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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

tiny fraction’
of a second

380,000
years

billion
years
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Heavy Elements:
€=0.0003

Neutrinos (v):
Q=0.0047

Cold Dark Matter:

-0.25

Dark Energy (A):
0Q=0.70
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Physical Processes in Cosmological Simulations

equations that govern evolution
a Gravity is the king

gravity is by far the strongest force on the large

scales. gravitational interactions are modelled using
Newfon's laws

a Other forces may need to be
included depending on the
composition of the Universe and
scales considered
ordinary matter, the baryons, experiences pressure
forces if compressed to sufficiently high densities.

these "hydrodynamic” forces are included in
simulations that include baryons

d The equations are solved in
expanding system of coordinates
(because Universe expands)
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Computational Resources

@ Gravity:
4 N-body method (O(N?))
+« New algorithms (tree, pm, etc) can scaleas O (N log N)
MPI implementations of N-body algorithms using domain decomposition

Cold matter fluctuations have contribution at all scales:
# Need to resolve many scale lenghts simultaneously,
# N> 10" particles
# RAM Memory > 10 Thytes
# Large number of processors.> 5,000

@ Gasdynamics
« 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
4 Huge datasets generated (4 dimensional problem) d
4+ Need of access to large storage systems. TR
+ Parallel codes for visualization of billions of computational elements. F et

e ey S N
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@UM)C The Millennium simulation

niversity of Durham

Cosmological N-body simulation

¢ 10 billion particles
¢ 500 h"* Mpc box
om,=8x10°h" M,

UK, Germany, Canada, US
collaboration *Q =1;Q,=0.25; Q ,=0.045; h=0.73;

IBM Regatta p690+ cluster n=1; 05=0.9

512 Power4 processors

-1 Thyte RAM ¢ 20 %108 gals brighter than LMC

«500 wall clock hours Carried out at Garching using L-

«300,000 HOURS CPU V. Spri |
Pictures and movies available at: GadQEt hy : prmge

www.durham.ac.uk/virgo (27 Tbytes of data)
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Grand Challenges In
Computational Cosmology

« Most of the information from the Univer se comes from the
tiny fraction of normal matter: baryons
— Galaxiesdetected from light coming from the starsinside.
— Gasin galaxy clustersis detected by X-ray emission.
— Intergalactic gasis measured from featuresin light from QSO

 Realistic simulations would require incluson of

dissipantional component: gas

— Gasdynamical simulations in dark matter dominated models need
more than an larger computational
resour ces than pure N-body
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Grand Challenges In
Computational Cosmology

e Galaxy formation does not involve only gravity
and gasdynamics.
— but more complex physics:
» Cooling, heating, star formation, supernova explos ons,feedbacks,.

e Extreme Computing intensive simulations
o Larger scale range in density, space and time
e Strong time constrains due to cooling and star formation.

» Huge Problemswith scaling and load/balancing in MPI.
— E.g. GADGET scales well only for few dozens of processors.
e OpenMP or MPI+OpenM P codes can perform better

e Moreinformation to storeand post-process.
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Grand Challenges In
Computational Cosmology

o Multi-billion particle ssmulationswith N-body and
gasdynamicsin large volumes
— X-ray Galaxy clusters distributions
— The problem of missing baryons.
— Baryonic oscillations in the galaxy clustering

e Galaxy formation smulations:
— First objects formed in early times
— Distribution of primeaval galaxies
— The smallest visible galaxies and the small scale structure
problem
e Tool tounderstand future observationswith next
gener ation telescopes.
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Grand Challenges In
Computational Cosmology

Simulating the formation of structurein the Universe

isone of themost complex computational problems

that exceeds the technical and human capacity of a
single research group:

Asin observational astronomy:

— Need to establish large international collaborationsto join
efforts.

One example is the VIRGO collaboration:
(UK, Germany, US, Canada)
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 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)
o X-ray Clusters. &Z effect, baryon distribution at Large Scales

— Galaxy formation: (including star formatlon)
» High redshift objects
o Faint objectsin different environments

— Our Local Unlverse(DECI)

« Smulate our local neighbourhood:
— The Local Group + Local Supercluster

e T h e M are N 0S t rum UNIVERSIDAD M Tuw %O*
Numerical Cosmology Project
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MNCP
Computatlonal Resources
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L CDM model (WMAPL)
500/h Mpc2 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

— 10°% particulas

— 8x10°M_ dark matter

— 10°M, for gas particles
1 million dark halos bigger than

a typical galaxy (102 Mo)
Simulation done at MareNostrum

— 512 processors (1/20th total power)

— 1Tbyte ram

— 500 wallclock hrs (29 cpu years)

— Output: 8600 Ghytes of data.

— Same computing power than the Millenium
Run.
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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 ﬁn 3d

j T Domains are obtained by cutting the

Peano-Hilbert curve info segments

*Better scaling Still a long way to
with number of achieve proper
processors when scaling in tens of
i el SIEE 1T L a2 thousands of

gecgr?@ﬁﬁ,s;“;’r'; procesors of future
us%d PFLOP machines..

relative speedup

number of CPUs
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Some results from MN
Universe SPH simulation

Why we need these big ssmulations
with gas?
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Large simulated catalogue of objects

1 TTTT

10

_ _ _ . 5heth—Termsan
3647264 objects

4063 clusters with M > 1014 h-1 Msun

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

506000 objects with M > 1012 h-1 Msun

More than 1 million objects with more than 100 particles
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Shape of mass distributions

Shape of dark matter halos at Shape of the corresponding gas
Virial overdensity distribution in same halos
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Evolution of baryon phases
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