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* There are infinite number of ways to deviate from Gaussian

Theoretical Ansatz of Non-Gaussianity
m Data Analyses

» Computationally expensive multiple integrations
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Theoretical Ansatz of Non-Gaussianity
m Data Analvses

* There are infinite number of ways to deviate from Gaussian

» Computationally expensive multiple integrations

B

» Analyvtical formulas with good theoretical motivations are needed
» Approximated m a form suitable for data analvses

* Trv them all in data analvses -- a detection with one ansatz
does not mean that we have found the right form
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Theoretical Ansatz of Non-Gaussianity
m Data Analvses

* There are mfinite number of wayvs to deviate from Gaussian

» Computationally expensive multiple mtegrations

B

» Analvtical formulas with good theoretical motrvations are needed
» Approximated m a form suitable for data analvses

* Trv them all mn data analvses -- a detection with one ansatz
does not mean that we have found the right form

. &

Charactenizing all possible non-Gaussianities from inflationarv models

Pirsa: 08030066 Page 4/89




Single field inflation. 1) with canonical kinetic term.
2) on smooth potential, 3) under attractor solutions.
4) m Bunch-Davies vacuum.

produces unobservable non-Gaussianities.

(Maldecena, 02: Acquaviva, Bartolo. Matarrese, Riotto, 02)
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Single field inflation. 1) with canonical kinetic term.
2) on smooth potential, 3) under attractor solutions.
4) n Bunch-Davies vacuum.

produces unobservable non-Gaussianities.

(Maldecena, 02; Acquaviva, Bartolo. Matarrese, Riotto, 02)

How about (still for single field):

» Non-canomical kinetic terms (e g non-slow-roll models such as: DEI k-inflation)
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Single field inflation. 1) with canonical Kinetic term.
2) on smooth potential, 3) under attractor solutions.
4) m Bunch-Davies vacuum.

produces unobservable non-Gaussianities.

(Maldecena, 02: Acquaviva, Bartolo, Matarrese. Riotto. 02)

How about (still for single field):
» Non-canonical kinetic terms (e g non-slow-roll models such as: DEI k-inflation)

» Sharp features (e g single or a series of sharp features mn potential or warping)
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Single ficld inflation. 1) with canonical Kinetic term.
2) on smooth potential, 3) under attractor solutions,
4) m Bunch-Davies vacuum.

produces unobservable non-Gaussianities.

(Maldecena, 02; Acquaviva, Bartolo, Matarrese. Riotto. 02)

How about (still for single field):
« Non-canonical kinetic terms (e g non-slow-roll models such as: DBL k-inflation)

» Sharp features (e g smngle or a series of sharp features in potential or warping)

* Imitial conditions (e g short inflation)
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Single field inflation. 1) with canonical Kinetic term.
2) on smooth potential, 3) under attractor solutions.
4) m Bunch-Davies vacuum.

produces unobservable non-Gaussianities.

(Maldecena, 02 Acquaviva, Bartolo, Matarrese. Riotto. 02)
How about (still for single field):
» Non-canomcal kinetic terms (e g non-slow-roll models such as: DBEIL k-inflation)
» Sharp features (e g single or a series of sharp features i potential or warping)
* Imitial conditions (e g short inflation)

» Non-Bauch-Davies vacuum (e g Trans-Planckian physics: stringy physics)
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Non-Gaussianities m General Single Field Theory

» Single field models that we studv:

> Inflaton 1s responsible for density perturbations;
» Lagrangian 1s arbitrary function of g,.9"08#0 and ¢

» Arbitrary sound speed €;and A\ (to be defined)
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Non-Gaussianities m General Single Field Theory

» Single ficld models that we studyv:

> Inflaton 1s responsible for density perturbations;
> Lagrangian 1s arbitrary function of ¢,,.0"¢d ¢ and ¢

» Arbitrary sound speed €. and A\ (to be defined)

* We will be able to:
» Denive the general cubic action
» Charactenizing all possible bispectrums

» Forms of non-G are associated with its dvnamics:
so expect to also represent many from multiple field models
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Shape and Running

Bispectrum is a function. with magnitude /v . of three momenta: k. k. k3
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Shape and Running

Bispectrum is a function. with magnitude /nz . of three momenta: k. k. ks

 Shape dependence: (Babich, Creminelli. Zaldarmaga, 04)

Fix K=k +k+ks, vary ks /ky - ks/k;

