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What is WMAP?

o Satellite detecting primordial photons “cosmic microwave background”
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The oldest fossil from the early universe
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Inflation and Grand Unification?

Quantum Gravity/ Trans-Planckian effects....
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The cosmic equivalent of tree rings...
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Maps and galactic foregrounds

Temperature (710s uK)  Polarization (~0.1s uK)
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Anisetropy in the . EMBR (cont:)
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Ordinary Matter

A low second peak indicates baryon or ordinary matter
density comparable to photon density

Ordinary matter consists of ~5% of the critical density
today

80 I fundamental

ibaryons

60

40F

20F

L | L L L L | L L L L
500 1000 1500



Dark Matter

A third peak comparable to second peak indicates a dark
matter density ~5x that of ordinary matter

Dark matter ~25% of the critical density
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WMASS results

Parameter Value

Baryon Density W,h* = 0.024 £+ 0.001
Matter Density W_h*=0.14 £ 0.02
Hubble Constant h=0.72+0.05

=

Baryon Density/Critical Density W, =0.044 + 0.004
Matter Density/Critical Density W, =0.27 £ 0.04
Age of the Universe t,=13.7+£0.2
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Neutrinos: 0.1% — 5%
Baryons: 4 +1% K
T,

CMB: 0.01%

o

Cold Dark Matter:
29 + 4%

Dark Energy: 67 + 6%

idm2006, Rhodes 11-16/09/2006



Inflation predicts:

FLAT Universe




Important comparisons with later observations

= s billon yeurs Supernovae
T=3K (1meV) . . -
Dark Energy domination RIAZLSEIEI

Imprint
Reionization LSS surveys on l:c):MB

Galaxy formation

Recombination CMB

| t=3minutes
| 1=1second Nucleosynthesis

Testable in particle accelerators :
Imprint

in CMB

Inflation and Grand Unification?

Quantum Gravity/ Trans-Planckian effects....

SUSY’06 17th June 2006




vacuum energy density

(cosmological constant)

] No Big Bang

‘Supernovae

“%
Clusters 2 %
G

. 2 g

o)

G, \
IIIIIIII|IIII|IIII|IIIIIIII
0 1 2

mass density

3

1999-2003

Supernova Cosmology Project

3I\\I‘\\I\|I\\I|\I\\

 No Big Bang

Supernovae

| Clusters

0

1

2

w

Qp



To track the expansion rate, use Supernovae
(exploding white dwarf stars) as standard candles.

~ . - fkim.com.au -

SN 1994d



Luminosity Distance

Spectroscopy

Photometry
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SNe Ia Distances in FLRW
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| Galactic rotation curves

® Doppler measurements in spiral galaxies.

@Observe: v(r)
*if v is constant,then: M " r

@ Needs “dark matter-

expected
from
luminous disk

10 R (kpo)

B - M33 rotation curve
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Naorth Pole

North Galactic

~ \Sou‘fﬁ Galactic
___Ra & Dec = Cap
_ Galactic Equator South Pole
o o 2dF fields
APM scanned UKST fields

Fig. 1.1. A map of the sky showing the locations of the two 2dFGRS survey
strips (NGP strip at left, SGP strip at right) and the random fields. Each
2dF field in the survey is shown as a small circle; the sky survey plates from
which the source catalogue was constructed are shown as dotted squares.
The scale of the strips at the mean redshift of the survey is indicated.



120

13

Fig. 1.2. The large-scale structures in the galaxy distribution are shown in
this 3°-thick slice through the 2dF Galaxy Redshift Survey map. The slice

cuts through the NGP strip (at left) and the SGP strip (at right), and
contains 63000 galaxies.
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Fig. 1.3. Large scale-structure statistics from the 2dFGRS. The left panel
shows the dimensionless power spectrum A? (k) (Percival et al. 2001, Peacock
et al. 2003). Overlaid are the predicted linear-theory CDM power spectra
with shape parameters Qh = 0.1,0.15,0.2,0.25, 0.3 with the baryon fraction
predicted by Big Bang nucleosynthesis (solid curves) and with zero baryons
(dashed curves). The right panel shows the two-dimensional galaxy correla-
tion function, &(o, w), where o is the separation across the line of sight and =
is the separation along the line of sight (Hawkins et al. 2003). The grayscale
image is the observed £(o,7) and the contours show the best-fitting model.
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Gravitational Lensing

GRAVITATIONAL
LENSING:

A Distant Source
Light lzaves a voung,
startorming blue galsey near
the edga of the visible universe.

A Lens
Of ‘Dark Matter’
Some of the light

passes through a large 2 2
cluster orgalax@s and -st.-- . : e : Light's
rounding dark matter, directly in the armal
lime of sight between Earth and he
distant galaxy. The dark mater's gravity
acts like a lens, bending the incoming light

Focal Point:
Earth

Most of this light is
scattiered, but some is
focused and directed toward
Earth. Observars see multipte
distorted images of the background
galaxy,
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Hubble Space Telescope image of a cluster of galaxies.
An irregular blue galaxy in the background is multiply-imaged.



o

,{\\Q\Q\D‘%

Mass reconstruction of the cluster. Note the large, smooth
distribution of (apparently invisible) matter.



1E0657-56 (The Bullet Cluster)

SHOCK FRONT

/
A\

BULLET-SHAPED HOT GAS

»

« Vital Statistics
z=0.30 (8.35 Gyr ago, or 1.2 Gpc away)
Supersonic merger
In plane of sky (+/-15 degrees)
Speed ~ Mach 3 (4500 km/s)
Thulet ~ 6-7 keV










Strong Gravitational Lensing

» Einstein ring
— Symmetric lens with source directly behind
lens

« Strong arcs and multiply lensed sources in
clusters
— More complicated potential

— Arc geometries probe shear field in cluster
core

Einstein Ring Gravitational Lenses Hubble Space Telescope = ACS

- . . Strong arc

JO73728.45+321618.5 J095629.77+510006.6 J120540.43+491029.3 J126028.25+052349.0

‘ ‘ - ' Multiply imaged source

-

J140228.21+632133.5 J162746.44-005357.5 J163028.15+452036.2 J232120.93-093910.2
NASA, ESA, A. Bolton (Harvard University), and the SLACS Team S5TScl-PRC05-32




DLS

shear

sheared image

a = 4GM/bc?

D
Y ~0= LS AGM/bc?

TS ™~

Cosmology changes

Gravity & Cosmology change h

the growth rate of mass
structure

geometric distance factors




Weak Lensing of Faint Galaxies: distortion of shapes

Background

Source
. shape



Weak Lensing of Faint Galaxies: distortion of shapes

\

. oreground
galaxy

Background
. . Source

shape

Note: the effect has been greatly exaggerated here



Lensing of real (elliptically shaped) galaxies

' oreground
galaxy

Must co-add signal from a
large number of foreground galaxies

Background
Source

.Sh apc




AROUND
DARK MATTER
OBSERVED SKY

PATH OF LIGHT




- Weak Gravitational Lensing

4 -

-

_ s
“Each galaxy elongated slightly by lensing potential

o For any individual galaxy elongation is less than intrinsic ellipticity
of galaxy -

— Average togetglger man) _alaxiesgtﬁ reconstruct sheai
« y=shear = '

» g=reduced shear = y/(1-x)
— Observable quantity from the ellipticities

Convergence, k, linearly proportional to surface mass density

— (Can reconstruct mass pljs;ribution from _shear field‘

s

1E0657-56 Subcluster




-~

Ly

L}
Ly g

PN
6"58M42° 36°
Data:
500 ks Chandra
Deep Magellan + HST imaging
Results:
8 o offset between gas and DM peak
for both main and subcluster

No offset between galaxies and DM

2006 Results

Clowe et al. (2006)
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o
Bradac et al. 2006

Clear separation of gas and mass
Location consistent with weak lensing analysis




Most of the universe can't even be bothered to interact with you.

Courtesy Sean Carroll (cosmicvariance.com)




. leveraging evolution on different spatial scales
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Sensitive to different epochs of evolution history

Constraints on evolution history of the dark energy density

/\
v

Weak Lensing (95% CI) — A

_[ (CFHTLS + WMAP) == == == Scaling quintessence
(Tereno et al 2004)

— SN1a (68% CI)

Riess et al (2004)

CMB (modeled as N, (z,..))
‘ Ferreira & Joyce (1999)

BBN

EE Structure formation Bean, Hansen, Melchiorri
(Doran et al 2002) (2001)




15 thousand milllion years

The Big Bang

~100 s after the Big Bang
Primordial Nucleosynthesis

~0.1 s after the Big Bang
Neutrinos Decouple

~ 380 kyr after the Big Bang -.

Relic Photons (CBR) are free B



BBN - Predicted Primordial Abundances

1

10-!
10-2
10-2
10-4
10-8
10-¢

BBN Abundances of D, 3He,

10-7

are RATE (Density) LIMITED

1 | 1 1 L 1 L 1 1 L |
1 10

nlﬂ
D, 3He, ’Li are potential BARYOMETERS




D/H vs. Metallicity

For Primordial D/H adopt
the mean and the
® dispersion around the mean

, 105D/H), = 2.6+ 0.4




(DIH), = 2.6 £ 0.4x1075 + SBBN => T = 6.1 + 0.6




Ordinary matter from BB Nucleo-Synthesis (baryons)

® Big-Bang Nucleosynthesis S S R
depends sensitively on the B o BT —
baryon/photon ratio, g nuf /E/ i

® Since we know how many e |
photons there are, we can 2 :

constrain the baryon
density.

® [Burles, Nollett & Turner]

Number\relative to H

1 2 5
Baryon density (107! g em™3)
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CBR Temperature Anisotropy Spectrum (2003)
(ATZ vs. 0) Depends On The Baryon Density

Barger et al. (2003)
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The CBR is an early - Universe Baryometer



BBN (20 min) & CBR (380 kyr) AGREE !




CBR Temperature Anisotropy Spectrum (2003)
Depends on the Radiation Density pg (S or N,)
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BBN (D & “He) + CBR (WMAP — 2003)

' BBN & CBR
- Consistent !

T 10
Barger et al. (2003)




CONCLUSIONS

(Pre — WMAP 2006)
BBN (~20 min.) And The CBR (~ 400 kyr)

Are CONSISTENT !

1.9 < N, = 3.1 allowed @ ~95%

(Also: n, = 6.1 = 0.2)



The second cosmic ruler. The BAO

CMB acoustic oscillations (@ z=1089

Single peak in baryon matter correlation function
@=150h-! Mpc (= 200 Mpc)

Observed by SDSS @ z=0.35

2 standard rulers available at 2 epochs

Distance between the two epochs known @ 4%

Confirms linear cosmological perturbation theory
across an expansion factor = 800
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Removes degeneracy between curvature and

expansion rate
P Astro-ph/0501171

< 1370+69 Mpec




Measuring the Masses of Galaxies in the

Sloan Digital Sky Survey

Rich Kron
ARCS Institute, 14 June 2005, Yerkes Observatory

images & spectra of NGC 2798/2799
physical size, orbital velocity, mass, and luminosity

how to get data







First CfA Strip
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An Acoustic Peak

Before recombination at z~1000, the universe was ionized,
and in this plasma the cosmic microwave background photons
are well coupled to the baryons and electrons. The photons
have such enormous pressure that the sound speed in the
plasma is relativistic.

The initial perturbations are equal in the dark matter and
baryons. However, an overdensity in the baryons also
implies a large overpressure, with the result that a spherical
pressure wave is driven into the plasma. By the time of
recombination, this wave has reached a comoving radius of
150 Mpc, the sound horizon.

The dark matter overdensity on the other hand remains
centrally concentrated. After recombination, perturbations
grow gravitationally in response to the sum of the dark matter
and baryons. The central concentration dominates, but there
is a small (1%) imprint at 150 Mpc scale that generates a
single acoustic peak in the matter correlation function.

An illustration of the baryonic pressure wave expanding
from a central overdensity, where the dark matter pert-
urbation remains. The amplitude of the wave has been
exaggerated; it should be only 1% of the central peak.
The Universe is a superposition of many such structures.

Importantly, the sound horizon depends only
on the baryon-to-photon ratio (Q,4%) to set the
sound speed and the matter and radiation
densities (Q,4> and Q4% to set the propa-
gation time. Measuring these densities, e.g.,
from the acoustic peaks of the CMB, allows
one to calibrate this standard ruler.
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We Rinow

Dark matter Ls ...

cold (nown-relativistic)

22 % of the Universe

nown-ba Y ONLE

wearly tnteracting (collistonless)

C. Balazs, Argonne National Laboratory

Supersymmetric dark matter

Aspen, February 17, 2006  4/40



Cola

— Galactic structure requires cold dark matter

® CDM collapses first, attracting wmatter Later

- TTI'II'| ¥ T ]ITI'I'I'I T L II'!I'II L T Il'IIIII T T 'I'IIIIII

E 0.1 |
= HDM
©
=
ad
3]
= 0.01
2 4 Intergalacticfgas clumping
W i
E -Gmwtatn.:na[i lensing
] .

el @ SDSS galaxy clustering

# Cluster abundance
i
0.0001 ® Cosmic Migrowave Background

|

10 100 1000 10000 108
Scale (millions of lightyears)

Maroto,Ramirez astro-ph/0409280

C. Balazs, Argonne National Laboratory Supersymmetric dark matter Aspen, February 17,2006  5/40



22 %

— E balance a 'la FrRW: % = O+ QA + Q. po=3H2/28G4, Hy=FLE4RM/S/Mpe

3 T T T ] ' T T v ] I ] ] )
' No Big Bang
2 -
Supernovae
1
Q_-‘\ " ~
' CcCMB
0 L -‘-.
Clusters CJE,',‘.C
% T
4 i i
3
1 i i i 1 |
8] 1 2 3

® SNe, WMAP,SDSS: (), =0.27F0.04 O\ =0.72+0.04 )y =1.02+0.02
® direct, independent, precise, consistent observations — robust result

C. Balazs, Argonne National Laboratory Supersymmetric dark matter Aspen, February 17,2006  6/40



Now—ba@w\fw

— Matter content: Q=0+ Qo + )+ Onp with ), (), < 0.015

Baryon density € h2

0.005 0.01 0.02 0.03
:

0.25

0.24 T T T e

RRETUTRNNRR S

0.23

0.22

10—3 |

10—4

|

10—3

109

TLi/H |

(%)
T
1

10—10

4 PDRBR 2005

2 3 R 5 6 7 8 9 10
Baryon-to-photon ratio n,

® BBRNECMB, cosmic concordance: by = 0.044 =0.004= Q= 0.22F0.04
® new form of matter: non-baryonie, stable

—
III|

C. Balazs, Argonne National Laboratory Supersymmetric dark matter Aspen, February 17,2006  7/40



wWea l@Lg lnteracting

— Gravitational lensing — mass dist'w of CLOO24 +1e54 galaxy cluster

http://www.bell-Labs.com/news/1997/ january/15/1. html

C. Balazs, Argonne National Laboratory Supersymmetric dark matter Aspen, February 17,2006  8/40



wWe don't kRmnow

Does Lt exist?

How to d’wec‘ctg detect/create Lt?

why ls it 22 % (now)?

what Ls [t?

C. Balazs, Argonne National Laboratory

Supersymmetric dark matter

Aspen, February 17, 2006  9/40



Open guestions

Matter: 27%, of which: Baryons: < 5%, Neutrinos: <0.5%
¢Energy: 73%
® Dark energy and dark matter have both a common origin or are
they two completely unrelated phenomena ?

® Is each of them describable as classical (gravitational) or as
guantum mechanical phenomenon ?

® Cold dark matter is well detected gravitationally: but does it
have other interactions, in particular an electro-weak coupling
to ordinary matter?

® If it has electro-weak properties, how can it be so (very)
massive and so stable as to have survived without decay for at
least 13.7 billion years ?

Bellettini March 06 Slide# : 10



Origin of dark matter

This has been the Wild, Wild West of particle physics: axions, warm
gravitinos, neutralinos, Kaluza-Klein particles, Q balls, wimpzillas,
superWIMPs, self-interacting particles, self-annihilating particles, fuzzy
dark matter,...

Masses and interaction strengths span many orders of magnitude, but in
all cases we expect new particles with electroweak symmetry breaking,

Particle physics provides an attractive solution to CDM: long lived or
stable neutral particles:

¢Neutrino (but mass ™~ 30 eV )
¢Axion (mass ~ 10 eV)
¢SUSY Neutralino (mass > 50 GeV)

Axion and SUSY neutralino are the most promising particle dark matter
candidates, but they both await to be discovered !

Bellettini March 06 Slide# : 12



Dark Matter and
Dark Energy:
Introverted?

ordinary
matter

Standard Model



Dark Matter and
Dark Energy:

i evolution?
Interactive? perturbations?
mass-varying neutrinos?
variable constants?
5% forces? /
) / variable-mass particles?
ordinary Chaplygin gas?
matter <-— gravity
\ », = scattering?
‘. " oL . ?
Weak int? i annihilation?
(wimps) N
anomalies? *hP v
Standard Model (axions) T e e

baryogenesis?



Complementary search approaches

Hunt for dark matter in the dark needs a set of different weapons, in an integrated way

Indirect searches
gamma-rays etc. on satellite

Direct searches in

underground labs



http://lwww.lsst.org



GLAST is a NASA Mission

»Launch: September 2007
»Lifetime: 5-years (10-years goal)
»Orbit: 565 km, circular
»Inclination: 28.5°

Large Area Telescope (LAT)
20 MeV - 300 GeV

Observing modes:
»All sky survey

A \\% ; WA v »>pointed observations
S e 35y B Re-pointing Capabilities:
B >
v »Autonomous

>rapid slew speed (75° in <10 minutes)

3 ‘:;'\‘_ |,;"__“ _.
R !""

GLAST Burst Momtvaw.L SBM)
5 keV - 25 MeV VR




The Universe and the Laboratory:

complementary approaches
.. ‘\\ \ \ i\

Surveillance Interrogation
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