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AdS-CFT correspondence and the information paradox
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The information paradox in the quantum evolution of black holes is studied within the framework of the
anti–de Sitter–conformal field theory~AdS-CFT! correspondence. The unitarity of the CFT strongly suggests
that all information about an initial state that forms a black hole is returned in the Hawking radiation. The CFT
dynamics implies an information retention time of the order of the black-hole lifetime. This fact determines
many qualitative properties of the nonlocal effects that must show up in a semiclassical effective theory in the
bulk. We argue that no violations of causality are apparent to local observers, but the semiclassical theory in
the bulk duplicates degrees of freedom inside and outside the event horizon. Nonlocal quantum effects are
required to eliminate this redundancy. This leads to a breakdown of the usual classical-quantum correspon-
dence principle in Lorentzian black-hole spacetimes.@S0556-2821~99!02618-1#

PACS number~s!: 04.70.Dy, 04.60.2m, 11.25.Hf
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I. INTRODUCTION

Hawking’s information paradox@1# is an important theo-
retical problem, which must be resolved by any theory t
claims to provide a fundamental description of quant
gravity. The usual argument for information loss in blac
hole evolution is made in the context of a low-energy effe
tive theory, defined on a set of smooth spacelike hyper
faces in a geometry describing the formation and subseq
evaporation of a large mass black hole. The key assump
in the argument is that the effective theory is a conventio
local quantum field theory. If, on the other hand, we assu
that black-hole evolution is a unitary process we are led
the conclusion that spacetime physics is nonlocal on ma
scopic length scales. The nature of this nonlocality must
subtle, for it is certainly not apparent in our everyday lo
energy activities. It should only become manifest under
treme kinematic circumstances, such as those that relat
ertial and fiducial observers in a black-hole geometry.

Some evidence for the required sort of nonlocal behav
has been found in string theory@2#. The commutator of op-
erators corresponding to an observer inside the event hor
and an observer, who measures low-energy Hawking ra
tion well outside the black hole, is nonvanishing in stri
theory, in spite of the fact that these observers are space
separated. These observers are related by a trans-Plan
boost, but if one instead considers a pair of spacelike se
rated observers with low-energy kinematics the effect
strongly suppressed and one recovers conventional local
sality. These results suggest that the usual reasoning fo
formation loss fails in the context of string theory but th
have a limited range of validity, being obtained by perturb
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tive, off-shell calculations in light-front string field theory
Similar arguments can also be made by convolving appro
ate wavepackets with theS matrix @3#. In this case a macro
scopic characteristic length scale appears in the amplitu
indicating nonlocal effects. The analyticity of theSmatrix is,
however, consistent with conventional causality.

Recent progress towards a nonperturbative formulation
string theory has provided new tools with which to explo
these issues. In the present paper we re-examine the in
mation problem from a modern point of view, using in pa
ticular the anti–de Sitter–conformal field theory~AdS-CFT!
correspondence@4#, which states that string theory in a ce
tain background spacetime is equivalent to a supersymm
gauge theory that lives on the boundary of the spaceti
The fact that the gauge theory is unitary strongly suppo
the view that no information is lost in the quantum
mechanical evolution of black holes, but it is less clear h
the unitarity is implemented from the spacetime point
view.

In Sec. II we briefly review the AdS-CFT corresponden
in Euclidean space, and discuss the definition of the Lore
zian correspondence by straightforward analytic contin
tion. Black-hole backgrounds, and their CFT descriptions
described in Sec. III. A simple gedanken experiment is c
sidered in Sec. IV, which allows us to infer qualitative fe
tures of the nonlocality that must be present in the effect
theory in the bulk. The dual gauge theory description impl
an information retention time for the black hole, which pla
a crucial role in these arguments. We conclude that lo
observers inside or outside the black hole see no violatio
causality. We argue, however, that the semiclassical effec
theory duplicates degrees of freedom inside and outside
event horizon, and that nonlocal quantum effects are requ
to eliminate this redundancy. Classically there are no s
nonlocal effects, thus the usual classical-quantum corresp
dence principle breaks down in black-hole spacetimes.
©1999 The American Physical Society12-1
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II. REVIEW OF AdS-CFT CORRESPONDENCE

