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Horizon problem

Surface of last scattering is nearly isothermal, sutz_:z sting that all
parts of the last scattering surface were once 1in causal contact

However, the causal horizon at last scattering 1s much smaller:
points separated by = 1 have never been in causal contact
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Horizon problem

(aa ) comoving distance light travels 1n an e-folding

Evolution with scale factor a:

dlog(aH) ! I + 3w

d log a 2

In a universe filled with
nonrelativistic (w 0)
or relativistic (w 1/3)
matter, the horizon i1s

small at early times

P/ p)

slope

matter
domination
(e ())

radiation
domination
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Inflation

To get a large horizon at early times, ACDNMNI expansion history
must be preceded by an
1.e. negative pressure

‘inflationary” epoch with w - L
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Single-field slow-roll inflation

Example model: scalar field ¢ slowly rolling down potential V' (¢)

: | ) '
S / d*x /—q (_) (D)~ \ ((')))

Vo

reheating

Flatness: « Mp, e ‘ (WMAP7: ¢ < 0.015H)
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Single-field slow-roll inflation
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Single-field slow-roll inflation

Example model: scalar field ¢ slowly rolling down potential V' ()
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Vo

reheating

Flatness: _ 3 (WMAP7: ¢ < 0.015H)
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Generation of perturbations

Amazing fact: inflation naturally generates perturbations

In an expanding background, microscopic degrees of freedom
are quantum mechanically excited

Toy example: massless test scalar field ( < 717 << 0)

) 1 do
Sr / dn d>x
2 cdny

/

time dependence

Each Fourier mode ox behaves as a 1D harmonic oscillator
with time dependent Hamiltonian

I . ‘D
H Hn)?p~
5 | () p~ ()2
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Generation of perturbations

loy example: Fourier modes evolve w/Hamiltonian

| o k=2 -
& v D~ -
9 ( ’/) P t (lll});" A

Assume wavefunction in ground state at start of inflation (7 >O )

1 <<~ 1 /k : wavefunction stays in ground state (adiabatic)

~ . ~ /".)) 2
1) = 1/k: wavefunction ““frozen’: ¢ (xr) o< exp ( ”!‘,-.1-“

At all times. the wave function 1s Gaussian

> At the end of inflation, the scalar field o 1s a Gaussian
ficld with scale-invariant power spectrum (opox) < 1/k°
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Generation of perturbations

loy example: Fourier modes evolve w/Hamiltonian

| P k=2 -
& Iy D~ -
) ( ’/) P t (lli});" A

Assume wavefunction in ground state at start of inflation (7

1 <<~ 1/k : wavefunction stays in ground state (adiabatic)

/‘,.", .
=T

LI =

n = 1/k: wavefunction ““frozen’: () < exp (

At all times., the wave function 1s Gaussian

> At the end of inflation, the scalar field o 1s a Gaussian
ficld with scale-invariant power spectrum (opox) < 1/k°
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Generation of perturbations

Reheating: fluctuations in inflationary sector convert to
fluctuations 1n Standard Model particles

Simplest scenario: inflaton decays to SM particles, source of
initial density fluctuations i1s the inflaton itself

Non-Gaussianity is (Maldacena 2002),
given the following assumptions:

. single-field (initial fluctuations come only from inflaton)
rcheating 1s homogeneous
. . . 1 oy N D - ‘
inflaton Lagrangian is 5 (J¢)~ Vi)

Page 12/41



Pirsa: 12010127

Generation of perturbations

Reheating: fluctuations in inflationary sector convert to
fluctuations 1n Standard Model particles

Simplest scenario: inflaton decays to SM particles, source of
initial density fluctuations i1s the inflaton itself
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given the following assumptions:

. single-field (initial fluctuations come only from inflaton)
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A non-Gaussian model: modulated reheating
Suppose:

1) Decay rate I of inflaton is controlled by auxiliary field o

['(x) =1+ 1 10(x) +1T'50(x)" +

2) o acquires Gaussian fluctuations via the standard mechanism

This setup leads to an adiabatic curvature fluctuation of the form

C(x) A(do(x)) + B(do(x))? +
or equivalently:

loc 2

o |
D, _
C(x) Cer(x) ._)./,\'/_Q(,'(x)_ f

- . . ~ loc - ~
where (¢; is a Gaussian field and A7 is a free parameter.
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Non-Gaussianity: “local model™

_~non-(raussian
) ; loc
¢ (x) Cer (X /\/Q(.
Arises 1f non-G is gcncrulcd by local physics after horizon crossing

- modulated reheating (inflaton decay mediated by spectator field)
- curvaton model (spectator field with non-flat potential generates ()
- “*“New” Ekpyrosis (two-field model; second field generates Q)

Natural values 1n these models: /!““ 1 100

AfRS = 21 (WMAP7)
Observational errors (1o ): A fK ]‘" 5 (Planck)

A fK ]‘" 1 (futuristic LLSS)

[Local non-Gaussianity requires multiple fields: observation of
25 % 0 would
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Non-Gaussianity: “local model™

_~non-(ryaussian
- ) - |(lﬂ‘
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Non-Gaussianity: “local model”