/“ —_——

Squeezed Equilateral Folded
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Shape and Running
Bispectrum is a function. with magnitude /v . of three momenta: k. k. ks
» Shape dependence: (Babich, Cremmnelli. Zaldamaga, 04)

Fix K=k +k+ks, vary ky/ky - ks3/k:

— A

Squeezed Equlateral Folded

» Scale dependence: (X C. 05. LoVerde. Miller. Shandera. Verde. 07)
Fix Jlfg / A‘l = ;1'3 ‘;""1{[ . vary K = g{[ o nlzg . IL':;-

dIn f_\,'_{.
din K

NG — 1 =
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A General Formalism (Garriga & Mukhanov, 99)

s Lagrangian
Lid'sy—3 1 J;R— 21X, o}
u'here X — —Eg“ ¥ 0,00,0
e \letric

ds® = —dt® + a>(t)dx>
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A General Formalism (Garriga & Mukhanov, 99)

e Lagrangian
S = %j dx/—q H[E;R —2P(X, ¢)

where X = —%g“”aﬂf;i@yc)

e \etric

ds* = —dt* + a”(t)dx;

e Define parameters

_dP Px

- dE Px+2XPxxy
A=X"Pxx+ g}{ﬂp._‘;_‘;_‘{

C

b O B

(sound speed )

H3e

)

—_

. r : 7
E=XPxtI2X Pxx—
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 Slow variation parameters

H ¢ _ & A
B ' T eH® = AR

= =

* More general than the usual slow-roll parameters

7 Flat pofential v s. steep potential (DBI) or no potential (k=mnflation)
> Non-relativistic slow-roll v s. ultra-relativistic fast-roll
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ADM Formalism

(Maldacena, 02: Seery & Lidsey 05. X C . Huang, Kachru & Shm. 06)

* Metric
ds* = —N?dt* + h;;(dx* + N'dt)(dx’ + N'di)
Comoving gauge: 00 =0 . h;; = agez‘;d}j .
* Action

: 1 T
§ = [ dtd®sVhN(R? +2P) + 5 [ dtd’xVhN"!(E;E7 — E?)
where E;; = L(h;; — V:N; — V;N;)
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ADM Formalism

(Maldacena, 02 Seery & Lidsey 05. X C | Huang, Kachru & Shu. 06)

* Metric
{152 = -.'\trjdfj - = h.fj[d.ri > 3 .\T#dt)[d.ri = 2 ;‘Tjdt}
Comoving gauge: d0 =0 . h;; = a‘e’*d; o -
* Acfion

——f dtd*sV/EN(R® +2P) + f dtd*zvVhN"'(E,;E” — E)
where E;; = %( - Vh\ — V;N;)

* N and N’ are Lagrangian multipliers

In order to get the cubic expansion of L, it is enough to
solve N and N' to the first order, because
¥ ) f d'x [zeroth order constraint eqn] - N

— f d'z first order constraint eqn] - N'"" B
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* The equations of motion for N and N* are

R® L 2P _4AXPx— N }E;E" —E*) =0,
V(N ) V(N B =0
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* The equations of motion for N and N* are

.

R® 1 2P 4AXPx-— N XE,;E? —E*) =0,
VN 'El)—Vi(N'E)=0.

* Decompose N, = N, + 94 where 9;:N' = 0
and expand 1n powers of (

N = 1+a+ax+--- ,
N, = NY 4+ NP +-..

v = i+t
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* The equations of motion for N and N* are
R® 2P 4AXPx— NXE,;E" —E* =0,
VN 'E)— V(N 'E)=0.
* Decompose N, = N, + 9,1 where §;N* = 0
and expand 1n powers of (

N = 1l+a+a+---,
N, = NO 4N 4.

L-. —_ Lrl_{__.{_!z_{.._... .

* Solve to O(() . m order to expand the action to O((?)

C- 'flb C (oY .'...F:
{11=E. N =0, L‘1=—E+\:. (3‘}\;‘=u};(,

S5
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* The equations of motion for N and N* are
B® 1 2P 4AXPy— N *E;E? —E*)=0,
ViN'El) - V(N 'E)=0.

