Emission mechanisms
Part |

Some reference textbooks + pubs:

« Bradt, “Astrophysics Processes”, Cambridge University Press

* Rybicki & Lightman, “Radiative processes in astrophysics”, Wiley

» Ghisellini, “Radiative processes in High-Energy Astrophysics” (arXiv:1202.5949)
& Lecture Notes in Physics 873 (Springer)



» Radiative transfer: basics

* Black body radiation

* Bremsstrahlung emission

* Synchrotron emission

« Compton scattering (Inverse Compton)

 Cherenkov radiation



Decrement of radiation from a source while passing

dlv = _av Iv dS through an infinitesimal path of length ds
O =N O Absorption coefficient [length-']: density of absorbers
v v times the cross section of the absorbing process
dTV =, ds =n O, ds Optical depth (opacity)
T,>>1: optically thick case
d]v — jv ds Contribution from the emitters along ds
Source function: emissivity/opacity ratio
S =7 /a —=j] =a S Thermal equilibrium: S,=Planck function
v = Sy Jy i = Kirchcoff’s Law

dl

Absorption+Emission d; =—-Q, IV +jv




Only absorption

Absorption coefficient assumed constant

d]v =—-Q, IV ds — —d[ = —f d‘L’ across the width of the layer
I I
T lo,=intensity of the radiation before
I 1 7 — U passing the absorbing layer
] =[], = Iy=1Iy,,

S
dl, = j,ds =1, =1, + [ j, ds

S=total emitting path

4

lo v=intensity of the radiation
before passing the emitting
layer



Radiative transfer: basics. ll|

Both terms and thermal equilibrium

N F S VR I S
ds o, ds d‘L’ o

I(t)=1,,¢e™+ f e "TIS (r' ) dT', =1, e +S, (1-e™)
0

A o p 45 s dl,

= §, = Planck function

dt, ’ dr,




dt,=a. ds S =j /la :
ool v.oave v Detailed

dl, =-a, [ ds+jds=-1dt, +S dt,

dl, +1dtr, =S dt,

e (dl,+1 dr,)=e" (S dt,)

de™I)=e™dl, +1e™dT,

— d(e™1,)=e"S dt,

starting point for the integration: 7, /

vy “v.,0

eI, -1,,= fe’V'SV dr,'
0
e (@ ], ~1,0)=1,-1,e"=[e™™S dt', =S, -S, e™ =5, (1-¢™)
0

TV
— [ (t,)=1,,¢e"+ f e ™S dr! =1, e +S,(1-e™)
0



IV’O - O — IV(TV) = Sv(l_e-’b’v) = JVSO

T, >> 1 — 1/

T, <<1—1[

jvSO
T

4

jvSO

a9,

14

(1-e™)=j,S,

Optically thick regime
typically at low v

Optically thin regime
typically at high v

From a thick source we are
seeing the emission from a layer

of width Sy/T,, which is optically
thin.

- We always collect radiation
from a layer of the source, down
to the depth at which the radiation
can escape without being
absorbed (1,=1)



Blackbody radiation

Black body radiation arises when matter is optically thick and photons
scatter many times before encountering the observer.
Particles and photons share their kinetic energy in a continuous way.

In perfect thermal equilibrium: (3/2) kT=<1/2 mv2>=h<v>
Local thermodynamic equilibrium (LTE) in the atmospheres of stars.
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2hv° 1

[(L,T) =
C

hv/kT
e —

Planck radiation law (Planck function)
Specific intensity

Rayleigh-Jeans approximation
hv<<kT (Taylor expansion:
eVkT=1+hv/KT)

Wien approximation (law)
hv>>KT, e"VkT>>1

Peak frequency
hVpea=2.82KT
Vpeak(HZ)=5.88 X 1079 T(K)

CMB peak=1.06 mm

[W/m?2/Hz/sr]
)2
I0,T) == kT < v°T
C
2
I(v,T) = hv” )
C

> 0SB 4 Integration over
I(v, T)dv = —T -
0

— frequencies
2mok*  ogg: Stefan-
OSB = Boltzmann
2hL3
15c2h constant




I(T) [erg s em®Hz 'sr']

Frequency v [Hz]

Log-Log plot of the black body law

hv<<kT: R-J approx.:
power-law with slope=2

hv>>KT. Wien approx.:

Wien

Brightness temperature

C2I 1 RJ
7, - €I0)
2kv




Spectral energy density
A7 8mwhus 1 sum of the energies of photons
pv, T)=Iv,T) — = 3 hu/kT _ 1 | contained ina volume per unit of
¢ ¢ € time [J/m%Hz]

Total energy . 1 . 4
density W(T) = / w(v,T) dv = il Iw,T) dv=-05gT* = aT*
spectral energy 0 C 0 C
density
integrated in a = a2l
frequency [J/m?3] ¢

Real objects never behave as full-ideal black bodies, and instead the
emitted radiation at a given frequency is a fraction of what the ideal
(black body) emission would be.

