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INTERACTIONS BETWEEN
ELECTRONS AND PHOTONS

Thomson & Compton scattering
Inverse Compton effect

The interaction between particles and light is able to scatter photons from lower to
higher energies (or vice versa) in interactions with electrons of higher (or lower)
energies. The kind of interaction between photons and electrons depends from their
relative energy: if the electrons is (nearly) not moving, we will speak about Thomson
or Compton scattering as a function of the photon energy. If the electron is moving
at high speed, we will be in the Inverse Compton case.
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MATTER-PHOTON INTERACTIONS
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MATTER-PHOTON INTERACTIONS
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MATTER-PHOTON INTERACTIONS
PHOTO-ELECTRIC EFFECT OR COMPTON SCATTERING?
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MATTER-PHOTON INTERACTIONS
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THOMSON SCATTERING

It is the interaction of an electron at rest with

a low energy photon:

2

hy << mec

The incident photons can be considered as a
continuous e.m. wave. When an e.m wave is
iIncident on a charged particle, the electric and
magnetic components of the wave exert a
Lorentz force on the particle, setting it into
motion. Since the wave is periodic in time, so is
the motion of the particle, that will oscillate. The
particle is accelerated and consequently emits
radiation: energy is absorbed from the incident
wave by the particle and re-emitted as e.m.

radiation. Such a process is clearly equivalent to

the scattering of the e.m. wave by the particle.
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THOMSON SCATTERING

"radial" component of
electron motion
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Non relativistic particles
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Incident Photon

The main cause of acceleration of
the particle will be due to the
electric field component, along
whose direction the particle will
oscillate — parallel dipole
radiation polarized along the
direction of motion of the particle




THOMSON SCATTERING

The electron oscillates with an acceleration due to the electric field of the e.m. wave:
eE()

E = Ej cos(2mvt) a(t) =
Me

cos(2mvt)

The electron radiates photons at the same frequency than the incoming radiation:
the energy of the incoming and radiated photons is the same.
The mean radiated power is the power of a dipole subject to an acceleration of amplitude:
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THOMSON SCATTERING

The electron oscillates with an acceleration due to the electric field of the e.m. wave:
eEo

Me

E = Ej cos(2mvt) a(t) = cos(2mvt)

The electron radiates photons at the same frequency than the incoming radiation:
the energy of the incoming and radiated photons is the same.
The mean radiated power is the power of a dipole subject to an acceleration of amplitude:
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a = —
me
P 87
P(t) —_— g”a(t)? Larmor's formula > op = — = —’I“g — 0.6525 X 1()_29 m2
6reg c¢3 [W] Fp 3
2 Magnitude of Thomson cross section
Fp=e€eck Poynting vector
[W/m?]
1 e?
re = =2.8179 x 107 m
Ameg MeC?

Classical radius of the electron



SCATTERING FROM ELECTRONS AT REST
QUANTUM EFFECTS
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COMPTON SCATTERING

The kinematic effects occur because a photon pPOSSeSSes a
momentum (hc/v) as well as an energy (hv)

hv + mc* = hvg + yme®  (Energy conservation) Normal Compton Effect
Before After
hvg
hw_ %COSH +~v 8 m c cos¢p (Longitudinal momentum) hv e S~ 1\
c c AN - — — — — — — = — -
_'\Q&
at rest e
v mc?
hv, . .
0= sinf — v 6 m c sing (Transverse momentum) Fig.9.1: Astrophysics Processes (CUP), © H. Bradt 2008

Collision of a photon with a stationary free electron:
both the electron and the photon are treated as particles



COMPTON SCATTERING

Collision of a photon with a stationary free electron:
both the electron and the photon are treated as particles

(@) hv + mc? = hvg + ymc®  (Energy conservation) Normal Compton Effect
Before After
hvg
th—hVS 0+~ 0 ¢ (Longitudinal tum) ¥ e 0
(b) = —_cost+v S mccos ongitudinal momentum) _ ** ¢ SN\
:\Q\
at rest e
. y mc?
Vs . :
(C) 0= TSSIDQ — 7 6 m cC Sanb (Transverse momentum) Fig.9.1: Astrophysics Processes (CUP), © H. Bradt 2008

