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What IS I\/IareNostrum’>
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* IBM Supercomputer Cluster
10,240 PPC processors
«20 TeraBytes RAM Memory
«280+90 Thytes disk space

- 5th supercomputer of the
world (Top500 November
2006. Dedicated 100% to
public, non-clasiffied research.

-1st supercomputer in Europe.

-Only computer in the world
inside an old catholic church.
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The MareNostrum Numerical Cosmology Project
4,500,000 cpu hours used till now...

U Project description (http://astro.ft.uam.es/marenostrum)

L Purpouse: Create Grand Challenge cosmological simulations using
the combined power of MareNostrum and other supercomputers
(LRZ, Julich, DEISA) using efficient MPI parallel N-body +
gasdynamical codes: ART, GADGET..

0 Gasdynamical + N-body simulations of LSS.
» Large Scale simulations of Cluster & groups of galaxies:

« physical properties, scaling relations, X-ray properties, lensing studies, SZ,
etc.

» Baryon distribution and evolution.

O Galaxy formation simulations at very high resolution.
> High redshift galaxy formation. (> 10243 particles in 50 Mpc box)

» Comparison of results obtained with different numerical approaches.(RAMSES,
GADGET, ART codes)

J Constrained simulations of the Local Universe :
» Formation of the Local Group and Local Volume.
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The MareNostrum Universe:
A TREEPM+SPH simulation

S - \CDM model (WMAP1)

= |C set up with 20482 particles within
500/h Mpc2 volume
GADGET 2 code (Springel 2005)

2x10243 dark and sph particles

> 10°33 particulas

> 8x10° Mg dark matter
> 10°Mg for gas particles
'8 (1 Adiabatic SPH+TREEPM N-body
> 10243 FFT for the PM force.
» 15 kpc force resolution.
B (1 1 million dark halos bigger than
a typical galaxy (102 Mo)

f O Simulation done at MareNostrum

: 512 processors (1/8 total power)
1Tbyte RAM
500 wallclock hrs (29 cpu years)
Output: 8600 Gbytes of data.

Same computing power than the
Millenium Run.
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HALO FINDER

Hierarchical Friend of Friends analysis delivers structures at virial
overdensities and all substructures (Klypin,Gottlober,Kravtsov 1997)

Minimal Spanning Tree technique:
» Sorting particles in a cluster ordered sequence

Mass, shapes, orientations, angular momentum, particle list, are obtained
from the MST for each object.

Full MPI implementation of the halo finder:

> Tlmlng AnaIyS|s of 10243 partlcles is 4 hrs with 32 cpus.

’?"‘»Blggest cluster e
M=23x 1015 I\/I@/h
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Mass Function (z=0)
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4063 clusters with M > 1014 ht Mg (> 10 000 patrticles)
58167 groups+clusters with M >1013 o (> 1,000 part)
506000 objects with M > 102 h (> 100 particles)
More than 1 million objects with more than 20 particles
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Results from the MareNostrum Universe:

O Cluster Scaling Relations:
» Scatter in the relations
» Evolution with redshift
» Resolution effects

0 X-ray Cluster abundance and cosmological parameters.
» Comparison of simulations from WMAP1 and WMAP3 Ics.

U More stuff in next talk by S. Gottlober
» Shape, spin, baryon fraction, etc..
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Clusters: Temperatures
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Cluster Scaling Relations: M¢,-T,
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Cluster Scaling Relations: M¢,-T,
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Cluster Scaling Relations: M¢,-T,
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Cluster Scaling Relations: Mgyq-(Y=Mggq4Ts)
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Cluster Scaling Relations: Mggq-(Y=Mg4T)
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Cluster Scaling Relations: Mggq-(Y=Mg4T)

U Y =My, T VS Mgy Is @ more
robust estimate than Mg,-T..

[ Less scatter: a factor of 2
reduction in scatter with
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Cluster Abundance and Cosmological
parameters




Cluster Abundance: X-Ray Temperature function
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High normalization 63=0.9.

Compatible with cluster
abundance of X-Ray clusters.
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Similar results from radiative oo
GADGET simulations F O lkebe etal 2002 I ¢
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Cluster Abundance and Cosmological
Parameters

z=40

The Marenostrum Universe was done
under the concordance ACDM model.

