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[Gibbons Hawking ‘77]

• An observer is surrounded by a horizon

• …. with a temperature and an entropy

• What does SdS count?

THIS TALK:  1) A concrete proposal for the microscopic d.o.f behind SdS
2) A test of it by computing quantum corrections
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• No spacelike boundary

• … thermodynamics tricky

• Two approaches:

• On-shell action of S4

• ``Wald entropy” 
[Wald ‘93; Iyer, Wald ‘94]

[Gibbons Hawking ‘77]



Wald entropy
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[Wald ‘93; Iyer, Wald ‘94]

Einstein gravity:

Wald applied to de Sitter horizon in Einstein gravity yields:

Note: used to compute higher-derivative corrections to entropy of 
black holes in AdS  [Bobev, Charles, Hristov, Reys ‘21]



Euclidean on-shell action
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Euclidean Einstein gravity:

Euclidean dS4:

On-shell action:
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[Hartle Hawking ‘83]
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<latexit sha1_base64="u7dJ2F6E1BXxyAzsLr3xtYqmtE4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rmLbQhrLZbtqlm03YnQil9Dd48aCIV3+QN/+NmzYHbX0w8Hhvhpl5YSqFQdf9dkpr6xubW+Xtys7u3v5B9fCoZZJMM+6zRCa6E1LDpVDcR4GSd1LNaRxK3g7Hd7nffuLaiEQ94iTlQUyHSkSCUbSS30OaVfrVmlt35yCrxCtIDQo0+9Wv3iBhWcwVMkmN6XpuisGUahRM8lmllxmeUjamQ961VNGYm2A6P3ZGzqwyIFGibSkkc/X3xJTGxkzi0HbGFEdm2cvF/7xuhtF1MBUqzZArtlgUZZJgQvLPyUBozlBOLKFMC3srYSOqKUObTx6Ct/zyKmld1L3L+s3DZa1xW8RRhhM4hXPw4AoacA9N8IGBgGd4hTdHOS/Ou/OxaC05xcwx/IHz+QNaxY5o</latexit>

�⇡L/2

<latexit sha1_base64="999FCEhk53pavbbZ8R46+76CZyE=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLAbUL2lhYRDAfkhxhb7OXLNndO3b3hHDkV9hYKGLrz7Hz37hJrtDEBwOP92aYmRfEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzR1lChCGyTikWoHWFPOJG0YZjhtx4piEXDaCkY3U7/1RJVmkXww45j6Ag8kCxnBxkqPZ92YobvzSqFXLLlldwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cETdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQkv/ZTJODFUkvmiMOHIRGj6PeozRYnhY0swUczeisgQK0yMzWgagrf48jJpVspetXx1Xy3VrrM48nAEx3AKHlxADW6hDg0gIOAZXuHNUc6L8+58zFtzTjZzCH/gfP4AxL6PGQ==</latexit>

⇡L/2

<latexit sha1_base64="a9E/yV0n2YT9nxS3bZ+F4p6Z9T8=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCs4l0IqF3QxsIigvmA5Ah7m71kyd7uubsnhCN/wsZCEVv/jp3/xr3kCk18MPB4b4aZeUHMmTau++2srK6tb2wWtorbO7t7+6WDw5aWiSK0SSSXqhNgTTkTtGmY4bQTK4qjgNN2ML7J/PYTVZpJ8WAmMfUjPBQsZAQbK3V6MUN359Viv1R2K+4MaJl4OSlDjka/9NUbSJJEVBjCsdZdz42Nn2JlGOF0WuwlmsaYjPGQdi0VOKLaT2f3TtGpVQYolMqWMGim/p5IcaT1JApsZ4TNSC96mfif101MeOmnTMSJoYLMF4UJR0ai7Hk0YIoSwyeWYKKYvRWREVaYGBtRFoK3+PIyaVUrXq1ydV8r16/zOApwDCdwBh5cQB1uoQFNIMDhGV7hzXl0Xpx352PeuuLkM0fwB87nD1owjuI=</latexit>

Im[⌧ ]

<latexit sha1_base64="WfvCdcdfiu9BAhb0WYeWOaASNYw=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL3qrYD8kDWWz3bRLdzdhdyOU0F/hxYMiXv053vw3btoctPXBwOO9GWbmhQln2rjut1NaWV1b3yhvVra2d3b3qvsHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbC8U3ud56o0iyWD2aS0EDgoWQRI9hY6fFO+D2D06DSr9bcujsDWiZeQWpQoNmvfvUGMUkFlYZwrLXvuYkJMqwMI5xOK71U0wSTMR5S31KJBdVBNjt4ik6sMkBRrGxJg2bq74kMC60nIrSdApuRXvRy8T/PT010GWRMJqmhkswXRSlHJkb592jAFCWGTyzBRDF7KyIjrDAxNqM8BG/x5WXSPqt75/Wr+/Na47qIowxHcAyn4MEFNOAWmtACAgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPIs6P/g==</latexit>

Re[⌧ ]

<latexit sha1_base64="DeB5FgAginMrJT1BO2cdD0vHrB8=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx6r2A9JQ9lsN+3S3U3YnQgl9Fd48aCIV3+ON/+NmzYHbX0w8Hhvhpl5YSK4Adf9dkorq2vrG+XNytb2zu5edf+gbeJUU9aisYh1NySGCa5YCzgI1k00IzIUrBOOb3K/88S04bF6gEnCAkmGikecErDS4z3ze0DSoNKv1ty6OwNeJl5BaqhAs1/96g1imkqmgApijO+5CQQZ0cCpYNNKLzUsIXRMhsy3VBHJTJDNDp7iE6sMcBRrWwrwTP09kRFpzESGtlMSGJlFLxf/8/wUossg4ypJgSk6XxSlAkOM8+/xgGtGQUwsIVRzeyumI6IJBZtRHoK3+PIyaZ/VvfP61d15rXFdxFFGR+gYnSIPXaAGukVN1EIUSfSMXtGbo50X5935mLeWnGLmEP2B8/kDJGKP/w==</latexit>

t �! i⌧

<latexit sha1_base64="Xl+z/Nk4whCK893QhlpueGRKMsE=">AAACAnicbVA9SwNBEN3zM8avUyuxWQyCVbiTgNoFbSwjmA/IHWFvs0mW7O0eu3NKOIKNf8XGQhFbf4Wd/8ZNcoUmPhh4vDfDzLwoEdyA5307S8srq2vrhY3i5tb2zq67t98wKtWU1akSSrciYpjgktWBg2CtRDMSR4I1o+H1xG/eM224kncwSlgYk77kPU4JWKnjHgIOhJJ9zfsDIFqrB8xxACTFHbfklb0p8CLxc1JCOWod9yvoKprGTAIVxJi27yUQZkQDp4KNi0FqWELokPRZ21JJYmbCbPrCGJ9YpYt7StuSgKfq74mMxMaM4sh2xgQGZt6biP957RR6F2HGZZICk3S2qJcKDApP8sBdrhkFMbKEUM3trZgOiCYUbGpFG4I///IiaZyV/Ur58rZSql7lcRTQETpGp8hH56iKblAN1RFFj+gZvaI358l5cd6dj1nrkpPPHKA/cD5/AMLvlwk=</latexit>

EdS

dS

Euclidean on-shell action II

 ⇤ ⇠ e�IEdS

<latexit sha1_base64="HBgQ0363sSgNJbgd+p5zfCwmOKM=">AAACCHicbVDLSsNAFJ3UV42vqEsXDhZBBEsiBXVXFEF3Fe0DmjRMJtN26OTBzEQoIUs3/oobF4q49RPc+TdO2iy0euByD+fcy8w9XsyokKb5pZXm5hcWl8rL+srq2vqGsbnVElHCMWniiEW84yFBGA1JU1LJSCfmBAUeI21vdJH77XvCBY3COzmOiROgQUj7FCOpJNfYtRuC9g5h3qAtaABJLz26dtNL/zbLdOgaFbNqTgD/EqsgFVCg4Rqfth/hJCChxAwJ0bXMWDop4pJiRjLdTgSJER6hAekqGqKACCedHJLBfaX4sB9xVaGEE/XnRooCIcaBpyYDJIdi1svF/7xuIvunTkrDOJEkxNOH+gmDMoJ5KtCnnGDJxoogzKn6K8RDxBGWKjtdhWDNnvyXtI6rVq16dlOr1M+LOMpgB+yBA2CBE1AHV6ABmgCDB/AEXsCr9qg9a2/a+3S0pBU72+AXtI9vO9CYOA==</latexit>



