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soimulations and Galaxy Cluster“
(V) Some hopefully interesting

(111) What this tells us about historical remarks
our cosmological model

(1IV) Why Galaxy Clusters
are so interesting objects

(11) How to link physical processes
across a large range of scales

(1) How to perform
cosmological simulations



soimulations and Galaxy Cluster“
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Take home message:

Increased, available computational power together with improvement in
the underlying numerical shemes and the improved treatment of physical
processes made cosmological, hydrodynamical simulations to a robust
tool to study and understand the complex interplay in the formation of
large scale structure, galaxy clusters and galaxies and allow to improve

our understanding of the internal dynamica of these objects.
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Auf zwei mit dem Bruce-Teleskop genommenen Auf- |

interessante Gegend des Himmels. Um die Stelle

@ = 12"52M6 4 +38° 42° (1855.0)
stehen nidmlich zahlreiche kleine Nebelflecken so dicht bei-
sammen, dass man beim Anblick der Gegend formlich tiber
das merkwiirdige Aussehen dieses »Nebelhaufens« erschrickt.

Heidelberg, 19ox Mirz 27.
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_

Ein merkwiirdiger Haufen von Nebelflecken.

nahmen vom 24. Mirz dieses Jahres, welche die Umgebung |
von 31 Comae Berenices darstellen, findet sich eine sehr |
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Ich habe die Anzahl der Nebel in einem Kreis von 30’
Durchmesser um die angegebene Stelle bestimmt und finde,
dass mindestens 108 Nebelflecken auf dieser Fliche bei-
sammen stehen, also auf einer Fliche etwa von der Grosse
des Volimondes. Darunter sind vier oder fiinf gréssere aus-
gedehnte und centralverdichtete Nebel, sowie mehrere lang-
gestreckte, Die weitaus meisten haben aber rundliche Form
und sind kleiner, *)
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Ein merkwiirdiger Haufen von Nebelflecken.

Es ist sofort zu sehen, wenn man die Tabelle oder die Tafel betrachtet, dass das Zusammendringen der Nebel

immer stirker wird, je weiter man in’s Innere der Hauptinsel eindringt. Je nahcr man dem Puncte grosster Dichtigkeit
kommt, umso dlchter treten auch die Nebel an einander, so dass auf dem innersten Quadratgrad mehr als 320 einzelne
Nebelflecken beisammen stehen. An der dichtesten Stelle dieses »Weltpoles« finden sich mehr als 70 Nebel auf der
Fliche von */,s Quadratgrad.
; Wir finden also hier ein villig gesetzmissiges Verhalten in der Anordnung dieser fernen Welten; und dieser
ungeheure Reichthum fdhrt uns so eine Ordnung im Weltsystem vor Augen, die sicher fiir die Erkenntniss des
Universums von allergrisster Bedeutung ist, von der wir uns aber auch zugestehen miissen, dass wir noch lange keine
erschopfende Erklirung far sie werden finden kodnnen. ¥)
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the regular behavior within the
arrangement of these distant
worlds ... of greatest significance
for understanding the universe !

M VV@If (1863 1932)' -<

Nebelvertheilung um den Pol der Milchstrasse o ’ ’ : Quelle \Nﬁ!pEdl&
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» 1933: Clusters of galaxies: Dark Matter (Dynamics of the galaxies)
» 1937: Clusters of galaxies: Gravitational Lensing (,,Einstein* Effect)

» 1938: Supernovae and Neutronstars, Standard Candles (with W. Baade)



Mon. Not. R. astr. Soc. (1970) 151, 1—44.

