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Markevitch et al.

Chandra 0.5 Msec image




what isa galaxy cluster made of ?

+ Galaxy Clusters é}&{h\e._.lfrgest concetrations of matteuntJniverse.
+ They extend over and have a total mass of

« They contain thousands of galaxies, hot diffuse gas apeosdly dark matter

C oma C | u St er. Coma Cluster

0.5-2.0 keV

Galaxy cluster mass:
10% of stars in
galaxies

15-20% of hot
diffuse gas

70%

stars + dark matter hot diffuse gas




Coma Cluster Fusco-Femiano et al.
Rephaeli et al.
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RadioHalos

A2163, Govoni +al.2004

O GeV dectronson Mpc scales

O nG magnetic fields on M pc scales




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, Vazza, Brunetti, Gheller 2008)

AGN, Galactic Winds

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




Merger-Energy Budget

63-61,




Acceleration of CR at shocks




Acceleration of CR at shocks

Turbulent B
component




Acceleration of CR at shocks

Turbulent B
component




First order Fermi Mechanisms
(Fermi 1949)
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Energy gain per collisions: F+ F =
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Energy gain per second: <




Acceleration of CRp at shocks

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




Simulations : Shocks in Galaxy Cluster




Shocks in Galaxy Clusters

v g y Miniati et al. 200%: «

: Ryu et al. 20037% =
Pfrommer et al. 2006,08:
Hoeft & Bruggen 2007;
Skillman et al. 2008




Physics of CR L eptons

=b =rate of energy lossesin unitsof m_c?

Photon
Collisons

Particle
Collisions
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The life-time of electrons depends
on quantities that are well measured
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| - Cosmic Ray Confinment in GC

O CR protons aréong living

particles and areonfined
(Voelk et al 1996;
Berezinsky, Blasi, Ptuskin 1997)
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Log(Time/yr)

O CR electrons arghort living
particles an@accumulated

aty=100-300

0 1 3 -
Log(pec/GeV) (e.g., Sarazin 1999)




Dennison 1980; Blasi & Colafrancesco 1999; Pfrommer & Ensslin 2004;
Brunetti & Blasi 2005; Wolfe & Melia 2007; Brunetti 2008

radio




Limits from gamma rays
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Limits for CR protons

Brunetti, Blasi, Cassano, Gabici 2008
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Limits from radio observations are
obtained from the constraints to
secondary electrons in galaxy clusters
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Ecr/Eth < 6-15% (hard spectra)




|l - Conclusion

(a) Protons are expected the dominant CR population In
the IGM : they result from the accumulation of CR from
the epoch of formation of galaxy clusters

(b) Despite (a) we have only upper limits to the energy
content in the form of CR protons




Origin of RadioHalos
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RadioHalos

The diffusion time of the emitting
electrons necessary to cover Mpc
distances is 100 times larger than
their radiative life-time

N

Figure 2. Panel a) : Diffusion kengths are reported as a function of
~ of the electrons. Caleulations are performed at 2 = 0, for iy, = 1077
em ™ (solid lines) and 107" em™ {dashed lnes) assuming {from the
bottom) B=5, 1, and 0.1 p&7. Panel b) : Diffusion lengths as in
panel a), but assuming B = lpG, and 2 = 0, 0.5, and 1.0 (from the
top). The energy ranpe of the radio emitting electrons is reported in
both panels {(vertical dotted lines).

-lﬂsf:r'}




Il — Conclusion: no diffusion !

=

O GeV dectronson Mpc scales

fl @ G magnetic fields on Mpc scales

_

0

10°yr) >> T (~1C yr)
(Jaffe 1977)

LooKing at new physical processes
Labs to study GC as particle accelerators




Origin of the emitting
electrons

First possibility: secondary models, relativistic electrons

continuoudly injected in thel CM by inelastic proton-proton collisions
through productions and decay of charged pions ol adio syl enission. 150 M
(e.g., Dennison 1980, Blasi & Colafrancesco 1999, b e
Dolag & Ensslin 2000; Pfrommer & Ensslin 2004,08

Since protons accumulate in galaxy clusters and
clusters are magnetised at muG level, we expect that
the synchrotron emission from secondary electrons in
the IGM should be common.

- Which is the level of this emission ?

- Are Radio Halos due to secondary emission ?




