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We consider an experimentalist, Alice, who creates a quantum superposition of a charged or massive
body outside of a black hole (or, more generally, in the presence of a Killing horizon). It was previously
shown that emission of soft photons/gravitons into the black hole will result in the decoherence of the
components of the superposition if it is held open for a sufficiently long span of time. However, at any finite
time, f., during the process, it is not obvious how much decoherence has irrevocably occurred.
Equivalently, it is not obvious how much information an observer inside the black hole can extract
about Alice’s superposition prior to time ... In this paper, we solve for the optimal experimental protocol to
be followed by Alice for ¢ > 7. so as to minimize the decoherence of the components of her superposition.
More precisely, given the entangling radiation that has passed through the horizon prior to the cross-section
C corresponding to the time ¢ = 7, in Alice’s lab, we determine the “optimal purification” of this radiation
beyond C such that the global quantum state of the radiation through the horizon has maximal overlap
(quantum fidelity) with the Hartle-Hawking or Unruh vacuum. Due to the intricate low frequency
entanglement structure of the quantum field theory vacuum state, we find this optimal purification to be
nontrivial. In particular, even if Alice has already “closed” her superposition by bringing the components
back together, we find that she can decrease the net decoherence of the components of her superposition
somewhat by reopening it and performing further manipulations.
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I. INTRODUCTION

In any quantum mechanical experiment or computation,
some degree of quantum entanglement is inevitably gen-
erated between the initially isolated quantum mechanical
degrees of freedom and external degrees of freedom, result-
ing in some degree of decoherence of the body. An interest-
ing example of the decoherence of a quantum body arises
when the body is coupled to a long-range quantum field, such
as a charged body coupled to a quantum electromagnetic
field or a massive body coupled to a quantum gravitational
field (which we will treat as a linearized quantum field
in a background classical spacetime). The long-range field
may mediate interactions of the body under consideration
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with external quantum systems, resulting in entanglement
with these systems and a corresponding “‘environmental
decoherence” of the body. However, even if no other systems
are present, decoherence may result from the entanglement of
the body with radiation emitted by the body. In this paper, we
will be concerned with the decoherence resulting from
emission of radiation.

Hereinafter, we will refer to the quantum body under
consideration as a “particle,” but we primarily have in mind
a “nanoparticle” rather than an elementary particle. If one
puts the particle into a superposition of spatially separated
states—e.g., by putting the particle through a Stern-Gerlach
apparatus—the long-range quantum field will contain
“information” about the superposition that could, in prin-
ciple, be harvested by a distant observer if given sufficient
time." One might think that the distinguishability of the
quantum field associated with the different components of
the superposition would give rise to the decoherence of the
superposition. However, this is not necessarily the case. If

'Quantum spatial superpositions of massive bodies have
been of recent interest in both theoretical as well as proposed
experimental probes of fundamental properties of quantum
gravity, e.g., [1-13].
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there is no external system present to harvest the informa-
tion, and if no radiation is emitted, then any apparent
decoherence associated with the distinguishable long-range
fields would, in fact, constitute “false decoherence” [14]. In
particular, in empty flat spacetime, if the superposition is
opened and closed in a sufficiently adiabatic manner so that
negligible radiation is emitted, then the quantum field states
associated with the components of the superposition will
return to their initial values, and no decoherence will result.
Although the decoherence of such a superposition can be
made negligible in Minkowski spacetime, it was recently
shown that the situation changes dramatically if the particle
is in the exterior of a black hole, or more generally in the
vicinity of a Killing horizon [15,16] (see also [17,18]). To
see this more concretely, consider an experimentalist,
Alice, who controls a quantum particle. Suppose that the
particle has spin initially in the x direction. Alice then puts
the particle through a z-Stern-Gerlach apparatus. She then
keeps the components of the particle spatially separated for
a time 7', after which she recombines the components of the
particle’s wave function via a reversing Stern-Gerlach
apparatus. At the end of the process, the state of the joint
particle-and-field system will be given by [16]

1
V2
where |y ) and |y,) are the coherent radiation states of the

quantum field sourced, respectively, by the spin-up and
spin-down components of the particle. The density matrix

of Alice’s particle is
1 1 (walw)
(Wilwa) 1

The decoherence, D, of the spin-up and spin-down com-
ponents is controlled by the size of the off-diagonal
elements, i.e., the overlap of states of the radiation emitted
by the spin-up and spin-down components:

(1) @ i) + 1) @ [w2)), (1)

D:=1- [(wily2)l- 3)

In Minkowski spacetime, if the separation and recombi-
nation are performed sufficiently adiabatically, we will
have |y,) ~ |w,) ~|0), and we find D~0 [3,19]. In
particular, the length of time, 7', over which the particle
components are kept separated, does not contribute to the
decoherence. However, in the presence of a black hole, the
radiation states |y ) and |y, ) include the radiation that goes
into the black hole, and “soft radiation™ will unavoidably

