
de Sitter quantum gravity:
advances and challenges

Gonzalo Torroba
Centro Atómico Bariloche,  Argentina

CERN Theory Colloquium
September 2023



Classical and quantum gravity depend crucially on one parameter: 
the cosmological constant ⇤
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c.c. classical gravity quantum gravity

⇤ < 0
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⇤ > 0
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and inflationary period



• Progress on hyperbolic geometry, well-suited for realizing de Sitter 
solutions.

• Powerful numerical methods based on machine learning.
• Operator algebras (type I, II, III) and gravity.  Math version of “It from 

Qubit”.
• Novel irrelevant deformations in QFT (TTbar), and relations to boundary 

conditions in General Relativity.

Compared to the situation with negative c.c., dS 
cosmology and holography much harder and less 
developed!

‣Difficult to obtain string theory solutions
‣No asymptotic time-like boundary
‣Observer-dependent horizons due to expansion
‣Cosmological constant problem
‣…

However: results and connections with Mathematics, QFT and 
GR generate new developments and opportunities



As with AdS/CFT, the understanding of dS quantum gravity comes 
from interplay between two directions:

• Microscopic solutions in String Theory:

Developments in SUGRA solutions, black branes, etc. paved the way 
for AdS/CFT. Explicit solutions allowed to extract general lessons, e.g. 

N = 4 SYM $ AdS5 ⇥ S5
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Nonperturbative methods (SUSY, integrability), microstate counts, …
Can we find the analog of AdS5 ⇥ S5
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for dS gravity?

• Holographic methods:

Black hole thermodynamics [Bekenstein, Hawking, Gibbons, …]; 
holographic principle [’t Hooft, Susskind]

 [Maldacena]

Quantum information theory and gravity [Ryu-Takayanagi, …].
Holography in finite regions?



In this talk we will review efforts on both of these directions.

It is an extremely active area of research, with many different ideas and 
results. Very hard to review comprehensively.
Aside from some general remarks, I will focus on work with my 
collaborators. This is an on-going effort for more than 13 years, and I 
would like to thank them before starting:

Xi Dong B. Horn

E. SilversteinS. Matsuura

M. Dodelson V. Gorbenko A. Lewkowycz

J. Liu

E. Coleman

E. Mazenc R. SoniV. Shyam

B. De Luca

S. Yang



    A. de Sitter in String Theory                      

The goal here is to construct explicit dS sols in String Theory. Let us first 
discuss the AdS case.

AdS sols and AdS/CFT

R

R > 0

X

rN D3 branes

<latexit sha1_base64="G5IhtnPYSQaGfGfqDiLDwgXTiHI=">AAAB/XicdVDLSgNBEJz1GeNrfdy8DAbBU9j1GckloAdPEsGYQDaE2UlHB2dnl5leMS7BX/HiQRGv/oc3/8ZJjKCiBQ1FVTfdXWEihUHPe3fGxicmp6ZzM/nZufmFRXdp+dzEqeZQ47GMdSNkBqRQUEOBEhqJBhaFEurh1eHAr1+DNiJWZ9hLoBWxCyW6gjO0UttdPQnKR9tBOUC4wSzUTIHpt92CV9z1/IM9j3pFb4ghKfnbPv VHSoGMUG27b0En5mkECrlkxjR9L8FWxjQKLqGfD1IDCeNX7AKalioWgWllw+v7dMMqHdqNtS2FdKh+n8hYZEwvCm1nxPDS/PYG4l9eM8VuqZUJlaQIin8u6qaSYkwHUdCO0MBR9ixhXAt7K+WXTDOONrC8DeHrU/o/Od8q+jvF3dOdQqUyiiNH1sg62SQ+2ScVckyqpEY4uSX35JE8OXfOg/PsvHy2jjmjmRXyA87rB0RUlSI=</latexit>

S5

<latexit sha1_base64="M1iRi3kolkXrxZl+mjIsNLHh+/Y=">AAAB6nicdVDLSgNBEOyJrxhfUY9eBoPgKexK4uMW8OIxEvOAZA2zk9lkyOzsMjMrhCWf4MWDIl79Im/+jZNkhSha0FBUddPd5ceCa+M4nyi3srq2vpHfLGxt7+zuFfcPWjpKFGVNGolIdXyimeCSNQ03gnVixUjoC9b2x9czv/3AlOaRvDOTmHkhGUoecEqMlRqN+2q/WHLKzhx4iVQd9+rcxW6mlCBDvV/86A0imoRMGiqI1l3XiY2XEmU4FWxa6CWaxYSOyZB1LZUkZNpL56dO8YlVBjiIlC1p8FxdnkhJqPUk9G1nSMxI//Zm4l9eNzHBpZdyGSeGSbpYFCQCmwjP/sYDrhg1YmIJoYrbWzEdEUWosekUbAjfn+L/Seus7FbK1dtKqVbL4sjDERzDKbhwATW4gTo0gcIQHuEZXpBAT+gVvS1acyibOYQfQO9f+NqNmg==</latexit>

S5

<latexit sha1_base64="M1iRi3kolkXrxZl+mjIsNLHh+/Y=">AAAB6nicdVDLSgNBEOyJrxhfUY9eBoPgKexK4uMW8OIxEvOAZA2zk9lkyOzsMjMrhCWf4MWDIl79Im/+jZNkhSha0FBUddPd5ceCa+M4nyi3srq2vpHfLGxt7+zuFfcPWjpKFGVNGolIdXyimeCSNQ03gnVixUjoC9b2x9czv/3AlOaRvDOTmHkhGUoecEqMlRqN+2q/WHLKzhx4iVQd9+rcxW6mlCBDvV/86A0imoRMGiqI1l3XiY2XEmU4FWxa6CWaxYSOyZB1LZUkZNpL56dO8YlVBjiIlC1p8FxdnkhJqPUk9G1nSMxI//Zm4l9eNzHBpZdyGSeGSbpYFCQCmwjP/sYDrhg1YmIJoYrbWzEdEUWosekUbAjfn+L/Seus7FbK1dtKqVbL4sjDERzDKbhwATW4gTo0gcIQHuEZXpBAT+gVvS1acyibOYQfQO9f+NqNmg==</latexit>

AdS5

<latexit sha1_base64="zPa1S5+zyGtqbjNPZeqlvYl0wfo=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU9hoq/VW8eKxomkLbSibzaZdutmE3Y1QQn+DFw+KePUHefPfuE0jqOiDgcd7M8zM8xPOlEbowyotLa+srpXXKxubW9s71d29jopTSahLYh7Lno8V5UxQVzPNaS+RFEc+p11/cjX3u/dUKhaLOz1NqBfhkWAhI1gbyb0MboeNYbWG7AZyLs4QRDbKkZOmc+pAp1BqoEB7WH0fBDFJIyo04VipvoMS7WVYakY4nVUGqaIJJhM8on1DBY6o8rL82Bk8MkoAw1iaEhrm6veJDEdKTSPfdEZYj9Vvby7+5fVTHTa9jIkk1VSQxaIw5VDHcP45DJikRPOpIZhIZm6FZIwlJtrkUzEhfH0K/yedE9up242beq3VKuIogwNwCI6BA85BC1yDNnABAQw8gCfwbAnr0XqxXhetJauY2Qc/YL19AlL+jmA=</latexit>

R3,1 ⇥ R6
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N = 4 SUSY SU(N) YM , d = 4
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AdS5 ⇥ S5 , D = 10 IIB supergravity
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[Maldacena, ’98]



Both sides are very special: maximal SUSY, large global symmetry, 
simple geometry … To extract general lessons, better to think in terms 
of energetics: dimensionally reduced effective potential

Ve↵ ⇠
Z

B5

p
g(5)

⇣
�R(5) + |F5|2

⌘
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Uplifting AdS to dS

negative energy
source

1/R
dS

V

AdS

So for dS we need at least a 
3-term structure potential:

uplift

Many different mechanisms for uplift 
(antibranes, curvature, supercritical, 
U-branes, …) and negative energy 
contributions (orientifolds, nonpert. 
effects,     , Casimir, …)↵0
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Thinking in terms of energetics already reveals important lessons and 
useful no-go’s. We see why dS and cosmological sols. are harder to find.

