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3 Direct observational evidence today

3.1 Galactic scales

Rotation curves

From Newtonian dynamics, we know that the circular velocity of individual
stars around the center of their host galaxy is given by

vc(r) =

r

GM(r)

r
, (31)

where M(r) is the total mass in the galaxy inside the galacto-centric distance
r. Beyond the visible disk, one would thus expect this velocity to fall as v /
1/
p
r. Observations, however, reveal that vc(r) is approximately constant –

which implies the existence of a much larger ”dark” (i.e. invisible) halo with
M(r) / r and thus ⇢ / r�2. At some point, of course, the profile should
start to drop faster than ⇢ / r�3 so that the total mass contained within the
halo remains finite. This transition, however, is not observed. Consequently,
one can only infer a lower limit on the total dark matter content; for typical
spiral galaxies, this corresponds to ⌦m & 0.1.

While the evidence for a spherical dark matter halo around spiral galaxies
is rather strong, the inner part r . Rdisk is often dominated by baryons (stars
and gas, in particular) like in the Milky Way. Even if one focusses on so-called
Low Surface Brightness (LSB) galaxies that are expected to be dominated
by dark matter on all scales, it is di�cult to extract the density profile of the
dark matter component at very small r – though observations are sometimes
claimed to favour more shallow profiles than the cuspy ⇢ / r�1 profiles
expected from numerical N -body simulations of gravitational clustering.

Velocity dispersions

For systems where not all stars move on circular orbits as in spiral galaxies,
one can still try to determine the velocity dispersion (along the line of sight) of
the stars. Assuming hydrodynamic equilibrium and spherical symmetry, the
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radial component of the velocity dispersion �r is related to the gravitational
potential by the Jeans equation

r
d

dr
(⇢?�

2
r) = �⇢?v

2
c � 2�⇢?�

2
r , (32)

where ⇢? is the observed stellar density and the anisotropy parameter �(r) =
1 � �2

r/�
2
t takes values between �1 (for purely radial orbits) and 1 (for

purely circular orbits); in practice, � is obtained through a fit to the data.
This method is particularly useful for dwarf galaxies which turn out to be
the most dark matter dominated systems: mass-to-light ratios (i.e. the mass
in units of the sun’s mass divided by the luminosity in units of the sun’s
luminosity) of up to several thousand are found, in contrast to the O(10)
values in typical spiral galaxies. Also here, somewhat shallow inner profiles
are sometimes claimed to be preferred, but the statistics is not conclusive
and also cuspy ⇢(r) / r�1 profiles seem to be consistent with current data.

Short derivation of Jeans equation. One can envision a galaxy as a system of ”par-
ticles” (i.e. stars and gas) in six-dimensional phase-space. Assuming no collisions,
the phase-space density f(t,x,v) must evolve as

f(t+ dt,x+ vdt,v + adt) = f(t,x,v) . (33)

With a = �r�, this is just the collision-less Boltzmann equation:

@f

@t
+ v ·rf �r� · @f

@v
= 0 . (34)

Multiplying this equation by vj , and integrating over
R

d3v, one arrives at

@t(nv̄j) + @i(nvivj) + n@j� = 0 , (35)

where bars denote averaged quantities and the number density is given by n =
R

fd3v. Using the 3-D continuity equation [@tn+@i(nv̄i) = 0] and the definition of
the velocity dispersion tensor �2

ij ⌘ vivj � v̄iv̄j , one arrives at the Jeans equations
for a collision-less fluid:

n@tv̄j + nv̄i@iv̄j = �n@j�� @i(n�
2
ij) . (36)

It is only in Cartesian coordinates that all Jeans equations take the same form as
above. The radial Jeans equation in spherical coordinates results in Eq. (32) if one
makes the assumptions of a steady-state hydrodynamic equilibrium (@t = 0 and
v̄r = 0) and spherical symmetry (implying v̄✓ = v̄� = 0 and �2

r✓ = �2
r� = �2

�✓ = 0,

as well as the existence of only one tangential velocity dispersion �2
t ⌘ �2

✓✓ = �2
��).
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3.2 Cluster scales

