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TThe Hot Big Bang Is. clearly right, but our understanding
IS Incomplete.

1. What is the Dark Matter?
2. What Is the Dark Energy?
3. What is the Inflaton?

VIV researeh has iocused onlloeking 1or answers, 1o
tnese guestions;

WIHATES NEWZ Sieday, my talk s albeut infiation
PEcCaUse our theorneticallideas are veing testead with new.
data released by the WIVIAR team! |ast month.




On: the role of observations

“Faith is a fine invention
When Gentlemen can see ---
But Microscopes are prudent
IR an Emergency

Emily: Dickinson, 1860




OUTLINE

. Puzzles Unresolved by Hot Big Bang cosmology
|. Resolution proposed by Inflationary Scenario

Il Theoretical Models: (i) tunneling (ii) rolling

V. Testable Predictions of Inflation

V. How do these predictions compare to data?

VI. What do data tell us about theory?




Outline

= \Why: Inflation?
= nilation Selves Cosmological Proklems
= heoretical Ideas inInfliation

= iesting Inflation
= [Fecus on Natural Inflation: theory and data




SUNMMAIRY:

1 |. The predictions of inflation are right:

1) the universe has a critical density

i) Gaussian perturbations

lii) superhorizon fluctuations

IV) density perturbation spectrum nearly scale invariant

(v) gravitational wave modes detectable in upcoming
polarization experiments

-1 |l. Polarization measurements will tell us
which model is right.
WMAP already selects between models.
Natural inflation (Freese, Frieman, Olinto) looks great

(
(
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WIHY INFLATION?

Cosmologicall Puzzles unresolved by standard
Hot Big Bang:

1) Large-scale ‘smoothness’ -- homogeneity and
ISoLrepy

2) flathess and oldness
3) GUHI magnetic monopoles

Iihe ideal of Inflation was; proposed to) resolve
these puzzles

BONUSE causal generation off density
fiuctuations reguired fior galaxy: fermation




2D picture of universe

1) The Homogeneity Problem JEiIERUEw s

Universe is homogenous and isotrc
scales: cosmic microwave backgroi

Early L
. (Kinney, 2003)
CMB: SurfacélofillasnsScattering (ph0t0|

Uniform!
T=273K . t ~ 30C
=3000 K7/ 1100 -y A
, . Tegmark
AT/T ~ 107 Ior?s i€ :
universe becomes transparent fo

radiation (photor’ 0 longer scatter)

Today (T ~ 3 K).

In each direction in the sky, photons
arrive that last scattered during
recombination. The origin of these
photons is the “surface of last
scattering.”




Homogeneity

Uniform to A7/~ 10-°

Our observable universe today scaled back to the time of
—» last scattering is ~ 10%° cm

Horizon size at the time of last scattering is ¢t ~ 102° cm

(corresponds to 6 ~ 1°)

CMB: Surfacé of BastScattering

Uniform!
T=2.73K
= 3000 K/

AT/T ~ 107

Present observable
universe was then ~10?
causally distinct regions!




2 The F|atneSS PrOblem: 0 : energy density
urvatu re o« g (radiation)

o« g3 (matter)
Einstein’s equations

a : scale factor
of the universe

Critical density




Expansion

Hubble constant

H, =< =100, ko

a 0 Mpc




Curvature

Closed (k£ <0):

3 types of models * positively curved
cQ>1

Open (£ >0):
* negatively curved
e Q<1

Flat (£ =0):
* NO curvature
e Q=1

MAP990006

NASA/WMAP Science Team




Expansion

Eventual recollapse

(in presence of matter and radiation only)




The Flatness (Oldness Problem)

1 2 R*(t) radiation
Q(1) = x(r) =K o | MU
©) 1 - x(t) ()= %5

R(t)  matter

Closed (£ > 0):

Initial value of |€2 - 1|
must be small or else
universe would have
recollapsed already

Open (k£ <0):
Initial value of |€2 - 1|
must be small or else

Small [€2 - 1|




‘'t Hooft (1974)

3) The Monopole Problem Polyakov (1974)

Imbed U(1)g,, C G. Then, when:

there exist gauge/Higgs field configurations
topologically stable monopoles of mass M~/

No monopole Magnetic
monopole

B~1/r2




Grand Unified Theory (GUT)

Running of the
gauge couplings

Unify at high energies ~10'7 GeV

(temperatures)




‘'t Hooft (1974)

GUT Magnetic Monopoles Polyakov (1974)

Imbed U(1)g,, C G. Then, when:

there exists gauge/Higgs field configurations
topologically stable monopoles of mass M~/

