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Relative Observed Flux

2000 4000 6000
Restframe Wavelength (R)

Redshifts
to galaxies

Hubble law

H,d=2zCc=vV
for z<<l
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Velocity [km/sec)

- HST (1999)
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Dominated by
systematic errors! 7< 0.1
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The Accelerating
Universe
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as measured

Mp - 5 log(h/65)

light-curve timescale ]
“stretch-factor” corrected -

Mp - 5 log(h/65)

Kim, et al. (1997)

Supernovae la
Lightcurves

&
Stretch-factor

SNIla as
Standard
Candles



Riess et al. (2004)
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Normal Matter

d(pV)+ pdV =TdS=0

Vacuum Energy
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The Aging
Universe




If the universe Is expanding,
necessarily it must have been
denser and hotter In the past

Tracing the past history of the
universe, we reach the realm
of high energy physics and
particle accelerators




T(2) =Ty(1+2)
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Quantum
Fluctuations

_ inflation _CMB _
tiny fraction - Anisotropies
of a second
Structure
380,000 Formation
years

13.7\:
billion
years




Inflationary Paradigm

« Why Is the Universe homogeneous on
large scales?

« What is the origin of the fluctuations that
gave
rise to galaxies and other large structures?
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within the horizon

Metric
perturbations




Scale Invariant Spectrum
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Enters horizon

Metric \

Perturbation

AlLla
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Exits horizon

Inflation Radiation Matter




After Inflation

A\

Outside Enters the Inside
Horizon Horizon Horizon
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Crossing
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Discovery of CMB

Arno Penzias
Robert Wilson
(1965)

IBlackbody Spectrum
e T=3K

Jt’ n u
very isotropic
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Intensity [MJy/sr]

400

300

200

100

2

Wavelength [mm]
1 0.67 0.5

FIRAS data with 400G errorbars
2.725 K Blackbody

T.s = 2.725+ 0.002K

10 15 20
V [/em]



Temperature
Anisotroples




T = 2.728 K

AT = 2,293 mK

COBE 4-year
Measurements
(1992-1996)

First
Measurements
Temperature
Anisotropies
(1992)
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Best fit
to all
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Rate of expansion H, =71+ 3km/s/Mpc

Age of the Universe t, =13.7+£0.2 Gyr
Spatial Curvature Q. <0.02 (95% c.l.)
Cosmological Constant Q,=0.73£0.04
Dark Matter Q,, =0.23+£0.04
Baryon Density Q. =0.044+0.004
Neutrino Density Q, <0.0076 (95% c.l.)
Spectral Amplitude A, =0.833+0.085
Spectral tilt n, =0.93+0.03

Tensor-scalar ratio r<0.71 (95% c.l.)
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Structure
Formation







Gaussian Random Field




Density Contrast Thresholds




CMB Anisotropies

Dark ages

First stars

Galaxies & Quasars

Clusters & Supercluster




Large Scale
Structure
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2dF Galaxy Redshift Survey
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Numerical
Simulations

(beyond pert. Theory)
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Large Scale
Structure
Simulations
(1996)

The VIRGO Collaboration 1996
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Dark
Matter




J..:m m.ﬂm smouy Apoqou Inq
wq% ‘seapl poob jo s107

souljelnau
suoixe
souLInau

Jbueg big ay1 woij sspiued dijoy

¢59|04 >e|d

¢ . SHEMp UMo.q, B)e ‘Siels pajie

;Swue|d

Jdaneuw yyaep ayl si1leymm







seb Jo siels
Jo AN20[2A UOlleloY




seb 10 sIels
JO AN20[3A UOlleloY







235 0] papadxa am Jeym




L[S

mes Ajjenioe am 1eypn




aAeY Salxejen)




SAIND UOIEIO EEN - -

(ochy) oL ce

=
—

YSIP SNOoUIWN| % |
sl g
pajoadxs %

ﬂ_m_.___r_mmn__u
(s/uny) A




I:ﬂ:] Rotation Curves of Galaxios

. 1 Rotation curves
% aane of galaxies
o £zdark ~ 10 Qstars
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Inflation radiation matter




cosmic coincidence?
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From
Concordance
o
Standard Model




€2 COSMOLOGICAL CONSTANT

New preferred model

Range of
Supernova
data

Old standard
model

Steady Expansion \

Constant
expansion

Asymptote to
Einstein's original
static model

gy

Range of
microwave <
&, 8
bacl;g:gund O@é’ %
Range ?
of cluster
data

Recollapse

@
&

Q2 MATTER

cosmic
Data
0 (1999)



vacuum energy density

{cosmological constant)

No Big Bang

Supernovae

Clusters

N

0

1 2

mass density

3

THE
CONCORDANCE
MODEL
(2001)



Supernova Cosmology Project
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No Big Bang

Age Universe

Supernovae
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STANDARD

. COSMOLOGICAL

MODEL (2003)

Q, =0.27+0.04
Q, =0.73+ 0.04

Q, =1.02+0.02
Q. =0.044+0.004

H, =71+ 3km/s/Mpc
t,=13.6£ 0.2 Gyr
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The Global
structure of
the universe
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Conclusions




« Dark matter is here to stay.
It could open the door to a new type
of particle species (e.g. susy)

« Some kind of dark energy or “smooth tensio
IS responsible for the acceleration of the
Universe. We have no idea of what it is

« We may measure our Local Universe but
we Iignore its Global Structure




The microwave background anisotropies
contain a huge amount of information

on the cosmological parameters,

with very small systematic errors

«The Standard Cosmological Model,

with errors of 1%, has two unsolved

fundamental problems: the nature of
dark matter and the dark energy










Addendum




Friedmann equations

Al 8nG A K
iy PT— 2
A 3 3 a
a 4nG A\
— = + 3p) +—
o (p+3p) 3

Equation of state of matter

p(t) =wp(t)




Spatial curvature

Closed Flat Open




Friedmann equation

1,..GM__K
2 a 2

4

-3

M 0 a’

K =0 escape velocity
K >0 recollapse

K <0 expand forever




Friedmann equation

. GM A
a=-——+—a

SN

Matter attraction Cosmic repulsion




Friedmann equation

repulsion @ late times

attraction @ early times




Cosmological Parameters

Rate of Expansion (Hubble)

.

H,” =9.773h™ Gyr time

cH,” =3000h™ Mpc  distance




Critical density (K=0)

3H°
L) = L
pc( O) 81'[G

=1.88 h* 10 g/cn’

=2.77 h™ 10" M, /(h"Mpc)°

=11.26 h* protons/m




Density parameter

8 G

Qo = 3H 2 p(to) __(to)

Q,=Q,+Q, +Q, Friedmann Eq.

Pr _ Pu
Q. =1k Q, =¥
5, () o ¢y

A\ - K
2 Qu =—=5—
3H ayH;




G0="H

“Lolsuedx3

9'0=""H

20=""H

osde|0ded

80=""H

S0



H,

~—

0

Co

PpPppE

Rate of expansion

Age of the Universe

Acceleration Parameter

Spatial Curvature
Dark Matter

Cosmological Constant

Baryon Density

Neutrino Density




