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Intro I: The big picture



The
Computational
Challenge
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multi-physics
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Intro lI: The intra cluster medium (ICM)



ICM is the hot Atmosphere of Massive Galaxies

hurazov+ 2021
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ICM is the hot Atmosphere of Massive Galaxies

0 Measured in large details

LOFAR (144 MHz), Bonafede+ 2020
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Simulations I: Galaxy cluster formation



Simulating Galaxy Clusters and the ICM

Galaxy Clusters:

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

~ 250.000 timesteps

8gas/stars ~ 240 pC/ h

z=15.862

Mach number: 3



Cosmic Rays: The need for a Fokker-Planck solver!

3 L. Boss
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Radio Relics 8 sses

CR Electron Pressure Pcg . [erg cm™]
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Wrong way Radio Relics! 8L soes
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Simulations of turbulent dynamo in the ICM Eilek & Owen 2000

Vazza+ 2018

“Towards cosmological simulations of
the magnetized intracluster medium
with resolved Coulomb collision scale”

Beattie &

Magnetic Field B [G] Federrath 2023
16—+ 1078 1077 1076 107>

3000x

KD+ 2009

Steinwandel+ 2023



Simulations II: Magnetic Fields in Galaxies



A turbulent dynamo amplifying B

— L is common prediction of all
density magnetic field simulations
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“Dynamo in Galaxies
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AGN in Galaxies Modelling of the BH evolution

with a sub-grid model which also
follows the spin evolution. So far
still only thermal feedback.

- Luca Sala
Idealized galaxy cluster
t=15Myr
—l L .. | (-

Massive galaxy forming in cosmological context
160

5x10°

80

v

O
o

3x10°

-30 0 80 160



ITlustrisTNG CROCODILE

Magneticum Astrid Obsidian

Francisco Villaescusa-Navarro (CAMELS, www.camels-simulations.org) https://users.flatironinstitute.org/~fvillaescusa/Movies/Miscellaneous/



Intro llI: The Local Universe



UGC+ESO catalogues
Hudson 1993 COSMICFLOWS-3
Tully+ 2019




Local Universe Features

A Council of Giants

MccCall 2014
F T T T T T T s T T T T iy T T
Cocai Sheet < I [Cocarsmest -
ot Clunel 1
w8 ® Giants
[ (0} i o 4
22
o " 4
comrsn (@
F chmux\& L2 ° iL ) |
} (
= 2 2 NGC 48 (Ot 1 =T
g = 3 o_o o
= £ °
e + s M 0089 @ @R i
3 of Tailky Way Me2_ o d 3 A
° @ wer 2
é | & o o o o
Andromeda /. 2 g
2r y-7 A\ u.«i ¥ O s 7
L NGC 253 @ -
attei2 ok i
Intersicton wath
al ; ioene P
6.25 Mpc Simergucee Pane' 6.25 Mpc
v -8 = -
L L 1 1 1 B al i ik 1 1 1 1 1

Sheet X (Mpc)

Our Peculiar Motion Away from the Local Void

-1000 < SGY < 600 km/s -1200 < SGX <400 km/s

F R T T

T Ty

3000 [~

n
=3
=3
S
T
!
I
|

SGZ (km/s)

1000 [

I
1000

Ly e e Tolgg 1 %

-2000 -1000 0

SGY (km/s)

Tully+ 2008 SCX (km/s)

Stellar and dark matter density in the Local Universe

T
—— KT17(<40 Mpc) + T15b(>40 Mpc)

=== North KT17(<40 Mpe) + T15b(>40 Mpc)
107! Er e South KT17(<40 Mpe) + T15b(>40 Mpc) 3 10
[ —-+— mean stellar density ]
% 1
G -
10-2k Karachentsev & Telikova 2018 -
1073 . 107
60

100 120

The Cosmic Large-Scale Structure in X-rays (CLASSIX)
Cluster Survey lI: Unveiling a pancake structure with a 100 Mpc
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Figure 4.

radius in the local Universe *

Hans Bohringer' 2, Gayoung Chon', Joachim Triimper?

See also Reviews:

Flin 1986
Rubin 1989
Lahav+ 2000
Peebles 2022

Observational evidence for a local underdensity in the Universe

and its effect on the measurement of the Hubble Constant *

normalized density

T T

100 Mpc

\
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Bohringer+ 2020

L 1

01 0.2
redshift

NEIGHBORING SUPERCLUSTERS AND THEIR ENVIRONS

J. Einasto! and R.H. Miller?
ITartu Astrophysical Observatory Einasto & Miller 1983
2European Southern Observatory

Recently finished redshift surveys make it possible to study
the large-scale environment of superclusters and their mutual relation-
ship.

