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i. brief historical perspective

Ever since Newton (and Kepler) found the laws of gravitation in the 17th century, any
anomaly in the trajectory of objects in the sky has been interpreted in one of two
ways: “there is an unseen object nearby”, or “the theory is wrong”.

Solution A: “unseen object”
(aka “missing mass”)

The trajectory observed is perturbed by a
nearby object yet to be discovered.

Example: The erratic behaviour of Uranus
lead Bouvard, Adams and Le Verrier to
hypothesise the existence of Neptune, later
discovered by Galle in 1846.

Solution B: “wrong theory”
(aka “new physics”)

Newton’s laws of gravitations breakdown,
leading to a different trajectory.

Example: The anomalous precession of
Mercury’s perihelion lead to the conjecture
of a new planet Vulcan, but was explained
with general relativity by Einstein in 1916.

In a sense, the modern concept of dark matter arises in the same context as the
examples above.
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i. brief historical perspective

The evidence for dark matter gradually mounted throughout the 20th century, and by
now we are convinced that our universe is filled with dark matter at various scales.
Note that all evidence for dark matter is of gravitational origin; non-gravitational
evidence is yet to be discovered.
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We can identify four key revolutions in the history of dark matter:
1. dark matter is first mentioned by Kapteyn;
2. dark matter is found in the Coma cluster by Zwicky;
3. dark matter is found in spiral galaxies by Rubin & Ford; and
4. dark matter is found at cosmological scales by many.
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i. pre-discovery phase

Dark matter is first mentioned by Jacobus Kapteyn in 1922 when making a census of
the stars in our own Galaxy.
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i. pre-discovery phase

A few years later, in 1927, Jan Oort estimates the so-called Oort’s constants and in
the process also mentions dark matter...
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i. clusters of galaxies

Clusters of galaxies are sets of 100s to 1000s of galaxies and constitute the largest
gravitationally bound objects in the universe. There many tens of thousands of known
clusters up to redshift z � 2.

Coma

N > 1000
d ' 100 Mpc (z ' 0:023)

Virgo

N > 1300
d ' 18 Mpc (z ' 0:0038)
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i. clusters of galaxies

Clusters of galaxies are sets of 100s to 1000s of galaxies and constitute the largest
gravitationally bound objects in the universe. There many tens of thousands of known
clusters up to redshift z � 2.

Coma

The actual discovery of dark matter is
usually attributed to Fritz Zwicky, who
discovered in 1933 an anomalously large
mass-to-light ratio in the Coma cluster.

Zwicky applied the virial theorem to the observed motion of the galaxies in Coma to
estimate the total mass of the cluster. Remember the virial theorem?
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i. clusters of galaxies

The virial theorem (in galactic dynamics) states that in an isolated self-gravitating
system in equilibrium the time-averaged total kinetic energy T and the time-averaged
total potential energy U are related as

T = �
1

2
U T =

1

2

X
i

mi v
2
i =

1

2
Mhv 2i ; U = �

1

2

X
i;j 6=j

Gmi mj

xi � xj
= �GM2h

1

r
i

Problem #1: Convince yourself that a typical cluster of galaxies is in equilibrium.

A typical cluster has size R � 1 Mpc and the galaxies therein move with random
velocities v � 103 km/s, so the crossing time is

tcrossing = R=v � 109 yr < tcluster � 1010 yr :
Therefore, a galaxy in a cluster has had time to cross the system several times so

that a equilibrium configuration should have been established.

Problem #2: (a) Compute U for a homogeneous sphere of mass M and radius R.

In a system with spherical symmetry the potential felt by a particle of mass mi at
radius ri is simply Ui = �GM(< ri )mi=ri . So the total gravitational potential reads

U = �
X

i

GM(< ri )mi

ri
! �

Z
d3r �(r)

GM(< r)

r
= �

Z R

0

dr 4�r 2�
G

r

�
4�

3
r 3�

�

= �3G

�
4�

4
�

�2
Z R

0

dr r 4 , U = �
3

5

GM2

R
:

(b) Use the virial theorem to express hv2i in terms of M and R.

hv 2i =
3

5

GM

R
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i. clusters of galaxies

Let us return to 1933... With 800 known galaxies in Coma and a typical luminous
mass of 109 M� for each galaxy, Zwicky computed the mass of the system and the
expected velocity dispersion through the virial theorem.

So he concluded:
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i. clusters of galaxies

In 1937 Zwicky turns the argument around.
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i. clusters of galaxies

In the meantime, in 1936, Sinclair Smith finds a similar result for the Virgo cluster.

At the time it was not known, however, that the intergalactic space in clusters is filled
with heaps of gas...
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i. clusters of galaxies

Soon after the lauch of the Uhuru satellite in 1970, it was realised that many clusters
shine in X rays.

(see also Meekins+ ’71) [Gursky+ ’71] [Gursky+ ’71]

This emission was readily interpreted as bremsstrahlung from hot intracluster gas. By
measuring the bremsstrahlung emission,

�� = �2
g exp(��=Tg ) ;

across the cluster, it is possible to infer both the gas density �g (r) and its temperature
Tg (r). From �g (r) we can also compute the gas enclosed mass Mg (< r).
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i. clusters of galaxies

Soon after the lauch of the Uhuru satellite in 1970, it was realised that many clusters
shine in X rays.

[NASA/CXC/SAO ’99, X-ray] [La Palma/B. McNamara, optical]

This emission was readily interpreted as bremsstrahlung from hot intracluster gas. By
measuring the bremsstrahlung emission,

�� = �2
g exp(��=Tg ) ;

across the cluster, it is possible to infer both the gas density �g (r) and its temperature
Tg (r). From �g (r) we can also compute the gas enclosed mass Mg (< r).
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i. clusters of galaxies

Problem #3: Write down the hydrostatic equilibrium condition for a perfect gas in a

spherical cluster. Solve for the total mass enclosed.

If the gas is in hydrostatic equilibrium, its pressure gradient exactly equals the
gravitational force exerted on it. For a spherical cluster, we have

dpg

dr
= ��g

GMtot(< r)

r 2
:

For a perfect gas, pg = �g kB Tg=�mH and so

kB

�mH

�
d�g

dr
Tg + �g

dTg

dr

�
= �

GMtot(< r)�g

r 2

Mtot(< r) = �
kB Tg r

G�mH

�
d ln �g

d ln r
+
d ln Tg

d ln r

�
:

With observations typically indicating kB Tg (r) ' 10 keV = const and �g / r�2,

Mtot(< r) � 1015 M�

�
Tg

10 keV

��
r

1Mpc

��
0:6

�

�
;

in agreement with the virial estimates.
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i. clusters of galaxies

There is yet another method to trace the total mass of clusters: look for the deflection
of light from background sources behind the clusters. This was already proposed by
Zwicky in his 1937 paper.

The effect was not observed until 1986/7.

(see also Lynds & Petrosian ’86) [Soucail+ ’87]() 22



i. clusters of galaxies

Let us now derive the basic lensing formulae.

[Longair ’98]

[Longair ’98]

In general relativity, the light from a background
source is bent due to a point mass M at impact
parameter p by an angle

� =
4GM

pc2
:

Problem #4: In a colinear lensing configuration,

the observed image is the so-called Einstein ring,
whose angular radius is defined as the Einstein
angle, �E. Compute �E.

�E ' p=Dd �0 ' p=Dds ' �EDd=Dds

� = �E + �0 , �E =
�

1 + Dd=Dds

= �
Dds

Ds

�2
E =

4GM

c2

1� Dd=Ds

Dd

For a cluster with M = 1015 M� at Dd = 100 Mpc,
cosmological sources are lensed with �E ' 30000.
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i. clusters of galaxies

We now return to a generic lensing configuration.

[Binney & Merrifield ’98]

[Binney & Merrifield ’98]

Because the angles involved are small,

� ' Ds� ' Ds� � Dsl� � =
4GM

pc2
p ' (Dl�)

� ' � �
�2
E

�
:

This is the so-called lensing equation, whose
solutions are

�� =
1

2

�
� �

p
�2 + 4�2

E

�
:

[Longair ’98]
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i. clusters of galaxies

We now return to a generic lensing configuration.