No monopole Magnetic
monopole

B~1/r2




Monopoles

Horizon size at
time of GUT
phase transition

Predicted abundance:
~ 1/ horizon volume (Kibble mechanism)

= Q =102 NOT OUR UNIVERSE!
Would imply t=30yr at T =3K




Monopole Flux (cm

Monopoles

Parker

white dwarfs

neutron stars

1011

|
].012 1013 101’l 1015 1016 1017
Monopole Mass (GeV)

Astrophysical bounds:
Far more severe than direct searches

Parker bound (due to
survival of galactic
magnetic field): Parker
(1970); Turner, Parker &
Bogdan (1982)

WD:
Freese (1984)

NS:

Kolb, Colgate & Harvey
(1982); Dimopoulos, Preskill
& Wilczek (1982); Freese,
Turner & Schramm (1983)

NS w/ MS accretion:
Frieman, Freese & Turner
(1988)

Extended Parker:

Adams, Fatuzzo, Freese,
Tarle, Watkins & Turner
(1993); Lewis, Freese &
Tarle (2000); [Particle Data
Book]




1a] _ Inhomogeneities:
galaxies, clusters, large scale structure

Small density fluctuations produced in inflation can
give rise to structures that we see. 57
0

orows to galaxy

/l

becomes void




Cosmological Problems
addressed by inflation:

1) Homogeneity and isotropy of the
universe

2) Flatness/oldness of universe

3) Excess magnetic monopoles produced
at Grand Unified phase transition

1a) Inhomogeneity: origin of density
fluctuations that give rise to large scale
structure




The Solution: Inflation
Original Proposal OId Inflation

Guth (1981)

Temperature-
dependent

potential False e

vacuum U
Initially at global / vacuutll
minimum ¢ = 0

When T < T,
no longer

global minimum
= false vacuum




Old Inflation

Vacuum decay

Entire universe is in false Nucleate bubbles of true
vacuum (F) vacuum (T)




Old Inflation False

vVacuulll

With tunneling, the nucleation
rate is slow, so the universe is
trapped in the false vacuum

for a long time

The vacuum energy dominates
over matter and radiation
= de Sitter-like expanding universe

H* = (%)2 =$2¢ o = constant

. H 1/2
solution: a~e”, H = %pvac]

Enough inflation to solve problems:

Aend — abegin

True
vacuumnl

|

27 — 65
x10 Apegin X ©




Horizon Volume d, = ct

Our universe
(all in causal contact!)

smooth

B

\_\\

Reheat:
convert o,
into radiation

smooth smooth




Inflation Parameters

Before During
R, R, e'!t

T, ~ 106 GeV T, i

(k/R?) et

dy=ct~10% cm

After
e® R, = 10" R,

100 K
(reheat) — = GeV

10-* (k/Ry’)
10 x

2 =1.00000...

~0.1 cm




Iniilzitiorn) Mesalves Coseriolagiczl]
SO EING

Horizon Problem (homogeneity: and: isotropy.): small
causally: connected region inflates to large region
containing| our universe

Flatness Problem >

k/a® — small8Q — 1

Vienepole Problem: tightest bounds en GUI;
monepoles, fiom neutren stars, (Freese, Sehramm,
and Jiurner 1983); moenepoles; inflated away: (outside
oUIr herzen)

BONUS: Density Perturbations that give rise to)large
scale structure ane generaied by infiation




Theoretical Models of Inflation

< 1) Tunneling Models:
Why Old Inflation Failed
New proposals for tunneling models:
(i) double-field inflation (Adams and Freese)
(i) extended inflation (Steinhardt)
(ilf) Chain inflation (Freese and Spolyar)
< 2) Rolling Models:
new inflation, chaotic inflation, hybrid inflation
< Natural inflation (Freese, Frieman, Olinto)



Old Inflation

Guth (1981)

Universe goes
from false vacuum False
to true vacuum. vacuum CACTLULL

/.

Bubbles of true vacuum nucleate in a universe of
false vacuum
(first order phase transition)




Old Inflation

Vacuum decay: “swiss cheese problem”

False vacuum

Entire universe is in Nucleate bubbles of
false vacuum true vacuum

Problem: bubbles never percolate & thermalize
= NO REHEATING




Old Inflation

Bubbles inflate away faster than they form & grow
=> no end to inflation & no reheating

False vacuum
B True vacium




What is needed for tunneling

Inflation to work?

Two requirements for inflation:
1) Sufficient Inflation: 60 e-foldings

2) The universe must thermalize and reheat; i.e. the
entire universe must go through the phase transition at
once. Then the phase transition completes.

