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Questions AP physicists focus on 

Cosmology Astronomy 
Astrophysics Particle Physics 

Particle PhysicsAstro

What are our origins?
What is the Universe made of?
What is our future?

Trying to determine the constituents of the Universe (95% unknown!) 
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Proposed to ESA in 2017
22 countries, +200 participants



I. Introduction 
II. Candidates 
III. Signatures 

V. Cosmology 
VI. New research avenues

Lectures organisation

Please don’t hesitate to interrupt me



I. Introduction

* Current picture 
* Rotation curves 
* Gravitational lensing 
* Early Universe and Large-Scale-Structures 

Evidence for Dark Matter



Current picture

dark matter essential for galaxy formation

Radiation Matter Energy

Particle 
Standard Model

Cosmology 
Astrophysics

dark energy essential for accelerated expansion

I. Introduction



1920s—30s — Evidence of missing mass in clusters of galaxies 

1966—67 — Progress on primordial fluctuations 

1970s — Discovery of flat galaxy rotation curves 

1977— 1982 — Neutrinos are (not) the dark matter; Birth of the WIMP concept 

1982—1984 — Birth of the cosmology of the Cold Dark Matter (CDM) scenario 

1985—1988 — DM particles can be detected in a lab and in the sky 

1992—2003 — DM only makes up 25% of the energy content of the Universe

  Brief historyI. Introduction

A lot of progress since then but no major discovery  



J. Oort, 1932

I. Introduction

more mass in the Coma Cluster 
than is visible 

  Brief history
Doppler redshift values of stars moving near the galactic plane; 
The Galaxy needs to be twice as massive to prevent stars to escaping

(more people contributed!)

F. Zwicky 1933

based on 21 radial velocities of galaxies in the Coma cluster 



R o t a t i o n  c u r v e sI. Introduction
(many people contributed!)

The rotation of galaxies was discovered in 1914 — Slipher (1914) 

Freeman (1970) for M33 and NGC 300: 
rotation curve peaks at the edge of the optical disk 
so ~ 1/3 of the mass outside the optical radius.

Shostak & Rogstad (1973), 
Seielstad & Wright (1973).  
M31: (Roberts 1975a, 
Roberts & Whitehurst 1975); 
Final straw: Bosma (1978)

1970ApJ...159..379R

https://ned.ipac.caltech.edu/cgi-bin/objsearch?objname=M31&extend=no&out_csys=Equatorial&out_equinox=J2000.0&obj_sort=RA+or+Longitude&zv_breaker=30000.0


Rotation curves of galaxies

We need DM to explain the flat rotation curves far from the GC

2 2
c

2
c

2 2

G M(r)v    M(r) = 4 (r) d

v1 dM(r)(r) =   = 
4  dr

r

4  G r

r 

r
U

S S

S U o ³

~r-3

3

But the highest mass density would be in the inner part of the galaxy…

I. Introduction K e y  d i s c o v e r y



Complexed structure ; much more extended 

visible galaxy < 20 kpc 
we are located 10 kpc from the centre



The Milky Way

A “dark matter” halo

+
A visible disc made of stars

MW seen by ESA/Gaia



The Milky Way



Dark Matter is every where

But what is the DM?

I. Introduction

NGC 4621 Credit: WikiSky/SDSS
Cluster of galaxies

NGC 6814 Credit: NASA



G r a v i t a t i o n a l  l e n s i n g  e v i d e n c e …I. Introduction

Illustration Credit: NASA, ESA, and Z. Levay (STScI)  
Science Credit: NASA, ESA, J. Rigby  
(NASA Goddard Space Flight Center),  
K. Sharon (Kavli Institute for Cosmological Physics,  
University of Chicago), and M. Gladders & E. Wuyts  
(University of Chicago)

Reconstruction (lower left) of the brightest galaxy 
whose image has been distorted by the gravity of a 
distant galaxy cluster. 

The small rectangle in the center shows the location 
of the background galaxy on the sky if the intervening 
galaxy cluster were not there. The rounded outlines
show distinct, distorted images of the background galaxy
resulting from lensing by the mass in the cluster. 
The image at lower left is a reconstruction of what the 
lensed galaxy would look like in the absence of the 
cluster, based on a model of the cluster's mass 
distribution derived from studying the distorted galaxy images. 



