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The Hawking ÔtheoremÕ:

If we are given that

(a) All quantum gravity effects are conÞned
    to within a bounded distance like planck length or string length 

and 

(b) The vacuum is unique

Then there WILL be information loss

Large distance
(much bigger than planck length)



(a) Review fuzzball results:

          (i)  Emergence of a new lengthscale (motivation)

          (ii) The 2-charge extremal system

          (iii) The 3-charge system

(b) Radiation from microstates

          (i) A particular family of nonextremal microstates (nongeneric!)

         (ii) Instability: emission of energy

         (iii) Instability = `Hawking emissionÕ from these microstates 

         (iv) Conjecture for more generic microstates

(c) General comments on microstates  
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The paradigm for ext remal holes

A supersymmetric brane state in string theory:  Mass = Charge
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The 3- charge black hole
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A motivat ional argument

Put a D1-D5-P extremal state in a box

How small should the box be before the 
state ÔfeelsÕ the walls of the box?
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The extra energy can go to creating pairs
of the fourth charge: KK monopole pairs
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How small should D be so that              ?
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(i.e. there is 2.7 times more phase space if we use the extra energy to create the 
pairs as compared to the situation where we do not)
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D D

Creating excitations must be probable, not just possible ....
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Suggests a picture ....

(SDM 97)
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: Schwarzschild radius of 3-charge 
  extremal black hole



Why does this work?  

When we bind together charges                   then
the excitations of the charge         comes in fractional units 
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Creates low tension ÔeffectiveÕ objects, which can stretch far ....

(Das+SDM 96,  Maldacena+Susskind 96,  SDM 97,  Chowdhury+Giusto+SDM 06)
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ÔEffective stringÕ with
total winding number 
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"
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"
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"
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"
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"
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√
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√
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|0〉 |$〉 〈0|$〉 ≈ 0 (184)

n1, n2, n3 n4 (185)
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S1 ! y y : (0, 2πR) (175)

ClV̂ [l ] V̂ (176)
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10

(Das+SDM 96,
Maldacena
+Susskind 96)



D1-D5
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2

?? ??

We should study the black hole states in more detail to see
what they look like ....

Start with simplest system:   2-charge extremal hole ....

Susskind 93 Sen 94
NS1-P (extremal)

D1-D5
(extremal)



Solve EinsteinÕs equations, with
higher derivative (       )  corrections, 
Assuming spherically symmetric ansatz

S1 ! y y : (0, 2! R) (175)

Cl
öV[l] öV (176)

N = n1n5 (177)
"

N # n
"

n + 1 $
"

N
"

n + 1
dn
dt

% (n + 1) n (178)

" R =
1
R

[# l # 2 # m! m + m" n] = " gr avi ty
R (179)

m = nL + nR + 1, n = nL # nR (180)

|# # m! n + m" m| = 0, N = 0 (181)

# = 0, m! = # l, n = 0, N = 0 (182)

" I = " gr avi ty
I (183)

|0& |$& ' 0|$&$ 0 (184)

n1, n2, n3 n4 (185)

1/ n1n2n3 (186)

(n1n5)# lp (187)

n1n5

!
k mk = n1n5 n5 (188)

n!
p = n1 n!

1 = n5,
!

k mk = n!
pn!

1 (189)

Smi cr o = 2!
"

2
"

n1n5 Smi cr o = 4!
"

n1n5 (190)

R2 (191)

10

Bekenstein-Wald entropy
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(Cardoso+De Wit+Mohaupt 98, 00, Dabholkar 04) 

(D0-D4 on K3)
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K3

2-charge extremal hole



(Cvetic-Youm 95, 

Balasubramanian-deBoer-
KeskiVakkuri-Ross 00, 

Maldacena-Maoz 00)

Consider black hole with D1-D5 charges, extremal + rotation ...

Maximal
angular momentum

No angular 
momentum ??

NO !!

D1-D5 metric is
still `capped offÕ
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String carrying
           units
of lightest excitation
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% (n + 1) n (178)

" R =
1
R

[# l # 2 # m! m + m" n] = " gr avi ty
R (179)

m = nL + nR + 1, n = nL # nR (180)

|# # m! n + m" m| = 0, N = 0 (181)

# = 0, m! = # l, n = 0, N = 0 (182)

" I = " gr avi ty
I (183)

|0& |$& ' 0|$&$ 0 (184)

n1, n2, n3 n4 (185)

1/ n1n2n3 (186)

(n1n5)# lp (187)

n1n5

!
k mk = n1n5 n5 (188)

n!
p = n1 n!

1 = n5,
!

k mk = n!
pn!

1 (189)

10

S1 ! y y : (0, 2πR) (175)

ClV̂ [l ] V̂ (176)

N = n1n5 (177)

"
N # n

"
n + 1 $

"
N

"
n + 1

dn
dt

% (n + 1) n (178)

ωR =
1

R
[# l # 2 # m! m + m" n] = ωgr avi ty

R (179)

m = nL + nR + 1, n = nL # nR (180)

|λ # m! n + m" m| = 0, N = 0 (181)

λ = 0, m! = # l, n = 0, N = 0 (182)

ωI = ωgr avi ty
I (183)

|0& |ψ& ' 0|ψ&$ 0 (184)

n1, n2, n3 n4 (185)

1/ n1n2n3 (186)

(n1n5)
# lp (187)

n1n5

∑

k mk = n1n5 n5 (188)

n!
p = n1 n!

1 = n5,
∑

k mk = n!
pn!

1 (189)
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(Sen 94,  Vafa 95)



Maximal rotation state
of NS1- P : one turn
of a uniform helix

Metric for NS1-P
is `capped offÕ

Reproduce maximally
rotating D1-D5 metric

NS1-P state with
NO net 
rotation

Metric for NS1-P D1-D5 metric is
still `capped offÕ



L =
!

dx[!
1
4

F a
µ ! F µ ! a +

i
2

ø! " ! + . . .]

P =
2#np

L
=

2#(n1np)
L T

p =
2#k
L T

"

k

knk = n1np

e2"
!

2
!

n 1 n p

S = 2#
"

2
"

n1np

L T = n1L

L

1

L =
!

dx[!
1
4

F a
µνF µνa +

i
2

!̄ " ! + . . .]

P =
2#np

L
=

2#(n1np)
L T

p =
2#k
L T

"

k

knk = n1np

e2π
!

2
!

n 1 n p

S = 2#
"

2"
n1np

L T = n1L

L

1

L =
!

dx[!
1
4

F a
µνF µνa +

i
2

!̄ " ! + . . .]

P =
2#np

L
=

2#(n1np)
L T

p =
2#k
L T

"

k

knk = n1np

e2π
!