[Binney & Merrifield ’98]

[Binney & Merrifield ’98]

Because the angles involved are small,

� ' Ds� ' Ds� � Dsl� � =
4GM

pc2
p ' (Dl�)

� ' � �
�2
E

�
:

This is the so-called lensing equation, whose
solutions are

�� =
1

2

�
� �

p
�2 + 4�2

E

�
:

� =
4GM(< p)

pc2

�� ! p�; (�; �E) ! �! M(< p)

The total mass of clusters measured by lensing
agrees to within 10% with the virial estimates.
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i. clusters of galaxies

A beautiful example of all the phenomena discussed above is the so-called bullet
cluster (1E 0657-558).

[Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.]

We learn that:
1. the total gravitational potential does not follow the baryons (galaxies + gas); and
2. dark matter is essentially colisionless.
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i. clusters of galaxies

A beautiful example of all the phenomena discussed above is the so-called bullet
cluster (1E 0657-558).

[Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.]
[X-ray: NASA/CXC/CfA/M.Markevitch et al.]
[Lensing: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.]

We learn that:
1. the total gravitational potential does not follow the baryons (galaxies + gas); and
2. dark matter is essentially colisionless.
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i. clusters of galaxies

A beautiful example of all the phenomena discussed above is the so-called bullet
cluster (1E 0657-558). Other examples: MACS J00254.4-1222

[Optical/Lensing: NASA/STScI/UC Santa Barbara/M.Bradac]
[X-ray: NASA/CXC/Stanford/S.Allen]

We learn that:
1. the total gravitational potential does not follow the baryons (galaxies + gas); and
2. dark matter is essentially colisionless.
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i. clusters of galaxies

A beautiful example of all the phenomena discussed above is the so-called bullet
cluster (1E 0657-558). Other examples: MACS J00254.4-1222 and Abell 520.

[Optical/Lensing: CFHT/UVic./A.Mahdavi et al.]
[X-ray: NASA/CXC/UVic./A.Mahdavi et al.]

We learn that:
1. the total gravitational potential does not follow the baryons (galaxies + gas); and
2. dark matter is essentially colisionless.
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i. clusters of galaxies

Let us summarise then. The typical mass budget in clusters of galaxies reads:

Mtot = 5� 1014 � 5� 1015 M�
5% galaxies

10-30% hot gas

65-85% dark matter

[Böhringer ’95]

Back in the 1930s, Zwicky (and Smith) did not know about the presence of a lot of
gas in clusters, but even this is not enough to explain the total gravitational potential
of these objects. Dark matter is still needed in ubiquitous amounts.

Other evidence for dark matter from systems of galaxies:

� local group M=L � 100M�=L� (Kahn & Woltjer ’59)

� binary galaxies M=L � 300M�=L� (Holmberg ’37)

� groups of galaxies M=L � 100� 600M�=L� (Limber & Matthews ’60)
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i. brief historical perspective

The evidence for dark matter gradually mounted throughout the 20th century, and by
now we are convinced that our universe is filled with dark matter at various scales.
Note that all evidence for dark matter is of gravitational origin; non-gravitational
evidence is yet to be discovered.
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We can identify four key revolutions in the history of dark matter:
1. dark matter is first mentioned by Kapteyn;
2. dark matter is found in the Coma cluster by Zwicky;
3. dark matter is found in spiral galaxies by Rubin & Ford; and
4. dark matter is found at cosmological scales by many.

() 32



i. galaxies

It was Hubble that set in 1936 the main scheme for the classification of galaxies in the
universe.

age

bluered

mass

M/L
[Hubble ’36]

The (revised) Hubble sequence contains:

� ellipticals: smooth spheroidal distribution

� spirals: disc with spiral arms and central bulge

� barred spirals: as spirals but with central bar

� irregular: none of the above

Our Galaxy is an SBb.

[Credit: Brunier / NASA]
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i. galaxies

It was Hubble that set in 1936 the main scheme for the classification of galaxies in the
universe.

[in Baudis ’12]

The (revised) Hubble sequence contains:

� ellipticals: smooth spheroidal distribution

� spirals: disc with spiral arms and central bulge

� barred spirals: as spirals but with central bar

� irregular: none of the above

Our Galaxy is an SBb.

[Credit: Brunier / NASA]
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i. galaxies

It was Hubble that set in 1936 the main scheme for the classification of galaxies in the
universe.

[in Baudis ’12]

The (revised) Hubble sequence contains:

� ellipticals: smooth spheroidal distribution

� spirals: disc with spiral arms and central bulge

� barred spirals: as spirals but with central bar

� irregular: none of the above

Our Galaxy is an SBb.

[Credit: Brunier / NASA]
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i. galaxies

Let us start the journey in our sister galaxy Andromeda (or M31), the closest spiral.

[Credit: Poole]
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i. galaxies

Let us start the journey in our sister galaxy Andromeda (or M31), the closest spiral.

[Credit: Poole]
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i. galaxies

In a seminal article from 1939 (no typo there!), Horace Babcock used the Doppler
shift of emission and absorption lines to study the rotation of Andromeda.

He found surprisingly high velocities across the galactic plane...
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i. galaxies

... and correspondingly large mass-to-light ratios.

However, a confirmation of this hint had to wait for over 3 decades.
() 38



i. galaxies

In 1970, Vera Rubin and Kent Ford measured H� shifts across Andromeda.

They found a flat rotation curve up to 24 kpc, way beyond the luminous matter:

This paper was the turning point for the dark matter paradigm. Soon afterwards, the
same result was confirmed by 21 cm line observations (Rogstad & Shostak ’72).
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i. galaxies

The 1970s and 1980s witnessed a steady growth in the number of spirals with flat
rotation curves. Several authors contributed to this effort...

Inescapable? Why is that so?() 40



i. galaxies

Let us go one step back to Newton’s laws. Consider the motion of a test particle
under the influence of a point mass (e.g., the Sun-Earth system). The gravitational
potential per unit mass reads

� = �
GM

r
:

The force per unit mass acted upon the particle in a circular orbit is

jF j =
v 2

c

r
=

d�

dr
=

GM

r 2
) v 2

c =
GM

r
: circular speed

But a galaxy cannot really be approximated by a point-like distribution of matter.

Problem #5: Consider an extended spherical mass distribution with density �(r).

(a) Write down the gravitational potential � at radius r .

There are two terms contributing to �, one from matter interior to r and another
from matter exterior to r .

�r<r0 = �GM=r �r>r0 = �GM=r 0

�(r) = �

Z r

0

d3r 0
G�(r 0)

r
�

Z
1

r

d3r 0
G�(r 0)

r 0
= �4�G

�
1

r

Z r

0

dr 0 �(r 0)r 02 +

Z
1

r

dr 0�(r 0)r 0

�
(b) Calculate the circular speed.

v 2
c = r

d�

dr
= �4�Gr

�
�

1

r 2

Z r

0

dr 0 �(r 0)r 02 +
1

r
�(r)r 2 � �(r)r

�
) v 2

c =
GM(< r)

r

Problem #6�: Repeat #5 but for an axisymmetric mass distribution.

Go through Binney & Tremaine, Sec. 2.3.() 41



i. galaxies

point-like: v2
c =

GM

r
spherical: v2

c =
GM(< r)

r

We learn that:
1. for a point mass or for M(< r) ' const, vc / r�1=2 (Keplerian fall-off); and
2. vc ' const implies M(< r) / r .

[Begeman+ ’91]

Therefore, the flat rotation curves observed in spiral galaxies indicate M(< r) / r in a
region where the luminous mass enclosed is barely increasing. This is striking evidence
for dark matter.

Note: virtually in no spiral has a Keplerian fall-off been observed, which means we are
not able to actually infer the total mass of these systems...
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i. galaxies

It was Hubble that set in 1936 the main scheme for the classification of galaxies in the
universe.

[in Baudis ’12]

The (revised) Hubble sequence contains:

� ellipticals: smooth spheroidal distribution

� spirals: disc with spiral arms and central bulge

� barred spirals: as spirals but with central bar

� irregular: none of the above

Our Galaxy is an SBb.

