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Me If You Have Questions



Dark Matter
• Have you seen this pie chart, or something like it? 

This is the Energy Budget of the Universe.

We know basically nothing about what’s in the universe.



Dark Matter
• Today I’ll talk about the blue part,  

Dark Matter, 
which we sort of understand.  



What I’ll Talk About
• Where (and how) we can find Dark Matter. 

• What it probably is,  
and almost certainly isn’t.



What I’ll Talk About
• Where (and how) we can find Dark Matter. 

• Basically anything astronomically large. 

• Measure mass, count protons (baryons), compare. 

• What it probably is, 
and almost certainly isn’t. 

• It is probably not black holes of any size. 

• It is probably not brown dwarfs or other gas-like thing that 
we just can’t see. 

• It is probably not an error in our understanding of gravity 
(though there is certainly at least one)



The Hardest Questions  
in Astronomy:
• How far away is that?  
 
and related, 

• How massive is that?



Much easier questions  
in Astronomy
• How hot is that? 

• How fast is that moving?  
(away from me?) 

• Both of these from Spectra



What’s a Spectrum?
• A fingerprint of the stuff, in photons. 

• Thermal motion gives a broad distribution of light. 

• The peak wavelength decreases with T. More hot is 
more blue 

• Energy transitions give very narrow lines of exactly one 
frequency. 

• Doppler shift of that 
frequency  
lets us measure  
velocity.



What’s Mass?
• The m in 

• The m in 

• The energy contained in the system.  
(Loosely, the number of protons and what they’re doing)  

• We’re going to assume they’re all the same.  
(Rather, to the extraordinary limits of human measurement, they’re the 
same.)
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Gravity⌥
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(the sun as of 6:20 pm last night)  
(Solar Dynamics Observatory is cool)



Gravity
• To stay on a circular orbit,
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Gravity
• so we can use Newton to relate  

MASS AND VELOCITY 
for objects moving around each other  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Light from Stars.
• Stars are really well understood.  (They’re spheres, and 

not evolving very fast.) There are 4 bits. 

• Pressure vs. Gravity 

• Mass vs. Density and Size 

• Energy production 

• Thermal conduction ⌥

1



Light from Stars
• Gravity pulls in, 

pressure gradients  
push out.  
They balance.  
More pressure makes 
more temperature



Light from Stars
• Gravity pulls in, 

pressure gradients (heat)  
push out.  
They balance. 

• Nuclear Fusion 
produces energy in the  
core



Light from Stars
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pressure gradients (heat)  
push out.  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• Nuclear Fusion 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to the surface



Light from Stars
• Gravity pulls in,  

pressure gradients (heat) 
push out.  
They balance. 

• Nuclear Fusion 
produces energy in the  
core 

• Conduction carries it 
to the surface 

• Photons leave the star, and we can get its Temperature.



Light from Stars
• The light from stars, 

and the relationship to 
mass, is very well 
understood.



Light from Stars
• Stars are really well understood. 

• Gravity pulls in, drives fusion, photons come out. 

•        = Mass/Light 

• For the sun, 5133 kg/W  (bit smaller for bigger stars)

⌥

1
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(At 2000 Cal/day, I emit about 100 W, 
so my mass/light is about 0.53 kg/W) 
(or I used to be)



So!
• Discuss with your neighbor: 

• What’s Mass-To-Light ratio for a trillion solar-mass 
stars (in units of Solar mass-to-light)?



Light
• Mass from Light is pretty easy:  

L is the Luminosity of the objects
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They should give us the 
same answer.
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(I’ve glossed over a couple integrals for clarity, ask me later 
if you want more details.)



NGC7331



• NGC 7331 in 21 
cm, with velocity 
contours 

• 21 cm is a radio 
line that comes 
from Hydrogen.  

• Looking at the side 
of a galaxy gets 
you its rotation.

210 Spiral and S0 galaxies

Fig. 5.13. HI gas in NGC 7331, observed with the VLA. Left, gas surface density; at
d = 14 Mpc, we see 11.3×109M⊙ of HI, and 1′ = 4 kpc. The outer contour shows diffuse
gas, at NH = 2.8 × 1019 cm−2; higher levels are at 1.2, 3.3, 6.4, and 9.5 × 1020 cm−2. The
small oval 15.7′′ × 13.7′′ shows the half-power width of the telescope beam: a pointlike
source would appear with roughly this size and shape. Right, contours of gas velocity Vr,
spaced 30 km s−1 apart – M. Thornley and D. Bambic.

gas. We can also make a contour plot like Figure 5.13 showing the average radial
velocity of gas at each position.