? Solve (b) for cos® and (c) for sin® ; remember! cos?® + sin’d =1 — (bc)’

? Square (a) with the ymc? term isolated on the right side — (a’)

> (@) - (bc)



COMPTON SCATTERING

Collision of a photon with a stationary free electron:
both the electron and the photon are treated as particles

(@) hv + mc? = hvg + ymc®  (Energy conservation) Normal Compton Effect
Before After
hvg
b hv _ s 0+~ 0 ¢ (Longitudinal tum) hv e 6
(b) = —_cost+v S mccos ongitudinal momentum) _ ** ¢ SN\
:\Q\
at rest e
. y mc?
Vs . :
(C) 0= TSSIDQ — 7 6 m cC Sanb (Transverse momentum) Fig.9.1: Astrophysics Processes (CUP), © H. Bradt 2008

Compton scattering



COMPTON SCATTERING

Collision of a photon with a stationary free electron:
both the electron and the photon are treated as particles

Normal Compton Effect

Before After

hvg

hv e 7,
NN e — — — — — — é\) A\L — -
_'\Q&
at rest e
y mc?

P\esu\t re\at'\\l'\st'\ca\

\mc ' Ao

Compton wavelength



COMPTON SCATTERING

Collision of a photon with a stationary free electron:
both the electron and the photon are treated as particles
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COMPTON SCATTERING
KLEIN-NISHINA CROSS SECTION

Normal Compton Effect

h cIore cr
As — A= —(1 — cosb) o A
mcC hv
o S S0
h watrest e:%\
)\C — — =243 X 10_12 m y mc?

mc
Fig.9.1: Astrophysics Processes (CUP), © H. Bradt 2008

— wavelength change of the order of Ac upon scattering

For long wavelengths (A >> Aci.e. hv << mc?) the scattering is closely elastic.
When this condition is satisfied, we can assume that there is no change in the
photon energy in the rest frame of the electron (cf. rest of the lesson)

However, it can be shown in quantum electrodynamics that, as the photon
energy becomes large (hv >> mc?), the Compton scattering becomes less
efficient (the cross section is reduced from its classical value - Klein-Nishina

formula)




COMPTON SCATTERING
KLEIN-NISHINA CROSS SECTION
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INVERSE COMPTON SCATTERING

It is the interaction of photon with a fastly moving electron !

2

hy << v mec

If the moving electron has an energy significantly higher than the incoming
photon (in the case of relativistic electrons), energy is transferred from the
electron to the photon, i.e. it is the opposite of the Compton scattering

Compton scattering Inverse Compton scattering
N [ —

V&N

Electron is initially at rest

vVi>v
High energy e- initially
e- loses energy

€- gains energy



INVERSE COMPTON SCATTERING

We restrict our development to:

P Head-on collisions of electrons
and photons

? Electrons that are highly relativistic
(v ~c)

Inverse Compton Effect

(a) Before collision in S

S 3’1_ » 3 ,
mc h
| .—>’)/ B 4-\/3_
R & Radio photon ﬁ
Y
(b) Before collision in S’ (c) After collision in S’
S’ N
° - N NN -q—e A CAYAY,
e hv’ ¢ hvg
at rest
(d) After collision in S
s g — B -
| o~ NN
il / ?
/ /

Optical or x-ray photon
Fig.9.2: Astrophysics Processes (CUP), © H. Bradt 2008



INVERSE COMPTON SCATTERING

B=uv/c

E. = vmc2

Eph = hy —

Initial electron speed
parameter and energy

Initial photon energy

Inverse Compton Effect

(a) Before collision in S

S 3’1_ » 3 ,
mc h
| .—>’)/ B 4-\/3_
R & Radio photon ﬁ
Y
(b) Before collision in S’ (c) After collision in S’
S’ N
° W - - AN
e hv’ ¢ hvg
at rest

