
III. QFT in Curved Space-time
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⇥1/2 � 10�44s

• This is valid in the limit that the length and time scales of the 
physical processes      Planck length and time

Semiclassical Einstein Eqs.

• Semiclassical theory of Quantum Gravity

matter fields are quantized (in some appropriate state         ) but 
gravitational field is kept classical

<latexit sha1_base64="B15YHV+CF5H6JXpmhk0uE6jKpCg="></latexit>
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• In practise, solve the semiclasssical eqs. perturbatively:

quantum-corrected metric background metric



• Energy now creates s-t curvature via Einstein eqs., so we cannot 
renormalize by simply subtracting infinities like we did in flat s-t

• So we need to renormalize: ⇥� | T̂µ⇥ | �⇤ � ⇥� | T̂µ⇥ | �⇤ren

�� | T̂µ⇥ | �⇥• However,                            suffers from ultraviolet divergences since 
it’s quadratic in     , which is an operator-valued distribution
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�̂

Renormalization

�̂2(x)� �̂(x)�̂(x�)• First point-split                                     , then remove the divergences in a 
physically meaningful way and afterwards take the coincidence limit:

gµ⇥

only depends on the 
geometry 

it’s conserved and is causal

RSET
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• Consider a globally hyperbolic s-t                   -> Cauchy surfaces       
labelled by a parameter t

Scalar Field

=
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�• Free scalar field      satisfies the Klein-Gordon eq.: ⇤��m2� = 0
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(M, gµ⌫)
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⌃t1
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⌃t2

E.g., flat s-t:

<latexit sha1_base64="TrLZZClNSsG0atHQUb6csHuYUzg=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiuCqJFHVZdOOygr1AE8NkOmmHTiZhLkIJ3bvxVdy4UMStL+DOt3HSBtTWHwa++c85zJw/TBmVynG+rNLK6tr6RnmzsrW9s7tn7x90ZKIFJm2csET0QiQJo5y0FVWM9FJBUBwy0g3HV3m9e0+EpAm/VZOU+DEachpRjJSxArs6vMu8WHtcTz2OQoaC/PrDxg/smlN3ZoLL4BZQA4Vagf3pDRKsY8IVZkjKvuukys+QUBQzMq14WpIU4TEakr5BjmIi/Wy2yxQeG2cAo0SYwxWcub8nMhRLOYlD0xkjNZKLtdz8r9bXKrrwM8pTrQjH84cizaBKYB4MHFBBsGITAwgLav4K8QgJhJWJr2JCcBdXXobOad09qzduGrXmZRFHGRyBKjgBLjgHTXANWqANMHgAT+AFvFqP1rP1Zr3PW0tWMXMI/sj6+Aa5lJwh</latexit>

gµ⌫rµr⌫



- defines a scalar product (and an inner prod. when restricted to “pos. 
freq.” slns.)

�i- is independent of the Cauchy surface if        are slns. of the Klein-
Gordon eq.

Scalar Product

<latexit sha1_base64="fu+FGoo7oWDI6h/ydiS1kpSmoeQ="></latexit>
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(2) Then any sln. of the field eq. may be expanded as

,
<latexit sha1_base64="57ZWvaQtM9GBl0V2FY5lsA09a4M=">AAACJ3icbVDLSgMxFM34rPVVdekmWIQqWmZE1I1SdOOygrVCpw530kwbzDxM7gil9G/c+CtuBBXRpX9iWmdRqwcCJ+ecS3KPn0ih0bY/rYnJqemZ2dxcfn5hcWm5sLJ6peNUMV5jsYzVtQ+aSxHxGgqU/DpRHEJf8rp/ezbw6/dcaRFHl9hNeDOEdiQCwQCN5BVOwBPHruQBllJP7LhJR7hKtDu4tePepdCicLNtErtZZHAZDXmFol22h6B/iZORIslQ9QovbitmacgjZBK0bjh2gs0eKBRM8n7eTTVPgN1CmzcMjSDkutkb7tmnm0Zp0SBW5kRIh+roRA9Crbuhb5IhYEePewPxP6+RYnDU7IkoSZFH7OehIJUUYzoojbaE4gxl1xBgSpi/UtYBBQxNtXlTgjO+8l9ytVd2Dsr7F/vFymlWR46skw1SIg45JBVyTqqkRhh5IE/klbxZj9az9W59/EQnrGxmjfyC9fUNmr6lLA==</latexit>

ai = (ui,�) , a⇤i = � (u⇤
i ,�)

<latexit sha1_base64="WlyxNjJFJjK4Tn+YTdZMcrx39bo=">AAACEnicbVBNS8NAEN3Ur1q/oh69LBahVSiJFPUiFL14rGA/oIlhs920SzebsLsRS+hv8OJf8eJBEa+evPlv3LQ5aPXBDm/ezDA7z48ZlcqyvozCwuLS8kpxtbS2vrG5ZW7vtGWUCExaOGKR6PpIEkY5aSmqGOnGgqDQZ6Tjjy6zeueOCEkjfqPGMXFDNOA0oBgpLXlm1YmHtHJfPXdkEnoUQqRD4mXSEbo9zJIs6tQzy1bNmg L+JXZOyiBH0zM/nX6Ek5BwhRmSsmdbsXJTJBTFjExKTiJJjPAIDUhPU45CIt10etIEHmilD4NI6McVnKo/J1IUSjkOfd0ZIjWU87VM/K/WS1Rw5qaUx4kiHM8WBQmDKoKZP7BPBcGKjTVBWFD9V4iHSCCstIslbYI9f/Jf0j6u2Se1+nW93LjI7SiCPbAPKsAGp6ABrkATtAAGD+AJvIBX49F4Nt6M91lrwchndsEvGB/fj3+bgw==</latexit>

�(x) =
X

i

aiui(x) + a⇤i u
⇤
i (x)

(1) Choose a set                                    of slns. of field eq. that is 
complete and orthonormal:

(4) Define a vacuum by                            excited states by etc
<latexit sha1_base64="vo3jmSHQWJOOk3Ux/n3A8F7jmBw=">AAACFXicbVBNS8NAEN34bf2qevSyWAQFKYkU9Sh68ahgVWhqmWwm6eJmE3YnQin+CS/+FS8eFPEqePPfuK09+PVg4PHeDDPzokJJS77/4Y2NT0xOTc/MVubmFxaXqssr5zYvjcCmyFVuLiOwqKTGJklSeFkYhCxSeBFdHw38ixs0Vub6jHoFtjNItUykAHJSp7odKkxoM+wCcejIqzCGNEUTGpl2aetKh5mMuR8a0KnCTrXm1/0h+F8SjEiNjXDSqb6HcS7KDDUJBda2Ar+gdh8MSaHwthKWFgsQ15Biy1ENGdp2f/jVLd9wSsyT3LjSxIfq94k+ZNb2ssh1ZkBd+9sbiP95rZKS/XZf6qIk1OJrUVIqTjkfRMRjaVCQ6jkCwkh3KxddMCDIBVlxIQS/X/5LznfqwW69cdqoHRyO4phha2ydbbKA7bEDdsxOWJMJdsce2BN79u69R+/Fe/1qHfNGM6vsB7y3Txkenss=</latexit>⇣
â†i

⌘n
| 0i

Choice of vacuum depends (via    ) on choice of complete set of slns.      
<latexit sha1_base64="ZdG4rEi577uSEtfyA1ocGOVwHxE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnd4IDcE+75crbtWdg6wSLycVyNHol796g5imEZOGCtS667mJ8TNUhlPBpqVeqlmCdIxD1rVUYsS0n83vnZIzqwxIGCtb0pC5+nsiw0jrSRTYzgjNSC97M/E/r5ua8NrPuExSwyRdLApTQUxMZs+TAVeMGjGxBKni9lZCR6iQGhtRyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJlAQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QOeqo+1</latexit>

âi
<latexit sha1_base64="Zz55KUEfkR+/FODzj99uX9vB3nc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPZ5v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBe7I3e</latexit>ui

Quantization Procedure: like in Flat S-t

<latexit sha1_base64="5Zn/r9BhYAMNQr9kCLmNp2tu2BQ="></latexit>h
âi, â

†
j

i
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(3) Quantize by promoting to ops.
<latexit sha1_base64="jgXvx9+BE7JBI/YiJs6bmLGLxg8=">AAACNHicbVDLSgMxFM3UV62vqks3wSKISJmRoi6LbgQ3FewDOtNyJ5O2oZmHSUYoQz/KjR/iRgQXirj1G0zbQW3rhcC555zLzT1uxJlUpvliZBYWl5ZXsqu5tfWNza389k5NhrEgtEpCHoqGC5JyFtCqYorTRiQo+C6ndbd/OdLr91RIFga3ahBRx4duwDqMgNJUO38NbYZtFWK7Bwrr5ti+i8HD0DqaElqJ7UG3S8Xwx2JHvV/HqGnnC2bRHBeeB1YKCiitSjv/ZHshiX0aKMJByqZlRspJQChGOB3m7FjSCEgfurSpYQA+lU4yPnqIDzTj4U4o9AsUHrN/JxLwpRz4rnb6oHpyVhuR/2nNWHXOnYQFUaxoQCaLOjHH+tJRgthjghLFBxoAEUz/FZMeCCBK55zTIVizJ8+D2knROi2WbkqF8kUaRxbtoX10iCx0hsroClVQFRH0gJ7RG3o3Ho1X48P4nFgzRjqzi6bK+PoGrN2qUg==</latexit>

ai ! âi, a⇤i ! â†i , � ! �̂

and impose comm. rlns.

it may be a Dirac-
<latexit sha1_base64="8MUQ0zF675PA7px2Jog6pO5ZH3w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJR6jyU=</latexit>

�



IV. Black Holes

(a) Hawking Radiation, etc



• The unique sln. of Einstein eqs. in vacuum describing the spacetime 
outside a spherically-symmetric body of mass M is Schwarzschild :

Event horizon at r = 2M

ds2 = �
⇤

1� 2M

r

⌅
dt2 +

⇤
1� 2M

r

⌅�1

dr2 + r2
�
d�2 + sin2 �d⇥2

⇥

• Killing vectors: slike       (axisymmetry) and tlike      (stationarity)

Eternal Schwarzschild Space-time

Curvature singularity at
<latexit sha1_base64="CNP2YpXWcRLIPa7yrjT1l38xZiI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHtS12ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5VvUuquf355XaTR5HEY7gGE7Bg0uowR3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8A0D2NgA==</latexit>

r = 0



• Null coords.:

Radially in/outgoing null geodesics are at u,v=const.

<latexit sha1_base64="DNHd8Poo1/3l51wNhmiDF9vcKdA="></latexit>

r⇤ ⌘ r + 2M ln
���

r

2M
� 1

��� 2 (�1,1) for r 2 (2M,1)

• Kruskal coords. to cover beyond EH:

� � 1
4M

surface gravity=force done at infinity to hold unit 
mass above EH

Similar transformations to cover whole s-t 

• Compactify s-t via

Null Coordinates

<latexit sha1_base64="ioe3pJ5V06VBlms5SidOqCevxnk=">AAACLHicbVBdSwJBFJ21L7Mvq8dehiQwMNsVqR4lX3o0aFfBFbk7jjo4O7vNzAoi/qBe+itB9JBEr/2O1nUfyjpwL4dz7mXmHi/kTGnTnBuZtfWNza3sdm5nd2//IH945KggkoTaJOCBbHmgKGeC2pppTluhpOB7nDa9UX3hN8dUKhaIBz0JaceHgWB9RkDHUjdfdz2Q2HbpY8TG2AVJNAhsl1ycGM6K4bhM4OKFG7LLSinp57lcN18wy2YC/JdYKSmgFI1u/tXtBSTyqdCEg1Jtywx1ZwpSM8LpLOdGioZARjCg7ZgK8KnqTJNjZ/gsVnq4H8i4hMaJ+nNjCr5SE9+LJ33QQ7XqLcT/vHak+zedKRNhpKkgy4f6Ecc6wIvkcI9JSjSfxASIZPFfMRmCBKLjfBchWKsn/yVOpWxdlav31ULtNo0ji07QKSoiC12jGrpDDWQjgp7QC3pHc+PZeDM+jM/laMZId47RLxhf3152pSU=</latexit>

Ū ⌘ arctanU, V̄ ⌘ arctanV 2 (�⇡/2,⇡/2)



Maximally extended Schwarzschild s-t

L R

P

F

<latexit sha1_base64="varOvcfPlvHLxSzHfFjGYXHOAW0=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7Iroh6LXjxWcNtCdynZNNuGZpMlyQpl6d/w4kERr/4Zb/4bs+0etHUgMMy84b1MlHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0TJThPpEcql6EdaUM0F9wwynvVRRnEScdqPJXeF3n6jSTIpHM01pmOCRYDEj2FgpCKQ1i2zuzwb1htt050CrxCtJA0q0B/WvYChJllBhCMda9z03NWGOlWGE01ktyDRNMZngEe1bKnBCdZjPb56hM6sMUSyVfcKgufo7keNE62kS2ckEm7Fe9grxP6+fmfgmzJlIM0MFWSyKM46MREUBaMgUJYZPLcFEMXsrImOsMDG2ppotwVv+8irpXDS9q+blw2WjdVvWUYUTOIVz8OAaWnAPbfCBQArP8ApvTua8OO/Ox2K04pSZY/gD5/MHjTmSCA==</latexit>

U
<latexit sha1_base64="ZyNyfsU84VqgTRy0LPI/m343kh8=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LblxWsA/oDCWTZtrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3cG9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1TJVhHaI5FL1Q6wpZ4J2DDOc9hNFcRxy2gund7nfe6JKMykezSyhQYzHgkWMYGMl35fWzLNZdz6s1ty6uwBaJ15BalCgPax++SNJ0pgKQzjWeuC5iQkyrAwjnM4rfqppgskUj+nAUoFjqoNscfMcXVhlhCKp7BMGLdTfiQzHWs/i0E7G2Ez0qpeL/3mD1EQ3QcZEkhoqyHJRlHJkJMoLQCOmKDF8ZgkmitlbEZlghYmxNVVsCd7ql9dJ96ruNeuNh0atdVvUUYYzOIdL8OAaWnAPbegAgQSe4RXenNR5cd6dj+VoySkyp/AHzucPjr6SCQ==</latexit>

V

F: black hole, P: white hole

Penrose Diagram

U is an affine parameter along <latexit sha1_base64="6PqOmPNrV9IdSPjOayrYEDMoqSI=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgxpJIUZdFN11WsQ9oY5hMJ+3QySTMTIQa+iVuXCji1k9x5984abvQ1gMDh3Pu5Z45QcKZ0o7zba2srq1vbBa2its7u3sle/+gpeJUEtokMY9lJ8CKciZoUzPNaSeRFEcBp+1gdJP77UcqFYvFvR4n1IvwQLCQEayN5NulXoT1kGCe1Sf+3cOZb5edijMFWibunJRhjoZvf/X6MUkjKjThWKmu6yTay7DUjHA6KfZSRRNMRnhAu4YKHFHlZdPgE3RilD4KY2me0Giq/t7IcKTUOArMZB5TLXq5+J/XTXV45WVMJKmmgswOhSlHOkZ5C6jPJCWajw3BRDKTFZEhlpho01XRlOAufnmZtM4r7kWlelst167ndRTgCI7hFFy4hBrUoQFNIJDCM7zCm/VkvVjv1sdsdMWa7xzCH1ifP3yUkvw=</latexit>

H
�
R



L R

P

F

<latexit sha1_base64="varOvcfPlvHLxSzHfFjGYXHOAW0=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7Iroh6LXjxWcNtCdynZNNuGZpMlyQpl6d/w4kERr/4Zb/4bs+0etHUgMMy84b1MlHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU0TJThPpEcql6EdaUM0F9wwynvVRRnEScdqPJXeF3n6jSTIpHM01pmOCRYDEj2FgpCKQ1i2zuzwb1htt050CrxCtJA0q0B/WvYChJllBhCMda9z03NWGOlWGE01ktyDRNMZngEe1bKnBCdZjPb56hM6sMUSyVfcKgufo7keNE62kS2ckEm7Fe9grxP6+fmfgmzJlIM0MFWSyKM46MREUBaMgUJYZPLcFEMXsrImOsMDG2ppotwVv+8irpXDS9q+blw2WjdVvWUYUTOIVz8OAaWnAPbfCBQArP8ApvTua8OO/Ox2K04pSZY/gD5/MHjTmSCA==</latexit>

U
<latexit sha1_base64="ZyNyfsU84VqgTRy0LPI/m343kh8=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LblxWsA/oDCWTZtrQTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3cG9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1TJVhHaI5FL1Q6wpZ4J2DDOc9hNFcRxy2gund7nfe6JKMykezSyhQYzHgkWMYGMl35fWzLNZdz6s1ty6uwBaJ15BalCgPax++SNJ0pgKQzjWeuC5iQkyrAwjnM4rfqppgskUj+nAUoFjqoNscfMcXVhlhCKp7BMGLdTfiQzHWs/i0E7G2Ez0qpeL/3mD1EQ3QcZEkhoqyHJRlHJkJMoLQCOmKDF8ZgkmitlbEZlghYmxNVVsCd7ql9dJ96ruNeuNh0atdVvUUYYzOIdL8OAaWnAPbegAgQSe4RXenNR5cd6dj+VoySkyp/AHzucPjr6SCQ==</latexit>

V

<latexit sha1_base64="A/3FWJ5mfFw1hapNWFhNQ245sLI=">AAACB3icbVBNS8NAEN34WetX1KMgwSJ4KokU9SIUvXisYD+gLWWznbZLN5uwOxFr6M2Lf8WLB0W8+he8+W/cpjlo64OBx3szOzvPjwTX6Lrf1sLi0vLKam4tv76xubVt7+zWdBgrBlUWilA1fKpBcAlV5CigESmggS+g7g+vJn79DpTmobzFUQTtgPYl73FG0Ugd+6CFcI/pO0lfAchx0noApBcslBrHHbvgFt0UzjzxMlIgGSod+6vVDVkcgEQmqNZNz42wnVCFnAkY51uxhoiyIe1D01BJA9DtJN0/do6M0nV6oTIl0UnV3xMJDbQeBb7pDCgO9Kw3Ef/zmjH2ztsJl1GMINl0US8WDobOJBSnyxUwFCNDKFPc/NVhA6ooQxNd3oTgzZ48T2onRe+0WLopFcqXWRw5sk8OyTHxyBkpk2tSIVXCyCN5Jq/kzXqyXqx362PaumBlM3vkD6zPH9nympU=</latexit>

⇣ = const

VU

R
L

P

F
<latexit sha1_base64="REVarmAYzpzVlQULsP8y52tT8Ek=">AAAB+HicbVDLSsNAFL3xWeujUZduBosgCCWRoi6LbsRVFfuANobJdNIOnUzCzESooV/ixoUibv0Ud/6Nk7YLbT0wcDjnXu6ZEyScKe0439bS8srq2npho7i5tb1Tsnf3mipOJaENEvNYtgOsKGeCNjTTnLYTSXEUcNoKhle533qkUrFY3OtRQr0I9wULGcHaSL5d6kZYDwjm2c3Yv3s48e2yU3EmQIvEnZEyzFD37a9uLyZpRIUmHCvVcZ1EexmWmhFOx8VuqmiCyRD3acdQgSOqvGwSfIyOjNJDYSzNExpN1N8bGY6UGkWBmcxjqnkvF//zOqkOL7yMiSTVVJDpoTDlSMcobwH1mKRE85EhmEhmsiIywBITbboqmhLc+S8vkuZpxT2rVG+r5drlrI4CHMAhHIML51CDa6hDAwik8Ayv8GY9WS/Wu/UxHV2yZjv78AfW5w98npL8</latexit>

J +
R

<latexit sha1_base64="UvDLHTnLwsmnPO23W9jTYF/jBJ4=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgxpJIUZdFN+Kqin1AG8NkOmmHTiZhZiLU0C9x40IRt36KO//GSduFth4YOJxzL/fMCRLOlHacb2tpeWV1bb2wUdzc2t4p2bt7TRWnktAGiXks2wFWlDNBG5ppTtuJpDgKOG0Fw6vcbz1SqVgs7vUooV6E+4KFjGBtJN8udSOsBwTz7Gbs3z2c+HbZqTgToEXizkgZZqj79le3F5M0okITjpXquE6ivQxLzQin42I3VTTBZIj7tGOowBFVXjYJPkZHRumhMJbmCY0m6u+NDEdKjaLATOYx1byXi/95nVSHF17GRJJqKsj0UJhypGOUt4B6TFKi+cgQTCQzWREZYImJNl0VTQnu/JcXSfO04p5VqrfVcu1yVkcBDuAQjsGFc6jBNdShAQRSeIZXeLOerBfr3fqYji5Zs519+APr8wd/ppL+</latexit>J�
R<latexit sha1_base64="gok0CA+HwxRBhi/NT7WsIPbcH/k=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgxpJIUZdFNyIuKtgHtDFMppN26GQSZiZCDf0SNy4UceunuPNvnLRdaOuBgcM593LPnCDhTGnH+baWlldW19YLG8XNre2dkr2711RxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLzK/dYjlYrF4l6PEupFuC9YyAjWRvLtUjfCekAwz27G/u3DiW+XnYozAVok7oyUYYa6b391ezFJIyo04Vipjusk2suw1IxwOi52U0UTTIa4TzuGChxR5WWT4GN0ZJQeCmNpntBoov7eyHCk1CgKzGQeU817ufif10l1eOFlTCSppoJMD4UpRzpGeQuoxyQlmo8MwUQykxWRAZaYaNNV0ZTgzn95kTRPK+5ZpXpXLdcuZ3UU4AAO4RhcOIcaXEMdGkAghWd4hTfryXqx3q2P6eiSNdvZhz+wPn8AdoKS+A==</latexit>J�

L

<latexit sha1_base64="7hCn7zkdtZKOoZP5/btjUwfdUj4=">AAAB+HicbVDLSsNAFL3xWeujUZduBosgCCWRoi6LbkRcVLAPaGOYTCft0MkkzEyEGvolblwo4tZPceffOGm70NYDA4dz7uWeOUHCmdKO820tLa+srq0XNoqbW9s7JXt3r6niVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHiV+61HKhWLxb0eJdSLcF+wkBGsjeTbpW6E9YBgnt2M/duHE98uOxVnArRI3Bkpwwx13/7q9mKSRlRowrFSHddJtJdhqRnhdFzspoommAxxn3YMFTiiyssmwcfoyCg9FMbSPKHRRP29keFIqVEUmMk8ppr3cvE/r5Pq8MLLmEhSTQWZHgpTjnSM8hZQj0lKNB8ZgolkJisiAywx0aaroinBnf/yImmeVtyzSvWuWq5dzuoowAEcwjG4cA41uIY6NIBACs/wCm/Wk/VivVsf09Ela7azD39gff4Ac3qS9g==</latexit>

J +
L

Rindler obs.

Schwarzschild

flat/Rindler

Static obs. (which is 
accelerated)

Static obs.
<latexit sha1_base64="3yQv5xmAngWcHHghzx+G1mFHLYo=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmkqMuiG5cV7APaUCbTSTp0MhNnbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7QBrypmgDWDAaTtRFMcBp61geDXxW/dUaSbFLYwS6sc4EixkBIORevZBl9MQFIsGoO9SFmGl5EPPLrsVdwpnkXg5KaMc9Z791e1LksZUAOFY647nJuBnWAEjnI5L3VTTBJMhjmjHUIFjqv1sev3YOTZK3wmlMiXAmaq/JzIcaz2KA9MZYxjoeW8i/ud1Uggv/IyJJAUqyGxRmHIHpDOJwukzRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO6tUb6rl2mUeRxEdoiN0gjx0jmroGtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDkUuV9Q==</latexit>!

