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|. Motivations
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Photons as tracers

e Interpreting observation : - e
® Many processes LS ' '
yp . . n=1 ‘/’\/'\/\/\/‘—>
Atomic/nuclear lines, bremsstrahlung, 9z AETHV
synchrotron, Compton, pair production/ / :
annihilation, particle physics...

® Particle nature
leptons, protons, ions

@ Transfer
Thin/thick

® Particle distributions
Thermal, non-thermal, hybrid etc.. dN/dE

A

® Homogeneous/inhomogeneous F, A

® Isotropic/anisotropic medium

e Challenges: >

Identifying all these key aspects

Derive simple ways to model the emission V

The Transient Universe 2023, Cargese 3



Photons as shapers

® Shaping the properties of matter

® Dynamics

- Radiation pressure
4meGMm,,

or

~ > e.g. Eddington Luminosity Ly =

® Energetics:
- Cooling
« e.g. thermal instabilities
> heating
» Thermalisation

Cooling rate

® Competition with many other processes

- acceleration, escape, adiabatic cooling...

Petrucci et al. 2010
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Outline

® Back to basics
Special relativity: Doppler and beaming
Emission in classical Electrodynamics
Emission/absorption
From one to many particles

® Bremsstrahlung

® Magneto-bremsstrahlung
Cyclo-synchrotron radiation
Curvature radiation
Diffuse Synchrotron radiation
Strong fields

© Compton scattering

@ Photon annihilation
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|. Back to Basics
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Particles and Photons

® Photon properties
Energy: E=hv

Isotropic energy distributions:
e Powerlaw I, oc =%

2h13 1
« Planck I, = S T
3
« Wien I, = Qh_ye—hV/kT
2

® Particle properties
Velocity: B=v/c
Energy: Y = E/mc2
Kinetic energy: y-1 = (E-mc2)/mc2
Momentum: p = B Y = P/mc

Isotropic energy distributions:

vp e/
* Maxwell-Juttner (8=kT/mc2): f(v) =
s 0K5(1/0)
« Power-law: f(7v) o< v
« Hybrid
« Broken power-laws
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Special Relativity

® Radiation properties are frame-dependent

source B
'— ............ =cos(0
e Two frames: source(‘)/observer Tl el
observer
® Relativistic Doppler shift: © = 1/
§&
%O
O
Doppler factor: 1 1 o
\
o S 0 = S 2’70 QQ
270 Yo(1 + pBo) v
%)
\}\O
X \
O
> : S -
L Time dilation classical Doppler
< (propagation)

Photon emitted in approaching sources are observed at higher energy

e.g. spectral features in Blazars, GRBs
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Special Relativity

® Relativistic Aberration:

A

C

A ~ - Source frame

- _ Observer frame

/o

LEEEE Y=

7

(& =)

Ex: Perpendicular photon emission
« Observed with an angle: cosf = vg/c
« For relativistic velocities: 8y ~1—1/(2v3) => @ ~ 1/v0

For any smooth angular distribution: ~ dQ) = dQ’ /§?

« Beaming

e The emission is beamed into a narrow cone
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Special Relativity

® Example: Jet breaks in GRBs

Break time

Relativistic
- Geometry: Jetopening TS\~ ~

 Constant jet opening angle Bje
* Expansion

* Slowing down ([Mje: decreases)
e Decrease of the emission

- Relativistic beaming: Brightness

~  Local emission beamed in a
cone of angle Bem=1/Tjet

Woosley 01

- At early times: Bem << Bjet
« Only a small fraction of the jet is visible
» Deceleration => Increased visible area

« Flux decrease partly compensated => Slow
decrease of the received flux

- At later time : Bem > Bjet
« The entire jet is seen
* Nno more compensation
« Steepening of the flux decrease
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Emission in classical electrodynamics

S|

® Emission due to accelerated charges

. = q S o
® In the particle rest frame: £ = — 7 x (1 X @ [V
p Rc2 ( ) ¢
Non Relativistic Any Regime
Parallel v,a Perpendicular v,a
2¢°a? 2¢° (2 6, 2 4
Total Power P = 2 =23 (aW + a2y )
dP 202 dP
— = q sin? @ _(09 ¢)
dQ)  4rnc3 dQ)
Dipolar emission Beamed emission

Angular
distribution

Spectrum
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Emission and Absorption