2
!

n 1 n p

S = 2#
"

2"
n1np

L T = n1L

L

1

ÔNaive
geometryÕ

An Ôactual 
geometryÕ



Making the geometry 

We know the metric of one straight strand 
of string 

We know the metric of a string
carrying a wave --  ÔVachaspati transformÕ

We get the metric for many 
strands by superposing harmonic 
functions from each strand

(Dabholkar, Gauntlett,Harvey, Waldram 
Õ95, Callan,Maldacena,Peet Õ95)

In our present case, we have a large
number of strands, so we Ôsmear over
them to make a
continuous ÔstripÕ (Lunin+SDM Õ01)



D1-D5 
CFT state

D1-D5 
gravity
dual

r = 0 (129)

r = 2M (130)

t (131)

V !
V
G

V
2G

(132)

∆E =
2

n1n5R
(133)

∆h =
1
k

+ (
l
2

" m)
1
k

" 2mn (134)

∆øh =
1
k

+ (
l
2

" øm)
1
k

(135)

!F (y " ct) = (136)

(" ! 1)n1 (" ! 2)n2 . . . |0# (137)

8

NS1-P
geometry

NS1-P
state

r = 0 (129)

r = 2M (130)

t (131)

V !
V
G

V
2G

(132)

! E =
2

n1n5R
(133)

! h =
1
k

+ (
l
2

" m)
1
k

" 2mn (134)

! øh =
1
k

+ (
l
2

" øm)
1
k

(135)

!F (y " ct) = (136)

(" i1
! 1)n1(" i2

! 2)n2 . . . |0# (137)
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   S,T
dualities



S5 =
2! 4R0V0

G10

!
dx5 "

! g(E )

#
R(E )

+
c2

6
g2 " !4

V0 R2
0

$ V
V0

e" 2!
%" 1/ 3 $ R0

R

%4/ 3
R(E )

µ" #$Rµ" #$
(E )

&

ds2 = ! H " 1(dv +
"

2#)
$

du +
"

2$ +
F
2

(dv +
"

2#)
%

+ H hmn dxmdxn (1)

H2 =
n + 1

|%x|
!

n
|%x ! %c|

(" " 1)n1 (" " 2)n2 . . . |0#

(" " k1 )n1 (" " k2 )n2 . . . |0#

n1 n2

ds2 =

'
H

1 + K
[! (dt ! Ai dxi )2 + (dy + Bi dxi )2]

+

'
1 + K

H
dxi dxi +

"
H (1 + K )dzadza

whereafter the dualit ies all lengths in the harmonic functions get scaledby a factor

µ =
"

gV !

g! " !
(2)

so that

H " 1 = 1 +
Q
LT

! L T

0

dv

|%x ! %F (v)|2
, K =

Q
LT

! L T

0

dv( úF (v))2

|%x ! %F (v)|2
,

Ai = !
Q
LT

! L T

0

dv úFi (v)

|%x ! %F (v)|2
(3)

Here Bi is given by
dB = ! $4 dA (4)

1
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"
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µ =
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g! α!
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Q
LT
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0

dv

|%x ! %F (v)|2
(3)

K =
Q
LT

! L T

0

dv( úF (v))2

|%x ! %F (v)|2
(4)

Ai = !
Q
LT

! L T

0

dv úFi (v)

|%x ! %F (v)|2
(5)

dB = ! $4 dA (6)

|n#total = (J " ,total
" (2n" 2))

n1n5 (J " ,total
" (2n" 4))

n1n5 . . . (J " ,total
" 2 )n1n5 |1#total (7)

1
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2π4R0V0

G10
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+
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6
g2 α!4

V0 R2
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$ V
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%4/3
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(E)

&

ds2 = ! H " 1(dv +
"

2β)
$

du +
"

2ω +
F
2

(dv +
"

2β)
%

+ H hmndxmdxn (1)

H2 =
n + 1

|%x|
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n
|%x ! %c|

(α" 1)n1 (α" 2)n2 . . . |0#

(α" k1 )n1 (α" k2 )n2 . . . |0#

n1 n2

ds2 =

'
H

1 + K
[! (dt ! Aidxi)2 + (dy + B idxi)2]

+

'
1 + K

H
dxidxi +

"
H (1 + K )dzadza

µ =
"

gV !

g! α!
(2)

H " 1 = 1 +
Q
LT

! LT

0

dv

|%x ! %F (v)|2
(3)

K =
Q
LT

! LT

0

dv( úF (v))2

|%x ! %F (v)|2
(4)

Ai = !
Q
LT

! LT

0

dv úFi(v)

|%x ! %F (v)|2
(5)

dB = ! $4 dA (6)

|n#total = (J " ,total
" (2n" 2))

n1n5 (J " ,total
" (2n" 4))

n1n5 . . . (J " ,total
" 2 )n1n5 |1#total (7)

1

(Lunin+SDM Õ01,

Lunin+Maldacena+Maoz 02

Taylor 05, Skenderis+Taylor 06)

Geometry for D1-D5



‘Fuzzball’

Put energy in a few
harmonics, large 
occupation number
for each harmonic

Coherent 
states

Energy in
many harmonics,
occupation number
order unity in each

Generic
quantum
state

(a) Size depends on mean harmonic number

(b) Fluctuations depend on occupation number

S1 → y y : (0, 2! R) (175)

Cl
öV[l] öV (176)

N = n1n5 (177)
√

N − n
√

n + 1 ≈
√

N
√

n + 1
dn
dt

∝ (n + 1) n (178)

" R =
1
R

[−l − 2− m! m + m" n] = " gr avi ty
R (179)

m = nL + nR + 1, n = nL − nR (180)

|# − m! n + m" m| = 0, N = 0 (181)

# = 0, m! = −l , n = 0, N = 0 (182)

" I = " gr avi ty
I (183)

|0〉 |$〉 〈0|$〉 ≈ 0 (184)

n1, n2, n3 n4 (185)

1/ n1n2n3 (186)

(n1n5)# lp (187)

n1n5

!
k mk = n1n5 n5 (188)

n′
p = n1 n′

1 = n5,
!

k mk = n′
pn′

1 (189)

Smi cr o = 2!
√

2
√

n1n5 Smi cr o = 4!
√

n1n5 (190)

R2 (191)

Sbek =
A
2G

= Smi cr o (192)
!

k mk = n1np (193)
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=
2! n1np

n1L
=

2! n1np

LT
(105)

! [
"

n1n5npg2" !4

LS1 VT 4
]

1
3 (106)

Sbek =
A
4G

(107)

eSbek (108)

Smicr o = Sbek (109)

Smicr o = ln[256] ! 0 (110)

A = 0 (111)

Smicr o = Sbek = 0 (112)

Smicr o = 4!
"

n1np (113)

T4 # S1 K 3 # S1 (114)

Sbek =
A
2G

= 4!
"

n1np = Smicr o (115)

n!
1 = np n!

