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Motivation



Open Questions in Cosmic -Ray Research 
at Ultrahigh Energies, Batista et al. 2019 

(F. Oikonomou & K. Fang)

Magnetic Fields, mostly unknown !
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Galaxies and

Galaxy Clusters

(some observations)
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What Galaxy Clusters tell us



ICM is the hot Atmosphere of Massive Galaxies

Ç Measured in large details

X-ray (temperature, velocities)

SZ (pressure)

EROSITA (X -ray ), Churazov + 2021 

PLANCK (SZ), Planck 2012 

NGC 4839 
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ICM is the hot Atmosphere of Massive Galaxies

Ç Measured in large details

X-ray (temperature, velocities)

SZ (pressure)

Ç Non -thermal components

give additional insights

(magnetic fields, CRs)

Ç Closed system

(chemical imprint)

LOFAR (144 MHz), Bonafede + 2020 GMRT (352 MHz), Brown+ 2011 

EROSITA (X -ray ), Churazov + 2021 

PLANCK (SZ), Planck 2012 

NGC 4839 

NGC 4839 

NGC 4839 

Coma

Individual elements 

observable in ICM!

Taken from Böhringer

All ICM within Rvir

contains at least 

10% stellar debris!



Open Questions in Cosmic -Ray Research 
at Ultrahigh Energies, Batista et al. 2019 

(F. Oikonomou & K. Fang)

Galaxies and

Galaxy Clusters

(some observations)

Detections 

by future 

instruments?

Brown+ 2017
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More than an 

astrophysical 

model for the 
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Dynamo in Galaxies A turbulent dynamo amplifying 

B is common prediction of all 

simulations é

Ulrich 

Steinwandel

m agnetic fielddensity

Pakmor + 2017

AREPO

Rieder+ 2016

RAMSES

Butsky + 2017

ENZO

Steinwandel+ 2019a

P-GADGET3



Dynamo in Galaxies

Ulrich 

Steinwandel

m agnetic fielddensity

P-GADGET3

Rieder+ 2016

Pakmor + 2017

Butsky + 2017

AREPO

ENZO
RAMSES

é typically proven by calculating 

a simple power spectrum é

Steinwandel+ 2019a



Dynamo in Galaxies

Ulrich 

Steinwandel

P-GADGET3

Steinwandel+ 2019a

Steinwandel + 2019b

é but first to prove the different 

dynamo actions far beyond 

simple power spectrum é



Steinwandel + 2020

Dynamo/outflows in Galaxies é and first to find a B driven 

galactic outflow!

(interplay between bar / dynamo!)

17 of 22 CHANG -ES * Galaxies 

show outflow + bar !
(* ) Krause+ 2020

Ulrich 

Steinwandel
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Magnetic Field 

and 

CRs in Galaxy Cluster



What do CR (electrons) tell us?

Short cooling time of CRe :
Ç test shocks on 10th of kpc

LOFAR (144 MHz), Bonafede + 2020 EROSITA (X -ray ), Churazov + 2021 

Shocks



What do CR (electrons) tell us?

Short cooling time of CRe :
Ç test shocks on 10th of kpc

Ç test turbulence 

(re -acceleration)

LOFAR (144 MHz), Bonafede + 2020 EROSITA (X -ray ), Churazov + 2021 

Sanders & Fabian 2013
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Numerical Challenges



Do simulations reproduce Turbulence?

Injection of 

turbulence

behind the 

shocks!

Turbulence

only grows 

with time!

Ludwig Böss



Simulations of turbulent dynamo in the ICM

+ Lie et al. 2008 (CosmoMHD)
+ Ruszkowski et al 2011 (FLASH) 
+ Marinacci et al. 2015 (Arepo)

Vazza et al. 2014 (ENZO)

Steinwandel+ 2022 (OpenGadget3)

Resolution 

important !

Barns+ 2019 (AREPO)

Profile too steep !



Simulations seems 

not to produce

òrelaxedó systems ...

Sayers+ 2021

t urbulent

velocity

Observational inferred Turbulence in Galaxy Clusters



Decaying Turbulence in Simulations and different methods (I)

Frederick Groth



Decaying Turbulence in Simulations and different methods (II)

Frederick Groth

SPH: decay time 

independent on 

level of turbulence

MFM: decay time 

similar to SPH for 

X>0.003 but then 

numerical artefacts!

AREPO: No decay of turbulent energy!

SPH: but depending on 

artificial viscosity!



Effect of viscosity?

Sijacki & Springel 2006

ICM density maps for simulations 

Without (left) and with (right) viscosity

m ach number

ion mean free path :

s ize of galaxies

l ~ Ȋi !!!

Ȇi = 1/3 ȆȆi = 0



Role of viscosity in Simulations and different methods (I)

Tirso Marin

Shearviscosity Bulkviscosity

0

For a fully ionized
plasma



Developing a Fokker -Planck solver for CRs

Every resolution element in a 

simulation has to additionally 

evolve a sampled distribution 

function of CR( e,p )!

Å Shocks

Å SFR

Å AGN

Shock 

injection

Cooling of CRe

Ludwig Böss



Shocks in Galaxy Clusters



3 42 >5

Galaxy clusters, the hot atmosphere of massive galaxies

Mach number:

Galaxy Clusters:

M ~ 2x10 15 M sol

almost 10 9 part in Rvir

~ 90.000 galaxies 

~ 250.000 timesteps

egas /stars ~ 240 pc/h



Zhang+ 2020a

T [ Gyr ]

R
 [

M
p

c
]

Virial shock is pushed 

back through collisions 

with internal shocks!

Can we still learn something from this?

When clusters form, they are 

heated by internal shocks !

L. Böss

internal shocks

with M~2 -3
accretion

shocks

Mach number



Zhang+ 2020bWalker+ 2020

MS

AS

R

CD

MA

Idealized model

Contact Discontinuity (CD) at 

R=1.7Mpc observed in Perseus.

˂Suggested to be sloshing

˅but Timescale would be 8 Gyr !

˅Can be more naturally created 

through collision of shocks !

Or even explain some observations?

Perseus Cluster