To compare results between MN
Universe and the most favored
cosmological parameters from

WMAP3, we have resimulated the
same box with initial conditions
consistent with WMAP3 cosmology:

Q.=0.24, Q,=0.76, h=0.73, Q,=0.0418,
n=0.95, 64=0.75

0.1 E

P(k)*h 3

0.01 F

0.001 E

0.0001 1 1 ool 1 1 ool
0.01 0.1 1

k (h Mpc-!)

10

The Marenostrum Universe



MNCP Simulations

WMAP1
Lox = 500 Mpc/h
Name Noari Q Qpar Q, h Og n
MUC 2 x 10243 0.3 0.045 0.7 0.7 0.9 1
MUCL 2 x 5123 0.3 0.045 0.7 0.7 0.9 1
2x5123 0.24 0.0418 0.76 0.73 0.75 0.95
2x5123% | 0.24 0.0418 0.76 0.73 0.75 0.95
2x5123 0.24 0.0418 0.76 0.73 0.8 0.95
.
N
WMAP3 kind of WMAP3
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Mass Functions

No significant difference In
cluster mass function due to
mass resolution for clusters >
1014 Mg

WMAP3 simulation produces a
factor ~ 10 less massive
clusters (M>5x10'* Mg) than
WMAPL.
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X-Ray Temperature Functions (Best Fit)

Using mass functions and the

E L L
B M,oo- T, relation with
[kebe et al 2002 -
Free parameters M, and o
. Henry 2004
10-% | _E
g ‘ M,oo/M, = (T, /3 keV)e
3 -
=107 |- - y4 fit to data
S
N For o = 0.75
B, | Best—fit My,—T: .
S 3 o =1.64, logM, = 14.10
-. For 63 =0.8
T [ o = 1.67 , logM, = 14.18
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Mass - Temperature
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Mass - Temperature

Can this difference be due to MWM
effects not taken into account i Sty
in these simulations? ; ] T
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Cooling, reheating, start-formation
feedbacks from SN
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Not a definitive answer:

Resolution and modelisation
dependence.
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E, M (h
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No reliable estimate of the M-T
In simulations with and without
radiative processes.

T, (keV)
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Comparison Mgy,-Tg:

MN simulations and
radiative ART
simulations from Nagali
et al 2006.

A factor 1.58 lower
normalisation of M-T due
to radiative effects.
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Cluster Scaling Relations: Resolution

1046 :_I I T T T T T T T T I T T T T T I E
Comparison of L, for two versions « M>101 M, isg_;‘;
of the same simulation: : . 1014 M_<M<10%5 M, 3 ]
_ . o M<10M M,
Colored points: MareNostrum run e : E
Black points: low-res version with I ]
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(Basilakos et al 2005) W f ]
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Cluster Scaling Relations: Resolution
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Green Points are data.. i i
1042 = E
 Red line: resimulated clusters - §
(Ascasibar et al. 2005) i i
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The Missing Baryons
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Evolution of Baryon Phase Space

Baryon occupancy

Distribution in T-p g, space
n = fraction/d(In T)/d (In pgy,e)

Probability of finding a baryon
with a given T and Py,

Grupo de 'Astrof_isica
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Evolution of Baryon Phase Space

Baryon occupancy Baryon occupancy

10!
10% 102 107! 100 10! 102 3 1072
P/ Poar
- N ——
—2.85 -2.10 -1.35

10 % of baryons in WHIM z=3
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Evolution of Baryon Phases

).t T ~.
T~ » Phases definitions from Davé et al
‘M“‘*m 2001
$0.6 = —— HOT (T>107 K) I - Hot gas (T > 107 K), Ly a forest
£ WHIM  (10°K - Warm-Hot Intercluster Medium
L 0.4 -—- COLD (T<10% K) - (10° K< T <107 K)
- - Cold gas (T < 105 K)
0.2
R
0 - o
3 1 0
2z

Grupo de Astrofisica
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Universidad Autonoma de Madrid
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Evolution of Baryon Phases

UNIVERSIDAD AUTONOMA
DE MADRID

» Condense and diffuse are merged
(Cen & Ostriker 1999, Davé et al
2001)

- No efficient mechanism to cool down
« WHIM gas evolution

- Determined by shock-waves

- Growth history is not affected by cooling
forz>3

- WHIM fraction depends on spatial
resolution and Box size

- 40% of mass is in WHIM
Davé et al 2001 — 40%-50%

\ f
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Universidad Autonoma de Madrid
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Fraction of halos
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Cluster: Temperatures
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Fraction of halos
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Cluster: Temperatures
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SUMMARY

The MareNostrum Universe simulation uses 2 billion particles to simulate both the
dark and baryonic matter. It is one of the largest SPH simulations done up to now.

