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Abstract: We discuss the definition of the Feynman propagator in de Sitter space. We show that the ambiguities in the propagator zero-mode can be
used to make sense of the behavior of low-momentum modes in an inflating space-time. We use this tool to calculate loop corrections to

non-Gaussian correlation functions, and show that there are limits where the loop terms dominate. These models can be probed with the Planck
satellite.
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IR behavior of propagator

basic Issue
typical de Sitter behavior of scalar correlator
— (k) &(K)) ~ H/ 2K

corresponding spatial behavior
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result: not sure how to make sense of scalar correlators in de Sitier
space....
basic question; what to do abaout the IR modes in the integral?




possibilities....

scalar field gets a mass through quantum corrections
— mass cufs off IR divergence

physical cutoff to the size of the universe
— lower bound on k

spacetime might naot inflate eternally
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— correlator depends on cutoff parameter which is becoming large, even
though not infinite
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possibilities....

» scalar field gets a mass through quantum corrections
— mass cufs off IR divergence
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» physical cutoff to the size of the universe
— lower bound on k
» spacetime might not inflate eternally
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— correlator depends on cutoff parameter which is becoming
though not infinite
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— besides field could really be massless . inflation might be etemal, there
might not be a physical cutoff....
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another way to think about it....

denote by L the size of the observable universe
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the diverging behavior arises from modes which are effectively zero
modes

should a constant mode really give you a physical divergence

analogy to field theory....
— divergences from unobservable small wavelengths can be cancelled by
counterterms
— can something similar be true for uncbservable large wavelengths?




our plan....

second. describe how one can use this in clear calculations....
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some will think the following is either completely obvious. or obviously
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— [l fry to convince you it's not wrong

— as for being obvious... maybe it is (or should be)
— still, it might pay to look at it from this paint of view




defining the Feynman propagator...

« just to remind you of things you already know....

= ([6x), ox)] )} = GrlxX] [x0>x0]

— (T{é(x) olX) }) = Ge{x-X
« Gyx-x') = 2-pt. correlator
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boundary conditions

L ]
m

taraed propagator
— boundary conditions set by causality (vanish outside light-cone)
— same in de Sifter as in Minkowski
— boundary conditions set by frequency
* positive .'*‘eq MOCES propagate forward in t
— ambiguous for the zero-mode
— can shift G- by an arbitrary constant

» this amounts ta shifting the 2-pt carrelator
— {(6d) 2 (dd) +C

— Gy is unchanged
— (. shifts by the same constant




cutoff point of view....
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» if we parameterize the shiftas C = -(R/27) then after
shift we get
] 4
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» so we take real cutoff u = 0. but correlator is similar to what we
ould get with cutoff scale k

— get higher order corrections to C, but form of correlator is fixed
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defining the Feynman propagator...

» just to remind you of things you already know....
— { &(X) &(X) ) = Gy(x=x)
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defining the Feynman propagator...

» just to remind you of things you already know ...
- {¥(X) &(X) ) = Gy(x=x)
— ([é(x), oX)] ) = Gglx-X) Boas

— (T{é(x) oX) }) = Gx-X
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— equivalently, by a choice of boundary conditions
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boundary conditions

* refarded propagator
— boundary conditions set by causality (vanish outside light-cone)
— same in de Sifter as in Minkowski
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— boundary conditions set by frequency

* positive freq. modes propagate forward in tme
— ambiguous for the zero-mode
— can shift G- by an arbitrary constant

- this amounts ta shifting the 2-pt carrelatar
— {(dd) > (o) +C
— Gy is unchanged

— G shifts by the same constant
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what does this mean...?
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— massless sualar field acts like a modulus
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— NOSC ar—r“rg amplitudes, so no cluster decomposition constraint
— massiless field behavior stochastic. not like moduli

* have to fix by hand
— amounts fo setting the variance by hand
— defermined by measurement
— not set by direct measurements, since we typically measure differences
of cormrelators
— but variance will affect non-finear corrections
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de Sitter invariance

- -t s
-

] b
| - )
pL
1
(¥4]
[ . ]
| ates |
J
(4 b]
¥ ]
LA ]
£ J
(4 }]
[ ]
(A K]

« a de Sitter invariant vacuum should have infinite varnance of the zero
mode
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— as modes crass the haorizon, they freeze out and give the field a “kick”
H) with random phase

variance is finite at some finite time, it will be larger at some later time
— would violate de Sitter invariance

» s this amounts to considering a (semi-jeternally inflating spacetime,
but with a finite variance at fixed
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cutoff point of view....
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» if we parameterize the shiftas C = (H/27)2In (ks / 12 ) , then after
shift we get
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» s we take real cutoff u = 0, but correlator is similar to what we
would get with cutort scale K

— get higher order corrections to C, but form of correlator is fixed
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zero-mode modification....

» nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber

. C'["l‘ t"ilﬂg /e can observe is a “practical” zero-mode which comes
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* OUr propagator momf':a tion Is like establishing a cutoff (k5), butis
ot precisely this
— we in fact sum over all modes downtou 2 0
— inatrue IR cutoff theory, no contribution from modes with k < kg
— in our case, confribution will be there, but subleading (leading
contribution from loop cancelled by constant shift)
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zero-mode modification....

» nothing discontinuous about having an arbitrary ambiguity in the
Zero-mode, with no ambiguity in any mode with finite wavenumber
- only thing we can observe is a “praciical” zero-mode which comes
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- our propagator modification is like establishing a cutoff (k5 ), butis
not precisely this
— we in fact sum over all modes downto iz 2 0
— in atrue IR cutoff theory, no contribution from maodes with k < kg
— in our case, coniribution will be there, but subleading (leading
contribution from loop cancelled by constant shift)
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zero-mode modification....

» nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
« onlyt *amg /e can observe is a “practical” zero-mode which comes
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- our propagator modification is like establishing a cutoff (k5), butis
10t precisely this
— we in fact sum over all modes downto iz 2 0
— inatrue IR cutoff theory, no contribution from mades with k < kg
— in our case, contribution will be there, but subleading (leading
contribution from loop cancelled by constant shift
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zero-mode modification....

nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
only thing we can observe is a “practical” zero-mode which comes
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10t precisely this
— we in fact sum over all modes downto u 2 O
— inatrue IR cutoff theary, no contribution from modes with k < k

— in our case, confribution will be there, but subleading (leading
contribution from loop cancelled by constant shift
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zero-mode modification....

» nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber

- only thing we can observe is a “practical” zero-mode which comes
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- our propagator modification is like establishing a cufoff (k5), butis
ot precisely this

— we in fact sum over all modes downtou 2 0

— inatrue IR cutoff theory, no contribution from mades with k < k

in our case, confribution will be there, but subleading ( :aci-ng
contribution from loop cancelled by constant shift)
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zero-mode modification....

nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
only thing we can observe is a “practical” zero-mode which comes
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our propagator modification is lixe establishing a cufoff (k5), butis

not precisely th|5

— we in fact sum over all modes downto i 2 0

— inatrue IR cutoff theory, no contribution from maodes with k < kg

— in our case, confribution will be there, but subleading (leading
contribution from loop cancelled by constant shift)
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zero-mode modification....

« nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
- only thing we can observe is a “practical” zero-mode which comes

- - g - b g e | - -
om avera nvo carvahloa arco
- - Sl el N W N -t B Tl LR - - - -
- -
= el alaiisEial == e e e o gnd oy o - oy ey [ g oy - -
e | e . | . - - b |
i o i b el ol - e e i | - -

P = h
Pl ol ot e Bl Tl Bl |
-
-

enumber (divergences between them "EﬂC"‘i

- our propagator modification is like establishing a cutoff (k5), butis

ecisely th|s

— we in fact sum over all modes downto 2 0

— inatrue IR cutoff theory, no contribution from modes with k < kg

— in our case, confribution will be there, but subleading (leading
contribution from loop cancelled by constant shift)
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zero-mode modification....

» nothing discontinuous about having an arbitrary ambiguity in the

zero-mode, with no ambiguity in any mode with finite wavenumber

Pr—

- only thing we can observe is a “practical” zero-mode which comes
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* OUr propagator "ﬂGGIf'Zati:ﬂ Is like establishing a cutoff (k5), butis
ecisely this
— we in fact sum over all modes downto iz 2 0
— inatrue IR cufoff theory, no contribution from modes with k < kg
— in our case, confribution will be there, but subleading (leading
contribution from loop cancelied by constant shift
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zero-mode modification....

nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber

il -

only thing we can observe is a “practical” zero-mode which comes
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our propagator modification is lixe establishing a cufoff (k5), butis
ot precisely this
— we in fact sum over all modes downto iz 2 0
— in atrue IR cutoff theary, no contribution from modes with k < kg
— in our case, confribution will be there, but subleading (leading
contribution from loop cancelled by constant shift)
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zero-mode modification....

» nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber

« only *’mg ve can observe is a “practical” zero-mode which comes
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- our propagator modification is like establishing a cufoff (k), butis

ecisely this

— we in fact sum over all modes downto 2 0

— inatrue IR cutoff theory, no contribution from mades with k < kg

— in our case, confribution will be there, but subleading (leading
contribution from loop cancelled by constant shift)
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zero-mode modification....

nothing discontinuous about having an arbitrary ar*-“-igui‘\- in the
zero-mode, with no ambiguity in any mode with finite wavenumber
only thing we can observe is a “practical” zero-mode which comes

- — el i el alar=l, = ey | - e
OI‘I‘]._ ars al ] ania ar<g
- - e e - - - Sl P e et -t bt § Gt Tl - -

- -

= el sl aTatin = . —— s ialalals e BsslaTal=xs = e, | e ]
— | _ = = - e —_— 7 =y | il | - -
Phed el i S ' & - e il — el et el - e e -l | -t - -

our propagator o::nf cation is like establishing a cutoff (k,5), butis
1'.
k

— we in fact sum over all modes downto i = 0

— in a true IR cutoff theory, no contribution from modes with k < kg

— in our case, confribution will be there, but subleading (leading
contribution from loop cancelled by constant shift)
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zero-mode modification....

nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
ero-mode which comes
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aur Drﬁaagaw modification is lixe establishing a cutoff (k), butis
ot precisely this
— we in fact sum over all modes downto iz 2 0
— inatrue IR cutoff theary, no contribution from modes with k < ki
— in our case, confribution will be there, but subleading (leading
contribution from loop cancelled by constant shift)
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zero-mode modification....

nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
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10t precisely this

— we in fact sum over all modes downto iz 2 0

— inatrue IR cutoff theory, no contribution from modes with k <k

— inour case, confribution will be there, but subleading (leading
contribution from loop cancelled by constant shift)
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zero-mode modification....

nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
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zero-mode modification....
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» nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
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zero-mode modification....
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zero-mode modification....

nothing discontinuous about having an arbitrary ambiguity in the
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zero-mode modification....

- nothing discontinuous about having an arbitrary ambiguity in the
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ero-mode which comes
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— we in fact sum over all modes down to z 2 @

— inatrue IR cutoff theory, no contribution from modes with k < kg
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contribution from loop cancellied by constant shift)

g . . . e e b o e B e ntlatina cnapatiMmo -
L 2ol — (]} — — — — - ! —_ o e -
bl il B e —t i el e b S et e - -l bt it e e L
ey oy | g |y Sy - - - - - - -
macclace e,alare an r o $818180=
el Tl | e e T el | e | e - ek L - w0 el - e el e mm

Pag




zero-mode modification....
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— we in fact sum over all modes downto iz = 0

— inatrue IR cutoff theory, no contribution from mades with k < ki

— inour case, confribution will be there, but subleading (leading
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zero-mode modification....

- nothing discontinuous about having an arbitrary ambiguity in the
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zero-mode modification....

nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
only thing we can observe is a “practical” zero-mode which comes
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zero-mode modification....

» nothing discontinuous about having an arbitrary ambiguity in the

zero-mode. with no ambiguity in any mode with finite wavenumber
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zero-maode modification....

» nothing discontinuous about having an arbitrary ambiguity in the
zero-mode. with no ambiguity in any mode with finite wavenumber

« only thing we can observe is a “practical” zero-mode which comes
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— we in fact sum over all modes downto iz = 0

— inatrue IR cutoff theory, no contribution from modes with k < kg
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zero-mode modification....

nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
only thing we can observe is a “practical” zero-mode which comes

f"’ TP R TSI ReTE, [IWENSNIRL! - \NSRBIoNl, St
oM avers oyve saryahle arge
L - e e L - S it gt | e il - S
- -

aTal A e = e —— aslalal=ls s BealaTal=l= ArFTrAar ey
e e { = = = - - T W | — | pl | - =1 |
il ol bl i e S T LU ] il - - el el el - el e . it | e i | - -

svenumber (divergences between them cancel

- — — 1 A — 1 ] | | — b

W ] [ b A -El'le ol et | L '-.-":s. LA bt |'.a'ﬂ L¥7 3,

-
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— we in fact sum over all modes downto 2 0

— inatrue IR cutoff theory, no contribution from mades with k < kg
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zero-mode modification....

» nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
« only thing we can observe is a “praciical” zero-mode which comes
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— we in fact sum over all modes downtou 2 0

— in atrue IR cutoff theory, no contribution from modes with k <
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zero-mode modification....

nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
only thing we can observe is a “practical” zero-mode which comes

- - e el = lalslaslali=l:lrs -~ -
om avera a carnyahla arco
- - e Sl - T B el il g’ | - - -
- -
= PRI S 8 N . e —— P (P T s AR - -
T - _ = = = e - - i | - =
b - el el el - Vel il Bed | - i

enumber (divergences **e: veen them :ar'mﬂ!
OLFpFS agator modification is lixe establishing a cutoff (k5), butis
el th|5
— we in fact sum over all modes downto iz 2 0
— inatrue IR cutoff theory, no contribution from mades with k < kg
— in our case, confribution will be there, but subleading (leading
contribution from loop cancelled by constant shift

Qo

1|r
(V3]

w

. ..,': . - P e e il s s ey e e g e
:? = — - - - — | - ; - | S ] | -
- -\...,..r - - el - ' et o - e N e W N N -
| e gm | e o e sl B e T - e il ale el
et e, o, |y o, o | ey - — { — — -
e L s L S e o Sl il = - ' ol o e s mm
-

Pag




zero-mode modification....

