




Back of the envelope estimates 
Warning:  
 
People get the right answers 
either 
 
(a) because they have done / 

looked up the detailed 
calculation and know the right 
answers 

(b) because they are really great 
scientists with a lot of 
intuition 

 
Case (b) is relatively rare… 



Preliminaries: Units, coordinates &  other useful(?) stuff 
Gamma ray production by protons 

 Basics 
 Gamma-ray visibility of supernova remnants 
Seeing molecular clouds in gamma rays 

Radiation processes involving electrons 
 Inverse Compton scattering 
 Synchrotron radiation 
 Radiation cooling 
 Application to real objects 

Gamma ray propagation - will they reach us? 
Cosmic particle accelerators 

 Supernova remnant kinematics 
 Supernova remnant shocks 
 Particle propagation and particle acceleration 
 Some of the fine print 

The receiving end: Detecting gamma rays 
 
 
 
 
 
 
 
 
 
 
 

Topics 



Should do all of this on the blackboard, but 
 
(a) bit too time consuming 

(b)  transparencies may help for reference 
 
 
 
Stop me if I’m going too fast or something is unclear 







Useful units, numbers, dimensions 

Energy, distance 
 
1 erg = 10-7 J;     1 TeV ≈ 1.6 erg;      
Supernova Ekin ≈ 1051 erg 
 

1 yr ≈ π 107 s 
 
1 pc ≈ 3.26 LJ ≈ 3.1.1018 cm ≈ 1000 km/s x 1000 yr 
Distance to center of Galaxy ≈ 8.5 kpc 
Surface of kpc sphere ≈ 1.2.1044 cm2 
Distance to M31 (Andromeda) ≈ 800 kpc 
Distance to Centaurus A ≈ 4 Mpc 
 
Redshift z=0.1 ≈ 0.4 Gpc 
Surface of Gpc sphere ≈ 1.2.1056 cm2 
 
Gyroradius of (z=1) particles: rpc ≈ EPeV/BµG  
 
 
 
 



Useful units, numbers, dimensions 

Instrument sensitivity 
assume  
     100 detected photons for image (reasonable) 

background-free (somewhat optimistic) 
 
optical telescope (few eV) 

10 m aperture, 1 h, 100% eff  
3.10-8 ph/cm2s ~ 10-7 eV/cm2s ~ 2.10-19 erg/cm2s 

X-ray satellite (keV) 
50 ks, eff. mirror aperture 500 cm2 (Chandra)   
4.10-6 ph/cm2s ~ 10-14 erg/cm2s  

Fermi-LAT (few 100 MeV) 
1 yr,  2 sr, eff. area 8000 cm2  
2.10-9 ph/cm2s ~ 10-12 erg/cm2s 

Cherenkov telescope (few 100 GeV) 
50 h,  eff. area 50000 m2  
10-12 ph/cm2s ~ 5.10-13 erg/cm2s 

 
 
 
 
 

required source 
luminosity @ 1 kpc: 
~1032 erg/s 
Sun thermal lumi 
~4.1033 erg/s 
Crab pulsar spin-down 
~5.1038 erg/s 
 
 



Useful units, numbers, dimensions 

 
Crab-like pulsar, assume 1% of spin-down  
(1% of 5.1038 ergs/s)  into radiation 
{note: actual Crab has 10-5 into VHE gamma rays) 
 
at 1 kpc     4.10-8 ergs/cm2s 
 
at center of Galaxy    5.10-10 ergs/cm2s 
 
at LMC (50 kpc)    2.10-11 ergs/cm2s 
 
at Andromeda    6.10-14 ergs/cm2s 
 
Dropping mass into BH, at 1% mc2 
 
1 solar mass / yr @ 1 Gpc   5.10-12 ergs/cm2s 
 
 
 
 
 
 





Useful units, numbers, dimensions 

 

