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Coma cluster

Evidence from galaxy clusters





  

1- Apply the virial theorem to determine the total mass of the Coma Cluster

For an isolated self-gravitating system,

2- Count the number of galaxies (1000) and calculate the average mass
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A modern technique: gravitational lensing
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Evidence from galaxies
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Expectations from Newtonian theory

M31













ExpectedExpected



Something else inside M31?
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Velocity at large distances from the center:

Velocities in the MOND framework
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  Bullet Cluster (1E 0657-56)Optical ImageOptical Image

“A direct empirical proof of the existence of dark matter”
Clowe, et al.,  Astrophys.J.648:L109-L113,2006. 
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Abell 520MACS J0025.4-1222 



  

Evidence from the Universe at large 

Planck Mission

Cosmic microwave background anisotropies 



  

CMB 
angular power spectrum

Credit: Wayne Hu

Planck Mission



  

http://lambda.gsfc.nasa.gov/education/cmb_plotter/



  

The cosmic pie
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distancepc kpc Mpc Gpc

Solar
system Galaxies

Clusters 
of galaxies

Observable 
Universe

There is evidence for dark matter 
in a wide range of distance scales



  

What do we know 
about dark matter?



  

1) It is dark. No electric charge.

 If it has positive charge, it can form a bound state X+e-, an 
    “anomalously heavy hydrogen atom”.
 If it has negative charge, it can bind to nuclei, forming 
   “anomalously heavy isotopes”.

Perl et al.



  

2) It is not made of baryons.
Primordial 

nucleosynthesis
Cosmic Microwave 

Background radiation

MACHOs (planets, brown dwarfs, etc.) are excluded
as the dominant component of dark matter.



  

3) It was “slow” at the time of the formation of the
first structures.

Non-relativisticRelativistic

White'86

Hot Dark Matter Cold Dark Matter
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3) It was “slow” at the time of the formation of the
first structures.

Springel, Frenk, White



  

4) It exists today.



  

To summarize, observations indicate that the dark matter is 
constituted by particles which have:
 No electric charge, no color.
 No baryon number.
 Low velocity at the time of structure formation.
 Lifetime longer than the age of the Universe.
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What do we know 
about dark matter,

from the particle physics
point of view??
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Goal for the 21st century: 
identify the properties 
of the dark matter particle
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The probability of interaction is controlled
by the cross-section

Small annihilation rate

Large annihilation rate
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The probability of interaction is controlled
by the cross-section

At very high temperatures, dark matter particles are annihilated and 
regenerated at the same rate.

However, at low temperatures, the Standard Model particles do not
have enough kinetic energy to regenerate DM particles. An interesting
phenomenon occurs...



Dark matter population in a static Universe
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Dark matter population in a static Universe

No DM particles at the end!



Dark matter population in an expanding Universe









Dark matter particles can no longer annihilate.
The number of dark matter particles “freezes-out”



The relic abundance of dark matter particles depends 
on their annihilation cross section and on their velocity
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Large velocity → Small relic abundance

Small velocity → Large relic abundance

… and on their velocity







Weakly Interacting Massive Particle (WIMP) 
as dark matter candidate
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