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Expanding Universe and the Big Bang

e Photons Hubble’s law

 Neutrinos Vexpansion = Ho x distance
e Charged Leptons

e Quarks Hubble’s constant

» Gluons Ho = h 100 km s°1 Mpc™?
e W- and Z-Bosons
 Higgs Particles Measured value
e Gravitons h=0.72+0.04
o Dark-Matter Particles

; _ 6
. Topological defects 1 Mpc = 3.26 x 10°lyr
ok = 3.08 x 1024cm

Expansion age of the universe
to~ Hy' = 14 x 10° years
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Friedmann-Lemaitre-Robertson-Walker Cosmology

* On scales = 100 Mpc, space is maximally symmetric

(homogeneous & isotropic)
» The corresponding Robertson-Walker metric is

2
ds? = dt? +a2(t)[ i +r2(d{El2 +sin? qu:z)]

T

Clock time Cosmic r, 0, ¢, co-moving
. Curvature . :
of co-moving || scale N spherical coordinates
k - 0’ i1 * k) k]
observer factor r is dimensionless

sics, 13-19 Oct 2005, Minchen, Germamy

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Friedmann Equation - Newtonian Derivation

o Birkhoff’s theorem
Spherical symmetry implies that only mass
interior to radius R =ra

R
is relevant for motion of a test mass m atR /

* Energy conservation

Densit
GN%RBPm 182m = t o
— = +5R“m=cons
R 8 const
_ 8=
[ﬁ) =3O

e Rescale r = a/R with cosmic scale factor a

= \2
a K :

Friedmann equation

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Einstein’s “Greatest Blunder”

Density of gravitating mass & energy Curvature term
is very small or zero
Newton’s constant (Euclidean spatial geometry)
Friedmann equation for H :—'1]2 _8nGy

Hubble’s expansion rate a R

|| Yakov Cosmological constant A
Borisovich . y&@ | (new constant of nature)

Zeldovich I allows for a static universe
1914-1987 by “global anti-gravitation”

I * Quantum field theory of elementary particles
inevitably implies vacuum fluctuations because
of Heisenberg’s uncertainty relation,
e.g. E and B fields can not simultaneously vanish
» Ground state (vacuum) provides gravitating energy
 Vacuum energy p, . is equivalent to A

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Casimir Effect (1948)

A measurable manifestation of the zero-point energy

of the electromagnetic field

o rsnnsnn || Long-wavelength field
modes between the
plates are “displaced,”
causing a reduction of

1 the vacuum energy
A ! compared with free space

Hendrik Bugt Casimir
(1909 - 2000)

Casimir force between parallel

yZ d 1cm? plates (distance d, area A)

2 . SRRV VI
“MAE1.3><107N[1’“"}[ - J

Bordag et al., New Developments in the Casimir Effect, Phys. Rept. 353 (2001)

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa
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Supersymmetric Extension of Particle Physics

In supersymmetric extensions of the particle-physics standard model,
every boson has a fermionic partner and vice versa

Superpartner

Leptons (e, vy, ... Sleptons (e, vg, ...
Quarks (u, d, ... Squarks (u, d, ...)

Gluinos

Wino

Zino
Photon (y) Photino (y)

0 [mee

Fermionic degree of freedom p,,.=—®

Bosonic degree of freedom Pyac =+ ©

Supersymmetry broken at a scale A ., =~ 1 TeV (?)
(Masses of particles and superpartners different)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Critical Density and Q-Parameter

Evolution of cosmic scale factor a(t)
governed by Friedmann equation

2
2 (a 8n k
H =—G0np——
(a) 3 NP a?

In a flat universe (k = 0), there is a
unique relationship between H and p,
defining the “critical density”

2
Pcrit = 8 N (H""'Pl)2

Cosmic density always expressed
in terms of

Q = p/pcrit

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa

With the present-day Hubble parameter
Hy =h 100 km s~ Mpc™!

the critical density is
pcrit =h%1.88x107gem™3

With the measured value

h=0.72 £ 0.04
the critical density is

Perit = (0.97 £0.12)x107 g em 3

=[(2.55+0.07)meV] 4
=1 0_1 SASUSY

IMPRS Inaupurati



Generic Solutions of Friedmann Equation

Equation | Behavior of energy-density under J§ Evolution of
of state J cosmic expansion cosmic scale factor

L. Dilution of radiation
_ 4
Radiatiomjipi=p 43 and redshift of energy
Matter ﬂ - Dilution of matter

Vacuum — Vacuum energy not a(t) o EXP(ﬂﬁ/ 3 t)
energy i diluted by expansion | A =8nGypyac

Energy-momentum tensor of a perfect fluid with density p and pressure p
p

Thac =pg"’ =

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Expansion of Different Cosmological Models

A Cosmic scale factor a Qu=0.3
Q, =0.7

Time (billion years)

-14 9 7 today

Adapted from Bruno Leibundgut

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



Supernovae: Almost as Bright as Galaxies

SN 1998S in NGC 3877 SN 1994D in NGC 4526

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany




Hubble Diagram

: 4 Supernova la
44F ; :
A ® High-Z SN Search Team » #o3 as cosmologlcal
g 421 @ Supernova Cosmology Project T Dl Standard Candles
= L b ]
= — [ ' ]
= % 40_‘ / .
= S : o5 :
+J = 38f u-'fi' 7
= | = : o — 0,-03,0,-07 ]
O E 36} ot e 0,203, 0,200 1 - ;
< : . $® MRS AR Hubble’s orginal data (1929)
o L @ -- 0,=1.0 0,00 ]
34 rl ]
=T [ Pr ¢ _ ] T T
0.01 0.10 1.00 1000
Z

‘_E

=

= 500l

o 2=0.003 -
0 1 2
Distance [Mpec]

