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Mass in clusters
● Zwicky – 1933, 1937: total mass in clusters is 

100 times larger than the visible mass
● Current inventory:

– 1-3% in stars
– 10-20% in gas (T~1-10 keV, optically thin)
– 80-90% in dark matter (1015 Msun)



  

Galactic dark matter
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Alternative explanation
● Assumption: Newtonian gravity works at large 

distances (Mpc scale)
● Can theory be modified to get rid od dark 

matter?
● Modified Newtonian Dynamics (MOND) – an 

attempt to do that



  

What is MOND?

The additional function µ(x)=1 for x>>1
and
                                         µ(x)=x for x<<1

Proposed by M. Milgrom in 1981.



  

Rotation curves

Milgrom found the constant using the 
Tully Fischer relation.



  

MOND
● Difficult to generalise to the general relativistic 

version
● A sussesful attempt – TeVeS
● Difficult to falsify in solar system
● Galaxy clusters and their dynamics
● May be consistent with the Pioneer anomaly



  

Cluster mergers

Timescale: up to a Gyr
energy: 1063-64 erg

Can dark matter and visible matter be separated in a merger?



  



  



  

Gas density reconstruction
● Optically thin bremstrahlung spectrum
● Column density from intensity
● Total mass 



  

Shock analysis



  



  



  

Mass reconstruction from lensing
● Find weak galaxies
● Determine shapes
● Find average shear
● Find arcs
● Average shear – average gravitational potential
● Potential - mass



  



  



  

Strong lensing
● Find elongated arcs
● Find multiple images
● Deduce the underlying mass distribution



  

Strong lensing 



  



  



  

Mass distributions
● Dark matter and galaxies overlap
● Dark matter and hot gas are offset

● Galaxies and dark matter are colissionless
● Gas – collisional



  

Other examples



  

Offsets implications
● Dark matter exists
● Nature of DM is unknown
● Not a proof of the Newtonian nature of graviaty 

at large distances
● MOND unable to explain observations



  

DM self interaction
● No cusps in dwarf galaxies
● Sub-halos in large halos
● Self Interacting Dark Matter with

● Some upper limits from non-evaporation of 
halos, cluster mass peaks



  

Constraints on the cross section



  

Self interaction -opt. depth
● The optical depth of the DM of subcluster mus 

be small



  

Subcluster velocity
● The velocity of subcluster from shock analysis
● Velocity is ~ free fall velocity
● Drag force



  

Mass to light ratio
● Subcluster stripped off its mass while passing 

through
● Mass to light ratios nearly universal
● Less than 0.3 of the mass stripped



  

Cross sections
● Assume that the cross section is velocity 

independent
● Protons; m=m

p
 

● Neutrinos: m=1eV



  

Black holes
● BH cross section
● BH masses below 0.01 mass of the Sun



  

Conclusions
● Dark matter exists
● Astrophysical bound on cross sections nearly 

excludes SIDM
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