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Breakdown of local physics in string theory at distances longer than the string scale is investigated.
Such nonlocality would be expected to be visible in ultrahigh-energy scattering. The results of various
approaches to such scattering are collected and examined. No evidence is found for nonlocality from
strings whose length grows linearly with the energy. However, local quantum field theory does apparently
fail at scales determined by gravitational physics, particularly strong gravitational dynamics. This
amplifies locality bound arguments that such failure of locality is a fundamental aspect of physics.
This kind of nonlocality could be a central element of a possible loophole in the argument for information
loss in black holes.
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I. INTRODUCTION

Einstein’s theory of general relativity and local quantum
field theory have existed in profound theoretical conflict
for scores of years. There are various manifestations of this
conflict, but it particularly comes into focus in the black
hole information paradox, which emerged from Hawking’s
argument [1] that black holes destroy information and thus
violate quantum mechanics—for reviews see [2,3]. There
has been a longstanding hope that the existence of such a
sharp statement of the clash between gravity and field
theory would serve as a useful guide to unearthing the
principles needed to mesh these theoretical frameworks,
and this has motivated much work on the subject.

The information paradox pushes us to abandon one of
the cherished principles of physics. A critical idea was that
the paradox should be resolved in favor of quantum me-
chanics but at the sacrifice of locality. This idea advanced
through important work of ’t Hooft, Susskind, and others to
find a more concrete formulation in the hypothesized holo-
graphic principle [4–7], together with the principle of
black hole complementarity [8–11], which are believed
to summarize key features of black hole dynamics. In
particular, the holographic principle states that the number
of microstates of a black hole is proportional to its surface
area, rather than its volume, as local quantum field theory
would predict. And the principle of black hole comple-
mentarity states that different observers in a black hole
spacetime can see different physics, but it is not possible to
directly compare their experience and thus produce a
contradiction.

There are two things notably lacking from such a pic-
ture. One is an explanation of what precisely is wrong with
Hawking’s original argument [1] for information loss. And,
more generally, we lack a full description of the underlying
nonlocal microphysics responsible for such a picture.
There have been a number of hints from string theory,
such as counting of microstates of certain black holes in

certain regimes [12,13] (for reviews see [14,15]) and the
anti–de Sitter/conformal field theories (AdS/CFT) corre-
spondence [16], but as yet string theory has been woefully
inadequate to the task of penetrating the veil of mysteries
surrounding black holes that are far from extremality.

In the meantime, Hawking has rejected his original
calculation [1]. Although he has suggested a new approach
to the problem [17], it is hard to discern from this approach
what is actually wrong with the original calculation.

Without a full understanding of the microphysics of
quantum gravity, we can take a more modest approach to
these problems by attempting to answer the linked ques-
tions of (1) under what conditions is locality expected to
fail, (2) what physics is responsible, and (3) does this
address the information paradox? This approach attempts
to draw a boundary around the domain where we should
seek a more fundamental, and nonlocal, microphysics.

Local field theory obeys basic axioms, such as existence
of field operators, and the statement that local operators
commute at spacelike separations. A more fundamental
theory should reduce to quantum field theory as a limit,
and produce fields, local observables, and locality in this
limit.1 So, part of the question is where this reduction fails,
and a proposal for an answer is the locality bounds of
Refs. [19,20].

One obvious possible source of nonlocality arises from
the extended nature of strings. There have been some
preliminary investigations of nonlocality intrinsic to string
theory [21,22], and this kind of nonlocality has been sug-
gested to play a direct role in resolving the information
paradox [23]. Specifically, [23] consider commutators of
string field operators, and argue that long strings can
contribute to commutators outside the light cone and in
particular play a role in resolving the information paradox.

One such argument roughly suggests that if one consid-
ers a commutator of two operators with significant overlap

*Electronic address: giddings@physics.ucsb.edu

1For discussion of how local observables can approximately
arise from a diffeomorphism-invariant framework, see [18].
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with states with total high-energy E, the fact that a string of
this energy can stretch over a distance

 L� E=M2
st; (1.1)

where Mst � 1=lst is the string mass scale, indicates that
there will be nonlocal contributions to the commutator.

Another, more generic, potential source of nonlocality
was argued in [19,20] to arise from strong gravitational
effects. Roughly, if two nearby local operators with suffi-
ciently large combined energy act on the vacuum, their
energy strongly deforms the spacetime and there is no
longer a justification for local field theory to apply. An
approximate criterion for this proposed breakdown is that
the separation between the operators be less than the
Schwarzschild radius corresponding to their center-of-
mass energy,

 L & RS�E�: (1.2)

Either of these possible effects would only arise at high
energies, above the string or Planck scales. Here it is
important to stress a key assumption of this work, namely,
that Lorentz invariance is an exact feature of the funda-
mental theory. This means that one can describe an ultra-
Planckian energy particle by viewing a low-energy particle
from a highly boosted frame. At the semiclassical level, a
good description of the corresponding gravitational field
is known: it is the Aichelburg-Sexl metric [24]. Exact
Lorentz invariance appears to be a feature of string theory,
but is not assumed in some other approaches to quantum
gravity. It is the viewpoint of this paper that arbitrarily
large boosts can be applied at the kinematical level to
individual particles or collections of particles. Of course,
at the dynamical level, large relative boosts can have
enormous effects, for example, by producing strong inter-
actions when a highly boosted particle interacts with a low-
energy particle. But such exact Lorentz invariance gives us
an apparently sharp starting point for considering ultra-
Planckian collisions, since we can imagine independently
preparing two widely separated individual ultrahigh-
energy particles, and then allowing them to collide.

