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C'US"'QT‘S of gqquies: the largest gravitational structures
m the Umverse (M~1014-1015M, ,

Ry~ 2-3 Mpc)

Galaxy cluster
matter :

~30-300
galaxies

Barions O 10% of stars in
: galaxies

Q 15-20% of hot
diffuse gas

Dark Matter 70%
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The ICM is magnetised

> B=xfewpub
> scales ~ 0.3/few-100 kpc

Magnetic field in the ICM
is advected by super-Alfvenic

(sub-sonic) motions.
(Subramanian et al 06, Brunetti & Lazarian 07, ...)

RM are probes of ICM turbulence

Radin &X
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J
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i Cluster-scale radio emission
J Steep spectrum sources

O Low brightness
Synchrotron radiation FROM the ICM

Relativistic electrons (protons?) and B
distributed on Mpc-scales...
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Mechanisms operating within clusters
drain energy into relativistic
particles and magnetic field

» IMPACT on thermal ICM ??
(microphysics & dynamics)

» ORIGIN & Physics ??
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Cluster mergers - NT

connection

Radio halos probe the
dissipation of kin energy
In the DM-driven merger
events into CRs and B
Relaxed

: {¢!} Frrrrmn

¢ [in 100 kpe]

Cassano et al 10

- / \: e
- Mergers :*\

IIIII 1 IIIIII.: 1 L1 111

10 107
Fo/P, [in 500 kpe]

10-®

10

10* Brunetti 07, 09 Kushnir et al 09 [

Venturi et al 08, Brown et al 11
Basu 12, Cassano et al 13,

B Sommer & Basu 14 -
L L = -3
A

YR
e ®
I "/./_5_. e/ -

. /
~ = Radio Haloes,”**%4 ., 41 ®
g | =
: =3
g o
£ ~N
3o @)
1 \O
off-state”

~N 4
]
/7
L o A& 1 e
44 6 I 46.5
Iﬂg[L[u.i—a.‘]mE =
Mergers guide CRe

acceleration/dynamics
and/or amplify B

Ensslin et al 11 Wiener et al 13



temperature

“ tlipbulence: | ™




Turbulence
Pitch-angle scattering
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Gyroresonance scattering depends on the properties of turbulence

Gyroresonance
o-kv,znQ ,(n=+1,£2..),

Which states that the MHD wave frequency (Doppler shifted)
is a multiple of gyrofrequency of particles (v, is particle speed

Transit Time Damping (TTD)

Interaction btw magnetic moment of
particles and parallel gradient of B

Aharonian et al
Mature (2004)




Shocks “are observed" in Galaxy Clusters ..

s Markevitch et al 05 il
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Cosmological Shocks as CRs accelerators

Vazza, Brunetti et al 09

Ryu et al 03
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The bulk of ICM heating is due to
shocks, so if shock acceleration in
the ICM is 10% the resulting CRs
would have ..up to.. 0.1 Eq




Cosmic rays confinement

(Voelk et al. 96, Berezinsky et al 97)

The size of galaxy clusters allows confinement of CRs...

up to very high energies
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lefusmn path
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Tdiff =~ Ap o diffuse on scale = L

| e
o Spatial diffusion
b 3 E.?me P coefficient

Escaping from 1 Mpc in few Gyr requires
a particles mfp ~ kpc (in our Galaxy the
mfp of GeV CRs is 0.01 pc )

CRs diffusion is mediated by scattering with magnetic field fluctuations and the
diffusion coefficient depends on the turbulent properties (see Brunetti & Jones 14

for a rev on the ICM)



Quest for CRp in GC

Blasi, Gabici, Brunetti 07
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No gamma-rays from GC: limits on CRp

Br'uneh‘l & Jones 14
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| Gamma and radio observations independently

suggest that non-thermal components are
NOT dynamically important (% level) ...
at least in the central Mpc-scale regions

This poses fundamental questions/constraints on the efficiency of CRs acceleration
in the ICM and on the dynamics of CRs (Brunetti & Jones 14 for review)



No gamma-rays from GC: limits on CRp

Br'une‘r’rl & Jones 14
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The max acceleration efficiency that is
constrained by current Fermi-LAT limits
is 3x smaller than that «expected» by
«optimistic» models and «boarder line»
with more «pessimistic» models.