[Credit: Brunier / NASA]
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i. galaxies

Many ellipticals were found to shine in X rays, pretty much like clusters of galaxies.
This is evidence for hot gas emitting bremsstrahlung, and the measured density and
temperature profiles can be used to track the total mass.

Mtot(< r) = �
kB Tg r

G�mH

�
d ln �g

d ln r
+
d ln Tg

d ln r

�

[Fabricant & Gorenstein ’83]

Perhaps the most notable example is M87, where Mtot(< 300 kpc) = 3� 1013 M�, or
M=L = 750M�=L�. Dark matter contributes > 99% of the mass budget of this giant
elliptical.

Other evidence for dark matter from galaxies: (see e.g. Bertone+ ’04)

� kinematics of Magellanic stream

� lensing by ellipticals

� lensing of distant galaxies

� kinematics of dwarf galaxies
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i. galaxies

It was Hubble that set in 1936 the main scheme for the classification of galaxies in the
universe.

[in Baudis ’12]

The (revised) Hubble sequence contains:

� ellipticals: smooth spheroidal distribution

� spirals: disc with spiral arms and central bulge

� barred spirals: as spirals but with central bar

� irregular: none of the above

Our Galaxy is an SBb.

[Credit: Brunier / NASA]
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i. our own galaxy

The Milky Way is a complex bound system of stars, gas, dust and dark matter.

not to scale!

edge−on

Milky Way

Galactic centre

[Gillessen+ ’09]

We can identify the following main components:

� supermassive black hole, with mass 4� 106 M�;

� stellar bulge, with barred shape of scale length
2� 3 kpc and mass 1010 M�;

� stellar disc, decomposed into thin and thick
components of scale length 10 kpc and total mass
1010 M� with a marked spiral structure;

� gas, in molecular, atomic and ionised phases
(mainly H) with a patchy distribution towards the
centre and a disk-like structure otherwise; and

� dark matter halo, extending hundreds of kpc.

The Sun is located slightly above the Galactic plane
at R0 ' 8 kpc from the Galactic centre, in between
two major spiral arms, and travels together with the
local standard of rest at about 220 km/s in a roughly
circular orbit.
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i. our own galaxy

The Milky Way is a complex bound system of stars, gas, dust and dark matter.

not to scale!

edge−on

Milky Way

Galactic centre

[Gillessen+ ’09]

We can identify the following main components:

� supermassive black hole, with mass 4� 106 M�;

� stellar bulge, with barred shape of scale length
2� 3 kpc and mass 1010 M�;

� stellar disc, decomposed into thin and thick
components of scale length 10 kpc and total mass
1010 M� with a marked spiral structure;

� gas, in molecular, atomic and ionised phases
(mainly H) with a patchy distribution towards the
centre and a disk-like structure otherwise; and

� dark matter halo, extending hundreds of kpc.
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at R0 ' 8 kpc from the Galactic centre, in between
two major spiral arms, and travels together with the
local standard of rest at about 220 km/s in a roughly
circular orbit.
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i. our own galaxy

The Milky Way is a complex bound system of stars, gas, dust and dark matter.

not to scale!

edge−on

Milky Way

bulge/bar

Galactic centre

[Binney+ ’97]

We can identify the following main components:

� supermassive black hole, with mass 4� 106 M�;

� stellar bulge, with barred shape of scale length
2� 3 kpc and mass 1010 M�;

� stellar disc, decomposed into thin and thick
components of scale length 10 kpc and total mass
1010 M� with a marked spiral structure;

� gas, in molecular, atomic and ionised phases
(mainly H) with a patchy distribution towards the
centre and a disk-like structure otherwise; and

� dark matter halo, extending hundreds of kpc.

The Sun is located slightly above the Galactic plane
at R0 ' 8 kpc from the Galactic centre, in between
two major spiral arms, and travels together with the
local standard of rest at about 220 km/s in a roughly
circular orbit.
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i. our own galaxy

The Milky Way is a complex bound system of stars, gas, dust and dark matter.

not to scale!

edge−on

Milky Way

stellar disk

bulge/bar

Galactic centre

[Reid+ ’09]

We can identify the following main components:

� supermassive black hole, with mass 4� 106 M�;

� stellar bulge, with barred shape of scale length
2� 3 kpc and mass 1010 M�;

� stellar disc, decomposed into thin and thick
components of scale length 10 kpc and total mass
1010 M� with a marked spiral structure;

� gas, in molecular, atomic and ionised phases
(mainly H) with a patchy distribution towards the
centre and a disk-like structure otherwise; and

� dark matter halo, extending hundreds of kpc.

The Sun is located slightly above the Galactic plane
at R0 ' 8 kpc from the Galactic centre, in between
two major spiral arms, and travels together with the
local standard of rest at about 220 km/s in a roughly
circular orbit.
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i. our own galaxy

The Milky Way is a complex bound system of stars, gas, dust and dark matter.

not to scale!

edge−on

Milky Way

stellar disk
gas disk

bulge/bar

Galactic centre

[Ferriere+ ’12]

We can identify the following main components:

� supermassive black hole, with mass 4� 106 M�;

� stellar bulge, with barred shape of scale length
2� 3 kpc and mass 1010 M�;

� stellar disc, decomposed into thin and thick
components of scale length 10 kpc and total mass
1010 M� with a marked spiral structure;

� gas, in molecular, atomic and ionised phases
(mainly H) with a patchy distribution towards the
centre and a disk-like structure otherwise; and

� dark matter halo, extending hundreds of kpc.

The Sun is located slightly above the Galactic plane
at R0 ' 8 kpc from the Galactic centre, in between
two major spiral arms, and travels together with the
local standard of rest at about 220 km/s in a roughly
circular orbit.
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i. our own galaxy

The Milky Way is a complex bound system of stars, gas, dust and dark matter.

not to scale!

edge−on

Milky Way

stellar disk
gas disk

bulge/bar

Galactic centre

Sun

[Binney & Tremaine+ ’87]

We can identify the following main components:

� supermassive black hole, with mass 4� 106 M�;

� stellar bulge, with barred shape of scale length
2� 3 kpc and mass 1010 M�;

� stellar disc, decomposed into thin and thick
components of scale length 10 kpc and total mass
1010 M� with a marked spiral structure;

� gas, in molecular, atomic and ionised phases
(mainly H) with a patchy distribution towards the
centre and a disk-like structure otherwise; and

� dark matter halo, extending hundreds of kpc.

The Sun is located slightly above the Galactic plane
at R0 ' 8 kpc from the Galactic centre, in between
two major spiral arms, and travels together with the
local standard of rest at about 220 km/s in a roughly
circular orbit.
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i. our own galaxy

The Milky Way is a complex bound system of stars, gas, dust and dark matter.

not to scale!

edge−on

Milky Way

dark halo

stellar disk
gas disk

bulge/bar

Galactic centre

Sun

[Binney & Tremaine+ ’87]

We can identify the following main components:

� supermassive black hole, with mass 4� 106 M�;

� stellar bulge, with barred shape of scale length
2� 3 kpc and mass 1010 M�;

� stellar disc, decomposed into thin and thick
components of scale length 10 kpc and total mass
1010 M� with a marked spiral structure;

� gas, in molecular, atomic and ionised phases
(mainly H) with a patchy distribution towards the
centre and a disk-like structure otherwise; and

� dark matter halo, extending hundreds of kpc.

The Sun is located slightly above the Galactic plane
at R0 ' 8 kpc from the Galactic centre, in between
two major spiral arms, and travels together with the
local standard of rest at about 220 km/s in a roughly
circular orbit.
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i. our own galaxy

As for external galaxies, the prime observable to infer dark matter in our Galaxy is the
rotation curve. However, this is challenging to measure given our peculiar position
inside the Galaxy.

[Credit: HST] [Credit: Brunier / NASA]

There are three important kinematic tracers used to constrain the rotation curve
across our Galaxy:

1. gas, for the inner Galaxy;
2. local stars, for the solar neighbourhood; and
3. halo stars, for the outer Galaxy.
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i. our own galaxy

As for external galaxies, the prime observable to infer dark matter in our Galaxy is the
rotation curve. However, this is challenging to measure given our peculiar position
inside the Galaxy.