5 = n1 (116)

n!
1n!

5 = n1np (117)

Smicr o = ln[N ] (118)

Sbek =
A
4G

(119)

A
4G

!
"

n1n5 ! Smicr o = 2!
"

2
"

n1n5 (120)

A
4G

!
!

n1n5 $ J ! Smicr o = 2!
"

2
!

n1n5 $ J (121)

7

=
2! n1np

n1L
=

2! n1np

LT
(105)

! [
"

n1n5npg2" !4

LS1 VT 4
]

1
3 (106)

Sbek =
A
4G

(107)

eSbek (108)

Smicr o = Sbek (109)

Smicr o = ln[256] ! 0 (110)

A = 0 (111)

Smicr o = Sbek = 0 (112)

Smicr o = 4!
"

n1np (113)

T4 # S1 K 3 # S1 (114)

Sbek =
A
2G

= 4!
"

n1np = Smicr o (115)

n!
1 = np n!

5 = n1 (116)

n!
1n!

5 = n1np (117)

Smicr o = ln[N ] (118)

Sbek =
A
4G

(119)

A
4G

!
"

n1n5 ! Smicr o = 2!
"

2
"

n1n5 (120)

A
4G

!
!

n1n5 $ J ! Smicr o = 2!
"

2
!

n1n5 $ J (121)
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Scale of t he Ôf uzzballÕ

(Lunin+SDM Õ02)



Energy gaps exactly agree between the CFT and the gravity solution...

Wavefunctions
of supergravity
quanta

??



and for k ! 0

| " k#total = (J + ,tota l
! (2k! 2))

n1n5(J + ,total
! (2k! 4))

n1n5 . . . (J + ,total
! 2 )n1n5(J + ,total

0 )n1n5 |1#total (2.15)

Similarly, for k > 1

|k#total = (J ! ,total
! (2k! 2))

n1n5(J ! ,total
! (2k! 4))

n1n5 . . . (J ! ,total
! 2 )n1n5 |1#total (2.16)

3 Constr ucti ng t he gravit y dual s

In [?] the 2-charge D1-D5 solutions were found by dualizing to the FP system, which has
a fundamental string (F) wrapped on S1 carrying momentum (P) along S1. Metrics for
the vibrating string were constructed, and dualized back to get D1-D5 geometries. The
general geometry was thus parametrized by the vibration profile !F (v) of the F string.
But a 1-parameter subfamily of these D1-D5 geometries had been found earlier [?, ?], by
looking at extremal limits of the general axially symmetric D1-D5 geometry found in [?].

We do not have an analogue of the procedure of [?] for 3-charge systems. We will
follow instead the analogue of [?, ?] and take an extremal limit of the general 3-charge
solution to obtain solutions with D1, D5 and P charges. Taking the limit needs some
care, and it will be important to know in advance the properties of the CFT states for
which we will be finding the duals. The procedure will give us the duals of the states
|n#total which were discussed in the last section. We will find that the dual geometries
are completely smooth, with no horizon and no singularity.

3.1 Spectral ßow in t he gravit y descript ion

In [?, ?] the following 2-charge D1-D5 solution was found (setting Q1 = Q5 = Q for
simplicity)

ds2 = "
1

h
(dt2 " dy2) + hf

!
d" 2 +

dr2

r 2 + a2

"
"

2aQ
hf

(cos2 "dyd# + sin2 "dtd$)

+ h
#!

r 2 +
a2Q2 cos2 "

h2f 2

"
cos2 "d# 2 +

!
r 2 + a2 "

a2Q2 sin2 "
h2f 2

"
sin2 "d$2

$
+ dzi dzi

(3.1)

where

a =
Q
R

, f = r 2 + a2 cos2 " , h = 1 +
Q
f

(3.2)

Let R >>
$

Q. In the region r <<
$

Q the geometry (??) becomes

ds2 = "
(r 2 + a2 cos2 " )

Q
(dt2 " dy2) + Q

!
d" 2 +

dr2

r 2 + a2

"

" 2a(cos2 "dyd# + sin2 "dtd$) + Q(cos2 "d# 2 + sin2 "d$2) (3.3)

5

Piece of
global

!
! !

! ! <
g2! !3n1np

V4LM

" ls " lp " (n1n5)! lp

L, V4, g

AdS3 # S3 # T4

4

Field theory representation
of brane state

Geometry created 
by this state

many ÔbitsÕ

The horizon of 2-charge holes needed higher derivative corrections

Consider D1-D5-P,  which does not need such 
corrections at leading order



The numerator is r 2dr2 = r 2
N dr2

N , and we get a cancellation of the factors r 2
N . We will

seebelow that in the extremal metric the point rN = 0 acts like an origin of polar
coordinates, so the choice (??) is the correct one to deÞnea coordinate rN with range
(0, ! ).

We alsoÞnd that other terms in the metric and gauge Þeldare Þnite in the extremal
limit; this can be veriÞedusing (??),(??). We get the extremal solution (in the string
frame)

ds2 = "
1
h

(dt2 " dy2) +
Qp

hf
(dt " dy)2 + hf

!
dr2

N

r 2
N + a2!

+ d" 2

"

+ h
!

r 2
N " na2! +

(2n + 1)a2! Q1Q5 cos2 "
h2f 2

"
cos2 "d# 2

+ h
!

r 2
N + (n + 1)a2! "

(2n + 1)a2! Q1Q5 sin2 "
h2f 2

"
sin2 "d$2

+
a2! 2Qp

hf

#
cos2 "d# + sin2 "d$

$2

+
2a

#
Q1Q5

hf

%
n cos2 "d# " (n + 1) sin2 "d$

&
(dt " dy)

"
2a!

#
Q1Q5

hf

%
cos2 "d# + sin2 "d$

&
dy +

'
H1

H5

4(

i =1

dz2
i (4.21)

C2 =
a
#

Q1Q5 cos2 "
H1f

(" (n + 1)dt + ndy) $ d#

+
a
#

Q1Q5 sin2 "
H1f

(ndt " (n + 1)dy) $ d$

+
a! Qp#

Q1Q5H1f
(Q1dt + Q5dy) $

#
cos2 "d# + sin2 "d$

$

"
Q1

H1f
dt $ dy "

Q5 cos2 "
H1f

#
r 2

N + (n + 1)a2! + Q1
$

d# $ d$ (4.22)

e2! =
H1

H5
(4.23)

f = r 2
N " a2! n sin2 " + a2! (n + 1) cos2 "

h =
)

H1H5, H1 = 1 +
Q1

f
, H5 = 1 +

Q5

f
(4.24)

11

The numerator is r 2dr2 = r 2
N dr2

N , and we get a cancellation of the factors r 2
N . We will

seebelow that in the extremal metric the point rN = 0 acts like an origin of polar
coordinates, so the choice (??) is the correct one to deÞnea coordinate rN with range
(0, ! ).

