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Things we know

& There are superhorizon correlations in the CMB
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The WMAP3 data set
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(Figure: NASA/\WMAP science team)



The WMAP3 data set
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(Figure: NASA/\WMAP science team)



The WMAP3 data set
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(Figure: NASA/\WMAP science team)



Things we know

& There are superhorizon correlations in the CMB

/ Either:

(1) Inflation happened

(2) There are extra dimensions

(3) The universe is cyclic

| (4) The speed of light varies | '
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Things we know

& Inflation can happen in the real world.

Perimmutter. ef ai. (1998)
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Things we know

& Inflation can happen in the real world.

Perlmmitter. ef al. (1998)
26 T T T T I 1 T T T 1 T |

24 —
3 Supern

22"
- - |
v 20
= Calan/Tololo
_ﬁ ] (Hamuy er i, 1
== 18 AL 1996)

16

14 ! 1 T N I E i Y & 3 % b3l

0.02 0.05 0.1 02 05 1.0
redshift Z BE BREL =T B

Pirsa: 07090023

Page 11/84



8 8 g &
(=] S S (=]
(=] o o (=]

T T 147 & W (@GN
2
o

0 -

Things we know

& Inflation fits the data extremely well.

no running
n =0.99 r=0.26

1
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Inflation: zoology

l arge field

V(¢) = A% (o/p)?
V(9) = Ate?/H

Small field
V (¢) = A% [1 — (¢/p)”]

®
-~ Hybrid

V (¢) = A*[1+ (/)]
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Fluctuation parameters

Tensor fluctuations

Pr/? = (6¢*)"? ~ H x kT

Scalar fluctuations

2 _oN . H ...
P _5¢5¢ \/Eock

Consistency

) condition
Tensor/scalar ratio /
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The zoo plot

Large Field: |

Small Field:

n <
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UB Center For Computational Research
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2: 800-node 2x Intel 3.2 GHz Xeon “Irwindale” cluster

ode: COSMOMC (Lewis and Bridle, astro-ph/0205436)



No running: 7 parameter fit
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WMAP3 limits on inflation

Kinney, Kolb, Meilchiorri, Riotto
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WHK, Kolb, Meilchiorri, Riotto, astro-ph/0605338



No running: 7 parameter fit
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WMAP3 limits on inflation

Kinney, Kolb, Melchiorri, Riotto
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No running: 7 parameter fit
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WMAP3 limits on inflation

Kinney, Kolb, Melchiorri, Riotto

1 —————— f ———
s Spergel, et al. /,/
08 F eoN =
- =N =
0.6
0.4
0.2
0 | i \ L = > ; ® i — i
0.9 0.95 1 1.05

irsa: 07090023 Page 22/84

WHK, Kolb, Meilchiorri, Riotto, astro-ph/0605338



WMAP3 limits on inflation

Kinney, Kolb, Melchiorri, Riotto
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No running: 7 parameter fit
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WMAP3 limits on inflation

Kinney, Kolb, Melchiorri, Riotto
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WMAP3 limits on inflation

Kinney, Kolb, Melchiorri, Riotto
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WMAP3 limits on inflation

Kinney, Kolb, Melchiorri, Riotto

1 'l' L] 1] L] [ 'l' k3 L 3 L /I
Spergel, et al. -

08 eN =

0.6 -

0.4

0.2

0.9 T 0.95 N N T

irsa: 07090023 Page 27/84

WHK, Kolb, Meilchiorri, Riotto, astro-ph/0605338



WMAP3 limits on inflation

Kinney, Kolb, Melchiorri, Riotto
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WMAP3 limits on inflation

Kinney, Kolb, Melchiorri, Riotto
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Things we know

L arge field

V(¢) = A% (/)"
V(¢) = Ade®/ 1

Small field
V(9) = A% [1 — (¢/p)”]
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Things we know

L arge field
V(¢) =A*(o/p)”°
V(9) = Ate?/s

Small field
V (9) = A% [1 — (¢/p)”]




WMAP3 limits on inflation
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Things we know

|l arge field
V (¢) =A% (o/p)”
V (¢) = Ate?/*

Small field
V (9) = A% [1 — (¢/p)”]




Things we don't know
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Tensors: what does inflation predict?

