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Schwarzschild AdS4
<latexit sha1_base64="ZE87tuM5RbhXj11S7Ek6rmMA2XU="></latexit>
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<latexit sha1_base64="YcyowSNlJnf4SVsJBml/ftQOIe8=">AAACHnicbZDLSsNAFIYn9VbrLerSzWARWsSSlHrZCKVuXFawF2hqmUwn7dDJJMxMhBLyJG58FTcuFBFc6ds4abPQ6g8DP985hzPnd0NGpbKsLyO3tLyyupZfL2xsbm3vmLt7bRlEApMWDlggui6ShFFOWooqRrqhIMh3Gem4k6u03rknQtKA36ppSPo+GnHqUYyURgPz1CuJMryE9gl0PIFwXIV+EosEHkOnQUeljIokdghjScrKd9WBWbQq1kzwr7EzUwSZmgPzwxkGOPIJV5ghKXu2Fap+jISimJGk4ESShAhP0Ij0tOXIJ7Ifz85L4JEmQ+gFQj+u4Iz+nIiRL+XUd3Wnj9RYLtZS+F+tFynvoh9THkaKcDxf5EUMqgCmWcEhFQQrNtUGYUH1XyEeI52H0okWdAj24sl/Tbtasc8qtZtasd7I4siDA3AISsAG56AOrkETtAAGD+AJvIBX49F4Nt6M93lrzshm9sEvGZ/fXRygPg==</latexit>
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with lapse function (GN = 1):

and

Large black holes are 
thermodynamically stable for 

Head-on collision in AdS
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{ <latexit sha1_base64="PBSMAiQApRJd2nsCFacnr/i7i50=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAInsKuBPUY9JJjBPOAbAizk04yZPbhTK8YlnjxV7x4UMSrf+HNv3GS7EETCxqKqm66u/xYCo2O820tLa+srq3nNvKbW9s7u/befl1HieJQ45GMVNNnGqQIoYYCJTRjBSzwJTT84fXEb9yD0iIKb3EUQztg/VD0BGdopI59qDqph/CAKqCVMfX6cEc9kJJ27IJTdKagi8TNSIFkqHbsL68b8SSAELlkWrdcJ8Z2yhQKLmGc9xINMeND1oeWoSELQLfT6QdjemKULu1FylSIdKr+nkhZoPUo8E1nwHCg572J+J/XSrB32U5FGCcIIZ8t6iWSYkQncdCuUMBRjgxhXAlzK+UDphhHE1rehODOv7xI6mdF97xYuikVyldZHDlyRI7JKXHJBSmTCqmSGuHkkTyTV/JmPVkv1rv1MWtdsrKZA/IH1ucPslSWZw==</latexit>

rH � `
<latexit sha1_base64="wwMf/Y8RjzutZK52mMn382Pt1tM="></latexit>

T =
1

4⇡

⇣ 1

rH
+

3rH
`2

⌘

<latexit sha1_base64="d7FcV5DtyhcarKuF2r35Eoyc3bc=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJWkFHUjFN10WdE+oIlhMp22QycPZm7EErLxV9y4UMStn+HOv3HaZqGtBy4czrmXe+/xY8EVWNa3sbS8srq2Xtgobm5t7+yae/stFSWSsiaNRCQ7PlFM8JA1gYNgnVgyEviCtf3R9cRvPzCpeBTewThmbkAGIe9zSkBLnnl4iy+xE3MsvdQB9ggywPXsvuKZJatsTYEXiZ2TEsrR8MwvpxfRJGAhUEGU6tpWDG5KJHAqWFZ0EsViQkdkwLqahiRgyk2nD2T4RCs93I+krhDwVP09kZJAqXHg686AwFDNexPxP6+bQP/CTXkYJ8BCOlvUTwSGCE/SwD0uGQUx1oRQyfWtmA6JJBR0ZkUdgj3/8iJpVcr2Wbl6Uy3VrvI4CugIHaNTZKNzVEN11EBNRFGGntErejOejBfj3fiYtS4Z+cwB+gPj8wclZZWA</latexit>

S = ⇡r2
H

<latexit sha1_base64="H6l431RwGvPECJXiJ/ilKGlvJhk=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgETyWRoh6LXjxW6Bc0oWy2k3bpZhN3N0IJBS/+FS8eFPHqn/Dmv3Hb5qCtDwYe780wMy9IOFPacb6twsrq2vpGcbO0tb2zu2fvH7RUnEoKTRrzWHYCooAzAU3NNIdOIoFEAYd2MLqZ+u0HkIrFoqHHCfgRGQgWMkq0kXr2UQN7A7jHXigJzdxJ5gHn2EvYBPfsslNxZsDLxM1JGeWo9+wvrx/TNAKhKSdKdV0n0X5GpGaUw6TkpQoSQkdkAF1DBYlA+dnshwk+NUofh7E0JTSeqb8nMhIpNY4C0xkRPVSL3lT8z+umOrzyMyaSVIOg80VhyrGO8TQQ3GcSqOZjQwiVzNyK6ZCYNLSJrWRCcBdfXiat84p7UaneVcu16zyOIjpGJ+gMuegS1dAtqqMmougRPaNX9GY9WS/Wu/Uxby1Y+cwh+gPr8wff2JcM</latexit>

T � 1
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Rényi entropy in the canonical ensemble
<latexit sha1_base64="lJkvpBr8Ij/S9MbPvfAS0KGcHkM=">AAACG3icbVA9SwNBEN3zM8avqKXNYhBiYbgLojaCaJNSwaiYS8LeZi5ZsvfB7pwYjvsfNv4VGwtFrAQL/42bM4VGHww83pthZp4XS6HRtj+tqemZ2bn5wkJxcWl5ZbW0tn6po0RxaPBIRuraYxqkCKGBAiVcxwpY4Em48ganI//qFpQWUXiBwxhaAeuFwhecoZE6pZqr+hE9oq6vGE+hne5S1wNktJ5l6U07dRHuUAWU8qySGztZp1S2q3YO+pc4Y1ImY5x1Su9uN+JJACFyybRuOnaMrZQpFFxCVnQTDTHjA9aDpqEhC0C30vy3jG4bpUv9SJkKkebqz4mUBVoPA890Bgz7etIbif95zQT9w1YqwjhBCPn3Ij+RFCM6Cop2hQKOcmgI40qYWynvM5MSmjiLJgRn8uW/5LJWdfare+d75eOTcRwFskm2SIU45IAckzo5Iw3CyT15JM/kxXqwnqxX6+27dcoaz2yQX7A+vgDdAKC2</latexit>

⇢ =
e��H

Zc(�)
For a thermal density matrix

in the canonical ensemble

ATT! For a given b, this holds up to               to remain above the Hawking-Page transition 
of the replica manifold.