As described in@5,6#, the natural relation between CF
and AdS correlators is

K expE
Sd

f0OL CFT5Z~f0!, ~2.1!

wheref0(V) is the boundary value of a field in the bulk,O
is the dual operator in the CFT, andZ is the string partition
function on AdS space with boundary conditionsf0 . This
statement is made in the Euclidean formulation. It is ma
plausible by a remarkable theorem of Graham and Lee@7#
that says that for any sufficiently smooth metric bound
values, there exists a unique smooth solution in the bulk

In the following we will need to formulate the AdS-CF
correspondence in Lorentzian signature spacetime. Lus
and Mack@8# have shown that the Euclidean Green’s fun
tions of a quantum field theory invariant under the Euclide
conformal group can be analytically continued to the Lore
zian signature, and the resulting Hilbert space of states
ries a unitary representation of the infinite-sheeted unive
covering group of the Lorentzian conformal group. The na
ral Lorentzian spacetime is an infinite-sheeted covering
Minkowski space and thus the natural spacetime to cons
in the bulk is the universal covering space of AdS.

Let us review how this analytic continuation proceeds
the case of AdS5. Projective coordinates for anti–de Sitt
spaceja with a51, . . . ,6 satisfy

~j6!22~j4!22~jk!25R2, ~2.2!

wherek51, 2, 3, 5, andR is the radius of curvature of th
AdS space. In the boundary limit we can drop theR2 term,
and parametrize the coordinates as

j65r coshs, j45r sinhs, jk5rek, ~2.3!

where ek is a unit four vector. The Euclidean conform
group SO~5,1! acts in an obvious way on thej coordinates.
The set of Euclidean coordinates to be used for the boun
field theory are (x4,x) ~with x5xj , j 51, 2,3!

x45
sinhs

coshs1e5 , x5
e

coshs1e5 . ~2.4!

The analytic continuation corresponds to takings5 i t with
2`,t,`, which leads to an infinite-sheeted covering
Minkowski spaceM̃ with coordinates (t,ek).

A single copy of Minkowski space can be embedded inM̃
by taking the subspace2p,t,p and e5.2cost. The
usual Minkowski coordinates are

x05
sint

cost1e5 , x5
e

cost1e5 . ~2.5!

This space is conformal to the boundary at infinity of t
Poincare patch of anti–de Sitter space, which is defined
the coordinates (xm,z)
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ds25
R2

z2 ~dx22dz2!. ~2.6!

The boundary at infinity corresponds toz50. Scale-radius
duality is manifest in this set of coordinates as illustrated
theD-instanton–Yang-Mills instanton duality. The scale fa
tor of the Yang-Mills instanton translates into the positi
along the radialz coordinate of theD instanton in the bulk
@9#.

To generate translations with respect to the global timet,
one acts with the conformal Hamiltonian of the field theo
H51/2(P01K0). Luscher and Mack showH is positive and
self-adjoint@8#, and that there is a unique vacuum state a
nihilated byH, invariant under conformal transformations.

In the following, we will take the point of view that the
Lorentzian theory in the bulk is defined by this analytic co
tinuation of the Euclidean correlation functions. As we w
see later, this is a rather subtle point. Alternative propos
for the Lorentzian version of the AdS-CFT corresponden
have appeared in the literature. An example is the ete
black-hole solution considered in@10#, where the dynamics
is described instead by two disconnected boundary fi
theories.

