Non-thermal emission, CR and turbulence
In galaxy clusters
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Outline

(1) Galaxy clusters, clusters mergers and non-thermal
particles/emission in the 1CM

(2) Gamma ray emission from galaxy clusters and limits
on CRp energy content

(3) Origin of diffuse Mpc-scale syn emission in galaxy clusters,
turbulence?, turbulence+hadronic?, ??

(4) A unvisible population of Mpc-scale very-steep spectrum
emissions to be discovered in galaxy clusters ?

(5) LOFAR : expectations and first results
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Cassano et el 2010 ApJ 721 L82
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particle acceleration and B
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Cluster-cluster mergers are the most
energetic events in the present Universe .
(10%4erg/Gyr). They can drive mechanisms [es
for particle acceleration (shocks, turb..) '
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AR TURES s |
eaccelerates fossil CRe*
CRp and secondaries CRe*

. 12x12Mpc/h

(Brunetti et al. 01, 04, 09; Petrosian 01; Blasi 01; Miniati
et al. 01,03; Fujita et al. 03; Ryu et al. 03; Berrington &
Dermer 03; Pfrommer & Ensslin 04; Brunetti & Blasi 05;
Cassano & Brunetti 05; Marchegiani et al 07; Brunetti & | .
Lazarian 07, 2011; Hoeft & Bruggen 07; Colafrancesco & |, -
Marchegiani 08; Pfrommer et al. 08; Wolfe et al. 08; |
Kushnir et al 09; Keshet & Loeb 10...)




reaccelerates fossil CRe*
CRp and secondaries CRe*

Voelk et al 96, 99
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CRe

High energy emission from GC

Miniati 2003
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Do CRp generate Radio Halos ?

(Dennison 80, Blasi & Colafrancesco 99, Ensslin & Pfrommer 04, ..)

L, ~ F(8) <Ecp> <E/ T> V,

magnetic field

L - fl(a) <ECR> <Eth/T> \ B(HS/Z)(BZ'I'chbZ)_1

syn syn
LSyn/ LV - - <BS/2+1/(BZ+chb2)>_(emission weighted)



Probing the origin of giant radio halos through radio and
~-ray data : the case of the Coma cluster
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Fermi-LAT u.l. ABSTRACT _ _ _
We combined for the first time all available information about the spectral shape and

morphology of the radio halo of the Coma cluster with the recent ~-ray upper Lirmit
obtained by the Fermi-LAT Collaboration and with the magnetic field strength derived
from rotation measures. We explore the possibility that the radio emission is due to
synchrotron emission of secondary electrons. We use the observed spatial distribution
of the halo's radio brightness to constrain the amount of cosmic ray protons and
their spatial distribution in the cluster that are required by the model. We find that
the combination of the steep spectrum of coemic ray protons necessary to explamn
the spectrum of the halo and the wery brosd spatisl bnghi'.nms distribution (and
large energy density} of cosmic rays result in & y—ray emission in excess of present
lirmita, unlesa the cluster magnetic fisld iz relstively large. The large magnetic field
required to not viclate present ~—ray limits 1= however In contradiction with that
derived from rotation measures. We also Investigate modals in which the cosmic rays
confined diffusively in the Coma cluster and the secondary products of their inelastic
interactions are all reaccelerated by MHD turbulence. We show that these models
explain the radic spectrum and morphology and predict ~-ray fluxes in agresment
with the Fermi-LAT upper imit. The wersion of the reacceleration model adopted in
this paper also requires a very broad cosmic ray spatial profile, much flatter than that
of the intracluster medium, but a small amount of seed primary electrons that can be
reaccelerated in the cluster's external regions may easily alleviate this requirement.

Key words: acceleration of particles - turbulence - radiation mechsnisms: non—
thermal - galaxies: clusters: general




Westarbork 350 MHz contours

(Brown & Rudnick 10)

Magnetic field

—-——-- Analytic profile
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A hadronic origin for the Coma halo ? (6B +al 2012)

Ner(P,F)=K(r) p
B(r)="(14/€,)

o
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including RM
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A hadronic origin for the Coma halo ? (6B +al 2012)
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(Brunetti et al. 01, 04, Petrosian 01, Liang et al 02, Kuo et al 02, Fujita et al. 03, Cassano &
Brunetti 05,Brunetti & Lazarian 07, 11, Petrosian & Bykov 08, ZuHone et al 12)
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Turbulent properties & fraction of turbulent energy-flux in CR ?
(dampings & effective plasma collisionality...)

