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1.  Review the black hole information paradox

2.  What is the resolution in string theory?

Outline

The fuzzball paradigm

fuzzball

Quantum gravity acts not at the planck scale
but at macroscopic distances, changing the entire interior

lp ! N↵ lp



In general relativity, spacetime is curved

In particular, light cones are distorted:  They tilt towards a 
source of energy

In flat spacetime the light cones look like this:



HorizonMass

The black hole

Everything must
keep moving inwards

Difficult to stay
here

This region becomes 
a vacuum



Shell collapses to make a black hole ...

Classically, nothing can come out of the horizon, since nothing can 
travel faster than light

The same is true with Quantum field theory, since QFT also maintains 
causality

The same remains true in string theory, since string theory also 
maintains causality



It seems the information in the shell can 
never come out of the horizon 

But why is that a problem ?

Because Hawking found in 1974 that the hole slowly evaporates
away …

But the radiation does not carry the information of the shell …

What is the basic cause of this radiation?



Gravity is an attractive force

PE = �GMm
r

r
M

m

By itself, the small mass has an intrinsic energy 

E = mc2

E = mc2 � GMm
r

When it is placed near the larger mass, what energy should we assign ?
Let us start with the Newtonian approximation ...



r
M

m

E = mc2 � GMm
r

We see that the total energy of       becomes zero at m

r = GM
c2

and for smaller      it is negativer

M

negative net energy

Doing this properly with 
general relativity does not 
change the answer much

r = 2GM
c2



M

In quantum mechanics, the vacuum can have fluctuations
which produce a particle-antiparticle pair

�E �t ⇠ ~

But if a fluctuation happens near the horizon, the particles do not have 
to re-annihilate 

�E = 0 ! �t = 1

Thus the negative energy particle gets 
automatically placed in the correct position 
inside the horizon



The outer particle drifts
off to infinity as ‘Hawking 
radiation’

The mass of the hole has 
gone down, so the horizon 
shrinks slightly

The process repeats, and 
another particle pair is 
produced

The energy of the hole is 
now in the radiation

A massless (or planck mass) 
remnant is left



The crucial issue now has to do with ‘entanglement’

Vacuum fluctuations typically produce entangled states ...

+
electron electronpositron positron

M M
+

So the state of the radiation is entangled with the state of the remnant



If      particles are emitted, then there are         
possible arrangements
N 2N

We can call an electron a 0 and a positron a 1

101100010011+

000000111111
…. ….

111111000000+

| i = 1p
n

nX

i=1

 i ⌦ �i ! Sent = lnn

We can measure entanglement by ‘Entanglement entropy’



Emitted photon will be entangled with 
the atom which emitted it

But after some time the atom floats out 
like ash, so only things at infinity are 
entangled with each other

Hawking radiation is different from radiation from a normal body …

Sent

emission steps

Hawking 
process

emission steps

normal
body

Sent

(Page)



(a) Information loss:  The hole completely evaporates away

vacuum

The radiation cannot be assigned ANY quantum state ... it can only be 
described by a density matrix  ... this is a violation of quantum 
mechanics(Hawking 1974)

The radiation is entangled,
but there is nothing
that it is entangled  WITH

There are now two possibilities:



(b) We assume the evaporation stops when we get to a planck sized 
remnant. 

The remnant must have at least         internal states 2N

101100010011+

000000111111

…. ….

111111000000+

But can we hold an unbounded number of states in planck volume with 
energy limited by planck mass?



Most relativists accepted the remnant scenario …

Baby Universes?

But in string theory, we cannot have remnants, 
if we accept AdS/CFT duality

remnant
M

AdS

CFT

Finite mass, finite volume,
SU(N) gauge theory has 
finitely many states



But how precisely should this happen?

In particular, our concern will be:  What is the resolution in string 
theory?

The cumulative effect of small corrections
              
              (Maldacena 2001, Hawking 2004)

Many string theorists believed implicitly that the Hawking problem was 
not a serious one, for a reason which turned out to be incorrect:

(’t Hooft, ~ 1990)

’t Hooft (and later, Susskind) started a wave of 
thinking that the formation and evaporation of black 
holes should be described by a unitary S-matrix



M M
+

10 + 01
Leading order 
Hawking computation

10 + 01
Small corrections, 
perhaps due to 
gravitational instanton 
effects

??

✏ is very small,  perhaps of order Exp[�(M/mp)
2]

But the number of radiated quanta is very large ….



leading order

leading order +
subleading effects

Number of emitted quanta is very large  ⇠ (M/mp)
2

Perhaps with all these corrections,
the entanglement goes down to zero …



Kip 
Thorne

John 
Preskill

Stephen 
Hawking

But Kip Thorne did not agree to 
surrender the bet ...