RADIO OBSERVATIONS OF THE CLUSTER OF GALAXIES IN

COMA BERENICES—THE 5C4 SURVEY

M. A. G. Willson
SUMMARY

High-resolution observations of the Coma cluster have enabled the detection
of 189 radio sources with S408>16 X 10722 W m~2 Hz~1. T'wenty-four were
also detected at 1407 MHz. Most of them are believed to be field objects un-
connected with the cluster. Optical identifications are suggested for many and
the counts and spectra are compared with the results of earlier 5C surveys.
Two components of the complex of radio sources Coma C coincide with the
bright galaxies NGC 4874 and NGC 4869, and about nine other cluster
galaxies have radio luminosities P4os 2 1021 W Hz-1 sr~1, It is shown that the
other component of Coma C, a large diameter source observed at low frequen-
cies, must be intergalactic emission rather than the integrated radiation from
normal galaxies. Such extensive sources appear to be a common feature of rich
clusters.
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RADIO OBSERVATIONS OF THE CLUSTER OF GALAXIES IN
COMA BERENICES—THE 5C4 SURVEY

M. A. G. Willson
SUMMARY

High-resolution observations of the Coma cluster have enabled the detection
of 189 radio sources with S408>16 X 10722 W m~2 Hz~1. T'wenty-four were
also detected at 1407 MHz. Most of them are believed to be field objects un-

THE ASTROPHYSICAL JOURNAL, 167:L81-1.84, 1971 August 1
© 1971, The University of Chicago. All rights reserved. Printed in U.5.A.

A STRONG X-RAY SOURCE IN THE COMA CLUSTER
OBSERVED BY UHURU

H. Gursky, E. KELLOoGG, S. MUrrAy, C. LEONG,
H. TananBauM, AND R. GIACCONI

American Science and Engineering, Inc., Cambridge, Massachusetts 02142
Received 1971 May 17; revised 1971 June 1

ABSTRACT

X-rays have been observed from a source in the Coma cluster of galaxies. The source is extended,
with a size of about 45’. Its X-ray luminosity is 2.6 X 104 ergs s, and its spectrum is consistent with
thermal bremsstrahlung at 7.3 X 107 ° K or a power law. If the source is hot gas, its mass is 3 X 108 M,
which is about 1 percent of the mass required to stabilize the cluster.




B
€/

QW

;\- ~'”"""f.‘.. L Vs
Rekonstruction
of the lensed
galaxy form the

& different images. |

800Z "It 32 sbioquasall =

The gravitational lensing effect M




Galaxy dynamic (Jeans equation)
Caustic method

Weak lensing analysis
I Strong lensing analysis
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PLANCK (S2): -
M500.=1-12x107° M,
R500.=1-25 Mpc

M,(R) [10* M,]
Viral radius

--= NFW best fit from dynamical analysis
(combined Jeans + Caustic analysis)

=== X-ray (Chandra) hydrostatic mass
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Image credit: H. Bohringer



Setting the framework: Evolving Universe

GALAXY EVOLUTION a
CONTINUES...

FIRST STARS

400,000,000 YEARS
AFTER BIG BANG
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Now
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CosMIC MICROWAVE
BACKGROUND

400,000 YEARS AFTER
BIG BANG
FIRST GALAXIES
1000,000,000 YEARS
AFTER BIG BANG
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THE SOLAR SYSTEM
8,700,000,000 YEARS
AFTER BIG BANG

E FORMATION OF

& Rhys Taylor, Cardiff University (Planck)



Mon. Not. R. astr. Soc. (1982) 201, 365-383
Galactic and intergalactic Faraday rotation

R. C. Thomson and A. H. Nelson pepartment of Applied
Mathematics and Astronomy, University College, PO Box 78, Cardiff CFI1 1 XL

Summary. A model of the systematic component of the magnetic field of
the Galaxy is fitted to a sample of 459 extragalactic rotation measures (RM),
and the results are found to be consistent with a previous analysis of pulsar
RMs by Thomson & Nelson. The model is then used to reduce the effect of §
galactic Faraday rotation on the RMs of 134 QSOs, and the results used to
investigate the existence of a Faraday-active intergalactic medium. Three |

models are considered in order to explain the redshift dependence of the RM |
variance. Although none of these models can be excluded, a significant
fraction of the observed Faraday rotation may take place in extended |
cluster/supercluster haloes with dimensions ~ 9 Mpc, electron densities
~107%*em™ and magnetic fields ~0.1—1uG. The inferred filling-factor
~ 2 x 1073, implies £ ~ 0.1.