For spacetime dimension D> 4, and for D � 4 with
weak string coupling, a string ‘‘locality bound’’ would
become important before the gravitational one: RS�E�<
E=M2

st. An important question is to determine which of
these possible effects actually occurs, and, in particular,
which could be relevant to resolving the black hole infor-
mation paradox.

Indeed, the relative role of these two possible sources of
nonlocal physics is potentially important for another ques-
tion: Do black holes form in high-energy collisions? The
argument that they do rests on semiclassical arguments
within local quantum field theory, but if local field theory
were to break down due to string effects at a scale (1.1) in a
collision with energy E, this would undermine application

of local field theory to argue for creation of black holes on
the shorter scale RS�E�.

This paper will turn this question around. Specifically,
one can study ultrahigh-energy scattering in string theory
and look for possible modifications due to effects that
correct local field theory. Drawing from direct studies of
high-energy scattering [25–29], related discussions of the
black hole/string correspondence principle [30–32], and
high-energy scattering behavior in the AdS/CFT corre-
spondence [33], one finds no evidence in favor, and sig-
nificant evidence against, nonlocal string effects presenting
themselves on scales L� E. On the other hand, there is of
course strong evidence for breakdown of local field theory
on the gravitational scale L� RS�E�, and, following
[20,34], this physics has been suggested to provide a loop-
hole in Hawking’s argument for information loss in black
holes.

The next section will summarize some aspects of such
high-energy scattering, and discuss the question of how
one could explain the absence of string effects on scales
L� E. Section III then gives a more general discussion of
breakdown of locality. Following the above reasoning, it is
argued that an important role is played by strong gravita-
tional effects in line with the gravitational locality bound.
In the process, a more general gravitational locality bound,
for N-particle systems, is formulated. This section also
further discusses the proposals [20,34] that such gravita-
tional nonlocality produces a loophole in arguments like
Hawking’s for information loss; in short, the nonlocal
physics plausibly invalidates the assumption that the
Hilbert spaces inside and outside the black hole are inde-
pendent. The discussion also potentially sheds light on the
role of the ‘‘final state’’ proposal of Horowitz and
Maldacena [35] and on the relative roles of the locality
bound and the holographic principle.

II. SCATTERING AT SUPER-PLANCKIAN
ENERGIES

Consider a Gedanken experiment with an accelerator
that collides electrons and protons at an arbitrarily high
tunable center-of-mass energy E. As the energy is tuned
through �1 GeV, one enters the regime of Bjorken scal-
ing; scattering is interpreted in terms of a field theory of
increasingly weakly interacting quarks and gluons rather
than one of free protons. At increasing energies, perhaps
other thresholds of compositeness are passed, introducing
more fundamental field-theoretic degrees of freedom. The
scattering behavior as a function of E and momentum
transfer q, or equivalently E and impact parameter b,
would reveal a great deal about the quantum field theory
dynamics. But for what regimes of these parameters would
one expect any local field theory description to fail? One of
course expects breakdown of spacetime when E>Mp, on
Planckian distance scales, and similar effects from strings,
at string scales. But our focus will be on the question of
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whether, for sufficiently high-energy, locality is violated at
much longer distances.

The two obvious proposals for physics violating local
field theory are string dynamics and strong gravitational
dynamics.

String dynamics has been anticipated to lead to a break-
down of locality by virtue of the extended nature of strings;
see e.g. [21,22]. The threshold for such behavior should be
the string scale, E�Mst, at which one expects locality to
fail on distance scales �lst. However, at higher energies
one might guess that nonlocality is manifest on longer
scales, since the available energy could produce a string
of length�E=M2

st. Specifically, the resultant nonlocality, if
present, would be expected to influence scattering at im-
pact parameters

 b� E=M2
st; (2.1)

and therefore lead to failure of local quantum field theory
on these scales.

On the other hand, strong gravitational dynamics is also
expected to lead to failure of local quantum field theory,
when energies are sufficient to strongly deform spacetime
[19,20]. Consider the general case of a D-dimensional
spacetime. Gravity becomes strong when a given energy
is concentrated in a region comparable to its Schwarzschild
radius, so in the collision context, for impact parameters

 b & RS�E� �
1

Mp

�
E
Mp

�
1=�D�3�

: (2.2)

An important question regards the relative role of string
and gravitational dynamics. Indeed, the naı̈ve expectation
that string dynamics produces breakdown of local field
theory at impact parameter (2.1) would suggest a very
limited role for gravitational dynamics. If one considers
collisions at a fixed energy E� Mst, and progressively
lower impact parameter, for D> 4 such string dynamics
would become relevant first. The presence of string non-
locality of the colliding particles would not allow one to
conclude that the strong gravitational regime could ever be
reached, since such nonlocality could prevent localization
of the energy on the Schwarzschild scale (2.2). Even for
D � 4, a similar conclusion would be reached for weak
string coupling, since thereMp >Mst. In short, presence of
string nonlocality on scales (2.1) could prevent the con-
clusion that black holes form in a controllable approxima-
tion in high-energy collisions.