<latexit sha1_base64="YcghToBQWf+UmU/LUrKPMl9OPoE=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lKUS9C0YvHCvYD2lA22027dLMJu5tCCfknXjwo4tV/4s1/4zbNQVsfDDzem2Fmnh9zprTjfFuljc2t7Z3ybmVv/+DwyD4+6agokYS2ScQj2fOxopwJ2tZMc9qLJcWhz2nXn94v/O6MSsUi8aTnMfVCPBYsYARrIw1tW6BbNAgkJqmbpXU/G9pVp+bkQOvELUgVCrSG9tdgFJEkpEITjpXqu06svRRLzQinWWWQKBpjMsVj2jdU4JAqL80vz9CFUUYoiKQpoVGu/p5IcajUPPRNZ4j1RK16C/E/r5/o4MZLmYgTTQVZLgoSjnSEFjGgEZOUaD43BBPJzK2ITLCJQZuwKiYEd/XlddKp19yrWuOxUW3eFXGU4QzO4RJcuIYmPEAL2kBgBs/wCm9War1Y79bHsrVkFTOn8AfW5w92ypLs</latexit>
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<latexit sha1_base64="MSvin+cSk3v0Vmo9f9DL0KMHfp8="></latexit>
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<latexit sha1_base64="YDaayJgszk7EPuE8UV03bV5L6Dg="></latexit>
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<latexit sha1_base64="SpZ6Rf1vYEsmyZd4Tdbqnph1kno=">AAACCnicbVBNS8NAEN34WetX1KOX1SJ4Kkkp6rHoxWMF+wFNKJvtpF262cTdTaGEnr34V7x4UMSrv8Cb/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2VlbX1jc2C1vF7Z3dvX374LCp4lRSaNCYx7IdEAWcCWhopjm0EwkkCji0guHN1G+NQCoWi3s9TsCPSF+wkFGijdS1TwLswUPKRtgLJaGZF4Amk6yCvYQZh/NJ1y45ZWcGvEzcnJRQjnrX/vJ6MU0jEJpyolTHdRLtZ0RqRjlMil6qICF0SPrQMVSQCJSfzV6Z4DOj9HAYS1NC45n6eyIjkVLjKDCdEdEDtehNxf+8TqrDKz9jIkk1CDpfFKYc6xhPc8E9JoFqPjaEUMnMrZgOiIlEm/SKJgR38eVl0qyU3Yty9a5aql3ncRTQMTpF58hFl6iGblEdNRBFj+gZvaI368l6sd6tj3nripXPHKE/sD5/AK7RmkY=</latexit>
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<latexit sha1_base64="+HSL+WvruLa0hagbjnJEMuuTsww="></latexit>
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<latexit sha1_base64="Wa+xALNug40G1LwjNroGxy7AOXA=">AAACJHicbVDJSgNBFOxxjXGLevTSGAQ9GGZEVPASFMRjBBPFTAw9nTexsWex+00wDPMxXvwVLx5c8ODFb7GTzMGtoKGoesXrV14shUbb/rDGxicmp6YLM8XZufmFxdLSckNHieJQ55GM1IXHNEgRQh0FSriIFbDAk3Du3RwN/PMeKC2i8Az7MbQC1g2FLzhDI7VLB8cbrgfINqkLt4no0S3q+orx1MnSoZFRV0ZdenmVugh3qALKszzSLpXtij0E/UucnJRJjlq79Op2Ip4EECKXTOumY8fYSplCwSVkRTfREDN+w7rQNDRkAehWOjwyo+tG6VA/UuaFSIfq90TKAq37gWcmA4bX+rc3EP/zmgn6+61UhHGCEPLRIj+RFCM6aIx2hAKOsm8I40qYv1J+zUxHaHotmhKc3yf/JY3tirNb2TndKVcP8zoKZJWskQ3ikD1SJSekRuqEk3vySJ7Ji/VgPVlv1vtodMzKMyvkB6zPL1c6pA8=</latexit>
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�
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<latexit sha1_base64="knCanK4BP+kmzxUCYQwOy7+02+Y=">AAACHXicbZBNS8MwGMdTX+d8q3r0EhzCvIx2DPUiDAXxONG9wFpHmqVbWJqWJBVG2Rfx4lfx4kERD17Eb2PaFdTNBwI//v/nSfL8vYhRqSzry1hYXFpeWS2sFdc3Nre2zZ3dlgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS90UXqt++JkDTkt2ocETdAA059ipHSUs+s3ZQdjyh0BM9gBndV6PgC4cSJkFAUMXg5+eGsZdIzS1bFygrOg51DCeTV6JkfTj/EcUC4wgxJ2bWtSLlJeilmZFJ0YkkihEdoQLoaOQqIdJNsuwk81Eof+qHQhyuYqb8nEhRIOQ483RkgNZSzXir+53Vj5Z+6CeVRrAjH04f8mEEVwjQq2KeCYMXGGhAWVP8V4iHS2SgdaFGHYM+uPA+tasU+rtSua6X6eR5HAeyDA1AGNjgBdXAFGqAJMHgAT+AFvBqPxrPxZrxPWxeMfGYP/Cnj8xs4vaF1</latexit>
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1. Bounds on the final mass