‣no SUSY … but perturbation theory

‣ limitations from metastability and negative energy sources

‣absence of large global symmetries, no simple 
geometry. Numerics required. But building 
blocks fairly well understood.
Similar to other areas, such as Nuclear Physics

We will now review a specific proposal, based on [De Luca, Silverstein, GT, 2021]

Hyperbolic compactifications

Basic idea: replace internal sphere of AdS/CFT by negatively curved 
hyperbolic manifold. This provides the necessary uplift.
Furthermore, these manifolds can have small circles, which contribute 
negative Casimir energy (given appropriate boundary conditions).



We consider 11d SUGRA/M-theory, with N units of F7 flux (M2 branes). 
With no more ingredients, it gives one of the original AdS/CFT examples:  
strongly coupled 3d CFT dual to 
But now, compactify on 7-dim hyperbolic manifold, and negative Casimir 
energy from small circles (fermion antiperiodic b.c.) 
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Casimir

flux

`11 ⌧ `  `dS

<latexit sha1_base64="s9fsjtRdLfImho2Wj8a5HPCHHGE=">AAACCXicbZC7TsMwFIadcivlFmBksaiQmKoEFcFYxMJYBL1ITRQ5zklr1bnIdpCqqCsLr8LCAEKsvAEbb4ObZoCWX7L0+T/nyD6/n3ImlWV9G5WV1bX1jepmbWt7Z3fP3D/oyiQTFDo04Yno+0QCZzF0FFMc+qkAEvkcev74elbvPYCQLInv1SQFNyLDmIWMEqUtz8QOcO7ltj3FDufFTQOUdnA39cy61bAK4WWwS6ijUm3P/HKChGYRxIpyIuXAtlLl5kQoRjlMa04mISV0TIYw0BiTCKSbF5tM8Yl2AhwmQp9Y4cL9PZGTSMpJ5OvOiKiRXKzNzP9qg0yFl27O4jRTENP5Q2HGsUrwLBYcMAFU8YkGQgXTf8V0RAShSodX0yHYiysvQ/esYTcb57fNeuuqjKOKjtAxOkU2ukAtdIPaqIMoekTP6BW9GU/Gi/FufMxbK0Y5c4j+yPj8ATENmWU=</latexit>

AdS4 ⇥ S7

<latexit sha1_base64="3tFFKSsVRatxSwi8yKnpM277ZlQ=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkUo8VLx4rtR/QxrDZbNulm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzgoQzpR3n2ypsbG5t7xR3S3v7B4dH9vFJW8WpJLRFYh7LboAV5UzQlmaa024iKY4CTjvB+G7udyZUKhaLRz1NqBfhoWADRrA2km/bt2HTr6K+ZhFVqPlU8+2yU3EWQOvEzUkZcjR8+6sfxiSNqNCEY6V6rpNoL8NSM8LprNRPFU0wGeMh7RkqsFnkZYvLZ+jCKCEaxNKU0Gih/p7IcKTUNApMZ4T1SK16c/E/r5fqwY2XMZGkmgqyXDRIOdIxmseAQiYp0XxqCCaSmVsRGWGJiTZhlUwI7urL66R9VXGrleuHarlez+MowhmcwyW4UIM63EMDWkBgAs/wCm9WZr1Y79bHsrVg5TOn8AfW5w/aE5KC</latexit>
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R11
c

<latexit sha1_base64="g+NcSz+fxFAxM1uDeyFI0XGYMYI=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcDUltbd1IwY3LKvYB7VgyaaYNzTxIMmIZ5lfcuFDErT/izr8xfQgqeuDC4Zx7ufceLxZcaYQ+rKXlldW19dxGfnNre2fX3iu0VJRIypo0EpHseEQxwUPW1FwL1oklI4EnWNsbX0z99h2TikfhjZ7EzA3IMOQ+p0QbqW8Xer4kNMVZet2ntynGWda3i8hBp2VcwhA5FYRrJTQnZ9UTiB00QxEs0Ojb771BRJOAhZoKolQXo1i7KZGaU8GyfC9RLCZ0TIasa2hIAqbcdHZ7Bo+MMoB+JE2FGs7U7xMpCZSaBJ7pDIgeqd/eVPzL6ybar7kpD+NEs5DOF/mJgDqC0yDggEtGtZgYQqjk5lZIR8SEoU1ceRPC16fwf9IqObjsVK7Kxfr5Io4cOACH4BhgUAV1cAkaoAkouAcP4Ak8W5n1aL1Yr/PWJWsxsw9+wHr7BBxjlH8=</latexit>



11d analysis

hyperbolic
bulk

cusp

joining

ds2cusp = dy2 + e�2y/`ds2T 6 , y0 < y < yc

<latexit sha1_base64="m66AwN2LtloY+1o0/zGLsYcACJ8="></latexit>

end of cusp
[Anderson, Dehn]

Solving the 11d equations requires turning un warp factor, volume mode, 
and additional internal perturbations

ds2 = e2A(y)ds2dS4
+ e2B(y)(gH ij + hij)dy

idyj

<latexit sha1_base64="AAyFuDf42jq3MBIQfPTob+vz338="></latexit>

‣Local analysis in cusp regions: predominant dependence on radial direction. 
Nonlinear ODEs.
‣Then the joining introduces dependence on all internal variables (7). 

Nonlinear PDEs

Casimir energy 
localized here



In cusp regions, we find numerical smooth solutions with dS4:
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<latexit sha1_base64="WW7kRtmGAfhn9WW3C0CoTUYRLRQ=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CooVFxMYygvmA5Ax7m0myZm/v2N0TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6GbqN59QaR7JezOO0Q/pQPI+Z9RYqYEPaeV60i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP51dOyEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/6KZdxYlCy+aJ+IoiJyPR10uMKmRFjSyhT3N5K2JAqyowNqGBD8BZfXiaNStk7K5/fnZWqV1kceTiCYzgFDy6gCrdQgzoweIRneIU3J3JenHfnY96ac7KZQ/gD5/MHPSaO5g==</latexit>

R

<latexit sha1_base64="Qj5tHDQIy4Q4x/6JX5B5EIGbZlc=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kooVFwMYyEfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SvqxXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCta4zY</latexit>

Rc

<latexit sha1_base64="nq5Ij3OkNW5ikl5nVePAV/aPcZ0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKogcPAS8e4yMPSJYwO+lNhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo5up33pCpXksH804QT+iA8lDzqix0sN9j/XKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48jJpnlW98+rF3Xmldp3HUYQjOIZT8OASanALdWgAgwE8wyu8OcJ5cd6dj3lrwclnDuEPnM8fHl6Nrg==</latexit>

horizon towards bulk
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solution energy sources

