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Hubble’s law
Vexpansion = Hy x distance

Hubble’s constant
Hy = h 100 km s Mpe™!

Measured value
h=0.7210.04

1 Mpc = 3.26 x 106 lyr
= 3.08 x 1024 em

Expansion age of the universe
to =~ Hy' = 14 x 109 years

Inp_‘é-r space and,
"b_‘&ter space

re Closely related (&

Hubble’s law
Vexpansion = Hy x distance

Hubble’s constant
Hy = h 100 km s Mpe™!

Measured value
h=0.7210.04

1 Mpc = 3.26 x 106 lyr
= 3.08 x 1024 em

Expansion age of the universe
to =~ Hy' = 14 x 109 years




Expanding Universe and the Big Bang Expanding Universe and the Big Bang

Hubble’s law - Photons Hubble’s law
Vexpansion = Ho x distance + Neutrinos Vexpansion = Ho x distance
* Charged Leptons
Hubble’s constant - Quarks Hubble’s constant
Ho = h 100 km s™! Mpc™! * Gluons Ho = h 100 km s™! Mpc™!
+ W- and Z-Bosons
Measured value - Higgs Particles Measured value
h=0.72+0.04 - Gravitons h=0.72+0.04
- Dark-Matter Particles
1 Mpc = 3.26 x 108 lyr - Topological defects 1 Mpc = 3.26 x 108 lyr
= 3.08 x 1024cm e = 3.08 x 1024cm
Expansion age of the universe Expansion age of the universe
to =~ Hy' = 14 x 109 years to =~ Hy' = 14 x 109 years

History of the Universe Friedmann-Lemaitre-Robertson-Walker Cosmology

» On scales 2z 100 Mpc, space is maximally symmetric
(homogeneous & isotropic)
» The corresponding Robertson-Walker metric is

2
ds? =dt? + aZ(t}[d—'fJf r2(de? + sin? dg> }]

1-kr
I
Clock time Cosmic @t 8, $, co-moving
of co-moving || scale k=0 +1 spherical coordinates
observer factor ' r is dimensionless

| 9
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Einste “Greatest Blunder”
| Density of gravitating mass & energy ]I

Mewton's constant ]

Friedmann equation for
Hubble’s expansion rate

Curvature term
is very small or zero
(Euclidean spatial geometry)

Yakov Cosmological constant A
Borisovich J (new constant of nature)
Zeldovich | allows for a static universe
1914-1987 ¢ by “global anti-gravitation”

| » 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
= Yacuum energy p, . is equivalent to A

A measurable manifestation of the zero-point energy
of the electromagnetic field

Long-wavelength field
modes between the
plates are “displaced,”

causing a reduction of
et || the vacuum energy 1
* | = compared with free space

Hendrik Bugt Casimir
(1909 - 2000)

A=1.3210 "N/ 1um _ Casimir force between parallel

plates (distance d, area A)

Supersymmetric Extension of Particle Physics

‘ In supersymmetric extensions of the particle-physics standard model, ’

every boson has a fermionic partner and vice versa

Leptons (e, v, Sleptons
Quarks (u, d, Squarks

o]

Gluinos 1/2
Wino

Zino

Photino ()

Fermionic degree of freedom p,,.=—-®
Bosonic degree of freedom Pyac =+ ®
Supersymmetry broken at a scale A, = 1 TeV (?
(Masses of particles and superpartners different)




Critical Density and QQ-Parameter

Evolution of cosmic scale factor a(t)

governed by Friedmann equation
2
2 fa 8x k
H® =| = —Gnyp——
[a) 3 N at
In a flat universe (k = 0), there is a With the present-day Hubble parameter
unique relationship between H and p, Hy=h 100 kms ' Mpc !
defining the “critical density” the critical density is
2
3H 3 = =
Perit = 3 = g—(Hmp periv =h” 1.88x10 g cm™>
8aGy 8=
With the measured value
Cosmic density always expressed h=0.72 + 0.04
in terms of the critical density is
Q= p/pcrit Perit = (0.97 +0.12) x 10" 2 g cm >

=[(2.55+0.07)meV] *

w10~ SASUSY

Expansion of Different Cosmological Models

A Cosmic scale factor a

= 7 7y
-14 -9 -7 today

Adapted from Brung Leibundgat

Time (billion years)

Generic Solutions of Friedmann Equation

Equation | Behavior of energy-density under | Evolution of
of state | cosmic expansion cosmic scale factor
Radiation /3 |pacad |Dlutionofradiation o, i
p * and redshift of energy -
Vacuum Vacuum energy not (t)
p = const
energy diluted by expansiol A = 8nGy pyac

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

p
™ = Thac =pa"’ =

P —P

Supernovae: Almost as Bright as Galaxies




Light Curve of Supernova 1986G in Centaurus A

This clip was prepared by the Supernova Cosmology Project (P. Hugent: spectral sequence;
A. Conley: image sequence) with the help of Lawrence Berkeley Hational Laboratory's
Computer Visualization Laboratary (H. Johnston: animation) at the Hational Energy Research
Scientific Computing Center. http://www-supernova. bl gov/public/figures/snvideo.html
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Supernova la lightcurves are
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Latest Supernova la Data

