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Motivation

• Why care about purely theoretical

developments in cosmology ?
• We know that our current theory
[ Standard model of particle physics + ACDM]
is not complete both theoretically
Atv completion of GR] and experimentally
[Dark Matter] .

• We do not know where and when

new physics will show
up .
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• There are no experiments that are

guaranteed to see any signs of
new physics
1-Last such experiments

Particle phys. : Higgs boson 2012 (theory 1967)
Astro: Gravitational waves 2016 (theory 19161

• But we may hope for a surprise :

primordial non - Gaussianities and GW
, fraction

of DM is not cold
, light relics, w≠ - I • • .
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• A nice example is a discovery of A > 0
11998)

• One could
argue that

it was
,
in fact ,

predicted by Weinberg in 1987 cat least

by an order of magnitude ) . However
, Weinberg

prediction / based on anthropic principle) was

by far not as robust as Higgs or GW .

• This is because we do not have a complete
enough theory leven now ) .
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• Situation in theory is similar
.

We have

5Mt ACDM -1 Inflation which works as

an Effective theory and explains all
observations

.

• Unlike SM and GR
, for Inflation , our

understanding of the allowed parameters of
the theory is not as complete .

• One
may hope that there exist purely

theoretical principles that constrain the models

in a way that leads to predictions for
observations

.
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•• Bound on the # of e-holdings in terms

of ¥pe , and/or slow - roll parameters , or
on the size of NG .

• So far there are no sharp results , however,
we will see something of this sort in

the last part of the talk [ in a

very remote -from -reality toy model ]
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Inflation and de sitter space
• The simplest known way

to generate
the initial conditions for hot big bang .

• Main features of the theory :

I. Quasi - de sitter spacetime

ds? - dt? art)d¥ act)≈eH+
↓

scale of Inflation ,
so far not known ,

related
to the amplitude of
tensor modes
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2. Clock field ( inflator ) determines the end of

inflation , breaks des isometries
, generates

scalar perturbations

23nF-n > ≈ k¥Ens )
↓

0.865+-0.004
lo
- lo

ri
{ =
µ→
- ns - l natural but

not necessary\.gr/ti.Fa~eHtlH--const-ds
)
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3. Non- gaussiauities of perturbations

23337=10 and 233332=10

However
, from effective theory

point of view they can be very small.

• Two approaches to inflation

←
Explicit potential Effective field theory

✓

↑ I /3) - ti@35+57 . . .

e
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• EFT approach is more general , however ,
it likely includes theories that are not

consistent
.
Potential is also only a

partial UV completion .

Two topics of ongoing research I'm

not going to discuss

- Embedding of inflation in string
theory

- Generieity of initial conditions
[within strongly coupled classical GR]



21

Inflationary cosmology

↓ toy models ,

←
Simplifications

>
Get gravity
non - perturbative
[ lower dimensions]↓

QRT on Pert
. theory QFT with

rigid ds around ds strongly
broken ds

[slow- roll
isometries

inflation ]
[more general
inflation]
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Analytic techniques for cosmological
"

correlations / bootstrap , unitarily . . . 9

• Higher - point statistics of primordial
perturbations on the reheating surface

lfuture boundary of ds ]

• Two approaches , both inspired by
the corresponding developments in flat
space and in Ads

.



I 3

ds Ad#at
cosmological Bootstrap - Amplitudes

calculating on-shell observables

by understanding singularities
and building blocks of
perturbative diagrams

conformal/s -matrix
-

Bootstrap

calculating (placing bounds ton
on shell observables using
non - perturbative phys . principles ,
valid in the UV to constrain
the IR

.
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• Cosmological bootstrap was discussed in

the plenary talk beg Gui Pimentel last year ,
there are also several talks this year ,

so I will not talk about it in details
.

• Recent developments focused on strong
breaking of d5 isometries

.
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Non - perturbative analytic techniques
[ so far with DS isometries]

• Unitarily : using Conformal Partial Wave
[CPW] expansion we can transorm an abstract

notion of positivity of cosmological measure
into an equation on correlations :

one .es.
<Eerily > - P - -44*40

eights
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p

p > (D) = fdx.ch/zdxsdxyeeieilsYySF-.oCxi )
1-1↳ spectral

density →
9013) Cpw

[ like Ye,m ,
but for 5011,4)]Hmv

× .

. ④

" " °^

[ D= 33
• ={dd¥n+2i% × . our

d -12h - ride

:
✗ ✗ × / × ,

%
, ,

,
,

×

"

singularity
structure of D)
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• Unitarily posed) > 0

• Matching of expansions in two channels

often leads to non-trivial constraints

Rakesh, > = Ee , estate, >

Tthis is the best method

to compute critical exponents
in the 3D Ising models

• To do list : bounds on @y )
"

coupling in ds ;
bounds on %

,
@ is} } , etc. couplings in

the ERP of inflation [ need breaking of
ds isometries]
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Taming of the infrared divergences
• Punchline : there are no problems or

surprises in QFT on ds
,
or in inflation,

away from the eternal inflation regime .

• Why expect a problem ?