/

(d) After collision in S
S SI |_> B

hv
| >~ —~ NN
S = = / j
/ /

Optical or x-ray photon
Fig.9.2: Astrophysics Processes (CUP), © H. Bradt 2008



INVERSE COMPTON SCATTERING

B =wv/c

2

Initial electron speed
parameter and energy

Eep = ymece

Eph = hy —

Initial photon energy

1/2
h' = —= hv

First Doppler shift

Inverse Compton Effect

(a) Before collision in S

S 5’1_ » 3 ,
mc h
| ’—>’)/ B 4-\/?_
R & Radio photon ﬁ
s
(b) Before collision in S’ (c) After collision in S’
S’ N
° W - - AN
e hv’ ¢ hvg
at rest
(d) After collision in S
S S’ I—» B hVS
| o~ NN
il / ?
/ /

Optical or x-ray photon

Fig.9.2: Astrophysics Processes (CUP), © H. Bradt 2008



INVERSE COMPTON SCATTERING

B =wv/c

2

Initial electron speed
parameter and energy

Eep = ymece

Eph = hy —

Initial photon energy

, hv'
hv ,
S 1 —|— 2h1/
mc2

First Doppler shift

Compton scatter in S’

0 =m

Inverse Compton Effect

(a) Before collision in S

S 5’1_ » 3 ,
mc h
| ’—>’)/ B 4-\/3_
R & Radio photon ﬁ
s
(b) Before collision in S’ (c) After collision in S’
S’ N
° W - - AN
e hv’ ¢ hvg
at rest
(d) After collision in S
S g — B .
| o~ NN
il // ?

/

Optical or x-ray photon
Fig.9.2: Astrophysics Processes (CUP), © H. Bradt 2008



INVERSE COMPTON SCATTERING

B =wv/c

Initial electron speed
parameter and energy

E. = vmc2

Eph = hy —

Initial photon energy

1/2
hy' = (—1_1_?) hv

hi'

— 2hv’
1+ mc?

B 1"‘6 1/2 /
hVS = (m) hVS

hv!

S

First Doppler shift

Compton scatter in S’

Second Doppler shift

Inverse Compton Effect

(a) Before collision in S

S 5’1_ » 3 ,
mc h
| ’—>’)/ B 4-\/?_
R & Radio photon ﬁ
s
(b) Before collision in S’ (c) After collision in S’
S’ N
° W - - AN
e hv’ ¢ hvg
at rest
(d) After collision in S
S S’ I—» B hVS
| o~ NN
il / ?
/ /

Optical or x-ray photon
Fig.9.2: Astrophysics Processes (CUP), © H. Bradt 2008



INVERSE COMPTON SCATTERING

1/2
hy' = (%) hv First Doppler shift

hv'

— 2hv’
1+ mc?

1/2
hv, = (%) hy; Second Doppler shift

hv'

S Compton scatter in S’




INVERSE COMPTON SCATTERING

1/2
hy' = (%) hv First Doppler shift

hv'

— 7 Compton scatter in S’
1 _I_ 2hl/

1/2
hv, = <ﬂ> hy; Second Doppler shift

hv'

S

mc?

1-p

(1+5)1/2_ 1+ 3 1/2 1+ 8 1/2_ 1+ 3 ,
=5 _<1—5> X<1+5) (1= 5%1) !




INVERSE COMPTON SCATTERING

1/2
hy' = (ﬂ> hv First Doppler shift

1-p
, hy'
hVS = 1+ Shy Compton scatter in S’
mc?
1/2
1
hVS — (% hy; Second Doppler shift

1+ 3 U2_ 143 1/2 1+ 3 U2_ 1+ 3 ,
(5) -(5) <(55) —wmm 5o

— hvg &~ 2vhv. = 2~ ~ 4y




INVERSE COMPTON SCATTERING

14+ 8\ [1+p8\"?
<1—ﬁ) :(1—6> X(

hv

4vhv
mec?

hug = 4~?