Mass, density 
 
Solar mass ≈ 2.1030 kg 
Proton mass ≈ 1.7.10-27 kg 
 
Typical interstellar density ≈ 1 H/cm3  

           ≈ 5.1028 kg/pc3  
            ≈ 0.025 Msol/pc3 

                  ≈ 1Msol/ sphere of 2 pc radius 
 



Useful units, numbers, dimensions 

Energy density 
 
Typical interstellar magnetic field ≈ few µG ≈ few 10-10 T 
 
Energy density in cosmic rays  ≈ 1 eV / cm3 

 
Energy density in starlight   ≈ 1 eV / cm3 
 
Energy density in CMB   ≈ 0.25 eV / cm3 

 
Energy density in B-field   ≈ 0.03 B2

µG eV / cm3 
 

         

1 eV / cm3        ≈ 5.1043 erg/pc3 
 





Particle (or photon) density and flux 

Φ 1/ cm2s"# $%=
d 2N
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= ρv

Φ 1/ cm2s sr"# $%=
d3N

dA⊥dtdΩ
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4π
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Spectral index 

usually use photon index, defined as 

Φ =
d3N

dAdEdt
=CE−Γ =C '(E / E0 )

−Γ

for Eo = 1 TeV 
 
C’ ≈ 3.5.10-11 cm-2s-1TeV-1        for Crab Nebula (Γ ≈ 2.5) 
C’ ≈ 1.10-5 cm-2s-1sr-1TeV-1       for cosmic ray protons (Γ ≈ 2.7) 
C’ ≈ 1.10-10 cm-2s-1TeV-1            … within 0.1o radius 
C’ ≈ 1.5.10-8 cm-2s-1sr-1TeV-1    for cosmic ray electrons (Γ ≈ 3) 
C’ ≈ 1.5.10-13 cm-2s-1TeV-1         … within 0.1o radius 



Crab Nebula with MAGIC CT 

MAGIC Collab. 
arXiv:1108.1477 
 
E > 300 GeV 

background flat 
in θ2 (= solid angle) 



Spectral energy  
distribution (SED) 

MAGIC Collab. 
arXiv:1108.1477 

SED:  E 2 dN
dE

= E dN
d logE

~Energy flux per  
decade of spectrum 
 
Units: Energy/time*area 
 
also often written as 

νFν ν( ) =ν dE
dν

dN/dE 

SED 



Markarian 421 (MAGIC, Fermi, …) 
arXiv:1106.1348  





Local coordinate system: alt, az 

Rotates with Earth 
Not very helpful to find sky objects 



Celestial coordinates: RA, Dec 

Equatorial system: 
plane defined by Earth equator, 
directions fixed to sky 
 
RA in xxhyymzzs; 24 h = 360o 

Dec in xxoyy’zz” 
 
1 ’ = 0.017o 

1 m = 0…0.25o 

Since Earth axis shifts 
coordinates given as 
“B1950”, “J2000” 



Celestial coordinates: RA, Dec 
4 RX J1713.7−3946 in VHE gamma rays
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Figure 4.9: Gamma-ray image of RX J1713.7−3946. The linear colour scale is in
units of excess counts per smoothing radius. The white contour lines indicate the
significance of the different features, the levels are linearly spaced and correspond
to 5, 10, and 15σ, respectively. The significance of each point has been calculated
assuming a point source at that position, integrating events within a circle of 0.1◦

radius. In the lower left hand corner a simulated point source is shown as it would
appear in this particular data set (taking the point spread function and the smoothing
into account) along with a black circle of 2′ radius denoting the σ of the Gaussian
the image is smoothed with.

4.2.1 Morphology

Figure 4.9 shows a 2◦×2◦ field of view around RX J1713.7−3946. The hard cuts are applied
resulting in an angular resolution of ≈ 0.08◦ (see Section 3.4, Fig. 3.11). The corresponding
energy range is ≈ 300 GeV to ≈ 40 TeV. The overall gamma-ray appearance resembles a
shell morphology with bright emission regions in the western and northwestern part where
the SNR is believed to impact molecular clouds (Fukui et al. 2003; Moriguchi et al. 2005).
It is worth noting that there is a possible gamma-ray void in the central-southeastern
region. The event statistics for both sets of cuts are listed in Table 4.5. The cumulative
significance for the whole SNR is about 40σ with the hard cuts, which corresponds to
an excess of ≈ 7300 events from the region of RX J1713.7−3946. Drawn as white lines
in Fig. 4.9 are in addition the contours of significance of the gamma-ray signal (levels
correspond to 5, 10, and 15σ). The significance has been calculated considering events