Lower bound on final mass

stronger bounds

n    0

second law

<latexit sha1_base64="KeImCf4BD8Wx1JGlF8lKk7Xo8BM=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXoRil48VnDbQruUbJptQ5PskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UNja3tneKu6W9/YPDo/LxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzN/c4TVZrF8tFMExoIPJIsYgQbK/kC3aDaoFxxq+4CaJ14OalAjtag/NUfxiQVVBrCsdY9z01MkGFlGOF0VuqnmiaYTPCI9iyVWFAdZItjZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VITXQcZk0lqqCTLRVHKkYnR/HM0ZIoSw6eWYKKYvRWRMVaYGJtPyYbgrb68Ttq1qteo1h/qleZtHkcRzuAcLsGDK2jCPbTABwIMnuEV3hzpvDjvzseyteDkM6fwB87nD3gfjdE=</latexit>

m = 2

<latexit sha1_base64="rgOdE2vyDOZnrNxdpp9PTChkumA=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9nVUr0IRS8eK7htoV1KNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVBHqk5jHqhNiTTmT1DfMcNpJFMUi5LQdju9mfvuJKs1i+WgmCQ0EHkoWMYKNlXyBbtBlv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8SloXVa9erT3UKo3bPI4inMApnIMHV9CAe2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3mjjdI=</latexit>

m = 3

<latexit sha1_base64="m8DUsb8MnXaN5+P1dReFmernWLk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqBeh6MVjBdMW2lA22027dHcTdjdCCP0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphwpo3rfjultfWNza3ydmVnd2//oHp41NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3czv/NElWaxfDRZQgOBR5JFjGBjJV+gG9QYVGtu3Z0DrRKvIDUo0BpUv/rDmKSCSkM41rrnuYkJcqwMI5xOK/1U0wSTCR7RnqUSC6qDfH7sFJ1ZZYiiWNmSBs3V3xM5FlpnIrSdApuxXvZm4n9eLzXRdZAzmaSGSrJYFKUcmRjNPkdDpigxPLMEE8XsrYiMscLE2HwqNgRv+eVV0r6oe5f1xkOj1rwt4ijDCZzCOXhwBU24hxb4QIDBM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AXsnjdM=</latexit>

m = 4

<latexit sha1_base64="EcZIqZeaVwjgXh8KkxRXa1WCHzE=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVVr0IRS8eK7htoV1KNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVBHqk5jHqhNiTTmT1DfMcNpJFMUi5LQdju9mfvuJKs1i+WgmCQ0EHkoWMYKNlXyBblC9X664VXcOtEq8nFQgR7Nf/uoNYpIKKg3hWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvmxU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJroOMySQ1VJLFoijlyMRo9jkaMEWJ4RNLMFHM3orICCtMjM2nZEPwll9eJa2LqndZrT3UKo3bPI4inMApnIMHV9CAe2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3yrjdQ=</latexit>

m = 5

<latexit sha1_base64="Bl2scJHptNJfezAm+y0RhaMb1C4=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJexKUC9C0IvHCOaByRJmJ73JkNnZZWZWCCF/4cWDIl79G2/+jZNkD5pY0FBUddPdFSSCa+O6387K6tr6xmZuK7+9s7u3Xzg4bOg4VQzrLBaxagVUo+AS64Ybga1EIY0Cgc1geDv1m0+oNI/lgxkl6Ee0L3nIGTVWeix1UAhyTbyzbqHolt0ZyDLxMlKEDLVu4avTi1kaoTRMUK3bnpsYf0yV4UzgJN9JNSaUDWkf25ZKGqH2x7OLJ+TUKj0SxsqWNGSm/p4Y00jrURTYzoiagV70puJ/Xjs14ZU/5jJJDUo2XxSmgpiYTN8nPa6QGTGyhDLF7a2EDaiizNiQ8jYEb/HlZdI4L3sX5cp9pVi9yeLIwTGcQAk8uIQq3EEN6sBAwjO8wpujnRfn3fmYt6442cwR/IHz+QN7lY9/</latexit>

(` = 1) Ratio of lower bounds

largest correction to the second law 
for smaller black holes 

<latexit sha1_base64="Bl2scJHptNJfezAm+y0RhaMb1C4=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJexKUC9C0IvHCOaByRJmJ73JkNnZZWZWCCF/4cWDIl79G2/+jZNkD5pY0FBUddPdFSSCa+O6387K6tr6xmZuK7+9s7u3Xzg4bOg4VQzrLBaxagVUo+AS64Ybga1EIY0Cgc1geDv1m0+oNI/lgxkl6Ee0L3nIGTVWeix1UAhyTbyzbqHolt0ZyDLxMlKEDLVu4avTi1kaoTRMUK3bnpsYf0yV4UzgJN9JNSaUDWkf25ZKGqH2x7OLJ+TUKj0SxsqWNGSm/p4Y00jrURTYzoiagV70puJ/Xjs14ZU/5jJJDUo2XxSmgpiYTN8nPa6QGTGyhDLF7a2EDaiizNiQ8jYEb/HlZdI4L3sX5cp9pVi9yeLIwTGcQAk8uIQq3EEN6sBAwjO8wpujnRfn3fmYt6442cwR/IHz+QN7lY9/</latexit>

(` = 1)

Rényi laws
<latexit sha1_base64="UDQFV5OvVoG9v4YScSsUmceNKjs=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEdlNmSlGXRTduhIr2Ae0wZNJMG5pkxiQjlKHgr7hxoYhbv8Odf2PazkJbD1w4Oedecu8JYkaVdpxvK7eyura+kd8sbG3v7O7Z+wctFSUSkyaOWCQ7AVKEUUGammpGOrEkiAeMtIPR1dRvPxKpaCTu9TgmHkcDQUOKkTaSbx/d+QKWbsqwNyAPsArNs8TLvl10Ks4McJm4GSmCDA3f/ur1I5xwIjRmSKmu68TaS5HUFDMyKfQSRWKER2hAuoYKxIny0tn6E3hqlD4MI2lKaDhTf0+kiCs15oHp5EgP1aI3Ff/zuokOL7yUijjRROD5R2HCoI7gNAvYp5JgzcaGICyp2RXiIZIIa5NYwYTgLp68TFrVintWqd3WivXLLI48OAYnoARccA7q4Bo0QBNgkIJn8ArerCfrxXq3PuatOSubOQR/YH3+AL0Ak20=</latexit>