——

<< me? )

2
» hvs =~ 4v°h v =4 <L> hv

mc?

U = ymc?

v

The energy of the photon is
increased by y?2

Each factor y can be attributed to one
Doppler-shift transformation



INVERSE COMPTON SCATTERING

Inverse Compton Effect

(a) Before collision in S

S| —= B
S y mc? hv
| —p 3 —~
J £ _ Radio photon ?
v
(b) Before collision in S’ (c) After collision in S’
S’ - N 2
e~ hy’ e hv! h Y 4 /y h
at rest s V S Y V
(d) After collision in S
S S’ I—» B hVS
| o—p YAYAYAYAVA AW, o
- a
S — =

g Optical or x-ray photon

Fig.9.2: Astrophysics Processes (CUP), © H. Bradt 2008

(9.31A) Before collision in S

S S'L_’ B
hv : e 7m(-3 8
Photon  _ _ _ _ _ -j
/ /
(9.31B) Before collision in S’ (931C) After collision in §' h
Y g’ l/
hy' ¢ hy, e VS Y

at rest 4
/ / Y
(9.31D) After collision in S
S hy

s | -

m— |

/ )




INVERSE COMPTON SCATTERING

Inverse Compton Effect

(a) Before collision in S

S S B
S v mc? hy
| —p 3 —~
R £ _ Radio photon ?
v
(b) Before collision in S’ (c) After collision in S’
S’ S’
L] - NN -q—e NN
e hy/ € hVS,
at rest
(d) After collision in S
S g—>B hy Much more frequent !
| —P M
- 7
S — =
/

Optical or x-ray photon
Fig.9.2: Astrophysics Processes (CUP), © H. Bradt 2008

(9.31A) Before collision in S

S S.L—> B
hv | = 2
“SANNNANNA sim'ﬁ
Photon . _ _ __ -3
Z
/ /
(9.31B) Before collision in S’ (931C) Afer-coltision In 5" h
S’ S V
“ANNAAA . - N e h ~
hy' ¢ hy,’ e VS Y

at rest 4
/ / Y
(9.31D) After collision in S
S hy,

s | -

e he—
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INVERSE COMPTON SCATTERING

Inverse Compton Effect

(a) Before collision in S

S S B
S y mc? hv
| —p 3 —~
J £ _ Radio photon ﬁ
v
(b) Before collision in S’ (c) After collision in S’
S’ N
® -~ NN i NN
e~ hy’ c hvg
at rest
(d) After collision in S
S N —» B v,
| o—p YAYAYAYAVA AW, o
- a
/-
/

Optical or x-ray photon
Fig.9.2: Astrophysics Processes (CUP), © H. Bradt 2008

(9.31A) Before collision in S

S S'L_’ B
hv | = 2
“SANNNANNA — B
Photon  _ _ _ _ _ -a
ya
/ /
( - . 2 - ’
S’ S’
A YAYAYAY: o . e (VAYAYA > -
hy' ¢ hl'§' c-
at rest

/

(9.31D) After collision in S
S hy,

$ | -

e 3 ¥ " — ]8 . a

/ ;




INVERSE COMPTON

FULL DERIVATION POWER FOR SINGLE SCATTERING

’ jf/ €1’
9 & e ! :
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jj K X 5‘:\\ X’
T
”efj K K’ €

¢ = ey(1 — Becosh)
e1 = €,7(1 + Beosh)

€’ e

/ /
€ = , ~e |l— >
1+ —=5(1 — cosO) mc

mc?