A. High-energy string scattering

Some understanding of high-energy scattering in string
theory is thus needed to clarify the relative roles of string
and gravitational effects. Significant work has been done
on this subject in classic papers by Amati, Ciafaloni,
Veneziano [25–27] (ACV), and by Gross, Mende, and
Ooguri [28,29]. While there are still open questions, these

works, together with other more recent explorations, sug-
gest the outlines of a picture.

Beginning with [25,26], ACV investigated high-energy
string scattering at large energy, using Regge-Gribov tech-
niques to resum an infinite class of string diagrams. Their
initial analysis treated large E and fixed t, but the authors of
[26] argues that the fixed t condition can be relaxed and
that their results are in fact valid for impact parameters
b * max�RS�E�; 1=Mst�. ACV’s approach also has been
checked by explicit one-loop [36] and two-loop [37,38]
string calculations. A summary of their picture is as fol-
lows; these results can be better understood by consulting
Fig. 1.

For energies E� Mp and impact parameters

 b * bD�E� �
1

Mp

�
E
Mst

�
2=�D�2�

; (2.3)

ACV find scattering in agreement with the long-distance
Coulomb-like result expected from gravity; specifically,
agreement was found with treatments of high-energy
gravitational scattering by ‘t Hooft [39], Muzinich and
Soldate [40], and Verlinde and Verlinde [41]. In fact,
ACV argue [26,42] that corrections to the eikonal result
are consistent with scattering not in a Schwarzschild met-

FIG. 1 (color online). A ‘‘phase’’ diagram for high-energy
scattering in string theory. At a given large energy E, by
decreasing the impact parameter b one first encounters a possible
regime of ‘‘long strings,’’ then the impact parameter correspond-
ing to the fixed-t regime, followed by the regime where ‘‘dif-
fractive scattering’’ (tidal string excitation) becomes relevant,
and finally the regime of strong gravity, below the Schwarzschild
radius, RS�E�. The validity of the analysis of [28,29] is limited to
the region E< EGMO.
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ric, but rather in the Aichelburg-Sexl metric, which is
expected to be the appropriate metric for describing a
high-energy collision.

At impact parameters b� bD�E�, part of the amplitude
is lost to ‘‘diffractive scattering’’; there is a nonnegligible
amplitude to excite states of the colliding strings. The value
of bD and other features like the average excitation mass fit
well with a simple picture (further described in Sec. II C):
the string has internal dynamics, and at impact parameter
�bD tidal forces from the gravitational field excite its
vibrational modes during the collision.

This analysis does not reveal any other large corrections
to the expected gravitational scattering for b * bI � logE.
For RS�E� * 1=Mst, there are large corrections to the
leading eikonal result, at scales b� RS�E�, and, in particu-
lar, strong absorption of the amplitude. The presence of
such large corrections is of course expected and corre-
sponds to the onset of strong gravitational dynamics such
as black hole formation.

Thus there is no evidence for modifications to this
dynamics on scales b� E, which would represent the
kind of nonlocality arising from a single long string, as
discussed in [23]. One might ask why one does not see
nonlocal effects due to strings on these scales in the scat-
tering picture of ACV, and whether this picture could
possibly have missed such effects. We turn to this question
next. It is nonetheless conceivable that strings play a role in
scattering and locality below the scale set by bD�E�. We
discuss that dynamics, and its relation to black hole for-
mation, in Sec. II C.

B. No long strings?

Note that a piece of our explanation arises from duality.
Creation of a long virtual closed string, is, as pictured in
Fig. 2, dual to exchange of a short closed string, corre-
sponding to graviton exchange. The interactions producing
this exchange are nonlocal on the string scale, but not
necessarily on larger scales.

One might also expect to be able to create real long-
string states at large E, and indeed tree amplitudes, for
example, in two-to-two string scattering, exhibit such
poles. However, they are presumably difficult to create
due to small form factors, and moreover interactions are
very important for such states. Indeed they are expected to
be broad (rapidly decay), and furthermore the tree level
amplitude for their creation unitarizes at modest energies
[42,43], E� 1=gs. A string with size R� E is expected to
be both very atypical and unstable, and to rapidly break up
into pieces or otherwise decay. This happens due to pro-
cesses—splitting and joining of pieces of the string—that
can be described as approximately local, at least down to
the string distance scale, and is plausibly dual to multiple
graviton effects analogous to Fig. 2.

