Title: Inflation and its Cosmic Probes, Now and Then
Date: Sep 14, 2007 11:30 AM

URL.: http://pirsa.org/07090050

Abstract:

Pirsa: 07090050 Page 1/96



CBI pol to Apr'05 @Chile : Quietl
AP, s megy  (HOO0TEMTS)
Acbar to Jan'06, 07f@SP  QUaD @sFP T Ouiet] @Crile
SCUBA2 - ;
APEXN ( 12000 bolometers) %E[d@'

& = bolometer

(—-400 bolometers ' a )
‘ SZA @ Chile JCNMT @Hawaii
( Interferometer ) .
@ Cal ¥ . :XCT

@LDB
= oz _ B Clover
( 3000 bolometers ) @Chile
Boom03@LDB @Chile EBEX@LDE
2003 2007 LMT@Mexico 2017

2004 2006 SPT 2008 Bpol@L:
WMAP @L2 o 2005-20132 A
{ 1000 bolometers) NN E
DASI @sP @sScuth Pole g poromete
- Polarbear @Chile
CAPMAP ( 300 bolometers ) Pl anc k8.6

@cal
AMI

Pirsa: 07090050

GBT HEMTs @L2



why Atacama? driest desert in
m the world. thus: cbi. toco, apex,

asti, act, alma, quiet, clover




ACT@5170m B
]




CITA ===t —Dick Bond
ICAT o

Inflation & its Cosmic Probes, now & then

“osmic Probes C'MB, CMBpol (E.B modes of polarization)
3 from tensor: Bicep, Planck, Spider, Spud, Ebex, Quiet, Pappa, Clover, ..., Bpol
CFHTLS SN(192) WL(Apr07), JDEAMU/DUNE BAO, LSS Ly

[nflation Then €(k)=(1+Qq)(a) ~r16 o0<€x

= multi-parameter expansion in (imHa -~ Ink)

Dynamics ~ Resolution ~ 10 good e-folds (~10®Mpc' to ~ 1 Mpc™! LsS)
-10+ parameters? Bond, Contaldi, Kofman, Vaudrevange 07

(kp) i.e. &(K) is prior dependent now, not then. Large (uniform €), Small
uniform Ing). Tiny (roulette inflation of moduli: almost all string-inspired models)

(KeMMTetc. Quevedo etal. Bond, Kofman, Prokushkin, Vaudrevange 07, Kallosh andrkinde 07
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Inflation & its Cosmic Probes, now & then

[nflation Now +W(a)= Esf( a/ a_m;as/ a_\eq;Cs)

roes to S(a)t«;j'z = 3(1+q)/2 ~1 good e-fold. only ~2params
Zhigi Huang, Bond & Kofman 07 £_=0.0+-0.23 now, to +0.08 Planck+JDEM SN, weak ag
“osmic Probes NowC FHTLS SN(192) WL(Apr07).CMB,BAO,LSS. Lva

Pirsa: 07090050 Page 6/96



Pirsa: 07090050 Page 7/96



Standard Parameters ot Cosmic Structure Formation

r<06or<0.28 95%CL

=




Standard Parameters of Cosmic Structure Formation

Pentod of milationary expansion.
quanium noise = metric perturbations

r<0.6or<0.28 95% CL
4, ~ lIl(Tg

G i R

Scalar Amplitude




Standard Parameters of Cosmic Structure Formation
Peniod of milationary expansion.

quanium noise = metrc perturbations

r<0.6or<0.28 95% CL
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New Parameters ot Cosmic Structure Formation

scalar spectrum
use order N Chebyshev
expansion in In K,
N-1 parameters
amplitude(1), tilt(2),
running(3), ...
(or N-1 nodal point k-
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New Parameters ot Cosmic Structure Formation

In P,(k)

fensor (GW) spectrum

use order M Chebvshey
expansion in In k,

scalar spectrum

use order N Chebyshev
expansion in In Kk,

N-1 parameters
amplitude(1), tilt(2),
running(3), ...
(or N-1 nodal point k-
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New Parameters of Cosmic Structure Formation

In P, (k)

‘I{d]._ﬂf 11 j" | i_]’ *1'5&5 1 N gf{dkiikllilj

P, (k)

