
Institute of Radioastronomy – INAF, Bologna, ITALY  



Outline 
NT components (CRe,CRp,B) in galaxy clusters : observations 

Physics and dynamics of CR in galaxy clusters 

Present constraints on CR protons and B 

Mpc scale diffuse radio emission from galaxy clusters :  
mergers induced particle acceleration   

(Radio Relics) : Shocks and shock acceleration in clusters 

(Radio Halos) : Turbulence and turbulent acceleration 

High energy emission from turbulent (merging) clusters 



Clusters of galaxies: the largest gravitational structures in the 
Universe (M≈1014-1015Msun , RV≈ 2-3 Mpc) 

Coma Cluster 
Galaxy cluster mass: 

Barions                            

Dark Matter 70%  

10% of stars in 
galaxies  

15-20% of hot 
diffuse gas 



Clusters of galaxies: the largest gravitational structures in the 
Universe (M≈1014-1015Msun , RV≈ 2-3 Mpc) 

Coma Cluster 
Galaxy cluster mass: 

Barions                            

Dark Matter 70%  

10% of stars in 
galaxies  

15-20% of hot 
diffuse gas 

≈30-300 
galaxies 

n≈10-3cm-3 

T≈107-108K 



Non-thermal components in Galaxy Clusters 

Fabian et al 2003 

Cavities in the thermal gas 
Sound waves 



Cavities on small scales (~ 100 kpc):  
evidence of dynamical interaction between thermal and  
non thermal components in GC 

Raferty et al 06, Birzan et al. 07 
Fabian et al. 03 



NT energy and CRptotons 

Syn Luminosity 

Je
t/

C
av

it
y 

Po
w

er
 

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, 
and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

Dunn & Fabian 2005 

UNT = Ue + Up + UB= (1+k) Ue + UB    (Longair lecture) 

Lrad -> (Ue  , UB) -> KeB(δ+1)/2 

pth≈2nthkBT ≈ pNT ≈1/3(1+k)Ue + B2/8π 

Most of the energy extracted from the BH 
is “accumulated” in the cavities/bubbles 



Mini-Halos on core scales (~ 100-300 kpc):  
evidence of GeV electrons (γ= 2000-10000) and  
B = 1-10 µG mixed in the thermal ICM 



Mini-Halos on core scales (~ 100-300 kpc):  
evidence of GeV electrons (γ= 2000-10000) and  
B = 1-10 µG mixed in the thermal ICM 
RXJ 1720 

MS 1455 

Mazzotta & Giacintucci (2008) 



Radio Halo 

Radio Relic 

bridge 



Coma Cluster 

Radio Halo 
Radio Relic 

Feretti +al.1998 



Govoni et al 01 

P1.4∝M2.9 

Cassano et al 06 

Connection with the hot IGM 

NT emission connected 
with thermal energy 
budget ??? 



Coma Cluster: high energy NT 

Radio Halo 

Radio Relic 

Fusco-Femiano et al.99 
Rephaeli et al.99 

Radio Relic 



Lrad -> (Ue  , UB) -> KeB2       (Longair lecture) 

LHE -> (Ue  , Uph) -> KeUph 

Lrad /LHE ≈ UB/Uph _-> B 

Inverse Compton Emission from GC ?? 

B 

ph 
(CMB) 

Syn 

IC 



Coma Cluster: high energy NT 

Radio Halo 

Radio Relic 

Fusco-Femiano et al.99 
Rephaeli et al.99 

Wik et al. 2009 

Ajello et al. 2008; Fujita et al. 2009; Wik et al 2009; 
Eckert et al. 2008; Perez-Torres et al. 2009; 
Colafrancesco & Marchegiani 2009;  
Nevalainen et al 2009, Wik et al 2011 

Radio Relic 



B≈0.3 µG 

EB ≈ Etur ≈ 0.1 Eth  … B≈1-10 µG 
B ≈ 0.1 µG may suggest magnetic field dissipation on 
time scale << clusters life-time (few Gyrs) 

Controversial… but (at least!) lower limits on B 

Ajello et al 2010 



Clarke et al 2001 Murgia et al 2004 

B in Galaxy Clusters 
(also Neronov lecture) 

 B ≈ few µG 
 Λc ≈ few-50 kpc 
RM probe turbulent motions  
in the IGM 



Clarke et al 2001 Murgia et al 2004 

B2~UIGM 
Govoni et al 2010 



CR+B : important not only for particle acceleration …. 