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



Hubble Diagram

DR 7 ————— v — ‘..”I% i) 18 December 1950
aaf . 47 Sc1ence
! ® High-Z SN Search Team .i_:,gg . e 2141-2338 47
42 _ e Supernova Cosmology Project r .‘?' . THE F—:‘*\L
: vpemey e X 1 | | Acceeratin (4
— - UNIVERSE
%} 40 _- -_ Breakthrough of the Vear
E | o : "
s % o ;
. _ -a"'q'f — 0,=0.3,Q,=0.7
36 .,.M e 0,=0.3, Q,=0.0 ]
5 - o
34 L .*'ii*‘. -= ﬂM=1.U, ﬂh=0.0 ]
= f - -

Accelerated expansion
(9Qy=0.3, Q,=0.7)

Decelerated expansion
(Qu=1)
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Latest Supernova la Data
1.0 LR EE T||||

H %

II|IIIl|

I

O

(o)
_0_

_D_

e ”
L)
L)

1 |JIIIII‘ I lII‘JIII

.0
0.01 0.03 0.1 0.3
redshift z

—1

209 SNe with fall 1999 data in red

Tonry et al., “Cosmological results from high-z supernovae,” astro-ph/0305008




Latest Supernova la Data

1.0 1 | ||||||| [ ||| T|||| ] I Iﬁi| |
0.5F % # | - E
= ; | . T \ -
L 0.0 e — N
= | R
E + %7 o] \. i
~0.5 % LN ‘
T \
—1-0__ | | JIIIII‘ | 1||‘1||| III
0.01 0.03 0.1 0.5

A Q1 T | | _
. . 0.1 0.3 1.0
redshift z redshift z

209 SNe with fall 1999 data in red 209 SNe with binned data in red

Tonry et al., “Cosmological results from high-z supernovae,” astro-ph/0305008
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Fitting Cosmological Parameters

ST T T T T 7 7 7 T 7777 ||High-z supernova
| | || team
L 11| (Tonry et al.)
. 1 || astro-ph/0305008
2 B
Q, ! T S|l
A B - g ) Qﬁl i
LT ] 0.5 _
Pt ! E:{pﬂnd% _ A=0
° I Recollapses EVERUEET 00 02 04 05 08 10 12 secludee :
Q) at many sigma
! 5 o .
- @O@¢ é«-" {?%Q-' 4
1 N \ o
0 1 2 3 : :
Cosmological Supernova Project
Qy, (Knop et al.), astro-ph/0309368
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Scalar Fields and Cosmological Constant

Why is zero of all
scalar field potentials

(almost) exactly at
V=0

High-T phase

Low-T phase

>
Higgs field @




Quintessence

V‘

Scalar field still
relaxing to zero
(slowly rolling)

Absolute zero

determined by
unknown effect Quintessence field @

Equations of HZ = B—EG (0.2 + V(@ System of
motion for 3 N [2( t®) (@)] coupled

homogeneous 6%(1) +3H8,@ + V(@) = 0 nonlinear
mode (V®=0) equations

5 13-19 Oct 2005, Miinchen, Germa



Quintessence as a Perfect Fluid

Energy-momentum tensor of homogeneous
®-mode that of an isotropic perfect fluid

p=1(6:9)° + V(@)
p=3(6:9)* - V(®)

General equation of state

Example: Exponential potential

Explicit solution of egqs of motion imply

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy

Observational
evidence for

equation of state
with “nonstandard”
w-parameter?




Limits on Quintessence

High-z Supernova Project Supernova Cosmology Project
Tonry et al. astro-ph/0305008 Knop et al. astro-ph/0309368
0.0 II|III|III|III|III|III 0 g — ——

Full primary’]
subset -

Lowextinction
Include LSS primary subset

_ constraints gy \
= : i \

L

on Oy,

3_1'[} i 11w 1 T .
1.5 =1 15 T -
_2*0:_ _: 2 LN T e b

IENANEN o b . 0 0.5 1
00 02 04 06 08 1.0 1.2
(y QM QM

w =-1.05"9-19 40,09

—0.20
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Phantom Energy

What is the meaning of w < -17?

 Violates “dominant energy condition” p +3p >0
» Signals vacuum instability
(e.g. Cline, Jeon & Moore, hep-ph/0311312)

Singularity of scale factor in the finite future (“big rip”)
21 1 1

3Hp 1+ w|(1-qy)!/2

(Caldwell, Kamionkowski & Weinberg, astro-ph/0302506)

t~tg+

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa naupuration Course ics, 13-19 Oct 2005, Minchen, Germamny



SNAP Quintessence Sensitivity

equation of state
W = Pu / Pu

0.0 '
Flat Universe network of cosmic strings
-0.2 |- Constant w W 1/3 =
= }l =l
04 S -
L “~99% |
959 - range of
06 920% Y Quintessence ~
68% ™ models
"\.\x
—0.8 [~ . —
_ \ cosmological constant
kY \ w=—-1 — i
N _ )
~1.0 N | \ | : - : | ;
0.0 0.2 A 0.4 0.6 0.8 1.0
. — - f
SNAP Satellite Om | - Qy

Target Statistical Uncertainty

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy
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Galaxy Distribution in the Sky

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Formation of Structure

Structure forms by
gravitational instability
of primordial

density fluctuations

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Generating the Primordial Density Fluctuations

Early Development
of the Universe

L —

M
‘h:;_.(—; Bic BANG PLUS TINIEST

%' FRACTION OF A SECOND
T (10°%)

—

. Bic BanG PLus
7 300,000 YEARS

BiG BAaNG PLus " "5
15 BiLuon YEARS \ 0" R

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy

Early phase of exponential expansion
(Inflationary epoch)

Zero-point fluctuations of quantum
fields are stretched and frozen

Cosmic density fluctuations are
frozen quantum fluctuations

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Power Spectrum of Density Fluctuations

Field of density fluctuations

5(x) = 22

Fourier transform
& = [d3x e KX 5(x)

Power spectrum essentially square
of Fourier transformation

(8k8kr) = (2m)>8(k —K') P(K)
with § the 8-function

Power spectrum is Fourier transform of
two-point correlation function (X=X,—X1)

&(x) = (8(x2)8(xq)) = J

ik‘x P(k
e P

dQ dK _ikx k3P(k)
4 k.