Sn(M) � 2Sn(m)For initial conditions
<latexit sha1_base64="yrVwrex5RXwg8AsWcf+sFsMHUm4=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXEVCVVBYwVLIxFog+piSLHdVqrjh3ZDqKKurPwKywMIMTKD7DxNzhtBmg5kqVzz7lX1/eECaNKO863VVpb39jcKm9Xdnb39g/sw6OuEqnEpIMFE7IfIkUY5aSjqWakn0iC4pCRXji5zv3ePZGKCn6npwnxYzTiNKIYaSMFdtWTYwE9lCRSPMC8CFzoCU1johZlI7BrTt2ZA64StyA1UKAd2F/eUOA0JlxjhpQauE6i/QxJTTEjs4qXKpIgPEEjMjCUI7PLz+a3zOCpUYYwEtI8ruFc/T2RoVipaRyazhjpsVr2cvE/b5Dq6NLPKE9STTheLIpSBrWAeTBwSCXBmk0NQVhS81eIx0girE18FROCu3zyKuk26u55vXnbrLWuijjK4ARUwRlwwQVogRvQBh2AwSN4Bq/gzXqyXqx362PRWrKKmWPwB9bnDyLfmns=</latexit>
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<latexit sha1_base64="9oS0oKaGldBl7y+wtxFbvC9BLh8=">AAAB/nicbVDLSgNBEJyNrxhfUfHkZTAInsKuBPUiBL3kGME8IFmW2UknGTL7YKZXDEvAX/HiQRGvfoc3/8ZJsgdNLGgoqrrp7vJjKTTa9reVW1ldW9/Ibxa2tnd294r7B00dJYpDg0cyUm2faZAihAYKlNCOFbDAl9DyR7dTv/UASosovMdxDG7ABqHoC87QSF7xSHlpF+ERVUBrE3pNuyAl9Yolu2zPQJeJk5ESyVD3il/dXsSTAELkkmndcewY3ZQpFFzCpNBNNMSMj9gAOoaGLADtprPzJ/TUKD3aj5SpEOlM/T2RskDrceCbzoDhUC96U/E/r5Ng/8pNRRgnCCGfL+onkmJEp1nQnlDAUY4NYVwJcyvlQ6YYR5NYwYTgLL68TJrnZeeiXLmrlKo3WRx5ckxOyBlxyCWpkhqpkwbhJCXP5JW8WU/Wi/Vufcxbc1Y2c0j+wPr8ARjdlO0=</latexit>

rH = `

<latexit sha1_base64="mRPqroY4bda+0p2UaHL6O7enUbo=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVUr0IRS8eK7ptoV1KNs22oUl2SbJCWfoTvHhQxKu/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVBHqk5jHqhNiTTmT1DfMcNpJFMUi5LQdjm9nfvuJKs1i+WgmCQ0EHkoWMYKNlR7Edb1frrhVdw60SrycVCBHs1/+6g1ikgoqDeFY667nJibIsDKMcDot9VJNE0zGeEi7lkosqA6y+alTdGaVAYpiZUsaNFd/T2RYaD0Roe0U2Iz0sjcT//O6qYmugozJJDVUksWiKOXIxGj2NxowRYnhE0swUczeisgIK0yMTadkQ/CWX14lrYuqV6/W7muVxk0eRxFO4BTOwYNLaMAdNMEHAkN4hld4c7jz4rw7H4vWgpPPHMMfOJ8/0beNgQ==</latexit>

m = 6

0.5 1.0 1.5 2.0 n

5

10

15

Mf
<latexit sha1_base64="ASjT2Yz2xOq/AqQ2C1DRg1v6y+8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6f7jNo=</latexit>

M



2. Bounds on gravitational radiation
Efficiency with which the total energy  can be converted into gravitational radiation E

Efficiency upper bounds
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Near-extremal mergers in AdS4

near extremal

BPS

or charge, of the form [58, 59, 64–66]

Zc(ω → 1, J) ↑ ω→3/2eScl , (4.11)

with Scl being the classical zero temperature black hole entropy. The corresponding entropy
for the near-extremal solution takes the complete form [65, 66]

Sne(ω → 1, J) = Scl + a0 logScl + 4ε2ωq
ω

+
3

2
log

ωq
ω

+O(ω→2) . (4.12)

Here a0 is the numerical coe!cient of the logarithmic corrections in the entropy arising from
the one-loop determinant of gravitons around the semiclassical black hole saddle [65, 66],
but its precise value is not relevant for our discussion. ωq denotes an emergent IR scale that
in Kerr-AdS4 is directly related the curvature scale of the near-horizon AdS2 factor [65].
We have indicated the near-extremal regime as ω → 1. More precisely, the expression above
is valid in a regime where ω > ωq, but having ω < ωq e2Scl/3 for the one-loop computation
to be reliable.

Substituting eq. (4.12) into eqs. (3.2) and (3.5) to evaluate Rényi entropies, we obtain
in the near-extremal regime

Sc
n(ω → 1, J) = Scl + a0 logScl +

3

2
log

ωq
ω

↓
3

2

(
1 +

log n

1↓ n

)
+O(ω→1)

↑ Sne(ω → 1, J)↓
3

2

(
1 +

log n

1↓ n

)
. (4.13)

In this case, the zero temperature degeneracy of the Rényi entropies of section 4.1.1 is lifted
by an n-dependent but temperature independent term.11 Notice however, that contrary to
the extremal case, here the entropy Sne(ω → 1, J) also has a nontrivial ω dependence.

For a black hole merger process where two oppositely spinning near-extremal Kerr-
AdS4 black holes collide to form a Schwarzschild AdS4 black hole, the Rényi second laws
require

Sc
n(ωf ) ↔ 2Sc

n(ω → 1, J) . (4.14)

These impose an upper bound on the inverse temperature for the final black hole shown in
figure 7. The qualitative behaviour is similar to the one observed for the extremal case in
the previous section (see figure 5), with the most stringent bound coming from the largest
allowed value of n.

In producing figure 7, we considered near-extremal black holes with 3
2 log

ω

ωq
= ϑScl

for some ϑ < 1, so as to be within the range of validity of eq. (4.12). This choice gives
Sne(ω → 1, J) ↑ (1↓ ϑ)Scl + a0 logScl in eq. (4.13), and lends itself to a direct comparison
with the bounds for the supersymmetric extremal case with matching entropy, i.e., with
S(ω ↗ ↘, J) on the right hand side of eq. (4.6) matching Sne(ω → 1, J). This isolates the
e"ect of the 3

2

(
1 + logn

1→n

)
term in eq. (4.13). Given that the most stringent bound comes

from the largest allowed value of n, one sees in figure 7 that its e"ect is to slightly relax the
constraint as compared to the supersymmetric case.

11We note that as desired this extra term vanishes in the limit n → 1.