& Typical inflation model:

e S
Fi
#

“Height” of potential: A ~ MauT

“Width"” of potential: © ~ Mmpj

= > 0.01

Slam dunk for next-gen CMB experiments!

(Lyth, hep-ph/9606387: problems for EFT7)
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itural Inflation: pseudo-Nambu-Goldstone bosons

Pirsa: 07090023

Frieman, Freese & Olinto, PRL 65 (199053733



itural Inflation: pseudo-Nambu-Goldstone bosons

59, What is the width of
. the potential?

"V (g) = A* [1 + cos ”ﬁ’\]
9

Pirsa: 07090023

Frieman, Freese & Olinto, PRL 65 (1990)"3733



Natural Inflation: WMAP3 limits
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Savage, Freese, WHK, hep-ph/0609144




Tensors: what does inflation predict?

& Does a red spectrum imply » > 0.0172

Boyle, Steinhardt, Turok, arXiv:astro-ph/0507455
Pagano, Cooray, Melchiorri, Kaminokowski, arXiv:0707.2560
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Tensors: what does inflation predict?

& Does a red spectrum imply » > 0.017

Boyle, Steinhardt, Turok, arXiv:astro-ph/0507455
Pagano, Cooray, Melchiorri, Kaminokowski, arXiv:0707.2560

Counterexample:

V(g) =A"[1—(o/pn)]

A\’ g " &
s <
Mc(u) r[x(m“)
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Knox & Turner, astro-ph/9209006; WHK & Mahanthappa, hep-ph/9512241



A more detailed counterexample

Generic gauge theory:

2

—

L= (Do) (D*¢) — %TT‘ [F F*] — X (o' o — v7)
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WHK & Mahanthappa, hep-ph/9512241



Tensors: what does inflation predict?

& Does a red spectrum imply » > 0.017

Boyle, Steinhardt, Turok, arXiv:astro-ph/0507455
Pagano, Cooray, Melchiorri, Kaminokowski, arXiv:0707.2560

Counterexample:

V(g) =A% [1 - (¢/n)°]

A2 Y .
i <
50(:(”) Toc(mpl)
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Knox & Turner, astro-ph/9209006; WHK & Mahanthappa, hep-ph/9512241



A more detailed counterexample

Generic gauge theory:

2

—

1 -
£ = (D, o) (D*¢) — = [F FH*] — A (97 — v?)
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WHK & Mahanthappa, hep-ph/9512241



A more detailed counterexample

Generic gauge theory:

£ = (Dud) (D#6) — ZT7 [Ep F™] + A (616 — 0%)°

irsa: 07090023

2

1

Scalar sector:
SO(3) — SO(2)
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WHK & Mahanthappa, hep-ph/9512241



A more detailed counterexample

Generic gauge theory:

£ :{(D#qb)T(D”qf)) = %Tr [F#I,F“"[l 1A (ot —v?)°

2

irsa: 07090023

] 1

Scalar sector:

Gauge sector: U(1) SO(3) — SO(2)
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WHK & Mahanthappa, hep-ph/9512241



A more detailed counterexample

Generic gauge theory:

'C :I(Dp‘;b)T(D“‘rb) | %T?" [vaFp‘qu | A (¢T¢’ g i 'Ug)z

] 1

Scalar sector:
SO(3) — SO(2)

Gauge sector: U(1)

Pseudo-Goldstone mode &, one-loop mass:
M?=(0) = g”v* sin” (8/v)

V(0) = == [M>®)]*In (A’fi(g))
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Tensors: what does inflation predict?

& Does a red spectrum imply » > 0.017

Boyle, Steinhardt, Turok, arXiv:astro-ph/0507455
Pagano, Cooray, Melchiorri, Kaminokowski, arXiv:0707.2560

Counterexample:
V(g) =A% 1 — (¢/n)?]
v

A\ ? =y &
s <
5m(u) Tﬁ(mPl)

—0.93— 095

n—1—
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Knox & Turner, astro-ph/9209006; WHK & Mahanthappa, hep-ph/9512241
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Inflaton mass suppressed to all loops

0 = 0: Gauge U (1) = Residual SO(2)
/ =V ~ Vo — A0°
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WHK & Mahanthappa, hep-ph/9512241
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Inflaton mass suppressed to all loops

