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INTRODUCTION : DARK MATTER 
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Observed

Expected

Smolyaninov, Igor. (2020). Oscillating Cosmological Force Modifies Newtonian Dynamics. 
Galaxies. 8. 45. 10.3390/galaxies8020045. 

❖ Dark matter has not been directly observed, only undirect detection from its gravitational effect

❖ Primary observations and works showed that
galaxies would have behaved quite differently if
they did not contain a large amount of unseen
matter

Galaxy rotation curve



INTRODUCTION : PROBLEMATIC

Dark matter plays an important role in structure
formation. The Universe would have been much
« younger » if dark matter would have not formed
early structure for standard matter
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Overzier, Roderik et al. “The Millennium Run Observatory: first light.”
Monthly Notices of the Royal Astronomical Society 428 (2013): 778-803.

70%

25%

5%

Dark energy Dark matter "Ordinary" matter

Current composition 

predicted by ΛCDM

❖ The 𝚲CDM is the current cosmological model

❖ This model gives good explanations for some
properties of the cosmos, but problems
remain like the sub-halos formations



COLD AND WARM DM : FROM RECOMBINATION UP TO NOW
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❖ Just after the Big Bang the Universe was
extremely hot and dense and governed by
radiation until the Recombination

❖ The Recombination occurred 380 000 years
after the Big Bang

❖ Matter agglomerates into different structures
due to the fundamental forces and the
gravitational wells due to DM
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COLD AND WARM DM : DESCRIPTION AND DIFFERENCES

❖ We can imagine different types of dark matter, from
“cold” to “hot”, by changing its possible mass and
momentum

❖ The cold one is heavy and non-relativistic, clumping on
all scale

❖ The warm one is lighter and relativistic, clumping only
on large scales

❖ By changing the type of dark matter, we change the
structure that can be created and so the evolution is
different
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Power spectrum of the density field
for cold and warm dark matter

S
a

fa
rza

d
e

h
, M

o
h

a
m

m
a

d
ta

h
e

r. (2
0

1
8

). P
rim

o
rd

ia
l b

la
c

k
 h

o
le

s a
s se

e
d

s o
f 

m
a

g
n

e
tic

 fie
ld

s in
 th

e
 u

n
ive

rse
. M

o
n

th
ly N

o
tic

e
s o

f th
e

 R
o

ya
l A

stro
n

o
m

ic
a

l 
S

o
c

ie
ty. 4

7
9

. 3
1

5
-3

1
8

. 1
0

.1
0

9
3

/m
n

ra
s/sty1

4
8

6
. 



N-BODY SIMULATION : INITIAL CONDITIONS AND EVOLUTION

monofonIC

❖ Box size

❖ Resolution

❖ Type of dark matter

❖ Initial Time

Initial conditions file

❖ Initial conditions : use the monofonIC code to generate initial conditions (positions and velocities) at a
given initial time

❖ Computation of Universe evolution : use ramses code to solve equations with non-analytical solution
iteratively with the generate initial conditions from recombination up to now (a = 0)

❖ Time step

❖ Gravity treatment

❖ Hydrodynamics

❖ Boundary conditions

ramses
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https://bitbucket.org/ohahn/monofonic/src/master/ https://bitbucket.org/rteyssie/ramses/src/master/
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N-BODY SIMULATION : PARAMETERS OF THE SIMULATIONS

30Mpc

3
0
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p

c

Size of the box

30Mpc = 9.79x107ly = 9.26x1023m

Initial time

time

Big Bang
0yr

Recombination
380 000yr

Start of the 
simulation
16.63Myr

Current time
13.8Gyr

Simulation
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RESULTS : PLOTS ON PLAN (y,z)

CDM WDM



RESULTS : PLOTS ON PLAN (x,y)
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CDM WDM



RESULTS : HALOS DETECTION
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CDM WDM



RESULTS : HALOS DETECTION
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The analysis of halos in the simulation shows that the number of Halos is much higher for CDM at small
scale than WDM



CONCLUSION AND PERSPECTIVES

❖ There is a clear difference of structure formation between CDM and WDM at small scale

❖ WDM could be an interesting alternative to CDM to explain the formation of astronomical
structure

❖ Making other simulation by modifying the different parameters, in particular the factor of
warmness, could lead to very interesting results

❖ Study the results of these n-body simulation in order to build a strong cosmological model based
on CDM or WDM. The next step would be to study the sub-halos
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THE END
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BACKUPS
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𝑎(𝑡) =
1

1 + 𝑧

BACKUP : SCALE FACTOR

The scale factor describe the relative expansion of the universe
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BACKUP : POWER SPECTRUM

❖ The power spectrum is the Fourier transform of the autocorrelation function of the overdensity

❖ We use this quantity to see in the Fourier space the overdensity along an axes
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𝛿 𝑥 =
𝜌 𝑥 − ҧ𝜌

ҧ𝜌
𝜉 𝑟 = ⟨𝛿 𝒙 𝛿 𝒙′ ⟩ 𝑃 𝑘 = ඲

𝑑3𝑟

2𝜋 3
𝜉 𝑟 𝑒−𝑖𝑥(𝑘−𝑘′)

Power spectrumAutocorrelation functionOverdensity



BACKUP : DISPLAY THE RESULTS 

Use of python and YT to plot big dataset in 2D, and adding a color bar to visualize the density field over 
the 3rd axis
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BACKUP : ARTIFICIAL HALOS

19Angulo and al. (2012)

❖ Presence of artificial halos, but only in WDM simulations

❖ These halos come from discreteness errors in n-body
simulations. They are reffered as « artificial fragmention »
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ESA – Planck CMB

BACKUP : COSMIC MICROWAVE BACKGROUND

The CMB is a remnant of an early stage of the universe, dating from the recombination epoch. The CMB 

is an other point in favour of the Big Bang and ΛCDM model