100

Dec 

RA 



Galactic coordinates 

wikipedia 



Galactic  
coordinates 

wikipedia 



Bubble chamber 
image 







Gamma ray production by protons 

Energy E >> m 

“leading” proton 
or neutron 
(valence quarks flying 
through) 

many  
pions 

gammas  
from π0  
decays 

Cross section for p H (i.e. p p) collisions: 
 
Proton size ~ 1 fm 
Strong interactions have short range 
➜ Cross section σ O(π 10-30 m2) ≈30 mb     (Reality ≈40 mb) 
 
Interaction rate r = σ c ρ ≈ 4.10-26 cm2 3.1010 cm/s n/cm3 
                                      ≈ 10-15 n/s ≈ 3.10-8 n/yr 
                          ≈ energy-independent! 



Gamma ray production by protons 

Energy E >> m 

“leading” proton 
or neutron 
(valence quarks flying 
through) 

many  
pions 

gammas  
from π0  
decays 

Scaling variable      x = Eγ /EP

Distribution in x:    dN
dx

∝
(1− x)4...5

x

Normalisation:      Eγ∫ dN
dEγ

dEγ =ηEP ≈
1
2

1
3

EP

                              x∫ dN
dx

dx =η ≈ 1
6

Interaction dynamics / 
   valence quark distributions 
Longitudinal 
   phase space 

     Equal numbers 
     of π+, π-, π0 
Leading particle 
keeps 50% energy 

(per interaction) 

masses play no role since E >> m 



Gamma ray production by protons 

Energy E >> m 

“leading” proton 
or neutron 
(valence quarks flying 
through) 

many  
pions 

gammas  
from π0  
decays 

Gamma ray SED    

E2
γ

dN
dEγ

∝ x2 dN
dx

∝ x(1− x)4...5

peaks at x ≈ 0.2 

Gammas from  
100 TeV p 
1 TeV p 
 

E2dN/dE 



Gamma ray production by protons 

Gamma ray spectrum follows proton spectrum, 
roughly Φγ(E) ~ Φp(10E), with features smeared  
over about one decade in energy, and appearing 
about a decade lower in energy 
 
In particular, a power law proton spectrum  
gives a power law gamma spectrum with 
same index (±0.2) 
 
 

Gammas from  
100 TeV p 
1 TeV p 
 

E2dN/dE 

Gamma ray SED 
= Proton SED times  
   cross section, convolved 
   with p→gamma SED 



Gamma ray production by protons 

Valuable reference and parametrizations: 

arXiv:0803.0688 
 





Gamma ray visibility of SNR 

Typical energy: 1051 erg; typical density n=1/cm3 

Shared between pdV work, heat, magnetic field, particles … 
all are somehow related … assume roughly equal shares … 
➜ O(10%) ≈ 1050 erg in protons  
 
Interaction rate O(10-15/s); 1/6 of energy into gammas 
➜ gamma ray luminosity ≈ 2.1034 erg/s  
 
Spread (~uniformly) over 7 decades of SED 
(~100 MeV (pion mass) to ~PeV) 
➜ TeV gamma ray luminosity ≈ 2.1033 erg/s 
 
Gamma ray energy flux 
➜ φ ≈ 2.1033 (erg/s) E51n/(4πd2) ≈ 2.10-11 E51n/d2

kpc erg/(s cm2) 



The “official” answer 

F(>1TeV)  ≈ 9.10-11 θ E51 n/d2
kpc      ph/cm2s 

   
   
   
  ≈ 3.5.10-11 E51 n/d2

kpc  erg/cm2s, 1…10 TeV 
   
   

Sensitivity limit: ≈ 10-12 erg/cm2s 
 
 
 

Supernova remnant visibility in gamma rays 
Drury, Aharonian, Völk A&A 287 (1994) 959 

Efficiency θ ≈ 0.1   





Seeing molecular clouds in gamma rays 



Seeing molecular clouds in gamma rays 

 
F(>1TeV)  ≈ 0.1 M6

/d2
kpc Crab units 

 
 
 