⌧

<latexit sha1_base64="u7dJ2F6E1BXxyAzsLr3xtYqmtE4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rmLbQhrLZbtqlm03YnQil9Dd48aCIV3+QN/+NmzYHbX0w8Hhvhpl5YSqFQdf9dkpr6xubW+Xtys7u3v5B9fCoZZJMM+6zRCa6E1LDpVDcR4GSd1LNaRxK3g7Hd7nffuLaiEQ94iTlQUyHSkSCUbSS30OaVfrVmlt35yCrxCtIDQo0+9Wv3iBhWcwVMkmN6XpuisGUahRM8lmllxmeUjamQ961VNGYm2A6P3ZGzqwyIFGibSkkc/X3xJTGxkzi0HbGFEdm2cvF/7xuhtF1MBUqzZArtlgUZZJgQvLPyUBozlBOLKFMC3srYSOqKUObTx6Ct/zyKmld1L3L+s3DZa1xW8RRhhM4hXPw4AoacA9N8IGBgGd4hTdHOS/Ou/OxaC05xcwx/IHz+QNaxY5o</latexit>

�⇡L/2

<latexit sha1_base64="999FCEhk53pavbbZ8R46+76CZyE=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLAbUL2lhYRDAfkhxhb7OXLNndO3b3hHDkV9hYKGLrz7Hz37hJrtDEBwOP92aYmRfEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzR1lChCGyTikWoHWFPOJG0YZjhtx4piEXDaCkY3U7/1RJVmkXww45j6Ag8kCxnBxkqPZ92YobvzSqFXLLlldwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cETdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQkv/ZTJODFUkvmiMOHIRGj6PeozRYnhY0swUczeisgQK0yMzWgagrf48jJpVspetXx1Xy3VrrM48nAEx3AKHlxADW6hDg0gIOAZXuHNUc6L8+58zFtzTjZzCH/gfP4AxL6PGQ==</latexit>

⇡L/2

<latexit sha1_base64="a9E/yV0n2YT9nxS3bZ+F4p6Z9T8=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCs4l0IqF3QxsIigvmA5Ah7m71kyd7uubsnhCN/wsZCEVv/jp3/xr3kCk18MPB4b4aZeUHMmTau++2srK6tb2wWtorbO7t7+6WDw5aWiSK0SSSXqhNgTTkTtGmY4bQTK4qjgNN2ML7J/PYTVZpJ8WAmMfUjPBQsZAQbK3V6MUN359Viv1R2K+4MaJl4OSlDjka/9NUbSJJEVBjCsdZdz42Nn2JlGOF0WuwlmsaYjPGQdi0VOKLaT2f3TtGpVQYolMqWMGim/p5IcaT1JApsZ4TNSC96mfif101MeOmnTMSJoYLMF4UJR0ai7Hk0YIoSwyeWYKKYvRWREVaYGBtRFoK3+PIyaVUrXq1ydV8r16/zOApwDCdwBh5cQB1uoQFNIMDhGV7hzXl0Xpx352PeuuLkM0fwB87nD1owjuI=</latexit>

Im[⌧ ]

<latexit sha1_base64="WfvCdcdfiu9BAhb0WYeWOaASNYw=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL3qrYD8kDWWz3bRLdzdhdyOU0F/hxYMiXv053vw3btoctPXBwOO9GWbmhQln2rjut1NaWV1b3yhvVra2d3b3qvsHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbC8U3ud56o0iyWD2aS0EDgoWQRI9hY6fFO+D2D06DSr9bcujsDWiZeQWpQoNmvfvUGMUkFlYZwrLXvuYkJMqwMI5xOK71U0wSTMR5S31KJBdVBNjt4ik6sMkBRrGxJg2bq74kMC60nIrSdApuRXvRy8T/PT010GWRMJqmhkswXRSlHJkb592jAFCWGTyzBRDF7KyIjrDAxNqM8BG/x5WXSPqt75/Wr+/Na47qIowxHcAyn4MEFNOAWmtACAgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPIs6P/g==</latexit>

Re[⌧ ]

<latexit sha1_base64="DeB5FgAginMrJT1BO2cdD0vHrB8=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx6r2A9JQ9lsN+3S3U3YnQgl9Fd48aCIV3+ON/+NmzYHbX0w8Hhvhpl5YSK4Adf9dkorq2vrG+XNytb2zu5edf+gbeJUU9aisYh1NySGCa5YCzgI1k00IzIUrBOOb3K/88S04bF6gEnCAkmGikecErDS4z3ze0DSoNKv1ty6OwNeJl5BaqhAs1/96g1imkqmgApijO+5CQQZ0cCpYNNKLzUsIXRMhsy3VBHJTJDNDp7iE6sMcBRrWwrwTP09kRFpzESGtlMSGJlFLxf/8/wUossg4ypJgSk6XxSlAkOM8+/xgGtGQUwsIVRzeyumI6IJBZtRHoK3+PIyaZ/VvfP61d15rXFdxFFGR+gYnSIPXaAGukVN1EIUSfSMXtGbo50X5935mLeWnGLmEP2B8/kDJGKP/w==</latexit>

EdS

dS

Euclidean on-shell action II

 ⇤ ⇠ e�IEdS

<latexit sha1_base64="HBgQ0363sSgNJbgd+p5zfCwmOKM=">AAACCHicbVDLSsNAFJ3UV42vqEsXDhZBBEsiBXVXFEF3Fe0DmjRMJtN26OTBzEQoIUs3/oobF4q49RPc+TdO2iy0euByD+fcy8w9XsyokKb5pZXm5hcWl8rL+srq2vqGsbnVElHCMWniiEW84yFBGA1JU1LJSCfmBAUeI21vdJH77XvCBY3COzmOiROgQUj7FCOpJNfYtRuC9g5h3qAtaABJLz26dtNL/zbLdOgaFbNqTgD/EqsgFVCg4Rqfth/hJCChxAwJ0bXMWDop4pJiRjLdTgSJER6hAekqGqKACCedHJLBfaX4sB9xVaGEE/XnRooCIcaBpyYDJIdi1svF/7xuIvunTkrDOJEkxNOH+gmDMoJ5KtCnnGDJxoogzKn6K8RDxBGWKjtdhWDNnvyXtI6rVq16dlOr1M+LOMpgB+yBA2CBE1AHV6ABmgCDB/AEXsCr9qg9a2/a+3S0pBU72+AXtI9vO9CYOA==</latexit>

-EAdS -EAdS

ds2 =
⇥
�dr2 � L2 sinh2(r/L) d⌦2

3

⇤

<latexit sha1_base64="SkpSxGRO5zM3o4sn4vRhbkgB+bE="></latexit>

ds2 =
⇥
d⌧2 + L2 cos2(⌧/L) d⌦2

3

⇤

<latexit sha1_base64="eK7Yor3Br2lXi/W0GNgpoYMUPwk="></latexit>

⌧ = �⇡L/2 + ir

<latexit sha1_base64="CBItj2B8ZRFJVr90HHvaPel3jSU=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NBEMS4GwLqQQh68eAhgnlAdgmzk0kyZPbBTK8Q1hz8FS8eFPHqb3jzb5xN9qCJBQ1FVTfdXV4kuALL+jZyC4tLyyv51cLa+sbmlrm901BhLCmr01CEsuURxQQPWB04CNaKJCO+J1jTG16nfvOBScXD4B5GEXN90g94j1MCWuqYew6QGF/iEyfi+Pa0jI8xx7LQMYtWyZoAzxM7I0WUodYxv5xuSGOfBUAFUaptWxG4CZHAqWDjghMrFhE6JH3W1jQgPlNuMrl/jA+10sW9UOoKAE/U3xMJ8ZUa+Z7u9AkM1KyXiv957Rh6527CgygGFtDpol4sMIQ4DQN3uWQUxEgTQiXXt2I6IJJQ0JGlIdizL8+TRrlkV0oXd5Vi9SqLI4/20QE6QjY6Q1V0g2qojih6RM/oFb0ZT8aL8W58TFtzRjazi/7A+PwBs1+TVQ==</latexit>



�⇡L/2

<latexit sha1_base64="999FCEhk53pavbbZ8R46+76CZyE=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLAbUL2lhYRDAfkhxhb7OXLNndO3b3hHDkV9hYKGLrz7Hz37hJrtDEBwOP92aYmRfEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzR1lChCGyTikWoHWFPOJG0YZjhtx4piEXDaCkY3U7/1RJVmkXww45j6Ag8kCxnBxkqPZ92YobvzSqFXLLlldwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cETdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQkv/ZTJODFUkvmiMOHIRGj6PeozRYnhY0swUczeisgQK0yMzWgagrf48jJpVspetXx1Xy3VrrM48nAEx3AKHlxADW6hDg0gIOAZXuHNUc6L8+58zFtzTjZzCH/gfP4AxL6PGQ==</latexit>

