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Motivation



Magnetic Fields, mostly unknown !
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Open Questions in Cosmic-Ray Research
at Ultrahigh Energies, Batista et al. 2019
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Magnetic Fields, mostly unknown !
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What Galaxy Clusters tell us



ICM is the hot Atmosphere of Massive Galaxies

0 Measured in large details Coma
X-ray (temperature, velocities)
SZ (pressure)

EROSITA (X-ray), Churazov+ 2021

Declination
28.0 28.5

275

27.0

195.5 195.0 194.5 194.0

Right ascension PLANCK (SZ), Planck 2012



ICM is the hot Atmosphere of Massive Galaxies

LOFAR (144 MHz), Bonafede+ 2020

GMRT (352 MHz), Brown+ 2011
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ICM is the hot Atmosphere of Massive Galaxies
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Magnetic Fields, mostly unknown !
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Magnetic Fields, mostly unknown !
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Magnetic Fields, mostly unknown !
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Magnetic Fields, mostly unknown !
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A turbulent dynamo amplifying

Dynamo in Galaxies
— - L B is common prediction of all
density magnetic field . .
simulations ...
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“Dynamo in Galaxies
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a simple power spectrum ...
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“Dynamo in Galaxies
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» Evidence for small scale turbulent dynamo

via magnetic field linesf curvature !
(e.g. Vazza+ 2018)
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DynamOIOUthOWS in Galaxies ..- and first to find a B driven

galactic outflow!
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(interplay between bar / dynamo!)
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First MHD galaxy simulation with fully resolved, two phase dynamo
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Magnetic Fields, mostly unknown !
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Magnetic Field
and
CRs in Galaxy Cluster



What do CR (electrons) tell us?

Short cooling time of CRe:
U test shocks on 10th of kpc
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What do CR (electrons) tell us?

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

0 test turbulence
(re-acceleration)
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Numerical Challenges



Do simulations reproduce Turbulence? o s

1091{1 Eturb [erg]
53.0 53.5 4.0 54.5 55.0
T T

52.0 52.5

Ludwig Boss

2 Eun lerg]

logio Eus [€T
53.0J 53‘".'5[ %]1.0
T

°%b 850 Injection of

1052

106]

1060

turbulence
behind the
shocks!

Turbulence
only grows
with time!

].OQE_ITT'II_I_I'I'TTITT] T lnlrIT] T Illlm'| T IIIIIITI T llnm'[_lT_-
10%E =
Z 107 =
100 =
0 ! i
] -
10° 1050 1055

Emrb [erg]

lIIlIlII

1

logio Eub [er Muurp Ri TIK
102 101 52 0K §’[ al,, 100 w1

F ™

IIIIIlII

0

4 6 8 10 12
t [Gyrs]

14

1h~'cMpc

.
f 1
pr® ’r



\ Simulations of turbulent dynamo in the ICM
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Observational inferred Turbulence in Galaxy Clusters

Radius (Mpc, Sample Median)
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Decaying Turbulence in Simulations and different methods (1)

e |C: p = const, seed ~ 70 large
scale modes.

L X — Eturb/Etherm - 03, SUCh
that M = 0.07

e Go downto X =10~% or
M < 0.004

® Use different hydro
methods/codes for calculation.
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Decaying Turbulence in Simulations and different methods (ll)
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Role of viscosity in Simulations and different methods (l)

Ideal xy
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Developing a Fokker-Planck solver for CRs

9 f + Shocks
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Shocks in Galaxy Clusters



Galaxy clusters, the hot atmosphere of massive galaxies

Mach number:

z=15.862

3

Galaxy Clusters:

M ~ 2x10'5M_,,
almost 10° part in R;,
~ 90.000 galaxies

~ 250.000 timesteps

8gas/stars ~ 240 pC/ h




Can we still learn something from this?

When clusters form, they are Virial shock is pushed
heated by internal shocks! back through collisions
with internal shocks!
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Or even explain some observations?

Perseus Cluster
ROSAT PSPC

Existing XMM mosaic coverage

XMM mosaic

GGM image

Walker+ 2020
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| Contact Discontinuity (CD) at
R R=1.7Mpc observed in Perseus.
m Suggested to be sloshing

» but Timescale would be 8 Gyr!!
» Can be more naturally created
through collision of shocks !
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Are the simulations matching the observed morphologies?

