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Three-Line Summary:

it is the right time to study 
gravitational path integrals using hep-th tools

the field seems ripe for discoveries



Setting the context



Beyond general relativity
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The two most promising directions to probe 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

black holes early universe cosmology
(beyond AdS/CFT)

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



How does AdS/CFT work?
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AdS has a timelike (Lorentzian) or spacelike (Euclidean) asymptotic boundary 
and variational problem in GR requires specifying boundary conditions there

AdS/CFT: the asymptotic boundary is a non-dynamical spacetime in which 
dual quantum field theories* live (here CFT2) in the path-integral sense

Pawel Caputa later today is 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
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The most natural way to generate      QM is via |0i e��H |generici
���
�!1

Eu
cli

de
an

 ti
m

e

space (here: S1)

AdS/CFT picture:
e�

�
H
..
.

..
.e

�
�
H

AdS/CFT identity: ZCFT [�µ⌫ ] = ZAdS [gab|@ = �µ⌫ ] ⇡ e�SGRAV [gab|@=�µ⌫ ]

quantum gravity semi-classical saddle

⌧
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Basics of black holes in AdS/CFT

4/14

For a thermal state:

tr e��H = ZCFT [S
1 ⇥ space] = ZAdS [gab|@ = S1 ⇥ space] ⇡ eSGRAV [gab|@=S

1⇥ space]

<latexit sha1_base64="7bAnm1bvWrOTnU5syWP//3Nd6hk="></latexit>

One of the saddles contributing to the gravity action is an Euclidean AdS 
black hole. In the following we specialize to gravity in 1+3 D and we have:

AdS black hole
horizon

boundary 
Euclidean time (S1)

boundary 
spatial directions (S2)

the boundary becomes
asymptotic as proper sizes

R1, R2 ! 1
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Quantum cosmology 1982
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In their pioneering work, Hartle and Hawking followed the “logic” that is 
robust logic in quantum field theory and so in AdS/CFT:

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

However, they applied their logic to cosmology                                  with 
the following saddle point emerging:

no boundary
(zero size)

Euclidean
time evolution

Lorentzian
time evolution

S3proper radius 1

H
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Quantum cosmology 2020
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Feldbrugge, Lehners & Turok 1705.00192                 di Tucci & Lehners 1903.06757

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

with
S ⇠
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Four saddle points 
with no boundary being (3) + (4);

(1) and (2) unstable to perturbations:

Changing the bc at t = 0 to   
Neumann (Robin) makes (3) and (4)

contribute to the functional integral    :



The emerging picture 2020
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Feldbrugge, Lehners & Turok 1705.00192                 di Tucci & 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



The question 
behind our work 



Can one get some further support for the new incarnation of the no-
boundary* proposal from the AdS/CFT intuitions and considerations?
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Our results



The general idea
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We want to do minisuperspace with negative cosmological constant:

S ⇠
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with or

We choose                  and fix the proper size of S3 and S1xS2 at          : this 
is going to be a boundary, where a dual quantum field theory lives

0  r  1
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r = 1
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In an analogy with cosmology,          would be the spatial slice of the universer = 1
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However, in order to evaluate the path-integral, one also needs to specify 
how q and b with c behave at 

r = 0
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In an analogy with cosmology,            would be the “no-boundary locus”

r = 0

<latexit sha1_base64="FVh+usMG4vzxTp3uPqIk/BKFomc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoB6UghePFUxbaEPZbCft0s0m7G6EUvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvDAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKmTTDH0WSIS1Q6pRsEl+oYbge1UIY1Dga1wdDfzW0+oNE/koxmnGMR0IHnEGTVW8hW5IW6vXHGr7hxklXg5qUCORq/81e0nLItRGiao1h3PTU0wocpwJnBa6mYaU8pGdIAdSyWNUQeT+bFTcmaVPokSZUsaMld/T0xorPU4Dm1nTM1QL3sz8T+vk5noKphwmWYGJVssijJBTEJmn5M+V8iMGFtCmeL2VsKGVFFmbD4lG4K3/PIqaV5UvVr1+qFWqd/mcRThBE7hHDy4hDrcQwN8YMDhGV7hzZHOi/PufCxaC04+cwx/4Hz+AHx9jdM=</latexit>