We alsoÞnd that other terms in the metric and gauge Þeldare Þnite in the extremal
limit; this can be veriÞedusing (??),(??). We get the extremal solution (in the string
frame)
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1
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Qp

hf
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+ d" 2

"
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+
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hf
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+
2a
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hf
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&
(dt " dy)
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hf
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cos2 "d# + sin2 "d$
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dy +

'
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H1f

(" (n + 1)dt + ndy) $ d#

+
a
#
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+
a! Qp#

Q1Q5H1f
(Q1dt + Q5dy) $

#
cos2 "d# + sin2 "d$

$

"
Q1

H1f
dt $ dy "

Q5 cos2 "
H1f

#
r 2

N + (n + 1)a2! + Q1
$

d# $ d$ (4.22)

e2! =
H1

H5
(4.23)

f = r 2
N " a2! n sin2 " + a2! (n + 1) cos2 "

h =
)

H1H5, H1 = 1 +
Q1

f
, H5 = 1 +

Q5

f
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4.2 Taki ng t he ext remal l im it

To get the extremal limit we must take

M ! 0, ! i ! " (i = 1, 5, p) (4.11)

keepingthe Qi Þxed. This gives

cosh2 ! i =
Qi

M
+

1
2

+ O(M )

sinh2 ! i =
Qi

M
#

1
2

+ O(M ) (4.12)

We must also take suitable limits of a1, a2 so that the angular momenta are held Þxed.
It is useful to invert (??):

a1 = #
$

Q1Q5

M
" 1 cosh! 1 cosh! 5 cosh! p + " 2 sinh! 1 sinh! 5 sinh! p

cosh2 ! 1 cosh2 ! 5 cosh2 ! p # sinh2 ! 1 sinh2 ! 5 sinh2 ! p

a2 = #
$

Q1Q5

M
" 2 cosh! 1 cosh! 5 cosh! p + " 1 sinh! 1 sinh! 5 sinh! p

cosh2 ! 1 cosh2 ! 5 cosh2 ! p # sinh2 ! 1 sinh2 ! 5 sinh2 ! p
(4.13)

Using (??) we Þnd

a1 = # (" 1 + " 2) #

!
Qp

M
#

" 1 # " 2

4

"
M
Qp

+ O(M 3/ 2)

= # a#

!
Qp

M
+ a

2n + 1
4

"
M
Qp

+ O(M 3/ 2)

a2 = # (" 1 + " 2) #

!
Qp

M
+

" 1 # " 2

4

"
M
Qp

+ O(M 3/ 2)

= # a#

!
Qp

M
# a

2n + 1
4

"
M
Qp

+ O(M 3/ 2) (4.14)

wherewe have deÞnedthe dimensionlesscombination

# %
Q1Q5

Q1Q5 + Q1Qp + Q5Qp
(4.15)

and in the second equalities we have used the speciÞcvaluesfor " 1 and " 2 given in (??).
We thus seethat for generic valuesof " 1, " 2 and Qp the parametersa1 and a2 diverge

when M ! 0. There are two exceptions:
(a) Qp = 0, which is the caseconsideredin [?, ?]; in this casea1 and a2 go to Þnite values
when M ! 0.
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InÞnite throat

horizon

singularity

3-charge hole:  Throat diameter stabilizes as we do down the throat,
so all we have to check is whether we have caps or horizon ...

Same diameter



2-charges, 4+1 dimensions, noncompact excitations:   Lunin+SDM Õ01

2-charges, 4+1d, torus excitations:  Lunin+Maldacena+Maoz Õ02,  Skenderis          
                                                                                        +Taylor 07
2-charges, 4+1d, fermionic excitations: Taylor Õ05

3-charge,  4+1 d, U(1) X U(1) axial symmetry:  Giusto+SDM+Saxena Õ04,
                                                                  Lunin Õ04

3-charge,  4+1 d,  U(1) axial symmetry:   Bena+Kraus Õ05,
                                                         Berglund+Gimon+Levi Õ05 

3-charges, 4+1 d, one charge Ôtest quantumÕ wavefunction;                                                                     
                                                             SDM+Saxena+Srivastava Õ03

3 charges, 3+1 d, U(1) axial symmetry:  Bena+Kraus Õ05

4-charges, 3+1 d, U(1)XU(1) symmetry:  Saxena+Giusto+Potvin+Peet Õ05

4 charges, 3+1 d, U(1) symmetry:  Balasubramanian+Gimon+Levi Õ06



Non-extremal geometries, 3 charges, 4+1 d, U(1)XU(1) axial symmetry: 
                                                                       Jejjala+Madden+Ross+Titchener 05

Non-extremal geometries, 4 charges, 3+1 d, U(1)XU(1) axial symmetry:
                                                                    Giusto+Ross+Saxena 07

2-charges, 4+1 d, K3 compactiÞcation:  Skenderis+Taylor 07

2-charges, 1-point functions: Skenderis+Taylor 06

General structure  of extremal solutions:  hyperkahler base + 2-d Þber
(Gauntlett+Gutowski+Hull+Pakis+Reall 02,  Gutowski+Martelli+Reall 03)

Decomposing known microstate solutions into base + Þber:
      hyperkahler            psedo-hyperkahler
                                                         (Giusto+SDM 04)



Bound states of branes is on Higgs branch. Dipole charges form,
are held apart by ßuxes ... 
                                                           (Bena+Warner 05)

If we reduce to 3+1 dimensions, get  metrics for 
Ôbranes at anglesÕ (Denef Õ02) ... Balasubramanian
+Gimon+Levi 05
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Recent work of Bena+Bobev+Ruef+Warner 08 ... supertubes in the `throatÕ 
might give correct order for number of states ...



Non-ext remal hole (Jejalla, Madden, Ross 
Titchener Õ05)

Geometry has a classical
Ôergoregion instabilityÕ

(Cardoso, Dias, Jordan, Hovdebo, 
Myers, Õ06)

The same process that gives Hawking radiation from the black hole 
now gives us the exact frequency of the instability (Chowdhury + 
SDM (2007)

One (non-typical) microstate
of a non-extremal hole



States of the D1-D5 CFT
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Each Ôcomponent stringÕ has spin
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A particular state

All component strings Ôsingly woundÕ
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2 T he non-ext remal microst at e geomet r ies: Review

In this sect ion we recall the microstate geometries that we wish to study, and explain how a
suitable limit can be taken in which the physics can be described by a dual CFT.

