
 

 

 

Supercomputación en Cosmología: 

El  Laboratorio Virtual del  Universo  
 
 
 

Gustavo Yepes 

Universidad Autónoma de Madrid 
http://astro.ft.uam.es/marenostrum 

Fronteras de la Computación 
Benasque  Julio 2011 



 Por qué  es  necesaria  la 
simulación numérica en 
Cosmología 

Nos ayudan a entender cómo 
evolucionó el universo de 
un estado homogéneo a 
otro  inhomogéneo 



 

Universo Real          Universo Virtual 

                  Analogías 

COSMOLOGIA: UNA CIENCIA EXPERIMENTAL 
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Evidencias de Existencia de Materia Oscura 

•Curvas de rotación  planas 
en galaxias espirales  

Galaxias elípticas: dispersión 
de velocidades de las 
estrellas  

•Emisión de rayos X en 
cúmulos de galaxia 

•Lentes Gravitatorias en 
cúmulos de galaxias  

•Bullet Cluster 



Energía Oscura 
•Determinación de 
la  geometría del 
universo y materia 
total contenida 

•Universo Plano 
W=1 

•. Wm = 0.27-0.30 

•70-80%  restante? 

Expansión acelerada: 

Existencia de un fluido 

con  r=-wp 
 

Constante cosmológica 
u  otro campo cosmico 

Quintaesencia, 



Los Ingredientes del Universo 

http://images.google.com/imgres?imgurl=http://postepy.camk.edu.pl/pics/vlt.jpg&imgrefurl=http://postepy.camk.edu.pl/wyklad.html&h=484&w=666&sz=65&hl=es&start=2&tbnid=5pXU-ClC8drp9M:&tbnh=100&tbnw=138&prev=/images?q=vlt&svnum=10&hl=es&lr=&sa=G
http://www.sr.bham.ac.uk/instrument/xmm_huge.jpg


PROCESOS   FISICOS  MAS 

Relevantes   



Una guia rápida de los  métodos 

numéricos en cosmologia. 



Simulación de la evolución gavitacional 

Método N-cuerpos 



• Particle-Particle: 
– Easiest of all methods. Numerically integrate the 3N  

newtonian differential equations. 

– Scale as order N2 

– Easy to parallelize  and to use GPUS for acceleration but for 
not too large N. 

• Particle-Mesh. 
– Mean field approximation: particles do not feel each other 

but interact only through the mean gravitational field 
computed in a mesh. 

– Different interpolation techniques  between particles and 
mesh: NGP, CIC , TSC.. 

– Use  FFT to solve Poisson equation. Very fast and parallel 
using periodic boundary conditions. 
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Simulación de la evolución gavitacional 

Métodos de  N-cuerpos 

• Particle-Particle-Particle-Mesh (P3M): 

– PM  force accuracy only for scales > 2-3 cell size. 

– Gravitational clustering  produces  large density 

gradients: poor resolution when system becomes  

too small compared with mesh discretness. 

– Possible Solution: 

• Increase the number of cells. 

• Divide the net force in Short-range (P-P) + Long-range 

(PM). Neighbour search   

 



Simulación de la evolución gavitacional 

Métodos de  N-cuerpos 

• Adaptive  P3M:  
– Basic idea: for those P3M 

chaining mesh cells whose 

calculation time would be 

dominated by the particle-

particle sum, process 

further with a finer 

potential mesh before 

computing PP force. 

 

Example cold dark 
matter structure 
formation calculation 
with AP3M(from 

Couchman 1991) 



Simulación de la evolución gavitacional 

Métodos de  N-cuerpos 

• ADAPTIVE MESH 

REFINEMENT (AMR) 

• Use staggered meshes to compute 

poisson’s equation  in different 

levels:  PM is used at level 0 and 

then cells are refined depending on 

density. Typically each cell is 

recursively refined if the number 

of particle per cell exceed some 

threshold (around 10 particles).  
Main problem is the bookkeeping 

of the mesh structure. Easy to 

implement hydrodynamics. 

•RAMSES cosmological simulation: 

•Density and mesh structure 



Simulación de la evolución gavitacional 

Métodos de  N-cuerpos 

• TREE METHODS. 
– Do not used any mesh at all. Only 

particle-particle force 

– Easy to implement boundary 
conditions.  

