Back to basis:
Leptonic Processes in High

Energy Sources




Observed High- and Very High Energy
v photons (> 10 TeV)
v particles (>10%0 V)

Goal: understand the physics of HE particles:
v How are they created/accelerated
v How do they propagate/evolve ?

HE photons are tracers of the emitting HE particles

Photons interact with matter
v Change the emitting matter properties

v Can be altered after their emission

=> Complex system matter+radiation



Outline

v Goals of this course:
v' Present the main leptonic processes
v Assumptions, approximations, properties
v" Sum up their role in HE sources
v individual, coupled

v Present some methods
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v 1. Introduction
v Distributions
v Cross section

" 1I. Leptonic processes




Photon/Particles

v Photons:

v energy: E=hy =w mc?
v momentum: p=hv/c n

v leptons:




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 v2, number density n2

v otherwise: change of frame...




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 v2, number density n2

v otherwise: change of frame...




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 v2, number density n2

v otherwise: change of frame...




Total Cross Section
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Differential cross sections

v Unique interaction event: /

—> 0

B

v Result = direction and energy of the outgoing species

v Conservation rules (E and p) not sufficient to tell the answer
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Cyclo-synchrotron radiation
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v Radiation from particles gyrating the magnetic field lines




Cyclo-synchrotron radiation
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v Radiation from particles gyrating the magnetic field lines
Y vp = — = 2.80x106@Hz




Synchrotron Emitted Power

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

e e 2 2
v Non-relativistic: pP= %cﬂ
v Relativistic: RN R
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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(27vpt) W

v Spectrum = one line at vg




Synchrotron Emission Spectrum
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v Particles nearly at rest:

v Simple modulation of the electric field at vg:

E(t) = sin(27vpt) \/\/v\

v Spectrum = one line at v
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Particles nearly at rest:

% v Simple modulation of the electric field at vg:
a E(t) = sin(27vpt) W

v Spectrum = one line at v

& Relativistic particles:
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v Relativistic beaming: 06 = 1/y
o Q v Pulsed modulation of the electric field at vg:

Gl

v Multiple harmonics of v up to a critical
frequency:

v Spectrum = many lines at kvg

v For y>>1: continuum




Synchrotron Emission Spectrum

v Exact spectrum of mono-energetic particles of any energy (erg/s/Hz):
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Exact spectrum of mono-energetic particles of any energy (erg/s/Hz):

_(@7197 V) o

oP 2w q2v? =, [(cosf — [3H)2
Ov c /Z[

= J2(x) + /ﬁj;f(a:)] § (v(1 — B cosf) — nvg) dQ
=1l %

Tr — (V/VB)BJ_ sin 0 o Thermal

tana = 81 /0

Real systems have particle distributions in

v Pitch angle
v Energy

Convolution => Line broadening

Marcowith&Malzac03



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, v % for § = kpT/mec* > 1

10°

107

3

Relativistic thermal electrons
v 1 ] 1 ]

' :l.e+D1 :1.“-02 11e403 =0
]




Spectrum of Relativistic Particles

N, v % for § = kpT/mec* > 1 N, xy™% for 1 < Ymin <7 < Vmax

Relativistic thermal electrons Relativistic power—law electrons (s>0)
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Blazars:

PKS 2155-304 1
(Aharonian 2009)
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A model:
One-zone
Broken power law distributions
Doppler factor

Emission in Optical-X-ray: need for TeV

electrons (B=10 mQG)
Seed photons for comptonization ?

X-ray binaries:



Blazars: X-ray binaries:

Trey c ety T orrew voe

; o XTE J1118+480
(Abaronian 2009 (Markoff et al. 2001)
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Emission in Optical-X-ray: need for TeV

electrons (B=10 mG)
Seed photons for comptonization ?