+ nothing discontinuous about having an arbitrary ambiguity in the
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zero-mode modification....

nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
only thing we can observe is a “practical” zero-mode which comes
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ot precisely this
— we in fact sum over all modes downto iz 2 0
— inatrue IR cutoff theory, no contribution from mades with k < kg
— inour case, confribution will be there, but subleading (leading
contribution from loop cancelled by constant shift)
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zero-mode modification....

» nothing discontinuous about having an arbitrary ambiguity in the
zero-mode, with no ambiguity in any mode with finite wavenumber
ero-mode which comes
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— we in fact sum over all modes downto 2 0
— in atrue IR cutoff theory, no contribution from modes with k < kg
— inour case, confribution will be there, but subleading (leading
contribution from loop cancelled by constant shift)
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zero-mode modification....

nothing discontinuous about having an arbitrary ambiguity in the
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application to a loop calculation....

- now that we have a technique, we can apply it to a calculation....
ulates both G- and G, (of course not Gg)
« we'll consider a loop calculation of non-Gaussianity
» brief review of set-up
— consider a function N{¢)=N #N,é + 7aN,é% + ..

— the N. are phenomenological parameters of the model, ¢ is a
fundamental Gaussian field

— non-inear dependence on ¢ induces non-Gaussianity in N comrelations
— ( prototypical example - N = number of efalds )

» higher order non-linear Cﬂf‘?ﬁbLUDHS contain momentum integrals
— loop diagrams
— equivalent to a full quantum calculation of N correlation functions....
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first case-> 2pt. correlator
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next case - 3pt. correlator

« cansider ( N(k,) N(k;) N(k;)

- o e | o~ -y
o 1 1 ) e i ol
- S T il e e el [ L el d i el Bt Y
el = - -y - - -~
e | BEETION e 2an
- e el mll S ot Nl Y
~ e N
- - 1

» includes baoth tree-level and
loop contributions

- let's just worry about loop
integral now
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regulating loop integral....
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next case - 3pt. correlator

» consider ¢ N(k,) N(k,) N(k,)
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next case - 3pt. correlator
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what is kiz?

» good time to get to the physical meaning of ki,
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momentum shape....

» we can now see roughly what is happening

—~

=t =t ot sl aalaNat=Taar= .....‘.,: El tala=Tal=t i nial sl e & el =Nt  ParerrIne e
- =1 s el L W WLE W - - T - - w o . L)

I
—h
{1,-
11

| hink of this as integrating over the low-macdes which coniribute to the
“effective” zero-mode, then we

o 4 e e o e o Ry
= - & A = | et
- - -— - e - =
oy g g Y e | - e e B T
— = - i - | = b ~ = =
e e et o e i o ot | ol - e - wl L -

|
T
L
(¥4 )
n
=
W
E*
[ ]
[ =
-
in
&
'r
i
=
(“.-
_‘Il
']
l
F ‘:
]
'J-
=
o
3
[uN]
tl‘l
r—l
)
1
e |
b

{
(7]
3
(V]
=
1]
1
(1 1]
[iN]
1Y
(h
™
L
—
wh
O
s |

— =~ =y = =1 @ - LSS0 DTN 3aTirs i TIFI=T = TEFrM N
b - Gl S Wi ol - wn e | o B L | R L LA = ¥ -t a LS
el e e e R e
il o e :: - . - ot el o et el G - - -r.-'- - - .'- "-.—’

a o
- e e e LN P B
P IPRT - = = AN G L | 1 i
o -

— (Ny/N,) factor accounts for different c \.rc.cﬂr"- r the non-inear terms
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momentum shape....
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"ef'fec::-.'s zero-mode, then we should treat this as 2 consiant

— €ssentally amounts o removing this propagatar and using e (Ingar expansion
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— (Ny/N,) factor accounts for different coefficient for the non-linear terms

