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1. How near—-extremal
are. asf:ruphaswat
(Kerr) black holes ?




AGNs are candidate High ‘SFEM
Supermass&va Blacle Holes
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How High can the ‘SF:'EM be?

o Cosmic Cev\scrsmtp tonjeczmmt a/M < 100%

o Thin disk accretion: a/M < 29,%%
[Thorne, 1974 ]

[Abramowicz, Lasota, 19%0]
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o Accretion supported by magnetic fields: < 100%

i | rin i A U L RS
horizown IBCO isCo

[09994 i Sadowski et al, 2011]

o Capture of compact objects: < 100%
[Colleoni, Barack, Shah, van de Meent, 2015]



?’OPMLQROM models and High
Spin Supermassive black hole

~or
M > 10° Mg

“‘Amso&ropw acerekion
spins up the supermassive black hole ko
the Thorne bound”

[Berti, Volonteri, 200%]

—3 Possibility for a High Spin Supermassive BH




2. Feaktures ok and
close to ex%remat&%v




2. Feaktures ok and
close to ex%remat&%v

Definibion: abk: Ty =0
close to: MT, < 1




Features of exactly extremal black holes

o TH=O

o Inner and ouber horizons coincide.
NB: The Unner horizon is unstable and singular.
[Marolf, “The dangers of extremes”, 2010]

Breakdowin of EFT: higher derivative and string corrections?
[Horowitz, Kolanowski, Remmen, Sankos, 2023 and 2024 ]

o Most known are stationary, but non-stationary exist
[Murata, Reall, Tanahashi, 2013]

& No ijsi,cat process is khowh that would make an extremal
black hole from a non-extremal one. Third law of
thermodynamics. [Mathematical fine-tuning is possible]
The reverse is Fossibte‘

o Stationarity implies axisymmelry assuming Einstein gravity -
weal enerqy condition




Features of stationary extremal black holes

o Angular velocity from horizon generator: & =0, + Q0

o Electrostatic potential: O, = — £#A |

=L
® If spin: ergoregion: 0, spacelike

® Superradiance: 0 < ® <m€; (amplification due to lack
of a global Killing vector). Negative greybody factor:

dE.Jdt. o e J
o= <0 superradmm& range.

Electromagnetic analogue in the range 0 < w < ¢,9,.

o No Hawking radiation but spontancous emission of
superradiant waves, Quantum decay.

Lext = _@(_w +mQy + Qeq)e)aabs




Exkremal Limiks: Ehe 4d Kerr exampte

“Several spacetimes can be obtained in a Limit from a given
spacetime, depending upon which coordinates are kept fixed
during the limiting process”

[Geroch, Limitks of spacetimes, 1970]

2 M7 > 2 Ma?F sin’ :
2"°)d1?2 + S + T + (i +a + %M) sin? Adg?

didé

ds*> = —(1—

4Maf sin® 0

Y

A =72 —2M? + a2, Y =72 4+ a2 cos? 4.

LIMIT 1) In Boyer-Lindquist coordinates, 1 — 0 gives
the Extremal Kerr mekbric,




Near-extremality
=> Opening up of “Near” and “Very Near” regions

@ 1 Far regiown:
extremal Kerr
geometry

@ 2 Near-horizown
regions “Near”
and “Very Near”:
NHEK gecmeﬁrv

[Bardeen, Press, Teukolsky, 1972]
[Rardeen, Horowitz, 1999]

The ISCO lies in the "Near” region




Feabure: Frsco = M + 213X M +0O(N)

Change of coordinates to the “co-rotating near-horizon frame” :

LIMIT 2) Take 4 — 0 in that frame: obtain the near-horizon
extremal Kerr geometry (NHEK) :

2

d
ds* = 2M*T(6) (—deﬁ - % + df? + A*(0)(d® + RdT)2)

B 1 + cos? 6 2sin 6

[(0) 2 ’ A(0) = 1+ cos26

NB: “ISCO is everywhere in NHEK” and "ISCO is at R = D1/3a




Feabure: Freco = M +2V2AM +o())

Change of coordinates to the “co-rotating very hear-horizon
frame” :

LIMIT 3) Take 1+ 0 in that frame: obtain the very hear-horizon
extremal Kerr geometry (near-NHEK) :

2

r(r + 2k)

ds* = 2M>T(0) (—'r‘(r + 2K)dt* +

+ d6? + A*(9)(de + (r + Kz)dt)2)

