
Lecture 2

This lecture:  Setting up the tools for
                     making black hole microstates

                     Starting construction of microstates

Next lecture:  Finishing microstate construction

                     Dynamical  issues

                     Resolving the information paradox

Last lecture:    Application to Cosmology etc.



1.  Puzzles with black holes



Puzzles with black holes:

(a) The entropy puzzle:  Does the `Area entropy’  correspond
to a ‘count of states’ for the black hole ?

A/4G

(b) The information paradox:  How can the Hawking radiation quanta 
carry the information in the hole ?

(c) The infall problem:  What does an infalling observer feel ?

i.e. Can general relativity and 
quantum mechanics co-exist ?
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Can we show that there are  
          states of the hole ? 
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(Bekenstein, 72)

Black holes behave as if they have an entropy given by
their surface area

But statistical mechanics then says that there should be 

∼ Rs (101)

P =
2πnp

L
(102)

=
2πn1np

n1L
=

2πn1np

LT
(103)

∼ [

√
n1n5npg2α′4

LS1VT 4
]
1
3 (104)

Sbek =
A

4G
(105)

eSbek (106)

7

states of the hole for the same mass and charge

(Classical relativity finds
 that black holes have no hair,
so there is only one state)



Hawking radiation

The information problem



II. Making black holes in string theory



How do you make black holes in string theory ?

To make a black hole, we need to put a large mass in 
a small region

How should we do this ?

String theory is ‘complete’, so we should use only the 
objects present in the theory ....



Some facts from string theory :

(a) Strings live in 9+1 dimensions

We see only 3+1 dimensions, so the others 
must be small compact directions

compact

non-compact

(b) There are many kinds of elementary excitations in the 
theory, for example gravitons, strings, branes ...

We must make our black holes using these objects ...



Consider a graviton running along the compact direction

To a person who cannot resolve the compact circle,
this looks like a point mass in the noncompact directions

This point mass also carries a ‘winding charge’,
from the usual idea of Kaluza-Klein reduction
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compact non-compact



(c) Such objects are ‘BPS objects’, i.e., they have
‘mass = charge’

Newtonian mechanics
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Gravitational attraction:

Electromagnetic repulsion:

These forces exactly cancel for BPS objects



We can also wrap a string around the compact directions

Again, to a person who cannot resolve the compact circle,
this looks like a point mass in the noncompact directions
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The string radiates a 2-form gauge field, which looks
like a usual gauge field in the non-compact directions

So this string is also a charged object ... it has ‘mass=charge’
(BPS)



Let us try to make black holes by using such objects.

If we use only one kind of object, we will call it ‘one charge’

If we use two kinds of objects,  we will call it ‘two charge’, etc ...

If these quantities agree, then we have obtained a 
microscopic understanding of black hole entropy

Goal:  (a)   We can count the number of states the 
                 ‘brane complex’ will have

         (b)   The branes carry some charges.  We can
                ask how much entropy a classical black
                hole with those charges will have
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A black hole with winding charge only
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Horizon is singular

Bekenstein entropy vanishes
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A black hole with momentum charge only
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To get something more interesting, let us take TWO kinds of charges
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(a) All the strings bind together to make one ‘multiwound string’

(b) The momentum binds to this string by becoming traveling waves on 
     the string

We will call this 2-charge system NS1-P 
(the elementary string is NS1, the momentum is P)
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Imagine the string opened up to its full length

We can put all the momentum in the 
lowest harmonic,

or some in the first harmonic and some
in the second ... and so on

So there are many different states for the
same total winding and momentum charges

The count of different states will give the entropy ....



So we have to count all ways of getting a total excitation level 

L =
∫

dx[−1
4
F a

µνFµνa +
i

2
ψ̄∂ψ + . . .]

P =
2πnp

L
=

2π(n1np)
LT

p =
2πk

LT

∑

k

knk = n1np

e2π
√

2
√

n1np

S = 2π
√

2√n1np

LT = n1L

L

1

L =
∫

dx[−1
4
F a

µνFµνa +
i

2
ψ̄∂ψ + . . .]

