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Things You Should Have Known ...

» Classical Mechanics, Thermal Physics
» Quantum Mechanics, Special Relativity

» General Relativity ???
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GAUGE BOSONS
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Now: Standard Model (SM)
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26.8%

Dark Matt
ark Matter 68.3%

Dark Energy

Supernova CMB

+ The Standard Model explains only ~5% of the total E of the Universe.
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What’s
the matter?
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Dark Matter (DM)

< Postulated by Fritz Zwicky in early 1930’s

< Rediscovered by Vera Rubin in 1970

<+ Compelling paradigm:

v massive,
v non-relativistic (2 v < ¢), 4

v non-luminous

Dark Mattel': W Dark Energy
85 %

» | B Free Hydrogen & Helium

(no/tiny EM interaction),

O Stars

v stable particles

O Neutrinos

@ Heavy Elements

v ~1/4 of the Universe



Existence of
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1. Observational Evidence

of Dark Matter

.



Observational Evidence of DM

v Galaxy rotation curve

v Coma cluster

v Gravitational lensing

v Bullet cluster

v Structure formation

v Cosmic microwave background radiation (CMBR)
v SKky surveys

v Type Ia supervovae

v Baryonic acoustic oscillation (BAO)

Vo



Galaxy Rotation Curve

v = ~vOM/r

Solar System Eotation Curve
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Galaxy Rotation Curve
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<+ Much more galaxies

Vo (km 87%)

Ve (km 87")

Ve (km 87°)

Figure 1. Three-pammeter dark-halo fits {solid curves| 1o the rotation curves of sample galaxies, The rotation curves of the individeal
compaonents are siso shown; the dashed curves are for the visible components, the dotted curves for the gas, and the dash-dot curves for the
dark halo. The fitting parsmeters are the mass-to-Bght rtio of the disc | M/L ), the balo core radius (7], and the halo asympeotic cireular velocity
(V). The galasses from the sample of Begeman are shown is (4} and the lower luminosity galades in (b}, Best-6it values far the froe parameters
are given in columns 2, 3 and 4 of Table 2,
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Coma Cluster

% The gravity of the cluster: too weak to contain the hot gas.
- It would evaporate!: T o< v* & v? o< GM/r

Coma Cluster
0.5-2.0 keV




Gravitational Lensing

> General relativity: M distorts space-time

=> When light passes around a massive Sesenete

object, it is bent!

Telescope

gettymages Korea

Interstellar: Gargantua




Gravitational Lensing

» Stars and hot gas:

too small to bend the light from the background galaxies so much

- Great concentration of invisible matter: Dark Matter !!



Bullet Cluster

< Two colliding galaxy clusters
—> significant displacement between their center of visible matter &
gravitational potential

Chandra X-Ray Observatory: 1E 0657-56

‘ o,

Gravitational potential Ordinary matter
(lIensing) (X-ray)




Bullet Cluster

< Simulation of two colliding galaxy clusters

http://chandra.harvard.edu/photo/2006/1e0657/1e0657_bullett_anim_Ig.mpg
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Observational Evidence of DM

v Galaxy rotation curve
v Coma cluster

v Gravitational lensing

v Bullet cluster

v Structure formation
v Cosmic microwave background radiation (CMBR)
v SKky surveys

v Type Ia supervovae

v Baryonic acoustic oscillation (BAO)

Vo



Exercises

1. DM vs Modified gravity/MOND (MOdified Newtonian Dynamics):
(a) What are Modified gravity and MOND?

(b) Compare DM & Modified gravity/MOND: pros and cons

2. DM candidates among SM particles:
(a) Which ones?

(b) Why not? (If possible, Relic density of neutrino)



2. Relic Abundance of

Dark Matter

.



Thermal Freeze-out

Cosmological Lower Bound on Heavy-Neutrino Masses

Benjamin W, Lee®
Fermi National Accelevator Laboratow,(b) Batavia, Illinois 60510

and

Steven Weinberg(®
Stanfovd University, Physics Depavtment, Stanford, California 94305
(Received 13 May 1977)

The present cosmic mass density of possible stable neutral heavy leptons is calculated
in a standard cosmological model. In order for this density not to exceed the upper lim-
it of 2x10°% g/cm?®, the lepton mass would have to be greater than a lower bound of the
order of 2 GeV,

annihilation



Basics of Freeze-out

< Boltzmann equation: the statistical behavior of a thermodynamic
system not in a state of equilibrium =» time evolution of # density:

dn,

— + 3Hn, = —{oa0) [(n)* — (15)]

< Decoupled when I, = (ov)n,, < H

< Comoving number density =» Scale out the expansion effect:
(n,/s)o = (n,/s)e =~ 100/(mmelg>1k/2 (o4v))
~ 107 %/[(m,/GeV)({o4v)/107*" cm?®s™1)]
« Relic density in units of the critical density:

Q.h*=mn,/p.~(3x107%" cm>®>s ™1 /{aav))

For more details, please see e.g., Ch.
5.1 & 5.2 of “The Early Universe”




