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Radiation Transfer

L dE
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Radiation Transfer

Optical depth t,: dr, =, ds => {dlv =S,

Source Function: S,

Emission — |,

dl,
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Radiative Transfer Equation

-

General solution for homogeneous S:

l, (r,)=1,(0) e~ +S, (1-e™)

~




Radiation Transfer (II)

Special Cases W%

|, () = 1(0) e + S, (1—

1) Absorption spectra :*“J\( |

Bright background source
behind a cold absorber

(S,=0)

100



Radiation Transfer (1)

Special Cases

l, (z,)=1(0)e*v+S, (1-e™)
2) Emission spectra
No significant background source
(1, (0)=0)
1) Optically thick emission:

(t,>>1)




Radiation Transfer (IV)

Special Cases

Iy (t,) = 1,(0) % + S, {1 =& ps
2) Emission spectra

No significant background source

(1,.(0)=0)

II) Optically thin emission:

(1, << 1)
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Thermal Blackbody Radiation

l, (r,) =1,(0) e~ +S, (1-e™)

In Thermal Equilibrium (LTE):

v

u(p) [klj/nm]

A L
T=5500K

T=4000K

T=3500K

L I L 1 1 1 L
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A [nm]

2 hv? 1

S,=1,=B,(T) = 2

= Planck Function

Rayleigh-Jeans Limit:

hv << kgT

2 V2

CZ

=> BV(T) = kBT



Bu(T) [J s™!' m~2 Hz~! ster™!]

Thermal Blackbody Spectrum
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Brightness Temperature

Define Brightness Temperature T, by setting measured
Intensity |, equal to Blackbody in Rayleigh-Jeans Limit:

|, =2 (v¥c?) kg T,

1. c?
—~ Tb_zizk

B

Note: T, usually has nothing to do with the
source’s real temperature!



Brightness Temperature

Brightness temperatures T, > 1012 K seem
unphysical because of strong Compton scattering
(see point 4 below)

e L R B B
4.85 GITz: (ype 3-4 (gs prosent}
L — 485 GHv: iype 1-2: no gs present
— .85 GIIz: type 5
... but many active i '
galactic nucleli show
T, > 1012K ...

. .
06 | _:' I E|§ | _‘|5| I 10 I II2 | ||3 | 14 l|5 | 16

T A;}g['T'h!K}

(Angelakis et al. 2012)



Relativistic Beaming / Boosting

! In the stationary

In the co-moving frame

(observer’s) frame:
o = (I'[1 — Brcoso)):

Doppler boosting factor

of the emission reqgion:

r= (i) 2
' >

4
’
-

-

_ o Beamed emission:
Isotropic emission |, at L =81, V=35V’
frequency v’
For power-law F, ~ v

F, =86+ P

Time interval
Lyar = t’var/ 0

Time interval t’ .,



Relativistic Beaming / Boosting

‘ Tb - 63 T,b ‘

(if the size of the emitter is
determined from variability)
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Cyclotron/Synchrotron Radiation

Cyclotron frequency:

Vey = €B/(2nmec) ~ 2.8*10° (B/G) Hz

|, ~ (v/c)?"
/ \/M}:L;L

ch

'\rjv :
Magnetic
field B
Nonrelativistic
electrons -
| Cyclotron radiation
ﬁ Harmonics:



Synchrotron Radiation

Relativistic electrons:
Vay (y) ~ 4.2*10° (B/G) y? Hz

Power output into synchrotron ,dE _4 5o
radiation (single electron): (Ge)sy (1) =5 corUg v°P
A where ug = =
81

—v/v
€ = B-field energy

Log(l,)

density (c.g.s)

Single
Electron

Log(v)



Synchrotron Emissivity

Simple delta-function approximation for single-electron
emissivity:

P, (1) = (5)sy (v — Vg, 1)

Vey(V) = Vo ¥’
jy=1J, dyP,(y) No(y) ~ Ne(y,) v'2

= (v/vy)'?



