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We portray the structure of quantum gravity emerging from recent progress in under-
standing the quantum mechanics of an evaporating black hole. Quantum gravity admits
two different descriptions, based on Euclidean gravitational path integral and a unitarily
evolving holographic quantum system, which appear to present vastly different pictures
under the existence of a black hole. Nevertheless, these two descriptions are physically
equivalent. Various issues of black hole physics—including the existence of the interior,
unitarity of the evolution, the puzzle of too large interior volume, and the ensemble na-
ture seen in certain calculations—are addressed very differently in the two descriptions,
still leading to the same physical conclusions. The perspective of quantum gravity devel-
oped here is expected to have broader implications beyond black hole physics, especially
for the cosmology of the eternally inflating multiverse.

1. Introduction

Having a complete quantum theory of gravity has long been a major goal of theo-

retical physics. This is because a naive merger of quantum mechanics and general

relativity—though it works in certain limited regimes—suffers from major theoreti-

cal problems. These problems can be divided into two categories. One is the loss of

predictivity for processes involving energies larger than the Planck scale, resulting

from uncontrollable quantum corrections. This problem is largely addressed with

the knowledge we already have about string theory. While we do not know the full

structure of the theory, evidence suggests that we are on a right track.1

The other is a fundamental structural problem, known broadly as the black hole

information paradox. In 1974, Hawking discovered that a black hole radiates at

the quantum level, despite the fact that it only absorbs particles at the classical

level.2 Together with the earlier suggestion by Bekenstein that a black hole has an

entropy proportional to its horizon area,3 this established the thermodynamics of

black holes. This great discovery, however, led to a peculiar conclusion. Hawking’s

calculation seemed to indicate that information is lost in the process of formation

and evaporation of a black hole.4 In other words, unitarity—one of the fundamental

principles of quantum mechanics—did not seem to be preserved in such a process.

1
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2 Yasunori Nomura

A major breakthrough regarding the issue occurred in 1997 when Maldacena

discovered the anti-de Sitter (AdS)/conformal field theory (CFT) correspondence,5

a concrete realization of the broader idea called holography.6–8 This correspondence

asserts that physics occurring in gravitational spacetime with asymptotically AdS

boundary conditions (called the bulk) is equivalent to that of a CFT defined in a

lower-dimensional non-gravitational spacetime (called the boundary). This allows

us to map the process of black hole formation and evaporation in the bulk to a

process of the CFT on the boundary, which is manifestly unitary. This indicates

that the formation and evaporation of a black hole must preserve information.

A problem in this picture is that it seems to be at odds with the existence of

the black hole interior, a prediction of the equivalence principle of general relativity

(and which Hawking’s calculation assumed). One way to see this is the following.

If the black hole evolution is indeed unitary, then the information about an object

that falls into the black hole will be sent back later in Hawking radiation, which

occurs well before the final stage of the evaporation.9, 10 This implies that there ex-

ists a late equal-time hypersurface that goes through both the interior and exterior

of the black hole on which the information about the object lies both in Hawking

radiation and in the interior; see Fig. 1. This contradicts the no-cloning theorem of

quantum mechanics,11 which states that quantum information cannot be faithfully

copied. An important point is that this hypersurface (called a nice slice) is totally

legitimate from the point of view of semiclassical gravity; for example, all the cur-

vature invariants associated with it are much smaller than the Planck scale.12 The

failure, therefore, cannot be attributed to the unknown ultraviolet (UV) physics at

the Planck scale, at least directly.

Fig. 1. If Hawking radiation contains information about a fallen object, a late equal-time slice
(blue curve) appears to have duplicate information (Hawking radiation and the object itself),
which contradicts the no-cloning theorem of quantum mechanics.
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A suggested idea addressing this issue is called black hole complementarity,

which claims that the problem is only academic because no physical observer can

access both of the duplicated information even in principle.13, 14 The precise imple-

mentation of this idea, however, has not been clear, and there is even an argument

(called the firewall paradox) claiming that the idea can in fact never be imple-

mented.15–17 a

The discussion above shows that the problem of black hole information is in

fact the problem of reconciling unitarity with the existence of the interior. A gist of

this article is to elucidate how this issue has been addressed by recent theoretical

progress. The basic picture is that quantum mechanics (at least, in its current

formulations) allows for representing only one of the unitarity and interior manifest,

and the other—whichever not chosen—arises as a consequence of the dynamics of

the theory in rather subtle ways.18 Although these two descriptions appear very

different, they are in fact physically equivalent due to large nonperturbative gauge

redundancies of a gravitational theory, which are much larger than the standard

diffeomorphism19, 20 and relate even spaces with different topologies.19, 21

Quantum descriptions of black holes have recently been advanced by a number

of authors, most relevantly in Refs. 22, 23, 24, 25, 26, 27, 28 for a description that

manifestly has the interior and in Refs. 29, 30, 31, 32, 33, 34, 35 for a description

that is manifestly unitary. (For more complete references for the two descriptions,

see Refs. 36 and 35, respectively.) It is a curious fact that these developments have

been made without a clear realization that they are dealing with two different

descriptions. Another purpose of this paper is to explicate how the two descrip-

tions accommodate various features of a black hole in different—though physically

equivalent—manners. This illuminates how quantum gravity works under the envi-

ronment of strong gravity, especially when the system develops a horizon.

The organization of this paper is the following. In Section 2, we give an overview

of how the two descriptions work and list the problems of black hole physics that

we want to address with them. In the following two sections, we detail the two

descriptions: Section 3 for the description keeping the interior manifest and Section 4

for that making unitarity manifest. In Section 5, we briefly comment on implications

of our analyses beyond the context of black hole physics. Concluding discussion is

given in Section 6. Throughout the paper, we adopt natural units c = h̵ = 1.
2. Quantum Gravity and Legendre Duality

As discussed in the introduction, quantum gravity allows for two different de-

scriptions of a system. Under certain circumstances, especially when a horizon ex-

ists, the two descriptions give dramatically different representations of the same

physics.18, 35, 37 The equivalence of these descriptions is guaranteed by large non-

perturbative gauge redundancies of a gravitational theory.19–21 In this section, we

aNevertheless, a version of complementarity is realized in our final picture, as we will see below.
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discuss the defining characteristics of the two descriptions. We also list a number

of issues that will be addressed in the following sections, indeed rather differently

in the two descriptions.

As will become clearer below, the two descriptions can be naturally associated

with two formulations of quantum mechanics: the path integral and canonical for-

malisms. Since these formalisms go well with the Lagrangian and Hamiltonian ap-

proaches, respectively, and they are related by the Legendre transformation, we

might call the existence and equivalence of the two descriptions Legendre duality.