– Store particles in a tree data structure. 
Particles are at leaves of tree; parent 
nodes store total mass of children. 

– When the force on a particle is needed, 
we traverse tree, starting at the root. 

–  If a node is terminal (leaf node), 
directly sum the force from the 
particle at that node. 

–  If not, ask: is the monopole (or 
quadrupole, ...) of the node an 
adequate 

– approximation to the force from the 
child particles? 

• (i) If yes, use the approximate force 
and stop traversing this branch. 

•  If no, traverse the children. 





GRAPE Board 



•NEMO:  a compilation of   N-body free software: 

http://carma.astro.umd.edu/nemo/ 

ASTROSIM wiki:  

http://www.astrosim.net 

 

 

http://carma.astro.umd.edu/nemo/
http://carma.astro.umd.edu/nemo/
http://carma.astro.umd.edu/nemo/
http://www.astrosim.net/
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DINÁMICA  DE  GASES  EN COSMOLOGIA 

• EULERIAN BASED  CFD 

– Basically all modern  CFD is based on grid-based 

methods. 

• Solve the gasdynamical equations  for  volume averaged 

gas quantites.  Integral form of equations. No gradients. 

No artificial viscosity needed.  

• Captures shocks more accurately. 

• Huge industry of mathematical  algorithms for CFD.  

• Used only recently in Cosmology due to the problem of 

gravitational evolution: Need gravity solvers in AMR. 
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DINÁMICA  DE  GASES  EN COSMOLOGIA 

•State of the ART: PPM 



Cosmological Numerical codes 

• SPH + Tree: 

– GASOLINE, GADGET, TREESPH 

• SPH + AP3M:  

– Hydra, P-DEVA 

• AMR (gas+n-body) 

– RAMSES, ART, ENZO, FLASH 

See: 

 http://www.astrosim.net 

 

http://www.astrosim.net/




Additional physics 

• Baryonic matter is subject to many different 

processes due to electromagnetic and strong 

interactions: 

– Radiative  atomic  cooling and UV heating. 

– Gravothermal catastrophies 

– Star formation 

– Feedbacks: thermal injection by exploding stars 

and  metal enrichments. 

–   







Computational Resources 

 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 
 

 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. 

 

 

 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 processors 

double every 18 months 

 

 

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

 

Extrapolating: 

1010 partículas in  2008 

…but it was done in  
2004 

 

 

“Hubbel Volume” 

 

“Millenium Run” 
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Springel et al 2005 

“Hubbel Volume” 

 

“Millenium Run” 

 

Moore`s Law: 

 Capacity of processors 

double every 18 months 

 

 

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

 

Extrapolating: 

1010 partículas in  2008 

…but it was done in  
2004 

 

In fact it is possible to 
do 1011 in 2008 

An order of magnitude 
over less than 2 years 

 

MareNostrum Universe (SPH)  

40963(7x10 10 )N-body particles   Horizon (4000 procs)             

Moore’s Law  for Cosmological N-body  Simulations 



Collisionless   N-body Simulations 

 Millennium Run 
Springel et al 05 

Millennium Run  II 
Springel et al 08 

•Bolshoi and  

•Multidark  Run 
•Klypin et al 2011. 1Gpc 

•Millennium I  (WMAP1):  500 /h Mpc  10 billion particles 

•Millennium II  (WMAP1 )  100/h Mpc   10 billion particle 

•Millenium XXL (WMAP1) 3 /h Gpc    303 billion particles 

•Bolshoi        (WMAP5)    250/h Mpc   8 billion particles 

•Multidark  (WMAP7)  1Gpc/h  8 billion particles 

•Mass resolution: 

•MI:    8x108 Msun/h 

•MII:  7x106  Msun/h 

•Bolshoi:  1.3 x 108  Msun/h 

•Multidark: 8.3x109 Msun/h 

•Millennium xxl 
•Angulo et al 2011 



IBM Regatta p690+ cluster 

•512  Power4 processors 

•1 Tbyte  RAM 

•500  wall clock hours 

•300,000 HOURS CPU 

 

•Collisionless   N-body Simulations 
 



HORIZON SIMULATION 

(2008) 