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy

Gaussian random field (phases of
Fourier modes &, uncorrelated) is fully
characterized by the power spectrum

P(K) = bk
or equivalently by

3 V2 31
[0

27

IMPRS Inaupurati ourse,



Gravitational Growth of Density Perturbations

The dynamical evolution
of small perturbations

5(x) = 2P . 1
P

is independent for each
Fourier mode §,

 For pressureless,
nonrelativistic matter
(cold dark matter)
naively expect
exponential growth

* Only power-law
growth in expanding
universe

yeome Raffelt, Max-Planck-Institut fur Physikc, Miinchen, Gaermam

Radiation dominates

o t1/2

Matter dominates

o £2/3

Sub-horizon | Super-horizon
AL H_‘I A H_‘I




Processed Power Spectrum in Cold Dark Matter Scenario

Primordial @ Suppressed by stagnation
spectrum Qg during radiation phase

Primordial spectrum

usually assumed to be 100 @y s ]
of power-law form =
P(K) = |5y |* o K" S 104r -
Harrison-Zeldovich &
(“flat”) spectrum 5 109F :
n= 1 E"_ L |
expected from inflation| | @ (g2 | 2dFGRS |
(may be slightly less 2
than 1, depending on E% .
details of inflationary T |
phase) = -~
T Lyl T
I1I‘-'.'J'3 II ""'1'{]_2 | ”“1IU'1 II 1 B

Wavenumber k [Mpc-1]
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Power Spectrum of Cosmic Density Fluctuations

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

108

104

1000

100

10

Wavelength A [h~! Mpc]
104 1000 100

10
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2

I‘ (Glusters
—
| A H

| ensing

® Cosmic Microwave Background

#w Cluster abundance
m Weak lensing

4 Lyman Alpha Forest

Tegmark & Zaldarriaga, astro-ph/0207047 + updates
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COBE Temperature Map of the Cosmic Microwave Background

Dynamical range AT = 18 pK (AT/T =~ 107)
Primordial temperature fluctuations

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Last Scattering Surface

............... Redshift z

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



Power Spectrum of CMBR Temperature Fluctuations

Sky map of CMBR temperature
fluctuations

A0,¢) = 120

Angular Scale

Multipole expansion % 2 05 02

6000 —— :

TT Cross Power

AB,9)= 2 X amYim(6¢) il Acoustic Peaks ipemml
(=0 m=—( : WP :
000 e

Angular power spectrum

1000 E

4 . §
Z afmafm 0 E; * i 4ID 16{] i i i i

200 400 800 1400

C p = El; dy L
) =\3yma/m
: m=—/ Multipole moment (/)

/2041
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Flat Universe from CMBR Angular Fluctuations

Spergel et al. (WMAP Collaboration)

astro-ph/0302209
Angular Scale
6000 : E:EI ? D|5 EI.IE
TT Cross Power
5000 F Spectrum
: — &~ COM ANl Data
. 3 \ i WMAP
3 4 CB
{% e s I'ﬁ ¥ ACBAR
e f é
& 3000 B l .
Q 3 . ;
- F \ 3
< s B i f i‘}/ﬂ E
1000 _ {\'/FW
I:l E 1 1 1 [ 1 1 1 1 1 ] 1 ]
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Multipole mu:urlent ()

Crmax = 200;’ v 2ot

Q.= 1.02 +0.02

Triangulation with acoustic peak

flat (Euclidean)

S~

negative curvature

e

positive curvature )

Known physical
size of acoustic peak
at decoupling (z =~ 1100)

Measured
angular size
today (z=0)




CMBR - The Cosmic Rosetta Stone

Power-law index (tilt)
n=1.0, 1.1, 1.2

Ho

Hubble constant
H, = 50, 60, 70

{1

Total density
Q. = 1.0, 0.5, 0.3

Baryon density
Qg =5, 7.5, 10x10°3

MEAN SQUARE TEMPERATURE FLUCTUATION

10 1C0 1000

MULTIPOLE / PhYSlCS Today 1997:11, 32
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A Slice of the Universe

Right Ascension «
130

Cosmic
“Stick Man”

Galaxy distribution from the CfA redshift survey
[ApJ 302 (1986) L1]

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



2dF Galaxy Redshift Survey (15 May 2002)

Morth

11263 galaxies

puration Course, MPl Physic



Cosmological Parameter Fitting

How much dark energy 1s there?

0.8

o
o=

Dark energy density 02,
o
Y

0.2

G 0.2 0.4 0.8 0.8 1
Matter density Q_
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Concordance Model of Cosmology

A Friedmann-Lemaitre-Robertson-Walker model with the following
parameters perfectly describes the global properties of the universe

Spatial curvature Qtot =1.02+0.02
_ tg =(13.7 +0. 2)x109years

Qp +Op =1.02+0.02
Baryonic matter | Qg =0.044 +0.004

The observed large-scale structure and CMBR temperature fluctuations
are perfectly accounted for by the gravitational instability mechanism
with the above ingredients and a power-law primordial spectrum of
adiabatic density fluctuations (curvature fluctuations) P(k) oc k"




Dark Matter in Galaxy Clusters

A gravitationally bound
system of many particles
obeys the virial theorem

2{Exin) = —{#Egr:ars.ﬁs
mvz\ GNM.-m\
A2 /70

\V \H GNMr\r \

Velocity dispersion
from Doppler shifts
and geometric size

Coma Cluster - e Total Mass

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany




Dark Matter in Galaxy Clusters

Fritz Zwicky:

Die Rotverschiebung von
Extragalaktischen Nebeln
(The redshift of extragalactic

nebulae)
Helv. Phys. Acta 6 (1933) 110

In order to obtain the observed average Doppler effect of
1000 km/s or more, the average density of the Coma cluster
would have to be at least 400 times larger than what is found

from observations of the luminous matter.
Should this be confirmed one would find the surprising result
that dark matter is far more abundant than luminous matter.