— "K' isamomentum scale setb oy ne extemal momenta, but iis precise value
depends on the diagram
» 50 the loop diagram and tree diagrams should have the same
momentum shape, up to In(k) corrections....
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— essantially amounts to removing this propagator and using the linear expansion
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— (Ny/N,) factor accounts for different coefficient for the non-linear terms
— “K’ is a momentum scale set by the extemal momenta, but its precise value
depends on the diagram
« so the loop diagram and tree diagrams should have the same
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momentum shape, up to In(k) corrections....
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+ We can now see roughl haL s happening
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— if we think of this as integrating over the low-modss which contribute to the
“effective” zero-mode. then we
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— (Ny/N,) factor accounts for different coefficient for the non-linear terms
— “K I8 3 momentum sca e set L"J‘_x the extemal momenia. but fis precise value
depends on Tf”‘ ﬁagra“r
- 3o the loop diagram and free diagrams should have the same

momentum shape, up {o In(x) corrections....
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» we can now see roughly what is happening
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— essentially amounts to removing this propagator and using the linear expansion
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— (N./N,) factor accounts for different coefficient for the non-linear terms
— "K' Is a momentum scale set Qy e EXIEmal momenia, but ifs precis
depends on the diagram
- sa the loop diagram and free diagrams should have the same
momentum shape, up to In(k) corrections....

o
fu
&
n

Pag




momentum shape....
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— if we think of this as integrating over the low-medas which contribute to the
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— (Ny/N,) factor accounts for different coefficient for the non-linear terms

— "k’ is a momentum scale set by the extemal momenta, but its precise value

» 3o the loop diagram and tree diagrams should have the same
momentum shape, up to In(k) corrections...
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» we can now see roughly what is happening
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— “K" is a momentum scale set by the extemal momenta, but its precise value
depends on the diagram
. the loop diagram a“d T:: diagrams should have the same
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momentum shape, up 1o In(X) corrections
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momentum shape....

+ we can now see roughly what is happening
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— "k’ Is a momentum scale set by the extemal momenta, but its pre:
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« sothe Ic:: diagram and tree diagrams should have the same
momentum shape, up (o In(k) corrections....
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momentum shape....

+ we can now see roughly what is happening
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— if we think of this as integrating over the low-modss which contribute to the
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— (Ny/N,) factor accounts for different coefficient for the non-linear terms
— "K' is 3 momentum sca'e set :J, the external momenta, but iis precise value
depends on the diagram
» so the loap diagram and free diagrams should have the same
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momentum shape....

» we can now see roughly what is happening
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— (Ny/N, ) factor accounts for different coefficient for the non-linear terms
— “k” is a momentum scale set by the extemal momenta, but its precise value
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» we can now see roughly what is happening
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— if we think of this as integrating over the low-modes which contribute to the
effective” zero-mode, then we i
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» 3o the loop diagram and tree diagrams should have the same
momentum shape, up to In(k) corrections....
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* we can now see roughly what is happening
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— (N./N,) factor accounts for different coefficient for the non-linear terms
— "k’ is 2 momentum scale set by the extemal momenta, but its precise value
depends on the diagram

« sothe Io:: diagram and tree diagrams should have the same
momentum shape, up to In(k) corrections....
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momentum ahape. up to In(k) corrections
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* We Can now see rougn
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« We Can now see r:ngl} ",fnaE '5 Wappﬁ" ."ﬁ
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— (Ny/N,) factor accounts for different coefficient for the non-linear terms
— "’ is 2 momentum scale set by the extemal momenta. but its precise value
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regulating loop integral....
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» result now depends on k
- log behavior cut-off at high momentum when k'~ k, , k,
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next case - 3pt. correlator
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» Includes both tree-level and ‘ Gylks)
loop contributions

« let's just worry about loop
integral now
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what is kjz?

e physical meaning of k¢
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» the vanance of the zero-mode we “observe’ (either directly or
through loop effects) is set by kL

integral from kg, to L' freated as constant (absorbed in linear piece)
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first case—> 2pt. correlator
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regulating loop integral....
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what is kjz?

» good time to get to the physical meaning of k5
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momentum shape....
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* we can now see roughly what is happening
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» we can now see roughly what is happening
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ve can now see roughly what is happe“ ng

— if we think of this as integrating over the low-modes which contribute to the
'_.FfE«....*.'E zero-mode, then we should treat this as 2 constant

— €ssentally amounts ¢ removing this propagator

=l 11=ine The [Iinas 2-"“3{"‘ C
Sl al I Ul 1= -.u':-r-u.-‘l.- E r']
k -
2 - .\‘k
. ¢ z L
T e ey oy B e Almmrar Frerafatare m o elias - o o ey
£ - Ol G Je ol - w | L= LER e | WSO LU 2 - W | {e WS = | -
. R [N [ — R | [ p— R |
el g B =3 - v b e B [ el e M P - i - — - - - S
 Tala , iy = e T e M A 7 D -
L] WOV C:Eaﬂr.u = 2o s 3 x R K
W b - L bt RAHLENAE L 1 L

L o - - o - = = : e = = o -
— (N./N, ) factor accounts for different coefficient for the non-inear terms

— “i’ is a momentum scale set by the extemal momenta, but is

ut its precise value
depends on the diagram

UIS
- 3o the loop diagram and free :maramss*auid have the same
momentum shape, up to In(k) correc

fhﬂ-ﬂ*
LU B

Page




momentum shape....