* Decompose N, = N, + 9;v» where 9; N = 0
and expand 1n powers of (

N = l1l4+a,+as+--- .
N, — NYND 4.
v = Ui +at---,

* Solve to O(() . m order fo expand the action fo O((?)
= N9, phy——iy, @Fx= ﬂ‘*(%{f

III=H. : H

=

* Plug them into the action and expand
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The Cubic Part

* The exact cubic action for scalar perturbation ¢

1 c'-“i e )
3 a9 4 a2V 2
S; = [ dtd’z{—a’(Z(1 — ;> “’}‘}H% . (e —3+362)(C
+ ;(f —25+1—€)((@C)" — 2&;6(0@{31)
a’e d , - |
5 ,(ﬁ )c, ¢ +o fr)t,)(dx)d“x+—(f)“§)(dx +2£(C —,.h},
where
o2  2€ oL (]"()2
dx =a —,%Q. Ell_ﬂ(di‘ +Hd‘1—fd‘g)
Ji€) = J‘—{:C + (terms with at least one derivative on () .
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i)y = <[’Té;%§3(t‘)£’r£nt(t' to)) - Ut — 1 €

The 3-Poimnt Function

.t -
g LD H, .. ()dt

(C(t. ka)C(t. ka)( (. k3)) = —iﬂ; dt'([((t. k1 )((¢. k2)C(t, k). Hine(t)]) .

where Hj;,; is the interaction Hamiltonian given by S; = [ ditdz’ L.

irsa: 08030066

0 / dr3Ls .
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The 3-Pomnt Function

; o 5 [ Haotdt
(B0 = U OUinsltoto)) . Uie =T € e T

(g(t: kl]g(t kE)C(t kE)} = —1 f; dtf([(:(t__ kl)(;(ff ki)(;(t k3): Hﬂ'nf(t!n) 3

where H,,; is the interaction Hamiltonian given by S5 = [ didz’ L.

H—jnf o —/.d.lfﬁ[,g z

* Detine

(C(k1)¢(k2) (ks)) = (27m)767 (ky + ko + ks (P )

I1; k:}

i
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Attractor Solutions Without Sharp Features

* Slow vanation parameters << 1

H é £ A
€= nN=—., s=——. l=—.

T H2 eH c. H \H

« Sound speed €5 and \/X are arbitrary

¢ < 1and/or \/X > 1
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The Cubic Part

* The exact cubic action for scalar perturbation ¢

: G de S
[ dtd’z{—a’(Z(1 — —r+zA)H3 b gle—3436)0C
+ (e — 25+ 1 — AP — 2a5€(IC)(Dx)
= €S
a’ed 1. - 2 v oy O
+2€%df{cgh @+H (D) (X)X - . ~(@PC)(@x)? ﬂ“ag“}

* VVarious contributions 1:

; 2) 1 2
(é—ul)f- i|r_:: _r____*_\/"* A"K(',—)—l) . AI?:

-

—
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* The equations of motion for N and N’ are

R® 2P 4XPx - N"E;EY —E®) =0,
VN 'E)—Vi(N'E)=0.

* Decompose N, = N; + 9. where &;N* = 0
and expand 1n powers of (

N = l14+a+as+--- .
V. = NOLN® ...

U = Yy TP+~

* Solve to @(() . in order to expand the action to O((?)

¢ (1) _ A o 9 €
{_11=E. N =0, L-1=—E+t, (}3*(=u}§(,

=5

* Plug them mnto the action and expand
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ADM Formalism

(Maldacena, 02: Seery & Lidsey 05. X.C | Huang, Kachru & Shiu. 06)

* Metric
ds* = —N?3dt* + h;;(dx’ + N'dt)(dx’ + N'di)
Comoving gauge: d0 =0 . h;; = a’e™y;; .
» Action

g 5 [ dtd* VRN (RY +2P) + f dtd’zvhN " (E;E” — E?)

where E;'J' %( ' V:i\ Vji\i}

* N and N* are Lagrangian multipliers
In order to get the cubic expansion of L, it is enough to
solve N and N’ to the first order, because
S D f d'r [zeroth order constraint eqn] - N

- f d'z[first order constraint eqn] - N ! +.
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A General Formalism (Garriga & Mukhanov, 99)

e Lagrangian
S =3rd'z/—g|M3R —2P(X.9)
where X = —%g*”” d,00,0

e Metric

ds* = —dt* + a”(t)dx;

e Define parameters
4P Py
B dE B .P_X + Q_XPJ{“{

3 V.
A. — JY-P_TL'_TL" -+ §4Y3R_Y_E_‘{

(i

b O L

(sound speed)

=3
H-¢
=)

o

=

Y= XPx t2X’ Py —
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* The equations of motion for N and N* are

R{';ﬂ 3 IP — —l}f}j__?'{ - L\'—Z(EUEU _ EE} —

V(N 'El) - V(N 'E)=0.