Black body emission occurs when t—«, deviations are due to finite
opacities and surface layers effects

4

Grey body (capacity of emission and absorption at any frequency less than
100%): S(v)=v3*B, where B=emissivity index=1-2




Bremsstrahlung
(“braking radiation” — free-free emission)

The ion (charged particle)
is usually the atomic
nucleus

4|

Coulomb collisions between electrons
and ions in a plasma produce photons
Electrons are accelerated by the
Coulomb forces and lose energy via
radiation

This is the bremsstrahlung (or free-
free) emission (because the electron
is free before and after the collision)
= deflection (acceleration) of the e
If the gas is in thermal equilibrium, ion
and electron velocities obey to the
Maxwell-Boltzmann distribution.




_ 5113 v kT Volume emissivity:

] (U T) X g(U T)n T ‘e power emitted per unit volume
v ? ? e

of the plasma at some

h=Planck constant f:cequency mn ltm't Olf
k=Boltzmann constant requency ihterva
G(v,T)=Gaunt factor: takes into account
. . hydrogen plasma

exact quantum mechanics calculations [W/m3/Hz]
(quantum effects+Debye screening) =
unity for a large interval of param.

~\3/1T In(2.25 kT/hv)

if Z=1, T>3 X 10° K and hv<<kT

21/ —hv kT Specific intensity
I(U’T) X g(v,T)ne T (4 A hydrogen plasma
[W/m?2/Hz/sr]

N=thickness of the plasma
along the line of sight
41rl=j, N\




Classical approximation: the energy loss of an electron, integrated over an
entire collision, is only a small fraction of its kinetic energy

- T=optical depth <<1 (optically thin plasma)
* ion acceleration<<electron acceleration:
e traveling through a region of static electric field (ions move slowly)

=
[ e—

@

The interaction can be treated as elastic collision of duration At=(2)b/v
The power radiated by the accelerating particle is given by the Larmor formula

P - — b=impact parameter:
—e projected distance
b of the closest approach

of the e to the ion at
a given encounter




Larmor formula: emitted power (integrated over all angles)

1

) 2, 3 Total power [W=J/s=energy/time]
g-a(t)/c v<<c

P(t) =

Ore,,

go=permissivity of the vacuum
g=charge of the particle
a(t)=acceleration of the particle

=
[ e—

@ Total energy (J/collision) radiated

by a single electron of speed v

] P 2266 as it passes an ion of charge Ze
Q(b,V) = 3 53 (Z=atomic number) with impact
(47‘[80) 3c’mb’v parameter b

Faster e- spend less time close to
the ion




Some details

1 F 1 (Ze)e
F = 99> 5 Coulomb force 2 d= = ( )2
4e 0o T m 4me 0 mr
Small deflection: the e~ loses only a ] Z€2
small part of its E,;, a .. = >
Closest approach = b = 47‘1780 mb

Collision time: 1,=b/v
assuming constant acceleration=max
all happens at small distances (but Debye screening from other electrons...)

y 1 e* 7 1 e°
b.v)= | P(t)dt = (1) dt = i
0by) = | Pt =5 [ a(dt~ =5 ar,.,

—00

Energy radiated per collision

|:> Q(b,V) 1 2 ZL'e

" (4me,)’ 3P mby



Case of single-speed electron beam

Case of one ion and a parallel beam of electrons of speed v intersecting
a narrow annulus of radius b and width db

Lly

Electron
flux

lll| |l
¥

)

Area of

annulus
2mwh db

Electron flux (electrons/m?2/s) n v

e

Number of e- per second striking this area n,v 27b db

Emitted power/ion Q(b,V) n,v 270 db

Angular frequency w

wz%b =\/bev=%n=%nb %db=—%m/2dv




Case of electrons of many speeds

Maxwell-Boltzmann distribution describes the probability of having e- of
speed v for a non-degenerate gas

- 3/2
P(V) =( ) e—mv [2kT
2akT

Probability of an e- having speed v P(v) x (volume of a shell of velocity v)

in the interval dv =P(v) x 4av° dv

Total power summed over all speeds=
power emanating from each ion at frequency Vv in the band dv...

