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Abstract: Holography is usually applied to black holes that are supersymmetric, charged, or living in higher dimensions. The astrophysical Kerr
black holes that have been observed in the sky have none of these nice properties, and AAS/CFT does not apply. Nevertheless, by studying the
symmetries of the near horizon region, | will show that extreme Kerr black holes are holographically dual to a two-dimensional conformal field
theory. The U(1) isometry of the near horizon region extends asymptotically to a Virasoro algebra. We compute the central charge semiclassicaly,
and find in particular that the observed black hole GRS 1915+105 is approximately dual to a CFT with central charge 10"79. The microstate
counting of the dual CFT correctly reproduces the Bekenstein-Hawking entropy. | will also discuss generalizations to a wide variety of extreme
black holesin assorted theories, the possibility of moving away from the external limit, and potential applications of the correspondence.
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! . . Asympiotic Sy_rnmetn’ es
= |otivation —

Question

AdS/CFT has led to many insights about
black holes, but does not apply to the
black holes observed in the Universe.

Can we apply holography to these black
holes?
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> Qverview
Asymptotic Symmetiries

™. onch line —

+ Main Result

Near the horizon of an extremal Kerr black hole. (any) consistent theory
of quantum gravity is dual to a 2D conformal field theory.

Central charge: c=12J

« Derivation: states transform under a Virasoro algebra (ie In
representations of the 2d conformal group)

« Applies to astrophysical black holes (and more)

« Things we don't need
« Charge
» Anti de Sitter space (AdS)
» Exira dimensions
« Supersymmetry
» String theory
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™. Punch line ————

Main Result

Near the horizon of an extremal Kerr black hole. (any) consistent theory
of quantum gravity is dual to a 2D conformal field theory.

B
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« Things we don't need
» Charge
» Anti de Sitter space (AdS)
» Exira dimensions
* Supersymmetry
» String theory
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> Overview
Asymptotic Symmeiries

™. onch line raoonarcs

Main Result

Near the horizon of an extremal Kerr black hole. (any) consistent theory
of quantum gravity is dual to a 2D conformal field theory.
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Central charge: c=12J

« Derivation: states transform under a Virasoro algebra (ie i[gj
representations of the 2d conformal group)

« Applies to astrophysical black holes (and more)

« Things we don't need
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» Exira dimensions
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> Qverview
Asymptotic Symmeiries

Qutline e

« Qverview ./

« Asymptotic Symmetries

« Entropy

« Generalizations and applications

« Charge

» Anti de Sitter space (AdS)
« Extra dimensions

« Supersymmetry

» Sfring theory




Cverview

> Asympiotic Symmeiries
% AdS,/CFT T
———_ 3 2 Applications & More

- EXxplains every entropy calculation in string theory, eg entropy of
2d black holes Strominger, vafa ‘95

« But, complexities of string theory are not needed
Strominger ‘97

« Brown & Henneaux ('86) showed quantum gravity on AdS; is
dual to a CFT with central charge

c— 3¢ f— A5 rackins
j 2(; (G = Newton constant

Method: Asymptotic Symmetry Group (ASG)
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= (NHEK)

Near horizon Iimait:

\ ¥
Y
AdS5

ds? = 2.J0> (—-r*3(1t3 _ dr?

£ ) - -
()-. A~ = functions of #

O~ o+ 27

Isometries:

U(1)r rotating ¢

Cwverview

Near horizon extreme Kerr asmstose symmetres

Thermodynamics
Applications & More

462 + A (do + rdt)? )

Bardeen, Horowitz ‘99

wmid (2, R)r acting on the AdS>



Overview
> Asympiotic Symmeiries

- Asymptotic Symmetries | st

# Near horizon metric

)
e \

C d6- + A>(do + rdt)- )

) J

ds — 2 J6)

( —r3dt” +

* Asyvmptotic Symmetry Group |[example: U(1) gauge theory]

Allowed symmetries

ASG =

Symmetries vanishing at infinity

* Computing the ASG
» Impose boundary conditions
» EFind allowed symmetries
» Compute the charges
» Check everyvthing is well defined (finite charges)
Compute Dirac brackets
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COverview
> Asymptotic Symmeiries
Thermodynamics

Asymptotic Symmetries || s

. - av o B
* Impose boundary conditions, g:; ~- O(r-), etc.

* Find allowed diffeos:
. = €lo)d, —re(o)0.

4 p— ii::}?

* Generators (, with €, = ¢*"? satisty a Virasoro algebra.