This soft radiation is due to a “horizon memory effect”
[15,16,20-22], which is an exact mathematical analog of the soft
radiation and associated memory effect at null infinity in
asymptotically flat spacetimes (see, e.g., [23-28]).

be emitted into the black hole. For large T, the number of
photons/gravitons in this soft radiation grows linearly with
T [15,16,19], resulting in a decoherence that grows with 7" as

D1 — e Tonl, (4)

where ['gy depends upon the field under consideration as
well as the various details of the process. This effect can also
be seen to equivalently arise from local interactions of
Alice’s particle with the vacuum in the black hole exterior
[19,29]. This formulation can be directly compared to the
decohering effects arising from entanglement of the particle
with any internal degrees of freedom of a material body
[19,30]. Of course, I'gy; will be very small unless the process
is done near the black hole, with large charges/masses
and large separations. Expressions for I'gy can be found
in [15,17].

Although the analysis of [15,16] gives the decoherence
in the presence of a black hole that results from the
complete process of separation and recombination of the
components of the superposition, the question remains as to
exactly “when” the decoherence is occurring. Specifically,
consider a time ¢ = ¢, in Alice’s lab after the separation of
the components has taken place but before the recombi-
nation has been completed. How much decoherence has
irrevocably occurred by this time? Equivalently, in princi-
ple, how much “which path” information about Alice’s
superposition can an observer inside the black hole gather
prior to entering the future of Alice’s lab at time t = ¢#,.?

The main purpose of this paper is to answer this
question. We will do so by supposing that Alice has
followed some fixed protocol for her experiment for times
t <t.. Let C denote the cross-section of the black hole
horizon that corresponds to the time ¢ =1t, in Alice’s
laboratory; i.e., C bounds the portion of the horizon that
lies outside of the future of Alice’s laboratory at time ¢t = ¢,..
The protocol that Alice follows up to time ¢ = ¢, in her
laboratory will result in some given state of entangling
radiation that crosses the event horizon prior to C. We shall
determine the “optimal purification” of this radiation state,
i.e., the state of radiation on the horizon to the future of C
that maximizes |(w|y,)|. This quantity, for the optimal
purification, is sometimes referred to as the (Uhlmann)
fidelity [31]. The decoherence obtained by using this
optimal purification will be interpreted as the decoherence
that has irrevocably occurred for Alice’s particle by time 7,..

We will find the optimal purification by first solving the
following mathematical problem for Rindler wedges in
Minkowski spacetime (see Fig. 1). Suppose we are given
a classical solution f with initial data with support in
Rindler wedge II; i.e., f vanishes in Rindler wedge 1. The
corresponding quantum coherent state associated with f
will then coincide with the Minkowski vacuum in wedge 1.
We wish to determine the classical solution, g, with initial
data with support in Rindler wedge I that has the property

025012-2



HOW TO MINIMIZE THE DECOHERENCE CAUSED BY BLACK ...

PHYS. REV. D 112, 025012 (2025)

FIG. 1. A spacetime diagram illustrating a Rindler horizon in
Minkowski spacetime, which consists of two null hyperplanes
that intersect at the bifurcation surface B. The null hyperplane
labeled H can be treated as an initial data surface for solutions
that fall off at infinity. The red curve shows the graph of the
restriction to H of a solution f with initial data with support in
Rindler wedge II, whereas the blue curve shows the restriction to
‘H of a solution g with initial data with support in wedge I.

that the coherent state associated with f 4+ ¢ has maximal
overlap with the Minkowski vacuum. It is not difficult to
see that this will be the case if and only if g is such that the
Klein-Gordon norm of the positive frequency part (with
respect to inertial time) of f 4 g is minimized.

In fact, it is convenient to reformulate this question as
follows: Let H denote one of the two null planes that
comprise the Rindler horizon, as illustrated in Fig. 1. As
argued in [32], H is an appropriate initial data surface for
solutions that fall off at infinity, so we can characterize f
and g by their restrictions to H. On H, f will have support
to the past of the bifurcation surface, BB, of the horizon,
whereas any solution g with support in Rindler wedge I will
have data on H with support to the future of B as shown in
Fig. 1. We wish to find the function g with support to the
future of B that minimizes the Klein-Gordon norm on H of
the positive frequency part of f + g with respect to affine
time on H (corresponding to positive inertial frequency).

We will analyze this question in Sec. II. We will show
there that the optimal ¢ is obtained by the following
sequence of steps: (i) Reflect f about the bifurcation
surface B to get a function f with support to the future
of B. (ii) Decompose f into modes of definite Rindler (i.e.,
boost Killing) frequency. (iii) Multiply each mode by an
appropriate thermal factor and resum to get g. We will show
that steps (ii) and (iii) are equivalent to obtaining g from f
via the formula

o(t.y) = / " F (¢ y)sech (k[ - £]/2)dr. (5)

where ¢ denotes the boost Killing time on the portion of the
horizon to the future of the bifurcation surface, and « is the
surface gravity of the horizon.

We will also need to solve the more general problem
where f is not required to vanish on the bifurcation surface,
B. We then seek the continuation, g, of f to the future of B
that minimizes the Klein-Gordon norm of the positive
frequency part of f 4 g with respect to affine parameter. We
will argue at the end of Sec. II that Eq. (5) remains the
optimal choice of ¢ in this more general situation.

The relevance of the above mathematical problem to the
problem of determining the optimal protocol for Alice to
follow in her experiment outside of a black hole can be seen
as follows. The event horizon of a stationary black hole is a
Killing horizon, with properties very similar to that of H.
However, for a black hole formed by gravitational collapse
that settles down to a stationary® final state, the stationary
portion of the horizon corresponds to a portion of H in
Fig. 1 that lies entirely to future of B (see Fig. 2). Thus,
when Alice performs her experiment, the entangling
radiation emitted for ¢ < ¢, crosses the horizon to the past
of some cross-section C, which lies to the future of 5. The
analysis given in Sec. II of the optimal purification for the
Rindler case proceeds by the decomposing into modes of
definite boost Killing frequency. In order to be able to do
this, it was important that f have support to the past of B
and for g to have support to the future of B. Thus, it might
appear that the optimal purification found in the Rindler
case would be of little relevance for finding the optimal
purification for an experiment performed outside of a
stationary black hole formed by gravitational collapse.

However, the fact that ¢ is a Killing parameter of a true
spacetime Killing field did not play an important role in the
analysis. For the task at hand—namely, to find the function
¢ that minimizes the Klein-Gordon norm of the positive
frequency part of f 4 g with respect to affine parameter—
there is no essential geometrical difference between C and
B. We can proceed as follows. On a bifurcate Killing
horizon, the relation between affine time V and Killing time
t to the future of the bifurcation surface B is given by

vV =e, (6)

where we have chosen the origin of V so that V=0
corresponds to B. Let C be an arbitrary cross-section lying
to the future of B. Without loss of generality, we may
rescale V so that C is the surface V = V. (independent of
v). To the future of C, define the “pseudo-Killing time” v by

V-V, = (7)

Although a translation in » does not correspond to an actual
spacetime symmetry, the relevant mathematical properties

*We do not consider times comparable to the evaporation
timescale of the black hole.
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FIG. 2. A spacetime diagram showing the exterior region of a
black hole (region I), where Alice performs her experiment. The
gray shaded region is shown only for comparison with an “eternal
black hole” spacetime; for a physical black hole formed by
gravitational collapse, the shaded region would be replaced by an
interior solution for the collapsing matter. The time 7. in Alice’s
lab corresponds (via null propagation) to the cross-section C on
the event horizon H. By the time C, the entangling radiation f has
already passed through H. We wish to find the “optimal
purification” ¢ for times later than C.

of a decomposition into modes of definite v frequency for
V > V. are in exact correspondence with those of the
decomposition into modes of definite ¢ frequency in the
Rindler case. It follows immediately that the optimal
purification in the black hole case is obtained by reflecting
the radiation for V < V. about C and then applying Eq. (5)
with v replacing r. We may then rewrite g as a function of
true Killing time ¢ using

1 1
——In(V = V,) = —In(e" — ¢*tc), 8
v=In(V =V = (e =) (8)

In Sec. II, we obtain the optimal purification in
Minkowski spacetime of a coherent state in Rindler wedge
L. In Sec. III, we give a prescription that Alice must follow
to minimize the decoherence of her superposition outside of
a black hole or other Killing horizon. Some concluding
remarks are given in Sec. IV.

II. OPTIMAL PURIFICATION
IN RINDLER SPACETIME

For simplicity and definiteness, in this paper, we will
restrict consideration to a real, massless quantum scalar
field obeying the Klein-Gordon equation

VeV, = 0. (9)

It is straightforward to generalize our results to a massive
scalar, Maxwell field, or a linearized gravitational field.
In this section, we will be concerned with the following
problem: Let f be a classical solution of Eq. (9) in
d-dimensional Minkowski spacetime with initial data
supported in Rindler wedge II (see Fig. 1). Consider
the quantum coherent state on Minkowski spacetime
associated with f. The restriction of this state to Rindler

wedge II is a mixed state in that wedge. We seek a state on
Minkowski spacetime that (i) is a “purification” of this state
(i.e.,itis a pure state on all of Minkowski spacetime such that
its restriction to Rindler wedge II agrees with the original
state) and (ii) is “optimal” in the sense that its overlap with
the Minkowski vacuum is maximized. We will restrict our
analysis of the optimal purification to coherent states, but we
believe that the optimal coherent state that we will find will
be optimal among all possible purifications. Since the
overlap of a coherent state with the vacuum is determined
by the norm of its one-particle component, the optimal
coherent state will be obtained by finding a classical solution
¢ with initial data with support in Rindler wedge I such that
the norm of the one-particle state corresponding to f + g is
minimized. Of course, one possible purification would be to
simply take g =0, so that the state corresponds to the
Minkowski vacuum in wedge I. However, we will see that
this is not the optimal purification.

As already argued in the introduction, this problem can
be reformulated as follows. Given a real valued function f
on the Rindler horizon H (see Fig. 1) with support to the
past of the bifurcation surface B, find the real valued
function g on H with support to the future of B such that the
Klein-Gordon norm of the positive frequency part of f + g
with respect to affine time on 7 is minimized. Note that the
requirement that f have support on the past of B requires
that f vanishes on 5. This assumption will be used in our
analysis below to ensure that the positive frequency part of
f with respect to Rindler time will have finite Klein-
Gordon norm, so that our basis expansion formulas will be
well defined. However, we will remove this restriction at
the end of this section.

We take the boost Killing field to be future directed in
wedge I and, thus, past directed in wedge II. Let V denote
an affine parameter on H, with V = 0 corresponding to B.
Let 'H; denote the portion of H with V > 0, and let H,,;
denote the portion of H with V < 0. We will use the same
letter ¢ to denote “Rindler time” (i.e., Killing parameter of
the boost Killing field) on both H; and H;;. For V > 0, ¢
increases to the future, and the relationship between ¢ and V
is given by

V=e" V>0, (10)
where « is the surface gravity of H. For V < 0, t increases
to the past, and the relationship between ¢ and V is given by

V= —e V <. (11)

Since 'H is effectively a Cauchy surface for solutions that
fall off at infinity [32], the Klein-Gordon inner product on
‘H of two such solutions ¢; and ¢, is given by

(P1,b2)k = "L (¢i0ydy — P20y p})dVd* Ty, (12)
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where y denotes the transverse directions on H. This inner
product is positive definite when restricted to solutions that
are positive frequency with respect to affine time V. It is
also positive definite when restricted to solutions with
support in H; that are positive frequency with respect to
Rindler time. On the other hand, on account of the reversal
in the direction of Rindler time on H,;, it is positive definite
when restricted to solutions with support in H;; that are
negative frequency with respect to Rindler time.

A key idea in our analysis is to decompose f and g into
Fourier modes with respect to Rindler time r. However,
modes that oscillate exactly as e’ are not normalizable
and are singular at B. For these reasons, it is preferable to
decompose f and g into a basis of normalized wave packets
that are very sharply peaked in Rindler frequency but fall
off in Rindler time and, in particular, vanish at B. A suitable
orthonormal basis can be constructed as follows [33,34].
First, let {h,(y)} denote an L? orthonormal basis of
functions in the transverse directions, y, on H. Choose
€ > 0 and for all integers j > 0 and n, define

hm ()7) (j+1)e e—2ﬂinw/g
Ve S i

For notational simplicity, we will lump n and m into a
single discrete index k and denote ¢;j,, as ¢;j.. Then
{1i} is an orthonormal basis in the Klein-Gordon norm of
positive Rindler frequency solutions with support in
H;. Furthermore, each ¢, is composed of frequencies
within an interval of size e¢ centered about the frequency
w; = (j —l—%)e. Any real solution g with support on H;
whose positive frequency part has finite Klein-Gordon
norm can be expanded in this basis as

9= Zgjk¢ljk te.oc, (14)
-k

e @ dwp.  (13)

¢Ijnm =

where “c.c” denotes complex conjugation and gj =
<¢Ijkvg>KG'

A corresponding orthonormal basis in the Klein-Gordon
inner product for solutions with support on H;; can be
obtained from {¢;;} as follows. Let R denote the
reflection map on H about B, i.e., the map defined by
V — —V. We define

¢11jk = (R¢Ijk)*v (15)

where the asterisk denotes complex conjugation. Then
{@u} is an orthonormal basis of negative Rindler fre-
quency solutions with support on H;;. (As already noted,
these solutions have positive Klein-Gordon norm on
account of the reversal of Rindler time on H;;.) The given
solution f can be expanded in this basis as

F=> Fudup+cc., (16)
Jk

where f = (. f)xe-

Our task is to find ¢ so as to minimize the Klein-Gordon
norm of the positive frequency part of f 4 g with respect to
affine parameter V. Equations (14) and (16) provide
decompositions of g and f into their positive and negative
parts with respect to Rindler time. To obtain their positive
and negative frequency parts with respect to affine time, we
use the fact that the quantities

| o
Fuj = V=T (Prj + e ﬂwj/K¢IIjk)

1
Faj = (Prrje + e_ﬂwj/’cd);jk) (17)

- V1= e—2ﬂa),~//<

are purely positive frequency4 with respect to affine time
[34,35]. It follows immediately from the orthonormality
and support properties of ¢, and ¢ that {F; ., Fou}
are orthonormal in the Klein-Gordon norm. Furthermore,
since

1

¢ljk - V1= e—27m)]-/l<
1

¢”jk o Vi e—27zmj/K

we may rewrite the basis expansions Egs. (14) and (16) as

(Fljk _ e—ﬂ(uj/KFEjk)

(Foj — e_m”j/KFTjk)’ (18)

(g F1ji — gfke_”w’/Kszk) +c.c

1
9=

(f juFaji — f;ke_ﬂw//KFljk) +c.c.,

1
(19

which provides a positive and negative frequency decom-
position of g and f with respect to affine time.

Since {F i, Fj} are orthonormal in the Klein-Gordon
norm, it follows immediately that the Klein-Gordon norm
of the positive frequency part of f + ¢ with respect to affine
parameter is

1
I(f+9)*lke = ZW
ok
x (lgjn = e/ fil? + | f e = e g ).
(20)
It is clear from this expression that for a given f, ||(f +

9)* |5 will be minimized if g is chosen so that for each j,
k, the quantity

*Here we ignore any errors resulting from the fact that ¢, ;; and
#11j have a Rindler frequency spread of size € about w;, so that
Eq. (17) will actually have a small negative frequency part. We
will eventually take the limit as € — 0.
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|9k = e_mj/Kf;kP + e = e_mj/ngkP
= (I * + |gjul*) (1 4 e7272/%) — de™™ i “R(f kg 1.)
(21)

is minimized, where ) denotes the real part. The solution to
this minimization problem for g is

ik = sech(ﬂa)j/K)f;fk. (22)

This solution can be expressed in a more useful form as
follows. Let f be the reflection of f about V = 0. Thus, f
has support on H; and is given by

f(V,y)=f(=V.y), (23)

where y denotes the transverse coordinates on 7. In terms
of the boost Killing parameter 7, we have

f(ty) = f(t,y), (24)

where on the left side ¢ denotes the Killing parameter on
‘H;, whereas on the right side it denotes the Killing
parameter on H;;. We have

Fix=d1je- Pk = —(Rebrju. Rf )k
= _<¢;1jk’f>KG = <¢11jk,f>*KG = f;k'k' (25)

Here, the minus sign in the second equality arises from the
fact that 'R reverses the time direction. The sign change in
the fourth equality arises from the explicit “i” in the Klein-
Gordon product Eq. (12). Thus, we have

gjx = sech(zw;/k) fjk. (26)

Passing to the limit € — 0 in our construction of ¢ (so
that F'yj; and F,j; become exactly positive frequency with
respect to affine time),” we see that the optimal g is obtained
as follows: Given f with support on H,;, reflect it about the
bifurcation surface V = 0 to get a corresponding function f
on H,. Fourier transform f with respect to Rindler time ¢
and define g via its Fourier transform by

i@, y) = sech(za/x) f(@, y). (27)

Note that in the high frequency limit @ > k, we have
g(w,y) — 0, whereas in the low frequency limit » < k, we

have §(w,y) = f(w,y). Thus, one may view the optimal
purification as corresponding to sending in time-reversed
radiation modified by a cutoff for Rindler frequencies of
order x and above.

*More precisely, the relation Eq. (27) is obtained by, for each
w, letting ¢ =w/n and j=n where n is an integer and
considering the limit as n — oo.

The inverse Fourier transform of the factor appearing in
Eq. (27) is

* dw —iwt K
/_oo Zsech(nw/x)e =5 sech [k7/2].  (28)

Since a product in Fourier transform space corresponds to a
convolution in position space, we have

g(t,y) = %/_w sech k(7 — 1) /2] }‘(t’,y)dt’. (29)

Let us now consider how much improvement is obtained
by using this optimal recovery protocol rather than doing
nothing. It can be seen from Eq. (20) that, for g = 0, we
have

1 0 N
17 k= [ @2 [ dow cotmae @)

RJ—Z

(30)

On the other hand, for the optimal g given by Eq. (27),
we have

1(f + 9)* llka

:% /dd—2y /)m dw o tanh(zw/x)|f(w.y)[?.  (31)

R4-2

Thus, the improvement obtained by using the optimal g is
negligible at high frequencies, @ > «, but is very signifi-
cant at low frequencies, @ < k. The corresponding optimal
purification of the Maxwell and the linearized gravitational
field is given by a similar formula to Eq. (26) in terms of the
“free data” on H (see, e.g., [15,16] for further details).
Finally, we have assumed above that f has support in
region II of Fig. 1 and, in particular, vanishes at the
bifurcation surface, 3. This assumption was needed for
the positive Rindler frequency part of f to have finite Klein-
Gordon norm. Indeed, if f did not goto zeroas t - —oo (i.e.,
at B), then, assuming that f - O as t - oo (i.e., V = —0),
there would be infrared divergences in the Klein-Gordon
norm of the positive frequency part of f. A forthcoming
article by one of us [36] provides a general treatment of these
difficulties, but in the present analysis, the finite Klein-
Gordon norm of f was necessary to get the well-defined
basis expansion Eq. (16) of f in the modes ¢, ;. This, in turn,
was used to get a well defined basis expansion of f in the
positive affine frequency modes {F ., F1j}-
Nevertheless, it is of interest to find the optimal con-
tinuation of f into region I in the case where f does not
vanish at 3. The solution Eq. (29) for the continuation of f
into H; that we obtained in the case where f vanishes at B
continues to be well defined in the case where f does not
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vanish at 5. We believe that this could be proven to be the
optimal continuation in the general case by the following
argument. Given f(V,y) for V <0, which does not
necessarily vanish at V =0, we wish to determine the
extension g(V,y) for V > 0 so as to minimize the Klein-
Gordon norm of the positive affine frequency part of f + g.
We consider the inner product of f + ¢g with the ortho-
normal mode functions {F;., F,j;}. The minimization
problem for the magnitude of each of these inner products
is identical to the problem we have just solved. Thus,
the optimal solution for V > 0 is given by Eq. (22). If
{F\jx. F2jx} were a basis for the Hilbert space of the all
positive affine frequency solutions® on H, then we have
solved the optimization problem and the solution would be
given by Eq. (29). However, if {F ., F,;} is not a basis,
then we have only solved the optimization problem on a
proper subset of possible continuations of f. Thus, the key
issue is whether {F;;, F,;} is a basis. Equation (19)
essentially shows that it is a basis for the positive affine
frequency part arising from any smooth function of
compact support on H that vanishes at V. Thus, the key
issue reduces to the question of whether the subspace of
positive affine frequency solutions that arise from taking
the positive affine frequency part of smooth functions of
compact support that vanish at V = 0 are dense (in the
Klein-Gordon norm) in the space of positive affine fre-
quency solutions that arise from taking the positive affine
frequency part of smooth functions of compact support
with no restriction at V = 0. Lemma 5.1 of [37] indicates
that this is the case. The norm considered in that lemma for
the case s = 1/2 and n = 1 corresponds to the contribution
to the Klein-Gordon norm from a single generator of H.
The lemma shows that one can find smooth, real-valued
functions of compact support on R that are equal to 1 at
V =0 but have arbitrarily small Klein-Gordon norm of
their positive frequency part. It follows that any smooth
function of compact support on H can be written as a sum
of a smooth function of compact support that vanishes on B
plus a smooth function of compact support whose positive
affine frequency part has an arbitrarily small Klein-Gordon
norm. This implies that {F ., F»;} is a basis of the entire
Klein-Gordon Hilbert space.

In the remainder of this paper, we will assume that, as we
have just argued, Eq. (29) remains the optimal solution in
the case where f does not necessarily vanish at V = 0.

III1. MINIMIZING THE DECOHERENCE
OUTSIDE A BLACK HOLE

We now return to the gedankenexperiment of [15,16], as
discussed in the introduction. Alice is in the midst of
performing her experiment when, at ¢ = ¢., she receives a

®This Hilbert space is obtained by starting with smooth
functions of compact support on H and taking their completion
in the Klein-Gordon norm of their positive frequency parts.

phone call from central headquarters telling her to abort her
experiment and preserve as much coherence of her particle
as possible. Since some entangling radiation has already
entered the black hole as a consequence of her earlier
actions, it will not be possible for Alice to perfectly restore
the coherence of her particle. What is the maximal
coherence Alice can, in principle, achieve? And what
should Alice do for ¢ > ¢, to try to achieve this maximal
coherence?

As we previously argued in [15,19], Alice can minimize
her decoherence due to radiating to infinity by performing
her separation and recombination sufficiently slowly. We
will therefore neglect any radiation to infinity and will
focus entirely on the radiation falling into the black hole.
Let C denote the cross-section of the event horizon H
corresponding to the intersection of the horizon with the
boundary of the future of the event in her laboratory when
she received the phone call, as illustrated in Fig. 2. Without
loss of generality, we may choose the Killing parameter, ¢,
on H so that C corresponds to the time ¢ = ¢, on H. The
corresponding affine time of C is then V = V. where

V.= et (32)

Let f be the restriction to the event horizon, H, of the
classical solution corresponding to the difference between
the retarded solutions corresponding to the two paths of
Alice’s particle. The coherent state associated with f then
describes the entangling radiation that enters the black hole.
When Alice receives her phone call, she can do nothing
about f for ¢ < t.. However, she can, to a large degree,
control the entangling radiation that enters the black hole
for t > t.. How should she continue her experiment so as to
minimize the decoherence? Specifically, if we imagine that
she can perfectly control the entangling radiation emitted
by her particle, given f on H for ¢ < ¢, what continuation,
g, of this radiation for ¢ > ¢. should she choose so as to
minimize the decoherence?

This question is very similar to the mathematical ques-
tion posed and answered in the previous section. The only
significant difference is that the bifurcation surface, B, in
Sec. II has now been replaced by a cross-section, C, that lies
to the future of B. It might seem that this is a very
significant difference because the decomposition of f
and g into positive and negative Killing frequencies played
a crucial role in the analysis. Such a decomposition made
sense in our Rindler problem because f and g were both
defined over the entire range —oco < ¢ < co. However, such
a decomposition would not make sense here since f is
defined only for 7 < ¢, and g is defined only for ¢ > 7,.

Nevertheless, the fact that # is the Killing parameter of an
exact Killing field on spacetime was not actually needed for
the analysis of the optimal g given in the previous section.
All that was actually used is that the horizon geometry itself
is invariant under affine translations and the Killing
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parameter ¢ is related to affine parameter V via Egs. (10)
and (11). Therefore, we can proceed in the present case by
defining a “pseudo-Killing parameter” v on the black hole
event horizon by

V>V.
. = —e< V<V, (33)

We view f for V < V., as a function of » and decompose it
into its positive and negative frequency parts with respect to
v. This choice of positive frequency on the future horizon
corresponds to Alice performing her experiment in the
Hartle-Hawking vacuum. As we have previously argued in
[15,19], at low Killing frequencies @ < «, the Unruh state
is equivalent to the Hartle-Hawking state on H ", and so our
results will also yield the optimal purification in that
vacuum if Alice performs her experiment sufficiently
adiabatically. The optimal choice of g for V>V, to
minimize the Klein-Gordon norm of the positive affine
frequency part of f + ¢ then follows immediately from the
results of the previous section. Specifically, by Eq. (29), the
optimal choice of g is given by

olv.3) =5 [~ seeh k(v = 2)/2] F ', (34

T

where f is the reflection of f about V =V, and y now
denotes the angular coordinates on H. Although we have
taken the upper limit of this integral to be +oo, f can be
nonzero only for V > 0 (since the entire range —co < f < 00
of true Killing time ¢ in Alice’s laboratory occurs for V > 0),
so the upper limit may be replaced by = In V.. This result
can be rewritten in terms of affine time V > V. as

1 [2Ve f2V,. = V')
V,y) =—
g(V.y) ﬂ/VC Vv 1V

V-V,
ViV,

dv',  (35)

where in this formula, we view f and ¢ as functions of V
(rather than »), and we have used the fact that for V > V., we
have f(V,y) = f(2V,. — V,y). This can, in turn, be written
in terms of the true Killing time ¢ for ¢ > ¢, by substituting
V = €. Viewing f and g now as functions of ¢, we have

"Note that exactly the same analysis could be applied to
determine how to minimize decoherence due to radiation to null
infinity, given radiation f up to a cross-section C at V =V,
where V now denotes affine time at null infinity. At null infinity,
Killing time ¢ and affine time V coincide, but one could
nevertheless define a “pseudo Killing parameter” v at null infinity
by Eq. (33) (where x now is chosen arbitrarily). The optimal
choice of g would then be given by Eq. (34), which could be
reexpressed in terms of affine time (i.e., Killing time) by Eq. (35),
where the limits of the integral now extend from V, to co.

K [ttt n2 | e (k7! In2ee — <], y)
g(t’y) = _/ Kt Kt Kt
) el —2eMe + e

¢

ekle — okt

dr. (36)

eXle — ext’

It should be noted that even if Alice has completed her
experiment at the time ¢ = 7.—i.e., even if f(¢,) = 0—the
optimal strategy for Alice to minimize decoherence is for
her to reopen the superposition and perform further
manipulations so as to produce the radiation given by
Eq. (36). Nevertheless, it also can be seen from Eq. (36) that
for t —t, > x~!, we have

1
lg(z,y)] < - e~(=1) max | f|. (37)

Thus, the optimal radiation is very small except for a time
interval of size ~x~! after time .. In particular, if Alice
holds her superposition open for a time 7> x~! as
contemplated in the gedankenexperiments of [15,16], it
is clear that the improvement provided by Eq. (36) is much
too small to affect the estimates of decoherence given
in [15,16].

Our optimal solution Eq. (36) and the improvement it
gives is best illustrated by giving several explicit examples.
For the first example, suppose that Alice opens her super-
position between =0 and =1, and then holds the
superposition stationary until time f., when she is
instructed to minimize the decoherence. For simplicity
and definiteness, we will suppose that f takes the following
simple form:

0, t <0,
flyy=<qct, O0<t<t. (38)
ct;, 1 <t<t,

The optimal choice of “ramp down” for ¢ > ¢, is shown in
Fig. 3 for a particular choice of the parameters. As
illustrated in the figure, the ramp down actually begins
with an infinite negative slope at ¢ = 7. and then transitions
to an exponential decay with time scale set by x~!
[see Eq. (37)].

As a second example, suppose Alice opens her super-
position as in the previous example, but she now leaves her
superposition open only for a time 7 and then closes the
superposition over a time interval #;. For simplicity and
definiteness, we will suppose that f takes the following
simple form:
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f

RC
1k
0.5}
5 10 15 20 Kt
FIG. 3. The optimal “ramp down” is shown in orange for the

example of Eq. (38) for the parameters t; = x~! and ¢, = 11x!.

Il Il I
5 10 15 20 Kt

FIG. 4. The optimal radiation, g, for the choice of f given by
Eq. (39), with parameters #; = «~! and T = 10x~!. The orange
curve is for 7, = 21, + T (“immediate recovery”), and the green
curveisfort, = 2¢; + T + k™! (recovery after a delay time of x™').

0, 1 <0,
ct, fh<t<t
fty)=< cty, h<t<ty+T . (39
c2t;+T-1), H+T<t<2t;,+T
0, 26+ T<t<t,

The optimal choice of g is shown in Fig. 4 for a particular
choice of the parameters of f and two different choices of
t.. The orange curve shows the optimal g in the case where
t.=2t; +T; ie., t, is taken to be the moment that the
original superposition was closed. The green curve shows
the optimal g for the case where t, = 2t; + T +«x"!;i.e., t,
is a time x~! after the original superposition was closed.
The key point to note is that, although in both cases the
superposition has already been closed by time 7., Alice can
improve the coherence of her particle by reopening the

superposition and emitting some additional entangling
radiation into the black hole. In the first case (orange
curve), where she acts immediately after the superposition
was closed, her further actions will decrease (N) by 1.3%.
In the second case (green curve), where she is unable to act
until a time ™! after the original superposition was closed,
then her further actions will decrease (N) by only 0.07%. It
is worth noting that if Alice were able to act optimally
beginning at time ¢, = t; + T (i.e., just before the start of
the linear ramp down of f), then a decrease of (N) of 4.6%
would occur as compared with what occurs with the linear
ramp down in Eq. (39). All of these percentage improve-
ments in (N) decrease with T and go to zero as T — oo.

IV. DISCUSSION

The optimal purification that we have found has an
interesting form. At low frequencies (@0 < 1/x), it corre-
sponds to performing a reflection about the bifurcation
surface B (in the Rindler case) or the cross-section C (in the
black hole case), which we refer to as a “CRT purification.”
At high frequencies (w > 1/«x), it corresponds to leaving
the vacuum state unperturbed, which we refer to as a
“Minkowski purification.” At intermediate frequencies, it
smoothly interpolates between these. The CRT purification
is familiar from algebraic quantum field theory. When
performing the GNS construction of the Hilbert space over
an algebraic state, the CRT purification is the state that
corresponds to the identity operator. In the language of
Tomita-Takesaki theory, this is the vector representative of
the coherent state in the so-called “natural cone” of the
vacuum state. The absolute value of the inner product
between this state and the global vacuum is a well-behaved
“fidelity” first studied by Holevo [38]. In terms of modes,
with the CRT purification, the total number of particles in
the states is

2 o0
Wew=2 [ @y [“dwwrn(32)I7,00P. @0

Rd-2

This regulates the IR divergence at small w, just as the
optimal purification. However, at high energies, there are
twice the number of particles in the state as in the optimal
purification (or nonrecovered) state. This is because at high
energies, the CRT reflection is simply putting an extra copy
of particles in a different position. The Holevo fidelity may
be contrasted with the more commonly studied Uhlmann
fidelity [31], which corresponds to the overlap of the
optimal purification with the vacuum. Obviously, the
Uhlmann fidelity is lower bounded by Holevo’s fidelity,
and our calculations suggest that they converge for low
energy processes.

Finally, we note that there is a fundamental connection
between the fidelity of Alice’s experiment and the extent to
which an observer, living behind the horizon, can gain
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information about Alice’s experiment. This notion of
complementarity has been formalized in the quantum
information theory literature, going under the name of
the information-disturbance tradeoff (IDT). There are
several formulations of the IDT, the most relevant to the
present work being formulated in terms of fidelities [39]

m%xF(RON, d) = max FN.TR). (41)

Here, the fidelities are between quantum channels, which
are completely positive, trace-preserving maps on quantum
states. The quantum channel fidelity is equal to the
Uhlmann fidelity of states outputted by the channels,
minimized over input states. In the present setting, N
corresponds to the channel sending the state of Alice’s
particle prior to the experiment to the state of her particle
after recombination. The complementary channel, ., is
the map from Alice’s particle’s initial state to the final state
of the radiation on the black hole horizon. The maximi-
zation is over recovery channels, R, of which we found the
optimal channel in the space of coherent states character-
ized by the function g. The maximization of R’ is over
channels that take all states to some fixed state, which in
our context is the vacuum on the horizon. The IDT
quantifies the relation between decoherence of Alice’s

particle and distinguishability of the quantum states of
the black hole. Alice’s experiment decoheres if and only if
it sends information to the black hole. This connection can
be used to teleport information into the black hole interior
using soft quanta [40] and will be explored in detail in a
forthcoming paper by one of us [36].
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