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Goal: understand quantum gravity in cosmological 
spacetimes with positive cosmological constant

Several recent developments are converging:

‣Multitrace deformations,        and cutoff holographyT T̄
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‣Uplifts of AdS/CFT to de Sitter
‣Analysis of time-like boundaries in General Relativity

‣Thermodynamics of cosmological horizons and refined 
entropy counts

‣Quantum-mechanical models, observers, algebras.

In this talk I will describe a particular path through these 
developments
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1.        and relation to cutoff AdS T T̄
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2.                 and  T T̄ + ⇤2
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dS3
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3.  de Sitter microstates and entropy

4.  Bulk-local        holography

5.        holographydS4
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dS3
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Key role of time-like boundaries: they introduce a well-defined 
boundary energy spectrum, with multiple states and associated 
thermodynamics.

Our main result: prescription for a finite quantum Hamiltonian 
formulating quantum gravity with positive cosmological constant in 
bulk 3d and 4d, whose spectrum produces a well-defined cosmic 
horizon microstate count.

CFT  /   AdS Deformed CFT  /   dS

Branch choice 
of   in 	
Energy 
formula

√



1.       and cutoff AdST T̄
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In 2004, Zamolodchikov found that the following composite operator 
has intriguing properties:

(T T̄ )(x) =
1

8

�
Tµ⌫Tµ⌫ � (Tµ

µ )
2
�
, �T T̄ = 4
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exact, d=2!

What happens if we perturb by TTbar? Breaks renormalizability. 
Surprisingly, there is a simple trajectory towards the UV that exhibits 
very special solvable properties:

@� logZ� = �2⇡

Z
d2x hT T̄ i�
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µ = �4⇡�T T̄
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or

• A key result: put the CFT on spatial circle. The theory has discrete energy 
spectrum. Deformed energies can be computed non-perturbatively

En =
L

⇡�
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n

!
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⇣
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⌘
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recall

Natural UV cutoff for � > 0 : E0
n <

L

⇡�

<latexit sha1_base64="CF5t7Bb//5jCamEbASXJJ9jLj0o=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgupCRSUaxIQQQXLirYBzQxTKaTduhkEmYmQgn5CTf+ihsXirgV3Pk3TtsstPXAwOGcc7lzjx8zKpVlfRtz8wuLS8uFleLq2vrGprm13ZRRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7gc+a0HIiSN+J0axsQNUY/TgGKktOSZhw7T4S66sJzqmVN1qlcev7fOoRMIhNObLHViCvNM5pklq2yNAWeJnZMSyFH3zC+nG+EkJFxhhqTs2Fas3BQJRTEjWdFJJIkRHqAe6WjKUUikm46vyuC+VrowiIR+XMGx+nsiRaGUw9DXyRCpvpz2RuJ/XidRwambUh4ninA8WRQkDKoIjiqCXSoIVmyoCcKC6r9C3Ee6D6WLLOoS7OmTZ0nzqGxXyse3lVKtltdRALtgDxwAG5yAGrgGddAAGDyCZ/AK3own48V4Nz4m0Tkjn9kBf2B8/gCGqJ3V</latexit>

responsible for real spectrum
and finite entropy

� > 0 for us
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• Relation to holography: take pure 3d gravity with           
Consider the spacetime with a radial cutoff, where we fix the metric

ds2 = dr2 + gµ⌫(r, x)dx
µdx⌫
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, cuto↵ r < rc
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Kµ⌫ =
1

2
@rgµ⌫
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Stress tensor of boundary theory is dual to Brown-York quasi-local tensor

Tµ⌫ =
2p
�g

�Son-shell

�gµ⌫
=

1

8⇡G

✓
Kµ⌫ �Kgµ⌫ +

1

`
gµ⌫

◆
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[Balasubramanian, Kraus]

⇤ = �2/`2 < 0

<latexit sha1_base64="VleGEWDvufPj79jl2CdPrx4Nxtk=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBHcWJNS0YVCwY0LFxXsA5pYJpNJO3QyCTMTIZT6K25cKOLWD3Hn3zhts9DWAwOHc87l3jl+wqhUtv1tLC2vrK6tFzaKm1vbO7vm3n5LxqnApIljFouOjyRhlJOmooqRTiIIinxG2v7weuK3H4mQNOb3KkuIF6E+pyHFSGmpZ5bcWx0O0NVJ9dQljD1UL+2eWbYr9hTWInFyUoYcjZ755QYxTiPCFWZIyq5jJ8obIaEoZmRcdFNJEoSHqE+6mnIUEemNpsePrSOtBFYYC/24sqbq74kRiqTMIl8nI6QGct6biP953VSFF96I8iRVhOPZojBlloqtSRNWQAXBimWaICyovtXCAyQQVrqvoi7Bmf/yImlVK06tcnZXK9freR0FOIBDOAYHzqEON9CAJmDI4Ble4c14Ml6Md+NjFl0y8pkS/IHx+QOQ4JNs</latexit>

Imposing the radial Einstein equation Er
r =

1

2
(K2 �K2

µ⌫)�
1

`2
= 0
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and rewriting        in terms of        gives the       flow eq., with Kµ⌫
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8G`

