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What is co:

® 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

Redshift z = measure for time and also distances
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Credit: M. Blanton and SDSS



Theory

Composition of the Universe

K energy
< matter

© (Visible) matter

—Structures in the universe are created by inhomogeneities in primeval matter



The

Dark matter

Indirect evidences of the existence of dark matter
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Rotation curve of the Milky Way

Credit: NASA / ESA

Gravitational lensing



Theory

Structure of a Galaxy

2 ANATOMY OF THE MILKY WAY

Bulge

\ Stellar halo

Sun Sun
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P. J. E. Peeb

Observed values wly  DiMpe BT tye
Milky Way 0.01 0.19 £+ 0.02 P K

M31 0.8 0.32 £ 0.02 CK

. NGC4945 3.4 0.073 +£0.012 PK

* D, Mpc = distance of the center of each galaxy from earth  Maftsr 24 1 CK
1C342 34 0.030 +0.001 PK

" Maffei2 35 0.16:0.04 PK
1 M p C CenA 3.6 | CK
. M81 3.6 0.34 + 0.02 CK

e B/T = ratio of bulge plus stellar halo mass over total mass  ncess a7 015 PK
- Circinus 4.2 10.30+0.03 PK

Mé64 44 0.20 CP K

X LA B N B S B S e S S S e e m e L0 : M94 4.4 036+001 PK

o o | Solid line: classical bulge Ms3 49  0074:0016 PK

2~ 2= . NGC6946 62 00240003 PK

10 |- g ® o gu| Dashed line: pseudo bulge NGC3621 66 0.01 PF
50N ) - M101 70  0027+0008 PK

O=RZ - — M96 7.2 0.26 PF
8 = s "E’ 33 NGC2787 7.5 0.39 CP K

& o o 5 cE M106 76 0122002 CK

= =2 = m =0 NGC2683 7.7 005+001 CK

Mé63 79 0.19 PF

8 |- M66 8.3 0.10 PF
|| M51 84  0095:0015 PK
Most of them between: NCG2003 - 85 010 e

r S w om R

O < B/T < 04 NGC6744 9.2 0.15 CF

NGC925 94 0.07 PF

l 1 | M108 9.6 0.21 PF

| I ' | Sombrero 0.8 0.51 CF

NGC3344 9.8 0.08 CF

M105 10. | CF

M95 10. 0.16 PF

M65 10. 0.16 PF




P. J. E. Peebles «

Values predicted by N-body simulations

8
e FIRE-2 and Auriga = two different simulations

e B/T = ratio of bulge plus stellar halo mass

over total mass 6
Most of them between: 4
0.3 < B/T<0.6
2
Signiticant difference between
observations and simulations 0
0 0.2 0.4 0.6 0.8 |

bulges plus stellar halos relative to total



Problem

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

Galaxies bulges are larger in simulations than in observations

l

Our approach: To modity initial conditions in simulations

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



P. J. E. Peebles « Formation of the Large

Gaussianities and non-gaussianities
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P. J. E. Peebles «

Gaussianity and non-gaussianities

Here's a non-gaussian distribution proposed by J. Peebles

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

l

Gaussian part 5G(x) + F (6G(x)2<6é>_1/2 —_ (6%})1/2)
o) = (1 +2F2)1/2
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Simulations

N-body simulations

« Simulation of a dynamical system of particles, usually under the influence of
ohysical forces, such as gravity » (Wikipedia)

NbhBody : 10000
Eps :0.40000
Dt :08.83125
Time 1 337
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Codes used to run simulations

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

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

e vt: Python library to analyze and visualize the data generated by the N-body
(https://yt-project.org/)

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

Simulatio
Results (z = 100)

o0g(x) + F (6G( )2<52)—1/2—(52)1/2
5(x) = G\X (Gx G & )

(1+2F2)1/2

F=0 — Gaussian
repartition of particles

Some differences are visible:

e very small =~ 0.6 x 107!

* responsible for the creation
of galaxies and other
structures

13.4x 1071

3.2 x10°!

code length?®

code mass

Density (

2.8 x10°!

~15 —10  -05 0.0 0.5 1.0 1.5
y (Gpe)

Box size: 4 Gpc
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Simulati
Results (z = 100)

66(x) + F (6(x)2(63)1/2 - (62)1/2)

o) = (1+ 2F2)1/2

F=0.5 — Non-gaussian
repartition of particles

Some differences are visible:

e very small =~ 0.7 x 107}

e responsible for the creation
of galaxies and other
structures

15 -10  —-05 00 05 1.0 15
y (Gpe)

Box size: 4 Gpc
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Simulation:
Results (z = 0)

66(x) + F (da(x)2(63)~1/2 - (s2)1/2)

ox) = (1+2F2)1/2

F=0 — Gaussian
repartition of particles

Big structures visible:

e density range ~ 10

e filaments and nodes

-15  —=10 —05 0.0 0.5 1.0 1.5
y (Gpc)

Box size: 4 Gpc
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Simulation:
Results (z = 0)

66(x) + F (d(x)2(63)~1/2 - (s2)1/2)
(1+2F2)1/2

o(x) =

F=0.5 — Non-gaussian
repartition of particles

Big structures visible:
- 10
e density range ~ 10

e filaments and nodes

1077

—1.5 -1.0 —0.5 0.0 0.5 1.0 1.5

(Gpe)
Very hard to see and evaluate the .

difference Box size: 4 Gpc
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Sim

Results
f m F=0.5
107 - =0
High F tends to create: 10° ;
, , 10° 3 R
e more low density regions
104 o
e more high density regions o]
102
101
— decrease the number of
d' d . . 100 ’ T T T T
« medium daensity » regions 10-6 10-4 10-2 100
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Simulati

Results

(2) | F=0.5

High F tends to create:

e more low density regions (1)

e « medium density » regions decrease (2)

e more high density regions (3)

10-° 1074 102 109
density
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Conclusion




Start statement:

Galaxies bulges are larger in simulations than in observations

l

ldea:

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)

21

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




1. P.J. E. Peebles, « Formation of the Large Nearby Galaxies » (arxiv:
2005.07588), 2020

2. D.Aubert, « Cosmologie physique », Ellipses, 2019
3. M. Lachieze-Rey, « Initiation a la cosmologie », Dunod, 2013
4. G. Calcagni, « Classical and Quantum Cosmology », Springer, 2017

5. J.Binney & S. Tremaine, « Galactic Dynamics », Princeton University Press,

2008

22






Scale factor

® The metric in Special Relativity

ds® = c*dt* — dr?
® The metric in cosmology, where K is the curvature of space

ds® = cdt* — dr?

Hd
I alt)dry
\/I—Krg

s
=




Redshift

Spectral displacement due to the expansion of the Universe




Scale factor

® a(t) - How the distances evolves
® Today (t =1y, a(ty) =1
(proper distance) = a(t) X (comoving distance)

® a(?) is linked to the redshift z by the tormula:

|
a(t) =
|



Friedmann equations

Friedmann’s equations describe the evolution of the universe (and so a(t))
depending on its components (Dark energy, dark matter, baryons,...)

) ) Y

( Sl Kc Ac
H*HO=[(—] = - +

0 (a) . D). —+

2
a 4G 3P, Ac?
(a) 3 (Zpl c? ) 3
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Friedmann equations

In our case, we consider a universe only made of dark matter,so A =0 and P, =0,

and assume that the Universe is tlat: K = 0 (in agreement with observations)

, i\” 872G
H*(t)=|—| = Pom(t)

a 3

a\° 42G
<—> = 3 Ppom(D)
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Sim

N-body simulations

29 Credit: Dominique Aubert