Indeed, the atypicality of such strings follows from
consideration of generic string configurations with total
(large) energy E. If one ignores interactions, these have
argued to be well described by random walk models in
[44,45] and correspondingly have typical size R�

����
E
p

. We
could inquire whether string modifications to local field
theory are expected at this distance scale. Certainly the
calculations of [25] suggest not, as one sees from (2.3) for
D> 6. Once again one expects that interactions are very
important and these are not stable states. These (approxi-
mately local) interactions will lead to both fragmentation
into short strings and gravitational collapse of the string
configuration. In considering the former, note that the
typical entropy of a gas of gravitons of total energy E in
a volume of size R�

����
E
p

is much higher than that of the
string: Sgrav � E

3D=2�D�1� as compared to Sst � E.
Gravitational collapse also has been argued to be an im-
portant process in destabilizing such string configurations
and plays a direct role on the black hole/string correspon-
dence principle [30–32,46]. There are thus good argu-
ments that the typical localized high-energy state in
string theory is a black hole, above the energy where RS �
lst. Both fragmentation and gravitational collapse thus
could play a role in explaining why there are not new
scattering contributions on scales b�

����
E
p

from string
states.

It is also of interest to consider the relation with results
of Gross and Mende [28], who study high-energy scatter-
ing at fixed angle, and thus large t. The authors of Ref. [28]
found, at a given order in the loop expansion, saddle point
Riemann surfaces that give dominant contributions to the
fixed-angle amplitude. The contribution at N-loop order,
for given scattering angle �, behaves as

 A N / g
N
s e
�E2f���=N; (2.4)

and thus for large energies, large order dominates. A Borel
resummation of the resulting series was performed by
Mende and Ooguri [29]. This shows, roughly, that the
amplitude is dominated by contributions with N � E,
which one sees directly in (2.4). The Riemann surface in

FIG. 2. Creation of a virtual long string is dual to long-distance
exchange of a short string.
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question corresponds to an intermediate string wound on
itself N times. Thus, in this picture the increasing energy
does not go into creating a string stretched over size E or
even

����
E
p

; the spatial extent of the string stays of order
1=Mst. This is in harmony with the viewpoint discussed
above that string effects only become manifest on string
scales. It is not, however, a direct check of this statement in
the regime of interest to us, since it is only a statement
about what processes contribute to fixed-angle scattering,
and moreover, since Mende and Ooguri’s analysis breaks
down at relatively low energies, EGMO � �� lng2

s	
3=2.

C. Tidal string excitation and black hole formation

Next consider the question of the physics associated to
the scale bD�E�, Eq. (2.3). We can straightforwardly see
that this is associated with excitation of the colliding
strings by tidal forces, as follows.

Consider the collision in a ‘‘lab’’ frame where one of the
strings has moderate energy E0. In this frame, the second
string has energy

 El �
E2

E0
: (2.5)

We will estimate the effect of the gravitational field of the
high-energy string on the low-energy string. To do so, note
that at long distances this gravitational field should be
given by the Aichelburg-Sexl metric [24], generalized to
the relevant dimension:

 ds2 � �dudv� dxi2 ���xi���u�du2: (2.6)

Here u � t� y and v � t� y are light-cone coordinates,
and xi are the transverse coordinates. The high-energy
string travels along the curve u � xi � 0. The function
� is essentially a gravitational potential

 ��xi� �
k

Mp
D�2

El
�D�4 (2.7)

in the transverse dimensions, with radius �2 � xi2, and k a
constant. (In D � 4, one instead has a log.) As a geodesic
crosses the surface u � 0 from right to left, it experiences
both a shift and its tangent is redirected; see Fig. 3. For
example, a particle initially moving in the �x direction
gets a kick in the xi direction when it crosses the shock.
This force is described by the Christoffel symbol,

 �iuu / @
i���u�: (2.8)

Since the low-energy string is an extended object of size
�lst, the resulting force has a tidal differential, producing
an acceleration differential between the two transverse
extremities of the string:

 

d�pi

dt
� �iuu�b� lst� � �iuu�b� /

El��u�

bD�2 ; (2.9)

where pi is the momentum of an element of string. The
string excitation amplitude should be proportional to this
relative kick, in string units, integrated over u, which
serves to ‘‘pluck’’ the string. The condition for this ampli-
tude to become of order unity reproduces the energy de-
pendence in bD, (2.3), which was derived directly from an
approximation to string scattering in [25,26].

This does by itself portend any nonlocality—one simply
has gravitational scattering of composite objects that can
become excited. However, when the string excitation
stretches the strings so that their size is comparable to their
separation, one might imagine such an effect could be
possible. An estimate of when this happens comes from
noting that constant tension implies the stretch is propor-
tional to �p and so becomes comparable to b for impact
parameter bT�E� which solves

 bT �
E2

bD�2
T

: (2.10)

Without a deeper understanding we cannot rule out some
important effects, and, in particular, some nonlocality, at
the distance scale bT�E�. However, we can ask whether it is
sufficient to undermine arguments for relevance of strong
gravitational physics at shorter scales.

The results of [25,26] again suggest no: ACV see a
modest decrease in the elastic cross section, but still evi-

FIG. 3. Deflection of geodesics in an Aichelburg-Sexl geome-
try. Shown is the side view of the gravitational shock wave (thick
vertical line) of a particle with an ultrahigh right-moving veloc-
ity. Geodesics that pass through the shock are focussed inward in
its wake.
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dence for a breakdown of the eikonal description at b�
RS�E�. They suggest that the interpretation of this behavior
is that a ‘‘black disk’’ becomes gray.