The gas clearly lies in the galaxy’s disk. As in the Milky Way and M31, the
center is largely gas-poor, while HI is piled up in a ring several kiloparsecs in
radius. Figure 5.14 shows how the surface density of HI varies with radius. The
gas is spread out much more uniformly than the stellar light; the peak density
in the ring is only a few times larger than average, much less than the 10 000-
fold variation in surface brightness that we saw in Figure 5.4. The HI disk is
larger than that of the stars; on measuring its size at the radius where the density
has fallen to 1M⊙ pc−2, we find that it extends to about twice the optical size
R25. As Figure 5.15 shows, this is typical for spiral galaxies. The HI layer extends
significantly beyond 2R25 in only 10%–20% of spirals; NGC 3351, in Figure 5.10,
has an enormous HI disk, stretching out to 4R25.



• Top line: velocity I measured. 

• Bottom line: velocity I’d get if I only used the light3.3 Spiral Galaxies
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Fig. 3.15. Examples of rotation curves of spiral galaxies. They
are all flat in the outer region and do not behave as expected
from Kepler’s law if the galaxy consisted only of luminous
matter. Also striking is the fact that the amplitude of the
rotation curve is higher for early types than for late types.

the mass contribution of dark matter can presumably
be neglected), assuming that M/L is independent of
radius for the stellar population. From this estimate
of the mass-to-light ratio, the discrepancy between
v2

lum and v2 yields the distribution of the dark matter,
v2

dark = v2 −v2
lum = G Mdark/R, or

Mdark(R) = R
G

!
v2(R)−v2

lum(R)
"

. (3.12)

An example of this decomposition of the mass contri-
butions is shown in Fig. 3.16.

The corresponding density profiles of the dark matter
halos seem to be flat in the inner region, and decreas-
ing as R−2 at large radii. It is remarkable that ρ ∝ R−2

implies a mass profile M ∝ R, i.e., the mass of the halo
increases linearly with the radius for large R. As long as
the extent of the halo is undetermined the total mass of
a galaxy will be unknown. Since the observed rotation
curves are flat out to the largest radius for which 21-cm
emission can still be observed, a lower limit for the ra-
dius of the dark halo can be obtained, Rhalo ! 30h−1 kpc.

To derive the density profile out to even larger radii,
other observable objects in an orbit around the galax-
ies are needed. Potential candidates for such luminous
tracers are satellite galaxies – companions of other spi-
rals, like the Magellanic Clouds are for the Milky Way.

Fig. 3.16. The flat rotation curves of spiral galaxies cannot be
explained by visible matter alone. The example of NGC 3198
demonstrates the rotation curve which would be expected from
the visible matter alone (curve labeled “disk”). To explain the
observed rotation curve, a dark matter component has to be
present (curve labeled “halo”). However, the decomposition
into disk and halo mass is not unambiguous because for it to
be so it would be necessary to know the mass-to-light ratio of
the disk. In the case considered here, a “maximum disk” was
assumed, i.e., it was assumed that the innermost part of the ro-
tation curve is produced solely by the visible matter in the disk

Because we cannot presume that these satellite galaxies
move on circular orbits around their parent galaxy, con-
clusions can be drawn based only on a statistical sample
of satellites. These analyses of the relative velocities of
satellite galaxies around spirals still give no indication
of an “edge” to the halo, leading to a lower limit for the
radius of Rhalo ! 100 h−1 kpc.

For elliptical galaxies the mass estimate, and thus the
detection of a possible dark matter component, is sig-
nificantly more complicated, since the orbits of stars are
substantially more complex than in spirals. In particular,
the mass estimate from measuring the stellar velocity
dispersion via line widths depends on the anisotropy of
the stellar orbits, which is a priori unknown. Neverthe-
less, in recent years it has been unambiguously proven
that dark matter also exists in ellipticals. First, the
degeneracy between the anisotropy of the orbits and
the mass determination was broken by detailed kine-
matic analysis. Second, in some ellipticals hot gas was
detected from its X-ray emission. As we will see in
Sect. 6.3 in the context of clusters of galaxies, the tem-
perature of the gas allows an estimate of the depth of
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Lets put all this together.



• We need this much to make up the difference. 

• And it gets FLAT.3.3 Spiral Galaxies
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Fig. 3.15. Examples of rotation curves of spiral galaxies. They
are all flat in the outer region and do not behave as expected
from Kepler’s law if the galaxy consisted only of luminous
matter. Also striking is the fact that the amplitude of the
rotation curve is higher for early types than for late types.

the mass contribution of dark matter can presumably
be neglected), assuming that M/L is independent of
radius for the stellar population. From this estimate
of the mass-to-light ratio, the discrepancy between
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An example of this decomposition of the mass contri-
butions is shown in Fig. 3.16.

The corresponding density profiles of the dark matter
halos seem to be flat in the inner region, and decreas-
ing as R−2 at large radii. It is remarkable that ρ ∝ R−2

implies a mass profile M ∝ R, i.e., the mass of the halo
increases linearly with the radius for large R. As long as
the extent of the halo is undetermined the total mass of
a galaxy will be unknown. Since the observed rotation
curves are flat out to the largest radius for which 21-cm
emission can still be observed, a lower limit for the ra-
dius of the dark halo can be obtained, Rhalo ! 30h−1 kpc.