Examples for more complex shock structures observed:

T T T T T

Almost 2Mpc long,
but not curved!
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What to choose for the (re-)acceleratlon efflclency"

Spectral mdex steepenlng and acceleratlon efficiency
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The new Frontier for Galaxies



Radio shocks on galaxy scale ?

Discovery of a new extragalactic circular radio source with ASKAP:
ORC J0102-2450

Biirbel S. Koribalski,'”* Ray P. Norris.”! Heinz Andernach,® Lawrence Rudnick.*

Stanislav Shabala,” Miroslav Filipovi¢,> and Emil Lenc'

VAustralia Telescope National Faciliry, CSIRO Astronomy and Space Science, P.O. Box 76, Epping, NSW 1710, Australia
28chool of Science, Western Sydney University, Locked Bag 1797, Penrith, NSW 2751, Australia

3Departmento de Astronomia, Universidad de Guanajuato, Callején de Jalisco s/n, Guanajuaro, C.P. 36023, GTO, Mexico
*Minnesora Institute for Astrophysics, University of Minnesora, 116 Church St. SE, Minneapolis, MN 55455, USA

3School of Natural Sciences, Universiry of Tasmania, Private Bag 37, Hobart 7001, Australia

Koribalski+ 2022

)
n28° 6* 24 22 20 1hp2™m28® 26° 24° 22° 20°

1"o2™m28®  26° 24°

Right Ascension (J2000) Right Ascension (J2000)

22%

Figure 2. ASKAP radio continuum contours of ORC J0102-2450 overlaid onto a WISE RGB colour image (red: 12um (W3), green: 4.6um (W2), and 3.4um
(W1)

sOUrce name discovery central galaxy ring diameter spectral Ref.
telescope host galaxy redshift  [arcsec]  [kpc] index
ORC J2103-6200 (ORC1) ASKAP  WISE J210258.15-620014.4 0.55 80 510 —1.17+£0.04  Norris et al. 2021a
ORC J1555+42726  (ORC 4) GMRT WISE J155524.65+272633.7 0.39 70 370 -0.92+0.18  Norris et al. 2021a
ORC J0102-2450 (ORC5)  ASKAP DES J010224.33-245039.5 0.27 70 300 -0.8+0.2 this paper

Ring like features beyond R,
(300 kpc - 500 kpc) in several
(5) galaxies found!

Suggested to be AGN, but could
be just merger shocks ?

ORC centre galaxies
(from DES DR9 via the legacyserver.org/viewer — not to scale)

ORC1 ORC4 ORCS5

11
M. ~ 10" M__,
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- Shocks in the simulated galaxy

Simulated Galaxy

M,; ~ 1.2x1012M

vir sol

several shocks

internal shocks
with M~2-3

accretion ;:gﬁg:
shocks i

dN/dM

L i L 1 L Ll - I L A 1 i
1 10 100



Age of the universe

Shocks in the simulated galaxy —mm————————
_3E :
e :
2
Simulated Galaxy ; N 500 kpc ;
M, ~ 1.2x10"2M_, 1E =
- 300 kpc .
several shocks - .
0 s I I I //f L 1 ]
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internal shocks
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Shock structures are matching the observed ORCs

7=0.52

)

e = 4 <, e

- = -\'\‘-\. = EN .

¢ = #‘& ¢
- S )
Z. Pk
5 i

00 -V rﬁ"' i-r 3

— L.
-

b

Dolag+ 2022



Towards our Local Universe
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peculiar velocities
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Prominent Structures in our Environment

1054

Simulating the REAL Universe
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Prominent Structures in our Environment

Turbulent Energy Ewb [erg]
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Prominent Structures in our Environment
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Simulating the REAL Universe
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SLOW 1.0_9100, 3072°

Tully + NED
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How good are the surrounding Groups/
Clusters trace by the simulation ?
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SLOW 2.0 9100, 3

Surface Density X, [ gcm™]
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Diffuse radio emission in/around the Coma cluster: beyond simple
aceretion

Lk - - 12

Shea Brown' ™" and Lawrence Rudnick

LCSIRO, Australia Telescope National Facility, PO Box 76, Epping, NSW 1710, Australia
2Depariment of Astronomy, University of Minnesota, Minneapolis, MN 55455, USA
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SLOW 1.0_9100, 3072°