Schw. Flat s-t
Rindler obs.

Free-fall obs. Inertial obs.
<latexit sha1_base64="3yQv5xmAngWcHHghzx+G1mFHLYo=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmkqMuiG5cV7APaUCbTSTp0MhNnbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7QBrypmgDWDAaTtRFMcBp61geDXxW/dUaSbFLYwS6sc4EixkBIORevZBl9MQFIsGoO9SFmGl5EPPLrsVdwpnkXg5KaMc9Z791e1LksZUAOFY647nJuBnWAEjnI5L3VTTBJMhjmjHUIFjqv1sev3YOTZK3wmlMiXAmaq/JzIcaz2KA9MZYxjoeW8i/ud1Uggv/IyJJAUqyGxRmHIHpDOJwukzRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO6tUb6rl2mUeRxEdoiN0gjx0jmroGtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDkUuV9Q==</latexit>!



 Klein-Gordon eq.,                 , in Schwarzschild background separates 
by variables: 

�� = 0

Gral. sln.:

Field modes:

spherical harmonicsnormalization const.

Scalar Field

<latexit sha1_base64="lfAS9iqv7lxjQOcTmnrMzEEgw34="></latexit>

�⇤(x) = N`!R`!(r)Y`m(✓,')e�i!t



 Radial eq.: 2nd order linear ODE -> choose 2 lin. indep. slns.

-20 -10 10 20
r*

1

2

3

4

V

<latexit sha1_base64="U8tIua9B74JNXnujiFnV9vQvj4E=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyWRom6EohuXFewDmhAm05t26OTBzEQsIb/ixoUibv0Rd/6N0zYLbT1w4XDOvdx7j59wJpVlfRultfWNza3ydmVnd2//wDysdmWcCgodGvNY9H0igbMIOoopDv1EAAl9Dj1/cjvze48gJIujBzVNwA3JKGIBo0RpyTOrXS+DIMgdXHeA82vbOvPMmtWw5sCrxC5IDRVoe+aXM4xpGkKkKCdSDmwrUW5GhGKUQ15xUgkJoRMygoGmEQlButn89hyfamWIg1joihSeq78nMhJKOQ193RkSNZbL3kz8zxukKrhyMxYlqYKILhYFKccqxrMg8JAJoIpPNSFUMH0rpmMiCFU6rooOwV5+eZV0zxv2RaN536y1boo4yugYnaA6stElaqE71EYdRNETekav6M3IjRfj3fhYtJaMYuYI/YHx+QNCbpNK</latexit>

Veff (` = 10)



<latexit sha1_base64="u/fZhCiuJsO+L/SHpuAD8dLinUM="></latexit>

�in,R
⇤ (x) ⇠

Y`m(⌦)

r

8
>>><

>>>:

0, x ⇠ H
�
R

e�i!v, x ⇠ J
�
R

Ain
`!e

�i!u, x ⇠ J
+
R

Bin
`!e

�i!v, x ⇠ H
+
R

Field Modes ‘in,R’ modes

L

<latexit sha1_base64="jHQpHZlLHiao9D/u7S+HF+lrp88=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIrkoiRV0W3bisaB/QljKZ3rRDJw9mbsQS4sZfceNCEbf+hTv/xmmahbYeuHA45965c48bCa7Qtr+NwtLyyupacb20sbm1vWPu7jVVGEsGDRaKULZdqkDwABrIUUA7kkB9V0DLHV9N/dY9SMXD4A4nEfR8Ogy4xxlFLfXNgy7CA2bvJK6IIU26t3zo07Rvlu2KncFaJE5OyiRHvW9+dQchi30IkAmqVMexI+wlVCJnAtJSN1YQUTamQ+hoGlAfVC/JNqfWsVYGlhdKXQFamfp7IqG+UhPf1Z0+xZGa96bif14nRu+il/AgihECNlvkxcLC0JrGYQ24BIZiogllkuu/WmxEJWWoQyvpEJz5kxdJ87TinFWqN9Vy7TKPo0gOyRE5IQ45JzVyTeqkQRh5JM/klbwZT8aL8W58zFoLRj6zT/7A+PwB1MeXyQ==</latexit>

⌃

<latexit sha1_base64="YwEXelRjNH5e6BfEOS8Es14VBlg=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahgpREiroRim5cuKhiH9DEMJlM2qGTBzMTsYSAG3/FjQtF3PoT7vwbp20W2npg4HDOPdy5x40ZFdIwvrXC3PzC4lJxubSyura+oW9utUSUcEyaOGIR77hIEEZD0pRUMtKJOUGBy0jbHVyM/PY94YJG4a0cxsQOUC+kPsVIKsnRd6y4T53UulIRD2V3KQ0Pb7LKw8GZ4ehlo2qMAWeJmZMyyNFw9C/Li3ASkFBihoTomkYs7RRxSTEjWclKBIkRHqAe6SoaooAIOx3fkMF9pXjQj7h6oYRj9XciRYEQw8BVkwGSfTHtjcT/vG4i/VNbnRUnkoR4sshPGJQRHBUCPcoJlmyoCMKcqr9C3EccYalqK6kSzOmTZ0nrqGoeV2vXtXL9PK+jCHbBHqgAE5yAOrgEDdAEGDyCZ/AK3rQn7UV71z4mowUtz2yDP9A+fwAZoJcq</latexit>

�in,R
⇤ (x) = 0

<latexit sha1_base64="2jQrdc8ayC7kKJg+8BpjTLaRIps=">AAAB9XicbVDLSgMxFL2pr1pfVZdugkVwVWZE1GXRjQsXFewDOmPJpJk2NJMZkoxahv6HGxeKuPVf3Pk3pu0stPVA4HDOvdyTEySCa+M436iwtLyyulZcL21sbm3vlHf3mjpOFWUNGotYtQOimeCSNQw3grUTxUgUCNYKhlcTv/XAlOaxvDOjhPkR6UseckqMle69MFZECPzkcYlvuuWKU3WmwIvEzUkFctS75S+vF9M0YtJQQbTuuE5i/Iwow6lg45KXapYQOiR91rFUkohpP5umHuMjq/SwDWCfNHiq/t7ISKT1KArsZETMQM97E/E/r5Oa8MLPuExSwySdHQpTgU2MJxXgHleMGjGyhFDFbVZMB0QRamxRJVuCO//lRdI8qbpn1dPb00rtMq+jCAdwCMfgwjnU4Brq0AAKCp7hFd7QI3pB7+hjNlpA+c4+/AH6/AHn85Ii</latexit>

8x 2 L

Minkowski modes in 
flat s-t, so correspond to 
Minkowski vac. in 

<latexit sha1_base64="FrjezzR7EOGCj2wf2jkwgRqSNKQ=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgxpJIUZdFN+Kqin1AG8NkOmmHTiZhZiLU0C9x40IRt36KO//GSduFth4YOJxzL/fMCRLOlHacb2tpeWV1bb2wUdzc2t4p2bt7TRWnktAGiXks2wFWlDNBG5ppTtuJpDgKOG0Fw6vcbz1SqVgs7vUooV6E+4KFjGBtJN8udSOsBwTz7Gb8cOLf+XbZqTgToEXizkgZZqj79le3F5M0okITjpXquE6ivQxLzQin42I3VTTBZIj7tGOowBFVXjYJPkZHRumhMJbmCY0m6u+NDEdKjaLATOYx1byXi/95nVSHF17GRJJqKsj0UJhypGOUt4B6TFKi+cgQTCQzWREZYImJNl0VTQnu/JcXSfO04p5VqrfVcu1yVkcBDuAQjsGFc6jBNdShAQRSeIZXeLOerBfr3fqYji5Zs519+APr8wd/WpL+</latexit>J�
R



 ‘up,R’ modes

L

<latexit sha1_base64="jHQpHZlLHiao9D/u7S+HF+lrp88=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIrkoiRV0W3bisaB/QljKZ3rRDJw9mbsQS4sZfceNCEbf+hTv/xmmahbYeuHA45965c48bCa7Qtr+NwtLyyupacb20sbm1vWPu7jVVGEsGDRaKULZdqkDwABrIUUA7kkB9V0DLHV9N/dY9SMXD4A4nEfR8Ogy4xxlFLfXNgy7CA2bvJK6IIU26t3zo07Rvlu2KncFaJE5OyiRHvW9+dQchi30IkAmqVMexI+wlVCJnAtJSN1YQUTamQ+hoGlAfVC/JNqfWsVYGlhdKXQFamfp7IqG+UhPf1Z0+xZGa96bif14nRu+il/AgihECNlvkxcLC0JrGYQ24BIZiogllkuu/WmxEJWWoQyvpEJz5kxdJ87TinFWqN9Vy7TKPo0gOyRE5IQ45JzVyTeqkQRh5JM/klbwZT8aL8W58zFoLRj6zT/7A+PwB1MeXyQ==</latexit>

⌃

<latexit sha1_base64="nS52P5WnS+2guPJ5lhpUut6KJ58="></latexit>

�up,R
⇤ (x) ⇠

Y`m(⌦)

r

8
>>><

>>>:

e�i!u, x ⇠ H
�
R

0, x ⇠ J
�
R

Bup
`! e

�i!u, x ⇠ J
+
R

Aup
`!e

�i!v, x ⇠ H
+
R

<latexit sha1_base64="X1lrsZKVOMsuNNomijKR26mgkWE=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahgpREiroRim5cuKhiH9DEMJlM2qGTBzMTsYSAG3/FjQtF3PoT7vwbp20W2npg4HDOPdy5x40ZFdIwvrXC3PzC4lJxubSyura+oW9utUSUcEyaOGIR77hIEEZD0pRUMtKJOUGBy0jbHVyM/PY94YJG4a0cxsQOUC+kPsVIKsnRd6y4T53UulIRD2V3aRIf3mSVh4Mzw9HLRtUYA84SMy dlkKPh6F+WF+EkIKHEDAnRNY1Y2inikmJGspKVCBIjPEA90lU0RAERdjq+IYP7SvGgH3H1QgnH6u9EigIhhoGrJgMk+2LaG4n/ed1E+qd2SsM4kSTEk0V+wqCM4KgQ6FFOsGRDRRDmVP0V4j7iCEtVW0mVYE6fPEtaR1XzuFq7rpXr53kdRbAL9kAFmOAE1MElaIAmwOARPINX8KY9aS/au/YxGS1oeWYb/IH2+QMvVJc4</latexit>

�up,R
⇤ (x) = 0

<latexit sha1_base64="2jQrdc8ayC7kKJg+8BpjTLaRIps=">AAAB9XicbVDLSgMxFL2pr1pfVZdugkVwVWZE1GXRjQsXFewDOmPJpJk2NJMZkoxahv6HGxeKuPVf3Pk3pu0stPVA4HDOvdyTEySCa+M436iwtLyyulZcL21sbm3vlHf3mjpOFWUNGotYtQOimeCSNQw3grUTxUgUCNYKhlcTv/XAlOaxvDOjhPkR6UseckqMle69MFZECPzkcYlvuuWKU3WmwIvEzUkFctS75S+vF9M0YtJQQbTuuE5i/Iwow6lg45KXapYQOiR91rFUkohpP5umHuMjq/SwDWCfNHiq/t7ISKT1KArsZETMQM97E/E/r5Oa8MLPuExSwySdHQpTgU2MJxXgHleMGjGyhFDFbVZMB0QRamxRJVuCO//lRdI8qbpn1dPb00rtMq+jCAdwCMfgwjnU4Brq0AAKCp7hFd7QI3pB7+hjNlpA+c4+/AH6/AHn85Ii</latexit>

8x 2 L



 ‘in & up,L’ modes

in,Rin,L

<latexit sha1_base64="RVH9jrG2XhhUxkLj1c51aSRoEAQ="></latexit>

�in/up,L
⇤ (U, V,⌦) = �in/up,R⇤

⇤ (�U,�V,⌦)



Boulware State
<latexit sha1_base64="1Ia71OMABqo99XNS3rcyCRN7rMk="></latexit>n
�in/up,L/R
⇤ & c.c., 8⇤

o
•  On the max. extended Schwarzschild s-t,                                                

- orthonormal:

is:

- complete

<latexit sha1_base64="9w6CDegH9e4cRUPAdqjplaIMMVQ="></latexit>⇣
�in/up,L/R
⇤ ,�in/up,L/R

⇤0

⌘
= �⇤,⇤0

<latexit sha1_base64="PG68v8v7PH+KbrZhlbD6t9Ve8hs="></latexit>

�̂(x) =
X

`,m

Z 1

0
d!

n
âin,L⇤ �in,L

⇤ + âup,L⇤ �up,L
⇤ + âin,R⇤ �in,R

⇤ + âup,R⇤ �up,R
⇤ + h.c.

o

• Boulware state is defined via
<latexit sha1_base64="6IRLFQXk/o6Dk/phbjJvd4FUyOQ="></latexit>

âin/up,L⇤ | Bi = 0 = âin/up,R⇤ | Bi, 8⇤

<latexit sha1_base64="AzaiVwF0H7Zj5Qkokgq4uq35iAc=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqCcJevEYwTwgWcLspDcZMo91ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqCg2quNLtiBjgTELDMsuhnWggIuLQika3U7/1BNowJR/sOIFQkIFkMaPEOqndVQIG5NrvlSt+1Z8BL5MgJxWUo94rf3X7iqYCpKWcGNMJ/MSGGdGWUQ6TUjc1kBA6IgPoOCqJABNms3sn+MQpfRwr7UpaPFN/T2REGDMWkesUxA7NojcV//M6qY2vwozJJLUg6XxRnHJsFZ4+j/tMA7V87AihmrlbMR0STah1EZVcCMHiy8ukeVYNLqrn9+eV2k0eRxEdoWN0igJ0iWroDtVRA1HE0TN6RW/eo/fivXsf89aCl88coj/wPn8AiMyPpg==</latexit>

! > 0



 Boulware state is defined using modes that are pos. freq. wrt

r, �,⇥ = constit’s seen as empty by static obs. (ie, at                              )

<latexit sha1_base64="88Qxz/iCxSmgaIY8aOpe78Jdh8U="></latexit>

@t�
in/up,L/R
⇤ = �i! �in/up,L/R

⇤ , ! > 0

Analogy:

<latexit sha1_base64="3yQv5xmAngWcHHghzx+G1mFHLYo=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmkqMuiG5cV7APaUCbTSTp0MhNnbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7QBrypmgDWDAaTtRFMcBp61geDXxW/dUaSbFLYwS6sc4EixkBIORevZBl9MQFIsGoO9SFmGl5EPPLrsVdwpnkXg5KaMc9Z791e1LksZUAOFY647nJuBnWAEjnI5L3VTTBJMhjmjHUIFjqv1sev3YOTZK3wmlMiXAmaq/JzIcaz2KA9MZYxjoeW8i/ud1Uggv/IyJJAUqyGxRmHIHpDOJwukzRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO6tUb6rl2mUeRxEdoiN0gjx0jmroGtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDkUuV9Q==</latexit>!
Schw. Flat s-t

Rindler obs.

<latexit sha1_base64="3yQv5xmAngWcHHghzx+G1mFHLYo=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmkqMuiG5cV7APaUCbTSTp0MhNnbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7QBrypmgDWDAaTtRFMcBp61geDXxW/dUaSbFLYwS6sc4EixkBIORevZBl9MQFIsGoO9SFmGl5EPPLrsVdwpnkXg5KaMc9Z791e1LksZUAOFY647nJuBnWAEjnI5L3VTTBJMhjmjHUIFjqv1sev3YOTZK3wmlMiXAmaq/JzIcaz2KA9MZYxjoeW8i/ud1Uggv/IyJJAUqyGxRmHIHpDOJwukzRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO6tUb6rl2mUeRxEdoiN0gjx0jmroGtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDkUuV9Q==</latexit>!

Static obs.

<latexit sha1_base64="7vvxOrgLAuvWkQWhnvM27cGDOyU=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqexKUY+lXjxWsB/QXUo2O21Dk+yaZAtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRaFFYx6rbkg0cCahZZjh0E0UEBFy6ITju7nfmYDSLJaPZppAIMhQsgGjxFgp8AWLcMNXRA459MsVt+ougNeJl5MKytHsl7/8KKapAGkoJ1r3PDcxQUaUYZTDrOSnGhJCx2QIPUslEaCDbHH0DF9YJcKDWNmSBi/U3xMZEVpPRWg7BTEjverNxf+8XmoGt0HGZJIakHS5aJBybGI8TwBHTAE1fGoJoYrZWzEdEUWosTmVbAje6svrpH1V9a6rtYdapd7I4yiiM3SOLpGHblAd3aMmaiGKntAzekVvzsR5cd6dj2VrwclnTtEfOJ8/UYuR0g==</latexit>

| Bi
<latexit sha1_base64="nL9Hdx2yE06I1hEoaNBlLdlbncI=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqexKUY9FLx6r2A/oLiWbnW1Dk+yaZAul9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5YcqZNq777RTW1jc2t4rbpZ3dvf2D8uFRSyeZotCkCU9UJyQaOJPQNMxw6KQKiAg5tMPh7cxvj0BplshHM04hEKQvWcwoMVYKfMEi/OArIvsceuWKW3XnwKvEy0kF5Wj0yl9+lNBMgDSUE627npuaYEKUYZTDtORnGlJCh6QPXUslEaCDyfzoKT6zSoTjRNmSBs/V3xMTIrQei9B2CmIGetmbif953czE18GEyTQzIOliUZxxbBI8SwBHTAE1fGwJoYrZWzEdEEWosTmVbAje8surpHVR9S6rtftapX6Tx1FEJ+gUnSMPXaE6ukMN1EQUPaFn9IrenJHz4rw7H4vWgpPPHKM/cD5/AGo7keI=</latexit>

| Ri (RSET irregular on horizons)

<latexit sha1_base64="3yQv5xmAngWcHHghzx+G1mFHLYo=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmkqMuiG5cV7APaUCbTSTp0MhNnbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7QBrypmgDWDAaTtRFMcBp61geDXxW/dUaSbFLYwS6sc4EixkBIORevZBl9MQFIsGoO9SFmGl5EPPLrsVdwpnkXg5KaMc9Z791e1LksZUAOFY647nJuBnWAEjnI5L3VTTBJMhjmjHUIFjqv1sev3YOTZK3wmlMiXAmaq/JzIcaz2KA9MZYxjoeW8i/ud1Uggv/IyJJAUqyGxRmHIHpDOJwukzRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO6tUb6rl2mUeRxEdoiN0gjx0jmroGtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDkUuV9Q==</latexit>!defined using              , 
which diverges on

defined using              , 
which diverges on horizons

{⇥, �}



 Astrophysical BH’s are not eternal, they are formed from 
gravitational collapse of a star

 Hawking’75 showed that modes

behave like
ie, they are pos. freq. modes 
wrt       , as they leave the star 
[He showed this leads to the 
emission of quantum radiation 
by the BH, as we next see]

at

Gravitationally-collapsing Star



• We model BH evaporation in eternal BH s-t by using modes that are 
pos. freq. wrt        on          instead of using               

• Eg, we could directly use                   but in order to obtain 
Bogolyubov coeffs. Unruh’76 instead used the modes:

Similar rln. as between Rindler & Minkowski modes in flat s-t! 
Remember:

they definethey define

<latexit sha1_base64="ee5nqNz72QCB6+wE229ln8mDLds="></latexit>

uR
k̄ ⌘ e⇡!̄/(2↵)

p
2 sinh (⇡!̄/↵)

h
�̄R
k̄ + e�⇡!̄/↵�̄L⇤

�k̄

i

Unruh State

<latexit sha1_base64="+98Tq4U84rFen6X3LfharRLYMUU=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgQsqMFHVZdOPCRRX7gM44ZDKZNjSTCUlGKMOAv+LGhSJu/Q53/o3pY6GtBwKHc+7h3pxQMKq043xbC4tLyyurpbXy+sbm1ra9s9tSaSYxaeKUpbITIkUY5aSpqWakIyRBSchIOxxcjfz2I5GKpvxeDwXxE9TjNKYYaSMF9r4n+vQhz8TJXRHk3o1JRqgI7IpTdcaA88SdkgqYohHYX16U4iwhXGOGlOq6jtB+jqSmmJGi7GWKCIQHqEe6hnKUEOXn4/MLeGSUCMapNI9rOFZ/J3KUKDVMQjOZIN1Xs95I/M/rZjq+8HPKRaYJx5NFccagTuGoCxhRSbBmQ0MQltTcCnEfSYS1aaxsSnBnvzxPWqdV96xau61V6pfTOkrgAByCY+CCc1AH16ABmgCDHDyDV/BmPVkv1rv1MRldsKaZPfAH1ucPcumV0A==</latexit>

�up,R
⇤

<latexit sha1_base64="ZhcUlOkQ9VNzDtUN2BMifHRMUss="></latexit>

�UP
⇤ ⌘ e⇡!/(2)

p
2 sinh (⇡!/)

h
�up,R
⇤ + e�⇡!/�up,L⇤

⇤

i



• Unruh state is defined via

- orthonormal

form a set that is:

- complete:

•  On the maximally extended Schwarzschild s-t,                                                

• Similarly define            modes with                 in

<latexit sha1_base64="qJHoiqhVLkXHMA9q2YbNNxxdnMU="></latexit>n
�in,L/R
⇤ ,�UP/UP

⇤ & c.c., 8⇤
o

<latexit sha1_base64="0LHvN1G9CnJk9JEV/FULneECvoI="></latexit>

�̂(x) =
X

`,m

Z 1

0
d!

n
âin,L⇤ �in,L

⇤ + âUP
⇤ �UP

⇤ + âin,R⇤ �in,R
⇤ + âUP

⇤ �UP
⇤ + h.c.

o

<latexit sha1_base64="bRzVO2sfoymUryoxUlonck3sHVk=">AAAB/HicbVDNSsNAGNzUv1r/oj16WSyCp5KIqMeiFw8eKpi20MSw2WzapZtN2N0IIcRX8eJBEa8+iDffxm2bg7YOLAwz3/B9O0HKqFSW9W3UVlbX1jfqm42t7Z3dPXP/oCeTTGDi4IQlYhAgSRjlxFFUMTJIBUFxwEg/mFxP/f4jEZIm/F7lKfFiNOI0ohgpLflm003H9KFwuqVfuLc6F6LSN1tW25oBLhO7Ii1QoeubX26Y4CwmXGGGpBzaVqq8AglFMSNlw80kSRGeoBEZaspRTKRXzI4v4bFWQhglQj+u4Ez9nShQLGUeB3oyRmosF72p+J83zFR06RWUp5kiHM8XRRmDKoHTJmBIBcGK5ZogLKi+FeIxEggr3VdDl2AvfnmZ9E7b9nn77O6s1bmq6qiDQ3AEToANLkAH3IAucAAGOXgGr+DNeDJejHfjYz5aM6pME/yB8fkD+VeU/g==</latexit>

