How Information comes out of a black hole

(Work done with
Chovdhuy, Giustd,.uninSaenaSivastava)

BendaNarner+collabators ...
Slendeis, Taylor+collabators ...
BalasulamanianGimonl._e/i + collabators ...

Many other conliutos




The Havking CieoremO:
If we are given that

(a)All quantum graity efects ae conbned
to within a bounded distance &kplanck length or string length

and
(b) The vacuum is unigue

Then theeWILL be inbrmation loss

& Olo

Large distance
(muah biggr than plariclength)




(a) Review fuzzball esults:
() Emergence of a melengthscale (motivation)
(i) The 2-charge exrmal system
(i) The 3-charge system

(b) Radiation fom microstates

(i) A particular famy of nonextiemal micostates (nongeneric!]

Ejjala+Maden+Ross+Titchener 05

(if) Instabilityemission of eneng i
Cardosq Dias,brdan,HovdebqgMyers,006

(iii) Instability = "Havking emission(ifn these micostates
Chowdhury+SDM 07

(iv) Conjectue for more generic miaostates
Chowdhury+SDM 08

N

(c) General comments on migstates




The paradigm for extremal holes

A supersymmetric brane state in string thgomV ass = harge
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The 3- charge Hack hole Mg1# My $ TS St

T4
st + e
N1 OHdttive stringO with total winding
number 1175
3 S I _
T

(StromingerVafa 96,Callan-Maldacena 9@ylaldacena-Susskind 96)




A motivational argument

Put a D1-D5-P extemal state in a bo

Mo1# M4 $ T*$ St

How small should thexbloe badre the
stateCfelsthe valls of the b

Mg’l " M3’1 1 AT4 1 Sl 1 g]_ |

The extra energ can @ to creating pairs
of the fourth chargeKK monopole pairs
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Creating excitations onst beprobablenot just possible..

< D >

How small should D be sothat S! 1 ?

(i.,ethee is 2.7 times m®phase space If we use theaesttiergy to eate the
pairs as compead to the situation whexe do not)
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S=2 nnsnp(1—f)+ 21
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Extremize wer f,set

| S= S%2!

ninsny = 1

N1NsNpf (/N + +/18)

V! :volume of T#
R :radius of S?

g :string coupling

Rs :Schwarzschild radius of 3-charge

extremal black hole
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Why does this wrk?

When we bind together chargegi, n2, 3  then
the excitations of the chargens  comes in fractional unltsnin,ns

Creates lav tensionOeéictiveO objectashich can stetch far ...

(Das+SDM 96 Maldacena+Susskind 9%8DM 97,Chowdhury+Giusto+SDM 06)




Enery g (with no net charge)

N1
D1 branes

4# 4
| E= — | = —
L : nlL
—_
Ns OHdttive string® with
D5 branes total winding mmber

nins

(Das+SDM 96,
Maldacena
+Susskind 96)

| E — 41
n{NsL




We should study the iMdmle states in neodetail to see
what they look &k...

Statt with simplest system:2-charge extemal hole ....

Sen 94

Susskind 93 NS1-P (extemal)

D1-D5

D1-D5
(extremal)

?7?




2-charge extemal hole

Sole Einsteirsquationsyith
higher derivatig ( R? ) comections,
Assuming spheally symmatransatz

Belenstein-Wald entiopy
(D0O-D4 on K3)

Smicro — 2' 2 n1ﬂ5 T4

Smicro = 4! Ning K3

= Smicro

(Cardoso+DeWit+Mohaupt 98,00,Dabholkar 04)




Consider black hole with D1-D5 chargestremal +rotation ...

~

N

Maximal
angular momentum

(Cwvetic-Youm 95,

Balasubramanian-deBeer
Keski\akkuri-Ross 00,

Maldacena-Maoz 00)

—

No angular
momentum ?7?

NO !

D1-D5 metric is
still "caped offO




A4

D1-D5 «—> NSI1-F

T4
S! +
Ny Ns
D1 branes D5 branes
Y )
$44 “ “ “
n, = Ny n! = ng
P NS1

OHdttive stringO with
total winding mmber
n1nNsg

\
Str|ing carying

NyN1 units
of lightest excitation

Kmyg = nins

|
> kmy =nyn;

(Sen 94 \Vafa 95)
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Maximal otation state :
of NS1- P one turn Metric for NS1-P
of a unibrm helix

— -

NS1-P state with
NO net Metric for NS1-P
rotation

-\

] Repioduce maximal
is “‘cpped of0 rotating D1-D5 metric

'

D1-D5 metric is
still "cgped offo
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Making the geometry

We know the metric of one straight strand
of string

We know the metric of a string N
carying a wege -- O&chaspati tranefmO

We get the metric or mary
strands ly superposing harmonic
functions fom each strand

(DabholkayGauntlett,Hawey,Waldram
098 allan,Maldacena&t O95)

In our present casgve hae a large
number of strandsso we Osmeaner
them to male a
continuousOstrip@unin+SDM O01)




NS1-P
state
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D1-D5
CFT state

D1-D5
gravity
dual




ds®

[l (dt! Ajdx)?+ (dy+ B;dx')?]

