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The magic of
momentum
conservation




By measuring temperature and density of
the X-ray emitting gas, we find that there

is 5-10 times more dark matter than visible
matter in a galaxy cluster.

Sérsic 159-03

The devil is in
the details...

1 million lightyoars




Observed galaxy cluster -
visible light






Observed galaxy cluster -
X-ray emitting gas
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Momentum conservation in the gas
gives you the equation of
Hydrostatic Equilibrium (HE)
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How do we measure the
temperature and density
of the hot gas!?
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In conclusion
(concerning hydrostatic equilibrium),
by measuring the temperature and density
of a “tracer” (in this case the hot gas)
then we can derive the
total mass
as a function of radius.



That was for a collisional gas.

What about collisionless stars?
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Dwarf galaxy

Does it weight
more than just
the mass of
the stars?
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The stellar velocities
are much “too big”...

There must be about
|00 times more dark
matter than there is
visible matter in some
dwarf galaxies
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By measuring the velocity dispersion and density
of the stars (galaxie), we can find the amount of
dark matter in a dwarf galaxy (galaxy cluster).

The devil is in
the details...




Observed galaxy cluster -
visible light






Dec

Coma galaxy cluste

. zwo”oo 4‘40 In'oooo_o' % ’ o&o ow‘“ 440 . '1 . ® *e wo .

‘o T RS * 8 ‘o. ‘ * ” ¢t ~oo.§ o
[ SRR LA RN R . TR
............................. MR T .

10 I.w% ...... .mb.......o...........M.W.J......u ...... ..s... 3 o -y ” :




GIvY'E OIvE GOVE OOvVE GBEE  O06EE  GBE'E

0cv'e

Dec

o o o o o o o o
~ ~ ~ ~ - +~ w w
~J ~J (@) (o] (o) (o) o o
o wun o wn o wn o wn
| | | | o | | I
a .‘ I ¢ :
® e g %e * * ¢ o
. s : . @ : :
. S S beeeneen LI e o U R a
R N T
o : : :
Py ‘@ ®. e o '
o o ; e s 4 :
. g et I I . . ° L e
o, °. o .‘.0 X L X
._...) ...... ‘. ceeceeslececscscecs & .- . ..... : ..... ’ ..... :....‘. ..... Jeoceseesese ‘; .......... .L....._.
R S PR B
*%e o %g gt .e
o ® y y o. : °r * * : @™
. o ) ,
o ® e sl o Cost 00 . e .
| @ 9. .. ... ... '..Q_.......o ..... 09....0...: ...... R L & -
o ® s T o, OO}Q" ® o -
.. ° ° a .. oo‘ e © ® o a
e ® o . ° °* @ *
Y L] o0 ‘.' ® . ° .
. B 9% 00
P o ¢ & P Q": L .
g daee s FOYCEEERREE ..%.O.~é~£: . Rt ”. ................ —
o o.‘.r. “s 8 * L] ®
0. ' . Oo.:."& .. e ® L] L] ..'

3 : o oV :
R L. L I s
IS S .3 30-..:’..;{‘...&, ...... el '..:..:....._

e $oe Be ¢ _® o ¢ ° o @
; 2o :W‘ o o D%
o ® ® Yo o* . b o X
o e .. ® a X :
| o * ®o ‘:‘:0‘0 ‘:"o o ’ ® . *
T S Lele e o T e L
. COER N : :
) .'. ‘.E ° 0 o* . ° : e,
e L S S * .
. . o a '
o : ° . LU o ?
L @ % e . ‘Q ........ ..‘. ........ e . e
' e h .
I 5
°® : 5i @ ¢ o X
: * et B
I F . DL N 000 R o ... v IR
: ¢ . B .
i i d i ®* e a i [




line of sight velocity

Phase space
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number of galaxies in velocity bin
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number of galaxies in velocity bin
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density of galaxies velocity dispersion
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However, galaxies only contribute 5%
of the total mass of the galaxy cluster.

The galaxies are tracers, but we want
to know the total mass of the cluster.
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Fortunately,
Romain
did all the
detailed math

this monday
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The magic of momentum conservation
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The Jeans equation
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The Jeans equation
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The Jeans equation
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Total mass includes everything, such as
galaxies, gas, dark matter, black hole..



In conclusion
(concerning the Jeans equation)
by measuring the velocity dispersion and density
of a“tracer” (in this case the galaxies)
then we can derive the
total mass
as a function of radius.



The DM attractor




Difference between
gas and DM

Hydrostatic equilibrium (gas)
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Gas has an equation of state

dlnr + dlnr

G M, kT A&Sﬂ dlnn, v

T Wy,



Rather few solutions to
hydrostatic equilibrium
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Zm:< many solutions to Jeans

Sigma-slope
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Are all these structures stable
to small perturbations!?



|. Create structure in equilibrium

2a. Perturb structure

2b. Let structure relax

Repeat till happy



Sigma-slope

One attractor

® Inner region

o O

Hansen et al 2010
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Convergence!?
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What does this mean!?

® All structures “want” to follow a
connection between sigma, rho and beta
(dispersion, density and anisotropy)

® This is almost an equation of state
for dark matter

® _.if the attractor is real



-perturbations
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Cold collapse

. B [nstability
B Cold collapse
B HIJS (2010)
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the “problem™ is
mergers...
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Cone along collision axis
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VWWhere we stand today

® The attractor is (almost) an equation of
state for dark matter

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

® Cosmological haloes have a strong
merger history dependent beta in the
outer regions (and be very careful if using
spherical averages)



Take home message

® Gas collides, DM and stars do not.
Therefore, the Hydrostatic Equilibrium
equation is different from the Jeans
equation - fundamentally different.

® The collisionless particles almost have an
equation of state - but we still don’t really
understand why.

The end!



