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La cosmologie, une jeune science!



L’univers en 1923



Edwin Hubble 
1889-1953

1923: Edwin Hubble va définitivement sortir les 
nébuleuses de la Voie Lactée.



1922-1923: E. Hubble découvre dans M31 une Céphéïde de 30 jours de 
période, 7000 fois plus brillante que le Soleil

Hypothèse: les Céphéides de M31 sont identiques à celles observées dans la Galaxie.

Conclusion: M31 est à 900 000 années lumière !



La fuite généralisée des galaxies : 
la Loi de HUBBLE

La naissance de la Cosmologie Moderne!



 Les bases de la Cosmologie

Le premier principe énonce qu’il y a un sens à envisager une cosmologie 
scientifique, à parler d’un Univers qui ne se réduit pas à la simple 
accumulation des objets existants, et que cet Univers est intelligible. 

On postule que les lois physiques sont partout les mêmes: 

les lois de la gravitation, de l’électromagnétisme, de la 
physique quantique, ... sont identiques en tout point 

de l’Univers.



 Le Principe Cosmologique

L’Univers présente le même aspect 
en chacun de ses points, c’est-à-dire 
qu’il est homogène et isotrope. 

Cette homogénéité s’énonce sous la 
forme du 

Principe Cosmologique. 



Le cadre mathématique
La Relativité Générale de 
Monsieur A. Einstein.

Gμν  = (8 π G / c4 ) Tμν 



Le cadre mathématique
La Relativité Générale de 
Monsieur A. Einstein.

Gμν  = (8 π G / c4 ) Tμν 



Les pères du Modèle Cosmologique

G. Lemaitre

A. Friedmann

G. Gamow





Matter Density Cosmological Constant/ 
Dark Energy

Curvature

Observation:  The Universe is expanding
Principles:      Homogeneous, isotropic 
Theory:          General Relativity

Friedman Equation, which governs expansion:

€ 

H 2 ≡
˙ R 
R
# 

$ 
% 

& 

' 
( 

2

=
8πG

3
ρM +

Λ
3
−

k
R2

Ω
M

+Ω
Λ

+Ω
k

= 1

13

 

 

 
 

5 (17) 

independent degrees of freedom. Einstein used the mathematical theory of differential 
geometry to find the relevant tensors quadratic in spacetime derivatives of the metric 

field, the Ricci tensor RPQ�and the curvature scalar R, to derive the dynamical equations 
for the metric tensor. In the modified form with a cosmological constant /� the 
equations are  
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where G is Newton’s constant, which determines the strength of the gravity force, and 
PQT  is the energy-momentum tensor. Here, as in the following, we have set the velocity 

of light to unity (c = 1). 
 
Einstein’s equations (2) represent ten coupled differential equations. With the 
Friedmann-Lemaître-Robertson-Walker assumption about the Cosmological Principle 
the metric simplifies to  
 

�

dW 2  dt 2 � a2(t) dr2
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�
where a(t)  is a scale factor and k is a constant that depends on the curvature of 
spacetime. The constant k has been normalized to the values -1,0 or 1 describing an 
open, flat or closed Universe. The variables r, T and M�are so called co-moving 
coordinates, in which a typical galaxy has fixed values. The physical cosmological 
distance for galaxies separated by r at a given time t  (in the case of k = 0) is a(t)r, 
which grows with time as the scale factor a(t) in an expanding Universe. In order to 
solve Einstein’s equations for this metric one also must assume a form for the matter 
density. The Cosmological Principle implies that the energy-momentum tensor has a 
form similar to that of the energy-momentum tensor in relativistic hydrodynamic, for a 
homogeneous and isotropic fluid with density U and pressure p (which both may depend 
on time). It is, in the rest frame of the fluid, a diagonal tensor with the diagonal 
elements (U, p, p, p).  If we insert the metric above and the energy-momentum tensor 
into the equations (2) , we get the two independent Friedmann equations 
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where a dot means a time derivative and H is the expansion rate of our Universe called 
the Hubble parameter, or the Hubble constant, with its present value H0. It is seen to 
depend on both the energy density of the Universe as well as its curvature and a 

L’Univers en équation



Dans quel Univers vivons-nous ?