Mon. Not. R. astr. Soc. (1982) 201, 365-383
Galactic and intergalactic Faraday rotation

R. C. Thomson and A. H. Nelson pepartment of Applied
Mathematics and Astronomy, University College, PO Box 78, Cardiff CFI1 1 XL

Summar}; A model of the systemdtlc {:nmponent of the magnetic field of
o Fod in Pl i I Y

th THE ASTROPHYSICAL JGURNAL 504:1-6, 1998 September 1

dIl} © 1998 The American Astronomical Society. All rights reserved. Printed in U.S.A.

R THE MOST MASSIVE DISTANT CLUSTERS: DETERMINING Q AND o,
d
& NETA A. BAHCALL AND X1AOHUI FAN
i Princeton University Observatory, Princeton, NJ 08544 ; neta(g)astro.princeton.edu, fan(g)astro.princeton.edu
m Received 1997 November 12; accepted 1998 April 6
o ABSTRACT
; The existence of the three most massive clusters of galaxies observed so far at z > 0.5 is used to con-
C

strain the mass density parameter of the universe, ), and the amplitude of mass fluctuations, o,. We find
Q=02757and o, = 1.27]7 (95%). We show that the existence of even the single most distant cluster at
z = 0.83, MS 1054—03, with its large gravitational lensing mass, high temperature, and large velocity
dispersion, is sufficient to establish powerful constraints. High-density, () =1 (g4 ~ 0.5-0.6) Gaussian
models are ruled out by these data (< 10~ ° probability); the Q = 1 models predict only ~ 10~° massive
clusters at z>065(~10"% at z > 0.5) 1nstead of the one (three] clusters observed.
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Mon. Not. R. astr. Soc. (1982) 201, 365383 e SN
Galactic and intergalactic Faraday rotation Number of cluster [3

R. C. Thomson and A. H. Nelson Department of Applied e
Mathematics and Astronomy, University College, PO Box 78, Cardiff CFI1 1 XL "

Summar}; A model of the systemdtlc {:nmponent of the magnetic field of
o Fod in Pl i I Y

th THE ASTROPHYSICAL JGURNAL 504:1-6, 1998 September 1

dIl} © 1998 The American Astronomical Society. All rights reserved. Printed in U.S.A.

R THE MOST MASSIVE DISTANT CLUSTERS: DETERMINING Q AND o,
d
& NETA A. BAHCALL AND X1AOHUI FAN
i Princeton University Observatory, Princeton, NJ 08544 ; neta(g)astro.princeton.edu, fan(g)astro.princeton.edu
m Received 1997 November 12 ; accepted 1998 April 6
o ABSTRACT
; The existence of the three most massive clusters of galaxies observed so far at z > 0.5 is used to con-
C

strain the mass density parameter of the universe, ), and the amplitude of mass fluctuations, o,. We find
Q=02757and o, = 1.27]7 (95%). We show that the existence of even the single most distant cluster at
z = 0.83, MS 1054—03, with its large gravitational lensing mass, high temperature, and large velocity
dispersion, is sufficient to establish powerful constraints. High-density, () =1 (g4 ~ 0.5-0.6) Gaussian
models are ruled out by these data (< 10~ ° probability); the Q = 1 models predict only ~ 10~° massive
clusters at z > 0.65 (~ 1072 at z > 0.5) instead of the one (three] clusters observed.
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I Mon. Not. R. astr. Soc. (1982)2
Galactic and interg
R. C. Thomson and

Mathematics and Astronomy, Un

Astron. Astrophys. 330, 1-9 (1998)