Perseus
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SLOW 2.0 9100, 3072° Perseus (M H D+CRS) JVLA Details the Structure of the Mini-Halo in

the Perseus Cluster

TOPICS: Astronomy Astrophysics Cosmology Harvard-Smithsonian Center For Astrophysics

Karl G. Jansky Very Large Array

Surface Density X, [ gcm™2] Temperature T [K] 7 Magnetic Field B [uG]
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By HARVARD-SMITHSONIAN CENTER FOR ASTROPHYSICS SEPTEMBER 22, 2017
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SLOW 1.0_9100, 3072° Virgo
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SLOW 2.0_9100, 3072° Vi rgo ( MHD+C Rs) Astronomy

2004 Astrophysics

. i \: N 2 C P 1c Fi . . " .
Su”‘;t)e_,? Gl ll:c)f:m | 10-'10° ;I‘g;npenlure ¥ lll(\)!“ 1021073 1()—1\24 NRERE ::;?Ild B UIG{()” 10! Detection of a radio halo in the Virgo cluster*

B. Vollmer'2, W. Reich’, and R. Wielebinski’

Virgo cluster at 1.4 GHz

1. We do not detect a bright, large-scale radio halo, as is ob-
served in the Coma cluster.

2. We detect a radio halo around the elliptical galaxy M 86
with an estimated radial extent of ~2° and an estimated total
flux density of 5 + 1.5 JIy.

N No radio
Mpc - -
— emission!
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CR Electron Pressure Pcg . [erg cm™] Synchr. Intensity I, jsamn [erg cm™ s~ Hz™'] Synchr. Intensity I, scn, [erg cm™ s~! Hz™']



Prominent Structures in our Environment

Turbulent Energy Ewb [erg]
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Simulating the REAL Universe Galaxies from 2MRS
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The End
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Conclusions:
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Conclusions - [ internal shocks :

with M~2-3

Galaxy Cluster 10000

l . T T L III| T T | ¥ 5 | Illl T T 71T I||| 14 M ~ 2x1 015Msol E
- internal shocks accretion accretion oo BUT:
- with M~2-3 shocks - - hock 2=0.10 | "
SNOCKS =
: 5 d Shocks
10° = A
E E 10 % ¥ vs-
1 ] 1 Feedback
! 1 148 & .
= | | % ] VS.
46 = 1 AGN?
W7 E Galaxy E
: ] M ~ 1.2x10"2M__, 1
B 7 \ : 2 P > 2 2 Lol 2 o
I l Mach number
L. Boss
1031-(1)-0 ! L1 |||1|(|)1 ! (O | lnll(l)2 1 L1 lllll(l):; — | ~
M_\ MaCh number ]?mchmlgm Inﬁ““‘"'\’ I(’x-._m”, u“r)5 1
Examples for more complex shock structures observed: j : : I | ORC
p— | oo IS ~ J0102-2450
‘/. but not curved! PR 4 | Koribalski+ 2022
\@l = - v
] P
Ut 3 '_"k\rs . » .“? j‘ 0.¢
E, N =g ’% :—(I)ll?:wrispolutlon | As KAP I
. fh MeerKAT
A4V measures ORC
58 A \ & " w'] - -
- shocks in 12103-6200
56’ 1
. ! | - i
22843™45°  15° 00° 42™30° 00t C 9 a I axi eS? Norris+ 2022

J2000 Right Ascension



- ) ) bfagnetic Feld Steength 1B [20]
onclusions
B Y L T
:

109 =
4 E Assumed
™~ primordial B
L Assumed
10 E scaling
~~ 10—2 —
QQ ] resolved
- 15 wrd ?‘%Tn)hiu Mﬁ?@ Stm@?lbflrwﬂw] Lﬁ)("l‘ P w
Q. 10-3= Only physical
models
i «
- S
10_4 i N,
. \.
: \,
i N
107> o T o T o T o TR i
107 10~ 1071 1077 1079 Acsumed
Open Questions in Cosmic-Ray Research Detections Galaxies and
at Ultrahigh Energies, Batista et al. 2019 by future Galaxy Clusters

(F. Oikonomou & K. Fang) instruments?