LY

IIII[IIJl !

i 0 =0.3,0,=0

0,=1.0,0,=0

0. 0..
redshift z

’ 209 SHe with fall 1999 data in red ‘

‘Tcmryr et al., “Cosmological results from high-z supemovae,” astro-ph/0305008

Fitting Cosmological Parameters

3_ ton T High-z supernova
team

||| (Tonry et al.)
| || astro-ph/0305008

A=0
wmpy excluded
il at many sigma

Cosmological Supernova Project

Qy (Knop et al.), astro-ph/0309368

Latest Supernova la Data

0. 0..
redshift z

’ 209 SHe with fall 1999 data in red ‘ l 209 SHe with binned data in red l

‘Tcmryr et al., “Cosmological results from high-z supemovae,” astro-ph/0305008 ‘

T T T T

m-M (mag)

SN Factory
/ Carnegie SN Project

ESSENCE
CFHT Legacy Survey

Higher-z SN Search
(GOODS)

—{svar]

A(m-M),, , (mag)

Seunu Leibandgut 2003




The SNAP Project

Simulated Hubble diagram for a 1-year

SHAP Satellite

http://snap.bl.gov/

2

SHAP mission (2000 SHe per year)

Scalar Fields and Cosmological Constant

Why is zero of all
scalar field potentials

b

High-T phase

<T7

(almost) exactly at
V=0

Higgs field ©

The SNAP Project

Absolute zero

determined by
unknown effect

3
| NoBig Bang
2 y Simulated Hubble diagram for a 1-year
A Jsupsmovas SHAP mission (2000 SHe per year)
g? af — = —— - =
B0 ! A -
“c"?.'_ﬂ BN o™ b
sg [P
: g 0f :
74 1
Clusters o %‘b
at ke
@ b
0 1 2
mass density ) o z o

Quintessence
h

Scalar field still
relaxing to zero
(slowly rolling)

Quintessence field ©

e [T

Equations of  |¥ra &x 12,0\ + V(d System of
motion for 3 Gn [7{ @) @] coupled
homogeneous 6%¢+ HO D + V(@)= 0 nonlinear

mode (Vd=0)




Quintessence as a Perfect Fluid

2
Energy-momentum tensor of homogeneous || P= %(at‘m + V(D)
®-mode that of an isotropic perfect fluid

p=1(0:®)* - V(®)

General equation of state

[p=we |

Example: Exponential potential

V(@)= Vg e AEron @

Explicit solution of eqs of motion imply w=B_2% 4

Like vacuum ener m
Observational
Accelerated expansion evidence for
equation of state
Like matter with “nonstandard”
w-parameter?
Like radiation m =

High-z Supernova Project
Tonry et al. astro-ph/0305008

Supernova Cosmology Project
Knop et al. astro-ph/0309368
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Qo TTTTTITTTTTTI I T L i—————T7T 77 T T
C ] [ Lowextinction Full primary]
o ] primary subset subset ]

e

=
ot
2]

SNAP Quintessence Sensitivity

0.0 T
Flat Universe network of cosmie strings
02 - Constant w By 4
>
2
Iz
3 & Mr . 1
=2 ~.99% - 1
=g o range o
8§ 95% - i
2 g6k 90% X Quintessence -
g = 68% 5, models
[=3 - ™ 1
1 A
08 - o " A
- cosmological constant
\m i
: >
1.0 N 1 1 1 L
0.0 02 A 0.4 0.6 0.8 1.0
=] « Ly
SNAP Satellite Qp = 1-Qy
Target Statistical Uncertainty




Galaxy Distribution in the Sky

A Slice of the Universe

Right Ascension o
13* 12¢

Cosmic
“Stick Man”

v . 8
e 2714000
: ./"ﬁmm
g * Toooo
4L ¥ 10000

N T
. . o
W G000 et

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

tion of Structure

| _ _ Srncmth_ ” _ Structured _ _ ‘

Structure forms by
gravitational instability
of primordial

density fluctuations

2dF Galaxy Redshift Survey (15 May 2002)

'

"

b of

Q

2dF




2dF Galaxy Redshift Survey

Animation from 2dFGRS homepage
http://www.mso.anu.edu.au/2dFGRS/

Gravitational Growth of Density Perturbations

The dynamical evolution
of small perturbations

ﬂx}:%<<1

is independent for each
Fourier mode &,

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

» Only power-law

growth in expanding
universe

Power Spectrum of Density Fluctuations

Field of density fluctuations
Bplx)
8(x)=——
P
Fourier transform
8y = [dPx e KX i)

Power spectrum essentially square
of Fourier transformation

(BkBie) = (%) 8(k—K) P(K)
with & the &-function
Power spectrum is Fourier transform of
two-point correlation function (x=x;—x%,)

3
c(XJ=(&xzm(x1J}=j% kX pik)
_ [dQdk ikx KP(K)

“Jax k _2,‘2
A%

Processed Power Spectrum in Cold Dark Matter Scenario

Primordial |§ Suppressed by stagnation
spectrum WM during radiation phase

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

P(K) = b2

or equivalently by

Primordial spectrum '
usually assumed to be 108 -
of power-law form

P(k) = [By [2 o KN
Harrison-Zeldovich
(“flat”) spectrum

n=1
expected from inflation
(may be slightly less

than 1, depending on
details of inflationary

phase)

103 -

Linear Power Spectrum P(k) [Mpc3]

2dFGRS %, |

1 1
102 101 1
Wavenumber k [Mpe-1]

10



Power Spectrum of Cosmic Density Fluctuations COBE Temperature Map of the Cosmic Microwave Background

i = Cosmic Microwave Background E Hi
10 #*Cluster abundance
E = Weak lensing F

Current power spectrum P(k) [(h-' Mpc)?]