70 BILLION PARTICLES 

2 GPC VOLUME 

RAMSES amr code 

•Collisionless   N-body Simulations 
 



Collisionless  N-body Simulations 

 

•2012, > 4  trillion particles 
could be possible with new 
PFLOP computers  

(NCSA BM Blue-Waters) 

•Largest  simulated volume ever  made:  

 6/h Gpc = 20  billons light-years 

 Second largest number of particles 

 60003  ~  216 billion particles 

 Covers all the universe from z=1 

 N-body simulation CUBEP3M code 

 Use 8000 nodes of Juropa:  

 Node=8 Cpus and 24 Gbytes 

 Each snapshot = 6 Tbytes. 



Collisionless  N-body Simulations 
Single dark matter object formation 

 Via Lactea Aquarius GHALO 

A Milky Way size  Cold Dark Matter halo formation: 

More than a billion particles in one object. 

Detailed study of the phase space of the invisible dark matter 

Amount of substructures surviving in the formation process of  

But… 

  Highly unrealistic because there is no   visible matter in these simulations. 
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Grand Challenges in 

Computational Cosmology  
  

• Most of the information from the Universe comes from the 
tiny fraction of  normal matter: baryons 

– Galaxies detected  from light coming from the stars inside. 

– Gas in galaxy clusters is detected by X-ray emission. 

– Intergalactic gas is measured from features in light from QSO 

 

• Realistic simulations would require inclusion of 

dissipational  component: gas  

– Gasdynamical 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  

• Galaxy formation does not involve only gravity 
and gasdynamics : 
–  but  more complex physics: 

• Cooling, heating, star formation,  supernova explosions,feedbacks,. 

 

• Extreme Computing intensive simulations  
• Larger scale range in density, space and time 

• Strong  time  constrains due to cooling and star formation. 

• Huge Problems with  scaling  and load/balancing  in MPI. 
– E.g. GADGET scales well only for  few dozens of processors. 

• OpenMP or MPI+OpenMP codes can perform better 

 

• More information to store and  post-process. 



Grand Challenges in 

Computational Cosmology  
 

Simulating the structure formation in the Universe is 
one of the most  complex computational problems 
that  exceeds the technical and human capacity  

of  an  individual  research  group: 

 

As in observational astronomy: (e.g. ESO ) 

 
– Need  to establish large international collaborations to join 

efforts. 
• One example is the VIRGO collaboration: (UK, Germany, US, Canada) 

• Or the HORIZON  Project  (France) 

 



The MareNostrum 

 Numerical Cosmology Project  

 

• International collaboration to take advantage of the 
uprecedented computing power of  MareNostrum  to  create: 

 Grand  Challenge Cosmological  Simulations   

•  Different scales and physics: 

– Large Scale Structure (adiabatic physics) 

• X-ray Clusters. SZ effect, baryon distribution at Large Scales 

– Galaxy formation: (including star formation) 

• High redshift objects 

• Faint  objects in different environments 

– Our  Local Universe (DECI) 
• Simulate our local neighbourhood: 

– The Local Group + Local Supercluster 



People behind 

•Stefan Gottlöber 

•Arman Khalatyan 

•Christian Wagner 

•J. Forero 

•N. Libeskind 

 

•Gustavo Yepes 

•Raúl Sevilla 

•Luis Martínez 

•F.  Sembolini 

•A. Knebe 

•S. Knollmann 

•A. di Cintio 

•E. Carlesi 

•J. Vega 

•Collaborators 

•Andrey Kravtsov (Chigago) 

•Anatoly Klypin (NMSU) 

•Matthias Hoëft (IU) 

•Yehuda Hoffman (HU) 

•Massimo Meneghetti (ITA) 

•Andreas Faltenbacher (USC) 

•Viktor Turchanikov (IAM) 

•Fernando Atrio (USAL) 

•Manolis Plionis (NOA) 

•Oliver Zhan (CfA) 

•F. Prada (IAA) 

•… 



 Computational Resources 

Barcelona Madrid 

Jülich LRZ 
Munich 

http://www.cesga.es/ga/default.html
http://www.cesga.es/ga/default.html


Computational Resources 

DECI PROJECTS: 

 SIMU-LU (2006)        SIMUGAL-LU (2008) 

106 CPUH                          106 CPUH 

Barcelona 

Jülich Munich 



CURIE: 1.6 PFLOPS 

•Most powerful supercomputer in Europe 

 

•2011.  5,000,000 CPU hours project  grant 



The MareNostrum Universe 

TREEPM+SPH simulation 

 LCDM model (WMAP1) 

• 500/h Mpc3 volume 

• GADGET 2 code  (Springel 2005)  

• Adiabatic SPH+TREEPM Nbody 
– 10243 FFT for the PM force. 

