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OUTLINE

¢ Introduction & global evidence
¢ Dark Matter: local evidence
¢ Dark Matter and perturbations

¢ Dark Matter: particle properties
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EINSTEIN’S LEGACY:
ENERGY IS GEOMETRY

Einstein’s Tensor: Energy-momentum Tensor:

Geometry of Space-time ALL the Physics content

The birth of Cosmology as a science:
the Universe’s dynamics and fate 1s determined
by its Energy (Particle) content,
both the known and the unknown....



STANDARD COSMOLOGY

Cosmological Principle (nowadays also experimental result...):
The Universe 1s homogeneous and 1sotropic

on large scales (i.e. larger than ~100 Mpc)
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It 1s described by the Friedmann-Robertson-Walker Metric:
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¢ Only one dynamical varable: the scale factor a(t)

¢ One constant parameter: the spatial curvature | K



FRIEDMANN EQUATION:
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DIFFERENT ENERGY TYPES

Depending on the pressure and the equation of state,

the energy densities give different expansion rates:

A

radiation

matter

Tyoe | p/p  pla) a(t)
Generic w q—3(+w)  #2/(3(1+w))
Radiation | 1/3 oc g2 o $1/2
Matter 0 x a3 o 12/3
A -1 const. gt
Curvature | —1/3  oca™2 oc ¢!

[ Difterent epochs of the Universe history]




HoOw CAN WE MEASURE THE
EXPANSION OF THE UNIVERSE

Supernova Cosmology Project
Knop et al. (2003) Qy Qp
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DARK MATTER

CLUSTER SCALES:

The early history of

Dark Matter:
In 1933 F. Zwicky found

the first evidence for DM
in the velocity dispersion

of the galaxies in the
COMA cluster...

Already then he called it
DARK MATTER !




DARK MATTER

CLUSTER SCALES:

Nowadays even stronger
result from

the temperature of the
cluster gas 1s too high,

requires a factor 5 more
matter than the visible

baryonic matter...







DARK MATTER

CLUSTER SCALES:

Systems like the Bullett

cluster allow to restrict the

self-interaction cross-section
of Dark Matter to be smaller

than the gas at the level

G~ 1.7 <10 "¢ ~-10"pb
| Markevitch et al 03]

One order of magnitude stronger contraint by required a
suthiciently large core... [Yoshida, Springer & White 00]



DARK MATTER

GALACTIC SCALES:

| |
NGC 6503
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the stars in the outer part of
galaxies are faster than expected...

M(T) 2= MtOt
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But instead 1t 1s constant ! Need
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M(r)ocr, ie. ppy x7r™
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Unfortunately the density in the internal region
of the galaxies i1s much more uncertain...
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DARK MATTER

GALACTIC SCALES:
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Many profiles, inpired by data

or numerical simulations:

[sothermal, NFW, Moore,

Kratsov, Einasto, etc....
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Critical for indirect detection !

p(r) = :

Other important fact: DARK MATTER 1s still here !

It 1s either stable or extremely long-lived. The decay into
photon or charged particles must have a litetime above 10726 s,

into neutrinos 1t can be a couple of orders of magnitude shorter.



DARK MATTER

GALACTIC SCALES:
Faint planets, MACHOS ? O e o = sl
No evidence from the i EROS collaboration |
: tro-ph/0607207
EROS collaboration SrE i .
between 5 i 1\;1;;1}11() |
10~ ‘and 20 solar masses. 3
oas EROS-2 + EROS-1 —
ik upper limit (95% cl)
Still clumps of Dark E .
Matter, which are 00 L - o ] )
much less concentrated logM= 2log({tg )/70d)

may be there...






1/2 Physics Nobel Prize 2006 to G. Smoot for COBE:
The Universe 1s NOT pertectly homogeneous |
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DARK MATTER

HORIZON SCALES:
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From the position and ¢
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oscillations peaks § 2000 |
we can determine oo | %
very precisely the i

curvature of the

Universe and other
background parameters.
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DARK MATTER

Angular Scale
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HORIZON SCALES: ™
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OLLOWING THE FLUCTUATIONS

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
Galaxies, Planets, etc.

about 400 million yrs.

Big Bang Expansion
13.7 billion years

These small fluctuations are amplified by gravity &

NASAWNAP Scierce Tearn




What happens after such perturbations "re-enter” the horizon ?

In the Newtonian limit we have for the density perturbations of a matter fluid 6 = %p

. : c.2L?
O + 2HO;, + ( Sa - 47er) 0, = 0,

where cg = 5p/(5p is the sound speed in the plasma. Again a linear equation with a negative "mass”
term... The fluctuations with negative mass grow and those have k below £ ; ,i.e. a physical wavelength
larger than the Jeans length:

2ma i B _
Aj = — = Cg4/ — =~ — sound horizon

k Gp H

How strongly do they grow ? The growing solution is

O ~ C’lH/ : + CoH ~ C1t%/3 + Cyt™!  for matter dominance
a’H?

NOTE: much weaker than exponential due to the expansion friction term o< H ! Also if the expansion is
dominated by radiation, the growth is inhibited and at most only logarithmic in time. We need a long

ti f matter dominance to make initial fluctuations become large... “ *
ime of matter | initial fluctuati g Noanearreglme



V. Springel @MPA Munich Yoshida et al 03




Current power spectrum P(k) [(h~! Mpc)3]
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suppresses

perturbations on
scales smaller than its

free-streaming length:

)\FS ~ MpC (

&

Mw DM )
1keV

Compare with the data:

mwpy > 4 keV
[Viel et al. ‘07]



MEASURE FLUCTUATION ON ALL SCALES
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DARK MATTER

¢ Interacts very weakly, but surely gravitationally
(non-baryonic & decoupled from the baryon-photon
plasma, electrically neutral 1)

¢ It must have the right density profile to “fill in”
the galaxy rotation curves.

¢ No pressure and small free-streaming velocity,
1t must cluster & cause structure formation.

.

COLD DARK MATTER



DARK MATTER

¢ Electrically neutral, non-baryonic, possibly

electroweak mteractlng, but could even be only
gravitationally interacting.

¢ It must still be around us: either stable or very very
long lived, 1.e. 1t 1s the lightest particle with a
conserved charge (R-, KK-, T-parity, etc...) or its

interaction and decay 1s strongly suppressed !

¢ If 1t 1s a thermal relic, must be suthciently massive
to be cold..., but it may even be a condensate...

3

LOOK FOR PARTICLE DM CANDIDATES !



¢ Massive neutrino 1s one of the first candidates for
DM discussed; tfor thermal SM neutrinos:

i 2

but m, < 2 eV (Tritium 3 decay) so ) h? < 0.07

¢ Unfortunately the small mass also means that
neutrinos are HOT DM... Their free-streaming 1s
non negligible and the LSS data actually constrain

NEED to go beyond the Standard Model !






OUTLOOK

Since the discovery of Zwicky, we have learned a lot
about Dark Matter, in particular what 1t 1s not:
not baryonic, not hot, not made of neutrinos, etc...

The next decade hopetully should bring us

SOImMe Mmore clear ANSwers:

¢ Accelerator and DM direct detection experiments
may find out if Dark Matter 1s supersymmetric...

¢ Indirect detection may discover if DM 1n the halo
1s annihilating or decaying...

tXCITING TIMES ARE JUST BEGINNING...