L2
c

=
�

L2

<latexit sha1_base64="PeWon7IG4M5Ku8YgMP4gF7l5zhk=">AAACFHicbZBNS8MwGMdTX+d8q3r0EhyCIIx2TNxFGHjQg4cJ7gXWWtI03cLStCSpMEo/hBe/ihcPinj14M1vY7b1oJt/CPz5Pc+T5Pn7CaNSWda3sbS8srq2Xtoob25t7+yae/sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6fqjy0m9+0CEpDG/U+OEuBEacBpSjJRGnnnqhALhrAGvoEMYy7MbD9/X8gs44w7TVwVIYw09s2JVrangorELUwGFWp755QQxTiPCFWZIyr5tJcrNkFAUM5KXnVSSBOERGpC+thxFRLrZdKkcHmsSwDAW+nAFp/T3RIYiKceRrzsjpIZyvjaB/9X6qQobbkZ5kirC8eyhMGVQxXCSEAyoIFixsTYIC6r/CvEQ6TSUzrGsQ7DnV140nVrVrlfPbuuVZrOIowQOwRE4ATY4B01wDVqgDTB4BM/gFbwZT8aL8W58zFqXjGLmAPyR8fkD3teeGw==</latexit>

horizon

radial
cutoff
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>

Quasilocal energy at cutoff surface:

T t
t =

1

8⇡G`

 
1�

s

1� 8GM
`2

r2c

!

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

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

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

• AdS black hole in a box:
[McGough, Mezei, Verlinde] [Kraus, Liu, Marolf] 



  2.             and      T T̄ + ⇤2

<latexit sha1_base64="ayJtSM5sT4Kguc8VAfAXoHCkRj4=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSIIQklKRZcFXbhwUaEvaEKYTCbt0MmDmYlQQv0VNy4UceuHuPNvnLZZaOuBgcM593DvHD/lTCrL+jbW1jc2t7ZLO+Xdvf2DQ/PouCuTTBDaIQlPRN/HknIW045iitN+KiiOfE57/vhm5vceqZAsidtqklI3wsOYhYxgpSXPrLSR42OB2hfIudexAHt1z6xaNWsOtErsglShQMszv5wgIVlEY0U4lnJgW6lycywUI5xOy04maYrJGA/pQNMYR1S6+fz4KTrTSoDCROgXKzRXfydyHEk5iXw9GWE1ksveTPzPG2QqvHZzFqeZojFZLAozjlSCZk2ggAlKFJ9ogolg+lZERlhgonRfZV2CvfzlVdKt1+xG7fKhUW3eFnWU4ARO4RxsuIIm3EELOkBgAs/wCm/Gk/FivBsfi9E1o8hU4A+Mzx98KpNl</latexit>

dS3

<latexit sha1_base64="LFS58spFpO+QfzGDwrZYdF4MV0o=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseCHjxWtB/QhrLZbNqlu5uwuxFK6F/w4kERr/4hb/4bN20OWn0w8Hhvhpl5QcKZNq775ZRWVtfWN8qbla3tnd296v5BR8epIrRNYh6rXoA15UzStmGG016iKBYBp91gcp373UeqNIvlg5km1Bd4JFnECDa5FN4Pz4fVmlt350B/iVeQGhRoDaufgzAmqaDSEI617ntuYvwMK8MIp7PKINU0wWSCR7RvqcSCaj+b3zpDJ1YJURQrW9KgufpzIsNC66kIbKfAZqyXvVz8z+unJrryMyaT1FBJFouilCMTo/xxFDJFieFTSzBRzN6KyBgrTIyNp2JD8JZf/ks6Z3WvUb+4a9SaN0UcZTiCYzgFDy6hCbfQgjYQGMMTvMCrI5xn5815X7SWnGLmEH7B+fgGlzCN9Q==</latexit>

[Gorbenko, Silvertein, 
GT, 2018]

Generalization: coordinated flow with       and the identity operatorT T̄

<latexit sha1_base64="3uQiOe+bGvD9vwerdGEnRfarh24=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPFi8cK/YI2lM120i7dbOLuRiihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqdBukFVJFGv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vktZF1busXj1cVmq3eRxFOIFTOAcPrqEG91CHJjAQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QP9MY9K</latexit>

• Gravity dual:  using the relation between the stress tensor and 
extrinsic curvature as before, we learn that      corresponds to 
changing the bulk 3d cosmological constant

AdS3

<latexit sha1_base64="qL+Yh9HpF5uFFgmYh9XoEs3+NLA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oscWLx4rmrbQhrLZbNqlm03Y3Qgl9Dd48aCIV3+QN/+NmzYHbX0w8Hhvhpl5fsKZ0rb9bZXW1jc2t8rblZ3dvf2D6uFRR8WpJNQlMY9lz8eKciaoq5nmtJdIiiOf064/uc397hOVisXiUU8T6kV4JFjICNZGclvBw/ByWK3ZdXsOtEqcgtSgQHtY/RoEMUkjKjThWKm+Yyfay7DUjHA6qwxSRRNMJnhE+4YKHFHlZfNjZ+jMKAEKY2lKaDRXf09kOFJqGvmmM8J6rJa9XPzP66c6vPEyJpJUU0EWi8KUIx2j/HMUMEmJ5lNDMJHM3IrIGEtMtMmnYkJwll9eJZ2LutOoX903as1WEUcZTuAUzsGBa2jCHbTBBQIMnuEV3ixhvVjv1seitWQVM8fwB9bnDx7Kjj0=</latexit>