é;*:_(;:rnﬁi:,_n_‘L_B_ — {(m —n :}(:,hm—krr

* Associated charges Q, (g, )
Determined by action

5Q(C, g) — / £lc, 9, 64
J Y,
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> Asympiotic Symmeiries

Asymptotic Symmetries | iyl

% Near horizon metric

1 d6? + A2(do + rdi)> )

o 4

* Asvmptotic Symmetry Group |[example: U(1) gauge theory]

Allowed symmetries

ASG =

Symmetries vanishing at infinity

# Computing the ASG
» Impose boundary conditions
» Find allowed symmetries
» Compute the charges
» Check everything is well defined (finite charges)
Compute Dirac brackets
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Overview
> Asymptotic Symmeiries
Thermodynamics

‘ Asymptotic Symmetries ||  SEese.

< s ’-'1 / _-_"Il \
* Impose boundary conditions, g:; ~- O(r-), etc.

* Find allowed diffeos:
- = €o0)od, —T1e(0)0,

= — fflf

* Generators (, with €, = ¢"? satisty a Virasoro algebra.,

3‘*:};}:-1.(;.11 ol — (m —n :]'L;m—{—rr

* Associated charges Q, (g, )
Determined by action

-

5Q(<¢, g) :/ k|¢. g.04]
JIX
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Cwverview

% Central charge i

Applications & More

* Compute Dirac brackets
”:._Qn-r ﬂ?n_:'D-B. — ‘-.in(;}m

% Result is the Virasoro algebra,

= - 4 . e 3 4
Ed:__(_—?l?l‘ (—_?”_.'D_B_ — {?}? = ?E,}C‘??TI:—?I —i_ F{?}I_ = ?}IJG?TI‘F?E

= quantum gravity on NHEK is holographically
dual to a 2d CFT with

c= 12 J

=@ RS 19154105 — ¢ ~ 107




Cwverview

% Central charge e

Applications & More

#* Compute Dirac brackets
‘:__Qm . (a:)n_:'D-B- —= ‘jrzc? m

# Result is the Virasoro algebra,

-

i{Qm-.-Qntp.B. = (M — n)Quin + F{.m‘ — 1 Wt

L

= quantum gravity on NHEKRK is holographically
dual to a 2d CFT with

c= 12 J

=@ RS 19154105 — ¢ ~ 107
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> Asympiotic Symmeiries

Asymptotic Symmetries ||  iors e

. - Ay o B
* Impose boundary conditions, g:; ~- O(r-), etc.

Find allowed diffeos:

4.

-

& = Qqa) Jd., —relo) {'—)T

Ll

G = O

ino

% Generators (,, with €, = € satisty a Virasoro algebra.

E‘q:_g??‘l » {';H Sl — (Mm —n :}"L:.h:rﬂ -

* Associated charges Q, (g, )
Determined by action

5Q(¢.9) = | K.g.09
4 Y]
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> Asympiotic Symmeiries

- Asymptotic Symmetries | et

% Near horizon metric

dr-

ds? = 2] ( —r2dt® + —- + d6® + A*(do + rdt)? |

)
* Asvmptotic Symmetry Group |[example: U(1) gauge theory]

Allowed syvmmetries

ASG =

Symmetries vanishing at infinity

# Computing the ASG
» Impose boundary conditions
» Find allowed symmetries
» Compute the charges
» Check everything is well defined (finite charges)
Compute Dirac brackets
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Cwverview

S Central charge g ==

Applications & More

#* Compute Dirac brackets
[ ] P
'|__Qm , Q’)n_FD-B. == ‘-‘rzﬁgm
% Result i1s the Virasoro algebra,

(_7- r G 1 -
;J f_j' o {f) fD.B. = — A — N }(_) m-n == F{,”I — M )Omin

= quantum gravity on NHEK is holographically
dual to a 2d CFT with

12 J

=@ RS 19154105 — ¢ ~ 107




Cwverview

3 = > Asympiotic Symmeiries
® Outline T
= - Applications & More

« Qverview 1/
« Asymptotic Symmetries /
» Entropy

— Cardy formula

2
S — "“T (:‘-"T

Pirsa: 09010038



Overview
Asymptotic Symmeiries

- Temperature e

* At extremality, first law becomes
0=T75dS =dM —QgdJ — PdQ

#* So define conjugate potentials for extremal variations

dJ  dQ

a9 — |
Iy 1.

