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The entropy problem

Black holes belva as if thg hare an entopy given by
their surface aga

A (Belenstein,/2)
Spek = G

But statistical mechanics therysahat thee should be
e>ek  states of the holedr the same mass and charge

(Classicalelativity Pnds
that black holes h& no hair
so there is onl onestate)

Can we shawv that there are
eSbek  gstates of the hole ?




The information problem

O

Hawkingadiation




Large distance
(mudh biger than plarclength)

How can the Havking radiation carty
the information of the initial matter ?

If the radiation does not cay the inbrmation,

then the Pnal state cannot be determinedrfr the initial
state and thee is no Schodinger type golution equation
for the whole system.

So we lose quantum theor ...




A simple example-charge holes
(SusskindSen,Vafa 094-095)

In sting theoy,we nust mak bla& holes 'm the objectsgsent
In sting theoy.

Let us compactify spacetime as Mg, # My1 $ T*$ st

L

momentum  winding mode
mode P NS1




0

Winding chargein;
Mass = Charge

$

Momentum chargélp
Mass = Charge




A dack hole with winding dharge mly

Smicr o = IN[256]! 0

(Does not gow with Np )

Horizon is singular
A =20

Belenstein entopy vanishes

Smicr o = Spek = 0




A dack hole with momentum dharge aly

Smicr o = IN[256]! 0

(Does not gow with Np )

Horizon is singular
A =20

Belenstein entopy vanishes

Smicr o = Spek = 0




Computing the entropy

Eat quantum of harmonic k
caries momentum 2! K

Lt
Total momentum

_ 2#ny _ 2#(Nnqny)

P
L Lt

So we have to co@yditions@f nyn,

K ng = ning

8 bosonic + 8érmionic degees of feedom

S
eZ" 2" NiNp

states — >

L+ = nqL

Smicro = 2 2 NN, T*# St

Smicro = 41 NN K3# St

(Susskind ©S&n 094)




Now let us mak a black hole with these charges ...

N4 Np
For K3# S’ compactibcation, "
geometly gies a Be&nstein \Wald ®
entropy
A 11
Spek = G =4l mn, = Shicr o

(Dabholkar ©04)

So the 2-charge hol¢OSena¥a holeO)
gives a complete stoy for
black hole entopy in string theoy ...... "




The 2-charge black hole is called themall black holeO
since R carections to the action adfct its horizon aea

To get a black hole whose @a is gign by just the usual
Einstein action Rye need 3 charges ...

Recall that v had compactibed spacetime as

Mo1# M4, $ T*$ St

T4

Male a bound state
of 3 kinds of charges

st |88 + +

5-branes




£ 4

Ng OHdttive stringO with total winding
number N1N5

Vibrations of efctive string ae patitioned into harmonics In

usual wg




Male a black hole with momentum,
winding b-brane charges ....

Spek = E - 20/& N1NsNp = Smicr o
(Strominger and/afa,1996)

Thus at leastdr extremal black holes (mass=charge)

we understand something about the eopy from a
microscopic vigvpoint ...

Nearextremal holes ha also been
understood ..(Callan and Maldacena 1996)




Recall the wsawe made the 2-charge black hole ...

) - i

This allaved us to count the Lt = nil
states of the black holso

we sole the entiopy \
problem,but what about the

Information puzzle?




A key point

The elementay string (NS1) does not va ary LONGITUDINAL
vibration modes

@
4
[
This is because it is not made up of ¢
A ) ~ [
Omar elementay patticlesO A Not a modeo_‘r the
A elementar sting
[
[ 4
[
@
Thus ony trans\erse oscillations & Momentum is caed
permitted by tansvese
oscillations

This causes the string to sgad over
a nonzeo trans\erse aea




L+ = nqL
| =
(AT
o L7771 LP L

AnOactual
geometyO

ONa
geometryO

-----

.....




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)




| 4 | 4
H[" dudv + K dv? + 2A;dxjdv]+  dx;dxj +  dz,dz,

L+ = nqL

N

=1 a=1
1 n - .
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H
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#(X$ t) « - % Lt dV(Fﬂ(V))Z
Lt o [%" F(V)]2
AL v

Lt o %" F(V)|?




A bral step: Use dualities to map to 1-D5

T4
s + I — K N = njn;
n} = No nt = ny OEéf:ti\_/e ;tringo with
total winding mmber
D1 branes D5 branes n'nt = n
1Ns = N1Np

@




ds®

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

1+ K
1+ K |
O dxidxi + H(1+ K)dz,dz,
.. Q L dv
1:1+_ dB=|$4dA
Lt o |% FRv)|2
| ,
- QT dvFv)?
Lt o % FqQv)|2
| _ <
* Lt 3 (Lunin+SDM 001,
A = Q dv Fi(v) also
Lt o |% FRv)| OSupergrity supetubesO

(Emparan+Mateos-sWwnsend O01)




A nn nn

(Lunin+SDM O02)

A ! "ol
EI n1n5$.J! Smicro = 27 2 n1n5$J




NS1-P
state

2 F(y" ct) =
)Mtz
)

=5

NS1-P
geometry

-
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dualities
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D1-D5
CFT state

D1-D5
gravity
dual




A simple example

D1-D5:CFT state
has all loops
OsingoundO,
and all spins alignet

NS1- P pne turn —>
of a unibrm helix

3
Male metric from AdS; # S

proble function F  ——— going over to

[Rat space at
inPnity




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 N _(J!! étotal)n1n5 |1#ota|

1 (2k! 2) | (2k! 4)
\ /

it

vl
manObits®  global  —"

Field theol representation AdSz # S°# T*
of brane state

Geometry created
by this state
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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)




Summary of t he fuzzball picture

* small g j&

lp




The structure of extremal holes
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(assical states and quantum fuzzballs

Fix Total Energy

F(y" ct) ..
Put energy in ad (y ) %;
harmonicsarge Coherent

occupation number | state
for eath harmonic

Energy in Generic
many harmonics, quantum L
occupation number State

order unity in each OFuzzball®

Size depends on mean harmonic order, fluctuations
depend on occupation number




Summary

(A) Fuzzball pictwr offers a resolution of the inbrmation parada ...
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(B) Lessons mst be \ery generalwith goplications to other
places ...g.Cosmoloy

Can we (should ve) ask the questioiWhat is the most enfic state in

sting theoy when the energy density sta® inbnity? P
| v