Moreover, evidence for gravitational dominance at high
energy and large impact parameter also comes from the
AdS/CFT correspondence. Consider a version of this cor-
respondence where conformal symmetry is broken by
some dynamics that can be effectively described as trun-
cating AdS space in the infrared, as described, for example,
in [47]. One can then investigate the correspondence be-
tween high-energy scattering in the gauge theory and string
theory in the (truncated) AdS space. In gauge theory, the
known upper bound on the total scattering cross section is
the Froissart bound, � / ln2E. A corresponding energy
dependence is found on the string theory side [33], and
arises from bulk configurations where gravity is becoming
strongly coupled—in the AdS context, RS / lnE. This thus
fits with the gravitational picture.

Yet one more argument for the relevance of a strong
gravitational domain is the recent work of Veneziano [48],
who argues that evidence of black hole behavior can be
seen in string scattering as one approaches the expected
black hole region from the domain below the production
energy threshhold.

A way to understand the persistent importance of strong
gravity follows from a different approximation in which
one can study some aspects of high-energy collisions at
impact parameters b & RS�E�: working in a semiclassical
expansion, with expansion parameter Mp=E, about the
classical geometry that arises [49,50] from the collision
of the gravitational shock waves of the two strings. These
are again well approximated by the Aichelburg-Sexl solu-
tion, and their collision can be shown to form a trapped
surface and hence a black hole [50].2 This picture suggests
both arguments of causality and dynamics for why tidal
excitation does not undermine black hole formation.

The first argument rests on causality. The colliding
strings are of ‘‘size’’ O�lst�, and the trapped surface of
[49,50] is of size RS and moreover forms before the two
Aichelburg-Sexl shock waves intersect. Thus by the time
the strings can experience a tidal force, they are inside the
trapped region.

The second, dynamical, argument follows from the
study of Fig. 3. The tidal forces on the string are radial
and tend to pull parts of one string differentially towards
the center of the other’s Aichelburg-Sexl metric. However,
this will act to stretch the string only until it reaches that
center; on the other side of that center the force is directed
in the opposite direction. Once the collision of the shock
waves takes place, one expects the subsequent gravita-
tional field to exhibit the same behavior. So the gravita-

tional field is expected to act to concentrate the strings into
a region behind the horizon.

In short, the possibility of interesting dynamics at the
tidal scale bT cannot be ruled out, and it is not inconceiv-
able that it could contribute to an intrinsically stringy form
of nonlocality.3 But there are also apparently good argu-
ments that strong gravitational dynamics sets in at b�
RS�E�, and here there is very good reason to expect that
local field theory breaks down from strongly coupled
gravitational effects.

D. High-energy string scattering—summary

These arguments suggest a picture of high-energy scat-
tering, in the ultra-Planckian regime, described as follows.

(1) There is no evidence in high-energy string scattering
for modification of local quantum field theory on
scales that would arise from long strings,4 at impact
parameters b� E or even b�

����
E
p

. Moreover, there
is considerable evidence that there are no such
modifications.

(2) At the scale bD�E� � E2=�D�2� [Eq. (2.3)], excitation
of strings by the tidal forces resulting from the long-
range gravitational field becomes relevant.
However, the dynamics is still apparently local.

(3) At the scale bT�E� � E2=�D�1� [Eq. (2.10)], tidal
forces can stretch the strings to a size comparable
to the impact parameter. This could lead to new
effects, and our arguments have not ruled out the
possibility that this dynamics is nonlocal.

(4) Evidence and arguments exist that, despite such
tidal effects, strong gravity should set in, and, in
particular, black holes should form, at scales b�
RS�E�. Here there is good reason for local quantum
field theory to fail. While the semiclassical approxi-
mation correctly describes some aspects of this
process, we will argue in more detail that at a
more basic level local field theory breaks down
here due to strong gravitational effects.

This section has compiled evidence in favor of this
picture, but the question of high-energy scattering behavior
remains a very interesting one. It is plausible that in the
high-energy context in string theory, modifications to local
field theory only become evident at scales set by gravita-
tional physics, rather than physics intrinsic to string theory;
this would suggest that string theory does not necessarily
play a direct role in such a breakdown of local field theory.
However, in light of the tidal dynamics that has been
described, it is also not inconceivable that nonlocalities

2For further discussion of the semiclassical approach to high-
energy scattering, see [51–53]

3It also could be interesting from the phenomenological view-
point, in TeV-scale gravity scenarios, as a correction to high-
energy scattering [54,55].

4While branes have not been explicitly accounted for, a related
hypothesis is that they likewise do not lead to long-distance
nonlocalities of this sort.
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intrinsically of combined string/gravity origin also have a
role to play.

III. LOCALITY AND ITS BREAKDOWN

A. Strings vs gravity

While scattering can exhibit evidence for locality or its
breakdown, one might more typically phrase the question
as an off shell one. Our study of scattering does not appear
to exhibit breakdown of local field theory as a result of
string effects at distance scales b� E=M2

st but does appear
to exhibit such breakdown due to gravitational effects at
scales b� RS�E�. What general consequences does this
have for the domain of validity of local field theory?

