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GALAXY VELOCITIES IN CLUSTERS
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Fritz Zwicky, 1898 - 1974
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Zwicky, 1933

Redshift measurements of galaxies: large velocity dispersions

19
33
Ac
HP
h.
..
6.
.1
10
Z
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GAS ROTATION IN GALAXIES
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Figure 1: Indications of flat rotation curves in the early 1970s. a, optically studied rotation of
ionized hydrogen in M31 by Rubin and Ford (1970). b, five rotation curves of neutral hydrogen
in different galaxies by Rogstad and Shostak (1972); R80 indicates the radius within which 80
percent of the neutral hydrogen mass is contained. c, rotation curves of three galaxies and the
Milky Way by Roberts and Rots (1973). Reproduced from ref. 48, AAS/IOP (a); ref. 51,
AAS/IOP (b); and ref. 49, EDP Sciences (c).

Fig. 1), interpretations of their consequences for the existence of unseen mass were
scarce and lacked urgency.

Two important studies of rotation curves were published in 1970. Kenneth Free-
man, and, separately, Vera Rubin and Kent Ford had studied galactic rotational velocities
in the optical waveband. Freeman found that for two galaxies (NGC 300 and M33) the
observed velocity maxima occurred at a much larger radius than predicted on the basis of
stellar photometry. He mentioned the point in the appendix of his paper, where he noted
that this could imply the existence of “additional matter which is undetected,”47 without
further elaborating on the issue. Rubin and Ford analysed the rotation of the Andromeda
Nebula out to large radii. Famously, they observed that the velocities stayed rather con-
stant with radius (Fig. 1a). Still, Rubin and Ford drew no direct conclusions regarding
the existence of any dark matter or extra mass on the basis of their measurements—they
only argued that how one may wish to extrapolate the curve beyond the furthest out
measured velocity point was simply a “matter of taste”.48

Substantial numbers of radio astronomical analyses of the rotation of galaxies also
started to appear in the early 1970s. Three galaxies with rotation curves that hinted at
the possible presence of undetected mass at large radii were found through joint work of
Morton Roberts, of the American National Radio Astronomical Observatory (NRAO) in
Greenbank, WV, and Arnold Rots, of the Dutch Westerbork Synthesis Radio Telescope
(WSRT) (Fig. 1c). Roberts and Rots expressed that their find need not have been too
surprising, as there was no evidence to favour “small” over “large” galaxies;49 in other
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[Rubin, Ford, 1970] Vera Rubin, 1928 - 2016

Radio astronomy:	
	 measurements of rotational velocity of hydrogen in galaxies

Observation: rotational velocity distributions are mostly flat

velocity distribution in Andromeda Nebula

v(r) =

r
GM

r
v(r) ⇠ const.

6= (Newton)



A CLOSED UNIVERSE?

�4

adapted from Stephen Weinberg, 1972

    „If one tentatively accepts a closed universe, then	
one is forced to the conclusion that the mass density	
of                            must be found outside the	
normal galaxies. But where?“

However, the observed energy density of visible matter was

Philosophical considerations:	
The expansion of the universe must be decelerating,             . 

⇢c ⇡ 10�29g/cm3

⌦
tot

� 1

⌦
baryons

= ⇢/⇢c ⇡ 10�2 ⌧ 1



EVIDENCE OF MISSING MATTER
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Peebles, Abell, Longair, Einasto (l.t.r.)	
Tallinn 1977

[Einasto, Kaasik, Saar, 1974]
Figure 4: Two diagrams from 1974 that plot the relation between the mass and the radius of
galactic systems. Left: the mass of spiral galaxies as a function of radius by Ostriker, Peebles
and Yahil (1974), as determined by various methods. Mass is in units of 1012MJ. Right:
the relation between mass and radius of Einasto, Kaasik and Saar (1974). The dots represent
the observed values obtained from pairs of galaxies, on the basis of data of Page (1970) and
Karachentsev (1966). The dashed line represents the mass function of known stellar populations;
the dotted line is the implied mass distribution of the ‘dark’ corona; the solid line is the total mass
distribution. Reproduced from ref. 15, AAS/IOP (left); and ref. 16, Macmillan Publishers Ltd
(right).