Back reaction of CR on turbulence ?
(properties of micro-turbulence/kinetic instabilities..)

pzeromD

Seeds particles to reaccelerate ?
(difficulty in accelerating thermal I1CM)

veomn L

I VAN \ 1 ! 1

Role of reconnection in the ICM ?
rev. Petrosian & Bykov 08, Brunetti 11,12, Lazarian & Brunetti 11 [~




Original “phenomenological” motivation for turbulence
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Radio Halos : are they generated by “inefficient”

mechanism of CRe acceleration ?

In—situ
Schlickeiser +al. 1987

few GeV a

Evidence of break in the
spectrum of the emitting
(Coma) electrons at energies of
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Radio Halos : are they generated by “inefficient”

mechanism of CRe acceleration ?

In—situ

(Coma)

Schlickeiser +al. 198

Thierbach et al. 2003

frequency [GHz]

T“GF”“‘4X{%(§%)

i

Mih

10-3

)

B e

2 .
sin® @

(32) zm'+“+ﬂ1

o 2 o ()]}

losses




Does turbulence alleviate problems with yv-rays

In a “hadronic-based” scenario ?

Mon. Mot B Astron. Scc. 418, 127142 (201 1) dois I T1A. 1365-2066. 2010, 17457 .x

Acceleration of primary and secondary particles in galaxy clusters by
compressible MHD tarbulence: from radio haloes to gamma-rays

+ |(k)driven by cluster-cluster mergers

This “hybrid” approach uses the physics
insight behind the concept of CRp
confinement and production of secondary
CRe in the ICM and calculates the
energization and modification of the
spectrum of both CRp and CRe due to
stochastic reacceleration in the presence
of MHD turbulence.




Transit Time Damping (TTD)

Interaction btw magnetic moment of
particle and parallel gradient of B

Suitable for ICM !

Isotropic fast modes
(Cassano & Brunetti 05, Yan et al 10,

Brunetti & Lazarian 07, 11)

protons

The modification of the electrons
spectrum at energies of few GeV
Increases the ratio Syn/gamma and
creates a curvature in the Syn spectrum
at higher radio frequencies




Results from reacceleration (s +al 2012, sub)
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Results from reacceleration (s +al 2012, sub)
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Testing turbulent models ??
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Brunetti +al 2008, Nature 455, 944
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Brunetti +al 2008, Nature 455, 944
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Several giant radio halos with
ultra-steep spectrum have been
discovered so far, they fill the [T AN )
transition region in the Psyn-Px R
diagram as expected by the

reacceleration model
(see Cassano 10 A&A 517, 10).
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First LOFAR observations at very low frequencies of cluster-scale

non-thermal emission: the case of Abell 2256

R. I. van WeerenlEl H. J. A. Réttgeringl, D. A. Raffern/D, R. Pizzd®. A. Bonafede®, M. Briigger®, G. Bruneni®
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Summary

(1) Clusters host many sources of CRp and CRe, evidence for
(at least) CRe come from radio observations.
Clusters mergers (formation!) have a major impact on the non-thermal
components and emission.

(11) Gamma-ray u.l. and limits in the radio band constrain the energy
content of CRp to few % of the clusters thermal ICM.

(111) Gamma ray u.l. provide new constraints for the origin of giant radio
halos. When combined with radio observations (including RM) they
disfavour a “pure” hadronic origin of giant radio Halos

(iv) In principle turbulent reacceleration of seed particles
(including secondaries) may explain “all” available data under
reasonable conditions.
Important prediction of these models is the existence of ultra-steep
spectrum emission (“all” models using non-efficient mechanisms)

(v) LOFAR Is the ideal radiotelescope to test, first results are
coming........



Spectral properties of Radio Halos

Cassano, GB, Rottgering, Bruggen, 2010 A&A 509 68

more energetics |
rare |

Radio Power

less energetics
common

Frequency

LOFAR is expected to discover 300-400 giant radio halos at z<1.0,

a large fraction of them with very steep-spectrum (from less energetics
cluster-cluster mergers)
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Where are steep-halos?