– 23 –

emergent IR scale

[Rakic, Rangamani, Turiaci 2024] 
[Kapec, Sheta, Strominger, Toldo 2024] 

or charge, of the form [58, 59, 64–66]

Zc(ω → 1, J) ↑ ω→3/2eScl , (4.11)

with Scl being the classical zero temperature black hole entropy. The corresponding entropy
for the near-extremal solution takes the complete form [65, 66]

Sne(ω → 1, J) = Scl + a0 logScl + 4ε2ωq
ω

+
3

2
log

ωq
ω

+O(ω→2) . (4.12)

Here a0 is the numerical coe!cient of the logarithmic corrections in the entropy arising from
the one-loop determinant of gravitons around the semiclassical black hole saddle [65, 66],
but its precise value is not relevant for our discussion. ωq denotes an emergent IR scale that
in Kerr-AdS4 is directly related the curvature scale of the near-horizon AdS2 factor [65].
We have indicated the near-extremal regime as ω → 1. More precisely, the expression above
is valid in a regime where ω > ωq, but having ω < ωq e2Scl/3 for the one-loop computation
to be reliable.

Substituting eq. (4.12) into eqs. (3.2) and (3.5) to evaluate Rényi entropies, we obtain
in the near-extremal regime

Sc
n(ω → 1, J) = Scl + a0 logScl +

3

2
log

ωq
ω

↓
3

2

(
1 +

log n

1↓ n

)
+O(ω→1)

↑ Sne(ω → 1, J)↓
3

2

(
1 +

log n

1↓ n

)
. (4.13)

In this case, the zero temperature degeneracy of the Rényi entropies of section 4.1.1 is lifted
by an n-dependent but temperature independent term.11 Notice however, that contrary to
the extremal case, here the entropy Sne(ω → 1, J) also has a nontrivial ω dependence.

For a black hole merger process where two oppositely spinning near-extremal Kerr-
AdS4 black holes collide to form a Schwarzschild AdS4 black hole, the Rényi second laws
require

Sc
n(ωf ) ↔ 2Sc

n(ω → 1, J) . (4.14)

These impose an upper bound on the inverse temperature for the final black hole shown in
figure 7. The qualitative behaviour is similar to the one observed for the extremal case in
the previous section (see figure 5), with the most stringent bound coming from the largest
allowed value of n.

In producing figure 7, we considered near-extremal black holes with 3
2 log

ω

ωq
= ϑScl

for some ϑ < 1, so as to be within the range of validity of eq. (4.12). This choice gives
Sne(ω → 1, J) ↑ (1↓ ϑ)Scl + a0 logScl in eq. (4.13), and lends itself to a direct comparison
with the bounds for the supersymmetric extremal case with matching entropy, i.e., with
S(ω ↗ ↘, J) on the right hand side of eq. (4.6) matching Sne(ω → 1, J). This isolates the
e"ect of the 3

2

(
1 + logn

1→n

)
term in eq. (4.13). Given that the most stringent bound comes

from the largest allowed value of n, one sees in figure 7 that its e"ect is to slightly relax the
constraint as compared to the supersymmetric case.

11We note that as desired this extra term vanishes in the limit n → 1.
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<latexit sha1_base64="i7JmbzuV9geQ8fO9pmKou42LL08=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUoiRV0W3YirivYBTQiT6SQdOpmEmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee/yEUaks69sorayurW+UNytb2zu7e+b+QVfGqcCkg2MWi76PJGGUk46iipF+IgiKfEZ6/vh66vceiZA05g8qS4gboZDTgGKktOSZ1XuP1x2fKASdMIT2Kbw98cya1bBmgMvELkgNFGh75pczjHEaEa4wQ1IObCtRbo6EopiRScVJJUkQHqOQDDTlKCLSzWfHT+CxVoYwiIUuruBM/T2Ro0jKLPJ1Z4TUSC56U/E/b5Cq4NLNKU9SRTieLwpSBlUMp0nAIRUEK5ZpgrCg+laIR0ggrHReFR2CvfjyMumeNezzRvOuWWtdFXGUwSE4AnVggwvQAjegDToAgww8g1fwZjwZL8a78TFvLRnFTBX8gfH5A/tNkww=</latexit>

Sn(ω → 1, J)

The n-dependence slightly relaxes 
the constraint as compared to the 
supersymmetric case

One-loop corrections give:

<latexit sha1_base64="PScTLc8yjxhKHuxu9Sp5JZUwXNY=">AAACDnicbZDLSgMxFIYzXmu9jbp0EyyFFqTMlKIui27EVUV7gU4pmfS0Dc1kxiQjlKFP4MZXceNCEbeu3fk2phdEW38I/HznHE7O70ecKe04X9bS8srq2npqI725tb2za+/t11QYSwpVGvJQNnyigDMBVc00h0YkgQQ+h7o/uBjX6/cgFQvFrR5G0ApIT7Auo0Qb1LazN22R83zQJI+9HtzhIv4hBvSwe4yv8m074xScifCicWcmg2aqtO1PrxPSOAChKSdKNV0n0q2ESM0oh1HaixVEhA5ID5rGChKAaiWTc0Y4a0gHd0NpntB4Qn9PJCRQahj4pjMguq/ma2P4X60Z6+5ZK2EiijUIOl3UjTnWIR5ngztMAtV8aAyhkpm/YtonklBtEkybENz5kxdNrVhwTwql61KmfD6LI4UO0RHKIRedojK6RBVURRQ9oCf0gl6tR+vZerPep61L1mzmAP2R9fENq4qZVA==</latexit>

Sn(ω) → 2Sn(ω ↑ 1, J)

Upper bounds on final 
inverse temperature

Rényi laws optimal bound
<latexit sha1_base64="fFx7cQFK5AGUwDr5BE7kjUxlFIQ=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KUol6EohePFewHtKFstpt26WYTdjdKifkpXjwo4tVf4s1/47bNQVsfDDzem2Fmnh9zprTjfFuFtfWNza3idmlnd2//wC4ftlWUSEJbJOKR7PpYUc4EbWmmOe3GkuLQ57TjT25mfueBSsUica+nMfVCPBIsYARrIw3sskBXqB9ITFI3S2vIzwZ2xak6c6BV4uakAjmaA/urP4xIElKhCcdK9Vwn1l6KpWaE06zUTxSNMZngEe0ZKnBIlZfOT8/QqVGGKIikKaHRXP09keJQqWnom84Q67Fa9mbif14v0cGllzIRJ5oKslgUJBzpCM1yQEMmKdF8aggmkplbERljk4M2aZVMCO7yy6ukXau659X6Xb3SuM7jKMIxnMAZuHABDbiFJrSAwCM8wyu8WU/Wi/VufSxaC1Y+cwR/YH3+ANFkkxY=</latexit>

n =
1

2b
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Cold to hot mergers in AdSD