To derive the density profile out to even larger radii,
other observable objects in an orbit around the galax-
ies are needed. Potential candidates for such luminous
tracers are satellite galaxies – companions of other spi-
rals, like the Magellanic Clouds are for the Milky Way.

Fig. 3.16. The flat rotation curves of spiral galaxies cannot be
explained by visible matter alone. The example of NGC 3198
demonstrates the rotation curve which would be expected from
the visible matter alone (curve labeled “disk”). To explain the
observed rotation curve, a dark matter component has to be
present (curve labeled “halo”). However, the decomposition
into disk and halo mass is not unambiguous because for it to
be so it would be necessary to know the mass-to-light ratio of
the disk. In the case considered here, a “maximum disk” was
assumed, i.e., it was assumed that the innermost part of the ro-
tation curve is produced solely by the visible matter in the disk

Because we cannot presume that these satellite galaxies
move on circular orbits around their parent galaxy, con-
clusions can be drawn based only on a statistical sample
of satellites. These analyses of the relative velocities of
satellite galaxies around spirals still give no indication
of an “edge” to the halo, leading to a lower limit for the
radius of Rhalo ! 100 h−1 kpc.

For elliptical galaxies the mass estimate, and thus the
detection of a possible dark matter component, is sig-
nificantly more complicated, since the orbits of stars are
substantially more complex than in spirals. In particular,
the mass estimate from measuring the stellar velocity
dispersion via line widths depends on the anisotropy of
the stellar orbits, which is a priori unknown. Neverthe-
less, in recent years it has been unambiguously proven
that dark matter also exists in ellipticals. First, the
degeneracy between the anisotropy of the orbits and
the mass determination was broken by detailed kine-
matic analysis. Second, in some ellipticals hot gas was
detected from its X-ray emission. As we will see in
Sect. 6.3 in the context of clusters of galaxies, the tem-
perature of the gas allows an estimate of the depth of
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Lets put all this together.



This is in basically all of 
them.

• It looks like 
v is constant,  
so 

3.3 Spiral Galaxies

101

Fig. 3.15. Examples of rotation curves of spiral galaxies. They
are all flat in the outer region and do not behave as expected
from Kepler’s law if the galaxy consisted only of luminous
matter. Also striking is the fact that the amplitude of the
rotation curve is higher for early types than for late types.

the mass contribution of dark matter can presumably
be neglected), assuming that M/L is independent of
radius for the stellar population. From this estimate
of the mass-to-light ratio, the discrepancy between
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An example of this decomposition of the mass contri-
butions is shown in Fig. 3.16.

The corresponding density profiles of the dark matter
halos seem to be flat in the inner region, and decreas-
ing as R−2 at large radii. It is remarkable that ρ ∝ R−2

implies a mass profile M ∝ R, i.e., the mass of the halo
increases linearly with the radius for large R. As long as
the extent of the halo is undetermined the total mass of
a galaxy will be unknown. Since the observed rotation
curves are flat out to the largest radius for which 21-cm
emission can still be observed, a lower limit for the ra-
dius of the dark halo can be obtained, Rhalo ! 30h−1 kpc.

To derive the density profile out to even larger radii,
other observable objects in an orbit around the galax-
ies are needed. Potential candidates for such luminous
tracers are satellite galaxies – companions of other spi-
rals, like the Magellanic Clouds are for the Milky Way.

Fig. 3.16. The flat rotation curves of spiral galaxies cannot be
explained by visible matter alone. The example of NGC 3198
demonstrates the rotation curve which would be expected from
the visible matter alone (curve labeled “disk”). To explain the
observed rotation curve, a dark matter component has to be
present (curve labeled “halo”). However, the decomposition
into disk and halo mass is not unambiguous because for it to
be so it would be necessary to know the mass-to-light ratio of
the disk. In the case considered here, a “maximum disk” was
assumed, i.e., it was assumed that the innermost part of the ro-
tation curve is produced solely by the visible matter in the disk

Because we cannot presume that these satellite galaxies
move on circular orbits around their parent galaxy, con-
clusions can be drawn based only on a statistical sample
of satellites. These analyses of the relative velocities of
satellite galaxies around spirals still give no indication
of an “edge” to the halo, leading to a lower limit for the
radius of Rhalo ! 100 h−1 kpc.

For elliptical galaxies the mass estimate, and thus the
detection of a possible dark matter component, is sig-
nificantly more complicated, since the orbits of stars are
substantially more complex than in spirals. In particular,
the mass estimate from measuring the stellar velocity
dispersion via line widths depends on the anisotropy of
the stellar orbits, which is a priori unknown. Neverthe-
less, in recent years it has been unambiguously proven
that dark matter also exists in ellipticals. First, the
degeneracy between the anisotropy of the orbits and
the mass determination was broken by detailed kine-
matic analysis. Second, in some ellipticals hot gas was
detected from its X-ray emission. As we will see in
Sect. 6.3 in the context of clusters of galaxies, the tem-
perature of the gas allows an estimate of the depth of
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It’s clear that stars don't in crease with radius. 
This isn’t just a calibration issue, the whole behavior 
is bizarre.