– 15 kpc force resolution. 

• 2x10243 dark and sph particles 
– 109.33 partículas 

– 8x109 M


  dark matter 

– 109 M


 for gas particles 

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

• Simulation done at MareNostrum 
– 512 processors (1/20th  total power) 

– 1Tbyte ram 

– 500 wallclock hrs (29 cpu years) 

– Output: 8600 Gbytes of data.  

– Same computing power than the Millenium 
Run. 



Clusters of galaxies 

Most massive cluster: 

 



THE   MUSIC   PROJECT 

Compile an extended sample of high-resolution radiative 

gasdynamical resimulations of  clusters: 

http://music.multidark.org 

Two selection criteria: 

Based on the dynamical state: 

Bullets vs. Relaxed cluster ( from MN simulation) 

A complete  volume  limited sample: 

Selection  of all clusters above a given mass cutoff.  

Extracted from large N-body volumes: MULTIDARK 

simulation.     

55 

http://music.multidark.org/


MUSIC  CLUSTERS   

 
•The 

• We selected all the cluster-size  halos 
more  massive than  M> 1015 h-1 Msun 
(282) at z=0 



•MUSIC-1:  Resimulated  Marenostrum   

•bullets and relaxed cluster samples 

• 164 selected clusters resimulated using  TreePM_SPH GADGET code. 

• 8 times  more  particles (mDM=1.03 x 109 h-1 Msun and  mgas=1.82 x 108 h-1 
Msun)  than original MNU simulation. 

• radiative  physics (i.e cooling , UV photoionization, star formation and 
SN thermal and kinetic feedbacks in form of galactic winds) 

•  The most massive clusters of the dataset (2·1015 h-1 Msun:  6 million 
particles (DM+gas+stars) 

•  The less massive (1014 h-1 Msun) about 1 million particles 

•  The gravitational smoothing  was set to an effective Plummer e=6 h-1 
kpc. 

•top : bullet-like resimulated clusters  bottom: relaxed resimulated clusters 



The MareNostrum  

GALAXY  FORMATION SIMULATION 

  •Gasdynamics and N-body with 2 billion particles 

           +  

•Detailed  modelling  of  baryonic  physics.  

• To study in detail the galaxy formation process we need to account at least for 

• Radiative  and Compton cooling 

• UV-photoionization  

• Multiphase  ISM. 

• Star Formation. 

• Star-Gas backreactions. 

• Use Springel-Hernquist (2003) implementation of  multiphase  SPH modeling  in 

GADGET-2. 



 z = 5.6 

31’ field of view 

• MareNostrum galaxy formation simulation 

• Box  50/h Mpc 

• 2x 109 gas+dark 

• LCDM model 

• Mgas=1.4 x106 Msun 

• Mdark=107 Msun. 

• Mhalos > 109 Msun 

• Gas density 
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• MareNostrum galaxy formation simulation 

• Box  50/h Mpc 

• 2x 109 gas+dark 

• LCDM model 

• Mgas=1.4 x106 Msun 

• Mdark=107 Msun. 

• Mhalos > 109 Msun 

 

• Mass Function 

 z = 11.2 
 z = 7.3 



 z = 5.6 

• MareNostrum galaxy formation simulation 

 
Fraction  stars = 0.74% 

Comoving Luminosity density: 

rU = 7.6x107 Lsun/Mpc3 

rB = 1.3x108 

rR =  1.0x108 

r I  =  7.2x107 

rK  = 2x107  

 

   

     

 

• Box  50/h Mpc 

• 2x 109 gas+dark 

• LCDM model 

• Mgas=1.4 x106 Msun 

• Mdark=8x106 Msun. 