Courtesy Michael Sachs

+  W e a k  l e n s i n g …
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M o r e  l e n s i n g  e v i d e n c e …

X-ray emitted by gas 
(Thomson interactions, Bremsstrahlung,…)
But the gravitational potential is dominant 
in the blue region where no light is emitted 

I. Introduction



T h e  c o s m o l o g i c a l  e v i d e n c e

J. Peebles

Primordial fluctuations in the Early Universe grow under gravity (Peebles, 66) 

I(x) / x3

ex � 1
x =

h⌫

T
�T

T
' 10�5

I. Introduction

http://adsabs.harvard.edu/abs/1970ApJ...162..815P

Followed Peebles, P. J. E., Astrophys. J., 142, 1317 (1965)



more matter;  
will accrete and  

clump under gravity

less matter; 
will become even emptier with gravity



W a s  P e e b l e s  r i g h t ?

courtesy wikipedia!

Y E S !
s o  e i t h e r  S i l k  w r o n g  o r  

m o r e  m a t t e r  t h a n  b a r y o n s

�T

T
' 10�5

T h e  c o s m o l o g i c a l  e v i d e n c eI. Introduction



All regions of the sky have a temperature around 2.7k!  
How come?

leads to
H(t) =

a
t

= Ha a�
1
a

with
Ha =

a
ta

• In the radiation era (a = 1/2), we have

t1/2 ' 2.4 1019 s and Ha = 2 10�20 s�1

• In the matter era (a = 2/3), we have

t2/3 ' 5 1017 s and Ha = 1.3 10�18 s�1

3.6 Horizon (Revision, see R. Gregory’s lectures)
The horizon is the furthest distance one can probe and is simply given by

d(t) =
c

H(t)
.

Since H(t) µ 1/t this simply goes to show that d(t) µ c t as one would naively
expect. However one does not see exactly d(t) = ct but a fraction of it (2/3 if the
Universe is dominated by matter and 1/2 if the Universe is dominated by radia-
tion). Objects inside our horizon are visible while objects outside our horizon are
essentially decoupled from us. There is no reason why the physics inside such
objects should be the same as in objects inside the horizon as information cannot
travel such distances. Yet we observed that scales outside the horizon share the
same average temperatures as smaller scales which had been in contact causal.

11

cold spot

hot spot >> galaxy scale (1 Mpc ~ 10^27 cm)

�T

T
' 10�5

T h e  c o s m o l o g i c a l  e v i d e n c eI. Introduction



All regions of the sky have a temperature around 2.7k +

>> galaxy scale (1 Mpc ~ 10^27 cm)

How come such a tiny difference on such gigantic scales? 

Courtesy ESA 2015
Planck experiment cold spot

hot spot

�T

T
' 10�5

T h e  c o s m o l o g i c a l  e v i d e n c eI. Introduction



I. Introduction

J. Silk

Deficit of galaxies

T h e  c o s m o l o g i c a l  e v i d e n c e

baryonic fluctuations do not survive the 
baryon scattering off the photon background. 
(Question first asked by Misner for neutrinos)



W a s  S i l k  r i g h t ?



small scales

T h e  C M B  e v i d e n c e

the red curve = baryons only 
grey curve = baryons + DM

I. Introduction

but also … the suppression of  small-scales 
is indicative of  the presence of  baryons

Baryons scatters off  photons (which are relativistic and the most abundant particles in the early Universe). 
They diffuse on large scales, leading to a deficit of  small-scale fluctuations. 



y e s ,  s o  o n l y  n e e d  5 %  o f  b a r y o n s  ( ! ? )

B a s e d  o n  t h e  S i l k  d a m p i n g  
w e  c a n  c o n c l u d e  t h a t  o r d i n a r y  m a t t e r   

c a n n o t  d o m i n a t e  t h e  U n i v e r s e ’ s  e n e r g y  c o n t e n t .



Baryons can be dark  
but cannot be (all)  
the dark matter. 

But there is definitely new physics (whatever it is...)
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Monday, 14 November 2011

Only ~5% max of baryons

B a r y o n s  i n  t h e  U n i v e r s eI. Introduction

Consistent with CMB!

Where are the baryons?



Courtesy: EROS experiment. They were looking for  "brown dwarfs" or "MACHOs" which belong 
gravitationally to our Galaxy. This was made possible by their gravitational microlensing effects on stars 
in the Magellanic Clouds (two dwarf galaxies, Milky Way satellites).

B a r y o n s  i n  t h e  U n i v e r s e
Microlensing effect... 
Before and two years after (during the maximum of amplification)



EROS and MACHO
 (La Silla vs Mount Stromlo Observatory, Australia)

Is the dark matter made of planets?

