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The (hot) big bang model



Penzias & Wilson’s Horn Antenna
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The Universe today is not simple – its quite complex



How did small scale 
inhomogeneities 

arise from a 
homogenous start 

Where did the richness structure of  the 
cosmic web come from?
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Prognoz -9, launched in 1983



Prognoz -9, launched in 1983



Angular resolution: 6 deg
Temperature resolution: 0.6mK

Frequency: 37GHz

Prognoz -9, launched in 1983
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! Very simple: Universe was born 13.7 bn years ago, possibly in a 
singularity

! It was hot

! Matter and radiation were smoothly distributed

! It was very smooth but not perfectly smooth – some inhomogeneities: 
the initial conditions of  structure formation

The Cosmic Microwave Background
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A problem of  classical physics

Vlassov poisson eq
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First: make some simplifying assumptions

Isn’t dark matter complicated?
No its just gravitating !



But how can one simulate gravity??
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“Initial conditions”

“Gravity solver”



Light “dilution” is the same as gravity ie  ~ r^-2







N-1



(N-1)+(N-1) + ….





















The cosmic Chicken
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What is the distribution of  these masses?

”Friends-of-friends” grouping: 
Group together all particles that obey

b=0.2 ! isodensities~200 mean
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But how can one even approach the idea of  simulating the entire universe?

First: make some simplifying assumptions

1. Everything just gravitates
2. N-body simulations can model this
3. Identify halos (FOF)

a) Spatial distributions of  haloes matches the 2PCR of  galaxies
b) Abundance of  haloes of  a given mass depends on power spectrum of  

fluctuation
c) Prediction for the density profile is universal (depends only on the 

gaussian nature of  the initial perturbations)
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But how can one even approach the idea of  simulating the entire universe?

First: make some simplifying assumptions

Second: use a huge computer







Large N-body cosmological simulations



Large N-body cosmological simulations

High clustered, structured distribution: In the 
center the density is 1e7 times the 

background in the voids its 0.1 times the 
mean



Large N-body cosmological simulations

We can use these simulations to 
examine basic aspects of  the 

“collapsed” objects

Abundance of  haloes as a function 
of  mass and time

Spatial distribution

Internal structure (density prof)

Sub structure

Merger rates as function of  mass and 
time

Formation epochs

Formation histories



Voids in voids in voids

Wang et al
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But where are the galaxies?



Enormous diversity in the galaxy population



Well known to astronomers for at least a century
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The central questions of  cosmology:

Given the initial conditions from the CMB, 
how did structure in the universe form? 



The central questions of  cosmology:

Given the initial conditions from the CMB, 
how did structure in the universe form? 

The Central question of  galaxy 
formation

How do you turn the halo mass function 
into the galaxy luminosity function?

The central questions:



The central questions of  cosmology:

N- body simulations allow us to trace 
the mass accretion history for each 
object.
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The Hierarchal model – Halo merger tree

LCDM is a model of  mergers

First small things form 
(“dwarfs”) which then merge to 
create larger and larger objects 
(“clusters”) 

Clusters are dynamically 
”young”. (Yet they typically 
have the reddest deadest 
galaxies – cosmic downsizing)Cole et al 200
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The Hierarchal model – Halo merger tree

time

Lacey & Cole 1993 described this 
analytically

Depends on the power spectrum of  
perturbations (of  course!) the matter 
content (Omega), the scale …
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merger trees from the 
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haloes at one snap shot 
(via the identity of  the 
particles in it) to its 
“progenitor” at earlier 
times



The Hierarchal model – Halo merger tree

We can extract the halo 
merger trees from the 
simulations by linking 
haloes at one snap shot 
(via the identity of  the 
particles in it) to its 
“progenitor” at earlier 
times

The mass accretion history 
of  a halo is the 0th order 
progenitor



The Hierarchal model – Halo merger tree

Hierarchical growth – big things form later



Semi-analytical modelling

Assuming a cosmology (power spectrum + parameters), we 
know “everything” namely the halo mass function (at any z) 

and the merger history.

We can “paint” the galaxies into the haloes by making 
physically motivated assumptions about how gas behaves
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Compute expected cooling and star 
formation rates

Make assumptions regarding feedback 
reheating

Make assumptions about how mergers 
turn disks into ellipticals

Compute observables (colors, etc) and 
compare



R- recycled fraction
! – instantaneous SFR
M ’ – cooling rate
Z – metallicity
", e – Feedback efficiency
p – yield
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Fill your DM haloes with gas

Compute expected cooling and star 
formation rates

Make assumptions regarding feedback 
reheating

Make assumptions about how mergers 
turn disks into ellipticals

Compute observables (colors, etc) and 
compare



Semi-analytical modelling versus hydro

Allows all properties of  
the galaxy population at 
any given time to be 
computed 
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Semi-analytical modelling versus hydro

SAMs are powerful ways to test out 
ideas of  galaxy formation – the IMF, 
cooling etc.

Yet they have huge numbers of  
parameter that need to be “fine 
tuned” and which are not necessarily 
physical

+ resolution
+ time steps

They lack spatial information inside 
the halo (substructures or black 
holes)

Cant say much of  the IGM, or 
stripped material, or indeed anything 
outside of  the halo
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Hydrodynamical simulations

Object Scale (m) Scale (Mpc)

Stars 108 10-14

Black hole 1010 10-12

Solar system 1013 10-9

Interstellar distances 1016 10-6

Small galaxies 1020 0.01

Milky Way halo 1021 0.1

Local Group 
distances

1022 1

Cluster 1023 10

Large-scale 
structures

1024 100
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Hydrodynamical simulations

Although Hydro sims can resolve the thermodynamical properties of  the 
gas, they can NOT resolve star formation in cosmological simulations.

Thus we need “sub grid” physics -  an analogous method to SAMs

This star “particle” represents 
a stellar population usually fo
104-106 Solar masses

Just like in SAMs – assume an 
IMF

! Colors
! Which stars 

explode (age)
! Metallicity 

recycled
! Energy 

injected





Hydrodynamical simulations
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Latte simulation ESO-420-G013 (HST)



Latte simulation ESO-420-G013 (HST)





May your codes be bug free!