⇡L/2

<latexit sha1_base64="a9E/yV0n2YT9nxS3bZ+F4p6Z9T8=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCs4l0IqF3QxsIigvmA5Ah7m71kyd7uubsnhCN/wsZCEVv/jp3/xr3kCk18MPB4b4aZeUHMmTau++2srK6tb2wWtorbO7t7+6WDw5aWiSK0SSSXqhNgTTkTtGmY4bQTK4qjgNN2ML7J/PYTVZpJ8WAmMfUjPBQsZAQbK3V6MUN359Viv1R2K+4MaJl4OSlDjka/9NUbSJJEVBjCsdZdz42Nn2JlGOF0WuwlmsaYjPGQdi0VOKLaT2f3TtGpVQYolMqWMGim/p5IcaT1JApsZ4TNSC96mfif101MeOmnTMSJoYLMF4UJR0ai7Hk0YIoSwyeWYKKYvRWREVaYGBtRFoK3+PIyaVUrXq1ydV8r16/zOApwDCdwBh5cQB1uoQFNIMDhGV7hzXl0Xpx352PeuuLkM0fwB87nD1owjuI=</latexit>

Im[⌧ ]

<latexit sha1_base64="WfvCdcdfiu9BAhb0WYeWOaASNYw=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL3qrYD8kDWWz3bRLdzdhdyOU0F/hxYMiXv053vw3btoctPXBwOO9GWbmhQln2rjut1NaWV1b3yhvVra2d3b3qvsHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbC8U3ud56o0iyWD2aS0EDgoWQRI9hY6fFO+D2D06DSr9bcujsDWiZeQWpQoNmvfvUGMUkFlYZwrLXvuYkJMqwMI5xOK71U0wSTMR5S31KJBdVBNjt4ik6sMkBRrGxJg2bq74kMC60nIrSdApuRXvRy8T/PT010GWRMJqmhkswXRSlHJkb592jAFCWGTyzBRDF7KyIjrDAxNqM8BG/x5WXSPqt75/Wr+/Na47qIowxHcAyn4MEFNOAWmtACAgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPIs6P/g==</latexit>

Re[⌧ ]

<latexit sha1_base64="DeB5FgAginMrJT1BO2cdD0vHrB8=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx6r2A9JQ9lsN+3S3U3YnQgl9Fd48aCIV3+ON/+NmzYHbX0w8Hhvhpl5YSK4Adf9dkorq2vrG+XNytb2zu5edf+gbeJUU9aisYh1NySGCa5YCzgI1k00IzIUrBOOb3K/88S04bF6gEnCAkmGikecErDS4z3ze0DSoNKv1ty6OwNeJl5BaqhAs1/96g1imkqmgApijO+5CQQZ0cCpYNNKLzUsIXRMhsy3VBHJTJDNDp7iE6sMcBRrWwrwTP09kRFpzESGtlMSGJlFLxf/8/wUossg4ypJgSk6XxSlAkOM8+/xgGtGQUwsIVRzeyumI6IJBZtRHoK3+PIyaZ/VvfP61d15rXFdxFFGR+gYnSIPXaAGukVN1EIUSfSMXtGbo50X5935mLeWnGLmEP2B8/kDJGKP/w==</latexit>

Euclidean on-shell action II

irb

<latexit sha1_base64="NaCQSNZdmfY0u3mIZD/RtaysqPs=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwucT0IB9WaV/fmwKvEL0gNCjQH1a/+MKapZMpSQYzp+V5ig4xoy6lgs0o/NSwhdEJGrOeoIpKZIJvfOsNnThniKNaulMVz9fdERqQxUxm6Tkns2Cx7ufif10ttdB1kXCWpZYouFkWpwDbG+eN4yDWjVkwdIVRzdyumY6IJtS6eigvBX355lbQv6v5l/ebhsta4LeIowwmcwjn4cAUNuIcmtIDCGJ7hFd6QRC/oHX0sWkuomDmGP0CfPxYGjko=</latexit>

ILvert

<latexit sha1_base64="KUH1QEubszKhQmfZE5wABaMEZp4=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRbBVUmkoO6KbhRcVLAPaGOYTG/aoZNJmJkIJcSNv+LGhSJu/Qt3/o3TNAttPTBwOOfcuTPHjxmVyra/jYXFpeWV1dJaeX1jc2vb3NltySgRBJokYpHo+FgCoxyaiioGnVgADn0GbX90OfHbDyAkjfidGsfghnjAaUAJVlryzP1efkfqswSy9Pr+xkt1XGWZZ1bsqp3DmidOQSqoQMMzv3r9iCQhcEUYlrLr2LFyUywUJQyyci+REGMywgPoaspxCNJN8+2ZdaSVvhVEQh+urFz9PZHiUMpx6OtkiNVQznoT8T+vm6jgzE0pjxMFnEwXBQmzVGRN6rD6VABRbKwJJoLqt1pkiAUmSpdW1iU4s1+eJ62TqlOrnt/WKvWLoo4SOkCH6Bg56BTV0RVqoCYi6BE9o1f0ZjwZL8a78TGNLhjFzB76A+PzB8iNl8U=</latexit>

IRvert

<latexit sha1_base64="Sc2wsSRKECrujMgclYOyV9kSBgI=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRbBVUmkoO6KbnRXxT6gjWEyvWmHTiZhZiKUEDf+ihsXirj1L9z5N07TLLT1wMDhnHPnzhw/ZlQq2/42FhaXlldWS2vl9Y3NrW1zZ7clo0QQaJKIRaLjYwmMcmgqqhh0YgE49Bm0/dHlxG8/gJA04ndqHIMb4gGnASVYackz93v5HanPEsjS6/tbL9VxlWWeWbGrdg5rnjgFqaACDc/86vUjkoTAFWFYyq5jx8pNsVCUMMjKvURCjMkID6CrKcchSDfNt2fWkVb6VhAJfbiycvX3RIpDKcehr5MhVkM5603E/7xuooIzN6U8ThRwMl0UJMxSkTWpw+pTAUSxsSaYCKrfapEhFpgoXVpZl+DMfnmetE6qTq16flOr1C+KOkroAB2iY+SgU1RHV6iBmoigR/SMXtGb8WS8GO/GxzS6YBQze+gPjM8f0dWXyw==</latexit>

IRhor

<latexit sha1_base64="lBt/Bf/L/nwKX+5i229D0VXAZSM=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqoSVAnYKlhgK4g+pDZEjuu0Vh07sh2kKsrCr7AwgBArn8HG3+CmGaDlSFc6OudeX98TxIwq7TjfVmlpeWV1rbxe2djc2t6xd/faSiQSkxYWTMhugBRhlJOWppqRbiwJigJGOsH4aup3HolUVPB7PYmJF6EhpyHFSBvJtw/6+RtpwBKSpTcPd346EjLLfLvq1JwccJG4BamCAk3f/uoPBE4iwjVmSKme68TaS5HUFDOSVfqJIjHCYzQkPUM5iojy0nx5Bo+NMoChkKa4hrn6eyJFkVKTKDCdEdIjNe9Nxf+8XqLDcy+lPE404Xi2KEwY1AJO04ADKgnWbGIIwpKav0I8QhJhbTKrmBDc+ZMXSfu05tZrF7f1auOyiKMMDsEROAEuOAMNcA2aoAUwyMAzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AOz/l0k=</latexit>

ILhor

<latexit sha1_base64="Gr7gaGB7LDHwhmdXimmdlklaNjw=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMSEHdFd0ouKhgH9COQybNtKGZZEgyQhlm46+4caGIWz/DnX9jOp2Fth64cDjn3tzcE8SMKu0431ZpaXllda28XtnY3NresXf32kokEpMWFkzIboAUYZSTlqaakW4sCYoCRjrB+Grqdx6JVFTwez2JiRehIachxUgbybcP+vkbacASkqU3D7d+OhIyy3y76tScHHCRuAWpggJN3/7qDwROIsI1ZkipnuvE2kuR1BQzklX6iSIxwmM0JD1DOYqI8tJ8eQaPjTKAoZCmuIa5+nsiRZFSkygwnRHSIzXvTcX/vF6iw3MvpTxONOF4tihMGNQCTtOAAyoJ1mxiCMKSmr9CPEISYW0yq5gQ3PmTF0n7tObWaxd39WrjsoijDA7BETgBLjgDDXANmqAFMMjAM3gFb9aT9WK9Wx+z1pJVzOyDP7A+fwDjvZdD</latexit>