III. THE INFORMATION PUZZLE
AND AdS BLACK HOLES

Hawking’s information paradox arises when one cons
ers the quantum-mechanical evolution of black holes@1,11#.
The issues are most sharply defined for a black hole tha
formed by gravitational collapse from nonsingular initi
data and subsequently evaporates by emitting appare
thermal Hawking radiation. If the initial configuration is de
scribed by a pure quantum state and the Hawking radiatio
truly thermal then this process involves evolution from
pure state to a mixed one, which violates quantu
mechanical unitarity. A related problem involves perturb
tions on a background extremal black hole. The result
nonextremal black hole will emit Hawking radiation until
approaches extremality once more and the question of
tarity arises in this context. In both of the above settings o
can also consider an equilibrium configuration where ene
is fed into a black hole at the same rate that it evaporates
this case the paradox arises from the fact that an arbit
amount of information can be encoded into the infalling m
ter over time and most of this information will be abse
from the outgoing Hawking radiation if it is truly thermal.

In order to take advantage of some of the recent deve
ments in fundamental gravitational theory one would like
formulate analogous questions in the context of black-h
evolution in anti–de Sitter spacetime. This presents us w
some immediate problems. For one thing AdS gravity do
not have a well posed initial value problem due to the glo
causal structure of the AdS spacetime. While spacelike sl
of AdS spacetime have infinite volume, a timelike observ
can send a null signal to infinity and receive a return sig
within a finite proper time. As a result it is problematic
define unitary quantum-mechanical evolution in AdS spa
even in the absence of black holes.
2-2
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AdS-CFT CORRESPONDENCE AND THE INFORMATION . . . PHYSICAL REVIEW D60 104012
This problem can be circumvented in a number of wa
We can, for example, impose boundary conditions at infin
which in the absence of black-hole formation lead to unit
evolution. The important point is that within some su
framework we can study the formation and evaporation o
black hole whose lifetime is short compared to the lig
crossing time of the AdS geometry. We can choose par
eters in such a way that this black hole is nevertheless la
compared to the Planck scale and thus carries a signifi
amount of information. The question of possible informati
loss associated with the evolution of the black hole is th
effectively decoupled from the unitarity problem of the u
derlying AdS geometry.

There also exist black-hole solutions in AdS space wh
the Schwarzschild radius is large compared to the chara
istic AdS length scale. For such black holes there is no se
ration of scales and thus difficult to disentangle the two u
tarity problems. On the other hand, as we shall see be
such black holes are extremely unstable and not so usefu
studying the information problem in the first place.

Another way to proceed would be to consider the asym
totically flat geometry of an extremalD brane, whose near
horizon limit is locally isomorphic to AdS spacetime. Th
asymptotically flat region then regulates the infrared path
ogy of the AdS geometry and one can consider evolut
from initial data~subject to physical boundary conditions
the D-brane horizon!. One would again want to study blac
holes which are small compared to the characteristic A
length scale which in this case is the size of the extre
D-brane throat. There, of course, also exist solutions desc
ing black holes that are larger than the throat scale. These
just the nonextremalp branes of the higher-dimensional s
pergravity theory. They have nonvanishing Hawking te
perature and their evolution leads to an information probl
of the usual type. On the other hand, once we are far fr
extremality the gauge theory correspondence, which is
main new tool at our disposal, is no longer useful. There
rather subtle problem with regulating the infrared proble
in this manner. The thermodynamic behavior is sensitive
the asymptotic boundary conditions, i.e., whether the con
mal boundary in Euclidean signature is taken to beSn3S1 or
Rn3S1 @12#. In the following, we make the choiceSn3S1,
which is appropriate for the black holes we want to stu
whereas the near-horizon limit of aD brane gives rise to
Rn3S1.

The metric of a static Schwarzschild black hole
n11-dimensional asymptotically AdS spacetime can
written

ds252S r 2

R2 112
m

r n22Ddt21S r 2

R2 112
m

r n22D 21

dr2

1r 2dVn21
2 , ~3.1!

whereR is the AdS radius of curvature andm is proportional
to Newton’s constant inn11 spacetime dimensions time
the black-hole mass,

m5
8G~n/2!GNM

~n21!p~n22!/2 . ~3.2!
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As we approach the black hole from larger the metric has a
coordinate singularity at the AdS-Schwarzschild radiusr
5r s , where

r s
2

R2 112
m

r s
n22 50. ~3.3!