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa naupuration Course ics, 13-19 Oct 2005, Minchen, Germamny



Giant Arc in Cluster Cl 2244-02

z=2.237

z =0.336

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Giant Arcs - Gravitationally Lensed Background Galaxies

Distorted image
(Partial Einstein ring)

Background galaxy

Foreground
cluster of

galaxies Observer [N
&, Tyson, Physics Today, 1992:6, pg.24

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Mass Map of the Cluster Cl 0024+1645 from Strong Lensing

Tyson et al.(1998)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany




Structure of Spiral Galaxies

- & -
- - e

Spiral Galaxy NGC 2997 Spiral Galaxy NGC 891

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany




“Rotation Curve” of the Solar System

JUPITER
SATURN
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NEPTUNE
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Galactic Rotation Curve from Radio Observations

Observed flat
rotation curve

Expected from luminous
matter in the disk

10 20 30
‘. Radius (kpc)

Spiral galaxy NGC 3198 overlaid | | Rotation curve of the galaxy NGC 6503
with hydrogen column density from radio observations of hydrogen motion

[ApJ 295 (1985) 305] [MNRAS 249 (1991) 523]

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



Dark Matter in Spiral Galaxies - Summary

Expected\

from

luminosity
distributicV

LUMINOSITY (L)

ORBITAL
VELOCITY (V)

LOCAL MASS
DENSITY (M)

INTEGRAL
MASS (/M)

e

Infered
from
rotation
curve

<

L =iy

|

ol
-

Y. Rubin, Sci.fm.

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy

Flat rotation
curve instead
of Keplerian

No obvious

limit to
total mass




Structure of a Spiral Galaxy

Dark Halo

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



A Galaxy is a Strange Animal ...

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany
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Ordinary Matter 4%
| (of this only about

10% luminous)



Weakly Interacting Particles as Dark Matter

THE AsTROPHYSICAL JourNAL, 180: 7=10, 1973 February 15
i 1973, The American Astromomical Society. All rights resarved, Printed in UL.5.A.

GRAVITY OF NEUTRINOS OF NONZERO MASS IN ASTROPHYSICS

. Cowsik* anp J. McCLELLAND
Department of Physics, University of California, Berkeley
Recelved 1972 July 24

ABSTRACT
If neutrinos have a rest mass of a few eV)e®, then they would dominate the gravitational
dynamics of the large clusters of galaxies and of the Universe. A simple model to understand the
virial mass discrepancy in the Coma cluster on this basis is outlined.
Subfect headings: cosmology — galaxies, clusters of — neutrinos

The possibility of a finite rest mass for the neutrinos has fascinated astrophysicists
(Kuchowicz 1969), A recent discussion of such a possibility has been in the context of
the solar-neutrino experiments (Bahcall, Cabibbo, and Yahil 1972). Here we wish to
point out some interesting consequences of the gravitational interactions of such
neutrinos. These considerations become particularly relevant in the framework of
big-bang cosmologies which we assume to be valid in our discussion here.

In the early phase of such a Universe when the temperature was ~ 1 MeV, several
processes of neutrine production (Ruderman 196%) would have led to copious pro-
duction of neutrinos and antineutrinos (Steigman 1972; Cowsik and MeClelland
1972). Conditions of thermal equilibrium allow an easy estimate of their number
densities (Landau and Lifshitz 1969):

B pdp
fn = 3 _|rr exp [E/kT(zpg)] + 1 h
Here n,, = number density of neutrinos of the fth kind {notice that in writing this
expression we have assumed that both the helicity states are allowed for the neutrinos
because of finite rest mass): E = e(p* + m*c®)'™: k = Boltzmann's constant;
T(z4g) = TiZea) = Tizey) = Tz,q)-- - = the common temperature of radiation,
neutrinos, electrons, etc., at the latest epoch characterized by redshift z., when they
may be assumed to have been in thermal equilibrium; kT(z,) = | MeV.

Since the masses of the neutrinos are expected to be small, kT(z,,) = m,c”, in the
extreme-relativistic limit equation (1) reduces to

flzeg) = 0183[T(z,0 ) he]? . (2)
As the Universe expands, only the neutrinos (in contrast to all other known particles)
survive annihilation because of extremely low cross-sections (deGraff and Tolhock
1966), and their number density decreases with increasing volume of the Universe,
simply as =~ Mz )/V{z) = [{1 + 2)/{l + z,,)]>. Moting that (1 4+ z )l =+ z) =
Tzeq)/TH(2), the number density at the present epoch (2 = 0) is given by

md0) = mdz. 01 + 2.0 = 0.183[TA0)/he]® = 3 em—?, (3)

* Om leave from the Tata Institute of Fundamental Research, Bombay, India.

More than 30 years ago,
beginnings of the idea of
weakly interacting particles
(neutrinos) as dark matter

Massive neutrinos are no
longer a good candidate
(hot dark matter)

However, the idea of
weakly interacting massive

particles as dark matter
is now standard




What is wrong with neutrino dark matter?