_~non-(ryaussian
- - l(lﬂ‘
¢ (x) Cor (X /\1&(.
Arises 1f non-G is gcncrulcd by local physics after horizon crossing

- modulated reheating (inflaton decay mediated by spectator field)
- curvaton model (spectator field with non-flat potential generates ()
- “New” Ekpyrosis (two-field model; second field generates Q)

Natural values 1n these models: /[‘“ 1 -100

AfRS = 21 (WMAP7)
Observational errors (lo): A fA ]”‘ 5 (Planck)

A fK ]”‘ 1 (futuristic LLSS)

[Local non-Gaussianity requires multiple fields: observation of
29 # 0 would
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Non-Gaussianity via cubic interactions

Add interaction terms to Lagrangian
Toy example: massless test scalar with &7 interaction

) | ' 2 o do \ ° _ o . do\ "
S / dn d’x a(n)” (;o0)~ - fa(n) :
2 . dr) - clr)
rd
e

small coupling constant
To first order 1n f, non-Gaussianity shows up i1n the 3-point function

kl k'_’

.

Y 1)
(Ok, Oks0ks) X f / dm)
«/ ()

kihkaohks(ky
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Non-Gaussianity in single-field inflation

Classiftication theorem: if
1. the inflaton i1s the source of the initial curvature perturbations
2. the inflaton Lagrangian does not have rapid explicit time
oscillatory potentials or transient ““features’™)

dependence (e.g.
general curvature 3-point function 1s:

<Qk| Cko L.k_-».) JosFga(ky, ko, k3) + ./.r:l'((')('r}: l"f'r(f'hr)'—' (A, ko, R3)

Then the most

where F. s same 3-point function as test scalar with o
/.

ag(da)=

Senartore, Smith & Zaldarriaca 2009

) - - . . . é .l
same 3-point function as test scalar with o(d,0)~
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“Shapes” of non-Gaussianity

- . Kk,
Curvature 3-point function (Ck, Ck.Ck)

defined for closed triangles

Single field shapes

Foa(hy, ko, R3)

>

]'ri—({h-r}?' (/"l s /"'_3- /":),) pc‘dkcd on small for
equilateral squeezed

O :
[_ocal Hi]{l]‘k‘ ["1”(.(/»'|.A'-_).!n';;) _)./'AI\:-’}‘[L(/»'l )[)L‘(/»"_}) } CVcC.
<)

signal-to-noise dominated \—I
by squeezed triangles
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Orthogonal shape

Single-field shapes Fza(ky, ko, k3), Fioo)2 (K
are very similar (highly correlated)
Orthogonalize: define new basis
Foquitl = 1.21 Fga + 1.04 F5 9552
Florthos 0.108 Flos — 0.068 Fly (502

Equilateral L

shape:

positive small small

Orthogonal —_— \I

shape: _ -
i negative small

—

Smith & Zaldarrviaga 2009

l)()h‘ili\/c Senarore,
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Data analysis

Diagram

b

r

Curvature bispectrum (Ck; Ck2Cks)

A

r

CMB bispectrum (¢, ,,, Ay, Ao,

A

r

Optimal estimator fNL

r

WMAP

constraint
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General case is computationally intractible

Calculating CMB bispectrum from curvature bispectrum:

(265 + W26 + 1) fy {5 £y £y o 4
177 () () ) rre rreo T

: /-,/, by cdhes ke ([[ "’f';'_,, (hir) A ./.,:) Ciey Sika Sies
. LL 7 X

LD oscillatory integral for each (€4, €5, €3): too slow

Computing optimal estimator from data (as,,,):

-
f\l‘. \ CLi yomey @l ey

A

Number of terms 1n sum 1s ~ ¢° - too slow

111auX
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Physical shapes are tractable!
k|

‘2
»

Example: 7t interaction

e o I
. (. lr)y 1)~ '
<(-k|(-k-('~k.£> ./” @ /n'l)lr'-_)ln'_u;(

Specialized to this case, estimator can be written 1n tractable form:

'
i

JNL / f/“’(/f// I’zr/I'/
J) J0) .

Generalizes to any , €.
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Computational problem 1: large number of terms

_/.“\-,, Zr;f(AI/)Zl'f(Ai') / d*n Z/i,(//,./'_,)((' Yo,
J ’

2
C

] Ern

Sum of many terms, corresponding to points in (77, 7)) plane

Proposed optimization algorithm to reduce computational cost

General form:
N

Given estimator X E X; and covariance matrix Cov(X;, X )
) 1 i
Find minimal (in sense defined by Cov) subset{ X, . X, ., --- . X, }

Original X can be written w/fewer terms: w;.X,;, + -+ + wpr; X

LT

Specialized to /v Start with many points in the (7). ) plane

Optimization algorithm gives small number of points, weights
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Computational problem 1: large number of terms

_/.“\-,, ZI/E(AI])ZI";’(AI') / d“n Z/r,(i/,-.l'_,-)((' L) oo

i Vi rn

2
[

Sum of many terms, corresponding to points in (77, 7)) plane

Proposed optimization algorithm to reduce computational cost

(General form:
N

Given estimator X E X; and covariance matrix Cov(X;, X )
) 1 i
Find minimal (in sense defined by Cov) subset { X;, . X, . --- . X, ,}