Synchrotron Radiation

Power-law distribution of relativistic electrons:

Ne(y) ~yP
If there are electrons with v = v, (y), then:

J, ~ v o= (p-1)/2
R K, ~ vPb B =(p+4)/2

Opt.
thick

log(l,)

Opt. thin

5/2
\Y
v-(-1)/2

Log(v)



Polarization

Preferred direction of E-field vectors of radiation

. - B : : L
\ Erad~nx[(n_B)XB]

—

E..q predominantly L to projection of B



Synchrotron Polarization

Calculate polarization-dependent intensities I - and I,/
perpendicular and parallel to B-field projection

- . IvL _ ]v||
Degree of Polarization: [ = -mar—mn = 2 I

max min

In perfectly ordered, homogeneous B-field:

p+1 _ a+l

L= p+7/3 B a+5/3

Pp=2—->I1=69 %
P=3->I1I=75%



Stokes Parameters

X (= North)

x = polarization angle
(180° ambituity!)

Define Stokes Parameters:

[ =Total intensity -> Polarized Intensity I,,, = IT1

Q =1, cos(2B) cos(2y) (B = phase-shifty vs. x =>circ. pol.)
U = I, cos(2pB) sin(2x)

V =1, sin(2P) = circularly polarized intensity (typically, B <<1)

I1= Ve +IU il ; tan(2y) = %




Stokes Parameters

Stokes parameters are additive:

Simply add up Stokes parameters from different zones:

t:::ntal Zk llk l_[ - \/Qtora12+Utotalz+Vtotatz
I
Quotal = Z=1 U ’ fotal
f— _LQ.HLL
total Zk 1Uk tan(ZX) -

total

total Zk 1 Vk
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Compton Scattering

In the electron rest frame:

. &l e = hv/(m.c?)
€s~ 1+€er(1 —cosy")

Fore'<<1 —¢' =g (elastic scattering — Thomson Regime)

Fore'>>1 —¢'.~1 (inelastic scattering —
Klein-Nishina [KN] Regime)

2 12 / 12 /
TTe 27 (1+€) €7 —2€¢ —2
oo(€) = — (4 + (1+26)2 + " In(1 + 26'))




O'C/O'T

Compton Scattering

TTT]
1_
- Thomson
0.1
( /26 12 L
op (1 —2¢ + = ¢ for ¢ < 1
oc(€) = 4
\% Iz (In[2€'] + %) for € > 1
001 T T 1 iI||||||| T L1111
10° 10~ 10" 10" 10" 10

g = hv’/(mecz)



Compton Scattering by Relativistic

Electrons — Thomson Regime
(578 ('Ys)

= cos(0) Phs (g5)
<
ph in electron rest frame (): g=ecy(1l-PBp)
In Thomson Regime (¢’ << 1): & =&

Doppler boost into lab frame: es=v& =¢€v* (1 —Bp

Concentrated in forward direction (Q,)

Thomson approximation for differential cross section:
dog . ; | |
dzda, - o (&~ e v [1=Pul) ol = )




Compton Losses and Spectra

Power output into Compton

d—E = f 22
radiation (single electron): (Ge)e (V) =3 €or Uraq VB

Delta-function approximation for single-electron emissivity:

dE

P, (v) = (Z7)c 8(v — velv])
vel(y) ~ vy v’
= [ dy Py(y) No(y) ~ No(vo) v'/2

= (V/vy)'?



Compton Spectra

Power-law distribution of relativistic electrons:

Ne(y) ~yP
If there are electrons with v = v (y), then:

J, ~ v o= (p-1)/2

y-(p-1)2

log(l,)

2 Log(v)



Compton Scattering by Relativistic
Electrons — KN Regime

ph in electron rest frame (‘):
In the KN-Regime (g’ >> 1):

Doppler boost into lab frame:

e =gy (l-Ppp
g5 =1
Es=7V& =7
— Photon takes all of the electron’s energy
(e, ~ ey >y — would violate energy conservation!)

Cut-off in the
resulting Compton-
scattered spectra
around g, ~ 1/¢




—dy/dt

Total Energy Loss Rate of
Relativistic Electrons

A

Klein-Nishina
Thomson

\

>

/¢ Y
Compton energy loss becomes less efficient at
high energies (Klein-Nishina regime).



Compton Polarization

Compton cross section is polarization-dependent:

do 13 [¢€ e € 2 (e rest frame)
— = — | — —+——2+4]e-¢
[dﬂ 4 (e) <e’+e " [e e})}

¢ = hv/(mc?)

Thomson regime: ¢ = ¢’
—=do/dQ2 =0ifee’ =0

— Scattering preferentially in the
. —>
plane perpendicular to €!