Figure 1 shows the distribution of nearby clusters in the sky
in supergalactic coordinates at two redshift intervals. Nearby clusters
in the distance interval 75 to 150 Mpc form a belt around us which is
close to the supergalactic equator; its inclination is only 20°. The
following superclusters belong to this belt: Ursa Major-Lynx (Giovanelli
and Haynes 1982), Coma, Hydra-Centaurus, Pavo-Corona Australes, and
Perseus-Pisces. Coordinates and redshifts for a number of previously
unknown southern clusters have been derived by Dr. H. Corwin and Dr.

M. Tarenghi (Einasto et al. 1982).

Clusters in the distance interval 150 to 250 Mpc are found at
much higher supergalactic latitudes. Clusters in this distance interval
form a number of superclusters: Hercules, Ursa Major-Leo, Pegasus and
several southern superclusters.

All these superclusters belong to cells which can be called
the Northern Local Cell and the Southern Local Cell (Einasto et al. 1982).
Nearby superclusters form together with our Local Supercluster a disk
about 250 Mpc in diameter and 50 Mpe thick, which is located between
both local cells. The Hercules supercluster is located between the
Northern Local Cell and The Bootes cell, studied by Kirsher et al. (1981).
The Perseus-Pisces and Pegasus superclusters are located between the
Northern Local Cell and the Perseus cell.



Simulations llI: Towards the Local Universe



Local Universe Simulations
Velocity based

Density based (redshift surveys) Hybrid approach peculiar velocity
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Some details what is done to obtain ICs Here, details are worked out / improved continuously over
last decade. Especially through contributions by J. Sorce.
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Simulating the LOcal Web

Box of 500 Mpc/h

Several hundreds of dark matter only test simulations

Two production runs:

0 2x1536° full galaxy formation physics, including AGN (AGN) (polag+ 2023)

U 2x3072° non radiative MHD with cosmic rays (VMiHD+CRS) (Bsss+ 2024)



The SLOW simulation Cross identified more than 45 Clusters between simulations
and observational catalogues (like CLASSIX, PLANCK, ...)

Sometimes significant displacements s R
due to large uncertainties in P — - - B - - E. Hernandez
the underlying distance : . .
measurements used
when creating

the ICs.
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The SLOW simulation: matter distribution and tracers
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What can we learn?



The SLOW/CLONES simulation

Filaments detected using DISPERSE in a zoom-in
simulation of Coma from CLONES (DM only, RAMSES)

compared with the on

es detected in DSS.
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. : : ~ Filament between the cross identified - i
An eROSITA filament with a counterpart in SLOW? e 2 oW &l B. scidel

Very long filament -> beyond 3xR;, !
Much brighter than filaments in sims !

A3667
z=0.0556

R200

1) The clusters will not merge!

of the Abell 3667 — Abell 3651 system [0.3-2.0 keV] 2) Filament is bright as it is a merged
Dietl+ 2024 structure out of 2 filaments!

eRASS:4, data reduced and wavelet filtered X-ray image




X, [g em™] T [K] Compton-Y Perseus Cluster?
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Magnetic Fields and Radio Emission



Simulationg the LOcal Web (SLOW)

CR Electron Energy Ecr.e> 1Gev [erg cm™2]
10 10° 10*
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imulationg the cal Web (SLOW)

B SIM
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‘Simulationg the LOcal Web (SLOW) S L Bsss

Magnetic Field Strength |BI [G]
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imulationg the LOcal Web (SLOW) S Lsoss
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Simulationg the LOcal Web (SLOW)

Shocks

Synchrotron Flux F, j4amp, [mJy arcmin™]
1072
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Coma in shining in radio in SLOW
0 2x3072° non radiative (VIHD+CRs)

emission!
Virgo:
-> no diffuse
radio emission
Perseus:
-> only very
central radio
emission

Boss+ 2024

2

on in/around the Coma cluster: beyond simple

Structure of the Mini-Halo in

the Perseus Cluster
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Connecting to 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°

1hp2m28° 26° 24% 22%

Right Ascension (J2000) Right Ascension (J2000)

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 or star-
burst winds, 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__,



Shocks in the simulated galaxy

z=22.736




Shock structures are matching the observed ORCs

z=0.52
o 5
&
= 4  x e/
— _-."‘\-. # .
= %i.;\' o
- 3 TG
=: ﬁ + t."\.
— o
-
2

KD+ 2022



Shock structures linking galaxy clusters to galaxies
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8 sl \ Relics
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The Physalis system, an early stage of an ORC?