Thermal conduction, kin. Viscosity, collisionality in the ICM  
       (e.g., Schekochihin et al 05,08, Lazarian 2006, Brunetti+Lazarian 11) 

Heating of the ICM and “cooling flow” problem 
      (e.g., Fujita , Matsumoto, Weda 2004, Guo & Oh 2008) 

Diffusion and transport of metals in the ICM 
      (e.g., Voigt & Fabian 2004, Rebusco et al. 2005,..) 

B-Amplification from Cosmological seed fields  
       (e.g., Dolag +al. 1999,02, Subramanian et al. 2006, Ryu et al. 08) 

Diffusion and scattering of HE & UHECR in the Universe 
       (e.g., Sigl +al. 2005; Dolag +al. 2005) 



Injection & Dynamics of Cosmic Rays in GC 

Cosmological Shocks 
  (e.g. Sarazin 1999, Miniati et al. 2001, Blasi 2001, 
   Gabici & Blasi 2003, Ryu et al. 2003, Pfrommer et al. 2006, 2008,  
  Skillman et al. 2008, Vazza, Brunetti, Gheller 2009, 2010, etc..) 

AGN, Galactic Winds  
  (e.g. Ensslin et al. 1998; Voelk & Atoyan 1999) 



Physics of CR Leptons 

Particle 
Collisions 

(dE/dt) / mec2  = b = rate of energy losses in units of  mec2 

Photon 
Collisions 



Physics of CR Leptons 

(dE/dt) ~ E / Time  ~ mec2 b 

The life-time of electrons depends 
on quantities that can be measured 



Physics of CR Hadrons 

Xm= 

like leptons 

CR protons more energetics than thermal electrons: Coulomb scattering 

Collisions between CR &  
thermal protons 

~30 Gyrs  ! 



The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open 
the file again. If the red x still appears, you may have to delete the image and then insert it again.

CR are confined in GC 
Voelk et al 1996;  
Berezinsky, Blasi, Ptuskin 1997; … 

CR protons are long living  
and accumulated 
Voelk et al 1996;  
Berezinsky, Blasi, Ptuskin 1997; 
Ensslin et al 1998; … 

CR electrons are short living 
particles and accumulated 
at γ≈100-300 
Sarazin 1999; Petrosian 2001; … 

Physics of Cosmic Rays 

Diffusion time 

Blasi, Gabici, Brunetti 07 

D(GeV) ≈1028-1029 cm2/s << 1031cm2/s 
  (Schlickeiser +al 1987, Blasi+Colafrancesco 1999, GB +al 2011…) 

CRp 

CRe 



CRp 

CRe 

B 

ph 

Syn 

IC 

Miniati 2003 

Radiation from Cosmic Rays in GC 

FERMI 



CRp 

CRe 

B 

ph 

Syn 

IC 

Wolfe +al 2008 

p-p 
p-γ 

Radiation from Cosmic Rays in GC 



CRp 

CRe 

B 

ph 

Syn 

IC 

Inoue et al 05 

Radiation from Cosmic Rays in GC 

UHEp-γ 



Limits from gamma rays 

Aharonian + al. 2009 

Reimer +al. 2003; Pfrommer & Ensslin 2004 

A 85 :   Ecr/Eth < 6-15% (hard spectra) 
Coma : Ecr/Eth < 12% 

Coma : Ecr/Eth < 5-10% (hard spectra) 

H.E.S.S. 

