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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 c;:

EZZ"‘Z?;CZ'O'L'

iIncluding all possible operators consistent with the fields and symmetries.
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Effective field theory

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

* Write down a Lagrangian, built out of operators ©;, with couplings c;:

£=Z+Zia&-0i

N\

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.).
Arkani-Hamed, Huang, Liu, GR [2109.13937]






Kerr solution

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

A(r) , dr?

2 . 2 2 3 2

dsip = (. 0) (dt — a sin” 0 d¢)” + X(r, 0) < " + d6 )
sin® 6

-+ (. 0) [a dt — (r* + a2)dgb}

N(r,0) = 1% + a cos* 0
A(r) =r*+a* — 2Mr a=GJ/M

e Event horizonat ry = M + VM2 — g2



Kerr solution

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

A(r) , dr?

2 _ _ 2 2y 2

dsi S0, 0) (dt — a sin” 8 de¢)” + X(r, 0) (A(r) + d6 >
sin® 6

ladt — (r* + az)d¢]2

i >(r, 0)
N(r,0) = r* + a” cos® 0
A(r) =r*+a* — 2Mr a=GJ/M

e Event horizonat r = M + VM2 — g2

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

* Many likely examples
observed by LIGO:




NHEK

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

6, dp? da? 2(1 — 2?)
(6,) dstmpk = J(1+2°) | —p°dt* + 2 2T (14 x2)2 (d¢ + pdt)”
Bardeen, Horowitz [hep-th/9905099]

 Similar to AdS, x S% with O(2,1) x U(1) symmetry

to horizonat p =0



NHEK

In the extremal limit, the Kerr geometry has an infinitely long throat near the
horizon, the near-horizon extremal Kerr (NHEK) geometry:
(0,9) 2 _ 2 2 1,2 dp? dz” 2(1 — 5’72) 2
dsypex = J(1 + %) |—p“dt” + oz + T + (1+x2)2(d¢+pdt)
Bardeen, Horowitz [hep-th/9905099]

 Similar to AdS, x S% with O(2,1) x U(1) 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 cf. Hadar, Lupsasca, Porfyriadis [2012.06562]

e Of great interest to Kerr-CFT proposals
Guica, Hartman, Song, Strominger [0809.4266]

to horizonat p =0



NHEK

In the extremal limit, the Kerr geometry has an infinitely long throat near the
horizon, the near-horizon extremal Kerr (NHEK) geometry:
(0,9) 2 _ 2 2 1,2 dp? dz” 2(1 — 5’72) 2
dsypex = J(1 + %) |—p“dt” + oz + T + (1+$2)2(d¢+pdt)
Bardeen, Horowitz [hep-th/9905099]

 Similar to AdS, x S% with O(2,1) x U(1) 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 cf. Hadar, Lupsasca, Porfyriadis [2012.06562]

e Of great interest to Kerr-CFT proposals
Guica, Hartman, Song, Strominger [0809.4266]
* \We will determine the near-horizon behavior of the EFT-
corrected Kerr geometry by computing EFT corrections to
the NHEK.

to horizonat p =0



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.
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* 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:
/ d*z /=g (Rapea R — 4Ry, R® 4 R?)
:/d4 P [\/j abed . ghye <1Rf —ll“f. 0 )]
L Uq ge  Cef Lgb\ 9V hed T 3 cit hd
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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:

/ d*z /=g(Rapca R — 4Ry R + R?)
1

abc e 1 )
- /d% Oa [\/Tge bede, ITE, <§thcd - -1l hd)]

3 (64
= 81° x (M)
* First interesting terms at cubic and quartic order in the Riemann tensor:

1 RS — Rab CdRCd efRefCLb
L=g-5 (R +nr*R? 4+ Ak°C% + A /4;6('52) C = RapeaR*

QK2

C = Rabcd Rade

~

Ropea = €ab efRefcd



EFT In vacuum

* (Classical equations of motion:

1 |
Bap = 5 4tgab = TpPie + Tt

2
Tquartic — )\ ,{,6 R vcvdc gab 2y 1y .6 ® cd gab 72
ab = acbd + —C AD (8R4epaVVEC + —C

1
Tcublc =7 li4 [3 RacdeRdeghRghcb + _gabRgthRCdefRefgh o 6vcvd (Racgthdgh)]



EFT In vacuum

* (Classical equations of motion:

1 |
Bap = 5 4tgab = TpPie + Tt

2
Tquartic — )\ ,{,6 R vcvdc gab 2y 1y .6 ® cd gab 72
ab = acbd + —C AD (8R4epaVVEC + —C

1
Tcublc =7 li4 [3 RacdeRdeghRghcb + _gabRgthRCdefRefgh o 6vcvd (Racgthdgh)]

e Solve at linear order in the Wilson coefficients,

Gab = gc(,,b) + 1 h(G) + A h(S) + A ilgi)



EFT In vacuum

* (Classical equations of motion:

1 i uartic
Rap — §Rgab = TP + T

“ 2

T = — A kS (8Racbdvcvdc + %02) — \kS (SRacdeCVdé + %éz)

. 1
Tcll)lblc — 7 K,4 [3 RaCdeRdeghRthb 4 _gabRghcdRCdefRefgh o 6chd (Racgthdgh)]

e Solve at linear order in the Wilson coefficients,

Jab = gé?,) + 1 hffb) + A hﬁ) + A fbﬁ)