* Decompose N; = N; + 9,1 where ;N = 0
and expand 1n powers of (

N = 1+ﬂ;+(})+
N;: = N +N7+
U = Ty T+ Wr+---
* Solve to O(() . m order to expand the action to
é (1) S )
==, N7~ =0 == + i
(ry H i U H X

Pirsa: 08030066

O(¢)

-)F =
"
=
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* The equations of motion for N and N* are

R® 1 2P 4XPx— N *E;E" —E> =0,
V(N 'E})—Vi(N'E)=0.

* Decompose N, = N, + 9,1 where §;N* = 0
and expand n powers of (

N = 14+ay+as+-
-‘:-i - \-ill . \'I, }
U = v+ +-

Pirsa: 08030066
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* The equations of motion for N and N* are
B? 2P 4XPx - N *E;E" —E*) =0,
VN 'E)— V(N 'E)=0.

* Decompose N, = N, + 9,10 where ,N' = 0
and expand in powers of (

N = 14+at+as+-
N, — \-:11 ¥ \-{ 2) |
Y = Y1+ +-

* Solve to O(() . m order fo expand the action fo O((?)

(1) ¢ o 9 € :
.\'T1=U. L’1=—§+‘(. 02““:”2{3{"
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* The equations of motion for N and N* are
BR® 2P AXPy N *E;E? —E") =0,
Vi(NTE})-V{(N'E)=0.

* Decompose N, = N, + 9;v» where 9; N = 0
and expand 1n powers of (

N = 14+ea1+ax+---
N, = NV 4N 4.
v = yi+eYs+---,

» Solve to O(() . in order to expand the action to O((?)

& ) C = 5 € -
o = E ) _\-:’“ — | 1% U =—§+\( L 03‘( =HEE{,

* Plug them mto the action and expand
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The Cubic Part

 The exact cubic action for scalar perturbation ¢

3 53 3oy I : C f {I;;E ) S
Sy = [ didr{—a*(Z(1 - 5) + 2N 75+ — (e —3+3A)(C
(1€ '

+ 2o =25+ 1= ADO? — 20500 (DY)

(e

3 d U7 | I : o v ey =ain el oot < ¥ ; . I§L
3 - ( ] Wi+ ;'ff)(,_)(aﬁk:'a_-‘i — i{f)‘g)(f)){)" + 2f(C)—h};
a 4a 0C

2eldi 2

where

e oL (i
: 1 — 1 df

= 5C -I—H()‘x;—fd*(,) ;

f(€) = —=(* + (terms with at least one derivative on () .
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* The equations of motion for N and N* are

R® 4+ 2P 4AXPx— N }E;E? —E®) =0,
VN 'E)—Vi(N'E)=0.
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* The equations of motion for N and N* are
R® 2P 4XPx-— N XE;E7 —E*) =0,
V(N 'E}) ViNT'E)=0.

* Decompose N, = N; + ;1> where 9;N* = 0
and expand 1n powers of (

N = 14+a+as+--- .
N, = NV END ;...
U = Yr+Uat---,

* Solve to O(() . m order to expand the action fo O((?)

-
.

§ (1) 5 2y 2 € =
{’11=§. .\'J- = L’1=—E+"’(. ()2‘;;:{!}%(,

* Plug them mnto the action and expand
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The Cubic Part

» The exact cubic action for scalar perturbation ¢

i | Cﬂ a’e
3 : 2
S; = [ dtd’z{—a’ 1—;}+2A)H3 " —(e —3+3e1)¢C
(1€ e & S e
+ ;( 25+ 1 — e)(C(AC)° 2{1;()(@@){61)
ugf d. . .- oL
26 §
- > a’.f{rff)(’ ¢+ qﬂ(()(,)(d\)()*x - : d‘g)(d)t) f((!]éf; I}
where
oy gf_- = oL d()h
d_‘{ = a !r’-:':: . Eh —ﬂ( df +Hd-1—Fd-C)
f(€) = (terms with at least one derivative on () .
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The Cubic Part

* The exact cubic action for scalar perturbation ¢

1 63 a’e Sy o 22
3 o o o X2
fdfd r{— a (21 — [_)+2A}H3 > (E — 3+ 3¢ )CC
4 ff(g_ 2s + 1 — ()P — n-C,fd‘t, 10559
ed n 5L
— ( ’ + 2 .
+ 2 ( S)g ¢ + f)c (Ox) \+_L (X)) + 2f(C f)g i} .