High temperature Rényi entropies 
<latexit sha1_base64="we2+7H+o752ETvKk2/IIhWf2nQU="></latexit>

Sn(�) =
1

D � 1

1� n1�D

1� 1
n

S(�)

Ratio of lower bounds on   M

<latexit sha1_base64="B0GLPisVzpandQLxwYxgNAzBcH4="></latexit>

Mn!1
Mn=1

= (D � 1)
D�1
D�2

D

3 4

4 5.2

5 6.3

<latexit sha1_base64="h52F8vcZPtfBBPlNHyfulb2Mk3g=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRIRdSMU3bgRKtgHNKVMppN26GQSZm6EELJ146+4caGIW//AnX/jNM1CWw8MHM65lzvneJHgGmz72yotLa+srpXXKxubW9s71d29tg5jRVmLhiJUXY9oJrhkLeAgWDdSjASeYB1vcj31Ow9MaR7Ke0gi1g/ISHKfUwJGGlSx6ytC09tBKrELIXa59CHJsly5dLJsUK3ZdTsHXiROQWqoQHNQ/XKHIY0DJoEKonXPsSPop0QBp4JlFTfWLCJ0QkasZ6gkAdP9NE+S4SOjDLEfKvMk4Fz9vZGSQOsk8MxkQGCs572p+J/Xi8G/6KdcRjEwSWeH/FhgE3laCx5yxSiIxBBCFTd/xXRMTDVgyquYEpz5yIukfVJ3zuqnd6e1xlVRRxkdoEN0jBx0jhroBjVRC1H0iJ7RK3qznqwX6936mI2WrGJnH/2B9fkD2eeacw==</latexit>

Mn!1
Mn=1

RENYI LAWS FOR BUCK HOLES 15/02/823

M

M

n

n

+9

M

n
- 9

Coalescence of oppositely charged/rotating extremal susy AdSD black holes

<latexit sha1_base64="S1d8MIOXPCS0fQWcX6h1XRwZHVQ=">AAACD3icbVC7TsMwFHV4lvIqMLJYVCBYqgQhYKxgYSwqfUhNVDnuTbFwnGDfIFVR/4CFX2FhACFWVjb+Bvcx8DqSpeNz7pV9TphKYdB1P52Z2bn5hcXCUnF5ZXVtvbSx2TRJpjk0eCIT3Q6ZASkUNFCghHaqgcWhhFZ4cz7yW3egjUjUFQ5SCGLWVyISnKGVuqW9elfRfT8EZAfU78MtPaT1yZ36mFBfqAgHB91S2a24Y9C/xJuSMpmi1i19+L2EZzEo5JIZ0/HcFIOcaRRcwrDoZwZSxm9YHzqWKhaDCfJxniHdtUqPRom2RyEdq983chYbM4hDOxkzvDa/vZH4n9fJMDoNcqHSDEHxyUNRJqkNOiqH9oQGjnJgCeNa2L9Sfs0042grLNoSvN+R/5LmYcU7rhxdHpWrZ9M6CmSb7JB94pETUiUXpEYahJN78kieyYvz4Dw5r87bZHTGme5skR9w3r8AlreahQ==</latexit>

Sn(�) � 2S(� ! 1)Rényi laws stronger bounds
<latexit sha1_base64="HdQZZBr3lPxLWYx89y9kqdT5t4Q=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbp0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8N/M7T6g0T+SjmaToxzSSPOSMGit1JOlHEfEG1Zpbd+cgq8QrSA0KNAfVr/4wYVmM0jBBte55bmr8nCrDmcBppZ9pTCkb0wh7lkoao/bz+blTcmaVIQkTZUsaMld/T+Q01noSB7Yzpmakl72Z+J/Xy0x44+dcpplByRaLwkwQk5DZ72TIFTIjJpZQpri9lbARVZQZm1DFhuAtv7xK2hd176p++XBZa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb07qvDjvzseiteQUM8fwB87nDy1kjtI=</latexit>

n � 1

with
<latexit sha1_base64="f3sglq/6OHg8i8tUcE3bhuqcI5w=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRIRdVl047KCfUASymR60w6dTMLMjVBKP8ONC0Xc+jXu/BunbRbaemDgcM69zD0nyqQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZprDi2eylR3I2ZACgUtFCihm2lgSSShE43uZn7nCbQRqXrEcQZhwgZKxIIztJIfRICMBphSt1etuXV3DrpKvILUSIFmr/oV9FOeJ6CQS2aM77kZhhOmUXAJ00qQG8gYH7EB+JYqloAJJ/OTp/TMKn0ap9o+hXSu/t6YsMSYcRLZyYTh0Cx7M/E/z88xvgknQmU5guKLj+JcUhtxlp/2hQaOcmwJ41rYWykfMs042pYqtgRvOfIqaV/Uvav65cNlrXFb1FEmJ+SUnBOPXJMGuSdN0iKcpOSZvJI3B50X5935WIyWnGLnmPyB8/kDQhyQmA==</latexit>

ω → 0



Hawking-Rényi entropy in canonical ensemble
<latexit sha1_base64="lJkvpBr8Ij/S9MbPvfAS0KGcHkM=">AAACG3icbVA9SwNBEN3zM8avqKXNYhBiYbgLojaCaJNSwaiYS8LeZi5ZsvfB7pwYjvsfNv4VGwtFrAQL/42bM4VGHww83pthZp4XS6HRtj+tqemZ2bn5wkJxcWl5ZbW0tn6po0RxaPBIRuraYxqkCKGBAiVcxwpY4Em48ganI//qFpQWUXiBwxhaAeuFwhecoZE6pZqr+hE9oq6vGE+hne5S1wNktJ5l6U07dRHuUAWU8qySGztZp1S2q3YO+pc4Y1ImY5x1Su9uN+JJACFyybRuOnaMrZQpFFxCVnQTDTHjA9aDpqEhC0C30vy3jG4bpUv9SJkKkebqz4mUBVoPA890Bgz7etIbif95zQT9w1YqwjhBCPn3Ij+RFCM6Cop2hQKOcmgI40qYWynvM5MSmjiLJgRn8uW/5LJWdfare+d75eOTcRwFskm2SIU45IAckzo5Iw3CyT15JM/kxXqwnqxX6+27dcoaz2yQX7A+vgDdAKC2</latexit>

⇢ =
e��H

Zc(�)
For a thermal density matrix

in the canonical ensemble

ATT! For a given b, this holds up to               to remain above the Hawking-Page transition 
of the replica manifold.