0 = 0: Gauge U (1) = Residual SO(2)
/ =V ~ Vo — A0°
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A more detailed counterexample

Generic gauge theory:

£ :| (quf))f(DH(ﬁ{)) - %T?ﬂ [vaprj + A ("—fbf@ - 1’2)2

] 1

Scalar sector:
SO(3) — SO(2)

Gauge sector: U(1)

Pseudo-Goldstone mode #, one-loop mass:
M?*(0) = g”v” sin” (0 /v)

Vo) = 5 )] n (229)
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0. 123
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0.025

Pirsa: 07090023

Inflaton mass suppressed to all loops

0 = 0: Gauge U (1) = Residual SO(2)
/ =V ~ Vg — A0°
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WHK & Mahanthappa, hep-ph/9512241



Toward inflation on the landscape
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A more detailed counterexample

Generic gauge theory:

()

c 4(%@)*(9%) —~ T [FWF**"Il 1A (676 —0?)°

] 1

Scalar sector:
SO(3) — SO(2)

Gauge sector: U(1)

Pseudo-Goldstone mode &, one-loop mass:
M?=(0) = g”v”? sin” (8 /v)

V(0) = = [M?®)]’In (‘“’fi(g))
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Toward inflation on the landscape
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The slow roll hierarchy

First-order slow roll parameters:

=2[mg =2 [F]

Observables:
ol il

W= Nl Ny =0

Evolution:
- - - = infinite slow roll hierarchy:
dt do |
/, nE—L (é41)
g = mPl (H) d H

A HE d¢,(£+1}

(Liddle, Parsons & Barrow, astro-ph/9408015)
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Flow equations

N = # of e-folds before end of inflation

d d
_ iz dN >0=dit <0
dN:x\/Edqz‘)

./,7 de

N =€ (o + 2¢)
do
m = —D€0 — 12!’52 = 2z (21\}{)
d (“Au) 1
. [E (£—1)o+ (£ —2) e] (“An) + ' An

(WHK, astro-ph/0206032, Schwarz, et al., astro-ph/0106020)

¢ Infinite set of differential equations (exact!)

€ Completely specify evolution of spacetime.

€ Model-independent parameterization:
no potential. (Liddle, astro-ph/0307286:
no physics either!)
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Monte Carlo of 1,000,000 inflation models
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Monte Carlo of 1,000,000 inflation models
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Freaks in the landscape

How to look for “freak” models consistent with data:

Stochastically generate models with flow egs.

Keep models which violate slow roll conditions

Numerically calculate exact power spectra

® © @ ¢

Keep models which are statistically
indistinguishable from WMAP3 best-fit.

—
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Freaks in the landscape

How to look for “freak” models consistent with data:

Stochastically generate models with flow egs.

Keep models which violate slow roll conditions

Numerically calculate exact power spectra

©® © @& @©

Keep models which are statistically
indistinguishable from WMAP3 best-fit.

—
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Freak power spectra
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Freak power spectra

—09 ] T SRR Tmm Em U = W T
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Fast Roll:
Enhanced Tensors
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Fast roll and enhanced tensors

0.4 —

p.3— WMAP3
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Freak power spectra
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Freak potentials
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Fast roll and enhanced tensors
] [ I T
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Freak potentials
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How many e-folds?

Number of e-folds which maps to the horizon today:

N —60+ =1 o
Ot zntigecay)] I

/ \

Reheat Temperature Entropy.
production

1 ( TR 1

Uncertainty in reheat temperature \

1
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Flow from N =46 to N = 60
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WHK, Riotto, astro-ph/0511127



Theoretical errors in inflationary observables
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Coincidence? | think not...
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Known knowns / known unknowns

Things we know:
& Inflation fits the data really well.

- )\@4 / tree-level hybrid models ruled out.
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Known knowns / known unknowns

Things we know:
& Inflation fits the data really well.

& )& /tree-level hybrid models ruled out.

Things we don't know:

& What is the energy scale of inflation?
Key physics: CMB polarization / BBO

& Fast roll / exotic models (e.g. DBI)?
Key physics: CMB polarization / non-Gaussianity
& How to map e-folds to physical scales?

Key physics: reheating.
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