* Various contributions 1:

(;g—l)f- —e: T A'?f('-—;—l)- A0 =

€s

—
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The Cubic Part

* The exact cubic action for scalar perturbation ¢

s | BB 3 it 1 2\ L'::"" a’e s D
S3 = [ dtd’s{—a*(S(1 — ) + W)+ (€ —3+3)C
4 % (e — 25+ 1 DO — 2056(@O@)
€2 €<
a’e d s N a5 ol
% —(dC (D o —(POHIV) Ol —1|1 } .
* SErTs S)LQ 5 (OC)(9X) k+4 (FC)Ix)” + f(%.lég.l}
« Various contributions 2:
1 1 $
—e” —es , EHEp Ax L} Aoc—
€ e i Ce
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The Cubic Part

 The exact cubic action for scalar perturbation ¢

1. £ & = =
[dfdj.r{ —a (B(1 — ;) + 2;\};[3 S - if(f —3 43 )
ae . €
+ {__(f —2s+ 1 —eD)Clag)y — ;5(-6@ Hox)
a’e d | _ .;._- & o 4 ol
VB 4 (PO 1 2F OO
+ j,‘_ﬂ_(ﬂ( )L, ¢+ Hﬂ(dc;)(dwd“k 12 (07C)x) f(g)m;.ll}
» Various contributions 3: 2f(¢ {}i = Ax ;% :

This last term 1s absorbed by a redefmition:

|
C—=C+flG). Q= 4},(,' + (terms with at least one derivative on ()
r-l--

<C(K1 )C(KEE{-:(X‘ED {ﬂ.: X1 ]Cn (X’)(;n(x’i]}
B 2 {(:n { X1 }(:H(X?D <(;n(x1 )Q_n(xﬂ.)} + sy Hl) + C)( )P e

2r:3




» The 3-pt function to order O(e): (X C.. Huang Kachru, Shm. 06)

‘ . - T |
(C(ky )¢ (ka)C(k3)) = (2m) 07 (k; + ks + k) ( Py g

X {A_;..+A,.+A,+A+A,;+A;.‘1.

where.
1 N\ 3k2A2K2
4=(3-1-%), 5%
L 1 2.2, 1 2.3, 1 3
A=(5-1), (_Ez*f"*ﬁmzﬁ gl h
= P> == ¢
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The Cubic Part

» The exact cubic action for scalar perturbation ¢

~ 3 3o B -(53 ﬂ‘:je 2N -
= [ dtd’z{—a’(Z( 1—;)+2=,\}H3+ ri{e—3+3c )¢
+f___§( 25+ 1 — (A — 2a ,,a,(dc,wdu
+”fd{ ) - =~ () (e .d:—(cﬂd )* +2£(¢ —l}
}(‘*-{ﬁ L’ g 2a NRIXITX N o5 1

_ oo S L S I
» Various confributions 3: 2f(¢ )i}_{, , EED A :’; :

This last term is absorbed by a redefmition:

. 3 o N -
['%‘(*” +f{'[-,ﬁ} - f{g' "l' J(’

<L:(X1 )(;(K_’)C(X‘i ) == {(.r.r 1’i‘l[ (,JL(X’ (m(xi]}
i q) {gﬂ' X] gﬂ X’)) ((_:n_(x]_ :l()_t? (.X'}}> "‘:’“1]1) + O( )P =

+ (terms with at least one derivative on ()

t‘?




(X.C., Huang, Kachru, Shmu, 06)

o =K

(C(ka)C (ko )G (k3)) = (2m) 0% (ky + ke + kes)(Pr) IL; k3
x (Ay+ A+ A+ A +A,+A,) .

* The 3-pt function to order O(e):

where.
1 2\ 322K
1 1 A T 1 E 273 1 E 3
: > ] )
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» The 3-pt function to order O(e): (X C. Huang, Kachru, Shw, 06)

1
(L;[k.i)(;{k ) lrk; > -}'T] l'} [k[ —Lk}“{—k :“: % ,1- !,:3

X EA.1+A:-+A;+JL+A”+A;1.

where.
. 1 5., 3&%&%&%
,*l,\:(g—“]_—z)r SK3
j 1 1 2 1 3 1 ¥y 1 3
A=(3-1) (R T+ T Hs WZ"")
= iZ>] =) i
A, = O(e/c2) + O(eN/T)
Acps =0(e)
e The si1ze:
h"::'_r_ _i(l_1_2) ey —— 39 (i_.'l)
- 81 \ ¢2 ¥ il 108