Can achieve both requirements with

(i) time-dependent nucleation rate in Double-Tlelc
niefion (Adams and Freese ‘91) with two coupled fields
In a single tunneling event

(i) Chain inflation (Freese and Spolyar 2005) with
multiple tunneling events




Ra{)_id phase transition leads to
percolation (entire universe goes through
phase transition at once)

Vacuum decay: “swiss cheese problem”

(o)
O o
Entire universe is in Nucleate bubbles of
false vacuum true vacuum




Rapid Phase Transition

Need bubbles to form and grow faster than inflation
=> nflation comes to an end and reheating occurs

False vacuum
B True vacium




Need bubbles to form and grow faster than inflation
=> nflation comes to an end and reheating occurs

False vacuum
B True vacium




Chain Inflation

Freese & Spolyar (2005)

Relevant to:

e stringy landscape

* QCD (or other)

axion

Graceful exit:
requires that the number of e-foldings per stage is N < 1/3

Sufficient inflation:
total number of e-foldings is N,,, > 60




Second Class of Models: L Linde(1om)
Rolling Models of Inflation R

Equation of motion: + 3 qu V'g)=0
Flat region: (ﬂat)
V almost constant . ‘

Decay of ¢:

Particle prodauction
Reheating .

Pvac dOmMinates r
energy density
l

reheat




Examples of Rolling Models

New Inflation (Linde 1982, Albrecht and
Steinhardt 1982)

Chaotic Inflation (Linde1983)

Power Law Inflation (Lucchin and Mattarese
1985, Liddle 1989)

Natural Inflation (Freese, Frieman, Olinto 1990)

. Different models make different predictions for data.
Inflation is a very nice theoretical framework.

Now It is time to test the model.




On: the role of observations

“Faithiis a fine invention
When Gentlemen can see ---
But Microscopes are: prudent
I an Emergency

Emily: Dickinsoen, 1660




= )i flat universe:

= 2) Specrum of density perturbations:

05?0 k™, n ~ 1

=15) gravitationaliwave moeees
= pdividual modelsi make speciiic predictions.

= Can test Infiation as a concept and can
diiierentiate etween moeadels.




Prediction 1 of Inflation:

The geometry of the universe is flat;
lL.e. the density: is critical and

=




WINAP: Satellite

5| aunched June 2002
" Data released Feb. 2003




The
[crowave




Ifhe Doppler Peak

= Acoustic oscillations in the photon/atom fluid are
Imprinted at last scattering. Ve expect a peak in
the microwave background at the sound horizon

(distance sound could travel in the age of the
UNIVErSE).

= |f the universe Is fiat, the peak Is at one degree.

= |f'the universe Is a saddle, the peak Is at less
than ene degree.




Hew: can Microwave
Backgrounadi tell us about
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Comparison to First-year Spectrum

8

&
3
éacoo
=
=

20 E
oo

Angules
29

Scale

050
T

LI

top:

Black: 3-year; red: 1-year
bottom:

ratio: 3-year/1-year

high (: noise reduced by a factor of >3.
(3 times more data and finer sky map
pixels)

intermediate [: improvement in
modeling beam response raises spectrum
1-2%

low l: improvement in power estimation
from maps with sky cuts (1<10). =2 still
low, |=3 changes by factor of ~2.

Ratio at left shows low-| results with
fixed methodology - only 2-3% change in
sky map data.




Com ar1son w1th WMAP I

$ WMAP I
o WMAP |

3 year:
Black curve.
Longer
integration
times,
smaller
Pixels

WN
O
O
O

~~
N
X
Z
N
<
N
N—
\
DN
N
~~
+
S

n.o. MOND
IS a very
poor fit

to large-l

400 600 800 third peak
Multipole moment [

Best fit LCDM WMAP |
Best fit LCDM WMAP | Ext
—  Best fit LCDM WMAP I




Angular Scale
2 0.5°

0.2°

'lll""']""l""l"‘lll"‘l"lll""ll""""ll"l'l"'

1 1

“super-horizon”
scales 1< 50

1

TT Cross Power
Spectrum

MODEL
$ WMAP
CBlI

ACBAR

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

o

100 200 400
Multipole moment (/)