Locality in field theory is often stated as the condition
that gauge-invariant local operators commute outside the
light cone,

 �O�x�;O�y�	 � 0 for �x� y�2 > 0: (3.1)

However, such a statement is ill defined in the context of a
theory with gravity. First, the local operator O�x� contains
modes of all momenta up to infinity; one would thus expect
a large backreaction, particularly for the combined opera-
tor in (3.1). Thus suggests working with wave packets,

 O �f	 �
Z
dDxf�x�O�x�: (3.2)

If f and g are two functions of compact and spacelike-
separated support, the Wightman axioms include the state-
ment that

 �O�f	;O�g		 � 0: (3.3)

Alternatively, one might consider Gaussians or other wave
packets with strong falloff, in which case equivalently the
expression (3.3) would vanish up to terms arising from
small tails of the wave packets [19].

Even use of wave packets does not suffice to consistently
define nearly local observables in the context of a gravita-
tional theory. Observables must be gauge invariant, and
the gauge invariance of the low-energy limit of gravity
includes diffeomorphism invariance. For this reason,
Ref. [18] argues that the appropriate generalization of local
observables in a theory with gravity are relational observ-
ables, which approximately reduce to local observables in
appropriate states. A toy example is furnished by the  2�
model, with two scalar fields  and �. In this case, a
diffeomorphism-invariant expression is

 O  2� �
Z
dDx

�������
�g
p

 2�x���x�; (3.4)

and in a state corresponding to appropriately arranged
incident wave packets of the  field, the expectation value
of a product of such operators approximately reduces to a
vacuum correlator of operators of the form

 

Z
dDx

�������
�g
p

f�x���x�; (3.5)

analogous to (3.2).
In this sense, the ‘‘generalized observables’’ of the form

(3.4) approximately reduce to field theory observables, but
we anticipate breakdown of the approximation which
yields this result in certain limits. These are suggested to
represent fundamental limitations on recovery of local field
theory [18–20].

We could attempt to examine locality in this approach.
Specifically, consider working about a flat background and
with operators�x;p, corresponding to the special case of an
operator of the form (3.5) in which a particle is created at
position 
 x with momentum 
 p, with an appropriate
Gaussian spread in each. For example, taking j0i to be the
(gravitationally dressed) � vacuum, we could ask under
what circumstances an expression like

 �x;p�y;qj0i (3.6)

ceases to obey axioms corresponding to the Wightman
axioms of local quantum field theory.

A naı̈ve expectation is that, for �x;p derived as an
appropriate limit in string theory, the expression (3.6)
would exhibit nonlocal behavior when

 jx� yj &
jp� qj

M2
st

(3.7)

corresponding to exceeding the threshold center-of-mass
energy required to create a string stretching between x and
y. The authors of Ref. [23] argued that a similar kind of
string nonlocality could be the nonlocality responsible for
resolving the black hole information paradox. (For prior
studies of locality in string theory, see [21,22].)

However, the previous section explained that there is no
evidence of stringy nonlocal behavior in scattering on
corresponding scales; to reiterate, the results of [25,26]
are consistent with a description based on long-distance
gravitational scattering at distances far shorter than given
by (3.7).

B. Gravitational locality bounds

On the other hand, and taking the scattering discussion
as a guide, a local field theory description of (3.6) does
appear to break down when

 jx� yj * RS�jp� qj� (3.8)

is violated, corresponding to strong gravity/quantum black
hole formation. Reference [19] proposed that this limit, the
gravitational locality bound, represents a limit on the
domain of validity of local quantum field theory. In short,
the proposal is that the usual axioms of local field theory
cease to apply to states of the form (3.6) for which (3.8) is
violated; this is hypothesized to represent a fundamental
limit on the regime in which local field theory can be
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recovered as an approximation to a more fundamental
theory including quantum gravity.5

Another less classical way of stating this hypothesis is
the following. Gravitational scattering amplitudes grow
with energy. When they reach order unity, perturbation
theory breaks down.6 One can ask what physics unitarizes
the theory in this regime. The hypothesis is that this
physics is quantum mechanical but fundamentally
nonlocal.

One might ask more generally what circumstances are
likely to allow recovery of local quantum field theory as a
limit. For example, consider a state created by a collection
of N operators,

 �x1;p1
� � ��xN;pN j0i: (3.9)

A natural conjecture is that such a state fails to obey the
Wightman axioms in the case where the greatest distance
jxi � xjj is less than the Schwarzschild radius of the com-
bined center-of-mass energy, RS�j

P
ipij�. This ‘‘general-

ized locality bound’’ rests on a quantum analog of the hoop
conjecture [56].

These bounds state that in regimes where gravity be-
comes strong enough to form a black hole, local quantum
field theory must fail. At first sight this may sound surpris-
ing and even wrong. For example, a large black hole
formed from a collection of many low-energy particles is
expected to have a good semiclassical description near its
horizon, where curvatures are weak. Moreover, it has long
been believed that semiclassical black holes form in ultra-
Planckian collisions at sufficiently small impact parame-
ters. Reference [51] gave one discussion of this, and argued
for the validity of the semiclassical description in the high-
energy limit. Further work has solidified this viewpoint:
authors of Ref. [50] argued (following [49]) for the exis-
tence of a trapped surface in the geometry of a high-energy
collision (for further description of its shape in D> 4, see
[57]), and [52,53] gave further justification of the validity
of the semiclassical expansion.