» we can now see roughly what is happening
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momentum shape, up to In(k) corrections..
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momentum shape....

see roughly what is happeﬁ ng
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“effective” zero-mode, then we should treat this as a constant
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— essentially amounts to removing this propagator and using the linear expansion
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- is @ momentum scale set by the extemal momenta, but is pre
epends on the diagram
- 5o the loop diagram and ree diagrams snould have the same
momentum shape, up to In(k) corrections
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momentum shape....

we can now see roughly what is happening
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momentum shape, up o in() corrections
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momentum shape....
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— K is a momentum sczle set by the extemal momenta, but its precise value
depends on the diagram
« 3o the loop diagram ar*d ree diagrams should have the same
momentum shape, up to in(k) corrections.
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let’'s use oN formalism....

- model: inflaton ¢ and ancther scalar y (take hybrid inf

1)

« N = #of efolds
« end of inflation determined by reheating surface. where slow-roll
conditions no longer satisfied
— depends on ¢ and on fluctuations of

NN, 0 N, y,x N, y,1% +.

L ]

1 -

X A
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non-Gaussianity....

» curvature 2pt. gets tres-level contributions from ¢ and y,
contribution from

— { 6N(k) oN{k) ) «NZP[1 +v2 +7,2P In (k

(4 V]
|

« curvature Ept. gets contributions from y (ree-leve aﬁd 00p

= _‘_CN{,.:- ﬂl |41 3"3N:?DLE' 2y 4.3 P ln Tl Vi ;]_\Ifs; i)
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let’'s use oN formalism....

« model: inflaton ¢ and anather scalar y (take hybrd inflation

» N = #ofefoids

« end of inflation determined by reheating surface. where slow-roll
canditions no longer satisfied
— depends on ¢ and on fluctuations of
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non-Gaussianity....

» curvature 2pt. gets tres-level contributions from 4 and 3
coniribution from

)
|

— { ON(k) oN(k) ) = N.ZP[1 +y,2 + %2 P In (kL)]

-

« curvature 3pt. gets contributions from y (tree-level and loop
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» non-Gaussianity in 3-pt. function local, measured in terms of f
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next case - 3pt. correlator

» consider ¢ N(k,) N(k,) N(k,)

=
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« Includes both tree-level and
loop contributions

- let's just worry about loop
integral now
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what is kjz?

» good time to get to the physical meaning of k5
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— phase is random, but cancels out is variance

» the vanance of the zero-mode we “observe” (either directly or
through loop effects) is set by kL
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» integral from kg, to L' freated as constant (absorbed in linear piece)
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momentum shape....
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r different coefficient for the non-linear terms
— ‘K’ is a momentum scale set by the extemal momenta, but its precise value

» 50 the loop diagram and tree diagrams should have the same

-

momentum shape, up {0 In(K) corrections
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momentum shape....

» we can now see roughly what is happening
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— (N./N, ) factor accounts for different coefficient for the non-linear terms
— “k” is @ momentum scale set by the extemal momenta, but its precise value

depends on the diagram
- 3o the loop diagram and free diagram s*:}uld have the same
momentum shape, up to In(k) correction
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momentum shape....

» we can now see roughly ~ha is happening
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— if we think of this as integrating over the low-medes which contribute to the
“effective” zero-mode, then we
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— (Ny/N,) factor accounts for different coefficient for the non-linear terms

— "K' is a momentum sca'e set oy the extemal momenta, put its precise value
depends on the diagram
» 50 the loop diagram and tree diagrams should have the same

momentum shape, up o in() corrections....
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momentum shape....