[Bredberqg, Hartman, Song, Strominger, 2009]




Carter-Penrose diagram of non-extremal Kerr
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Penrose-Carter diaqram of the 3 Limiting spacetimes

Exbtremal Kerr NHEK near-NHEXK

Exterior geodesics



Two finite diffeomorphisms

1. Finite diffeomorphism between NHEK and near-NHEK

2. Finite diffeomorphism between NHEK and global NHEK
coordinates

vV 1+y?cosT+y,
V1 —ILyzsin'rl
R7

cosT + ysinT

14+ +/1+y2sin7’

© + log

ds®> = 2M*T(6) (—(1 +y*)dr* + 1‘?_/?/2 + df* + A*(0)(do + yd¢)2)

—00 < T <00, —00 <Y < 00




Main feabture of near-exbtremal black holes

Non-suppressed interactions between the near-horizon region
and the environment

No Hamilkbonian alone deseribes the evolubion
of the near-horizon region.

[Amsel, Horowitz, Marolf, Roberts, 2009]
[Dias, Reall, Sankos, 2009]




Creneric 44 near-horizown Limiks




Stakic Near-horizon Limik

Tot

t—)T, r—=ry+Argr,

+ Electric case: gauge transformation

Enhanced symmetry (by construction):

Further enhancement to SL(2,R) or isofl,1)
[Kunduri, Lucietti, 2009, 2013]

Assuming strong enerqy condition, SL(2,R) !

SOLM&E«OM: AdSz X S2 ds? = vy (—r?dt* + g) + vo(dh? + sin® dp?) ,

I

Al = eprdt — p—cos@dqﬁ,
4

Susy & non-susy: attractor mechanism: gt p! rule it all.
May be walls of marginal stability in scalar moduli space,




$p£mv\£&\9 Near-horizon Limik

6 o+ 05",

t
t—)'l’o—,

A
r—=ry+Argr,

ext

A— A+ ;\ ’I"odt,

+ Spin case: corotate
+ Electric case: gauge transformation

Enhanhced symmelry (bj construction):
Further enhancement to SL(2,R) or isofl,1)
[Kunduri, Lucietti, 2009, 2013]

Assuming strong enhergy condition, SL(2,R) !
Solutiown: warpeci AdS, x S?

') [—r2dt2 - cfnr_; + a(6)?d6? + v(0)*(de + k'rdt)z} :

x*=xA0),  A'=f(6)(d¢+krdt) - Tdg,

non-trivial gauge




Important feature: SL(2,R) x U(1) symmelry

C—l =8t, CO =t8t—7°87~,

1t k
C1=(ﬁ+5>3t—tra,.—;3¢, Lo =04.

in addition: diserete (Z,)° = P X rgh X t¢h symmelry

2

r(6) |—r2dt® + % +a(6)%d6” + v(6)*(dg + krdt)2] :

X' =x10), AT =fO)ds+krdt) - T do,

o Geodesic completeness expected (proven for Kerr)

o Global time function exists: no CTCs

o No global Killing vector in general. No QFT vacuum [see Aggarwal’s tali]




Extremality => Conformal symmetry




Other example: BTZ black hole

Exkremal Limik: M =t J

The near-horizon Limit gives

This is the self-dual AdS; orbifold

[Coussaert, Henneaux, 1994 ]




There also exist singular
near-horizon geometries

@ Obtained in the Limit Ty — 0 and Az, — 0
eeping Agy /Ty fixed,

® Contain an AdS; factor: either a null self-
dual orbifold or a pinching orbifold

[Bardeen, Horowitz, 1999][Balasubramanian, de Boer, Jejjala,
Simomn, 200% J[de Boer, Sheilkkh-Jabbari, Simon, 2010]




T hermodvmamiﬁs ak @.x&remau%v

S&a&iomarj black hole em&ropj formula [Ijer-WaLd, 1994 ]:

27 OV L
=T [ L ecquol(S
S s 5Rabcd6 bEcaVOol(X)

o0& o0& o0& 6o o

= oxA0) ok de; "

~ov(0)  Sf1()

Entropy is a function of the charges (only discontinuous
dependency on scalar modull) :

S = Sext (\77 Q£7 Q'{n) {SEV\; ZOO$]




Logarithmic corrections can be compu&aci (one method: the
quantum entropy action formalism) [Sen, 2011]

Such quantum corrections might Lift the vacuum degeneracy at
extremalilty in the absence of protective symmelries [ Page, Ro00]
[See talk of Swapnamay Mondal]

Some diffeomorphisms were identified in the near-horizon Limik
become zero modes that contribute to the gravitational pa&k
integral [Ghosh, Maxfield, Turiaci, 2019

Such modes are computed using an IR regulator T, .

