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What this talk is about

Malcolm’s Talk: Radiation Processes in High Energy
Astrophysics

A Physical Approach with Applications

Bremsstralung, Synchrotron, inverse Compton (Thomson limit)

This talk: High Energy Radiation Processes

One Zone Modelling
Synchrotron, inverse Compton (Klein-Nishina limit)
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Introduction Radiation Efficiency Klein-Nishina
Particle Distribution

Microscopical Description

dN(qiapia t) = f(qiapiv t)dqldpl

@ fis the distribution function

@ g; and p; are some coordinates in the phase space

dN dN

f=eg. av —d3xd3p

@ One Zone Modeling typically implies

dN

f:d7E

Example
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Particle Distribution

Microscopical Description
@ Boltzmann Equation

o o1 g0l _[of
ot “or  op  |0t],,

@ Collision integral [27]  accounts for many processes: particle
injection, acceleration, scattering, energy losses, etc

@ In the case of injection/cooling problems, the problem may be
significantly simplified under the continue loss approximation
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Significant simplification in the case of
energy losses

Cont. Loss Approx. F(E,t) = / f(E', t)dE'
E

Injection
/ F(E + Edt,t +dt) =

F(E, t)+dt / g(E', t)dE’
E

Egrdt J Fokker-Planck Equation

Distribution function & Injection of 3([_:f) (E.1)
P _— 7 = q s
dN = f(E,f)dE dN = g(E, t)dEdt —Ot &

7146
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Significant simplification in the case of
energy losses

F(E + Edt, t +dt) = F(E, t) + dt/q(E’, t)dE’

E
OF . OF T ,
FE.1) + SgEdt+ Sodt = +dt/q t)dE
E
o _
0E
accounting for 9 = —f 2 [ q(E' t)}dE' = —q
E
of  O(Ef)

Example
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Particle Energy Distribution

Fokker-Planck Equation Solution
Eeff

Eeff
!
f(E,t):lE/dE’q(E’), where t= [ 95

E/

E=Egn+ Ec+ Ea+etc/Egn+ Epp + By, + elc

Fast Cooling (Saturation) Slow Cooling
Ee — o0 t< EJE

f(E,t) = g(E) - t

f(E) = 11:_ / dE' g(E))

E
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Some Remarks

Used simplifications

@ Acceleration and Losses are treated independently

@ High energy cut-off depends on loss rate
@ Some acceleration processes cannot be treated in this way, e.g.
converter mechanism by Derishev

@ Particles lose energy by small fractions, which is not true for
some processes, e.g. IC in the Klein-Nishina regime

Transport Equation with Diffusion and Escape

of  a(Ef) f
a‘i‘ﬁ‘FV(DVf)-F* = Q(E,l’)

also can be solved analytically, see e.g. Ginzburg’s
"Astrophysics of Cosmic Rays"
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Some Remarks

Klein-Nishina and Continues Loss approximation

9

@ Particles lose energy by small
fractions, which is not true for
some processes, e.g. IC in
the Klein-Nishina regime

E2dN, /dE, arbitrary units

Solid line: caicf(v) = q(v) + Cf dv’f(v’)c{%(v’ﬁ’ -7)

_ 1 o |
Dash-dotted line: f(y == %[ dy'q(y
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Some Remarks

High Acceleration Cut-Off

@ Acceleration Time @ Cooling Time
bee = 0.1nETeVBa1s(Wheren >1) Lool = E/E

tacc < tcool

@ Dominant Synchrotron Losses

v < 10885 /2y~ 1/2 hw < 1007 'MeV
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An Extreme Accelerator?