P =
2πnp

L
=

2π(n1np)
LT

p =
2πk

LT

∑

k

knk = n1np

e2π
√

2
√

n1np

S = 2π
√

2√n1np

LT = n1L

L

1

The total momentum on the string is

Computing the entropy
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If we have       units of the harmonic     , then we need to count all possibilities

m = nL = n + R + 1, n = nL − nR Exppo[ωCFT
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mk k
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(Susskind ’93, Sen ’94)
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Thus the count of states gives an entropy
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Let us put this computation in the context of the black holes
that we will consider ....

We will use type IIB string theory
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We perform the following dualities
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Note that all dualities are in the compact directions ....



What is the nature of the D1D5 bound state ?
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The total length of the string is 
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When a P mode is bound to       NS1 branes, then the P modes
come in ‘fractional units’  equal to        of a full P mode
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S → D5 − D1 (IIB)

(247)
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Dualities:

NS1             D5

 P               D1

When a D1 brane is bound to      D5 branes, then the D1 brane
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√
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√
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number 



‘Effective string’ with
total winding number 

+
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∫
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4
F a
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2
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√
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√
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=
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LS1VT 4
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1
3 (106)
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A

4G
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eSbek (108)

Smicro = Sbek (109)
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Smicro = Sbek = 0 (112)

Smicro = 4π
√

n1np (113)

T 4 × S1 K3× S1 (114)

Sbek =
A

2G
= 4π

√
n1np = Smicro (115)
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1 = np n′

5 = n1 (116)

n′
1n

′
5 = n1np (117)
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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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The 3-charge system

+

D1+D5 P D1+D5+P

m = nL = n + R + 1, n = nL − nR Exppo[ωCFT
I t] (223)

gtt = 0 gtt > 0 (224)

S =
1

16πG

∫

Rd4x (225)

R ∼ 1

L2
∼ 1

(GM)2
(226)

d4x ∼ (GM)2 (227)

S ∼ GM2 (228)

|ψ〉 =
1

2
|ψS〉 +

1

2
|ψA〉 → 1

2
e−iESt|ψS〉 +

1

2
e−iEAt|ψA〉 (229)

|ψ1〉 |ψ2〉 |ψn〉 (230)

|0〉 → |ψ〉 〈0|ψ〉 ≈ 0 〈0|ψ〉 ≈ 1 (231)

|ψ〉
∑

i

|ψi〉〈ψi| (232)

! φ = 0 (233)

Aµ (234)

〈0|ψ1〉 ≈ 0 〈0|ψ2〉 ≈ 0 〈0|ψn〉 ≈ 0 〈0|ψn〉 ≈ 1 (235)

L ∼ GM (236)

ttunnel ∼ tdephase ∼ 1/∆E (237)

R (238)

∆Pr ' 1

R
(239)

∆E ∼ Pr∆Pr

M
' (∆Pr)2

M
' 1

MR2
(240)

mk k
∑

k

k mk = n1np (241)

N ≈ e2π
√

n1np
6 (242)

c N ≈ e2π
√

cn1np
6 Smicro = 2π

√

cn1np

6
(243)

c = 8 +
8

2
= 12 (244)

Smicro = 2
√

2π
√

n1n5 (245)

12

Recall that for a string carrying momentum

The D1 branes vibrate ‘inside’ the D5 branes, so we have 4 bosonic
modes and 4 fermionic modes

NS1 − P (IIB)
S → D1 − P (IIB)

T6789 → D5 − P (IIB)
S → NS5 − P (IIB)
T5 → NS5 − NS1 (IIA)
T6 → NS5 − NS1 (IIB)
S → D5 − D1 (IIB)

(247)

n1
1

n1
(248)

n5
1

n5
(249)

c = 4 +
4

2
= 6 (250)

13

This gives

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)

∆h̄ =
1

k
+ (

l

2
− m̄)

1

k
(135)

!F (y − ct) = (136)

(αi1
−1)

n1(αi2
−2)

n2 . . . |0〉 (137)