Prediction 1 Is confirmed

= WMARP' confirms: the inflationary
prediction that NS




Prediction 2 of Inflation:
Density Fluctuations

Density fluctuations are produced in rolling 57
models of inflation P
Origin: quantum fluctuations <A¢2> ~H/2m

orows to galaxy

/l

becomes void




Density Fluctuations

Different regions of the universe start at different
values of ¢, take different times to reach bottom
=> end at different energy densities

orows to galaxy

/l

becomes void




Density Perturbatio

Hubble radius .
perturbation

constant during inflation
t post inflation |

|
Perturbation |
|

RN Hub

radjus

/ l |

- e’  duringinflation

{tm post inflation - : -—
inflation T\

Two horizon crossings
Causal microphysics before t, describes
density perturbations at t,




Density Perturbations

Scales of structure in | 3000 Mpc

Universe: |
. |
)(\1“(111'l>z1t1<>11;\‘.| .
Distance between pC
galaxies
~ 1 Mpc
DN Hubble

Horizon size (size radius
of our observable
universe)

~ 3000 Mpc inflation




Density Perturbations

Lead to test of inflation theory:

Must match amplitude of observations

Must match spectrum of observations
(amplitude on all length scales)




Spectrum of Perturbations

Fourier Transform 5_/) — S
0 F.T. k

Power Spectrum P, =| 5k’2 gy

n = 1: equal power on all scales
(when perturbations enter the horizon)
Harrison-Zel'dovich-Peebles-Yu

n < 1: extra power on large scales




Spectrum of Perturbations

Power Spectrum P, = \(Sk\z ~ k"

During inflation, H and d¢/dt vary slowly
Sp H’

— (when entering horizon) = —— (exiting horizon during inflation)

Iy
~ same on all scales

Predicts n~1: CORRECT

Precise predictions of n in different models
leads to test of models




Spectrum of Perturbations

Total number of inflation e-foldings N, = 60

Spectrum of observable scales is produced
~ 50 — 60 e-foldings before the end of inflation

50: later during inflation
— smaller scales (~1 Mpc) expansion (flat)

60: earlier during inflation
— larger scales (~3000 Mpc)

reheat




Prediction 2 of inflation Is
confirmed

= Vultiple data sets (WIVIAP, large scale
structure, etc) confirmi n near 1.

" \ore detail shown in a minute to

differentiate between models




Prediction 3 of Inflation:

EXxistence of gravitational wave
perturbations (tensor modes)




Prediction 3 of Inflation: Fensor
(gravitationaliwave) imoedes

= |n addition; to density fluctuations; inflation
alsoi predicts the generation of tensor
fluctuations with amplitude

= [For comparison withi elbsenvation, the tensor
amplitude 1s conventionally expressed as:

(deneminater: scalar medes)

In principle there are four parameters describing the sealar and tensor fluctuations: the
amplitudes and spectra of both components. The amplitude of the scalar perturbations
is normalzed by the height of the potential (the energy density A*). The tensor spectral
index rr is not an independent parameter since it is related to the tensoe/scalar ratio by
the inflationary consistency condition » = —8nT. The remaining free parameters are the
spectral index n of the scalar density fluctuations, and the tensce amplitude (given by r).




Perturbations

Field perturbations: Metric perturbations:
¢=¢0+6¢ guv =g‘l(£/)+6g‘uv

Vodes: D@

none 1n inflation
(no rotational velocity fields)




Perturbations

Tensor modes
traceless transverse
2 physical degrees of freedom (polarization)

Gravitational wave modes

B modes
Not yet detected
Can only arise from gravity waves

=> smoking gun




Gravity Viedes: are (at least) two
orders ol magnitude smaller than
density fluctuations: hard to find!

1(1+1)C/2nm




Polarization

Temperature anisotropy, however, is not the whole story. The cosmic microwave background is also expected to be
polarized due to the presence of fluctuations. Observation of polarization in the CMB will greatly increase the amount
of information available for use in constraining cosmological models. Polarization is a tensor quantity, which can be
decomposed on the celestial sphere into “electric-type”, or scalar, and “magnetic-type”, or pseudoscalar modes. The
symmetric, trace-free polarization tensor P, can be expanded as [16]

: l
pab - ,
T_O = z Z [alEr:nY(?m)ab (G,d)) + alB;nY(le)ab (9.@)] ) (27)
=0 m=-I
where the Y(i'jab are electric- and magnetic-type tensor spherical harmonics, with parity (—1)" and (—1)"+!, respec-
tively. Unlike a temperature-only map, which is described by the single multipole spectrum of C(IT ‘s, a tempera-

ture/polarization map is described by three spectra

(Jafal*y = i, (JaBal") = Crv. (Jabul*) = Car, (28)
and three correlation functions,
<a’£:a£"n> = Cey. (a’f":agn) = C(ry: <afr’:agn) = Cemy (29)

Parity requires that the last two correlation functions vanish, Cirpy; = C(gpy = 0, leaving four spectra: temperature
Cri, E-mode Cgy, B-mode Cp;, and the cross-correlation Coy. Figure 1 shows the four spectra for a typical case. Since
scalar density perturbations have no “handedness,” it is impossible for scalar modes to produce B-mode (pseudoscalar)
polarization. Only tensor fluctuations (or foregrounds [54]) can produce a B-mode.



