Lecture Note #1: Dark Matter in the Cosmos
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1 Evidence for Dark Matter

Observations of the Universe over astronomical distances suggest there is much more matter
than what we can see [, 2, 3]. From the rotational dynamics of single galaxies, to the motion
of galaxies within galactic clusters, to the distribution of stars across the observable sky, to
the pattern of temperature fluctuations in the cosmic microwave background (CMB), much
more matter seems to be required than what we can account for using the physics we know.
This missing matter is called dark matter (DM).

1.1 DM and the CMB

The pattern of temperature fluctions in the 7' ~ 2.725 K cosmic microwave background (CMB)
carry a great deal of information about the evolution of the Universe between recombination

and today [4]. At recombination, which occurred at a redshift of z ~ 1089, free electrons

and protons came together to form neutral hydrogen and the Universe become essentially

transparent to photons The CMB radiation we see today consists of the photons left over

at the end of recombination. Therefore the CMB gives us a snapshot of the Universe at

z =~ 1089, but reprocessed by the expansion history since then.

By examining the pattern of CMB temperature fluctuations, it is possible to deduce the
fractions of dark energy, total matter, baryonic matter, and radiation in the Universe today.
In Fig. [Il, we show the dependence of the CMB temperature power spectrum on different
values of the baryon density and the total matter density. In Fig. Pl we show we show
the implications of the CMB data on the energy contents of the Universe together with
complementary data from supernova (SN) surveys and measurements of baryon-acoustic
oscillations (BAO).

Defining the energy fractions according to €; = p;/p., where p. = 3HZ/87G ~ 8.1 h? x
10747 GeV* (h ~ 0.704 £ 0.014 = H,/100kms~*Mpc ') is the critical density today, the
combined data gives [5]

Qe = 1.0023 £ 0.0055

Qp = 0.728+£0.016 (1)
Qh* = 0.1383 £ 0.0035

Oh% = 0.0260 % 0.00053

where A refers to dark energy, m to the total (non-relativistic) matter, and b to the baryonic
matter (which includes all known particles that aren’t relativistic at recombination, including

! Recall that we define the redshift z according to z = \g/A; — 1, where \g is the wavelength today and
A1 is the wavelength at emission.
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Figure 1: The effect of varying the density of baryons(left) or total matter (right) on the
CMB temperature power spectrum, from Ref. [4].

electrons). Not surprisingly, the density of dark matter is defined to be the difference between
Q,, and Q:

Qpuh? = Q,h? — k% = 0.1123 4+ 0.0035 . (2)

Note that this is quite a precise determination

As a cross-check, we can also compare the density of baryons determined from the CMB
(and SN+BAO) with the value that is consistent with Big-Bang Nucleosynthesis (BBN) [9].
In BBN, free protons and neutrons bind to form the light elements. The underlying nuclear
physics is understood very well, and starting from the total density of baryons, the relative
densities of hydrogen, helium, deuterium, and lithium can be predicted. The value of Q,h?
found this way is consistent with the CMB value (although some of the lithium isotope
densities seem to be a bit off).

1.2 DM from Astrophysics

Evidence for dark matter can also be found in many astrophysical systems. This includes the
rotation curves of galaxies, the motion of galaxies within galaxy clusters, surveys of galaxy
clusters by gravitational lensing, and even the overall distribution of visible matter over very
large distances in a filaments and voids pattern [10, 1T}, 12]. Relative to the evidence from
the CMB described above, the apparent signals of DM in these cases correspond to effects
over much smaller distance scales. It is the multitude of hints pointing towards the existence
of DM that make this story so compelling.

2These results have improved even further recently, but I didn’t have a chance to update the numbers. See
Ref. [6] for details. An even better set of data from measurements of the CMB by the Planck collaboration
is also expected in the next few days [7].
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Figure 2: Combined fits to the CMB spectrum, supernova surveys, and BAO. From Ref. [§].