1 2 Z%e° v \% \%
— n
(4me,)’ 3c’m’bv ¢

... X Maxwell-Boltzmann distribution of velocities

Qb,v) n,v 2mb db =

2v 27y’




Spectrum of emitted photons

Multiple ions and electrons, having a Maxwell-Boltzmann
distribution of speeds

172 _ v (KT
e

2 6
/e J
;3 1.1, 7172 v

1 32( 2x°
(4me,)’ 3\3m’k) ¢

Volume emissivity [W/m3/Hz] — power emitted in all directions

J,(w)dv = g(v,T,Z)

— 5 | | ' T Theoretical continuum
e 0= thermal
S P el X-ray bremsstrahlung emission
g | Xponentia ) .
= (from H. Bradt, “Astrophysics
= T=3x107K Processes”)
W _46 - ni= Ne = 106 m™3 ]
—
10 12 14 16 18 20 L.
Log v (Hz) If >>1 =» black body emission

Figure 5.5. Theoretical continuum thermal bremsstrahlung spectrum. The volume emissivity (37)
is plotted from radio to x-ray frequencies on a log-log plot with the Gaunt factor (38) included. The
specific intensity /(v, T') would have the same form. Note the gradual rise toward low frequencies
due to the Gaunt factor. We assume a hydrogen plasma (Z = 1) of temperature 7 = 5 x 107 K
with number densities n; = n, = 10° m=3.



Integrated volume emissivity
Total power from unit volume integrated over frequencies

jv (U,T) e g(U,T,Z)Zznenie_hv/kTT_l/z

Integration over frequencies

j(T) = f j,@)dv =consxg(T,Z)Z’n,nT " fe"h”/dev
0

0

‘ J(T) =fjv("U)d”U X §(T,Z)Z2neniT”2 [W/m3]
0



(Wm3ul)

Log (j,/ng?)

An example of bremsstrahlung spectrum

E (keV)
1 2 3 4
34 - Theoretical calculation of the
T I volume emissivity/n?,
O+ Mg*™ Sit13 S*14 ‘

bremsstrahlung emission

(from H. Bradt, “Astrophysics
Processes”)

Vi 4
! 5

' ) o N 2
! ) X lg=1.5 X100~
! / 7

H atoms/m?2

(interstellar gas)

40 !

kT



Free-free absorption

A photon can be absorbed by a free electron in the Coulombian field of an
atom: it is the free-free absorption, which is the absorption mechanism
corresponding to bremsstrahlung. Thus, for thermal electrons (equilibrium):

| Kirchoff law. . Kirchhoff’s Law (relating emission to absorption
| = =Q, for a thermal emitter) if the underlying particle
Jv
distribution is Maxwellian & Planck function (B,)

a,(v,T)=j, (v,T)/Bw,T)xZ’nnT 1= v

Absorption coefficient for a plasma emitting via Bremsstrahlung (how
effectively the gas absorbs its own radiation)

hv>>kT a, X U_3T_1/2 At low frequencies, matter in thermal
equilibrium is optically

thick to free-free aborption, becoming
h<<kT |  ocp?T 7 thin at high frequencies

RJ regime v

optical depth | T, =fOCUdl




Bremsstrahlung + Equation of transport (l)

T,6>> l—1 =B Opt. thick regime

14 14

|

v.brem

- B,(T)(1-¢™)

T,6 << 11— Iv = BVTV Opt. thin regime

BB emission

2
hvikT<<1, opt. thick | [, =B & v

RJ approx.

. 2 2, 2/=3/2
hv/kT<<1, opt. thin ]v - BvTv X VT, XU (VT / ) = Ccons.

iT>>1,opt. thin | |[ =B (T)T, = (WY (T %) oc @K

T, in the two regimes from previous slide



Bremsstrahlung + Equation of transport (ll)

1£-16

Planck

. F"“*—'._-__ g

TK1

Hil Region

N\

optically thin

1E-17

T> 1

S —

optically | |
thick=v?2 | |

Intra-Cluster Gas (x 1048)

1E-18 +
1.0E+07

1.CE+D9

1.0E+11 1.0E+13

v (H2)

1.0E+15

1.0E+17




I ' I I I ' I I I ' I I I '

O [FT=10" K ne=10" cm
- black—body

Log I

Absorption coefficient for a plasma emitting via Bremsstrahlung (how
effectively the gas absorbs its own radiation)

At increasing densities, the spectrum is self-absorbed up to larger and larger
frequencies



Bremsstrahlung: cooling time

For any emission mechanism, the cooling time is defined as:

[

cool —

E

dE/di]

where E is the energy of the
3/2n,+n)kT - .

