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Where we are




Today’s Cosmology

based upon precision measurements

* From lumpy quark soup to nuclei’and atoms to
galaxies and large-scale structure

 Flat, accelerating Universe
* Atoms, exotic dar@atter & dark energy

-

 Consistent with inflation * - mm

* Precision cosmo parameters#*_ . s
—Q, =1.005 £ 0,006 (unciryed) St

—Q = 0.273 + 0.014

—Qg = 0.046 + 0.0016 Consistent with

_H, = 70.4 + 1.3 km/s/Mpc all data,

—t, =13.75 £ 0.11 Gyr laboratory and =
—N,=4.34£0.9 cosmological! ¢
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Star formation
peaked 13 billion years ago, almost done
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Ly at z = 8.555
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380,000 yrs

iverse Circa

0.001% Fluctuat
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Curve = concordance cosmology

WMAP 7yr §
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Fig. 13— Brcer's TE, EE, and BS power SE(l[a complement existing data from otber CMB polarzation experiments (Leitch et al. 2005, Montroy et al
2006; Piacenting et al. 2006; Sievers et al. 2007 Wha et al 2007; Bischoff et al EZIII'E M:ul:a et al 2009 Brownetal 20090, Theomtical specira from a 'LC“]ZIM
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WMAP 7yr § 1
ACBAR i 1
QuaD § 1

Neutrinos
contribute a
few 0.1%

Number relative to H

VS.
3/SDSS
).13 £ 0.005

vy _uisSCrepancy




18 December 1998

Science

Vol. 282 No. 5397
Pages 2141-2336 57
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33 nearby (JRKO7)

103 SDSS-II (this paper)
56 ESSENCE (WV07)
62 SNLS (Astier06)

34 HST (Riess07)
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Consistent with
all observations:

Q,=0.71+0.02

"




Where We Are Today

Dark Energy:
Qpe=0.76 £ 0.02
w =-0.94+£0.1]
(£ 0.1 sys)

Looks just like
vacuum energy

LA £
[ B A B

0.0 0.1




How we got here




1916-1918: General Relativity & A




Distance (parsecs)
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Gamow'’s Hot Big Bang
“alpher, bethe, gamow,” 1948 %;. GEORGE GAMOW

Authas of Oan Twa Thiea...Infinity

The CREATION of the

& dromotic, luod mepesataa of tha soiging ol galaslss. sinm
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| andau on

Cosmologists

Ofteﬁ In-Error,
N-ever In Doubt!




Cosmology: The Search for
Two Numbers: H, & q,
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Discovery of CosmiciViie
Background, 1964




From the Big Bang to Us
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1980s: The Go Go Junk Bond Days
of Early Universe Cosmology

“Creativity Based”
* Inflation
« Cosmic Strings
 Baryogenesis
~ « Magnetic
Monopoles

Phase Transitions

Hot and Cold Dark
Matter

Decaying Particles
* Kaluza-Klein




Two Reallv Important Ideas
M\ : the cosmos

bhts for

Neutrinos |g
contribute a
few 0.1%

) dark
ogether
articles




1990s: Data-driven Cosmology
insights on the early and late Universe

COBE! and CMB experiments _
Redshift surveys#efA,IRAS, 2dF, SDSS)
Large-scale velocity field mfas_urements

.

Gravitational lensing L YN

. / . .
Big telescopes (Keck, ...) with CD
cameras | e

HST, X-ray, gamma-ray, IR, ..




1992 COBE
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MEROWNE Ecito

TEMPEIUNE VAMATIEN & 30
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LUM P NS THAT SSEDED
STheune (STAPs,

GALKAES, cuisTtens of
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RN .
bl “Fisher Based”
ot ¢+ Cosmological

Dodelson

* parameters
Ies.ts of inflation, CDM

o Correlatlng large,
" 'complex data sets
« C gical
C y
* Ph parameters
(e.g., neutrino mass)




Our great progress has
illuminated more clearly
oug ighorance




. Terra
Gravity Epoch 4" Incognita
Y 90,0 & e
*‘;f** :" exciting ideas
@. 3z Inflation,
@ ¢ c s Q .
G Q ¢ e’;\ | multiverse,
| | !