VERITAS (Perkins +al. 2008) 

EGRET 

Perseus : Ecr/Eth < 4% (hard spectra) 
MAGIC (Aleksic +al. 2010) 



Ackermann et al 2010 



Ackermann et al 2010 

Lrad -> (Ue  , UB) -> KeB2      

LIC -> (Ue  , Uph) -> KeUph 

Lrad /LIC ≈ UB/UOph _-> B 

B > 0.15 µG 
Agreement with RM,  
possible disagreement 
with IC detections… 



CRp: limits from Radio  

Assuming that secondary 
particles are injected in the 
IGM, their synchrotron emission 
should be smaller than upper 
limits to the diffuse radio 
emission.  

δ=2.9 

δ=2.1 

Reimer et al 04, Brunetti et al. 07,08 



Additional limits from cluster dynamics (e.g. Churazov et al. 2008; Lagana et al 2009)  
constrain ECR+EB+Eturb below 10% ( < 30% ) Ethermal. 

EGRET 

FERMI 

Gamma + Radio observations independently 
suggest that non-thermal components are 
dynamically NOT important (% level)  

ASKAP/EMU 

<      > 

RM 



Venturi et al 2007,08 
610 MHz GMRT 
35 deep pointed observations 

843 MHz SUMSS 
108 clusters stacked 

Brown, Emerick, Rudnick, GB, 2011… 

ASKAP SUMSS st 

GMRT 



Non-thermal emission from GC  

Abell 3376 
Bagchi et al. 2005 

Abell 754 
Henry et al. 2004 

Abell 2163 
Feretti et al. 2001 

Radio Relics 
Radio Halos 



Non-thermal emission from GC  

Abell 3376 
Bagchi et al. 2005 

Abell 754 
Henry et al. 2004 

Abell 2163 
Feretti et al. 2001 

Radio Relics 
Radio Halos 

Unpolarised, follow the X-ray brightness  
  (originate from cluster central regions) 

Polarised, no correlation with X-ray brightness 
(form in cluster outskirts)  



Connecting LSS formation 
and …………       NT-physics 

of IGM   
merger history 

clusters increase their mass 
via merger with smaller 
subclusters 

e±, p 

TURBULENCE reaccelerates 
fossil e± and secondaries e± on 
Mpc scales  

B 
SHOCKS                       
accelerate e± , pcr    

 π±  e± 

pcr pth        π0  γ rays  

? 

? 

(eg., Brunetti et al. 2001, 2004, 2009; Petrosian 2001;   
Miniati et al. 2001; Fujita et al. 2003; Ryu et al. 2003; 
Gabici & Blasi 2003; Berrington & Dermer 2003; 
Pfrommer & Ensslin 2004; Brunetti & Blasi 2005; 
Cassano & Brunetti 2005; Cassano et al. 2006;     
Brunetti & Lazarian 2007; Hoeft & Bruggen 2007; 
Pfrommer et al. 2008; Petrosian & Bykov 2008) 



Connecting LSS formation 
and …………       NT-physics 

of IGM   
merger history 
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pcr 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γ 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? 

(eg., Brunetti et al. 2001, 2004, 2009; Petrosian 2001;   
Miniati et al. 2001; Fujita et al. 2003; Ryu et al. 2003; 
Gabici & Blasi 2003; Berrington & Dermer 2003; 
Pfrommer & Ensslin 2004; Brunetti & Blasi 2005; 
Cassano & Brunetti 2005; Cassano et al. 2006;     
Brunetti & Lazarian 2007; Hoeft & Bruggen 2007; 
Pfrommer et al. 2008; Petrosian & Bykov 2008) 

Shocks: 
acceleration or 
reacceleration 

? 
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Turbulence? 

Contribution 
by 

secondaries ? 