Crab Nebula Broad Band Spectrum
10%
ig o Soft X © Whipple
F ¢ HEGRA
* CANGAROO
E 10% [ * CASA
s 0F +t
Xo%h B/ e smcw om0 J[/ - ‘«":’;’ ]
e
10% g
Crab Nebula ?Hf
7/ Py
103»2 PR | L L 1
10 15 20 5 Log(v/Hz)
v
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vF, peak gives the luminosity

vF, peaking distribution

dN
— 2T
vF, = ElGE

dN
L, = / dE, Evﬁ -
EO Enmax
/ dE, E] ™" + / dE, EI7F
Emin EO

Emin < EO < Emax

1 1
L”:L°<2—a+ﬁ—2>
Fora=15and 8 =2.5

L, =4l
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vF, peak gives order of magnitude estimate
of the luminosity

Fermi/LAT observations of
PSR B1259-63

-9 F T T T T plushr Spih-town e T T T &l

10 —

. Swift 1

_12 -

log EF; [erg/( )]
ey
“‘~.,_' ;1?,' 4
=}
T L1

Detailed information about the
pulsar spin-down luminosity
provides very precise information
about the available energetics

Lsp = 8.3 x 10%ergs™!

Example

D \2
Liar =8 x 10%° <2 Skpc) ergs™!

Even in this case, there are
unavoidable uncertainties related
to the distance to the source...
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Radiation Production
Single particle spectra:

Emission of a Particle (two dN; = K; (E,, E)
channels) dE,

AvEF, Total luminosity:

Lz L:E1+E2

L Luminosity per channel:
E
Ei+Es

L=

Ratio of the humps:
L_&
L2 E2
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Comparison of Radiation Mechanisms

Radiation Efficiency
@ Escape Time: ts. = min(tygr, ta)

2
taitr = Lin ~ 2'1()44_1H12281E1_1 s, (= D
DBohm

2D
R

Vbulk

tad = (s 102 R12 V1B1 S

@ Energy Transfer: p = %01

@ Radiation Efficiency: x = pmin(1, tsc/tint)
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Radiation Mechanism in BS

Inverse Compton Scattering

@ Cooling Time:

-1 2 1.7
Y i " Erey s
1088erg /s 10"2cm 3-10%K

@ Energy Transfer:

E., ¢E> mPc*
= 2
e, eE< mect

@ Radiation Efficiency
K~ 1

18/46



Introduction Particle Distribution Klein-Nishina Example
Radiation Mechanism in BS

Proton-proton interaction

@ Cooling Time:

tr =10 (fgas)

E, ~0.1E,

@ Energy Transfer:

@ Radiation Efficiency

fesc ny,
10%4s 109cm—3

k=103
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Radiation Mechanism in BS

Photo-meson production

@ Cooling Time:

t,, =3-10* = Ay T\
P 1038erg /s 10"2cm 3-10%K

@ Energy Transfer:

E, ~0.1E,

@ Radiation Efficiency

-2 —1
x = 0.03 fesc L A T
10%s 10%8erg/s \ 10'2cm 310K
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Radiation Mechanism in BS

Photo-disintegration (see Bosch-Ramon&Khangulyan,
2009)

@ Cooling Time:

L ! T R \?
103
oa ~3-10 (1038erg/s) (3-1041() (1012cm> °

@ Energy Transfer:

E, ~ 0.01 Ex

@ Radiation Efficiency

-2 —1
x =0.03 fosc L A T
10%s 1038erg/s \ 10'2cm 3-10%K
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Radiation Efficiency

Example

The most Favorable Emission Process in BS

Radiation Processes

[ Proc. [ Ev/Eo | K
iC i i
pp 0.1 103 00
P 01| 00385 st (o) (o)
Photo-des. || 001 | 003 ot () (sibg)
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Proton Synchrotron

Electrons Protons
@ Cooling: too = 400EgyBg? s @ Cooling:
@ Photon Energy: toot = 400Ery B (%)4 s
oo = 20E Ry B keV @ Photon Energy:fiw =
@ Highest Energy Cooling: 20E2,, B (%)3 eV

ol = 6771/2883/2 s

@ Highest Energy Photons:
hw = 100~ MeV

@ Highest Energy Cooling:
foool = 6771/28 3/ (zp)z

@ Highest Energy Photons:
hw = 100" (’”) MeV
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Synchrotron-IC Model