Who is correct ?

In 2004, Stephen Hawking surrendered his bet to John Preskill using similar 
arguments ...



Sent

emission steps

Hawking 
process

Sent(N + 1) > Sent(N) + ln 2� 2✏

Suppose the corrections to the state of the entangled pair are bounded 
by    at each step of emission.

Then the growth of entanglement entropy cannot be reduced by more 
than        at each step
 

✏

2✏

If the physics at the horizon is like the physics in this room to leading 
order, then there is no solution to the information problem;  i.e. we need
order unity corrections at the horizon

(SDM 2009)

The nontrivial power came from something called the strong sub-
additivity theorem for quantum entanglement entropy



Well, why can’t we change the structure at the horizon?

Very hard for anything 
to stand here

Buchdahl’s theorem:  Perfect fluid spherical star will collapse if

R <
9

4
GM Pressure reaches infinity

at some radius



The Fuzzball paradigm

Avery, Balasubramanian, Bena, Carson, Chowdhury, de Boer, Gimon, Giusto, 
Hampton, Keski-Vakkuri, Levi, Lunin, Maldacena, Maoz, Niehoff, Park, Peet, Potvin,  
Puhm,Ross, Ruef, Russo, Saxena, Simon, Skenderis, Srivastava, Taylor, Turton, Vasilakis, 
Warner ...

So how do things work in string theory?

BenaAvery Chowdhury Giusto Lunin Mathur

Russo Shigemori Saxena Srivastava Turton Warner



We live in 3 space and 1 time dimension. Recall the black hole ...

M

Let us draw just one space direction for simplicity

r = 2GM
c2

M negative net energy

r = 2GM
c2

negative net energy



Now suppose there was an extra dimension (e.g., string theory has 6 extra 
dimensions)

People have thought of extra dimensions for a long time, but they 
seemed to have no particular significance for the black hole problem

M

r = 2GM
c2

negative net energy



But there is a completely different structure possible with compact 
dimensions ...

r = 2GM
c2

No place to put 
particles with net 
negative energy

The mass   
is captured by the 
energy in the 
curved manifold

M

+ -

There is an extra ‘twist’ in the space-time 
which makes it consistent to have both boson 
and fermion wave functions

(Kaluza Klein monopoles and anti-monopoles)



1-dimension+ -

+

+

-

-

Not part of space-time
(no horizon forms)

In more dimensions : 

We will draw only the structure near the horizon :

“Fuzzball”

not part of 
spacetime Nothing can fall into the hole 

because spacetime ends just 
outside the horizon



In string theory, the gravitational coupling is a tunable parameter

If we make the coupling small, then we just get free strings, branes etc.

If we make the coupling large, we expected a black hole …

But in all the cases that have been worked out, we always get a fuzzball
(2 charge extremal solved completely, 3 charge extremal, near extremal:
many states worked out)

NO !!

YES

This behavior resolves the black hole information paradox in string theory…



 Toy model of fuzzball: Euclidean Schwarzschild plus time (‘neutral 
fuzzball’) 

ds2 = �dt2 + (1� r0
r
)d⌧2 +

dr2

1� r0
r

+ r2(d✓2 + sin2 ✓d�2)

0  ⌧ < 4⇡r0

What happened to Buchdahl’s theorem?

R <
9

4
GM

Pressure reaches infinity
at some radius



Tµ
⌫ = diag{�⇢, pr, p✓, p�} = diag{�f, f,�f,�f}

f =
3r20

8r4(1� r0
r )

3
2

From a 3+1 dimensional perspective we find

Thus the pressure does diverge at the surface of the bubble, but this
is not a problem since the full 4+1 spacetime is smooth

We can reduce on the direction     to again get scalar field in 3+1 
gravity.  Why does this shell of scalar field not collapse inwards ?

⌧



How is the semiclassical approximation violated ?



??

Shell collapses to make a black hole ...

How would we ever get a fuzzball ?



The black hole has a novel feature:  A very large entropy

Sbek =
A

4G

For                   we getr = 2GM

Sbek = 4⇡GM2

If the usual ideas of statistical mechanics were true, then this implies a 
large number of microscopic states for the hole

N ⇠ eSbek ⇠ eGM2



In string theory, we have evidence that statistical mechanics does 
hold. 