�u2R(7) � 3(ru)2

<latexit sha1_base64="MPZ/7VZCkEPsYVCmIAzC6R/YzwI=">AAACBXicbVC7TgJBFJ31ifhatdRiIjGBArKLGCwsSGws0cgjgYXMDgNMmJ3dzMOEbGhs/BUbC42x9R/s/BsH2ELBk9zk5Jx7c+89fsSoVI7zba2srq1vbKa20ts7u3v79sFhXYZaYFLDIQtF00eSMMpJTVHFSDMSBAU+Iw1/dD31Gw9ESBryezWOiBegAad9ipEyUtc+yUPdKcK7Tpwt5yb5c5htc+QzBHWuU+zaGafgzACXiZuQDEhQ7dpf7V6IdUC4wgxJ2XKdSHkxEopiRibptpYkQniEBqRlKEcBkV48+2ICz4zSg/1QmOIKztTfEzEKpBwHvukMkBrKRW8q/ue1tOpfejHlkVaE4/mivmZQhXAaCexRQbBiY0MQFtTcCvEQCYSVCS5tQnAXX14m9WLBLRUubkuZylUSRwocg1OQBS4ogwq4AVVQAxg8gmfwCt6sJ+vFerc+5q0rVjJzBP7A+vwBBHCVtw==</latexit>

u2F 2
7

<latexit sha1_base64="y9cr0lGNIT3HZ0fOhUKhEH0tTD4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktlXrwUBDEYwXbKu22ZNNsG5pklyQrlKW/wosHRbz6c7z5b0zbPWjrg4HHezPMzAtizrRx3W8nt7a+sbmV3y7s7O7tHxQPj1o6ShShTRLxSD0EWFPOJG0aZjh9iBXFIuC0HYyvZ377iSrNInlvJjH1BR5KFjKCjZUek14F3fRrvUq/WHLL7hxolXgZKUGGRr/41R1EJBFUGsKx1h3PjY2fYmUY4XRa6CaaxpiM8ZB2LJVYUO2n84On6MwqAxRGypY0aK7+nkix0HoiAtspsBnpZW8m/ud1EhNe+imTcWKoJItFYcKRidDsezRgihLDJ5Zgopi9FZERVpgYm1HBhuAtv7xKWpWyVy1f3FVL9assjjycwCmcgwc1qMMtNKAJBAQ8wyu8Ocp5cd6dj0VrzslmjuEPnM8fR5GPZw==</latexit>

�u2R�11
c

<latexit sha1_base64="slTy4LOA5satO3vTNpdj6Oif3Jc=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBS0tSKnrwUPDisYr9gDYtm+2mXbrZhN2NUkL/hxcPinj1v3jz37hNc9DWBwOP92aYmedFnClt299Wbm19Y3Mrv13Y2d3bPygeHrVUGEtCmyTkoex4WFHOBG1qpjntRJLiwOO07U1u5n77kUrFQvGgpxF1AzwSzGcEayP1y3G/iu4HpJ+UHWc2KJbsip0CrRInIyXI0BgUv3rDkMQBFZpwrFTXsSPtJlhqRjidFXqxohEmEzyiXUMFDqhyk/TqGTozyhD5oTQlNErV3xMJDpSaBp7pDLAeq2VvLv7ndWPtX7kJE1GsqSCLRX7MkQ7RPAI0ZJISzaeGYCKZuRWRMZaYaBNUwYTgLL+8SlrVilOrXNzVSvXrLI48nMApnIMDl1CHW2hAEwhIeIZXeLOerBfr3fpYtOasbOYY/sD6/AGusZFT</latexit>

• Current analytic estimates and general constraints suggest a positive mass 
matrix

In bulk: perturbative expansion around homogeneous sol. Promising: use 
neural network methods to approximate PDE sol Loss =

X
(eqs)2

<latexit sha1_base64="UF8oTUwdOTWjAIoRL2N4dFU3GMQ="></latexit>
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<latexit sha1_base64="1Xu72J+NB7Zp1zLvKs4fmL6RSDw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWaqb9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9bNYq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AOMRjP0=</latexit>

e2B

<latexit sha1_base64="j4l3uowFboLPQj9HqZvjTyPi60g=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGRU8S9OIxgnlAsobZSScZMzu7zMwKYck/ePGgiFf/x5t/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqZ+8wmV5pG8N+MY/ZAOJO9zRo2VGviQVq4n3WLJLbszkGXiZaQEGWrd4lenF7EkRGmYoFq3PTc2fkqV4UzgpNBJNMaUjegA25ZKGqL209m1E3JilR7pR8qWNGSm/p5Iaaj1OAxsZ0jNUC96U/E/r52Y/qWfchknBiWbL+ongpiITF8nPa6QGTG2hDLF7a2EDamizNiACjYEb/HlZdKolL2z8vndWal6lcWRhyM4hlPw4AKqcAs1qAODR3iGV3hzIufFeXc+5q05J5s5hD9wPn8AP0WO6Q==</latexit>

Preliminary results in H3/�

<latexit sha1_base64="KFuy5zP7F/RxEH98U2DRbGI98qc=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqs5oRVdScGGXFewDOsOQSTNtaJIZkoxYhv6KGxeKuPVH3Pk3ZtpZaPVA4HDOvdyTEyaMKu04X1ZpZXVtfaO8Wdna3tnds/erXRWnEpMOjlks+yFShFFBOppqRvqJJIiHjPTCyU3u9x6IVDQW93qaEJ+jkaARxUgbKbCrHkd6HIawFZyfereIcxTYNafuzAH/ErcgNVCgHdif3jDGKSdCY4aUGrhOov0MSU0xI7OKlyqSIDxBIzIwVCBOlJ/Ns8/gsVGGMIqleULDufpzI0NcqSkPzWSeVC17ufifN0h1dOVnVCSpJgIvDkUpgzqGeRFwSCXBmk0NQVhSkxXiMZIIa1NXxZTgLn/5L+me1d1G/eKuUWteF3WUwSE4AifABZegCVqgDToAg0fwBF7AqzWznq03630xWrKKnQPwC9bHN7gZk5U=</latexit>



    B. Holography for de Sitter                     

• A strong hint for holography comes from black hole 
thermodynamics, that is also shared by the de Sitter horizon. Entropy

Shorizon =
Area

4GN

<latexit sha1_base64="tPhw9A/dzvtC6xMHkpANXDrfO9M=">AAACE3icbVDLSgMxFM34rPVVdekmWARxUWakohtBcaErqWhtoS1DJs20oZlkSO6IdZh/cOOvuHGhiFs37vwb08dCrQcuHM65N7n3BLHgBlz3y5manpmdm88t5BeXlldWC2vrN0YlmrIqVULpekAME1yyKnAQrB5rRqJAsFrQOx34tVumDVfyGvoxa0WkI3nIKQEr+YXdK78J7A7SrtL8XsnsCDdDTWg6Uk/sW1mWls/8i8wvFN2SOwSeJN6YFNEYFb/w2WwrmkRMAhXEmIbnxtBKiQZOBcvyzcSwmNAe6bCGpZJEzLTS4U0Z3rZKG4dK25KAh+rPiZRExvSjwHZGBLrmrzcQ//MaCYSHrZTLOAEm6eijMBEYFB4EhNtcMwqibwmhmttdMe0SGwnYGPM2BO/vyZPkZq/klUv7l+Xi8ck4jhzaRFtoB3noAB2jc1RBVUTRA3pCL+jVeXSenTfnfdQ65YxnNtAvOB/feqOfKQ==</latexit>

[Bekenstein, Hawking, Gibbons, …]

holographic microstates ?!

This idea has been extended to more general regions via the Ryu-
Takayanagi formula and entanglement entropy (also fruitful in dS)

• But a fundamental difference with AdS, is that dS does not have an 
asymptotic time-like boundary. 

Here we’ll focus on recent progress from an unlikely direction: certain 
controlled irrelevant deformations in QFT, originally motivated from 
statistical mechanics.

It would be useful to have a more realistic holography where the asymptotic 
boundary is not included. (related: quasi-local methods, holo RG, …)



The       flowT T̄

<latexit sha1_base64="k12RF/AYa8B5Urg0Y2DDBjBBexQ=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4Com2Wm8FPXis0C9oQ9lsN+3SzSbuboQS+ie8eFDEq3/Hm//GbRpBRR8MPN6bYWaeH3OmtON8WEvLK6tr64WN4ubW9s5uaW+/raJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cjX3O/dUKhaJpp7G1AvxSLCAEayN1G2ivo8lag5KZceuOu7luYMc28mQkZp75iI3V8qQozEovfeHEUlCKjThWKme68TaS7HUjHA6K/YTRWNMJnhEe4YKHFLlpdm9M3RslCEKImlKaJSp3ydSHCo1DX3TGWI9Vr+9ufiX10t0UPNSJuJEU0EWi4KEIx2h+fNoyCQlmk8NwUQycysiYywx0Saiognh61P0P2mf2m7Frt5WyvXrPI4CHMIRnIALF1CHG2hACwhweIAneLburEfrxXpdtC5Z+cwB/ID19gkvoI9v</latexit>

Some 2d flows near IR fixed points are controlled by a universal 
operator, quadratic in the energy-momentum tensor. Zamolodchikov 
studied it,

(T T̄ )(x) =
1

8

�
Tµ⌫Tµ⌫ � (Tµ

µ )
2
�
, �T T̄ = 4

<latexit sha1_base64="FcLvY3vAGMo0rhOdF2pkEmj5cXY="></latexit>

exact, d=2!