Very similar processes
@ Energy Losses
. 4 . 4
EIC = _§Uphc'72 Esyn = _§UBC'72
@ Mean Energy
(4 2 ([ eBh 2
o= 3hn) o= (gome)
L U Bh
v — =B hwsyn (Z:mec)
LlC Uph - /4
e (5hwo)
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Synchrotron-IC Model

Ratio of the peaks
Two identical humps? Lyn Us

AV F v LlC Uph

Ky Ratio of the energies

hwsyn _ (27?%?0)
hwie — (5hwo)

L>
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Kein-Nishina Cut-off

Photon Energy < Electron Energy

4 eBn
hw = <§hw0) 72 < ym.C? Fw = (27rm c) 72 < ymeC?
(5]
2 2rmécd
meC 5
7<<%hw0> ’Y<( eBh )

v <3 x 1014851

5, =1
¥ <5 x 10%0g 1y
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Some Remarks

High Acceleration Cut-Off

@ Acceleration Time @ Cooling Time
bee = 0.1nETeVBa1s(Wheren >1) Lool = E/E

tacc < tcool

@ Dominant Synchrotron Losses

v < 10885 /2y~ 1/2 hw < 1007 'MeV
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Kein-Nishina Cut-off

Photon Energy < Electron Energy

4 eBh
hw = (ghw()) 72 < fymecz hw = (27rm C) 'yz < 'ymecz
(5]
2 2rm?cd
m.C e
7<<%ﬁw0> ’7<( eBh )

v <3 x 1014351
Bg > 10"y

5 —1
¥<5x10 Wy ev
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Leptonic Radiation Mechanisms

Typical SED

High Energy Cutoff \

>

Klein—Nishina Cutoff

Cooling Break
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Synchrotron Radiation
Electrons can interact with B-field
Synchrotron Radiation @ Energy Losses: £, = —2Uscy?

@ Mean Energy: fw = ( eBh )72

2mwm.C

@ Single Particle Spectrum:

d/syn _\/§e3BF<w)
We

dw 27 mc?

3eB+?
2mc

where w, =

@ Useful approximation:

F(x) _x/K5/3 dx’ =1.76 x99

Example
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Synchrotron Radiation

Approximation for the peak

3 i o x> 1

Zz m\ 1/ _

Fx)=(5)  x"/%e
E T o x <1

ZZ 4

' F(x x/3

53 (x) = Var(1/3) /3)

0
0.01 0.1 1 10

@ Useful approximation (but not an asymptotic):

F(x) = x/ Ks/3(x')dx" = 1.76 x%%%e~*
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Inverse Compton Radiation
Electrons can interact with photon field

1— 1
@ Maximum Energy of Gamma Rays E, < (1-52)

4y
T
@ Single Particle Spectrum:

do Tr2e2E, = o
— = £ In + (4ey° —4~¢E, — E
dE,  P(v-E) | ve(v - E) ( =)

2¢v2 — 2veE, + €E2 + E
2 2l v
4E,ve(y - )

@ Energy Losses for a Planckian photon field:

Yic = 5.5x10"7 T3 v

mcc

1+ 25 Tneey 1+1292T72,

In(1 + 0.557 Thnee) (1 1.4y Tince ) 1

Example
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Klein-Nishina Effect

Energy Losses

101 = N

10° 1

Synchrotron

10!

E'E

10" 107 107 10" 10° 10* 10°
Energy (TeV)
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Klein-Nishina Effect

dN,
dE

= 1E/dEl Q(E) E: .Esyn + Eic
s
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Energy Density

Electron Distribution

10

10

"
o

"
o

108

Energy Losses

10

107

10 10! 10°
Energy (TeV)

10*

10%
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Klein-Nishina Effect

Radiation Efficiency

@ X-ray:
hardening

@ y-rays: no
Klein-Nishina
cutoff

Example

35/46




Energy Losses
Broad Band SED

1010

Flux

10°

107
10%410%710"210107° 10° 10® 107 10° 10® 10 107 102 107 10°
Energy (TeV)
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Klein-Nishina Effect

Gamma—Ray Cutoff

Wi
Wy,
High Energy Cutoff
Cooling Break B
Adiabatic Losses Klein—Nishina Cutoff
Escape
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Compton Scattering Spectrum

dN, dN. do
E.c(1 — =
dE /d c( cos@)npth dE
&I’N(8, 0) _ r} [1 " ? B w 3+
do A 2woE’| | 2E(E-w) woE(E — w)(1—cos 0)

wZ
+ 20IEXE — o)1 —cos e)z]
=r%[+zz_22+222}
20BN 200 o2 BHl-27)°

where by=2(1-cos O)wE, z=w/E, and « changes in the limits

by
L=
we<fw 1+b9E'

Aharonian&Atoyan, 1981
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dN,
dE

dN, do

/dE c(1— cose)npth dE

Anisotropic inverse Compton
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Klein-Nishina Effect

Gamma—Ray Cutoff

Wi
Wy,
High Energy Cutoff
Cooling Break B
Adiabatic Losses Klein—Nishina Cutoff
Escape
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Klein-Nishina + Anisotropic IC

Gamma—Ray Cutoffl

High Energy Cutoff

Cooling Break

Adiabatic Losses Klein—Nishina Cutoff
Escape
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Gamma-Gamma Absorption

Example

N —
@ The KN regime implies importance o1 \
) ) W\ A .
of -+ absorption i, A
\ N '
: \ & 4 el
ye > 1 0.01 \ / Vo kgl
2\“// 3\\ // e T =05
. . " ‘ .
@ Does KN imply strong attenuation? ° N ; :24
. . . Es / \ B ' o 3
@ Does strong attenuation implies / Y 3T=10K
EMC? 5, v _
2 3
10° 10 10!t l‘o;i/ 10 10" 10!
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LS 5039

Superior
conjunction

Binary Pulsar

$=0.5 Inferior

o
$=0.716

stron @
Apastron @ o l conjunction

observer

Microquasar

From Aharonian et al., 2006
A general study of - and X-rays
production in the leptonic scenario




XIS (1-10 keV)

HESS (> 1 TeV)

HXD—PIN (15-40 keV)

-

[counts s

X-ray and TeV emission from LS5039

. :
Yo ey
SR

@ Variable/Periodic

@ Apparent similarities in
lightcurves

@ Hard distributions of
parent particles

Takahashi et al., 2009
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X-ray and TeV emission from LS5039

TeV (Aharonian et al., 2006)

Variable
Periodic
Strong variability in flux level

Significant variability in
photon index

SUPC: lower fluxes and
steeper spectra

INFC: higher fluxes and
harder spectra

Very hard spectra at INFC

X-ray (Takahashi et al., 2009)

Variable
Seems to be periodic

Significant variability in flux
level

Minor variability in photon
index

SUPC: lower fluxes and
steeper spectra

INFC: higher fluxes and
harder spectra

Hard spectra
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Time-scales and Energy Bands (ll)

104 F T Rk ] T T TTTTm -1 P 1
\ Thomson <T1§Qsition < :Klein—Nishina
L / A i v
£ 108 | ] ﬁ*é "HESS
-
;, = { P Y
. \ ;
£ z X5,
= 2] (o)
en 2 = “
= 10° F = “ 4
= v %
=) s
S ;
101 L covl 0 vl ] : o L
108 10" 10®  10° 10 10!t 10® 101® 10'4
Takahashi et al., 2009 E, eV
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Modeling (results)

« ..t Adiabatic Cooling Time
g
3.
@ Adiabatic cooling rate from o o
_|# oF TeV gamma-rays ;
X-ray data .
; K S
@ Good agreement with HESS S
@ Acceptable agreement with i o A
HESS spectral indexes B8 oy
@ Testable prediction for Fermi 5 I

n erg
sem
8 o

GeV gamma-rays

Orbital phase

100

Bemi
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