It constitutes a very useful data base to do different studies on clusters and of large-
scale structure formation and on the distribution in both components; dark matter
and gas.

For galaxy clusters, we have a database of more than 18,000 clusters with M >
5x10%3 M. Scaling relations M- -Ty, M-Mys M-Y are not very sensible to mass
resolution. The M-Ts has more Scatter than the M-Tx. Mare sensible to dynamical
state of clusters?

The scatter in the M-T, is about a factor of 2 higher than the M-Ys. Very much in
agreement with higher resolution simulations with non-adiabatic physics included,
once you remove the inner core mostly affected by cooling and star formation.

Low normalization WMAP3 initial conditions seems to understimate the abundance of
hot clusters at present by a factor of 3-6 with respect to estimates of ASCA X-ray
clusters. Clusters favor high normalization cosmologies (e.g Evrard et al 2007, Rozo
et al 2007, SDSS clusters). Not clear whether this difference can be explained by the
non-radiative processes..

Data are available for any other interesting study you may have in mind.

> So please contact us if youd like to put your hands on the tons of Gbytes of data that the
MareNostrum Universe is made of..
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MNCP

Thanks for your attention!

http://astro. ft.uam.es/marenostrum

rupo de Astrofisica




The MareNostrum Universe SPH simulation

» Largest cosmological gasdynamical
simulation in the world:

*ACDM model:
Q) _=0.3, Q,.,,=0.045, Q,=0.7, 0,=0.9
* 500 Mpc/h on a side
« TREEPM+SPH (GADGET-2):
- 10243 FFT modes for PM

- 15 kpc/h force resolution

» 2x10243 particles (DM+gas)
- Mpy =8.24 x 10° Mg / h
- My, = 1.45 X 10° Mg / h

» 136 snapshots from z=40

The Marenostrum Universe



High z Galaxy Formation Simulation

» Analyze high-z galaxy formation

« Same cosmological model with the
same number of particles

* 50 Mpc/h on a side
* GADGET-2:

- Radiative cooling, SF, feedback,
metal enrichment, ...

*Fromz=60toz=5.5:

- 126 years on 800 processors

« Same initial conditions as used by
RAMSES (R. Teyssier)

The Marenostrum Universe



High z Galaxy Formation Simulation

* Analyze high-z galaxy formation

« Same cosmological model with the
same number of particles

* 50 Mpc/h on a side

e Fraction stars =0.74%

Comoving Luminosity density:
py = 7.6x107 LO/Mpc3

pg = 1.3x108
pr = 1.0x108
p, = 7.2x107
o = 2.0x107

The Marenostrum Universe



High z Galaxy Formation Simulation

Mass function

106 g

10% =

104 =

100 =

105—

108

N\ Z2=5.6 ]
\z2=7.3\) \
2=11.2\ \ \
il Ll |
109 1010 10u

Mass (h=! M,)

z=55

» Analyze high-z galaxy formation

« Same cosmological model with the
same number of particles

* 50 Mpc/h on a side

» Mass function of objects from z=11
to z=5.6

* No Milky Way galaxy formed until
z<6

The Marenostrum Universe



High z Galaxy Formation Simulation

« MNCP GADGET (SPH) HORIZON -RAMSES (AMR)
« 800 processors of MN More than 2000 processors

« Resolution: 500 pc. Resolution: 2 kpc

« 126 YEARS CPU 32 YEARS CPU

The Marenostrum Universe



Cluster Scaling Relations: Resolution

The MN Universe has
been resimulated at

all resolutions from
10243 to 2563

MareNostrum Universe
2 X 10243 particles
MareNostrum low res
2 X 5123 particles

lower res
lower ¢

\

lower gas content

1015

—
o]

M

‘71[].14
!

=

1013

A=200

MareNostrum Universe —

MareNostrum (lower resolution) =

1013 1.[]14

M, (h-t M)
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Cluster Scaling Relations: Resolution

1016
MareNostrum Universe
2 X 10243 particles
MareNostrum low res 1010
2 x 5123 particles g
=
Change in mass = o
weighted temperature of
order 1.2-1.5
More scatter in T, than T, 1013

Less bhiased for small halos

More differences in large ones
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