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Introduction



How do we encode hints of ultraviolet physics in the infrared?


• Write down a Lagrangian, built out of operators      , with couplings    :


 and then just quantize it.


• Is this guaranteed to create a consistent EFT? No! Not all couplings     are allowed

• Certain signs of couplings violate infrared physics principles:


• Unitarity

• Causality

• Analyticity

• Examples:


• Einstein-Maxwell theory

• Higher-curvature gravity (    ,      terms)

• Massive gravity

•          and       couplings

• Higher-point couplings

• Conformal galileon

•   -theorem in  


Effective field theory
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How do we encode hints of ultraviolet physics in the infrared?


• Write down a Lagrangian, built out of operators      , with couplings    :


  including all possible operators consistent with the fields and symmetries.
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How do we encode hints of ultraviolet physics in the infrared?


• Write down a Lagrangian, built out of operators      , with couplings    :


                  Einstein-Hilbert term      Higher-derivative operators
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How do we encode hints of ultraviolet physics in the infrared?


• Write down a Lagrangian, built out of operators      , with couplings    :


                  Einstein-Hilbert term      Higher-derivative operators


• The famous nonrenormalizability of perturbative quantum gravity is now 
well understood as a manifestation of the fact that GR is itself an effective 
field theory.


• Higher-derivative terms are generated by the UV completion, and are 
suppressed by either the Planck scale or the scale of massive degrees of 
freedom. Run from loops of light states (gravitons, photons, etc.).


L = L+
P
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Arkani-Hamed, Huang, Liu, GR [2109.13937]
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Spinning black holes



Kerr solution

• The Kerr geometry solves the vacuum Einstein equations (i.e., it is Ricci-flat) 
and describes a spinning black hole:


• Event horizon at
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Kerr solution

• The Kerr geometry solves the vacuum Einstein equations (i.e., it is Ricci-flat) 
and describes a spinning black hole:


• Event horizon at


• No Birkhoff theorem: exterior spacetime rotating matter is generally not Kerr.


• Many likely examples 

    observed by LIGO:

<latexit sha1_base64="GX1DVZiQlSeXuDEnVEdYOnsuQJk="></latexit>

ds2K = � �(r)

⌃(r, ✓)
(dt� a sin2 ✓ d�)2 + ⌃(r, ✓)

✓
dr2

�(r)
+ d✓2

◆

+
sin2 ✓

⌃(r, ✓)

⇥
a dt� (r2 + a2)d�

⇤2

⌃(r, ✓) = r2 + a2 cos2 ✓

�(r) = r2 + a2 � 2Mr
<latexit sha1_base64="avviaEvzbKg99QJYKAGtW6eBtl4=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBKJakSO1GKLhxU6hgH9CmYTKdtEMnkzgzEUoouPFX3LhQxK0/4c6/cdpmoa0HLhzOuZd77/EiRqWyrG8js7K6tr6R3cxtbe/s7pn7B00ZxgKTBg5ZKNoekoRRThqKKkbakSAo8BhpeaPrqd96IELSkN+pcUScAA049SlGSkuueSTcAryCNViAXXkvVFLrleA5RL3SxDXzVtGaAS4TOyV5kKLuml/dfojjgHCFGZKyY1uRchIkFMWMTHLdWJII4REakI6mHAVEOsnshwk81Uof+qHQxRWcqb8nEhRIOQ483RkgNZSL3lT8z+vEyq84CeVRrAjH80V+zKAK4TQQ2KeCYMXGmiAsqL4V4iESCCsdW06HYC++vEyapaJdLpZvL/LVShpHFhyDE3AGbHAJquAG1EEDYPAInsEreDOejBfj3fiYt2aMdOYQ/IHx+QMPY5U6</latexit>

r+ = M +
p

M2 � a2

<latexit sha1_base64="KXldlNTAGG1gYGsTLZESTjBjT5E=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU90Vqb0IBQ+KIFSwH9AuJZtm29BssiZZoSz9E148KOLVv+PNf2Pa7kGrDwYe780wMy+IOdPGdb+c3NLyyupafr2wsbm1vVPc3WtqmShCG0RyqdoB1pQzQRuGGU7bsaI4CjhtBaPLqd96pEozKe7NOKZ+hAeChYxgY6U2Rhfo6ubktlcsuWV3BvSXeBkpQYZ6r/jZ7UuSRFQYwrHWHc+NjZ9iZRjhdFLoJprGmIzwgHYsFTii2k9n907QkVX6KJTKljBopv6cSHGk9TgKbGeEzVAvelPxP6+TmLDqp0zEiaGCzBeFCUdGounzqM8UJYaPLcFEMXsrIkOsMDE2ooINwVt8+S9pnpa9Srlyd1aqVbM48nAAh3AMHpxDDa6hDg0gwOEJXuDVeXCenTfnfd6ac7KZffgF5+MbImeOtg==</latexit>

a = GJ/M



NHEK

In the extremal limit, the Kerr geometry has an infinitely long throat near the 
horizon, the near-horizon extremal Kerr (NHEK) geometry:
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NHEK

In the extremal limit, the Kerr geometry has an infinitely long throat near the 
horizon, the near-horizon extremal Kerr (NHEK) geometry:
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• Similar to                 , with                        symmetry


• First correction around NHEK patching onto asymptotically 
flat Kerr geometry can be understood as coming from 
certain modes of the linearized Einstein equations in the 
NHEK background


• Of great interest to Kerr-CFT proposals
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NHEK

In the extremal limit, the Kerr geometry has an infinitely long throat near the 
horizon, the near-horizon extremal Kerr (NHEK) geometry:
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Bardeen, Horowitz [hep-th/9905099]

• Similar to                 , with                        symmetry


• First correction around NHEK patching onto asymptotically 
flat Kerr geometry can be understood as coming from 
certain modes of the linearized Einstein equations in the 
NHEK background


• Of great interest to Kerr-CFT proposals


• We will determine the near-horizon behavior of the EFT-
corrected Kerr geometry by computing EFT corrections to 
the NHEK.
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O(2, 1)⇥U(1)

cf. Hadar, Lupsasca, Porfyriadis [2012.06562]

Guica, Hartman, Song, Strominger [0809.4266]



EFT in vacuum

• Let us first consider the gravitational EFT where no matter is present.


• We must build the EFT out of the Riemann tensor, with no contractions. Any 
appearance of the Ricci tensor can be removed via field redefinitions.




EFT in vacuum

• Let us first consider the gravitational EFT where no matter is present.


• We must build the EFT out of the Riemann tensor, with no contractions. Any 
appearance of the Ricci tensor can be removed via field redefinitions.


• In four spacetime dimensions, the Gauss-Bonnet term is topological:
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EFT in vacuum

• Let us first consider the gravitational EFT where no matter is present.


• We must build the EFT out of the Riemann tensor, with no contractions. Any 
appearance of the Ricci tensor can be removed via field redefinitions.


• In four spacetime dimensions, the Gauss-Bonnet term is topological:


• First interesting terms at cubic and quartic order in the Riemann tensor:

<latexit sha1_base64="otJ4Hv9opMaFKqPHsD/75wLglNw="></latexit>Z
d4x

p
�g(RabcdR

abcd � 4RabR
ab +R2)

=

Z
d4x @a

p
�g✏abcd✏ gh

ef �e
gb

✓
1

2
Rf

hcd �
1

3
�f
ci�

i
hd

◆�

= 8⇡2 �(M)

<latexit sha1_base64="OSagA3wuQE8M27o9+ylf6QVRFS4="></latexit>

L =
1

22

⇣
R+ ⌘4R3 + �6C2 + �̃ 6C̃2

⌘

<latexit sha1_base64="0r6u8Q83DeERtHVxdBnwxZDBGjc="></latexit>

R3 = R cd
ab R ef

cd R ab
ef

C = RabcdR
abcd

C̃ = R̃abcdR
abcd

R̃abcd = ✏ ef
ab Refcd



EFT in vacuum

• Classical equations of motion:
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EFT in vacuum

• Classical equations of motion:


• Solve at linear order in the Wilson coefficients,
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EFT in vacuum

• Classical equations of motion:


• Solve at linear order in the Wilson coefficients,


•          contribution         to       is smaller than       :

   By power counting and the form of the equations of motion,


   Indeed, by                                                                    , we expect 
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EFT-corrected NHEK geometry

• Stationary, axisymmetric ansatz:


• Fix gauge:              and
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EFT-corrected NHEK geometry

• Stationary, axisymmetric ansatz:


• Fix gauge:              and


• Impose                         symmetry,


    so that the ansatz becomes: 
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F2 = 0

<latexit sha1_base64="APTMD8YLJK6hwhMikGEiIJpQcIE=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCxCC1KSIrXHghdvVjBtoQlls920S3eTsLsRSujJi3/FiwdFvPobvPlv3KY5aOuDgcd7M8zM82NGpbKsb6Owtr6xuVXcLu3s7u0fmIdHHRklAhMHRywSPR9JwmhIHEUVI71YEMR9Rrr+5Hrudx+IkDQK79U0Jh5Ho5AGFCOlpYF5mrqCw9tZpX5hV11FOZEwk5xZxa4OzLJVszLAVWLnpAxytAfmlzuMcMJJqDBDUvZtK1ZeioSimJFZyU0kiRGeoBHpaxoivc9Lszdm8FwrQxhEQleoYKb+nkgRl3LKfd3JkRrLZW8u/uf1ExU0vZSGcaJIiBeLgoRBFcF5JnBIBcGKTTVBWFB9K8RjJBBWOrmSDsFefnmVdOo1u1Fr3F2WW808jiI4AWegAmxwBVrgBrSBAzB4BM/gFbwZT8aL8W58LFoLRj5zDP7A+PwBUduXGA==</latexit>

O(2, 1)⇥U(1)
<latexit sha1_base64="XrM+SebZV9eK+BHmLLrzDefATQA="></latexit>

⌦ = ⌦NH(x)

B = BNH(x)

A =
1� x2

�2

NH

�NH = const.

! = !NH = const.

<latexit sha1_base64="2hf7YywpdNJhCf85H3RaD/lnqco="></latexit>

ds2 = 2J⌦2

NH


�⇢2dt2 +

d⇢2

⇢2
+

�2

NH
dx2

1� x2
+B2

NH
(d�+ ⇢!NHdt)

2

�

<latexit sha1_base64="A8WP0ZMLvvCsmo7Pg4Joi1/I6Pg="></latexit>

ds2 = 2J⌦2


�⇢2dt2 +

F1

⇢2
(d⇢+ ⇢F2dx)

2 +
dx2

A
+B2(d�+ ⇢! dt)2

�



EFT-corrected NHEK geometry

• Expand around NHEK solution:

<latexit sha1_base64="2hf7YywpdNJhCf85H3RaD/lnqco="></latexit>

ds2 = 2J⌦2

NH


�⇢2dt2 +

d⇢2

⇢2
+

�2

NH
dx2

1� x2
+B2

NH
(d�+ ⇢!NHdt)

2

�

<latexit sha1_base64="EwyKHuQVboKwz8EqWsaLH+1yKk0="></latexit>

⌦NH =

r
1 + x2

2

h
1 + ⌘⌦(6)(x) + �⌦(8)(x) + �̃⌦̃(8)(x)

i

BNH =
2
p
1� x2

1 + x2

h
1 + ⌘B(6)(x) + �B(8)(x) + �̃B̃(8)(x)

i

�NH = 1 + ⌘�(6)(x) + ��(8)(x) + �̃�̃(8)(x)

!NH = 1 + ⌘!(6)(x) + �!(8)(x) + �̃!̃(8)(x)



EFT-corrected NHEK geometry

• Expand around NHEK solution:


• Solving the equations of motion, we find:

<latexit sha1_base64="2hf7YywpdNJhCf85H3RaD/lnqco="></latexit>

ds2 = 2J⌦2

NH


�⇢2dt2 +

d⇢2

⇢2
+

�2

NH
dx2

1� x2
+B2

NH
(d�+ ⇢!NHdt)

2

�

<latexit sha1_base64="EwyKHuQVboKwz8EqWsaLH+1yKk0="></latexit>

⌦NH =

r
1 + x2

2

h
1 + ⌘⌦(6)(x) + �⌦(8)(x) + �̃⌦̃(8)(x)

i

BNH =
2
p
1� x2

1 + x2

h
1 + ⌘B(6)(x) + �B(8)(x) + �̃B̃(8)(x)

i

�NH = 1 + ⌘�(6)(x) + ��(8)(x) + �̃�̃(8)(x)

!NH = 1 + ⌘!(6)(x) + �!(8)(x) + �̃!̃(8)(x)

<latexit sha1_base64="C491CO+IB5+t4EscGD2oS2w2UO8="></latexit>

�(6) = � 154

32
p
2J2

�(8) = �3664356

256
p
2J3

�̃(8) = �3688296

64
p
2J3

<latexit sha1_base64="B3BQWyqIBKOcheRBlSAH2gEi6yQ="></latexit>

!(6) =
4

7J2

!(8) =
(4864 + 1575⇡)6

20J3

!̃(8) =
(4736 + 1575⇡)6

5J3



EFT-corrected NHEK geometry

• Solving the equations of motion, we find:

<latexit sha1_base64="2hf7YywpdNJhCf85H3RaD/lnqco="></latexit>

ds2 = 2J⌦2

NH


�⇢2dt2 +

d⇢2

⇢2
+

�2

NH
dx2

1� x2
+B2

NH
(d�+ ⇢!NHdt)

2

�

<latexit sha1_base64="xa9QXTKjtXjCO3B7fAishhHf/qk="></latexit>

B(6)(x) =
4

J2

"
2656� 42885x2 + 45895x4 � 8130x6 � 1218x8 + 183x10 + 139x12

224(1 + x2)6

� 15
p
2x(3� x2)

64(1 + x2)
p
1� x2

 
arcsin

p
2xp

1 + x2
� arcsinx

!#

<latexit sha1_base64="jmnEaeBs5N380gXWVQvsEo/Ya0o="></latexit>

⌦(6)(x) =
4

J2

"
C(6) � 3285� 55449x2 + 54210x4 � 7058x6 � 1527x8 � 309x10

224(1 + x2)6

+
15x

p
2
p
1� x2

64(1 + x2)

 
arcsin

p
2xp

1 + x2
� arcsinx

!#



EFT-corrected NHEK geometry

• Solving the equations of motion, we find:

<latexit sha1_base64="2hf7YywpdNJhCf85H3RaD/lnqco="></latexit>

ds2 = 2J⌦2

NH


�⇢2dt2 +

d⇢2

⇢2
+

�2

NH
dx2

1� x2
+B2

NH
(d�+ ⇢!NHdt)

2

�

<latexit sha1_base64="XYKaFxXOAUVH/+O5xWQ3E1nDK0I=">AAADrHicjVLJbtswEFXsLqm7Je2xF6JBAxtCDC4STR8KBOml6KUp0CyFZQc0TTlEtEWiCgcCf66f0Fv/ptQSoE16KAEKb968eSONZplFqtAQ/trq9R88fPR4+8ng6bPnL17u7L46LdIyF/JEpFGany95ISOVyBOtdCTPs1zyeBnJs+XVhzp/9l3mhUqTr/omk/OYrxMVKsG1pS52t34cLaohG5nhZgT23wdhzkUVXPEs4wtqqk </latexit>

B(8)(x) =
6

J3

"
832989

1280
� 315⇡

4
� 407005 + 32887800x2 + 38302380x4 + 227158536x6

1280(1 + x2)9

� 244951182x8 + 207667400x10 + 108083820x12 + 31954360x14 + 4114685x16

1280(1 + x2)9

+
630x

(1 + x2)
arctanx� 366435x(3� x2)

256
p
2
p
1� x2(1 + x2)

 
arcsin

p
2xp

1 + x2
� arcsinx

!#

<latexit sha1_base64="UiUR3we3PwJWm6FpbuXTLaoE+OY=">AAADg3icbVJbb9MwFM5aBqPcOnjkxWJiahVt2HHqOA+TJvaCeGFI7CI17eS6bmctt8YO6hT5h/C3eOPf4KSZxDaOlOhcvvN9x0dnlsdSaQj/bHW6T7afPtt53nvx8tXrN/3dt+cqKwsuzngWZ8XljCkRy1ScaaljcZkXgiWzWFzMbk7q+sVPUSiZpT/0bS4mCVumciE50zZ1tbv1K/qWiCWbVgM6NIP1EOwfRYuC8Sq6YXnOps </latexit>

⌦(8)(x) =
6

J3

"
C(8) +

783837 + 16684758x2 + 33602022x4 + 119986542x6

1280(1 + x2)9

+
27639936x8 + 23049562x10 + 11880370x12 + 3484978x14 + 445863x16

256(1 + x2)9

� 315x

1 + x2
arctanx+

366435x
p
1� x2

256
p
2(1 + x2)

 
arcsin

p
2xp

1 + x2
� arcsinx

!#



<latexit sha1_base64="YwuywpChDidZ54cRK17HtJ8ElQw="></latexit>

⌦̃(8)(x) =
6

J3

"
C̃(8) +

1018371+7724394x2+67516506x4+96062418x6+141833088x8

320(1 + x2)9

+
115923454x10 + 59757382x12 + 17530822x14 + 2243037x16

320(1 + x2)9

� 1260x

1 + x2
arctanx� 368829x

p
1� x2

64
p
2(1 + x2)

 
arcsin

p
2xp

1 + x2
� arcsinx

!#

<latexit sha1_base64="YwuywpChDidZ54cRK17HtJ8ElQw="></latexit>

⌦̃(8)(x) =
6

J3

"
C̃(8) +

1018371+7724394x2+67516506x4+96062418x6+141833088x8

320(1 + x2)9

+
115923454x10 + 59757382x12 + 17530822x14 + 2243037x16

320(1 + x2)9

� 1260x

1 + x2
arctanx� 368829x

p
1� x2

64
p
2(1 + x2)

 
arcsin

p
2xp

1 + x2
� arcsinx

!#

EFT-corrected NHEK geometry

• Solving the equations of motion, we find:

<latexit sha1_base64="2hf7YywpdNJhCf85H3RaD/lnqco="></latexit>

ds2 = 2J⌦2

NH


�⇢2dt2 +

d⇢2

⇢2
+

�2

NH
dx2

1� x2
+B2

NH
(d�+ ⇢!NHdt)

2

�

<latexit sha1_base64="rK5RQpc1m4u6kKUhOHbxwQiV8u4="></latexit>

B̃(8)(x) =
6

J3

"
846339

320
� 315⇡ � 1149443+5618952x2+136013268x4+154320120x6+254641842x8

320(1 + x2)9

� 208733752x10 + 108674580x12 + 32136008x14 + 4138723x16

320(1 + x2)9

+
2520x

1 + x2
arctanx� 368829x(3� x2)

64
p
2
p
1� x2(1 + x2)

 
arcsin

p
2xp

1 + x2
� arcsinx

!#



• Patching the near-horizon geometry to asymptotically flat Kerr solution can be 
thought of as inducing some perturbative mode solving the linearized Einstein 
equation in the NHEK background:


Perturbing the NHEK geometry



• Patching the near-horizon geometry to asymptotically flat Kerr solution can be 
thought of as inducing some perturbative mode solving the linearized Einstein 
equation in the NHEK background:


• Let us see how this works explicitly for Kerr/NHEK, before repeating the 
calculation with EFT corrections. We start with the ansatz,


   with gauge choice            ,            .