However, while the semiclassical approximation cer-
tainly appears to describe the gross features of a black
hole with large horizon, the black hole information para-
dox (and its proposed resolution in favor of unitary evolu-
tion) strongly suggests that a detailed quantum description
of a black hole does not respect local field theory and is
fundamentally nonlocal. Indeed, one aspect of this idea has
been encoded in the statement of the holographic principle,
since that says that a black hole has far fewer degrees of
freedom than naı̈ve field theory would predict.

This suggests that a more correct picture is that the
semiclassical approximation serves as a kind of mean field

approximation, which summarizes macroscopic features of
black hole formation and evaporation in regions away from
the singularity. Moreover, local quantum field theory may
be a valid approximate description of certain phenomena,
for example, experiments conducted, for a time, in the lab
of an observer falling into a big black hole. However, this
viewpoint suggests that a semiclassical expansion should
not suffice to give a full quantum description of finer
details of black hole evolution.

C. Locality, black holes, and information

In short, we have argued that strong gravitational effects
lead to a breakdown of locality. With present technology
we also cannot rule out some violation of locality at even
longer distances, perhaps due to tidal string excitation. A
more complete understanding of the role of strings requires
improved treatment of high-energy scattering. And, a more
complete explanation of gravitational nonlocality requires
a deeper understanding of the resolution of the information
paradox. ’t Hooft and Susskind, as well as Ref. [58], sug-
gested that this paradox was likely to be resolved by some
form of nonlocality in black hole evaporation, such that
information escapes in the Hawking radiation. This was
pursued and stated in the form of principles, in the holo-
graphic principle of [4–7] and the principle of black hole
complementarity of [8–11]. But, while these hypothesized
principles serve as summaries of the expected properties of
black holes, consistent with the picture that information
escapes in Hawking radiation, they do not resolve the
information paradox by explaining precisely what is wrong
with Hawking’s original argument [1] that black holes
destroy information.

Reference [20] argued that the loophole in Hawking’s
derivation of information loss is a faulty assumption: that
one can represent the total Hilbert space in terms of inde-
pendent Hilbert spaces inside and outside the black hole.
While this decomposition would be implied by local quan-
tum field theory, it could be rendered untrue by the state-
ment that local field theory fails in situations of extreme
kinematics, for example, parameterized by the locality
bound, (3.8), or its generalization. Specifically, Ref. [20]
proposed that nonlocality implies a failure of the total
Hilbert space to decompose in a controlled approximation
in the black hole context. This suggestion was expanded on
in [34]: for example, to simultaneously describe informa-
tion of infalling particles and outgoing late-time Hawking
particles, one must compare modes at extremely large
relative boosts, which apparently violate the locality
bound.7 Thus while a semiclassical treatment like
Hawking’s is suitable for gross features of black hole

5If the tidal excitation of the preceding section contributes to
nonlocal dynamics, such a locality bound may be tightened
beyond (3.8) in string theory.

6Specifically, we refer to the breakdown of the eikonalized
gravitational amplitudes.

7While we are focussing on gravitational effects, nonlocality
arising from tidally distorted string effects (or even long strings,
if they were somehow relevant) would have the same
consequences.
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dynamics, when one asks finer questions, like those regard-
ing the presence of quantum information in Hawking
radiation, one plausibly enters into a domain where the
semiclassical approximation fails and local quantum field
theory ceases to be a good approximation to physics.

A similar picture relying on suggested nonlocal effects
due to long strings was earlier described in [23], but those
authors were not able to agree that they had found a
physical effect [59], and moreover, the discussion of
Sec. II failed to reveal such effects but does indicate non-
local effects due to gravitational mechanisms. This is a
satisfying viewpoint: it suggests that the physics resolving
the information paradox can mirror the generality of the
physics from which the paradox originated.

The reader may recognize a certain circularity in the
above arguments: a quantum description of black holes
based on local physics is not applicable because one must
discuss modes for which strong gravity is relevant, and
when strong gravity is relevant, locality should break
down. Thus while this picture is self-consistent, and might
be thought of as a sort of ‘‘black hole bootstrap,’’ it is not
derived from a more fundamental dynamics. Rather, it
stems from the observation that in certain circumstances
there is no evidence that local field theory should emerge as
a good approximation to a more complete dynamics, to-
gether with the perfectly reasonable assumption that this
dynamics will not behave like local field theory. A more
complete story would require knowledge of the underlying
dynamics. While many feel that string theory should give a
full quantum theory of gravity, string theory is still pres-
ently woefully unable to address questions in the regimes
of interest, where strong gravitational effects are manifest.
It may even be that a more radical underpinning is needed;
for ideas in this direction see the work of Banks and
Fischler [60], and references therein, or [61].

