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A Historic Example (Coma)

Max Wolf, 1901/1902
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A Historic Example (Coma)

Max Wolf, 1901/1902

numerous small nebulae are standing such close
together, that once literally frightens in sight of the
remarkable appearance of this cluster of nebulae.
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A Historic Example (Coma)

Max Wolf, 1901/1902

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). 
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A Historic Example (Coma)

Max Wolf, 1902

of greatest significance for
understanding the universe

the regular behavior within the
arrangement of these distant worlds
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A Historic Example (Coma)

Max Wolf, 1902

I can not even speculate on the implications but
but want to bring it to the general attention.

The directions of elongated nebulae
align on the same angle on the sky.
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Structure Formation

Credit: NASA, WMAP

Interplay between background cosmology and structure formation.
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Structure Formation

t = 0.38 Myr

Cosmic Microwave Background, early picture of the structure in the Universe.

2003 20131992
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Structure Formation

Cosmic structure today

TemperatureDensity

275 Mpc

(t = 13.7 Gyr)

Borgani et al. 2004

(t = 0.38 Myr)CMB

The cosmic web today (z = 0) is mainly accessible through
simulations (warm, thin). Simulations important to predict the
non linear formation of cosmological structures.
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Structure Formation

40 Mpc

Dolag et al. 2008

Temperature

275 Mpc

Density

"Zoomed" Simulation of a galaxy cluster

t = 13.7 Gyr

10   cm−2 −3

10  K8

10   cm−3

10  K5

−7

~   G

< nG

µ

t = 0.38 Myr

Clusters form at the nodes of the cosmic web and trace the
high density environments. The gas falls into the potential,
cools and form stars.
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Structure Formation
Galaxy clusters are the largest, gravitationally bound objects
in the Universe and represent an almost fair sample of the
cosmological composition.

• Up to thousands of galaxies withσgal up to1000 km/s
• Size (Rcluster) of several Mpc
• Large Reynolds numbers (⇒ turbulence)
• Total mass (Mtot) up to several10

15M⊙ (⇒ dark matter)
• Nearly cosmic baryon fraction (≈ 95%)
• ICM temperatures (TICM) higher than10

8K
Observed to be virialized:

3σ2
galaxies ≈

GMtot

Rcluster

≈
3kTICM

2µmp

Dark Matter
23%

Ordinary Matter
4%

 Dark Energy
73%

Stars

Hot Gas
(within clusters)

(within galaxies)

Dark Baryons
(within the large scale structure)
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Structure Formation

100 150

100

150

2 4 6 8
  (counts)

                T [keV]

c5726

within clustersShocks

"Ram Pressure
Stripping" of
galaxies within
clusters ?

within clusters
"Turbulence"

Fornax (Scharf et al. 2004)A520 (Markevitch et al. 2005)

Simulation (Borgani et al. 2004)

Coma (Schuecker et al. 2004)

Interplay between dynamics, environment and evolution.
⇒ Effects of environment directly observable.
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Simulating the Universe
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Simulating the Universe

40 Mpc

Dolag et al. 2008

Temperature

275 Mpc

Density

"Zoomed" Simulation of a galaxy cluster

t = 13.7 Gyr

10   cm−2 −3

10  K8

10   cm−3

10  K5

−7

~   G

< nG

µ

t = 0.38 Myr

Brunner et al. 2014Schlachtberger 2014

central AGN

Need to capture processes happening far below the resolution !
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Simulating the Universe

Cold gas

Stars

:

supernova mass fraction

star formation timescale

Multi phase model (sub−scale)

Star formation

Cloud evaporation

Springel & Hernquist 2002

cloud evaporation parameter

Growth of clouds cooling function

Hot gas

Feedback

Sub-scale model for star-formation:
gas particle (m = 10

9Mo) = star formation region
start particle (m = 10

8Mo) = star cluster
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Simulating the Universe

Wise et al. 2006

630 kpc

Chandra X-ray image of the Hydra cluster (cool core)
Simulations: Only cool-core clusters, to massive galaxies.
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Simulating the Universe

Taylor & Perley 1993

Wise et al. 2006

20 kpc

Composite image to illustrate the connection between the X-ray
cavity (blue) and 330Mhz radio emission (green).
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Simulating the Universe

Seeding

Seeding on m−sigma
Constant seeding

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

Accretion on BH

....
−Bondi (Booth & Schaye 09)
−Bondi (Springl & Di Matteo 06)α

β

Merging
Instant merging
Based on velocity
....

