
THE NATURE OF DARK MATTER

1



M31 rotation curve

2



Rotation curve?

Stellar Disk

Dark Halo

Observed

Gas

M33 rotation curve

Back to DM Newton dynamics: V(R) ∼ 1√
R
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DM in Dwarf Spherodiadals
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New data and mass-to-light ratio in M31

Burkert profile

Stellar disk M/L = 8

Chemin et al.
Corbelli et al.

Corbelli et al. A&A 2009 [0912.4133]

Chemin et al. ApJ 2009 [0909.3846]

– New precise HI data resolve
features within inner 5–8 kps

– Chemin et al. model this region

– Corbelli et al. exclude this
region from the analysis
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Intracluster gas

Cluster Abell 2029. Credit: X-ray: NASA/CXC/UCI/A.Lewis et al. Optical: Pal.Obs. DSS
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gas is the thermal bremsstrahlung for which the volume
emissivity is proportional to the square of the gas den-
sity. The radial density profile of the hot intracluster gas
is therefore

ngas(r) =
n0

(1 + (r/r0)2)3�/2
⇠

p
V(r) . (10)

To calculate the radial mass profile M(r) (gas plus galax-
ies plus the DM) of the cluster one has to make an as-
sumption that the intracluster gas is in hydrostatic equi-
librium [16, 19]. One can really expect this assumption
to hold only for relaxed galaxy clusters, but as it turns
out even for e.g. Virgo this model gives good predictions
(c.f. [20]). Under this assumption the overall mass profile
can be calculated from the Newton’s law
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+T (r)

dngas(r)

dr
= �GM(r)ngas(r)

r2
,

(11)
where T (r) is the radial temperature profile of the hot
intracluster gas. In the region where the temperature
does not change significantly, one can calculate the over-
all mass profile analytically by substituting (10) into (11).
The assumption of hydrostatic equilibrium them imme-
diately leads to the following total mass dependence on
the distance r from the center of the cluster [16, 19]

M(r) = 1.13⇥1014M� �
T

1 keV
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2
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The overall density profile is given by

⇢total(r) = ⇢0,total
3 + (r/r0)

2

⇣
1 + (r/r0)2

⌘2 . (13)

In the first approximation one can estimate the DM den-
sity as ⇢dm = ⇢total with  . 1.

The surface brightness profile (8) should be compared
with the surface brightness of the DM. Integrating the
volume emissivity of the DM decay line over the line of
sight one can find the brightness profile of the DM decay
line

Sdm(r) =
�msNdm(r)

8⇡D2
L

, (14)

where Ndm(r) = 2
R1
0

dz ndm(
p

r2 + z2) is the column
density of the DM as a function of the distance from the
cluster center. Substituting ⇢total from (13) one obtains

Sdm(r) =
�⇢0,dmr0

D2
L
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Integrating 2⇡rSdm(r) (15) from r = 0 to some r one
finds the flux of DM from a FoV circle with the projected
radius r:

Fdm(r) =
⇡

4

⇢0,dmr3
0�

D2
L

g(r/r0) , (16)

where we have defined a geometry factor g(r), describ-
ing that part of the cluster, which we are using for the
measurement. In case of the circular region with the pro-
jected radius r one gets from (15):

g(r/r0) =
(r/r0)

2
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1 + (r/r0)2

. (17)

One can see that Sdm(r) ⇠ r�1 for r � r0. Thus, the ra-
dial profile of DM decay line is significantly more shallow
than the profile of the continuum X-ray emission from
the hot intracluster gas:
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(18)
As it is clear from Eq. (8), � > 1

6 (typical values of � are
between 0.4 and 0.8). Therefore, the share of DM con-
tribution to the total brightness (at energy E = ms/2)
increases as one moves away from the center of a cluster.

III. DATA ANALYSIS

In this work we have chosen to analyze data of XM-
M-Newton observations of Virgo galaxy cluster (observa-
tion ID 0114120101, June 2000) and Coma cluster. For
the latter we have taken two observations which consti-
tuted the part of the so called Coma mosaic [17, 18]:
that of the center of Coma cluster (observation ID
0124711401, May 2000) and one of the peripheral ob-
servations (“Coma 3”, ID 0124710301, June 2000).

The XMM-Newton Observation Data Files (ODFs)
were obtained from the on-line Science Archive1; the
data were then processed and the event-lists filtered using
xmmselect within the Science Analysis Software (sas)
v6.0.1.

For the spectral analysis, periods a↵ected by soft pro-
ton flares need to be filtered out. To exclude them
we have used script xmmlight clean.csh 2. The event
lists for the spectral analysis were extracted from the
circular regions (from an annulus in the case of anal-
ysis of the M87 periphery, see below) of the radius of
11 arcmin (from 9 arcmin to 11 arcmin) centered on
the middle of the XMM field of view. The background
subtraction was done following the recommendations of
the Birmingham group [21].3 The background event
lists for the full field, medium filter configurations cor-
responding to the all analyzed observations were ex-
tracted from the regions of the same shape as the ones
used for the spectral analysis, but from the full frame
medium filter blank sky dataset event files obtained from
ftp://ftp.sr.bham.ac.uk/pub/xmm/ [21].

1 http://xmm.vilspa.esa.es/external/xmm data acc/xsa/index.shtml
2 http://www.sr.bham.ac.uk/xmm2/xmmlight clean.csh
3 http://www.sr.bham.ac.uk/xmm3/BGproducts.html
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Intracluster gas

Cluster Abell 2029. Credit: X-ray: NASA/CXC/UCI/A.Lewis et al. Optical: Pal.Obs. DSS

Dark Matter ∼ 85%
Intracluster gas ∼ 15%
Galaxies ∼ 1%

DM in cluster
Baryons in cluster

≈ ΩDM

Ωbaryons

Temperature of ICM: 1− 10 keV ∼ 107 − 108 K

Back to DM page
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Gravitational lensing
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Gravitational lensing
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Dark Matter in the Universe

� Rotation curves of stars in galaxies and of galaxies in clusters

� Distribution of intracluster gas

� Gravitational lensing data

These phenomena are independent tracers of gravitational
potentials in astrophysical systems. They all show that dynamics
is dominated by a matter that is not observed in any part of
electromagnetic spectrum.

Stellar Disk

Dark Halo

Observed

Gas

M33 rotation curve
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"Bullet" cluster

Cluster 1E 0657-56
Red shift z = 0.296

Distance DL = 1.5 Gpc
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Merging system in the plane of the sky

? Subcluster
passed
through the
center of
the main
cluster.

? DM and
galaxies are
collisionless.

? Gas
has been
stripped
away (shock
wave, Mach
number
M = 3.2

and
Tshock ∼
30 keV)
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Mass determined via gravitational lensing

? Comparing
the weak
gravitational
lensing data
with velocity
distribution for
galaxies
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Cosmological evidence for dark matter

� We see the structures today and 13.7
billions years ago, when the Universe was
380 000 years old (encoded in anisotropies
of the temperature of cosmic microwave
background)

� All the structure is produced from tiny
density fluctuations due to gravitational
Jeans instability

� In the hot early Universe before
recombination photons smeared out
all the fluctuations

� The structure has formed already, δρ/ρ ∼ 1 has to be long ago.i
� At CMB δρ/ρ ∼ 10−5, then grow δρ/ρ ∼ a (matter domination)
�

atoday
adec

= 1 + zdec ∼ 103 Not enough!
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What (how) can we learn from CMB?
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Cosmological parameters and CMB
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