[FoUr parameters fiom

Infiatienary perturbations:

I.” Scalar perturbations:
amplitude [(JJIJIM spectral index
ll. Tensor (gravitational wave) modes:

amplitude (Y XI2IEY  spectrallindex
EXpressed as pl/2

T
plL/2
Inflationany, consistency: condition:

PIet IRiE=n plane

A




Diiferent Iypess ol Potentialsiin
the r-n plane

(KINNEY
2002)

Large Field:
—€e <7< E€

0.2
Small Field:
N < —€
O S

0.8 0.85 0.9 0.95 1 1.05
n




Examples of Viodels

V() <« 1 — (¢/ p)¢
= V{g) < 1 — (& nu)r

0.85 0.9 0.85 1
n




Sources of Polarization

Two ingredients
1.  Free electrons

2. Incident quadrupole
anisotropy

Scattering at z~1100 produces
signal on degree scales

Scattering at z~10 produces
signal on 10 degree
scales - probes

reionization from first
stars.

Quadrupole

Polarization




Best Estimate of Low-I| Polarization Spectra

£

g
5
s
3

&
&
B

Mutpok moment () Mulipo& moment (0

Data from 41 and 61 GHz only.

EE signal proportional to t2, provides new constraints on
optical depth to last scattering surface (next slide).

BB consistent with zero.




I(1+1)CEE/2r (uK)?
1(1+1)CP8/2n (uK)?

P PRI PUPEPEN PP P
6 8 10 12

Multipole moment (/) Multipole moment (I)

3-sigma | | Clean BB after
detectidn ool FG removal.
of EE. ‘ '

I(1+1)CEE/2n (uK)2
1(1+1)C/P8/2n (uK)2

The “Gold”
multipoles:
1=3,4,5,6.

Multipole moment (/) Multipole moment (1)

6




Effect of more data

LCM model

Reducing the noise by 3

1.20 F

:fi WMAP 1|




0.8

Tensor-to-scalar ratio r vs.
scalar spectral Index n

(FIGURE IN
FIRST DRAFT
WAS WRONG!)

f WMAP + 2dF
- o At
S O m2g2

————
WMAPF + CB|+ VSA




Tensor-to-scalar ratio r vs.
scalar spectral index n

Testing Inflation with Tensors




Specific models critically tested

WMAP alone WMAP+SDSS

Models like V(¢p)~¢P

For 50 and 60 e-foldings

p fix, Ne varies

p varies, Ne fix (taken from L. Verde)
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VWhere are we?

= General idea of inflation compares well to
data: critical density, nearly scale invariant
perturbations, superhorizon fluctuations.

= Now. the data are becoming geod enough
10 difierentiate between models.

= [Reconstructing the niilaten potentialk

Kolb, Lidsey, Abney, Copeland, Lidale
119955 Kinney, Kolla, Vielchiormil, Kioito
2006; Alanidirand LLyin 2006




Natural Inflation aiter VWWINMAP

Theoretical motivation: no fine-tuning

Recent interest in light of theoretical developments
Unique predictions:

_00ks good compared to data

Katnenne Freese
ChrisiepherSavage




Fine Tuning in Rolling Models

< The potential must be very flat:

1" (Encrgy
Fale r
vicuum L LAEnsity)
| )
A
// \\
\. ‘f .~. ‘J -
o

AV _ height —8
(AP)*  width? < 10 ’

e.g.V(p) = Ad*, N < 10712

(Adams, Freese, and Guth 1990)
But particle physics typically gives this ratio = 1!




Inflationary Model Constraints

Success of inflationary models with rolling fields
=> constraints on V/(¢)

Enough inflation
Scale factor a must grow enough

horizon horizon




Fine Tuning due to Radiative Corrections

Perturbation theory: 1-loop, 2-loop, 3-loop, etc.

To keep must balance tree level term
against corrections to each order in perturbation

theory. Ugly!