It’s not just spiral galaxies.

• Galaxy clusters! 

• Really Huge Structure! 

• The amount of Hydrogen in the Universe!



Galaxy Clusters
• Huge groups of galaxies 

• Again, the galaxies are  
MOVING TOO FAST  
for the amount of for the light.    =300⌥

1

(Fritz Zwicky, 1937)

(Abell 2218)



More ways to measure  
Gravitational Mass vs.  
Baryonic Mass

• Gravitational Mass from Velocity of Galaxies 

• Gravitational Mass from Lensing (instead of 
velocity) 

• Both Gravitational Mass and Baryon mass  
from X-Rays 

• Collisions of Clusters



Another way to measure Mass: 
Gravitational Lensing





 SDSS J1038+4849



We can measure the mass 
of things with this.
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(Abell 2218)



6.3 X-Ray Radiation from Clusters of Galaxies

243

Fig. 6.14. RXJ 1347−1145 is the most luminous galaxy clus-
ter in the X-ray domain. A color-coded ROSAT/HRI image
of this cluster, which shows the distribution of the intergalac-
tic gas, is superposed on an optical image of the cluster. The
two arrows indicate giant arcs, images of background galaxies
which are strongly distorted by the gravitational lens effect

Fig. 6.15. The cluster of
galaxies MS 1054−03 is,
at z = 0.83, the highest-
redshift cluster in the
Einstein Medium Sensi-
tivity Survey, which was
compiled from observa-
tions with the Einstein
satellite (see Sect. 6.3.5).
On the right, an HST
image of the cluster is
shown, while on the
left is an optical im-
age, obtained with the
2.2-m telescope of the
University of Hawaii, su-
perposed (in blue) with
the X-ray emission of the
cluster measured with the
ROSAT-HRI

trons in the Coulomb field of protons and atomic nuclei.
Since an accelerated electrically charged particle emits
radiation, such scattering processes between electrons
and protons in an ionized gas yields emission of pho-
tons. From the spectral properties of this radiation, the
gas temperature in galaxy clusters can be determined,
which is, for clusters with mass between ∼ 1014 M⊙
and ∼ 1015 M⊙, in the range of 107–108 K, or 1–10 keV,
respectively.

The emissivity of bremsstrahlung is described by

ϵff
ν = 32πZ2e6neni

3mec3

!
2π

3kBTme
e−hPν/kBT gff(T, ν) ,

(6.30)

where e denotes the elementary charge, ne and ni the
number density of electrons and ions, respectively, Z the
charge of the ions, and me the electron mass. The func-
tion gff is called Gaunt factor; it is a quantum mechanical
correction factor of order 1, or, more precisely,

gff ≈ 3√
π

ln
"

9kBT
4hPν

#
.

Hence, the spectrum described by (6.30) is flat
for hPν ≪ kBT , and exponentially decreasing for
hPν ! kBT , as is displayed in Fig. 6.16.Huge amount of x-ray



How do you make 10 million 
degree gas?
•    

• In a gas, this creates Pressure which is related to 
Temperature (PV=nRT) 

• How much mass do we need to make all of this x-
ray gas? 

• about 20x what we see in galaxies. 

• That’s still not 400!
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Bullet Cluster

Blue: Mass from Lensing

Pink: X-ray gas.



Large Scale Structure
• Very large structures! 

• Measures not just the mass, but where it is.

Peter Schneider, Cosmology II: Inhomogeneities in the Universe.
In: Peter Schneider, Extragalactic Astronomy and Cosmology. pp. 277–307 (2006)
DOI: 10.1007/11614371_7 © Springer-Verlag Berlin Heidelberg 2006
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7. Cosmology II: Inhomogeneities in the Universe
7.1 Introduction

In Chap. 4, we discussed homogeneous world models
and introduced the standard model of cosmology. It is
based on the cosmological principle, the assumption of
a (spatially) homogeneous and isotropic Universe. Of
course, the assumption of homogeneity is justified only
on large scales because observations show us that our
Universe is inhomogeneous on small scales – otherwise
no galaxies or stars would exist.

The distribution of galaxies on the sky is not uni-
form or random (see Fig. 6.1), rather they form clusters
and groups of galaxies. Also clusters of galaxies
are not distributed uniformly, but their positions are
correlated, grouped together in superclusters. The three-
dimensional distribution of galaxies, obtained from
redshift surveys, shows an interesting large-scale struc-
ture, as can be seen in Fig. 7.1 which shows the spatial
distribution of galaxies in the two-degree Field Galaxy
Redshift Survey (2dFGRS).