: Brown et al 11

45 452
Log[]-'[u.l —2.4]keV erg/s]

i 120 MHz

Cassano 10

Log{P{120) [Watt/Hz] }

o
LOS[L[::_1—2.4]kev erg/s]

The relatively small dispersion

of the correlation at 1.4 GHz is

mainly driven by the difficulty to

detect very-steep spectrum halos
at higher radio frequencies




Present Situation

QCSZZZE

ntema et aI
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The relatively small dispersion

of the correlation at 1.4 GHz is

probably driven by the difficulty to

detect very-steep spectrum halos
at higher radio frequencies




High energy emission from GC

/ Syn Wolfe +al 2008
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Cosmic rays confinement
_ Galaxy clusters contain several sources

of CRp : Starbursts, Galaxies, AGN,
LS Shocks, reconnection(?), turbulence

Voelk et al. 96, Berezinsky et al 97,
Ensslin et al 97, Sarazin 99, ...




Radio Halos : are they generated by “inefficient”

mechanism of CRe acceleration ?
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Energy content of CRp

~

Reimer et al. (2004)

EGRET

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

(Ackermann)

TTT \& _/

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

Additional limits from cluster dynamics (e.g. Churazov et al. 2008; )
constrain Ex+Eg+E,, ., below 10% ( ) Ethermal.



Montecarlo calculations

( Cassano, GB, Rottgering, Bruggen 2010)
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First surprise!

radic relic
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Radio Emitting GC

rl\/lagnetic field is ampme are =

accelerated) during mergers, B+OB (N+),
and is dissipated (CRe cool) when clusters
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Radio Emitting GC

(I\/Iagnetic field is amplme are =

accelerated) during mergers, B+OB (N+),
and is dissipated (CRe cool) when clusters

Kbecome dynamically “relaxed”, B (N-). _J

\ Log(P,,cn [Watl/Hz] )

.

/ N-
/ =

’, 7/ L'UE[L[Q.:-z:]ta ergfs]

Faraday RM

However no differences are found
between B in radio halos and

radio “quiet” clusters (Clarke et al 01,
Govoni et al 10, Bonafede et al 11).

Also in many “relaxed” and radio “quiet”
clusters B is significantly larger than that
in radio halo clusters (Murgia et al 04,
Ensslin & Vogt 05, Vacca et al 12)
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Radiation from Cosmic Rays in GC

UHEp-y Inoue et al 05

L= 10% ergfs

C R e T4 Gyr, R=3.2 Mpe

B.=0.7 G (E=6.3x10" eV)
n=10"cm™

D=100 Mpc




Direct Fokker-Planck (+MHD) simulations in galaxy clusters

O (Donnert, GB et al in prep)

P-'lSDeBHz

2.70 Gyr

2.45 Gyr—__
. —
1.96 Gyr

0.98 Gyr

1.59 Gyr




evidence of GeV electrons (y= 2000-10000) and

B=1-1

RXJ 1720
-l

0 G mixed In the thermal ICM

Mazzotta & Giacintucci (2008)

New mechanisms of CR
acceleration in connection
with the core-sloshing

Turbulence ?

(Gitti, GB, Setti 2002,
ZuHone et al 2011)

Reconnection ?



Simulations of core-sloshing driven turbulence & CR acceleration
(ZuHone, Markevitch, GB, Giacintucci 2012..)

Flash 3 - AMR

DM+gas :
1 kpc resolution

M=~1015M .
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Morphol & C ti Ith
temperature RESULTS

Temporal evolution & spectrum

t=2.75 Gyr, aj3ap = 2.52 + 0.24
t=3.15 Gyr, a5 = 1.17 = 0.11
t=3.55 Gyr, a3a5, = 1.55 = 0.08
t=3.95 Gyr, ay390 = 1.50 = 0.10

t=4.35 Gyr, ayq9 = 1.82 £ 0.12

Perseus Cluster
Ophiuchus Cluster



t = 0.40 Gyr t=10.80 Gyr

00 900 1200




Turbulence in the IGM

(from Brunetti & Lazarian 2007, 2011)

Compressive turbulence

Lcooui®10-30kpe ~ | = =

Alfven + Slow

:> Imfp ﬁ 0cfes™ < S W
k~1/L

IA ~ 0.1-1 kpc




Turbulence in the ICM: complex

Subramanian +al 2006; Schekochihin +al 2005,09; Brunetti & Lazarian 2007,11; Sharma +al 2010; Kunz +al 2010

Thermal IGM\

Protons
Electrons

Secondarie7
| A~ 10-100 pc

& J A J  k~1/L
HydroY MHDY

(see Schekochihin et al 2005, 09, Lazarian & Beresnyak 2009, Yan & Lazarian 2010, Brunetti & Lazarian 11)

