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It is common folklore that semiclassical arguments suggest that in black hole evaporation an
initially pure state can become mixed. This is known as the information loss puzzle (or paradox).
Here we argue that, if taken at face value, semiclassical gravity suggests the formation of a final
singularity instead of information loss. A quantum strong cosmic censorship conjecture, for which
we give a rigorous statement, supports this conclusion. Thus, there are no reasons to expect a failure
of unitarity in black hole evaporation or for any quantum gravity theory that can ‘cure’ singularities.

I. INTRODUCTION

In 1975 Hawking made the remarkable prediction that, in the process of gravitational collapse leading to the
formation of a black hole, test quantum fields will emit radiation, which at late times has a temperature proportional
to the black hole surface gravity, κ, the Hawking temperature, TH = κ/(2π) [1]. Thus, stationary observers at infinity
detect late-time quantum radiation at the Hawking temperature. See e.g. [2] for an analytical calculation including
time estimates in lower dimensions.
Hawking also deduced in [1] by semiclassical arguments that the emitted radiation will lead to an eventual black

hole evaporation. The result of evaporation – it is argued – is a flat or nearly-flat geometry with the quantum state
of matter in a mixed state of left-over quantum radiation. However, this radiation depends only on the geometric
properties of the black hole, fully characterised by its mass, charge and angular momentum, and not on the details of
the matter that initially formed the black hole or went inside it. See Fig. 1 for details.
In the black hole evaporation process represented in Fig. 1, an initial pure in-state at I − (for example, a coherent

in-state ‘peaked’ around a classical configuration of infalling matter that forms the black hole) is unitarily inequivalent
to the final out-state at I +, which is necessarily mixed, since I + is not a Cauchy surface of the pre-evaporation
region, as has been argued many times in the past (see e.g. [4]).
This is the black hole information loss puzzle, succinctly stated as the situation that in the semiclassical evapora-

tion picture an initially pre-evaporation pure state can evolve into a post-evaporation mixed state. Thus, quantum
determinism seems to fail (loosely referred to as information loss – and we shall continue to use this terminology here).
There have been multiple approaches to mitigate or resolve the puzzle, which are however non-conclusive. See e.g.

[3–6] for some interesting views and historical accounts.
Our purpose here is to argue that, contrary to the usual folklore, standard semiclassical arguments do not lead to

the loss of information. Instead, there is strong evidence of a quantum strong cosmic censorship seemingly preventing
a bona fide semiclassical description of the final stage of evaporation. Further, we argue, if taken at face value,
semiclassical gravity suggests the formation of a final singularity instead of the Cauchy horizon of Fig. 1 and no
post-evaporation region where information is lost. This indicates that the endpoint of evaporation lies fully in the
regime of quantum gravity, in analogy with the way in which general relativity indicates that black hole singularities
lie in the regime of quantum gravity.
To make the argument precise, we mathematically state this quantum strong cosmic censorship conjecture in Sec.

II. In words, it states that a pure Hadamard state defined on the observable algebra in the interior of the domain of
dependence of some non-Cauchy achronal surface, S, it is typically impossible to extend this state as a Hadamard
state to the boundary of the domain of dependence of S.
The relevance of the conjecture stems from the agreement that Hadamard states form the class of physical states

for linear and perturbatively interacting quantum fields. For example, a failure of the Hadamard condition produces
unbounded quantum fluctuations for certain observables in ultrastatic slab spacetimes [7, Theorem 2.3].
A subtle point is that the failure of the Hadamard condition could be sufficiently mild, such that the renormalised

stress-energy tensor and its fluctuations remain well-defined. We thus examine in detail the black hole evaporation
setting in Sec. III, and conclude that the most likely semiclassical scenario is the development of a final curvature
singularity. This motivates a more general quantum very strong cosmic censorship for semiclassical gravity, stated in
Sec. III. Finally, we devote Sec. IV to speculations on the role of quantum gravity in black hole evaporation as a
unitary process.

http://arxiv.org/abs/2305.01617v2
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FIG. 1. Black hole evaporation conformal diagram in [1]: Infalling matter forms a black hole region (shaded in blue). After
the black hole Hawking-radiates away, a post-evaporation region emerges, which is nearly flat (denoted by red dots). A Cauchy
horizon, C , appears as the past boundary of the post-evaporation region. At the end of evaporation, a pure ‘in’ state ωin defined
on the observable algebra associated to I

− will evolve into a mixed ‘out’ state ωout defined on the observable algebra associated
to I

+.