Even larger structures have been discovered. The
Great Wall is a galaxy structure with an extent of
∼ 100h−1 Mpc, which was found in a redshift survey
of galaxies (Fig. 7.2). Such surveys also led to the dis-
covery of the so-called voids, nearly spherical regions
which contain virtually no (bright) galaxies, and which
have a diameter of typically 50h−1 Mpc. The discovery

Fig. 7.1. The distribution of galaxies in the
complete 2dF Galaxy Redshift Survey. In
the radial direction, the escape velocity, or
redshift, is plotted, and the polar angle is the
right ascension. In this survey, more than
350 000 spectra were taken; plotted here is
the distribution of more than 200 000 galax-
ies with reliable redshift measurements. The
data from the complete survey are publicly
available

of these large-scale inhomogeneities raises the question
of whether even larger structures might exist in the Uni-
verse, or more precisely: does a scale exist, averaged
over which the Universe appears homogeneous? The
existence of such a scale is a requirement for the homo-
geneous world models to provide a realistic description
of the mean behavior of the Universe.

To date, no evidence of structures with linear di-
mension ! 100h−1 Mpc have been found, as can also
be seen from Fig. 7.1. Hence, the Universe seems to
be basically homogeneous if averaged over scales of
R ∼ 200h−1 Mpc. This “homogeneity scale” needs to
be compared to the Hubble radius RH ≡ c/H0 ≈ 3000
h−1 Mpc. This implies R ≪ c/H0, so that after averag-
ing, [(c/H0)/R]3 ∼ (15)3 ∼ 3000 independent volume
elements exist per Hubble volume. This justifies the
approximation of a homogeneous world model when
considering the mean history of the Universe.

On small scales, the Universe is inhomogeneous.
Evidence for this is the galaxy distribution projected
on the sky, the three-dimensional galaxy distribution
determined by redshift surveys, and the existence of
clusters of galaxies, superclusters, “Great Walls”, and
voids. In addition, the anisotropy of the cosmic mi-
crowave background (CMB), with relative fluctuations
of ∆T/T ∼ 10−5, indicates that the Universe already
contained small inhomogeneities at redshift z ∼ 1000,
which we will discuss more thoroughly in Sect. 8.6.
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7. Cosmology II: Inhomogeneities in the Universe

Fig. 7.4. The correlation function ξg of
galaxies, as it was determined from the
Las Campanas Redshift Survey. In the top
panel, ξg is shown for small and intermedi-
ate separations, whereas the bottom panel
shows it for large separations. Dashed and
dotted lines indicate the northern and south-
ern part, respectively, of the survey, and
the solid triangles denote the correlation
function obtained from combining both.
A power law with slope γ = 1.52 is plotted
for comparison (bold solid curve)

where the slope is about γ ≃ 1.8. This relation
is approximately valid over a range of separations
2h−1 Mpc! r ! 30h−1 Mpc.

Hence, the correlation function provides a means to
characterize the structure of the matter distribution in the
Universe. Besides this two-point correlation function,
correlations of higher order may also be defined, leading
to general n-point correlation functions. These are more
difficult to determine from observation, though. It can
be shown that the statistical properties of a random field
are fully specified by the set of all n-point correlations.

7.3.2 The Power Spectrum
An alternative (and equivalent) description of the sta-
tistical properties of a random field, and thus of the
structure of the Universe, is the power spectrum P(k).
Roughly speaking, the power spectrum P(k) describes
the level of structure as a function of the length-scale
L ≃ 2π/k; the larger P(k), the larger the amplitude
of the fluctuations on a length-scale 2π/k. Here, k is

a wave number. Phrased differently, the density fluc-
tuations are decomposed into a sum of plane waves
of the form δ(x) = !

ak cos(x ·k), with a wave vec-
tor k and an amplitude ak. The power spectrum P(k)
then describes the distribution of amplitudes with equal
k = |k|. Technically speaking, this is a Fourier decom-
position. Referring back to the example of waves on the
surface of a lake, one finds that a characteristic wave-
length Lc exists, which depends, among other factors,
on the wind speed. In this case, the power spectrum will
have a prominent maximum at k = 2π/Lc.

The power spectrum P(k) and the correlation func-
tion are related through a Fourier transform; formally,
one has3

P(k) = 2π

∞"

0

dr r2 sin kr
kr

ξ(r) , (7.20)

3This may not look like a “standard” Fourier transform on first sight.
However, the relation between P(k) and ξ(r) is given by a three-
dimensional Fourier transform. Since the correlation function depends
only on the separation r = |r|, the two integrals over the angular
coordinates can be performed explicitly, leading to the form of (7.20).

Structure formation from  
Dark Matter predictions 
match observations 
extremely well.



Hydrogen/Deuterium
• Are there non-gravity measurements? 

• Big Nucleosynthesis! 

• Photons turn into 

• Protons and Neutrons which turn into 

• Deuterium and Helium 

• Very sensitive to the temperature and proton density.