What happens if we add it to the action? Breaks renormalizability; 
QFT looses predictive power. Hard to go against the RG!

Surprisingly, there is a simple trajectory towards the UV that 
exhibits very special properties:

[Smirnov-Z]
[Cavaglia et al]

@� logZ� = �2⇡

Z
d2x hT T̄ i�

<latexit sha1_base64="NlHVkNGdusPPTGudYiPJe2J9ZD0="></latexit>

Tµ
µ = �4⇡�T T̄

<latexit sha1_base64="PkSpIWIVTtePd0KGaBrEsRctaAM=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFcaEmkohuh6MZlhfQBTQyTyaQdOpmEmYlQQvdu/BU3LhRx6w+482+ctllo64ELh3PuYeaeIGVUKsv6NpaWV1bX1ksb5c2t7Z1dc2+/LZNMYNLCCUtEN0CSMMpJS1HFSDcVBMUBI51geDPxOw9ESJpwR41S4sWoz2lEMVJa8s2K47txdq/n6rTuphS6TIdD5J5AB7oBEtDxzapVs6aAi8QuSBUUaPrmlxsmOIsJV5ghKXu2lSovR0JRzMi47GaSpAgPUZ/0NOUoJtLLp7eM4ZFWQhglQg9XcKr+TuQolnIUB3ozRmog572J+J/Xy1R06eWUp5kiHM8eijIGVQInxcCQCoIVG2mCsKD6rxAPkEBY6frKugR7/uRF0j6r2fXa+V292rgu6iiBQ1ABx8AGF6ABbkETtAAGj+AZvII348l4Md6Nj9nqklFkDsAfGJ8/cjWZZQ==</latexit>

CFT

��

Z
hTT̄i

<latexit sha1_base64="RUsOgCbCmKZRItt0cdSTV0BWQy4="></latexit>

It will turn out this is precisely what we 
need for holography in finite regions
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• A key result: put the CFT on spatial circle. The theory has discrete energy 
spectrum. Deformed energies can be computed non-perturbatively

En =
L

⇡�

 
1�

r
1� ⇡

�

L
E0

n

!

<latexit sha1_base64="3h3J4N+qzBh3r33A3+uQTN7qTa8="></latexit>

Hagedorn

complex 
energies

LEn

<latexit sha1_base64="61omcv859n5TmfMgHRLuhAm3WGY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUTwVRPDgoYJpC20om+2mXbrZhN2JUEp/gxcPinj1B3nz37htc9DWBwOP92aYmRemUhh03W+nsLK6tr5R3Cxtbe/s7pX3DxomyTTjPktkolshNVwKxX0UKHkr1ZzGoeTNcHgz9ZtPXBuRqEccpTyIaV+JSDCKVvLvyW1XdcsVt+rOQJaJl5MK5Kh3y1+dXsKymCtkkhrT9twUgzHVKJjkk1InMzylbEj7vG2pojE3wXh27IScWKVHokTbUkhm6u+JMY2NGcWh7YwpDsyiNxX/89oZRlfBWKg0Q67YfFGUSYIJmX5OekJzhnJkCWVa2FsJG1BNGdp8SjYEb/HlZdI4q3rn1YuH80rtOo+jCEdwDKfgwSXU4A7q4AMDAc/wCm+Ocl6cd+dj3lpw8plD+APn8wcJw44q</latexit>

�/L2

<latexit sha1_base64="8A20BiePOQWmSuugM7Wiwa6zpzU=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXdaZUFFcFNy5cVLAPmI4lk8m0oZlkSO4IpfQz3LhQxK1f486/MW1noa0HAodzziX3njAV3IDrfjsrq2vrG5uFreL2zu7efungsGVUpilrUiWU7oTEMMElawIHwTqpZiQJBWuHw5up335i2nAlH2CUsiAhfcljTglYye8KG43I+d1jtVcquxV3BrxMvJyUUY5Gr/TVjRTNEiaBCmKM77kpBGOigVPBJsVuZlhK6JD0mW+pJAkzwXi28gSfWiXCsdL2ScAz9ffEmCTGjJLQJhMCA7PoTcX/PD+D+CoYc5lmwCSdfxRnAoPC0/txxDWjIEaWEKq53RXTAdGEgm2paEvwFk9eJq1qxatVLu5r5fp1XkcBHaMTdIY8dInq6BY1UBNRpNAzekVvDjgvzrvzMY+uOPnMEfoD5/MHcgKQsA==</latexit>

• UV behavior not fully understood, but various developments:

- gravitational dressing of S-matrix in Minkowski
- equivalent description in terms of dynamical massive gravity
- nonlocalities similar to String Theory (NG action, softening, …)

[Dubovsky, Gorbenko, Mirbabayi]

[Cardy, …]

• Different generalizations: addition of currents, double-trace deformations, 
etc. For our purpose, the following extension will be important

@

@�
logZ =

Z
d2x

⇣
�2⇡hT T̄ i+ c2

�2

⌘

<latexit sha1_base64="WDg5iCo0dAnKXSmwTljPMM0n/ws="></latexit>

[Gorbenko, Silverstein, GT]

equally universal as 
TTb and also solvable!

(needs a prior TTb deformation) ⇤2

<latexit sha1_base64="CTwx1nlodBPQQyRfpX2oHbDtZfU=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjK11boruHHhooJ9SDuUTCbThiaZIckIpRT8BzcuFHHr57jzb0ynFVT0QOBwzgn33hMknGmD0IeTW1peWV3Lrxc2Nre2d4q7ey0dp4rQJol5rDoB1pQzSZuGGU47iaJYBJy2g9HFzG/fUaVZLG/MOKG+wAPJIkawsdJt78pGQ9wv94sl5FaRd36KIHJRhozUvBMPegulBBZo9IvvvTAmqaDSEI617nooMf4EK8MIp9NCL9U0wWSEB7RrqcSCan+SLTyFR1YJYRQr+6SBmfr9xwQLrccisEmBzVD/9mbiX143NVHNnzCZpIZKMh8UpRyaGM6uhyFTlBg+tgQTxeyukAyxwsTYjgq2hK9L4f+kVXa9ilu9rpTq9ft5HXlwAA7BMfDAGaiDS9AATUCAAA/gCTw7ynl0XpzXeTTnLCrcBz/gvH0CkGqQqg==</latexit>
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2⇡
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⇣
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⌘