dS3

<latexit sha1_base64="WkHcDB28WWhx20ydZF392OJK4MQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseKF48V7Qe0oWw2m3bp7ibsboQS+he8eFDEq3/Im//GTZuDVh8MPN6bYWZekHCmjet+OaWV1bX1jfJmZWt7Z3evun/Q0XGqCG2TmMeqF2BNOZO0bZjhtJcoikXAaTeY3OR+95EqzWL5YKYJ9QUeSRYxgk0uhffD82G15tbdOdBf4hWkBgVaw+rnIIxJKqg0hGOt+56bGD/DyjDC6awySDVNMJngEe1bKrGg2s/mt87QiVVCFMXKljRorv6cyLDQeioC2ymwGetlLxf/8/qpia78jMkkNVSSxaIo5cjEKH8chUxRYvjUEkwUs7ciMsYKE2PjqdgQvOWX/5LOWd1r1C/uGrXmdRFHGY7gGE7Bg0towi20oA0ExvAEL/DqCOfZeXPeF60lp5g5hF9wPr4BlkmN8g==</latexit>

!!!

⇤2

<latexit sha1_base64="ySOff8lFpAUnuvdi6J/oLi6LqOM=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyUii4rbly4qGAf0g4lk8m0oUlmSDJCGfoVblwo4tbPceffmLaz0NYDgcM555J7T5Bwpo3rfjuFtfWNza3idmlnd2//oHx41NZxqghtkZjHqhtgTTmTtGWY4bSbKIpFwGknGN/M/M4TVZrF8sFMEuoLPJQsYgQbKz3272w0xIPaoFxxq+4caJV4OalAjuag/NUPY5IKKg3hWOue5ybGz7AyjHA6LfVTTRNMxnhIe5ZKLKj2s/nCU3RmlRBFsbJPGjRXf09kWGg9EYFNCmxGetmbif95vdREV37GZJIaKsnioyjlyMRodj0KmaLE8IklmChmd0VkhBUmxnZUsiV4yyevknat6tWrF/f1SuM6r6MIJ3AK5+DBJTTgFprQAgICnuEV3hzlvDjvzsciWnDymWP4A+fzBzk+kAk=</latexit>

@� logZ =

Z
d2x

✓
�2⇡hT T̄ i+ 1� ⌘
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◆

<latexit sha1_base64="oSlyPqK3qiURW6G769Qjrgph95w="></latexit>

Equally universal as TTb and also solvable!
⇤2

<latexit sha1_base64="p5+KCT7SA9sp6fBcPZfOVXhx2/c=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GmZqq3VXdOPCRQX7kHYomUymDU0yQ5IRytCvcONCEbd+jjv/xnQ6gooeCBzOOZfce/yYUaUd58MqLC2vrK4V10sbm1vbO+XdvY6KEolJG0cskj0fKcKoIG1NNSO9WBLEfUa6/uRy7nfviVQ0Erd6GhOPo5GgIcVIG+lucG2iARpWh+WKY9cd9/z0BDq2kyEjDbfagG6uVECO1rD8PgginHAiNGZIqb7rxNpLkdQUMzIrDRJFYoQnaET6hgrEifLSbOEZPDJKAMNImic0zNTvEyniSk25b5Ic6bH67c3Fv7x+osOGl1IRJ5oIvPgoTBjUEZxfDwMqCdZsagjCkppdIR4jibA2HZVMCV+Xwv9Jp2q7Nbt+U6s0L/I6iuAAHIJj4IIz0ARXoAXaAAMOHsATeLak9Wi9WK+LaMHKZ/bBD1hvn3fYkDU=</latexit>

Nontrivial 
nonlinear effects

Sgrav =
1

16⇡G

Z

M

✓
R(3) +

2⌘

`2

◆
+ (bdry terms) , ⌘ = ±1

<latexit sha1_base64="w8rxUOoav6jqh1BbEXbzYrnmx78=">AAACbXicbVDLihNBFK1uX2N8TKu48IEUBjFBCd1xfMAgBFzoRhgfmRlIZZrqyu2kmKrupur2YCh65xe68xfc+AtWZ3qhMx4oOJxzD7fuySolLcbxzyC8cPHS5StbV3vXrt+4uR3dur1vy9oImIpSleYw4xaULGCKEhUcVga4zhQcZMfvWv/gBIyVZfEV1xXMNV8WMpeCo5fS6PuX1C0NP2neUpYbLlzSuOQVZZWk7xvKZIGpY5 rjSnBFP3pFQY4D+vnIDV4Mm2ddaEwZIG8cA6WOxn7KyOUKh9T7CN/QaDfIFmZNEYy2w4btPme7bcIvrTRN0qgfj+IN6HmSdKRPOuyl0Q+2KEWtoUChuLWzJK5w7rhBKRQ0PVZbqLg45kuYeVpwDXbuNm019IlXFjQvjX8F0o36d8Jxbe1aZ36yPdye9Vrxf96sxvzN3MmiqhEKcboorxXFkrbV04U0IFCtPeHCSP9XKlbc9+drsT1fQnL25PNkfzxKdkYvP+30J5Ouji3ygDwmA5KQ12RCPpA9MiWC/Aqi4F5wP/gd3g0fho9OR8Ogy9wh/yB8+gdeQ7i9</latexit>