- s el al=-Te el aalls

h]
1Ll
n
4k

= R e b i - -

- - i ol

;. B T i sl i - E I o

— if we think of this as integrating over the low-modes which contribute to the
effective” zero-mode. then we should treat this as a constan

e T T 2w miaai a1l el all= alE= --: - -l -l-ﬂ-li_:--rﬁ" - -.-l- =1
| e o e e | - e e -

k- e k
i e
® e s _I
- a =ra ratina tha frac_AdiaAarem rraranatares mnlEnbad sy 2 e -
U =l T W . - =gl | e LR | Wb S L 2 UGS JY a LG -
e e PPN (PRI P SR | S S el
=4 WL, =3 - L bt e M - AW juepp WL e |l Ty - . b =y W o - - s
“laA I = | R L el Ut St | 5 ¥ B3 [l
L] cta{]rdfT; e T gy R 3 4 s R K
I iy ARl ¥l o W) Qo \ | | .
o -

— (N./N, ) factor accounts for different coefficient for the non-linear terms
— “k” is a momentum scale set by the extemal momenta. but its precise value

L ]
(W]
[ ]
.r_II
(45}
=)
O
-]
£
(¥}
(]
]
o)
_1
v
-
o
‘_'t
n
D
=)
0y
()
pong |
Q)
e
n
[ ]
j
O
=
CJ_
m
-
s g
a
w
0y
-
(4§}

eala sal=laizflas *F'«l:-t -~ ~ Fey (i) -w-x rantinnc
LTI IL | SNape. Up 10 | 1Y or ﬂ: Nns.

Page




what is kjz?

-

good time to get to the physical meaning of ki,

asic paint can be seen from the stochastic point of vie
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regulating loop integral....

- - P e, - e m g m m el e e e |y
L P i | — - — — [ — | = - .—..-]
- - 0 Sl T B et - ¥ - et ! - ol - - ' - il - ! et ! -—
- 4
P R P A P e e
- — - L T p
- - e B N Rl | Dt s bt

» replace the correlator with zero-mode modified version
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« result now depends on k,
- log behavior cut-off at high momentum when k'~ k,
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let’s use 9N formalism....

« model: inflaton ¢ and another scalar y (take hybrid inflation

[ ¥ . ™
. — # nf afnlde
| 1 Ix.rT-.--».d

+ end of inflation determined by reheating surface. where slow-roll
conditions no longer satisfied
— depends on ¢ and on fluctuations of ;
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non-Gaussianity....
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» constraints o n-1=Py, 14y, 24Py An(kL)}
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4pt. correlator

+ as expecied. free and loop
nave sames shape oee

.iJ I i:.'.
» as expected, if f;, is loop-
dominated, then sois ty,
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let’'s use oN formalism....

« model: inflaton ¢ and another scalar y (take hybrid inflation

T . =
. = # Of efolds
L I Sl

« end of inflation determined by reheating surface. where slow-roll
conditions no longer satisfied

— depends on ¢ and on fluctuation
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4pt. correlator

Ve same shape ree

— k;=ﬂ.;é'ﬂh

as expected, if f; is loop-
dominated, then sois r,

S TR R loop

bounds
— WMAP |7y

— Planck |5

resolvable at Planck B B s
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dependence on L
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dependsonL
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changing L changes y. and v,
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- fy unchanged, but changes whether or not loop-term dominates

- for small oL = ny changes little
« forlarge 6L = no longer loop-dominated
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momentum shape....

» we can now see roughly what is happening
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application to a loop calculation....

- well consider a loop calculation of non-Gaussianity
- brief review of set-up
— consider a function N(¢)=Ny#+N.é + 7aN,6? + ..

— the N. are phenomenoalogical parameters of the model, ¢ is a
fundamental Gaussian field

— nan-inear dependence on ¢ induces non-Gaussianity in N carrelations
— ( prototypical example 2 N = number of efolds )

» higher order non-linear contributions contain momentum integrals
— loop diagrams
— equivalent to a full quantum calculation of N correlation functions....
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application to a loop calculation....

now that we have a technique, we can apply it to a calculation....

=gulates both G- and G, (of course not Gg)
« we'll consider a loop calculation of non-Gaussianity

 bnef review of set-up
— consider a function Ni¢)=N.+N.¢é + 15N.¢2 +

— the N. ars phenomenclogical parameters of the model, ¢ is a
fundamental Gaussian field

— non-inear dependence on ¢ induces non-Gaussianity in N carrelations

— ( prototypical example - N = number of efolds )

higher order non-linear contributions contain momentum integrals

— loop diagrams
— equivalent to a full quantum calculation of N correlation functions....
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application to a loop calculation....

L ]

now that we have a technique, we can apply it to a calculation....
tes bath G- and G, (of course not Gg)
consider a loop calculation of non-Gaussianity

(4 b ]
ol
L)

« well
orief review of se-up
— consider a function N(¢)=Ny#N,é + 1aN¢~ +
— the N, are phenomenclogical parameters of the model, ¢ is a
fundamental Gaussian field
— non-inear dependence on ¢ induces non-Gaussianity in N correlations

[ ]
D

— ( prototypical example - N = number of efolds )
higher order non-linear contributions contain momentum integrals

L ]

— loop diagrams
— equivalent to a full quantum calculation of N comrelation functions.
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application to a loop calculation....

now that we have a technique, we can apply it to a calculation....