% For Kerr.
) 1
S=—27nt 5175 — —
iy

* Quantum state on extreme Kerr has density matrix

e —J Iy
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COwverview

3 Asympiotic Symmeiries
\ E n 't ro > Thermodynamics
Se——— Applications & More

Plug central charge and temperature

er — 124
1
g = =
A
mto the Cardy formula
e
. T
Scrr = —ecrlr
5

SCFT =~ & A = Sfma.c'ro
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Overview
Asymptotic Symmeiries

i Assumptions " Romtcaion S hre

« For Kerr/CFT ("quantum gravity on NHEK is a CFT"),
only assumption is:

« A consistent UV completion of quantum gravity on NHEK exists

« For entropy, using the Cardy formula assumes:

» Modular invariance
« Sufficient but not necessary condition:

T>c (ie. 5= > 107)

Uh-oh.

Same thing happens in string theory, but is explained by highly
twisted sectors. Does something similar happen here?

Maybe — the mass gap is very small ~ 1/M=. This suggests an
effective description with small c, large T. More on this later.
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Cwerview

E Asympiotic Symmeiries
Y E n 't ro > Thermodynamics
. Applications & More

Plug central charge and temperature

f_"£ — J__}I
1
1y =

mto the Cardy formula

SCFT N - A = Sma.c'r‘o
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Overview
Asymptolic Symmeires

- Assumptions  homtcatons & More

» For Kerr/CFT ("quantum gravity on NHEK is a CFT"),
only assumption is:

« A consistent UV completion of quantum gravity on NHEK exists

« For entropy, using the Cardy formula assumes:

« Modular invariance
« Sufficient but not necessary condition:

T>c (i, &= > 10™)

Uh-oh.

Same thing happens in string theory, but is explained by highly
twisted sectors. Does something similar happen here?

Maybe — the mass gap is very small ~ 1/M=. This suggests an
effective description with small c, large T. More on this later.
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Qutline .

. Overview/
« Asymptotic Symmetries /

» Entropy ./
« Generalizations and applications

What can we compute?



Cwerview
Asympiotic Symmetries

- Other black holes o ———
o Ad Keqp o™ s smmnom

* Higher dimensions s

« Asymptotic AdS ==

o Charge m e wme sromme

« String theory (DO-D6, D1-D5, NSS)

and Supergravity = 5
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Overview
Asymptotic Symmeiries

™ Greybody Factors ..

* Extreme Kerr has T = 0, but 1t decays via superradiance mto modes

‘I‘ o EE?HD—L...‘T‘S-{, {19 }R{ . }

with
) = = mUOr

For small w.
DE'CELT rate — ]-_'[\ {_J j _— {_J —m Q_H }___|_]_
% This is a two-point function in the CFT similar to:
Maldacena, Strominger ‘97

B / drtdr— e “BTWE® £ OO >

* Large w? Gravity: Teukolsky & Press. ‘74; CFT: work in progress!
w/W. Song and A. Strominger
L sinh” 274
Pirsa: 09010038 cosh® T(m—3d)+cos h= = (m +ad)+2co=s2xo cosh m(m+3d) cosh wm(m — ) Pagesua

0 = function of m. €. Al




Cverview
Asymptotic Symmetries

- Other black holes .

e 4d Keyp =™ s somnge

« Higher dimensions wwere

« Asymptotic AdS ==

o Charge ™ e wmers srommm

» String theory (DO-D6, D1-D5, NS5)
and Supergravity e T

N 1_.,.r ma
oo, M F V q =z-Poritz
Chen. w ng
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Overview
Asymptotic Symmeires

Greybody Factors  aEww.

#* Extreme Kerr has 77 = 0, but 1t decays via superradiance mto modes

S E?IICJ—EW‘I‘.S‘{,{H ]'R{ 7 }

with
0 < w < mQOg

For small w.

v : y S
Decay rate =1 ¢p(w) ~~ (w — r?IQH_}’“+1

% This is a two-point function in the CFT similar to:
Maldacena, Strominger ‘97

b= / detder— e *WBTWES £ OO >

* Large w?” Gravity: Teukolsky & Press. ‘74; CFT: work in progress!
w/W. Song and A. Strominger
L sinh” 274
Pirsa: 09010038 cosh< T(m—930)+cos h= =(m +d)+2co=s2xo cosh m(m+4) cosh w(m — ) Pagesamn

0 = function of m. €. Al
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™ \\/hat about SL(2,R)?

Overview
Asymptotic Symmeiries
Thermodynamics

> Applications & More

AdSq (Brown-Henneaux)

Exact: SL(2,R)r X SL(2, R)gr

Asymptotic: ~ V1rasoro x VIrasoro
Kerr

Exact: U(l)r X SE(2, R)p

Asymptotic: Virasoro x
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Overview
Asymptotic Symmeines

Thermodynamics
> Applications & More

- Greybody Factors

Extreme kerr has 17 = 0, but it decays via superradiance mto modes

‘Se(8)YR(r)

Amo—iwt

(I} L

with
0 <w<mQg
For small w.
’ - ’ « ¥R
Decay rate =1L ¢p(w) ~~ (w — ???QH}'“Tl
similar to:
Maldacena, Strominger ‘97

-

—ilwplt—iwro
e =2 L .

This 1s a two-point function m the CFT

CFT: work in progress!

b 4
L~ / dr dx—
w/ W. Song and A. Strominger

Gravity: Teukolsky & Press, '74;
7o cosh m(m+9) cosh w(m — O) Pagessia

I

* Large w:
12 COS

> = . =
cosh“ s({m—9o0)+cosh® s(m+o

| | i
Pirsa: 09010038
0 = function of m. €. Af
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™ \\hat about SL(2,R)?

Overview
Asymptolic Symmeiries
Thermodynamics

> Applications & More

Ad Sq (Brown-Henneaux)

Exact E‘L{J.R}L A SL{_}. R)R

l l

Asymptoticc ~ VIrasoro x VIrasoro

Kerr

Exact: U(l)r X SE(2, B)r

Asymptotic: Virasoro x
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Greybody Factors  aEww-

* Extreme Kerr has 77 = 0. but it decays via superradiance mto modes

‘(I’ i imo— 2]...‘1'“5*{1 “L) ]'R { - }

with
0 w=mQOx

For small v,
f j / e 7
Decay rate = I'p(w) ~ (w — ??IQH_}“+1
* This is a two-point function in the CFT similar to:
Maldacena, Strominger ‘97

I~ / detdey e THRs NS o B0

* Large w?” Gravity: Teukolsky & Press. ‘74; CFT: work in progress!
w/W. Song and A. Strominger
= sinh” 274
Pirsa: 09010038 cosh® 7(m—38)+cosh® 7(m+38)+2cos 270 cosh m7(m—+3J) cosh 7(m— ) ragesna

0 = function of m. €. Al
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Overview
Asymptolic Symmeiries
Thermodynamics

> Applications & More

Ad Sq (Brown-Henneaux)

Exact .E*L'[l. R}L 2 SL{_). R)R

i l

Asymptotic: ~ V1rasoro x VIrasoro

Kerr

Exact: Uil X SI{2. B)n

Asymptotic: Virasoro x
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_ _ Cverview
What about SL(2.R)? Asymptotic Symmeiries
Thermodynamics

Near—eXtremaI entro py > Applications & More

# The zero mode of SL(2.R )5 is

o = I
# Writing this In terms of the original Kerr coordinates suggests

Qo ~ M>— J=Ey

* If we assume
Cg — €. — ]__}_)T

then the Cardy formula gives the correct near extremal entropy,

#* Summary: We have only found the chiral left half of the CFT in Kerr/CFEFT.
but we suspect that there are also right-movers which account for the en-
Pisa ISPV away from extremality Page 39/41



Overview
Asymptotic Symmeiries

‘ (L d I 't 7 Thermodynamics
N = u a I y > Applications & More

* 5D 3-charge black hole

S = 2w/ ninans
* String theory U-duality changes ¢, 1 with S o« ¢l fixed

#* 5d Kerr (or 4d Kerr-Newman) has near horizon i1sometries
Lu. Mei, Pope

"""L {2. R _}R . r—{ l :}G : r*{ 1 } 0 TH. Murata. Nishioka. Stromingsr

* Two consistent choices of boundary conditions:
» First choice: U(1)y — Virasoro with central charge

Céd ™ —qu,
» Second choice: U'(1)y — Virasoro with central charge
vlr__._.zlll'- - —_}—w

Pirsa: 090_10038 Page 40/41
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« FEither choice gives the correct entropy!



Overview
Asymptolic Symmeiries

- Conclusion —_—

« Summary: Gravity on extreme Kerris a CFT.

— Nothing exotic is necessary (but exotic black holes work too)
— Applies to astrophysical black holes, eg GRS 1915+105

 Open questions
— Beyond extremality

— What can we calculate with the CFT7?
« greybody factors?
« astrophysics (accretion, X-ray emission, etc.)?

- Really open questions

— What is the CFT?
— What/where are the microstates?
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