IV. Clusters in different cosmologies

Summary. A model of the ;

th Tiﬂsmm;mc.u JOURNAL, 504 Abstract. We use numerical simulations of galaxy clusters in
anj © 1995 The American Astronomical Society. | different cosmologies to study their ability to form large arcs.
The cosmological models are: Standard CDM (SCDM: (), = 1,
THE MOST N (24 = 0); TCDM with reduced small-scale power (parameters as
SCDM, but with a smaller shape parameter of the power spec-
Princeton University] trum); open CDM (OCDM: €2, = 0.3. €24 = 0): and spatially
flat, low-density CDM (ACDM; €2, = 0.3, €2, = 0.7). All mod-
els are normalised to the local number density of rich clusters.
frs The existence of the thr Sinl]ulating gravitational ]ensirllg by these clusters, we compute
cl strain the mass density pai optical depths for the formation of large arcs. For large arcs
= U.Efﬂj? and o4 = 1.27 with length-to-width ratio > 10, the optical depth is largest for
z = 0,83, MS 105403, w] OCDM. Relative to OCDM, the optical depth is lower by about
dispersion, is sufficient to]an order of magnitude for ACDM, and by about two orders of
models are ruled out by tf magnitude for S/TCDM. These differences originate from the
clusters at z > 0.65 (~ 107 | different epochs of cluster formation across the cosmological

i L}"“'S : models, and from the non-linearity of the strong lensing effect.

Int | st t ~ [l Wayconclude that only the OCDM model can reproduce the ob-
! nternal structure B ved arc abundance well, while the other models fail to do so
of cluster by orders of magnitude.

- A - '?"G ) /

R

ga
in
m
va

]

L)

———

Arec statistics with realistic cluster potentials

Matthias Bartelmann'. Andreas Huss'. Torg M. Colberg!. Adrian Jenkins?. and

Frazer R. Pearce’
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19r Dave et al. 2013
18; Puchwein et al, 2013
172 Cul &l ol, 2012
16¢ Vogelsberger et al, 2012
15r Dave et al. 2011
14: Chen et al, 2010
13: DeBonf el ol, 2011
12; Schaye et ol. 2010
11r Planelles et al. 2009
10; Oppenhefmer et al 2008
09: DiMatteo et al, 2008
OBt Dolog = ol
07t Kay at al. 004
06; Borgonl #l ol, 2004
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O4r Murdli et al. 2002
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Increase of resolution elements
in completed cosmological
simulations over time.
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¥ cooling+sfr+winds

F" ! Springel & Hernquist 2002/2003

zoom onto disk galaxies
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[ ey T - = ] Metals cooling

Vi, | SNTa.SNTLAGB

" Tornatore et al. 2003/2006

| BH+AGN feedback

....... : | ) SN Rt T Springel & Di Matteo 2006

uf“ ANy B , Fabjan et al. 2010

----- o s BT NN :swe | Hirschmann et al. 2014 (std)
it e Stemborn et al. 2015 (new)
'Thermal conduction

1/20th Spitzer
Dolag et al. 2004

| Numerics:
New Kernels: WC6

Dehnen et al. 2012

'Low visc. scheme
mr/hr (time dep. alpha)

| Dolag et al. 2005
uhr (high order grad.)
Beck et al. 2015
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Box1 Box2b Box4
Mpe/h] V2688 896 640 352 128 48
mr 2 x 45362 ) 2 x 1526° 2 x 5943 2 x 2163 2 x 813 |
hr 2 x 2880° 2 x 15843 2 x 5763 2 x 2163
u.h.r 2 x 15363(z = 2) 2 x 576%
: ,_d . 8 R R T N TN WL o (D W ’ ¢

