Title: Resonant non-Gaussianity
Date: Mar 16, 2010 11:00 AM
URL.: http://pirsa.org/10030037

Abstract: Two of the most exciting observables in the cosmic microwave background (CMB) radiation, which could deeply impact our picture

early universe, are non-Gaussianity and tensor modes. A potential detection of tensor modes can be explained in terms of a model of lal
inflation. Theoretical considerations suggest that a symmetry should be invoked in order to protect the flatness of the inflaton potential and h
axion enjoying a shift symmetry is a natural candidate. As main example, | will present a model of inflation in string theory based on

monodromy. Non-perturbative effects typically correct the axion potential leading to small sinusoidal modulations on top of an otherwise fla
roll potential. It can be shown analytically that a resonance between the oscillations of the background and the oscillations of the cul
fluctuations is responsible for the production of an observably large non-Gaussian signal. An explicit expression for the shape of this re
non-Gaussianity will be presented. There is essentially no overlap between this shape and the local, equilateral, and orthogonal shapes, al
resonant non-Gaussianity is not captured by the simplest version of the effective field theory of inflation. Hopefully the analytic expressic
resonant non-Gaussianity will be useful to further observationally constrain this class of models.
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Motivations

Cosmological data
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Motivatons

Cosmological data

We are livine in the solden age of
| nal cosmoloev: COBE
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Morivations

Cosmological data

We are living in the solden age of
bservational cosmology: COBE S

goes [0 Stockholm. WNAP has : £ -
measured the CMB with percent

Y 5 : f
b /&;’7/

and now Planck: the satellite. launched on Mayv 2009. finished the first
full sky map (957 ) on Feb 14th!

aCCUracy.
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Maotivations

The picture emerging from the data
- o

o Inflation does not solve the horizon and flatness problem but can
arguably alleviate it. It provides a mechanism that shifts in the
past the initial condition problem
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Motivations

The picture emerging from the data

o [nflation does not solve the horizon and fHatness problem but can
argnably alleviate it. It provides a mechanism that shifts in the
past the initial condition problem.

e \everless it 1S a Hiﬂtﬁ'frt{'liifli‘ model to cenierate cosi *ll';il'i:l
perturbations.

e So far the simplest models of inflation is compatible with the data

. i.e. small. scale-invariant but slightly red tilted.
Gaussian. adiabatic primordial eurvature perturbations.
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Motivations

Exeiting signatures in the sky

Obervables that could deeply impact our picture of the early universe:
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Motivations

Exciting signatures in the skv

Obervables that could deeply impact our picture of the early universe:
o lensor modes:
o Detectable in the T anisotropies or in the polarization of the CMB.
Current bound on the tensor-to-scalar ratio: r < .20
o A detection would suppeort inflation and determine the high seale

] TET e * ]
(order GUT) where it took place.
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Motivations

Execiting signatures in the skv

Obervables that could deeply impact our picture of the early universe:

o lensor modes:
o Detectable in the T anisotropies or in the polarization of the CMB.
Current bound on the tensor-to-sealar ratio: r < .20
» A detection w LL] Id support inflation and determine the high seale
(order GUT) where it took place.
e non-Gaussianity
o Detectable e.g. in the three-point function of T perturbations.
Current bounds are of the order a percent (shape dep --'uh nt

* A detection would rule out the sumplest class of models (a Hln

rolling single canonically normalized field ).
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Motivations

Tensor modes and the Lyth bound

o The detection of tensor modes, e.g. in the B-mode polarization.
would fix the scale of inflation close to the GUT seale.

3
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Motivations

Tensor modes and the Lyth bound

o The detection of tensor modes, e.g. in the B-mode polarization.
Wi rf_;ig’; X fhi' -u.‘.'_i_li of ;L[fi[ﬂil il L’ll e TO Thi {1{1 .‘"'«{'-'_li'._",

o Measuring tensor modes puts a lower bound on the range of

variation of the inflaton
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Motivations

Tensor modes and the Lyth bound

@ The detection of tensor modes, e.g. in the B-mode polarization.
would fix the scale of inflation close to the GUT seale.