�UP
⇤

<latexit sha1_base64="4//SYFFCcrkKN8VENhHAHjPfxIk=">AAACd3ichVFNa9tAEF2paZu4X0p7Sw5Z6rb4YFyphCSXgkkuOfjglMo2eF0zWq3tJauVsrsKGOG/kB+XW/5HLrllZSvQ2i0dWHi8ecO8fRNlgmvj+3eO+2zr+YuX2zu1V6/fvH3n7b7v6TRXlIU0FakaRKCZ4JKFhhvBBplikESC9aPLs7Lfv2ZK81T+NPOMjRKYSj7hFIylxt4NmYHB8Kvgsvnja2cxLkjHTsewIAmPcUgUyK lg359kYfe/EpLahaWfUvxPtd8kVznEmExSBUJUorFX91v+svAmCCpQR1V1x94tiVOaJ0waKkDrYeBnZlSAMpwKtqiRXLMM6CVM2dBCCQnTo2KZ2wJ/tkyMrQH7pMFL9veJAhKt50lklQmYmV7vleTfesPcTE5GNtIsN0zS1aJJLrBJcXkEHHPFqBFzC4Aqbr1iOgMF1NhT1WwIwfqXN0HvWys4ah1eHNbbp1Uc22gffUQNFKBj1EbnqItCRNG9s+fUnU/Og3vgfnEbK6nrVDMf0B/lBo/hzcCY</latexit>

âin,R/L
⇤ | Ui = âUP

⇤ | Ui = âUP
⇤ | Ui = 0, 8⇤



• We can also define the IN version of the UP modes as:
<latexit sha1_base64="dkmd/Kx35bMZb7hd09C6Qh0pYAU=">AAACIHicbVC7TsMwFHV4lvIKMLJYVCCmKkEVZaxgYWAoEmkrNSFyHKe16jiR7SBVUT6FhV9hYQAh2OBrcNoO0HKkKx2dc6+v7wlSRqWyrC9jaXlldW29slHd3Nre2TX39jsyyQQmDk5YInoBkoRRThxFFSO9VBAUB4x0g9FV6XcfiJA04XdqnBIvRgNOI4qR0pJvNt10SP3cvdEjISruc6dduNA90TVnuIl+p1xTthS+WbPq1gRwkdgzUgMztH3z0w0TnMWEK8yQlH3bSpWXI6EoZqSoupkkKcIjNCB9TTmKifTyyYEFPNZKCKNE6OIKTtTfEzmKpRzHge6MkRrKea8U//P6mYouvJzyNFOE4+miKGNQJbBMC4ZUEKzYWBOEBdV/hXiIBMJKZ1rVIdjzJy+SzlndPq83bhu11uUsjgo4BEfgFNigCVrgGrSBAzB4BM/gFbwZT8aL8W58TFuXjNnMAfgD4/sH/DykJA==</latexit>

�UP
⇤ & �UP

⇤defined like                          with 

• Hartle-Hawking state is defined via

- orthonormal

- complete:

form a set that is:

•  On the maximally extended Schwarzschild s-t,              

Hartle-Hawking State

<latexit sha1_base64="CIr9xWYu7TdE5ChPoqFcdVDHZPg=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0VwITXRoi6Lblx0UcU+oIlhMpm0QycPZiZCCfkQN/6KGxeKuHEh+DdO0yy09cDA4Zx7uXOOGzMqpGF8a6WFxaXllfJqZW19Y3NL397piCjhmLRxxCLec5EgjIakLalkpBdzggKXka47upr43QfCBY3COzmOiR2gQUh9ipFUkqOfWvGQOqnVVCseyu7TJD66PW5m0JIRnPVomHuOXjVqRg44T8yCVEGBlqN/Wl6Ek4CEEjMkRN80YmmniEuKGckqViJIjPAIDUhf0RAFRNhpHi6DB0rxoB9x9UIJc/X3RooCIcaBqyYDJIdi1puI/3n9RPoXtsoUJ5KEeHrITxhUwSdNQY9ygiUbK4Iwp+qvEA8RR1iqPiuqBHM28jzpnNTMs1r9pl5tXBZ1lMEe2AeHwATnoAGuQQu0AQaP4Bm8gjftSXvR3rWP6WhJK3Z2wR9oXz+VsKGt</latexit>

�up,R/L
⇤ ! �in,R/L

⇤
<latexit sha1_base64="gsidCSC6E+6rsauDA30SduUfZ0Q=">AAACIHicbVDLSsNAFJ34rPUVdelmsCiuSiLFuiy6URCpYB/QxDCZTNuhk0mYmQgl5FPc+CtuXCiiO/0aJ20W2nrgwuGce+fOPX7MqFSW9WUsLC4tr6yW1srrG5tb2+bObltGicCkhSMWia6PJGGUk5aiipFuLAgKfUY6/ugi9zsPREga8Ts1jokbogGnfYqR0pJn1p14SL3UudYjAcru06ubzIHOka4Zw4n0O/mavCXzzIpVtSaA88QuSAUUaHrmpxNEOAkJV5ghKXu2FSs3RUJRzEhWdhJJYoRHaEB6mnIUEummkwMzeKiVAPYjoYsrOFF/T6QolHIc+rozRGooZ71c/M/rJap/5qaUx4kiHE8X9RMGVQTztGBABcGKjTVBWFD9V4iHSCCsdKZlHYI9e/I8aZ9U7dNq7bZWaZwXcZTAPjgAx8AGddAAl6AJWgCDR/AMXsGb8WS8GO/Gx7R1wShm9sAfGN8/z5KkCA==</latexit>

�IN
⇤ & �IN

⇤

<latexit sha1_base64="cp9wi3xZlzZNm7zP9IZgX1Z2dLM="></latexit>

�̂(x) =
X

`,m

Z 1

0
d!

n
âIN⇤ �IN

⇤ + âUP
⇤ �UP

⇤ + âIN⇤ �IN
⇤ + âUP

⇤ �UP
⇤ + h.c.

o

<latexit sha1_base64="1ae43c7YJ+xFaVvETP8gkIwl0mk=">AAAConiclVFbS8MwFE7rfd6mPvpgcAo+yGhF1BdBFEFFdKJTYZnjNM22YJrWJBVG2Q/zb/jmvzGdFbwiHgh8fN93LjknSATXxvNeHHdoeGR0bHyiNDk1PTNbnpu/1nGqKKvTWMTqNgDNBJesbrgR7DZRDKJAsJvg/iDXbx6Z0jyWV6aXsGYEHcnbnIKxVKv8RLpgMNxlx2f9VkZObWYIfRLxEB8RBbIj2O67pV7700Ji2yyfJa /3D7ct/avbWycPKYSYtGMFQhSmUqtc8areIPB34BeggoqotcrPJIxpGjFpqACtG76XmGYGynAqWL9EUs0SoPfQYQ0LJURMN7PBivt41TIhthPYJw0esB8zMoi07kWBdUZguvqrlpM/aY3UtHeaGZdJapikb43aqcAmxvm9cMgVo0b0LACquJ0V0y4ooMZeNV+C//XL38H1RtXfqm5ebFb29ot1jKNFtIzWkI+20R46QjVUR9RZcg6dM+fcXXFP3Av38s3qOkXOAvoULnkFbgrQtQ==</latexit>

â
IN
⇤ | Hi = â

UP
⇤ | Hi = â

IN
⇤ | Hi = â

UP
⇤ | Hi = 0, 8⇤

<latexit sha1_base64="wHJ0h5+jJ5P8bqnqH01yQz19IrA="></latexit>n
�UP/IN/IN/UP
⇤ & c.c. 8⇤

o



• Hartle-Hawking is defined using modes that are pos. freq. wrt affine 
parameter       on           and affine parameter      on                   it’s seen 
as empty by free-falling obs. on 

<latexit sha1_base64="gsidCSC6E+6rsauDA30SduUfZ0Q=">AAACIHicbVDLSsNAFJ34rPUVdelmsCiuSiLFuiy6URCpYB/QxDCZTNuhk0mYmQgl5FPc+CtuXCiiO/0aJ20W2nrgwuGce+fOPX7MqFSW9WUsLC4tr6yW1srrG5tb2+bObltGicCkhSMWia6PJGGUk5aiipFuLAgKfUY6/ugi9zsPREga8Ts1jokbogGnfYqR0pJn1p14SL3UudYjAcru06ubzIHOka4Zw4n0O/mavCXzzIpVtSaA88QuSAUUaHrmpxNEOAkJV5ghKXu2FSs3RUJRzEhWdhJJYoRHaEB6mnIUEummkwMzeKiVAPYjoYsrOFF/T6QolHIc+rozRGooZ71c/M/rJap/5qaUx4kiHE8X9RMGVQTztGBABcGKjTVBWFD9V4iHSCCsdKZlHYI9e/I8aZ9U7dNq7bZWaZwXcZTAPjgAx8AGddAAl6AJWgCDR/AMXsGb8WS8GO/Gx7R1wShm9sAfGN8/z5KkCA==</latexit>

�IN
⇤ & �IN

⇤

are pos. freq. wrt        on• It can be shown that,       ,   
<latexit sha1_base64="hyO/bnEGCZxXBzXGxDL6G7ok8Sc=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7AM6Y8mkmTY0jyHJKKX0P9y4UMSt/+LOvzFtZ6GtBwKHc+7lnpw45cxY3//2Ciura+sbxc3S1vbO7l55/6BpVKYJbRDFlW7H2FDOJG1YZjltp5piEXPaioc3U7/1SLVhSt7bUUojgfuSJYxg66SHMFEac45CJWgfd8sVv+rPgJZJkJMK5Kh3y19hT5FMUGkJx8Z0Aj+10Rhrywink1KYGZpiMsR92nFUYkFNNJ6lnqATp/SQC+CetGim/t4YY2HMSMRuUmA7MIveVPzP62Q2uYrGTKaZpZLMDyUZR1ahaQWoxzQllo8cwUQzlxWRAdaYWFdUyZUQLH55mTTPqsFF9fzuvFK7zusowhEcwykEcAk1uIU6NICAhmd4hTfvyXvx3r2P+WjBy3cO4Q+8zx9eO5Jw</latexit>

8!
<latexit sha1_base64="dkmd/Kx35bMZb7hd09C6Qh0pYAU=">AAACIHicbVC7TsMwFHV4lvIKMLJYVCCmKkEVZaxgYWAoEmkrNSFyHKe16jiR7SBVUT6FhV9hYQAh2OBrcNoO0HKkKx2dc6+v7wlSRqWyrC9jaXlldW29slHd3Nre2TX39jsyyQQmDk5YInoBkoRRThxFFSO9VBAUB4x0g9FV6XcfiJA04XdqnBIvRgNOI4qR0pJvNt10SP3cvdEjISruc6dduNA90TVnuIl+p1xTthS+WbPq1gRwkdgzUgMztH3z0w0TnMWEK8yQlH3bSpWXI6EoZqSoupkkKcIjNCB9TTmKifTyyYEFPNZKCKNE6OIKTtTfEzmKpRzHge6MkRrKea8U//P6mYouvJzyNFOE4+miKGNQJbBMC4ZUEKzYWBOEBdV/hXiIBMJKZ1rVIdjzJy+SzlndPq83bhu11uUsjgo4BEfgFNigCVrgGrSBAzB4BM/gFbwZT8aL8W58TFuXjNnMAfgD4/sH/DykJA==</latexit>

�UP
⇤ & �UP

⇤

are pos. freq. wrt        on

<latexit sha1_base64="mPmYwofcRQWemYAbsHWYFEif2Eo=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXnqsYD+gu5RsNm1Dk+yaZAtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh+H7udyZUaRbLRzNNaCDwULIBI9hYKfAFi1DDV1gOOe2XK27VXQCtEy8nFcjR7Je//CgmqaDSEI617nluYoIMK8MIp7OSn2qaYDLGQ9qzVGJBdZAtjp6hC6tEaBArW9Kghfp7IsNC66kIbafAZqRXvbn4n9dLzeA2yJhMUkMlWS4apByZGM0TQBFTlBg+tQQTxeytiIywwsTYnEo2BG/15XXSvqp619XaQ61Sv8vjKMIZnMMleHADdWhAE1pA4Ame4RXenInz4rw7H8vWgpPPnMIfOJ8/Ws2R2A==</latexit>

| Hi
<latexit sha1_base64="YdHm+V9SqZvJ+wh1OIdzwRqkBio=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqexKUY9FL16ECvYDukvJZmfb0CS7JtlCKf0dXjwo4tUf481/Y9ruQVsfDDzem2FmXphypo3rfjuFtfWNza3idmlnd2//oHx41NJJpig0acIT1QmJBs4kNA0zHDqpAiJCDu1weDvz2yNQmiXy0YxTCATpSxYzSoyVAl+wCN/7isg+h1654lbdOfAq8XJSQTkavfKXHyU0EyAN5UTrruemJpgQZRjlMC35mYaU0CHpQ9dSSQToYDI/eorPrBLhOFG2pMFz9ffEhAitxyK0nYKYgV72ZuJ/Xjcz8XUwYTLNDEi6WBRnHJsEzxLAEVNADR9bQqhi9lZMB0QRamxOJRuCt/zyKmldVL3Lau2hVqnf5HEU0Qk6RefIQ1eoju5QAzURRU/oGb2iN2fkvDjvzseiteDkM8foD5zPH2KEkd0=</latexit>

| Mi

<latexit sha1_base64="3yQv5xmAngWcHHghzx+G1mFHLYo=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmkqMuiG5cV7APaUCbTSTp0MhNnbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7QBrypmgDWDAaTtRFMcBp61geDXxW/dUaSbFLYwS6sc4EixkBIORevZBl9MQFIsGoO9SFmGl5EPPLrsVdwpnkXg5KaMc9Z791e1LksZUAOFY647nJuBnWAEjnI5L3VTTBJMhjmjHUIFjqv1sev3YOTZK3wmlMiXAmaq/JzIcaz2KA9MZYxjoeW8i/ud1Uggv/IyJJAUqyGxRmHIHpDOJwukzRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO6tUb6rl2mUeRxEdoiN0gjx0jmroGtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDkUuV9Q==</latexit>!
Schw. Flat s-t

inertial obs.

<latexit sha1_base64="3yQv5xmAngWcHHghzx+G1mFHLYo=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmkqMuiG5cV7APaUCbTSTp0MhNnbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7QBrypmgDWDAaTtRFMcBp61geDXxW/dUaSbFLYwS6sc4EixkBIORevZBl9MQFIsGoO9SFmGl5EPPLrsVdwpnkXg5KaMc9Z791e1LksZUAOFY647nJuBnWAEjnI5L3VTTBJMhjmjHUIFjqv1sev3YOTZK3wmlMiXAmaq/JzIcaz2KA9MZYxjoeW8i/ud1Uggv/IyJJAUqyGxRmHIHpDOJwukzRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO6tUb6rl2mUeRxEdoiN0gjx0jmroGtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDkUuV9Q==</latexit>!

free-falling obs. (on           )

(RSET regular everywhere)

<latexit sha1_base64="3yQv5xmAngWcHHghzx+G1mFHLYo=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmkqMuiG5cV7APaUCbTSTp0MhNnbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7QBrypmgDWDAaTtRFMcBp61geDXxW/dUaSbFLYwS6sc4EixkBIORevZBl9MQFIsGoO9SFmGl5EPPLrsVdwpnkXg5KaMc9Z791e1LksZUAOFY647nJuBnWAEjnI5L3VTTBJMhjmjHUIFjqv1sev3YOTZK3wmlMiXAmaq/JzIcaz2KA9MZYxjoeW8i/ud1Uggv/IyJJAUqyGxRmHIHpDOJwukzRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO6tUb6rl2mUeRxEdoiN0gjx0jmroGtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDkUuV9Q==</latexit>!

<latexit sha1_base64="3yQv5xmAngWcHHghzx+G1mFHLYo=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmkqMuiG5cV7APaUCbTSTp0MhNnbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwpsF1v63C0vLK6lpxvbSxubW9Y+/uNbVMFaENIrlU7QBrypmgDWDAaTtRFMcBp61geDXxW/dUaSbFLYwS6sc4EixkBIORevZBl9MQFIsGoO9SFmGl5EPPLrsVdwpnkXg5KaMc9Z791e1LksZUAOFY647nJuBnWAEjnI5L3VTTBJMhjmjHUIFjqv1sev3YOTZK3wmlMiXAmaq/JzIcaz2KA9MZYxjoeW8i/ud1Uggv/IyJJAUqyGxRmHIHpDOJwukzRQnwkSGYKGZudcgAK0zABFYyIXjzLy+S5mnFO6tUb6rl2mUeRxEdoiN0gjx0jmroGtVRAxH0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDkUuV9Q==</latexit>!

Analogy:

defined using              , which 
is regular everywhere

<latexit sha1_base64="3SkczO/UM18tWJjtgygpomMV/bM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCBymJFPVY9OKxgmkLTSmb7aZdutmE3YlYQv6KFw+KePWPePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6u0tr6xuVXeruzs7u0f2IfVto5TRZlHYxGrbkA0E1wyDzgI1k0UI1EgWCeY3M78ziNTmsfyAaYJ60dkJHnIKQEjDeyqL1gIfuadt33FR2Pw84Fdc+rOHHiVuAWpoQKtgf3lD2OaRkwCFUTrnusk0M+IAk4Fyyt+qllC6ISMWM9QSSKm+9n89hyfGmWIw1iZkoDn6u+JjERaT6PAdEYExnrZm4n/eb0Uwut+xmWSApN0sShMBYYYz4LAQ64YBTE1hFDFza2YjokiFExcFROCu/zyKmlf1N3LeuO+UWveFHGU0TE6QWfIRVeoie5QC3mIoif0jF7Rm5VbL9a79bFoLVnFzBH6A+vzBwM6lHA=</latexit>

{U, V } defined using            , which 
is regular everywhere

<latexit sha1_base64="qISSVwOfiWXWOWvvSNPlBuj6A6Q=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCBymJFPVY9OKxgv2AJpTNdtMu3WzC7kQsIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLBNTjOt1VaW9/Y3CpvV3Z29/YP7MNqR8epoqxNYxGrXkA0E1yyNnAQrJcoRqJAsG4wuZ353UemNI/lA0wT5kdkJHnIKQEjDeyqJ1gIXgbnU0/x0Ri8fGDXnLozB14lbkFqqEBrYH95w5imEZNABdG67zoJ+BlRwKlgecVLNUsInZAR6xsqScS0n81vz/GpUYY4jJUpCXiu/p7ISKT1NApMZ0RgrJe9mfif108hvPYzLpMUmKSLRWEqMMR4FgQecsUoiKkhhCpubsV0TBShYOKqmBDc5ZdXSeei7l7WG/eNWvOmiKOMjtEJOkMuukJNdIdaqI0oekLP6BW9Wbn1Yr1bH4vWklXMHKE/sD5/AGmQlLI=</latexit>

{t, y}

UP - up and IN - in modes 
relationship

Rindler&Minkowski modes 
relationship



• RSET     

- goes to zero like                   as

- diverges on           in a free-falling frame (as expected)

Properties of Boulware State

<latexit sha1_base64="ZqokMpx5S//0/Xx8utly5bSJFLc=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkWom5KUUl0W3bgRK9gHNGmZTCft0MmDmRuhhKzc+CtuXCji1m9w5984bbPQ1gMXDufcy733uBFnEkzzW8utrK6tb+Q3C1vbO7t7+v5BS4axILRJQh6Kjosl5SygTWDAaScSFPsup213fDX12w9USBYG9zCJqOPjYcA8RjAoqa8f39qcelCyPYFJctOrpIno1VJbsOEIzvp60SybMxjLxMpIEWVo9PUvexCS2KcBEI6l7FpmBE6CBTDCaVqwY0kjTMZ4SLuKBtin0klmb6TGqVIGhhcKVQEYM/X3RIJ9KSe+qzp9DCO56E3F/7xuDN6Fk7AgioEGZL7Ii7kBoTHNxBgwQQnwiSKYCKZuNcgIq0BAJVdQIViLLy+TVqVs1crVu2qxfpnFkUdH6ASVkIXOUR1dowZqIoIe0TN6RW/ak/aivWsf89acls0coj/QPn8A39eYwg==</latexit>

O

✓
M

2
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◆

• Boulware state:

- is the equivalent of the Rindler state in flat s-t

- models a cold star (no horizon and empty at infinity) 



• RSET             hU | T̂µ
⌫ |U iren

- diverges at          (but this surface doesn’t exist for astrophysical BH)H
�

H
+- is regular at 

Properties of Unruh State

Luminosity:

⇠ L

4⇡r2

0

BB@

�1 �1 0 0
1 1 0 0
0 0 0 0
0 0 0 0

1

CCA , r ! 1

I+- has a flux of thermal Hawking radiation at        :

Hawking temperature:

µ, ⌫ = {t, r, ✓,'}

<latexit sha1_base64="iGJRxKaZpgb/E0mA8erYKS5zifo="></latexit>

L =
1

2⇡

Z 1

0
d!

!
��Bin

`!