4 Lyman Alpha Forest __}1 ]
[ Tegmark & Zaldarriaga, astro-ph/0207047 + updates _},\ ]
TE v vl sl sl uid T=2.725K(umformonthesky)
0.001 0.01 0.1 1 10
Wavenumber k [h/Mpe]

COBE Temperature Map of the Cosmic Microwave Background COBE Temperature Map of the Cosmic Microwave Background

Dynamical range AT = 3.353 mK (AT/T = 103)
Dipole temperature distribution from Doppler effect
caused by our motion relative to the cosmic frame

Wavaelength [mm]
1 0.?7 0.’5

FIRAS data with 4000 sraskars
27285 K Blackbody

Intensity [MJy/sr]




COBE Temperature Map of the Cosmic Microwave Background

Dynamical range AT =18 pK (AT/T =~ 10°%)
Primordial temperature fluctuations

Power Spectrum of CMBR Temperature Fluctuations

fluctuations

A®,9)= w

~ Sky map of CMBR temperature

Multipole expansion

] {
ABe)=X X amYim(®e)

=0 m=—{

Angular power spectrum

1

fo= i
Cp ={8pmapm | =
£ =\qemdem /= 5

i
- -

2 aymay
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0y
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W wn om0 am
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§ v
i ocm

Last Scattering Surface

Power Spectrum of CMBR Temperature Fluctuations

fluctuations
= T(BJ 'P) - {T)
A®, )= —m

* Sky map of CMBR temperature

i

WMAP

Multipole expansion

] {
ABe)=X X amYim(®e)

=0 m=—{

Angular power spectrum

1
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Cp ={8pmapm | =
£ =\qemdem /= 5
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Flat Universe from CMBR Angular Fluctuations

Spergel et al. (WMAP Collaboration)

astro-ph/0302209
e

W00 "-:‘_r
" - M.m;t:eru:.‘w ent (f;“l - -
D —
{max = 200/ VQtot

Qe = 1.02 + 0.02

Triangulation with acoustic peak

flat {Euclidean)

positive curvature

Known physical Measured
size of acoustic peak angular size
at decoupling (z =~ 1100) today (z=0)

Formation of Light Elements (Big Bang Nucleosynthesis)

Minutes: 1760

10 +

(==

Mass Fraction

"l" Helium 4
11 Deuterium
[ ——

0 0’

Temperature (10° K) 9903300

10 10" | astro-pht

CMBR - The Cosmic Rosetta Stone

HON
\\

T

'ERATURE FLUCTUAT

EMI

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

Hubble constant
H, = 50, 60, 70

Total density
Quor = 1.0, 0.5, 0.3

g !

MULTIPOLE {

Measuring Primordial Deuterium

Baryon density
Qg =5, 7.5, 10x103

| Physics Today 1997:11, 32

- . , ——)
o QS0 1937-1009 1
s 2, = 3572
4 20
ool ]
2o i
N
T t i
= | ol 1
E 0 ' I 1 1 1 1
= S000 G000 7000

i f |
E :/f\ll |
B
o
i 3
=05 -
g
o
=

0

5555 2560

Wavelength (i)

Hydrogen absorption
spectrum of a background
quasar in

high-redshift hydrogen clouds

Deuterium Lyman-e in the
flank of the saturated
hydrogen Lyman-w line

astro-ph/9903300
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BBN Concordance Best-Fit Universe

S?Bke 3
0.005 0.01 002 0.03
026 T = No Big Bang
He

035 F ...

(1 e oLk

’ Implied by CMBR and &

0.2 large-scale structure = Supern

10-3 )

104 2 P
= .

10-5 B orever |
g N\ ,..mﬂ..ac‘ln‘::‘,_
g Nl 8 Tapses ©

10-9 R

\.
5: Clusters \.‘
Lithium [ ' "4y
Ex 4
10-10 ! e - E é:”
1 2 3 4 6 & 78510 Review of Particle ; L 3 ||S. Perlmutter
Baryon-to-photon ratio 1y, Properties MASS DENSITY 2, Physics Today, ﬁ.pﬂl 2003, p.53

Concordance Model of Cosmology

How much dark energy is there? A Friedmann-Lemaitre-Robertson-Walker model with the following
parameters perfectly describes the global pmperties of the universe

Age 0. (109vears
on 027 0.0

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
- oS . v o adiabatic density fluctuations (curvature fluctuations) P(k) « k"

. 4 X X

Matter density 0 0.93 + 0.03

=
@

=
kY

Dark energy density 0,

0.2




Generating the Primordial Density Fluctuations

Early phase of exponential expansion
(Inflationary epoch)

Early Development
of the Universe

) Zero-point fluctuations of quantum
fields are stretched and frozen
3 Cosmic density fluctuations are
e — frozen quantum fluctuations

15 BaLuon e

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.