µ a (138)

Âµ =

(
A11

µ A12
µ

A21
µ A22

µ

)
X̂a =

(
X11

a X12
a

X21
a X22

a

)
(139)

Sij hij Bij φ (140)

gyµ = Aµ (141)

−GM2

r2

Q2

r2
(142)

Byµ = Ãµ (143)

λ (144)

ds2 =
(−dt2 + dyadya)

(1 + Q
r4 )

1
2

+ (1 +
Q

r4
)

1
2 [dr2 + r2dΩ2

5] (145)

1 +
Q

r4
→ Q

r4
(146)

ds2 ≈ r2

√
Q

(−dt2 + dyadya) +

√
Q

r2
dr2 +

√
Q dΩ2

5 (147)

AdS5 S5 (148)

x2
1 + x2

2 + x2
3 + x2

4 + x2
5 + x2

6 =
√

Q (149)

−x2
1 − x2

2 + x2
3 + x2

4 + x2
5 + x2

6 = −
√

Q (150)

SO(6) SO(4, 2) (151)

Smicro = 2π
√

n1n5np (152)

8

(Strominger Vafa 96)



Recall that we had planned to check if this microscopic count of states 
agrees with the ‘horizon entropy’

Go to IIB supergravity.
 
Make an extremal black hole with these charges D1-D5-P,  and mass=charge

Infinite 

horiz

singula

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)

∆h̄ =
1

k
+ (

l

2
− m̄)

1

k
(135)

!F (y − ct) = (136)

(αi1
−1)

n1(αi2
−2)

n2 . . . |0〉 (137)

µ a (138)

Âµ =

(
A11

µ A12
µ

A21
µ A22

µ

)
X̂a =

(
X11

a X12
a

X21
a X22

a

)
(139)

Sij hij Bij φ (140)

gyµ = Aµ (141)

−GM2

r2

Q2

r2
(142)

Byµ = Ãµ (143)

λ (144)

ds2 =
(−dt2 + dyadya)

(1 + Q
r4 )

1
2

+ (1 +
Q

r4
)

1
2 [dr2 + r2dΩ2

5] (145)

1 +
Q

r4
→ Q

r4
(146)

ds2 ≈ r2

√
Q

(−dt2 + dyadya) +

√
Q

r2
dr2 +

√
Q dΩ2

5 (147)

AdS5 S5 (148)

x2
1 + x2

2 + x2
3 + x2

4 + x2
5 + x2

6 =
√

Q (149)

−x2
1 − x2

2 + x2
3 + x2

4 + x2
5 + x2

6 = −
√

Q (150)

SO(6) SO(4, 2) (151)

Smicro = 2π
√

n1n5np (152)

Sbek =
A

4G
= 2π

√
n1n5np = Smicro (153)
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S = 2π
√

n5(
√

n1 +
√

n̄1)(
√

np +
√

n̄p) (57)

= 2π
√

n5(
E

√
m1mp

) (58)

S = 2π
√

n1n5npnkk (59)

S = 2π
√

n1n5nkk(
√

np +
√

n̄p) (60)

= 2π
√

n1n5(
E

√
mpmkk

) (61)

S = 2π
√

n1n5(
√

np +
√

n̄p)(
√

nkk +
√

n̄kk) (62)

∼ lp (63)

∼ n
1

6 lp (64)

M9,1 → M4,1 × T 4 × S1 (65)

E/(2mkk) = 0.5 (66)

E/(2mkk) = 1.2 (67)

Lz ∼ [
g2α′4√n1n5np

V R
]
1

3 ∼ Rs (68)

∆S (69)

eS (70)

eS+∆S (71)

S = 2π
√

n1n5np(1 − f) + 2π
√

n1n5npf(
√

nk +
√

n̄k) (72)

nk = n̄k =
1

2

∆E

mk
=

1

2Dmk
(73)

D ∼ [

√
n1n5npg2α′4

V Ry
]
1

3 ∼ RS (74)

∆S = S − 2π
√

n1n5np = 1 (75)