��2

e!/TH � 1
<latexit sha1_base64="dxJ1Vj/MPGvKxHgHYMVdLKRMbcU=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjioiSlaDeFoptuhAp9QRPCZDpph06SYWYilJB/cOOvuHGhiFs37vwbp20W2nrgwplz7mXuPT5nVCrL+jbW1jc2t7YLO8Xdvf2DQ/PouCvjRGDSwTGLRd9HkjAakY6iipE+FwSFPiM9f3I783sPREgaR2015cQN0SiiAcVIackzL9teE9ahEwiEU2eCOEdZWnE4zeoLzc7Smn7Cu8wzS1bZmgOuEjsnJZCj5ZlfzjDGSUgihRmScmBbXLkpEopiRrKik0jCEZ6gERloGqGQSDed35TBc60MYRALXZGCc/X3RIpCKaehrztDpMZy2ZuJ/3mDRAU1N6URTxSJ8OKjIGFQxXAWEBxSQbBiU00QFlTvCvEY6SiUjrGoQ7CXT14l3UrZvipX76ulxk0eRwGcgjNwAWxwDRqgCVqgAzB4BM/gFbwZT8aL8W58LFrXjHzmBPyB8fkDH9SduA==</latexit>

TH =


2⇡
=

1

8⇡M



Unruh state models a BH that is evaporating via the emission of 
Hawking radiation

<latexit sha1_base64="cyf3alVE5eeGmBh9sdLDU7k1uD8="></latexit>

TH ⇡ 10�7M�
M

K ⌧ TCMB

Stefan-Boltzman law:
<latexit sha1_base64="9EmEVk1t4eFVrrtz7FYtCU9WyKA=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XQhSWRoi6LbroRKvQFTSyTyaQdOnmQuRFLyDe48VfcuFDErSt3/o3TNgttPTBwOOc+5h4nElyCYXxrhaXlldW14nppY3Nre0ff3WvLMIkpa9FQhHHXIZIJHrAWcBCsG8WM+I5gHWd0PfE79yyWPAyaMI6Y7ZNBwD1OCSipr5+cWl5MaOreZKkLmSW5jy1gD5ASNSazqBsCbvbrd9W+XjYqxhR4kZg5KaMcjb7+ZbkhTXwWABVEyp5pRGCrucCpYFnJSiSLCB2RAespGhCfSTudnpThI6W42Atj9QLAU/V3R0p8Kce+oyp9AkM5703E/7xeAt6lnfIgSoAFdLbISwSGEE/ywS6PGQUxVoTQmKu/YjokKiJQKZZUCOb8yYukfVYxzyvV22q5dpXHUUQH6BAdIxNdoBqqowZqIYoe0TN6RW/ak/aivWsfs9KClvfsoz/QPn8AqAeeFg==</latexit>

�dM

dt
⇠ area · T 4

H

Lifetime of BH with                     is
<latexit sha1_base64="vKK1aczfHdftpSuWbkWVVX7O3Qw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexKUS9C0YuXQgX7AdulZLNpG5pNlmRWKEt/hhcPinj113jz35i2e9DWBwOP92aYmRcmghtw3W+nsLa+sblV3C7t7O7tH5QPj9pGpZqyFlVC6W5IDBNcshZwEKybaEbiULBOOL6b+Z0npg1X8hEmCQtiMpR8wCkBK/mNm0Y/66lIwbRfrrhVdw68SrycVFCOZr/81YsUTWMmgQpijO+5CQQZ0cCpYNNSLzUsIXRMhsy3VJKYmSCbnzzFZ1aJ8EBpWxLwXP09kZHYmEkc2s6YwMgsezPxP89PYXAdZFwmKTBJF4sGqcCg8Ox/HHHNKIiJJYRqbm/FdEQ0oWBTKtkQvOWXV0n7oupdVmsPtUr9No+jiE7QKTpHHrpCdXSPmqiFKFLoGb2iNwecF+fd+Vi0Fpx85hj9gfP5AykRkTE=</latexit>

M = M�
<latexit sha1_base64="3uGf13MVUO0gSYta0Y6KaZPiwW8=">AAACF3icbVDLSgMxFM34rPVVdekmWATdlBmpj2XRjcsKVoVOLZn0jg1mkiG5I5ahf+HGX3HjQhG3uvNvTGsX2nogcDjnPnJPlEph0fe/vKnpmdm5+cJCcXFpeWW1tLZ+YXVmODS4ltpcRcyCFAoaKFDCVWqAJZGEy+j2ZOBf3oGxQqtz7KXQStiNErHgDJ3ULlVCKxIa+Nf5frUf8o5GGiLcY77DboDqmGIXaEOJwQzY7bdLZb/iD0EnSTAiZTJCvV36DDuaZwko5JJZ2wz8FFs5Myi4hH4xzCykjN+6bU1HFUvAtvLhXX267ZQOjbVxTyEdqr87cpZY20siV5kw7NpxbyD+5zUzjI9auVBphqD4z6I4kxQ1HYREO8IAR9lzhHEj3F8p7zLDOLoYii6EYPzkSXKxVwkOKtWzarl2PIqjQDbJFtkhATkkNXJK6qRBOHkgT+SFvHqP3rP35r3/lE55o54N8gfexzd8hJ7p</latexit>

⇠ 1054 · (age of the Universe)



BH evaporation poses the BH information paradox:

even if initial state of the matter is pure, the final state of Hawking 
radiation is thermal - in a mixed state

| ih | ! ⇢
<latexit sha1_base64="msUi8Ahj+uu9HI8ZkZFhG6nCb+8=">AAACJHicbVDLSgMxFM34tr6qLt0Ei+BqmBFBwY3oxqWCfUBTSia904ZmMkNyRyjVj3Hjr7hx4QMXbvwW07Ggth4IOZxzL8k5UaakxSD48GZm5+YXFpeWSyura+sb5c2tmk1zI6AqUpWaRsQtKKmhihIVNDIDPIkU1KP++civ34CxMtXXOMiglfCulrEUHJ3ULp8wBTHessxKZmS3hz4zXHcVUKaKu/D9H/+WMkwpM72UtsuVwA8K0GkSjkmFjHHZLr+yTiryBDQKxa1thkGGrSE3KIWCuxLLLWRc9HkXmo5qnoBtDYuQd3TPKR0ap8YdjbRQf28MeWLtIIncZMKxZye9kfif18wxPm4Npc5yBC2+H4pzRV3MUWO0Iw0IVANHuDDS/ZWKHjdcoOu15EoIJyNPk9qBHwZ+eHVYOT0b17FEdsgu2SchOSKn5IJckioR5J48kmfy4j14T96b9/49OuONd7bJH3ifXxpJpac=</latexit><latexit sha1_base64="msUi8Ahj+uu9HI8ZkZFhG6nCb+8=">AAACJHicbVDLSgMxFM34tr6qLt0Ei+BqmBFBwY3oxqWCfUBTSia904ZmMkNyRyjVj3Hjr7hx4QMXbvwW07Ggth4IOZxzL8k5UaakxSD48GZm5+YXFpeWSyura+sb5c2tmk1zI6AqUpWaRsQtKKmhihIVNDIDPIkU1KP++civ34CxMtXXOMiglfCulrEUHJ3ULp8wBTHessxKZmS3hz4zXHcVUKaKu/D9H/+WMkwpM72UtsuVwA8K0GkSjkmFjHHZLr+yTiryBDQKxa1thkGGrSE3KIWCuxLLLWRc9HkXmo5qnoBtDYuQd3TPKR0ap8YdjbRQf28MeWLtIIncZMKxZye9kfif18wxPm4Npc5yBC2+H4pzRV3MUWO0Iw0IVANHuDDS/ZWKHjdcoOu15EoIJyNPk9qBHwZ+eHVYOT0b17FEdsgu2SchOSKn5IJckioR5J48kmfy4j14T96b9/49OuONd7bJH3ifXxpJpac=</latexit><latexit sha1_base64="msUi8Ahj+uu9HI8ZkZFhG6nCb+8=">AAACJHicbVDLSgMxFM34tr6qLt0Ei+BqmBFBwY3oxqWCfUBTSia904ZmMkNyRyjVj3Hjr7hx4QMXbvwW07Ggth4IOZxzL8k5UaakxSD48GZm5+YXFpeWSyura+sb5c2tmk1zI6AqUpWaRsQtKKmhihIVNDIDPIkU1KP++civ34CxMtXXOMiglfCulrEUHJ3ULp8wBTHessxKZmS3hz4zXHcVUKaKu/D9H/+WMkwpM72UtsuVwA8K0GkSjkmFjHHZLr+yTiryBDQKxa1thkGGrSE3KIWCuxLLLWRc9HkXmo5qnoBtDYuQd3TPKR0ap8YdjbRQf28MeWLtIIncZMKxZye9kfif18wxPm4Npc5yBC2+H4pzRV3MUWO0Iw0IVANHuDDS/ZWKHjdcoOu15EoIJyNPk9qBHwZ+eHVYOT0b17FEdsgu2SchOSKn5IJckioR5J48kmfy4j14T96b9/49OuONd7bJH3ifXxpJpac=</latexit><latexit sha1_base64="msUi8Ahj+uu9HI8ZkZFhG6nCb+8=">AAACJHicbVDLSgMxFM34tr6qLt0Ei+BqmBFBwY3oxqWCfUBTSia904ZmMkNyRyjVj3Hjr7hx4QMXbvwW07Ggth4IOZxzL8k5UaakxSD48GZm5+YXFpeWSyura+sb5c2tmk1zI6AqUpWaRsQtKKmhihIVNDIDPIkU1KP++civ34CxMtXXOMiglfCulrEUHJ3ULp8wBTHessxKZmS3hz4zXHcVUKaKu/D9H/+WMkwpM72UtsuVwA8K0GkSjkmFjHHZLr+yTiryBDQKxa1thkGGrSE3KIWCuxLLLWRc9HkXmo5qnoBtDYuQd3TPKR0ap8YdjbRQf28MeWLtIIncZMKxZye9kfif18wxPm4Npc5yBC2+H4pzRV3MUWO0Iw0IVANHuDDS/ZWKHjdcoOu15EoIJyNPk9qBHwZ+eHVYOT0b17FEdsgu2SchOSKn5IJckioR5J48kmfy4j14T96b9/49OuONd7bJH3ifXxpJpac=</latexit>

Tr
�
⇢2
�
< 1

<latexit sha1_base64="CLMrnkcWTUYmA1KCJ9Xmmnd3E0A=">AAACCHicbVC7SgNBFJ31GeMramnhYBBiE3aDoIVF0MYyQl6QjWF2cjcZMvtg5q4YlpQ2/oqNhSK2foKdf+PkUWjigQuHc+7l3nu8WAqNtv1tLS2vrK6tZzaym1vbO7u5vf26jhLFocYjGammxzRIEUINBUpoxgpY4EloeIPrsd+4B6VFFFZxGEM7YL1Q+IIzNFInd+QiPGBaVSNXgo8FV/Wju5KrRK+Pp5cO7eTydtGegC4SZ0byZIZKJ/fldiOeBBAil0zrlmPH2E6ZQsEljLJuoiFmfMB60DI0ZAHodjp5ZERPjNKlfqRMhUgn6u+JlAVaDwPPdAYM+3reG4v/ea0E/Yt2KsI4QQj5dJGfSIoRHadCu0IBRzk0hHElzK2U95liHE12WROCM//yIqmXio5ddG7P8uWrWRwZckiOSYE45JyUyQ2pkBrh5JE8k1fyZj1ZL9a79TFtXbJmMwfkD6zPHxYOmVQ=</latexit><latexit sha1_base64="CLMrnkcWTUYmA1KCJ9Xmmnd3E0A=">AAACCHicbVC7SgNBFJ31GeMramnhYBBiE3aDoIVF0MYyQl6QjWF2cjcZMvtg5q4YlpQ2/oqNhSK2foKdf+PkUWjigQuHc+7l3nu8WAqNtv1tLS2vrK6tZzaym1vbO7u5vf26jhLFocYjGammxzRIEUINBUpoxgpY4EloeIPrsd+4B6VFFFZxGEM7YL1Q+IIzNFInd+QiPGBaVSNXgo8FV/Wju5KrRK+Pp5cO7eTydtGegC4SZ0byZIZKJ/fldiOeBBAil0zrlmPH2E6ZQsEljLJuoiFmfMB60DI0ZAHodjp5ZERPjNKlfqRMhUgn6u+JlAVaDwPPdAYM+3reG4v/ea0E/Yt2KsI4QQj5dJGfSIoRHadCu0IBRzk0hHElzK2U95liHE12WROCM//yIqmXio5ddG7P8uWrWRwZckiOSYE45JyUyQ2pkBrh5JE8k1fyZj1ZL9a79TFtXbJmMwfkD6zPHxYOmVQ=</latexit><latexit sha1_base64="CLMrnkcWTUYmA1KCJ9Xmmnd3E0A=">AAACCHicbVC7SgNBFJ31GeMramnhYBBiE3aDoIVF0MYyQl6QjWF2cjcZMvtg5q4YlpQ2/oqNhSK2foKdf+PkUWjigQuHc+7l3nu8WAqNtv1tLS2vrK6tZzaym1vbO7u5vf26jhLFocYjGammxzRIEUINBUpoxgpY4EloeIPrsd+4B6VFFFZxGEM7YL1Q+IIzNFInd+QiPGBaVSNXgo8FV/Wju5KrRK+Pp5cO7eTydtGegC4SZ0byZIZKJ/fldiOeBBAil0zrlmPH2E6ZQsEljLJuoiFmfMB60DI0ZAHodjp5ZERPjNKlfqRMhUgn6u+JlAVaDwPPdAYM+3reG4v/ea0E/Yt2KsI4QQj5dJGfSIoRHadCu0IBRzk0hHElzK2U95liHE12WROCM//yIqmXio5ddG7P8uWrWRwZckiOSYE45JyUyQ2pkBrh5JE8k1fyZj1ZL9a79TFtXbJmMwfkD6zPHxYOmVQ=</latexit><latexit sha1_base64="CLMrnkcWTUYmA1KCJ9Xmmnd3E0A=">AAACCHicbVC7SgNBFJ31GeMramnhYBBiE3aDoIVF0MYyQl6QjWF2cjcZMvtg5q4YlpQ2/oqNhSK2foKdf+PkUWjigQuHc+7l3nu8WAqNtv1tLS2vrK6tZzaym1vbO7u5vf26jhLFocYjGammxzRIEUINBUpoxgpY4EloeIPrsd+4B6VFFFZxGEM7YL1Q+IIzNFInd+QiPGBaVSNXgo8FV/Wju5KrRK+Pp5cO7eTydtGegC4SZ0byZIZKJ/fldiOeBBAil0zrlmPH2E6ZQsEljLJuoiFmfMB60DI0ZAHodjp5ZERPjNKlfqRMhUgn6u+JlAVaDwPPdAYM+3reG4v/ea0E/Yt2KsI4QQj5dJGfSIoRHadCu0IBRzk0hHElzK2U95liHE12WROCM//yIqmXio5ddG7P8uWrWRwZckiOSYE45JyUyQ2pkBrh5JE8k1fyZj1ZL9a79TFtXbJmMwfkD6zPHxYOmVQ=</latexit>

pure ! mixed
<latexit sha1_base64="5lzHRt5nJyM7xyRTvZQv3ziK5nA=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdFl047KCfUAbymRy0w6dPJi5kZaQhRt/xY0LRdz6Ee78G6dtFtp6YODMOfcyc46XCK7Qtr+N0tr6xuZWebuys7u3f2AeHrVVnEoGLRaLWHY9qkDwCFrIUUA3kUBDT0DHG9/M/M4DSMXj6B6nCbghHUY84IyilgZmtY8wwSxJJeR9jK3FNeQT8POBWbPr9hzWKnEKUiMFmgPzq+/HLA0hQiaoUj3HTtDNqETOBOSVfqogoWxMh9DTNKIhKDebh8itU634VhBLfSK05urvjYyGSk1DT0+GFEdq2ZuJ/3m9FIMrN+NRkiJEbPFQkApLp501YvlcAkMx1YQyyfVfLTaikjLUvVV0Cc5y5FXSPq87dt25u6g1ros6yqRKTsgZccglaZBb0iQtwsgjeSav5M14Ml6Md+NjMVoyip1j8gfG5w9EEpkd</latexit><latexit sha1_base64="5lzHRt5nJyM7xyRTvZQv3ziK5nA=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdFl047KCfUAbymRy0w6dPJi5kZaQhRt/xY0LRdz6Ee78G6dtFtp6YODMOfcyc46XCK7Qtr+N0tr6xuZWebuys7u3f2AeHrVVnEoGLRaLWHY9qkDwCFrIUUA3kUBDT0DHG9/M/M4DSMXj6B6nCbghHUY84IyilgZmtY8wwSxJJeR9jK3FNeQT8POBWbPr9hzWKnEKUiMFmgPzq+/HLA0hQiaoUj3HTtDNqETOBOSVfqogoWxMh9DTNKIhKDebh8itU634VhBLfSK05urvjYyGSk1DT0+GFEdq2ZuJ/3m9FIMrN+NRkiJEbPFQkApLp501YvlcAkMx1YQyyfVfLTaikjLUvVV0Cc5y5FXSPq87dt25u6g1ros6yqRKTsgZccglaZBb0iQtwsgjeSav5M14Ml6Md+NjMVoyip1j8gfG5w9EEpkd</latexit><latexit sha1_base64="5lzHRt5nJyM7xyRTvZQv3ziK5nA=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdFl047KCfUAbymRy0w6dPJi5kZaQhRt/xY0LRdz6Ee78G6dtFtp6YODMOfcyc46XCK7Qtr+N0tr6xuZWebuys7u3f2AeHrVVnEoGLRaLWHY9qkDwCFrIUUA3kUBDT0DHG9/M/M4DSMXj6B6nCbghHUY84IyilgZmtY8wwSxJJeR9jK3FNeQT8POBWbPr9hzWKnEKUiMFmgPzq+/HLA0hQiaoUj3HTtDNqETOBOSVfqogoWxMh9DTNKIhKDebh8itU634VhBLfSK05urvjYyGSk1DT0+GFEdq2ZuJ/3m9FIMrN+NRkiJEbPFQkApLp501YvlcAkMx1YQyyfVfLTaikjLUvVV0Cc5y5FXSPq87dt25u6g1ros6yqRKTsgZccglaZBb0iQtwsgjeSav5M14Ml6Md+NjMVoyip1j8gfG5w9EEpkd</latexit><latexit sha1_base64="5lzHRt5nJyM7xyRTvZQv3ziK5nA=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdFl047KCfUAbymRy0w6dPJi5kZaQhRt/xY0LRdz6Ee78G6dtFtp6YODMOfcyc46XCK7Qtr+N0tr6xuZWebuys7u3f2AeHrVVnEoGLRaLWHY9qkDwCFrIUUA3kUBDT0DHG9/M/M4DSMXj6B6nCbghHUY84IyilgZmtY8wwSxJJeR9jK3FNeQT8POBWbPr9hzWKnEKUiMFmgPzq+/HLA0hQiaoUj3HTtDNqETOBOSVfqogoWxMh9DTNKIhKDebh8itU634VhBLfSK05urvjYyGSk1DT0+GFEdq2ZuJ/3m9FIMrN+NRkiJEbPFQkApLp501YvlcAkMx1YQyyfVfLTaikjLUvVV0Cc5y5FXSPq87dt25u6g1ros6yqRKTsgZccglaZBb0iQtwsgjeSav5M14Ml6Md+NjMVoyip1j8gfG5w9EEpkd</latexit>

: matter in 
pure state

: matter in 
mixed state

But, according to Quantum Physics, the 
evolution of a physical system is unitary: 
if the initial state of a system is pure, then 
it cannot evolve into a mixed state



• RSET             

- is invariant under symmetries of BH s-t 

- has a bath of thermal radiation at         :

µ, ⌫ = {t, r, ✓,'}

- is regular at            (and everywhere else, as expected)

Properties of Hartle-Hawking State

• Hartle-Hawking state:

- is the equivalent of the Minkowski state in flat s-t

- models a BH in thermal (unstable) equilibrium with its own 
radiation, so it’s the relevant state for the laws of BH mechanics



• 3rd law
BH:              not achievable in finite time (if an energy cond. is satisfied) = 0

(              not achievable in finite series of processes)T = 0



(if an -“null”- energy cond. is satisfied)�A � 0

• 2nd law

BH (Hawking’s rea th.):

(                for isolated syst.)

Laws of Black Hole Mechanics
[Bardeen, Carter, Hawking 1973]

�E = T �S + P �V(                                   )• 1st law

BH:

mass
area ang.vel.

ang.mom.

• 0th law

BH:       is const. throughout EH of stationary BH

<latexit sha1_base64="/z5Fw2xK+/ZT6shPnG08ac4Mkuo=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBCEQNgVXxfBx0UEMYJRIRtC76Q3DpndHWZmhbDkS7z4K148KCJ40r9xEvegxoKGoqqb7q5ACq6N6346Y+MTk1PThZni7Nz8wmJpaflKJ6liWGeJSNRNABoFj7FuuBF4IxVCFAi8DrrHA//6DpXmSXxpehKbEXRiHnIGxkqt0rbfRmGAnu37oQKW+V2QEvrZni95P/cOK/55hB1oVXLhtFUqu1V3CDpKvJyUSY5aq/TutxOWRhgbJkDrhudK08xAGc4E9ot+qlEC60IHG5bGEKFuZsP3+nTdKm0aJspWbOhQ/TmRQaR1LwpsZwTmVv/1BuJ/XiM14V4z47FMDcbse1GYCmoSOsiKtrlCZkTPEmCK21spuwUbk7GJFm0I3t+XR8nVZtXbqW5dbJUPjvI4CmSVrJEN4pFdckBOSI3UCSP35JE8kxfnwXlyXp2379YxJ59ZIb/gfHwBmcuiJQ==</latexit>

�M =


8⇡
�A+ ⌦+�J

(temp. T=const. in syst. in thermal equilibrium)

<latexit sha1_base64="WZ4TUC/lhIQO+7YGvT692Z/kqzg=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RzQOSNczO9iZDZh/O9CphyX948aCIV//Fm3/jJNmDJhY0FFXddHd5iRQabfvbKiwtr6yuFddLG5tb2zvl3b2mjlPFocFjGau2xzRIEUEDBUpoJwpY6EloecOrid96BKVFHN3hKAE3ZP1IBIIzNNJ91weJjN52+/BA7V65YlftKegicXJSITnqvfJX1495GkKEXDKtO46doJsxhYJLGJe6qYaE8SHrQ8fQiIWg3Wx69ZgeGcWnQaxMRUin6u+JjIVaj0LPdIYMB3rem4j/eZ0Ugws3E1GSIkR8tihIJcWYTiKgvlDAUY4MYVwJcyvlA6YYRxNUyYTgzL+8SJonVeesenpzWqld5nEUyQE5JMfEIeekRq5JnTQIJ4o8k1fyZj1ZL9a79TFrLVj5zD75A+vzB2t4kdE=</latexit>

�S � 0

<latexit sha1_base64="JJyp5LmMyOj5g2t2a7J0dUeXOFk=">AAAB/nicbVBNSwMxEM36WevXqnjyEiyCp7orRT1WvXisaD+gLSWbZtvQbLIks0pZCv4VLx4U8erv8Oa/MW33oK0PBh7vzTAzL4gFN+B5387C4tLyympuLb++sbm17e7s1oxKNGVVqoTSjYAYJrhkVeAgWCPWjESBYPVgcD326w9MG67kPQxj1o5IT/KQUwJW6rj7d7glWAia9/pAtFaP+PKk1HELXtGbAM8TPyMFlKHScb9aXUWTiEmgghjT9L0Y2inRwKlgo3wrMSwmdEB6rGmpJBEz7XRy/ggfWaWLQ6VtScAT9fdESiJjhlFgOyMCfTPrjcX/vGYC4UU75TJOgEk6XRQmAoPC4yxwl2tGQQwtIVRzeyumfaIJBZtY3obgz748T2qnRf+sWLotFcpXWRw5dIAO0THy0TkqoxtUQVVEUYqe0St6c56cF+fd+Zi2LjjZzB76A+fzB0bSlQ0=</latexit>

S $ A/4

<latexit sha1_base64="D4hwKOXQdsKds4c+2BEQtfgCqh4=">AAACCHicbVA9SwNBEN3zM8avqKWFi0HQJt6FoJZBG8sIiQq5I8xt9pIle3fL7pwSjpQ2/hUbC0Vs/Ql2/hs3MYVfDwYe780wMy9UUhh03Q9nZnZufmGxsFRcXlldWy9tbF6aNNOMt1gqU30dguFSJLyFAiW/VppDHEp+FQ7Oxv7VDddGpEkTh4oHMfQSEQkGaKVOaadJfckj1KLXR9A6vaX+AJSCw/2qr8RBp1R2K+4E9C/xpqRMpmh0Su9+N2VZzBNkEoxpe67CIAeNgkk+KvqZ4QrYAHq8bWkCMTdBPnlkRPes0qVRqm0lSCfq94kcYmOGcWg7Y8C++e2Nxf+8dobRSZCLRGXIE/a1KMokxZSOU6FdoTlDObQEmBb2Vsr6oIGhza5oQ/B+v/yXXFYr3lGldlEr10+ncRTINtkl+8Qjx6ROzkmDtAgjd+SBPJFn5955dF6c16/WGWc6s0V+wHn7BK2TmR4=</latexit>

T $ /(2⇡)



IV. Black Holes

(b) Rotation, etc



Astrophysical BHs: Kerr BH with angular momentum         
and mass M

ds2 = ��
⌃

⇥
dt2 � a sin2 ✓d'