3 1" lr_'.‘-t:‘-i‘al";[l'_‘; TellsOr T« --'lf'?- f}flfi a 11!‘-.‘5.'#'1‘ E'It-'lﬂgil Ol :“1[!;-‘ range irf
variation of the inflaton

o [n a fndamental theorv a flat potential over a superplanckian

distance is hard to control. « g, .-';—{.'-l‘vl.ll-";u.
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Motivations

Tensor modes and the Lyth bound

o The detection of tensor modes, e.g. in the B-mede polarization.
would fix the seale of inflation close to the {._1{_ 1 seale.

o \Measuring tensor modes puts a lower bound on the range of
variation of 'iu' iuj;_l“t'un
W Ao
1';[;,: \ i 1

o [n a fundamental theorv a flat potential over a superplanckian
distance is hard to control. e.o, f,'—{.:[hl.llr-m

@ | IS IS [he manm motivation to conskler axion monodromy 1 L1011

Tensor = High Larse = more

modes scale field L V-sensitive
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Motivations

UV-sensitivity

@ LF'T approach: learn about higher scales studving U V-sensitiv
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Motivaticns

UV-sensitivity

o EFT approach: learn about higher scales studving UV-sensitiv

o f

Page 17/1




Maotivations

UV-sensitivity

o EFT approach: learn about higher scales studving U V-sensifiv

| = f | ELEE

o Inflation s a UV-sensitive mechanism. Schematically
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Motivations

UV-sensitivity

o EFT .1[.1'[:1‘{1;1:.'}11 learn about hicher scales stue 1_‘."Lli_, V-5

-|.|. s 7 B

o Inflation 1s a UV-sensitive mechanism. Schematically

o Within string theory and supergravity manv medels suffer from an

'J-l}!'i' !ilh'hl-
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Motvatons

UV-sensitivity

=

o ELFT .1[:'i.!1‘u;-_-.'hi learn about [li__:,lir.*l' scales stu 1‘5i11; \ =se11s1t]

= by

o Inflation is a UV-sensitive mechanism. Schematically

l | = —_-'.'.”._ =—T \ e
) £ e

Within string theorv and supergravity many models suffer from an

-problem.

e We need to invoke a symmetry, e.g. shift svmmerry.
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Motivations

Axion monodromy

Two dithieulties for larze field models in a UV theorvy

> "‘l[u! AT I _1_'2,}; is often ILLLIHP-}H.IL- 1E.E, brane infation)

o
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Motivations

Axion monodromy

Two diticulties for larze field models in a UV theory
@ Space: Ao > My is often impossible (e.g. brane inflation)

@ Flatness: €, n<< 1 is rare (e.g. /) {'l“rl.-‘if*lLl
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Motivations

Axion monodromy

Two dithiculties for large field models in a UV theorv
@ Space: Ao > My is often impossible (e.g. brane inflation)
o Flatness: e, < 1 is rare (e.g. 5 problem)

Axdon monodromy addresses both
IILI

o Invoke a shift svmmetry on a “angular”™ field
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Motivations

Axion monodromy

Two difficulties for large field models in a UV theory

e Space: Ao > My is often impossible (e.g. brane inflation)

-

o Flatness: € < 1 is rare (e.g. 5 problem)

ANION MOOCAromy '-11:_3-_1.1‘1' sses both
e
o Invoke a shift svmmetry on a “angular™ field

@ |he symmetrv is broken in a controlled way
icdueing a monodromy.
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Motivations

Axion monodromy

Two difficulties for large field models in a UV theory
@ Space: Ao > My is often impeossible (e.g. brane inflation)
o Flatness: €. < 1 is rare (e.g. 5 problem)

