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e Primordial fluctuations

* Adiabaticity

Every innomogeneity is determined by a single

fluctuation
Oy (tini) X Rk

5{: (tini) 0.¢ Rk
5l]§>ar (tini) 0.¢ Rk

010 (tini) X R

ds? = —dt® + a?(t)e? %) gx2
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* Gaussianity p[R] X €

Power spectrum
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e Primordial fluctuations

dependent

* Almost scale In

2

ne >~ 0.96

Planck collaboration (2018)
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The bispectrum parametrizes the simplest deviation to NG
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The bispectrum parametrizes the simplest deviation to NG

ce . — / / / B(kl,kQ,kZ)RkleQRkS
kl k2 kS
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The bispectrum parametrizes the simplest deviation to NG

ce . — / / / B(kl,kQ,kZ)RkleQRkB
kl k2 k3

<Rk1 RkQRk3> — (27’(’)35(1{1 -+ k2 -+ kg)B(kl, k2, k3)
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In the absence of a specific theory, a common parametrization for the
bispectrum is the fy, parameter

R(x) = Ra(x) + floc R&(x)

Bk, ks, ks) o< [ x (P(ki) P(ks) + P(ks) P(ks) + P(ks)P(k) )
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We can now write a theory for R(k)

. S (K)

7 Inflation

/44 Y d82 _ _dtQ 0,2 (t)QQR(t,X) dX2
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We can now write a theory for R(k)

1
2

S:/d433&3€ R2

(VR)? + O(R?) + O(R*) + - :

a

There are three favorite ways to compute observables from this theory

_— ‘ (k)

77 Inflation

/ [
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We can now write a theory for R(k)
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There are three favorite ways to compute observables from this theory

(1) Hamiltonian in-in formalism:

H(t)=H® @)+ H® () +- -

4 t
U(t) = T exp{ —i / dt’ H[(t’)}

— OO

(R, () -+ Raey (1)) = (OIUT ()R, (£) -+ R, (U (£)]0)
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We can now write a theory for R(k)

1
2

S:/d433&3€ R2

(VR)? + O(R?) + ORY) + -+

a

There are three favorite ways to compute observables from this theory

(2) Wavefunction of the Universe:
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We can now write a theory for R(k)

12 (VR)? + O(R?) + O(R*) +

a

S:/d433&3€ R2

There are three favorite ways to compute observables from this theory

(3) Schwinger-Keldysh in-in formalism:

ZlJ.,J_]= | DRyDR_eSR+l=iSReI+i [, Ry Ty =i [, R J-
R+ (tend)=R - (tena)

0 0
57 (k1) T (k)

(Ri, -+ " Riy) =

Z[ T, J]
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These methods offer a diagramatic procedure to compute n-points

(R, (1) - Ry (1)) = --ac----ac=-- 4\ ...... IS S

Interactions
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These methods offer a diagramatic procedure to compute n-points

A
kl k2 k3 * kN t

(Riey (£) -+ Racy (1)) = --ag---agem- \ ..........................

Interactions

Power spectrum
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These methods offer a diagramatic procedure to compute n-points

A
kl k2 k3 * kN t

(Riey (£) -+ Racy (1)) = --ag---agem- \ ..........................

Interactions

Bi-spectrum

(Rk, Rk, Rk, )

= (2m)°(k; + ko + k3) B(ki, ko, k)




e Inflation 10

These methods offer a diagramatic procedure to compute n-points

A
ki ko kg - K ¢

(Riey (£) -+ Racy (1)) = --ag---agem- \ ..........................

Interactions

Tri-spectrum

— (27’(’)35(1{1 -+ kg —+ kg)T(kl, kg, kg, kg)
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Single-field slow-roll inflation predicts small amounts of NG:

loc
type ~ —
NL — 0(67 77) NL
Tanaka & Urakawa (2011)

Maldacena (2002) Pajer, Schmidt & Zaldarriaga (2013)
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Single-field slow-roll inflation predicts small amounts of NG:

e loc
N 2 O(em) NL =0

Tanaka & Urakawa (2011)

Maldacena (2002) Pajer, Schmidt & Zaldarriaga (2013)