In the limit of small black-hole mass,m!Rn22, the black-
hole parameters approach those of a black hole of equal m
in asymptotically flat spacetime,

r s'm1/~n22!, ~3.4!

while in the large mass limit,m@Rn22, we instead have

r s'~mR2!1/n. ~3.5!

One obtains the Hawking temperature in the standard way
continuing to the Euclidean section and requiring the horiz
to be smooth,

Th5
nrs

21~n22!R2

4pR2r s
. ~3.6!

In the small mass limit this reduces toTh'(n22)/4pr s ,
which is the usual Hawking temperature of a Schwarzsch
black hole in asymptotically flat spacetime, but in the lar
mass limit we find that the AdS black hole has positive s
cific heat,Th'nrs/4pR2.

We can now use the Stefan-Boltzmann law to estimate
lifetime of an AdS black hole. For small black holes we fin

dm

dt
;m22/~n22!, ~3.7!

leading to a lifetime which grows as a power of the blac
hole mass,

t;mn/~n22!. ~3.8!

If we choose parameters so thatr s is a macroscopic length
~in an AdS background with even larger radius of curvatu!
then the black hole will slowly evaporate, at a rate reliab
predicted by semiclassical considerations.

In the large-mass limit the behavior is very different.
this case the evaporation rate grows with mass,

dm

dt
;m2, ~3.9!

leading to a lifetime that is bounded from above1

t02t;1/m. ~3.10!

1Here we assume the boundary conditions at infinity correspon
zero incoming flux. For reflecting boundary conditions instead,
black hole will rapidly come into equilibrium with the thermal ra
diation. We thank G. Horowitz for discussions on this point.
2-3
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The approximation of large mass breaks down asr s→R, so
t should be interpreted as the time that elapses before
black hole has evaporated to a size of order the AdS len
scale. The subsequent evaporation rate will be indepen
of the original black hole mass so the total lifetime is o
tained by adding some constant tot. The parametert0 in Eq.
~3.10! is the value oft in the limit where the original black-
hole mass becomes infinite. A black hole of arbitrarily lar
initial mass will reduce to a size of order the AdS sca
within this time, which means that such objects are violen
unstable. They do not provide us with the slowly evolvi
background geometries that are required for setting up
information puzzle. In fact the instability will most likely
prevent them from forming in gravitational collapse in t
first place. This does not preclude their existence in ther
equilibrium with a high-temperature thermal bath but sin
the heat bath is already in a mixed quantum state that is
the ideal configuration for studying the information proble

The upshot of all this is that, for the purpose of studyi
information issues in black-hole evolution, we want to co
sider black holes that are macroscopic, i.e., large comp
to the string scale, but at the same time small compare
the AdS scale. This means that their Schwarzschild radiu
also small compared to the radius of the transverse com
space that accompanies the AdS geometry. The favored
figuration in this case is, in fact, not the AdS-Schwarzsch
black hole that we have been discussing but rather a hig
dimensional black hole that is localized somewhere on
transverse compact space@13#. This is not really a problem
for our discussion. The semiclassical expressions~3.4! for
the Schwarzschild radius, Eq.~3.7! for the evaporation rate
and Eq.~3.8! for the black-hole lifetime still remain valid if
we remember to replace then of AdSn by the number of
space dimensions of the higher-dimensional geometry.

The 211-dimensional black hole is a rather special ca
The metric for the nonrotating Ban˜ados-Teitelboim-Zanelli
~BTZ! black hole@14# takes the form

ds25S r 2

R22mDdt22S r 2

R22mD 21

dr22r 2dw2,

~3.11!

wherew has period 2p. The relationship betweenm and the
black-hole mass depends on which geometry one uses
zero-mass reference. Two choices offer themselves. One
define AdS3 to have zero mass, in which case we have

m52118GNMadS. ~3.12!