LISE !EI'%M;J‘ :” L .}*}_i‘ﬁf'}“r %hf:’h

expansion in In K,

scalar Spectrum V-1 parameiers
use order N Chebyshev i sl
expanSiﬁn in In k& Dual Chebyshev expansion in In k:
N-1 parameters Standard 6 is Cheb=2
amplitude(1), tilt(2), Standard 7 is Cheb=2, C heh=1
running(3), ... Run is Cheb=3
(or N-1 nodal point k- Run & tensor is Cheb=3, ( hel=1

12 07090050 | gy gu e ¢l value Low order N M power law bi#t Tiigh
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New Parameters ot Cosmic Structure Formation

e(l). k'~ Ha




=1+q, the deceleration
parameter history

2,(k) o H?/e, Pi(k) oc H?

order N Chebyshev
expansion, N-1 parameters
(e.g. nodal point values)




Hubble parameter at
inflation at a pivot pt

=1+q, the deceleration
parameter history

2y(k) ox H?/e, Pi(k) o H?
order N Chebyshev

expansion, N-1 parameters
(e.g. nodal point values)



New Parameters of Cosmic Structure Formation

70
e(k). k= Ha

H(k,

Hubble parameter at
inflation at a pivot pt

—e=dnH/dIna

=1+q, the deceleration
parameter history

2y(k) o< H?/e, Pi(k) o H?
order N Chebyshev

expansion, N-1 parameters
(e.g. nodal point values)




New Parameters of Cosmic Structure Formation

111 H ( /1_' D )

e(k). k=~ Ha

Hubble parameter at
inflation at a pivot pt

—e=dnH/dIna
£ :dlnH

=1+q, the deceleration
parameter history

2y(k) ox H?/¢, Pi(k) o H?
order N Chebyshev

expansion, N-1 parameters
(e.g. nodal point values)




New Parameters of Cosmic Structure Formation

e b, of Oy In H(k,)

H(kp

Hubble parameter at
imflation at a pivot pt
—e=dnH/dIna

_+« dnH
1 dhhk

=1+q, the deceleration
parameter history

2,(k) o« H?/e, Pi(k) oc H?

Fluctuations are from stochastic kicks -~ H2n
{}r[ler N C hﬁ‘bTSh@‘V superposed on the downward drift at Alnk=1.

expansion, N_l parameters Potential tl‘ﬂjf‘ftﬂr}_ from HJ {SB 9“,_91 ):
. d i1 il =
(e.g. nodal point values) V oc H?(1 — £); St _ Vv

e o e
e Lol Voi BF Tadnl: X2




The Parameters of Cosmic Structure Formation
Cosmic Numerology: astroph/0611198 — our Acbar paper on the basic 7+

WMAP3modified+B03+CBlcombined+Acbar06+LSS (SDSS+2dF) + DASI
(incl polarization and CMB weak lensing and tSZ)

1, =.958 +-.015 Qb2 =.0226 +-.0006
93 + .03 @ ).03/Mpc¢ run&tensor Qchz = 114 +- .005

=A,/A,<02895%CL o _ 734 07. 03
<.36 CMB+LSS run&tensor h=.707 +- .021
In, /din k =-.060 +- .022 Q =.27+.03-.02

038 +- .024 CMB+LSS runatensor Z., = 1.4 428
Agsa%gorzz +- 2. X 10-10 Page 21/96



E and B polarization mode patterns
Blue = + Red = -

E="local” Q in 2D B="local” U in 2D
Fourier space basis Fourier space basis
_I_ >< Tensor
Scalar X % _I_ | + W)

-
+

e F X F X e

, ._ scalar
X ¥ -+
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SPIDER Tensor Signal

+  Simulation of large scale polarization signal

20—
0
ol -
&
s 5
— =20
~
— A0 —
—gl]
-80 —
160

Pirsa: 07090050 Page 23/96



SPIDER Tensor Signal

+  Simulation of large scale polarization signal
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SPIDER Tensor Signal

+  Simulation of large scale polarization signal
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_SPIDER_Tens_,qr S_igp:_il_

« Simulation of large scale polarization signal

-— -

Pirsa: 07090050 Page 26/96



SPIDER Tensor Signal

+ Simulation of large scale polarization signal
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SPIDER Tensor Signal