» O(n®) contribution 629 to h'%is smaller than 1'5):
By power counting and the form of the equations of motion,

(SRS /(W) ~ (2N (K2 /T)

Indeed, by Caron-Huot, Li, Parra-Martinez, Simmons-Duffin [2201.06602], W& eXpecCt 772/)\ SJ mlzgl/A%V



EFT-corrected NHEK geometry

e Stationary, axisymmetric ansatz:
2

F d
ds? = 2702 | —p2dt? + p—;(dp + pFyda)? + % + B2(de + pw dt)?

e Fixgauge: F1 =1 and F5 =0



EFT-corrected NHEK geometry

e Stationary, axisymmetric ansatz:
2

F d
ds? = 2702 | —p2dt? + p—;(dp + pFyda)? + % + B2(de + pw dt)?

e Fixgauge: F1 =1 and F5 =0

* Impose O(2,1) x U(1) symmetry,

Q:QNH(CIZ)

B = BNH(x)
2

A — 1 2:1:
FNH

I'ng = const.

W = WNH = const.

so that the ansatz becomes:

dp? T'%,dz?
ds? = 2J0% | —p2dt® + o 1NE .

+ BRu(d¢ + pwnmdt)?



EFT-corrected NHEK geometry

dp? T'%;da?
2 2 2 142 NH
ds® = 2J0%y [ p dt” + 5 T+ . 5

+ B%H (dgb -+ prHdt)2]

* Expand around NHEK solution:

1+ a7 (6) (8) <6 (8)
N [1 + 00O (2) + 208 (2) + A0 (az)}
24/ 1 — 12
2

14z
P = 14+ 700 (2) + AT®) (2) + XI®)(z)
wna = 1+ nw® () + 2® (2) + Ao® (2)




EFT-corrected NHEK geometry

dp? T'%.dz?
2 _ 2 2 1,42 NH
ds® = 2J0%y [—p dt” + 2 + -

+ 312\IH (dgb -+ prHdt)2]

* Expand around NHEK solution:

L+ a7 (6) (8) <6 (8)
N [1 + 00O (2) + 208 (2) + A0 (az)}
24/ 1 — 12
2

14z
P = 14+ 700 (2) + AT®) (2) + XI®)(z)
wna = 1+ nw® () + 2® (2) + Ao® (2)

By = [1 + nBO (2) + AB® (2) + AB® (x)]

e Solving the equations of motion, we find:

4 4
6 — _321\5/';]2 (6 — 7"5_J2
F(g) B _366435/{6 w(S) _ (4864 4+ 157571‘)/{6
 256\/2J3 20.J3
6
=gy 368829x° ~(s) _ (4736 + 1575m)x
Pr=- 573

64+/2.J3



EFT-corrected NHEK geometry

dp? T'%.dz?
2 _ 2 2 1,42 NH
ds® = 2J0%y [—p dt” + 2 + -

+ 312\IH (dgb -+ prHdt)2]

* Solving the equations of motion, we find:

B (z) k4 2656 — 4288522 + 458952% — 813026 — 121828 + 183210 + 139212
€T ) —
J? 224(1 4 22)6
— 15\/533(3 — :UZ) arcsin \/ZU — arcsin x
64(1+x2)\/1—x2 V1 4+ 22
4 2 1 6 8 10
0 (6) () K- C(6) _ 3285 — 55449x* + 542102 — 7058x° — 1527x° — 309«

E 224(1 + 2)6

N 15221 — 22 , V2 ,
arcsin — arcsin x
64(1 + 27) it




EFT-corrected NHEK geometry

dp? T'%.dz?
ds? = 2J ey |—p*dt” + 5 + 4
S NH P T ,02 T 1 — 72

+ By (do + pwnndt)?

* Solving the equations of motion, we find:

B®) (x) =

kS | 832089 3157 407005 + 3288780022 + 383023802 + 2271585362
J3 | 1280 4 1280(1 + 22)9

B 24495118228 + 207667400219 + 108083820212 + 31954360x1* + 4114685216

1280(1 + z2)?

+ 630 arctan r — 3664352 (3 — o) arcsin v2z — arcsin x
(1+ x2) 256v/2v/1 — 22(1 + 22) V1 + 22
K ol®) | 783837+ 1668475822 + 33602022x* + 119986542x°
- J3 1280(1 + 22)*

92763993625 + 23049562210 + 11880370212 + 3484978214 + 445863216
_I_
256(1 + 12)°
315z 36643521/1 — 22 ( V2 | ) }
alr'Csin — al'CSsin x

arctan x +
1+ 22 256v/2(1 + x2) V14 22




EFT-corrected NHEK geometry

dp?  T%pgda?

ds? = 2J0% 4 | —p?dt? + " +to 5t B3y (de + pwnpdt)?
* Solving the equations of motion, we find:
= (8) x° | 846339 1149443+-561895222 413601326824 +1543201202°+2546418422°
B\ (x) = — 31571 —
J3 | 320 320(1 + x2)?

208733752210 4 10867458022 + 32136008x'* 4 41387232
320(1 + 22)°

25202 368829z (3 — 22) ( L V21 | ) }
—+ arctan xr — ) arcsin — arcsin o

t
1+ x? 64v/2v1 — 22(1 + 22 Vv1+2?
a® () — | A 1018371477243942° 46751650627 +960624181° 11418330882
(z) = = + 2)9
J 320(1 + x2)

115923454210 + 59757382212 + 1753082221% + 224303716
320(1 + 22)9

1260z 3688291v/1 — 22 ( Vo | ) }
— alrcsin — alr'Csin x

arctan x +
1+ 22 64+/2(1 + z2) V14 x?



