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CMB photon interactions 

high-energy 
photon 

γCMB-Matter  
interaction 

Plasma 
target 

Inverse Compton Scattering 
High-E electrons  
- thermal (supra-thermal) 
- relativistic  

γCMB-Radiation  
interaction 

γCMB-Field  
interaction 

Pair production      
High-E photons 
- emitted by AGNs 

Primakov effect       
Field-γ coupling 
- B field (ICM, ISM, ..)  

Photon fields 
target 

B field 
target 
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Large Scale Structures 
 
 
 
 
 

More than basic 



  LSS and  Dark Matter  



    Dark Matter nature 

[Colafrancesco 2006, 2007] 

Bullet cluster 

MACS J0025.4-1222 

ZwCl0024+1652 



LSS shock waves 
ρgas Tgas 

Shocks M 

[Pfrommer et al. 2006] 



LSS shock waves 
ρgas Tgas 

Shocks M 

e-
cr 

γICS,γbr 

pcr  

pth  

π 0,±→X+γγ+e± 

[Pfrommer et al. 2006] 

Heating 
Cooling 

UV/X-rays 



Magnetic fields in LSS 

[Sigl et al. 2005] 

Origin 
Primordial 

Post-recombination 
      G + MHD  B(δρ, z;Pk) 
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LSS and Black Holes 

One of the most massive DM clumps at t = 1 Gyr 
containing one of the most massive galaxies and most massive BH 

z=6.2: Dark Matter   z=6.2: galaxy light   



LSS and Black Holes 

12 

WMAP 5 yr 

Fermi 1 yr 

Sky distribution 
of Blazars and RGs 
at 41GHz (WMAP) 

Sky distribution 
of bright Blazars 
at GeV energies 



Galaxy Clusters  
crossroads of cosmic 

physics 
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High-E particles in clusters do exist 

A2163 

[Feretti et al. 2001] 

Ee∼ a few GeV 

Ee ≥ keV 

µν BGeVE GHz6.16≈



B-field in clusters: evidence 

Radio Halos 
GB µ51.0 −≈

A400 
3C275 

A3667 

GB µ82.0 −≈

Faraday Rotation 

Radio Relics 

Synchrotron radiation 

GB µ501−≈

A2163 



CRs in clusters: Hard X-Rays 

Swift-BAT 

OPHIUCHUS 

More than 20 clusters with Hard X-ray excess 
at E> 20 keV.      Equally fit with: 
- Two temperature (thermal) plasma 
- Thermal plasma + non-thermal power-law 

AGN emission or ICS 
from CR interaction ? 

A3627 

Perseus/NGC1275 

Beppo-SAX 
INTEGRAL 
 
First detection 
of hard X-rays 
in Coma  

ICS ? 

Thermal  
Bremsstrahlung 
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γ-rays in clusters 
Only upper limits on diffuse γ-ray emission 
or γ-rays from RG-cluster association 

The EGRET challenge 

Cherenkov results A496 Coma 

• HESS (2007-2008) 
      10-20 hour exp. 
      No evidence  

Colafrancesco (2000-1) 
Scharf & Mukherjee (2002) 
Totani & Kitayama (2001-2) 
Colafrancesco (2002) 
Reimer et al. (2002) 

A1758 
RG: 87GB 133050.3+504752 
4 NVSS RS 
Radio halo  

• MAGIC 

• AUGER 
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γ-rays in clusters: Fermi results 

[Fermi Collaboration (Ackerman et al.2010] 

No γ-ray emission detected  
from galaxy clusters in  
18 months LAT exposure 
(Aug.2008-Feb.2010) 

33 clusters selected from 
X-ray & diffuse radio  
observations 
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Fermi cluster detection: RG+cluster 

Detected 
AGN+cl. 

Detected 
AGN+cl. 

Detected 
AGN+cl. 



RGs at the centers of bright clusters 
Cen-A clusters NGC1275-Perseus M87-Virgo 
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One of the most massive galaxy clusters at t = 13.7 Gyrs 
The AGN descendant is part of the central massive galaxy 

z=0: Dark Matter 
      M= 2×1015 M⨀  

z=0: galaxy light  
      M= 2×1015 M⨀  

 The first object descendants today 



  BHs in galaxy clusters: evidence 

A4059 

Virgo 

Perseus 

A262 
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BHs: ejecta and feedback   

MS0735.6+7421 

Cavities 

Relativistic  
plasma 

AGN core 
Blazar-like emission 

RG lobe emission 

RG lobe emission 



Cooling or not cooling ? 
A2052 

n
kT

kTn
nkT

L
E

dtdE
Etcool =≈==

2/

[Blanton et al. 2005] 
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Cluster cool cores  

[S.C. Dar & DeRujula (2004)]  

[S.C. (2005)]  [S.C. & Marchegiani (2008)]  