⇤2 +
⌃
�

dr2 + ⌃d✓2 +
sin2 ✓

⌃
⇥�

r2 + a2
�
d'� adt

⇤2

⌃ ⌘ r2 + a2 cos2 ✓

Kerr Spacetime

- two symmetries: stationarity (       ) and axi-symmetry (       )
<latexit sha1_base64="6DHl69ufYqQymHVQMzin9BHTQ/Y=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/YLiWbZtvQbHZJZoWy9F948aCIV/+NN/+NabsHbX0QeLw3M5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsJ1Sio7GO/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPZvOY5NNSLzU8oWxMh7xrqaIRN34233hKzqwyIGGs7VNI5urvjoxGxkyiwFZGFEdm2ZuJ/3ndFMNrPxMqSZErtvgoTCXBmMzOJwOhOUM5sYQyLeyuhI2opgxtSCUbgrd88ippXVS9y2rtvlap3+RxFOEETuEcPLiCOtxBA5rAQMEzvMKbY5wX5935WJQWnLznGP7A+fwBzL2RAw==</latexit>

@t
<latexit sha1_base64="+tjEv7FCsabCitElKtITnZTe+Jg=">AAAB+3icbVC7TsMwFHXKq5RXKCOLRYXEVCWoAsYKFsYi0YfURJHjOq1Vx7Fsp6KK8issDCDEyo+w8Tc4bQZoOdKVjs651773hIJRpR3n26psbG5t71R3a3v7B4dH9nG9p5JUYtLFCUvkIESKMMpJV1PNyEBIguKQkX44vSv8/oxIRRP+qOeC+DEacxpRjLSRArvuCSQ1RSzIvBmSYkLzwG44TWcBuE7ckjRAiU5gf3mjBKcx4RozpNTQdYT2s+JdzEhe81JFBMJTNCZDQzmKifKzxe45PDfKCEaJNMU1XKi/JzIUKzWPQ9MZIz1Rq14h/ucNUx3d+BnlItWE4+VHUcqgTmARBBxRSbBmc0MQltTsCvEESYS1iatmQnBXT14nvcume9VsPbQa7dsyjio4BWfgArjgGrTBPeiALsDgCTyDV/Bm5daL9W59LFsrVjlzAv7A+vwBxl6U7g==</latexit>

@'

- a curvature singularity at
<latexit sha1_base64="CNP2YpXWcRLIPa7yrjT1l38xZiI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHtS12ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5VvUuquf355XaTR5HEY7gGE7Bg0uowR3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8A0D2NgA==</latexit>

r = 0

- an inner (Cauchy horizon) at 
<latexit sha1_base64="eaa89kROsblZuKsN3YVOzMF2zhM=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0UUtCUpRd0IRTduChXsA5o0TKbTduhkks5MCiX0E9z4K25cKOLWpTv/xuljodUDFw7n3Mu99/gRo1JZ1peRWlpeWV1Lr2c2Nre2d8zdvZoMY4FJFYcsFA0fScIoJ1VFFSONSBAU+IzU/f7NxK8PiZA05PdqFBE3QF1OOxQjpSXPPBZXwss5ZBDTISznHDkQKim3CjnUKowdymHTOhPeqeuZWStvTQH/EntOsmCOimd+Ou0QxwHhCjMkZdO2IuUmSCiKGRlnnFiSCOE+6pKmphwFRLrJ9KExPNJKG3ZCoYsrOFV/TiQokHIU+LozQKonF72J+J/XjFXn0k0oj2JFOJ4t6sQMqhBO0oFtKghWbKQJwoLqWyHuIYGw0hlmdAj24st/Sa2Qt8/zxbtitnQ9jyMNDsAhOAE2uAAlcAsqoAoweABP4AW8Go/Gs/FmvM9aU8Z8Zh/8gvHxDVd6m4M=</latexit>

r = r� ⌘ M �
p

M2 � a2 2 [0, r+]

maximally-rotating (extremal) is for            a = M

- an event horizon at radius
It has:

<latexit sha1_base64="4Bu6TA4L1zvM/UZigUdReFr0opI=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBKJakFHUjFN24KVSwD2jSMJlO2qGTR2cmhRK6ceOvuHGhiFv/wZ1/47TNQlsPXDiccy/33uNGjAppGN9aZmV1bX0ju5nb2t7Z3dP3DxoijDkmdRyykLdcJAijAalLKhlpRZwg32Wk6Q5up35zRLigYfAgxxGxfdQLqEcxkkpy9GN+zZ2CRYYxHcFqwRJDLpNqp3SOOqWJo+eNojEDXCZmSvIgRc3Rv6xuiGOfBBIzJETbNCJpJ4hLihmZ5KxYkAjhAeqRtqIB8omwk9kXE3iqlC70Qq4qkHCm/p5IkC/E2HdVp49kXyx6U/E/rx1L78pOaBDFkgR4vsiLGZQhnEYCu5QTLNlYEYQ5VbdC3EccYamCy6kQzMWXl0mjVDQviuX7cr5yk8aRBUfgBJwBE1yCCrgDNVAHGDyCZ/AK3rQn7UV71z7mrRktnTkEf6B9/gAWTpeu</latexit>

r = r+ ⌘ M +
p
M2 � a2

<latexit sha1_base64="JKf8vx18PpwfXKdsBL1hOqXISXg=">AAACBHicbVDLTgIxFO34RHyhLtk0EhOIgcwYoi6JunCJiTwSIJNOuUBDpzO2HRIyYeHGX3HjQmPc+hHu/BvLwELBk9zck3PuTXuPF3KmtG1/Wyura+sbm6mt9PbO7t5+5uCwroJIUqjRgAey6REFnAmoaaY5NEMJxPc4NLzh9dRvjEAqFoh7PQ6h45O+YD1GiTaSm8m2b4Br0oaHiI1wXhale1pIWrHgZnJ2yU6Al4kzJzk0R9XNfLW7AY18EJpyolTLsUPdiYnUjHKYpNuRgpDQIelDy1BBfFCdODligk+M0sW9QJoSGifq742Y+EqNfc9M+kQP1KI3Ff/zWpHuXXZiJsJIg6Czh3oRxzrA00Rwl0mgmo8NIVQy81dMB0QSqk1uaROCs3jyMqmflZzzUvmunKtczeNIoSw6RnnkoAtUQbeoimqIokf0jF7Rm/VkvVjv1sdsdMWa7xyhP7A+fwA3rZaI</latexit>

� ⌘ (r � r+)(r � r�)

<latexit sha1_base64="JTfhkzG1QgMfKCSLNCT1CIsBvUY=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4kLIrRUUQil5EECrYD2mXkk2zbWiSXZKsUJb+Ci8eFPHqz/HmvzFt96CtDwYe780wMy+IOdPGdb+dhcWl5ZXV3Fp+fWNza7uws1vXUaIIrZGIR6oZYE05k7RmmOG0GSuKRcBpIxhcj/3GE1WaRfLBDGPqC9yTLGQEGys93l5eINw+RnedQtEtuROgeeJlpAgZqp3CV7sbkURQaQjHWrc8NzZ+ipVhhNNRvp1oGmMywD3aslRiQbWfTg4eoUOrdFEYKVvSoIn6eyLFQuuhCGynwKavZ72x+J/XSkx47qdMxomhkkwXhQlHJkLj71GXKUoMH1qCiWL2VkT6WGFibEZ5G4I3+/I8qZ+UvNNS+b5crFxlceRgHw7gCDw4gwrcQBVqQEDAM7zCm6OcF+fd+Zi2LjjZzB78gfP5A78+jxQ=</latexit>

J =: aM



 ergoregion

speed-of-light 
surface

�2 > 0
(@t)2 > 0

event-horizon �2 = 0

� ⌘ @t + ⌦@'

stationary 
limit surface

�2 = 0

: angular velocity
<latexit sha1_base64="EaUv17ffXb/8jVtjm2h0Cf1biWY=">AAACC3icbVDLSgNBEJz1GeMr6tHLkCAIgbAbgnoMevFmBKOBbFx6J71xcPbhzGwgLLl78Ve8eFDEqz/gzb9xkuzBV0FDUdVNd5efCK60bX9ac/MLi0vLhZXi6tr6xmZpa/tSxalk2GaxiGXHB4WCR9jWXAvsJBIh9AVe+bcnE/9qiFLxOLrQowR7IQwiHnAG2kheqeyehTgAr+riXcqH1A0ksAzGmfSq1/UqXNfHXqli1+wp6F/i5KRCcrS80ofbj1kaYqSZAKW6jp3oXgZScyZwXHRThQmwWxhg19AIQlS9bPrLmO4ZpU+DWJqKNJ2q3ycyCJUahb7pDEHfqN/eRPzP66Y6OOplPEpSjRGbLQpSQXVMJ8HQPpfItBgZAkxycytlN2DS0Ca+ognB+f3yX3JZrzkHtcZ5o9I8zuMokF1SJvvEIYekSU5Ji7QJI/fkkTyTF+vBerJerbdZ65yVz+yQH7DevwAPqppu</latexit>

⌦+ ⌘ a

r2+ + a2

<latexit sha1_base64="CnZC2j9w4ihtzkeQQB6sw5q0nwk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqBeh6MVjBdMW2lA220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBJphj6LBGJaoVUo+ASfcONwFaqkMahwGY4vJv6zSdUmify0YxSDGLalzzijBor+epGdc+7pbJbcWcgy8TLSRly1Lulr04vYVmM0jBBtW57bmqCMVWGM4GTYifTmFI2pH1sWyppjDoYz46dkFOr9EiUKFvSkJn6e2JMY61HcWg7Y2oGetGbiv957cxE18GYyzQzKNl8UZQJYhIy/Zz0uEJmxMgSyhS3txI2oIoyY/Mp2hC8xZeXSeOi4l1Wqg/Vcu02j6MAx3ACZ+DBFdTgHurgAwMOz/AKb450Xpx352PeuuLkM0fwB87nD1H+jmA=</latexit>r = r+

<latexit sha1_base64="DABIiykYCWwOlHh0jME8e+8U5e4=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBBiE3ZDUAuLoI1lBPOA7LrMTmaTIbMPZu4KIaSw8VdsLBSx9SPs/Btnky008cCFwzn3ztx7/ERwBZb1baysrq1vbBa2its7u3v75sFhW8WppKxFYxHLrk8UEzxiLeAgWDeRjIS+YB1/dJ35nQcmFY+jOxgnzA3JIOIBpwS05JklR7AAKk5CJHAiPHAkHwzh9L52aXlm2apaM+BlYuekjHI0PfPL6cc0DVkEVBCleraVgDvJnqaCTYtOqlhC6IgMWE/TiIRMuZPZEVN8opU+DmKpKwI8U39PTEio1Dj0dWdIYKgWvUz8z+ulEFy4Ex4lKbCIzj8KUoEhxlkiuM8loyDGmhAqud4V0yGRhILOrahDsBdPXibtWtU+q9Zv6+XGVR5HAZXQMaogG52jBrpBTdRCFD2iZ/SK3own48V4Nz7mrStGPnOE/sD4/AH995es</latexit>

(@t)
2 < 0



sing.

<latexit sha1_base64="HkHF6EBenOyorn+40ZwpazXlCgQ=">AAAB9HicbVDLSsNAFL2pr1pfVZduBosgCCWRoi6LbrqsYB/QxjKZTtqhk0mcmRRK6He4caGIWz/GnX/jJM1CWw8MHM65l3vmeBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO14k7vU70ypVCwUD3oWUTfAI8F8RrA2ktsPsB4TzJPG/PFiUK7YVTsDWiVOTiqQozkof/WHIYkDKjThWKmeY0faTbDUjHA6L/VjRSNMJnhEe4YKHFDlJlnoOTozyhD5oTRPaJSpvzcSHCg1CzwzmYZUy14q/uf1Yu3fuAkTUaypIItDfsyRDlHaABoySYnmM0MwkcxkRWSMJSba9FQyJTjLX14l7cuqc1Wt3dcq9du8jiKcwCmcgwPXUIcGNKEFBJ7gGV7hzZpaL9a79bEYLVj5zjH8gfX5A6DOkgQ=</latexit>

H
+

<latexit sha1_base64="WMrwRmkUG5/BUZGvwsM9r1gc3MA=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLYTZcV7AOaUCbTSTt0MgnzEErob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEKWdKu+63U9rY3NreKe9W9vYPDo+qxyddlRhJaIckPJH9ECvKmaAdzTSn/VRSHIec9sJpM/d7T1QqlohHPUtpEOOxYBEjWFvJ92OsJwTzrNmaD6s1t+4ugNaJV5AaFGgPq1/+KCEmpkITjpUaeG6qgwxLzQin84pvFE0xmeIxHVgqcExVkC0yz9GFVUYoSqR9QqOF+nsjw7FSszi0k3lGterl4n/ewOjoLsiYSI2mgiwPRYYjnaC8ADRikhLNZ5ZgIpnNisgES0y0raliS/BWv7xOuld176Z+/XBda9wXdZThDM7hEjy4hQa0oA0dIJDCM7zCm2OcF+fd+ViOlpxi5xT+wPn8AQypkbQ=</latexit>

CH

<latexit sha1_base64="9iPO8Xohg6uRLL5krim5nu2qXYA=">AAAB9HicbVDLSsNAFL2pr1pfVZduBosgCCWRoi6LbsRVBfuANpbJdNIOnUzizKRQQr7DjQtF3Pox7vwbJ20W2npg4HDOvdwzx4s4U9q2v63Cyura+kZxs7S1vbO7V94/aKkwloQ2SchD2fGwopwJ2tRMc9qJJMWBx2nbG99kfntCpWKheNDTiLoBHgrmM4K1kdxegPWIYJ7cpY9n/XLFrtozoGXi5KQCORr98ldvEJI4oEITjpXqOnak3QRLzQinaakXKxphMsZD2jVU4IAqN5mFTtGJUQbID6V5QqOZ+nsjwYFS08Azk1lItehl4n9eN9b+lZswEcWaCjI/5Mcc6RBlDaABk5RoPjUEE8lMVkRGWGKiTU8lU4Kz+OVl0jqvOhfV2n2tUr/O6yjCERzDKThwCXW4hQY0gcATPMMrvFkT68V6tz7mowUr3zmEP7A+fwCj3JIG</latexit>

J +

<latexit sha1_base64="CNP2YpXWcRLIPa7yrjT1l38xZiI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHtS12ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5VvUuquf355XaTR5HEY7gGE7Bg0uowR3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8A0D2NgA==</latexit>

r = 0

<latexit sha1_base64="YrDeoMQmkKvvbMDzIJ+lPJijw+E=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1ItQ9OKxgmkLbSib7aRdutmE3Y1QSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOgkUwx9lohEtUKqUXCJvuFGYCtVSONQYDMc3k395hMqzRP5aEYpBjHtSx5xRo2VfHWjuufdUtmtuDOQZeLlpAw56t3SV6eXsCxGaZigWrc9NzXBmCrDmcBJsZNpTCkb0j62LZU0Rh2MZ8dOyKlVeiRKlC1pyEz9PTGmsdajOLSdMTUDvehNxf+8dmai62DMZZoZlGy+KMoEMQmZfk56XCEzYmQJZYrbWwkbUEWZsfkUbQje4svLpHFR8S4r1YdquXabx1GAYziBM/DgCmpwD3XwgQGHZ3iFN0c6L8678zFvXXHymSP4A+fzB1UGjmI=</latexit>r = r�

(t = 1, r = 1)
<latexit sha1_base64="Vna/35VCrCvRE+UQvnfXP+vgP2w=">AAAB/HicbZBNS8NAEIYnftb6Ve3RS7AIFaQkIuhFKHrxWMF+QBvKZrtpl242YXcihFD/ihcPinj1h3jz37htc9DWFxYe3plhZl8/Flyj43xbK6tr6xubha3i9s7u3n7p4LClo0RR1qSRiFTHJ5oJLlkTOQrWiRUjoS9Y2x/fTuvtR6Y0j+QDpjHzQjKUPOCUoLH6pXIVr3tcBpieqRxO+6WKU3NmspfBzaECuRr90ldvENEkZBKpIFp3XSdGLyMKORVsUuwlmsWEjsmQdQ1KEjLtZbPjJ/aJcQZ2ECnzJNoz9/dERkKt09A3nSHBkV6sTc3/at0Egysv4zJOkEk6XxQkwsbIniZhD7hiFEVqgFDFza02HRFFKJq8iiYEd/HLy9A6r7lOzb2/qNRv8jgKcATHUAUXLqEOd9CAJlBI4Rle4c16sl6sd+tj3rpi5TNl+CPr8wf4fJRS</latexit><latexit sha1_base64="Vna/35VCrCvRE+UQvnfXP+vgP2w=">AAAB/HicbZBNS8NAEIYnftb6Ve3RS7AIFaQkIuhFKHrxWMF+QBvKZrtpl242YXcihFD/ihcPinj1h3jz37htc9DWFxYe3plhZl8/Flyj43xbK6tr6xubha3i9s7u3n7p4LClo0RR1qSRiFTHJ5oJLlkTOQrWiRUjoS9Y2x/fTuvtR6Y0j+QDpjHzQjKUPOCUoLH6pXIVr3tcBpieqRxO+6WKU3NmspfBzaECuRr90ldvENEkZBKpIFp3XSdGLyMKORVsUuwlmsWEjsmQdQ1KEjLtZbPjJ/aJcQZ2ECnzJNoz9/dERkKt09A3nSHBkV6sTc3/at0Egysv4zJOkEk6XxQkwsbIniZhD7hiFEVqgFDFza02HRFFKJq8iiYEd/HLy9A6r7lOzb2/qNRv8jgKcATHUAUXLqEOd9CAJlBI4Rle4c16sl6sd+tj3rpi5TNl+CPr8wf4fJRS</latexit><latexit sha1_base64="Vna/35VCrCvRE+UQvnfXP+vgP2w=">AAAB/HicbZBNS8NAEIYnftb6Ve3RS7AIFaQkIuhFKHrxWMF+QBvKZrtpl242YXcihFD/ihcPinj1h3jz37htc9DWFxYe3plhZl8/Flyj43xbK6tr6xubha3i9s7u3n7p4LClo0RR1qSRiFTHJ5oJLlkTOQrWiRUjoS9Y2x/fTuvtR6Y0j+QDpjHzQjKUPOCUoLH6pXIVr3tcBpieqRxO+6WKU3NmspfBzaECuRr90ldvENEkZBKpIFp3XSdGLyMKORVsUuwlmsWEjsmQdQ1KEjLtZbPjJ/aJcQZ2ECnzJNoz9/dERkKt09A3nSHBkV6sTc3/at0Egysv4zJOkEk6XxQkwsbIniZhD7hiFEVqgFDFza02HRFFKJq8iiYEd/HLy9A6r7lOzb2/qNRv8jgKcATHUAUXLqEOd9CAJlBI4Rle4c16sl6sd+tj3rpi5TNl+CPr8wf4fJRS</latexit><latexit sha1_base64="Vna/35VCrCvRE+UQvnfXP+vgP2w=">AAAB/HicbZBNS8NAEIYnftb6Ve3RS7AIFaQkIuhFKHrxWMF+QBvKZrtpl242YXcihFD/ihcPinj1h3jz37htc9DWFxYe3plhZl8/Flyj43xbK6tr6xubha3i9s7u3n7p4LClo0RR1qSRiFTHJ5oJLlkTOQrWiRUjoS9Y2x/fTuvtR6Y0j+QDpjHzQjKUPOCUoLH6pXIVr3tcBpieqRxO+6WKU3NmspfBzaECuRr90ldvENEkZBKpIFp3XSdGLyMKORVsUuwlmsWEjsmQdQ1KEjLtZbPjJ/aJcQZ2ECnzJNoz9/dERkKt09A3nSHBkV6sTc3/at0Egysv4zJOkEk6XxQkwsbIniZhD7hiFEVqgFDFza02HRFFKJq8iiYEd/HLy9A6r7lOzb2/qNRv8jgKcATHUAUXLqEOd9CAJlBI4Rle4c16sl6sd+tj3rpi5TNl+CPr8wf4fJRS</latexit>(t = 1, r = r+)

<latexit sha1_base64="a9JmI6BmvB9YUzFbVuKn+xsjgkI=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahopREBL0Uil48VrAf0Iaw2W7apZtN2J0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz84JEcA2O820V1tY3NreK26Wd3b39A/vwqKXjVFHWpLGIVScgmgkuWRM4CNZJFCNRIFg7GN3P/PaYKc1j+QSThHkRGUgeckrASL5tV6DW4zKEyaWqKf/i3LfLTtWZA68SNydllKPh21+9fkzTiEmggmjddZ0EvIwo4FSwaamXapYQOiID1jVUkohpL5tfPsVnRunjMFamJOC5+nsiI5HWkygwnRGBoV72ZuJ/XjeF8NbLuExSYJIuFoWpwBDjWQy4zxWjICaGEKq4uRXTIVGEggmrZEJwl19eJa2rqutU3cfrcv0uj6OITtApqiAX3aA6ekAN1EQUjdEzekVvVma9WO/Wx6K1YOUzx+gPrM8fIN6Sqg==</latexit><latexit sha1_base64="a9JmI6BmvB9YUzFbVuKn+xsjgkI=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahopREBL0Uil48VrAf0Iaw2W7apZtN2J0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz84JEcA2O820V1tY3NreK26Wd3b39A/vwqKXjVFHWpLGIVScgmgkuWRM4CNZJFCNRIFg7GN3P/PaYKc1j+QSThHkRGUgeckrASL5tV6DW4zKEyaWqKf/i3LfLTtWZA68SNydllKPh21+9fkzTiEmggmjddZ0EvIwo4FSwaamXapYQOiID1jVUkohpL5tfPsVnRunjMFamJOC5+nsiI5HWkygwnRGBoV72ZuJ/XjeF8NbLuExSYJIuFoWpwBDjWQy4zxWjICaGEKq4uRXTIVGEggmrZEJwl19eJa2rqutU3cfrcv0uj6OITtApqiAX3aA6ekAN1EQUjdEzekVvVma9WO/Wx6K1YOUzx+gPrM8fIN6Sqg==</latexit><latexit sha1_base64="a9JmI6BmvB9YUzFbVuKn+xsjgkI=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahopREBL0Uil48VrAf0Iaw2W7apZtN2J0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz84JEcA2O820V1tY3NreK26Wd3b39A/vwqKXjVFHWpLGIVScgmgkuWRM4CNZJFCNRIFg7GN3P/PaYKc1j+QSThHkRGUgeckrASL5tV6DW4zKEyaWqKf/i3LfLTtWZA68SNydllKPh21+9fkzTiEmggmjddZ0EvIwo4FSwaamXapYQOiID1jVUkohpL5tfPsVnRunjMFamJOC5+nsiI5HWkygwnRGBoV72ZuJ/XjeF8NbLuExSYJIuFoWpwBDjWQy4zxWjICaGEKq4uRXTIVGEggmrZEJwl19eJa2rqutU3cfrcv0uj6OITtApqiAX3aA6ekAN1EQUjdEzekVvVma9WO/Wx6K1YOUzx+gPrM8fIN6Sqg==</latexit><latexit sha1_base64="a9JmI6BmvB9YUzFbVuKn+xsjgkI=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahopREBL0Uil48VrAf0Iaw2W7apZtN2J0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz84JEcA2O820V1tY3NreK26Wd3b39A/vwqKXjVFHWpLGIVScgmgkuWRM4CNZJFCNRIFg7GN3P/PaYKc1j+QSThHkRGUgeckrASL5tV6DW4zKEyaWqKf/i3LfLTtWZA68SNydllKPh21+9fkzTiEmggmjddZ0EvIwo4FSwaamXapYQOiID1jVUkohpL5tfPsVnRunjMFamJOC5+nsiI5HWkygwnRGBoV72ZuJ/XjeF8NbLuExSYJIuFoWpwBDjWQy4zxWjICaGEKq4uRXTIVGEggmrZEJwl19eJa2rqutU3cfrcv0uj6OITtApqiAX3aA6ekAN1EQUjdEzekVvVma9WO/Wx6K1YOUzx+gPrM8fIN6Sqg==</latexit>