[Begeman+ ’91] [Sofue+ ’09]

There are three important kinematic tracers used to constrain the rotation curve
across our Galaxy:

1. gas, for the inner Galaxy;
2. local stars, for the solar neighbourhood; and
3. halo stars, for the outer Galaxy.
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i. our own galaxy

As for external galaxies, the prime observable to infer dark matter in our Galaxy is the
rotation curve. However, this is challenging to measure given our peculiar position
inside the Galaxy.
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There are three important kinematic tracers used to constrain the rotation curve
across our Galaxy:

1. gas, for the inner Galaxy;
2. local stars, for the solar neighbourhood; and
3. halo stars, for the outer Galaxy.
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i. our own galaxy

As for external galaxies, the prime observable to infer dark matter in our Galaxy is the
rotation curve. However, this is challenging to measure given our peculiar position
inside the Galaxy.

[Begeman+ ’91] [Sofue+ ’09]

There are three important kinematic tracers used to constrain the rotation curve
across our Galaxy:

1. gas, for the inner Galaxy;
2. local stars, for the solar neighbourhood; and
3. halo stars, for the outer Galaxy.
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i. our own galaxy

Let us start by considering a circular ring of gas of radius R rotating at velocity v(R)
about the centre of the Galaxy.

R0

Galactic Centre

v0

Sun

Problem #7: Find the line-of-sight velocity of the gas

as observed from the local standard of rest.

vlos = v(R) cos a� v0 sin ` = v(R)
Rt

R
� v0 sin `

vlos =

�
v(R)

R0

R
� v0

�
sin `

Rings of different radii leave a specific trace in a (`; vlos) plot.

[Binney & Merrifield ’98] [Rodriguez-Fernandez & Combes ’08]

These patterns are observed in the HI and CO line maps of the gas in our Galaxy.
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i. our own galaxy

Let us start by considering a circular ring of gas of radius R rotating at velocity v(R)
about the centre of the Galaxy.

Rt

R

R0

Galactic Centre

v0

Sun

l.
o.
s.

l

a

Problem #7: Find the line-of-sight velocity of the gas

as observed from the local standard of rest.

vlos = v(R) cos a� v0 sin ` = v(R)
Rt

R
� v0 sin `

vlos =

�
v(R)

R0

R
� v0

�
sin `

Rings of different radii leave a specific trace in a (`; vlos) plot.

[Binney & Merrifield ’98] [Rodriguez-Fernandez & Combes ’08]

These patterns are observed in the HI and CO line maps of the gas in our Galaxy.
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i. our own galaxy

Now say we measure the Doppler shift along a given line of sight. Then, each ring
contributes with a different vlos .

Rt

R0

Galactic Centre

v0

Sun

l.
o.
s.

l

[Rodriguez-Fernandez & Combes ’08]

However, the highest vlos detected, the so-called terminal velocity vt , corresponds to
the innermost ring, which is tangent to the line of sight.

Problem #8: Express the circular velocity at the tangent point as a function of vt .

Using the result of #7 and R � Rt = R0 sin `, we have for l > 0

v(R) = vt (`) + v0 sin `

Therefore, measuring the terminal velocity at different longitudes we can construct the
rotation curve of our Galaxy at R < R0.
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i. our own galaxy

As for external galaxies, the prime observable to infer dark matter in our Galaxy is the
rotation curve. However, this is challenging to measure given our peculiar position
inside the Galaxy.

[Begeman+ ’91] [Sofue+ ’09]

There are three important kinematic tracers used to constrain the rotation curve
across our Galaxy:

1. gas, for the inner Galaxy;
2. local stars, for the solar neighbourhood; and
3. halo stars, for the outer Galaxy.
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i. our own galaxy

The terminal velocity method is very powerful, but it is only applicable in the inner
Galaxy at R < R0. In the solar neighbourhood alternative tracers are needed.

We could for instance measure the line-of-sight velocities of local stars. We have then
the same expression as before,

vlos =

�
v(R)

R0

R
� v0

�
sin ` ;

but now we are interested in the regime R � R0.

Problem #9: Taylor-expand the expression above in powers of the distance to the star.

First, let us expand Ω � v=R: Ω(R) ' Ω0 + (R � R0)Ω00, and therefore

vlos =
�

Ω0R0 + (R � R0)Ω00R0 � v0

�
sin ` = (R � R0)R0Ω00 sin ` � �2A(R � R0) sin ` ;

having defined the Oort’s constants A = � 1
2 R0Ω00 = 1

2

�
v0
R0
� v 00

�
, B = � 1

2

�
v0
R0

+ v 00

�
.

From simple geometry, ~R = ~R0 + ~d ) R2 = R2
0 + d2 � 2dR0 cos ` ' R2

0 � 2dR0 cos `, so

R � R0 =
R2 � R2

0

R + R0
'

R2 � R2
0

2R0
'
�2dR0 cos `

2R0
= �d cos ` :

Replacing in the expression of vlos, we obtain finally vlos = �Ad sin 2` .

Problem #10�: Do the same as in #9 but for the transverse velocity.

Follow Binney & Merrifield, Sec. 10.3.3 to obtain �` = B + A cos 2` .

The bottomline is that by measuring the motion of local stars we can constrain A;B
and thus the local circular velocity: v0 = R0(A� B) ' 220 km/s.() 62



i. our own galaxy

As for external galaxies, the prime observable to infer dark matter in our Galaxy is the
rotation curve. However, this is challenging to measure given our peculiar position
inside the Galaxy.

[Begeman+ ’91] [Sofue+ ’09]

There are three important kinematic tracers used to constrain the rotation curve
across our Galaxy:

1. gas, for the inner Galaxy;
2. local stars, for the solar neighbourhood; and
3. halo stars, for the outer Galaxy.
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i. our own galaxy

The outer Galaxy is perhaps the most challenging region to constrain the rotation
curve due to the lack of suitable tracers. One possibility is to use old halo stars. Since
these do not follow circular orbits the conversion of their motion to the circular
velocity is not trivial.

We need the so-called Jeans equations (derived from the collisionless Boltzmann
equation), e.g. in the spherical case:

d(��2
r )

dr
+

2���2
r

r
= ��

d�

dr
/

v 2
c

r
;

where � is the density of stars, �2
r the radial velocity dispersion and � = 1� �2

�=�
2
r is

the anispotropy parameter. In this way with measured �; �2
r of a given population of

stars we can constrain the total gravitational potential in the outer Galaxy.

[http://astronomy.nju.edu.cn] [Xue+ ’08]
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i. our own galaxy

As for external galaxies, the prime observable to infer dark matter in our Galaxy is the
rotation curve. However, this is challenging to measure given our peculiar position
inside the Galaxy.

[Begeman+ ’91] [Sofue+ ’09]

There are three important kinematic tracers used to constrain the rotation curve
across our Galaxy:

1. gas, for the inner Galaxy;
2. local stars, for the solar neighbourhood; and
3. halo stars, for the outer Galaxy.
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i. our own galaxy

So there are heaps of dark matter in the Galaxy... but what is the local dark matter
density, �0?

There are two types of methods to derive �0:

local

[J. Read ’14]

global

[J. Read ’14]

We start by writing down Poisson’s and Jeans equation in cylindrical coordinates:

r2� =
1

R

@

@R

�
R
@�

@R

�
+

@2�

@z2
= 4�G� ;

@(�v 2
z )

@z
= ��

@�

@z
;

where � is the total mass density. Eliminating the potential,

@

@z

�
1

�

@(�v 2
z )

@z

�
= �4�G� :

This is a lot to ask from the data! Then, you still have to subtract off the baryonic
contribute to have the local dark matter density �0.

() 66



i. our own galaxy

So there are heaps of dark matter in the Galaxy... but what is the local dark matter
density, �0?

There are two types of methods to derive �0:

local

[J. Read ’14]

global

[J. Read ’14]

We start by writing down Poisson’s and Jeans equation in cylindrical coordinates:

r2� =
1

R

@

@R

�
R
@�

@R

�
+

@2�

@z2
= 4�G� ;

@(�v 2
z )

@z
= ��

@�

@z
;

where � is the total mass density. Eliminating the potential,

@

@z

�
1

�

@(�v 2
z )

@z

�
= �4�G� :

This is a lot to ask from the data! Then, you still have to subtract off the baryonic
contribute to have the local dark matter density �0.

