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Abstract: | first summarize how the recent avalanche of precision measurements involving the cosmic microwave background, galaxy clustering, the
Lyman alpha forest, gravitationa lensing, supernovae la and other tools probes has transformed our understanding of our universe. | then discuss
key open problems such as the nature of dark matter, dark energy and the early universe.
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New cosmic maps & measurements







What have
we learned?
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Brief History of
our Universe
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To Oth order:
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Fluctuation generator To 1st order:
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Measuring
Expansion:
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What we’ve learned about H(z) from
SN Ia, CMB BAO BBN, etc:
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Riess et al, astro-ph/0611572
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| st order:

measuring
clustering
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Current power spectrum P(k) [(h~' Mpc)3]
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Wavelength A [h-1 Mpc]
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Wavelength A [h-1 Mpec]
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Angular wavelength in degrees
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Angular wavelength in degrees
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Wavelength A [h-1 Mpc]
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Angular wavelength in degrees
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Wavelength A [h-1 Mpec]
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Wavelength A [h-1 Mpe]
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Wavelength A [h-1 Mpe]
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WHAT YOU SEE:
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(Based on compilation by Michael Vogeley)
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Current power spectrum P(k) [(h~' Mpc)3]
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But the best 1s
yet to come...

Precision, 21cm tomography, ...




Our observable
universe




Summary:
WHAT DO WE

REALLY KNOW?




Evidence for Big Bang:

e Observed galaxy recession (Hubble’s law)

e Existence of CMB
e Correct predictions of big bang nucleosynthesis

e Darkness of night sky! (Olber)

Plenty enough bang

for most people to

 Distant objects look younger g
= call “big” ...

Evidence for what, exactly?

Our entire observable universe was once as hot as the core of the

Sun, doubling its size in a under a second.

* Not evidence for a singularity
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Cosmological
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Using

WMAP3 +
SDSS LRGs:

Parameter | Value

B Ordinary Matter
B Dark Enercy

B Cold Dark Matter
B Hot Dark Matter
M Photons

B Budget Deficit

75% DARK
ENERGY,

21% COLD
DARK MATTER

4% ORDINARY
MATTER

Matter budget parameters:

Qiot
Qp

+0.010
1003 o

4+0.017
0-76%_g.018
+0.0007
0.0222_ 5 0007
5+0.0041

—0.0040
< 0.010 (95%)

L. +0.087
maart o

0.105

Total density/critical density
Dark energy density parameter
Baryon density

Cold dark matter density

Massive neutrino density

Dark energy equation of state

Seed fluctuation parameters:

D—E—U.U45
—0.044

< 0.30 (95%)

1+0.016

0.953_g 016
+0.0096
0.9861_ 4' 0142

_D.0g0+9-027

N My~

0.69

Scalar fluctuation amplitude

Tensor-to-scalar ratio

Scalar spectral index

M
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No strong evidence against “vanilla™:

Parameter

Value

Meaning

Matter budget parameters:

Qiot
27
“d
“b
e 7

w

1
40.019
0.755_g.021

+0.0045
D aeest

40.0007
0.0222_ 6.0007

0
-1

Baryon density

Dark matter density

Total density /critical density

Dark energy density parameter

Massive neutrino density

Dark energy equation of state

Seed fluctuation parameters:

r'
As 0693iggig Scalar fluctuation amplitude
' i 0 Tensor-to-scalar ratio |
ng D.953i‘g'gig Scalar spectral index \_
S |
Bid 0—7‘150(;!‘1 Tensor spectral index Page 74/118
1 ~ 1 () l Rivmmi1mn o ot crmacrtrr=a ]l 1190 o




fraction
of a second

Cosmic history parameters:

CMB
last scattering

~2ug million

years

rENa : .'
o present
'-, “ ‘ day
430 -
L] R

‘ .

trec
tion

Leysz 07020011

4

+105
—102

=+0.93
1090.23__0'91

+2.2
S oy
+0.059
—0.059

3057

0.855

0.063410-0045 ;.

—0.0041

0.385610-0040 o,

—0.0040 -

+0.20
3_0‘10 Gyr

6.741 020 Cyr

= W | 'Tﬂ—l_[]'l'ﬁ F o, R

0.4

Matter-radiation Equality redshift
Recombination redshift
Reionization redshift (abrupt)
Acceleration redshift
Matter-radiation Equality time
Recombination time

Reionization time

Acceleration time

F SRR it Rl e e g e ey e ey
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fraction
of a second

Cosmic history parameters:

] . : .-
e present
_’-, “ ‘, day
430 ‘ LBy -
L B N

_ CMB
last scattering

~28Q, million

years

‘ =

Zeq 3[]571_:;%3 Matter-radiation Equality redshift

Zrec lDQU.ZEig:g? Recombination redshift

e ll.l_'_l_%'lz? Reionization redshift (abrupt)

Zacc U.Sﬁﬁfg:ggg Acceleration redshift

teq 0.0634t8:ggiﬁ Myr Matter-radiation Equality time

trec U.BSSGtB:gBig Myr Recombination time

tion 0431_%218 Gyr Reionization time

£ pusz 07020011 674__+_00:"2)i Gyr Acceleration time Page 76/118
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Other popular parameters (determined by those above):

M,

A 002

.002
-3

CI;_irg: TQ%S

10.019
0.730 _g 019

+0.018
239" 0 oz
....+0.0019
- OSIS - 00018
o} 0.016
0.1977 "ooc

< 0.024 (95%)

B +0.0095
0.0030__g 0102

4+0.0044
—0.0043

< 0.090 (95%)
< 0.21 (95%)

0.1272

< 0.94 (95%) eV

+0.042
oM 9.0a5

< 0.33 (95%)

+0.035
0.756" .

4+0.024
0.5 000

Hubble parameter

Matter density/critic al density

Baryvon density/critical density
CDM density /critical density

Neutrino density /critical density

Spatial curvature
Matter density

Dark matter neutrino fraction
l'ensor fluctuation amplitude
Sum of neutrino masses

WNMNAPS3 normalization parameter
T'ensor-to-scalar ratio (WMAP3)
Density fluctuation amplitude

Velocity fluctuation amplit¥idé&




Fundamental parameters (independent of observing epoch):

+0.051
—0.053

+3.7 —61
1.37 oo X10

sa 111 —123
1.-—&8_0-11 * 16 PP1

2y —123

1.945 x10—2

+0.11 5,
3267 o3 o

g—l—{].(}lS
—0.018

2.697 010 eV

< 0.26 (95%) eV
+0.20 —10
6.067" 1o %10

+135
Ly e

+0.024
0-561_¢.023

0.56 eV

x«10—3

Primordial fluctuation amplitude
Dimensionless spatial curvature [110]
Dark energy density

Halo formation density

Matter mass per photon

Baryvon mass per photon

CDM mass per photon

Neutrino mass per photon

Baryon/photon ratio

Expansion during matter domination

Seed amplitude on galaxy scale

Pirsa: 07020011
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Other popular parameters (determined by those above):

M,

A 002

.002
=N

I!':I;_irg: ?2%6

10.019
0.730 _g 019

+0.018
D29 0 087

+0.0019
cenis’ o

+0.016
0.1977 "ooc

< 0.024 (95%)

B 40.0095
9.0030_ g 9102

4+0.0044
—0.0043

< 0.090 (95%)
< 0.21 (95%)

< 0.94 (95%) eV

+0.042
L e

< 0.33 (95%)

+0.035
0.756]" ..

4+0.024
e S8

0.1272

Hubble parameter

Matter density/critic al density

Baryon density/critical density
CDM density /critical density

Neutrino density /critical density

Spatial curvature
Matter density

Dark matter neutrino fraction
l'ensor fluctuation amplitude
Sum of neutrino masses

WNMAP3 normalization parameter
T'ensor-to-scalar ratio (WMAP3)
Density fluctuation amplitude

Velocity fluctuation amplit¥idé




Fundamental parameters (independent of observing epoch):

Iy Jary
[

I
3

- 10.051 =
1.9457 22 x10
1.3411:3 x 1061

+0.11 —123
1.-—18_0-11 x 10 PP1

+1.2 —123
3.2610-11 _,

—8. X1

g—l—{].UIS
—0.018

2.697 010 eV

< 0.26 (95%) eV
+0.20 ="

6.067 "7 Xx10
+135

WTTT o

+0.024
0-561_¢.023

0.56 eV

x10—3

Primordial fluctuation amplitude
Dimensionless spatial curvature [110]
Dark energy density

Halo formation density

Matter mass per photon

Baryvon mass per photon

CDM mass per photon

Neutrino mass per photon

Baryon/photon ratio

Expansion during matter domination

Seed amplitude on galaxy scale

Pirsa: 07020011
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Parameter | Meaming Llzasured valu=
/ = Wink conplites criwdnit ab Mz 0.6475
LN B Wetnbag angle 0.4208
7 5] O Strong coupling constant e 1.2
h p Quadratic Higps coeffidient ~ —10—23
Q 72 A Juartic Higgs coefficiant ~ 17
- ) e Electron Yukawa coupling 204 x 10—°
Q . '-m_" G Muon Yukawa coupling 0.000807
E }\ (8 Tauon Yukawa coupling 0.0102156233
: S Up quark Yukawa coupling 0.000016 4 0.000007
“ Q Ga Down quark Yukswa coupling 0.00003 £ 0.00002
h ) (8 Charm guark Yukawa coupling 0.0072 = D.00DB
& i &a Strang= quark Yukawa coupling 0.0006 + D.0002
) [ Top quark Yukawa coupling 1.002 +0.029
Q ..‘:—' &y Bottom goark Yukawa coupling 0.026 +0.003
— E sin f12 Quark CEM matrix angle 0.2243 &+ 0.0016
Q O-* =in fag Quark CKM matrix angle 0.0413 &= 0.0015
ﬁ sin By Quark CKM matrix angle 0.0037 £ 0.0005
813 QJuark CKM matrix phase 1.05+0.24
° fqed CP-viclating QCD vacuum phase < 109
E G, Electron peutrine Yukawa coupling = Lixig*"
G, Muon peutrino Yuksws coupling <1l1x10°%
Go Tau neutrino Yukawa coupling < 0.10
ﬁ \ MNeutrine mixing parameters
- ol 75 Dazk encxgy deamity (9.3 + 25) x 10—122
ﬂ >-‘ : ‘_:6 &h Baryon mass per photon gp/ri- (0.4940.03) x 10—
ﬁ Dﬁ Ed.__\ﬁ' = | & Cold dark matter mass per photon ge /m- (2.74+0:2) x 1028
O. ‘Q" Eu Mentrine mass per photon g, /n, = % Y ., < 089 % 107328
: "a" / g Scalar fluctuation amplitude §g on horizon (20+£02) x 105
“ (| g Scalar spectral index 0.98 +£0.02
~—— E Oiry Running of spectral index dng/dInk la] S 0.01
w g O‘Dj‘ ) < r Tensor-to-scalar ratio (Q:/Q)2 < 0.36
Pirsa: 0702001 Ionﬂf e Tensor spectral index Unconstrained Page 81/118
U fleot Spatial curvature 1.0l 10,02
i Tlark =2me=rer 21aticon of state e (08 Gk L T




How much dark matter 1s there?
0.04

0.03

0, /(1.8788x10726 kg/m?)
Baryon c};nsity W,

0.01

Dark matter density w, Page 82/118
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How much dark matter 1s there?

0.04

0.03

0, /(1.8788x10726 kg/m?)
Baryon cg:nsity W,

0.01

0 0.05 0.1 0.15 0.2
Dark matter density w, Page 83/118
e T O™ OO .16 T fan I



How much dark matter 1s there?

0.04

0.03

P, /(1.8788x1072¢ kg/m?)
Baryon t{:gansity W,

0.01

0 0.05 0.1 0.15 0.2
Dark matter density w, Page 84/118
e T O™TOO .. 1IN0 T fa I



Bullet Cluster, Clowe*gt al 2000, AgJ, 848, 1:409
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Neutrinos




Cosmological neutrino bounds
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Cosmological neutrino bounds
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Cosmological neutrino bounds
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o
o

o
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Neutrino fraction f,
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Cosmological neutrino bounds
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Cosmological neutrino bounds
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Inflation




How flat 1s space?
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How flat 1s space?
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How flat 1s space? €2, =1.003+0.010
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o
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Dark energy density (1,
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Tensor—to—scalar ratio r,,,
e
—

0.01

IIITII

IITI'I

Allowed

S (SO LT B (S

Inflation energy scale V!/4/10!® GeV

0.8 L 1.2 1.4
Scalar spectral index n,
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Tensor—to-scalar ratio r,
&
—

0.01

Planck + SDSS: An=0.008, Ar=0.012
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~ Ruled out by WMAP3
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Tensor—to-scalar ratio r,,
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ITHE FUTURE

It's tough to make predictions,
especially about the future.
Yoqi Berra




Cosmological
data %

75% DARK
ENERGY,

Cosmological
Parameters

| 4%ORDINARY  21% COLD

n, N Q, T/S

Pirsa: 07020011
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Cosmological
data %

75% DARK
ENERGY,

Cosmological
Parameters

S Ath
n, N Q, T/S

Fundamental

Pirsa: Of 20011

eory

4% ORDINARY
MATTER

9

21% COLD
DARK MATTER

Why these particular values?

Nature of dark matter?

Nature of dark energy?

Page 105/1
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Nature of early Universe?




DARK ENERGY SUMMARY:

Observation:

¢@ -  Still no observed departures from “vanilla™

#] goal 1s searching for any non-vanilla behavior
(density changing with time, clustering) (ne
mind w’ etc)

Theory:

# - Zillions of papers and models, wide open:

- cosmological constant + ground state density?
- evolving scalar field?
- modified gravity?

 The least unsuccessful solution to the coincidence problem

1s probably anthropic - but fails if O or dark matter density
variable
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DARK MATTER SUMMARY:

Observation:

Still no observed departures from “vanilla™ - observing this
would be sensational (non-vanilla fluctuation growth,
evidence of interaction)

Indirect detection possible from annihilation
Direct detection experiments may succeed
LHC may discover SUSY

Theory:

Zillions of papers and models, wide open:

- WIMP?

- axion?

- modified gravity??

Why 1s its density comparable to that for baryons?
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INFLATION SUMMARY:
Observation:
 Predictions of flatness and near-vanilla confirmed
« Still no observed departures from “vanilla™, 1.e.,

- departure from scale invariance

- gravitational waves

- non-Gaussianity

- 1socurvature
*  Sensitivity will continuing to improve dramatically
Theory:

«  Zilhions of papers and models, wide open. But essentially all
predict at least one kind of observable non-vanilla behavior.

« Inflation can be realized in string-theory landscape context

*  Open problem how to compute probabilities

Page 108/118



T.’a.hTE 1: Rough classification of inflation models.

Fluctuation Observable
generation Fluctuation Clock Inflation Inflation Gravitational HNon-scale Hon- Tzo-
Phﬂﬁ!‘ source evolution ending model wWaves invariance Gaussianity clirvatiire
Mainly Standard Clock field Classic + + - -
clock kinetic term Ocher Hybrid - - - T
field Other DEI — - — 4
Expansion dyvnamics Gheo=t - - — T
hMulti-field - - =7 £
Otcher VDR - - - T
Curvaton - + + 7
Contraction Ekpyvrotic - - - -
Pre-BEB -+ g T T
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RT

INFLATION SUMMARY:
Observation:
« Predictions of flatness and near-vanilla confirmed
« Still no observed departures from “vanilla™, 1.e.,

- departure from scale invariance

- gravitational waves

- non-Gaussianity

- 1socurvature
«  Sensitivity will continuing to improve dramatically
Theory:

«  Zilhions of papers and models, wide open. But essentially all
predict at least one kind of observable non-vanilla behavior.

« Inflation can be realized in string-theory landscape context

*  Open problem how to compute probabilities
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What we’ve learned about H(z) from
SN Ia, CMB BAO BBN, etc:

0
$&HHHETS ETKT > 108
Assumes k=0

£-50 r — | -
a2 \\\ SN [a+CMB+LSS constraints |
E = . Yun Wang & MT 2004, PRL 92, 241302
s Y \Rxx“xx .
£ . ]
Q -
= |

-100 -

1 | ]
-60 —40

0.6 0.8 1

Cosmic scale factor 3/5396112’118

04

Pirsa:

“anilla rules OK!
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What we’ve learned about H(z) from
SN Ia, CMB BAO BBN, etc:

0
-PREDIC‘I‘S a'm' 5 11:t~Iui
T Assumes k=0
£-50 - ———— ] .
i \ SN [a+CMB+LSS constraints |
g = . Yun Wang & MT 2004, PRL 92, 2413023
. |
E : ‘ |
a . _
- |
—-100
] | | ]
—80 —40

0.6 0.8 1

Cosmic scale factor 3/5396114’118
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What we’ve learned about H(z) from
SN Ia, CMB BAO BBN, etc:

PREDICTS ﬁ'r,f'r > 1u:u~Iui

Assumes k=0

/

ﬂ: _5[) I ! ] I T E T | |
_: | \ SN [a+CMB+LSS constraints
2 0 E . Yun Wang & MT 2004, PRL 92, 241302
= ¥ | N 1
: [ | \\\ -
Q - A 1
E = ‘\ -
-100

1. I‘I- ’-,(J‘J- Tl

Q.—.

-80 -40 — 20
lg a/a,

Manilla rules OK!

0.6 0.8 1
Cosmic scale factor a/&3% %'

0.4
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lensor—to-scalar ratio r g,

o
—

Planck + SDSS: An=0.008, Ar=0.012

Ruled out by WMAP3

q 2w

i W
L 3 &
PR g
=
‘x-.n"
|1 ]
I

i il

I

|

e | .1_

1.2 1.4

0.8
/ Scalar spectral index n,

n

.

(o]

0o
Inflation energy scale V/4/10!'¢ GeV
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What we’ve learned about H(z) from
SN Ia, CMB BAO BBN, etc:
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