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Dark matter

@ Dark matter had been postulated
originally by the Swiss astronomer Fritz
Zwicky. Studying the relative velocities of
galaxies in clusters, he had realized that
clusters can be gravitationally bound only
if their total mass is about 100 times more
than the mass coming from the lumnious
galaxies (Helv. Phys. A. 1933). For this
he has used the virial theorem:

2_CM
_om.

@ In the 70ies and 80ies, the American
astronomer Vera Rubin has shown that
also the individual a galaxies are
dominated by dark matter which
contributes about 10 times more than the
mass of the stars.

\Y
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Dark matter

Rubin has found that the rotation curves of test particles (star, hydrogen atoms) around
galaxies do not exhibit the expected decay law

, GM 1
Vi=— VX —

' i

but have v = constant. Kepler's law then requires M « r.
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Non-baryonic dark matter

@ These observations say nothing about the nature of dark matter except that it does
not emit photons in the visible range of the spectrum.

Ruth Durrer (Université de Genéve) The Universe and fundamental physics Ascona, January 19, 2010 6/32



Non-baryonic dark matter

@ These observations say nothing about the nature of dark matter except that it does
not emit photons in the visible range of the spectrum.

@ X-ray observations have show that at least some part (about 10% ) of 'dark matter’
in clusters is in the form of hot gaz (T ~ some keV) which emits X-rays.

Ruth Durrer (Université de Genéve) The Universe and fundamental physics Ascona, January 19, 2010 6/32



Non-baryonic dark matter

@ These observations say nothing about the nature of dark matter except that it does
not emit photons in the visible range of the spectrum.

@ X-ray observations have show that at least some part (about 10% ) of 'dark matter’
in clusters is in the form of hot gaz (T ~ some keV) which emits X-rays.

@ Estimations of the total mass density in the Universe (measured by lensing, CMB
anisotropes, large scale structure) give h?Q, ~ 0.14

Ruth Durrer (Université de Genéve) The Universe and fundamental physics Ascona, January 19, 2010 6/32



Non-baryonic dark matter

@ These observations say nothing about the nature of dark matter except that it does
not emit photons in the visible range of the spectrum.

@ X-ray observations have show that at least some part (about 10% ) of 'dark matter’
in clusters is in the form of hot gaz (T ~ some keV) which emits X-rays.

@ Estimations of the total mass density in the Universe (measured by lensing, CMB
anisotropes, large scale structure) give h?Q, ~ 0.14

@ On the other hand, nucleosynthesis calculations and the mesured anisotropies of
the cosmic microwave background require h?Qy, ~ 0.02

Ruth Durrer (Université de Genéve) The Universe and fundamental physics Ascona, January 19, 2010 6/32



Non-baryonic dark matter

@ These observations say nothing about the nature of dark matter except that it does
not emit photons in the visible range of the spectrum.

@ X-ray observations have show that at least some part (about 10% ) of 'dark matter’
in clusters is in the form of hot gaz (T ~ some keV) which emits X-rays.

@ Estimations of the total mass density in the Universe (measured by lensing, CMB
anisotropes, large scale structure) give h?Q, ~ 0.14

@ On the other hand, nucleosynthesis calculations and the mesured anisotropies of
the cosmic microwave background require h?Q, ~ 0.02

@ Hence a large part (about 85%) of the matter in the Universe is non-baryonic.
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Dark matter candidates

These have to be stable particles which do not couple to the photon.

@ Neutrini, h2Q, = N, m, /(94eV) (cannot be bound to dwarf galaxies, do not
correctly reproduce the small scale structure). 4
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gauginos and the higgsino) is stable if supersymmetry preserves R-parity. Has
typically ew mass, M ~ 100GeV — 1TeV, weak couplings and the right abundance.
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Dark matter candidates

These have to be stable particles which do not couple to the photon.

@ Neutrini, h2Q, = N, m, /(94eV) (cannot be bound to dwarf galaxies, do not
correctly reproduce the small scale structure). 4

@ A more massive, less abundant sterile neutrino ?

@ Neutralino, the LSSP (lightest supersymetric particle, usually a superposition of
gauginos and the higgsino) is stable if supersymmetry preserves R-parity. Has
typically ew mass, M ~ 100GeV — 1TeV, weak couplings and the right abundance.
= LHC?

@ Axion (a stable particle invented to resolve the 'strong CP problem’: why do strong
interactions not violate CP?) ?

@ Primordial black holes?
@ Wimpzillas ?
@ Gravitinos ?

All these candidates rely on physics beyond the standard model.
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Thermal history

The Universe was not only much denser but also much hotter in the past .