This poses fundamental questions/constraints on the efficiency of CRs acceleration
in the ICM and on the dynamics of CRs (Brunetti & Jones 14 for review)



CRe: Giant Radio Relics




Traclinazion (I2000)

Relics -- Shocks connection

Rottgerring et al
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Open prOblemS... (Brunetti & Jones 14 for rev)

1) Discrepancies between "X-rays'

prop. and radio spectral properties

(Akamatsu et al 13, Ogrean et al 13, Stroe et al 14)
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2) The efficiency of CRe acceleration
that is required to explain a fraction

of radio relics is ... big..
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(Kang et al 05, 11, 12, ... Brunetti & Jones 14)

3) Assuming SNRs as reference if you
explain radio relics you over-produce
gamma-rays (Vazza & Bruggen 14...)
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REacceleration of CRe ?

Anomalous (high vs SNR) CRe/CRp ?



First PIC of «clusters» shock acceleration

lon Energy Specira Electron Enangy Spectra

e L
I 50— 160 &fup, upstream =

Low Mach number perpendicular
shock in high-beta plasma
(Guo, Sironi, Narayan 14)
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Efficient CRe acceleration.

Shock drift acceleration + Fermi-like
via scattering upstream-downstream
mediated by self-generated waves .
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CRe : Giant Radio Halos
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Giant Radio Halos

Hadronic interactions
(Dennison 1980, Blasi & Colafrancesco 99, ...)

High energy and
neutrino emission
from galaxy clusters

ratio Fsyn/Fy
depends on «B»

disfavoured by
gamma-ray u.l.

Turbulence + stochastic (re)acceleration
(Brunetti et al 01, Petrosian 01, ... ++)

Radio halos probe the
dissipation of energy in
dark-matter driven collisions
between clusters

" Theoretical CHALLENGE |
(Brunetti & Lazarian 07, 11a,b,
Beresnyak et al 13, Miniati 14)
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Log(vF(v)) [Jy MHz]
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Radio Halos : are they generated by "inefficient”
mechanism of CRe acceleration ?
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Radio Halos : are they generated by "inefficient”
mechanism of CRe acceleration ?
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Log(vF(v)) [Jy MHz]

Radio Halos : are they generated by "inefficient”
mechanism of CRe acceleration ?
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Expectations for Radio Halos

Acceleration efficiency Steepening frequency
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OBS: Syn spectra of Radio Halos
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OBS: Syn spectra of Radio Halos

quantitative predictions in
Cassano, GB et al 10,12
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Pitch-angle isotropy

Stochastic REacceleration of primaries & secondaries

(Brunetti & Lazarian 11)
Transit Time Damping (TTD)

lCM, B, CRD <:> -K,v,=0

Q,: secondaries from CRp-p collisions
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Radio & high energies 4 assumptions

(Brunetti & Lazarian 11) Ei 210 % By, K B»— e
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Cluster mergers - NT

connection

Radio halos probe the
dissipation of kin energy
In the DM-driven merger
events into CRs and B
Relaxed
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Radio & high energies 4 assumptions

(Brunetti & Lazarian 11) Ei 210 % By, K B»— e
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Calculations that consider the general ECRP =~%E,,
case where both primaries (CRp,CRe)
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Constraining phys parameters
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Constraining phys parameters
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Constraining phys parameters
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SUMMARY

[ Magnetic fields have a fundamental role in CRs diffusion & acceleration
[ CRs have a role in magnetic field amplification
[ CRs (e) emission is a probe of magnetic field properties

= CRs and B in galaxy clusters are probed by radio observations: impact on the
physics of ICM & evolution of clusters

= CRs Origin : Shocks, turbulence (reconnection?) and generation of secondaries
are the fundamental players in the current theoretical picture

In the last decade :

l.  Connection between Mpc-scale radio sources and mergers : cosmological probes ?
Il.  CR protons constrained by gamma-rays !
. Relics : from standard DSA ... to REacceleration & new parameter space (different from SNRS)

IV. Halos: from hadronic vs turbulence ... to turbulent models : beautiful.. but theoretical challenge

» LOFAR is (hopefully..) providing a revolution in the field

> High energies (X-rays and gamma-rays) remain fundamental for CRs physics
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