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de Lapparent, Geller, Huchra (1986)
Smithsonian Astronomical Observatory

1100 galaxies in a wedge,
6 degrees wide and 110 degrees long

The first slice in the CfA redshift survey



Sloan Digital Sky Survey (SDSS) telescope at Apache Point, New Mexico

Image Credit: Fermilab Visual Services



Current galaxy redshift surveys map the Universe with
several hundred thousand galaxies

 





The initial conditions for cosmic structure formation are directly observable
 

THE MICROWAVE SKY 

WMAP Science Team (2003, 2006, 2008, 2010)



The most important cosmological parameters are well constrained
WMAP-5 CONSTRAINTS, INLCUDING TYPE-IA AND BAO DATA

Constraints on dark energy equation of state: 
(95% CF, 
assuming a 
constant w)Komatsu et al. (2008)

Minimal, 6-parameter ΛCDM model is a great fit
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Currently the fastest supercomputers carry out up to ~1 petaflop, which 
are one thousand billion floating point operations per second
 

HLRB-II  IN GARCHING



~ 13 billion 
years



Gravitation
General theory of relativity 
(Newtonian approximation in 
an expanding space-time )

3N coupled, non-linear differential 
equations of second order

N ist very large
All equations are coupled 
with each other

Problems:

Friedmann-Lemaitre model

Monte-Carlo integration as 
N-body System

Hamiltonian dynamics in expanding space-time

Dark matter is collisionless

Collisionless Boltzmann equation with self-gravity

The basic dynamics of structure formation in the dark matter
BASIC EQUATIONS AND THEIR DISCRETIZATION



'Millennium' simulation
Springel et al. (2005)

CDM

10.077.696.000 particles
m=8.6 x 108  M⊙/h



The result of this simulation is a list with 60 billion numbers*
PHASE-SPACE COORDINATES OF PARTICLES

x y z vx vy vz

* all outputs together contain ~5000 billion numbers uncovering the patterns of nature from this 
data volume requires substantial effort



The first article about the 
Millennium Simulation made 
it on the title page of Nature
 

COMPUTATIONAL PHYSICS PLAYS 
AN INCREASINGLY IMPORTANT 
ROLE IN ASTRONOMY



Theoretical models for the distribution of galaxies can be 
obtained either through semi-analytic models or 
hydrodynamical simulations

Crucial for:

Constraining galaxy formation theory

Understanding systematics in galaxy 
surveys

Tests of the cosmological paradigm

Forecasts for future surveys and the 
cosmological constraints they may yield

Example for the galaxy distribution 
obtained from a semi-analytic model



Hydrodynamical simulations directly predict galaxy formation 

 

Springel & Hernquist (2003)

GIMIC Project, Theuns et al. (2009)



Simulated and 
observed large-
scale structure 
in the galaxy 
distribution
 

MOCK PIE 
DIAGRAMS 
COMPARED TO 
SDSS, 2DFGRS, 
AND CFA-2 

Springel et al. (2006)



The two-point correlation function of galaxies is a very good power law
 

GALAXY TWO-POINT FUNCTION COMPARED WITH THE 2dFGRS




