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Dark matter observations
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Simulated density profiles
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Simulated density profiles

Stadel et al. 2008
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Observed density profile

Pointecouteau et al. 2005

X-ray observations
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Observed density profile

Limousin et al. 2006

Lensing observations
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Velocity anisotropy profiles

β = 1− σ2
tan

σ2
rad

Velocity anisotropy =
different “temperature” 
in different directions

Must be zero for a gas
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Simulated velocity anisotropy

CLEF cluster simulation

Host et al. 2009
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Simulated velocity anisotropy

Galaxy with baryons

Hansen & Moore 2004
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Observed velocity anisotropy

Consider an equilibrated galaxy cluster
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Observed velocity anisotropy

GMtot

r
= −kBT

µmp
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dlnT

dlnr
+

dlnne
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)

GMtot

r
= −σ2

r

(
dlnσ2

r

dlnr
+

dlnρ

dlnr
+ 2β

)

Hydrostatic equilibrium (gas)

Jeans equation (dark matter)

If T
σ2
tot
≈ 1, then we can solve for β

Hansen & Piffaretti 2007
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Observed velocity anisotropy
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Observed velocity anisotropy

Host et al. 2009
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Theoretical velocity anisotropy
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If we understand the velocity distribution function - which is 
exp(-v^2/T) for a gas - then we also understand the integrated 
things like density, velocity dispersions, velocity anisotropy, ...
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We (almost) know the 
tangential distribution function
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We (almost) know the 
radial distribution function
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We (almost) know the 
radial distribution function



Theoretical velocity anisotropy

Hansen 2009
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Analytically derived 
from “first” principle

β(r) depends
only on ρ(r)



Conclusions

Steen H. Hansen

Velocity anisotropy

1) Numerical simulations show radial variation from 
about 0 (inner) to about 0.5 (outer)

2) First ever observations of this dynamical aspect 
confirm the predicted behavior

3) The analytically derived velocity anisotropy 
confirms the magnitude and radial variation

4) If this derivation is correct, then the velocity 
anisotropy is a function only of the density profile. This 
implies that we can close the Jeans equation



Conclusions - final
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We have impressive agreement between 
numerical simulations, observations and theory 
concerning the large dark matter structures

Thank you





Extra slides
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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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Stellar density profile?
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Testing in numerical 
simulations
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r2500 =  725 +/- 22 kpc
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