BH

<latexit sha1_base64="6vxmjNGO81UXOOMulKAjbEidTm4=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgxpJIUZdFN11WsA9oY5lMJ+3QySTOTAol9DvcuFDErR/jzr9xkmahrQcGDufcyz1zvIgzpW372yqsrW9sbhW3Szu7e/sH5cOjtgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yV3qd6ZUKhaKBz2LqBvgkWA+I1gbye0HWI8J5klj/ngxKFfsqp0BrRInJxXI0RyUv/rDkMQBFZpwrFTPsSPtJlhqRjidl/qxohEmEzyiPUMFDqhykyz0HJ0ZZYj8UJonNMrU3xsJDpSaBZ6ZTEOqZS8V//N6sfZv3ISJKNZUkMUhP+ZIhyhtAA2ZpETzmSGYSGayIjLGEhNteiqZEpzlL6+S9mXVuarW7muV+m1eRxFO4BTOwYFrqEMDmtACAk/wDK/wZk2tF+vd+liMFqx85xj+wPr8AaPWkgY=</latexit>

H
� <latexit sha1_base64="y8+6M0ATlW5H6x++6WQMGcxcnjM=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgxpJIUZdFN+Kqgn1AG8tkOmmHTiZxZlIoId/hxoUibv0Yd/6NkzYLbT0wcDjnXu6Z40WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFQYS0KbJOSh7HhYUc4EbWqmOe1EkuLA47TtjW8yvz2hUrFQPOhpRN0ADwXzGcHaSG4vwHpEME/u0sezfrliV+0Z0DJxclKBHI1++as3CEkcUKEJx0p1HTvSboKlZoTTtNSLFY0wGeMh7RoqcECVm8xCp+jEKAPkh9I8odFM/b2R4ECpaeCZySykWvQy8T+vG2v/yk2YiGJNBZkf8mOOdIiyBtCASUo0nxqCiWQmKyIjLDHRpqeSKcFZ/PIyaZ1XnYtq7b5WqV/ndRThCI7hFBy4hDrcQgOaQOAJnuEV3qyJ9WK9Wx/z0YKV7xzCH1ifP6bkkgg=</latexit>J�

(t = �1, r = r+)
<latexit sha1_base64="srVzwSrYMkNEQMva5a2/9O//Vzk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahopZEBL0Uil48VrAf0Iaw2W7axc0m7E6UEPtTvHhQxKu/xJv/xm2bg7Y+GHi8N8PMPD/mTIFtfxuFpeWV1bXiemljc2t7xyzvtlWUSEJbJOKR7PpYUc4EbQEDTruxpDj0Oe3499cTv/NApWKRuIM0pm6Ih4IFjGDQkmeWq1A/7TMRQHoi69I7PvLMil2zp7AWiZOTCsrR9Myv/iAiSUgFEI6V6jl2DG6GJTDC6bjUTxSNMbnHQ9rTVOCQKjebnj62DrUysIJI6hJgTdXfExkOlUpDX3eGGEZq3puI/3m9BIJLN2MiToAKMlsUJNyCyJrkYA2YpAR4qgkmkulbLTLCEhPQaZV0CM78y4ukfVZz7Jpze15pXOVxFNE+OkBV5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHrLVg5DN76A+Mzx+NVZLh</latexit><latexit sha1_base64="srVzwSrYMkNEQMva5a2/9O//Vzk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahopZEBL0Uil48VrAf0Iaw2W7axc0m7E6UEPtTvHhQxKu/xJv/xm2bg7Y+GHi8N8PMPD/mTIFtfxuFpeWV1bXiemljc2t7xyzvtlWUSEJbJOKR7PpYUc4EbQEDTruxpDj0Oe3499cTv/NApWKRuIM0pm6Ih4IFjGDQkmeWq1A/7TMRQHoi69I7PvLMil2zp7AWiZOTCsrR9Myv/iAiSUgFEI6V6jl2DG6GJTDC6bjUTxSNMbnHQ9rTVOCQKjebnj62DrUysIJI6hJgTdXfExkOlUpDX3eGGEZq3puI/3m9BIJLN2MiToAKMlsUJNyCyJrkYA2YpAR4qgkmkulbLTLCEhPQaZV0CM78y4ukfVZz7Jpze15pXOVxFNE+OkBV5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHrLVg5DN76A+Mzx+NVZLh</latexit><latexit sha1_base64="srVzwSrYMkNEQMva5a2/9O//Vzk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahopZEBL0Uil48VrAf0Iaw2W7axc0m7E6UEPtTvHhQxKu/xJv/xm2bg7Y+GHi8N8PMPD/mTIFtfxuFpeWV1bXiemljc2t7xyzvtlWUSEJbJOKR7PpYUc4EbQEDTruxpDj0Oe3499cTv/NApWKRuIM0pm6Ih4IFjGDQkmeWq1A/7TMRQHoi69I7PvLMil2zp7AWiZOTCsrR9Myv/iAiSUgFEI6V6jl2DG6GJTDC6bjUTxSNMbnHQ9rTVOCQKjebnj62DrUysIJI6hJgTdXfExkOlUpDX3eGGEZq3puI/3m9BIJLN2MiToAKMlsUJNyCyJrkYA2YpAR4qgkmkulbLTLCEhPQaZV0CM78y4ukfVZz7Jpze15pXOVxFNE+OkBV5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHrLVg5DN76A+Mzx+NVZLh</latexit><latexit sha1_base64="srVzwSrYMkNEQMva5a2/9O//Vzk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahopZEBL0Uil48VrAf0Iaw2W7axc0m7E6UEPtTvHhQxKu/xJv/xm2bg7Y+GHi8N8PMPD/mTIFtfxuFpeWV1bXiemljc2t7xyzvtlWUSEJbJOKR7PpYUc4EbQEDTruxpDj0Oe3499cTv/NApWKRuIM0pm6Ih4IFjGDQkmeWq1A/7TMRQHoi69I7PvLMil2zp7AWiZOTCsrR9Myv/iAiSUgFEI6V6jl2DG6GJTDC6bjUTxSNMbnHQ9rTVOCQKjebnj62DrUysIJI6hJgTdXfExkOlUpDX3eGGEZq3puI/3m9BIJLN2MiToAKMlsUJNyCyJrkYA2YpAR4qgkmkulbLTLCEhPQaZV0CM78y4ukfVZz7Jpze15pXOVxFNE+OkBV5KAL1EA3qIlaiKBH9Ixe0ZvxZLwY78bHrLVg5DN76A+Mzx+NVZLh</latexit>

(t = �1, r = 1)
<latexit sha1_base64="I6JwBxL6bwmnMtUtjg0p57fV50w=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaLUEFLIoJuCkU3LivYC7ShTKaTduhkEmZOhBiKr+LGhSJufQ93vo3Ty0Jbfxj4+M85nDO/HwuuwXG+rdzS8srqWn69sLG5tb1j7+41dJQoyuo0EpFq+UQzwSWrAwfBWrFiJPQFa/rDm3G9+cCU5pG8hzRmXkj6kgecEjBW1z4oQeWsw2UA6amqTOGkaxedsjMRXgR3BkU0U61rf3V6EU1CJoEKonXbdWLwMqKAU8FGhU6iWUzokPRZ26AkIdNeNrl+hI+N08NBpMyTgCfu74mMhFqnoW86QwIDPV8bm//V2gkEV17GZZwAk3S6KEgEhgiPo8A9rhgFkRogVHFzK6YDoggFE1jBhODOf3kRGudl1ym7dxfF6vUsjjw6REeohFx0iaroFtVQHVH0iJ7RK3qznqwX6936mLbmrNnMPvoj6/MHZY+UiQ==</latexit><latexit sha1_base64="I6JwBxL6bwmnMtUtjg0p57fV50w=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaLUEFLIoJuCkU3LivYC7ShTKaTduhkEmZOhBiKr+LGhSJufQ93vo3Ty0Jbfxj4+M85nDO/HwuuwXG+rdzS8srqWn69sLG5tb1j7+41dJQoyuo0EpFq+UQzwSWrAwfBWrFiJPQFa/rDm3G9+cCU5pG8hzRmXkj6kgecEjBW1z4oQeWsw2UA6amqTOGkaxedsjMRXgR3BkU0U61rf3V6EU1CJoEKonXbdWLwMqKAU8FGhU6iWUzokPRZ26AkIdNeNrl+hI+N08NBpMyTgCfu74mMhFqnoW86QwIDPV8bm//V2gkEV17GZZwAk3S6KEgEhgiPo8A9rhgFkRogVHFzK6YDoggFE1jBhODOf3kRGudl1ym7dxfF6vUsjjw6REeohFx0iaroFtVQHVH0iJ7RK3qznqwX6936mLbmrNnMPvoj6/MHZY+UiQ==</latexit><latexit sha1_base64="I6JwBxL6bwmnMtUtjg0p57fV50w=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaLUEFLIoJuCkU3LivYC7ShTKaTduhkEmZOhBiKr+LGhSJufQ93vo3Ty0Jbfxj4+M85nDO/HwuuwXG+rdzS8srqWn69sLG5tb1j7+41dJQoyuo0EpFq+UQzwSWrAwfBWrFiJPQFa/rDm3G9+cCU5pG8hzRmXkj6kgecEjBW1z4oQeWsw2UA6amqTOGkaxedsjMRXgR3BkU0U61rf3V6EU1CJoEKonXbdWLwMqKAU8FGhU6iWUzokPRZ26AkIdNeNrl+hI+N08NBpMyTgCfu74mMhFqnoW86QwIDPV8bm//V2gkEV17GZZwAk3S6KEgEhgiPo8A9rhgFkRogVHFzK6YDoggFE1jBhODOf3kRGudl1ym7dxfF6vUsjjw6REeohFx0iaroFtVQHVH0iJ7RK3qznqwX6936mLbmrNnMPvoj6/MHZY+UiQ==</latexit><latexit sha1_base64="I6JwBxL6bwmnMtUtjg0p57fV50w=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaLUEFLIoJuCkU3LivYC7ShTKaTduhkEmZOhBiKr+LGhSJufQ93vo3Ty0Jbfxj4+M85nDO/HwuuwXG+rdzS8srqWn69sLG5tb1j7+41dJQoyuo0EpFq+UQzwSWrAwfBWrFiJPQFa/rDm3G9+cCU5pG8hzRmXkj6kgecEjBW1z4oQeWsw2UA6amqTOGkaxedsjMRXgR3BkU0U61rf3V6EU1CJoEKonXbdWLwMqKAU8FGhU6iWUzokPRZ26AkIdNeNrl+hI+N08NBpMyTgCfu74mMhFqnoW86QwIDPV8bm//V2gkEV17GZZwAk3S6KEgEhgiPo8A9rhgFkRogVHFzK6YDoggFE1jBhODOf3kRGudl1ym7dxfF6vUsjjw6REeohFx0iaroFtVQHVH0iJ7RK3qznqwX6936mLbmrNnMPvoj6/MHZY+UiQ==</latexit>

Penrose Diagram
(Part of) max. 
extended Kerr s-t



Bosons Fields

�⇤ = R⇤(r)S⇤(✓)eim'�i!t ⇤ ⌘ {`, m,!}

 Field eq.:

�⇤ ⌘ {`,�m,�!}

separates by variables

Mode slns.:

They satisfy similar ODEs 
as in Schwarzschild

have positive norm
<latexit sha1_base64="Ie7HfjCapzj0Ic1WA3pKsB1NOro=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZE1JUU3bisYB/QGUomvdOGJpMhyRTK0D9x40IRt/6JO//GtJ2Fth4IHM65l3tyopQzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRS8tMUWhSyaXqREQDZwk0DTMcOqkCIiIO7Wh0P/PbY1CayeTJTFIIBRkkLGaUGCv1XDeIpSKc40AKGJBbr+dWvZo3B14lfkGqqECj534FfUkzAYmhnGjd9b3UhDlRhlEO00qQaUgJHZEBdC1NiAAd5vPkU3xmlT62EexLDJ6rvzdyIrSeiMhOCmKGetmbif953czEN2HOkjQzkNDFoTjj2Eg8qwH3mQJq+MQSQhWzWTEdEkWosWVVbAn+8pdXSeui5l/VLh8vq/W7oo4yOkGn6Bz56BrV0QNqoCaiaIye0St6c3LnxXl3PhajJafYOUZ/4Hz+ANHUkyM=</latexit>

8! > 0

have positive norm

<latexit sha1_base64="c+sG2LVsxwJ5XVSM+p6uGPQ5x94=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYkAlQRUwVrAwdCiIPqQmRI7jtFYdJ7IdpCrKwq+wMIAQK5/Bxt/gthmgcCRLR+fco+t7/IRRqSzryygtLC4tr5RXK2vrG5tb5vZOR8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+6Gridx+IkDTmd2qcEDdCA05DipHSkmfuOcmQepnT1JEA5fcZ5cfNk9vcM6tWzZoC/iV2QaqgQMszP50gxmlEuMIMSdm3rUS5GRKKYkbyipNKkiA8QgPS15SjiEg3mx6Qw0OtBDCMhX5cwan6M5GhSMpx5OvJCKmhnPcm4n9eP1XhhatvSlJFOJ4tClMGVQwnbcCACoIVG2uCsKD6rxAPkUBY6c4qugR7/uS/pHNas89q9Zt6tXFZ1FEG++AAHAEbnIMGuAYt0AYY5OAJvIBX49F4Nt6M99loySgyu+AXjI9vctyWUQ==</latexit>

�in,L/R
⇤

<latexit sha1_base64="3zLlDnltNCMClTwr77cd4javiPQ=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYkAlQRUwVrAwdCiIPqQmRI7jtFadxLIdpCrKwq+wMIAQK5/Bxt/gthmgcCRLR+fco+t7fM6oVJb1ZZQWFpeWV8qrlbX1jc0tc3unI5NUYNLGCUtEz0eSMBqTtqKKkR4XBEU+I11/dDXxuw9ESJrEd2rMiRuhQUxDipHSkmfuOXxIvcxp6kiA8vss5cfNk9vcM6tWzZoC/iV2QaqgQMszP50gwWlEYoUZkrJvW1y5GRKKYkbyipNKwhEeoQHpaxqjiEg3mx6Qw0OtBDBMhH6xglP1ZyJDkZTjyNeTEVJDOe9NxP+8fqrCCzejMU8VifFsUZgyqBI4aQMGVBCs2FgThAXVf4V4iATCSndW0SXY8yf/JZ3Tmn1Wq9/Uq43Loo4y2AcH4AjY4Bw0wDVogTbAIAdP4AW8Go/Gs/FmvM9GS0aR2QW/YHx8A4hmll8=</latexit>

�up,L/R
⇤

<latexit sha1_base64="riK2znlBh9bTbteLLFDEb7enQ/Y=">AAACFnicbVDLSgMxFM3UV62vqks3wSII0jIjRV1J0Y07K9gHdIaSSW/b0GRmTDKFUvoVbvwVNy4UcSvu/Bsz7Sy09UDIyTn3knuPH3GmtG1/W5ml5ZXVtex6bmNza3snv7tXV2EsKdRoyEPZ9IkCzgKoaaY5NCMJRPgcGv7gOvEbQ5CKhcG9HkXgCdILWJdRoo3UzhfdbigJ59jVjHfADQX0iAsPMRvi2aMo3Nvkbp9c2u18wS7ZU+BF4qSkgFJU2/kvtxPSWECgKSdKtRw70t6YSM0oh0nOjRVEhA5ID1qGBkSA8sbTtSb4yCgdbOYzJ9B4qv7uGBOh1Ej4plIQ3VfzXiL+57Vi3b3wxiyIYg0BnX3UjTnWIU4ywh0mgWo+MoRQycysmPaJJFSbJHMmBGd+5UVSPy05Z6XyXblQuUrjyKIDdIiOkYPOUQXdoCqqIYoe0TN6RW/Wk/VivVsfs9KMlfbsoz+wPn8A2b+fJw==</latexit>

8!̃ ⌘ ! �m⌦+ > 0



 1st law of BH mechanics:
<latexit sha1_base64="/z5Fw2xK+/ZT6shPnG08ac4Mkuo=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBCEQNgVXxfBx0UEMYJRIRtC76Q3DpndHWZmhbDkS7z4K148KCJ40r9xEvegxoKGoqqb7q5ACq6N6346Y+MTk1PThZni7Nz8wmJpaflKJ6liWGeJSNRNABoFj7FuuBF4IxVCFAi8DrrHA//6DpXmSXxpehKbEXRiHnIGxkqt0rbfRmGAnu37oQKW+V2QEvrZni95P/cOK/55hB1oVXLhtFUqu1V3CDpKvJyUSY5aq/TutxOWRhgbJkDrhudK08xAGc4E9ot+qlEC60IHG5bGEKFuZsP3+nTdKm0aJspWbOhQ/TmRQaR1LwpsZwTmVv/1BuJ/XiM14V4z47FMDcbse1GYCmoSOsiKtrlCZkTPEmCK21spuwUbk7GJFm0I3t+XR8nVZtXbqW5dbJUPjvI4CmSVrJEN4pFdckBOSI3UCSP35JE8kxfnwXlyXp2379YxJ59ZIb/gfHwBmcuiJQ==</latexit>

�M =


8⇡
�A+ ⌦+�J

‘in,R’

1
<latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit>

I+

I�
H
�

H
+

Send wave in with                         at infinity

!
<latexit sha1_base64="+UPGbBrVrnyBzf/JdJoWnFr0UI8=">AAACKHicbVBdSxtBFJ21VtNYbayPfRkMgk9hV8TmRYz60peChSYK2RDuzt6NQ2Z3h5m7Qljyc3zxr/giYhFf+0s6Sbbg14FhDuecy8w9kVbSku8/eUsflj+urNY+1dc+r298aWx+7dm8MAK7Ile5uYjAopIZdkmSwgttENJI4Xk0Pp3551dorMyz3zTROEhhlMlECiAnDRtHYWJAlCFJFWOYpziCaVndYYyKgP88rDJj0Nq57VDL/97xsNH0W/4c/C0JKtJkFc6GjfswzkWRYkZCgbX9wNc0KMGQFAqn9bCwqEGMYYR9RzNI0Q7K+aJTvuOUmCe5cScjPlefT5SQWjtJI5dMgS7ta28mvuf1C0rag1JmuiDMxOKhpFCccj5rjcfSoCA1cQSEke6vXFyCa4Vct3VXQvB65bekt9cKDlr7v/abnZOqjhr7xrbZLgvYd9ZhP9gZ6zLBrtkte2B/vBvvznv0nhbRJa+a2WIv4P39BzGhp98=</latexit>

!̃

!
�M =



8⇡
�A

<latexit sha1_base64="E4uRhzu5nWrx9fmO5OvD0mL4/hE=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARxEVJpKgboehGBKGCvUBbymR60g6dScLMRCgh7+DGV3HjQhG3btz5Nk7bCNp6YODj/8/hzPm9iDOlHefLyi0sLi2v5FcLa+sbm1v29k5dhbGkUKMhD2XTIwo4C6CmmebQjCQQ4XFoeMPLsd+4B6lYGNzpUQQdQfoB8xkl2khd+6jtS0KTdg+4Jvgm/aHr9DxzQgF9kiYi7dpFp+RMCs+Dm0ERZVXt2p/tXkhjAYGmnCjVcp1IdxIiNaMc0kI7VhAROiR9aBkMiADVSSY3pfjAKD3sh9K8QOOJ+nsiIUKpkfBMpyB6oGa9sfif14q1f9ZJWBDFGgI6XeTHHOsQjwPCPSaBaj4yQKhk5q+YDoiJQpsYCyYEd/bkeagfl9yTUvm2XKxcZHHk0R7aR4fIRaeogq5QFdUQRQ/oCb2gV+vRerberPdpa87KZnbRn7I+vgHv757a</latexit>

�M

�J
=

!

m

Superradiance is due to the existence of the ergosphere

Area th.: if null-energy cond. is satisfied (ie,

) for !!̃ < 0 ) such a wave extracts rotational energy 
from the BH (superradiance)

<latexit sha1_base64="fl0xbESsOqGrMnBKv+S+tSr6ZQQ=">AAACLHicdVDJSgNBFOxxjXGLevTSGARPYUZEPUlMLh4jmAUyMfR03iSNPQvdb4QwyQd58VcE8WAQr36HneWgiRY0FFX1eP3Ki6XQaNsja2l5ZXVtPbOR3dza3tnN7e3XdJQoDlUeyUg1PKZBihCqKFBCI1bAAk9C3Xsoj/36IygtovAO+zG0AtYNhS84QyO1c2VXgo+D6/tUhMN26oKU1I0C6LKhq0S3h4OraaL0f6Kdy9sFewK6SJwZyZMZKu3cq9uJeBJAiFwyrZuOHWMrZQoFlzDMuomGmPEH1oWmoSELQLfSybFDemyUDvUjZV6IdKL+nEhZoHU/8EwyYNjT895Y/MtrJuhftsyRcYIQ8ukiP5EUIzpujnaEAo6ybwjjSpi/Ut5jinE0/WZNCc78yYukdlpwzgtnt2f5YmlWR4YckiNyQhxyQYrkhlRIlXDyRF7IOxlZz9ab9WF9TqNL1mzmgPyC9fUNnEiqSQ==</latexit>��Ain
`!

�� >
��Bin

`!