Connecting LSS formation 
and …………       NT-physics 

of IGM   
merger history 

clusters increase their mass 
via merger with smaller 
subclusters 

e±, p 

TURBULENCE reaccelerates 
fossil e± and secondaries e± on 
Mpc scales  

B 
SHOCKS                       
accelerate e± , pcr    

 π±  e± 

pcr pth        π0  γ rays 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(eg., Brunetti et al. 2001, 2004, 2009; Petrosian 2001;   
Miniati et al. 2001; Fujita et al. 2003; Ryu et al. 2003; 
Gabici & Blasi 2003; Berrington & Dermer 2003; 
Pfrommer & Ensslin 2004; Brunetti & Blasi 2005; 
Cassano & Brunetti 2005; Cassano et al. 2006;     
Brunetti & Lazarian 2007; Hoeft & Bruggen 2007; 
Pfrommer et al. 2008; Petrosian & Bykov 2008) 

Shocks: 
acceleration or 
reacceleration 

? 

Turbulence? 

Contribution 
by 

secondaries ? 

Relevance of 
secondary 
particles ?  



Vazza et al 2009 



Shocks in Galaxy Clusters 

Vazza, Brunetti, Gheller 2009 

Miniati et al. 2001; 
Ryu et al. 2003; 
Pfrommer et al. 2006,08; 
Hoeft & Bruggen 2007; 
Skillman et al. 2008,11 
Vazza et al. 2009, 11 



Shocks in Galaxy Clusters 

Markevitch et al 05 

Shocks are responsible for 
 the heating of the IGM 



Bagchi+al. 2002, Science 

van Weeren+al. 2010, Science 

Abell 3667 



Shock Acceleration: Radio Relics 
        (Ensslin et al 1998, Roettiger et al. 1999, Sarazin 1999)  

Abell 3667 

time/distance 

LR ≈ Vd τe(ν) ≈ 100 kpc 

Log(γ) 

Lo
g 

N
(γ
)
 



Markevitch et al 2005 

γ ≈ csyn (ν/B)1/2 

Vd  ≈ csM(M2+3)/4M2 Width of Relic 



Diffuse Rela+vis+c Plasmas: RRI 

Van Weeren et al., 10 



Shock Acceleration: IC 
 (Sarazin 1999,  Waxman & Loeb 2000, Blasi 2001, ..)  

Gabici & Blasi 2004 

ηe =0.05 

FERMI 

Sarazin 1999 

FERMI upper limits constrain the efficiency  
of electrons acceleration at shocks in  
galaxy clusters ηe < 0.001 



Acceleration of CRp at shocks 
(Kang & Jones 2002) 

Linear Theory 
(e.g.,Blandford & Eichler 1987) 

Bell lecture 

-δ 

Non Linear Theory 
(Bell 1987, Ellison, Blasi, Kang..) 

Vink lecture 

(Kang & Jones 2007) 
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Mach numbers in galaxy clusters 
Vazza, Brunetti, Gheller 2009 

Semi-analytics : 
Gabici & Blasi 2003 
Berrington & Dermer 2003 

some agreement… 

Pfrommer et al. 2008 



Kang & Jones 2007 

Pfrommer et al. 2006, 08 

Vazza, Brunetti, Gheller 2009 
Uncertainties in CR acceleration 

SN 



Kang & Jones 2007 

Kang & Jones 2002 

CR acceleration or REacceleration? 

Merger shocks have M=1.5-3. 
Reacceleration of 
pre-existing relativistic 
electrons at these shocks is 
efficient (eg. Kang & Ryu 11) 



Abell 2163 
Feretti et al. 2001 

L2 ~ D x t 

 Tdiff (~1010  yr) >> Tcool (~108  yr)  
(eg. Jaffe 1977) 

1 Mpc 



NVSS GMRT 

NVSS data (from Giovannini et al. 1999)  
and  deep GMRT observations.                                                   

0.41±0.11 for Lx>1044.9 erg/s  

0.08±0.04 for Lx<1044.9 erg/s  

(Venturi et al. 2007, 2008; Cassano et al.2008) 

Cassano et al.2008 

≈  1/3 
≈ 1/10 

Cassano et al 08 



Venturi et al 2007,08 
Brunetti et al 2007,09 
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Thermal X-ray Luminosity 