** blueGMRT GC
‘magentaother RH

/Hz] )

W a tt

XBACs (NVSS)

Log(Ly) [erg/s]

eBCS+REFLEX
{GMRT RH survey)

J"Og(l_)]..‘ﬂ GHz L

redio halos

B

NVSS data (from Giovannini et al. Evidence for “on-off” phenomena ??

1999) and deep GMRT (Brunetti et al. 2007)
observations.

for L,>10*-2erg/s Connection with cluster mergers

for L <10™9erg/s (€.9.Schuecher et al. 2001, Markevitch et al.

2002, Boschin et al. 2003 Govoni et al. 2004)
(Venturi et al. 2007, 2008; Cassano et al.2008)




Origin of the emitting
electrons

o [+
L e ©

First possibility: secondary models, relativistic electrons

continuoudly injected in thel CM by inelastic proton-proton collisions

through productions and decay of charged pions

(e.g., Dennison 1980, Blas & Colafrancesco 1999, Dolag & Ensslin 2000;
Pfrommer & Ensslin 2004)

Second possibility : in situ re-acceleration by MHD turbulence

developed in the cluster volume during the merger events

(e.g., Brunetti et al. 2001, 2004; Petrosian 2001; Ohno et al. 2002;

Fujita et al. 2003; Brunetti & Blasl 2005; Cassano & Brunetti 2005;
Brunetti & Lazarian 2007; Petrosian & Bykov 2008)




Turbulence In galaxy clusters

Murbulent Velocity Field

Bryan & Norman 1998;
Ricker & Sarazin 2001;
Sunyaev et al.2003;
Cassano & Brunetti 2005
Dolag et al. 2005;
Vazza et al. 2006;

SN Nagai et al. 2007;
Toss ot = Brunetti & Lazarian 2007;
Tapichino & Niemeyer 2008




Second order Fermi Mechanisms
(Fermi 1949)
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‘Wavesspectra Full

Alfven-Wave--Particle Coupling

Electron spectra




% ) In—-situ
Slicheiser +al. 198

(Coma) Evidence of break in the
synchrotron spectrum
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In—-situ

Slicheiser +al. 198
(Coma)

Thierbach +al. 20032
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1
frequency [GHz]

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

Acceleration mechanism not
efficient !




Evidence for steep spectra : turbulent acceleration

soMH:




merger history

accelerate

clusters increase their mass
via merger with smaller

subclusters reaccelerates fossil -~ and
secondaries = on Mpc scales




15

merger history

clusters increase their mass
via merger with smaller

subclusters reaccelerates fossil -~ and
secondaries = on Mpc scales




Brunetti, 2008
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Brunetti, 2008
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Ensslin & Roettgering 200

local XLF, int. RXLC (A)
evol. XLF, flat RX

Regardless of the origin 6f Radio 10000 [T gvof S K. ok RX

-.r\-|:.d ¥ 1dm ]ﬁlos ql“l

Halos, extrapolations of their numbe 1000
counts at 1.4 GHz based on the [ 0
Radio-X ray correlation observed
Radio Halos suggest that

of these Halos Is

0.1
le-06 le-05  0.0001  0.001 0.01

Sy 2 et Y]

Due to their , faint Radio Halos should appear
more luminous at low frequencies and thus LOFAR and®L&kk expected

to discover a large number of these objects.




we see RH
associated with the
most energetic
phenomena!

2
o
=
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o

should discover
those RH associated with
the most common and less
energetic phenomenal!

Frequency ~ GHz




240 MHz

1.4 GHz

b=1.5, 7,=0.2,

B, =19 uG [z=0-01 Iq
i | I i i
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1015
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1015
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** The expected fraction of clusters with radio halos inseseaat lovw

<+ This increase is even stronger fonaller clusters (M<10™M,)




Main Conclusions

Connection between non thermal emission and cluster mergers
Shocks and turbulence accelerate particles in the IGM

Protons are accumulated in the IGM and inject secondary particles
Electrons are short living particles : re-acceleration / injection

The non thermal spectrum is complex and extends from radio to gamma
Radio : Radio Halos = turbulence? Radio relics = shocks ?

Future : Low radio frequency & high energies
LOFAR will detect hopefully 1000 Radio Halos testing present models