IMagnetosonic Modes

| mfp = 10-30 kpc




Turbulence in the IGM: complex

Magnetosonic Modes

L ¢ = 10-30 kpc

IA ~ 10-100 pc
& ;‘_’l\ J  k~1/L

HydroY MHDY




Turbulence in the IGM: complex

(E: Ki\E; )
= W

167W

Thermal IGM
Protons
Electrons

SecondarV

k~1/L

“Transient Time Damping” resonance (TTD) in the IGM
(Cassano & Brunetti 2005, Brunetti & Lazarian 2007,11a)
Which is the fraction of turbulent-energy in CR acceleration ?
(see Brunetti & Lazarian 2011b)



Turbulence in the IGM: complex

i -ijEJ) W
167W /=0

Magnetosonic Modes Thermal IGM
Protons

Electrons

SecondarV

k~1/L

(instabilities ...)



Effects of the NL interaction of - Gyroresonance scattering depends on the properties of turbulence
particles-waves on CR evolution .

(Book reviews : Melrose 1980, Berezinskii et al 1990,

Schlickeiser 2002) Gyroresonance

The diffusion coefficients define characteristics of particle = kv#nQ ,(n=x1,4..),
Which states that the MHD wave frequency (Doppler shlfted)

propagation and acceleration L «f is a multiple of gyrofrequency of particles (v” is particle speed
parallel to B).

SO, k",l‘ﬁSH Q/V = 1/1‘L

: "3 v(1 - p?)?
2 = — et i
P‘"“P“g““““ =20 W - Al 37 / dy Do | /_ J s
Stochastic B a[vpzD(p]] . - il
Acceleration e 4p?0p » Dip) 34 Dypiy /
Acceleration is . : |
Dy ¢—> 0B, sensitive to our model 1 ransit Time Damping (TTD)
D, +—»0E=dvxBy/c| Of turbulence
Where do 6B, 0V come from? MHD turbulence! - k / /V / /:O
The diffusion coeffecients are determined by the statistical properties of Interaction btw magnetic moment of
turbulence : )
particle and parallel gradient of B

Stochastic acceleration of fast particles diffusing
in turbulence (Fermi 1949, ... Ptuskin 1988) Suitable for 1CM !
Isotropic fast modes
(Cassano & Brunetti 05, Yan et al 10,
Brunetti & Lazarian 07, 11)
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Comment on turbulent acceleration efficiency in 1ICM
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Heating of ICM & CR-acceleration by
compressible turbulence in the ICM

The most important
damping of compressive
(fast) modes in the ICM
IS via “magnetic Landau”
damping (n=0 resonance,
Transit Time Damping)
with thermal electrons

QLTheory

and protons (CR contribute
for < 10%).

Thermal I1CM back-reacts
| on the turbulence, modifies

Pinai] ECHCE TN R NN N, [N . I [N Y

t 15 Its spectrum and affects
CR acceleration...

Line-bending efficiency >> damping efficiency
1 / 1 CRp/e
Tpo(K) =~ Vi, 1, T, =T(k)

Isotropic Effective Damping :)

IdiSS ~ 100 pC + observables

A(rad)
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Damping of turbulence is dominated by CR
that back react on turbulence as their
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Damping of turbulence is dominated by CR
that back react on turbulence as their
energy density increases

on, Not, B Asron, Soe, 000, 000-000 {0000) Fristed 5 Moversber W10 (MN BTEX syl file vl 4)

EI _1
Dip = 2ewct? S L B
e Tae| gy 25| o e
| TA =
Vow STAMBARD Feedback by CR
Wi 4 . E(k) (gyro-resonant instability)
Beresnyak & Lazarian 06
Yan & Lazarian 11
‘\ 5
Feedback  "X_
Turbulent ________________ __|(Fabwaves
COMPrassiony==m===r [due to mstabilll)} \
effe) Vo sin




Shock Acceleration CRe : ICS

(Sarazin 1999, Waxman & Loeb 2000, Blasi 2001, ..)

Gabici & Blasi 2004

105 n. =0.05

104

Initial Pop. [z, = 0.3) &
Sleady Injeclion {z, = 005)

Power Law p = 23

1 IIIIIII| | IIIIIII| L IIIIIII| 1 IIIII||||| | IIIIIuI__

o, = 107 em™

IIIIII I IIIII|T| I IIIIIII| I IIIIIII| T IIIIIII| 1 IIIIIII| 1 IIIIII‘IJ|I' L] II|T| LI
||||| 1 IIIIIII| | IIIIIII|

LUl A L1l

10-2

10-1 10-10 10-9 10-8
F (s~! em™?)

log L. |=rgs/seciHa)

FERMI upper limits constrain the efficiency
of electrons acceleration at shocks in
galaxy clusters n, < 0.005




Better constraints with FERMI1 ?7?