S =
A

4G
(76)

mk ∼ G5

G2
4

∼ D2

G5
(77)

D ∼ G
1

3

5 (n1n5np)
1

6 ∼ RS (78)

∼ Nα lp (79)

eS (80)

5

S = 2π
√

n1n5np(
√

nk +
√

n̄k) (15)

∆S ! 1 (16)

T → T/(n1n2n3) (17)

Sbek =
A

4G
= 2π

√
n1n5np (18)

Smicro = 2π
√

n1n5np (19)

T = − 1

L

∫

Tzz = (
∂M

∂L
)S (20)

T = ∈π
√
N (∈

√

√

√

√

E
∈%√

) ≈ 0 (21)

T L

M
= const. (22)

S̃1 (23)

T 4 × S1 (24)

S = 2π
√

n1n5(
√

np +
√

n̄p) (25)

= 2π
√

N (2

√

E

2mp
) (26)

N = n1n5 (27)

M9,1 → M3,1 × T 4 × S1 × S̃1 (28)

S = 2π
√

n1n5(
√

np +
√

n̄p)(
√

nkk +
√

n̄kk) (29)

= 2π
√

N
E

mpmkk
(30)

N1 (31)

N − N1 (32)

E1 (33)

E − E1 (34)

S = 2π
√

N1 (2

√

E1

2mp
) (35)

S = 2π
√

(N − N1)
(E − E1)

mpmkk
(36)

3

L =
∫

dx[−1
4
F a

µνFµνa +
i

2
ψ̄∂ψ + . . .]

P =
2πnp

L
=

2π(n1np)
LT

p =
2πk

LT

∑

k

knk = n1np

e2π
√

2
√

n1np

S = 2π
√

2√n1np

LT = n1L

L

M9,1 → M4,1 × T 4 × S1

D1 D5 P

n1 n5 n1n5 T 4 S1

1

L =
∫

dx[−1
4
F a

µνFµνa +
i

2
ψ̄∂ψ + . . .]

P =
2πnp

L
=

2π(n1np)
LT

p =
2πk

LT

∑

k

knk = n1np

e2π
√

2
√

n1np

S = 2π
√

2√n1np

LT = n1L

L

M9,1 → M4,1 × T 4 × S1

D1 D5 P

n1 n5 n1n5 T 4 S1

1

L =
∫

dx[−1
4
F a

µνFµνa +
i

2
ψ̄∂ψ + . . .]

P =
2πnp

L
=

2π(n1np)
LT

p =
2πk

LT

∑

k

knk = n1np

e2π
√

2
√

n1np

S = 2π
√

2√n1np

LT = n1L

L

M9,1 → M4,1 × T 4 × S1

D1 D5 P

n1 n5 n1n5 T 4 S1

1

S ∼ E ∼
√

E
√

E (81)

n1 n̄1 np n̄p (82)

S = 2π
√

2(
√

n1 +
√

n̄1)(
√

np +
√

n̄p) ∼
√

E
√

E ∼ E (83)

S = 2π(
√

n1 +
√

n̄1)(
√

n5 +
√

n̄5)(
√

np +
√

n̄p) ∼ E
3

2 (84)

S = 2π(
√

n1 +
√

n̄1)(
√

n2 +
√

n̄2)(
√

n3 +
√

n̄3)(
√

n4 +
√

n̄4) ∼ E2 (85)

S = AN

N
∏

i=1

(
√

ni +
√

n̄i) ∼ E
N
2 (86)

ds2 = −dt2 +
∑

i

a2
i (t)dxidxi (87)

S = 2π(
√

n1 +
√

n̄1)(
√

n2 +
√

n̄2)(
√

n3 +
√

n̄3)(
√

n4 +
√

n̄4) (88)

S = 2π(
√

n1 +
√

n̄1)(
√

n2 +
√

n̄2)(
√

n3 +
√

n̄3) (89)

n4 = n̄4 ! 1 (90)

Smicro = 2π
√

2
√

n1np = Sbek (91)

Smicro = 2π
√

n1n5np = Sbek (92)