For Kerr this gives [Rakic, Rangamani, Turiaci, 2024-] [Kapec, Sheta,
Strominger, Toldo, 2023]

154 T 3 T

S =So+ 155 1og50+47r2f1+§ logquLO(Tz). e—Squ < T« Tq

The zero modes lower the entropy, which might be consistent with a
zero entropy in the extremal Limit.




Extremal first law of thermodynamics

Given the entropy function we define the chemical
potentials:

Tkej obe_j

1 1 1
5Sext - T_¢5j + Eage + ﬁégm

This is the extremal Limit of the first Law :

6S = Ti (M — (20T + @0Qc + ©,,0Qm))
H

5M — 5Mext(x77 Qea Qm)

The chemical potentials are now obtained from a Limik:

Tu—0 Q¥ —Q; 00, /0r,

T+=Text

lim TH _ 8TH / (9?"+
a0 0 — B, 9D, /0r,

T+ =Text




Laws of thermodynamics of extremal black holes

o The extremal Limit of the first Law

1

1 1
5Sext - T_¢6J + E(sQe + _6Qm .

® The zero law (with SL(2,R) symmetbry)

o “Classical” extremal entropy = extremum of the
entropy function

+§,——27r/d9d¢\/_£

m

[Astefonesei, Goldstein, Jena, Sen, Trivedi, 2006
[Hajian, Seraj, Sheikh-Jabbari, 2013]




Kerr/CFT em&rogv makch

1) Ansatz: asymptotic symmetry generator

":[Cmy Cn]L.B. — (m — n)Cm-i—n

2) Phase space: emply, except finite diffeomorphisms !

3) Associated asymptotic symmetry algebra

2
4) “Thermal” Cardj ‘Farmuta

5) Em&rar[av matching JESSESE @ = Sgy

h

[Guica, Hartman, Song, Strominger, 200% ]




Exkremal em&ropv makbching

ﬂ.2

—a =5
3 LL BH

Matching is (surprisinglyl) very general:

o Grauqge fields, scalar fields
o Higher dimensions
o Supergravities

o Higher derivative corrections




Higher derivative corrections to black hole em&ro?:}

A diffeomorphic covariant Lagrangian for the metric
cann be written as

L= *f(ga,b7 Rabcda Vel Rabcda V(61 Vez)Fiabcda SR V(el O Vek)]:gabcd)y

L = *[f(ga67 IRabcda IRabcd|e17 s 7Rade|el---ek) + Zabed(Rabcd - Rade)
—I—Zabccﬂel (Vel Rabed — Rabcd|61) + Zade|ele2 (v(egRade|61) — Rabcdlele2)
+ -4+ Zade|elmek(V(ekRabcd|61...ek_1) _ Rab0d|el---ek)]'

[Lee, Iyer, Wald, 1990 ]
The sE&Eiomary blacike hole em&rc)gv is

27 0V L
5= _? X 5Rabcd

€ab€caVvol(X).

[Iyer-Wald, 1993




Higher derivative corrections to black hole entropy
Mebric with SL2,R)X U(l)Xt— ¢ svmmeﬁrv

2

ds* = A(6)* | —r?dt® + (% + d6? + B(0)*(dp + krdt)?.

Ansatz for asymptotic symmetry:

En = —e‘imp(&P + inrd,), i[&m, &n]l = (M —n)&ppn.

Representation by charges:

C

—m(m?® + a)0pm, _p = i / ke,.[0¢.9; 9],
12 -

The Barnich-Brandt definition for k; reproduces the formula

72'2

—cT= 5 [Az.ejahagi., Compére_, Ozawa, Tachikawa, Terashima, 2009]

Puzzle: non-invariance under field redefinition. Boundary terms?

