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Lecture 1

1. A short introduction to cosmology
2. The early Universe thermal history
3. Boltzmann equations for thermal relics

Main reference:

Chapters 1-3, 5



Lecture 2

1. Observational evidence for dark matter
2. Fundamental properties of dark matter
3. The dark matter landscape

References in the slides



1. Observational evidence for dark
matter



Dark matter gravitational evidence

Rotation curves

Cosmic microwave background

We do not know what most of the
Universe is made of!

~kpc
“Mpc Dark Matter
Dark Energy Baryonic
63 7 Matter
~Gpc

Planck 2015

Dark matter constitutes about 85% of
the matter content of the Universe.



VELOCITY IN PLANE OF GALAXY (km s")
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Flat galactic rotation curves

RUBIN, FORD, AND THONNARD

’70/’80: observation of spiral
galaxies,

rotation supported systems like
the Milky Way

DISTANCE FROM NUCLEUS (kpc)

Ao+ M R
v2(< R) =R j;%t — G ;; R) M(< R) = 477/0 r?p(r)dr
Predicted from visible light: U(Q: X %
Observed: vg ~ constant ,0(7“) X —&

72

Data are well described by an additional “matter" component,
but also MOND works at these scales



Dark matter in the Coma Cluster

Pioneering application of the virial theorem in
astronomy

‘Abell 1656 g
~1b3gala>(ies 0 i | 2<T> —+ <Utot> =0 U(T) X 7“_1

~ 1 Mpcradius .

gravitational potential of a self-gravitating
homogeneous sphere of radius R

~ 3 X Mvisible



X-rays and gravitational lensing

Coma Cluster
0.5-2.0 keV

Figure 2. An x-ray image of the Coma cluster obtained with the
ROSAT satellite, showing both the main cluster and the

NGC4839 group to the south-west. (Credit: S L Snowden, High PR :
Energy Astrophysics Science Archive Research Center, NASA.) Stl’Oﬂg grawtatlonal Iensmg aroupd galaxy
cluster CL0024+ 17, demonstrating at least

Mass in clusters is in the form of hot, three layers projected onto a single 2D image.
intergalactic gas, which can be traced via X

rays: X-luminosity and spectrum constrain the
mass profile






Segregation of matter in clusters
Bullet Cluster (1E 0657-56)

Galaxy Cluster MACS J0025.4-1222 - ' 3 X 1 ' ' ‘
Hubble Space Telescope ACS/WFC : \ : Abell 520 b
- Chandra.X-ray Observatory

“Train Wreck -_c_lust'er' ‘ |

" : "
. - " 9
Ly L - -
: e |

. .- .Mass WFPC2
© Luminosity. CFHT

: A S
Near Infrared = Mubblg - o

“60“'""’%'”“ i ° : \/ - James Jee+, Apd 783 (2014) 78




Cosmic Microwave Background

_ Pi
Qz’ — Abundance species i
Pc

Critical density
(average density of a flat Universe)

_ 3H§
- 87TGN

10 protons per cubic meter
[1 GeV ~ 1024 g]

Pc

M GeV
oo ~ 0.3 oM ~ 1010 —2 ~ 1076
PDM Pc PDM Mpc3 J—
Galaxy clusters: 10> denser! 5_/0 > 1 The Universe today is

Galaxies: 106 denser! 0 highly non-linear!



Cosmic Microwave Background

T > Tcems tight coupling between photons and baryons
and presence of primordial overdensities 0o > 0

Gravitational vs radiation pressure => acoustic oscillations

—  ~ 33— ~ =0 N~ X T3

Ty T ng K

AT

™ 10—° on Mpc scales @ zcvs™ 1100

Anb s 1 In @ matter

n— ~ 10 (1 ZCMB) ~ (.01 dominated Universe
b

With baryonic matter only, structure formation would be very
different! We need a non-baryonic component that decouples from
photons early enough to create deep potential wells.



Growth of structures: cartoon

2 Dark
L matter
)
O
= Normal
matter

Space —»
(@) Time = 1 second

Density

Space —
(b) Time = 1000 years

Dark matter

Galaxies/clusters
(normal
matter)

Density

Space —»
(c) Time = 108 years

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.



2. Fundamental properties of dark
matter



Properties of dark matter

What fundamental properties can we infer from this astro/cosmo evidence?

How much dark matter at cosmological scales?

Qcpym ~ 0.26 Planck 2015, 68% CL

The dominant component of dark matter in the Universe should be:
Non-relativistic at decoupling, i.e. cold

. Stable or long-lived

. Sufficiently heavy, to behave “classically”

. Smoothly distributed at cosmological scales

Dark and dissipationless

. Collisionless, i.e. not very collisional

DM evidence requires new physics, beyond current theories
=> new d.o.f., appealing from a particle physics perspective



1. Non-relativistic @ decoupling (CDM)

Primordial density fluctuations modified by non-linear effects: gravitation,

pressure, dissipation, etc. => N-body simulations are needed to follow the
growth in non-linear regime.

Collisions-less species (neutrinos, DM): free stream from overdense to
underdense regions and wash out perturbations => damping of small
scale density perturbations

>\phys 5 )\fs

10¢
v(t -
)\fs ~ ( eq) R - H
H (teq) £1000 /
- -
« e . . . i §
Characteristic imprintin the g 100
matter power spectrum and 2 10 I
galaxy distribution [ -~ HDM n=1 E
{E ——- CDM n=0.8 \
---------- MDM n=1 E
0.1 Loaal “.jl
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2. Stable or long-lived

Model independent bounds exist from CMB & Large Scale structures

if decay into invisible species Audren+, JCAP 12 (2014) 028;
Poulin+, JCAP 1608 (2016) no.08, 036

T 2 160 Gyr CMB only

+ other
consistent data

- ‘ T Z 170 Gyr

— Stable CDM ~-- Open
- Decaying CDM —  Closed
- Tensors
10’ 107 10’
14

More stringent bounds from astrophysics and CMB if decaying into “visible” species (e,Y)

T > 10°° sec



3. Sufficiently massive (LL from localisation)

Evidence of DM at astrophysical scales => Localised therein and behave classically

Dark matter gravitationally bound on scales at least as large as dSph
h

ADe Broglie = — < kpe m > 107%?eV (v ~ 100 km/s)
mu
If DM is a fermion: Pauli exclusion principle holds and B q
the phase space density is further constrained f ,S ﬁ

Tremaine-Gunn bound

m > O(10 — 100 eV)

[From conservation of phase space density of a non-interacting fluid (Liouville equation)]



4. Smoothly distributed (not “granular”)

On galaxy scales, we do not detect any “granularity” of dark matter; should
have a continuum “fluid” limit

= Granular distribution would provide time-dependent gravitational
potentials, which might disrupt bound systems of different sizes => heat the
galactic disk or disrupt globular clusters

= Additional Poisson noise into matter power spectrum

m < 10°7* Mg ~ 10707 ev



5. Optically dark and dissipationless

Very weak e.m. interaction opM_y < 8 x 107! (mpp/GeV) cm?

Dark matter can not cool by radiating
photons => Strong constraints of the
fraction of dissipative dark matter (e.g.
through cooling into a rotationally-
supported disk)

€disk S 0.05

If dissipation and cooling
occurs, there may be the

consequent formation of a
dark disk

NB: Subdominant component



6. Collisionless (or not very collisional)

DM-DM interaction too strong, spherical structures would be obtained rather
than triaxial:

m Mpc 1
o~ barn A~ > 1 Mpc
GeV A o/mp

From clusters: 0/m<0.02 cmz/g
From Bullet cluster: 6/m<0.7-1.3 cmz/g

cm? barn
.....much less than atomic or molecular cross sections! —— = 1.78

o GeV

DM should not have self-interactions exceeding the barn/GeV level; slightly
smaller o could also be beneficial



3. The dark matter landscape



The dark matter landscape

107 eV peV. 0.1eV  keV MeV GeV 10% TeV 107 My 10M,  10° Mg
>

Vast parameter space in mass and interaction strength



The dark matter landscape

107 eV peV. 0.1eV  keV MeV GeV 10% TeV 107 M,  10My  10° Mg
>

Wave-like Particle dark

dark matter (bosonic) matter Primordial black holes




The dark matter landscape

107 eV pueV. 0.leV  keV MeV GeV 10% TeV 107 M,  10Mg  10° Mg
< >

Particle dark
matter

—> Thermal | mpp [GeV]
17 10 100
WIMPs

Weakly interacting massive particles
(WIMPs)

- Freeze-out production mechanism

Ty e

00001 DM DM < SM SM
e 10T F T e
= o
S p N v
Sy T N 107%"cm? /s
E 3 DM ~Y
(c(DM DM — SM SM)v)

Kolb&Turner x=m/T (time —)



The dark matter landscape

107 eV pueV. 0.leV  keV MeV GeV 10% TeV 107 M,  10Mg  10° Mg
< >
Fuzzy DM QCD axion/ALPs  Sterilev WIMPs Primordial BHs
/ fi”Bll \ -
M [GeV]
1 10 100
mpgy [M ] WIMPs

The quest for dark matter is il
colourful and very broad!!

It leverages on model sighatures )
and available data lﬂ
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