HIl regions: t.,o=1000 years

(ne=100-1000 cm-3, T=1000-10000 K)

Clusters of galaxies: a few times 100 years
(ne=10-3 cm-3, T=108 K)

T2yr

emitting particle (thermal) and

Bremsstrahlung
emission

. dE/dt the energy lost by radiation.
]U (T) gy y
6x10°
cool —
eZ gﬁ‘

< Radio image of the
Orion Nebula

X-ray emission of the
Coma Cluster -




Bremsstrahlung: polarization

Bremsstrahlung photons are polarized with the electric vector
perpendicular to the plane of interaction.

In most astrophysical situations, and certainly in case of
thermal bremsstrahlung, the planes of interaction are
randomly distributed, resulting in null net polarization.

For an anisotropic distribution of electrons, however,
bremsstrahlung emission can be polarized.




Synchrotron emission

Synchrotron radiation (or magnetic bremsstrahlung) is due to relativistic
electrons spiraling around magnetic fields. The magnetic force g(vXB) causes
the electrons to be accelerated, then to lose some of their kinetic energy
via photon emission. While in bremsstrahlung emission the electric fields
(Coulombian forces) provide the accelerating forces, in synchrotron emission

magnetic fields do the same.

F =qg(V x B) ‘&

electron

e
Ly

/ stie fle e
magnetic field ] x-ray
- w v

b




=q(V X l§)

(S.l. system)

o
g
r“q
» 0

—

=

B, N SR
Y
o

(€)

e N A
it ~ Ty —
Al f A
/ ' .| \
\ ," \ _‘ .\_..

Beaming due
to aberration
(headlight effect)

veloclty ——, _~88=3

vesior ::‘:_._-'4 :;‘.{" Q=1/Y=
5% .8snsSemi-aperture
of the beam

@: pitch angle between v and B

The force is always perpendicular to the particle velocity, so it does not do
work. Therefore, the particle moves in a helical path with constant |v| (if
energy losses by radiation are neglected). The orbit is characterized by

ymv,  ymv sInQ@
gB  qB
' B
VoY _ 4 [rad/s]
" ym

Radius of gyration

Lorenz
factor

F F

Gyro-frequency (cyclotron frequency)

Synchrotron properties
This emission depends on the electrons’ energy properties

It is not possible to associate a temperature to the electrons = non-thermal emission
The originating electrons are not in thermal equilibrium with the surroundings




Cyclotron radiation

Radiation from a non-relativistic electron in a magnetic field
(centripetal force)

2

P() = —dE Idi = (2/3)L-a(1)?  tarmour formuia
C

Cl(f) =F/m = qle/cm Lorentz force

(c.g.s. system)

4

—dE /dt = (2/3)—L—v?B’
m c




Synchrotron radiation
Radiation from a relativistic electron in a magnetic field

2

P(t) = —dE /dt = (2/3)q—3)/261(f)2 Larmour (relativistic case)
C

4

~dE /dt = (2/3)—L— g*y*B? B=vic. B =Bsin(@)
m c

2

) 2
Thomson cross-section: o, = (8/3)ar, = (8/3)%( e )
m,c

4
[:> —dE /dt = (2/3)—L—B>y*B> = (c /4m)0,B’y*B>

2.3
m c

=

: 1 :
<Slné>av=ﬂ f81n2d9=2/3 |u:> —dE/dt=é B’y’B’

sphere



Energy loss by a relativistic electron
in terms of magnetic energy density

P=—a’E/a’t=i

3

TcﬁzyzUB

UB — B2 /8,77: magnetic energy density (J/m3)

Critical (characteristic) frequency:
the shortest time period (the pulse
duration) sets the maximum frequency

as seen by the observer
=> at v>v,,;; there is “negligible” emission

LogFv

>
v, logyuviv,

Vmax=V0=( 1/3 )Vcrit

E =ymc’
3 B 3 eB
Ucrit=_yze = = e3l5 E2
47 m,c 4w mc




Synchrotron emission from an ensamble of e-
Radiation from a multiple relativistic electrons in a magnetic field

Emission from one —dE /dt = ico'
electron !