• D and He4 trace 

• Increase in     means 
more baryons per 
photon, less D 
destruction, higher n/
p, Y increases 

• Higher       , more D 
converted to He4, less 
D 

• Ly Alpha from QSO 
absorption lines
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sity in He4 and D depends on the baryon density in the
Universe, as can be seen in Fig. 4.14 and through the
following considerations:

• The larger the baryon density Ωb, thus the larger the
baryon-to-photon ratio η (4.59), the earlier D can
form, i.e., the fewer neutrons have decayed, which
then results in a larger nn/np ratio. From this and
(4.61) it follows that Y increases with increasing Ωb.

• A similar argument is valid for the abundance of deu-
terium: the larger Ωb is, the higher the baryon density
during the conversion of D into He4. Thus the conver-
sion will be more efficient and more complete. This
means that fewer deuterium nuclei remain without
a reaction partner for helium formation. Thus fewer
of them are left over in the end, so the fraction of D
will be lower.

Baryon Content of the Universe. From measurements
of the primordial abundances of He4 and D and their
comparison with detailed models of nucleosynthesis in
the early Universe, η or Ωb, respectively, can be deter-
mined (see Fig. 4.14). The abundance of deuterium is
a particularly sensitive measure for Ωb. Measurements
of the relative strength of the Lyα lines of H and D,
which have slightly different transition frequencies due
to the different masses of their nuclei, in QSO absorption
lines (see Sect. 5.6.3) yield D/H ≈ 3.4×10−5. Since
the intergalactic gas producing these absorption lines is
very metal-poor and thus presumably barely affected by
nucleosynthesis in stars, its D/H ratio should be close
to the primordial value. Combining the quoted value of
D/H with the model curves shown in Fig. 4.14 we find

Ωb h2 ≈ 0.02 . (4.62)

With a Hubble constant of H0 ∼ 70 km s−1 Mpc−1, thus
h ∼ 0.7, we have Ωb ≈ 0.04. But since Ωm > 0.1, this
result implies that baryons represent only a small frac-
tion of the matter in the Universe. The major fraction of
matter is non-baryonic dark matter.

WIMPs as Dark Matter. Big Bang nucleosynthesis
therefore provides a clear indication of the existence
of non-baryonic dark matter on cosmological scales.
Whereas our discussion of rotation curves of spiral gal-
axies could not fully exclude the possibility that the dark

Fig. 4.14. BBN predictions of the primordial abundances of
light elements as a function of today’s baryon density (ρb,0,
lower axis) and the corresponding density parameter Ωb where
h = 0.65 is assumed. The vertical extent of the rectangles
marks the measured values of the abundances (top: He4, cen-
ter: D, bottom: Li7). The horizontal extent results from the
overlap of these intervals with curves computed from theoret-
ical models. The ranges in Ωb that are allowed by these three
species do overlap, as is indicated by the vertical strip. The
deuterium measurements yield the most stringent constraints
for Ωb

matter consists of baryons, BBN shows that this cannot
be the case.

As mentioned previously, the most promising candi-
date for a dark matter constituent is an as yet unknown
elementary particle, a WIMP. In fact, from the above
considerations, constraints on the properties of such
a particle can be derived. If the WIMP is weakly inter-
acting, it will decouple in a similar way to the neutrinos.
If its mass mWIMP is smaller than the decoupling tem-
perature (T ∼ 1 MeV), the WIMP was relativistic at
the epoch of freeze-out and thus its number density
is the same as that of the neutrinos, n = 113 cm−3 to-
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Many Measurements
• Galaxy Rotation Curves 

• Cluster Dynamics, X-Rays 

• Bullet Cluster 

• Large Scale Structure 

• H/D/He ratios 

• ALL show that the gravitational mass and baryonic mass in 
the universe are different. 

• Any solution has to cover all of these. 
(It would be nice if it were consistent with other things)



So we either have to:
• Fix Gravity 

• Find some missing mass



Fix Gravity
• People are trying.  Really hard. 

• Turns out it doesn’t work all that well. 

• MOND (Modified Newtonian Dynamics) 

• can get galaxy rotations ok, but doesn’t do 
galaxy clusters, large scale structure, or D/H
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Find the Missing Stuff
• Has to be one of two things: 

• Something we already know about, but doesn’t 
show up in most galaxy images. 

• Something we haven’t found yet, but we hope it 
exists.



Stuff we already know about pt. 1: 
MACHOS

• Massive Compact Halo Objects 

• Brown Dwarfs (tiny stars with really high    ) 

• Small Black Holes (        ) 

• Supermassive Black Holes  
(these would be pretty obvious) 

• Intermediate Mass Black Holes
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• Lower mass MACHOS 

• MACHO and EROS surveys: micro lensing.   

• 1992-1999 survey, MW Bulge and LMC, for 
microlensing events. 