® Any emission process is associated to a corresponding absorption process
Emission (e.g. in erg/s/Hz/str/part.) :  P,(~, Q)
Absorption cross-section (cm2/part) : o, (7, )
e.g. free-free or synchrotron absorption

© Both are linked by statistical properties in thermal equilibrium:
e For lines: Einstein coefficients
© For continuum processes:

|

"~ 23 Py

O',/(’)/, Q) [(p/‘/PI/)fy—l—hu/mCQ _ (p/yPV)W]

True absorption  Stimulated
emission
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From one to many particles

e Single particles:
All radiation properties results from the acceleration properties

Different kinds of accelerations define different emission processes (e.g. free-free,
Compton, synchrotron...)

® Multiple particles:

Coherent radiation (o) o
. . . ( ) AXIS
Particles have a collective motion,

in a small area, on short time
scales

E.g. antennae, synchrotron
undulators, pulsar atmospheres
(dipole emission, FRBs)...

The produced electric fields add
up coherently: |\p = _ N2p

RADIATION
BEAM

Incoherent radiation:
Particles motions are independant

Q
N
®
N o
- - e.g. free-free emission
N

The produced powers add-up: [P, (ot = NP,

RADIATION
BEAM
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From one to many particles

e If isotropic media:

Properties can be integrated over directions
Angle-integrated emission (erg/s/Hz/part) : P, (~)

Angle averaged absorption cross section (cm2/part) : ou(7)

® Once integrated over the particle distribution:

[ reay=1
Specific emissivity (erg/s/Hz/cm3/str)  j, = % P,(v)f(v)d~y
Absorptioh/scattering coefficient (/cm) o — n/a,,(*y)f(’y)d’y
Both are linked: .
« Thermal distribution: % = B,
o . Oy 7, 5/2
« Power-law distribution: — ~ v
Qy R
: 10 -
® Transfer equation: <_§ -+ ﬁ.V) I, =35, —ag 1, +as,((I,) — 1)
cot /) T T .
. [1/
ly (erg/s/Hz/cm?/str) = Specific intensity
- jv (erg/s/Hz/cm3/str) = Specific emissivity
Qa,v (1/cm) = Absorption coefficient Tav ™~ Qa7 I
: .. ~ a.R \Y
Qs,v (1/cm) = Scattering coefficient s s
Effective optical depth: 7 ~ /7u(74 + &) N
Optically thin/thick: 1=1 /
The Transient Universe 2023, Cargese ~
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Il. Bremsstrahlung

@ Radiation of charges accelerated by the Coulomb field of other particles

Cosmic Explosions 2019, Cargése
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Il. Bremsstrahlung

a*(t)¢ Ev(v)t
FT

|l
V

® Simple derivation for a single interaction event:

Non-relativistic + small deflexion angle
: Ze . : :
Constant acceleration: a = — during interaction time 7 = 2b/v
m 2.2 2,6
. . 2e“a 47 e
Total energy radiated: E(b,v) = 7Py =7 E = 3T

Differential energy rather uniform I Q726
: E,,(b,v):—:?) 2:302h2
up to : yczl/T:U/Qb Ve m4c3v P,

Close particles produce more intense and more energetic
radiation

>

Total: 1/v

bmin

© Emission from many interactions
Power radiated for many interactions:

16Z2€6 bmax
PV (’U) = NNV / E,/27deb = NeNy; —3m263v log (bmin ) bmax bv
mv2/2

Cutoff at  hvpayx = mov?/2
The Transient Universe 2023, Cargese 16




Bremsstrahlung

® For isotropic particle distributions: ;T = % / P, f(v)dv
s

® For thermal distributions:

| 4

| 2

>

| 4

>

® Exact calculations imply minor corrections in the

Flat spectrum:

_ _hv
jf X nmeZQT_l/Qe *T gg(v,T)

Gaunt factor gs close to unity

Cutoff frequency
Total Power:

Gaunt factor

® Observed in e.g.:

| 4

~Intra-cluster gas :

hVC — kBT

jff X nmeZQTl/2
Absorption coefficient: a'l o« n;n.Z?T =322

v

Accretion column onto white dwarfs

Test cluster physics (viral, heating etc...)