• New features: 

� ! 0

<latexit sha1_base64="in52+HGKrnywv69VSc0SXoAbRqI=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0WXFjcsK9gGdoWQymTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zxzyb0nSAXXxnG+UWltfWNzq7xd2dnd2z+oHh61dZIpylo0EYnqBkQzwSVrGW4E66aKkTgQrBOM7mZ+Z8yU5ol8NJOU+TEZSB5xSoyVfE/YaEiwZxLs9Ks1p+7MgVeJW5AaFGj2q19emNAsZtJQQbTuuU5q/Jwow6lg04qXaZYSOiID1rNUkphpP58vPcVnVglxlCj7pMFz9fdETmKtJ3FgkzExQ73szcT/vF5mohs/5zLNDJN08VGUCWxPnDWAQ64YNWJiCaGK210xHRJFqLE9VWwJ7vLJq6R9UXcv61cPl7XGbVFHGU7gFM7BhWtowD00oQUUnuAZXuENjdELekcfi2gJFTPH8Afo8we/D5Fv</latexit>
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<latexit sha1_base64="ZcY1osIFWan/I6LBzTIyv0/2E6Q="></latexit>

Replacing E = hE|H|Ei , �dE

dL
= hE|T x

x |Ei , J

L2
= hE|T 0

x |Ei

<latexit sha1_base64="0qanoJ8FjQ+q7x2njj0USa3NRNw="></latexit>

gives a diff. eq. with general solution

En = EnL =
1

⇡y

⇣
1±

p
⌘ + C1y + 4⇡4J2y2

⌘

<latexit sha1_base64="BTaDFVOx7sxCyGzT0uEsil/6awE="></latexit>

y = �/L2

<latexit sha1_base64="UqFHdHoYYdlySMqpUPzAn/kGWXI=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5jUVutCqLhx4aKCfUAby2QyaYdOHsxMhBj6JW5cKOLWT3Hn3zhNI6jogYHDOedy7xwnYlRI0/zQCguLS8srxdXS2vrGZlnf2u6IMOaYtHHIQt5zkCCMBqQtqWSkF3GCfIeRrjO5mPndO8IFDYMbmUTE9tEooB7FSCppqJeTMzhgKu+iQ3h1Wx3qFdOom9bp8RE0DTNDRhpWtQGtXKmAHK2h/j5wQxz7JJCYISH6lhlJO0VcUszItDSIBYkQnqAR6SsaIJ8IO80On8J9pbjQC7l6gYSZ+n0iRb4Qie+opI/kWPz2ZuJfXj+WXsNOaRDFkgR4vsiLGZQhnLUAXcoJlixRBGFO1a0QjxFHWKquSqqEr5/C/0mnalg1o35dqzTP8zqKYBfsgQNggRPQBJegBdoAgxg8gCfwrN1rj9qL9jqPFrR8Zgf8gPb2CUGTkjE=</latexit>

On cylinder of length L, the deformed spectrum is calculated as 
follows: 

➡ cannot take           . Need to give a boundary condition and fix C1

<latexit sha1_base64="HTO5KzewUqsL/XMXj4rlF4r/FYg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WOlF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28G4PvPbT6g0j+WjmSToR3QoecgZNVZ6qPe9frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqndZvbq/rNRu8ziKcAKncA4eXEMN7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QO9Lo1y</latexit>

➡          choice not fixed by boundary condition. In general, both 
contribute, corresponding to the extrinsic curvature not being 
fixed in gravity dual. 

±p

<latexit sha1_base64="O+B+GPezDgjvqHeMWs6jFAsUE0M=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiFYVeKl48VrAf0ISy2W7apbtJ3J0INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUEiuAbH+bYKa+sbm1vF7dLO7t5+2T44bOs4VZS1aCxi1Q2IZoJHrAUcBOsmihEZCNYJxjczv/PIlOZxdA+ThPmSDCMeckrASH277CUSe/pBQebVvfq0b1ecqjMHXiVuTiooR7Nvf3mDmKaSRUAF0brnOgn4GVHAqWDTkpdqlhA6JkPWMzQikmk/mx8+xadGGeAwVqYiwHP190RGpNYTGZhOSWCkl72Z+J/XSyG88jMeJSmwiC4WhanAEONZCnjAFaMgJoYQqri5FdMRUYSCyapkQnCXX14l7fOqW6te3NUqjes8jiI6RifoDLnoEjXQLWqiFqIoRc/oFb1ZT9aL9W59LFoLVj5zhP7A+vwBZfCS7Q==</latexit>