Galactic Phase Space (“Tremaine-Gunn-Limit”)

Maximum mass density of a degenerate
Fermi gas

3
o m p?ﬁax _ my(myVescape)
max = = ;
Y 352 3n?
N —
Nmax

Spiral
galaxies

m, > 20 — 40 eV

Dwarf
galaxies

m, > 100 — 200 eV

Neutrino Free Streaming (Collisionless Phase Mixing)

+« Wash out dep

o At T < 1 MeV neutrino scattering in early universe ineffective
» Stream freely until non-relativistic
ity contrasts on small scales

Over-density

 Nus are “Hot Dark Matter”
» Ruled out

by structure formation

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy
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Formation of Structure

Structured

A fraction of hot dark matter
suppresses small-scale structure

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Neutrino Free Streaming - Transfer Function

Power suppression for Arg < 100 Mpc/h

(m,)/T,

1.2
1.0

0.8
0.6
0.4

0.2
0.0

Transfer function
P(k) = T(k) Py(k)

Effect of neutrino free
streaming on small scales

T(k) = 1 - 8Q,/Q,

valid for

8Q,/Qy < 1

- II -
:||||| L1 '-|—_
0.01 0.10
k (h/Mpc)

Hannestad, Neutrinos in Cosmology, hep-ph/0404239

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy
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Recent Cosmological Limits on Neutrino Masses

S
Soos " aeeo phioasres wisp
T oo
ramestac zgos?ﬁro-ph/()?,oao?ﬁj 0
P oot |09 | R

Barger et al. 2003
(hep-ph/0312065] 0.75 WMAP, CMB, 2dF, SDSS, HST
Crotty et al. 2004 1. WMAP, CMB, 2dF, SDSS
[hep-ph/0402049] | 0. & HST, SN
Hannestad 2004 WMAP, SDSS, SN la gold sample,
'hep-ph/0409108] Ly-a data from Keck sample
Seljak et al. 2004 0.42 WMAP, SDSS, Bias,
‘astro-ph/0407372] ] ~ Ly-a data from SDSS sample

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Degeneracy with Dark Energy Equation of State

1 O T T T I T T T T

I!] T T T '[ T T LI

Used data:
WMAP, SDSS, HST, SNla

Fixed or variable EOS
of dark energy
w=p/p

Hannestad,

astro-ph/0505551

yeome Raffelt, Max-Planck-Institut fur Physikc, Miinchen, Gaermam
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Sensitivity Forecasts for Future LSS Observations

¥m, > 0.21 eV detectable
& Perotto,
hep-ph/0403296 ideal CMB & 40 x SDSS xm, > 0.13 eV ;Ifl‘;ctable

Abazajian & Dodelson Future weak lensing o(m.) - 0.1 eV
astro-ph/0212216 survey 4000 deg? 2
)

: o(m,) ~ 0.15 eV (Planck
Kaplinghat, Knox & Song, EMB l2nsing (m, ( )
astro-ph/0303344 o(m,) ~ 0.044 eV (CMBpol

Wang, Haiman, Hu,
Khoury & May,
astro-ph/0505390

Weak-lensing selected

sample of > 10° clusters gl =Lz =)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Mass-Energy-Inventory of the Universe

Assuming h = 0.72

103 10°2 10" 1 Q
M T T T T T T Ty 12>

Luminous D Baryons I Total

Dark Matter . I A

1071 1 10 eV
IIIIIIII | IIIIIIII | IIIIIIII 1 1 )va

Super-K Neutrinos Tritium (Mainz/Troitsk)

%///////////////////% Future Tritium (KATRIN)

CMBR & LSS
Weak galaxy lensing (“Optimistic future”)

| CMBR lensing, Clusters (“Very optimistic future”)

|




“Weighing” Neutrinos with KATRIN

Tritium B-decay d @ | | » Sensitive to common mass scale m
34 53He s e + Ve ol & - for all flavors because of small mass
differences from oscillations
'y e . . . :
Electron spectrum * q ¢ Best limit from Mainz und Troitsk
m< 2.2eV (95% CL)
Endpoint « KATRIN can reach 0.2 eV
energy ¢ Under construction
18.6 keV + Data taking foreseen to begin in 2007
» E
——
m
QT,,E/ Main Spectrometer
Z
z # 5 Pre-
%71 4 waTs Spectrometer
DPS Detector
|
http://www-ik.fzk.de/katrin/ !

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy




“Strongly” Interacting Neutrinos

10 ) o If neutrinos are not freely streaming at
AN ] the time of photon decoupling,

B acoustic oscillations in neutrino fluid
Strongly | leave an imprint in CMB temperature

interacting ; fluctuations
SR

- » Observations imply neutrinos must be
\ freely streaming at the time of photon
Free streaming - decoupling at z =~ 1100

o [Hannestad, astro-ph/0411475,

200 400 600 800 100012001 | chacko et al., hep-ph/0312267]

Implies most restrictive interactions on neutrino decays of the “Majoron” type
voVv +é
Limit on Yukawa coupling
g <1x107" (0.05 eV/m)?
Neutrino decays not important for high-energy cosmic ray neutrinos
[Hannestad & Raffelt, hep-ph/0509278]

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



Extending the Mass Bound to Other Low-Mass Particles

Assume a generic hot dark matter particle that was in thermal equilibrium at
some cosmological epoch

¢ Internal particle degrees of freedom (e.g. spin states) gy

* Mass my

+ Effective number of thermal degrees of freedom at freeze-out g.

mass density X 183 eV gy

4 /3 for bosons

Contribution to cosmic h2 _ Mx8x 10.75 { 1 for fermions

Free-streaming length

Perform maximum likelihood analysis for different choices of gy and gs
to derive cosmological limit on my

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Axion Freeze-Out

30 200

Cosmic thermal degrees of ]22
»s | freedom

Freeze-out temperature
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v
= 100
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Lo 80
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20 .
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T (MeV) £, (MeV)
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_ Can

|, — —am
dTl faf-n;

T T - 211;+11;_6u11:0)6ua

(1‘501':+6u1'|;_ +“O”_3u‘“:+ Cosmic thermal degrees of
freedom at axion freeze-out

22

20

18

9.(To) (MeV)

1—-z

Cag =~ ~0.094 4
a " 3(1+z)

7 8 9 10

Chang & Choi, PLB 316 (1993) 51 ° 10 o V‘;‘ 10
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Structure-Formation Exclusion Range for Axions