Main events in the hot Uni-
verse:

k Energy

Aecoloated Expancion @ Recombination (of
Pattern  Dark Ages Development of
400,000 yrs. “ o Galaxies, Planets, etc. \ electrons and protons to
e neutral hydrogen).

Afterglow Light

Quantus
Fluctuations.

1st Stars

about 400 million yrs.

Big Bang Expansion
137 billion years

Age of the Universe: to ~ 13.7 billion years.
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At Tgee >~ 3000K ~ 0.3eV, the Universe is sufficently cooled down so that neutral
hydrogen becomes stable.
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At Tgee >~ 3000K ~ 0.3eV, the Universe is sufficently cooled down so that neutral
hydrogen becomes stable.

The Universe then becomes transparent to the cosmic photons.
Subsequently the thermal photon spectrum is modified only by cosmic expansion,

Vo = Vdec/(l + Zdec) = To= Tdec/(l + Zdec)
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The cosmic microwave background (CMB): the spectrum
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Fixen et al. (1996). Nobel Prize 1978 Penzias et Wilson; 2006 Mather
To = 2.728K ~ —270.5°C

Ruth Durrer (Université de Genéve) The Universe and fundamental physics Ascona, January 19, 2010



The cosmic microwave background: the anisotropies

AT — 2,353 mK

AT = 18 pK

Smoot et al. (1992), Nobel Prize 2006
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WMAP 5-year
0

-200 T(uK) +20

Hinshaw et al. (2008)
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The cosmic microwave background: the anisotropies

The fluctuations are a function on the sphere and can be developed in spherical
harmonics:

AT(n) = amYum(n)

Statistical isotropy implies (amaj ) = deer Smm: Ce.
The C/’s are the angular power spectrum. £(£ + 1)C, ~ ((AT)?)(0 ~ = /¢)

6000

5000
= WMAP 5-year

4000F « ACBAR

< * BOOMERANGO3
= 3000¢ ]
S 2000F
1000 1
OF . . ! ! I ! i
1 10 100 500 1000 1500 2000 2500 )
¢ Reichhardt et al. (2008)

£ = 200 corresponds to about 1°. (twice the angular scale of the full moon.)
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CMB anisotropies and the baryon density

The baryon density affects the acoustic oscilla-

tions of the photon-baryon plasma prior to re- e e R
combination which are imprinted in the CMB 8000 — i -
anisotropies in various ways: 5’9 il
@ Baryons as they are massive enhance 3 1
the the contraction peaks (odd) and & 4000 7
reduce the expansion peaks (even). < J
O

@ Baryons reduce the sound speed and = 5000 N
thereby the sound horizon which is sy |
related to the scale of the acoustic peaks. 1

@ The baryon density determines the Silk o3 A B B A,

0 500 1000 1500 2000

damping scale. (
multipcle moment 1

More details on the parameter dependence of

CMB anisotropies will be discussed in the stu- 0.02 solid
dent talk by Marc Vonlanthen h?2Q, = { 0.03 dotted
0.01 dashed
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Nucleosynthesis and the baryon density

-
=
u

@ At T ~ 0.1MeV the Universe is
sufficiently cool for deuterium to
become stable.

@ Most of the deuterium is immediately
burned into He* and only very little
remain in the form of deuterium or
formed He®. Some of these primordial
nuclei go on to form Li’. (No stable
nuclei with A = 5,6 do exist.)

@ The abundances of these light
elements, especially of deuterium and
He® but also of Li” are extremely
sensitive to the baryon density. Qgh

Number Abundance Relative to Hydrogen
s o
i ; &
T T T
oT
L41]
/
I 1

-
=4

=
1
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Neutrino decoupling

@ At T ~ 1.4MeV ~ 1.6 x 10'°K, weak interactions are no longer sufficient to keep
neutrini in thermal equilibrium with electrons, positrons, photons (and dark matter).
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Neutrino decoupling

@ At T ~ 1.4MeV ~ 1.6 x 10'°K, weak interactions are no longer sufficient to keep
neutrini in thermal equilibrium with electrons, positrons, photons (and dark matter).

@ After that, their interaction is mainly gravitational. Neutrini are neither generated
nor annihilated but they loose energy due to the expansion of the Universe
(redshift).

@ at T ~ me ~ 0.5MeV electrons and positrons annihilate, leaving only a trace of
electrons. This event heats up the photons and the remaining electrons and
baryons but not the neutrini. Entropy conservation yields: T, = (4/11)Y/°T,,.

@ A background of neutrini with "temperature’ T, = 1.9K ~ 2 x 10~*eV should exist
in the present Universe.

@ Even if these neutrini have a density of about 336/cm?, since they interact so
weakly, they have not been detected directly (so far).
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Abundance of relativistic particles relativiste

Neutrini are observed’ indirectly by their gravitational effects:

@ They contribute to the expansion of the early Universe which is mainly relevant for
the helium-4 abundance
= N, (number of species of relativistic neutriniat T ~ 0.1MeV).