• Mhalos > 109 Msun 

• Star density 



CODE COMPARISON 
• MNCP GADGET (SPH) 

• 800 processors of MN 

• Resolution: 500 pc. 

• 400  YEARS of  CPU 

• http://astro.ft.uam.es/marenostrum 

HORIZON -RAMSES (AMR) 
More than 2000 processors 

Resolution: 2 kpc 

150 YEARS CPU 

http://www.projet-horizon.fr 



Towards Petaflop scaling  
New algorithms for efficient domain decompositon in 3D: 

 Need to distribute particles that are  closed in space  between processors. 

 Keeping a good load/balance   

•Space filling curves in 3d 

•Better scaling 
with number  of 
processors  when  
improved domain 
decomposition 
algorithms  are 
used 



Adaptive multi-mass  to 
achieve  high resolution: 

Re-Simulated areas from  large 
computational boxes by 
resampling particles of 
increasing  mass away from 
the refined region: 

Original initial conditions up to 
40963 particles in a  big  box. 

  Trace back particles of selected 
objects to identify region to  be 
resimulated with very high 
resolution  
Very easy way of parallelization. 



COSMIC VOIDS: 

 
Effective simulations  of 20483 

particles in the resimulated area 

11.5 million total particles 

4.5 million gas 

4.5 million high-res dark 



GALAXY GROUPS: 

 
Effective simulations  of 10243 

particles in the resimulated area 

6 million total particles 

3 million gas 

3  million high-res dark 



GALAXY CLUSTERS 

 



DISK GALAXIES 



Simulating the Local Universe  
•Our Local  neighborhood  is the most  
well  know piece of the universe . 
Thus, an ideal place to  test models  
against observations. 

•But it is not a representative  volume 
of the universe. It is dominated by 
large mass concentrations  Virgo, 
Local Supercluster, Coma, G.A). 

•Cosmic variance has to be beaten 
when  doing Near field cosmology   



 

 

http: //www.clues-project.org 

 

 

 



Constrained Simulations of the 

Local Universe 

  The perfect tool to study  the formation of 

individual objects,  that look like those close to  us,    

starting from cosmological initial conditions and 

in a realistic  environment.  

– Eg. Virgo, Coma,   the Local filament .. or the Local 

Group. 

 

• An excellent laboratory to investigate  how dark 

matter is distributed  and structured in a similar 

environment  than our own galaxy.   



Observational Constrains 

• Mass and velocity constrains 

 

•Masses of nearby X-ray clusters 

•Reiprich & Bohringer 2002 

 

• Peculiar  Velocities taken from 

•MARK3, SBF (large scale) 

• (YH, Klypin,Gottlober,Kravtsov ,2002) 

+ 
•Karantchenstev et al. ( LG) 

 

•Cosmological Model: 

• WMAP3 parameters 



Simulated Volumes 

•Box 160/h  Mpc: 

•CS: 2563 density field 
•COMA, LSC, PP, GA, Virgo 

 

•Resimulated box with much 
higher resolution: 

•Make random realization of  LCDM 
P(K)  in a  40963 mesh.   

•Substitute fourier modes 
corresponding to those from the 
2563 CR. 

•Apply Zeldovich approx to find 
displacement fields 

•Fill box with  arbitrary number of 
particles up to the  40963  

maximum. 

 

 
  

COMA 

P-P 
G.A. 

LSC 



Simulated Volumes 

•Box 160/h  Mpc: 

•CS: 2563 density field 
•COMA, LSC, PP, GA, Virgo 

 

• Our biggest runs: 

 

• 10243 particles filling  the box 

•1.2 kpc, 2.5x108 Msun 

•Resimulated area  around LSC 

•40963 particles (4x106  Mʘ),  

•300 pc resolution. 

•300 million particles total. 

•ART N-body code. 

 

  

COMA 

P-P 
G.A. 

LSC 



DECI  SIMU-LU 

Simulating  the Local Universe 
Simulations including observational constrains 
in the initial conditions from  the distribution of  
galaxies  in our neighbourhood (R <100Mpc) 
can reproduce the  mass  structures observed 
around us 

300 kpc 

•250K Msun: 

•40963  effective 
particles 

• ~ 7x1010 in 
whole box. Only 
60 million  with 
zoomed simu. 