II. QUANTUM STRONG COSMIC CENSORSHIP

In this section, we state a precise quantum strong cosmic censorship conjecture. We explain the role of the hypotheses
in the conjecture and present evidence for its reasonableness.
Throughout this letter a spacetime (M, gab) is a connected, paracompact, Hausdorff, time-orientable, Lorentzian,

smooth manifold. The definition of the domain of dependence of a closed achronal set is used with respect to causal
(not only timelike) curves, and we always consider achronal sets of co-dimension 1. We use units with ~ = c = 1 and
abstract index notation for tensors.

A. The quantum strong cosmic censorship conjecture

Definition 1. Let (M, gab) be a spacetime and S a partial Cauchy surface, i.e., a closed achronal set withD(S) 6= J(S).
We say that S is a strictly partial Cauchy surface of (M, gab) if (a) S cannot be extended to be a Cauchy surface of
the conformal completion of (M, gab) or (b) if S admits any extension to a Cauchy surface in the conformal completion
of (M, gab), say C, the extension is such that C \S necessarily contains an open set of C in the interior of the conformal
completion of (M, gab).

Definition 2. We say that the ⋆-algebra Â is an algebra extension of the ⋆-algebra A if A is a ⋆-subalgebra Â .

Let ω : A → C be an algebraic state. We say ω̂ : Â → C is a state extension of ω if ω̂(a) = ω(a) for every a ∈ A .

Conjecture 3 (Quantum strong cosmic censorship). Let S be strictly partial Cauchy surface of the (not necessarily
globally hyperbolic) spacetime (M, gab) and let D(S) be its domain of dependence. (D(S), ĝab) can be seen as a globally
hyperbolic spacetime in its own right, where ĝab = ψ−1∗gab with ψ : D(S) → ψ(D(S)) ⊂ M an isometric embedding.
Let A be an F -local free (or perturbatively interacting) quantum field theory defined over (M, gab) and B a free (or
perturbatively interacting) quantum field theory over (D(S), ĝab) isomorphic to A (M ;D(S)). Let ω : B → C be a pure

Hadamard state. Then, there exist no extension of ω to a state ω : A (M ;D(S)) → C that is Hadamard.

The following remarks are in place:

Remark 4. On the hypothesis of F -locality: The failure of the algebra A to be F -local, in the sense of Kay [8], might
bring in the consequence that there exists a point p ∈ D(S) for which there is no globally hyperbolic neighbourhood,
Np, such that B(D(S);Np) is isomorphic to A (M ;Np). A particular instance of this is if one can find an algebra
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element b ∈ B that is not isomorphic to any element of A (M ;Np). In this case, it is clear that there is no state

ω : A (M ;D(S)) → C that can be an extension of any ω : B → C (pure or otherwise), and the conjecture is
meaningless.
However, note that a sensible conjecture without the F -locality hypothesis can be stated as follows:

Conjecture 5 (Quantum strong cosmic censorship without F -locality). Let S be strictly partial Cauchy surface of
the (not necessarily globally hyperbolic) spacetime (M, gab) and let D(S) be its domain of dependence. (D(S), ĝab) can
be seen as a globally hyperbolic spacetime in its own right, where ĝab = ψ−1∗gab with ψ : D(S) → ψ(D(S)) ⊂ M
an isometric embedding. Let B be a free (or perturbatively interacting) quantum field theory over (D(S), ĝab) and
ω : B → C be a pure Hadamard state with two-point function ω2 ∈ D ′(D(S)×D(S)). Then, the extension of ω2 as a

distribution in D ′(D(S)×D(S)) fails to satisfy the Hadamard condition at the boundary.

Remark 6. On the hypothesis of purity: There are clearly mixed Hadamard states that admit extensions as Hadamard
states. For example, a state at the Unruh temperature in the Rindler wedge defined in the region x > |t| of Minkowski
spacetime with the induced metric, extends to the Minkowski vacuum. Generically, pure states in globally hyperbolic
domains restrict to mixed states in a smaller domain.