Feedback by BH

efficiency

BH model (sub−scale)
Springel & Di Matteo 2006

Growth of BH

sound speed

gas density

Sub-scale model for BH growth:
Resolution dependence ?
Various subtle extensions ...
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The Numerical Challenge

Eulerian

Collapse:

SPH

kernel estimate

Lagrangian

hi

discretized space discretized mass
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The Numerical Challenge
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The Numerical Challenge

Wendland WC6 Kernel

Viscosity treatment

Thermal Mixing

Beck et al., in prep
19/9/2014 – p. 6



The Numerical Challenge
NGC4039

Provided by N. Lyskova & E. Churazov

g8 (Dolag 2009)

Coma
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The Numerical Challenge
Distributing Work
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The Numerical Challenge
Gadget1

19/9/2014 – p. 6



The Numerical Challenge
Gadget2
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The Numerical Challenge
Gadget3
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The Numerical Challenge

Tree−walk

Tree−walk

Tree−walk

Cooling + Molecular Network

Magneto−Hydrodynamics

Gravity

Stellar Feedback

Stellar Evolution

Tree−walk

Global time−step Level

Interplay of different physics modules in Gadget3 

Gravity

Tree−walk

Lowest time−step Level

Iterative minimization

FFTW based

Domain Distribution

Long Range Gravity

Tree−Construction

Intermediate time−step Level

Thermal Conduction

Long Range Gravity

Domain Distribution

Tree−Construction

Iterative minimization

FFTW based

Tree−walk

Black Hole Feedback

Sub time−step integration 

Sub time−step integration 

Lowest time−step Level

yes

no

no

yes

find neighbors

Fill export listCompute local
contributions

export list
full ?

Communicate list

find neighbors

Fill return listCompute local
contributions

all done ?

Communicate results

Tree−walk like, process all active particles

Hydrodynamical simulations have to handle larger and more complex data
Many more different physical processes using different numerical methods
Much more challenging to optimize on modern HPC platforms

pure N−Body simulation

Global time−step Level
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The Numerical Challenge
• Tree like

Short range gravity, Hydrodynamics, Transport,
Star-formation/AGN feedback

• Grid like
0 1 2 3 4

Long range gravity (including FFTW)
• Work load

• Post processing
Various different algorithms, all distributed, more complex.
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The Aim
Virgo

Hydra

Perseus

Coma

Centaurus

−11.0−13.0−15.0−17.0−19.0−21.0−23.0
2log(Lx) [erg/cm   /s/arcmin  ]2

−11.0  1.0−2.0−5.0−8.0−17.0 −15.0

log(P  )ν [mJy/arcmin  ]2

−9.5 −8.5 −7.5 −6.5 −5.5 −4.5
log(Y)

−10.5

x−ray radio

SZ optical

Cosmological, hydrodynamical simulations which at the same
time allows predictions for ICM and stellar component for
ongoing/future missions (Planck, SPT, LOFAR, eROSITA ...).19/9/2014 – p. 7



The Aim

−9.5 −8.5 −7.5 −6.5 −5.5 −4.5
log(Y)

−10.5

−11.0  1.0−2.0−5.0−8.0−17.0 −15.0

log(P  )ν [mJy/arcmin  ]2

Virgo

Hydra

Perseus

Coma

Centaurus

−11.0−13.0−15.0−17.0−19.0−21.0−23.0
2log(Lx) [erg/cm   /s/arcmin  ]2

x−ray radio

SZ opticalX−Mass (Rasia et al. 2006)