[Krishnan, Kuperstein, 20097 [H-S. Liu, H. Li, 2o21]




Puzzle: non-uniqueness of Virasoro central charge

Ansatz for asymptotic symmetries:

Regularity of the constant 1,7 surfaces fixes b= x| instead of
b = 0. This leads to a smooth phase space of geomelries,

The asymptotic symmetry algebra is

- A -
= (k’ . 7’)_"1,)3 ((1 — b(b + A))% + 2b(b + A)k . J) 5m+ﬁ,0

+ (k- m)(2k - J)biio

[Compere, Hajian, Seraj, Sheikkh-Jabbari, 2015]




Observational
features of High Spin

Caveal: Extremely high spin
a > 0.9999 M
is generally required in order that
the NHEK features dominate
at least part of the signal




1) Cold accrebion disk

The skandard Novikov-Thorie model assumes :

~ Relativistic viscous fluid flow (relakivistic Navier-Stokes)

-~ Thermal e_quitibrmm (T ~ 10* — 10K lower than virial T)

- Geometrically thin disk

- Optically thick disk (free-free electrons absorption and
electron scattering) with radiating EM flux

- Roadiation pressure and gas pressure

Volume visualization of the logarithmic density in the accretion disk
(Teixeira et al. 2013)




The extremal Limit of the Novikov-Thorhe
model is a self-similar solution,

However, the NHEK features are barely visible

Radiation Flux

B 25% precision

15% precision

10% precision

[Compere, Oliveri, 2017]




2) Black hole imaging

Rardeen screen

[Bardeen, 1973]



Pholton shell

Spin axis

Photon Shell

Event Horizon

[Gralla, Lupsasca, 2019




Criktical curve




At ex&remai.&v, the critical curve
contains the NHEKlLine

[Bardeen, 1973] [Gralla, Lupsasca, Strominger, 2017] [Lupsasca,
?arafjrimiis, Shi, 2017 fLuPsasca, Mayersoh, Qépperda, Staelens, 2024 ]




Lyapunov exponents of the critical curve

Spin axis

‘kPhoton Shel
A% :

< ‘E('n‘( Horizon '

Nearly critical null geodesics have exponential deviation in

their radius: y
or, = ore’

where n is the number of half-orbits and y(a,r) is a critical
exponent.




Lyapunov exponents of the critical curve

Q.
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o
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Q
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There are 3 obther characteristic Lvafmmov expcmev&s
[Lu,psasga, ?0r§jri,o\dis, Shi, 2017] [Jochnson ek al. 2019]




Qbserv&bdﬁ&j

Eventk Horizon Telesco pe
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Qbservabd%j

Only a handful of sources :

o Sqr A
@ M¥7* v
d ..

Low probo\biiiﬁv of high spin a > 0.999




3) Gravitational waves

Bimarv coalescences:

o 2 - LVK : LIGO-Virgqo-Kagra
o 3¢ -~ Einstein Tetesatmpe
o 3> - Cosmic Expi.orer

e 3¢ - LISA




Stages of a coalescence around a High Spin black hole

ISCO transition H

Inspiral Inspiral Trawnsition Plunge
i Kerr A NHEK A NHEK A NHEK




Smoking Gun #1
Lockked oscillakion kimescale

® The ISCO is i the Near Horizown region. The
adiaba&itai.iv evolved amspirai/merger as well.

® The Near Horizown region is exactly co-rotating
with the Black hole

o Hence, the GW oscillation timescale of
nspirals/plunges in NHEK is fixed to the
ihverse extremal Kerr angular velocity:

i —1
toscillation = QE{Et = 2GM

[Porfyriadis, Strominger, 2014] [Gralla, Hughes, Warburton, 2016




Smoking Guin #2
Redshift suppression

o The ISCO is in the Near Horizon Region which
is redshifted.

o The GW amplitude is therefore suppressed.
The scaling is universally

‘h+ 4 lhx‘ . /11/36—#7

M\? a2
H m>2

[Porfyriadis, Strominger, 2014] [Gralla, Hughes, Warburton, 2016




Resulting imspirai waveform

alM=1-107"

Near-extremal

Near-horizon
regime R |

[Gralla, Hughes, Warburton, 2016]




GW fluxes for a NHEK circular orbit:
spin and finite size corrections

0’20 (ay) + alf)xq + (a) + a3 ks2)(xq)” + O(¢%)) ;
¢°%o (afp) + afyxq + (afy + aiyks2)(xq)* + O(¢%))

where #g = (2A%)!/? and

H __ .
H _ )
(1) = —0.409 ; aiy = 0.28780 ;
_ H __ .
(2) =0.784 ; a(z) = —0.03169 ;

alyy = 2.889 ; a(Q) = —0.70616 .