Lx «n(T,R)? T'/? R3

/

Jv

A

/

KT-1/2

100 |~ +~e— 17 cluster sample’

on(r[‘a.n

10 |= ‘17 cluster sample’

Lgso (10% erg s h;3)

ot
o
o
K

- on(T2<64

Markevitch ('98) A

L ]_'XocTz.ae
Arnaud & Evrard ('99)

0,=0.3,0,=0.7

|

T (keV)

10
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l1l. Magneto-Bremsstrahlung

® Emission of charges defected by a magnetic field:
> Uniform field: cyclo-synchrotron radiation
» Curved field: curvature radiation
- Turbulent field: diffusive synchrotron radiation

Cosmic Explosions 2019, Cargése
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Orbital motion

® Orbital motion:

~ Pitch angle a

VL 1 ¢gb B
- Larmor frequency: VB = — = — X —

8 v 2rme Y
- Larmor radius: rp = @m ae -4

qB B

e Hillas criterium for particle acceleration:

- Most acceleration processes require

several gyroperiods

- Particles must be confined within the
acceleration site for several gyroperiods

rp < Rsource

- Maximal acceleration energy

Emax — qBRsource

log [B (G)]

~10 '_Jaclobsen etal. 2015

5 10 15 20 25
log [R (cm)]

The Transient Universe 2023, Cargése
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1.1 Cyclo-Synchrotron Radiation

® Assumptions:
Uniform field + small energy losses + Classical mechanics

e Total power radiated per particle: B,

Perpendicular acceleration: a1 = ——
mc vy

Pitch-angle dependent power: P = 2corUpgp?

: e el 4
Average over isotropic distributions: P = §CUTUB]92 x B?~?

2
With the magnetic energy density: Uy = 183; A
s
Utot
® Cooling time:
(v — 1)mc2 T2 o 4 Magnetic Thermal
o= P " dcorUp(v+1) B Energy Energy
® Minimal energy theorem:
Utot = Uk + Us
L = N Ug U
Utot = Uk + L/(NU9)
Uk=q Us corresponds to the minimal energy . Uy

Ux=Usg
The Transient Universe 2023, Cargese 20




Synchrotron Interactions

dE 4 0
— = —CO‘TUBp2

® Particle Cooling: ;

Injection

e Distribution slope: Escape

Cooling vs acceleration

Coolin Index s
: : dN. d N.
Evolution equation: d—; = = (=9N3) + Qinj — ; 7 break
v esc Distribution —
S . cooling
Non thermal injection:  Qinj(7) o< ¥
_ : : _ Index s+1
=> cooling break and steepening N, oc 4~ (s )
Synchrotron Boiler
—_— t=10"*
10° 4 t=10""
. tzloj
® Thermalisation: o o
Emission + Absorption => synchrotron boiler
1074
1076 -
107° -
10-10 L e e o ] LA AL L me o o e e R R
10~3 1072 1071t 10° 10t 102 10° 104
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Cyclo-Synchrotron Spectrum

® Assuming:
Pure perpendicular motion
Observer in the orbital plane

® Cyclotron line:
Sinus electric field
Spectrum = single line at vi

® Cyclo-synchrotron spectrum:
Pulsed electric field

« Pulse separation: At =1/vp 50
e Pulse duration 6t~ (1= B)— ~ ('YBVB)_I

VB
Spectrum:

* many harmonic lines at kvg
. Enveloppe peaking at v, ~ Y*v;, x v°B

The Transient Universe 2023, Cargese
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Cyclo-Synchrotron Spectrum

a=rt/2 (pure perpendicular motion)

O=mt/2 (observer in the orbital plane)

| |
N N
T[TTTToTTTT

d*(P/Py)/d(v/v,)/dQ ]
Iy

~N

|
(&)
T[T TTToTTT

logyo [ P

|
o
TTT T TTTTTTT

-7F

EPO=(4/:3)0TCUBd:2

E p=0.01

T I T
p=10"2 cosa=0.0

I T
co0s8=0.0

logyg [ pz dZ(P/Po)/d(V/VL)/dQ ]

f p=0.1

_7¥

§§Po=(4/:3)°'TCUBd:2

T I T I T
p=10"" cosa=0.0 co0s8=0.0

1072

10°

10?
v/ Ve

10*

O 10°

102 10*
V/ VL

108

= (4/3)0cUge?