Hydra 

A2052 

A1795 
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Dark Matter 

Thermal plasma 

B field 

Cosmic rays 

AGNs 

Galaxy Clusters: crossroads of cosmic 
physics 
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Cluster-RG interaction: Perseus core 

Chandra FERMI 

MAGIC SHALOM 
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Perseus and NGC1275 

DM 

DM 
CR 
RG 

Optical 

Fermi 

Magic 

X-ray 

The SED is dominated by NGC1275 except for: 
- Very low radio frequency: Perseus mini halo 
- Soft X-rays: thermal gas bremsstrahlung 

[S.C. et al. 2010] 

NGC1275 
Blazar 
core 

Diffuse 
Radio  
emission 

ICS Bremsstrahlung 

Th. bremsstrahlung 

π 0 

SZE-ICS 



Radio galaxies: jets and lobes 
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RGs: jet/lobe diffuse emission 
Fermi (E> 200 MeV) WMAP5 (22 GHz) 

synchrotron ICS synchrotron 
ICS 



RGs: jet/lobe diffuse emission 
Fermi (E> 200 MeV) WMAP5 (22 GHz) 



Radiogalaxy jets: emission 
3C 200 

Chandra (color)+5GHz (contours) Chandra (color)+1.4GHz (contours) 

3C 432 

The co-spatial location and the similarity in the X-ray and radio  
spectra  indicate a common parent population    →       Ne ~ E-p 

for the electrons responsible for the jet/lobe emission 

)1(2 +−≈ ααν BFradio
α−

− ≈ EF rayX
2/)1( −= pα



CenA: more properties 

Xrays 
Radio 
Optical 

High-ν polarization information crucial to 
unveil magnetic field structure and  
the sites of particle acceleration 

Cen-A at multi-frequency QUAD QUAD 



Very high polarized radio lobes 

Effelsberg 8.35 GHz total power contour 
map: -0.75, 0.75, 1.5, 3, 6, 12, 24 and 48 
mJy/beam 

GMRT and VLA maps of CGCG 049-033 
with contours at: -0.18, 0.18, 0.36, 0.72, 
1.44, 3 and 6 mJy/beam 

CGCG 049-033: well collimated radio jet, largest detected jet, 
very strongly polarized (P ~20 to 50% at 8 GHz)    [Bagchi et al. 2009] 



RGs: 3D tomography of jets 

Fornax A radio galaxy lobes 

Farady Rotation polarization 

Radio synchrotron polarization 



RG jets/lobes: simulations 

Synchrotron brightness at 5.4 GHz  

1.2 keV X-rays from IC-on-CMB  

1.2 keV X-rays from SSC  

Fractional polarization  



RGs: lobes vs core emission 
Extended Lobe emission decreases with frequency:  
               steep spectrum (diffuse emission) 
Core emission remains visible at high frequency:  
               flat spectrum (Blazar like) 



RG vs Blazar SEDs 
Pictor A 

Nuclear compact  emission 
Self Synchrotron Compton  

(SSC) 

Extended jet radio emission 



RGs vs  Blazar SEDs 



RG vs Blazar SEDs 



RG vs Blazar SEDs 



RG vs Blazar SEDs 



The AGN Zoo 

LSP Objects 

HSP Objects 

UHSP Objects ? 

DUAL energy band favours: 
• LSP objects with large Compton dominance  
 (flat spectra in DUAL, steep spectra in Fermi) 
• (U) HSP with high flux (no Compton dominance)  
              (steep spectra in DUAL, inverted spectra in Fermi) 
• Radiogalaxies and starbursts in high activity states (nearby, high-L, flat spectra) 

[Abdo et al. 2010] 

Compton 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Synch. 

Compton                 
 
 
 
 
 



RGs & Starbursts 

[Abdo et al. 709 (2010) L152 ] 

[Abdo et al. 2009 ApJ 707 55] 



 Galaxy halos and outflows 
NGC 253 

NGC 253  
detected 
by Fermi 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DUAL 



Galaxy cores 
Galactic bubbles: Planck 

Galactic bubbles:  
Planck (red) + Fermi )violet) 



CMB photon interactions 
Basic mechanisms involving CMB photons 

γ-e: Inverse Compton Scattering 
 Galaxy clusters  
     Radiogalaxy lobes  
   Galaxy halos 
  

γ-γ: Pair production 
     AGN jets      
     Galaxy clusters 
      

γ-B: Primakov effect 
      AGN jets 
      Galaxy clusters  

high-energy 
photon 



ICS 
Comptonisation is a vast subject.  
Inverse Compton scattering involves the scattering of low-E 
photons to high-E by more energetic electrons so that the 
photons gain and the electrons lose energy. The process is 
called inverse because the electrons lose energy rather than the 
photons, the opposite of the standard Compton effect.  
We will treat the case in which the energy of the photon in the 
centre of momentum frame of the interaction is much less that 
mec2, and consequently the Thomson scattering cross-section 
can be used to describe the probability of scattering. 
 