Strominger and Vafa computer the 
number of string states for a given 
extremal bound state of branes at weak 
coupling (1996)

|n⇧total = (J�,total
�(2n�2))

n1n5(J�,total
�(2n�4))

n1n5 . . . (J�,total
�2 )n1n5 |1⇧total (5)
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w = e�i(t+y)�ikz w̃(r, �, ⇤) (10)

B(2)
MN = e�i(t+y)�ikz B̃(2)

MN(r, �, ⇤) , (11)

2

S
micro

= S
bek

This does not solve the information 
paradox however

But we have now seen that at strong 
coupling the microstates are fuzzballs



Consider the amplitude for the shell to tunnel to a fuzzball state

Amplitude to tunnel is very small

But the number of states that one can tunnel 
to is very large !
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Z =
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D[g]e�
1
� S[g] (35)
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Measure has 
degeneracy of states

Action determines 
classical trajectory

For traditional macroscopic objects the measure is order      while the
action is order unity
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Path integral

But for black holes the entropy is so large that the two are comparable …

Thus the black hole is not a semiclassical object

(SDM 09,  Kraus+SDM 15,  Bena, Mayerson, Puhm, Vernocke 15)



Summary



light cones point inwards

+

10 + 01

(A) Classical picture of black hole formation

(B) Semiclassical physics: Pair creation causes Hawking radiation

(Hawking 1975)



Sent

emission steps

Hawking 
process

Sent(N + 1) > Sent(N) + ln 2� 2✏

(SDM 2009)

(C) The ‘small corrections theorem’ tells us that the problem 
is real, and cannot be solved by small quantum gravity effects

(D) String theory: Fuzzball paradigm



(E) Semiclassical approximation is broken because of the large 
entropy of the black hole

Ptunneling ⇥ eSbek ⇠ 1

Thus we must consider not only the black hole geometry
but all possible geometries (superspace)

Usually the wavefunctional is oscillatory for the semiclassical solution, 
and damped on other (fuzzball) solutions

But when a black hole is about to form, the potential is lowered 
enough so that the fuzzball solutions become ‘allowed’



(F) There are alternative proposals for resolving the information 
paradox

Most of them invoke some kind on nonlocality

(a) Giddings has proposed nonlocality on the horizon length scale

Nonlocal effects change the emitted
mode after it leaves the horizon

Nonlocality typically gives acausality

String theory has not shown nonlocal or 
acausal effects



(b) Maldacena and Susskind have proposed that tiny wormholes link 
the emitted particles to the remaining hole

(Maldacena and Susskind 2013)

(c) Recently Hawking Perry and Strominger suggested that
the microstates of the hole reside at infinity, in zero modes of gauge 
fields

(Hawking, Perry Strominger 2015)



THANK YOU !!



Causality and the firewall argument



Hawking (1975) showed that if we have the vacuum at the horizon
(no hair) then there will be a problem with growing entanglement

This is equivalent to the statement:  If we assume that

Ass:1  The entanglement does not keep rising, but instead drops 
down after some point like a normal body

Then the horizon cannot be a vacuum region.

This does not tell us however what energy scales will be  involved in 
describing the state around the horizon …



AMPS tried to make the a stronger statement, by adding an extra 
assumption

Ass2:  Outside the stretched horizon, we have ‘normal physics’  
(Effective field theory).  In particular,  a shell coming
in at the speed of light will encounter no new physics till it hits the 
stretched horizon (causality)

AMPS claim:  Given assumptions Ass:1 and Ass:2, an infalling object 
will encounter quanta with energies reaching planck scale as it 
approaches the horizon (Firewall)

black hole

stretched horizon

infalling shell only sees
effective field theory
(no new physics) 
outside the hole



The intuition behind the AMPS argument is simple: 

In the Hawking computation with vacuum 
horizon, the particles do not actually 
materialize until they are long 
wavelength (low energy) excitations

If we replace the black hole by a 
normal hot body, then we will have
no entanglement problem (by definition)

But we can now follow the radiation 
quanta back to the emitting surface, 
where they will be high energy real quanta

high energy quanta



But there is a problem with the AMPS argument:  

The two assumptions Amp:1 and Amp:2 are in conflict with each 
other …

(1) 
M M 0

r = 2M

Shell falls in at 
speed of light

Sees only normal
physics (Ass:2)

(2) M

r = 2M

r = 2(M +M 0)

Shell passes through
its own horizon without 
drama, since by causality 
it has not seen the hole



(3) 
r = 2(M +M 0) Light cones point inwards inside

the new horizon, so the information
of the shell cannot be sent to infinity 
without violating causality. 

This contradicts assumption Ass:1

Thus there is a conflict between Assumptions Ass:1 and Ass:2 made 
in the firewall argument.