»  Simulation of large scale polarization signal
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SPIDER Tensor Signal

*  Simulation of large scale polarization signal
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SPIDER Tensor Signal

+  Simulation of large scale polarization signal
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SPIDER Tensor Signal

+  Simulation of large scale polarization signal
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SPIDER Tensor Signal

+  Simulation of large scale polarization signal
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SPIDER Tensor Signal

+  Simulation of large scale polarization signal

20 —
0 e
i —
-
=
—_— 20
=
40—
—-50
—80 —

Page 33/96

Pirsa: 07090050



SPIDER Tensor Signal

+  Simulation of large scale polarization signal
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SPIDER Tensor Signal

+  Simulation of large scale polarization signal
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SPIDER Tensor Signal

*  Simulation of large scale polarization signal
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SPIDER Tensor Signal

Simulation of large scale polarization signal
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SPIDER Tensor Signal

+  Simulation of large scale polarization signal
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SPIDER Tensor Signal

+  Simulation of large scale polarization signal
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SPIDER Tensor Signal

+  Simulation of large scale polarization signal
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SPIDER Tensor Signal

» Simulation of large scale polarization signal
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Very very difficult to get at with direct gravity wave detectors —even in
our dreams (Bilg Bang Observer ~ 2030)

—
PULSARS

10 '+ reet
LIGO I
Proseseeg (2013)

froed
‘:{'Iﬂﬂatsz BBO Corr
= (2030 7)
Latham Boyle O7
10'2“ 1 1 1 1 1
10-15 10‘10 10.5 100 105

—_— Frequency (Hz) -
sW/scalar curvature: current from CNB-LSS: r< 0.6 or < 0.25 (.28) 93,

ood shot at 0.02 95°, CL with BB polarization (+- 02 PL2.5+Spider). .01 target
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Inflation in the context of ever changing fundamental theory

1980 ( r2 -Inflation) Old Inflation_’
H"‘-—-—-_____-—-—-"”’/

. New Inflation (Chagctic inflation
— SUGRA inflation
~ Double Inflation> -_Power-law inflation

s~ S
b s ol il OGS ol g = T

“—-.._.__‘_‘__________—__________.___,_,_‘-f’
<__Natural infiatio 'M’

il W T, et
~lnflation - . iliflstisNn ) ¢~ Brane inflation
\J\__// \,q_‘q_‘_______________r_f_/

/,/—-__\

2000 ~ SUSY P-ternm -~ Super-natural ™

“~inflation ~_Inflation K-flation >
—Nflation —

1990

oy

ST 2o _ DBl inflation
:. —_ '| \‘-\_‘_‘_‘_‘_‘_-_____-_-_._._._,_‘--"'"
73— Dol e T _ arped Brane™

achyon inflation —

| 2 .
s e T Shag S - Inflation -
esorososo  Racetrack inflation T Paeawss
\-‘_\—‘_'_‘—-_._______._-—'_'—"Fr/ /ff'k. - _-_-_-_-_-_-_-_‘_‘_‘—h\
s oulette inflation Kahier

modchili/axion




Power law (chaotic) potentials
V/MP4 pas 2.. \llzv s W=¢/MP 2-12

e=(ViW) , €= (v/2) /(N(Kk) +Vv/3),
n-l=—(v+l)/ (N(K) -v/6),
n=—Vv/ (N{(K) -v/6),
v=1,N;~ 60, r=0.13, n=.967, n=-.017
v=2, N;~ 60, r=0.26, n=.950, n=-.034
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PNGB:V/Mpd A, sin?(yif, g o)

red
ABFFQ93 _ 2

B~ 1-feg
€ = (1-n,)/2 /(exp[(1-n,) Ny (K)] (1+(1-n)/ 6) -1).
exponentially suppressed: higher r if lower Ny & 1-n
to match n=.96,f__ ;~ 35, r~0.032
to matchn=.97,1_ ,~35.8, r~0.048
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Inflation in the context of ever changing fundamental theory

-

1980 (r2-inflation) Old Inflation_
MH__‘_____F_#_;_,-'

_New Inflation> (Chactic inflation

— SUGRA inflation ™
w_‘____‘_‘_____-___._.___._._'_ﬂ_,_‘-f"