3. de Sitter microstates and entropy

Our next generalization is the following:
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
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Figure 1: A schematic of our prescription for holographic reconstruction of the static patch, including a microstate
count, for a given deformation parameter y = �/L2. This may be summarized as follows, with details in the
bulk of the paper. On the left, we obtain the indicated patch containing the cosmic horizon by dressing the
� ' c/6 microstates comprising a BTZ black hole at the Hawking-Page transition and switching between the T T̄
and T T̄ + ⇤2 trajectories at a value y0 of the deformation parameter such that the BTZ and Cosmic Horizons
degenerate to indistinguishable near-horizon regions. On the right we depict the trajectory described in [1][2] which
formulates the complementary patch for the same boundary geometry. The extrinsic curvature of the boundary,
and hence the square root term in the dressed energy formula, are equal and opposite for the two patches. As
contributions to the thermal partition function at fixed boundary geometry, these dominate for complementary ratios
of (�/L)2 = y/y0�1, providing a de Sitter analogue of the Hawking-Page transition. In both cases, we can capture
the bulk of the static patch by continuing the trajectory in the manner indicated by the arrow. The Pole patch with
a Dirichlet boundary condition always excludes the cosmic horizon and does not directly account for the microstates,
in keeping with the sparse set of real dressed energies in that case. However, for the cosmic horizon patch – the
main subject of the current paper – proceeding with the trajectory to yfinal � 1 formulates the static patch with
boundary at the observer position at the North Pole.

di↵erent versions of such a trajectory with distinct properties, having to do with choices of integration
constants arising in the di↵erential equation for the dressed energy levels derived from (1.2), related
to the role (or not) of modular transformations in the theory. In holography, the prescription (1.2)
captures the pure gravitational sector of the theory – the black hole spectrum in AdS and the observer
patch in dS. The physics of other energy levels is subdominant at large c and model-dependent, as
we will describe in our analysis below. A complete description of subleading excitations (such as local
bulk matter) requires additions to the prescription (1.2) including those analyzed for bulk scalar fields
in [11]. We will also explain the relation of the present results with those of [1, 2, 14].
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<latexit sha1_base64="aYXN1cB3Ca3MEaaANZA+S3ZLcoQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRA8eAiJ4TMA8IFnC7KQ3GTM7u8zMCiHkC7x4UMSrn+TNv3GS7EETCxqKqm66u4JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfpdr1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL1K+bJeKVVvsjjycAKncA4eXEEV7qEGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOZt4zL</latexit>

dS ground state

� � c

6
: SCardy = 2⇡

r
c

3
(�� c

12
)

<latexit sha1_base64="bJWTBR1YSrP5PM3LEtMzdcl1df8=">AAACPXicbVDJSgNBFOxxN25Rj14ag6CgYSauCIKgB4+KRoV0CD2dN7GxZ7H7jRCG+TEv/oM3b148KOLVq50FcStoKKrq8fqVnyhp0HUfnYHBoeGR0bHxwsTk1PRMcXbu3MSpFlAVsYr1pc8NKBlBFSUquEw08NBXcOFfH3T8i1vQRsbRGbYTqIe8FclACo5WahTP2CEo5JS1gLJAc5GJPNvK2eouW6WnjeyA62Y7p3u0whJJmb nRmH3l1vPl3vjal+RV8pW8USy5ZbcL+pd4fVIifRw3ig+sGYs0hAiF4sbUPDfBesY1SqEgL7DUQMLFNW9BzdKIh2DqWff6nC5ZpUmDWNsXIe2q3ycyHhrTDn2bDDlemd9eR/zPq6UY7NQzGSUpQiR6i4JUUYxpp0ralBoEqrYlXGhp/0rFFbdFoC28YEvwfp/8l5xXyt5GefNko7S/069jjCyQRbJMPLJN9skROSZVIsgdeSIv5NW5d56dN+e9Fx1w+jPz5Aecj099g645</latexit>

S�=c/6 =
⇡c

3

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

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>

BTZ microstates
dS microstates

� =
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>

�p
. . .

<latexit sha1_base64="Mtw7o+Sn7m5YhDT1S0+LEchuIWc=">AAAB9XicdVDJSgNBEO1xjXGLevTSGAQvDj2amAQ8BLx4jGAWSGLo6elJmvQsdtcoYch/ePGgiFf/xZt/Y2cRVPRBweO9KqrqubEUGgj5sBYWl5ZXVjNr2fWNza3t3M5uQ0eJYrzOIhmplks1lyLkdRAgeStWnAau5E13eDHxm3dcaRGF1zCKeTeg/VD4glEw0s1xR98qSDvSi0CPe7k8sclZgVSKmNhF4pRPnRmplErYsckUeTRHrZd773gRSwIeApNU67ZDYuimVIFgko+znUTzmLIh7fO2oSENuO6m06vH+NAoHvYjZSoEPFW/T6Q00HoUuKYzoDDQv72J+JfXTsAvd1MRxgnwkM0W+YnEEOFJBNgTijOQI0MoU8LcitmAKsrABJU1IXx9iv8njRPbKdjFq0K+ej6PI4P20QE6Qg4qoSq6RDVURwwp9ICe0LN1bz1aL9brrHXBms/soR+w3j4BZo+THA==</latexit>

describes 
pole patch



4. Bulk-local dS3 holography [Batra, De Luca, Silverstein, 
GT,  Yang, 2024]

The boundary theory so far computes universal features (horizon 
entropy, geometry), but does not capture model-dependent details:  the 
fine structure of energy levels, details of the uplift from AdS to dS 
spacetime, and local bulk matter excitations.

