
Hubble’s original 1929 diagram

Distances determined using stars of known luminosity, including Cepheids 
Note: velocity units should km/s



<- due to mis-calibrations in 
cosmic distance ladder

Measurements of the Hubble constant versus time



The standard ΛCDM cosmological model

Planck 2013

Ωtot = 1

ΩDM = 0.27

Ωb = 0.05

ΩΛ = 0.68

Ωx ≡ ρx
ρcrit

to close universe
ρcr i t = critical density

In general:

Our Universe:

ΩM = ΩDM + Ωb = 0.32









The CMB is uniform to 1 part in ~105

~density fluctuations at z~1,100



100 Mpc

Sloan Digital Sky Survey 
galaxy distribution

Update from Baryonic Oscillation
Spectroscopy Survey

“Fingers" =  
artifacts of sky coverage

Galaxies map the late time distribution of matter



Introduction

Description of the method
MUSIC (MUlti-Scale Initial Conditions) generates cosmological initial conditions for a hierarchical set of nested regions. 

A detailed description of the method can be found in the code paper Hahn&Abel (2011), http://arxiv.org/abs/1103.6031. 

We kindly refer the reader to that paper for all technical aspects as well as performance and validation of the code.

Cookbook for setting up a zoom simulation with MUSIC
The procedure for setting up a zoom simulation follows typically the procedure of 4 steps, given below. Note that 

resolution levels in MUSIC are specified by their linear power-2 exponent, i.e. a resolution of 1283 cells or particles 

corresponds to level 7 (log2 128=7). We use the term “lower” for levels synonymously with “coarser” and “higher” with 

“finer”.

Run a unigrid dark matter-only pre-flight simulation

In order to set up unigrid initial conditions with MUSIC, select first the desired resolution for this pre-flight simulation. 

Assume we want to run a 1283 simulation, the coarse grid level has to be set to log2 128=7. Since we want to run a 

unigrid simulation, both levelmin and levelmax in section [setup] should be set to 7. Also the coarse grid seed 

needs to be chosen now and must not be changed afterwards. To do this, we set seed[7] in section [random] to the 

desired random seed. This seed determines the large scale structure and we will only add subgrid noise when performing 

refinement later. Now, set the box size, starting redshift, all the cosmological parameters and the input transfer function in 

the respective sections. Finally, select the output plugin in section [output] for the code with which you wish to 

perform this pre-flight simulation. Finally run MUSIC with the configuration file that contains all your settings and start your 

simulation. Note that you also have to explicitly specify a redshift at which to generate the initial conditions. 
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Density field in a 100 Mpc/h box with two initial levels of 

refinement generated with MUSIC.

1x 4x

16x64x

Example of an N-body simulation of a deeply nested re-

gion of 6 initial levels generated with MUSIC and evolved 

with Gadget-2 to achieve an effective resolution of 81923 

with 11603 particles in the high-res region.

CMB statistics provide initial conditions 
for structure formation (N-body) simulations

Microwave sky Simulation ICs



Large-scale structure formation in ΛCDM

Density peaks (dark matter halos) are the sites of galaxy 

dark matter

43 Mpc

comoving coords — why doesn’t all the matter collapse at the center?



Dark matter
in Millennium-XXL

simulation 
(Angulo+12)



Galaxies
in Millennium-XXL

simulation 
(Angulo+12)
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Measuring the Universe’s geometry using the CMB