2.0

1.8
é 1.6
Qg
°

1.4

1.2 Hadronic axions

] ' A A I v s 4 4 4 s Hannestad,
Mirizzi &
1 . 2 4 Raffelt,

m, (eV) hep-ph/0504059

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa



Mass Limits on Hot Dark Matter Axions and Neutrinos

Hannestad, Mirizzi & Raffelt Hannestad, astro-ph/0409108
hep-ph/0504059 (Seesaw proceedings, Paris, 2004)
1 2 :'_ B ‘I O : | I I
10 | . 8 -
8 ~ 6 N
e [ "¢ i
a gF - Q _
4t _
A T T T T : :
of 95% CL - 2 PRCL
ob="" " ¥ O Y
0.0 05 1.0 1.5 20 25 0.0 0.2 04 06 08 1.0
>m, (eV)

Neutrinos

m, < 1.05 eV (95% CL) >m,, < 0.65 eV (95% CL)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Lee-Weinberg-Curve

s Form, = 1 MeV
neutrinos freeze out
nonrelativistically

* Density suppressed
by annihilation
before freeze-out

Weakly interacting
massive particles

(WIMPs) possible as
cold dark matter

Cold Dark Matter

=
b
-+
I
(i}
=
d
b
(1]
0
-
o
-
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Survival of the Weakest

> Boltzmann suppression
E O % [ |IIIII| I |II|||| T TTTES __Ofequilibrium clensity
n o exp(—-m/T

o 10-3

10~ - -
5 10-5 Increasing
a 106 <ovV>
£ 107 !
g 1 O_ s E \ T Number density freezes

10 ‘0 N V out when annihilation
ap 10~ e —— rate is slower than
E 1011 . ¢ cosmic expansion rate
L I B
E %8—14 | IIIIIII| | IIIIIII| [ 1111l
o 1 10t 10® 1083

time——
m/T Gondolo
/ astro-ph/0403064

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa



Electroweak Scale Favored?

Boltzmann collision equation for
number density n of particles
with annihilation cross section ¢,

Resulting cosmic mass density

With electroweak cross section
(Majorana neutrino)

Concordance dark matter density

Mass for Weakly Interacting Massive
Particle (WIMP) as dark matter

dn 2 2
at 3Hn = —{o,V)(n" —ngq)

logarithmic terms
{cAV)

106eV)2

m

Qh? = factors x

th m0.11(

Qh? =0.110+0.006

m =~ 10GeV

Cosmic dark matter density of thermal relics
and approximate electroweak gauge coupling strength
favor electroweak scale for scale of new physics

yeome Raffelt, Max-Planck-Institut fiir Physik, Miinchen, Germa

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa




Supersymmetric Extension of Particle Physics

In supersymmetric extensions of the particle-physics standard model,
every boson has a fermionic partner and vice versa

Standard particle Superpartner

Leptons (e, vy, ...) Sleptons (g, vg, ...
Quarks (u, d, ...) Squarks (u, d, ...

Gluinos

Wino

Zino
Photon (y Photino (y)

N Cr—
S [T [T R

o If R-Parity is conserved, the lightest SUSY-particle (LSP) is stable
* Most plausible candidate for dark matter is the neutralino,
similar to a massive Majorana neutrino

Neutralino = C, Photino + C, Zino + C; Higgsino

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



SUSY Particles Natural as Dark Matter ?

J. Edsjé, P. Gondolo, 1997 Figure 4: Relic density of the
105 [Updated by P.G., 2003] ) ) : ,
N '- lightest neutralino as a func-
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Gondolo, astro-ph/0403064
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) DarkSUSY Homepage - Mogzilla Firefox

File Edit View Go

Bookmarks Tools  Help

<E| - E} - @ @ @ I fittps fovvowe, physto, se freedsiofdarksusy j @ Go I@,

|| Windows Marketplace

|Overview:

[Downlead™ ]

[DarkSUSY-online’|

Internal pages
(password restricted)

1 DarkSUSY Home Page

Welcome to DarkSUSY's home on the web!

DarkSUSY is a fortran package for supersvimmetric dark matter calculations It is written by Paolo Gondolo, Joakim Edsjé, Lars
Bergstrom, Piero Ullio, Mia Schelke and Ted Baltz. On these pages vou will find information about DarkSUSY and vou can also
download the package.

If vou use DarkSUSY, please refer to the following publication describing DarkSUSY:

P. Gondole, J. Edsjd, P. Ullio, L. Bergstiom, M. Schelke and E.A. Baltz,
JCAP 0407 (2004) 008 [astro-ph/0406204]

Current version New!

A new version, 4.1, is available as of 2004-06-08. There are onlv smaller changes compared to version 400, most notably in the
scattering rates on specific nuclei (heavier than protons and neutrons).

The current version of DarleSTUSTY is

Current version: 4 1. Click on Download' in the menu to go to the download page.
Release date: June 8, 2004.
Tested on: LinnxMac OS5 X systems with g77.

* 2 + »

required for the make to proceed propetly.

The previous version of DarkeSTUSY was

Svstem requirements: You need to have approximately 100 MB of hard disk space. The download itself is about 15 MB. Perl is

http: /fwww. physto.sef~edsjo/darksusy logos. himi



Search for Neutralino Dark Matter

Direct Method (Laboratory Experiments)

Galactic Recoil energy
dark matter (few keV) is
particle \ measured by
(e.g.neutralino) ‘nergy * lonisation
Crystal deposition « Scintillation
» Cryogenic
PHYSICAL REVIEW D VOLUME 31, NUMBER 12 15 JUNE 1985

Detectability of certain dark-matter candidates

Mark W. Goodman and Edward Witten
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
(Received 7 January 1985)

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10° GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10% GeV; or strongly interacting particles of masses 1—10" GeV.