Preferred EVPA is preserved.

Scattering of polarized rad. by
relativistic e => I1 reduced to ~ % N
of target-photon polarization.



X-ray Polarimeters

GEMS
Gravity and Extreme
Magneétism SMEX

Opening the Frontier

= ol P
; # of X-ray Polarize
J ‘ to Probe th

of the Uniwv:

Scintillator

1.8 cm CZT (5 & 2 mm thick)
I

ASTROSAT

— PoOISTAR



X-Ray Polarimeters

Scintillator

Single Compton
scattering

Look for angular
modulation of
scattered X-rays



X-Ray

Polarimetry

Carbon fiber
Socket

™~

8x8 Scintillator bars
Bar alignment system
LTy Optical coupling

—1/<— MAPM

— Front-end electronics

(POLAR: Kole et al. 2016)

xi [degree]

| 140 keV, Vertical Polarization h2
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Gamma-Ray Polarimetry

with Fermi-LAT

|
1 k
I
|

e*e  pair is preferentially produced in the plane
of (K, €) of the y-ray.
Potentially detectable at E < 200 MeV
— PANGU / eASTROGAM
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vy Absorption and Pair Production

Threshold energy ¢, of a y-ray to interact with a background
photon with energy ¢;: 2

e j—
g (1 - cosh)

2.03-25_ T T T T T T

1.5e-25F

5 1025 - - €1 !
o :
5.0e-26 !
| ‘ __ I+ . ; o
— B2 (3= 85a] In " 2 Bem [2 — Bom]
I — ,.l'jcm
O'Oe+00 B 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 j




vy Absorption

Delta-Function Approximation:

5 1 . 2
O~ (€1,€2) = 39T €1 0 (Fl — )

€2

VHE gamma-rays interact
preferentially with IR photons:

)\2 =24 El,T‘eV 111




Spectrum of the Extrgalactic
Background Light (EBL)

A -
3 : ] . Starlight
10 10 10 10 /

IIIIIII ] ] IIIIIII I 1 IIIIIII I I IIIIIII ] ]
: 10°
1 O' 14 - e Lo~ 1 —
= - AN ” ~ . —
- S . 1
< L e =
E C ! al :
hy - =
=T}
H =
) =
— I.E.I
) =
= =
[
aa This work Model C
----- Kneiske et al. (2004) m
= = Franceschini et al. (2008) \ 1 00
= = Gilmore et al. (2009)
===« Stecker et al. (2006)
= =« Razzaque et al. (2009) Model B
= = = Razzaque et al. (2009) Model C

10-16- L vl T S T L s

10° 10~ 10" 10" 10"
E [eV] (Finke et al. 2010)



EBL Absorption

1 | i I
w'E / &y
I .
'2 1 ||||',|||I. 1 |||||||l 1 |||||||I L_Liiii '2 1 ||‘:|’| 1 |||||||I 1 |||||||I L1 Lihil
10 3 2 0 110 0 1

10° 100 10" 10" 10" 100 100 100 100 10
E [TeV] E [TeV]

(Finke et al. 2010)



vy Absorption Intrinsic to the Source

Optical depth to yy-absorption:

2
T,,(€,) ~ny, (€—> Ro;

14

L _ 4mdF
4t R2cem,c® 4m R?c e m,c?

Tlph

Importance of intrinsic yy-absorption Is estimated by the
Compactness Parameter:

- N
) — Lf}/ g

47 R (€) mec?
N y




vy Absorption Intrinsic to the Source

Estimate R from variability time scale:

R ~ cAt,,,

Optical depth to yy-absorption:

4 ) )
d,*F. (=) or
Ty (€y) ~ 261"
4
var (g_) mec
\ Y J

PKS 2155-304

I(>200 GeV) [ 10° cm?s™]
N w
I‘I.“[ I‘I"III‘Inllllhl

-
¢ )
IO [ AT TR TTTT oY

o
(%))

100 120

030 60 80

(Aharonian et al. 2007) Time - MJD53944.0 [min]

With F, and At from
PKS 2155-304: 1, (¢1ey) >> 1



Relativistic Beaming / Boosting

! In the stationary

In the co-moving frame

(observer’s) frame:
o = (I'[1 — Brcoso)):