We now overview each of these descriptions in turn.

Global spacetime description

This description begins with the global spacetime picture of general relativity. Quan-

tization surfaces can be taken to be global equal-time hypersurfaces in general rela-

tivity. In the context of black hole physics, these can be nice slices depicted in Fig. 1,

which extend smoothly to both the exterior and interior of the black hole.12, 38, 39

Recent progress has revealed that this description is extremely redundant, much

more than what is suggested by the standard diffeomorphism. In particular, many

of the states that are orthogonal in semiclassical gravity have exponentially small

overlaps at the level of full quantum gravity, and this dramatically reduces the

number of independent states from that one naively expect based on intuition of

semiclassical spacetime.

A natural platform for this description is Euclidean gravitational path inte-

gral,25, 26, 37, 40 which treats the black hole as a quasi-static system. In this method,

a state (ket) ∣Ψ⟩ is given as a functional Ψ[φi(x)] of field configurations on an equal-

time hypersurface S0. Here, x represents spatial coordinates on S0, whose dimension

need not be fixed throughout the state, and the index i collectively denotes species.

The functional is determined by Euclidean gravitational path integral performed for

each field configuration on S0, with the operator OΨ corresponding to the state ∣Ψ⟩
inserted in the past; see the left panel of Fig. 2. Similarly, a conjugate state (bra)

⟨Ψ∣ is given as a functional Ψ∗[φi(x)] obtained by path integral with the operator

O†
Ψ
inserted in the future, as in the right panel of Fig. 2.

The inner product of two states, ⟨Ψ1∣Ψ2⟩, is given by a path integral in which

operators O†
Ψ1

and OΨ2
are inserted in the future and past, respectively. An im-

portant point is that in performing this path integral, all possible “appropriately

smooth” spacetimes must be integrated, including those with different topologies;

see Fig. 3. The claim is that inclusion of all these spacetime histories amounts to

incorporating the effect that states orthogonal at the semiclassical level may have

nonzero overlaps. Specifically, as the semiclassical inner product ⟨Ψ1∣Ψ2⟩ becomes

smaller, the true inner product also becomes smaller; however, this decrease satu-

rates at ⟨Ψ1∣Ψ2⟩ ∼ e−S/2 in full quantum gravity, where S is the number of degrees

of freedom participating nontrivially in the inner product.31, 41 As we will see, this

effect addresses various problems in black hole physics,18, 42 including unitarity.25, 26
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Fig. 2. The ket vector ∣Ψ⟩ is obtained by Euclidean path integral with the corresponding operator
OΨ inserted in the past; in particular, the wavefunctional Ψ[φi(x)] is given by performing the
path integral for each fixed field configuration φi(x) on spacelike hypersurface S0 (left). Similarly,

the conjugate vector ⟨Ψ∣ is obtained by Euclidean path integral with operator O†
Ψ

inserted in the
future (right). Here, we have shown only the leading contributions.
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Fig. 3. The inner product ⟨Ψ1∣Ψ2⟩ between two states ∣Ψ1⟩ and ∣Ψ2⟩ is given by a Euclidean path

integral in which operators O†
Ψ1

and OΨ2
are inserted in the future and past.

Unitary / holographic description

This description—which we refer to as the unitary gauge description—makes unitar-

ity manifest. In the case of a system with a black hole, this corresponds to viewing

the black hole from a distance. In this view, an object falling toward the black hole

never crosses the horizon at the classical level due to infinite time delay. At the

quantum level, the horizon is “stretched” to a timelike surface called the stretched

horizon,13 on which the local (Tolman) Hawking temperature becomes the string

scale. An infalling object is then absorbed into the stretched horizon in a finite time,

becoming a part of the black hole.

Since the intrinsic scale of the dynamics on the stretched horizon is the string
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scale, it cannot be described by a low energy theory. It is thus consistent to as-

sume that the dynamics there—and hence the process of Hawking emission—is

unitary (since Hawking’s conclusion based on the global spacetime picture obvi-

ously does not apply).13, 43 In other words, the degrees of freedom outside (and

on) the stretched horizon comprise the entirety of the system. Indeed, this is the

description a boundary theory in holography naturally leads to.

A challenge in this description is to understand how a description based on near

empty interior spacetime emerges. In particular, we must understand why such a

description applies only to the stretched horizon; after all, from the viewpoint of

quantum information flow, the stretched horizon is not too different from the surface

of regular material such as a piece of coal. As we will see, special universal properties

of the string scale dynamics are at play in answering these questions.18, 33–35 In fact,

the defining characteristic of a black hole in this description is not the appearance

of an inescapable spacetime region per se, but rather the emergence of a surface

having these dynamical properties.

Black hole conundrums

In the next two sections, we will discuss the above two descriptions in detail in the

context of black hole physics. Before doing so, it is useful to list what aspects of

black hole physics we want to understand using these descriptions. The first has

already been discussed—it is about the very definition of a black hole:

● The defining characteristic of a black hole

In the global spacetime description, the defining characteristic of a black hole is

as in general relativity: the appearance of a spacetime region from which nothing

can escape. In the unitary gauge description, on the other hand, the formation of a

black hole is signaled by the emergence of a surface (stretched horizon) possessing

special dynamical properties, which we will discuss in more detail later.

The other aspects are listed below with the overview of how they are addressed in

each description.

● The existence of the interior

In the global spacetime description, the existence of the interior is evident by

construction (at the cost of obscuring unitarity). In the unitary gauge descrip-

tion, the black hole interior emerges effectively as a collective phenomenon of

fundamental degrees of freedom, through the universal dynamics of the stretched

horizon.33–35

● Unitarity of the evolution

In the global spacetime description, unitarity is seen after taking into account

nonperturbative effects of quantum gravity, described by topologically nontrivial

configurations in Euclidean gravitational path integral.25, 26 In the unitary gauge

description, unitarity is manifest (as the name suggests) as implied by holography

and AdS/CFT in particular.
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● Bekenstein-Hawking entropy

Depending on hypersurfaces one chooses, the interior of a black hole can have an

ever increasing spatial volume,44, 45 which does not seem to be consistent with the