<latexit sha1_base64="U3dN6XrIVHidLDbbT7NId0l9Jp4="></latexit>

recall



The gravity dual of TTbar 

For simplicity, focus on pure 3d gravity (also valid in higher dimensions)
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1
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◆
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<latexit sha1_base64="q+/6kGEe+HG3ZGUDQWV3PJ5NyK8="></latexit>

c.c. bdry. terms

Consider the spacetime with a radial cutoff, where we fix the metric

ds2 = dr2 + gµ⌫(r, x)dx
µdx⌫

<latexit sha1_base64="ncBgB4jiijDX817XjYRbJvXo27M=">AAACEXicbVDLSgMxFM3UV62vUZdugkWoKGWmVHQjVNy4rGAf0BeZTKYNzWSGPKRl6C+48VfcuFDErTt3/o1pOwutHgg5Oedebu7xYkalcpwvK7O0vLK6ll3PbWxube/Yu3t1GWmBSQ1HLBJND0nCKCc1RRUjzVgQFHqMNLzh9dRv3BMhacTv1DgmnRD1OQ0oRspIPbvgy27p0hfd0gns95J2qNtcTwridHQM/VHXvGcX1z077xSdGeBf4qYkD1JUe/Zn24+wDglXmCEpW64Tq06ChKKYkUmurSWJER6iPmkZylFIZCeZbTSBR0bxYRAJc7iCM/VnR4JCKcehZypDpAZy0ZuK/3ktrYKLTkJ5rBXheD4o0AyqCE7jgT4VBCs2NgRhQc1fIR4ggbAyIeZMCO7iyn9JvVR0y8Wz23K+cpXGkQUH4BAUgAvOQQXcgCqoAQwewBN4Aa/Wo/VsvVnv89KMlfbsg1+wPr4B1O2cag==</latexit>

, cuto↵ r < rc

<latexit sha1_base64="w1BlKe7DIxdghX1t4v4u8BxVPVw=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwISWRioJdFNy4rGAf0IYwmU7aoZNMmLkRS+jCjb/ixoUibv0Id/6NkzYLbT2XC4dz7mXmHj/mTIFtfxuFldW19Y3iZmlre2d3z9w/aCuRSEJbRHAhuz5WlLOItoABp91YUhz6nHb88XXmd+6pVExEdzCJqRviYcQCRjBoyTPLp/0rXUAfICUJiCCYZoKsS494ZsWu2jNYy8TJSQXlaHrmV38gSBLSCAjHSvUcOwY3xRIY4XRa6ieKxpiM8ZD2NI1wSJWbzo6YWsdaGViBkLojsGbq740Uh0pNQl9PhhhGatHLxP+8XgLBpZuyKE6ARmT+UJBwC4SVJWINmKQE+EQTTCTTf7XICEtMQOdW0iE4iycvk/ZZ1alVz29rlUY9j6OIyugInSAHXaAGukFN1EIEPaJn9IrejCfjxXg3PuajBSPfOUR/YHz+ACQsl8U=</latexit>

This is the usual setup for AdS/CFT if               . But now we want to 
keep cutoff it finite.

rc ! 1

<latexit sha1_base64="OZ3cygfnO/i0YWTjvk5ksSASv2I=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V7Ae0sWy2m3bpZhN2J0oJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbG6x0nC/YgOlQgFo2ilB91npIcx6QkV4qRfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/OopObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCWxf84iIAOhOUM5sYQyLeythI2opgxtUCUbgrf88ippXVS9WvXyrlap1/M4inACp3AOHlxBHW6hAU1goOEZXuHNeXJenHfnY9FacPKZY/gD5/MHHd+SRQ==</latexit>

Basic entry of holographic dictionary: QFT stress tensor dual to 
Brown-York quasi-local tensor [Balasubramanian, Kraus]

Tµ⌫ =
2p
�g

�Son-shell

�gµ⌫
=

1

8⇡G

✓
Kµ⌫ �Kgµ⌫ +

1

`
gµ⌫

◆

<latexit sha1_base64="zmHIzP5Ebz30IXooHzZm3HceCag="></latexit>

Kµ⌫ =
1

2
@rgµ⌫

<latexit sha1_base64="eIvwcFgt9l3k0Jk6Hhn9Ih0kL8I=">AAACFnicdVBJS8QwGE1dx3GrevQSHAQvlnaYcQGFAS+ClxGcBaalpJl0JkyaliQVhtJf4cW/4sWDIl7Fm//GzOKKPgg83ntfku8FCaNS2fabMTM7N7+wWFgqLq+srq2bG5tNGacCkwaOWSzaAZKEUU4aiipG2okgKAoYaQWDs5HfuiZC0phfqWFCvAj1OA0pRkpLvrl/4WdulLo8zU+hGwqEMyfPyjl0EyQURcwXsPcZ8c2SbdljQNuq2s7xgfNFnKlVAlPUffPV7cY4jQhXmCEpO46dKC8bXY0ZyYtuKkmC8AD1SEdTjiIivWy8Vg53tdKFYSz04QqO1e8TGYqkHEaBTkZI9eVvbyT+5XVSFR55GeVJqgjHk4fClEEVw1FHsEsFwYoNNUFYUP1XiPtId6N0k0Vdwsem8H/SLFtOxapeVkq1k2kdBbANdsAecMAhqIFzUAcNgMENuAMP4NG4Ne6NJ+N5Ep0xpjNb4AeMl3cTFp/3</latexit>



Tµ
µ = � c

24⇡
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<latexit sha1_base64="naTmPjIrDoRXL8AM2acRkSCjA9c="></latexit>
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<latexit sha1_base64="sqSvBEv0o5F7C0kxW3rmMZdbNuc="></latexit>

Imposing the radial Einstein equation

and rewriting        in terms of        gives               Kµ⌫

<latexit sha1_base64="H8m3sflYn2NTk04pr8E6IxBeVlo=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF8FLBPPA7BJmJ5NkyMzsMg8hLPkLLx4U8erfePNvnCR70MSChqKqm+6uOOVMG9//9gorq2vrG8XN0tb2zu5eef+gqROrCG2QhCeqHWNNOZO0YZjhtJ0qikXMaSse3Uz91hNVmiXywYxTGgk8kKzPCDZOerzrZqGwobSTbrniV/0Z0DIJclKBHPVu+SvsJcQKKg3hWOtO4KcmyrAyjHA6KYVW0xSTER7QjqMSC6qjbHbxBJ04pYf6iXIlDZqpvycyLLQei9h1CmyGetGbiv95HWv6V1HGZGoNlWS+qG85Mgmavo96TFFi+NgRTBRztyIyxAoT40IquRCCxZeXSfOsGpxXL+7PK7XrPI4iHMExnEIAl1CDW6hDAwhIeIZXePO09+K9ex/z1oKXzxzCH3ifP9AckQU=</latexit>

Tµ⌫

<latexit sha1_base64="XVz/ZQcs+9JRPJO9epkhsLCxbkQ=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48R8sLsEmYnk2TIzOwyDyEs+QsvHhTx6t9482+cJHvQxIKGoqqb7q445Uwb3//2CmvrG5tbxe3Szu7e/kH58KilE6sIbZKEJ6oTY005k7RpmOG0kyqKRcxpOx7fzfz2E1WaJbJhJimNBB5KNmAEGyc9NnpZKGwo7bRXrvhVfw60SoKcVCBHvVf+CvsJsYJKQzjWuhv4qYkyrAwjnE5LodU0xWSMh7TrqMSC6iibXzxFZ07po0GiXEmD5urviQwLrScidp0Cm5Fe9mbif17XmsFNlDGZWkMlWSwaWI5Mgmbvoz5TlBg+cQQTxdytiIywwsS4kEouhGD55VXSuqgGl9Wrh8tK7TaPowgncArnEMA11OAe6tAEAhKe4RXePO29eO/ex6K14OUzx/AH3ucP3hGRDg==</latexit>

[McGough, Mezei, Verlinde]
[Kraus, Liu, Marolf] 
[Gorbenko, Silverstein, GT]

c =
3`

2G

<latexit sha1_base64="ZhdN0s5Y4tSYrTaHAs8d3/OOnoU=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVJJaUQSh4EGPFewHNKVstpN26WYTdjdiCfkrXjwo4tU/4s1/47bNQVsfDDzem2Fmnh9zprTjfFsrq2vrG5uFreL2zu7evn1QaqkokRSaNOKR7PhEAWcCmpppDp1YAgl9Dm1/fDP1248gFYvEg57E0AvJULCAUaKN1LdL9NoLJKHpmQecZ2n1NuvbZafizICXiZuTMsrR6Ntf3iCiSQhCU06U6rpOrHspkZpRDlnRSxTEhI7JELqGChKC6qWz2zN8YpQBDiJpSmg8U39PpCRUahL6pjMkeqQWvan4n9dNdHDZS5mIEw2CzhcFCcc6wtMg8IBJoJpPDCFUMnMrpiNiotAmrqIJwV18eZm0qhW3Vjm/r5XrV3kcBXSEjtEpctEFqqM71EBNRNETekav6M3KrBfr3fqYt65Y+cwh+gPr8welKJQs</latexit>

Weyl anomaly TTbar def nontrivial for dS!