Perturbing the NHEK geometry

e 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

e 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,

2

F d
ds? = 2002 |~ p2de? + “L(dp + pFade)? + S 4 B2(d¢ + pw dt)?
p? A

with gauge choice F; =1, F>; = 0.



Perturbing the NHEK geometry

e 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,

F da?
ds? = 2702 | —p2di? + p—;(dp + pFoda)’ + == + B(de + pw dt)2]
with gauge choice F; =1, F>; = 0. y

(p,2) = Anu(z) [1 + € p” Q1(2)]

Decompose stationary, axisymmetric B(p,z) = Bnxu(z) [1 +¢€p? Q2(2)]

perturbations into AdS2 harmonics ~ p”: Qp,z) = Anu(z) [1 +ep” Qsz(x)]
w(p,x) = wnn [1 + € p7 Qu(z)]



Perturbing the NHEK geometry

 Expand in Wilson coefficients:

Qi(z) = Q" (2)+1Q'¥ () +2Q\¥ (2)+ A0 (2)
= O 4 (6 Ay ®) 4 35)



Perturbing the NHEK geometry

 Expand in Wilson coefficients:

Qi(z) = Q" (2)+1Q'¥ () +2Q\¥ (2)+ A0 (2)
v =4© 4y LAy B) L 356

* Second-order equations yield two families of solutions:

Q\”, (z) = Pj(x)

Qggw)z—éuj¥ﬂ)2aﬂ+Dxfﬂ¢y+ﬂ—{M%Pﬂ@
Y L lues)zp 1 — 2)P] =t
Q4 (0) = 5y |6+ 1w Pilo) + (1= ) P




Perturbing the NHEK geometry

 Expand in Wilson coefficients:

Qi(z) = Q" (2)+1Q'¥ () +2Q\¥ (2)+ A0 (2)
v =4© 4y LAy B) L 356

* Second-order equations yield two families of solutions:

V- (2) =0

Y (z) = 1 ;; {e(e +1)a Py(z) — [2+ (1 — 22)(] Pg(x)}

) () 11332{@(“1) Pilx) — [2+ (1 — 22)¢] P )} =
3 _(r)= 31+ 22 x ry(x — T 0@



Perturbing the NHEK geometry

 Expand in Wilson coefficients:

Qi(z) = Q" (2)+1Q'¥ () +2Q\¥ (2)+ A0 (2)
v =4© 4y LAy B) L 356

* Second-order equations yield two families of solutions:

YO'0) = ¢ with £ € N> 2
YOy =r4+1 with feN>1



Perturbing the NHEK geometry

 Expand in Wilson coefficients:

Qi(z) = Q" (2)+1Q'¥ () +2Q\¥ (2)+ A0 (2)
= O 4 (6 Ay ®) 4 35)

* Second-order equations yield two families of solutions:
YO'0) = ¢ with £ € N> 2
YOy =r4+1 with feN>1
* |nteger scaling dimensions > 2 correspond to smooth horizons. For example,
we can compute the Weyl curvature in ingoing Bondi-Sachs coordinates:
ds® = 2JQ% [—p*dv® + 2dvdp + hap(dy® + U%dv)(dy® + U°dv)]

Mapping to our other

coordinates, we have: T IR (Q1 +2Q2)Q%Ry 2 A2 ]
— 2(1 — 22) Biu i@

Cpapp = J (1 =) p" "% ¢

B2, (Qy + 20502
_ B%H012\IHQZJE _,y NH( 12 2) NH ]



Perturbing the NHEK geometry

 Expand in Wilson coefficients:

Qi(z) = Q" (2)+1Q'¥ () +2Q\¥ (2)+ A0 (2)
= O 4 (6 Ay ®) 4 35)

* Second-order equations yield two families of solutions:
YO'0) = ¢ with £ € N> 2
YOy =r4+1 with feN>1

* Integer scaling dimensions > 2 correspond to smooth horizons. For example,
we can compute the Weyl curvature in ingoing Bondi-Sachs coordinates:

ds® = 2JQ% [—p*dv® + 2dvdp + hap(dy® + U%dv)(dy® + U°dv)]
Mapping to our other

coordinates, we have: T TR (Q1 +2Q2) %Ry 2 2 ]
— 2(1 — 22) Biu i@
B? 2 0?2




Perturbing the NHEK geometry

 Expand in Wilson coefficients:

Qi(z) = Q" (2)+1Q'¥ () +2Q\¥ (2)+ A0 (2)
= O 4 (6 Ay ®) 4 35)

* Second-order equations yield two families of solutions:
YO'0) = ¢ with £ € N> 2
YOy =r4+1 with feN>1

* Integer scaling dimensions > 2 correspond to smooth horizons. For example,
we can compute the Weyl curvature in ingoing Bondi-Sachs coordinates:

ds® = 2JQ% [—p*dv® + 2dvdp + hap(dy® + U%dv)(dy® + U°dv)]

Away from extremality, C « p7 % = C xxT7?