Inflation needs small ratio of
mass scales

" [wo attitudes:

1) We know: there Isia heilranchy: preblem,, wait
until it's explainea

2) Tworways to get small masses in particles
physIcS:
(I supersymmetry.
(1) Goldstene bosens (shiit symmetries)




 Shift (axionic) symmetries protect
flatness of inflaton potential

b — O + constant (inflaton is
Goldstone boson)

 Additional explicit breaking allows field
to roll.

 This mechanism, known as natural
inflation, was first proposed in

Freese, Frieman, and Olinto 1990;
Adams, Bond, Freese, Frieman and Olinto 1993



Shift Symmetries — “Natural Inflation”

Freese, Frieman & Olinto (1990)

We know of a particle with a small ratio of scales:
the axion

IDEA: use a potential similar to that for axions in
inflation
=> natural inflation (no fine-tuning)

Here, we do not use the QCD axion.
We use a heavier particle with similar behavior.




€.d., MImIC the physics o the
axion (Weinberg; Wilczek)




Natural Inflation

For QCD axion:
f ~10> GeV
A~ 100 MeV

For natural inflation:
|~ My

A~ MGUT

Width f:
Scale of spontaneous symmetry breaking of some global symmetry

Height A:
Scale at which gauge group becomes strong




Natural Inflation

(Freese, Frieman, and Olinto 1990;
Adams, Bond, Freese, Frieman and Olinto 1993)

V(®) = A*[1 + cos(®/f)]

:/ ¢
wf

1 Two different mass scales:

<+ Width f is the scale of SSB of some global
symmetry

< Height A is the scale at which some gauge
group becomes strong



Two Mass Scales Provide
required heirarchy

4 For QCD axion,
height

Aqcep ~ 100MeV, fpo ~ 102GeV, —2— ~ 107 %411
width

1 For inflation, need A ~_ maur, | ~ mpl

Enough inflation requires width = f = mpl,
Amplitude of density fluctuations requires

height = A ~ mayr



Sufficient Inflation

¢ initially randomly distributed between 0 and nf
at different places in the universe.

T < A: ¢rolls down the hill. The pieces of the
universe with ¢ far enough uphill will inflate enough.




Sufficient Inflation

¢ rolls down the hill.
The pieces of the universe with ¢ far enough uphill
will inflate enough.




Sufficient Inflation

A posteriori probability:

Those pieces of the universe that do inflate end up
very large. Slice the universe after inflation and see
what was probability of sufficient inflation.

Numerically evolved scalar field
— a4 \_ -8x V
N_ln(al)-fHdt- Mme -d¢ =

j: de, exp|3N(¢) ] For f'= 0.06 M,,
—_ — 1
" dgexp[3N(@)] -




Density Fluctuations Largest at 60 efolds

before end of inflation

sp H* 3Nf[i+cosgmin]” .
o M, sin(¢y " / f)

= A ~ 107 GeV - 10" GeV (height of potential)
= m,=A?/¢ ~ 10" GeV - 10" GeV

Density fluctuation spectrum is non-scale invariant
with extra power on large length scales
M2

o (for f<My)

WMAP = f > 0.7 My,

with n =1-




Implementations of natural

inflation’s shift symmetry

< Natural chaotic inflation in SUGRA using shift
symmetry in Kahler potential (Gaillard, Murayama,
Olive 1995; Kawasaki, Yamaguchi, Yanagida
2000)

41 |In context of extra dimensions: Wilson line with

(Arkani-Hamed et al 2003) but Banks et al (2003)
showed it fails in string theory. f > m,,

1 “Little” field models (Kaplan and Weiner 2004 )

4 In brane Inflation ideas (Firouzjahi and Tye 2004)
< Gaugino condensation in SU(N) X SU(M):
Adams, Bond, Freese, Frieman, Olinto 1993;
Blanco-Pillado et al 2004 (Racetrack inflation)



Legitimacy of large axion scale?

Natural Inflation needs |/ > 0.6my

Is such a high value compatible with an effective
field theory description? Do quantum gravity
effects break the global axion symmetry?

Kinney and Mahantappa 1995. symmetries
suppress the mass term and f « M) is OK.

Arkani-Hamed et al (2003):axion direction from
Wilson line of U(1) field along compactified
extra dimension provides f > m,,

However, Banks et al (2003) showed it does not
work in string theory.