() 66



i. our own galaxy

So there are heaps of dark matter in the Galaxy... but what is the local dark matter
density, �0?

There are two types of methods to derive �0: global

[J. Read ’14]

We start by writing down Poisson’s and Jeans equation in cylindrical coordinates:

r2� =
1

R

@

@R

�
R
@�

@R

�
+

@2�

@z2
= 4�G� ;

@(�v 2
z )
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;

where � is the total mass density. Eliminating the potential,

@

@z

�
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�

@(�v 2
z )

@z

�
= �4�G� :

This is a lot to ask from the data! Then, you still have to subtract off the baryonic
contribute to have the local dark matter density �0.
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i. brief historical perspective

The evidence for dark matter gradually mounted throughout the 20th century, and by
now we are convinced that our universe is filled with dark matter at various scales.
Note that all evidence for dark matter is of gravitational origin; non-gravitational
evidence is yet to be discovered.
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We can identify four key revolutions in the history of dark matter:
1. dark matter is first mentioned by Kapteyn;
2. dark matter is found in the Coma cluster by Zwicky;
3. dark matter is found in spiral galaxies by Rubin & Ford; and
4. dark matter is found at cosmological scales by many.
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i. cosmology

The evidence for dark matter at large small scales is very robust. It comes mainly from
three probes:

1. CMB anisotropies

[Planck / ESA]

2. large scale structure

[2dF]

3. Supernovae Type Ia

[NASA / ESA]

[www.astro.virginia.edu]

ΛCDM model
Ωm = 0:315; Ωbh2 = 0:022; ΩΛ = 0:685
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1. CMB anisotropies

[Planck / ESA]

2. large scale structure

[2dF]

3. Supernovae Type Ia

[NASA / ESA]

[Planck ’13]

ΛCDM model
Ωm = 0:315; Ωbh2 = 0:022; ΩΛ = 0:685

() 70



i. cosmology

The evidence for dark matter at large small scales is very robust. It comes mainly from
three probes:

1. CMB anisotropies

[Planck / ESA]

2. large scale structure

[2dF]

3. Supernovae Type Ia

[NASA / ESA]

[Planck / ESA]

ΛCDM model
Ωm = 0:315; Ωbh2 = 0:022; ΩΛ = 0:685

() 71



i. cosmology

There are two other important lessons from cosmology:

1. Dark matter is non-baryonic.

[PDG ’13] [Planck ’13]

2. Dark matter is “cold” (i.e., non-relativistic at the onset of structure formation).

[White ’86]() 72



i. brief historical perspective
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The evidence for dark matter is very compelling and spans all scales from dwarf
galaxies up to the edge of the observable universe...
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i. dark matter fact sheet

What do we know for sure about dark matter?

1. It exists across the universe, past and present.

2. It contributes 26% of the energy density budget (or 85% of the matter budget).

3. It is dark, i.e. no electric charge or color.

4. It is (essentially) collisionless.

5. It is cold.

6. It is non-baryonic.

7. It has a lifetime longer than the age of universe.

cold non-baryonic dark matter

[wikimedia]

There is no suitable candidate
in the Standard Model

#

evidence for physics
beyond the Standard Model
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ii. dark matter candidates

Before focussing on cold non-baryonic dark matter, let us take a historical tour of the
dark matter candidates that have been proposed over the years.

c
o
l
d

h
o
t

baryonic non−baryonic

[OGLE ’05]

6. It is non-baryonic.
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ii. dark matter candidates

Before focussing on cold non-baryonic dark matter, let us take a historical tour of the
dark matter candidates that have been proposed over the years.

neutrinos

brown dwarfs planets

black holesasteroids

comets

c
o
l
d

h
o
t

baryonic non−baryonic

[White ’86]

5. It is cold.
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ii. dark matter candidates

Before focussing on cold non-baryonic dark matter, let us take a historical tour of the
dark matter candidates that have been proposed over the years.

WIMP WIMPless

axion

sterile neutrino

WIMPzilla

...

neutrinos

brown dwarfs planets

black holesasteroids

comets

c
o
l
d

h
o
t

baryonic non−baryonic

[Park ’07]

Most of the candidates for cold
non-baryonic dark matter are thermal,
i.e. they are produced in the early universe
and eventually decouple from the thermal
plasma. We will now go through some of
the basics of thermal decoupling.
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plasma. We will now go through some of
the basics of thermal decoupling.
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ii. thermal decoupling

First, refresh your memory from the cosmology notes:

H2 �

�
ȧ

a

�2

=
8�G

3
� ; s =

2�2

45
gs T 3 ; � =

�2

30
g�T 4

Ω0
X = �0

X=�
0
crit ; �crit =

3H2

8�G
:

Now consider a Majorana particle � with interactions such that it has reached
chemical equilibrium with the photons and other particles early on in the universe.
The evolution of the density of � is given by the Boltzmann equation:

dn�

dt
+ 3Hn� = h�vi

�
n2
�;eq � n2

�

�
:

Problem #11�: Go back to your cosmology notes and deduce this.

See e.g. Kolb & Turner, Secs. 5.1 and 5.2.

The meaning of the Boltzmann equation is very simple:
dn�
dt

+ 3Hn� = 1
a3

d
dt

�
n�a3

�
evolution of comoving density

h�vin2
�;eq production ij ! ��

�h�vin2
� annihilation ��! ij

Furthermore, entropy conservation implies

d

dt

�
sa3
�

= 0 , ṡa3 + 3sa2ȧ = 0 , ṡ = �3sH , :::, Ṫ = �3H

�
d ln gs

dT
+

3

T

��1

:
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ii. thermal decoupling

dn�

dt
+ 3Hn� = h�vi

�
n2
�;eq � n2

�

�
ṡ = �3sH Ṫ = �3H

�
d ln gs

dT
+

3

T

��1

Problem #12: Make the substitutions x = m�=T , Y� = n�=s, Γann � h�vin�;eq and

use the expressions above to obtain dY�=dx .

x

Y�;eq

dY�

dx
= �

Γann

H

h
1 +

1

3

d ln gs

d ln T

ih�
Y�

Y�;eq

�2

� 1

i

- t- a

�T

@@R
�

����

���
r

@@R r
@@R

r

���r

���
�

@@R �

early times
Γann � H

Y� ' Y�;eq

late times
Γann � H

Y� ' const

Γann � H

Tcd

drop off equilibrium

relativistic species x � 3 Y�;eq(x) =
45�(3)

2�4
geff

gs (x)

non-relativistic species x � 3 Y�;eq(x) = 45
4
p

2�7=2
g

gs (x)
x3=2e�x
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ii. thermal decoupling

Let us now treat the two cases: hot relics and cold relics.

x

Y�;eq

dY�

dx
= �

Γann

H

h
1 +

1

3

d ln gs

d ln T

ih�
Y�

Y�;eq

�2

� 1

i
Hot relics Y�;eq ' const

[Gelmini & Gondolo ’10]

At early times Y� ' Y�;eq ' const, while at late
times Y� ' const, so today we have

Y�;0 ' Y�;eq(xf ) =
45�(3)

2�4

geff

gs (xf )
;

which implies a relic abundance

Ω0
�h2 =

m�s0Y�;0

�0
crit

=h2
�

�
m�

90 eV

�
for geff = 2� (3=4) and gs (xf ) = 10:75 as for
neutrinos.

Hot relics would need a mass m� � 9 eV in order to explain the observed dark matter
abundance Ωmh2 ' 0:1. Neutrinos cannot therefore be all of the dark matter since
current limits indicate m� . 1 eV.
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ii. thermal decoupling

Let us now treat the two cases: hot relics and cold relics.

x

Y�;eq

dY�

dx
= �

Γann

H

h
1 +

1

3

d ln gs

d ln T

ih�
Y�

Y�;eq

�2

� 1

i
Cold relics Y�;eq / x3=2e�x

[Gelmini & Gondolo ’10]

Since in this case Y�;eq varies quickly with x , a very
simple solution as for hot relics cannot be found.