Since m is required to be positive we see th
211-dimensional black holes have a nonvanishing m
mum mass with this definition. The other definition, which
perhaps more natural from the point of view of black-ho
physics, is to define them50 geometry in Eq.~3.11! to have
vanishing mass, so that

m58GNMBTZ . ~3.13!

In this case the Schwarzschild radius,r s5AmR, goes to zero
when the mass is taken to zero, and AdS3 appears as an
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isolated smooth geometry in a family of solutions with nak
singularities which formally have negative mass.

The Hawking temperature of the black hole~3.11! is Th

5Am/2pR and the entropy isS5pAmR/2GN . The lifetime
of such (211)-dimensional black holes is formally infinite
This is because the rate of Hawking radiation slows down
m approaches zero. This is not a problem because such s
211-dimensional black holes are not relevant to the phys
Here the AdS-CFT correspondence involves string theory
a background of the form AdS33S33M and black holes
with a Schwarzschild radius small compared to the size
the S3 are unstable to form 511-dimensional black holes
that are localized on theS3. Those black holes have a finit
lifetime, given by Eq.~3.8! with n55.

Let us now consider the description of macroscopic bla
holes, that are nevertheless small compared to the sca
the transverse geometry, from the gauge theory point
view. We begin with the AdS5 case. In the canonical en
semble, Witten@15# has shown there is a phase transiti
from a large mass AdS-Schwarzschild solution to an A
space with certain discrete identifications, generalizing
work of Hawking and Page for 311 dimensions@16#. In the
gauge theory, this is reflected as a deconfinement trans
in the gauge theory as the temperature is lowered. For
AdS3 case, there is no analog of the Hawking-Page ph
transition, and instead there is a smooth crossover as
temperature decreases.

To obtain a stable phase containing the intermediate m
black holes that we will be interested in, it is convenient
consider the microcanonical ensemble instead. In gener
will be necessary to impose additional constraints on
ensemble, by requiring that the energy density be sufficie
well-localized, to ensure that only single black-hole sta
dominate the ensemble. The gauge theory version of
ensemble will likewise be a microcanonical ensemble w
additional constraints. To determine the form of these c
straints one must follow through the mapping of the ener
momentum tensor of the gravity theory into operators in
gauge theory. This is of course a difficult task once o
wishes to go beyond the linearized approximation, but
nevertheless a well-defined procedure. Analogous constra
appear in the discussion of black-hole entropy in mat
theory given in@17#.

IV. UNITARITY VS LOCALITY

The static Schwarzschild solution~3.1! describes a black
hole in equilibrium with a thermal gas in an AdS bac
ground. In order to study the information problem we wa
instead to consider the evolving geometry of a black h
which forms by gravitational collapse in AdS space and th
evaporates as it emits Hawking radiation. We will not a
tempt to write down such a solution but rather choose
rameters in such a way that the black hole evaporates slo
compared to all microscopic timescales and has a long
time. The geometry is then described to a good approxim
tion by Eq.~3.1! with m varying slowly with time. In order to
separate the issue of black-hole information loss from
usual unitarity problem in AdS space we will also assu
2-4
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AdS-CFT CORRESPONDENCE AND THE INFORMATION . . . PHYSICAL REVIEW D60 104012
that this macroscopic black hole is formed in an AdS ba
ground with a very large radius of curvature so that the li
time Eq.~3.8! is small compared to the light-crossing time

We can now imagine describing the bulk of the evoluti
of the black hole in terms of a low-energy effective theo
defined on a set of ‘‘nice’’ slices@18,19,2# that foliate the
slowly evolving spacetime and approach the local free-
frame of infalling matter at~and inside! the event horizon bu
also approach the frame of fiducial observers far away fr
the black hole. If the low-energy effective theory on the n
slices is a local quantum field theory then it follows fro
standard arguments@11# that the quantum state of the Haw
ing radiation will be correlated to that of the infalling matte
If we further assume that the black hole completely eva
rates, leaving only outgoing Hawking radiation behind, th
the final state cannot be a pure quantum state. On the o
hand, the evolution of states in a local quantum theory
unitary and therefore the final state should be a pure sta
the initial configuration before the black hole forms is d
scribed by a pure state.