Original X can be written w/fewer terms: w;.X,;, + - + wp; X

LN

Specialized to /v Start with many points in the (7. 7) plane

Optimization algorithm gives small number of points, weights
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Computational problem 1: large number of terms

Fve =S nran 32 ran [ @ (32w )@ ay,
J ’

2
C

f} Ern

Sum of many terms, corresponding to points in (77, 7)) plane

Proposed optimization algorithm to reduce computational cost

(General form:
N

Given estimator X E X; and covariance matrix Cov(X;, X )
) 1 i
Find minimal (in sense defined by Cov) subset { X, . X, . --- . X, ,}

Original X can be written w/fewer terms: w;.X,;, + -+ + wp; X

LN
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Optimization algorithm: example

_/;.\'1_ / ,/3(/”/ = dr / d“n e (. r)(C Y a) e
J0) J0) . Z

Ern

“Unoptimized” estimator: 80000 terms corresponding to dense

sampling in the (7, 7) plane
= 1000

100

Applying optimization 10
algorithm reduces number "

of integration points (or

terms 1n the estimator) to 86
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Computational problem 2:

l{ of ,|'§.‘H
&3&'
-b‘ ‘-“.ﬂ, #r' :
CMB map = vector «a
N Noise covariance matrix (diagonal in pixel space)
S Signal covariance matrix (diagonal in harmonic space)
Appears to require inverting 10°-by-10° matrix!

Proposed fast multigrid algorithm for solving (S + N)ax
iteratively (similar to elliptic PDE such as V=< )

WMAP: —15 core-min Planck: -4 core-hours
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Computational problem 2: C

CMB map = vector «a
N Noise covariance matrix (diagonal in pixel space)
S Signal covariance matrix (diagonal in harmonic space)
Appears to require inverting 10°-by-10° matrix!

Proposed fast multigrid algorithm for solving (S + V)«
iteratively (similar to elliptic PDE such as V= )
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WMAP results: local shape

First optimal analysis: /'\, 38 + 21 (1lo) Smith, Senatore & Zaldarriaga)

At the time, results 1n the literature were difficult to interpret...

/!\‘-Hl .;:_) f .’;l (Creminelli et al)
/1{"! 7T + 30 (Yadav & Wandelr)
"]::(" = =

J N L c)e) f ,‘;() (Komarsu er al)

Optimal estimator achieves smallest error bars and

by removing ‘“‘choices’ 1n data analysis

Current data is consistent with single-field inflation ( f X} 0):
Planck will reduce error bar by factor —4

Pirsa: 12010127
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WMAP results: single-field shapes

400

First optimal constraints:
fulth = 155 £ 140
forrhos — 149 4 110

(Planck: errors smaller by factor 2-3)

“Master result” which can be compared to all single-field models

Sernatore, Smith & Zaldarriagca 2009
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Case study: DBI inflation

String-motivated model of inflation

(Alishahiha, Silverstein & Tong) "
W\

V1t f(0)09)2 ~" D3 brane

J (D) |

warped throat

antn—IMD3 brane
1\roAp |’

Single ficld model, classification theorem applies....
- _
/-c'(|ni] 0.35 /.(,1‘1}“,_._._ 0).024
J N L (:,' J N L (‘__,

-~

From WMAP results we get: ¢, — 0.054 (95% CL)

e, Smith & Zaldarriaga 2009
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WMAP results: gravitational lensing

——
(exaggerated)

Different CMB power spectrum when looking through large-scale
overdense/underdense region:

- overdense: magnifies, acoustic peaks shift to lower |

- underdense: demagnifies, acoustic peaks shift to higher |

CMB

'l']lla‘a‘ pwf‘:]l
. matter
[unction:

CMB
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WMAP results: gravitational lensing

.
(exaggerated)

Different CMB power spectrum when looking through large-scale
overdense/underdense region:

- overdense: magnifies, acoustic peaks shift to lower |

- underdense: demagnifies, acoustic peaks shift to higher |

CcCMB

‘m matter density

CMB
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WMAP results: gravitational lensing
NVSS: 1.4 GHz all-sky radio survey

Use galaxy counts as tracer for
CMB lenses

CMB

<} PSS

CMB A

Statistical

Three-point signal detected at 3.40

100 200
Multipole 1
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Analyses in progress...

WMAPOY9: Optimal power spectrum using ' welghting

Improves errors on most parameters by 10-20%
(more than WMAP7 to WMAP9 improvement)

Error bars on primordial shapes reduced by factor 2-4
Gravitational lensing: 30 sigma (!)

Four-point shapes (coming soon)

ke ko ko
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Analyses in progress...

WMAP9: Optimal power spectrum using ' welghting

Improves errors on most parameters by 10-20%
(more than WMAP7 to WMAP9 improvement)

Error bars on primordial shapes reduced by factor 2-4
Gravitational lensing: 30 sigma (!)

Four-point shapes (coming soon)

Ky Koo Ky
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