References 
Many of the most important results can be worked out using simple physical 
arguments, as for example in: Blumenthal and Gould (1970)  
Rybicki and Lightman (1979) 
Longair (1993). 



ICS: a primer 
The scattering of photon  
by electron at rest IC Power From a Single Electron 

Consider non-relativistic Thomson scattering 
in the rest frame of an electron.  
If the Poynting flux (power per unit area) of a 
plane wave incident on the electron is 

the electric field of the incident radiation will accelerate the electron, 
and the accelerated electron will in turn emit radiation according to 
Larmor's equation. The net result is simply to scatter a portion of the 
incoming radiation with no net transfer of energy between the 
radiation and the electron.  
The scattered radiation has power 
where 



ICS: a primer 
In other words, the electron will extract from the incident radiation 
the amount of power flowing through the area  and reradiate that 
power over the doughnut-shaped pattern given by Larmor's 
equation. The scattered power can be rewritten as 

                  is the energy density of the incident radiation. 

This Figure shows the plot of total  
cross-section for Compton scattering  
as a function of x=hν/mec2 



ICS: a primer 
Reference frame transformation 
Consider radiation scattering by an ultra-relativistic electron.  
The Thomson scattering formula above is valid only in the primed 
frame instantaneously moving with the electron 

We transform this nonrelativistic result to the unprimed rest frame 
of an observer. It can be shown that   P=P’, so 

→   We only need to transform   U’rad  into   Urad 



ICS: a primer 
The total energy density in the electron frame of a radiation field 
that is isotropic in the observer's frame is obtained by integrating 
over all directions 

Evaluating the integral yields 
 
Recall that                         and then 

Substituting this result into                                      yields 

This is the total power in the radiation field after ICS of low-E 
photons.  



ICS: a primer 
The initial power of these photons was  σT c Urad so the net power 
added to the radiation field is  

Replacing                             
gives the final result 

for the net inverse-Compton power gained by the radiation field 
and lost by the electron.  
When compared with the corresponding synchrotron power 

there is a remarkably simple ratio  
of ICS to Synchrotron losses: 



ICS: a primer 
The IC Spectrum of a Single Electron 
Suppose the incident radiation field in the observer's frame is 
isotropic and composed of photons all having the same frequency 
ν0, and consider scattering by a single electron moving with 
ultrarelativistic velocity +V along the-axis.  
In the inertial frame moving with the electron, relativistic aberration 
causes most of the photons to approach nearly head-on. 
 
In the observer's frame, the frequency ν of radiation scattered nearly 
along the +x direction is given by the relativistic Doppler formula 

In the ultra-relativistic regime  β→ 1 one has  

This is the maximum frequency of the upscattered radiation in the 
observer's frame.  [Note that oblique collisions (θ>0) result in lower ν] 



ICS: a primer 
For an isotropic radiation field in the observer's frame, the average 
<E> of scattered photons is equal to the average power per electron 
divided by the rate of photon scattering (the number of photons 
scattered per second by a single electron). This rate is the scattered 
power divided by the photon E in the observer's frame: 
 
Thus 
 
The average frequency <ν> of upscattered photons is:  

Since    νmax =3 <ν>  
it is clear that the ICS 
spectrum must be sharply 
peaked near <ν>  
(see detailed calculations) 



ICS: a primer 
Thermal Comptonization 

Compton y parameter 
Compton y-parameter gives the condition for a signicant change 
of energy of photon due to repeated Ns scattering. 
After Ns scatterings, the energy change is by the factor 

The energy gain by the photons (i.e.,Comptonization) goes on till 
the mean energy of the photons raises to 4kBTe. 
The critical optical depth needed for this is determined by 



ICS: emission spectrum 

General derivation: 
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When these formulae are used in astrophysical calculations, it is 
necessary to integrateover both the spectrum of the incidet radiation 
and the spectrum of the electron population. 

Example: for a power law distribution of electrons  ne ~ E-p  
the intensity spectrum of the ICS radiation is 
 
 
The synchrotron spectrum of the same 
electron distribution is 
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Pair production 
It is the creation of electron-positron pairs through photono-photon collisions. 
 
Let us work out the threshold energy for this process. 
If P1 and P2 are the momentum four-vectors of the photons before the collision 



Pair production 



Pair production 



Pair production 



Primakov effect 

Axion-photon coupling: 
 
 
 
 
 
 
This can lead to the conversion of an axion to a photon in a 
magnetic field, or vice versa 

Dark Matter  
 
• For mA= 10-5eV at  2.7 K = 2×10-4 eV 
• These “thermal” axions would be relativistic 



Further readings 
Colafrancesco: 2010MmSAI..81..104C 
                       : 2008ChJAS...8...61C 
                       : 2008MmSAI..79..213C 
                       : 2010AIPC.1206....5C 
Blumenthal and Gould (1970): 1970RvMP...42..237B 
Rybicki and Lightman (1979): Radiative Processes in Astrophysics 
Longair (1993): High Energy Asrophysics 
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