/32,)/2UB e E2B2

Number of particles (e°)

as a function of energy | N(E) = NOE_{5

S over a large range of v
(energy distribution)

0=2.5 for cosmic rays ]

Approximation: v=v_ U

crit

U 1/2
~vx E°B —E oc(—)
B

o . Je(E)dE = j,(v)dv =
Emission from multiple
electrons =(-dE /dt) x N(E)dE

« B°E°N,E°dE

240 2-0

mms) ;i (E) < B°’E’N,E =N,B*’E®® « N,B 2 v ?




Je (E)dE = j (v)dv

dE ( )1/2
dv dv B

dE _ B_1/2U_1/2dv

240

2-6

jo(E) x N,B *

[I—

=N,B

U 2

ol 1=
2y 2

1:1 relation energy-frequency of the photons

relation between dE and dv

Volume emissivity per Joule [W/m?3/J]

240 2-0
dE

Jo@) = jp(E)— =« NoB 2 v 2 B! 5
dvu

1 -
=NOBOC+U (04

where a=(0-1)/2=spectral index=log slope of the photon-energy spectrum




Single electron

logyF

Multiple electrons

log,,F

>
’ v, logyviv,

sum of individual contribution:

contributions from individual electrons
log,, Vv

— N BO{+1

I(V) o N B(5+1)/2



Synchrotron self-absorption

If the energy distribution of the electrons is non-thermal, e.g. a power law,
N(E)=NyE°, the absorption coeffiecient cannot be derived from the Kirchhoff’s
law. The direct calculation needs Einstein’s coefficient yields (describing the
transitions among energy levels in atoms), and leads to:

0+2 O+4
- ] > - ] < —_— —_——
poptically thick (r>1) optically thin ((;1 1) MS(V) o NOB 2 gy @

B,(v) xv>"*H™"? B,(v) x v “H 2

Radiative transfer
Js()
4 S (V)

Brightness of a synchrotron source

V-G

log flux

Bs(v) = (I-e™")

Log v

In the optically thick region, the
spectrum is independent of &

The transition frequency (thick/thin regime) is related to B and
can be used to determine it



Optically-thick regime

T,>1—=>B(v)=1

Optically-thin regime

Ba+lv—a B 5 Vv

o0+l E
2

0+2

o0+4 0+2 o+4

B?v

a+l. -a

V

2 B2V2

0 +1

T <<l —=B,(v)=1 «

Ug(v)

7. (V)=B2v™

B

-1/2_. 5/2
14



Synchrotron polarization

Projection of magnetic
fieid onto sky

/

Radiating
particle

B

observer

Plane of the sky

For a power law distribution of emitting particles,
the degree of polarization is
[M=P/I=(36+3)/(306+7) for the optically thin region

This is actually un upper limit, because the
magnetic field is never perfectly ordered.

[1=3/(166+13) for the optically thick region

The radiation is (linearly)

polarized perpendicularly

to the projection of B on
the plane of the sky

1Illlllllllllllllllllllll

Polarization (opt. thin)

0.2 —




Synchrotron cooling time

(Electron’s rest mass

is irreducible) = TTTTUgpe-l

The cooling time is:

For the interstellar matter
(B ~ afew pG, y~104): 7~108 yr

For a radio galaxy (B~10° G, y~10%):
T~0.1 s = continuous acceleration



Thomson scattering

Thomson scattering: elastic scattering of photons from free electrons in
an ionized or partially ionized gas. The scattering is elastic provided the
energy of the incoming photon is much less the rest-mass energy of the
electron, otherwise some energy would be imparted to the electron.
Thomson scattering cross-section is independent of wavelength (“grey”).

Eph << mec2 Condition for Thomson scattering

2

m,c

62 ?
o. =(8/3)ar’ =(8/3 =
Thomson cross-section r = )7 = ( )n(

= 6.65x10 % cm?



Compton scattering

Compton scattering treats the collision between an assumed stationary
electron and a photon, which provides energy to the electron. The photon
moves to longer wavelengths because it loses energy via the interaction.