<latexit sha1_base64="YcghToBQWf+UmU/LUrKPMl9OPoE=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lKUS9C0YvHCvYD2lA22027dLMJu5tCCfknXjwo4tV/4s1/4zbNQVsfDDzem2Fmnh9zprTjfFuljc2t7Z3ybmVv/+DwyD4+6agokYS2ScQj2fOxopwJ2tZMc9qLJcWhz2nXn94v/O6MSsUi8aTnMfVCPBYsYARrIw1tW6BbNAgkJqmbpXU/G9pVp+bkQOvELUgVCrSG9tdgFJEkpEITjpXqu06svRRLzQinWWWQKBpjMsVj2jdU4JAqL80vz9CFUUYoiKQpoVGu/p5IcajUPPRNZ4j1RK16C/E/r5/o4MZLmYgTTQVZLgoSjnSEFjGgEZOUaD43BBPJzK2ITLCJQZuwKiYEd/XlddKp19yrWuOxUW3eFXGU4QzO4RJcuIYmPEAL2kBgBs/wCm9War1Y79bHsrVkFTOn8AfW5w92ypLs</latexit>

n =
1

2b

<latexit sha1_base64="SpZ6Rf1vYEsmyZd4Tdbqnph1kno=">AAACCnicbVBNS8NAEN34WetX1KOX1SJ4Kkkp6rHoxWMF+wFNKJvtpF262cTdTaGEnr34V7x4UMSrv8Cb/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2VlbX1jc2C1vF7Z3dvX374LCp4lRSaNCYx7IdEAWcCWhopjm0EwkkCji0guHN1G+NQCoWi3s9TsCPSF+wkFGijdS1TwLswUPKRtgLJaGZF4Amk6yCvYQZh/NJ1y45ZWcGvEzcnJRQjnrX/vJ6MU0jEJpyolTHdRLtZ0RqRjlMil6qICF0SPrQMVSQCJSfzV6Z4DOj9HAYS1NC45n6eyIjkVLjKDCdEdEDtehNxf+8TqrDKz9jIkk1CDpfFKYc6xhPc8E9JoFqPjaEUMnMrZgOiIlEm/SKJgR38eVl0qyU3Yty9a5aql3ncRTQMTpF58hFl6iGblEdNRBFj+gZvaI368l6sd6tj3nripXPHKE/sD5/AK7RmkY=</latexit>

b ⌘ �

2⇡`
with

<latexit sha1_base64="72VU31WVCNnC1HvfBzCI/EbyhW4="></latexit>

S̃n(�) =
`2⇡

9b2n2

⇣
1 +

p
1� 3b2n2

⌘2

<latexit sha1_base64="9zy0MdFIH6em1Y+C23fH7pyQjDQ=">AAACCHicbVC7SgNBFJ31GeNr1dLCwSDEJuyKRBshaGMZiXlAEsLs5CYZMju7zNwVQkhp46/YWChi6yfY+TdOHoUmHrhw5px7mXtPEEth0PO+naXlldW19dRGenNre2fX3duvmCjRHMo8kpGuBcyAFArKKFBCLdbAwkBCNejfjP3qA2gjInWPgxiaIesq0RGcoZVa7lEDhWwDLbVUthEAslN6RUs0q+j01XIzXs6bgC4Sf0YyZIZiy/1qtCOehKCQS2ZM3fdibA6ZRsEljNKNxEDMeJ91oW6pYiGY5nByyIieWKVNO5G2pZBO1N8TQxYaMwgD2xky7Jl5byz+59UT7Fw2h0LFCYLi0486iaQY0XEqtC00cJQDSxjXwu5KeY9pxtFml7Yh+PMnL5LKWc7P5/J355nC9SyOFDkkxyRLfHJBCuSWFEmZcPJInskreXOenBfn3fmYti45s5kD8gfO5w9jCpeq</latexit>

S̃n(�) = S(n�)



Head-on mergers in AdS4

<latexit sha1_base64="KeImCf4BD8Wx1JGlF8lKk7Xo8BM=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXoRil48VnDbQruUbJptQ5PskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UNja3tneKu6W9/YPDo/LxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzN/c4TVZrF8tFMExoIPJIsYgQbK/kC3aDaoFxxq+4CaJ14OalAjtag/NUfxiQVVBrCsdY9z01MkGFlGOF0VuqnmiaYTPCI9iyVWFAdZItjZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VITXQcZk0lqqCTLRVHKkYnR/HM0ZIoSw6eWYKKYvRWRMVaYGJtPyYbgrb68Ttq1qteo1h/qleZtHkcRzuAcLsGDK2jCPbTABwIMnuEV3hzpvDjvzseyteDkM6fwB87nD3gfjdE=</latexit>

m = 2

<latexit sha1_base64="rgOdE2vyDOZnrNxdpp9PTChkumA=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9nVUr0IRS8eK7htoV1KNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVBHqk5jHqhNiTTmT1DfMcNpJFMUi5LQdju9mfvuJKs1i+WgmCQ0EHkoWMYKNlXyBbtBlv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8SloXVa9erT3UKo3bPI4inMApnIMHV9CAe2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3mjjdI=</latexit>

m = 3

<latexit sha1_base64="m8DUsb8MnXaN5+P1dReFmernWLk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqBeh6MVjBdMW2lA22027dHcTdjdCCP0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphwpo3rfjultfWNza3ydmVnd2//oHp41NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3czv/NElWaxfDRZQgOBR5JFjGBjJV+gG9QYVGtu3Z0DrRKvIDUo0BpUv/rDmKSCSkM41rrnuYkJcqwMI5xOK/1U0wSTCR7RnqUSC6qDfH7sFJ1ZZYiiWNmSBs3V3xM5FlpnIrSdApuxXvZm4n9eLzXRdZAzmaSGSrJYFKUcmRjNPkdDpigxPLMEE8XsrYiMscLE2HwqNgRv+eVV0r6oe5f1xkOj1rwt4ijDCZzCOXhwBU24hxb4QIDBM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AXsnjdM=</latexit>