This allows to formulate holography for (A)dS in finite patches!

� = 8G` > 0

<latexit sha1_base64="X08kY/EK6BxdcyPfifB1frPiJJM=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwNWS01SooBRe6rGAf0BlKJpO2oZnMkGSEMtRfceNCEbd+iDv/xrQdQUUPBA7nnMu9OX7MmdIIfVi5hcWl5ZX8amFtfWNzq7i901JRIgltkohHsuNjRTkTtKmZ5rQTS4pDn9O2P7qc+u07KhWLxK0ex9QL8UCwPiNYG6lXLLnchAN8XoNX0KWcwwvUK5aRXUXO6TGCyEYzzEjNOXKgkyllkKHRK767QUSSkApNOFaq66BYeymWmhFOJwU3UTTGZIQHtGuowCFVXjo7fgL3jRLAfiTNExrO1O8TKQ6VGoe+SYZYD9Vvbyr+5XUT3a95KRNxoqkg80X9hEMdwWkTMGCSEs3HhmAimbkVkiGWmGjTV8GU8PVT+D9pHdpOxa7eVMr1s6yOPNgFe+AAOOAE1ME1aIAmIGAMHsATeLburUfrxXqdR3NWNlMCP2C9fQKVTpNr</latexit>

2-side black hole in AdS

horizon

radial
cutoff
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`2
� 8GM

◆
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r2

`2 � 8GM
� + r2d�2

<latexit sha1_base64="9iU/VwoVJWuG2Ht9gd3QspwPqzs="></latexit>

Quasilocal energy at cutoff surface:

rc

<latexit sha1_base64="rCa9beAt6QdhxGm0zIEXR+LjKBg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD6rP+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuql6tenlfq9Rv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QNPuI3Q</latexit>

T t
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1

8⇡G`
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1� 8GM
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!

<latexit sha1_base64="HR9+DdjaRxbM/hmCZnisrNpjsVQ="></latexit>

Agrees w/TTb.  And        captures the BH horizon
p
. . .

<latexit sha1_base64="+moZ/3uiHGvs9BzvwHrLtiRzwmk=">AAAB9HicdVDJSgNBEO1xjXGLevTSGARPQ0/IaAIeAl48RjALZIbQ0+kkTXqWdNcEwpDv8OJBEa9+jDf/xs4iqOiDgsd7VVTVCxIpNBDyYa2tb2xubed28rt7+weHhaPjpo5TxXiDxTJW7YBqLkXEGyBA8naiOA0DyVvB6GbutyZcaRFH9zBNuB/SQST6glEwku/psYLMk70Y9KxbKBKblCpuuYSJXXJJ1aka4hKnelnGjk0WKKIV6t3Cu9eLWRryCJikWncckoCfUQWCST7Le6nmCWUjOuAdQyMacu1ni6Nn+NwoPdyPlakI8EL9PpHRUOtpGJjOkMJQ//bm4l9eJ4V+xc9ElKTAI7Zc1E8lhhjPE8A9oTgDOTWEMiXMrZgNqaIMTE55E8LXp/h/0izZTtl278rF2vUqjhw6RWfoAjnoCtXQLaqjBmJojB7QE3q2Jtaj9WK9LlvXrNXMCfoB6+0T/IKS5g==</latexit>

⇤2

<latexit sha1_base64="CTwx1nlodBPQQyRfpX2oHbDtZfU=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjK11boruHHhooJ9SDuUTCbThiaZIckIpRT8BzcuFHHr57jzb0ynFVT0QOBwzgn33hMknGmD0IeTW1peWV3Lrxc2Nre2d4q7ey0dp4rQJol5rDoB1pQzSZuGGU47iaJYBJy2g9HFzG/fUaVZLG/MOKG+wAPJIkawsdJt78pGQ9wv94sl5FaRd36KIHJRhozUvBMPegulBBZo9IvvvTAmqaDSEI617nooMf4EK8MIp9NCL9U0wWSEB7RrqcSCan+SLTyFR1YJYRQr+6SBmfr9xwQLrccisEmBzVD/9mbiX143NVHNnzCZpIZKMh8UpRyaGM6uhyFTlBg+tgQTxeyukAyxwsTYjgq2hK9L4f+kVXa9ilu9rpTq9ft5HXlwAA7BMfDAGaiDS9AATUCAAA/gCTw7ynl0XpzXeTTnLCrcBz/gvH0CkGqQqg==</latexit>

{

<latexit sha1_base64="9roARMol6NRs2e8UFTIS9EWLxuc=">AAAB7nicdVBNSwMxEJ31s9avqkcvwSJ4WrLaar1VvHisYD+gXUo2zbah2eySZIVS+iO8eFDEq7/Hm//GdLuCij4YeLw3w8y8IBFcG4w/nKXlldW19cJGcXNre2e3tLff0nGqKGvSWMSqExDNBJesabgRrJMoRqJAsHYwvp777XumNI/lnZkkzI/IUPKQU2Ks1O6JQBHK+qUydqvYuzzHCLs4Q0Zq3pmHvFwpQ45Gv/TeG8Q0jZg0VBCtux5OjD8lynAq2KzYSzVLCB2TIetaKknEtD/Nzp2hY6sMUBgrW9KgTP0+MSWR1pMosJ0RMSP925uLf3nd1IQ1f8plkhom6WJRmApkYjT/HQ24YtSIiSWEKm5vRXREbADGJlS0IXx9iv4nrVPXq7jV20q5fpXHUYBDOIIT8OAC6nADDWgChTE8wBM8O4nz6Lw4r4vWJSefOYAfcN4+AXy5j64=</latexit>



Applications to dS holography 

Start from large N CFT w/gravity dual. Deform by T T̄

<latexit sha1_base64="QETyzvuIJzzNpOEP6zJJegdPUKo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V+gVtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqylo0FrHqBqiZ4JK1DDeCdRPFMAoE6wSTu7nfeWJK81g2zTRhfoQjyUNO0Vip2yT9ABVpDsoVt+ouQNaJl5MK5GgMyl/9YUzTiElDBWrd89zE+Bkqw6lgs1I/1SxBOsER61kqMWLazxb3zsiFVYYkjJUtachC/T2RYaT1NApsZ4RmrFe9ufif10tNeOtnXCapYZIuF4WpICYm8+fJkCtGjZhaglRxeyuhY1RIjY2oZEPwVl9eJ+2rqlerXj/UKvV6HkcRzuAcLsGDG6jDPTSgBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gD85I9J</latexit>

