Radiation processes and models
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@ Lesson 1: Introduction to compact object physics
@ Lesson 2: Radiation processes
@ Lesson 3: Models for accreting black hole binaries: accretion flows

@ Lesson 4: Models for accreting black hole binaries: compact jets
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Radiation Processes

Synchrotron/curvature radiation
Bremsstrahlung
Compton scattering

Photon-photon e+-e- pair production

Special thanks to Renaud Belmont



Cyclo-synchrotron radiation
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Cyclo-synchrotron radiation
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Synchrotron Emitted Power

v Emission of an accelerated particle (erg/s):
2q°

v Non-relativistic: P=5ad’
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Synchrotron Emission Spectrum
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v Particles nearly at rest:

v Simple modulation of the electric field at vg:

E(t) = sin(27tvet) W

v Spectrum = one line at vg
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(\ /> Particles nearly at rest:
0 v Simple modulation of the electric field at vg:

ay E(t) = sin(2rvst) \/W

v Spectrum = one line at v

& Relativistic particles:
Sf???" v Relativistic beaming: 060 = 1/y
- Q v Pulsed modulation of the electric field at vg:

o

v Multiple harmonics of v up to a critical
frequency:

v Spectrum = many lines at kvg

v For y>>1: continuum
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Spectrum of Relativistic Particles

v Relativistic particles have a continuous spectrum
(erg/s/Hz)

v Pitch-angle dependent spectrum:
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Spectrum of Relativistic Particles

N, ~v2e= % for 0 = kgT/mec® > 1

Relativistic thermal electrons
10° T 0 T

L " L) | -
: 1.e+01 : 1e+02 116403 =0
|

LA |
SN

3

by * 7 /(3 eou,)
%

9

PR
e - e e e e e e e e e e e e e e e e e




Jv * 7 yve/ (3 ey

Spectrum of Relativistic Particles

N, ~v2e= % for 0 = kgT/mec® > 1 N, oy~ for 1 < ymin <7 < Ymax
Relativistic thermal electrons Relativistic power—low electrons (s>0)
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Synchrotron self-absorption

Stimulated emission

Spontaneous emission ' ] :
P aiue shsgrniion (negative absorption)
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Synchrotron self-absorption

Stimulated emission
(negative absorption)

Spontaneous emission True absorption
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Synchrotron self-absorption

Stimulated emission
(negative absorption)




Self-absorbed Spectra

v Thermal distribution

Self—absorbed radiation from thermal electrons Self—absorbed rod

v Power-law distribution

wation from power—low electrons
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Curvature Radiation

v Relativistic particles moving along curved magnetic field lines

10000 Relativistic mond slic alecirons
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v Similar to synchrotron with:
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Ion at rest, moving electron is deflected

Transverse acceleration: distant observer sees a pulse of electric field.
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Distribution of electron: integration over velociti
and impact factors
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Emissivity: Jv X Nepl’

Total power:  J(T) ~ 2.4 x 10", +(T) nein% eroc e

Self absorption

Bremsstrahlung thermal
self—absorption cutoff
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Compton Scattering

In the lab frame: In the electron rest frame:
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Compton Scattering

In the lab frame: In the electron rest frame:
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Compton Scattering

In the lab frame: In the electron rest frame:
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Total Cross Section

V" Source with 2 interacting species:

V" The simplest case:

v one species at rest, with number density n;
v one species with one single velocity vo, number density n

v otherwise: change of frame...




Compton Total cross section
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The Total cross section

(in the plasma frame)

3|114+2 /[ 2x(1 +x In (142 _|_ln 14+ 2x 14+ 3x
w ~ O — — In T —
et e s 1+ 22 2 1+ 22)2
hv
) f e ’yw ST 5
WG

= Transition to KN regime for YW ]




10!

10*

Spectrum of a single scattering

Differenticl cross section for an isotropic distribution ond py = 1.0e+02
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Spectrum of a single scattering

Differenticl cross section for an isotropic distribution ond py = 1.0e+02
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Spectrum of a single scattering

Differenticl cross section for an isotropic distribution ond py = 1.0e+02
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Electron losses in Thomson regime

v Average energy radiated by an electron in one interaction (Thomson
limit):
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v Electron scattering rate




Single scattering off a power-law

v Power-law particle distribution N(y) =75 for Ymin< ¥ < VYmax

v Spectrum: power-law: F, =v~¢

Comnplonizatica by o power law Comnplonizatica by o power law
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Multiple Scatterings

V" Photons can undergo successive scattering

v Medium of finite size L: Thomson optical depth: 7=01N.L

v Competition scattering/escape/absorption:

v T = Mean number of scattering before escape (or 72)
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Comptonization of soft photons on a thermal plasma of electrons
(Maxwellian energy distribution)

Parametrized by temperature T and Thomson optical depth
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Pair production/Photon annihilation

In the lab frame: In the center of momentum frame:




Total cross section

In the lab frame
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v Head-on collisions (6=m): w1 w2 > 1

v Trailing collisions (6=0): w1 w2 — ©
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In the lab frame

1 —cost
>
5 >

V' Threshold: Yem = WiW2

v Head-on collisions (6=m): w1 w2 > 1

v Trailing collisions (6=0): w1 w2 — ©

v 4 B - L3
- -y | X, 2 H ek it o s ' T - . : o o S i -~ T
. hy N - 1 3 = s ‘ — o =

v Total cross section for 1sotropic photon field

1000

0y X .600T

Total photon onnihilgtion cross sectien
LJ \J LA L Ll

LA A l

(w1w2)2 —1

(wiwe)?

Al LA

In (wlCLJQ)

LS
R




Total cross section

In the lab frame

1 —cost
>
5 >

V' Threshold: Yem = WiW2

v Head-on collisions (6=m): w1 w2 > 1

v Trailing collisions (6=0): w1 w2 — ©

v 4 B - L3
- -y | X, 2 H ek it o s ' T - . : o o S i -~ T
. hy N - 1 3 = s ‘ — o =

v Total cross section for 1sotropic photon field

1000

0y X .600T

Total photon onnihilgtion cross sectien
LJ \J LA L Ll

LA A l

(w1w2)2 —1

(wiwe)?

Al LA

In (wlCLJQ)

LS
R




acqretion
disk

counter
jet

Strong photon field
v From the companion star
v The accretion disk

Efficient photon-photon absorption

Ex: Cyg -X3:

v GeV detection by Fermi (Abdo et al. 2009)

v Anisotropic Absorption maps (Cerutti et al. 2011)
v => GeV production far from the BH (not

coronal)



Conclusions

v At high energy

v Total cross sections drop off
v Differential cross sections become highly anisotropic

v Particle cooling:
v Synchrotron: P « orp?*Us

v Compton in the Thomson regime: P « o1pZUpn
v Bremsstrahlung: P « orarp Ui  (with U= ni mec?)

v Photons:

v Synchrotron:
- ¥ Thin spectrum of 1 particle peaks atve < > B
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