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Galaxy clusters
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Baryons and dark 
matter in clusters

• Hydrostatic equilibrium of baryonic gas

• Jeans equation of collisionless dark matter
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Velocity anisotropy

β = 1− σ2
t

σ2
r

• Zero for isotropic velocity dispersion - e.g. 
collisional gas

• Non-zero for dark matter according to 
numerical simulations
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β: A bloody nuisance

• Decisive parameter for collisionless 
systems - stars, galaxies, dark matter

• So far not probed by data

• MUST be tested if we want to eventually 
understand DM structures
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Specific energies

• Gas and dark matter must have same 
specific potential energy

• Simplest assumption is they also have the 
same specific kinetic energy

σ2
DM = κ

3kBT

µmH Hansen & Piffaretti, 2007
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Cluster sample

• 16 clusters at low and intermediate redshift

• Radial gas density and temperature profiles 
obtained in earlier work (Kaastra et al. 
2004, Morandi et al. 2007)

• Selected to appear close to round and have 
smooth density and temperature profiles
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Supplementary Figure 7: Individual median velocity anisotropy profiles for the
16 clusters of our sample. The estimated scale radii are also shown.
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• ApJ 690:358-366,2009 - arXiv:0808.2049
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Implications

• Collective behaviour of dark matter fundamentally 
different from that of a gas

• Dark matter collisionless on timescales of Gigayears

• Agreement between simulations and observations 
both on static and dynamic properties of halos

• Constraint on self-interaction:

σ/m ! 1 cm2 g−1
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DM determines gas 
properties?

The α − β relation 10

disk galaxies, cosmological structures, and radial infall simulations, all simulations very

different from the ones considered in this paper. We see indeed that our simulations are

in fair agreement with the results of ref. [17].

Figure 5. A collection of the various simulations described in the previous sections.
The straight (green) line is from ref. [17], which was shown to provide a reasonable fit
to a collection of different simulations, including mergers of disk galaxies, cosmological
structures, and radial infall simulations.

3. Region of trust

In all the figures above we have plotted a very extended region in the density slope,

which corresponds to plotting points very near the central region (small negative α)

and very distant (large negative α).
In the central region one can generally only trust a region beyond a few times the

softening length. In almost all of our simulations this corresponds to a region where

the density slope is about -1. Further inwards numerical noise leads to density profiles

more shallow than -1, which cannot be trusted. However, most of our simulations have

DM-slope correlated 
with β

Hansen & Stadel 2005
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Summary

• Dark matter velocity anisotropy is non-
zero in the outer regions of galaxy clusters

• Measurement stable to deviations from κ=1

• Implies dark matter is effectively 
collisionless

• “Temperature relation” κ=1 may yield 
further insights in cluster modeling
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