Abell 2163 
Feretti et al. 2001 

“Bullet” cluster     
Govoni et al. 2004 

RXCJ 2003-2525    
Giacintucci et al. 2007 

Abell 754 
Henry et al. 2004 

COMA                   
Brown & Rudnick 2011 



Abell 2163 
Feretti et al. 2001 

“Bullet” cluster     
Govoni et al. 2004 

RXCJ 2003-2525    
Giacintucci et al. 2007 

COMA                   
Brown & Rudnick 2011 

Abell 611 



Abell 2163 
Feretti et al. 2001 

“Bullet” cluster     
Govoni et al. 2004 

RXCJ 2003-2525    
Giacintucci et al. 2007 

COMA                   
Brown & Rudnick 2011 

Abell 611 

Radio Halos are only found in non-
relaxed clusters with evidences 
for ongoing cluster mergers  



Venturi et al 2007,08 
Brunetti et al 2007,09 

Cassano et al 2010 ApJ 721 L82 



M1 
M2 

 vi  

Merger-Energy Budget 

How to extract  
non-thermal energy? 



Brunetti et al 2007 
Venturi et al 2007,08 

The image cannot be displayed. Your computer may not have enough memory to open the image, or the 
image may have been corrupted. Restart your computer, and then open the file again. If the red x still 
appears, you may have to delete the image and then insert it again.

protons 

electrons 

Hadronic models (eg Dennison 1980, Blasi & Colafrancesco 1999, Pfrommer & Enslin 2004) 
“all” clusters with Radio Halos, unless B is amplified in clusters with  
Radio Halos (mergers) (eg Kushnir et al 09, Keshet & Loeb 10) 
(or CRp stream out/in clusters, Ensslin et al 2011 ..) 

pp 



Govoni et al 2010 AA 522, 105 

4 RH 
7 RQuiet 

HIFLUGCS + NVSS … 33 clusters  
at z = 0.023-0.2..  

Radio Halos Non Halos 
Bonafede +al 2011 

r/rc 

16th – 84th percentile 

+δB 



Govoni et al 2010 AA 522, 105 

4 RH 
7 RQuiet 

HIFLUGCS + NVSS … 33 clusters  
at z = 0.023-0.2..  

Radio Halos Non Halos 
Bonafede +al 2011 

r/rc 

16th – 84th percentile 

+δB 



Brunetti et al 2007 
Venturi et al 2007,08 

The image cannot be displayed. Your computer may not have enough memory to open the image, or the 
image may have been corrupted. Restart your computer, and then open the file again. If the red x still 
appears, you may have to delete the image and then insert it again.

protons 

electrons 



Slicheiser +al. 1987 
        (Coma) 

F(ν) 

Radio Halos : are they generated by “inefficient”  
              mechanism of CRe acceleration ? 

Thierbach et al. 2003 



Slicheiser +al. 1987 
        (Coma) 

Evidence of break in the 
spectrum of the emitting 
electrons at energies of 
few GeV 

Re-acceleration 

losses 

F(ν) 

acceleration 

Radio Halos : are they generated by “inefficient”  
              mechanism of CRe acceleration ? 

Thierbach et al. 2003 

τacc≈τloss 



Slicheiser +al. 1987 
        (Coma) 

Re-acceleration 

losses 

F(ν) 

acceleration 

Radio Halos : are they generated by “inefficient”  
              mechanism of CRe acceleration ? 

Thierbach et al. 2003 

Acceleration time-scale 
≈108 years 



Slicheiser +al. 1987 
        (Coma) 

F(ν) 

Radio Halos : are they generated by “inefficient”  
              mechanism of CRe acceleration ? 

Thierbach et al. 2003 

Acceleration time-scale 
≈108 years 

> 107yrs 

eg., “classical” Fermi II 



Slicheiser +al. 1987 
        (Coma) 

F(ν) 

Radio Halos : are they generated by “inefficient”  
              mechanism of CRe acceleration ? 

Thierbach et al. 2003 

Acceleration time-scale 
≈108 years 

Which is the fraction of turbulent 
energy that goes into CR accel ?? 