2.1 General nonext remal geomet r ies

Let us recall the set t ing for the geometries of [13]. Take type I IB string theory, and compact ify
10-dimensional spacet ime as

M 9,1 ! M 4,1 " T4 " S1 (2.1)

The volume of T4 is (2! )4V and the length of S1 is (2! )R. The T4 is described by coordinates
zi and the S1 by a coordinate y. The noncompact M 4,1 is described by a t ime coordinate t, a
radial coordinate r , and angular S3 coordinates " , # , $. Thesolut ion will have angular momenta
along # , $, captured by two parameters a1, a2. The solut ions will carry three kinds of charges.
We have n1 units of D1 charge along S1, n5 units of D5 charge wrapped on T4 " S1, and np

units of momentum charge (P) along S1. These charges will be described in the solut ion by
three parameters %1, %5, %p. We will use the abbreviat ions

si = sinh %i , ci = cosh %i , (i = 1, 5, p) (2.2)

The metrics are in general non-extremal, so the mass of the system is more than the minimum
needed to carry these charges. The non-extremality is captured by a mass parameter M .

With these preliminaries, we can write down the solut ions of interest . The general non-
extremal 3-charge metrics with rotat ion were given in [23]

ds2 = #
f

!
÷H1 ÷H5

(dt2 # dy2) +
M

!
÷H1 ÷H5

(spdy # cpdt)2

+
"

÷H1 ÷H5

#
r 2dr 2

(r 2 + a2
1)(r 2 + a2

2) # M r 2 + d" 2
$

+

%"
÷H1 ÷H5 # (a2

2 # a2
1)

( ÷H1 + ÷H5 # f ) cos2 "
!

÷H1 ÷H5

&

cos2 " d# 2

+

%"
÷H1 ÷H5 + (a2

2 # a2
1)

( ÷H1 + ÷H5 # f ) sin2 "
!

÷H1 ÷H5

&

sin2 " d$2

+
M

!
÷H1 ÷H5

(a1 cos2 " d# + a2 sin2 " d$)2

+
2M cos2 "
!

÷H1 ÷H5

[(a1c1c5cp # a2s1s5sp)dt + (a2s1s5cp # a1c1c5sp)dy]d#

+
2M sin2 "
!

÷H1 ÷H5

[(a2c1c5cp # a1s1s5sp)dt + (a1s1s5cp # a2c1c5sp)dy]d$

+

'
÷H1

÷H5

4(

i = 1

dz2
i (2.3)

4

where

÷Hi = f + M sinh2 ! i , f = r 2 + a2
1 sin2 " + a2

2 cos2 " , (2.4)

The D1 and D5 charges of the solut ion produce a RR 2-form gauge Þeld given by [6]

C2 =
M cos2 "

÷H1
[(a2c1s5cp ! a1s1c5sp)dt + (a1s1c5cp ! a2c1s5sp)dy] " d#

+
M sin2 "

÷H1
[(a1c1s5cp ! a2s1c5sp)dt + (a2s1c5cp ! a1c1s5sp)dy] " d$

!
M s1c1

÷H1
dt " dy !

M s5c5

÷H1
(r 2 + a2

2 + M s2
1) cos2 " d# " d$. (2.5)

The angular momenta are given by

J! = !
%M

4G(5)
(a1c1c5cp ! a2s1s5sp) (2.6)

J" = !
%M

4G(5)
(a2c1c5cp ! a1s1s5sp) (2.7)

and the mass is given by

M AD M =
%M

4G(5)
(s2

1 + s2
5 + s2

p +
3
2

) (2.8)

It is convenient to deÞne

Q1 = M sinh ! 1 cosh ! 1, Q5 = M sinh ! 5 cosh ! 5, Qp = M sinh ! p cosh ! p (2.9)

Extremal solut ions are reached in the limit

M # 0, ! i # $ , Qi Þxed (2.10)

whereupon we get the BPS relat ion

M extr emal =
%

4G(5)
[Q1 + Q5 + Q5] (2.11)

The integer charges of the solut ion are related to the Qi through

Q1 =
g&!3

V
n1 (2.12)

Q5 = g&!n5 (2.13)

Qp =
g2&!4

V R2 np (2.14)

2.2 Const ruct ing regular microst at e geomet r ies

The solut ions (2.3) in general have horizons and singularit ies. One can take careful limits of
the parameters in the solut ion and Þnd solut ions which have no horizons or singularit ies. In
[24] regular 2-charge extremal geometries were found while in [6, 7] regular 3-charge extremal
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(Jejalla, Madden, Ross 
Titchener Õ05)



(A)  Go to the gravity solution, see that it is unstable, and compute the
nature of energy emission from this gravity solution

(B)  How do we know that this has anything to do with Hawking radiation?

(C) See how CFT states emit radiation. 

(D) Radiation from different CFT states will be different. But it is known that 
the radiation from the generic CFT state agrees in its statistical properties 
with Hawking radiation from the corresponding black hole

(E) Use the same CFT emission computation to Þnd the emission from our 
particular CFT microstate. The radiation agrees exactly with the instability 
emission from the gravity solution.

Plan



Radiation: The gravity calculation

Geometry has a classical
Ôergoregion instabilityÕ

(Cardoso, Dias, Jordan, Hovdebo, 
Myers, Õ06)

The mass of the extremal D1-D5 system is

M extr emal =
! M
4G(5)

(s2
1 + s2

5 + 1) (2.37)

From (2.8) we see that the energy of the system above the energy of the extremal D1-D5 system
is

! M AD M !
! M
8G(5)

(1 + 2s2
p) !

!
8G(5)

Q1Q5

R2 nm(s! 2 + s2)

=
!

8G(5)

Q1Q5

R2 (m2 + n2 " 1)

=
1

2R
(m2 + n2 " 1)n1n5 (2.38)

where we used (2.32),(2.12),(2.13) and (2.25). Note that this result is consistent with our initial
observation (2.28) that M becomes small for large R.

In the large R limit that we have taken we also have, using (2.21) and (2.36)

r 2
+ # "

Q1Q5

R2

s2

s! 2 " s2

r 2
! # "

Q1Q5

R2

s! 2

s! 2 " s2 (2.39)

which gives

r 2
+ " r 2

! #
Q1Q5

R2 (2.40)

3 T he inst abil i t y of t he geomet r ies: Review

Shortly after the construction of the above 3-charge regular geometries it was shown in [14]
that these geometries su" ered from an instability. This was a classical ergoregion instability
which is a generic feature of rotating non-extremal geometries. In this section we will reproduce
the computations of [14] to find the complex eigenfrequencies for this instability in the large R
limit.