ILvert = �IregEAdS � Ict +O(e�rb/L)

<latexit sha1_base64="b23k1DhANfKdr5QMYxUbRMHFhZ8="></latexit>

ILhor = +Ict � iIct +O(e�rb/L)

<latexit sha1_base64="2j8M2f4h+0ixyQEcxxYVC6JFE1M="></latexit>

IR = (IL)⇤

<latexit sha1_base64="Tf02gvh0g/t+MlymJmZaHZI3vJY=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBCih7ArAfUgBL0Y8BDFPCDZhNnJbDJkdnadmQ2EJd/hxYMiXv0Yb/6Nk8dBEwsaiqpuuru8iDOlbfvbWlpeWV1bT22kN7e2d3Yze/tVFcaS0AoJeSjrHlaUM0ErmmlO65GkOPA4rXn9m7FfG1CpWCge9TCiboC7gvmMYG0kt9R6QFcoV2rdnbRO25msnbcnQIvEmZEszFBuZ76anZDEARWacKxUw7Ej7SZYakY4HaWbsaIRJn3cpQ1DBQ6ocpPJ0SN0bJQO8kNpSmg0UX9PJDhQahh4pjPAuqfmvbH4n9eItX/hJkxEsaaCTBf5MUc6ROMEUIdJSjQfGoKJZOZWRHpYYqJNTmkTgjP/8iKpnuWdQv7yvpAtXs/iSMEhHEEOHDiHItxCGSpA4Ame4RXerIH1Yr1bH9PWJWs2cwB/YH3+APPKkEo=</latexit>



Re[⌧ ]

Im[⌧ ]

�⇡L/2 ⇡L/2

irb

C

SdS = �IEdS = 2IregEAdS

<latexit sha1_base64="TG/wYiizGUoxFL7mm5OMX7BtL70="></latexit>

de Sitter entropy: microscopics



• AdS/CFT: 

• Conjecture:

• Microscopic theories: ABJM, …

�IregEAdS + · · · = logZCFT
S3

<latexit sha1_base64="wRHhBNFtsHMJzU0JmY0LSGhKUCk="></latexit>

SdS = �2 logZCFT
S3

<latexit sha1_base64="2X4uoJ3MfzYIqteyN567RNPH0lo=">AAACEnicbVDJSgNBEO1xjeM26tFLYxD0YJjRgHoQggHxGMmKWYaeTic26VnorhHDMN/gxV/x4kERr568+Td2loPbg4LHe1VU1fMiwRXY9qcxMzs3v7CYWTKXV1bX1q2NzZoKY0lZlYYilA2PKCZ4wKrAQbBGJBnxPcHq3qA48uu3TCoeBhUYRqztk37Ae5wS0JJr7ZfdpFtO8Rk+OGyJsI+vO0kL2B1IPyleVNLUTcqdo9Q0sWtl7Zw9Bv5LnCnJoilKrvXR6oY09lkAVBClmo4dQTshEjgVLDVbsWIRoQPSZ01NA+Iz1U7GL6V4Vytd3AulrgDwWP0+kRBfqaHv6U6fwI367Y3E/7xmDL2TdsKDKAYW0MmiXiwwhHiUD+5yySiIoSaESq5vxfSGSEJBp2jqEJzfL/8ltcOck8+dXuWzhfNpHBm0jXbQHnLQMSqgS1RCVUTRPXpEz+jFeDCejFfjbdI6Y0xnttAPGO9ftImcQA==</latexit>

de Sitter entropy: microscopics

SdS = �IEdS = 2IregEAdS

<latexit sha1_base64="TG/wYiizGUoxFL7mm5OMX7BtL70="></latexit>



de Sitter entropy: microscopics

• Consider M-theory on

• EAdS/CFT: dual ABJM theory on S3

• Susy localization:

• Proposal:

• Holographic dictionary: 

• Leading term

ZABJM
S3 (N, k) =

⇣ 2

⇡2k

⌘�1/3
eA(k) Ai

h⇣ 2

⇡2k

⌘�1/3⇣
N �

k

24
�

1

3k

⌘i
+O(e�

p
Nk)

<latexit sha1_base64="q9zAuT+xXA+I6kOJHJgf8ADEEzs="></latexit>

[Marino, Putrov ‘11; Fuji, Hirano, Moriyama ‘11]

(2⇡`P)
6N = 6 (2L)6 vol(X7) ,

<latexit sha1_base64="vg/eUcDPwimuiRGC+FfeeLcTADo="></latexit>

1

GN
=

16⇡(2L)7vol(X7)

(2⇡)8`9P

<latexit sha1_base64="hy9/24GbKbWvKl397TGpeNd7/sQ="></latexit>

SdS = �2 logZABJM
S3 (N.k) =

2⇡
p
2k

3
N3/2 +O(N1/2)

<latexit sha1_base64="141Tk6Jm/Ok8uf8Kh/8PVQLg0VA="></latexit>

SdS =
⇡L2

GN

<latexit sha1_base64="ic3pI9lzWSKv8zPddEE4sezBxt0=">AAACF3icbVDLSgMxFM34rPVVdekmWARXZaYU1IVQdKELkUqtFTp1yKSZNjTzILkjljB/4cZfceNCEbe6829MHwutHggczrmXm3P8RHAFtv1lzczOzS8s5pbyyyura+uFjc1rFaeSsgaNRSxvfKKY4BFrAAfBbhLJSOgL1vT7J0O/ecek4nF0BYOEtUPSjXjAKQEjeYWSGxLoUSJ0PfO0C+wedKeeZfgIu4EkVLsJx+e35UyfehcZ9gpFu2SPgP8SZ0KKaIKaV/h0OzFNQxYBFUSplmMn0NZEAqeCZXk3VSwhtE+6rGVoREKm2nqUK8O7RungIJbmRYBH6s8NTUKlBqFvJocp1LQ3FP/zWikEB23NoyQFFtHxoSAVGGI8LAl3uGQUxMAQQiU3f8W0R0wdYKrMmxKc6ch/yXW55FRKh5eVYvV4UkcObaMdtIcctI+q6AzVUANR9ICe0At6tR6tZ+vNeh+PzliTnS30C9bHNw2Un9U=</latexit>



• Leading term matches

• Q: What about corrections? 

de Sitter entropy: microscopics

THIS TALK:  1) A concrete proposal for the microscopic d.o.f behind SdS
2) A test of it by computing quantum corrections

SdS = �IEdS = 2IregEAdS = �2 logZABJM
S3

<latexit sha1_base64="+6uNfgppnNLdOdYg2xtzl4kWKtY="></latexit>

• What could go wrong?

• Check subleading terms
à consider higher-derivative terms in gravity 

? ? v

[Bobev, Charles, Hristov, Reys ‘21]



Four-derivative corrections: de Sitter entropy

S =

Z
d4x

p
�g

h 1

16⇡GN

⇣
R� 6

L2

⌘
+ (c1 � c2)Cµ⌫⇢�C

µ⌫⇢�

+c2
�
Rµ⌫⇢�R

µ⌫⇢� � 4Rµ⌫R
µ⌫ +R2

�
+ c3R

2
i
.

<latexit sha1_base64="3D1eE6c3AcGAF8T3yMLLhCYVyts="></latexit>

•

• Wald entropy

• Euclidean on-shell action:

SdS =
⇡L2

GN
+ 64⇡2(c2 + 6c3)

<latexit sha1_base64="Et26ff98U5h5+QZ8uCgQTlL7YN4="></latexit>

IEdS = �⇡L2

GN
� 64⇡2(c2 + 6c3)

<latexit sha1_base64="EjUeeXABR/H7b3PIFHOUbozNT08="></latexit>

SdS = �IEdS = 2IregEAdS = �2 logZABJM
S3

<latexit sha1_base64="+6uNfgppnNLdOdYg2xtzl4kWKtY="></latexit>

vv ?



