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2) amas de galaxies
- lentille gravitationnelle

“bullet cluster” - NASA 
astro-ph/0608247

[further developments]
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Andrey Kravtsov, cosmicweb.uchicago.edu

2 106 CDM particules, 43 Mpc cubic box 

Preuves d’existence

http://cosmicweb.uchicago.edu


Projet Aquarius de la collaboration VIRGO: 
1.5 109 CDM particules, un seul halo galactique

VIRGO coll., Aquarius project, www.mpa-garching.mpg.de/aquarius/

Preuves d’existence

http://www.mpa-garching.mpg.de/aquarius/
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The Evidence for DM

How would the power spectra be in MOND/TeVeS, without DM ?

(in particular: no DM => no 3rd peak!)

CMB LSS

The Tensor-Vector-Scalar theory and its cosmology 19

Figure 3. LEFT : The Cosmic Microwave Background angular power spectrum
l(l+1)Cl/(2π) for TeVeS (solid) and ΛCDM (dotted) with WMAP 5-year data [8].
RIGHT :The matter power spectrum P (k) for TeVeS (solid) and ΛCDM (dotted)
plotted with SDSS data.

the form of the matter power spectrum P (k) in TeVeS looks quite similar to that in
ΛCDM. Thus TeVeS can produce matter power spectra that cannot be distinguished
from ΛCDM. One would have to turn to other observables to distinguish the two
models. The power spectra for TeVeS and ΛCDM are plotted on the right panel of
Figure 3.

Dodelson and Liguori [75] provided an analytical explanation of the growth of
structure seen numerically by [73]. They have found that the growth in TeVeS cannot
be due to the scalar field. In fact the scalar field perturbations have Bessel function
solutions and are decaying in an oscillatory fashion. Instead, they found that the
growth in TeVeS is due to the vector field perturbation.

Let us see how the vector field leads to growth. Using the tracker solutions in the
matter era from Bourliot et al [67] we find the behaviour of the background functions
a,b and φ̄. These are used into the perturbed field equations, after setting the scalar
field perturbations to zero, and we find that in the matter era the vector field scalar
mode α obeys the equation

α̈ +
b1

τ
α̇ +

b2

τ2
α = S(Ψ, Ψ̇, θ) (40)

in the conformal Newtonian gauge, where

b1 =
4(µ0µa − 1)

µ0µa + 3
(41)

b2 =
2

(µ0µa + 3)2

[

µ2
0µ

2
a −

(

5 +
4

K

)

µ0µa + 6

]

. (42)

and where S is a source term which does not explicitly depend on α. If we take the
simultaneous limit µ0 → ∞ and K → 0 for which Ωφ → 0 meaning that the TeVeS
contribution is absent, we get b1 → 4 and b2 → 2. In this case the two homogeneous
solutions to (40) we τ−2 and τ−1 which are decaying. Dodelson and Liguori show
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2) clusters of galaxies

Preuves d’existence
1) courbes de rotation  
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3) ‘cosmologie  
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NB: tous effets de force de gravité



Que savons-nous  
de ses  

propriétés ?



n’émet pas de lumière,  
elle est ‘neutre’

aucune ou très peu  
d’interaction

plus abondante 
que la matière 
ordinaire

particules 
‘lourdes’

là depuis l’origine 
de l’Univers: ‘stable’

Propriétés et nature



‘neutre’

presque sans  
interactions

particules 
‘lourdes’

‘stable’

Propriétés et nature



When they meet,  
they annihilate

recently 
observed

‘neutre’

presque sans  
interactions

particules 
‘lourdes’

‘stable’

Propriétés et nature



When they meet,  
they annihilate

recently 
observed

‘neutre’

presque sans  
interactions

particules 
‘lourdes’

‘stable’

Higgs boson

h

Propriétés et nature



When they meet,  
they annihilate

recently 
observed

‘neutre’

presque sans  
interactions

particules 
‘lourdes’

‘stable’

Higgs boson

h

Propriétés et nature



When they meet,  
they annihilate

recently 
observed

‘neutre’

presque sans  
interactions

particules 
‘lourdes’

‘stable’

Higgs boson

h

Propriétés et nature



When they meet,  
they annihilate

recently 
observed

‘neutre’

presque sans  
interactions

particules 
‘lourdes’

‘stable’

Higgs boson

h

Propriétés et nature



When they meet,  
they annihilate

recently 
observed

‘neutre’

presque sans  
interactions

particules 
‘lourdes’

‘stable’

Higgs boson

h

Propriétés et nature



When they meet,  
they annihilate

recently 
observed

‘neutre’

presque sans  
interactions

particules 
‘lourdes’

‘stable’

Higgs boson

h

Propriétés et nature



When they meet,  
they annihilate

recently 
observed

‘neutre’

presque sans  
interactions

particules 
‘lourdes’

‘stable’

Higgs boson

h

Propriétés et nature



When they meet,  
they annihilate
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Higgs boson

h
une nouvelle particule,  
encore inconnue
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100 GeV

10 GeV Ou si, peut-être elles  
interagissent un peu…
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Détection directe

DAMA Coll., 0804.2741, 2008
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transverse

Before collision: ~P tot
T ⌘ 0

~P tot
L 6= 0

After collision: ~P vis
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If ≠, then ‘MET’

p p

Background: neutrinos (e.g. W→eν)
- model your background and look for anomalies 
- construct kinematic variables sensitive to χ mass
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DM can NOT be:
a baryon of the SM:

neutrinos:

an astro  je ne sais pas quoi:

- neutrons 

- gas 

- Black Holes  
- brown dwarves

too light! 
do not have enough mass to act as gravitational attractors in galaxy 
collapse

m� � 1 eV

strong  
lensing

- BBN computes the abundance of He in terms 
of primordial baryons:  
too much baryons => Universe full of Helium 

- CMB says baryons are 4% max



T.Haugboelle, S.Hannestad, Aarhus University

(Neutrino) DM

�
m� = 0

�
m� = 6.9 eV

CDM - Gadget2 - 768 Mpc3�

no HDM some HDM