��

<latexit sha1_base64="QksR8DK19ag2RlP8QZVegyH3vPk=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclUSKuiy6cVmhL2himEwn7dDJJM5DKKE7N/6KGxeKuPUX3Pk3TtostPXAMGfOuZc794Qpo1I5zre1tLyyurZe2ihvbm3v7Np7+22ZaIFJCycsEd0QScIoJy1FFSPdVBAUh4x0wtF17nceiJA04U01TokfowGnEcVIGSmwj5pB5sXa43oyusvZ9DIvb0DuoRPYFafqTAEXiVuQCijQCOwvr59gHROuMENS9lwnVX6GhKKYkUnZ05KkCI/QgPQM5Sgm0s+me0zgiVH6MEqEOVzBqfq7I0OxlOM4NJUxUkM57+Xif15Pq+jSzyhPtSIczwZFmkGVwDwU2KeCYMXGhiAsqPkrxEMkEFYmurIJwZ1feZG0z6ruebV2W6vUr4o4SuAQHINT4IILUAc3oAFaAINH8AxewZv1ZL1Y79bHrHTJKnoOwB9Ynz/cLZnw</latexit>

Tµ⌫k
µk⌫ � 0

for any future-directed null vector k)

�A � 0

<latexit sha1_base64="SxxNmxwS7gvb+Weop84CZ+df6ds=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegFy9CBPOAZA2zs73JkNmHM71KWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dXiKFRtv+tgpLyyura8X10sbm1vZOeXevqeNUcWjwWMaq7TENUkTQQIES2okCFnoSWt7wauK3HkFpEUd3OErADVk/EoHgDI103/VBIqM3XQkP1O6VK3bVnoIuEicnFZKj3it/df2YpyFEyCXTuuPYCboZUyi4hHGpm2pIGB+yPnQMjVgI2s2mV4/pkVF8GsTKVIR0qv6eyFio9Sj0TGfIcKDnvYn4n9dJMbhwMxElKULEZ4uCVFKM6SQC6gsFHOXIEMaVMLdSPmCKcTRBlUwIzvzLi6R5UnXOqqe3p5XaZR5HkRyQQ3JMHHJOauSa1EmDcKLIM3klb9aT9WK9Wx+z1oKVz+yTP7A+fwBp5JHQ</latexit>

�M  0



NB: there is no state that’s empty at

- has Unruh-Starobinsky radiation at         due to superradiant modes

• Boulware 

- empty at          and 

Properties:

- irregular at           , regular elsewhere outside BH

<latexit sha1_base64="6IRLFQXk/o6Dk/phbjJvd4FUyOQ="></latexit>

âin/up,L⇤ | Bi = 0 = âin/up,R⇤ | Bi, 8⇤

Quantum States for Bosons

<latexit sha1_base64="fTMk5ZcpoBftXvZrk3QVHi2wlZE=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRIp6rLoRndV7AOaGCbTSTt0ZhJmJkII8VfcuFDErR/izr9x0mahrQcGDufcyz1zgpgSqWz726isrK6tb1Q3a1vbO7t75v5BT0aJQLiLIhqJQQAlpoTjriKK4kEsMGQBxf1gelX4/UcsJIn4vUpj7DE45iQkCCot+WbdZVBNEKTZTf6QuTHL/TvfbNhNewZrmTglaYASHd/8ckcRShjmClEo5dCxY+VlUCiCKM5rbiJxDNEUjvFQUw4Zll42C59bx1oZWWEk9OPKmqm/NzLIpExZoCeLqHLRK8T/vGGiwgsvIzxOFOZofihMqKUiq2jCGhGBkaKpJhAJorNaaAIFREr3VdMlOItfXia906Zz1mzdthrty7KOKjgER+AEOOActME16IAuQCAFz+AVvBlPxovxbnzMRytGuVMHf2B8/gA8TpUp</latexit>

I±
R

<latexit sha1_base64="KfvimPMa0tXN9Q3mRt1Zy3Kvdno=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBZBEEoiRV0W3eiuin1AG8NkOmmHTh7MTJQS8yluXCji1i9x5984abvQ1gMDh3Pu5Z45XsyZVJb1bRSWlldW14rrpY3Nre0ds7zbklEiCG2SiEei42FJOQtpUzHFaScWFAcep21vdJn77QcqJIvCOzWOqRPgQch8RrDSkmuWewFWQ4J5ep3dp8eZe+uaFatqTYAWiT0jFZih4ZpfvX5EkoCGinAsZde2YuWkWChGOM1KvUTSGJMRHtCupiEOqHTSSfQMHWqlj/xI6BcqNFF/b6Q4kHIceHoyDyrnvVz8z+smyj93UhbGiaIhmR7yE45UhPIeUJ8JShQfa4KJYDorIkMsMFG6rZIuwZ7/8iJpnVTt02rtplapX8zqKMI+HMAR2HAGdbiCBjSBwCM8wyu8GU/Gi/FufExHC8ZsZw/+wPj8AUm+lAc=</latexit>

I+
R

<latexit sha1_base64="YyYBVblDEgtHsqk9R03uZrDVxws=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBjSWRoi6LbnRXxT6gjWEynbRDJw9mJkqJ+RQ3LhRx65e482+ctF1o64GBwzn3cs8cL+ZMKsv6NgpLyyura8X10sbm1vaOWd5tySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3usz99gMVkkXhnRrH1AnwIGQ+I1hpyTXLvQCrIcE8vc7u0+PMvXXNilW1JkCLxJ6RCszQcM2vXj8iSUBDRTiWsmtbsXJSLBQjnGalXiJpjMkID2hX0xAHVDrpJHqGDrXSR34k9AsVmqi/N1IcSDkOPD2ZB5XzXi7+53UT5Z87KQvjRNGQTA/5CUcqQnkPqM8EJYqPNcFEMJ0VkSEWmCjdVkmXYM9/eZG0Tqr2abV2U6vUL2Z1FGEfDuAIbDiDOlxBA5pA4BGe4RXejCfjxXg3PqajBWO2swd/YHz+AEzMlAk=</latexit>I�
R

<latexit sha1_base64="ghCcx8Sa4KfqXiNoDFnHv+DfUHI=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBjSWRoi6LbrqsYh/QxjCZTtqhkwczE6XEfIobF4q49Uvc+TdO2i609cDA4Zx7uWeOF3MmlWV9G4WV1bX1jeJmaWt7Z3fPLO+3ZZQIQlsk4pHoelhSzkLaUkxx2o0FxYHHaccbX+d+54EKyaLwTk1i6gR4GDKfEay05JrlfoDViGCeNrL79DRzb12zYlWtKdAyseekAnM0XfOrP4hIEtBQEY6l7NlWrJwUC8UIp1mpn0gaYzLGQ9rTNMQBlU46jZ6hY60MkB8J/UKFpurvjRQHUk4CT0/mQeWil4v/eb1E+ZdOysI4UTQks0N+wpGKUN4DGjBBieITTTARTGdFZIQFJkq3VdIl2ItfXibts6p9Xq3d1Cr1q3kdRTiEIzgBGy6gDg1oQgsIPMIzvMKb8WS8GO/Gx2y0YMx3DuAPjM8fS0GUCA==</latexit>

H
�
R

<latexit sha1_base64="boTrE+0/2ocsD24yf4vtDMLRxdI=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRS1GXRTZdV7AOaGCbTSTt0MgkzEyGE+CtuXCji1g9x5984abPQ1gMDh3Pu5Z45fsyoVJb1bVTW1jc2t6rbtZ3dvf0D8/CoL6NEYNLDEYvE0EeSMMpJT1HFyDAWBIU+IwN/dlP4g0ciJI34vUpj4oZowmlAMVJa8sy6EyI1xYhlnfwhc+Iw9+48s2E1rTngKrFL0gAlup755YwjnISEK8yQlCPbipWbIaEoZiSvOYkkMcIzNCEjTTkKiXSzefgcnmplDINI6McVnKu/NzIUSpmGvp4sosplrxD/80aJCq7cjPI4UYTjxaEgYVBFsGgCjqkgWLFUE4QF1VkhniKBsNJ91XQJ9vKXV0n/vGlfNFu3rUb7uqyjCo7BCTgDNrgEbdABXdADGKTgGbyCN+PJeDHejY/FaMUod+rgD4zPHzrBlSg=</latexit>

H
±
R



• Hartle-Hawking 

- Remember: in Schwarzschild, this state was regular everywhere, 
satisfied the symmetries of the s-t, contained a thermal bath at 
infinity, modelled a BH in thermal eq. with its own radiation (so it’s 
the relevant one for laws of BHs and AdS/CFT correspondence)

- Candelas, Chrzanowski & Howard’81 constructed a H-H-like 
state  where modes are thermalized wrt their ‘natural energy’ (ie, 
‘in’ modes wrt        and ‘up’ modes wrt       )

- No such state exists for bosons in Kerr, due to superradiance 
[Kay & Wald’91; Ottewill&Winstanley’00]
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CCH is regular everywhere but does not satisfy symmetries of 
space-time [Casals & Ottewill’05]

<latexit sha1_base64="UNu9++dZqCazb6alWHhpsb7GScg=">AAAB7nicbVDLSgNBEOyJrxhfUY9eBoPgadkVnwch6MWLEME8IFnC7GQ2GTI7u8zMCmHJR3jxoIhXv8ebf+Mk2YMmFjQUVd10dwWJ4Nq47jcqLC2vrK4V10sbm1vbO+XdvYaOU0VZncYiVq2AaCa4ZHXDjWCtRDESBYI1g+HtxG8+MaV5LB/NKGF+RPqSh5wSY6UmuXadq7P7brniOu4UeJF4OalAjlq3/NXpxTSNmDRUEK3bnpsYPyPKcCrYuNRJNUsIHZI+a1sqScS0n03PHeMjq/RwGCtb0uCp+nsiI5HWoyiwnRExAz3vTcT/vHZqwks/4zJJDZN0tihMBTYxnvyOe1wxasTIEkIVt7diOiCKUGMTKtkQvPmXF0njxPHOndOH00r1Jo+jCAdwCMfgwQVU4Q5qUAcKQ3iGV3hDCXpB7+hj1lpA+cw+/AH6/AGvro6A</latexit>

a = 0.95M



- empty at  

at temperature
<latexit sha1_base64="KfvimPMa0tXN9Q3mRt1Zy3Kvdno=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBZBEEoiRV0W3eiuin1AG8NkOmmHTh7MTJQS8yluXCji1i9x5984abvQ1gMDh3Pu5Z45XsyZVJb1bRSWlldW14rrpY3Nre0ds7zbklEiCG2SiEei42FJOQtpUzHFaScWFAcep21vdJn77QcqJIvCOzWOqRPgQch8RrDSkmuWewFWQ4J5ep3dp8eZe+uaFatqTYAWiT0jFZih4ZpfvX5EkoCGinAsZde2YuWkWChGOM1KvUTSGJMRHtCupiEOqHTSSfQMHWqlj/xI6BcqNFF/b6Q4kHIceHoyDyrnvVz8z+smyj93UhbGiaIhmR7yE45UhPIeUJ8JShQfa4KJYDorIkMsMFG6rZIuwZ7/8iJpnVTt02rtplapX8zqKMI+HMAR2HAGdbiCBjSBwCM8wyu8GU/Gi/FufExHC8ZsZw/+wPj8AUm+lAc=</latexit>

I+
R

• Unruh 

Properties in Kerr similar to those in Schwarzschild:

- Hawking radiation at 

- irregular at           but regular elsewhere outside BH

<latexit sha1_base64="4//SYFFCcrkKN8VENhHAHjPfxIk="></latexit>

âin,R/L
⇤ | Ui = âUP

⇤ | Ui = âUP
⇤ | Ui = 0, 8⇤

<latexit sha1_base64="YyYBVblDEgtHsqk9R03uZrDVxws=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBjSWRoi6LbnRXxT6gjWEynbRDJw9mJkqJ+RQ3LhRx65e482+ctF1o64GBwzn3cs8cL+ZMKsv6NgpLyyura8X10sbm1vaOWd5tySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3usz99gMVkkXhnRrH1AnwIGQ+I1hpyTXLvQCrIcE8vc7u0+PMvXXNilW1JkCLxJ6RCszQcM2vXj8iSUBDRTiWsmtbsXJSLBQjnGalXiJpjMkID2hX0xAHVDrpJHqGDrXSR34k9AsVmqi/N1IcSDkOPD2ZB5XzXi7+53UT5Z87KQvjRNGQTA/5CUcqQnkPqM8EJYqPNcFEMJ0VkSEWmCjdVkmXYM9/eZG0Tqr2abV2U6vUL2Z1FGEfDuAIbDiDOlxBA5pA4BGe4RXejCfjxXg3PqajBWO2swd/YHz+AEzMlAk=</latexit>I�
R

<latexit sha1_base64="ghCcx8Sa4KfqXiNoDFnHv+DfUHI=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBjSWRoi6LbrqsYh/QxjCZTtqhkwczE6XEfIobF4q49Uvc+TdO2i609cDA4Zx7uWeOF3MmlWV9G4WV1bX1jeJmaWt7Z3fPLO+3ZZQIQlsk4pHoelhSzkLaUkxx2o0FxYHHaccbX+d+54EKyaLwTk1i6gR4GDKfEay05JrlfoDViGCeNrL79DRzb12zYlWtKdAyseekAnM0XfOrP4hIEtBQEY6l7NlWrJwUC8UIp1mpn0gaYzLGQ9rTNMQBlU46jZ6hY60MkB8J/UKFpurvjRQHUk4CT0/mQeWil4v/eb1E+ZdOysI4UTQks0N+wpGKUN4DGjBBieITTTARTGdFZIQFJkq3VdIl2ItfXibts6p9Xq3d1Cr1q3kdRTiEIzgBGy6gDg1oQgsIPMIzvMKb8WS8GO/Gx2y0YMx3DuAPjM8fS0GUCA==</latexit>

H
�
R

<latexit sha1_base64="Taw/Z1MvCKf6KrDP6EglHG1NBUw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyUpRd0IRTddVugLmhAm00k7dDIZZiZCCcWNv+LGhSJu/Qp3/o3TNgttPXDhcM693HtPKBhV2nG+rcLa+sbmVnG7tLO7t39gHx51VJJKTNo4YYnshUgRRjlpa6oZ6QlJUBwy0g3HdzO/+0Ckoglv6YkgfoyGnEYUI22kwD5pBQ14A71IIpx5YyQEmmZVT9BpYJedijMHXCVuTsogRzOwv7xBgtOYcI0ZUqrvOkL7GZKaYkamJS9VRCA8RkPSN5SjmCg/m78whedGGcAokaa4hnP190SGYqUmcWg6Y6RHatmbif95/VRH135GuUg14XixKEoZ1Amc5QEHVBKs2cQQhCU1t0I8QiYNbVIrmRDc5ZdXSadacS8rtftauX6bx1EEp+AMXAAXXIE6aIAmaAMMHsEzeAVv1pP1Yr1bH4vWgpXPHIM/sD5/AHbflt4=</latexit>

TH =


2⇡



• Rate of rotation of thermal distribution approaches that of the b-h

<latexit sha1_base64="x3MMiLK6Dp2y0vLoMUdGCijINCA=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRIp6rLoxmWFvqCJYTK9bYdOJmFmIpSQP3Djr7hxoYhbt+78G6ePhbYeuHA4517uvSdMOFPacb6twsrq2vpGcbO0tb2zu2fvH7RUnEoKTRrzWHZCooAzAU3NNIdOIoFEIYd2OLqZ+O0HkIrFoqHHCfgRGQjWZ5RoIwX2qceJGHDA3pBo3AgyL0o9keaenMpBJkHk983ALjsVZwq8TNw5KaM56oH95fVimkYgNOVEqa7rJNrPiNSMcshLXqogIXREBtA1VJAIlJ9N/8nxiVF6uB9LU0Ljqfp7IiORUuMoNJ0R0UO16E3E/7xuqvtXfsZEkmoQdLaon3KsYzwJB/eYBKr52BBCJTO3YjokklBtIiyZENzFl5dJ67ziXlSqd9Vy7XoeRxEdoWN0hlx0iWroFtVRE1H0iJ7RK3qznqwX6936mLUWrPnMIfoD6/MHwJydJA==</latexit>

hT̂µ⌫iUren
<latexit sha1_base64="UKtzTYu5cJD5iA4PVj03FUtFyzo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07IrxXoRil68CBXsB7RLyabZNjabLElWKEv/gxcPinj1/3jz35i2e9Dqg4HHezPMzAsTzrTxvC+nsLK6tr5R3Cxtbe/s7pX3D1paporQJpFcqk6INeVM0KZhhtNOoiiOQ07b4fh65rcfqdJMinszSWgQ46FgESPYWKmFLz23dtsvVzzXmwP9JX5OKpCj0S9/9gaSpDEVhnCsddf3EhNkWBlGOJ2WeqmmCSZjPKRdSwWOqQ6y+bVTdGKVAYqksiUMmqs/JzIcaz2JQ9sZYzPSy95M/M/rpia6CDImktRQQRaLopQjI9HsdTRgihLDJ5Zgopi9FZERVpgYG1DJhuAvv/yXtM5c/9yt3lUr9as8jiIcwTGcgg81qMMNNKAJBB7gCV7g1ZHOs/PmvC9aC04+cwi/4Hx8AzX4jj8=</latexit>

a = 0.7M

[Levi, Eilon, Ori 
& Meent’16]
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<latexit sha1_base64="HX/E12amnsRpz1+5bNsu7mnyrfA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVC9C0YsXoYJpC20om+2mXbrZhN2NUEJ/gxcPinj1B3nz37hJc9DWBwOP92aYmefHnClt299WaW19Y3OrvF3Z2d3bP6geHnVUlEhCXRLxSPZ8rChngrqaaU57saQ49Dnt+tPbzO8+UalYJB71LKZeiMeCBYxgbSRXXjfvK8Nqza7bOdAqcQpSgwLtYfVrMIpIElKhCcdK9R071l6KpWaE03llkCgaYzLFY9o3VOCQKi/Nj52jM6OMUBBJU0KjXP09keJQqVnom84Q64la9jLxP6+f6ODKS5mIE00FWSwKEo50hLLP0YhJSjSfGYKJZOZWRCZYYqJNPlkIzvLLq6RzUXea9cZDo9a6KeIowwmcwjk4cAktuIM2uECAwTO8wpslrBfr3fpYtJasYuYY/sD6/AGpKY3x</latexit>

r = 6M

<latexit sha1_base64="/CynLOunkFdjK0lNhoB8brYSsQE=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF6UkpagboejGZQX7gCaUyXTSDp08mLkRSghu/BU3LhRx61e482+ctllo64ELh3Pu5d57vFhwBZb1bRRWVtfWN4qbpa3tnd09c/+graJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43vpn6nQcmFY/Ce5jEzA3IMOQ+pwS01DePHBgxIFdWxalgx5eEpk7Ms7SW9c2yVbVmwMvEzkkZ5Wj2zS9nENEkYCFQQZTq2VYMbkokcCpYVnISxWJCx2TIepqGJGDKTWcvZPhUKwPsR1JXCHim/p5ISaDUJPB0Z0BgpBa9qfif10vAv3RTHsYJsJDOF/mJwBDhaR54wCWjICaaECq5vhXTEdE5gE6tpEOwF19eJu1a1T6v1u/q5cZ1HkcRHaMTdIZsdIEa6BY1UQtR9Iie0St6M56MF+Pd+Ji3Fox85hD9gfH5AzOdlrA=</latexit>

✓ = 0,
⇡

2



• Dirac field eq.

Dirac 4-spinors

Spinor connection matrices

Dirac matrices

The Dirac field eq. in Kerr separates by variables and decouples 
for the different spinor components

CFT for Fermions

• No superradiance <latexit sha1_base64="HoFN4U0R+PavZ/UYlf5/TU07+hU=">AAACMHicdVDJSgNBFOxxjXGLevTSGARPYUZEPboc9BjBLJCJQ0/nTdLYs9j9RgiTfJIXP0UvCop49SvsJHNwLWgoqurx+pWfSKHRtp+tqemZ2bn5wkJxcWl5ZbW0tl7Xcao41HgsY9X0mQYpIqihQAnNRAELfQkN//p05DduQWkRR5fYT6Adsm4kAsEZGskrnbkSAhwcX2UiGnqZC1JSNw6hy4auEt0eDkzghk5SJ/+nvFLZrthj0N/EyUmZ5Kh6pQe3E/M0hAi5ZFq3HDvBdsYUCi5hWHRTDQnj16wLLUMjFoJuZ+ODh3TbKB0axMq8COlY/TqRsVDrfuibZMiwp396I/Evr5VicNg2RyYpQsQni4JUUozpqD3aEQo4yr4hjCth/kp5jynG0XRcNCU4P0/+Teq7FWe/snexVz46yesokE2yRXaIQw7IETknVVIjnNyRR/JCXq1768l6s94n0Skrn9kg32B9fALjfKvx</latexit>��Ain
`!

�� 
��Bin

`!

��

Classical fermions do not satisfy the weak-
energy condition ->  area th. does not apply

1
<latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit>

I+

I�
H
�

H
+



•                                          is a conserved currentJµ =
⇣
�†

1�̃
0
⌘

�µ�2

(�1, �2) =
Z

t=const
J tdS

rµJµ = 0

which is used to construct an inner product:

n
â⇤, â†⇤0

o
=

n
b̂⇤, b̂†⇤0

o
= �⇤,⇤0

(�±⇤, �±⇤0) = �⇤,⇤0 all positive norm wrt inner product

then anticommutation rlns.                                                             

• If

follow from
<latexit sha1_base64="HK0sM3t/jxuTsYl6znafV5YCciw="></latexit>n
�̂(~x, t), ⇧̂(~x0, t)

o
= Î i �(3)(~x� ~x0)

�̂ =
X

⇤

â⇤�⇤ + b̂†⇤��⇤

• Suppose                                is a complete set of slns., then
<latexit sha1_base64="sg/Sd8SazdBFrWTknKZZ0GcJoSI=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0VwoSWRom6EohsXLirYBzShTKaTdujkwcyNUEK+xo2/4sZFRcSdn+K0DaitBwbOPfce5t7jxYIrsKxPo7C0vLK6VlwvbWxube+Yu3tNFSWSsgaNRCTbHlFM8JA1gINg7VgyEniCtbzhzaTfemRS8Sh8gFHM3ID0Q+5zSkBLXfPKEcwHJ3XiAe+mzp129kh2MitPf2o/kkQInAuO5P0BOFnXLFsVawq8SOyclFGOetccO72IJgELgQqiVMe2YnBTIoFTwbKSkygWEzokfdbRNCQBU246PTPDR1rpYb2JfiHgqfrbkZJAqVHg6cmAwEDN9ybif71OAv6lm/IwToCFdPaRnwgMEZ5khntcMgpipAmhkutdMR0QSSjoZEs6BHv+5EXSPKvY55XqfbVcu87jKKIDdIiOkY0uUA3dojpqIIqe0Asaozfj2Xg13o2P2WjByD376A+Mr2+vlKaH</latexit>

{�⇤,��⇤, 8⇤}

QFT for Fermions



8! > 0

8! > 0âin
⇤ |Bi = 0

âup
⇤ |Bi = 0 (for bosons:               )

Expected to be empty at I±

8!̃ > 0

• Boulware: similar as for bosons. Eg, it has Unruh-Starobinsky 
radiation (even if fermions have no classical superradiance) at   

<latexit sha1_base64="KfvimPMa0tXN9Q3mRt1Zy3Kvdno=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBZBEEoiRV0W3eiuin1AG8NkOmmHTh7MTJQS8yluXCji1i9x5984abvQ1gMDh3Pu5Z45XsyZVJb1bRSWlldW14rrpY3Nre0ds7zbklEiCG2SiEei42FJOQtpUzHFaScWFAcep21vdJn77QcqJIvCOzWOqRPgQch8RrDSkmuWewFWQ4J5ep3dp8eZe+uaFatqTYAWiT0jFZih4ZpfvX5EkoCGinAsZde2YuWkWChGOM1KvUTSGJMRHtCupiEOqHTSSfQMHWqlj/xI6BcqNFF/b6Q4kHIceHoyDyrnvVz8z+smyj93UhbGiaIhmR7yE45UhPIeUJ8JShQfa4KJYDorIkMsMFG6rZIuwZ7/8iJpnVTt02rtplapX8zqKMI+HMAR2HAGdbiCBjSBwCM8wyu8GU/Gi/FufExHC8ZsZw/+wPj8AUm+lAc=</latexit>

I+
R

However, one may define:

[Casals, Dolan, Nolan, 
Ottewill, Winstanley’12]

States in Kerr - Fermions



- Divergence in ergosphere 
but regular outside it

Properties:

- Empty at radial infinity 
(as opposed to bosons)

Boulware for Fermions
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EU��B
Ratio test in     -sum`

<latexit sha1_base64="3rA2dR9hIwk+W6EMPQvfpVf2w7k=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCq2FGio9d0Y0boYJ9QDuUTJppQzNJSDJiHfolblwo4tZPceffmLaz0NYDFw7n3Mu990SSUW18/9sprKyurW8UN0tb2zu7ZXdvv6lFqjBpYMGEakdIE0Y5aRhqGGlLRVASMdKKRtdTv/VAlKaC35uxJGGCBpzGFCNjpZ5bRl0kpRKP0PcuA3jbcyu+588Al0mQkwrIUe+5X92+wGlCuMEMad0JfGnCDClDMSOTUjfVRCI8QgPSsZSjhOgwmx0+gcdW6cNYKFvcwJn6eyJDidbjJLKdCTJDvehNxf+8TmriizCjXKaGcDxfFKcMGgGnKcA+VQQbNrYEYUXtrRAPkULY2KxKNoRg8eVl0jz1gjOvelet1K7yOIrgEByBExCAc1ADN6AOGgCDFDyDV/DmPDkvzrvzMW8tOPnMAfgD5/MH626R9g==</latexit>

a ⇡ 0.91M



Properties:

`
- Divergence on SOL due to large-    
modes:     -> thermal bath rotating 
with horizon?