Axion monodromy addresses both

o Invoke a shift svmmetry on a “angular” field

) IL’_I_# h',-i_liui'_‘fl'}.' 1S Ib[ikt §] _h a O i'-_lri_”u*'ii WAy
indueine a monodromy.

o This enlarges the field space and provides the
p ,r.:ﬂr'[;'[l for mHation.
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The model

Axions in field theory

@ Axions are scalar fields with only derivative couplings and might

arise e.¢. from the breaking of a U(1) symmetry

o | hev enjov a continmous shift svmmetry at all orders in
perturbation theory

Ar — alr) + constant
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The model

Axion in string theory

String theory seen from a low energy 4D observer has in general many
AXIONS:
@ Model independent axions. e.g. dualizing B,,, or C,,. Model
dependent axions from integrating a p-form over a p-cvele of the
compact manifold
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The model

Axion in string theory

String theorv seen from a low enerev 4D observer has in general many
AXIONS:
or (. Model

dependent axions from integrating a p-form over a p-cvele of the

o Model independent axions. e.g. dualizing B,

!'4

compact manifold
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The model

Axion in string theory

String theorv seen from a low enerev 4D observer has in general manv
AXIONS:
o Model independent axions. e.g. dualizing B, or C,,,. Model
dependent axions from inte ,'_'_'".'l'rm,_-; a p-form over a p-cvele of the
C rll!_[_-.'-_-.’[ manifols ’i‘\f}
o The shift svmmetry is valid at all order in perturbation theorv so
it can ensure the flatness of the inflaton potential.
o The shift symmetrv s broken non-perturbatively, e.g by
world-sheet or brane instantons. Periodic modulations.
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The model

Axion in string theory

String theory seen from a low enersv 4D observer has in general many
AXIONS:

o Model independent axions. e.g. dualizing B,,, or C,,,. Model
dependent axions from integrating a p-form over a p-cvele of the
compact manifold,

@ The shift symmetry is valid at all order in perturbation theorv so
it can ensure the flatness of the inflaton potential.

o The shift symmetrv is broken non-perturbatively, e.g by
world-sheet or brane instantons. Periodic modnlations.

Modulation are generic

Flat Shift = _ non-perturbative
= = _ = - AYiONS = .
P stential SVInnetry THOM lll_L":_Fll s
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The model

A cartoon of the model

We consider Type IIB (orientifolds) because moduli stabilization is
[Hie -li 11'11 IEH 11_
o In the N = 1. 4D effective theorv there is an axion ¢l x) coming
from 10D (5 inteerated over a two-cvele Yo
9 “‘l"t]@lill: a 5-brane over __ mclices a ‘;_th-'_i[i;*; for c(x)

world-sheets with boundarv).
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The model

A cartoon of the model

We consider Type IIB (orientifolds) because moduli stabilization is
more developed.

o [n the N = 1. 4D effective theory there is an axion e(x) eoming

from 10D ¢ 2 Integrate d over a two- 3'{_‘1* Ef

o Wrapping a 5-brane over L, induces a potential for (x|

world-sheets with boundary).
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The model

A cartoon of the model

We consider Type IIB (orientifolds) because moduli stabilization is
Hiore 1%-1'+*ln|§1+1[.
o In the N =1. 4D effective theorv there is an axion ¢(x) coming
from 10D (5 integrated over a two-cvele Yo
o Wrapping a 5-brie over ¥s induces a potential for o(x)
'._'.'Hi'[{ :‘L-'-.llt‘é = "'_Hl }"rii ili'i_jr_i.'!I'T l.
e [f the 5-brane is a warped region. the potential leads to viable

inflation (COBE normalization |

&

9 -“lf- 1;;1.11111“ 'ﬁT;-l}-;|i;{.-ffil.lll i { I‘:HLL 1Iu+-':~ not rn[ M lii “llt' :hhiJ,T

svmmetry.
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The model

Linear potential for the inflaton

The shift svmmetry can be broken in the presence of boundaries.