Perturbing the NHEK geometry

<latexit sha1_base64="A8WP0ZMLvvCsmo7Pg4Joi1/I6Pg="></latexit>

ds2 = 2J⌦2


�⇢2dt2 +

F1

⇢2
(d⇢+ ⇢F2dx)

2 +
dx2

A
+B2(d�+ ⇢! dt)2

�

<latexit sha1_base64="/8jkbxqg0V7thToVeLpej84Sy3A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEai9CQRCPFawttKFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpAIro3rfjuFtfWNza3idmlnd2//oHx49KjjVDFssVjEqhNQjYJLbBluBHYShTQKBLaD8c3Mbz+h0jyWD2aSoB/RoeQhZ9RYqX3b98g18frlilt15yCrxMtJBXI0++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7Wfzc6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmrDuZ1wmqUHJFovCVBATk9nvZMAVMiMmllCmuL2VsBFVlBmbUMmG4C2/vEoeL6perVq7v6w06nkcRTiBUzgHD66gAXfQhBYwGMMzvMKbkzgvzrvzsWgtOPnMMfyB8/kDX9mORQ==</latexit>

F1 = 1
<latexit sha1_base64="wpPwChcuY7TJfrYc/EXLPHFmTLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKewGibkIAUE8RjAPSJYwO+kkQ2Znl5lZISz5CC8eFPHq93jzb5wke9DEgoaiqpvuriAWXBvX/XZyG5tb2zv53cLe/sHhUfH4pKWjRDFsskhEqhNQjYJLbBpuBHZihTQMBLaDye3cbz+h0jySj2Yaox/SkeRDzqixUvuuXyE3xO0XS27ZXYCsEy8jJcjQ6Be/eoOIJSFKwwTVuuu5sfFTqgxnAmeFXqIxpmxCR9i1VNIQtZ8uzp2RC6sMyDBStqQhC/X3REpDradhYDtDasZ61ZuL/3ndxAxrfsplnBiUbLlomAhiIjL/nQy4QmbE1BLKFLe3EjamijJjEyrYELzVl9dJq1L2quXqw1WpXsviyMMZnMMleHANdbiHBjSBwQSe4RXenNh5cd6dj2VrzslmTuEPnM8fX92ORQ==</latexit>

F2 = 0



• Patching the near-horizon geometry to asymptotically flat Kerr solution can be 
thought of as inducing some perturbative mode solving the linearized Einstein 
equation in the NHEK background:


• Let us see how this works explicitly for Kerr/NHEK, before repeating the 
calculation with EFT corrections. We start with the ansatz,


   with gauge choice            ,            .


    Decompose stationary, axisymmetric 

    perturbations into AdS2 harmonics        :  

Perturbing the NHEK geometry

<latexit sha1_base64="A8WP0ZMLvvCsmo7Pg4Joi1/I6Pg="></latexit>

ds2 = 2J⌦2


�⇢2dt2 +

F1

⇢2
(d⇢+ ⇢F2dx)

2 +
dx2

A
+B2(d�+ ⇢! dt)2

�

<latexit sha1_base64="/8jkbxqg0V7thToVeLpej84Sy3A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEai9CQRCPFawttKFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpAIro3rfjuFtfWNza3idmlnd2//oHx49KjjVDFssVjEqhNQjYJLbBluBHYShTQKBLaD8c3Mbz+h0jyWD2aSoB/RoeQhZ9RYqX3b98g18frlilt15yCrxMtJBXI0++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7Wfzc6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmrDuZ1wmqUHJFovCVBATk9nvZMAVMiMmllCmuL2VsBFVlBmbUMmG4C2/vEoeL6perVq7v6w06nkcRTiBUzgHD66gAXfQhBYwGMMzvMKbkzgvzrvzsWgtOPnMMfyB8/kDX9mORQ==</latexit>

F1 = 1
<latexit sha1_base64="wpPwChcuY7TJfrYc/EXLPHFmTLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKewGibkIAUE8RjAPSJYwO+kkQ2Znl5lZISz5CC8eFPHq93jzb5wke9DEgoaiqpvuriAWXBvX/XZyG5tb2zv53cLe/sHhUfH4pKWjRDFsskhEqhNQjYJLbBpuBHZihTQMBLaDye3cbz+h0jySj2Yaox/SkeRDzqixUvuuXyE3xO0XS27ZXYCsEy8jJcjQ6Be/eoOIJSFKwwTVuuu5sfFTqgxnAmeFXqIxpmxCR9i1VNIQtZ8uzp2RC6sMyDBStqQhC/X3REpDradhYDtDasZ61ZuL/3ndxAxrfsplnBiUbLlomAhiIjL/nQy4QmbE1BLKFLe3EjamijJjEyrYELzVl9dJq1L2quXqw1WpXsviyMMZnMMleHANdbiHBjSBwQSe4RXenNh5cd6dj2VrzslmTuEPnM8fX92ORQ==</latexit>

F2 = 0
<latexit sha1_base64="YgvJXSlRL+ss/A45rcgOCbzQQJU="></latexit>

A(⇢, x) = ANH(x) [1 + " ⇢� Q1(x)]

B(⇢, x) = BNH(x) [1 + " ⇢� Q2(x)]

⌦(⇢, x) = ⌦NH(x) [1 + " ⇢� Q3(x)]

!(⇢, x) = !NH [1 + " ⇢� Q4(x)]

<latexit sha1_base64="D1sr99r0a63Pt5EZsmNdm9InHJM=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KolI7bHgxWMF+wFNLJvtpl26uwm7m0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZelHKmjed9OxubW9s7u6W98v7B4dGxe3La1kmmCG2RhCeqG2FNOZO0ZZjhtJsqikXEaSca3839zoQqzRL5aKYpDQUeShYzgo2V+q4baCZQoEbJUzDEQuC+W/Gq3gJonfgFqUCBZt/9CgYJyQSVhnCsdc/3UhPmWBlGOJ2Vg0zTFJMxHtKepRILqsN8cfkMXVplgOJE2ZIGLdTfEzkWWk9FZDsFNiO96s3F/7xeZuJ6mDOZZoZKslwUZxyZBM1jQAOmKDF8agkmitlbERlhhYmxYZVtCP7qy+ukfV31a9Xaw02lUS/iKME5XMAV+HALDbiHJrSAwASe4RXenNx5cd6dj2XrhlPMnMEfOJ8/VCOTcw==</latexit>

⇠ ⇢�



• Expand in Wilson coefficients:


Perturbing the NHEK geometry

<latexit sha1_base64="B1VYDEgSwOGBS2Vr5HDmG3I4hEQ="></latexit>

Qi(x) = Q(0)
i (x)+⌘Q(6)

i (x)+�Q(8)
i (x)+�̃Q̃(8)

i (x)

� = �(0) + ⌘�(6) + ��(8) + �̃�̃(8)



• Expand in Wilson coefficients:


• Second-order equations yield two families of solutions:

Perturbing the NHEK geometry

<latexit sha1_base64="B1VYDEgSwOGBS2Vr5HDmG3I4hEQ="></latexit>

Qi(x) = Q(0)
i (x)+⌘Q(6)

i (x)+�Q(8)
i (x)+�̃Q̃(8)

i (x)

� = �(0) + ⌘�(6) + ��(8) + �̃�̃(8)

<latexit sha1_base64="FF2oU1zALPvuQurUreZknExKRYM="></latexit>

Q(0)
1 +(x) = P 0

`(x)

Q(0)
2 +(x) = � 1

2(1 + x2)

"
2`(`+ 1)xP`(x) + (1� 3x2)P 0

`(x)

#

Q(0)
3 +(x) =

1

2(1 + x2)

"
`(`+ 1)xP`(x) + (1� x2)P 0

`(x)

#

Q(0)
4 +(x) =

1

2

"
`xP`(x) +

(1� x2)(`2 + `+ 2)

2(`+ 1)
P 0
`(x)

#

<latexit sha1_base64="RDyryzySdpbW4YTox3DqP0SDkI4=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkmR2mPBi8cK9gOaUDbbSbt0s4m7G6GE/g0vHhTx6p/x5r8xaXPQ1gcDj/dmmJnnx4JrY9vf1sbm1vbObmmvvH9weHRcOTnt6ihRDDssEpHq+1Sj4BI7hhuB/VghDX2BPX96m/u9J1SaR/LBzGL0QjqWPOCMmkxyXRSCuGN8JPXysFK1a/YCZJ04BalCgfaw8uWOIpaEKA0TVOuBY8fGS6kynAmcl91EY0zZlI5xkFFJQ9Reurh5Ti4zZUSCSGUlDVmovydSGmo9C/2sM6Rmole9XPzPGyQmaHopl3FiULLloiARxEQkD4CMuEJmxCwjlCme3UrYhCrKTBZTHoKz+vI66dZrTqPWuL+utppFHCU4hwu4AgduoAV30IYOMIjhGV7hzUqsF+vd+li2bljFzBn8gfX5A3K6kKE=</latexit>

` � 2



<latexit sha1_base64="H+gCm1hPY5gvvqk8DCtkx4ImqRM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQtlsJ+3SzSbuboQS+je8eFDEq3/Gm//GpM1BWx8MPN6bYWaeHwuujW1/W6WNza3tnfJuZW//4PCoenzS1VGiGHZYJCLV96lGwSV2DDcC+7FCGvoCe/70Nvd7T6g0j+SDmcXohXQsecAZNZnkuigEccf4SJzKsFqz6/YCZJ04BalBgfaw+uWOIpaEKA0TVOuBY8fGS6kynAmcV9xEY0zZlI5xkFFJQ9Reurh5Ti4yZUSCSGUlDVmovydSGmo9C/2sM6Rmole9XPzPGyQmaHopl3FiULLloiARxEQkD4CMuEJmxCwjlCme3UrYhCrKTBZTHoKz+vI66V7VnUa9cX9dazWLOMpwBudwCQ7cQAvuoA0dYBDDM7zCm5VYL9a79bFsLVnFzCn8gfX5A3E1kKA=</latexit>

` � 1

• Expand in Wilson coefficients:


• Second-order equations yield two families of solutions:

Perturbing the NHEK geometry

<latexit sha1_base64="B1VYDEgSwOGBS2Vr5HDmG3I4hEQ="></latexit>
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• Expand in Wilson coefficients:


• Second-order equations yield two families of solutions:
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• Expand in Wilson coefficients:


• Second-order equations yield two families of solutions:


• Integer scaling dimensions        correspond to smooth horizons. For example, 
we can compute the Weyl curvature in ingoing Bondi-Sachs coordinates:
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• Expand in Wilson coefficients:


• Second-order equations yield two families of solutions:


• Integer scaling dimensions        correspond to smooth horizons. For example, 
we can compute the Weyl curvature in ingoing Bondi-Sachs coordinates:
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• Expand in Wilson coefficients:


• Second-order equations yield two families of solutions:


• Integer scaling dimensions        correspond to smooth horizons. For example, 
we can compute the Weyl curvature in ingoing Bondi-Sachs coordinates:


    Away from extremality, 


Perturbing the NHEK geometry
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• EFT corrections to the           functions can be obtained (too long to give here).


Perturbing the EFT-corrected NHEK geometry
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• EFT corrections to the           functions can be obtained (too long to give here).


• Important results are the corrections to the scaling dimensions. For example,
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• EFT corrections to the           functions can be obtained (too long to give here).


• Important results are the corrections to the scaling dimensions. For example,


If            or              , the horizons of extremal Kerr black holes will be singular.
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• We might think that this singularity forbids the couplings from achieving the 
sign that induces a singularity.

Signs of couplings?



• After all, certain signs of couplings violate infrared physics principles:

• Causality of signal propagation

• Analytic dispersion relations (locality and unitarity)


• We might think that this singularity forbids the couplings from achieving the 
sign that induces a singularity.

Signs of couplings?

Adams et al. [hep-th/0602178]



• After all, certain signs of couplings violate infrared physics principles:

• Causality of signal propagation

• Analytic dispersion relations (locality and unitarity)


• Examples:

• Einstein-Maxwell theory

• Higher-curvature gravity (    ,      terms)

• Massive gravity

•          and       couplings

• Higher-point couplings

• Cosmic inflation 

• SMEFT


• We might think that this singularity forbids the couplings from achieving the 
sign that induces a singularity.

Signs of couplings?
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• After all, certain signs of couplings violate infrared physics principles:

• Causality of signal propagation

• Analytic dispersion relations (locality and unitarity)


• But precisely the opposite holds:

• Causality and unitarity imply that 

• String values:  


                                         bosonic                    type II                   type I / heterotic


• Quartic Riemann terms induce singularities.

 


• We might think that this singularity forbids the couplings from achieving the 
sign that induces a singularity.

Signs of couplings?

Bellazzini, Cheung, GR [1509.00851]; 

Gruzinov, Kleban [hep-th/0612015]

Adams et al. [hep-th/0602178]
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• After all, certain signs of couplings violate infrared physics principles:

• Causality of signal propagation

• Analytic dispersion relations (locality and unitarity)


• But precisely the opposite holds:

• Cubic Riemann operator can take either sign. A threshold correction is 

generated by integrating out massive matter at one loop: 


• We might think that this singularity forbids the couplings from achieving the 
sign that induces a singularity.

Signs of couplings?

Adams et al. [hep-th/0602178]
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• After all, certain signs of couplings violate infrared physics principles:

• Causality of signal propagation

• Analytic dispersion relations (locality and unitarity)


• But precisely the opposite holds:

• Cubic Riemann operator can take either sign. A threshold correction is 

generated by integrating out massive matter at one loop: 


• In the standard model, the neutrinos are the lightest massive state,            
and          .


• We might think that this singularity forbids the couplings from achieving the 
sign that induces a singularity.

Signs of couplings?

Adams et al. [hep-th/0602178]
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⌘ < 0

<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=) singular horizons for extremal Kerr or new ultralight hidden-sector bosons



Adding charge



Adding a photon

• Let us now add a U(1) gauge field.


• Good reasons for doing this: first higher-derivative terms show up at fourth 
order in derivatives, rather than sixth        much larger effects
<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=)



Adding a photon

• Let us now add a U(1) gauge field.


• Good reasons for doing this: first higher-derivative terms show up at fourth 
order in derivatives, rather than sixth        much larger effects


• Mode with           will be physical for charged black holes. Defining the vectors


   we will find the Weyl tensor near the horizon goes like


    so there is a mode for which


• We will not need to be exponentially close to extremality to see the effect.