More general types of single-field inflation can enhance NG:

a2

LR - ZVRP) + (1) < ORY) +--

S

equil __ loc __
N =0 Ny, = 0

Chen, Huang, Kachru & Shiu (2007) Creminelli & Zaldarriaga (2004)
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AV(6,67)
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e Multi-field inflation

Three-point statistics:

kl 2

<Rk1 RkZ ng > —

(Quasi-single field)

p#0

Chen & Wang (2012)
see also Assassi et al. (2013)
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Three-point statistics: I3 # 0

S|

<Rk1 RkZ Rk3> —
(Quasi-single field)

Chen & Wang (2012)
Noumi, Yamaguchi & Yokoyama (2013)
see also Assassi et al. (2013)

ki ko ks

<Rk1 sz Rk:s > — -

(Cosmological colliders)

2013)
2016)
2016)
2016)

Noumi, Yamaguchi & Yokoyama
Maldacena & Arkani-Hamead

Chen & Wang
L ee, Baumann & Pimentel
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The perturbative schemes seem to imply a hierarchical
reconstruction of the probabillity distribution function

4 R2
2Pr

pIR| ~ exp < (1—|-fNLR-I-gNLR2—I—---)}

\

2PR



e Beyond the bispectrum 14

The perturbative schemes seem to imply a hierarchical
reconstruction of the probabillity distribution function

r R2
p|R] ~ exp < (1‘|‘fNLR‘|‘9NLR2‘|‘"‘)}
2P
H/_/
RZ
P f(R)
R

2PR
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Consider a spectator field 7/ during inflation with it’s own potential V(7))

(This potential is not driving inflation)
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(This potential is not driving inflation)
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f R —av}

R —0------¢p = p(R) # exp

2
QJR_

Flauger, Mirbabayi, Senatore & Silverstein (2016)




e Beyond the bispectrum

The previous idea can be examined non-perturbatively. On long
wavelengths a spectator field satisfies the Fokker-Planck equation:

op 1 0 /_, - H® 0%p
ot 3H O (V (w)p) - 872 D)2

16
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The previous idea can be examined non-perturbatively. On long
wavelengths a spectator field satisfies the Fokker-Planck equation:

dp 1 0 , |
ot 3H o (V (W)) - 872 )2

Starobinsky & Yokoyama (1994)
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The previous idea can be examined non-perturbatively. On long
wavelengths a spectator field satisfies the Fokker-Planck equation:

Starobinsky & Yokoyama (1994)

(1)) oc e~ ETV)FOVI)FOVT) 4

Cohen, Green & Premkumar (2022)
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Another approach consists of directly reconstructing p(R) out of

n-point functions \
V) =) "

n

GAP & Sypsas (2023)
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Using:
o) = o S Lgoy Lo L ey (/)
\/%0- N=0 N n1=0 nn=0 nl! nN' o1 o"N N

GAP & Sypsas (2023)
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Using:
1 2
e 2o? L @™)e ™)
AY) = V2mo Z Z Z ni!  nn! o™ "W Hen, 4ot (9/0)

nNO

GAP & Sypsas (2023)
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But our methods fail to describe tails ' 0
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NG tails might be possible in single field inflation:

L= (R~ (VR4 )
M W W

Celoria, Creminelli, Tambalo & Yingcharoenrat (2021)
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NG tails might be possible in single field inflation:

A
A2

o ¢ ¢ ¢ o G G & G o G &

L = G(RQ — (VR)? R4>

¢ <o ¢ <o Co Go ¢ <o

Sl Todl -

Celoria, Cremmelll Tambalo & Yingcharoenrat (2021)
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Other recent results on highly non-Gaussian tales:

V(o)

\\ - -
\ -
\\ - -
2nd
ultra slow-roll
slow-roll

1st
slow-roll

Cai, Ma, Sasaki, Wang & Zhou (2022)
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Other recent results on highly non-Gaussian tales:

V(o)

ultra slow-roll
slow-roll slow-roll

> ¢

P Ps

Cai, Ma, Sasaki, Wang & Zhou (2022)
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e The primordial statistics may deviate
significantly from Gaussianity in a way
not parametrized by the bispectrum

e These effects could escape
conventional data analysis

e New perturbative and nonperturbative
techniques are necessary to uncover
this type of NG
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