Consider a D5-brane ﬁ'l"-il-;:u-wl on a two-cvele L.
The DBI action

f‘

_-]!;'I_'r / ‘_T".,.r —-i"“: {ﬂh i ‘I_-..r,;.:.“f e Bl'.i-'ff I
k 4

I&l
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The model
Linear potential for the inflaton

The shift symmetry ean be broken in the presence of boundaries.

Consider a D5-brane wrapped on a two-cvele L.

T'he DBI action

P
6 & [1. (rvind =
_.Jf' {d I 1_.1'.-|’ .[_J_hh & E‘""dl
13]_11 ""_]_j_:r l‘i': iR e 'F; *' :. — l‘!-:]_i:"'r I[ ,fl.l" i —_ JT -‘[;f

stares sofe Ihn{'n--'ilfii'i, eleray.

This generates the linear inflaton potential (and
break SUSY). COBE normalization and control

't 1;_11i1‘~‘ O Tet l—."*[lif.' Lr" 0
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The model

Linear potential for the inflaton

The shift symmefry ean be broken in the presence of boundaries.
Consider a D5-brane wrapped on a two-evele .

T'he DBI action

"

_j'l_1 / ‘l_f"-.,.r _-I)\ j {'-_-l'l' ‘,.--:,”:_i L E?"-'-"I .'
H.

The shift a(x) — a(z) — const of a(z) = [- B

stores some potential energy.
{_-.I;_w = :[‘} ‘I.,' L_: —+* .':'" B j-.'}h :-’ji‘ 1_.:'|i‘_1.1‘" fl

This generates the linear inflaton porential (and
hreak SUSY) COBE normalization and control

_-{_,{“;‘[.- O Ted {—Hhi[':' lr"] 0
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The model

Linear potential for the inflaton

The shift svmmetry can be broken in the presence of boundaries.

Consider a D3-brane wrapped on a two-cvele X,

T'he DBI action

"

~Ts [ dze®/det (G + Brod
¥

JL:_U' ‘_Ll_:r alrt — alr)—const oL alr) = [

%

)|
3y

stores some potential energy
Vibi =Tsv L2+ a= ~Tsa for large a

ﬂl'_w Fenerates Thi- } leal 'Fl L OF] WeTi | ii-ti'.'.']
break SUSY ). COBE normalization and control

require fo res {-shift - 0
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The model

The effective potential

Inflation is driven bv a real sealar
¢ 'H ’ﬁ'iﬂ'; }nﬂ iiriu}
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The modsl

Linear potential for the inflaton

Ill“ “Eii:f SVIIINEry €an be ]f*l'i}l{t Il 1N f[lt- presence of b '-'.l[_l-_E;i_J_":_--"'-..

Consider a D3-brane wrapped on a two-evele L.

I'he DBI action

i~

_f.'* / d° v _11)1.- dot I'jr””’f + B"'i"dl
5

The shift a(z) — a(zr) — const of a(z) = |- B

STOres sofe P tential ¢ HeTZV

Vib = [ V L=+ a° ~ f_ah LOF __:-11‘*_‘% (1

This generates the linear inflaton porential (and
break SUSY). COBE normalization and control

I 'i“i['l O red t—‘*[lif' Lr_'. 0

Page 53/1




The model

The effective potential

Inflation is driven bv a real scalar
feld with potential
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The model

The effective potential

[nflation is driven bv a real scalar
field with POt ntial

-. w .
@ 0 <l = monotonic pote ntial

o 0> J.ﬂ_,;‘ oives | roe-1e Id infHation. With [t = b - l'T_‘:_UI-J anl
(L g —:-: I.l..-\[}hrr llilil hT:" {_‘{}ij 1“1_!' T-T}E [lllr 'El:""‘];""‘ l‘ttlhlr'{i'_}‘
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The model

The effective potential

[nflation is driven bv a real sealar
e li with E'm’i ntial

e 0 < 1 = monoctonic pote ntial

@ O > _11_’2,_,; ojves large-field inflation. With Ji=0- 1'1-4‘_11[};; and
Oin = 1My one fits COBE. We will not discuss reheating.