<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=)

<latexit sha1_base64="Dd2C0V+A+IY8xw8/5eDv1C133H8=">AAAB8XicbVBNS0JBFL3Pvsy+rJZthiRoJe9FmJtAaNPSIE3Sh9w3jjo4M+8xMy8Q8V+0aVFE2/5Nu/5No75FaQcuHM65l3vviRLBjfX9by+3tr6xuZXfLuzs7u0fFA+PmiZONWUNGotYtyI0THDFGpZbwVqJZigjwR6i0c3Mf3hi2vBY3dtxwkKJA8X7nKJ10mNngFIiuSZBt1jyy/4cZJUEGSlBhnq3+NXpxTSVTFkq0Jh24Cc2nKC2nAo2LXRSwxKkIxywtqMKJTPhZH7xlJw5pUf6sXalLJmrvycmKI0Zy8h1SrRDs+zNxP+8dmr71XDCVZJapuhiUT8VxMZk9j7pcc2oFWNHkGrubiV0iBqpdSEVXAjB8surpHlRDirlyt1lqVbN4sjDCZzCOQRwBTW4hTo0gIKCZ3iFN894L96797FozXnZzDH8gff5Ay2Lj+w=</latexit>

� = 1
<latexit sha1_base64="QgiagQapjjJMloS6cfMkYlS4hQk=">AAACJXicbZBPS8MwGMbT+W/Wf1WPXoJD8TRbkbmDwsCLxwnODdYy0ixdw9I2JKkwyr6MF7+KFw8OETz5VUy3CrrthcCP53nfJO/jc0alsu0vo7Syura+Ud40t7Z3dves/YNHmaQCkxZOWCI6PpKE0Zi0FFWMdLggKPIZafvD29xvPxEhaRI/qBEnXoQGMQ0oRkpLPevaJYzB0xvociQURez8F1wRJtB1zQgut3lIe1bFrtrTgovgFFABRTV71sTtJziNSKwwQ1J2HZsrL8tvxIyMTTeVhCM8RAPS1RijiEgvm245hida6cMgEfrECk7VvxMZiqQcRb7ujJAK5byXi8u8bqqCupfRmKeKxHj2UJAyqBKYRwb7VBCs2EgDwoLqv0IcIoGw0sGaOgRnfuVFeLyoOrVq7f6y0qgXcZTBETgGZ8ABV6AB7kATtAAGz+AVvIOJ8WK8GR/G56y1ZBQzh+BfGd8/jAOkFg==</latexit>

` = @/@⇢

m = @/@�

<latexit sha1_base64="NlxJVJ49RSJ/fBi6I3PlyXDYrBE="></latexit>

Cabcd`
amb`cmd ⇠ �(� � 1)⇢��2

<latexit sha1_base64="zAZniQrEhNzEBkdAwlAXqp5BiPA=">AAACHnicbZBNSwMxEIazftb6VfXoJVgET3VXtHoUeumxgtVCt11ms9MaTHaXJCuUtb/Ei3/FiwdFBE/6b0xrD9r6QuDhnRkm84ap4Nq47pczN7+wuLRcWCmurq1vbJa2tq90kimGTZaIRLVC0Ch4jE3DjcBWqhBkKPA6vK2N6td3qDRP4kszSLEjoR/zHmdgrBWUTmpBDiGLhj4K0QUquyEdI7MY3Qd16msuqR+hMED9PkgJh5dBqexW3LHoLHgTKJOJGkHpw48SlkmMDROgddtzU9PJQRnOBA6LfqYxBXYLfWxbjEGi7uTj84Z03zoR7SXKvtjQsft7Igep9UCGtlOCudHTtZH5X62dmd5ZJ+dxmhmM2c+iXiaoSegoKxpxhcyIgQVgitu/UnYDCpixiRZtCN70ybNwdVTxqpXqxXH5/GwSR4Hskj1yQDxySs5JnTRIkzDyQJ7IC3l1Hp1n5815/2mdcyYzO+SPnM9v/YyhwA==</latexit>

Cabcd`
amb`cmd|H ⇠ ��/T



Einstein-Maxwell EFT

• Leading (four-derivative) contributions to the Einstein-Maxwell EFT:

<latexit sha1_base64="cIlGNljg8zF2/LbDsnNi21sC9mY="></latexit>

L =
1

22
R� 1

4
Fab F

ab + c1 R
2 + c2 R

ab Rab + c3 Rabcd R
abcd

+ c4 RF ab Fab + c5 R
ab F c

a Fbc + c6 R
abcd Fab Fcd

+ c7 Fab F
ab Fcd F

cd + c8 Fab F
bc Fcd F

da

<latexit sha1_base64="cIlGNljg8zF2/LbDsnNi21sC9mY="></latexit>

L =
1

22
R� 1

4
Fab F

ab + c1 R
2 + c2 R

ab Rab + c3 Rabcd R
abcd

+ c4 RF ab Fab + c5 R
ab F c

a Fbc + c6 R
abcd Fab Fcd

+ c7 Fab F
ab Fcd F

cd + c8 Fab F
bc Fcd F

da



Einstein-Maxwell EFT

• Leading (four-derivative) contributions to the Einstein-Maxwell EFT:


   Gravitational generalization of Euler-Heisenberg:


Convenient to rescale, so that                   :

<latexit sha1_base64="A26dJOeC4dWfp8c2jbstti2b4EI=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJUkLIrUnssePFYwW0L7VKyabYNTbJrkhXK0t/gxYMiXv1B3vw3pu0etPXBwOO9GWbmhQln2rjut7O2vrG5tV3YKe7u7R8clo6OWzpOFaE+iXmsOiHWlDNJfcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hYya88XoqLfqnsVt050CrxclKGHM1+6as3iEkqqDSEY627npuYIMPKMMLptNhLNU0wGeMh7VoqsaA6yObHTtG5VQYoipUtadBc/T2RYaH1RIS2U2Az0sveTPzP66YmqgcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtP0YbgLb+8SlpXVa9Wrd1flxv1PI4CnMIZVMCDG2jAHTTBBwIMnuEV3hzpvDjvzseidc3JZ07gD5zPH9VHjgg=</latexit>

(q,m)

<latexit sha1_base64="nso7ZGqnWprP0Oxppu5JOyhwGyg=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXuquSO2x4MVjBfsB3bVk02wbmmTXJCuU0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhQln2rjut5NbW9/Y3MpvF3Z29/YPiodHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD0c3Mbz9RpVks7804oYHAA8kiRrCxku9rJlD58UKcP7i9YsmtuHOgVeJlpAQZGr3il9+PSSqoNIRjrbuem5hggpVhhNNpwU81TTAZ4QHtWiqxoDqYzG+eojOr9FEUK1vSoLn6e2KChdZjEdpOgc1QL3sz8T+vm5qoFkyYTFJDJVksilKOTIxmAaA+U5QYPrYEE8XsrYgMscLE2JgKNgRv+eVV0rqseNVK9e6qVK9lceThBE6hDB5cQx1uoQFNIJDAM7zCm5M6L86787FozTnZzDH8gfP5A3YTkKQ=</latexit>

⇠ (q/m)0
<latexit sha1_base64="2Ae0dgoyBw3aY3I2BAX8r9uCIaI=">AAAB83icbVBNSwMxEJ31s9avqkcvwSLUS90tUnssePFYwX5Ady3ZNNuGJtk1yQql9G948aCIV/+MN/+NabsHbX0w8Hhvhpl5YcKZNq777aytb2xubed28rt7+weHhaPjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbmt5+o0iyW92ac0EDggWQRI9hYyfc1E6j0eCkuHiq9QtEtu3OgVeJlpAgZGr3Cl9+PSSqoNIRjrbuem5hggpVhhNNp3k81TTAZ4QHtWiqxoDqYzG+eonOr9FEUK1vSoLn6e2KChdZjEdpOgc1QL3sz8T+vm5qoFkyYTFJDJVksilKOTIxmAaA+U5QYPrYEE8XsrYgMscLE2JjyNgRv+eVV0qqUvWq5endVrNeyOHJwCmdQAg+uoQ630IAmEEjgGV7hzUmdF+fd+Vi0rjnZzAn8gfP5A3kbkKY=</latexit>

⇠ (q/m)2
<latexit sha1_base64="VXqXa1RkHF1TFPh6VQniFopPHQg=">AAAB83icbVBNSwMxEJ31s9avqkcvwSLUS92VUnssePFYwX5Ady3ZNNuGJtk1yQql9G948aCIV/+MN/+NabsHbX0w8Hhvhpl5YcKZNq777aytb2xubed28rt7+weHhaPjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Gbmt5+o0iyW92ac0EDggWQRI9hYyfc1E6j0eCkuHiq9QtEtu3OgVeJlpAgZGr3Cl9+PSSqoNIRjrbuem5hggpVhhNNp3k81TTAZ4QHtWiqxoDqYzG+eonOr9FEUK1vSoLn6e2KChdZjEdpOgc1QL3sz8T+vm5qoFkyYTFJDJVksilKOTIxmAaA+U5QYPrYEE8XsrYgMscLE2JjyNgRv+eVV0roqe9Vy9a5SrNeyOHJwCmdQAg+uoQ630IAmEEjgGV7hzUmdF+fd+Vi0rjnZzAn8gfP5A3wjkKg=</latexit>

⇠ (q/m)4

<latexit sha1_base64="wxt058k9VMWSLfjTqS7xMTEyjl0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBQym7VWqPBS8eK9gPaZeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53cxubW9k5+t7C3f3B4VDw+aesoUYS2SMQj1Q2wppxJ2jLMcNqNFcUi4LQTTG7nfueJKs0i+WCmMfUFHkkWMoKNlR7JIPXK1fLVbFAsuRV3AbROvIyUIENzUPzqDyOSCCoN4VjrnufGxk+xMoxwOiv0E01jTCZ4RHuWSiyo9tPFwTN0YZUhCiNlSxq0UH9PpFhoPRWB7RTYjPWqNxf/83qJCet+ymScGCrJclGYcGQiNP8eDZmixPCpJZgoZm9FZIwVJsZmVLAheKsvr5N2teLVKrX761KjnsWRhzM4h0vw4AYacAdNaAEBAc/wCm+Ocl6cd+dj2ZpzsplT+APn8wdqhY99</latexit>c1,2,3
<latexit sha1_base64="/L8SEr9OyPweoLKOwvJ4/XCVpE8=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBQym7UmuPBS8eK9gPaZeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53cxubW9k5+t7C3f3B4VDw+aesoUYS2SMQj1Q2wppxJ2jLMcNqNFcUi4LQTTG7nfueJKs0i+WCmMfUFHkkWMoKNlR7JIK2Wr8u12aBYcivuAmideBkpQYbmoPjVH0YkEVQawrHWPc+NjZ9iZRjhdFboJ5rGmEzwiPYslVhQ7aeLg2fowipDFEbKljRoof6eSLHQeioC2ymwGetVby7+5/USE9b9lMk4MVSS5aIw4chEaP49GjJFieFTSzBRzN6KyBgrTIzNqGBD8FZfXiftq4pXq9Tuq6VGPYsjD2dwDpfgwQ004A6a0AICAp7hFd4c5bw4787HsjXnZDOn8AfO5w94RI+G</latexit>c4,5,6

<latexit sha1_base64="AUThoFTjOWgi1dcBSQ6E+WlmQkE=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4kJKItD0WvHisYD+gDWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz329nY3Nre2S3sFfcPDo+OSyenbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8NNME/YiOJA85o8ZKHTbIatf12aBUdivuAmSdeDkpQ47moPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx7oxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE9b9jMskNSjZclGYCmJiMv+dDLlCZsTUEsoUt7cSNqaKMmMTKtoQvNWX10n7puJVK9WH23KjnsdRgHO4gCvwoAYNuIcmtIDBBJ7hFd6cxHlx3p2PZeuGk8+cwR84nz+evY8W</latexit>c7,8

<latexit sha1_base64="eoKW5nZVBUcXUKhbYYuu1ErbYRQ=">AAACB3icbVDLSgMxFM34rPU16lKQYBFclDJTpXYjFNy4rGAf0I5DJs20oZlMSDJCGbpz46+4caGIW3/BnX9j2o6grQcuHM65l3vvCQSjSjvOl7W0vLK6tp7byG9ube/s2nv7TRUnEpMGjlks2wFShFFOGppqRtpCEhQFjLSC4dXEb90TqWjMb/VIEC9CfU5DipE2km8f9fzULZaLZ2N4CbtDJAS6K0P8I/p2wSk5U8BF4makADLUffuz24txEhGuMUNKdVxHaC9FUlPMyDjfTRQRCA9Rn3QM5Sgiykunf4zhiVF6MIylKa7hVP09kaJIqVEUmM4I6YGa9ybif14n0WHVSykXiSYczxaFCYM6hpNQYI9KgjUbGYKwpOZWiAdIIqxNdHkTgjv/8iJplktupVS5OS/UqlkcOXAIjsEpcMEFqIFrUAcNgMEDeAIv4NV6tJ6tN+t91rpkZTMH4A+sj2/cbJa/</latexit>

d1,2,3 = 2c1,2,3
<latexit sha1_base64="cuSuPGYxkcyNc1ZzBwWrffCt2Wc=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksgotSEqm1G6HgxmUF2wptCJPJpB06uTAzEUoo+CpuXCji1udw59s4bSNo6w8DH/85h3Pm9xLOpLKsL6Owsrq2vlHcLG1t7+zumfsHHRmngtA2iXks7j0sKWcRbSumOL1PBMWhx2nXG11P690HKiSLozs1TqgT4kHEAkaw0pZrHvluVqtcVOoTdIXID7tm2apaM6FlsHMoQ66Wa372/ZikIY0U4VjKnm0lysmwUIxwOin1U0kTTEZ4QHsaIxxS6WSz8yfoVDs+CmKhX6TQzP09keFQynHo6c4Qq6FcrE3N/2q9VAUNJ2NRkioakfmiIOVIxWiaBfKZoETxsQZMBNO3IjLEAhOlEyvpEOzFLy9D57xq16v121q52cjjKMIxnMAZ2HAJTbiBFrSBQAZP8AKvxqPxbLwZ7/PWgpHPHMIfGR/fsQKTXg==</latexit>

d4,5,6 = c4,5,6
<latexit sha1_base64="7wwjA7/0+IdRbxO7Y36I9vpvWDA=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQktSpO1GKLhxWcE+oI1hMpm0QyeTMDMRSsjKjb/ixoUibv0Gd/6N0zYLbT1w4XDOvdx7jxczKpVlfRuFldW19Y3iZmlre2d3z9w/6MgoEZi0ccQi0fOQJIxy0lZUMdKLBUGhx0jXG19P/e4DEZJG/E5NYuKEaMhpQDFSWnLNY99N6+eNDF7BwRjFMbpPL6oZxHPVNctWxZoBLhM7J2WQo+WaXwM/wklIuMIMSdm3rVg5KRKKYkay0iCRJEZ4jIakrylHIZFOOnsjg6da8WEQCV1cwZn6eyJFoZST0NOdIVIjuehNxf+8fqKChpNSHieKcDxfFCQMqghOM4E+FQQrNtEEYUH1rRCPkEBY6eRKOgR78eVl0qlW7FqldntZbjbyOIrgCJyAM2CDOmiCG9ACbYDBI3gGr+DNeDJejHfjY95aMPKZQ/AHxucPePCXNA==</latexit>

d7,8 = �2c7,8

<latexit sha1_base64="uzXDLAme8iKr+ufxerGHcb4Io5M=">AAACBnicbVDNSsNAGNzUv1r/oh5FWCyCp5oUqT0WvHjwUMG0hSaGzWbTLt1Nwu5GKKEnL76KFw+KePUZvPk2btsctHVgYZj5hm+/CVJGpbKsb6O0srq2vlHerGxt7+zumfsHHZlkAhMHJywRvQBJwmhMHEUVI71UEMQDRrrB6Grqdx+IkDSJ79Q4JR5Hg5hGFCOlJd88Dn0KXUk5tM/dG50LkZ+7gkOnM7mv+2bVqlkzwGViF6QKCrR988sNE5xxEivMkJR920qVlyOhKGZkUnEzSVKER2hA+prGiBPp5bMzJvBUKyGMEqFfrOBM/Z3IEZdyzAM9yZEaykVvKv7n9TMVNb2cxmmmSIzni6KMQZXAaScwpIJgxcaaICyo/ivEQyQQVrq5ii7BXjx5mXTqNbtRa9xeVFvNoo4yOAIn4AzY4BK0wDVoAwdg8AiewSt4M56MF+Pd+JiPlowicwj+wPj8AWIhl8k=</latexit>

di ⇠ 1/⇤2
UV

<latexit sha1_base64="cIlGNljg8zF2/LbDsnNi21sC9mY="></latexit>

L =
1

22
R� 1

4
Fab F

ab + c1 R
2 + c2 R

ab Rab + c3 Rabcd R
abcd

+ c4 RF ab Fab + c5 R
ab F c

a Fbc + c6 R
abcd Fab Fcd

+ c7 Fab F
ab Fcd F

cd + c8 Fab F
bc Fcd F

da

<latexit sha1_base64="cIlGNljg8zF2/LbDsnNi21sC9mY="></latexit>

L =
1

22
R� 1

4
Fab F

ab + c1 R
2 + c2 R

ab Rab + c3 Rabcd R
abcd

+ c4 RF ab Fab + c5 R
ab F c

a Fbc + c6 R
abcd Fab Fcd

+ c7 Fab F
ab Fcd F

cd + c8 Fab F
bc Fcd F

da



Einstein-Maxwell EFT

• Leading (four-derivative) contributions to the Einstein-Maxwell EFT:


Under field redefinitions, only four combinations are invariant:


Equivalently, since we can drop Gauss-Bonnet in           , we can take           as an 
operator basis.