Smicro = 2π
√

n1n5npnkk = Sbek (93)

Smicro = 2π
√

n1n5(
√

np +
√

n̄p) = Sbek (94)

Smicro = 2π
√

n5(
√
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√

n̄1)(
√

np +
√

n̄p) = Sbek (95)
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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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√
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√
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√

n3 +
√
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√

n4 +
√

n̄4) (97)

n̂i = ni − n̄i (98)

E =
∑

i

(ni + n̄i) mi (99)

S = C
N
∏

i=1

(
√

ni +
√

n̄i) (100)

Pa =
∑

i

(ni + n̄i) pi
a (101)

R [n1, n5, np, α
′, g, LS1, VT 4] (102)

∼ Rs (103)

P =
2πnp

L
(104)

6
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S = 2π
√

n1n5npnkk (62)

S = 2π
√

n1n5nkk(
√

np +
√

n̄p) (63)

= 2π
√

n1n5(
E

√
mpmkk

) (64)

S = 2π
√

n1n5(
√

np +
√

n̄p)(
√

nkk +
√

n̄kk) (65)
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6 lp (67)
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5

D1, D5, P charges

D1,D5,P and KK monopoles with
new circle as nontrivial fiber 

4-charge holes



Microscopic entropy formulae
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√
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√
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∼
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√
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√
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MN = e−i(t+y)−ikz B̃(2)

MN(r, θ, φ) , (13)

T → T/(n1n2n3) (14)

2

A

4G
= S = 2π

√
n1n2n3

∆E =
1

nR
+

1

nR
=

2

nR

∆E =
2

nR

S = ln(1) = 0 (8)

S = 2
√

2π
√

n1n2 (9)

S = 2π
√

n1n2n3 (10)

S = 2π
√

n1n2n3n4 (11)

n1 ∼ n5 ∼ n

∼ n
1
4 lp

∼ n
1
2 lp

∼ n lp

M9,1 →M4,1 ×K3× S1

A

4G
∼

√
n1n5 − J ∼ S

A

4G
∼
√

n1n5 ∼ S

e2π
√

2
√

n1np

1 +
Q1

r2

1 +
Qp

r2

e2π
√

2
√

n1n5

w = e−i(t+y)−ikz w̃(r, θ, φ) (12)
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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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√
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√
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√
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7

2-charges

3-charges

4-charges

2 charges
+ nonextremality

3-charges
+ nonextremality

Charges can be permuted
by dualities

Charges can be taken as
D1, D5,  P,  KK

Which charge pairs are 
created can be found by 
maximizing entropy



Near - extremal holes

Put both left and right moving excitations

NS1 − P (IIB)
S → D1 − P (IIB)

T6789 → D5 − P (IIB)
S → NS5 − P (IIB)
T5 → NS5 − NS1 (IIA)
T6 → NS5 − NS1 (IIB)
S → D5 − D1 (IIB)

(247)

n1
1

n1
(248)

n5
1

n5
(249)

c = 4 +
4

2
= 6 (250)

Smicro = 2π
√

n1n5(
√

np +
√

n̄p) = Sbek (251)

13

Left and right moving excitations can collide and exit the brane state ....



Hawking radiation

Unitary radiation 
process in CFT

Non-Unitary 
radiation from gravity

Radiation rates agree (Spins, greybody factors ...)

(Das-Mathur 96, Maldacena-Strominger 96)

Can we get UNITARY radiation (information carrying) in the GRAVITY 
description ??