o j < M, many short ripples. Different from the superplanckian
case that seems to be hard to achieve In string theory.
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The model

Background evolution

We solve the e.o.m. perturbatively in b:

zeroth order

)
[ 5 X
HZE ¥ 35,
S B — 1 ==y S
\ - )
3 B
first order
e = ¥ i ;I-.I \
/ & iy = —.’;f;‘_f"'-'r:}{“ ( — )
= L ¥
= o5 1 e&F .3 HI-.
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The model

Background oscillations

The (Hubble) slow-roll paraiperers oscillate

| .’:f;_f o
o i g COs| —
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and can resonate with the I*r-‘*i‘f%ll"r:-tfia.r'-_ih L
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The model

Background oscillations

The (Hubble) slow-roll paramerters oscillate

{ o
"N = —_ .IIIH -_ 'Ff'll‘"*f'u_'.‘ *-,,l_l = ". [

R £
T

™

{ O \

~ b *"-I".";i'?.l = ,

\ _?l ]
and can resonate with the perturbations (.
}':rl:ri{'l: Th.‘:” J, 2> F SO 06 n not use slow-roll formulae to

i Al

T Dations.
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The model

Spectrum of scalar perturbations

I'he oscillations in the potential induce oscillations in the spectr

.\ el e
(1 : -
Pps‘.p:.{u—) 1-*,5”&_{_‘_(_‘)
kE q 7/
F. .:? ) r:‘_J-_I.].L: 2 'L'.t-l:l-'h R
4, (=)
; l\ .I'
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The model
Cosmological perturbation theory

o During single-field inflation. there is a single scalar degree of
freedom after fixing the gauge (diffeomorphisms).

@ We choose to have in the metric. i.e. the wniform density gauce

i

— () and we are left with ((z) in

o |[he background inflationary selution is quasi de Sitter. i.e

LT
ix ¥ 3
(L — pe

with slowly changing Hubble parameter.

@ The action expanded to quadratic order around this classical
background leads to the Mukhanov-Sasali equation for the

IFvatill ETTUTDAaTION L
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The model
Cosmological perturbation theory

o During single-field inflation. there is a single scalar degree of
freedom after fixing the gauge (diffeomorphisms).
o We choose to have in the metrie. i.e

5

. the uniform density eauve
do = 0 and we are left with {(z) In

o The background inflationary selution is quasi de Sitter. i.¢

tH
- ¥ 1
(i) = apf

with slowly changing Hubble parameter.

o The action expanded to quadratic order around this classical
backeround leads to the Mukhaneov-Sasaki equation for the

rvatil et
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The model

The Mukhanov-Sasaki equation

Mukhanov-Sasaki equation leads to the power spectrum
e Slow roll is not enough because ¢ and 4 are not approximatively

constant. in fact oscillate fast.

flr 1 LD Y A
A -.E A S =t L {
— — — — 1)
1 r "'l|“‘
1‘T"’*.*J1.,’-k‘t {

—kt and 7 is the conformal time adr = dt
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The model

The Mukhanov-Sasaki equation

Mukhanov-Sasaki equation leads to the power spectrum

e Slow roll is not enough because ¢ and 0 are not approximatively
constant, in fact oscillate fast.

:J i F | '1', ! T
Tk --l:-FT'.w;@ . [
A s T i e '
‘.._ i “,. l_f_.”

where r = —k7 and 7 is the conformal time ad7T = dt
e We solve p riurbatively m b.

@ | here IS a resopnance hetweeil ( and o0 at I.. — 1/(2fo).
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The model

The Mukhanov-Sasaki equation

Mukhanov-Sasaki ~{pi.r-ﬂii-il leads to the power h;n_‘{‘f['_']j“
e Slow roll is not enough because ¢ and o are not approximatively

constant. in fact oscillate tast.