Remark 7. On the strict partial Cauchy surface hypothesis: Consider the two-dimensional Milne spacetime, (F, gab),
the future wedge of Minkowski spacetime t > |x| with the induced flat metric,

gFab = −e2aτ (dτadτb − dχadχb), (II.1)

here written in intrinsic future Rindler coordinates with t = a−1eaτ cosh(aχ), x = a−1eaτ sinh(aχ) (with τ, χ ∈ R and
a a positive constant). Consider now the Fock quantisation of a scalar with Fock vacuum vector ΩF and the field
formally represented as [9]

Φ̂(x) =

∫

R

dk (uk(x)âk + uk(x)â
⋆
k) , (II.2)

uk(x) =

(

eπk/a

8a

)1/2

eikχH
(2)
ik/a(meaτ/a), (II.3)

where H
(2)
ν is a Hankel function of the second kind. The modes (II.3) are in fact a superposition of positive-frequency

Minkowski modes [10],

uk(x) = (8π2a)−1/2

∫

R

dρe−iω(ρ)teip(ρ)xe−ikρ/a, (II.4)

with p(ρ) = −m sinh ρ and ω(ρ) = (p2 +m2)1/2, and the two-point function can be written as

ωF
2 (x, x

′) = (8π2a)−1

∫

R3

dkdρdρ′e−ik(ρ−ρ′)/ae−iω(ρ)t+ip(ρ)xeiω(ρ′)t′−ip(ρ′)x′

. (II.5)

Carrying out the Fourier transform in k one can obtain a term proportional to δ(ρ − ρ′) and can trivially perform
a second integral. The remaining integral, under the change of variables p = −m sinh ρ, can be seen to yield

ωF
2 (x, x

′) =

∫

R

dp

4πωp
e−iωp(t−t′)+ip(x−x′), (II.6)

which is nothing but the Minkowski vacuum restricted to (F, gFab). Thus, obviously ωF
2 admits an extension to the

whole of Minkowski spacetime as a Hadamard state. However, any Cauchy surface of Milne universe will fail to be a
strictly partial Cauchy surface in Minkowski spacetime.
The former example is clearly connected the well-known ‘hyperboloid information loss’ example of Wald. Clearly,

the state ωF and the Minkowski vacuum are unitarily inequivalent, even if the Bogoliubov β-coefficients vanish. This
is so because the inner products of the two quantum theories are not equivalent. To wit, it is clear that any data
compactly supported in the |x| > t portion of future null infinity does not enter the future hyperboloid. As a result,
it is impossible to uniquely evolve ωF towards the past and obtain the Minkowski vacuum. However, the Minkowski
vacuum is the complex analytic extension of ωF to Minkowski spacetime (which is also the analytic extension of
the Milne universe). Thus, when restricting only to analytic data in Minkowski space, no information is lost on the
hyperboloid, as such data can be recovered in I + by analyticity. It is this very special feature that seems to avoid any
breakdown of the Hadamard property on the past Cauchy horizon, which is however not expected to occur generically.
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B. Supporting evidence

We now discuss some evidence in support of the reasonableness of conjecture 3:

1. It is well-known that in spacetimes with bifurcate Killing horizons states in the Fock space construction of
the wedge vacua (e.g. Boulware or Fulling-Rindler vacua) fail to be Hadamard at the future and past Cauchy
horizons of the wedges, which lie along the bifurcate Killing horizon.

2. In [11], it is shown that in generalised Reissner-Nordström-like black holes in two spacetime dimensions, the
Hadamard condition is lost for the HHI and Unruh vacua at Cauchy horizons, as probed by particle detectors
and by the stress-energy flux. These results had been anticipated in [12].

3. The same conclusion as 2. holds in 3 + 1 Reissner-Nordtröm [13, 14].

4. The Reissner-Nordström de Sitter case has been studied in [15, 16] and in [17, 18]. States that are regular at
the cosmological horizon generically fail to be Hadamard at the inner horizon, where the expectation value of
the stress-energy tensor diverges more strongly than the classical stress-energy tensor, see [19, 20].

5. In [21] it is shown that the renormalised stress-energy flux in the Unruh state in Kerr spacetime diverges at the
Cauchy inner horizon.