But let us start at early times where the deviation
from the equilibrium abundance, ∆, is small. Then
Y� = (1 + ∆)Y�;eq and

d ln(1 + ∆)Y�;eq

d ln x
= �

Γann

H

�
(1 + ∆)2 � 1

�
,

∆(2 + ∆)

1 + ∆
'

H

Γann

�
x �

3

2

�
/

�
x �

3

2

�
x�1=2ex :

Eventually, ∆ starts to grow. A possible definition

of freeze-out is
∆f (2+∆f )

1+∆f
= 1 , ∆f = 0:618.

Problem #13: Find an iterative formula for xf .

xf + ln

�
xf �

3

2

�
�

1

2
ln xf = 19:8 + ln g + ln

�
h�vi

10�26 cm3/s

�
+ ln

�
m�

GeV

�
�

1

2
ln g�
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ii. thermal decoupling

Let us now treat the two cases: hot relics and cold relics.

x

Y�;eq

dY�

dx
= �

Γann

H

h
1 +

1

3

d ln gs

d ln T

ih�
Y�

Y�;eq

�2

� 1

i
Cold relics Y�;eq / x3=2e�x

[Gelmini & Gondolo ’10]

Having xf we finally get the abundance at
freeze-out: Y�;f = (1 + ∆f )Y�;eq(xf ).

After freeze-out, ∆ grows quickly and the
Boltzmann equation is roughly

dY�

dx
= �

sh�vi

Hx
Y 2
� ;

which can be integrated to give

Y�;0 =
Y�;f

1 + AY�;f
; A =

Z
1

xf

dx
sh�vi

Hx
/

m�h�vi

xf
:

Ω0
�h2 =

m�s0Y�;0

�0
crit

=h2
� 10�27xf g

�1=2

�;f

�
cm3/s

h�vi

�
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ii. thermal decoupling

From Problem #13 we find typical values xf ' 20� 30. And from the latest Planck
measurements Ω0

�h2 ' 0:11. Rewriting the expression in the last slide,

Ω0
�h2 =

m�s0Y�;0

�0
crit

=h2
� 0:1

�
xf

25

��
3� 10�26 cm3/s

h�vi

�
:

The “magic” annihilation rate 3�10�26 cm3/s gives you the observed relic abundance.

Let us see the implications of this.

First, find the typical velocity of the relic at
freeze-out:

xf � 25 , Tf � m�=25 ; hvi �
p

3Tf =m� �
p

3=25 � 0:35c ' 1010 cm/s :

Problem #14: Compute the cross section � needed to have h�vi = 3� 10�26 cm3/s

at freeze-out.

� �
h�vi

hvi
� 3� 10�36 cm2 � O(1)pb

This is the electroweak scale!

Now, with � � g4=m2
� and assuming a weak scale coupling g � gweak � 0:1, we get

m� � O(10� 1000)GeV.

We learn that weakly interacting massive particles (WIMPs) give naturally the
observed relic abundance. Incidentally, such particles are predicted in beyond the
Standard Model theories, motivated by completely different reasons. This is what
people dubbed the “WIMP miracle”.

Note that to obtain the observed relic abundance you do not need a WIMP necessarily
– other particles with appropriate combination m�; g ; � can do the job.
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ii. wimp wish list

What do we wish in a prototypical WIMP?

1. h�vi � 3� 10�26 cm3/s (weakly interacting)

2. m� � O(10� 1000)GeV (massive)

3. Tf � m�=25 (non-relativistic, cold)

4. Ω0
�h2 � 0:11 (the dark matter)

[Park ’07]

Disclaimer: There are many other dark matter candidates (thermal and non-thermal),
but from now on I shall focus on WIMPs and their rich phenomenology.() 87
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iii. dark matter searches

The process at the core of the WIMP paradigm is the annihilation into Standard
Model particles, presumably occurring in the early universe.

annihilation

�����
�����
�����
�����

�����
�����
�����
�����

q

q
(     )

There is no reason why this process does not happen at present in our Galaxy and
beyond. So we can set out to search for the products of this annihilation today!

Plus, given a specific WIMP model, we can rotate the diagram and look for scattering
and production.
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The process at the core of the WIMP paradigm is the annihilation into Standard
Model particles, presumably occurring in the early universe.

production

s
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a
t
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�����
�����
�����
�����

�����
�����
�����
�����

q

q
(     )

There is no reason why this process does not happen at present in our Galaxy and
beyond. So we can set out to search for the products of this annihilation today!

Plus, given a specific WIMP model, we can rotate the diagram and look for scattering
and production.
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iii. dark matter searches

This sets the stage for a three-prong strategy for WIMP searches.

direct searches indirect searches

collider searches

WIMP scattering off nuclei underground yields of WIMP annihilation or decay

WIMP production in the lab
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2. direct dark matter searches

edge−on

not to scale!

Sun

Earth

detector

Milky Way

dark halo

bulge/bar

thick disk
thin disk

Galactic Centre

Sun
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iii. direct searches

Let us start with a warm-up problem.

Problem #15: (a) Compute how many WIMPs cross your laptop per second.

In Part I we have seen that the local dark matter mass density is �0 � 0:3GeV/cm3

and that the velocity of the Solar System in the Galactic frame is v0 � 220 km/s.
With a typical WIMP mass m� � 100GeV as motivated in Part II, the WIMP “wind”
is crossing the Earth with a flux

�� '
�0

m�

v0 � 6:6� 104 cm�2s�1 :

Taking a 15” laptop of 36 cm x 24 cm, we have Alaptop � 864 cm2 and finally
dN�

dt
= ��Alaptop � 5:7� 107 s�1 :

(b) And what is the typical WIMP momentum?

p� ' m�v0 � 73MeV

That is a lot of speedy WIMPs! Of course, they interact very feebly so you do not
have to worry, but this gives us the hint and hope to eventually detect WIMPs.

Now we go a step further. Say we have a box of atoms at rest. Given enough time, a
WIMP will scatter off an atom in the box.

N

lab cm

before after

N

v

p’

p’
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iii. direct searches

N

lab cm

before after

N

v

p’

p’

Conservation of energy gives

slabi = scmf , (E� + mN ;~p�)2 = (E 0� + E 0N ;~0)2 , p02 =
m2

N p2
�

m2
N + m2

� + 2E�mN

:

Boosting p0 back to the lab frame, we get the target recoil energy:

ER =
p2

N

2mN
=

�2
N v 2(1� cos �)

mN
'

p2
�

mN
(1� cos �) � O(10) keV(1� cos �) :

Problem #16: What is the minimal WIMP velocity to produce a recoil at energy ER ?

cos � = �1 , vmin =
p

mN ER=(2�2
N )

Note that for m� � mN vmin is independent of m�.

Let us get a bit more serious. The WIMP scattering rate off nuclei is

dR

dER
=

1

mN

Z
1

vmin

dv
�0v

m�

f (~v + ~ve )
d���N

dER
(v ;ER ) :

astrophysics nuclear physics
�0 � 0:3GeV/cm3 �SI / A2

f (w) / exp(�w2=2�2) �SD / J=(J + 1)
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iii. direct searches
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cos � = �1 , vmin =
p

mN ER=(2�2
N )

Note that for m� � mN vmin is independent of m�.

Let us get a bit more serious. The WIMP scattering rate off nuclei is

dR

dER
=

1

mN

Z
1

vmin

dv
�0v

m�

f (~v + ~ve )
d���N

dER
(v ;ER ) :

astrophysics nuclear physics
�0 � 0:3GeV/cm3 �SI / A2

f (w) / exp(�w2=2�2) �SD / J=(J + 1)() 95



iii. direct searches

There are three main WIMP signatures:

1. exponential recoil spectrum

2. annual modulation

3. directional pattern

detector

vmin =
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iii. direct searches

There are three main WIMP signatures:

1. exponential recoil spectrum

2. annual modulation

3. directional pattern
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iii. direct searches

There are three main WIMP signatures:

1. exponential recoil spectrum

2. annual modulation

3. directional pattern

detector

vmin =
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iii. direct searches

How can we detect these signatures?