• Consider first a light scalar field on rigid ds

I = @e)2- V14 ) ds-= - dt? e2Hᵗd×→

e. g. ✓ (e) ≈ m2p2+ > 44 Mpl→• ,
H = const

focus on wise 1-13
,
1- eel
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• Lets attempt a perturbative calculation of power -spectrum .

reading > ≈ + ¥¥¥+¥É+ . . .

•

- l
- z.ie

"

_ ¥48K→ g-
m2

µ#• - ¥m2§
→ both he and t wfee.fr?j2
integrals lead to tie

• If mass is small enough , perturbation theory
is badly divergent ! •

• It doesn't mean there is a physical problem , it
means this method of doing computations is bad

.

• With Senatore (19/1.00022) we carefully developed such formalism
,

although the idea was known since Starobinsky '
84
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• Define long field in position space :

,^H
)

f. = fdkeikx.iq n=Eabt)H

étxeeecr
• Pn 's generate correlations of ele :

elixir . celxn ) > = fde , . . _
dene. . - In pnkh.iln.xij.tl + short modes

• They satisfy 17=8%+8741%1+06,4
A system "

☐ iggusion
? " "

Drift
"

of DDE 's : ↓

%. --ˢi%-÷%.

-106,4

Dina - / dene , RPn+ , - I0+1714 , ,
-1) = 17€ ,

+ Dizpzt . . .

d+Pz(& ,
Yz ;Xiz,t ) = + D.23% +

• • •

o o o

G- Pn Kei } ;{ xij } ,t)=(E7¥?+Dnn+µPn+i+ . . .
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• No need to evaluate Feynman diagrams for long modes .

• Inflation and perturbative gravity can be easily
incorporated in this framework , see , e.g .

• We add the inflation perturbations to our Pn 's :

0+131%4 . . )=(%i + ¥; + d-ag.ve . . . ) Ps
• Difference is that there is no potential
for 3 , so it never reaches a stationary
solution : VCU)

Pixie.)≈ e-
¥ᵗ

.e-⇒
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• 3- distribution gets broader with time
,

however
,
due to the bound on the length

of inflation it never becomes too large ,
unless we are in the eternal inflation regime

H

ÑÉ
→ ⇒ ¥ -1

• Eternal inflation ≈ universe never globally reheats . .
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Non - perturbative gravitational effects

• Inflation has a feature that CMB

it erases information about the •

•www.a.ws • """

Éµ;::÷÷¥÷÷;÷**÷initial conditions to some extent µ
• Nevertheless

,
a complete theory I

must explain them as well . Maybe BBÑ

inflation is preceded by a singularity
where UIV QG effects become important . . .

• However
,
recent studies of Black hole evaporation ,

in the framework of Acts /CFT revealed (somewhat

unexpectedly ) that non- perturbative gravitational effects
can also be dominant in the IR



Almheiri, Engelhardt, Marolf, Maxfield
Penington
Almheiri, Hartman, Maldacena, Shaghoulian, Tajdini
Penington, Shenker, Stanford, Yang 
`19...
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• Classically black holes
can exist forever .

Black hole complementarity :
At late times interior

of a black hole is not

an independent set of$BH≈¥ degrees of freedom from
the exterior

( Non - perturbative gravitational effect]
• Most sharply formulated
in Ads/CFT
[ emergent spacetime]
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• For cosmology we do not have an

analogous description with emergent spacetime ,
however

,
there is a spike of recent

activity :

• One is tempted to speculate , that de Sitter
( Inflationary ) spacetime can also be described

with a finite number of degrees of freedom
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• This leads to a puzzle given that

classically the volume
grows exponentially .

• Is there a notion of complementarity in cosmology?
FRW slice

,
V - e3Ht

• If yes , does it

manifest itself as a

non - perturbative
Penrose diagram of gravitational effect ,
global de Sitter

leading to observable

San -_Y¥- consequences ?
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• We do not know the answer yet , however,
there are some very preliminary , yet
encouraging results .

•

with J .
Maldacena and Y

.
Chen

,
2007.16091

• Consider the ds version of 2D gravity .

5% eeofr + fuk -2) + Sm dos> 1

It is a toy model for inflation , dilation 4 ~ inflation ,
matter CFT - CMB radiation

• Generic solution at late times :

"¥%→i=e.ds2= - dt2+e2ᵗd×2
y=ereᵗ dsz

→
↑t
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• To calculate cosmological correlations we

need two "

copies of spacetime
"

for bra and Ket

of the wave lunation :
Bra - Ket wormhole :

?
-41 It

in

" %

- e-
%

?
• For a large universe the
wormhole will dominate
the state of the universe .
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• Simple observables
,
like the power spectrum of

"CMB " radiation
,
are sensitive to the thermal nature

of the solution , at low K

Pg (K ) = ¥ ,
instead of scale - invariant

1
K

[Tee H depends on parameters

of the model]
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Conclusions

• Inflation is the dominant theory for initial conditions
consistent at low energies ~ H , however , we do not yet
know how to promote it to a non -perturbative

complete theory .

• There are no perturbative IR instabilities
,
contrary

to some claims in the literature

• Analytic methods for cosmological correlations
are being actively developed , providing efficient
computational tools , and , possibly , will lead to

constraints on the space of inflationary models



• There is an exciting opportunity that

non - perturbative quantum gravity effects play an
important role , and can be seen

,
in the early

universe cosmology .


