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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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Planck 2019



Planck 2019

• 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



How did a simple initial state evolve into something so complicated

A problem of  classical physics
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A problem of  classical physics

Vlassov poisson eq
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But how can one even approach the idea of  simulating the entire universe?

First: make some simplifying assumptions

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

Isn’t dark energy complicated?
No it just changes a(t)!



The first paper suggesting simulations of  gravity
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“Initial conditions”

“Gravity solver”



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

Time step should be small

Low acceleration

Time step can be longer

Epsilon – softening
Alpha – “tolerance” parameter













Error is thus a feature of  numerical integration





















The cosmic Chicken



Simulations: how can we use them?

What is the spatial distribution of  
points? Are they clustered?
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Simulations: how can we use them?

What is the spatial distribution of  
points? Are they clustered?

If  they are clustered, are all the 
clusters the same size?

What is the internal structure of  
these clustered things?



The two-point correlation function
ξ(r) measures the "clumpiness" or 
clustering of  objects. 

It quantifies the excess probability of  
finding a pair of  objects at a certain 
separation, compared random 
(uniform)

What is the spatial distribution of  points? 

ξ(r): The 2 point (correlation) function 

𝑑𝑃 = 𝑛2𝑑𝑉1𝑑𝑉2(1 +ξ(r12))

dV1

dV2

r1

r2

r12

ξ(r) is the joint probability of  finding 
a galaxy in two sub-volumes – it 
depends ONLY on separation (due to 
Copernican principle)

𝑑𝑃 = 𝑛2𝑑𝑉1𝑑𝑉2 For random the probabilities are independent 



The two-point correlation function
ξ(r) measures the "clumpiness" or 
clustering of  objects. 
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(uniform)

What is the spatial distribution of  points? 

ξ(r): The 2 point (correlation) function 
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r12

ξ(r) = 0 un correlated
ξ(r) > 0 correlated
ξ(r) < 0 anti correlated
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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



(Press)-Shechter function



What is the distribution in these masses?
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What is the distribution in these masses?







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 2PC 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)



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 10m times the average 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







But where are the galaxies?



But where are the galaxies?



Enormous diversity in the galaxy population



Well known to astronomers for at least a century



The central questions:

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.



The Hierarchal model – Halo 
merger tree



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 2000



The Hierarchal model – Halo merger tree

time

Lacey & Cole 1993 described this 
analytically



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 …



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 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



Basic prediction:

If  objects get 
bigger over time, 
large things are 
(dynamically) 
younger – they 
form later



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



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



R- recycled fraction
ψ – instantaneous SFR
M ’ – cooling rate
Z – metallicity
β, e – Feedback efficiency
p – yield



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 



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



Hydrodynamical simulations



Hydrodynamical simulations

“Resolution element”



Hydrodynamical simulations

“Resolution element”

• Mass, density (dM/dt, d⍴/dt)

• Temperature (heating/cooling)

• Pressure (dP/dt)

• Momentum (dv/dt)



Hydrodynamical simulations

“Resolution element”

• Mass, density (dM/dt, d⍴/dt)

• Temperature (heating/cooling)

• Pressure (dP/dt)

• Momentum (dv/dt)



The Kevin-Helmholtz instability



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



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
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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





Latte simulation ESO-420-G013 (HST)



Mapping the universe -  with redshifts



6df Jones et al 2004

Fingers of  god – distortion in redshift surveys



A summary of  the challenges faced when trying 
to map the Universe

Galaxy bias – light 
doesn’t trace 

matter

“Malmquist bias” – 
you only see the 

brightest galaxies at 
any given distance, 

given your 
telescope sensitivity

Dynamic evolving 
matter field, changed 
by competing forces – 
gravity and expansion

Selection bias and 
obstructions – 
incomplete sky 

coverage, Zone of  
Avoidance, dust, etc

Red shift space 
distortions: ”fingers-

of-god” and the 
Kaiser effect
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Bias – light does not trace density

Red – high mass to light

Green – low mass to light



What does trace the density?

The gravitational velocity – 
mistakenly called the peculiar 

velocity

∇2Φ = 4πGρ

One of  the best examples of  this is the so-called “backside in fall” of  the Virgo cluster



What does trace the density?