Then turn on T T̄ + ⇤2

<latexit sha1_base64="CXcCHA8nDmpA8RYW2LyEPdDeJzQ=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBZBEEpSKrosuHHhokJf0IQwmUzaoZMHMxOxhP6KGxeKuPVH3Pk3TtsstPXAwOGce7h3jp9yJpVlfRuljc2t7Z3ybmVv/+DwyDyu9mSSCUK7JOGJGPhYUs5i2lVMcTpIBcWRz2nfn9zO/f4jFZIlcUdNU+pGeBSzkBGstOSZ1Q5yfCxQ59K516kAew3PrFl1awG0TuyC1KBA2zO/nCAhWURjRTiWcmhbqXJzLBQjnM4qTiZpiskEj+hQ0xhHVLr54vYZOtdKgMJE6BcrtFB/J3IcSTmNfD0ZYTWWq95c/M8bZiq8cXMWp5miMVkuCjOOVILmRaCACUoUn2qCiWD6VkTGWGCidF0VXYK9+uV10mvU7Wb96qFZa7WKOspwCmdwATZcQwvuoA1dIPAEz/AKb8bMeDHejY/laMkoMifwB8bnDyGNkzc=</latexit>

at some joining value �0

<latexit sha1_base64="a0ARf9Q64QRS9A7dyHkHuMkq4rk=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0WXBjcsK9iHtUDKZTBuaZIYkI5ShX+HGhSJu/Rx3/o1pOwttPRA4nHMuufeEqeDGet43Kq2tb2xulbcrO7t7+wfVw6O2STJNWYsmItHdkBgmuGIty61g3VQzIkPBOuH4duZ3npg2PFEPdpKyQJKh4jGnxDrpsS9cNCIDb1CteXVvDrxK/ILUoEBzUP3qRwnNJFOWCmJMz/dSG+REW04Fm1b6mWEpoWMyZD1HFZHMBPl84Sk+c0qE40S7pyyeq78nciKNmcjQJSWxI7PszcT/vF5m45sg5yrNLFN08VGcCWwTPLseR1wzasXEEUI1d7tiOiKaUOs6qrgS/OWTV0n7ou5f1q/uL2uNRlFHGU7gFM7Bh2towB00oQUUJDzDK7whjV7QO/pYREuomDmGP0CfP2dJkCY=</latexit>

seed CFT

�0

<latexit sha1_base64="UqHlwhFHDWI0/heiVbAtz4fWBDM=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ2aY0XYjBTcuK9iHtEPJZDJtaDIzJBmhDP0KNy4UcevnuPNvTB+Cih4IHM45l9x7wowzpRH6sFZW19Y3Nktb5e2d3b39ysFhW6W5JLRFUp7KbogV5SyhLc00p91MUixCTjvh+Grmd+6pVCxNbvUko4HAw4TFjGBtpLs+N9EID9CgUkU2cmu+50Jkuz6qO3VDfOTUzz3o2GiOKliiOai896OU5IImmnCsVM9BmQ4KLDUjnE7L/VzRDJMxHtKeoQkWVAXFfOEpPDVKBONUmpdoOFe/TxRYKDURoUkKrEfqtzcT//J6uY5rQcGSLNc0IYuP4pxDncLZ9TBikhLNJ4ZgIpnZFZIRlpho01HZlPB1KfyftF3b8Wz/xqs2Lpd1lMAxOAFnwAEXoAGuQRO0AAECPIAn8GxJ69F6sV4X0RVrOXMEfsB6+wTOnpBs</latexit>

T T̄

<latexit sha1_base64="7MPeoH8tRA/p5iLmUc4txdbZJhk=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFSYh0XYjBTcuK/QFbSiT6aQdOpnEmYlQQn/CjQtF3Po77vwbpw9BRQ9cOJxzL/feE6acKY3Qh1VYW9/Y3Cpul3Z29/YPyodHbZVkktAWSXgiuyFWlDNBW5ppTruppDgOOe2Ek+u537mnUrFENPU0pUGMR4JFjGBtpG4T9kMsYXNQriAbuVXfcyGyXR/VnJohPnJqFx50bLRABazQGJTf+8OEZDEVmnCsVM9BqQ5yLDUjnM5K/UzRFJMJHtGeoQLHVAX54t4ZPDPKEEaJNCU0XKjfJ3IcKzWNQ9MZYz1Wv725+JfXy3RUDXIm0kxTQZaLooxDncD583DIJCWaTw3BRDJzKyRjLDHRJqKSCeHrU/g/abu249n+rVepX63iKIITcArOgQMuQR3cgAZoAQI4eABP4Nm6sx6tF+t12VqwVjPH4Aest09kSI+P</latexit>

T T̄ + ⇤2

<latexit sha1_base64="T06GuXT1DL+KeGxLQ92GhSC2h+s=">AAAB+3icdVDLSgMxFM34rPU11qWbYBEEYcgMM9pupODGhYsKfUGnlEwm04ZmHiQZsZT+ihsXirj1R9z5N6YPQUUPBA7n3MO9OUHGmVQIfRgrq2vrG5uFreL2zu7evnlQask0F4Q2ScpT0QmwpJwltKmY4rSTCYrjgNN2MLqa+e07KiRLk4YaZ7QX40HCIkaw0lLfLDWgH2ABG2f+jU6FuO/0zTKykFPxXAciy/FQ1a5q4iG7eu5C20JzlMES9b757ocpyWOaKMKxlF0bZao3wUIxwum06OeSZpiM8IB2NU1wTGVvMr99Ck+0EsIoFfolCs7V74kJjqUcx4GejLEayt/eTPzL6+YqqvQmLMlyRROyWBTlHKoUzoqAIROUKD7WBBPB9K2QDLHAROm6irqEr5/C/0nLsWzX8m7dcu1yWUcBHIFjcApscAFq4BrUQRMQcA8ewBN4NqbGo/FivC5GV4xl5hD8gPH2CYjik30=</latexit>

�

<latexit sha1_base64="L9pap+0REPO7OleDtDTEB+mHSTg=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiRS0WXBjcsK9gFtKJPJpB06mYSZG6GEfoQbF4q49Xvc+TdO2yy09cDA4ZxzmXtPkEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6jhUijeRoGS91LNaRxI3g0md3O/+8S1EYl6xGnK/ZiOlIgEo2il7kDaaEiH1Zpbdxcg68QrSA0KtIbVr0GYsCzmCpmkxvQ9N0U/pxoFk3xWGWSGp5RN6Ij3LVU05sbPF+vOyIVVQhIl2j6FZKH+nshpbMw0Dmwypjg2q95c/M/rZxjd+rlQaYZcseVHUSYJJmR+OwmF5gzl1BLKtLC7EjammjK0DVVsCd7qyeukc1X3GvXrh0at2SzqKMMZnMMleHADTbiHFrSBwQSe4RXenNR5cd6dj2W05BQzp/AHzucPPsOPgw==</latexit>

•     : emergent radial direction that 
describes dS geometry

• different backgrounds for CFT allow to 
access different patches of dS

• also works in higher d at large N

‣dS microstates and entropy: this def. preserves count of states

E

<latexit sha1_base64="aYXN1cB3Ca3MEaaANZA+S3ZLcoQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRA8eAiJ4TMA8IFnC7KQ3GTM7u8zMCiHkC7x4UMSrn+TNv3GS7EETCxqKqm66u4JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfpdr1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL1K+bJeKVVvsjjycAKncA4eXEEV7qEGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOZt4zL</latexit>

O(1)

<latexit sha1_base64="Q8or4zueuIJxSLYjgtNYD/pzPXI=">AAAB9HicbVDLSsNAFL2pr1pfUZduBotQNyWRil0W3Lizgn1AG8pkOmmHTiZxZlIood/hxoUibv0Yd/6NkzYLbT0wcDjnXu6Z48ecKe0431ZhY3Nre6e4W9rbPzg8so9P2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ7eZ35lSqVgkHvUspl6IR4IFjGBtJK8fYj0mmKP7ins5sMtO1VkArRM3J2XI0RzYX/1hRJKQCk04VqrnOrH2Uiw1I5zOS/1E0RiTCR7RnqECh1R56SL0HF0YZYiCSJonNFqovzdSHCo1C30zmYVUq14m/uf1Eh3UvZSJONFUkOWhIOFIRyhrAA2ZpETzmSGYSGayIjLGEhNteiqZEtzVL6+T9lXVrVWvH2rlRj2vowhncA4VcOEGGnAHTWgBgSd4hld4s6bWi/VufSxHC1a+cwp/YH3+AFPZkSE=</latexit>

window 
of states

� � c

6
: SCardy = 2⇡

r
c

3
(�� c

12
)