E oh = m,c 2 Condition for Compton scattering
o Wavelength shift
__\\\c«‘“’ E (energy/momentum conservation)
incident photon EO e
10 h
) A-A, 35— -cos)
g ¢ m,c
O
sattered - Compton wavelength=
=2.43 %10 cm

Fractional shift (A-Ag)/A substantial only at short incoming wavelengths




Energy conservation (where the electron rest energy is m.c?, and
its recoil energy is ym.c?)

2 2
hv,+ m,c” =hv + ymc

Longitudinal momentum conservation (where the momentum of
the electron is p=ym. v=ypm.c)

v, _ @cosﬂ+ yPm ,c cos D
c c

Transverse momentum conservation

0= @sinﬁ — yPm c sin P
C




In the electron rest frame, the photon

changes its energy as:

E = £,

E,

2
m,c

1+ (1 — cosﬁ)

<«———— before scattering

larger E, (comparable to m.c2),
larger scattering

%

The cross section is the Klein-Nishina

3
(0} =0, —
VT4 3 | 142x

1+x{2x(1+x)

—In(1+ 2x)}

X In(1+2x) 1+3x
2x  (1+2x)

a/a,

0.1 1 10 100 10° 10*
E (keV)

Oy —> 0, for x—0

O xy z%OT%(ln2x+1/2) for x>>1

=>GKNOC%Z'



Inverse Compton scattering

Inverse Compton scattering: a high-energy electron inelastically scatters
off a lower energy photon, the result being a loss of kinetic energy for the
electron and a gain of energy for the photon (moving to higher frequencies)
=>» photon upscattering (mechanism at work in e.g. binaries and AGN)

Eph << )/mecz Condition for Inverse Compton scattering

Electron rest-frame (S’) — moves with the electron
= Energy of the scattered photon determined

Transformation back to the lab rest frame (S)
= Final energy of the scattered photon




{(a) Before collision in S
S
SI

}——— (3 Highly relativistic electron (v~c) against low-energy photon

S

h . .
. before collision

-l
Radio photon

2

(b) Before collision in S’
Normal Compton scatter

(c) After collision in S’

S!

g’ g’ hoton backscattering and E to e- .
M s i Before/after collision
at rest
S /
(d) After collision in S
S g— 8 5 S
| —p y .
Jua 2 ? After collision
S ‘

Optical or x-ray photon

Electron rest frame
Head-on collision
Photon Doppler shifted

1/2
1+ /)) (b)

hv'= hv

Electron at rest
Classic Compton scattering
in case of back-scattering
(©=11), energy given to e

hv'
2hv!

2
m.c

e

!

hu,
1+




hv

hu, = o

2
m,c

1 + (1-cos)

O=m > _ hV
hu = 2hv

2
m.c

hv'
2hv!

2
m,c

1+

!

:>hUS —

1+

vg: frequency of the scattered photon




{a) Before collision in S
S| —=p
S vy mc? hy
| —p 3 -
A = = £ _ Radio photon ?
/
(b) Before collision in S’ (c) After collision in S’
R g’
L] - NN -t AN
e hy’ € h Vg
atrest
(d) After collision in S
S g’ l_> ,B hVS
| —p
>
e b
/ 7
Optical or x-ray photon

Lab rest frame
Second Doppler shift
(the scattered photon velocity
IS in the direction of S’)

Energy gain in the two Doppler shifts >> loss of energy

Highly relativistic electron
(B=1 or y>>1)

1+[5 1/2
1-p

/3—«12)/



Some calculations (l)

1+B)" _1+p" 1+p” _ 1+p
= 1/2 /2 = iz =Y+ p) ?2)/
-8 ~a-p”a+p”  aA-p) pei
1 \1/2
) +p hvm ¢’
@ hw'  hw'mce” 1=
20" mc? 420" 1+8)"
1+m02 ‘ m,c’ +2 1+ﬁ) hv
; \1-5
\1/2
I/ hfumec2 (b,c.d)

) 1+[)) 1/2 ) 1+/)) 1/2 (1_/3/ )
hvs_(l—ﬁ) @_(1—/3) )
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Some calculations (Il)

2 2 2
hUS — 4)/ 2h’vmec _ 4)/2h’U ’2/”66 _
m,c” +4yhv m,c” +4yhv

2 2
m,c m,c

2 -1 -
=4y2hv(mec +4yhv) =4y2hv(1+4yhv)



) hvg = 4yho|1+

hv z4y4—2%v =4

4vhv h

2
m,c

Single IC back-
scatter (y>>1)

4yhv<<m,c?
often satisfied

U

2
m,c

2

hv

Single head-on
scatter (y>>1
and 4yhv<<m.c?)

