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Three-Line Summary:

it 1s the right time to study
oravitational path integrals using hep-th tools

the field seems ripe for discoveries



Setting the context



Beyond general relativity

This talk takes the hep-th perspective

From this view, quantum gravity Is understood the best in anti-de Sitter
universes as a quantum field theory on the asymptotic boundary

The two most promising directions to probe beyond general relativity:

e .

early universe cosmolo
black holes 4 s/

(beyond AdS/CFT)

This talk: corroborating novel features of quantum cosmology using the
robust interpretation of black holes in AdS/CFT as thermodynamic objects
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How does AdS/CFT work?

AdS has a timelike (Lorentzian) or spacelike (Euclidean) asymptotic boundary
and variational problem in GR reqwres speofymg boundary conditions there

oravitational®

Interior
/

AdS3:

L orentzian/Euclidean
time

space (here S )

AdS/CFT: the asymptotic boundary i1s a non-dynamical spacetime in which
dual quantum field theories® live (here CFT15) Iin the path-integral sense

Pawel Caputa later today I1s going to tell us how to make a dual quantum
field theory sense of a situation in which the boundary is not asymptotic
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CFT vacuum as seen from the AdS side

The most natural way to generate |0) QM is via e~ TH\generic)‘

AdS/CFT picture:

AdS/CFT identity:

—TH €_TH...

Zorr 0] = Zads|gab

T =00

Fuclidean time

~~ —S a =0 1
5 =0~ e GRAV [Jablo=0..]

! !

quantum gravity semi-classical saddle
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Basics of black holes in AdS/CFT

For a thermal state:

tre ™ = Zopr[S' x space] = Zaaslgaslo = S* x space] & eFravigarlo=5"x spacc]

One of the saddles contributing to the gravity action i1s an Euclidean AdS
black hole. In the following we specialize to gravity in |+3 D and we have:

_ boundary
fJ\ R: Euclidean time (S1)

the boundary becomes
asymptotic as proper sizes
Rl, RQ — OO
with Rl/RQ fixed

AdS black hole B
horizon

& =2
e

| ) boundary
_~ spatial directions (5?2)
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Quantum cosmology 1982

In their pioneering work, Hartle and Hawking followed the “logic” that s
robust logic In quantum field theory and so in AdS/CFT:

|) Euclidean time evolution prepares a “ground state”
2) The state can be later evolved In Lorentzian time

However, they applied their logic to cosmology /d4a?\/—g(R — 3 H?) with
the following saddle point emerging:

1
proper radius —

half of 54 G half of dS4
no boundary /
(zero size)
<4+ >
Fuclidean Lorentzian
time evolution time evolution
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Quantum cosmology 2020

Feldbrugge, Lehners & Turok 1705.00192 ——— diTuccl & Lehners 1903.06757

New developments concern quantitative embedding of the no boundary
proposal within the minisuperspace path integral model

q(t=1)=q1
/ dN / Dq ezS/h
q(t= O) 0

ds® = —NTzdt2 -+ qu% with
/ dt [——+N (1-H?q)]

Four saddle points X Changing the bcatt = 0 to
with no boundary being (3) + (4); Neumann (Robin) makes (3) and (4)
(1) and (2) unstable to perturbations: contribute to the functional integral\/ :
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The emerging picture 2020

Feldbrugge, Lehners & Turok 1705.00192 —— diTuccl & Lehners 1903.06757

The minisuperspace path integral needs to be taken over complex metrics

The no-boundary proposal Is a consistent saddle point, but off-shell the
“geometry’ starts with uncertainty in size

A

saddle point off-shell singular
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The question
behind our work



Can one get some further support for the new incarnation of the no-
boundary” proposal from the AdS/CFT inturtions and considerations?
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Our results
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The general idea

We want to do minisuperspace with negative cosmological constant:

ds* = —N—szQ + q(r)dQ3
T ()T T

S ~ /d‘*x\/fg [R+l%] + with or

2__b(_"") 2 Tz@ 2 2402
ds” = c(r)N +d b('r)d + b(r)"d2;

We choose 0 <7 <1 and fix the proper size of S3 and S'x52 at r = 1 : this
s going to be a boundary, where a dual quantum field theory lives

In an analogy with cosmology, 7 = 1 would be the spatial slice of the universe

However, in order to evaluate the path-integral, one also needs to specify
how g and b with ¢ behave at 7 =0

In an analogy with cosmology, 7 = 0 would be the “no-boundary locus”
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S3 minisuperspace with D or N b.c.at r =0

When evaluating the path integral, we need to supplement the action with
the Gibbons-Hawking term at 7 = 1 and for » = 0 in the Dirichlet case

| S~ N°+ ...
singular
 dovgard o saddle_, &
C2 downward T-i E
- @ @ flow —_; L
-
S i © 7
E L : \‘
> Y : o :
G) = . A
Z N N LS %
—Y N_,
singular

saddle
ENITE

1804.00942
Caputa & Hirano

Val2 .
% Z ~ Ai

The Dirichlet calculation appeared in a different context in |
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Black hole thermodynamics requires Natr =0

For black hole saddles, the situation 1s more Intricate. However, the
important take home from our studies Is simple:

T we want the minisuperspace gravitational partition function to be

consistent with black hole thermodynamics, 1.e.

1

1Og ZGRAV ~ SBekenstein—Ha/wking T Mblack hole
Hawking

then we should not use the Gibbons-Hawking term at 7 = 0 — Neumann

This example with S'x52 boundary together with an earlier study of the S3
boundary show Neumann conditions are not that unusual In minisuperspace.
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Analytic continuation in cosmological constant

Let's get back to our AdS example with S3 boundary and Neumann condition:

ds? = —N—er + q(r)dQ2?2
q(r)

Upon keeping I in all the formulas explicitly, one can take 1=—  and
reproduce the cosmological results of diTucci & Lehners 190306757, E.g. saddles:

q(r) = H*N3r* + 2N.ir =——:l:—\/H2R3—1
Let's compare with Hartle and Hawking saddle:

for Rs < % our saddle is part of $4

1
for rs > — our saddle is complex:

D = / dr’/—ﬂ —+z arccosh(HRg)\/
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Summary and outlook



S um mary 2007.04872 with | Bk
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Alice diTucci  Jean-Luc Lehners

Minisuperspace model 1s prominent In quantum cosmology in the context of
the 1982 no boundary proposal of Hartle & Hawking and its refinements

While the original has problems, adopting Neumann® rather than Dirichlet
conditions at the “inrtial time” and being careful about integration contours

solves them while giving the same geometry as the dominant saddle point
Feldbrugge, Lehners & Turok 1705.00192 —— diTuccl & Lehners 1903.06757

What we did is to check if one can see similar Neumann conditions emerging
naturally in AdS context and backed up by the dual CFT interpretation

The answer Is yes, which shows there are not as exotic as they seemed

Note that our study do not imply that minisuperspace 1s a way to do
quantum gravity backed by AdS/CFIT. However, here minisuperspace results
could be In principle checked against quantum field theory calculations.
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The cosmological considerations | described today, together with reproducing
a clear signature of unitarity in black hole evaporation (the Page curve) using
the semi-classical picture

I'd say the black hole information paradox wikipedia page is due for an

:-’ Ahmed Almheiri @AImheiriAE - Nov 28, 2019 v
update:

Replica wormboles asd the black bole interior

......

Q 7 T1 103 O 243 T

,see 2006.06872 by Almheiri et al. for a review, make 1t an interesting time to
study gravity path integrals using hep-th tools.
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Thank you