Properties and energy density 
of MHD turbulence in galaxy  
clusters ? 

This mechanism is potentially  
efficient enough … 
(eg. Fujita et al 03, Cassano & Brunetti 05,  
Brunetti & Lazarian 07,11) 



k~1/L 

Wk 

Alfven + Slow 
Modes 

Magnetosonic Modes Thermal IGM 
Protons 
Electrons 
Secondaries 

ω-k//v//=0 

> 10 3 
The image cannot be displayed. Your computer may not have enough 
memory to open the image, or the image may have been corrupted. 
Restart your computer, and then open the file again. If the red x still 
appears, you may have to delete the image and then insert it again.

“Transient Time Damping” resonance (TTD) in the IGM 
(Cassano & Brunetti 2005, Brunetti & Lazarian 2007, 2011a) 

MHD 



The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

Dissipation of turbulence in the ICM 
                          (from Brunetti & Lazarian 2007) 

Line-bending efficiency  >>  damping efficiency 
 bb(k) -1 ~ VlA  / lA                           d

-1 = Γ(k) 

            Isotropic Effective Damping 
                      ldiss ≈ 100 pc 

The most important  
damping of compressive  
(fast) modes in the IGM  
is via “magnetic Landau”  
damping (n=0 resonance, 
Transit Time Damping)  
with thermal electrons  
and protons (CR contribute 
for < 10%). 
At least if the turbulence 
interacts with IGM in 
a collisionless way … 

QLTheory 

CR 

IGM_e 

IGM_p 



              0.3   1.4 GHz 

more 
efficient 

less 
efficient 

Steepening frequency 

Χ ≈1/τacc
 

Mergers between 
M>1015Msun 

Mergers between 
M<1015Msun 

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been 
corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then 
insert it again.

Big jumps = major mergers 
Small jumps = minor mergers 



              0.3   1.4 GHz 
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efficient 

Steepening frequency 

Χ ≈1/τacc
 

Cassano, GB, Setti (2006) 
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Frequency 

Turbulent acceleration? 

Acceleration time-scale 
   ≈2.5 x 108 years 

Dallacasa et al 2009 

Brunetti +al 2008, Nature 455, 944 
GMRT 240 MHz 



LOFAR … (Scaife lecture) 



νK ≈ 1/3 Vi lmfp 

lmfp= LCoul≈10kpc Re ≈100 



Turbulence in the IGM  
(Vazza, GB, et al 2010) 

Bryan & Norman 1998; Ricker & Sarazin 2001 
Dolag et al. 2005;  Takizawa 2005; Nagai et al. 
2007;  Iapichino & Niemeyer 2008, Ryu et al. 2008 
Paul et al. 2010, Iapichino 2011 



k~1/L 

Wk 

 lA ≈ 0.1-1 kpc 

 LCoul ≈ 10-30 kpc 

Compressive turbulence 

> 10 3 

(νii>νw~ vph/L) 

Cosmological 
simulations 

(δVl
2 ~ VA

2) 



Turbulence in clusters… future 
Present : 

Δv2=(2kBT/m)+δv2 

Line broadening  
(eg., Sunyaev, Norman,Bryan 2003; Dolag et al 2005..) 

Future : 
Sanders et al 2010 

Schueker et al 2004;  
Henry & Finoguenov 2004 



10 sources 

Simulated P1 for Kolmogorov
 spectrum 

Spectrum: expected
 and obtained 

P1 

VCS 

emission 

Lazarian & Pogosyan 2006, 2008 

The VCA/S technique 



High Energy emission from galaxy clusters 

Miniati 2003 

FERMI 

Coma 
Reimer et al 04 

First predictions… “constrained” predictions… 

The properties of the diffuse radio (synchrotron) emission on Mpc scales 
(eg Radio Halos) and the present estimates of B in galaxy clusters (RM) 
may impose useful constraints on the predictions at high energies 



nth, T, Bo, Np(p,0)                   I(k) 