S3 minisuperspace with D or N b.c. at r = 0
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When evaluating the path integral, we need to supplement the action with 
the Gibbons-Hawking term at           and for           in the Dirichlet caser = 0

<latexit sha1_base64="FVh+usMG4vzxTp3uPqIk/BKFomc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoB6UghePFUxbaEPZbCft0s0m7G6EUvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvDAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKmTTDH0WSIS1Q6pRsEl+oYbge1UIY1Dga1wdDfzW0+oNE/koxmnGMR0IHnEGTVW8hW5IW6vXHGr7hxklXg5qUCORq/81e0nLItRGiao1h3PTU0wocpwJnBa6mYaU8pGdIAdSyWNUQeT+bFTcmaVPokSZUsaMld/T0xorPU4Dm1nTM1QL3sz8T+vk5noKphwmWYGJVssijJBTEJmn5M+V8iMGFtCmeL2VsKGVFFmbD4lG4K3/PIqaV5UvVr1+qFWqd/mcRThBE7hHDy4hDrcQwN8YMDhGV7hzZHOi/PufCxaC04+cwx/4Hz+AHx9jdM=</latexit>

r = 1

<latexit sha1_base64="S/2SsrevNRlYiiCgh9YxUBdc5sM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoB6UghePFUxbaEPZbCft0s0m7G6EUvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvDAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKmTTDH0WSIS1Q6pRsEl+oYbge1UIY1Dga1wdDfzW0+oNE/koxmnGMR0IHnEGTVW8hW5IV6vXHGr7hxklXg5qUCORq/81e0nLItRGiao1h3PTU0wocpwJnBa6mYaU8pGdIAdSyWNUQeT+bFTcmaVPokSZUsaMld/T0xorPU4Dm1nTM1QL3sz8T+vk5noKphwmWYGJVssijJBTEJmn5M+V8iMGFtCmeL2VsKGVFFmbD4lG4K3/PIqaV5UvVr1+qFWqd/mcRThBE7hHDy4hDrcQwN8YMDhGV7hzZHOi/PufCxaC04+cwx/4Hz+AH4BjdQ=</latexit>

EAdS4 EAdS4

singular
saddle

singular
saddle

S ⇠ N3 + . . .

<latexit sha1_base64="5uiTCBOlVWc3edURxO2JwBmTlGA=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgCCXRgrqRghtXUtE+oIllMpm0Q2cmYWYiltBfceNCEbf+iDv/xmmbhbYeuHA4517uvSdIGFXacb6twtLyyupacb20sbm1vWPvllsqTiUmTRyzWHYCpAijgjQ11Yx0EkkQDxhpB8Orid9+JFLRWNzrUUJ8jvqCRhQjbaSeXb7zFOXw5uEUHkOPhbFWPbviVJ0p4CJxc1IBORo9+8sLY5xyIjRmSKmu6yTaz5DUFDMyLnmpIgnCQ9QnXUMF4kT52fT2MTw0SgijWJoSGk7V3xMZ4kqNeGA6OdIDNe9NxP+8bqqjcz+jIkk1EXi2KEoZ1DGcBAFDKgnWbGQIwpKaWyEeIImwNnGVTAju/MuLpHVSdWvVi9tapX6Zx1EE++AAHAEXnIE6uAYN0AQYPIFn8ArerLH1Yr1bH7PWgpXP7IE/sD5/AD4Ok0s=</latexit>

N
eu

m
an

n

D
iri

ch
let

Z ⇠

<latexit sha1_base64="16vMTlTQDSeDuJ9ok4dvwfEKnq8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBdMW21A22027dHcTdjdCCf0NXjwo4tUf5M1/4zbNQVsfDDzem2FmXphwpo3rfjultfWNza3ydmVnd2//oHp41NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSv5jXzMxqNbcupsDrRKvIDUo0BpUv/rDmKSCSkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUSC6qDLD92hs6sMkRRrGxJg3L190SGhdZTEdpOgc1YL3tz8T+vl5roKsiYTFJDJVksilKOTIzmn6MhU5QYPrUEE8XsrYiMscLE2HwqNgRv+eVV0r6oe4369X2j1rwp4ijDCZzCOXhwCU24gxb4QIDBM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AdEVjrM=</latexit>

