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The shocking and turbulent life of a galaxy cluster(1)
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Shocks and structure formation:

early numerical simulations

Ryu et al.2003 ; Quilis+97 ; Miniati+2000 Dissipated energy flux
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Basic idea of my 2012..2016 works:

- Time-integrated effect of particle acceleration?

- Include "basic" CR-physics after injection:
compression, heating, re-acceleration

- Additional CR players: supernovae, AGN...

- Use Gamma obs. to limit shock efficiency

A 2-fluid model for Cosmic Rays in Enzo

FV et al.2012, 2013, 2014, 2016 ...based on Kang & Jones 02, Miniati 07, Pfrommer+07, Guo & Oh 08)
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+ other source terms for CRs: SN & AGN



A 2-fluid model for Cosmic Rays in Enzo
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A 2-fluid model for Cosmic Rays in Enzo

Effects on scaling relations CR-profile and effective gamma
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Effects of Supernovae (z=2)

n/<n>

- Outflows of gas+CR enriching the IGM by z~2
- No big effects in the ICM by z~0

Vazza et al. 2014 MNRAS

Where are the CR-protons?

Largest simulations of cosmic rays in cosmology

cosmic rays ‘ gas density

#
. b

~2 million CPU hours on CURIE@Genci, Prace project 2014



Thermal scaling relations
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log10(y—flux [ph/s])

Systematic survey of effects
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Shock efficiency for M<s crucial for clusters

Re-acceleration relevant for most environments

Baryon physics can affect CR-budget in all environments

Where are the CR protons?
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Where are the CR-protons?

Radial distribution of CR/gas pressure ratio
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A radio-gamma test?

X-ray (XMM)
contours=RRET e R (V4N

The major merger tests the
acceleration by M~4.5 shocks

Emission at the Fermi level just
using CRs from last merger

Double radio relics as a testbed for particle acceleration?
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Double radio relics as a testbed for particle acceleration?
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Do radio relics challenge diffusive shock acceleration?

F. Vazza'?, M. Briiggen' *
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Radio emission from relics
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Electron and proton acceleration efficiency by merger shocks in
galaxy clusters
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Semi-analytical method:

observed relics &

cluster parameters

trajectory of pair of
shocks

Hadronic gamma-ray eyﬁission

Reelic [ Emax
I / / 1(r)Ecn(r)opp(E)Va(r) dr dE
Te Emin

injection of CRs
from eta(M)

oversimplified view!

Compute gamina-ray

emission

e.g. Ha,Ryu,Kang+17
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What are the possible solutions?

possible, but we still need
to get rid of CR-protons.

Re-acceleration of old electrons?
(Pinzke+13,Kang+13)

Cosmic ray streaming? clusters with halos?
(Ensslin+10, Zandanel+11, Wiener+15)  radial magnetic fields?

- Non maxwellian distribution? possible.
(Kang+15)
« Other mechanisms beyond DSA? possible?
(Guo+15,Caprioli+15)

Investigating the role of shock obliquity and SDA

Properties of radio relic emission may depend on shock obliquity Bb"
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Wittor et al. 2016,2017



Investigating the role of shock obliquity and SDA

Using tracer particles to track the enrichment of cosmic rays
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Obliquity & cosmic ray acceleration in the ICM

« ENZO-MHD, 5 levels of AMR
« Lagrangian tracers to simulate CRs
(Wittor, FV, Briiggen, MNRAS 2017)
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Only limiting acceleration to <20 deg shuts of hadronic emission

Only limiting acceleration to >0.5 muG shuts of hadronic emission

Bonus: cluster B-fields and CR escape?
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Summary/Open questions

Obs+Theory: from volume
wide U.L. to limiting shock
acceleration

Accel. of CR-protons:
less than <1% for ICM shocks

Thanhks

Accel. of CR-electrons:
apparently CRe/CRp~1-10%

shock obliquity? non-Maxwellian stat.?

"New" players: ' -
re-acceleration? criticality?

Theoretical numerical/challenges vs ... which new observations?



