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Numerical simulations in Cosmology: 

what  are they useful for?

They help to  understand

how galaxies and other 
structures formed in 
the Universe



The  Ingredients of the Universe
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Physical Processes in Cosmological  Simulations



Computational Resources

ü Gravity:
N-body method (O(N2))

New algorithms (tree, pm, etc) can scale as O (N log N)

MPI implementations of N-body algorithms using domain decomposition

Cold Dark matter fluctuations have contribution at all scales:
Need to resolve many scale lenghts simultaneously,  

N > 1011 partícles 

RAM Memory > 10 Tbytes

Large number of processors.> 5,000

ü Gas dynamics:

AMR and SPH codes 

More demanding than pure N-body due to Courant Condition

Very large dynamical range and strong shocks show up in the fluid.

ü Data Storage and Visualization
Huge datasets generated  (4 dimensional problem)

Need of access to large storage systems.

Parallel codes for visualization of billions of computational elements.



Springel et al 2005

Moore`s Law:

Capacity of professors 

double every 18 months

N.Body simulations 
double the number of 
particles every 16.4 
months

Extrapolating:

10 10 partículas in  2008

ébut it was done in  
2004

ñHubbel Volumeò

ñMillenium Runò

Mooreôs Law  for Cosmological N-body  Simulations



IBM Regatta p690+ cluster

Å512  Power4 processors

Å1 Tbyte  RAM

Å500  wall clock hours

Å300,000 HOURS CPU



Grand Challenges in 

Computational Cosmology

ÅMost of the information from the Universe comes
from the tiny fraction of normal matter: baryons
ïGalaxies detected from light coming from the stars inside.

ïGas in galaxy clusters is detected by X-ray emission.

ï Intergalactic gas is measured from features in light from
QSO

ÅRealistic simulations would require inclusion of

dissipantional component: gas
ïGasdynamical simulations in dark matter dominated models

need more than an order of magnitude larger
computational resources than pure N-body



Grand Challenges in 

Computational Cosmology
ÅGalaxy formation does not involve only 

gravity and gasdynamics :
ï but more complex physics:
ÅCooling, heating, star formation,  supernova explosions,feedbacks,.

ÅExtreme Computing intensive simulations 
ÅLarger scale range in density, space and time

ÅStrong  time  constrains due to cooling and star formation.

ÅHuge Problems with  scaling  and load/balancing  in MPI.
ïE.g. GADGET scales well only for  few dozens of processors.

ÅOpenMP or MPI+OpenMP codes can perform better

ÅMore inforrmation to store and  post-
process.



Grand Challenges in 

Computational Cosmology

ÅMulti-billion particle simulations with N-body 
and gasdynamics in large volumes
ïX-ray Galaxy clusters distributions

ïThe problem of missing baryons.

ÅGalaxy formation simulations:
ïFirst objects formed in early times

ïDistribution of primeaval galaxies

ïThe smallest visible galaxies and the small scale structure 
problem

ÅTool to understand future observations with 
next generation telescopes



The MareNostrum Numerical 

Cosmology Project (MNCP)

ÅGoal:Take advantage of the uprecedented 
computing power of  MareNostrum to  create 
grand challenge cosmological simulations of 
the Universe.

ÅDifferent scales and physics:
ïLarge Scale Structure (adiabatic physics)
ÅX-ray Clusters. SZ effect, baryon distribution at Large Scales

ïGalaxy formation: (including star formation)
ÅHigh redshift objects

ÅFaint objects in different environments

ÅLocal Universe Constrained simulations 



What is the Mare Nostrum?

Å IBM  JS20 Blade Center:

ï 4812 PPC processors

ï 9.6 Tbytes of Memory

ï Myrinet interconection.

ï 233 Tbytes disk



What is the Mare Nostrum?

Å IBM  JS20 Blade Center:

ï 4812 PPC processors

ï 9.6 Tbytes of Memory

ï Myrinet interconection.

ï 233 Tbytes disk

Its now 3rd  most powerfull 

supercomputer in Europe.

It is  located at the BSC in 

Barcelona



What is the Mare Nostrum?

Å IBM  JS20 Blade Center:

ï 4812 PPC processors

ï 9.6 Tbytes of Memory

ï Myrinet interconection.

ï 233 Tbytes disk

After major upgrading  in 

september (doubling  cpu 

and memory)  it will  be again  

the most powerfull 

supercomputer in Europe.

A perfect place to  createa Universe, not only because of its poweré
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The MareNostrum Universe

TREEPM+SPH simulation

Á LCDM model (WMAP1)

Å 500/h Mpc3 volume

Å GADGET 2 code  (Springel 2005)

Å Adiabatic SPH+TREEPM Nbody
ï 10243 FFT for the PM force.

ï 15 kpc force resolution.

Å 2x10243 dark and sph particles
ï 109.33 partículas

ï 8x109 M
¼

dark matter

ï 109 M
¼

for gas particles

Å 1 million dark halos bigger than 
a  typical galaxy (1012 Mo)

Å Simulation done at MareNostrum
ï 512 processors (1/8 total power)

ï 1Tbyte ram

ï 500 wallclock hrs (29 cpu years)

ï Output: 8600 Gbytes of data. 

ï Same computing power than the 
Millenium Run.



Springel et al 2005

ñHubbel Volumeò

ñMillenium Runò

Moore`s Law:

Capacity of professors 

double every 18 months

N.Body simulations 
double the number of 
particles every 16.4 
months

Extrapolating:

10 10 partículas in  2008

ébut it was done in  
2004

MareNostrum Universe (SPH) Ĕ

Mooreôs Law  for Cosmological N-body  Simulations
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ñHubbel Volumeò

ñMillenium Runò

Moore`s Law:

Capacity of professors 

double every 18 months

N.Body simulations 
double the number of 
particles every 16.4 
months

Extrapolating:

10 10 partículas in  2008

ébut it was done in  
2004

In fact it is possible to 
do 10 11 in 2006

An order of magnitude 
over less than 2 years

MareNostrum Universe (SPH) Ĕ

Theoretical  N -body limit at  MN Ĕ

Mooreôs Law  for Cosmological N-body  Simulations



Halo Mass function

Å 4063 clusters with M > 1014 h-1 Msun

Å 58167 groups+clusters with M >1013 h-1 Msun

Å 506000 objects with  M > 1012 h-1 Msun

Å More than 1 million objects with more than 100 particles



Shape of the dark matter distribution at 
virial overdensity:

halos with more than 500 particles

Shapes of halos



Shape of halos

Shape of dark matter halos at 

Virial overdensity

Shape of the corresponding gas 
distribution  in same halos



Baryon phase space diagram



Baryon phase space diagram



Baryon phase space diagram



Baryon phase space diagram

HOT

Warm-Hot

COLD



(T > 107 K)

(105 K < T < 107 K)

(T < 105 K)

Evolution of baryon phases



Evolution of baryon phases

All baryons WHIM  baryons



Clusters of galaxies

Most massive cluster:



X-ray Temperature function



Scaling relations:

Resolution effects

Comparison of Lx for two versions 
of the same simulation:

Colored points: MareNostrum run

Black points: low-res version with 

2x5123 particles:

(Basilakos et al 2005

Ascasibar et al 2004-2005


