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Abstract

Black hole complementarity posits that the interior of a black hole is not independent from its
Hawking radiation. This leads to an apparent violation of causality: the interior can be acausally
affected by operators acting solely on the radiation. We argue that this perspective is misleading and
that the black hole interior must be viewed as existing in the causal past of the Hawking radiation,
despite the fact that they are spacelike separated in the semiclassical description. Consequently,
no operation on the Hawking radiation—no matter how complex—can affect the experience of an
infalling observer. The black hole interior and the radiation only appear spacelike separated in
the semiclassical description because an infalling observer’s ability to access complex information is
limited; the chaotic dynamics on the horizon, as viewed from the exterior, then converts any effect
caused by such an observer to information in the Hawking radiation which cannot be accessed at
the semiclassical level. We arrive at the picture described above by considering a unitary exterior
description in which the flow of information is strictly causal, which we extend to apply throughout
the entire history of black hole evolution, including its formation. This description uses the stretched
event horizon as an inner edge of spacetime, on which the information inside is holographically
encoded. We argue that the global spacetime picture arises from coarse-graining over black hole
microstates, and discuss its relationship with the exterior description.
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1 Introduction

Studying the quantum mechanics of a black hole has revealed surprising facts about the nature of
spacetime [1–3]. Of particular interest is that the black hole interior and Hawking radiation are not
independent quantum degrees of freedom. This idea, called complementarity [4], has been tested in
various simplified setups [5–9], using methods [10–13] developed by analyzing the holographic nature of
quantum gravity [14,15], in particular the AdS/CFT correspondence [16].

This lack of independence allows us to construct operators representing the interior which act solely
on the Hawking radiation, as is indeed implied by entanglement wedge reconstruction [17–24] with
entanglement islands [5–7]. Since the radiation and the interior are spacelike separated, an exterior
observer’s ability to affect interior degrees of freedom leads to an apparent violation of causality. This
issue was analyzed by Kim, Tang, and Preskill [25], who studied a partially evaporating black hole
and proposed that the spacelike nature of the interior and radiation in the semiclassical description is
protected because the operators representing the interior effectively commute with any operators that do
not have computational complexity exponential in the entropy of the black hole. They, however, did not
address how to interpret operators acting on the radiation after the black hole is fully evaporated, which
would still be able to affect the interior acausally. Bousso and Penington studied a process involving
such operators and concluded that it leads to a breakdown of the semiclassical spacetime [26].

In this paper, we study how complementarity is manifested without the issue of causality described
above. We claim that to fully understand this issue, we need to properly analyze how a dynamical black
hole behaves under time evolution. For this purpose, we adopt an exterior description [27–32] in which
an effective theory describing a portion of the black hole interior is constructed from the horizon (and
Hawking radiation) degrees of freedom at each exterior time. This portion of the interior is obtained
by evolving the modes on the corresponding exterior time slice by the infalling Hamiltonian, not by
exterior time evolution, and therefore must be viewed as associated with the exterior time at which the
effective theory is erected. A sketch of this construction is given in Fig. 3. In this description, the black
hole interior is a transient phenomenon obtained by reshuffling the relevant degrees of freedom while an
infalling object is being scrambled into the black hole.

Using this construction, we show the following:

• The black hole interior must be viewed as existing in the causal past of the corresponding Hawking
radiation despite the fact that they are spacelike separated in the semiclassical picture. In the
fundamental description, the relationship between operators corresponding to the interior and
their reconstruction in the Hawking radiation is timelike.

• The relationship between these operators becomes effectively spacelike in the semiclassical de-
scription because of limitations on an infalling observers’ ability to access complex information.
With this limitation, the chaotic dynamics on the horizon, as viewed from the exterior, convert
any effect caused by an interior observer to information in the Hawking radiation which cannot
be accessed at the semiclassical level.

2



• An operation on the Hawking radiation cannot affect the experience of an observer in the interior
no matter how complex it is, providing a solution to the causality issue different from that in [25].
Executing such an operation can only hope to “rewrite the record” to make it appear that the
past was different. We show that the same applies also to black hole mining [33, 34], so that the
semiclassical spacetime is robust under information extraction.

Note that this provides a simple solution to the problem of possible information cloning in the interior
and the radiation. The no-cloning theorem [35] is not violated simply because an infalling object and
its information in Hawking radiation are the same timelike-related degrees of freedom.

We will formulate a unitary exterior description in which the flow of information is strictly causal
throughout the black hole’s formation and evaporation. This is not trivial, especially during the black
hole formation era. We will describe the challenge and propose a solution which applies bulk holography
to the stretched event horizon. In this description, the stretched event horizon provides the inner “edge”
of the spacetime, on which the information about the interior is holographically encoded.

The picture presented here implies that a description based on the global spacetime is necessarily
coarse-grained. We will discuss the relation between the exterior description and calculations employing
the global spacetime description, such as replica wormhole calculation [8,9], entanglement islands [5–7],
and α-states arising from baby universes [36–38] created by the evaporation of a black hole [39,40].

The organization of this paper is as follows. After laying out the exterior description in Section 2,
we discuss in Section 3 how the interior of the black hole and the global spacetime of general relativity
emerge from the exterior description. In Section 4, we argue that the global spacetime description
cannot be used to define unitary quantum mechanics consistent with interior reconstruction, and show
how the framework in Section 3 addresses this issue. In particular, we see that the black hole interior
must be viewed as existing in the past of the Hawking radiation containing its information, despite
the fact that they are spacelike separated in the semiclassical description. We discuss how the timelike
relation can be regarded as spacelike at the semiclassical level because of the limitation of an infaller’s
ability and the chaotic dynamics of the horizon degrees of freedom.

In Section 5, we extend the framework of Section 3 to the entire history of black hole evolution,
including its formation era. This gives a description in which the flow of information is causally trivial
throughout the history. Our construction employs bulk holography associated with the stretched event
horizon. In Section 6, we discuss the relation of our picture with other works that use the global
spacetime description. Section 7 gives conclusions.

Throughout the paper, we adopt natural units h̵ = c = k = 1.

2 Exterior Description

Black holes form and then evaporate, and a distant observer expects the evolution to be unitary in
agreement with quantum mechanics [4, 41–43]. Unitarity is further supported by the AdS/CFT corre-
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Figure 1: In the exterior description, equal-time slices foliate the spacetime region outside the “inner
boundary” of space, which for a (quasi-)static black hole corresponds to the stretched horizon.

spondence [16]. To preserve unitarity, we must follow all the relevant degrees of freedom, including the
“intrinsically quantum gravitational” (or “Planckian”) degrees of freedom associated with the stretched
horizon [4]. For a static black hole, this horizon is located at a proper distance of order the cutoff/string
length ls away from the mathematical horizon. The spacetime region relevant for the description is the
exterior of the stretched horizon.

A simple way to implement the exterior description is to adopt the canonical formalism of quantum
mechanics. The relevant time slices are Schwarzschild-like time slices, i.e. slices that foliate the spacetime
region outside the horizon; see Fig. 1. At times when the black hole exists, these time slices cover the
region outside the black hole. In the context of holography, these slices can be obtained, for example,
by continuously pulling the boundary into the bulk using the method in [44,45].

A feature of the exterior description is that if the state before the formation of the black hole is pure,
then the states with the black hole present and those after it evaporates are also pure. The relevant
degrees of freedom in each period are

• Before the black hole formation: low energy degrees of freedom whose dynamics can be de-
scribed by a semiclassical theory. In particular, they include matter that collapses gravitationally
to form the black hole.

• While the black hole is present: the degrees of freedom outside the horizon. At each time, we
can divide these degrees of freedom into three classes (see [32] for more detail):

– Horizon modes: modes on the stretched horizon, which may be viewed as “located” in the
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region r ≤ rs, where rs represents the location of the stretched horizon in the Schwarzschild
radial coordinate r (although the classical spacetime picture is not valid in this region).1

– Zone modes: modes localized in the region rs < r ≤ rz, where rz is the location of the outer
edge of the near black-hole region called the zone (i.e. the region inside the barrier of the
effective gravitational potential generated by the black hole).

– Far modes: modes located in the asymptotic region, r > rz.

This decomposition can be performed at the gauge-fixed level with positive semi-definite inner
products between the states, up to the intrinsic ambiguity of separation between horizon and
zone modes (we assume that the usual issue of factorizing modes located in different regions in
quantum field theory is appropriately taken care of). The dynamics of the horizon modes cannot
be described by a low energy semiclassical theory, while those of the zone and far modes can.

• After the black hole evaporation: low energy degrees of freedom whose dynamics can be
described by the semiclassical theory.2 In particular, they include Hawking radiation emitted
from the black hole.

As has long been argued [4, 41–43], the exterior description should be unitary, since the stretched
horizon behaves as a regular material surface as far as the flow of quantum information is concerned.
On the other hand, general relativity implies the existence of an interior. While there are proposals
otherwise, such as fuzzballs [46–48] and firewalls [49–51], we take the view that nothing special happens
at the horizon for an infalling observer. The question then is how we can understand the emergence of
a smooth interior for the infaller in the exterior description.

3 Emergence of Global Spacetime

In [27–32], it was shown that an effective theory of a smooth interior can be constructed from the exterior
degrees of freedom. In particular, the smooth interior emerges as a secondary concept associated with
the modes in the zone describing an object falling into the black hole. Coherent excitations of the
rest of the zone and horizon modes (as well as far modes for an old black hole) play the role of the
modes in the second exterior of a two-sided geometry, which is emergent in the effective theory. As
emphasized in [27–32], it is important to apply this construction to a state at a fixed time t in the
exterior description. This provides a portion of the black hole interior, which can be used to describe
the experience of the infalling object at the semiclassical level. To cover the entire black hole interior,
we need multiple effective theories erected at different times.

1 Without an explicit ultraviolet theory, it is scheme dependent if we view these degrees of freedom as additional degrees
of freedom beyond the low energy quantum fields or their cutoff-scale excitations near the stretched horizon. In any event,
the microscopic dynamics of these degrees of freedom cannot be described by low energy semiclassical theory.
2 This does not mean that the state of these degrees of freedom is fully specified by operators within the low energy
semiclassical theory; see Section 4.
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In Section 3.1, we review this construction. We will focus on the main idea, referring the readers
to [32] for more details. In Section 3.2, we discuss properties of the construction relevant for our later
discussions, especially focusing on how the picture of global spacetime may emerge.

3.1 Effective theory of the interior

For concreteness, we focus on a collapse-formed black hole with negligible spin and charge in 4-
dimensional asymptotically flat spacetime. We assume that the black hole has a mass M at some
time t, where t is the time in the exterior description.3 The horizon, zone, and far modes are defined
based on their locations at this time, according to the criterion given in Section 2. A vacuum microstate
of the semiclassical black hole at time t, i.e. a state in which excitations described by the semiclassical
theory are absent, can then be written as follows.

We first select a subset of the zone modes that will be relevant for describing a falling object which
is assumed to lie in the zone at time t. These are called hard modes, which we collectively label as
α. The semiclassical vacuum microstate, together with Hawking radiation emitted earlier, can then be
written as4

∣Ψ(M)⟩ =∑
n

eSbh(M−En)

∑
in=1

∑
a

cnina∣{nα}⟩∣ψ
(n)
in
⟩∣ϕa⟩, (3.1)

where ∣{nα}⟩ represent states of the hard modes, specified by the occupation number nα for each mode
α, while ∣ψ(n)in

⟩ represent orthonormal states of the horizon and zone modes that are not included in the
hard modes, which are called soft modes (any basis in the in space can be taken for each n). Finally,
∣ϕa⟩ are the states of the far modes, which generally include Hawking radiation emitted earlier. Note
that since the total energy of the black hole system, consisting of the hard and soft modes, is M , the
number of basis states ∣ψ(n)in

⟩ appearing with ∣{nα}⟩ in (3.1) is given by Sbh(M −En). Here, En is the
energy carried by ∣{nα}⟩, Sbh(E) = 4πE2l2P is the Bekenstein-Hawking entropy density at energy E, and
lP is the Planck length, which we take to be not too different from ls, assuming that the number of low
energy species is not enormous.

Because of fast-scrambling [52, 53] and chaotic [54] dynamics at the horizon, (the relevant portion
of) the coefficients cnina in (3.1) take random values across all low energy species.5 (The specific values
of cnina correspond to a specific black hole microstate.) This implies that the state of the system can

3 More precisely, we focus on a branch of the state at t in which the black hole has mass M and is located at a fixed position,
up to irreducible quantum uncertainties of order the Hawking temperature TH and the proper length ls, respectively [27].
Our construction of the effective theory of the interior applies to each such branch separately.
4 Here we ignore the effect of backreaction of Hawking emission on the occupation numbers of hard modes, which has
some implication for the region that can be directly reconstructed from the state ∣Ψ(M)⟩ without resorting to exterior
time evolution; for details, see [32].
5 More precisely, for each a, the coefficients cnina are expected to behave as independent and identically distributed
complex Gaussian random variables with mean 0.
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Figure 2: The effective theory of the interior erected at time t gives an emergent two-sided black hole
geometry. The degrees of freedom associated with the zone Z̃t of the second exterior arise from soft and
far mode states coupled to the states in the zone Zt of the first exterior in the vacuum microstate. The
spacetime region described by this effective theory is the region indicated as Kt.

be written in the thermofield double form

∣Ψ(M)⟩ =
1

√

∑m e
−

Em
TH

∑
n

e
−

En
2TH ∣{nα}⟩∥{nα}⟫, (3.2)

up to exponential accuracy, where TH = 1/(∂Sbh(E)/∂E∣E=M) = 1/8πMl2P is the Hawking temperature.
The state with the double-ket symbol is defined as the state of soft and far modes which couples to the
state ∣{nα}⟩ in (3.1)

∥{nα}⟫ =

√

∑
m

e
−

Em
TH e

En
2TH

eSbh(M−En)

∑
in=1

∑
a

cnina∣ψ
(n)
in
⟩∣ϕa⟩, (3.3)

where the overall coefficient is determined by the normalization condition, ⟪{nα}∥{nα}⟫ = 1. We see
that the double-ket states play the role of the states in the second exterior of the effective two-sided
black hole, as depicted in Fig. 2. This allows us to define, along the lines of [55–59], annihilation and
creation operators

bγ =∑
n

√
nγ ∣{nα − δαγ}⟩⟨{nα}∣, b†γ =∑

n

√
nγ + 1 ∣{nα + δαγ}⟩⟨{nα}∣, (3.4)

b̃γ =∑
n

√
nγ ∥{nα − δαγ}⟫⟪{nα}∥, b̃†γ =∑

n

√
nγ + 1 ∥{nα + δαγ}⟫⟪{nα}∥, (3.5)

from which we can construct operators describing the interior of the black hole, using only the degrees
of freedom on the exterior region, i.e. the hard, soft, and far modes defined on the time slice t.6

6 While the operators in (3.5) depend sensitively on the microstate of the black hole, i.e. the precise values of cnina

in (3.1), we can promote them to apply to a wide range of microstates to the extent that it is sufficient to ensure the
validity of the semiclassical description of the interior [31,60,61].
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The operators describing semiclassical excitations in the interior region, obtained from Eqs. (3.4)
and (3.5), act on all of the hard, soft, and far modes. However, if the black hole is young, i.e. if the
combined system of the hard and soft modes is not maximally entangled with far modes at time t, then
the interior operators can be constructed without involving far modes [29, 31]. This can be done by
projecting the operators acting on all modes onto the Hilbert space of hard and soft modes using the
Petz map. Schematically, when the entanglement between the black hole and far modes is negligible,
the vacuum microstate can be written as

∣Ψ(M)⟩ ≈∑
n

eSbh(M−En)

∑
in=1

cnin ∣{nα}⟩∣ψ
(n)
in
⟩. (3.6)

The double-ket states can then be defined by

∥{nα}⟫ ≈

√

∑
m

e
−

Em
TH e

En
2TH

eSbh(M−En)

∑
in=1

cnin ∣ψ
(n)
in
⟩, (3.7)

instead of (3.3), giving interior operators acting only on hard and soft modes. For a young black hole,
these operators reproduce the same algebra as that obtained using the “full” double-ket states in (3.3),
up to exponentially suppressed corrections.

We stress that in the case of either a young or an old black hole, interior operators constructed
as above must involve soft modes, i.e. modes near the black hole region. This implies, in particular,
that the construction does not work when a black hole does not exist at time t. This is different from
entanglement wedge reconstruction [17–24], which allows for reconstructing interior operators only using
far modes (early radiation) [5–7]. The difference comes from the fact that the construction described here
does not use exterior time evolution with respect to t in converting the fundamental modes to infalling
modes, while entanglement wedge reconstruction (implicitly) uses it by assuming the knowledge of
microscopic time evolution [30,32].

For an evaporating black hole, the spacetime region Kt that can be obtained by the construction
above is a portion of the interior which corresponds to the intersection of the domain of dependence of
the union of Zt and Z̃t with the causal future of Zt [32]:

Kt =D(Zt ∪ Z̃t) ∩ J
+
(Zt), (3.8)

where Zt represents the zone at time t, i.e. the partial Cauchy surface rs < r ≤ rz at t, and Z̃t is its
second exterior mirror in the effective two-sided geometry arising in the effective theory; see Fig. 2. Any
operator of the semiclassical theory contained in this region can be constructed using the time evolution
operator Ũ(τ) = e−iH̃τ associated with an infalling frame. Here,

H̃ =∑
ξ

Ωξa
†
ξaξ + H̃int({aξ},{a

†
ξ}) (3.9)

is the generator of the infalling time evolution, and τ is the infalling time; aξ and a†
ξ are the annihilation

and creation operators for infalling mode ξ, obtained from bγ , b
†
γ , b̃γ , and b̃†γ by Bogoliubov transforma-

tions, and Ωξ is the frequency of the mode ξ. Note that this time evolution is different from the original
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time evolution, which acts on all the microscopic degrees of freedom. In fact, the effective theory of
the interior obtained in this way is intrinsically semiclassical, possessing intrinsic ambiguities of order
e−Stot/2, where Stot is the coarse-grained entropy of the combined black hole and radiation system [31].

The picture presented here implies that a generic state in the Hilbert space of microstates for a
collapse-formed, single-sided black hole does not have a firewall. In [51], it was argued that since on a
black hole background “arbitrarily many” configurations of matter can be excited without costing energy
as viewed from a distance (by putting them near the horizon), a generic state of the black hole Hilbert
space has a firewall. These configurations, however, correspond precisely to black hole microstates;
specific values of cnin in (3.6), or cnina in (3.1), correspond simply to a specific vacuum microstate.
For generic values of these coefficients, the present construction works, giving an effective description in
which a falling object goes through the horizon smoothly. In particular, the fate of a semiclassical object
in the zone, represented by a set of b†γ operators acted on the vacuum microstate, can be calculated by
evolving the system by Ũ(τ) using the in-in formalism, reproducing the result consistent with general
relativity. It is only for an exponentially atypical state (e.g. a state in which one of the coefficients is
exponentially larger than the others) that this construction does not work, leading to a firewall at the
horizon.7

3.2 Global spacetime from a patchwork

From the exterior description, the global spacetime picture is obtained by erecting effective theories of
the interior described above at different times t and “patching” them [27], as sketched in Fig. 3. We first
highlight two important aspects in this procedure:

(i) There are many different ways to represent the same interior operator in fundamental (hard, soft,
and far) degrees of freedom. To see this, consider the state at time t′ > t+O(1/TH) of the system
that was described by (3.1) at time t. This state can be written as

∣Ψ(M ′
)⟩ ≈∑

n′

eSbh(M
′
−En′ )

∑
i′
n′
=1

∑
a′
cn′i′

n′
a′ ∣{n

′
α′}⟩∣ψ

(n′)
i′
n′
⟩∣ϕa′⟩, (3.10)

where M ′ <M −O(TH) is the black hole mass at t′, and ∣{n′α′}⟩, ∣ψ
(n′)
i′
n′
⟩, and ∣ϕa′⟩ are the states of

the hard, soft, and far modes defined at that time. If t′ − t is smaller than the signal propagating
time between the edge of the zone and the stretched horizon, then the interior portions of Kt and
Kt′ constructed from the two states in Eqs. (3.1) and (3.10) overlap. This allows us to represent
the same interior operator in Kt ∩Kt′ differently—as O and O′—using the microscopic degrees of
freedom appearing in two vacuum microstates Eqs. (3.1) and (3.10).

7 This can be phrased such that a generic single-sided state is mapped onto a special (thermofield double) two-sided state
in the effective description. This occurs because of the state-dependent [31, 55–61] definition of infalling mode operators.
For refutations against other arguments [49,50,62,63] for firewalls, see [27–32] and references therein.
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Figure 3: The effective theory of the interior erected at an exterior time t describes the region of the
black hole interior corresponding to the interior of the effective two-sided black hole composed of the
zone at t and its second exterior mirror. To obtain the whole black hole interior, we need to patch the
pictures obtained by effective theories erected at different exterior times.

For M −M ′ > O(TH), the hard mode states appearing in Eqs. (3.1) and (3.10) are orthogonal
(possibly up to exponentially small overlaps), since the black holes at times t and t′ are macro-
scopically distinguishable; the same is true for the soft and far mode states. It follows that O and
O′ are not related simply by the original exterior time evolution U(t′, t):

O′ ≠ U(t′, t)OU †
(t′, t). (3.11)

This can be seen, for example, from the fact that some of the hard modes at time t evolve into
far modes at t′, and that for a young black hole, interior operators can be constructed without
involving far mode degrees of freedom. The argument here demonstrates that a version of quantum
error correction discussed in [64] also applies here in constructing interior operators from the bulk
degrees of freedom, i.e. the hard, soft, and far modes.

(ii) Different operators in the interior region, in particular operators that are independent at the
semiclassical level, involve the same microscopic degrees of freedom. This is, in a sense, the
converse of the phenomenon described in (i). This violation of independence comes from the
fact that soft modes at some time t are not necessarily independent from hard modes at some
other time t′, as they can be related by time evolution U(t, t′). However, since the number of
independent soft mode and radiation states is exponentially larger than that of hard mode states,
the degree of violation arising in this way is suppressed exponentially by the factor e−Stot/2.

These two features reinforce the conclusion that the picture of the black hole interior is intrinsically
semiclassical: it is defined only up to the precision of order e−Stot/2.
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We now discuss the third aspect, which is particularly relevant for our discussion:

(iii) If the state at time t is given by (3.1), then the operator ΦΓ(x) that acts on this state and
represents a local Heisenberg-picture operator at x ∈Kt in (3.8) is given by

ΦΓ(x) = ∑
s,Ω,L

(fs(Ω,L)φΩ,L(x)aξ + gs(Ω,L)φ
∗
Ω,L(x)a

†
ξc) . (3.12)

Here, we have decomposed index ξ of the infalling mode operators aξ and a†
ξ into Γ, s, Ω, and

L = {ℓ,m} which represent species, spin, frequency, and orbital angular momentum quantum
numbers, respectively, with ξc representing the CPT conjugate of ξ; fs(Ω,L) and gs(Ω,L) are the
standard factors providing Lorentz representation of the field (Dirac spinors, polarization vectors,
etc), and φΩ,L(x) are the mode functions. Note that since aξ and a†

ξ are given by Bogoliubov
transformations of bγ , b

†
γ , b̃γ , and b̃†γ in Eqs. (3.4) and (3.5), these operators act on the hard, soft,

and far mode states defined at t.

As depicted in Fig. 3, in order to cover the entire black hole interior I, we need to erect the effective
theory of the interior in at least every time interval of order 1/2πTH. In other words, in order to
obtain the complete set of interior operators {ΦΓ(x) ∣x ∈ I}, we need to use aξ and a†

ξ defined at
different times tx in constructing operators at different locations x, since not all x ∈ I belong to
the same Kt for some t. While operators obtained in this way act generally on the hard, soft, and
far mode states at different times tx, we can time evolve them to obtain the set of operators that
all act on the radiation state at time tr after the black hole is fully evaporated, i.e. tr > tevap:

Itr = {OΓ,x(tr) ≡ U(tr, tx)ΦΓ(x)U
†
(tr, tx) ∣x ∈ I}. (3.13)

As discussed in [30, 32], this is how entanglement wedge reconstruction [17–24] represents all
the interior operators in the final state Hawking radiation. We stress that from this perspective,
entanglement wedge reconstruction of interior operators from Hawking radiation involves evolution
backward in time, despite the fact that the interior region and the region in which the radiation
exists are spacelike separated in the global spacetime picture.

The operators OΓ,x(tr) acting on final-state Hawking radiation represent local operators in the
interior of the black hole, a region spacelike separated from the region where the radiation resides. This
seems to imply that an operation on the Hawking radiation corresponding to the application of OΓ,x(tr)

can affect the experience of an observer falling into the black hole, potentially violating the causality
of general relativity.8 This issue was studied in [25] (see also [65, 66]) for radiation before complete
evaporation (the case in footnote 8), wherein it was shown that the operation of acting OΓ,x(tr) is so

8 This argument can be extended to radiation emitted from an old black hole, i.e. to the case tPage < tr < tevap, where
tPage is the Page time [43]. In this case, the amount of information in the relevant interior region, (⋃t<tr−tscrKt) ∩ I,
accessible in the radiation is limited and depends on the location in this region, where tscr is the scrambling time [52,53].
See Fig. 13 of [32] and discussion associated with it for more details.
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highly complex that locality in the semiclassical description (i.e. the spacelike separated nature between
the interior and radiation regions) is preserved for all practical purposes.

However, as we will see in the next section, this leaves a major puzzle associated with causality
in the global spacetime picture. We will see that the construction given in [27–32] and described here
addresses this puzzle. In particular, we will see that in our picture, unlike what was envisioned in earlier
works [25,26,67], one cannot affect the experience of an observer who has fallen into the black hole at an
earlier time by performing an (even complex) operation on radiation emitted from the black hole. This
is because, at the microscopic level, the region inside the black hole should be regarded as being timelike
separated from the region in which the radiation resides; more specifically, the former is in the past of
the latter. The fact that operators like OΓ,x(tr) exist simply reflects the standard statement that there
are operators at a time t corresponding to changing the record of what happened at times earlier than
t. Together with the fact that the OΓ,x(tr) effectively commute with a class of simple operators acting
on radiation—the feature arising from the involvement of complex horizon dynamics—this allows us to
treat the past event represented by OΓ,x(tr) as occurring in a spacelike separated region in semiclassical
spacetime.

4 A Puzzle in the Global Spacetime Picture and Its Resolution

In this section, we discuss a problem with global spacetime when it is used to formulate standard
quantum mechanics at the fundamental level. We will then show that by using the description of
the black hole interior presented in the previous section, this problem is avoided. In this description,
the Hawking radiation containing information about the interior always lies in the causal future of the
corresponding interior region. It is only in the semiclassical description that the interior appears causally
disconnected from the radiation region.

We will discuss in detail how this apparent change of the description arises from the complex dynam-
ics at the horizon, as viewed from the exterior. By the semiclassical description, we mean the description
including only finite products of local operators in the limit that the Newton constant is sent to zero,
GN → 0. For operators acting on the final-state Hawking radiation, this corresponds to operators that
act on a number of degrees of freedom which does not scale with the entropy of the radiation.9 We will
show that these operators all effectively commute with operators describing the interior, so that they
can be viewed as spacelike separated at the semiclassical level.

4.1 A problem with the microscopic description of global spacetime

We argue that the following three postulates cannot be satisfied at the same time:

(i) Diffeomorphism invariance persists throughout inextendible (global) spacetime, i.e. the region in

9 This implies that the semiclassical theory does not describe everything about the low energy degrees of freedom.
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which the classical description of spacetime is available in general relativity.

(ii) The canonical formalism of quantum mechanics can be built using Cauchy surfaces in global
spacetime, at least when they satisfy certain “niceness” properties [68–70].

(iii) An observer in the exterior region can reconstruct local operators in the interior using only Hawking
radiation degrees of freedom.

We will show this by demonstrating that the above three postulates, taken together, lead to a violation
of the no-cloning theorem of quantum mechanics.

To see this, consider a setup in which a detector staying outside the horizon throughout the history
of the black hole evolution extracts information about the interior at some time tr after the Page time
tPage.10 For simplicity, we focus on the case in which tr is after the full evaporation of the black hole,
tr > tevap, though the extension to the case with tPage < tr < tevap is straightforward (see footnote 8).

While the operation performed by the detector to achieve the information extraction needs to be
highly nonlocal, acting on most of the radiation degrees of freedom, we can fine-tune the initial con-
figuration of the detector so that it reads off information corresponding to a semiclassical excitation in
the interior.11 As a concrete example, we can set up the initial configuration of the detector such that
it interacts with the degree of freedom in the Hawking radiation which is represented by a product of
operators OΓ,x(tr) for some spacetime point x ∈ I. Note that this requires an exponential fine-tuning
of the configuration of the detector, which must be determined by the microscopic theory using the
knowledge of the initial state of collapsing matter forming the black hole. This is difficult in practice
but possible in principle, because we can have as much time as we need to prepare the detector before
actually forming the black hole.

With this setup, we find it problematic to consider the global spacetime as a platform for a regular
quantum mechanical system. In particular, we cannot employ the canonical formalism of quantum me-
chanics using a series of Cauchy surfaces, such as nice slices [68–70], in which the information extracted
by the detector is removed from the future of x in the interior and appears in the future of r in the
exterior region. This can be seen by considering a foliation of spacetime accommodating a time slice
that goes through both the past of x and the future of the region in which the detector extracts the
information; see Fig. 4. On this slice, the information extracted by the detector is cloned, since the
destruction of the same information in the interior occurs at x and hence has not yet happened on
this time slice. This contradicts the no-cloning theorem, hence violating the superposition principle of

10 Strictly speaking, tr is not exactly a single time but has a “width,” since it will take some time for the detector to
extract the information from Hawking radiation through interactions with it; but we will loosely refer to the period of
time in which the detector extracts the information as tr.
11 The corresponding operator acting on the radiation comprises a product of Srad local operators, where Srad is the
coarse-grained entropy of the radiation, so that the required fine-tuning is of order e−O(Srad). We do not consider such
an operator to be a part of the semiclassical theory. Thus, the problem discussed here is not that of the semiclassical
description but of the fundamental description applied to the global spacetime.
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Figure 4: A detector can be set up such that it extracts from Hawking radiation the information that
is located at a spacetime point x in the interior of the black hole. Interpreting this as being caused by
nonlocal interactions between x and the spacetime region r in which the radiation resides, we encounter
the problem of the existence of a time slice (blue line) that goes through both the future of r and the
past of x. On such a slice, the information in question is cloned, leading to a contradiction with the
no-cloning theorem of quantum mechanics.

quantum mechanics. We stress that this problem occurs even when we only use slices that are nice in
the semiclassical description.

One might think that this problem is avoided by claiming that the microscopic description of the
global spacetime forces us to use a special foliation in which the time slice going through tr must also
go through x. We find it difficult, however, to make sense of such a claim given that the arbitrari-
ness of choosing time foliation, i.e. diffeomorphism invariance, plays an important role in ensuring the
consistency of theories with dynamical gravity, even at the perturbative level.12

4.2 A solution: the interior as an effective description of dissipation on the horizon

The above argument implies that, if we are to keep (iii), we must relinquish (i) or (ii). The understanding
of the black hole interior described in Section 3 addresses the puzzle by abandoning postulate (ii). In
this framework, the interior spacetime—in fact only a portion of it—emerges as an effective description
associated with a given exterior time. The effective time evolution foliating the interior region is different
from the more fundamental, exterior time evolution, which foliates only the spacetime region outside

12 This is a difficulty which we encounter in addition to the fact that the time tr has a width, so that the relevant time
slice would generally be ill-defined.
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Figure 5: The physics occurring in the region described by the effective theory erected at time tx cannot
be obtained by any effective theory erected after Ttx = tx+2r+ ln(r+/lP), implying that it must be viewed
as having occurred before Ttx in the exterior description.

the horizon. Consequently, any information in the effective interior is contained in modes outside the
horizon, and hence exists in the causal past of the radiation. By viewing the interior this way, we need
not demand that the interior is foliable by global time slices, and hence do not take postulate (ii).
The property in postulate (i) emerges only effectively after patching the pictures obtained by effective
theories erected at different times. This results in postulate (iii) not implying that an operation on
Hawking radiation can affect the physics in the interior, avoiding the problem described in Section 4.1.

Recall that in the framework of Section 3, physics occurring at the interior point x is described by
an effective theory erected at a time tx (< tevap) satisfying

x ∈Ktx , (4.1)

where Kt is given by (3.8).13 As can be seen in Fig. 5, the spacetime region Ktx described by the
effective theory contains (a portion of) the zone, rs < r < rz, only up to the time

Ttx = tx + 2r+ ln
r+
lP
, (4.2)

where r+ is the horizon radius of the black hole at time tx, and we have ignored the term of order r+
which is not enhanced by the logarithm ln(r+/lP). (We will also do the same below.) This implies
that in the exterior description, the physics occurring in the interior portion of Ktx should be viewed

13 It is important that Ktx only contains the future of the region outside the stretched horizon; it does not contain the
region which is in the future of r < rs at tx but not in the future of r > rs at tx, as illustrated in Fig. 5. This ultraviolet
cutoff is a manifestation of the fact that the effective theory of the interior is intrinsically semiclassical, without which all
the radial null geodesics entering the stretched horizon before tx would pile up along the horizon of the second exterior in
the effective theory causing large backreaction on the spacetime [27].
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as occurring in the time frame
tx < t < Ttx , (4.3)

since the effective theory simply reorganizes correlations between the degrees of freedom associated with
the time slices in (4.3) such that they can be interpreted as arising from the infalling time evolution
generated by H̃ in (3.9), without involving a further exterior time evolution. The earliest effective
theory to which x can be associated is the one erected at time tmin = min{tx ∶ x ∈ Ktx}. The latest
effective theory which x can be associated with is similarly the one erected at tmax =max{tx ∶ x ∈Ktx}.
Consequently, x must be associated with exterior modes between tmin and Ttmax . In other words, the
physics occurring in the interior spacetime point x must be viewed as occurring in the time frame

tmin < t < Ttmax (4.4)

in the exterior description.

Importantly, for any point x in the interior of the black hole

Ttmax < tevap. (4.5)

This implies that in the exterior description, the physics which an interior observer experiences at the
spacetime point x must have already happened before the black hole evaporates. Thus, whatever the
detector does to the final state Hawking radiation, it cannot affect their experience at x nor events
occurring in its future. Exerting operators OΓ,x(tr) on the radiation at tr can reconstruct the event at
x, or even rewrite the record of what happened at x and in its future; however, it cannot change the
actual experience which the interior observer has had inside the black hole.

In this respect, the situation is not so different from the standard situation in which a complicated
operation can be applied to the system “after the fact” so that it can change the record of what has
happened before the operation.14 In our setup, if we reconstruct from Hawking radiation what happened
in the interior of the black hole before applying the complex operation, i.e. at t < tr, then we would
conclude that nothing extraordinary happened at x in the interior. On the other hand, if we do such
a reconstruction after the detector exerts the complex operation, i.e. at t > tr, then we would conclude
that an event occurred at x “out of the blue” which did affect the future of x in the interior. (The past
of x is unaffected because the boundary condition for the interior is determined by the exterior state at
tx, fixing the state in the past light cone of x.) This “nonlocal influence” by the operation, however, is
an illusion—what a physical observer actually experiences in the interior is not affected by the operation
of the detector.

In the exterior description, the event x must thus be viewed as having occurred in the past of r,
despite the fact that they are spacelike separated in the semiclassical description. This picture becomes

14 Throughout the paper, we assume that things happen when they actually occur through time evolution. In other words,
we consider that a measurement occurs when the relevant information corresponding to the measurement outcome (which
is not full quantum information) is amplified into various subsystems [71–73]. In particular, we do not take an extreme
(and what we think an exotic) standpoint [74] that a measurement occurs only when the relevant information reaches to
a boundary or horizon region.
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evident because we have employed the construction in [27–32], which makes manifest the dynamical
nature of interior reconstruction, i.e., how the exterior time evolution is involved in the reconstruction.
In fact, this feature is not visible in a model without appropriately taking into account time evolution,
for example in the case of a tensor network corresponding to a single global time slice.

An alternative way of viewing all of this is that to correctly reconstruct the interior, we need to
include the agent, e.g. a detector, which has exerted operators OΓ,x(tr) on the radiation. We should
then evolve the combined system of the agent and radiation backward in time and use the construction
of [27–32] at time tx. By doing this, rather than simply adopting the entanglement wedge reconstruction
protocol to the radiation after OΓ,x(tr)’s are operated, we will indeed reconstruct the interior in which
nothing extraordinary happens at x. The inclusion of the agent affects the interior significantly, despite
the fact that it comprises a much smaller number of degrees of freedom than those of the radiation.
This is because the standard process of black hole formation and evaporation is one in which the
coarse-grained entropy increases [75,76], and hence the reverse time evolution employed during interior
reconstruction is a highly fine-tuned, fragile process.

The analysis here can be extended to the case in which we act operators OΓ,x(tr) before the black
hole is fully evaporated, which is possible if tr > tPage. To see this, consider an infalling observer who
reaches the stretched horizon at some exterior time tf . While the experience of the observer shortly
after crossing the horizon is described by the effective theory of the interior erected at tf , this does
not necessarily mean that all the experiences of this observer are described in this effective theory. For
example, the observer may accelerate toward the horizon right after they cross it, eventually leaving
Ktf ; see Fig. 6. Even in this case, however, the experience of the infallen observer should be viewed as
fully completed by

tcomp = tf + tscr (4.6)

in the exterior description, where
tscr = 4r+ ln

r+
lP

(4.7)

is the scrambling time. One way to see this is to notice that the late trajectory of the observer is fully
contained in the effective theory erected at t′f = tf+2r+ ln(r+/lP), even in the worst case that the observer
starts moving outward at the speed of light one cutoff time after crossing the mathematical horizon.
This is indicated by the arrow in Fig. 6. The argument that led to (4.3) then says that any experience
of the observer in the interior must have occurred by

Tt′
f
= tf + tscr. (4.8)

On the other hand, the general argument in [52] (or entanglement wedge reconstruction [5]) says that
the information about an object that fell into the black hole at tf emerges in Hawking radiation only
after tf + tscr. Thus, again any operation on Hawking radiation—even if it is performed before tevap, and
no matter how complex it is—cannot affect the experience of an observer in the interior. This conclusion

17



Figure 6: The physics associated with an object that fell into the horizon at time tf cannot be described
by any effective theory erected after tcomp = tf + tscr. This implies that it must be viewed as having
occurred before tcomp in the exterior description.

holds even if we mine [33,34] radiation from the Hawking cloud in the zone around the black hole.15

Finally, our analysis yields the following interpretation [27] of the black hole’s singularity. From
an exterior perspective, an object does not immediately thermalize when it encounters the stretched
horizon. Instead, it manifests as a distinct excitation on the horizon for some duration. Over the
scrambling time, tscr, this excitation will gradually dissipate into the horizon. During this period, the
dissipation process has an effective description as an object traversing the near-empty interior of the
black hole. Here, coherent “quasi-particle” horizon modes—and beyond the Page time, early radiation
modes as well—denoted by b̃γ , serve as modes in the effective second exterior of the black hole. The
singularity of the semiclassical picture signifies the limit of the applicability of this effective description.
After the object’s excitation is fully integrated into the horizon, the effective theory describing the
dissipation process is no longer available.

4.3 Converting relations from timelike to spacelike using complexity

It is highly nontrivial to regard two sets of degrees of freedom that are not independent with each
other as spacelike separated at the semiclassical level. If interior reconstruction indeed works, Hawking
radiation for an old black hole is not independent of the interior degrees of freedom. To regard these as
spacelike separated, while preserving causality at the semiclassical level, an operator acting on one set

15 To reconstruct the interior of the black hole at an earlier time t from radiation at tr (> t, < tevap), we need to include
all semiclassically distinguishable branches (with different black hole masses and positions) that have resulted from the
backreaction [77,78] of Hawking emission occurring after t.
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must commute with that acting on the other, possibly up to corrections suppressed exponentially in a
macroscopic entropy. Here we argue that our framework indeed implies that a process involving only
low energy degrees of freedom cannot affect the semiclassical physics in a region that can be viewed as
spacelike separated.

In [25], Kim, Tang, and Preskill (KTP) analyzed this issue of causality, assuming that the black
hole’s dynamics can be represented by pseudorandom unitaries [25, 79, 80]. Since it is expected that
chaotic dynamics generally produce pseudorandom states sufficiently after the scrambling time, we
assume that the same applies to the dynamics of our horizon modes as viewed from the exterior.
KTP studied a partially evaporated black hole and concluded that if an operator Orad acting on the
radiation can be modeled by a quantum circuit with size polynomial in the entropy of the black hole, i.e.
C(Orad) ∼ poly(SBH), then Orad commutes with operators O(x) describing the interior up to corrections
suppressed exponentially in SBH

∥[Orad,O(x)]∥ ∼ O(e
−SBH). (4.9)

Applying the same argument to the final-state Hawking radiation, we could conclude that an operator
O′rad acting only on a portion S′rad (< Srad) of the radiation whose complexity goes as

C(O
′
rad) ∼ poly (Srad − S

′
rad) (4.10)

would effectively commute with operators describing the interior of the black hole: ∥[O′rad,O(x)]∥ ∼
O(e−(Srad−S

′

rad)).

However, this by itself does not solve the issue, since one would still be able to act on an operator
on the entire final-state radiation (S′rad ≈ Srad) and affect the interior; indeed in that case the operator
can be simple.16 This would lead to the problem discussed in Section 4.1. As we have seen, however,
the Hawking radiation containing information about the interior is, in fact, timelike related with the
interior degrees of freedom. The former is in the future of the latter. Therefore, one cannot change the
physics that has already occurred in the interior by acting with an operator on the Hawking radiation,
no matter how complex it is.

This leaves the question about the effect of an interior operator (past) on Hawking radiation (future).
In order to preserve causality, we want the semiclassical physics associated with the radiation not to be
affected by an operation in the interior. By semiclassical physics, we mean the collection of processes
represented by operators which act on degrees of freedom whose numbers do not scale with Srad, which
is proportional to the initial entropy of the black hole and hence to 1/GN. To study this question, we
can employ a variant of the KTP analysis; the interior operator in KTP is replaced with a semiclassical
operator acting on the radiation, and the combined system of the black hole and radiation in KTP is

16 Here we have assumed, following [25], that the state of final-state Hawking radiation is efficiently generated. It seems
possible to us that the generation of final-state Hawking radiation could be hard, which can happen if, for example, the
computational basis of Hawking radiation (the basis determined by spatial locality) and the natural basis of the horizon
dynamics are related by a generic unitary. If this is the case, then the operator affecting the interior must be complex,
with the complexity C scaling exponentially in Srad.
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replaced with the black hole degrees of freedom at the time when the effective theory of the interior is
erected.17 The number of degrees of freedom representing semiclassical physics in the interior is much
smaller than that representing the black hole, SBH. The KTP argument then implies that an interior
operator Oint corresponding to a circuit of size

C(Oint) ∼ poly (SBH) (4.11)

effectively commutes with semiclassical operators Õrad acting on the radiation, up to corrections sup-
pressed exponentially in SBH.

∥[Oint, Õrad]∥ ∼ O(e
−SBH). (4.12)

In other words, in order to affect the semiclassical physics of the radiation, an operation performed in
the interior must have complexity exponential in SBH. This is, however, impossible because any physical
“experimenter” in the interior hits the singularity in polynomial time before any such operation can be
performed. Note that we have not imposed any constraints on the computational complexity of Õrad;
we have just imposed the restriction on the number of degrees of freedom on which it acts.

Any physical operation in the black hole interior, therefore, cannot affect semiclassical physics occur-
ring in the radiation at later times, except for corrections suppressed exponentially in the entropy of the
black hole. The only operators acting on the radiation which do not commute with interior operators
are those acting on a large (macroscopic) number of degrees of freedom scaling as Srad. Of course, these
noncommutativities are what allow us to decode the information about the interior from the Hawking
radiation.

Finally, we note that the analogous statement cannot be made for reverse time evolution. We can
perform a physical operation on the (now initial-state) radiation which affects semiclassical physics in
the interior (of the white hole). In this sense, we may say that the Penrose diagram of Fig. 1 faithfully
represents physics for the standard black hole evolution, a process in which the coarse-grained entropy
increases, but not for the reverse evolution, a process with decreasing coarse-grained entropy caused by
a finely-tuned initial condition.

5 Causal Structure of Black Hole Formation and Evaporation

One virtue of the exterior picture is that the causal flow of information is clear. When an object falls
into a black hole, its information stays on the stretched horizon, whose spacetime trajectory is timelike,
and later comes back to ambient space in the form of Hawking radiation. One may thus wonder if the
causal structure of the entire spacetime can in fact be trivial in the exterior description (or at least in
some version of the exterior description). We depict how such a description would look in the right
panel of Fig. 7.

17 The relation between the degrees of freedom representing the interior and Hawking radiation always involves the horizon
dynamics, which we assume to be pseudorandom. The analysis of KTP can thus be adopted in the present context.
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Figure 7: In the exterior description, the causal flow of information is obvious after the black hole is
formed. The question is if there exists an analogous picture throughout the history of the black hole
evolution, including the times during its formation.

This would indeed be the case if the “stretched horizon,” at which the spacetime terminates, follows
a timelike trajectory throughout the history of the black hole evolution, including during formation.
Taking this possibility seriously, however, raises an interesting question. To see this, imagine that a
diary has existed at r = 0 for an extended period of time in near-empty spacetime. Then, we fire a null
shell of particles toward r = 0, creating a black hole of mass M ; see Fig. 8. Before the null ray, the
spacetime is Minkowski. After the null ray, the spacetime is Schwarzschild. Given the unitarity of the
S-matrix, the information about the diary must eventually be emitted from the stretched horizon in the
form of Hawking radiation. In order to avoid a mysterious spacelike motion of the information from the
interior to the exterior, the timelike trajectory of the stretched horizon must extend to the spacetime
region before the null ray, as depicted by a curved dashed line in Fig. 8. However, the spacetime in
this region is Minkowski, and there is no obvious locally defined surface which can play the role of the
stretched horizon.

5.1 Exterior description with trivial causal structure

We argue that the description corresponding to the right panel of Fig. 7, however, is still possible. In
particular, we will provide below a surface which plays the role of the stretched horizon before the null
shell, which in the case of Fig. 8 is the appropriately stretched horizon of a spherical Rindler observer.
Before the black hole’s formation, the information about the diary stays in modes near this horizon, and
it will eventually come out in a causal way in the form of Hawking radiation. This is possible because
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Figure 8: Consider a diary in the region near r = 0 far in the past. We then fire a null shell of infalling
particles toward r = 0, creating a black hole of mass M . The unitarity of the S-matrix implies that
the information about the diary must eventually be emitted from the stretched horizon in the form of
Hawking radiation. An exterior description with trivial causality, the right panel of Fig. 7, is obtained
by extending the stretched horizon toward the past using the event horizon.

in quantum gravity the spatial location of information is not uniquely determined.

In quantum gravity, the physics associated with some spacetime region can be encoded in the degrees
of freedom on the boundary surrounding it, if certain conditions are met [14,15,81]. In particular, for a
closed codimension-2 surface Σ, the physics occurring in the domain of dependence of a partial Cauchy
surface bounded by Σ can fully be described using the intrinsically quantum gravitational degrees of
freedom on Σ and the degrees of freedom outside of it.

We apply this to each Cauchy surface before the formation of the black hole, with Σ identified as the
(stretched) event horizon. Specifically, in the setup of Fig. 8, we may adopt the ingoing Vaidya metric

ds2 = −(1 −
2M(v)

r
)dv2 + 2dvdr + r2dΩ2, (5.1)

where

M(v) =

⎧⎪⎪
⎨
⎪⎪⎩

0 for v < v0
M for v > v0

, (5.2)

with v0 the ingoing time at which the null shell is shot. For v > v0, this corresponds to time slices of
the exterior description, as can be seen from the fact that the coordinate transformation

v = t + r + 2Ml2P ln
r − 2Ml2P
2Ml2P

(5.3)
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gives the Schwarzschild metric. For v < v0, on the other hand, the metric also covers a region inside the
event horizon: by the coordinate transformation

v = t + r, (5.4)

we obtain the flat space metric
ds2 = −dt2 + dr2 + r2Ω2. (5.5)

The trajectory of the event horizon in this metric is given by

r = t + 4Ml2P − v0 (5.6)

for v0 − 4Ml2P ≤ t ≤ v0 − 2Ml2P.

We may convert the metric (5.5) into that corresponding to the “exterior picture,” by adopting the
spherical Rindler coordinates [82] tailored to the present setup

τ = arctanh
t − t∗
r

, ρ =
√
r2 − (t − t∗)2, (5.7)

where
t∗ = v0 − 4Ml2P (5.8)

is the time at which the event horizon forms. This gives the metric

ds2 = −ρ2dτ2 + dρ2 + ρ2 cosh2τ dΩ2, (5.9)

applicable in the region v < v0, i.e. ρ < 4Ml2Pe
−τ , and τ ≥ 0. The Rindler horizon agrees with the event

horizon (5.6), which connects smoothly with the black hole horizon at v = v0. While the system is
not in the global thermal equilibrium as the metric (5.9) is not static, observers at constant ρ follow
trajectories of constant acceleration and see Unruh radiation [83–85]. The stretched horizon can thus
be defined to be located where the local (Tolman) Unruh temperature 1/2πρ becomes the string scale
1/2πls [30, 86]:

ρ = ρs ≈ ls. (5.10)

This surface connects smoothly with the stretched horizon of the black hole at v = v0. At the time of the
formation, the area of the stretched horizon is of the cutoff-scale size, A(0) ≈ 4πl2s . The nonstretched
and stretched horizons are depicted by dashed lines in Fig. 8.

We claim that when the theory is quantized canonically, there is a description which keeps only the
portion of the spacetime outside the stretched horizon, ρ > ρs, and in which the stretched horizon carries
the coarse-grained entropy (the number of effective degrees of freedom)

Sh(τ) =
A(τ)

4l2P
, (5.11)

where
A(τ) = 4πρ2s cosh

2τ (5.12)
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is the area of the stretched horizon at time τ (≥ 0).18 When the stretched horizon intersects the null
shell at

τ = ln
v0 − t∗
ρs

= ln
4Ml2P
ρs

, (5.13)

Sh(τ) and A(τ) agree with the entropy and the area of the stretched horizon of the black hole of mass
M , respectively. We postulate that, as suggested by the holographic principle, the degrees of freedom
associated with the stretched horizon, represented by (5.11), encode semiclassical physics in the domain
of dependence of a partial Cauchy surface bounded by the stretched horizon at time τ

D(Ξ), Ξ ∶ r < ρs cosh τ, t = t∗ + ρs sinh τ. (5.14)

Thus, when the diary hits this past-extended stretched horizon, its information is stored in these degrees
of freedom. This information will then be transferred to the black hole horizon degrees of freedom when
the stretched horizon is hit by the incoming null shell.

To develop intuition about our picture, we can employ a tensor network model [87–89]. In a tensor
network, a semiclassical excitation, in this case the diary, can be regarded as a perturbation on the
network. We can insert this perturbation on a specific location in the network, but the same information
can then be “pushed” through the network and be viewed as existing in external legs of the network,
which typically are identified as the boundary degrees of freedom in holography. The location of this
information, however, need not be either the original location of the perturbation or the external legs
of the network. In particular, we can cut the network into two at a closed surface Σ which encloses the
original location of the perturbation; see Fig. 9. The information about the perturbation can then be
viewed as existing on legs that go through Σ. In fact, if all the information about the inner portion of
the network can be represented in this way on the cut legs of the outer portion, then we need not even
keep the inner portion to describe the system.

Our description conforms with the recent proposal of Bousso and Penington [26, 67] which extends
the concept of entanglement wedge reconstruction to bulk subregions. According to their criterion, the
max-entanglement wedge emax [26] of the partial Cauchy surface outside the extended stretched horizon
at any time is the entire spacetime. This is consistent with our claim, given that entanglement wedge
reconstruction assumes the full knowledge about the (exterior) time evolution, so that it can reconstruct
the region D(Ξ) (5.14) for all t.

Our description may also be obtained by “pulling in” the boundary of the (putative) holographic
theory [44, 45, 90]. Imagine that there is a “screen” in the asymptotic region r → ∞ on which the
holographic theory lives. (In asymptotically AdS spacetime, this can be the conformal boundary.) Each
time slice of the screen is called a leaf. We can then renormalize the leaf at each time, which moves the
leaf inward in the bulk. As discussed in [45], when doing this at the quantum level, we need to keep the
information outside the renormalized leaf σ(λ), where λ is the flow parameter. Specifically, the flow is
given by the equation

dxµ

dλ
=
1

2
(Θkl

µ
+Θlk

µ
), (5.15)

18 The calculation of [82] gives the von Neumann entropy, which is zero in the present setup.
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Figure 9: An excitation in a semiclassical theory can be viewed as a perturbation on the network of
entanglement representing a spatial slice (left). The network can be cut at a closed surface Σ surrounding
the perturbation and be replaced with an equivalent network in which the interior of Σ is removed (right).
An operator corresponding to the original excitation can be represented by a nonlocal operator acting
on the internal legs of the new network, obtained by pushing the original operator through the network.

where xµ are the embedding coordinates of the renormalized leaf σ, and {kµ, lµ} are the future-directed
null vectors orthogonal to σ. Here, Θk,l are the modified versions [45] of the quantum expansions [91]
in the corresponding directions, whose computation requires knowledge about the state outside σ. In
the Schwarzschild region the flow terminates near the horizon, but in the Minkowski region it can go all
the way toward r = 0. Our description can, thus, be viewed as the holographic theory in which each leaf
is renormalized down to the extended stretched horizon r = rs(t) in the Minkowski region. The region
r < rs(t) is then obviously encoded in the renormalized theory defined in the region r ≥ rs(t). For a
sketch of the trajectory of the renormalized leaves, see Fig. 10.

We expect that the exterior description presented here can be generalized to the case of arbitrary
(not necessarily spherically symmetric) collapsing matter. The basic idea is to stretch the event horizon
in such a way that the system of the stretched and nonstretched horizons appears locally Rindler. One
possible procedure to extend the stretch horizon to earlier times is as follows: consider a congruence of
past-directed timelike curves xµp(τ), each of which starts from a point p on the stretched horizon at a
late time t0 in the direction orthogonal to the equal-time hypersurface t = t0. Here, τ is the proper time
along each curve, with τ = 0 on the stretched horizon. We require that each curve maintains proper
acceleration aµ of

√
aµaµ ≈

1

ls
(5.16)

in the direction orthogonal to the hypersurface given by the spacetime trajectory of the congruence.
An equal-time hypersurface in the exterior spacetime region can be chosen in such a way that it agrees
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Figure 10: An equal-time hypersurface of the holographic boundary, called a leaf, can be pulled inward
by a renormalization flow. The trajectory of each leaf, depicted in the figure, then provides an equal-
time hypersurface in the bulk called a holographic slice in [44,45]. We can terminate the flow when the
renormalized leaf reaches the stretched event horizon, giving the manifestly causal exterior description.

with a constant τ surface on the congruence. If caustics develop in the congruence, we terminate the
corresponding curves there. We expect that a procedure like this works, at least, for simple spacetimes,
but we leave a detailed study of the stretching of the event horizon for future work.

5.2 Significance of the event horizon

The discerning reader may note that the argument presented in Section 5.1 relies primarily on the
holographic principle, and may be applied to any timelike surface outside the event horizon, not just
the stretched event horizon. For example, one might consider in the setup of Fig. 8 an extension of the
stretched horizon defined by some time-dependent radius rt(t), whose spacetime trajectory is timelike
and which agrees with the black hole horizon at the infalling null shell, such as

drt(t)

dt
> 0, rt(tnull) = rs. (5.17)

Here, tnull is the time at which the trajectory rt(t) of the surface intersects the null shell, and rs is the
radius of the stretched horizon of the black hole of mass M . We call this trajectory the “tube.” One
can imagine that the tube is capped off in the past at some time t0: rt(t0) = 0.

Such a description may indeed exist, but the dynamics on the tube would then be very different
from the dynamics of the horizon. To see this, consider a trajectory of a particle which enters and then
leaves the tube in the global spacetime picture. In the exterior picture, this should be described as
a process in which a particle hits the surface of the tube at some time and then some time later the

26



same particle is spit out from a different point on the surface. This implies that, unlike the case of the
stretched horizon, the dynamics of the surface are not scrambling and chaotic. We do, however, expect
that these properties are associated with the (stretched) null surface, since a particle inside the surface
becomes causally disconnected from the exterior.

What is the significance, then, of the event horizon compared with other null surfaces? For these
other surfaces, such as the horizons of the standard and spherical Rindler spaces, the area of the
horizon is either infinite or increases without bound. We thus expect that information absorbed into
the corresponding stretched horizon will not be sent back to the ambient space, since the horizon degrees
of freedom will not be fully scrambled. On the other hand, for an event horizon, its stretched surface
becomes the stretched horizon of the black hole, whose area will eventually shrink to zero due to Hawking
radiation. Any information contained within the stretched event horizon, therefore, will be transferred
to ambient space at late times, either in the form of Hawking radiation or through mining.

The expectation given above is consistent with the fact that neither standard nor spherical Rindler
space contains a singularity. In these spacetimes, an “exterior” observer cannot retrieve information
about an object which crossed the horizon at an earlier time. Thus, there is no problem of cloning
even if the observer jumps into the horizon and catches up with the original object, which is generally
possible if there is no singularity. On the other hand, for an event horizon, an exterior observer at late
times can retrieve information behind the horizon. Therefore, an observer must not be able to jump
into the horizon and obtain a second copy of the information they have retrieved. This requires that
every causal curve in the interior region ends at a singularity, as is indeed the case for a Schwarzschild
black hole (and presumably for other unstable black holes as well, after appropriate quantum effects are
taken into account).

5.3 Topology change and quantum global hyperbolicity

In the exterior description given here, the flow of information is causally trivial. This description,
however, does not include the region inside the black hole. This requires that the spatial topology
changes as time progresses. For example, if the black hole is formed in (d+1)-dimensional asymptotically
flat spacetime, the spatial topologies in the periods before the formation of the stretched event horizon,
during the presence of the stretched (event and black hole) horizon, and after the black hole evaporation
are Rd, Rd /Bd, and Rd, respectively. These spacetimes are not globally hyperbolic classically. This is due
to the singularity at the endpoint of black hole evaporation, and the fact that equal-time hypersurfaces
do not enter into the interior of the stretched horizon.

The unitarity of time evolution in the exterior description, however, implies that the spacetime is
“globally hyperbolic” at the fully quantum level, i.e. if we include intrinsically quantum gravitational
degrees of freedom on the horizon and use the microscopic Hamiltonian for time evolution. In this
sense, equal-time hypersurfaces in the exterior description play the role of Cauchy surfaces in quantum
gravity, and may be called quantum Cauchy surfaces.
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Figure 11: The global spacetime description can be obtained by evolving the initial equal-time hyper-
surface in such a way that at each time, the equal-time hypersurface is a Cauchy slice. This description,
however, is consistent only if we disallow a process involving an exponentially fine-tuned detector con-
figuration accessing information about the interior; see Section 4.

6 Global Spacetime as a Coarse-Grained Description

We have argued that the global spacetime is only emergent at the level of semiclassical gravity and
cannot be used to formulate unitary quantum mechanics at the fundamental level.19 On the other
hand, the concept of global spacetime itself is well defined in the sense that the physics occurring
there is robust under physical processes, including nonperturbative information extraction processes
performed on Hawking radiation. In this section, we discuss how the description based on the global
description can emerge as a coarse-grained description, and explain why global methods nevertheless
yield important results, including hints of unitarity.

The global spacetime description can be obtained at the semiclassical level by evolving the initial
equal-time hypersurface in such a way that at each time, the equal-time hypersurface is a Cauchy slice;
see Fig. 11.20 The famous calculation of Hawking [92] suggests that this corresponds to one which is
coarse-grained over black hole microstates. This results in the final state of Hawking radiation being
thermal. In other words, the global spacetime description regards states after the black hole formation

19 In the context of AdS/CFT, this implies that any putative nonperturbative bulk theory should not be formulated on a
global slice (or should not include a smooth interior), unless an intricate nonlocal mechanism reducing the redundancies
on an equal-time hypersurface is involved.
20 Strictly speaking, equal-time hypersurfaces after black hole evaporation are not Cauchy surfaces at the classical level
because of the singularity at the endpoint of the evaporation; see the discussion in Section 5.3.
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as the (maximal) mixture over black hole microstates [30]. We will show that this interpretation is
consistent with results obtained using replica wormholes [8, 9], entanglement islands [5–7], and baby
universes [39,40], which see some traits of unitarity despite the fact that they employ the global spacetime
description.

6.1 The Page curve from replica wormholes and entanglement islands

While the global spacetime description represents an ensemble average over microstates, it can still allow
us to calculate the ensemble averages of many different quantities by changing the boundary conditions.21

In particular, by adopting the replica boundary conditions [8,9], gravitational path integrals in the global
spacetime can calculate the ensemble averages of the traces of powers of the density matrix of Hawking
radiation TrρnR for different n. From this, the ensemble average of the von Neumann entropy of the
radiation can be obtained as

SR = − lim
n→1

∂

∂n
TrρnR ∼min{Srad, Sbh}, (6.1)

where Srad and Sbh are the coarse-grained entropies of the radiation and the black hole. Since this
quantity is the ensemble average of microscopic von Neumann entropies, which obey the Page curve [43]
for all members of the ensemble, it also obeys the Page curve [30, 95–101]. This is how the replica
wormhole calculation in [8,9] yields the Page curve, despite the fact that it employs the global spacetime
description, which is not unitary.22

The replica prescription for the gravitational path integral is virtually equivalent to the entanglement
island prescription [5–7] for calculating entropies. Thus, the success of the calculation in [5–7], which
adopts the global spacetime description, can also be interpreted in the same way. Note that because of
the ensemble averaging, Hawking radiation in a single copy of spacetime does not contain information
about the microstate by itself. This is why the semiclassical entropy must be used for Hawking radiation
when applying the island formula (in a single copy of the global spacetime).

6.2 Baby universe α-states as fine-grained information in Hawking radiation

The transition from connected to disconnected Cauchy surfaces depicted in Fig. 11 can be viewed as
the creation of a baby universe [36–38,40], which will be separate from the ambient space at late times.
This picture was studied by Marolf and Maxfield in [39]. Assuming that the singularity at the end of
the black hole evaporation is mild, we may envision the process as in Fig. 12, in which a closed universe
corresponding to the black hole interior is separated from the ambient space describing the exterior of
the black hole.

21 In lower dimensional gravity, the relevant ensemble can consist of different microscopic boundary theories [93, 94].
22 To recover the full unitary content of the theory, one would calculate the ensemble averages of all of the moments, TrρnR
for 1 ≤ n ≤ eSrad . Such a calculation, however, would not be able to be performed within the framework of semiclassical
gravity.
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Figure 12: Assuming that the singularity at the endpoint of black hole evaporation is sufficiently weak,
the evaporation of a black hole can be viewed as the creation of a baby universe in (but only in) the
effective global spacetime description.

Marolf’s and Maxfield’s interpretation is that after the black hole evaporates, its microscopic infor-
mation is encoded in the α-states of the baby universes arising in the system of replicated black holes.
For a single black hole, different α sectors comprise superselection sectors, and hence its information
cannot be accessed in a single experiment involving a single black hole. Our analysis implies that this
is an artifact of the global spacetime description, in which the Hawking radiation involves the ensem-
ble average over the microstates. In the full exterior description, the microscopic information can be
accessed even in a single experiment by an appropriately fine-tuned detector, as depicted in Fig. 4. In
other words, α sectors in the global spacetime description are not superselection sectors in the exterior
description, which is unitary and hence, unlike [39], gives a pure final state.

This interpretation is consistent with the conjecture [102,103] that in a complete theory of quantum
gravity, the Hilbert space of baby universes is trivial

dimHBU = 1. (6.2)

A nontrivial Hilbert space for baby universe states emerges only in an effective description in which
certain microscopic information in the fundamental description is coarse-grained.

We expect that this conclusion applies more generally. For example, we may imagine that states
representing a semiclassical closed universe can be embedded, possibly like bound states [104, 105], in
a theory accommodating an asymptotic region (such as null infinities of flat space and the conformal
boundary of AdS space). Different α sectors associated with the semiclassical closed universe would then
correspond to different microstates in the putative boundary theory in which this universe is embedded.
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7 Conclusion

In this paper we have described a consistent view of black hole complementarity. In this picture,
the fundamental description of the spacetime ends at the stretched horizon. A semiclassical picture
of spacetime including the interior can be obtained only effectively, by the mechanism described in
Section 3. As discussed there, the interior emerges as a way of reorganizing the degrees of freedom
participating in the transient phenomenon of an infalling object dissipating into the stretched horizon.
We argued using this framework that no operation performed on Hawking radiation, however complex,
can affect the experience of an infalling observer. Rather, reconstructions of interior operators from
Hawking radiation should be interpreted as acting on a historical record of the effective interior, which
has causally propagated from the vicinity of the stretched horizon (and early Hawking radiation).
While in the effective global picture the interior operators appear spacelike separated from the exterior
operators used for reconstruction, in the fundamental picture they are timelike related. We explained
this phenomenon as a consequence of the chaotic dynamics of the horizon modes.

It is natural to ask whether this construction can be extended to describe a black hole formed from
collapse. To do so, it would be necessary to extend the stretched horizon before the formation of the
black hole. In Section 5, we discussed a scheme for doing this, in which the extended stretched horizon is
defined as a fixed radius surface in spherical Rindler coordinates, where the Unruh temperature reaches
the string scale. We speculate, by analogy to the black hole case, that degrees of freedom in the interior
might be constructed using the Unruh modes near this extended stretched horizon. We leave exploration
of this and extension to spacetimes without spherical symmetry for future work.
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