A large effective axion scale
(Kim, Nilles, Peloso 2004)

1 Two or more axions with low PQ scale can

provide large Jefs ~ My
<4 Two axions # and p
e 0 €1p e 0 ep
V =A%[1 = cos(= 4 1+ AS[1 — cos(= 4
11— cos(% + 92)] 4 A3[1 - con(§ + 20)

< Mass eigenstates are linear combinations tind p
< Effective axion scale can be large,

fo= VArtto

€1 — €9
Also, N-flation has a large number of axions (Dimopolous et al 2005))

>> fif |6 — e << 1
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Darnsity Flucitzritions In MNertirel
|riflertion

= Power Spectrum:

=mVIVIAP datak

implies n, — 11 <0.1

f > 0.6m, (Freese and Kinney
2004)




Two predictions, testable in next decade: 1) Tensor modes,
while smaller than in other models, must be found. 2) There is very
little running of n in natural inflation.

PLANCK @, = 3 uK

1.0, fOt rriLer)

ruriririe of rl

PLANCK e = 1 pK

Sensitivity of PLANCK: error bars +/- 0.05 on r and 0.01 on n.
Next generation expts (3 times more sensitive) must see it.
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(slow roll approximation)

“

g

=

a

—

=

av

)

N

Q

= =

;o; 50 —— e-foldings N

é — parameter f (in Mp)
| 600 5 WMAP3 68 C.L.
| B WMAP3 95% C.L.

_— ]

0.9 | 1
Spectral Index n




Spectral Index Running
small f:

(exponentially suppressed) natural inflation
(slow roll approximation)
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P Ote n tl a I . natural inflation: A‘\J‘[l + cos(¢/ f)]

N e-foldings before the end of inflation for f (in Mp)

60 e-foldings before the end of inflation
~ present day horizon




P Ote ntl a I . —— natural inflation: A‘\J‘[l + cos(¢/ f)]

x N e-foldings before the end of inflation for f (in Mp)

At the end of inflation




Model Classes

Kinney & collaborators
Large-field
Small-field

Hybrid




natural inflation: A*[1 + cos(¢/ f)]
x N e-foldings before the end of inflation for f (in Mp)

Model Classes .

0.9 natural inflation - V”(¢) <0

(slow roll approximation) .

T

= 0.8

— P

— P
N
~
<-
) —
\
-

0.4 Large Field

Tensor to Scalar Ratio r

Small Field

0.9
Spectral Index n,

~—~
f—
o0




Potential

natural inflation: A*[1 + cos(¢/ f)]

X 00 « “7fl 11( lnl"",‘i‘w ] )( P re Tht Y CT( l ( )f illﬂ:\Ti‘ )11 f‘ )T ZL ( ill J [] 1)

—— quadratic: INY (7 — O/f )2

T 'UMNLT

e (S17/ V(¢) ~ quadratic




Natural Inflation Summary

No fine tuning,
naturally flat potential

WMAP 3-year data:
f< 0.7 Mg, excluded

f> 0.7 Mg, consistent
Tensor/scalar ratio r
Spectral index n,
Spectral index running dnJd Ink




To really test inflation need B
modes, which can only be
produced by gravity waves.

Will confirm key prediction of inflation.
Will differentiate between models.
Need next generation experiments.




Sources of Polarization

Two ingredients

1. Free electrons Quadrupole
: Anisotro N\,
Incident quadrupole SOTOPY

anisotropy

% 'P
Y
Thomson
Scattering

Scattering at z~1100 produces
signal on degree scales

Scattering at z~10 produces
signal on 10 degree 1 T
scales - probes Polarization
reionization from first
stars.




The E’s and B’s of Polarization Spectra

Polarization decomposable
into E mode (gradient)
and B mode (curl)
components.

Tensor fluctuations
produce both E and B
mode components.

Scalar fluctuations
produce only E mode
component (except for
transformation by
gravitational lensing).

B modes directly probe
gravity waves.
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E and B modes polarization

E polarization
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B polarization only from (vector)

tensor modes

Kamionkowski, Kosowsky, Stebbings 1997, Zaldarriga & Seljak 1997
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The E’s and B’s of Polarization Spectra

AT [pK]
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Future prospects: gravity waves

QUIET (FG1%) or PolarBeoR (FG 1%)

QUIET+ PolarBeoR (low dust FG 1%)

peak,0,$

| peak,o,$

QUIETBeaR (Clean potch & FG 1% & DL)

peok,0,$+

- SPIDER (FG1%) 7=0.1

SATELLITE

! bump,peok,b,§

IDEAL (FG1% & DL) ~ 2-0 )

. bump,peak,c,$$%

..~ bump,peok,c,N/A

_

.00 Verde Peiris Jimenez 05




SUNMMAIRY:

1 |. The predictions of inflation are right:
(i) the universe has a critical density
(if) Gaussian perturbations
(ili) superhorizon fluctuations
(iv) density perturbation spectrum nearly scale invariant