But



Some general lessons about entropy

(a) To understand the entropy of black holes in 4+1 
noncompact dimensions, we have to see how branes wrap 
around the OTHER 5 (compact) dimensions

(b) People used to think that string theory is very    
wasteful ... apart from the graviton, we get all these other 
excited vibration modes of the string ... but now we see 
that exactly these vibrations account for the entropy of 
black holes ... this is a big validation of string theory 



III. How big is a bound state of branes ?
          A motivational argument



A supersymmetric brane state in string theory:   mass=charge
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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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B(2)
MN = e−i(t+y)−ikz B̃(2)

MN(r, θ, φ) , (11)

2

= 2π
√

n1n5(2

√
E
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) (54)

S = 2π
√
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√

n1 +
√

n̄1)(
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np +
√

n̄p) (55)
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√
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√

n1n5npnkk (57)
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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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√

n̄kk) (60)

∼ lp (61)
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1
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M9,1 →M4,1 × T 4 × S1 (63)

E/(2mkk) = 0.5 (64)

E/(2mkk) = 1.2 (65)

Lz ∼ [
g2α′4√n1n5np

V R
]
1
3 ∼ Rs (66)

∆S (67)

eS (68)

eS+∆S (69)

S = 2π
√

n1n5np(1− f) + 2π
√

n1n5npf(
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√

n̄k) (70)

nk = n̄k =
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∆E
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2Dmk
(71)
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n1n5npg2α′4
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]
1
3 ∼ RS (72)
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n1n5np = 1 (73)

S =
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(74)

mk ∼
G5

G2
4

∼ D2

G5
(75)

D ∼ G
1
3
5 (n1n5np)

1
6 ∼ RS (76)

Nα lp (77)

5

Infinite throat

horizon

singularity

‘fuzzball cap’

What we want to show ....



Energy gap (with no net charge)

ε =
E

2mkk
(37)

1√
ε

(38)

√
4ε − 1

2ε
(39)

S

Su
(40)
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=
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=
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√
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√
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‘Effective string’ with
total winding number 

+

L =
∫

dx[−1
4
F a

µνFµνa +
i

2
ψ̄∂ψ + . . .]

P =
2πnp

L
=
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p =
2πk
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knk = n1np

e2π
√
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√
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M9,1 → M4,1 × T 4 × S1

D1 D5 P

n1 n5 n1n5 T 4 S1
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√
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√
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D1 branes D5 branes
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1

3

5 (n1n5np)
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6 ∼ RS (81)
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eS (83)
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√
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√
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√

n̄p) ∼
√
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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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∏

i=1

(
√

ni +
√

n̄i) ∼ E
N
2 (89)

ds2 = −dt2 +
∑
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√
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∑
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∏
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√
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∑
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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 − mψm + mφn] = ωgravity

R (179)

m = nL + nR + 1, n = nL − nR (180)

|λ − mψn + mφm| = 0, N = 0 (181)

λ = 0, mψ = −l, n = 0, N = 0 (182)

ωI = ωgravity
I (183)

|0〉 |ψ〉 〈0|ψ〉 ≈ 0 (184)

n1, n2, n3 n4 (185)

1/n1n2n3 (186)

(n1n5)
αlp (187)

n1n5

∑

knk = n1n5 n5 (188)

n′
p = n1 n′

1 = n5,
∑

knk = n′
pn

′
1 (189)

10

S1 → y y : (0, 2πR) (175)
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S1 → y y : (0, 2πR) (175)
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√
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Put a D1-D5-P extremal state in a box

How small should the box be before the 
state ‘feels’ the walls of the box?
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A motivational argument



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)

S = 2π
√

n1n5np (57)

S = 2π
√

n1n5(
√

np +
√

n̄p) (58)

= 2π
√

n1n5(2

√

E

2mp
) (59)

S = 2π
√

n5(
√

n1 +
√

n̄1)(
√

np +
√

n̄p) (60)

= 2π
√

n5(
E

√
m1mp

) (61)

S = 2π
√

n1n5npnkk (62)

S = 2π
√

n1n5nkk(
√

np +
√

n̄p) (63)

= 2π
√

n1n5(
E

√
mpmkk

) (64)

S = 2π
√

n1n5(
√

np +
√

n̄p)(
√

nkk +
√

n̄kk) (65)

∼ lp (66)

∼ n
1

6 lp (67)

M9,1 → M4,1 × T 4 × S1 (68)

E/(2mkk) = 0.5 (69)

E/(2mkk) = 1.2 (70)

Lz ∼ [
g2α′4√n1n5np

V R
]
1

3 ∼ Rs (71)