Synchrotron self-absorption

Stimulated emission
(negative absorption)




Synchrotron self-absorption

Stimulated emission

Spontaneous emission T i ) >
P fue ahsarption (negative absorption)




Synchrotron self-absorption
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Self-absorbed Spectra

v Thermal distribution v' Power-law distribution
Self—absorbed radiation from thermal electrons Self—absorbed rodiation from power—low electrons
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Compton Scattering

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

In the lab frame: In the electron rest frame:
Y
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Compton differential cross section

do 3/ hv\° /[ hu N hy 2
— = 0 _— e — Sln
df 6r hvg hv hvg

Solid angle distribution Energy distribution
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Compton Total cross section
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In the lab frame

v For one particle: doppler shift

v Head-on collisions: s 2 VA VAVA
v' higher energy photon in the particle rest frame

v larger energy change, scattering more anisotropic Yo
v Trailing collisions: —
v low energy photon in the particle rest frame /\/\/h\vjc:

v smaller energy change, scattering more isotropic

+ For an angle distribution: integration over solid angles
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(in the plasma frame)

In (142 143
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Spectrum of a single scattering
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Spectrum of a single scattering
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Spectrum of a single scattering

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

Differenticl cross section for on isotropic distribution ond py = 1.0e+02
Al Ll L3

107 =

le- 05

I

T 1 T T

hwg/me = 1e-0l 100  1esO) 1es@2 1oild -

to‘/

107 =

\l | v y%-1 << w: down-scattering

v y*-1 >> w: up-scattering
- - Amplification factor:




Spectrum of a single scattering

Differenticl cross section for on isotropic distribution ond py = 1.0e+02
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Effect of energy distributions

v" Each photon can scatter off each electron => integration over both
distribution

//c— (wo, po)dNp (po)d Ny, (wo)

v Up-scattering by relativistic particles in the Thomson regime:
- ¥ Amplification: A=4/3*p>




Single scattering off a power-law

v Power-law particle distribution N(y) =y for Ymin< Y < Ymax

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=o1N.L

v Competition scattering/escape/absorption:

v 7 = Mean number of scattering before escape (or 72)
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Compton orders

Compton orders
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Compton orders

Compton orders
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Compton orders
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Compton orders
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A=4/3 p>=100



Compton orders

Compton orders
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Ultra-relativistic particles: wgyo>> 1
A>>1
A wo > o

Sub-relativistic particles: wo<p<l
Inefficient scattering: A=1




Compton regimes

Ultra-relativistic particles: wgyo>> 1
A>>1
A wo > o

Sub-relativistic particles: wo<p<l
Inefficient scattering: A=1

by = 100 &




Compton regimes

Se— |V -
i

. , T = i . " .
Sub-relativistic particles: wo<p<I | \ Ultra-relativistic particles: woyo>> 1
Inefficient scattering: A=1 Re:la /ﬁfgc particle A>> 1
g- I""( >>1 ’ Aa)0>,y0
» a)o)/0<§/1\
qu_r‘c_ogm‘mm ’ J . | . — C%)mpeo-:w? i B
. 13 i

Fa = 140 het
; ey = 03 0

wo=10", po=108 (wo yo > 1)
A=10"2




. . ltra. CL : : .
Sub-relativistic particles: wo<p<l Ultra-relativistic particles: woyo>> 1

. . Relativistic particles... A>>1
Inefficient scattering: A = 1 A>>p I
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- cutoff at the particle energy
- Slope = In(7)/In(A) (ref)



o : Ultra-relativistic particles: woyo>> 1
Sub-relativistic particles: wo<p<I M P 0y0

: . Relativistic particles... A>>1
Inefficient scattering: A =1 Ao | AT
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Eq = 140 heV

10 log(E [eV])

)

erg cm*

Fos-s uev (¢

HESS Run 33789
HESS Run 33791
HESS Run 33794
Chandra area

—_—
N
n
~
'
—
e
—
o
-
&
-
—
o
e
=

allail

1
Zdziarsky 2003

10 15 20 25
log(v[Hz]) MJD 53946 (Chandra night) PKS2155-304

- cutoff at the particle energy
- Slope = In(7)/In(A) (ref)



General Methods

V' Multiple scatterings:

V' Contribution to a kinetic Boltzmann equation:

stt(w) > C// (da(po,;i()) — w)Nw(wo) " da(pollc;0—> wO)Nw(w)) i

v Complex problem (Belmont 09):