 



Galaxy formation in the LG 

• Overall, the Local Group object found in the 

constrained simulation looks quite  realistic 

– Environment, internal dynamics, halo structures 

• It can be used as a cosmological lab for galaxy 

formation to test different modeling of the 

various baryonic processes: (“gastrophysics”) 

and compare results with observations: 

  Disk structure, Star formation history, HI and 

metal distributions, Local UV sources, surviving 

satellites… 



CLUES   GAS  SIMULATION 

Gastrophysical  simulation  of  
the WMAP3  LG: 
 

  High resolution run with 40963 

mass refinement. 

• 100 pc smoothing,  

•  34,000 Mʘ  SPH particle. 

• 17,000 Mʘ  STAR particle 

 SPH simulation using GADGET2 

 UV standard photoionization 
scheme H&M 

 Multiphase medium + winds  
S&H 2003. 

 Bruzual & Charlot 2003 SPSM. 

 Primordial composition cooling. 



CLUES  GAS  SIMULATIONS 

Andro

meda 

Milky 

Way 

M33 

Gastrophysical  simulation  of  
the WMAP3  LG: 
 

  High resolution run with 40963 

mass refinement. 

• 100 pc smoothing,  

•  34,000 Mʘ  SPH particle. 

• 17,000 Mʘ  STAR particle 

 SPH simulation using GADGET2 

 UV standard photoionization 
scheme H&M 

 Multiphase medium + winds  
S&H 2003. 

 Bruzual & Charlot 2003 SPSM. 

 Primordial composition cooling. 



EL GRUPO LOCAL: 

LABORATORIO DE MATERIA OSCURA 



CDM Has a Missing Satellite Problem 

•Springel et al. 2001 

•CDM predicts large 
numbers of subhalos 
(~100-1000 for a Milky 
Way-sized galaxy) 

•Milky Way only has 23 
known satellites 

•What happened to the 
rest of them? 
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CDM Has a Missing Satellite Problem 



• Two basic sets of possible solutions: 

 
 Modifications to CDM 

• What modifications?  Power spectrum, DM particle 

mass/decay/interaction cross-section? 

 

 Astrophysics prevents stars from forming in 

most low-mass halos 

• What astrophysics?  Reionization, feedback, 

winds? 

 

What Does This Problem Tell Us? 



NATURE OF THE DARK MATTER 

Cold DM  vs  Warm DM  

•Mwdm=3 keV 

•Mwdm=2 keV 

•Mwdm=1 keV 

 

•WDM particles: 

•Mwdm = 3keV – 1 keV 

 

•Comparison with LCDM:  

•density profiles 

•substructure mass 
functions 

•  

 

 



MILKY WAY IN CDM vs WDM  



SUMARIO 
• La Creación de Universos Virtuales realistas en una de las 

herramientas fundamentales   para considerar a la Astrofísica y la 
Cosmología  como  verdaderas   ciencias   experimentales: 

– Es el laboratorio natural donde  hacer experimentos  con las componentes del universo y sus 
interacciones  físicas. 

– Nos permite adentrarnos en épocas todavía  no accesibles a la observación y predecir que podemos 
esperar ver. 

 

• Las simulaciones cosmológicas son uno de los desafíos computacionales 
más importantes.  Debido a  que la gravedad es una fuerza no 
saturante, es muy difícil  derivar  algoritmos  capaces de distribuir  los 
elementos computacionales  que describen los distintos fluidos de 
forma eficiente entre miles o decenas de miles de procesadores  

– Es necesario realizar un trabajo de desarrollo de códigos paralelos considerable.  

– El paralelismo en este campo está en sus comienzos, menos de 10 años de vida… 

– Grid  super-computing puede ayudar a  resolver el problema.. 

–   

• The MareNostrum Numerical Cosmology Project,   pretende   unir 
esfuerzos  a nivel internacional para abordar problemas  de grand 
challenge  que necesitan de capacidades computacionales extremas  y 
de recursos humanos suficientes para el análisis de los datos 
numéricos. 

 



 

GRACIAS POR SU ATENCIÓN 

http://www.clues-project.org 

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

gustavo.yepes@uam.es 
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