1+ K
1+ K '
O dxidxi + H(1+ K)dz,dz,

.. Q L dv
=1+ = — dB = ! $,dA

Lt o X! F(V)|?

! ,
(= QT dv(f(v)? (Lunin+SDM 601,

Lt o X! F(V)]? |
| ) Lunin+Maldacena+Maoz 02
_, QT dvA(v)

Ai = Lr o X! FO)P Taylor 05,Skenderis+gylor 06)
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(a) Size depends on mean harmonic number
Kmg = ning

(b) Fluctuations depend on occupation number

for eath harmonic

Put energy in e
harmonicsaree Coherent
occupation number | states

Energyin Generic

many harmonics, yantum

occupation number g

order unity in each state
‘Fuzzball’
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Enery gas exacty agee between the CFT and the gvay solution...
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The horizon of 2-charge holes needed higher derieatiomrections

Consider D1-D5-Pwhich does not need such
corrections at leading aler

|k#0tal _ (J' total )n1n5(J! total )n1n5 o (‘JI! étotal)n1n5 |1#otal

1 (2k! 2) | (2k! 4)
\ /
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Field theol representation AdSz # S°# T*
of brane state

Geometry created
by this state
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3-charge holeThroat diameter stabilizes asewo down the throat,
so all ve have to check is whether w have cgs or horizon ...
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2-charges4+1 dimensionsoncompact excitatiorisunin+SDM 001

2-charges4+1d,torus excitationkunin+Maldacena+Maoz O8Rnderis

+Taylor 07
2-charges4+1d,fermionic excitatiofiaylor O05
3-charges4+1 d,one tiarg Otest quantuna@efunction; )
SDM+Sagna+Srivastaa O03

3-charge 4+1 d,U(1) X U(1) axial symmgtGiusto+SDM+Saena 004,
Lunin O04

3-charge 4+1 d, U(1) axial symmetr Bena+Kraus 005,
Berglund+Gimon+La O05

3 charges3+1 d,U(1) axial symmsgtrBena+Kraus O05

4-charges3+1 d,U(1)XU(1) symmstr Saxena+Giusto+Btvin+Reet O05

4 charges3+1 d,U(1) symmejr Balasubramanian+Gimon-i€06




Non-extremal geometries} charges4+1 d,U(1)XU(1) axial symmgtr
Ejjala+Maden+Ross+Titchener 0%

Non-extremal geometriegl charges3+1 d,U(1)XU(1) axial symmgtr
Giusto+Ross+Sana 07

2-charge#+1 d,K3 compactibcatioBlenderis+8&ylor 07

2-chargesl-point functionStenderis+&ylor 06

General structue of extremal solutionshyperkahler base + 2-d bber
(Gauntlett+Gutavski+Hull+Pakis+Reall 0Z;utowski+Matelli+Reall 03)

Decomposing knan microstate solutions into base + bPher
hyperkahler —> psedoyperkahler
(Gilusto+SDM 04)




Bound states of branes is on Higgs braapbole chargesdrm,
are held gpar by Buwes ...
(Bena+Warner 05)

g! O

g nonzero

If we reduce to 3+1 dimensionget metrics ér
Obranes at angldaénef O02) Balasubramanian
+Gimon+Levi 05

Recent vork of Bena+Bobe+Ruef+Warner 08 ..supetubes in the “thoatO
might gie correct order for number of states ...