Z ⇠ e�
V3l2

4⇡G~

<latexit sha1_base64="oN0//sT0VilTQkCBfhBUBuDaAa4=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XQhSWpBXUjBRe6rGAf2KRhMp20QyeTMDMRSsg3uPFX3LhQxK0rd/6N0zYLrR64cDjnXu69x48ZlcqyvozCwuLS8kpxtbS2vrG5ZW7vtGSUCEyaOGKR6PhIEkY5aSqqGOnEgqDQZ6Ttjy4nfvueCEkjfqvGMXFDNOA0oBgpLXnm0Z0jaQhJLz12AoFw2vLSk4z1qllag05M4RV0hj4SWeaZZatiTQH/EjsnZZCj4ZmfTj/CSUi4wgxJ2bWtWLkpEopiRrKSk0gSIzxCA9LVlKOQSDedvpTBA630YRAJXVzBqfpzIkWhlOPQ150hUkM5703E/7xuooIzN6U8ThTheLYoSBhUEZzkA/tUEKzYWBOEBdW3QjxEOhmlUyzpEOz5l/+SVrVi1yrnN7Vy/SKPowj2wD44BDY4BXVwDRqgCTB4AE/gBbwaj8az8Wa8z1oLRj6zC37B+PgGHGGdIQ==</latexit>

The Dirichlet calculation appeared in a different context in 1804.00942 
by Caputa & Hirano



Black hole thermodynamics requires N at r = 0
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For black hole saddles, the situation is more intricate. However, the  
important take home from our studies is simple:

This example with S1xS2 boundary together with an earlier study of the S3 
boundary show Neumann conditions are not that unusual in minisuperspace.

If we want the minisuperspace gravitational partition function to be 
consistent with black hole thermodynamics, i.e.

then we should not use the Gibbons-Hawking term at                  Neumann

logZGRAV ⇡ SBekenstein�Hawking �
1

THawking

Mblack hole

<latexit sha1_base64="VbEfhKEoG4kSlQN+NxPWBhxJ2JU="></latexit>

r = 0

<latexit sha1_base64="FVh+usMG4vzxTp3uPqIk/BKFomc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoB6UghePFUxbaEPZbCft0s0m7G6EUvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvDAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKmTTDH0WSIS1Q6pRsEl+oYbge1UIY1Dga1wdDfzW0+oNE/koxmnGMR0IHnEGTVW8hW5IW6vXHGr7hxklXg5qUCORq/81e0nLItRGiao1h3PTU0wocpwJnBa6mYaU8pGdIAdSyWNUQeT+bFTcmaVPokSZUsaMld/T0xorPU4Dm1nTM1QL3sz8T+vk5noKphwmWYGJVssijJBTEJmn5M+V8iMGFtCmeL2VsKGVFFmbD4lG4K3/PIqaV5UvVr1+qFWqd/mcRThBE7hHDy4hDrcQwN8YMDhGV7hzZHOi/PufCxaC04+cwx/4Hz+AHx9jdM=</latexit>



Analytic continuation in cosmological constant
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Let’s get back to our AdS example with S3 boundary and Neumann condition:

Upon keeping    in all the formulas explicitly, one can take         and 
reproduce the cosmological results of                               . E.g. saddles:

l

<latexit sha1_base64="WG0S7hCesnYd0XJQ5V2wH26kbgY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqSn65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwys+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+qXq163axV6jd5HEU4gVM4Bw8uoQ530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ada1jPg=</latexit>

l =
i

H

<latexit sha1_base64="1qKtX6LYk/B8NrR4yt9/EcO3KCw=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoiBfUgFLz0WMG0hTaUzXbTLt1swu5GqCG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAsSzpR2nG+rtLG5tb1T3q3s7R8cVu2j446KU0moR2Iey16AFeVMUE8zzWkvkRRHAafdYHo397uPVCoWiwc9S6gf4bFgISNYG2loVzm6RYNQYpKxPGvlQ7vm1J0F0DpxC1KDAu2h/TUYxSSNqNCEY6X6rpNoP8NSM8JpXhmkiiaYTPGY9g0VOKLKzxaH5+jcKCMUxtKU0Gih/p7IcKTULApMZ4T1RK16c/E/r5/q8NrPmEhSTQVZLgpTjnSM5imgEZOUaD4zBBPJzK2ITLBJQZusKiYEd/XlddK5rLuN+s19o9ZsFHGU4RTO4AJcuIImtKANHhBI4Rle4c16sl6sd+tj2VqyipkT+APr8wcozpLB</latexit>

di Tucci & Lehners 1903.06757

Let’s compare with Hartle and Hawking saddle:

R3  1

H

<latexit sha1_base64="D52RcCjsiMShwILHdxuMDsc4MmQ=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JoQd0V3HRZxT6gCWEyvWmHTh7OTIQSs/BX3LhQxK2/4c6/cdpmoa0HLhzOuZd77/ETzqSyrG9jaXlldW29tFHe3Nre2TX39tsyTgWFFo15LLo+kcBZBC3FFIduIoCEPoeOP7qe+J0HEJLF0Z0aJ+CGZBCxgFGitOSZh7dedp5jh8M9dgJBaGbnWSP3zIpVtabAi8QuSAUVaHrml9OPaRpCpCgnUvZsK1FuRoRilENedlIJCaEjMoCephEJQbrZ9P4cn2ilj4NY6IoUnqq/JzISSjkOfd0ZEjWU895E/M/rpSq4dDMWJamCiM4WBSnHKsaTMHCfCaCKjzUhVDB9K6ZDolNQOrKyDsGef3mRtM+qdq16dVOr1GtFHCV0hI7RKbLRBaqjBmqiFqLoET2jV/RmPBkvxrvxMWtdMoqZA/QHxucPTJ+VoA==</latexit>

for our saddle is part of S4

for our saddle is complex:R3 >
1

H

<latexit sha1_base64="L0FNoUfjzwwQC6Cd+GtqxsaIjxs=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUm0oG6k4KbLKvYBbQiT6aQdOnkwMxFCiL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7jxdzJpVlfRultfWNza3ydmVnd2//wDw86sooEYR2SMQj0fewpJyFtKOY4rQfC4oDj9OeN72d+b1HKiSLwgeVxtQJ8DhkPiNYack1q/dudpGjGzT0BSaZnWet3DVrVt2aA60SuyA1KNB2za/hKCJJQENFOJZyYFuxcjIsFCOc5pVhImmMyRSP6UDTEAdUOtn8+BydamWE/EjoChWaq78nMhxImQae7gywmshlbyb+5w0S5V85GQvjRNGQLBb5CUcqQrMk0IgJShRPNcFEMH0rIhOsU1A6r4oOwV5+eZV0z+t2o35916g1G0UcZTiGEzgDGy6hCS1oQwcIpPAMr/BmPBkvxrvxsWgtGcVMFf7A+PwBrrKUIg==</latexit>

=
⇡

2H
+ i

1

H
arccosh(H R3)

<latexit sha1_base64="lfMXbxe1fZhgNSHlBcosnfan/lY="></latexit>



Summary and outlook
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Minisuperspace model is 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 “initial time” and being careful about integration contours 
solves them while giving the same geometry as the dominant saddle point

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 is a way to do 
quantum gravity backed by AdS/CFT. However, here minisuperspace results 
could be in principle checked against quantum field theory calculations.

Feldbrugge, Lehners & Turok 1705.00192                 di Tucci & Lehners 1903.06757
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The cosmological considerations I described today, together with reproducing 
a clear signature of unitarity in black hole evaporation (the Page curve) using 
the semi-classical picture

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



Thank you