Well understood:
0.000001 sec to
400,000 yrs

Story to be
revealed by
new

telescopes




Big Questions

("Astrophysical” cosmology — from lumpy atoms to
the first stars and galaxies)

Precision testing of inflation — toward a fundamental
model or new pargdigm. " |

Dark Matter: test WIMP™ hypothe3|s finish the
neutrino story, and don’t-forget the axion!

Baryon asymmetry — relateq fordark matter?
Dark energy/cosmic acceleration
— Vacuum energy? GR correct?

The mix — photons, neutrinos, dark matter,
dark energy, and more? \Who that?

The Multiverse$!'# -- the heada nd the hope
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Rests upon three myste! pillars

All implicate new physics!




The path forward

~




The Dark Matter Decade

* Hints (and distractions) in the air:
Pamela, Fermi- Haze WMAP Haze,
ATIC, CDMM

* New capabilities: LHC Xenon100

Fermi, ... ts

* Prediction: The WIMP/ lino
hypothesis will be teste ecade!




Full Court Press!!
* Produce at LHC
 Detect particles in our halo

» Detect annihilation products
e Dark Stars




Dark Matter annihilating in our
halo produces positrons,
neutrinos and gamma rays

lceCubel
ke

1.5 kilometers

2.5 kilometers




Serious testing of
Inflation has bequn

' 4

 Flat Umvers* X - &
Imost scale-fivariant,.Gaussian perturbations:
|(n-1)]~ 0.1 and |drr£d|'r'1k| 0.001

.
~ Gravity waves: spectrum but not amplitude
Cold Dark Matter Scenario

+ Q,=1.00 +0.006
 (n-1)=-0.04 £ 0.014%; dn/dl

robust evidence for nonGauss
* r<0.2(95% cl)*

*Depends significantly upon the priors assumed




2 x 1073 sec

JT/S

= 3x10%GeV (T/S)Y* §

H' =

1.657T (1 — 1.2n7);

= 5.01v/—nr (Vso/mp1);
Vo = 4m[(n—1) = 3ng] (Vso/me®).

Spethunl MIUVIUCS LUI ISISLS UK. T/S=-5n-|-
Direct detection: !
— LIGO & LISA unlikely; "Big Bang rver’ (a dream)

B mode of CMB polarization
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CMB

Anisotropy 00

from Gravity
WEVER

2. lensing

¢ Q0 = GW temp

 EE = E mode
(scalar)

* g lensing: grav

lensing of EE

3
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Gop,

17 :
- BB/g waves = ois
g ! | |||I||| Im\(}‘apllllll |
100

g. waves

T I1I|Il| I TTH I|I| I Illlllll

GW B-mode 10
e Detect T/S > |
0.0017?

1000




« Successful Launch: 14 May 2009
* Coolest thing In space (93 mK)
* Q,, n-1, dn/dink, Gaussianity, B-mode polarlzatlon’? :

Switch-on 4 & and 01K
coslers to hull amplituds

20 K stage — 1.6 K stage

V-groove 3 . 0.1 K stage




Coming Soon: Planck Surveyor Launch 2008
Cosmic Variance Limited to | ~ 2500 (vs
WMAP to | ~ 1000) + polarization




Many, many more experiments on the
ground and in balloons chasing “the
wild goose™ of B-modes:
SPT-pol, QUIET, SPIDER, BICEPZ2,
KECK Array,PolarBear, ACTpol, CMB-




18 December 1998

Science

Vol. 282 No. 5397
Pages 2141-2336 57




DARK ENERGY
MAY BE THE MoST

PROFOUND PRoRLEM
IN ALL OF SUENE TcDAY




Youbetcha Katie,
| believe in Dark
Energy — we can
see it from
Alaskal!
\




Does Dark Energy change with time
(i.e., is dark @hergy vacuum energy)?

B Pa C A~ ce -l-
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going beyond Gene lativity?




