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General Relativity, In brief

1. there is no gravity, only curved
space-time

2. the source of space-time
curvature Is energy,
momentum, and stress
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NGC 4414, a galaxy







Virlal Theorem

cluster mass

GM -
AN

velocties of galaxies
In the cluster

cluster radius

Using the virial theorem, Zwicky (1933) showed that
the Coma cluster contains roughly 100 times more
mass than accounted for by the luminous matter in

the cluster.









Galactic rotation curves
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Rubin and Ford (1970) found that the rotation speed of M31 is constant at
large radii implying that the total galactic mass increases proportionately
to the radius.

Galaxies are surrounded by halos of dark matter.




Gravitational lensing
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COBE sattelite




COBE skymap



WMAP: sattelite
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Boomerang, Maxima, South Pole, Saskatoon, DASI, VSA, ...



Cosmological Parameters

Age of the universe
Spatial curvature
Energy density

Energy fractions
vacuum energy

dark matter

13.7 Gigayear
none

-29 3
0.95 10 gr/cm

Q, = 0.74
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What Is the
dark matter ?



electron

neutron

nucleus

Why not
atoms and
molecules?
(ordinary
matter)



Why not ordinary matter?

e there Is too little of It

even before WMAP, studies of primordial

nuclear synthesis (the first work was done by
Gamov, Alpher and Herman, in the late 1940’s)

already implied Q< 0.05
e ordinary matter is not collisionless

e was not found in microlensing searches
(MACHO, OGLE, EROS ...)



IS definitely weird
appears and disappears
moves fast, at c¢= 2.998 10° km/s

IS collisionless with glass and water, and
with Itself (makes rainbows and other caustics)






Why not Black Holes?

» subjectto Q) < 0.05 constraint
If formed after primoridal nucleosynthesis

e no known formation mechanism before
primordial nucleosynthesis



E = mc?



E = mc?

/ \

one gram
O0 Teradoules



E = mc?



E = mc?

for a particle at rest,

when P =0



E = m%* + p’c?

P is called momentum



Speed

E Jmct + pic?

= C when m =20



Particles are quanta
of fleld osclillation

JmZ* + p’c? = hv
\

h frequency

z _— wavelength

h is Planck’s constant



the ElectronVolt (eV)

e eV Is the typical energy of a quantum
of visible light (photon)

e rest mass energy of the electron

M, C* = 511 keV
e rest mass energy of the proton

M, c° = 938 MeV
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The Standard Model

guarks: u d s ¢ b

charged leptons: e Y7, T
neutrinos: Vo VYV, vV
gauge fields: 4 g W

Higgs particle: h



e are collisionless

. . 115
e are produced in the early universe n LI —=

Cm

e but move too fast and too far

>m,c’ < 1eV



What we need Is
Cold Dark Matter

e Stable

e collisionless

+ cold Vo < 107° ¢C



The candidates

the axion m, 0 10> eV/c® v, [110™%¢

the WIMP  m, [J 100 GeV/c* v, 0 10%¢

m, 0 10 keV/c? v, 0 10%c

others



Weakly Interacting Massive Particles

« weakly interacting, like a neutrino

e but much more massive

m, [ 100 GeVi/c®

e motivated by extensions
of the Standard Model



WIMP cosmological energy density

2.107°%" ¢ cm?
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WIMP detectors
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Also: DAMA, Edelweiss, CRESST, ZEPLIN, ...



WIMP — nucleus elastic scattering

43 2
e < TEW 1077 cm

A for m,, [J 100GeV

nucleus \

lonization,

M. Goodman & scintillation,
E. Witten 1985 phonons ...
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In space, the
GLAST sattelite
looks for gamma
rays produced by
the annihilation
of WIMPs In the
Milky Way halo



The strong CP puzzle

The theory of strong interactions (QCD)
has a parameter &

If 6d+0 , QCD violates parity P and CP
0 <10 is required

but ¢ may have any value a-priori



 Peccel and Quinn showed that the
Standard Model can be modified
in such away asto make @ a
dynamical variable.

 The modified theory contains a
new particle, named the axion
Weinberg, Wilczek 1978



The axion cosmological energy density

Relic axion field oscillations

continue to this day
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A parting thought ...

Dark matter forms caustics
as does light
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Boltzmann’s law

In thermal equilibrium

—E
E) U exp| — emperature
/p( ) p(kBT temperat
probability
For WIMPs E=m,cC" + ..

2
The WIMPs annihilate until kB T [] my ¢
20



Axion to photon conversion

IN a magnetic field
PS 83

a ¥




A level pooltable on an inclined floor




A self adjusting pooltable