XMM (PN)XMM (MOS1)

XMM (MOS2) Chandra

EUCID
SUBARU

HST

SkyLens (Meneghetti et al. 2007)

Mock optical/x-ray observations using SkyLens (Meneghetti
2010), X-Mass (Rasia 2007) and Phox (Biffi 2011).
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Magneticum Pathfinder

48 Mpc/h

128 Mpc/h

352 Mpc/h

896 Mpc/h

12 Mpc/h

18 Mpc/h

2 x 216^3

2 x 576^3

2 x 1536^3

2 x 81^3

Box4

Box1

2 x 1564^3

2 x 594^3

2 x 1526^3

Box2

Box2

Box3

2 x 216^3

2 x 576^3

2 x 1536^3

Box3

Box3hr

hr

mr

uhr

mr

xhr

uhr

hr

mr

Magneticum Pathfinder Simulations

mr

done
running

10up to 10    Particles !

2 x 81^3

2 x 216^3

2 x 576^3 2 x 384^3

2 x 144^3

Box5

Box6

M_dm = 1.3e10, M_gas =2.6e9 [Msol/h]

M_dm = 3.6e7, M_gas =7.3e6 [Msol/h]

M_dm = 1.9e6, M_gas =3.8e5 [Msol/h]

z=2.4

M_dm = 6.9e8, M_gas =1.4e8 [Msol/h]

started
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Magneticum Pathfinder

48 Mpc/h

128 Mpc/h

352 Mpc/h

896 Mpc/h

12 Mpc/h

18 Mpc/h

2688 Mpc/h

640 Mpc/h

2 x 216^3

2 x 576^3

2 x 1536^3

2 x 81^3

Box4

Box1

2 x 1564^3

2 x 594^3

2 x 1526^3

Box2

Box2

Box3

2 x 216^3

2 x 576^3

2 x 1536^3

Box3

Box3hr

hr

mr

uhr

mr

xhr

uhr

hr

mr

Magneticum Pathfinder Simulations

mr

done
running

10up to 10    Particles !

2 x 81^3

2 x 216^3

2 x 576^3 2 x 384^3

2 x 144^3

Box5

Box6

M_dm = 1.3e10, M_gas =2.6e9 [Msol/h]

M_dm = 3.6e7, M_gas =7.3e6 [Msol/h]

M_dm = 1.9e6, M_gas =3.8e5 [Msol/h]

z=2.4

M_dm = 6.9e8, M_gas =1.4e8 [Msol/h]

started

started

z=2.3

Box0
mr

Box2b
hr

Magneticum Simulations
11up to 10    Particles !

Next generation of Simulations are under way !
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Magneticum Pathfinder
(GAUSS @ SuperMUC)

Borgani 2004
Magneticum Pathfinder

(SuperCAST @ SuperMUC)

Magneticum

HRLB2
BINGS

2 x 10     Particles !11

running on full SuperMUC
16 Islands, 132768 Cores
256 TB of Main Memory
perfect strong scaling !
using 8192   grid for FFTW !3

2Supported by KONWIHR and C  PAP
Genel et al. 2014
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Magneticum Pathfinder

• cooling + star formation + windsSpringel & Hernquist 2002/2003
• Metals, Stellar population and chemical enrichment,

SN-Ia, SN-II, AGBTornatore et al. 2003/2006
+ new cooling tablesWiersma et al. 2009

• BH and AGN feedbackSpringel & Di Matteo 2006, Fabjan et al. 2010
+ various modificationsHirschmann et al. 2013

• Low viscosity scheme to track turbulenceDolag et al. 2005
• Magnetic Fields (passive)Dolag & Stasyszyn 2009
• Thermal Conduction (1/20th Spitzer)Dolag et al. 2004
• High oder SPH KernelsDehnen et al. 2012
• Galaxy properties (Opt/NIR: u,V,G,r,i,z,Y,J,H,K,L,M; sfr)
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ICM Properties