Han et al 2012, arXiv

Evidence for extended gamma-ray emission from galaxy clusters

Jiaxin Han??, Carlos 8. Frenk®, Vincent R. Eke®, Liang Gac®® and Simon D. M. White®

jxhan@shao.ac.cn
ABSTRACT

We report evidence for extended gamms-ray emission from the Virgo, Fornax and Coma
clusters based on & maximum-likelihood analysis of the 3-year Fermi-LAT data. For all
three clusters, excess emission is observed within three degrees of the center, peaking
at the (GeV seale. This emission canncot be sccounted for by known Fermi souress or by
the galactic and extragalactic backgrounds. If interpreted as annihilation emissicn from
supersymmetric dark mstter (DM) particles, the data prefer models with a particle
mass in the range 20 — &0 (3eV annihilating into the bF channel, or 2 — 10 CeV and
= 1 TeV annihilating into _u"'p' final states. Our results are conmstent with those
obtained by Hooper and Linden from a recent analysis of Fermi-LAT data in the region

E=]

of the Galactic Centre. An extended DM annihilation profile dominsted by emission Py =
from substructures 1s preferred over s simple point source model The significance of - EIE'R'LIL
DM detection is 4.4 in Virgo and lower in the other two clusters. We also consider the B o

: & -
possibility that the excess emission arises from cosmic ray (CR) induced gamma-rays, I:I.:]. :I: I-Ia]- u"‘l- i "1':"“
and infer a CR level within = factor of three of that expected from analytical models. 1 ] T | [
However, the significance of &8 CR component iz lower than the significance of s DM w "[I :I: "?"'b 3" - H m
component, snd there is no need for such & CR component in the presence of a DM -r - 7 1 7 -
component in the preferred DM mass range. We also set flux and cross-section upper 1" ]IEI:' 1"'5 :I: I'I"5 ""'1 E-[IH E
limits for DM annihilation into the b and pTp~ channels in all three clustera.

Ando & Nagai 2012, arXiv

Maodel Map (Fornax)

Similar u.l. for Coma and Fornax
have been derived by Han et al

and Ando & Nagai (3+ years)...
These limits are more than 2 times
deeper than those derived

by Ackermann et al. (18 months)
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T

M,=1.8x1015 M,

Testing turbulent models ??

log{M) [ M,

: Blg jumps = major mergers
“ Small jumps = minor mergers

Mergers between
M>10M

M<1015M_.

o=0.79, v.=0.44GHz
¥ =0.83

¢ iy red ™

i
Mergers between|
;

0.3 1.4 GHz




Testing turbulent models ??

b o {(B) 'r}lru-a. o L:" i~
¥h { Y Tk [{H}l § Hsmh:].; X 1/TaCC

o=0.79, v.=044GHz
¥ =0.83

min,red ™

0.3 1.4 GHz



Barions




Testing hadronic models for Halos

also Marchegiani et al 07,
Brunetti 09, Donnert et al 10

R
&
Q
L
o (
< @
\ R iy
o g TN @
Westerbork 350 MHz contours M\)f it _. I r:’f\l"
(Brown & Rudnick 10) < 7\;3{![}
i N =

© 1 Mpc

L, ~ F(8) <Ecp> <E/ T> V,

Jeltema & Profumo 2011

4 -
range S
allowed by =
Femi data

0.001

<BuG>

Lr ~ Tr(8)<Ecg> <E/ T> <B¥21/(B*4B,°)> Vi

LR/ LV T -> <BE/2+1/(BZ+chb2)>_(emission weighted)



Testing hadronic models for Halos

., Jeltema & Profumo 2011

........

\ — Coma

RM ——- A 1914] 3

\ == A 2163

L

range S~
alowed by “~. 4
Femit data 3

Lagli{x)) [arbitrary onils]

o
L= (=]
DR ppmpmapmy ey g =y Ay = ey =g Ay == =y

< B[uG) >

L, ~ F(8) <Ecp> <E/ T> V,

Lg ~ TR(8)<Ecg> <Eyy/ T> <B¥2*1/(B*+B,°)> Vi
LR/ LV,’IT -> <BB/2+1/(BZ+chb2)>_(emission weighted)