Excluded!

Earth 3 10�6 M�

Jupiter ' 10�3 M�

' 6 10�8 M�PlutoSolar system  objects

MACHO fraction < 10%



W e  n e e d  a  c o l l i s i o n l e s s  s p e c i e s  
t o  h e l p  f o r m i n g  s t r u c t u r e s

F r e e  ( c h a r g e d )  b a r y o n s   =  5 %  o f  t h e  
e n e r g y  c o n t e n t  o f  t h e  U n i v e r s e .

I I .

I .



1980 - Zel’dovich et al develop Hot Dark Matter (HDM) theory

I S  D M  a  n e u t r i n o ?

1973

1977 - Hut, Lee&Weinberg : massive neutrinos would work well



(modified) slide from J. Primack

ARAA 1979 



1983 - White, Frenk, Davis: numerical simulations rule out HDM 

D M  i s  d e a d ,  l e t  u s  h a v e  D M  a g a i n



1920s-30s — Evidence of missing mass in clusters of galaxies 
1966s — Peebles&Yu: fluctuations seed structure formation;  
1966 — Misner: neutrino dissipate on small scales 
1967 — Silk: baryons also dissipate but on large scales.  
1970s — Discovery of flat galaxy rotation curves 
1970s — Supersymmetry is proposed (1972/1974) 
1977 — Hut, Lee&Weinberg: Relic density for thermal DM particles  
1978 — Gunn, Lee, Lerche, Schramm, Steinman:  Heavy stable neutral leptons (WIMPs) 
1981 — Davis, Lecar, Prior&Witten: light neutrinos can’t make Milky Way-like galaxies 
1982 — Blumenthal, Pagels&Primack/Peebles: Structure formation for WIMPs  
1984 — Cosmological simulations of Cold Dark Matter (CDM)  
1985 — Goodman&Witten: birth of Direct detection  
1986 — Frukier, Freese&Spergel:  Annual modulation   
1988 — Indirect detection signatures of DM particles 
1992 — COBE discovers CMB fluctuations, Peebles was right and so Silk damping… 
1998 — Accelerated expansion of the Universe: DM only 25% of total 
2001 — Official end of LEP; LHC is coming — no Higgs found; no SUSY 
2001 — Boomerang measures the 1 peak of CMB. Universe is flat. 
2003-08 — WMAP and LSS data confirm ΛCDM predictions 

Loads of progress since but no major discovery  

From J. Primack’s “History of dark matter” but slightly modified

End of Brief historyI. Introduction
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II. A. Particles

matter gravity massive particles stable neutral not in atoms

long lifetime no electrical charge no strong force

Weakly interacting



Relic density

How many DM particles were produced in the Early Universe?

How much should there be today if DM was made of particles? 

Does it match observations?

Why 27%?



Relic density
For the “baryons”

For the Dark Matter

No asymmetry!

e+e� ! ��

�T ⇠ 6 10�25 cm2

The annihilation process is so efficient  
that there would be no electrons left at all Asymmetry

Thermal production

Thermal production but … non-thermal,freeze-in

but …



3 H

Expansion of the Universe

N = #/volume

Early Universe

Late Universe

just expansion, no DM physics

Massive DM particles can overclose the Universe! 

Relic density



3 H

Expansion of the Universe

N = #/volume

Early Universe

Late Universe

just expansion, no DM physics
3 H

Expansion of the Universe

N = #/volume

Number is reduced due to annihilations

Relic density

DM

DM

f	-

f+



The Boltzmann equation

Expansion of the Universe

)(3 2
0

2 nnvHn
dt
dn

��� V

Introduction to DM physics: Deriving the Boltzmann equation

Time evolution of 
The number density

Interactions which change
the number density

number density of DM 

(#/V)

Expansion of the Universe

Time evolution of  
the number density Annihilations change  

the number density



Deriving the Boltzmann equation

2. Thermal history of Dark Matter 23

species number density n in a given spacetime and 4-momentum 8-dimensional infinitesimal
space (that we may take as the Universe and its configuration), as well as its pressure p and
energy density r with the useful relations

n =
Z

dn =
Z

f (x, p)
gd3 p
(2p)3 =

g
(2p)3

Z
f (x, p)d3 p, (2.1)

p =
Z

d p =
Z |~p|2

3E
f (x, p)

gd3 p
(2p)3 =

g
(2p)3

Z |~p|2

3E
f (x, p)d3 p,

r =
Z

dr =
Z

E f (x, p)
gd3 p
(2p)3 =

g
(2p)3

Z
E f (x, p)d3 p.