<latexit sha1_base64="I97Ix4lSpCCn4960PxWIse7CI58="></latexit>

d0 = d2 + 4d3 + d5 + d6 + 4d7 + 2d8

d3

d6

d9 = d2 + 4d3 + d5 + 2d6 + d8

<latexit sha1_base64="Sh0TJ0KPA3pwXzvzX6H5E4Duyik=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKxFyEgB48RjQPSJYwO5lNhszOLjO9Qgj5BC8eFPHqF3nzb5wke9DEgoaiqpvuriCRwqDrfju5tfWNza38dmFnd2//oHh41DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjG5mfuuJayNi9YjjhPsRHSgRCkbRSg+315e9Ysktu3OQVeJlpAQZ6r3iV7cfszTiCpmkxnQ8N0F/QjUKJvm00E0NTygb0QHvWKpoxI0/mZ86JWdW6ZMw1rYUkrn6e2JCI2PGUWA7I4pDs+zNxP+8Toph1Z8IlaTIFVssClNJMCazv0lfaM5Qji2hTAt7K2FDqilDm07BhuAtv7xKmhdlr1Ku3F+WatUsjjycwCmcgwdXUIM7qEMDGAzgGV7hzZHOi/PufCxac042cwx/4Hz+AI3bjU4=</latexit>

D = 4
<latexit sha1_base64="fkfw7UDlwJmSGYvqwrB3K2SgRs0=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KGVXpO2x4MVjBfsh7VKy2WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxLOtHHdb2djc2t7Z7ewV9w/ODw6Lp2cdnScKkLbJOax6gVYU84kbRtmOO0limIRcNoNJrdzv/tElWaxfDDThPoCjySLGMHGSo/hMKtV6pXGbFgqu1V3AbROvJyUIUdrWPoahDFJBZWGcKx133MT42dYGUY4nRUHqaYJJhM8on1LJRZU+9ni4Bm6tEqIoljZkgYt1N8TGRZaT0VgOwU2Y73qzcX/vH5qooafMZmkhkqyXBSlHJkYzb9HIVOUGD61BBPF7K2IjLHCxNiMijYEb/XlddK5rnq1au3+ptxs5HEU4Bwu4Ao8qEMT7qAFbSAg4Ble4c1Rzovz7nwsWzecfOYM/sD5/AGC+o+N</latexit>

d6,7,8

<latexit sha1_base64="cIlGNljg8zF2/LbDsnNi21sC9mY="></latexit>
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+ c4 RF ab Fab + c5 R
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abcd Fab Fcd

+ c7 Fab F
ab Fcd F
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<latexit sha1_base64="cIlGNljg8zF2/LbDsnNi21sC9mY="></latexit>

L =
1

22
R� 1

4
Fab F

ab + c1 R
2 + c2 R

ab Rab + c3 Rabcd R
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bc Fcd F
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EFT-corrected Einstein-Maxwell equations

• We wish to solve the EFT-corrected equations of motion:

<latexit sha1_base64="vtHTiy6As4e7Zw0MSpx2ASfgxhY="></latexit>

raFab = c4J
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b + c6J

c6
b + c7 J
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�
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<latexit sha1_base64="QOcqyk6Vd3gTHd0VsqCNPiPeJf0="></latexit>
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Kerr-Newman solution

• The solution to the Einstein-Maxwell equations for a charged, rotating black 
hole was found via an inspired guess by Ezra Newman in 1965: a complex 
coordinate transformation of Reissner-Nordström.


<latexit sha1_base64="ViiGlwm6kF1iFgnTUIq8mFcg1iA="></latexit>

ds2KN =� �(r)
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<latexit sha1_base64="7E57rvN8Q+6VS9gVSGo0X8CJWUg="></latexit>

⌃(r, ✓) = r2 + a2 cos2 ✓

�(r) = r2 + a2 � 2M r +Q2 + P 2



Kerr-Newman solution

• The solution to the Einstein-Maxwell equations for a charged, rotating black 
hole was found via an inspired guess by Ezra Newman in 1965: a complex 
coordinate transformation of Reissner-Nordström.


• Komar charges:


<latexit sha1_base64="ViiGlwm6kF1iFgnTUIq8mFcg1iA="></latexit>
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<latexit sha1_base64="7E57rvN8Q+6VS9gVSGo0X8CJWUg="></latexit>

⌃(r, ✓) = r2 + a2 cos2 ✓

�(r) = r2 + a2 � 2M r +Q2 + P 2
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Kerr-Newman solution

• Horizon:                                                generated by Killing vector 

<latexit sha1_base64="NByEnmH/dnS5R7czSRWX8Ebnmnc=">AAACCXicbVDLSgMxFM3UV62vUZdugkUQimWmSO1GKLhxU2jBPqCdDpk0bUMzmTHJCGXo1o2/4saFIm79A3f+jel0Ftp64F4O59xLco8XMiqVZX0bmbX1jc2t7HZuZ3dv/8A8PGrJIBKYNHHAAtHxkCSMctJUVDHSCQVBvsdI25vczP32AxGSBvxOTUPi+GjE6ZBipLTkmlC4BXgNa7AAe/JeqLjWL8ELiJLe6Jdmrpm3ilYCuErslORBirprfvUGAY58whVmSMqubYXKiZFQFDMyy/UiSUKEJ2hEuppy5BPpxMklM3imlQEcBkIXVzBRf2/EyJdy6nt60kdqLJe9ufif143UsOLElIeRIhwvHhpGDKoAzmOBAyoIVmyqCcKC6r9CPEYCYaXDy+kQ7OWTV0mrVLTLxXLjMl+tpHFkwQk4BefABlegCm5BHTQBBo/gGbyCN+PJeDHejY/FaMZId47BHxifPxd0lsQ=</latexit>

r+ = M +
p

M2 � a2 �Q2
<latexit sha1_base64="nVaMqsyI1pBCoUTOgC10Zsu8rYY=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCIJRdkdqLUPAieLCC/YB2Kdk0bUOT7JJkC2XpP/HiQRGv/hNv/hvTdg/a+mDg8d4MM/PCmDNtPO/bya2tb2xu5bcLO7t7+wfu4VFDR4kitE4iHqlWiDXlTNK6YYbTVqwoFiGnzXB0O/ObY6o0i+STmcQ0EHggWZ8RbKzUdd17dING6AJ1HgQdYCS6btEreXOgVeJnpAgZal33q9OLSCKoNIRjrdu+F5sgxcowwum00Ek0jTEZ4QFtWyqxoDpI55dP0ZlVeqgfKVvSoLn6eyLFQuuJCG2nwGaol72Z+J/XTky/EqRMxomhkiwW9ROOTIRmMaAeU5QYPrEEE8XsrYgMscLE2LAKNgR/+eVV0rgs+eVS+fGqWK1kceThBE7hHHy4hircQQ3qQGAMz/AKb07qvDjvzseiNedkM8fwB87nD6p2kbw=</latexit>

K = k + ⌦m



Kerr-Newman solution

• Horizon:                                                generated by Killing vector 


• Angular velocity:


• Temperature:


• Chemical potential:


<latexit sha1_base64="NByEnmH/dnS5R7czSRWX8Ebnmnc=">AAACCXicbVDLSgMxFM3UV62vUZdugkUQimWmSO1GKLhxU2jBPqCdDpk0bUMzmTHJCGXo1o2/4saFIm79A3f+jel0Ftp64F4O59xLco8XMiqVZX0bmbX1jc2t7HZuZ3dv/8A8PGrJIBKYNHHAAtHxkCSMctJUVDHSCQVBvsdI25vczP32AxGSBvxOTUPi+GjE6ZBipLTkmlC4BXgNa7AAe/JeqLjWL8ELiJLe6Jdmrpm3ilYCuErslORBirprfvUGAY58whVmSMqubYXKiZFQFDMyy/UiSUKEJ2hEuppy5BPpxMklM3imlQEcBkIXVzBRf2/EyJdy6nt60kdqLJe9ufif143UsOLElIeRIhwvHhpGDKoAzmOBAyoIVmyqCcKC6r9CPEYCYaXDy+kQ7OWTV0mrVLTLxXLjMl+tpHFkwQk4BefABlegCm5BHTQBBo/gGbyCN+PJeDHejY/FaMZId47BHxifPxd0lsQ=</latexit>

r+ = M +
p

M2 � a2 �Q2
<latexit sha1_base64="nVaMqsyI1pBCoUTOgC10Zsu8rYY=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCIJRdkdqLUPAieLCC/YB2Kdk0bUOT7JJkC2XpP/HiQRGv/hNv/hvTdg/a+mDg8d4MM/PCmDNtPO/bya2tb2xu5bcLO7t7+wfu4VFDR4kitE4iHqlWiDXlTNK6YYbTVqwoFiGnzXB0O/ObY6o0i+STmcQ0EHggWZ8RbKzUdd17dING6AJ1HgQdYCS6btEreXOgVeJnpAgZal33q9OLSCKoNIRjrdu+F5sgxcowwum00Ek0jTEZ4QFtWyqxoDpI55dP0ZlVeqgfKVvSoLn6eyLFQuuJCG2nwGaol72Z+J/XTky/EqRMxomhkiwW9ROOTIRmMaAeU5QYPrEEE8XsrYgMscLE2LAKNgR/+eVV0rgs+eVS+fGqWK1kceThBE7hHHy4hircQQ3qQGAMz/AKb07qvDjvzseiNedkM8fwB87nD6p2kbw=</latexit>

K = k + ⌦m
<latexit sha1_base64="82fQV5fgarFCStWN34j5DZ4bu8s=">AAACB3icbVBNS8NAEN34WetX1aMgi0UQCiUpUnsRCl68WcF+QJuWyXbTLt1Nwu5GKKE3L/4VLx4U8epf8Oa/cdvmoK0PBh7vzTAzz4s4U9q2v62V1bX1jc3MVnZ7Z3dvP3dw2FBhLAmtk5CHsuWBopwFtK6Z5rQVSQrC47Tpja6nfvOBSsXC4F6PI+oKGATMZwS0kXq5k86toAPAV7jjSyAJTBLolnABy16hW5r0cnm7aM+Al4mTkjxKUevlvjr9kMSCBppwUKrt2JF2E5CaEU4n2U6saARkBAPaNjQAQZWbzP6Y4DOj9LEfSlOBxjP190QCQqmx8EynAD1Ui95U/M9rx9qvuAkLoljTgMwX+THHOsTTUHCfSUo0HxsCRDJzKyZDMHloE13WhOAsvrxMGqWiUy6W7y7y1UoaRwYdo1N0jhx0iaroBtVQHRH0iJ7RK3qznqwX6936mLeuWOnMEfoD6/MHhU+Xyw==</latexit>
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a
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<latexit sha1_base64="7tSxSPiMPC6Dzs+ukYBv0iPM/do="></latexit>
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<latexit sha1_base64="5pKwbx4wnCdGAWILvBrQABaZ8CA="></latexit>
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Kerr-Newman solution

• Horizon:                                                generated by Killing vector 


• Angular velocity:


• Temperature:


• Chemical potential:


• Entropy:


• First law of black hole mechanics:


<latexit sha1_base64="NByEnmH/dnS5R7czSRWX8Ebnmnc=">AAACCXicbVDLSgMxFM3UV62vUZdugkUQimWmSO1GKLhxU2jBPqCdDpk0bUMzmTHJCGXo1o2/4saFIm79A3f+jel0Ftp64F4O59xLco8XMiqVZX0bmbX1jc2t7HZuZ3dv/8A8PGrJIBKYNHHAAtHxkCSMctJUVDHSCQVBvsdI25vczP32AxGSBvxOTUPi+GjE6ZBipLTkmlC4BXgNa7AAe/JeqLjWL8ELiJLe6Jdmrpm3ilYCuErslORBirprfvUGAY58whVmSMqubYXKiZFQFDMyy/UiSUKEJ2hEuppy5BPpxMklM3imlQEcBkIXVzBRf2/EyJdy6nt60kdqLJe9ufif143UsOLElIeRIhwvHhpGDKoAzmOBAyoIVmyqCcKC6r9CPEYCYaXDy+kQ7OWTV0mrVLTLxXLjMl+tpHFkwQk4BefABlegCm5BHTQBBo/gGbyCN+PJeDHejY/FaMZId47BHxifPxd0lsQ=</latexit>
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M2 � a2 �Q2
<latexit sha1_base64="nVaMqsyI1pBCoUTOgC10Zsu8rYY=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCIJRdkdqLUPAieLCC/YB2Kdk0bUOT7JJkC2XpP/HiQRGv/hNv/hvTdg/a+mDg8d4MM/PCmDNtPO/bya2tb2xu5bcLO7t7+wfu4VFDR4kitE4iHqlWiDXlTNK6YYbTVqwoFiGnzXB0O/ObY6o0i+STmcQ0EHggWZ8RbKzUdd17dING6AJ1HgQdYCS6btEreXOgVeJnpAgZal33q9OLSCKoNIRjrdu+F5sgxcowwum00Ek0jTEZ4QFtWyqxoDpI55dP0ZlVeqgfKVvSoLn6eyLFQuuJCG2nwGaol72Z+J/XTky/EqRMxomhkiwW9ROOTIRmMaAeU5QYPrEEE8XsrYgMscLE2LAKNgR/+eVV0rgs+eVS+fGqWK1kceThBE7hHHy4hircQQ3qQGAMz/AKb07qvDjvzseiNedkM8fwB87nD6p2kbw=</latexit>

K = k + ⌦m
<latexit sha1_base64="82fQV5fgarFCStWN34j5DZ4bu8s=">AAACB3icbVBNS8NAEN34WetX1aMgi0UQCiUpUnsRCl68WcF+QJuWyXbTLt1Nwu5GKKE3L/4VLx4U8epf8Oa/cdvmoK0PBh7vzTAzz4s4U9q2v62V1bX1jc3MVnZ7Z3dvP3dw2FBhLAmtk5CHsuWBopwFtK6Z5rQVSQrC47Tpja6nfvOBSsXC4F6PI+oKGATMZwS0kXq5k86toAPAV7jjSyAJTBLolnABy16hW5r0cnm7aM+Al4mTkjxKUevlvjr9kMSCBppwUKrt2JF2E5CaEU4n2U6saARkBAPaNjQAQZWbzP6Y4DOj9LEfSlOBxjP190QCQqmx8EynAD1Ui95U/M9rx9qvuAkLoljTgMwX+THHOsTTUHCfSUo0HxsCRDJzKyZDMHloE13WhOAsvrxMGqWiUy6W7y7y1UoaRwYdo1N0jhx0iaroBtVQHRH0iJ7RK3qznqwX6936mLeuWOnMEfoD6/MHhU+Xyw==</latexit>
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<latexit sha1_base64="rwCP56TGE5dVTkyzTlfVKIvk/hY=">AAACJHicbZDLSgMxFIYz9VbrrerSTbAIQqXMiNSCCAU3Iogt9gadoWTStA1NZoYkI5ShD+PGV3Hjwgsu3PgsptOhaOsPgY//nMPJ+d2AUalM88tILS2vrK6l1zMbm1vbO9ndvYb0Q4FJHfvMFy0XScKoR+qKKkZagSCIu4w03eHVpN58IEJS36upUUAcjvoe7VGMlLY62YvIFhx2x7eXNfsk4ftODM1x3ubhzK3m7TtO+mhm3HSyObNgxoKLYCWQA4kqney73fVxyImnMENSti0zUE6EhKKYkXHGDiUJEB6iPmlr9BAn0oniI8fwSDtd2POFfp6Csft7IkJcyhF3dSdHaiDnaxPzv1o7VL2SE1EvCBXx8HRRL2RQ+XCSGOxSQbBiIw0IC6r/CvEACYSVzjWjQ7DmT16ExmnBKhaK1bNcuZTEkQYH4BAcAwucgzK4BhVQBxg8gmfwCt6MJ+PF+DA+p60pI5nZB39kfP8Ah/ykHA==</latexit>

dM = T dSW + µ dQ+ ⌦ dJ



Near-horizon geometry

• Like the NHEK for Kerr, the Kerr-Newman solution enjoys an                  
symmetric near-horizon geometry, discovered fairly recently: 


<latexit sha1_base64="UyobIkHa7v/pKxWNEm1NqTC6n44=">AAACB3icbVBNS8NAEN3Ur1q/oh4FWSxCC1KSIrXHghdvVjBtoQlls920S3eTsLsRSujNi3/FiwdFvPoXvPlv3KY5aOuDgcd7M8zM82NGpbKsb6Owtr6xuVXcLu3s7u0fmIdHHRklAhMHRywSPR9JwmhIHEUVI71YEMR9Rrr+5Hrudx+IkDQK79U0Jh5Ho5AGFCOlpYF5mrqCw9tZpX5hV6GrKCcSZpozq9jVgVm2alYGuErsnJRBjvbA/HKHEU44CRVmSMq+bcXKS5FQFDMyK7mJJDHCEzQifU1DpPd5afbHDJ5rZQiDSOgKFczU3xMp4lJOua87OVJjuezNxf+8fqKCppfSME4UCfFiUZAwqCI4DwUOqSBYsakmCAuqb4V4jATCSkdX0iHYyy+vkk69ZjdqjbvLcquZx1EEJ+AMVIANrkAL3IA2cAAGj+AZvII348l4Md6Nj0VrwchnjsEfGJ8/rTiXQg==</latexit>

O(2, 1)⇥U(1)

<latexit sha1_base64="lqJyP2R+KJfWzzuL4HXZjCzC0Vo="></latexit>
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Connecting to asymptotia

• As in the Kerr case, the modes solving the linearized equations in the near-
horizon background give us the first corrections connecting this solution to full 
Kerr-Newman. We start with the ansatz:
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Connecting to asymptotia

• We expect four physical modes: two for the graviton and two for the photon. 
But since we are in a background with nonzero electric field, the photon and 
graviton kinetically mix. To disentangle them, we make the substitution:
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Connecting to asymptotia

• The Einstein-Maxwell equations then take the simple form:
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Connecting to asymptotia

• The Einstein-Maxwell equations then take the simple form:
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Connecting to asymptotia

• The Einstein-Maxwell equations then take the simple form:
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(�1)`+1

polar:              under parity
<latexit sha1_base64="9MblmfhpkXvZiTVED+6lcqw7SJI=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqwbIrUnssePFYwX7Adi3ZNNuGZpMlmRXK0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhYngBlz321lb39jc2i7sFHf39g8OS0fHbaNSTVmLKqF0NySGCS5ZCzgI1k00I3EoWCcc3878zhPThiv5AJOEBTEZSh5xSsBKfuXSu3jMekyIab9UdqvuHHiVeDkpoxzNfumrN1A0jZkEKogxvucmEGREA6eCTYu91LCE0DEZMt9SSWJmgmx+8hSfW2WAI6VtScBz9fdERmJjJnFoO2MCI7PszcT/PD+FqB5kXCYpMEkXi6JUYFB49j8ecM0oiIklhGpub8V0RDShYFMq2hC85ZdXSfuq6tWqtfvrcqOex1FAp+gMVZCHblAD3aEmaiGKFHpGr+jNAefFeXc+Fq1rTj5zgv7A+fwBLFaQhw==</latexit>

(�1)`



Connecting to asymptotia

• For             , there are various complications: residual gauge symmetry, plus 
non-power law terms that we must include, shifting          by terms         and         


              . These are coordinate artifacts and do not contribute to tidal force 

    singularities.


<latexit sha1_base64="XPtEy+tHzYIEELpEliIBoSBspVY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRahXsquSO1FKHjxWMF+QFvLbJptQ5PskmQLZek/8eJBEa/+E2/+G9N2D9r6YODx3gwz84KYM20879vJbWxube/kdwt7+weHR+7xSVNHiSK0QSIeqXYAmnImacMww2k7VhREwGkrGN/N/daEKs0i+WimMe0JGEoWMgLGSn3X7Q5BCHhKS97lDN9iv+8WvbK3AF4nfkaKKEO97351BxFJBJWGcNC643ux6aWgDCOczgrdRNMYyBiGtGOpBEF1L11cPsMXVhngMFK2pMEL9fdECkLrqQhspwAz0qveXPzP6yQmrPZSJuPEUEmWi8KEYxPheQx4wBQlhk8tAaKYvRWTESggxoZVsCH4qy+vk+ZV2a+UKw/XxVo1iyOPztA5KiEf3aAaukd11EAETdAzekVvTuq8OO/Ox7I152Qzp+gPnM8fZ7KSMA==</latexit>

�(0) = 1
<latexit sha1_base64="J1CoTtJuA/I0rECsq7TWQ1VZgtI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkoiUnssePFYwdZCG8Nms2mXbjZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1LOlHacb6u0sbm1vVPereztHxwe2ccnXZVkktAOSXgiewFWlDNBO5ppTnuppDgOOH0Mxrdz/3FCpWKJeNDTlHoxHgoWMYK1kXzbHoSUa4winz3lNedy5ttVp+4sgNaJW5AqFGj79tcgTEgWU6EJx0r1XSfVXo6lZoTTWWWQKZpiMsZD2jdU4JgqL19cPkMXRglRlEhTQqOF+nsix7FS0zgwnTHWI7XqzcX/vH6mo6aXM5FmmgqyXBRlHOkEzWNAIZOUaD41BBPJzK2IjLDERJuwKiYEd/XlddK9qruNeuP+utpqFnGU4QzOoQYu3EAL7qANHSAwgWd4hTcrt16sd+tj2VqyiplT+APr8wdmMZLX</latexit>

�f (0)
i

<latexit sha1_base64="mkra8Gze0lCzF5UhzClTMZl04FI=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVqT0WvHisYGuhu5Rsmm1Ds0lIskJZ+je8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8WHFmrO9/e6WNza3tnfJuZW//4PCoenzSNTLThHaI5FL3YmwoZ4J2LLOc9pSmOI05fYwnt3P/8Ylqw6R4sFNFoxSPBEsYwdZJYai0VFaiUI/loFrz6/4CaJ0EBalBgfag+hUOJclSKizh2Jh+4Csb5VhbRjidVcLMUIXJBI9o31GBU2qifHHzDF04ZYgSqV0Jixbq74kcp8ZM09h1ptiOzao3F//z+plNmlHOhMosFWS5KMk4cl/OA0BDpimxfOoIJpq5WxEZY42JdTFVXAjB6svrpHtVDxr1xv11rdUs4ijDGZzDJQRwAy24gzZ0gICCZ3iFNy/zXrx372PZWvKKmVP4A+/zBxzfkbg=</latexit>/ ⇢
<latexit sha1_base64="T9pkt4bmH1cfSMdlLR0CSzirPJs=">AAAB9XicbZDLSgMxFIbPeK31VnXpJlgEV2VGpHZZcOOygr1AZyyZNNOGZpIhyShl6Hu4caGIW9/FnW9jpp2Ftv4Q+PjPOZyTP0w408Z1v5219Y3Nre3STnl3b//gsHJ03NEyVYS2ieRS9UKsKWeCtg0znPYSRXEcctoNJzd5vftIlWZS3JtpQoMYjwSLGMHGWg++GkvkczlCOQ0qVbfmzoVWwSugCoVag8qXP5QkjakwhGOt+56bmCDDyjDC6azsp5ommEzwiPYtChxTHWTzq2fo3DpDFEllnzBo7v6eyHCs9TQObWeMzVgv13Lzv1o/NVEjyJhIUkMFWSyKUo6MRHkEaMgUJYZPLWCimL0VkTFWmBgbVNmG4C1/eRU6lzWvXqvfXVWbjSKOEpzCGVyAB9fQhFtoQRsIKHiGV3hznpwX5935WLSuOcXMCfyR8/kDA5KSLw==</latexit>

⇢ log ⇢



Connecting to asymptotia

• For             , there are various complications: residual gauge symmetry, plus 
non-power law terms that we must include, shifting          by terms         and         


              . These are coordinate artifacts and do not contribute to tidal force 

    singularities.


• We will focus on the even-parity              modes.

<latexit sha1_base64="XPtEy+tHzYIEELpEliIBoSBspVY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRahXsquSO1FKHjxWMF+QFvLbJptQ5PskmQLZek/8eJBEa/+E2/+G9N2D9r6YODx3gwz84KYM20879vJbWxube/kdwt7+weHR+7xSVNHiSK0QSIeqXYAmnImacMww2k7VhREwGkrGN/N/daEKs0i+WimMe0JGEoWMgLGSn3X7Q5BCHhKS97lDN9iv+8WvbK3AF4nfkaKKEO97351BxFJBJWGcNC643ux6aWgDCOczgrdRNMYyBiGtGOpBEF1L11cPsMXVhngMFK2pMEL9fdECkLrqQhspwAz0qveXPzP6yQmrPZSJuPEUEmWi8KEYxPheQx4wBQlhk8tAaKYvRWTESggxoZVsCH4qy+vk+ZV2a+UKw/XxVo1iyOPztA5KiEf3aAaukd11EAETdAzekVvTuq8OO/Ox7I152Qzp+gPnM8fZ7KSMA==</latexit>

�(0) = 1
<latexit sha1_base64="J1CoTtJuA/I0rECsq7TWQ1VZgtI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkoiUnssePFYwdZCG8Nms2mXbjZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1LOlHacb6u0sbm1vVPereztHxwe2ccnXZVkktAOSXgiewFWlDNBO5ppTnuppDgOOH0Mxrdz/3FCpWKJeNDTlHoxHgoWMYK1kXzbHoSUa4winz3lNedy5ttVp+4sgNaJW5AqFGj79tcgTEgWU6EJx0r1XSfVXo6lZoTTWWWQKZpiMsZD2jdU4JgqL19cPkMXRglRlEhTQqOF+nsix7FS0zgwnTHWI7XqzcX/vH6mo6aXM5FmmgqyXBRlHOkEzWNAIZOUaD41BBPJzK2IjLDERJuwKiYEd/XlddK9qruNeuP+utpqFnGU4QzOoQYu3EAL7qANHSAwgWd4hTcrt16sd+tj2VqyiplT+APr8wdmMZLX</latexit>

�f (0)
i

<latexit sha1_base64="mkra8Gze0lCzF5UhzClTMZl04FI=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVqT0WvHisYGuhu5Rsmm1Ds0lIskJZ+je8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8WHFmrO9/e6WNza3tnfJuZW//4PCoenzSNTLThHaI5FL3YmwoZ4J2LLOc9pSmOI05fYwnt3P/8Ylqw6R4sFNFoxSPBEsYwdZJYai0VFaiUI/loFrz6/4CaJ0EBalBgfag+hUOJclSKizh2Jh+4Csb5VhbRjidVcLMUIXJBI9o31GBU2qifHHzDF04ZYgSqV0Jixbq74kcp8ZM09h1ptiOzao3F//z+plNmlHOhMosFWS5KMk4cl/OA0BDpimxfOoIJpq5WxEZY42JdTFVXAjB6svrpHtVDxr1xv11rdUs4ijDGZzDJQRwAy24gzZ0gICCZ3iFNy/zXrx372PZWvKKmVP4A+/zBxzfkbg=</latexit>/ ⇢
<latexit sha1_base64="T9pkt4bmH1cfSMdlLR0CSzirPJs=">AAAB9XicbZDLSgMxFIbPeK31VnXpJlgEV2VGpHZZcOOygr1AZyyZNNOGZpIhyShl6Hu4caGIW9/FnW9jpp2Ftv4Q+PjPOZyTP0w408Z1v5219Y3Nre3STnl3b//gsHJ03NEyVYS2ieRS9UKsKWeCtg0znPYSRXEcctoNJzd5vftIlWZS3JtpQoMYjwSLGMHGWg++GkvkczlCOQ0qVbfmzoVWwSugCoVag8qXP5QkjakwhGOt+56bmCDDyjDC6azsp5ommEzwiPYtChxTHWTzq2fo3DpDFEllnzBo7v6eyHCs9TQObWeMzVgv13Lzv1o/NVEjyJhIUkMFWSyKUo6MRHkEaMgUJYZPLWCimL0VkTFWmBgbVNmG4C1/eRU6lzWvXqvfXVWbjSKOEpzCGVyAB9fQhFtoQRsIKHiGV3hznpwX5935WLSuOcXMCfyR8/kDA5KSLw==</latexit>

⇢ log ⇢

<latexit sha1_base64="XPtEy+tHzYIEELpEliIBoSBspVY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRahXsquSO1FKHjxWMF+QFvLbJptQ5PskmQLZek/8eJBEa/+E2/+G9N2D9r6YODx3gwz84KYM20879vJbWxube/kdwt7+weHR+7xSVNHiSK0QSIeqXYAmnImacMww2k7VhREwGkrGN/N/daEKs0i+WimMe0JGEoWMgLGSn3X7Q5BCHhKS97lDN9iv+8WvbK3AF4nfkaKKEO97351BxFJBJWGcNC643ux6aWgDCOczgrdRNMYyBiGtGOpBEF1L11cPsMXVhngMFK2pMEL9fdECkLrqQhspwAz0qveXPzP6yQmrPZSJuPEUEmWi8KEYxPheQx4wBQlhk8tAaKYvRWTESggxoZVsCH4qy+vk+ZV2a+UKw/XxVo1iyOPztA5KiEf3aAaukd11EAETdAzekVvTuq8OO/Ox7I152Qzp+gPnM8fZ7KSMA==</latexit>

�(0) = 1

<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=)

<latexit sha1_base64="fY5QDRCrDAZmlvfOrBGNLeKOwAA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGibkIAS8eI5gHJkuYnfQmQ2Znl5lZIYT8hRcPinj1b7z5N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Hbut59QaR7LBzNJ0I/oUPKQM2qs9NhDIfoVckPcfrHklt0FyDrxMlKCDI1+8as3iFkaoTRMUK27npsYf0qV4UzgrNBLNSaUjekQu5ZKGqH2p4uLZ+TCKgMSxsqWNGSh/p6Y0kjrSRTYzoiakV715uJ/Xjc1Yc2fcpmkBiVbLgpTQUxM5u+TAVfIjJhYQpni9lbCRlRRZmxIBRuCt/ryOmlVyl61XL2/KtVrWRx5OINzuAQPrqEOd9CAJjCQ8Ayv8OZo58V5dz6WrTknmzmFP3A+fwDa2Y+2</latexit>

`2 = 0

<latexit sha1_base64="jrAhkENfXWlKgEs5H4b/S6b/W0Q=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKiLkIAS8eI5gHJkuYnfQmQ2Znl5lZIYT8hRcPinj1b7z5N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Hbut59QaR7LBzNJ0I/oUPKQM2qs9NhDIfoVckO8frHklt0FyDrxMlKCDI1+8as3iFkaoTRMUK27npsYf0qV4UzgrNBLNSaUjekQu5ZKGqH2p4uLZ+TCKgMSxsqWNGSh/p6Y0kjrSRTYzoiakV715uJ/Xjc1Yc2fcpmkBiVbLgpTQUxM5u+TAVfIjJhYQpni9lbCRlRRZmxIBRuCt/ryOmldlb1quXpfKdVrWRx5OINzuAQPrqEOd9CAJjCQ8Ayv8OZo58V5dz6WrTknmzmFP3A+fwDfbY+5</latexit>

`4 = 1

<latexit sha1_base64="o70eFTO0m9qnGqP7SA5tM6QNQdc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEai9CwYvHCrYW21A220m7dLMJuxuhhP4LLx4U8eq/8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+GbmPzyh0jyW92aSoB/RoeQhZ9RY6bGHQvQ9ck28frniVt05yCrxclKBHM1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fziKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmrPsZl0lqULLFojAVxMRk9j4ZcIXMiIkllClubyVsRBVlxoZUsiF4yy+vkvZF1atVa3eXlUY9j6MIJ3AK5+DBFTTgFprQAgYSnuEV3hztvDjvzseiteDkM8fwB87nD9rVj7Y=</latexit>

`1 = 1



Connecting to asymptotia

• For             , there are various complications: residual gauge symmetry, plus 
non-power law terms that we must include, shifting          by terms         and         


              . These are coordinate artifacts and do not contribute to tidal force 

    singularities.


• We will focus on the even-parity              modes.

<latexit sha1_base64="XPtEy+tHzYIEELpEliIBoSBspVY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRahXsquSO1FKHjxWMF+QFvLbJptQ5PskmQLZek/8eJBEa/+E2/+G9N2D9r6YODx3gwz84KYM20879vJbWxube/kdwt7+weHR+7xSVNHiSK0QSIeqXYAmnImacMww2k7VhREwGkrGN/N/daEKs0i+WimMe0JGEoWMgLGSn3X7Q5BCHhKS97lDN9iv+8WvbK3AF4nfkaKKEO97351BxFJBJWGcNC643ux6aWgDCOczgrdRNMYyBiGtGOpBEF1L11cPsMXVhngMFK2pMEL9fdECkLrqQhspwAz0qveXPzP6yQmrPZSJuPEUEmWi8KEYxPheQx4wBQlhk8tAaKYvRWTESggxoZVsCH4qy+vk+ZV2a+UKw/XxVo1iyOPztA5KiEf3aAaukd11EAETdAzekVvTuq8OO/Ox7I152Qzp+gPnM8fZ7KSMA==</latexit>

�(0) = 1
<latexit sha1_base64="J1CoTtJuA/I0rECsq7TWQ1VZgtI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkoiUnssePFYwdZCG8Nms2mXbjZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1LOlHacb6u0sbm1vVPereztHxwe2ccnXZVkktAOSXgiewFWlDNBO5ppTnuppDgOOH0Mxrdz/3FCpWKJeNDTlHoxHgoWMYK1kXzbHoSUa4winz3lNedy5ttVp+4sgNaJW5AqFGj79tcgTEgWU6EJx0r1XSfVXo6lZoTTWWWQKZpiMsZD2jdU4JgqL19cPkMXRglRlEhTQqOF+nsix7FS0zgwnTHWI7XqzcX/vH6mo6aXM5FmmgqyXBRlHOkEzWNAIZOUaD41BBPJzK2IjLDERJuwKiYEd/XlddK9qruNeuP+utpqFnGU4QzOoQYu3EAL7qANHSAwgWd4hTcrt16sd+tj2VqyiplT+APr8wdmMZLX</latexit>

�f (0)
i

<latexit sha1_base64="mkra8Gze0lCzF5UhzClTMZl04FI=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVqT0WvHisYGuhu5Rsmm1Ds0lIskJZ+je8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8WHFmrO9/e6WNza3tnfJuZW//4PCoenzSNTLThHaI5FL3YmwoZ4J2LLOc9pSmOI05fYwnt3P/8Ylqw6R4sFNFoxSPBEsYwdZJYai0VFaiUI/loFrz6/4CaJ0EBalBgfag+hUOJclSKizh2Jh+4Csb5VhbRjidVcLMUIXJBI9o31GBU2qifHHzDF04ZYgSqV0Jixbq74kcp8ZM09h1ptiOzao3F//z+plNmlHOhMosFWS5KMk4cl/OA0BDpimxfOoIJpq5WxEZY42JdTFVXAjB6svrpHtVDxr1xv11rdUs4ijDGZzDJQRwAy24gzZ0gICCZ3iFNy/zXrx372PZWvKKmVP4A+/zBxzfkbg=</latexit>/ ⇢
<latexit sha1_base64="T9pkt4bmH1cfSMdlLR0CSzirPJs=">AAAB9XicbZDLSgMxFIbPeK31VnXpJlgEV2VGpHZZcOOygr1AZyyZNNOGZpIhyShl6Hu4caGIW9/FnW9jpp2Ftv4Q+PjPOZyTP0w408Z1v5219Y3Nre3STnl3b//gsHJ03NEyVYS2ieRS9UKsKWeCtg0znPYSRXEcctoNJzd5vftIlWZS3JtpQoMYjwSLGMHGWg++GkvkczlCOQ0qVbfmzoVWwSugCoVag8qXP5QkjakwhGOt+56bmCDDyjDC6azsp5ommEzwiPYtChxTHWTzq2fo3DpDFEllnzBo7v6eyHCs9TQObWeMzVgv13Lzv1o/NVEjyJhIUkMFWSyKUo6MRHkEaMgUJYZPLWCimL0VkTFWmBgbVNmG4C1/eRU6lzWvXqvfXVWbjSKOEpzCGVyAB9fQhFtoQRsIKHiGV3hznpwX5935WLSuOcXMCfyR8/kDA5KSLw==</latexit>

⇢ log ⇢

<latexit sha1_base64="XPtEy+tHzYIEELpEliIBoSBspVY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRahXsquSO1FKHjxWMF+QFvLbJptQ5PskmQLZek/8eJBEa/+E2/+G9N2D9r6YODx3gwz84KYM20879vJbWxube/kdwt7+weHR+7xSVNHiSK0QSIeqXYAmnImacMww2k7VhREwGkrGN/N/daEKs0i+WimMe0JGEoWMgLGSn3X7Q5BCHhKS97lDN9iv+8WvbK3AF4nfkaKKEO97351BxFJBJWGcNC643ux6aWgDCOczgrdRNMYyBiGtGOpBEF1L11cPsMXVhngMFK2pMEL9fdECkLrqQhspwAz0qveXPzP6yQmrPZSJuPEUEmWi8KEYxPheQx4wBQlhk8tAaKYvRWTESggxoZVsCH4qy+vk+ZV2a+UKw/XxVo1iyOPztA5KiEf3aAaukd11EAETdAzekVvTuq8OO/Ox7I152Qzp+gPnM8fZ7KSMA==</latexit>

�(0) = 1

<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=)
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EFT-correcting the near-horizon modes

• As always, choose an ansatz with the appropriate near-horizon symmetry:
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Analytically compute all 
quantities to first order in 
the Wilson coefficients.



• Compute linearized deformations around the EFT-corrected near-horizon 
background, and map onto our O(2,1) modes defined previously.


EFT-correcting the near-horizon modes



• Compute linearized deformations around the EFT-corrected near-horizon 
background, and map onto our O(2,1) modes defined previously.


• Generates corrections to scaling dimensions:
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EFT-correcting the near-horizon modes
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• Compute linearized deformations around the EFT-corrected near-horizon 
background, and map onto our O(2,1) modes defined previously.


• Generates corrections to scaling dimensions:


• Full shift is field redefinition invariant, representing a nontrivial check:
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EFT-correcting the near-horizon modes
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EFT-correcting the near-horizon modes
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In ingoing Bondi-Sachs coordinates, we find a Weyl curvature singularity, irrespective 
of the sign of the Wilson coefficients:


Power-law divergence, and vanishes for extreme, non-spinning Reissner-Nordström.

EFT-correcting the near-horizon modes
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EFT-correcting the near-horizon modes

Correction to scaling dimension is generically nonzero. For example, the two 
even-parity              modes:
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Finite temperature
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Away from extremality

• To explicitly compute EFT-corrected black holes away from the extremal limit, 
i.e., at finite temperature, we will need to solve the equations numerically.
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Away from extremality

• To explicitly compute EFT-corrected black holes away from the extremal limit, 
i.e., at finite temperature, we will need to solve the equations numerically.


• We will numerically solve the EFT-corrected Einstein-Maxwell equations away 
from the horizon as well, out to           . Compactify coordinates using


• Due to large gradients near horizon, must use multiple Chebyshev-Gauss-
Lobatto grids, and patch at interfaces.
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Probing the horizon singularity

• Once we have constructed the solutions, we can measure the EFT-generated 
singularity at the horizon using an ingoing null geodesic: a massless probe 
falling into the horizon. Coordinates:
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Probing the horizon singularity

• Once we have constructed the solutions, we can measure the EFT-generated 
singularity at the horizon using an ingoing null geodesic: a massless probe 
falling into the horizon. Coordinates:


• Choose geodesic in equatorial plane (          ), with zero angular momentum       
(                     ), and write in ingoing Bondi-Sachs coordinates:
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(ā2+r2)2f3(r,0)��(r)f1(r,0)f4(r,0)
2
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Probing the horizon singularity

• Once we have constructed the solutions, we can measure the EFT-generated 
singularity at the horizon using an ingoing null geodesic: a massless probe 
falling into the horizon. Coordinates:


• Define a tidal force observable:


• Measure on horizon at equator:
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Probing the horizon singularity

• Once we have constructed the solutions, we can measure the EFT-generated 
singularity at the horizon using an ingoing null geodesic: a massless probe 
falling into the horizon. Coordinates:


• Define a tidal force observable:


• Measure on horizon at equator:


• Compare to un-corrected Kerr-Newman

    black hole with same charge, temperature,

    and angular momentum:  
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Probing the horizon singularity

At low temperatures, we see that                  Defining parameters

                                                                       Numerics plotted for 

<latexit sha1_base64="Dwbrb9/OWzjq85L3WW8dERxcpiU="></latexit>

�C(K) =
Q2

dK

CH

'' � C̄H

''

C̄H
''

1× 10-5 1× 10-4 0.001 0.010

10

100

1000

104

0.000 0.005 0.010 0.015
-0.50

-0.45

-0.40

-0.35

-0.30

-0.25

-0.20

-0.15

<latexit sha1_base64="z/gTKdRk+boL/attzUBl56sqiZo=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahbuqMSO2y0I3gpkJf0BlLJpNpQzOZkGSEMhTc+CtuXCji1p9w59+YPhZaPRA4nHMvN+cEglGlHefLyq2srq1v5DcLW9s7u3v2/kFbJanEpIUTlshugBRhlJOWppqRrpAExQEjnWBUn/qdeyIVTXhTjwXxYzTgNKIYaSP17SMvJEwjWL/LSjdnE+gJmQidQPe82beLTtmZAf4l7oIUwQKNvv3phQlOY8I1ZkipnusI7WdIaooZmRS8VBGB8AgNSM9QjmKi/GyWYQJPjRLCKJHmcQ1n6s+NDMVKjePATMZID9WyNxX/83qpjqp+RrlINeF4fihKGTQhp4XAkEqCNRsbgrCk5q8QD5FEWJvaCqYEdznyX9K+KLuVcuX2slirLurIg2NwAkrABVegBq5BA7QABg/gCbyAV+vRerberPf5aM5a7ByCX7A+vgHhEpZf</latexit>

�C(K) / 1/T
<latexit sha1_base64="koQsBM2A0+CucaE+P8l2MoCt7I8=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4KolI7UYouHFZwT6gLWUynbRDJ5M4MxFKyMKNv+LGhSJu/Qh3/o2TNqC2Hhg4c8693HuPF3GmtON8WSura+sbm4Wt4vbO7t6+fXDYUmEsCW2SkIey42FFORO0qZnmtBNJigOP07Y3ucr89j2VioXiVk8j2g/wSDCfEayNNLBLvQDrsS/xJMEpukQ/37t0YJedijMDWiZuTsqQozGwP3vDkMQBFZpwrFTXdSLdT7DUjHCaFnuxohEmEzyiXUMFDqjqJ7MjUnRilCHyQ2me0Gim/u5IcKDUNPBMZbajWvQy8T+vG2u/1k+YiGJNBZkP8mOOdIiyRNCQSUo0nxqCiWRmV0TGWGKiTW5FE4K7ePIyaZ1V3GqlenNertfyOApQgmM4BRcuoA7X0IAmEHiAJ3iBV+vRerberPd56YqV9xzBH1gf3/r0mE0=</latexit>a = q

<latexit sha1_base64="utnNF6j3tUlqmotT9i0v3fZdPWg=">AAACIXicbZDLSgMxFIYz9VbrbdSlm2ARBKXOiNSCCAU3LluwF+iUcibNtKGZi0lGKENfxY2v4saFIt2JL2OmraitBwI//3cOOed3I86ksqwPI7O0vLK6ll3PbWxube+Yu3t1GcaC0BoJeSiaLkjKWUBriilOm5Gg4LucNtzBTcobD1RIFgZ3ahjRtg+9gHmMgNJWxyw5Pqi+J2CQwAjja+y4IDCcic7JKXau8A++H33Tako7Zt4qWJPCi8KeiTyaVaVjjp1uSGKfBopwkLJlW5FqJyAUI5yOck4saQRkAD3a0jIAn8p2MrlwhI+008VeKPQLFJ64vycS8KUc+q7uTBeW8yw1/2OtWHmldsKCKFY0INOPvJhjFeI0LtxlghLFh1oAEUzvikkfBBClQ83pEOz5kxdF/bxgFwvF6kW+XJrFkUUH6BAdIxtdojK6RRVUQwQ9omf0it6MJ+PFeDfG09aMMZvZR3/K+PwC7KSheQ==</latexit>
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Thermodynamics

• Let us examine the thermodynamic properties of our solutions.


• Chemical potential and angular velocity defined as before.


• Parameters     and     define moduli space of solutions.


• Perturbations to Komar charges, 
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Thermodynamics

• Temperature:


• Wald entropy for our explicit numerical solutions:
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Thermodynamics

• Temperature:


• Wald entropy for our explicit numerical solutions:


• Prediction using on-shell action (comparing black holes with same Komar charges):
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Thermodynamics

• Temperature:


• Wald entropy for our explicit numerical solutions:


• Prediction using on-shell action (comparing black holes with same Komar charges):
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Numerical results for entropy precisely match our on-shell action prediction from 
euclidean quantum gravity:


Numerics plotted for 


Thermodynamics
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<latexit sha1_base64="koQsBM2A0+CucaE+P8l2MoCt7I8=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4KolI7UYouHFZwT6gLWUynbRDJ5M4MxFKyMKNv+LGhSJu/Qh3/o2TNqC2Hhg4c8693HuPF3GmtON8WSura+sbm4Wt4vbO7t6+fXDYUmEsCW2SkIey42FFORO0qZnmtBNJigOP07Y3ucr89j2VioXiVk8j2g/wSDCfEayNNLBLvQDrsS/xJMEpukQ/37t0YJedijMDWiZuTsqQozGwP3vDkMQBFZpwrFTXdSLdT7DUjHCaFnuxohEmEzyiXUMFDqjqJ7MjUnRilCHyQ2me0Gim/u5IcKDUNPBMZbajWvQy8T+vG2u/1k+YiGJNBZkP8mOOdIiyRNCQSUo0nxqCiWRmV0TGWGKiTW5FE4K7ePIyaZ1V3GqlenNertfyOApQgmM4BRcuoA7X0IAmEHiAJ3iBV+vRerberPd56YqV9xzBH1gf3/r0mE0=</latexit>a = q



• We can also use numerical methods to compute the full asymptotically flat 
metric for the EFT-corrected extremal black hole, and compare to our near-
horizon analytical results.


• We use a slightly different compact coordinate, 


Back to extremal

<latexit sha1_base64="aJJYCcwuD1udnRw2kX9kp30b95I=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIETHuBom5CAEvHiOYhyTrMjuZJENmH8zMCnHJl3jxoIhXP8Wbf+Mk2YMmFjQUVd10d3kRZ1JZ1reRWVldW9/Ibua2tnd28+beflOGsSC0QUIeiraHJeUsoA3FFKftSFDse5y2vNH11G89UiFZGNypcUQdHw8C1mcEKy25Zl6gKyTc0/OifXb/UD5xzYJVsmZAy8ROSQFS1F3zq9sLSezTQBGOpezYVqScBAvFCKeTXDeWNMJkhAe0o2mAfSqdZHb4BB1rpYf6odAVKDRTf08k2Jdy7Hu608dqKBe9qfif14lVv+okLIhiRQMyX9SPOVIhmqaAekxQovhYE0wE07ciMsQCE6WzyukQ7MWXl0mzXLIrpcrtRaFWTePIwiEcQRFsuIQa3EAdGkAghmd4hTfjyXgx3o2PeWvGSGcO4A+Mzx9jIpD0</latexit>

r = r+/(1� Y 2)



• We can also use numerical methods to compute the full asymptotically flat 
metric for the EFT-corrected extremal black hole, and compare to our near-
horizon analytical results.


• We use a slightly different compact coordinate, 


Back to extremal

<latexit sha1_base64="aJJYCcwuD1udnRw2kX9kp30b95I=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIETHuBom5CAEvHiOYhyTrMjuZJENmH8zMCnHJl3jxoIhXP8Wbf+Mk2YMmFjQUVd10d3kRZ1JZ1reRWVldW9/Ibua2tnd28+beflOGsSC0QUIeiraHJeUsoA3FFKftSFDse5y2vNH11G89UiFZGNypcUQdHw8C1mcEKy25Zl6gKyTc0/OifXb/UD5xzYJVsmZAy8ROSQFS1F3zq9sLSezTQBGOpezYVqScBAvFCKeTXDeWNMJkhAe0o2mAfSqdZHb4BB1rpYf6odAVKDRTf08k2Jdy7Hu608dqKBe9qfif14lVv+okLIhiRQMyX9SPOVIhmqaAekxQovhYE0wE07ciMsQCE6WzyukQ7MWXl0mzXLIrpcrtRaFWTePIwiEcQRFsuIQa3EAdGkAghmd4hTfjyXgx3o2PeWvGSGcO4A+Mzx9jIpD0</latexit>

r = r+/(1� Y 2)
<latexit sha1_base64="xr2lBPAuxIGFdMhVcdLrhfeOAvk="></latexit>

ds2 =� �(r)

⌃(r,X)
F1(r,X)

⇥
dt� (1�X2)F4(r,X)d�

⇤2

+
1�X2

⌃(r,X)
F3(r,X)⌅(r)

⇥
F4(r,X) dt� (r2 + ā2)d�

⇤2

+ ⌃(r,X)F2(r,X)


dr2

�(r)
+ ⌅(r)

dX2

1�X2

�

<latexit sha1_base64="gS8DwbpZ8gbYs4F96hffp3qfm6A="></latexit>

Fi(r,X) = 1 +
8X

K=6

dK
M2

f (K)
i (r,X), i = 1, 2, 3

F4(r,X) = ā+
⇣
1� r+

r

⌘ 8X

K=6

dK
M2

f (K)
4 (r,X)

F5(r,X) = Q̄+
⇣
1� r+

r

⌘ 8X

K=6

dK
M2

f (K)
5 (r,X)

F6(r,X) =
8X

K=6

dK
M2

f (K)
6 (r,X)

<latexit sha1_base64="gS8DwbpZ8gbYs4F96hffp3qfm6A="></latexit>

Fi(r,X) = 1 +
8X

K=6

dK
M2

f (K)
i (r,X), i = 1, 2, 3

F4(r,X) = ā+
⇣
1� r+

r

⌘ 8X

K=6

dK
M2

f (K)
4 (r,X)

F5(r,X) = Q̄+
⇣
1� r+

r

⌘ 8X
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dK
M2

f (K)
5 (r,X)

F6(r,X) =
8X

K=6

dK
M2

f (K)
6 (r,X)

<latexit sha1_base64="SzEtzn6HtBs/APuriUGYX0BB09w="></latexit>

⌅(r) = 1 +
8X

K=6

r4+
r4

dK
M2

a(K)



We can read off the shift in the scaling dimension for our mode of interest in terms 
our our numerical solution:


Back to extremal

<latexit sha1_base64="TnKcf5usRAWmBVVBolBgRmEpDec="></latexit>

��(K) = lim
Y!0

��̃(K)(Y )

��̃(K)(Y ) = � (2� q2)

8(1� q2)
Y
@3f3
@Y 3

����
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<latexit sha1_base64="TmQBdxc6+h6W2Lcv4s0xLpPoXnU=">AAACBnicbVDLSgNBEJz1bXxFPYowGIR4Cbsi0aPgRfCiYHyQjaF3thMHZ3aXmV4hLDl58Ve8eFDEq9/gzb9xEnPwVdBQVHXT3RVlSlry/Q9vbHxicmp6ZrY0N7+wuFReXjmzaW4ENkSqUnMRgUUlE2yQJIUXmUHQkcLz6OZg4J/forEyTU6pl2FLQzeRHSmAnNQur4cxKgIeklQx8rALWsNVUT3a6lcvt9rlil/zh+B/STAiFTbCcbv8HsapyDUmJBRY2wz8jFoFGJJCYb8U5hYzEDfQxaajCWi0rWL4Rp9vOiXmndS4SogP1e8TBWhrezpynRro2v72BuJ/XjOnzl6rkEmWEybia1EnV5xSPsiEx9KgINVzBISR7lYursGAIJdcyYUQ/H75LznbrgX1Wv1kp7K/N4pjhq2xDVZlAdtl++yQHbMGE+yOPbAn9uzde4/ei/f61TrmjWZW2Q94b5+LUZfd</latexit>

��̃(K)(Y )
<latexit sha1_base64="73h6k4PBPupCSNpHIeW0WDZ+q/g=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2FGJOYY8CJ4iWAWSGKo6elJmnT3DN09QhyCv+LFgyJe/Q9v/o2d5aCJDwoe71VRVc+POdPGdb+dzMrq2vpGdjO3tb2zu5ffP2joKFGE1knEI9XyQVPOJK0bZjhtxYqC8Dlt+sOrid98oEqzSN6ZUUy7AvqShYyAsVIvf9QJKDeAcacPQsB9Wrw5G/fyBbfkToGXiTcnBTRHrZf/6gQRSQSVhnDQuu25semmoAwjnI5znUTTGMgQ+rRtqQRBdTedXj/Gp1YJcBgpW9Lgqfp7IgWh9Uj4tlOAGehFbyL+57UTE1a6KZNxYqgks0VhwrGJ8CQKHDBFieEjS4AoZm/FZAAKiLGB5WwI3uLLy6RxXvLKpfLtRaFamceRRcfoBBWRhy5RFV2jGqojgh7RM3pFb86T8+K8Ox+z1owznzlEf+B8/gA6OZRr</latexit>

��(K)

from numerics: lines

from near-horizon analytical 
methods: blue triangles

<latexit sha1_base64="jO/yYYZUn5njX6d6dHejCP33/I8=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUiK1G6EghuXFewD2lAm00k7dPJwZiKWkF9x40IRt/6IO//GSZuFth4YOJxzL/fM8WLOpLLtb6O0sbm1vVPereztHxwemcfVrowSQWiHRDwSfQ9LyllIO4opTvuxoDjwOO15s5vc7z1SIVkU3qt5TN0AT0LmM4KVlkZmdRhgNfUFnqUPGbpGtlUfmTXbshdA68QpSA0KtEfm13AckSSgoSIcSzlw7Fi5KRaKEU6zyjCRNMZkhid0oGmIAyrddJE9Q+daGSM/EvqFCi3U3xspDqScB56ezJPKVS8X//MGifKbbsrCOFE0JMtDfsKRilBeBBozQYnic00wEUxnRWSKBSZK11XRJTirX14n3brlNKzG3WWt1SzqKMMpnMEFOHAFLbiFNnSAwBM8wyu8GZnxYrwbH8vRklHsnMAfGJ8/ojiTgA==</latexit>

q = 0.2Numerics plotted for



Probing the horizon singularity

• We can again construct a null geodesics heading towards the horizon and 
measure the tidal force. 


