Cosmic Ray acceleration in clusters of
galaxies

Gianfranco Brunetti

Istituto di Radioastronomia — INAF, Bolognha, ITALY



Outline

NT components (CRe,CRp,B) in galaxy clusters : observations
Physics and dynamics of CR in galaxy clusters
Present constraints on CR protons **new™*

Physics of NT Mpc scale diffuse radio emission from
galaxy clusters: Relics & Halos

Shocks and turbulent acceleration in clusters

**Future** at low radio frequencies & gamma rays
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Coma Cluster: high energy NT

28 sa ]

PIN NXB increased by 23%
(E<40 keV) and 4% (E>40 keV)
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J=Ma ZO0RADZHE OmE

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

Eckert et al. 2008; Perez-Torres et al. 2009;
Colafrancesco & Marchegiani 2009;
Nevalainen et al 2009, Murgia et al 10, Wik et al 11



Inverse Compton Emission from GC ??

o)
Westerbork 350 MHz contours

(Browh'& Rudnick 10)
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Injection & Dynamics of CR 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,
Hoeft & Bruggen 2007, Skillman et al. 2008,

Vazza, Brunetti, Gheller 2009, 2010, etc..)

AGN, Galactic Winds

(e.g. Ensslin et al. 1998; Voelk & Atoyan 1999)

Reconnection (turbulent .. Lazarian & Vishniac 99)
(e.g. Brunetti & Lazarian 2011, DeGouveia dal Pino et al 2011,..)



Physics of CR Leptons

= b = rate of energy losses in units of m_c?

Photon
Collisions

Particle
Collisions
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Physics of CR Leptons

(dE/dt) ~
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The life-time of electrons depends
on quantities that can be measured




Physics of CR Hadrons

P for  mef, < p<meey,
}

p- for mexy <p<<me
| Const. for p>>me

like leptons
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Physics of Cosmic Rays

© CR are confined in GC

Voelk et al 1996;
Berezinsky, Blasi, Ptuskin 1997; ...

O CR protons are long living

and accumulated
Voelk et al 1996;

Berezinsky, Blasi, Ptuskin 1997;
Ensslin et al 1998; ...

- ;a

I‘q_':;‘-.
k=

np
o]
—

O CR electrons are short living
AN V. particles and accumulated
Log(pc/GeV) L at yz100-300

Sarazin 1999:; Petrosian 2001; ...




Acceleration & transport of CR : simulations

Pfrommer et al. 2007, 08 : simulations of CR+IGM +CR transport/advection
- Acceleration efficiency is the "free" parameter
- Diffusion time > advection time

Shock Mach numbers weighted by &cg i CR proton pressure:
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Radiation from Cosmic Rays in GC

Miniati 2003
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Radiation from Cosmic Rays in GC

Wolfe +al 2008

E dNGE, dt dA (GeV e 57')
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Gamma rays : energy content of CRp

The constraints on hadronic CR populations dervived from
LAT data are in agreement with limits placed by indirect
methods { Brunetti et al. 2007 Churazov et al. 2008) and with
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Reimer et al 04, Brunetti et al. 07,08

CRp: limits from Radio

p+p—a" +7" +7 + anything

VTf ~ f (6) <ECR> <Eﬂ'\/-r> V RXCJ1115.840129
~ fo(OEp> <B4/ T <B5/2+1/(BZ+chbz)>VR

Assuming that secondary
particles are Injected 1In the
IGM, their synchrotron emission
should be smaller than upper
limits to the diffuse radio
emission.

limtson: (B, ECRp), O

MN(DFK p -8
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n,,=107%cm




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

CRp: limits from Radio

p+p—a" +7" +7 + anything

VTf ~ f (6) <ECR> <Eﬂ'\/-r> V RXCJ1115.840129
~ fo(OEp> <B4/ T <B5/2+1/(|32+chbz)>vR
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Energy content of CRp
(e R\

Reimer et al. (2004)

EGRET

Brunetti et al. (2007)
Brunetti et al. (2008)

\C _/

Gamma + Radio observations independently
2 . Pl suggest that non-thermal components are
< 5> dynamically NOT important (%level)