In many of the galaxies we can see, the material within them is rotating. The net rate
of rotation v(r) can be deduced by measuring the redshift of light coming from them, while
the total visible luminosity (and surveys in other frequencies that are more sensitive to dust)
is expected to trace the mass of the system. Applying what we know about gravity to such
systems, we can compare the observed rotation velocity to what we would predict based on
the visible mass distribution. A typical result is shown in Fig. 3, from which it is evident
that the visible matter is unable to account for the observed rotation.

Let us assume instead that the galaxy is embedded within a spherical halo of dark matter.
Applying Newtonian gravity, one finds

ofr) = /=D )

where M_(r) is the total mass within the radius . For a mass distribution p(r) o r", we
find v(r) oc r™2~1. Observationally, the rotation curves typically approach a constant value,
implying n = 2 and p(r) oc 1/r? at large radii.

Individual galaxies are frequently found within self-gravitating galaxy clusters, in which
the constituent galaxies move around under their mutual gravitational influence. While this
motion is very complicated, its mean properties can be described using the virial theorem.
Applied here, it gives

GM

2

~N — 4
! R’ )

where v? and R represent typical values of the velocity of a galaxy and its distance to the
centre-of-mass, and M is the total mass of the cluster. Using only the visible mass in this
estimate, the predicted value of v? is much less than what is observed. In fact, it was precisely
this observation that led Fritz Zwicky to first propose DM in 1933.
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Figure 3: Observed and predicted rotation curves for the spiral galaxy NGC 3198.

The amount of matter within galaxy clusters can also be probed through gravitational
lensing. By surveying the distortion of light from sources behind a cluster, its total mass
distribution can be mapped out. These surveys also find much more matter than what can
be accounted for by ordinary matter.

A particularly spectacular example of a lensing survey is the bullet cluster [13], shown
in Fig. dl This system is thought to be the aftermath of a collision between a pair of galaxy
clusters. Here, the blue areas trace out the total matter distribution, while the red areas
show the map of ordinary matter based on x-ray emission. The interpretation is that the
dark matter components of the clusters passed right through each other, while the baryonic
components collided in the middle to create shock waves.

1.3 DM and Structure

The distribution of matter in the Universe is found to be very uniform over large distances,
above about 100 Mpc. We illustrate this using a map by the 2dF galaxy survey in Fig. Gl
Even so, the local fluctuations in the density of matter carry a lot of information, much like
the CMB. This fluctuation spectrum can be measured from galaxy surveys, lensing surveys,
and dust maps made by observing the absorption of light by the Lyman alpha line in the
hydrogen spectrum. It is found that DM is needed to account for the observed spectrum.

1.4 DM and Other Possibilities

All the evidence we have for DM is based on its gravitational influence on visible matter. A
very good description of the data is obtained if we assume the existence of new species of
particle with the following properties:



Figure 4: Matter (blue) and baryon (red) distributions within the bullet cluster.

1. non-luminous (uncharged, uncolored)
2. non-relativistic and stable (or very long-lived)
3. very weakly interacting with itself and with visible matter

No known elementary particle has these properties, and therefore the existence of DM points
towards new and interesting particle physics.

Unfortunately, all our evidence for DM comes from its gravitational influence on visible
matter. A logical alternative to DM is that gravity does not work the way we think it
does (which is General Relativity). Many attempts have been made to formulate theories
of modified gravity, but it has proven difficult to find one that can explain all the data. For
this reason, DM has been investigated much more thoroughly by cosmologists.

In this course we will focus on the DM hypothesis and its implications for elementary
particle physics. One of the main themes will be searches for DM using interactions other
than gravity. A discovery in DM in this way would both confirm the DM hypothesis and
tell us about the microscopic properties of the DM particle.

2 Distributions of DM

Dark matter plays a key role in determining the distribution of visible matter in the Universe.
In this section we will discuss how DM is distributed throughout our Universe.