• 100 events towards bulge 

• 13 towards LMC 

• Might be 20% of the MW DM halo.

Dark Matter Candidates: MACHOS

2.5 The Galactic Microlensing Effect: The Quest for Compact Dark Matter
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Fig. 2.25. Image of a circular source with
a radial brightness profile – indicated by
colors – for different relative positions of
the lens and source. y decreases from left to
right; in the rightmost figure y = 0 and an
Einstein ring is formed

cation is finite. Second, even if one had a point source,
wave effects of the light (interference) would lead to
a finite value of µ. The total magnification of a point
source by a point-mass lens follows from the sum of the
magnifications (2.84),

µ(y) = µ+ +µ− = y2 +2

y
!

y2 +4
. (2.85)

2.5.2 Galactic Microlensing Effect
After these theoretical considerations we will now re-
turn to the starting point of our discussion, employing
the lensing effect as a potential diagnostic for dark mat-
ter in our Milky Way, if this dark matter were to consist
of compact mass concentrations, e.g., very faint stars.

Image Splitting. Considering a star in our Galaxy as
the lens, (2.79) yields the Einstein angle

θE = 0.902 mas
"

M
M⊙

#1/2

×
"

Dd

10 kpc

#−1/2 "
1− Dd

Ds

#1/2

. (2.86)

Since the angular separation ∆θ of the two images is
about 2θE, the typical image splittings are about a mil-
liarcsecond (mas) for lens systems including Galactic
stars; such angular separations are as yet not observable
with optical telescopes. This insight made Einstein be-
lieve in 1936, after he conducted a detailed quantitative
analysis of gravitational lensing by point masses, that
the lens effect will not be observable.12

Magnification. Bohdan Paczyński pointed out in 1986
that, although image splitting was unobservable, the
magnification by the lens should nevertheless be mea-
surable. To do this, we have to realize that the absolute
magnification is observable only if the unlensed flux of
the source is known – which is not the case, of course
(for nearly all sources). However, the magnification,
and therefore also the observed flux, changes with time
by the relative motion of source, lens, and ourselves.
Therefore, the flux is a function of time, caused by the
time-dependent magnification.

Characteristic Time-Scale of the Variation. Let v be
a typical transverse velocity of the lens, then its angular
velocity is

θ̇ = v

Dd
= 4.22 mas yr−1

$ v

200 km/s

%"
Dd

10 kpc

#−1

,

(2.87)

if we consider the source and the observer to be at rest.
The characteristic time-scale of the variability is then
given by

tE := θE

θ̇
= 0.214 yr
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(2.88)

This time-scale is of the order of a month for lenses
with M ∼ M⊙ and typical Galactic velocities. Hence,

12 The expression “microlens” has its origin in the angular scale (2.86)
that was discussed in the context of the lens effect on quasars by stars
at cosmological distances, for which one obtains image splittings of
about one microarcsecond.



• They totally throw off the statistics of very large 
structures. They’re so fast, they just leave.

Stuff we already know about pt. 2: 
neutrinos
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7. Cosmology II: Inhomogeneities in the Universe
7.1 Introduction

In Chap. 4, we discussed homogeneous world models
and introduced the standard model of cosmology. It is
based on the cosmological principle, the assumption of
a (spatially) homogeneous and isotropic Universe. Of
course, the assumption of homogeneity is justified only
on large scales because observations show us that our
Universe is inhomogeneous on small scales – otherwise
no galaxies or stars would exist.

The distribution of galaxies on the sky is not uni-
form or random (see Fig. 6.1), rather they form clusters
and groups of galaxies. Also clusters of galaxies
are not distributed uniformly, but their positions are
correlated, grouped together in superclusters. The three-
dimensional distribution of galaxies, obtained from
redshift surveys, shows an interesting large-scale struc-
ture, as can be seen in Fig. 7.1 which shows the spatial
distribution of galaxies in the two-degree Field Galaxy
Redshift Survey (2dFGRS).

Even larger structures have been discovered. The
Great Wall is a galaxy structure with an extent of
∼ 100h−1 Mpc, which was found in a redshift survey
of galaxies (Fig. 7.2). Such surveys also led to the dis-
covery of the so-called voids, nearly spherical regions
which contain virtually no (bright) galaxies, and which
have a diameter of typically 50h−1 Mpc. The discovery

Fig. 7.1. The distribution of galaxies in the
complete 2dF Galaxy Redshift Survey. In
the radial direction, the escape velocity, or
redshift, is plotted, and the polar angle is the
right ascension. In this survey, more than
350 000 spectra were taken; plotted here is
the distribution of more than 200 000 galax-
ies with reliable redshift measurements. The
data from the complete survey are publicly
available

of these large-scale inhomogeneities raises the question
of whether even larger structures might exist in the Uni-
verse, or more precisely: does a scale exist, averaged
over which the Universe appears homogeneous? The
existence of such a scale is a requirement for the homo-
geneous world models to provide a realistic description
of the mean behavior of the Universe.