Now, in order to follow the species evolution we must use a parameter l (such as proper
time for massive particles) and look at the distribution function variations with respect to l.
Any change in the distribution at a given value of that parameter has to be expressed through
spacial, time, energy and 3-momentum evolution, taking into account all interactions that
can alter particle number density and kinematics. In the absence of interactions we expect
particles to suffer only the spacetime curvature together with its evolution, and thus stream
freely throughout the expanding Universe. Let us then group all interactions on the right hand
side (called the collisional term) containing both particles added and lost from a particular
8-dimensional infinitesimal spot due to microphysical processes, and keep the dynamical
evolution between collisions on the left hand side. Thus we write the Boltzmann equation as
follows

d f
dl

=C( f ).

Let us expand the (dynamical) left hand side into explicit xµ and pn dependences. We may
assume that mean free distances between particles are large as compared to interaction ranges
(as in rarefied gas), therefore whenever particles are not interacting their trajectories obey the
geodesic equation d pn

dl +Gn
ab pa pb = 0, since they evolve in a free fall frame. Thus

d f
dl

=
∂ f
∂xµ

dxµ

dl
+

∂ f
∂pn

d pn

dl
= pµ ∂ f

∂xµ �Gn
ab pa pb ∂ f

∂pn . (2.2)

Now, in the standard model of cosmology, we use the Robertson-Walker metric

ds2 = gµndxµdxn = dt2 � R(t)2

1� kr2 dr2 �R(t)2r2 dq2 �R(t)2r2 sin2 q df2,

from which we can deduce the set of Christoffel symbols –which are defined as usual by
Gn

ab ⌘ 1
2gµn �gµa,b +gµb,a �gab,µ

�
– of interest. Before computing them, let us think about

the dependences of distribution function f upon spacetime coordinates and 4-momenta.
Indeed, we may assume that the distribution is homogeneous and isotropic, therefore it
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using

Isotropic Universe pi
@f

@xi
= 0

2. Thermal history of Dark Matter 24

does not vary with space coordinates nor 3-momentum angular distribution. Besides we
know that a particle is always trapped in its mass shell, namely we always have the re-
lation |~p|2 +m2 = E2, meaning that we may drop either the dependence on energy or in
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species number density n in a given spacetime and 4-momentum 8-dimensional infinitesimal
space (that we may take as the Universe and its configuration), as well as its pressure p and
energy density r with the useful relations

n =
Z

dn =
Z

f (x, p)
gd3 p
(2p)3 =

g
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Z
f (x, p)d3 p, (2.1)
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Now, in order to follow the species evolution we must use a parameter l (such as proper
time for massive particles) and look at the distribution function variations with respect to l.
Any change in the distribution at a given value of that parameter has to be expressed through
spacial, time, energy and 3-momentum evolution, taking into account all interactions that
can alter particle number density and kinematics. In the absence of interactions we expect
particles to suffer only the spacetime curvature together with its evolution, and thus stream
freely throughout the expanding Universe. Let us then group all interactions on the right hand
side (called the collisional term) containing both particles added and lost from a particular
8-dimensional infinitesimal spot due to microphysical processes, and keep the dynamical
evolution between collisions on the left hand side. Thus we write the Boltzmann equation as
follows

d f
dl

=C( f ).

Let us expand the (dynamical) left hand side into explicit xµ and pn dependences. We may
assume that mean free distances between particles are large as compared to interaction ranges
(as in rarefied gas), therefore whenever particles are not interacting their trajectories obey the
geodesic equation d pn

dl +Gn
ab pa pb = 0, since they evolve in a free fall frame. Thus
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dxµ
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+

∂ f
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Now, in the standard model of cosmology, we use the Robertson-Walker metric

ds2 = gµndxµdxn = dt2 � R(t)2

1� kr2 dr2 �R(t)2r2 dq2 �R(t)2r2 sin2 q df2,

from which we can deduce the set of Christoffel symbols –which are defined as usual by
Gn

ab ⌘ 1
2gµn �gµa,b +gµb,a �gab,µ

�
– of interest. Before computing them, let us think about

the dependences of distribution function f upon spacetime coordinates and 4-momenta.
Indeed, we may assume that the distribution is homogeneous and isotropic, therefore it
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Therefore, if we take a collisionless case using (2.4), then the Boltzmann equation reads

ṅ =�3Hn.