(4} ]
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L)

Ulates bath G: and G, (of course not Gg)

we'll consider a loop calculation of non-Gaussianity

orief review of set-up
— consider a function N(6)=Ng#N,é + 1aN,6% + ..
— the N, are phenomenological parameters of the model, ¢ is a

fundamental Gaussian field

— nan-inear dependence on ¢ induces non-Gaussianity in N carrelations
— ( prototypical example 2 N = number of efalds )

higher order non-linear contributions contain momentum integrals
— loop diagrams
— equivalent to a full quantum calculation of N comrelation funclions....
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momentum shape....

* WeCall now seefo """11" what is nappe” ng
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— essentially amounts to removing this propagator and using the linear expansion

= oy ot o = = T Py o P, b g ey PR 1 o
- = [= et f=a - —_— = ! — = 1= = = = =
i - Gl el - - e el N | bt | b SR i LA L W) | e SRS = - | -
R T T T T T e e e e WY P N T - T |
= - = - - _ == = = -
el e ! - - L e | e e | el et - dl | e e el - - - e
- — - =5 1 M N =
L] =2 — —_—— - - = £ <
o wHLW LW | L | L -

|
‘__.-l"
—
I
=]
1
{1
[ ]
o
(=]
[ s
e |
e
(V1]
—fy
(ﬁ
s ]
9
t_L
--|
| &
CJ
D
©
(] 1]
=1
—
[ 1]
)
—
¥
=
1
3
[ ]
]
-
(1]
{13
il
1]
in
_%
i

= “*L' IS 2 momentum sca 2 set oy ne extemal momenta. but its precise value
depends on the diagram
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momentum shape....

* we can now see roughly what is happening
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— (N./N,) factor accounts for different coefficient for the non-inear terms
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momentum shape....
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momentum shape....
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first case-> 2pt. correlator
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next case - 3pt. correlator

« consider ¢ N(k,) N(k,) N(k;)
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* Includes bath ree-leval and
loop contributions

« let's just worry about loop
integral now
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[EXT CaSe > 3pt. Coredaor
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let’s use 9N formalism....

-

model: inflaton ¢ and another scalar y (take hybrid inflation
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4pt. correlator

as expected. tree and loop
nave same shape ree
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non-Gaussianity....

» curvature 2pt. gets tres-level contributions from ¢ and v,
contribution from y
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let’'s use 0N formalism....
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momentum shape....
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next case - 3pt. correlator

» consider ¢ N(k,) N(k;) N(k.)
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integral now
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first case—> 2pt. correlator
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first case-> 2pt. correlator
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first case-> 2pt. correlator

» compute { N(k) N(-k
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regulating loop integral....
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non-Gaussianity....

» curvature 2pt. gets tres-level contributions from ¢ and y, and loop
coniribution from
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next case - 3pt. correlator
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- let's just worry about loop
integral now
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application to a loop calculation....

» now that we have a technique. we can apply it to a calculation....
ulates both G- and G, (of course not G)
- we'll consider a loop calculation of non-Gaussianity
* Dbrief review of set-up
— consider a function N(6)=Ng#N,é + 1aNé2 + .

— the N. ars phenomenalogical parameters of the model, dis a
fundamental Gaussian field

— nan-linear dependence on ¢ induces non-Gaussianity in N camrelations
— ( prototypical example - N = number of efalds )

« higher order non-linear contributions contain momentum integrals
— loop diagrams
— equivalent to a full quantum calculation of N correlation functions....
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application to a loop calculation....

» now that we have a technique. we can apply it to a calculation....
tes both G- and G, (of course not Gg)
- we'll consider a loop calculation of non-Gaussianity

(4 b ]

[ ]
Ll

« bnef review of set-up
— consider a function N(¢)=N #N,é + 7aN,é% + ..
— the N. ars phenomenological parameters of the model, ¢ is a
fundamental Gaussian field
— nan-inear dependence on ¢ induces non-Gaussianity in N correlations
— ( prototypical example - N = number of efolds )

higher order non-linear contributions contain momentum integrals
— loop diagrams
— equivalent to a full quantum calculation of N carrelation functions....
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application to a loop calculation....
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application to a loop calculation....
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— loop diagrams
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application to a loop calculation....

now that we have a technique, we can apply it to a calculation. ...
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application to a loop calculation....
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application to a loop calculation....
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application to a loop calculation....
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application to a loop calculation....

» now that we have a technique, we can apply it to a calculation....
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application to a loop calculation....
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application to a loop calculation....

now that we have a technique, we can apply it to a calculation. ...
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« we'll consider a loop calculation of non-Gaussianity
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