• As before, define a tidal force observable:


• Measure at equator, but do not restrict to

    horizon.


• Compare to un-corrected Kerr-Newman

    black hole with same charge, (zero) temperature,

    and angular momentum:  


<latexit sha1_base64="TYdeHIv29JCKGrEh766FIrEoFKA=">AAACJ3icbZDLSgMxFIbPeK31NurSTbAIrsqMSO1GKXTjsoK9QFuHTJppQzMXkkyxDPM2bnwVN4KK6NI3MW1H1NYDIR//uSTndyPOpLKsD2NpeWV1bT23kd/c2t7ZNff2GzKMBaF1EvJQtFwsKWcBrSumOG1FgmLf5bTpDquTfHNEhWRhcKPGEe36uB8wjxGstOSYl1Un6YywiAYsu1J0gTq9UKG7W/wNLvopQ1rNyE0ds2AVrWmgRbAzKEAWNcd81iNJ7NNAEY6lbNtWpLoJFooRTtN8J5Y0wmSI+7StMcA+ld1kumeKjrXSQ14o9AkUmqq/OxLsSzn2XV3pYzWQ87mJ+F+uHSuv3E1YEMWKBmT2kBdzpEI0MQ31mKBE8bEGTATTf0VkgAUmSlub1ybY8ysvQuO0aJeKpeuzQqWc2ZGDQziCE7DhHCpwBTWoA4F7eIQXeDUejCfjzXiflS4ZWc8B/Anj8wuQf6W5</latexit>

C'' = ẋaẋbC'a'b

<latexit sha1_base64="qTeWFZGRyQkb0C3svnfzewYxq90="></latexit>

� eC(K) =
2J

8⇡dK

CX=0
'' � C̄X=0

''

C̄X=0
''



Close to the horizon, we see that

                                                                       Numerics plotted for 

<latexit sha1_base64="qTeWFZGRyQkb0C3svnfzewYxq90="></latexit>

� eC(K) =
2J

8⇡dK

CX=0
'' � C̄X=0

''

C̄X=0
''

Probing the horizon singularity
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<latexit sha1_base64="jO/yYYZUn5njX6d6dHejCP33/I8=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUiK1G6EghuXFewD2lAm00k7dPJwZiKWkF9x40IRt/6IO//GSZuFth4YOJxzL/fM8WLOpLLtb6O0sbm1vVPereztHxwemcfVrowSQWiHRDwSfQ9LyllIO4opTvuxoDjwOO15s5vc7z1SIVkU3qt5TN0AT0LmM4KVlkZmdRhgNfUFnqUPGbpGtlUfmTXbshdA68QpSA0KtEfm13AckSSgoSIcSzlw7Fi5KRaKEU6zyjCRNMZkhid0oGmIAyrddJE9Q+daGSM/EvqFCi3U3xspDqScB56ezJPKVS8X//MGifKbbsrCOFE0JMtDfsKRilBeBBozQYnic00wEUxnRWSKBSZK11XRJTirX14n3brlNKzG3WWt1SzqKMMpnMEFOHAFLbiFNnSAwBM8wyu8GZnxYrwbH8vRklHsnMAfGJ8/ojiTgA==</latexit>

q = 0.2
<latexit sha1_base64="LJyh1KI9wlxfnCKo4Ndgn7kTqzM="></latexit>

� eC(K) / 1/Y 2 ⇠ 1/(r � r+)



• Interestingly, all curvature 
invariants remain finite on the 
horizon.


• Correction to KN metric                    

           curvature


• Equations of motion are 
second-rank tensor, and all 
but two    derivatives in any 
invariant are contracted with        


                        

           no higher divergence


• Example:

Probing the horizon singularity

<latexit sha1_base64="BFMmfL+Ugq9bw4OyW7Z++H5yQxo=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5KI1B4LXjxWsB/QxDLZbNqlu0nY3QglFC/+FS8eFPHqr/Dmv3Hb5qCtDwYe780wMy9IOVPacb6tldW19Y3N0lZ5e2d3b98+OGyrJJOEtkjCE9kNQFHOYtrSTHPaTSUFEXDaCUbXU7/zQKViSXynxyn1BQxiFjEC2kh9+9gLKdeAB9hTTGBPDpN7bwBCQN+uOFVnBrxM3IJUUIFm3/7ywoRkgsaacFCq5zqp9nOQmhFOJ2UvUzQFMoIB7Rkag6DKz2cvTPCZUUIcJdJUrPFM/T2Rg1BqLALTKUAP1aI3Ff/zepmO6n7O4jTTNCbzRVHGsU7wNA8cMkmJ5mNDgEhmbsVkCBKINqmVTQju4svLpH1RdWvV2u1lpVEv4iihE3SKzpGLrlAD3aAmaiGCHtEzekVv1pP1Yr1bH/PWFauYOUJ/YH3+AIEilto=</latexit>

�g ⇠ ⇢�
<latexit sha1_base64="LGZXcNNuQ8wT7DNtG+1O5BcMjLw=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCF0tSpPZY6MVjBfsBTS2T7aZdupuE3Y1QQk9e/CtePCji1d/gzX/jts1BWx8MPN6bYWaeH3OmtON8W7m19Y3Nrfx2YWd3b//APjxqqSiRhDZJxCPZ8UFRzkLa1Exz2oklBeFz2vbH9ZnffqBSsSi805OY9gQMQxYwAtpIffvUG1CuAdexp5jAnhxF96k3BCHgsjzt20Wn5MyBV4mbkSLK0OjbX94gIomgoSYclOq6Tqx7KUjNCKfTgpcoGgMZw5B2DQ1BUNVL529M8blRBjiIpKlQ47n6eyIFodRE+KZTgB6pZW8m/ud1Ex1UeykL40TTkCwWBQnHOsKzTPCASUo0nxgCRDJzKyYjkEC0Sa5gQnCXX14lrXLJrZQqt1fFWjWLI49O0Bm6QC66RjV0gxqoiQh6RM/oFb1ZT9aL9W59LFpzVjZzjP7A+vwBC8+YNQ==</latexit>

�C ⇠ ⇢��2

<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=)

<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=)

<latexit sha1_base64="mwH1vHIekxcKnRoV5YQgkDg9OiU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKxBwDXjxGMDGQLGF2MpsMmccyMyuEJb/gxYMiXv0hb/6Ns8keNLGgoajqprsrSjgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVqQjtEcaV7ETaUM0k7lllOe4mmWEScPkbT29x/fKLaMCUf7CyhocBjyWJGsM2lgZ6oYbXm1/0F0DoJClKDAu1h9WswUiQVVFrCsTH9wE9smGFtGeF0XhmkhiaYTPGY9h2VWFATZotb5+jCKSMUK+1KWrRQf09kWBgzE5HrFNhOzKqXi/95/dTGzTBjMkktlWS5KE45sgrlj6MR05RYPnMEE83crYhMsMbEungqLoRg9eV10r2qB4164/661moWcZThDM7hEgK4gRbcQRs6QGACz/AKb57wXrx372PZWvKKmVP4A+/zByA8jkg=</latexit>⇢

<latexit sha1_base64="8U2IV0sdIHmWb2m1niAx1Ox97pU=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUmK1G6EghuXFewD2rRMppN26GQSZiZCCQV/xY0LRdz6He78GydtFtp64DKHc+7l3jl+zJnSjvNtra1vbG5tF3aKu3v7B4f20XFLRYkktEkiHsmOjxXlTNCmZprTTiwpDn1O2/7kNvPbj1QqFokHPY2pF+KRYAEjWBtpYJ+O+mlPjqOsZugGZW+/MrBLTtmZA60SNyclyNEY2F+9YUSSkApNOFaq6zqx9lIsNSOczoq9RNEYkwke0a6hAodUeen8/Bm6MMoQBZE0JTSaq78nUhwqNQ190xliPVbLXib+53UTHdS8lIk40VSQxaIg4UhHKMsCDZmkRPOpIZhIZm5FZIwlJtokVjQhuMtfXiWtStmtlqv3V6V6LY+jAGdwDpfgwjXU4Q4a0AQCKTzDK7xZT9aL9W59LFrXrHzmBP7A+vwBk6WVNw==</latexit>

g⇢⇢ = ⇢2

<latexit sha1_base64="HsXAZQXK7yKKReXdmGRUvmHAVY4="></latexit>

�R(K) =
2J

8⇡dK

RabcdRabcd � R̄abcdR̄abcd

R̄abcdR̄abcd

����
X=0
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Astrophysics



Charge on astrophysical black holes?

• Black hole in plasma:


• Wald effect: a black hole spinning in a 
magnetic field produces an electric field on 
the horizon, leading to accumulation of 
equilibrium charge


<latexit sha1_base64="1vlR3Dmca5fUTcSV1IE8UX96g9c=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgxnamSO2y4MaN0IJ9QFuHTHrbhiYzY5IRytCdG3/FjQtF3PoL7vwb08dCWw9cODnnXnLv8SPOlHacbyu1srq2vpHezGxt7+zu2fsHdRXGkkKNhjyUTZ8o4CyAmmaaQzOSQITPoeEPryZ+4wGkYmFwq0cRdATpB6zHKNFG8uzjav4GtxUTWHiQv/dg9nCdu+S84I49O+vknCnwMnHnJIvmqHj2V7sb0lhAoCknSrVcJ9KdhEjNKIdxph0riAgdkj60DA2IANVJpneM8alRurgXSlOBxlP190RChFIj4ZtOQfRALXoT8T+vFeteqZOwIIo1BHT2US/mWId4EgruMglU85EhhEpmdsV0QCSh2kSXMSG4iycvk3oh5xZzxepFtlyax5FGR+gEnSEXXaIyukYVVEMUPaJn9IrerCfrxXq3PmatKWs+c4j+wPr8AbjPl0s=</latexit>

Q/M ⇠ me/qe ⇠ 10�21

<latexit sha1_base64="j28GGrJSOr6AmwXIvHg0LLh2GQU=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRFajdC0Y0boQX7gDaEyXTSDp2ZhJmJEEL9FTcuFHHrh7jzb5y2WWjrgQuHc+7l3nuCmFGlHefbKmxsbm3vFHdLe/sHh0f28UlXRYnEpIMjFsl+gBRhVJCOppqRfiwJ4gEjvWB6O/d7j0QqGokHncbE42gsaEgx0kby7XLbz4aSw94MXsMavIEI3vt2xak6C8B14uakAnK0fPtrOIpwwonQmCGlBq4Tay9DUlPMyKw0TBSJEZ6iMRkYKhAnyssWx8/guVFGMIykKaHhQv09kSGuVMoD08mRnqhVby7+5w0SHTa8jIo40UTg5aIwYVBHcJ4EHFFJsGapIQhLam6FeIIkwtrkVTIhuKsvr5NurerWq/X2ZaXZyOMoglNwBi6AC65AE9yBFugADFLwDF7Bm/VkvVjv1seytWDlM2XwB9bnD5TUksM=</latexit>

QW = 2BaM Wald (1974) Karas, Kopáček, Kunneriath [1201.0009]



Charge on astrophysical black holes?

• Black hole in plasma:


• Wald effect: a black hole spinning in a 
magnetic field produces an electric field on 
the horizon, leading to accumulation of 
equilibrium charge


• For Sag A*, the galactic magnetic field of 
10 G induces a charge-to-mass ratio of 
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Q/M ⇠ me/qe ⇠ 10�21
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QW = 2BaM Wald (1974)
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Q/M ⇠ 10�12 Zajaček, Tursunov [1904.04654]

Karas, Kopáček, Kunneriath [1201.0009]



Charge on astrophysical black holes?

• Black hole in plasma:


• Wald effect: a black hole spinning in a 
magnetic field produces an electric field on 
the horizon, leading to accumulation of 
equilibrium charge


• For Sag A*, the galactic magnetic field of 
10 G induces a charge-to-mass ratio of 


• Black hole collision with a typical pulsar  
(10 M⊙ black hole, 10 km apart, 1012 G), 
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Q/M ⇠ me/qe ⇠ 10�21
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QW = 2BaM Wald (1974)
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Q/M ⇠ 10�12 Zajaček, Tursunov [1904.04654]
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Q/M ⇠ 10�7 Levin, D’Orazio, Garcia-Saenz [1808.07887]

Karas, Kopáček, Kunneriath [1201.0009]



• Shift in scaling dimension 


• Standard model contribution to Euler-Heisenberg Lagrangian


Rough estimate
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• Shift in scaling dimension 


• Standard model contribution to Euler-Heisenberg Lagrangian


• Quantum corrections?


Rough estimate
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Rajiv, Rangamani, Turiaci [2310.04532];

Kapec, Sheta, Strominger, Toldo [2310.00848]
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• Shift in scaling dimension 


• Standard model contribution to Euler-Heisenberg Lagrangian


• Quantum corrections?


• For a typical black hole colliding with a neutron star,                               , so this 
effect is too small to be observable in that case.


• Exotic scenarios and probes of the dark sector: new light particles or forces, 
e.g.,                charges, are a direction of future interest.

Rough estimate
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TEFT ⇠ 10�25/GM
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• Let us use our numerical results to assess the best-case astrophysical scenario 
for observation of our EFT enhancement effect.


• Maximum realistic astrophysical spin:

    (spin-up from hot accretion disk balanced by torque from thermal radiation)


• Numerical results:

Numerical results for astrophysics
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a ⇡ 0.998 Thorne (1974)
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q = 0.01



• Let us use our numerical results to assess the best-case astrophysical scenario 
for observation of our EFT enhancement effect.


• Maximum realistic astrophysical spin:

    (spin-up from hot accretion disk balanced by torque from thermal radiation)


• Using standard model values of the Wilson coefficients,


Numerical results for astrophysics
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a ⇡ 0.998 Thorne (1974)
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• Let us use our numerical results to assess the best-case astrophysical scenario 
for observation of our EFT enhancement effect.


• Maximum realistic astrophysical spin:

    (spin-up from hot accretion disk balanced by torque from thermal radiation)


• Using standard model values of the Wilson coefficients,


• Induced Wald charge largest for black hole of same size as neutron star, 


• Strongest magnetars have fields up to 1016 G


• Observable with future precision GW measurements?

