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„Simulations and Galaxy Cluster“

(I) How to perform 

cosmological simulations 

(II) How to link physical processes 

across a large range of scales 

(III) What this tells us about 

our cosmological model

(IV) Why Galaxy Clusters 

are so interesting objects

(V) Some hopefully interesting 

historical remarks



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. 

„Simulations and Galaxy Cluster“

Take home message: 



Historical Considerations



Importance of Galaxy Clusters

Max Wolf (1863 – 1932)
Quelle: Wikipedia

Among them there are 4 or 5 with large extend and

with central enhanced densities, as well as several

strongly stretched ones. However most of them are

round and smaller (compared to other observations).

numerous small nebulae are standing such close

together, that once literally frightens in sight of the

remarkable appearance of this cluster of nebulae.



Max Wolf (1863 – 1932)
Quelle: Wikipedia

Importance of Galaxy Clusters

the regular behavior within the

arrangement of these distant 

worlds … of greatest significance 

for understanding the universe !



 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)

Fritz Zicky 

(1863 – 1932)
Quelle: Wikipedia

Importance of Galaxy Clusters



Matter in Galaxy Clusters



Matter in Galaxy Clusters



Gravitational lensing („Einstein“ effect)

The gravitational lensing effect

Rekonstruction 

of the lensed 

galaxy form the 

different images.
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Dark Matter in Galaxy Clusters

Rosati et al. 2014

PLANCK (SZ):

M
500c

=1.12x10
15

Mʘ

R
500c

=1.25 Mpc



Setting the framework: Evolving Universe

Rhys Taylor, Cardiff University (Planck)



Galaxy Clusters and Cosmology



Galaxy Clusters and Cosmology



Galaxy Clusters and Cosmology

Number of cluster



Galaxy Clusters and Cosmology

Internal structure

of cluster



Simulations



Performing Simulations

Dynamic range by

computing power !

Dynamic range by

subgrid models !



First simulation by pen and paper

Rood, PASP 1987

Experiment with light bulbs and 

photo-electric detector.

Source: D. Hubber

Zeit

Experiment 2:

co-rotating

Experiment 1:

counter-rotating 

Tidal arms !



Arp271

NGC474

NGC1300

The many lives of galaxies



Hydro Simulations
Box2b/hr, Box0/mr

Increase of resolution elements

in completed cosmological

simulations over time. 

Cooling + star-formation

+ SMBH treatment

27

27: Bonquet et al. 2016

Eagle

Illustris

MassiveBlackII

Magneticum

IllustrisTNG



Cosmology

2x4536
3

2x2880
3

Illustris TNG

Halos, BHs
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Largest Simulation (Box0/mr)

3800 Mpc

380 Mpc

38 Mpc

3.8 Mpc

z=0 gas

stars



... and Physics Included
cooling+sfr+winds
Springel & Hernquist 2002/2003

Metals cooling
Wiersma et al. 2009

SNIa,SNII,AGB
Tornatore et al. 2003/2006

BH+AGN feedback
Springel & Di Matteo 2006

Fabjan et al. 2010

Hirschmann et al. 2014 (std)

Steinborn 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

+ zoomed clusters



Setup:

2x4536
3

= 186.659.085.312 particle

Almost 20 times size of ILLUSTRIS or EAGLE

Full Physics + improved SPH:

200 bytes per DM particle, 456 bytes per GAS particle

Complete SuperMUC Phase II:

6 x 512 x 2 x 28 = 172032 tasks

1 MPI task per socket, 28 OpenMP per MPI

68.5 TB for single checkpointing

reaching 170 Gbyte/sec

20 TB for single snapshot

Including indexing scheme



Single bad node

global timestepdying nodes

checkpointing

Power Consumption

12 h

800kW



The Fine Print



Performing Simulations

Dynamic range by

computing power !

Dynamic range by

subgrid models !



Sub-resolution star-formation:



Chemical enrichment:



Linking things across all scales
SN 1006

Raynolds et al. 2011

Oxygen ejecta

CALIFA

Sanchez et al. 2014

R200

Perseus

Simionescu et al. 2012Tracing stellar debris with metals



Sub-resolution SMBH-formation:

Positioning:
Pinning to min. Potential 

Free floating

(Steinborn 2015)



2.5 Mpc

Halos: BH – Galaxy connection

Rvir

BHs

Galaxies

Hirschmann et al. 2014

640 Mpc



640 Mpc

2.5 Mpc

Black Holes: mass-function

Rvir

BHs

Galaxies

Hirschmann et al. 2014

Steinborn et al. 2015



The Magneticun Simulations



Cosmology

2x4536
3

2x2880
3

Illustris TNG
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Big things: Clusters

Bocquet et al. 2016

Accurate halo mass 

function including

baryonic processes

for cosmological 

applications.



Bocquet et al. 2016

Improving the mass function



Pollina et al. 2017

Voids from different tracers
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Diffuse Baryons in Halos



The Hot Gas reservoir of Halos ...

Illustris

ClusterGroupsmassive GalaxiesGalaxies



The Hot Gas reservoir of Halos ...

NGC1961

Bogdan 2013

NGC6759

Illustris

ClusterGroupsmassive GalaxiesGalaxies



The Hot Gas reservoir of Halos ...

B

A

NGC1961

Bogdan 2013

NGC6759

Illustris

ClusterGroupsmassive GalaxiesGalaxies



Clusters: pressure profiles



Universal pressure profile

Grupta et al. 2017

Arnaud et al. 2010



Extended universal pressure profile

Grupta et al. 2017
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... and it‘s Scatter
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Scatter reflects Physics !
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The underlying DM Halos



A deeper Link: M-c relation for Halos

M
200c

DiskMass (Martinsson et al. 2013)

Ragagnin et al. in prep

Universal density profile of 

the dark matter (NFW,1997)



Fossilness ~ dynamical 

age of the

system

Magneticum vs. CLASH + other Data
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A deeper Link: M-c relation for Halos



Fossilness ~ dynamical 

age of the

system

Magneticum vs. CLASH + other Data
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„Fossilness“ also 

important for galaxies ?

A deeper Link: M-c relation for Halos



Ragagnin et al. in prepΔC
200c

A deeper Link: M-c relation for Halos



Ragagnin et al. in prep

Related to virial equilibrium  ?

c
2

0
0

c

-2K/W

M
c

d
/
M

s
a
t

1

K

Preliminary !



The role of the baryons ...
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Cluster formation in 30 seconds
Gravity assist 



Orbits of Galaxies in Clusters

Lotz et al., in prep

Profile of orbital anisotrpy β of member galaxies



Profile of orbital anisotrpy β of member galaxies,

devided into starformint/passive galaxies

Orbits of Galaxies in Clusters

Lotz et al., in prep



Phase-space 

of member 

galaxies and 

their star-

formation

Orbits of Galaxies in Clusters

Lotz et al., in prep



Distribution of starforming and non star forming 

galaxies in simulated / observed clusters.

Orbits of Galaxies in Clusters

Lotz et al., in prep



A hidden component of stars ...

Virgo (Mohos 2009)

A3888 (Krick 2008)

The diffuse, stellar component 

build up out of the debris of 

destroyed galaxies marks another, 

very important component within 

galaxy clusters.



Conclusions: 

• Direct dynamical range of 10
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

www.c2papcosmosim.svr.lrz.de