€ EA €.1].5 '
> ol . Ry — o
= : = _\.‘
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A. / kiksks (Ax. A, similar) —A. / kiksks (A, As similar)

* Running 1s weak: nye — 1 = O(e)
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A./kikaks (A, A, similar)

* Running 1s weak: nye — 1 = O(e)

* Associated dvnamics:
Large non-Gaussianity == Small ¢, or large \/%

Higher denivative terms change mnflationarv dynamics (¢ f. slow-roll),
ffitroducing large interactions for modes near horizon extit
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Single Sharp Feature

For example. in potential (slow-roll) or warp factor (DBI)

(Kofman. etal, 91 (X C . Easther. Lim. 06, 08
Wang. Kamuonkowskr, 00; Bean, X C., Hailu, Tyve, Xu 08)

Komatsu et al. 03)
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Sharp Features in Potentials (X C. Easther, Lim, 06.08)
At sharp feature, 1gnoring background expansion:

lj-_:_} . C-}E
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Sharp Features in Potentials (X.C. Easther, Lim, 06.08)
* At sharp feature, 1gnoring background expansion:

e o
LZEO ‘-L(ﬂ). F——m

» Energy conservation:

)
3()3 + V' = const.
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Sharp Features in Potenfials (X.C.. Easther. Lim, 06.08)

« At sharp feature, 1gnoring background expansion:

¥on . ¢
L——EO —L(O) E——m

» Energy conservation

= )
303 + V = const.

—

.
& small — Ae small

e
1]
|
[
[
o
en
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Sharp Features in Warp Factors (Bean X.C.. Hailu, Tye, Xu, 08)

At sharp feature, 1gnoring background expansion:
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L—-T(¢) \/1 —2|T(d), ¢ = v’fl — ¢?2/T

T(o): warped brane tension
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Sharp Features in Warp Factors (Bean X.C. Hailu, Tye, Xu, 08)

At sharp feature, 1gnoring background expansion:

L=-—T(&) \/1 — @2 /T(0), e, = v’fl — @?/T

T(o): warped brane tension

* Energy conservation:
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T /e, —consk.
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Sharp Features in Warp Factors (Bean. X.C.. Hailu. Tye. Xu. 08)

* At sharp feature, 1gnoring background expansion:

L=-T(o) \/1 —?IT(9), ¢, = Vfl — @?/T
T(o): warped brane tension

» Energy conservation:

T /¢, = const.

sk V

small =1

AT Ae,

small —
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e € or ¢, do not change much
due to approximate energy conservation relations

* They change in a very short period of time,
boesting € — 17 or ¢; — s by several orders of magnitude

" 3
15 0=
16 £ f
~ IS |
= | |
/-—-—-_._h______\_‘_-_-_-_ |
. ~1_ 5 ~% 5 B i [
= |
[
—x0; 05 |'
15t : ;o
; = — |
-zat E 5 . se— | B3 =0 Ne

Pirsa: 08030066 Page 56/89




The Cubic Part

* The exact cubic action for scalar perturbation ¢

1 3 dle
= [ dtd’z{—a’ 1——J+?’/\);; ek 3¢
+i£f(f— 25+ 1 — (@) — _2{_') (}()}(_(‘)1)
a fd & € . . S
+—(FCHIdx) +2f(C)—l1t .
+ }F_df )g g+w (D) (O )P x 4{1{}@)1\0\() f(g}m;_[l}.

» Various confributions 4:

Important in the presence of sharp features

As n
Al
€s - €5 (X C . Easther. Lim. 06. 08)
(Bean, X C | Hialu, Tye, Xu 08) age 57180
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Non-Gaussianities from the Sharp Feature

e > d (n | d
dra®— : wr (Tu; (T)—ur (7)) + perm
[ a5 (2) (v k() g ) + perm)
4 - =
Sharp feature r
at Tx €
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Non-Gaussianities from the Sharp Feature

vk e 4 d
/x dTa"édT ({23) (“I-I(T)“Za(?)*d'?“zq(ﬂ +perm)

g - =
Sharp feature KT
at T*;
A . (K
Roughly, ~ fteat SIN | — + phase k. =—1/r
e 3 -
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Non-Gaussianities from the Sharp Feature

g +>€ d [N . d
/ dTaszd’r (C_) (uh(*r)ukj( )d"ru!"?( )+perm)
> s 5

4 - =
Sharp feature K
at Tk €
A K
7 ~ sin | — + phase .. =—1/1,
Roughly, P Jteat (fi:_-; +p ) -k 1