“Peser” l’Univers, pourquoi faire?



La partie émergée de l’iceberg



La partie émergée de l’iceberg



La partie émergée de l’iceberg



Neutrinos: 
0.47%

Eléments lourds: 
0.03%

Etoiles:
0.5%

H et He
4%

Matière Noire: 
25%

Energie Noire:
 65%



La courbe de rotation des galaxies



La courbe de rotation des galaxies



Partie visible

Halo invisible

• Un halo de matière invisible autour de 
chaque galaxie spirale.

• Fraction dominante de la masse de la 
galaxie.

Place à la Matière Noire





Neutrinos: 
0.47%

Eléments lourds: 
0.03%

Etoiles:
0.5%

H et He
4%

Matière Noire: 
25%

Energie Noire:
 65%







Neutrinos: 
0.47%

Eléments lourds: 
0.03%

Etoiles:
0.5%

H et He
4%

Matière Noire: 
25%

Energie Noire:
 70%

> 95%
INCONNU



Un Univers en expansion accélérée…

Notre Univers



Why so small? 

Expectation: 

⇒ 122 orders of magnitudes larger then the observed value!

Why now? 
 
 Matter:                 ρ ∼  R-3 
Vacuum Energy:   ρ = constant
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dimensions or modifications of general relativity, seem to convincingly account for all 
observations. 
 
The very successful Standard Model for Particle Physics, which describes nature at the 
smallest scales where we can measure, has two inherent sources for vacuum energy, 
quantum fluctuations and spontaneous symmetry breaking. In relativistic quantum 
physics the vacuum is not empty but filled with quantum fluctuations, allowed by 
Heisenberg’s uncertainty principle (Nobel Prize in Physics 1932).  A naïve estimate of 
the size of the vacuum energy density, using the gravity constant G, Planck’s constant ��

�

! 
and the velocity of light, c, would imply a contribution to the energy density U/ of the 
order of 
 

3

2

~
P

P

l
cM

/U , 

 
where MP is the Planck mass (~ 1019 GeV/c2) and lP is the Planck length (~ 10-33 cm), 
i.e., about 10118 GeV/cm3. This is to be compared to the present-day critical density of ~ 
0.5·10-5 GeV/cm3. Since the energy density of the Universe according to measurements 
seems very close to critical, the naïve estimate is wrong by 122 orders of magnitude.  
 
Prior to the discovery of the accelerated expansion of the Universe, particle physicists 
believed, that there must be a symmetry principle forbidding a cosmological constant. 
There is, however, another mechanism in the Standard Model that generates vacuum 
energy. In order to explain how the Universe can be so homogeneous with different 
parts that seemingly cannot have been in causal contact with each other, the idea of an 
inflationary phase in the early Universe was put forward [30]. It states that at a very 
early stage, the Universe went through a phase transition, breaking certain symmetries, 
spontaneously generating a time-dependent, huge vacuum energy density that during a 
very short time made the Universe expand enormously. A similar effect may still be at 
work, leading to the vacuum energy that we see today. This so-called quintessence may 
perhaps be detectable, as such a vacuum energy would have a weak time dependence 
(see [31], and references therein). 
 
Other important but yet unanswered questions are why :/ has its measured value – and 
why :/ and :M  at the present epoch in the history of the Universe are of the same order 
of magnitude.  At present we have no theoretical understanding of the value of :/. 
 
 
Conclusion 
 
The study of distant supernovae constitutes a crucial contribution to cosmology. 
Together with galaxy clustering and the CMB anisotropy measurements, it allows 
precise determination of cosmological parameters. The observations present us with a 
challenge, however: What is the source of the dark energy that drives the accelerating 
expansion of the Universe? Or is our understanding of gravity as described by general 
relativity insufficient? Or was Einstein’s “mistake” of introducing the cosmological 

Le problème de l’énergie noire et 
de l’énergie du vide





L’avenir du futur ...



Mais attention aux interprétations 
trop hâtives !!!



Mais attention aux interprétations 
trop hâtives !!!



Savoir rester modeste!



Savoir rester modeste!



Savoir rester modeste!



Savoir rester modeste!