3.1 T he wave equat ion for minimally coupled scalars

We consider a minimally coupled scalar field in the 6-dimensional geometry obtained by dimen-
sional reduction on the T4. Such a scalar arises for instance from hi j , which is the graviton
with both indices along the T4. The wave equation for the scalar is

! # = 0 (3.41)

We can separate variables with the ansatz [27, 13, 14]5

# = exp(" i " t + i #
y
R

+ im! $ + im" %)&(' )h(r ) (3.42)

5Our convent ions are slight ly di! erent from those in [14]: we have the opposite sign of ! , for us posit ive "
will correspond to posit ive energy quanta, and for us " has dimensions of inverse length.
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Graviton with indices on the torus is a scalar in 6-d

Energy is radiated from the 
geometry though this scalar



where there is no incoming wave, but we st ill have an outgoing wave carrying energy out to
inÞnity. These instability frequencies are given by solut ions to the transcendental equat ion

! e! i ! " ! (1 ! ! )
! (1 + ! )

! "
2

" 2!
=

! (! )
! (! ! )

! ( 1
2(1 + |#| + $ ! ! ))! ( 1

2(1 + |#| ! $ ! ! ))

! ( 1
2(1 + |#| + $ + ! ))! ( 1

2(1 + |#| ! $ + ! ))
(3.50)

We reproduce the solut ion to this equat ion, found in [14], in appendix B. In the large R limit
(2.27) the instability frequencies are real to leading order

%" %R =
1
R

(! l ! m# m + m$n ! | ! & ! m# n + m$m| ! 2(N + 1)) (3.51)

where N # 0 is an integer. The imaginary part of the frequency is found by iterat ing to a
higher order; the result is

%I =
1
R

#
2'
[l !]2

$
(%2 !

&2

R2 )
Q1Q5

4R2

%l+ 1
l+ 1+ N Cl+ 1

l+ 1+ N + |%|Cl+ 1

&

(3.52)

Note that %I > 0, so we have an exponent ially growing perturbat ion. Our task will be to
reproduce (3.51),(3.52) from the microscopic computat ion.

4 T he M icroscopic M odel: t he D 1-D 5 CFT

In this sect ion we discuss the CFT duals of the geometries of [13]. Recall that we are working
with I IB string theory compact iÞed to M 4,1 $ S1 $ T4. The S1 is parameterized by a coordinate
y with

0 % y < 2' R (4.53)

The T4 is described by 4 coordinates z1, z2, z3, z4. Let the M 4,1 be spanned by t, x1, x2, x3, x4.
We have n1 D1 branes on S1, and n5 D5 branes on S1 $ T4. The bound state of these branes
is described by a 1+ 1 dimensional sigma model, with base space (y, t) and target space a
deformat ion of the orbifold (T4)n1n5 / Sn1n5 (the symmetric product of n1n5 copies of T4). The
CFT has N = 4 supersymmetry, and a moduli space which preserves this supersymmetry. It
is conjectured that in this moduli space we have an Ôorbifold pointÕwhere the target space is
just the orbifold (T4)n1n5 / Sn1n5 [28].

The CFT with target space just one copy of T4 is described by 4 real bosons X 1, X 2, X 3,
X 4 (which arise from the 4 direct ions z1, z2, z3, z4), 4 real left moving fermions ( 1, ( 2, ( 3, ( 4

and 4 real right moving fermions ø( 1, ø( 2, ø( 3, ø( 4. The central charge is c = 6. The complete
theory with target space (T4)n1n5 / Sn1n5 has n1n5 copies of this c = 6 CFT, with states that
are symmetrized between the n1n5 copies. The orbifolding also generates ÔtwistÕsectors, which
are created by twist operators ) k. A detailed construct ion of the twist operators is given in
[19, 20], but we summarize here the propert ies that will be relevant to us.

The twist operator of order k links together k copies of the c = 6 CFT so that the X i , ( i , ø( i

act as free Þelds living on a circle of length k(2' R). Thus we end up with a c = 6 CFT on a
circle of length k(2' R). We term each separate c = 6 CFT a component string. Thus if we are
in the completely untwisted sector, then we have n1n5 component st rings, each giving a c = 6
CFT living on a circle of length 2' R. If we twist k of these component st rings together by a
twist operator, then they turn into one component st ring of length k(2' R). In a generic CFT
state there will be component st rings of many di" erent twist orders ki with

'
i ki = n1n5.
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where there is no incoming wave, but we still have an outgoing wave carrying energy out to
infinity. These instability frequencies are given by solutions to the transcendental equation

! e! iνπ ! (1 ! ! )

! (1 + ! )

! "
2

" 2ν
=

! (! )

! (! ! )

! (1
2(1 + |#| + $ ! ! ))! (1

2 (1 + |#| ! $ ! ! ))

! (1
2(1 + |#| + $+ ! ))! (1

2 (1 + |#| ! $+ ! ))
(3.50)

We reproduce the solution to this equation, found in [14], in appendix B. In the large R limit
(2.27) the instability frequencies are real to leading order

%" %R =
1

R
(! l ! mψm + mφn ! | ! & ! mψn + mφm| ! 2(N + 1)) (3.51)

where N # 0 is an integer. The imaginary part of the frequency is found by iterating to a
higher order; the result is

%I =
1

R

#
2'
[l !]2

$
(%2 !

&2

R2
)
Q1Q5

4R2

%l+1
l+1+N Cl+1

l+1+N +|ζ|Cl+1

&

(3.52)

Note that %I > 0, so we have an exponentially growing perturbation. Our task will be to
reproduce (3.51),(3.52) from the microscopic computation.

4 T he M icroscopic M odel: t he D 1-D 5 CFT

In this section we discuss the CFT duals of the geometries of [13]. Recall that we are working
with IIB string theory compactified to M 4,1 $ S1 $ T4. The S1 is parameterized by a coordinate
y with

0 % y < 2' R (4.53)

The T4 is described by 4 coordinates z1, z2, z3, z4. Let the M 4,1 be spanned by t , x1, x2, x3, x4.
We have n1 D1 branes on S1, and n5 D5 branes on S1 $ T4. The bound state of these branes
is described by a 1+1 dimensional sigma model, with base space (y, t) and target space a
deformation of the orbifold (T4)n1n5/ Sn1n5

(the symmetric product of n1n5 copies of T4). The
CFT has N = 4 supersymmetry, and a moduli space which preserves this supersymmetry. It
is conjectured that in this moduli space we have an ‘orbifold point’ where the target space is
just the orbifold (T4)n1n5/ Sn1n5

[28].
The CFT with target space just one copy of T4 is described by 4 real bosons X 1, X 2, X 3,

X 4 (which arise from the 4 directions z1, z2, z3, z4), 4 real left moving fermions ( 1, ( 2, ( 3, ( 4

and 4 real right moving fermions (̄ 1, (̄ 2, (̄ 3, (̄ 4. The central charge is c = 6. The complete
theory with target space (T4)n1n5/ Sn1n5

has n1n5 copies of this c = 6 CFT, with states that
are symmetrized between the n1n5 copies. The orbifolding also generates ‘twist’ sectors, which
are created by twist operators ) k . A detailed construction of the twist operators is given in
[19, 20], but we summarize here the properties that will be relevant to us.

The twist operator of order k links together k copies of the c = 6 CFT so that the X i , ( i , (̄ i

act as free fields living on a circle of length k(2' R). Thus we end up with a c = 6 CFT on a
circle of length k(2' R). We term each separate c = 6 CFT a component string. Thus if we are
in the completely untwisted sector, then we have n1n5 component strings, each giving a c = 6
CFT living on a circle of length 2' R. If we twist k of these component strings together by a
twist operator, then they turn into one component string of length k(2' R). In a generic CFT
state there will be component strings of many di" erent twist orders ki with

'
i ki = n1n5.
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which gives

1
sin 2!

d
d!

!
sin 2!

d
d!

"
"

+

#!
#2 !

$2

R2

"
(a2

1 sin2 ! + a2
2 cos2 ! ) !

m2
!

cos2 !
!

m2
"

sin2 !

$

" + ! " = 0

(3.43)

1
r

d
dr

!
g(r )

r
d
dr

h
"

+ (1 ! %2)h ! (r 2
+ ! r 2

! )
!

&2

r 2 ! r 2
+

!
' 2

r 2 ! r 2
!

"
h = 0 (3.44)

where

g(r ) = (r 2 ! r 2
! )(r 2 ! r 2

+)

' " #( R ! $) ! m" n + m! m

& " ! $ ! m! n + m" m

( "
c2
1c2

5c2
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1s2
5s2

p
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) "
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1c2
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!

#2 !
$2

R2

"
(r 2

+ + M s2
1 + M s2

5) ! (#cp !
$
R

sp)2M (3.45)

Int roducing the dimensionless radial coordinate

x "
r 2 ! r 2

+

r 2
+ ! r 2

!
(3.46)

the radial equat ion becomes

* x [x(x + 1)* x h] +
1
4

%
+2x + (1 ! %2) +

' 2

x + 1
!

&2

x

&
h = 0 (3.47)

where

+2 " (#2 !
$2

R2
)(r 2

+ ! r 2
! ) (3.48)

In our large R limit we have a2
i (#2 ! #2

R2 ) # 0, so the angular equat ion reduces to the Laplacian
on S3. Thus

! = l(l + 2) + O(a2
i (#2 !

$2

R2
)) (3.49)

3.2 T he inst abi l i t y frequencies

The radial equat ion cannot be solved exact ly, but we can solve it in an Ôouter regionÕand
an Ôinner regionÕand match solut ions across the overlap of these regions. We reproduce this
computat ion of [14] in appendix A. The instability frequencies correspond to the situat ion

9

Solve the wave equation by ÔmatchingÕ solutions in inner and outer regions

Ergoregion instability:  part of the wavefunction gives a radiated wave at 
inÞnity, and a part collects in the ergoregion (Chowdhury+SDM 08)) 

The real part of the frequency gives the energy of the radiated quanta

The imaginary part of the frequency gives the exponential growth rate of the 
perturbation

where there is no incoming wave, but we st ill have an outgoing wave carrying energy out to
inÞnity. These instability frequencies are given by solut ions to the transcendental equat ion

! e−i ! " ! (1 ! ! )
! (1 + ! )

! "
2

" 2!
=

! (! )
! (! ! )

! ( 1
2(1 + |#| + $ ! ! ))! ( 1

2(1 + |#| ! $ ! ! ))

! ( 1
2(1 + |#| + $ + ! ))! ( 1

2(1 + |#| ! $ + ! ))
(3.50)

We reproduce the solut ion to this equat ion, found in [14], in appendix B. In the large R limit
(2.27) the instability frequencies are real to leading order

%" %R =
1
R

(! l ! m# m + m$n ! | ! & ! m# n + m$m| ! 2(N + 1)) (3.51)

where N # 0 is an integer. The imaginary part of the frequency is found by iterat ing to a
higher order; the result is

%I =
1
R

#
2'
[l!]2

$
(%2 !

&2

R2 )
Q1Q5

4R2

%l+ 1
l+ 1+ N Cl+ 1

l+ 1+ N + |%|Cl+ 1

&

(3.52)

Note that %I > 0, so we have an exponent ially growing perturbat ion. Our task will be to
reproduce (3.51),(3.52) from the microscopic computat ion.

4 The Microscopic Model: the D1-D5 CFT

In this sect ion we discuss the CFT duals of the geometries of [13]. Recall that we are working
with I IB string theory compact iÞed to M4,1 $ S1 $ T 4. The S1 is parameterized by a coordinate
y with

0 % y < 2' R (4.53)

The T 4 is described by 4 coordinates z1, z2, z3, z4. Let the M4,1 be spanned by t, x1, x2, x3, x4.
We have n1 D1 branes on S1, and n5 D5 branes on S1 $ T 4. The bound state of these branes
is described by a 1+ 1 dimensional sigma model, with base space (y, t) and target space a
deformat ion of the orbifold (T 4)n1n5/Sn1n5

(the symmetric product of n1n5 copies of T 4). The
CFT has N = 4 supersymmetry, and a moduli space which preserves this supersymmetry. It
is conjectured that in this moduli space we have an Ôorbifold pointÕwhere the target space is
just the orbifold (T 4)n1n5/Sn1n5

[28].
The CFT with target space just one copy of T 4 is described by 4 real bosons X1, X2, X3,

X4 (which arise from the 4 direct ions z1, z2, z3, z4), 4 real left moving fermions ( 1, ( 2, ( 3, ( 4

and 4 real right moving fermions ø( 1, ø( 2, ø( 3, ø( 4. The central charge is c = 6. The complete
theory with target space (T 4)n1n5/Sn1n5

has n1n5 copies of this c = 6 CFT, with states that
are symmetrized between the n1n5 copies. The orbifolding also generates ÔtwistÕsectors, which
are created by twist operators ) k. A detailed construct ion of the twist operators is given in
[19, 20], but we summarize here the propert ies that will be relevant to us.