Three methods to infer the mass content

Measuring the velocity dispersion in galaxy clusters gave the first histor-
ical evidence for dark matter. For a velocity distribution vobs = v0 ± � of
individual galaxies (where, e.g., v0 ⇠ 6800 km/s is the velocity of the Coma
cluster away from us), the average kinetic energy of the member galaxies is

hT i ⇡ 3

2
m�2 , (37)

wherem is the average mass of individual galaxies. The average gravitational
potential energy, on the other hand, can be estimated as

hV i ⇡ �G
mM

R/2
, (38)

where M is the cluster mass and R its radius. Using the virial theorem,
hT i = �hV i/2, then results in an estimate for the total mass of the cluster

M ⇡ 3R�2

2G
. (39)

In 1933, Fritz Zwicky used the Virial theorem to infer a mass of the Coma
cluster that corresponds to a mass-to-light ratio of about 500. Today, most
dynamical estimates result in smaller mass-to-light ratios, consistent with
⌦m ⇠ 0.2� 0.3 on cluster scales.6

Another way to constrain the mass of clusters are X-ray observations
of the contained hot gas, which in hydrostatic equilibrium must satisfy

p0(r) = �⇢(r)�0(r) , (40)

where ⇢ and p are the density and pressure of the gas, respectively. For an
ideal gas, we have p = nkBT , so with �0 ⇡ M(r)/r2 and an average molecular
weight7 of µ ⌘ ⇢/(mpn), the above equation becomes

T 0

T
+

⇢0

⇢
= �µmp

kBT

GM(r)

r2
, (41)

where mp is the proton mass. At large r, the temperature of clusters is
roughly constant and one observes �r⇢0/⇢ ⇡ 1.5�2 for the gas. In numbers,

6This translation is done by dividing the cluster mass by the comoving volume from
which it originated; roughly, one obtains ⌦m ⇠ (M/L)/1000 on these scales.

7Here, ⇢ is the gas density and n the number density of both electrons and ions. For a
gas composed of several species with proton number Zi and atomic number Ai, it is thus
approximately given by µ�1 =

P

i
Zi+1
Ai

⇢i

⇢ . Assuming primordial abundances, we thus

expect µ�1 ⇡ 2fH + 3
4fHe ⇡ 2⇥ 0.75 + 3

4 ⇥ 0.25 ⇡ 1.69, i.e. µ ⇡ 0.6.

3



the above equation then reads

kBT ⇡ (1.3� 1.8) keV

✓

M(r)

1014M�

◆✓

Mpc

r

◆

. (42)

Comparing this to the observed temperatures of T ⇡ 10 keV (108 K), for a
typical cluster of this size, one arrives at the conclusion that considerably
more than the observed baryons have to contribute to M(r) in order to keep
the gas contained in the cluster.

Yet another way to determine the mass of clusters is weak gravitational
lensing, where the matter distribution of the cluster distorts the images of
a large number of background objects in a statistically significant way. All
these method lead to consistent results.

The bullet cluster and similar merging systems

Even more direct evidence for the existence of dark matter was first found in
2006 through detailed optical and X-ray observations of the cluster merging
system 1E0657–558, which shows the snapshot of two galaxy clusters that
”recently” (⇠ 108 years ago) passed through each other. The clearly distin-
guishable shock cone formed by the hot gas in the smaller of the two clusters
is the reason this system has become popular as the ”bullet cluster”.

In weak gravitational lensing, the images of background galaxies will pref-
erentially be stretched in a direction perpendicular to the mass concentration.
By a statistical analysis of the observed ellipticities, this e↵ect can be used
to construct a rather detailed map of the gravitational potential of the two
colliding clusters. In the case of the bullet cluster this analysis reveals two
undistorted spherical potentials, which suggests that the two clusters have
essentially unhindered passed through each other.

The intergalactic hot plasma in clusters, on the other hand, is visible
through its X-ray emission and generally makes up the main visible contri-
bution to the total cluster mass – the galaxies themselves, visible in optical
wavelengths, contribute a factor of a few (up to ⇠ 10) less. Due to the ram
pressure during an encounter of two clusters, one would expect the resulting
gas distributions to be heavily distorted. This is, in fact, what can be ob-
served. Even more important, however, is that the gas (unlike the galaxy)
distributions turn out to be clearly displaced from the center of the gravita-
tional potentials determined from gravitational lensing.

The conclusion is that the two clusters mainly consist of a non-interacting
dark matter component and that the most massive visible component, the
X-ray emitting plasma, is dragged behind. Modifications of gravity that
have been invoked e.g. as possible explanations for the observed flattening of
rotation curves essentially cannot explain such a phenomenon.
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