry

energy to Infinity, Is = Relativistic bremsstrahlung
up-scattered to become

a real photon.

The same Idea can be applied when a charge is moving in
an external magnetic field.
— Synchrotron radiation



§3 Synchrotron Radiation

From Rybicki & Lightman (1979),
“Radiative Processes in Astrophysics”




§3 Synchrotron Radiation

P

If an e is moving in a Thomson scattering
B field, a time-varying incident flux A/\}\/\/Jﬂ
E.., field arises in mi \

ve| el atioco il ANNNNNS D e m e

the e—-rest frame.

Then, the e~ oscillates to emit
synchrotron photons.

The virtual photon has an energy;,
gB

SINa =h——SINa
m,C

~hw

cyclotron

Thus, the up-scattered photon
has an energy ~ y° i o0, SIN A -




—

§3 Synchrotron Radiation

A detailed argument shows an additional factor, 3/2, arises;
thus, the synchrotron characteristic energy becomes

ha)czgyzha) Sinazﬁyzh—sina:—hy —,

cyclotron

ym,_c’
gBsina

where the gyro radius iIs defined by I, =

B

Since Aw 0"

cyclotron

= 11.576765( j keV , synchrotron

photons have the typical energy,

B
10 G

ha, = 17.365148( jyzsina keV



§3 Synchrotron Radiation

—

The synchrotron radiation power can be estimated by

2
I:)synch — |\lvirtuaIGTCy ha)cyclotron
~0:Cy°Ug |
where U, =B?/87~N,_ 7w

cyclotron *

For an isotropic distribution of «, a detailed argument

shows 4 ,
I:)synch — EGTCQ/ UB _

P
Reminding P_ = gchyZU o We find 3 _

Pe U




§3 Synchrotron Radiation

P

The trans-field motion Is quantized with discrete energy
values, called Landau levels,

-m+|m| 1
E — h a)cyclotron n-+ + ’

2 2

mjm| _

n-+ =01 2, 3 ..

n: radial quantum number

m: magnetic quantum number

h a)cyclotron

2
After falling onto the ground state, an e~ no longer emits

synchrotron photons.

The ground state has the “zero-point” energy,



§4 Synchro-curvature
Radiation




§4 Synchro-curvature Radiation

e

The longitudinal motion (along B) Is not quantized,
allowing continuous P;,.

After the particle falls onto the ground Landau state,
only the longitudinal motion contributes to an emission.

If the macroscopic particle motion follows a curved
trajectory with curvature radius R, 1t emits the
pure curvature radiation with characteristic energy,

ho,  =>ny S of.  ho =npl
2 R. 2 I,

(synchrotron case)



§4 Synchro-curvature Radiation

P

The longitudinal motion (along B) Is not quantized,
allowing continuous P;,.

After the particle falls onto the ground Landau state,
only the longitudinal motion contributes to an emission.

If the macroscopic particle motion follows a curved

—

—
-

pure curvature radiation: ,~7cf. synchrotron case
.. 3 C / 3 C
characteristic energy: ha,, =—=hy'—/! ho,==hy’—
|
2 R, 2

2
. 3e? c?
radiation power: P. =—"_»*| =——



§4 Synchro-curvature Radiation

—

If the particle has not fallen onto the ground Landau state,
but moves along a curved trajectory with curvature radius
R., It emits the synchro-curvature radiation.

(Cheng & Zhang 1996, ApJ 463, 271-283)

In & —0 , 1t reduces to th ngurvature process.

In R,—0o0, it reduces t synchrotron process.
General expression of radiation is complicated.
Thus, we consider typical e motion in a pulsar

magnetosphere and show how it deviates from the pure
curvature process when both B and « are large.




§4 Synchro-curvature Radiation

—

If B>10’G and a>10-°, synchro-curvature process deviates
from the pure curvature process

Radiation drag forces [dyn]
10740730707 "%0™° 1078107’

KH 2006,
ApJ 652, 1475-93

Lorentz factor



§5 Electron-positron Pair
Production




§5 Electron-positron Pair Production

P

Photon-photon pair production

—p
If two photons collide with E,=hv, /\e.
angle 4., e~-e*pairmay be Y F \ """""
produced. The total cross S et
section of yy—ee becomes 1908
3 1+u
o (U)=—oc,1-u?)| (B-u")In——-2u(l-u’ }
=5 o) G-u)n 20w
2 (me’)

where u(E,, E,,0,)=,/1-
(0B 6) \/ 1-cosd, EE,
Note that yy—ee takes place only when the threshold Is

satisfied, _
EE,>2 C;)S 2 (m,c?)’




§5 Electron-positron Pair Production

Magnetic pair production

B field, it may be absorbed to \
materialize as a pair. *

The photon mean-free path

B
When a photon propagates in a Q P ;
AN

to v B—ee becomes %,J"J\ﬁ

\
(Erber 1966, Rev. mod. Phys. 38, 626)

§ 2
7 =600————exp 8 B MC
" sing, ' 3Bsing, E,
m,C
2.3
where B =e° _4413x10°G

Cr Eh

A

cm,
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