- It’s well-defined and regular 
inside SOL

Hartle-Hawking for Fermions

(a): H - U-
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Ratio test in     -sum for`
<latexit sha1_base64="ut6UMXQQw3JVgDsOrE+QJGVMR/Q=">AAACG3icbVDLSgNBEJz1bXxFPXoZDIIXw66IehS9eFQwKmTj0jvpJIOzs8tMrxCW/Q8v/ooXD4p4Ejz4N04eB18F3RRV3cx0xZmSlnz/05uYnJqemZ2brywsLi2vVFfXLm2aG4ENkarUXMdgUUmNDZKk8DozCEms8Cq+PRn4V3dorEz1BfUzbCXQ1bIjBZCToupuqEB3FfKwB8QvoiKkHhKMehmaoRkVBnV5U5zuNG52yqha8+v+EPwvCcakxsY4i6rvYTsVeYKahAJrm4GfUasAQ1IoLCthbjEDcQtdbDqqIUHbKoa3lXzLKW3eSY0rTXyoft8oILG2n8RuMgHq2d/eQPzPa+bUOWwVUmc5oRajhzq54pTyQVC8LQ0KUn1HQBjp/spFDwwIcnFWXAjB75P/ksvderBf3zvfqx0dj+OYYxtsk22zgB2wI3bKzliDCXbPHtkze/EevCfv1XsbjU5445119gPexxfsiKH7</latexit>

hT̂✓✓iH�U
�

ren

<latexit sha1_base64="3rA2dR9hIwk+W6EMPQvfpVf2w7k=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCq2FGio9d0Y0boYJ9QDuUTJppQzNJSDJiHfolblwo4tZPceffmLaz0NYDFw7n3Mu990SSUW18/9sprKyurW8UN0tb2zu7ZXdvv6lFqjBpYMGEakdIE0Y5aRhqGGlLRVASMdKKRtdTv/VAlKaC35uxJGGCBpzGFCNjpZ5bRl0kpRKP0PcuA3jbcyu+588Al0mQkwrIUe+5X92+wGlCuMEMad0JfGnCDClDMSOTUjfVRCI8QgPSsZSjhOgwmx0+gcdW6cNYKFvcwJn6eyJDidbjJLKdCTJDvehNxf+8TmriizCjXKaGcDxfFKcMGgGnKcA+VQQbNrYEYUXtrRAPkULY2KxKNoRg8eVl0jz1gjOvelet1K7yOIrgEByBExCAc1ADN6AOGgCDFDyDV/DmPDkvzrvzMW8tOPnMAfgD5/MH626R9g==</latexit>

a ⇡ 0.91M



observer going 
inside BH and 
past CH

Black 
hole

Loss of predicability 
inside the BH

sing.

<latexit sha1_base64="HkHF6EBenOyorn+40ZwpazXlCgQ=">AAAB9HicbVDLSsNAFL2pr1pfVZduBosgCCWRoi6LbrqsYB/QxjKZTtqhk0mcmRRK6He4caGIWz/GnX/jJM1CWw8MHM65l3vmeBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO14k7vU70ypVCwUD3oWUTfAI8F8RrA2ktsPsB4TzJPG/PFiUK7YVTsDWiVOTiqQozkof/WHIYkDKjThWKmeY0faTbDUjHA6L/VjRSNMJnhEe4YKHFDlJlnoOTozyhD5oTRPaJSpvzcSHCg1CzwzmYZUy14q/uf1Yu3fuAkTUaypIItDfsyRDlHaABoySYnmM0MwkcxkRWSMJSba9FQyJTjLX14l7cuqc1Wt3dcq9du8jiKcwCmcgwPXUIcGNKEFBJ7gGV7hzZpaL9a79bEYLVj5zjH8gfX5A6DOkgQ=</latexit>

H
+

<latexit sha1_base64="WMrwRmkUG5/BUZGvwsM9r1gc3MA=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLYTZcV7AOaUCbTSTt0MgnzEErob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEKWdKu+63U9rY3NreKe9W9vYPDo+qxyddlRhJaIckPJH9ECvKmaAdzTSn/VRSHIec9sJpM/d7T1QqlohHPUtpEOOxYBEjWFvJ92OsJwTzrNmaD6s1t+4ugNaJV5AaFGgPq1/+KCEmpkITjpUaeG6qgwxLzQin84pvFE0xmeIxHVgqcExVkC0yz9GFVUYoSqR9QqOF+nsjw7FSszi0k3lGterl4n/ewOjoLsiYSI2mgiwPRYYjnaC8ADRikhLNZ5ZgIpnNisgES0y0raliS/BWv7xOuld176Z+/XBda9wXdZThDM7hEjy4hQa0oA0dIJDCM7zCm2OcF+fd+ViOlpxi5xT+wPn8AQypkbQ=</latexit>

CH

<latexit sha1_base64="9iPO8Xohg6uRLL5krim5nu2qXYA=">AAAB9HicbVDLSsNAFL2pr1pfVZduBosgCCWRoi6LbsRVBfuANpbJdNIOnUzizKRQQr7DjQtF3Pox7vwbJ20W2npg4HDOvdwzx4s4U9q2v63Cyura+kZxs7S1vbO7V94/aKkwloQ2SchD2fGwopwJ2tRMc9qJJMWBx2nbG99kfntCpWKheNDTiLoBHgrmM4K1kdxegPWIYJ7cpY9n/XLFrtozoGXi5KQCORr98ldvEJI4oEITjpXqOnak3QRLzQinaakXKxphMsZD2jVU4IAqN5mFTtGJUQbID6V5QqOZ+nsjwYFS08Azk1lItehl4n9eN9b+lZswEcWaCjI/5Mcc6RBlDaABk5RoPjUEE8lMVkRGWGKiTU8lU4Kz+OVl0jqvOhfV2n2tUr/O6yjCERzDKThwCXW4hQY0gcATPMMrvFkT68V6tz7mowUr3zmEP7A+fwCj3JIG</latexit>

J +



sing.

Cosm.
Horizon

<latexit sha1_base64="HkHF6EBenOyorn+40ZwpazXlCgQ=">AAAB9HicbVDLSsNAFL2pr1pfVZduBosgCCWRoi6LbrqsYB/QxjKZTtqhk0mcmRRK6He4caGIWz/GnX/jJM1CWw8MHM65l3vmeBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO14k7vU70ypVCwUD3oWUTfAI8F8RrA2ktsPsB4TzJPG/PFiUK7YVTsDWiVOTiqQozkof/WHIYkDKjThWKmeY0faTbDUjHA6L/VjRSNMJnhEe4YKHFDlJlnoOTozyhD5oTRPaJSpvzcSHCg1CzwzmYZUy14q/uf1Yu3fuAkTUaypIItDfsyRDlHaABoySYnmM0MwkcxkRWSMJSba9FQyJTjLX14l7cuqc1Wt3dcq9du8jiKcwCmcgwPXUIcGNKEFBJ7gGV7hzZpaL9a79bEYLVj5zjH8gfX5A6DOkgQ=</latexit>

H
+

<latexit sha1_base64="WMrwRmkUG5/BUZGvwsM9r1gc3MA=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLYTZcV7AOaUCbTSTt0MgnzEErob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEKWdKu+63U9rY3NreKe9W9vYPDo+qxyddlRhJaIckPJH9ECvKmaAdzTSn/VRSHIec9sJpM/d7T1QqlohHPUtpEOOxYBEjWFvJ92OsJwTzrNmaD6s1t+4ugNaJV5AaFGgPq1/+KCEmpkITjpUaeG6qgwxLzQin84pvFE0xmeIxHVgqcExVkC0yz9GFVUYoSqR9QqOF+nsjw7FSszi0k3lGterl4n/ewOjoLsiYSI2mgiwPRYYjnaC8ADRikhLNZ5ZgIpnNisgES0y0raliS/BWv7xOuld176Z+/XBda9wXdZThDM7hEjy4hQa0oA0dIJDCM7zCm2OcF+fd+ViOlpxi5xT+wPn8AQypkbQ=</latexit>

CH

this is a timelike singularity, 
and so it’s visible to an 
observer going into the BH

Unpredictability: the Cauchy 
(“initial”) Value Problem is 
not well posed



Strong Cosmic Censorship hypothesis

Strong Cosmic Censorship (SCC) Hypothesis by Penrose’72, essentially:  
the maximal Cauchy development via Einstein's equations of generic 
initial data is inextendible

So, if BHs that exist in Nature possess singularities in their inside, then 
they’re not visible even to observers inside (i.e., they’re not timelike) 



SCC could be upheld if the Cauchy horizon is “destroyed” by field 
perturbations or semiclassical effects

timelike 
sing.

observer can see singularity observer cannot see singularity 
and crashes into it in the future

null sing.

<latexit sha1_base64="HkHF6EBenOyorn+40ZwpazXlCgQ=">AAAB9HicbVDLSsNAFL2pr1pfVZduBosgCCWRoi6LbrqsYB/QxjKZTtqhk0mcmRRK6He4caGIWz/GnX/jJM1CWw8MHM65l3vmeBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO14k7vU70ypVCwUD3oWUTfAI8F8RrA2ktsPsB4TzJPG/PFiUK7YVTsDWiVOTiqQozkof/WHIYkDKjThWKmeY0faTbDUjHA6L/VjRSNMJnhEe4YKHFDlJlnoOTozyhD5oTRPaJSpvzcSHCg1CzwzmYZUy14q/uf1Yu3fuAkTUaypIItDfsyRDlHaABoySYnmM0MwkcxkRWSMJSba9FQyJTjLX14l7cuqc1Wt3dcq9du8jiKcwCmcgwPXUIcGNKEFBJ7gGV7hzZpaL9a79bEYLVj5zjH8gfX5A6DOkgQ=</latexit>

H
+

<latexit sha1_base64="WMrwRmkUG5/BUZGvwsM9r1gc3MA=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLYTZcV7AOaUCbTSTt0MgnzEErob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEKWdKu+63U9rY3NreKe9W9vYPDo+qxyddlRhJaIckPJH9ECvKmaAdzTSn/VRSHIec9sJpM/d7T1QqlohHPUtpEOOxYBEjWFvJ92OsJwTzrNmaD6s1t+4ugNaJV5AaFGgPq1/+KCEmpkITjpUaeG6qgwxLzQin84pvFE0xmeIxHVgqcExVkC0yz9GFVUYoSqR9QqOF+nsjw7FSszi0k3lGterl4n/ewOjoLsiYSI2mgiwPRYYjnaC8ADRikhLNZ5ZgIpnNisgES0y0raliS/BWv7xOuld176Z+/XBda9wXdZThDM7hEjy4hQa0oA0dIJDCM7zCm2OcF+fd+ViOlpxi5xT+wPn8AQypkbQ=</latexit>

CH



But it’s a hypothesis - it needs to be verified!

What about semiclassical effects on the CH?

Gajic’s talk: Classically, the CH of Kerr is extendible in 
<latexit sha1_base64="U2Vc0eEu4utEJ4e63Yw/E9LPqUs=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMtiNy4r2Ae0Y8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfjeua3J1RpJsWDmcbUj/BQsJARbKzk9yJsRgTztD57dPvlilt150CrxMtJBXI0+uWv3kCSJKLCEI617npubPwUK8MIp7NSL9E0xmSMh7RrqcAR1X46Dz1DZ1YZoFAq+4RBc/X3RoojradRYCezkHrZy8T/vG5iwhs/ZSJODBVkcShMODISZQ2gAVOUGD61BBPFbFZERlhhYmxPJVuCt/zlVdK6qHpX1cv7y0rtNq+jCCdwCufgwTXU4A4a0AQCT/AMr/DmTJwX5935WIwWnHznGP7A+fwBoL+SBA==</latexit>

C0

and conjecture that it’s not in 
<latexit sha1_base64="s+uzueXr2+qVtKrocygGheGyWrs=">AAAB9HicbVDLSsNAFL2pr1pfUZduBovgqiSlqMtiNy4r2Ae0sUymk3boZBJnJoUS+h1uXCji1o9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/0sj8zpRKxSLxoGcx9UI8EixgBGsjef0Q6zHBPG3MH6sDu+xUnAXQOnFzUoYczYH91R9GJAmp0IRjpXquE2svxVIzwum81E8UjTGZ4BHtGSpwSJWXLkLP0YVRhiiIpHlCo4X6eyPFoVKz0DeTWUi16mXif14v0cGNlzIRJ5oKsjwUJBzpCGUNoCGTlGg+MwQTyUxWRMZYYqJNTyVTgrv65XXSrlbcq0rtvlau3+Z1FOEMzuESXLiGOtxBE1pA4Ame4RXerKn1Yr1bH8vRgpXvnMIfWJ8/o8eSBg==</latexit>

C2



At least for a spherical & charged BH,

If                             , then                       diverges
<latexit sha1_base64="/iw/6so18SxchC2WmBz9vb9M1ws=">AAACIXicbVBNS8NAEN34bf2qevSyWAQvlkREPYpePCq0VWhq2Gwn7eJmE3cnxRLyV7z4V7x4UMSb+Gfcfhy09cHA470ZZuaFqRQGXffLmZmdm19YXFourayurW+UN7caJsk0hzpPZKJvQ2ZACgV1FCjhNtXA4lDCTXh/MfBveqCNSFQN+ym0YtZRIhKcoZWC8qkvIUJfMtWRQGtB3usVd/lB4WvR6aKvR3qQ+wiPmGtQReEreKBuUK64VXcIOk28MamQMa6C8qffTngWg0IumTFNz02xlTONgksoSn5mIGX8nnWgaaliMZhWPvywoHtWadMo0bYU0qH6eyJnsTH9OLSdMcOumfQG4n9eM8PotJULlWYIio8WRZmkmNBBXLQtNHCUfUsY18LeSnmXacbRhlqyIXiTL0+TxmHVO64eXR9Vzs7HcSyRHbJL9olHTsgZuSRXpE44eSIv5I28O8/Oq/PhfI5aZ5zxzDb5A+f7B52opQg=</latexit>⌦
T�
vv

↵
ren

6= 0
<latexit sha1_base64="foK5xrPLCBb2qvdqOI9FfG12x84=">AAACDXicbVBNS8NAEN34WetX1aOXxSp4sSRS1GPRi8cK/YImhs120i7dbMLuRiihf8CLf8WLB0W8evfmv3Gb9qCtDwYe780wMy9IOFPatr+tpeWV1bX1wkZxc2t7Z7e0t99ScSopNGnMY9kJiALOBDQ10xw6iQQSBRzawfBm4rcfQCoWi4YeJeBFpC9YyCjRRvJLxy4nos8BY3dANG74Was1vj/DrsxlP5Mgxn6pbFfsHHiRODNSRjPU/dKX24tpGoHQlBOluo6daC8jUjPKYVx0UwUJoUPSh66hgkSgvCz/ZoxPjNLDYSxNCY1z9fdERiKlRlFgOiOiB2rem4j/ed1Uh1dexkSSahB0uihMOdYxnkSDe0wC1XxkCKGSmVsxHRBJqDYBFk0IzvzLi6R1XnEuKtW7arl2PYujgA7RETpFDrpENXSL6qiJKHpEz+gVvVlP1ov1bn1MW5es2cwB+gPr8werBptX</latexit>

hT̂�
V V iren

Quantum backreaction on CH

<latexit sha1_base64="oe3RICwCQfJSxL6v3rqzJrheodg=">AAACHXicbVBNS8NAEN34bf2qevSyWAQvlkSKehLRi8cKrQpNDZvtpF3cbMLupFhC/ogX/4oXD4p48CL+G7cfB78eDDzem2FmXphKYdB1P52p6ZnZufmFxdLS8srqWnl949IkmebQ5IlM9HXIDEihoIkCJVynGlgcSrgKb8+G/lUftBGJauAghXbMukpEgjO0UlCu+RIi9CVTXQm0EeT9fnGT7xW+Ft0e+nqsB7mPcIe5BlUUx25QrrhVdwT6l3gTUiET1IPyu99JeBaDQi6ZMS3PTbGdM42CSyhKfmYgZfyWdaFlqWIxmHY++q6gO1bp0CjRthTSkfp9ImexMYM4tJ0xw5757Q3F/7xWhtFROxcqzRAUHy+KMkkxocOoaEdo4CgHljCuhb2V8h7TjKMNtGRD8H6//Jdc7le9g2rtolY5OZ3EsUC2yDbZJR45JCfknNRJk3ByTx7JM3lxHpwn59V5G7dOOZOZTfIDzscXaHyjXg==</latexit>⌦
T�
vv

↵
ren

> 0

-> curvature singularity & tidal deformation of observer crossing the CH: 

-> contraction of observer

expansion<latexit sha1_base64="PuY1L41i19DjyWfCFBlP9TLT3Nw=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVF0MYyAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7TK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStXbLI48nMApnIMHV1CFe6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCON4zJ</latexit>

<

evaluation 
on CH

-> contraction of CH

expansion

<latexit sha1_base64="t8zm3vdT03izi/DN6CxyzUwEQDI=">AAACHXicbVBNS8NAEN34bf2qevSyWAQvlkSKepKiF48KbRWaGjbbSbu42YTdiVhC/ogX/4oXD4p48CL+G7cfB78eDDzem2FmXphKYdB1P52p6ZnZufmFxdLS8srqWnl9o2WSTHNo8kQm+ipkBqRQ0ESBEq5SDSwOJVyGN6dD//IWtBGJauAghU7MekpEgjO0UlCu+RIi9CVTPQm0EeRZVlzne4WvRa+Pvh7rQe4j3GGuQRXFsRuUK27VHYH+Jd6EVMgE50H53e8mPItBIZfMmLbnptjJmUbBJRQlPzOQMn7DetC2VLEYTCcffVfQHat0aZRoWwrpSP0+kbPYmEEc2s6YYd/89obif147w+iokwuVZgiKjxdFmaSY0GFUtCs0cJQDSxjXwt5KeZ9pxtEGWrIheL9f/kta+1XvoFq7qFXqJ5M4FsgW2Sa7xCOHpE7OyDlpEk7uySN5Ji/Og/PkvDpv49YpZzKzSX7A+fgCZS+jXA==</latexit>⌦
T�
uu

↵
ren

> 0
<latexit sha1_base64="PuY1L41i19DjyWfCFBlP9TLT3Nw=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVF0MYyAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7TK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStXbLI48nMApnIMHV1CFe6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCON4zJ</latexit>

<



Fluxes at            of the CH
<latexit sha1_base64="roKvL9jVsyym/Ej7ON6Es6RSdtc=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyCq5JIUTdC0Y3LCvYBTSiT6W07dDIJMzdiCcWNv+LGhSJu/Qp3/o3Tx0JbD1w4nHPv3LknTATX6LrfVm5peWV1Lb9e2Njc2t6xd/fqOk4VgxqLRayaIdUguIQachTQTBTQKBTQCAfXY79xD0rzWN7hMIEgoj3Ju5xRNFLbPvARHnDyTqagM8p87APSS3fUtotuyZ3AWSTejBTJDNW2/eV3YpZGIJEJqnXLcxMMMqqQMwGjgp9qSCgb0B60DJU0Ah1kk9Uj59goHacbK1MSnYn6eyKjkdbDKDSdEcW+nvfG4n9eK8XuRZBxmaQIkk0XdVPhYOyM83A6XAFDMTSEMsXNXx3Wp4oyNKkVTAje/MmLpH5a8s5K5dtysXI1iyNPDskROSEeOScVckOqpEYYeSTP5JW8WU/Wi/VufUxbc9ZsZp/8gfX5Azx0l/g=</latexit>

✓ = 0

both change sign

<latexit sha1_base64="LCMeO6a4LFR4l6UJWMIB1aSQSlU=">AAACH3icbVBNS8NAEN34bf2qevSyWAQvlkREPYpePCrYKjQ1bLaTdnGzibuTYgn5J178K148KCLe+m/cfhy09cHA470ZZuaFqRQGXbfvzMzOzS8sLi2XVlbX1jfKm1t1k2SaQ40nMtF3ITMghYIaCpRwl2pgcSjhNny4GPi3XdBGJOoGeyk0Y9ZWIhKcoZWC8rEvIUJfMtWWQG+CvNst7g98Ldod9PVIDXIf4QlzDaoofAWP1A3KFbfqDkGniTcmFTLGVVD+9lsJz2JQyCUzpuG5KTZzplFwCUXJzwykjD+wNjQsVSwG08yH/xV0zyotGiXalkI6VH9P5Cw2pheHtjNm2DGT3kD8z2tkGJ02c6HSDEHx0aIokxQTOgiLtoQGjrJnCeNa2Fsp7zDNONpISzYEb/LlaVI/rHrH1aPro8rZ+TiOJbJDdsk+8cgJOSOX5IrUCCfP5JW8kw/nxXlzPp2vUeuMM57ZJn/g9H8Aqd2j/A==</latexit>⌦
T�
vv

↵
ren

6= 0 -> CH becomes irregular

[Zilberman, Casals, Ori & Ottewill’22]



Fluxes on the CH for <latexit sha1_base64="42lT7CftIasCFcT52b4SEKv3eo4=">AAACAHicbVDLSsNAFJ34rPVVdeHCTbAIrkIiRbsRim7cCBXsA9pQJpObdujkwcyNWEI2/oobF4q49TPc+TdOHwttPXDhcM69c+ceLxFcoW1/G0vLK6tr64WN4ubW9s5uaW+/qeJUMmiwWMSy7VEFgkfQQI4C2okEGnoCWt7weuy3HkAqHkf3OErADWk/4gFnFLXUKx12ER5x8k4mwc8zemlb1du8Vyrblj2BuUicGSmTGeq90lfXj1kaQoRMUKU6jp2gm1GJnAnIi91UQULZkPaho2lEQ1BuNlmcmyda8c0glroiNCfq74mMhkqNQk93hhQHat4bi/95nRSDqpvxKEkRIjZdFKTCxNgcp2H6XAJDMdKEMsn1X002oJIy1JkVdQjO/MmLpHlmOedW5a5Srl3N4iiQI3JMTolDLkiN3JA6aRBGcvJMXsmb8WS8GO/Gx7R1yZjNHJA/MD5/AMj/loY=</latexit>

a = 0.8M [Zilberman, Casals, Ori & Ottewill’22]



- Rotating BHs: 

For bosons, there’s no empty state at infinity (‘Boulware') nor a state 
in thermal equilibrium (‘Hartle-Hawking’)

For fermions, there’s empty state at infinity but diverges in ergosphere 
and there’s a thermal state but diverges on speed-of-light surf.

- Concept of ‘vacuum’ is observer-dependent -> Unruh effect

Vielen Dank!

Summary

- Quantum BHs emit Hawking radiation -> evaporation -> 
information paradox

Cauchy Horizon becomes irregular -> no loss of predictability