This apparent contradiction must somehow be resolve
a fundamental theory and a number of scenarios have b
put forward@20#. The conjectured AdS-CFT corresponden
supports the view that black-hole evolution is unitary sin
the gauge theory is manifestly unitary. This in turn mea
that the low-energy effective theory cannot be a local qu
tum field theory.2 This is not a problem in the AdS-CFT
context because the duality map that relates the gauge th
and spacetime physics is quite nonlocal, as has been em
sized in recent work@21–23#.

In the following we will assume the validity of the AdS
CFT conjecture and ask what its implications are for
propagation of information in black-hole spacetimes. For t
purpose it is useful to consider gedanken experiments w
highlight the conflict between unitarity and locality@24#. Let
us in particular examine a simple experiment which involv
correlated degrees of freedom inside and outside the e
horizon. Imagine a pair of spins prepared in a singlet s
well outside the black hole. Here ‘‘spin’’ should be unde
stood as some internal label because conventional spin
in principle, be detected by its long-range gravitational fie
and is, therefore, not suitable for this experiment. One of
spins is then carried inside the black hole, where a meas
ment of the spin is made, at some pointA. Meanwhile, an
observerO outside the black hole makes measurements
the Hawking radiation. If all the information about the qua
tum state inside the black hole is encoded in the Hawk
radiation, this observer can effectively measure a compon
of the spin that went inside the black hole. The observer t
passes inside the event horizon, where he can receive a

2A possible loophole to this argument would be that informat
is stored in Planck-mass remnant states. The existence of such
nants would imply an enormous peak in the density of states aro
the Planck scale. This, however, is in conflict with the gauge the
calculations of black-hole entropy. Furthermore, the uniquenes
the conformally invariant ground state of the CFT rules out z
energy remnants.
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nal from pointA, which potentially contradicts his previou
measurement, in violation of the laws of quantum mech
ics. There is no real paradox here from the spacetime poin
view, for if O is to learn of the contradiction before hittin
the singularity then the signal sent byA has to involve fre-
quencies beyond the Planck scale@24#. If, on the other hand,
the signal fromA is generated using only low-energy phy
ics thenO will have entered a region of strong curvatu
before receiving it. Either way the analysis of the gedank
experiment requires knowledge of physics beyond the Pla
scale and the apparent contradiction only arises if we m
the ~unwarranted! assumption that this physics is describ
by local quantum field theory.

Let us reconsider this experiment using the bound
gauge theory. There is only a single quantum state on
given time slice from the boundary point of view, so n
contradiction can arise between the spin measurements.
ing the evaporation phase, the Hamiltonian of the bound
theory, to a good approximation, generates evolution in
asymptotic timet in the AdS–Schwarzschild spacetime~3.1!.
This time variable belongs to a coordinate system which o
covers a region of spacetime exterior to the black hole an
therefore awkward for describing the fate of observers t
enter the black hole. The history of such an observer is m
economically described if we instead evolve our quant
state using a different timelike generator, one which is as
ciated with the free-fall frame at the horizon and connects
interior and exterior regions of the black hole@25#. It is,
however, an important matter of principle that the evoluti
in asymptotic time must contain all information about t
infalling matter, even inside the black-hole region. This
guaranteed by the unitarity of the boundary gauge theory

The scale-radius duality@4# tells us that an object far out
side the black hole is described by a localized configurat
in the gauge theory, but as the black hole is approached
same object will be represented by an excitation of mu
larger transverse size in the gauge theory if the sys
evolves in asymptotic time. This should be a correct appro
mate statement in asymptotically AdS backgrounds, but n
that there we are going beyond the application of sca
radius duality in the unperturbed AdS background. The bla
hole is represented by a system of particles in the ga
theory with fixed total energy. As an object falls into th
black hole the gauge theory configuration that describe
spreads in transverse size and at the same time gets enta
with the particles that make up the black hole. While t
exact quantum state of the system of the object plus bl
hole contains the information that the object continues
plunge towards the singularity, this information is not read
available to outside observers. In fact the only way to acc
it is through careful observations of correlations in the en
train of outgoing Hawking radiation, as we discuss furth
below.

Let us return to our gedanken experiment. In order for
outside observer to conduct a measurement on the spin
entered the black hole, he or she measures correlations
tween Hawking particles emerging from the black hole
different times. One could imagine a more active type
measurement where the outside observer attempts to p
the black hole in various ways. This would only serve
excite the black hole and be counterproductive since the s
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of the spin would now be entangled with that of the probes
addition to the original black hole.

The gauge theory configuration that describes the bl
hole containing the spin atA behaves as a conventional the
modynamic system. Ideally we would like to calculate t
entropy and lifetime using the CFT description, but such
calculation requires a better understanding of the stron
coupled CFT in the large-N limit. But we stress these ar
nevertheless completely well-defined computations in
CFT. The best we can do at present is to assume the val
of the AdS-CFT correspondence and infer that the ga
theory answers coincide with the semiclassical gravity
sults.

With an understanding that the entropy and the rate
Hawking radiation can be obtained from the CFT point
view, we can then invoke a result of Page@26,27#. This states
that no useful information is emitted from a thermodynam
system that is radiating, until its coarse-grained entropy
been reduced by a factor of 2. The time this takes for
evaporating black hole is of the order of the black-hole li
time. In other words, there is an information retention time
the gauge theory description of the black hole. The existe
of an information retention time was postulated in Refs.@24#
and @28# but the AdS-CFT correspondence now provide
concrete realization of that idea.

The information transfer between inside the event horiz
and outside the event horizon thus effectively takes pl
only when a time of the order of the lifetime of the blac
hole has elapsed, from the point of view of a distant outs
observer. It is also important to determine at what point
outside measurements begin to have significant influenc
infalling observers inside the black hole. Let us think of th
for the moment, in the context of a low-energy effecti
theory, defined on a set of ‘‘nice’’ slices. If we assume th
the effective theory is a local field theory that has be
evolved forward from a nonsingular initial configuration d
scribed by some pure quantum state, and we further stipu
that all information about the initial state is to be found in t
outgoing Hawking radiation, then the degrees of freedom
that part of the nice slice that is inside the black hole c
carry no information about the initial state@29#. In other
words, all information about the initial state must b
‘‘bleached’’ out of the infalling matter immediately upo
crossing the event horizon, in blatant violation of the equi
lence principle. For a large mass black hole the horizon
in a region of weak curvature where tidal effects are sm
and an object in free fall should pass through more or l
unaffected. This is, of course, just a statement of the in
mation paradox in the context of a local effective field theo
of gravity.

In the boundary theory this appears in the form of a som
what different puzzle. There the infalling object is describ
by a spreading field configuration which is getting entang
with the ambient fields describing the black hole. This e
tanglement gets very complicated as the object is ‘‘therm
ized’’ into the black-hole configuration, yet it is very del
cate. The slightest change in the combined configura
could drastically change the results of subsequent correla
measurements on the Hawking radiation, leading the out
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observers to conclude that the infalling object did indeed
bleached as it passed through the horizon.

For a resolution of this puzzle we again have to appea
the AdS-CFT correspondence. Since we know that an inf
ing object encounters no obstacle at the horizon of a la
black hole in the supergravity description, the gauge the
dynamics must somehow miraculously preserve the integ
of infalling matter even if it appears, to a casual outsi
observer, to be thermalized as it interacts with the black-h
configuration. This is very reminiscent of the discussion
Ref. @21# of low-energy, large impact parameter gravitation
scattering. On the supergravity side the particles hardly
teract at all and move past each other with only a sm
deflection, but on the gauge theory side the objects co
pletely merge during the collision and interact strongly, b
then somehow disentangle themselves and go their sep
ways.

Some recent work@23,30–32# has shown explicitly in cer-
tain examples how the gauge theory dynamics, at largeN,
leads to a local and causal description of semiclassical l
energy supergravity. Building on this, we can argue that
information transfer to the outgoing Hawking radiation mu
take place near the black-hole singularity from the point
view of infalling observers. Consider once again the ged
ken experiment involving spins. The observer inside
black hole cannot be influenced by the outside measurem
until their result has been communicated inside, but the o
side measurements cannot be completed until at least o
order of the black-hole information retention time has pas
according to asymptotic AdS–Schwarzschild clocks. In or
to receive a signal carrying outside results before hitting
singularity, the observer inside would have to undergo
proper acceleration of order exp(M2/(n22)) ~in n11 dimen-
sions!. Such an acceleration would require trans-Planck
energies, which are simply not available to a low-ener
observer. We, therefore, conclude that the observation
Hawking radiation does in fact bleach out a low-energy o
server inside the horizon, but the bleaching only takes pl
at the singularity, where life is less than good anyway.

Since the singularity is by definition not in the causal p
of any of the outgoing Hawking radiation it is clear that th
information transfer is nonlocal on a macroscopic scale. C
sality in the boundary gauge theory does not guarantee
sality on the spacetime side. It does lead to an approxim
causality in the bulk physics in flat or near-flat spacetime,
our black-hole example illustrates that even this macrosco
causality must break down near spacetime singularities.
note that this breakdown occurs already at the level o
perturbative 1/N expansion in the boundary gauge theo
The time evolution operator must be unitary, order by ord
in a 1/N expansion.

Further insight into the nature of this nonlocality in th
nice slice theory can be gained by considering physics in
Euclidean continuation. The analytic continuation from E
clidean space completely determines arbitrary correla
functions in the Lorentzian CFT, and in particular correlato
corresponding to the above gedanken experiment. We le
from the theorem of Graham and Lee@7# that in the Euclid-
ean signature, the classical bulk geometry is smooth,
2-6
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there is a one-to-one mapping between the field config
tions in the bulk, and those on the boundary. In the Euclid
signature, we see no sign of any nonlocality in the b
theory. Only when we analytically continue to Lorentz si
nature does the singularity arise, hidden behind the ev
horizon. Classically, this leads to too many degrees of fr
dom in the bulk. The degrees of freedom inside and outs
the event horizon are independent. Quantum mechanic
the picture in the Lorentz signature is radically different. T
CFT tells us the degrees of freedom inside are to be ide
fied with degrees of freedom outside the event horizon. T
implies the usual classical-quantum correspondence princ
breaks down for black-hole spacetimes. The degrees of f
dom in the correct quantum description in the bulk do n
smoothly go over to the classical degrees of freedom of
supergravity theory. The information paradox arises wh
we ask questions involving these degrees of freedom tha
duplicated in the classical theory. Nonlocal effects are
J

. B

ed

J
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quired in a semiclassical description on a set of nice slices
see that these degrees of freedom are in fact redundant

This set of arguments also implies the CFT formulati
resolves the singularity of the black hole@33,25# and allows
us to propagate states smoothly past the point where
black hole has evaporated. Classically, this point looks lik
timelike ~or null! naked singularity in the spacetime. Thu
from the Lorentz point of view, the analytic continuatio
from the Euclidean signature leads to definite boundary c
ditions on this naked singularity.
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