Before getting into specifics, let us first outline how a smooth initial distribution of DM
evolved into the less-than-homogeneous pattern we seem to see today. Within the ACDM
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Figure 5: Galaxy survey by the 2dF Collaboration.

model and assuming an early period of inflation, quantum fluctuations in the inflaton field
gave rise to small fluctuations in the density of matter in the Universe over very small and
very large (super-horizon) distances. After inflation, these fluctuations evolved under the
influence of the Hubble expansion and particle interactions. Fluctuations in the density
of DM began growing in earnest when matter becomes the dominant source of energy in
the Universe (“matter-radiation equality”) at redshift z., ~ 3200. On the other hand,
fluctuations in the density of baryons are delayed until recombination at z,.. >~ 1100 because
of their strong coupling to photons.

When a fluctuation grows large enough, it begins to self-gravitate and is said to become
non-linear (because we can no longer describe it reliably using linearized equations). This
process happens first for DM since the baryons remain coupled to the relativistic photon
fluid until a bit later. Gravitational collapse creates clumps of DM that act as potential
wells for the baryons and pull them in. Thus, DM acts as a scaffolding upon which baryons
can attach, cluster, and form stars and galaxies. In particular, we expect that the visible
matter in the Universe should trace approximately the distribution of DM.

2.1 Large-Scale (DM) Structure

As mentioned above, the spectrum of fluctuations in the density of visible matter observed
today contains a lot of information. This information is similar but complementary to the
information in the spectrum of temperature fluctuations in the CMB. In particular, since
the density of baryons today is thought to track the density of dark matter, the spectrum of
fluctuations of visible matter tell us how dark matter is distributed in the Universe.

We can characterize the density fluctuations of visible matter by a quantity called P(k),
corresponding to the fluctuation amplitude power at the wavenumber k (wavelength &~1) [3].
To compute this, an initial spectrum of fluctuations after inflation is assumed (which turns
out to be pretty much a universal function of k& for most reasonable models of inflation),
and the resulting evolution after inflation is computed to obtain P(k) today. This involves
computing a complicated set of differential equations that describe the evolution of the metric
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Figure 6: Galaxy survey by the 2dF Collaboration.

and the densities of DM, baryons, and radiation. To make these tractable, the equations
are usually evaluated perturbatively in small deviations from a constant background. This
treatment works well for perturbations at larger distances (smaller k) that have not grown
too large.

The net result of these calcualtions, assuming a reasonable intial fluctuation spectrum
from inflation and much more dark matter than baryons, is approximately

k ;o k< kg
P(k) X k,—3 1I12 (%) : k > keq ) (5)

where k:e_ql corresponds to the size of the Universe at matter-radiation equality. The change
in the behaviour corresponds to a different evolution of fluctuations during the radiation- and
matter-dominated epochs. As shown in Fig.[@] this prediction is consistent with observations
over many different length scales. Without DM, the result would be very different.

2.2 Galactic DM

Galaxies are agglomerations of stars (and dust) moving about under their mutual gravi-
tational attraction. Based on galactic rotation curves, we think that the visible stuff in
galaxies is surrounded by a much larger halo of DM. Using rotation curves, we can estimate
the matter density distribution within other galaxies. The density and velocity distributions
of matter within galaxies are also estimated from large N-body simulations.

Of all the galaxies we know of, we are most interested in our own, at least as far as
searching for DM goes. Since we are inside our own galaxy, it is not possible to measure
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the rotation curve so we must rely on simulations. The results of these simulations are
frequently approximated by simple analytic fits. Some of the most popular fits for the
density distribution p(r) include:

e (a,53,7)

p(r) = pe (TCD)7 {1 L

(B—)/a
0 1+ (r/ry }

where po ~ 0.3 GeV/cm? and ro, = 8.5kpc, along with:

Profile |a B v  ry(kpe)
NFW |1 3 1 20 (7)
Moore |1 3 1.16 30

Iso-Core |2 2 O 5

e FHinasto:

with 1.0 S a < 2.0.

For the velocity distribution, the simulations point towards something that is close to a
Maxwellian distribution:

1\*? e
Uv) ~ N Y G @ esc — ) 9
s =N (o13) e Bl ) )
where vy ~ 220 km/s and the © is the step function that cuts the distribution off at v =
Vese = 600 km /s, the velocity above which DM particles can escape the halo. The factor of
N ~ 1 modifies the normalization so that [ d®vf(¢) = 1 with the © function. Note that this
velocity distribution applies to DM particles relative to the halo. Relative to the halo, the
disk in our galaxy (which includes us) is rotating.