Non-extremal hole (BjallaMadien Ross
Titchener O05)

Geometry has a classical
E—— Oemgyegion instabilityO
(Cardosq Dias,brdan,Hovdebq

‘u Myers,006)

% N\~ | One (non-typical) miarstate

of a non-extemal hole

N
The same pocess that ges Havking radiation fom the black hole
now giwes us the exact éguency of the instabilitfChowdhury +
SDM (2007)




States of the D1-D5 CFT
Mg1# Ms1$ T*$ S*

st M1 = SO(4) ~ SU(2) x SU(2)

) . 11
T4 EaciOcomponent stringO has s(pin E)

X1 X2 X3 x4 (0,0)
$*.$ 8¢ (%,0)

X4 (0, 0)
& 0y




A patrticular state

All component string®singoundO

All base spins aligned

Left and right excitations arall Ermions
Fermions ae pacled up to Pll thedrmi sea

The spins of the state arthe highestdr
the gien energ:state has maximal angular momentum

& |
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ds> = # Jf—(dtz# dy?) + J.L(spdy# codt)?
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Plan

(A) Go to the gravity solutionsee that it is unstabl@and compute the
nature of enery emission fom this graity solution

(B) How do we know that this has aything to do with Havking radiation?
(C) See hav CFT states emit radiation.

(D) Radiation fom diferent CFT states will be ddfent.But it is knavn that
the radiation fom the generic CFT state aggs in its statistical pperties

with Hawking radiation fom the coresponding black hole

(E) Use the same CFT emission computation to Pnd the emissiamdur
particular CFT micostate The radiation agres exactl with the instability
emission fom the graity solution.




RadiationThe graity calculation Y
Mg1# Ms1 $ T $ S?
Graviton with indices on the torus is a scalar in 6-d

hy & ! \_/

1 =0 Geometry has a classical
Oemgyegion instabilityO

(Cardosa Dias,brdan,Hovdebqg
Myers,006)

' 0
Ms1" £,1,&9%,% Enery is radiated fom the

st .y y: (0,27R) geometly though this scalar

# —exp(" it + i#% Lim$ +im-9%&( h(r)




Sole the ware equation ly OmatchingO solutions in inner and oetgbns

Ergoregion instabilitypart of the wasefunction gies a radiated wa at
InPnityand a patrcollects in the ergregion(Chowdhury+SDM 08))

The real pat of the frequency ges the energ of the radiated quanta

1
%" U = ﬁ(! [T mgm+ mgn! |! &! mgyn+ mgm|! 2(N + 1))

The imaginar pat of the frequency ges the exponential giwvth rate of the
perturbation
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CFT pictue:Emission of enesgfrom branes

Xl
o W
X 2 hio
V

Left and right meing vibrations
collide and emit their energ as
gravitons with

angular harmonic I1=0

Interaction ertex is knowvn

C 9]

|+1 strings twist together
excitations earrangeand the
excess energis emitted as
gravitons with angular harmonic |.

Interaction \ertex is knovn upto an
overall constant




—

Hawking radiatior

Special state

AVing
hy

Find exact aggement with
|I=0 Hawking radiation fom
corresponding black hole

il
~

Generic stateTheOcomponent stringsear

highl/ twisted,and the excitations ha a
planckian distribution of energies

A

Compute |I=0 emission usingmex V

(Callan-Maldacena 9BharMandal-VWadia 96Das-Mathur
96,Maldacena-Stminger 96)




The plan of the computatian

W
h1o

h12

Startt with the gravity computation Compute Havking emission om the
of arbitrary | Hawvking radiation generic CFT statausing the ertex C,¥9]l]

1

W
h12

Thus determine the normalizatiort,
—==—= needed to completgl Px the emission

Use the ertex C¥l] vertex for angular momentum |

to compute emission ém
the special miastate




Results /\

Emitted spectrum fsm CFT state agges
with the spectrum of instability édguencies

1 ,
! R — ﬁ[ll I " 2" m| m+ m- n] — l grawty
m=n_+nr+1, n=n_" ngr """ mn+mm|=0 N=0

Emission rate m the CFT agees with
the rate bund in graity

'I — | gravity
H _.I




Some natural questions:

(A) Why does the emission gw exponential for the special
microstate ?

(B)Why is there no such exponential gwth for generic
microstates?

(C) Does the natue of emission fsm the special miastate suggest
how emission wuld occur fom generic miapstates?




Why does the emissiondm the special miastate gow exponentialy ?

S e

We start with a large mmber of
component stringsall in the same
State N = nin;

This malks the stating geomety classica

Due to Bose statisticgfter N twisted
strings hge been ceatedthe amplitude
for c[eating theI next one is piportional

to NII n n+1

$ N n+1

The rate of emission Is then

dn
w =+




Why is there no exponential gywth for generic states 7

The rumber ofOinitialO component strings
of a gien type Is oder unity

The rumber ofObnal® component strings

of a gien type Is also afer unity

Thus tﬁ]e terms iq the exm@ssion

W N" n n+ 1

are order unity We get a veak emission

(spontaneougjot stimulated).

There is no exponential @gwth because
the number of initial component strings
of the gien type geDused upéry quicky.