Numerical results for astrophysics
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a ⇡ 0.998 Thorne (1974)

<latexit sha1_base64="QmXmYTMHibBK65sthoUDHas67pI="></latexit>
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''

C̄H
''

⇠ (105 to 107)⇥
✓
10M�

M

◆2

⇥ q4

<latexit sha1_base64="M+WU1NuS3Z19tLkBK4y//IeW5hc=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0VwISURabsRCm7cFCrYBzSxTCaTdugkE2ZulBL6H25cKOLWf3Hn3zh9LLT1wIXDOfdy7z1+IrgG2/62cmvrG5tb+e3Czu7e/kHx8KitZaooa1EppOr6RDPBY9YCDoJ1E8VI5AvW8Uc3U7/zyJTmMr6HccK8iAxiHnJKwEgPDXyNq+5Fo+/KQEK/WLLL9gx4lTgLUkILNPvFLzeQNI1YDFQQrXuOnYCXEQWcCjYpuKlmCaEjMmA9Q2MSMe1ls6sn+MwoAQ6lMhUDnqm/JzISaT2OfNMZERjqZW8q/uf1UghrXsbjJAUW0/miMBUYJJ5GgAOuGAUxNoRQxc2tmA6JIhRMUAUTgrP88ippX5adSrlyd1Wq1xZx5NEJOkXnyEFVVEe3qIlaiCKFntErerOerBfr3fqYt+asxcwx+gPr8wekFZFO</latexit>

M = 7M�
<latexit sha1_base64="gQkwyGWK5VmfhyBDJEJWbkYLZsI="></latexit>

CH

'' � C̄H

''

C̄H
''

⇠ (10�8 to 10�6)⇥ (B/1016 G)4

Raynaud et al. [2003.06662]
<latexit sha1_base64="clwVzp8glp7ZU0Vlif0Pnp2liUE=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCWJJSapcFNy4r2Ac0sUymk3bozCTOTIQS8hFu/BU3LhRx68Kdf+Ok7UJbL1w4nHMv594TxIwq7Tjf1srq2vrGZmGruL2zu7dvHxy2VZRITFo4YpHsBkgRRgVpaaoZ6caSIB4w0gnGV7neeSBS0Ujc6klMfI6GgoYUI22ovn3uUW58iIIeR3oUSjRO7zPoKcphBXqaciO5zl16Uc36dskpO9OCy8CdgxKYV7Nvf3mDCCecCI0ZUqrnOrH2UyQ1xYxkRS9RJEZ4jIakZ6BAxsxPp09l8NQwAxhG0rTQcMr+3kgRV2rCAzOZX64WtZz8T+slOqz7KRVxoonAM6MwYVBHME8IDqgkWLOJAQhLam6FeIQkwtrkWDQhuIsvL4N2pezWyrWbaqlRn8dRAMfgBJwBF1yCBrgGTdACGDyCZ/AK3qwn68V6tz5moyvWfOcI/Cnr8wd8MJ3J</latexit>

=) q ⇠ 2⇥ 10�4



• What about electrodynamic observables? Numerical analysis gives


                                                                                    for 


• Best-case astrophysical scenario:                          Naive EFT estimate:

Numerical results for astrophysics

<latexit sha1_base64="lwvK3+G5k1zrR5DWn0FLPocc5fc="></latexit>

�F̂ (K) =
2J

8⇡dK

F � F̄
F̄

⇠ (2 to 50)⇥ q2
<latexit sha1_base64="7qOvHAVM6WaOPq8TgYbPM4ATURY=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuSiJSuxEKQnFZwT6gjeFmOmmHTh7MTIolZOvGX3HjQhG3/oE7/8Zpm4W2HrhwOOfemXuPF3MmlWV9Gyura+sbm4Wt4vbO7t6+eXDYklEiCG2SiEei44GknIW0qZjitBMLCoHHadsbXU/99pgKyaLwTk1i6gQwCJnPCCgtuSZOewQ4rmf4Cvf6kcIP94Drbgq9MYh4yDLXLFllawa8TOyclFCOhmt+6XdIEtBQEQ5Sdm0rVk4KQjHCaVbsJZLGQEYwoF1NQwiodNLZJRk+1Uof+5HQFSo8U39PpBBIOQk83RmAGspFbyr+53UT5VedlIVxomhI5h/5CccqwtNYcJ8JShSfaAJEML0rJkMQQJQOr6hDsBdPXiat87JdKVduL0q1ah5HAR2jE3SGbHSJaugGNVATEfSIntErejOejBfj3fiYt64Y+cwR+gPj8wcUEJlR</latexit>

F = ẋaFa'
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<latexit sha1_base64="16oEhA2O9hiVDIb2bUcX3O0JzuM=">AAAB/HicbVDLSgMxFL3js9bXaJdugkVwVWZEajdCwY3LCvYB7VAyaaYNzWTGJCMMQ/0VNy4UceuHuPNvzLSz0NYDIYdz7iUnx485U9pxvq219Y3Nre3STnl3b//g0D467qgokYS2ScQj2fOxopwJ2tZMc9qLJcWhz2nXn97kfveRSsUica/TmHohHgsWMIK1kYZ2ZRBiPQkknmYPM3SNnJrjDu2queZAq8QtSBUKtIb212AUkSSkQhOOleq7Tqy9DEvNCKez8iBRNMZkise0b6jAIVVeNg8/Q2dGGaEgkuYIjebq740Mh0qloW8m86hq2cvF/7x+ooOGlzERJ5oKsngoSDjSEcqbQCMmKdE8NQQTyUxWRCZYYqJNX2VTgrv85VXSuai59Vr97rLabBR1lOAETuEcXLiCJtxCC9pAIIVneIU368l6sd6tj8XomlXsVOAPrM8fFMaTuQ==</latexit>

q = 0.01

<latexit sha1_base64="b+IbTtA87tWw5D7SrakqLnhgEuM=">AAACMnicbVDJSgNBEO1xjXEb9eilMQheDDMi0aMgiN4imAUyIfR0amJjz0J3jRqG+SYvfongQQ+KePUj7CQjuBU0vHpVr7rq+YkUGh3nyZqanpmdmy8tlBeXlldW7bX1po5TxaHBYxmrts80SBFBAwVKaCcKWOhLaPlXx6N66xqUFnF0gcMEuiEbRCIQnKGhevaZFyjGs8zjTNKTnO5Sz2eKfuV59jOl3gDNsJB6CLeYBXBDEzCbRJj37IpTdcZB/wK3ABVSRL1nP3j9mKehEXPJtO64ToLdjCkUXEJe9lINCeNXbAAdAyMWgu5m45Nzum2YPg1iZV6EdMx+V2Qs1HoY+qYzZHipf9dG5H+1TorBYTcTUZIiRHzyUZBKijEd+Uf7QgFHOTSAcSXMrpRfMuMhGpfLxgT398l/QXOv6taqtfP9ytFhYUeJbJItskNcckCOyCmpkwbh5I48khfyat1bz9ab9T5pnbIKzQb5EdbHJ+ICqpk=</latexit>

F � F̄
F̄

& few percent

<latexit sha1_base64="ZAuB3bu594ndCiUs/GqxjFOWOqc=">AAACFXicbVDJSgNBEO2JW4zbqEcvjUGIIGEmSMwxIIjgJYJZIJOEmk5P0qRnsbtHCMP8hBd/xYsHRbwK3vwbO8tBEx8UPN6roqqeG3EmlWV9G5mV1bX1jexmbmt7Z3fP3D9oyDAWhNZJyEPRckFSzgJaV0xx2ooEBd/ltOmOLid+84EKycLgTo0j2vFhEDCPEVBa6plnTp9yBThxCHB8lXaTws1pih3JfGyXseODGnoCRsl92i31zLxVtKbAy8Sekzyao9Yzv5x+SGKfBopwkLJtW5HqJCAUI5ymOSeWNAIyggFtaxqAT2UnmX6V4hOt9LEXCl2BwlP190QCvpRj39WdkyvlojcR//PasfIqnYQFUaxoQGaLvJhjFeJJRLjPBCWKjzUBIpi+FZMhCCBKB5nTIdiLLy+TRqlol4vl2/N8tTKPI4uO0DEqIBtdoCq6RjVURwQ9omf0it6MJ+PFeDc+Zq0ZYz5ziP7A+PwBl2Kd1Q==</latexit>

�F (K) ⇠ 16q2



Discussion



EFT breaking?

• The derivative expansion of the bulk Lagrangian remains under control:        
yet-higher derivative Lorentz scalars do not diverge, and with smaller Wilson 
coefficients contribute negligibly to the action.


                Calculations of the EFT-corrected background geometry remain robust.

<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=)



EFT breaking?

• The derivative expansion of the bulk Lagrangian remains under control:        
yet-higher derivative Lorentz scalars do not diverge, and with smaller Wilson 
coefficients contribute negligibly to the action.


                Calculations of the EFT-corrected background geometry remain robust.


• Different story for the worldline EFT of an observer: Contraction into velocity 
vector allows for divergence in  


                 finite-size effects diverge, e.g., Love numbers associated with 

                 gravitoelectric tensor


<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=)

<latexit sha1_base64="5kxMTUkNZWoVihnt6VY1SBxkNCY=">AAACEXicbZDLTgIxFIY7eEO8jbp000hMWJEZY5AlCRuXmMglAZycKR1o6HQmbYdIJryCG1/FjQuNcevOnW9jgVko+CdNvvznnLbn92POlHacbyu3sbm1vZPfLeztHxwe2ccnLRUlktAmiXgkOz4oypmgTc00p51YUgh9Ttv+uD6vtydUKhaJOz2NaT+EoWABI6CN5dml3iDS+OEecAY+rnsp9CYg4xHDPs5o5tlFp+wshNfBzaCIMjU8+8vcSJKQCk04KNV1nVj3U5CaEU5nhV6iaAxkDEPaNSggpKqfLjaa4QvjDHAQSXOExgv390QKoVLT0DedIeiRWq3Nzf9q3UQH1X7KRJxoKsjyoSDhWEd4Hg8eMEmJ5lMDQCQzf8VkBBKINiEWTAju6srr0Losu5Vy5faqWKtmceTRGTpHJeSia1RDN6iBmoigR/SMXtGb9WS9WO/Wx7I1Z2Uzp+iPrM8fj1Wc2g==</latexit>

ẋaẋbCa'b'
<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=)
<latexit sha1_base64="hdn+Oi/ENsZpsJXSRIYTaifGbNw=">AAACEXicbZDLSsNAFIYn9VbrLerSzWAR6qYkRWo3QqEILivYC7RpmEym7dDJJMxMxBLyCm58FTcuFHHrzp1v47TNQlt/GPj4zzmcOb8XMSqVZX0bubX1jc2t/HZhZ3dv/8A8PGrLMBaYtHDIQtH1kCSMctJSVDHSjQRBgcdIx5s0ZvXOPRGShvxOTSPiBGjE6ZBipLTlmqVrN0FeOqjAK1hqaMaen/b9UMGHAYYZ+OeDimsWrbI1F1wFO4MiyNR0zS89jeOAcIUZkrJnW5FyEiQUxYykhX4sSYTwBI1ITyNHAZFOMr8ohWfa8eEwFPpxBefu74kEBVJOA093BkiN5XJtZv5X68VqWHMSyqNYEY4Xi4YxgyqEs3igTwXBik01ICyo/ivEYyQQVjrEgg7BXj55FdqVsl0tV28vivVaFkcenIBTUAI2uAR1cAOaoAUweATP4BW8GU/Gi/FufCxac0Y2cwz+yPj8Ad9Qm8Y=</latexit>

E2
ab = (Cacbdẋ

cẋd)2 Cheung, Solon [2006.06665]



EFT breaking?

• The derivative expansion of the bulk Lagrangian remains under control:        
yet-higher derivative Lorentz scalars do not diverge, and with smaller Wilson 
coefficients contribute negligibly to the action.


                Calculations of the EFT-corrected background geometry remain robust.


• Different story for the worldline EFT of an observer: Contraction into velocity 
vector allows for divergence in  


                 finite-size effects diverge, e.g., Love numbers associated with 

                 gravitoelectric tensor


• Worldline EFT breaks down, leading to loss of predictability: experience of 
infalling observer is dictated by the UV. (Firewalls?)


<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=)

<latexit sha1_base64="5kxMTUkNZWoVihnt6VY1SBxkNCY=">AAACEXicbZDLTgIxFIY7eEO8jbp000hMWJEZY5AlCRuXmMglAZycKR1o6HQmbYdIJryCG1/FjQuNcevOnW9jgVko+CdNvvznnLbn92POlHacbyu3sbm1vZPfLeztHxwe2ccnLRUlktAmiXgkOz4oypmgTc00p51YUgh9Ttv+uD6vtydUKhaJOz2NaT+EoWABI6CN5dml3iDS+OEecAY+rnsp9CYg4xHDPs5o5tlFp+wshNfBzaCIMjU8+8vcSJKQCk04KNV1nVj3U5CaEU5nhV6iaAxkDEPaNSggpKqfLjaa4QvjDHAQSXOExgv390QKoVLT0DedIeiRWq3Nzf9q3UQH1X7KRJxoKsjyoSDhWEd4Hg8eMEmJ5lMDQCQzf8VkBBKINiEWTAju6srr0Losu5Vy5faqWKtmceTRGTpHJeSia1RDN6iBmoigR/SMXtGb9WS9WO/Wx7I1Z2Uzp+iPrM8fj1Wc2g==</latexit>

ẋaẋbCa'b'
<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=)
<latexit sha1_base64="hdn+Oi/ENsZpsJXSRIYTaifGbNw=">AAACEXicbZDLSsNAFIYn9VbrLerSzWAR6qYkRWo3QqEILivYC7RpmEym7dDJJMxMxBLyCm58FTcuFHHrzp1v47TNQlt/GPj4zzmcOb8XMSqVZX0bubX1jc2t/HZhZ3dv/8A8PGrLMBaYtHDIQtH1kCSMctJSVDHSjQRBgcdIx5s0ZvXOPRGShvxOTSPiBGjE6ZBipLTlmqVrN0FeOqjAK1hqaMaen/b9UMGHAYYZ+OeDimsWrbI1F1wFO4MiyNR0zS89jeOAcIUZkrJnW5FyEiQUxYykhX4sSYTwBI1ITyNHAZFOMr8ohWfa8eEwFPpxBefu74kEBVJOA093BkiN5XJtZv5X68VqWHMSyqNYEY4Xi4YxgyqEs3igTwXBik01ICyo/ivEYyQQVjrEgg7BXj55FdqVsl0tV28vivVaFkcenIBTUAI2uAR1cAOaoAUweATP4BW8GU/Gi/FufCxac0Y2cwz+yPj8Ad9Qm8Y=</latexit>

E2
ab = (Cacbdẋ

cẋd)2 Cheung, Solon [2006.06665]



EFT breaking?

• The derivative expansion of the bulk Lagrangian remains under control:        
yet-higher derivative Lorentz scalars do not diverge, and with smaller Wilson 
coefficients contribute negligibly to the action.


                Calculations of the EFT-corrected background geometry remain robust.


• Different story for the worldline EFT of an observer: Contraction into velocity 
vector allows for divergence in  


                 finite-size effects diverge, e.g., Love numbers associated with 

                 gravitoelectric tensor


• Worldline EFT breaks down, leading to loss of predictability: experience of 
infalling observer is dictated by the UV. (Firewalls?)


• Infalling string: horizon looks like singular plane wave geometry, and a string 
can get highly excited if 


<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=)

<latexit sha1_base64="5kxMTUkNZWoVihnt6VY1SBxkNCY=">AAACEXicbZDLTgIxFIY7eEO8jbp000hMWJEZY5AlCRuXmMglAZycKR1o6HQmbYdIJryCG1/FjQuNcevOnW9jgVko+CdNvvznnLbn92POlHacbyu3sbm1vZPfLeztHxwe2ccnLRUlktAmiXgkOz4oypmgTc00p51YUgh9Ttv+uD6vtydUKhaJOz2NaT+EoWABI6CN5dml3iDS+OEecAY+rnsp9CYg4xHDPs5o5tlFp+wshNfBzaCIMjU8+8vcSJKQCk04KNV1nVj3U5CaEU5nhV6iaAxkDEPaNSggpKqfLjaa4QvjDHAQSXOExgv390QKoVLT0DedIeiRWq3Nzf9q3UQH1X7KRJxoKsjyoSDhWEd4Hg8eMEmJ5lMDQCQzf8VkBBKINiEWTAju6srr0Losu5Vy5faqWKtmceTRGTpHJeSia1RDN6iBmoigR/SMXtGb9WS9WO/Wx7I1Z2Uzp+iPrM8fj1Wc2g==</latexit>

ẋaẋbCa'b'
<latexit sha1_base64="NWrmsUHCeZUoE8qIGuJafTO+2pA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ7dzvPKHSPI4ezDRBX9JRxEPOqLFSt8+l3YJ6UK64VXcBsk68nFQgR3NQ/uoPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz9KIStR+trh3Ri6sMiRhrGxFhizU3xMZlVpPZWA7JTVjverNxf+8XmrCup/xKEkNRmy5KEwFMTGZP0+GXCEzYmoJZYrbWwkbU0WZsRGVbAje6svrpH1V9WrV2v11pVHP4yjCGZzDJXhwAw24gya0gIGAZ3iFN+fReXHenY9la8HJZ07hD5zPH0K7kBo=</latexit>

=)
<latexit sha1_base64="hdn+Oi/ENsZpsJXSRIYTaifGbNw=">AAACEXicbZDLSsNAFIYn9VbrLerSzWAR6qYkRWo3QqEILivYC7RpmEym7dDJJMxMxBLyCm58FTcuFHHrzp1v47TNQlt/GPj4zzmcOb8XMSqVZX0bubX1jc2t/HZhZ3dv/8A8PGrLMBaYtHDIQtH1kCSMctJSVDHSjQRBgcdIx5s0ZvXOPRGShvxOTSPiBGjE6ZBipLTlmqVrN0FeOqjAK1hqaMaen/b9UMGHAYYZ+OeDimsWrbI1F1wFO4MiyNR0zS89jeOAcIUZkrJnW5FyEiQUxYykhX4sSYTwBI1ITyNHAZFOMr8ohWfa8eEwFPpxBefu74kEBVJOA093BkiN5XJtZv5X68VqWHMSyqNYEY4Xi4YxgyqEs3igTwXBik01ICyo/ivEYyQQVjrEgg7BXj55FdqVsl0tV28vivVaFkcenIBTUAI2uAR1cAOaoAUweATP4BW8GU/Gi/FufCxac0Y2cwz+yPj8Ad9Qm8Y=</latexit>

E2
ab = (Cacbdẋ

cẋd)2 Cheung, Solon [2006.06665]

<latexit sha1_base64="+HnWUEfDqO/qNjp/WXbNZAzAW4E=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyK1B4LXjxWsB/QXcpsmm1Dk+w2yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmhQln2rjut1PY2t7Z3Svulw4Oj45PyqdnbR2nitAWiXmsuiFoypmkLcMMp91EURAhp51wfL/wO1OqNIvlk5klNBAwlCxiBIyVAn8IQgD2OZ1gr1+uuFV3CbxJvJxUUI5mv/zlD2KSCioN4aB1z3MTE2SgDCOczkt+qmkCZAxD2rNUgqA6yJZHz/GVVQY4ipUtafBS/T2RgdB6JkLbKcCM9Lq3EP/zeqmJ6kHGZJIaKslqUZRybGK8SAAPmKLE8JklQBSzt2IyAgXE2JxKNgRv/eVN0r6perVq7fG20qjncRTRBbpE18hDd6iBHlATtRBBE/SMXtGbM3VenHfnY9VacPKZc/QHzucPwCWRaw==</latexit>
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• Adding large external magnetic field: Kerr-Newman black hole in a constant 
ambient magnetic field has exact solution. EFT-correct this spacetime to more 
precisely simulate astrophysical scenarios?


• Explore the phenomenology of non-standard model charges and/or light 
hidden sectors


• Dynamical stability: does horizon singularity indicate instability? If so, what is 
the endpoint? Superradiance?


• EFT corrections to black holes in AdS, in supersymmetric theories, or string 
theory (EFT-corrected GHS?)




Questions