:p=1

l0gyo [ P2 dz(P/Po)/d(V/VL)/dQ ]

-7E

1072 10°

p=10°

I T
cosa=0.0

I T
cos8=0.0

ip=10

-2+

l0gyo [ P2 dz(P/Po)/d(V/VL)/dQ ]

1 n 7%

£P,=(4/3)01cUge?

10?
v/v,

10* 1%

10°

p=10"

I T
cosa=0.0

10?
v/v,

I T
cos8=0.0

logyo [ P2 dz(P/Po)/d(V/VL)/dQ ]

§§P0= (4/:3)0TCUBFJI2

i p=100

_7f

10*

O 10°

p=10?

T T T
cosa=0,0 cos8=0.,0

10? 10*
v/ VL

108
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Cyclo-Synchrotron Spectrum

Integration over observation angles

L) L) I L) L) L)
_Po=(4/3,)UTCUBP2 p=0.3  cosa=0.3

|
= |
N A

‘Il’

O_

logyo [ d(P/Po)/d(v/v) ]

-1 < cosf < 1

27 int(...dcos@)

v/vy,

Line frequencies:

logyo [ <d(P/Pg)/d(v/v)> ]

L/
1 — B cosfcosa

v, = kvg =k

+ average over pitch angles

T - - T T T T
.P0=(4/3)0T§:U,3p2 p=0.3 —1<cosa<1 2m int(...dcos@)
<...dcosa>
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Synchrotron Spectrum

® For ultra-relativistic particles (y>>1), emission in a narrow shell

Pitch Angle Anisotropic (da>1/y, aligned with los) Isotropic (average)
dP  Py9/3 _ [ v dP  Py27V3, (v
Spectrum = Fl|— - H{—
dv V. 87 . dv V. 8 Ve
4
Total Power Py = 2corUp~y? sin® o Py = §CUTUB’Y2
3 o . 3 9
Cutoff Frequency Ve, = ify vV, Sin o Ve = 57 vy,
. > / / T2 3z 2
Functional F(z)=z [ Kss3(z')dz H@)=(3) [K4/3<w/2)K1/3(x/2) == (K2a(a/2) - K1/3<m/2>)]
xr
° :Po=(4/2’>)c‘rchlaF>2 P 5 O, cosa=0. 3 21'r mt{ 10 :P0=(4/3)chcUIBp2 p=5.0! < dcosa> 211 mtq dcolsq)a - f
-1‘5:‘ : ,/’/ ; . ~15f E ,/'/i -
~ | ' A P :
S -20F : — 5 -2.0 : -
D I v'/3 ! D !
5 ! 5 '
X [ ! X !
o® —25F : -4 & -25 : -
o i . N .
5 ! ] !
e -30 I - — -3.0 I -
g I S I
| _O :
—35[ E ] -35 E ]
DY) R I B | P . .:...... A —400__, N R L
0.01 0.10 1.00 10.00 100.00 0.01 0.10 1.00 10.00 100.00

v/v v/v,
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Synchrotron Spectrum

1.000 F et .

® Summary:

2

Total power (erg/s): \P ~ corUgy® < By

0.100

Cutoff frequency: . ~~v?v < y°B

G(x)

0.010

® Maximal energy of synchrotron photons:

ox=023 ]

Small loss approximation: vpts > 1

0.001 1 1 1 L 1
107> 10™* 107 1072 107" 10° 10’ 102

3
By(y+1) < 2L = 217 x 10*°G e
orT
27 mc?
i, < 0 M

167 oy

For electrons: Ee,max ~ 50 MeV
For protons:  £p,max ~ 100 GeV

Can be overcome by continuous injection of HE
particles (production, reconnection)

1
® Particle distributions: Jj»= / P, (7) f(v)dy

Power-law distribution of particles (index p)

; CERRm——
=> Power-law spectrum |j(v) «« B> v~
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Synchrotron Polarisation

® Ordered magnetic field:
Linearly polarised perp to the projected field: Pj < P, /3

Polarisation degree: [, _ L — 1)
P, + P||

> 50%

p+1
> 70
p+7/3 %

Power-law particle distribution: TI(a,v) =

® Tangled magnetic field:
Net polarisation cancels out!

® Polarisation helps constraining the emission mechanism
GRBs
X-ray binaries outburst...

The Transient Universe 2023, Cargese
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Synchrotron Self-Absorption

may, SPONtANEOUS
M emission

hv

~. “n

e For hv << ~ymc* and isotropic fields:

_ 1 1d(wh)
C 2mu?ap  dy

Oy

1

V:E

e Strong absorption at low photon energy!

® Ex: for isotropic power-law distribution

of particles:
Jj(v) x B3tsys-

2 _b
o, < B'T2p%72

- Turn-over frequency => B
~Issues with inhomogeneous media

» Other competing processes (free-free
absorption, induced Compton)

True absorption .. Stimulated
’ hv M emission
o, () f(v)dy
PKS B0008-421, Callingham+15
: 'I', } *F T3 \s‘_ |
A . %
A VtO( Bp+4Rp—|—4 Ln}
;’; d ,:I" | ~\\ :
é 1] ,"T “El“zh
Dr: 0.6 j'l' ‘Ih
“ot Thick Thin ™
0.2 [E— : )

I, =2 o gz

Oé 1 :

t

f

06 08 1 2 £ 6 8 10
Frequency v (GHz)

0.2 0.4

20
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1.2 Curvature Radiation

® Emission of particles guided by circular magnetic
field lines

® e.g Pulsar magnetosphere
Strong electric acceleration // field lines

vy — C
» { | => weak synchrotron
v, — 0

® Circular motion => results for synchrotron apply

4

Total power: P = gq; Piynch < 7> B

Spectrum 5 1.000
3 ¢y :

At R
Can produce higher enerlrc;y photons than pure

synchrotron in the outer gaps

—1
YN\ [ R

we 3 (g7)

g 5 107 <1O6cm> GeV

® Most generally: Synchro-curvature radiation

Cutoff frequency: v, = Vsynch ¢ 7~ Bsin a

0.100 |

G(x)

0.010F

0.001 ] 1 ] L ]

1073 1074 1073 1072 107" 10° 10
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1.3 Diffuse Synchrotron Radiation

® Turbulent magnetic field with perturbations
of various scales and amplitude

® Large scale fluctuations (A>>Ry):
=> Inhomogeneous synchrotron radiation

Scale is irrelevant => turbulence described

by amplitude distribution: Pg(B) 2R ()
5x107"
Simple convolution of the synchrotron
spectrum: P,(v,v) = P,(v,v, B) ® Pp(B)
2x107"
« For peaked magnetic spectrum: shifted and
broaden emission
« For power-law magnetic spectrum: power- 10~
law spectrum Pg(B) < B~* !
F, v~ 52 2
5x107%
107"
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1.3 Diffuse Synchrotron Radiation

10° ' l ' ' ' ' !
e Small scale fluctuations (A<<Ry): p o fmection -
~  => Jitter radiation
- For one of the mono-chromatic waves in =T ‘
. -
the turbulent field: ks=2TVAg T
» The observed maéimal photon frequency 5 :
IS Vi ~ ’72ch ~ =L Ve,synch = Ve,synch sl
AB 10 15__ —
~ Small scale turbulence => large photon
enel‘gy 10_2100_2 10° 102 kB 108 108 10"
. . . zR(x)
> COnVOIutIOn Wlth the fleld turbUIent 1 - 1 'llllll] 1 ll]éllll ] l]l]lll' 1 llllllll T lllll"l L !
F A\pax = 107°R -
. 2 — - A\max L Kelner+13 :
spectrum: | B*(kp) x kz° - ) elner+13 3
« Slower rise = 8
. .
« Higher energy cutoff ... .
« Power-law tail \\
Nwl—a\
- Applications to ‘.
- GRBs ~z | opes :
« Blazars //
® Crab flares 10_3 1 llllllll / 'I"Illllll L1 111 1 llllllll 1 llllllll L1 i
-2 -1 1 2 9 4
10 10 1 10" 10 10 10
r=c/¢€_
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1.4 Strong Fields