faint stars”. In this scenario, galaxies accounted for at least one-fifth of the critical den-
sity, ⌦

galaxies

� 0.2. This value was sufficiently close to ⌦ = 1 to suggest agreement
with a closed universe, the authors implied. This somewhat generous extrapolation by
a factor of five is suggestive of the desirability of that cosmological scenario, which
was ”believed strongly by some”, the authors argued, ”for essentially nonexperimental
reasons”.15

Motivated by similar arguments, an Estonian group at Tartu Obervatory, consist-
ing of Jaan Einasto, Ants Kaasik and Enn Saar, likewise concluded that the total mass
density of matter in galaxies is 20 percent of the critical cosmological density.16 For
their influential paper (sent to Nature a few weeks before Ostriker et al. would sub-
mit their work—both articles came out months later), the Estonians used rotation curve
data of Roberts,58 and masses of pairs of galaxies due to Thornton Page94 and Igor
Karachentsev38, among others. From these data and their own, Einasto and his co-
workers constructed a diagram that plotted galaxy mass to radius similar to that of the
Princeton group, which showed the value of the extra mass a dark corona surrounding a
galaxy should have (see Fig. 4).

The Estonian group, just like its Princeton counterpart, was interdisciplinary in
interest and background: astronomers and theoretical physicists joined efforts to study
a problem that was now shared between galactic dynamics and cosmology. So, the
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dark corona

luminous	
matter

Determining the average mass of the universe	
	 by combining velocity distributions of clusters and galaxies

M(r) ⇠ r Ostriker, Peebles, Yahil, 1974
Einasto, Kaasik, Saar, 1974



PART I!
DARK MATTER IN THE UNIVERSE
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Experimental evidence today	
!
Particle dark matter	
!
The relic abundance



ROTATION CURVES TODAY
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Rotation curve of visible stars and gas in spiral galaxy M33

[Wikipedia]

⇢(r) ⇠ M(r)

r3
⇠ 1

r2
Density distribution of DM halo:

Average velocity: hvi =
r

GM
halo

R
halo

⇡ 200 km/s ⌧ c



GRAVITATIONAL LENSING
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[NASA/ESA]

Light is bent when traveling	
	 through the distorted space-time around massive objects



SELF-INTERACTING DARK MATTER?
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[Abell 3827, ESO VLT and Hubble Space Telescope, 2014]

Dark matter seems to lag behind in this collision of galaxies.
Lag not observed in collisions of galaxy clusters.



COSMOLOGICAL EVIDENCE
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[Planck+WMAP]

Acoustic peaks of the CMB power spectrum

cosmological microwave background anisotropies	
large-scale structure of the universe	
galaxy formation	
baryonic acoustic oscillations

1.4 Cosmic microwave background 17

This separation in angle can obviously be translated into a spatial distance on the sphere of last scattering, if we
know the distance of the sphere of last scattering to us. This means that the series of a`m or the power spectrum C`

gives us information about the angular distances (encoded in `) which contribute to the temperature fluctuations
�T/T

0

.

Next, we need to think about how a distribution of the C` will typically look. In Figure 3 we see that the measured
power spectrum essentially consists of a set of peaks. Each peak gives us an angular scale with a particularly large
contribution to the temperature fluctuations. The leading physics effects generating such temperature fluctuations
are:

– acoustic oscillations which occur in the baryon–photon fluid at the time of photon decoupling. As discussed
in Section 1 the photons are initially strongly coupled to the still separate electrons and baryons, because the
two components interact electromagnetically through Thomson scattering. Following Eq.(1.47) the weak
interaction can be neglected in comparison to Thomson scattering for ordinary matter. On the other hand, we
can see what happens when a sizeable fraction of the matter in the Universe is not baryonic and only
interacts gravitationally and possibly through the weak interaction. Such new, dark matter generates
gravitational wells around regions of large matter accumulation.