The boundary dual that incorporates Dirichlet b.c. for bulk matter is

@� logZ ⇠

Z �
T T̄ + ⇤2 +OO

�

<latexit sha1_base64="5UGz36PcYBG7wgb0MoF6+6PJIJw="></latexit>

where O $ � in the bulk

<latexit sha1_base64="JNmMG1kGy7aCuMqjloZrcBfSR8w="></latexit>

[Hartman, Kruthoff, Shaghoulian, Tajdini ]

OK at large c, but is there a complete finite c theory? Our proposal:

yT

<latexit sha1_base64="21fraV5wnu4tGK6wnqWWIwi0qWg=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0cIiYGMZMV+QHGFvs5cs2ds7dueEI+Qn2FgoYusvsvPfuEmu0MQHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8d3Mbz9xbUSsGpgl3I/oUIlQMIpWesz6jX654lbdOcgq8XJSgRz1fvmrN4hZGnGFTFJjup6boD+hGgWTfFrqpYYnlI3pkHctVTTixp/MT52SM6sMSBhrWwrJXP09MaGRMVkU2M6I4sgsezPxP6+bYnjjT4RKUuSKLRaFqSQYk9nfZCA0ZygzSyjTwt5K2IhqytCmU7IheMsvr5LWRdW7rF49XFZqt3kcRTiBUzgHD66hBvdQhyYwGMIzvMKbI50X5935WLQWnHzmGP7A+fwBQwyNxg==</latexit>

y0

<latexit sha1_base64="BS3oWIlkyysRbl7Or3EF9azZpnE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kooVFwMYyovmA5Ah7m71kyd7esTsnHCE/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9nfvuJayNi9YhZwv2IDpUIBaNopYes7/bLFbfqzkFWiZeTCuRo9MtfvUHM0ogrZJIa0/XcBP0J1SiY5NNSLzU8oWxMh7xrqaIRN/5kfuqUnFllQMJY21JI5urviQmNjMmiwHZGFEdm2ZuJ/3ndFMNrfyJUkiJXbLEoTCXBmMz+JgOhOUOZWUKZFvZWwkZUU4Y2nZINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1gMIRneIU3RzovzrvzsWgtOPnMMfyB8/kDDHyNog==</latexit>

[Silverstein]



I. @� logZ = �2⇡

Z
T T̄ , 0 < y < yT ⌧ 1

<latexit sha1_base64="HLtjSDJV6LursCm/dMe4CWheqOc="></latexit>

Gives finite real spectrum, with well-defined composite operators,

hn|O2
|mi =

X

p

hn|O|pihp|O|mi � subtractions

<latexit sha1_base64="wJyDLfgzsZuEaJ2bsC4yxBsZZPc="></latexit>

only affects very 
high UV modes

II. yT < y < y0 =
3

⇡2c
: �@� logZ ⇠

Z
(�T T̄ + (�c)��1

O
2
ren + . . .)

<latexit sha1_base64="8laIH1Ljw4YsPxAAsC1MM2JRSKY="></latexit>

III. Uplift T T̄ +O
2
r ! T T̄ +O

2
r + ⇤2

<latexit sha1_base64="W6j7lTTnqpLdx6Ciutfy1Cogydc=">AAACNHicfVDLSgMxFM3UV62vqks3wSIIlTJTKrosuBEUrNAXdMbhTpq2oZkHSUYoQz/KjR/iRgQXirj1G8y0XWgrXkg4nHMu997jRZxJZZovRmZpeWV1Lbue29jc2t7J7+41ZRgLQhsk5KFoeyApZwFtKKY4bUeCgu9x2vKGF6neuqdCsjCoq1FEHR/6AesxAkpTbv6qjm0PBK7jIk5sH9SAAMc3Y1fclbF9YqtQ//95iti+1uO64JbdfMEsmZPCi8CagQKaVc3NP9ndkMQ+DRThIGXHMiPlJCAUI5yOc3YsaQRkCH3a0TAAn0onmRw9xkea6eJeKPQLFJ6wPzsS8KUc+Z52pivLeS0l/9I6seqdOwkLoljRgEwH9WKOdRRpgrjLBCWKjzQAIpjeFZMBCCBK55zTIVjzJy+CZrlkVUqnt5VCtTqLI4sO0CE6RhY6Q1V0iWqogQh6QM/oDb0bj8ar8WF8Tq0ZY9azj36V8fUNJU+niw==</latexit>

in terms of appropriate    

�u

<latexit sha1_base64="EoX69otP7olxKRN6OVpjS0CaKoY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48RzAOSJcxOepMxszPLzKwQQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVphg2mhNLtiBoUXGLDciuwnWqkSSSwFY1uZ37rCbXhSj7YcYphQgeSx5xR66Rmtz7kvaxXrvhVfw6ySoKcVCBHvVf+6vYVyxKUlglqTCfwUxtOqLacCZyWupnBlLIRHWDHUUkTNOFkfu2UnDmlT2KlXUlL5urviQlNjBknketMqB2aZW8m/ud1MhvfhBMu08yiZItFcSaIVWT2OulzjcyKsSOUae5uJWxINWXWBVRyIQTLL6+S5kU1uKxe3V9WarU8jiKcwCmcQwDXUIM7qEMDGDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8AXNUjw0=</latexit>

bulk fields     with potential. Examples of dS3 and dS4.