1. the theorist view

detector

2. the experimentalist view (aka real world)

charge

light phonons

CoGeNT COUPP

CDMS

EDELWEISS
XENON

CRESST

DAMA

The recoils can be detected by scintillation
(i.e. photons), ionisation (i.e. charge) and/or
heat (i.e. phonons) triggered in the target
material. Using two of these signals is crucial
to discriminate background.
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iii. direct searches

The list of direct detection experiments is very long...

[Schnee ’11]() 100



iii. direct searches

Liquid xenon experiments are designed to detect a primary scintillation signal, S1, and
a secondary ionisation signal, S2. The ratio S2/S1 gives a good discriminant of
electronic recoils, the main background in the search for WIMPs.

[LUX, Phelps APS 2013]

[XENON100, Aprile+ 1107.2155]
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iii. direct searches

Liquid xenon experiments are designed to detect a primary scintillation signal, S1, and
a secondary ionisation signal, S2. The ratio S2/S1 gives a good discriminant of
electronic recoils, the main background in the search for WIMPs.

[LUX, Akerib+ 1310.8214]
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iii. direct searches

What have we detected (or not) so far?

First off, direct searches have not found dark matter yet (at least beyond doubt).
There are however several hints of signal...

DAMA/LIBRA

250 kg NaI

0:82 ton.yr

Ethr ' 2 keV

scintillation

[DAMA/LIBRA ’08]
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iii. direct searches

What have we detected (or not) so far?

First off, direct searches have not found dark matter yet (at least beyond doubt).
There are however several hints of signal...

CDMS-Si

4:6 kg Ge, 1:2 kg Si

140:2 kd.day (Si)

Ethr ' 7 keV

ionisation, heat

[CDMS ’13]() 105



iii. direct searches

What have we detected (or not) so far?

First off, direct searches have not found dark matter yet (at least beyond doubt).
There are however several hints of signal...

[Schumann ’15]() 106



iii. direct searches

What have we detected (or not) so far?

First off, direct searches have not found dark matter yet (at least beyond doubt).
There are however several hints of signal...

CRESST-II

CaWO4

29:35 kg.day

Ethr ' 1 keV

scintillation, heat

[CRESST-II ’14]() 107



iii. direct searches

What have we detected (or not) so far?

First off, direct searches have not found dark matter yet (at least beyond doubt).
There are however several hints of signal...

[Schumann ’15]() 108



iii. direct searches

What have we detected (or not) so far?

First off, direct searches have not found dark matter yet (at least beyond doubt).
There are however several hints of signal...

SuperCDMS

9 kg Ge

577 kg.day

Ethr ' 1:6 keV

ionisation, heat

[SuperCDMS ’14]() 109



iii. direct searches

What have we detected (or not) so far?

First off, direct searches have not found dark matter yet (at least beyond doubt).
There are however several hints of signal...

[Schumann ’15]() 110



iii. direct searches

What have we detected (or not) so far?

First off, direct searches have not found dark matter yet (at least beyond doubt).
There are however several hints of signal...

LUX

250 kg LXe

10:1 ton.day

Ethr ' 3 keV

scintillation, ionisation

[LUX ’14]() 111



iii. direct searches

What have we detected (or not) so far?

First off, direct searches have not found dark matter yet (at least beyond doubt).
There are however several hints of signal...

[Schumann ’15] [Schumann ’15]
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iii. direct searches

Summing up:

1. the hints are very difficult to interpret as WIMP scattering; and

2. the upper limits start to probe many viable WIMP candidates.

Is the WIMP paradigm dead? Not yet.

[Cushman+ ’13]

When can we declare WIMPs dead? Hard to say. But if the next generation of
experiments finds nothing, then WIMPs will decline as a dark matter candidate.

() 113



iii. dark matter searches

This sets the stage for a three-prong strategy for WIMP searches.

direct searches indirect searches

collider searches

WIMP scattering off nuclei underground yields of WIMP annihilation or decay

WIMP production in the lab

() 114



iii. indirect searches

The idea behind indirect searches is intimately related to the freeze-out process.

[Gelmini & Gondolo ’10]

production

annihilation

�����
�����
�����
�����

�����
�����
�����
�����

q

q
(     )

early universe

dn�

dt
+ 3Hn� = h�vi

�
n2
�;eq � n2

�

�

today

dn�

dt
= �h�vi0n2

�

It is thus legitimate to ask if we can detect the annihilation in the present universe.

Problem #17: Compute the spectrum of X particles produced at the annihilation site.

d2nX

dEXdt
= h�vi0

�2
�

2m2
�

�
dNX

dEX

Problem #18: Repeat #17 for a dark matter decay.
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The idea behind indirect searches is intimately related to the freeze-out process.

[Gelmini & Gondolo ’10]
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It is thus legitimate to ask if we can detect the annihilation in the present universe.

Problem #17: Compute the spectrum of X particles produced at the annihilation site.

d2nX

dEXdt
= h�vi0
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�

2m2
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�
dNX

dEX

Problem #18: Repeat #17 for a dark matter decay.
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iii. indirect searches

d2nX

dEXdt
=
h�vi0

2m2
�

dNX

dEX
� �2

� astrophysics

As we have seen in Part I, it is hard to infer the dark matter density distribution to a
high degree of precision. A precious help comes from N-body simulations that can
follow the evolution of structures of all scales in the universe.

[Millenium simulation] [Navarro+ ’10]

Disclaimer: these are dark-matter-only simulations. Simulations including baryons do
exist, but the effect of baryons is still not fully understood.
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iii. indirect searches

d2nX

dEXdt
=
h�vi0

2m2
�

dNX

dEX
� �2

� astrophysics

As we have seen in Part I, it is hard to infer the dark matter density distribution to a
high degree of precision. A precious help comes from N-body simulations that can
follow the evolution of structures of all scales in the universe.

Navarro-Frenk-White

�� /
1

(r=rs )(1+r=rs )2

Einasto

�� / exp[�2((r=rs )� � 1)=�]

cored isothermal

�� /
1

1+(r=rs )2

[Cirelli+ ’10]
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iii. indirect searches

d2nX

dEXdt
=
h�vi0

2m2
�

dNX

dEX
� �2

� particle physics

There are three main annihilation or decay products to search for:

photons

(all wavelengths)

EGRET
Fermi-LAT

H.E.S.S.
MAGIC
EUVE
SAX

cosmic rays

(mainly antimatter)

PAMELA
ATIC
BESS

AMS-02

neutrinos
(and antineutrinos)

SuperK
IceCube
Antares

The recipe for indirect searches is conceptually simple:

1. select your favourite annihilation/decay product and calculate its yield;

2. propagate particles up until Earth and compute corresponding flux;

3. compare to fluxes from competing astrophysical phenomena;

4. if promising, build an experiment to detect the dark-matter-induced flux; and

5. collect Nobel prize.
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iii. indirect searches

���
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edge−on

not to scale!

Milky Way

Sun

dark halo
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iii. indirect searches
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iii. indirect searches

d2nX

dEXdt
=
h�vi0

2m2
�

dNX

dEX
� �2

� particle physics

There are three main annihilation or decay products to search for:

photons

(all wavelengths)

EGRET
Fermi-LAT

H.E.S.S.
MAGIC
EUVE
SAX

cosmic rays

(mainly antimatter)

PAMELA
ATIC
BESS

AMS-02

neutrinos
(and antineutrinos)

SuperK
IceCube
Antares

The recipe for indirect searches is conceptually simple:

1. select your favourite annihilation/decay product and calculate its yield;

2. propagate particles up until Earth and compute corresponding flux;

3. compare to fluxes from competing astrophysical phenomena;

4. if promising, build an experiment to detect the dark-matter-induced flux; and

5. collect Nobel prize.
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iii. indirect searches

There are three possible mechanisms through which dark matter annihilations or
decays yield photons:

1. prompt emission
�(�) ! q; `! 


2. inverse Compton scattering
�(�) ! e� ; e�
bkg ! e�
HE

3. synchrotron emission

�(�) ! e� ; e�~B ! e�


[Regis & Ullio ’08]

[Colafrancesco+ ’05]
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There are three possible mechanisms through which dark matter annihilations or
decays yield photons:

1. prompt emission
�(�) ! q; `! 