ASKAP l XMM data and folded model 3 N .
' RS ﬁ%ﬁr’—t‘i A e
i | nE — + ] ™ :
‘ 2x10- | 1 . B onl
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E M
ESO 184-G042 and LEDA 418116 7K
D =75 Mpc(z=0.017) ;
log stellar mass [M] ~ 11.1 and 10.7
P, =3x10*2 ergcm™
E . ,~2x10¥erg -« Energy involved
8 - - B o
Leool ~ 4 x10°yr 4 Timescale involved X
Similar than in clusters, radio plasma is anti- L
correlated with thermal plasma (but reversed!).
Koribalski, Khabibullin, KD+ 2024 am e
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The Physalis system in simulations?

Magneticum Box2b/hr (640 h-'cMpc)
1013 < M, < 3x1013
-> ~26000 haloes

Forcing two massive galaxies with D < 70kpc
and more hot gas associated to the galaxy
with the lower stellar mass

-> 10 Haloes

Closer inspection, only 1 Halo shows a good match:

SZ K-Band X-ray

i 1. Khabibullin
ASKAP /| XMM / DESI

* 100 kpe at z=0.017

ESO 184-G042 and LEDA 418116

D = 75 Mpc (z = 0.017)

log stellar mass [M] ~ 11.1 and 10.7
P, =3x10'2ergcm™
E..~2x10°erg

~ 4 x 108 yr

tcool

Koribalski, Khabibullin, KD+ 2024



The Physalis system, what to learn from it? > L Khabibullin

T - 1_88 GY" t=-1.88 GYr T - 1.526Yr

t=—1.52 GYr T =1.1{96Yr “’~v~c~=.:j.16 GYr ASKAP /| XMM /| DESI

% 100 kpe at z=0.017

e

t=-0.39 GYr t= 0.00 GYr

.396Yr - T =.0.00 GYr

ESO 184-G042 and LEDA 418116

D = 75 Mpc (z = 0.017)

log stellar mass [M] ~ 11.1 and 10.7
P, =3x10'2ergcm™
E..~2x10°erg

In the last 0.49 GYr the BH grows (by accretion) significantly ~108M, ~ 4 x 108 yr

releasing an energy of 105° erg and displaces the IGrM from the radio
emitting region showing that AGN and shocks could produce ORCs! Koribalski, Khabibullin, KD+ 2024

tcool




Conclusions p7 | Koribalski+ 2024 Bridging galaxies to clusters
= give new insights how non-
- - - N - - - -
Distribution ; 26 - thermal emission is linked to
of matter S o structure formation. Boss+ 2024
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Current generation of constrained jgpd
simulations allow to obtain unique
insights into the local structures.

H&B (2007)

> First steps to make the Local
Universe a cos,mic magnetic
field and CR lab
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Matter distribution
and tracers



Matching against the SLOW simulations
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Some twist in sky positions by residuals in velocity bias/reconstruction



Matching against the SLOW simulations
SLOW

Gas (tSZ, Compton-Y)

* “A3_581
R t
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™ Perseus :
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Some twist in sky positions by residuals in velocity bias/reconstruction



The SLOW simulation: matter distribution

and tracers
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The SLOW simulation: matter distribution and tracers

! ! | ! ! ! ! ! !
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The SLOW simulation: matter distribution and tracers

Box0/mr, log(M,,./M,)>15.0
Sa
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lo
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The SLOW simulation: matter distribution and tracers

Pr(<R)/<PN>box
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Only 44 out of 15635 regions from Box0 are matching (>30c !)



The SLOW simulation: matter distribution and tracers
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Comparing to previous work



SLOW /CLONES
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Comparison to previous works
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Comparison to previous works
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Towards Plasma Physics in the ICM



Simulations of turbulent dynamo in the ICM .ﬂ.u. Steinwandel
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Figure 10. Total rate of change of the magnetic field (left), shearing/turbulent rate of change of the magnetic field (center),
and compressive rate of change of the magnetic field (right). The top row shows the whole simulation domain, while the bottom
panel is focusing on the field structure around a cold front that forms right at redshift zero through a sub-structure that is

enetrating the cluster center. -
i . Steinwandel+ 2023




Plasma Physics: Essential for mixing and multiphase nature of ICM

Effect of viscosity? Effect of thermal conduction?
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Density fluctuations to measure viscosity

Coma: central
DNS, Pr=0.1

d Zhuravleva+ 2019
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Density fluctuations to measure viscosity . Marin_
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Density fluctuations to measure viscosity . Marin.
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Density fluctuations to measure viscosity

ﬁ T. Marin_
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