=016 min
(Sarkar et al. '06)
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Abundance of relativistic particles relativiste

Neutrini are observed’ indirectly by their gravitational effects:

@ They contribute to the expansion of the early Universe which is mainly relevant for
the helium-4 abundance
= N, (number of species of relativistic neutriniat T ~ 0.1MeV).

=016 min
(Sarkar et al. '06)

- [W=szd]

@ This limit applies to any species of relativistic particles with thermal abundance at
T ~ 0.1MeV.
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Neutrini and the CMB

Neutrini are observed indirectly via their gravitational effets:

10
8
They contribute to the CMB
anisotropies in a characteristic 6
way sinnce they are collision- >>
less.
(Cvis = 0 fluide parfait, 4
¢z, = 1/3, collisionless rel-
ativistic particles.) 2
0
0 0.1 , 0.2 0.3
C
vis

(Melchiorri & Trotta, 2004)
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Neutrino mass

N,

Massive neutrini with thermal abun-
dance contribute to the dark matter
density,

m,
Y'94eV.

Since they are very light, they do not
participate to structure formation on
small scales. Observations of struc-
ture at small scales therefore limits
the contribution of neutrini to dark
matter which constains their mass.

Qm.h? =N

(d)

0.5 1 1.5 2
M (eV)
(Crotty et al. 2004)

e T - N, T o /R B < BN o]

O_IIIII|IIIIIIIIII\IIIIIIIII|IIII|IIII|

m, < leV
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Phase transitions: confinement, electroweak transition

During expansion and cooling the temperature of the Universe drops by many orders of
magnitude

@ The QCD transition at T, ~ 100MeV ~ 10*2K:
Quarks and gluons confine to hadrons, i.e., protons and neutrons.
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Phase transitions: confinement, electroweak transition

During expansion and cooling the temperature of the Universe drops by many orders of
magnitude
@ The QCD transition at T, ~ 100MeV ~ 10*2K:
Quarks and gluons confine to hadrons, i.e., protons and neutrons.
@ The electroweak transition , T ~ 100GeV ~ 10%°K:
The W* and Z bosons become massive, only the photon remains massless. =
weak interactions become weak.
@ supersymetry? ...
Observational consequences (so far unconfirmed):
If the transitions are second order or only a cross over, as is expected in the standard
model, they probably do not leave observable traces in the Universe. However, if they
are first order (e.qg. if the neutrino chemical potential is large (QCD) or if the Higgs
sector is non-standard (EW) ), the transition proceeds via bubble nucleation leading to
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Observational consequences (so far unconfirmed):
If the transitions are second order or only a cross over, as is expected in the standard
model, they probably do not leave observable traces in the Universe. However, if they
are first order (e.qg. if the neutrino chemical potential is large (QCD) or if the Higgs
sector is non-standard (EW) ), the transition proceeds via bubble nucleation leading to
MHD turbulence in the ambient plasma (very high conductivity and Reynolds
numbers). This can provoke the generation of
@ magnetic fields
@ gravitational waves
@ primordial black holes
Parity violation during the transition can lead to helical magnetic field which can
become large scale coherent seeds for the observed magnetic fields in galaxies and
clusters (see student talk by Elisa Fenu).
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The gravitational wave background generated by MHD turbulence during a first order
phase transition might be observable with LISA.
(Caprini, Durrer & Servant, 2009)
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The satellite LISA

Le LISA satellite projet (artistic im- The LISA pathfinder satellite (the
pression). Launch >2017. real thing). Launch planned 2011.
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Baryon asymmetry

@ The solar system contains nearly only baryons (ordinary matter, protons and
neutrons), only very little anti-matter.
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@ The solar system contains nearly only baryons (ordinary matter, protons and
neutrons), only very little anti-matter.

@ The same is true for our galaxy and for the entire observable Universe.
@ Is this baryon-asymmetry an initial condition?
@ If not, how can we understand it?

Sakharov (1978) has formulated 3 conditions which must be satisfied in order to
generate a baryon-asymmetry during the evolution of the Universe:

@ Breaking baryon number conservation (standard model v).
@ Breaking the symmetries C and CP (standard model v).
@ The cosmic plasma must drop out of thermal equilibrium (standard model 7).

With small variations of the standard model of particle physics one can obtain that the
EW phase transition is first order and therefore proceeds out of thermal equilibrium (in

the bubble walls). This can yield a baryon-asymmetry of the right order of magnitude:
ng —n ng (t _
B B(tew)”: B( o) ~10 10

Ng ny(to)
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Inflation

Inflation addresses fundamental problems of cosmology
@ Singularity ?
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R) ~8Cy ~ constant — H2, R = HR.
R 3

With the solution R(t) ~ Ro exp(Ht).

This rapid expansion renders the Universe large and flat.
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during inflation is (usually) dominated by the potential energy of a scalar field which
slowy rolls down the potential.

The Friedmann equation then becomes

- 2
<g> ~ ?V ~ constant = H?, R =HR.

With the solution R(t) ~ Ro exp(Ht).

This rapid expansion renders the Universe large and flat.

The inflationary phase ends when potential energy has been converted to kinetic
energy. Then the scalar field oscillates around the minimum and generates lots of
particles and therefore a lot of entropy. The details of this process of pre-heating and
reheating are very model dependent and still unclear.
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@ Why is it so old? (to ~ 1.4 x 10'%ears, tp ~ 5.4 x 10~*sec)

@ Why is its entropy so high? (entropie/baryon ~ 10°)
An inflationary phase addresses these questions: The energy density of the Universe
during inflation is (usually) dominated by the potential energy of a scalar field which
slowy rolls down the potential.
The Friedmann equation then becomes

- 2
<g> ~ ?V ~ constant = H?, R =HR.

With the solution R(t) ~ Ro exp(Ht).

This rapid expansion renders the Universe large and flat.

The inflationary phase ends when potential energy has been converted to kinetic
energy. Then the scalar field oscillates around the minimum and generates lots of
particles and therefore a lot of entropy. The details of this process of pre-heating and
reheating are very model dependent and still unclear.

But inflation has also other consequences:
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Inflationary fluctuations:

In quantum field theory a particle is represented by modes, excitations of its quantum
field. To each particle species (electrons, photons, neutrini etc.) we assign a field . This
field fluctuates always, also in vacuum when no particles are present.
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field fluctuates always, also in vacuum when no particles are present.

During an inflationary phase, the wavelengths of the vacuum fluctuations are redshifted
and rapidly the become larger than the Hubble scale.

After this they are no longer pure vacuum fluctuations (the subtle cancellation leading
to vanishing number density is lost), they have non-zero energy density.

This leads to classical fluctuations in the energy density and the geometry of the
Universe after inflation. The inital fluctuations which have seeded the formation of
galaxies, clusters filaments and voids in the universe.

These fluctuations can by calculated in detail. The gravitational potential generated in
this way has the form

K (W) = As(k/ko)™ ™Y, ne~1

To generate fluctuations of the right amplitude, the energy corresponding to the
inflationary potential is (in simple models) about V/# ~ 10'® GeV = 10*x the
maximal energy of the LHC.

Quantum fluctuations are at the origin of the largest structures in the Universe.
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Fluctuations from inflation in the CMB

Simple models of inflation predict not only scalar fluctuations (density fluctuations)
which generate the large scale structure, but also gravitational waves.
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Fluctuations from inflation in the CMB

Simple models of inflation predict not only scalar fluctuations (density fluctuations)
which generate the large scale structure, but also gravitational waves.

Gravitational waves and scalar fluctuations both induce anisotropies in the CMB
temperature.

In addition, due to the anisotropy of Thomson scattering, they generate a slight
polarisation of the CMB photons.

Density perturbations produce only one type of polarisation (E) while gravitational
waves produce also a second type (B).
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Polarization of the CMB

Quadrupole
Anisotropy

Thomson
Scattering

Linear
Polarization

For photons with polarisation in the scattering plane the cross section is suppressed by
a factor cos? 6.
= A quadrupole anisotropy in the photon distribution leads to polarisation.
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The Planck satellite

pure E-polarisation (scalar perts. & grav. waves)  pure B-polarisation (only grav. waves)
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The Planck satellite

The discovery of B-polarisation, 'the smoking gun of inflation’ is one of the goals of the
Planck satellite of ESA launched last Mai and presently taking data.
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The Planck satellite
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Conclusions

Cosmological observations contain information not only about gravitational interaction,
they also give us many indications about high energy physics beyond the standard
model, some of which cannot be obtained in any other way at present.
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Conclusions

Cosmological observations contain information not only about gravitational interaction,
they also give us many indications about high energy physics beyond the standard
model, some of which cannot be obtained in any other way at present.

@ Dark matter

@ Limits on neutrino masses and the number of (non-steril) neutrini .

@ QCD and electroweak phase transitions

@ Baryon-asymmetry

@ Inflation: what is the inflaton, the scalar field which is responsible for inflation?

@ Extra dimensions, 'braneworlds’.

@ Other consequences of super-string theory for cosmology.

At present, cosmology seems to be the most promising access to the physics at very
high energies, E > 10TeV.
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