Cosmic ray flux (p)  φ ≈ 10-1 E-2.7
TeV /TeV m2 s sr 

Other nuclei:   x1.6 
Cosmic ray density  ρCR = 4π φ/c  
Energy density  0.0015 eV/cm3  10-100 TeV 
 
Gamma ray luminosity 1-10 TeV 

 L ≈ fγ ρE,CRVCloud/τ ≈ (1/6) ρE,CR(MCloud/MHn)/(1015 s/n)  
                                 ≈ 5.1026 Mcloud,sol erg/s 

 φ                     ≈ 4.10-12 M6
/d2

kpc  erg/cm2s 
     ≈ 0.1 M6

/d2
kpc Crab units 

 

cloud mass in  
106 solar masses 

few clouds have >0.02 
Correct answer: 



Cosmic ray penetration in clouds 

Cesarsky & Völk, A&A 70 (1978) 367 
Everett & Zweibel, arXiv:1107.1243 
Fatuzzo et al., arXiv:1010.0059 

do they get in? 

are they enhanced 
inside ? 

➜ discussion of CR propagation 

non-trivial if  
curvature radius in B fields 
small compared to cloud size 





The God Diagram 

… describes everything! 

e 

low energy 
photon in 

high energy 
photon out 

+ …. 

t 



The God Diagram 

Inverse Compton Scattering 

e 

microwave background, 
infrared, visible, 
UV, X-ray photon 

high energy 
photon out 

+ …. 

t 



The God Diagram 

Bremsstrahlung 

e 

virtual photon 
of nuclear 

electric field high energy 
photon out 

+ …. 

t 



The God Diagram 

Synchrotron radiation 

e 

virtual photon 
of B field 

high energy 
photon out 

+ …. 

t 

⊗ 



The God Diagram 

fringe benefit: 
photon absorption by 
pair production e+ 

+ …. 

t 

e- 

microwave background, 
infrared, visible, 
UV, X-ray photon 

high energy 
photon 



Exact treatment & detailed discussion 

THE reference: 
 
 
Bremsstrahlung, Synchrotron Radiation, and Compton 
Scattering of High-Energy Electrons Traversing Dilute 
Gases 
Blumenthal & Gould 
Reviews of Modern Physics, vol. 42, pp. 237-271 





Cross section 

e 

α α = 1/137 

total cross section σ depends only on cms energy √s 
 
in units where ħ = c = 1, σ has dimension 1/E2 

 
hence σ ≈ α2/s  up to factors of order unity 



Cross section 

for simplicity, consider head-on collision 

s = (Ee +Eph )2 −  (pe − pph )2 ≈
Ee>>me

me
2  + 4EeEph

Thomson limit          4EeEph <<me
2

                                 s ≈ me
2    ;   σ ≈  const ≈ α

2

me
2

Klein Nishina limit   4EeEph >>me
2

                                 s ≈ 4EeEph    ;   σ ≈
α 2

4EeEph



Cross section 

c ≅  200 MeV fm

In useful units

α 2

me
2 =

e2

4πεoc
!

"
#

$

%
&

2
1

me
2c4 (c)2 =

e4

16πε 2
ome

2c4

Correct answer: 16 →  6
"Thomson cross section"  6.6 ⋅10−29  m2



Kinematics 

e 

m* = √s 

s =m*2 ≈
Ee>>me

me
2  + 4EeEph

Thomson limit          4EeEph <<me
2



Kinematics 

CM frame m*  
E *γ = p*γ = p*e

p*e <<me      (Thomson limit)

⇒ E *e =
p*e

2

2me

<< p*e = p*γ = E *γ

⇒  all energy carried by gamma

E *γ ≈ m*−me = me
2 + 4EeEph −me ≈

2EeEph

me

Lab frame: boost by γ = Ee

m*
≈
Ee

me

   ⇒     Eγ ≈
2E 2

eEph

m2
e



Kinematics 

In useful units

Eγ [TeV ]=
2Ee

2[TeV ]Eph[eV ]×1012

511×10−9( )
2 ≈ 8Ee

2[TeV ]Eph[eV ]

Example: scattering off CMB, with Eph ≈ 2×10−4 eV :

Eγ [TeV ] ≈ 0.002Ee
2[TeV ]

10 TeV electron off CMB:Eγ = 0.2 TeV 

What about energy conservation?? Eγ  grows as Ee
2  !