» Shape 1s trivial

(1f not too much squeezed)
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Non-Gaussianities from the Sharp Feature

Tend € (g T) d
dra®— : uy (T)up (7)—uz. (7) + perm
[:‘x: {.fd'r (Cg) ( ;‘1(1) -&vi( )d’}" Lg( ) P )

g oL
Sharp feature K
at Tx €
Rﬂug-hl}i k, é ks ~ feat SIN (:t ~ phdb{:‘) 1 . —— 1;; T.
10}
» Shape 1s trivial |
(1f not too much squeezed) : |
: 2 = 5 ; ET
* Running 1s oscillatory B
and localized ¢ I
il
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Resonance Mechnism (xc_ Easther. Lim. 08)

Small, but many closely spaced features

Small. but high frequency oscillations in mflationary parameters: 7], S

et e d [n : . d .
/ ox dmdcj% dr (cg) (uki(’r)“kz('r)&;%(‘f‘ ) ‘I‘DEI'IH)

Subhornzon contributions | _
- Resonant with small

used to be cancelled But now: 1 _ _

due to oscillations m U, (’I‘ ) oscillations in 7}, S

The mtegration picks up a large contrnibution SR o»

" 3 . I I"'I .'.1_ :l:‘l ) ! "I
when modes are still subhorizon 4 5 (I it |
BOEE Mok i l i & i |
A - - . _ SE_I | o - o : o I. : : | | |
e fres sin(C' In K + phase) i FRIRER
2]

il ) 12 - 14 P5
» Amphitude 1s approx mvanant
« Frequency 1s changmg ¥ | | _
Pirsa: 08030066 | AP PEALS to have a scale) ==L S S " Page 64/89




Resonance Mechnism (< Easther Lim. 08)

Small. but many closely spaced features =——=>

Small. but high frequency oscillations in mflationary parameters: 7], S

e e Iy . - d ,
f_x dm-::ﬁ dr (CE) (ukl(T)HkE(T)E%"(T) +pem)

Subhorizon contributions

Resonant with small
used to be cancelled But now ats 00
due to oscillations m Uk, (T ) oscillatons m 7}, S
The miegration picks up a large confribufion 154 : 5
when modes are still subhonizon A B gwpRp D
A , , s EE pE e it i b
——— = fsin(C In K + phase) BALEL B pbEs )
kyRaks i i;: by III;Ii & :1.3 T e | hs
B DR AR RL Y Rk A ok
» Amphtude is approx invariant CEHER U MRS R DM
» Frequency 1s changing FEE R B R M oa NN
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Non-Afttractor Imitial Conditions

* Used to explain possible low-/ suppression
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(Contaldl, Peloso. Kofinan, Linde, 03; Powell, Kiney, 06)
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Non-Afttractor Imitial Conditions

* Used to explain possible low-/ suppression

(Contaldi, Peloso. Kofinan, Linde, 03. Powell, Kinney, 06)
* Fastroll === Slow-roll attractor

€f R I ===p ¢ =~ 0.01

» Not verv sharp. since the time scale 1s given by I'H
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Non-Attractor Imitial Conditions

» Used to explain possible low-/ suppression
(Contaldi, Peloso. Kofinan, Linde, 03; Powell, Kinney, 06)
* Fastroll =—== Slow-roll attractor

€f = 3 cm——— . = 0.01
» Not verv sharp. smce the time scale 1s given bv 1'H

* Mode function 1s also suppressed

* Oscillatorv running 1s similar to that for single sharp feature,
the amplitude 1s smaller (X.C.. Easther. Lim. 08)
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Non-Bunch-Davies Vacuum

* General vacuum state for mflaton fluctuations: (Martin, Brandenberger, 00)

tH

up = u(7.K) = ——=(C (1 + ike,m)e ™ T + C_(1 — ike,r)e™™ )
Vf de Cg =
The Bunch-Davis vacuum: C.=1and € =8

Pirsa: 08030066 Page 69/89




Non-Bunch-Davies Vacuum

* General vacuum state for mflaton fluctuations: (Martin, Brandenberger. 00)

EH . L i O + o R, R T %
ua-—u{‘r.k}—m{ﬂ_(lfsﬁm}e +€_(1 —ike,T)e )
The Bunch-Davis vacuum: Co.=1and €C_ =0

» Consider O(C_ )corrections L ) -
(X.C., Huang, Kachru, Shm, 06)

Replace one of k; with —£;

