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T
he m

agic of 
m

om
entum

conservation
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By m
easuring tem

perature and density of 
the X

-ray em
itting gas, w

e find that there 
is 5-10 tim

es m
ore dark m

atter than visible
m

atter in a galaxy cluster.

T
he devil is in 

the details…
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O
bserved galaxy cluster -

visible light
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O
bserved galaxy cluster -

X
-ray em

itting gas
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M
om

entum
 conservation in the gas 

gives you the equation of 
H

ydrostatic Equilibrium
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H
ow

 do w
e m

easure the 
tem

perature and density 
of the hot gas?
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In conclusion 
(concerning hydrostatic equilibrium

), 
by m

easuring the tem
perature and density 

of a “tracer” (in this case the hot gas)
then w

e can derive the 
total m

ass 
as a function of radius.
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T
hat w

as for a collisional gas.
 

W
hat about collisionless stars?
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D
w

arf galaxy

D
oes it w

eight 
m

ore than just
the m

ass of 
the stars?
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D
w

arf galaxy

Text

T
he stellar velocities 

are m
uch “too big”…

T
here m

ust be about 
100 tim

es m
ore dark 

m
atter than there is 

visible m
atter in som

e 
dw

arf galaxies
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By m
easuring the velocity dispersion and density 

of the stars (galaxie), w
e can find the am

ount of 
dark m

atter in a dw
arf galaxy (galaxy cluster).

T
he devil is in 

the details…
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O
bserved galaxy cluster -

visible light



Steen H
. H

ansen



Steen H
. H

ansen

C
om

a galaxy cluster
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Phase space
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density of galaxies
velocity dispersion

H
ow

ever, galaxies only contribute 5%
 

of the total m
ass of the galaxy cluster.

T
he galaxies are tracers, but w

e w
ant

to know
 the total m

ass of the cluster.
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A
n infinite set of

Jeans equations

dfdt
=

 0
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Fortunately, 
R

om
ain 

did all the
detailed m

ath 
this m

onday
:-)



Steen H
. H

ansen



Steen H
. H

ansen



Steen H
. H

ansen



Steen H
. H

ansen
T

he m
agic of m
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entum

 conservation



Steen H
. H

ansen



Steen H
. H

ansen

T
he Jeans equation
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he Jeans equation
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T
he Jeans equation

Total m
ass includes everything, such as

galaxies, gas, dark m
atter, black hole…
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In conclusion
(concerning the Jeans equation) 

by m
easuring the velocity dispersion and density 
of a “tracer” (in this case the galaxies)

then w
e can derive the 

total m
ass 

as a function of radius.
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T
he D

M
 attractor
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D
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M



G
as has an equation of state
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R
ather few

 solutions to  
hydrostatic equilibrium
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M
any m

any solutions to Jeans
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A
re all these structures stable 

to sm
all perturbations?



1. C
reate structure in equilibrium

2a. Perturb structure

2b. Let structure relax

R
epeat till happy



O
ne attractor
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C
onvergence?

Barber et al 2012



A
n attractor!

Barber et al 2012
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W
hat does this m

ean?

•
A

ll structures “w
ant” to follow

 a 
connection betw

een sigm
a, rho and beta 

(dispersion, density and anisotropy)

•
T

his is alm
ost an equation of state

 
for dark m

atter

•
...if the attractor is real



G
-perturbations

Sparre &
 H

ansen 2012



C
old collapse

−
4.0

−
3.5

−
3.0

−
2.5

−
2.0

−
1.5

−
1.0

−
0.5

0.0
γ

−
0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

2β + κ

Instability

C
old

collapse

H
JS

(2010)

Sparre &
 H

ansen 2012



C
osm

ological 
sim

ulationsLudlow
 et al 2010



the “problem
” is 

m
ergers...
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M
ergers



W
here w

e stand today

•
W

e still don’t have a deep understanding 
of the origin of this “equation of state”

•
C

osm
ological haloes have a strong 

m
erger history dependent beta in the 

outer regions (and be very careful if using 
spherical averages)

•
T

he attractor is (alm
ost) an equation of 

state for dark m
atter



Take hom
e m

essage

•
G

as collides, D
M

 and stars do not. 
T

herefore, the H
ydrostatic Equilibrium

 
equation is different from

 the Jeans 
equation - fundam

entally different.

•
T

he collisionless particles alm
ost have an 

equation of state - but w
e still don’t really 

understand w
hy.

T
he end!


