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A numerical 
simulation
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Initial conditions from the 
very young universe
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Simulated density-profiles
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Observed galaxy cluster
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X-ray is easy

GMtot

r
= �kBT

µmp

�
dlnT

dlnr
+

dlnne

dlnr

⇥

Hydrostatic equilibrium



Steen H. Hansen

Observed mass-profiles

Pointecouteau et al. 2005

X-ray
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What is the DM 
velocity anisotropy?
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Velocity anisotropy profiles
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rad

velocity anisotropy =
“different temperature
in different directions”

Must be 0 for a gas!
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Simulated velocity anisotropy

Galaxy clusters

Host et al. 2009
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galaxy including baryons

Hansen & Moore 2006

Simulated velocity anisotropy
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Observed velocity anisotropy

Galaxy cluster in equilibrium
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� 1, then we can solve for �

Hansen & Piffaretti 2007

Observed velocity anisotropy
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T_gas

T_dm
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Hansen et al, to appear 2017
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So, that means...

Dark matter structures do not achieve
equilibrium through collisions (as normal
particles do)
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So, that means...

Dark matter structures do not achieve
equilibrium through collisions (as normal
particles do)

This observation gives us an upper limit
on the DM-DM scattering cross section

Dark matter behaves fundamentally
different from baryons
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So, that means...

Dark matter structures do not achieve
equilibrium through collisions (as normal
particles do)

Dark matter behaves fundamentally
different from baryons

Dark matter does not have an 
equation of state!
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End of part 1…



Pancakes in Space

Brinkmann et al. JCAP 2016, 
Wadekar & Hansen MNRAS 2015, 
Falco et al. MNRAS 2014
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Cluster

Filament

Pancake?

Void



Pancakes have only collapsed 
along one direction

initial 
overdensity
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Pancakes have only collapsed 
along one direction
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Pancakes have only collapsed 
along one direction

initial 
overdensity pancake

cluster

Filament





How to find pancakes
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Look for “lines” in (R,v) space



In real space







In phase-space







Coma

In phase space





Coma

In real space



Coma





Numerical simulations



Known groups and filaments near Coma



Known groups and filaments near Coma



Known groups and filaments near Coma

Pancakes are cold !!



What are pancakes 
useful for?



Get the mass of Coma



Get the mass of Coma

Falco et al, 2014



Jounghun Lee, arXiv:1702.05559



What may pancakes be 
useful for in the future?



Clusters are not
spherical

What may pancakes be 
useful for in the future?



Clusters are not
spherical

Our new 
mass-measurement-method

depends on orientation

What may pancakes be 
useful for in the future?



If we find several pancakes 
near a cluster, then we can 
measure its orientation



If we find several pancakes 
near a cluster, then we can 
measure its orientation

A master student et al, in prep
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Conclusions

• We have found the first 2 pancakes in space

• The pancakes are cold (100 km/sec)

• Pancakes are useful to measure masses

• The future - we can use the pancakes to 
find the absolute orientation of clusters

The end

• They are very dark matter dominated (10^-4)