m = 4

<latexit sha1_base64="EcZIqZeaVwjgXh8KkxRXa1WCHzE=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVVr0IRS8eK7htoV1KNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVBHqk5jHqhNiTTmT1DfMcNpJFMUi5LQdju9mfvuJKs1i+WgmCQ0EHkoWMYKNlXyBblC9X664VXcOtEq8nFQgR7Nf/uoNYpIKKg3hWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvmxU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJroOMySQ1VJLFoijlyMRo9jkaMEWJ4RNLMFHM3orICCtMjM2nZEPwll9eJa2LqndZrT3UKo3bPI4inMApnIMHV9CAe2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3yrjdQ=</latexit>

m = 5

0.5 1.0 1.5 2.0 n

5

10

15

Mf

Hawking - Rényi laws
<latexit sha1_base64="YUpcYOubZoMgvXSeG0vCeEPtdG8=">AAACDXicbVA9TwJBEN3DL8SvU0ubjWgCDbkjBi2JNjYmGOUj4QjZWwbYsLd37u6ZEMIfsPGv2FhojK29nf/GBa5A8CWTvLw3k5l5fsSZ0o7zY6VWVtfWN9Kbma3tnd09e/+gpsJYUqjSkIey4RMFnAmoaqY5NCIJJPA51P3B1cSvP4JULBT3ehhBKyA9wbqMEm2ktn3iacY7gO/aAudu8tjrwQMu4nk1yLftrFNwpsDLxE1IFiWotO1vrxPSOAChKSdKNV0n0q0RkZpRDuOMFyuICB2QHjQNFSQA1RpNvxnjU6N0cDeUpoTGU3V+YkQCpYaBbzoDovtq0ZuI/3nNWHcvWiMmoliDoLNF3ZhjHeJJNLjDJFDNh4YQKpm5FdM+kYRqE2DGhOAuvrxMasWCWyqUbs+y5cskjjQ6Qscoh1x0jsroGlVQFVH0hF7QG3q3nq1X68P6nLWmrGTmEP2B9fULalKZQQ==</latexit>

S̃n(M) � 2S̃n(m)

RENYI LAWS FORBUCKHOLES 151021623

M

M

n

second law
optimal bound

n    0

Lower bound on final mass <latexit sha1_base64="Bl2scJHptNJfezAm+y0RhaMb1C4=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJexKUC9C0IvHCOaByRJmJ73JkNnZZWZWCCF/4cWDIl79G2/+jZNkD5pY0FBUddPdFSSCa+O6387K6tr6xmZuK7+9s7u3Xzg4bOg4VQzrLBaxagVUo+AS64Ybga1EIY0Cgc1geDv1m0+oNI/lgxkl6Ee0L3nIGTVWeix1UAhyTbyzbqHolt0ZyDLxMlKEDLVu4avTi1kaoTRMUK3bnpsYf0yV4UzgJN9JNSaUDWkf25ZKGqH2x7OLJ+TUKj0SxsqWNGSm/p4Y00jrURTYzoiagV70puJ/Xjs14ZU/5jJJDUo2XxSmgpiYTN8nPa6QGTGyhDLF7a2EDaiizNiQ8jYEb/HlZdI4L3sX5cp9pVi9yeLIwTGcQAk8uIQq3EEN6sBAwjO8wpujnRfn3fmYt6442cwR/IHz+QN7lY9/</latexit>

(` = 1)

For n < 1, more constraining than 
Rényi entropy laws

Optimal bound coincides with 
Hartley entropy bound

Hawking-Rényi
Rényi

<latexit sha1_base64="mRPqroY4bda+0p2UaHL6O7enUbo=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVUr0IRS8eK7ptoV1KNs22oUl2SbJCWfoTvHhQxKu/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVBHqk5jHqhNiTTmT1DfMcNpJFMUi5LQdjm9nfvuJKs1i+WgmCQ0EHkoWMYKNlR7Edb1frrhVdw60SrycVCBHs1/+6g1ikgoqDeFY667nJibIsDKMcDot9VJNE0zGeEi7lkosqA6y+alTdGaVAYpiZUsaNFd/T2RYaD0Roe0U2Iz0sjcT//O6qYmugozJJDVUksWiKOXIxGj2NxowRYnhE0swUczeisgIK0yMTadkQ/CWX14lrYuqV6/W7muVxk0eRxFO4BTOwYNLaMAdNMEHAkN4hld4c7jz4rw7H4vWgpPPHMMfOJ8/0beNgQ==</latexit>

m = 6



Extensions

In collaboration with F. Galli, R. C. Myers, I. Reyes, E. Rizza  




Charged AdS4 black holes
[Bernamonti, Galli, Rizza] 

Canonical ensemble: fixed 

Lapse function (GN = 1):
<latexit sha1_base64="FkM4lSvVePL43MnDxJ3ijlFzP2c="></latexit>

f(r) = 1→ 2m

r
+

(q
r

)2
+

(r
ω

)2
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Charged AdS4 black holes
[Bernamonti, Galli, Rizza] 

Canonical ensemble: fixed 

Lapse function (GN = 1):
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Black hole mergers in 4D flat space
[Bernamonti, Galli, Myers, Reyes] 

In flat space the infinite temperature black hole is thermodynamically unstable
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Kerr black holes in canonical ensemble (fixed J):
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Perspectives

• Rényi laws put tighter constraints on gravitational dynamics than second law.


• Ensemble inequivalence: ensemble dependent physical predictions


• Pin down bounds on processes that are informative for numerical relativity simulations,                
e.g. Kerr-AdS4 superradiant instability                                                         and astrophysical mergers 


• Rényi mutual information


• Via the area theorem the Hawking-Rényi laws have a geometric interpretation in the replica 
manifold. Is there a geometric interpretation also for the Rényi second laws?


• Entanglement spectrum


• Explore the broader family of monotones (h divergences).                                                              
Can we trade EOM for constraints?


• Connection through AdS/CFT to QGP formation in heavy-ion collisions.

[Green,Holland,Ishibashi,Wald 2015] [Chesler 2021]

[Bantilan, Romatschke 2014]


[Lostaglio, Korzekwa 2022]
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