2. inverse Compton scattering
�(�) ! e� ; e�
bkg ! e�
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3. synchrotron emission
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[Porter+ ’08]
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iii. indirect searches

There are three possible mechanisms through which dark matter annihilations or
decays yield photons:

1. prompt emission
�(�) ! q; `! 


2. inverse Compton scattering
�(�) ! e� ; e�
bkg ! e�
HE

3. synchrotron emission

�(�) ! e� ; e�~B ! e�


[Colafrancesco+ ’05]
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iii. indirect searches

The prompt emission is a particularly interesting channel since it tracks the
distribution of dark matter directly. Plus, for the energy of interest (1 GeV�10 TeV)
photons are not absorbed and travel in straight lines across the universe.

Problem #19: (a) Consider a far-away galaxy at distance d (but redshift z ' 0) with

a given distribution of dark matter ��. Compute the photon flux at Earth induced by
dark matter annihilation.

d�


dE

=

1

4�d2

Z
gal

dV
d2n


dE
dt
=
h�vi0

8�m2
�

dN


dE


1

d2

Z
gal

dV �2
�

(b) Now do the same for our Galaxy along a given line of sight.

[Bergstroöm ’09]

d�


dE

=

1

4�l2
d`dS

d2n


dE
dt
; dS = `2dΩ

d2�


dE
dΩ
=
h�vi0

8�m2
�

dN


dE


Z
los

d` �2
�| {z }

J-factor

Problem #20: Repeat #19 for decaying dark matter.

d2�


dE
dΩ
=

Γ

4�m�

dN


dE


Z
los

d` ��

Ok, this was all very neat, but where should we look at to find these gamma rays?
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iii. indirect searches

The best target should meet two conditions: high J-factor and low background.

[Fermi-LAT 5yr]

galactic centre

very high J
high bkg

galactic halo

medium J
low bkg

satellites

high J
very low bkg

galaxy clusters

high J
high bkg

extragalactic

medium J
medium bkg
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iii. indirect searches
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iii. indirect searches

Up to now no dark matter signal has been firmly detected in indirect searches. The
upper limits imposed by the non-observation of a signal are very powerful, though.

galactic halo

[Fermi-LAT ’12]

satellites

[Fermi-LAT ’14]

galaxy clusters

[Fermi-LAT ’15]

extragalactic

[Fermi-LAT ’15]() 135



iii. indirect searches

Up to now no dark matter signal has been firmly detected in indirect searches. The
upper limits imposed by the non-observation of a signal are very powerful, though.
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For certain final states and certain profiles, the limits are touching the “WIMP
miracle” and putting lower limits on the of mass, of order 100 GeV. After decades of
theoretical speculation, this means we are living exciting times!

As in direct searches, there are also hints of a signal...
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iii. indirect searches

... in the galactic centre.

[Daylan+ ’14] [Daylan+ ’14]

This is a topic under intense discussion right now. Only time (and data) will tell if this
is a false alarm or not!
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iii. indirect searches

But be advised: more than predictive, prompt emission from dark matter annihilation
or decay is flexible enough to fit (almost) any signal!

[Bertone ’14]

We definitely need smoking-gun signatures before we can even dream to claim a dark
matter discovery in indirect searches.
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iii. indirect searches

Fortunately, there are such smoking-gun signatures: gamma-ray spectral features.

1 lines [Srednicki+ ’86, Rudaz+ ’86, Bergström & Snellman ’88]
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2 internal bremsstrahlung [Bergström ’89, Flores+ ’89, Bringmann+ ’07]
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3 boxes [Ibarra, López Gehler & MP ’12]
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iii. indirect searches

d2nX

dEXdt
=
h�vi0

2m2
�

dNX

dEX
� �2

� particle physics

There are three main annihilation or decay products to search for:

photons

(all wavelengths)

EGRET
Fermi-LAT

H.E.S.S.
MAGIC
EUVE
SAX

cosmic rays

(mainly antimatter)

PAMELA
ATIC
BESS

AMS-02

neutrinos
(and antineutrinos)

SuperK
IceCube
Antares

The recipe for indirect searches is conceptually simple:

1. select your favourite annihilation/decay product and calculate its yield;

2. propagate particles up until Earth and compute corresponding flux;

3. compare to fluxes from competing astrophysical phenomena;

4. if promising, build an experiment to detect the dark-matter-induced flux; and

5. collect Nobel prize.
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iii. indirect searches

d2nX

dEXdt
=
h�vi0

2m2
�

dNX

dEX
� �2

� particle physics

Remember X can be e�; p̄; D̄ instead of a photon. The first task is to propagate these
particles until the Earth.
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0 =
@fp̄
@t

= r � (K (T ;~r)rfp̄) �r � ( ~Vc (~r)fp̄) � 2h�(z)Γannfp̄ + Q(T ;~r)
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iii. indirect searches

Note that cosmic rays and produced and accelerated in supernova remnants (and
other objects) - these constitute background for dark matter searches. The best
channel to look for dark matter is antimatter since the fluxes from cosmic-ray
propagation are lowest (but non negligible).

1. antiprotons

[PAMELA ’10] [PAMELA ’10]

No room for dark matter ! strong constraints for “hadronic” WIMPs
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iii. indirect searches

Note that cosmic rays and produced and accelerated in supernova remnants (and
other objects) - these constitute background for dark matter searches. The best
channel to look for dark matter is antimatter since the fluxes from cosmic-ray
propagation are lowest (but non negligible).

1. positrons

[PAMELA ’09] [AMS-02 ’13]

So have we found dark matter? No... This is a hot topic at the moment, but it will be
hard to claim a discovery just on the basis of electron-positron data.
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iii. indirect searches

Note that cosmic rays and produced and accelerated in supernova remnants (and
other objects) - these constitute background for dark matter searches. The best
channel to look for dark matter is antimatter since the fluxes from cosmic-ray
propagation are lowest (but non negligible).

1. positrons

[Hooper & Serpico ’08] [Cholis & Hooper ’13]

So have we found dark matter? No... This is a hot topic at the moment, but it will be
hard to claim a discovery just on the basis of electron-positron data.
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iii. overview of direct and indirect searches

We are probing swiftly through the parameter space of WIMP models. In this context,
complementarity plays a crucial role.

[Bergström+ ’11]

But keep in mind that a sizeable corner of the parameter space will remain
unconstrained for a very very long time. This means a WIMP can still be out there,
but the WIMP paradigm will no longer be “natural”.() 145



conclusion

[Zwicky ’33]

We have come a long way since Zwicky inferred the need for dark matter from a
couple of Doppler velocities in the Coma cluster of galaxies (and a lot of intuition).

We now know dark matter is present from the scale of the smallest galaxies to
cosmological scales.

But we have no clue what it is. This should be enough motivation for us (read you) to
keep on looking for it.
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disclaimer

The field of dark matter research is simply huge. Some topics I just touched upon,
other I did not even mention. There are excellent books and reviews covering the
different topics at all levels of detail. Here is a good list to start with.

A: astro-oriented P: particle-oriented C: cosmology-oriented �: advanced
Books

A Binney & Merrifield, Galactic Astronomy (1981).
A� Binney & Tremaine, Galactic Dynamics (1987).
A Longair, High-energy astrophysics, Vol I (1992).
A Longair, High-energy astrophysics, Vol II (1994).
AC Longair, Galaxy Formation (1998).
C Kolb & Turner, The Early Universe (1990).
C� Peebles, Principles of Physical Cosmology (1993).
C Padmanabhan, Structure Formation in the Universe (1993).
C� Dodelson, Modern Cosmology (2003).
APC Bergström & Goobar, Cosmology and Particle Astrophysics (2004).
APC Bertone (ed.), Particle Dark Matter: Observations, Models and Searches (2010).

Reviews
P� Jungman, Kamionkowski & Griest, arXiv:hep-ph/9506380.
A Lewin & Smith, APh, Vol 6, 87 (1996).
PC Bergström, arXiv:hep-ph/0002126.
P Muñoz, arXiv:hep-ph/0309346.
APC Bertone, Hooper & Silk, arXiv:hep-ph/0404175.
PC Bergström, arXiv:1205.4882.

My advice: if you are curious about a topic, do not stop until you understand it!

“I have no special talent. I am only passionately curious.”

Problem #21: Figure out who said so!
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