1 I 1 1 LI | I 1 1 1 1 I I 1 1 I i
® Classical limit fails for strong fields i %
10 | E
B hv . E - :
e Landau levels: p? =2n— =2n—= @ ; V0332+53 " ]
BC mCQ ~< B X |l m
Trn 1 3 I!'h E, -
.. . 27Tm263 o - !‘“‘.'."—._h.‘_%* No= | E
e Critical field: B. = ~ 4 x 101G = - - . \% b
7 NPy =Nt
(For leptons) 8 0N AN
S F I
e Significant quantification for n~1: I T\+ Z
- Low energy and/or large field 001 Walter+15 AN (R
) 10 20 40 60 100
® In accretion onto magnetised neutron Energy, keV
stars (Trumper+78): 2 1
~ Sub-relativistic plasma (kTe ~ 10 keV, a l “‘\iXTE Suzak
p>~0.06) L Pk
40 ‘*% 1
~ Cyclotron features observed above s { o "
hvg~30keV => B~1012G => n~1 £ /i“*'\.\ 7
> Only the ground Landau level is Sl g L ‘"‘}~~\1° NSTAR
populated => absorption features i% R
. 37 Integral  qq - T S Nu?TAR
~ Cyclotron resonant scattering features o L 5,} "'
CRSF) Staubert+1 8 | | za
( 320000 51(')00 52(I]00 53600 54000 55000 56000 57000 58000
Time (MJD)
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IV. Compton Scattering

Lll./‘*

—
e V\/\ﬂy

® Scattering of photons by charged particles

Cosmic Explosions 2019, Cargése
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Compton Scattering

® Echange of energy and momentum

® The outcome
Depends on energies of incoming photons/particles
Depends on interaction angle
Is described by distributions (angle, energy)

@ In most cases:

> If Epart < Ephor: Compton down-scattering
If Epart > Ephor: Compton up-scattering

® Two main regimes:

Thomson: classical mechanics, no particle recoil
Klein-Nishina: quantum mechanics, particle recoil

The Transient Universe 2023, Cargese
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In the particle rest frame

® Depends only on the photon energy Ejhot hy
0

® The Thomson regime (Ephot < mc2):
> Particle recoil can be neglected
- Particle oscillates as a response to a linearly polarised wave => radiation

- Monochromatic emission: coherent scatterjing

« Mean acceleration: < a2 >— 1(eL
2\ m
: 2 \ 2 .2
e Emitted Power p_ST () £ s
3 \mc? 8
- 8t [ €2 \°
» Thomson cross section: ;. - ) ~6.65 % 10~25¢em?2
3 me Diff ial i
Dinol . P e
= [POlar €mission E hyg/me?= 107 107 3
- For unpolarised radiation:
. . ) ) 1.00005— E
 quasi-Isotropic emission : \ ;
° ° ° ° o 0.1000F E
® The Klein-Nishina regime (Ephot > mc2): 2 : :
- Anisotropic radiation S ool ]
- Energy transfer photon->particle => scattered spectrum \
- Drop of the cross section => barely relevant to physical cases °*f N
0.0001 rul sul ] NI
00001 00010 00100 01000 1.0000 10-000C
e = hv/hy, 35
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In the source frame

® Also depends on the interaction angle
and the particle energy

e Example of a single scattering event:
Head-on collision: Vo' =2Y Vo
Coherent Thomson scattering: v'=vq'’
Backward scattering: vV =2yV
Up-scattering by a factor A=4y?

e Example of anisotropic interaction:
Compton on bulk motion (AGN,
GRBs)

Cold matter: radiation pressure from an
anisotropic field:  f = (or/c)S

Hot plasma: more efficient by about
Yin? (Compton rocket)

Relativistic bulk motion: emission
beamed in forward direction => recoil
force (Compton drag) => I saturates.

o ‘%.5,\,\,,
S

e

@)

The Transient Universe 2023, Cargese
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Isotropic distributions

® Average over interaction and scattering angles

e Total cross section drops at: hvo _
° mc?
' Totol'cross section O"KN/GT
Thomson regime ‘
B , 1.000 o
max — YmaxITC C ~
hyo = (mc2)2/hvo :
CMB 1K PeV
0.100 3
Radio jet of blazars 1013 Hz 10 TeV $ f
Star 10 000 K 100 GeV
AGN accretion disk 10 eV 10 GeV "
NS/SMBH aceretion 4 100 MeV I g 20+ 1/2
dlSk 8 wo
0.001 L 1 L i L 1
107 1072 10° 102

\V/ hvg/m,c?