Reichard et al. 2011

McDonald et al. 2013

Mean ICM pressure profieles from CMB foreground (SPT).
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ICM Properties

Observations

PLANCK 2013

Simulations

Background (LightCone)
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ICM Properties

Y [1e−6]
−8 −6 −4−10

tSZ (beam = 9.66’) tSZ tSZ + kSZ @150GHzkSZ

tSZ

Local Universe (z=0−0.02)

(z=0.17−5.2)
+ deep Lightcones

(z=0.02−0.17)
+ FullSky map
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ICM Properties
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ICM Properties
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ICM Properties
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Cosmological Filaments

Dolag et al. 2006

SZx−ray Lensing

Credits: Sunyaev−Zel’dovich Effekt: ESA Planck Collaboration
Optical Image: STScI Digitized Sky Survey

Planck detected bridge between two galaxy clusters !
Real filament or “only” merger ?
⇒ compare to hydrodynamical simulations !
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Cosmological Filaments

Planck collaboration, 2012

Simulation

Observation

Tracing the particles in simulations suggest that significant
fraction of the material comes from outside the clusters !
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Halo Properties

mr
hr
uhr
xhr

dm only
full physics

z=5

z=.5

z=4
z=3

z=2

z=1

z=0

Halo Mass function
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Halo Properties

Gas mass vs. Total Mass
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Halo Properties
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Halo Properties
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AGN feedback model

2.5 Mpc

Zoom onto most massive cluster in Box2/hr. Transformation of
galaxies inside the denser environment.

We also resolve black holes in satellite systems !
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AGN feedback model

Hirschnmann et al. 2013
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AGN feedback model

Bolometric LF

BH Mass −− Stellar Mass

Hirschmann et al 2013

Hirschmann et al. 2014
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Galaxy Properties

Stellar mass functions in different redshift ranges
compated to a collection of different observations.
High mass end atz = 0 still slightly high.
Colored lines are two different AGN models.
Bachmann et al. 2014
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Galaxy Properties

Stellar mass functions deviding galaxies in quiescent
(dashed lines) and star-forming (solid lines) using a
specific star formation rate of0.3/tHubble as threshold.
Bachmann et al. 2014
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Galaxy Properties

At highest resolution, a morphological classification can be applied !
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Galaxy Properties

Comparison of the mass-size relation with SDSS data of Shen et al. 2003
Remus et al., in prep
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Galaxy Properties

Comparison of the angular momentum of disk and elliptical
galaxies as found in the simulations with observations.
Teklu et al., in prep
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Galaxy Properties

 0

 5

 10

 15

 20

 25
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P
(λ

’)

λDM’

Spin Parameter λ’ vs. P(λ’) at z=1.48

ellipticals: λ0=0.039, σ=0.753
spirals: λ0=0.052, σ=0.536

all halos: λ0=0.046, σ=0.641

 0
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 25

 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14  0.16  0.18  0.2

P
(λ

’)
λDM’

Spin Parameter λ’ vs. P(λ’) of DM-only and Baryon-Sim at z=1.48

Box4: λ0=0.045, σ=0.655
Box3: λ0=0.044, σ=0.652

all halos: λ0=0.046, σ=0.641

Halo Spin

The dichotomy in the total angular momentum of
haloes hosting disc and elliptical galaxies.
Teklu et al., in prep
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Conclusions
Cosmological, hydrodynamical simulations which at the same
time allows predictions for ICM and stellar and AGN component
for ongoing/future missions.

• ICM properties (very good)
pressure profiles, x-ray scaling relations

• Halo properties (very good)
baryon content, starformation efficiencies

• AGN properties (very good)
accretion histories, luminosity functions

• Simulated stellar properties (reasonable)
luminosity function, colors, specific star-formation rates

• Dynamics of galaxies (first time testable !)
Spirals vs. Ellipticals, Spin, Warps, Bars, ...

2.5 Mpc
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