Bekenstein-Hawking entropy. This problem is addressed in the global spacetime

description because naively independent semiclassical interior states are actually

not independent,18, 42 and in the unitary gauge description because an effective

theory of the interior describes only a limited spacetime region.18, 33

● The ensemble nature

In the analysis of a (1 + 1)-dimensional model of black hole evaporation, Ref. 25

found a result that seemed to require the interpretation that Euclidean gravi-

tational path integral computes the average of a quantity over some ensemble,

raising the question of the origin and identity of such an ensemble. In the unitary

gauge description, this is understood to arise from an average over black hole mi-

crostates.18 In the case of a (1+1)-dimensional theory, this averaging comes from

the fact that its boundary dual is an ensemble of 1-dimensional theories.46, 47

3. Global Spacetime Description a la Euclidean Quantum Gravity

In this section, we discuss the description based on the global spacetime picture. As

already stated, the starting point of this description is global spacetime of general

relativity, so that equal-time hypersurfaces, on which states (in the language of the

Schrödinger picture) are defined, go through both the exterior and interior of the

black hole. The existence of the black hole interior is evident by construction. A

challenge in this description is to understand how the evolution of a black hole can

be unitary (when it is viewed from a distance), despite Hawking’s analysis.4, 48

This issue has been addressed recently by Refs. 22, 23, 24, 25, 26, using tech-

nologies developed in the study of holography49–52 which are related to Euclidean

gravitational path integral. (For other early contributions, see, e.g., Refs. 27, 28, 53,

54, 55, 56, 57, 58, 59 and those in Ref. 36.) Below, we present the basic idea using

the language of Euclidean gravitational path integral. Strictly speaking, the validity

of this picture has been demonstrated explicitly only in certain lower-dimensional

setups,25, 26 but we expect that it is applicable more generally.28

Our interest is the von Neumann (fine-grained) entropy of the state of Hawking

radiation as a function of time. Suppose that a black hole is formed by collapsing

matter which was in a pure state. The von Neumann entropy of Hawking radiation

then increases initially reflecting the increasing entanglement between the radiation

and the black hole generated by the Hawking emission process. If the evolution of

the black hole is unitary, however, this quantity must go back to zero at the end of

the evolution, since the state of final Hawking radiation after the evaporation must

be pure. Assuming certain genericity conditions, the von Neumann entropy follows

what is called the Page curve,9 depicted by the solid line in Fig 4. On the other

hand, according to Hawking’s calculation, the von Neumann entropy of radiation

must follow its thermodynamic (coarse-grained) entropy depicted by the dashed
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line. The final state of the radiation ends up with being mixed.

time

SR

Fig. 4. The von Neumann entropy of Hawking radiation as a function of time. If the evolution of
the black hole is unitary, then it follows the Page curve (depicted by the solid line). If the evolution
is as indicated by Hawking’s calculation leading to information loss, then it would behave as the
thermal entropy (dashed line).

To follow the time evolution of the von Neumann entropy of radiation, let us

consider a state ∣Ψ⟩ on an equal-time hypersurface Σ, taken in global spacetime.

An example of such a hypersurface is a nice slice depicted in Fig. 1. We focus

on the reduced density matrix ρR of a subregion R outside the black hole (more

precisely, outside the black hole zone region33) on which emitted radiation resides.

This density matrix is given by Euclidean gravitational path integral in the form of

a functional of two sets of field configurations fi(x) and gi(x) on Σ (see Fig. 5):

TrR̄∣Ψ⟩⟨Ψ∣ = ρR[fi(x), gi(x)], (1)

where R̄ is the complement of R on Σ.

The von Neumann entropy of R is given by

SR = −Tr[ρR ln ρR], (2)

where we have assumed that ρR is appropriately normalized: Tr[ρR] = 1. It is easiest
to compute this as a limit:

SR = lim
n→1

1

1 − n lnTr[ρnR], (3)

since this can avoid taking the matrix logarithm, lnρR. The quantity Tr[ρnR] can
be computed by the so-called replica trick. For n = 2, for example, one can prepare

two copies of the Euclidean spacetime in the right panel of Fig. 5 and glue them

in such a way that the resulting path integral corresponds to Tr[ρ2R]; see the left

panel of Fig. 6.b

bIn fact, the quantity obtained by the path integral does not satisfy the normalization condition
of ρR. The normalization must be imposed explicitly by ρR → ρR/Tr[ρR] as we will do later.
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Fig. 5. On a nice slice Σ in global spacetime, one can consider a subregion R on which emitted
Hawking radiation resides (left). The reduced density matrix of R, obtained by tracing the com-
plement R̄ of a global state on Σ, is then given by Euclidean gravitational path integral in the
form of a functional ρR[fi(x), gi(x)] of two field configurations fi(x) and gi(x) on R (right).

Fig. 6. The trace of the square of the (unnormalized) reduced density matrix ρR can be calculated

by performing path integral on two copies of the original Euclidean spacetime with appropriate
(branching) boundary conditions on R, depicted by green lines. The naive contribution (corre-
sponding to Hawking’s result of information loss) comes from the disconnected topology shown
on the left. Unitarity of the black hole evolution is recovered by including the contribution from a
connected topology (Euclidean/replica wormhole) shown on the right. Here, fi(x) and gi(x) must
be integrated.

The discovery of Refs. 25, 26 is that when the spacetime is dynamical, there

are other contributions to the path integral preserving the boundary conditions on

R, which have different topologies as depicted in the right panel of Fig. 6. While

these contributions are suppressed exponentially in the classical action, they be-

come important under certain circumstances, including later stages in a black hole

evaporation process.

As an example, let us estimate the two contributions to Tr[ρ2R], given in Fig. 6.
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First, each “sheet” contributes eSbh , so that the left and right diagrams give e2Sbh

and eSbh , respectively. Here, Sbh is the classical action, identified in this case as the

entropy of the black hole. (More generally, this contribution gives eχSbh , where χ

is the Euler number of the configuration.) Next, taking field configurations φi(x)
on R to be eigenstates of Euclidean time evolution, a nontrivial cycle on a sheet

forces φi(x) appearing along it to be the same, as depicted in the figure. Denoting

the number of possible field configurations φi(x) by eSrad , since the state on R is

that of radiation, their trace provides factors of eSrad and e2Srad in the left and right

panels, respectively.

Finally, the density matrix ρR must be normalized. This is ensured by dividing

the whole contribution by Tr[ρR]2, where Tr[ρR] is given by a single sheet without

branch cuts and hence eSbh+Srad . Thus, the total contribution from the diagrams in

Fig. 6 is given by

Tr[ρ2R]
Tr[ρR]2 =

e2Sbh+Srad + eSbh+2Srad

(eSbh+Srad)2 = 1

eSrad

+ 1

eSbh

, (4)

where the first and second terms in the last expression come from the left and right

diagrams, respectively. In an early stage of the black hole evolution, when the coarse-

grained entropy of radiation Srad is smaller than the black hole entropy Sbh, the first

term from the trivial, disconnected topology (left diagram) dominates. However, at

a later stage when Srad becomes larger than Sbh, the dominant contribution switches

to come from the connected topology (right diagram).

This analysis can be generalized to higher powers of ρR, yielding

Tr[ρnR]
Tr[ρR]n =

1

e(n−1)Srad

+ 1

e(n−1)Sbh

. (5)

This, therefore, gives by analytic continuation

SR = lim
n→1

1

1 − n ln
Tr[ρnR]
Tr[ρR]n =

⎧⎪⎪⎨⎪⎪⎩
Srad for Srad < Sbh

Sbh for Srad > Sbh,
(6)

reproducing the Page curve in Fig. 4. Note that if we did not include topologically

nontrivial (connected) contributions, then we would have obtained

SR = Srad, (7)

regardless of the relative size of Srad and Sbh. This is Hawking’s result.4 In other

words, unitarity is recovered because of the topologically nontrivial contributions

to the Euclidean gravitational path integral, called Euclidean or replica worm-

holes.25, 26

There is a simple, intuitive way to understand the result described above. Recall

that Hawking’s result in Eq. (7) arises because one of a Hawking pair created at the

horizon falls into the black hole while the other escapes to ambient space, and suc-

cessive occurrences of this process keep increasing entanglement between the black

hole and radiation as Srad. In semiclassical gravity, the eSrad states of the fallen
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Hawking modes involved in the entanglement are all independent. In full quantum

gravity, however, these semiclassically independent states develop overlaps of order

e−Sbh/2 when the number of fallen degrees of freedom Srad exceeds the black hole en-

tropy Sbh. Because of these overlaps, the number of independent states for the fallen

Hawking modes is in fact only eSbh , consistently with the Bekenstein-Hawking en-

tropy (the rest being null after diagonalization). The entanglement entropy between

the black hole and radiation, therefore, goes as Sbh for Srad > Sbh.

The same mechanism also addresses the problem of infinitely large spatial vol-

umes inside a black hole.18 While a large spatial volume at a late time described in

Refs. 44, 45 seems to be able to host much larger number of independent quantum

states than that indicated by the Bekenstein-Hawking entropy, these seemingly in-

dependent states are in fact not independent at the level of full quantum gravity.

Similarly, the large spatial volume of the so-called Wheeler’s bags of gold, peculiar

solutions of Einstein’s equation in which there is a newly born universe inside a black

hole, does not violate the Bekenstein-Hawking entropy bound.42 In the next section,

we discuss how these aspects are manifested in the unitary gauge description.

One might think it odd that including more configurations in a path integral

reduces the number of independent states, instead of increasing it. This is, how-

ever, a general phenomenon. Specifically, summing the contributions related by an

operation Ω corresponds to projecting onto states singlet under the operation (see

Fig. 7). This constitutes a reason behind the conjecture that the baby universe

state (the state corresponding to a gravitational path integral without a boundary)

is unique, dimHBU = 1,19, 20 which may have important implications for multiverse

cosmology.60

Fig. 7. Summing a contribution and that obtained from it by performing an operation Ω (in this
example, the parity transformation on a string worldsheet) in path integral amounts to projecting
onto states that are invariant under Ω.

Finally, we mention that explicit calculations along the lines described above in

a (1 + 1)-dimensional gravitational theory found that the black hole interior states

∣ψA⟩ satisfy25
⟨ψA∣ψB⟩ = δAB, ∣⟨ψA∣ψB⟩∣2 = δAB +O(e−S0), (8)



12 Yasunori Nomura

instead of

⟨ψA∣ψB⟩ = δAB +O(e−S0

2 ), ∣⟨ψA∣ψB⟩∣2 = δAB {1 +O(e−S0

2 )} +O(e−S0) (9)

as implied by the above discussion. Based on the analysis in Ref. 18, we anticipate

that this arises from coarse graining necessary to obtain the quasi-static picture of

the system. We will discuss this further in the next section using the unitary gauge

description.

4. Unitary Description a la Holography

In this section, we consider the unitary gauge description. This description cor-

responds to a distant view of a black hole and hence corresponds to a boundary

description in holography. In this view, an object falling toward the black hole never

reaches the horizon at the classical level because of infinite time delay caused by a

diverging gravitational redshift. At the quantum level, the horizon becomes a time-

like surface called the stretched horizon,13 which is located where the local (Tolman)

Hawking temperature becomes the string scale. A falling object reaches this surface

in a finite time.

A basic tenet of this description is that the degrees of freedom outside the

horizon comprise the entire system.c In other words, these degrees of freedom evolve

unitarily under time evolution associated with a distant observer, or boundary time

evolution in the language of holography.13, 43 Hawking’s analysis, which assumes

the global semiclassical picture, obviously does not apply. In the unitary gauge

description, the scale of intrinsic dynamics (local Hawking temperature) is subject

to a large gravitational blueshift near the horizon; for a static black hole

Tloc(x) = TH√−gtt(x) , (10)

where TH is the Hawking temperature (as measured in the asymptotic region), and

t represents boundary time. Since this scale reaches the string scale at the stretched

horizon, physics there cannot be described by a low energy theory. In fact, the

classical spacetime description breaks down beyond this surface (see Fig. 8). The

starting point of the unitary gauge description is the assumption that this UV

physics is unitary, as indeed implied by the AdS/CFT correspondence.

In the unitary gauge description, the stretched horizon thus behaves as a sur-

face of regular material such as a piece of coal, as far as conservation of information

is concerned. The challenge in this description, therefore, is to understand how a

picture based on near empty interior spacetime emerges. In particular, we must un-

derstand why such a picture applies only to the stretched horizon. This problem has

been addressed in Refs. 29, 30, 31, 32, 33, 34, 35, with the latter question answered

cWe may refer to this situation either as the entire degrees of freedom being “outside and on the
stretched horizon” or simply as “outside the stretched horizon.” In the rest of the paper, we adopt
the latter for brevity.
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Tloc

r
classical
horizon

stretched
horizon

✄

✞�

semiclassical
spacetime

Fig. 8. The local Hawking temperature Tloc as a function of the area radius r. The stretched
horizon is located at r = rs, where Tloc becomes the string scale 1/ls. The semiclassical spacetime
picture is valid only for r > rs. The proper distance between the classical and stretched horizons
is of order the string length ls.

in Refs. 33, 34. (For related work, see Refs. 61, 62, 63, 64, 65, 67, 68; relations

between these works are discussed in Ref. 35.) Below, we discuss the description

following Ref. 35, which provides the latest form of the framework.

Black hole as viewed from the exterior

Suppose that there is a black hole of mass M at a boundary time t.d For simplicity,

we will focus on a spherically symmetric, non-near extremal black hole in asymp-

totically flat or AdS spacetime, although we expect that discussion below applies to

any other non-extremal black hole. Since we are dealing with an evaporating black

hole, M can be specified only up to the precision of

∆ = O(2πTH), (11)

determined by the uncertainty principle. Below, we assume that the mass of a black

hole is determined with this maximal precision. A superposition of black holes of

masses differing more than ∆ can be treated in a straightforward manner.

In general, a black hole has a “thermal atmosphere” around it, which we refer

to as the zone:

rs ≤ r ≤ rz, (12)

where r is the area-radial coordinate, and rs and rz represent the locations of the

stretched horizon and the edge of the zone, respectively. The edge of the zone

is determined by the gravitational potential generated by the black hole. For a

Schwarzschild black hole in four dimensions, for example, rs − 2Ml2P = O(l2s /Ml2P)
dA boundary time can be related to a bulk equal-time hypersurface through a gauge fixing proce-
dure, for example by the “holographic slice” prescription of Refs. 69, 70.
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and rz ≈ 3Ml2P. Here, ls and lP are the string and Planck lengths, respectively.

Analyses of more general black holes can be found in Ref. 18.

There are three classes of degrees of freedom associated with a black hole: hard

modes, soft modes, and far modes (radiation).33–35 First, there are modes in the

zone whose characteristic frequencies (the frequencies and gaps among them) are

sufficiently larger than ∆.e These are “coarse modes” in the zone whose dynamics

can be described by a semiclassical theory, and we call them the hard modes. There

are also modes in the zone whose frequencies are smaller than ∆. The dynamics of

these modes, which we refer to as the soft modes, cannot be resolved by a semiclas-

sical theory. Different configurations of the soft modes give different microstates of

the black hole.

The far modes are the modes located outside the zone, r > rz, whose dynamics

can be described by semiclassical theory. For our purposes, the relevant far modes

are those that are entangled with the hard and/or soft modes.f In our discussion

below, we envision the simplest setup in which the relevant far modes consist of

Hawking radiation emitted earlier from the black hole. In general, they must involve

all the modes entangled with the hard and soft modes, which may include degrees

of freedom other than early Hawking radiation. Including this effect, however, does

not affect our discussion.

Let us begin by considering the situation in which there are no excitations be-

yond those directly associated with the existence of the black hole; namely, the

system is in the semiclassical black hole vacuum. This does not mean that hard

modes, soft modes, and far modes are all in their ground states. Due to entangle-

ment between these modes and the energy constraint coming from the fact that the

black hole has mass M , a black hole vacuum microstate, labeled by index A, takes

the form33–35

∣ΨA,0(M)⟩ =∑
n

e
Sbh(M−En)

∑
in=1

e
Srad

∑
a=1

cAnina∣{nα}⟩∣ψ(n)in
⟩∣φa⟩, (13)

where the subscript 0 on the left-hand side refers to the fact that the state is in the

semiclassical vacuum. ∣{nα}⟩, ∣ψ(n)in
⟩, and ∣φa⟩ are orthonormal states of the hard

modes, soft modes, and far modes, respectively:

⟨{mα}∣{nα}⟩ = δmn, ⟨ψ(m)im
∣ψ(n)jn

⟩ = δmnδimjn , ⟨φa∣φb⟩ = δab, (14)

where n ≡ {nα} represents the set of all occupation numbers nα (≥ 0) for the hard

modes, which are labeled by α (collectively denoting the species, frequency, and

angular-momentum quantum numbers), En is the energy of the hard mode state

∣{nα}⟩, and Sbh(E) is the Bekenstein-Hawking entropy density at energy E; see

Ref. 18 for a more detailed description of these states.

eWhen we refer to energy, frequency, and so on, we mean those as measured in the far, or asymp-
totic, region unless otherwise stated.
fObviously, if we consider an object outside the zone which is falling toward the black hole, then
modes describing the object would also be relevant.
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Note that the right-hand side of Eq. (13) contains terms with varying energies

of the hard modes, En, whose differences are larger than ∆. The soft mode states

that appear with ∣{nα}⟩, therefore, have energies M − En (up to precision ∆) to

compensate the energy carried by the hard modes. The number of independent such

states are given by Sbh(M −En) = Sbh(M) −En/TH, which depends on En. (The

entropy density of soft modes is given by the Bekenstein-Hawking entropy density

because most of the black hole entropy, as well as the energy, is carried by the soft

modes; see Ref. 18.) This is illustrated in Fig. 9.

Ehard Esoft

�

Ehard Esoft

✁

Ehard Esoft

✁
+ + + ✂

✄E

Fig. 9. The entanglement between the hard and soft modes generated by the energy constraint
is the origin of the thermality of a black hole at the semiclassical level.

The index A of ∣ΨA,0(M)⟩ in Eq. (13) labels microstates specified by the coef-

ficients cAnina. The number of independent microstates eStot is determined by the

coarse-grained entropies of the soft modes Sbh(Esoft) and the far modes/early radi-

ation Srad, and we let the index A label the orthonormal basis states (of an arbitrary

basis): A = 1,⋯, eStot . Here,g

eStot =∑
n

eSbh(M−En)eSrad = z eSbh(M)+Srad , (15)

where

z ≡∑
n

e
−En

TH . (16)

gNote that ∣ΨA,0(M)⟩ represent microstates of the soft modes and far modes (radiation) with the
black hole put in the semiclassical vacuum, so that a generic state in the Hilbert space of dimension
eStot has the black hole of mass M .
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With this convention, the coefficients cAnina satisfy

∑
n

eSbh(M−En)

∑
in=1

eSrad

∑
a=1

cA∗ninac
B
nina
= δAB. (17)

What else do we know about the coefficients cAnina? The spatial distribution of

the soft modes is determined by the local Hawking temperature, Eq. (10). This

distribution is strongly peaked toward the stretched horizon, where the local tem-

perature reaches the string scale. Their internal dynamics, therefore, is controlled by

the microscopic dynamics of quantum gravity and cannot be described by a low en-

ergy theory; indeed, we expect that it is nonlocal in the spatial directions along the

horizon.10, 71 Nevertheless, it is widely believed that this dynamics exhibits certain

characteristic behaviors: it is maximally quantum chaotic,72 fast scrambling,10, 71

and does not have a feature discriminating low energy species beyond their space-

time and gauge properties.73, 74

As discussed in Refs. 33, 34, the dynamical properties described above are critical

ingredients that distinguish the stretched horizon from normal material surfaces,

leading to near empty interior spacetime. Specifically, these properties imply that

the coefficients cAnina in Eq. (13) have the statistical properties

⟨cAnina⟩ = 0, √
⟨∣cAnina∣2⟩ = 1

e
1

2
Stot

, (18)

where ⟨⋯⟩ represents an ensemble average over (in, a), and that the phases of cAnina’s

are distributed uniformly. Such a configuration is indeed reached quickly, within the

scrambling time of order (1/2πTH) lnSbh(M). With Eq. (18), we can trace out the

soft modes, obtaining the thermal density matrix for the hard modes

Trsoft∣ΨA,0(M)⟩⟨ΨA,0(M)∣ = 1

z
∑
n

e
−En

TH ∣{nα}⟩⟨{nα}∣⊗ ρφ, (19)

where ρφ is an n-independent reduced density matrix for the far modes; fractional

corrections to this expression are only of order e−
1

2
Sbh(M). This is the origin of the

thermality of the black hole atmosphere in semiclassical theory.33 A black hole is

a “self thermalized” system in which the degrees of freedom are confined near the

stretched horizon due to its own gravitational potential.

Semiclassical excitations in the zone, i.e. hard mode excitations over a vacuum

microstate, are described by annihilation and creation operators

bγ =∑
n

√
nγ ∣{nα − δαγ}⟩⟨{nα}∣, (20)

b†γ =∑
n

√
nγ + 1 ∣{nα + δαγ}⟩⟨{nα}∣. (21)

Since the semiclassical theory is not sensitive to the microstate of the black hole

and is local in spacetime, these operators do not act on soft or far mode degrees of

freedom. Note that states obtained by acting these operators on ∣ΨA,0(M)⟩ cannot
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be viewed as a vacuum state as they do not lead to the reduced density matrix of

the form in Eq. (19).h

States described above evolve unitarily under boundary time evolution. The time

evolution of (a superposition of) microstates of the form of Eq. (13)—particularly

under the Hawking emission process—was discussed in Refs. 33, 64. While a com-

plete description of the evolution requires a microscopic theory of quantum gravity,

we can write down an evolution equation leaving the coefficients cAnina unspecified.

An important conclusion is that Hawking emission should be viewed as occurring

through soft modes at the edge of the zone; see Fig. 10. This is possible because

the distribution of the soft modes has a long tail in the zone, giving O(1) degrees
of freedom at the edge of the zone. While this is fractionally a tiny amount of the

whole black hole degrees of freedom, of order 1/Sbh(M), the process is sufficient

to carry away the energy and entropy of the black hole through its long lifetime.

(Similar pictures have also been discussed in Refs. 77, 78, 79.)

emission occurs around 
the edge of the zone

r*

stretched 
horizon

black hole zone

r � rs r ~ rz

ingoing negative 
energy-entropy flux

Fig. 10. Hawking emission is viewed as occurring around the edge of the zone, where the in-
formation and energy of the black hole is extracted from the (O(1) amount of) soft mode. This
produces an ingoing flux of negative energy and entropy, reducing the mass and entropy of the
black hole. Note that the horizontal axis is the tortoise coordinate r∗, in terms of which the wave
length of a massless quantum does not change through propagation.

Effective theory of the interior

As already emphasized a few times, the challenge of the unitary gauge description

is to understand the black hole interior. In particular, we want to understand what

an object located in the zone and falling toward the black hole will experience

after it crosses the horizon. For this purpose, a description based on boundary

hThis fact, together with the fact that time of order the scrambling time is needed to reach the
thermal equilibrium allows us to avoid the frozen vacuum problem of Ref. 75; indeed, the effective
theory of the interior (see below) erected after this time must see the semiclassical vacuum.10 The
Born rule problem of Ref. 76 does not apply either due to the atypicality of the excited states.67
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time evolution is of little use. In that description, the object will be absorbed into

the stretched horizon when it gets there, after which no low energy description is

available for it. To describe the object’s experience after reaching the horizon, we

need a different time evolution associated with the proper time of the object.

Since all the fundamental degrees of freedom in the unitary gauge description

exist outside the stretched horizon, we have to find the degrees of freedom that

effectively describe the interior within these exterior degrees of freedom. This boils

down to identifying the degrees of freedom that can play the role of the “second

exterior” of an analytically extended two-sided black hole.29 As discussed in Refs. 33,

34, 35, this can be done at each boundary time, and the degrees of freedom can be

identified in the combined system of the soft and far modes.

Suppose that the state of the system at a boundary time t is given by Eq. (13)

(possibly) with excitations of hard modes and/or far modes over it. We define nor-

malizedmirror microstates ∥{nα}A⟫ as the state of the soft and far modes entangled

with the hard mode state ∣{nα}⟩ in the corresponding vacuum microstate:

∥{nα}A⟫ = αA
n

eSbh(M−En)

∑
in=1

eSrad

∑
a=1

cAnina∣ψ(n)in
⟩∣φa⟩. (22)

Here, the normalization constant αA
n is given by

αA
n = 1√

∑eSbh(M−En)

in=1 ∑eSrad

a=1 cA∗ninac
A
nina

= √z e En

2TH [1 +O(e− 1

2
Stot)] , (23)

where z is defined by Eq. (16), and we have used statistical properties of cAnina to ob-

tain the last expression. The mirror microstates defined in this way are orthonormal

up to exponentially small corrections:

⟪{mα}A∥{nα}B⟫ = δmn δAB +O(e− 1

2
Stot). (24)

With this definition, the vacuum microstate in Eq. (13) can be written as

∣ΨA,0(M)⟩ = 1√
z
∑
n

e
− En

2TH ∣{nα}⟩∥{nα}A⟫, (25)

up to exponentially suppressed corrections. This takes the form of the standard ther-

mofield double state in the two-sided black hole picture,80, 81 so that we can define

canonical mirror operators for microstate A which play the role of the annihilation

and creation operators in the zone of the second exterior region:

b̃Aγ =∑
n

√
nγ ∥{nα − δαγ}A⟫⟪{nα}A∥, (26)

b̃A†
γ =∑

n

√
nγ + 1 ∥{nα + δαγ}A⟫⟪{nα}A∥. (27)

We can then define infalling mode operators for each microstate A:

aAξ =∑
γ

(αξγbγ + βξγb†γ + ζξγ b̃Aγ + ηξγ b̃A†
γ ), (28)

a
A†
ξ
=∑

γ

(β∗ξγbγ + α∗ξγb†γ + η∗ξγ b̃Aγ + ζ∗ξγ b̃A†
γ ), (29)
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where ξ is the label in which the frequency associated with boundary time t is

traded with that associated with infalling time τ , and αξγ , βξγ , ζξγ , and ηξγ are the

Bogoliubov coefficients calculable using the standard field theory method.

The existence of operators in Eqs. (28, 29) is essentially what we want, but it is

not quite sufficient.31, 35 In general, the state at a boundary time t∗ takes the form

∣Ψ(t∗)⟩ = Stot∑
A=1

∑
I

dAI(t∗)∣ΨA,I(M)⟩, (30)

where I labels excitations over the black hole background; specifically, we can imag-

ine that they represent an infalling object in the zone. Since this state does not

generally factorize into a product of two states having the indices A and I, respec-

tively, the existence of infalling mode operators for a microstate is not enough to

describe the fate of the state.

This problem is addressed by considering globally promoted mirror operators

B̃γ = eSeff

∑
A′=1

b̃A
′

γ , B̃†
γ = eSeff

∑
A′=1

b̃A
′†

γ , (31)

where b̃A
′

γ and b̃A
′
†

γ are given by Eqs. (26, 27). The corresponding infalling mode

operators Aξ and A†
ξ are given by the right-hand sides of Eqs. (28, 29) with b̃Aγ and

b̃A†
γ replaced with B̃γ and B̃†

γ , respectively. Here, A
′ runs over orthonormal basis

states in an eSeff -dimensional subspace M̃ of the vacuum microstate Hilbert space

M:

M̃ = ⎧⎪⎪⎨⎪⎪⎩
eSeff

∑
A′=1

aA′ ∣ΨA′,0(M)⟩ RRRRRRRRRRRaA′ ∈ C,
eSeff

∑
A′=1

∣aA′ ∣2 = 1⎫⎪⎪⎬⎪⎪⎭, (32)

where Seff < Sbh(M)+Srad. As shown in Ref. 35, one can always choose M̃ in such

a way that the resulting infalling mode operators Aξ and A†
ξ
describe the fate of

the state, Eq. (30). In particular, the infalling Hamiltonian is given by

H =∑
ξ

ΩξA†
ξAξ +Hint({Aξ},{A†

ξ}), (33)

where Ωξ is the frequency of mode ξ with respect to infalling time τ .

Properties of global promotion and the resulting globally promoted operators

have been studied in detail in Ref. 35. Here we only list their salient features:

● Infalling mode operators Aξ and A†

ξ
acting on vacuum microstates in M̃ produce

the same results (e.g. same correlators) as those in field theory, up to exponentially

small errors of order

ǫ =max{ eSeff

eSbh(M)+Srad

,
1

e
1

2
Sbh(M)+

1

2
Srad

} . (34)

In fact, the construction of operators itself has an ambiguity of this order, which

should be viewed as an intrinsic ambiguity of the semiclassical description.
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● The vacuum microstate subspace in Eq. (32) can be taken as large as one wants

unless the logarithm of its dimension, Seff , is exponentially close to Sbh(M)+Srad.

The operators Aξ, and A†

ξ
then act only on the excitation index I, and not

on the vacuum index A′, for any states built on a vacuum microstate in M̃,

up to corrections of order ǫ. In other words, ignoring these exponentially small

corrections, the Hilbert space can be viewed as

H ≈Hexc ⊗ (Hvac ≅ M̃), (35)

where these mode operators act only on Hexc, which is the Hilbert space of the

semiclassical theory.

● While Seff can be taken to be a large fraction of Sbh(M)+ Srad:

Seff = c{Sbh(M) + Srad} (0 < c < 1), (36)

the fact that c cannot be exponentially close to 1 implies that we cannot make it

sufficiently large to cover most of the states inM, i.e. to make Aξ, and A†
ξ
“fully

global” state-independent operators. In fact, for c > 1/2, there is a simple relation

between the size of M̃ and the error ǫ for using operators promoted to cover M̃:

dimM̃
dimM ≈ ǫ. (37)

Therefore, if we want to keep the error small, ǫ ≪ 1, the operators can be used

only for a small fraction of states inM. This is the statement of state dependence

in Refs. 30, 31. In fact, to cover all states in M, we need double exponentially

large number, O(eeStot−Seff ), of M̃’s. This situation is illustrated in Fig. 11.

Fig. 11. In the eStot -dimensional spaceM spanned by orthonormal vacuum microstates, we can
build infalling mode operators that cover a subspace M̃ in a state independent manner. The choice
of M̃ is arbitrary as represented by regions with different colors. Furthermore, the space M̃ can
be made larger as represented by the graded red regions, but only as long as dimM̃ is sufficiently
smaller than dimM. This implies that a single M̃ cannot cover a significant portion ofM. Note
that the figure is only a schematic representation of the situation.
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With the operators Aξ, and A†

ξ
, we can describe the interior of the black hole

as in standard field theory. Note that these operators are constructed out of an-

nihilation and creation operators for the hard modes—semiclassical modes in the

zone—as well as their mirrors in the second exterior of the effective two-sided ge-

ometry. The state and operators of the effective theory, therefore, are defined on

the union U0 of the zone and its mirror region on the hypersurface of infalling time

τ = 0, which is matched to the boundary time t∗. This implies that the theory

describes only the limited spacetime region: the domain of dependence, D(U0), of
U0; see Fig. 12.33–35 In order to cover a larger portion of the black hole interior,

we must use multiple effective theories erected at different times. This provides a

specific realization of the idea of black hole complementarity.13, 14 i

Fig. 12. The effective theory of the interior can be erected at a boundary time t∗ in the original
unitary theory having a one-sided black hole. It has an effective two-sided black hole geometry
and describes physics in the causal domain of the union of the zone and its mirror region on
the spatial hypersurface corresponding to the t∗ hypersurface. The effective theory is intrinsically
semiclassical and cannot describe physics below the string length ls.

The effective theory of the interior erected in this way is intrinsically semi-

classical. The picture of the interior emerges as a collective phenomenon of fun-

damental degrees of freedom, involving both the soft modes and far modes (early

radiation).32–34 j Being obtained through coarse graining, the theory is not fully

unitary; particles can go outside D(U0) or, more importantly, hit the singularity.

In fact, this is a theory describing the dynamics of a finite number of degrees of

freedom, which is the origin of the intrinsic ambiguity of order ǫ discussed earlier.

We emphasize that the construction of the interior works because of the special

iUnlike what is envisioned in some of the early works (e.g. Ref. 82), however, the exterior and
interior descriptions are not related by a unitary transformation; rather, the latter emerges through
coarse graining and is intrinsically semiclassical.
jFor a young black hole, i.e. a black hole with Srad < Sbh(M), the interior operators can be
constructed only out of the soft modes, using the so-called Petz map.35, 67 For an old black hole,
this option is not available; the operators must involve both the soft and far modes.
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properties of the stretched horizon leading to Eq. (18). The criterion necessary for a

surface to behave as a stretched horizon is stronger than that for regular thermaliza-

tion occurring around us; in particular, it must exhibit “universal thermalization”

applicable throughout all the low energy species. Such a strong universality arises

presumably only as a result of the string dynamics. In the unitary gauge description,

the formation of a black hole is signaled by the emergence of this UV dynamics,

albeit in a highly redshifted form.

Apparent violation of the entropy bound, ensemble nature, etc

The apparent violation of the Bekenstein-Hawking entropy bound encountered in

the global spacetime description does not occur in the unitary gauge description.

In fact, the maximal interior volume one can consider in the effective theory is that

of hypersurfaces bounded by the codimension-2 surfaces given by the intersections

of the horizon and future-directed light rays emitted from r = rz and its mirror; see

Fig. 13. This volume is finite, and the amount of entropy of semiclassical matter

one can place in this volume is indeed much smaller than the Bekenstein-Hawking

entropy of the black hole.

Fig. 13. Within the spacetime region described by the effective theory of the interior (diamond
at the center), the interior hypersurface having the maximal volume (Σ in red) is bounded by
the codimension-2 surfaces given by the intersections of the horizon and future-directed light rays
emitted from r = rz and its mirror. The volume of this hypersurface is finite.

The ensemble nature of the interior states observed in the global spacetime

description is also reproduced.18 (See also Refs. 83, 84, 85.) Consider an ensemble

of soft mode (black hole) microstates defined by the collection of randomly selected

states ∣ψ⟩A (A = 1,⋯,K)
∣ψ⟩A = e

Sbh

∑
i=1

dAi ∣ψi⟩, e
Sbh

∑
i=1

∣dAi ∣2 = 1, (38)

where ∣ψi⟩ (i = 1,⋯, eSbh) are the orthonormal basis states. We first note that this

ensemble can contain practically a double exponential number Nbh,eff of “indepen-
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dent” states

Nbh,eff ≈ eeSbh ≫ eSbh . (39)

This can be seen by computing the inner product of two microstates A ≠ B:

A⟨ψ∣ψ⟩B = eSbh

∑
i=1

dA∗i dBi = O(e−S0

2 ), (40)

where we have used the fact that statistically
√⟨∣dAi ∣2⟩ ∼ e− 1

2
Sbh and the phases of

dAi are distributed uniformly. This is exponentially suppressed even if ∣ψ⟩A and ∣ψ⟩B
are not orthogonal, unless ∣(dAi −dBi )/dAi ∣ ≪ 1 for the majority of i (which requires a

double exponential coincidence). This is the origin of the apparent violation of the

Bekenstein-Hawking entropy bound. Note that A⟨ψ∣ψ⟩B in Eq. (40) have uniformly

distributed random phases, reproducing the result of Eq. (9).

In order to apply a quasi-static description, we need to restrict our attention

sufficiently small timescale ∆t. A natural choice is ∆t ≲ ∆, in which case the soft

modes cannot be resolved and hence should be integrated over. The inner product

of different interior states (A ≠ B) is then obtained by averaging Eq. (40) over the

space of microstates using the Haar measure:

A⟨ψ∣ψ⟩B = ∫ dU U(A)⟨ψ∣ψ⟩U(B) = ∫ dU
eSbh

∑
i=1

d
U(A)∗
i d

U(B)
i = 0, (41)

where ∣ψ⟩U(A) represents the state obtained by acting a unitary rotation U on the

state ∣ψ⟩A in the space of microstates of dimension eSbh . Similarly, we find

∣⟨ψA∣ψB⟩∣2 = ∫ dU
eSbh

∑
i,j=1

d
U(A)∗
i d

U(B)
i d

U(B)∗
j d

U(A)
j = δAB +O(e−Sbh) (42)

for general A and B. This gives Eq. (8).

If the gravitational—bulk—theory is two dimensional, then there is no ensemble

of soft modes, since the horizon is spatially a point. In this case, however, the gravi-

tational description emerges from an ensemble of unitary—boundary—theories.46, 47

Accordingly, a black hole state in the bulk corresponds to an ensemble of microstates

in these unitary theories. We thus find that the result in Eq. (8) is also reproduced

in this case.

5. Beyond Black Holes

While the main focus of this article has been a black hole, many of the phenomena

discussed are not specific to a black hole; rather, they are associated with the exis-

tence of a horizon. We thus expect that a similar analysis applies to a cosmological

horizon, including that of de Sitter spacetime. Relevant discussions include Refs. 34,

86 for the unitary gauge description and Refs. 87, 88, 89 for the global spacetime

description. Understanding this issue, indeed, seems to be vital in the cosmology of

the eternally inflating multiverse.86, 90, 91
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6. Discussion

Quantum gravity can be formulated in two different ways: through gravitational

path integral and as a unitarily evolving holographic quantum system. These two

descriptions go well with the Lagrangian and Hamiltonian approaches, respectively,

and as such make symmetries (general covariance) and unitarity manifest. When

there is a black hole, the starting points of the two descriptions are dramatically

different, and yet they lead to the same physical conclusions.18, 35, 37

The coherence of the picture is rather convincing to conclude that a black hole

has the smooth interior and yet evolves unitarily when viewed from the exterior. An

important point is that in both descriptions, the details of the microscopic dynamics

are not necessary to reach the conclusion; certain basic assumptions are sufficient.

These assumptions, however, leave some questions.

● In the global spacetime description, what spacetime histories should we include

in path integrals? What types of singularities, branch cuts, and so on should or

should not be tolerated?

● In the unitary gauge description, what forces us to take particular, infalling mode

operators to be the operators relevant to observables? The issue is presumably

related to spacetime locality,91–93 but the answer is not clear.

Ultimately, these questions will be answered by the fundamental theory in a

top-down manner, but from the low energy point of view, one can take unitarity

and general covariance—or the equivalence principle allowing analytic extension of

spacetime—as principles, or part of the definition of the theory. With this, unitarity

will instruct us whether we should or should not include a spacetime history in

the global spacetime description, and general covariance requires us to take the

infalling mode operators to be the operators relevant to classical observers in the

unitary gauge description. The fact that these two principles can be imposed at

the same time, however, is still highly nontrivial as demonstrated by the historical

struggles.4, 15–17, 48

The perspective of quantum gravity developed here will have broader implica-

tions beyond black hole physics. In particular, it will be important when the system

develops a horizon, and as such it may play a vital role in understanding the cos-

mology of the eternally inflating multiverse.86, 90, 91
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