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• Cosmology is the study of the universe at 
very large scales ~ 1 - 8000 Mpc 

• At sufficient large scales, the universe is 
statistically homogeneous (the properties 
don’t depend on the spatial location) and 
isotropic (the properties don’t depend on 
the direction)  Cosmological principle→

What is cosmology ?
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Credit: M. Blanton and SDSS

(Redshift  = measure for time and also distances)z



Theory
Composition of the Universe
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Structures in the universe are created by inhomogeneities in primeval matter→



Theory

Gravitational lensingRotation curve of the Milky Way 

Dark matter
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Indirect evidences of the existence of dark matter

Credit: NASA / ESA



Theory
Structure of a Galaxy

6Credit: European Space Agency
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P. J. E. Peebles « Formation of the Large Nearby Galaxies » (2020)

• D, Mpc = distance of the center of each galaxy from earth 
in Mpc 

• B/T = ratio of bulge plus stellar halo mass over total mass

Observed values

Solid line: classical bulge 
Dashed line: pseudo bulge

Most of them between:
0 < B/T < 0.4
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P. J. E. Peebles « Formation of the Large Nearby Galaxies » (2020)
Values predicted by N-body simulations

Most of them between:
0.3 < B/T < 0.6

• FIRE-2 and Auriga = two different simulations 
• B/T = ratio of bulge plus stellar halo mass 

over total mass

Significant difference between 
observations and simulations



Problem
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Galaxies bulges are larger in simulations than in observations

Our approach: To modify initial conditions in simulations

P. J. E. Peebles « Formation of the Large Nearby Galaxies » (2020)

Inhomogeneities in primeval matter are following a gaussian distribution δG(x)

One proposed solution by J. Peebles: To introduce a non-gaussian distribution



10

Gaussianities and non-gaussianities

P. J. E. Peebles « Formation of the Large Nearby Galaxies » (2020)



Gaussianity and non-gaussianities
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 Here’s a non-gaussian distribution proposed by J. Peebles

We use it to modify our initial conditions for different values of F

P. J. E. Peebles « Formation of the Large Nearby Galaxies » (2020)

Gaussian part 

Non-gaussian part



Simulations
N-body simulations
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« Simulation of a dynamical system of particles, usually under the influence of 
physical forces, such as gravity » (Wikipedia)

Position and 
velocity

Force

Density and 
potential

Acceleration

Update



Simulations
Codes used to run simulations

• RELIC Adamek (2110.11249): generate initial conditions (box size, age of 
the universe,…) 

• Gevolution: time evolution of the system through gravitational force and 
universe expansion (https://github.com/TomaMTD/gevolution-1.2) 

• yt: Python library to analyze and visualize the data generated by the N-body 
(https://yt-project.org/)
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The simulations require a lot of computing resources and we run them on the 
Observatory’s HPC (High Perfomance Computers) using up to 300 CPU 
hours.

https://github.com/TomaMTD/gevolution-1.2
https://yt-project.org/


Simulations
Results ( )z = 100
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 Gaussian 
repartition of particles
F = 0 →

Some differences are visible: 

• very small  

• responsible for the creation 
of galaxies and other 
structures

≈ 0.6 × 10−1

Box size: 4 Gpc



Simulations
Results ( )z = 100
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 Non-gaussian 
repartition of particles

F = 0.5 →

Some differences are visible: 

• very small  

• responsible for the creation 
of galaxies and other 
structures

≈ 0.7 × 10−1

Box size: 4 Gpc



Simulations
Results ( )z = 0
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Big structures visible: 

• density range  

• filaments and nodes

∼ 1010

 Gaussian 
repartition of particles
F = 0 →

Box size: 4 Gpc



Simulations
Results ( )z = 0
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 Non-gaussian 
repartition of particles

F = 0.5 →

Big structures visible: 

• density range  

• filaments and nodes

∼ 1010

Very hard to see and evaluate the 
difference Box size: 4 Gpc



Simulations
Results

High  tends to create: 

• more low density regions 

• more high density regions

F
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 decrease the number of 
« medium density » regions
→



Simulations
Results

High  tends to create: 

• more low density regions (1) 

• « medium density » regions decrease (2) 

• more high density regions (3)

F
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(1)

(2)

(3)



Conclusion
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Start statement:  

Galaxies bulges are larger in simulations than in observations

Idea:  

Galaxies need a emptier 
environment to grow as we observe 
them

Simulation are made in majority with 
Gaussian condition

Background measurement are in 
agreement with gaussianity and 
small non-gaussianity (CMB)

Answer:  

Increase the non-gaussianity factor 
at big scale, actually creates more 
high/low density regions

Prospect:  

Increase the number of particles 
(increase the resolution)

Lower the size of the box to see a 
galaxy creation
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Backups
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Theory
Scale factor
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• The metric in Special Relativity 

• The metric in cosmology, where  is the curvature of spaceK

ds2 = c2dt2 − dr2

dr =
a(t)dr0

1 − Kr2
0

ds2 = c2dt2 − dr2
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Theory
Redshift
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z =
λobs − λ0

λ0

Spectral displacement due to the expansion of the Universe



Theory
Scale factor
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• How the distances evolves  

• Today  

•  is linked to the redshift  by the formula:

a(t) →

(t = t0), a(t0) = 1

a(t) z

(proper distance) = a(t) × (comoving distance)

a(t) =
1

1 + z



Theory
Friedmann equations
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Friedmann’s equations describe the evolution of the universe (and so ) 
depending on its components (Dark energy, dark matter, baryons,…)

a(t)

H2 (t) = (
··a
a )

2

=
8πG

3 ∑ ρi −
Kc2

a3
+

Λc2

3

(
·a
a )

2

=
4πG

3 (∑ ρi −
3Pi

c2 ) +
Λc2

3



Theory
Friedmann equations
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In our case, we consider a universe only made of dark matter, so  and , 
and assume that the Universe is flat:  (in agreement with observations) 

Λ = 0 Pi = 0
K = 0

H2 (t) = (
··a
a )

2

=
8πG

3
ρDM(t)

(
·a
a )

2

=
4πG

3
ρDM(t)

⇒



Simulations
N-body simulations

29 Credit: Dominique Aubert