Perturbing the EFT-corrected NHEK geometry

* EFT corrections to the Q;(x) functions can be obtained (too long to give here).
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* EFT corrections to the Q;(x) functions can be obtained (too long to give here).

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

e =
10(1) = +2;LJ24
6
28 (2) = — 21(32 ;J;LM)K
6
~E (1) = ~ 9(8576 ;;)3245@%
6
79 (2) = - 12(736 ;Jz_wﬂ)ﬁ
<) (1) = _ 189(384 + 145m)"

5J3



Perturbing the EFT-corrected NHEK geometry

* EFT corrections to the Q;(x) functions can be obtained (too long to give here).

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

e =
10(1) = +2;LJ24
6
Wf)(Q) _ 21(32 ;-J;mﬂ)ﬁ
6
~E (1) = ~ 9(8576 ;:)3245@%
6
79 (2) = - 12(736 ;21577)'{
<) (1) = _ 189(384 + 145m)"

5J3
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* We might think that this singularity forbids the couplings from achieving the
sign that induces a singularity.
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Signs of couplings?

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

* After all, certain signs of couplings violate infrared physics principles:
e Causality of signal propagation Adams et al. [nep-th/0602178]
* Analytic dispersion relations (locality and unitarity)

e Examples:

Einstein-Maxwell theory Cheung, GR [1407.7865]; Cheung, Liu, GR [1801.08546, 1903.09156]

. . . 2 p4d Bellazzini, Cheung, GR [1509.00851];
Higher-curvature gravity (1', B™ terms) -t A i oo
Massive gravity Cheung, GR [1601.04068]

(8¢)4 and F* couplings Arkani-Hamed, Huang, Liu, GR [2109.13937]

: _ : : Chandrasekaran, GR, Shahbazi-Moghaddam [1804.03153];
ngher pomt Coupllngs Arkani-Hamed, Cheung, Figueiredo, GR [2312.07652]

Cosmic inflation kumar, Freytsis, GR, Rodd [2210.10791]
SMEFT GR, Rodd [1908.09845, 2004.02885, 2010.04723, 2206.13524]



Signs of couplings?

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

* After all, certain signs of couplings violate infrared physics principles:
e Causality of signal propagation Adams et al. [nep-th/0602178]
* Analytic dispersion relations (locality and unitarity)

* But precisely the opposite holds: . I GR [1509.0085 1
. . . . ellazzini, Cheung, . ;
* Causality and unitarity imply that A, A >0 ¢ 2oy, Klebang[hep-th/0612015]
e String values:
13

() = o {(13+<<3>,1 re@) (@) (8 +<<3>,%+<<3>)}
bosonic type type | / heterotic

e Quartic Riemann terms induce singularities.
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sign that induces a singularity.

* After all, certain signs of couplings violate infrared physics principles:
e Causality of signal propagation Adams et al. [nep-th/0602178]
* 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:

3
= 15120 )22 2 ( W)

Vv



Signs of couplings?

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

e After all, certain signs of couplings violate infrared physics principles:
e Causality of signal propagation Adams et al. [nep-th/0602178]
* 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:

3
= 15120 )22 2 ( W)

Vv

* |n the standard model, the neutrinos are the lightest massive state,
and n < 0.

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



Adding a photon

e 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 v = 1 will be physical for charged black holes. Defining the vectors
¢ =0/0p
m = 0/0¢

we will find the Weyl tensor near the horizon goes like
Clapeadl®mPlem® ~ v (v — 1)p7 ™2

so there is a mode for which Cipeqgl*m®0“m®| gy ~ dv/T

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



Einstein-Maxwell EFT

e | eading (four-derivative) contributions to the Einstein-Maxwell EFT:

1 1
L=—R—-F, F* +¢; R?>+ ¢y R*® R,p, + ¢3 Rypeq R

212 4
+ca RF®F+cs R F, € Fyo 4 cg RV Fyp, Flyg
+ e Fpy FYPF.  F 4+ cg Fp, F*° F.q F9



Einstein-Maxwell EFT

e | eading (four-derivative) contributions to the Einstein-Maxwell EFT:

1 1
L=—R—-F, F* +¢; R?>+ ¢y R*® R,p, + ¢3 Rypeq R

212 4
+ca RF®F+cs R F, € Fyo 4 cg RV Fyp, Flyg
+ e Fpy FYPF.  F 4+ cg Fp, F*° F.q F9

Gravitational generalization of Euler-Heisenberg:

C1,2,3 C4,5.6 C7.8

~ (g/m)" ~ (q/m)? ~ (g/m)*

Convenient to rescale, so that d; ~ 1/A%:

2 _ 2
di,2,3 = K“C1,2,3 da5,6 = C4,5,6 drs = kK “Cr3



Einstein-Maxwell EFT

e | eading (four-derivative) contributions to the Einstein-Maxwell EFT:

1 1
L=—R—-F, F* +¢; R?>+ ¢y R*® R,p, + ¢3 Rypeq R

212 4
+ca RF®F+cs R F, € Fyo 4 cg RV Fyp, Flyg
+ e Fpy FYPF.  F 4+ cg Fp, F*° F.q F9

Under field redefinitions, only four combinations are invariant:

(do = do + 4d3 + ds + dg + 4d7 + 2ds
d3

dg

dy = dy + Ads + ds + 2dg + da

/
)

Equivalently, since we can drop Gauss-Bonnet in D = 4, we can take dg 75 as an
operator basis.
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EFT-corrected Einstein-Maxwell equations

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

VeFap

1 1

4

Rab — §Rgab — /{2 (Fa CFbc__gachdFCd)

=4 (RV'F,, — F,4 V'R)
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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-Nordstrom.

dsZy = — EA(Y;) (dt — a sin? 0 d¢)? + X(r, 0) (zi) n d92)
.9
o = (o)
Axn = — K\/;(f g) (dt — a sin2 0 d¢) — \fzp(:%s)e (adt — (1* + a?)dg]

N(r,0) = r* + a” cos® 0
Alry=7r*+a* —2Mr +Q* + P?



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-Nordstrom.

dsZy = — EA(Y;) (dt — a sin? 0 d¢)? + X(r, 0) (zi) n d02>
.9
o = (o)
AKN:r—;éigg%dt—asH99d¢)—\fgiij)hdt—(ﬁ”+a%d¢]

N(r,0) = r* + a” cos® 0
Alry=7r*+a* —2Mr +Q* + P?

* Komar charges:

47/ 2 1
Qe = lim *F = 7T\/_Q, J == lim *dm = al,
r——o00 S2 K 2K* r—+00 52
4/ 2 1 8t M
O, = lim | F= “fp, E=—— lim [ xdk=

r—+4oo Jgo K K2 r—+oo Jgo K2
™ ™



Kerr-Newman solution

e Horizon: ry =M ++/M? —a2 — Q2 generated by Killing vector K = k + Qm



Kerr-Newman solution

e Horizon: ry =M ++/M? —a2 — Q2 generated by Killing vector K = k + Qm

a
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e Angular velocity: €2 =

* Temperature:

o 1 1 Vo (K¢K,)Ve(K1K)
27 4 KeK,

e Chemical potential:
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Kerr-Newman solution

e Horizon: ry =M ++/M? —a2 — Q2 generated by Killing vector K = k + Qm

a
a? —|—7°§r

e Angular velocity: €2 =

 Temperature:

1 [ 1 Vo (KeK,)Va(KK,)

T = — —
27 4 KeK. g Amry (ri +a?)
e Chemical potential:
K Q
=—— | KA, — lim K®%A, | =
8 ﬁ( LR ) r2 +a?
* Entropy:
0L
SW = —271'% dQCU\/E Eabed
B+ 5Rabcd
21 A
Spu = lim Sy = ——
c;,—0 K

* First law of black hole mechanics: dM =T dSw + pdQ + Q2 dJ



Near-horizon geometry

* Like the NHEK for Kerr, the Kerr-Newman solution enjoys an O(2,1) x U(1)

symmetric near-horizon geometry, discovered fairly recently:
Hartman, Murata, Nishioka, Strominger [0811.4393]

dp? dx?
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+ [FZ(O) (g;)]2(1 — x2) (dgp + pcul(\?})I dT) 2]

f
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F(O)(x) _ \/1+(1_Zz)$2 F(O)(x) _ (2—Z2) F(O)(x) _ Z\1 — Z2
: V2 e 1+ (1—2%)2 3 272
0 21— 22 5 %
wl(\II){_ 7z and Ql(\II){:2_22 Z=Q/M



Connecting to asymptotia

* Asin 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:

dp? dz?
ds? =2 M2 [[{*(z, p)]* | — pPdr? + =5 +

P2 w,p) (1 — 2?)

+ 10 p) (1-2) (de +p 117 (@, p) d7)2]




Connecting to asymptotia

* Asin 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:

dp? dz?

a5t =202 (0w )| - 2 + 2 4
1 () (1 - 2)

+ 3 (x, 0)2 (1—=?) (dsa +p £ (x, p) d7)2]

e Modes
0 0 r
) of; 'z, p)=p" o0f; ()
O p) = Qs |1+ 67" (@.p)| :
5 A NH 5 A O(2,1) harmonics, for v(¥ # 1
8 (@,p) = 1+ 5" (x, p)



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:

17w = 4 i | Sy ) - (2 2o

+(@2+2%)(1—2%)(1 - x2)2"’5§”> ~ 242+ 2% (1 - 2%)a(1 - x2)vg(g;)]

Z3(1 - a?) 2 2y V1 ()
Y 7 va(x) — (2= Z%)x(1 — x°)

2
52" (@) = _vlém) 1+ (1 22)a?

+ 2+ 231 -2%)(1 - x2)2@ — 724+ Z%(1 - Z%H)x(1 - m2)vé(x)]

5FO @) = ) ) 222+ 22)(1 x2)”2a(f) — 2224 Z%)(2 — 322)2vl(2)

2
5£O(z) = 7(0)1+ 1 2(1 + z?) +2>\(0)(1 — z2) v1é:v) A0~ Zuy(a)
+ A0 742 + Z%)s(x) + 5 +2ZZ (14 z*)vy(2)
—z(1 - xz)vlléx) -5 fzzzat(l — )l (x)
63 (x) = 7<0)1+ 1 = +2A(0)(1 = D 2O+ 2221 - 2)es(a)
EEL R
2372 vy (x)

+ W&?(l — 2172) 72
3 (@) = v (2)



Connecting to asymptotia

* The Einstein-Maxwell equations then take the simple form:
(1 2% + O © +1) - 2(1 - 2?)v; = 0

1 — z?)? / 1 — x?
[( ) v’z] +90( +1)—;