(1 — cos®)

cos® = cosf; cosh’ + sinfy sinf’ cos(¢’ — @)




INVERSE COMPTON

FULL DERIVATION POWER FOR SINGLE SCATTERING
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INVERSE COMPTON

FULL DERIVATION POWER FOR SINGLE SCATTERING
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INVERSE COMPTON

FULL DERIVATION POWER FOR SINGLE SCATTERING

\f\}\e » € T o

jff'“ "X X / BN X
5 e
e K K’ ©
v de = n dp’
v de = density of photons having energy in the range de
n(p) = photon phase distribution funtion
v de v’ de’

— ; = Lorentz invariant
€ €




INVERSE COMPTON
FULL DERIVATION POWER FOR SINGLE SCATTERING

v de = density of photons having energy in the range de

7):,7:]3 O'T:CUrad orT

|~ T

Larmor’s formula Poynting vector Energy density of
Instantaneous emitted power | | Energy flux density | |incident radiation
W] [W/m3] [W's /m?]

dE!
dt’

= CcOoTr U r/ ad = C OT / givldel Total power emitted (i.e. scattered) in the electron’s rest frame




INVERSE COMPTON
FULL DERIVATION POWER FOR SINGLE SCATTERING

v de = density of photons having energy in the range de

7):,7:]3 O'T:CUrad orT

|~ T

Larmor’s formula Poynting vector Energy density of
Instantaneous emitted power | | Energy flux density | |incident radiation
[W] [W/m?] [W s /m?3]
dE"
1 _ U ! — ! /d / Total power emitted (i.e. scattered) in the electron’s rest frame
dt/ — COT Upgq = COT €1V de P -€.

/ 2 e
€E X~ YE << Mmc Thomson condition in the rest frame
, (€77 ) dE, dE,
2 2\ Photon energy change in the rest frame << —
(7 1 > > e/mc )Photon energy change in the lab frame dt dt/

/ / /
/I 1./ ¢ ! 1./ /2Ude /QUdE
evde =cor —,evde:caT € — =cCoT € —
€ € €




INVERSE COMPTON
FULL DERIVATION POWER FOR SINGLE SCATTERING

/ / /

dEl_ A € v /2Ud€_ ,2Ud€
—— = c o7 evde =cor —/evde—caT € — =cCorT € —
dt € € €

dE
e = ey(1 — Beosh) d—tl = c o v° /(1 — 0 6089)26 v de




INVERSE COMPTON
FULL DERIVATION POWER FOR SINGLE SCATTERING

K!

/ / /

dEl_ 1,11, € s /2Ud€_ o vde
—— = c o7 evde =cor —/E’UdE—CO'T € — =cCorT € —
dt € € €

dF
e = ey(1 — Beosh) d—tl =cop Y’ /(1 — 3 cosf)?e v de

(isotropic photon distribution)

Wl =

<cos >=0 < cos’0 >=

1
<(1-p 6089)2 >=<1—2 3 cosh + 3% cosf? >= 1+ 3 32



INVERSE COMPTON
FULL DERIVATION POWER FOR SINGLE SCATTERING

dFEq

W:canyQ /(1—56089)261)(16 UradE/GUdG

1
< (1= cosf)’ >=<1—2 3 cosf + 52 cosh? >=1+ 3 B

@ =cCcoT 72 (1 _|_ §52> Urad Total power in the radiation field after IC

dt upscattering of low-energy photons




INVERSE COMPTON
FULL DERIVATION POWER FOR SINGLE SCATTERING

dE
d_tl:chny /(1—60089)261)(16 UradE/GUdG

1
< (1= cosf)’ >=<1—2 3 cosf + 52 cosh? >=1+ 3 B

dFE; 1
— 2 _ 2 , Total power in the radiation field after IC
dt = C o ’7 1 _|_ 36 Urad upscattering of low-energy photons
dFE4
- Initial power of photons in the
dt ¢ 07 Urad > radiation field

dt converted into increased radiation

dErad —cor Urad |:,)/2 (1 + é62> _ 1:| Net power lost by the electron and




INVERSE COMPTON
FULL DERIVATION POWER FOR SINGLE SCATTERING

dErad 1 1 1
I = COoT Urad [’)/2 + §7252 — 1] = COoT Urad [(’72 — 1) =4 3’}/252] =COorT Urad [72ﬁ2 - 3’}/252]
- dE 4
u rad . P _ 2 2
"‘ — L'compt — 0T C7 6 Urad
dt Pt 3
Net power lost by the relativistic electron
and converted into increased radiation
L - —
dErad 1
2
= —0r C evde (B=1
= ; Y ( )

dErad 1

= :§0ch2 < €> /vdezaTc <€ > /vde
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THERMAL SUNYAEV-ZEL'DOVICH
EFFECT