3 Challenges to the DM Hypothesis

As we have just seen, the hypothesis that the apparently missing matter consists of a
new species of very feebly-interacting massive particle can account for a wide variety of
observations. Even so, there are a handful of specific observations that provide a challenge
to this picture of DM, which we will summarize briefly here. Note, however, that in all
theses cases there is a significant theoretical uncertainty on what the precise predictions of
DM are. These uncertainties are large enough that these discrepancies could very well be
just a reflection of our lack of understanding of DM dynamics. More calculations and more
observations are needed to sort things out.



3.1 Missing Satellites

Simulations of DM in galaxies are simple in principle but very complicated in practice.
A system of N “particles” representing cold DM is allowed to evolve under a mutual
gravitational attraction. As discussed above, these simulations make predictions for the DM
density distribution p(r) and velocity distribution f (%) within our galaxy. These simulations
are also found to predict a large amount of substructure, consisting of smaller clumps of DM
within the larger galactic halo. The number of such sub-haloes or satellites predicted by
N-body simulations seems to be considerably larger than what is observed. This is called
the “Missing Satellite Problem” [I4].

Many attempts to explain this apparent discrepancy have been made in the last few
years, and a few of them seem like they could be correct. A DM-based explanation is to
assume that some or all of the DM is warm, meaning that it was somewhat non-relativistic
until fairly late The non-trivial thermal velocities of warm DM particles would prevent
it from clumping effectively over short distances. A second suggestion is that baryons (and
thus dust and stars) do not accumulate as well in small DM sub-haloes as has been assumed,
implying that there are many more sub-haloes than have been observed [15].

3.2 Galactic Cusp vs. Core

Simulations of DM over galactic scales tend to predict a central cusp, with the density at small
radii near the inner core going like r~7 with v ~ 1. On the other hand, galactic observations
point towards a flatter cored inner profile with v ~ 0 [16]. Like the missing satellite problem,
a number of proposals have been made to account for this result within the context of DM
models. One class of ideas is that DM could have non-trivial self-interactions [I7], which
would prevent it from clumping too densely. A more pedestrian explanation is that baryons
could have a significant effect on the distribution of DM near the galactic centre [1§]. Baryons
have only recently been included in simulations of galactic dynamics, and their effects are
still being determined.

3.3 Galactic Matter Distributions

A further puzzle related to the standard picture of DM is the baryonic Tully-Fisher (BTF)
relation [19]. This is an empirical result found for rotating circular galaxies of the form

M, = Av? (10)

c )

where M, is the total mass of baryons in the galaxy, v. describes the net rotation velocity of
the galaxy, and A and z are constants. Fits to many such galaxies give A ~ 50 Mykm™*s*
and = = 4 [20], with individual galaxies deviating very little from the best-fit line.

3 Regular non-relativistic DM is said to be cold, and DM that was relativistic until very recently is called
hot.



The puzzle this relation presents for DM presented is that the galactic rotational velocity
v. should be set by the total matter density (DM and baryons), rather than just the baryons
alone. While the baryonic mass of a galaxy is expected to trace the total mass on average,
significant deviations between individual galaxies are expected. Thus, one would expect
larger individual deviations of circular galaxies from the BTF relation than is observed.
While the total baryonic mass is not large enough to explain the magnitude of v. for
conventional gravity, proponents of modified theories of gravity that can explain galactic
rotation curves have pointed out that such theories often also predict the BTF relation [21].

It should be noted, however, that there is some controversy over how well the BTF
relation actually works. Refs. [22) 23] suggest that the baryonic mass used in Refs. [20] 21]
did not include the large amount of ionized gas expected to be present in many such galaxies,
while Ref. [24] criticized other aspects of the fitting procedure. A strongly-worded response
soon followed [25].
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