Lj &) f ] =]
B A1+2%+)dG

A

F

(L= ‘f..

T 1

where r = —k7 and 7 is the conformal time ad7r = dt

o We solw ["I:‘l'?‘:ll*i ativelv m o

@ | here is a resonance hetween ( and o at ... = 1/(2f9)
@ Across the resonance a mode cets excited
\ [T 3/92(1) . W am (9)
Ctd )] = g ) = _H . — € W] =4 _I"f.3 ol ok
'-'. ‘1 B i A \ - o
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The model

The Mukhanov-Sasaki equation

Mukhanov-Sasaki equation leads to the power spectrum
o Slow roll is not enough because ¢ and o are not approximatively

constant. in fact oscillate tast.

—Fkr and 7 is the conformal time ad7 =

—

'.?.'ll*"f.‘t -
o We solve perturbatively in b.

" _...._..I ¢ ; -1‘.

N _14_-' et B

» '_;r S ex( 'iTr‘:-L

I~

@ Across f‘[if‘ Fesonance a i r-fiu
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The model

The effect of the resonance on the modes
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o the resonance is seen mmmerically and anavtically
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The model

The effect of the resonance on the modes

e The i-'t_hll:'!?'l- n for ¢, (x) can be solved exactly

€9
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The model

The effect of the resonance on the modes

9 I[l*' '-’{;]IE!Ti- n for ¢, () can I_w <4 ri‘n'i'il o || 'h'

L4

s

o the resonance is seen mumerically and anavtically
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The modsl

The effect of the resonance on the modes

@ Lhe '{:H;r'i- n for ¢, [z) can be solved exactly

n

@ the resonance is seen numerically and anavtically
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The modsl

Solution of the Mukhanov-Sasaki equation

The amplitude of oscillations in the spectrum is then

sooth(o75) 19

."-H__ — —l_’h\ —— ~ b4 11
\ (L +(3]0) '

valid for 0 > My, f < My and b < 1 Excellent agreement with the
NINerIcs.
il
lr’f
I|’
LU
1
¢
(M} 1 1 I“::- (T - il I_IJ_{ 1_!‘;!‘_‘
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The model

Solution of the Mukhanov-Sasaki equation

The amplitude of oscillations in the spectrum is then

Zooth [ 5= fo
.‘-ﬁu__ = —llh’\ ["h' ) e V2r{

\ (1 +(3]0)°

valid for o > My, f < M, and b < 1 Excellent agreement with the
NIMerics.

i1

e £k 0.03 0.06
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The model
Observational constraints on the spectrum

We have evolved this signlat with CAMB and compared it with
WMAP5. The one- and two-sigma exelusion contours are
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The model

Solution of the Mukhanov-Sasaki equation

The amplitude of oscillations in the spectrum is then
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=1 £ = L = 1 . 7
valid for 0 > My, [ & M, and b < 1 Excellent agreement with the

NMerics.
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The model
Observational constraints on the spectrum

We have evolved this sienlat with CAMB and 1*{31111)&&'51;_ it with
WMAPS5. The one- and two-sigma exclusion contours are
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The model
Observational constraints on the spectrum

We have evolved this sienlat with CAMB and 1‘.'{!111}.'&!11*1;. it with
WNMAPS. The one- and two-sigma exelusion contours are
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The model

Observational constraints on the spectrum

We have evolved this niulﬂur with (:*A}.LB and mlilimr{*{i it with
WMAP5. The one- and two-sigma exelusion contours are

000175
QLS _
.|.h|;'_-;_3

AW E
HOONTS L
00065 i

a0s -

WS ¢

002 094 Q06 088 0 5 35 3 325 I 45

Page 87/1




The model

Observational constraints on the spectrum

@ The best fit next to the unbinned W MAPS data looks like
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o The improvement of the fit is net statisticallv significant.
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The model

Observational constraints on the spectrum

@ The best fit next to the unbinned W MAPS5 data looks like
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@ The improvement of the fit is not statisticallv significant.
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