The coresponding phenomenon in grey:conjectue

—

Large mmber of identical
component strings ges a
classical geomejr

After N twisted component \ /

strings hae been ceated in
the CFT pictue,there are N

guanta esiding in the emyegion
/

When N pecomes comparable t the CFT emission rate
N"n n+ 1 Starssloving dovn and eentualy stops

In the graity picture,whenn becomes comparable ¢ the quanta
collected in the ergregion hae a backeaction of oder unity The
geometry debrms,the ergpregion ceases to exisind emission sles dowvn




Special and generic states invgiy@a conjectue

Classical geomeyr

axial symmety,

standad ergoregion, 2929y
%/ '

enhanced emission
A generic state isery
quantumwith very
OshaleO emyegions,
and guanta leak out M

N\

OStar clustediXferent
stars hae ergoregions
with different orientations, 'S,e
so there is no axial /|
symmetr in the emission

——

slowly as Havking
radiation




What happens to the no hair OheoremO ?

If we tale a sphericall symmetric ansatz

for the metric, we get the black hole with

horizon P
But none of the actual miostates ae
sphericalf symmetric
The compact diction©twistver the angular spbé,

and the gometyOcaps 6if

\d - e
. :.,"."

Different ways of twisting g diferent states

If a horizon 6rmed,we would hae Ono hairO,
but the throat Ogas-offO befe the horizon érms .|




Microstates ae not sphericayl symmetric
but ary OzerageO will be ...

Rotate time to Euclideagpmpactify ...
all micostates run in the time loop ...

This computes the paition function.Let us
assume it has a sdle point .. This saddle
point will be spheally symmaedr

By Havking-Hatle-Gibbons .Euclidean
gravity argumentghis geomety will give
the Belenstein-\Wald entopy from its
Euclidean action ...

But we should nattate this saddle point
geomety ba& to Loentzian...

/

Euclidear
" time

—

NO !l




The fuzzball proposal

10% O %
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Many pieces o¥igence:

Estimates fsm OfractionatiorfOcharge state8-charge states,
Enery gas,Emission of radiation.,...

Apply lessons to Early Usever.




Additional Sides




1

Quantum falling into fuzzbakgion is trpped br long times ~
!

N ™~

BN Replacgfor
Kk processes on S
crossing time

(Not average
over metrics !!)

Expect: Fuzzball interior changesweenerg/ long time pocesses |k
Hawking radiation ig order unity but not heay objects @er crossing time




Fuzzball states
(no spherical
symmety however)

We hae changed the expectation of
classical graty over macoscopic
distances .....

Penrose diagram
of traditional hole




Statt with brane bound state at zercouplingthe increase g

*\k/\/\

In retrospectperhas we \..,/
should hse found this natural

for extremal holes ....

Throat depth

is order 1
!

but not
iInPnity

::::

?7?

Naive
geometry




What does an infalling obsesr GfelO|?

We need to quantify the question better ...

If string jJumps to next kel,we can sg
that obsewer gets killed ...

Statt with simple 2-charge or 3-charge states,
can try to ansver this question state ystate ...







- W

Infalling framgseparation betwen excitations
same on all component strings

Infall into a generic state:

CFT computation

Reminiscent of complementarity

(Susskind 93)

O()c

Outgoing framedistance fom recollision same on

all component strings

O ()c

(SDM 07)




Perhaos the interior of a black hole isevy quantum ...

?7?

Amplitude to tunnel e S ( e ©M*

Number of states that w can tunnel to

eSbek ( eGM2

If the infalling shell can tunnel into a linear combination of fuzzball states
In a time of oder the Havking ergporation time then inbrmation can
radiate out fom the fuzzballs .(SDM 08)




We need to understand all dictions of phase space ...

The depth of the 2-charge tbat is limited ly this eféct ....
(SDM 07)




Quantum corections:
(a) Fluctuations &m low occupation mmber

(b) Higher derivatig comrections fom one loop with NS1 or)
circle running in loop

(c) Tree level higher derivatie term from D3 wrgpped on
torus and cicle

Corrections ae bounded because of

. . . Giusto+SDM 04+~SDM 07,...
Interesting strictue of fuzzball qa... ( )

Now OBoot is on the other legO
0%
\ :“‘...."‘ |#%
: I




The fuzzball picture

......
.

In the traditional black holejuantum graity efects ae assumed to sétch
only over distances' [, and so the state near the horizon is the vacuun

But a black hole is made of a largamber of quantaN so we must
ask if the elevant length scalesar" I, or " N' I,