Point Particle: [Gralla, Hughes, Warburton, 2016]

Spin-spin couplings and spim-—&mdu.aed quach‘u.poi.e coupling: [Chewn, Ccmpére,
Liu, Long, Zhang, 2019]




Observabiiiﬁv bv LISA

We need an intermediate mass black hole coalescing
into a high spin supermassive BH within (1 Gpc)™3

Lol 15
I8 el 6 ——
H <1O7M@) <1OOM@> (SNR)

[Gralla, Hughes, Warburton, 2016]
[Compere, Fransen, Hertog, Long, 201%]

[Burke, Grair, Simon, Edwards, 2020]




Motivation: A small black hole orbiting a supermassive
black hole follows a sequence of geodesics.

Near-horizon Kerr
Creodesices




Feature: Critical proper angular momentum

E 9
¢ — 80O,

Qext \/g

= =

5 3 5

e, 5 g

>, . 2

- - -

o o 0

S 5 5
Suberibical orbiks Critical orbiks Supercritical orbiks

Vi, v— 1 le

[Compére, Fransen, Hertoq, Long, 201% ]



Geodesics can be classified (radiaitv)

(d) Outward,(E),

(a) Spherical,(ISSO)  (b) Plunging.(E) Outward(E, ¢)

[Porfyriadis,
Strominger, 2014]
[Hadar, Porfyriadis,
Sktrominger, 2014-]
[Kc\pec, Lupsasca,

2019]

(f) Bounded (E, ¢), : . fComPére Druart
: Marginal(¢ h) Plunging(E, ¢ 2 2
Deflecting(E, ¢) (g) Marginal(¢) () Plunging(E, () cosei

(e) Bounded(E, ¢)




) map of orbits

(a) Circular, (ISCO) . e’ (a) Plunging,(e =0)

[Hadar, ‘Porafjri.aciis, Strominger, 2015]




SL(2,C) X U(1) map of orbits

SL2,C) x U(1)
Eransformation

(a) Circular, (ISCO) (d) Plunging, (e > k£*)

[Compere, Fransen, Hertog, Long, R01% ]




SL(2,R) X PT wnap of orbits

SL(2,R) x PT
Eransformation

Circular(?)

(d) Marginal(¢)




Geodesics are related by symmetry to
(only!) 3 classes of spherical geodesics

Supercritical ¢2 > /2 Near-NHEK

e \\
I —

!
\ !

[Outward(E,E)] [Bounde\(#iE, —E)) [Outwafd(e,f)] (Bound(\eflg(e, _g)] Subcritical 82 < EE

—

N N
N . N .
E = = N o

N \t N N\

N N 7= PSS . N

P [
Vo= !

[Bounded< (e, f)}'\’ :_’;\\;

Plunging(E, ¢) ] (5.12) —— N o(5.11) e (5.14) [ Plunging(e, £) -
Deflecting(E, £) J ey 0 e () l Deflecting(e, £) complex

= | [ ) (5.14)
’ Sphericalc(?) '\'\::‘;
NHEK Near-NHEK (5.11)

(Outward, (E)) L) (Marginalc(0)) =
1 - : (:> SN -

7’
1 — A 1 —
C |I<—' | —

complex

- 5.5 R 5.6 ' 5.9 '
[Plunging*(E) ) (56) Plunging, (59) Plunging,(e) (5.12) .
R Ao \\/’_,.,‘,- N (Bounded<(E,£)}\i—_i/;

{Boun(};e(il; (E)} [Bound’elc-i\* ( —e)J (Boungiefi; (e)}

7 ’ 7
\ Al Ay
AR " [N

N Critical (% = (2 N s

[Compere, Druart, Ro20]



Feature #3: ALl incoming equatorial orbits
belong ko either of 2 conformal classes of orbiks

"f Supercritical Conformal class

i |

Cri&co&. Cd&\ormi d#ss "

Conkains circular NHEK orbik Contains circular near-NHEK orbik

[Compere, Fransen, Hertog, Long, 201%]




SL(2,R) x U(1) X (Z))’ symmetry leads to the
“conformal method” to obtain analytic
waveforms for plunges

o 1. Solve GW emission for circular orbits b'j brute
force (Teul‘wi.swv method)

o 2. Apply symmetry transformations to obkain the GW
waveforms for all geodesic plunges

@ 3. Analytically resolve the conformal map of
Dirichlet-Neumann boundary conditions
(hypergeometric functions)

o 4. Analytically solve at late times in the QNM
approximation (overtone sum over hypergeometric
functions : resulks in polynomials and exgwmemﬁais)