�⇡L/2

<latexit sha1_base64="999FCEhk53pavbbZ8R46+76CZyE=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLAbUL2lhYRDAfkhxhb7OXLNndO3b3hHDkV9hYKGLrz7Hz37hJrtDEBwOP92aYmRfEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzR1lChCGyTikWoHWFPOJG0YZjhtx4piEXDaCkY3U7/1RJVmkXww45j6Ag8kCxnBxkqPZ92YobvzSqFXLLlldwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cETdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQkv/ZTJODFUkvmiMOHIRGj6PeozRYnhY0swUczeisgQK0yMzWgagrf48jJpVspetXx1Xy3VrrM48nAEx3AKHlxADW6hDg0gIOAZXuHNUc6L8+58zFtzTjZzCH/gfP4AxL6PGQ==</latexit>

⇡L/2

<latexit sha1_base64="a9E/yV0n2YT9nxS3bZ+F4p6Z9T8=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCs4l0IqF3QxsIigvmA5Ah7m71kyd7uubsnhCN/wsZCEVv/jp3/xr3kCk18MPB4b4aZeUHMmTau++2srK6tb2wWtorbO7t7+6WDw5aWiSK0SSSXqhNgTTkTtGmY4bQTK4qjgNN2ML7J/PYTVZpJ8WAmMfUjPBQsZAQbK3V6MUN359Viv1R2K+4MaJl4OSlDjka/9NUbSJJEVBjCsdZdz42Nn2JlGOF0WuwlmsaYjPGQdi0VOKLaT2f3TtGpVQYolMqWMGim/p5IcaT1JApsZ4TNSC96mfif101MeOmnTMSJoYLMF4UJR0ai7Hk0YIoSwyeWYKKYvRWREVaYGBtRFoK3+PIyaVUrXq1ydV8r16/zOApwDCdwBh5cQB1uoQFNIMDhGV7hzXl0Xpx352PeuuLkM0fwB87nD1owjuI=</latexit>

Im[⌧ ]

<latexit sha1_base64="WfvCdcdfiu9BAhb0WYeWOaASNYw=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL3qrYD8kDWWz3bRLdzdhdyOU0F/hxYMiXv053vw3btoctPXBwOO9GWbmhQln2rjut1NaWV1b3yhvVra2d3b3qvsHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbC8U3ud56o0iyWD2aS0EDgoWQRI9hY6fFO+D2D06DSr9bcujsDWiZeQWpQoNmvfvUGMUkFlYZwrLXvuYkJMqwMI5xOK71U0wSTMR5S31KJBdVBNjt4ik6sMkBRrGxJg2bq74kMC60nIrSdApuRXvRy8T/PT010GWRMJqmhkswXRSlHJkb592jAFCWGTyzBRDF7KyIjrDAxNqM8BG/x5WXSPqt75/Wr+/Na47qIowxHcAyn4MEFNOAWmtACAgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPIs6P/g==</latexit>

Re[⌧ ]

<latexit sha1_base64="DeB5FgAginMrJT1BO2cdD0vHrB8=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx6r2A9JQ9lsN+3S3U3YnQgl9Fd48aCIV3+ON/+NmzYHbX0w8Hhvhpl5YSK4Adf9dkorq2vrG+XNytb2zu5edf+gbeJUU9aisYh1NySGCa5YCzgI1k00IzIUrBOOb3K/88S04bF6gEnCAkmGikecErDS4z3ze0DSoNKv1ty6OwNeJl5BaqhAs1/96g1imkqmgApijO+5CQQZ0cCpYNNKLzUsIXRMhsy3VBHJTJDNDp7iE6sMcBRrWwrwTP09kRFpzESGtlMSGJlFLxf/8/wUossg4ypJgSk6XxSlAkOM8+/xgGtGQUwsIVRzeyumI6IJBZtRHoK3+PIyaZ/VvfP61d15rXFdxFFGR+gYnSIPXaAGukVN1EIUSfSMXtGbo50X5935mLeWnGLmEP2B8/kDJGKP/w==</latexit>

irb

<latexit sha1_base64="NaCQSNZdmfY0u3mIZD/RtaysqPs=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwucT0IB9WaV/fmwKvEL0gNCjQH1a/+MKapZMpSQYzp+V5ig4xoy6lgs0o/NSwhdEJGrOeoIpKZIJvfOsNnThniKNaulMVz9fdERqQxUxm6Tkns2Cx7ufif10ttdB1kXCWpZYouFkWpwDbG+eN4yDWjVkwdIVRzdyumY6IJtS6eigvBX355lbQv6v5l/ebhsta4LeIowwmcwjn4cAUNuIcmtIDCGJ7hFd6QRC/oHX0sWkuomDmGP0CfPxYGjko=</latexit>

ILvert

<latexit sha1_base64="KUH1QEubszKhQmfZE5wABaMEZp4=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRbBVUmkoO6KbhRcVLAPaGOYTG/aoZNJmJkIJcSNv+LGhSJu/Qt3/o3TNAttPTBwOOfcuTPHjxmVyra/jYXFpeWV1dJaeX1jc2vb3NltySgRBJokYpHo+FgCoxyaiioGnVgADn0GbX90OfHbDyAkjfidGsfghnjAaUAJVlryzP1efkfqswSy9Pr+xkt1XGWZZ1bsqp3DmidOQSqoQMMzv3r9iCQhcEUYlrLr2LFyUywUJQyyci+REGMywgPoaspxCNJN8+2ZdaSVvhVEQh+urFz9PZHiUMpx6OtkiNVQznoT8T+vm6jgzE0pjxMFnEwXBQmzVGRN6rD6VABRbKwJJoLqt1pkiAUmSpdW1iU4s1+eJ62TqlOrnt/WKvWLoo4SOkCH6Bg56BTV0RVqoCYi6BE9o1f0ZjwZL8a78TGNLhjFzB76A+PzB8iNl8U=</latexit>

IRvert

<latexit sha1_base64="Sc2wsSRKECrujMgclYOyV9kSBgI=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRbBVUmkoO6KbnRXxT6gjWEyvWmHTiZhZiKUEDf+ihsXirj1L9z5N07TLLT1wMDhnHPnzhw/ZlQq2/42FhaXlldWS2vl9Y3NrW1zZ7clo0QQaJKIRaLjYwmMcmgqqhh0YgE49Bm0/dHlxG8/gJA04ndqHIMb4gGnASVYackz93v5HanPEsjS6/tbL9VxlWWeWbGrdg5rnjgFqaACDc/86vUjkoTAFWFYyq5jx8pNsVCUMMjKvURCjMkID6CrKcchSDfNt2fWkVb6VhAJfbiycvX3RIpDKcehr5MhVkM5603E/7xuooIzN6U8ThRwMl0UJMxSkTWpw+pTAUSxsSaYCKrfapEhFpgoXVpZl+DMfnmetE6qTq16flOr1C+KOkroAB2iY+SgU1RHV6iBmoigR/SMXtGb8WS8GO/GxzS6YBQze+gPjM8f0dWXyw==</latexit>

IRhor

<latexit sha1_base64="lBt/Bf/L/nwKX+5i229D0VXAZSM=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqoSVAnYKlhgK4g+pDZEjuu0Vh07sh2kKsrCr7AwgBArn8HG3+CmGaDlSFc6OudeX98TxIwq7TjfVmlpeWV1rbxe2djc2t6xd/faSiQSkxYWTMhugBRhlJOWppqRbiwJigJGOsH4aup3HolUVPB7PYmJF6EhpyHFSBvJtw/6+RtpwBKSpTcPd346EjLLfLvq1JwccJG4BamCAk3f/uoPBE4iwjVmSKme68TaS5HUFDOSVfqJIjHCYzQkPUM5iojy0nx5Bo+NMoChkKa4hrn6eyJFkVKTKDCdEdIjNe9Nxf+8XqLDcy+lPE404Xi2KEwY1AJO04ADKgnWbGIIwpKav0I8QhJhbTKrmBDc+ZMXSfu05tZrF7f1auOyiKMMDsEROAEuOAMNcA2aoAUwyMAzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AOz/l0k=</latexit>

ILhor

<latexit sha1_base64="Gr7gaGB7LDHwhmdXimmdlklaNjw=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMSEHdFd0ouKhgH9COQybNtKGZZEgyQhlm46+4caGIWz/DnX9jOp2Fth64cDjn3tzcE8SMKu0431ZpaXllda28XtnY3NresXf32kokEpMWFkzIboAUYZSTlqaakW4sCYoCRjrB+Grqdx6JVFTwez2JiRehIachxUgbybcP+vkbacASkqU3D7d+OhIyy3y76tScHHCRuAWpggJN3/7qDwROIsI1ZkipnuvE2kuR1BQzklX6iSIxwmM0JD1DOYqI8tJ8eQaPjTKAoZCmuIa5+nsiRZFSkygwnRHSIzXvTcX/vF6iw3MvpTxONOF4tihMGNQCTtOAAyoJ1mxiCMKSmr9CPEISYW0yq5gQ3PmTF0n7tObWaxd39WrjsoijDA7BETgBLjgDDXANmqAFMMjAM3gFb9aT9WK9Wx+z1pJVzOyDP7A+fwDjvZdD</latexit>