= s 1 2\ SLf,{fH
( : £ : + : )
X 2
S o (k1 — k2 + ks)? (—h1 + ka2 + »333)3'
3
1 - ' 1 1 e 1 23 1 3
A. = Re(C)(5-1 Zl(—f D RE 45 Bk +2 3 B,
: = t>F 17 i
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+ The size of the non-Gaussianities

. o~ 2\
fan = SRelC )G —1-5)
= 25 1

f";n'_L === A RE(C-)(E_E - ]‘)

* The shape of the non-Gaussianities

» Peak n the folded tnangle limat,
B / k:; ~ ;{'-'1 o 1 k-Q

1 > Divergence is artificial:

200 & R0 .75 if non-standard vacuum exuts
r'S only up to M. divergence 1s
replaced within K < kH/Me,
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» Shape-dominant

squeezed local (small) equilateral folded

» Running-dominant

pisa: csosoossarp feature or mitial condition resonance page 72189
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Diafterent Combinations

Datferent tvpe of non-Gaussianities can be superimposed:
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Diafferent Combinations
Datferent tvpe of non-Gaussianities can be superimposed:

For exmple:

DBI + Resonance:
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Diafferent Combinations
Dafferent tvpe of non-Gaussianities can be superimposed:

For exmple:

DBI + Resonance:

Slow-roll + Non-BD + Sharp feature:
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Diatterent Combinations

Dafferent tvpe of non-Gaussianities can be superimposed:

For exmple:
DBI + Resonance: =+ A
Slow-roll + Non-BD + Sharp feature:

+

An mteresting challenge for data analvses
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Different Combinations
Diatferent tvpe of non-Gaussianities can be superimposed:

For exmple:

DBI + Resonance:

Slow-roll + Non-BD + Sharp feature:
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Is that all?
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Is that all?

A stringy non-Gaussianities
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Multi-throat brane mtlation ¢ 04)

» Antibrane e Brane

» Antibrane-tlux annihilation (Kachru, Pearson. Verlinde, 01)

> Generate branes as candidate mflatons

> Exat B-throat. roll through bulk. settle down in another throat

> Enough warping: DBI milation. Flat potential: slow-roll mflation
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Stringy Phase Transition in Multithroat Brane Inflation

(X.C., 04 05. Bean, X C , Pemns, Xu, 07)

i Provides speed it (Silverstemn. Tong. 03)
» Warped space )

Redshifts string scale (Randall, Sundmm. 99)
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Stringy Phase Transition in Multithroat Brane Inflation

(X C., 04 05 Bean. X C., Pems. Xu, 07)

i Provides speed it (Silverstemn. Tong. 03)
» Warped space =)

Redshifts string scale (Randall. Sundmm. 99)

 In IR DBI inflation. at earlier times. 1.e. larger scales.
Hubble energy = redshifted string scale. (Phase transition)

——> Not onlyv scalar fluctuations. but also stringy fluctuations.
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Stringy Phase Transition in Multithroat Brane Inflation

(X.C., 04, 05; Bean, X C., Peinis, Xu, 07)

Provides speed it (Silverstem. Tong. 03)

» Warped space —) ﬁ
e Redshifts string scale (Randall. Sundrum. 99)

« In IR DBI inflation. at earlier times. 1.¢. larger scales.
Hubble energy > redshifted string scale. (Phase transition)

——> Not only scalar fluctuations. but also stringy fluctuations.

» Happens at n,— 14
i i /Ne ===,
.\q._ ~ Lﬂ ~ O“.[]) '\_
iy ot >
~ In &
4 4 . "~
= = _1 '\E 5
n,— 1= "yom == you ' 1] T ——
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dn.7d Tn Kk (K)

e Compare IR DBI model with data  (Bean. XX.C_ Peins. X 07)

——> sinngy phase transition happens near largest CNIB scales
—6.0 < log,gk./Mpe < —29

0.00 * Large non-Gaussianities

_0.02 are stringy near larger scales

Stringy 2-pt 1s only estimated; but
for stringy non-G, even esitmation
1s currently unavailable.

-0.04

—0.06

1 (Non-BD vacuum may be a hint )
E WMAP |
o S 5055 LRG 5 i i
_G ‘fﬂ i Ak skl PR et . bl N R AR i Ly?.l i 1 E};perlnlents {}he'ﬂ'd Gf
e ot W w® et string theory!
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Non-Gaussianity Theories and Data Analvses
are

Rich. Manageable. and Exciting!
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