See B. De Luca’s String talk. [De Luca, Silverstein, GT]
[Dong, Horn, Silverstein, GT]

IV.                    Deformed CFT withy0 < y < 1

<latexit sha1_base64="UeMSLx80dy5HD1LkLwAUqehxmSk=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRA85BLx4jGAekCxhdjKbDJmdXWd6A0vId3jxoIhXP8abf+PkcdDEgoaiqpvuriCRwqDrfju5jc2t7Z38bmFv/+DwqHh80jRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjO5mfmvMtRGxesQs4X5EB0qEglG0kp/13GpWJV2hQsx6xZJbducg68RbkhIsUe8Vv7r9mKURV8gkNabjuQn6E6pRMMmnhW5qeELZiA54x1JFI278yfzoKbmwSp+EsbalkMzV3xMTGhmTRYHtjCgOzao3E//zOimGt/5EqCRFrthiUZhKgjGZJUD6QnOGMrOEMi3srYQNqaYMbU4FG4K3+vI6aV6VvUr5+qFSqtWWceThDM7hEjy4gRrcQx0awOAJnuEV3pyx8+K8Ox+L1pyznDmFP3A+fwAI8ZGh</latexit>

T T̄ +O
2
r + ⇤2

<latexit sha1_base64="loG/nwsQJq8RqDgRNZ/Y1PHrXyg=">AAACDXicbVC7SgNBFJ2NrxhfUUubwSgIgbAbIloGbCwEI+QF2XW5OztJhsw+mJkVwpIfsPFXbCwUsbW382+cTVJo4oGBwzn33rn3eDFnUpnmt5FbWV1b38hvFra2d3b3ivsHbRklgtAWiXgkuh5IyllIW4opTruxoBB4nHa80VXmdx6okCwKm2ocUyeAQcj6jIDSkls8aWLbA4GbZZzaAaghAY5vJ664r5btGz3HB7fqFktmxZwCLxNrTkpojoZb/LL9iCQBDRXhIGXPMmPlpCAUI5xOCnYiaQxkBAPa0zSEgEonnV4zwada8XE/EvqFCk/V3x0pBFKOA09XZgvLRS8T//N6iepfOikL40TRkMw+6iccqwhn0WCfCUoUH2sCRDC9KyZDEECUDrCgQ7AWT14m7WrFqlXO72qlen0eRx4doWN0hix0geroGjVQCxH0iJ7RK3oznowX4934mJXmjHnPIfoD4/MH5luaNA==</latexit>

‣ Finite quantum mechanics, type I algebra

‣Describes states in GR+EFT+…, as well as thermodynamics

‣ Explanation of dS entropy Sgen =
A

4GN
� c1 log

A

GN
+ Smat

<latexit sha1_base64="gAWp/eJnO13strwC5Dg9aee2vxQ=">AAACIHicbVDLSgMxFM34rPU16tJNsAiCWGakUjdCxYWupKJ9QFuGTJqZhmaSIckIZZhPceOvuHGhiO70a0wfoLYeCBzOOZfce/yYUaUd59Oam19YXFrOreRX19Y3Nu2t7boSicSkhgUTsukjRRjlpKapZqQZS4Iin5GG378Y+o17IhUV/E4PYtKJUMhpQDHSRvLs8q2XhoRnZ7AdSITT8ywtXXrX2RH2XNhmIvzRh/IhNPkI6cyzC07RGQHOEndCCmCCqmd/tLsCJxHhGjOkVMt1Yt1JkdQUM5Ll24kiMcJ9FJKWoRxFRHXS0YEZ3DdKFwZCmsc1HKm/J1IUKTWIfJM0y/XUtDcU//NaiQ5OOynlcaIJx+OPgoRBLeCwLdilkmDNBoYgLKnZFeIeMoVo02nelOBOnzxL6sdFt1Q8uSkVKpVJHTmwC/bAAXBBGVTAFaiCGsDgATyBF/BqPVrP1pv1Po7OWZOZHfAH1tc3wWOiuw==</latexit>



5. Generalization to dS4 holography

We want to extend previous construction to the realistic 4d case, 
starting from CFT on cylinder            , and deforming it to describe dS4. 
Novel aspects: special 2d properties of TTbar absent in d>2; related: bulk 
dynamical gravitons.

R⇥ S2

<latexit sha1_base64="nPVINeyaETpy2Xo4B3P5eSrG1Lc=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpFV1W3Lisjz6giWUynbRDJw9mJkINxV9x40IRt/6HO//GSZuFth4YOJxzL/fM8WLOpLKsb6OwtLyyulZcL21sbm3vmLt7LRklgtAmiXgkOh6WlLOQNhVTnHZiQXHgcdr2RpeZ336gQrIovFPjmLoBHoTMZwQrLfXMAyfAauh56AY5igVUotv7as8sWxVrCrRI7JyUIUejZ345/YgkAQ0V4VjKrm3Fyk2xUIxwOik5iaQxJiM8oF1NQ6wPuek0/QQda6WP/EjoFyo0VX9vpDiQchx4ejLLKue9TPzP6ybKP3dTFsaJoiGZHfITjlSEsipQnwlKFB9rgolgOisiQywwUbqwki7Bnv/yImlVK3atcnpdK9cv8jqKcAhHcAI2nEEdrqABTSDwCM/wCm/Gk/FivBsfs9GCke/swx8Ynz8VUZRX</latexit>

• Dirichlet b.c. for gravity: T T̄ ! T 2 ⌘ T 2
µ⌫ � 1

d� 1
(Tµ

µ )
2

<latexit sha1_base64="ouHaoeoG/B0p6PUR02zA1h4I1eA="></latexit>

(d=3 for us)
[Hartman et al; Taylor]

Not solvable, unlike 2d.