ILvert = �IregEAdS � Ict +O(e�rb/L)

<latexit sha1_base64="b23k1DhANfKdr5QMYxUbRMHFhZ8="></latexit>

ILhor = +Ict � iIct +O(e�rb/L)

<latexit sha1_base64="2j8M2f4h+0ixyQEcxxYVC6JFE1M="></latexit>

IR = (IL)⇤

<latexit sha1_base64="Tf02gvh0g/t+MlymJmZaHZI3vJY=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBCih7ArAfUgBL0Y8BDFPCDZhNnJbDJkdnadmQ2EJd/hxYMiXv0Yb/6Nk8dBEwsaiqpuuru8iDOlbfvbWlpeWV1bT22kN7e2d3Yze/tVFcaS0AoJeSjrHlaUM0ErmmlO65GkOPA4rXn9m7FfG1CpWCge9TCiboC7gvmMYG0kt9R6QFcoV2rdnbRO25msnbcnQIvEmZEszFBuZ76anZDEARWacKxUw7Ej7SZYakY4HaWbsaIRJn3cpQ1DBQ6ocpPJ0SN0bJQO8kNpSmg0UX9PJDhQahh4pjPAuqfmvbH4n9eItX/hJkxEsaaCTBf5MUc6ROMEUIdJSjQfGoKJZOZWRHpYYqJNTmkTgjP/8iKpnuWdQv7yvpAtXs/iSMEhHEEOHDiHItxCGSpA4Ame4RXerIH1Yr1bH9PWJWs2cwB/YH3+APPKkEo=</latexit>

Four-derivative corrections: Holographic Renormalization

Extends to corrections!



Sct =

Z
d3x
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h 1
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<latexit sha1_base64="Emg9P7sKFNzCjMXGOtWDjO4y448="></latexit>

Jab =
1

3

⇣
2KKacK

c
b +KabKcdK

cd � 2KacK
cdKdb �K2Kab

⌘

<latexit sha1_base64="pl8q29qI4tnNGVdVPgo+M2N/eRU="></latexit>

with

Counterterms:

Four-derivative corrections: Holographic Renormalization

SdS = �IEdS = 2IregEAdS = �2 logZABJM
S3

<latexit sha1_base64="+6uNfgppnNLdOdYg2xtzl4kWKtY="></latexit>

v v v



de Sitter entropy: more microscopics

• Susy localization ABJM:

• Expansion in N:

• De Sitter entropy:

• Holographic dictionary (subleading order): 

ZABJM
S3 (N, k) =

⇣ 2

⇡2k

⌘�1/3
eA(k) Ai

h⇣ 2

⇡2k

⌘�1/3⇣
N �

k

24
�

1

3k

⌘i
+O(e�

p
Nk)

<latexit sha1_base64="q9zAuT+xXA+I6kOJHJgf8ADEEzs="></latexit>

[Marino, Putrov ‘11; Fuji, Hirano, Moriyama ‘11]

FABJM
S3 (N, k) =

⇡
p
2k

3
N3/2

�
⇡(k2 + 8)

24
p
2k

N1/2 +
1

4
logN +O(N0)

<latexit sha1_base64="YjhuyzWqh2OEzyp18PIlnBRE+FY="></latexit>

SdS =
⇡L2

GN
+ 64⇡2(c2 + 6c3)

<latexit sha1_base64="Et26ff98U5h5+QZ8uCgQTlL7YN4="></latexit>

L2

GN
+ 64⇡ c2 =

2
p
2k

3
N3/2 � k2 + 8

12
p
2k

N1/2, c3 = 0

<latexit sha1_base64="bfprFGSRUzPiC8a6r5Cu8u6AfGw="></latexit>

[Bobev, Charles, Hristov, Reys ‘21]



SdS = �2 logZABJM
S3

<latexit sha1_base64="0qEcLjpomEJGJqhApVYGJxnhavw="></latexit>

de Sitter entropy: more microscopics

SdS =
2⇡

p
2k

3
N3/2

�
⇡(k2 + 8)

12
p
2k

N1/2 +
1

2
logN +O(N0)

<latexit sha1_base64="i49yDPzNTE8B87ODZ9/bR5ZQEos="></latexit>

Dual predicts 

Quid bulk?

No log from the holographic dictionary:

�SdS =
1

2
logN =

1

3
log

L2

GN
+ · · · = 3 log

L

lP
+ · · ·

<latexit sha1_base64="2p/4QgJ9eO0YTfK99AqCSZWMe/8="></latexit>

[Bobev, Hong, Reys ‘22]

L2

GN
=

2
p
2k

3

⇣
N � k

24

⌘3/2
, c2 = � 1

96⇡
p
2k

⇣
N � k

24

⌘1/2

<latexit sha1_base64="LbmDsqKPhcxcvCmhkLLuIwkRI9s="></latexit>



[Bhattacharyya, Grassi, Marino, Sen ‘12] `11d quantm supergravity’

• Consider 11d Euclidean SUGRA on

• One-loop determinants generate log corrections to the free energy  

• Odd dimensions: only zero modes contribute

• Massless 11d fields: metric, gravitino and three-form

• Ghosts are important!

• Metric and gravitino have no zero mode because S4 is compact. 

• Logarithmic correction due to a p-form:

• à

�S4 ⇥ S7/Zk

<latexit sha1_base64="Fz6qtkS3wp+lXsoLLxrD9ORjAbM=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJhZKgSoWtgoWxqPQhmjRyXLe16jiR7SBVURcWfoWFAYRY+Qc2/ganzQAtR7rS0Tn36t57/IhRqSzr28gtLa+sruXXCxubW9s75u5eU4axwKSBQxaKto8kYZSThqKKkXYkCAp8Rlr+6Dr1Ww9ESBryOzWOiBugAad9ipHSkmcenta7ZegoGhAJ693KmRMgNfT95H7ijTyzaJWsKeAisTNSBBlqnvnl9EIcB4QrzJCUHduKlJsgoShmZFJwYkkihEdoQDqacqS3usn0iwk81koP9kOhiys4VX9PJCiQchz4ujO9Uc57qfif14lV/8JNKI9iRTieLerHDKoQppHAHhUEKzbWBGFB9a0QD5FAWOngCjoEe/7lRdI8L9nl0uVtuVi9yuLIgwNwBE6ADSqgCm5ADTQABo/gGbyCN+PJeDHejY9Za87IZvbBHxifP+pLl5w=</latexit>

�F =
X

j

(�1)j
�
�p�j � j � 1

�
n0
�p�j

logL/lP , �k =
D � 2k

2

<latexit sha1_base64="6DSx8ebojw0NX/zr+qdapobwxgc="></latexit>

�SdS = 3 logL/lP

<latexit sha1_base64="3Hohrgf26ecWAXzKlkskhAj1ccE=">AAACBXicbVDLSgMxFM34rPVVdamLYBFc1RktqAuhqAsXLiq1D+gMQyaTtqGZZEgyQhm6ceOvuHGhiFv/wZ1/Y9rOQlsPBA7nnMvNPUHMqNK2/W3NzS8sLi3nVvKra+sbm4Wt7YYSicSkjgUTshUgRRjlpK6pZqQVS4KigJFm0L8a+c0HIhUV/F4PYuJFqMtph2KkjeQX9txrwjSCNT8Na0N4AU+gy0QX3h4xv+oXinbJHgPOEicjRZDB5L/cUOAkIlxjhpRqO3asvRRJTTEjw7ybKBIj3Edd0jaUo4goLx1fMYQHRglhR0jzuIZj9fdEiiKlBlFgkhHSPTXtjcT/vHaiO2deSnmcaMLxZFEnYVALOKoEhlQSrNnAEIQlNX+FuIckwtoUlzclONMnz5LGcckpl87vysXKZVZHDuyCfXAIHHAKKuAGVEEdYPAInsEreLOerBfr3fqYROesbGYH/IH1+QOWQ5a6</latexit>

SdS = �2 logZABJM
S3

<latexit sha1_base64="gSXZVtcGqqpcUpc1QohOaj5GOAU="></latexit>

v



⇤

<latexit sha1_base64="+b+3N4ow+Nb5gmQAEeVagLpEz2Q=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsSULugjYVFBPOAZAl3Z2eTIbOzy8ysEEI+wsZCEVu/x86/cZJsoYkHBg7nnMvce4JUcG1c99sprK1vbG4Vt0s7u3v7B+XDo5ZOMkVZkyYiUZ0ANRNcsqbhRrBOqhjGgWDtYHQ789tPTGmeyEczTpkf40DyiFM0Vmr37m00xH654lbdOcgq8XJSgRyNfvmrFyY0i5k0VKDWXc9NjT9BZTgVbFrqZZqlSEc4YF1LJcZM+5P5ulNyZpWQRImyTxoyV39PTDDWehwHNhmjGeplbyb+53UzE135Ey7TzDBJFx9FmSAmIbPbScgVo0aMLUGquN2V0CEqpMY2VLIleMsnr5LWRdWrVa8fapX6TV5HEU7gFM7Bg0uowx00oAkURvAMr/DmpM6L8+58LKIFJ585hj9wPn8AD4WPaQ==</latexit>

de Sitter Entropy SdS: 
What does it count?

Euclidean 
AdS

Euclidean 
dual on S3

S4

<latexit sha1_base64="vNzgr0gFO6xt7ZiqAi3lBgshxzY=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokU1FvRi8eK9gPaWDbbTbt0dxN2J0Ip/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfzsrq2vrGZmGruL2zu7dfOjhs2igxjDdYJCPTDqjlUmjeQIGSt2PDqQokbwWjm8xvPXFjRaQfcBxzX9GBFqFgFDPp/rFa7JXKbsWdgSwTLydlyFHvlb66/Yglimtkklrb8dwY/Qk1KJjk02I3sTymbEQHvJNSTRW3/mR265ScpkqfhJFJSyOZqb8nJlRZO1ZB2qkoDu2il4n/eZ0Ew0t/InScINdsvihMJMGIZI+TvjCcoRynhDIj0lsJG1JDGabxZCF4iy8vk+Z5xatWru6q5dp1HkcBjuEEzsCDC6jBLdShAQyG8Ayv8OYo58V5dz7mrStOPnMEf+B8/gAPLo2d</latexit>

de Sitter 
microscopics

Quantum 
corrections

c

c

Summary: Much Ado About Nothing

SdS = �IEdS = 2IregEAdS = �2 logZABJM
S3 (N, k)

<latexit sha1_base64="AsFoJXqarwFSNTo2SM5uzR3XJr0="></latexit>



So.. what does SdS count?

• The microscopic de Sitter entropy in our proposal does not quite    
count microstates, since there is no time, and hence no Hamiltonian.

• In effect, exp (SdS) is not an integer for low (N,k)

• But, being given by a path integral,  the entropy does represent some   
sort of measure of degrees of freedom.

• What about more tangible cosmological observables?
à add sources



�⇡L/2

<latexit sha1_base64="999FCEhk53pavbbZ8R46+76CZyE=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLAbUL2lhYRDAfkhxhb7OXLNndO3b3hHDkV9hYKGLrz7Hz37hJrtDEBwOP92aYmRfEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzR1lChCGyTikWoHWFPOJG0YZjhtx4piEXDaCkY3U7/1RJVmkXww45j6Ag8kCxnBxkqPZ92YobvzSqFXLLlldwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cETdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQkv/ZTJODFUkvmiMOHIRGj6PeozRYnhY0swUczeisgQK0yMzWgagrf48jJpVspetXx1Xy3VrrM48nAEx3AKHlxADW6hDg0gIOAZXuHNUc6L8+58zFtzTjZzCH/gfP4AxL6PGQ==</latexit>

Im[⌧ ]

<latexit sha1_base64="WfvCdcdfiu9BAhb0WYeWOaASNYw=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL3qrYD8kDWWz3bRLdzdhdyOU0F/hxYMiXv053vw3btoctPXBwOO9GWbmhQln2rjut1NaWV1b3yhvVra2d3b3qvsHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbC8U3ud56o0iyWD2aS0EDgoWQRI9hY6fFO+D2D06DSr9bcujsDWiZeQWpQoNmvfvUGMUkFlYZwrLXvuYkJMqwMI5xOK71U0wSTMR5S31KJBdVBNjt4ik6sMkBRrGxJg2bq74kMC60nIrSdApuRXvRy8T/PT010GWRMJqmhkswXRSlHJkb592jAFCWGTyzBRDF7KyIjrDAxNqM8BG/x5WXSPqt75/Wr+/Na47qIowxHcAyn4MEFNOAWmtACAgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPIs6P/g==</latexit>

Re[⌧ ]

<latexit sha1_base64="DeB5FgAginMrJT1BO2cdD0vHrB8=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx6r2A9JQ9lsN+3S3U3YnQgl9Fd48aCIV3+ON/+NmzYHbX0w8Hhvhpl5YSK4Adf9dkorq2vrG+XNytb2zu5edf+gbeJUU9aisYh1NySGCa5YCzgI1k00IzIUrBOOb3K/88S04bF6gEnCAkmGikecErDS4z3ze0DSoNKv1ty6OwNeJl5BaqhAs1/96g1imkqmgApijO+5CQQZ0cCpYNNKLzUsIXRMhsy3VBHJTJDNDp7iE6sMcBRrWwrwTP09kRFpzESGtlMSGJlFLxf/8/wUossg4ypJgSk6XxSlAkOM8+/xgGtGQUwsIVRzeyumI6IJBZtRHoK3+PIyaZ/VvfP61d15rXFdxFFGR+gYnSIPXaAGukVN1EIUSfSMXtGbo50X5935mLeWnGLmEP2B8/kDJGKP/w==</latexit>

Complex saddles with sources

ILvert

<latexit sha1_base64="KUH1QEubszKhQmfZE5wABaMEZp4=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRbBVUmkoO6KbhRcVLAPaGOYTG/aoZNJmJkIJcSNv+LGhSJu/Qt3/o3TNAttPTBwOOfcuTPHjxmVyra/jYXFpeWV1dJaeX1jc2vb3NltySgRBJokYpHo+FgCoxyaiioGnVgADn0GbX90OfHbDyAkjfidGsfghnjAaUAJVlryzP1efkfqswSy9Pr+xkt1XGWZZ1bsqp3DmidOQSqoQMMzv3r9iCQhcEUYlrLr2LFyUywUJQyyci+REGMywgPoaspxCNJN8+2ZdaSVvhVEQh+urFz9PZHiUMpx6OtkiNVQznoT8T+vm6jgzE0pjxMFnEwXBQmzVGRN6rD6VABRbKwJJoLqt1pkiAUmSpdW1iU4s1+eJ62TqlOrnt/WKvWLoo4SOkCH6Bg56BTV0RVqoCYi6BE9o1f0ZjwZL8a78TGNLhjFzB76A+PzB8iNl8U=</latexit>

ILhor

<latexit sha1_base64="Gr7gaGB7LDHwhmdXimmdlklaNjw=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMSEHdFd0ouKhgH9COQybNtKGZZEgyQhlm46+4caGIWz/DnX9jOp2Fth64cDjn3tzcE8SMKu0431ZpaXllda28XtnY3NresXf32kokEpMWFkzIboAUYZSTlqaakW4sCYoCRjrB+Grqdx6JVFTwez2JiRehIachxUgbybcP+vkbacASkqU3D7d+OhIyy3y76tScHHCRuAWpggJN3/7qDwROIsI1ZkipnuvE2kuR1BQzklX6iSIxwmM0JD1DOYqI8tJ8eQaPjTKAoZCmuIa5+nsiRZFSkygwnRHSIzXvTcX/vF6iw3MvpTxONOF4tihMGNQCTtOAAyoJ1mxiCMKSmr9CPEISYW0yq5gQ3PmTF0n7tObWaxd39WrjsoijDA7BETgBLjgDDXANmqAFMMjAM3gFb9aT9WK9Wx+z1pJVzOyDP7A+fwDjvZdD</latexit>

Deformed 
sphere

Lorentzian
inflation

Complex EAdS
domain wall

[Hartle, TH ’11]

logAsp = IregasEAdS

<latexit sha1_base64="MTNWanGz+UwysVQ2MzWFfCyp+X0="></latexit>

 HH = Aspe
iS fl

<latexit sha1_base64="wntjW9gbrEF7VxYDdMlHKQ1OL6M=">AAACJHicbVDLSgMxFM34rPVVdekmWARXZUYEFRGqbrqsaFuhU4dMeqeGZh4kGaGEfIwbf8WNCx+4cOO3mD4WWj0QOJxzbnJzwowzqVz305mZnZtfWCwsFZdXVtfWSxubTZnmgkKDpjwVNyGRwFkCDcUUh5tMAIlDDq2wfzH0W/cgJEuTazXIoBOTXsIiRomyUlA68euSBbpWM/gUa390oRbQNX5M1B0lXJ+ZQMvMGAy3ml2ZcT7ipoiDUtmtuCPgv8SbkDKaoB6U3vxuSvMYEkU5kbLtuZnqaCIUoxxM0c8lZIT2SQ/aliYkBtnRo50M3rVKF0epsCdReKT+nNAklnIQhzY5XF1Oe0PxP6+dq+ioo1mS5QoSOn4oyjlWKR42hrtMAFV8YAmhgtldMb0jglBley3aErzpL/8lzf2Kd1A5vjwoV88ndRTQNtpBe8hDh6iKaqiOGoiiB/SEXtCr8+g8O+/Oxzg640xmttAvOF/fDHmlsg==</latexit>

(h,�)

<latexit sha1_base64="Q9W/YuhD/7+JVZo+4X/3ZvZCd4o=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJUkLIrBfVW9OKxgv2QdinZNNsNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBQln2rjut7Oyura+sVnYKm7v7O7tlw4OWzpOFaFNEvNYdQKsKWeSNg0znHYSRbEIOG0Ho9up336iSrNYPphxQn2Bh5KFjGBjpcdKdN5LInaG+qWyW3VnQMvEy0kZcjT6pa/eICapoNIQjrXuem5i/Awrwwink2Iv1TTBZISHtGupxIJqP5sdPEGnVhmgMFa2pEEz9fdEhoXWYxHYToFNpBe9qfif101NeOVnTCapoZLMF4UpRyZG0+/RgClKDB9bgoli9lZEIqwwMTajog3BW3x5mbQuql6ten1fK9dv8jgKcAwnUAEPLqEOd9CAJhAQ8Ayv8OYo58V5dz7mrStOPnMEf+B8/gBkQ4+C</latexit>



Complex saddles with sources [Hartle, TH ’11]

 HH = Aspe
iS fl

<latexit sha1_base64="wntjW9gbrEF7VxYDdMlHKQ1OL6M=">AAACJHicbVDLSgMxFM34rPVVdekmWARXZUYEFRGqbrqsaFuhU4dMeqeGZh4kGaGEfIwbf8WNCx+4cOO3mD4WWj0QOJxzbnJzwowzqVz305mZnZtfWCwsFZdXVtfWSxubTZnmgkKDpjwVNyGRwFkCDcUUh5tMAIlDDq2wfzH0W/cgJEuTazXIoBOTXsIiRomyUlA68euSBbpWM/gUa390oRbQNX5M1B0lXJ+ZQMvMGAy3ml2ZcT7ipoiDUtmtuCPgv8SbkDKaoB6U3vxuSvMYEkU5kbLtuZnqaCIUoxxM0c8lZIT2SQ/aliYkBtnRo50M3rVKF0epsCdReKT+nNAklnIQhzY5XF1Oe0PxP6+dq+ioo1mS5QoSOn4oyjlWKR42hrtMAFV8YAmhgtldMb0jglBley3aErzpL/8lzf2Kd1A5vjwoV88ndRTQNtpBe8hDh6iKaqiOGoiiB/SEXtCr8+g8O+/Oxzg640xmttAvOF/fDHmlsg==</latexit>

logAsp = IregasEAdS

<latexit sha1_base64="MTNWanGz+UwysVQ2MzWFfCyp+X0="></latexit>

(h,�)

<latexit sha1_base64="Q9W/YuhD/7+JVZo+4X/3ZvZCd4o=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJUkLIrBfVW9OKxgv2QdinZNNsNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBQln2rjut7Oyura+sVnYKm7v7O7tlw4OWzpOFaFNEvNYdQKsKWeSNg0znHYSRbEIOG0Ho9up336iSrNYPphxQn2Bh5KFjGBjpcdKdN5LInaG+qWyW3VnQMvEy0kZcjT6pa/eICapoNIQjrXuem5i/Awrwwink2Iv1TTBZISHtGupxIJqP5sdPEGnVhmgMFa2pEEz9fdEhoXWYxHYToFNpBe9qfif101NeOVnTCapoZLMF4UpRyZG0+/RgClKDB9bgoli9lZEIqwwMTajog3BW3x5mbQuql6ten1fK9dv8jgKcAwnUAEPLqEOd9CAJhAQ8Ayv8OYo58V5dz7mrStOPnMEf+B8/gBkQ4+C</latexit>



Quantum cosmology on the (deformed) sphere?

• Entropy of inflationary universes

• Integrated 2-pt functions

• …

(h,�)

<latexit sha1_base64="Q9W/YuhD/7+JVZo+4X/3ZvZCd4o=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJUkLIrBfVW9OKxgv2QdinZNNsNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBQln2rjut7Oyura+sVnYKm7v7O7tlw4OWzpOFaFNEvNYdQKsKWeSNg0znHYSRbEIOG0Ho9up336iSrNYPphxQn2Bh5KFjGBjpcdKdN5LInaG+qWyW3VnQMvEy0kZcjT6pa/eICapoNIQjrXuem5i/Awrwwink2Iv1TTBZISHtGupxIJqP5sdPEGnVhmgMFa2pEEz9fdEhoXWYxHYToFNpBe9qfif101NeOVnTCapoZLMF4UpRyZG0+/RgClKDB9bgoli9lZEIqwwMTajog3BW3x5mbQuql6ten1fK9dv8jgKcAwnUAEPLqEOd9CAJhAQ8Ayv8OYo58V5dz7mrStOPnMEf+B8/gBkQ4+C</latexit>

?

Z
 ⇤

O 

<latexit sha1_base64="7y1VZduWHWlpjLZL4zEm126bJeE=">AAACBXicbVDLSsNAFL3xWesr6lIXg0UQFyWRgrorunFnBfuAJpbJdNIOnTyYmQgldOPGX3HjQhG3/oM7/8ZJmoW2Hhg4nHMvc+7xYs6ksqxvY2FxaXlltbRWXt/Y3No2d3ZbMkoEoU0S8Uh0PCwpZyFtKqY47cSC4sDjtO2NrjK//UCFZFF4p8YxdQM8CJnPCFZa6pkHDgsVchqS3Z8gJ8BqSDBPbya51DMrVtXKgeaJXZAKFGj0zC+nH5EkoKEiHEvZta1YuSkWihFOJ2UnkTTGZIQHtKtpiAMq3TS/YoKOtNJHfiT005ly9fdGigMpx4GnJ7OcctbLxP+8bqL8czdlYZwoGpLpR37CkYpQVgnqM0GJ4mNNMBFMZ0VkiAUmShdX1iXYsyfPk9Zp1a5VL25rlfplUUcJ9uEQjsGGM6jDNTSgCQQe4Rle4c14Ml6Md+NjOrpgFDt78AfG5w9ujZfr</latexit>

Observables ~

(h̃, �̃)

<latexit sha1_base64="ZYC5NKM0v80S0NqDjewUfpWACEQ=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDRaggJZGCuiu6cVnBXqAJZTKZNEMnF2YmQgnd+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfO76WcSWVZ30ZpZXVtfaO8Wdna3tndM/cPOjLJBKFtkvBE9DwsKWcxbSumOO2lguLI47TrjW6n9e4jFZIl8YMap9SN8DBmASNYaWtgHtUcxbhPUXhegJOG7AwNzKpVt2ZCy2AXUIVCrYH55fgJySIaK8KxlH3bSpWbY6EY4XRScTJJU0xGeEj7GmMcUenmswMm6FQ7PgoSoV+s0Mz9PZHjSMpx5OnOCKtQLtam5n+1fqaCKzdncZopGpP5oiDjSCVomgbymaBE8bEGTATTf0UkxAITpTOr6BDsxZOXoXNRtxv16/tGtXlTxFGGYziBGthwCU24gxa0gcAEnuEV3own48V4Nz7mrSWjmDmEPzI+fwDu6JVb</latexit>

[McFadden, Skenderis; Pimentel;..]



[Bobev, Hong, Reys; Nosaka; Hatsuda; Hristov,…]

Dual example: mass-deformed ABJM on squashed S3



Dual example: mass-deformed ABJM on squashed S3
[Freedman, Pufu]

• @2FS3 ! h⇣(x)⇣(x0)i

<latexit sha1_base64="EfQE+bdIXGYPL5LUqnT8CVHk1wk="></latexit>

Possibly:

• ZS3(N, k,�) !  HH(h,�) ! entropy

<latexit sha1_base64="EyjZQOPRwEcGrY3FCBoDtHQVsw0="></latexit>