~Double Inflation™> __Poweraw inflation_

B =TS e

1990

;@ ~_ Hybrid inflation >
n=—Vv/ (N(K) -v/6),

v=1, Ny~ 060, r= 0.13, 0= 967, - 2 —017
v=2,N;~ 60, r=0.26, n=.950, n=—.034
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Power law (chaotic) potentials
V/MP4 e A. \IIZV s \II=¢/MP 2-12

e=(VAYR, €= (v/2) (Ny(K) +v/3).
n-l=—(v+l)/ (N(Kk)-v/6),
n=— v/ (N(Kk) -v/6),
v=1,N;~ 60, r=0.13, n=.967, n=—-.017
v=2,N;~ 60, r=0.26, n=.950, n=—.034
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PNGB:V/Mpd A, sin?(yif,y o)

ABFFO93 K.
n,~ 1- red >

€ = (1-n,)2 /(exp[(1-n,) Ny (K)] (1+(1-ny)/ 6) -1).
exponentially suppressed: higher r if lower Ny & 1-n
to match n=.96,f__ ;~35, r~0.032
to matchn=.97,1_ ,~35.8, r~0.048

r
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Moduli/brane distance limitation in stringy
inflation. Normalized canonical inflaton

Ay < 1 over AN ~ 50, ¢ 2/n, . ."* BMos

& =(dy/dIn a)‘z sor =16 <.007, <<?

roulette inflation examples r ~ 10-1° & Ay <.002
possible way out with many fields assisting: N-flation

n=.97,1._4~5.8, r~0.048, Ay ~13
¢ v=1,1=0.13, n.= 967, Ay ~10
cv=) r=0% n = 05 Aw ~16
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energy scale of intflation & r
ViIMpt <P r (1-e/3) 32

V~ (1076 Gev)4 r/0.1 (1-g/3)

roulette inflation examples V~ ( few x1073 Gev)4
H/Mp ~ 109 (x/.1)"2

inflation energy scale cf. the gravitino mass (Kallosh &
Linde 07) if a KIKLT/largeV . -like generation mechanism



String Theory Landscape & Inflation++ Phenomenology for CMB+LSS
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String Theory Landscape & Inflation++ Phenomenology for CMB+LSS

- ..'I ; ’ :':E_.
o Tl ok g

axion/moduli fields-Z. Shrinki

KKLT, KKLMMT
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String Theory Landscape & Inflation++ Phenomenology for CMB+LSS
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String Theory Landscape & Inflation++ Phenomenology for CMB+LSS
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String Theory Landscape & Inflation++ Phenomenology for CMB+LSS
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String Theory Landscape & Inflation++ Phenomenology for CMB+LSS
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Constraining Inflaton Acceleration Trajectories
Bond, Contaldi, Kofman & Vaudrevange 07

“path integral” over probability landscape of theory and data, with mode-
function expansions of the paths truncated by an imposed smoothness
{(Chebyshev-filter) criterion [data cannot constrain high In k frequencies]

P(trajectory|data, th) ~ P(In Hp,skldatm th)

~ P(dataj Ian,ek ) P(lan,sk | th) | P(data|th)
Likelihood theory prior | evidence
Data: Theory prior
CMBall uniform in lan,sk
(WMAP3,B03.CBI, ACBAR, (equal a-prior probability hypothesis)
DASI.VSA.MAXIMA) Nodal points cf. Chebyshev coefficients

- (linear combinations)

LSS (2dF, SDSS, o8[lens])

uniform in / log in / monotonic in %k

The theory prior matters a lot for current
data. Not quite as much for a Bpol future.

We have tried many theory priors

Pirsa: 07090050 Page 58/96



Old view: Theory prior = delta function of THE correct one and only theory

New view: Theory prior = probability distribution on an energy landscape
whose features are at best only glimpsed., huge number of potential
minima, inflation the late stage flow in the low energy structure toward
these minima. Critical role of collective geometrical coordinates (moduli
fields) and of brane and antibrane “moduli” (D3,D7).
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Roulette Inflation: Ensemble of Kahler Moduli/Axion Inflations
Bond. Kofman. Prokushkin & Vaudrevange 06

A Theory prior in a class of infiation theories that seem to work

Low energy landscape dominated by the last few (complex) modulifields T, T, T, ..
J4 U, U, .. associated with the settling down of the compactification of extra dims

CY are compact Ricci-flat Kahler mfds

Kahler are Complex mfds with a hermitian
metric & 2-form associated with the metricis
closed (27® derivative of a Kahler potential)

(complex) Kahler modulus associated with a 4<cycle volume in 6 dimensional Calabi Yau
compactifications in Type lIB string theory. Real & imaginary parts are both important.