Kinematics 

 Eγ ≈
2E 2

eEph

m2
e

in the Thomson limit where 4EeEph <<me
2

and hence always Eγ < Ee    !

In practical units:  Thomson limit
Ee[TeV ]Eph[eV ]< 0.1
for scattering off visible light: Ee <100 GeV
for scattering off CMB:           Ee < 500 TeV



Spectra of IC photons     

Eγ ∝E
2
eEph

dN
dEγ

=
dN
dEe

dEe

dEγ
∝Ee

−αEγ
−1/2     (since Ee ∝Eγ

1/2 )

       ∝ Eγ
1/2( )

−α
Eγ
−1/2 = Eγ

−(α+1)/2

⇒  Gamma spectral index is (α +1) / 2

E 2 dN
dE

Electron SED 
Gamma SED 

Eγ ,peak ≈ 8Ee,max
2 [TeV ]Eph[eV ]



Energy loss rate 

Eγ ≈
2E 2

eEph

me
2          and      σ ≈

α 2

me
2      

dE
dt

= −Eγσnc     where n = density of target photons

                   n = U
Eph

 ;  U  = energy density of "target"

dE
dt

= −
2E 2

eEph

me
2

#

$
%%

&

'
((
α 2

me
2

#

$
%

&

'
(
U
Eph

#

$
%%

&

'
((c∝E

2
eU

Energy loss scales with square of electron energy 
depends only on energy density of target (B, vis, CMB, …) field 



Energy loss rate 

τ =
Ee

(dEe / dt)
∝

1
Ee

τ ≈
3⋅105  yr

U[eV/cm3] E[TeV]

τ sync ≈
107  yr

B2[µG] E[TeV]

Energy density in starlight   ≈ 1 eV / cm3 
 
Energy density in CMB   ≈ 0.26 eV / cm3 

 
Energy density in B-field   ≈ 0.03 B2

µG eV / cm3 
 

        

for typical eV energy 
densities in target fields 
and multi-TeV electrons, 
loss time O(105) y 

Energy density in  
3 µG field ≈ CMB 



IC scattering loss history 

Blumenthal & Gould, RMP 42 





Synchrotron radiation 

Start from  Eγ [TeV] ≈ 8E 2
e[TeV] Eph[eV]

What is the photon energy ??

⊗ Eph 



Synchrotron radiation energy 

Start from  Eγ [TeV] ≈ 8E 2
e[TeV] Eph[TeV]

What is the photon energy ??

Electron in B field has one characteristic frequency

Gryo frequency ν = eB
2πme

≈ 2.8B[µG]  Hz  

Energy              Eph[eV] ≈10−14B[µG]    

Sync. radiation  Esy[eV] ≈ 0.08E 2
e[TeV] B[µG]

Correct answer for peak of synchrotron spectrum, 
after averaging over pitch angles etc.: 0.08 → 0.07 Correct answer: 





From electrons to gamma rays 

Sync. 
3µG IC on CMB 

1 TeV 

10 TeV 

100 TeV 

Electron spectrum 
with index 2 and 
(varied) cutoff Ecutoff 

Shown: 
SED E2dN/dE 
 
Electron spectrum 
is flat in this 
representation 

Numerical 

integration of 

exact expressions 

incl. CMB spectrum 



From electrons to gamma rays 

Sync. 
3µG IC on CMB 

1 TeV 

10 TeV 

100 TeV 

Synchr. (and IC) 
photon index 
 
Γ  = (Γe+1)/2 
    

 = 1.5 for Γe=2 

Electron spectrum 
with index 2 and 
(varied) cutoff Ecutoff 



From electrons to gamma rays 

Sync. 
3µG IC on CMB 

Electron spectrum 
with index 2 and 
(varied) cutoff Ecutoff 

1 TeV 

10 TeV 

100 TeV 

Peak sync. energy EeV 
~ 0.01 Ecutoff,TeV

2 Bµg 

Peak sync. intensity 
~ Ecutoff B2 

differs somewhat 
from coefficient 0.07 
for monoenergetic electrons 
due to convolution 
with power law spectrum 