The gravitational velocity – 
mistakenly called the peculiar 

velocity

∇2Φ = 4πGρ

One of  the best examples of  this is the so-called “backside in fall” of  the Virgo cluster

Karatchensev et al 2012



cz   = vexp+ vpec

vexp= H0  d

vpec = cz – H0 d

How do you get a peculiar velocity?
Measure the distance + redshift



cz   = vexp+ vpec

vexp= H0  d

vpec = cz – H0 d

Standard candles such as Super Novae, 
TRGB, SBF, Cepheids, etc give distances 

This allows us to separate the peculiar 
velocity from the Hubble expansion

Method  error  distance Common?

SN   1-5%  far  no
TRGB   ~5%  local  yes
SBF   ~5%  local  yes
Scaling relations 10-20% far  yes

How do you get a peculiar velocity?
Measure the distance + redshift







Reconstructing the underlying matter distribution of  the 
Local universe 

Doumler et al 2013

Its all based on the laminar flow, linear relationship between velocity and over-
density



Courtois et al 2013

radial peculiar velocity reconstructed 3D peculiar velocity Corresponding 3D density field

Zaroubi et al 1995

Reconstructing the underlying matter distribution of  the 
Local universe 

In the linear regime there is a very simple relationship between density and 
peculiar velocity



Our starting point is the CF4 set of  50,000 data points, grouped into ~38,000 groups



Peculiar Velocity measurements done by standard candles



3D Flow lines



Density field and super clusters



You are here











Measuring the cosmic velocity field

Duangchan, NL under review

Fixing H0 by requiring no inflow at some distance



Measuring the cosmic velocity field

Duangchan, NL under review



Noam Libeskind “Tracing the Cosmic Web”

The Cosmic Web



The cosmic web is a vast network of  
interconnected filaments, nodes, and 

voids, composed of  dark matter, 
galaxies and gas. 



The cosmic web is a vast network of  
interconnected filaments, nodes, and 

voids, composed of  dark matter, 
galaxies and gas. 



Velocity Shear Tensor

Looking at LSS from the point of  view of  
(peculiar) velocity.

Shear

Compression/exp
ansion

Rotation (vorticity)

Hoffman et al 2012
 Libeskind et al 2012, 2013

Specifically the deformation of  the velocity 
field – shear, compression and rotation:



Symmetric part is the 
“Shear” tensor + 

Divergence
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Symmetric part is the 
“Shear” tensor + 

Divergence



e1 e2 e3

Full (3D) velocity & density field from Wiener filter reconstructions of  
the cosmic flows-2 survey

Axis of  fastest collapse
Sheet normal

Axis of  slowest 
collapse

l1 >  l2 > l3 are the eigenvalues and 
represent the magnitude of  

compression (+) or collapse (-) 



density

Log density Tidal Tensor div . v

Shear



VOID  λth >λ1>λ2>λ3                  
All three eigenvectors of  the shear 
tensor are expanding

SHEET  λ1> λth ; λ2,λ3< λth  
Collapse along one axis (ê1), 
expansion along the two (ê2, ê3) 

FILAMENT λ1, λ2> λth ; λ3< λth    
Collapse along two axes (ê1, ê2), 
expansion along the other (ê3) 

KNOT  λ1>λ2>λ3 >λth
All three eigenvectors of  the shear 
tensor are collapsing



Examine short axis of  a DM halo with 
the shear field

Libeskind et al 2013

The Shear Tensor: Alignment of  halo shape



Libeskind et al 2012

Haloes are aligned with the large scale structure

The Shear Tensor: Alignment of  halo shape



How  do spins align with the cosmic web defined by the shear?

Low mass haloes – spin aligned 
with filament axis: spins wind up 
with filament

High mass haloes have a spin flip  
due to accretion

Aragon-Calvo et al 2007, 2013
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Can we observe spin flip in data? 
Do observations confirm theoretical picture?

Muralichandran , NL in press

Tempel & NL 2013



Conclusions

The universe can be simulated with great success

The universe can be mapped – even if  there are enormous biases and 
errors

The cosmic web is beautiful