Juilds on the influential KKIL.T, KKI MMT moduli-stabilization ideas for stringy

nflation and the focus on 4-cvcle kahler moduli in large volume limit of IIB flux
ompactifications. Balasubramaiian. Berghmd 2004, + Conlon. Quevedo 2005, + Suruliz 2005

(M
As
notivated as any stringy inflation model. Many possibilities:

['heory prior ~ probability of trajectories given potential
y>arameters of the collective coordinates X probability of the

Pirsa: 07090050_ Page 60/96

yotential parameters X probability of initial conditions



i stabilized
B e A
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Mmov ing

Stabilization from 3% .. " field T3 ... T,
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> uniiorm (7} distribution of initial values of {7, 8)

»
&



_P. Conlon, C. H. Kom. K. Sumllz B. C. Allana-:h E Qu&ve:in

™1 i e T L e o A =, —
1.-.]. o _1.1 |_]_!:- |:.-1_I_!|_H-.'!rl'- .I; [‘__16} I:I_- “IJ 1§ —r:_.\ __;:_-I::I-_-. —l:.' )

Spertlcle Spectra and LHC Signatures for Large
Volume String Compactifications
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]
Roulette: 19 21 4 12 2 285 108 8 11 is
]

which minimum
for the rolling ball
depends upon the
throw: but which
roulette wheel we

play is chance too.

The ‘house’
does not just
play dice with

the world.
e o Bl{axA)PJre B AWpa Ayre—3 T cos(&:8) 3WEE
VT, 0) = — — 5 | e T cote V0P

i N, 3 L -‘\ r
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Ps (|I‘l Ha) Kahler trajectories

— observable range

\ _—
L -_—.___

ks Templatn Ps < &7~ with a) dash dot N, = O 95, B — O




Roulette: S

which minimum
for the rolling ball
depends upon the
throw: but which
roulette wheel we

play is chance too.

The ‘house’
does not just
play dice with

the world.

[ ¥ ¥ B s re e > el r A S A e = Sl F
e o Bl{a2A)r e AWhar Arre T cos (& 8)
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Ps (In Ha) Kahler trajectories

—— observable range

\ — i,
N —_—.___

gabbeell Template Ps o< A7~ ' with a) dash-dot: 1, = 0.95, 1., = O Kk




Ps (In Ha) Kahler trajectories

It is much easier to
get models which
do not agree with

observations. Here

the amplitude is off.

N\
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Ps (In Ha) Kahler trajectories

e observable range

| —
— O Page 68/96

Sl Template Ps o< X7~ ' with a) dash-dot: 1, = 0.95, 1,




Roulette: T T
which minimum :
for the rolling ball
depends upon the
throw: but which
roulette wheel we

play is chance too.

The ‘house’
does not just
play dice with

the world.
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Ps (In Ha) Kahler trajectories

It is much easier to
get models which
do not agree with

observations. Here

the amplitude is off.

\
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New Parameters of Cosmic Structure Formation




InP_ P, (nodal 2 and 1) + 4 params cf P Pg¢ {nodal 5 and 5) + 4 params
reconstructed from CMB+LSS data using Chebyshev nodal point expansion & MCMC

WwR2 1 all paramsh powerspectrum likestais PR _modals 5 all params cont powesrspecirum [ikestars

IU— B ]U—-HJ

S . ' | ' 1 | ' ’ - kL I ] . ' T

Power law scalar and constant

wr

tensor + 4 params

ettective r-prior makes the limit

- stringent 35
r=082+- 08 (<22) | °*
no selt consistency: order 5 in
- e S T 'E scalar and tensor power
— | r= 21+ 17(<33) |
proa oToso0s0 16 = ——— : : ) e



Ps (|I1 Ha) Kahler trajectories

e observable range

olay dice with
the world.
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