UQZO

(1= 2?)s] + 7O (O + 1wy =0
(1= 2] + O + 1) = 2](1 —a?)vy = 0



Connecting to asymptotia

* The Einstein-Maxwell equations then take the simple form:
(1 2% + O © +1) - 2(1 - 2?)v; = 0
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vi(z) = P, (), 7" =0
va(x) = &(ly + 1)la Py, (x) + (1 + 2205) P} (), Y =ty 1
v3(w) = Py, (), 75 =t
vi(z) = P, (), 7 =t



Connecting to asymptotia

* The Einstein-Maxwell equations then take the simple form:
(1 2% + O © +1) - 2(1 - 2?)v; = 0

1—22)2 ]’ 1 —
[( ) 16] +9 OO + 1)

vi(z) = P, (), 7" =0
va(x) = &(ly + 1)la Py, (x) + (1 + 2205) P} (), Y =ty 1
v3(w) = Py, (), 75 =t
vi(z) = P, (), 7 =t
l134>2 03> 1
axial: (—1)“"! under parity



Connecting to asymptotia

* The Einstein-Maxwell equations then take the simple form:
(1 2% + O © +1) - 2(1 - 2?)v; = 0

1—22)2 ]’ 1 —
[( ) v’z] +9 OO + 1)

= P, (), n = b
= w0y + 1)la Py, () + (1 4 2%65) P}, (), Y =ty 1
= Py (2), i = b
= P, () =

under parity
under parity




Connecting to asymptotia

e For~%) = 1, there are various complications: residual gauge symmetry, plus
non-power law terms that we must include, shifting § fi(o) by terms « p and
plog p. These are coordinate artifacts and do not contribute to tidal force
singularities.
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non-power law terms that we must include, shifting § fi(o) by terms « p and
plog p. These are coordinate artifacts and do not contribute to tidal force

singularities.

 We will focus on the even-parity v%) = 1 modes.
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Connecting to asymptotia

e For~%) = 1, there are various complications: residual gauge symmetry, plus
non-power law terms that we must include, shifting § fi(o) by terms « p and
plog p. These are coordinate artifacts and do not contribute to tidal force

singularities.

 We will focus on the even-parity v%) = 1 modes.

{5 = 0 vanishes identically
— »,_- .4 PUre gauge




EFT-correcting the near-horizon modes

* As always, choose an ansatz with the appropriate near-horizon symmetry:

dp? T'Z..dx?
sk = 2002 [ (0| - pPdr? + S NS
0 l—x
+ [Fg(x)]2 (1 — x2) (de 4+ pwnu dT)2

ANu = @ Qnu pdT + (1 — 2?)Fa(x) Fs(z) (de 4+ pwne d7)]

K=1 Analytically compute all
quantities to first order in
the Wilson coefficients.



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.



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: a=a/ry €0,1]
57(1) :5W(4) — 0

1
52 =5~ = Z5V(3)
5~ =45~+®) — 5~(7)

7% = 1oiic(i2—+1)1)4 (15 + 250 — 201a* + 89a® — 187a® + 195a'" + 245a'* + 75a'*)
+ 9(a2 — 1)2(a2 +2i)5(1 mbL, 5a4) arctan a
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578 = g(w(ﬁ) + ; ((;22; 11))6 (167 — 558a® + 316a* — 226a% + 13a®)



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: a=a/ry €0,1]
57(1) :5W(4) — 0

1
52 =5~ = Z53,(3)
5~ =45~+®) — 5~(7)

7% = 1oiic(i2_+1)1)4 (15 + 250 — 201a* + 89a® — 187a® + 195a'" + 245a'* + 75a'*)
+ 9(a2 — 1)2(a2 +2i)5(1 mbL, 5a4) arctan a

5\ =§~0) 4 é?c((i:l; 2 (149 — 52242 + 436a* — 166a° + 7a®)

578 = 257“5) + ; ((;22; 11))6 (167 — 558a® + 316a* — 226a% + 13a®)

* Full shift is field redefinition invariant, representing a nontrivial check:

8
1 1
g dg 6y ) = 157(7)% + (5’}/(6) + 257(7) — 257(8)) de + (57(8) — 55%”) dog
K=1



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

~100!

5y )
|
(@)

—200!

~300!

400}

In ingoing Bondi-Sachs coordinates, we find a Weyl curvature singularity, irrespective
of the sign of the Wilson coefficients:

i 1 vV1-—-272%z 7
222 1+ (1—-22)22 | s
1— 22
Cpapb — 4 Z dK5/y(K)
P V1—72g (2—2%)(1—2?) | k=1
1+ (1-2%)2% 1+ (1- 2222 |

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



EFT-correcting the near-horizon modes

Correction to scaling dimension is generically nonzero. For example, the two
even-parity v(?) = 2 modes:
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Away from extremality

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

ds® = — E@f";)() Fi(r,X) [dt — (1 — X2)Fy(r, X)dg)

1 — X? 5 oy ,12
+ E(T,X)FB(T’X) Fy(r, X)dt — (r® + a®)d¢]

+E(r,X)F2(r,X)[dT2 X ]

NOREESE

 V2rF5(r, X) 5
A =— K}E(T,X) [dt—F4(r,X)(1—X)d¢}
\/5(1—X2)F6(”'3X) 2 2
_ KZ(,&X) [F4(7°,X)dt—(’r' +a )d¢}

d _ S d
Fz(rvX):1+ E ,_Kfz(K)(raX)a v =1,2,3 F5(T7X):Q+(1_r_+) § _K (K)(T7X)
(A
K=6 K=6
8

