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ClLIS'I'er'S of gqquies: the largest gravitational structures
in the Umver-se (M~1014-1015M, .

Ry~ 2-3 Mpc)
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3 Cluster-scale radio emission
J Steep spectrum sources

d Low brightness
JREZ v Synchrotron radiation FROM the ICM

1 v Relativistic GeV+ electrons (protons?)
| and B distributed on Mpc-scales...
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Cluster-scale radio emission
J Steep spectrum sources

[ Low brightness
22 v Synchrotron radiation FROM the ICM

1 v Relativistic GeV+ electrons (protons?)
| and B distributed on Mpc-scales...

20s 16h16h00s  40s 15m20s
Right ascension

Giant Radio Relics

40 30 20 10 0:14:00
Right ascension

Syn+IC lifetime of radio electrons |
T,.q~100-300 Myr << diffusion time
ICM acceleration site !

» ORIGIN & Physics ??

» IMPACT on thermal ICM ??
(microphysics & dynamics)
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[Brunetti & Jones 14 for rev]
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Mergers guide CRe
acceleration/dynamics
and/or amplify B

accelerate CRe*,CRp

Astrophysical sodf'ces
Galaxies (SN), AGN..



Mergers guide CRe
acceleration/dynamics
and/or amplify B
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Astrophysical sources
Galaxies (SN), AGN..

Mach = 2-3
Vsh= 2000-4000 km/s



Mergers guide CRe
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Mergers guide CRe
acceleration/dynamics
and/or amplify B

reaccelerates fossil CRe*
CRp and secondaries CRe*
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Astrophysical sources
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Mergers guide CRe
acceleration/dynamics

and/or amplify B
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CRp and secondaries CRet
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Mergers guide CRe
acceleration/dynamics
and/or amplify B
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Why gamma-rays ? : CR confinement

(Voelk et al. 96, Kang et al 96, Berezinsky et al 97,..)
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O CRp have LONG life-times in the ICM
O CRs take Hubble+ time to diffuse Mpc

High Energy protons are CONFINED and ACCUMULATED in galaxy
clusters for cosmological times : this is why we expect gamma-rays !




Why gamma-rays ? : CR confinement

(Voelk et al. 96, Kang et al 96, Berezinsky et al 97,..)
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] We should see gamma-rays

{'due to neutral pion decay.

i N 1 Luminosity depends on the

i [Brunefti & Jones 2014 2, ] energy budgetin CRp which

-2 -1 0 ! 2 sin turns constrains efficiency
Log(pc/GeV) of CRp acceleration.

O CRp have LONG life-times in the ICM

Q CRs take Hubble+ time to diffuse Mpc

High Energy protons are CONFINED and ACCUMULATED in galaxy
clusters for cosmological times : this is why we expect gamma-rays !




EGRET Limits before FERMI

Cool core cluster:
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Population analysis of about 50 nearby Fer'ml"LAT |lm|'I‘S

clusters, including CC and mergers and
clusters with diffuse radio emission : (LAT-Coll: Ackermann+ 10, 14 )

NO DETECTIONS...
Abell 1367 | Abell 3112 (X('R) — (PCR>V/(PHI>V

+ Combined -+ Non Cool Core = ool Care

15+ times better _
% than EGRET !
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Strong constraints on CRp acceleration
“’her‘e are CRP ? efficiency at shock in galaxy clusters
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> Inefficient CRp acceleration ?? on A4, '

CURZ non-rad, KJO7 _:

» Complex CRp spectra ?? CURZ non-rad, KR13 :

CURZ non-rad, eff=0.1%

> |Is confinement true ??
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Wher'e are CRp ?

WI}\ EGRET -
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Big Questions /srunetti+sd

> Inefficient CRp acceleration ??
» Complex CRp spectra ??