Dark Matter in Galaxy Clusters

A gravitationally bound
system of many particles
obeys the virial theorem

2{Ekin) = —(Ekin)
{e2)- e

(v2)~ G r™)

ko &
A S deit §

Velocity dispersion
from Doppler shifts
and geometric size

Coma C&JStEI‘

-
Total Mass

15



Giant Arcs - Gravitationally Lensed Background Galaxies

Distorted image
(Partial Einstein ring)

Foreground
cluster of
galaxies

A.Tysan,

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

Corflz lusesr

Tyson et al.(1998)

Coma cluster

Contours of x-ray emission
(Einstein satellite)

ROSAT x-ray image

16



Cluster Gas Fraction

0.3 F

0.2

fiew [hsd?]

0.1
0.09 E
0.08

1

H-ray temperature [keV]

10

Mohr et al., astro-ph/9901281

Vrotation = 4

L]
i

Kepler’s Law

| GNewtonMcentral

radius

Orbital Speed [km/s]

Gas fraction in clusters
fgas h#*? = 0.075 = 0.002

+ Assume the cluster matter
inventory represents a fair
sample of the universe

= Use the measured baryon
content Q5 (BBN, CMBR)

«h=0.72+0.08

(=]

Cosmic matter content

Qy = Qg/fg,, = 0.325+ 0.034
(Fabian, astro-ph/0304020)

Structure of Spiral Galaxies

Meplums  pyuie

0 10 20 30 40
Distance from Sun [AU]

s

Observed flat |
rotation curve

W tessrpapapt]
lnn' - memem === halo

Expected from luminous
SNl matter in the disk

Ve (km st)

0 10 20 30
Radius (kpc)

Spiral galaxy NGC 3198 overlaid
with hydrogen column density
[ApJ 295 (1985) 305]

Rotation curve of the galaxy NGC 6503
from radio observations of hydrogen motion
[MHRAS 249 (1991) 523]
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Structure of a Spiral Galaxy Structure of a Spiral Galaxy

®
Globular Clusters

: : Disk ¥ some
-.+T 100 pc

1 pc = 3.26 light years
1 kpc = 1000 pc

_Dark Halo_

Dark Matter in Spiral Galaxies - Summary Rotation Curve of the Milky Way

INTEGRAL 400 &2 T i Finch & Tremaine
| e MARH|I M) . [ Al data I ARAA 29 (1991) 409
Expected _ 00| o] o ——
from 8 T AT | ——
luminosi i L : = 1
dish'ibUtIZn// L /\ L f § 200 |- WHTYEN e __""_{ Vrot = 220 km/s
1 e - i . 3 :
l\\ B P T W T T 1 by 400 | III|I .]1 L L ]
Infered . [ Smoothed data | 1
from N _ F — ]
rotation Y 1 g o 300 |- R
* E L N
®
Expect dark matter 100
Flat rotation Mo obvious density near solar -
curve instead limit to
- system of about . | |
f Kepl total o L1t VI T O A
o nepierian R Mass 300 MeV cm™? 0 5 10 15 20
R (kpe)




Mass-Energy-Inventory of the Universe

‘ Dark matter
of this is 23%

Tre Aemorwscas Joummai, B 330, VAT Felbrsary 13

A e More than 30 years ago,
GRAVITY OF NEUTRINGS OF NONZERD MASS IN ASTROPHYSICS bqinning °f me ide‘ Of
o o) ez weakly interacting particles

(neutrinos) as dark matter

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

caperimenss (Babcall, Cab

e
g comeguesces of the

19T T thermal cgui
demties {Landa and Lifsbitz 1969);

However, the idea of
weakly interacting massive

particles as dark matter
is now standard

Cosmological Limit on Neutrino Masses

Cosmic neutrino “sea” - 112 e neutrinos + anti-neutrinos per flavor

my

94 eV

For all

Qhl=%

<0.4 m, < 40 eV stable flavors

£

ASS OF MUONIC NEUTRINO AND COSMOLOGY

A classic paper:
. Gershtein and Ya. B. Zel'dovich Gershtein & Zeldovich

dtted L June 1066

'a b, No. 5, 174-177, 1 September 1566 JETP Lett. 4 (1966) 120

Lou-aceurasy sxparimer & ¥ s of the newtrins [1] yield m(v )

# for the muonie neutrino.

of the Universe [3] make it

Zel's

he paper by Ya.

enal effect of the neutrince

n astrononical cbjects is not

n 75 km/sec-Mparsee
types of matter in the

t smaller

Maximum mass density of a degenerate Spiral
Fermi gas B galaxies
_ o Phax _ My(MyVescape)
R I Dwarf
m m, > 100 — 200 eV qalaies

Neutrino Free Streaming (Collisionless Phase Mixing)

« At T < 1 MeV neutrino scattering in early universe ineffective
« Stream freely until non-relativistic
» Wash out depsity contrasts on small scales

3 « Nus are “Hot Dark Matter”
eUE s + Ruled out

Over-density by structure formation

19



Formation of Structure Formation of Structure

| Smooth ” Structured ‘ Smooth Structured

A fraction of hot da tter
suppresses small-scale structure

Adapted °E AL Adapted
| E from f | from
Galaxy E 5 5.Hannestad Galaxy 105§ E S.Hannestad
Distribution ! 3 Distribution | | _. 4i_¢._
(2dF, P5Cz) (2dF, PsCz) | |z 10 E
0 E
Scales n. = Scales 10%
1-200 Mpc . g 1-200 Mpc F .
1 L4 1 1adl L lo 1 L4 1 1adl L
k (h/mpe) 10 Q, =0.00 001y thimpe) 10
10— Ty 100 [rrTTTTITTTT T 10‘:....,..., T 100 T T T T
Lyman-a 10%) 4 so b Lyman-a 10%— 1 so b
forest 108 F E forest 108 F E
at large _ 75 3 Ze0f at large _ 75 3 Ze0f
redshift = 10 1IN : redshift = 10 1IN :
(z)=2.72 10 3 E (z)=2.72 10 ] 5
10°k . 20 F 10°k . 20 F
Scales 45 i 1l | } E Scales 45 1l I L } E
0.1-10 Mpc IO()O],“”“[.)I] ||||r||1 .mu;uo [}) RN RN FE TN ETEE T 0.1-10 Mpc IO()O],“”“[.)I] ||||r||1 ....;.0 [ SRR TR RN R
: o) 0 200 400, 600 800 1000 : Whmee) 0 200 400, 600 800 1000




Cosmic Structure Modified by Hot Dark Matter

106 — T ™3 ) Adapted
E E from

Galaxy 10° 3 E S.Hannestad
Distribution | (. 4i_hj"
(2dF, PSCz) | =10 3
Scales 10% 3
1-200 Mpc E

102 L

Q.01

101 100 [T T
Lyman-a 1%k soF
forest 3 £
IDar — r
at large —~ F Z60F
redshift || 107k - aof
(2)=2.72 10f ;
10°E 20
Scales 45 E
_ IO-IIIIIIHI PRTTTIT B NRTTTT . 0 paaly s by sl e aleaals
0.1-10 Mpc 001 0l 1 10 0 200 400 600 800 1000
k (h/Mpe) '

Neutrino Mass Limits from Large-Scale Structure

Statistical 95% C.L. limits depend on used data and on
priors for other parameters. For detailed analyses see
+ Hannestad, astro-ph/0303076

« Elgaroy & Lahav, astro-ph/0303089

2dF (Galaxy-galaxy correlation)
+ WMAP (Cosmic microwaves)

+ Small-scale CMBR
(breaks degeneracy with bias)

+ Priors (1o)
h =0.72 + 0.08
Qy =028+ 0.14

Cosmic Structure Modified by Hot Dark Matter

Galaxy 10% ¢
Distribution | | . F o
(2dF, PSCz) | | 10°F
Scales 103 é

1-200 Mpc 2

T T T T

Lyman-a
forest

at large
redshift
(Z)=2.72

Scales

o [T T Ty T

1

0.1-10 Mpc 2

T 100 T T T T

4| sof

Bl lgeof

| [¥°VE

- F

E =40 -

- E

@ 3

@ - 20
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0.l 1
K (h/Mpc)

Tritium p-decay

3’H—>3He+e_+ve aHQ‘

Electron spectrum He Q

&

m=<2.2eV (95%CL)

Endpoint P
energy
18.6 keV 1
m
Currently best limits from Mainz * Scaled-up spectrometer (KATRIN)
and Troitsk experiments should reach 0.2 eV

= Currently under construction
« Measurements to begin 2007
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Lee-Weinberg-Curve

* For m, =z 1 MeV
neutrinos freeze out
nonrelativistically

10° g
10*
10°
107 |

Hot Dark Matter

= Density suppressed
by annihilation
before freeze-out

Woeakly interacting
massive particles
(WIMPs) possible as
cold dark matter

Cold Dark Matter

[With parmission of David Simmonds ©f

Direct search experiments
exist for

* WIMPs
(Weakly Interacting Massive
Particles, often assumed to
be supersymmetric neutralinos)

» Axions
(Very low-mass very weakly
interacting bosons, motivated
by CP problem of QCD)

Supersymmetric Extension of Particle Physics

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

Leptons (e,

Quarks (u, d,

= |f 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

Slept 0|

Squarks

Gluinos
Wino

Zino
Photino ()

[ 0 |tges  Qtigesino [ 12|

Search for Neutralino Dark Matter

Direct Method (Laboratory Experiments)

Recoil energy

Galactic X
dark matter (few keV) is
particle 5 > measured by
(e.g.neutralino) ‘nergy . » lonisation
Crystal deposition « Scintillation
+ Cryogenic
PHYSICAL REVIEW D VOLUME 31, NUMBER 12 15 JUNE 1983

Detectability of certain dark-matter candidates

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

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drrukier and Stodolsky could be used to detect some possible candidates for the dark matter in gnlac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
tersctions and masses 1-10° GeV; particles with spin-dependent interactions of typical weak
sirength and masses 1—10° GeV; or strongly interacting particles of masses 110" GeV,
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Direct Detection Methods
Incident WIMP
\ vs_wt‘h:rud WIMP

Detector-Target

Nuclear recoil

TAUF 2003 - University of Washington, Seattie A. Morales (Univ, Zaragoza)

he Gran Sasso Laboratory
il :‘5"41.%'

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

TAUF 2003 - University of Washington, Seattie A. Morales (Univ, Zaragoza)

CRESST Experiment in the Gran Sasso Laboratory

Cryogenic

Rare

Event

Search with
Superconducting
Thermometers
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CRESST Experiment to Search for Dark Matter

F

——— lquid Nifrogen

—— licquicd hediurn

= NG CHAMIDES

———=|Ntamad lead shislds

One of the CRESST Detector Crystals

CRESST Experiment to Search for Dark Matter

Partcin Thermems -
.
——— lquid Nifrogen
——— licuidt hediurn
= MTING QML
———=Intemd leod shislds
&
¥
&
-
m [, e |
T , 0 W 4D &0 B0 00 10 W0 |
1 Pulse Height in Phonon Detector [kevl |

220 kmis

Earth
30 ks

DAMA experiment in Gran Sasso (Mal scintillation
detector) observes an annual modulation ata
6.3c statistical CL, based on 110 ton-days of data
[Riv. N. Cim. 26 (2003) 1-73]

Annual modulation of
WIMP signal a
“smoking gun” signature

£ MEa} enbem sdwhe v s Dvibe v s
3
2
&
o
=
z.
] |
500 1000 1500 2000
Time (day)

« Detector stability ?
= ,Background stability" ?
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Limits from WIMP Search Experiments EDELWEISS Limits

-4 astro-ph /0206271

=y
o

E‘ EDELWEISS

o . ‘
DAMA claimed 10 DAMA region
detection

WIMP-Nucleon Cross-Section (pb)

-6
10
Expectation :r?m el seeees 200042002 data, 13.6 kg.days
mmetric models 2000+2002+2003 data, 32 kg.days
_ 7
10 4 10

10° 10°
WIMP Mass (GeV/c?)

107 WIMP-mass [GeV]

astro-ph/ 0008339

Search for Neutralino Dark Matter

Direct Method (Laboratory Experiments)

T T T T

DAMA positive

CRESST Run23 | Galactic Recoil energy

CRESST Run24 ;
- cDMs T dark matter (few keV) is

: particle - measyred by
Zeplin | (elg heltraling) *nergy . « lonisation

Crystal deposition « Scintillation
EDELWEISS « Cryogenic

CDMS-Soudan projectiony

Indirect Method (Neutrino Telescopes)

% ]
= MssM \ Annihilation
T Bednyskovetl CRESST Il projection] Galactic dark High-energy
T T T " matter neutrinos
400 600 800 1000 particles (GeV-TeV)
WIMP mass [GeV/c’] are accreted Sun can be measured




AMANDA - South Pole Neutrino Telescope High-Energy Neutrino Telescopes

e \
- =

Antares Nestor Baikal
Project Project 200 PMTs

0w D
W [AMANDA-BID |
s -"_‘_
H Oytical
{ | Module |
* el bl . o HY Evidder
o e
A B " e
3060 N
gt difTimer ball
| avan Amanda Il, 800 PMTs
Ca Termempbm  ASANDAA 51 R IceCube Project

AMANTA BY (etionm) ol e (M)

Muon Flux from WIMP Annihilation in the Sun

- TD?- L. Bergsinam. J. E50 and F. Gondoks, 1868
'-; & . E%=1Gov
o 107 Oy > Og]
.E 5 o> o > 015" P v e v ors T T Tt RS Tan
£ 1w DAGI > oy . T T
- [ o 1
= 4
3 TD MNeutraling continuum gamma ray
@ 3 W'l Fuex toweards GRIACHIE cantra -
2 10 ™ NEW model, A0=107 s
s 2 10
E 10 ‘F 4
S ko . Gondolo,
= 10 - “._ astro-ph/0403064 1 pe
- z hY 10
"E 1“ 3 40" A 1 v
I o 10
ERLI £ g Stoehr et al.,
10 i astro-ph/0307026
10 E W 1 100 1000
10 " 1 -
10 10 1 3 1 Figure 8 MSSM models of cosmological imerest (dots) and 3-0 detection
' 4 | | vimits for VERITAS and GELAST. For VERITAS the limits ane shawn for a
Meutralino Mass (GeV) — mackground, E %7 pointing ut the centre of the Milky Way, sssuming an N ofile (salid)
o p - 300 GeV neusins added 1 an SWTS prafile (she ). The lower solid line gives estimated
e 50 GOV noutraing added lienits for GLAST For a langer area observation of the inner Galaxy which
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Paten anaray (GaV] antificial skies used in making Fig. 7.




The CP Problem of Strong Interactions

Characterizes degenerate Phase of Quark
QCD ground state (& vacuum) Mass Matrix

Standard

QCD Lagrangian
contains

a CP violating term

o | ' C

T
0=0<2n

Induces a neutron 5

electric dipole moment -16 -25
(EDM) much in excess d“ S ecms 102 Hn <10 ecm
of experimental limits

Why so small?

Axions as Pseudo Nambu-Goldstone Bosons

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

E Nf. AV (a)

* Upg(1) spontaneously broken
« Higgs field settles in
“Mexican hat”

E“AQCD=fa

» Upg(1) explicitly broken
by instanton effects

* Mexican hat tilts =

+ Axions acquire a mass 0=0

Dynamical Solution

| Peccei & Quinn 1977 - Wilczek 1978 - Weinberg 1578 |

Re-interpret © as

a dynamical variable
(scalar field)

Pseudo-scalar axion field

Peccei-Quinn scale,
Axion decay constant

=-Zsp Tré6 _8s alx) . £5
Lep 8xn ‘ 8n fy
V(a) Potential (mass term) gluon
illd.lcedbyl.cpdﬂm a---
a(x) to CP-conserving A
a minimum SOl
CP-symmetry Axions generically couple to
=0 dynamically restored || gluons and thus mix with z°

[‘"Axion mass] Pion mass ]

& couplings - \ & couplings,

f, = 93 MeV
Pion decay constant

Lee-Weinberg Curve for Neutrinos and Axions

Hon-Thermal ]
log(Q,) 4 Relics Thermal Relics
CDM HDM
Qy
Ll log[ma]
100 meV 30 eV
log(@,)4  Thermal Relics
HDM CDM
Qy
» log(m,)
30eV 3 GeV
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Astrophysical Axion Bounds

Stllar Evlutin

103 106 10° 1012 [GeV] f,
m, keV eV meV peV

Experiments JEle
scope

Globular clusters
(a-y-coupling)

Too many Too much Direct
events energy loss search

SN 1987A (a-N-coupling)

Axion dark matter possible

(Late inflation scenario)

DM o.k. Too much DM
(String scenario)

Velocities in galaxy v, ~103¢

DM axions my = 10-3000 peV

Energies therefore  E ~ (1 10°)m,

Microwave Energies

(1 GHz = 4 peY)

Axion Haloscope (Sikivie 1983)
B, ~ 8 Tesla

Microwave
Resonator
Q= 10°

Power

Primakoff Conversion
Hocoos 1
Cavity
oVercomes
momentum

2 Experiments in Operation

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

« CARRACK Il, Kyoto, Japan

Experimental Search for Galactic Axions

DM axions = 10-3000 peV q .
Velocities in galaxy \":';aﬁ 103 ¢ ne Microwave Energies
Energies therefore  E, ~ (1 10°¢) m, ez 2
Axion Haloscope (Sikivie 1983) - Axion Signal
B, ~ 8 Tesla
. 1 Thermal noise of
;’“m’"":o":’ i\ cavity & detector
Q=10° T T >
Frequency my
Primakoff Conversion Power of galactic axion signal
2
a----- 1 -2y ¥ ( B ) Q
4107 <'W — =
Cavity 0.22m*\8.5T/ 1¢°
overcomes
momentum . [ my Pa
B, mismatch 2xGHz | 510 g/ cm®

Axion Dark Matter Searches

Limits/sensitivities assume axions are the galactic dark matter

1. Rochester-Brookhaven-
Fermilab
PRD 40 (1989) 3153

2. University of Florida
PRD 42 (1990) 1297

3. US Axion Search

(Livermore)
AplL 571 (2002) L27

4. ADMX (Livermore)
Phys Repts 325 (2000) 1

1 10
m, [ueV]

100

5. CARRACK | (Kyoto)
preliminary

hep-ph/0101200

6. CARRACK Il (Kyoto)
hep-ph/0101200
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Mass-Energy-Inventory of the Universe

Baryonic matter 4% Lo g
(only 10% of this is 23%

luminous)

Leptogenesis by Majorana Neutrino Decays

A classic paper

Volume 174, number 1 PHYSICS LETTERS B 26 June 1986
BARYOGENESIS WITHOUT GRAND UNIFICATION
M. FUKUGITA
Research Institute for Fundamental Physics, Kvoto University, Kvoto 806, Japan

and

T. YANAGIDA
I

LT7 of sics, College of General Edweation, Tohoku Universiry, Send;
and Dewizches El

lektromen-Synchrotron DESY, D-2000 Hamburg, Fed. Rep

Received 8 March 1986
A mechanism is pointed oul Lo generat cess withoul resorting to grand unified theories. The
lepion cess originating ss terms may transform into the baryon number excess through the

unsuppressed baryon aumber violatic

ak processes at high temperatures.

Baryogenesis in the Early Universe

Sakharov conditions for creating the
Baryon Asymmetry of the Universe (BAU)
«» C and CP violation

« Baryon number violation

« Deviation from thermal equilibrium

Particle-physics standard model

« Violates C and CP

Andrei Sakharov || ® Violates B and L by EW instanton effects
1921-1989 (B—L conserved)

« However, electroweak baryogenesis not quantitatively
possible within particle-physics standard model
« Works in SUSY models for small range of parameters

A.Riotto & M.Trodden: Recent progress in baryogenesis
Ann. Rev. Nucl. Part. Sci. 49 (1999) 35

See-Saw Model for Neutrino Masses

Charged Leptons Neutrinos
Dirac masses Heavy
from coupling Majorana
to standard / masses
Higgs field ¢ M, > 1010 Gev

Lagrangian for - _
pa?tic?g masses Linass = —£L0geeR — £L4gv NR

Light Majorana mass

g2 @)?

W 7en 0\ v
o), % gﬁ*})ll\,\;)@m Wt )

M
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Leptogenesis by Out-of-Equilibrium Decay Leptogenesis by Majorana Neutrino Decays

B || M. Fukugita & T. Yanagida: In see-saw models for neutrino masses, out-of-equilibrium
 Eauilibri | 3" mm%"::“ L decays of right-handed heavy Majorana neutrinos provide
3 a&ln:lang:ofm G Phys. Lett. B 174 (1986) 45 source for CP- and L-violation

=5 I"heavy Majorana N

- Cosmological evolution

+B=L=0earlyon

» Thermal freeze-out of heavy Majorana neutrinos

» Out-of-equilibrium CP-violating decay creates net L
» Shift L excess into B by sphaleron effects

:neuh'ims

Real abundance
determined by
decay rate

CP-violating decays by
interference of tree-level
with one-loop diagram

Created . - . o ,r'”“/‘ N,
\\‘\ I \h\

log(Y)

lepton-number Suff'ic_iel:\t dev:iati-on f_rom Limits on Limits on
I abundance equilibrium distribution of masses of
15 p : - Yukawa .
0.01 0.1 1 10 100 1000 . 2 M heavy Majorana neutrinos couplings ordinary
z=M,/T Decay ~ v g at freeze-out neutrinos

W. Buchmiiller & M. Pliimacher: Neutrino masses and the baryon asymmetry

Requires Majorana neutrino masses below 0.1 eV
Int. J. Mod. Phys. A15 (2000) 5047-5086 9 )

Buchmuller, Di Bari & Plumacher, hep-ph/0209301 & hep-ph/0302092

Neutrinoless 33 Decay Evidence for Ov2p Decay from Heidelberg-Moscow

Ov mode, enabled . Some nuclei decay only
: Standard 2v mode
L - by the pp mode, e.g. Sum spectrum of the ° Ge detectors Nr. 2,3,5

[T

76As g
— - g 7 Period: November 1995 - May 2000  28.053 kg yl
01- ?GGe E T b o
765e
2+

+

Half life ~ 102! yr

N .
Measured mee: _ _Zli:Uei Zmi

< [VET1414%

H | | 11l .
2010 2020 m%'!mo ; 2060 2070 2080
SSE events, Q=2039.006(50) ke'\s.Douysset eral PRLE6(2001)42558

2v

Ov

Spectrum

Best limit
from 76Ge

energy [keV]

Mee| < 0.35eV

Sum of 2 Energy




Improved Evidence for Ov2p3 Decay

H.V. Klapdor-Kleingrothaus et al.: Data Acquisition and Analysis of the 76Ge
Double Beta Experiment in Gran Sasso 1990-2003, arXiv:hep-ph/0403018

Frontiers of Cosmology

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

2000 - 2060 keV,

November 1995 to May 2003 (51.389 kg y), and its Gt (see section 3), in the rnge

Claimed evidence for
0v2[ line now - 4o

Astrophysical understanding of cosmic
dark ages:

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

+ Neutrino telescopes
+ Cosmic ray signatures

Precision cosmology

+ CMEBR, in particular polarization
+ Galaxy redshift surveys

« SM la Hubble diagram

6 » Weak lensing

3 Identification of dark matter particles ...

::j’ » Accelerator search for SUSY particles .‘
3 + Direct search for galactic dark matter,

» Some fundamental inconsistency
+ Montrivial equation of state
w=-1 or even wi(t)

8
o
£
)
o
b

B

[ET

Dannls the Menace® used by parm lsatas

*LOTS OF THINGS ARE INVISIBLE, BUT WE DONT

KNOW HOW MANY BECAUSE WE CANT SEE THEM.

Neutrino masses and Majorana nature | | + Running spectral index P(k) « k"K)
! 1 (V2 decay < leptogenesis) » Tensor modes
oo o0 2020 Wﬁggﬂkw ‘2040 2050 2060 Theoretical break-through, for example concerning
P 31 The s o . 1' e 2305 for e e + Hature of dark energy or cosmological constant
Fig. 41. The single site sum spectrum of the four detectors 2.3,4,5 for the period

« Early-universe physics (inflation, origin of density fluctuations, baryogenesis,

P N T ——

alternative theories, e.g. brane-worlds, string cosmology, ...)
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