From electrons to gamma rays 

Sync. 
3µG IC on CMB 

1 TeV 

10 TeV 

100 TeV 

For typical 
conditions 
WB ~ WCMB 
 
hence 
 
Isync ~ IIC 

Electron spectrum 
with index 2 and 
(varied) cutoff Ecutoff 



From electrons to gamma rays 

Sync. 
3µG IC on CMB 

1 TeV 

10 TeV 

100 TeV 

IC on CMB: 
 
Eγ,TeV ~ 0.003 Ee,TeV

2
 

Electron spectrum 
with index 2 and 
(varied) cutoff Ecutoff 

had estimated 0.002 as  
coefficient 



From electrons to gamma rays 

Sync. 
3µG IC on CMB 

1 TeV 

10 TeV 

100 TeV 

IC strongly 
reduced in 
Klein-Nishina 
regime 
 
4 ε γe/m > 1 

F. Moderski et al. 
astro-ph/0504388 

Electron spectrum 
with index 2 and 
(varied) cutoff Ecutoff 





Spectra & radiation cooling 

Cooling modifies particle spectra 
 
dE/dt = const (Ionization losses) 
➜ relative losses stronger for low-energy particles 
➜ spectra become harder 
 
dE/dt ~ E (Bremsstrahlung, IC in KN regime) 
➜ relative losses same for all particles 
➜ (power-law) spectra keep their shape 
 
dE/dt ~ E2 (Synchrotron, IC) 
➜ relative losses stronger for high-energy particles 
➜ spectra become steeper 
 



Spectra & radiation cooling 

see also 
Longair 
High Energy Astrophysics 



Spectra & radiation cooling 

 
Longair 
High Energy Astrophysics 

continuous injection 
with index Γ: 
“cooling break” Γ → Γ+1 
where 
τy ~ 107/ETeV BµG

2 < τsource 
 

burst injection: 
cutoff or pileup 
where 
τy ~ 107/ETeV BµG

2 = τsource 
 



Spectra & (synch.) radiation cooling 

source age small 
compared to  
cooling time 
τy ~ 107/ETeV BµG

2 
 

Spectra not 
influenced 

 
 

Continuous electron injection 
over source age T 

SED of electrons 

log(Energy) 

index p=2 injected electrons 

only electrons with 
τy ~ 107/ETeV BµG

2 < T 
survive 
 

Flux reduced by τ/T ~ 1/E 
Index increased to p+1 

 
 





RXJ 1713.7-3946 

Fan et al. 
arXiv:1007.0796 

Modeling objects: options 
(a) Fit the current distribution of radiating particles 

 using a power law or a broken power law 

(b) Fit the injection distribution of radiating particles 
 includes radiative cooling and history of injection (but often neglects adiabatic losses) 

(a) Model the whole system 



Cooling in synchrotron spectra from SNR 

Cas A,  
E.G. Berezhko et al. 
astro-ph/0301205 

Electron index ~2 
Sync. index ~ 1.5 

Cooled electron index ~3 
Sync. index ~ 2.0 

Exp. cutoff of 
electron spectra 

curvature 
due to nonlinear 
shock modif. 



Crab Nebula: measuring the B field  

Fermi-LAT Collab. 0911.2412 

Steady 
synchrotron 

emission  
from extended 

nebula 
Steady 

Inverse Compton 
emission 

from extended 
nebula 

100 µG 
200 µG 
300 µG 
 

# of electrons 
adjusted to 
match sync. 

spectrum 



Crab Nebula: Target fields for IC 

Atoyan & Aharonian, MNRAS 278 (1996) 525 

Density of synchrotron radiation 
exceeds external photon fields: 
Synchrotron Self Compton 



Evolution of pulsar wind nebula 

from  
M. Mayer 

X-rays TeV 

Pulsar spin-down 
~1/t2 

fresh 
high- 
energy  
particles low-energy 

particles  
accumulate 
over history 



optical 

radio 

X-rays GeV 
γ-rays 

TeV 
γ-rays 

Markarian 421 
MAGIC, Fermi, … 
arXiv:1108.1477 

Active Galactic Nuclei 

Accreting  
BH 

Jet Electron  
“Blob” 