∆S (72)

eS (73)

eS+∆S (74)

S = 2π
√

n1n5np(1 − f) + 2π
√

n1n5npf(
√

nk +
√

n̄k) (75)

nk = n̄k =
1

2

∆E

mk
=

1

2Dmk
(76)

D ∼ [

√
n1n5npg2α′4

V R
]
1

3 ∼ RS (77)

∆S = S − 2π
√

n1n5np = 1 (78)

S =
A

4G
(79)

mk ∼ G5

G2
4

∼ D2

G5
(80)

5

S = 2π
√

n1n5np (57)

S = 2π
√

n1n5(
√

np +
√

n̄p) (58)

= 2π
√

n1n5(2

√

E

2mp
) (59)

S = 2π
√

n5(
√

n1 +
√

n̄1)(
√

np +
√

n̄p) (60)

= 2π
√

n5(
E

√
m1mp

) (61)

S = 2π
√

n1n5npnkk (62)

S = 2π
√

n1n5nkk(
√

np +
√

n̄p) (63)

= 2π
√

n1n5(
E

√
mpmkk

) (64)

S = 2π
√

n1n5(
√

np +
√

n̄p)(
√

nkk +
√

n̄kk) (65)

∼ lp (66)

∼ n
1

6 lp (67)

M9,1 → M4,1 × T 4 × S1 (68)

E/(2mkk) = 0.5 (69)

E/(2mkk) = 1.2 (70)

Lz ∼ [
g2α′4√n1n5np

V R
]
1

3 ∼ Rs (71)

∆S (72)

eS (73)

eS+∆S (74)

S = 2π
√

n1n5np(1 − f) + 2π
√

n1n5npf(
√

nk +
√

n̄k) (75)

nk = n̄k =
1

2

∆E

mk
=

1

2Dmk
(76)

D ∼ [

√
n1n5npg2α′4

V R
]
1

3 ∼ RS (77)

∆S = S − 2π
√

n1n5np = 1 (78)

S =
A

4G
(79)

mk ∼ G5

G2
4

∼ D2

G5
(80)

5

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 

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 − mψm + mφn] = ωgravity

R (179)

m = nL + nR + 1, n = nL − nR (180)

|λ − mψn + mφm| = 0, N = 0 (181)

λ = 0, mψ = −l, n = 0, N = 0 (182)

ωI = ωgravity
I (183)

|0〉 |ψ〉 〈0|ψ〉 ≈ 0 (184)

n1, n2, n3 n4 (185)
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Creates low tension ‘effective’ objects, which can stretch far ....

(Das+SDM 96,  Maldacena+Susskind 96,  SDM 97,  Chowdhury+Giusto+SDM 06)

This was only a crude motivational argument ...

But now we should go and construct black hole microstates at strong coupling 
(where they are really expected to be black holes)
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For               compactification,
geometry gives a Bekenstein - Wald 
entropy
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=

2πn1np

LT
(105)

∼ [

√
n1n5npg2α′4

LS1VT 4
]
1
3 (106)

Sbek =
A

4G
(107)

eSbek (108)

Smicro = Sbek (109)

Smicro = ln[256] ∼ 0 (110)
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T 4 × S1 K3× S1 (114)
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(Cardoso, DeWit, Mohaupt ’02, Dabholkar ’04)

So the 2-charge hole  (‘Sen-Vafa hole’)
gives a simple story for
black hole entropy in string theory ......

The simplest hole is the 2-charge hole ...

But we need to include      terms
in the gravitation action

NS1 − P (IIB)
S → D1 − P (IIB)

T6789 → D5 − P (IIB)
S → NS5 − P (IIB)
T5 → NS5 − NS1 (IIA)
T6 → NS5 − NS1 (IIB)
S → D5 − D1 (IIB)

(247)

n1
1

n1
(248)

n5
1

n5
(249)

c = 4 +
4

2
= 6 (250)

Smicro = 2π
√

n1n5(
√

np +
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n̄p) = Sbek (251)

R2 (252)
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