~ KN rarely relevant...
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Isotropic distributions

® Scattered spectrum in the Thomson regime:

- No simple expression

do
dv’

Differential cross section for an isotropic distribution and p, = 2.7e+02

(v, = V')

hyg/me? = 1.e-01 1.e+00 | 1.e+01 1402

4

~ Average amplification factor in Thomson regime, for up-scattering : (A) =1+ —p

- fy>> 1 (A) ~ A7

( hv ~ ¥*hyy comparable to synchrotron: hv, ~ y?hvy)

2

The Transient Universe 2023, Cargese
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Isotropic distributions

® Convolved with the seed photon spectrum

® Convolution with the particle energy distribution:
- Thermal: substitution for (p*) ~ 36(1 + 46)
» Power law of index s => power-law spectrum with index «a; = —

e Ex: Blazar spectrum

> Synchrotron self-Compton

- A ~108

> If no Doppler: y~104

» hvp=100 eV => yYhvo/mc2>1
KN regime

10-®

10Q-10

10—11

vF, [erg cm~2 s!]

10-12

-5 0

10 log(lE [eV])

T
T
w 6x10710 |
T
4x%10-1 -
2x10-1 -

. -
5.39468x 104 5.39466x 1

Time (MJD)

HESS Run 33789
HESS Run 33791
HESS Run 3379
Chandra area

/ - YfRa.yS.

log(v[Hz]) MJD 53946 (Chandra night)

10 15 20

25
PKS2155-304
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®

®

®

@®

Effect on particles

Particle Energy variation in the Thomson regime in up-scattering cases:

With soft photon density Upn:

dE

E :CO'T/<AE> dNV

(AE) = ((4) = Dy = S hwop?

4

— §CUT vahp2

dbl 4

Comparable results to the synchrotron cooling rate —- = 5corUsp®

Cooling time: ¢,

3 mc? 1

B ZCO‘TUph v+ 1

Example of kinetic equation for particles:

N,

d

dt

d’y (’}/ny) T S(’}/) o pescN'y

For Power-law injection:

« Cooling break
« Steepening when cooling dominates over escape

S(y) xv ° = Nyx 7_(3“)

Injection

Coolin
break

Index s

D —

Distribution :
cooling

Index s+1
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Multiple Scattering

® Radiation transfer problem for a source of given size R

® Characterised by 2 quantities:

Optical depth: 71 = orn.RR

AFE 4
~ _p2 Nscat

- ; = Nscat ——
The y-parameter: y T 3

Thomson Thin Thomson thick

Tr < 1 T > 1

Photon scattering rate

per unit volume Nicat ~ COTNe Nscat ~ COTTe
. 1/2
Escape time R/c Nsc/at R/c
Mean number of 2
scatterings T T
y 40(1 + 40)T 40(1 + 40)71°
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Example of Multiple up-scattering

® y=10, hvo=0.1eV, Thomson

w°r— T T T T E, = 5Mev
@
‘c
3
-
O _
:-é'
S
Y
L
D 4
1073 . -
- |
10'10 1 : |
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Regimes of Multiple up-scattering

® Yy hvo/mc2 <y(y-1) < 1:
. Thomson - Small tau (y<<1) => cutoff at kT
. Small A => Power-law > Large tau (y>>1) => saturation at kT

S Inverse Compton (A—1=36=0.1)
10 :

— 17=1,y=1071 =10,y = 10"
r=33,y=1 — T17r=10%,y=103

107 10°° 1073 1074 1073 1072 1071 10° 10!
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Regimes of Multiple up-scattering

® Yy hvo/mc2 < 1< y(y-1):
- Thomson
- large A => Several Compton orders

L8 Inverse Compton (A = 1262 =10?)

Tr=10"%y=1072 Tr=1,y =102
Tr=10"2,y=1 r=3,y=103

104 .

102 1

100 4

VF,

1072 -

10—4 .

10—6 4

1078 1072
hv/mec?

VF,

® 1<y hvo/mc2 < y(y-1):
- KN, large A => Only one Compton order

104 4

102 1

100 1

1072 -

10—4 4

107° -

1078 -

Inverse Compton (A = 1262 =10°)

T7=107%y=1073 =107,y =10*
r=1072,y=1 =10,y =10°

10—10
1076

10~4 1072 10° 102
hv/meac?