nth, T, Bo, Np(p,0)                   I(k) ω-k//v//=0 

Dpp, Dµµ 



nth, T, Bo, Np(p,0)                   I(k) ω-k//v//=0 

Dpp, Dµµ 



Electrons/Positrons 

Turb. Modes 

Protons 

Stochastic Particle Acceleration

                (formalism)


most could be with IGM 
or with CR protons 

Qe: secondaries from (CR)p-p collisions  



electrons 

protons 

time 

acceleration 

losses 



Bonafede et al 2010 

Etur ≈10 % Eth    @k-1~100 kpc 
ECR = 3 % Eth    (flat profile) 

Suzaku 

EGRET 
FERMI 



Bonafede et al 2010 

Etur ≈10 % Eth    @k-1~100 kpc 
ECR = 3 % Eth    (flat profile) 

Suzaku 

EGRET 
FERMI 

NHXM, ASTRO-H 

CTA 



Suzaku 

EGRET 
FERMI 

NHXM, ASTRO-H 

CTA 

Inoue et al 05 UHEp-γ 

Pinzke & Pfrommer 10 

If B is smaller than that estimated from 
RM (reasonable?) … more gamma rays  





1 

5 
4 

3 
2 

Brunetti & Lazarian 2011b 



Waves spectra


Proton spectra


Electron spectra 

 Alfven-Wave--Particle Coupling 
(Brunetti et al. 2004, Brunetti & Blasi 2005) 

Waves + CRp + CRe 

.. “generic” example of CR-dominated damping … 



Spectrum of CR in clusters 
Pfrommer et al. 2007, 08 : first “self-consistent” simulations of CR+IGM 
Acceleration efficiency is the “free” parameter 

Pinzke & Pfrommer 10 
Pfrommer 08 



Acceleration of CR at shocks 
Pfrommer et al. 2007, 08 : first “self-consistent” simulations of CR+IGM 
Acceleration efficiency is the “free” parameter 



Constraining secondaries & CRp 

secondaries 

Synchrotron from secondaries 
should be smaller than the flux 
of the halo.  

A521 
Brunetti et al 08 

Coma 
Reimer et al 04 

secondaries 
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Second order Fermi Mechanisms 
                          (Fermi 1949) 

Frequency of collisions: 

Energy gain per collisions: 



< > 

Abdo et al 2010 

Jeltema & Profumo 2010 

USSRH 



A2256 RMs 

- NOT a 
single/simple 
distribution 

Foreground 

(from L.Rudnick) 



Large Scale Shocks may efficiently boost up  
Ghost-radio plasma via adiabatic compression  
in case this plasma is not efficiently mixed with  
the IGM (Ensslin & Gopal-Krishna 2001)   

Ensslin & Bruggen 2002 



Brunetti et al 2007 
Venturi et al 2007,08 

Constraints on : 

•  CRe evolution 
•  B evolution 

Brunetti +al 2007, 09 
Kushnir +al 2009 
Keshet & Loeb 2010 



Dominant damping : CR 
Large fraction to CR 



Contamination by  
shocks   Sarazin 1999 

Berrington & Dermer 2003 
Hoeft & Bruggen 2007 

Vazza, GB +al in progress 

van Weeren et al. 2009 
Bonafede et al. 2009 



Diffuse Rela+vis+c Plasmas: RRI 

(Hoeft) 



Diffuse Rela+vis+c Plasmas: RRI 

Efficiency constrained from the comparison  
between observations and simulations 

?? 

(Hoeft) 



Diffuse Rela+vis+c Plasmas: RRI 

(Hoeft) 



Not direct : 
e.g. both halos (turbulence?) and 
relics (shocks?) are generated in 
connection with mergers 

Direct : 
e.g. the passage of a shock affects 
the micro-physics of the ICM and  
trigger particle acceleration mechanisms 

Markevitch et al 2005 Markevitch et al 2002 

Macario et al 2010 Giacintucci et al 2008 
Brunetti et al 2008 

Markevitch 2010 