The baryon–photon fluid gets pulled into these gravitational wells. For the relativistic photon gas we can
relate the pressure to the volume and the temperature through the thermodynamic equation of state PV / T .
If the temperature cannot adjust rapidly enough, for example in an adiabatic transition, a reduced volume
will induce an increased pressure. This photon pressure acts against the gravitational well. The photons
moving with and against a slope in the gravitational potential induces a temperature fluctuation located
around regions of dark matter concentration. Such an oscillation will give rise to a tower of modes with
definite wave lengths. For a classical box-shaped potential they will be equi-distant, while for a smoother
potential the higher modes will be pulled apart. Strictly speaking, we can separate the acoustic oscillations
into a temperature effect and a Doppler shift, which have separate effects on the CMB power spectrum.

– the effect of general relativity on the CMB photons, not only related to the decoupling, but also related to the
propagation of the streaming photons to us. In general, the so-called Sachs–Wolfe effect describes this
impact of gravity on the CMB photons. Such an effect occurs if large accumulations of mass or energy

Figure 3: Power spectrum as measured by Planck in 2015. Figure from the Planck collaboration [15].



ENERGY BUDGET OF OUR UNIVERSE
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[NASA / WMAP Science Team, after Planck 2013]

[Planck coll., 2015]

Density of non-relativistic, non-baryonic matter :
⌦�h

2 = 0.1198± 0.0015
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WHAT WE KNOW ABOUT DARK MATTER
It exists in abundance in the universe today.	
It interacts gravitationally.	
It must be stable on cosmological time scales.	
It should be mostly non-relativistic („cold“).	
It cannot be baryonic (primordial black holes are an option).



WHAT WE KNOW ABOUT DARK MATTER
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It exists in abundance in the universe today.	
It interacts gravitationally.	
It must be stable on cosmological time scales.	
It should be mostly non-relativistic („cold“).	
It cannot be baryonic (primordial black holes are an option).

WHAT WE DON’T KNOW
Is dark matter a particle?	
If so, what are its properties: mass, spin, interactions?	
Does it have self-interactions?	
Is there maybe an entire dark sector?



PARTICLE DARK MATTER
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Possible candidates:

Requiring that DM form halos, it should be heavier than 

m� & 10�22 eV

m� & 0.7 keV

scalar :

fermion:

(uncertainty principle)

(Pauli exclusion)

axions sterile	
neutrinos

gravitinos neutralinos

10�5 eV 1 keV

m�

1TeV1MeV 1GeV

…



THERMAL DARK MATTER
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n� ⇠ T 3

(non-relativistic, „cold“)

(relativistic, „hot“)

Dark matter number density in thermal equilibrium:

Dark matter decouples from chemical equilibrium when

n� ⇠ (m�T )
3/2e�m�/T

Cold dark matter decouples earlier than hot dark matter.

�

� P

P

���!PP = n�h�vi ⇡ H



FREEZE-OUT
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�

� P

P

decoupling from	
kinetic equilibrium

decoupling from	
chemical equilibrium

� �

PP

After chemical decoupling,	
	 cold DM is still in kinetic equilibrium with the SM particle P:

nP ⇠ T 3

n�h�vi ⇡ H

The DM number density changes over time as (Boltzmann): 

nP h�scatt.vi ⇡ H

dn�

dt
+ 3H(t)n� = �h�vi(n2

� � n2
�,eq)

[Gondolo, Gelmini, 1991]



COMOVING NUMBER DENSITY
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Scaling out the Hubble expansion:
dY

dx
= � xsh�vi

H(m�)
(Y 2 � Y 2

eq)

Y = n�/s, x = m�/T

h�vi = b0 +
3

2

b1

x

+ . . .Non-relativistic limit:

1 5 10 50 100
10-10
10-8
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10-4
0.01

1

x

Ytoday

Y

Y (x = 1)

xf

Figure 6: An illustration of the DM number density Y as a function of x. Before freeze-out
(x < x

f

), the density tracks the equilibrium expectation (dashed black). After freeze-out, the
density remains nearly constant as a function of time, as indicated by the solid black line. Figure
courtesy of S. Mishra Sharma.

case where b
0

dominates is referred to as s-wave annihilation. The case where the second term

dominates is called p-wave annihilation.