104
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Kinetic Equation

® General kinetic equation for photons including :

dN, d d
—c//[ U v,y =) — da( ,v—)u’)] dN, dN,
7

hv
Steady state solution for thermal distribution: Wien spectrum N,, < v°

® In the sub-relativistic regime, thermal particles: The Kompaneets equation

dN,, d d?*(w?N,,) hv
T = NeCoT | —— (w(w —460)N,,) + 6 72 W = 3

cooling

® Must be included in some sort of transfert equation
Source and escape terms
Other processes

e kBT
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Induced Compton Scattering

o Total scattering rate: (1 4 n (1)) F(u, v — V)
”
. . n_ © N,
With occupation number: n(v') = r—

® n is a strongly decreasing function of v
ex: Planck spectrum: n o< T' /v
=> favours down-scattering

e Steady state solution for thermal particle distributions:

: . . . 8 2
Bose-Einstein distribution N, = ;T Z + Cno(v)
C )\NGW —1

Fugacity and chemical potential: Ay = e~ >1
Harder than pure Compton scattering at low frequency ( F, « »2 instead of F o 1?)

® Implied in high brightness-temperature radio sources...

The Transient Universe 2023, Cargese

46



Two-Photon Scattering

® Particle physics also predicts multiple-photon scattering ~+e¢ — v+vy+e
Yy+e - y+y+vy+e

® Cross-section decreases as o/}

® However, it becomes a sources of photons that can compete with other
emission mechanisms

© Ex:

Pulsar magnetosphere:
« Need for photons to produce pairs and fill the magnetosphere
« In competition with photon splitting v + B — v + 7y
GRB photosphere:
« Photon production rates decreases as the jet expands until it freezes
« Double Compton might play a role in transition thermal->non-thermal
* In competition with bremsstrahlung
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V. Pair production

V"/L,V\/,ef
T T

® Photon-photon annihilation

Cosmic Explosions 2019, Cargése

48



Cross Section

V”l/,v\/,y
PR

® In the center of momentum frame:

| 4

| 4

| 4

2 photons of same energy hv’

2 leptons of same energy Y’
Energy threshold: hv' > mec?
Energy conservation: hv' = v'm.c”

Annihilation requires MeV photons

® In the source frame:

>

| 4

| 4

Results depends on the angles
h h 1 —cosf

Threshold: — =2 ——
MeC”® MeC

 Head-on collisions: softer threshold

> 1

 Trailing collisions: harder threshold

Average for isotropic photons fields:

« Efficiency peaks at fy vy

MeC2 MeC?

100 —

1071 A g

o/or

1072

1073 4+—

100 —

1071 4

ol/or

1072 1

1073

10° 10! 102
hv/mec?

100 10! 102
(hvi/mec?) (hva/mec?)
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Photon absorption

. or (mec?)?
® Photon-photon optical depth: 7, (v1) ~ ?RW(VQ)R hvy = —
1
® Absorption: I, = I)e ™
- Optically thick/thin: 7, = 1
10% |
® Absorption along the line of sight: pair | y \
cascades a0 —_ ™ \
. IS \ \ \ ‘\
- Extragalactic TeV photon are absorbed by EBL & = NN \ \\
photons g AVERN \ \
- Produced pairs up-scatter CMB photons 2 100 A\ N\ \
- etc... => shower - Vo \ ‘. L
— z=0.01 — z=0.20 — z=1.00]]
— z=0.05 — z=0.30 — z=2.00]]
— z=0.10 z=0.50 — z=4.00
Stellar photon b 107 5 e
. Energy E (GeV)
pl‘lmal’y ! etc. ...

1** generation

: & VYW y
i 2" generation

Ambient magnetic field
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Pair production

® Matter production and temperature
decrease

® Pair thermostat in AGN (e.g. Svensson+84):
> For kT > mec2: MeV photons (e.g. Compton)

- For high photon density sources
(1=-27L_ - 1): strong pair production

1000}

-----

e —e
coupling
slab
hemisphere

sphere at 0.5h

100 ] % _ ‘ 3\

Rmec? — %\
»  =>Temperature saturation 10 1
® Pair instability supernovae (e.g. Gilmer+17) 1 [
> For M~100 Mo
: : Fabian+15
Pair production => temperature and pressure T R — T
decrease o
- Collapse trigger
® Pulsar magnetosphere B
> Pair plasma &
: e-
> Production by /
« double photon annihilation
 Single photon annihilation in strong field
« Curvature radiation
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