6. In [22] the HHI state for a massless scalar field in the near-extremal BTZ black hole has been studied. The
authors find that the HHI state is not Hadamard at the BTZ inner horizon, but the expectation value of
the stress-energy tensor is finite. However, in [23] it is argued that the solution should not be stable under
semiclassical back-reaction.

7. In [24] it is shown that a class of “inner-extremal” regular black holes, which avoid mass-inflation classical
instabilities, have diverging stress-energy tensor in the Unruh vacuum at the Cauchy horizon.

In addition to the former, there are known structural results on the breakdown of the Hadamard property at Cauchy
horizons in certain cases.

• The KRW theorems [25] establish that there are no Hadamard state extensions for a free scalar field in a globally
hyperbolic region with a compactly generated Cauchy horizons. In fact, the theorems are stronger in the following
sense: Theorem KRW 1 establishes that there is no F -local extension of an initial globally hyperbolic quantum
field theory at the Cauchy horizon, due to a breakdown of F -locality at certain base points of the Cauchy horizon.
Theorem KRW 2 establishes that at these base points a state extension will fail to be Hadamard in a very strong
sense: it is not possible that the difference between the state’s two-point bi-distribution and a locally constructed
Hadamard bi-distribution be a bounded function in a neighbourhood of any base point in M ×M .

• Prop. 2.3 in [7] implies that any state that is pure or normal to a pure state (i.e., represented as a density
operator in the Hilbert space of the pure state) defined in the interior of a double cone in a globally hyperbolic
spacetime cannot be extended to the spacelike boundary of the double cone as a Hadamard state. Note here
that the boundary of the double cone plays the role of a Cauchy horizon for the interior region.

III. IMPLICATIONS FOR THE INFORMATION LOSS PUZZLE

The breakdown of the Hadamard condition in the Cauchy horizon of Fig. 1 poses serious questions on the physicality
of the evaporation diagram. In this section, we argue that the semiclassical picture of black hole evaporation should
be replaced by one in which a final spacetime singularity is developed instead of a post-evaporation region, cf. Fig. 2.
Let us begin by a cautionary remark. The reader might wonder if the KRW theorems do not already guarantee

that the Hadamard condition is lost at the Cauchy horizon of Fig. 1. After all, the Cauchy horizon seems to emanate
from the singularity at r = 0, and it is therefore reasonable to believe that it is compactly generated. One could for
example consider a compact set defined by a closed finite-radius ball centered around the final evaporation point. The
issue is however that the evaporation event is not a spacetime point. This has been strongly emphasised e.g. in [26].
Thus, in order to apply the KRW theorems one needs to remove final evaporation event. But now the putative ball is
no longer compact. So it seems that the situation is, due to a topological subtlety, outside of the scope of the KRW
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FIG. 2. Breakdown of semiclassical gravity in black hole evaporation: Infalling matter forms a black hole region (blue). At the
end-point of evaporation, a semiclassical final singularity is formed, replacing the Cauchy horizon in Fig. 1. The final singularity
stretches all the way to I

+.

theorems.1 One could argue in favour of removing a small open set around the evaporation event, for example, by
assuming that the breakdown of a spacetime description of gravity occurs already in an open neighbourhood around
the singular evaporation event. Proceeding in this way, however, we cannot argue that semiclassical gravity breaks
down, as this now becomes an assumption.
The evaporation event however allows one to put forth a strong argument suggesting the breakdown of semiclassical

theory at the Cauchy horizon of Fig. 1. On the one hand, it is well-known that the Hadamard property of states
breaks down at curvature singularities, see e.g. [27]. Thus, the Hadamard property must break down at the final
evaporation event. On the other hand, this final singularity must propagate in the geometric side of the semiclassical
Einstein equations, such that, if the semiclassical gravity equations are well posed, it does so along null geodesics [28].2

This gives support, not only the breakdown of the Hadamard property, but also to the development of a curvature
singularity along the horizon.
The semiclassical picture that goes along with this mathematical statement is as follows: Towards the end of

evaporation the mass of the black hole tends to zero and the Hawking temperature becomes unboundedly large, with
the state’s two-point function developing new divergences. To see that this must be the case, for the sake of illustration,
consider a massless scalar in a KMS state at T = 1/β > 0 in two-dimensional Minkowski spacetime. Modulo infrared
ambiguities, its two point function is