Sync. 
radiation 

mostly SSC 

Parameters: 
Electron spectrum 
Blob B field 
Blob boost 
Blob size 

Issues: 
Cooling time scale & 
   variability 
Blob transparency 



AGN variability (PKS 2155-304) 

TeV flux varies 
stronger 
than X-rays 

TeV 

TeV 

X-rays 

X-rays 
optical 



Fitting AGN SEDs 

Mankuzhiyil et al. 
arXiv:1103.0909 



Preliminaries: Units, coordinates &  other useful(?) stuff 
Gamma ray production by protons 

 Basics 
 Gamma-ray visibility of supernova remnants 
Seeing molecular clouds in gamma rays 

Radiation processes involving electrons 
 Inverse Compton scattering 
 Synchrotron radiation 
 Radiation cooling 
 Application to real objects 

Gamma ray propagation - will they reach us? 
Cosmic particle accelerators 

 Supernova remnant kinematics 
 Supernova remnant shocks 
 Particle propagation and particle acceleration 
 Nonlinear effects, escape, … 

The receiving end: Detecting gamma rays 
 
 
 
 
 
 
 
 
 
 
 

Topics 







Gamma-ray absorption in matter 

Radiation length (characteristic scale for pair conversion) 
is 37 g/cm2 

 
1 H/cm3 over 10 kpc is 0.05 g/cm2 
 
Don’t worry for Galactic gamma rays … 



Gamma-ray absorption by radiation 

Threshold: s ≈ 4EγEph > (2me)2 
Eγ[TeV] > 1/Eph[eV] 
 
➜ Always in “KN” regime 
 
Cross section drops with incr. s 
 
➜ Near-threshold regime dominates 
 
TeV gamma rays in the Galaxy:  
target density ~1 eV/cm3 

                 or ~1 photon/cm3 

assume Thomson cross section  
(6.10-25 cm2) as upper limit 
 
➜ Mpc range (1024 cm) 
 

gamma ray 

CMB, 
vis, … 



‘bit more precise Aharonian, VHE Cosmic Gamma Radiation, 
World Scientific, p. 117 

σγγ ≈
2
3
σ T
ln s0
s0

where

s0 ≡
EγEph

me
2

σ~1/EγEph 

σ~0.2σT 

photon energy 
scaled to 
threshold energy 



Source opacity: LS 5039 

Binary LS 5039 
VHE gamma-ray 
light curve 
folded using 
optical period 
 
Data repeated 
for 2 cycles 

γ-Period: 3.908±0.002 days 

H.E.S.S., astro-ph/0607192 



20 solar mass star, 
Radius ~7.1011 cm, 
Luminosity ~1039 ergs/s 
Orbit radius ~2.1012 cm 
Energy density ρ of starlight? 

L = 4πr2ρc    →      ρ ≈ 2 ⋅103

r2
12

 erg/cm3 ≈
1015

r2
12

 ph/cm3

ρ ds ≈1027∫ ph/cm2

σ T ≈ 6 ⋅10−25cm2;           σ T ρ ds∫ >>1

All TeV gamma rays from back side or orbit 
pair-produce 



Extragalactic propagation 

Sensitive to cosmology 
and history of star formation 
in the Universe 

Starlight Far-IR 
Dust emission 

Franceschini et al.,  
arXiv:0805.1841 
 

0.003 eV/cm3 

Level of 
Extragalactic background light 

Difficult to 
measure  
because of 
foregrounds 



optical depth  
vs energy 

z=4 

z=0.003 

z=0.01 

z=0.03 

z=0.1 
z=0.3 
z=0.5 
z=1 

Target 
Vis 

Target 
Far IR 

Franceschini et al.,  
arXiv:0805.1841 
 

Shape of curves 
depend on cosmology 
and history of star formation 
in the Universe 



Measurement of EBL density 

from gamma-ray attenuation 

e.g. arXiv:1004.2032 
and references there 

attribute 
VHE deficit 
to EBL abs. 

SSC SED fit 

“measured” 
optical depth 

z=0.1 



less model-dependent limits: 

Mazin & Raue astro-ph/0701694 

Lower limits 
from star/galaxy counts 

Upper limits 
from direct 

measurements 

VHE gamma-ray 
limits 