N DBEFORE AFTER

N .
“CMB photons I Y %igg e Inverse Compton effect

Galaxy Cluster

7 N

X-ray emission:
thermal intracluster medium

Thermal SZ effect

T, =273 K

hug,, = 2.70 kT = 6.4 x 10 *eV




INVERSE COMPTON SCATTERING

1/2
hy' = (ﬂ> hv First Doppler shift

1—p
- hy'
Ve = / C in S’
1 4 %152 ompton scatter in
1/2
hv, = ﬂ hi' Second Doppler shift
1—-0 5
AR SR AR CE AV R Y. o
i-5) “\i-5) “\igst” “u-m 5o 7
~ hy' hv
~ /o A2
T hvs = 2vhvg = 2y S~ 4y e




THERMAL SUNYAEV-ZEL’'DOVICH
EFFECT

Sunyaev-Zel’dovich Effect

Isotropy of CMB —

total number of photons
arriving at the observer
unchanged

BUT

some of them have
undergone scattering

Fig.9.7: Astrophysics Processes (CUP), © H. Bradt 2008
(b,d) R. Sunyaev & Y. Zel’dovich in ARAA 18, 537 (1980)
(c) E. L. Wright, pvt. comm.



ENERGY TRANSFER IN THERMAL ICM
COMPTON PARAMETER

y = (average fractional energy change per scattering) x (mean numbers of scattering)

YA € ok L
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ENERGY TRANSFER IN THERMAL ICM
COMPTON PARAMETER

y = (average fractional energy change per scattering) x (mean numbers of scattering)

AN akT
—_— B >
€ cC
€ |:1 €
€1 = ~ —
T+ 5 (1 — cost) - mc?
— el — —5(1—cosl)| —¢
LTE Al ) zl—i(l—cose)—l

€ € mc?

A
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ENERGY TRANSFER IN THERMAL ICM
COMPTON PARAMETER

y = (average fractional energy change per scattering) x (mean numbers of scattering)

Head-on collisions

1/2
hy' = (ﬂ> hv First Doppler shift

Compton scatter in S’ € ~ ve << mc’ —X 6/1 —he

1/2
hv, = <ﬂ> hi' Second Doppler shift

Av _vs—v 20
(V>+_ v _1_5




ENERGY TRANSFER IN THERMAL ICM
COMPTON PARAMETER

y = (average fractional energy change per scattering) x (mean numbers of scattering)
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COMPTON PARAMETER

y = (average fractional energy change per scattering) x (mean numbers of scattering)
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ENERGY TRANSFER IN THERMAL ICM
COMPTON PARAMETER

y = (average fractional energy change per scattering) x (mean numbers of scattering)

A€ € I@M

€ mec?  mc?

Photons & electrons are in thermal equilibrium & interact only through scatter:
no net enerqy transferred from photons to electrons < Ae>=0

N(FE) for thermal distribution of ultrarelativistic particles
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COMPTON PARAMETER

y = (average fractional energy change per scattering) x (mean numbers of scattering)
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ENERGY TRANSFER IN THERMAL ICM
COMPTON PARAMETER

y = (average fractional energy change per scattering) x (mean numbers of scattering)
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y = (average fractional energy change per scattering) x (mean numbers of scattering)
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y = (average fractional energy change per scattering) x (mean numbers of scattering)

YA € ok L
— = | TICM neordl
0

€ mec?  mc?



THERMAL SUNYAEV-ZEL’'DOVICH
EFFECT
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Fig.9.7: Astrophysics Processes (CUP), © H. Bradt 2008
(b,d) R. Sunyaev & Y. Zel’dovich in ARAA 18, 537 (1980)
(c) E. L. Wright, pvt. comm.
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