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



WIMP direct detection in underground facilities experiments
currently running (or in preparation)

LABORATORY

EXPERIMENT

TECHNIQUE

Bern (Switzerland)

ORPHEUS

(SSD) Tin Superconducting Superheated Detector

Boulby (UK)

Canfranc (Spain)

NALAD
ZEPLIN I
ZEPLIN 11

DRIFT

(€12 ¢
GEDEON
ANAIS
ROSEBUD

Nal scintillators (46-65 Kg)
Liquid Xe scintillator (4 Kg)

Liquid-Gas Xe (scintillation/ionization) (30 Kg) (R+D)
Low pressure Xe TPC 1m? (R+D)

Ge ionization detector (2.1 Kg)

Set of Ge ionization detector (in project) (4x7x2 Kg)
Nal scintillators (110 kg)

CaWO, and BGO scintillating bolometers (50-200 g)

I Frejus/Modane (France)

EDELWEISS

Gran Sasso (Italy)

H/M
HDMS
GENIUS-TF
DAMA
LIBRA
Liguid-Xe
CaF,
CRESST
CUORICINO
CUORE

I Sets of Ge thermal+ionization detectors (n x 320 g)
=

Ge ionization detector (2.7 Kg)

Ge ionization in Ge well

Set of Ge crystals in LN, (40 Kg)

Nal scintillators (~100 Kg)

Nal scintillators 250 kg (starting)

Liquid Xe scintillator (6 Kg)

Scintillator

Set of CaWQ, scintillating bolometers (n x 300 g)
Set of TeO, thermal detector (41 Kg)

1000x760 g TeD, (in project)

KAMIOKA (Japan) XMASS Large mass Xe scintillators (R+D)
Rustrel (France) SIMPLE (SDD) Superheated Droplets Detectors (Freon)
Soudan (USA) CDMS Sets of Ge and Si thermal + ionization detectors

SNO (Canada)
OTO (Japan)

PICASSO (SDD) Superheated Droplets Detectors (Freon)

ELEGANTS V
ELEGANTS VI

Large set of massive Nal scintillators (670 kg)
CaF, scintillators

TAUP 2003 - University of Washington, Seattle

A. Morales (Univ. Zaragoza)



CRESST Experiment to Search for Dark Matter

liquid nitrogen

liguid helium

miXxng chamber
,—- internal lead shields

externdl lead shield
copper shield

prototype detector

Particle

Mirror

Phanon Datactor

Tharmomealar

Light Detector

/ / Tharmameter

Coating for better
light absoprbion

yeome Raffelt, Max-Planck-Institut fur Physikc, Miinchen, Gaermam

Pulse Height in Light Detector [keV]
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DAMA Evidence for WIMP Detection

DAMA experiment in Gran Sasso (Nal scintillation
detector) observes an annual modulation at a
6.3c statistical CL, based on 110 ton-days of data
[Riv. N. Cim. 26 (2003) 1-73]
220 km/s
T MR embe T sevhe v S cvibe v
3 0.5 . i |
Earth 5 § |
30 km/s & B f
e 0 -
K4
= ' s
3 -0.05
: B |
Annual modulation of K SN
WIMP signal a 01500 1000 1500 2000 2500
“smoking gun” signature Time (day)

» Detector stability ?
+ ,Background stability“ ?

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Projected WIMP Sensitivities

10-3 L L] I’ L] I L] l L] l
E DAMA positive
: CRESST Run23

L

CRESST Run24

........
''''''''
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S :
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— E
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%‘-" CDMS-Soudan projection'i
= %
© RS
o d--—--""""_'_d_-_
\ i MSSM -
g Six 2 - " - Bednyakov et al. CRESST Il projection
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Hunting WIMPs

Search for new particles at accelerators,

notably the Large Hadron Collider (LHC)
at CERN (> 2007)

Recoil energy

(few keV) is
- measured by
* |onisation
' 8Y o loas
Crystal deposition o SCIntlllaiflon
* Cryogenically

Search for WIMP annihilation products in the form of
« Gamma rays (e.g. EGRET, HESS, MAGIC, GLAST)
« Anti-protons (AMS)
 Positrons
+ High-energy neutrinos from the Sun or Earth
(e.g. Super-K, Amanda/lceCube, Antares, ...)

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa




Southpole Ice-Cherenkov Neutrino Detectors

AMANDA I (0.1 km?3 , 800 PMTs) Future IceCube (1 km?> , 4800 PMT5s)

1

A

— 2000 m

AMANDA ax of 2004 coommed in on
Eiffel Tower as comparison AMANDA A (top)
[troe scalfng) AMANDA-B10 (bottom)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy
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High-Energy Neutrino Telescopes

Antares Nestor Baikal
Project Project 200 PMTs

Amanda Il, 800 PMTs
IceCube Project

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa naupuration Course ics, 13-19 Oct 2005, Minchen, Germamny



Muon Flux from WIMP Annihilation in the Sun

Muon flux from the Sun (km™ yr'l}
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to reach solar background
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Can We See the Dark Matter?

HESS airshower
telescope, Namibia

GLAST Project

MAGIC airshower

Dark matter particles can

directly annihilate
L—=2>YY

The dark halo of our galaxy
can slightly glow in

telescope, La Palma

high-energy gamma rays
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EGRET on CGRO (Compton Gamma Ray Observ.)

Energetic Gamma Ray Experiment . Instrument Parameters and Capabilities
Telescope (EGRET)

. Type: spark chambers, Nal(Tl) crystals, and plastic scintillators.