Dark Energy Survey




0517-5430 0547-5345 0509-5342 052B-5300

D—-D First Results from the
= South Pole Telescope




RS >LEST, . &
P/ACT/SPTRIE .~ =
ke many other ~ ~




The stakes are very high

Goal: Und&star{d matter, energy,

space-and time-and thé complete
history of the*Universe
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Lots of data
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ivil .g PieCesS/SUrprise

Gravity waves (CMB; LIGO/VIRGO, LISA)
Non-flat Universe (probe to 0.1%)

w # -1,.const (grobe tQ fe\fv%) :

varying constants "« :
tilted universe ]
No dark mattef

No dark energy

.. almost certainly a surprise ahead







Birther: A conspiracy theorist who believes that Barack
# Obama is ineligible for the Presidency of the United
States, based on any number of claims related to his
place of birth, birth certificate, favorite birthday, or
whether or not he has heard the song Africa by Toto.
Birthers also believe cosmic acceleration is part of the
Very same conspiracy.




Beyond 2030: A Dark
Future?

~

& ....‘ : -
NO surprises, no,answers, ...

The Universe is a ve big,
often beyond the r our
ideas and instru .
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0.5 photons per sec!

Most Distant Galaxy:

Redshift 8.6
Universe 9.6x smaller
and only 600 Myr old
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DAArm A~
LUV U

 Circa 1920s

 Circa 1930 ‘tO 1960

. Circa 1970s ..

* Circa 1990s
(recession)
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Now we have two puzzles:

Why does rg)thing, weighs so little?
. &‘ . .

What is dark ‘erergy?

Puzzles could be relat.nrelated!




Where We Are Today

Dark Enerqgy:  jildassssasssmsiszg======"
Qpe=0.76 £ 0.02
w =-0.94+0.1
(£ 0.1 sys)

¢ S / . I N
||||||.||.’||':1||1r|‘1'1|.t’;|1n’|1'1|||h;kl.|

00 01 02 03
QM




Precision Cosmology Indeed!

WMAP ?yr ¥ E
ACBAR i

QuaD & :

h = Hy/100 km/s/Mpc ~ 0.7

V A

1000 1500 2000

CMB (first to second peak)
Q,.h?=0.0225 £ 0.0006
VS.

BBN (Deuterium)
Q. h?=0.021 £ 0.001
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Imbpressive achievemen
PI WSl VW GAWIII WY Wililiwiil

Golden Age?
If we can answer the big
guestions- -

'« &

. Dark Matter- -what i& it?:

* Dark Energy: ##77! Y
* Origin of ordinary mat yons)?
* Inflation: how did the rse begin?




Back to 1980s &
Motivations for Inflation

~

: . B
i e

By
-




andard Hot

osmology

Big-bang nucle&synthe&s ’

Expansion of the Universe.
Cosmic Microwave Bab‘t(grqund (CMB)
Structure formation by gravi

Tested account from Qua (10~
sec) on to the present







SPACE-TIME GEOMETRY
ovr tnirtial f 2
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Key Elements of Inflation

* Period of exponential expansion (constant
Hubble Coastant .and horizon size)

* Tremendous entropy productlon (called
reheanng)  §i e e

'l!
/

=> Greatly reduce dependen' initial data




Inflation Implemented as
Scalar-field Dynamics

I
""E*si‘:t..? pv A
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A: Pccelerated Exfansiom 2: Endropy Prodeot
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Quantum Fluctuations Seed
Density Perturbations

2 L\GRT Yes

QUANIUM Aveuxion L%I:"\&n oD

ON SUBMIOME SCALE

p. ON
MW&W SCKIE




Given scalar
potential V(¢), = g ,\,,,T_
can compute A

5 7L
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and V” S 22Vl T'z op) Ve

V7V
wou\d M&c’ &_.), Ss" to 31.\¢ hm‘
‘m].’bm LscbkwaWT ¥ sw\oa“

4 (.wftc"\ i,

n= 1 1*51.) #u‘g&v) “«’O’ﬁ%v)

~(0.03-0.0L
\Mauccrru.:)’ 18 (03 ) SI e .

“Ygni m-w Xl ) &l Yo ey’

ﬁ(o

NB: n=-1T <O
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Wha

Paradigm, no standard model, many
viable models (new, chaotic, ...)