Additional limits from cluster dynamics (e.g. Churazov et al. 2008; )
constrain E+E+HE, 4, below 10% ( ) Ethermal.
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merger history

15

clusters increase their mass

via merger with smaller reaccelerates

subclusters fossil =~ and secondaries © on
Mpc scales

(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, ...)




merger history
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1.6 1 0 q = : b .
clusters increase their mass :
via merger with smaller reaccelerates
subclusters fossil - and secondaries = on

Mpc scales

(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,...) o




merger history
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clusters increase theirf' mass :
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subclusters fossil - and secondaries © on

Mpc

(eg., Brunetti et al. 2001, 2004,

Miniati et al. 2001; Fujita et al. =<

Gabici & Blasi 2003; Berrington & Dermer zuu3;
Pfrommer & Ensslin 2004; Brunetti & Blasi 2005;
Cassano & Brunetti 2005; Cassano et al. 2006;
Brunetti & Lazarian 2007; Hoeft & Bruggen 2007; ) T
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merger history
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. . 1!
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“Ryu et al. 2008 .

- Pfrommer’et al® . T T

* Hoeft & Bruggen 2007, Vazza, Brunetti, Gheller 2009
Skillman et al. 2008,11
Vazza et al. 2009, 11




Shocks In Galaxy Clusters

Shocks are responsible for
the heating.of the IGM

ar) @ Markevitch et al 05 EEEESR
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Shock Acceleration: Radio Relics
(Ensslin et al 1998, Roettiger et al. 1999, Sarazin 1999, ...)
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The width of the “sausage’ (CIZA 2242)

Van Weeren et al., 10
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Mach numbers in galaxy clusters

BN 2S5-+reionization
T — L |

[ KJOZ model

I Semi-analytics :
e Gabici & Blasi 2003
B Berrington & Dermer 2003

clusters _

dFcr/dM [10040 ergfe (Moo/hle-3]

some agreement...

d'ﬁﬂlmiM}ﬂ;d I“g My
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e Without relonization |
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— with reionization

10 1O 1 00 1 0000
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Uncertainties in CR acceleration

BN 2S5-+reionization

KJO2 model

woids

filaments

clusters

dFcr/dM [10040 e/l (Moo hl-1]
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CR acceleration or REacceleration?

A3567. ROSAT FSPC overlaid with MOST sum
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Merger shocks have M=1.5-3.
Reacceleration of
pre-existing relativistic
electrons at these shocks is Weak & ILS

efficient (eg. Kang & Ryu 11)
—




Radio Halos as “laps” for
CR acce !:,rafbn in GC

B?
-Jl_-'r' HI'! j‘l'n I

T (100 yr) >> T (~10° yr)
(eg. Jaffe 1977)

"in situ” (re)acceleration or injection of
CR electrons ...
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45.D

XBACs (NVSS)

Log(L,) [erg/s]

eBCS+REFLEX
(GMRT RH survey)

radio halos

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

for L,>10*%erg/s =~ 1/3
for L ,<10*%erg/s =~ 1/10
(Venturi et al. 2007, 2008, Cassano et al.2008)

Fraction of Radio Halos

44.5 45

Log(L,) [erg/s]

NVSS+CGMRT

10% trails

Lﬁglg-‘ﬂ.s

Ny In the upper bin
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has a correspondence
in terms of dynamical
segregation

The radio bimodality . | o

Fy/F, [in 500 kpo) RXCJ1115.840129



Origin of Radio
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REacceleration models (eg Brunetti et al 01, Petrosian 01, ...)

Turbulence ??



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

' .
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frequency [GHz]




Radio Halos : are they generated by “inefficient”

mechanism of CRe acceleration ?

In_si Evidence of break in the

n-sf f the emittin

Schlickeiser +al. 1987 SoEE : 9
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Radio Halos : are they generated by “inefficient”

mechanism of CRe acceleration ?

In—-situ
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Radio Halos : are they generated by “inefficient”
mechanism of CRe acceleration ?