• New solvable deformation:

[Silverstein, GT,  2024]

with hE|Tµ
⌫,s|Ei = diag (�E/V,�dE/dV,�dE/dV ) , ⇤3 ⇠ 1� ⌘

�

<latexit sha1_base64="RrlwuY5e5eXaV6htRj5YlxzA63Y="></latexit>

Captures entropically dominating effects. Solvable deformed spectrum:

V 1/2En(y) =
3

⇡y

✓
1 + (C3y)

2/3 ±
q

⌘ + (C3y)2/3 + c1y

◆

<latexit sha1_base64="NUyRkFGEx6qzjolh0AVIQE9qdTY="></latexit>

y =
�

V 3/2

<latexit sha1_base64="ZXXNvNG2n0PFbTQpzPh+oIrAANc=">AAACAnicdVDLSgMxFM34rPVVdSVugkVwNWb6sC0oFNy4rGAf0BlLJs20oZkHSUYow+DGX3HjQhG3foU7/8b0IajogcDhnHu4uceNOJMKoQ9jYXFpeWU1s5Zd39jc2s7t7LZkGAtCmyTkoei4WFLOAtpUTHHaiQTFvstp2x1dTPz2LRWShcG1GkfU8fEgYB4jWGmpl9sfn9uewCSxuQ71cZq0bpLiSSFNe7k8MtFpCdXKEJllZFWL1ozUKhVomWiKPJij0cu92/2QxD4NFOFYyq6FIuUkWChGOE2zdixphMkID2hX0wD7VDrJ9IQUHmmlD71Q6BcoOFW/JxLsSzn2XT3pYzWUv72J+JfXjZVXdRIWRLGiAZkt8mIOVQgnfcA+E5QoPtYEE8H0XyEZYt2I0q1ldQlfl8L/SatgWiWzfFXK18/mdWTAATgEx8ACFVAHl6ABmoCAO/AAnsCzcW88Gi/G62x0wZhn9sAPGG+fjW2XiQ==</latexit>

�@�H =

Z
[�(T 2)s + ⇤3 +

C
2/3
3

�1/3
R

(3)]

<latexit sha1_base64="FMI/AovSJ/V+0qc+orXv6/7gM+M="></latexit>

⇠ N

<latexit sha1_base64="cvFJZtA1hgr2itlHY0LKKIwUJ9o=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ0Zb226k4MaVVLAPaIeSSTNtbB5DkhFK6T+4caGIW//HnX9j+hBU9MCFwzn3cu89UcKZsQh9eEvLK6tr65mN7ObW9s5ubm+/YVSqCa0TxZVuRdhQziStW2Y5bSWaYhFx2oyGl1O/eU+1YUre2lFCQ4H7ksWMYOukRscwAa+7uTzy0XkBVYoQ+UUUlM+COamUSjDw0Qx5sECtm3vv9BRJBZWWcGxMO0CJDcdYW0Y4nWQ7qaEJJkPcp21HJRbUhOPZtRN47JQejJV2JS2cqd8nxlgYMxKR6xTYDsxvbyr+5bVTG5fDMZNJaqkk80VxyqFVcPo67DFNieUjRzDRzN0KyQBrTKwLKOtC+PoU/k8ap35Q8Is3hXz1YhFHBhyCI3ACAlACVXAFaqAOCLgDD+AJPHvKe/RevNd565K3mDkAP+C9fQJ7jo8U</latexit>

integr. const.



Given this, the deformed CFT is defined by the following steps:

CFT  /   AdS Deformed CFT  /   dS

Branch choice 
of   in 	
Energy 
formula

√
y

<latexit sha1_base64="mGfXxxMegKDpnwvnoH7ouSPFqwo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkongqePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWak765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+qXq162axV6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AeftjP0=</latexit>

(T 2)solvable + (�T
2)renormalized + (OO)renormalized
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captures most entropic
energy bands

they capture local dynamics of 
gravitons and bulk matter. Requires 
fine-tuning



In summary, we have defined a quantum mechanics system that

➡ describes emergent dS radial geometry
➡ captures local bulk dynamics using its vast Hilbert space
➡ reproduces the generalized dS horizon entropy and 
thermodynamics  

Fine-tuning is done by matching to GR+EFT+… below Planck scale

hn|def�CFT (T
2)r|midef�CFT ⌘ hn|GR+EFT+...(T

2)r|miGR+EFT+...
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taking into account the limited resolution of GR and the huge     
available Hilbert space.

eA/4GN
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Thanks!!



Future directions

• Continue developing UV completions of time-like boundaries 
and their quantum properties.

• Consider models with different boundary conditions (e.g. 
conformal and umbilic b.c.)

• Observational signatures of time-like boundaries in 
cosmology

• Connect with other quantum mechanics model for dS, as well 
as explicit constructions in string/M-theory.