A

- Y Integral equation, Numerical cancelation issues || A -~
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e-p Bremsstrahlung

_L”\/\/\/\ hy
N

V' protons at rest

v Relativist particles:
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Pair annihilation / Photon production

In the lab frame: In the electron rest frame:
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Pair annihilation / Photon production

In the lab frame: In the electron rest frame:
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Differential cross section

In the electron rest frame
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Differential cross section

In the electron rest frame
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Total cross section

In the electron rest frame

In (p4 + 7+)
) _
D+

3 1
fro=or3 [(72 + 4y +1
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Total pair annihilation ¢ross section
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In the lab frame for Isotropic particles

v Total cross section: cutoff for: y+y.> 1 (similar to KN Compton regime)
v Production spectrum... Svensson 82

v Spectrum of thermal/non-thermal leptons

Thermal pair annihilotion
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Diffuse emission at 511 keV from the Galactic center

Weidenspointner et al. 2008

Churazov et al.

No confirmed detection of point sources CR positron
emitters

However, might be important for pair equilibrium...



Pair production/Photon annihilation

In the lab frame: In the center of momentum frame:
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Differential and Total cross sections

Solid angle cross section:
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Differentiol Pair prodction ¢ross section d(c,,@_!)/dn

In the center of momentum frame
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Total cross section

In the lab frame

1 — cosé@

v Threshold: Vem = Wiw2 5 > 1

v Head-on collisions (60=m7): w1 w2 > 1

v Trailing collisions (6=0): w1 w2 —




Total cross section

In the lab frame

Total photon o Jon cross secth
s L\l L4 LA A

1 — cosé@
v Threshold: Yem = Wiw2 5 > 1
v Head-on collisions (6=m): w1 w2 > 1 o
| Oy

v Trailing collisions (6=0): w1 w2 —

/ Total cross section for isotropic photon field

s P e

R £,

e SORLAT 2PN R T .

650

(WlUJZ)Q —1

(wiwe)?

In (w1w2)




Total cross section

In the lab frame

1 —cosf
V' Threshold: 7Yem = WiwW2 . > 1
v Head-on collisions (6=r): w1 w2 > 1 1o - w;;lc;z):: 1

In (w1w2)

L 0.y R 6507

v Trailing collisions (6=0): w1 w2 — o (wrw2)?

v Total cross section for 1sotropic photon field
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accretion
disk

copnter
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 T

coronal) r (em)
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Spectrum of produced pairs

In the lab frame

V' Analytical for 1sotropic photon _ _ _
Diffenrential cross section for @w,=2/w,
field = lengthy L S s A e S

(Boettcher&Schilkeiser97). : —rT

1072} 10 Mev ;
v For high energy photons :

v pairs produced with
hv/10 <E <hy 107 _

do/dp
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Numerical methods

V' 1. Simpler models:

v No geometry, particle distribution set, simple photon
production and escape

v Simple computation of the emissivity of each process

- ¥ eg.:radio jets, blazars (single Compton scattering...)
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Kinetic codes

V" 1-zone problem: homogeneous, isotropic

V' Time dependent kinetic equation with 1sotropic cross sections

8tN,, = Z [8tNV(Np7Nl/)]7;

processes

v ex: Kompaneets equation = kinetic equation for photons
comptonized by a thermal distribution of particles

nlw) = 7260, 2 O dis )\9@
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[L.inear Monte Carlo codes

v Photon trajectories are traced one by one
v Interactions are computed one by one

R TAA




Particle interactions

v 1I. Codes with computation of the particle properties

v' Evolution of particles is of increasing interest
v 1njection of accelerated particles/continuous acceleration

v Evolution, cooling

v' Non linear Monte Carlo: compute the effect of photon
interaction on the particle properties
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Conclusions

V' At high energy

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

v Particle cooling:
v Synchrotron: P « grp?Usg

v Compton in the Thomson regime: P o o1p?Uph
v Bremsstrahlung: P < orasp Ui  (with U= nj mec?)

v Photons:

V' Synchrotron:

v Thin spectrum of 1 particle peaks atvc < y>B
L e b e s e i Bt L b s b iy : s