(v) detection of polarization (from gravitational wave modes) in
upcoming data may provide smoking gun for inflation

41 |l. Polarization measurements will tell us which

model is right.
WMAP already selects between models.
Natural inflation (Freese, Frieman, Olinto) looks great



Predictions/Status of Inflation

The universe has a critical density W

Gaussian perturbations (single field models) V' (so far)

Superhorizon fluctuations Vv

Density perturbations n, ~ 1 v

Gravitation wave modes upcoming







Tests of Inflation

* The following are “generic” predictions of

inflation, for which we had little evidence in
the 1980°s (adapted from Steinhardt):

— near scale invariance [COBE]

— flatness [TOCO, Boomerang, WMAP1]

— adiabatic fluctuations [WMAPI1]

— gaussian fluctuations [WMAP1]

— super-horizon fluctuations [WMAPI-TE]
—ns< 1 [WMAP2, ...]

— gravity waves [CMBPOL?]



Hao
fem =1 Mpc1)

30
40
50




DARK ENERGY. (W=p/rho)

— W AP

— WMAP+EDEE

— WMAF
— WMAP+EN{HETIGOODE)

— W AP

— W AP+ SN(SN LS

0.4

o

0.8

og 0

0.4

Ly

0.8




— WMAP
— WMAP + HST

— WHAP
— WMAF + LRGs

— WhAP
— WMAP + SNLE

— WhAF
— WAF + SN gold

— WhiaP
— WhAF + 2dF

— WhiAP
— WHAF + SDES




Testing Inflation: Gaussian, Random Phase?

>700 papers written since 1%t data release based on WMAP results.
Several questioning validity of standard model, specifically
gaussianity of fluctuations.

Expand temperature field in Fourier space:

T(ﬁ) = Zalmy;m(ﬁ)

Simplest prediction of inflation is that a  coefficients are gaussian
distributed:

P(ay,) * exp(-$az, / C))
with random (uncorrelated) phases:

(alma;m'> = G100




STOP HERE
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Prediction 2 of inflation Is
confirmed

= Vultiple data sets (WIVIAP, large scale
structure, etc) confirmi n near 1.

" \ore detail shown in a minute to

differentiate between models




Tensor-to-scalar ratio r vs.

scalar spectral index n for

(Freese and

Kinney 2004) natural inflation




Conclusion

An early period ofi inflation; resolves. cosmological
puzzles: homogeneity, isotropy, oldness, and
monopoles. It also generates density.
perturbations for galaxy: formation.

Details off density' and gravitational wave modes
can be used to test inflation as wellias individual
models.

Predictions of inflation; are confirmed!

Natural inflation, which was; theoretically: well-
motivated, fitsithe data very well.




Generation of CMB polarization

e Temperature quadrupole at the surface of
last scatter generates polarization.

Quadrupole
Anisotropy

Thomson
Scattering

Linear
Polarization

From Wayne Hu

At the last scattering
surface

\ At the epd of the

Potential hill Potential well dark ages (reionization)




Polarization for density
perturbation

e Radial (tangential) pattern around hot
(cold) spots.
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Future prospects: gravity waves

QUIET (FG1%) or PolarBeoR (FG 1%)

QUIET+ PolarBeoR (low dust FG 1%)

peak,0,$

| peak,o,$

QUIETBeaR (Clean potch & FG 1% & DL)

peok,0,$+

- SPIDER (FG1%) 7=0.1

SATELLITE

! bump,peok,b,§

IDEAL (FG1% & DL) ~ 2-0 )

. bump,peak,c,$$%

..~ bump,peok,c,N/A

_

.00 Verde Peiris Jimenez 05
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I sigmal reconstitction ofi
potentialffrom 1-year WINAP data

WMAP plus seven other experiments

(KINNEY,
KOLB,
MELCHIORRI,
AND RIOTTO
2003)




Present Horizon Scale

What point during inflation corresponds to the horizon
scale today?

e-foldings before the end of inflation N:  a=a, eV

Depends on post-inflation physics




Present Horizon Scale

Typical
Dodelson & Hui (2003)
Liddle & Leach (2003)

Non-standard cosmologies
Non radiation-like period (post-reheat)

40< N <70




Linde (1982
Slow Roll Albrecht & Steinhl:rdigwsz;

Evolution of the field (I' — 0):

Drop first term:




End of Inflation

Inflation ends when field starts accelerating rapidly

Define field ¢ in terms of number of e-foldings N prior
to the end of inflation, i.e. ¢(N)