To conclude the discussion of black holes and informa-
tion it is useful to consider possible connections with other
approaches to these problems. One suggestion for the fate
of information falling into a black hole is the ‘‘final state’’
proposal of Horowitz and Maldacena [35], which proposes
the existence of a unique final state boundary condition at
the singularity. This would mean that information has been
eliminated from an excitation falling into the black hole by
the time it reached the singularity; the mechanism for its
transmittal to the black hole exterior is less clear. The
proposal based on nonlocal gravitational physics would
suggest a picture similar but different. Specifically, the
above discussion and that of [20,34] argues that one cannot
assume the presence of independent Hilbert spaces inside
and outside the black hole, at least when discussing the
Hawking radiation. Indeed, this argument and its reinforce-
ment in [34] might ultimately be regarded as a deeper
justification for and extension of the principle of black
hole complementarity. If this is the case, but one nonethe-
less were to attempt to describe the system in terms of

independent Hilbert spaces, one might anticipate that the
lack of independence manifests itself in dynamics that
leads to reduction of the internal part of the Hilbert space
to a unique state. Thus, the Horowitz-Maldacena proposal
could be a useful picture to describe the dynamics in the
complementary picture appropriate to an outside observer.
On the other hand, if one takes complementarity seriously,
there could be a complementary picture that describes the
observations of an observer falling into a black hole in
terms of a local field theory approximation appropriate to
that observer; after all, for a large black hole, such an
observer could have a very long lifetime in which local
physics is a very good approximation.

It is also worthwhile to comment on the possible relation
of the locality bound to statements of the holographic
principle, such as the Bousso bound [6,7], which essen-
tially state that the number of degrees of freedom in a
region surrounded by area A is proportional to A. Such
an assertion, in particular, implies that local quantum field
theory must fail, since for a region of size R local theory
would predict a number of states growing as R3. On the
other hand, area bounds do not directly address other
circumstances where local field theory should fail, for
example, the situation where a pure state consisting of
two colliding high-energy particles forms a horizon.
Conversely, one might ask whether reasoning based on
the locality bound implies area bounds. In a sense this is
close to being true. If one asks how many degrees of
freedom one can excite in a region before the energy is
sufficient to form a horizon around that region, in the spirit
of our generalized locality bound, a naı̈ve field theory
estimate is [4,62,18] N � R3=2. This is off by a power of
R1=2, possibly arising from gravitational degrees of free-
dom. This suggests that a derivation of the holographic
principle, stated as an area bound, might be accomplished
from a more general statement about limitations on local
degrees of freedom with a more complete understanding of
gravitational dynamics. In this sense, the locality bound in
such a setting could be part of a more fundamental expla-
nation of the holographic principle.

IV. CONCLUSION

The approach of this paper has been to assume that
quantum field theory and general relativity are valid until
they are forced to fail. The world could work in other ways,
for example, if general relativity is only a long-distance
effect and gravity is replaced by some more fundamental
dynamics at a scale before it becomes strong. But the
arguments of this paper are more in keeping with the
principle of parsimony—we know gravity and field theory
exist, so we simply push them to their limits.

The locality bound then serves as one parameterization
of the boundaries of the region of which we are ignorant:
the regime where local quantum field theory breaks down
and some more fundamental dynamics is relevant. This
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is useful as it indicates where arguments based on local
field theory reasoning cannot be utilized. For example,
Refs. [20,34] argued for the failure of a controlled semi-
classical approximation in Hawking’s derivation [1] of
information loss. A more complete story may result from
consideration of the locality bound, which suggests that
this failure is associated with a regime where nonlocal
effects are important. Related arguments may also suggest
general features of what physical effects emerge from
beyond the domain of applicability of local field theory,
and it would be particularly interesting to investigate what
could be said about such effects in other contexts.

Even more interesting would be to make headway on
describing a fundamental underlying dynamics in the terra
incognita whose borders are specified by the locality
bound. The expectation has grown that such dynamics is
quantum mechanical, but nonlocal, and the picture of this
paper is fully consistent with this viewpoint. String theory
may ultimately provide this dynamics, but so far has had
little success in the regions of interest. Or perhaps some-
thing more radically nonlocal is needed; for attempts in
this direction, see [60,61].

The constants of nature c and @ have been each associ-
ated with revolutions in physics, and a revolution has
likewise been predicted to emerge from the understanding
of the dynamics associated with Newton’s constant G.
Arguments such as those discussed here, and their ante-
cedents in the holographic principle, outline what appears
to be a major theme of this revolution: the new physics ofG
involves radical reduction of physical degrees of freedom
not just on short distance scales but on all distance scales.

So far one can only discern such outlines, based on
general reasoning, which, in the case of strong gravita-
tional effects, have been argued to be self-consistent. In
particular, we cannot yet derive such limitations from a
complete theoretical framework. Our situation may be
likened to that at the birth of quantum mechanics, de-
scribed in Bohr’s words: ‘‘. . . in atomic physics the exis-
tence of the quantum of action has to be taken as a basic
fact that cannot be derived from ordinary mechanical
physics.’’ This existence of the quantum of action of course
presents fundamental limits on degrees of freedom and, in
particular, on measurement of complementary variables.
Today, through the evident breakdown of our existing
theoretical constructs, specifically general relativity and
local quantum field theory, we appear to be seeing outlines
of basic principles of nonlocal physics, associated to G,
which further limit both degrees of freedom and observa-
tions. How precisely these principles embed into a deeper
theory is yet to be discovered, and indeed their complete
statement may have to be assumed as part of formulating
that physics.
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