<latexit sha1_base64="bJWTBR1YSrP5PM3LEtMzdcl1df8="></latexit>

S�=c/6 =
⇡c

3

<latexit sha1_base64="Jb+Q8AlvCPwSypc+d3N+PFhc2Yc=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4qonWB0KhoAuXFe0DmhAm00k7dDIJMxOhhCzd+CtuXCji1k9w5984bbPQ1gMXDufcy733+DGjUlnWtzE3v7C4tFxYKa6urW9smlvbTRklApMGjlgk2j6ShFFOGooqRtqxICj0GWn5g6uR33ogQtKI36thTNwQ9TgNKEZKS565d+elzjVhClXx0VlWhU4gEE6dmEKcpSeZZ5assjUGnCV2TkogR90zv5xuhJOQcIUZkrJjW7FyUyQUxYxkRSeRJEZ4gHqkoylHIZFuOn4kgwda6cIgErq4gmP190SKQimHoa87Q6T6ctobif95nUQFF25KeZwowvFkUZAwqCI4SgV2qSBYsaEmCAuqb4W4j3QSSmdX1CHY0y/PkuZx2a6UT28rpdplHkcB7IJ9cAhscA5q4AbUQQNg8AiewSt4M56MF+Pd+Ji0zhn5zA74A+PzB4oVmQY=</latexit>

� =
c

6
+O(1)

<latexit sha1_base64="BBH+x3EsglqYW5VJVta5Z1anlwo=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUhDIj9YEgFHThzgr2AZ2h3EkzbWjmQZIRyjAf4MZfceNCEbd+gDv/xkzbhbYeCBzOOZfce9yIM6lM89vILSwuLa/kVwtr6xubW8XtnaYMY0Fog4Q8FG0XJOUsoA3FFKftSFDwXU5b7vAq81sPVEgWBvdqFFHHh37APEZAaalbLNnXlCvAl9j2BJCEpMlpeoRtH9SAAMe3ZetQp8yKOQaeJ9aUlNAU9W7xy+6FJPZpoAgHKTuWGSknAaEY4TQt2LGkEZAh9GlH0wB8Kp1kfEyKD7TSw14o9AsUHqu/JxLwpRz5rk5mS8pZLxP/8zqx8s6dhAVRrGhAJh95MccqxFkzuMcEJYqPNAEimN4VkwHoUpTur6BLsGZPnifN44pVrZzcVUu1i2kdebSH9lEZWegM1dANqqMGIugRPaNX9GY8GS/Gu/ExieaM6cwu+gPj8wcmAJm/</latexit>

� =
c

6

<latexit sha1_base64="SnYZ/nfXQZlkmAnGfmec42Mj2sg=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRKpDwShoAuXFewDmlIm05t26GQSZiZCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvcePOVPacb6thcWl5ZXVwlpxfWNza9ve2W2oKJEU6jTikWz5RAFnAuqaaQ6tWAIJfQ5Nf3g99psPIBWLxL0exdAJSV+wgFGijdS1970b4JrgK+wFktCUZulZ1rVLTtmZAM8TNycllKPWtb+8XkSTEISmnCjVdp1Yd1IiNaMcsqKXKIgJHZI+tA0VJATVSSfXZ/jIKD0cRNKU0Hii/p5ISajUKPRNZ0j0QM16Y/E/r53o4KKTMhEnGgSdLgoSjnWEx1HgHpNANR8ZQqhk5lZMB8SkoE1gRROCO/vyPGmclN1K+fSuUqpe5nEU0AE6RMfIReeoim5RDdURRY/oGb2iN+vJerHerY9p64KVz+yhP7A+fwCsUZS3</latexit>

E

<latexit sha1_base64="aYXN1cB3Ca3MEaaANZA+S3ZLcoQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRA8eAiJ4TMA8IFnC7KQ3GTM7u8zMCiHkC7x4UMSrn+TNv3GS7EETCxqKqm66u4JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfpdr1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL1K+bJeKVVvsjjycAKncA4eXEEV7qEGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOZt4zL</latexit>

dS ground state

SGibbons�Hawking =
⇡c

3

<latexit sha1_base64="m2CCTZTGyb+h8Qb/YjSga58aE5I=">AAACDXicbVDLSsNAFJ34rPUVdelmsApuLIlWFEEouLDLivYBTQiT6aQdOpmEmYlSQn7Ajb/ixoUibt2782+ctllo64ELh3Pu5d57/JhRqSzr25ibX1hcWi6sFFfX1jc2za3tpowSgUkDRywSbR9JwignDUUVI+1YEBT6jLT8wdXIb90TIWnE79QwJm6IepwGFCOlJc/cv/XSa+r7EZdHNfQwoLyXXUInEAinTkwhztKTzDNLVtkaA84SOyclkKPumV9ON8JJSLjCDEnZsa1YuSkSimJGsqKTSBIjPEA90tGUo5BINx1/k8EDrXRhEAldXMGx+nsiRaGUw9DXnSFSfTntjcT/vE6ignM3pTxOFOF4sihIGFQRHEUDu1QQrNhQE4QF1bdC3Ec6CaUDLOoQ7OmXZ0nzuGxXyqc3lVL1Io+jAHbBHjgENjgDVVADddAAGDyCZ/AK3own48V4Nz4mrXNGPrMD/sD4/AE9fZun</latexit>

dS microstates

[Coleman, Mazenc, Shyam, Silverstein, Soni, GT, Yang]

Gravity side:

✓Bring in AdS BH bdry 
to horizon

✓Bring out dS bdry 
from horizon

rh = `

<latexit sha1_base64="bhPJyUeU2lHy/8q2EBBicGn7PjQ=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFSYh0XahFNy4rGAf0IYymU7aoZNJnJkIJfQn3LhQxK2/486/cfoQVPTAhcM593LvPWHKmdIIfViFldW19Y3iZmlre2d3r7x/0FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OL6a+e17KhVLxK2epDSI8VCwiBGsjdSR/dFFj3LeL1eQjdyq77kQ2a6Pak7NEB85tTMPOjaaowKWaPTL771BQrKYCk04VqrroFQHOZaaEU6npV6maIrJGA9p11CBY6qCfH7vFJ4YZQCjRJoSGs7V7xM5jpWaxKHpjLEeqd/eTPzL62Y6qgY5E2mmqSCLRVHGoU7g7Hk4YJISzSeGYCKZuRWSEZaYaBNRyYTw9Sn8n7Rc2/Fs/8ar1C+XcRTBETgGp8AB56AOrkEDNAEBHDyAJ/Bs3VmP1ov1umgtWMuZQ/AD1tsnScaQJQ==</latexit>

rh = `

<latexit sha1_base64="bhPJyUeU2lHy/8q2EBBicGn7PjQ=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFSYh0XahFNy4rGAf0IYymU7aoZNJnJkIJfQn3LhQxK2/486/cfoQVPTAhcM593LvPWHKmdIIfViFldW19Y3iZmlre2d3r7x/0FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OL6a+e17KhVLxK2epDSI8VCwiBGsjdSR/dFFj3LeL1eQjdyq77kQ2a6Pak7NEB85tTMPOjaaowKWaPTL771BQrKYCk04VqrroFQHOZaaEU6npV6maIrJGA9p11CBY6qCfH7vFJ4YZQCjRJoSGs7V7xM5jpWaxKHpjLEeqd/eTPzL62Y6qgY5E2mmqSCLRVHGoU7g7Hk4YJISzSeGYCKZuRWSEZaYaBNRyYTw9Sn8n7Rc2/Fs/8ar1C+XcRTBETgGp8AB56AOrkEDNAEBHDyAJ/Bs3VmP1ov1umgtWMuZQ/AD1tsnScaQJQ==</latexit>



C. Summary

Exciting time for (quantum) gravity in cosmological space-times.
We see important challenges, but also confluence of developments 
and new ideas in Math, QFT, machine learning, quantum information, 
gravity, etc.

We focused on two directions, but various other interesting 
developments. Early universe cosmology, inflation, correlators, 
concrete lower dim models, boundary conditions in GR, quantum 
info in cosmology, connections between micro/macro approaches … 

See CERN TH workshop!