Doppler boosting factor

of the emission reqgion:

r= (i) 2
' >

4
’
-

-

_ o Beamed emission:
Isotropic emission |, at L =81, V=35V’
frequency v’
For power-law F, ~ v

F, =86+ P

Time interval
Lyar = t’var/ 0

Time interval t’ .,



Relativistic Beaming / Boosting




vy Absorption Intrinsic to the Source

Optical depth to yy-absorption:

4 ) N\
sz F, (—) Or
€.,
Atvar (_) mec4
8)’
\_ y,

Fg — 5—(3+oc) Feobs
8]/ — gyObS / o)

At. = & At, 0obs

var var

5
[ :>Tyyoc6(+°‘) ]







log(l,)

Radiation Mechanisms

Bremsstrahlung r\f\/{\,

g, ~ ek

a, = ——o (1 — e V/KT) |3

' B, (1)

Opt. thin
Opt. thick

log(v)



Blazars

YLA Scm image (o) NEAD 1396

Class of AGN consisting of BL Lac objects and
gamma-ray bright quasars

Rapidly (often intra-day) variable

Strong gamma-ray sources

Radio jets, often with superluminal motion
Radio and optical polarization



Blazar Spectral Energy
Distributions (SEDs)

- | | 1 1 | | | R 44 P1 (June 1991 flare)
- 14
10 - + -+ P2 (Dec. 92/ Jan. 93) 1
® June 2003 ‘} 5 T'_“AGIC
103 : = Jan. 15, 2008 x 1‘# {
B 3 = Feb. 23, 2006 ITF i
= 5 eb. 3
- 7 ]
- .‘,}_r_.--— ':‘
12| — il
10 E ®  Fermi Dark Run = :i
- " Fermi Flare ! 2
E A MOM: Oct 6, 0824 UT | -
- « MDM: Cct 10,0936 UT | & " KL
11
10 F 3
C Chandra, Oct. 6.: 5 =
i VERITAS Dark Run
] + VERITAS Flare
1 01lZl e 4 ! ¥ F-Gamma i_:
ol | | o ¢ L 1 | L IN L L
10 12 14 16 18 20 22 24 26 10 10
10 10 10 10 10 10 10 10 10
v [Hz]

ow-energy (probably synchrotron):

Non-thermal spectra with | _
radio-IR-optical(-UV-X-rays)

two broad bumps:
* High-energy (X-ray — y-rays)



Flux and
Polarization
Variability

Multi-wavelength variability on various
time scales (months — minutes)
Sometimes correlated, sometimes not

Observed polarization fractions
[pps <~ 10 % << Inax

=> Not perfectly ordered
magnetic fields!

Both degree of polarization and
polarization angles vary.
Swings in polarization angle
sometimes associated with
high-energy flares!

Fy[x107 ph cm2s ™)

Fopticatuy [Mdy]  F [x10"Zerg cm™s7]

EVPA [degree] PD [%]

Fosarar [My]

Fadio [W]

phaton index
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2.5F { * + \ + + ++ . H Lo ++H'
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10f Nt X 3
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: N At -"+ !
2k o Bl N %
E -:fi. - ‘:o f. s *‘:
1 [ ey .
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L (V,no filten- — — — — — — _ PO n . A S
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[ i 1
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IR 33
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(Abdo et al. 2010)



Open Physics Questions

Source of Jet Power (Blandford-Znajek /
Blandford/Payne?)

Physics of jet launching / collimation /
acceleration — role / topology of magnetic fields
Composition of jets (e-p or e*-e” plasma?) —
leptonic or hadronic high-energy emission?
Mode of particle acceleration (shocks / shear

layers / magnetic reconnection?) - role of
magnetic fields

Location of the energy dissipation / gamma-ray
emission region



Blazar Models

Relativistic jet outflow with I" = 10

Injection,
acceleration of
ultrarelativistic

electrons .

4 Jet

y‘q

Narrow Line
Region

oroad Line
Region

vF,

ON(AY

Ll Accretion *
Hole : Disk

-Léptogic 7N
» Madels .