The twist operator of order k links together k copies of the c = 6 CFT so that the X i , ( i , ø( i

act as free Þelds living on a circle of length k(2' R). Thus we end up with a c = 6 CFT on a
circle of length k(2' R). We term each separate c = 6 CFT a component string. Thus if we are
in the completely untwisted sector, then we have n1n5 component st rings, each giving a c = 6
CFT living on a circle of length 2' R. I f we twist k of these component st rings together by a
twist operator, then they turn into one component st ring of length k(2' R). In a generic CFT
state there will be component st rings of many di" erent twist orders ki with

'
i ki = n1n5.

10
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CFT picture: Emission of energy from branes 

Left and right moving vibrations 
collide, and emit their energy as 
gravitons with
angular harmonic l=0

Interaction vertex is known

l+1 strings twist together,  
excitations rearrange, and the 
excess energy is emitted as 
gravitons with angular harmonic l.

Interaction vertex is known upto an 
overall constant
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Hawking radiation

Special state Generic state: The Ôcomponent strings are 
highly twisted, and the excitations have a 
planckian distribution of energies

Compute l=0 emission using vertex 
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Find exact agreement with
l=0 Hawking radiation from
corresponding black hole (Callan-Maldacena 96, Dhar-Mandal-Wadia 96, Das-Mathur 

96, Maldacena-Strominger 96)
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The plan of the computation

Start with the gravity computation
of arbitrary l Hawking radiation

Thus determine the normalization
needed to completely Þx the emission 
vertex for angular momentum l

Compute Hawking emission from the 
generic CFT state, using the vertex
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Use the vertex 
to compute emission from
the special microstate
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Results

Emitted spectrum from CFT state agrees 
with the spectrum of instability frequencies

Emission rate from the CFT agrees with 
the rate found in gravity



Some natural questions: 

(A) Why does the emission grow exponentially for the special 
microstate ?

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

(C) Does the nature of emission from the special microstate suggest 
how emission would occur from generic microstates?



Why does the emission from the special microstate grow exponentially ?
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We start with a large number of 
component strings, all in the same 
state.

This makes the starting geometry classical

Due to Bose statistics, after        twisted 
strings have been created, the amplitude 
for creating the next one is proportional 
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The rate of emission is then



Why is there no exponential growth for generic states ?

 

The number of ÔinitialÕ component strings 
of a given type is order unity

The number of ÔÞnalÕ component strings
of a given type is also order unity

Thus the terms in the expression

are order unity.  We get a weak emission
(spontaneous, not stimulated). 

There is no exponential growth because 
the number of initial component strings
of the given type get Ôused upÕ very quickly.
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The corresponding phenomenon in gravity: conjecture

   

Large number of identical 
component strings gives a
classical geometry

  

After    twisted component 
strings have been created in 
the CFT picture, there are    
quanta residing in the ergoregion
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                                starts slowing down and eventually stops 
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9 In the gravity picture, when      becomes comparable to     , the quanta
collected in the ergoregion have a backreaction of order unity.  The 
geometry deforms, the ergoregion ceases to exist, and emission slows down 
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Classical geometry,
axial symmetry,
standard ergoregion,
enhanced emission

ÔStar clusterÕ. Different
stars have ergoregions
with different orientations,
so there is no axial 
symmetry in the emission

A generic state is very 
quantum, with very 
ÔshallowÕ ergoregions,
and quanta leak out 
slowly as Hawking 
radiation

   

 

Special and generic states in gravity:  conjecture



What happens to the no hair ÔtheoremÕ ?

If we take a spherically symmetric ansatz 
for the metric, we get the black hole with 
horizon

But none of the actual microstates are 
spherically symmetric

The compact directions Ôtwist over the angular sphereÕ,
and the geometry Ôcaps offÕ

Different ways of twisting give different states

If a horizon formed, we would have Ôno hairÕ,
but the throat Ôcaps-offÕ before the horizon forms ...



What about t he naive metr icÕ ?

Microstates are not spherically symmetric,
but any ÔaverageÕ will be ...

Rotate time to Euclidean, compactify ...
  all microstates run in the time loop ...

This computes the partition function. Let us
assume it has a saddle point ... This saddle 
point will be spherically symmetric.

By Hawking-Hartle-Gibbons .. Euclidean 
gravity arguments, this geometry will give 
the Bekenstein-Wald entropy from its 
Euclidean action ...

But we should not rotate this saddle point 
geometry back to Lorentzian ....

Euclidean 
time

NO !!



The fuzzball proposal
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Many pieces of evidence:

Estimates from ÔfractionationÕ, 2-charge states, 3-charge states,
Energy gaps, Emission of radiation, .....

Apply lessons to Early Universe ....
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Quantum falling into fuzzball region is trapped for long times ~
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Replace, for
processes on 
crossing time

(Not average
over metrics !!)

Expect:   Fuzzball interior changes low energy long time processes like
Hawking radiation by order unity, but not heavy objects over crossing time



Penrose diagram 
of traditional hole

Fuzzball states
(no spherical 
symmetry however)

We have changed the expectation of 
classical gravity over macroscopic 
distances .....



??

Start with brane bound state at zero coupling, the increase g

Throat depth
is order 
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but not
inÞnity Naive

geometry

In retrospect, perhaps we
should have found this natural 
for extremal holes ....



What does an infalling observer ÔfeelÕ ?

We need to quantify the question better ...

If string jumps to next level, we can say 
that observer gets killed ...

Start with simple 2-charge or 3-charge states,
can try to answer this question state by state ...
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Travel time agreement 



Infall into a generic state:
CFT computation

Reminiscent of `complementarityÕ
(Susskind 93)

Infalling frame, separation between excitations 
same on all component strings

Outgoing frame, distance from recollision same on
all component strings

(SDM 07)



Perhaps the interior of a black hole is very quantum ... 

Amplitude to tunnel 
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??

Number of states that we can tunnel to 
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If the infalling shell can tunnel into a linear combination of fuzzball states
in a time of order the Hawking evaporation time, then information can 
radiate out from the fuzzballs ...  (SDM 08)



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

The depth of the 2-charge throat is limited by this effect ....
(SDM 07)



Now  ÔBoot is on the other legÕ

Quantum corrections:

                         (a) Fluctuations from low occupation number

                         (b) Higher derivative corrections from one loop with NS1 on        
                                circle running in loop

                         (c) Tree level higher derivative term from D3 wrapped on 
                              torus and circle                

(Giusto+SDM 04, ~~SDM 07, ....)
Corrections are bounded because of
interesting stricture of fuzzball cap ...
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The fuzzball picture
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In the traditional black hole, quantum gravity effects are assumed to stretch 
only over distances         , and so the state near the horizon is the vacuum.

But a black hole is made of a large number of quanta     ,  so we must
ask if the relevant length scales are         or  
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