~ Energy Range: 20 MeV to about 30 GeV
Energy Resolution: approximately twenty percent over the central
part of the energy range
Total Detector Area: approximately 6400 cm?
Effective Area: approximately 1500 cm? between 200 MeV and
1000 MeV , falling at higher and lower energies

G. Point Source Sensitivity: vanes with the spectrum and location of

the source and the observing time. Under optimum conditions, well
off the galactic plane, it should be approximately 6 x 10 cm?s™" for
E > 100 MeV for a full two week exposure
Source Position Location: Varies with the nature of the source
intensity, location, and energy spectrum from 5 - 30 arcmin
Field of View: approximately a gaussian shape with a half width at
half maximum of about 20. Note that the full field of view will not
generally be used
Timing Accuracy: 0.1 ms absolute

. Weight: about 1830 kg (4035 Ibs)
Size: 225 mx 165 m diameter
Power: 190 W (including heater power)

9 yrs of data taken in space!
(1991-2000)

Sept. 27, 2005 MPI fiir Physik (Werner-Heisenberg-Institut), W. de Boer, Univ. Karlsruhe 8




Analysis of EGRET Data in 6 sky directions
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Future: Direct DM Searches

Spin-independent Spin-dependent

http://dmtools.berkeley eduf
Gaitskel]&h'lajldiu
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High-Energy Gamma Rays from Neutralino Annihilation

XX —> Yy or Ly

Photon Flux [em s GeV ']
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Meutralino continuum gamma ray
flux towards galactic centre -

NFW model, AQ=10" sr

-. Gondolo,
_ . astro-ph/0403064
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Figure 8. MSSM models of cosmological interest (dots) and 3-o detection
limits for VERITAS and GLAST. For VERITAS the limits are shown for a
pointing at the centre of the Milky Way, assuming an NFW profile (solid)
and an SWTS profile (short dashes). The lower solid line gives estimated
limits for GLAST for a larger area observation of the inner Galaxy which
avoids regions of high contamination by diffuse Galactic emission. Lim-
its for a pointing at the brightest high latitude subhalo are shown for both
telescopes using long dashes. The brightest subhalo was chosen from the 6
artificial skies used in making Fig. 7.
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Axion Physics in a Nut Shell

Solar and Stellar Axions

Particle-Physics Motivation

CP conservation in QCD by
Peccei-Quinn mechanism

— Axions a ~ i°

m’.rl:f:!t ~ m a’f&l

-

a———

Y

For f,» f. axions are “invisible”

and very light

Axions thermally produced in stars,
e.g. by Primakoff production

R

* Limits from avoiding excessive
energy drain
o Search for solar axions (CAST)

Search for Axion Dark Matter

In spite of small mass, axions
are born non-relativistically
(“non-thermal relics”)

— “Cold dark matter”

candidate

Cosmic
m, ~ 1-1000 peV

String

Microwave resonator

(1 GHz = 4 peV)
a -----
Primakoff

conversion Bext




Axions as Pseudo Nambu-Goldstone Bosons

+ The realization of the Peccei-Quinn mechanism involves a new chiral
U(1) symmetry, spontaneously broken at a scale f,
+ Axions are the corresponding Nambu-Goldstone mode

Exf,

* Upq(1) spontaneously broken
» Higgs field settles in
“Mexican hat”

E = Aqep «f,

* Upq(1) explicitly broken
by instanton effects

* Mexican hat tilts

¢ Axions acquire a mass

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa



Lee-Weinberg Curve for Neutrinos and Axions

Non-Thermal
4 Relics

CDM

Thermal Relics

100 peV 3 eV

log(Q2,,) 4 Thermal Relics

Neutrinos QM A R .............................. ........

s — log(m,)
3eV 10 GeV
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Experimental Search for Galactic Axions

Velocities in galaxy v, =107 ¢

DM axions m, = 10-3000 peV

Energies therefore  Ej~ (1+107%) m,

Microwave Energies
(1 GHz ~ 4 peV)

Axion Haloscope (Sikivie 1983)

Bo,: = 8 Tesla

Microwave
Resonator
Q= 10°

Yy Yy

A [z Axion Signal

! Thermal noise of
:\_cavity & detector

Frequency " a

Primakoff Conversion

O=c=== Y
Cavity
overcomes
momentum

Bext  mismatch

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa

2 Experiments in Operation

« Axion Dark Matter Experiment
(ADMX), Livermore, US

« CARRACK II, Kyoto, Japan
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Axion Dark Matter Searches

Limits/sensitivities assume axions are the galactic dark matter

1011 ¢ 2L — Ty TE 1. Rochester-Brookhaven-
2 1 - Fermilab
1012 - PRD 40 (1989) 3153
- - ; 2. University of Florida
> 1078 & i PRD 42 (1990) 1297
2, 10-14 - . US Axion Search
o 3 = (Livermore)
Lo-15 : - ApJL 571 (2002) L27
3 |[4. ADMX (Livermore)
10-18 L1 a gl | R Phys Repts 325 (2000) 1
: i Eﬁ] il 5. CARRACK I (Kyoto)
o preliminary

hep-ph/0101200

6. CARRACK Il (Kyoto)
hep-ph/0101200
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Some Dark Matter Candidates

Supersymmetric particles
» Neutralinos
* AXinos

i Gauge hierarchy problem
Little Higgs models
Axions CP Problem of strong interactions
Kaluza-Klein excitations Large extra dimensions

Mirror matter Exact parity symmetry

Sterile neutrinos Right-handes states should exist
Wimpzillas (superheavy particles) @ Super GZK cosmic rays

MeV-mass dark matter Explain cosmic-ray positrons

Why not?
Primordial black holes

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Frontiers of Cosmology

Missing pieces of the Search for physics beyond
concordance model the concordance model

Astrophysical understanding of cosmic
dark ages:

Epoch between decoupling and first
luminous objects (e.g. quasars)

|dentification of dark matter particles

» Accelerator search for SUSY particles
+ Direct search for galactic dark matter
* Neutrino telescopes

« Cosmic ray signatures

Precision cosmology

* CMBR, in particular polarization
+ Galaxy redshift surveys

* SN la Hubble diagram

+ Weak lensing

)

Neutrino masses and Majorana nature

(Ov2p decay < leptogenesis)

* Some fundamental inconsistency
* Nontrivial equation of state
w# -1 or even w(t)
+ Running spectral index P(k) « k"(K)
* Tensor modes

Theoretical break-through, for example concerning

» Nature of dark energy or cosmological constant

+ Early-universe physics (inflation, origin of density fluctuations, baryogenesis,
alternative theories, e.g. brane-worlds, string cosmology, ...)

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa




