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It was recently shown that black holes decohere any quantum superpositions in their vicinity. This
decoherence is mediated by soft radiation through the horizon, and can be understood as the result of the
fact that quantum states in the exterior source distinguishable states of long-range fields in the interior. To
study this phenomenon and others, we extend Tomita-Takesaki theory to accommodate states of soft
radiation such as arise in the electromagnetic and gravitational memory effects, and provide a general
framework for computing the distinguishability of general coherent states. Applying these tools, we use the
methods of unambiguous state discrimination and approximate quantum error correction to prove some
new relations regarding the distinguishability of quantum states, and the quantum information content of
soft radiation, and thereby show that a black hole (or, under the conditions stated below, any causal horizon)
decoheres its environment as though its interior were full of optimal observers.
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I. INTRODUCTION

The fact that black holes have a finite temperature [1]
and, thereby, a nonvanishing entropy [2] has provided some
of the deepest clues into the nature of these objects in a
quantum theory of gravity. In the case of black holes, this
entropy has been argued to arise from “internal degrees of
freedom” (described by microstates) and, for certain
quantum gravitational realizations of black holes, the
counting of microstates can directly reproduce their entro-
pies [3]. Despite these successes, the origin and nature of
these microstates remain poorly understood. Indeed, clas-
sically, a black hole has no internal degrees of freedom.
What is their semiclassical imprint? What is their effect on
observables in the exterior? These questions lie at the heart
of many paradoxes and recent investigations regarding the
semiclassical nature of black holes [4,5]. In these inves-
tigations, quantum information theory has proven to be an
indispensable tool in providing a bridge between the
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quantum nature of black holes and their classical spacetime
geometry [6-9].

The fact that, in the semiclassical limit, any horizon must
behave as though it contains internal degrees of freedom
directly follows the basic principles of quantum mechanics
and causality [10,11]. To illustrate this we consider the
following gedanken experiment involving two experiment-
ers: Alice and Bob. For definiteness, we consider the case
where they perform their experiments in a black hole
spacetime. Alice controls a quantum superposition which
she attempts to keep coherent in the exterior of a black hole.
Despite her best efforts, she cannot possibly control the
long-range gravitational field of her superposition. The
resulting superposed gravitational field penetrates the
horizon of the black hole where an observer, Bob, could
choose to measure it. If Bob can gain any information about
Alice’s superposition, then her superposition must be
decohered by a complementary amount. However, by
causality, Bob’s actions cannot have any effect whatsoever
on the state of her superposition. Furthermore, while the
interior of a black hole is not an optimal place to perform
such a sensitive experiment, we could imagine equipping
Bob with better apparatuses and more assistants. From this
gedanken experiment we conclude that Alice’s superposi-
tion must become entangled with—and subsequently
decohered by—the black hole as if the black hole contains
“maximally entangling” degrees of freedom. We note that

Published by the American Physical Society


https://orcid.org/0000-0003-1791-4020
https://orcid.org/0000-0001-8929-0814
https://ror.org/042nb2s44
https://ror.org/03vek6s52
https://ror.org/024mw5h28
https://ror.org/00hx57361
https://crossmark.crossref.org/dialog/?doi=10.1103/mk9b-3qzz&domain=pdf&date_stamp=2026-10-06
https://doi.org/10.1103/mk9b-3qzz
https://doi.org/10.1103/mk9b-3qzz
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

DAINE L. DANIELSON and GAUTAM SATISHCHANDRAN

PHYS. REV. D 114, 085003 (2026)

the crucial ingredient in this argument was the existence of
an event horizon which causally separated Alice and Bob.
Thus, these conclusions apply whenever such a horizon
bounds the causal past of Alice’s worldline—e.g., Rindler
horizons, cosmological horizons.

Motivated by this thought experiment we, together with
R. M. Wald, have shown in a series of papers that, indeed,
any (Killing) horizon will decohere a quantum super-
position in its vicinity [12—14]. To explicitly show this,
we considered the case where Alice creates a quantum
spatial superposition of a massive (or charged) body—e.g.,
a nanoparticle—which, to a good approximation, produces
a superposition of coherent states of the gravitational field.
In the case of a black hole it was shown that, semiclassi-
cally, the black hole acquires low-frequency, fluctuating
gravitational (and electromagnetic) multipole moments
[14] which stimulate the emission of entangling, soft
radiation into the black hole [12]. Furthermore, these
multipole fluctuations closely mimic those of a material
body—though it would appear that, in the gravitational
case, extraordinary properties of matter would be required
to reproduce the effect [15]. In total these results suggest
that the decoherence caused by black holes is, in some
sense, “‘extreme” given its size and temperature. However,
these analyses only partly validate the conclusions of the
above gedankenexperiment. How does this decoherence
compare to the decoherence inflicted by an “optimal” Bob
in the interior of the black hole? If a black hole behaves like
a material body when viewed from the outside, then it
should be possible to show that any family of observers—
or “degrees of freedom”—in the interior can gain (at most)
as much “which-path” information about Alice’s particle as
is allowed by the degree of decoherence of Alice’s super-
position in the exterior.

As a warm-up, in Sec. IT A, we first address this question
by revisiting the specific gedanken experiment considered
in [12—-14] where Alice creates a quantum spatial super-
position. From Bob’s point of view, he is attempting to
perform a “one-shot” experiment to distinguish the two
possible states of Alice’s particle via their long-range field.
In quantum information theory, there are many different
measures of the distinguishability of states (e.g., the Holevo
and Uhlmann fidelities, the relative entropy, the trace
distance), each with its own operational meaning. The
relevant notion of distinguishability in this case is the
Uhlmann fidelity. For Alice’s particle at a finite time, the
Uhlmann fidelity computes the “optimal purification” of
her particle so as to minimize her decoherence [16]. In this
sense, it is precisely a measure of “how decohered” her
particle is up until that time. In the interior, the Uhlmann
fidelity also bounds the probability that Bob, by performing
a single optimal measurement, can become absolutely
certain of the state of Alice’s particle. We thereby obtain
the following statement: the decoherence of Alice’s super-
posed particle at any finite time is always greater than or

equal to the decoherence due to an optimal one-shot,
unambiguous state discrimination test in the interior up
until that time. At late times this inequality is saturated, as if
the black hole (or interior observers/degrees of freedom) is
performing an optimal measurement of Alice’s superposed
long-range fields. Indeed, this relationship between the
information accessible to Bob and the decoherence of Alice
by soft quanta has been recently used as a “teleportation
protocol” to send information into a black hole with
negligible energy cost [17].

The gedanken experiment suggests, however, that such a
relationship, between Alice’s experiment in the exterior and
the decoherence due to optimal measurements made in the
interior, should hold for any experiment performed in the
vicinity of a black hole. In Sec. II we consider this more
general relationship. In quantum information theory, a
general experiment performed by Alice is a “quantum
channel.” We introduce definitions for the intrinsic
decoherence of a quantum channel, and the information
of its complementary channel. The “channel decoherence”
quantifies the failure to be able to recover her superposition
by performing measurements strictly in the black hole
exterior. The complementary “channel information” quan-
tifies the information accessible to Bob, and bounds the
probability of unambiguously distinguishing the output of
his channel from a totally uncorrelated state. Section II
gives precise definitions for the channel decoherence and
information. As is often the case in quantum information
theory [18-20], there is a trade-off between the information
carried by a channel into the environment and the disturb-
ance of the original system by that same environment. In
Sec. II, however, we show that the channel decoherence and
channel information enjoy an exact “information-
decoherence trade-off.” Namely, we show the two quan-
tities are precisely equal to one another.

Applied to black holes, the channel decoherence and
channel information provide an intrinsic definition of the
exterior decoherence, and interior information, of the black
hole in the semiclassical regime, irrespective of any
experimental protocol. We recall that, in ordinary experi-
ence, decoherence due to entanglement generated with any
material body is, to some extent, reversible in principle. In
Sec. IIC we show that this is not the case for any
semiclassical black hole (with any deviations from being
suppressed in Gy). Rather, a black hole exhibits what
might be called a “second law” for exterior decoherence.
Additionally, we comment on how these ideas, being
fundamentally quantum-information-theoretic in nature,
might plausibly be extended beyond the semiclassical
limit. In total, these results lend support to the perspective
that a black hole affects its environment as though it were
composed of maximally entangling degrees of freedom.

What of the more familiar notions of distinguish-
ability, such as the Holevo fidelity, relative entropy, and
the Rényi entropy? While less operationally relevant to the
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decoherence effects considered in Sec. II, these notions of
distinguishability have played a prominent role in analyz-
ing the quantum mechanical properties of horizons ranging
from the generalized entropy to the black hole information
paradox [6,21-23]. How does the growth of these other
notions of distinguishability compare to that of the
Uhlmann fidelity on the horizon? In Sec. III, we address
this question in the context of the gedanken experiment
considered in [12-14,24] where the relevant states are
coherent states on the horizon.

We answer these questions in Secs. III and I'V. To explain
the answer we first recall that the growth of distinguish-
ability on the horizon is due to the emission of soft
radiation. These soft radiative effects are mathematically
equivalent to the soft radiative effects found in flat
spacetime [25-29]. These effects result in well-known
infrared divergences which have plagued scattering calcu-
lations' since the earliest days of quantum field theory [30].
Indeed, both effects are controlled by a “memory tensor”
which on the horizon is given by

AAB = hAB'V:oo - h’AB|V=—oo’ (1)

where h,5(V, x") are the radiative degrees of freedom on
the horizon, V is the affine time, and x* are angular
coordinates. The memory captures the failure of the
radiation to decay at asymptotically early or late times.
States with nonvanishing memory contain an infinite
number of soft quanta and lie in Hilbert space representa-
tions unitarily inequivalent to the “standard” Fock space of
radiation. Analogously, the IR divergences encountered in
scattering theory arise from the failure to include states with
memory in the theory.

In Sec. III, we consider the practical calculation of
distinguishability measures of radiation states on the
horizon and the extent to which these measures capture
effects due to soft radiation. The emission of an infinite
number of soft quanta and the corresponding IR divergen-
ces occur only in the strict infinite-time limit if /1,5 fails to
decay. At any finite time, only a finite number of soft
quanta can be produced. Therefore, one might expect that
the IR issues highlighted above play no role in calculating
the distinguishability of radiation states at any finite time.
However, as we now explain, incorporating states with
memory enables one to calculate finite time distinguish-
ability measures in a simple and efficient manner.

We note that the practical computation of any of the
above distinguishability measures for any two states
requires the technology of “Tomita-Takesaki theory” and
is an extremely difficult and unsolved problem. However
we can, for our purposes, restrict to coherent states of

'In flat spacetime, the IR divergences occur in four dimensions
with a massless field. On the horizon, they occur in any spacetime
dimension with a massive or massless field [13].

radiation since those were the radiation states most relevant
to our original gedanken expen'ment2 [10,11,13,14,24,31].
If h,p is a classical radiation field (with no memory) on the
horizon, we denote its corresponding coherent states as
U(h)|Q) where U(h) is the unitary operator generating the
coherent state and |Q) is the vacuum state on the horizon. It
was pointed out by Casini et al. that if the operator U(h)
factorizes across ¢, then one can straightforwardly apply
the technology of standard Tomita-Takesaki theory. One
can obtain an explicit computation of the Tomita operator
and the relative modular operator in this case and one can
straightforwardly compute any of the above distinguish-
ability measures.

However, U(h) factorizes if and only if /45 vanishes at
the cut. If /1,5 is nonvanishing, then there does not appear
to be a simple description of the Tomita operator or
modular operator within standard Tomita-Takesaki theory.
However, h,p can be shifted by a smooth V-independent
trace-free tensor, whose electric-parity part is a super-
translation,

hap(V.x%) = hyp(V, x%) + kap(x?). (2)

By choosing k,p appropriately, we show that the unitary
can be essentially factorized about the cut. While this
removes the above obstruction, the shifted radiation state
fails to decay and the unitary operator factors now have
nonzero horizon memory. Therefore, to obtain a simple
description of distinguishability measures at a finite time,
we must extend Tomita-Takesaki theory to include states
with memory. We obtain such an infrared extension of
Tomita-Takesaki and obtain explicit formulas for the
Tomita operator and the relative modular operator between
any two coherent states for any cut %. Using this con-
struction we explicitly compute the fidelity, relative
entropy, and Rényi entropies of general coherent states
on the horizon, with or without memory. We use this to
analyze the quantum information content of soft radiation.
We find that this quantum information content is well-
captured by the fidelity, as might be expected from the
original thought experiment. In that context, the fidelity is
sensitive to the absolute number of soft gravitons emitted
into the black hole (which may be arbitrarily large), as
opposed to their energy (which may be arbitrarily small).
The relative entropy is, by contrast, only very weakly
sensitive to the number of soft photons, and is much more
sensitive to the energy of the radiation emitted into the
horizon.

Throughout this work, we develop several new tech-
niques that may find wider utility. For example, the
equivalence of channel decoherence and complementary
channel information shown in Sec. II is a general result for

2Coherent states of soft radiation also describe the soft
emission of scattering phenomena.
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quantum channels, which are the most general models of
physical processes acting on quantum states. For a par-
ticular class of channels, in which the system becomes
entangled with two states of another system, Appendix C
also proves a bound between the channel decoherence and
the fidelity between those two quantum states. To analyze
other distinguishability measures, Secs. IIl and IV extend
the Tomita-Takesaki theory of coherent states so that it
includes soft radiation, thus putting questions pertaining to
the quantum information content of soft modes on rigorous
mathematical footing. We believe these methods may find
utility in contexts beyond those considered here.

The reader who is merely interested in the statement of the
new results in Tomita-Takesaki theory may safely skip ahead
to Secs. III and IV. There, as in much of the present article,
we simplify to the case of electromagnetic radiation, and the
gravitational case follows by close analogy. Section III
extends the horizon algebra to include soft modes, and
Sec. IV gives the formula for the relative Tomita operator in
general coherent states. We use this to bound the more
general and abstract information-decoherence relations of
prior sections in terms of explicit fidelities. Section V
extends the discussion of the present work to the context
of scattering theory, where directly analogous considera-
tions apply. Finally, Sec. V B applies the techniques of
Sec. II to show how a generic causal horizon can give rise to
fundamental decoherence in its vicinity.

Throughout this paper we work in units where
h=c= Gy =¢y=1. Lowercase Roman indices denote
indices in spacetime, while uppercase Roman indices
denote indices tangent to the spatial cross sections of the
horizon. Greek indices label the numerical components of a
tensor in a basis. We denote quantized observables in a *-
algebra by the boldface version of the corresponding
classical observable. For example, the classical electric
field E becomes E in the quantum theory. We denote von
Neumann algebras in fraktur as 2, and restrictions of
algebras to the past of a horizon cut € by ..

II. INFORMATION-DECOHERENCE TRADE-OFF

In this section we show that the decoherence inflicted by a
horizon is a consequence of an “information-disturbance
trade-off” between the coherence of any quantum mechani-
cal system in the exterior and the information about that
body accessible to any observer in the interior. In Sec. I A
we explain how one can already see a version of this
relationship in context of the specific gedanken experiment
involving the coherence of a quantum spatial superposition
considered in [12-14,24]. To prove the more general
relationship suggested in the Introduction, in Sec. IT A we
generalize the notions of decoherence and information
accessible in the interior to any experiment and prove their
equality. In the case of horizons, this proves the statement
that the decoherence inflicted by a black hole—or any
horizon satisfying the assumptions stated below—is related

by the exact information-decoherence trade-off to the
information available in its interior. For horizons in par-
ticular we show that the decoherence of the exterior grows
monotonically with time, as would also be expected from a
body comprising maximally entangling degrees of freedom.

A. Analysis of the original gedanken experiment

In this section we revisit the original gedanken experi-
ment considered in [12—14,24] involving a quantum spatial
superposition in the vicinity of a horizon. From this
example, we will identify (1) the appropriate notion of
decoherence of such a superposition at any finite time and
(2) a precise operational meaning of this decoherence in
terms of an “unambiguous state discrimination test” per-
formed in the interior. While our considerations will be
valid for any Killing horizon [13]—e.g., a stationary black
hole horizon or de Sitter horizon—we will, for simplicity,
restrict attention to Alice performing her experiment in the
vicinity of a Rindler horizon in Minkowski spacetime.

An experimenter, Bob, assembles his lab equipment on
the opposite side of the Rindler horizon of a uniformly
accelerating experimenter, Alice. Now suppose that Alice
prepares a charged nanoparticle in a definite x-spin state.
She then uses a Stern-Gerlach apparatus to adiabatically
manipulate the particle. If the Stern-Gerlach were oriented
along the x-direction, then it would simply displace
her particle. If, however, the apparatus is oriented in the
z-direction, she can use it to prepare a quantum spatial
superposition of her particle’s wave function. After doing
this, her superposed particle sources a superposition of
coherent states of the electromagnetic field (nearly identical
considerations apply for gravity, with mass replacing
charge, and quadrupole radiation replacing dipole radia-
tion). The global Hilbert space is now

H = Hajice ® Hp+. (3)

We denote the coherent states |¥;) and |¥,) in the horizon
Hilbert space H -+, while denoting the z-spin states (and
corresponding spatial wave functions A;) of Alice by
|A,]) and |A,, 1) in Hajiee- In our thought experiment,
the resulting entangled state at late times will be

R
V2

where 7% denotes the Rindler horizon and labels the
corresponding, entangled states of radiation. Meanwhile,
suppose that Bob is interested in distinguishing between
these two field configurations by performing a measure-
ment on his side of the Rindler horizon.

Previous analyses have focused on the decoherence of
Alice’s superposition, as quantified by

; (5)

(A1 1) @ [W1) e +142.1) @ [¥2) ). (4)

1= [(¥1]¥) s+
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using the inner product of the final states of entangling
radiation that her experiment sources on the horizon. In
other words, the final decoherence is controlled by the off-
diagonal elements of Alice’s final reduced density matrix.

In addition to the final decoherence of her particle, it is
natural to ask for the decoherence of her superposition as a
function of time. Such a refined definition of decoherence
would be useful for monitoring the dynamical buildup of
Alice’s decoherence outside a horizon, but this is compli-
cated by the fact that the “off-diagonal elements of Alice’s
reduced density matrix” are not well-defined while Alice’s
superposition is still held open. Formally, such a quantity
would involve “tracing out” and taking the inner product
between two different Coulomb fields, which are not
independent degrees of freedom from Alice’s system. It
could be argued that the two fields should be considered to
be orthogonal, but the resulting apparent, total decoherence
of Alice’s superposition is “false decoherence” [32] that in
no way obstructs the recovery of Alice’s initial state.

A natural candidate at finite times, which avoids the
problem of false decoherence, is to compute the off-
diagonals of Alice’s reduced density matrix if, after the
chosen time, she were to perform the remainder of her
experiment so as to maximize the recovery of the coherence
of her original state. More specifically one may ask, what is
the minimum decoherence that the horizon will inflict on
Alice, if, in region <7;; of Fig. 1, she is allowed to
manipulate her particle so that it sources radiation in
region .o/;; that minimizes her final decoherence? This
protocol gives one operational notion of the “minimum
decoherence” (or “maximum recoverable coherence”), and
forms the basis of the analysis carried out in [24]. This
seems like a reasonable candidate, but it is by no means

t
L.,
FIG. 1. Bob can perform any possible measurement in region

A .., defined as the region on the —z side of the horizon that lies to
the past of the future light cone of the horizon cut €.

clear that this is the distinguished, operationally relevant
notion of decoherence at a finite time.

Even the idea of using the off-diagonals of Alice’s density
matrix to diagnose coherence can be questioned, because
while the quantities clearly control the coherence of her
superposition, their precise operational meaning is not
clearly the right one. In our case, however, we have already
argued that the decoherence should have an operational
meaning in terms of distinguishability by Bob. To single out
the operationally pertinent signature of decoherence, there-
fore, we will not look to Alice; we will look to Bob.

While singling out an operationally distinguished mea-
sure of decoherence appears challenging, what is clear from
the thought experiment is that there should be a comple-
mentary notion of the which-path distinguishability infor-
mation available to the “observer,” Bob, in the interior. We
will see that this notion of distinguishability is operation-
ally transparent even at finite times, and it gives a natural
complementary notion of decoherence for Alice that will,
in fact, correspond directly to the notion of [24]. To see this,
we will put ourselves in Bob’s position.

Suppose Bob plans to complete his measurement in a
particular finite time interval, so that his measurement
concludes before he enters the future light cone of a given
horizon cut % as illustrated in Fig. 1. If we allow Bob (and any
number of assistants) to perform any conceivable measure-
ment or joint measurement in his spacetime region %| ., what
is the upper bound on the probability for him to successfully
determine the position of Alice’s particle?

The precise answer to this question depends on the precise
specification of the task assigned to Bob. Suppose Bob is
allowed to perform his measurement anywhere outside the
future light cone of a horizon cut €. The resulting states of the
quantum field, restricted to Bob’s region, will be mixed states
¥,|, and ¥,|.. Now suppose that, after performing some
measurement, Bob is allowed to guess whichever state would
be more probable to give the outcome he has observed: we say
“guess,” because even if his measurement yields an outcome
that leaves some ambiguity as to which state he has measured,
Bob might be allowed to guess the most probable state, given
that outcome. The success probability of this “state discrimi-
nation” task will be bounded in terms of the trace distance
between the two states [33]. But Bob’s ability to guess the
right state has just as much to do with classical correlation as it
does with entanglement and decoherence, so it cannot be the
right operational task.

If, on the other hand, we disallow guessing, we isolate a
different quantity. If we set the rules such that Bob may
only declare success if he is certain of the state, then the so-
called “Uhlmann fidelity” is the relevant quantity. He could
obtain certainty of the state in such a “one-shot” test if he
were to obtain a measurement outcome that is only possible
in one of the two states he must distinguish between. When
this additional “no guessing” rule is imposed, Bob’s task is
known as an unambiguous state discrimination task, and
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the Uhlmann fidelity fy(¥;|..¥,|.) bounds his success
probability to unambiguously distinguish between the
states ¥, |, and W,|. on the horizon, restricted to the past
of €, as illustrated in Fig. 1.

Given two mixed states p and o, the Uhlmann fidelity is
the supremum of the inner products between purifications
of the states. We denote these purifications as |p), and |o),
with respect to the Hilbert space representation z. In other
words, the Uhlmann fidelity is defined as [16]

Fulp.0) = sup{plo),[*. (6)

Here the supremum runs over all Hilbert space representa-
tions 7 of a given *-algebra such that |p) and |o) are vectors
in the corresponding Hilbert space H and are purifications
of the states p and o, respectively.

The probability that Bob will successfully distinguish
the state in this “unambiguous” sense is then bounded by

P (B) < 1=/ fu(¥ile: Palo)- (7)

As we shall see, when we relax the time constraints on Bob,
this bound in fact becomes an equality.

It is this unambiguous notion of state discrimination,
which measures Bob’s ability to achieve certainty, that is
most closely tied to the decoherence of Alice’s particle.
This is easily seen from the fact that the Uhlmann fidelity
has another, complementary interpretation from the point of
view of Alice in the exterior: it gives the infimum of Alice’s
unavoidable decoherence discussed above. Now, this mea-
sure of decoherence stands on firm operational footing, in
terms of the knowledge that can be obtained by an observer
coupling to Alice’s environment.

The Uhlmann fidelity gives the infimum of the
decoherence Dji.|. that the horizon will inflict on
Alice, if, in region <7} of Fig. 1, she is allowed to
manipulate her particle so that it sources radiation in region
o/ ;. The resulting final decoherence of Alice is

Daiicele = 1= /fu(¥ile. ¥al.). (8)

From Alice’s point of view, the “optimal trajectory of her
particle” can be seen as sourcing precisely the “optimal
purification” of Eq. (6) on the horizon [24]. Thus, we learn
that in general, the probability that Bob succeeds is bounded
by the supremum of Alice’s recoverable coherence,

P%egjajn(%|c) < DAlice|c' (9)

In fact, when we place no time restrictions on Bob and allow
him access to the entire region on his side of the horizon,” itis

*In the case of a black hole in an asymptotically flat spacetime,
the saturation is never achieved, because of the entanglement in
the vacuum between the horizon and null infinity.

guaranteed that Bob can saturate the inequality by some
(possibly very complicated) measurement [34], and the
probability that an optimal measurement by Bob* will
unambiguously reveal the state of Alice’s system is precisely
equal to her decoherence:

PEran( ) =1 —/fu(¥1,¥2) = Dpjice- ~ (10)

Atleast in this scenario, one may view the horizon as carrying
out an unambiguous state discrimination test on the particular
quantum states prepared by Alice in its exterior. We have
assumed that in Eq. (4), Bob must distinguish between two
equiprobable states. In more general situations, the states may
have unequal prior probabilities p,,p_ with p, > p_. If
fu=p_/py, the probability that Bob will succeed is
bounded by the fidelity itself, P&ian < p, (1 — fy), rather
than the square root [35], and the interpretation in terms of
unambiguous state discrimination again holds.

This result, and the results of [12—-14,24] are, however,
incomplete: they describe the decoherence due to horizons as
inflicted on a particular class of experiments of the form of
Eq. (4). This is far from the general result claimed in the
Introduction. The original gedanken experiment suggests that
there should be a general equivalence between the
decoherence in the vicinity of a horizon, and the distinguish-
ability of the resulting states behind the horizon. In fact, this
equivalence suggests that the causal structure of the horizon
should be intimately connected with this operational fact and,
taken together, causality and complementarity dictate that this
principle should hold regardless of the particulars of Alice’s
experiment. Equations (9) and (10) only pertain to when Alice
creates a superposition of two states, as in Eq. (4), so this is far
too restrictive a notion of decoherence to capture the original
idea of the gedanken experiment. To capture the general
relationship, we will need a more general characterization of
decoherence, and of the information available to Bob.
Nevertheless, we will remain rooted in the operational
interpretation of unambiguous state discrimination, and the
generalizations we define will recover the familiar definition
of the final decoherence of Alice’s particle when restricted to
the experiment of Eq. (4). In doing this we will arrive at a
definition of the decoherence intrinsic to the horizon itself.

B. Equivalence of information and decoherence for
general experiments

In this subsection we will no longer assume anything
about the particular form of Alice’s experiment or Bob’s. We
will formulate an equivalence between the decoherence of

*We here neglect any backreaction of Bob’s experiment on the
environment. It is, for example, possible that a practical realization
of the optimal protocol might produce a dramatic change to the
spacetime in Bob’s region such that a singularity forms. This could
prevent Bob from achieving the optimal protocol in practice.
Nevertheless, the physics in Alice’s region will proceed as if Bob
were performing an optimally discriminating measurement.
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Alice and the information available to Bob or arbitrary cuts
of the horizon, and for arbitrary quantum experiments by
Alice and Bob. These more general notions of decoherence
and information will recover the original notions when
applied to the specific experiment of Alice and Bob, and will
carry suitably generalized operational definitions in terms of
unambiguous state discrimination. No clarity will be lost if
the reader continues to assume that the quantum state is of
the form given Eq. (4), but in fact the following discussion
will hold for any state Alice can create on her side of the
horizon and for any experiment Bob can do on his.

A suitable notion of decoherence should satisfy some
essential properties. It should be the following:

(D.i)  Intrinsic to the horizon in that it is independent of
the exterior state.
(D.ii)  Localized to the past of a given horizon cut.

(D.iii) Equivalent to the ordinary notion of decoherence
in the appropriate limit.

The complementary notion of information should be the

following:

(L1) Independent the choice of experiment used to
measure the information behind the horizon.

(i)  Localized to experiments performable behind the
horizon and to the past of the causal future of a
given horizon cut.

(Lii1))  Equivalent to an ordinary notion of distinguish-

ability behind the horizon in the appropriate limit.

After developing these general definitions, we will apply
them to formulate channel-level bounds on unambiguous
state discrimination tasks involving general quantum states
in the exterior.

The key to achieving properties D.i and L.i is the notion of
“quantum channel” N\, which is the most general descrip-
tion of any physical experiment performed by either Alice or
Bob. A channel is a linear, completely positive, trace-
preserving map, but is otherwise unconstrained. Every
channel can be realized by coupling some ‘“‘environment”
(in our case, the horizon) to the system and carrying out the
subsequent open evolution [36]. In our case,

Kﬁei S(HAlice) - S(HAlice)’ (11)

where S(Hajice) is the state space (density matrices) on
Alice’s Hilbert space. N7 will be responsible for the
decoherence of Alice’s state outside the horizon. For every
channel \V there is a “complementary” channel A/¢ (unique
up to isometric equivalence) corresponding to the change in
this environment as the joint evolution applies N to the
original system. In our case, for example, a complementary
channel

(Nee) s S(Hatice) = S(Hop+) (12)
would map Alice’s initial state onto the resulting state of
the horizon (equivalently, the state in Bob’s region). This

complementary channel transmits the entangling photons/
gravitons produced by Alice’s experiment into Bob’s region
of the spacetime, thereby providing the complementary
which-path information that Bob must measure. The rel-
evant formal definitions, as well as the substance of the
proofs developed in this section, are presented in
Appendix A. The goal of this section is to present the
results in an intuitive and physically motivated context.

1. Definition of channel decoherence

An important measure of quantum coherence is the
recoverability of a quantum state after that state has passed
through a channel N. Decoherence manifests as an
inability to recover the full initial state, and we will provide
a definition that formalizes this notion.

If a channel perfectly preserves the coherence of states,
then there exists a recovery channel R (sometimes called a
“decoding channel”), independent of Alice’s initial state
such that

RoN =1d. (13)

This means that the experiment is perfectly reversible and is
the condition of exact quantum error correction. A trivial
example of a quantum channel that is perfectly reversible is
a unitary channel, such that the decoding channel is simply
the adjoint unitary channel. Of course, practical experi-
ments are not perfectly reversible, so we will use the
language of approximate quantum error correction to define
a general measure of channel decoherence that ranges
between full coherence and total decoherence.

To do this, we need a more refined characterization of the
similarity of quantum channels than strict equality. We seek
a notion of “similarity” between the recovered channel
RoN and the identity channel Id that runs between 1
(equality/recoverability) and O (total distinguishability/
unrecoverability). The “channel fidelity” gives the appro-
priate notion of similarity of quantum channels [37]. Here
we build up its definition piece-by-piece. Along the way we
explain each piece of the definition in the special case
where the channels model the Stern-Gerlach experiment of
Sec. ITA.

Given any two quantum channels N and M and a
chosen input state w, the similarity of their outputs is
captured by the Uhlmann fidelity as

fuWV (@), M(@)). (14)

We now seek a notion of the similarity between the channels
themselves, independent of any particular initial state. Not
all states are equally good when it comes to discriminating
one channel from another. Consider, for example, a situation
in which AV corresponds to Alice running a spin through her
Stern-Gerlach apparatus in flat spacetime, while we take M
to be the identity channel. Then, if Alice prepares her spin in
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adefinite z-spin up state, the output of A/ and the output of Id
will be identical (we assume she produces only negligible
radiation). Should we then conclude that the Stern-Gerlach
channel is identical to the identity channel? Of course, the
answer is that we have merely chosen a poor state for
discriminating between these two channels. A natural
quantity, therefore, for the intrinsic distinguishability of
channels, is to consider the fidelity when the most discrimi-
nating state is considered. In the case where M is the
identity channel and N models Alice’s z-aligned Stern-
Gerlach experiment, the most discriminating state would be
a state of definite x-spin of Alice’s particle. In general, the
formula becomes [38]

inf (N (). M(@)). (1)

This, however, has an undesirable property, peculiar to
quantum entanglement: this quantity is unstable under the
enlargement of the Hilbert space, even when the channels act
trivially on the additional Hilbert space factors. That is to
say, for some auxiliary Hilbert space dimension %,

igfo(Idk QN (w),Id, @ M(w)) Sigfo(./\/(a)),M(co)).
(16)

This might appear to be a rather formal property to concern
ourselves with, but it has practical implications for Alice.
Suppose, for example, that Alice does a more complicated
experiment, in which she prepares her spin in a bell pair with
another qubit in her laboratory. As before, suppose that M is
the identity channel, so we are comparing the effect of N to
the identity, where N acts trivially on the other qubit. If N
destroys the entanglement of Alice’s bell pair, we should
consider this channel to be farther from the identity channel
than one that preserves the entanglement. A better measure
of the similarity of channels, therefore, would take this into
account. A simple remedy presents itself, which is to
consider the auxiliary Hilbert space (the other qubit in
Alice’s lab) that is most sensitive to such effects. By
extremizing over this auxiliary Hilbert space dimension,’
we arrive at the definition of the channel fidelity [37],

F(N'. M) = infinf f((1d; ® N) (). (I ® M) (w)).
(17)

which quantifies the similarity of two quantum channels.

Using this definition, the exact error correction condition
of Eq. (13) can be relaxed into an approximate error
correction condition. Given a recovery channel R, this
approximate recoverability condition is

>The Hilbert space dimension will never need to be larger than
the Hilbert space dimension of the domain of the original
channels, e.g., Alice’s original spin Hilbert space [39].

F(RoN.Id)~1. (18)

Conversely, however, if F(RoN,1d) < 1, we cannot
conclude that A is a decohering channel. It may well be
that R is simply a bad choice of recovery channel. The
intrinsic decoherence of a channel should depend only on
whether it is recoverable in principle, so we should take the
supremum over recovery channels:

sup F(RoN,1d) (19)
R

characterizes the supremum of the recoverable coherence of

a quantum channel A/. This immediately implies a defi-

nition of the irrecoverable decoherence of a channel:
Definition 1. (Channel decoherence).

D(N) =1 [supg F(RoN,1d) —1/d],. (20)

1
1-1/d

For d > 1, the dependence on the Hilbert space dimen-
sion d of the domain of N is chosen so that

0<DW) <1, (21)

where D(N') = 0 indicates no decoherence and D(N) = 1
indicates saturation of the decoherence measure.® Here
[x], := max{x,0}.” Intuitively, the channel decoherence
(20) can be understood as the normalized loss of the
optimal worst-case fidelity between an original state @ and
what remains after acting with A/ and optimizing over
recovery channels R. As promised, it is a measure of
irrecoverable decoherence inflicted by A

®For an infinite-dimensional input Hilbert space, 1/d is
understood as zero.

7A1ter~natively, one may omit the positive-part truncation and
define D(N) :=1— (supg F(RoN,1d) —1/d)/(1 —1/d), to-
gether with the analogous modification to the forthcoming
definition of Z. Whereas the truncated definition treats complete
dephasing as maximal decoherence, the untruncated definition
continues to distinguish channels that also destroy the surviving
classical information: D = 1 at complete dephasing, while D > 1
is possible for more destructive channels (with complete erasure
giving D = 1+ 1/d in finite dimensions). For the pure, equi-
probable two-state case of Appendix A 2, however, the cutoff is
inactive, so D = D = 1 — [(¥|¥,)| = Pin; only the general
probability-valued interpretation is lost once D > 1. The exact
information-decoherence relation D(N') = Z(N¢) remains intact.

¥In the context of the complexity theory of quantum fields,
Hollands and Ranallo [40] have introduced a closely related
quantity as a measure of the complexity of a quantum channel.
The exploration of the possible relationships between channel
decoherence and channel complexity would seem to be worthy of
further investigation, especially in light of the discussion of
Sec. IID.
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2. Definition of channel loss and channel information

Complementarity dictates that when Bob can distinguish
between the states on his side of the horizon, i.e., he has
“which-state information,” then Alice’s superposition must
be decohered. To formalize this notion, we must formalize
the notion of the information available to Bob. As a first
step, we formalize the loss of information by a channel
transmitting information from Alice to Bob.

As explained in Sec. Il A, performing a Stern-Gerlach
experiment in the vicinity of a horizon can provide a significant
amount of which-path information to Bob. As shown in [13],
however, the strength of the decoherence diminishes if Alice
produces a smaller superposition—i.e., she reduces the spatial
separation of the branches of her particle’s spatial wave
function. Then the resulting long-range fields in Bob’s region
are more difficult to distinguish and the amount of which-path
information available to Bob is reduced.

The channel responsible for conveying this information
from Alice to Bob is the complementary channel
(N2 )¢ S(Hatee) = S(Hp+). If Alice produces an
extremely small superposition, that channel will be very
lossy: Bob will get very little information about Alice’s
superposition, because the output state on the horizon will
depend only very weakly on Alice’s superposition.

Generalizing from this example, we say that a channel
N lossy 18 lossy if it always outputs nearly the same, fixed
state y,, in which case

igfo(Nlossy(w)?ZO) ~ 1. (22)

Itis possible, however, to choose y, so that it is distinguishable
from all possible outputs of \V' lossy (Perhaps, for example, it lies
outside the range of N lossy)- Lhen a small fidelity would
say nothing about the lossiness of N lossy and rather more about
the choice of y,. When defining the “channel loss,” therefore,
we should consider the fixed state y that is most similar
to the output of the channel, while still carrying no information
about the actual, particular state that was input to A

ZLN) = sgp F(N.C,). C,(w) =Tr(w)y. (23)

Intuitively, the channel loss .Z(\') can be understood as
a measure of whether, after acting N on w, the result is
similar to some state that carries no information about @
whatsoever.

If a channel is nearly lossless, it preserves a great deal of
information about the input state. We define the informa-
tion of a quantum channel N as follows:

Definition 2. (Channel information).

1
1-1/d

Definition 2 measures the information preserved by N.
As with the channel decoherence,

IN) =1 LAWY =1/d],.  (24)

0<Z(N) <1, (25)

where Z(N') =1 indicates saturation of the information
measure and Z(AN) =0 indicates a maximally lossy
channel. We have already seen that, when Bob is presented
with two equally probable states to discriminate between,
the unambiguous state discrimination probability is con-
trolled by the square root of the fidelity by Eq. (7). As
discussed in Sec. Il A, an unequal-prior bound on unam-
biguous state discrimination can be given in terms of the
fidelity itself. Therefore, Eq. (23) can be understood as
giving an operational bound on Bob’s ability to perform
unambiguous state discrimination.

3. Information-decoherence trade-off

As anticipated, a tight relation holds between the amount
of decoherence D(/N) inflicted by a quantum channel and
the information shunted by the complementary channel '€
into the environment, Z (N ). In fact, in Appendix A 1 we
leverage an information-disturbance trade-off relation
proved by Bény and Oreshkov [20] to prove these two
operationally distinct quantities are precisely equal. In what
might be called an information-decoherence trade-off, we
prove the following equality:

T(N€) = D(N). (26)

This equality holds for arbitrary finite-dimensional
quantum channels, and for infinite-dimensional channels
whenever the preceding fidelities and complementary-
channel theorem apply,” but we will concern ourselves
with its application to the original gedanken experiment of
Sec. IT A. Recall that Alice used the spin degree of freedom
of her particle to control her superposition, using a Stern-
Gerlach apparatus, so that the final coherence of the paths
of her particle is determined by its coherence in the spin
basis. We rescale the affine generators of the horizon so that
the cut % is labeled by a single affine time coordinate V..
This is, in turn, related to the Killing time ¢ in Alice’s
laboratory by V. = €, where « is the surface gravity of the
horizon. The channel N7’ (1) evolves the initial state of
Alice’s spin into the state of the spin as it evolves past
region 7, accounting for any decoherence caused by the
horizon. The complementary channel (N7 )(f) maps
that same initial spin onto a mixture of two distinct states of

9Although Bény and Oreshkov work in finite dimensions, an
infinite-dimensional extension follows from adapting their Stine-
spring-Uhlmann argument to normal channels, replacing min and
max by inf and sup, and using Sion’s theorem [41] to justify their
minimax interchange. For regional algebras, fidelity must be
formulated algebraically, and a “complementary channel” pro-
duces a state on the commutant algebra of the Stinespring dilation
of the output domain.
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coherent radiation on the horizon, which are responsible for
Alice’s decoherence.

How does the channel decoherence inflicted by the
horizon relate to the earlier notion of decoherence
D pjice|.? At finite times, the channel decoherence carries
a distinct, but closely related, operational meaning.
Whereas D aji.|. computed the fidelity between optimal
purifications of Alice’s state given her final stateat V =V,
the channel decoherence D(N7. (1)) takes an infimum
over all states and is therefore an intrinsic decoherence due
to the horizon itself, as required by D.i.

At late times, the two definitions become precisely equal.
Appendix A 2 computes the exact value of D(N ﬁ;) in the
infinite-time limit, as V., — oo (correspondingly, no time
constraints are placed on Bob). In that case, optimal
recovery merely needs to rotate away the phases of the
off-diagonal components of Alice’s reduced density matrix,
and we find

D(Nﬁ;rc) = DAlice for t - oo. (27)
This, of course, also implies that

T((N ) = PN fori— o, (28)
so we have satisfied our requirements Liii and D.iii.
Looking back on Sec. II A with this more general perspec-
tive, we see that the complementary roles of the
decoherence and distinguishability measures in (9) and
(10) are consequences of the exact information-
decoherence trade-off of Eq. (26). Operationally, and
now in full generality, the complementary channel fur-
nishes a channel-level bound on unambiguous state dis-
crimination tasks involving quantum states in the exterior.

At finite times, the optimal recovery channel is more
difficult to compute, but is undoubtedly still closely related
to the optimal protocol established in [24], and therefore the
Uhlmann fidelity between the two states sourced by Alice’s
superposition. Despite the difficulty involved in evaluating
the channel decoherence at finite times, Appendix C
derives a bound between them:

D(Ni’ﬁ;(t)) > Dajice- (29)

This bound is saturated at late times.

The channel decoherence is an intrinsic definition of the
decoherence due to a quantum channel, satisfying all of our
requirements D.i—D.iii. It is, by definition, a measure of the
unrecoverable decoherence inflicted by a quantum channel.
Furthermore, it is precisely equal to the channel informa-
tion of the complementary channel, which itself satisfies all
of our requirements L.i-Liii and provides an operational
bound on one-shot unambiguous state discrimination.

Despite its operational clarity and suitability in satis-
fying the exact information-decoherence trade-off (IDT),

however, the channel decoherence and channel information
are difficult to compute because of the extremization
required. Computing the channel decoherence at finite
times is likewise technically challenging; Eq. (29) gives
the bound above. The simple Uhlmann-fidelity
decoherence D yjice, i, by contrast, much easier to com-
pute in general than the rather difficult D(N\). Since we are
interested in practical computations, later sections will be
concerned with developing a framework for computing
practical distinguishability measures, which can be used to
bound the exact decoherence D(N) and information
Z(N°®). These distinguishability measures, such as the
relative entropy and Rényi entropies, will obey similar
bounds to the channel decoherence and channel informa-
tion, albeit sometimes with a less clear or relevant opera-
tional meaning and without the exact IDT of Eq. (26). The
computation of such distinguishability measures is, of
course, also of independent interest to a broader audience
of those interested in the quantum information theory of
fields.

C. Monotone decoherence: A hallmark of horizons

The original gedanken experiment suggests that a
horizon, as viewed from the outside, may be viewed as
though it is made of highly entangling degrees of freedom.
More abstractly, the apparent equivalence between “space-
time horizons” and “maximally entangling degrees of
freedom” raises the possibility that the presence of a
horizon may be characterized in purely operational and
quantum information-theoretic terms. Having developed a
more general set of tools, we are now equipped to formulate
such a characterization.

We have thus far focused on the effects of the horizon on
a given subsystem of the exterior, namely Alice’s super-
position. For a description of the effects of a horizon that is
completely intrinsic to it, however, it is useful to note that
evolution in the presence of the horizon can be understood
as a channel acting on any subsystem of the exterior (or the
entire exterior), including Alice and her experiment.

Let ¢ label the Killing time coordinate corresponding to
time in Alice’s laboratory. As the horizon cut V. = &
advances in time along the horizon, Bob is able to measure
a strictly larger region of spacetime on his side of the
horizon. Let us now take

-/\/ej);{/tur (t) :S<uext(0))_) S(mext(vc))’ (30)

where S(U.(0)) denotes the state space of the full exterior
(in which case U, = W.y.) at t = 0 or of any fixed code
subspace thereof. The channel maps the initial state
of the exterior to the state at a later time under the influence
of the black hole—namely, the state exterior to a horizon
cut V=V. We label the channels by ¢ because,
as V. advances, the flow gives a one-parameter family
of channels
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W (1) : 8Uex(0)= S(Up- (V). (31)

As Alice’s Killing time ¢ advances outside the horizon,
(NZ4)e(r) targets states on one-parameter family of
horizon algebra inclusions. This corresponds to a restriction
of the algebra of observables in the exterior, where the flow
corresponds to Killing time. Heuristically, this corresponds
to the fact that, as time progresses, an exterior observer
must “trace out” more degrees of freedom as they fall into
the horizon. The composition of an algebra restriction with
a recovery channel is itself a valid recovery channel, so the
supremum over recovery channels in Definition (20)
guarantees that the decoherence of the exterior is non-
decreasinglo:

d .
ED(N;?;? (1)) > 0. (32)

This is a succinct statement of the extraordinary efficiency
of horizons, including black hole and de Sitter horizons, at
decohering their environments. Semiclassically—i.e., the
limit as Gy — O—this is an exact equation. In existing
models of quantum gravitational effects, however [43,44],
it seems likely that the right-hand side of this equation will
receive corrections suppressed in powers of Gy. The degree
to which this equation holds at finite Gy, then, may prove
useful in signaling the emergence of an effective horizon.

It is notable that Eq. (32) provides a consequence of a
semiclassical horizon entirely in terms of quantum infor-
mation-theoretic quantities. It is natural to wonder whether
these conditions might be useful in giving a purely opera-
tional definition of an emergent “horizon” in the collective
dynamics of even nongravitational bodies.

Whenever a quantum superposition is produced outside
an ordinary material body, the long-range gravitational and
electromagnetic fields sourced by the superposition
become entangled to some degree with the internal degrees
of freedom of the material body. However, most material
bodies are incredibly inefficient in absorbing long-wave-
length gravitational radiation. This renders it generally
possible to recover the coherence of the superposition, by
adiabatically recombining the branches of the superposi-
tion. Biggs and Maldacena [15] have, for example, inves-
tigated the extraordinary material properties that would be
required for a material body to mimic the decoherence
outside a black hole. The extraordinary efficiency of a black
hole in decohering its environment is captured by Eq. (32).
The information-decoherence trade-off of Eq. (26) reveals
that this decoherence can also be understood as a statement
of the fact that the distinguishability of the complementary,
entangled states on the opposite side of the horizon is also
nondecreasing:

The decoherence may not be C', but because it is non-
decreasing, it is almost-everywhere differentiable [42].

d #t\e
S TWVE) ) 2 0. (33)

The channel information bounds a one-shot state dis-
crimination probability for an optimal observer in Bob’s
region. Due to the inefficiency of most material bodies in
absorbing long-wavelength gravitational radiation, the
degrees of freedom of most material bodies will go into
superposition while Alice’s superposition is held open, but
will adiabatically recombine and, for the most part, follow
the Newtonian field and disentangle themselves from
Alice’s spin as she adiabatically closes her superposition.
In that case one expects the state-discrimination informa-
tion available to Bob at intermediate times to be much
larger than at late times. Equation (33), along with (31) and
(26), can be understood to show that a black hole decoheres
its environment as though it were made of maximally
entangling degrees of freedom.

D. Linear growth of distinguishability
long after equilibration

The preceding discussion holds at a high level of
generality, for arbitrary states outside black holes. By
specializing to a particular case, we gain more explicit
quantitative insight into the rate at which black holes
decohere their environments—and their interiors harvest
information. In the specific case of Alice’s superposition
experiment outside a black hole, we may focus on
D(N7..) (rather than the entire exterior). Then, under
the protocols of the gedanken experiment in which Alice
attempts to minimize her decoherence, we recover
D(N7.) = Dpjice at late times, and —In(1 — Dyjec)
grows linearly with the time 7" over which she maintains
a superposition [12,24].

Significant recent interest has focused on the interpre-
tation of various quantities (e.g., “complexity,” “volume,”
and “action”) relevant to black hole physics that exhibit
linear growth long after the equilibration time of the black
hole [45—49]. We point out that, in the context of the initial
gedanken experiment involving Alice’s superposition,
Alice decoheres due to a linearly growing number of soft
photons radiated through the horizon [24]. As a result of the
preceding discussion, the distinguishability measure

=In (1 = Z((N{fee))) o &T (34)

therefore exhibits secular, linear growth, where 7" denotes
proper time over which Alice maintains her superposition
in the black hole exterior and « is the surface gravity. Here,
(NZ6)¢ denotes the channel that carries out the joint
evolution of Alice and the entire horizon before restricting
to the interior. When Alice creates and recombines her
superposition sufficiently slowly, an arbitrarily small
amount of hard radiation falls into the horizon. The black
hole rapidly equilibrates, as the field on the horizon settles
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down to a new stationary state, but with a displaced value of
the field on the horizon. The logarithmic distinguishability
of interior states, however, continues to grow without
bound at least until timescales comparable to the evapo-
ration timescale, due to a linearly growing number of soft
gravitons/photons produced due to the superposition in the
exterior. From the exterior perspective, it is these soft,
entangling gravitons/photons which are responsible for the
corresponding decoherence.

From an interior point of view, it is quite natural that the
distinguishability of states should increase long after the
horizon equilibrates, because the size of the interior region
(both in terms of volume and proper time) available for Bob
to perform his measurement grows in direct analogy
to Fig. 1.

We believe the fact that the decoherence of exterior
states, and hence the distinguishability of interior states [by
Eq. (26)], increases long after a black hole settles down
may be of relevance to the understanding of interior
dynamics of black holes in quantum gravity, which con-
tinues to be an area of active inquiry [45-50]. Naturally, it is
possible—likely, even—that such qualitative statements
may receive corrections when working nonperturbatively
in G, but the semiclassical description applied here should
nevertheless describe the most salient, emergent features
available to an observer with bounded resources. It is
anticipated that the nonperturbative description of a
black hole in quantum gravity may, as viewed from the
“exterior,” even more closely mirror the properties of a
material body—albeit one with possibly extraordinary
material properties [15]. In that case, the “degrees of
freedom” of the black hole are expected to become
identified with material degrees of freedom. The analogous
“material description” for, e.g., a Rindler horizon or de
Sitter horizon at finite Gy, however, would seem to be even
more difficult to construct.

III. IR-COMPLETE HORIZON ALGEBRAS

While the previous section focused primarily on the
operational interpretation of distinguishability measures
and the exact trade-off between information and
decoherence, this section and the following are concerned
with the practical computation of distinguishability mea-
sures of the horizon radiation. For concreteness, we will
restrict attention to the gedanken experiment considered in
Sec. I, in which Alice creates a superposition of coherent
states on the horizon.

In the phenomenon of decoherence due to horizons, it is
the accumulation of soft radiation on the black hole horizon
that is responsible for the loss of coherence of external
quantum matter [12,31]. Indeed, in the limit in which Alice
never recombines her superposition, the radiation field does
not decay at asymptotically late times. Consequently, an
infrared-divergent number of soft gravitons or photons fall
through on the horizon, resulting in complete decoherence.

This infrared divergence is symptomatic of the fact that a
proper treatment of soft quanta requires an enlargement of
the theory on the horizon. In our gedanken experiment,
however, Alice recombines her superposition at a finite
time, and only a finite expected number of soft quanta are
produced. Remarkably, the proper treatment of soft quanta
will prove useful even in finite time computations that
would otherwise be difficult, for reasons we will now
explain.

In this section, for simplicity, we will work with the
electromagnetic field on the horizon rather than the
graviton field. Directly analogous considerations can be
used to quantize the graviton field on the horizon, such as is
done in [51]. We begin this section by giving a brief
summary of the arguments we will use, to give an intuitive
understanding of the methods to follow.

On the horizon, the distinguishability to the past of a cut
% is a property of the corresponding algebra 2. to the past
of that cut. As we will explain, we can get a simple
description of the decoherence—as well as any other
distinguishability measure that we consider—if the oper-
ator U(A) that generates Alice’s radiation is an element of
.. This has been dubbed the easy case by Casini et al
[52], and such a radiation field is depicted in Fig. 2(a)
However, at finite times during Alice’s experiment, U(A) is
not an element of 2. or its commutant, because the
radiation “straddles” the cut ¥ and the operator cannot
be split into separate operators in the respective algebras.

a
ALV, xP) @ Easy
— U,
B
v (b)  Hard awan (€)  Easy
< f_\>v —>V
14 I1.A

% \ILLA,
>

FIG. 2. A spatial component A, tangent to the horizon, of the
electromagnetic potential is plotted as a function of affine time V
parametrizing a horizon generator at angle x®. (a) A field
configuration in the “easy case” of Casini et al. (b) A field
configuration in the “hard case.” (c) The result of applying a V-
independent shift to (b), resulting in a field configuration in the
easy case. In particular, the final field configuration can be written
as a linear combination of two field configurations: one IT.A
supported only to the past of the horizon cut ¢, and another IT.A
supported only to the future. However, neither of the field
configurations IT.A and IT.A decay asymptotically in time—they
exhibit electromagnetic memory [53], and thus do not lie in the
standard Hilbert space of scattering theory due to their soft
radiation content.
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Casini et al. dub this the hard case, which is depicted in
Fig. 2(b).

However, the radiation field on the horizon can be shifted
by a smooth V-independent one-form, whose exact part is a
familiar large-gauge transformation [28,54]

AB —)AB+hB(xA). (35)

Using this shift, the radiation field A, can be made to
vanish at the cut %. In this way we will be able to factorize
the operator generating Alice’s radiation

U(4) = UMLAYUILAU(A])e 2, (36)

where II,A and TILA are radiation fields with
support entirely to the past and future of %, respectively,
U(A|,) implements the corresponding shift. Here A
is a c-number corresponding to the “memory” of A, the
definition of which will be given shortly in Sec. III A.
While this formally factorizes the operator, the radiation
fields TI,A and IILA do not decay at asymptotically
early and late times and contain an infinite number of
radiative quanta. The corresponding operators are not
elements of the standard von Neumann algebra of observ-
ables [52].

The purpose of this section is to enlarge the algebra to
include such radiation fields and thereby achieve the
factorization. This will result in a simple description of
the distinguishability measures of Alice’s radiation, which
will be considered in Sec. IV.

A. Ordinary null quantization on the horizon

The algebra of local, gauge-invariant electromagnetic
field observables in the bulk consists of the four-potential
A,(x) smeared with divergence-free test functions j*(x)
whose support decays to zero asymptotically on the
spacetime manifold M,

A(j) = / ey ZgA L () (). (37)

M

Such observables can be rewritten in terms of observables
intrinsic to the horizon 7" by using the symplectic
structure of the classical theory.

Let ¢y 3(V,x*) and ¢, 5(V,x*) be two classical four-
potential solutions of the source-free Maxwell equations,
restricted to the horizon. Working in a Coulomb-like gauge
where Ay = 0, the symplectic form for the free, radiative
degrees of freedom of Maxwell theory on J#" is

Vo) =2 [ vy (V.aou (v,

H
(38)

Classically, this symplectic structure is associated with a
Poisson algebra of electric field observables E(¢) :=
# (A, $) on the horizon,'' smeared with horizon-restricted

four-potential test functions ¢p. Here, Ep = —dyAp. The
classical Poisson relations are defined by
{E(¢1). E($2)} = W (1. h2)1. (39)

The bulk, quantum observables A(j) can likewise be
expressed in terms of an algebra on the horizon by the
relation

A(J) =V (E].A), (40)

where &, is the advanced-minus-retarded Green’s function
and

(Ealx) = / By )P O) (41

M

is the solution corresponding to the source j¢. We use the
symplectic form to rewrite the field algebra on the horizon
purely in terms of the electric field Ez = —dyAg. To do
this, we define the electric field observables,

E®) =2 [ @RdvEW S, @)

which are related to the local algebra of the exterior via
A(j) =W (€j.A) = —E(E]). (43)

Given two solutions of the four-potential on the horizon
(s1)4 and (s,), that fall off to zero asymptotically in V' (and
therefore do not describe field configurations with
memory), the commutation relations follow from the
symplectic form and are

[E(s)),E(sy)] = 2i/ deAst[lB(V,xA)avsg](V,xA)l.

WJr
(44)

This defines the ordinary algebra of field observables on the
horizon.

We will quantize with respect to the Poincaré invariant
vacuum. In the case of a general Killing horizon a nearly
identical procedure goes through for the Killing-symmetry
invariant state [55]. The Poincaré-invariant state wgq is a
Gaussian state, fully determined by its vanishing one-point
function and its two-point function,

"When s decays asymptotically on the horizon, E(s) is
nothing more than twice the electric field smeared on the horizon
with the test function sz. For a nondecaying test function ¢y this
is no longer true, but we retain the E(¢) notation for simplicity.
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wo(E(s1)"E(s2))
U v avyaee SsVe )sg(VZ’xA). (45)
T )t (Vl Vz - 10*)

By specifying the quasifree state wq via the two-point
function (45), we can also obtain a x-representation of the
horizon field algebra through the Gelfand—Naimark—Segal
(GNS) construction.'” Let &/ denote the %-algebra gen-
erated by the smeared electric-field operators E(s) with
sz(V,x*) smooth and decaying as V — +co, with com-
mutator (44). Let B(F ) be the set of bounded operators on
Fo- Then there exists a cyclic vector |Q) and a representa-
tion 7q: o/ — B(F,) such that

wq(a) = (Qlra(a)|Q) (40)

for all @ €.o/. F, is nothing more than the usual bosonic
Fock space over the associated one-particle Hilbert
space H;:

Fo=C® D H, (47)

Here H,, is the n-fold symmetrized tensor product of the
one-particle Hilbert space H;. The subscript “0” in F|
denotes the fact that all states in F, must decay at early and
late affine times [56]. As mentioned in the Introduction, the
relevant infrared property is captured by the ‘“horizon
memory”13 of ¢p,

(Ap)a(e) = lim gu(V.x4)= lim ,(V.x) 20, (48)

and the decay of states simply is the statement that all states
in F, have A, = 0. The fact that the standard Fock space
comprises only zero-memory configurations can be seen by
considering the Fourier transform of the inner product (45).
This yields

wo(E(s)*E(s,)) / dzxA/ —wslB o, x")58 (w,x1),
RZ

(49)

where §, is the Fourier transform with respect to affine time

“In Sec. II we used </ with roman numeral subscripts to
denote regions of the spacetime accessible to Alice. From here
onward we repurpose &7 (possibly with some decorations) to
denote a x-algebra and hope the reader will forgive this reuse of
notation.

13By Maxwell’s equations, the exact part of the memory
A, (x*) can be related to the difference in “large-gauge charges”
associated to the radial component E, of the electric field between
early and late times (see., e.g., [54,57]). The charges generate the
exact shifts hy = DpA. These large-gauge charges can be defined
on any Killing horizon [58] as well as at null infinity [59].

and 5, denotes complex conjugation. From (49) it follows
that any one-particle state with memory has infinite norm in
the standard Fock space. Indeed, the low frequency
behavior of any solution with memory contains a soft pole,

Pp(w.x") = (@ —0). (50)
The corresponding norm of the vector E(s)|Q) = |s) for
any s, with memory logarithmically diverges at low
frequencies. Thus, |s) is not a vector in H;. Similarly,
the Weyl operator

W(s) == e7EG) (51)
satisfying
W(s))W(sy)" = W(sy = sp)e” 2/ (52)

is a well-defined operator on F if and only if s has zero
memory. We can construct a von Neumann algebra of the
bounded operator W(s) on F by taking the weak closure
of such operators with respect to F,. We denote the
corresponding “zero memory” von Neumann algebra as 2.

B. Infrared extension of the Weyl algebra

As we have argued, the key insight required to solve the
hard case of Fig. 2 is that, in a gauge theory14 such as QED
or general relativity, a coherent state that fails to factorize
across the cut is related to one that does factorize by a V-
independent shift, whose exact part is a large-gauge trans-
formation, as shown in Fig. 2. To realize this, we will
include the corresponding memory observables and
memory-changing Weyl elements into the horizon algebra.

We seek to extend the algebra of the previous subsection
to include objects charged under the memory observables.
We face a technical difficulty in doing this, however,
because a simple argument reveals that it is impossible
to represent these operators on the ordinary Fock space.
The argument is as follows.

The classical memory of a field configuration ¢5 can be
obtained by computing its Poisson bracket with so-called
“memory observables,” which are in fact already present in
our classical Poisson algebra: it consists of nothing more
than the special case of electric field observables smeared
with a V-independent one-form /5 (x*). As an observable
on phase space,

A(R) = —#(A,h)/2, (53)

and its Poisson relations are

"“Similar considerations apply to scalar fields where the
relevant transformation is not an asymptotic symmetry but is
still a well-defined map on initial data.
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(E@. AW} =5 [ aVh(:)0,4 (V)

- %A(/J,(h)ﬂ. (54)

Similar to Eq. (48), Ay(h) denotes the value, now
smeared with hp, of the memory of a classical solution
¢ - Note that E(¢) is a good classical observable even if ¢
does not decay to zero as V — Foo on the horizon, because
even in that case it has well-defined Poisson brackets with
any other observable.

However, in the quantum theory, the ordinary field
algebra, whose construction we reviewed in Sec. I A,
excludes any test function that fails to decay to zero as
V — =£oo0. Therefore, the corresponding quantum horizon
memory observable A(h) is defined by

[E(s), A(h)] = i{E(s). A(h)}1 = %As(h)l =0 (55)

as well as the relation that Az commutes with itself. Thus, if
we extend the ordinary field algebra to </, which, in
addition to E(s) also includes memory observables A(h)
for all hp, then these memory observables are central
elements of .o7 .

For concreteness, we will refer to GNS Hilbert space F|,
of the ordinary field algebra above the Poincaré-invariant
vacuum as “the ordinary Fock space,” though the same
arguments can be applied to the Hilbert space of the Hartle-
Hawking or Unruh vacua of a black hole, or the Bunch-
Davies vacuum of de Sitter spacetime, or any other state
defined by invariance under the symmetries of a particular
Killing horizon. The GNS representation of the field
algebra above the Poincaré vacuum is irreducible, so we
learn that A(h) is represented as a multiple of the identity
operator in any irreducible representation. In particular, on
Fo, the memory operator is simply the zero operator—i.e.,
Az =0 on F; [25,56]. One can straightforwardly obtain
memory Fock representations F, where all states have
memory Ap (see, e.g., [25,56] for details on this con-
struction). In other words, on these representations A (h) =
A(h)1 on F,. However, in any definite memory repre-
sentation, the Fock space 5 cannot carry a representation
of an operator “charged” under the memory observables.
Such operators cannot commute with the memory and
therefore cannot be represented on any definite-memory
Fock space.

This might seem to be an insurmountable obstacle to our
desired factorization (36), because the unitaries involved
correspond to radiation fields with memory, and are there-
fore memory-changing. Such operators do not preserve the
zero memory character of the standard Fock space.
Nevertheless, we seek a representation in which the
Poincaré-invariant vacuum state exists as a proper state;
we seek to extend the vacuum onto this broader class of

operators. In fact, several authors have confronted this
difficulty, and a variety of different methods have been
considered to accommodate a description of electromag-
netic (or gravitational) memory in Hilbert spaces. For
example, a direct sum over memories might be considered
[25,60]. If it is desirable that an infinitesimal generator of
the unitary group relating memory sectors be represented as
an observable, and if the existence of a Poincaré-invariant
vacuum state were not required, then even a direct integral
over memories might be appropriate [26,27]. Related
challenges have arisen in other contexts where unitarily
inequivalent sectors of a theory coexist, such as have been
addressed by other means in the context of 1 + 1-dimen-
sional conformal field theory by Hollands and Longo [61].
In this work we take an algebraic approach, in which we
include precisely the algebra elements needed to answer the
physical question at hand, and then see what Hilbert space
representation naturally emerges. In Appendix E we
elaborate on the different Hilbert space representations
one might possibly consider.

Important to us, we are only concerned with Weyl
unitaries that change the memory. We now show that the
inclusion of these memory-changing coherent operators
(i.e., those that produce a coherent state when acting on the
vacuum) proceeds without issue.

To include memory-changing operators, we need to
include operators which do not commute with the memory.
Furthermore, on this enlarged algebra, we require that the
vacuum be a well-defined state. Equation (54) suggests that
we might try quantizing the classical observable E(¢)
where ¢ has nonzero memory. Such observables
do not classically commute with memory and would be
a good candidate for our desired observables in the
quantum theory. However, such observables are not
well-defined operators on the vacuum. Indeed, by (49),
the state “E(¢)|Q)” would have infinite norm."” While
such operators may be of interest in other circumstances
[26,27,51,62], this is not a candidate observable to address
these issues that we are concerned with.

However, the Weyl algebra W (s) given by (51) and (52)
can be straightforwardly extended to include solutions with
memory and, as we explain in the following section, these
operators are well-defined on the vacuum. More precisely,
we extend the Weyl algebra to include test functions
¢p(V,x*) such that dy¢p(V,x*) vanishes at asymptoti-
cally late and early affine times, but whose value in fact

One might object that “E(¢).” corresponding to an un-
bounded operator, need only be defined on a dense domain, and
that perhaps this domain does not include the vacuum when ¢ has
memory. In the full algebra, however, the memory-changing
unitaries do not form a continuous group in the GNS norm—a
fact that we will revisit when constructing unitaries charged under
the memory. This failure of continuity rules out the possibility of
any such infinitesimal generator if a proper Poincaré-invariant
vacuum state is to be retained.
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approaches some nontrivial function on the horizon; i.e.,
limy_ o ¢5(V,x*) is a nonzero function of x* along the
asymptotic horizon cross section. The commutation rela-
tions follow immediately from the ordinary Weyl relations,
so that

U()U(dr)* = Uy — py)e” h1420/2. (56)

Before we can obtain the Tomita operator it is useful to
further extend the algebra to accommodate the decom-
position of classical solutions into ‘“components” that
factorize across the cut %. This will allow us to factorize
coherent operators that do not factorize across a given cut
% of the horizon in the original, ordinary Weyl algebra.

Now we will make use of the projectors IT. and II.
introduced earlier in the section, beginning with their
proper definition. Given a smooth function fz(V,x?)
(valued in vectors on the horizon cross section), we now
define a projector (i.e., an idempotent map on test func-
tions) I1,. that shifts the function so that it evaluates to zero
at V. and forces the function to zero thereafter. We also
define a “complementary” projector II. whose action is
reflected about the cut,

.fp(V.x"):=0(V-V,)fp(V.x")
+O(V.=V)fs(V.x) = f5(Ve.xH),

Hf:fB(V’XA%:@(V -V)fs(V. XA)

4) -

+O(V =V f5(Vrt) = f5(Verh),  (57)
where O is the Heaviside step.

These projectors are chosen so as to set the function to
zero at the cut and to the future (or past), respectively, as
required to achieve the factorization of Eq. (36) and Fig. 2.
It should be noted that even if fz is smooth, then the
projection Il.fp is in general not smooth. One might be
concerned that this would obstruct the desired extension to
the Weyl algebra (56), which depends on the symplectic
product between the solutions. The singularity of the
projected functions does not spoil the classical Poisson
algebra, however, because I1.¢5 and IT.¢p are both once-
differentiable (in the Sobolev sense)

dy (L f5(V)) =
dy(ef5(V)) =

Ovfp(V))O(V, = V),
(v fp(V)O(V = V.), (58)

due to the fact that all intermediate J-functions cancel
identically. This has the result of guaranteeing that the
symplectic product of any two projected functions
W (. .fp,.g5) is well-defined, as is the symplectic
product of a projected function with a smooth one.

With these tools in hand, a straightforward application of
the extended Weyl relations of Eq. (56) gives an identity
that realizes, at the level of the algebra, the factorization

property we sought in Eq. (36). This identity is the key
technical advance of this section, and constitutes the
mathematical realization of the observation illustrated
in Fig. 2.

Letting (¢, )(V,x%) := ¢pp(V., x*) we obtain a factori-
zation identity for general coherent algebra elements

U(¢) = U(T.¢)U(IT;

Note that A,(¢.) = # (¢..$) where we trivially extend
(A,)p to act on functions on 7" that are constant in V.
As promised at the start of this section, we have in
Eq. (59) rewritten a unitary16 that does not, strictly
speaking, factorize across the cut in terms of a product
of unitaries belonging to the Weyl algebras on either side
of the cut, at the expense of an additional unitary
corresponding to a V-independent shift (generated by
the memory Ag). In doing so we have, in effect, trans-
formed the hard case of Casini et al. into the easy case as
illustrated in Sec. III.
We also note that

¢)ei2A(¢f)e_iA¢(¢e)/2. (59)

U(ILf), U(IL.g)] = 0 (60)
for any test functions f and g, justifying our claim that they
belong to the commuting algebras on either side of the cut
%, respectively.

In addition to the ordinary x-algebra of fields E(s)
smeared into smooth, asymptotically decaying functions,
and the memory observable, the global horizon algebra
includes all U(¢) for ¢p in the extended class of test
functions. In addition to smooth test functions ¢p with
asymptotically-decaying first V-derivatives this includes all
projections I1.¢p or I.¢g, for each cut of the horizon ¢
and its associated projectors II, and IT..

C. Vacuum state and Hilbert space

An abstract algebra is of little use without a physical state
within which to compute expectation values and moments
of probability distributions for the observables of that
algebra. To make use of our algebra, and to achieve a
Hilbert space representation of it via the GNS construction,
we extend the Killing-symmetry invariant state of [63]. In
the present context of a Rindler horizon, as well as at null
infinity, this constitutes the Poincaré-invariant vacuum
state.

On the original Weyl algebra,

wa(Wlst) W(sy)) = edlnslf e /2 (61)

"“Note that this is nor a unitary operator on the ordinary Fock
space. Here we use the word “unitary” to refer to either a unitary
element of a x-algebra, or its representative as a unitary operator
in a GNS representation of that algebra.
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Here, the norm is the Klein-Gordon-like norm on the
positive frequency part of the test function

[Is[]? = wa (E(s)?). (62)
The vacuum state on the extended Weyl algebra is

CUQ(U(¢1)*U(¢2))

e%Ad’l (¢1=¢2) av(¢2.3 - ¢I.B) =0
= o Hbi=halP i@ (1.42) Ay = Ay, (63)
0 A¢l # A¢2’

where in the first case, the condition dy (¢ 3 — ¢ ) =0
implies that ¢; 5 and ¢, p differ by a V-independent shift.
This state extends onto the memory observable A (/) by the
relation

[U(#), A(h)] = U()Ay(h)/2 (64)

and the fact that wq is an eigenstate of A(h) with
eigenvalue zero. This implies that because A(h) is no
longer required to vanish, A(k) is no longer central in the
algebra.

In fact, the Weyl element corresponding to the memory
observable was already implicit in the extended Weyl algebra.
To see this, consider any two solutions (f})z(V,x*) and
(f2)5(V. ) such that 9y ((f1)s — (f2)) = O, in which
case hp = (f|)z — (f2)p only depends on the spatial cross
sections of the horizon, and A; = A . Then we find that

U(FU(f2)" = e 0020250 (65)

so the (exponentiated) memory observable A (%) was, in fact,
already present in the extended operator algebra.

At this point one may ask whether the same strategy might
be employed to extend the electric field algebra itself “E(¢)”
to include classical solutions ¢ with memory. Indeed, there is
no obstruction defining an abstract algebra corresponding to
the classical field algebra with memory, in correspondence
with the Poisson relations of Eq. (39), to obtain an
abstract field algebra that includes test functions ¢ that do
not decay asymptotically on the horizon. However, the
vacuum state wqo does not extend onto this algebra. This
can be seen from the fact that Eq. (45) suffers from an infrared
divergence when s,  and s, p are both replaced by the same
function ¢p with memory, ie., a function such that
limy_ o ¢p(V,x) # limy__o, ¢pp(V,x*). Thus, although
the vacuum wgq has a natural extension to the Weyl algebra
given in Eq. (63), it does not extend onto an enlarged field
algebra “E(¢)” of classical solutions with memory. Therefore,
along with the extended Weyl algebra via Eq. (63), the
resulting GNS Hilbert space will carry a representation of
the ordinary, zero-memory field algebra via Eq. (45).

Let H be the GNS Hilbert space of the fully extended
Horizon algebra <7 with respect to wg where the one-
particle inner product is given by

(s152) = wa(E(s1)"E(s2)) (66)

for any s; and s, that decay asymptotically, and the inner
product on coherent states is

(U(¢1)QU(¢2)Q) = wq(U(g,) ' U(g,)).  (67)

Note that A(h) is no longer central in the algebra of
observables, so it is no longer represented by a multiple of
the identity. Regarding those elements that do commute
with the memory, as elements of the von Neumann algebra
2 of bounded operators on H one has, for asymptotically
decaying test functions s,

e B0 = W(s) = U(s). (68)

No such relation holds, however, for the elements of the
Weyl algebra of operators U(¢) when ¢ 5 has memory. This
is because, for any ¢p with memory, the one-parameter
unitary group 7+ U(t¢) is neither strongly nor weakly
continuous in the GNS representation, as can be seen from
Eq. (63). This is consistent with the fact that the algebra of
observables does not contain a quantum analog of the
classical observable E(¢) for ¢pp with memory, which, if
included in the algebra, would constitute the generator of
that unitary group. This topological obstruction can be
understood as the reason why the ordinary Fock space of
scattering theory fails to incorporate physical states with
memory.

The fact that the formal “exponential of a field observ-
able with memory” should be better behaved than the field
observable itself has been anticipated in the literature [64].
The question of the existence of the infinitesimal
generator of such unitaries is intimately tied to the existence
(or lack thereof) of a Poincaré-invariant vacuum state for
the resulting algebra. In our context, a Poincaré-invariant
vacuum is physically reasonable, and indeed the
GNS constructions of Secs. III A and III C guarantee the
existence of this vacuum by construction. Other physical
contexts, however, may favor other representations
[26,27,51,62].

In fact, the GNS Hilbert space we obtain in Sec. III C is
the direct sum Hilbert space over memory representations
[26,65], and its properties are detailed in Appendix E."” The
cautious reader may be concerned that this Hilbert space is
not separable, and it is sometimes argued that nonseparable

"While there exist uncountably infinite memory “sectors”
labeled by memory, unlike in superselection theory, one cannot
restrict to any chosen sector because there exist physical memory-
changing operators. This is discussed further in Sec. VA.
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Hilbert spaces are not useful. However, as we have
already seen, this Hilbert space is the GNS representation
of a physically relevant algebra. Furthermore, it will prove
very useful insofar as it provides a setting for Tomita-
Takesaki theory, which remains well-defined regardless of
separability [66].

IV. TOMITA-TAKESAKI THEORY FOR GENERAL
COHERENT STATES AND SOFT MODES

A. Standard Tomita-Takesaki theory

We first review standard Tomita-Takesaki theory of the
free, radiative fields on the horizon. We recall that the
standard von Neumann algebra %A, consists of the (weak
closure of) the Weyl operators W(s) on the zero memory
Fock space F |, where the operators have support to the past
of a cut . On A, the vacuum state |Q) is a cyclic and
separating state."® Given two cyclic and separating states
|¥), |@) €.Z, one can (densely) define a relative Tomita

operator S‘q,‘q, which satisfies
Sy_od|¥) = a'|®). (69)

Given the relative Tomita operator, one can define a
“relative modular operator” Ay_,¢ as

A\]l_,q) - STP_)@S\]I_,@. (70)

The modular operator is defined as the case where both
entries of the relative modular operator refer to the same
state—i.e., for |¥) the modular operator is Ay = Ay_y.
This operator generates a strongly continuous, one-param-
eter group of automorphisms of any von Neumann
algebra A

a(t) = Aj'aAeq Vv aeAreR,  (71)

where a(t) is the one-parameter family of algebra elements
which constitute the “modular flow” of a. The modular
operator satisfies the direct analog of the Kubo—Martin—
Schwinger (KMS) conditions now with respect to modular
flow:

Agl¥) =¥).  (Pa()bl¥) = (Plba(r+i)¥) (72)

for any a,be®. The right-hand side is well-defined
because the correlation function (W|b a(r)|W) is analytic
on the strip 0 < J¢ < 1 and is bounded and continuous

on the boundary of the strip. As we will review in
the following subsections, the modular operator plays a

We say |Q) is cyclic for 2 if a dense subset of vectors in
are produced by acting all elements of 2 on |2). We say |Q) is
separating for A if a]Q) = 0 implies @ = 0 for all a € 2.

significant role in the definition of many quantum-infor-
mation-theoretic quantities. However, an explicit construc-
tion of the modular operator for a general state is rarely
available in practice.

A notable exception is the vacuum state |Q) where on the
algebra 2, the corresponding operator Agﬂ yields a boost
about V. with rapidity & = 2z¢. We will henceforth refer to
t as the “boost parameter.” The action of such a boost about
V. on the horizon is

APV, xA) = (Vo + e 7(V =V,),xY).  (73)

The action of the vacuum modular operator on the one-
particle Hilbert space is determined by its action on the
corresponding classical solutions. The classical field
E,(V,xB) = —dyA,(V,xB) transforms under the (pullback

AS of a) boost as
AS[EL(V,xB)] = 6B, (V. + e5(V = V,).xB).  (74)

Another case in which the modular operator is known
exactly is due to Casini et al. [52] and Longo [67], in the
easy case of Sec. III. In that case, the relative modular
operator between two coherent states that factorize across
the cut as

W) =W(sy)W(sy)|Q), |®)=W(se)W(sp)lQ) (75)

is given to be
Ayoo = W(sy)W(s0)AoW(se) W(s)".  (76)

In the hard case, however, no such formula has appeared in
the literature, nor has such a formula been derived in the
presence of field configurations with memory. In what
follows, we provide a formula for the relative Tomita
operator between general coherent states.

B. Relative Tomita operator for general coherent states

From here on we will work within the GNS representa-
tion of the full algebra19 defined in Secs. III A and III B.
This horizon algebra includes the ordinary zero-memory
field algebra E(s) and the corresponding Weyl algebra
W(s), as well as the Weyl elements U(¢) corresponding to
coherent radiation with memory, and the memory observ-
able itself A(h). Using this algebra, we will provide the
relative Tomita operator for the algebra to the past of the cut
2. The full GNS Hilbert space of 2 has several possibly
unfamiliar properties relative to the standard Tomita-
Takesaki theory we just presented. First, the Hilbert space
‘H is nonseparable (i.e., it does not admit a countable basis).

"The construction also applies to free massive and massless
scalar fields, even though the large-gauge interpretation does not

apply.
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This is no obstruction, however, to the formulation of
Tomita-Takesaki theory [66].

To apply the Tomita-Takesaki theory, all that is typically
required is the existence of a cyclic and separating state, the
definitions of which are given in footnote 18. The algebra
2, to the past of the cut will include the standard Weyl
algebra W(s) as well as elements of the extended U(¢) that
are supported strictly to the past of the cut. Notably, this
does not include exp(iA(h)). With the inclusion of the
enlarged Weyl algebra including operators with memory
U(¢), it is straightforward to show that Q is again cychc
and separating on the algebra 2, to the past of the cut.”
Since the state (63) is boost- KMS the modular operator for
|

S‘I’—ﬂl)

where S, is the Tomita operator for the vacuum. Here A, (h) :=

= A UG UP®) U (M) U P?) e 2,

the Poincaré-invariant vacuum is unchanged from its
definition on the Poincaré-invariant vacuum of the standard
Fock space. Thus, despite the unusual setting, we are
equipped with the necessary tools to proceed with the
Tomita-Takesaki theory.

We now construct the relative Tomita operator
for two general coherent states |¥) = U(¢")|Q) and
|®) = U(¢®)|Q), where we do not assume that ¢} and
#% vanish at the cut, or decay asymptotically. Then,
restricting these states to the past of ¢, we will show that
the relative Tomita operator of the state W|. relative
to @, is

(77)

de AhB(A(/)

To Justlfy this, let us verify that Sy_ ¢ satisfies the defining property of the relative Tomita operator: Sy_ ¢ |¥) = af|D)
for any a € 2. (including the infrared sector) to the past of the horizon cut %. For any element a of 2., we have

Sy_od|¥) = e 2@ 2y,

$")U(ILp®)30U(11,4”)
= ¢ B WD 2Y (LY U(IT.p®) SoU(T.4%) U

TU(TLLY) e )25  w)

U(TLgY) ™ 200 (g% @), (78)

Next we apply the observation of Sec. III that the easy case differs from the hard case (the case at hand) by a V-independent
shift, as illustrated in Fig. 2. We factor the final unitary using the resulting factorization identity (59),

= e A POLRY (N4 U(ITG®)8aU (I1g°) U(ILHY) e #)2

Then because Q belongs to the null space of A,

= 2 PORY(I MU H®)SU(TL4°) U(TH")

Using the fact that coherent operators projected onto opposite sides of the cut commute (60),

_ e_l'Ad)q,((/)g’)/ZU(chs‘P) (H/¢¢)S U(H 45@)

and the defining property of So gives

_ _iA¢“’("J’?)/2U(H ¢‘P) (IT.$®)U(I1, ¢l{1)+&1
= e PIRY(I14)a U (1,4°) Q).

U(1.9%)|Q)
(82)

We again use the fact that  is in the null space of A to write

_ e_iA'/’m(¢?)/2U(H/C¢‘D>2l+U(HC¢¢)ei2A(¢?)

). (83)

*Acting with U(¢p)W(s) €2, with s ranging densely over
the zero-memory one-particle space and Ap over all memory
profiles, produces a dense set in every F, and hence in H.
The analogous future algebra is cyclic on Q, hence Q is
separating for 2.

U(ILg*)U (" )22 #5210 - (79)
U(M¢")U(IT")|). (80)
U(M.¢")|%), (81)

|

Finally, we apply the fact that U(IT.¢®) is in the
commutant of 2, and again use the factorization identity
(59) to obtain

(84)

thereby satisfying the defining property of the relative
Tomita operator. Thus, we see that Eq. (77) does, indeed,
specify the relative Tomita operator.

With this, we can compute various quantum information
theoretic quantities, such as the Holevo fidelity and relative
entropy between general coherent states, in both the “easy”
and “hard” cases of Casini ef al., and also for coherent
states of soft radiation.
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The so-called relative modular operator is the modulus of
the relative Tomita operator &p_@ = S‘TI,_,(DS'W_@, and it is
useful in the computation of many information-theoretic
quantities. In our case it evaluates to
Ay_o = U(Tg" + 1% AU (ILgp® +TIg")".  (85)
In the case that @ is the vacuum Q. and ¥ has the
vanishing one-point function at ¢, the projection (includ-
ing the V-independent shift) implemented by II,. acts
trivially, and we recover Casini et al’s expression for
the relative modular operator in the easy case. We are,
however, interested in the fully general case.

Formerly, in the hard case of Casini et al., the lack of a
general formulation of the corresponding Tomita-Takesaki
theory meant that each new quantum-information theoretic
quantity of interest required a new method of computation.
Thus, each quantity of interest (e.g., Rényi entropies, etc.)
would need to be treated on a case-by-case basis. Now,
having suitably extended the algebra and the framework of
Tomita-Takesaki theory, a variety of information-theoretic
applications can be developed with relative ease. We first
return to the Holevo fidelity, which was the original
motivation for our foray into Tomita-Takesaki theory,
in Sec. II.

With the relative modular operator in hand, we can
explicitly evaluate the distinguishability of the states on
Bob’s side of the horizon sourced by Alice’s superposition.
We will express this in terms of the Holevo fidelity, the
Uhlmann fidelity, the relative entropy, and the Rényi
entropies.

C. The Holevo fidelity between coherent states
The (square root of the) Holevo fidelity between
two coherent states ¥ and © restricted to the past of V.
is given by
(P1Ay20|¥). (86)

Vin(¥.®) =

where the square root of the relative modular operator is
AyZe = UTg" + T1.¢°)A*U(,0° + L") (87)

We will ultimately be interested in the case where ® = Q,
so we restrict our attention to that case for simplicity. The
calculation follows by exact analogy for a general coherent
state @.

Because the expectation value (W|A”|¥) has an analytic

continuation to strip —1 < J¢ < 0, the conjugation by A;{ 2
corresponds to a boost with the boost parameter analyti-
cally continued to &/(27) =t = —i/2, which gives the
element Agy(V,x4) = (2V. = V,x*) of the Lorentz group.

The fidelity is symmetric in its arguments, so for
convenience we calculate

V(@) = (UIL¢"Y) A U(M,¢"))q
= (U(T.¢")"A ”2 U(ILp")A5 g
= (U(T¢%) <—A§THC¢‘P>>9, (88)

where ART is the action of A_;, = Agy and reflects a test
function 44 on the horizon about V,:

ARTRA(V xB) = BA(2V, =V, xB). (89)

In the second line of Eq. (88) we have used the fact that Q is
an eigenstate of Ag with eigenvalue 1.

Thus, we obtain a simple expression for the fidelity
between two coherent states restricted to the past of
acut G,

\/E(T, Q) =¢e —3|[1. ¥ +ARTTI, 4,‘PH2 (90)

As promised, this formula applies regardless of whether the
function ¢ is supported at V. or not. That is, this
gives the Holevo fidelity in both the hard and easy cases
of Casini et al., and therefore determines the distinguish-
ability of interior states even at intermediate times,
while Alice’s superposition is held open as discussed
in Sec. IL.

We previously analyzed an intimately related question
[24], in which we determined the optimal protocol for Alice
to follow so that she minimizes the decoherence she finds in
the exterior of a black hole. There, it was shown that to
minimize her decoherence, Alice should not merely close
her superposition, but also subsequently reopen it and
reclose it according to a specific pattern. By doing this she,
in effect, produces a radiation field on the horizon that more
closely resembles a vacuum fluctuation and thus reduces
the probability of Bob achieving certainty about the state of
her superposition. In that paper, it was shown that a
reasonably good procedure (though not the optimal one)
would be for the reopening and reclosing process to
proceed as the CRT conjugate of her original process,
giving rise to what was there referred to as the “CRT
purification” on the horizon.

The operation CRT on the Hilbert space of a quantum
field theory corresponds to the element Agy of the Lorentz
group about %’. The squared magnitude of the inner product
of the CRT purification with the vacuum is precisely the
Holevo fidelity, which we have computed here by much
simpler means. As shown in Appendix B the Holevo
fidelity approximates the Uhlmann fidelity by

1=V Tulp.0) < V1= fulp,o) < /1

which bounds Bob’s probability of success by Eq. (7) and
corresponds to the optimal purification of [24], and will be
the focus of the next section (Sec. IV D).

fH pP,0 v (91)
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It is instructive to consider the special case that the
coherent state W corresponds to a classical solution sz that
decays asymptotically (zero memory) and also vanishes at
the cut. As was shown in [68] it is possible to decompose
the exponent of Eq. (90) as

1
-3 |[M.s + ARTTL,s||?

1 1
= — S IMesl P = SIARTTLs[ P = St (E(TL,s), E(AFTILs))

- —||HL,S||2 - fﬁa)(E(HCS),E(AfTHCS)). (92)

The first term counts the number of particles in the
coherent state corresponding to sz(V,x*) while the final
term is the symmetric part of the two-point function,
namely [55],

Ro(E(T,.s), E(ART.s))
-1
"7 S
s (Vy, x8) AR T s (V, xP)
(Vi =Vy)?

dVl dedsz

x P.V. { . (93)

where the principal value acts trivially because the test
functions have disjoint support. Following [68], then, in the
easy case the fidelity cleanly splits into two factors for
finite V.,

\/]TH(\HNQ‘C) — o IIes|P? =R (E(I5).E(AfTL,5)) (94)
In the case that the radiation remains zero forever after the
cut, e.g., in the case that Alice has finished her experiment,
the first factor is the fidelity due to the expected number of
particles in the state (N)y = ||s]|*, while the second piece
is caused by the uncertainty in Bob’s ability to measure
these particles, due to vacuum fluctuations. Only the latter
factor depends on V., and its exponent monotonically
decays toward zero as V. increases as can be seen from
evaluating (93) and its first V. derivative.

This implies that as Bob is allowed more time in the
interior, he can better distinguish the configuration of the
interior field from vacuum fluctuations. This is comple-
mentary to the derivation of [24] showing Alice can
minimize her decoherence in the exterior by performing
her experiment so as to “mimic” a vacuum fluctuation
(although the actual improvement in her coherence is
minuscule if her superposition has been open for an
appreciable time).

In the case in which no time constraints are placed on
Bob, then the states on the Rindler horizon would become
pure states, in which case there is guaranteed to be some
measurement available to Bob that will saturate the bound
(7) on his one-shot probability PET"(4) to unambigu-
ously distinguish the state.

The infinite time case corresponds to the fidelity along
the entire horizon,>' which is

VIO (W, Q) = e HP"IE — o=,

where (N)y is the expected number of particles in the
coherent state . As one would expect, we have recovered
the formula of [12-14,31] for the final decoherence
1 —+/fy of Alice in terms of the number of entangling
particles (N)y in the limit that we account for the
distinguishability of all entangling degrees of freedom
on the horizon. The discrepancy between this formula
and the distinguishability of the states according to
Bob at finite times as given in Eq. (94) is notable.
Evidently, even at very large V. and thus very small
Rw(E(I,s), E(ARTL,s)) ~ 0, the uncertainty due to vac-
uum fluctuations poses a significant obstacle to Bob’s
ability to perform discerning measurements of the field in
his region. If, even at very late times, it is possible for Bob
to infer with certainty the full future time evolution on the
horizon (by, for example, learning by some other means
that Alice is finished with her experiment), he gains a
significant amount of additional which-path information.
This is demonstrated by the exponent of the fidelity passing
from (N)y to (N)y/2 in the pure-state case.

(95)

D. The Uhlmann fidelity between general
coherent states

Recall the definition (6) of the Uhlmann fidelity fy(p, o),

fulp.o) = Sgpl<l>|0>ﬂ|2- (96)

As before, the supremum runs over all Hilbert space
representations 7 of the x-algebra such that |p) and |o)
are vectors in the corresponding Hilbert space and are
purifications of the states p and o, respectively. This
supremum over all purifications makes the Uhlmann fidelity
very difficult to compute in general. For practical purposes,
therefore, the Holevo fidelity is often more useful, because
the latter bounds the former from above and below by

- \/f_H(PJ’) < \/l_fU(va) < \/l_fH(/’vG)

as shown in Appendix B.

If one restricts to the space of coherent states, then one
can achieve a better estimate than the Holevo fidelity. In a
related article [24] we, together with J. Kudler-Flam and
R. M. Wald, obtained a formula for the optimal purification
of the states in G. For simplicity we consider the case of a

97)

21Perhaps surprisingly, this expression is not identical
to the V, - oo limit of the finite-time, mixed state fidelity
of Eq. (94). This discrepancy is due to the fact that
liInV(.—N)o HAfTHcSH ;é H liInV{—wo AfTHCSH'
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single coherent state ¥ along with the vacuum Q. Let s be
the classical solution corresponding to W. Restricted to a
subalgebra, Ref. [24] provides an explicit formula for the
optimal purification of ¥ into the space of pure coherent
states. That is to say, it was shown that when the
purification |¥) of ¥ extremizes

‘g;fggl (P]€)] (98)

in the subspace G of coherent states within the Hilbert
space, then the optimal coherent state is

W) max = U(les + RIles +5.)[€Q), (99)

where the optimal recovery R, acting on some solution

fa(V,x4) is

1 [2ve 2V, =V x4 V=V,
R.fg(V,x") ==;/V av' i/—zv — \[v v
(100)

It is natural to expect that maxyyeg|(‘P|Q)| =
sup,[(¥|Q),|, i.e., this is the optimal purification in
absolute terms, not just in the space of coherent states
above the vacuum. In that case the Uhlmann fidelity
becomes

fu(W, Q) = elMestRILs|?, (101)
Even if it should turn out that an alternative recovery
protocol (leveraging purifications outside coherent states)
can be found that achieves a larger overlap between the
states than the coherent-state protocol of [24], this never-
theless dramatically outperforms the CRT purification of
the Holevo fidelity for many states. Therefore, this gives an
improved bound on the ultimate coherence of Alice’s
superposition even if it turns out not to be strictly equal
to the Uhlmann fidelity.

In the case of field configurations without memory that
vanish at the cut, a calculation directly analogous to that of
the preceding section again finds that the distinguishability
according to Bob at late finite times is controlled by
Vfu = exp (—(N)y), whereas in the case that he
can infer the entire future state on the horizon we

have VFy = exp (—4 (W)y).

E. Relative entropy of general coherent states

The calculation of the relative entropy between a
coherent state and the vacuum forms the primary result
of Casini et al. In the easy case in which the coherent state
factorizes across the cut of the initial data surface, their
calculation mirrors ours exactly. In the hard case, however,
their calculation requires much greater effort. In the

following calculation, the two cases are treated at once,
with the hard case being reduced to the level of simple
calculation that could previously be employed in the easy
case. This highlights the usefulness of the extended Tomita-
Takesaki theory for analyzing local quantum information
theoretic questions such as the relative entropy to the past
of a horizon cut €.

Let |Q2) and |¥) be CRT (i.e., “natural cone”) purifica-
tions of the states Q|, and |, related by U(¢)|Q2) = |¥).
Let K¢ and K¢ be the positive and negative frequency parts
of ¢, respectively. Then,

Sq/‘g - _<lP| In A‘P—>Q|lP>
d )
=i (PIU(IT.p) AZU(IT.p)* W) | =g
d )
= i (QU(T.¢)" AGU(T1$)|Q)],—o

.d
= i exp(| L. = AT |/2

+ iV (., " A1) /2)] g
—-1].d

_ P L. — 27 A271T 2
—2 ld[|| c¢ e * c¢||

d
+— W(HL¢’ ezmAzmncqb)
dt =0

(¥ (K1 — e*™ KA>"'T1,.¢h,

-1d
2 dt
KT — e KAL)

+ W (M, e A TL.h)],—o> (102)

where in going from the second line to the third we have
used the fact that U(¢)|Q) = |¥) and the identity of
Eq. (59). Using the chain rule for the symplectic product

d d d

one finds that the contribution from the Klein-Gordon norm
vanishes, giving

ld 2t A 2rt
S‘P\Q = _EEW(HC(:{)’ e AL Hc¢) |t:0

1 d
=37 <HC¢, 2aAZ T+ ez”’EAf”’chﬁ)

=0

1 d
=/ (¢, = A>T,
2W< L¢’dt * C¢>

t=0

—on / AV (Y V) (@) 4 lim (V,~V)

< [ PNV V) = V).
(104)
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At present we are considering a Hilbert space of functions
whose first derivatives decay so that the final term is zero.
This leaves™

Ve
Slplg = 27[/ dVdZXA(Vc - V)(av¢3)2

(Se]

(105)

This is in agreement with the formula of [52], but its
validity is now established even for coherent states corre-
sponding to classical solutions that do not decay at infinity,
such as arise in the presence of memory effects.

As Eq. (105) makes clear, the relative entropy Sy|q is
directly related to the square of the affine derivative of the
potential, (dy¢z)?. The relative entropy would therefore
appear to be much more closely related to the energy of the
potential than it is to any ‘“soft” quantity, such as the
horizon memory Ag.

At the same time, we have seen that fidelity between
states that differ by a substantial number of soft photons or
gravitons can be made arbitrarily small. Such “soft radi-
ation” therefore carries an enormous amount of which-state
information as measured by the fidelity. Evidently the
relative entropy (105) and the fidelity capture different
aspects of the quantum information content of the radiation.

The gedanken experiment of II helps to illustrate the
difference between the two, and in particular, the relative
sensitivities of each quantity to the soft radiation produced
by Alice. To illustrate the point, we consider two scenarios:
(I) Alice opens her superposition, and then holds it open
forever, and (I) Alice recombines her superposition shortly
after opening it. In both scenarios we analyze the relative
entropy and the Uhlmann fidelity of the resulting coherent
state restricted to the past of an arbitrary cut V..

In scenario (I), suppose that Alice opens her super-
position over an affine time interval V& (V,y,V;) by
keeping one branch of the superposition stationary for
all times, and displacing the other branch to a new position
where it is then left stationary. Then the relevant, entangling
radiation content on the horizon will be determined by the
radiation field ¢y sourced by the displaced trajectory,
relative to the vacuum. Because the integrand of
Eq. (105) is only supported when the derivative of the
field is nonzero, the relative entropy becomes

Syio = 27 /V " AV (V. = V)(0vhp)?.  (106)

0

At late cut times V. > V this simplifies further. We write
the time at the cut in terms of Alice’s proper time 7., which
is related to V. by V. = ¢, and obtain

“During the preparation of this manuscript, we became aware
that Stefan Hollands and Akihiro Ishibashi have independently
derived directly parallel expressions, also allowing for the
presence of soft radiation (private communication).

\4
Syjq ~ 2met / LavaxA (ovdp)?. (107)
V

0

From this we learn two things: (i) at late times, the relative
entropy grows exponentially in Alice’s proper time 7., and
(ii) the relative entropy is determined by the hard part of the
field configuration, in terms of its affine time derivative. In
fact, one could replace Alice’s entangling field configura-
tion with a different one, ¢y,4, in which Alice opens and
then immediately closes her superposition, and her protocol
could be chosen such that

Vi Vi
[ ave o) = [ avic o). (103
V,

0 Vo

In that case, the relative entropies would be essentially
identical at late times, despite the fact that ¢y,,4 g contains
no soft radiation whatsoever, because Alice has closed her
superposition. The growth of the relative entropy with time
illustrates that even an arbitrarily small amount of energy
deposited at early times can give rise to a very large relative
entropy as measured at sufficiently late times. More to the
point, however, this example illustrates that there are
situations in which the relative entropy is not directly
sensitive to the soft radiation content of field
configurations.

We contrast this with the Uhlmann fidelity, in the same
setup in which Alice holds her superposition open. At late
times the Uhlmann fidelity

fU(va .Q.) _ e—HHI,-SJrR(;H(;SHQ (109)
decays exponentially [24] in ¢, as
In fy (¥, Q) ~ —kt. (1) (110)

for V. > V. Thus, we see that, while Alice’s superposition
is open, the fidelity decays exponentially, due to the
linearly increasing number of soft photons in the optimal
purification of her superposition [24].

In scenario (I), Alice, instead, closes her superposition
shortly after opening it and sources ¢y,q g on the horizon.
The resulting fidelity would become essentially ¢, inde-
pendent at late times [24]

In fy(¥, Q) ~ const (1) (111)
for V. > V. This can be understood as the result of the
fact that the “optimal recovery protocol” for Alice is, in the
case that she has already closed her superposition long ago,
simply to leave it closed. However, from the discussion
above, the relative entropy is still well-approximated
by (107) in scenario (II).

Thus, we learn that, in this example, although the relative
entropy is not sensitive to the soft radiation content of the
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field ¢, the fidelity is sensitive to its soft photon content
(or, more precisely, the soft photon content of its
optimal purification). This is a reflection of the fact that
the fidelity obtains its operational interpretation in terms of
one-shot unambiguous state discrimination, and that
whether or not Alice holds her superposition open has
an enormous influence on the ease with which Bob may
distinguish the resulting change in the field from a vacuum
fluctuation.”

For general coherent states ¥ and @, the fidelity bounds
the relative entropy by [70]

eSve > 1/fu (¥, ®). (112)

Again letting ¥ = Q|,, we see that, in the case under
consideration at late times, this is a very weak bound for
¢naa g the relative entropy grows exponentially in 7., while
the fidelity becomes ¢.-independent. When ¢ contains soft
radiation, however, this bound can become nontrivial,
because in that case both quantities grow with f.. The
relative entropy grows because of the time-dependent
coefficient in front of the purely hard integral of
Eq. (107). The fidelity, on the other hand, is sensitive to
the soft photon content of ¢ . Since we are considering the
case in which Alice never recombines her superposition, in
the limit that 7, — oo, the corresponding states of soft
radiation are precisely orthogonal and have zero fidelity.
Likewise, their relative entropy is infinite. If, on the other
hand, Alice had opened and then immediately closed her
superposition, we would replace ¢p with ¢p,qp. The
fidelity would stay finite, while the relative entropy would
nonetheless diverge. Evidently, it is the fidelity that reflects
the quantum information content of soft radiation most
faithfully.

V. DISCUSSION

In this paper, we have argued that the framework of
approximate quantum error correction is the natural
language for understanding the gedanken experiments of
[10-12,31,71]. From this perspective, the trade-off—
indeed, the equivalence of Eq. (26)—between decoherence
due to entangling radiation and decoherence due to an
eavesdropper learning which-path information is clear. We
were then able to explicitly compute the information in soft
radiation accessible to an observer behind the horizon. We
conclude with a few remarks that may deserve further
investigation.

SThe relative entropy, on the other hand, obtains its opera-
tional interpretation in a multishot setting [69], where vacuum
fluctuations average out over many trials.

A. Connections to scattering theory

Much of the technical content of this article has, for the
sake of simplicity, focused on applications to a Rindler
horizon. The results, however, apply to horizons more
generally, as well as at null infinity of asymptotically flat
spacetimes. In fact, much of the related literature until this
point has focused primarily on soft radiation at null infinity
[28,72,73], i.e., in the context of scattering theory. In
scattering theory, questions of the coherence of scattering
states [74,75] and the quantum information content of soft
radiation have been complicated by the ubiquitous pro-
duction of radiation states with memory in scattering
processes. This generic production of radiation with
memory is signaled by the ubiquitous appearance of
“infrared  divergences” in conventional scattering
calculations.

The fact that soft modes, in the infinite time limit,
become totally orthogonal is the origin of the observation
of Carney et al. that, at future infinity, an electron is totally
decohered by soft radiation [74,75]. This strong degree of
entanglement between hard and soft radiation is essential to
the proper treatment of quantum information-theoretic
questions in scattering theory [74,75]. The present article
presents a framework with which to analyze questions such
as the distinguishability of soft radiation, and the resulting
decoherence of the entangled matter, at finite cuts of null
infinity, as this entanglement is still accumulating. These
techniques can be applied without appealing to the so-
called “inclusive” quantities typically leveraged to remedy
infrared divergences. If one is interested, for example, in
the amount of entanglement between hard and soft quanta,
an inclusive approach gives an incomplete account, because
these techniques discard information about the soft radi-
ation present in a given state. The present work sets the
stage for more detailed analysis of the quantum information
content of soft radiation at null infinity, and the related
phenomena of decoherence in scattering theory, at both
finite and asymptotic times. Indeed, the latter topic is the
focus of upcoming work [76].

B. Decoherence by causal horizons

While we have made a substantial effort in this paper to
generalize our previous work [12—14,24], our results still
fall short of fully justifying the conclusions of the gedanken
experiment presented in the Introduction. In particular, our
analysis here has focused on the decoherence induced by
Killing horizons in the vicinity of Alice’s laboratory.
Nevertheless, the structure of the argument suggests a
more general conclusion: namely, a universal bound on the
coherence of Alice’s quantum superposition in the presence
of any causal horizon.

To make this precise, let I" be a future- and past-
inextendible timelike curve in a spacetime .# representing
the worldline of Alice’s laboratory. We assume that the
proper time along I'" extends to —co as 7 — —oo ensuring
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that Alice can, in principle, carry out her experiment for an
arbitrarily long duration of proper time 7. We do not,
however, assume that her proper time similarly extends to
400 since I' may terminate at a singularity.

If D(T) is the domain of communication of I (i.e., the
causal diamond associated with I') then Alice’s worldline
possesses a causal horizon if the complement .Z\D(I") is
nonempty. The future causal horizon " is the future
boundary of D(T"). Suppose that the degrees of freedom
beyond the horizon constitute the complete complementary
output of Alice’s channel and carry nonzero information,
Z(N°©) > 0, about her experiment. The inaccessible region
could then, in principle, contain “Bob(s)” who access that
information. If, moreover, the complementary outputs form
a nested cumulative family as 7 increases, these hypo-
thetical Bob(s) can accumulate a nondecreasing amount of
information. By the arguments presented in the
Introduction, Alice is commensurately decohered. Under
this nesting assumption, her decoherence is therefore
nondecreasing with 7', and its effect is as if she is becoming
entangled with degrees of freedom on the other side of the
horizon.

In all previous work [15,77-82] as well as the present
paper thus far, D(I") is the exterior of a stationary black
hole, or the de Sitter static patch, and #* is a Killing
horizon. However, from the above arguments, we see that
an analogous decoherence effect can occur in any space-
time with a causal horizon—e.g., Alice falling toward a
black hole, or a big crunch cosmology. Indeed, the argu-
ments and conclusions of Sec. II can be straightforwardly
generalized to this case. Assuming Bob can obtain any
information whatsoever about Alice’s state on his side of
the horizon, so that Z(N¢) > 0, one again obtains an exact
IDT for Alice’s quantum channel A given by

DWN)=Z(N°) >0, (113)
where the positivity follows in any situation in which Bob,
on the other side of the horizon, can gain any information
whatsoever about Alice’s state. Additionally, under the
same nesting assumption, Bob’s accessible information,
and hence her decoherence, cannot decrease in time.
However, a nonstationary spacetime need not admit pre-
ferred notions of “photon number” or global thermality,
which played a crucial role in previous analyses of
decoherence. Nevertheless, the causal and information-
theoretic framework introduced here remains well-defined
in this more general setting. We leave a detailed inves-
tigation of these issues to future work [83].
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APPENDIX A: CHANNEL INFORMATION AND
CHANNEL DECOHERENCE

The primary purpose of this Appendix is to elaborate on
the definitions, properties, and utility of the channel
decoherence and channel information of Sec. II. In
Sec. A1 of this appendix we establish the result of
Eq. (26): the exact information-decoherence trade-off of
Sec. II. In Sec. A2 we establish that the channel
decoherence recovers a familiar notion of decoherence
when applied to a simple experiment, and is therefore a
generalization of the familiar notion of “decoherence.”
Section A 3 highlights three desirable properties of the
definition of channel decoherence: A 3 a. its elimination of
the problem of “false decoherence” [32], A 3b. its inde-
pendence of a “choice of state,” which guarantees it reflects
the intrinsic decoherence of the channel, and A 3c. its
stability under the introduction of an entangled, auxiliary
system, due to extremization over all such systems. The
validity and utility of the results of Sec. II, and the
conclusions drawn from there, rest on the content of this
Appendix. Due to its rather technical nature, however, we
have deferred this material until this point so as to
preserve the clarity of the primary physics points of
the paper.

1. Proof of the equivalence between information
capacity and complementary decoherence capacity

Quantum channels are the most general maps describing
the physical evolution of a system. Here we assume, for the
sake of pedagogy, that one has already obtained a Hilbert
space representation. For the corresponding definitions
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working directly with algebraic states on the C* algebra of
bounded operators, see [36]. One such map is the channel
N taking Alice’s subsystem between its initial and final
states. If Alice’s subsystem comprises operators on the
Hilbert space H,, then

N:S(Hy) = S(H,)

@y l—)Tr;w[(A]T(wA ®CUQFT)U] (Al)
Here, S(H) is the space of quantum states on the Hilbert
space M, and U is the unitary evolution operator on the
combined system of Alice’s particle and the quantum field.
The state wqpr is fixed, independent of w4, and may be
taken pure without loss of generality by including any
purifying degrees of freedom in Hj+; the partial trace is
over this environment Hilbert space. Given a suitable
Hilbert space representation, all quantum channels can
be represented by this form, namely tensoring in an
auxiliary state, global unitary evolution, and partial
trace [36].

There is a unique (up to isometric equivalence) com-
plementary channel, N, that performs the same evolution,
but instead traces over the quantum state of Alice’s system,

NC: S(HA) - S(H;f+)

wp > Try[U () @ woer) U], (A2)
This is the quantum state available to Bob. Unitary
evolution constrains the information jointly available
through A and N°.
We recall the definition, introduced in Sec. II, of the
intrinsic quantum decoherence of a quantum channel N.
Definition. (Channel decoherence).

[supr F(RoN,Id) — 1/d],

D) =1~ 1-1/d

(A3)

Here we have used the channel fidelity F between
quantum channels, which is defined in terms of the fidelity

fu as
F(N, M) s= infinf fy((lde ® N)(), (Ide @ M)(w)),
(A4)

where k is the dimension of an ancillary Hilbert space into
which the state @ is purified. Throughout this Appendix,
the channel fidelity F is defined using the ‘“squared”
convention for the Uhlmann fidelity fi; of Eq. (6).

The infimum over k enforces that a perfect recovery
channel must not only restore the initial reduced state, but
must also restore its correlations with any external system,
as implied by Eq. (13).

As a preliminary sign of the usefulness of the channel
decoherence, note that when D(N) is very small (say
€ < 1), this can be understood as an indicator of quantum
coherence, because one may take @ to be any initial state
for Alice and the quantum channel A will be almost
perfectly reversible via the decoding channel, the errors
being of size e.

In Appendix Sec. A2 we show that the definition of
channel decoherence is consistent with the ordinary notion
of decoherence of Eq. (8). In Appendix Sec. A 3 we remark
on various desirable properties of the definition (20) such as
its ability to distinguish false decoherence [32] from
physical decoherence.

We recall the definition, also introduced in Sec. II, of the
information capacity of a channel N.

Definition. (Channel information).

_ o _LWN) - 1/d],
I(N):=1- T—1/d (A5)
where L(N) is defined as
ZLN) = sgpF(N, C,). C,(w) =Tr(w)y. (A6)

We will show that this measure of information capacity is
tightly related (in fact, equal to) to the complementary
channel decoherence. First, we must establish an inter-
mediate result, that the channel loss £ () is equivalent to
the channel fidelity between A and a “discard-and-
recover” channel:

L(N) =supF(N, R o1d°).

R/

(A7)

To see this, note that an example of a channel comple-

mentary to Id is Tr, whose target is one-dimensional. In this

case the domain of R’ will be one-dimensional, so it must

map all inputs onto a fixed state, y. Thus,

sup F(N,R'old®) =sup F (N.,C,) = LIN). (A8)
x

R/

a. Exact information-disturbance trade-off. Having
given sensible measures of the decoherence capacity
D(N) of a quantum channel as well as its information
content Z(N') we apply Bény and Oreshkov’s Theorem 1
[20], which is a version of what is known as an information-
disturbance trade-off between the information conveyed by
the channel A¢ to the environment (in our case, the
horizon) and the disturbance the original channel N exerts
on the system under consideration (in our case, Alice’s
particle). In general, we can also allow for another channel
M to act on the system; since squaring is order preserving
on [0, 1], the theorem remains valid for the squared fidelity
used here. The information-disturbance trade-off is
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supF (N, R o M*) = S;fP(RON’ M).  (A9)

R/

Specializing to the case where M = 1d, our desired result
follows immediately from Eq. (A7):

D(N) = Z(N°). (A10)

Therefore, the channel decoherence is equal to the channel
information, as claimed in Eq. (26).

2. The channel decoherence generalizes an ordinary
notion of decoherence

In the specific case of Alice’s experiment, the general-
ized definition of decoherence D(N') recovers the familiar
notion of decoherence, as we will see here.

By joint concavity of the square root Uhlmann fidelity,
the infimum in Eq. (A4) may be taken over pure states
on HA ® HR.

For simplicity, let us assume that Alice’s system consists
of a spin. Since any state can be purified using an ancilla of
at most the same dimension, the ancillary Hilbert space
dimension k need not be any larger than that of Alice’s spin
H,, which is the domain of N in this example. If Hjy
denotes the ancillary, or reservoir, Hilbert space, then a
general pure state in H, ® Hy can be expressed in the z-
spin basis as

par) =D cilidalide with > leyP =1, (All)
ij ij

where |i) € {|w1, ). [w2, 1) }. If N implements the effects
of decoherence on Alice’s superposition at asymptotically
late times, then

(Idg ® N)(|pAR><pAR|)
= ciepli)(kla & i) (g (Wil ¥;) e+

ijkl

(A12)

The state of Alice’s spin and ancilla immediately after Alice
completes her experiment is well-approximated by this
asymptotic state.

If K, are Kraus operators implementing the recovery
channel R, then

(Idg ® RoN)(|par)(parl)
=3 e R i) (KK @ 1)1 (Pel¥ e, (A13)

ijkl s

For an input Schmidt diagonal in the z-spin basis, one
obtains

(Idg ® RoN)(Ipar) (Parl)
= Z Z Ciickkks‘i> <k|AIA(:
ik s

® |0) (Kl p (el Wi)py - (A14)

Here Cii (S R.
R maps Alice’s Hilbert space to itself, so the Kraus

matrices K, are square matrices. The corresponding
Uhlmann fidelity is

fu((Idr ® RoN)(Ipar) (Parl): 1par) (Parl)

= (parl|(ldg ® RON)(|PAR><PAR|)|PAR>
= Zczziczk<i|ks|i><k|k;r|k>A<lPk|lPi>H+’

ik,s

(A15)

Let p:=|P| and absorb the phase of P into a unitary
recovery. Let X, Y, Z denote the Pauli operators in the
ordered basis {|w, ), [w2, 1)} The induced channel is the
qubit dephasing channel

No(p) = gp + (1= q)ZpZ, (Al6)

For the identity recovery and any purification |p) of an
input state p,

Jul(ldg ® N,)(Ip) (pl).
) pl) =g+ (1= q)|Tr(pZ)* > q.

(A17)

with equality at p = 1/2. Conversely, if {R,} are Kraus
operators for an arbitrary recovery and R, = a,1 + b, Z +
c, X +d,Y, then the maximally entangled input ® gives

fu((ldg @ ReN,)(@), @)

=q) laP+(1-9)> |b*<q,

where trace preservation implies > (|a,|> + |b,|> + |c >+
|di|*) = 1. Since the channel fidelity minimizes over
inputs, the identity recovery is optimal and

(A18)

1+ |P]
2 b

B 1+|P 1]
DN) =1 2{7 EL_I |P

m%xF(RO./\/',Id) =

’

(A19)

where &2 = (¥||¥,)y+. This agrees with the ordinary
notion of decoherence Djice|. = 1 — [(¥|W,) s+ | and of
Eq. (8) that is applied in, e.g., [12,31]. Thus, we see that
D(N') is a generalization of the ordinary notion of
decoherence to general quantum channels. This also agrees
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with the long-time limit of Zg,, = 1 —/fy(¥),¥,) =
1 — [(¥,|¥,)], as anticipated by Eq. (A10).

3. Remarks on channel decoherence

In Sec. II we treat Alice’s exterior experiment (and its
horizon generalization) as a quantum channel N on her
laboratory degrees of freedom, with the radiative data on
At U I playing the role of an environment. The channel
decoherence D(N'), defined in Egs. (Al)~(A4), is the
operational measure of irreversible loss of coherence that
enters the exact information-decoherence trade-off (26)
and, through it, the horizon monotonicity statements of
Sec. II C. Since this notion is deliberately more refined than
the naive “trace over the field and read off off-diagonals”
criterion—especially at finite times, where one encounters
Unruh’s false decoherence—we record here a few remarks
clarifying the roles of the decoding optimization, the
extremization over input states, and the ancillary reference
system that stabilizes the definition.

a. Good decoding channels eliminate false decoherence.
The definition of channel decoherence quantifies the
irreversible decoherence incurred by a quantum channel.
Any disturbance of the quantum state which can be
reversed purely by manipulating the output of the quantum
channel (e.g., by operations performable entirely in Alice’s
own laboratory) is automatically corrected by the applica-
tion of the recovery channel R. In the preceding example,
the decoding channel had the effect of correcting the phases
of Alice’s superposition.

The inclusion of a decoding channel in the definition of
channel decoherence has the effect of eliminating the
problem of false decoherence, as discussed in [32].
Suppose, for instance, Alice were to create a superposition
and hold it open for some time, but nof recombine its spatial
branches. Formally, the joint state of her particle and the
sourced field are

L D @ ) + e 1) @ [8)).

v (A20)

where | # y,. Due to the distinct Coulomb fields of the
left and right branches of the superposition, this state is
totally decohered.** This is, however, false decoherence,
because it can be trivially reversed by Alice. The opti-
mization over decoding channels in Definition A 1 elim-
inates such false decoherence: in this case, the optimal
decoding channel would involve Alice adiabatically recom-
bining the branches of her spatial superposition, thus
recombining the branches of the Coulomb field.

*As given, the state is merely a formal expression, because the
“Coulomb subtraction” procedure of [13] cannot be defined for a
charge in superposition. However, following [32], the field can be
given a small mass to make the analysis precise.

b. Infimum over initial states. A key change in perspec-
tive from [12,13] is that we are characterizing decoherence
as a property of the quantum channel, independent of the
actual state of Alice. Since we will quantify coherence in
terms of the recoverability of Alice’s initial state, we must
be careful to avoid any definition that trivializes the
recovery process. The following example illustrates the
type of “trivial case” any sensible definition must discount.

If Alice’s objective is merely to recover Alice’s initial
state w, after performing her experiment, then regardless of
the experiment that she does, there will always exist a
decoding channel that achieves this:

R:S(H,) — S(H,)

oy > Trjw)]wy. (A21)
It is straightforward to check that this linear map is both
completely positive and trace preserving. The result is that
fu(RoN(wy),wy) = 1. Of course, we should not con-
clude that A/ cannot decohere Alice’s experiment, because
this decoding channel requires Alice to know in advance
the state of the system that she is to recover. Had Alice
begun with a different state, y, # w,, then the above
decoding channel would be catastrophic. It is for this
reason that the channel fidelity of Eq. (A4) takes an
infimum over initial states: to ensure that it defines a
fidelity intrinsic to the channel, and not merely a charac-
terization of its performance on one highly specialized
state. Thus, our decoherence measure provides a measure
of unavoidable decoherence due to the channel itself, and
not merely due to a poor choice of initial state.

c. The need for the ancillary reference system. What
motivates the inclusion of an ancillary identity channel in
Eq. (A4)? This serves to stabilize the norm, as the usual
one-norm generally may increase even when acting trivially
on the k ancillary degrees of freedom—a peculiar conse-
quence of entanglement. To properly characterize the
channel decoherence when acting on mixed states, we
must consider how the channel acts on the purifications of
these states. To illustrate this point, we consider a simple
gedanken experiment involving an Einstein—Podolsky—
Rosen (EPR) pair.

Suppose that Alice begins with one half of an EPR pair,
the other half being held by Bob in his respective
laboratory. EPR pairs are valuable resources, allowing
for useful protocols such as quantum teleportation, so
Alice wants to maintain the coherence of the joint state
of her particle and Bob’s so that she retains this valuable
resource at later times. Alice performs her Stern-Gerlach
experiment while Bob does nothing at all. If the quantum
channel irreversibly ruins the state of the EPR pair, even
when acting trivially on Bob, we must consider this to be a
form of decoherence. Only when an ancillary reference
system is included, can the channel decoherence pro-
perly account for this form of decoherence, in which
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entanglement is degraded even while the reduced density
matrix of Alice’s subsystem is preserved.

APPENDIX B: THE HOLEVO FIDELITY

The purpose of this Appendix is to establish bounds,
from above and below, between the Uhlmann fidelity and
the Holevo fidelity between two quantum states. Since both
fidelities are used in the article, it is important to know how
they relate to one another. The most important result of this
Appendix is to show that the Holevo fidelity can be used as
an approximant for the Uhlmann fidelity. This is useful in
part because the Uhlmann fidelity has a clear operational
meaning in terms of unambiguous state discrimination, as
reviewed in Sec. II, while the Holevo fidelity is easily
computed, using the methods of Tomita-Takesaki theory.
The Uhlmann fidelity, on the other hand, is generally quite
a difficult quantity to evaluate.

The Holevo fidelity is defined in Tomita-Takesaki
theory as

Viulp.o) =

where |p) is the CRT (i.e., natural cone) purification of the
algebraic state p. When p and o can be represented as
density matrices this reduces to

Vfulp.o)

The Holevo fidelity is bounded by the Uhlmann fidelity,

~1/2
(p|A)2,1p), (B1)

= Tr[\/p/a). (B2)

fulp.o) < fulp.o), (B3)
where equality holds, in particular, when the two states
commute.

Both the Uhlmann and Holevo fidelities satisfy respec-

tive Fuchs—Van deGraaf—type inequalities [84,85],

1
1=VIp.0) <5llp=olli < V1= f(p.0). (B4
Taken together, Eqs. (B3) and (B4) imply
1
~Vfulp.o) <1=/fulp.o) <5 llp = oll,
<\/1 fulp,o) \/1 fulp. o), (BS)

which includes a bound between the Uhlmann and Holevo
fidelities,

fHP, \/1 fUP, \/1 fHP’ (B6)

APPENDIX C: APPROXIMATION OF THE
CHANNEL DECOHERENCE

Here we compute bounds on the channel decoherence
D(N), or equivalently the channel information, which are
more readily computable in general situations than the
channel decoherence itself. In particular, given any two
states in the range of the complementary channel, such as
might arise in Alice’s experiment from Bob’s point of view,
we give a relatively simple lower bound on the
decoherence.

The computation relies on a number of bounds and
technical arguments, which are not essential to the main
arguments of the paper, so we have deferred their presen-
tation until now. Nonetheless, the final bound is important
for establishing the computational utility of the channel
decoherence, beyond its utility as an operationally useful
quantity and its satisfaction of the exact information-
decoherence trade-off.

Choosing an idempotent complement Id¢ of Id, Bény and
Oreshkov prove [20] that

%\/1—\/F(J\/'C,N001dc) < \/1— supF(Ro N, 1d)
\ =

\/ F(N¢,N¢old°).
(C1)

Because F(N¢,N¢old®) <supgrF(RoN,Id) and
F < /F < 1, this gives rise to a weaker form of informa-
tion-disturbance trade-off (IDT) reminiscent of the dia-

mond norm IDT of [86],25

l\/1—\/F(J\/'C,J\/‘COIdC) < \/l—supF(RON,Id)
2 R

< \/1 — F(N¢,N¢old°).
(€2)

This can be reexpressed in terms of the channel
decoherence,

Hl — JFe N o))

<(1-1/d)DW)

<min{l = 1/d,1 - F(N°,N¢o1d)}, (C3)

*Explicitly, the diamond-norm IDT is }infy [ R o AV — Id||2 <

|N€ =@, <2infr|RoN —Id|Y?, where |||, denotes the
diamond norm of [86] and the channel ® takes any input state and
replaces it with some fixed state.
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where d is the dimension of the input Hilbert space on
which A acts (with 1/d := 0 for an infinite-dimensional
input space). Thus, we see that the channel decoherence can
be approximated without solving the supremum-infimum
optimization problem required to evaluate D(N') directly.

The preceding inequalities are extremely general in that
they hold for arbitrary quantum channels. We now obtain a
direct lower bound whenever two states in the range of the
complementary channel are known. Let w; = N¢(p;),
i =1, 2, for two input states p; and p,. The Bures angle
between two states is

Os(p, o) = arccos \/ fuy(p. 0).

It obeys the triangle inequality. Thus, for any state y,

(C4)

Op (w1, ;) < Og(wy.x) + O (1. ),

1
?:1%913(60:'7)() 2 593(601 ,@). (Cs5)
Since cos @ is decreasing for 0 < 0 < 7/2,
. 51
nj}%fU(wi’)() < cos 5913(6017602)
_ Ity Julwi, ;) (C6)

2

The defining infimum in the channel fidelity may be
evaluated on either input state p;, so

LIN®) < sup minfy(@;, 7)
y =L

fulwy, w,)

(C7)

Using Eq. (26) and the definition of the channel
decoherence, for d > 1 we obtain

(1=1/d)D(N)=1—-1/d—[LN*)=1/d],

>1-1/d— 1+ fU(wl?w2)_l/d
.
(R ees)| (c8)

Applying this to the particular case of Sec. II B 3 in which
the channel N7 (f) models the influence of the horizon
on Alice’s quantum particle, taking w; =¥|, and
w, = ¥,|, gives

D(N)Zl_ fU(\P1|C’lP2|C)

= D pjice| .- (C9)

Because the Holevo fidelity is often easier to compute
explicitly than the Uhlmann fidelity, it is useful to apply

Raggio’s inequality [87], which in the squared conventions
used here is

fulp.o) < fulp.o) </ fulp. o).

Therefore, for Alice’s experiment we obtain the less tight
but more readily computable bound

(C10)

DN) =1 = fu(¥].. ¥al )4

(C11)

More generally, for any two states w;, @, in the range

of N°¢,

[ = fu(@r, @) < (1= 1/d)DN).  (C12)

N[ =

APPENDIX D: RENYI ENTROPIES FOR
GENERAL COHERENT STATES

In Sec. IV E we apply the infrared extension of Tomita-
Takesaki theory to compute the relative entropy of general
coherent states. We make no assumption about whether the
field configurations vanish at the cut demarcating the
restriction of the state, nor do we assume that the field
configurations are zero-memory configurations that decay
asymptotically. We include this for completeness, but defer
it until this point because it does not have direct bearing on
the main physics content of the article, which pertains more
to the fidelities and the relative entropy.

We proceed by considering any two coherent states,
expressed as states on the horizon H*, |¥) = U(¢")|Q)
and |®) = U(¢®)|Q), and their restrictions to the past of
the cut ¢, namely ¥|, and ®|.. Define

lfl;_)(b = chbg - Hcd)g) (Dl)
Then, for 0 < a < 1, the order a Petz Rényi entropy of ¥
relative to @ is

1 Al-a
Sijo = ——n (IAY7 )
1 A
= I (U B U))g
a_
1 -1 ) .
— _ Yoo _ th’aAtZrm Y-d||2
e e ]

i . )
4 EeIZﬂaw(d)‘l’—mD’ Ai2;m¢‘l’—><l)) . (D2)

As was the case for the relative entropy, this formula
applies regardless of whether the coherent states lie in the
easy or hard cases of Casini et al. This formula is consistent
with that of [68], with its validity now established in the
case that the coherent states contain soft radiation, so the
classical solutions do not decay asymptotically.
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APPENDIX E: HILBERT SPACE
REPRESENTATION

The discussion of Sec. III focused on an extension of the
algebra and an accompanying extension of the Poincaré-
invariant vacuum state, as an algebraic state. That gave a
Hilbert space by the GNS construction, on which our Tomita-
Takesaki theory acts. We arrived at this construction in the
process of answering some practical questions in quantum
field theory, but an equivalent Hilbert space has, in fact, arisen
under various guises in the prior literature [25,65]. Here we
discuss the features of this Hilbert space representation. The
body of the article took an algebraic viewpoint, with the
Hilbert space emerging as an immediate by-product (via
GNS) after the Poincaré-invariant vacuum extends onto the
full horizon algebra. Many of the results in the article can also
be understood by understanding the properties of the resulting
Hilbert space, so we discuss the definition and properties of
that Hilbert space here, to provide a complementary per-
spective on the construction of Sec. 1L

The Hilbert space H is nothing more than the direct sum
over definite-memory Fock spaces. Given a Fock space F, of
radiation on the horizon, one obtains a unitarily inequivalent
Fock space F 5 by the pullback of a state in F, along the
algebra automorphism [56] E(¢) — E(¢) + ¢a(¢')1 (and
the corresponding GNS construction of a new Hilbert space),
where (¢5)4(V,x*) is a classical solution with memory, and
@', is a test function on the horizon.

One can then consider the direct sum over all such so-
called “memory representations,”

H == @FA’ (El)

where the sum runs over all allowed memory profiles.
Our enlarged algebra is naturally represented on this
Hilbert space, and the state wqg corresponds to the
Poincaré invariant vacuum state in the A = 0 term in the
direct sum.

Clearly this Hilbert space is not separable: for each
memory profile Ap there is a normalized vacuum vector
Qp € F A, and vectors from different memory sectors are
mutually orthogonal. Since the set of allowed profiles
Ag(x*) (e.g., smooth vector fields on S?) is uncountable,
this gives an uncountable orthonormal family in 7, which
is impossible in a separable Hilbert space. Separability
aside, as we have seen, this space is very useful for
information-theoretic computations. Due to the direct sum
structure, the group action that permutes the memory
representations is not continuous in the Hilbert space
topology. Thus, the Hilbert space does not carry a
representation of the infinitesimal generators of the
memory-changing unitaries. This is another way to under-
stand the final discussion of Sec. III C. In some physically
realistic scenarios it may be useful to include such
infinitesimal generators, and in that case, one may wish
to consider a direct integral representation such as those
constructed in [26,27,51,60]. In Sec. III C, the difficulty in
representing such generators arose due to the inability to
define a suitable action of the Poincaré-invariant vacuum
on such operators. In a direct integral representation, one
sacrifices the existence of a normalizable Poincaré-invari-
ant vacuum, in exchange for the representation of such
operators.
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