U=total initial (rlést+kinetic) energy of the electron=ym_c?

/
/

The final energy of the photon is increased by a factor y?

(Doppler shift transformations)




Average over all directions: in a real source, the electron will collide
with many photons with various directions and impact parameters

_ 4 9 h Scattered photon average energy
Siso — ¢ MU (v>>1 and 4yhv<<m,c*)

3

hv

Example: Crab Nebula
y2=4 x 108
milli-meter photon of v=300 GHz
= vs=1.6 X 10%° Hz (y-ray band)

Electron up-scatters (boosts) the photon




Rate of electron energy loss
Single electron and many photons

Observer’s frame (approximate case)

dE
dt

=~ GTnphC(hUS,iso)

P

Number of interactions per second Energy of the photon
(averaged over all angles)

dE = i’)/2htvczv()’TnphC

= Ndt ). 3

oy fine until E;, in the electron rest frame S’ << m,c?: 2yhv<<m,c?
hu,, to consider that photons have a distribution in energy



Energy density of the photons U

ph = nphhvav

AdE 4 Rate of energy

—_ —— ~ — 232 loss by electron
l[:> d 3 r¢Y E]Ph due to IC [W]
4 IC

Loss of energy similar to that (Yhv<<m,c?;
of the synchrotron emission hva,<<hvg iso)

to obtain the ‘correct’
expression

Assuming a thermal M-B distribution for the electrons (E;,=<mv?>/2=3kT./2),
the mean percentage energy gain of the photons is

AE _ 4kT - E, 4kT > E, — Energy transferred from electrons to photons
E, me?> 4kT < E, — Energy transferred from photons to electrons




Inverse Compton scattering: volume emissivity
Population of relativistic electrons, each of energy ym.c?,

with y>>1, in a sea of photons with energy density U,,, and photon
energies negligible compared with the IC upscattered energies

4 5 7 Integrated volume emissivity
| = — W/ms3
Jic = €Y ﬁ n, Uph (Wi

3

(VhV<<meCZ, hVav<<hVS,iso >
significant energy increase)

N(E)=NE® == j (v) oy @72 =y



|IC cooling time

The formula for the energy losses by a single electron is identical to the

synchrotron one, once U, replaces Ug
Therefore Pc/Pgn=Uy/Ug

|IC losses dominate when the energy density of the
radiation field is larger than that of the magnetic field (U,,>Ug=B4/81r) —
“Compton catastrophe”
T>1012 K: the Compton luminosity dominates over the synchrotron
luminosity: the source irradiates via Inverse Compton emission and t is
very short

t (y -Dmc?

cool = 4

Cooling time 2 02
? S OreUpr’ B,

U ag=UgynctUpn, Which may be very short for relativistic
electrons in a strong radiation field



Comptonization

A population of photons encountering a region of free electrons will
find its spectrum modified as a result of IC scatters.
If the electrons are more energetic, the photons will, on average,

be scattered to higher energies.

If electrons are less energetic, photons will be down-scattered.

The modification of the photon spectrum by Compton scatters

is called Comptonization.

Electrons may not be relativistic.

Comptonization parameter

y=[average fractional energy gain per scatter.] X [average # of scatterings] =
y =AE/EO X Nscatt
Non-relativistic electrons: the mean energy gain of the photons is E = E, eY

To derive the spectral shape, one has to solve the diffusion equation, also
known as the Kompaneets equation



Some applications of Comptonization in
astrophysical contexts



Synchrotron Self-Compton (SSC)

SSC.: relativistic electrons in a magnetic field produce synchrotron radiation.
If the radiation energy density of synchrotron photons is intense,
the photons will undergo IC scattering by the same electrons that

emitted them in the first place.

Synchrotron

Synchrotron _
® nebula

photon

Twice scattered IC

— photons:

the photon is boosted
by a second y? factor

Limit to the maximum T of e- in the nebula emitting
via synchrotron (T,,=10'?K) =» Compton limit
(catastrophe) = Inverse Compton dominates the
radiative processes, the source emits most of the
emission in X-rays, and the average life of electrons
is very short =» fast cooling

T,=1012 K is the
maximum allowed T
for a compact source
emitting via incoherent
synchrotron

dE
Cage U

dE
(?) synch
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SSC emission may be relevant in Blazars, where two peaks are
actually observed. The first peak is due to Synchrotron, the second
to IC (either SSC or external IC, i.e., the “nature” of the photons
can be varied) — full description later in the course
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Compton scattering: polarization

Compton scattering radiation is polarized (but less than Thomson

scattering. Polarization decreases with hv/mc? in the reference frame of
the electron).