B T dr (K dr (K
F4(7“,X):CL—|—(1——+) Z_ ( )(TaX) F6(T7X):ZW ( )(’I“,X)
K—=6 K—6



Away from extremality

* To explicitly compute EFT-corrected black holes away from the extremal limit,
l.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 r = co. Compactify coordinates using

"+
1-Y

T =

Y =0 horizon
Y =1 infinity

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



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: & = (t(\), 7#(\), X(A\), (X))



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: & = (t(\), 7#(\), X(A\), (X))

* Choose geodesic in equatorial plane (X = 0), with zero angular momentum
0(2%)/0¢ = 0), and write in ingoing Bondi-Sachs coordinates:

dr
dt = dov — 2 1 — — K
NG L ( 2T+ZA dK)’
dr

dqb:dgp—aA( (1—FZ)\KCZK>

+ K—=6

i (a2+r2)" f3(r,0)— A(r) f1(r,0) fa(r,0)?
a’+r2—fu(r,0)?

A(,r‘)\/fl (’I",O)fg (’I",O)\/(a’2—|—’l"2)2f3 (’I",O)—A(’r’)fl (’I",O)f4 (T70)2

g 2 - r2+/ f2(r,0)

— A(r) f1(r,0) f3(r,0)[r2 a2 — f4(r,0)2] )

a’+r?) fa(r,0)—A(r) f1(r,0)
_ ( C_L2 —Ii“Q — f4(r,0)2 f4 (’r? O) i




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: & = (t(\), 7#(\), X(A\), (X))

e Define a tidal force observable:

-a b

* Measure on horizon at equator: C;“‘QO




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: & = (t(\), 7#(\), X(A\), (X))

e Define a tidal force observable:

_ sa-b
* Measure on horizon at equator: C;fp
 Compare to un-corrected Kerr-Newman

black hole with same charge, temperature,
and angular momentum:

Qz C;{so B C_f;{so
dr Oszjcp l

5C ) =
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Probing the horizon singularity
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At low temperatures, we see that
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Defining parameters a = a/r_, q = Q/r.
Numerics plotted for a = g



Thermodynamics

* Let us examine the thermodynamic properties of our solutions.
 Chemical potential and angular velocity defined as before.
e Parameters a and q define moduli space of solutions.

* Perturbations to Komar charges,

8
_ A7
E=F— K1

K2 T4 KZ:1 Yo OK

8
4
J=T+= 3 [wi (140 + %) — 20af] dx

K=1




Thermodynamics

1—Cl2—C|2 1 8 (K) (K) dxi
e Tem - T = 1+ = X,0) — X,0)|—
Temperature T (1 o2) ( + K§:6ﬁ[ (X, 0) = f37 (X, 0)) rZ

e Wald entropy for our explicit numerical solutions:

5= 2)y2 1+— dX (K)X0)+f(K)(XO)d
- ,{2( +a%)ry 4r2 : K
+ K=6
2 9+ 4a%2 + 3a* 3arctana
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Thermodynamics

1 —a’— q2 1 ° (K) (K) dr
e Temperature: T = 14+ — X,0) — X,0)|—
ratur 47T7“+(1 + a2) ( 2:6[ 1 ( ’ ) 2 ( ’ )] 7°2|

e Wald entropy for our explicit numerical solutions:

5= 5 (1 4 a2) 1+— dX (K)XO)+f(K)(XO) d
- ,{2( +a%)ry 4r2 : K
+ K=6
2 9+ 4a%2 + 3a* 3arctana
+ dg
|y g

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

Cheung, Liu, GR [1903.09156]
AS = 5/d3az vV—gAL



Thermodynamics

1—c12—0|2 1 ° (K) (K) dr
e Temperature: T = 14+ — X,0) — X,0)|—
ratur 47T7“+(1—|—a2) ( 2:6[ 1 ( ’ ) 2 ( ’ )] r2

e Wald entropy for our explicit numerical solutions:

5= 5 (1 4 a2) 1+— dX (K)XO)+f(K)(XO) d
_ /{2( —I_a )Ir-l— 4T2 ’ K
+ K=6
2 9+ 4a%2 + 3a* 3arctana
+ dg
5 (1+ a2 a

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

16772(a2 - 3)(3&2 - 1)[1 o f . a2(1 + 5)]2 (d 4 _Cf;leu;g, Liu, GR [1903.09156]
15k2£(1 + £)(1 4 a2)* 0T 79

72 [1—¢—a2(146)]” [a(3+2a%+3a%)+3(a%—1) (14a2)” arctan g
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647T2d N 32m2 1 — €& —a?(1+ &[0 (3+4E) — 1 — 4{5]

2 5528 (1 +€)(1+ a%)2
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Thermodynamics

Numerical results for entropy precisely match our on-shell action prediction from
euclidean quantum gravity:
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Numerics plotted for a = g



Back to extremal

* 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.

e We use a slightly different compact coordinate, r = r,. /(1 — Y?)



Back to extremal

* 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, » = r, /(1 — Y?)