To date, no evidence of structures with linear di-
mension ! 100h−1 Mpc have been found, as can also
be seen from Fig. 7.1. Hence, the Universe seems to
be basically homogeneous if averaged over scales of
R ∼ 200h−1 Mpc. This “homogeneity scale” needs to
be compared to the Hubble radius RH ≡ c/H0 ≈ 3000
h−1 Mpc. This implies R ≪ c/H0, so that after averag-
ing, [(c/H0)/R]3 ∼ (15)3 ∼ 3000 independent volume
elements exist per Hubble volume. This justifies the
approximation of a homogeneous world model when
considering the mean history of the Universe.

On small scales, the Universe is inhomogeneous.
Evidence for this is the galaxy distribution projected
on the sky, the three-dimensional galaxy distribution
determined by redshift surveys, and the existence of
clusters of galaxies, superclusters, “Great Walls”, and
voids. In addition, the anisotropy of the cosmic mi-
crowave background (CMB), with relative fluctuations
of ∆T/T ∼ 10−5, indicates that the Universe already
contained small inhomogeneities at redshift z ∼ 1000,
which we will discuss more thoroughly in Sect. 8.6.
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Fig. 7.4. The correlation function ξg of
galaxies, as it was determined from the
Las Campanas Redshift Survey. In the top
panel, ξg is shown for small and intermedi-
ate separations, whereas the bottom panel
shows it for large separations. Dashed and
dotted lines indicate the northern and south-
ern part, respectively, of the survey, and
the solid triangles denote the correlation
function obtained from combining both.
A power law with slope γ = 1.52 is plotted
for comparison (bold solid curve)

where the slope is about γ ≃ 1.8. This relation
is approximately valid over a range of separations
2h−1 Mpc! r ! 30h−1 Mpc.

Hence, the correlation function provides a means to
characterize the structure of the matter distribution in the
Universe. Besides this two-point correlation function,
correlations of higher order may also be defined, leading
to general n-point correlation functions. These are more
difficult to determine from observation, though. It can
be shown that the statistical properties of a random field
are fully specified by the set of all n-point correlations.

7.3.2 The Power Spectrum
An alternative (and equivalent) description of the sta-
tistical properties of a random field, and thus of the
structure of the Universe, is the power spectrum P(k).
Roughly speaking, the power spectrum P(k) describes
the level of structure as a function of the length-scale
L ≃ 2π/k; the larger P(k), the larger the amplitude
of the fluctuations on a length-scale 2π/k. Here, k is

a wave number. Phrased differently, the density fluc-
tuations are decomposed into a sum of plane waves
of the form δ(x) = !

ak cos(x ·k), with a wave vec-
tor k and an amplitude ak. The power spectrum P(k)
then describes the distribution of amplitudes with equal
k = |k|. Technically speaking, this is a Fourier decom-
position. Referring back to the example of waves on the
surface of a lake, one finds that a characteristic wave-
length Lc exists, which depends, among other factors,
on the wind speed. In this case, the power spectrum will
have a prominent maximum at k = 2π/Lc.

The power spectrum P(k) and the correlation func-
tion are related through a Fourier transform; formally,
one has3

P(k) = 2π

∞"

0

dr r2 sin kr
kr

ξ(r) , (7.20)

3This may not look like a “standard” Fourier transform on first sight.
However, the relation between P(k) and ξ(r) is given by a three-
dimensional Fourier transform. Since the correlation function depends
only on the separation r = |r|, the two integrals over the angular
coordinates can be performed explicitly, leading to the form of (7.20).

Neutrinos have a hard  
time staying bound  
to small objects



Find the Missing Stuff
• Has to be one of two things: 

• Something we already know about 

• Something we haven’t found yet.



What forces can DM interact 
with?

• Gravity (clearly)

• Strong (No: we would see this)

• Electromagnetic (No, that’s light, its the whole 
problem)

• Weak (Gosh I hope so.)(Also necessary for 
formation of DM in the first place, ask me later)



Stuff we Don’t Yet Know About

• Axions

• Very small (10-6 the mass of an electron) 

• WIMPS (Weakly Interactive Massive Particles)  
(as opposed to Machos)(particle physicists are hilarious)(These actually were 
named first) 

• There are many predicted candidates for these 
from the zoo of particle physics



Looking for Axions



Looking for WIMPS
• Let’s hope a Dark Matter particle bounces off some 

stuff. 

• Very careful book keeping, very careful shielding. 



Looking for WIMPS





In Space? 
Fermi Satellite

• Gamma ray from DM 
suppressed annihilation  

• Requires careful subtraction  
of other sources.



Huston, we have a problem. 
(Summary)

• Two ways to measure the mass should give us the same 
result.   

• They Don’t. 

• Galaxies 

• Clusters 

• Large Scale Structure 

• Probably not bad physics 

• Probably a missing particle