> |Is confinement true ??
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Limits for the Coma cluster

LAT Coll: Ackermann+ 16
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Consequences : origin of radio halos
p+p— 7 + 7t 47~ + anything
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Radio halo: conse
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Full calculations of turbulent

reacceleration of

(i) CRp,

(i) secondaries,

(iii) primary CRe

(iv) turbulent damping
(eg Brunetti+Lazarian 11,
Pinzke+ 17, Brunetti+ 17)
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Radno halo consequences for gamma
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Sensitivity (erg cm ™ 571)
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CTA KP on Perseus : by far the

brightest one (expected) in the gamma-rays

cta
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Current limits for Perseus
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MAGIC Coll: Ahnen et al 16
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" Perseus 0.15 deg
~._extended

constraint with EBL

Origin of radio mini-halos (r._l‘a

CRp spectrum =2.2

= 1{]"3 il L
K Poas ()
B(R) = By [—)
:E \ FP_L"..I\_”
: Assuming an
= 10 . .
& contribution from
ol CRp (secondaries)
Fit to radio (with EBL)
B, =5 UG BO> 5-8 uG
10 B, = 10 4G
SaSERES Now impossible to discriminate
1000 leptonic vs hadronic origin

E [Gev]



cta

cherm by tefeoope aray

Origin of radio mini-halos

constraint with EBL

CRp spectrum =2.2

(RN
B(R) = By (‘;]

1 frg.nl'l
Assuming an
contribution from

CRp (secondaries)

Fit to radio (with EBL)

B, =5 UG BO >5-8 uG
- By= 104G
SaSERES Now impossible to discriminate
[0 leptonic vs hadronic origin
C'USte rs SClence radio constraints A FACTOR OF &
o o e IMPROVEMENT OMN
» Deepest limits on CRp MAGIC Perseus (2016) - RAUIRENSNE Y VNI
COMNSTRAINTS ON
o | F = =
> Strongest constraintson |2 =ReEd
CRp acceleration

» Origin of radio mini-halos l

FOR 0~ 2.2,
WE WILL TEST
B,=20uG
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Origin of radio mini-halos
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constraint with EBL
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Beyond clusters scuence
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cherm by tefeoope aray

Exotic CTA science: Max energy of CR (cta

. In principle...
ACCZ'CPC\TIOH Of Eev CRP acgeleraetion of EeV CRp
@qccreﬂon shocks ? is possible in galaxy clusters

(Inoue et al 05, Vannoni et al 11..) " ;' o N \ o /
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CRp with energy 1-10 EeV interact with the cosmic microwave background
and generate very high energy electron-positron pairs, which radiate
synchrotron and inverse Compton emission, peaking at hard X-rays and TeV



TAKE HOME MESSAGES :

(1) Expected mix of CRp & CRe (primary+secondary)
- SED of GClustes: from radio (well observed) to
gamma-rays. CRp should contain most of the

energy budget

(2) CRp energy budget, accel efficiency & transport
- y-rays : <0.01 x thermal energy (Mpc scale)
- This is a potential problem for current theories

(3) Do CRp play a role for Giant Radio Halos ??
- turbulent accel of CRp+secondaries: gamma-rays.
Constraints from Fermi-LAT

(4) CTA KP : Perseus cluster (mini-halo, AGNSs,..)
- Detection/best limit (factor 3-6) on CRp
- Origin of mini-halos
- Constraints on AGN composition & transport
- More exotic science : max energy of CRp in GC






Limits to the CRp Syn radio limits :
energy budget
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) 5 3 4 5 in the ICM allow to calculate
B(G) corresponding limits on (B, ECRp).

Reimer et al. 04, Pfrommer & Ensslin 04,Perkins et al. 06, 08, Brunetti et al. 07,08, Aharonian et al. 09,
Aleksic et al. 09,12, Ackermann et al 10,14, Arlen et al 12, Griffin et al 14, Zandanel & Ando 14,
Prokhorov & Churazov 14, Vazza et al 15, Ahnen et al 16, ...



Consequences : origin of radio halos

L, ~ f,(8) <Eqp> <B4/ T> V,
Lsyn ~ fl(a) <ECI2> <E’rh/T> vsyn B(1+8/2)(BZ+chb2)-1
Lradio x { Bt ) Radio to gamma-ray ratio depends on B
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CTA vs MAGIC cta

Perseus diffuse MAGIC 2016 - upper limits  smmees . e
(<0.15 deg) CTA 3001 - uppor sty
T centrally peaked Eﬂ = ég pg — C l t .
- N cunaca iyt ——— - Clusters science
P I P by = 2.3 > Deepest limits on CRp
=TS " i
g " » Strongest constraints on CRp
e acceleration
10 ) » Origin of radio mini-halos
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Beyond clusters science
> CRp in RSS | CURRENT MAGIC
CONMNSTRAINTS OMN

> Transport : |, i,/ e PERSEUS

of CRp l
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Possible evidence of gamma rays from ICM

ook with T =2 and W, =3

~50 sensitivities
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A signal at 30 level can be c@édq\
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= from stacked analysis of Planck clusters ?
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Full calculations of turbulent
reacceleration of

oBranchini +17

) CRP, L I,,T By
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Halos — Mergers connection
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Exotic CTA science:

(Kang et al 96, Blasi 01, Jones 04, ..)
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Mer'ger‘s gunde CRe CR H aCCe|er‘0'|'ion
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Turbulence is generated during mergers
(shocks, DM sloshing, instabilities etc)
® and powers reacceleration mechanisms
based on second-order Fermi

Brunetti+01, Petrosian 01, Fujita+03, Cassano+Brunetti 05,
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& Turbulent acceleration scenario:

fl Turbulence is generated during mergers
(shocks, DM sloshing, instabilities etc)
B and powers reacceleration mechanisms
based on second-order Fermi
Brunetti+01, Petrosian 01, Fujita+03, Cassano+Brunetti 05,
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Brunetti+Lazarian 16, Pinzke+al 17...]

., Electron Spectrum
Syn+JC

Synchro‘rr'on Spec‘rrum
| | |
Coma RADIO HALU

© 20s  16h16h00s 40s 3.5

~ Acceleration™\

Right ascension \?i; 5
- i . 7 - i
_____ M_@n‘rur’l 11 13 g 3t
=
L N i =
40.5 [~ | =, N 5L N
S5 i
h I~ 1 1 ‘ IIIII ‘ 1 1 1 1 Il Il Il | 1 ]
—0 -10
«.f.;__dl % B 2 E ( / 4) 5
= Q L Schlickeiser et al 87 OB
x — i . SZ-decrement!
i Ensslin 02 Bl e v
C 2 |- Thierbach et al 03 (Flanck data) . eV+
= - Reimer et al 04 8 T T (G )
- Donnert et al 10 - aCC ra.d
38 - Brunetti et al 13 . —
L | 1 1 1 1 I L 1 L 1 l 1 1 1 1 | 1 1 1 L | 1 1 L _1 - Myr
1.6 2 2.5 3 3.5

PP U S T Log(v) [MHz] Gentle reacceleration



Can CRp play a role in reacceleration models ?
- Reacceleration of CRp & secondaries -
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Reacceleration of CRp & secondaries
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d The Syn/gamma ratio is much higher
1 Less CRp are necessary to generate the
observed radio emission

Weaker magnetic field are constrained
by current gamma-ray limits



- (Voelk et al. 96, Kang et al 96,
CRP CO nf [ nemenT Berezinsky et al 97,.. efc) ...
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Obvious consequence
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High Energy protons are CONFINED and ACCUMULATED in galaxy
clusters for cosmological times : this is why we expect gamma-rays !




(Voelk et al. 96, Kang et al 96,

CRP CO Nflnemel’ﬂ' Berezinsky et al 97,.. etc) ...

Are CRs scattered efficiently by
croturbulence ?

For example, streaming along field
lines (Wiener + 13,77, Lazarian 17)
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High Energy protons are CONFINED and ACCUMULATED in galaxy
clusters for cosmological times : this is why we expect gamma-rays !




(Voelk et al. 96, Kang et al 96,

CRP Co Nflnemel’ﬂ' Berezinsky et al 97,.. etc) ...

Are CRs scattered efficiently by
croturbulence ?

For example, streaming along field
lines (Wiener + 13,77, Lazarian 17)
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(Voelk et al. 96, Kang et al 96,

CRP Co Nflnemel’ﬂ' Berezinsky et al 97,.. etc) ...

Mgnetic field lines in the ICM are
TANGLED (RM, theory) thus CRs
will still DIFFUSE :
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Turbulent spectrum
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1, (Voelk et al. 96, Kang et al 96,
Berezinsky et al 97,.. etc) ...

CRp confinemen

12 T % Mgnetic field lines in the ICM are
1S TANGLED (RM, theory) thus CRs
_ 1S will still DIFFUSE :
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A slow diffusion process is guaranteed by magnetic field tangling
Streaming/drift etc do not play a role on CRs propagation on Mpc scales



Probing physics of ICM Turbulence

- via synchrotron RH & line broadening - _

Hydro turbulence
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Probing physics of ICM Turbulence
- acceleration by LS turbulence-

Hydro turbulence
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Pitch-angle isotropy

Stochastic REacceleration of primaries & secondaries

(Brunetti & Lazarian 11)
Transit Time Damping (TTD)
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Q,: secondaries from CRp-p collisions
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