The degree of polarization depends on the geometry of the system

In Blazars, the radiation field
may be either the synchrotron
emission (SSC) or the thermal
emission from the accretion
disc (external IC).

The polarization properties are
different in the two cases: while
in the SSC the pol. angle of IC
and Synch. are the same, in the
external IC the two are no
longer directly related.



Sunyaev-Zeldovich effect

IC

SZ effect: distortion of the black body spectrum of the CMB owing to

interaction of the low-energy CMB photons with the energetic electrons

in the plasma of a cluster of galaxies

©
Log !

Distribution of scattered
(b) photon energies for a
monochromatic beam

" [ 1000 p———rrrq —r—r—rTTTrT T
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y = 0.15, Exact
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CMB photons are Comptonized by
the IGM in Clusters of
Galaxies. As a result, the CMB
spectrum in the direction of a cluster
is shifted by
AlJl, = -2y
(R-J regime)

t~0,(n,)R=107 10"

Av  4kT
Y T 25%107
v mc
kT
y = fneGsz( ez) ~107 -107"
m,c

y=Comptonization parameter

measures the strength of Compton scattering

The S-Z effect is potentially a very efficient tool to search for clusters and,
when combined with X-ray observations, can be used to estimate the
baryonic mass fraction and even the Hubble constant




Moving to even higher energies (Very High
Energy, VHE, and TeV domain)...



Elevation (km)

-
Q

Cherenkov radiation. |

It occurs when a charged patrticle passes through a medium
at a speed larger than the speed of light in that medium

Top of the atmosphere

y-ray = pair production and secondary particles
(air shower) =» faint short-lasting (3—5 ns) beam of
blue light (Cherenkov radiation) detected by large
telescopes on the ground

cosB=c/(v X n) [v=velocity of e.g. the electron,
n=refraction index in the atmosphere]

It is used to detect high-energy (~TeV) y-rays
(e.qg., Veritas, HESS and Magic telescopes)

RX J1713.7-3946 RX J0852.0-4622 I




Cherenkov radiation. Il

@) y-rays () nuclear
cosmic rays

atomic
nucleus

e -photon
cascadeg+

"
electromagnetic
cascade

nuclear
particles \_

atomic
nucleus

electromagnetic
cascade

et

Cherenkov |- . o
Juclear light image | .- : N
particle

electromagnetic
cascades

af 1
¥ =cos | —|, B=V/c o
g sscope focal plang
n —
v>cin Huygens’ construction for the wavefront of
coherent radiation of a charged particle moving at
constant v>c/n (n=refrective index)

n=refraction index of the air (>1); Vjignt(atmosphere)=C/N
VIight(atmosphere)=Vphase,Iight<VreIativistic particle: Cherenkov Ilght
0=1 deg; shower maximum at =9 km for TeV photons (=200 m diameter)
Nuclear primary at =7 km and penetrate closer to the ground

310




Cherenkov radiation. |l

Y-ray photon (E;) = Electron-positron pair = Bremsstrahlung + pair
production interactions lead to the generation of an electromagnetic cascade
Below E-=84 MeV ionization losses dominate = mazimum number of
particles in a cascade is given by Ey/Ec

Cosmic rays — charged, relativistic protons and nuclei — produce more
complex cascade developments in the atmosphere

Stereoscopic imaging technique

100 GeV 100 GeV |3 )
photon proton Telescope field of view
\ 2
1

i \ 10km
L4
{ u({\\
/ \\
6 | f Shape, intensity,
' , orientation of the
Holder (2015) review | image from each

130m telescope




UV-optical reflecting
mirrors focussing
flashes of Cherenkov
light produced by air-
showers into ns-
sensitive cameras.

courtesy of A. Bulgarelli

IACT = IMAGING AIR
CHERENKOV

For E=1 TeV (Ec = 80 MeV)
Ximax = Xo In (E/Ec) /In 2
Nmax = o IN(Xa/Xmax) = 5 km

CTA Telescope Simulation
vent 1, array 0, telescope 1

Time = 0.0 nanoseconds

000060
& g ‘86 0900 p.e.

Intensity: 0
Primary: gamma of 50.000 TeV at 89 m distance
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