This means that whenever the species is not interacting, then the time evolution of its number
density evolves purely with the expansion rate. An expanding Universe implies a positive
Hubble parameter. Hence the decreasing number density expresses the dilution of the gas
with the evolution of the spacetime, whereas the total number of particles does not evolve
any more.
Let us now develop the interacting side of the Boltzmann equation. In principle we should
take into account all possible interactions involving our particle species. This means regard-
ing 1,2, ...,Ni! 1,2, ...,Nf processes. In practice we will focus in just one type of process,
being 2! 2 scattering (results derived here may be rederived including more complicated
processes without too much effort). Indeed, here our main concern is to understand key
points in the particle species history. When it is meant to be at equilibrium, then we use
equilibrium statistical properties. When a particle is frozen out and does not interact with
others any more, then it is basically in free streaming regime. It is crucial to understand when
it decouples chemically and thermally, though. The former takes place when the species total
number stops changing because both annihilation and creation are no longer relevant. The
latter takes place when the species stops elastic scattering on others, and its thermal evo-
lution is no longer related to the characteristics of the rest of the species. Both moments
determine important features. For example, chemical decoupling of a thermal dark matter
candidate sets its relic density for later stages of the Universe evolution. Whereas details
of thermal decoupling of cold dark matter particles will have an influence on structure for-
mation. However, so far we have focused on number density. Elastic scattering processes,
which thermalize particles and set their temperature to that of the thermal bath, do not change
the number density. Therefore here we will address only annihilation processes.
So, let us label particles involved 1,2$ 3,4. If our particle species is represented by particle
1 in such a process, then we expect 1,2! 3,4 to extract particles from our distribution func-
tion at some 8-volume, and 1,2 3,4 to add particles to it. Furthermore, those processes
will depend on the transition probability, described by the squared amplitude of the process.
Of course, all particles of the 2,3,4 kinds will contribute, thus we have to integrate over
the Lorentz Invariant Phase Space of all possible momenta (d2,3,4LIPS) and spins, weighted
by the corresponding distribution functions. Ensuring 4-momentum conservation for each
transition, we have the general expression of the collisional term

C( f ) =�1
2 Â

spins

Z h
f f2 (1± f3)(1± f4)
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plifications, and integrating the collisional term
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where we introduced the thermally averaged cross section

hs12!34vMoli=
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.

Finally, if 1 ⌘ 2, we come to a very simple version of the Boltzmann equation, namely

ṅ =�3Hn�hsvi
�
n2 �n2

eq
�
. (2.5)

This is a Riccati equation. Most of the physical aspects of chemical evolution are apparent
in (2.5). Namely, there are two competing processes ruling the density of particles: the
expansion rate �3Hn and the interaction rate hsvi

�
n2 �n2

eq
�
. Therefore, a particle is in

good thermal contact with the plasma whenever hsvi
�
n2 �n2

eq
�
� 3Hn, or equivalently,

hsvin � 3H. This is indeed the equilibrium condition. When the expansion rate overcomes
the interaction rate, then the particle is out of equilibrium, thus its total number does not
evolve any more.

2.2.2 Expression in a radiation dominated era

We are following the evolution of a species in radiation dominated era. It is useful to express
the time and the Hubble parameter as a function of the thermal bath temperature. Indeed we
can write

H = H0T 2

t =
1

2H0T 2

dT
dt

=�H0T 3.
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Introduction to DM physics: Solving Boltzmann

Analytically:

Always about the same value!
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Introduction to DM physics: Solving Boltzmann

Numerically:     re-write Boltzmann to remove T3 factors in number density
by using n = y T3

solve dy/dT instead of dy/dt
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Introduction to DM physics: Solving Boltzmann (numerically)
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�� Sorry but it does not work!

It is a case called STIFF equation!....The exponential requires  a bit more work!

Trapeze method:
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Start with Y = Y0 (chemical equilibrium)
Solve equation
Compute yi+1 at each step till Y>> Y0   
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Y

Numerical solution



The Hut, Lee&Weinberg argumentExpansion of the Universe
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Dark Matter needs to be heavier than 
 a proton to not over close the Universe

�v ⇠ 3 10�26 cm3/s

Lee-Weinberg limit:
mdm < O(GeV)

Massive neutrinos, Fermi interactions: dm

dm

f

f

• Depends mainly on mdm,

• if mdm too small, Wdm> 1 !

2
dm

4
w

m v  
m

V v

First calculations to be 
done:  Lee-Weinberg 

(1977)

Introduction to DM physics: Main lesson