If we drop the new assumption Ass:2, then we cannot argue that 
there is a firewall: in fact we can construct a bit model where high 
energy quanta feel ‘no drama’ at the horizon (fuzzball 
complementarity)

(SDM+Turton 2013, SDM 2015)



A pictorial description of ‘entropy enhanced tunneling’



(1) Shell far outside horizon, 
semiclassical collapse

(2) As shell approaches its 
horizon, there is a nucleation of 
‘bubbles’ just outside the shell

A pictorial description of ‘entropy enhanced tunneling’



(3) The bubbles cost energy, which is 
drawn from the energy of the shell. 
The shell now has a lower energy, 
which corresponds to a horizon 
radius that is smaller. The shell thus 
moves inwards without forming a 
horizon

(4) As the shell reaches close
to its new horizon, more 
bubbles nucleate, and so on. 



(5) Instead of a black hole with horizon, we 
end up with a horizon sized structure 
which has no horizon or singularity



Resolving the causality paradox



We can ask how the causality problem is avoided in the fuzzball 
paradigm …

(1) 
M M 0

r = 2M

Shell falls in at 
speed of light

Sees only normal
physics when far 

(2) M

r = 2M

r = 2(M +M 0)

When shell approaches 
horizon, it tunnels into 
fuzzballs …



We have seen that at this location a tunneling into fuzzballs  
becomes possible …

But we can still ask:  What local property tells the infalling shell 
that it should start tunneling into fuzzballs at this location? 

If the local spacetime is the vacuum (or close to the vacuum), then 
one might try to use the equivalence principle and say that the 
shell can feel nothing as it passes this location

M

r = 2M

r = 2(M +M 0)



Is there a picture of spacetime where low energy matter sees 
nothing special, but matter with energy more than a given 
threshold sees significantly altered physics ?

Toy model:  The             Matrix modelc = 1

Also 10-d string theory: D1D5 model in gravity and CFT pictures 
(SDM 05)

The essential point is that spacetime is not just a manifold, but has 
an additional property that we can call the “depth” or “thickness”



How do we model a spacetime where low energy quanta see the 
vacuum, while high energy quanta do not? 

Toy model:  The             Matrix model   (Das+Jevicki ….)c = 1

L = Tr
⇣1
2
Ṁ(t)2 � V (M)

⌘
M : N ⇥N matrix

Z =
R Q

i,j dMij dM⇤
ij eiL

Eigenvalues behave like fermions, so the lowest energy state has 
energy levels filled upto a fermi surface …



Small deformation on the fermi sea travel as massless bosons

But large deformation on the fermi sea suffer a distortion

The waveform can ‘fold’ over, after which it is no longer described by 
a classical scalar field … 



In fact the matrix model gives a fermi sea of varying depth

wave does not 
notice depth of sea

wave is distorted by
touching botton of sea

r

The matrix model does not actually have a black hole …

Also, in our actual fuzzball paradigm, what effect provides the
analogue of the varying depth fermi sea? 



Conjecture:  The Rindler region outside the hole has a different set of 
quantum fluctuations from those in a patch of empty Minkowski 
space (‘pseudo-Rindler’)

Quantum fluctuations will 
be different near the surface of 
the fuzzball since there is a 
nontrivial structure there …

(a) What is the nature of these fluctuations?

(b) Why should they be important ?



(a) The fluctuations are the fluctuations to larger fuzzballs

M ! M +�M

Our energy is still      so this is a virtual excitations (vacuum 
fluctuation) 

M



(b) The reason these fluctuations are important is because they are 
‘entropy enhanced’ (there are a lot of fuzzballs with that larger mass)

Exp [Sbek(M +�M)] states



 Rindler space

pseudo-Rindler 
space

(Quantum fluctuations are 
different from empty space)

At a location depending on the energy
of the quantum, there will be a tunneling
into fuzzballs …

This resolves the causality paradox
(SDM 17)

“Thickness of 
spacetime”



EXTRA SLIDES



Fuzzball Complementarity



 The conjecture of fuzzball complementarity:  When the collapsing shell 
tunnels into fuzzballs, then its state keeps evolving in this large space of 
fuzzball states …

This evolution can be 
mapped (approximately) to
infall in the traditional 
black hole geometry



The “Quantum” no-hair theorem



The no-hair theorem does not just apply to the classical solution, but 
also to the quantum state around the horizon

⇤� = 0

� = fkâk + f⇤
k â

†
k

â†k1
. . . â†k1

|0i

The states are given by

⇤f = 0

f = f(r)Ylm(✓,�)e�i!t

But for the black hole, there are no 
normalizable solutions to this equation …