Feature #4: Bifurcation of Quasi-Normal
Modes into: Zero damped (Near) and
"Dam[ped modes (Far)

Zero damped QNM overtones have same real
part of frequem:v and an equally spo&ed
imaginary part




Quasinormal modes (QNM)
of a Kerr black hole
for 1=2 through 12

and first 8 overtones




This leads ko ?otvnammt
Quasi-normal Mode Ringing !

o Zero damped @NM overtones have same real part of
ffr@.qu.ewcv and an equally spaced imaginary part

o This might lead to a transient Polynomial Ringing
due to coherent stacking of overtones

@)

1 1 Il
— Nt
szjoe e a5, O

[Yang, Zimmerman™2, Zenginoglu, Zhang, Berti, Chen, 2013]




Smoking Grun #3:
‘Pc;:-i.tjnommt Ringdowin

o GW Amplitude of
plunges follows a late
time power Law
continuously bebween
1/7/i and 1/i before

exponen&iai c\ecav

o The power amaij&cauj
dﬁ.?eﬂds L&,F}OV\ H’\E‘. — Marginal()

Marginal(?) (late)
Plunging(e, ¢) (QNM)

impact parameters Pl O

o Time spem& LA
Potjmammt ringdown :
i)~ AR

[Compere, Fransen, Hertog, Long, R01% ]




Smoking Gun #4
Emission of higher mulkipoles

Edge-0n

m=17¢ =2 dominank AlL m,Z up to 20 conbribute

-> Enhanced sky localization of the source

[Gralla, Hughes, Warburton, 2016] [Compire, Fransen, Hertog, Long, R01% ]




Exampte: Face~on F?Lumae

\/X

=A
FO( ) D (sinh £%)1/2(cosh & + y sinh 24)1/2

10—1 L

|64 (F—>0))|

10—6 L

10—11 L

1078 o 10~ - - 10*

Plunging, (e=0) Plunging(e,l), y=10*
Plunging(e,l), y=—1+107* Plunging, (e)
- Plunging(e,l), x=0

[Compere, Fransen, Hertog, Long, Ro1% ]



Feabure #5: Critical behaviour

o Critical behaviour is a typical feoture at near-extremality

o Divergence is capped by the match with the flat region:
This is the physics of a capped AdS2.
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Transibion from
Inspiral to Plunge

ISCO transition H

[Ori, Thorne, 2000
[Buokhannoe, Damour, 2000 ]
[Kesden, 2011]




Transition from Inspiral to Plunge:

Skandard Spin \/1 L 1\614_22 < %

[Ori, Thorhe, 2000

[Kesden, 2011]

This is the Painlevé transcendent equation of the first kind.

The solution is not valid for Marginally/Extremely High ‘Spinsf




Transition from Inspiral to Plunge:

High SF'EM

The Eransikion cijmami,r:s is now dicktaked bj the equation
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This is the KAV equation with self-similar variables

%
The case 1/1-—— <+ is ruled out : the cross-section of angular

momentum of the primary prevents it.

[Compere, Fransen, Jonas, 190912845 ]




Feature #6&: Nav\wd@.acauptims bebween
NHEK and the exterior region

NHEK

Exbterior

"AdS2 with finite cap”

[Amsel, Marolf, Horowitz, Roberts, 2009]




Neat example: scalar self-force

o Complex scalar in Kerr sourced bfj a
paim& charge on a worldline

o The sebf%ar&e acting on the particle
is F (1) = —(6 ¥) | () T €€

o We compute the self-force on a
circular orbit i the NHEK geomelry
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The travelling wave ¢ =m =2 is dominant,

|
The self—force scales as F, ~ cos(2y/=1p; logRy) where hy, = 5(1 + /1) is

the conformal weight corresponding to the £ =m =2 mode.

Conformal thvariance is broken ko discrete
logarithmic periodicity

[Compere, Fransen, Herzog, Liuw, 2019




This effect is ohly seen in
the extremely high spin Limit
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[van de Meent, 2018 ]




Conclusion

(Near-Yextremal black holes

1) Make us bhink cieepi.j about quantun gr&viﬁj
(effective field theory, singularities,
quantum corrections, classical features, ...)

2) Have mysterious features (Kerr/CFT entropy
match, zero entropy?, )

3) Lead to specific predictions for observation.
Caveal: very high spin is necessary, which is
astrophysically very marginal:




