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Standard cosmology in a nutshell
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Fig. 1.9 Stages of the evolution of the Universe.



Friedmann—Lemaitre—Robertson—Walker Metric
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The number of particles in an element of comoving phase space

f(k)d*xd’k = const.

k
Pxd’k = d° (ax)d’ (—) = d°Xd’p.

a




Friedmann Equation
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In the spatially flat model,
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Non-relativistic matter (“dust”)
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Relativistic matter (“radiation”)
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Vacuum
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General barotropic equation of state p = wp
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ACDM: Cosmological Model
with Dark Matter and Dark Energy
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CMB
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Dominant contributions
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Transition from Deceleration to Acceleration
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Transition from Radiation Domination to Matter Domination
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Thermodynamics in
Expanding Universe
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Expression (5.10) gives then the Stefan—Boltzmann law,
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Qxh? ~0.023, Qp ~0.046,
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Relic Neutrinos
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entropy conservation of the electron-photon
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CMB and Neutrino distribution

5T ~ 100 uK, i.e., 6T /Ty ~ 10~% — 1075.
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Neutrinos?? Structure formation.  Matter -radiation equality. Neutrino velocity



Nucleosynthesis

p+n— D47 p(n+)D.

D+D—°He4+n and D+D—T+p



Baryon density QA2
0.01

0.2? ] I 1 I I 1 |

0.26

L U
7 !

10—4

I
1
=
=
=

L1 1iiin IIIIIIIE

11 illllll

I 1

1 2 3 4 5
Baryon-to-photon ratio n % 10!

n4He.m4He

NE My +Nag, Mag,



Neutron decoupling

D+ € <> TN + Ve, Am = my, —mp = 1.3 MeV
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astronomical unit au 149597 870 700 m

parsec (1au/1arcsec) pc 3.08567758149... x 1010 m = 3.26156...1y
light year (deprecated unit) ly 0.306601...pc = 0.946073... x 101%m

Hy 100 h kms—! Mpc™! = h x (9.777752 Gyr) !

h 0.674(5) from CMB anisotropies (Planck)

or 0.730(10) from the distance ladder (SHOES)

= Hor, z<K1, 4 Gpe. 62 Z=1



Some scales
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The Local Group &0k =

THE MILKY WAY and Andromeda galaxies rule
the Local Group, accounting for more than half

its mass. Distances from our galaxy are givenin  Pinwheel Galaxy (M33)' 4

thousands of light-years [kiy) 2,850 kg

NGC 147
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/| Andromeda Galaxy (M31)
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Dark matter
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Abstract

We review observational, experimental and theoretical results related to Dark Matter.



DARK MATTER
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hep-ph, astm—ph, hep-th, gr-qc, , nucl-th, hep-lat,



radiation

baryonic matter
(luminous + gas)

‘Dark
- “Matter.

photons

Mat_t_:er' e il \ ; @8 neutrinos

baryonic
matter



Qpah? = 0.1200 == 0.0012.

Qpyr = 0.264 + 0.003,




Characteristics

m Non-relativistic
m Cold
m Non-interacting and dissipationless

m Stable



Evidence for dark matter

m Galaxy scale
m Galaxy cluster scale

m Cosmological scale



Rotation curve

T Andromeda M31

Rubin and Ford (1970).
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Vera Rubin



— Einasto halo + stellar
§ Ouetal 2023
§  Huanget al. 2016

Milky Way adapted from
J. Jiao et al., arXiv:2309.00048

I Callingham et al. 2019

Watkins et al. 2019
Eadie & Juric 2019 Wang et al. 2022
L Posti & Helmi 2019 §  Zhouet al. 2022
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Vrot kms

Rotation Curves of Galaxies
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Rotation velocity in km/s
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DDOI61 (fainter, darker, more gas)
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Midi: clusters of galaxies

velocity dispersion in the Coma cluster of galaxies,

in 1933.




Bullet cluster

56

bullet cluster located 3.7 Gyr

57

2006

6"58M428 36° 30° 248 18% 198

Harvey et al. (2015) [13] report the
results on 72 of them and conclude that the

The two objects collided 150 million years ago. existence of DM can be established
with a significance of more than 7o.



2
o 51Ezl.Smb_ 4580

M o GeV  GeV?’




Cosmic Shear

m Cosmic shear refers to the deflection of light from very distant galaxies by the
gravitational attraction due to the foreground mass concentrations.

m Vvast filaments and loose clumps.






Current power spectrum P(k) [(h-! Mpc)?]

Matter power spectrum
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“evolution (‘Euler’) equations
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Power spectrum P(k) in (Mpc/h)3
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Current power spectrum P(k) [(h~! Mpc)?]
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t(t+1)C,/2x in pK?
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li Dark Matter Halo

Galactic Bulge /

Galactic Disk




DM profiles

DM halo Functional form
=
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Table 2.1:  Plausible spherical density profiles p(r) for DM halos in galaxies.



Ppum in GeV/cm3

Angle from the GC in degrees
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pe = p(re) = 0.40 GeV/cm® ~ 0.0106 M, /pc’ |

f(’U) — NG_UQ/Ug @(Uesc - U) :

Vese = (44 +£35)km/s |

220km /s < vg < 270km/s |.




Beyond the dark spherical (and isotropic) cow limit

Non-sphericity of DM halos

Rotating DM halos

Dark disk?

Anisotropic DM velocity distribution

DM streams

DM around black holes