A(r)

ds® = — E(T,X)Fl(T’X) [dt — (1 — XQ)F4(7~,X)d¢]
1 — X? _ ., ,
+ E(T,X)FS(T,X)::(T) (Fu(r,X)dt — (r* + a®)d¢|

dr? 20 dX?
INOREREEEE

rd M2
K=6

~ dic () 5 Y se 4K )
qu(ﬁX)ZlﬂLZWfi (r, X), 1=1,2,3 F5(T7X):Q+(1—7)ZW5 (r, X)

K=6 K=6

Py N di () ~ dic ()
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Back to extremal

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

() — TIim §~5)
07y l;lino&y (Y)

(2 — Cl2) Ya?’f:a
8(1—¢q?) 0Y3 =0

V) = -

57 (Y) from numerics: lines

5V(K) from near-horizon analytical
methods: blue triangles

~04+¢
' Numerics plotted for g = 0.2




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:

-a b

* 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:
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Probing the horizon singularity
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Close to the horizon, we see that
SCH) x 1/Y? ~1/(r —ry)

—0.05+

Numerics plotted for q = 0.2



Probing the horizon singularity

Interestingly, all curvature
invariants remain finite on the
horizon.

Correction to KN metric §g ~ p”
— curvature 5C ~ p7~?

Equations of motion are
second-rank tensor, and all
but two p derivatives in any
iInvariant are contracted with
grP = ,02

— no higher divergence
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SR (E)

012}
010}
008 |
006 |
004 |

002

0.00

(K) _ /432J RadeRade . RabcdRade

OR _

Smd g RabcdRa’de

gy o

IRLEPEN A R TR 4
ﬂr"\“‘ T

' D ' -H- oy
L Q:}’*."t-’.,‘,,‘.-“

7

¢

S

X=0



o

Astrophysics




Charge on astrophysical black holes?

* Black hole in plasma: Q/M ~ m./q. ~ 10~

e Wald effect: a black hole spinning in a
magnetic field produces an electric field on ALRNN S
the horizon, leading to accumulation of o
equilibrium charge Qw = 2BaM Wwaid (1974) Karas, Kopa¢ek, Kunneriath [1201.0009]
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Charge on astrophysical black holes?

* Black hole in plasma: Q/M ~ m./q. ~ 10~

e Wald effect: a black hole spinning in a
magnetic field produces an electric field on ALRNN S
the horizon, leading to accumulation of o
equilibrium charge Qw = 2BaM wald (1974)

y[M] x [M]

 For Sag A*, the galactic magnetic field of

10 G induces a charge-to-mass ratio of
Q/M ~ 10712 Zzajagek, Tursunov [1904.04654]

* Black hole collision with a typical pulsar

(10 Mo black hole, 10 km apart, 1012 G),
Q/M ~ 107 Levin, D'Orazio, Garcia-Saenz [1808.07887]




Rough estimate

e Shift in scaling dimension §vy ~ Ger s F*(GM)? ~ c7872% /G M*

* Standard model contribution to Euler-Heisenberg Lagrangian c; g ~ 10_4(qe /me)4

— v~ 10%12%/8
2
GMST
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Rough estimate

e Shift in scaling dimension §vy ~ Ger s F*(GM)? ~ c7872% /G M*
e Standard model contribution to Euler-Heisenberg Lagrangian c; g ~ 10™%(g./m.)*

— v~ 10%12%/8

Z4
— CP¢P¢‘H ~ 1081 GMST
T 1081 74
e Quantum corrections? T, = —— T ~
. 1= aars S TEFT Y TGars

Rajiv, Rangamani, Turiaci [2310.04532];
Kapec, Sheta, Strominger, Toldo [2310.00848]

* For atypical black hole colliding with a neutron star, Tgpt ~ 10™2° /G M, so this
effect is too small to be observable in that case.

* EXxotic scenarios and probes of the dark sector: new light particles or forces,
e.g., U(1)s_1 charges, are a direction of future interest.



Numerical results for astrophysics

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

* Maximum realistic astrophysical spin: a =~ 0.998 Thorne (1974)
(spin-up from hot accretion disk balanced by torque from thermal radiation)
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Numerical results for astrophysics

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

Maximum realistic astrophysical spin: a ~ 0.998  Thorne (1974)
(spin-up from hot accretion disk balanced by torque from thermal radiation)

Using standard model values of the Wilson coefficients,

cit, — Ot 10 Mg\~
WC% 22~ (10° to 107) x ( T ) x g

Induced Wald charge largest for black hole of same size as neutron star, M = 7 M

7P PP (107° to 107%) x (B/10'° G)*
Strongest magnetars have fields up to 1016 G Raynaud et al. [2003.06662] == ¢ ~ 2 X 10~*

Observable with future precision GW measurements?



Numerical results for astrophysics

 What about electrodynamic observables? Numerical analysis gives

) _
A k“J F—F
SF ) = —~ ~ (2 to 50) x q° for F = #°F,
srde F " )} q” for =" Fug
0005 o
0.004}
0003 |
< K
P 0002 . 001
L - 8 q B .
0001}
o.ooo}
090 02 o094 0% o9 100
a
* Best-case astrophysical scenario: Naive EFT estimate:
S —r SFE) ~ 164>

— > few percent

f
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* 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.
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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 *2°Cyp,
— finite-size effects diverge, e.g., Love numbers associated with
gravitoelectric tensor E2, = (Clepad4?)? Cheung, Solon [2006.06665]

 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 v <1
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Future directions

* 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 '