ωβ(Φ(x)Φ(x
′)) = −

1

4π
(ln sinh(π(∆x +∆t− iǫ)/β) + ln sinh(π(∆x −∆t+ iǫ)/β)) . (III.1)

To unambiguously probe the Hadamard structure as β → 0+, it suffices to inspect the expectation value of unam-
biguous renormalised observables. For example, the stress-energy tensor,

ωβ(Tab) =
π

3β2
δab, (III.2)

diverges polynomially as β → 0+, so ωβ cannot be Hadamard.
Thus, the final stage of black hole evaporation seems to be described semiclassically described by unboundedly hot

Hawking radiation and a curvature singularity in place of the Cauchy horizon of Fig. 1, suggesting no information
loss. See Fig. 2. We should mention that numerical evidence supporting this picture is available since the work of
Hawking and Stewart [29].
The above discussion motivates us to conjecture that generically in semiclassical gravity ω cannot be extended to a

state ω that differs from a Hadamard state by a regular term at the Cauchy horizon. More precisely:

1 The author thanks Bernard Kay for providing this argument in an email exchange.
2 Here, we are assuming that the geometric sector of semiclassical gravity can be described by a hyperbolic system. The claim then follows
from the non-linear version of the propagation of singularities theorem [28].
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FIG. 3. A quantum gravity ‘region’, denoted as solid black, separates a pre-evaporation region, with would-be black-hole region
shaded in blue, from a post-evaporation region, denoted by red dots. The evaporation diagram can be described, modulo the
quantum gravity ‘region’, as a globally hyperbolic spacetime.

Conjecture 8 (Quantum very strong cosmic censorship). Let (M, gab), S, D(S), A , B and ω be as in conjecture
3. Suppose furthermore that the pair (D(S), ω) satisfies the semiclassical gravity equations. Then, generically there

exists no extension of ω to a state ω : A (M ;D(S)) → C such that ω −H ∈ L1
loc for H a Hadamard parametrix on

D(S), i.e., ω −H cannot be defined as a distribution on D(S).

It is clear how to relax the F -locality assumption from conjecture 8 in view of conjecture 5.

IV. THE ROLE OF QUANTUM GRAVITY AND FINAL REMARKS

It is a general expectation that quantum gravity should ‘cure’ spacetime singularities. This is reasonable: Consider
in particular curvature singularities, then as curvature invariants approximate the scale of suitable powers of inverse
Planck’s length, say e.g. ℓ2PR = O(1), we are presumably entering the regime of full quantum gravity, and not of
classical geometry.

Here we advocate that full quantum gravity will kick in towards the end of evaporation and cure the semiclassically
predicted final singularity in Fig. 2. This represents a radical departure from the narrative advocated in many
quantum gravity speculations, whereby the ‘quantum gravity region’ in evaporating diagrams is confined to a (say,
small) ‘compact neighbourhood’ of the black hole origin singularity. See for example the diagrams presented in
[5, 30–32]. This view is represented in the spherically-symmetric case in Fig. 3, where we emphasise that, modulo
this quantum-gravity-described region, the resulting ‘spacetime’ has globally hyperbolic ‘features’ and information is
preserved. The details of the post-evaporation region in the diagram are highly speculative. For example, we do not
know how the collapsing matter and quantum gravity interact in the full quantum gravity regime. For concreteness,
we have assumed that some matter ‘goes through’ the otherwise-black-hole origin singularity and continues to behave
largely classically at late times – so the spacetime in the post-evaporation looks as sourced by a spherically symmetric
distribution of matter and filled with radiation. However, the details of the post-evaporation region are not essential
for the full picture that we advocate or the nature of the quantum gravity ‘region’ in the evaporating diagram in Fig.
3.

To wrap up the discussion, in 1992 Preskill wrote an influential note asking whether black holes destroy information
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[6]. In our conservative view,3 semiclassical black holes do not destroy information differently to how classical black
holes destroy information in the interior region. However, semiclassically, information is destroyed also in the exterior
at very late times. However, there is no breakdown of classical determinism, information loss or hints that quantum
gravity is non-unitary.
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