-

2. Three key @dictiorjs ) :
Flat Universe: -Q, = 1.0000
Almost scale-invariant atliabatic, almost
power-law;"Gaussian adiabatic fluctuations

In-1] ~ 0.1, {dn/dInk| ~ 10-3
Almost scale-invariant sp
gravitational waves
ny ~0to-0.1 (i.e., negative)
3. Consistency relation: T/S =-5n;
« Unfortunately, T/S not related to n




Important Facts About
Inflation, cont’d

. Measuring GWs immediately gives
scale of inflation!+ ' , -~

2 x 1079 sec
JT/S
V4 = 3 %10 GeV (T/S)Y*

. But, norobust predicti T/S (=r)

. Most important idea | ology
since hot big bang

H' =




Favored

Region -~

R
v

- T/S>0.001ifn>0.9?
"~ Hoffman/Turner, PRD 64, 02350 (2001)

| |
0.8 0.9

Ngg







The Largest Things In the Universe
Began from Subatomic Quantum




Quantum World Projected Across the
Sky by the Expansion of the Universe

@~

G— < ONE billionth the size >
of a proton




Inflation:
The Challenges Ahead

|. Observational = precision testing: plenty
of Mom to'falsify!

"R Y o
" -
"

/

ll. Foundational — concept aboratory
evidence




Prediction:

Measure and Q, to £0.001 = 1.0000
Measure n-1 to + _®01 v/ L =0(0.1)
Detect dn/dink - 4 a »+0(0.001)

Gaussianity to O(1) > © & fy, ~ O(0:1)

/

Detection of GW:"0:001 = 7

— CMB B mode polarization
— direct detection

Measure n; 1/S = -5n;7?
— CMB B-mode or CMB + direct detection
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19/26 December 2002 l International weekly journal of science D | f C M B
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Kovac et al, Nature 420,
772 (2002
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Even if
successful,
inflation has

1mportant
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No fundamental theory
— “Landau-Ginzburg stage” — is there a BCS theory?

Does not address initial singularity

— geodesically ino§gnplete .

Does not address cosmologleal constant problem
Like “ducttape”, very Gs&flhout .

— Only postpones appearance of m'nomogenelty
— not all initial conditions-inflate

Quantum unpredictability & flation
— Anything that can happen do s many times
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(>~ ~la ~r  pd
J L

' o | V a (2 W a k
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No fundamental theory
— “Landau-Ginzburg stage” — is there a BCS theory?

Does not address initial singularity

— geodesically ino§gnplete .

Does not address cosmologleal constant problem
Like “ducttape”, very Gs&flhout .

— Only postpones appearance of m'nomogenelty
— not all initial conditions-inflate

Quantum unpredictability & flation
— Anything that can happen do s many times




The specter of the multiverse:




Llhmn Alralal)
uice CIireic

“Believe in BBN (&CMB)” because of
laboratory measrements (nuclei, nuclear
physics cross sections,,efc)_

Close the circle on darkiniatter: produce
at LHC, directly detect halo Ps, detect

annihilation products
* Inflation: ?7? (produce infla




)
N ‘ ime to be
B T salfie ideas

W% Ekpyrotic (brane-collisions s

collapserathemnd

NB: solve horizon problé
sign, positive o\r‘negativ_

* Cyclic (multipl ':‘;f ,
* Variable speed Ofligh
* Pre big bang '™

No well developed competitor fo tion yet
Potential signatures: nonGaussianltMtection of
gravity waves (anti-sighatdre)

| T

4




itEPd]’ H‘l

D)’NAM\UH "
BALANCGE
BetweeN

PA\ONATE
TheolenuL
SPEWLATION

p?l!l“({ PHY

Theorists needed!




Time to be bold again!
some ideas

Ekpyrotic (brane-collisions, sl ow

c ollap s e ratherthan rapid expansion

NB: solve horizon problem by d%a/dt? and da/dt having same
sign, positive or negative

Cyclic (multiple 8@ne colhsmns)

Variable speed-of Ilght’?’? -

Pre big bang L

‘i
/

No well developed competit flation yet

Potential signatures: .nonGau detection of
gravity waves (anti re)




neat & tidy!

... but Einstein’s &

theory does not
incorporate
quantum
mechanics.
... and the
conditions at
the beginning
are precisely
where quantum
effects should
be critical!

A v
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