There is no analytic solution for equations that take the form of (2.6), so one must rely on

numerical solutions for exact results. However, we can consider the behavior of the solutions in

limiting cases to build intuition for how the DM number density evolves with time. Remember

that the evolution depends on how the annihilation rate compares with the expansion rate. When

� � H, then the annihilation process is very e�cient and equilibrium can be maintained between

the DM and photon bath. However, when � ⌧ H, the DM particles can no longer find each other

fast enough compared to the expansion rate, and thus fall out of equilibrium, as illustrated in Fig. 6.

Said another way,

Y (x . x
f

) ' Y
eq

(x) and Y (x & x
f

) ' Y
eq

(x
f

) ,

where x
f

is the freeze-out time. For CDM, Y (x) decreases exponentially before freeze-out. After

freeze-out, however, the abundance is larger than what its equilibrium value would have been if

freeze-out had not occurred (as Y
eq

is decreasing, Y
eq

(x
f

) > Y
eq

(x > x
f

) trivially). Therefore, (2.6)

becomes
dY

dx
' � �

xn+2

Y 2 , where � =
h�vi

0

s
0

H(m)
.

Note that the x dependence has been pulled out of the cross section and entropy to define �. That

is, h�vi = h�vi
0

x�n and s = s
0

x�3.4 Taking n = 0 as an example, we can solve for the DM

4We are assuming that either s- or p-wave annihilation dominate, which is oftentimes true. More precisely, though,
the thermally averaged cross section is a series in x, as shown in (2.8).
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x = m�/T

xf

Yeq

Y
/
Y
(x

=
1)

Y

today

⇠ xf

[Lisanti, TASI 2016]



RELIC DARK MATTER ABUNDANCE
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⌦� =
m�stodayYtoday

⇢c

Dark matter density in the universe today:

h�vi ⇠ ↵2/m2
�Thermal DM could be much lighter :

⌦�h
2 = 0.1198± 0.0015Observed: [Planck coll., 2015]

⌦�h
2 ⇡ 10�26cm3/s

h�vi ⇡ 0.1

✓
0.01

↵

◆2 ⇣ m�

100GeV

⌘2

For a weakly interacting massive particle (WIMP):

Freeze-out temperature: Tf = 4GeV (xf = 25,m� = 100GeV)



NEUTRINOS AS DARK MATTER?
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The cross section for neutrino annihilation is small:

Tf/m⌫ ⇠ MeV/eV � 1

Neutrino dark matter would be relativistic at freeze-out:

hot dark matter

SM neutrinos can only contribute a small amount of hot DM.

From cosmology (e.g., impact on structure formation):
X

i

m⌫i . 1 eV [e.g. Lesgourges, Pastor, 2012]

h�vi ⇡ 10�32cm3/s ⌦⌫h
2 ⇡ 0.1

⇣ m⌫

9 eV

⌘



CO-ANNIHILATION
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�e↵(x) =
X

i,j

�

ij

g

i

g

j

g

2
e↵(x)

(1 +�
i

)3/2(1 +�
j

)3/2e�x(�i+�j)

[Griest, Seckel, 1991]

Relative abundance of two non-relativistic particles at freeze-out:
ni

nj
⇠ e�mi/Tf

e�mj/Tf

P

P

�i

�j

For                                           :�i = (mi �m�)/m� ⇡ 10%

h�vi ! h�e↵(x)vi
�

� P

P

+

ni/nj ⇡ 0.1

For                 , co-annihilation sets the relic abundance. �i� � ���



SUMMARY PART I

�21

We have strong evidence for dark matter	
based on gravitation.�

� P

P

Particle dark matter is a tempting hypothesis, but	
so far without positive hints from experiment.�

� P

P

�

� P

P

Thermally produced dark matter points towards	
interaction rates that can be tested at colliders.
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