In—-situ

Schlickeiser +al. 1987

ET)
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eg., "classical” Fermi IT




Second order Fermi Mechanisms
(Fermi 1949)

Frequency of collisions:

Energy gain per collisions:



Cosmic rays interact with‘'magnetic turbulence

-

Cosmic Rays g——p Magnetized medium

In case of small 'angle scattering, Fokker-Planck equation can be used to
describe the particles’ evolution:

ok, OE 0L | 10 (ZD eﬂr)
ot " ''pz 87 Por P Hay 5y
Transport diffusion

S : Sources and sinks of particles
2nd term on rhs: diffusion in phase space specified by
Fokker -Planck coefficients Dxy



Stochastic particle acceleration

due to particle-mode coupling

(Book reviews : Melrose 1980, Berezinskii et al 1990,
Schlickeiser 2002)

The diffusion coefficients define characteristics of particle
propagation and acceleration

. R 5 3 g (1l - p?)?
P'rnpagatmn P = Q-D;L,u/((]- — 1 ) i = 1 i Dud

Stochastic wp?D(p)] ... 1 [
Acceleration (E 4p20p i) =2 L q Dppdn

2

Acceleration is
D, 4> 0B, sensitive to our model
D_«—»3E=3vxBy/c| of turbulence

Where do 8B, oV come from? MHD turbulence!

The diffusion coeffecients are determined by the statistical properties of
turbulence

Stochastic acceleration of fast particles diffusing
in turbulence (Ptuskin 1988)




S‘ro C ha S"‘ | C pa r"|' | C I e acce I e r‘q"‘ | (0] 4] Gyroresonance scattering depends on the properties of turbulence

due to particle-mode coupling
(Book reviews : Melrose 1980, Berezinskii et al 1990, :
Schlickeiser 2002) Gypopesonance

i o : L : SHE LK)
The diffusion coefficients define characteristics of particle = ©~X%=?
P Which states that the MHD wave frequency (Doppler shlfted)

propagation and acceleration L o is a multiple of gyrofrequency of particles (v, is particle speed
. parallel to B).

So, Kyye~ OV = 1ty

<o} 5 gl Y]
P}‘npagatmn e QD”“/((]_ — f ) i = g i Dnd . J

StOCh&lStiC % B[UpzD(p]] . 1 1 / EEE

(B) = ip28p D(p) = 2 . Dypdy

Acceleration

Accelerationis - : |
T A sensitive to our model 1 ransit Time Damping (TTD)

D_«—»8E=0vxBy/c| of turbulence

PP
Where do 8B, oV come from? MHD turbulence! - k / /V / /: O

The diffusion coeffecients are determined by the statistical properties of Ttk e [ magnetic moment o f
turbulence i .
, , , , , particle and parallel gradient of B
Stochastic acceleration of fast particles diffusing
in turbulence (Ptuskin 1988) St Cerr A |

Isotropic fast modes
(Cassano & Brunetti 05, Yan et al 10,
Brunetti & Lazarian 07, 11)
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Spectra of radio halos & turbulence RTINSy

/ Big junj-p's = major mergers
“~Small jJumps = minor mergers

Mergers between

15
M<1015M5un M>10 Msun

w=0.79, v;=044GHz
% =0.83

min,red™

i
Mergers be’rween|
\

0.3 1.4 GHz



Observed spectra of radio halos & turbulence

302 e

\.
Q\
Ay
S
)
=g
Q\
Q\
e

o=0.79, v.=044GHz
e =0.83

min,red™

0.3 1.4 GHz




Brunetti +al 2008, Nature 455, 944
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Cassano et al 2010
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Gamma rays : energy content of CRp &
Or'|9|n Of | Rad |OHGIOS :'leltqma & Profumo 2010

0.001

1 10

L\(’.,T ~ fv(a) <ECR> <E’rh/T> VV :- < B[uG] >
Lg ~ fR@)XEcr> <Eyp/ T> <B¥21/(B2+B 2>V,

LR/ LV - -> <B5/2+1/(BZ+chb2)> Also Donnert et al 10, Brunetti et al ...
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