% A Se “P
o2 2%x45363 = 186.659.085.312 particle
28+ Almost 20 times size of ILLUSTRIS or EAGLE

| Full Physics + improved SPH:
200 bytes per DM particle, 456 bytes per GAS particle

oo Complete SuperMUC Phase lI:
Tl 6 X 512 x 2 x 28 = 172032 tasks

’, &3 1 MPI task per socket, 28 OpenMP per MPI

s 68.5 TB for single checkpointing

reeow reaching 170 Gbyte/sec

. ,'".“ 20 TB for single snapshot

i# Including indexing scheme
e T T N T s T

R




MAGNETICUM:=

Box1 Box2b Box4

[Mpc/h] 896 640 352 128 48

mr 2 x 15263 - 2 x 5943 2 x 216® 2 x 813
hr — - 2 x 28803 2 x 15843 2 x 5763 2 x 2163
uhr - - - - 2 x 15363(z = 2) 2 x 576%

| 800KW m Power Consumption

i 1 TRy 1]
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500000

= 400000 '

300000

200000 —J 3 L

loooeg

2]

Fri 12:08 Sat gl: Sun 12: 08 Mon 00: 68

0120 79.01 kW Last 89.66 kW Average 179,
O izl 65.03 kW Last B88.88 kW Average 2

0122 63.08 kW Last B88.95 kW Average
0i23 69.63 kW Last 89.31 kW Average /I
0O 124 78.51 kW Last 89.51 kW Average
0 izs 67.61 kW Last 89.18 kW Average
0 1002 52.47 kW Last 54,89 kW Averag

130.03 kW Max
64,01 kW Max

Average power consumption in time perifid (compute): 535,488 kW
590.375 kw

checkpointing

Average power consumptlon in time perflod (all):
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A .- R
fL7 &Stgllar evo. tion mod,el*(sub-scale) L R
Energy a, SNIT = + A mat?f«e e_tﬁl 2093.’/200,7 s o star—formzit‘;:m rattté.‘ ;l
Metals: SNIA, SNIT, AGB winds, fractlbn of star's in binary systems- YL L
"HHe,C,Ca,0,N,Ne Mg Sl Fater g g S ..
S Sl,Fe,Na,Al Ar,;,Nl ' <. =l o : o
¢ MB_sup UM \
o : BT RSN[a(f):A[ ¢ (mp) f () Yt — 1p,) dudmp N

-"jB.inf Hm , ' "

mass range of SN1a binary systems
(0.8-8Msol)

IMF:

Salpeter, Kroupa, Chabrier,
| Arimoto & Yoshii

b Life-time:

LY Maeder & Meynet 1989
_ Padovanl & Matteuccn 1993

Stellar yleldS°

| AGB: Groenewegen, Karakas
SN1la: Thielemann

10[( 1.34—/1.79-0.22(7.76—log(m)))/0.11]1-9

for m < 6.6 M§ "‘ﬁ.

SNII: Woosly & Weaver 1.2m~ "% 4+ 0.003 otherwise.
‘ Romano, obayashl,



Mass-weighted [MJE
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i Sanchez et al. 20147 +% |
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| Seeding

Constant seeding
)| Seeding on m-51gma

Accretion on BH

o -Bondi (Springl & Di Matteo 06)
B -Bondi (Booth & Schaye 09)
cold/hot (Bachmann et al. 14)

Feedback

Thermal (Springel & Di Matteo 06)
| Bubbles (Sijacki et al. 07)

) Mass dependent (Steinborn 2015)
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Positioning:
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The diffuse, stellar component
build up out of the debris of . .
destroyed galaxies marks another, f§ , . ik e - =3
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. Dlrect dynamlcal range of 1()6 almost reached
Combination of optimization and growing computing power

- Further increased by ,resonable*“ sub-scale models
Need to be validated and still can be improved

« Success across various scales
Global properties of LSS, galaxy clusters and galaxies
AGN properties well reproduced in many respects
Internal structure of galaxy clusters
Morphology of Galaxies
Internal dynamics of Galaxies

 Data federalization for hydro sims is challenging
Need complex infrastructure