.{VV

Injection over finite /

length near the ~ 0Scuring °«, v
base of the jet. . .' Seed photons:
®
Additional contribution from s * ¢ Synchrotron (SSC),

> |
vy absorption along the jet . Accr. Disk + BLR (EC)



Injection,

acceleration of
ultrarelativistic
electrons

Qe p (v:1)

y'q

vF,

‘<VV

A 4

Blazar Models

Relativistic jet outflow with I" = 10

* Narrow Line 0
Region =

w
o & ¢ Broad Line v
Jet =@ Heglon e Proton
s synchrotron
° 0
Ll Accretion a2l
Hole - Disk n° — 2y
> e
. pz—> nn*; m— pu'v,
/ ® e ur— e+VeV_u
Obscuring v
Torus N * % & _ secondary -
Hadronic * b
» e-synchrotron

R
L  Cascades ...

Models * :



Requirements for lepto-hadronic models

 To exceed p-y pion production threshold on interactions
with synchrotron (optical) photons: E, > 7x10*® E*, ., eV

* For proton synchrotron emission at multi-GeV energies:
E, up to ~ 10*° eV (=> UHECR)

e Require Larmor radius
.~ 3x10° E;o(/B;cm<afewx 10>cm => B>10G
(Also: to suppress leptonic SSC component below
synchrotron) — inconsistent with radio-core-shift

measurements if emission region is located at ~ pc scales
(e.g., Zdziarski & Bottcher 2015).

« Low radiative efficiency: Requiring jet powers L ~ Lggq



EF,, [Jy Hz]

SED Model Fit Degeneracy

RGB J0710+591 (HBL)

le+13 =]

le+12 ('ﬂ

I I I
Red = leptonic

many cases, leptonic

and hadronic models

can produce equally

le+11?/

\good fits to the
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g} o
o
: i r i
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" i :

ek
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distingquish:

* Variability
* Neutrinos

(Polarlzatlon /

b
7
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Distribution at Shock, logm[mc dN/dp]

Polarization Induced by Anisotropic

Compton Scattering

I ' |
B, =0.71, By = 0.84 | |
r=371, My =4.04

SAS

log ol p/(mc)]

Distribution at Shock, log,,[mec dN/dp]

2

o

I
—_
=}

—
[4h]

,_
=N

0

I
By, = 0.71, Byp = 0.96 | _
r=3.71, My =4.04

SAS

A/r, = 10°
A/r, = 10"

1 1 ] L 1 L
1 2 3 4
log,olp/(me)]

Summerlin & Baring (2012)

Thermal + Non-Thermal Electron Distributions from

Diffusive Shock Acceleration



‘#F'? [Jy Hz]

10

10

10

13

12

11

AO 0235+164

| I I
Bulk Compton emission
(Comptonization of dust-torus IR
by thermal e in the jet)

_—

_———

1024 1 U’Eﬁ

(Baring et al. 2016)



Expected Polarization from Bulk Compton

=
02 2

icby N\ e~TPe

Y

- Thermal %
015 " Electrons
0.1

|IC by Non-

| Thermal

0.05 1 (Relativistic)
k Electrons

0

14 12 -10 -8 -6 -4

Log;ler (MeV)]

(Garrigoux et al., in prep.)



Polarization Induced by Anisotropic Scattering

NGC 2110

e
=
fu—
=
i
Q
-
Q
et
1

6000 6500

(Moran 2007)  wavelength (&)




Calculation of X-Ray and Gamma-Ray Polarization
In_Leptonic and Hadronic Blazar Models

Upper limits on high-energy polarization, assuming perfectly ordered
magnetic field perpendicularto the line of sight (Zhang & Béttcher 2013)

« Synchrotron polarization:
Standard Rybicki & Lightman description

« SSC Polarization:
Bonometto & Saggion (1974) for Compton scattering in Thomson regime

« External-Compton emission (relativistic e): Unpolarized:




The Doppler Factor Crisis

PKS 2155-304

& - VHE y- ] _
E 45 vrays Y yopaC|_ty c_onstrau_nts,
2 4 E assuming isotropic
S 25 - emission in the co-moving
O C ] . .
g 2F E frame of the emission
N - m .
A 1.55— E region
1 E
050 Y .
S U TR i o M =>1"~0>50
0" 40 60 80 100 120
Time - MJD53944.0 [min]
(Aharonian et al. 2007) Strong disagreement with
o observed superluminal
VHE vy-ray variability on motions!

time scales as short as a
few minutes!



Edited by M. Boettcher, D. E. Harris, AWILEY-VCH
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